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January 2013

Klaus Jäger
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Alex Büdenbender, Glenn van de Ven, Laura Watkins, Chao Liu . . .
7.5 Spinning round and round — looking for angular-momentum
correlations of disk galaxies
René Andrae & Knud Jahnke . . . . . . . . . . . . . . . . . . . . . . .
7.6 Stellar tidal streams in the local universe
David Martinez-Delgado, Hans-Walter Rix, Stefano Zibetti . . . . . .
7.7 How the morphology effects the tidal stripping in minor
mergers
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Adrian Glauser, Ulrich Grözinger, Ulrich Klaas, Rainer Lenzen,
Ralf-Rainer Rohloff, Silvia Scheithauer . . . . . . . . . . . . . . . . .
11.19 Development of European HgCdTe-detectors for astronomical applications in space
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Mapping molecular gas in the sub-mm galaxy GN 20 at a redshift of 4.
For details see Sec. 1.4
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Exoplanet characterization through direct
imaging

Beth Biller, Wolfgang Brandner, Carolina Bergfors,
Markus Janson, Mickaël Bonnefoy, Joseph Carson, Miwa Goto,
Christian Thalmann, Joshua Schlieder, Markus Feldt,
Thomas Henning

Overview
Recently, the first exoplanets have been imaged around young as well as main sequence
stars, representing a major scientific breakthrough in our understanding of extrasolar
giant planets. As more and more planets are directly detected, we are moving from simply detecting exoplanets into the era of comparative exoplanetology. Directly measuring
colors, spectra, and luminosities provides much-needed constraints on temperatures and
compositions of these objects, as well as clear tests for model predictions. The first spectra
of directly imaged planets have already yielded interesting and unexpected results [1] —
specifically, warmer than expected temperatures and the lack of methane absorption features in these very low mass objects. These observations suggest non-equilibrium chemistry and clouds in the atmospheres of these objects and provide important constraints
for atmospheric models of these objects.

First spectra for HR 8799c
We acquired Vlt Naco L0 -band
slit spectroscopy of HR 8799c [1].
The choice of the wavelength
range was based on the combination of facts that the star-toplanet contrast is more favorable
there (9m. 5 for HR 8799c, as compared to 11m. 6 in H-band), and
that an exceptional adaptive optics performance can be achieved
in this range (Strehl ratio upwards of 85 % at 4 µm). For these
reasons, a planet like HR 8799c
Figure 1.1: Binned Vlt Naco spectrophotometry vs. dominates the stellar point-spread
function (PSF) at its angular sepmodel spectrum for HR 8799c
aration. The binned spectrum is
plotted in Fig. 1.1, with model comparisons overlaid. Considerable disagreement is seen
between the observed spectrophotometry and the model predictions. This is likely due
either to significant dust in the atmosphere of HR 8799c (which is not included in the
model treatment) or non-equilibrium chemistry.
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Exoplanet characterization through direct imaging

Orbital constraints on the HR 8799bcde system
HR 8799 is so far the only directly imaged multiple exoplanet system. The orbital configuration would, if better known, provide valuable insight into the formation and dynamical
evolution of wide-orbit planetary systems. We present L0 -band Vlt Naco data which
add to the astrometric monitoring of the planets HR 8799 b, c and d [2]. We investigate
how well the two simple cases of (i) a circular orbit and (ii) a face-on orbit fit the astrometric data for HR 8799d over a total time baseline of ≈ 2 years. The results indicate
that the orbit of HR 8799d is inclined with respect to our line of sight, and suggest that
the orbit is slightly eccentric or non-coplanar with the outer planets and debris disk.

Characterization of

kAnd b

kAnd b

is a recently detected
3.5
MX bound companion at a
T =1800 K,log g=4.0, M/H=0.0, R=1.47 R
T =1700 K,log g=4.5, M/H=0.0, R=1.41 R
separation of ≈ 55 AU to the
J
T =1800 K,log g=4.0, M/H=0.0, R=1.32 R
3.0
late B star kAnd [3]. The galactic kinematics of the host star
H
2.5
are consistent with membership in
the Columba association, implying
2.0
K
a corresponding age of 30+20
Myr.
−10
1.5
The host star’s estimated mass
of (2.4–2.5) M places it among
L’
1.0
the most massive stars ever known
to harbor an extrasolar planet or
0.5
low-mass brown dwarf. Indeed,
kAnd b has a similar mass ratio 0.01
2
3
4
5
with kAnd A as an extrasolar planet
λ (µm)
companion to a solar analog. Thus, Figure 1.2: JHKL0 SED and model fits for kAnd b.
kAnd b joins a very small group of
directly imaged < 20 MX companions with planet-like qualities. The measured SED and model fits for kAnd b are presented
in Fig. 1.2. Like the rest of the very small cohort, kAnd b displays very red colors most
likely due to dusty clouds in its atmosphere. We find best model fit temperatures from
1 700 K to 1 800 K and best fit surface gravities of log(g/(1 cm s−2 )) = 4 − 4.5.
Flux density (10-15 W.m-2µm-1)

12.8+2
−1

eff

Jup

eff

Jup

eff

Jup

s

Work done in collaboration with Rainer Köhler, David Lafrenière and the Seeds Consortium, especially with the Seeds PI (National Astronomical Observatory of Japan).

[1] Janson, M., Bergfors, C., Goto, M., Brandner, W. & Lafrenière, D. (2010): Spatially
resolved spectroscopy of the exoplanet HR 8799c, ApJ 710, L35
[2] Bergfors, C., Brandner, W., Janson, M., Köhler, R. & Henning, T. (2011):
Vlt/Naco astrometry of the HR 8799 planetary system. L0 -band observations of
the three outer planets, A&A 528, 134
[3] Carson, J., Thalmann, C., Janson, M., Kozakis, K., Bonnefoy, M., Biller, B.,
Schlieder J., et al. (2012): Direct imaging discovery of a “super-Jupiter” around
the late B-type star kAnd, ApJ accepted, arXiv:1211.3744
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Planetary population synthesis: From formation
via evolution to characterization

Christoph Mordasini, Kai-Martin Dittkrist, Paul Molliere,
Sheng Jin, Hubert Klahr, Thomas Henning
Understanding how planets form and evolve is one of the most fascinating fields of modern astronomy. Over the last few years there was an enormous growth of observational
data about exoplanets. Thanks to innovative techniques like transit observations, direct
imaging, and spectroscopy, the field has moved beyond the mere discovery to a first observational characterization. On the theoretical side, we want to use all this new data
to better understand planet formation and evolution. The different techniques, however,
characterize different planetary sub-populations and therefore constrain different aspects
of the theory. Uniting all the constraints into one coherent picture is a challenge.

Combining self-consistently planet formation and evolution

Radius [Earth radii]

To respond to this challenge, we have extended our theoretical planet formation model
into a self-consistently coupled model of planet formation and evolution that predicts all
main characteristics of a planet (mass, semi-major axis, radius, composition, luminosity,
and spectrum) based directly on the formation history [1, 2]. We then used the model in
planetary population synthesis calculations, where
the initial conditions of
the model are varied
according to observed
distributions of properties of protoplanetary
disks [3].
In Fig. 1.3 we show a
key result of such a synthesis [4].
The figure
compares the theoretical
mass-radius relationship
after five billion years of
evolution with the observed mass-radius relationship of the planets
Age: 5 Gyrs
in the solar system, and
of all extrasolar planets with a semi-major
axis larger than 0.1 AU.
Mass [Earth masses]
The colors indicate for
Figure 1.3: Comparison of the mass-radius relationship of synthe synthetic planets the
thetic planets (colored circles), solar system, and extrasolar
bulk interior composiplanets (labeled in the figure).
tion. We see that the
synthetic and actual planets populate a similar domain in the mass-radius plane, which
can be understood from the fundamental mechanism of the core accretion formation
paradigm, and the properties of matter.
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fκ=1

fκ=0.003

fκ=0

Figure 1.4: Distribution of planetary radii. In all panels, the blue line shows the Kepler
data. The red line shows the synthetic distribution for a full, reduced, and vanishing grain
opacity fx (left to right).

Testing theoretical models
The ability of population synthesis models to produce statistical results that can be
compared directly with observations makes it possible to put theoretical models to the
test that could otherwise hardly be constrained with observations. Figure 1.4 shows
this for theoretical models of grain growth and settling in protoplanetary atmospheres.
The plot compares the observed distribution of radii of planets as found by the Kepler
satellite with the radius distribution in three different synthetic populations. The three
calculations are identical except for the strength of the grain opacity fx . At full interstellar
grain opacity (left panel), less giant planets (with radii greater than ≈ 10 Earth radii) can
form than found by Kepler, because protoplanetary envelopes cannot contract efficiently.
At vanishing grain opacity (right panel), too many giant planets form. At an intermediate
reduced value that is deduced from grain growth models, observation and model agree
best (central panel).
The combined observational constraints from future instruments in which Mpia participates (e.g. Hat-South, Sphere, Echo, Jwst) will form the ideal observational test
bed for the theoretical formation and evolution models developed at the institute.
Work done in collaboration with Y. Alibert (University of Bern, Switzerland) and W.
Benz (University of Bern and external scientific member of Mpia).

[1] Mordasini, C., Alibert, Y., Klahr, H. & Henning, T. (2012): Characterization of exoplanets from their formation I. Models of combined planet formation and evolution,
A&A 547, A111
[2] Molliere, P. & Mordasini, C. (2012): Deuterium burning in objects forming via the
core accretion scenario. Brown dwarfs or planets?, A&A 547, A105
[3] Mordasini, C., Alibert, Y., Benz, W., Klahr, H. & Henning, T. (2012): Extrasolar
planet population synthesis IV. Correlations with disk metallicity, mass, and lifetime,
A&A 541, A97
[4] Mordasini, C., Alibert, Y., Georgy, C., Dittkrist, K.-M., Klahr, H. & Henning, T.
(2012): Characterization of exoplanets from their formation II. The planetary massradius relationship, A&A 547, A112
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Assembling molecular clouds

Jouni Kainulainen, Henrik Beuther, Thomas Henning

Link between the molecular cloud structure and star formation
Formation of dense, self-gravitating structures inside interstellar molecular clouds is the
ultimate pre-requisite for star formation. Therefore, the process through which the selfgravitating structures form controls star formation very concretely, and it also sets the
global properties of the star-forming interstellar medium (ISM) such as star-forming rates
and efficiencies. The current analytical models of star formation build on assumptions
of how different mechanisms produce density enhancements in molecular clouds. Consequently, placing observational constraints for the structure formation processes is in the
very focus of the star formation community today.
Different physical processes, i.e., turbulent energy, gravitation, and magnetic fields, leave
their characteristic imprints on the density and velocity structures of molecular clouds. In
our recent work, we have studied the roles of turbulence and gravity in generating density
enhancements using sensitive dust extinction, i.e., dust column density, data of nearby
molecular clouds (see Fig. 1.5, Kainulainen et al. 2009). We analyzed a simple statistic,
namely the probability density functions of column densities (PDFs), and showed that
the PDFs of star-forming clouds are different from those of quiescent clouds: The quiescent clouds are well-described by a log-normal PDF as predicted by turbulence models,
while star-forming clouds show an excess “tail” above that (see Fig. 1.6). Quantifying
the shape of the observed PDFs provided immediate constraints for analytic models of
star formation.

Figure 1.5: Column density map of the Ophiuchus molecular cloud complex as seen by
nearIR dust extinction data (Kainulainen et al. 2009).

Assembling molecular clouds
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Impact of diffuse gas for the evolution of cloud structures
What is the physical mechanism responsible for the agglomeration of material at the
high-column density part (“tail”) of the PDF in the star-forming clouds?
To look further into this question, we performed a follow-up study to examine the
virial conditions of the clumpy structures
that form the “tail” part of the column
density PDFs [1]. We found out that the
self-gravity of the structures is, in fact, relatively small compared to their internal kinetic energies. In other words, they are
not bound by self-gravity, even though they
clearly can form stars inside them. We
also found out that the internal pressure
of the massive, low-density gas envelope
that surrounds the clumpy structures is
Figure 1.6: Column density probability den- relatively high and that it can impose a
sity function (PDF) of the star-forming confining force on them. Thus, it appears
Ophiuchus cloud. The PDFs of quiescent that the evolution of the structures that
clouds show only a very insignificant “tail” build up the “tail” of the PDFs is signifipart, if any.
cantly affected by their surrounding diffuse
(Kainulainen et al. (2009) and [1]). medium. It could even be that the structures are pressure-confined, i.e., supported against dispersal by the confining pressure of
the surrounding gas.

Emerging picture of molecular cloud evolution
The results above can be assembled together to suggest an evolutionary scenario. In the
earliest (quiescent) stage the density structure of molecular clouds is decisively determined
by turbulent motions, and hence their density PDFs are log-normal. In their subsequent
evolution pressure-supported (or -confined) cloud structures must form prior to formation
of self-gravitating dense cores. This induces the build-up of the “tail” in the PDFs. Only
further evolution and fragmentation inside these pressure-supported structures lead to
the formation of self-gravitating dense cores, and eventually to the formation of stars.
The validity of this evolutionary scheme is currently being investigated with the help of
high-dynamic-range column density measurements (see Section 5.20) and by connecting
the observed characteristics of the PDFs to numerical simulations of supersonic turbulence
and to the star-forming properties of the simulations.
Work done in collaboration with Robi Banerjee (ITA Heidelberg) and Christoph Federrath
(ITA Heidelberg).

[1] Kainulainen, J., Beuther, H., Banerjee, R., Federrath, C. & Henning, T. (2011):
Probing the evolution of molecular cloud structure. II. From chaos to confinement,
A&A 530, 64
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Molecular gas at high redshift
Jacqueline Hodge, Fabian Walter

Introduction
Observations of the molecular gas in high-z galaxies serve as an important tool in many
regards. These observations allow us to determine the amount of fuel available for star
formation and study its evolution over cosmic time. For sources that are obscured/faint
in the optical/UV, the detection of molecular lines can reveal the source’s redshift [1].
Finally, in addition to providing information on the physical properties of the gas reservoir
(including temperature, excitation state, etc.), such studies are often the best way to
determine the dynamics of the galaxy. For these reasons and more, studying the molecular
gas in high-z galaxies is crucial for a complete understanding of these objects and their
place in comprehensive theories of galaxy formation/evolution.
Recently, a new theory has emerged wherein the star formation in massive, high-z galaxies
is driven primary by the accretion of cold gas directly from the intergalactic medium. In
this scenario, known alternately as cold mode accretion (CMA) or stream-fed galaxy
formation, the gas flows in continuously along dense filaments, fueling the star formation
and resulting in a large, rotating disk punctuated by star-forming clumps. It has even been
theorized that CMA may explain the massive starbursts observed in some sub-millimeter
galaxies (SMGs) — massive, dusty galaxies which are generally thought to be gas-rich
major mergers. As these formation scenarios make different predictions for the resulting
gas distribution, the best way to distinguish between them is to observe the morphology
and kinematics of the molecular gas in SMGs.

High-resolution imaging of CO in a z = 4 sub-mm galaxy
To this end, we used the Karl G. Jansky Very Large Array (Vla) to image the
CO(2–1) in a z = 4 SMG known as GN20. The brightest SMG in the Goods-N field,
GN20 has a star formation rate of 3 000 M /yr. In addition, the presence of two additional
SMGs within 2000 as well as an overdensity of B-band dropouts suggest that it lies in a
massive proto-cluster. Our Vla data, which took over 120 hours to collect, allow us to
resolve the molecular gas on scales of ≈ 1 kpc, providing an unprecedented look at the
gas morphology and kinematics in a galaxy just 1.6 Gyr after the Big Bang (Fig. 1.7).
The data reveal evidence for rich structure and gas dynamics in extraordinary detail,
allowing us to probe intensely star forming regions which are almost entirely obscured
in the optical. We find that the molecular gas reservoir extends over a large region
(14 ± 4) kpc in diameter, and we identify multiple distinct gas clumps within the distribution. We extracted spectra for each clump, allowing us to investigate the properties
of individual gas clumps in a z ≈ 4 galaxy for the first time. We measure line-widths
of ≈ (100 − 150) km/s and brightness temperatures of (16–31) K, approaching the dust
temperature (Tdust = 33 K) and indicating that we may be close to resolving the clumps.
The implied gas masses (≈ 109 M ) amount to a few percent of the total gas mass each,
and a comparison with the clump virial masses indicates they are consistent with selfgravitation.

Molecular gas at high redshift
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The high quality of the data also allow us to model the dynamics of this z = 4 galaxy.
We find that the velocity field is consistent with a rotating disk with a maximum velocity
of (575 ± 100) km/s, an inclination of (30 ± 15)◦ , and a dispersion of (100 ± 30) km/s.
Although the S/N of the data make it difficult to constrain the exact shape of the rotation
curve, we constrain the curve to having reached its flat part at least within 000.5 (3.5 kpc),
with a preference for a flat rotation curve. Assuming the parameters from our best-fit
model, we derive a dynamical mass of (5.4 ± 2.4) × 1011 M , implying a low, ULIRG-like
CO–to–H2 mass conversion factor of (1.1 ± 0.6) M ( K km/s pc2 )−1 .

Figure 1.7: 0th (left) and 1st (right) moment maps for CO(2–1) in the z = 4 sub-mm galaxy
GN 20 at 000.19 resolution ( =
b 1.3 kpc). These state-of-the-art maps reveal an extended,
clumpy gas reservoir consistent with a smoothly-rotating disk.
Finally, by comparing our CO(2–1) data with existing CO(6–5) data, we investigate the
spatially resolved molecular gas excitation. We find that the CO(6–5)/CO(2–1) ratio is
approximately constant with radius, demonstrating that the higher-excitation CO(6–5)
emission is co-spatial with the lower-excitation CO(2–1) emission. This finding implies
that the star formation is occurring over a large portion of the disk, rather than concentrated in a compact nuclear starburst.
In summary, we uncover evidence for an extended, clumpy, rotating gas disk in this z = 4
SMG, challenging current theories of SMG formation which posit that most SMGs are
gas-rich major mergers. It may be that the star formation is fueled by a process such as
cold mode accretion, though interactions with nearby proto–cluster members are likely
enhancing the burst. These state-of-the-art data give new insight into the detailed physical
processes involved in early massive galaxy formation, and they provide a first glimpse of
the morphological studies that will become feasible on a regular basis with Alma.
Work done in collaboration with Chris Carilli (National Radio Astronomy Observatory/Cambridge), Erwin de Blok (ASTRON/University of Cape Town), Dominik Riechers
(Caltech), Emanuele Daddi (CEA), and Lindley Lentati (Cambridge).

[1] Walter, F. et al. (2012): The intense starburst HDF 850.1 in a galaxy overdensity at
z ≈ 5.2 in the Hubble Deep Field, Nature 486, 233
[2] Hodge, J. A., Carilli, C. L., Walter, F., de Block, W. J. G., Riechers, D. A., Daddi,
E. & Lentati, L. (2012): Evidence for a clumpy, rotating gas disk in a sub-millimeter
galaxy at z = 4, ApJ 760, 11
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The true nature of LINERs

Robert Singh, Knud Jahnke, Glenn van de Ven

Introduction
Galaxies consist of dark matter, stars, dust and substantial amounts of mostly hydrogen
gas. A special sub-class of them are galaxies which exhibit low-ionisation nuclear emission
line regions (LINERs) whose spectra predominantly show emission lines from weakly
ionised atoms. When first identified in 1980, it was clear that the necessary radiation
field had to be softer than stemming from all previously known galaxies with an accreting
black hole, i.e. with an active galactic nucleus (AGN). Various explanations were put
forward, ranging from shock-ionisation, via young hot stars, to the favoured ionisation by
low-luminosity AGNs, while the latter explanation has since become generally accepted.
In this work we base our analysis on a new data-set that combines, for the first time, a
complete spectral and spatial view on LINER galaxies, whereas before either the spatial
component was missing or spectral coverage for the LINER diagnostic was insufficient.

Analysis
Among the first 163 galaxies observed
within the integral-field spectroscopic
Califa survey (www.caha.es/CALIFA/),
we find 39 LINER galaxies based on their
measured central emission line ratios. Subsequently, we measure for each its emission line ratios across the galaxy. Even the
very weak emission lines can be robustly
recovered as we are fitting simultaneously
the stellar continuum and emission lines,
and we assure a minimum signal-to-noise
by combining spectra from neighboring regions when needed (typically in the outer
parts).
We test as our null-hypothesis the picture
of ionisation of the gas in these galaxies by
an AGN, which geometrically defines illu- Figure 1.8: Map of UGC 11680. Regions with
mination by a single central point source. LINER ionisation signatures are coloured
This geometry predicts a radiation field de- red, star-formation is blue and Seyfert signaclining in radius as ∝ 1/r2 . With inter- tures are violet. Optical image in the upper
stellar gas density in galaxies normally de- right corner.
creasing with radius, the density of ionised
gas and hence surface brightness of emission line flux should actually fall off faster, if
indeed LINER emission were caused by a central AGN point-source.

The true nature of LINERs
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Results
As illustrated for one example galaxy in Fig. 1.8, we can classify regions across individual
galaxies based on the flux ratios in the low ionisation lines ([N ii], [S ii] and [O i] over Ha )
versus the flux ratios in the higher ionisation lines ([O iii]/Hb ). Such a map reveals which
parts of the galaxy are dominated by star-forming-like emission (typically in the outer
parts and/or in spiral arms), Seyfert-like emission (typically restricted to the center) or
LINER-like emission (typically extended well beyond the nucleus). Since the emission
lines that are combined in the ratios are close in wavelength, attenuation by dust is
negligible.
For our further analysis we exclude regions that show star-formation or Seyfert-like emission and only keep regions that exhibit LINER signatures. We then plot the measured Ha
flux (or other emission lines) against the distance of each region from the galaxy’s center.
After normalizing for all galaxies the Ha in the center to unity and drawing a curve,
smoothed in radius, through all observed fluxes, we arrive at the colored radial profiles
in Fig. 1.9. The expected profiles from a central point-source illumination are plotted in
black. The small deviations from a ∝ 1/r2 law are due to point-spread function smearing
and pixelation effects.

normalized Ha flux

We conclude that the
observed flux excess is 100.0000
subselected LINER bins
not reconcilable with ilpoint source illumination
early type LINERs
10.0000
lumination by a cenlate type LINERs
tral point source; LINERs are not powered by
1.0000
a low-luminosity AGN
alone. Our results have
0.1000
two immediate consequences: It necessitates
0.0100
a substantial revision of
previous work on prop0.0010
erties of AGN and their
host galaxies where LIN0.0001
20
30
0
10
40
ERs were assumed to be
radial distance [arcsec]
fully powered by the accreting black hole and Figure 1.9: Radial surface brightness profiles revealing excess
secondly it also implies flux of > 30 LINERs.
a possible simplification
for unified models of black hole accretion and feedback.
Instead of LINER signatures being caused by different sources at different locations we
conversely think that the extended stellar body of post-AGB stars, which are producing
LINER signatures and will emerge in every galaxy, are the main ionisation mechanism.
Since the presence of gas is necessary for detection, that gas will in some galaxies inevitably
trigger AGN activity which in turn does not have to explain the peculiar emission line
ratios of LINERs.
Work done in collaboration with Califa.
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Making Milky Way-like galaxy disks
Greg Stinson, Andrea Macciò

Simulating the formation of a galaxy that shares the properties of the Milky Way has
long been a goal for theoretical astrophysics. With such a model, one could gain an
understanding of what shaped the material of the universe into the Galaxy in which we
live. We have determined that using all the energy available from stars as they shine and
explode as supernovae makes such a model possible.

The problem of overcooling
Overcooling has been a persistent problem for galaxy formation simulations. In all of
the simulations to date, gas cools into dense clumps at the center of galaxies, where it
rapidly and continuously forms stars. The large mass of stars at the center of the galaxy
has a profound impact on the gravitational potential of the galaxy. When one maps the
velocity of the material in this potential, it moves much faster at the center than further
out in the galaxy, like a Keplerian system such as the solar system in which the sun is
the dominant mass. Real galaxies like the Milky Way show material orbiting at the same
velocity from their center to their visible edge at a radius of 20 kpc.
One way to reduce overcooling is to properly account for the energetic output from massive
stars while they shine brightly during their short lives and then explode as supernovae.
What is difficult about such modeling is correctly capturing the amount of energy that
is absorbed into the gas surrounding these hot stars because the interaction between the
energy and the gas happens on much smaller scales than what can be resolved in the
simulations.
Recently, a new constraint has been developed that informs this decision. It defines how
many stars should form inside a galaxy potential of a given total mass. The relationship
was made possible by the comprehensive sky surveys completed during the past decade.
These can be compared with statistically complete accountings of cosmological N -body
simulations. In these simulations that only use gravity, dark matter structures (halos)
form with a well defined spectrum of masses. One can match the galaxy with the highest
stellar mass with the simulated dark matter halo mass functions. This abundance matching technique produces a stellar mass–halo mass relationship that dictates how many stars
should form in a dark matter halo of a given mass. We use this relationship as a constraint
for our simulations.

Introducing early (pre-SN) stellar feedback
Our paper describes a parameter study of galaxy formation simulations of a Milky Waylike galaxy [1]. It starts with conventional energy input from stars that only accounts for
the energy of supernovae. Supernova feedback can reduce star formation enough to match
the stellar mass–halo mass relationship at the present day. However, the galaxy forms too
many stars in the early universe to match the evolution found using abundance matching.
The galaxies with only supernova (SN) feedback also form stars in tight clumps in the
centers of galaxies as has been the case in overcooled simulations.
However, star forming molecular clouds are being torn apart even before supernovae start
to explode. Thus, we add early (pre-SN) stellar feedback to match the evolution of the
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stellar mass–halo mass relationship. Our early stellar feedback is purely thermal and thus
operates like a UV ionization source as well as providing some additional pressure from
the radiation of massive, young stars. The early feedback heats gas to > 106 Kelvin before
cooling to 104 K in ≈ 104 yr. The pressure from this hot gas creates a more extended disk
and prevents more star formation prior to z = 1 than supernovae feedback alone.

Better simulated galaxy properties
While the 104 K gas produced by early stellar feedback supports the disk, the supernova energy creates significant bipolar outflows that emerge from
the central 2 kpc of the galaxy. Between the outflows and gas prevented from cooling to the center,
much of the low angular momentum material that
overcooled and formed stars in the center is eliminated. This results in the disk galaxy shown in
Fig. 1.10 with a flat rotation curve, an exponential
surface brightness profile, and matches a wide range
of disk scaling relationships. The disk forms from
the inside–out with an increasing exponential scale
length as the galaxy evolves. Overall, early stellar
feedback helps to simulate galaxies that match observational results at low and high redshifts.
Work done in collaboration with Chris Brook
(Madrid), James Wadsley, Hugh Couchman (McMaster), and Tom Quinn (Washington).

Figure 1.10: A mock observation of
a galaxy simulated using early stellar feedback.

[1] Stinson, G., Brook, C., Macciò, A., Wadsley, J., Couchman, H., Quinn, T. (2012):
Making Galaxies in a Cosmological Context: The Need for Early Stellar Feedback,
MNRAS in press,
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A near-infrared J, H, Ks composite of the star forming region W3 Main taken with Luci
at the Large Binocular Telescope.
For details see Sec. 2.3
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Massive Stars: Breaking the radiation pressure
barrier!
Rolf Kuiper, Hubert Klahr, Henrik Beuther,
Cornelis Dullemond, Thomas Henning

Introduction
During their lifetime, massive stars exert a radiation pressure onto their surroundings,
which is higher than their gravitational attraction. How these massive stars can sustain
accretion was an open question for decades. We use a newly developed hybrid radiation
transport method, which is highly adapted to the problem under investigation: The
stellar irradiation is computed via a very accurate frequency-dependent ray-tracing step,
while the re-emission and thermal dust emission is computed within a fast gray fluxlimited diffusion approach. Hence, the feedback onto the directly irradiated regions around
the massive proto-star — the inner disk rim and the cavity walls – is computed with
high accuracy, including the wide range of different optical depths for the broad stellar
spectrum. For a complete description of the equations, methods, and numerical solvers
please see [1] for the radiation transport, [2] for the hydrodynamics in axial symmetry,
and [3] for the hydrodynamics in three dimensions.

Resolving the optical depth of the circum-stellar accretion disk
In our simulation series for varying sizes of the inner sink cell [2], we find that it is
essential to fully include and resolve the innermost part of the dusty accretion disk, which
depicts the highest optical depth, to compute the anisotropy of the thermal radiation field
correctly. By restricting the sink cell to a size smaller than the dust sublimation radius,
the thermal radiation field becomes strongly anisotropic and accretion sustains for several
free-fall times.

Overcoming the radiation pressure barrier
In simulation series for varying initial core masses Mcore in spherical as well as axial
symmetry, we demonstrate, how the anisotropy of the thermal radiation field reduces
the feedback onto the accretion flow, allowing the formation of the most massive stars
known, see [2]. In spherical symmetry, the accretion is stopped and reversed by radiative
forces. Regardless of the initial core mass (Mcore = 60 M . . . 480 M ), the final mass of
the forming star would be limited to < 40 M in the spherically symmetric case.
Setting the initial pre-stellar core in slow solid body rotation yields the formation of an
accretion disk around the centrally forming massive star, which self-consistently leads to
an anisotropy of the thermal radiation field. The optical depth of the disk remains at
high values by further accretion from the large scale envelope. The bipolar cavity regions
remain stable, and in turn lead to a mass loss of the proto-stellar core of roughly 50% of
the initial core mass. In the shielded disk regions, the diminished radiative feedback onto
the accretion flow enables the massive proto-star to increase its mass to M∗max > 100 M .
These simulations demonstrate a possibility to form stars up to the maximum value of
the observed stellar mass spectrum despite of their strong radiation pressure feedback.

Massive Stars: Breaking the radiation pressure barrier!
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Angular momentum transport in massive accretion disks
In the 2D simulations we have to rely on an αviscosity model for the actual angular momentum transport.
In [3], we demonstrate in a
three-dimensional simulation that the self-gravity of
the forming massive accretion disk self-consistently
leads to gravitational instabilities and the formation
of spiral arms, which gravitational torques in turn
yield an angular momentum transport. In contrast
to the smooth viscous disk accretion in axial symmetry, the 3D simulation shows episodic accretion.
The accretion rate integrated over several episodic
accretion events is as high as (even slightly higher
than) the accretion rates of the axially symmetric
simulations in [2]. Hence, we conclude that the accretion rate required to form massive stars can be Figure 2.1:
Iso-density contours
arranged by the self-gravity of the forming massive of the innermost (1000 AU)3 of the
accretion disk.
3D simulation.
The black contour denotes the low-density region
of the radiation-pressure-dominated
Summary
outflow cavity. The red and orange
In 45 published simulations regarding the radiation contours show the spiral structure of
pressure feedback in the formation of massive stars, the forming self-gravitating disk.
we have demonstrated a detailed description of the
formation of the most massive stars known. The radiation feedback in these simulations is
computed via a sophisticated hybrid radiation transport approach, highly adopted to the
problem under investigation [1]. The simulation series attest the numerical and physical
improvements in our studies of the radiation pressure feedback in the multi-dimensional
context with respect to previous numerical studies in the field, see [2, 4]. The radiation
pressure feedback onto the disk accretion flow is diminished by an anisotropy of the
radiation field due to the forming massive accretion disk, see [2]. The required angular
momentum transport can be provided by gravitational torques in the massive accretion
disk, see [3]. We conclude that the final masses of stars forming by accretion are not
limited by the radiation pressure barrier.
Work done in collaboration with Wilhelm Kley (University of Tübingen).

[1] Kuiper, R., Klahr, H., Dullemond, C., Kley, W. & Henning, Th. (2010a): Fast and
accurate frequency-dependent radiation transport for hydrodynamics simulations in
massive star formation, A&A 511, 81
[2] Kuiper, R., Klahr, H., Beuther, H., & Henning, Th.. (2010): Circumventing the
Radiation Pressure Barrier in the Formation of Massive Stars via Disk Accretion,
ApJ 722, 1556
[3] Kuiper, R., Klahr, H., Beuther, H., & Henning, Th.. (2011): Three-dimensional
Simulation of Massive Star Formation in the Disk Accretion Scenario, ApJ 732, 20
[4] Kuiper, R., Klahr, H., Beuther, H., & Henning, Th.. (2012): On the stability of
radiation-pressure-dominated cavities, A&A 537, 122
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Collapse of massive magnetized dense cores
using radiation-magneto-hydrodynamics:
early fragmentation inhibition
Benoı̂t Commerçon, Thomas Henning

Introduction
Massive star formation (M? > 8M ) is one of the most challenging astrophysical problems. It is established that most massive stars form from massive pre-stellar cores and
occur in high-order multiple systems. Nevertheless, all theoretical numerical models to
date show that massive pre-stellar cores are unlikely to form without first fragmenting
into several objects. To balance this fragmentation issue, we perform radiation-magnetohydrodynamics (RMHD) calculations in the context of high mass star formation, using for
the first time a self-consistent model for photon emission (i.e. via thermal emission and
in radiative shocks) and with the high resolution necessary to resolve properly magnetic
braking effects and radiative shocks on scales < 100 AU. We investigate the combined
effects of magnetic field, turbulence, and radiative transfer on the early phases of the
collapse and the fragmentation of massive dense cores (100 M ) [1]. For this purpose,
we use the adaptive mesh refinement code Ramses, which integrates the self-consistent
equations of RMHD using ideal MHD, and flux limited diffusion for radiation.

Fragmentation inhibition: combined feedback of radiative transfer and magnetic fields
As first suggested by [2] (see Sec. 2.13) in the low-mass star formation framework, we
show that there is a strong interplay between magnetic field and radiative transfer which
may suppress initial fragmentation in collapsing massive dense cores. With a full RMHD
model, we obtain a spread in temperature and Jeans mass which depends on the magnetization of the core that, for instance, a barotropic equation-of-state, which sets the
temperature as a function of density, cannot reproduce [3]. In addition, because of the rotation slowdown owing to the magnetic braking (most efficient at scales < (200−300) AU),
the infall velocity on the fragment is then greater. For massive dense cores, the accretion
is larger than for low mass ones and the amount of energy radiated away at the fragment
surface, the accretion luminosity, is thus much larger. Depending on the initial conditions,
we find two different behaviors. For highly magnetized and turbulent massive dense cores
(Fig. 2.2, right column) we find very similar results to a spherical model, i.e. a single
fragment, because of the magnetic braking that lowers the radius at which the accretion
luminosity is released to the fragment radius (10–20 AU). In the hydrodynamical model
(Fig. 2.2, left column), the magnetic braking is too low to transport outwards angular
momentum produced by the initial turbulence. Numerous fragments have formed by the
end of the calculations. The fragmentation zone extends over a few thousands AU, at
which accretion luminosity is first released through a radiative shock. Disks with radius
≈ (100 − 200) AU are also formed around the fragments, which give a second accretion
shock at the disk edges. The infalling gas thus encounters several accretion shocks before being accreted onto several fragments, which lowers the accretion luminosity. As
the magnetic braking is very small here, the radius at which the collapse is stopped and
where fragmentation is taking place, is thus much larger than the fragment radius, and
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the accretion luminosity negligible. Even with a fragment undergoing second collapse, the
radiative feedback would not be efficient to suppress fragmentation.
–2
log(N) [cm ]

Figure 2.2: Column density within central part of massive collapsing cores. Left: hydrodynamical case, the core is largely fragmenting even though radiative feedback is treated.
Right: Highly magnetized simulation, the fragmentation is entirely suppressed due to the
combination of magnetic field and radiative feedback.

Towards massive star formation?
We propose a new mechanism to suppress initial fragmentation of highly magnetized
massive dense cores to gather enough material to form massive stars. To reach the final
stellar mass, the subsequent evolution of the forming protostars can then follow a disk
accretion scenario (see Sec. 2.1).
Work done in collaboration with Patrick Hennebelle (LERMA - ENS Paris).

[1] Commerçon, B., Hennebelle, P., & Henning, Th. (2011): Collapse of massive magnetized dense cores using radiation magnetohydrodynamics: early fragmentation inhibition, ApJL 742L, 9
[2] Commerçon, B., Hennebelle, P., Audit, E., Chabrier, G. & Teyssier, R. (2010): Protostellar collapse: radiative and magnetic feedbacks on small-scale fragmentation, A&A
510L, 3
[3] Hennebelle, P., Commerçon, B., Joos, M., et al. (2011): Collapse, outflows and
fragmentation of massive, turbulent and magnetized prestellar barotropic cores, A&A
528, A72+
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Age spread in embedded star cluster W 3 Main
Arjan Bik, Thomas Henning, Wolfgang Brandner,
Dimitrios Gouliermis, Mario Gennaro, Boyke Rochau,
Henrik Beuther, Natalia Kudryavtseva, Yuan Wang

Introduction
Despite the impact on their surroundings, the formation and early evolution of massive
stars is poorly constrained, primarily because of their scarcity and short lifetimes. OB
stars form in different environments, ranging from compact, stellar clusters with very
high stellar density to associations where the stars are more dispersed over the molecular
cloud. This raises the question whether the same star formation mechanism is responsible
for the formation of these different structures. Determining the star formation history, by
means of characterizing their stellar content, will provide insights in how these different
regions are formed.
W3 H
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Figure 2.3: A near-infrared JHKs composite of W 3 Main taken with Luci at the Lbt.
Annotated are the H ii regions and the massive stars in W 3 Main.
We present deep Luci near-infrared JHKs imaging (Fig. 2.3) as well as K-band multiobject-spectroscopy of the massive stellar content of W 3 Main [1]. This allows for the first
time a spectral classification of the massive stellar content. Using their derived spectral
type we discuss the evolutionary status of the massive stars as well as the H ii regions
in detail. The different evolutionary phases of the H ii regions make W 3 Main an ideal
target to study age difference in star forming regions.

Age spread in embedded star cluster W 3 Main
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Age spread
After their spectral classification, the
bolometric luminosities of the massive stars are calculated and the
stars are placed in the HertzsprungRussell diagram (HRD, see Fig. 2.4)
and compared with stellar evolution
isochrones. In the upper regions of the
HRD (log L/L ≥ 5), the main sequence
isochrones indicate that the most massive stars already show significant evolution after a few Myr. This allows us to
derive an age estimate for the most massive star in W 3 Main. IRS 2 is located to
the right of the zero-age main sequence
(ZAMS) and its location is more consistent with the (2–3) Myr isochrones. At
the same time we find evidence that also
at present stars are still forming. The
presence of hyper-compact H ii regions
suggests that the youngest massive stars
are less than 100 000 years old.

Discussion
Based on the presence of different evoluHertzsprung-Russell diagram of
tionary stages of H ii regions as well as Figure 2.4:
the
massive
stars
in W 3 Main. The dashed
the location of the most massive stars
in the HRD, we can conclude that an lines represent the main-sequence isochrones.
age spread of (2–3) Myr is most likely The dotted lines show the PMS evolutionary
present for the massive stars in W 3 tracks as well as high-mass protostellar evoluMain. A growing number of young stel- tion tracks. Solid lines represent the ZAMS and
lar clusters show evidence for an age the stellar birth line.
spread, usually based on the analysis of their PMS population in the HRD. In Orion
an age spread of a few Myr has been found as well as in LH 95 in the Large Magellanic
Cloud. In starburst clusters, however, no age spread has been found for Westerlund 1 and
NGC 3603 based on both the massive stars and the lower-mass PMS stars. This suggests
that W 3 Main is not formed in one star formation burst as expected for starburst cluster,
but, more likely, through a temporal sequence of star formation events.
Work done in collaboration with Andrea Stolte (Argelander Institut für Astronomie,
Bonn), Anna Pasquali (Zentrum für Astronomie Heidelberg, Astronomisches Rechen Institut), Nancy Ageorges (Max-Planck-Institut für extraterrestrische Physik, Garching)
and Walter Seifert (Landessternwarte Königstuhl, Zentrum für Astronomie Heidelberg).

[1] Bik, A., Henning, Th., Stolte, A., Brandner, W., Gouliermis, D.A., Gennaro, M.,
Pasquali, A., Rochau, B., Beuther, H., Ageorges, N., Seifert, W., Wang, Y. &
Kudryavtseva, N. (2012): Age spread in W 3 Main: Large Binocular Telescope/Luci near-infrared spectroscopy of the massive stellar content, ApJ 744, 87
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Different evolutionary stages during high-mass
star formation

Yuan Wang, Henrik Beuther, Arjan Bik, Hendrik Linz,
Thomas Henning
Introduction
The formation and evolution of high-mass stars is still poorly understood. High-mass star
formation not only proceeds exclusively in a clustered mode, but it becomes increasingly
apparent that several episodes of high- and low-mass star formation can proceed sequentially within the same molecular cloud complex. To understand evolutionary effects in
high-mass star formation, we observed several sub-regions in W 3 Main and the S 255
complex respectively with the Submillimeter Array (Sma, Mauna Kea) interferometer and the Iram 30 m single-dish telescope. Since the general molecular and stellar
environment in such kind of regions is almost the same for their different subregions one
does not need to care too strongly about environmental effects.

Different evolutionary stages
Single dish sub-mm observations resolved three continuum sources, W 3 SMS 1, SMS 2 and
SMS 3. W 3 SMS 1 (a.k.a. W 3 IRS 5) is associated with a hypercompact H ii (HCH ii)
cluster and an infrared cluster. W 3 SMS 2 (a.k.a. W 3 IRS 4) is associated with a HCH ii
region (W 3 Ca) and an ultracompact H ii (UCH ii) region (W 3 C). Both subregions show
active high-mass star formation. In contrast to these two subregions, W 3 SMS 3 shows
comparably strong continuum emission but no star formation signatures. While we find
multiple millimeter continuum sources toward all subregions, the subregions in the same
natal molecular cloud exhibit different dynamical and chemical properties, which also
indicate that they are in different evolutionary stages [1]. Even within each subregion,
massive cores of different ages are found, e.g., in W 3 SMS 2, the continuum sources show
evolutionary stages from the most evolved UCH ii region (W 3 C), high-mass hot molecular core (MM 2) to potential starless cores (MM 1, MM 3 and MM 7) within 30 000 AU
(Fig. 2.5).

Age difference between the high-mass stars and low-mass stars
The multi-wavelength spectroscopy and mapping study reveals different evolutionary
phases of the star formation region S255IR. From the Vlt/Sinfoni spectroscopy, we
estimate the age of the low-mass cluster to be (2 ± 1) Myr (Fig. 2.6, right panel). The
high-mass protostellar object (HMPO) NIRS 3 is the driving source of the east-west outflow in S 255 IR. We estimate the dynamical age of NIRS 3 from the outflow measurements
to be ≈ 104 yr. Without the knowledge of the outflow inclination angle, we could be systematically underestimating the ages by a factor of 2 to 5. Therefore, NIRS 3 should not
be dynamically older than 105 yr [2], and the potential high-mass starless core (Fig. 2.6,
left panel) is even younger. The age difference between the NIR cluster and the massive
protostellar objects indicates that the most massive sources in the cluster form last.
Work done in collaboration with Qizhou Zhang, Tatiana Vasyunina, Zhibo Jiang, Javier
A. Rodón, Elena Puga, Cassandra Fallscheer and Motohide Tamura.
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Figure 2.5: W 3 SMS 2 molecular line integrated intensity images (contours) and Vla
22.5 GHz continuum map (bottom right panel) overlaid on the Sma 1.3 mm continuum
emission as grey-scale. The integrated velocity ranges are shown in the bottom left of each
panel in km/s. The synthesized beams of the contours are shown in the bottom right of
each panel.
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Figure 2.6: Left: The Sinfoni Brγ line+continuum emission of S 255 IR overlaid with
CO outflow observed with Sma combined with 30 m-telescope data. Solid is redshifted and
dashed is blueshifted. The stars mark the position of NIRS 3 (blue), and the potential highmass starless core (green), respectively. The green triangles mark the stars we obtained the
spectral types for. Right: The extinction corrected MK vs log(Tef f ) Hertzsprung-Russell
diagram (HRD) overplotted with the pre-main sequence (PMS) isochrones between 0.1 Myr
and 10 Myr as solid lines, and the 2 Myr main-sequence isochrones as the dashed line.
[1] Wang, Y., Beuther, H., Zhang, Q., Bik, A., et al. (2012): Different evolutionary
stages in the massive star-forming region W3 Main complex, ApJ 754, 87
[2] Wang, Y., Beuther, H., Bik, A., et al. (2011): Different evolutionary stages in the
massive star-forming region S 255 complex, A&A 527, A32
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2.5

Constraining the lifetime of massive starless
clumps

Jochen Tackenberg, Henrik Beuther, Thomas Henning
The details of the formation of massive stars are not understood, yet (see Sec. 2.1 and
Sec. 2.2). However, independent of the actual star formation scenario, it is agreed on
that high-mass stars form in massive and dense clumps. Those form dynamically within
giant molecular clouds and their embedded dense clouds. Soon after the column densities become large enough, sub-entities will fragment and gravitationally collapse. During
the collapse gravitational energy is released and the core starts emitting at shorter wavelength. The starless clump phase prior to the collapse is of great interest since numerical
simulations often start at the dense clump phase and neglect the large scale dynamical
evolution. However, previous studies found hardly any massive starless clumps, emphasizing the dynamical nature and suggesting short lifetimes of those object. Correlating
Spitzer 3.6 µm to 24 µm data to dense clumps identified in 870 µm Atlasgal data see
Sec. 5.3, we present in [1] a sample of 210 genuine starless clump candidates from 20 ◦
of the sky. Based on that sample, we derive the lifetime of starless clumps to be between
15 000 yr to 60 000 yr.

Classification of starless clumps — Observation and method
We used the Apex Telescope Large Area Survey of the GALaxy (Atlasgal, Schuller
et al. 2009) at 870 µm to search the region 20◦ > ` > 10◦ and b < ±1◦ for dense molecular
clumps. With a resolution of 1900.2 and an rms of 50 mJy it is well suited to resolve the
sub-parsec scales of high column density clumps. We employed the Clumpfind algorithm
(Williams et al. 1994) to identify emission peaks within Atlasgal and their associated
total fluxes. To focus on high-mass star forming regions we require a minimum H2 peak
column density of 6.6 × 1022 cm−2 .

In a next step we searched the Glimpse point source catalog, a Spitzer galactic plane
survey at 3.6 µm, 4.5 µm, 5.8 µm, and 8.0 µm, for stars with colors similar to known young
stellar objects (YSOs). Matching the YSO sample to our sub-mm clumps we excluded all
objects that have a YSO within their boundaries.
So far, all studies searching for high-mass starless clumps and cores used either the Iras or
Msx point source catalogs and data to search for ongoing star formation within their population. However, their sensitivity is limit and only the very bright objects are detected.
To exclude even the youngest condensations with high sensitivity, we visually inspected
the Mipsgal 24 µm images for embedded point sources down to fluxes of 1 mJy. Only
objects without such faint 24 µm point sources are best candidates for being devoid of
ongoing star formation.

Results
Out of 901 extracted clumps we identified 210 to be potentially starless, or ≈ 23 %. Using velocity information from Schlingman et al. (2011) and Wienen et al. (2012) for 160
of those, we calculated their kinematic distances. While 115 starless clump candidates
are coincident with an infrared dark cloud (IRDC) and are therefore likely located on the
near side of the Galaxy, 35 sources have no known extinction counterpart and are therefore
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potentially located on the far side of the
Galaxy. Figure 2.7 displays the distribution of our clump sample within the Milky
Way. As it can be seen, within the errors
they align with the spiral arms.
Using their kinematic distances, we calculate the clump masses to be between 5 M
and 5 000 M for the near population, and
between 1 000 M and 12 000 M for the far
population. Clumps in the outer Galaxy
of the far side should be seen with caution, but their masses become as high as
37 000 M . However, one should keep in
mind that clumps seen on the other side
of the Galaxy refer to different entities due
10 kpc
to the linear decrease of spatial resolution
with distance.

To put the clump masses in context with
Figure 2.7: Artist impression of face-on view potentially forming clusters, we estimate
of the Milky Way by Mpia graphic’s depart- the minimum mass for a clump to form
ment. Plotted on top are the starless clumps a cluster with a star of at least 20 M .
presented here with the distance according to Assuming a Kroupa initial mass function
(IMF) and a star formation efficiency of
their IRDC association.
30 %, the minimum clump mass for a
20 M star becomes 1065 M . Therefore, from the near sample derived on 20 ◦ only
8 clumps have the potential to form clusters with a 20 M star.

Lifetime of starless clumps
As mentioned before, starless clumps are transient objects. While dynamically evolving
within giant molecular clouds, they can either become gravitationally bound and instable, or dissolve again. Some may even build dense cores and still dissolve. However,
observations have shown that the starless phase of high-mass clumps has to be short.
To determine their lifetime, we first estimate how many starless clumps we would have
found if searching the entire Galaxy. Next we assume the star formation rate for our
Galaxy to be on the order of 3 M /yr. Comparing both numbers, we constrain the lifetime of massive starless clumps to be between 15 000 yr and 60 000 yr.
Work done in collaboration with F. Schuller, M. Wienen, F. Motte, F. Wyrowski, S.
Bontemps, L. Bronfman, K. Menten, L. Testi, and B. Lefloch.

[1] Tackenberg, J., Beuther, H., Henning, T., Schuller, F., Wienen, M., Motte, F.,
Wyrowski, F., Bontemps, S., Bronfman, L., Menten, K., Testi, L., Lefloch, B. (2012):
Search for starless clumps in the Atlasgal survey, A&A 540, 113
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Herschel’s view on low-mass star-forming cores

Ralf Launhardt, Amelia Stutz, Thomas Henning, Oliver Krause,
Nils Lippok, Markus Nielbock, Thomas Robitaille,
Markus Schmalzl, Anika Schmiedeke,
and the EPoS and HOPS teams
We present the results of two Herschel key programs, aimed at exploring the initial
conditions of low-mass star formation: the E arliest P hases of S tar-formation (EPoS) and
the Herschel Orion Protostar Survey (HOPS). The EPoS program targets individual,
nearby, isolated globules and is aimed at directly constraining the temperature and density
structure of low-mass star-forming molecular cloud cores. The HOPS program targets
protostars in Orion with the main goal of constraining the physical conditions during
the earliest phases of protostellar evolution in the nearest high-mass star-forming region
to the Sun. Both programs utilize a large amount of auxiliarly ground-based data to
complement the analysis of the Herschel data.

The thermal structure of molecular cloud cores
In the framework of the EPoS program, we study the thermal dust emission of 14 isolated
nearby globules using farIR and sub-mm continuum maps at up to nine wavelengths
between 100 µm and 2 mm. Our sample contains both globules with starless cores and
embedded protostars at different evolutionary stages. The dust emission maps are used to
extract spatially resolved SEDs, which are then fitted independently with modified blackbody functions to obtain line-of-sight-averaged dust temperature and column density
maps (Fig. 2.8). Initial results of this survey were published in [1] and [2].
We find that the thermal
structure of all globules is
dominated by external heating from the interstellar radiation field. All globules
have warm outer envelopes,
(14–20) K, and colder dense
interiors, (<11–14) K, with
column densities of a few
1022 cm−2 . Embedded pro- Figure 2.8: Left: Dust temperature map of B 68, overtostars raise the local tem- laid with NH contours ( 5 × 1020 cm−2 to 2 × 1022 cm−2 ).
perature of the dense cores The yellow square marks the NH peak. Right: Radially avonly within radii out to about eraged dust temperature profiles of individual starless and
5 000 AU, but do not signifi- protostellar cores in the EPoS sample, together with mean
cantly affect the overall ther- profiles (thick blue and red lines; from [2]; see also [3]).
mal structure of the globules.
For the first time, we can now also place externally heated starless cores in the
Lsub-mm / Lbol vs. Tbol diagram and find that Tbol < 25 K seems to be a robust criterion to distinguish externally heated starless from protostellar cores (see [2]). In on-going
follow-up studies, we implement further nearIR extinction data and molecular line maps
and employ a ray-tracing technique to recover the full 3-D temperature and density structure of the cores (see [3]) and to study the freeze-out of molecules from the gas phase onto
dust grains as function of the physical conditions in the cloud (s. Sec. 2.9).
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A new population of Orion protostars discovered by Herschel
We present the discovery of a new population of protostars in the Orion molecular clouds
in the framework of HOPS, using Pacs data at 70 µm and 160 µm [4]. We find 55 new protostar candidates that are too faint at 24 µm to be characterized with the Spitzer Survey
of Orion. We analyze the 3.6 µm to 8.0 µm emission along with the global SED shapes and
estimate that 27 % of our sources are reliable protostar candidates. We demonstrate that
a color threshold of CI70−24 ≡ λFλ (70 µm)/λFλ (24 µm) > 1.65 will select sources with
dense envelopes, with log ρ1 /(g cm−3 ) > −13.4, independent of inclination and cavity
opening angle effects.
Taking the Spitzer-identified
HOPS sample and new candidate protostar sample together,
we find 18 sources in Orion with
CI70−24 > 1.65, 11 of which are
newly identified by Herschel.
We name these sources “Pacs
Bright Red sources”, or PBRs.
Our analysis reveals that the
PBRs sample is composed entirely
of Class 0 sources, characterized
by very red SEDs (Tbol < 45 K)
and large sub-millimeter fluxes
(Lsub-mm /Lbol > 0.6 %), all located
at a common distance. Our results confirm the interpretation
Figure 2.9: Lsub-mm /Lbol vs. Tbol for all Orion prothat the very red CI70−24 colors
tostars with Apex/Laboca 850 µm coverage. Grey
are the result of very dense entriangles indicate the Spitzer-identified protostars.
velopes. We place the PBRs in an
Colored + symbols indicate the 55 new sources; here,
evolutionary context for the first
green indicates those new sources that are reliably clastime by comparing them with the
sified as protostars. Black boxes highlight protostars
full sample of Orion protostars;
in both the Spitzer and Herschel samples with
we show that the PBRs have
CI70−24 > 1.65. Vertical lines indicate the Tbol prolarger Lsub-mm /Lbol and colder Tbol
tostellar classification. The horizontal line indicates
values than the vast majority of
the Lsub-mm /Lbol > 0.5 % Class 0 threshold.
previously known protostars in
Orion (Fig. 2.9).
Work done in collaboration with J. di Francesco (HIA, CA), W. Fischer (U. of Toledo),
S. T. Megeath (U. of Toledo, USA), C. Risacher (MPIfR, GE), Y. Shirley (Steward Obs.,
USA), T. Stanke (ESO, GE), J. Tobin (NRAO, USA), and the HOPS team.

[1] Stutz, A. M., Launhardt, R., Linz, H., et al. (2010): Dust-temperature of an isolated
star-forming cloud: Herschel observations of CB 244, A&A 518, L87
[2] Launhardt, R., Stutz, A. M., Schmiedecke, A., et al. (2013): EPoS: The thermal
structure of low-mass star-forming cores, A&A in press
[3] Nielbock., M., Launhardt, R., Steinacker, J., et al. (2012): EPoS: Dust temperature
and density distributions of B 68, A&A 547, 11
[4] Stutz, A. M., Tobin, S., Megeath, S. T., et al. (2013): A New Population of Orion
Protostars discovered by Herschel, ApJ in press
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Dynamics, magnetic field structure and the
effect of ionization in high-mass star formation

Henrik Beuther, Kathrine Johnston, Hendrik Linz,
Jochen Tackenberg, Thomas Henning, Oliver Krause,
Sarah Ragan, Markus Nielbock, Ralf Launhardt, Simon Bihr,
Paul Boley, Thomas Robitaille, Roy van Boekel
Since high-mass stars contribute to the dynamics, energetics and composition of the interstellar medium throughout their whole life-time, understanding the formation processes
of the most massive stars is a central topic of modern astronomy. Because high-mass stars
form on average at large distances and deeply embedded in their natal clouds, studying
the associated processes requires high-spatial-resolution observations with interferometric
techniques at cm- to (sub)mm wavelengths. At Mpia we are following a diverse set of
projects in this field — we highlight a few of them here.

Dynamical collapse and infall motions
To form high-mass stars out of the diffuse molecular clouds requires infall motions of the
gas on all scales. However, identifying observational signatures of infall is difficult because,
e.g., the often used asymmetry of optically thick lines is at most an ambiguous indicator
of infall. In our study of the starless infrared dark cloud IRDC 18310−4, we identified
multiple velocity components in the optically thin N2 H+ (1–0) line toward several resolved
sub-sources (Beuther et al., submitted). In a related effort Co-I R. Smith modelled the
spectral signatures of dynamical collapse of massive gas clumps, and they find the same
observational signatures. Therefore, we interpret our results as evidence of the dynamical
collapse of the natal gas clump during the earliest evolutionary stages.
One also needs to understand how the gas is falling on the central disk and finally the
star. One of the best approaches is studying the inverse P-Cygni profiles of the dense
gas against the strong continuum emission. Interestingly, only a few sources are strong
enough for this exercise, one of them is NGC 7538 IRS1. In a recent PdBI study at
≈ 0 00. 3 resolution, we were able to isolate this infall signature and infer infall rates on the
order of 10−3 M /yr [1]. These rates are the closest proxy of the accretion process one
can derive during these early evolutionary stages.

Magnetic field properties
Studying the magnetic field structure on small spatial scales has been an observational
difficulty for a long time. This situation changed with the arrival of the polarisation
capabilities at the Sma, and Alma will further transform the field. In 2010, we conducted
a magnetic field study with the Sma toward the high-mass disk candidate IRAS 18089,
and we did not only observe the polarized emission from the cold dust of the dense
core, but we also detected polarized CO emission (Goldreich-Kylafis-effect) within the
outflow [2]. Both emission features indicate that the magnetic field structure is largely
aligned with the outflow/jet orientation from small core scales to larger outflow scales.
In addition, a simple quantitative estimate of the energy budget indicates that turbulent
energy dominates over magnetic energy.
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Ionization feedback during high-mass star formation
As massive stars are still accreting after they reach the main sequence, the vast amounts of
ionizing radiation they produce may change the properties of their surroundings. However,
our study of the massive star-forming cluster AFGL 2591 showed that photoionization by
the dominating source VLA 3 had not disrupted outflow and thus infall on to the source,
evidenced by our detection of a highly collimated 4000 AU jet from this late O-type star [3].
We have also observed the luminous (≈ 105 L ) star forming region AFGL 4176 using
Atca, shown in Fig. 2.10. These observations uncover a velocity gradient across the
associated compact H ii region, which is embedded in a parsec-scale rotating envelope.
For the first time we also detect a hyper-compact H ii region and highly excited gas traced
by NH3 (5,5) towards the position of the embedded IR-source. We have been awarded
Cycle 1 Alma time to further determine the impact of ionizing radiation in this region,
which we will carry out by combining and modelling these observations with Vlt midIR
interferometric data, to trace the circum-stellar geometry continuously on scales spanning
hundreds to tens of thousands of AU.

Figure 2.10: AFGL 4176 Left panel: NH3 (1,1) first moment map, black contours: integrated NH3 (1,1) emission, red contours: integrated H68α emission (also in middle panel)
tracing ionized gas. White box shows area covered by remaining panels. Middle panel:
H68α first moment map. Right panel: J-band image with contours of 24.5 GHz ionized
gas continuum. Crosses: position of associated methanol maser cluster.

Work done in collaboration with R. Smith (Heidelberg), T. Sakai (Japan), W. Velmmings
(Sweden), R. Rao (Taiwan), F. van der Tak (Netherlands), D. Shepherd (USA), K. Wood
(UK) and E. Keto (USA)

[1] Beuther H., Linz H., Henning Th. (2012): The high-mass disk candidates
NGC 7538 IRS1 and NGC 7538 S, A&A 543, A88
[2] Beuther H., Vlemmings W.H.T., Rao R., van der Tak F.F.S. (2010): Magnetic field
structure in a high-mass outflow disk system, ApJ 724, L113
[3] Johnston K., Shepherd, S., Robitaille T., Wood K. (2012): The standard model
of low-mass star formation applied to massive stars: a multi-wavelength picture of
AFGL 2591, A&A in press
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The dynamics of massive star-forming clouds
Sarah Ragan, Simon Bihr, Henrik Beuther

Initial conditions of high-mass star formation
The formation of massive stars remains one of the major open questions in astrophysics.
In particular, the characterization of the initial conditions has proven challenging due to
the large distances to and rapid evolution of massive star forming regions. Most studies
to date have focused on the more evolved stages, such as high-mass protostellar objects
(HMPOs) and ultra-compact H ii (UCHII) regions, leaving the initial conditions poorly
constrained. Objects in the earliest evolutionary stages, so-called infrared-dark clouds
(IRDCs), have been subject to increased study over the last decade. IRDCs are known
to be cold, dense, and relatively quiescent compared to their more evolved brethren.
However, a more detailed study of the cloud dynamics is required to understand the
stability and support of IRDCs. To address this, we present Very Large Array (Vla)
observations, complemented with Spitzer and millimeter continuum data, to investigate
the kinematics of IRDCs at high spatial and spectral resolution.

Figure 2.11: Left panel: Map of the line-center velocity for NH3 (1,1) emission in
ISOSS J23053+5953. The black line indicates an axis over which a 30 km/s/pc velocity
gradient is observed. Right panel: The gas kinetic temperature map. The white contours
in both panels represent the Herschel/Pacs 70 µm emission, at levels of 20, 40, 60,
100, 200, 300, 400 mJy/pixel. Adapted from Bihr et al. (in preparation).

A high-resolution study of IRDC dynamics
Using the D-configuration of the Vla, we obtained maps of the (1,1) and (2,2) inversion
transitions of the high-density molecular tracer ammonia (NH3 ), achieving angular resolution between 300 and 700 and spectral resolution between 0.6 and 0.8 km/s. Our initial
study of six IRDCs is reported in [1] and [2], for which we acquired zero-spacing data
with the Green Bank Telescope. Another six IRDCs were mapped with the Vla in
2010, with zero spacings from the Effelsberg 100 m-telescope. With this large sample
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of ammonia maps, we examine the kinematic structure and energy content of a sample of
IRDCs with differing geometries, masses ranging from tens to thousands of solar masses,
and varying levels of protostellar activity.
The ammonia lines closely trace the high column density gas, and the (1,1) and (2,2)
transitions together allow us to estimate the gas temperature (Fig. 2.11), which we find
to be always below 30 K and in some cases as low as 8 K [1]. Near protostars (identified
by point-like infrared emission), we find that surrounding regions are warmer by 1 K–2 K
accompanied by a moderate enhancement of the line width. Otherwise, the velocity fields
are usually smooth and well-organized. The velocity gradients can be due to rotation,
shear, infall, or residual turbulent motions from the fragmentation process. Small scale
deviations from the smooth trends are associated with localized feedback from embedded
star and cluster formation.
One outlier from the usual velocity trends is ISOSS J23053, shown in Fig. 2.11, which
shows a sharp jump in centroid velocity. Upon closer inspection, this jump appears to
be due to the appearance of two superimposed velocity components, which can only be
seen in the higher spectral resolution single-dish observations (Bihr et al., in preparation).
Further studies are needed to determine whether this is simply a case of two clouds along
the same line of sight, or if there is a complex interaction (e.g. converging flows) underway
at the interface.
Given the temperature of IRDCs, the line width corresponding to thermal support lies
around 0.2 km/s, which is often observed in local, low-mass star forming complexes. In
all of the IRDCs in our sample, the non-thermal motions are greater than the thermal
motions by factors of 2 to 8, with the typical line widths always larger than the full range
of centroid velocities across a given cloud.
Our Vla observations resolve the clouds kinematic structure, allowing us to analyze the
energy profile. For all IRDCs in [2], the kinetic energy estimated from the line widths
is insufficient to provide support against collapse. Our models, taking into account the
projected geometry of the IRDCs, indicate that the clouds are not in equilibrium and are
actively fragmenting and undergoing collapse.
Work done in collaboration with Fabian Heitsch (University of North Carolina), Edwin
Bergin (University of Michigan), and David Wilner (Smithsonian Astrophysical Observatory).

[1] Ragan, S, Bergin, E., & Wilner, D. (2011): Very Large Array Observations of Ammonia in Infrared-dark Clouds I. Column Density and Temperature Structure, ApJ
736, 163
[2] Ragan, S, Heitsch, F., Bergin, E., & Wilner, D. (2012): Very Large Array Observations of Ammonia in Infrared-dark Clouds II. Internal Kinematics, ApJ 746, 174
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Molecular freeze-out in pre-stellar cores

Nils Lippok, Ralf Launhardt, Thomas Henning,
Dmitry Semenov, Amelia Stutz

Introduction
Pre-stellar cores, i.e. gravitationally bound molecular cloud cores that have not yet formed
a protostar, are the coldest and densest aggregations of the interstellar medium. Despite
their low interior temperature, a broad range of chemical reactions in the gas-phase as well
as on the dust-grain surfaces changes the molecular abundances over time. In particular,
the chemistry under these conditions is affected by the depletion of some of the most
abundant molecules from the gas phase, like CO. The molecules stick on the grain surfaces
and thereby change the dust properties by building up thick icy mantles. At the same time
this allows other molecules that are otherwise destroyed by CO, like N2 H+ , to accumulate
in the gas-phase.
Correctly interpreting molecular line data from star-forming regions was strongly hampered in the past, because the underlying density and temperature structure was only
weakly constrained. Now, as a result of the Herschel project EPoS (Earliest Phases of
Star-Formation, s. Sec. 2.6 and Sec. 2.14) we have derived radial profiles of the dust temperature and density in pre-stellar cores of Bok-globules [1] (see also Sec. 2.6). These profiles provide the basis for this study of the abundances of CO and N2 H+ in pre-stellar cores.

Approach
We observed line emission from seven pre-stellar cores in the mainly optically thin isotopologue C18 O and N2 H+ . In order to explain the observed emission profiles, we have
chosen the following approach: First, we compute a large number of synthetic molecular
abundance profiles using the time-depend chemical code Alchemic [2] for different parameter sets. As free parameters, we have selected the chemical age, the strength of the
external UV-field, and the abundance ratio of C18 O with respect to the main isotopologue.
With the Lime line-radiative-transfer code (Brinch, C. & Hogerheijde, M. R. 2010) we
subsequently calculate the spectra which would be observed from the respective models.
The results are then iteratively compared to the observations.

Results
In all pre-stellar cores we observe emission profiles of the C18 O (J=2-1) line that can
only be explained with a central depletion of CO. An example of the globule CB 27 is
shown in Fig. 2.12. The modeled abundance profiles of C18 O and N2 H+ which best fit
the observations are shown in (b). Both show freeze-out in the center. Toward the outer
parts, CO is also depleted due to UV-photo-desorption by the interstellar radiation field.
Plots (c) and (d) show that these models can well explain the observations. In (c), the
comparison of emission resulting from a model without freeze-out confirms that central
depletion is necessary in order to explain the observations.
CO depletion occurs in all studied pre-stellar core centers out to radii where the density
drops below a few 104 cm−3 . The strength of the depletion correlates with the central
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density and age. Our modeling shows that N2 H+ only freezes out in the oldest and
densest cores. Typically, a chemical age of some 105 years is needed for the onset of
freeze-out of N2 H+ in cores with a central density above 105 cm−3 . These conditions are
only fulfilled in three out of the seven globules studied.
In the next step we will compare the results on the freeze-out strengths and the corresponding physical conditions to the results from the ongoing study of dust properties in
these cores (s. Sec. 2.6).

Figure 2.12: Model compared to observations of CB 27. (a) Molecular hydrogen density
(black) and the dust temperature profiles (grey), (b) modeled relative abundance profiles
of C 18 O (black) and N2 H+ (grey), (c) modeled and observed C 18 O (J=2–1) emission,
(d) modeled and observed N2 H+ (J=1–0) emission. Dashed lines in (b) and (c) show the
respective model profiles without depletion.
Work done in collaboration with Yaroslav Pavlyuchenkov (Institute of Astronomy, Russian Academy of Sciences. Moscow, Russia).

[1] Launhardt, R., Stutz, A. M., Schmiedecke, A., & 19 co-authors (2013): EPoS: The
thermal structure of low-mass star-forming cores, A&A in press
[2] Semenov, D., Hersant, F., Wakelam, V., et al. (2010): Chemistry in disks. IV.
Benchmarking gas-grain chemical models with surface reactions, A&A 522, 42
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Chemical substructures at small scales in
high-mass star forming regions
Siyi Feng, Henrik Beuther

Although high-mass star-forming regions have been extensively studied, their internal
sub-structures are still poorly understood. Embedded in a less dense gas envelope, these
regions contain several individual gas and dust cores, show substructures like disks, infall,
shocks and outflows. Since dynamic processes can change chemical properties, particular
molecules play the roles of tracer to indicate such sub-structures, to provide observational
evidence for high mass star formation processes.
Single dish line surveys in the past decades were widely used to study the chemical composition of the gas. Nevertheless, they were all conducted with low spatial resolution,
implying that many physical processes (infall, outflow, formation of accretion disks, etc.)
were not spatially resolved. Compared to this, interferometer observations are essential
to disentangle the different chemical sub-structures.
With the Plateau de Bure Interferometer (PdBI) and the Submillimeter Array (Sma), we studied the dust continuum and molecular line emission of small-scale
structures toward several high-mass star-formation regions. NGC 7538 is a prominent
example, where two massive disk candidates IRS1 and S are separated by ≈ 8000 , and can
be easily observed at a distance of 2.7 kpc.

Chemical and spatial complexity
in NGC 7538 IRS1 and NGC 7538 S
We investigated NGC 7538 IRS1 and NGC 7538 S with the PdBI at ≈ 1.3 mm, and probed
the dust and gas emission at ≈ 0 00. 4 resolution, reaching a linear spatial resolution of
≈ 800 AU. With such high spatial resolution, NGC 7538 S is resolved into at least three
sub-sources (Fig.2.13). Although the continuum flux densities among them are on the
same level, the emission of spectral lines for various molecular species is largely different,
indicating that these sources are in different evolutionary stages. In comparison to this,
NGC 7538 IRS1 (Fig.2.14), remains a solo compact core, with much higher flux density in
line and continuum emission. One interesting feature for this accretion disk candidate is
the existence of strong absorption lines toward the peak position, which calls for further
study on disk kinematics. From a study of the moment maps [1] it has been suggested that
the outflow is oriented approximately along the line of sight; the blue shift absorptions
stem from the lower excitation lines indicating expanding motion from the jet, while the
red shift components trace infalling gas.
Under the assumption of local thermodynamic equilibrium, we estimated the kinetic temperature with the typical hot core and high density tracer CH3 CN, spatially; column
densities and abundances are derived for many other species, such as O13 CS, C18 O, 33 SO,
13
CO, H2 CO, HNCO, HCOOCH3 , CH3 OH, in all sub-sources, respectively.

Short evolutionary timescale?
The kinetic temperature (≈ 220 K) and molecular column density of NGC 7538 IRS1
has more or less the same magnitude as NGC 7538 S mm1 (which harbours a hot core).
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Figure 2.13: Left: Continuum map of NGC 7538 S obtained with the PdBI at 1.3 mm.
Beam is shown at the bottom left of the panel. Lines mark the continuum peaks for different
sub sources: mm1, mm2, mm3, and the jet direction. Right: Spectrum with continuum
subtraction for different sub-sources with molecules being identified.

(Jy/beam)

HNCO

CH313CN
CH 3CN

CO

。

13

HCOOCH3

SO
CH 3OH

C18O

HC 3N (V7=1)
SO 2

OCS
H2 CO
HC3 N
CH3 OH
H2 CO

SO

33

DCN

61 28’ 09’’

0.5

H2CO
HC 3N (V7=1)
HNCO

1

Normalized Flux

11’’

1.5

10’’

J2000 Declination

12’’

2

m

s

23 h13 45. 6

s

45. 4

s

45. 2

J2000 Right Ascension

Rest Frequency (GHz)

Figure 2.14: Left: Continuum map of NGC 7538 IRS1 obtained with the PdBI at 1.3 mm.
The beam is shown at the bottom left of the panel. Lines mark the continuum peak. Right:
Spectra for the peak position (without continuum subtraction) show the absorption feature.
For NGC 7538 S mm2, the temperature (≈ 160 K), molecular column densities and abundances are on average lower, implying it may be in an earlier high-mass protostellar stage.
The least active source, NGC 7538 S mm3 (T ≈ 30 K), has significantly lower molecular
abundances and could be a cold starless massive core. Our result at small spatial scales is
consistent with Thomas Gerner’s (see Sec. 2.11) statistic study of high-mass star forming
regions at coarser spatial resolution. In addition to this, some molecules, such as C18 O,
13
CO, SO, CH3 OH, H2 CO, are also detected in the regions associated with jet structures.
Within a relatively small area of only about 10 000 AU, our interferometric study has
revealed spatial complexity and chemical differentiations, ranging from properties known
for starless cores to real hot molecular cores. Since these sub-sources are embedded
within the same large scale gas clump, their ages should be very similar. This indicates
that although not coeval at all, the evolutionary time-scales among these different stages
can be very short.
[1] Beuther, H., Linz, H. & Henning, Th. (2012):
The high-mass disk candidates
NGC 7538 IRS1 and NGC 7538 S, A&A 543A, 88B
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Towards a chemical evolutionary sequence in
high-mass star formation

Thomas Gerner, Henrik Beuther, Dmitry Semenov,
Hendrik Linz, Thomas Henning

The evolutionary sequence in high-mass star formation
Understanding the chemical evolution of young (high-mass) star-forming regions is a central topic in star formation research. The chemistry serves twofold, on the one hand in
a general sense to study the evolution from simple to complex molecules, and on the
other hand as a tool to investigate the underlying physical processes. With these aims
in mind, we observed a diverse sample of 60 high-mass star-forming regions in different
evolutionary stages.
In the early phase quiescent Infrared Dark Clouds (IRDCs) consisting of cold and dense
gas and dust and emitting mainly at (sub-)millimeter wavelength, are formed. In the next
phase, the so called High Mass Protostellar Objects (HMPOs) form which host a central,
likely still accreting protostar and already show emission at mid-infrared wavelengths.
In the Hot Molecular Core phase (HMC) the central source heats up the surrounding
environment evaporating molecular-rich ices, which gives rise to a rich chemistry leading
to complex molecules such as long hydrocarbon chains. Finally the UV-radiation from the
embedded protostars ionizes the gas around and forms an Ultra Compact H ii (UCHII)
region. In these objects many of the previously formed complex molecules are no longer
detected as they got destroyed by the ionizing radiation.

The observations
For our observations, we used the Iram 30 m-telescope with the total bandpass of 16 GHz
and good spectral resolution (≈ 0.3 km/s at 1 mm and ≈ 0.7 km/s at 3 mm). In Fig. 2.15
we show example spectra for each of the four stages.
Assuming LTE and optically thin emission we derived their large-scale chemical abundances and set these results into context. Furthermore, we modelled the chemical evolution in such environments with a state-of-the-art chemical model [1]. This enables us to
put constraints on the chemical evolution, the age and parameters such as the temperature
and the density of the molecular clouds.

Comparison between data and model
As a starting point to verify the feasibility of our 1D-physical model coupled to an extended chemical model [1], we first modelled IRDC 048.6. The abundances of 10 out of
thirteen species which were compared with the best fit model matched within their errors.
Only the two complex molecules HNCO and H2 CO showed larger deviations of more than
one order of magnitude, which is due to a lack of understanding their complete reaction
network, in particular surface processes. In the next step we wanted to follow with the
model the full evolutionary sequence. We calculated for each individual stage the mean
abundances and derived the best-fit model based on these abundances. Starting in the
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Figure 2.15: From top to bottom characteristic example spectra of the four sources
IRDC 048.6, HMPO 18151, HMC 029.96 and UCH 013.87 for each of the four evolutionary stages in high-mass star formation for 8 GHz of the total bandpass of 16 GHz are
shown.
IRDC stage using atomic initial abundances we employed the chemical output of the earlier phase as input parameters of the following. With this approach we were able to model
successfully 11 of 12 molecules for the IRDCs, 11 of 13 for the HMPOs and 9 of 13 for
the HMCs, so far.
Modeling the full evolutionary sequence with the mixture of a complex time-dependent
chemistry and at the same time a still relatively simple model of the physical evolution,
is a great step forward in this field (Gerner et al., in preparation). The next step will be
to extend the modelling process to the UCHII stage and to improve the model in order
to obtain better results for the later stages which are more challenging.
Work done in collaboration with Tatiana Vasyunina (from Department of Chemistry,
University of Virginia, Charlottesville, VA 22904, USA).

[1] Semenov, D., Hersant, F., Wakelam, V., Dutrey, A., Chapillon, E., Guilloteau, St.,
Henning, Th., Launhardt, R., Pietu, V., Schreyer, K. (2010): Chemistry in disks. IV.
Benchmarking gas-grain chemical models with surface reactions, A&A 522A, 42S
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The link between magnetic fields, filamentary
clouds and star formation

Hua-bai Li, Min Fang, Thomas Henning, Jouni Kainulainen

Magnetic field morphologies of molecular clouds
The formation of molecular clouds, which serve as stellar nurseries in galaxies, is poorly understood. A class of cloud formation models suggests that a large-scale galactic magnetic
field is irrelevant at the scale of individual clouds, because the turbulence and rotation
of a cloud may randomize the orientation of its magnetic field. Alternatively, galactic
fields could be strong enough to impose their direction upon individual clouds, thereby
regulating cloud accumulation and fragmentation, and affecting the rate and efficiency of
star formation.
Recently, the latter scenario discussed above got significant observational support. Li
et al. (2009) found that the plane-of-sky components of Galactic B-field directions are
preserved in cloud cores, based on the correlation between the polarization directions
of sub-mm data from cloud cores (sub-pc scale) and optical data which probes the ambient inter-cloud media, hundred-parsec scale. This picture that galactic fields anchor
into molecular clouds has also been confirmed by our recent study of the face-on galaxy
M 33 [1], using the polarization of CO emission lines.
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M 33 is the nearest face-on galaxy with
pronounced optical spiral arms. We used
&"
GMC 1
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the sub-compact configuration of the SubGMC 3
GMC 4
GMC 5
millimeter Array, which offers a linear
%
GMC 6
spatial resolution of ≈ 15 pc at 230 GHz
$
(the frequency of the CO J=2–1 transition) at the distance of M 33 (900 kpc). We
!
picked the six most massive giant molecular clouds (GMCs) from M 33 because of
#
their strong CO line emission and measured the direction of the CO polarization
"
at many points throughout the clouds. Fig!!"
!#"
"
#"
!"
$"
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&""
&#"
&!"
'(()*+,'(,-.,/'01,(2'3,0'450,523,672*4+7'8,96*:2**);,
ure 2.16 is the plot showing the differences
Figure 2.16: Distribution of the offsets be- between the orientation of the CO polartween CO polarization and spiral arm ori- ization and the direction of the nearby spientation. Contributions from different gi- ral arm. The distribution shows two faant molecular clouds (GMCs) are indicated vored orientations approximately 90◦ apart
by color. The distribution can be fitted by and can be fit by a double-Gaussian funca double-Gaussian function peaking near 0◦ tion with the two peaks at −1 ◦. 9 ± 4 ◦. 7
and 90◦ (vertical black lines). The directions and 91 ◦. 1 ± 3 ◦. 7 and a standard deviation
of synchrotron polarization from the regions of 20 ◦. 7 ± 2 ◦. 6. Because CO polarization
near the GMCs are also shown as dashed is either parallel or perpendicular to local
lines, with the same color coding as for the B-fields, this indicates that the mean field
GMCs.
directions within molecular clouds in M 33
are well-defined and highly correlated with the spiral arms, consistent with the scenario
that galactic B-fields can anchor in molecular clouds and resist cloud rotation.

39

The link between magnetic fields, filamentary clouds and star formation

Bimodal correlation between cloud and B-field orientations
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The above observations imply that molecular clouds are threaded by ordered B-fields,
which are not tangled by self-gravity and turbulence during the cloud and core formation
processes, which should, in turn, channel the turbulent and gravitational gas motion.
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We probe filamentary cloud structures
B-field direction (degrees)
with dust extinction maps and B-field diFigure 2.17: Filament versus B-field direcrections using optical stellar polarimetry
tions. The direction range of a cloud traced
data. We focused on the nearby Gould
by the different autocorrelation contours is
Belt clouds, because of the limit of optishown by the vertical arrow, with the tail and
cal polarimetry. The result is presented in
head represent, respectively, the directions at
Fig. 2.17. The horizontal error bars stand
low and high densities. The width (42 ◦ ) of
for the interquartile ranges (IQRs) of the
the shaded regions in the Y -direction is equal
field directions. The vertical arrows show
to the averaged value of the 13 IQRs (horthe range of cloud orientations: The tails
izontal error bars) of the B-field directions.
are for directions of almost the entire map,
Apparently, filaments and B-fields tend to be
and the heads point at higher densities.
either aligned or perpendicular to each other.
The shaded regions in Fig. 2.17 show the
For the 7 clouds that are also studied by Lada
mean IQR (42◦ ) of the B-field directions of
et al. (2010), their star formation efficiencies
all clouds. 11 out of the 13 regions (85 %)
are indicated by numbers in red color.
have their arrows overlapping with one of
the shaded regions. This means that the
B-fields are preferentially aligned either perpendicularly to or parallel with the cloud
orientations. The bimodal correlation supports a picture in which the B-fields are dynamically important and may affect star-formation efficiencies.
[1] Li, H.-b., Henning, T. (2011): The alignment of molecular cloud magnetic fields with
the spiral arms in M 33, Nature 479, 499
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Synthetic observations of first hydrostatic
cores in collapsing low-mass dense cores

Benoı̂t Commerçon, Ralf Launhardt, Thomas Henning,
Cornelis Dullemond

Introduction
The star formation process can be divided both observationally and theoretically into
an evolutionary sequence. From observations, protostars are classified according to the
parametrized properties of the observed spectral energy distribution (SED) and appearance. In this study, we derive SED evolutionary sequences and synthetic Alma dust
continuum emission maps of first hydrostatic cores (FHSCs, first protostellar objects
of size ≈ 10 AU that are formed during the star formation process) from state-of-the-art
radiation-magneto-hydrodynamic (RMHD) 3D-calculations of collapsing 1 M dense cores
with different initial magnetic field strengths. We address the questions of whether or not
SEDs and future Alma observations can help in distinguishing physical conditions (e.g.,
magnetic field strengths) and how SEDs can help in targeting FHSC candidates [1, 2].
The RMHD calculations have been done using the Ramses code and the post-process
radiative transfer calculations have been done using the Radmc-3d code, developed by
C. Dullemond.

Figure 2.18: Spectral energy distribution evolution as a function of time and inclination for
a strongly magnetized collapsing 1 M core harbouring a FHSC. The black line represents
the SED when the FHSC has not yet been formed, whereas the red lines indicate SEDs
after FHSC formation. The blue cross represents the sensitivity at 24µm for the Spitzer
telescope and the horizontal blue line the sensitivity of the Herschel Pacs instrument.

SED evolutionary sequence
We show that FHSCs can be identified thanks to the rapid increase in the flux received
between 20 µm and 100 µm for inclination angle θ < 60◦ under different physical conditions
(e.g., high or weak magnetization, see Fig. 2.18). We also found that FHSCs are globally
consistent with Very Low Luminosity Objects (VeLLOs.) The classical stage evolutionary
indicators Tbol , Lbol , and Lbol /Lsubmm are not reliable for identifying FHSCs since they

Synthetic observations of first hydrostatic cores in collapsing low-mass dense cores
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Figure 2.19: Brightness distribution maps in Jy/beam (color bar at right), output by the
Alma Gildas simulator in band B = 3 (100 GHz), and array configuration C = 15
(relatively extended). Magnetization level decreases from left to right. Contours show
the 3σ sensitivity limit in this band, as given by the Alma sensitivity calculator. Here
σ = 14.55 µJy.
do not show any significant evolution through the FHSC lifetime. We found that a point
source detection at wavelengths shorter than 200 µm is a good indicator of FHSC in
combination with the absence of detection at wavelengths < 10 µm.

