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Preface

Activities at the Mpia encompass astrophysical research, both observational and theoret-
ical, as well as instrumentation and technology development. Complementing the Status
Report, this booklet tries to give a comprehensive, although not complete, overview over
the manifold activities at Mpia in the period 2013-2015. The contributions were written
by the PIs on behalf of the teams involved. Complementing these brief summaries, the
Annual Reports of the last three years offer much more detailed descriptions of the major
research and instrumentation efforts.

May 2016

Klaus Jäger, Thomas Henning and Hans-Walter-Rix
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1.1 The New Recipe for Star Formation

Jouni Kainulainen, Thomas Henning

From empirical correlations to gas physics

How exactly different physical processes give rise to the capability of the interstellar
medium (ISM) to form stars is a decades-old open question. Most of all, we do not un-
derstand how turbulence, gravity, and magnetic fields mould the structure and dynamics
of the clouds, causing a (small) fraction of their gas to have conditions favourable for
star formation. Observationally, we have known for decades that there is a connection
between the ability of gas to form stars and the surface density of gas; this connection
is well-known as the Kennicutt-Schmidt relation, and it is still a common way to de-
scribe star formation in semi-analytic models today. However, recent observations have
established that this connection runs even deeper in the cloud structure; there is a strong
correlation between the star formation rates and efficiencies of molecular clouds and their
internal density structure [1, 2]. Therefore, a crucial step in understanding the regulation
of star formation, and the physical origin of the empirical star formation relations like
the Kennicutt-Schmidt relation, is understanding the physics that govern internal cloud
structure. This, in turn, calls for a comprehensive, systematic characterisation of the rel-
atively nearby molecular clouds in which the effects of different processes can be isolated
and characterised [1, 3].

And this very moment is the Golden Age of observational cloud structure studies. The
new observational techniques and facilities, such as dust extinction mapping at infrared
wavelengths (e.g. Fig. 1.1) and dust emission observations with the Herschel satellite [4],
are just about to enable us to build a new, statistical view of the structural characteristics
of molecular clouds. The availability of such data for the Solar neighbourhood clouds has
recently allowed us to build a physically motivated and observationally constrained recipe
for star formation [1]. Such recipes are needed to allow us to move onwards from describing
star formation with empirical correlations, towards the use of more physical models.

Viewing molecular clouds in 3D

The analytic theories that have emerged to predict star formation rates starting from
gas physics most share a common general framework: star formation rates essentially
result from the mass of gravitationally unstable gas that collapses to form stars in its
own free-fall time-scale (reviewed in Padoan et al. 2014, Protostars and Planets VI, p77).
Calculation of the unstable gas mass requires knowledge of the density distribution of
the ISM (the free-fall time of gas depends on the gas density). While the details of how
exactly different theories proceed in doing this differ, most of them require knowledge
of the relative density distribution of the ISM as a basic ingredient. This information is
generally encapsulated into two parameters: the probability density function of densities
that describes the probability of a unit volume to have a certain density, and the critical
density of star formation that represents a threshold above which the star formation takes
place.

The fundamental missing piece in the above models is that the density structure of molec-
ular clouds is not directly accessible with observations. Instead, observations can only
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Figure 1.1: Left: Gas column density map of the Ophiuchus molecular cloud, based on
near-infrared dust extinction measurements. The frame is 15 pc wide. Right: Volume
rendering of the 3D gas density model of the cloud.

measure projected column densities. Consequently, the parameters of the star formation
models related to gas density remain unconstrained by observations.

To make progress, we have developed a modelling technique that enables estimating the
three-dimensional (3D) density structure of molecular clouds based on column density
maps derived from observations [1]. The technique is based on reconstructing the observed
column density structures with the help of a large number (hundreds or thousands) of 3D
model structures. In practice, the observed column density distribution is reconstructed
by a fit of these models. The structures are placed nested inside each others, allowing
construction of complicated 3D structures. During this process, a base form for the 3D
model structures needs to be assumed. Following experiments with numerical magneto-
hydrodynamic turbulence simulations, we concluded that use of a prolate spheroid form
is efficient in recovering the true density structure of the cloud. This is likely linked to
the fact that such a form is versatile in representing filamentary structures that are now
known to be a common morphology in molecular clouds.

Figure 1.1 shows an example of a 3D model constructed for the Ophiuchus molecular
cloud that is a well-known star-forming cloud at the distance of 120 pc. The models
such as this have now allowed us to estimate the density-related parameters in the star
formation models.

Recipe for star formation in the Solar neighbourhood

We used the 3D modelling technique to estimate the volume density structures of all
molecular clouds closer than 250 pc to the Sun. These data allowed us to directly estimate
the probability density functions of gas densities in the clouds, which is one key ingredient
in the analytic models (Fig. 1.2). This represented a major achievement, as it was the
first systematic observational derivation of these functions. Importantly, our sample of
clouds also included clouds that show no star formation activity. The highest observed
densities in the clouds give a direct estimate of the critical density for star formation; the
densities in the clouds are not high enough for the star formation process to take place.
We derived a threshold density that corresponds to n(H) = 104 cm−3 in the conditions
of the Solar neighbourhood’s molecular clouds. Thus, we were able to constrain both of
the most important density-related parameters in the star formation models, resulting in

3



Figure 1.2: Probability distribution functions of gas density in a star-forming cloud (Ser-
pens South) and a non-star-forming cloud (Chamaeleon III).The dashed vertical line in-
dicates the threshold density for star formation.

“a recipe” that can derive predictions for star formation rates based only on the density
structure of molecular clouds.
The development of the recipe has potentially important consequences for understanding
the mass range of star-forming molecular clouds. The recipe predicts that the smallest
mass of a cloud that can form a star is on the order of 10 Solar masses. This is in the
range of the smallest known star-forming clouds, often referred to as globules. Similarly,
the recipe predicts that a typical mass of a cloud that can form high-mass stars is roughly
105 Solar masses. This is in agreement with the mass of the only Solar neighbourhood
molecular cloud that forms high-mass stars, the Orion A molecular cloud.
In summary, our work made a fundamental step forward in building observationally con-
strained models for star formation rates. It is of immediate interest to expand the work
to address whether a similar recipe is applicable at the scales of the entire Milky Way.
Such an approach may link the star formation rates of entire galaxies to the fundamental
physical processes acting at the scales of individual molecular clouds.

Work done in collaboration with Christoph Federrath (The Australian National Uni-
versity), Joao Alves and Alvaro Hacar (University of Vienna), Herve Bouy (Centro de
Astrobiologia, Madrid), and Mario Tafalla (Observatorio Astronómico Nacional, Madrid).

[1] Kainulainen, J., Federrath, C., & Henning, T. (2014): Unfolding the Laws of Star
Formation: The Density Distribution of Molecular Clouds, Science 344, 183

[2] Kainulainen, J., Federrath, C., & Henning, T. (2013): Connection between dense gas
mass fraction, turbulence driving, and star formation efficiency of molecular clouds,
A&A 553, L8

[3] Kainulainen, J., Hacar, A., Alves, J., Bouy, H., & Tafalla, M. (2016): Gravitational
fragmentation caught in the act: the filamentary Musca molecular cloud, A&A 586,
A27

[4] Stutz, A. & Kainulainen, J. (2015): Evolution of column density distributions within
Orion A, A&A 577, L6
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1.2 Non-Magnetic Turbulence in Accretion Disks

Hubert Klahr

Keplerian disks have proven to be extremely stable to perturbations, when magnetic
fields are not in operation. But disks around young stars are complicated entities - they
share a lot of properties with planetary atmospheres and one can learn a lot from the
stability of rotating stars. Disks around young stars have a radial temperature gradient
driven by stellar irradiation, which leads to a thermal wind, e.g. vertical shear. In
addition the temperature gradient leads to a height dependent radial stratification that

Figure 1.3: Fluid pattern for
the Convective Overstability in the
radial-vertical plane of a disk 130
orbits after initial perturbation. We
plot the absolute value of the ve-
locity v in units of the local sound
speed and in blue the relative per-
turbations of the local tempera-
ture dT against the back ground
temperature T0. The colors are
scaled to the actual maximum value
for better contrast: : vmax/cs =
0.045; dTmax/T0 = 0.0036.