Synthetics ALMA dust emission maps
We present synthetic dust emission maps of FHSCs as they will be observed by the
Alma interferometer using the Alma simulator within the GILDAS software package.
We show that Alma will shed light on the fragmentation process during star formation
(see Fig. 2.19) and will help in discriminating not only between the different physical
conditions, but also between the different models of star formation and fragmentation.
We also show that the intensity of the magnetic field in this early phase of protostellar
collapse will also be assessed, since we do see clear morphological differences between
the magnetized and non-magnetized models, i.e., pseudo-disk and outflow in the former
case versus disk and fragmentation features in the latter case. We stress that due to
the unprecedented sensitivity and coverage of the instrument, this will be achievable in a
very short time (18 minutes), so that many FHSC candidates may be observed in a single
observing run.
Work done in collaboration with François Levrier (LERMA - ENS Paris) and Anaëlle
Maury (ESO Garching).

[1] Commerçon, B., Launhardt, R., Dullemond, C., & Henning, Th. (2012): Synthetic
observations of first hydrostatic cores in collapsing low-mass dense cores. I. Spectral
energy distributions and evolutionary sequence, A&A 545, A98
[2] Commerçon, B., Levrier, F., Maury, A. J., Henning, Th. & Launhardt, R. (2012):
Synthetic observations of first hydrostatic cores in collapsing low-mass dense cores.
II. Simulated Alma dust emission maps, A&A 548, A39
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Unveiling the seeds of star formation in
infrared-dark clouds with Herschel

Sarah Ragan, Hendrik Linz, Thomas Henning, Oliver Krause,
Henrik Beuther

The Earliest Phases of Star Formation (EPoS)
Herschel with its bolometer arrays Pacs (70 µm–160 µm) and Spire (250 µm–500 µm)
offers a transformative perspective of star formation because its wavelength range covers
the peak of the spectral energy distribution (SED) of cold dust comprising clouds in
their early phases. In this regime, cold dust becomes optically thin, thus, star formation
— deeply embedded in molecular cloud cores — is now observationally accessible. As part
of the Earliest Phases of Star Formation (EPoS) Herschel guaranteed time key program,
we target 45 well-studied regions, a bigger part being infrared-dark clouds (IRDCs), which
range in mass from tens to thousands of solar masses in a variety of morphologies and
evolutionary stages.
During the Science Demonstration Phase, observations of three targets were obtained:
G 011.11−0.12 [1], HMSC 07029 [2], and IRDC 18223 [3]. Within each of these massive
clouds, point sources were detected and characterized by fitting blackbody functions to
their SEDs. Given the distances to the IRDCs, typically a few kiloparsecs, an unresolved
point source corresponds to an object roughly 0.1 pc to 0.2 pc in diameter, i.e., a “core”
in the usual nomenclature. The cores exhibit a range of infrared characteristics; the more
evolved cores show counterparts at shorter wavelengths (≤ 24 µm), and new cores were
discovered for the first time at 70 µm with Herschel. We interpret these differences as
progress along an evolutionary sequence: Cores with mid-infrared counterparts are more
evolved than mid-infrared dark cores.
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Figure 2.20: Left: Three-color composite image including the Pacs 70 µm (blue), 100 µm
(green), and 160 µm (red) images of the filamentary IRDC 316.72+0.07. The blue crosses
indicate the positions of the protostellar cores in this IRDC. Right: The dust temperature
map (in Kelvin, effective spatial resolution 36 00 ) of the same IRDC shows a cold interior
down to 13.6 K in the densest part of the cloud.
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Detection of protostellar cores in IRDCs
To study the nature of cores in IRDCs beyond individual case studies, in [4] we extended
the study of point sources in the whole sample of 45 clouds. In total, we found 500
cores, 34 % of which are detected with Pacs for the first time, lacking a mid-infrared
counterpart. We performed radiative transfer calculations which confirm that the cores
with detections at all Pacs wavelengths are protostellar cores, and objects dark at 70 µm
(but with detections at 100 µm and 160 µm) are good candidate pre-stellar cores. With
this large number of cores, we studied the distributions of their properties (based on their
blackbody fits) statistically. The protostellar core temperature distribution peaks at 20 K,
and the luminosity and mass ranges of the cores span four orders of magnitude.
We find that ≈ 30 % of the cores have masses greater than 10 M , most of which are
found in our most massive molecular cloud complexes. Despite this, we find that the total
mass found in protostellar cores is always roughly 10 % of the total mass traced by submillimeter maps. We are conducting further high-resolution sub-millimeter observations
to better model the coldest “pre-stellar” cores and complete the evolutionary sequence of
the fragments and cores in IRDCs.

The environment of core formation in IRDCs
While initially we have put the emphasis on scrutinizing the deeply embedded population
of Herschel point sources, our EPoS data set holds a vast potential for further analyses.
In particular, we use the multi-wavelength far-infrared coverage towards the extended dust
emission pervading our target regions to reconstruct the (dust) temperature distribution
(e.g., [5]). The underlying technique of spatially resolved modified blackbody fitting we
have already used extensively for the EPoS low-mass sample (see the contribution by
Launhardt et al. in Sec. 2.6). We find that on the clump-scale, the targeted IRDCs are
not isothermal, but show a variety of thermal structures (see Fig. 2.20, right). In this
regard, our data sets, taken at six bands with a moderate scanning velocity of 2000 /s,
have advantages compared to the Herschel Hi-Gal survey (Molinari et al. 2010) that
has covered most parts of the central Galactic plane in five bands, but uses the so-called
parallel-mode with a fast scanning velocity of 6000 /s. We achieve a better intensity contrast
on small spatial scales in our data. In addition, we can better recover faint point sources.
[1] Henning, Th., Linz, H., Krause, O., Ragan, S., et al. (2010): The seeds of star
formation in the filamentary infrared-dark cloud G 011.11−0.12, A&A 518, L95
[2] Linz, H., Krause, O., Beuther, H. Henning, Th., et al. (2010): The structured environments of embedded star-forming cores. Pacs and Spire mapping of the enigmatic
outflow source UYSO 1, A&A 518, L123
[3] Beuther, H., Henning, Th., Linz, H., Krause, O., et al. (2010): From high-mass
starless cores to high-mass protostellar objects, A&A 518, L78
[4] Ragan, S., Henning, Th., Krause, O., Pitann, J., et al. (2012): The Earliest Phases
of Star formation (EPoS): a Herschel key program. The precursors to high-mass
stars and clusters, A&A 547, 49
[5] Pitann, J., Linz, H., Ragan, S., Stutz, A., et al. (2013): G 048.66−0.29: Physical
state of an isolated site of massive star formation, A&A accepted
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The Castoffs survey: A search for new, young
stars in the solar neighborhood

Joshua Schlieder, Tom Herbst, Mickaël Bonnefoy, Beth Biller,
Carolina Bergfors, Wolfgang Brandner, Niall Deacon,
Markus Feldt, Thomas Henning

Nearby young moving groups
Nearby young moving groups are very nearby populations of co-moving stars. There are
currently 9 groups known with ages spanning (10–100) Myr and having individual member
distances in the range (10 − 100) pc. Moving group members have broken free from their
formation environment and present an opportunity to observe young stars at ≈ 3 times
the spatial resolution possible in the nearest star forming regions.
Although members of a moving group have
dispersed from their natal cloud and their
projected sky positions span thousands of
square degrees, they retain small velocity
dispersions and their common galactic motions translate to proper motions toward a
convergent point in the plane of the sky.
Despite the scientific opportunities in
studying these groups, the census of their
members remains largely incomplete, particularly at masses less than the Sun. For
example, the 50 members of the ≈10 Myr Figure 2.21: Galactic distance distribution
old b Pictoris moving group consist of for known members of the b Pic moving
mostly A–K type dwarfs, with few of the group. Colors indicate member masses. The
M dwarfs expected from the universal mass red dots represent low-mass M dwarfs. There
function (Fig. 2.21). The low-mass mem- are few of these stars, in contradiction with
bers remain under sampled due to their in- the universal mass function, which predicts
trinsic faintness, wide distribution across that M dwarfs comprise ≈75 % of stars in
the sky, and lack of reliable youth indica- the universe.
tors. An effort to find these under sampled
stars is critical to filling in the census of low-mass stars in the Solar neighborhood. Their
identification is also key to the further study of: (1) youth indicators in the low-mass
regime, (2) disks and sub-stellar companions, (3) empirical calibrations of stellar evolution models, and (4) recent star formation in the local Galaxy.

The Castoffs survey
The identification of the missing, low-mass members of nearby young moving groups
requires careful selection of candidates and intensive follow-up studies. Lépine and Simon (2009, AJ 143, 80) developed a method to select candidate, low-mass moving group
members based on proper motions, photometry, and activity . We have used an improved version of their selection procedure to generate a list of nearly 400 candidates and
launched an all-sky, spectroscopic, follow-up survey to identify true group members in
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the sample [1]. We call our survey Castoffs: Cool Astrometrically Selected Targets
Optimal For Follow-up Spectroscopy.
CASTOFFS targets are observed using high-resolution spectroscopy to measure their
radial velocities (to confirm common motion with the group) and features indicative of
youth. The primary instruments used are the optical spectrographs Feros and Cafe on
the Eso/Mpg La Silla 2.2 m- and Calar Alto 2.2 m-telescope, respectively. The sensitivity
and large wavelength range of these instruments allow us to perform multiple analyses
with a single observation. Fainter targets will
be observed using near-infrared spectrographs
on larger telescopes. Early observations have
already led to the identification of more than
20 new, low-mass members of the b Pictoris and
AB Doradus moving groups ([2], Fig. 2.22).
These new identifications make excellent targets for further follow-up studies. Some confirmed members are already being imaged to
search for sub-stellar companions using the
Subaru telescope through the Seeds collaboration. Many binaries are also present in the
sample and have provided targets for dynamical
Figure 2.22: W vs. V galactic space ve- mass measurements of young, low-mass stars.
locities for known (circles) and proposed These masses can be used to place empirical
new (squares) members of the ≈ 70 Myr constraints on stellar evolution models.
old AB Doradus moving group. The dot- At its conclusion, the Castoffs survey will
ted line is the 3σ velocity uncertainty of have compiled spectra for hundreds of nearby,
the AB Dor group. The proposed new active M dwarfs. Some fraction of these stars
members are all within this ellipse, in- will prove to be valuable new members of movdicating kinematics consistent with the ing groups. We also plan to make the spectra
group. The new members, all late-K and and data products available to the public for
M dwarfs, were identified during early further analysis of this rich data set.
Castoffs survey observations.
Work done in collaboration with Sébastien Lépine (American Museum of Natural History), Emily Rice (College of Staten Island, CUNY), Eric Gaidos (University of Hawa’ii),
and Michal Simon (Stony Brook University).

[1] Schlieder, J. E., Lépine, S. & Simon, M. (2012): Cool young stars in the northern
hemisphere: b Pictoris and AB Doradus moving group candidates, AJ 143, 80
[2] Schlieder, J. E., Lépine, S. & Simon, M. (2012): Likely members of the b Pictoris and
AB Doradus moving groups in the North, AJ 144, 109
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3
Protoplanetary disks and planet
formation

3D volume rendered density distribution in an MHD turbulent disk as seen under stellar
irradiation from an angle above the disk. Brightness indicates regions of higher density.
For details see Sec. 3.2

48

Protoplanetary Disks and Planet Formation

3.1

Gas drag and planet formation

Karsten Dittrich, Chris Ormel, Thomas Henning, Hubert Klahr
Before the discovery of gravo-turbulent formation of planetesimals it was a mystery how
to convert dust grains into planetary building bricks. Both bouncing and drift barrier
seemed to predict planetesimals as a rare product around young stars, which is in apparent
contradiction with the abundance of planets discovered around all kind of stars. Be high
or low mass, high or low metallicity, even the planet frequency changes, still planets do
eventually occur. Despite this success we still work on a quantitative understanding what
the initial mass function of planetesimal is and how they eventually are forming cores in
the gas dominated young circum-stellar disk.

High-resolution studies of planetesimal formation

Figure 3.1: Particle column density in a turbulent flow. Gravitationally bound clumps
are labelled by their Hill mass (= mass contained in region where gravity dominates over
tidal forces of the star) in units of Ceres’
masses. Insert shows an enlargement of region around most massive bound clump.

We performed high-resolution computer
simulations of dust dynamics and planetesimal formation in turbulence generated by
the magneto-rotational instability [1]. We
show that the turbulent viscosity associated with magneto-rotational turbulence
in a non-stratified shearing box increases
when going from 2563 to 5123 grid points
in the presence of a weak imposed magnetic field, yielding a turbulent viscosity
of α ≈ 0.003 at high resolution. Particles representing approximately meter-size
boulders concentrate in large-scale highpressure regions in the simulation box. The
appearance of zonal flows and particle concentration in pressure bumps is relatively
similar at moderate (2563 ) and high (5123 )
resolution. At high resolution we activate
self-gravity during a particle concentration event, leading to a burst of planetesimal formation, with clump masses ranging from a significant fraction of to several
times the mass of Ceres.

Planetesimal formation in zonal flows
The occurrence of gravo-turbulent planetesimal formation depends on long lived axisymmetric sub- and super-Keplerian flows in protoplanetary disks. These zonal flows are
found in local as well as global simulations of disks unstable to the magneto-rotational
instability [2]. Recently we investigated the strength and life-time of zonal flows and
the resulting long-lived gas over- and under-densities as well as particle concentrations
as functions of the azimuthal and radial size of the local shearing box. Changes in the
azimuthal box size have little effect on the zonal flow features.
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Figure 3.2: Comparison of snapshots from four different
simulations with various radial (Lx ) and azimuthal (Ly )
extent. The vertical extent (Lz = 2.64H) is constant for all
simulations. The larger the box, the stronger the long lived
over densities (zonal flows) in the disk (color bar), and
thus the more particles concentrate (dots). All snapshots
were taken 85 local orbits after the simulation had started.

But with longer radial box
sizes the strength and lifetime of zonal flows increases.
Our simulations support earlier results that zonal flows
have a natural radial length
scale of 5 to 7 vertical gas
pressure scale heights (H)
(6H = 1.5 AU at 5 AU distance to the central star). We
show that centimeter-sized
particles reach a hundredfold higher density than initially. No particle feedback
on the gas and no self-gravity
is considered. This opens the
path for centimeter-sized particles and a dust-to-gas ratio
of 0.01 or for decimeter-sized
and meter-sized particles and
a dust-to-gas ratio of 10−4 to
still reach densities to trigger the streaming instability
and thus gravo-turbulent formation of planetesimals.

Gas drag facilitates rapid planet formation
In the classical planet formation model planetary cores grow by sweeping up (accreting)
big, km-size bodies (planetesimals). The drawback of this scenario is that it is rather slow,
in most encounters planetesimal will be scattered away. However, this situation changes
drastically when small particles, instead of planetesimals, are considered. For these the
gas drag force during the encounter has to be taken into account. We have numerically
integrated particle trajectories including the gas drag force [3]. We obtained analytical
expressions for their accretion rate as function of the properties of the particle, planet,
and the gas. Due to the dissipative nature of the gas drag, this work showed that embryo
growth can be very rapid, which significantly alleviates the timescale problem of planet
formation, especially in the outer disks regions.
Work done in collaboration with Anders Johansen (Lund Observatory, Sweden).

[1] Johansen, A., Klahr, H., & Henning, Th. (2011): High-resolution simulations of
planetesimal formation in turbulent protoplanetary discs, A&A 529, A62
[2] Dittrich, K., Klahr, H., & Johansen, A. (2013): Gravo-turbulent planetesimal formation: The positive effect of long-lived zonal flows, ApJ in press, astro-ph:1211.2095
[3] Ormel, C., & Klahr, H. (2010): The effect of gas drag on the growth of protoplanets:
Analytical expressions for the accretion of small bodies in laminar disks, ApJ 520,
A43
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3.2

Magnetic storms in protoplanetary disks

Mario Flock, Natalia Dzyurkevich, Hubert Klahr, Neal Turner,
Hubert Klahr, Thomas Henning
Despite 20 years of research there are still
open questions regarding the properties of
magnetic turbulence in accretion disks. Especially the spatial extent to which magnetic effects are important is still debated,
because the models can currently not be
tested on observations and we have to rely
on estimates from first principles. But also
the saturation processes for MHD turbulence and the field generation via dynamo
effects are still active fields of research.
Figure 3.3: 3D volume rendered density distribution in an MHD turbulent disk as seen
under stellar irradiation from an angle above
the disk. Brightness indicates regions of
higher density. 3D ray-tracing was done
using Radmc3D in collaboration with C.
Dullemond.

View inside high resolution
protoplanetary disks

With full 2π 3D MHD stratified simulations of accretion disks [1] we are able
to study the turbulence and gas dynamics with unprecedent accuracy. The results
reveal a detailed picture of the hydrodynamic and magnetic turbulent motions created by
the M agneto-Rotational I nstability (MRI) (see Fig. 3.3 for the typical turbulent density
structures and Fig. 3.4 for the velocities).
For the first time, our high
resolution and long-term simulations enable us to study
radial and vertical profiles of
the turbulence and the mean
flows. Radial profiles of the
turbulence are important for
disk evolution models as well
as for the growth of dust.
We found a radial dependence of 1/r for the turbulent magnetic field which is
established due to the forcefree magnetic field configuration.
Long-term statistics reveal the true nature
of the accretion flow in such
MHD turbulent protoplaneFigure 3.4: Strength of the turbulent rms-velocity for var- tary disks. Our simulations
ious cuts through a global MHD simulation. Color bar in- show a dominant gas accretion along the midplane to
dicates Mach number of the turbulent velocities.
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the central star whereas at the same time we observe an MRI driven outflow in the
magnetic dominated corona. The dynamo action and the oscillatory steady state of the
MRI is shown in global simulations [2].
Our results show the importance of this αΩ dynamo. Only with this dynamo can the MRI
work self-sustained in such proto-planetary disk without any external background magnetic field. We found that the dynamo process can cause accretion variations, triggered
by strong large-scale toroidal magnetic fields.
Another aim of our work is to define a critical value of ionization for which the MRI is
working self-sustained. Such a value is needed for modeling properly the disk evolution
and accretion caused by the MRI. With 3D high-resolution MHD simulations using the
orbital advection scheme (Fargo) we are able to study different regimes of ionization
using explicit magnetic resistivity [3]. The Fargo scheme enables us to even reach the
ionization level for which the MRI saturates. A snapshot of the different turbulent layers
is presented in Fig. 3.5. Here Maxwell stresses indicate the strength of magnetic angular
momentum transport due to the Lorenz force (red strong — blue weak) which correlates
with regions of higher Elsasser Number, defined as magnetic diffusion time scale over the
local orbital period. A region is magnetically active if the Elsasser number is larger than
unity. The red line (with symbol 8) indicates that here locally the azimuthal MRI is no
longer resolved (less than 8 cells per unstable wave length).

Figure 3.5: Time evolution of logarithmic Maxwell stress over height. Black solid lines
show the Elsasser number Λ 10,1, and 0.1. They trace the active region of the disk (Λ > 1)
as well as the dead zone region (Λ < 1).
Our models help us to understand the transport properties in accretion disks around
young stars needed to model their evolution during the formation of planets. Especially
the creation of zonal flows in disks to trap dust grains is a promising method to form
planetesimals in the MHD active regions of these disks.
The Fargo-MHD module was developed in collaboration with Andrea Mignone (Torino).

[1] Flock, M., Dzyurkevich, N., Klahr, H., Turner, N.J., Henning Th. (2011): Turbulence and steady flows in three-dimensional global stratified magnetohydrodynamic
simulations of accretion disks, ApJ 735, 122
[2] Flock, M., Dzyurkevich, N., Klahr, H., Turner, N.J., Henning Th. (2012): Large-scale
azimuthal structures of turbulence in accretion disks: dynamo triggered variability of
accretion, ApJ 744, 144
[3] Flock, M., Henning, Th., Klahr, H. (2012): Turbulence in weakly ionized protoplanetary disks, ApJ 761, 95
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Disk-weather: Vortices and turbulence in
baroclinic disks
Hubert Klahr, Natalie Raettig

Baroclinic disks
Recent years have shown that accretion disks around young stars have extended regions,
which are too low ionized to couple to magnetic fields and thus the nature of the underlying
turbulence cannot be exclusively magnetic. We also found that disks have in general a
baroclinic density and temperature structure which means that a typical disk is radially
buoyant and has a vertical velocity gradient also known as thermal wind.
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Figure 3.6: Evolution of vorticity (upper panels) and entropy
(lower panels) due to the baroclinic instability in 3D. t/(2πΩ)
measures the time in number of orbits; ωz /Ω is the vertical
component (z) of the vorticity in units of the Keplerian frequency, s is the specific entropy of the fluid; x and y are radial
and azimuthal direction in the Keplerian shear flow of an accretion disk.
As time evolves from left to right a vortex with negative vorticity (blue) growth in the background of positive vorticity (red).
The growth is linked to a local entropy perturbation (yellow
higher, blue lower entropy), which is a source of vorticity via
the Baroclinic term in the vorticity equation.

The radial temperature
structure and thus the
radial entropy and pressure stratification are determined by the combined influence of stellar
irradiation, internal viscous heating and internal radiative heat transport via radiation. If
the heat transport in
such a baroclinic disk
has an effective thermal relaxation time of
0.1–100 orbits, then a so
called S ubcritical B aroclinic I nstability (SBI)
will amplify small vortices to giant anti-cyclons
(see Fig. 3.6) that will
have strong influence on
disk evolution and on
planet formation via the
efficient concentration of
dust.

The baroclinic instability in the context of layered accretion.
In [1] we present shearing box simulations of baroclinicly unstable, magnetized, 3D
disks, in order to assess the interplay between the SBI and other instabilities, namely the
magneto-rotational instability (MRI) and the magneto-elliptical instability. We find that
the vortices generated and sustained by the baroclinic instability in the purely hydrodynamical regime do not survive when magnetic fields are included. We identify the MRI
as a limiting case of the magneto-elliptic instability, when the vortex aspect ratio tends
to infinity (pure shear flow). We conclude that vortex excitation and self-sustenance by
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the baroclinic instability in protoplanetary disks is viable only in low ionization, i.e., the
dead zone. Our results are thus in accordance with the layered accretion paradigm. A
baroclinicly unstable dead zone should be characterized by the presence of large-scale
vortices whose cores are elliptically unstable, yet sustained by the baroclinic feedback.

A parameter study for baroclinic vortex amplification
Recent studies [2] have shown
that baroclinic vortex amplification is strongly dependent on the
global entropy gradient, the efficiency of thermal diffusion and/or
relaxation as well as on the numerical resolution.
We conduct a comprehensive study of a
broad range and combination of
various entropy gradients, thermal diffusion and thermal relaxation time-scales via local shearing sheet simulations covering
the parameter space relevant for Figure 3.7: Saturation values of baroclinic turbulence
measured in Reynolds stress parameter α depending
protoplanetary disks.
We measure the Reynolds stresses on the radial entropy and pressure gradient β. The
as a function of our control pa- symbols show the different combinations of thermal rerameters and see that there is an- laxation processes with their characteristic timescales:
gular momentum transport even cooling via the photosphere (line shape of symbol) and
for entropy gradients as low as thermal diffusion within the plane of the disk (color of
β = d ln s/d ln r = 1/2. The symbol).
amplification-rate of the perturbations, appears to be proportional to β 2 and thus proportional to the square of the Brunt-Väisälä frequency N 2 . Migration of the vortex appears
to be a lesser problem as the vortices are too small for effective radial drift for most of
their growth time. The saturation level of Reynolds stresses on the other hand seems to
1
be proportional to β 2 . This highlights the importance of baroclinic effects even for the
low entropy gradients expected in protoplanetary disks.

Outlook
We currently investigate the birth of the first vortices in vertically stratified disks and
also study the concentration of dust in anti-cyclons. Here we found a very fast triggering of the streaming instability even in very low metallicity which is the onset of
planetesimal formation.
Work done in collaboration with Wladimir Lyra (AMNH New York and JPL Pasadena).

[1] Lyra, W. & Klahr, H. (2011): The baroclinic instability in the context of layered
accretion. Self-sustained vortices and their magnetic stability in local compressible
unstratified models of protoplanetary disks, A&A 527, 138
[2] Raettig, N., Klahr & H., Lyra, W. (2013): A parameter study for baroclinic vortex
amplification, ApJ submitted, arXiv:1212.4464v1
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Planets in magnetic disks: Migration and
observability

Ana Uribe, Hubert Klahr, Mario Flock, Thomas Henning
Planets form in circum-stellar disks. The additional gravitational potential of a planet
perturbs the disk and leads to characteristic structures, i.e. spiral waves and gaps, in
the disks density profile. The effect of these structures is two fold: i) it determines the
planetary evolution in terms of radial migration and ii ) it amplifies the planetary signal
in terms of observability of a planet while still embedded in the circum-stellar disk.

Planet migration in magnetic turbulent disks
We performed three-dimensional
magnetohydrodynamic simulations
1.00
of planet migration in stratilog density
–0.52
fied disks using the Godunov
–2.15
code Pluto, where the disk is
–3.70
turbulent due to the magneto–5.30
rotational instability [1].
We
studied the migration for planets
with different planet–star mass
ratios q = Mp /Ms . In agreement
with previous studies, for the
low-mass planet cases, migration
is dominated by random fluctuaz
tions in the torque. For a Jupitery
mass planet, we find a reduction
x
of the magnetic stress inside the
Figure 3.8: Density structure of a magnetically tur- orbit of the planet and around
bulent disk with an embedded planet of Jupiter mass. the gap region. After an iniDensity is given in relative units with respect to the tial stage where the torque on
initial density at the location of the planet. The disk the planet is positive, it reverses
is partially cut open, so one can see the density pertur- and we recover migration rates
bation at the surface of the disk as well as in the mid- similar to those found in disks
plane, where the planet is located (red-dot). One sees where the turbulent viscosity is
that even so the overall density structure shows the modelled by an a-viscosity. For
typical spiral waves associated with MHD turbulence the intermediate-mass planets, we
in disks, especially the region around the planet has find a new and so far unexpected
the classical trailing spiral pattern known from non- behaviour. In some cases they experience sustained and systematic
MHD simulations.
outward migration for the entire
duration of the simulation. For this case, the horseshoe region is resolved and torques
coming from the co-rotation region can remain unsaturated due to the stresses in the disk.
These stresses are generated directly by the magnetic field. The magnitude of the horseshoe drag can overcome the negative Lindblad contribution when the local surface density
profile is flat or increasing outward, which we see in certain locations in our simulations
due to the presence of a zonal flow. The intermediate-mass planet is migrating radially
outward in locations where there is a positive gradient of a pressure bump (zonal flow).
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Tracing large-scale structures in circum-stellar disks with Alma
We also perform a large-scale parameter study of the observability of planet-induced
structures in circum-stellar disks in the (sub)mm wavelength range for the Atacama Large
Millimeter/sub-millimeter Array (Alma) [2]. On the basis of our hydrodynamical and
magneto-hydrodynamical simulations of star-disk-planet models, we calculate the disk
temperature structure and (sub)mm images of these systems. These were used to derive
simulated Alma images. Because appropriate objects are frequent in the Taurus-Auriga
region, we focused on a distance of 140 pc. The explored
range of star-disk-planet configurations consists of six hydrodynamical simulations (including magnetic fields and different
planet masses), nine disk sizes,
15 total disk masses, six different central stars, and two different
grain size distributions, resulting
in 10 000 disk models. On almost
all scales and in particular down
to a scale of a few AU, Alma is
able to trace disk structures induced by planet-disk interaction
or by the influence of magnetic
fields on the wavelength range beFigure 3.9: Example of a simulated observational re- tween 0.4 mm and 2.0 mm.
sult. Around a Herbig Ae star even the circumplanetary region can be detected. The simulated observation of the disk is made at a wavelength of 430 µm
with the 18th Alma configuration. The exposure time
amounts to two hours.

The central star has a major impact on the observability of gaps,
as well as the considered maximum grain size of the dust in the
disk. In general, it is more likely
to trace planet-induced gaps in
our magneto-hydrodynamical disk models, because gaps are wider in the presence of magnetic fields. We also find that zonal flows resulting from magneto-rotational instability
(MRI) create gap-like structures in the disks re-emission radiation, which are observable with Alma. Through the unprecedented resolution and sensitivity of Alma in the
(sub)mm wavelength range, the expected detailed observations of planet-disk interaction
and global disk structures will deepen our understanding of the planet formation and disk
evolution process.
Work done in collaboration with Jan Phillip Ruge and Sebastian Wolf (Universität Kiel).

[1] Uribe, A., Klahr, H., FLock, M. & Henning, Th. (2011): Three-dimensional magnetohydrodynamic simulations of planet migration in turbulent stratified disks, ApJ
736, 85
[2] Ruge, J.P., Wolf, S., Uribe, A. & Klahr, H. (2013): Tracing large-scale structures in
circumstellar disks with Alma , A&A in press, arXiv:1212.1793v2
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From transition disks to extrasolar planets

Johan Olofsson, Beth Biller, Aurora Sicilia-Aguilar,
Myriam Benisty, Jörg-Uwe Pott, Mickaël Bonnefoy,
Attila Juhász, Thomas Henning, Gael Chauvin, Andre Müller
Circumstellar disks are believed to be the birthplace of planets, and are expected to
dissipate on a timescale of a few Myr. After this transition phase, they will then evolve
into gas-poor debris disks. Over the past years, dissipation of the circumstellar material
has been intensively investigated for several transition disks, to test the scenario of a
newly formed planet, or massive companion, perturbing the dust and gas distributions
in the disk. To test this scenario, our group has studied the morphology of the disks
directly via spatially resolved imaging, conducted searches for perturbing objects which
may produce some of the observed disk features, and also studied the evolution of the
dust processing in these disks.

High angular resolution observations of transition disks
In Olofsson et al. (2012, submitted), we made use
of the high angular resolution provided by long
baseline interferometry at the Vlti to study the
innermost regions around the young solar analog
star T Cha (≈ 7 Myr). We were able to constrain
the morphology of the disk on large spatial scales.
Our detailed analysis has shown that the circumstellar disk, and more specifically, forward scattering by small dust grains, may be responsible
for the signature initially interpreted as a candidate companion inside the gap of T Cha (see
Fig. 3.10). This finding underlines the challenge
of detecting companions in transition disks. Similar studies are underway for the Herbig Ae/Be
stars SAO 206462 and HD 142527 (Benisty et al. Figure 3.10: Color-inverted, synthetic
in preparation).
image of the disk around T Cha: with
the star and an inner disk in the cenSearches for perturbing companions ter of the image, as well as an outer
disk farther away. The asymmetry in
We are furthermore conducting a Vlt sparse the upper left corner of the disk is due
aperture masking search for brown dwarf and to forward scattering.
planetary companions to transition disk stars. In
observations of one of our first survey stars, we
detected asymmetry in the flux from the Herbig Fe star HD 142527 with a barycenter
emission situated at a projected separation of (88 ± 5) mas =
b (12.8 ± 1.5) AU at 145 pc.
After extensive closure-phase modeling, we interpret this detection as a close-in, low-mass
stellar companion with an estimated mass of ≈ (0.1 − 0.4) M [1]. As second epoch observations are planned early 2013, we are pursuing our modeling effort in light of the recent
results of our group. Simulations of asymmetric disks are underway and will be ready to
be compared to the second epoch data. These new observations will confirm (or infirm)
the true nature of the asymmetry observed in the vicinity of HD 142527.
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Our group is actively involved in the Strategic Exploration of Exoplanets and Disks survey at Subaru
(Seeds). The survey was awarded 120 nights to observe
nearly 500 stars. It aims at exploring the formation and
evolution of planetary systems by direct imaging of their
circumstellar environment in the near-infrared (1.1 µm–
2.5 µm) down to angular separations of 000.1. The survey
already provided several spatially resolved observations
of disks (27 papers accepted or in preparation) revealing
key structures (spiral arms, gaps, etc.) and the detection
of a new and rare (first detection during the last two
years) giant exoplanet [2]. In Bonnefoy et al. (2012, in
Figure 3.11: H-band polarimet- preparation, Fig. 3.11), we analyze imaging observations
ric image of LkHa 330
of the transition disk around LkHa 330 in polarized
scattered light and could spatially resolve the outermost
regions of this disk, providing crucial information about the disk geometry as well as dust
properties (scattering efficiency).

The evolution in time of transition disks
We studied disk structure and accretion of solar-type stars in the Cep OB2 region (Tr 37
and NGC 7160 clusters). Among transition disks, we found that about half of them are
actively accreting at rates compared to normal classical T Tauri stars, while the rest
do not show any evidence of accretion [3]. Spitzer/Irs spectra revealed that some
transition disks lack strong silicate features, suggesting a high degree of dust evolution
(grain growth and settling). This suggests that accreting transition disks could be related
to strong dust evolution, while non-accreting ones could result from other processes like
photo-evaporation or planet formation. Transition disks in the 4 Myr-old Tr 37 cluster are
thus different from the typical transition disks in Taurus, which may indicate that the
processes acting on disk dispersal vary with time [4].
Work done in collaboration with Jean-Baptiste Le Bouquin (Institut de Planetologie et
dAstrophysique de Grenoble (IPAG, France), Sylvestre Lacour (LESIA-Observatoire de
Paris, CNRS, France), Francois Ménard (Departamento de Astronomı́a, Universidad de
Chile, Santiago, Chile).

[1] Biller B., Lacour S., Juhász A., et al. (2012): A likely close-in low-mass stellar
companion to the transitional disk star HD 142527, ApJ 753, 38
[2] Carson, J. & the Seeds consortium (2012): Direct imaging discovery of a “superjupiter” around the late B-type star k And, ApJ in press, 2012arXiv1211.3744C
[3] Sicilia-Aguilar A., Henning Th. & Hartmann L. W. (2010): Accretion in evolved and
transitional disks in Cep OB2: Looking for the origin of the inner holes, ApJ 710,
597
[4] Sicilia-Aguilar A., Henning Th., Dullemond C. P., et al. (2011): Dust properties and
disk structure of evolved protoplanetary disks in Cep OB2: Grain growth, settling, gas
and dust mass, and inside-out evolution, ApJ 742, 39
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Disks around Herbig Ae/Be stars —
The Herschel view

Jeroen Bouwman, Thomas Henning, Bernhard Sturm,
Johan Olofsson

Observing protoplanetary disks with Herschel
With the launch of the Herschel Space Observatory in May 2009 we obtained an
unique observing window to study protoplanetary disks in Herbig Ae/Be and T Tauri
systems. Dust grains, ices, and gas evolve as they move from envelopes of forming stars
into circumstellar disks where they can become the main building blocks of planets. The
instruments of the Herschel Space Observatory, especially PACS, the 55 µm to
210 µm spectrograph and imager of Herschel, are uniquely suited to trace this evolution.
The dust in the protoplanetary disk can be studied with broadband emission from dust
grains, constraining dust mass and disk geometry ,through specific spectral features of
the solids and the main icy components, which reveal elemental composition and water
content, and the formation and processing history of the grains. Both atomic and molecular lines, in particular the [O i], H2 O and OH lines, can be used to follow the gas, study
the interchange between gas and ice, and trace the oxygen budget. The gas and dust
spectral features are at the same time excellent probes of macroscopic parameters, such
as temperature, UV- and X-ray fields, density and thermal structures of envelopes and
disks, and dynamical mixing processes.

First results from the Digit Herschel key program
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Figure 3.12: Left: The 69 µm feature of the crystalline silicate forsterite in the spectrum
of the Herbig Ae/Be star HD 100546. A spectral decomposition reveals that most of the
emission originates from grain with a narrow temperature distribution around 200 K.
Right: Detection of H2 O emission lines in the Herschel spectrum of the Herbig Ae/Be
star HD 163296. Shown is the stacking of 54 H2 O lines. Water emission is clearly detected
in the stacked spectrum at the 7σ level.
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The Dust, I ce and Gas in T ime (Digit) Herschel key project aims to trace the evolution of dust and gas in protoplanetary disks. The Digit target sample covers sources with
a range in evolutionary state from embedded objects with massive envelopes to weak-line
T Tauri stars with dissipating disks, and with a range in luminosity, spectral type, and
dust characteristics. After the two initial papers [1, 6] published in the special A&A
issue on Herschel there are currently six papers published within the Digit program
either lead or with a substantial contribution from Mpia. Figure 3.12 shows two scientific
highlights from the currently published Digit results. The left panel shows the detection
of the 69 µm emission band of the crystalline silicate forsterite in the Herbig Ae/Be star
HD 100546 [1], a spectral feature which we have detected in the spectra of about a quarter
of our disk sources [2]. As forsterite is not present in the interstellar medium, it has to be
formed in the protoplanetary disks. In the case of HD 100546 we now could prove that
the formation is linked to the presents of a possible planetary companion opening a gap
in the disk [5]. Next to the observations dust species, the Digit observations also lead
to the detection of warm H2 O gas in the disk of HD 163296 [3] for which the stacked line
profile can be seen in the right panel of Fig. 3.12. This is an important discovery as water
is a key molecule for the chemical and physical evolution of protoplanetary disks.
Work done in collaboration with Neal J. Evans II (The University of Texas at Austin) as
PI of the Digit Herschel key program.

[1] Sturm, B., Bouwman, J., Henning, Th., Evans, N. J., Acke, B., Mulders, G. D.,
Waters, L. B. F. M., van Dishoeck, E. F., Meeus, G., Green, J. D., Augereau, J. C.,
Olofsson J. & Digit team (2010): First results of the Herschel key program “Dust,
Ice and Gas In Time” (Digit): Dust and gas spectroscopy of HD 100546, A&A 518,
L129
[2] Sturm, B., Bouwman, J., Henning. Th., Evans, N. J., Waters, L. B. F. M., van
Dishoeck, E. F., Green, J. D., Olofsson, J., Meeus, G., Maaskant, K., Dominik, C.,
Augereau, J. C., Mulders, G. D., Acke, B., Merin, B. & Herczeg, G.J (2013): The
69 µm band in spectra of protoplanetary disks — Results from the Herschel Digit
programme, A&A in press
[3] Fedele, D., Bruderer, S., van Dishoeck, E. F., Herczeg, G. J., Evans, N. J., Bouwman,
J., Henning, T. & Green, J. (2012): Warm H2 O and OH in the disk around the
Herbig star HD 163296, A&A 544, L9
[4] Green, J. D., Evans, N. J., Kóspál, Á., van Kempen, T. A., Herczeg, G. J., Quanz,
S. P., Henning, T., Lee, J.-E., Dunham, M. M., Meeus, G., Bouwman, J., van
Dishoeck, E., Chen, J.-H., Güdel, M., Skinner, S. L., Merello, M., Pooley, D., Rebull, L. M. & Guieu, S. (2011): Disentangling the environment of the FU Orionis
candidate HBC 722 with Herschel, ApJL 731, L25
[5] Mulders, G. D., Waters, L. B. F. M., Dominik, C., Sturm, B., Bouwman, J., Min,
M., Verhoeff, A. P., Acke, B., Augereau, J. C., Evans, N. J., Henning, T., Meeus, G.
& Olofsson, J. (2011): Low abundance, strong features: window-dressing crystalline
forsterite in the disk wall of HD 100546, A&A 531, 93
[6] van Kempen, T. A., Green, J. D., Evans, N. J., van Dishoeck, E. F., Kristensen,
L. E., Herczeg, G. J., Merı́n, B., Lee, J.-E., Jørgensen, J. K., Bouwman, J. & DIGIT
Team (2010): Dust, Ice, and Gas In Time (Digit) Herschel program first results.
A full Pacs-SED scan of the gas line emission in protostar DK Chamaeleontis, A&A
518, L128

60

Protoplanetary Disks and Planet Formation

3.7

Disk evolution in young star clusters

Roy v. Boekel, Min Fang, Thomas Henning,
Veronica Roccatagliata, and Aurora Sicilia-Aguilar
Young stars have disks through which much of the final stellar mass is fed onto the forming
protostar in early phases, and in which later planetary systems may form. The disks are
dissipated on a time scale of a few million years, and knowledge of the physical mechanisms
driving the dissipation process is key to understanding the formation of the central star
and, in particular, that of potential planets. Stellar clusters are excellent laboratories
to study disk dissipation, since they typically contain a large number of young stars,
with both a range of stellar masses, and a range of external environments. A prime
environmental parameter is the external UV field, which depends on the distance and
spectral type of nearby O-type stars. Hence, in clusters we can look for correlations of the
disk evolutionary state with both host star properties and environmental properties, which
in turn constrain how important the respective parameters are for the disk evolution.
We have studied a number of stellar clusters, with a range of ages, total masses, and stellar
number densities. We focused particularly on the disk frequency: Using the infrared SED
as a proxy for disk geometry, we can determine which fraction of sources still possess a
“full-fledged” disk, which fraction has no substantial disk anymore, and which fraction
has a “transition disk” of which the inner regions have largely dissipated, but the outer
disk is still comparatively intact.
We find that there is no single parameter that controls the disk dissipation process in
all environments and at all cluster ages, but do identify several trends that reveal which
mechanism is dominant under which circumstances.

Environment: UV-field and stellar dynamics in clusters
If external UV radiation place a dominant
role in the disk dissipation process, a lowered disk frequency may be expected for
young stellar objects in the vicinity of the
O-type stars. In IC 1795 such a trend is
not found [1], whereas in Pismis 24 we find
that the disk frequency is substantially reduced within 0.6 pc of the most massive
star [2]. Considering that the spectral
type of the most massive cluster member
is O6.5V in IC 1795 and O3I in Pismis 24,
our observations can be understood: The
amount of ionizing UV radiation is a very
steep function of spectral type (Fig. 3.13,
from [2]).

Figure 3.13: Disk frequency vs. age for clusFurthermore, we find that the overall disk ters with (open symbols) and without (filled
frequency is substantially lower in Pis- symbols) stars of spectral type earlier O5 [2].
mis 24 than in the Orion Nebula Cluster,
despite both region being of approximately equal age and having similar stellar number
densities. Pismis 24 is much richer in early-O type stars, and has correspondingly more
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intense average UV field. We conclude that the effects of UV irradiation are more important than tidal disk dissipation during close stellar encounters. External UV irradiation
may both cause increased turbulence due to magnetorotational-instability (MRI) in disks
around low-mass stars, leading to higher accretion rates, as well as photo-evaporation [2].

Stellar mass

Cluster age
The main mechanism controlling disk dispersal changes with age, in particular, the number
of non-accreting transition disks and disks depleted of small dust increases with age [3, 4].
This suggests that at ages of ≈4 Myr (Tr 37),
part of the transition disks are caused by grain
evolution (showing accretion and weak/absent
silicate features) while non accreting disks with
silicate features are probably related to photoevaporation and/or planet formation [4].

Disk frequency (%)

The disk frequency around stars more massive than ≈2 M is substantially lower (≈20 %)
than that in the range (0.8–2) M (≈50 %). There is no evidence for systematic age differences between low- and intermediate- mass stars, and thus the disks seem shorter-lived
in the latter group. This may again be due to the expected higher degree of ionization
in disk material compared to low-mass stars,
leading to stronger MRI turbulence and higher
accretion rates [1].

Figure 3.14: Disk frequency vs. age
for sparse associations (pentagrams) and
dense clusters/OB associations (open
circles), from [6].

Environment: dense clusters to sparse associations.
While there is a well defined relation between disk frequency and cluster age in rich
clusters, this is not the case in sparse associations [5, 2]. Still, there is a strong overall trend
between the average disk lifetime and the formation environment. In clusters harboring
extremely massive stars (typically earlier than O5) the disks are dissipated roughly twice
as quickly as in clusters or star forming regions without such very high-mass stars. In
contrast, the disks in sparse stellar associations are dissipated more slowly than in cluster
environments (Fig. 3.13 & 3.14).
[1] Roccatagliata et al. (2011): Disk evolution in OB associations: Deep Spitzer/Irac
observations of IC 1795, ApJ 733, 113R
[2] Fang et al. (2012): Star and disk properties in Pismis 24, A&A 539A, 119F
[3] Sicilia-Aguilar et al. (2010): Accretion in evolved and transitional disks in Cep OB2:
Looking for the origin of the inner holes, ApJ 710, 597S
[4] Sicilia-Aguilar et al. (2011b): Dust properties and disk structure of evolved protoplanetary disks in Cep OB2, ApJ 742, 39S
[5] Sicilia-Aguilar et al. (2011a): Protostars and stars in the coronet cluster: age, evolution, and cluster structure, ApJ 736, 137
[6] Fang et al. (2012b): Young stars in eCha and their disks: disk evolution in sparse
associations, A&A in press, arXiv:1209.5832
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Protoplanetary disk structure with grain
evolution: The Andes model

Svitlana Zhukovska, Dmitry Semenov, Thomas Henning

Introduction
Origin of planetary systems, and in particular, the Solar System, is one of the most fascinating topics in astrophysics. The initial processes leading to planet formation are dust
growth and transport in protoplanetary disks, which are still poorly understood from a
theoretical point of view. With the modern space-born and ground-based observational
facilities one can probe the physical conditions in protoplanetary disks on different evolutionary stages at modest spatial scale, and only in nearby bright objects. However, with
the forthcoming Alma interferometer having unprecedented resolution and sensitivity the
inner, planet-forming disk regions will become observable. In turn, interpretation of these
new high-quality line and continuum data requires a more realistic model of protoplanetary disks, which includes effects of dust evolution in the disk and detailed gas thermal
balance. Here we report on our efforts to create such an advanced disk physical model
which we called “Andes” (AccretioN disk with Dust E volution and S edimentation).

Andes thermo-chemical disk model
The most important physical parameters of the disk matter are its gas and dust density
and temperature. This allows splitting the disk model into four blocks, each calculating
the corresponding quantity:
I. Dust temperature. The continuum radiative transfer module is based on the twostream Feautrier method, with a high-resolution frequency grid. We consider dust
continuum absorption, thermal emission, and coherent isotropic scattering. The
input parameters are the dust density, its optical properties (absorption and scattering coefficients), external irradiation and all parameters describing non-radiative
dust heating functions.
II. Gas temperature. We solve the local energy balance equation, accounting for various
heating and cooling processes by dust, PAHs, atoms, and molecules. The gas heating
and cooling rates depend on abundances of main heating/cooling species and their
level populations. So, the chemical model based on a gas-grain realization of the
Rate’06 network with surface reactions and X-ray/UV processes is used.
III. Dust density. The dust surface density is assumed to be equal to 1% of the gas
density, whereas its vertical density structure and size distribution are determined
from the dust evolution model. We consider coagulation and fragmentation of dust
grains, their mixing due to turbulent and Brownian motions and gravitational settling to the midplane. The disk structure with pristine interstellar-like grains is also
considered.
IV. Gas density. We assume that the gas vertical structure at each radius is defined by
the local hydrostatic equilibrium. The power-law surface density profile is assumed.
All these modules have been thoroughly benchmarked with previous studies, with overall
good agreement and performance.
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As a result of grain evolution the dust-to-gas mass ratio deviates substantially from the
canonical value of 1 % through the disk that enhances penetration of the UV in the
disk and affects the chemistry [1]. With the Andes model we found that grain growth
and sedimentation of large grains to the disk midplane leads to a dust-depleted disk
atmosphere where dust and gas temperatures are higher in the inner regions and lower in
the outer disk, in comparison with the pristine interstellar dust model, see Fig. 3.15.
The new physical description affects the disk chemistry. First, in upper layers chemical
timescales associated with evolution of key coolants are comparable with the disk lifetime.
In particular, the region of the H2 photo-dissociation shifts deeper into the disk with time,
leading to an evolving thermal structure in the gas, which has not been properly treated
in the previous disk models. Second, due to higher transparency a partly UV-shielded
molecular layer is shifted closer to the dense midplane. Third, the presence of big grains
in the disk midplane delays the freeze-out of volatile gas-phase species such as CO, while
in adjacent elevated layers the depletion is still effective. Molecular concentrations and
thus column densities of many species are enhanced in the disk model with dust evolution,
e.g., CO2 , NH2 CN, HNO, H2 O, HCOOH, HCN, CO.

Figure 3.15: (Upper row) Dust thermal structure for evolved (left panel) and pristine wellmixed (right panel) dust. (Bottom row) Thermal structure of the gas for evolved (left
panel) and pristine well-mixed (right panel) dust.
Work done in collaboration with Vitaly Akimkin, Yaroslav Pavlyuchenkov, Dmitry Wiebe
(INASAN, Russia); Anton Vasyunin (Univ. of Virginia, USA), Tilman Birnstiel (MPE,
Germany).

[1] Vasyunin, A. I. , Wiebe, D. S., Birnstiel, T., Zhukovska, S., Henning, Th., & Dullemond, C. P. (2011): Impact of grain evolution on the chemical structure of protoplanetary disks, A&A 727, 76
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Models of the evolution of the dust population
in protoplanetary disks
Cornelis Dullemond, Tilman Birnstiel, Andras Zsom,
Frithjof Brauer, Chris Ormel, Thomas Henning

Importance of dust growth
Dust comprises only roughly 1 % of inter/circum-stellar material by mass, but it is hugely
important because it affects the thermal and chemical structure of the material, and is
the raw material out of which planets such as the Earth can form. The primordial dust
particles that the disk inherits from the interstellar medium are typically sub-micron in
size. Since the dust particles in the protoplanetary disk perform stochastic motions, they
will inevitably meet each other, and consequently stick and form larger dust aggregates.
The opacity of the disk is thereby reduced and becomes more “grey” (wavelength independent). Furthermore, larger grains are less efficient in capturing electrons and/or ions,
so the role in the ionization and chemistry is diminished. Finally, dust growth stands at
the basis of the formation of rocky planets.
It is therefore clear that there is plenty of motivation to try to understand the process
of dust coagulation. While collisions between individual dust aggregates can be (and is)
simulated in the lab, the overall dust growth process, involving  1030 particles, is impossible to study directly in a lab setting. Since in-situ measurements of dust aggregates in
protoplanetary disks is not possible, and infrared observations provide only “encrypted”
information about the dust growth process, we are forced to embark on a computer modeling campaign.

Models of dust growth and destruction
We have developed two independent methods of solving the dust population evolution
equation. The first one is based on the classical Smoluchovski binning method. We ex10
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Figure 3.16: Left: Snapshot of the evolution of the dust population in the disk. X-axis:
radial coordinate in the disk, y-axis: size of the particles, grey-scale: amount of dust
material at that coordinate and size. Right: Predictions for the slope-versus-brightness
diagram. The crosses are observed sources, the curves are the range where the models
predict the values to be in.
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tended it to allow for the treatment of the vertical structure of the dust population (Brauer
et al. 2008) as well as the disk evolution [1]. We confirmed the presence of the infamous
“fragmentation barrier” to dust growth which hinders dust aggregates from growing beyond some critical size (Fig. 3.16-left). But we found that dust trapping near the location
of the water ice/vapor phase transition (“snow line”) could perhaps overcome this (Brauer
et al. 2008). With this code we have also made meaningful predictions for millimeter-wave
continuum observations of protoplanetary disks: Since the grain size affects the spectral
slope, we could make predictions for the slope-versus-brightness diagram (Fig. 3.16-right).
The match is not yet satisfactory, which tells us about the physics: It shows that particle
trapping must play a role.
We also developed a Monte Carlo model for dust growth. The advantage is that this
allows us to (a) more easily add complex particle properties such as porosity or chemical
composition, and (b) it allows incorporation into hydrodynamical simulations. In Fig. 3.17
the result of a simulation is shown where the disk is perturbed by a passing-by binary
companion, and in which we use the Monte Carlo dust code to model the dynamics and
growth/fragmentation of the particles. The results showed that the particle-collisions
induced by the perturbations in the disk caused by the companion strongly reduced the
maximum particle size, and thus works against planet formation.

Figure 3.17: A snapshot of a simulation of a disk with dust particles and a passing-by
binary companion [2].
The work presented here was done with the following external:
C. Güttler, J. Blum (TU Braunschweig)

[1] Birnstiel, T., Dullemond, C.P., Brauer, F. (2010): Gas- and dust evolution in protoplanetary disks, A&A 513, 79
[2] Zsom, A., Sándor, Z., Dullemond, C.P. (2011): The first stages of planet formation
in binary systems: How far can dust coagulation proceed?, A&A 527, 10
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Transient dust in warm debris disks
Johan Olofsson, Thomas Henning

Debris disks are leftovers of the planet formation process; once the massive, gas-rich
circumstellar disk has dissipated. Only dust residuals (e.g., asteroid or Kuiper belts) and
eventual planetary systems remain around the central star. The presence of dust residuals
translates into a mid- to far-infrared excess. Departure from photospheric emission at
these wavelengths is the consequence of thermal emission arising from dust grains heated
by the stellar radiation. Several hundred stars are now known to harbor such excess
emission, and in most cases, these systems compare very well with the Edgeworth-Kuiper
belt observed in our Solar System. A small sample of the debris disk population is referred
to as “warm debris disks” where excess emission is significant in the mid-IR, suggesting
the presence of warm dust grains, close to the star. Within this class of warm debris
disks, a few objects are of particular interest since they also display emission features in
mid-IR spectroscopic observations. These emission features are associated with (sub-) µmsized dust grains, that are warm enough to contribute significantly in the mid-IR. These
warm debris disks with emission features around solar-type stars are rare (≈ 2 % of all
debris disks). The reason for their scarcity lies in the timescales for dust survival in
such environments. By the ages of the host stars (> 10 Myr − 20 Myr), processes such as
Poynting-Roberston drag or radiation pressure should have removed the small, warm dust
grains. Given the ages of the host stars, the presence of these small grains is therefore
puzzling, and questions their origin and survival in time.

Figure 3.18: Left: Spectral energy distribution (SED) of HD 113766 A including Herschel/Pacs detections in the far-infrared, modeled assuming an inner and outer planetesimal belt (red and blue, respectively).
Right: Stellar subtracted Spitzer/Irs spectrum of HD 113766 A (dashed black) and the
contributions of the inner and outer dust belt (Olofsson et al. submitted). In both panels,
the total fit is in green.
In [1], we developed and presented a new radiative transfer code (Debra) dedicated
to SED modeling of optically thin disks. The Debra code is designed such as it can
determine dust composition and disk properties simultaneously. We made use of this code
on the SEDs of seven warm debris disks, with a special emphasis on the Spitzer/Irs
spectra and the observed emission features.
We find that most, if not all, debris disks in our sample are experiencing a transient
phase, suggesting a production of small dust grains on relatively short timescales. Dust
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replenishment should be efficient on timescales of months for at least three sources. From
a mineralogical point of view, we find that crystalline pyroxene grains (enstatite) have
small abundances compared to crystalline olivine grains. The main result of our study
is that we find evidences for Fe-rich crystalline olivine grains (Fe / [Mg + Fe] ≈ 0.2) for
several debris disks. This finding contrasts with studies of gas-rich protoplanetary disks,
where Fe-bearing crystalline grains are usually not observed (Fe / [Mg + Fe] ≈ 0.01).

In Olofsson et al. (2012, submitted), we refined the modeling for one of these seven systems: the 16 Myr warm debris disk around HD 113766 A. With new Herschel/Pacs
observations and archival ground-based data (Vlti/Midi and Vlt/Visir), we better
constrained the morphology of the system. We found the dust to be located into two
spatially separated planetesimal belts (see Fig.3.18). A first belt, located within the first
AU from the star is responsible for the near- to mid-IR excess as well as the emission features, and an outer belt located between 9 AU and 13 AU is responsible for the emission
at longer wavelengths (red and blue lines in Fig.3.18, respectively, the green line showing
the final best fit). Even with these different assumptions, the Fe-rich olivine crystalline
grains are still necessary to reproduce the emission features properly.
Overall, the presence of Fe-rich olivine grains, and the differences between the mineralogy of dust in younger, Class II disks compared to debris disks suggest that the transient
crystalline dust in warm debris disks is of a new generation. We discussed possible crystallization routes to explain our results, such as possible collisions of (partially) differentiated
km-sized bodies. In several cases, e.g. HD 113766 A, we could be witnessing the consequences of terrestrial planet formation, a highly unstable period for an evolved system,
hence prone to multiple collisions.
Work done in collaboration with Attila Juhász (Leiden Observatory, The Netherlands),
Harald Mutschke (Astrophysikalisches Institut und Universitäts-Sternwarte Jena), Akemi
Tamanai (Kirchhoff-Institut fuür Physik, Heidelberg), Attila Moór and Peter Ábrahám
(Konkoly Observatory, Budapest, Hungary)

[1] Olofsson J., Juhász A., Henning Th., Mutschke H., Tamanai A., Moór A., & Ábrahám
P. (2012): Transient dust in warm debris disks. Detection of Fe-rich olivine grains,
A&A 542, 90
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Chemistry in disks: Observations and
modeling

Dmitry Semenov, Thomas Henning, Ralf Launhardt

Introduction

log 10N(C2H), cm -2

Protoplanetary disks (PPDs) around young stars are cradles of planetary systems. Evolution of their chemical composition and physical properties regulate the timescale and
outcome of planet formation. Molecules and dust serve as heating and cooling agents
of the disk gas, while dust grains dominate the opacities. Molecules are unique probes
of physical conditions (temperature, density, kinematics, turbulence). Being relatively
compact (. 1000 AU) and tiny (≈ 1 − 10 % of M ), these objects remain a challenging
target for radiotelescopes. Apart from CO and its isotopologues, and occasionally HCO+ ,
DCO+ , CN, HCN, DCN, CCH, H2 CO, and CS, the disk molecular content is largely
unexplored.
To extract crucial information on disk parameters
such as sizes, turbulence, distribution of temperano X-rays
DM Tau
ture, density, and molecular column densities, one
1µm
15
0.1µm, X-rays
has to combine multi-molecule, multi-transition interferometric observations with line radiative trans14
fer and chemical modeling. Since 2005 the “Chem13
istry in Disks” (CID) collaboration between Mpia
Heidelberg, Bordeaux Observatory, IRAM Greno12
ble, Jena Observatory, IAA Taipei, University of
Virginia, Vienna University and SETI Institute, is
studying the molecular content and physical proper100
r [AU]
ties of nearby T Tauri and Herbig Ae disks by comFigure 3.19: Radial distribution of bining radio-interferometric observations with comthe CCH column densities in the prehensive physico-chemical modeling. Here we reDM Tau disk. The solid line with view our major results on the disk physics and chemerror bars is the observational data. istry obtained during the last two years.
The CCH column densities computed with (1) the model with grain
size 0.1 µm (like dust in the interstellar medium, ISM) and X-rays
(solid line), (2) the model with 1 µm
grains and X-rays (dotted line), and
(3) the model with ISM dust and no
X-rays (dashed line).

Photochemistry and X-ray-driven
chemistry

We studied photochemistry in the heavily UVirradiated, warm disk around Herbig A4e MWC 480
and the cooler, less UV-irradiated disks around
T Tauri stars DM Tau (M1) and LkCa 15 (K5) [1].
We detected and mapped CCH in these disks with
the Plateau de Bure Interferometer at ≈ 300 resolution in the (1–0) and (2–1)
transitions. The data were analyzed with a 1D disk model, in which disk surface density,
temperature, and molecular column densities were parameterized as radial power-laws,
and synthetic visibilities were calculated with a vertical escape probability approach. The
derived CCH column densities were compared with the results of chemical kinetics modeling based on a flared steady-state disk physical model with detailed radial and vertical
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structure and a gas-surface chemical network. Our chemical model was used in a thorough
benchmarking study of gas-grain chemical codes [2]. We found an agreement between observed and modeled CCH column densities at a time of ≈ 1 − 5 Myr, see Fig. 3.19. Our
results suggest that the CCH chemistry is sensitive to the stellar X-ray and UV radiation.

Sulfur-bearing molecules in disks
We used the Iram 30 m-telescope to observe H2 S (110 −101 ) at 168.8 GHz and SO (223 −112 )
at 99.3 GHz in disks of LkCa 15, DM Tau, GO Tau, and MWC 480 [3]. We failed to detect
the SO and H2 S lines, although CS was detected (but not in MWC 480). The derived
upper limits of the H2 S and SO column densities, together with existing CS data, were
analyzed with our 1+1D gas-grain astrochemical model. Our best-fit disk model favors a
C/O ratio of 1.2, starting from initial cloud conditions (2 · 105 cm−3 , 10 K, 1 Myr). The
predictions agree with the CS data and are compatible with the SO upper limits, but
predicted H2 S column densities are too high by at least one order of magnitude. We
suspect that H2 S may remain more tightly locked onto bulk grain ice and/or react with
other species, thus lowering it’s gas-phase concentration.

First detection of HC3 N in disks
We used the Iram 30 m-antenna and detected for the first time HC3 N at 5σ in the
T Tauri GO Tau disk and Herbig A4e MWC 480 disks, with derived column densities of
≈ 1012 cm−2 [4]. The observed column densities of HC3 N are two orders of magnitude
lower than the predictions from our 1+1D physico-chemical model, and appear to be lower
in the presence of strong UV flux, suggesting that cyanopolyyne chemistry is sensitive to
the UV penetration through the disk.
Work done in collaboration with Anne Dutrey, Stephane Guilloteau, Frank Hersant,
Valentine Wakelam, Yann Boehler (Bordeaux Obs., France), Edwige Chapillon (IAA
Taipeh, ROC), Uma Gorti, David Hollenbach (SETI Inst., USA), Vincent Pietu and
Frederic Gueth (IRAM Grenoble, France), Eric Herbst (Univ. of Virginia, USA), Manuel
Guedel (Vienna Obs., Austria)

[1] Henning, Th., Semenov, D., Guilloteau, St., et al. (2010): Chemistry in disks. III.
Photochemistry and X-ray driven chemistry probed by the ethynyl radical (CCH) in
DM Tau, LkCa 15, and MWC 480, ApJ 714, 1511
[2] Semenov, D., Hersant, F., Wakelam, V., et al. (2010): Chemistry in disks. IV.
Benchmarking gas-grain chemical models with surface reactions, A&A 522, 42
[3] Dutrey, A., Wakelam, V., Boehler, Y., Guilloteau, S., Hersant, F., Semenov, D.,
Chapillon, E., Henning, T., Piétu, V., Launhardt, R., Gueth, F., Schreyer, K. (2011):
CID: Chemistry in disks VI.Sulfur-bearing molecules in the protoplanetary disks surrounding LkCa 15, MWC 480, DM Tau, and GO Tau, A&A 535, 104
[4] Chapillon, E., Dutrey, A., Guilloteau, St., Piétu, V., Wakelam, V., Hersant, F.,
Gueth, F., Henning, T., Launhardt, R., Schreyer, K., Semenov, D. (2012): Chemistry
in disks. VII. First detection of HC3 N in protoplanetary disks, ApJ 756, 58
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Rotation–disc connection at very low masses.
M. Victoria Rodriguez-Ledesma & Reinhard Mundt

Overview
At present observations and theory together give a comprehensive picture of star formation. Nevertheless, how young pre-main sequence objects effectively lose angular momentum is still not fully understood. Angular momentum loss requires magnetic interaction
between the forming star and both the circum-stellar disc and the magnetically driven
outflows. Many authors have investigated a rotation–disc connection in pre-main sequence
objects with masses larger than about 0.4 M , e.g. Rebull et al. (2006) and Cieza et al.
(2007). For brown dwarfs this connection was not investigated before because of the very
few samples available. We have extended this investigation well down into the sub-stellar
regime for a large sample of ≈80 brown dwarf candidates in the Orion Nebula Cluster,
for which we have measured rotational periods (Rodriguez-Ledesma et al. 2009).

Correlation between infrared excess and rotational periods
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< 0.075 M ). Figure 3.20 shows the period
20
M/M < 0.075
distribution of the periodic variables with
disc
15
and without discs in the three mass bins,
10
no disc
5
where the red dotted histograms represent
0
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the period distributions of periodic variP [days]
ables with discs and the solid histograms
are the corresponding period distributions Figure 3.20: Period distribution for objects
for objects without discs. The distribution with and without discs in the three mass bins
of objects with and without discs in the investigated.
lowest mass bin looks very similar. In the
high and intermediate mass bins objects with discs rotate on average ≈ 1.4 and 1.8 times
slower than objects without discs. Circum-stellar discs seem to play a role in the regulation of the angular momentum losses in young very low mass stars since objects with
nearIR excess tend to rotate slower than those without nearIR excess. Interestingly, no
efficient braking seems to occur in brown dwarfs, i.e. brown dwarfs rotate fast independent on whether they have a disc or not. As discussed in [1], one possible reason for the
latter result could be the strong dependence of the mass accretion rate on stellar mass at
these small masses, which due to the dependence of the braking on the mass accretion
rate result in a corresponding small relative braking.
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Figure 3.21: Disk fraction as a function of rotational period for the three mass regimes
studied in the whole Wfi Orion Nebula Cluster field.
The disc frequency among our sample of periodic variables can be estimated from the
number of objects with nearIR excess. According to the ∆(I − K) index (28 ± 2) % of
them have circum-stellar discs. We derived the fraction of 37 objects with and without
discs in the three mass bins investigated here. We found that the disc frequency slightly
increases from (24±4) % to (27±2) % for the highest to the intermediate mass bins, while
the increase in the disc fraction among the sub-stellar objects is stronger (41 ± 5) %).
Figure 3.21 shows the disc fraction as a function of rotational period, in the three mass
regimes studied. From the figure is evident that there is a trend towards larger disc
fractions for the slower rotating stellar objects, while in the sub-stellar mass regime no
such trend is indicated at all, despite the fact that the disc fraction is rather high for all
periods.
Work done in collaboration with Jochen Eislöffel (Tautenburg)

[1] Rodrı́guez-Ledesma, M.V., Mundt, R. & Eislöffel, J (2010): Rotation-disk connection
for very low mass and substellar objects in the Orion Nebula Cluster, A&A 515, 13
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Is terrestrial impact cratering really periodic?
Coryn A.L. Bailer-Jones
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There are about 180 confirmed high velocity impact craters on the Earth with ages up to
2400 Myr and diameters up to 300 km (Fig. 3.22). Some studies have identified periods
between 13 Myr and 50 Myr in their age distribution. Several of these have claimed
that these may be caused by an oscillation of the solar system about the Galactic plane
perturbing the Oort cloud. However, many of these studies suffer from methodological
problems, for example misinterpretation of p-values, overestimation of significance in the
periodogram, or a failure to consider plausible alternative models (see Bailer-Jones (2009)
for more details). Here I summarize the results of a new analysis of these data using a
more robust model comparison method. Full details are given in [1, 2] (also see http:
//astroimpacts.org).
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Figure 3.22: Ages and diameters of the 46 confirmed impact craters with ages below
250 Myr and diameters greater than 5 km. The (sometimes large) age uncertainties are
not shown, nor are 13 craters with just upper or lower limits on their ages.

Method of Bayesian Evidence
I examine the cratering data using a Bayesian approach which treats the impact history
as a stochastic phenomenon. I define various models for the time variation of the impact
probability and calculate the Bayesian evidence for each. Rather than finding the maximum likelihood fit for a model (which inevitably favours the more complex model), the
evidence is the average of the likelihood over the model parameters. The method takes
into account the age uncertainties and includes craters which only have upper or lower
age limits. It can be applied to any problem involving time-of-arrival data.

Results
Figure 3.23 shows the results for a two-parameter periodic model of the impact probability.
We see that some properly periodic solutions (periods below 125 Myr) appear to fit well,
yet longer “periods” fit the data much better. These are not true periods, and in fact the
evidence for a monotonic trend model (a sigmoid function) is far higher than the evidence
for the periodic model (for periods below 125 Myr). Peaks in the Bayesian periodogram
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Figure 3.23: Results of time series analysis of the crater times using a periodic model.
The top-left panel shows the distribution of the (log) likelihood (L) over the two model
parameters, period and phase. The crosses indicate five realizations of this model, plotted
in the other panels.
(found by averaging the two-dimensional likelihood distribution over the phase parameter)
are statistically insignificant.

Conclusions
There is strong evidence for a monotonic increase in the recorded impact rate up to the
present over the past 250 Myr. This is consistent with a crater preservation/discovery
bias modulating an otherwise constant impact rate. However, it is also broadly consistent
with the observed increase in the lunar cratering rate up to the present during the past
300 Myr. On the other hand, the set of craters larger than 35 km (so less affected by
erosion and infilling) and younger than 400 Myr are best explained by a constant impact
probability model. Periodic models are strongly disfavoured in all data sets.
[1] Bailer-Jones, C.A.L. (2011): Bayesian time series analysis of terrestrial impact cratering, MNRAS 416, 1163
[2] Bailer-Jones, C.A.L. (2011): Erratum to Bayesian time series analysis of terrestrial
impact cratering, MNRAS 418, 2111
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Brown dwarfs and exoplanets

J, H, K discovery image of kAnd b obtained within the Seeds-survey.
For details see Sec. 4.3
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4.1 Bayesian modelling of deterministic and
stochastic time series: Brown dwarf variability
revisited
Coryn A.L. Bailer-Jones
Several studies over the past 15 years have shown the light curves of brown dwarfs to be
variable on time scales of hours to tens of hours. For young objects (in open clusters) this
is often periodic, presumably a rotational modulation. But in older, cooler field dwarfs,
the amplitudes are often much smaller, hard to detect confidently, and not obviously
periodic. In this limit of low signal-to-noise, robust methods are essential both to make a
confident variability detection and to identify the best model. Studies to date have relied
too much on simple periodogram analyses which fail to consider alternative, non-periodic
models. Here I reanalyze 11 light curves (Fig. 4.1) from an earlier study (Bailer-Jones &
Mundt 2001) using a more robust method of model comparison.

A new approach to time series model comparison
Given a light curve, the method calculates the likelihood (in the time domain) for a
certain parametrized time series model. The conventional Bayesian method of model
comparison is to average this likelihood over the whole parameter space of the model (more
precisely, over the prior distribution of the model parameters). This average likelihood
is the “evidence” for the model overall (not at specific model parameters). Contrary to
what some authors use/claim, the maximum likelihood is not an appropriate measure of
the overall suitability of a model, because it just favours more complex models (those
with more parameters). However, the evidence tends to be rather sensitive to the prior
adopted. I introduce instead the “cross-validation likelihood”, in which the posterioraveraged likelihood for different partitions of the data are combined. This is less sensitive
to the prior. For more details see [1] and http://tinyurl.com/ctsmod.

Results and conclusions
I use this method to compare, for each light curve, various deterministic and stochastic
models, including a baseline model that the variations are just Gaussian fluctuations
about a constant. The previous study mentioned above claimed all 11 light curves to be
significantly variable according to an orthodox hypothesis test, with 2M 1146, 2M 1334,
SDSS 0539, and SOri 31 showing periodicity. In the new analysis, all except 2M 0913 are
again found to be significantly variable. A sinusoidal periodic model is found to be the
best model in two cases, Calar 3 and 2M 1334, the latter however requiring an additional
stochastic component for this to be true (this might reflect the need for larger uncertainties
than the reported error bars). The relative probability of different model parameters for
Calar 3 are summarized in Fig. 4.2. The light curve of one source, 2M 1145a, is best
described by a simple stochastic process, the Ornstein-Uhlenbeck process (a model for a
damped random walk). This is consistent with a source of non-deterministic variability
at work in this object’s atmosphere.
[1] Bailer-Jones, C.A.L. (2012): A Bayesian method for the analysis of deterministic and
stochastic time series, A&A 546, A89
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Figure 4.1: Brown dwarf light curves (I-band), showing the variation in intrinsic brightness over time on a relative scale.
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Figure 4.2: Posterior probability density function (PDF) (black/solid line for one data
partition, blue/dot-dashed for another) and prior PDF (red dashed line) over the three
parameters of the sinusoidal model for the light curve of Calar 3.
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4.2

Brown dwarf variability

Beth Biller, M. Victoria Rodriguez-Ledesma,
Coryn A.L. Bailer-Jones, Reinhard Mundt, Niall Deacon,
Bertrand Goldman, Elena Manjavacas

Overview
Variability is a key probe of conditions on the surface of a brown dwarf or planet. Young
hot brown dwarfs may show variability due to magnetic spots, ongoing accretion, or the
presence of a circum-brown-dwarf disk. For cooler brown dwarfs and extrasolar planets,
variability probes the observable cloud structure. The detection of variability on 2h –12h
timescales may indicate possible holes in the cloud cover or other evolving photometric
variations on the surface of the object. Quantifying the variability and hence weather
for the coolest brown dwarfs is a direct precursor to similar studies for directly-imaged
extrasolar giant planets with future instruments, e.g. Sphere at Vlt. Here we summarize
recent variability results for both a very young (<1 Myr) brown dwarf in the Orion Nebula
Cluster [1] and older, very cool T-Y transition brown dwarfs in the field.

An intriguing brown dwarf candidate periodic variable in the
Orion Nebula Cluster
CHS 7797 is a periodic variable (period
17d.8) in the Orion Nebula Cluster with an
unusual high amplitude [1]. We have investigated CHS 7797 photometrically during seven years. Multi-wavelength simultaneous observations were crucial to allow for an accurate color-magnitude study
and SED modeling. We found no colormagnitude correlation at optical wavelengths but only for wavelengths >2 µm.
This result indicates that CHS 7797 is occulted by circum-stellar matter in which
grains have grown from typical 0.1 µm
to ≈(1–2) µm sizes. SED modeling (Robitaille et al. 2006) suggests the presence of
Figure 4.3: Light-curves of CHS 7797 in I, an inner disc cavity. Based on medium resJ, Ks, 3.6 µm and 4.5 µm bands during part olution spectra we derived a spectral type
of the 2009/2010 observing season.
of M6, and slightly different spectral types
were derived at two different phases of the
17d.8 period (Rodriguez-Ledesma et al. 2012, submitted). The nature of CHS 7797 is still
unclear, but there are some indications towards CHS 7797 being a binary system of similar
mass components surrounded by a tilted circum-binary disk, a system probably similar
to KH 15D (Hamilton et al. 2001).
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Weather on the coolest brown dwarfs
We have been conducting the very first variability monitoring for brown dwarfs with
spectral type ≥T8 using the Omega2000 camera at the Caha 3.5 m-telescope. Studying
weather on brown dwarfs is a precursor to similar studies for extrasolar giant planets
and eventually exo-earths, as these objects are good analogues to the planets (similar
Teff and in some cases similar masses) that will be discovered by Sphere. We have
obtained variability monitoring observations in the J band with Omega2000 for 3 >T8
brown dwarfs bright enough to be monitored in the IR with 4 m-class telescopes (i.e.
J < 17m ) and observable from Calar Alto. Some of these objects may have planetary
masses — e.g. UGPS 0722−05 is one of the closest known isolated T dwarfs (d ≈ 4 pc),
with Teff = (520 ± 40) K and an estimated mass <15 MX (Lucas et al. 2010).

For one of our T9 objects,
WISE J1741+2553 (discovered by
Scholz et al. 2011), we detect
variability with an amplitude
>50 mmag over 3 non-consecutive
nights.
In Fig. 4.4 we plot
for WISE J1741+2553 an example detrended lightcurve (i.e. atmospheric and telescopic variations removed) taken on 8 August 2011. Light curves were
analyzed for variability according to the method developed by
Coryn Bailer-Jones [2], a a general, Bayesian method for modExample detrended lightcurve for
elling univariate time series data Figure 4.4:
assumed to be drawn from a con- WISE 1741+2553.
tinuous, stochastic process. The
method accommodates arbitrary temporal sampling, and takes into account measurement
uncertainties for arbitrary error models (not just Gaussian) on both the time and signal
variables. From this analysis, we find considerable evidence for non-periodic variability,
but no clear sinusoidal period.

[1] Rodrı́guez-Ledesma, M. V., Mundt, R., Ibrahimov, M., Messina, S., Parihar, P.,
Hessman, F. V., Alves de Oliveira, C. & Herbst, W. (2012): An unusual very lowmass high-amplitude pre-main sequence periodic variable, A&A 544, 112
[2] Bailer-Jones, C. (2012): A Bayesian method for the analysis of deterministic and
stochastic time series, A&A 546, A89
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4.3

New exoplanet and substellar companion
discoveries with Seeds

Beth Biller, Joseph Carson, Christian Thalmann,
Mickaël Bonnefoy, Joshua Schlieder, Markus Feldt,
Markus Janson, Wolfgang Brandner, Thomas Henning

Overview
Here we report on a number of new exoplanet or substellar companion discoveries from
the ongoing Seeds survey. Seeds (S trategic E xploration of E xoplanets and Disks with
S ubaru) is a 5-year direct imaging survey using the HiCIAO instrument at the 8 mSubaru-telescope. Seeds combines multiple advanced techniques to reach the contrasts
necessary to directly image planets: 1) Lyot coronagraphic imaging to occult the central
star and improve attainable star-planet contrasts and 2) operation in a fixed Cassegrain
rotator mode for angular differential imaging to build high-fidelity PSF images in order
to calibrate and remove quasi-static speckles which vary on timescales of an hour. The
combination of these techniques for the first time with 8 m-class telescopes has resulted
in the highest contrasts ratios reported to date. HiCIAO at Subaru commonly reaches
contrasts of ∆mag > 14m at 100 separation. These high contrasts have enabled the discovery of some of the lowest mass companions imaged. Here we present two recent Seeds
discoveries: 1) a (2–7.5) MX companion to the G0 star GJ ***b (Kuzuhara et al. in preparation) and 2) a (12–15) MX companion to the late B star kAnd [1]. We also report a
high-contrast search for exoplanets around Sirius [2].

GJ ***b — possibly the lowest mass exoplanet imaged to date
At an age of (100–510) Myr,
GJ ***b has a model mass estimate of (2–7.5)MX (Kuzuhara
et al. in preparation).
At a
somewhat older age relative to
other directly imaged exoplanets, this model mass estimate is
only weakly dependent on model
uncertainties, placing GJ ***b
among the least massive of imaged exoplanets. This planet has
Figure 4.5: Discovery images of the exoplanet GJ *** a bluer color (J − H = −0m. 23)
b. Left: JHK 3-color image, right: JHK 3-color and is also significantly cooler,
(450–510) K, than previously imsignal-to-noise map.
aged exoplanets, suggesting a
largely cloud-free atmosphere accessible to spectroscopic characterization. Its projected
separation of 43.5 AU exceeds the typical outer boundary of ≈30 AU predicted for the
core accretion mechanism. We tracked the proper motion of star and companion over the
course of more than a year, and confirmed that the companion indeed shares common
proper motion with its host star.
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Figure 4.6: Discovery images of kAnd b. Left: JHK 3-color image, center: JHK 3-color
signal-to-noise map, right:L0 band image.

kAnd b
kAnd b is a 12.8+2
−1 MX bound companion at a separation of ≈55 AU to the late B star
kAnd [1]. The galactic kinematics of the host star are consistent with its membership

in the Columba association, implying a corresponding age of 30+20
−10 Myr. We estimate a
temperature of ≈1700 K based on near-infrared photometry. kAnd b shares similar red
colors with other young substellar and planetary companions, most notably Ab Pic b.
The host star’s estimated mass of (2.4–2.5) M places it among the most massive stars
ever known to harbor an extrasolar planet or low-mass brown dwarf. Thus, kAnd b has
a similar mass ratio with its primary star as an extrasolar planet companion to a solar
analog. While the mass of the companion is close to the deuterium burning limit, its mass
ratio with its primary star, orbital separation, and likely planet-like formation scenario
imply that it may be best defined as a “super-Jupiter” with properties similar to other
recently discovered companions to massive stars.

Search for Companions to Sirius
Astrometric monitoring of the Sirius binary system over the past century has yielded
several predictions for an unseen third system component, the most recent one suggesting
a ≈50 MX object in an ≈6.3 yr orbit around Sirius A. We obtained two epochs of highcontrast imaging observations performed with Subaru IRCS and AO188 in the 4.05 µm
narrowband Brα filter [2]. These data surpass previous observations by an order of magnitude in detectable companion mass, allowing us to probe the relevant separation range
down to the planetary-mass regime. No data set reveals any companion candidates above
the 5σ level, allowing us to refute the existence of Sirius C as suggested by the previous
astrometric analysis.
Work done in collaboration with the Seeds Consortium, especially with PI (National
Astronomical Observatory of Japan).

[1] Carson, J., Thalmann, C., Janson, M., Kozakis, K., Bonnefoy, M., Biller, B.,
Schlieder J., et al. (2012): Direct imaging discovery of a “super-Jupiter” around
the late B-type star kAnd, ApJ accepted, arXiv:1211.3744
[2] Thalmann, C. et al. (2011): Piercing the glare: A direct imaging search for planets
in the Sirius system, ApJ 732, L34

82

Brown Dwarfs and Exoplanets

4.4

Bayesian statistical analyses for current and
future exoplanet surveys
Beth Biller, Markus Feldt, Maria Lenius

Bayesian analysis method
We have developed a suite of Bayesian analysis tools for use in interpreting the statistical
results of large-scale direct imaging exoplanet surveys. We model the distribution of
exoplanets as a double power law in mass, m, and semi-major axis, a, (following the
approach of Cumming et al. (2008) for planets found by the radial-velocity method):
dN
∝ aα
da

(4.1)

dN
∝ mβ
(4.2)
dm
with some average number of planets per star, F , and out to some cutoff in semi-major
axis. Using Bayesian inference, we induce the possible parameter combination which
could produce the observed distribution of exoplanets at wide separations. As we observe
the tail of this distribution for current directly imaged planets, we currently place the
strongest constraints to date on the planet fraction, i.e. the average number of planets
imaged per star. We have applied this methodology to the Naco Large program survey,
the Seeds survey moving group star category, and to simulated versions of the upcoming
NIRsur survey with Sphere at Vlt. Here we report results from the Seeds survey
moving group category and from simulated NIRsur surveys.

Application to SEEDS moving group data
We apply our Bayesian analysis tools to
60 young nearby stars observed as part of
the moving group category of the Seeds
(S trategic E xploration of E xoplanets and
Disks with S ubaru) survey. Seeds is an
ongoing 5-year direct imaging survey using the HiCIAO instrument at the 8 mSubaru telescope. It commonly reaches
contrasts of ∆mag >14m at 100 separation.
A median contrast curve was adopted for
all stars and no planets were detected in
this sample. With a null result, we canFigure 4.7: 1-d marginalized posterior proba- not fully determine any of the parameters
bility distribution function (PDF) for average in our model, but we can put important
constraints on a number of them. In parplanet frequency F .
ticular, our lack of detection strongly limits
that planet fraction F (average number of planets per star). We plot the 1-d marginalized posterior probability distribution function (PDF) for planet average frequency F in
Fig. 4.7 (in logarithmic units). For this sample, planet frequencies <0.2 are considerably
more likely than planet frequencies >0.8.
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Application to NIRsur survey simulations
NIRsur is a large-scale GTO search for exoplanets with the next generation planetfinder Sphere (commissioning foreseen in 2013). NIRsur will observe 300–400 stars
drawn out of a full sample of ≈1 000 carefully characterized young (<500 Myr), nearby
(<100 pc) stars.
In order to help identify the optimal target set for NIRsur which
will maximize exoplanet detections and also strengthen constraints on the distribution of extrasolar giant planets, we have
been simulating the full NIRsur
survey given the anticipated contrast to be achieved with Sphere.
For each star, Monte Carlo methods are used to produce an ensemble of simulated planets drawn
from a double power law in mass
and semi-major axis, out to some
limiting cutoff in semi-major axis Figure 4.8: 1-d marginalized posterior PDF for aver(similar to the approach of Niel- age planet frequency F.
son et al. (2010) and Bonavita
et al. (2012). This simulated ensemble is then compared to the expected contrast curve
to determine which planets are detected. Adopting an average fraction of stars drawn
from radial velocity studies, we can then predict how many planets we expect to detect
for each survey star, given the assumed mass/semi-major axis distribution. We finally
apply our Bayesian analysis tools to the simulated survey in order to determine how well
the input simulation parameters can be retrieved from the simulation. The marginalized
posterior PDF for average planet fraction, F , is presented in Fig.4.8, for a full simulation
of all ≈1 000 survey stars, assuming power law indices of −0.61 in mass and −1.31 in
semi-major axis and out to a cutoff radius of 20 AU. With 37 planets detected in this
simulation, we now place much stronger constraints on the average planet frequency, F .
Work done in collaboration with the Seeds and Sphere Consortia.
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4.5 Probing exoplanet atmospheres through
multi-band observations of transiting planets
Luigi Mancini, Guo Chen, Nikolay Nikolov, Simona Ciceri,
Roy van Boekel, Thomas Henning
Transmission and emission spectra of planetary atmospheres

Normalised Flux

Transiting extrasolar planets (TEPs) have
provided a myriad of fascinating surprises and puzzles since their discovery,
which opened new branches of astrophysics. TEPs are of interest and importance, because precise measurements
of their physical properties can be easily
achieved using spectroscopic and photometric observations. Atomic and molecular
absorption within the atmosphere of TEPs
can also be investigated through transmisg¢
sion or emission spectroscopy. One of the
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Orbital Phase
presence of strong absorbers in their atmospheres.
Figure 4.9: Phased Grond light curves of
By observing a planetary transit (primary the planetary transits of WASP-43b (top
eclipse) in different bands, it could then be panel) and WASP-19b (bottom panel) compossible to detect a variation in the value of pared to our best fits. They are ordered acthe radius measured as a function of wave- cording to the central wavelength of the filter
length by measuring the transit depth in used (g 0 , r0 , i0 , z 0 , J, H, K).
each filter. This dependence on wavelength
can therefore be used to discriminate the two classes and in general to probe the atmospheric composition of TEPs.
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Another fruitful method of investigation of planetary atmospheres is the detection of
secondary eclipses, i.e. when the planet moves behind the parent star, being occulted
by it. By measuring the relative depths of the secondary eclipse of an exoplanet in
multiple bandpasses, one can reconstruct a low-resolution emission spectrum from the
dayside of the planet. Because the planetary emission spectra peak in the infrared they
are challenging to observe from the ground. Atmospheric and instrumental effects are
usually larger than the planetary signal and have to be carefully corrected.
In 2011 we started a project that involves the use of imaging instruments able to simultaneously obtain multi-wavelength light curves of primary and secondary eclipses of
transiting exoplanets.
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They are Grond, mounted at the
Mpg/Eso 2.2 m-telescope (Chile), and
0.0145
Busca, mounted at the Caha 2.2 m0.0140
telescope (Spain). In particular, Grond
á á á
á
á
á
á
0.0135
is capable of simultaneous photometric ob0.0130
servations in four optical and three near
0.0125
infrared passbands [1], see Fig. 4.9. We
0.0120
observed primary transits of more than 10
g¢
r
i
z
J
H
K
known TEP systems and also successfully
0.0115
500
1000
1500
2000
wavelength HnmL
detected thermal emissions in two planets
via secondary eclipses. For most of our targets (the analysis is still in process) we accurately observed their transits, measured
their astrophysical parameters and probed
the chemical composition of their atmosphere through the study of the expected
variation of the planetary radius with respect to wavelength [2, 3]. Here we reported two examples. In the top panel
of Fig. 4.10 the variation of the fractional
planetary radius of WASP-44b with wavelength is shown. The points are what we
measured with Grond, whereas the vertical bars represent the errors of the measurements and the horizontal bars show the
full widths at half maximum transmission
of the passbands used. The continuous line
is the calculated synthetic spectrum based
on a theoretical model of the planet’s atmoFigure 4.10: Variation of the planetary sphere. Boxes indicate the predicted values
radius of WASP-44b and WASP-43b with for this model integrated over the bandwavelength (see text).
passes of the observations. Transmission
curves of the Grond filters are also shown
at the bottom of the panel. In the middle panel of Fig. 4.10 the same as in the top panel
is shown but for WASP-43b. Here three theoretical atmospheric models, two without TiO
while the third with TiO, which are also integrated within each Grond filter curve, are
shown. Bottom panel of Fig. 4.10 reports the same as in the middle panel with focus on
the optical wavelengths.
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Work done in collaboration with Jonathan J. Fortney (University of California) and John
Southworth (Keele University).

[1] Nikolov, N., Henning, Th., Koppenhoefer, J., et al. (2012): WASP-4b transit observations with Grond, A&A 539, A159
[2] Mancini, L., Nikolay, N., Southworth, J., Chen, G., et al. (2013): Physical properties
and radius variations in the WASP-44 planetary system from simultaneous multicolour photometry, MNRAS in press, arXiv:1301.3005
[3] Mancini, L., Southworth, J., Ciceri, S., et al. (2013): A lower radius and mass for
the transiting extrasolar planet HAT-P-8 b, A&A in press, arXiv:1212.3701

86

Brown Dwarfs and Exoplanets

4.6

Probing the low mass binary population with
Pan-STARRS1
Niall Deacon

Wide binaries as probes of brown dwarf formation and evolution
Low mass wide binary companions to solar type stars provide key laboratories for testing
brown formation scenarios as well as atmospheric and evolutionary models. As brown
dwarfs are sub-stellar they lack a long-term internal energy source from hydrogen burning
and hence have no stable main sequence luminosity. This means that, unlike with most
stars, there is a degeneracy between mass and age. Luckily wide brown dwarf companions
to solar type stars provide a useful tool for breaking this degeneracy. Using the properties
of the primary the age and metallicity of the system can be estimated and used to constrain
the age and hence other properties of the brown dwarf secondary. This in combination
with evolutionary models and a measurement of the luminosity of the brown dwarf can be
used to infer its effective temperature. This quantity can also be estimated by comparing
the spectrum of the brown dwarf to atmospheric models and compared to the evolutionary
model value (see [1] for a review of such comparisons). These wide companions also provide
a useful test for brown dwarf formation scenarios. It has been suggested that such systems
are formed during the breakup of star forming clusters or that the lower mass components
were ejected to wider orbits from higher mass binary systems. The latter case implies
that spectroscopic binary systems would have a higher fraction of wide binary companions
than single stars. Such an excess was confirmed by Allen et al. (2012).

Use of Pan-STARRS1 data
In order to identify low mass companions to main sequence stars we took our proper motion catalogue created for the main Pan-STARRS1 brown dwarf search (see s. Sec. 11.12)
and cross-matched it with a subset of stars in the Hipparcos catalogue. These were selected to have proper motions larger than 100 mas/yr and reliable parallax measurements.
Objects within projected separations of 10 0000 AU at the distance of their prospective
primary star and with similar proper motions were selected as candidate companions.
These were then visually screened to remove objects with spurious proper motions and
likely late-type objects were selected based on their photometry. Spectroscopic confirmation was obtained using SpeX on the Nasa Irtf for candidates with likely late-type
candidates being prioritised and earlier, brighter candidates being used as bad weather
backup targets. This work has resulted in the discovery of one new T-dwarf companion
(HIP 38939B [1]) and eight new L-dwarf companions along with spectral classifications of
many previously known but poorly studied M-dwarf companions. Additionally, we have
compared our list of T-dwarf candidates with large catalogues of nearby stars and have
identified one further T-dwarf companion (LHS 2803B [2]) and five new L-dwarf companions. As with the work listed in s. Sec. 4.7 the M- and L-dwarfs span a range of expected
gravities, providing varied benchmarks for models of sub-stellar atmospheres to be tested
against.
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Comparison to atmospheric models
As mentioned previously, benchmark brown dwarfs provide an opportunity to test substellar evolutionary and atmospheric models. In the case of both our T-dwarf companions,
the expected effective temperatures (assuming ages derived from the activity of the primaries) from BT-SETTL 2011 atmospheric models (Allard, F., Homeier, D., Freytag, B.
2011) agree well with evolutionary models. Additionally we find that LHS 2803B is an
older disk object (based on its primary’s lack of activity) with a mass close to the hydrogen burning limit. It is thus relatively massive for a brown dwarf. The next steps in
this work will be characterising our confirmed L-dwarf companions some of which have
spectra indicative of extreme gravities. Our sample of candidates, along with objects
from the literature also provides a set of objects with effective temperatures derived independent of atmospheric models. These can then be used to refine the brown dwarf
effective temperature scale, vital for comparing population synthesis models with survey
results. Additionally, we will work to derive a statistical model of the contamination in
our sample due to chance alignments. This will allow us to derive the wide binary fraction and separation distribution for low mass wide companions to solar type stars. We
will also search for variations in these between different subclasses of primaries such as
spectroscopic binaries.
Work done in collaboration with Michael Liu, Eugene Magnier & Brendan Bowler
(Hawaii).

[1] Deacon, Niall R., Liu, Michael C., Magnier, Eugene A., et al. (2012): HIP 38939B:
A new benchmark T-dwarf in the Galactic plane discovered with Pan-STARRS1,
ApJ 755, 94
[2] Deacon, Niall R., Liu, Michael C., Magnier, Eugene A., et al. (2012): LHS 2803B:
A very wide mid-T dwarf companion to an old M-dwarf identified from PanSTARRS1, ApJ 757, 100
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Characterising the local brown dwarf
population with Pan-STARRS1
Niall Deacon, Bertrand Goldman

The local brown dwarf population
A complete census of the local sub-stellar population is one of the main goals of the solar
neighbourhood key project of the Pan-STARRS1 Science Consortium. A number of
near and mid infrared surveys have resulted in the discovery of over a hundred late-T
type brown dwarfs. However due to indistinct colours in these wavelength ranges the
population of early T-dwarfs remains poorly sampled. As a wide-field, time-domain, farred optical survey, Pan-STARRS1 is ideal for filling in this gap. This can be done with
proper motion and colour selection and eventually with Pan-STARRS1-based parallax
selection of nearby objects. Objects in the early-T regime lie close to the L/T transition,
when the reddening dust cloud which defines the L-dwarf spectral class drops out of the
photosphere and the dominant form of carbon-bearing molecule changes from carbon
monoxide to methane. This leads to a rapid change in spectral properties with large
molecular absorption bands causing flux suppression in the near infrared. Objects in this
spectral range are often unresolved L+T binaries and show a higher binary fraction than
the field population. It is also thought that the break-up of photospheric clouds across
the L/T transition leads to photometric variability.

Use of Pan-STARRS1 data
Pan-STARRS1 will eventually provide proper motions and parallaxes for nearby brown
dwarfs due to its excellent time domain coverage. However at the start of the survey only
a single epoch of data was available for many areas. Hence we combined Pan-STARRS1
data with photometry and astrometry from the 2Mass survey to gain proper motions
and colours from the optical to near infrared. Candidates were then selected on the basis
of their colour and proper motion and visually screened. This process removed contamination from spurious pairings in our catalogue between unrelated objects and filtered out
objects with bright optical counterparts which had scattered in to our sample. Follow-up
photometry from the UK Infrared Telescope and subsequent colour selection further narrowed the sample. High priority T-dwarf candidates then had spectra obtained
from the Nasa Infrared Telescope Facility. As a result, we have identified 79
new T-dwarfs with spectral types up to T8.5 (Deacon et al. 2011, Liu et al. 2011, Liu
et al. in preparation, see Fig. 4.11). This represents an increase of 65 % in the number
of identified objects with spectral classifications in the T0–T3.5 range. Additionally we
have identified a number of L-dwarfs with spectra suggesting extreme gravity. These blue
L-dwarfs (older, higher gravity objects) and red L-dwarfs (younger, dustier, low gravity
objects) provide examples for theorists modelling sub-stellar atmospheres to model. The
latter class of object are field analogues of directly imaged exoplanets which appear to
have dusty, low-gravity atmospheres.
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Figure 4.11: Our spectroscopic follow-up of Ukirt selected candidates, coloured dots representing candidates after photometric selection and open symbols spectral classification
after Irtf follow-up observations. For our high priority T-dwarf candidates we have a
success rate above 90 %.

Future prospects for Pan-STARRS1 brown dwarf studies
Recently we have moved on to identifying objects based on proper motions and colours
purely from Pan-STARRS1. This will build towards the final goal, a census of sub-stellar
objects with Pan-STARRS1 selected on the basis of trigonometric parallax. Extensive
modelling of the brown dwarf population is also required to determine the sub-stellar
mass function from our sample.
Work done in collaboration with Michael Liu, Eugene Magnier & Brendan Bowler
(Hawaii).
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Radial velocity search for planets around young
stars
Maren Mohler-Fischer, Ralf Launhardt, André Müller,
Thomas Henning, Johny Setiawan, Patrick Weise

Scientific background
Planets form in circumstellar disks around newly born stars. The timescales of planet
formation and migration remain poorly constrained and are a matter of ongoing debate.
The disk dispersal timescale, which sets a limit to the period of planet formation, was
derived from infrared surveys, using statistical arguments, to be less than 10 Myr. Followup observations and planet confirmations on young stars are very important to test the
predicted time scales needed to form planets described in the current theories. In the same
manner, non-detections of planets around stars of a certain age range are very important.
Another motivation to search for companions around young stars is to understand the
origin of the brown dwarf (BD) desert. For main-sequence stars, the frequency of BDs
with masses > 20 MX in close orbits (a < 3 AU) is lower than 1 % (Marcy & Butler 2000),
despite their easy detectability by the radial velocity (RV) technique. A suggestion is
that the kinematic viscosity of a massive circumstellar disk could cause BDs to spiral into
the host star (Armitage & Bonnell 2002). The prediction is that very young stars should
have an order of magnitude more BDs in close orbits, since the timescale for migration
is ≈ 1 Myr.
In contrast to most other RV surveys, our survey successfully targets the era of planet
formation. However, the number of discoveries is still very small because the analysis
of the RV signal of these stars is very challenging due to their high activity. In the
framework of this study we analyse the RV signal, i.e. the Doppler-shift of spectral lines
due to the stellar movement around the star-planet barycenter, and try to disentangle the
contributions from stellar activity and possible sub-stellar companions.

Our target stars
A list of 206 stars younger than 100 Myr was compiled by P. Weise in the framework of his
PhD work. On the background of low RV errors, low activity signals, magnitude, visibility
and projected rotational velocity v sin i, a sub-sample of 21 stars was extracted in which
we search for sub-stellar companions using the RV method. The targets cover the spectral
types between F6 and M0, reveal v sin i values up to 35 km/s and have been observed up
to 130 times using Feros at the Mpg/Eso 2.2 m-telescope at La Silla observatory, Chile,
during Mpg guaranteed time. The challenge in searching exoplanets around young stars
is to disentangle the RV signal induced by the motion around the common center-of-mass
in case of an involved companion and rotational modulation due to e.g. starspots on the
stellar surface. Therefore, a list of activity indicators like line asymmetries, equivalent
widths and line-depth ratios of spectral lines and spectroscopic indices (like TiO) amongst
others are carefully analysed in order to reveal correlations to the detected RV signal.
A good example for the importance of the careful analysis of activity features is one target
of our sample: TYC 8654−1115−1. The star reveals a significant (F AP ≈ 1.3 · 10−13 ) RV
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periodicity of 2d.435, indicating a planetary companion with a minimal mass of ≈ 3 MX
in a close-in orbit of ≈ 0.033 AU (Fig. 4.12, left panel). However, the careful analysis
of a list of activity indicators reveals unfortunately the same significant period, why a
sub-stellar companion as origin of the RV signal can be most certainly excluded. In order
to characterize the stellar activity inducing the strong RV signal, we simulated a grid of
cool stellar surface spots and their RV signal and found one likely scenario, which could be
the source of the detected RV variability: a cool stellar spot with ∆T ≈ 2000 K covering
6 % of the stellar surface at a latitude of 10◦ (Fig. 4.12, right panel).
This example shows that a careful analysis of stellar activity indicators is absolutely
necessary in order to disentangle stellar activity and sub-stellar signals.

Figure 4.12:
Left panel: Phase-folded RV of TYC 8654−1115−1 using the best-fitting period of 2d.435.
Right panel: Illustration of a cool stellar spot that could induce an RV signal similar to
the one detected for TYC 8654−1115−1.

Scientific outcome
Until now, the number of planets around young stars
(< 1 Gyr) detected by the RV method is quite small
and only two planets have been detected by the RV
method around a star younger than 200 Myr, both by
our group and within the framework of our “Planets around young stellar objects”-program: HD 70573
(100 Myr, Setiawan et al. 2007) and TW Hya (8 Myr–
10 Myr, Setiawan et al. 2008). The discovery of the
latter provided the first direct observational constraint on the timescale of giant planet formation,
although the interpretation of its RV signal is still
under debate and our re-analysis is ongoing. Figure
4.13 shows the age distribution of exoplanet host stars
detected by the RV method; TW Hya and HD 70573
are indicated in red.

Figure 4.13: Age distribution of
exoplanet host stars detected by
the RV method, red: our detections
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Orbits of brown dwarf and very low-mass
binaries
Viki Joergens

Radial velocity orbit of the young brown dwarf binary Cha Hα 8
Brown dwarf (BD) and very low-mass stellar (VLMS) binaries are key objects to understand formation and evolution in the low-mass regime, in particular when they are
very young. High-resolution spectroscopic monitoring for radial velocity (RV) variations
provides a means to detect close (≤3 AU) binaries in star-forming regions. Based on a
long-term RV monitoring program with Uves at the Vlt we collected more than 10 years
of precise RV data and were able to solve the RV orbits for two BD/VLMS spectroscopic
binaries in the Cha I cloud.

RV – v0 [km/s]

The BD candidate Cha Ha 8 (M6)
was previously discovered by us
to be a VLM binary (Joergens &
Müller 2007). Additional RV data
obtained between 2007 and 2010 allowed us to significantly improve
the RV orbit determination [1]. Figure 4.14 displays the RV data and
the best-fit Kepler orbit. We find
an orbital period of 5a.2, an eccentricity of 0.6, and an RV semiamplitude of 2.4 km/s. A companion mass M2 sin i (which is a
lower limit due to the unknown orbital inclination i) of (31 ± 8) MX
time [JD–2450000]
is derived when using a modeldependent mass estimate for the Figure 4.14: RV measurements of the brown dwarf
primary of 0.10 M .
We de- candidate Cha Hα 8 during the interval 2000 – 2010
of a very lowmonstrate that the companion of with Uves/Vlt reveal the presence
a
Cha Ha 8 is with very high proba- mass companion in an eccentric 5 .2 orbit.
bility of sub-stellar nature based on
the inclination distribution for random orientation of the orbit in space as well as based
on the absence of any evidence of the companion in the cross-correlation function together with the size of the RV amplitude. Cha Ha 8 is the fourth known spectroscopic
BD/VLMS binary with determined orbital parameters, and the second known very young
one after 2M 0535 (Stassun et al. 2006). With an age of only about 3 Myr, it is of particular
interest to VLM formation and evolution theories. In contrast to most other spectroscopic
binaries, it has a relatively long orbital period and it might be possible to determine the
astrometric orbit of the primary and, thus, absolute masses.

Orbit of the young very low-mass spectroscopic binary CHXR 74
Eleven years of Uves monitoring of the VLMS CHXR 74 (M4.25) together with highresolution adaptive-optic-assisted imaging with Naco/Vlt allowed us to detect a com-
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panion in a 13 year orbit and to constrain its orbital elements [2]. The left panel of
Fig. 4.15 shows the RV data and the best-fit Kepler orbit (P = 13 a. 1, e = 0, RV semiamplitude of 2.2 km/s, M2 sin i = 0.08 M , the latter is based on the model-dependent
primary mass of 0.24 M ). An upper limit of the Ks-band brightness ratio of the two
components of this binary was derived from Naco images. The right panel of Fig. 4.15
displays the parameter space of detectable companions in terms of Ks-band brightness
ratio and binary separation. The black curve denotes the detection limit for a S/N of 5.
The blue vertical line represents the minimum binary separation (18 mas) at the time of
the Naco observations and the red horizontal line the model-dependent lower limit of the
Ks-band brightness ratio, both derived from the RV orbit. From this detection map and
by applying evolutionary models, the mass of the companion is constrained to lie within
the range of about 0.08 M and 0.14 M . We predict an astrometric signal of the primary
of (0.2–0.4) mas and show that the Gaia astrometric mission might well be able to solve
the astrometric orbit of the primary and in combination with our RV data determine an
absolute dynamical companion mass.
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Figure 4.15: Left panel: RV measurements of CHXR 74 during 2000 – 2011 with
Uves/Vlt reveal the presence of a long-period companion in a 13a.1 orbit. Right panel:
The non-detection with Naco/Vlt allows to derive an upper limit for the Ks band brightness ratio.
Work done in collaboration with Andre Müller (ESO Santiago), Markus Janson (Princeton University), and S. Reffert (University of Heidelberg).

[1] Joergens, V., Müller A. & Reffert S. (2010): Improved radial velocity orbit of the
young binary brown dwarf candidate Cha Ha 8, A&A 521, A24
[2] Joergens, V., Janson M. & Müller A. (2012): Orbit of the young very low-mass
spectroscopic binary CHXR 74, A&A 537, A13
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Brown Dwarfs: Disks and outflows

Thomas Henning, Viki Joergens, Taisiya Kopytova,
Adriana Pohl

A Herschel survey for brown dwarf disks
Our group was among the first to search for disks around brown dwarfs and to characterize their properties (e.g. Apai et al. 2005). Spitzer observations showed that the disks
around brown dwarfs share many of the properties of disks around T Tauri stars, although
indications for more evolved dust grains and more advanced dust sedimentation as well
as different inner disk chemistry has been found. However, the determination of one of
the key parameters of disks, their masses, was only possible for a very small number of
objects based on deep sub-millimeter observations.
Our Herschel/Pacs programme
had the goal to change this situation dramatically by discovering discs around brown dwarfs at
70 µm and even 160 µm. This observing project was highly successful: In a sample of 47 objects,
ranging in spectral type from M3
to M9.5 we were able to detect 36
objects at 70 µm and 14 objects
at 160 µm with signal-to-noise ratios greater than 3 [1, 2]. The
objects exhibit a wide interval of
(24 µm–70 µm) colours suggesting
a range of disk structures. The Figure 4.16: Top: 70 µm images, 9000 × 9000 , of (left
survey revealed a wide range of to right) SSSPM 1102, ISO 38 and 2MASS 1207. Bottotal disk masses from less than tom: 160 µm images. Circles are 3000 diameter centred
10−6 M up to 10−3 M with a on the nominal positions.
median disk mass of the order of
3 × 10−5 M , suggesting that the median ratio of disk mass to central object mass may be
lower than for T Tauri stars. The derived disk masses imply that for most of the objects,
unless giant planets have already formed, that there is not nearly enough mass to form
them. The disk scale heights and their flaring angles cover a range consistent with disks
around T Tauri stars. In Fig. 4.16 we present examples for brown dwarfs discovered with
the Herschel/Pacs instrument.
We performed a detailed study of the accretion disk of ISO 217 (M6.25) based on radiative
transfer modeling of its spectral energy distribution from the optical to Herschel/Pacs
detection at 70 µm [3]. The derived disk properties are that of an intermediately inclined,
flared, very low-mass disk (4 × 10−6 M ≈ 1 M⊕ ) that shows signs of grain growth.

Brown Dwarfs: Disks and outflows

95

Spectro-astrometric detections of outflows of brown dwarfs
Jets and outflows, which are a by-product of accretion in the star-formation process, were
recently also detected for a handful of brown dwarfs and very low-mass stars (spectral
types M5 to M8). We were able to add two outflow detections to this very low-mass
regime by spectro-astrometry with 50 milli-arcsec (mas) precision of forbidden [S ii] lines
in high-resolution Uves/Vlt spectra [3, 4]. We show that both the brown dwarf candidate ISO 217 (M6.25) and the very low-mass star ISO 143 (M5) drive powerful, asymmetric
outflows (Fig. 4.17). We confirm the bipolar outflow of ISO 217, which has a stronger and
slightly faster red-shifted component and show that this velocity asymmetry is variable
on timescales of a few years. We measure a spatial extension of the outflow of ±190 mas
(about ±30 AU) and velocities of ±(40 − 50) km/s. Furthermore, we discover an asymmetric outflow for ISO143 with a spatial extension of (200–300) mas (about (30–50) AU)
and velocities of (50–70) km/s. We show that about 30 % of outflows confirmed in the
very low-mass regime (M5–M8) are intrinsically asymmetric. The estimated mass outflow
(≈ 10−10 M /yr) and mass accretion rate (≈ (10−8 − 10−9 ) M /yr) of ISO 143 are consistent with those of other brown dwarfs, but the Ṁout /Ṁacc ratio (1 %–20 %) does not
support previous findings of this number to be very large (> 40 %) for brown dwarfs and
very low-mass stars.

Figure 4.17: Spectro-astrometry of forbidden [S ii] emission lines of ISO 217 and ISO 143
shows that it is formed at a spatial offset of ≈ 200 mas (30 AU) from the central source.
Work done in collaboration with P. Harvey (University of Texas, Austin) and the
Pacs/BD team and A. Sicilia-Aguilar (UA Madrid)

[1] Harvey, P., Henning, Th. et al. (2012a): A Herschel search for cold dust in brown
dwarf disks, ApJ 744, L1
[2] Harvey, P., Henning, Th. et al. (2012b): A Herschel survey of cold dust in disks
around brown dwarfs and low-mass stars, ApJ 755, 67
[3] Joergens, V., Pohl, A., Sicilia-Aguilar, A. & Henning, Th. (2012a): The bipolar
outflow and disk of the brown dwarf ISO 217, A&A 543, A151
[4] Joergens, V., Kopytova, T., Pohl, A. (2012b): Discovery of an outflow of the very
low-mass star ISO 143, A&A 548, A124
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Composition of hot super-Earth atmospheres
Yamila Miguel & Lisa Kaltenegger

Introduction
Recent exoplanet surveys resulted in the discovery of the first rocky super-Earths in
the Habitable Zone (see Sec. 4.12) and also in the first rocky, strongly irradiated exoplanets. This population of hot planets with minimum masses below 10 M⊕ (hereafter
super-Earths) is expected to be substantially increased in the next years.
In the data released in February of 2011 (Borucki et al. 2001), the Kepler team presented
a total of 1235 planetary candidates. 615 of these objects have a radius < 2.5 Earth radii
and are therefore potentially rocky. A sub-sample of 193 receive high stellar irradiation
due to their proximity to the star and should therefore have extremely high temperatures
on their surfaces (TP > 1000 K) [1]. These extreme conditions are not seen in our solar
system and therefore the atmospheric composition of these hot super-Earths remains
largely unknown. We, developed [1] a simple approach to explore the relation between the
observable data of an exoplanet (radius, semi-major axis and stellar effective temperature)
and the atmospheric composition expected in these hot planets. We applied our results
to the hot rocky (R < 2.5 R⊕ ) planets in the Kepler sample.

Outgassing model
For surface temperatures > 1 000 K due to
intense stellar irradiation the planet is covered with a magma ocean which will vaporize forming an outgassed atmosphere. We
modeled this process to explore the atmospheric composition on rocky highly irradiated exoplanets [1]. We use the Magma
code (Fegley et al. 1987, Schaefer et al.
2004) to compute the chemical equilibrium
between the molten surface and vapor for
magma between 1 000 K and 3 500 K, assuming different composition for a superEarth’s crust.
Figure 4.18: Column densities of atmospheric gases vs. planet surf. temperature. Results: different types of atTemperatures where the most abundant gases
mospheres
change are shown.
The abundance of each gas in a primary outgassed atmosphere depends on the surface
temperature. The most abundant gases are Fe, Mg, Na, O, O2 and SiO. Planets with
similar surface temperature show similar primary outgassed atmospheric compositions.
At certain temperatures the abundance of the most important gases changes significantly.
The column densities of the atmospheric gases outgassed for a 10 M⊕ planet as a function
of the surface temperature are shown in Fig. 4.18.
These temperatures, indicated in Fig. 4.18, are the boundaries between the different atmospheric types we found for komatiite crust [1]. Since the planet’s temperature depends
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on the semi-major axis and stellar effective temperature, the primitive type of outgassed
atmosphere can be linked with the observable data of the planet. This relation is shown
in Fig. 4.19, which shows the stellar effective temperature vs. the planet’s distance to
the star. Lines show the boundary temperatures between the different types of planetary
atmospheres.
Areas highlighted in gray indicate the regions of different types of atmospheres,
characterized by a different abundance of
the dominant gases (Fe, Mg, Na, O, O2 and
SiO). Kepler planetary candidates with
RP ≤ 2.5 R⊕ and TP > 1 000 K are also
shown in different point sizes according
to their radius: (2–2.5) R⊕ (large points),
(1.5–2) R⊕ (medium points) and candidates with RP < 1.5 R⊕ (small points).

Conclusion
Models for primary outgassed atmospheres Figure 4.19: Atmospheric composition of
show 5 types of atmospheric composi- hot rocky planets. Axis show stellar effections for hot rocky planets depending tive temperature vs. semi-major axis. Limit
on the planet’s crust composition. Of temperatures between atmospheric types are
the 193 Kepler candidates with radius shown with lines. Kepler planetary canless that 2.5 R⊕ and T > 1 000 K, 189 didates with R < 2.5 R⊕ and T > 1 000 K
present a type I atmosphere, dominated are shown in different point size, according
by monatomic Na, O2 , monatomic O and to their radius.
monatomic Fe. Three planetary candidates
can be characterized by type II atmospheres, where SiO becomes more abundant than
monatomic Fe, no candidate by a type III atmosphere, where monatomic Mg is more
abundant than monatomic Fe, and only one planet is characterized by type IV, with a
large abundance of SiO. Finally, there is no Kepler planetary candidate with an atmosphere of type V, which is completely dominated by SiO. The composition of a planet’s
atmosphere influences its detectable spectrum and can therefore be used for future observations to explore the planet’s composition.
This approach can be also applied to current and future candidates provided by the
Kepler mission and other exoplanet surveys.
Work done in collaboration with Bruce Fegley Jr. (Washington University, USA) and
Laura Schaefer (Harvard Smithsonian Center for Astrophysics, USA).

[1] Miguel, Y., Kaltenegger, L., Fegley, B. Jr. & Schaefer, L. (2011): Compositions of
hot super-Earth atmospheres: exploring Kepler candidates, ApJ 742, L19

98

Brown Dwarfs and Exoplanets

4.12

Characterizing the first habitable exoplanets

Lisa Kaltenegger, Siddharth Hegde, Sarah Rugheimer,
Yamila Miguel, Andras Zsom, Yan Betremieux,
Hiroyuki Kurakawa

Spectral fingerprints of habitable Super-Earths
A decade of exoplanet search has led to surprising discoveries, from giant planets close
to their star, to planets orbiting binaries, all the way to the first extremely hot, rocky
worlds with potentially permanent lava on their surfaces due to the star’s proximity
(see Sec. 4.11) Observation techniques have reached the sensitivity to explore the chemical

Figure 4.20: Planet and stellar (left) emergent flux and (right) contrast ratio for transmission spectra from 0.4 µm to 40 µm for Earth and Gliese 581d model atmospheres.
composition of the atmospheres as well as the physical structure of some detected planets
and detect planets of less than 10 Earth masses (M⊕ ), so called Super-Earths, among
them some that may potentially be habitable. Observing mass and radius alone cannot
break the degeneracy of a planet’s nature due to the effect of an extended atmosphere
that can block the stellar light and increase the observed planetary radius significantly.
Even if a unique solution would exist, planets with similar density, like Earth and Venus,
present very different planetary environments in terms of habitable conditions. Therefore
the question refocuses on atmospheric features to characterize a planetary environment.
IR
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Figure 4.21: Spectral fingerprint of Earth-like planets orbiting different stellar types.
Among the hundreds of confirmed planets, already a few close-by, low mass planets detected with radial velocity measurements like Gliese 581d, with minimum masses below
10 M⊕ , and several small transiting Kepler planetary candidates, orbit in the Habitable
Zone of their host star. Close-by planets provide excellent targets for future atmospheric
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exploration and show interesting differences in observable features from Earth, as shown
in Fig. 4.20 for Gliese 581d, the first potentially habitable planet [1]. The range of characteristics of planets is likely to exceed our experience with the planets and satellites in our
own solar system by far. Earth-like planets orbiting stars of different spectral type might
evolve differently. Modeling these influences leads to optimized designs of instruments to
characterize Earth-like planets [2] (Fig. 4.21) quantifying instrument resolution needed to
detect bio-signatures on habitable exoplanets for future telescopes like E-Elt and Jwst.

Figure 4.22: Color-color diagrams of Earthlike planets with 10%, 30%, 50%, 70% ocean
(squares), (triangles show 0% ocean), the
rest of the surface is made of a variety
of environments harboring extreme life (extremophiles). Region I encloses the approximate color area of extreme environments
that can harbor life, region II includes also
non-extreme environments that harbor life on
Earth.

Other compelling components that changes
a planet’s spectral fingerprint are clouds [3]
as well as the biota that shape their environment, especially for planets dominated
by a wide range of extremophiles known
on Earth [4]. Many surface environments
on Earth have characteristic albedos and
occupy a different color space in the visible waveband that can be distinguished
remotely. These detectable surface features can be linked to the extreme niches
that support extremophiles on Earth and
provide a link between geo-microbiology
and observational astronomy. Figure 4.22
shows a synthesized color-color diagram
that can be used by observers for a first order characterization to prioritize targets for
follow up observations and spectroscopy.
Increasing water content on the surface
of the planet moves the interesting model
planets down the diagonal in the colorcolor diagram, strongly prioritizing this
part of the color space.

The detection and characterization of
rocky and potentially Earth-like planets is approaching rapidly with future ground- and
space-missions, which can explore the planetary environments by analyzing their atmosphere remotely. With more than 850 extrasolar planets confirmed to date, among them
the first hot rocky planets, and thousands waiting to be confirmed, we are now reaching
the fascinating and exciting time where comparative planetology and the search for life
on exoplanets is becoming reality.
Work done in collaboration with D. Sasselov (Harvard University, USA), A. Segura (University of Mexico UNAM, Mexico), S. Mohanty (Imperial Colleague, UK), C. Goldblatt
(University of Victoria (Canada).

[1] Kaltenegger, L., Segura, A., Mohanty, S. (2011): Model spectra of the first potentially
habitable SuperEarth — Gl 581d, ApJ 733, 35
[2] Rugheimer, S., Kaltenegger, L., Zsom, A., Segura, A., Sasselov, D. (2013): Spectral
fingerprints of Earth-like planets around FGK stars, Astrobiology in press
[3] Zsom, A., Kaltenegger, L., Goldblatt, C. (2012): A 1D microphysical cloud model
for Earth, and Earth-like exoplanets, Icarus 211, 603
[4] Hegde, S. & Kaltenegger, L. (2013): Color of extreme worlds, Astrobiology in press
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t Boötis b:

Hunting for reflected starlight

Florian Rodler, Martin Kürster, Thomas Henning

Introduction
In an attempt to detect starlight reflected from the hot Jupiter orbiting the F7V star t Boo
we present our analysis of observations taken with the Uves spectrograph mounted on the
Vlt/UT2 [1]. A positive detection of reflected starlight makes it possible to determine
the albedo of the planetary atmosphere, the orbital inclination of the planetary system
and, thereby, the exact mass of this non-transiting planetary companion.
High resolution spectroscopic searches utilize the fact that the spectrum reflected from
a close-in planet is essentially a copy of the rich stellar absorption line spectrum with
the following differences: (1) It is scaled down in intensity by more than five orders of
magnitude in the visual for hot Jupiters. (2) It is shifted in wavelength according to the
relative orbital radial velocity of the planet. (3) It displays a different degree of rotational
broadening corresponding to the rotational velocity of the star as seen from the hot Jupiter
whose own rotation typically contributes very little to the line broadening.
Prior to the observations presented here five other campaigns had undertaken the search
for reflected light with high-resolution spectroscopy (Charbonneau et al. 1999; Collier
Cameron et al. 1999, 2002; Leigh et al. 2003a,b; Rodler et al. 2008). Collier Cameron et al.
(1999) claimed a detection which was later withdrawn (Collier Cameron et al. 2000). In
fact also all the other campaigns resulted in a non-detection of reflected starlight, and
upper limits to the planet-to-star flux ratio and to the geometric albedo of these planets
were established. To date, the tightest 99.9 % confidence upper limits on the geometric
albedos of the hot Jupiters t Boo b, HD 75289b and u And b are 0.39 (Leigh et al. 2003a),
0.46 (Rodler et al. 2008) and 0.42 (Collier Cameron et al. 2002), respectively. These results
provided important constraints on models of the planetary atmospheres (Sudarsky et al.
2000; Marley et al. 1999). Models that predicted a high reflectivity for the planetary
atmosphere could be ruled out for some of the studied planets.

Observations, data analysis, and results
We have collected a total of 406 high-precision, high-resolution spectra using Uves during
two consecutive half nights. Given the fact that the amount of reflected light varies with
the orbital phase (the planet is brighter if it is near superior conjunction, i.e. behind the
star) the dates of the observations were selected in such a way that mainly the “bright
orbital phases” were covered. The data were then analysed with a data synthesis approach which is described in detail in [1]. For the interpretation of the data two different
atmospheric models for hot Jupiters were employed.
Our data analysis adopting a grey albedo model resulted in a χ2 -minimum at a planet-tostar flux ratio ε = 3.3 × 10−5 and a radial velocity (RV) semi-amplitude Kp = 103 km/s
corresponding to an orbital inclination of i = 41◦ . However, using a bootstrap randomisation approach with 3000 trial data sets we find this χ2 -minimum to be uncertain with
a false alarm probability (FAP) of 3.6 %, and consequently do not consider it as a detection of reflected light from the planet. The analysis with the irradiated Class IV albedo
(Sudarsky et al. 2000) model did not yield any evidence for reflected light either. We find
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the formal χ2 -minimum at a planet-to-star flux ratio ε(λo ) = 2.5 × 10−5 and an RV semiamplitude of Kp = 103 km/s, which again corresponds to an orbital inclination i = 41◦ .
We found this feature to be uncertain with a FAP of 7.3 %.
Given the non-detection of the planetary signal, we determined upper limits of the
planet-to-star flux ratio ε(λo ) for different confidence levels as a function of the RV semiamplitude Kp . Figure 4.23 shows that the upper limits to the planet-to-star flux ratio
decrease with increasing orbital inclination, a direct consequence of the illumination geometry. For the most probable orbital inclination of 46◦ , the 99.9 % confidence upper limit
ε = 5.7 × 10−5 , for the grey albedo model, while it is ε = 6.5 × 10−5 for the irradiated
Class IV albedo function.

Figure 4.23: Confidence levels for upper limits to the planet-to-star flux ratio ε(λ0 ) as a
function of the RV semi-amplitude Kp of the planet (lower x-axis), or orbital inclination i
(upper x-axis). Solid lines: grey albedo; dashed lines: irradiated Class IV model.

Conclusion
Although a weak candidate signal appears near the most probable radial velocity amplitude, its statistical significance is insufficient for us to claim a detection. However,
this feature agrees very well with a completely independently obtained result by another
research group, which also searched for reflected light from t Boo b. As a consequence of
the non-detection of reflected light, we place upper limits to the planet-to-star flux ratio
at the 99.9 % significance level. For the most probable orbital inclination around i = 46◦ ,
we can limit the relative reflected radiation to be less than ε = 5.7 × 10−5 for a grey
albedo. This implies a geometric albedo smaller than 0.40, when a planetary radius of
1.2 Rjup is assumed.
Florian Rodler is now at Institut de Ciences de l’Espai (ICE), Facultat de Ciencies,
Bellaterra, Spain

[1] Rodler, F., Kürster, M., Henning, T. (2010): t Boötis b: Hunting for reflected
starlight, A&A 514, 23
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The planet search programme at the ESO CES
and HARPS. IV. The search for Jupiter
analogues around solar-like stars

Mathias Zechmeister, Martin Kürster, Thomas Henning
Begun in November 1992, this long-term radial velocity survey for Jupiter analogues
obtained data until 2008/2009 for 31 bright solar-type stars employing three different
instruments or instrument configurations. The survey was started with the Eso Ces
high-resolution spectrograph and its long camera (R = 100 000) fed by the 1.4 m CATtelescope which collected data well into 1998. The program was then continued between
November 1999 and May 2006 with the Ces very long camera (R = 230 000) which was
fibre-fed by the Eso 3.6 m-telescope. Between November 2003 and September 2007 data
could be secured with the higher precision Harps spectrograph (R = 130 000) which is
also fibre-fed from the Eso 3.6 m-telescope. Archival Harps data collected until the end
of 2009 could be added to the data set. The survey is described in detail in [1].

Results
The main results of the Ces + Harps survey can be summarized as follows:

i Hor b:

Originally announced by Kürster et al. (2000) this Jupiter-type (m sin i = 2.48 MX )
planet is a genuine discovery of the survey and among the best confirmed extrasolar
planets. It is orbiting an active G0V star at a period of 307d in a slightly eccentric
orbit (e = 0.18) in the habitable zone of the star (Fig. 4.24). It is a prime candidate
for a habitable moon system.

HR 506 b: This m sin i = 0.94 MX planet is a co-discovery together with the Geneva planet
search team who have never fully published it. It also orbits an active star in 994d
on a circular orbit (Fig. 4.25).
HR 3259 b,c,d: The three Neptune-mass planets with periods around 9d , 32d and 197d
discovered by Lovis et al. (2006) in this system are confirmed with the Ces +
Harps survey.
HR 4523 b: Especially, the Harps data of the present survey do not match the radial
velocity variations found by Tinney et al. (2011) for this star. We can therefore not
confirm the purported Neptune-mass planet (m sin i = 16 M⊕ , P = 122d ).

e Eri b:

Hatzes et al. (2000) announced a planet with m sin i = 0.86 MX and P = 6.9 yr in
an eccentric orbit (e = 0.6) around this active star. Benedict et al. (2006) employed
astrometric measurements to determine the inclination of the orbit (i = 30◦ ) and
derive the true companion mass (1.55 MX ) in combination with the radial velocity
data. However, based on the data from our Ces + Harps survey we do not find
any evidence for this object.

e Ind A:

This object displays a significant radial velocity trend of 2.4 m/s/yr that likely
indicates a distant companion to this active star.

HR 8323: The periodic variation seen in this star (P = 3.8 yr) can be correlated with
standard activity indicators and is therefore most likely not a companion.
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Figure 4.24: Left: RV time series for i Hor combined with Aat and Coralie data.
Right: RVs phase folded to the period of P = 307d and the residuals (bottom).

Figure 4.25: Left: RV time series for HR 506 combined with Aat and Coralie data.
Right: RVs phase folded to the period of P = 995d and the residuals (bottom).

Work done in collaboration with M. Endl (U-Texas at Austin), G. Lo Curto (ESO), H.
Hartman (Applied Science, School of Technology, University of Malmö & Lund Observatory, Sweden), H. Nilsson (Lund Observatory, Sweden), A.P. Hatzes (Thüringer Landessternwarte Tautenburg), and W.D. Cochran (U-Texas at Austin).
Mathias Zechmeister is now at Institut für Astrophysik, Göttingen).

[1] Zechmeister, M., Kürster, M., Endl, M., Lo Curto, G., Hartman, H., Nilsson, H.,
Henning, T., Hatzes, A.P. & Cochran, W.D. (2012): The planet search programme
at the Eso Ces and Harps IV. The search for Jupiter analogues around solar-like
stars, A&A in press
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Interstellar medium and laboratory
astrophysics

High-dynamic-range column density map of the infrared dark cloud G11.11−0.12, derived
using a novel nearIR and midIR technique.
For details see Sec. 5.20
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Hyperion: A parallelized three-dimensional
dust continuum radiative transfer code
Thomas P. Robitaille

Introduction
The investigation of astrophysical sources via multi-wavelength observations requires understanding the transfer of radiation through dust and gas in order to reliably derive
geometrical, physical, and chemical properties. While a small subset of problems can be
solved analytically, most require a numerical solution. One of the most popular techniques for solving this problem is Monte-Carlo radiative transfer, which simulates the
propagation of radiation through a density structure using packets of energy, or photon
packets, that are emitted, scattered, absorbed, or re-emitted, using random sampling of
probability distribution functions that describe these physical processes.
While Monte-Carlo radiative transfer is in principle applicable to problems on any scale,
and for any density distribution, from the solar system to entire galaxies, many radiative
transfer codes were developed for a specific application, and are not easy to use for other
problems. In addition, modern technologies such as parallelization and other optimization
algorithms are not always easy to implement in existing complex codes. I have therefore
developed a new radiative transfer code — Hyperion — which is a fully generalized
and parallelized 3D Monte-Carlo radiative transfer code, meaning that it can compute
the transfer of radiation through any arbitrary 3D distribution of dust, whether defined
analytically, or numerically (for example from hydrodynamical simulations).

Implementation
In order to convert an initial density structure to a 3-dimensional temperature distribution, simulated images, and spectral energy distributions (SEDs), Hyperion carries out
the radiative transfer as follows: Photon packets are emitted from all the sources, with
positions, directions, and frequency distributions that reflect the properties of the sources.
The photons are then propagated through the grid, keeping track of the effective energy
absorbed in each cell. While some photons may directly exit the density grid without
interacting with the dust, other photon packets will scatter, and/or be absorbed and reemitted, both of which can happen multiple times before a photon packet escapes the
grid. At the end of this calculation, the energy absorbed in each cell can be converted
to a dust temperature under the assumption of local thermodynamic equilibrium. The
algorithm then repeats this initial calculation until the energy absorbed or temperature
have converged. This iterative approach is necessary, since the temperature determines
the emissivities, which determine the photon packet frequencies, which in turn determine
the photon packet propagation.
Once the dust temperature has converged, photon packets are emitted from the sources
one last time, and images/SEDs are produced using a variety of algorithms (binning,
peeling-off, raytracing), which are described in more detail in [1]. The density distribution
can be defined using a variety of grid geometries, such as cartesian, spherical polar,
cylindrical polar, and adaptive grids, with the best grid to use depending on the particular
problem to solve. The distribution and properties of the sources and dust can be specified
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Figure 5.1: Model images for a simple axisymmetric model of a forming star with a dusty
disk and envelope. Each panel is made up of a 3-color image, where each color corresponds
to a wavelength (with blue being the shorter wavelength, and red the longest). The lefthand panel shows the emission from 1 µm to 3 µm, the middle panel shows the emission
from 20 µm to 60 µm, and the right-hand panel shows the emission from 400 µm to 800 µm.
arbitrarily, and multiple sources and dust populations can be used at the same time. The
code was parallelized using the message passing interface (MPI) library, and has been
shown to scale well to thousands of processes on large clusters. The code is implemented
in Fortran 95 and Python. To ensure that the results from the code are correct, standard
benchmark models were run and compared to results from other codes, with very good
agreement (see [1] for more details).

Applications
Hyperion is already being used in a number of studies, for example to model the largescale distribution of stellar and diffuse emission in the Milky Way (see Sec. 5.4); study the
reliability of SED modeling when applied to protostars, by allowing us to create simulated
images of a star-formation region from a hydrodynamical simulation [2]; model the fractal
distribution of the interstellar medium in nearby galaxies (NGC 891 and M 51); compute
a large set of approximately 5 million model SEDs of forming stars, in order to facilitate
the modeling of the tens of thousands of forming stars discovered by the Spitzer Space
Telescope and the Herschel Space Observatory; model solar system bodies, such
as comets; and compute models for a number of other projects, mostly related to star
formation (e.g. Fig. 5.1).

Availability
Hyperion was released in August 2012, and the code and documentation are publicly
available under an open source license at http://www.hyperion-rt.org. The source
code is hosted on a platform that allows users to easily report problems and contribute
enhancements to the code.
[1] Robitaille, T. P. (2011): Hyperion: An open-source parallelized three-dimensional
dust continuum radiative transfer code, A&A 536, 79
[2] Offner, S., Robitaille, T., Hansen, C., McKee, C., Klein, R. (2012): Observing simulated protostars with outflows: How accurate are protostellar properties inferred from
SEDs?, ApJ 753, 98
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Mapping the Galaxy’s dust in three dimensions
with PanSTARRS-1
Edward F. Schlafly, Richard J. Hanson,
Coryn A. L. Bailer-Jones, Hans-Walter Rix

Dust is a kind of smoke produced by the nuclear burning of stars. This smoke absorbs light
across the infrared, optical, and ultraviolet spectrum, and re-emits that light thermally
in the far-infrared. The dust, then, impacts astronomical observations over a wide range
of wavelengths, and accurate dust maps are important for everything from studies of the
Cosmic Microwave Background to galaxy clustering analyses. The most used dust maps
are two dimensional, giving the total Galactic dust reddening in each direction in the sky,
but providing no information about how far away that dust lies. New surveys provide the
opportunity to extend these maps into the third dimension.

Three-dimensional maps of dust
The reddening from 2D dust maps is accurate for objects outside the Galaxy. This
explains the success of such dust maps; indeed the most cited paper in astronomy is the
Schlegel, Finkbeiner, and Davis (1998) 2D dust map, despite some known shortcomings
[1, 2]. However, stars in the Galaxy’s disk are embedded in the dust, and so are reddened
only by the fraction of the dust between the sun and the star. For these objects, a 2D
map is of limited use.

Figure 5.2: 3D dust map derived from Pan-STARRS1 photometry. Dust nearer than
0.6 kpc is colored blue; dust between 0.6 kpc and 3.2 kpc is colored green; and dust between
3.2 kpc and 9 kpc is colored red.
We have taken advantage of new surveys to create 3D maps that resolve this shortcoming
(Fig. 5.2). The basic method is to match observed photometry of stars with models of
their types and spatial and number distribution [3]. We infer the most likely reddening
and distances to stars, retaining the full likelihood distribution. This technique is generic
and can be applied to any source of photometry. The Pan-STARRS1 survey is an ideal
match for this technique, owing to its uniform, five-band, optical-to-NIR coverage of threequarters of the sky (see Sec. 11.12). The ongoing survey already provides high-quality
photometry of more than 500 million stars for use in 3D dust mapping. This density of
stars enables dust maps with angular resolution competitive with 2D dust maps, while
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additionally providing three-dimensional information on the distribution of dust along the
line of sight.
Matching these 3D mapping techniques to other surveys also pays dividends. Extinction
mapping with the less dust-sensitive near-infrared Ukidss photometry allows mapping the
dust in high-density regions deep in the Galactic plane, where the clouds’ high extinction
in the optical limit the use of Pan-STARRS1 photometry.

Distances to dust clouds
One immediate application of 3D dust
maps is the determination of the distances
to the dust clouds in the Galaxy. The distances to these clouds are hard to constrain
using other techniques. For rare clouds
associated with masers, parallaxes can be
used to obtain distances. Alternatively
dust can be associated with clouds of gas,
for which the distance can be estimated
indirectly via the Galactic rotation curve.
However, neither of these techniques measures the location of the dust directly. Our
extinction mapping technique will provide
the first uniform catalog of distances to
dust clouds covering most of the sky.
As a test of this technique, we have measured the distance to the cloud Monoceros- Figure 5.3: Distance to the dust cloud
R2. Figure 5.3 shows our analysis of this Monoceros-R2. Our fit (blue) corresponds
cloud. The grayscale indicates the regions neatly with the accepted distance to the cloud
of reddening and distance in which stars (red). See text for details.
are likely to reside. Nearby stars are observed to be un-reddened (lower left of plot), but stars beyond a distance modulus µ of 10
are reddened by an E(B − V ) of a magnitude or more. This distance modulus coincides
with the known distance to the cloud (red) and agrees with our fit for the 3D distribution
of reddening toward the cloud (blue).
Work done in collaboration with Gregory Green (Harvard), Douglas Finkbeiner (Harvard), and Mario Juric (LSST).

[1] Schlafly, E.F., Finkbeiner, D.P., Schlegel, D.J., et al. (2010): The blue tip of the
stellar locus: Measuring reddening with the Sdss, ApJ 725, 1175
[2] Schlafly, E.F., & Finkbeiner, D.P. (2011): Measuring reddening with Sloan Digital
Sky Survey stellar spectra and recalibrating SFD, ApJ 737, 103
[3] Bailer-Jones, C. A. L. (2011): Bayesian inference of stellar parameters and interstellar extinction using parallaxes and multiband photometry, MNRAS 411, 435
[4] Schlafly, E.F., Finkbeiner, D.P., Jurić, M., et al. (2012): Photometric calibration of
the first 1.5 years of the PanSTARRS-1 survey, ApJ 756, 158
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Galactic structure based on the AtlasGal
870 µm survey

Henrik Beuther, Jochen Tackenberg, Hendrik Linz,
Thomas Henning, Thomas Robitaille

Spiral arm and Galactic Center star formation in the Milky Way
Studying the properties of the dense gas of the Milky Way in a global sense was barely
possible in the past because no suitable surveys tracing the cold dust emission at long
wavelengths and adequate spatial resolution existed. This was in sharp contrast to nearand mid-infrared surveys of our Galaxy that were available already since some time
(e.g., 2Mass, Spitzer-Glimpse). This situation changed in recent years with the advent of mm and sub-mm surveys of the Milky Way (in particular the surveys conducted
with the (sub)mm cameras Laboca and BoloCam at Apex and the Cso). Here, we
used the AtlasGal survey that mapped the Milky Way between longitudes ±60◦ and
latitudes ±1 ◦. 5 with the Apex-Laboca camera at 870 µm to image the cold dust emission
mainly from young star-forming regions.
While this survey is a treasure chest for many different studies in the field of molecular
cloud structure, star formation or feedback processes, it also allows us to study the Milky
Way as a whole entity. We identified approximately 16 000 individual gas clumps in
the survey that were used for the following analysis [1]. Binning the data in Galactic
longitudes, we find the distribution shown in Fig 5.4. Clearly the dust continuum emission
is strongly peaked toward the Galactic Center, however, we see several additional peaks
distributed over the Milky Way. Comparing these additional dust distribution peaks to
the locations of the spiral arms in the Milky Way (Fig 5.4), we find that the sub-mm
continuum data recover the spiral arm structure of our home Galaxy.
Furthermore, it is interesting to note that in contrast to the strong dust continuum peak
toward the Galactic Center, other Milky Way surveys of tracers of active star formation
(e.g., infrared emission, ionized gas, masers) do not show such peaks in this direction.
Qualitatively, this implies that toward the Galactic Center the star formation efficiency is
strongly reduced compared to the rest of the Galaxy. This is particularly surprising since
the Galactic Center regions also host prominent starburst clusters like the Arches. One
may interpret this difference in a picture where the Galactic Center is far more turbulent
than the rest of the Milky Way, this turbulence prevents “normal” star formation, however,
when a certain threshold is reached, burst-like star formation like the Arches cluster can
occur.

The scale height of the dense gas in the Milky Way
In addition to the one-dimensional longitude binning, we can also bin the data in longitude
and latitude and derive a two-dimensional picture of the dense gas of the Milky Way.
Fitting at each longitude step a Gaussian to the Galactic latitude distribution, we can
derive the peak and the width of the Gaussians. These two can be considered as proxies for
the dense gas mid-plane and the scale-height of the dense gas of our Galaxy. Because we
do not have absolute distances for the gas and dust clumps based just on these continuum
data, additional information is needed to get a quantitative estimate of the dense gas
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scale-height. Therefore, we applied the same fitting procedure to the distribution of
protostars in the Milky Way derived from the Spitzer data [2]. Since CoI T. Robitaille
estimated the absolute scale-height of the protostellar distribution by population synthesis
modelling of the Glimpse data [2], a comparison of the dust continuum and protostellar
distributions allowed us to estimate the mean scale-height of the dense gas of the Milky
Way to approximately 46 pc. This is consistent with other scale-height estimates of tracers
of high-mass star formation like ultra-compact H ii regions and masers.

Figure 5.4: The left panel presents the AtlasGal 870 µm dust continuum data binned in
the longitude direction. The grey shows the sub-mm data and the red histogram presents
the corresponding population of young stellar objects derived from the Spitzer-Glimpse
survey. A few spiral arm structures are marked. The right panel shows for comparison
a bird’s eye view of our Milky Way where several of the sub-mm peak position angles
from the left panel are draw in to highlight the connection with the Galactic spiral arm
structure.
Work done in collaboration with Frederic Schuller (Bonn), Friedrich Wyrowski (Bonn),
Peter Schilke (Cologne), Karl Menten (Bonn), Malcolm Walmsley (Italy), Leo Bronfman
(Chile), Frederique Motte (France), Quang Nguyen-Luong (France), Sylvain Bontemps
(France)

[1] Beuther H., Tackenberg J., Linz H., Henning Th., Schuller F., Wyrowski F., Schilke
P., Menten K.M., Robitaille Th., Walmsley C.M., Bronfman L., Motte F., NguyenLuong Q., Bontemps S. (2012): Galactic structure based on the AtlasGal 870 µm
survey, ApJ 747, 43
[2] Robitaille Th. & Whitney B. (2010): The present-day star formation rate of the
Milky Way determined from Spitzer-detected young stellar objects, ApJ 710, L11
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A self-consistent model of Galactic stellar and
dust infrared emission
Thomas P. Robitaille

Introduction
The large-scale distribution of stars and diffuse dust emission in the Milky Way has
been the subject of numerous studies. On one hand, powerful three-dimensional stellar
distribution models have been developed to simulate the inventory of stellar populations
as a function of location in the Galaxy and position on the sky, while on the other hand,
analytic models of the diffuse dust emission in the Galaxy have also been developed to
reproduce the large-scale mid- and far-infrared emission. What has been lacking in these
models however is a fully self-consistent treatment of the source of the dust heating — the
photons produced by stars of various temperatures and luminosities — and the target of
the heating — grains of different sizes and PAHs — distributed throughout the disk of
the Galaxy.

Model
We have developed a fully self-consistent 3D radiative transfer model of the Galaxy at
infrared wavelengths (from 1.25 µm to 100 µm), considering both stellar and dust emission,
and we compare the model to the distribution of emission on the sky from near-infrared
to far-infrared wavelengths [1]. The model is self-consistent in the sense that the heating
of the dust does not follow an analytical prescription, but is instead directly computed
from the radiation field emitted by the stellar populations.
The radiative transfer was carried out using the Hyperion radiative transfer code (cf.
Sec. 5.1). To model the distribution of the stellar populations, we implemented the
Sky model (Wainscoat et al. 1992), which describes the three-dimensional distribution of
stars in the Galaxy as a function of spectral type. Each stellar population was treated
as a diffuse source with a spectrum set by the spectral type of the population, so the
model contains 87 diffuse sources of emission. In addition, the dust was modeled as an
axisymmetric double-exponential function (a decaying exponential in both the radial and
vertical direction), and the dust properties were taken from Draine & Li (2007), in order
to simulate dust emission from large grains (with sizes a > 200 Å), very small grains
(20 Å < a < 200 Å), and PAHs (a < 20 Å). The inclusion of PAH molecules is important
because PAHs dominate the emission spectrum in the mid-infrared.
The model was used to produce simulated longitude and latitude profiles of emission in
the region −1◦ < b < 1◦ and −65◦ < ` < 65◦ , and these were compared to profiles derived
from observations by the Spitzer Space Telescope at 3.6 µm, 4.5 µm, 5.8 µm, 8.0 µm,
and 24 µm, and the Iras satellite at 60 µm and 100 µm.

Results
The model was able to reproduce the order of magnitude of the observed surface brightnesses, but there were disagreements between the model and observations away from the
Galactic center for the shorter wavelengths, and close to the Galactic center for the longer
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Figure 5.5: Left: The average integrated spectrum of the emission from the model (open
circles) compared to the observations (closed circles). The gray area shows the full model
spectrum before convolution with transmission curves, and the colored lines show the contributions to the model emission. For example, the yellow, orange, and red lines show
the contribution from large grains, very small grains, and PAHs respectively, while the
remaining lines show various stellar populations.
Right: The model as seen from an external point of view (outside the Galaxy), with blue,
green, and red mapping to 3.5 µm, 4.5 µm, and 8.0 µm emission respectively.
wavelengths. By modifying the model to incorporate two major stellar spiral arms and
two secondary spiral arms with only young massive stars, as well as removing dust from
the central few kpc of the Galaxy, we are able to significantly improve the quality of the
fit (both of these changes are consistent with findings from other studies). The resulting
model systematically under-predicts the 5.8 µm and 8.0 µm emission, but by increasing
the abundance of PAHs by 50 %, we are able to eliminate this systematic offset, though we
caution that other effects may explain this offset. One additional finding is that on large
scales, transiently heated very small grains and PAH molecules are predominantly heated
by B-type stars. The larger dust grains also have a significant component of heating from
giant stars.
We plan to carry out significant improvement to the models in the future, including a
more systematic exploration of parameter space, a more realistic clumpy distribution of
dust, and an improved treatment of the inner Galaxy, specifically relating to the molecular
ring and the Galactic bar. In addition, the modeling of observations can be extended to
spatial and wavelength regions outside that covered here. For instance, one could include
observations for the outer Galaxy (Glimpse 360) or at longer wavelengths (Herschel).
Work done in collaboration with Edward Churchwell, Robert Benjamin, Barbara Whitney, Kenneth Wood, Brian Babler, and Marilyn Meade

[1] Robitaille, T., Churchwell, E., Benjamin, R., Whitney, B., Wood, K., Babler, B.
& Meade, M. (2012): A self-consistent model of galactic stellar and dust infrared
emission and the abundance of polycyclic aromatic hydrocarbons, A&A 545, 39
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5.5

The Andromeda Galaxy: Dust heating by old
stars

Brent Groves, Oliver Krause, Karin Sandstrom,
Anika Schmiedeke, Hendrik Linz, Elisabete da Cunha,
Maria Kapala, Hans-Walter Rix, Eva Schinnerer,
Fatemeh Tabatabaei, and Fabian Walter
Understanding the interstellar medium (ISM) of nearby galaxies, and especially its heating
and cooling, is vital if we wish to comprehend the processes of star-formation and feedback
that form the basis for galactic evolution over cosmic time.
N

E

2.310'kpc

Figure 5.6: Herschel far-infrared image of the Andromeda Galaxy, showing Pacs 70 µm
(blue), Pacs 100 µm (green), and Spire 250 µm (red) bands. A red, cool and IR-luminous
ring at ≈ 10 kpc and a blue, hot structure in the central bulge region dominate the image.

Introduction
As our nearest massive neighbour (≈ 780 kpc), the Andromeda Galaxy (M 31) provides
the perfect stepping stone for understanding the ISM, between the well-resolved gas and
stars within our own Galaxy and the integrated properties of more distant galaxies. M 31
can also be used as to better understand ISM conditions in early-type galaxies. Its bulge
dominates the stellar luminosity and mass within the central 1.5 kpc, and is dominated
by old stars, with a mean stellar age > 6 Gyr.
Given the deficit of young stars, little dust emission was expected in the central kiloparsecs
of M 31. Yet when this region was examined in the far-IR with space telescopes such as
Iras and ISO, emission at wavelengths greater than 60 µm was clearly seen, indicating the
presence of warm dust. Using Mpia Guaranteed Time Herschel Space Observatory
multi-band imaging of the Andromeda galaxy (PI: O. Krause), we analyzed how dust
heating occurs in the central region of M31 and, by proxy, of galaxy spheroids that are
essentially devoid of young stars [1].

The warm centre of M 31
Figure 5.6 shows an RGB image of the full disk of Andromeda using Herschel farIR
bands. Two things stand out in this image, a dusty ring that is associated with starforming regions and the blue centre of the IR map. The blue emission indicates a distinct
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rise in dust temperature in the central kiloparsec. This means that, while containing only
≈ 0.5 % (105.2 M ) of the total dust mass of M 31, this region contributes ≈ 5 % of the
total IR luminosity.
Fitting dust-emissivity-modified blackbodies to the Herschel data, we have constructed
a dust temperature map of M 31. From a mean value in the disk and dusty ring of
(17 ± 1) K we find that the dust temperature within 2 kpc rises strongly, reaching ≈ 35 K
at the centre. This warm dust is unexpected in the centre, where there is little to no
young stars, as it is commonly assumed that the far-IR luminosity is a good tracer for
star formation. However, the increase in temperature closely corresponds with the stellar
light distribution as traced by the near-IR emission, suggesting that the heating of the
dust and the stellar bulge are linked.

The heating of dust by old stars

number of pixels

Tdust (K)

With no young stars, and only an extremely weak AGN at the centre, the high
T dust,U
density of old stars is the only remaining
0.8 T dust,U
heating source for the dust in the bulge of
M 31. Using near-IR observations to trace
the radial profile of the stellar density, and
fitting the observed spectral energy distribution, we determined the stellar radiation
heating in the bulge, U∗ (r), as a function of
radius, r. The observed dust temperature
profile in the centre matches the profile
of the expected dust temperature, Tdust,U∗ ,
from heating by the bulge stellar radiation,
U∗ (Figure 5.7). The modelled dust heating
Figure 5.7: The distribution of dust temper- is in excess of the observed dust temperaatures within the inner 2 kpc of M 31. The tures, suggesting that it is more than sufficolours represent the number of image pix- cient to explain the observed IR emission.
els which have a measured dust temperature, Together, with the wavelength dependent
Tdust , at a given circular radius. Overlaid on absorption cross section of the dust, this
this are two curves, showing the expected dust demonstrates directly that it is the optitemperature, Tdust,U∗ , from heating by the de- cal, not UV, radiation that sets the heattermined bulge starlight, U∗ (dashed line), ing rate. This analysis shows that neither
and the same Tdust,U∗ scaled by 0.8 (solid young stellar populations nor stellar nearline).
UV radiation are necessary to heat dust
to warm temperatures in galaxy spheroids.
Rather, it is the high densities of Gyr-old stellar populations that provide a sufficiently
strong diffuse radiation field to heat the dust.
Work done in collaboration with Adam Leroy, an ex-member of Mpia, now at Nrao.

[1] Groves, B. et al. (2012): The heating of dust by old stellar populations in the bulge
of M 31, MNRAS 426, 892

116

5.6

Interstellar Medium and Laboratory Astrophysics

Mapping Andromeda’s evolution with stellar
kinematics
Michelle Collins & Nicolas Martin

The P an-And romeda Archaeological S urvey (PAndAS) has uncovered a wealth of information regarding the structure and substructure of our nearest spiral neighbour. But
without kinematic information, it is difficult to fully interpret this exquisite dataset. For
this reason, we have been taking spectra of individual red giant branch stars within Andromeda, with the aim of kinematically characterizing the entire Andromeda system.
This includes measuring the masses of its faintest dwarf galaxy companions, identifying
a thick stellar disc component in the main galaxy, and disentangling a wealth of faint
substructure within the Andromedean halo.

The faint dwarf galaxy companions of Andromeda
As both the least luminous
and most dark matter dominated galactic systems that
we observe, dwarf spheroidal
galaxies (dSphs) represent a
fascinating class of objects
whose structural and kinematic properties could serve
to illuminate our understanding of galaxy formation and
evolution. We have been systematically following up the
new dSphs discovered around
Andromeda from both PAndAS and Sdss with the
DE ep I maging M ulti-Object
S pectrograph (Deimos) [1,
2]. This instrument allows us
to gather spectra for individual red giant branch (RGB)
stars within these systems,
Figure 5.8: Velocity dispersion, central mass and density measuring both their velocifor the dSphs of the Milky Way (red triangles) and An- ties and average metallicities.
dromeda (blue circles) as a function of half light radius. As dSphs are mostly disperWhile the majority are consistent with a singular cored or sion supported, we can use
cusped mass profile, 3 Andromeda dSphs (XIX, XXI and the RGB velocities to infer
XXV) are significantly lower mass than would be expected the masses of these objects
(see Fig. 5.8). A number of
for their size.
the dSphs have lower dynamical masses than would be expected for objects of their size, which is puzzling. We argue
that this is a result of tidal interactions with Andromeda which have removed significant
quantities of dark matter from their halos.
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Andromeda’s thick disk
Thick stellar disks are thought to be ubiquitous amongst the spiral galaxy population.
Their stellar populations appear to be older and more metal poor than those of the
classical thin stellar disks, and a such they are thought to have formed at an earlier epoch.
This marks them as ideal probes for studying the earliest evolution of spiral systems. By
measuring the velocities of RGB stars within the disk of Andromeda, we have detected a
thick disk component in this galaxy for the first time [3]. We find that this component is
hotter and more metal poor than the thin stellar disk, and appears to be more extended
in both radial extent and height. We also demonstrate that it is chemically distinct from
both the thin disk and the halo (see Fig. 5.9). We intend to follow this component up
using Mods on the Lbt to determine abundances for these stars. These measurements
will allow us to comment on the age and likely formation scenario for this component.
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Figure 5.9: Composite spectra for the Andromeda thin disk (top), thick disk (middle) and
halo (bottom) components. The three appear to be chemically distinct, with [Fe/H] =
−0.7, [Fe/H] = −1.0, and [Fe/H] = −1.3 respectively.
Work done in collaboration with Mike Rich (UCLA, USA), Scott Chapman (IoA, Cambridge) and the PAndAS collaboration.

[1] Collins, M. L. M.; Chapman, S. C.; Irwin, M. J.; Martin, N. F. et al. (2010): A
Keck/Deimos spectroscopic survey of the faint M 31 satellites And IX, And XI,
And XII, and And XIII, MNRAS 407, 2411
[2] Collins, M. L. M. et al. (2011): The scatter about the “universal” dwarf spheroidal
mass profile: a kinematic study of the M 31 satellites And V and And VI, MNRAS
417, 1770
[3] Collins, M. L. M. et al. (2011): The kinematic identification of a thick stellar disc in
M 31, MNRAS 413, 1548

118

5.7

Interstellar Medium and Laboratory Astrophysics

A molecular star formation law in the atomic
gas dominated regime in nearby galaxies

Andreas Schruba, Adam Leroy, Fabian Walter, Frank Bigiel,
Karin Sandstrom

The star formation law
Knowledge of the processes controlling the conversion of gas into stars is of great importance for our understanding of galaxy formation and evolution and lies at the heart
of much astronomical research. For studies of external galaxies, this question is often
analyzed by the power law relationship between the star formation rate (SFR) surface
density and the gas surface density, a relation known as “Star Formation Law”. Early
work on this topic for entire galaxies favored a tight relation between SFR and total gas
(i.e., atomic (H i) and molecular (H2 ) gas) with power law index of N = 1.4. Following
work started to resolve individual galaxies and indicated that SFR correlates more tightly
with H2 . However, the small and inhomogeneous data sets used for these studies let to
significantly different results and lead to no conclusive picture.

Figure 5.10: Atomic and molecular gas maps from Things and Heracles and star
formation rate tracers farUV and 24 µm from Galex Ngs and Sings for NGC 628, a
representative data set of one of the 30 galaxies used for this work.
With the coordinated execution of several large observational campaigns of both tracers
of star formation as well as of the interstellar medium, homogeneous and sensitive data
sets were created for ≈ 100 nearby galaxies. A critical contribution set has been made by
the Mpia-lead Vla H i Things survey (Walter et al. 2008) and the Iram 30 m-telescope
CO Heracles survey (Leroy et al. 2009). An initial analysis of the first data clearly
revealed that on 750 kpc scales SFR is most tightly and approximately linearly correlated
with H2 while there is basically no relation with H i (Bigiel et al. 2008). However, due to
limited sensitivity to CO emission for individual lines of sight, a critical aspect could not
been answered, namely the role of H i and H2 in H i-dominated environments.

A novel technique to improve the CO sensitivity
We developed a novel technique to greatly improve the sensitivity of CO measurements.
This technique leverages on the large map area of the Heracles CO data (Leroy et al.
2009) and extended nature of H i. The idea is to utilize the kinematic information (i.e.,
velocity field) from the Things HI data (Walter et al. 2008) as a proxy of the velocity
position of the CO line. First each observed CO spectrum is shifted by the local H i
velocity field value and then stacked (i.e., in bins of galacto-centric radius) to improve
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the sensitivity and coherently build up the CO line at a (by construction) common known
velocity. Visual inspection of the stacked spectrum further helps to identify even faint
emission. We first applied this technique to obtain sensitive integrated CO intensities at
large galacto-centric radii [1], a sensitive search for CO emission in low-metallicity dwarf
galaxies [2], and the construction of high signal to noise H i and CO spectra used to
determine spectral line width with high confidence (s. Sec. 5.10). However, the technique
can be readily applied to search for faint line emission in any wide-band spectroscopic
data set (given a single bright line can be identified) as today routinely taken by Jvla,
Alma, or Iram.

The star formation law for different ISM phases

Figure 5.11: Star formation relation for atomic, total gas, and molecular gas (left to right).
The SFR scales linearly with H2 even in H i-dominated regimes while there is no relation
with H i. The relation with total gas critically depends on the dominate phase of the ISM.
We used the above mentioned data and stacking technique to obtain sensitive CO measurements inside tilted rings of galacto-centric radius. This allowed to measure H2 surface densities with high significance down to ≈ 1 M / pc2 , up to an order of magnitude
deeper than for individual lines of sight. The novel result of this work was that the linear
SFR–H2 relation previously observed in H2 -dominated environments continues unchanged
into strongly H i-dominated environments. This allows to view the conversion of gas into
stars as a two step process: a) the formation of molecular gas out of the atomic interstellar medium, a process that depends strongly on environment, and b) the conversion
of molecular gas into stars, which appears to be a fairly universal and environmentindependent process. Future work will need to determine the processes that control the
atomic-molecular gas phase balance, the reasons for the seemingly inefficient conversion
of molecular gas into stars, and systematic differences that occur in low-metallicity or
interactive galaxies.
Work done in collaboration with Elias Brinks (Uiniversity of Hertfordshire), Erwin de
Blok (Astron), Gaelle Dumas (IRAM Grenoble), Carsten Kramer (IRAM Granada), Erik
Rosolowsky (University of British Columbia), Karl Schuster (IRAM Grenoble), Antonio
Usero (OAN Madrid), Axel Weiss (MPIfR), Helmut Wiesemeyer (MPIfR).

[1] Schruba, A., Leroy, A. K., Walter, F., Bigiel, et al. (2011): A molecular star formation law in the atomic gas dominated regime in nearby galaxies, AJ 142, 37
[2] Schruba, A., Leroy, A. K., Walter, F., Bigiel, F., et al. (2012): Low CO luminosities
in dwarf galaxies, AJ 143, 138
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Probing dust geometries in nearby galaxies
Kathryn Kreckel, Brent Groves, Eva Schinnerer

Dust has long been identified as a source of reddening within galaxy disks that complicates
measurement of inherent galaxy properties. Corrections for this effect are typically done
assuming an extinction or attenuation law in conjunction with some optical tracer of the
reddening. These tracers can be biased, as they are limited in optical depth depending
on the source luminosity and they selectively sample the dust distribution depending on
their placement within the dust geometry. We constrain this by comparing the optical
extinction with the mass of dust along resolved lines of sight within nearby galaxies.

Mapping dust in nearby galaxies
Herschel farIR imaging undertaken as part of the Kingfish project [1] allows us to
map the dust seen in emission with unprecedented accuracy, at physical resolutions of
200 pc–700 pc for nearby (D < 25 Mpc) galaxies. Fits of dust models to the farIR spectral
energy distribution on a pixel by pixel basis [2] result in resolved images of the dust mass
surface density, ΣMd (Fig. 5.12, left).

Figure 5.12: Map of the dust mass surface density from the farIR dust modeling (left) is
compared to the AV maps at full 200.5 resolution (center) and the convolved 18 00 resolution
(right) for NGC 3627. All contours are taken from the dust mass surface density maps
with a lowest contour at 3 × 105 M /kpc2 and highest at 2 × 106 M /kpc2 . Both AV maps
are shown with the same color scale.
Alternately, Balmer decrements from integral field unit spectroscopy provide physically
resolved maps of the optical extinction, AV . The AV measured along each sightline will
vary depending on the source position within the dust distribution as well as specifics of
the dust geometry. We obtained data for eight of the Kingfish targets spanning a range
of of Hubble types (irregular and spiral) and disk inclinations using the Pmas instrument
in Ppak mode on the Calar Alto 3.5 m-telescope. This instrument samples a large 10 field
of view at ≈ 2 00. 5 resolution, providing us the flexibility to produce AV maps at both full
(Fig. 5.12, center) and convolved (Fig. 5.12, right) resolutions.
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Dust as seen in emission and absorption
We search for a direct link between attenuating and emitting material, and find a clear
trend for higher AV at locations with higher dust masses (Fig. 5.13). We best fit this with
a factor of 3.8 larger dust mass (dotted line) than would be expected given the observed
Balmer decrement for a foreground screen of dust (solid line).

3

AV

Most of the scatter in this relation we attribute
to the effects of differing physical scales probed
in each galaxy and inclination, which gives systematically higher AV in our most inclined systems (NGC 2146 and NGC 7331). Resolved regions span a range of galaxy environments, including spiral arms, stellar bars, nuclear and
extra-nuclear regions, yet they show relatively
uniform relations within each galaxy. All regions fall between two extremes in dust geometry, of either a completely foreground screen
(solid line) or a mixed media model of stars
distributed within the dust (dashed line), suggesting that a combination of both effects exists
in most galaxies.
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The observed correlation is somewhat unex- Figure 5.13: Comparison of the dust
pected, as surface effects from dense dust clouds mass surface density with the V -band
might result in the optical extinction tracing extinction, compared to a foreground
only a lower limit on how much dust exists screen model (solid line) or a mixed mealong a given line of sight. The farthest galax- dia model (dashed line). A best fit from
ies (NGC 2798 and NCC 5713), observed at scaling the foreground screen model (dot≈ 1 kpc resolution, begin to show this insensi- ted line) by a factor of 3.8 is able to pretivity of the AV to ΣMd , and we caution against dict the dust mass within a factor of two
using integrated measures to infer global dust for ≈ 70 % of the sample.
properties. However, given our empirical fit, we
find we can successfully estimate the mass of dust within a factor of two for 70 % of all
regions.
Work done in collaboration with Benjamin Johnson (IAP, France), Gonzalo Aniano (IAS,
France) and the Kingfish collaboration.
[1] Kennicutt, R.C., Calzetti, D., Aniano, G., Appleton, P., Armus, L., Beirão, P., Bolatto,
A.D., Br,l, B., Crocker, A., Croxall, K., Dale, D.A., Meyer, J.D., Draine, B.T., Engelbracht,
C.W., Galametz, M., Gordon, K.D., Groves, B., Hao, C.-N., Helou, G., Hinz, J., Hunt, L.K.,
Johnson, B., Koda, J., Krause, O., Leroy, A.K., Li, Y., Meidt, S., Montiel, E., Murphy,
E.J., Rahman, N., Rix, H.-W., Roussel, H., Sandstrom, K., Sauvage, M., Schinnerer, E.,
Skibba, R., Smith, J.D.T., Srinivasan, S., Vigroux, L., Walter, F., Wilson, C.D., Wolfire,
M., Zibetti, S. (2011): Kingfish — Key Insights on Nearby Galaxies: A Far-Infrared
Survey with Herschel: Survey Description and Image Atlas, PASP 123, 1347
[2] Aniano, G., Draine, B. T., Calzetti, D., Dale, D.A., Engelbracht, C.W., Gordon, K.D.,
Hunt, L.K., Kennicutt, R.C., Krause, O., Leroy, A.K., Rix, H.-W., Roussel, H., Sandstrom,
K., Sauvage, M., Walter, F., Armus, L., Bolatto, A.D., Crocker, A., Donovan Meyer, J.,
Galametz, M., Helou, G., Hinz, J., Johnson, B.D., Koda, J., Montiel, E., Murphy, E.J.,
Skibba, R., Smith, J.-D.T., Wolfire, M.G. (2012): Modeling Dust and starlight in galaxies
observed by Spitzer and Herschel: NGC 628 and NGC 6946, ApJ 756, 138
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The CO-to-H2 conversion factor and dust-to-gas
ratio on kiloparsec-scales in nearby galaxies
Karin Sandstrom, Adam Leroy, Fabian Walter

Introduction
Star formation occurs in clouds of molecular gas, the primary constituent of which is
the H2 molecule. For typical molecular cloud conditions, however, the H2 molecule is
undetectable, since its rotational and vibrational lines require high temperatures to excite.
We are therefore forced to use emission from less abundant molecules to trace the presence
of H2 . The most useful of these tracers are the low-J rotational transitions of the carbon
monoxide (12 CO) molecule. These lines are quite bright and can be detected even out
to high redshifts in some cases. We use a “CO-to-H2 conversion factor” (αCO ) to relate
observed CO emission to a molecular gas mass. From observations of the local area of
the Milky Way, the value of αCO for the 12 CO J = (1 − 0) line has been calibrated using
virial masses of molecular clouds, g-ray emission, and several other techniques and the
typical value is αCO = 4.35 M pc−2 (K km s−1 )−1 .

Measuring αCO in Nearby Galaxies

Figure 5.14: Maps of the CO-to-H2 conversion factor (αCO ), its uncertainty (∆αCO ),
and the dust-to-gas ratio in NGC 6946, from left to right. The circles are the centers
of the regions where we have performed the solutions to measure the two quantities. In
NGC 6946, αCO varies substantially over the galaxy, ranging from values similar to the
standard Milky Way value down to an order-of-magnitude lower.
We have developed a new technique to measure αCO in nearby galaxies using dust as a
tracer for the total amount of gas. We assume that the dust-to-gas mass ratio (DGR)
is constant on ≈kiloparsec scales and use new high angular resolution maps of dust and
gas mass surface density to solve for αCO and DGR simultaneously. Such a study is
only possible now due to the availability of high angular resolution maps of the dust
mass surface density from the Herschel key program Kingfish [1], high sensitivity
12
CO J = (2 − 1) maps from the Iram 30 m-telescope large program Heracles (Leroy
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et al. 2009) and H i maps from the Vla Things survey (Walter et al. 2008). Figure 5.14
shows an example of our results for the galaxy NGC 6946. This is the first time that
αCO and DGR have been measured in a large sample of nearby galaxies without making
some assumption about the value of one or the other or dependence of the quantities on
metallicity.
In total, we measured αCO and
DGR in 782 regions across 26
nearby galaxies.
Figure 5.15
shows our αCO measurements as a
function of galactocentric radius.