can be radially buoyant. Without thermal relax-
ation these disks are linearly stable, but with the
right amount of cooling and heating for instance
by the radiative transport of heat, one can drive a
Goldreich-Schubert-Fricke Instability and a Convec-
tive Overstability[1], both of which we have derived
a unified stability criterion for.
Vertical thermal convection was once a candidate
for turbulence in disks around young stars. Yet,
even if a vertical initially positive entropy gradient
might drive thermal convection, transporting heat
from the midplane to the surface, the process cannot
self-consistently maintain the initial entropy gradi-
ent by leading to sufficient dissipation in the mid-
plane and will ultimately die out in a rather short
time scale. The radial entropy gradient in the disk,
on the other hand, is maintained by stellar irradia-
tion. Similar to the situation of a planetary atmo-
sphere, the heating is not uniform at all locations in
the disk. For a planet the stellar heating depends on
the latitude and for a disk on the distance from the
star. For both configurations this leads to a tem-
perature gradient orthogonal to the direction of the
rotating flow, e.g. south-ward for planets or radially
inward for disks. For a range of possible radial den-
sity slopes of disks this leads to radial buoyancy, e.g.
radial convective instability, because pressure and
entropy gradients point in the same direction. Yet,
as in the case of a rotating experiment for thermal
convection, rotation and the conservation of angular
momentum prevents the straight onset of convection
and only allows for oscillatory modes of convection.
These oscillatory modes need a specific amount of
thermal relaxation, quite distinct from normal con-
vection. Convective Overstability finds a sweet spot
if the thermal relaxation time scale τ is of the same
order as the radial oscillation time, e.g. the inverse
of the epicyclic frequency, which happens to be Ω,
the Keplerian frequency for circumstellar disks. The
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growth rates Γcan be derived from a linear perturbation theory[1]:

Γ =
1

2

−γτN2
R

1 + γ2τ 2 (Ω2 +N2
R)
, (1.1)

with NR being the radial buoyancy frequency (aka Brunt-Väisälä frequency), which is
proportional to the product of radial pressure and entropy gradients, and γ the adiabatic
index of the gas. This analytic result could be shown to correctly describe the growth
of radial perturbations in numerical simulations of a radially stratified disk. The typical
flow patterns are small convection cells in the radial-vertical plane of the disk, with a
rotational frequency close to Ω. Fig1.3 shows a developed state of such a simulation.
One clearly recognises the individual convection cells as they fill the available space.
This is not the only instability which depends on the existence of the radial temperature
gradient. Yet, whereas the Convective Overstability favours τΩγ ≈ 1, the Goldreich-
Schubert-Fricke Instability needs τΩγ << 1, therefor designating specific regions of a
disk as more inclined towards one instability than to the other one.

Figure 1.4: Parameter space
in thermal relaxation time
γτΩ and stability of vertical
stratification expressed by the
vertical buoyancy frequency
N2
z . Goldreich-Schubert-Fricke

prefers either neutrally stable
disks or disks with very short
relaxation times. Convective
Overstability occupies the mid-
dle range of relaxation times
and has no preference on the
vertical stability. The Zombie
vortices a la Phil Marcus,
which are product of a critical
layer, should then find its
sweet spot at long relaxation
times in vertically isothermal
disks.