Implications for tracing
molecular gas in galaxies
Our results reveal that over most
regions of the disks of nearby
galaxies αCO is approximately
constant to within a factor of ≈ 2.
We find an average value of αCO =
3.1 M pc−2 (K km s−1 )−1 , which
is slightly lower than the standard
Milky Way value. Most importantly, as illustrated in Fig. 5.15,
Figure 5.15: (Top) αCO plotted versus galactocentric
we find many galaxies show a drop
radius (r). (Bottom) the same values normalized by
in αCO in their centers. On avereach galaxy’s average αCO . The mean and standard
age, the central αCO is a factor of
deviation of all of the solutions in 0.1 r bins are shown
≈ 3 lower than the rest of the disk,
with black symbols. The solid black line shows αCO for
but it can be lower by up to an orthe Milky Way. The dotted black line shows the averder or magnitude as in NGC 6946.
age value of our measurements. Each galaxy’s radial
These regions typically have high
profile is shown with a colored line.
star formation rates, intense UV
radiation fields and important gas
dynamical effects which may affect conditions in molecular clouds. In order to trace molecular gas across its full range of conditions, we must understand what physical processes
causes αCO to differ in these regions.
Work done in collaboration with Adam Leroy (NRAO), Alberto Bolatto (University of
Maryland) and the KINGFISH (P.I. R. Kennicutt), HERACLES (led by A. Leroy and F.
Walter) and THINGS (P.I. F. Walter) teams.

[1] Kennicutt, R. et al. (2011): Kingfish — Key insights on nearby galaxies: A farinfrared survey with Herschel: Survey description and image atlas, PASP 123,
1347
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5.10 Quantifying the velocity dispersion of the
atomic and molecular phases of the interstellar
medium
Anahi Caldu Primo, Andreas Schruba, Fabian Walter
Gas in the interstellar medium exists in different phases, as a result of complex radiative,
thermal, and kinematic processes. Broadly speaking these phases are the warm ionized
medium (T ≈ 104 K), the hot ionized medium (T ≈ 106 K), the warm neutral medium
(T . 104 K), the cold neutral medium (T & 300 K), and molecular gas (T ≈ 10 K). These
phases are continuously exchanging energy and there are no sharp boundaries between
them. The temperature and density structures vary smoothly throughout the interstellar
medium. A useful method to study the physical properties of the gas is to look at line
emission from the different components of the interstellar medium (ISM).
The velocity dispersion obtained from line emission observations carries information regarding the physical properties of the gas, such as its temperature. Turbulence is an
essential process in controlling the ISM density distribution. The best attempts in quantifying turbulence are done by measuring the excess in the expected thermal velocity
dispersion of the gas. However, due to low spatial resolution and limited sensitivity, extragalactic studies were dominated by measurements of global properties of galaxies, leaving
both the processes driving the turbulence and its effects unresolved. Lately, with improved instrumentation it has been possible to constrain the velocity dispersions in specific
regions of galaxies.

Shifting and stacking spectra
We carried out a comprehensive resolved
study of the velocity dispersion of the
atomic and molecular gas components in
the inner regions (R . R25 )1 of a sample of 13 nearby spiral galaxies with a spatial resolution of ≈ 500 pc. Our analysis
is based on sensitive high resolution data
Figure 5.16: Example of a stacked spec- from the Things (Walter et al. 2008) and
trum inside a star-formation-rate bin of Heracles (Leroy et al. 2009) surveys.
5 × 10−3 M yr−1 kpc−2 in NGC 6946.
To get a high-precision measurement of the
Left: H i spectrum,
Right: CO spectrum.
velocity dispersion we stacked the spectra
The crosses are the measured values. We
over certain regions of the galaxy. We did
performed a simple Gaussian fit to the specthis by first placing the spectra on the same
tra (indicated by the red line) in order to develocity frame in order to remove velocity
termine the velocity dispersion.
shifts due to galactic rotation [1]. We used
the H i first moment map of each galaxy to
estimate the mean velocity. We stacked the spectra using different physical parameters
of the galaxies: galactocentric distance, star formation rate surface density, H i surface
1

R25 is defined by the 25m B-band isophote.
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density, H2 surface density, and total gas surface density. Finally, we quantified the
velocity dispersions fitting a Gaussian to the stacked spectra (Fig. 5.16).

On the ratio of the velocity dispersions
We do not find a strong correlation
between the measured velocity dispersions and the different stacking parameters. However, the ratio σH i /σCO measured in our galaxies is approximately constant with an average value of 1.4 ± 0.3
(Fig. 5.17). This is notable, since individual measurements for σH i and σCO vary by
a factor of ≈ 3. This is a new measurement
which had not been done on a resolved basis before. By assuming the cold neutral
medium behaves qualitatively in the same
way as the molecular gas, and by taking
the difference in quadrature between σHI
and σCO , we find a non-thermal contribumedium velocity
Figure 5.17: Histograms of the σHI /σCO ratio tion for the warm neutral
−1
for each of the stacking parameters. Colors dispersion of ≈ 8 km s , comparable to the
indicate different stacking parameters as in- thermal component.
dicated in the legend at the top right. The
dashed line shows the mean value of the ratio.
Work done in collaboration with Adam Leroy (NRAO, Charlottesville) and Erwin de
Blok (University of Cape Town)

[1] Schruba, A., Leroy, A. K., Walter, F., Bigiel, F., Brinks, El, de Blok, W. J. G.,
Dumas, G., Kramer, C., Rosolowsky, E., Sandstrom, K., Schuster, K., Usero, A.,
Weiss, A. & Wiesemayer, H. (2011): A molecular star formation law in the atomic
gas dominated regime in nearby galaxies, AJ 142, 37
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Testing the radio–IR relation at 500 pc
resolution in NGC 6946

Fatemeh Tabatabaei, Eva Schinnerer, Brent Groves,
Sharon E. Meidt, Oliver Krause, Hans-Walter Rix,
Karin Sandstrom, Kathryn Kreckel

The non-thermal radio emission from nearby galaxies
The relation between radio and far-infrared (farIR) emission is observationally one of
the tightest relations ranging over more than 4 orders of magnitude. The radio-farIR
correlation is naturally explained by the fact that energy input from massive stars, i.e. star
formation, powers both the farIR and radio emission. However, since the farIR emission
can arise from both heating by young massive stars (i.e. “warm” dust) and heating by
the interstellar radiation field (i.e. “cold” dust) reality is more complex. Similarly, the
radio emission consists of at least two main components: free-free emission (of thermal
electrons in H ii regions) and synchrotron emission (arising from cosmic ray electrons,
CREs). While cosmic ray electrons are produced by the end-products of massive stars
(i.e. supernova remnants), magnetic fields present in the galaxies regulate the synchrotron
emission in the interstellar medium (ISM).
For the first time, we present variations in the synchrotron spectral index (i.e., energy index of CREs) and map the magnetic field strengths in NGC 6946. The radio synchrotron–
farIR correlation and its variations are then investigated as a function of star formation
and ISM properties across the galactic disk of NGC 6946 at a resolution of 500 pc combining Herschel/Pacs and Spire imaging at 70 µm, 100 µm, 160 µm, and 250 µm from
the Kingfish project with archival radio imaging at 3.6 cm and 20 cm.

Results — The importance of gas for the radio-farIR relation
We find a flat synchrotron spectrum with an average index of αn = 0.65 ± 0.10 (the
typical spectral index of young CREs) in star forming regions. In these regions, we also
find strong turbulent magnetic fields (> 20 G). A good correspondence holds between the
steep synchrotron emission and the ordered magnetic field traced by linearly polarized
emission. In these regions, the spectral index of αn = 1.0 ± 0.1 indicates that CREs suffer
strong synchrotron losses.
We uncover two physically different regimes for the radio–farIR relation: young star
forming regions and the region dominated by the interstellar radiation field. The radio
synchrotron emission correlates better with the cold dust rather than the warm dust
when the main heating is provided by the interstellar radiation field. In young massive
star forming regions the correlations of the radio emission with the cold and warm dust
are equally good. This can easily be understood: Massive stars heat the warm dust and
synchrotron emission is produced by young cosmic ray electrons (from supernovae) and
an enhanced turbulent magnetic field.
The logarithmic farIR/radio ratio (q) is shown to be positively correlated with both star
formation rate surface density and turbulent magnetic field strength (Fig. 5.18). This
could be explained by a connection between star formation and the turbulent magnetic
field.
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Figure 5.18: Map of the index q
of the synchrotron radio–farIR relation (color) overlaid in contours with
the distribution of the star formation
rate as traced by radio free-free emission ( top), the ordered magnetic field
traced by the linearly polarized intensity (middle) and the turbulent magnetic field ( bottom) for NGC 6946.
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Star formation activities, like supernova and
strong shocks, produce an increased level of turbulence which in turn amplifies the turbulent magnetic fields by a turbulent dynamo mechanism
where the kinetic energy converts to the magnetic
energy. On the other hand, an anti-correlation
holds between q and the ordered magnetic field
strength, caused by the concentration of the ordered field in inter-arm regions where the farIR
emission is weak.
Our results indicate the important role of the ISM
in the propagation of the old CREs on kpc scales.
On sub-kpc scales, however, the cosmic ray electron population is dominated by younger CREs,
which are still close to their production sites in
star-forming complexes. The energy distribution
of these particles are more influenced by the age
and activity of their acceleration sources rather
than the quasi-state ISM condition.
The global radio–farIR correlation is known to be
a tracer of massive star formation. Among the
star-formation-based theories to explain the global
radio–farIR correlation, our local studies support
those theories that consider a coupling between
the magnetic field and gas density, as the radio–
farIR correlation also holds in regions with no
massive star formation, e.g. the inter-arm regions
and outer disk. This shows that a balance between
the gas and magnetic field/CRE pressure is an inevitable condition for the correlation. Apart from
this, the global radio–farIR correlation as a tracer
of star formation still applies as the integrated radio and farIR fluxes are weighted towards the more
luminous regions of galaxies, i.e. the star forming
regions.
Work done in collaboration with Rainer Beck
(MPIfR, Germany) and the Kingfish (Key Insights in Nearby Galaxies: Far-Infrared Survey
with Herschel) team.
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Herschel’s view of dust formation in
supernovae

Oliver Krause, Thomas Henning, Marc-André Besel,
Jeroen Bouwman
The origin of large amounts of dust in quasars at high redshift is a highly debated topic
and poses a challenge to theories of dust formation. Core collapse supernovae are candidate dust producers being compatible with the required rapid dust formation in the early
universe. The youngest galactic supernova remnants are prime candidates to study the
effective yield of supernova dust injection into the interstellar medium. Copious amounts
(M ≈ 3M ) of cold (18 K) dust were reported for the core collapse supernova remnant
Cas A, suggesting strong evidence for efficient dust production in type II supernovae ready
to explain the origin at high-redshifts. We have demonstrated in Krause et al. (2004) that
foreground clouds of interstellar material complicated the interpretation of the observations of Cas A and that most of the detected sub-millimetre emission originates from
interstellar dust in a molecular cloud complex located in the line of sight between the
Earth and Cas A, and is therefore not associated with the remnant.

Figure 5.19: Herschel 70 µm, 100 µm, 160 µm composite image of the Cas A supernova
remnant and its surroundings. The “warm” shock-heated dust within the remnant appears
bluish-white, while the colder interstellar dust glows in red color.
The exquisite spatial resolution of the Herschel space observatory at farIR wavelengths
enabled to study the yield of dust production in young Galactic remnants of both corecollapse and thermonuclear supernovae. Within the Herschel Mess guarantee time key
program we have revisited the dust content of Cas A [1]. We have detected and resolved
for the first time the cool (≈35 K) dust component located within the unshocked ejecta of
Cas A interior to the reverse shock region, with an estimated mass of 0.075M (Fig. 5.19).

Herschel’s view of dust formation in supernovae

129

The results are consistent with our recent theoretical study of dust formation in a strippedenvelope type IIb supernova, which Cas A is a confirmed example of (Krause et al. 2008,
Nozawa et al. 2010). This study suggests that ultimately all of currently detected, newly
synthesized dust within Cas A will undergo destruction by sputtering in the shocks.
We have recently continued our effort to constrain the yield of dust formation in corecollapse supernovae with new Herschel observations of the Crab nebula [2]. In contrast
to the rather rare stripped-envelope Cas A supernova, the Crab nebula originated from a
typical type II core collapse supernova with a thick hydrogen envelope at the time of explosion. The total amount of heavy elements (and therefore the mass available to form dust)
in the Crab ejecta from a (9–12)M progenitor star varies from 0.2M to 0.5M depending on the model. Previous studies of Crab’s dust content using Spitzer space telescope
data out to 70 µm have derived a silicate grain mass of only 2.4 × 10−3 M (T ≈ 55 K) and
3.2 × 10−3 M (T ≈ 60 K) for carbon grains (Temim et al. 2012). Benefiting from both the
excellent spatial resolution and proper spectral sampling of new Herschel observations
(Fig. 5.20) out to a wavelength of 500 µm we have derived new and more reliable values
for the dust content of the Crab nebula, also covering the coolest component. Assuming
standard interstellar silicates, the mass of the cooler component is 0.24 M for T = 28.1 K.
Amorphous carbon grains require 0.11 M of dust with T = 33.8 K. The Crab Nebula has
therefore condensed a significant amount of the relevant refractory elements into dust,
suggesting the formation of dust in core-collapse supernova ejecta is efficient.

Figure 5.20: Left: Optical image of the Crab Nebula obtained with Hst. Right: 70 µm,
100 µm, 160 µm farIR composite image obtained with the Pacs instrument on Herschel.
In collaboration with University College London and the Herschel Mess consortium.

[1] Barlow, M. J., Krause, O., Swinyard, B., et al. (2010): A Herschel Pacs and Spire
study of the dust content of the Cassiopeia A supernova remnant, A&A 518, 138
[2] Gomez, H. L., Krause, O., Barlow, M. J., et al. (2012): A cool dust factory in the
Crab Nebula: A Herschel study of the filaments, ApJ 760, 96
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Abundances of PAHs in the interstellar
medium: Confronting observations with
experimental results

Roland Gredel, Yvain Carpentier, Gaël Rouillé,
Mathias Steglich, Friedrich Huisken, Thomas Henning
The long standing mystery concerning the nature of the carriers of the diffuse interstellar
bands (DIBs) has received considerable and renewed attention in recent years after laboratory spectra of potential candidates have become available. Most scientists in the field
support the general idea that DIBs arise from electronic transitions of gas-phase molecules.
Here we present recent laboratory UV-spectra of various polycyclic aromatic hydrocarbons
(PAHs) and explore the potential of these molecules as carriers of the DIBs. Whereas, in
the nearIR range, the PAHs exhibit vibrational bands that are not molecule-specific, their
electronic transitions occurring in the UV/visual range provide characteristic fingerprints.
The comparison of laboratory spectra calibrated in intensity with high signal-to-noise
observational data in the UV enables us to establish constraints on PAH abundances in
diffuse and translucent molecular clouds.

Laboratory spectroscopy and observations
The confirmation of potential DIB carrier molecules requires laboratory spectra that are
obtained under conditions that match the conditions in interstellar clouds as close as possible. Such conditions — collision-free environments and low temperatures — prevail in the
expansion of supersonic jets of rare gases seeded with the molecule to be studied. In combination with cavity ring-down laser absorption spectroscopy (CRDS), low-temperature
gas phase absorption spectra are obtained, providing accurate absorption wavelengths
and line profiles which can be compared with astrophysical observations.
We have obtained CRDS spectra of anthracene, phenanthrene, pyrene, 2,3-benzofluorene,
and benzo[ghi]perylene. These molecules show prominent absorption features at wavelengths between 3200 Å and 4000 Å. We developed techniques to calibrate the CRDS spectra against matrix and solution spectra and to derive absolute absorption cross sections for
vibronic bands measured in the gas phase. We also searched for hexabenzocoronene, for
which we only have Ne and Ar matrix spectra. We have developed a method to estimate
gas phase transition wavelengths from the matrix spectra.
We have obtained high signal-to-noise ratio (S/N > 100) spectra toward heavily reddened
supergiants in the range 3050 Å – 3850 Å using Uves. The astronomical spectra were
obtained toward early-type supergiants with reddenings up to EB−V = 1m. 6. We also
use the archival Uves spectra obtained under the Uves Paranal Observatory Project
“A library of high-resolution spectra of stars across the Hertzsprung-Russell Diagram”
produced under Eso Director’s Discretionary Time program 266.D-5655(A).

Results
An example of the Uves spectra is shown in Fig. 5.21, which covers the spectral region
where the S1 ← S0 origin band of anthracene occurs, at 3610.74 Å. The stellar spectra
have been rebinned to a wavelength scale where the detected interstellar absorption lines
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(e.g. KI, NaI, CH, CH+ , CN, etc.) appear at an average heliocentric velocity of 0 km/s.
The rebinned spectra allow a direct comparison with the laboratory spectra. This is
done in Fig. 5.21, where the laboratory spectrum of anthracene is represented by the
blue dotted line. Models of stellar atmospheres for the corresponding spectral type of the
programme stars are reproduced by the red lines, respectively.
None of the sought PAHs are detected
in the stellar spectra.
From the upper limits in the equivalent widths, and
the absorption cross sections determined
for the vibronic absorption bands, we are
able to infer upper limits in the abundance of the PAHs investigated here. We
find upper limits in the column densities
of anthracene of (0.8 − 2.8) × 1012 cm−2
and for pyrene and 2,3-benzofluorene
values ranging from (2 − 8) × 1012 cm−2
are inferred. Upper limits in the column densities of benzo[ghi]perylene are
(0.9 − 2.4) × 1013 cm−2 and 1014 cm−2 for
phenanthrene. The measurements indicate fractional abundances of anthracene,
pyrene, and 2,3-benzofluorene of a few
times 10−10 . Upper limits in the fractional abundance of benzo[ghi]perylene of
a few times 10−9 and of phenanthrene of
few times 10−8 are inferred.
Figure 5.21: Comparison between the Uves
The fractional PAH abundance in dense
spectra obtained toward our programme stars
molecular clouds is estimated to be on
and the S1 ← S0 origin band of anthracene
the order of f (PAH) = N (PAH)/N (H) =
measured in our laboratory (plotted as dotted
10−7 , where N (PAH) and N (H) are the colblue curve). Red continuous lines represent
umn densities of the PAH under study and
synthetic stellar spectra.
the total column density of hydrogen, respectively. In the diffuse interstellar material, PAHs are expected to be rapidly destroyed
by the ambient UV radiation. The abundance of neutral PAHs in the translucent clouds
studied here is governed by the balance between photoionization and recombination as
well as electron attachment and photo-detachment. At a reddening above EB−V = 0m. 3,
the fractional abundance of neutral PAHs are expected to exceed the fractional abundance
of positively charged PAHs by about two orders of magnitude.
The fractional abundances of PAHs in these clouds inferred here are up to two orders of
magnitude lower than the previously estimated PAH abundances from theoretical considerations. This indicates that either neutral PAHs are not abundant in translucent
molecular clouds at all, or that a PAH population with a wide variety of molecules is
present.
[1] Gredel, R., Carpentier, Y., & Rouillé, G., Steglich, M., Huisken, F., Henning, Th.
(2011): Abundances of PAHs in the ISM, A&A 530, 26
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Chemical reactions at ultralow temperatures:
The way to molecules and dust in the
interstellar medium

Serge Krasnokutski, Friedrich Huisken, Cornelia Jäger,
Thomas Henning
Considering the high destruction rate of interstellar dust, it is concluded that most of
the interstellar dust grains are formed in the interstellar medium (ISM). Therefore, it is
necessary to study the condensation and growth of grains at low temperature. Liquid
helium droplets provide ultra-low temperature and can absorb reaction energy, allowing
associative reactions A + B → AB, and thus modeling the reactions on the surface of
cold dust particles.
A schematic view of the experimental setup is shown in Fig. 5.22. The helium droplet
beam enters the reaction chamber through the skimmer. Species of the substances, which
are normally solid, are incorporated by passing the helium droplets just above a crucible
where the respective material is evaporated. Species of the gas phase substances are
incorporated by passing the helium droplet beam through a pick-up cell filled with the
respective gas.

Figure 5.22: Schematic view of the helium droplet apparatus consisting of the source
chamber, the main chamber containing two pick-up sources for the incorporation of the
reactants R1 and R2, and the detector chamber with the time of flight and quadrupole
mass spectrometer.
We have developed several techniques to study the chemical reactions between the incorporated reactants. The distribution of the chemiluminescent light intensity along the He
droplet beam allows to estimate the rate of chemical reactions. We found an unexpectedly
fast reaction between Mg and O2 with a first-order reaction rate larger than 5×104 s−1 [1].
The positive peaks in the differential mass spectra obtained with the quadrupole mass
spectrometer reveal new products that are formed in the reaction. Figure 5.23a presents
the differential mass spectrum (Si + O2 ) – Si that shows the effect of oxygen incorporation
into He droplets, which were previously doped with Si atoms. The molecules SiO, SiO2 ,
and SiO3 (the corresponding mass peaks are displayed in green) as well as Si2 O, Si2 O2 ,
and Si2 O3 (dark blue) were identified in the mass spectrum. We suppose that the reaction
between Si atoms and O2 molecules in He droplets follows the two pathways represented
by the equations Si + O2 → SiO + O and Si + O2 + M → SiO2 + M∗ , where M is a third
body to which the excess energy is transferred resulting in an excited species M∗ . The
role of M can be taken over by the dust particles or the He nanodroplet [2].
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The liquid He droplet is an ideal nano-calorimeter. In the case of a chemical reaction,
the released energy is transferred to the He droplet, causing the evaporation of He atoms.
It is possible to quantify the energy released in this reaction by measuring the change of
the He droplet size during the reaction. Such studies have demonstrated that the main
channel of the Al + O2 reaction corresponds to the formation of AlO2 associated with an
energy release of 42 506 cm−1 [3].

Figure 5.23: (a) The differential mass spectrum of the reaction between Si atoms and O2
molecules [2]. (b) Transmission electron micrograph of a SiO grain grown in a He droplet
at 0.37 K. (c) Pile of smaller SiO grains formed on the substrate. (d) Extinction curve of
SiO grains grown at 11 K on a CaF substrate.
Additionally, the products of chemical reactions can be analyzed after the deposition on
the substrate. Figure 5.23b shows a transmission electron microscopy image of the (SiO)n
particles grown after the simultaneous incorporation of Si and H2 O into a helium droplet
and deposited on a carbon film. However, further aggregation on the substrate takes
place as can be seen in Fig. 5.23c. An alternative technique was employed to study the
polymerization of SiO molecules at low temperature. Single SiO molecules were isolated in
a solid Ne matrix. Then neon was slowly evaporated at T = 11 K allowing the previously
isolated molecules to meet together. The formation of dust grains can be observed visually
or by measuring the extinction of the deposited layer, which is shown in Fig. 5.23d.
Our experiments show that Si, Al, and Mg atoms are very reactive at low temperatures.
Most of the studied reactions including these elements do not have an energy barrier in
the entrance channel and therefore should be fast in the low temperature range. We also
show that SiO molecules polymerize barrierless forming dust grains. Our results suggest
that initial formation of silicate dust grains can happen at the low temperature of the
ISM. The formation of the silicate grains in the ISM should be rather fast defined only
by the collision rates.
[1] Krasnokutski, S. A. & Huisken, F. (2010): Ultra-low-temperature reactions of Mg
atoms with O2 molecules in helium droplets, JPCA 114, 7292
[2] Krasnokutski, S. A., & Huisken, F. (2010): Oxidative reactions of silicon atoms and
clusters at ultralow temperature in helium droplets, JPCA 114, 13045
[3] Krasnokutski, S. A., & Huisken, F. (2011): Low-temperature chemistry in helium
droplets: reactions of aluminum atoms with O2 and H2 O, JPCA 115, 7120
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PAHs and the interstellar extinction

Mathias Steglich, Cornelia Jäger, Gaël Rouillé,
Yvain Carpentier, Friedrich Huisken, Thomas Henning

Neutral PAHs
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous in space and are expected to contribute to the interstellar extinction curve. In order to evaluate the possible contribution
of neutral PAHs to the interstellar extinction, we have measured the UV/vis absorption
spectra of mixtures of PAHs [1, 2]. The measurements were completed with theoretical
spectra derived from the results of calculations using the semi-empirical model Zindo.
Primary mixtures were extracted from PAH-rich soots using various solvents. The soots
were synthesized by condensation in the gas phase of the products of the IR laser-induced
pyrolysis of ethylene (C2 H4 ). Using high-performance liquid chromatography, the primary
mixtures were separated in fractions characterized by different size distributions. Spectra were measured for thin films and molecules isolated in cryogenic Ne matrices. The
spectrum obtained for a mixture of large PAHs isolated in Ne is shown in Fig. 5.24.

Figure 5.24: The smooth UV/vis absorption spectrum of a mixture of PAHs containing
more than 32 C atoms and isolated in Ne at 7 K. Peaks are caused by impurities such as
pyrene (1) and phenanthrene (2). A size distribution favoring molecules containing 50 to
60 C atoms would cause a bump near 2175 Å [1].
We have found that the presence of a sufficiently large number of different neutral PAHs
of medium and large sizes can result in a smooth curve with a bump near 2175 Å and
devoid of narrow features at wavelengths longer than 2500 Å. As small PAHs are expected
to be dissociated by the interstellar UV photon flux, only large PAHs should be present
in the interstellar medium. We propose that these large molecules, free flying or possibly
adsorbed on the surface of grains, cause or contribute to the smooth baseline of the
extinction curve and its bump at 2175 Å.

Ionized PAHs
After having studied the contribution of neutral PAHs to the interstellar extinction, we
have evaluated the role played by their ions [3]. For this purpose, we have measured
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the electronic spectra of two medium-sized PAHs and their cations isolated in cryogenic
Ne matrices. Calculations using the density functional theory have been carried out to
obtain data on the anions. The selected molecules were dibenzorubicene (C30 H14 ) and
hexabenzocoronene (C42 H18 ). Measured spectra are shown in Fig. 5.25.

Figure 5.25: The UV/vis absorption spectra of dibenzorubicene, hexabenzocoronene, and
their cations isolated in Ne at 7 K.
Comparing the measured and theoretical spectra with the interstellar extinction curve,
we conclude that, like the neutral PAHs, the ions can contribute to the UV bump at
2175 Å. The presence of ions along the neutral PAHs only increases the variety of species,
in agreement with the smooth baseline of the interstellar extinction curve and its UV
bump.
As a last remark, neither neutral PAHs nor their ions show features that coincide with
the diffuse interstellar bands (see also Sec. 5.13). Thus, it appears unlikely that normal
PAHs and their ions are their carriers. Related species such as polyynyl-substituted PAHs
are more promising in that respect (see Sec. 5.17).
Work done in collaboration with Dr. Hans-Joachim Räder (Max Planck Institute for Polymer Research, Mainz, Germany) and Dr. Jordy Bouwman (Leiden University, Leiden,
The Netherlands and University of California, Berkeley, USA).

[1] Steglich, M., Jäger, C., Rouillé, G., Huisken, F., Mutschke, H. & Henning, Th.
(2010): Electronic spectroscopy of medium-sized polycyclic aromatic hydrocarbons:
Implications for the carriers of the 2175 Å UV bump, ApJ 712, L16
[2] Steglich, M., Carpentier, Y., Jäger, C., Huisken, F., Räder, H.-J. & Henning, Th.
(2012): The smoothness of the interstellar extinction curve in the UV. Comparison
with recent laboratory measurements of PAH mixtures, A&A 540, A110
[3] Steglich, M., Bouwman, J., Huisken, F. & Henning, Th. (2011): Can neutral and
ionized polycyclic aromatic hydrocarbons be carriers of the ultraviolet extinction bump
and the diffuse interstellar bands?, ApJ 742, 2

136

5.16

Interstellar Medium and Laboratory Astrophysics

Silicates under bombardment: Formation of
“GEMS” in the interstellar medium?
Cornelia Jäger, Tolou Sabri, Thomas Henning

Glass with embedded metal and sulfide grains (GEMS) are the most abundant isotopically anomalous grains in interplanetary dust particles, but their pre-solar origin is not
completely proven. It has been proposed that such grains are formed by ion irradiation
processes in the interstellar medium (ISM). Previous experiments with He ions of 50 keV
and Ar ions of 400 keV have demonstrated that ions of this energy range can efficiently
amorphize the interstellar low-temperature silicate grains (Jäger et al. 2003). The process
is accompanied by morphological changes such as the formation of pores.
Different silicates produced by gas-phase condensation technique in our laboratory and
resembling the silicate materials identified in evolved stars has been used to study the formation of GEMS from pre-solar or circum-stellar silicates by ion irradiation (Jäger et al.
2009). Cosmic abundant ions such as H+ and heavier, high energy Ar+ ions have been
applied to simulate the processing of silicate in the interstellar medium. A series of bombardment experiments have been performed by using a two-beam irradiation chamber,
which is coupled to the beam lines of a 400 kV implanter and a 3 MV Tandetron accelerator for in situ ion implantation and Rutherford backscattering spectroscopy (RBS)
(see Fig. 5.26).

Figure 5.26: Rutherford backscattering spectra of amorphous olivine grains before and
after exposure to 90 keV Ar+ and 10 keV H+ ions at a temperature of 16 K.
Amorphous and homogeneous nanometer-sized MgFeSiO4 particles of olivine stoichiometry were irradiated with 90 keV Ar+ ions at 16 K and 300 K, respectively. The study has
been conducted in four steps with a total dose of 1.111 × 1016 Ar+ ions/cm2 . In addition,
the processing of olivine particles by 10 keV protons (total dose of 1 × 1017 H+ ions/cm2 ,
T = 16 K) has been studied. The applied ion fluences correspond to the number of ions
accelerated in one shock wave in the interstellar medium. Between the individual irradiation steps, RBS measurements with 2.5 MeV helium ions were performed. RBS analyses
can be used for the quantitative characterization of the grains’ composition. The RBS
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spectra taken after the individual irradiation steps show the increase of iron with respect
to oxygen, magnesium, and silicon (see Fig. 5.26).
High-resolution transmission electron microscopy (HRTEM) analysis of the irradiated
silicate grains (see Fig. 5.27) reveal the formation of metallic iron inclusions in both
irradiated silicate samples. The formation of iron particles occurs without additional
annealing step. The quantitative energy dispersive X-ray (EDX) analysis confirms the
depletion of oxygen, magnesium, and silicon relative to iron in the remaining Fe-Mg
silicate surrounding the iron inclusions. Consequently, in the silicate matrix, the Mg/Si
ratio is reduced from about 1 to 0.81, while the Fe/Si ratio is more drastically decreased
from 1 to 0.54. The same silicate stoichiometry can be observed in pre-solar GEMS.
The reduction of iron as well as the depletion of Mg and Fe relative to silicon can be
explained with sputtering and additional reduction processes such as 4H+ + 2O2− →
2H2 0 + O2 and 2Fe2+ + 2O2− → 2Fe0 + O2 . The study clearly demonstrates that ioninduced processing of circum-stellar silicates produce GEMS-like silicates, an abundant
material that influenced the planet formation process of our solar system.

Figure 5.27: High-resolution transmission electron micrographs of amorphous olivine-type
silicates irradiated with 10 keV protons. The dark spots represent metallic iron inclusions.
The work has been done in collaboration with Dr. Elke Wendler, Prof. Wolfgang Wesch,
and Prof. Carsten Ronning (Institute of Solid State Physics, FSU Jena, Germany).
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UV/vis spectra of substituted PAHs: Clues as
to the nature of the DIB carriers
Gaël Rouillé, Mathias Steglich, Yvain Carpentier,
Cornelia Jäger, Friedrich Huisken, Thomas Henning

UV/vis spectra of polyynyl-substituted PAHs
Polycyclic aromatic hydrocarbons (PAHs) have been proposed as candidates for the carriers of the diffuse interstellar bands (DIBs). In the context of this hypothesis, we have studied various PAHs, including the large dibenzorubicene (C30 H14 ) [1] (see also Sec. 5.15).
More recently, we measured the UV/vis spectra of polyynyl-substituted PAHs isolated in
cryogenic Ne matrices at 6 K [2]. They were derivatives of anthracene (C14 H10 ), phenanthrene (C14 H10 ), and pyrene (C16 H10 ).
As shown in Fig. 5.28, the electronic spectrum of phenanthrene is significantly modified
upon substitution of a H atom with an ethynyl group (C2 H). First, the electronic transitions are shifted toward longer wavelengths. Second, the relative peak intensity of the
strong β-band is decreased while its profile is broadened. The magnitude of these effects
is larger when replacing the H atom with a butadiynyl chain (C4 H).

Figure 5.28: From top to bottom, UV/vis absorption spectra of phenanthrene, 9ethynylphenanthrene, and 9-butadiynylphenanthrene isolated in Ne at 6 K.
The spectra of anthracene and pyrene were modified in a similar fashion when carrying
out the same substitutions. Thus, the UV/vis spectrum of an unsubstituted PAH usually
exhibits several features with comparable peak intensities, including the strong β-band
at short wavelength. In contrast, the spectrum of a polyynyl-substituted PAH can be
dominated by a single band at a long wavelength.
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The nature of the DIB carriers
To date, the absence of a correlation between individual DIBs leads to the conclusion that
a different carrier can be attributed to each of them. Moreover, the DIBs do not correlate
with the UV extinction bump at 2175 Å. Consequently, the spectrum of a DIB carrier
consists of a single prominent band arising between 4000 and 20 000 Å. Its other features
must have much weaker peak intensities and possibly broader profiles, which prevent
their detection. Thus, polyynyl-substituted PAHs are better candidates for the DIB
carriers than their unsubstituted parents, which nonetheless contribute to the interstellar
extinction (see Sec. 5.13 and Sec. 5.15).

Figure 5.29: Life cycle proposed for the DIB carriers.
The relatively small number of strong DIBs indicates a very selective mechanism for
the formation of their carriers. In Fig. 5.29, we propose that the carriers are obtained
by successive additions of C2 H groups to a molecular hydrocarbon precursor. A first
aromatic cycle is formed and more follow until a DIB carrier is obtained. As the C2 H
radical is abundant in space and its reaction with an aromatic cycle is expected to be
barrierless, this process can take place at the low temperatures of the diffuse interstellar
medium. Selection is governed by the parameters of the chemical reactions and by the
photostability of the intermediate species.
Work done in collaboration with Prof. Hans-Joachim Knölker (Technical University Dresden, Dresden, Germany).

[1] Rouillé, G., Steglich, M., Jäger, C., Huisken, F., Henning, Th., Theumer, G., Bauer,
I. & Knölker, H.-J. (2011): Spectroscopy of dibenzorubicene: Experimental data for
a search in interstellar spectra, ChemPhysChem 12, 2131
[2] Rouillé, G., Steglich, M., Carpentier, Y., Jäger, C., Huisken, F., Henning, Th., Czerwonka, R., Theumer, G., Börger, C., Bauer, I. & Knölker, H.-J. (2012): On the relevance of polyynyl-substituted polycyclic aromatic hydrocarbons to astrophysics, ApJ
752, 25
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The opacity for coagulated dust in molecular
clouds
Chris Ormel

Dust coagulation in clouds
The observed features of interstellar dust are often used as a proxy for the evolutionary
state of clouds. In particular, they are used as tracer for mass. But to interpret these
observations, reliable opacities are needed. However, the dust opacity in dense clouds
is expected to evolve. Firstly, when sufficiently cold, grains in dense clouds will acquire
ice mantles. Since ice has a very different optical constant compared to “bare” silicate
and graphite grains, this will change their opacity. Secondly and more dramatically, the
density of grains in clouds is large enough for them to collide (“grain growth”). These
processes have the potential to significantly alter the dust opacity κ of clouds.
In a previous work (Ormel et al. 2009) we conducted state-of-the art dust coagulation
models that computed the size distribution of the grains as a function of time and gas
density of the cloud. We took, for the first time, full account of the evolving internal
structure of the particles. Dust grains coagulate into very open, loosely bound clusters.
But collisions among these aggregates can also result in compression or fragmentation,
thereby replenishing smaller grains. The collision outcome also depends sensitively on
material properties: Icy grains are much stickier and more difficult to destroy. In Ormel
et al. (2009) we find that bare grains quickly lead to a steady-state state size distribution
where dust fragmentation balances dust coagulation. On the other hand, coagulation
driven by ice-coated grains produce, in due time, ≈ 100 µm-size aggregates.

Calculations
We used the effective medium theory
(Bruggeman rule) and Mie theory to calculate the opacity of the evolved aggregate
size distribution. To investigate the (uncertain) behavior of the coagulation process in clouds, we considered two different modes how the grains cluster into aggregates, see Fig. 5.30. In this way, we
constructed four models for the composition of the aggregates, and separately calculated their opacities (see Fig. 5.31). For Figure 5.30: Two different mixing types. In
example, the (sil,gra) panel (A) cor- type-I the composition of each aggregate is
responds to the opacity of silicate and homogeneous, while type-II mixes different
graphite grains that are well mixed within grains within an aggregate.
the aggregates. These bare grains quickly
establish a steady-state (coagulation balances fragmentation) and the impact of coagulation is limited. In panels (B) and (C) an additional ice-coating is applied. These grains
are much stickier and (if time allows) coagulate into aggregates of ≈ 100 µm. As a result the opacity at short wavelength decreases and that at longer wavelengths is strongly
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Figure 5.31: Dust opacity (ordinate: extinction per gram dust) as function of wavelength
(abscissa) and of time (curves) for 4 different aggregate configuration (panels). The lower
thin solid curve shows the shape of the diffuse ISM extinction law.
boosted. In panel (D), finally, we consider a model where the silicates form ice mantles
and do strongly coagulate, while the graphite grains do not.

Implications
Using our calculations, we have attempted to explain the observed deficit of the silicate
9.7 µm feature against the nearIR color excess as reported in the literature. This trend
could only be (partially) matched by model (D), but this requires a spatial separation
of silicate and graphite material, which seems improbable. However, our calculations
already imply that ice-condensation and mixing of grains within aggregates will result in
a noticeable scatter in opacity, roughly in agreement with the observed trends.
Our calculations have implications as well for the interpretation of sub-mm data. For
example, we found that the sub-mm emissivity index β could become steeper than 2,
in agreement with recent Herschel studies. Our calculations also agree with recent
observational studies that measure the ratio between opacities in the sub-mm and the
nearIR. Rather than focusing on a single wavelength domain, such a multi-wavelength
approach is the most promising way to constrain the nature of processed dust in clouds
and of theoretical models of dust coagulation.
Work done in collaboration with Michiel Min, Carsten Dominik, Dominik Paszun (University of Amsterdam, The Netherlands), and Xander Tielens (University of Leiden, The
Netherlands).
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Studies of interstellar dust composition using
supernova light echoes
Oliver Krause, Frédéric Vogt, Marc-André Besel,
Cornelis Dullemond

The discovery and study of light echoes from historic galactic supernovae has enabled a
new technique to accurately determine the spectral types and properties of the most recent
supernovae in our Galaxy a few hundred years after their explosion (Krause et al. 2008).
Light echoes refer to light emitted by a bright source, such as a supernova, which is
scattered by dust located off the direct line of sight. The additional path length from the
supernova to the dust cloud and then to the Earth induces the time delay of the echo.
Due to their high initial brightness light echoes from Tycho and Cas A supernovae of the
years 1572 and 1680, respectively, can probe today the interstellar medium at distances of
a few hundred light years away from the explosion, undisturbed by the immediate circumstellar environment of the progenitor star. Since the echoing dust grains illuminated by
the supernova outburst are located on an ellipsoid with the source and Earth at its two
foci, their 3-dimensional location in space is unambiguous. Continued imaging of light
echoes therefore provides a unique opportunity to map the true 3-dimensional distribution
of the interstellar medium and is the only method available in astronomy to do that with
high spatial resolution when compared to the accuracy of kinematic distance estimates
from radio observations.
Moreover, because the initial illuminating spectrum from the supernova is known, light
echoes provide a unique setup to study the composition of interstellar dust and underlying processes of non-equilibrium photo-chemistry when dust grains are subjected to the
intense UV-optical-burst of a supernova. This experiment is in particular interesting for
the case of Cas A which has been demonstrated to be the remains of a stripped-envelope
type IIb core collapse from a red supergiant progenitor with an initial mass in the range
of (15–25) M which might have lost much of its hydrogen envelope due to a binary
interaction (Krause et al. 2008).
The Cas A supernova was very similar to the extraordinarily well observed and prototypical type IIb supernova 1993J in the nearby galaxy M 81, providing accurate input spectra
for our modeling of the thermal emission of the dust. We have obtained a (5–35) µm
spectrum using the spectrograph Irs aboard the Spitzer space telescope and Mips photometric measurements of an infrared echo region around the Cas A supernova. Using
simulations of an interstellar dust mix containing carbon and silicate quantum-heated
and thermal grain as well as PAHs, we can, to a large extent, reproduce the recorded
infrared echo spectrum.
Specifically, we find that the infrared echo spectrum can be described as the thermal
signature from a UV and an optical component [1]. Those UV and optical component
characteristics correspond to the values of the type IIb supernova 1993J. Their respective
contributions in our best fit to the echo total luminosity are ≈83 % and ≈17 % (in the range
5 µm–38 µm). The influence of the optically heated dust becomes more important than
UV-heated dust above ≈50 µm. Especially, the presence of the optical component in our
heating spectrum is consistent with the 70 µm photometric measurement of the recorded
echo. The spectrum below 15 µm is better reproduced when removing artificially small
PAHs with less than 80 carbon atoms, and by removing 50 % of PAHs with 80–300 carbon
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atoms. Moreover, the especially weak 11 µm complex of PAH features in the recorded echo
spectrum can be reproduced when introducing 80 % of dehydrogenation for all PAHs in
our simulation.
Our best-fit simulation implies a lower limit for the density of 679 H cm−3 for this echo
region. The removal of small PAHs is consistent with a simple and rather conservative
theoretical model of PAHs destruction via photodissociation assuming the considered UV
burst radiation field. The strong dehydrogenation ratio of PAHs, as compared to the
amount of PAHs destruction, is also consistent with this picture, where PAHs tend to lose
hydrogen atoms first. In the future, a more careful modeling of PAHs destruction and
dehydrogenation as compared to the one adopted here could lead to an even better fit to
the recorded infrared echo spectrum. The relatively weak (5–9) µm PAH complex, where
our simulations differ from the recorded echo spectrum by a factor of ≈250 %, remains to
be explained.
The approach adopted in this pilot study has further potential to the study cold and
faint (small-scale) structures in the interstellar medium being strongly processed over a
very short period of time. Such interstellar clouds, potentially being initially pristine,
undisturbed, and located away from any altering radiation sources, can provide unique
insights in the physics of the interstellar medium. Recently, we have also continued our
search for new and more distant light echo regions around Cas A using data from the
Wise survey [2].

Figure 5.32: Echo spectrum in comparison with the recorded Spitzer Irs (red) spectrum
and associated synthetic photometric points (black rhombuses). The white squares correspond to Mips 24 µm and 70 µm photometric measurements (rhombuses). The dashed
and dotted lines correspond to the individual emission from UV-heated and optically heated
dust, respectively. PAHs are assumed to be dehydrogenated at a level of 80 %. Dehydrogenation might be a key factor able to explain the very weak 11µm PAH complex.
[1] Vogt, F., Besel, M.-A., Krause, O. & Dullemond, C.P. (2012): Probing interstellar
dust with infrared echoes from the Cas A supernova, ApJ 750, 155
[2] Besel, M.-A. & Krause, O. (2012): Observations of infrared echoes around Cassiopeia A
with Wise, A&A 541, 3
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Relating turbulence in molecular clouds with
density.

Jouni Kainulainen, Henrik Beuther, Thomas Henning

Origin of density fluctuations in molecular clouds
Measuring the relationship between the density structure and dynamics of the interstellar
medium is of crucial importance for our attempts to formulate global star formation laws.
In the current understanding, the density structure of molecular clouds is heavily affected
by supersonic turbulent motions in the clouds. These random motions generate density
fluctuations that can further develop toward gravitational collapse and star formation.
In the analytical models of turbulent media, the most important parameter that determines the occurrence of density fluctuations is the total turbulent energy. Schematically,
higher turbulence energy is expected to induce stronger density fluctuations (higher density variance) in the clouds. Therefore, measuring observationally how strong the coupling
between the turbulence energy and density variance is provides a fundamental constraint
for all analytic theories of turbulence-regulated star formation.

A new view toward infrared dark clouds
Unfortunately, measuring the relationship between turbulent energy and density variance
is observationally very challenging. In order to estimate the total density variance in
molecular clouds it is necessary to probe, in a uniformly defined manner, their density
structure from low-column density cloud envelopes up to star-forming dense cores. Also,
the observations need to reach relatively high (sub-Jeans scale) spatial resolution. This
has not been possible with the observational techniques available so far.

Figure 5.33: High-dynamic-range column density map of the infrared dark cloud
G11.11−0.12 (d ≈ 4 kpc), derived using a novel nearIR and midIR technique [1, 2].
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With the goal of improving our understanding of the density structure of molecular clouds,
we have developed a new, powerful column density mapping technique that combines
nearIR and midIR data [1, 2]. The technique is based, on the one hand, on measuring light
from the stars that shine through the clouds in nearIR. On the other hand, the technique
also takes the advantage of the attenuation effect of dust clouds on the Galactic midIR
background radiation. By combining observations of these two effects, it is possible to
estimate column densities through molecular clouds at high spatial resolution of 200 over
a wide dynamic range of column densities, N (H2 ) ≈ (1 − 100) × 1021 cm−2 . Figure 5.33
shows an example of the resulting data.
The high-dynamic-range data resulting from the new technique are relevant for numerous
scientific applications. We are currently using high-dynamic-range column density data in
studies of, e.g., high-mass protostellar cores, connection of dense cores to their envelopes,
formation of filamentary clouds, and also to estimate distances to molecular clouds.

First results: relationship between turbulence and density
We used the high-dynamic-range column density mapping technique to examine the relationship between turbulent energy and density variance in a demonstrative sample of
infrared dark clouds [1]. As the most important result, we presented a tentative detection
of the correlation between the turbulent energy and density variance (see Fig. 5.34).
This detection was the first direct observational detection of the correlation. Our results imply a relatively
shallow dependence of the density
fluctuations with the turbulence energy. This result can immediately
be adopted by analytic star formation theories, and from therein, used
to predict star formation rates and efficiencies in the interstellar medium.
infrared dark clouds
nearby clouds
Also, the correlation coefficient we derive is a measure of the type of turbulence, and can be used to differentiate
whether compressive forces dominate
the structure formation in the clouds.
Figure 5.34: The relationship between turbulence
In our work, we also found out that
energy (sonic Mach number) and density variance
massive infrared dark clouds harbor
in a sample of molecular clouds [1].
relatively high amounts of dense gas,
suggesting that they may be already forming a significant amount of low-mass stars, or
that their star-forming rates can be relatively high once the star formation in them begins.
Work done in collaboration with Joao Alves (University of Vienna) and Jonathan C. Tan
(University of Florida).

[1] Kainulainen, J. & Tan, J.C. (2012): High-dynamic-range extinction mapping of infrared dark clouds: Dependence of density fluctuations with sonic Mach number in
molecular clouds, A&A in press, arXiv:1210.8130
[2] Kainulainen, J., Alves, J., Beuther, H. & Henning, T. (2011): Mass reservoirs surrounding massive infrared dark clouds: A view by dust extinction, A&A 536, 48
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Large Magellanic Cloud as a probe of stardust
properties at low metallicities
Svitlana Zhukovska, Thomas Henning

Dust origin at subsolar metallicity
Low and intermediate mass stars during the Asymptotic Giant Branch (AGB) stage of
their evolution were believed to be a dominant source of dust production. Recently, models
of individual evolution of grains with different origins showed that stars contribute less
than 10 % to the current dust budget of the Milky Way, while the main source of dust
formation is dust growth by mantle accretion in the dense interstellar medium (ISM).
However, this process dominates dust production only when metallicity in the ISM exceeds
some critical value Zcrit of a few 10−3 (Zhukovska et al. 2008). The key question is “What
is the role of stars in dust production at subsolar metallicities?”

Model of stardust life-cycle in the Large Magellanic Cloud
The Large Magellanic Cloud (LMC) is an ideal local laboratory to investigate dust input
from stars at subsolar metallicities with evolutionary dust models. It is the first galaxy,
for which the dust production rate by stars was measured for the entire galaxy (Matsuura
et al. 2009). This can be used to constrain the dust model at present time. We employ
a recent reconstruction of the star formation history and observed age–metallicity relation for the LMC together with theoretical models for dust condensation in AGB stars
stars (Zhukovska et al. 2008) to construct a model of formation and survival of stardust
grains in the LMC. We apply the method, which was proposed and tested for the solar
neighbourhood (Gail et al. 2009).
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Figure 5.35: Time evolution of dust production rates from AGB stars and SNe (left) and
accumulated dust mass from AGB stars (right) that was calculated with and without dust
destruction in the ISM of the LMC (solid and dashed lines, respectively). For comparison
we also show the existing dust mass in the LMC (filled circle) and the global dust production
rate from evolved stars from observations (Matsuura et al. 2009).
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Global dust input from AGB stars
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Variations of dust production rates by AGB
stars over the LMC evolution from our model
calculations are shown in Fig. 5.35. It also includes the dust input from supernovae (SNe),
which was calculated with dust condensation efficiencies derived in our earlier study
(Zhukovska et al. 2008). We found that carbon grains from AGB stars are the dominant
stardust species over the entire LMC evolution
except the first 200 Myr, during which carbon
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Figure 5.36: Probability density that an
AGB star of initial mass M and metallicity Z contributes to the current carbon and silicate stardust populations in
the LMC.
with a significant contribution from low

Accumulation of stardust grains
Efficient dust destruction in the ISM on the time scale of . 1 Gyr prevents grains from
accumulation over the LMC evolution. The calculations of the grain life-cycle including
dust destruction result in the total mass of carbon dust which survived until the present
day of only 8.3 · 104 M . An estimate of the upper limit for contribution from AGB stars
to the current dust budget without dust destruction yields the total mass of carbon, the
dominant stardust species, of 5.3 · 105 M , which is about two times smaller than the
current interstellar dust mass (Fig. 5.35). Thus, even without including any destruction
processes which stardust grains unavoidably suffer in the ISM there is a large discrepancy
between dust input from AGB stars and existing dust mass in the ISM of the LMC. Our
main conclusion is that the dust growth by mantle accretion in the dense clouds, a major
dust source in the solar neighbourhood, is also important at sub-solar metallicities of the
LMC.
Work done in collaboration with Hans-Peter Gail (ITA, Heidelberg).
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Solving mysteries by sheer size: Deuterium
chemistry with large chemical networks

Tobias Albertsson, Dmitry Semenov, Thomas Henning
Molecules are an important tool for constraining physical properties in astrophysical environments throughout the universe. The molecules form and evolve under conditions that
cannot be completely reproduced on Earth, and its study is essential to understand the
physical and chemical processes involved in the formation of stars, planets and eventually life. In particular, study of deuterium chemistry has proven useful to constrain such
properties of the interstellar medium (ISM) and protoplanetary disks such as ionization
fraction, density and thermal history. Being of relatively low abundance with respect
to their major isotopologues, the majority of key deuterated species remained elusive so
far. However, with the forthcoming Atacama Large Millimeter Array (Alma),
we will be able to discover multitudes of new molecules, including deuterated species, in
the local ISM, the Milky Way, and other galaxies. The analysis of these new vast data
requires an elaborate model of deuterium fractionation. Therefore, we have constructed
a new up-to-date network with the largest collection of deuterium chemistry reactions to
date. The network was thoroughly benchmarked with previous studies and by applying
it to explain observed D/H ratios in dense ISM.

Chemical study
As a first step towards creating a consistent deuterium network, we undertook a thorough
search in the literature for updates to the reaction rates of the original non-deuterated
network. We utilized the latest osu.2009 gas-phase chemical network and incorporated
all published essential updates as of May 2012, including all primal isotope exchange
+
+
reactions for H+
3 as well as CH2 D and C2 HD , as well as those reported in the KInetic
Database for Astrochemistry (Kida).
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For the rest of hydrogen-containing reactions,
we applied a cloning routine, assuming statistical equilibrium for those reactions where the
position of D is ambiguous (Albertsson et al.
2012, in preparation). The resulting chemical network consists of & 50 000 reactions con> 1 900 species, to our knowledge
nected by ∼
the most extended network for deuterium chemistry to date.

We adapted our chemical code Alchemic [1] to
this large network, and calculated chemical evo4
DCOOH/HCOOH
lution for 1 Myr under dense ISM conditions:
temperatures between 10 K and 150 K and den10
100 sities between 103 cm−3 and 1010 cm−3 . As iniT, K
tial abundances, we consider the “low metal”
Figure 5.37: Distribution of logarith- abundances or molecular abundances at 1 Myr
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acid as a function of temperature and density. Both species show a steady decrease
in D/H ratios as a function of temperature, from high ratios of ≈ 10−1 − 100 at low
temperatures, and decreasing towards ≈ 10−4 − 10−5 .

Our model successfully reproduces observed D/H ratios for these species, as well as for
many other molecules including water, methanol, ammonia and many hydrocarbons, in
the ISM. Our results show good agreement with previous theoretical studies, which have
shown difficulties in explaining the observations of DCO+ , HDCO, and D2 CO, while our
model shows good qualitative agreement for these species. Also, we list most abundant,
yet undetected deuterated species with non-zero dipole moments in various phases of the
ISM.

Sensitivity analysis
One of the major issues with current astrochemical models is the general lack of highly
accurately measured rate constants (say, with an accuracy of . 25 %). To quantify uncertainties in the resulting abundances due to this deficiency, we applied a sensitivity
analysis to our gas-phase reactions in our deuterium model. By adjusting rate coefficients within their estimated uncertainties iteratively, we explore how these uncertainties
propagate throughout the chemical evolution. Two separate environments with rich deuterium chemistry were chosen for this study: (1) representing pre-stellar cores (T = 10 K,
nH = 104 cm−3 ) and (2) infrared dark clouds (T = 25 K, nH = 105 cm−3 ).
More generally, we find that uncertainties in the calculated abundances at a 1σ (68.3 %)
confidence level are a factor of 1.25–5 for species made of . 3 atoms, a factor of 3–10 for
species made of 4–8 atoms, and larger for bigger molecules. The abundance uncertainties of deuterated species are comparable to their un-deuterated analogues, for the most
common species a factor of < 2. Uncertainties of D/H ratios show only small variations
with size of the species, and are generally about half a magnitude, but can vary between
a factor of 2 and 10.
Work done in collaboration with A. Vasyunin and E. Herbst (Department of Chemistry,
University of Virginia, Charlottesville, USA).

[1] Semenov, D., Hersant, F., Wakelam, V., et al. (2010): Chemistry in disks. IV.
Benchmarking gas-grain chemical models with surface reactions, A&A 522, 42

150

Interstellar Medium and Laboratory Astrophysics

5.23

H+
3 spectroscopy and the ionization rate of
molecular hydrogen in the central parsec of
the Galaxy
Miwa Goto & Thomas Henning

New role of cosmic ray ionization
Ionization of hydrogen has diverse influence on the chemistry and the physics of the
interstellar medium. Ionization is a significant heat source of the interstellar medium
through the secondary electrons that eventually lose their kinetic energy to the gas. Once
the gas is ionized, the motion of the gas is restricted by the magnetic fields. The ionization
fraction of the gas changes the timescale of cloud collapse, hence the formation of a
star. Ion-neutral reaction that proceeds with large Langevin rate is the main propeller
of the interstellar chemistry, since the neutral-neutral reaction has a reaction barrier and
consequently is prohibitively slow in the low-temperature interstellar space.
Recently, a new role is added to cosmic ray ionization as a test laboratory of high-energy
g-ray production. The observing technique in g-ray astronomy currently witnesses rapid
progress to higher angular resolution and better sensitivity. New classes of emission
sources are added every year (e.g., Aharonian 2007). The most common formation mechanism of the high energy g-ray photons (E > 1 TeV) is a pion decay following protonproton scattering (e.g., Aharonian & Neronov 2005). The relativistic protons required
to produce the g-rays inevitably increases the cosmic ray ionization rate in nearby dense
clouds, i.e., of molecular hydrogen. In other words, a molecular cloud is a natural detector of relativistic particles, and the cosmic ray ionization rate of H2 (= ζ2 ) is the ruler to
measure the impact.

Observing ζ2 by H+
3 spectroscopy
H+
3 is the most reliable chemical probe of the cosmic ray ionization rate, simply because
the number of reactions involved is minimum. H+
3 is actually the first stable molecule (ion)
that forms after the ionization of H2 . Once H2 is ionized, a fast reaction with another
+
molecular hydrogen follows. The reaction H+
2 + H2 → H3 + H is so fast compared to
the other competing processes that practically every H+
2 produced by a cosmic ray hit
+
eventually turns into H+
.
The
H
formation
rate
is
therefore
directly proportional to the
3
3
cosmic ray ionization rate, i.e., ∝ n(H2 ) ζ2 .
The Galactic center is very energetic and very molecular at the same time. It is an
excellent laboratory to look for evidence of the direct influence of the particle accelerator
to the local cosmic ray ionization rate. Our group has been engaged in a long-term
effort to measure ζ2 toward the Galactic center, using Subaru/Ircs and the Crires
spectrograph at the Vlt (Goto et al. 2002, Oka et al. 2005, and Goto et al. 2008). The
high column density of H+
3 we have detected along the line of sight to GCIRS 3 in the
central cluster yields the lower limit of ζ2 > 1.2 × 10−15 s−1 .
On the other hand, ζ2 can be calculated from the cosmic ray proton spectrum directly.
Chernyakova et al. (2011) constructed a proton injection model to reproduce the g-ray
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spectra of H.E.S.S. J 1745−290, a point-like g-ray source recently discovered by Aharonian et al. (2004), and localized within a few arcminutes of Sgr A* subsequently. The
proton flux required to produce the observed flux of g-ray emission is 8 × 104 particles cm−2 s−1 str−1 (GeV/Nucleon)−1 at 1 GeV. To compare, the standard proton flux in
the Galactic disk is 0.2 particles cm−2 s−1 str−1 (GeV/nucleon)−1 at the same energy (e.g.,
Indriolo et al. 2009). The ionization cross section of H2 is well understood, theoretically,
and experimentally (e.g., Bethe 1933, in Handbuch der Physik). There is not much room
to play. The cosmic ray ionization rate is therefore virtually solely dependent on the
proton spectrum, Jp (E). If Jp (E) scales up by 4 × 105 times from the Galactic standard,
ζ2 becomes larger as much. Such a large ζ2 has never been observed to date even in the
Galactic center.
At the time that higher ζ2 in diffuse clouds (ζ2 = 4 × 10−16 s−1 ) was proposed based on
H+
3 spectroscopy (e.g., McCall et al. 2002, and Indriolo et al. 2012), we had a hard time to
adopt it, since it is one order of magnitude larger than the early indirect measurements
starting from 1960s that all pointed to (1–10)×10−17 s−1 (e.g., Spitzer & Tomasko 1968,
Black & Dalgarno 1997, van Dishoek & Black 1986). We now face a new challenge —
why are the cosmic ray ionization rates everywhere so low ? Why have we never observed
ζ2 > 1 × 10−12 s−1 , albeit only in limited line of sights?

Figure 5.38: A compact clump in the high density tracer HCN J =4-3 by Montero-Castaño
et al. (2009) along the line of sight to GCIRS 3, the likely source of the warm and dense
gas found in H+
3 spectroscopy.
Work done in collaboration with Tom Geballe (Gemini Observatory), Nick Indriolo (Johns
Hopkins University), Tomo Usuda (Subaru Telescope), and Takeshi Oka (University of
Chicago).
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The starburst galaxy NGC 2146 seen by Hst.
For details see Sec. 6.6
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Estimating stellar atmospheric parameters from
Gaia low-resolution spectroscopy
René Andrae, Chao Liu, Coryn Bailer-Jones

Gaia data products
The Gaia satellite is an Esa space mission due for launch in October 2013. Its principal
objective is to compile a census of 109 stars in the Milky Way Galaxy, from which accurate
parallaxes and proper motions are derived, down to 20th magnitude. Apart from position
measurements, the Gaia satellite also measures low-resolution optical spectra for all
sources, plus high-resolution spectra for the bright sources only.
We are developing a scientific software package as part of the Gaia data reduction
pipeline, the goal of which is to estimate stellar atmospheric parameters (effective temperature, line-of-sight extinction, surface gravity, and metallicity) from the low-resolution
optical spectra. Our results will be published as part of the Gaia catalogue and will form
the basis of many subsequent studies, e.g., using our results for their own data selection,
model initialisation, or inference.

Methodology
The parameter estimation employs state-of-the art machine-learning algorithms. Given
the sheer amount of data, there are practical constraints, e.g., computer memory and
CPU time, that have to be taken into consideration.
Our approach is based on synthetic stellar spectra,
which have been processed to simulate the Gaia
observation. As the simulation of synthetic stellar
spectra is a time-consuming task, it is impossible
to generate models for any possible combination of
model parameters that may be requested by a fit
algorithm. Instead, we have obtained a “grid” of
synthetic spectra covering the reasonable range of
atmospheric parameters. Intermediate points can
then be estimated by means of interpolation during
the fitting process.
As a first step, incoming spectra are analysed using
a regression support-vector machine, which is very
fast and efficient. This algorithm provides reasonably good estimates of all atmospheric parameter
values but it does not provide uncertainty estimates.
Therefore, this algorithm is mostly used to provide
the initialisation of a second method.

Figure 6.1: Hertzsprung-Russell diagram used as prior distribution.
The probability density is on logarithmic scale.

The second step is to actually fit the synthetic grid to the observed spectra in a Bayesian
framework. We employ a Markov-chain Monte-Carlo algorithm in order to explore the
posterior manifold and to enable us to perform parameter estimation, error estimation,
and marginalisation. Evaluation of the likelihood is numerically highly expensive and it is
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crucial to employ a fast interpolation method over the grid of synthetic spectra in order to
meet the practical constraint on computation time. We employ the Hertzsprung-Russell
diagram as shown in Fig. 6.1 as an astrophysically well motivated prior distribution on
the stellar atmospheric parameters [1].

Results
Preliminary results on simulated data have already been published [2]. Figure 6.2 presents
improved results. At an apparent G-band magnitude of 15, we obtain reliable estimates
of effective temperature and extinction, meeting the accuracy goals specified by the Gaia
project. In fact, there appears to be a small bias leading to a systematic overestimation
of extinction by 0m. 2. So far, estimates of surface gravity and metallicity are reliable for
a wide range of effective temperatures but only for low extinction values.

Figure 6.2: Performance of parameter estimation at magnitude G = 15 for effective temperature, Tef f , line-of-sight extinction, A0 , surface gravity, log g, and metallicity [Fe/H].
Top panels show estimated vs. true values. Bottom panels show residuals vs. true values.
We also quote the rms errors. The forward model used a thin-plate spline in order to
interpolate over the grid of synthetic spectra.

Conclusions
The results shown in Fig. 6.2 allow us a first glimpse on the scientific performance that
we can expect from our scientific software package. These results are promising, though
there is room for improvements. In particular, understanding and removing the bias in
extinction estimates should also lead to a noticeable improvement of estimates of surface
gravity and metallicity, since the extinction parameter has a strong impact on the model
spectra. The next step is to assess our algorithm’s performance on less idealised data,
e.g., data with missing pixels, contamination from other sources, or stars whose spectra
exhibit intrinsic time variability. Furthermore, we may consider to improve the resolution
of the grid of synthetic spectra and extend it to additional astrophysical parameters.
[1] Bailer-Jones, C.A.L. (2011): Bayesian inference of stellar parameters and interstellar
extinction using parallaxes and multiband photometry, MNRAS 411, 435
[2] Liu, C. & Bailer-Jones, C.A.L. (2012): The expected performance of stellar
parametrization with Gaia spectrophotometry, MNRAS 426, 2463
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Gas density structure varies with environment

Annie Hughes, Dario Colombo, Sharon Meidt, Eva Schinnerer

What determines the density structure of galactic gas disks?
The hierarchical density structure of (cold) gas in galactic disks presumably results from
the action of various stochastic, non-linear processes; in this case, the density probability
distribution functions (PDFs) should evolve towards a log-normal (LN) shape by the
central limit theorem. The robustness of this numerical result has prompted several
authors to explore whether there is a connection between the shape of the PDF and
the observed (basically) linear correlation between the molecular gas and star formation
rate surface densities. Yet observational support for a universal LN density PDF in real
galactic disks remains scarce. PDF shapes could be affected by gas self-gravity, star
formation feedback or gas flow in different parts of a galactic disk, which in turn might
influence the ability of the molecular gas to form stars. We have analyzed the PDFs of
CO integrated intensity and CO brightness within M 51 (Hughes et al. 2012, submitted),
using our new ≈100 resolution data of M 51’s inner disk from Paws (see Sec. 8.7).
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Figure 6.3: The I(CO) PDFs for different regions within the Paws field. The grey shaded
region represents values beneath our nominal 3σrms sensitivity limit of 10.5 K km s−1 . The
best-fitting log-normal function is indicated by a dashed red√line. The vertical error bars
represent the uncertainty associated with simple counting ( N ) errors.

Results: Variations with galactic environment
The PDF for the entire Paws field is approximately log-normal (Fig. 6.3[a]), but there
are significant variations in the shape of the PDF between the different kinematically
distinct M 51 environments. Regions of high CO brightness (and high gas column density)
develop within the inner spiral arms and in the molecular ring where gas flows converge
and shear is low. The PDFs of both these environments are broad. While this is consistent
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with simulations indicating that the width
of the PDF depends on the average gas
surface density, their truncation is not
(Fig. 6.3[b,d]). The PDFs in M 51’s interarm region, a zone of lower mass surface
density, but higher shear (Fig. 6.3[e,f]), are
narrower, and tend towards a more characteristic LN shape. The second spiral
arm pattern (Fig. 6.3[c]) is intermediate between these two extremes, with a relatively
broad but roughly LN PDF.

Relationship to molecular
clouds and star formation
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1
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ters (Fig. 6.4[a,b]), a greater number surFigure 6.4: Properties of the GMC and young face density of GMCs and young clusstellar cluster populations compared to the ters (Fig. 6.4[c,d]), a higher average surface
shape of the CO PDFs in different M 51 envi- density for individual GMCs (Fig. 6.4[e])
ronments. We parameterize the shape of each and a higher rate of star formation (as inPDF using the integrated intensity distribu- dicated by the overall mass surface dention index (IDI), the logarithmic ratio be- sity of young clusters, Fig. 6.4[f]). Remarktween the emission in the intervals [10.5, 25] ably, these properties exhibit a tighter corand [60, ∞] K km s−1 . Spearman rank corre- relation with the shape of the PDF than
lation is indicated at top left of each panel. with more global quantities such as the integrated CO luminosity (a measure of the
molecular gas reservoir) and the total number of GMCs or young clusters in each region.
A similar slope for the GMC and young cluster mass functions (with γ ≈ −2 in both
cases) is frequently cited as evidence that both the efficiency of star formation in GMCs
and the efficiency of cluster disruption are only weakly mass-dependent. Although the
shape of the young cluster and GMC mass functions are in reasonably good agreement
for the entire Paws field, the distributions are quite different in some M 51 environments
(compare Fig. 6.4[g,h]). We conclude that (a) the slope of the GMC and young cluster
mass distributions are not universal, i.e. the shape of the GMC and cluster mass function
is not the same everywhere within M 51, and (b) good agreement between the slopes of
the GMC and young cluster mass distributions is not ubiquitous: The distributions have
a similar shape in the spiral arms and inter-arm zone of M 51, but diverge significantly in
the molecular ring and nuclear bar region.
−2.5

Work done in collaboration with A. Leroy (NRAO, USA), J. Pety, G. Dumas, K. Schuster
(IRAM, France), C. Dobbs (University of Exeter, UK), S. Garcı́a-Burillo (OAN, Spain),
T. Thompson (Ohio State University, USA), and C. Kramer (IRAM, Spain).
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The S4G view of stellar mass, mid-IR dust, and
intermediate-age stars in nearby galaxies
Sharon E. Meidt, Eva Schinnerer, and the S4 G team

Isolating the old stellar light from emission contributed by nonstellar sources at 3.6 µm and 4.5 µm
With deep imaging at 3.6 µm and 4.5 µm where the light in nearby galaxies is dominated
by old stars, the Spitzer Survey of Stellar Structure in Nearby Galaxies (S4 G; roughly
2 300 galaxies within 40 Mpc) promises to be the ultimate inventory of stellar mass and
structure in the local universe. We developed a novel technique (using Independent Component Analysis; hereafter ICA) that makes it possible to fully exploit the information
contained in these Irac images, bearing not only on the stellar light (and, ultimately,
mass distribution), but also on the nature and distribution of the midIR dust and the
properties of evolved, intermediate age stars.
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Figure 6.5: (Top) Independent Component Analysis (ICA) source separation for
NGC 1566. From left to right: S4 G Irac 3.6 µm image (Sheth et al. 2010); ICA map
of old stellar light; ICA map of non-stellar emission; Sings Irac 8 µm image (Kennicutt et al. 2003) shown with the stellar continuum subtracted. All images are shown on
a square root intensity scale. Field dimensions 10 .0 52 × 8 .0 82. (Bottom) Right: Contour
plot of non-stellar fluxes F3.6 µm vs. F8 µm for NGC 1566, with number of image pixels
increasing from the outermost (orange) contour to the innermost (purple) contour. Overlaid lines show the expected range in F3.6 µm = αF8 µm for PAH emission with α = 0.09
or 0.03 (dashed) and the relation given by the best-fit slope α = 0.065 ± 0.0001 (solid).
Left: H − [3.6 µm] color profiles for the original and corrected maps shown in thin red
and thick black solid lines, respectively, with dashed errors calculated from the range of
values at each radius. The H − [3.6 µm] color expected for an old, dust free population,
H − [3.6 µm] = 0.4, is shown as a gray horizontal line.
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Our analysis of ICA source separation (see Fig. 6.5 for an example) in a small sample of
dusty, actively star-forming galaxies suggests that non-stellar sources can contribute as
much as 30 % to the 3.6 µm flux in localized, star-forming regions, contaminating our view
of the stellar mass distribution. By comparing the contaminants detected at 3.6 µm with
ICA to the non-stellar (predominantly PAH) emission at 8 µm we can clearly identify the
three main contaminating sources, each characterized by very different flux ratios (see
Fig. 6.5). Once the contaminating non-stellar emission is removed, we obtain a clean,
smooth version of the stellar light that retains a high degree of structural information and
exhibits [3.6 µm]−[4.5 µm] colors consistent with the colors of old K- and M-giants [1].

Circumstellar dust extinction of AGBs in M 100

Log@FΝ Fbol D

Our ICA identification of “red knot” regions dominated by Asymptotic Giant Branch
(AGB) stars furnishes a powerful test-bed for this late phase of stellar evolution (age
≈ 0.1 Gyr − 2 Gyr), which is so far one of the largest sources of uncertainty in the ages
and masses of stellar populations of all ages estimated with stellar population synthesis
(SPS) models.
For a sample of 17 AGB-dominated clusters in M 100 we have assembled a unique
1.5
view that extends from the optical to
the mid-IR, using archival Eso/HawkI nearIR imaging and multi-wavelength
1.0
Sings data. Our study reveals how the
brightness of the cluster in the nearIR,
0.5
O-rich AGB
where the AGB stars should dominate, is
C-rich AGB
extreme C-rich xAGB
coupled to the mid-IR dust emission such
extreme aO-rich AGB
0.0
that a significant reduction of AGB light
0.5
1
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4
7
11 16 22
follows from extinction by the circumstelΛ HΜmL
lar dust shell formed during this stage. In
Figure 6.6: Composite SEDs, normalized at the case of the dustiest “extreme” AGBs,
0.4 µm, for clusters dominated by four dif- circumstellar dust clearly shifts the cluster
ferent types of AGBs identified and classified emission from short to long wavelengths so
according to their mid-IR emission [2]. For a that the nearIR contribution of AGBs apgiven type, we take the average of SEDs each pears significantly lower than in the case of
normalized to its bolometric flux Fbol . Error relatively bare AGBs (Fig. 6.6). The difbars represent the dispersion in the measure- ference in SED shapes with and without
ments for each type.
strong AGB extinction has strong implications for age and mass estimation with
SPS models and explains evidence in favor of a reduced nearIR AGB contribution in
intermediate-age post-starburst galaxies at z ≈ 1 − 2 (Kriek et al. 2012).
Work done in collaboration with the international S4 G team.

[1] Meidt, S., Schinnerer E., et al. (2012a): Reconstructing the stellar mass distributions
of galaxies using S4 G Irac 3.6 and 4.5 µm images: I. Correcting for contamination
by PAH, hot dust and intermediate-age stars, ApJ 744, 17
[2] Meidt, S., Schinnerer E., et al. (2012b): The S4 G perspective on circumstellar dust
extinction of asymptotic giant branch stars in M 100, ApJ 748, 166
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Clustered star formation at low metallicities

Dimitrios Gouliermis, Wolfgang Brandner, Thomas Henning,
Nicola Da Rio, Mario Gennaro
Stars are typically born in groups at various scales and degrees of gravitational selfbinding. Young stellar clusters and associations host, thus, the vast majority of stars
in a galaxy; they are the fundamental building blocks of galaxies. The formation and
early evolution of these stellar systems is a complicated process that includes a variety of elaborative physical mechanisms. Both observational and theoretical studies
aim at the better understanding of how
stars form in groups by resolving answers
to essential questions related to (i) the star
formation and stellar evolution, (ii) the dynamical evolution and stability of stellar
systems against dissipation, (iii) the interaction between stars and interstellar gas,
and (iv) the stellar Initial Mass Function
(IMF). Our observational investigation is
focused on young stellar systems embedded in star-forming regions of the Large
and Small Magellanic Cloud. These dwarf
galactic companions to the Milky Way are
ideal laboratories for the study of stellar
systems at various scales, because they are
near enough (at ≈ 54 kpc and 62 kpc respectively) for resolving their faintest stelFigure 6.7: Color image of the H ii region
lar populations, and distant enough to alLH 72 in the Large Magellanic Cloud taken
low a complete spatial coverage at scales of
with Hubble Wfpc2 using four different
100 pc. The low metal-abundance of both
filters (GO program 11547; PI: Gouliermis).
galaxies and their low dust-to-gas ratios
Credit: Hubble, Nasa, Esa, D.A. Gouliersuggest that their environments are closer
mis ( Mpia) and Z. Levay (STScI).
to that of the early universe during the
epoch of its peak star formation at z ≈ 1.5.
Our analysis was supported by the exceptional resolving efficiency of the Hubble Space
Telescope, proving the case of the Magellanic Clouds (MCs) as important landmarks
in our understanding of clustered star formation at low metallicities (e.g., Fig. 6.7).
Our research was focused on the detailed study of individual young stellar clusters and
associations embedded in H ii regions of the MCs. These stellar systems are typically
determined by their bright massive stars [1]. Nevertheless, our study was facilitated by
the discovery made by our team with Hubble data that faint pre-main-sequence (PMS)
stars, stars which haven’t start their lives on the main-sequence yet, are the low-mass
stellar members of these systems. We review our results in compilation with results from
other teams in [2], where we report on the current state of knowledge on this type of
stars in the MCs. The rich ensembles of low-mass PMS stars found to be hosted in H ii
regions of the MCs allowed us to perform the detailed analysis of three important issues
of clustered star formation.
(1) The recent star formation history of their hosting environments. By studying the
low-mass PMS populations of three star-forming regions on the rim of the super-giant
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shell LMC 4 (Shapley Constellation III) we found evidence that star formation may have
occurred at the same time along the long edges of the shell at a scale of few 100 pc [3].
(2) The clustering behavior of stars very close to the time of their formation. Our cluster
analysis of the PMS stellar sample identified with Hubble in the H ii region N 90 revealed
13 additional small, compact sub-clusters around the known central cluster NGC 602 [4].
We found that the spatial distribution of the PMS stars is bimodal, with an unusually
large fraction (≈ 60 %) of the total population being clustered, while the remaining is
diffusely distributed in the inter-cluster area. Based on our findings, we propose a scenario
according to which the region N 90 experiences an active clustered star formation for the
last ≈ 5 Myr, with the central cluster being formed first and rapidly started dissolving into
its immediate ambient environment, and star formation being continued in sub-clusters
of a larger stellar agglomeration, introducing an age spread of the order of 2.5 Myr among
the PMS populations [4].
(3) The age and age-spread of young clusters. We developed a maximum-likelihood technique for the probabilistic evaluation of the age and age-spread among PMS stars in
the young cluster LH 95 with the statistical construction of synthetic color-magnitude
diagrams of the cluster. We found that the cluster’s age varies from 2.8 to 4.4 Myr, depending on the selected evolutionary models and assumed binary, and that the cluster
while quite small does host an age-spread, well represented by a Gaussian with FWHM
of about 2.8–4.4 Myr depending on the same factors [5].
Work done in collaboration with Y.-H. Chu (University of Illinois, USA) G. De Marchi
(ESA/ESTEC, The Netherlands) A. E. Dolphin (Raytheon Company, USA) R. Gruendl
(University of Illinois, USA) N. Panagia (STScI, USA) P.G. Prada Moroni (University
of Pisa, Italy) M. Robberto (STScI, USA) M. Romaniello (ESO, Germany) M. Rosa
(ESO, Germany) S. Schmeja (Universität Heidelberg, ZAH, ARI, Germany) E. Tognelli
(University of Pisa, Italy) H. Zinnecker (Universität Stuttgart, Germany)

[1] Gouliermis, D.A. (2011): Resolved young stellar populations in star-forming regions
of the Magellanic Clouds, Physica Scripta 84, 048401
[2] Gouliermis, D.A. (2012): Low-mass pre-main-sequence stars in the Magellanic
Clouds, Space Science Reviews 169, 1
[3] Gouliermis, D.A., Dolphin, A.E., Robberto, M., Gruendl, R.A., Chu, Y.-H., Gennaro,
M., Henning, Th., Rosa, M., Da Rio, N., Brandner, W., Romaniello, M., De Marchi,
G., Panagia, N. & Zinnecker, H. (2011): Pre-main-sequence stellar populations across
Shapley Constellation III. I. Photometric analysis and identification, ApJ 738, 137
[4] Gouliermis, D.A., Schmeja, S., Dolphin, A.E., Gennaro, M., Tognelli, E. & Prada
Moroni, P.G. (2012): The clustered nature of star formation. Pre-main-sequence clusters in the star-forming region NGC 602/N 90 in the Small Magellanic Cloud, ApJ
748, 64
[5] Da Rio, N., Gouliermis, D. A. & Gennaro, M. (2010): A new method for the assessment of age and age spread of pre-main-sequence stars in young stellar associations
of the Magellanic Clouds, ApJ 723, 166
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The low-mass mass functions of stellar clusters
with wide/all-sky surveys
Niall Deacon, Bertrand Goldman, Christoph Olczak,
Thomas Henning, Elena Manjavacas

Probing brown dwarf formation with the Initial Mass Function
The Initial Mass Function (IMF) is one of the key metrics for testing star formation
theories. First proposed in the 1950s, it was found to be a power law with an index of
−1.35 for solar type stars. Since then the mass function has been extended to lower mass
stars where the slope flattens and below about 0.25 M appears to turn over. This has
been described by Chabrier (2005), as a log-normal function. Studying this mass function
further into the low mass star and brown dwarf regime in the field becomes difficult as
sub-stellar objects lack hydrogen burning as a stable internal energy source leading to
there being no simple mapping from spectral type to mass. One simple solution is to use
open clusters which have stellar populations of approximately the same age and, having
escaped their formation environment, are relatively easy to observe. Evolutionary models
of brown dwarfs and low mass stars, along with the measured age of the cluster, can then
be used to convert a cluster’s luminosity function into a mass function.

The Hyades mass function with Pan-STARRS1
The Hyades are a nearby (≈ 47 pc) open cluster with an age of approximately 650 Myr.
Its close proximity makes identifying members due to their proper motions possible. The
Ppmxl catalogue was used to extract objects with proper motions towards the cluster’s convergent point. However the Ppmxl catalogue contains spurious proper motions
which can lead to mis-identification of field stars as members. Pan-STARRS1 data were
then used to provide astrometric confirmation of the proper motions in the catalogue.
The Ppmxl astrometric solutions were extrapolated to the epochs of Pan-STARRS1
observations and the predicted positions compared to the measured ones. Objects with
significant differences between these two positions were rejected as having spurious or poor
quality proper motions. Photometry from Pan-STARRS1, Sdss, 2Mass and Ukidss
was then used to select objects which lay along the expected Hyades cluster sequence and
to reject background and foreground objects that did not. Finally a model of the detection efficiency of this selection process was created and used to estimate the completeness
of the sample and hence the luminosity function. A comparison with a population synthesis model of the field population determined that the contamination in the sample
was minimal. The mass function derived from the luminosity function fitted a log-normal
distribution peaking at (0.37 ± 0.03) M with a dispersion of (0.41 ± 0.02) M . This mass
function is found to vary with the projected radius from the cluster centre indicating
significant dynamical mass segregation.

Proper motion studies of open clusters with Ukidss
The Ukidss Galactic Clusters Survey has surveyed nearby open clusters in multiple filters
and with a time baseline of ≈5 years. This has allowed proper motion selection of substellar members of three nearby open clusters the Pleiades [1], aPer [2], and Praesepe [3].
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As these clusters are further away than the Hyades their members’ proper motion will
agree within the measurement errors of the Ukidss survey. The technique of Deacon &
Hambly (2004) was used to fit distributions in proper motion space for both the member
and field populations in each cluster. These distributions were then used to calculate
formal membership probabilities for each object. These could then be summed to produce luminosity functions and mass functions for each cluster. We find that the Pleiades
have a characteristic mass of (0.247 ± 0.047) M , aPer (0.344 ± 0.045) M , and Praesepe (0.328 ± 0.035) M with dispersions of (0.456 ± 0.023) M , (0.458 ± 0.019) M , and
(0.434 ± 0.015) M .

The low-mass star mass function
The studies of these four clusters demonstrate that the preferred form for the low-mass
star and brown dwarf mass function appears to be a log-normal. There are, however,
marginal differences between the fitted parameters. The difference is particularly striking
between the peak mass of the Hyades’ and Pleiades’ mass functions although this is only
2.2σ. Estimates of the field sub-stellar mass function generally fit a power law to the mass
function. However these power laws change with the mass range covered (as expected if
the underlying distribution was log-normal) and are found to be in reasonable agreement
with the measured cluster mass functions.
Work done in collaboration with Nicolas Lodieu & Steve Boudreault (IAC), Nigel Hambly
(Edinburgh), Siegfried Röser (ARI, Heidelberg)

[1] Lodieu, N., Deacon, N.R. & Hambly, N.C. (2012): Astrometric and photometric
initial mass functions from the Ukidss Galactic Clusters Survey — I. The Pleiades,
MNRAS 422, 1495
[2] Lodieu, N., Deacon, N.R., Hambly, N.C. & Boudreault, S. (2012): Astrometric and
photometric initial mass functions from the Ukidss Galactic Clusters Survey — II.
The aPersei open cluster, MNRAS 426, 3403
[3] Boudreault, S., Lodieu, N., Deacon, N.R. & Hambly, N.C. (2012): Astrometric and
photometric initial mass functions from the Ukidss Galactic Clusters Survey — III.
Praesepe, MNRAS 426, 3419
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Cluster complexes near & far: A key to
understand star formation on galactic scales
Angela Adamo

A ring-like cluster complex in NGC 2146
Cluster complexes sit at the top of the hierarchical star formation process, as the most
extended and bright systems formed in nearby galaxies. In the local universe they form
from the fragmentation of giant molecular clouds and are transient systems, i.e. they will
dissolve in a few tens of Myr, leaving behind only the bound stellar cores (star clusters).
The study of their morphology and age spread within the stellar cluster content are a key
element to understand how star formation has proceeded in the region.

Figure 6.8: The starburst galaxy NGC 2146 seen by Hst (red: Ha emission; blue: U band; green: R-band; yellow: I-band). The inset shows a particular of the Ruby Ring
complex, with the older cluster in the centre and a blown-out shell of ionised gas where
new star clusters have formed. Credit: A. Adamo, M. Westmoquette, L. Smith and the
Shucs-team.
I’m currently involved in the Snapshot Hubble U -band Cluster Survey (Shucs)
(Konstantopoulos et al. 2013), a project aimed to image a number of local galaxies (distance ≤ 25 Mpc) with high-resolution Wfc3 U -band frames to complete the already
available Hubble Space Telescope (Hst) BV I dataset. We are building a statistically meaningful sample of cluster populations in different environments to test cluster
formation and evolution scenarios, cluster mass and luminosity function, the star formation history of the host galaxies. The analysis of the starburst galaxy NGC 2146 (Adamo
et al.; in preparation) has revealed in one of its tidal streams a cluster complex [1] with
a quite peculiar morphology, i.e. an older central cluster (≈ 7 Myr) surrounded by a ring
of clusters (radius of ≈ 45 pc) of younger ages (1 Myr–3 Myr). A beautiful color composite of NGC 2146, made with the Hst dataset, and an inset showing the details of the
cluster complex are shown in Fig. 6.8. We named this object Ruby Ring because of its
morphology. In contrast to cluster complexes such as 30 Doradus in the Large Magellanic
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Cloud, the central cluster of the Ruby Ring contains only 5 % of the total stellar mass
in the system. The ring-like morphology, the age spread and the mass ratio suggest that
the clusters have formed in the material swept up by the feedback of the central cluster.
Details of the energetic budget, in the context of the “collect & collapse” scenario, can be
found in [1].

Cluster complexes in a lensed spiral at redshift 1.5
Because of their brightness and clustering properties, cluster complexes are important proxies to study star formation
at galactic scales, not only in local galaxies but also at high redshift, where they
are identified as bright clumps. In a recent work (Adamo et al. 2013), we determine the clump properties (age, mass,
size) to investigate star formation in a
young spiral galaxy (Sp 1149) at redshift
1.5. Sp 1149 has been detected in one of the
galaxy cluster frames imaged with multiband Hst data during the ongoing “ClusFigure 6.9: Hst image of Sp 1149. The
ter Lensing And Supernova survey
circles outline clumps younger than 30 Myr
with Hubble” (Clash), a multi-cycle
(cyan), intermediate age (30 Myr–50 Myr;
treasury program. Sp 1149 has been magmagenta), and older than 50 Myr (red). The
nified by a gravitational lens, allowing us
latter are migrating towards the centre where
to probe star formation on high-resolution
they will likely merge to form the bulge. Scale
scales (≈ 200 pc) at that redshift (Fig. 6.9).
is given by bar of length 300 =
b 8.8 kpc.
We find clear evidence that older and more
massive clumps of stars coexist in the same galaxies with younger and lower mass cluster
complexes, the latter are quite similar to the systems observed in local galaxies. For the
first time, we have been able to catch a snapshot of the “missing link” between high
redshift young galaxies and local evolved systems. Sp 1149 is experiencing a transient
phase, from being a clumpy dominated system to become a modern spiral with typical
components such as the bulge and regular spiral patterns.
Work done in collaboration with N. Bastian (Liverpool John Moores Uni), L. J. Smith
(STscI), G. Östlin (Stockholm University), E. Zackrisson (Stockholm University), I. S.
Konstantopoulos (AAO), E. Silva-Villa (University Laval), J. S. Gallagher (University of
Wisconsin-Madison), J. Ryon (University of Wisconsin-Madison), M. S. Westmoquette
(ESO), S. S. Larsen (University Nijmegen), L. Guaita (Stockholm University), R. Livermore (Durham University), D. R. Weisz (University of Washington), J. C. Charlton
(Penn State University).

[1] Adamo, A., Smith, L. J., & the Shucs team (2012): Revealing a ring-like cluster
complex in a tidal tail of the starburst galaxy NGC 2146, MNRAS 426, 1185
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Stellar tidal streams detected in a pilot survey.
For details see Sec. 7.6
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A mixed origin of the Milky Way’s thick disk
Glenn van de Ven & Chao Liu

A thick disk, typically defined as the excess of the vertical luminosity or stellar-density
profile over a simple exponential thin disk, is a generic feature of disk galaxies, including
the Milky Way. The stars in the thick disk compared to those in the thin disk are typically older, kinematically hotter, more metal-poor and enhanced in a elements. Various
models for formation of a thick disk have been proposed, ranging from external mechanism due to interactions with surrounding (satellite) galaxies, to internal mechanism that
include radial migration of stars as a consequence of co-rotation resonance with transient non-axisymmetric structures. The latter internal mechanism not only complicates
constraining the contribution, if any, of external mechanisms, but as it is effectively a
diffusion process also dilutes the fossil record of disk galaxies. Moreover, such a quiescent
internal dynamical evolution is expected to yield smooth changes in the properties of the
disk and not distinctive thin and thick disk components.
In [1], we study the orbits of Milky Way disk stars as a function of their [Fe/H] metallicity and [a/Fe] abundance — a proxy for age — to investigate whether a distinctive
thick-disk component is present or not, and how this could be understood through either
of the thick-disk formation mechanisms. We use G-type dwarf stars from the Sloan Extension for Galactic Understanding and Exploration (Segue DR7) survey, leading to a
sample of 13 000 stellar tracers with Galactocentric radius 7 kpc < R < 9 kpc and height
above the Galactic plane 0.5 kpc < |z| < 2.5 kpc. Taking into account the selection of
spectroscopically-targeted stars from the color-selected photometric sample, the left panel
of Fig. 7.1 shows the number density of G-dwarfs as function of metallicity and abundance.
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Figure 7.1: The number density of Segue G-dwarf stars in the solar neighborhood as
function of their [α/Fe] abundance and [Fe/H] metallicity. Left: The number density of
all G-dwarfs shows a clear bi-modality that naturally inspires a separation into α-young
stars and α-old stars. Since all six phase-space coordinates are measured, the orbits of all
stars can be computed in a Milky Way gravitational potential model. Middle: Nearly all
of the α-young stars are on near-circular orbits as expected for thin-disk stars, but also
a significant fraction of the α-old stars, consistent with outward radial migration. Right:
The remaining α-old stars on eccentric orbits, including nearly all old metal-poor stars,
are difficult to explain with radial migration alone, but might have formed through early-on
gas-rich mergers.
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Given the stars’ current position and space motion, we numerically integrate their orbits in a gravitational potential of the Milky Way that includes a disk, bulge and dark
matter halo. As a measure of the orbital eccentricity, we compute Lz /Lc , the ratio of
the conserved z-component of the orbital angular momentum to the maximum angular
momentum when the orbit is circular. Even if at their birth radii the stars move on
circular orbits with Lz /Lc = 1, the current distribution in Lz /Lc at the solar neighborhood is expected to extend toward values below unity, both because of stars scattering to
more eccentric orbits, as well as due to measurement errors, mainly in their distance and
proper motions. We choose Lz /Lc > 0.85 for stars being on (near-)circular orbits, and
Lz /Lc < 0.80 for stars being on eccentric orbits, although the results are robust against
the precise limits adopted.
The middle panel of Fig. 7.1 shows that nearly all of the a-young stars are on circular
orbits as expected for thin-disk stars, but a significant fraction of the a-old stars also follow
circular orbits. The latter is consistent with radial migration (Sellwood & Binney 2002),
in which stars are efficiently moved in radius away from their birth radii while remaining
on near-circular orbits. Indeed, other properties of the stars on circular orbits, such as
the vertical scale height, the average rotational velocity and vertical velocity dispersion,
show a smooth change with [a/Fe] as expected from in-situ formation of the thick disk
through radial migration.
On the other hand, the a-old stars on eccentric orbits, including nearly all old metal-poor
stars, are difficult to explain with radial migration alone. Their average properties show
no significant trends with neither [a/Fe] nor [Fe/H], and are very different from the a-old
stars on near-circular orbits: going from stars on near-circular to those on eccentric orbits,
the vertical scale height nearly doubles, and around [Fe/H]= −0.6 the average rotational
velocity halves while the vertical velocity dispersion doubles. These differences might,
however, be naturally explained if the stars on eccentric orbits formed through a gasrich merger at high redshift (Brook et al. 2004). It is expected that the disk from which
the stars form is not smooth and thin, but clumpy with already a significant dispersion.
Together with blurring over the long time since the merger, it might well be that if any
correlation with [a/Fe] nor [Fe/H] existed, it is washed out by now. Even more so, an
early-on merger origin from an already hotter disk might help explain the apparent jump
between the average orbital properties of G-dwarfs on near-circular and eccentric orbits.
We conclude that the Milky Way’s thick disk has smoothly evolved from the (singleexponential) thin disk probably through radial migration, except for the old, mainly
metal-poor stars with distinct orbital properties which could well be part of a distinct
thick-disk component formed through an external mechanism.
Chao Liu is now at NAO, CAS in Beijing, China.

[1] Liu C. & van de Ven G. (2012): Chemo-orbital evidence from Sdss/Segue G-type
dwarf stars for a mixed origin of the Milky Way’s thick disc, MNRAS 425, 2144
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Making the best of the data: Discrete
dynamical modelling of Centauri

w

Laura Watkins, Glenn van de Ven, Remco van den Bosch
Globular clusters and dwarf spheroidal galaxies are among the lowest-mass stellar systems
in the universe. Classical theory suggests that globular clusters are purely baryonic in nature, composed of a single, old stellar population and with simple star formation histories.
Dwarf spheroidals, on the other hand, are dark-matter dominated and show evidence of
multiple stellar populations with complex star formation histories. However, recent studies have found a number of exceptions to this picture and it is now believed that some
globular clusters (such as w Centauri) are in fact the nuclei of stripped dwarf spheroidals.
For globular clusters, there is considerable debate as to whether they host intermediatemass black holes at their centres and whether they contain dark matter, albeit much less
than dwarf spheroidals. The high dominance of dark matter in dwarf spheroidals means
that this component has heavily influenced their formation and evolution and they are
an ideal test-bed for dark matter theories. In particular, dark matter simulations suggest
that dwarf spheroidal density profiles should be cuspy, while observations indicate that
they are cored. To address these issues we need to work out how much mass there is
in these systems and where it is. To understand how these objects are connected, and
possibly how one can form from the other, we need to understand their present structure
and the history of their evolution. This is best accomplished by studying their internal
kinematics combined with chemical information.

Advances in dynamical modelling
For objects in the Local Group — that is our own Milky Way, sister galaxy Andromeda
(M 31) and their globular clusters and dwarf galaxy satellites — we are in the very fortunate position of being able to measure photometric and spectroscopic quantities for
individual stars, thanks to both their proximity and the advances in modern observing
techniques. In many cases, these data sets are of exceptional quality and there are a
number of surveys coming online over the next few years that will expand and improve
upon the data sets that are currently available. In particular, Gaia will provide distances,
velocities, metallicities and even age estimates of unprecedented accuracy over the whole
sky. We must ensure we have tools in place both to analyse the existing data and to fully
exploit the upcoming data.
Current modelling techniques are not up to the task; they typically degrade the data by
spatially binning and then calculate velocity moments in each bin. Not only do we lose
the information from individual stars, but we must also cut the datasets to ensure that
only member stars are used to calculate the moments. The left panel of Fig. 7.2 illustrates
the effect of such membership cuts for the line-of-sight velocity data set of globular cluster
w Centauri (van de Ven et al. 2006).
We are developing discrete dynamical modelling tools that fully exploit the resolved nature
of the data. Our models use maximum-likelihood methods to compare data against model
predictions. In this way, we can use all the information we have for each star and we no
longer need to make cuts on membership; we simply include a contaminant population in
our models, as we illustrate in the right panel of Fig. 7.2. A likelihood treatment offers
the potential to expand our analysis in ways that are not possible with binned data. For
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Figure 7.2: Left: The green histogram shows the line-of-sight velocity distribution for the
full w Centauri dataset (3457 stars) used for our analysis. The peak at 0 km/s contains
w Centauri stars and the peak at −230 km/s contains Milky Way contaminants. To bin
the data we would need to make cuts on error and velocity in order to obtain accurate
velocity moments; typical cuts would retain the blue histogram (2163 stars), which would
then be further binned into only ≈ 50 bins.
Right: Total log-likelihood for the line-of-sight sample as a function of line-of-sight velocity; the total log-likelihood accounts for both the cluster model and a contaminant population. There are two clear peaks at 0 km/s and −230 km/s that represent the w Centauri
members and the Milky Way contaminants respectively. So the total log-likelihood is able
to identify the contaminants and can give them low-weights when assessing goodness of fit
of the cluster model. The points are coloured according to their cluster-only log-likelihood
(red high, blue low), which is not able to identify the contaminating population.
example, we would like to incorporate colour and metallicity information directly in the
model to investigate whether stars of different abundances have different kinematics.
At present, we are using the anisotropic Jeans’ models to calculate velocity moments,
which we have extended to work with proper motions as well as line-of-sight velocities,
and to account for cross-terms in the second velocity moments. Our current studies focus
on globular cluster w Centauri. So far, we have successfully tested our likelihood methods
on the cleaned datasets. This is a promising start. However, in these preliminary models
we have not yet considered chemical information and we have used simplified contamination models. Nevertheless, these results demonstrate that we have the machinery in
place to handle both current and upcoming datasets in the Local Group, now we can
work on further developing the maximum likelihood techniques and incorporating more
information to truly exploit the data.
Work done in collaboration with Mark den Brok (University of Utah).
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“Failing” rotation curves of spiral galaxies

Vesselina Kalinova, Glenn van de Ven, Mariya Lyubenova

Which is the best way to measure the stellar mass distribution
within a galaxy?
The rotation curves of galaxies have traditionally been used to trace their gravitational
potential. This approach gives us fundamental information about the mass distribution in
the galaxy, including dark matter. Inferring the total mass distribution directly from the
observed mean velocity only works for tracers on circular orbits, like cold gas. Stars are
not cold tracers as they generally move on orbits that are neither circular nor confined to
a single plane. This means that in order to recover the mass distribution we need to know
their velocity dispersion in addition to their mean velocity, i.e., their random motion as
well as their ordered motion.

Figure 7.3: Maps of mean velocity V and velocity dispersion σ both in√km/s with overplotted surface brightness contours. The combination of both — Vrms = V 2 + σ 2 is then
fitted by a solution of the Jeans equations based on the de-projected stellar light distribution
that is multiplied with a constant mass-to-light ratio.

Observations
Our sample of 18 late-type spiral (Sb–Sd) galaxies are observed with the integral-field
unit (IFU) spectrograph Sauron at the 4.2 m William Herschel Telescope (Ganda
et al. 2006). The IFU spectrographs deliver spectra in two dimensions across each galaxy,
which allows us to obtain maps of their stellar (see Fig. 7.3) and gas kinematics. Here we
focus on the stellar kinematics, which we extract using the penalized pixel-fitting (pPXF)
method of Cappellari & Emsellem (2004) with a set of single age and metallicity stellar
population models that we shifted by velocity (V ) and broadened by velocity dispersion
(σ) for each spectrum. We then construct and compare the circular velocity curves of the
18 spiral galaxies, obtained in two different ways:

Asymetric Drift Correction (ADC)
We extract V and σ profiles along the projected major axis from the corresponding kinematic maps using the kinemetry method of Krajnovic et al. (2006) (see Fig. 7.4). We
correct these values for inclination to infer the azimuthal velocity
h vφ and the radial veloci
−1

2
ity dispersion σR . Then the circular velocity is Vcirc
= vφ 2 +σR2 ∂ ln (IσR2 )

/∂ ln R + A ,
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where I is the surface brightness of the galaxy and A is a relative small contribution depending on the velocity anisotropy.

Figure 7.4: Stellar mean velocity (left) and velocity dispersion (middle) profiles of
NGC 5678 (Sb, top) and NGC 772 (Sb, bottom). The observed profiles are indicated with
solid blue lines, while the black lines are the same profiles corrected for the inclination of
the galaxies. Black dots represent the individual measurements from the kinematics maps.
In the right panels we compared the rotation curves obtained using two methods: ADC
(black dashed curves) and JAM (red curves, the scatter reflects a range of assumptions
about the velocity anisotropy). NGC 772 is a typical case where the ADC method fails due
to a rising velocity dispersion profile.

Axisymmetric Jeans models (JAM)
We solve the Jeans equations in the axi-symmetric case for a given mass distribution,
which we infer from de-projecting the observed surface brightness and multiplying with
a constant mass-to-light ratio (Cappellari
2008). We compare the resulting prediction of
√
the second velocity moment Vrms = V 2 + σ 2 to the combined maps of observed mean
velocity V and velocity dispersion σ to find the best-fit mass distribution and hence also
Vcirc (see Fig. 7.3).

“Failing” rotational curves
Whereas we find good agreement for several galaxies with traditional rising rotation and
falling dispersion curves, for many galaxies with different and more complex stellar kinematics the ADC method yields a wrong (typically too low) circular velocity curve or even
completely fails. For example, NGC 772 (Fig. 7.4, bottom-right panel) has a “failing”
rotation curve in the ADC case. This is caused by the rising σR profile, which contributes
in such a way that the resulting Vcirc curve is significantly lower than the one inferred
from the two-dimensional method. We conclude that for late-type galaxies with complicated kinematics the traditional “rotation curve” analysis does not give reliable estimates
and two-dimensional models such as provided by solutions of the axi-symmetric Jeans
equations are needed to reliably infer the mass distribution.
Work done in collaboration with Jesus Falcon-Barroso (Instituto de Astrofisica de Canarias, La Laguna, Tenerife, Spain).
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The velocity ellipsoid of the Galactic disk

Alex Büdenbender, Glenn van de Ven, Laura Watkins, Chao Liu

Introduction
Experiments designed to detect dark matter particles will only be able to constrain their
properties if the dark matter density in the solar neighborhood is accurately known. This
requires a precision determination of the local gravitational potential yielding the total
mass density from which the luminous density is subtracted to recover the dark matter
density. The “vertical” Jeans equation relates the gravitational potential directly to the
observable number density and velocity dispersion of stars above the Galactic plane.
While straightforward, this approach assumes that the motion in height z and radius R
are decoupled. The dramatic increase in quantity and quality of discrete stellar data over
the last few years makes it possible to verify this assumption and quantify the correlation
between the motion in R and z.

Methods and results
We use G-type dwarf stars from the Sloan Extension for Galactic Understanding and Exploration (Segue DR7) survey, leading to a sample of ≈16 000 stars,
which cover a vertical distance range of 0.3 kpc < |z| < 2.5 kpc. To investigate if the
velocity dispersion and R–z correlation is larger for older stars, we split the sample into
five bins in the measured a-abundance–metallicity space as shown in Fig. 7.5 — from
the bottom-right (dark blue bin) to the top-left (dark red bin) the stars become older on
average. From the bottom-right to the top-left part of Fig. 7.5 the stars become older on
average. We model the 2D velocity distribution with a multivariate normal distribution
and fit the velocity data in discrete way using a Markov Chain Monte Carlo (MCMC)
likelihood method. This also allows us to take outliers and interlopers into account,
which originate from statistical fluctuations and halo stars. The fraction of these stars
lies between 1 % and 5 %.
The correlation between R and z is characterized by the tilt α of the velocity ellipsoid,
which is given by tan(2α) = (2σRz )/(σR2 −σz2 ) where σR and σz are the velocity dispersions
in radial and vertical directions and σRz is their covariance. Figure 7.6 shows the velocity
dispersions and tilt angle as a function of height z above the plane. The profiles of σR
and σz remain flat, however the covariance σRz and, hence also the tilt angle α, become
more negative with increasing height as the stars become older on average (blue to red).
We also do not detect a significant trend with age except for the oldest, most metal-poor
stars.
We conclude that the tilt of the velocity ellipsoid is not zero. Though the vertical Jeans
equation can be applied, the assumption that the motions in R and z are decoupled is
incorrect. Henceforth, we are now developing dynamical modeling techniques, e.g. based
on the solutions of the axisymmetric Jeans equations, that do take the non-zero tilt into
account. This is essential to arrive at an accurate measurement of the local dark matter
density.
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Figure 7.5: Segue G-dwarf stars in the solar neighborhood binned (number of stars in
white) according to their measured [α/Fe] abundance and [Fe/H] metallicity to investigate
trends in their kinematics with age — from dark blue to dark red the stars are on average
older.
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Figure 7.6: The velocity dispersions σR , σz , σRZ and the tilt angle α of the velocity ellipsoid
as a function of height z above the plane. The colors are the same as those used in Fig. 7.5
to indicate possible trends with age. The dispersions were analysed with a fixed number of
250 stars per bin in z, resulting in a dynamic range of heights for every bin. The single
error-bar in each plot indicates the typical error.
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7.5 Spinning round and round — looking for
angular-momentum correlations of disk galaxies
René Andrae & Knud Jahnke

Theoretical prediction
The currently best theoretical model of angular-momentum acquisition of galaxies is the
tidal-torque theory. According to this theory, tidal gravitational forces imprint an angular
momentum on the collapsing dark-matter halo of a proto-galaxy, which is then inherited
and conserved by the baryons eventually forming the galaxy itself. As these tidal forces
are exerted by the large-scale cosmological environment, two closely neighbouring galaxies should have been subjected to very similar tidal forces. Consequently, the angular
momenta imprinted on both galaxies ought to be very similar, too. This is a rough sketch
of how the tidal-torque theory predicts short-range autocorrelations of galactic angular
momenta. In fact, the theory predicts an autocorrelation length on the order of 1 Mpc/h.
The objective of this work was to test whether this theoretical prediction is consistent
with observational data.

Data and method
We selected disk galaxies for our investigation,
since they have large angular momenta by definition, causing their flattened shape through
ordered rotation. Conversely, elliptical galaxies
are dominated by random motion and would
thus be ill-suited for our purpose. Instead
of investigating angular momenta directly, we
decided to investigate the handedness of the
spiral arms of the disk galaxies. This requires the assumption that spiral arms are always trailing but never leading, which is in
Figure 7.7: Marginal autocorrelation
good agreement with observations. Estimates
function of spiral-arm handedness. Zero
of spiral-arm handedness are provided by the
marks the absence of correlation.
Galaxy Zoo Project, which employed amateur
astronomers from the general public to visually
classify galaxy morphologies for the Sloan Digital Sky Survey spectroscopic galaxy sample. Based on results from the first public data release of Galaxy Zoo, we selected a
sample of 30 154 disk galaxies with confidently classified spiral-arm handedness.
Previous searches for correlated angular momenta — or rather correlated spiral-arm handedness — of disk galaxies ignored measurement uncertainties on the important observables of the galaxies, namely on redshift and morphological classification. We propagated
these uncertainties into our analysis by means of Monte-Carlo sampling from the error
distributions of all observables. This enabled us to estimate a “marginal” two-point autocorrelation function of spiral-arm handedness.

Angular-momentum correlations of disk galaxies
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Results
We obtain an estimate of the two-point autocorrelation function of spiral-arm handedness
that is “noisier” than previous results because our investigation accounts for all relevant
measurement errors, whereas previous studies neglected them. Figure 7.7 shows this autocorrelation function. Obviously, there is no decisive evidence supporting the theoretical
prediction, as the error bars are large and all data points are consistent with zero correlation. However, it is perfectly plausible that there is a weak signal, as the data appears
to suggest. In particular, the binning of the data could hinder visual inspection.
In order to draw a more quantitative conclusion
from Fig. 7.7 that is not compromised by binning
the data, we employed Bayes factors in an attempt
to reject the null hypothesis that there are no correlations of spiral-arm handedness. This null hypothesis corresponds to an autocorrelation function
of ξ(r) = 0, which has no free model parameters
and whose Bayesian evidence is thus trivial to evaluate. As a competing hypothesis, we employed an
exponential autocorrelation function, ξ(r) = a e−r/b ,
which has two free model parameters, an amplitude a and a correlation length b. The Bayesian
evidence of this model has been evaluated by
brute-force numerical integration over the likelihood
manifold shown in Fig. 7.8. According to the resulting Bayes factor, the autocorrelation function
shown in Fig. 7.7 is a factor of 28 more likely to
be an exponential than to be null — irrespective of
what the parameter values of the exponential model
are. Furthermore, the theoretically predicted autocorrelation length of 1 Mpc/h is consistent with our
estimate, as is evident from Fig. 7.8.

Figure 7.8: Likelihood contour of exponential model, ξ(r) = a e−r/b , for
the data shown in Fig. 7.7. Contours correspond to 68.3 %, 95.5 %,
and 99.7 % confidence. The horizontal dashed line indicates the theoretically predicted autocorrelation
length of 1 Mpc/h.

Conclusion
The Bayes factor provides strong (but not decisive) evidence against the null hypothesis
that spiral-arm handedness would be uncorrelated and completely random. Therefore,
the prediction of the tidal-torque theory appears to be consistent with the observational
data. In fact, even the theoretically predicted autocorrelation length is consistent with our
results. However, we must not interpret the rejection of the null hypothesis as evidence in
favour of the tidal-torque theory, since other theories may also predict autocorrelations.
All we can conclude is that the data strongly suggest that spiral-arm handedness is correlated on scales of . 1 Mpc/h and that the tidal-torque theory provides a good but not
necessarily the best description. In that sense, we may consider the theoretical prediction
of autocorrelated angular momenta to be confirmed. However, more data acquired by
upcoming surveys may enable us to draw a more restrictive conclusion.
[1] Andrae, R. & Jahnke, K. (2011): Only marginal alignment of disc galaxies, MNRAS
418, 2014
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Stellar tidal streams in the local universe

David Martinez-Delgado, Hans-Walter Rix, Stefano Zibetti
Within the hierarchical framework for galaxy formation, the stellar bodies of galaxies
are expected to form and evolve through dark-matter-driven mass in-fall and successive
coalescence of smaller, distinct sub-units that span a wide mass range. While in ΛCDM the frequency of mergers is expected to decrease with cosmic time, such satellite
disruptions should still occur around normal spiral galaxies. The fossil records of these
merger events may also be detected in the form of distinct coherent stellar structures
in the outer regions of massive systems. The most spectacular cases of tidal debris are
long, dynamically cold stellar streams formed from a disrupted dwarf satellite, that wrap
around the host galaxy’s disk and roughly trace the orbit of the progenitor satellite.
The pursuit of galactic archaeology looking at tidal remnants is a relatively new research
field that has been focused on the Local Group spiral galaxies. A multitude of tidal
streams and other irregular tidal structures that are possibly related to ancient merger
events can also be seen in deep panoramic views of the Milky Way and the Andromeda
halos. These pictures provide sound qualitative support for the scenario that tidally
disrupted dwarf galaxies are important contributors to the formation of stellar halos
around spiral galaxies. A search for analogues to these galactic fossils beyond the Local
Group is required to understand if the Milky Way and Andromeda galaxies are “typical”
in this respect.

A pilot survey of stellar streams with small telescopes
As part of a pilot survey for such interaction signatures [1], we have carried out ultra
deep, wide field imaging of 8 isolated spiral galaxies in the Local Volume, with data taken
at small (D = 0.1 m − 0.5 m) robotic telescopes that provide exquisite surface brightness
sensitivity (µV ≈ 28m. 5/ 00 ). This initial observational effort has led to the discovery of six
previously undetected extensive (to ≈ 30 kpc) stellar structures in the halos surrounding
these galaxies, likely debris from tidally disrupted satellites. In addition, we confirm and
clarify several enormous stellar over-densities previously reported in the literature, but
never before interpreted as tidal streams.
Our collection of galaxies presents an assortment of tidal phenomena exhibiting striking
morphological characteristics (Fig. 7.9). In addition to identifying great circles-like features that resemble the Sagittarius stream surrounding the Milky Way, our observations
have uncovered enormous structures, such as isolated shells, giant clouds of debris within
galactic halos, jet-like features emerging from galactic disks and large-scale diffuse structures that are possibly related to the remnants of ancient, already thoroughly disrupted
satellites. Together with these remains of possibly long-defunct companions, our observations also captured surviving satellites caught in the act of tidal disruption. Some of this
display long tails extending away from the progenitor satellite or extended halos, as seen
in cosmological simulations
A qualitative comparison with available simulations set in a Λ-Cold-Dark-Matter cosmology shows that the extraordinary variety of stellar morphologies detected in this pilot
survey matches that seen in those simulations. The common existence of these tidal
features around “normal” disk galaxies and the morphological match to the simulations
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constitutes new evidence that these theoretical models also apply to a large number of
other Milky-Way-mass disk galaxies in the Local Volume.
Work done in collaboration with the amateur astronomers R.J. Gabany (Black Bird
Observary) and Ken Crawford (Rancho del Sol Observatory).

[1] Martinez-Delgado, D., Gabany, R.J., Crawford, K., Zibetti, S., Majewski, S., R., Rix,
H.-W., Fliri, J., Carballo-Bello, J. A., Bardalez-Gagliuffi, D., Penarrubia, J., Chonis,
T. S., Madore, B., Trujillo, I., Schirmer, M., McDavid, D. (2010): Stellar tidal streams
in spiral galaxies of the local volume: A pilot survey with modest aperture telescopes,
AJ 140, 962

Figure 7.9: Stellar tidal streams detected in our pilot survey with small telescope (see [1]).
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How the morphology effects the tidal stripping
in minor mergers
Jiang Chang, Andrea V. Macciò

The current model for structure formation in the universe is based on the cold dark matter
(CDM) theory. In this hierarchical scenario the small dark matter (DM) halos form first,
then they subsequently merger to form big ones. When a small galaxy (satellite) falls into
a massive one (host), the satellite galaxy will experience progressive mass loss, both in its
dark matter and stellar component. This mass loss is very important for the satellite’s
morphological transformation, galaxy growth, stellar streams and plays a key role in
galaxy evolution models.
In this study we focus on the effect of satellite morphology (disc vs. bulge) on the efficiency
of stellar and DM stripping.
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Figure 7.10: The evolution of orbit distance and remnant bound mass of satellite galaxies.
The dashed lines show the distance between host and satellite. The solid lines show the
remnant bound mass of stellar component and the dotted lines show the dark matter component. “C” and “B” mean the host morphologies are “Composed” and “Bulge”, while
“b”, “c” and “d” means the satellite morphologies are “bulge”, “composed” and “disc”(see
text), respectively.
We use N-body simulations to study the morphological transformation of satellites. We
employ three morphologies for the stellar distribution within the satellite galaxies: 1. A
rotation supported exponential disc galaxy (disc); 2. A non-rotating spheroidal bulge
with Hernquist profile; 3. A composed galaxy with 20 % bulge and 80 % disc. Also we
have 2 morphologies for the host galaxies: 1. Bulge; and 2. Composed, whose structure is
the same as the satellite before. The total mass of the host galaxy is ≈ 1012 M and the
mass ratio between host and satellite is 8 : 1. The stellar mass fraction is 3 % for the host
and 1 % for the satellite. The initial orbit distance is 160 kpc, which is the virial radius
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Figure 7.11: Edge-on view of the remnant bound stellar component. Morphological evolution of “composed” (upper pannels), “disc” (middle pannels) and “bulge” (lower pannels)
satellites at their first 5 apocentric passage. The contours are plotted at the same levels.
of the host galaxy, and initial radial and tangential components of the satellite velocity
are (Vr , Vϕ ) = (0.9, 0.6) × V200 , where V200 is the virial radius of the host galaxy.

The time evolutions of satellite mass (stellar and DM) are shown in Fig. 7.10 while the
morphological transformation is in Fig. 7.11. The decrease of orbit distance and mass loss
of the dark matter halo are independent from stellar morphology in the first 5 Gyr. As
the mass loss is from outer to inner, when the outer dark matter has been stripped out
and the tidal force begin to “touch” the stellar structure, around 5.6 Gyr, the disc looses
mass very quickly and there is bar formation in the center. After ≈ 7 Gyr, the disc is
totally disrupted. The bulge looses mass in a more gently way, the outer part has stripped
out but there is no obvious morphological transformation. The composed satellite has an
intermediate behaviour, first disc mass is lost. When about 80 % of the stellar mass have
been lost, there is a morphological transformation from “disc + bulge” to “bulge”, the
remnant mass stripped in a similar way as a small bulge.
One clear feature from Fig. 7.10 is the very quick (almost instantaneous) disc mass loss at
t = 7 Gyr. This happens when the tidal radius Rtidal is of the same order as the disc scale
length Rs . In our study, we show that this relation between Rtidal , Rs and catastrophic
mass loss is independent of the other parameters of the simulation (orbit, disc structure,
mass ratio and numerical resolution).
Also, we find that the host morphology has only a second order effect in determining the
mass loss (as green and black lines in Fig. 7.10).
Work done in collaboration with Xi Kang (Purple Mountain Observatory, CAS, China).
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The formation and evolution of circumnuclear
starburst rings
Tessel van der Laan, Eva Schinnerer, Sharon Meidt

Circumnuclear starburst rings and the central kpc
Circum-nuclear starburst rings stand out. While they are found in only 20 % of the
galaxy population, they can contribute up to 50 % of the entire current star formation
in their host galaxies. Since they also act as effective barriers against further gas inflow,
they are main actors in the secular evolution of galaxies.
From theoretical work and computational modeling the basic formation of such rings is
understood. However, the progress of star formation within these rings and their lifetimes are still highly debated. The difficulty lies in obtaining and combining multiple,
(sub-)arcsecond data sets that target both gaseous and stellar tracers to isolate the circumnuclear ring from the environment. We were able to assemble such high-quality data sets
for the nearby spiral galaxies NGC 5248 and NGC 6951. These two systems are representative for galaxies hosting circum-nuclear rings. Utilizing Pdbi data of the CO(1–0)
and CO(2–1) transitions to characterize the molecular gas, Sauron and Oasis optical
integral-field unit (IFU) data and high angular resolution imagery from Hst to determine
the stellar content, we investigated both aspects in the circum-nuclear starburst rings of
these two galaxies.

Ring gas dynamics and the location of star formation
In [1] we showed that the inflow rate of (molecular) gas onto the circum-nuclear ring in
NGC 6951 is of order 2 M /year. This implies that the molecular gas density in the ring
quickly reaches the threshold for star formation. Depending on the timescale for star
formation on the one hand and the dynamical timescales on the other hand, there will be
preferred locations of star formation.
The sensitive IFU data allowed us to investigate the 2-dimensional distribution of stellar
populations in the central kiloparsec. By fitting each spectrum with a combination of
single stellar population model spectra, we were able to separate the stellar light from
differently aged populations (Fig. 7.12). The “young” stellar populations are concentrated
in the ring (as was already expected from the high star formation rate in the ring).
However, it is now also clear that the fraction of young stars is not uniform throughout
the ring. The highest fractions are close to where the gas flows onto the ring. Star
formation must therefore happen quickly after gas enters the ring, within ≈2 Myr.

The impact of ring star formation on the galaxies’ evolution
The impact of the star formation in the circum-nuclear ring depends on the cumulative
increase in stellar mass with time, which in turn depends on the rings’ active star forming
lifetime. With archival Hst broadband images we determined the ages of the star clusters
in the rings. We find several young (< 10 Myr) clusters, whose location corresponds well
with the IFU results. The full age range of all star clusters in the ring of NGC 5248 and
NGC 6951 spans 1 Gyr. We argue, based on the gas inflow rate, the available gas mass
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Figure 7.12: Stellar “mass” distribution in the central 1.2 kpc of the nearby galaxy in
NGC 5248, separated into 4 age bins. The radii of the two circum-nuclear rings present
in this galaxy are indicated by white dashed ellipses. The 370 pc ring can still be easily
recognized in the distribution of ≈400 Myr stars (bottom left), while the inner 100 pc ring
is only obvious in young stellar populations as, e.g. seen in Hα line emission. Stars older
than 1 Gyr show the typical distribution expected for a stellar bulge (bottom right).
and the ages of the star clusters that the rings are ≈1 Gyr old. This implies an infusion
of order 109 M in stellar mass in the central kiloparsec due to star formation in the
circum-nuclear ring [2].
Circum-nuclear rings predominantly form under the gravitational torques generated by
large scale stellar bars. Both NGC 5248 and NGC 6951 host large scale bars that are
credibly linked to the rings in both galaxies. The 1 Gyr active lifetime we therefore find
for the circum-nuclear rings also implies that the large scale stellar bar that generates the
ring has at least a similarly long lifetime.
Work done in collaboration with Eric Emsellem (ESO, Germany), Richard McDermid
(Gemini Observatory, USA), Gaelle Dumas (IRAM, France) and Sebastian Haan (CSIRO,
Australia).

[1] Van der Laan, T.P.R., Schinnerer, E., et al. (2011): Molecular gas kinematics in the
inner 3 kpc of NGC 6951, A&A 529, A45
[2] Van der Laan, T.P.R. (2012): Circumnuclear star forming rings in the barred galaxies
NGC 5248 and NGC 6951, University of Heidelberg PhD-thesis,
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7.9

Observing gravitational lensing effects by
Sgr A* with GRAVITY
Luigi Mancini

The supermassive black hole Sgr A*
Understanding the nature and the physics of a black hole has always fascinated generations of scientists as well as ordinary people. Obviously, the first basic question is whether
black holes actually exist. The royal evidence resides in the innermost part of our Galaxy,
and comes from decennial near-infrared (NIR) observations of the orbital motion of more
than two dozen stars (the so-called S-stars) around the well-known and motionless compact radio source Sgr A*, which is indeed a massive black hole of about 4.3 × 106 M .
Light from the S-stars is bent by the gravitational field of the black hole, giving rise to
several phenomena: astrometric displacement of the primary image, creation of a secondary image that may shift the centroid of Sgr A*, and magnification effects on both
images (Bozza et al. 2009). The soon-to-be second-generation Very Large Telescope
Interferometer instrument Gravity will perform observations in the near-infrared
of the Galactic center at unprecedented resolution, opening the possibility of observing
such effects.

Gravity
A big step in angular resolution is expected to come from NIR interferometry. Actually,
Gravity is a second-generation Vlti instrument, specifically designed to observe highly
relativistic motions of matter close to the event horizon of Sgr A*. With a baseline of
≈ 100 m, it should ensure the access to Sgr A*’s innermost stable circular orbit (the radius
of this orbit is 30 mas for a 4.3 × 106 M Schwarzschild black hole), allowing astrometric
detection of hotspots orbiting around the black hole. Thus, the high sensitivity of Gravity should allow us to reconstruct images with details as faint as K = 19m , yielding a
resolution of ≈ 3 mas for objects that can be as faint as K = 18m . With this remarkable
resolution, Gravity should be able to catch the light of most of any very fast orbiting
stars within the central 100 mas.

Figure 7.13: Generic lensing configuration.

Gravitational lensing in the Galactic center
We investigated the observability limits for Gravity of gravitational lensing effects on
the S-stars in the parameter space [DLS , γ, K], where DLS is the distance between the
lens and the source, γ is the alignment angle of the source, and K is the source’s apparent
magnitude in the K band, see Fig.7.13. Gravitational lensing generates two images of
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a given source star. These images might be confused or not within the point-spreadfunction of Sgr A* itself, depending on the angular position of the images compared to
Gravity resolution limit of 3 mas. We can therefore distinguish three different regimes
for gravitational lensing, occurring in three different regions of the plane (γ, DLS ): Region
I – No images are resolved from Sgr A*. A single blend appears containing both images
of the source star along with the radiation from the central black hole; Region II – The
primary image is resolved separately while the secondary image is still confused with
Sgr A*; Region III – Both images are distinguished from Sgr A* and can be studied
separately.

Figure 7.14: Details of region II, where both the secondary image of a generic S-star is
superimposed onto Sgr A*, while the primary is not. The astrometric displacement of the
primary image due to the gravitational lensing by the black hole is observable by Gravity
for many S-stars. The vertical lines indicate how much the primary image of a generic
source star is shifted by gravitational lensing in that position of the parameter space. The
position of several S-stars are reported for the period 2014-2024, when Gravity will be
operative. The arrows indicate if the stars are approaching or leaving Sgr A*.
The easiest effect to observe in future years by Gravity is the astrometric displacement
of primary images for many known S-stars in a cone with aperture γ ≈ 40◦ (Fig.7.14).
This shift must be taken into account in the computation of orbital parameters and may
help to constrain the mass of the black hole and of its environment. The star S 17, in
particular, will have the highest astrometric shift from its Keplerian orbit for several years
and could be detected as soon as Gravity becomes operative [1].
Work done in collaboration with Valerio Bozza (University of Salerno).

[1] Bozza, V. & Mancini, L. (2012): Observing gravitational lensing effects by Sgr A*
with Gravity, ApJ 753, 56
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Integrated molecular line emission in the nearby grand-design spiral galaxy M 51 as imaged
by the Iram large program Paws.
For details see Sec. 8.7
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Sharp insight into the colliding galaxies of the
Antennae: Revealing the metamorphosis of a
whole galaxy system

Ulrich Klaas, Markus Nielbock, Oliver Krause, Jürgen Schreiber

Far-infared observations of the Antennae with Herschel-Pacs
The Antennae galaxy is an interacting galaxy system in the stage of the second encounter
prior to final merging of the two spiral galaxies NGC 4038 and NGC 4039. Pacs scan
map images in the three bands at 70, 100 and 160 µm provide us with an unprecedented
sharp and deep view of the sites of obscured and hidden star formation (Fig. 8.1 left). A
band of several star formation knots along an arc between the two nuclei in the overlap
area of the two spiral disks is revealed and outlined as the currently most intense star
formation sites by these new images. While the northern galaxy NGC 4038 still shows
significant star formation over the whole disk along an arm-like structure, a major part of
the southern galaxy disk of NGC 4039 appears inactive in the far-infrared and its nucleus
relatively faint. The far-infrared morphology differs considerably from the optical one
indicating a radical metamorphosis in the future appearance of the system.

Figure 8.1: Left: Overlay of Herschel-Pacs 70 µm image contours on a composite of
Hst blue, green and Hα images. Right: Herschel-Pacs 70 µm map illustrating the
photometric apertures for the emission knots and their designation.

Herschel-Pacs photometry and multi-wavelength analysis
The spatial resolution achieved now in the far-infrared allows to perform a multi-wavelength
analysis of the star formation history and state of individual knots (Fig. 8.1 right) from
the optical/near-infrared to the mm-regime. Issues like size and the relative intensity
of the individual star formation sites and a possible mutual triggering of star formation

Herschel-Pacs images of the Antennae
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Figure 8.2: Left: Star formation rates (SFR) derived from the Herschel-Pacs photometry for the brightest knots. Star formation efficiencies (SFE) are derived from the farIR
photometry and H2 masses from Wilson et al. (2003). Right: Radio-farIR correlation for
the entire object and the individual knots.
in-between them can
P be addressed. Knot K1 is the by far most active region in terms of
SFR, SFE and log
SFR (Fig. 8.2 left). Figure 8.2 (right) shows the radio-farIR correlation for the entire object and the main individual knots: Knot K1 has a significant radio
deficiency, while knot K2a has a radio excess. Chyzy & Beck (2004) characterized the
magnetic field properties of the Antennae, finding that K1 has a weak magnetic field due
to a lack of cosmic ray electrons, while K2 has a compressed magnetic field. Comparison
with Chandra X-ray maps (Fabbiano et al. 2001) shows only weak X-ray emission from
knots K1 and K2a. This inter-comparison with CO(1-0), radio, and X-ray maps leads
to the interpretation that the overlay region knots K1 and K2a are still in a very young
stage, while knot K2b+c is already more evolved. This work was presented orally at
the Herschel First Results Symposium and published in the Herschel First Science
Highlights A&A volume [1].

Outlook
Our observational results provide important checkpoints for numerical simulations of the
Antennae galaxies with regard to the modeling of the flow and distribution of the interstellar medium as well as the evolution of the star formation and the stellar feedback in such
systems. As part of the Herschel-Pacs Guaranteed Time Key Programme Shining we
have observed 44 additional closely interacting galaxy systems for which we investigate
the relative star formation activity depending on the interaction stage.
Work done in collaboration with Martin Haas (Ruhr-Universität Bochum) and Simon
Karl (University of Cambridge).

[1] Klaas, U., Nielbock, M., Haas, M., Krause, O., & Schreiber, J. (2010): Tracing
the sites of obscured star formation in the Antennae galaxies with Herschel-Pacs,
A&A 518, L44
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Cool gas flows around star-forming galaxies at
z ≈ 0.5
Kate H. R. Rubin, J. Xavier Prochaska

The accretion of gas onto galaxies is regarded as vital to their formation and continued
growth. Cosmological simulations predict that at high redshift (z & 2), baryons are
delivered to star-forming regions via cool filaments of dense gas (Kereš et al. 2009). While
these filaments are truncated at later epochs (z . 1), observations of the cool gas reservoirs
in local spirals suggest that gas accretion must persist until today to maintain the requisite
star formation activity (Kennicutt 1983). At the same time, these simulations predict
that feedback from star formation likewise plays a fundamental role in regulating galaxy
evolution, suppressing the gas supply in low-mass dark matter halos (Oppenheimer et al.
2010) and likely feeding the massive, enriched gaseous halos detected to ≈ 300 kpc from
nearby ≈ L∗ galaxies (Tumlinson et al. 2011).

Figure 8.3: Cool gas kinematics on the z ≈ 0.5 star-forming sequence.
Left: Colored and black points show our survey sample, and gray points show a comparison sample of ≈ 3000 star-forming galaxies at z ≈ 0.5 (Barro et al. 2011). Blue open
diamonds mark objects with detected winds, with the point size scaled with the Mg ii outflow equivalent width. Red filled diamonds mark objects with inflows, and black circles
mark objects with neither winds nor inflow. We detect winds over the full range in star
formation rate (SFR) and M∗ occupied by our sample. Right: Distribution of inclinations
(i) for disk-like galaxies selected from the same sample. The distribution for galaxies
with winds is shown in blue, and the distributions for galaxies with inflows and without
winds/inflows are shown in red and solid black. Face-on galaxies (low i) are significantly
more likely to drive detected winds than galaxies viewed edge-on.
However, empirical evidence for cool gas accretion onto distant galaxies has been difficult
to obtain. And while numerous studies have detected cool outflows from star-forming
galaxies, observational constraints on the relationship between star formation activity and
the kinematics of outflows, particularly beyond z > 0.5, are rare. In particular, past work
on winds from distant galaxies have established their ubiquity via analysis of co-added
spectra of hundreds of objects, but could not constrain the variation in wind kinematics
among individual systems due to signal-to-noise limitations (e.g., Rubin et al. 2010).

Cool gas flows around star-forming galaxies at z ≈ 0.5
To ameliorate this issue, we analyzed Mg ii
λλ2796, 2803 and Fe ii λλ2586, 2600 absorption in Keck/Lris spectra of ≈ 100
galaxies at 0.3 < z < 1.4. Drawn from
fields with deep Hst/Acs imaging, the
galaxies fully sample the range in star formation rate (SFR) occupied by the z ≈ 0.5
star-forming sequence at log M∗ /M & 9.5
(Fig. 8.3). Using the Doppler shifts of
the Mg ii and Fe ii absorption lines as an
indicator of cool gas kinematics, we detect winds (i.e., blueshifted absorption) in
the majority (66 %) of our sample, and
find from analysis of the Hst imaging that
the wind detection rate depends primarily on galaxy orientation (Fig. 8.3). Combined with the comparatively weak dependence of wind detection rate on galaxy
SFR, SFR surface density, and M∗ , this
suggests that biconical outflows are ubiquitous along the star-forming sequence at
z ≈ 0.5. The measured wind velocities
(≈ (200 − 400) km/s) are insufficient to enable the escape of the gas from the host
dark matter halos; however, these flows
may be a viable source of cool material
for the massive circumgalactic medium observed around ≈ L∗ galaxies at z ≈ 0.2
(Tumlinson et al. 2011).
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Figure 8.4: Two galaxies with cool gas inflows traced by metal-line absorption. The
left column shows Hst/Acs images, and
the middle and right columns show Fe ii and
Mg ii transitions in the galaxy spectra. The
line profiles are redshifted with respect to systemic velocity (marked with vertical dotted
lines), indicating that the absorbing material is inflowing. Analysis of the imaging indicates that these galaxies are disk-like with
edge-on orientations. Our preferential detection of inflows toward edge-on galaxies (red
histogram, Fig. 8.3) suggests that cool infall
is more likely to occur along the plane of
galactic disks.

The same spectroscopic survey is also sensitive to cool gas inflow traced by redshifted
absorption. In [1], we report the detection of inflows with velocities (80−200) km/s toward
six of these galaxies (Fig. 8.4; red diamonds in Fig. 8.3). Deep Hst/Acs imaging indicates
that five of the six galaxies are disk-like and highly-inclined (edge-on; see red histogram in
Fig. 8.3 and images in Fig. 8.4). Our preferential detection of inflow toward a handful of
edge-on galactic disks from among a parent sample of ≈ 100 objects suggests that inflow
is more likely to occur along the disk plane. This work represents the first unambiguous
detection of inflow into isolated, star-forming galaxies in the distant universe.
Work done in collaboration with David C. Koo, Andrew C. Phillips (UCO/Lick Observatory) and Crystal L. Martin (University of California, Santa Barbara).

[1] Rubin, K. H. R., Prochaska, J. X., Koo, D. C. & Phillips, A. C. (2012): The direct
detection of cool, metal-enriched gas accretion onto galaxies at z ≈ 0.5, ApJL 747,
26

192

8.3

Galaxy Evolution

An intense starburst in a galaxy overdensity at
z = 5.2 in the Hubble Deep Field
Fabian Walter, Roberto Decarli, Elisabete da Cunha,
Hans-Walter Rix, Jacqueline Hodge

The Hubble Deep Field (HDF) is a region in the sky that provides one of the deepest
multi-wavelength views of the distant universe and has led to the detection of thousands
of galaxies seen throughout cosmic time. An early map of the HDF at a wavelength of
850 µm that is sensitive to dust emission powered by star formation revealed the brightest
source in the field, dubbed HDF 850.1. For more than a decade, this source remained
elusive and, despite significant efforts, no counterpart at shorter wavelengths, and thus no
redshift, size or mass, could be identified. We derived, using a millimeter wave molecular
line scan, an unambiguous redshift determination for HDF 850.1 of z = 5.183. This places
HDF 850.1 in a galaxy overdensity at z ≈ 5.2 in the HDF, corresponding to a cosmic age
of only 1.1 Gyr after the Big Bang. This redshift is significantly higher than earlier
estimates and higher than most of the > 100 sub-millimeter bright galaxies identified
to date. The source has a star formation rate of 850 M /yr and is spatially resolved on
scales of 5 kpc, with an implied dynamical mass of ≈ 1.3×1011 M , a significant fraction of
which is present in the form of molecular gas. Despite our accurate redshift and position,
a counterpart arising from starlight remains elusive.

Observations
We have obtained a full frequency scan of the 3 mm
band towards the HDF using the Iram Plateau
de Bure Interferometer (PdBI). The observations covered the frequency range (80–115) GHz
in 10 frequency settings at uniform sensitivity and
at a resolution (≈ 2 00. 3) that is a good match to
galaxy sizes at high redshift. They resulted in the
detection of two lines of carbon monoxide (CO), the
most common tracer for molecular gas at high redshift, at 93.20 GHz and 111.84 GHz at the position
of HDF 850.1. Identifying these lines with the J = 5
and J = 6 rotational transitions of CO gives a redshift for HDF 850.1 of z = 5.183. This redshift was
then unambiguously confirmed by the PdBI detection of the 158 µm line of ionized carbon ([C ii], red- Figure 8.5: Detection of four lines
shifted to 307.38 GHz), one of the main cooling lines tracing the star-forming interstelof the star-forming interstellar medium. Stacking of lar medium in HDF 850.1. These
other molecules covered by our frequency scan that lines unambiguously constrain the
trace higher volume densities did not lead to a de- redshift to z = 5.183.
tection. Subsequently, the J = 2 line of CO has
also been detected using the Nrao Jansky Very Large Array (Jansky Vla) at
37.29 GHz. The observed [C ii] and CO spectra towards HDF 850.1 are shown in Fig. 8.5.

An intense starburst in a galaxy overdensity at z = 5.2 in the Hubble Deep Field

HDF850.1
[CII] contours on I−band
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red/blue−shifted [CII]
on J−band

Figure 8.6: [C ii] line emission towards HDF 850.1. Left: [C ii] contours on top of a deep
Hst image of the region in a filter (I band) that covers the Ly-a line and UV continuum
at z = 5.183. Right: The red– and blue–shifted [C ii] emission.

Results
Figure 8.6 shows the maps of total [C ii] emission superposed on the deepest available
Hubble Space Telescope (Hst) images of the HDF. No optical counterpart is visible
in these extremely deep Hst images. An inspection of the distribution of galaxies towards
HDF 850.1 that have spectroscopic redshifts shows that there is an over-density of galaxies
at the exact redshift of HDF 850.1, including a quasar at z = 5.186. This makes this region
one of the most distant galaxy over-densities known to date.
HDF 850.1 remains outstanding in the study of dust-obscured starbursts at high redshift,
being one of the first such sources discovered, and yet evading detection in the optical
and near-infrared. Its redshift of z = 5.183 enforces the presence of a high redshift
tail (z > 4) of sub-millimeter bright star-forming (non-AGN/quasar) galaxies (currently
there are only about half a dozen systems known). Only a small fraction of sub-millimeter
bright sources is expected to be at very high redshift — it is thus ironic that the first
blank-field source belongs to this subgroup. The absence of a possible counterpart in the
available deep imaging, even though the star-forming interstellar medium is distributed
over many square kpc, makes this source extreme. Given its high molecular gas mass
(3.5 × (α/0.8) × 1010 M ) and star formation rate (850 M /yr) HDF 850.1 can build a
significant stellar component as early as z ≈ 4 (≈ few hundred Myr from z ≈ 5). Blind
line searches through spectral scans at millimeter wavelengths as performed here thus play
a fundamental role in unveiling the nature of star-forming galaxies that are completely
obscured in the (restframe) optical and UV even if multi-wavelength data at unparalleled
depth are available.
Work done in collaboration with Chris Carilli (NRAO), Pierre Cox (IRAM), Frank
Bertoldi (AIfA), Emanuele Daddi (Saclay), and Dominik Riechers (Cornell).

[1] Walter, F. et al. (2012): An intense starburst in a galaxy overdensity at z = 5.2 in
the Hubble Deep Field, Nature 486, 233
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The baryonic Tully-Fisher relation and galactic
outflows
Aaron A. Dutton

The missing baryons and galactic outflows
The cosmic baryon fraction is extremely well determined from observations of the Cosmic
Microwave Background and other cosmological probes. However, on galaxy scales a significant fraction of the baryons are “missing”. Stars and cold gas in galaxies account for
just ' 8 % of the cosmic baryons, while hot intra-cluster gas accounts for just ' 4 %. The
vast majority of the cosmic baryons (' 88 %) are thought to be in the form of hot gas in
the haloes of galaxies or between galaxies in the so called warm-hot-intergalactic medium
at temperatures between 105 K and 107 K. However, only a fraction of these baryons have
been unambiguously detected.
A clue to the solution of the missing baryon problem comes from the fact that the galaxy
formation efficiency, GF , is not a constant. It is observed to peak at GF ≈ 30 % in haloes
of mass Mvir ≈ 1012 M , and declines to both higher and lower masses. In haloes of mass
1010 < Mvir < 1012 M , which should host typical dwarf and spiral galaxies, cooling is
expected to be very efficient. For this range of halo masses, galactic outflows driven by
supernovae (SNe)/stellar feedback are the only known mechanism capable of explaining
the low galaxy formation efficiencies. In support of the this scenario, outflows are observed
to be ubiquitous in galaxies that are undergoing, or have recently undergone, significant
star formation. However, measuring outflow mass rates is observationally challenging,
and at present it is not clear how much mass is actually removed. Thus additional tests
of galactic outflow models are needed.

The baryonic Tully-Fisher relation
The most direct probe of the virial masses of galactic scale dark matter haloes is the
rotation velocity measured at large galactic radii, Vflat , from the 21 cm emission line of
neutral hydrogen. Thus the relation between Vflat and the baryonic mass of a galaxy,
Mbar , provides an observational constraint on the efficiency of galaxy formation. This
relation is known as the baryonic Tully-Fisher relation (BTF), and has a power-law form
α
Mbar ∝ Vflat
over 4 decades in baryonic mass. For a constant galaxy formation efficiency a
slope of α ' 3 is expected. The observed slope is α ' 4, implying that galaxy formation
is less efficient in lower mass galaxies. The scatter in the BTF is remarkably small, which
has been thought to pose a challenge to hierarchical galaxy formation models.

A semi-analytic model for the baryonic Tully-Fisher relation
In [1] we use a semi-analytic disc galaxy formation model (Dutton & van den Bosch
2009) to show that the basic features of the BTF (slope, zero-point, and scatter) can be
reproduced in a ΛCDM context using plausible models for star formation and feedback.
Specifically, our model uses an empirically motivated relation between star formation rate
and molecular gas density, and only half of the SNe energy is needed to go into galactic
outflows.

The baryonic Tully-Fisher relation and galactic outflows
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Figure 8.7: Relation between baryonic mass (Mbar ) and outer galaxy rotation velocity
(Vflat ) for a ΛCDM based semi-analytic model (grey points – individual galaxies, solid line
– median) and observations (open circles). Our model successfully reproduces the observed
slope, zero point, and scatter. For reference, the dotted line shows the relation assuming
the cosmic baryon fraction and the virial velocity, which has a slope of 3.
The BTF relation of this model is shown in Fig. 8.7. The grey points show individual model galaxies, while the solid line shows the median relation which is in excellent
agreement with the observations (open circles). In our model the intrinsic scatter in the
BTF is 0.15 dex, and mostly reflects scatter in dark halo concentration. The scatter is
largely independent of galaxy structure because of the large radius within which galaxy
rotation velocities are measured. The observed scatter, equal to 0.24 dex, is dominated
by measurement errors. The best estimate for the intrinsic scatter is that it is less than
0.15 dex, and thus our ΛCDM-based model (which does not include all possible sources of
scatter) is only just consistent with this. Future observations of the BTF could be made
(e.g., with the Square Kilometer Array) with a more stringent measurement of the
intrinsic scatter, and thus provide a strong constraint to galaxy formation models.
Additional features of our model are that lower mass galaxies are more efficient at removing their gas despite their less efficient star formation, and that the residuals of the BTF
do not show any correlations with gas fraction, both in agreement with observations.
[1] Dutton, A. A. (2012): The baryonic Tully-Fisher relation and galactic outflows, MNRAS 424, 3123
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Hubble observations of 100 000 distant Galaxies
Arjen van der Wel, Yu-Yen Chang, Hans-Walter Rix

Candels: The largest Hubble Space Telescope program
The C osmic Assembly N ear-infrared Deep E xtragalactic Legacy S urvey (Candels) is
designed to document the first third of galactic evolution, over the approximate redshift
range z ≈ 8 to 1.5. Candels has already imaged more than 100,000 distant galaxies, from
the mid-ultraviolet to the near-infrared, with the Hubble Space Telescope (Hst).
The use of five widely separated fields mitigates cosmic variance and yields statistically
robust and complete samples of galaxies down to a stellar mass of 109 solar masses to
z ≈ 2, and reaches the knee of the ultraviolet luminosity function of galaxies to z ≈ 8.
The authors of this contribution are strongly involved in analyzing the data and realizing
science goals, as described below.

Figure 8.8: Ten galaxy images (left) from one of the Candels mosaics (HF160W band)
and their surface brightness models and residuals. These objects have been chosen to have
a range in magnitude (increasing from HF160W ≈ 20 at the top left to HF160W ≈ 25 at the
bottom right) and structure. For the faintest galaxies shown here the model still captures
the basic structural parameters such as size and shape.

Quantitative morphological information of distant galaxies
Of primary interest is the 000.15 resolution imaging in the near-infrared over 800 0 . At
Mpia we led the effort to provide quantitative morphological measurements of all galaxies
in Candels [1]. Through modeling the two-dimensional surface brightness profiles we
inferred sizes, shapes (projected axis ratios), position angles and Sérsic indices (Fig. 8.8).

Hubble observations of 100 000 distant Galaxies
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Figure 8.9: Star formation rate (SFR) versus stellar mass for galaxies at low redshift (left),
z ≈ 1 (middle), and z ≈ 2 (right, from Candels). The color coding reflects the internal
structure of galaxies across the SFR–mass plane: At all redshifts there is a pronounced
sequence of star-forming galaxies with exponential profiles (Sérsic index n ≈ 1), that
is, disk-like structural properties. A population with more bulge-like (high Sérsic index)
properties is seen at low SFRs.
One of the foremost illustrations of the new ground that Candels is breaking is shown
in Fig. 8.9: Already at early times (z ≈ 2) there were distinct populations of early- and
late-type galaxies, in essence similar to the spiral and elliptical galaxies we see today.
Based on these morphological measurements we are currently investigating in detail the
assembly history of early-type galaxies. Extending our previous work [3, 4], the emerging
picture is that today’s massive elliptical galaxies had substantially massive progenitors
at z ≈ 2. These progenitors were compact but also possessed a pronounced disk-like
structure. While the early formation stages of these objects must have included one or
more phases with vigorous star formation, the gas reservoirs providing the fuel for the star
bursts had time to settle into a disk. The outer parts were then assembled at later times,
presumably through the accretion of satellite galaxies, which also gradually destroyed the
stellar disk.
Work done in collaboration with the Candels team.

[1] van der Wel, A., Bell, E.F., Häussler, B., et al. (2012): Structural Parameters of
Galaxies in Candels, ApJS 203, 24
[2] Wuyts, S., Förster-Schreiber, N.M, van der Wel, A., et al. (2011): Galaxy structure
and mode of star formation in the SFR–mass plane from z ≈ 2.5 to z ≈ 0.1, ApJ 742,
96
[3] van der Wel, A., Rix, H.-W., Wuyts, S., McGrath, E.J., Koekemoer, A.M., Bell,
E.F., Holden, B.P., Robaina, A.R., McIntosh, D.H. (2011): The majority of compact
massive galaxies at z ≈ 2 are disk dominated, ApJ 730, 38
[4] Chang, Y.-Y., van der Wel, A., Rix, H.-W., Wuyts, S., Zibetti, S., Ramkumar, B.,
Holden, B.P. (2012): Shape evolution of massive early-type galaxies: confirmation of
increased disk prevalence at z > 1, ApJ in press, arXiv:1211.2113
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Starbursting dwarf galaxies at high redshift

Arjen van der Wel, Michael Maseda, Hans-Walter Rix

Formation history of dwarf galaxies
Until recently, the formation history of dwarf galaxies could only
be studied through meticulously
constructing color-magnitude diagrams of individual stars in nearby objects. Such studies demonstrated that the majority of stars
living in present-day dwarf galaxies are old.
In essence, the
star formation history of dwarf
galaxies does not appear to be
markedly different from that of
the universe as a whole: all galaxies, including dwarf galaxies, were
forming stars at higher rates in
the more distant past. Beyond
this general conclusion, it is impossible to show, using the “archaeological” technique, whether
stars formed gradually or in short
bursts. For this, direct observation of the formation process at Figure 8.10: False-color composite mosaic and cutouts
large look-back time is required. created from Hst I-, J-, and H-band images
(Wfc3/IR Acs/Wfc) of emission-line galaxies at
z ≈ 1.7. The cutouts are 3 00 on a side.

Discovery of extreme emission line objects at z > 1
Deep, near-infrared imaging from Hubble Space Telescope (Hst) provided by Candels (see Sec. 8.5) now allows us to probe low-mass galaxies at z > 1. Among the
≈ 100 000 high-redshift galaxies we found a number of faint (H ≈ 25 ABmag) objects
with very strange colors (Fig. 8.10), which can only be explained by extremely strong
emission lines that contribute considerably to the broad-band light [1].
The large emission line equivalent width (> 500Å) implies that these are galaxies with
very young ages (≈ 10 Myr) and their low luminosity implies that their stellar masses
are well below 109 solar masses. There is no evidence for substantial, older populations
of stars. This discovery constitutes the first systematic detection of dwarf galaxies at
high redshift.

Starbursting dwarf galaxies at high redshift
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Lbt spectroscopy: confirmation of low mass and metallicity

relative flux

In 2012 we started an observing campaign at the Large Binocular Telescope (Lbt),
performing near-infrared spectroscopy with Luci 1 (Fig. 8.11). These observations confirmed the low masses of these emission line galaxies: the kinematic width of the [O iii]
and Ha emission lines typically is ≈ 50 km/s, which implies that their dynamical masses
are consistent with their stellar masses. In addition the emission line ratios confirm that
they have very low metallicities and that the ionizing source is, in most cases, the O and
B stars produced in the starburst.

wavelength / µm
Figure 8.11: Example Luci near-infrared spectrum of a z ≈ 1.6 dwarf galaxy (black: object
spectrum; red: noise spectrum). The narrow (≈ 50 km/s) [O iii] lines confirm its low mass
(≈ 108 M ), and the large O iii/Hb ratio confirms in low metallicity (≈0.1 solar).

Implications for dwarf galaxy formation
The abundance and star-formation rates of the newly discovered class of high-redshift
dwarf galaxies imply that a large proportion of stars in present-day dwarf galaxy form
in the short, intense bursts at z > 1. With upcoming observations we will attempt
to demonstrate the presence of outflows signaling a feedback process that presumably
suppresses future star formation.
Work done in collaboration with the Candels team.

[1] van der Wel, A., Straughn, A., Rix, H.-W., et al. (2011): Extreme emission-line
galaxies in Candels: broadband-selected, starbursting dwarf galaxies at z > 1, ApJ
742, 111

200

Galaxy Evolution

8.7

PAWS provides a cloud-scale view onto the
molecular interstellar medium
Eva Schinnerer, Dario Colombo, Annie Hughes,
Sharon E. Meidt

The PdBI Arcsecond Whirlpool Survey (Paws)
The processes leading to the conversion of cold neutral (molecular) gas in to stars are not
very well understood, i.e. no self-consistent model of star formation does exist. A common
assumption is that Giant Molecular Clouds (GMCs) are the units most important for the
formation of stars. Thus the study of the structure and organization of the molecular gas
in nearby galaxies on cloud-scales can provide important new insights. The Iram Large
Program PdBI Arcsecond Whirlpool Survey (Paws, PI Schinnerer) used 170h of
PdB interferometric and 40h of 30 m-single-dish time to map the molecular gas in the
central 9 kpc of the nearby (D ≈ 7.6 kpc) grand-design spiral galaxy M 51a (Fig. 8.12) in
its CO(1-0) emission at a spatial resolution of 40 pc with a 5σ sensitivity of 105 M , i.e.
a typical Galactic GMC.

Figure 8.12: Integrated molecular line emission in the central ≈ 9 kpc of the nearby granddesign spiral galaxy M 51 at cloud-scale resolution of 40 pc as imaged by the Iram Large
Program Paws. A scale bar of length 500 pc and the beam are shown in the bottom left
corner.

A scheme for GMC formation & evolution in spiral galaxies
Only about half the CO(1-0) emission mapped by Paws is residing in compact structures
and can be decomposed into 1 507 individual GMCs. We analyzed the properties of these
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A cloud-scale view of the molecular ISM

log (n(M>M‘) / [kp2])

GMCs as a function of galactic environment (central region, arm, inter-arm; Fig. 8.13 left)
defined by the dynamical conditions present. We find that GMCs in the center are among
the most massive, largest objects exhibiting the highest gas surface densities, while the
spiral arm environments contain less large objects, and the GMCs in the inter-arm region
have on average a lower mass and are smaller. These differences are also reflected in the
cumulative GMC mass functions (normalized by area; Fig. 8.13 right) and Probability
Distribution Functions of the gas (see Sec. 6.2). Based on these data we propose the
following scheme for GMC formation and evolution: The GMC population up-stream of
the spiral arms (here: concave side) is composed of small clouds, when this population
enters the region of the spiral density wave due to agglomeration and self-gravity larger
and more massive GMCs are formed. Once these GMCs leave the spiral arm (downstream; here: convex side) due to shear and star formation the most massive objects are
destroyed until they resemble the GMC mass function found up-stream. The situation in
the center is different: The molecular ring exists due to a dynamical resonance where gas
flows stall and large quantities of gas can accumulate, thus processes deemed important in
the spiral arms are even more dominant. The sharp truncation of the GMC mass function
for the very central region (nuclear bar) could be caused be shear due to the stellar bar,
the enhanced interstellar radiation field, the AGN or a combination of these factors.

log (Mlum / M)

Figure 8.13: Spatial distribution of the 1 507 GMCs identified (shown as ellipses) in the
Paws data cube ( left) color-coded by the dynamical environment they live in. The respective cumulative GMC mass functions found in these different galactic environments
(using the same color-coding, right) show distinctly varying shapes indicating that different
mechanisms lead to the formation and destruction of GMCs.
Work done in collaboration with A. Leroy (NRAO, USA), J. Pety, G. Dumas, K. Schuster
(IRAM, France), C. Dobbs (University of Exeter, UK), S. Garcı́a-Burillo (OAN, Spain),
T. Thompson (Ohio State University, USA), and C. Kramer (IRAM, Spain).
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The merger–AGN connection: irrelevant since
z≈1

Mauricio Cisternas, Knud Jahnke, Katherine J. Inskip,
René Andrae
What is the relevance of major mergers and interactions as triggering mechanisms for
active galactic nuclei (AGN) activity? To answer this long-standing question, we analyzed
140 Xmm-Newton-selected AGN host galaxies and a matched control sample of 1264
inactive galaxies at 0.3 < z < 1.0 and M∗ < 1011.7 M with high-resolution Hubble
Space Telescope/Advanced Camera for Surveys imaging in the Cosmos field [1].
This particular population of AGN was selected because it dominates the mass-density
growth of black holes over the past ≈ 8 billion years.
Our approach involved an imaging-based analysis of the morphological structures of the
AGN host galaxies and a control sample matched in all parameters except, obviously,
the black hole accretion rate. This was made possible by the vast Hst imaging dataset
available in the Cosmos field, spanning nearly 2 ◦ on the sky, providing I-band images
at 000.1 resolution for several 100 000 galaxies.

Figure 8.14: Grades of distortion as classified by the 10 experts. Rows from top show
examples for undistorted and mildly and strongly distorted galaxies.
We searched for major distortions in the galaxy morphologies as indicators of recent or
ongoing merging with a massive companion galaxy. Then, we tested for any difference
in strong distortion fraction between the background level of inactive galaxies and the
AGN host galaxies in the sample. Since it has been shown that automated algorithms
are not very reliable in picking out the very diverse signatures of distortions, we chose a
very traditional, yet statistically very important approach: a visual analysis of the morphologies carried out by 10 independent human classifiers (Fig. 8.14). The classification
was designed as a blind test, mixing AGN host and inactive galaxies after removing the
bright nucleus from the AGN images (and adding fake removal residuals into the inactive
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galaxy images). Hence, classifiers did not know at any point whether a galaxy was an
AGN host or not, thus avoiding cognitive bias for or against a merger–AGN hypothesis.
Also, though their personal definition of “strong distortion” might differ, each individual
nevertheless applied the same subjective criteria to any galaxy they classified.

Figure 8.15: Probability distribution of a difference in
strong distortion fraction between inactive and AGN
host galaxies for less massive (top) and more massive (bottom) galaxies in our sample. For both subsamples, there is no difference within 1σ of the distribution, hence there is no excess of distorted AGN host
galaxies compared to normal, inactive galaxies.

We found that (1) the majority of
AGN (65 %) are hosted by diskdominated galaxies, inconsistent
with recent major merging, (2)
the vast majority (> 85 %) of the
AGN host galaxies do not show
strong distortions, and (3) there
is no statistical significant difference in the probability distribution of the distortion fractions between active and inactive galaxies (Fig. 8.15), even after dividing the sample into low- and highmass galaxies. While it has been
suggested that, in general, more
massive galaxies would be more
likely to require a massive intervention, in order to accrete gas
onto their central black holes, we
observe the same distortion fraction as in inactive galaxies of the
same mass even for the higher
mass host galaxies.

Our findings provide the best direct evidence that, since z ≈ 1, the bulk of black hole accretion has not been triggered by
major galaxy mergers (see also Sec. 9.13 where we show from a theoretical point of view
that a physical coupling between galaxy and black hole growth is not necessarily required),
therefore implying that alternative mechanisms, i.e., internal secular processes and minor
interactions, are the leading triggers for the episodes of major black hole growth. We
also exclude an alternative interpretation of our results: A substantial time lag between
merging and the observability of the AGN phase could wash out the most significant
merging signatures, explaining the lack of enhancement of strong distortions on the AGN
hosts. We show that this alternative scenario is unlikely due to (1) recent major mergers
being ruled out for the majority of sources due to the high fraction of disk-hosted AGN,
(2) the lack of a significant X-ray signal in merging inactive galaxies as a signature of a
potential buried AGN, and (3) the low levels of soft X-ray obscuration for AGN hosted
by interacting galaxies, in contrast to model predictions.
This project was carried out in collaboration with 20 colleagues from the Cosmos project
as well as individual researchers in Spain, and the University of Heidelberg.

[1] Cisternas, M., Jahnke, K., Inskip, K. J., et al. (2011): The bulk of the black hole
growth since z ≈ 1 occurs in a secular universe: no major merger-AGN connection,
ApJ 726, 57
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The typical star forming galaxy out to z ≈ 3

Alexander Karim, Eva Schinnerer, Mark Sargent,
Arjen van der Wel, Hans-Walter Rix et al.

Towards a radio view on the global stellar mass assembly
Over more than a decade it has been a central effort of galaxy evolution studies to measure
the cosmic star formation history (CSFH). A determination of the global build-up of stellar
mass is the key foundation to understand the link between the large scale distributions of
matter and gas over time — as theoretically predicted — and galaxy formation/evolution.
Traditional methods usually relied on ultraviolet or optical emission produced directly
by or in the immediate vicinity of massive (i.e. young) stars. Such emission, however, is
prone to obscuration by dust, commonly found in large amounts in star forming regions.
The substantial corrections that are needed to obtain an actual star formation rate (SFR)
are largely uncertain and particularly not well understood for the star forming galaxy
population outside the local Universe.
VLA-COSMOS stacking, corrected
VLA-COSMOS stacking
[OII]-based: Gilbank et al. (2010b)
UV-based: Cowie & Barger (2008)

0.100

SFRD / d log (M*) [M/yr/Mpc3/dex]

To overcome such uncertainties
was a central goal of the deep
Mpia-led Vla-Cosmos 1.4 GHz
(20 cm) radio continuum survey
[1], covering the entire Hubble/Acs Cosmos area of 2 ◦ .
Given its tight correlation with
the integrated infrared (IR) emission — the reprocessed light of
young stars — radio emission has
been found a very reliable tracer
of recent star formation for galaxies, with this correlation in place
even at redshifts beyond z ≈ 2 [2].
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A constant characteris- Figure 8.16: The stellar mass distribution of the
tic star forming galaxy star formation rate density (SFRD) out to z ≈ 3.
Data points are the product of the observed nummass since 11.5 Gyr

ber densities of star forming galaxies with the avTaking advantage of the deep erage (stacking-based) radio SFRs. In each panel
multi-wavelength Cosmos data we show the Schechter function from multiplying the
we performed radio-stacking on power-law SFR-mass trend with the corresponding
a vast sample of ≈ 100 000 star mass function and an alternative low-mass extrapolaforming galaxies with photomet- tion below the limit of full representativeness (dashed).
ric redshifts 0.2 < z < 3, se- Shorter wavelength (extinction corrected) literature relected by their stellar mass con- sults agree well with the trends in our data, supporting
tent [3]. This analysis profits from our finding of a characteristic peak mass.
the high spatial resolution of the
Vla imaging and the power-law radio spectrum of star forming galaxies which makes
k-corrections, and hence the conversion to 1.4 GHz luminosity and finally SFRs trivial.
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Even at z  1.5 this statistically unprecedented study probes the average SFR for the
most common star forming galaxies (with M∗ ≈ 1010 M ) in a representative fashion.

We find that the average SFR of star forming galaxies undergoes a stark redshift evolution ((1 + z)3.5 ) which is independent of
the galaxies’ stellar mass. At a given redshift we find that the average specific SFR
(SSFR), i.e. the SFR per unit stellar mass,
declines with mass, following a universal
power-law, supporting recent reports of a
generally tight correlation between (S)SFR
and mass.

SFRD function (integrated, SSFR-limit)
VLA-COSMOS stacking
Rodighiero et al. (2010b)
Gruppioni et al. (2010)

SFRD [M/yr/Mpc3]

Hopkins & Beacom (2006), 3σ
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Figure 8.17: The dust-unbiased cosmic
star formation history (CSFH) out to
z = 3. Direct radio-stacking-based measurements (black circles) represent the sum of
data points in a given panel of Fig. 8.16.
Red filled circles correspond to the total
SFR density, extrapolated by integrating our
Schechter-functions. The redshift dependence is described by a broken power-law
(dashed lines) that is driven by the massindependent SFR-evolution. The remarkable agreement of a compilation of literature results (based on a variety of SFR determinations) and, particularly, recent farinfrared-based measurements (from Spitzer
and Herschel) to our radio-based study is
apparent at all z. Note, however, that previous studies consistently drew on far smaller
samples.

Also the Schechter function parameterizing
the star forming galaxy stellar mass function is shape-invariant over a wide range
in cosmic time, whereby even the space
density of star forming galaxies did not
change since z ≈ 1. Since ≈ 8 Gyr the
CSFH is consequently driven by pure luminosity evolution. We were able to show
that the mass-dependence of the co-moving
SFR density (SFRD) follows a Schechter
parameterization with a unique — i.e. constant — peak mass at any epoch probed
(Fig. 8.16). Independent of redshift the
bulk of star formation occurred in galaxies of mass ≈ 1010.6 M , roughly as massive as the Milky Way today. The existence of this characteristic mass of star
forming galaxies challenges a “downsizing” paradigm in which the dominant contributors to the CSFH have been massive
sources in the cosmic past and low-mass
galaxies at present times.

Finally, our Schechter formalism for the
mass-dependence of the SFRD paves the way to derive a measure of the total, i.e. massintegrated, SFRD at all epochs probed to determine a dust-unbiased measure of the CSFH
out to z ≈ 3 to unprecedented statistical accuracy (Fig. 8.17).
Work done in collaboration with Olivier Ilbert (LAM Marseille), Vernesa Smolčić
(ESO/Bonn), Chris Carilli (NRAO) and Eric Bell (Michigan).

[1] Schinnerer, E. et al. (2010): The Vla-Cosmos survey. IV. Deep data and joint
catalog, ApJS 188, 384
[2] Sargent, M.T. et al. (2010): The Vla-Cosmos perspective on the infrared–radio
relation, ApJS 186, 341
[3] Karim, A. et al. (2011): The star formation history of mass-selected galaxies in the
Cosmos field, ApJ 730, 61

206

Galaxy Evolution

8.10

Towards future (sub-)millimeter line and
continuum deep fields

Elisabete da Cunha, Fabian Walter, Roberto Decarli,
Hans-Walter Rix
The last decade has seen impressive advances in our understanding of galaxy formation
and evolution through galaxy surveys done (preferentially) at optical and infrared wavelengths, which trace the stellar populations and ongoing star formation. A key measurement that is currently (mostly) unavailable is that of the presence of molecular gas (H2 ),
i.e. the dense phase of the interstellar medium (ISM) (“fuel”) required for star formation
to take place, which lies at the heart of the evolution of the cosmic star formation rate
density. In recent years, there have been significant efforts devoted to obtaining molecular
gas measurements of individual galaxies, namely by detecting detection of carbon monoxide (CO), the main tracer of H2 . However, such studies remain fundamentally limited to
(bright) galaxy populations that were pre-selected in the optical/near-infrared, i.e. potentially missing gas-dominated and/or obscured systems. Modern (sub-)millimeter/radio
interferometers such as Alma, Jvla and the PdBI successor Noema will enable us to
measure the dust and molecular gas emission from galaxies that have luminosities lower
than the Milky Way, out to high redshifts and with unprecedented spatial resolution and
sensitivity. This will provide new constraints on the star formation properties and gas
reservoir in galaxies throughout cosmic times through dedicated deep field campaigns targeting the CO/[C ii] lines and dust continuum emission in the (sub-)millimeter regime.
Here we present empirical predictions for such line and continuum deep fields (da Cunha
et al. 2012, submitted).

From deep HST observations to predicted (sub-)mm fluxes
We base our predictions on the deepest available Hst/Acs and Nicmos data on the
Hubble Ultra Deep Field (UDF, over an area of 12 0 ; photometric catalogue of Coe
et al. 2006). Using a physically-motivated spectral energy distribution model (da Cunha
et al. 2008), we fit the observed optical/near-infrared emission of 13 099 galaxies with

Figure 8.18: From observed optical/near-infrared broad-band fluxes to (sub-)mmm continuum fluxes. Left: fit to the observed optical/near-infrared fluxes of one of the galaxies
in our sample. Right: likelihood distributions of physical properties derived from this fit:
(a) star formation rate; (b) dust luminosity; (c) stellar mass; (d) predicted 230 GHz flux.
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Figure 8.19: We use our predictions to simulate an Alma continuum mosaic of the central
region of the Hubble Ultra Deep Field. Left: Hst/Acs V -band (F606W) image (from the
STScI public archive). Right: Simulated Alma band 6 mosaic of the same region, using
our flux predictions for the UDF galaxies.
redshifts up to z = 5, and obtain median likelihood estimates of their stellar mass, star
formation rate, dust attenuation and dust luminosity. We combine the attenuated stellar spectra with a library of infrared emission models spanning a wide range of dust
temperatures to derive statistical constraints on the dust emission in the infrared and
(sub-)millimeter which are consistent with the observed optical/near-infrared emission in
terms of energy balance (Fig. 8.18). This allows us to estimate, for each galaxy, the (sub)millimeter continuum flux densities in several Alma, PdBI/Noema and Jvla bands.
Using empirical relations between the observed CO/[C ii] line luminosities and the infrared luminosity of star-forming galaxies, we also infer the luminosity of the CO(1–0)
and [C ii] lines from the estimated infrared luminosity of each galaxy in our sample.
Our predictions will serve as a direct benchmark for future deep field campaigns in the
(sub-)millimeter regime. As an example, we show, in Fig. 8.19, a predicted Alma band 6
(230 GHz) continuum map of the central region of the UDF. Considering the required
number of pointings necessary to cover the total area of the UDF (given the primary
beam size in band 6), we expect a continuum sensitivity of 5.1 µJy to be reached in
a 500-hour deep survey. According to our predictions, this would yield about 600 3σdetections of galaxies distributed uniformly over redshift, with star formation rates as low
as 1 M /yr.
Work done in collaboration with Frank Bertoldi (AIfA Bonn), Chris Carilli (NRAO),
Emanuele Daddi, David Elbaz, Mark Sargent (CEA), Rob Ivison (Edinburgh), Roberto
Maiolino (Cambridge), Dominik Riechers (Cornell), Ian Smail (Durham), and Axel Weiss
(MPIfR Bonn).
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A large reservoir of carbon at z = 7.1

Bram Venemans, Fabian Walter, Roberto Decarli

Introduction
One of the most important questions in astronomy is when the first galaxies formed, and
what their properties were. In recent years, enormous progress has been made in finding
star forming galaxies up to redshift z ≈ 11, just 400 million years after the Big Bang.
Unfortunately, the extremely faint magnitudes and low star formation rates of these early
galaxies make it nearly impossible to study the properties of the stars, gas and dust in
any detail. A possible way to learn more about the constituents of galaxies at the highest
redshift is to study the brightest and most massive of the high redshift galaxy population.
An effective method to pinpoint such bright and luminous galaxies is to locate bright
quasars in the early universe, as the host galaxies of z > 2 quasars are among the most
luminous found at these redshifts. Recently, Mortlock et al. (2011) discovered a bright
quasar at a redshift of z = 7.085 when the universe was only 740 million years old. This
quasar, J 1120+0641, is currently the only quasar known at z > 7, and thus provides a
unique window to the high redshift universe. The absolute magnitude of MUV = −26M. 6,
the (metal) emission line strength, and the black hole mass of 2.0×109 M are comparable
to those observed in lower redshift quasars (see e.g., [1] and Sec. 10.6).