The Goldreich-Schubert-Fricke Instability is sometimes
also called a vertical shear instability, yet not because
the vertical shear itself becomes unstable, but because
the vertical shear helps to facilitate the violation of the
Rayleigh criterion. The Rayleigh criterion states that
a rotating fluid is linear unstable if the radial angu-
lar momentum profile is flat, i.e. the rotational fre-
quency follows Ω = R−2 with R the distance from the
star, which is steeper than the typical Keplerian pro-
file. In a Keplerian disk a parcel of gas that received
a radial kick starts oscillating with the epicyclic fre-
quency, which is a radial oscillation under the conser-
vation of angular momentum. But as mentioned above,
a disk with a radial temperature gradient does not ro-
tate on cylinders but on curved surfaces. This means
that the surfaces of constant angular momentum are
inclined wit respect to surfaces of constant kinetic en-
ergy. As a result, if one moves a parcel of gas up- and
out-ward along a trajectory of constant angular momen-
tum, then it gets into a region of lower kinetic energy,
which means it will accelerate its motion. Thus it is the
combined action of radial and vertical sheer that leads
to instability, quasi a 2D version of the Rayleigh insta-
bility. Yet only if the parcel of gas adapts its internal
temperature fast enough to match its temperature and
density to the background, then it can continue to rise
and follow the above described instability mechanism.
In Fig. 1.4 we show what kind of regions of the param-
eter space of accretion disks might be subject for which
type of instability. We also included the so-called Zom-
bie Vortex instability as described by Phil Marcus and collaborators in this plot at a
location that sounds plausible, because this instability needs vertical stable stratification
and probably does not cope well with any thermal relaxation, yet details are still subject
of investigation. Looking at this plot it becomes difficult to imagine a physical condition
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for a disk in wich it would not be unstable to at least one instability. If one additionally
considers that conditions like the cooling time can vary vertically over very short distances
then one can expect the interaction of several instabilities at the same regions of disk,
maybe separated in scales. Especially the non-linear mode of the Convective Oversta-
bility, previously named Baroclinic Instability, can amplify large vortex structures in the
radial-azimuthal plane that can span at least two pressure scale heights in radius and
many scale heights in azimuth.

Figure 1.5: Color coded vorticity
in a global yet vertically integrated
simulation of a disk with radial
buoyancy and a cooling time on
the order of an orbital period. As
a result of the non-linear state
of the Convective Overstability,
sometimes referred to as Baro-
clinic Instability, large and long
lived anti-cyclonic vortices (dark
regions) show up.

The ultimate state of such a turbulent disk is then
probably a mixed state of several instabilities act-
ing simultanously, a situation not too different from
the earth atmosphere and the currents in the oceans,
where also one instability is not sufficient to under-
stand the weather or even climate. One interesting
feature that eventually always shows up in our simu-
lations are long-lived large-scale vortices in the radial-
azimuthal plane of the disk (see Fig. 1.5). They
are gigantic convection cells that are driven from the
radial entropy gradient and that even drive angular
momentum transport and accretion in the disk with
the sound-waves that they emit once they grow to a
critical size. Those vortices have for a long time al-
ready been suspected to drive planet formation, but
only recently we were able to show the capabilities of
self-consistently formed vortices to trap particles [2]
and concentrate them up to values where the stream-
ing instability sets in and planetesimal formation be-
comes inevitable (See the section on planetesimal for-
mation). On top of that we now also started the first
studies on the interaction of these vortices with planetary embryos [3], with very promis-
ing first results (See the section on planet disk interaction). Currently, we extend all our
simulations to global full 3D simulations with huge demands in computational power.
The smallest 3D set-up we can use has already 125 million grid cells running on 40960
cores of the HYDRA cluster of the MPG in Garching. It has already used 10 million CPU
hours per parameter set over the last year and still has not converged.

Work done in collaboration with Alex Hubbard (AMNH, New York).

[1] Klahr, H., & Hubbard, A. (2014): Convective Overstability in Radially Stratified
Accretion Disks under Thermal Relaxation, ApJ 788, 21

[2] Raettig, N., Klahr, H., & Lyra, W. (2015): Particle Trapping and Streaming Insta-
bility in Vortices in Protoplanetary Disks, ApJ 804, 35

[3] Lobo Gomes, A., Klahr, H., Uribe, A. L., Pinilla, & P., Surville, C. (2015): Vortex
Formation and Evolution in Planet Harboring Disks Under Thermal Relaxation, ApJ
810, 94
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1.3 Weather on a Very Nearby Brown Dwarf

Ian Crossfield, Beth Biller, Esther Buenzli

Introduction

The third closest known stellar system from the Sun is a brown dwarf binary at 2 pc known
as WISE J104915.57−531906.1AB, or Luhman 16AB, discovered in 2013. The two brown
dwarfs straddle the transition from L to T spectral types at an effective temperature of
∼1400 K, where the silicate clouds that dominate the photosphere of late L type objects
start to disappear. Significant variability was detected for Luhman 16B, indicating rapidly
evolving weather patterns. Although a few brown dwarfs with weather have previously
been observed, the brightness of Luhman 16 offers the unique opportunity for studies not
previously possible. The co-eval nature of the binary also allows a direct comparison of
the clouds for two objects of the same age and composition but different mass.