1σ error

Figure 8.20: Plateau de Bure Interferometer spectrum of the redshifted [C ii]
158 µm line in J 1120+0641. The published redshift of z = 7.085, derived from restframe UV lines of the quasar (Mortlock et al. 2011), has been taken as zero point of the
velocity scale. The red, solid curve is a Gaussian fit to the spectrum and shows that faint
continuum emission is also detected in the quasar host.
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The host galaxy of J 1120+0641 at z = 7.1
We have obtained Plateau de Bure Interferometer (PdBI) observations targeting
the [C ii] 158 µm cooling line in J 1120+0641, which is redshifted to 1.3 mm. Our PdBI
data revealed a highly significant (> 8 σ) detection of the line ([2]; Figure 8.20). This
is the highest redshift detection of the [C ii] line to date, and allows us to put the first
constraints on the physical properties of the quasar host galaxy. The [C ii] line luminosity
is L[C ii] ' 1.2 × 109 L , which is
only a factor ≈ 4 lower than that
of a bright quasar at z = 6.42
(J 1148+5251). The underlying farIR
continuum has also been detected. Assuming the farIR spectral energy distribution (SED) is similar to those of
lower redshift quasars, the farIR continuum detection implies a farIR luminosity LFIR = (6 − 18) × 1011 L .
Assuming that the farIR luminosity
is mainly powered by star formation,
we derive a star formation rate in
the range of (160–440) M /yr and a
total dust mass in the host galaxy
of (0.7 − 6) × 108 M . The [C ii]
line width of σV = (100 ± 15) km/s
is among the smallest observed when
compared to molecular line widths deFigure 8.21: Ratio of [C ii] luminosity (L[C ii] ) tected in z ≈ 6 quasars. Based
over far-infrared luminosity as function of far- on the width of the line, we derive
infrared luminosity (LFIR ). The values derived a limit on the dynamical mass of
for J 1120+0641 at z = 7.1 are indicated with Mdyn < 1.4 × 1011 M . When comparthe filled circle ([2], and references therein). The ing the host of the z = 7.1 quasar
L[C ii] /LFIR ratio found for J 1120+0641 is close with that of the only other z > 6
to that of local star forming galaxies (dashed line) quasar with a published [C ii] line,
and it is strikingly different from that of the only J 1148+5251 at z = 6.42, the derived
other z > 6 L[C ii] /LFIR ratio published so far, that properties (e.g. LFIR , L[C ii] /LFIR , star
of J 1148+5251 at z = 6.42 (black diamond).
formation rate) are strikingly different, see Figure 8.21. Future observations of other millimeter emission lines and of the farIR continuum at different frequencies
will allow us to constrain the shape of the farIR SED and could shed light on the metallicity and ionization state of the interstellar medium in the host galaxy of J 1120+0641.
Work done in collaboration with R. McMahon, P. Hewett (both IoA Cambridge), P.
Cox, R. Neri (both IRAM), D. Mortlock, S. Warren (both Imperial College London), C.
Simpson (Liverpool John Moores University)

[1] De Rosa, G., Decarli, R., Walter, F., et al. (2011): Evidence for non-evolving
Fe ii/Mg ii ratios in rapidly accreting z ≈ 6 QSOs, ApJ 739, 56

[2] Venemans, B., McMahon, R., Walter, F., et al. (2012): Detection of atomic carbon
[C ii] 158 µm and dust emission from a z = 7.1 quasar host galaxy, ApJ 751, L25
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The forbidden side of the high-redshift
universe
Roberto Decarli, Fabian Walter

The forbidden side of the high-z universe
Characterizing the properties of the star-forming medium in galaxies is a fundamental
step in our understanding of galaxy formation and evolution. Key physical quantities
that we need to constrain are the gas density and temperature, its ionization conditions
and metal abundances. At low redshift, these quantities can be measured through the
study of nebular emission lines in the optical spectra of galaxies. Forbidden emission
lines arising from atoms and ions of various metals (e.g., [O i], [O ii], [O iii], [N ii]) with
different ionization potential and critical densities can be used to pin down the properties
of the gas. However, at high-z these diagnostics are not available, as rest-frame optical
lines are redshifted into the midIR bands, where sensitive spectroscopy is out of reach for
present instrumentation.
This limitation is particularly severe in the case of z > 6 galaxies, i.e., for the first galaxies
emerging out of the “dark ages”, when the universe was mostly neutral. These are the first
galaxies which can be observed, and they are responsible for the onset of the re-ionization
of the intergalactic medium. So far, no UV/optical emission line associated with the
inter-stellar medium (ISM) of any of these galaxies has been detected, with the only
exception of hydrogen Ly-a (which is highly resonant, thus hindering the interpretation
of its properties in terms of total luminosity and line profile).
A possible way to overcome this limitation is offered by emission lines associated with finestructure transitions of the same species observed at optical wavelengths. These lines have
rest-frame wavelengths in the range 50 µm–500 µm, i.e., at high-z they are shifted into
the transparent windows of the atmosphere at (sub-)millimeter wavelengths. This allows
us to recover direct constraints on the physical conditions of the ISM in distant galaxies:
1) By comparing the fluxes of lines associated with the same element, but in different
ionization conditions (e.g., [C i] and [C ii], or [O i] and [O iii]) we can constrain the
ionization conditions of the gas.
2) By comparing the fluxes of lines associated with different transitions of the same
species (e.g., [C i]2−1 and [C i]1−0 , or [N ii]2−1 and [N ii]1−0 ) we can constrain the gas
density and excitation temperature (see, e.g., [1] and Meijerink, Spaans & Israel
2007).
3) By comparing fluxes associated with different elements, but with similar ionization
energies (e.g., [N ii] and [C ii]) we can constrain gas metallicity (see, e.g., Nagao
et al. 2012).
4) By studying emission line profiles we can infer constraints on the gas kinematics,
including virial estimates of the dynamical mass of the galaxies (see, e.g., [2]).
5) Finally, by comparing the fine-structure emission lines with molecular gas tracers
(e.g., CO transitions) and with the underlying dust continuum (which is sensitive
to the star-formation rate) we can sketch a comprehensive picture of all the states
of the ISM (ionized, atomic, molecular, etc.) and relate them with the formation of
new stars (see, e.g., [3] and Figure 8.22).

The forbidden side of the high-redshift universe

211

Over the last couple of years, several fine-structure lines have been observed for the first
time in high-z sources (e.g., [3]), thanks to the improved capabilities of existing facilities
(like the Plateau de Bure Interferometer, and the Jansky Very Large Array)
and to the advent of the Atacama Large Millimeter Array. This progress allows
an unprecedented insight of the properties of the ISM in distant galaxies.

Figure 8.22: Left panel: Comparison among the 1 mm continuum emission (color scale)
and the continuum-subtracted line emission of [N ii] (red contours) and CO(2-1) (white
contours) in the lensed sub-mm galaxy MM 1842+5938. The surface brightness of the two
lines and of the continuum peak at different locations, suggesting that our observations
resolved regions with different physical conditions of the ISM in this highly star-forming
high-z galaxy. Adapted from [3]. Right panel: The [N ii]-to-farIR luminosity ratio, as a
function of farIR luminosity, for various local (empty symbols) and high-z (filled symbols)
galaxies. All the high-z [N ii] detections have been reported over the last two years, with
a significant contribution from our group. The line-to-farIR luminosity ratio decreases at
increasing continuum luminosities. Adapted from Decarli et al. (in preparation).
Work done in collaboration with Dominik Riechers (Caltech), Roberto Neri (IRAM),
Roberto Maiolino (Cavendish Laboratory), Chris Carilli (NRAO), Pierre Cox (IRAM),
Axel Weiss (MPIfR), Frank Bertoldi (University Bonn)

[1] Walter, F., Weiss, A., Downes, D., et al. (2011): A survey of atomic carbon at high
redshift, ApJ 730, 18
[2] Walter, F., Decarli, R., Carilli, C., et al. (2012): The intense starburst HDF 850.1
in a galaxy overdensity at z≈5.2 in the Hubble Deep Field, Nature 486, 233
[3] Decarli, R., Walter, F., Neri, R., et al. (2012): Ionized nitrogen at high redshift, ApJ
752, 2
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Aless: An Alma survey of sub-millimeter
galaxies
Jacqueline Hodge, Fabian Walter

Introduction
The first deep sub-millimeter surveys of the extragalactic sky revealed a population
of dusty, gas-rich galaxies at high redshift. With their huge star formation rates of
≈ 1 000 M /yr these sub-millimeter galaxies (SMGs) are some of the highest star forming
objects in the universe. At a median redshift of z ≈ 2.5, SMGs are the likely progenitors
of massive elliptical galaxies in the local universe.
The large amounts of dust generated by these starbursts can render SMGs almost completely invisible in the (rest-frame) optical/UV [1, 2]. The best way to observe the obscured star formation is therefore in the sub-millimeter range, where the objects were
discovered. A number of surveys have been carried out with single-dish sub-millimeter
telescopes in order to study this important population. The largest, most homogenous,
and most sensitive such survey to date covers the Extended Chandra Deep Field South
(ECDFS) in what is known as the Laboca E CDFS S ub-millimeter S urvey (Less).
Less took over 300 hours to complete and detected 126 sub-millimeter sources over a
300 × 300 region.
The main limitation of any single-dish sub-millimeter survey is the poor angular resolution — Less has a resolution of only 1900 . This leads to issues identifying counterparts
at other wavelengths, which is necessary in order to determine redshifts for the galaxies. As a result, previous studies have had to rely on probabilistic correlations with the
radio/midIR, where higher resolution is achievable. However, these correlations are empirical and carry significant uncertainties. The poor resolution may also blend multiple
sources into one, brighter object, further complicating the identification process and affecting the sub-millimeter number counts, which are crucial for understanding this population
in the context of hierarchical galaxy formation.

The Alma Less (Aless) survey
With the Atacama Large Millimeter Array (Alma) now online, the situation is
fundamentally changed. We used Alma in Cycle 0 to image all 126 Less SMGs at
870 µm (Hodge et al., submitted). Our Alma Less (Aless) survey has produced maps
which are ≈ 3 times deeper and have a beam area ≈ 200 times smaller than the original
Less observations. The precise locations afforded by these maps allow us to resolve sources
that were previously blended and accurately identify counterparts for these SMGs.
Using these precise new locations, we find that previous radio/mid–IR matching missed
≈ 45 % of SMG counterparts and misidentified one-third of those counterparts it claimed
to find (Fig. 8.23). We derive the high-resolution 870 µm number counts (Karim et al.
2012, submitted), finding that the brightest sources have all been resolved into groups of
multiple, fainter SMGs. The broad bandwidth of Alma even results in the serendipitous
detection of [C ii] line emission in two previously-unidentified z > 4 SMGs (Swinbank et al.
2012). Looking forward, our recently approved Alma Cycle 1 proposal (PI: Hodge) will
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Figure 8.23: Alma contour plots (green) over false color images combining Vla 1.4 GHz
(red) and Mips 24 µm (blue) data for six example fields. The Alma primary beam is
shown by the large white circle and is equivalent to the angular resolution of the previous,
single-dish Less data. The resolution we achieve with Alma is ≈ 200× better (in terms
of beam area) and is shown in the bottom left. The white squares show the counterparts
predicted for the Less sources based on the radio/midIR data. The new Alma data allow
us to unambiguously identify the origin of the sub-millimeter emission.
allow us to resolve the obscured star formation in 15 of these SMGs on scales of ≈ 1 kpc,
providing detailed maps of the star formation rate density and helping us distinguish
between the different scenarios that have been proposed to fuel their extreme starbursts.
The observations presented here, which took only two minutes per source, demonstrate
the power of Alma already in early science, and provide a tantalizing preview of what is
still to come.
Work done in collaboration with Alexander Karim, Ian Smail, and Mark Swinbank
(Durham Univeristy), Andy Biggs (European Southern Observatory), Axel Weiss (MaxPlanck-Institut für Radioastronomie), Rob Ivison (Royal Observatory/University of Edinburgh) and the Less consortium.

[1] Hodge, J. A., Carilli, C. L., Walter, F., de Block, W. J. G., Riechers, D. A., Daddi,
E. & Lentati, L. (2012): Evidence for a clumpy, rotating gas disk in a sub-millimeter
galaxy at z = 4, ApJ 760, 11
[2] Walter, F. et al. (2012): The intense starburst HDF 850.1 in a galaxy overdensity at
z ≈ 5.2 in the Hubble Deep Field, Nature 486, 233
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Pan-STARRS1 and quasar science in the era of
wide field surveys
Eric Morganson, Eduardo Bañados, Roberto Decarli,
Hans-Walter Rix, Eddie Schlafly, Bram Venemans,
Fabian Walter

Pan-STARRS1 and quasars
Quasars are supermassive black holes in the centers of galaxies that have large accretion
rates and correspondingly large luminosities. They can be up to one hundred times
brighter than their host galaxies and can thus be observed and analyzed in depth even
when their host galaxies are not observable. Because of this, quasars up to z = 7.1 have
been detected and spectroscopically analyzed. Despite quasars’ extreme usefulness as high
redshift probes and huge campaigns to locate more quasars, only a few percent of the 105
known quasars have z > 2.5 and there are only roughly 50 known quasars with z > 5.7.
The Panoramic S urvey T elescope and
Rapid Response S ystem 1 Survey (PanSTARRS 1 or Ps1) 3π survey is the
perfect survey in which to find new
quasars. The survey covers 30 000 ◦ in
the gp1 rp1 ip1 zp1 yp1 filters which cover the
300 nm < λ < 1000 nm spectral range. Its
typical z-band depth of 22m. 1 is unprecedented in a wide field survey, and it is
the first large survey to have a y-band. It
also takes an average of 50 images of every
point across 30 000 ◦ over 3.5 years, making it easily the largest variability survey
in existence. These attributes make Ps1 Figure 9.1: The first high redshift quasar
the most promising survey for finding large from PS1, PSO J215.1512−16.0417, fit as a
numbers of new high redshift quasars in broad absorption line (BAL) quasar (grey)
the future. Mpia has led this high redshift and a non-BAL quasar (black).
search with a successful z > 5.7 “dropout”
quasar search and by producing a Ps1 variability catalog designed to find quasars at
z > 2.5 in the near future.

The first z > 5.7 quasar from Pan-STARRS1
Very high redshift (z > 5.7) quasars are important probes of black hole evolution and the
most import measurement of the neutral hydrogen fraction in the early universe. Roughly
50 quasars with 5.7 < z < 6.2 have been found in Sdss and similar surveys as i-band
dropouts, sources with i − z > 2. This extreme color is caused by absorption of all restframe λ < 121.6 nm light by neutral hydrogen at high redshift. Ps1 is deeper than Sdss
in both the ip1 and zp1 bands, and we should eventually find hundreds of new quasars at
5.7 < z < 6.2 in Ps1. In addition, quasars with 6.6 < z < 7.2 will have distinct zp1 − yp1
colors, and we intend to find roughly ten of these quasars with Ps1.
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The initial Ps1 data products were optimized for solar system objects, and production of
stacked catalogs with forced photometry was only begun in late November, 2012. Despite
this, we discovered the first very high redshift quasar in Ps1 [1], a broad absorption line
(BAL) quasar at redshift 5.73, shown in Fig. 9.1. We have since found a second quasar at
redshift 6.00 as well as three quasars at z > 5.7 from the Viking survey (unpublished). As
the stacked Ps1 data becomes available, we expect this project to accelerate exponentially
with upcoming observation runs at the Calar Alto Astronomical Observatory and the La
Silla Paranal Observatories.

Using variability to find quasars at z > 2.5 in Pan-STARRS1
Detecting quasars at z < 2.5 photometrically is relatively simple. These quasars
are very bright in the ultraviolet u-band.
But at z > 2.5, neutral hydrogen begins to absorb the observer frame u band
light, and quasars become less photometrically distinct. Fortunately, quasar variability, which is distinct and non-periodic, can
be used to select quasars at any redshift.
Selection by quasar variability has been
shown to work in several small surveys with
many observations like Sdss stripe 82, but
never in a giant survey like Ps1.
Figure 9.2: The difference between a quasar
variability χ2 and an RR Lyrae χ2 , ∆χ2 ,
versus variability amplitude, A, of known
quasars (green) and point sources with
quasar-like colors (red).

We produce a Ps1 variability catalog in
which the variability of every object is
modeled as a quasar (QSO) and a quickly
varying periodic object like an RR Lyrae
(RRL). In Fig. 9.2, we plot ∆χ2 = χ2QSO −
χ2RRL versus the (normalized) amplitude of
variation, A. A quasar would be expected to have large variation with a negative (quasarlike) ∆χ2 . In Fig. 9.2 we see that known quasars (green) do exhibit this behavior while
the general population of point sources with quasar-like colors (red) does not. In fact,
the simple dotted line cut in Fig. 9.2 rejects 94 % of point sources while keeping 69 % of
known quasars, and this cut should become more effective as more Ps1 data comes in.
[1] Morganson, E., De Rosa, G. & Decarli, R. (2012): The first high-redshift quasar from
Pan-STARRS, AJ 143, 142
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In what halos do quasars live?

Nikolaos Fanidakis, Andrea Macciò, Eduardo Bañados,
Bram Venemans, Fabian Walter

The environment of a luminous quasars at z = 5.7
High-redshift quasars are believed to reside in massive halos in the early universe and
should therefore be located in fields with over-densities of galaxies, which evolve into the
galaxy clusters seen in the local universe. However, despite many efforts, the relationship
between galaxy over-densities and z ≈ 6 quasars is ambiguous. This can possibly be
attributed to the difficulty of finding galaxies with accurate redshifts at z ≈ 6. So far,
these efforts are based on studies of idropout galaxies, which probe a redshift
range of ≈ 1. This range is large and possibly identifies galaxies that are not physically related to the quasar. In this work, we
use deep narrow band imaging to study the
environment of a z = 5.72 quasar (Bañados
2012). The redshift range probed by our
selection of Ly-a emitters (LAEs) is ≈ 0.1.
This is the first time we are able to study
LAEs near a high-redshift quasar, providing clues on the environment of quasars at
the end of the epoch of re-ionization.
Figure 9.3: Cumulative number of Ly-a
emitters (LAEs) scaled to the area of the
quasar field studied by Bañados et al.. Black
circles and green triangles correspond respectively to the Ouchi et al. (2008) and Hu et al.
(2010) blank field samples. The red squares
correspond to the Bañados et al. quasar field
sample. There is no clear over-density in the
quasar field.

As shown in Fig. 9.3, we find that the
galaxy density around the quasar is consistent with that of blank fields. This may
imply that, contrary to our current understanding of structure formation, quasars do
not reside in the most massive dark matter
halos in the high-z universe.

Comparing with simulations of galaxy formation
To gain more insight into the environment of quasars, we study the host dark-matter halo
masses of AGN by means of the galaxy formation model Galform. Interestingly, we find
that quasars at a given redshift inhabit intermediate mass dark-matter haloes (Fanidakis,
in preparation). For example, at z = 5.7 the typical halo mass where the brightest
quasars are found is approximately (5 − 10) × 1011 M (see Fig. 9.4). Since over-densities
of galaxies are expected to be found at the peaks of the dark-matter distribution (i.e.,
in the most massive haloes), the galaxy density around quasars in the model should be
consistent with that of blank fields. This is in excellent agreement with our observations,
however, it contradicts what has been usually assumed in numerical simulations of galaxy
formation and observations.

In what halos do quasars live?

219

Figure 9.4: The Mhalo − Lbol correlation at z = 5.7 as predicted by the Galform model.
The colour shading represents the space density of AGN in a given mass–luminosity bin
as indicated by the colour bar on the right. The most massive halo at z = 5.7 is indicated
by the dotted-white line.
The model’s distinct prediction is due to the strong coupling of gas cooling in massive
haloes to the energetics of black holes. In particular, the feedback of energy (in the form
of jets) associated with AGN activity, suppresses the cooling of gas in the most massive
haloes, leaving the central black holes on a starvation mode. As a consequence, AGN
feedback establishes these haloes as the environment of low and intermediate luminosity
AGN. Bright quasars on the other hand, form in lower mass haloes where cooling, and
therefore the fueling of black holes with gas, is efficient. This picture is further supported
by clustering studies of AGN in the low-z universe (z ≈ 1 − 2).
In conclusion, our observations and theoretical modelling seem to suggest that quasars
inhabit dark-matter haloes of intermediate mass and therefore, cannot be used as tracers
of galaxy over-densities in the high-redshift Universe.

Work done in collaboration with Jaron Kurk (MPE), Roderik Overzier (University of
Texas, Austin), Masami Ouchi (University of Tokyo), Carlton Baugh (Durham), Carlos
Frenk (Durham), Cedric Lacey (Durham)
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Dust physics in NGC 4151

Kirsten Schnülle, Jörg-Uwe Pott

AGN dust heating scrutinized
Circum-nuclear dust in active galaxies (AGN) is ubiquitous and essential for the unification model of AGN. However, the mechanism that leads to dust formation in AGN is still
unclear. Many models assume that the dust is produced in circum-nuclear stars, thus
unconnected to the accretion onto the AGN, and brought to the central galactic region as
far in as possible. In this picture, the innermost dust disappears when sublimation temperature has been reached. Other scenarios, in contrast, suggest an AGN intrinsic dust
formation, with dust being produced by the AGN itself in the outflows of accretion disk
winds. The dust is then located or formed further out, at temperatures cooler than sublimation temperature. This theoretically expected mechanism could not been observed so
far, but is potentially highly important for understanding apparently overabundant dust
in high redshift quasars.
To understand if the inner hot AGN dust is at sublimation temperature, we monitored
the effect of accretion disk variability on the temperature and covering factor of the
circum-nuclear dust, in order to constrain the physical conditions of dust survival and
formation in the radiation field of the AGN. Using nearIR multi-band photometry, we
monitor the nucleus of NGC 4151 over 6 epochs from January – June 2010, in order to
investigate the response of the hot dust as a reaction to varying accretion disk emission.
Following a two-component decomposition of the SED into an accretion disk and a hot
dust contribution, we monitor the hot dust emission and the dust black body temperature
as a function of accretion disk brightness. Our data show that the hot dust torus reacts
with a delayed brightening of about 40 days to an increasing accretion disk emission,
while no signs of dust destruction are found. Moreover, we find a significant rise of the
hot dust temperature following a period of high accretion disk brightness. Our findings
suggest that the hot dust is cooler than sublimation temperature.
Furthermore, our parallel interferometric monitoring with the Keck interferometer showed
(Pott et al. 2010) that in bright times the dust torus does not expand due to sublimation,
but is simply heated up. This supports dust formation scenarios in which the dust is
formed in the outflows of accretion disk winds beyond the sublimation radius, similar to
dust formation in stellar winds.
Work done in collaboration with W. Vacca (Nasa Ames)

[1] Pott, J.-U., Malkan, M., Elitzur, M., et al. (2010): Luminosity-variation independent
location of the circum-nuclear, hot dust in NGC 4151, ApJ 715, 736
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Figure 9.5: Shown is the normalized AGN flux variability, corrected for the fix host galaxy
contribution. It can be seen that the long wavelengths, dominated by circum-nuclear dust,
lag behind the short z-band, which is dominated by the direct accretion disk emission.

Figure 9.6: Shown is the significant heating of circum-nuclear dust in response to increased
accretion disk illumination. Note that the cyan z-band flux has been shifted by the dust
reverberation lag time to show that the dust temperature sensitively responds to a rise of
accretion disk luminosity.

222

Active Galactic Nuclei

9.4

The size of dusty tori in Seyfert galaxies
Klaus Meisenheimer, Leonard Burtscher

The role of dusty tori in Active Galactic Nuclei
The unified scheme for Active Galactic N uclei (AGN) explains various apparent types by
a line-of-sight effect: It postulates that the central engine — an accreting super-massive
black hole — is embedded in a doughnut-shaped torus of gas and dust. Thus, the hot
accretion disk and the broad line region are only visible when looking along the torus axis.
This is the case in Seyfert 1 galaxies, the optical spectra of which are characterized by a
blue continuum and broad emission lines. In an edge-on case, however, the direct view
onto the core is blocked by the dusty torus and only narrow emission lines from regions
above and below the torus are visible. The object then appears as Seyfert 2 galaxy. The
UV-optical light which is trapped by dust in the torus should heat the dust to a few
hundred Kelvin, and the dust should re-radiate in the mid infrared.
But gas and dust tori do not only impede our view towards the central engine. More
importantly, they provide the reservoir of material that eventually feeds the accretion
disk thus providing the strong power of the AGN.

Interferometric detection limit
Shortly after the commissioning of Midi at the Vlti in 2003, we could resolve a dusty
torus for the first time, that of the proto-typical Seyfert 2 galaxy NGC 1068 (Jaffe et al.
2004). Subsequently tori were resolved in several nearby Seyfert galaxies of both type 2
and type 1 (Tristram et al. 2007, Burtscher et al. 2009) but showed widely dissimilar dust
distributions and sizes (Tristram et al. 2009). In 2009 we launched a Large Programme
at the Vlti to collect a census of the diversity of dusty tori.
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An explanation for the success is provided in Fig. 9.7: Most AGN at Ftot < 1 Jy contain
an unresolved component (point-like: diameter < 10 mas) that contributes fp × Ftot to
the correlated flux.
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Is there a common size-luminosity relation?
The most basic properties that can be measured by interferometry in the wavelength range
8 µm < λ < 13 µm are size and shape of the dust distribution. Since most of our targets
show a round shape we focus on size. In torus models the size of the dust structure at a
temperature Td scales like L1/2 . The warm dust emission at λ ' 12 µm is little obscured
and should exhibit the same size in both the Seyfert type 1 and type 2 situation. In
Fig. 9.8 we plot the half-light radius as a function of luminosity. For sources with a
dominant unresolved component (fp ≥ 0.5) only an upper limit to the half-light radius
can be given. It is obvious from the wide spread of sizes around 1037 W that no common
size-luminosity relation exists. The upper limits for ten of our targets further strengthen
this statement. So, the large diversity of dusty tori is confirmed on a statistical basis.
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Figure 9.8: Half-light radius as a function of mid-infrared luminosity LMIR = νLν . Type 1
galaxies are shown in blue and type 2 in red. A yellow line gives the expected size1/2
luminosity relation r ∝ LMIR for a hot dust distribution (Td = 800 K). Dust tori emitting
in the midIR (Td ' 300 K) should be 16× larger (Barvainis 1987).
Work done in collaboration with Konrad Tristram, Makoto Kishimoto, Gerd Weigelt
(MPIfR); Walter Jaffe, Huub Röttgering (Leiden); Marc Schartmann (MPE); Sebastian
Hönig (UC Santa Barbara).
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Dust emission in the young universe

Christian Leipski, Klaus Meisenheimer, Fabian Walter,
Ulrich Klaas, Oliver Krause
The presence of dust seems to be an ubiquitous property of galaxies throughout the observable universe. Even the most distant quasars at z ≈ 6 show evidence for copious
amounts of dust (Bertoldi et al. 2003, Wang et al. 2008). Such studies support the assumption that most of the rest frame farIR emission comes from massive star formation,
possibly indicating the formation of early galactic bulges. Thus, these objects signify an
important stage in the connection between the build-up of stellar mass and black hole
growth in the early universe.
One significant limitation in current studies of star formation in high-redshift quasars was
the lack of full farIR/sub-mm spectral energy distributions (SEDs). Values for important
parameters such as the total infrared luminosity of the starburst (LFIR ) or the mass of
the starburst-heated dust (Mdust ) were commonly determined using single photometric
measurements, typically obtained at 1.2 mm (= 250 GHz) and applying standard values
for the dust temperature as determined from lower redshift objects. It is largely unknown
whether this assumption is appropriate for high-redshift objects.
In order to address fundamental questions on the dust emission at high redshifts, we have
obtained Pacs (100 µm +160 µm) and Spire (250 µm +350 µm +500 µm) photometry of
69 quasars at z > 5 as part of our Herschel Space Observatory key project The Dusty
Young Universe. Spitzer Space Telescope observations complement these data to provide
full optical through infrared SEDs in the rest frame wavelength range 0.5 µm–80 µm. These
SEDs most importantly also cover the farIR peak of the SED.

Heating of the dust: AGN vs. star formation
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The new multi-wavelength farIR
photometry now allows us to estimate the temperature of the farIR
emitting dust directly, while simultaneously accounting for the
contributions from AGN heated
nuclear dust to the total infrared
emission. In Figure 9.9 we present
the SED of the highest redshift
object in our sample which we
fit with multiple physically motivated components, corresponding to the different contributions
to the observed SED. Applying
this technique to five quasars from
our key project with previous detections at mm wavelengths already provided one important result: The flux at λrest & 50 µm
is usually dominated by the starformation powered emission with

1

observed wavelength ( µ m)
10
100

1000

J1148+5251
z = 6.42

10−13

TFIR = 57 K

10−14
10−15
10−16

1

10
100
rest wavelength ( µ m)

Figure 9.9: Full optical through infrared SED of
SDSS J1148+5251 at z = 6.42. The SED fit is
performed using AGN dominated components (black
lines) and a modified black body in the farIR (red line).
The blue solid line corresponds to the sum of the fitted
components.
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fraction of total flux

only minor contributions from
1.0
AGN heating (Leipski et al. 2013,
submitted). This is further il0.8
lustrated in Fig. 9.10 where we
show the fractional contribution
J0338+0021
0.6
J0756+4104
of the AGN powered and star forJ0927+2001
mation powered emission to the
J1044−0125
0.4
total SED. This is important in
J1148+5251
particular for farIR-bright objects
with less complete observational
0.2
coverage as it allows a robust estimate of the star-formation lu0.0
minosity from sub-mm and mm
1
10
100
1000
rest wavelength (µ m)
data alone without the need for
detailed modeling of the AGN Figure 9.10: Relative contributions of AGN-powered
dust emission. A further result dust emission (blue) and the star formation powered
comes from comparing the ob- farIR black body (red) to the total SED fit as a funcserved SEDs of the high-redshift tion of wavelength (Leipski et al. 2013, submitted).
objects with existing quasar templates, which are generally constructed from lower redshift and lower luminosity objects.
This reveals that our quasars at high-redshift show a surplus of nearIR and midIR emission
relative to the (matched) UV/optical. In addition, we see that objects which are farIR
bright are also very bright in the midIR. This may suggest a correlation between strong
farIR emission (here modeled as star-formation powered) and strong midIR emission (here
modeled as AGN powered) which clearly demands further exploration.

Outlook
Guided by our recent results on this representative sub-group, we will extent the same
analysis to the full sample of 69 objects. A particular focus will lie on the difference
between low-z and high-z quasars. The much larger number of objects will also allow
us to exploit the non-detections via a stacking analysis to learn more about the infrared
properties of high-redshift quasars as a population. The surprising correlation between
strong midIR and farIR emission we find could imply larger contributions of the AGN
to the farIR emission than currently expected from existing AGN torus models. This
could be a result of the high luminosities involved or, alternatively, point towards a
different dust distribution in these very young objects (less than 1 Gyr after the Big
Bang). Dedicated torus modeling tailored to the high luminosities and possibly more
complex dust distributions would be one obvious route to gain further insight into this
phenomenon.
Work done in collaboration with Helmut Dannerbauer (Universität Wien, Austria), Martin Haas (Ruhr-Universität Bochum, Germany), and Xiaohui Fan (Steward Observatory,
USA).
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Dust covering factor for type-1 AGN in
Xmm-Cosmos
Elisabeta Lusso, Joseph F. Hennawi

Dust in AGN
The presence of a toroidal screen of dust surrounding the accretion disc is the foundation
of the unified model for AGN (Antonucci 1993), according to which the observed shape
of the AGN spectral energy distribution (SED) is solely due to different line of sights
with respect to the obscuring material. This gives rise to the classification distinction
between unobscured (type-1) AGN and obscured (type-2) AGN. In the former case the
observer has a direct view into the nuclear accretion disc (region), while in the latter the
optical-UV emission is hidden completely or partially depending on the inclination angle.
Key ingredients of this model are the dust geometry and the amount of obscuration, parameterized by the dust covering factor (fobsc , defined as the ratio of the thermal infrared
luminosity to the bolometric luminosity, Lbol ). Estimating the amount of obscuration is of
fundamental importance for reconciling the local black hole mass function with the mass
accreted onto the black hole (via the Soltan argument: AGN are powered by accretion
onto a supermassive black hole. Therefore the total mass density accreted should be equal
to the total black hole mass density), and to explain models of the X-ray background
where a considerable fraction of highly obscured AGN is missed from X-ray surveys.
For the purpose of this analysis
a well sampled SED is mandatory. In particular, far-infrared
data are fundamental to probe
the star-formation activity, while
mid-infrared observations are necessary to explore the SED window
where most of the AGN opticalUV luminosity is expected to be
re-emitted.
Since the relative
contribution of the different components varies with wavelength,
a proper spectral decomposition
can be obtained through an SEDfitting approach. The SED-fitting Figure 9.11: Example of an SED decomposition.
code used in this analysis is an Black circles are the observed photometry in the restupgraded version of the one al- frame. Black long-dashed, brown solid, green dotted,
ready presented in [1, 2]. The ma- and blue dashed lines correspond, respectively, to the
jor improvement is the addition starburst, hot-dust from reprocessed AGN emission,
of a fourth component in the fit host-galaxy, and disk+X-ray templates found as the
representing the AGN emission in best fit solution. The red line represents the best-fit
the optical-UV from the accretion SED.
disk. The code already included
the emission of cold dust from star-forming regions, the emission from hot dust (AGN
torus), and optical-UV emission from the evolving stellar population (see Fig. 9.11 for an
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example of an SED decomposition). This methodology allows us to better constrain the
AGN accretion disc luminosity (taking into account both host-galaxy and intrinsic reddening contamination), as well as the far/mid-infrared luminosity thanks to the combination
of Herschel and Spitzer data. The AGN sample is drawn from the Xmm-Cosmos
catalog and it comprises 513 type-1 AGN.

Fraction of obscured AGN light
According to the receding torus model,
in more luminous AGN the distance between the torus and the black hole is
further away due to radiation pressure,
therefore, if the height of the torus remains constant, the opening angle must
increase. This would translate into a luminosity dependence of the fraction of obscured AGN light with luminosity. Previous analyses have indeed found a decrease of the fraction of obscured AGN
light as a function of luminosity (see
e.g., Maiolino et al. (2007).
In these
works optical luminosities (employed to
compute fobsc ) are estimated without any
reddening/host-galaxy correction. However, reddening and host-galaxy light can
change these luminosities significantly and
have an impact on the fobsc measurements, and on the variation of the fraction of obscured AGN light as a function of luminosity (Lusso et al., in preparation). We have analyzed the correlation between fobsc and Lbol and compared our findings with those from different surveys (Simpson 2005, Maiolino
et al. 2007, see Fig. 9.12). This analysis will allow us to place further constraints on torus and X-ray background
models.

Figure 9.12: Fraction of obscured AGN light
as a function of Lbol (reddening/host-galaxy
corrected). Black points are the median of
fobsc values in each bin, bars in the y-axis
represent the error of the median, while bars
in the x-axis are the width of the bin. The
cyan line shows the fraction of obscured AGN
light inferred from hot-dust covering factor as
found by Maiolino et al. (2007). Dashed lines
trace the uncertainties due to the bolometric
correction. Orange open diamonds are from
Simpson (2005).

Work done in collaboration with A. Comastri (INAF-OABO), C. Vignali (Unibo), G.
Zamorani (INAF-OABO), K. Shawinsky (HIT), M. Salvato (MPE Garching).

[1] Lusso, E., Comastri, A., Vignali, C., et al. (2011): The bolometric output and hostgalaxy properties of obscured AGN in the Xmm-Cosmos survey, A&A 534, A110
[2] Lusso, E., Comastri, A., Simmons, B. D., et al. (2012): Bolometric luminosities and
Eddington ratios of X-ray selected active galactic nuclei in the Xmm-Cosmos survey,
MNRAS 425, 623
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The quest for (bound) binaries of massive black
holes
Roberto Decarli, Paraskevi Tsalmantza, Elisabeta Lusso

Massive black hole binaries in a hierarchical universe
Hierarchical galaxy formation models predict the onset of black hole pairs and bound
binaries (BHBs; see, e.g., Volonteri Haardt & Madau 2003),resulting from mergers of
galaxies, each harboring a massive black hole (BH). Nevertheless, firm evidence of BHBs
with (sub-)parsec separations remains elusive. This regime is of fundamental importance
in order to study the formation and growth of BHs, in particular to probe the role of BH
coalescence, its time scales and the imprint that the binary phase can leave in the host
galaxy.
The only firm observation of a close pair of black holes known to date consists of the
detection of two compact radio sources in the radio galaxy 0402+379 (Rodriguez et al.
2006).Other 4 BHB candidates were (mostly serendipitously) found out of the Sloan Digital Sky Survey (Sdss) dataset (see e.g. [1]). These sources show (2000–9000) km/s shifts
between the narrow lines (NLs) and the broad lines (BLs). In the BHB picture, any gas
inflow interacts preferentially with the secondary BH, that, orbiting at a larger radius,
acts like a barrier (Cuadra et al. 2009).Hence the secondary BH has a larger probability
to be active. The associated BLs thus trace the orbital velocity of the secondary BH with
respect to the rest frame of the host galaxy, traced by the NLs (see, e.g., Fig. 9.13). Orderof-magnitude estimates of the mass of the system suggest that all these four systems have
sub-pc separations and periods of (10–100) years.

The first census of massive black hole binaries
Understanding the demography of BHBs is necessary in order to constrain their role in
galaxy formation (e.g., their effect on the MBH –host galaxy relations) and the properties
of the gravitational wave background. We developed a method to automatically identify
BHB candidates with shifts between BLs and NLs [2]. This allowed us to perform the first
systematic census of BHB candidates up to z ≈ 0.7. Our approach is based on a datadriven fitting method developed within our group [3], which is used to identify sources
with two redshift systems in large spectroscopic surveys. We searched for such objects
over >50 000 quasar and galaxy spectra. Our analysis resulted in the identification of 32
interesting quasars with significant (> 1 000 km/s) velocity shifts between BLs and NLs.
We endeavored a campaign of follow-up studies aimed at characterizing these peculiar
quasars. One of the key predictions of the BHB scenario is that a periodic evolution in the
velocity shifts of BLs is expected, due to the Keplerian motion of the bound BHs. About
one third of the quasars in our sample showed significant variation in the BL profiles in
our second epoch observations (over time scales of (5–10) years). We also gathered deep,
multi-band optical images of the field surrounding our sources, in order to study their
galactic environment. In a handful of cases, our images revealed clear signs of galaxy
superpositions or galaxy over-densities, thus disfavoring the BHB interpretation for these
sources (Decarli et al., in preparation). Finally, we studied the UV-optical-nearIR-midIR
spectral energy distributions of these peculiar quasars (Lusso et al., in preparation), in
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order to probe the presence of hot dust emission arising from the AGN torus. This allows
us to exclude the “recoiling BH” scenario, according to which a single BH is receiding
after a BHB shrinked to coalescence (see, e.g., Komossa et al. 2008).

Figure 9.13: Rest-frame optical spectrum of J 0927+2943 in the wavelength range including
the Hb and [O iii] lines. The orange line shows the original Sdss spectrum, while the
grey and black lines show our Calar Alto follow-up observations. Three systems of lines
are observed, a set of bright narrow lines at z = 0.713 (marked in red), a set of broad
and fainter narrow lines 2650 km/s blue-wards (marked in blue) and a set of narrow lines
at an intermediate redshift (z = 0.702) associated with a companion galaxy. The shift
between the first two systems can be interpreted as the orbital motion of the secondary
BH (associated with the broad line emission) in a binary. In this case, the red system
arises from the narrow line region, which is at the rest frame of the host galaxy (i.e., the
baricenter of the binary).
Work done in collaboration with Massimo Dotti (University Milano-Bicocca), David W.
Hogg (New York University), Carmen Montuori (University Insubria), Michele Fumagalli
(Carnegie Observatory), Jason X. Prochaska (Lick Observatory).

[1] Decarli R., Dotti M., Montuori C., Liimets T., Ederoclite A. (2010): The peculiar
optical spectrum of 4C 22.25: Imprint of a massive black hole binary?, ApJ 720, L93
[2] Tsalmantza P., Decarli R., Dotti M., Hogg D.W. (2011): A systematic search for
massive black hole binaries in the Sloan Digital Sky Survey spectroscopic sample,
ApJ 738, 20
[3] Tsalmantza P., Hogg D.W. (2012): A data-driven model for spectra: Finding double
redshifts in the Sloan Digital Sky Survey, ApJ 753, 122
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Simulations of gas flows from AGN activity
Salvatore Cielo, Andrea V. Macciò

Hydro simulations of feedback from Active Galactic Nuclei
Almost every massive galaxy hosts at its center a very massive black hole. Gas accretion
onto these black holes originates Active Galactic Nuclei (AGN) showing in many cases
powerful astrophysical jets, which importantly affect the galaxy’s properties. We want to
study these systems by using the adaptive mesh refinement (AMR) hydro code Flash to
perform 3D hydrodynamical simulations.
Our simulation volume is large enough (40 kpc) to model the central region of a massive
(1013 M ) galaxy, while we are able to achieve very high spatial resolution (≈ 20 pc), to
correctly model the physics of the interstellar medium. Our fully-3D simulations include
radiative cooling, as well as gravity from the dark matter halo and self-gravity of the
gas. The power of each jet is in the range 1046÷47 erg/sec and we evolve the system for
several 106 years. The interstellar/circumgalactic medium is modelled as a spherical hot
(T = 107 K) component in which we embed colder gas regions in the fashion of giant
molecular clouds.
With our sophisticated setup we are studying in details the following physical processes:
• gas circulation (inflow/outflow) throughout the whole galaxy,
• effects of the jets on destruction and compression of molecular clouds,
• connection between jets and star formation.
In the following, we focus on the shape and evolution of jets and related structures.

Jet Time Evolution
Our system undergoes some clear overall evolutionary phases, though different initial
parameters result in different configurations, so that some phases may sometimes be
skipped or overlap. A general sketch is presented in Fig. 9.14:
Cocoon formation Initially — ≈ 0.6 Myr — the jet interacts with the very dense central region, originating turbulent eddies (Kelvin-Helmoltz instability driven) and
inflating almost isotropically a cocoon-shaped, shock-heated (up to 1012 K) region,
confining — for this stage — the jet itself. Also, due to the chaotic nature of
turbulence, asymmetry may arise between the two jets.
Classic jet After about 1 Myr, the jet eventually pierces the cocoon, and proceeds forward with little resistance, encountering now less dense and less turbulent medium
in the outskirts of the halo.
Lobe phase Later on — say, 1.5 Myr — the jet front is a few tens of kpc away from the
halo center, feeling the smaller density and pressure of the surrounding medium.
At this point, the internal pressure of the jet makes it bloom fast in wider and less
dense lobe structures, similar to the ones observed in Fanaroff-Riley class II radio
galaxies. For the following few million years there is not much further evolution,
with the jets blowing into the lobes, which still expand, but very slowly.

Simulations of gas flows from AGN activity

231

Figure 9.14: 2D slices showing density on the central plane of our simulated jets, after approx. 0.6, 1.0, 1.5, 2.2 Myr, respectively. The pictures show the jet’s evolutionary phases:
creation of a cocoon, forward jet propagation, stationary formation of a lobe. Logarithmic
color scale in the range [25, 25000] × 1010 M Mpc−3 , brighter to darker.

Shape, pressure, temperature
The picture sketched so far varies according to the physical parameters of the jets. A
higher pressure jet generates also more turbulence (because also its temperature is higher),
and this results in the formation of a more spherical cocoon. Also, for the same reasons,
such jets later form more extended lobes, which appear earlier and closer to the center; in
this case, though, the cocoon and lobe are so extended to appear as a unique, continuous,
expanding structure.
Work in collaboration with Vincenzo Antonuccio-Delogu (INAF, Ct, Italy).
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How to make astrophysical jets? Relativistic
speed, radiation pressure & synchrotron maps
Christian Fendt, Bhargav Vaidya, Oliver Porth

Relativistic MHD jets
We have performed special relativistic MHD simulations treating the formation of relativistic jets from disk winds and their propagation [1, 2, 3]. Newtonian gravity was added
in order to establish the physical boundary condition of an underlying accretion disk in
centrifugal and pressure equilibrium. The fiducial disk surface (respectively a slow disk
wind) is prescribed as boundary condition for the outflow. As a general result we obtain
well collimated jets with a mass flux weighted half-opening angle of (3 − 7)◦ and mildly
relativistic velocities depending on the launching conditions for the outflow. When we
increase the outflow Poynting flux by injecting an additional disk toroidal field into the
outflow, the asymptotic jet velocities increase up to about Lorentz factor of 8–10.

Synchrotron radiation and Faraday rotation
Using the jet dynamics (density, field
strength, Doppler shift, ...) obtained from
our MHD simulations, we can produce
emission maps, predicting VLBI radio or
(sub-) mm observations of nearby AGN
cores [3].
For this we have developed a special relativistic synchrotron transport code fully
taking into account self-absorption and internal Faraday rotation. We find that the
strict bi-modality of the polarization direction suggested by other authors can be circumvented when the structure of a collimating jet is considered. Depending on
the pitch angles of the emission region, also
a spine-and-sheath polarization structure
could be observed. The relativistic swing
effect skews the polarization compared to
the non-relativistic case. The frequencydependent core shift in the radiation maps
following our jet simulations is compliant
with analytical estimates of conical jets in
the literature.
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Figure 9.15: Polarizations for inclination
30◦ , 20◦ , 10◦ (left to right) emitted from regions with co-moving pitches B φ /B p > 1
(above) and B φ /B p > 2 (below). The degree
of polarization Π43 GHz is color-coded, with
I43 GHz contours. Spatial scale is mas, the
Finally, we present mock observations of restoring beam is FWHM = 0.05 mas.
spectral index, degree of polarization and
rotation measure for various inclinations
(Fig. 9.15). Asymmetries in the spectral index and polarization degree can be observed
most articulately at high inclinations > 30◦ . The necessary resolution for this detection
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in case of a low Faraday rotation amounts to 50 µas, which could be reached with the
next generation space-VLBI. At ≈ 30◦ , the predominant polarization vector flips from
perpendicular alignment (with respect to the projected jet direction) for the blazar case
to parallel alignment for the radio galaxy case at high inclinations.

MHD jets under radiation pressure
We have further studied the impact of a line-driven
radiation force on acceleration and collimation of an
MHD jet [4]. The study was focussed to understand
the physical processes that govern the dynamics of
jets around young massive stars, but could applied
as well for disk jets from AGN.
The radiation forces are mainly governed by a parameter α which measures how forces by line emission compare to forces by continuum emission. For
the radiation forces we considered the luminosity
of the central object and of the disk. In our approach we first launched a pure MHD jet, and then,
when the MHD outflow had achieved steady state,
switched on the radiative forces and studied their
effect on the existing MHD outflow (Fig. 9.16).
The line driven force from the central object plays a
significant role in modifying the dynamics in terms
of collimation and acceleration. With radiative
forces, the outflow velocity is increased by a factor of 1.5–2 as compared to the pure MHD flow.
The degree of collimation is lowered, visible e.g.
in a 30 %-change in the magnetic flux profile, or
the wider opening angle of the magnetic field lines.
Since the radiation forces also affect the mass outflow rates for simulations, even small change in the
line force may lead to significant changes in mass
flux up to ≈ 28 %.

Figure 9.16: Jet vertical speed (colors) and poloidal field lines. Field
structure with (red, full) and without (white, dashed) radiation pressure. Scaling as for a massive young
star (velocity in km/s, radii in AU).

Line forces from the underlying hot disk do not play a significant role, simply because
they are some orders of magnitude smaller than all other forces that affect the flow
dynamically. Implementing artificially high disk radiation forces has, however, shows
that the disk radiation will affect primarily the acceleration, and not the collimation.
[1] Gourgouliatos, K.N., Fendt, Ch., Clausen-Brown, E., & Lyutikov, M. (2012): Magnetic field structure of relativistic jets without current sheets, MNRAS 419, 3048
[2] Porth, O. & Fendt, C. (2010): Acceleration and collimation of relativistic magnetohydrodynamic disk winds, ApJ 709, 1100
[3] Porth, O., Fendt, C., Meliani, Z., & Vaidya, B. (2011): Synchrotron radiation of
self-collimating relativistic magnetohydrodynamic jets, A&A 737, 42
[4] Vaidya, B., Fendt, C., Beuther, H., & Porth, O. (2011): Jet formation from massive
young stars: magnetohydrodynamics versus radiation pressure, ApJ 742, 56
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How to make astrophysical jets? From disk
accretion to outflow ejection

Christian Fendt, Somayeh Sheikhnezami, Deniss Stepanovs

Jet launching
Astrophysical jets emanate from sources spanning a huge range in energy output or length
scale — among them young stellar objects (YSO), stellar mass compact objects as X-ray
binaries or m-quasars, or active galactic nuclei (AGN). The common property of jet sources
is that they all host an accretion disk — the source of a massive jet. The main question we
address is which kind of disks do launch jets and which kind of disks do not? In particular,
we study how the magnitude and distribution of the (turbulent) magnetic diffusivity affect
mass loading and jet acceleration.

Disk structure — field diffusion & advection
We have investigated the launching of jets and outflows from magnetically diffusive accretion disks [1]. Using the Pluto code we solve the time-dependent resistive MHD
equations taking into account the disk and jet evolution simultaneously.
We have applied a turbulent
magnetic diffusivity based on αprescription, but have also investigate examples where the scale
height of diffusivity is larger than
that of the disk gas pressure. We
further investigate how the ejection efficiency is governed by the
magnetic field strength. Our simulations last for up to 5000 dynamical time scales corresponding
to 900 orbital periods of the inner
disk. As a general result, we observe a continuous and robust outflow launched from the inner part
of the disk, expanding into a collimated jet of super fast magnetosonic speed.

-5

-3

-1

Figure 9.17: Time evolution of the magnetic flux due
to advection and diffusion. Shown is the location of
the magnetic field line carrying a constant flux at time
t = 0, 50, . . . , 5000. Colors indicate the density distribution at t = 5000. Magnetic flux first diffuses outwards, before it is advected along the disk.

We consider in detail the advection and diffusion of magnetic flux within the disk and we find that the disk and outflow
magnetization may substantially change in time. This may have severe impact on the
launching and formation process — an initially highly magnetized disk may evolve into
a disk of weak magnetization which cannot drive strong outflows. Figure 9.17 shows the
time evolution of a certain magnetic flux surface. Magnetic flux first diffuses outwards
as accretion has not been established ab initio. As soon as the outflow is launched, disk
angular momentum is lost and accretion sets in. Magnetic flux is advected with the accretion stream until a steady state is reached. For long time scales, the mass loss by
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accretion and ejection changes the disk structure and the flux surface moves out again
into a new equilibrium state.

From accretion to ejection
Figure 9.18 shows the evolution of the accretion-ejection structure. Accreting material
diffuses inwards across the poloidal field. A substantial fraction is lifted upwards and
couples to the field lines. Magneto-centrifugal effects further accelerate this disk wind into
a fast outflow. Magnetic pinching forces collimate the flow beyond the Alvfén surface.
We find a lower degree of jet collimation than previous studies, most probably due to our
revised outflow boundary condition.
For magneto-centrifugally driven jets we find that for i) less diffusive disks, ii) a stronger
magnetic field, iii) a low poloidal diffusivity, or a iv) lower numerical diffusivity (resolution), the mass loading of the outflow is increased — resulting in more powerful jets with
high mass flux. For weak magnetization the (weak) outflow is driven by the magnetic
pressure gradient.

Figure 9.18: Time-evolution of the accretion-ejection structure. Density (colors), the
poloidal magnetic field lines (white), the electric current contours (green), and the magnetosonic surfaces (black) are shown.
In summary, we confirm the hypothesis that efficient magneto-centrifugal jet driving requires a strong magnetic flux, together with a large enough magnetic torque in order to
produce a powerful jet. In addition, the magnitude of (turbulent) magnetic diffusivity
plays a major role in the ejection efficiency, while the anisotropy in the diffusivity mainly
affects the jet rotation. The mass ejection-to-accretion ratio along with the momentum
and energy transfer rates from inflow to outflow are essential properties for any feedback
mechanism in star formation or galaxy formation modeling and could only be derived
from simulations resolving the inner region of the jet-launching accretion disk.
[1] Sheikhnezami, S., Fendt, C., Porth, O., Vaidya, B., Ghanbari, J. (2012): Bipolar
jets launched from magnetically diffusive accretion disks. I. Ejection efficiency versus
field strength and diffusivity, ApJ 757, 65
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Over-massive black holes

Akin Yildirim, Remco van den Bosch, Glenn van de Ven,
Arjen van der Wel
6
Super-massive black holes (SMBH, M• >
= 10 M ) reside in the centre of most, if not
all, galaxies. This understanding is based on ground- and space-based detections over
the last two decades and black hole mass estimates in nearby galaxies (. 100 Mpc), with
dynamical modeling (Magorrian et al. 1988). As intuitively anticipated, the most massive
black holes appear in the most luminous/massive galaxies. More interesting though is the
discovery of correlations between the dynamically inferred black hole masses and several
host galaxy properties. These correlations link the central black hole mass (M• ) to the
stellar velocity dispersion (σ), bulge luminosity (Lbulge ) and bulge mass (Mbulge ), and are
usually summarized by the term “black hole scaling relations”.

black hole mass (M/M)

The scaling relations are powerful tools when
it comes to determining black hole masses from
Literature Black Holes
HETMGS candidates
NGC1277
the more easily measurable velocity dispersion
and bulge luminosity, but they also imply a
1010
tight co-evolution between the central black
hole and its host galaxy (Fabian 1999). Hence,
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great efforts have been made in order to quantify the correlations, including their intrinsic
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connection, more black hole determinations are
Figure 9.19: M• − L relation with the necessary. For this purpose, we are leading
outstanding 18 Hetmgs (see text) high- the H obby-E berly T elescope M assive Galaxy
σ galaxies (green points). Correspond- S urvey (Hetmgs). It is a low-spatial resoluing black hole masses M• were inferred tion, long-slit spectroscopic survey to measure
via virial mass estimates. For NGC 1277 the stellar velocity dispersion of 700 nearby
11
(red point), M• was further constrained (<
= 100 Mpc), massive galaxies (>
= 10 M ).
with dynamical models (see [1]).
The aim of this survey is the investigation of
the massive side of the scaling relations, which
is currently only sparsely sampled due to the steep decline in the number of galaxies with
very high velocity dispersion.
While observations are still ongoing, our efforts focus on 18 galaxies from the current
Hetmgs sample, that show intriguing properties. Their common and most notable feature
is a very high velocity dispersion with an exceptional central peak (σ >
= 300 km/s). In
addition, these galaxies are very compact (half-light radii Re <
2
kpc)
and
rapidly rotating
=
(vmax ≈ (150 − 300) km/s). Preliminary mass estimates of the central black hole mass for
those 18 objects clearly place them above the M• − L relation (Fig. 9.19).
We measured a black hole mass of 17 × 109 M in one of these galaxies (NGC 1277) using
orbit-based dynamical model based on the Hetmgs stellar kinematics and the surface
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brightness profile from a Hubble Space Telescope image [1] (Fig. 9.20).

This black hole is one of the most massive
300
black holes known to date. Furthermore,
17×10 M BH
200
1 ×10 M BH
this mass estimate is two orders of magni100
NGC1277
0
tude larger than predictions from the black
-100
-200
hole scaling relations and, remarkably, con-300
stitutes 14 % of the galaxy’s baryonic mass.
400
Our findings are not only in contradiction
300
to the prominent black hole scaling rela200
tions, but they also challenge current theoseeing
100
ries of a co-evolving SMBH and its host
-6
-4
-2
0
2
4
6
x (kpc)
galaxy, or at least suggest the existence
of alternative formation channels for these Figure 9.20: Stellar velocity and disperobjects.
sion of NGC 1277 from the Hetmgs longslit
observations and corresponding best fit
In order to characterize these galaxies and
to identify their role in the black hole- Schwarzschild model (black line) with M• =
9
galaxy co-evolutionary picture, we have 17 × 10 M . A fit with a black hole mass
8
to go beyond a single example and thus M• = 1 × 10 M (red line), as suggested
try to further constrain the remaining 17 by the scaling relations, obviously underestiblack hole masses with dynamical mod- mates the central dispersion peak.
eling. To this end, we carry out highresolution imaging with the Hst, as well as spectroscopic follow-up observations with
Keck, Nifs & Ppak. Currently, we investigate the central black hole mass of 4 more
galaxies (NGC 1270, NGC 0384, PGC 070520 & UGC 2698). Here, we present the kinematic data of NGC 1270. The velocity and velocity dispersion maps are in line with the
shallow long-slit observations from the Het. The velocity map shows a rapid rotation
around the centre, while the velocity dispersion map clearly reveals the very high peak in
the central part of the galaxy, which is indicative of a very massive black hole (Fig. 9.21).
9
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Figure 9.21: Stellar velocity and dispersion maps of NGC 1270. The central peak in velocity dispersion of 435 km/s indicates an over-massive SMBH (with respect to the scaling
relations) in the centre of this galaxy.
Work done in collaboration with Jonelle Walsh, Karl Gebhardt (University of Texas at
Austin) and Bernd Husemann (Leibniz-Institut für Astrophysik Potsdam).

[1] van den Bosch, R. et al. (2012): An over-massive black hole in the compact lenticular
galaxy NGC 1277, Nature 491, 7426, 729
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The scaling relation between the mass of
supermassive black holes and the kinetic
energy of random motions of the host galaxies
Luigi Mancini

Scaling laws for galaxies
Scaling laws in galaxies are important to describe the mechanisms for the initial formation of the first galaxies as well as for their cosmic evolution. They also apply quite
well to high redshifts, implying that the interaction and merging processes must, at
least on average, preserve them. One of the recent successes in extragalactic astronomy was the discovery that both early- and late-type galaxies, close (< 100 Mpc) to
the Milky Way, host a supermassive black hole (SMBH; M• > 106 M ) at their center.
Subsequently, based on more
and more precise experimental data, it was possible to
draw up many galaxy data
sets, containing measures of
the SMBH masses as well
as the structural parameters
of the host galaxies (bulges).
Thanks to these catalogues,
the astrophysical community
identified a large number of
scaling laws, in which the
mass of SMBHs correlates
with several properties of the
host spheroidal component,
leading to the belief that
SMBH growth and bulge formation regulate each other.
Just as the Faber-Jackson relation, the “traditional” relation between the SMBH
2
Figure 9.22: M• − Mdyn σ relations for the sample of mass and bulge velocity disN = 52 galaxies extracted from Spitzer/Irac images. persion σ and that between
Mdyn is the bulge dynamical mass. Symbols represent ellip- the SMBH mass and the steltical galaxies (red ellipses), lenticular galaxies (green cir- lar mass MG should be procles), barred lenticular galaxies (dark green circles), spi- jections of the same fundaral galaxies (blue spirals), barred spiral galaxies (dark blue mental plane relation. Acbarred spirals), and dwarf elliptical galaxies (orange el- tually, a competitive correlalipses). The black line is the line of best fit.
tion, as opposed to the popular M• − MG and M• − σ,
between M• and the kinetic energy of random motions of the corresponding bulges, i.e.
MG σ 2 , has been advanced (Feoli & Mancini 2009). This relation has also a plausible phys-
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ical interpretation that resembles the H-R diagram: The mass of the central SMBH, just
like entropy, can only increase with time or at most remain the same but never decrease;
M• is therefore related to the age of the galaxy. On the other hand, the kinetic energy
of the stellar bulges directly determines the temperature of the galactic system. Using
a recent 2D decomposition of 3.6 µm Spitzer/Irac images of local late- and early-type
galaxies with M• measurements, we tested the goodness of the M• − MG σ 2 relation as
a predictor of the SMBH mass in the center of galaxies (Fig. 9.22). Our analysis shows
that the M• − MG σ 2 law fits the examined experimental data successfully as much as the
other known scaling laws (all correlations have similar intrinsic scatters within the errors)
and shows a value of χ2 better than the others, a result which is consistent with previous
determinations at shorter wavelengths (Feoli & Mancini 2009).

Radio-quiet/radio-loud dichotomy
In order to avoid rushed conclusions on galaxy activity
and evolution, the indirect inferring of the masses of supermassive black holes from
the kinetic energy of random
motions via the M• − MG σ 2
relation should be considered, especially when applied
to higher redshift galaxies
(z > 0.01). This statement is
suggested by a re-analysis of
Sloan Digital Sky Survey (Sdss) data used to
study the black hole growth
in the nearby universe. By Figure 9.23: The distribution of SMBH masses for both
adopting the M• − MG σ 2 re- normal (white) and AGN (green) host early-type galaxies.
lation instead of the M• − σ The masses have been inferred from the kinetic energy of
2
relation, a radio-quiet/radio- random motions via the M• − Mdyn σ relation.
loud dichotomy appears in
the SMBH mass distribution of the corresponding SDSS early-type AGN galaxies
(Fig. 9.23, [1]).
Work done in collaboration with Antonio Feoli (University of Sannio).

[1] Mancini, L. & Feoli, A. (2012): The scaling relation between the mass of supermassive
black holes and the kinetic energy of random motions of the host galaxies, A&A 537,
A48
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The non-causal origin of the black hole –
galaxy scaling relations
Knud Jahnke & Andrea V. Macciò

Tight scaling relations between the mass of a galaxy’s central supermassive black hole and
the galaxy’s bulge luminosity, bulge mass and velocity dispersion have been discovered
in the late 1990s. Two consequences were drawn and largely accepted from this new
knowledge: (1) Most, if not every massive galaxy should have a central black hole and (2)
a tight coupling between the formation and evolution of galaxies and their central black
hole must exist. In a study [1] we challenged these simple interpretations.
We conducted a simulation study to test the consequences of hierarchical galaxy formation
and evolution on the ratio of galaxy and black hole mass. These simulations worked in
two steps of complexity. First, we took strongly scattered initial conditions in the early
universe, seeding small galaxy pieces with randomly set galaxy and black hole mass. We
then evolved these along realistic merger trees until the present day and then investigated
the MBH –Mgalaxy scaling relations. In Fig. 9.24 we show examples of initial conditions in
the early universe (blue points) and final relation at z = 0 (red).
What immediately became clear
was that there are in principle
enough generations of mergers to
drive the MBH /Mgalaxy ratio towards the central limit of the
cosmic average, without any additional physical driver required
to couple the two properties (see
also the non-importance of galaxy
mergers for black hole growth in
Sec. 8.8).
As a second step we added the
more realistic scenario that stellar
mass is not fully existing at high
redshifts but enters the galaxy
mainly through star formation.
We also added the conversion of
a fraction of the stellar mass in a
galaxy’s disk to its bulge component during times of galaxy merging, to be able to trace both bulge Figure 9.24: Four different seeding configurations for
and total stellar mass. Apart black hole and stellar mass sets in the early universe
from an absolute normalisation (blue points) and galaxy clumps subsequently merging
factor, the resulting scaling re- into larger and larger galaxies according to a realistic
lations were both in slope and set of dark matter halo merger trees. By merging the
distribution of scatter fully con- initial scatter (pls. note the axes’ scales!) decreases
sistent with the observed scal- strongly forming a tight relation at z = 0 (red points).
ing relations in the local universe The slope of the observed MBH –Mbulge -relation (black
(Fig. 9.25).
line) is shown for comparison.
In consequence, we showed with
these simulations that the MBH –Mbulge scaling relations, observed from the local to the
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high-z universe, can be largely or even entirely explained by a non-causal origin, i.e. they
do not imply the need for any physically coupled growth of black hole and bulge mass, for
example through feedback by active galactic nuclei (AGN). The creation of the scaling
relations can be fully explained by the hierarchical assembly of black hole and stellar
mass through galaxy merging, from an initially uncorrelated distribution of black hole
and stellar masses in the early universe. The simulations produced these scaling relations
without any physical coupling of the two properties per individual galaxy. With a diskto-bulge conversion recipe in mergers from other simulations included, our simulations
even create the observed slope of ≈ 1.1 for the MBH –Mbulge -relation at z = 0.

Figure 9.25: Detailed simulations including models for temporal distribution of star formation, black hole accretion and disk-to-bulge conversion of stellar mass. Left: Black hole
vs. bulge relation with simulation points (red) and observed points and fitted linear slope
(black). Right: The simulations also predicted a unity slope for black hole vs. total stellar
mass. These simulations showed that at least to first order all features of the observed
scaling relations can be explained as a simple effect of hierarchical merging of galaxies and
without any physical co-evolution drivers, e.g. AGN feedback.
This also implied that AGN feedback is not a required (though still a possible) ingredient
in galaxy evolution. In light of this, other mechanisms that can be invoked to truncate
star formation in massive galaxies are equally justified.
At the same time we also predicted that black hole–bulge scaling relations should only
be observed for classical bulges, as they are created by galaxy merging, as a difference
to pseudo-bulges, which are thought to be a product of secular processes internal to the
galaxy. Our further predictions were that from this “central limit”-genesis also other
properties of the galaxy should scale with black hole mass, as long as they are growing in
the same way as galaxy mass in mergers. This has since then been shown by others for
globular cluster mass and also total stellar mass of the galaxy.
In total this work showed that scaling relations are very good predictors for different
not directly observable galaxy properties out to high redshifts, when properly calibrated.
But that the scaling relations neither mean that all galaxies with a bulge must have a
black hole, nor that black holes and galaxies must in any way co-evolve by direct physical
coupling.
[1] Jahnke, K., Macciò, A. V. (2011): The non-causal origin of the black hole-galaxy
scaling relations, ApJ 734, 92
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Deep narrow band image of the cosmic web filament in the Ly-a transition, showing
diffuse emission from hydrogen gas around a distant Quasar.
For details see Sec. 10.9
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MaGICC halos: Comparing the gaseous halo
O VI content between simulations and
observations

Greg Stinson, J. Xavier Prochaska, Joseph Hennawi,
Andrea Macciò

Missing baryon problem
A major problem facing galaxy formation is determining where the “missing” baryons are
that have yet to be observed. Only about 25 % of the cosmic baryon fraction of galaxy
masses is observed as stars or cold gas. A recent survey using the Hubble Space Telescope showed that star forming galaxies support a massive, metal enriched gaseous halo.

Simulations

y [kpc]

log10(NOVI [cm−2 ])

y [kpc]

log10(NHI [cm−2 ])

We explore the circum-galactic medium (CGM) of two simulated star-forming galaxies
with luminosities L ≈ 0.1 and 1L? generated using the smooth particle hydrodynamic
code Gasoline [1]. Overcooling has been a persistent problem for simulations and resulted in galaxies with centrally peaked rotation curves and too many stars. Comparisons
of observed stellar mass functions with simulated dark
Low Feedback
MaGICC Feedback
matter halo mass functions
18.4
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halo mass relationship that
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sive stars is properly ac12.8
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lar feedback recipe.
In the project Making Galaxies I n a C osmological C ontext (MaGICC), the stellar
feedback is tuned to match
the stellar mass–halo mass relationship. The “MaGICC
feedback” (MF) model has a
higher incidence of massive
stars and an ≈ 2× higher
energy input per supernova
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Figure 10.1: Column density maps of H i (top) and O vi
(bottom) of the low (left) and MaGICC (right) feedback
simulations. Maps are all aligned so that the discs of the
galaxies are viewed edge on. The results on scales greater
than 10 kpc are relatively independent of viewing angle.
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than a “lower feedback” (LF)
model which has strength
comparable to otherimplementations in the literature.
For comparison, each galaxy
was simulated using both LF
and the MF.
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Aside from the low mass halo
using LF, Fig. 10.1 shows
that each galaxy exhibits a
metal-enriched CGM that extends to approximately the
virial radius. A significant
fraction of this gas has been
heated in supernova explosions in the disk and subsequently ejected into the CGM
where it is predicted to give
rise to substantial O vi absorption. Our models also
predict a reservoir of cool
H i clouds that show strong
Ly-a absorption out to several hundred kpc.
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Figure 10.2: Radial profiles of the column density maps
of O vi for the four galaxies shown in Fig. 10.1 spanning a
range of masses simulated using MaGICC feedback simulations. The large dots are observations of 0.1 L? < L < L?
galaxies from the observed samples. The solid red line represents the virial radius, rvir , for each of the four halos.

Comparing these models to recent surveys with the Hubble Space Telescope, we find that
only the MF models have sufficient O vi and H i gas in the CGM to reproduce the observed
distributions (see Fig. 10.2).
In separate analyses (see Sec. 1.6), these same MF models also show better agreement
with other galaxy observables (e.g. rotation curves, surface brightness profiles, and HI
gas distribution). Indeed, the outflows that produce the massive, hot metal-enriched halo
are required to remove the low angular momentum material from the early galaxy that
previously caused the formation of the central peak in the rotation curve. We infer that
the CGM holds the dominant reservoir of baryons for galaxy halos.
Work done in collaboration with Chris Brook (Madrid), Andrew Pontzen (Oxford), Sijing Shen (UC Santa Cruz), James Wadsley, Hugh Couchman (McMaster), Tom Quinn
(Washington), and Brad Gibson (UCLan).

[1] Stinson, G., Brook, C., Prochaska, J. X., Hennawi, J., Pontzen, A., Shen, S., Wadsley, J., Couchman, H., Quinn, T., Macciò, A. & Gibson, B. (2012): MaGICC halos:
Comparing the gaseous halo O vi content between simulations and observations, MNRAS 425, 1270
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Cores in warm dark matter cosmology: a
Catch22 problem
Andrea V. Macciò

Warm dark matter and density profiles
The free streaming of warm dark matter particles dampens the fluctuation spectrum,
flattens the mass function of haloes and imprints a fine grained phase density limit for
dark matter structures. The phase space density limit is expected to imprint a constant
density core at the halo center on the contrary to what happens for cold dark matter. We
explore these effects using high resolution simulations of structure formation in different
warm dark matter scenarios.
We start by inserting different primordial streaming velocities in the initial conditions for
the formation of a Milky-Way halo in order to mimic the effect of different warm dark
matter (WDM) candidates. We then evolve this initial condition with the N -body code
Pkdgrav; Fig. 10.3 shows the effect of different WDM candidates on the dark matter
distribution at z = 0.

Figure 10.3: Density map of the large scale (low resolution) simulations (L = 40 Mpc) at
redshift zero. From left to right: CDM, and two WDM with a cut in the power spectrum
for a mν mass of 0.2 keV and 0.05 keV respectively.
We mainly focus our attention on the dark matter radial density profile. Observations
seem to suggest cored density profile for galaxies with mass on the order of 1012 M
or lower. On the other end pure N -body simulations in the standard cold dark matter
paradigm predict cuspy density profile, with a logarithmic slope of ≈ −1. In this study we
want to test whether a warm dark matter component could create cored density profiles
as predicted by observations
The main results of our study are summarized in Fig. 10.4 where the density profile of
different dark matter models are presented. The profiles show a monotonic decrease of the
central density as a function of the the temperature of the dark matter candidate. Cold
candidate show the usual cuspy behavior, while warmer candidates present a lower central
density that becomes a clear core for mν,vel = 0.05 keV, with a size of several kiloparsecs.
While our results show that it is indeed possible to create a very cored dark matter
distribution in a warm dark matter halo, they also point to the fact that a very light
particle is needed to achieve cores as big as the observed one.
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Figure 10.4: Spherically averaged density profiles for the cold dark matter model (black
line) and five different realizations of the warm dark matter ones (red lines). From top to
bottom the mass of the warm candidate is: 2, 1, 0.5, 0.2, 0.1, and 0.05 keV respectively.
The core size we expect for thermal candidates allowed by independent constraints on
large scales (Ly-a and lensing, mν ≈ (1 − 2) keV), is of the order of (20–60) pc. This is
not sufficient to explain the observed cores in dwarf galaxies that are around kpc-scale.
• All together these results lead to a nice “Catch 22” problem for warm dark matter:
If you want a large core you won’t get the galaxy, if you get the galaxy it won’t have
a large core.
We conclude that the solution of the cusp/core problem in local group galaxies cannot
completely reside in simple models (thermal candidates) of warm dark matter. If cores
are required then it seems that baryonic feedback [1] is still the most likely way to alter
the density profile of dark matter and hence reconcile observations with cold/warm dark
matter predictions.
Work done in collaboration with S. Paduroiu at the University of Geneve and D. Anderhalden, A. Schneider and B. Moore at the University of Zurich.

[1] Macciò, A.V. et al. (2012): Toward a baryonic solution of the cusp/core problem in
massive spirals, ApJL 340, 10
[2] Macciò, A.V. et al. (2012): Cores in warm dark matter haloes: a Catch 22 problem,
MNRAS 340, 10
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Towards a baryonic solution of the cusp/core
problem in massive spirals
Andrea V. Macciò & Greg Stinson

Dark matter density profiles in simulations
The theory of cold dark matter (CDM) provides a successful framework for understanding
structure formation in the universe. In this paradigm, dark matter first collapses into small
halos, which merge to form progressively larger halos. Galaxies are thought to form out
of gas which cools and collapses to the centres of these dark matter halos. Properties of
dark matter halos have been extensively studied via collisionless N -body simulations of
the growth of primordial fluctuations into gravitationally bound structures. Numerical
simulations have facilitated detailed predictions for a wide range of properties of dark
matter halos at all epochs.
Dissipationless cosmological simulations have also raised problems for the CDM scenario
on small scales, one of which is the central slope of the dark matter density profile of
virialized objects. N -body simulations predict a central concentration, with a logarithmic
slope of ≈ −1. Such a “cuspy” matter distribution is not supported by observations of the
rotation curves of spiral galaxies, which have revealed that the dark halos encompassing
disc galaxies have a constant density core. Recently analyses show that the central surface
density, is nearly constant and independent of galaxy luminosity. This issue presents a
major challenge for the otherwise successful CDM cosmological model.

Figure 10.5:
our galaxy.
dark matter
The red one

Density profile for only the dark matter in the three different realizations of
The blue line shows the low feedback run (LFR), the black line shows the
only run (N -body) and the red line shows the higher feedback case (HFR).
shows a clearly a cored profile, in agreement with observations.

In this work we employ high resolution cosmological hydro-dynamical simulations to study
the effects of dissipative processes on the inner distribution of dark matter in Milky-Way
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like objects (M ≈ 1012 M ). Our simulations include supernova feedback, and the effects
of the radiation pressure of massive stars before they explode as supernovae.
The increased stellar feedback results in the expansion of the dark matter halo instead
of contraction with respect to N -body simulations. Baryons are able to erase the dark
matter cuspy distribution creating a flat, cored, dark matter density profile in the central
several kpc of a massive Milky-Way like halo.
The resulting profiles are presented in Fig. 10.5. The profile in the high feedback case is
well fit by a Burkert profile which has two fitting parameters the central density ρ0 and
the core radius r0 . Observations have shown that the product of these two quantities is
a constant and does not depend on the galaxy luminosity. Figure 10.6 shows that our
galaxies are able to correctly reproduce the observed trend.

Figure 10.6: The relation between luminosity and dark matter halo surface density. Open
symbols represent observational results, while our simulated galaxy is represented by the red
star. The magenta squares are lower mass simulations which have similar high feedback
prescriptions as the HFR.
While the stellar disk we obtain is still partially too thick to resemble the Milky Way
thin disk, this pilot study shows that there is enough energy available in the baryonic
component to alter the dark matter distribution even in massive disc galaxies, providing
a possible solution to the long standing problem of cusps vs. cores.
Work done in collaboration with C. Brook at the University of Madrid and J. Wadsley
at McMaster University.

[1] Macciò, A.V. et al. (2012): Toward a baryonic solution of the cusp/core problem in
massive spirals, ApJL 340, 10

250

Intergalactic Medium and Cosmology

10.4

Euclid — core and legacy science

Knud Jahnke, Rory Holmes, Felix Hormuth, Gregor Seidel,
Stefanie Wachter, Hans-Walter Rix
Euclid is the dark energy flagship mission of the Esa Cosmic Vision Programme to be
launched in 2020. Euclid will take dark energy and dark matter characterization to a
new level by employing weak lensing and galaxy clustering over 15 000 ◦ to measure the
fundamental parameters of dark energy and the 3D-distribution of dark matter in the universe. Mpia is a central contributor to Euclid and its Nisp infrared spectrophotometer
as is described in Sec. 11.17 on space instrumentation.
Euclid provides a vast reservoir of science opportunities, both within the realms of the
cosmological core science as well as the utilization of legacy survey data for projects
ranging from exoplanets to galaxy evolution — the comprehensive “Euclid Definition
Study Report”, better known as the “Red Book” [1], sketches out the various science
goals and opportunities.

Core science
The current paradigm of cosmology is that the universe evolved from a rather homogenous
gas distribution after the Big Bang to the hierarchically clustered distribution of galaxies
and large scale structure observed today. However, this picture relies strongly on the existence of two unknown forms of energy which jointly make up 96 % of the energy density
in the Universe. Dark energy provides 76 % of the total energy density and causing the
observed accelerated expansion of the universe. Dark energy is in conflict with our knowledge of fundamental physics: If it behaves as predicted from the cosmological constant
(introduced by Einstein), then its value is 1060 times smaller than that predicted from
theory; this is the largest discrepancy between theory and observation ever encountered
in modern physics.
Another 20 % of the energy density of the universe exists in the form of dark matter,
which exerts a gravitational attraction just like normal matter, but does not emit or
absorb light — its nature remains unknown. Another possibility to explain one or both of
these puzzles is a revision of Einstein’s theory of general relativity. The existing models
differ in observational signatures only by tiny amounts, which can only be decisively
distinguished by using high-precision astronomical surveys covering a major fraction of
the sky.
Euclid is designed to understand the origin of the accelerating expansion of the universe,
using cosmological probes to investigate the nature of dark energy, dark matter and
gravity by tracking their observational signatures on the geometry of the universe and
on the cosmic history of structure formation. Euclid will map large-scale structure
over a cosmic time covering the last 10 billion years, using two independent primary
cosmological probes: Weak gravitational lensing (WL) and baryonic acoustic oscillations
(BAO). WL is a technique to map dark matter and measure dark energy by quantifying the
apparent distortions of galaxy images, a change in a galaxys observed ellipticity, caused
by mass inhomogeneities along the line-of-sight. The lensing signal is derived from the
measurement of the shape and distance of galaxies. BAO are wiggle patterns imprinted
in the clustering of galaxies that provide a standard ruler to measure the expansion of the
universe. The properties of the wiggles are derived from accurate distance measurements
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of galaxies. Surveyed in the same cosmic volume, these two probes provide necessary crosschecks on systematic errors. They also provide a measurement of large scale structure via
different physical fields (potential, density and velocity), which are required for testing
dark energy and gravity at all scales.
WL requires a superb image quality on sub-arcsec scales for the galaxy shape measurements, and photometry at visible and infrared wavelengths to measure the photometric
distances of each lensed galaxy out to z ≥ 2. BAO requires near-infrared spectroscopic
capabilities to measure accurate redshifts of galaxies out to z ≥ 0.7. Both probes require a
very high degree of system stability to minimize systematic effects, and the ability to survey a major fraction of the extragalactic sky. Such a combination of requirements cannot
be met from the ground, and demands a wide-field-of-view space mission: Euclid.
To understand the nature of dark energy its equation of state needs to be determined.
Euclid uses WL and BAO to measure the constant and time varying terms of the dark
energy equation of state to a 1-σ precision of 0.02 and 0.1, sufficient to make a decisive
statement on the nature of dark energy. Euclid tests the validity of general relativity
by measuring the rate of cosmic structure growth to a 1-σ precision of < 0.02, sufficient
to distinguish general relativity from a wide range of modified-gravity theories. Euclid
is therefore poised to uncover new physics by challenging all sectors of the cosmological
model.

Legacy science
The Euclid wide and a deep surveys provide a legacy data set with images and photometry of more than a billion galaxies and several million spectra, out to high redshifts
z > 2. At low redshift, Euclid resolves the stellar population of all galaxies within
≈ 5 Mpc, providing a complete census of all morphological and spectral types of galaxies
in our neighborhood. It also delivers morphologies, masses, and star-formation rates out
to z ≈ 2 with a 4× better resolution, and 3 nearIR magnitudes deeper, than possible
from ground. In combination with other ground- and space-based telescopes, Euclid
will derive the mass function of galaxy clusters, and find over 100 strong lensing systems.
Gravitational lensing together with near infrared photometry of lensing sources explores
the relationship between light, baryons and dark matter between galaxy and super cluster
scales as function of look-back time and environment.
The Euclid deep survey will be the primary target for follow-up observations. Deep data
contain thousands of objects at z > 6 and several tens to hundreds of z > 8 galaxy or
quasar candidates that will be critical targets for the James Webb Space Telescope
(Jwst) and E-Elt. As the deep survey fields are visited repeatedly over a time span of
several years they are also a unique baseline for the discovery of variable sources.
Euclid probes the formation and evolution of our Galaxy by taking the Gaia survey
several magnitudes deeper, and adding infrared colours and spectra for every Gaia star
it observes. This breaks the age-metallicity degeneracy, which is critical for the chemical
enrichment history of our Galaxy. Also, the wide sky coverage of Euclid will detect
nearby extremely low surface brightness tidal streams of stars.
Euclid is an Esa mission with instrumentation provided by the Euclid Consortium,
consisting of over 1000 scientists and engineers from more than 100 institutions in 13
European countries and the USA.
On Mpia’s web site Euclid can be found at http://www.mpia.de/euclid.

[1] Laureijs, R., incl. Blümchen, T., Holmes, R., Jahnke, K., Krause O., Rix, H.-W.,
(2011): Euclid definition study report, arXiv:1110.3193, ESA/SRE(2011)12
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Fueling modes of supermassive black holes
Nikolaos Fanidakis

Comparing theory with observations
In this project, we compare the environment of Active Galactic Nuclei (AGN) to the
predictions of the galaxy formation model Galform, in order to shed light into the
nature of black hole (BH) fueling modes (Fanidakis, in preparation). The dark-matter
halo (DMH) mass of X-ray selected AGN is re-estimated for several samples in a uniform
manner from the bias parameter, b, to provide a direct comparison between theory and
observations. These samples indicate that the average DMH mass of AGN with luminosity
Lxray ' (1042 − 1044 ) erg/s is Mhalo ≈ 1013 M . The comparison with Galform shows
encouraging agreement with observations, especially at z . 1 (see Fig. 10.7).
The foundation of this agreement is the incorporation of the AGN feedback mechanism in
the Galform model. The AGN feedback prevents gas from cooling in very massive DMHs
(Mhalo & 1012 M ) establishing the starburst accretion mode (disk instabilities and galaxy
mergers) as an inefficient AGN triggering mechanism in such haloes. As a consequence,
quasar activity is prohibited in the most massive DMHs. In these halos, an alternative
fueling channel rises to dominance, the hot-halo mode. In this mode, BHs accrete hot gas
from the surrounding ambient medium, whose origin associates with the hot halo around
the galaxy. The low density of the gas initiates a relatively slow BH growth and makes
the AGN visible at moderate X-ray luminosities. Interestingly, a mild disagreement of
the mean DMH mass predicted by Galform with the observations suggests that the
number density of hot-halo AGN is low at z ≈ 1. This discrepancy between theory and
observations could impose important constraints on the strength of AGN feedback in the
high-z redshift.

Figure 10.7: The AGN dark matter halo (DMH) mass plotted as a function of hard X-ray
luminosity. Each panel corresponds to a different redshift interval as labeled. The curves
show the predictions of the Galform model. In each panel the solid black and red lines
are the median and mean of the AGN DMH distribution at a given accretion luminosity,
Lxray . The different shadings correspond to the 1σ and 2σ percentiles around the median.
The dashed black line in each panel shows the median of the Lxray −Mhalo correlation when
only the starburst mode is considered in the calculation.
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Figure 10.8: Two dimensional volume weighted histograms of Lxray and Mhalo at z ≈ 0.4
when the Galform calculation is performed with (left panel) and without (right panel)
AGN feedback. The solid and dashed black lines in each panel indicate the median and
the mean of the Lxray − Mhalo correlation.

The effect of AGN feedback
To illustrate more clearly the effect of AGN feedback on the two different populations
of AGN we show in Fig. 10.8 the Lxray − Mhalo plane at z ≈ 0.4 both with and without
considering the process of AGN feedback in Galform. Without AGN feedback (right
panel), the gas in the halo cools quickly and fuels starbust episodes, which trigger intense
accretion onto the central BH in very massive haloes. The model now predicts a well
defined Lxray − Mhalo correlation, which increases steeply with increasing luminosity and
reaches DMH masses of & 1014 M for the brightest quasars (Lxray ' 1046 erg/s). Such
a monotonically increasing Lxray − Mhalo correlation implies that in a universe without
AGN feedback, the X-ray accretion luminosity and therefore the accretion of gas onto the
central BH increases with increasing halo mass. This is inconsistent with the clustering
properties of both moderate luminosity X-ray AGN and optically-selected luminous QSOs.
To conclude, in this analysis we have shown the necessity of the hot-halo as an additional
accretion mode to galaxy mergers and disk instabilities for reproducing the correct environment of X-ray AGN. Our analysis further underlines the importance of AGN feedback
in both the cosmological models of galaxy formation and black hole growth.
Work done in collaboration with Antonis Georgakakis (MPE, Garching), George Mountrichas (NOA, Athenas), Mirko Krumpe (ESO, Garching), Carlton Baugh (Durham),
Carlos Frenk (Durham), Cedric Lacey (Durham)
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Evidence for non-evolving Fe ii/Mg ii ratios in
rapidly accreting high redshift QSOs
Gisella De Rosa, Roberto Decarli, Fabian Walter,
Hans-Walter Rix

Introduction
Quasars (QSOs) at the highest known redshifts (z ≥ 5.7) are unique probes of the universe less than 1 Gyr after the Big Bang. They are fundamental for studying the early
growth of supermassive black holes (BHs), galaxy formation and the chemical evolution
of the interstellar medium. Strong emission features excited by the central engine and
its immediate surroundings can be used to infer properties of the powering BH and the
circum-nuclear gas.
Under the assumption that the broad-line region (BLR) dynamics is dominated by the
central gravitational field, it is possible to estimate the BH mass (MBH ) using the velocity
of the line-emitting gas and its distance from the central BH. Information about the bulk
velocity of the BLR gas can be obtained by measurements of the emission line width (e.g.
Mg ii line width). The distance of the emitting gas from the central BH (R) can instead be
inferred from the continuum luminosity (L): From reverberation mapping studies of local
active galactic nuclei (AGNs) we know that R ∝ L0.5 (R − L relation). Measurements
of the luminosity and of the gas velocity, via Doppler-broadened line-width, can thus
be used to determine the MBH from single epoch spectra. From the estimated MBH we
can also compute the QSO’s Eddington ratio, defined as the ratio between the measured
bolometric luminosity Lbol and the theoretical Eddington luminosity LEdd , where the
Eddington luminosity is defined as the maximum luminosity attainable, at which the
radiation pressure acting on the gas counterbalances the gravitational attraction of the
black hole.
From the line flux ratios we can derive chemical abundances of the BLR gas that are
fundamental to set constraints on the star formation history of the QSO’s host galaxy.
The abundance of Fe and a-elements (e.g. O, Mg, Ne that are produced in the stars via aprocesses) is of particular interest for understanding the chemical evolution of galaxies at
high redshift. Most of Fe in the solar neighborhoods has been produced via the explosions
of type Ia supernovae (SNe Ia) while a-elements are mainly produced by core collapse
supernovae (SNe of types II, Ib and Ic). SNe Ia are thought to originate from intermediatemass stars in close binary systems, characterized by long life-times, while core collapse
SNe come from more massive stars which explode very soon after the initial starburst. In
this picture the Fe/a ratio is expected to be a strong function of age in young systems.
Unfortunately this line ratio is only a second order proxy, since it depends not only on the
actual abundance of Fe but also significantly on the excitation conditions that determine
how strongly Fe ii lines are emitted. However, even though to date no calibration is
available to convert the observed relative line strengths into actual abundance ratios, the
study of the Fe ii/Mg ii line ratio as a function of look-back time does in itself carry
significant information about the BLR chemical enrichment history.

Data sample & Results
Our scientific goal is to study BH masses, Eddington ratios (Lbol /LEdd ) and to characterize the Fe ii and Mg ii emission in a large sample of high-z QSOs, by fitting their respective
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nearIR spectra in a coherent and homogeneous way. Using Isaac-Vlt, we have obtained
nearIR-spectroscopic observations of three Sdss QSOs with redshifts 6.05 < z < 6.08.
Our new data extend the existing Sdss sample towards the faint end of the QSO luminosity function. We have also collected 22 literature spectra (from 19 different sources)
of high-redshift (z > 4) QSOs. Our nearIR spectral sample covers the Mg ii and Fe ii
emission features, which are powerful probes of MBH and of the chemical enrichment of
the broad line region.
We have estimated MBH from the Mg ii emission line
using empirical mass scaling relations. The QSOs
in our sample host BHs with masses of ≈ 109 M .
Our results are in good agreement with previous estimates, indicating that different fitting procedures
imply variations smaller than the errors due to the
intrinsic scatter of the MBH estimator. Also, highredshift QSOs are accreting close to the Eddington
luminosity (Fig. 10.9).
The distribution of observed Eddington ratios is significantly different (average Eddington ratio ≈ 8×
higher) from that of an Sdss comparison sample
at lower redshift (0.35 < z < 2.25). Moreover, this
result is not biased by the luminosity selection of
Figure 10.9: MBH as a function
the high-z sample: The difference in the two Edof bolometric luminosity: compardington ratio distributions persists even considering
ison between the present data set
two luminosity matched sub-samples (z ≈ 6 averand the Sdss QSOs sample at
age Eddington ratio is ≈ 3× higher than the lower
0.35 < z < 2.25.
redshift one). We can therefore conclude that the
high-z sources are accreting faster than the ones at
0.35 < z < 2.25.
We calculated fluxes for the Mg ii and Fe ii lines.
The values obtained are not always in agreement
with the published ones, indicating that these measurements depend significantly on the analysis performed. The previously observed scatter in the
Fe ii/Mg ii line ratio at z ≈ 6 is significantly reduced
in this work: The BLRs in the highest-z QSOs studied to date all show comparable level of chemical enrichment (Fig. 10.10). No redshift evolution of the
Fe ii/Mg ii ratio is observed for 4 < z < 6.5. If we
consider the Fe ii/Mg ii line ratio as a second order
proxy for Fe/Mg, this indicates that the QSOs in
our sample must have undergone a major episode
of Fe enrichment in the few hundreds Myr preceding
the cosmic time at which the sources are observed. Figure 10.10: Evolution of the
Fe ii/Mg ii line ratio for z > 4.
Work done in collaboration with Xiaohui Fan (University of Arizona), Linhua Jiang (Arizona State University), Jaron Kurk (MPE), Anna Pasquali (ARI).
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Molecular hydrogen in the halo of a distant
galaxy
Neil Crighton

Molecular hydrogen (H2 ) is the most abundant molecule in the universe and is closely
linked to star formation via the star formation surface density rate – molecular gas surface density relation. One of the few ways to directly measure H2 is via rest-frame UV
rotational transitions from the Lyman- and Werner bands in absorption against a bright
background UV continuum source. In this contribution we report the serendipitous detection of H2 in a sub-damped Ly-a absorber (sub-DLA) at z = 0.56, the first such system
analysed at a redshift below 1.5 beyond the Milky Way halo [1].
Transitions from the sub-DLA are measured in absorption against the continuum from the
background QSO, Q 0107−0232, at zqso = 0.728. For our analysis we use high resolution
ultra-violet (UV) spectra of Q 0107−0232 taken with the Cosmic Origins Spectrograph on Hst, an optical spectrum taken with the High Resolution Échelle Spectrograph
on the Keck I telescope, and K-band imaging taken using Hawk-I on the Vlt.
10
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Figure 10.11: The molecular mass fraction as a function of total hydrogren and H2 column
densities. Local systems with a similar fH2 and Ntot to this absorber are seen along
sightlines through the Magellanic Stream. Error bars at the corner of each plot show the
typical uncertainties on fH2 , Ntot and NH2 . The thin lines are illustrative fully self-shielded
(top right) and partially-shielded (lower left) analytic models.
We measure absorber properties from the many rest frame UV transitions due to H2 , neutral hydrogen and ionised metals. We determine the most likely values and uncertainties
for each absorber’s position, velocity, and column density by generating posterior parameter distributions using Monte Carlo Markov Chain sampling techniques. The damping
wings of Ly-a constrain the neutral hydrogen column density to 1019.5±0.2 cm−2 .
Using models generated with the spectral synthesis code Cloudy we estimate the physical
conditions in the absorption system. We find that the gas traced by most of the metal
absorption must arise in a different environment to that in which the H2 resides. A single
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Dec. offset (00 )

solution cannot simultaneously reproduce all the observed transitions. However, a model
of a ≈ 104 K cloud illuminated by a radiation field dominated by the UV background
can reproduce all the observed column densities apart from those of H2 , singly ionised
carbon (C i), and quintuply ionised oxygen (O vi). We conclude that there are three
phases in the absorber: a ≈ 100 K phase where the C i and H2 arises, a ≈ 104 K phase
where the low-ionisation metal absorption occurs, and a hotter, collisionally ionised phase
associated with O vi.
In Fig. 10.11 we show the molecular mass
fraction as function of total (left panel) and
H2 (right panel) column densities for local
(coloured points) and higher redshift sysSubtracted
2
tems (open circles). Our new measurement
b/g QSO
G1
is shown as the large black circle. Ana1
lytic models of self-shielded H2 by [1] are
shown at the top right of each panel (for
0
solar and Z = 0.2Z , metallicities). The
thin lines at the lower left show models for
the regime where H2 self-shields from dis−1
G2
sociating radiation. The low total column
N
11
kpc
at
density of the z = 0.56 system suggests
−2
z = 0.56
that it does not pass through the interstelE
lar medium of a galaxy. Local systems with
similarly low total NH and almost as high
2
1
0
−1
−2
00
R.A. offset ( )
fH2 are seen in a high velocity cloud and
Figure 10.12: K-band image of galaxy candi- the Magellanic Stream.
dates near the H2 absorber

Figure 10.12 shows the K-band image
around the QSO sightline. The two galaxy
candidates are seen to the north-west (G1) and south-west (G2). Assuming they are at
the redshift of the absorber, they have luminosities of 0.7L∗ and 2L∗ , and impact parameters of ≈ 10 kpc, smaller than the median impact parameter of 33 kpc for galaxies
associated with sub-DLAs. Therefore it is likely that at least one is associated with the
absorber, on scales typical of the separations between the Milky Way and high-velocity
clouds, (10–60) kpc.
These two close galaxy candidates, together with fH2 and Ntot values close to those of
clouds in the Milky Way halo, lead us to conclude that this absorber does not arise in an
interstellar medium that is actively forming stars, but instead is produced by a perhaps
tidally-stripped structure similar to the Magellanic Stream.
This work was done in collaboration with Jill Bechtold, Buell Jannuzi and Romeel Davé
(Department of Astronomy, University of Arizona), Robert Carswell (Institute of Astronomy, Madingley Road, Cambridge), Craig B. Foltz (Division of Astronomical Sciences,
National Science Foundation), Simon Morris and Nicolas Tejos (Department of Physics,
University of Durham), John O’Meara (Department of Chemistry and Physics, Saint
Michaels College), J. Xavier Prochaska (UCO/Lick Observatory, University of California, Santa Cruz), and Joop Schaye (Leiden Observatory, Leiden University).

[1] Crighton et al. (2012): A high molecular fraction in a sub-damped absorber at
z = 0.56, MNRAS in press, arXiv:1305.0145
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Structure formation in non- CDM models
Camilla Penzo, Andrea V. Macciò

Introduction
Nowadays the LCDM model is widely accepted as the cosmological model for our universe.
Even though it is clearly in good agreement with observations, there are still some flaws
in simulation predictions, especially on galaxy scales. These of course could be due to
uncertainties in simulating baryonic processes but they could also be signals of our universe
not being entirely well described by a simple cosmological constant Λ model. In this frame,
it becomes interesting to explore how different models for dark energy can influence galaxy
formation. For this purpose, zoom-simulations become a great tool since, on one hand,
they allow for a better resolution in chosen areas and, on the other, they do not have ad
hoc initial conditions since the zoomed-in area is part of a cosmological simulation. For
this purpose, we run a cosmological box dark matter only simulation and select the halo
we want to zoom into. New initial conditions are then produced with increased resolution
on the selected area. Then we re-run the simulation obtaining the chosen resolution on
the halo we selected.

Simulations
In order to be able to run zoom-simulations in different dark energy models, we implemented the initial conditions generator Grafic2 with the option of accepting the
background cosmology as an input. We ran only dark matter simulations of the same
halo (M = 1012 M ) in a set of four different cosmology models and compared galaxy
proprieties (i.e. density profiles, number of satellites) in the different cases. In this work
we focused on the case of dynamical dark energy and for model waCDM0 and waCDM2
we have linearly parameterized the dark energy evolution so that w(a) = w0 + awa , with
respectively w0 = −0.8, wa = −0.755, and w0 = −0.67, wa = −2.28; for the SuGra
(SUper GRAvity) model we used a super-gravity self-interacting potential for the scalar
field describing dark energy. The halo is chosen in a box of 3503 particles and then re-run
obtaining a resolution of 3.5 × 106 particles in within 1.2 virial radii. In Fig. 10.13 a
projection of the simulated halos in all considered cosmologies is shown in a density color
map. It is noticeable how model waCDM0 shows the least departures from LCDM, while
waCDM2 and Sugra have the biggest differences.

Figure 10.13: Density projections of the same Milky Way size halo in the four above
described cosmologies.
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It clearly shows that it is possible to see on galaxy scales the effects of changing the
linear evolution of the dark energy background. We plot the mass functions for the four
simulated halos (see Fig. 10.14) and we can once more recognize how waCDM2 and Sugra
differ most from the LCDM case. Again waCDM0 behaves very similarly to the LCDM
case.

Figure 10.14: Number of halos as a function of distance from the potential minimum in
virial radius units for the same Milky Way mass halo simulated in four different cosmologies.
This set of simulations shows that dark energy does indeed influence galaxy scale processes
and this is why it could be helpful in explaining discrepancies on small scales between
LCDM simulations and observations. The next step of the project will be to start with
hydrodynamical simulations with the same approach described above. And what we
want to stress here is that we will be able to achieve constraints on different dark energy
models looking at the properties of baryons. Even considering the new generations of dark
energy experiments in the next decades, it will be hard to achieve the necessary precision
to constrain dark energy by measuring its linear evolution. This is why we plan to study
dark energy by focusing on visible matter, looking at how different dark energy evolution
can influence the proprieties of baryons. We believe this approach will be able to narrow
down the number of viable dark energy models.
Work done in collaboration with L. Casarini (Universidade Federal do Espirito Santo,
Brasil).
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Probing the circum-galactic medium of quasars
in absorption and emission
Joseph F. Hennawi, J. Xavier Prochaska,
Fabrizio Arrigoni-Battaia

How do galaxies get their gas? Until recently, the accepted model for galaxy formation was that baryons collapsed onto dark matter halos, were shock-heated to the virial
temperature, and subsequently cooled to form stars. However, cosmological hydrodynamical simulations now indicate that a “cold mode” of accretion occurs along cosmic-web
filaments feeding galaxies. But direct observational evidence for the presence of these
cold flows is thus far non-existent. Another key question is the origin of the observed dichotomy between blue star-forming galaxies and red-and-dead ellipticals. In a hierarchical
universe, cold gas is continually accreting onto dark matter halos; thus galaxy formation
models have been forced to introduce feedback mechanisms to “quench” star-formation
in the progenitors of modern ellipticals. The large-scale clustering of quasars implies that
their active nuclei reside in dark matter halos with M ≈ 1012.5 M at z ≈ 2, making them
signposts for massive galaxies at high-redshift. Therefore, their associated host galaxies
will preferentially evolve into the massive and luminous red elliptical galaxies we see today. Progress on both of these important questions, the nature of cosmological accretion
and the quenching of elliptical galaxies, can be made by characterizing the diffuse gas
surrounding quasars — also known as their circum-galactic medium (CGM).

Figure 10.15: Velocity profiles of the H i Ly-a , C ii λ1334, and C iv λλ1548/1550 transitions displayed relative to the foreground quasar redshift for three quasar pairs. All of
these examples exhibit strong Ly-a absorption (WLyα > 1 Å) coincident with the foreground quasar, including a damped Ly-a system at R⊥ = 44 kpc from J 1553+1921. The
first two pairs also exhibit strong C ii λ1334 absorption consistent with the Ly-a line and
modest C iv absorption.
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We pioneered a novel technique which exploits absorption spectroscopy of background
quasars to study the CGM around randomly intercepted foreground quasars, and by extension the massive galaxies that host them. Current theories predict that in the massive
halos hosting quasars, the CGM should be dominated by a T ≈ 107 K virialized plasma
because the “cold mode” of accretion does not operate as efficiently at high mass scales.
Surprisingly, our measurements reveal a cool (T ≈ 104 K) massive (MCGM > 1010 M )
and metal enriched (Z > 0.1Z ) medium extending to at least the expected virial radius
(rvir = 160 kpc) as shown in Fig. 10.15.

Figure 10.16: Left: Deep narrow band image of the cosmic web filament in the Ly-a transition, showing diffuse emission from hydrogen gas around the foreground quasar extending
over a distance of ' 300 kpc (35 00 ). Right: Visual band ( V ) continuum image of the same
region. The foreground (f/g) and background (b/g) quasar positions are indicated. The
objects labeled A and B are Ly-a emitting galaxies at the same redshift residing in an
over-density around the quasar. The object labeled R is a radio source which may also be
associated with the quasar environment.
Motivated by the large cold gas mass we have discovered around quasars in absorption,
we are also trying to detect CGM gas in emission. Because the Ly-a line is the primary
coolant of cold T ≈ 104 K low metallicity gas, a plethora of simulation studies have recently argued that Ly-a “cooling radiation” could be detectable from cold gas accreting
onto massive halos. In addition, the ionizing radiation emitted by a luminous quasar can,
like a flashlight, illuminate the cold hydrogen in its vicinity, resulting in detectable Ly-a
recombination emission. We are undertaking a sensitive search for diffuse Ly-a emission
around quasars using narrow band imaging from the Keck telescope. Figure 10.16 shows
a spectacular discovery of a large (' 300 kpc) filament of Ly-a emission around a foreground quasar at z ≈ 2. This is the largest such Ly-a nebula known, and could be the
first direct detection of cold gas accreting along a cosmic web filament.
Work done in collaboration with R. Simcoe (MIT) and Sebastiano Cantalupo (UCSC)

[1] Prochaska, J. X., Hennawi, J. F., Simcoe, R. (2012): A Substantial Mass of Cool,
Metal-Enriched Gas Surrounding the Progenitors of Modern-Day Ellipticals, ApJL
accepted
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Constraining the thermal history of the
intergalactic medium

Khee-Gan Lee, Joseph F. Hennawi, Alberto Rorai
Ly-a forest and the intergalactic medium
The Lyman-α (Ly-a ) forest absorption in the line-of-sight to quasars is an important
probe for astrophysics and the large-scale structure at high redshifts (z > 2). While this
is now understood to be residual H i in a photoionized medium tracing the underlying
matter density, many unresolved questions remain about the thermal properties of the
inter-galactic medium (IGM) that gives rise to the Ly-a forest. The thermal parameters,
such as the gas temperature–density relationship (TDR), thermal Jean’s scale, and gas
temperature at mean density, bear the imprint of past reionisation events, e.g. hydrogen
reionisation at z ≈ 10 and He ii reionization at z ≈ 3 − 4. In the Enigma group, we
are working on the empirical measurement of these parameters that will be combined to
provide an unprecedented picture of the IGM’s thermal history.

Observational probes
The temperature-density relationship of the IGM holds clues to how the radiative sources
in the heat up the IGM. This is usually parameterised as a power-law relationship (index
γ−1) between the gas temperature, T , and the underlying matter over-density, ∆ ≡ ρ/hρi.
From theoretical work, inhomogeneous He ii reionization at z ≈ 3 − 4 is expected to produce γ ≈ 1 − 1.3 in the z < 3 Ly-a forest. The transmission probability distribution
function (PDF) of the forest is the best probe of this parameter, but measurements from
high-resolution échelle spectra are affected by continuum-fitting biases and small sample
sizes. This motivated us to use data from the Baryon Oscillation Spectroscopic Survey
(Boss) to make an independent measurement of the Ly-a forest PDF and constraints
on γ. The sample of 50 000 Boss Ly-a forest spectra is nearly two orders-of-magnitude
larger than échelle data sets used to study the IGM, but the individual spectra have
modest resolution and a low signal-to-noise ratio. This necessitates a forward modeling
approach, in which we directly compare the observed PDF with that from mock spectra

Figure 10.17: Comparison of Ly-a forest transmission probability density functions from
Boss (error bars) and for simulated mock spectra with various temperature—density relationships (lines).

263

Constraining the thermal history of the intergalactic medium

that have realistic noise and instrumental properties. Over the past year we have developed accurate continuum-fitting techniques and a detailed understanding of the Boss
noise properties that allow us to compare the transmission PDF of mock spectra derived
from hydrodynamical simulations with varying TDR with the empirical PDF from Boss.
Figure 10.17 shows a preliminary version of our result: The data appear to favor the
γ = 1.5 model at hzi = 3.0, with an apparent evolution towards γ < 1 at hzi = 2.3.
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Figure 10.18: Left: A quasar pair at z ≈ 4.3 separated by a transverse distance of
R = 77 kpc. Right: The corresponding Ly-a forest patterns are highly-correlated — the
strength of this correlation as a function of R depends on the Jeans’s scale λJ .
We are interested in measuring the Jean’s scale of the IGM, λJ , that smooths the spatial
< (100 − 200) kpc. Since λJ is set by the balance of
distribution of IGM gas at λJ '
radiative heating and adiabatic cooling in previous epochs, its exact value constrains
the reionisation history of the universe. The value of λJ affects the small-scale cutoff of
the one-dimensional Ly-a forest power spectrum, PF (k), measured from high-resolution
échelle spectra. However, previous measurements of PF (k) have not converged on these
small scales, nor have they been studied in the context of IGM thermal history. We are
therefore undertaking a new measurement of PF (k) from archival échelle data with ≈ 100
spectra, several times larger than previous data.
However, measurements of λJ from PF (k) are degenerate with the TDR, γ. While our
PDF measurements will help resolve this degeneracy, we have developed a novel technique
to measure λJ directly. This involves using closely parallel Ly-a forest sightlines with
transverse separations of R ≈ (100 − 200) kpc.
We have devised a new statistic called the
phase-difference statistic, π(k, R), that quantifies the correlation of the absorption between
parallel sightlines and is a sensitive probe of λJ .
This is illustrated in Fig. 10.18.
Our eventual goal is to combine all these statistics into a joint likelihood analysis of the IGM
parameters. Figure 10.19 illustrates a mock
Monte-Carlo analysis of the joint constraints
on λJ and γ from measurements of PF (k) and
π(k, R). These results will provide unprecedented constraints on the history of reionisation
and other energetic processes that have influenced the IGM.

Figure 10.19: Simulated constraints on
λJ and γ from the power spectrum (blue)
and phase-difference statistic (red). The
dashed- and solid-lines represent 95 %
and 68 % confidence intervals.
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The second epoch of reionization

Gábor Worseck, Joseph Hennawi, Neil Crighton,
Xavier Prochaska
> 6 marks the phase transition from a predomiThe epoch of hydrogen reionization at z ∼
nantly neutral gas to the highly ionized intergalactic medium (IGM) we observe in quasar
(QSO) spectra. A second and analogous phase transition in helium (specifically He ii) is
believed to have occurred at later times (z ≈ 3−4), when QSOs were sufficiently abundant
to supply the hard > 54.4 eV photons required to doubly ionize helium. We are leading
an international effort to assemble the required observational data to obtain a detailed
understanding of the second epoch of reionization when helium became fully ionized.
Intergalactic He ii Ly-a absorption at λrest = 304 Å can be studied towards QSOs in the
farUV from space. However, Galactic absorption restricts observations to z > 2, and
IGM absorption extinguishes the farUV flux of all but a few percent of QSOs [1]. Until
recently, only a handful of sightlines had been studied in detail, suggesting that “overlap”
of He iii Strömgren spheres occurred at z ≈ 3.

The Cosmic Origins Spectrograph (Cos) on HST has revolutionized He ii Ly-a
forest studies [2]. In HST Cycle 17 we observed 6 farUV-bright QSOs showing He ii
absorption (see Fig. 10.20). In the background QSO’s “proximity zone”, transmission is
high because the QSO’s UV photons create a He iii Strömgren sphere. Analogous to H i
at z ≈ 6, He ii absorption at z ≈ 2.8 is patchy, transitioning from He ii Gunn-Peterson
troughs at z > 3 to a He ii Ly-a forest. This patchy absorption marks the “overlap
epoch” of He ii reionization, when He iii Strömgren spheres around QSOs merge [2].
The early stages of He ii reionization at z > 3 are much more challenging to probe
because optical QSO color selection is significantly biased against farUV-bright QSOs at
these redshifts [1]. To overcome this bias, we have been pursuing a dedicated survey for

Figure 10.20: Top: Hst/Cos He ii (black) and Vlt/Uves H i Ly-a forest spectrum
(green) of a QSO at z = 2.89. The coeval H i forest probes the underlying density field.
Regions with small H i absorption, but saturated He ii absorption indicate that helium is not
fully reionized. Bottom: Derived He ii/H i abundance ratio. He ii/H i probes the spectral
shape of the UV-background, which strongly fluctuates during/after He ii reionization.
Hard radiation corresponds to small values and indicates the presence of a nearby QSO.
The He iii proximity zone of the background QSO can be readily identified. Two foreground
QSOs, labeled A and B have been revealed in our Lbt/Lbc survey (Fig. 10.21). The hard
UV-radiation inferred near the QSOs directly identifies the sources of He ii reionization.
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farUV-bright QSOs at the Caha 2.2 m- and Lick 3 m-telescopes, using multi-wavelength
photometry from Galex, Sdss, Pan-STARRS and Wise. To date, we have found
already as many farUV-bright z > 2.7 QSOs as Sdss. Our survey provides the prime
targets for statistical studies of He ii reionization within the remaining lifetime of Hst.
Recently, we have
been awarded 21 Hst
orbits in Cycle 20 to
probe He ii absorption towards 7 QSOs
with z > 3.1 from
our survey. To fully
leverage the growing Cos sample, our
team is acquiring a
unique ground-based
dataset on He ii reionization, combining institutional and community access to 8 m10.21: Left: Lbt/Lbc r-band image (80 × 80 , r <
facilities at major Eu- Figure
m
ropean and U.S. ob- 26 . 0 at 5σ) around PC 0058+0215 (Fig. 10.20). QSO candidates
were selected via multiband photometry. Right: Vlt/Vimos specservatories.
tra of two foreground QSOs near PC 0058+0215. We have ongoing
We are leading the programs to obtain deep imaging and spectroscopy near all He ii
following efforts:
sightlines.
• Optical H i forest spectroscopy of the central He ii QSOs with Vlt/Uves and
Keck/Hires to map the IGM density field that partly gives rise to the fluctuating
He ii absorption. Moreover, the abundance ratio He ii/H i constrains the spectral
shape of the UV background and thereby its source population (Fig. 10.20).
• Palomar/TripleSpec near-infrared spectroscopy of He ii QSOs to pin down their
redshifts and thereby measure the sizes of their proximity zones.
• A systematic survey for foreground QSOs in the vicinity of He ii sightlines via deep
wide-field multiband imaging (Lbt/Lbc, Kpno & Ctio) and Vlt/Vimos followup spectroscopy to find QSOs matching to the He ii transmission regions (Fig. 10.20).
Most likely, these correspond to proximity zones of active or extinct QSOs.
Vlt/Vimos follow-up on 6 fields has already revealed several new QSOs matching to He iii zones (Fig. 10.21). These observations probe the morphology of He ii
reionization, but also constrain the lifetime and anisotropy of QSO emission.
Work done in collaboration with Xavier Prochaska (UC Santa Cruz/MPIA), Sebastiano Cantalupo (UC Santa Cruz), Matthew McQuinn (UC Berkeley), Cora Fechner and
Philipp Richter (University Potsdam), Lutz Wisotzki (AIP) and Dieter Reimers (University Hamburg).

[1] Worseck, G. & Prochaska, J.X. (2010): Galex far-ultraviolet color selection of UVbright high-redshift quasars, ApJ 728, 23
[2] Worseck, G. & Prochaska, J.X., McQuinn, M., et al. (2011): The end of helium reionization at z ' 2.7 inferred from cosmic variance in Hst/Cos He ii Ly-a absorption
spectra, ApJ 733, L24
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High-redshift absorption systems as probes of
cosmic chemical evolution
Girish Kulkarni, Joseph F. Hennawi

Soon after the Big Bang, the universe was composed only of hydrogen, helium, and a
negligible amount of lithium. All the rest of the elements that we see around us today
were synthesised in the cores of stars. Thus, understanding how these higher elements, or
“metals,” came to be produced and distributed will not only help us understand galaxy
formation in the cosmological context but also tell us about the properties of stars that
existed in the early stages of cosmic evolution. Fortunately, an accurate historical record
of the process of metal production is available in absorption systems in the spectra of
high redshift quasars, such as the damped Lyman-a absorber systems (DLAs). Our challenge then is to relate this record to the physics of metal enrichment in the high-redshift
universe. In this project, we use a self-consistent model of the evolution of galaxies and
the inter-galactic medium (IGM) to predict chemical signatures of a wide range of stellar
populations in high-redshift absorption systems for the first time. Our approach lets us understand a large variety of observations while exploring a wide region in parameter space.
Galaxies in our model always lie in an equilibrium between gas inflows, which occur
due to cosmological structure formation, and outflows, which are a result of supernova
feedback. These galaxies affect the IGM due to outgoing gas and radiation. The IGM in
turn influences galaxies via thermal feedback and gas inflows. We calculate chemical and
radiative yields of galaxies without assuming the instantaneous recycling approximation.
With these ingredients, our model reproduces (1) the observed Thomson scattering optical
depth to the last scattering surface, (2) observed hydrogen photoionisation rate inferred
from the Lyman-a forest, (3) slope of the mass-metallicity relation of galaxies at various
redshifts, (4) the low-mass slope, characteristic mass, and normalisation of the stellarto-halo-mass relation at various redshifts, and (5) evolution of the mean ISM metallicity
inferred from observations of damped Lyman-a absorbers.
In this work, we focus on the so-called Population III stars, which, by definition, have
zero metallicity. The formation epoch and initial mass function (IMF) of these stars are
important unknowns. To explore the Population III parameter space, we consider three
Population III stellar IMFs: (1.0–100) M , (35–100) M , and (100–260) M . Within each
mass range, the IMF has a Salpeter form. Our Population II IMF is always fixed to
(0.1–100) M Salpeter. We calibrate each of these models independently. A distinctive
feature of our model is that it requires that the cosmic star formation rate (SFR) of Population III stars satisfies observational constraints on the reionization of the inhomogeneous
IGM. Thus, because the UV photon yield of Population III stars depends on their IMF,
changing the IMF also changes the star formation rate.
Our model predicts an extended epoch of hydrogen reionization in which galaxies start
forming at z ≈ 25 and more than 90 % of the IGM is ionized before z = 6. This picture
is consistent with the value of the Thomson scattering optical depth τ = 0.89 measured
from the polarization anisotropies in the cosmic microwave background radiation and the
evolution of the rate of photoionization of hydrogen inferred from the Lyman-a forest
between redshifts 2 and 5. We find that the effect of changing the Population III stellar
IMF is negligible on the reionization and thermal history of the IGM in our model. But,
keeping all other things constant, the Population III IMF has a significant effect on the
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Figure 10.22: Abundance ratios in our model at z = 6. Three colours represent three
Population III IMFs (magenta for (1.0–100) M , black for (35–100) M , and red for
(100–260) M ). The top panels show abundance ratios as a function of halo mass. Bottom
panels show distribution of damped Lyman-a systems.
chemical properties of low mass galaxies. This is shown in Fig. 10.22 for [C/Fe] and [O/Si]
at z = 6. Note that the abundance ratios for all three IMFs converge in high mass galaxies
to the Population II value because of significant subsequent Population II star formation.
Thermal feedback prevents small galaxies from forming stars until they are big enough.
However, these galaxies are difficult to observe at high redshift and to measure their
metal abundances. Therefore we consider their observability as absorption systems, such
as DLAs, in high-redshift quasar spectra. DLAs comprise of neutral gas reservoirs and
provide the most accurate chemical abundance measurements in the universe (errors of
≈0.1 dex). Metal abundances of DLAs have been measured from z = 0 to z = 6. In
our model, we assign a physically motivated H i absorption cross-section to each galaxy
and calculate a probability distribution function of DLAs as a function of any chemical
property. This distribution function is shown in the bottom panels of Fig. 10.22 for
[C/Fe] and [O/Si]. Low mass galaxies contribute significantly to the total number of
DLAs at this redshift. Also, the difference between the distribution function for different
IMFs is significant. Thus, we conclude that the distribution of high-redshift DLAs in
abundance-ratio space is a very good probe of the Population III IMF as well as of the
star formation rate.
Work done in collaboration with Emmanuel Rollinde and Elisabeth Vangioni (Institut
d’Astrophysique de Paris (IAP), Paris, France).
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The Miri flight model at Rutherford Appleton Laboratory. It is now the first completed
Jwst science instrument.
For details see Sec. 11.15
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Instrumentation

Panic — the Panoramic Near Infrared Camera
for Calar Alto

Josef Fried, Ralf-Rainer Rohloff, Armin Huber,
Harald Baumeister, Werner Laun, Clemens Storz,
Richard Mathar, Ulrich Mall, Karl Wagner, Lars Mohr,
Matthias Alter, Vianak Naranjo, Johana Panduro, José Ramos

Description of the instrument
Panic is the first joint project between Iaa in Granada and Mpia to build an instrument for Caha. Iaa is responsible for optics and software, Mpia for design, mechanics,
detectors and electronics.
Panic has a field-of-view of 0 ◦. 5 × 0 ◦. 5 at a pixel scale of 000.44 on the 2.2 m-telescope. The
wavelength range extends from z to K-bands, narrow band filters can be used. The detector is a mosaic of four 2k × 2k Hawaii-RG2 detectors with a gap between the detectors of
only 167 pixels which results in a nearly perfect footprint on the sky. One further important feature are cold pupil and field stops, which will result in low thermal background.
Four filter wheels allow to keep 19 filters permanently installed in Panic. Pipelines for
quick look and data reduction will supply the user with high quality data. The instrument
can also be used at the 3.5 m-telescope at half the pixel scale and field-of-view.

Figure 11.1: The open Panic cryostat, the optical bench turned downside-up. Light enters
the cryostat from below, is deflected by the 3 folding mirrors (visible to the left) horizontally, passes cold stop and filter wheel and is focussed on the detector, not mounted here.
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Mechanical requirements have led to a folded design which is shown in Fig. 11.1. The
operating temperature of the detectors is 80 K, so optics, filters and detectors are contained in a LN2 cryostat. Its diameter is 110 cm, its weight around 400 kg. All parts are
mounted to one optical bench in order to minimize flexure. The optics consists of 9 lenses
and 3 folding mirrors.
Panic uses the newly developed Mpia read-out electronics. This is a modular system
which we use in a 132 channel configuration. High speed read out, low weight and cost
and minimal heat dissipation are attractive features of this system.

Status of the project
All hardware for Panic is at Mpia since April 2012. The read-out of the detector array
is working very well. We have recently doubled the dynamic range of the detector from
≈ 120 000 electrons to 250 000 electrons by doubling the voltage difference between reset
level and substrate. This is a very important improvement since there will always be bright
objects in the wide field of view. The readout noise in our configuration is 18 electrons,
which is also the noise level measured by the manufacturer Teledyne. Using the clocking
patterns, which have been developed for projects Linc and Luci, the cosmetics of the
readout has been improved substantially. We are currently (November 2012) finishing the
optimization of the detectors. A set of 6 standard filters (z, Y , J, H, Ks and a narrow
band H2 ) has been purchased, all filters are within specifications.
Due to the wide field the optics of Panic is demanding and needs to be aligned with
tolerances around 50 µm for the most critical lenses. We are currently working on the
initial alignment of the optics which is complicated due to the folded design. Tests will
be performed to ensure that the alignment is not degraded when the instrument is tilted.
The detector read out software Geirs has been adapted to Panic requirements and
is working well. The instrument control software is also working well and stable, we
are planning a software test early 2013 which will include also the observation tool and
2 pipelines for quick look and data reduction which are developed at Iaa. We are planning
first light in the course of 2013.
Work done in collaboration with Matilde Fernández, Marı́a Concepción Cárdenas, Julio
Rodrı́guez, José Ibáñez, Antonio Segura and Vı́ctor Terrón, all at IAA, Granada.
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The Carmenes project
Reinhard Mundt

Carmenes (C alar Alto high-Resolution search for M -dwarfs with E xo-earths with N earIR
and optical É chelle S pectrographs) is a next-generation instrument to be built for the
3.5 m-telescope at the Calar Alto Observatory (Spain) by a consortium of eleven Spanish
and German institutions, which are Instituto de Astrofı́sica de Andalucı́a (Granada), Institut de Ciències de l’Espai (Barcelona), Universidad Complutense de Madrid, Instituto
de Astrofı́sica de Canarias (Tenerife), Departamento de Astrofı́sica (Universidad Complutense de Madrid), Centro Astrónomico Hispano-Alemán (Calar Alto), Landessternwarte Königstuhl (Heidelberg), Max-Planck-Institut für Astronomie (Heidelberg), Institut für Astrophysik Göttingen, Thüringer Landessternwarte Tautenburg, Hamburger
Sternwarte.

The main scientific aim of Carmenes is
conducting a five-year exoplanet survey
targeting about 300 M-stars mostly later
than M3–M4 (i.e., M ≤ 0.3 M ). The
project has been optimized for a search for
terrestrial planets in the habitable zones of
low-mass stars, which may well provide our
first chance to study environments capable of supporting the development of life
outside the solar system. With its unique
combination of optical and nearIR spectrographs, Carmenes will provide better
sensitivity for the detection of low-mass
planets than any comparable instrument,
and will be a powerful tool for discriminating between genuine planet detections
and false positives caused by stellar activity, which have plagued planet searches employing spectrographs with a smaller wavelength coverage. With its clear scientific
focus and the large number of nights (600–
750) available at the Calar Alto 3.5 mtelescope during the 2014–2018 time frame,
the Carmenes survey will be a very competitive project, and leave a lasting legacy

Planet mass (MÅ)

The Carmenes instrument consists of two separate Échelle spectrographs namely an
optical spectrograph covering the wavelength range 0.55 µm–1.0 µm and an nearIR spectrograph with a wavelength range of 0.95 µm–1.7 µm (spectral resolution 85 000). Both
spectrographs are fed by fibers from the Cassegrain focus of the telescope. The spectrographs are housed in vacuum tanks providing the temperature-stabilized environments necessary to enable a 1 m/s radial
velocity (RV) precision employing a simultaneous calibration with an emission-line
lamp.

Parent star mass (M)

Figure 11.2: Planet mass as a function of
planet host star mass. As evident from
this diagram little is known about the frequency of planets below 0.7 M and in particular below 0.25 M and therefore Carmenes
will in particular search for terrestrial planets orbiting stars with masses below 0.25 M
(yellow-shaded region). Upwards pointing arrows, indicating lower limits on the planetary
mass, are based on radial velocity observations, while filled dots are based on transiting
planets.

The Carmenes project

273

of 50 to 100 planets in the habitable zones of low-mass stars. A long-term radial velocity
precision of 1 m/s per measurement (1σ) will permit to attain this goal. For stars later
than M4 (M ≤ 0.25 M ), such precision will yield detections of super-Earths of 5 M⊕
and smaller inside the entire width of the habitable zone (HZ). In addition, the HZ of
all M-type dwarfs can be probed for super-Earths. Thus, a RV precision of 1 m/s can
trigger a breakthrough in exoplanet research in the spectral range of mid and late M-type
stars. Figure 11.2 illustrates that the mass regime Carmenes is exploring is so far rather
poorly investigated, because no suitable instruments were available so far.
In addition to the science preparation/exploration and management support the Mpia
is mostly involved in providing the detector and cryostat (together with the readout
electronics and software) for the nearIR Échelle spectrograph of Carmenes. The layout
of the nearIR spectrograph (see Fig. 11.3) is a cross-dispersed Échelle. The light from the
fiber exit is converted to the collimator focal ratio and afterwards sliced by a two-slice
image slicer. Dispersion is provided by an Échelle mosaic grating, and a grism crossdisperser separates the orders. The beam diameter is 136 mm; the resolution is 85 000.
The cooling concept of the Carmenes nearIR spectrograph is a continuous-flow cooling
system. It employs a radiation shield internal to the vacuum tank. The cooling agent is
temperature-stabilized N2 gas provided by an external unit. A low operating temperature
(≈80 K) can be achieved relatively easily. The selected infrared array is a mosaic of two
Hawaii-2RG detectors with a cutoff wavelength at 2.5 µm. The peak efficiency of the
nearIR spectrograph will be 11 % at 1000 nm (including atmosphere, telescope, fiber feed,
and detector).

Figure 11.3: Horizontal cut through the vacuum tank of the nearIR spectrograph showing
the optical bench with the main optical components. The detector cryostat to be built by
the Mpia is visible in the very left hand part of this drawing.
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Luci: Near infrared imaging and spectroscopy
at the Lbt
Roland Gredel

Luci Instrument description
Luci I & Luci II are two innovative near infrared imager and spectrographs for the Large
Binocular Telescope (Lbt). Currently only Luci I is avaiable at the Lbt for seeinglimited imaging over a 40 field of view (FOV), seeing-limited longslit spectroscopy, and
seeing-limited multi object spectroscopy (MOS) with cryogenic slit masks. Luci II has
been fully integrated at Mpia and is presently being verified for diffraction limited ob0 FOV and diffraction
serving modes. It will provide diffraction-limited imaging over a 0.5
limited longslit spectroscopy. Spectral resolutions are up to 17 000 and up to 40 000 for
seeing limited and diffraction limited observations, respectively. The instruments have
been build by a German consortium under the leadership of the Landessternwarte (Lsw)
and with significant involvement from Mpia.
The instrument setup is illustrated in Fig. 11.4. The last three letters of the original
acronym have been suppressed in 2011, in a reaction to public and political pressure in
the US. Both instruments will be equipped with the N1.8 and N3.75 cameras for seeing
limited imaging, with pixel scales of 000.25/pixel and 000.12/pixel, respectively. A third
camera (N30) provides a sampling of 000.015/pixel for diffraction limited observations. The
N30 camera is presently not available for Luci I and is expected to be installed in Summer
2013. Two Luci I filter wheels in the convergent beam include broad band z, J, H, and
K-band filters and up to 27 permanently installed filters. The blue wavelength cut-off is
set by the Luci entrance window which acts as a dichroic, and directs the optical part
of the light to the on-axis wavefront sensor. For Luci II, the entrance window cuts at
980 nm. The advantage of the longer wavelength cut is that all optical light is available to
the wavefront sensor, which maximises performance for diffraction limited observations.
The grating unit holds three gratings providing spectral resolutions of 4 000 – 8 000 in
seeing limited observations. The Luci cryogenic focal plane unit (FPU) can be equipped
with up to 23 MOS masks. 9 additional masks are permanently installed, among them
four longslit masks with slit widths of 000.25, 000.5, 000.75, and 100 .

Luci i at the Lbt
Luci I has been commissioned in autumn 2009 and has performed routinely during the
December 2009 – June 2011 period. The performance of Luci I in seeing limited operations
has been excellent, where an image quality of 000.3 in the H-band has been reported
on several occasions. In October 2011, a technical incident caused the destruction of
the Luci I detector array. The detectors (Hawaii-2 HdCdTe) used in Luci I & Luci II
are known to be liable to catastrophic failure if subjected to overly rapid heating or
cooling. An external review committee chaired by G. Rieke/UofA concluded that both a
technical oversight in the design of the detector temperature controller and human error
when handling the Luci I cool-down resulted in excessive cooling rates, which led to the
destruction of the detector. In reaction to the incident, the temperature controllers were
modified, and the second detector originally foreseen for Luci II was prepared for use in
Luci I. The refurbishment of Luci I was completed in March 2012, and Luci I has been
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Luci I & II at the Lbt

Figure 11.4: Schematic view of Luci.
performing flawlessly since then. The detector incident led to a joint effort between the
Mpia, Mpe, Lsw, and Lbto to acquire two new Hawaii-2RG (H2RG) detectors for
Luci I & Luci II. The upgrade of Luci I to H2RG is planned for Summer 2013.

Luci II and AO commissioning
The second instrument has been fully integrated and is presently undergoing full system
verification at Mpia. Luci II is to be shipped to Mt. Graham in March 2013. Luci II is
equipped with the N30 camera required for diffraction limited observations, and with the
first of the two new H2RG detectors.
The availability of Luci II for diffraction limited observations has suffered several setbacks
in the past, apart from a delay in the instrument assembly which was caused by the
Luci I detector incident. The N30 camera has delivered a very poor image quality in the
past and had to be refurbished several times. Significant surface errors in the primary
and secondary metal mirrors of the N30 camera were realised as early as Fall 2010, but
iterations with the previous provider and the re-work of an ill-constructed mount of the two
mirrors have delayed the N30 camera until Summer 2012. Optical tests of Luci II in July
and August 2012 were, however, still not satisfactory. Only then was it realised that two
other mirrors, the Luci pupil mirror and the folding mirror F4 (cf. Fig. 11.4) suffered from
severe surface errors as well. In September 2012, the Mpia directors took the pro-active
decision to significantly augment Mpia’s involvement in the project. Most importantly,
Mpia provided manpower for construction and manufacturing of new hardware, and
assumed the role of the management of the Luci project. Orders have been placed with
a new provider for cryogenic, diamond turned metal mirrors, the Fraunhofer Institut für
Feinmechanik in Jena (IoF) which is considered to be the best provider for such optical
elements in Europe. The mirror blanks have been prepared at the Mpia workshop and
have been shipped in November. The IoF has committed to a fast-track production, and
the mirrors are expected to be back at Mpia before the end of the year 2012. Luci II
final system verification will then take place in January 2013, with a date for preliminary
acceptance of the instrument by Lbto in Feburary 2013. Once shipped, Mpia will provide
assistance to refurbish Luci I with a new pupil and folding (F4) mirror as well, and with
the second N30 camera.
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Argos — Green light for the Lbt to improve
seeing

Wolfgang Gässler, José Borelli, Martin Kulas, Michael Lehmitz,
Diethard Peter, Jason Teichmann
Argos overview
Argos the Advanced Rayleigh guided Ground layer adaptive Optics S ystem for the Lbt
(Large Binocular Telescope) is built by a German-Italian-American consortium. It
will be a seeing reducer correcting the turbulence in the lower atmosphere over a field of 20
radius. In such way we expect to improve the spatial resolution over the seeing of about a
factor of two and to increase the throughput for spectroscopy accordingly. A visualisation
of what Argos will provide can be seen
in Fig. 11.6, in principal a shift of the seeing statistics to the better. This will make
out of a bad night an acceptable night,
out of an average seeing a good seeing and
will even sometimes create excellent observation conditions close to the diffraction
limit. In its initial implementation, Argos will feed the two near-infrared spectrographs and imagers — Luci i and Luci ii.
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The system consists of six Rayleigh lasers
— three per eye of the Lbt. The lasers are
launched from the back of the adaptive secondary mirror. Argos has one wavefront
sensor unit per side, each of the units with
three Shack-Hartmann sensors, which are
imaged on one detector. The existing Lbt
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Figure 11.5: The scheme shows Argos with
its major systems, starting from bottom to
top the tip-tilt and truth sensor, the wavefront sensor, the laser system and the launch
system reaching into the telescope and finally,
below the prime focus, the calibration unit.

Argos timeline
In November 2006 a brainstorming workshop in Florence resulted into the project and
defined the following mission goals:
• Promptly implementation of a ground layer adaptive optics system.
• The system must have operability significant over median seeing.
• The system must be reliable, low maintenance and a reasonable cost system.
• The system must minimize the impact to telescope and Luci.

Argos — Green light for the Lbt to improve seeing

277

• The design should identify upgrade paths to at least on-axis diffraction limited.
We are currently in the integration phase and will install the final parts during 2013 at
the telescope aiming on a hand over to the community by end of 2014.

ARGOS science case
One of the highlight science cases of Argos is to
understand the dynamics and stellar populations in
high redshift galaxies from z ≈ 1 − 4. At this distance, the enhanced resolution of Argos will distinguish the sub-components of galaxies and reduce the
exposure time for spectroscopy to make such studies
feasible. Argos and the two Luci instruments in
multi-object spectroscopy mode will fill the gap between statistical population studies based on large
samples of low spatial resolution data and studies of
small numbers of individual galaxies at high spatial
resolution.
Figure 11.6: Seeing statistics of
Partners (local responsible only): Sebastian Mt. Hopkins in blue and the same
Rabien [PI] (MPE), Simone Esposito [Co-I] statistics folded with the simulated
(INAF-OAA), Michael Loyd-Hardt [Co-I] (UA), performance of Argos in green.
Andreas Quirrenbach (LSW), Jesper Storm The mean K-Band full width have
(AIP), Richard Green (LBTO), Udo Beckmann maximum (FHWM) will be reduced
from about 000.63 to 000.36.
(MPIfR)
The Project was partially funded by FP7OPTICON JRA1 (Contract number 226604).
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Linc-Nirvana: Interferometric imager for the
Large Binocular Telescope

T. M. Herbst (Principal Investigator), M. Kürster (Project
Manager), R. Hofferbert (Project Control Manager),
H. Baumeister, T. Bertram, J. Berwein, H. Beuther,
P. Bizenberger, A. Böhm, M. Böhm, J. L. Borelli, F. Briegel,
F. de Bonis, A. Conrad, D. Gouliermis, W. Gässler, A. Huber,
F. Kittmann, D. Kopon, J. Krambs, W. Laun, U. Mall,
T. Maurer, D. Meschke, L. Mohr, V. Naranjo, M. Norris,
J. Panduro, A. Pavlov, J.-U. Pott, J. Ramos, H.-W. Rix,
R.-R. Rohloff, E. Schinnerer, C. Storz, J. Trowitzsch,
G. van de Ven, Z. Yan, X. Zhang
Linc-Nirvana (LN) is an innovative Fizeau-mode beam combiner for the Large Binocular Telescope (Lbt). LN will deliver 10 mas spatial resolution in the near infrared
over a 1000 field of view. In addition to optical-path-difference control, the instrument must
correct a wide field of view on the sky using multi-conjugated adaptive optics (MCAO).
This substantially increases sky coverage for fringe tracking reference stars.
During the period 2010–2012, Linc-Nirvana continued to make substantial progress in all subsystems. Highlights of this period include:
• initiation, construction, and acceptance of
Pathfinder experiment (see below)
• delivery, characterization, and acceptance of
2nd high-layer WFS1
• delivery, characterization, and acceptance of
1st ground-layer WFS
• closing of the high-layer AO loop with 200
modes and five stars
• flexure characterization of wavefront sensors,
delay line, and bench
• acceptance of optical bench, cryogenic camera
opto-mechanics, warm dichroics
• Assembly, I ntegration, and V erification (AIV)
external review passed
Figure 11.7: Cryogenic testing of
• establishment of consortium-wide and Mpia the camera optics and first cold
fringes (inset).
early (LINC) science teams
• consortium-wide science and software workshops
• cryogenic harmonic drive issues solved, life-cycle testing
• characterization and solution of potential instrument platform flexure issue
• improvement and optimization of delay line and bench eigenfrequencies
• large capacity cooler characterization, optimization, and vibration mitigation
• project risk analysis conducted and tracked
1

Wavefront sensor. LN has two high-layer and two ground-layer WFS.
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• delivery of and on-telescope monitoring of vibrations with Optical path difference
and V ibration M onitoring S ystem (OVMS)
• completion of the LN to Lbt Interface Control Document
• start of on-telescope software control and AO secondary communication
During 2012, we achieved three milestones that retired substantial risk to the overall program. First, we took delivery of the cryogenic metal optics of the science channel. At
50 cm diameter and with high surface quality requirements, these components represent
the state of the art. Laboratory tests at operating temperature indicate that the design and procurement were a success. The second milestone followed immediately from
this achievement. Shortly after single aperture verification, we were able to produce first
fringes with the camera under cryogenic conditions (see Fig. 11.7). Meanwhile, our colleagues at the University of Cologne measured first cryogenic fringes with the fringe and
flexure tracking system.

Pathfinder
The most significant development since the last report was the conception and execution
of the Pathfinder experiment. Linc-Nirvana is a complex instrument with multiple
sub-systems. Commissioning such an instrument is itself complex and prone to delays
as one sub-system struggles and the others wait. To address this issue, we conceived the
Pathfinder experiment in late 2010. Pathfinder aims to implement one of the groundlayer WFS, along with other components and our electronic and software infrastructure,
at the right rear bent focus of the Lbt. The experiment was approved by the consortium
and was strongly supported by the external AIV review committee. A Memorandum of
Understanding with the Lbt observatory is in place for the operation of Pathfinder.
Pathfinder has multiple goals, in addition to retiring risk and accelerating the ultimate
commissioning of Linc-Nirvana. These include:
• verify telescope control system
(TCS) communication
• communication with AO secondary and upload of reconstructors
• verify WFS calibration strategy
• verify and refine of field and
guide star acquisition
• demonstrate and optimize rotating interaction matrix strategy
• test and fine-tune LN software
compatibility with observatory
• commission LN focal station and
gain on-sky experience
• be present for interferometry
mode TCS software development

Figure 11.8: Completely assembled Linc-Nirvana Pathfinder experiment just prior to PAE.

The Pathfinder experiment passed its Preliminary Acceptance Europe (PAE) in December 2012 and is scheduled to ship to the telescope in the first quarter of 2013.
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First scientific exploitation of Prima gives new
life to Vlti/Midi
Jörg-Uwe Pott, Andre Müller, Iva Karovicova,
and the Midi science team

Introduction
We report recent success to stabilize the Vlti/Midi-10 µm beam-combiner with K-band
fringe tracking, provided by Prima fringe sensing unit (Fsu). After encouraging commissioning results in 2010, we accomplished in November 2011 a successful run of science
demonstration. A broad range of targets were observed, from planet-hosting stars over
disks around young stellar objects to AGN. Midi broad-band dispersion and group-delay
can be reliably predicted by the fringe tracker to enable coherent integration beyond coherence time at the l/10 precision level. Since October 2012, this new mode is officially
offered to the Eso community, and allows to measure fringes at unprecedented sensitivity, precision and accuracy. Now fainter targets profit from the larger set of AT-baselines,
dim weak-line T Tauri disks could have been observed for the first time with the Vlti,
since they are too faint for regular stand-alone Midi observations. And eventually, an
improved data reduction, exploiting the instantaneous frame quality measure of the Fsu
fringe tracking data, allows for ultra-precise differential phase measurements in the subdegree regime. In a recent exoplanet detection run, we explored the methods necessary
to use this new tool for faint companion detection. And last but not least, Midi +Fsu
is a very valuable test tool for exploring the fringe tracker needs and capabilities in the
context of our contribution to the Vlti 2nd generation instrument Matisse.

The currently explored setup
External fringe tracking and phase-referencing generally offers three important advantages
• Integrations beyond the coherence time to do faint objects and spectroscopy;
• Immediate, independent measurement of the current instrumental group and phase
delays, which help to understand the instrument performance and improve the calibration precision;
• A band with the highest signal-to-noise can be chosen to stabilize / calibrate, independently of the best science band.
Fsu offers by design significant advantages over the previously commissioned Finito Hband fringe tracker. Since the fringes are spectrally dispersed, they allow for group delay
measurements, and the fringe tracking takes place in he astronomical K-band. The longer
wavelengths are particularly interesting for Midi observations, because bright midIR targets are typically red, and the fringe tracking wavelengths is closer to the science wavelengths. Furthermore, the co-phasing requirements and impact of telescope vibrations
are slightly relaxed, when going to longer wavelengths. A particular advantage of Fsu
over Finito is the spectral dispersion. Only the instantaneous measurement of group
and phase delay allows to precisely predict the fringe position at a different wavelength
than the one used for fringe tracking. This has been quantified in detail by Koresko
et al. (2006), and we applied the formulae therein to predict the Midi group delay and
dispersion out of the Fsu fringe tracking data.

Midi+Fsu
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Key features of the technical setup are
• Midi, and the Prima-Fsu are on-axis. In principal, the Prima star separators
(STS) can be used for off-axis fringe tracking, but this mode has not been explored
yet. The Prima-Stss however are in routine operation at the ATs for Prima
astrometry.
• The Fsu operates in K-band.
• We use one baseline at a time, therefore our main phase measurable is the differential, intra-band phase. No closure phases are available, but inter-band phase
calibration is potentially possible, when the object is (nearly) unresolved in K.
• In addition to Midi and Fsu, the regular beam train stabilizers Strap and Iris
are in operation during AT observations. Iris is of particular importance for stable
light coupling into the Fsu beam combiner; in fact it turns out that loosing fast
Iris correction on faint targets is the currently the limiting factor for nearIR-faint
UT observations, due to the enhanced level of vibrations.
• The phases are tracked with Fsu detector integration times = 1. . . 10 ms at zero
group delay.

Figure 11.9: Comparison for direct Midi measurment and Fsu prediction. Upper: Fsupredicted (black) and Midi-measured (red) 10 µm dispersion (in rad vs. µsec) follow each
other; Central: Fsu-predicted (red) and Midi-measured (black) 10 µm group delay (in m
vs. µsec) follow each other; Bottom: Residual Midi group delay after correcting for the
Fsu-measured parameters (in m vs. µsec): performance better than λ/10.
Work done in collaboration with Eso Prima commissioning team.

[1] Pott, J.-U.; Müller, A.; Karovicova, I.; Delplancke, F. (2012): New horizons for Vlti
10 micron interferometry: first scientific measurements with external Prima fringe
tracking, SPIE 8445
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Sphere: Heading for first light

Markus Feldt, Wolfgang Brandner, Maria Lenius,
Thomas Henning, Aleksei Pavlov, Ralf-Rainer Rohloff,
José Ricardo Ramos, Vianak Naranjo, Ole Möller-Nilsson

The Sphere Project
The Sphere instrument, a direct imager for exoplanets at the Vlt, is approaching firstlight after 6 years of planning, construction, and testing. Sphere comprises three focal
plane instruments, a nearIR dual-band imager (Irdis), a nearIR integral field spectrograph (Ifs) and a visual differential imaging polarimeter (ZIMPOL). It is capable of
achieving differential contrasts in excess of 105 in the nearIR, and of 107 in the visual at
a separation of 000.5 from a bright central star.
The project was started in early 2006 with its “Preliminary Acceptance Europe” (PAE)
originally planned for the end of 2010. The actual PAE process was initiated in November
2012, almost or only two years after the initially planned date. For a project of the
complexity of Sphere with three focal plane instruments and a bulk of technologically new
challenges, a total delay of only 50 % of the planned total time can indeed be considered
an excellent achievement.
The PAE process is expected to have ended by the time of the committee visit and Sphere
should be on its way to Chile.

Figure 11.10: The Sphere instrument in the integration hall at IPAG in Grenoble in
Summer 2012.

Sphere: Heading for first light
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Performance Verification
All components of Sphere have been integrated into the instrument only after a thorough
performance verification.
The key hardware components supplied
by Mpia are the detector motion stage
for Irdis and the two analog-digitalconverters (ADCs) for the nearIR and the
visual. The latter ones are critical for
the instrument achieving its contrast goals.
Both ADCs provide excellent wavefront
quality (rms <10 nm), but fall slightly out
of spec in terms of residual chromatism
when used in the (rarely required) broadband case.

Figure 11.11: Deep (45m ) images taken with
Ifs on the equivalent of a J = 6m. 6 star. Left
is the median of all frames clearly showing
the elongated speckle structure. The right image shows the result of the high-level “spectral
deconvolution” recipe. The curves show the
5σ contrast achieved in both images, spectral
deconvolution providing a contrast of 5×10−6
at 000.2. The red arrow denotes the specified
contrast requirement at 000.5

At the time of writing this report, the
adaptive optics component Saxo has been
tested to deliver the specified performance
under laboratory conditions. Of the coronagraphs, only the apodized Lyot had been
tested by then and was also within spec.
Zimpol proved its ability to detect degrees
of polarization down to 10−5 . This degree of polarization can be translated into
a contrast of 10−7 for a Jupiter-like planet
shining in reflected light inside the unpolarized stellar halo. Ifs was able to achieve
contrasts of about 5 × 10−6 at 000.2 when
applying the spectral deconvolution technique (see Fig. 11.11, which is exceeding its
specifications (red arrow) by 50 %. Irdis is
also exceeding its spec providing a similar
contrast, albeit at 000.5.

Another key delivery by Mpia is the data reduction pipeline, the most complex so far
for any Vlt instrument. It currently contains 66 so-called recipes. A new feature in the
Sphere pipeline are the high-level “data analysis” recipes, which do not as usual stop at
data reduction, but apply sophisticated techniques to analyze the data for the presence
of faint companions, i.e. planets. An example of what these recipes are achieving on
laboratory data can be seen in Fig. 11.11.
Work done in collaboration with the Sphere consortium consisting of IPAG
(Grenoble/France; P.I:), MPIA (Co-P.I.), ETH (Zurich/Switzerland), INAF/OPD
(Padova/Italy), LAM(Marseille/France), UvA (Amsterdam/Netherlands), LESIA
(Meudon/France), and ESO (Garching/Germany).

[1] Kasper, M., Beuzit, J.-L., Feldt, M., et al. (2012): Gearing up the Sphere, The
Messenger 149, 17
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Matisse — interferometric imaging in the
midIR

Uwe Graser, Thomas Henning, Werner Laun, Michael Lehmitz,
Marcus Mellein, Udo Neumann, Johana Panduro

The Matisse Instrument
The M ulti Aperture Mid-I nfrared S pectroscopic E xperiment is a second generation instrument for the Vlti at Paranal and thus — in a sense — the successor of Midi, which
is working on Paranal since 2003.
Between December 2011 and April 2012 Matisse has passed the preliminary design
review (PDR) and the final design review (FDR) at Eso and now is in the phase of
manufacturing and assembly.
The main capabilities of Matisse are:
• measuring visibilities and allowing for image reconstruction by means of closure
and/or differential phases measurements,
• combining 2, 3, or 4 beams/telescopes with an field-of-view of 200 ,
• measuring in the wavelength bands L (3.2 µm–4.1 µm), M (4.5 µm–5 µm) and N
(8 µm–13 µm),
• providing low and medium spectral resolutions in L/M and N : 20 < R < 40 and
200 < R < 400,
• high spectral resolution in L/M : 750 < R < 1250,

• very high spectral resolution in L/M : 5050 at 4.05 µm (Br-a) and 3800 at 4.7 µm
(CO),
• a spatial resolution of 000.007 in L and 000.02 in N (λ/D for 100 m),
• a sensitivity of 0.02 Jy (L = 10m. 4) and 0.02 Jy (N = 8m ) at UTs with fringe-tracking.

The Hardware of Matisse
The hardware of the Matisse instrument in the Vlti laboratory on Paranal will consist
of one table with the “warm optics” and two cryostats, one for the L/M - and one for
the N -band, respectively. Each cryostat contains a “cold optical bench” and a detector.
The three electronic racks, the pumps and the compressors for the pulse tube coolers are
located behind a wall in the adjacent Combined Coudé Laboratory.
The cryostats
The two cryostats are more or less identical. The main differences are caused by the
detectors, a Hawaii II RG (2k × 2k pixels à 18 µm) for the L/M -band and a Raytheon
Aquarius detector (1k × 1k pixels à 30 µm) for the N -band. Whereas the first one will
be cooled to 40 K the Aquarius has to be operated between 6 K and 10 K. Both optics
are cooled to < 40 K and — like with the detectors — require a temperature stability
of < 0.1 K. Also a major effort had to be put into coping with the requirements for the
alignment of the cryostats. For this reason the adjustability of the support of the 1 500 kg

Matisse — interferometric imaging in the midIR
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cryostat was designed for a range of ±5 mm and an accuracy of < 0.2 mm in all 3 directions.
A further description of the Matisse cryostats can be found in the contribution “Recent
developments in cryostat systems” by W. Laun (see Sec. 12.11).
The control electronics
The Matisse control electronics has to control 70 motors and several other devices as e.g.
cold shutters, calibration lamps, piezo-devices and naturally the cool-down and warm-up
procedures. For the latter, for the housekeeping, and for all vacuum and temperaturemonitoring tasks we have decided to use the PLC-technology which will become the new
Eso standard for Elt-instrumentation. A more detailed description of the application of
PLCs in Matisse can be found in “New instrument control system — introduced for
Matisse” by M. Lehmitz (see Sec. 12.5).

Assembly and Tests
The first cryostat has been assembled in
October 2012 with a dummy cold optical
bench inside. The first cool-down showed
that the basic requirements concerning the
temperatures will be met, notwithstanding
the fact that the final verification has to
occur during the tests with the final cold
optics and the detector integrated. This
will happen in autumn 2013. Figure 11.12
shows a view of the two — at that time
not fully assembled — cryostats in the laboratory together with the electronic rack
which controls the N -cryostat.
Activities to come . . .

Figure 11.12: The two cryostats together with
one electronic rack during assembly at Mpia.
The aluminium bars on the left side are part
of a metal frame which simulates the wall
between the two laboratories in the Vltibuilding. Thus we are able to test the correct path and length of the cables and tubes
as needed for Paranal.

In June 2013 we will begin to integrate the
cold optics and the engineering grade detectors into the two cryostats. This will be done
together with our colleagues from ASTRON (Netherlands) who deliver the cold optics
and with our partners from MPI für Radioastronomie in Bonn who are responsible for
the detectors. Then we will test these integrated cryostats for a period of about one
year. After the acceptance procedure the cryostats eventually will be delivered to OCA
(Nice) where they are combined with the warm optics and prepared for the Preliminary
Acceptance Europe (PAE) which is scheduled for summer 2015.
Matisse is developed and built in collaboration with Observatoire de la Cote d’Azure
(PI Bruno Lopez), MPI für Radioastronomie (Bonn, Co-PI Gerd Weigelt), and two institutions from the Netherlands: ASTRON and Leiden University (Co-PI Walter Jaffe).
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11.9 Gravity — A coherent link-up of four
8 m-telescopes to measure stellar positions at
the 10µas level
Stefan Hippler, Sarah Kendrew, Armin Böhm,
Wolfgang Brandner, Casey Deen, Thomas Henning,
Armin Huber, Ralf Klein, Natalia Kudryavtseva, Werner Laun,
Rainer Lenzen, Vianak Naranjo, Udo Neumann,
Johana Panduro, José Ramos, Ralf-Rainer Rohloff,
Pengqian Yang, Neil Zimmerman

High precision interferometric astrometry with adaptive optics
Gravity is the second-generation Very Large Telescope (Vlt) Interferometer instrument for precision narrow-angle astrometry and interferometric imaging. With
its fiber-fed integrated optics, wavefront sensors, fringe tracker, beam stabilization,
and a novel metrology concept, Gravity will push the sensitivity and accuracy far
beyond what is offered today. Providing precision astrometry of order 10 microarcseconds, and imaging with 4 milliarcsecond resolution, Gravity will revolutionize
dynamical measurements of celestial objects: It will probe physics close to the event
horizon of the Galactic Center black hole, unambiguously detect and measure the
mass of black holes in massive star clusters throughout the Milky Way, uncover the
details of mass accretion and jets in young stellar objects and active galactic nuclei;
and probe the motion of binary stars, exoplanets and young stellar disks.
from [1]
Mpia’s contribution to Gravity is the four adaptive optics systems, comprising a 22 %
share of the project as a whole. The reward in terms of Guaranteed Time Observations is
59 nights with a single unit telescope (about 15 array nights). Each adaptive optics (AO)
system consists of a novel cryogenic nearinfrared wavefront sensor to be installed in
the Coudé foci of the four unit telescopes
of the Vlt.
The basic principle of the AO system is
shown in Fig. 11.13. Light from the wavefront reference source is reflected off a deformable mirror (MACAO DM) and relayed via the star separator unit into the
near-infrared wavefront sensor cryostat. A
real-time computer shapes the DM according to the measured wavefront aberrations.
A light pick-off system, the AO mode selecFigure 11.13: Operating principle of the tor, feeds the wavefront sensor with either
Gravity adaptive optics system. The sili- light from the scientific source or from a
con entrance window is the first optical com- dedicated wavefront reference outside the
ponent of the 80 K/40 K cryostat.
scientific field of view. Figure 11.14 shows
a CAD model of the AO mode selector and
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the wavefront sensor cryostat, both fixed to a common structure; the wavefront sensing
hardware and feeding optics are located below the AO mode selector.

Detection of exoplanets with
Gravity

Work done in collaboration with
Eso (Garching b.
München, Germany), IPAG (Grenoble, France),
PHASE (Paris, France), Mpe (Garching b. München, Germany), SIM (Lisbon, Portugal), University of Cologne
(Cologne, Germany).

Figure 11.14: CAD model of the wavefront
sensor unit with cryostat (red) and AO mode
selector. Dimensions are about 2 m (width)
× 2 m (height) × 1 m (depth).

[M

Earth

]

minimum detectable mass [MJupiter]

About 70 % of all the stars in our galaxy
are M-type dwarfs. These are low mass
stars with masses ranging from 0.5M
down to 0.08M and surface temperature
of less than 4000 K. These stars fuse hydrogen to helium via the direct proton-proton
chain, a slow rate mechanism that resulted
in a low luminosity of M-dwarfs. Because
of their low intrinsic luminosity, only 8%
of all known exoplanets were found around
M-dwarfs. Such optically faint stars are
also difficult to observe with space-based
astrometric missions.
The extremely high light gathering power
of all four 8 meter UTs of the Vlti and astrometric capability of 10 µas make Gravity an ideal instrument for the detection
of very low mass planets around late-type
M-dwarfs.
Figure 11.15 shows the astrometric capability of Gravity for exoplanet detection
around an M7.5 dwarf star at a distance
of 6 pc as compared to RV measurements
by Harps and Sphere direct imaging. In
this plot we assume the minimum astrometric signal of 50 µas for the host star,
8.2 m/s RV accuracy of Harps for this star
and Sphere limits of a 1 MJupiter planet at
a separation of 000.1. The right edges of the
blue and red zones correspond to an observational time limit of 20 years.

separation a [AU]

Figure 11.15: Gravity astrometric capabilities as compared to radial velocities measurements (RV) by Harps (red) and Sphere
(green) direct imaging. The blue zone corresponds to Gravity exoplanet detection capabilities around a M7.5 dwarf star at a distance of 6 pc [2].

[1] F. Eisenhauer et al. (2011): Gravity: Observing the universe in motion, The Messenger 143, 16
[2] N. Kudryavtseva (2012): Micro-arcsecond astrometry of exoplanet host stars and
starburst clusters, PhD thesis, University of Heidelberg October 2012
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Micado, the E-Elt’s first light camera to find
intermediate mass black holes

Jörg-Uwe Pott, Jürgen Berwein, Santiago Barboza,
Alexander Keck

Instrument idea
The M ulti-AO I maging CAmera for Deep Observations (Micado) is being designed to
work with adaptive optics at the E uropean E xtremely Large T elescope (E-Elt). In
particular, it will include a separate module to provide a single conjugate adaptive optics
(Scao) capability using natural guide stars to deliver highest Strehl ratios and diffraction
limited images from the beginning. The Micado instrument concept was recently selected
out of 10 proposed concepts to become the first light instrument for the E-Elt, which,
with a diameter of 39m, will be by far the biggest optical telescope ever built on the planet.
Since the member states of the European Southern Observatory (Eso) have now agreed
to go forward with the construction of the telescope (see Eso press release eso1225), it
is time for the Micado consortium to start with the phase B, the so-called preliminary
design phase, which is the second out of five phases to go from first instrument design
ideas to regular observations of the night sky. It is expected that the next four phases of
the Micado development:
• preliminary design with proof of concepts, building of prototypes,
• finalize the design,
• construct and test the instrument in Europe,
• commission the instrument in Chile,
will take up to 9 years from now. Mpia is a key partner of the Micado consortium,
which is lead by PI Reinhard Genzel (Max Planck Institut für Extraterrestrische Physik,
Munich, Germany). While Mpe is responsible for the internal optical design and manufacturing of the cryogenic camera, Mpia and the Laboratoire d’Etudes Spatiales et
d’Instrumentation en Astrophysique de L’Observatoire de Paris (LESIA, France) collaborate to design, construct, and commission the first adaptive optics (AO) system of a
30 m–40 m class telescope ever being built, and the mechanical interfaces of the camera
to the telescope.
Early in the project, the consortium highlighted several key capabilities that exemplify
the unique features of the E-Elt at which Micado will excel in comparison to other
facilities. These have driven the design of the camera: sensitivity and resolution, and precision astrometry, probably combined with high throughput spectroscopy. The primary
imaging field of Micado employs a catoptric design using only fixed mirrors for superior
optical stability, thus optimizing astrometric precision. The instrument is compact and
is supported underneath the AO systems so that it rotates in a gravity invariant orientation. It is able to image, through a large number of selected wide and narrow-band
near-infrared filters, an exceptionally large 5300 field of view at the diffraction limit of
the E-Elt. The high throughput imaging camera needs to provide a 3 mas pixel scale
to properly sample the E-Elt’s AO-corrected point spread function. Together with the
gravity invariant rotation and the baseline to use Hawaii-4RG detectors (developed to
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meet the stringent requirements of space astrometry missions), this makes Micado an
ideal instrument for astrometry. A robust pipeline, based on software already available
in the AstroWISE system, will bring precision astrometry into the mainstream. An
analysis of the statistical and systematic effects shows that proper motions of 40 µas/yr
in a single epoch of observations should be achievable; and after only 3–4 years it will be
possible to reach 10 µas/yr, equivalent to 5 km/s at 100 kpc. At this level, many novel
science cases become feasible capitalizing on the unprecedented accuracy and precision.
These include detailed proper motion studies of stars in the centre of the Galaxy and
other nearby galaxies, mass determinations of intermediate mass black holes, proper motions of globular clusters, and testing cold dark matter structure formation using internal
kinematics of dwarf spheroidals.

Mechanical challenges of the next generation of optical telescopes
Although radio telescopes exist up to 100 m diameter, the mechanical challenges are incomparably higher for optical telescopes due to the shorter wavelengths which results in
10 000× higher relative mechanical and optical precision requirements, which limited so
far telescope diameters to 8 m–10 m (Vlt-, Gemini-, Keck-telescopes). Only the combination of active, and fast adaptive control technology, new materials like carbon fibre,
improved computer-aided design and finite-element analysis methods, as well as modern
construction technologies allow the next step to reach the 40 m diameter.
Mpia is responsible for key mechanical structures like the image de-rotator, which acts
at the same time as a heavy weight flange to carry the instrument, but also to de-rotate
the night time sky in a gravity-invariant way around the vertical axis of symmetry of
Micado. In collaboration with the engineering department of the University of Stuttgart
(Prof. Jörg Wagner, DSI), we design the de-rotator of Micado in compliance with the
key requirements. Mechanically most critical is the runout requirement: The imaging
precision on the level of 3 mas translates for the 1600 mm de-rotator in the pupil plane
into a mechanical, linear short-time stability of about 20 nm, which needs to be kept at
all operating temperatures; we currently investigate if and what type of active control or
passive monitoring with capacitive sensors might be needed to get to this precision.

Optimizing the first light AO performance
Based on our experience with interferometric and high-performance adaptive optics systems (e.g. s. Sec. 11.21 and s. Sec. 11.6), we are responsible for real-time computing
aspects of the Micado-Scao system, as well as for advanced digital filtering methods
to minimize the adverse effects of telescope vibrations on the AO-performance of faint
extragalactic targets. One of the key Mpia science cases will be the search for intermediate mass black holes at the centers of globular clusters and the precise measurement of
dark matter distributions in dwarf galaxies. For both, the supreme astrometric precision
of Micado, and its multi-year stability is required. Therefore, Mpia engages in the development of a novel astrometric calibration unit, which monitors the high-order imaging
aberrations of the camera.
Work done in collaboration with J. Wagner and O. Sawdony (University of Stuttgart)
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Mid-infrared imaging and spectroscopy at
E-Elt

Rainer Lenzen, Wolfgang Brandner, Thomas Henning,
Stefan Hippler, Vianak Naranjo, Ralf-Rainer Rohloff

Overview
Following the IR-camera Micado and the IFU-Spectrograph Harmoni, the M id-infrared
E LT I mager and S pectrograph Metis has been selected to be the third instrument being
developed for the E-Elt. It will cover the mid-infrared (MIR) wavelength range from
3 – 14 µm. Diffraction limited imaging capabilities as well as high resolution spectroscopy
will be provided. The Universities of Zürich and Vienna have recently joined the original
Metis consortium consisting of five partner institutions from Germany, Netherlands,
France, the United Kingdom, and Belgium. Within this team, Mpia will play a leading
role in designing and manufacturing the complete imager and adaptive optics with a
cryogenic infrared wavefront sensor.

Science case
The thermal infrared instrument Metis at the 39 m-telescope will extremely improve sensitivity compared to current ground based instrumentation at the Vlt e.g., it will enable
completely new kind of observations in the thermal and mid-IR range longwards2.5 µm
that have never been possible before. The science case of Metis has been studied in
detail [2]. The main science drivers are:
1. Proto-planetary Disks and Formation of planets
2. Physical and chemical properties of exoplanets
3. Formation history of the solar system
4. Growth of super-massive black holes
5. Morphologies and stellar dynamics of high-z galaxies
In addition, a number of exciting science cases has been identified as the galactic center, gamma-ray bursts as cosmological probes, initial mass function and disk survival in
starburst clusters, high-mass star formation and others.

Description
Metis will add extremely high spatial and spectral observational capabilities to the existing or planned (Jwst) facilities in the mid-infrared wavelength region. The instrument
baseline includes the following two main subsystems:
1. A diffraction limited imager at L/M , and N -band with an approximately 2000 × 2000
wide field of view (FOV) and pixel sizes of 10 mas and 20 mas, respectively. The
imager also includes the following observing modes:
– coronagraphy at L and N -band
– low-resolution (R ≤ 5 000) long slit spectroscopy at L/M and N -band

Mid-infrared imaging and spectroscopy at E-Elt
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Long slit spectroscopy is realized by infrared grisms that can be inserted into the
collimated beam. L/M -band and N -band imaging is provided in parallel.
2. A high resolution spectrograph at L/M [2.9 – 5.3 µm ] band fed by an integral field
unit (IFU). The IFU FOV shall be about 0 00. 4 × 1 00. 5, and the spectral resolution is
R ≈ 100 000. The small central FOV is picked up near the focal plane, thus, the
surrounding FOV can be used by the imaging module in parallel to the spectrograph.

Figure 11.16: Computer model of Metis at the Nasmyth platform of the E-ELT.
These observational capabilities are supported by a complex AO-system: The deformable
mirror of the E-Elt adaptive optics system is part of the telescope itself, however, for
mid-infrared application a special cryogenic wavefront sensor is planned that will be part
of Metis. This allows on-axis AO-operation using a natural guide star without adding
thermal background by a warm dichroic mirror.
Mpia as one major partner of the Metis project will be responsible for the MIR imager
and the natural guide star based adaptive optics. Following the current schedule, the
Metis team will start developing this exiting observational capability to be prepared to
receive first light with a 39 m-telescope in 2021.
A detailed description of Metis can be found in [1] and [2].
Work done in collaboration with University Leiden (Netherlands), Groupe LFEPS CE
Saclay (France), ATC Edinburgh (UK), Instituut voor Sterrenkunde Leuven (Belgium),
NOVA-ASTRON Dwingeloo and Leiden (Netherlands) , University of Vienna (Austria),
ETH Zurich (Switzerland)

[1] Rainer Lenzen et al. (2010): Metis: system engineering and optical design of
the mid-infrared E-ELT instrument, Proc. SPIE 7735, 77357O (July 20, 2010);
doi:10.1117/12.856242; http://dx.doi.org/10.1117/12.856242
[2] Bernhard Brandl et al. (2012): Metis — the thermal infrared instrument for the
E-ELT, Proc. SPIE 8446, 84461M (September 24, 2012); doi:10.1117/12.926057;
http://dx.doi.org/10.1117/12.926057
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Early results of the Pan-STARRS1 surveys

Bertrand Goldman, Eduardo Bañados, Niall Deacon,
Thomas Henning, Benjamin Laevens, Nicolas Martin,
Eric Morganson, Hans-Walter Rix, Eddie Schlafly,
Bram Venemans, Fabian Walter
Overview: an extremely large camera:
The Pan-STARRS1 project is the first of a new generation of imaging survey telescope of
“extremely large” figure of merit and powerful data processing pipeline. Pan-STARRS
stands for the PAN oramic S urvey T elescope And Rapid Response S ystem, and its first
unit out of four planned is called Pan-STARRS1 (or PS1 for short) and is located on
Haleakala in Hawaii.
It features a fast, 1.8 m-telescope, with
an average overhead of 13 seconds between
two exposures; the largest-ever camera
with 1.4-Gpixel, 7 ◦ field of view (see
Fig. 11.17), and sensitivity better than
10 % between 0.35 µm and 1.02 µm; and a
dedicated pipeline capable of reducing the
night’s observations During the rest of the
evening, it produces stacked images of all
the images taken since the survey started.
Published results cover the solar system
and near-Earth asteroids up to the most
distant quasars, with a z = 6.0 quasar discovered at Mpia.
As the first deep, wide, high-accuracy optical survey, PS1 is a unique resource for the
community. Prior to its full data release
expected 2015, it has established Memo- Figure 11.17: The Lagoon Nebula (M 8), the
randa of Understanding with several major Trifid Nebula (M 20), and NGC 6559, toprojects with other wavelength coverage or gether in a single PS1 footprint. The picture
spectral resolutions, which greatly benefit by N. Metcalfe et al. appeared as the Astronfrom the PS1 catalogue. The data release omy Picture of the Day of October 12, 2012.
of a dense grid of photometric secondary
standard stars is expected within months. High-schools in Heidelberg and world-wide
access the images to search for asteroids.