The first 2D map of a brown dwarf from Doppler Imaging

Immediately after Luhman 16B was announced to be photometrically variable, our MPIA
team secured DDT observations of this exciting object. We observed for roughly five
hours with the VLT spectrograph, with the goal of detecting spectroscopic variability and
perhaps reconstructing a global, 2D map of the brown dwarf’s photosphere. We did this
via Doppler Imaging, which relies on the varying Doppler shifts across the face of a rotating
object and has been widely used to map the surfaces of spotted stars. Fig. 1.6 shows our
derived map of Luhman 16B — the first obtained for any substellar object beyond the
Solar System — and clearly depicts the large-scale inhomogeneities previously inferred to
exist in these types of objects. The dark areas of our map likely represent thicker clouds
that present a higher-altitude (and thus colder) emissive surface, whereas bright regions
correspond to regions of thinner clouds that probe somewhat deeper into the atmosphere.
In the future, the upgraded “CRIRES+” and the E-ELT will produce similar global maps

0.0 hr

0.8 hr

1.6 hr2.4 hr

3.2 hr

4.1 hr

Figure 1.6: Surface map of brown dwarf Luhman 16B, which clearly depicts a bright near-
polar region (seen in the upper-right panels) and a darker mid-latitude area (lower-left
panels) consistent with large-scale cloud inhomogeneities.
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Figure 1.7: Single component optical (left) and IR (right) light curves from 4 hours of
monitoring on UT 2013-04-22 of the A (L7.5 spectral type, magenta) and B (T0.5 spectral
type, blue) component.

via simultaneous observations of multiple molecular tracers, producing the first extrasolar
global weather movies and testing models of global circulation and atmospheric chemistry.

Simultaneous multi-wavelength photometry of Luhman 16

Our lightcurves from simultaneous multi-color, broad-band photometric monitoring of
WISE 1049AB using GROND at the MPG/ESO 2.2 m are presented in Fig. 1.7. GROND
is a unique 7-channel dual optical-IR camera which images simultaneously in an optical
camera (four optical bands similar to Sloan g′r′i′z′, platescale 0.158′′/pixel) and an IR
camera (three near-IR bands JHK, platescale 0.6′′/pixel). These results are published in
[1]. We note a number of significant trends –in particular, r′ and i′ light curves appear
to be anticorrelated with z′ and H for the T0.5 component (which likely dominates the
variability in the unresolved lightcurve). The K band lightcurve appears to have a signif-
icant phase offset relative to both H and z′. We find that the measured phase offsets are
correlated with atmospheric pressure probed at each band, as derived from 1D BT-Settl
atmospheric models appropriate for this object.

Spectroscopic variability of Luhman 16 A and B with HST

We observed Luhman 16 A and B using the Hubble Space Telescope’s WFC3 camera
with time-resolved slitless spectroscopy in the near-infrared. Two observations were taken
one year apart at different, but partially overlapping, wavelength ranges to compare the
variability inside and outside of molecular absorption features. Each observation lasted
for ≈7 hr. The light curves are shown in Fig. 1.8 (left).
Luhman 16B was variable at several percent level at all times and all wavelengths, and
after a single rotation (5 hr) the light curve shape has already changed. However, a
similar deep dip was observed in both observations one year apart, suggesting a potential
reoccurring large, dark feature that may also correspond to the dark spot revealed with
Doppler Imaging. Luhman 16A was not variable in the first observation in 2013, but one
year later the tentative variability detected by GROND was unambiguoulsy confirmed.
Luhman 16A therefore goes through periods of quiescence and variability.
We modeled the combined spectroscopic variability (Fig. 1.8, right) using a two-component
cloud model. For the first time, we were able to fit the spectrum and variability of a brown
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Figure 1.8: Left: Integrated light curves of Luhman 16 A and B from two epochs taken
with HST. Right: HST maximum and minimum spectra (top) and variability ampltiude
(bottom), compared to the best-fit models with 2 cloud layers.