State of the surveys
Mpia and its other partner institutes of the Mpg and elsewhere founded in 2006 the PS1
Science Consortium to support the telescope operations; and to organise the scientific
work. During the commissioning phase, Mpia contributed to the characterisation of the
telescope performances. After almost a year of further system optimisation, the telescope
and camera were deemed ready for survey operations, which started in April 2010.
After 2.5 years of observations, PS1 has covered the sky north of δ = −30◦ multiple times
in five optical bands. The photometric calibration is better than 1 % [1], and clearly more
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accurate than the Sdss calibration. Proper motions over a baseline of 2 years are available
and show prospects of a final accuracy better than 10 mas/yr. With operations funded
until end of 2013, we can expect parallaxes of all objects within (50–80) pc from M-stars
to ultra-cool dwarfs and white dwarfs, including red objects too faint for Gaia.
In addition, shallower imaging is obtained in parallel to the main observations. These data
fill the V = 10m − 15m gap between Hipparcos photometry of bright stars and the deep
photometry of PS1. This range is crucial for the study of the nearby cool stars. Other
surveys include the Medium Deep Survey over 70 ◦ , and the PanPlanets survey
dedicated to the search over transiting exoplanets, particularly around M-type dwarfs.

Early results
Mpia has concentrated its efforts in four main areas: very-low mass stars and brown
dwarfs of the solar neighbourhood, exoplanets, the Milky Way structure, and quasars.
Our search for cool brown dwarfs of the Solar neighbourhood firstly involved crossmatching with 2Mass and selecting red y − J candidates. As Sdss before, PS1 has
the right wavelength sensitivity to detect the early T-type dwarfs. Over 50 new T-type
dwarfs have been discovered (see Sec. 4.7). A cross-match with Wise and a search using
y-band proper motions are underway. This gives us a good handle to detect old low-mass
populations and members of moving groups and nearby loose clusters. Proper motions
based on 2Mass and PS1 data also revealed new brown dwarf companions to Hipparcos stars (see Sec. 4.6), providing new benchmark objects to calibrate the brown dwarf
models. We take advantage of the wide sky coverage of PS1 to study the nearby 625 Myr
old Hyades cluster. We can select cluster candidates to large cluster radii (30 pc) to study
the cluster evaporation, especially close to the stellar/brown dwarf boundary. We confirm previous indications of mass segregation with a larger significance and the lack of
low-mass members at the cluster centre (see Sec. 6.5).
The Pan-Planets transit project as part of PS1 is being performed in close collaboration
between Mpia and Mpe. The first exoplanet candidates have been discovered and transit
and radial velocity follow-up observations have been initiated. In addition, we detected
extremely short-period eclipsing binaries and M-dwarf binaries. For some of these objects
we already obtained low-resolution spectra.
The PS1 survey also offers an unprecedented look at the structure of the Galaxy, with
deep, uniform optical data in five bands covering more than twice the area of Sdss. The
Mpia leads the PS1 science collaboration’s study of the Galaxy. Our research in this
area includes: a search for new dwarf galaxies, the characterization of the structure of the
Monoceros stream, and mapping the Galaxy’s dust (see Sec. 5.2).
Our quasar work follows two directions: First we use the deep z- and y-band imaging to
select for optical drop-out high-redshift candidates. We already found two (now spectroscopically confirmed) quasars at redshift 6 (see Sec. 9.1) and the prospect for discovering
z = 7 QSOs is promising. We also combine our high-precision photometry with Sdss
to study quasar variability over time baseline of 1 day to 12 years. We show that QSO
variability can be successfully used to discover new quasars.
In collaboration with partner institutes of the PS1 Science Consortium, in particular the
Institute for Astronomy of the University of Hawaii; as well as the ZAH of the University
of Heidelberg through SFB 881 “The Milky Way” and the Observatoire de Strasbourg.

[1] Schlafly, E., Finkbeiner, D. P., Jurić, M., et al. (2012): Photometric calibration of
the first 1.5 years of the Pan-STARRS1 survey, ApJ 756, 158
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HATSouth: A global southern exoplanet
transit survey

Luigi Mancini, Maren Mohler-Fischer, Nikolay Nikolov,
Balázs Csák, Thomas Henning

The HATSouth project
HATSouth is a collaboration among the Max Planck Institute for Astronomy, the Princeton University, the Australian National University, and the Pontificia Universidad Catolica
de Chile. It consists of a network of six identical, fully automated wide field telescopes,
located at three sites (Chile: Las Campanas, Australia: Siding Springs, and Namibia:
H.e.s.s. site) in the Southern Hemisphere. Each of the three sites operates two HATSouth units, for increased sky coverage and redundancy in case of failure. Each units
is composed of a suite of four 0.18 m f/2.8 Takahashi hyperbolic astrographs, each incorporating an Apogee 4 k × 4 k CCD detector with Sloan r filter, to give a pixel scale of
300.7 / pixel and each spanning a 4◦ × 4◦ field of view. This means that every unit instrument has a mosaic field of view of 8◦ × 8◦ , so each site monitors 128 square degrees of sky.
The primary purpose of the project is to detect and characterize a large number of extrasolar planets transiting nearby bright stars. The three sites permit near round-the-clock
monitoring of selected fields, and the continuous data-stream greatly enhances recovery
of planetary transits [1].
The units and control buildings were installed at all three sites in 2009. The HATSouth control building at each of the sites
hosts the computer system that is responsible for operating the instruments. We have
four computers at each site; one control
computer for each of the two HATS units,
one node-computer, and a server for storing data. Each control computer manages
an entire unit, including the dome, telescope mount, attached devices, and all four
CCDs. The control computer performs
real-time analysis of the images acquired,
such as calibrations, astrometry, analysis
Figure 11.18: The two HATSouth units at
of the point-spread-function, focusing, and
the H.e.s.s. site in Namibia.
other tasks.
On average, each of the six units has conducted observations on 500 nights over a two-year time period, yielding a total of more
than 1 million science frames at 4-min integration time, and observing 10.65 hours per
day. Photometric precision reaches ≈ 6 mmag for the brightest non-saturated stars at
r = 10m. 5. Light curves are extracted by aperture photometry with the Iraf task Daophot, and treated with external parameter decorrelation and trend filtering algorithm.
Periodic transit signals are identified with the box-fitting least squares technique. Promising transiting-planet candidates are then selected as HATSouth candidates and their
host stars undergo spectral analysis, in order to estimate their radial velocity variation.
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After three years of data collection, spectroscopic and photometric follow-ups, the HATSouth project is firmly entered in a very productive phase with more than 300 candidates
and three new transiting exoplanet confirmed [2].

Figure 11.19: Left panel - Transit light curves of HATS-1. The instruments used for each
event are indicated. Best fit is shown by the solid lines. Residuals from the fits are displayed at the bottom. Right top panel - High-precision radial velocity (RV) measurements
for HATS-1 from Coralie (dark filled circles), Feros (open triangles) and Cyclops
(filled triangles) shown as a function of orbital phase, together with the best-fit model.
Zero phase corresponds to the time of mid-transit, TC . Right middle panel - Velocity
observed−calculated (O−C) residuals from the best fit. Right bottom panel - Bisector
spans (BS), with the mean value subtracted.
Work done in collaboration with Gaspar Á Bakos (Princeton University), Daniel Bayliss
(Australian National University), Andreas Jordán, and A. (Universidad Católica de
Chile).

[1] Bakos, G.Á, Csubry, Z., Penev, K., Bayliss, D., Jordán, A., Afonso, C., Hartman,
J. D., Henning, T., Kovács, Noyes, G. R. W., Béky, B., Suc, V., Csák, B., Rabus,
M., Lázár, J., Papp, I., Sári, P., Conroy, P., Zhou, G., Sackett, P. D., Schmidt, B.,
Mancini, L., Sasselov, D. D., Ueltzhoeffer, K. (2012): HATSouth: a global network
of fully automated and identical wide-field telescopes, PASP in press, arXiv:1206.1391
[2] Penev, K., Bakos, G.Á, Bayliss, D., Jordán, A., Mohler, M., Zhou, G., Suc, V., Rabus,
M., Hartman, J. D., Mancini, L., Béky, B., Csubry, Z., Buchhave, L., Henning, T.,
Nikolov, N., Csák, B., et al. (2012): HATS-1b: the first transiting planet discovered
by the HATSouth survey, AJ in press, arXiv:1206.1524
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Establishment of a very accurate photometric
flux calibration of the Herschel/Pacs camera
in the far-infrared

Markus Nielbock, Zoltán Balog, Hendrik Linz, Ulrich Klaas,
Jürgen Schreiber

The Pacs instrument
The Pacs (Photoconducting Array Camera and Spectrometer) instrument [1] has the
largest share in terms of observing time on Esa’s Herschel Space Observatory.
Pacs consists of an imaging photometer and a spectroscopy unit. One of the main tasks
of the Mpia group within the Pacs Instrument Control Centre (ICC) is to establish an
accurate flux calibration. Here, we report on the unprecedented photometric accuracy in
the far-infrared (FIR) range (70, 100, 160 µm) achieved for the Pacs photometer.

The flux calibration scheme

Figure 11.20: Final and fully processed Pacs mini scan map of the star g Dra obtained
at 70 µm. The apertures and sky annuli used for the aperture photometry are indicated
as blue circles. The white circles denote positions of sky background measurements for an
assessment of the photometric uncertainty.
The flux calibration of the Pacs photometer is based on stellar models of five stars,
namely a Boo, a Cet, a Tau, b And, and g Dra (Dehaes et al. 2011). According to these
models, which are accurate to about 5 % throughout, they attain flux densities between
15 Jy at 70 µm and 0.6 Jy at 160 µm. The observations were obtained using the mini
scan map mode that is optimised for point sources (see Fig. 11.20). After processing
the calibration observations in a homogeneous way, the flux densities were extracted by
aperture photometry and were subsequently corrected for aperture and colour effects.

Results
The flux calibration is designed such that on average the ratio between the measured and
the predicted model flux of the five standard stars is unity. The current 1σ scatter across
all measurements is ≈ 1.5 %, as visualised in Fig. 11.21 (left panel). All stars have the
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same weight during the calculation of the mean flux ratios. The highest coverage in time
is provided by the flux stability monitoring source g Dra that is always visible.

Figure 11.21: Ratios of measured and model fluxes of the five calibration stars, represented
by different colours, for the first 1 000 Herschel operational days (OD). Left: Currently
implemented calibration Right: Flux calibration to be implemented after correcting for
influences from the bolometer cooler temperature, the mirror temperature and the stellar
diameters used in the modelling.

Further improvements
After 3.5 years of operation, we have identified secondary order trends that affect the flux
ratio statistics in a systematic way. The strongest instrumental effects are i) a signal drift
due to a rapidly changing evaporator temperature of the 3 He cooler at the beginning and
at the end of a cooling cycle (≈ 60 hours), and ii) a secular change of the telescope mirror
temperatures and emissivities that modify the high level flux background. In addition, the
stellar models leave some room for improvement at the level of a few percent by including
realistic opacity dependent stellar diameters into the calculations. After correcting for
these contributions, we expect an improvement in the reproducibility of the measurements
as depicted in Fig. 11.21 (right panel). As a result, the overall 1σ scatter is reduced to
≈ 0.5 %. Furthermore, we can clearly discriminate between two groups that are populated
by stellar spectral types M III (top) and K III (bottom). Therefore, Pacs will establish
a high accuracy reference photometry in the FIR. The high stability of the photometry
will also permit very sensitive variability studies.
Work done in collaboration with Thomas Müller (Mpe, Garching, Germany) and Attila
Moór (Konkoly Observatory, Budapest, Hungary).

References
[1] Poglitsch, A., . . . , Krause, O., . . . , Balog, Z., . . . , Grözinger, U., Henning, T., . . . ,
Klaas, U., Lemke, D., . . . , Nielbock, M., . . . , Schreiber, J., Stegmaier, J., et al.
(2010): The Photodetector Array Camera and Spectrometer (PACS) on the Herschel Space Observatory, A&A 518, L2
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The Mid-InfraRed Instrument (Miri) aboard
Jwst

Oliver Krause, Thomas Henning, Friedrich Müller,
Ulrich Grözinger, Silvia Scheithauer, Örs Detre,
Ralf-Rainer Rohloff, Armin Böhm, Karl Wagner
The James Webb Space Telescope Jwst will be the astrophysics flagship space mission
of the current decade. Jwst is jointly being developed by the space agencies of the USA,
Canada and Europe and will comprise four science instruments: Miri, Nirspec, Nircam
and Fgs/Niriss.
Miri is the midIR instrument of Jwst covering the wavelength range from 5 µm to
28 µm. The instrument provides imaging over a 1 .0 3 × 1 .0 9 field of view as well as coronagraphic capabilities on the basis of three 4-quadrant phase mask coronagraphs and
one Lyot coronagraph. A complex setup employing 12 individual gratings — mounted
on two Dichroic/Grating wheel Assemblies (DGAs) — provides high-resolution spectroscopy (λ/∆λ = 1000–3000) from 5 µm–28 µm while an additional double prism assembly — mounted on a dedicated 18 position Filter Wheel Assembly (FWA) — will yield
lower-resolution (R = 100) spectroscopy over the range from 5 µm to 10 µm.
Miri is being developed as a 50:50 partnership between the US and Europe. A European consortium of nationally funded institutes is responsible for building most of the
Miri optical system while the detectors, focal plane electronics and the cryo-cooler are
contributed by the US. Mpia is a major partner of the Miri European Consortium led
by G. Wright of UK-ATC. The responsibilities of the Mpia are (i) the development of
optical wheel mechanisms, (ii) leadership of the electrical system engineering team, and
(iii) strong participation in activities such as instrument testing, software development
and preparation of the instrument calibration and commissioning in space.

Wheel mechanisms
The flight models of the Miri wheel mechanisms (two DGAs and one FWA) had been successfully integrated, tested and delivered in 2009/2010. Mpia conducted the integration
into their corresponding housings (see Fig. 11.22). The extensive qualification program
was successfully concluded in February 2011 with the close-out of the qualification review.

Figure 11.22: Integration of the DGA flight models into the spectrometer at ATC (left)
and integration of the FWA flight model into the Imager (right) at CEA.
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Flight model test campaign
The Miri flight model was fully assembled in summer 2010 at Rutherford Appleton
Laboratory (RAL). The subsequent environment and performance testing as well as the
calibration at cryo temperature were carried out under strong participation of Mpia. Five
Mpia staff members have participated in the ambient and cryo test campaign between
2010 and 2012 as part of the Miri test team. The main objectives of these tests were:
wavelength characterization, stability and linearity measurements on the Low Resolution
Spectrometer (LRS) and stability and stray light analysis on the imager part of the
instrument. In addition, the flight model wheel assemblies was tested and characterized
under cryogenic condition. A dedicated simulation tool was developed which allows inorbit analyzing of the wheel behavior on the basis of the low resolution measurements
provided by the Instrument Control Electronic (ICE). EMC and electrical testing were
managed by the electrical lead at Mpia. The Miri flight model test campaign was
formally completed in spring 2012 with the acceptance of the Miri instrument by Esa
and Nasa and the delivery into Goddard Space Flight Center.

Figure 11.23: The Miri flight model at Rutherford Appleton Laboratory.
Miri is now the first completed Jwst science instrument. It has successfully passed
all incoming acceptance tests and is currently being integrated into the Isim (Integrated
Science Instrument Module) at Goddard Space Flight Center. The test team is now
preparing for the next test campaign on Isim level which will be carried out during the
year 2013.
In collaboration with Carl Zeiss Optronics (Oberkochen), and the partner institutes of
the Miri European Consortium.

[1] Krause, O., Müller, F., Birkmann, S., et al. (2010): High-precision cryogenic wheel
mechanisms of the Jwst/ Miri instrument: performance of the flight models , SPIE
7739, 37
[2] Detre, Ö., Grözinger, U., Krause, O., et al. (2012): The Jwst Miri FM wheel mechanisms characterisation for open loop drive, SPIE 8450, 1
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The Near Infrared Spectrograph (Nirspec)
aboard Jwst

Oliver Krause, Hans-Walter Rix, Thomas Henning,
Ulrich Grözinger, Friedrich Müller, Bernhard Dorner
The near-infrared spectrograph Nirspec is the second instrument aboard the James Webb
Space Telescope to which the Mpia is contributing. Nirspec will be provided by the
European Space Agency Esa as one of the major European contributions to Jwst. The
instrument is currently being built by an industrial consortium led by Eads-Astrium
(Germany). Our institute is a member of the Nirspec consortium, and is represented by
Hans-Walter Rix in the Nirspec Science Team.
Among the primary science objectives for Nirspec are deep extragalactic surveys. Consequently, the instrument design requires a multi-object spectrograph capable of measuring
the spectra of up to 100 objects simultaneously in a 30 × 30 field of view. In addition,
Nirspec includes fixed slits and an integral field unit which provide high contrast spectra of point-like sources and of extended objects, respectively. Six gratings will provide
high-resolution (λ/∆λ = R = 2700) and medium-resolution (R = 1000) spectroscopy over
the wavelength range of 1 µm–5 µm, while a prism will yield lower-resolution (R = 100)
spectroscopy over the range 0.6 µm–5 µm.

Nirspec flight model
The Nirspec flight model has demonstrated his excellent optical performance during the
cryo test campaign in 2011. After this successful test campaign it was however necessary
to refurbish the instrument due to quality problems with the optical bench and contamination issues. For this purpose the flight sub-assemblies were removed from the bench

Figure 11.24: The reassembled Nirspec flight model at Astrium.
(credit Eads-Astrium 2012)
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and cleaned. The flight model (FM2) has now been completed and is currently being
prepared for the test campaign.
An extensive set of environmental testing (cryogenic exposure and vibration and acoustic
testing) including a month-long characterization and calibration phase is planned as from
now. The Nirspec instrument will be delivered to Nasa in 2013 for integration in the
Jwst Integrated Science Instrument Module (Isim) [1].

Component qualification
With the provision of the electrical subcomponents needed for operating and sensing
the wheel mechanisms Mpia fulfilled its main contribution to Nirspec in early 2010.
Following these activities Mpia also supported the cryogenic test campaigns conducted by
Zeiss Optronics (Oberkochen) on wheel assembly level. Beyond that Mpia also supports
the space qualification and cryogenic testing of sub-components for EADS-Astrium.
Several cryo test runs have been conducted by Mpia, the next campaign is initiated and
will start soon.

Simulation software
At Mpia simulation tools
that will be used to set-up
the Nirspec as-built model
for the Nirspec spectrum
extraction pipeline are being
verified and updated. These
software tools shall be able
to use real or simulated exposures such as those that
will be obtained during the
characterization and calibration campaign to constrain
the Nirspec as-built model.
In particular the Nirspec
spectrum extraction pipeline
tools (Nippls) shall be processed.
Therefore Mpia
will participate and support
the upcoming Nirspec flight Figure 11.25: Software structure of the Nirspec simulamodel test campaign on-site. tion tools.
In collaboration with Esa, Eads-Astrium (Ottobrunn), and Carl Zeiss Optronics
(Oberkochen).

[1] Ferruit et al. (2012): The Jwst near-infrared spectrograph Nirspec: status, SPIE
8442, 84422O-1

302

Instrumentation

11.17

The Euclid dark energy mission

Knud Jahnke, Rory Holmes, Felix Hormuth, Gregor Seidel,
Stefanie Wachter, Hans-Walter Rix
The European Space Agency’s Euclid mission will be launched in 2020. During its
six-year mission, the Euclid satellite’s cutting edge scientific payload will survey nearly
40 % of the sky, providing scientists with an extraordinarily large amount of data that
will impact many aspects of modern astronomy. The Euclid mission’s primary science
goals are targeted towards understanding the universe on its largest scales: How did the
universe evolve since the Big Bang, and what are the fundamental physical laws dictating
this evolution? In particular, the main science goals focus on constraining the nature of
two of the most puzzling quantities in our universe: Dark energy and dark matter. In
order to do so, the Euclid satellite will image billions of galaxies as well as measure tens
of millions of spectra. Such a treasure trove of data will also be highly valuable for the
wider astronomical community (see also Sec. 10.4).
The Euclid satellite, and its launch, will be provided by the European Space Agency. The
mission’s cutting-edge scientific payload is being developed by a multi-national consortium
of scientific institutes. The Euclid Scientific Consortium (EC) is lead by Yannick Mellier
(IAP, France) and is composed of over a 1 000 scientists and engineers from 14 nations.
The Mpia plays a crucial role in this consortium. Mpia currently has a six-person
contribution to the Euclid mission, four of them funded by the German Aerospace
Center (DLR), which is led by Knud Jahnke.

Nisp: The Near-Infrared Spectrometer and Photometer
Mpia is involved in
the development of the
Euclid Mission’s NearInfrared Spectrometer and
Photometer (Nisp) instrument. Nisp has two
channels: a near-infrared
photometer (Nisp-P) and
a near-infrared slitless
spectrometer (Nisp-S).
The baseline implementation of Nisp can be
seen in Fig. 11.26. The
two channels have common optics, focal plane, Figure 11.26: Current design of Euclid’s Near Infrared Specelectronics and support trometer and Photometer Nisp, being built by a European constructure. Two wheel sortium with Mpia’s participation. The red cone shows the
mechanisms are used to light path of the Mpia-led Nisp calibration source.
switch between the different channels: (1) a filter wheel mechanism contains the three
near-infrared photometry filters, a cold shutter and an open position and (2) a grism
wheel with four grisms and an open position. To operate in the photometric mode, the
grism wheel is rotated to the open position and the filter wheel is rotated to the required
filter; to operate in spectroscopic mode, the filter wheel is rotated to the open position
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and the grism wheel to a grism position. The large focal plane is made up from a mosaic
of 4 × 4 of Teledyne’s Hawaii 2RG 2k × 2k near-infrared detectors resulting in a large
0.55 ◦ field-of-view with a pixel scale of 000.3.
The Nisp photometric channel (Nisp-P) — Mpia’s center of involvement — will image
the sky in three near-infrared bands: Y (0.920 µm–1.146 µm), J (1.146 µm–1.372 µm) and
a long H (1.372 µm–2.000 µm). The resulting dataset will have a point source detection
limit (5σ) of 24m (AB) for over 90 % of the survey, a depth that would be very difficult
to reach from the ground over such a large area of the sky.

Euclid hardware development at MPIA
Mpia has two specific hardware contributions to the Euclid mission, both of them mostly
funded by the Dlr:
Near-Infrared Calibration Unit:
Mpia is developing the Nisp
instrument’s near-infrared calibration source, which is required to characterize the instrument’s detectors whilst in
space. The LED based concept will illuminate the detectors at 5 wavelengths within
the instrument’s wavelength
range (920 nm–2000 nm). The
concept for this calibration
source is currently being developed by Mpia and its industry partners. The focus Figure 11.27: NISP calibration unit design, outside view
lies on a lightweighed (mass and interior. Overall height is roughly 150mm.
below 1 kg), stable light source with tunable intensity output which will allow the determination of the flat field of the 16 detectors, as well as their non-linearity behaviour.
This characterisation forms the core calibration tasks to reach the stringent 1.5 % relative
photometric calibration requirement, necessary to fulfill Euclid’s science goals.
Near-Infrared Filters: Mpia will also provide the Nisp instrument’s three near-infrared
(Y -, J- and H-band) filters. These high-precision optical elements are particularly challenging as, with a diameter of 140 mm, they are significantly larger than any filters that
have been flown in space before and pose substantial challenges to manufacturing. Their
current design calls for up to 250 coating layers in order to achieve the required bandpass
properties. A study is under way at Cassidian Optronics to produce 80 mm diameter
scale models, to develop the coating process, and to test both the feasibility of such a
complex coating layer stack as well as its resistance against thermal cycling. Later in
2013 tests for radiation resistance and production of a full scale filter sample are foreseen
while preparing the final production run.
Euclid is an Esa mission with instrumentation provided by the Euclid Consortium,
consisting of over 1000 scientists and engineers from more than 100 institutions in 13
European countries and the USA. Euclid@MPIA can be found at http://www.mpia.de/
euclid.
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EChO - The Exoplanet Characterization
Observatory

Oliver Krause, Thomas Henning, Roy van Boekel,
Jeroen Bouwman, Adrian Glauser, Ulrich Grözinger,
Ulrich Klaas, Rainer Lenzen, Ralf-Rainer Rohloff,
Silvia Scheithauer
Echo will be the first dedicated space mission to characterize extrasolar planets through
spectroscopy of their atmospheres. Pioneering observations of transiting exoplanet systems by the Spitzer and Hubble space telescopes during the last decade have delivered
ground-breaking results on properties of extrasolar planet atmospheres, providing first
glimpses of their composition and physical conditions. However, they have also demonstrated the severe observational limitations and challenges due to instrumental artifacts
and systematic effects. Only a space mission highly optimized for transit spectroscopy will
be able to conduct a survey of a statistically robust sample of exoplanets around nearby
stars. Neither any ground-based nor other contemporary space-based facilities such as
Jwst will match Echo in observing efficiency.
Echo is an M-class mission candidate within the science program Cosmic Vision 2015–2025
of the European Space Agency. It was selected as one of four successful M3 mission proposals in February 2011 to enter an assessment phase (phase 0/A). Following the internal
Concurrent Design Facility study conducted by Esa in June/July 2011, a call for instrument studies was released in September, resulting in two consortia being selected to
study the complete science instrument on board Echo throughout 2012. Mpia is leading
one consortium of 13 institutes from 6 European
countries. End of 2012 an Announcement of Opportunity for the science instrument was issued to select
a payload consortium/(a) for continuation of phase
A and for conducting the later definition and implementation phases of the M3 mission. Similarly, two
parallel competitive industrial studies will run until
mid 2013 to establish the spacecraft design.

Science instrument study
The instrument design established by our consortium is a grating spectrometer highly optimized for
Echo’s need of exquisit spectrophotometric stability. It provides simultaneous wavelength coverage
from 0.4 µm to 16 µm. An instantaneous field of
view of 3000 × 1300 provides full target (stellar point
source) and background coverage for reliable calibration and removal of instrument systematics. The
incoming beam from the afocal telescope is refocused and re-collimated through a dedicated pupil
adapter system after the pickoff mirror. A series Figure 11.28: Echo spacecraft with
of dichroic mirrors in the collimated beam split the its passively cooled 1.2 m-telescope
full Echo waveband into 6 spectrometer channels. (height 5.0 m; mass 2.0 t).

EChO - The Exoplanet Characterization Observatory
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Each channel represents an individual reflective grating spectrometer operated in 1st
order. The instrument provides a spectral resolving power of 300–600 for channels VIS,
IR1–IR3 (0.4 µm–5.2 µm) and 100–180 for channels IR4 and IR5 (5.0 µm–16 µm). Cameras
designed as three-mirror anastigmats re-image the individual spectra on the respective detector array of each spectrometer channel. All opto-mechanical units will be implemented
in a reliable and cost-effective aluminum design. The study was conducted with strong
support from European space industry funded through the national agencies and was
the basis for our AO proposal submitted in December 2012. A decision on the payload
consortium and continuation of the study is awaited for February 2013.

Figure 11.29: Overview of the Echo science instrument, located behind the passively cooled
1.2 m off-axis telescope.
In collaboration with Esa, Eads-Astrium, Kayser Threde, Jenoptik and the member
institutes of the European Echo consortium.

[1] Krause, O., Glauser, A., van Boekel, R., et al. (2012): Visible/infrared spectrometer
for Echo, SPIE 8442, 1
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Development of European HgCdTe-detectors
for astronomical applications in space
Oliver Krause & Ulrich Grözinger

Substantial progress has been achieved in the fabrication of Mercury Cadmium Telluride
(HgCdTe) detectors during the past decades. Large detector arrays with excellent performance for astronomical observations are commonly available in particular from companies
in the US. While these detectors are widely used for ground-based applications, programmatic restrictions and risks exist for their use in space missions due to stringent export
control regulations. Independent procurement possibilities in Europe are therefore of
considerable interest for future European space missions.
The German company Aim Infrarot-Module GmbH (Heilbronn) is one of the leading
European manufacturers of HgCdTe-detectors from the SWIR spectral range (0.9 µm–
2.5 µm) to the VLWIR (12 µm–15 µm). Detectors for the atmospheric MWIR (3 µm–
5 µm) and LWIR (5 µm–12 µm) spectral windows have been produced in high volumes
for more than two decades. In recent years, Aim has extended the spectral range of its
detectors towards shorter and longer wavelengths. Within the Echo science instrument
assessment study led by Mpia, Aim HgCdTe-detectors and read-out integrated circuits
(ROICs) have been tested at temperatures down to 11 K under representative cryogenic
operating conditions for Echo. Such tests have not yet been performed as state-of-the
art, European HgCdTe-arrays have been mostly used for military applications.

Figure 11.30: Schematic view of the Focal Plane Array (FPA). The HgCdTe photodiode
array is connected to the silicon ROIC by Indium bumps.

Mercury Cadmium Telluride (HgCdTe) detectors
For photovoltaic detectors based on HgCdTe, the photosensitive HgCdTe layer is grown on
a CdZnTe substrate. Aim uses Liquid Phase Epitaxy (LPE) on lattice-matched Cadmium
Zinc Telluride (CZT) substrates for most of its photovoltaic detectors. As for the doping,
Aim detectors are manufactured in ‘n-on-p’ technology, i.e. the bulk absorbing layer is
p-type doped and the pn-junction is formed by implantation. The detectors are backside
illuminated, i.e. the light enters from the substrate side. The read-out integrated circuit
in CMOS technology is attached to the top of the passivated HgCdTe layer. The readout
integrated circuit (ROIC) is connected to the HgCdTe chip by an indium-bump flipchip technology. Aim uses a special method to completely remove the substrate. The
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advantages of substrate removal are an extension of the photo-response into the visible
spectral range, avoiding substrate glow from high energy particles and to avoid fringing.

Cryogenic detector dark current measurements
Dark currents of SWIR HgCdTe detector material with a cut-off wavelength at ≈2.5 µm,
MWIR material (λco ≈ 5 µm), and for a LWIR HgCdTe detector with a cut-off wavelength
at ≈9 µm were measured. While the SWIR detectors have a large bias range and thus
tolerate small changes, the small bias range for the LWIR detector requires a high bias
stability. High bias stability together with a large dynamic range of the output signal is
diificult to achieve with a classical (Source Follower) input stage of the ROIC which is
usually implemented in the ROICs for SWIR detectors. Thus, for the mid- and long-wave
bands of the Echo satellite Capacitive Trans Impedance Amplifier (CTIA) input stages
are considered which provide stable bias voltages for the HgCdTe detectors.
For the characterization tests at Mpia Aim provided a number of (off the shelf) test
samples with different cut-off wavelengths (1.7 µm, 2.5 µm, 5.09 µm, 8.9 µm) and array
sizes of 288 × 384 pixels, 24 µm pitch (SWIR) and 640 × 512 pixels, 15 µm pitch. In order
to avoid disturbing effects of the usual readout circuit, in particular at low temperatures
(< 45 K), the photo diodes of the detector arrays were connected to a separate Trans
Impedance Amplifier (TIA) stage.
This TIA stage consists of a Junction Field Effect Transistor pair located inside the cryostat, close to the detectors and internally heated to about 60 K and a warm Operational
Amplifier (OpAmp) driving a high resistance feedback resistor located inside the cryostat,
close to the detectors. The TIA converts the detector current into a voltage at the output
of the OpAmp which is then fed to an AD-Converter. In order to provide more significant detector currents a number of pixels was bonded together to form “super-pixels”
of e.g. 10 × 10, 15 × 15, 20 × 20 or 30 × 30 pixels. For the dark current measurements
the detectors were encapsulated in a light tight housing between temperature controlled
copper plates. The measured dark current performance was Idark < 1 e− /pixel/s for the
2.5 µm and < 10 e− /pixel/s for the 5 µm array, compatible with Echo’s requirement.

Read-Out Integrated Circuits (ROIC) performance
The detector dark current can be generally reduced decreasing the operating temperature
of the photosensitive detector chip. For operation at very low temperatures <40 K, a
nominal ROIC operation is not necessarily straightforward any more due to, e.g. possible
carrier freeze-out and thus has to be demonstrated experimentally. Thus measurements of
the Aim standard read-out integrated circuits have been performed at Mpia at operating
temperatures between 11 K and room temperature. For operating temperatures between
room temperature and approximately 30 K, nominal operation can be observed, i.e. the
transfer curve shows a largely linear behavior in input signal with the offset voltage
changing with temperature as expected. At temperatures somewhere between 20 K and
30 K, the onset of carrier freeze-out in Silicon can be observed, leading to a kink in the
transfer curve at lower reset voltages. In this case, the FET channel conductance and
threshold voltages are impacted. In summary, both detector and ROIC performance
measurements obtained so far are encouraging for our work on Echo. However, the
demanding requirements for Echo detectors require further and more detailed testing.
In collaboration with Aim Infrarot-Module GmbH (Heilbronn) and Esa.
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Source classification in the Gaia mission

Kester Smith, Coryn A.L. Bailer-Jones, Dae-Won Kim

Overview
The Gaia satellite, due to be launched in 2013, will observe around 109 individual sources.
The overwhelming majority of these will be normal single or binary stars, but some small
fraction will fall into other classes such as quasars, point-like galaxies or white dwarfs
(Bailer-Jones et al. 2008). The task of coordination unit 8 (CU8), lead by Mpia, is to
classify all the Gaia sources and estimate astrophysical parameters for them. The CU8
software system, called Apsis, contains two main work packages with responsibility for
classification. One of these is the Discrete Source Classifier (Dsc), which sorts
the sources into broad astrophysical classes using supervised classification techniques.
The other work package, the Object Clustering Analysis package, or Oca, uses
unsupervised methods to search for clusters of objects in the Gaia data space. This
report concerns the Dsc, which is developed at Mpia.
The source classifications will form part of the final database, and are used to trigger
various parametrization algorithms further down the Apsis chain. The available input
information from the satellite consists of low-resolution spectra from the Gaia photometers, sky position and apparent magnitude, proper motion and parallax.

Relative Flux
600
200

The photometric classifier works with
the low-resolution prism spectra (see
Fig 11.31). The basic classification algorithm is a Support Vector Machine
(Svm), which is increasingly widely used
on high-dimensional astrophysical data
(e.g. [1]). An array of Svm models is
trained at different magnitudes. Different
models deal with common and rare types of
object. A front-end outlier detector identifies sources that do not resemble the training data.

1000

Since the classification scheme must deal with several different types of input data, we have
used a modular approach. Several different sub-classifiers, each dealing with a different
type of input data, classify the objects probabilistically and the output probabilities are
then combined.

0

The astrometric classifier works with the
parallaxes and proper motions of multi400
600
800
1000
epoch data and is based on Gaussian mixWavelength
ture models. The mixture model is trained
on noise-free data and convolved with the Figure 11.31: Example of a cool star spectrum at high resolution (black) and as obexpected uncertainty for each source.
served by the Gaia prism spectrographs (red,
The position-magnitude classifier is based blue).
on the sky position and apparent magnitude, and works with a lookup table based
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on the expected source densities. It includes the relative frequency of occurrence of the
different classes of objects.
Testing data for development is generated by feeding high-resolution spectra, from either
observations or models, through a dedicated simulator. Figure 11.31 illustrates this process. We use several different stellar atmosphere models as well as the Basel semi-empirical
stellar library and Sdss spectra.
Figure 11.32 shows the performance of
the classifier as the cumulative probability that the object is a star, P (star), for
three stellar libraries, with objects sorted
by effective temperature. The dotted lines
show the performance of classifiers returning P (star) = 0.5 and P (star) = 0.67 for
comparison (dotted lines). The ideal classifier would produce a slope of 1. From this
it is clear that the classifier performs well
and consistently over most of the Teff range,
but has problems for the coolest stars in
the Basel library (Teff < 4 000 K). The
Figure 11.32: Performance of classifier on
other libraries do not have members with
three stellar libraries. black: Basel, red:
T < 4 000 K.
Marcs, blue: A stars. The x-axis is the cu- eff
mulative count for library objects arranged in Figure 11.33 shows the misclassifications
order of temperature. The y-axis is cumula- for another stellar library, based on
Phoenix models, in the Teff –magnitude
tive probability of being a star.
plane. The correctly classified sources appear as small points. The misclassified points are larger symbols, colour coded as follows:
outlier (black), quasar (green), galaxy (blue). Most misclassifications are outliers, and
most are at the faint end, as expected, but there are some groups of misclassified bright
objects. This is probably due to the effect of the CCD gates, which limit the registered
flux of bright objects to prevent saturation. There is a cluster of faint sources at around
4 000 K misidentified as faint red galaxies.
The overall correct classification rate for
the main libraries is well over 90 % and
sometimes over 99 %. Furthermore, most
of the misclassified sources are identified as
outliers, preventing them from contaminating other classes. Some unusual classes of
objects have a substantially lower correct
classification rate (for example, ultra-cool
dwarfs, Wolf-Rayet stars), and so more
work is still needed here.

Figure 11.33: Location of misclassified stars
in the Teff –magnitude plane.

[1] Smith, K.W. et al. (2010): Photometric identification of blue horizontal
branch stars, A&A 522, 88
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Adaptive control algorithms for extragalactic
science at high resolution
Jörg-Uwe Pott, Michael Böhm, Alexander Keck,
Martin Kürster, José Borelli, Ralf-Rainer Rohloff

Introduction
Mpia leads the construction of the Linc-Nirvana instrument. The MCAO-supported
Fizeau imager for the Lbt serves as pathfinder for future ELT-AO imagers in terms of
size and technology. In this contribution, we review recent results and significant progress
made on the development of key items of our strategy to achieve a piston stability of up
to 100 nm during a science exposure. Our vibration control strategies for optical path
and tip-tilt stabilization involve accelerometer-based real-time vibration measurements,
vibration sensitive active control of actuators, and the development of a dynamical model
of the Lbt. Mpia also co-develops the E-Elt first-light nearIR imager Micado (both
SCAO and MCAO assisted, s. Sec. 11.10). Our experiences, made with Linc-Nirvana,
will be fed into the Micado structural AO design to reach highest on-sky sensitivity.

The Linc-Nirvana piston mirror (PiMi)

Simple Piston mirror feedback controller
cannot suppress the resonances.

Figure 11.34: Upper left: Overview sketch of Linc-Nirvana; Lower left: Mounted PiMi
in the lab; Upper right: Testing the resonance behaviour with a laser vibrometer on tilted
bench; Lower right: Shown is the recorded motion of the PiMi surface induced by a clean
step signal (arbitrary amplitude vs. msec). The post-sep ringing amplitude is comparable to the step size. Standard proportional-integral (PI) feedback control gives such poor
performance due to the resonances of the mirror mount, starting at 76 Hz.
The central beam-combining element of Linc-Nirvana is the so-called piston mirror
(PiMi), which folds the individual beams, coming from each side of the Lbt, towards
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the common focal plane in the cryostat (Fig. 11.34). Moving
the piezo-driven actuator back and forth shortens the optical
path of one or the other of the two Lbt telescopes. However,
fast piston correction beyond a few tens of Hertz excites resonance modes of the mirror mount. Using adequate low-pass
filter to avoid the excitation of resonances of the loaded mirror mount would render the performance of the PiMi below
the required bandwidth of 100 Hz. Since the piezo stage was
chosen to be fast and powerful enough to enable bandwidths
of a few hundred Hz, the problem can be solved by designing an adequate controller for the piezo stage. We chose a
combined feedback-feedforward controller design. The feedforward part essentially inverts the previously identified resonance behaviour of the mounted PiMi surface, which then
allows a classical proportional-integral (PI) feedback loop
to control the piezo position (Fig. 11.35). The controller
has been realized on a dedicated, programmable digital signal processor. The described control strategy allowed us to
actuate the PiMi with a settling time of 10ms and a corresponding peak-to-peak error of ≤ 17 % We verified that
the mirror mount is stable against the changing gravity vector, when tilting the optical bench, simulating telescope behaviour (Fig. 11.34).

Figure 11.35:
Recorded
step response of the PiMi
(arbitrary amplitude vs.
msec; compare Fig 11.34,
lower right):
Measured
performance is now within
spec (no significant poststep ringing) with significantly suppressed surface
vibrations and a settling
time of order 10 ms.

Optical pathlength vibrations at the LBT
The optical path difference and vibration monitoring system (OVMS), developed for Linc,
includes 45 sensitive broad-band (0.7 Hz–450 Hz) accelerometers. In February 2012, we
ran a vibration identification campaigns at the Lbt. The two key goals of that campaign
were achieved: Verify the adequate sensitivity of the installed system, and the capability
to sense the large scale mirror vibrations in the direction of the optical path difference
qualitatively and quantitatively correct. Noise in the OVMS is dominated by cable noise
and and sensor noise to equal parts of ≈ 10 mg each, so that the detection limit of a single
OVMS sensor equals a 10 Hz sinusoidal vibration of 50 nm amplitude, well below the l/10
level of the shortest science wavelength (J-band) of Linc-Nirvana. Slower vibrations
will blend in the atmospheric piston noise, and will be corrected by the fringe-tracker.
A natural adaption of the OVMS-like vibration control can be applied in the similar case
of vibration induced tip-tilt noise seen by adaptive optics systems wavefront sensors. The
high-frequency tip-tilt noise derives from mirror vibration. In todays generation of adaptive optics controllers, it is corrected for by starlight-fed wavefront sensors (WFS). The
scientific goal is, like in the previous section, to allow for longer WFS integration times,
and thus fainter guide stars, by correcting mirror tip-tilt vibrations without starlight.
The results of these studies will be used in the structural design process of the Micado
AO-facilities.
Work done in collaboration with O. Sawdony (Univ. of Stuttgart)

[1] Pott, J.-U.; ; Kürster, M.; Borelli, J.; Herbst, T.; Böhm, M.; Keck, A. (2012):
Intelligent vibration control of ELTs and large AO hardware, SPIE 8447

312

Instrumentation

12
Highlights from our technical
departments

Cross section through cryogenic mechanisms and optics of Linc-Nirvana for the Lbt
(1 – secondary mirror unit, 2 – primary mirror, 3 – dichroic wheel, 4 – Filter wheel,
5 – science detector unit).
For details see Sec. 12.2
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12.1

The technical departments
Martin Kürster

Assignment
In the technical departments of the Mpia approximately 50 engineers and technicians
work to develop and build astronomical instrumentation for infrared and optical applications. In the past years instruments for ground-based telescopes have been built or
continue to be under development for the Large Binocular Telescope (Lbt), the
Very Large Telescope (Vlt) of the European Southern Observatory (Eso), and
Calar Alto Observatory. The Mpia is also participating in studies for the European
Extremely Large Telescope (E-Elt). Furthermore, the Mpia has made important
contributions to instrumentation projects for the space observatories Herschel and the
James Webb Space Telescope (Jwst).

Expertise
Among the specialties of Mpia’s technical departments are infrared detector systems with
their pertinent read-out electronics and software, cryogenic cooling systems, the development of new technologies for the machining of materials, and recently also the development
of software to support scientific applications. Wide expertise exists in engineering design
including finite element analysis studies, in precision mechanics manufacture employing
CAD machines, in the design and manufacture of instrument control electronics including
motion control systems and detector read-out systems, in the development of instrument
control software as well as science support software, and in optics calculations which all
belong to the standard repertoire of the technical departments. Larger instrumentation
projects can also draw on expertise in project management, systems engineering and control engineering. It is also noteworthy that the mechanics workshop regularly educates
about six apprentices on their 3.5-year path to become precision mechanics.

Organizational Structure
MPIA’s technical departments are subdivided into five individual divisions each of which
has its own department head. They are
• the engineering design department (or mechanical design office),
• the precision (or fine) mechanics workshop,
• the electronics department (comprising both design and workshop),
• the department for instrumentation and project software,
• and the department of instrumentation and project management.
The author of this article is the general head of the technical departments and acts as the
coordinator for the allocation of technical resources (labour, lab space, etc.) to the individual instrumentation projects. He coordinates short-term resource allocation as well as
long-term planning. Together with the heads of the individual departments he serves as
the main interface between the technical departments and the project leaders and managers. Figure 1 illustrates the organizational structure of Mpia’s technical departments
and their subdivisions and main assignments. The five individual departments present
themselves in subsequent contributions followed by a selection of highlights from their
recent work.

The technical departments
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Figure 12.1: Organizational structure of MPIA’s technical departments. There are five
departments that are shown together with their subdivisions and functions.
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12.2

Engineering design department
(Mechanical design office)

Ralf-Rainer Rohloff , Harald Baumeister, Monica Ebert,
Armin Huber, Norbert Münch
The engineering design department is responsible for the mechanical design of the astronomical instrumentation developed by the Mpia and supports also the manufacture,
testing, installation, and commissioning phases. The report highlights recent developments for the Near-infrared camera (Panic) for Calar Alto and the interferometric imager
Linc-Nirvana for the Lbt. Since ready-foruse cryogenic components and assemblies are
often not available from stock, extensive development work and large-scale experiments and
tests are necessary.

Cryogenic mechanism design
for Linc-Nirvana
The cryogenic near-infrared optics of LincNirvana consists of a parabolic and a hyperbolic mirror. It delivers a focal plane for the
science detector and for the fringe tracker, split
by one of five dichroic mirrors, which can be
selected by a wheel. This dichroic mirror reflects the center of the field of view to the
science detector. The fringe tracker field of
view is in transmission through the dichroic
in this central region. The outer fields are
accessible directly.
The cryostat contains four motorized units,
which are designed to work at a temperature
of 60 K: The science detector unit, the filter
wheel unit, the dichroic beam splitter wheel
and the secondary mirror tip-tilt unit. These
units, which are driven by 8 cryogenic motors
are mounted to an internal structure and to the
cylindrical heat exchanger.
The secondary mirror tip-tilt unit is designed
as a kinematic mount. Its aluminium mirror
can be tilted with sub-arcsecond resolution for Figure 12.2: Cross section through cryogenic mechanisms and optics of Lincinternal optical alignment.
Nirvana (1 secondary mirror unit, 2
Since the science field rotates with the tele- primary mirror, 3 dichroic wheel, 4 filter
scope tracking the sky rotation, the detector wheel, 5 science detector unit).
unit has to follow this movement during integration. This can be done with a positioning
accuracy of 1500 .

Engineering design department
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Due to its complicated geometry, the design of these units would not have been possible
without 3D CAD software and CAD model based CNC milling.
After complete assembly and wiring, all sub-units have been tested successfully during
the last 18 months, both individually in test cryostats and all together in the actual
Linc-Nirvana cryostat. These tests covered both functionality as well as accuracy specifications.

Alignment and testing of Panic
Panic (PAnoranic N ear I nfrared Camera for C alar Alto) is a wide-field near infra-red
imager for the Calar Alto Observatory. The engineering design department of Mpia is
responsible for the complete mechanical design, the assembly, integration and testing.
In the last two years the complete mechanics has been assembled and successfully tested.
In 2012 all optics has been installed into the cryostat.
Currently the alignment of the lens groups inside the cryostat is in progress.

Figure 12.3: Panic in spring 2012: Alignment of the first optics group.
Figure 12.3 shows the way of alignment. A setup consisting of a micro alignment telescope
(1) is used to identify the correct position of the optics group inside the cryostat. “Targets”
(2) are used as the mechanical representation of the optical axis. With fine threaded screws
the assembly is shifted into its envisaged position. A similar second set-up allows checking
the alignment also in the cold.
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12.3

Precision mechanics workshop

Armin Böhm, Mario Heitz, Tobias Maurer, Stefan Meister,
Klaus Meixner, Tobias Stadler
Apprentices: Ferdinand Brezinski, Kim Abel, Jan-Philipp Kugler, Julian
Baldauf, Nico Mayer, Alexander Specht, Matthias Schend, Felix Sennhenn
The availability of state-of-the-art instruments for astronomical observations and for education is fundamental to the experimental scientific work at Mpia. All instruments are
unique devices that cannot be purchased on the market. They are built by a collaboration
involving scientists, mechanical engineers, electronic engineers, software developers, and
the precision mechanics workshop.

Figure 12.4: Left:Welding work for Linc-Nirvana in its integration hall. Right:Assembly
work for Matisse
At present we are working for the Lbt projects Linc-Nirvana, Lucifer and Argos,
for the Vlti projects Matisse and Gravity, and for the Calar Alto project Panic.
The proximity of the precision mechanics workshop to the research labs is a big advantage
for everybody involved. Many technical problems can be solved easily and rapidly in direct
conversation between the scientists and the experts from the workshop.
A substantial part of our work concerns repairs and changes of devices that are already
in operation in the lab or at a major telescope. Such repairs must often be carried out on
short notice.
Besides classical metal processing machines such as turning, milling, and drilling machines,
etc., the Mpia workshop also possesses modern computer controlled machine tools with
computer workstations.
An excerpt from our range of services:
• Manufacture of complex scientific devices that cannot be found on the market
• Repair, putting into service, and maintenance of scientific apparatus
• Consulting and support for mechanical matters including material selection and
material characteristics
• Consulting for and carrying out of welding work

Precision mechanics workshop
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• Implementation of novel machining procedures (3D and 5-axes machining, micromilling, laser machining)
• Qualified on-the-job training for precision mechanics (the Mpia was awarded with
the apprenticeship prize 2012 of the Max Planck Society for excellent performance
of the training post).
An example of the workshop products:
The Wavefront Sensor for the Gravity lenslet array (dummy substrate) in its mount.
The lenslet array housing consists of an array mount and a protection cover. The purpose
of the cover is to prevent the array from touching the detector in case the glue between
the substrate and the mount fails.

Figure 12.5: CAD model of the GRAVITY lenslet-array mount (left), machined and anodized mount (centre) and CAD model of integrated assembly (right).
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Electronics Department

Lars Mohr, José Ramos, Tobias Adler, Matthias Alter,
Heiko Ehret, Ralf Klein, Michael Lehmitz, Ulrich Mall,
Achim Ridinger, Frank Wrhel
With steadily increasing telescope sizes and the growing complexity of scientific instruments, there is an ever-growing demand for improved astronomical cameras and electronic
control of instruments. Such cameras and control electronics are being designed and built
in the Electronics Department since the beginning of the Max Planck Institute for Astronomy. Much equipment has already been in operation for many years in the most
powerful observatories in the world while many more are being developed or planned.

Figure 12.6: These three internally developed boards build the core of Mpia’s infrared
detector readout systems. The flexibility and modularity of the hardware allow the assembling of cameras that are used in major instruments currently being built in the institute
such as Linc, Luci, Panic and Carmenes [1].

Tasks of the Electronics Department
The work that is done in this department is as manifold as astronomical instrumentation.
The main tasks are listed below:
System design
• Planning of control electronic systems in astronomical instruments for large telescopes.
• Elaboration from design study and documentation.
• Estimation of time schedule, cost, and man power requirements for project realization.

Electronics Department
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Development of custom equipment
• Development of camera (readout) systems for infrared and CCD detectors, as well
as detector mosaics.
• Field Programmable Gate Array (FPGA) programming for implementing detector
readout modes and gigabit optical links for the transmission of camera data.
• Development of control systems for motorized precision actuators, including servo,
stepper and torque motors, and piezo actuators.
• Micro-controller programming for realizing different motion control applications.
• Development of electronic boards and systems for physical data acquisition such as
temperature, pressure, flow and electrical power.
Manufacturing and testing
• Layout and assembly of printed circuit boards.
• Manufacturing of cable harnesses for usage in areas such as in a vaccum and for
very low temperature.
• Assembly of electronics units in 1900 technique.
• Assembly of water cooled electronic cabinets in the telescope environment.
• Testing of the developed electronic equipment according to European safety norms.

Figure 12.7: Cryo cabling with pre-amplifier for Hawaii-2RG detector for Luci 2.
In order to deliver excellent electronics for astronomical instrumentation according to
project deadlines on the one hand and on the other hand to keep up with the rapid development of technology, the electronics department has a 20 year long working partnership with graduate and undergraduate students. Several Bachelor and Master of Science
students with thesis exploring different fields of information technology, electronics, and
computer engineering have been mentored by the engineers of the department. The results
and experience gained often find application in the astronomical instruments.
[1] Storz, C., Naranjo, V., Mall, U., Ramos J., Bizenberger, P. & Panduro, J. (2012):
Standard modes of Mpia’s current H2/H2RG-readout systems, Proc. SPIE 8453,
84532E.
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A new instrument control system —
introduced for Matisse

Michael Lehmitz, Lars Mohr, Frank Wrhel
Prior to programmable logic controllers (PLCs), control tasks for scientific instruments
were often performed by contactors, control relays, and other electromechanical devices
with intricate interconnecting wires. Although hard-wired control solutions are capable of
performing many of the same tasks as software-based solutions, they are generally more
difficult to design, install, and maintain. In addition, the process of making even simple
modifications to a hard-wired control solution can be difficult because the logic of the
control system is determined by the interconnection of control wires and components.
With the growing complexity of scientific instruments and their equipment, there was
an even growth in demand for sophisticated control systems. For Matisse, the M ultiAperT ure mid-I nfrared S pectroS copic E xperiment for the Very Large Telescope, Mpia
has introduced PLCs for the control of the two cryostats, calibration sources, and the
readout of sensors on the warm optics table.
A PLC is a type of computer commonly used in commercial and industrial control applications. PLCs differ from office computers in the types of tasks that they perform and
the hardware and software they require in performing these tasks. While the specific applications vary widely, all PLCs monitor inputs and other variable values, make decisions
based on a stored program, and control outputs to automate a process or machine.
PLCs are not only capable of performing the same tasks as a hard-wired control, but
can also carry out many more complex applications, like proportionalintegralderivative
control. In addition, the PLC program and electronic communication lines replace many
of the interconnecting wires required by hard-wired controls. Therefore, hard-wiring,
though still required to connect field devices, is less intensive. This also makes correcting
errors and modifying the application easier.

Figure 12.8: Matisse — cryostat control PLC

A new instrument control system — introduced for Matisse
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PLCs are small in physical size, provide integrated diagnostics, and override functions. In
addition, applications can be developed faster and easier, are less expensive, and can be
quickly documented using the configuration and programming software. By implementing
control functions in encapsulated modules they can easily be adapted and reused for future
projects. Since the selection of the Matisse hardware components is based on standards
of the observatory, the number of individual spare parts has decreased significantly.
The PLC system for Matisse will control the following main parts:
–
–
–
–
–
–
–
–
–
–

Cabinet and service connection point coolant monitoring
Temperature monitoring and control
Compressor for the pulse tube cooler
Roughing pump, turbo-molecular pump, valves, and
direct readout of pressure gauges
Cryostat temperature monitoring (via LakeShore 218 monitor)
Interlocks, warnings, and alarms
Control logic and power monitoring for the warm-up heaters
Interconnection to the observatory alarm system
Control of calibration source devices
Ethernet connection to global observatory network

A touch panel connected via Ethernet to the PLC will show the status of the vacuum,
temperatures, pumps and coolers, and other components related to the cryogenic environment. In addition, it will be used as an input device for user-interaction, e.g. starting
of cool down or alarm acknowledgement. The Ethernet interface is used as connection to
the CPU.

Figure 12.9: PLC touchpanel — GUI example
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12.6

Department of instrument software

Florian Briegel, Jürgen Berwein, José Borelli, Frank Kittmann,
Martin Kulas, Richard Mathar, Udo Neumann,
Ole Möller-Nilsson, Aleksei Pavlov, Clemens Storz,
Jan Trowitzsch
The main field of responsibility of the department is to design, implement and support
software for astronomical instruments and telescopes in collaboration with the technical
departments for mechanics, electronics and the scientific project managers. The focus
was and is developing software for instrument control and data acquisition. Nowadays
the preparation of observations and the reduction of data is much more tightly connected
to the control of the instrument than in traditional astronomy. Such observations need to
be carefully planed, taking into account the constraints imposed by scientific objectives as
well as features of the instrument. Since 2006 the software group has also been involved
in the development of observation preparation and data reduction/handling software.

Figure 12.10: Software Packages.

OPS: Observation Preparation Software
The OPS supports an astronomer (observer) in the complex process of preparing observations. It consists of several software tools to define the overall data structure of
an observation program and to provide information that tells the observer what can be
expected under given observation conditions. The software has been designed and its
prototype Lops1 is currently under development for the Linc-Nirvana project. However, its underlying framework is very flexible so that it can be easily adapted to other
instruments.

OSS: Observation Support Software
The OSS is a tool for the scheduling and execution of prepared observation programs.
As seen in Fig. 12.10, the OSS is placed between the more scientific oriented package,
the OPS, and the more instrument oriented package, the ICS. The data structure from
the OPS is processed, evaluated and sent as instrument level commands to the ICS. The
software is currently developed for the Linc-Nirvana project, but can also be used for
others instruments.

ICS: Instrument Control Software
The ICS provides the low level functionality for the instrument hardware and the higher
level processing logic. In the normal operational mode, the ICS should not be accessible
1

Linc-Nirvana Observation Preparation Software
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to the observer. Commands and their parameters are passed over a standard interface to
the ICS (see Fig. 12.10). Error and status feedback will be passed from the ICS to the
OSS. The ICS is a collection of various software modules for motion control, telemetry
monitoring, data acquisition (IR- and CCD cameras) and control loops (AO, laser control,
guiding, etc.) which is in use currently and can be reused for future instruments.
Mpia TwiceAsNice Common Software based Instrument Control Software for the Lbt
(see Sec. 12.10):
• Design and implementation of the multi conjugated adaptive optics channels and
groundlayer wavefront sensor software with various subsystems such as four wavefront realtime controlers, a fringe & flexure tracker and an infrared science camera
for Linc-Nirvana.
• Design and implementation of the laser guide star and wavefront sensing facility
software with control of the Lbt deformable secondary mirror and an aircraft &
satellite avoidance system for (Argos).
Eso Vlt software framework based Instrument Control Software:
• Implementation of the (Matisse) instrument control software (ICS) for the warm
optical bench and the L-band/N -band cryostats. The functionality that has to be
supported by the software are optical path correction/changes with piezo actuators,
motorized function and monitoring the status of the system.
• Mpia contribution to the Gravity project is the implementation of the 4 wavefront sensors for the 4 UTs at the Vlt. Software implementation at Mpia for the
wvaefront sensors consists of the instrument software, from operational software to
instrument control software (ICS), that drives the hardware devices and the AO
application to do the wave front corrections in realtime. The AO application is implemented with the generic Eso Sparta platform for AO applications (Gravity).
Geirs — GE neric I nfraRed camera S oftware:
Geirs started with Magic which was the first infrared camera for Calar Alto in 1992.
Since then it has been constantly extended for other IR-camera based projects and is
currently integrated in Linc-Nirvana, Lucifer, Panic and Carmenes.
• Full featured camera control software with data and command interface to a higher
level online data reduction software or the OSS.
• Continuous small and fast sub-array images (100 Hz to 1 kHz) with real-time data
streaming interface to fringe-tracking, AO and guiding processing. Engineering
software for in-house read-out electronic development.

DRH: Data Reduction Handling
The data reduction handling software is an instrument pipeline for processing calibration
and science data. It is a data reduction pipeline of the type that processes “recipes”.
It allows processing of calibration and science data from infrared integral-field-units and
imaging instruments as well as reduction of CCD imaging and polarimetry data. The
data reduction processes include both low level calibrations and relatively high level data
analysis algorithms for the purpose of direct detection of planets — the primary mission
of Sphere. Even though the DRH system is currently being developed for the Sphere
project, it is written with general instrument types in mind and it is foreseen that it will
be also used in other projects.
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12.7

Instrumentation department

Peter Bizenberger, Thomas Bertram, Albert Conrad,
Fulvio DeBonis, Wolfgang Gässler, Uwe Graser,
Dieter Hermann, Ralph Hofferbert, Werner Laun,
Marcus Mellein, Daniel Meschke, Vianak Naranjo,
Johana Panduro, Diethard Peter
Overview
The instrumentation department provides the wide variety of disciplines required for today’s modern era of project engineering. From concept level to final integration and
verification of projects, all phases are supported by members of the instrumentation department. In this context, particular disciplines such as e.g. adaptive optics, cryogenic
engineering, optics and infrared detector technology are covered as well as project management and system engineering. This heterogeneous conglomeration of skills in one
department has to be considered as widening the capabilities covered by the classical departments, particularly for international projects that are conducted in large consortia of
collaborating institutes.

Figure 12.11: Organigram of the applications provided by the department

Project management
The main task of project management is project control. The most obvious aspect of
project control is scheduling, i.e., deriving AIV (Assembly, Integration and Verification)
plans into master schedules, including human resources allocation. But also budget administration, contracts, spare part guidelines, document structure, and the implementation
and realization of acceptance processes, are indispensable tasks as well. This is particularly true for state of the art instrumentation projects with international collaborations.

Systems engineering
Systems engineering is on the one side an approach to handle complex engineering projects
in terms of interdisciplinary work-processes during AIV; and on the other side an engineering discipline, analysing the inter-divisional requirements and specifications. This
latter aspect can be accomplished by merging classical simulation and analysis to form an
advanced model. In the world of modern astronomy, this second set of skills is moreand
more essential to guarantee a successful and feasible instrument design.

Vacuum & cryo-engineering
Almost every instrument built at Mpia requires a cryogenic environment, which is adapted
to the needs of the specific instrument. The challenges are in different directions. Some
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instruments require very low flexure with respect to a changing gravity orientation; others
have a weight limit. In the last years, with the advent of interferometric instruments, the
requirements on vibration stability became more and more important. Currently this
group is working on six instruments that require a cryogenic environment, each at a
different phases within their project.

Adaptive optics
Over the last decade, adaptive optics (AO) has become a mature technology, which is
absolutely necessary to achieve the diffraction limited performance of existing 8 m-class
telescopes and upcoming 30 m-class telescopes. Besides the direct involvement in the
building of AO systems, such as with Linc-Nirvana, Gravity or Argos, we also work
on new wavefront sensing techniques and related technology. After successful demonstration of the Pigs-Sensor, which uses a reflective rod to sense an artificial laser guide
star, the focus is now turned more toward focal plane techniques, which could make AO
systems much simpler.

Infrared detectors
All scientific instruments currently built at Mpia are designed around infrared detectors,
matching the interests of the Mpia astronomers. The wavelength range for ground based
instruments covers nearIR to midIR. All readout schemes for the various instruments
are developed and integrated in close collaboration with the electronics department and
the department of instrumentation software. The detector control and performance is
fine tuned to the requirements of the individual application. The Panic detector mosaic
e.g., with a total of 4 k × 4 k pixels requires fast and efficient data handling. The conditions for Linc-Nirvana require a read noise level achievable only with multiple sampling
techniques; very similar to the requirements for the Luci spectroscopic mode.

Optics
Astronomical instruments comprise a wide
range of optical engineering. From classical telescope designs, like the Cassegrain
telescopes known for centuries, to modern
technologies, like adaptive optics or system
theory describing interferometric imaging,
all sectors are applied to current instrument design. In addition, constraints e.g.
as cryogenic environment and gravitational
effects have to be considered for diffraction
limited performance, which is required for
AO based instruments. Because all current scientific instruments that are built at
Mpia are infrared instruments and thereFigure 12.12: Incremental wavefront error fore require cryogenic optics, a main focus
of the Linc-Nirvana beam combining optics is put on cryo-optics. Dealing with fragile
introduced by cooling the optics to 60 Kelvin. crystal optics as e.g. large CaF and BaF
2
2
lenses in Panic, and compensating thermal stress for large metal optics e.g. the large aspheric mirrors which are used for the interferometric beam combination in Linc-Nirvana,
are key examples.
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12.8

Ultra precise metal optics for astronomical
applications — a project update
Ralf-Rainer Rohloff and Boyke Rochau

Introduction
This report describes recent developments for ultra precise metal optics. Metal optics
made of Aluminium 6061 have been widely used to fulfill the demands of an athermal
instrument design.
Diamond turned metal mirrors are standard optical components in mid infrared astronomical instrumentations working at cryogenic temperatures. However, surface roughness, scattering behavior and form accuracy of aluminium mirrors are limited due to
the crystallographic and mechanical properties of the substrate material. The usage of
aluminium substrates with an NiP layer is possible to overcome the performance limitation of aluminium mirrors. Expansion controlled AlSi alloy is a promising substrate
material for an athermal approach. Both the higher Young’s Modulus of AlSi compared
to standard aluminium and the small mismatch in the coefficient of thermal expansion
(CTE) between AlSi and NiP have a positive impact on reducing the bimetallic bending.
Consequently, very thin NiP layers, which are necessary for standard aluminium, are no
longer mandatory.

Dilatometric measurements
As a result of a survey of dilatometric
measurements, the influence of different
silicon contents of the substrate material are determined for temperatures down
to −180°C. Using an alloy with a silicon contents between 39 % and 41 % (in
weight) the CTE mismatch is less than
0.5 · 10−6 K−1 (Fig. 12.13). This way it is
possible to reduce the bimetallic bending,
Figure 12.13: Measured CTE curves of a
as the main impact to dimensional stability
matched material composition
over temperature, significantly [1].

Interferometric tests
Optical measurements of test mirrors under different temperature conditions (minimum
−190°C) are realized by means of a liquid nitrogen cooled bath-cryostat. Figure 12.14
shows the open cryostat with window removed.
To achieve such low temperatures the test mirrors are placed on a plate that is connected to
the cold plate of the cryostat. Cu-bands ensure a good thermal conductivity. To minimize
disturbing effects of the window, the set-up is equipped with a shutter mechanism that
shields it from the inner cold angle. Measurements are carried out with an interferometer.
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Figure 12.14: Left: Sketch of the set-up with the interferometer on the left, the LN2 tank
on the right and the set-up inside the cryostat. The mirror is mounted on a plate, a
shutter mechanism shields the window from an inner cold angle.
Right: Open cryostat with the interferometer system in the front and two mounted mirrors.
Cu-bands are visible between mirror and plate as well as at its sides.
Figure 12.14 describes the test results for a mirror which will be used in a derotator
assembly (Gravity project). By applying a polishing layer of NiP with a thickness of
60 µm and considering the difference between the manufacturing temperature (22°C) and
the lowest working temperature (0°C) the calculated figure deformations are less than
15 nm peak to valley (p-v). Test results at cryogenic temperatures will be available by
the end of 2012.

Figure 12.15: Surface deviation at different temperatures (left: 24°C, right: 0°C).
Mirror substrate: AlSi40, thickness of polishing layer (NiP): 60 µm
This work was done in collaboration with Fraunhofer Institute for Applied Optics and
Precision Engineering (IOF), Jena, Germany.

[1] Rohloff, R.-R., Gebhardt, A., Schönherr, V., Risse, S., Kinast, J., Scheiding, S. &
Peschel, T. (2010): A novel athermal approach for high performance cryogenic metal
optics, SPIE Astronomical Telescopes and Instrumentation 7739, 77394E
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12.9

Vocational training of precision mechanics at
MPIA
Armin Böhm & Stefan Meister

Apprentices: Ferdinand Brezinski, Kim Abel, Jan-Philipp Kugler, Julian
Baldauf, Nico Mayer, Alexander Specht, Matthias Schend, Felix Sennhenn
The precision mechanics workshop offers internships as well as on-the-job training. Currently, eight apprentices are being instructed to become precision mechanics. Basic education provides them with substantial expertise that has frequently earned them honours
bestowed by the Chamber of Crafts or the Max Planck Society. Both in 2011 and 2012
one of the apprentices received the Max Planck Society prize for apprentices given for
excellent performance during the vocational training.
After basic education the apprentices are entrusted with the manufacture of small items, a
process that integrates them into the scientific projects. They also assist the integration of
assemblies thereby contributing directly to the success of the projects. Under supervision
they also develop and plan small projects.

Bachelor thesis: An all-sky camera built by apprentices
An example for a Bachelor thesis is an automated all-sky camera built by apprentices of
the precision mechanics workshop. It will be used to monitor clouds and the weather and
employs a commercial digital reflex camera (Canon 5D MKIII).
What for?
• Indication of clouds to the astronomers
• Assessment of the transparency of the Earth’s atmosphere and of photometric conditions
• Search for transient phenomena
• Identification of airplanes (to safeguard against the lasers used for artificial guide
stars)

Vocational training of precision mechanics at MPIA

Figure 12.16: 3D model of the all-sky camera.

Figure 12.17: Milling work for the housing of the all-sky camera.
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12.10

Common instrument control software for
Linc-Nirvana and Argos

Florian Briegel, Jürgen Berwein, José Borelli, Frank Kittmann,
Martin Kulas, Jan Trowitzsch
TwiceAsNice is a new and flexible developer framework for high performance SOA
based systems, using the middleware Internet Communications Engine by ZeroC Inc.2
for interprocess communication and Trolltechs Cross-Platform Rich Client Development
Framework Qt3 for the graphical user interfaces. The framework was developed at Mpia
within the scope of the Lbt interferometer Linc-Nirvana and the Lbt laser guide star
system Argos control software, but may also be used, due to its flexibility, for other
astronomical instruments. The systems architecture was designed to decrease the development time of large service-oriented architecture based systems like astronomical instrument control software. The advantages of this new framework are the combination
of online instrument data handling, validation and the ability to integrate user defined
data manipulation, which can be executed during instrument operation. As an example of this advantage the developer/astronomer may include just-in-time data pipelining
functionality into the system.

Programming methods and strategy
The requirements and time frames for astronomical instruments, which are always prototypes of their kind, are mostly given loosely. The hardware is often spread over several
project partners. With the above mentioned projects, new methods and strategies are
tested to handle this diversity. Already in an early state of the project software to handle
individual hardware devices is given to the user to test; and these give feedback via a ticket
system based on the teamwork platform Trac4 (s. Sec. 12.13). The small team writes code
together — pair programming — to catch errors and spread the knowledge. To reduce the
risk that changes break the code, tests at all levels are performed to complete the process.

NICE: Nice Instrument Control Enviroment
This is the bottom layer of TwiceAsNice, a modern object-oriented toolkit that enables
one to build distributed applications with minimal effort. Nice allows one to focus efforts
on the application logic, and it takes care of all interactions with low-level network programming interfaces. With Nice, there is no need to worry about details such as opening
network connections, serializing and de-serializing data for network transmission, or retrying failed connection attempts. The basic architecture of Nice is a distributed memory
resident database, based on a key based hierarchical tree with associated data structures.
These data structures can be simple types (int, double, string), vectors, complex ones
like images or any other arbitrarily defined types. The in-memory data trees are part
of every application using Nice to support concurrent processing, synchronization and
remote exchange with other distributed applications operating on arbitrary hierarchical
data (configuration data, process status, on data collected at runtime). Especially the development of graphical user interfaces is simplified, by virtue of a graphical user interface
2

ZeroC: http://www.zeroc.com
Digia: http://qt.digia.com/Product
4
Trac: http://trac.edgewall.org
3
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design tool which connects the data structures with graphical widget elements. Also all the
internal processing logic is in the non-graphical backend, so that multiple instances of the
same graphical user interface can be used in parallel on several computer work stations.

Figure 12.18: Argos laser user interface currently used in the lab.

BASDA: Basda Applications Services Devices Architecture
For realistic distributed systems, even the most sophisticated data synchronisation mechanism is useless without additional infrastructure. Basda provides a rich set of devices,
services, applications and automatic application deployment and monitoring tools. Use
of this infrastructure greatly reduces development time because it eliminates the need
to reinvent the wheel over and over again. The Basda architecture consists of three
hierarchical layers:
Devices: The bottom layer defines a common interface for basic functionality (e.g., open,
close, reset, . . . ). Functional interfaces to various hardware devices are classified and
categorised in groups to eliminate hardware dependency, e.g., for motorised hardware devices there are standard interfaces which are independent from the selected
motor control electronics.
Services: The service part is located in the middle layer of the hierarchy and implements
hardware independent functionality. It provides a mechanism for synchronous and
asynchronous remote method invocation and dispatch. Every service has also an
internal state-machine for interlocking to prevent conflicting execution of commands.
Applications: The topmost layer consists of various standard programs:
• Standard graphical user interfaces for engineering tasks in the lab (Fig. 12.18)
and also for the final deployment of the instrument at the telescope.
• Web based advanced monitoring, alerting, and visualization system based on
the open source solution Zabbix5 integrated to our framework.
5

Zabbix: http://www.zabbix.com
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12.11

Recent developments in cryostat systems
Werner Laun, Armin Huber, Marcus Mellein

First cool down with the Matisse cryostat
Mpia was PI institute for the Eso Vlti instrument Midi which is working at midIR.
Now its successor Matisse has passed the final design review and is in the phase of
manufacturing, integration and test. Many of the components are now delivered and
integrated. Starting with the N -band cryostat we did a first cool down test. The test was
done with a dummy for the cold optics which has the same outside shape and mass as
the final optics and also the identical interfaces for the thermal connection. Astron, the
institute which will build the final cold optics has delivered this dummy. Instead of the
Aquarius detector there was only a detector mount build in but integrated with heater
and temperature sensor. The required minimum temperature at the cold optics is below
40 K and at the detector 6 K–8 K. To reach these temperatures we used a powerful pulse
tube cooler from Cryomech. During the last 12 month the cooler was extensively tested
in a test cryostat regarding cooling power and vibrations. The pulse tube cooler is known
as a cooler with very low vibrations. As the cooling power would not be sufficient to cool
the optic to 40 K an additional LN2 cooled shield is used to reduce the heat radiation on
the cold optics.
Based on the results of the cooler tests we calculated a cool down time and a minimum
temperature of the cold optics and the detector. The results were better than our expectations. The cool down went faster than expected and the minimum temperature was
lower. The final configuration will bring some additional heat input from cabling and the
entrance windows. But we expect the final performance from this test to be well within
the requirements.
In our integration lab we are currently installing the set up with the two cryostats, the
electronic racks and the compressors as it will be on Paranal. This is necessary to define
the routing and length of the cabling and He-lines needed for the installation on the
mountain. Mid of 2013 the cold optics and the detector for the N -band cryostat will be
integrated and tested in Heidelberg. At the same time also the twin cryostat for LM -band
will be integrated and tests will start.
The control electronics of the instrument will use the newly established Eso standard
programmable logic controllers (see Sec. 12.5). The Matisse project status is described
in Sec. 11.8.

The Gravity cryostat for the Saphira wavefront sensor detector
Mpia is responsible for the wavefront sensors for the Eso second-generation Vlti instrument Gravity. This includes the cooling of the wavefront sensor’s near-infrared
detector. In the Coudé room below each of the 4 telescopes there will be one wavefront
sensor. The chosen detector is called Saphira from Selex Galileo Ltd which can be
read out with kHz frame rates. Up to now there is no such detector in use for an Eso
instrument. It has been demonstrated that the detector performance, e.g. the quantum
efficiency, the read-out noise and detector cosmetics, are improving severely with lower
temperatures, i.e. an operating temperature of 40 K is the optimum. This temperature
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cannot be achieved with liquid nitrogen (LN2 ). So the idea was to use a LN2 bath cryostat
for the pre-cooling and a small Stirling type pulse tube cooler for the temperature step
from 80 K to 40 K. With the LN2 pre-cooling the required power for the 40 K temperature
step is much lower than if the cooler would have to keep the full temperature difference
from room temperature to 40 K. One advantage of the Stirling type cooler is the higher
operation frequency compared to the slow running Gifford-McMahon type cooler used for
Matisse (see above). These frequencies are easier to damp. The disadvantage is that the
Stirling type cooler needs a compressor close to the cooler. Close means in our application
about 1 m.

Figure 12.19: Modified LN2 bath cryostat with pulse tube cooler attached to the LN2 vessel;
thermal coupling from the 40 K stage of the cooler to the Saphira detector mount.
Such a cooler does not exist out of stock. At the University of Giessen one of the world
experts for pulse tube coolers, Prof. G. Thummes, agreed to develop and build such a
cooler tailored to our needs. A first prototype is already successfully running in Giessen.
The compressor as a potential source of vibration will be tested with a dummy cooler in
Heidelberg and then qualified on Paranal in early 2013. In parallel design work is going
on to implement the cooler into a modified standard LN2 bath cryostat.
This development is done in close cooperation with “TransMIT-Zentrum für Adaptive
Kryotechnik und Sensorik” at the University of Giessen and ESO.
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Infrared detector systems at Mpia

Vianak Naranjo, Richard J. Mathar, Ralf Klein, Ulrich Mall,
Lars Mohr, Johana Panduro, José Ricardo Ramos,
Clemens Storz
Infrared instrumentation in astronomy is growing with almost the same pace as the advances in technology around the world. Today it is not only possible to obtain infrared
detectors with excellent performance, but also in a large variety of sizes and formats. The
development of custom readout electronics not only marks an important advantage in
terms of speed and efficiency, but also in size and weight, which makes it possible to meet
the different requirements for every instrument. Software has also become a key element
in the process, being in every case customized to fit the special needs of each detector,
allowing flexibility and reliability for instrument operation.
All these together set the basis of the infrared detector systems at Mpia.

Upgrade of the Luci detectors
After 4 years of successful operation with Luci 1 at the Lbt,
its twin instrument Luci 2 on the
other mirror is also getting ready
for commissioning. An important highlight is the recent upgrade of its infrared detectors.
Luci 2 will be commissioned with
a new Hawaii-2RG device, while
Luci 1 will have to wait for its
upgrade shortly after. The new
detector is already in house; all
the tests will be done in advance
to assure a successful installation
of the chip on site. This change
improves the performance of both
instruments by taking advantage
of operation with a new versatile
generation of the Mpia’s readout
electronics, which has proven to
be reliable and robust.

Figure 12.20: Hawaii-2RG detector test setup

Sub-pixel accuracy at Calar Alto Observatory
The collaboration with our Spanish colleagues at Calar Alto Observatory has also been
moving forward. The Échelle spectrograph Carmenes will be equipped with a 2 × 1
mosaic of Hawaii-2RG devices readout by the Mpia’s readout electronics and detector
control software Geirs. Its aim of obtaining sub-pixel accuracy along the main spectral axis, matching ambitions of high resolution in radial velocities, triggers additional
investigations on memory-effects and pixel crosstalk in our detector samples, aspects that
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had been less important in imaging instruments of the past with traditional pixel oversampling. Its high requirements on pixel stability demand enormous precision, not only
mechanically, but also with respect to the operation of the detectors and its readout modes.
Dedicated tests including pixel by pixel linearity, gain, and dark current measurements are
examples of the characterization that will be done at the institute. An additional novelty
is the requirement on accurate book-keeping of time-stamps of the “center-of-gravity” of
the light flux, an aspect resulting from the error budget that compares the speed of the
Earth’s rotation with the wave-front velocities. In practice, a readout cycle time of more
than 2 seconds, which fans out over the channels across each of the detectors depending
on a variety of choices of line resets and readout modes, faces the goal of approximately
one second of accuracy in the center of the flux. Besides the static image itself, this class
of information is to be moved up to the pipeline software.

Figure 12.21: Carmenes mosaic design with filter support (left) housing 2 detectors
(right).

Infrared wavefront sensor detectors at VLTI
Regarding Vlti instrumentation, Mpia is about to receive from Eso the first infrared
wavefront sensor detector for the Gravity instrument. The Saphira detector is one of
the most recently developed devices, especially designed for adaptive optics applications.
Being an avalanche photodiode device, its advantage of noiseless electronic multiplication
(gain) is ideal for wavefront sensing because it is able to operate at large speeds (up to
5 MHz) while keeping very low readout noise. Tests by Finger et al. (2012) have shown
sub-electron readout noise results using dedicated sampling techniques and corresponding
avalanche photodiode (APD) gain [1].
[1] Finger, G., Baker, I., Alvarez, D., Ives, D., Mehrgan, L., Meyer, M., Stegmeier,
J., Thorne, P. & Weller, H.J. (2012): Evaluation and optimization of NIR HgCdTe
avalanche photodiode arrays for adaptive optics and interferometry, Proc. SPIE Vol.
8453, 84530T
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Trac: A versatile teamwork platform used in
instrumentation development
Thomas Bertram, Florian Briegel

Accessibility, organization and presentation of all project related information is a key to
efficient collaboration within development teams. The value of a structured information
platform increases with the number of team members and the duration of the projects. It
provides a common pool of knowledge to the various disciplines within the development
team. And it helps the Systems Engineering to manage the interdependency and to
monitor the progress in the different areas and phases of the development. A wide range
of commercial groupware solutions promise help by supplying collaboration tools, such
as centralized file exchange, document management, task management, discussion forums
and wikis.

Trac at a glance
Trac6 is a free and open source groupware alternative. Mainly developed as web based
management tool for software projects, it supports software development teams with tools
that are specific to their needs, such as software configuration management / version
control or a code browser. Although made to help software developers, its minimalistic
approach allows adapting Trac to a wide range of projects, including instrumentation
development. At Mpia several software and instrumentation projects now make use of
Trac and of many of its features:
• The wiki. It is the main access point for the team members. A simple interface
allows them to create and edit wiki pages. The team can gather content; the pages
can be structured and formatted in a comfortably readable way. Pictures and other
types of media can be embedded, as well as content from other Trac modules like
the ticket system or the blog plug-in. Files can be attached and referenced within
the wiki page.
• The ticket system. It allows following up issues that are identified in the course of
the project. For software projects tickets are often used to describe bugs and their
solutions. But tickets can also be used to organize the work flow and dependencies
when developing hardware. Tickets can be associated with project milestones and
with entities such as systems or components. The owner of the ticket is in charge
of the underlying task. Additional information, such as due dates or dependencies
on other tickets can be reflected. All information is kept in a database. A simple
interface allows to query and filter the tickets and, by that, to monitor the progress
of the project or to identify open issues for upcoming milestones.
• The version control system. Each Trac project is associated with a subversion repository. For software development projects it is the place to store the code, but it can
also be used to archive and control versions of documents.
• Seamless interaction. Within Trac it is very simple to introduce references to tickets,
wiki pages, files in the repository, blog entries etc. All content within Trac can also
be searched.
6

http://trac.edgewall.org
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Figure 12.22: Wiki start page for Linc-Nirvana’s Trac
• Expandability. Trac capabilities can easily be expanded by adding plug-ins. There
is an active community developing a wide variety of plug-ins, such as the blogging
system, user account management or Latex support in wiki pages. Trac and its
plug-ins are developed in the Python programming language; with reasonable effort
it is possible to develop custom solutions needed for a project.

Trac and Linc-Nirvana
Linc-Nirvana introduced Trac in 2010 and uses it since with great success. More than
70 team members and reviewers from inside and outside of Mpia have access to LincNirvana’s Trac.
The project uses tickets to organize and follow up most development activities. Each
team member involved in an activity gets informed by email about updates. The tickets
increase the efficiency of status meetings – they help to stay focused and provide all
important information on its subject in a commonly accessible place. The tickets have
demonstrated to be very helpful when collaborating with partners in different institutes.
All project related documentation is archived in Trac and is easily accessible in various
places on the wiki, depending on their context. So are meeting minutes and notes, which
are stored as blog posts.
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