dwarf over a broad wavelength range, including the 1.4 µm water feature where the vari-
ability amplitude is decreased, and the 0.99 µm FeH feature that has been suggested
as a probe of cloud holes. Models with a thin, warm and a thick, cool cloud layer can
reproduce the observations of both Luhman 16A and B, but we require a significantly
higher fraction of thin clouds for B than for A. Models with cloud holes can be excluded.
This strongly suggests that the spectral changes at the L/T transition an be explained
by heterogeneous cloud thinning. The results are published in [2] and [3]

Work done in collaboration with Daniel Apai (Arizona), Mark Marley (NASA Ames),
Didier Saumon (Los Alamos National Laboratory), Jacqueline Radigan (STScI), Luigi
Bedin (INAF Padova), Neill Reid (STScI), Caroline Morley (Santa Cruz), Luigi Mancini
(MPIA), Simona Ciceri (MPIA), John Southworth (University of Keele), Taisiya Kopy-
tova (MPIA), Mickael Bonnefoy (IPAG), Niall Deacon (University of Hertfordshire),
Joshua Schlieder (NASA Ames Research Center), Wolfgang Brandner (MPIA), France
Allard (ENS-Lyon), Derek Homeier (Heidelberg Landesternwarte), Bernd Freytag (ENS-
Lyon), Coryn Bailer-Jones (MPIA), Jochen Greiner (MPE), Thomas Henning (MPIA),
Bertrand Goldman (MPIA)

[1] Biller, B. A., Crossfield, I. J. M., Mancini, L., et al. (2013): Weather on the Nearest
Brown Dwarfs: Resolved Simultaneous Multi-wavelength Variability Monitoring of
WISE J104915.57-531906.1AB, ApJ 778, L10

[2] Buenzli, E., Saumon, D., Marley, M., Apai, D., Radigan, J., Bedin, L., Reid, I.,
& Morley, C. (2015): Cloud Structure of the Nearest Brown Dwarfs: Spectroscopic
Variability of Luhman 16AB from the Hubble Space Telescope, ApJ 798, 127

[3] Buenzli, E., Marley, M., Apai, D., Saumon, D., Biller, B., Crossfield, I., & Radigan, J.
(2015): Cloud Structure of the Nearest Brown Dwarfs. II. High-amplitude Variability
for Luhman 16 A and B in and out of the 0.99 micron FeH feature, ApJ 812, 163

[4] Crossfield, I., Biller, B., Schlieder, J., Deacon, N., Bonnefoy, M., Homeier, D., Allard,
F., Buenzli, E., Henning, Th., Brandner, W., Goldman, B., & Kopytova, T. (2014):
A Global Cloud Map of the Nearest Known Brown Dwarf, Nature 505, 654
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1.4 3D Tomographic Mapping of the z ∼ 2.5

Intergalactic Medium

Khee-Gan Lee, Joseph Hennawi

Introduction

The three-dimensional distribution of matter on cosmological scales manifests itself as
the so-called “cosmic web” of sheets, filaments and nodes, with detailed properties that
reflect the primordial inhomogeneities laid down during the inflationary period of the Big
Bang as well as its subsequent evolution via gravitational collapse. Since stars, galaxies,
and clusters coalesce from the highest density peaks of the cosmic web, it is critical to
have clear maps of the cosmic web if we hope to connect the processes driving cosmic
star- and galaxy-formation with the underlying cosmological paradigm of the Universe.

The traditional method of mapping the cosmic web is with galaxy redshift surveys, in
which spectroscopic redshifts are measured for a large number of galaxies to trace their
3D positions. While galaxy surveys such as SDSS, 2dF, GAMA and VIPERS have been
successful in mapping the cosmic web out to z ∼ 0.6, the geometrical dimming of galaxies
with distance makes it expensive to study the cosmic web out to higher redshifts, even
with the largest telescopes currently in existence.

Figure 1.9: Schematic representation of Lyα
forest tomography, in which the line-of-sight
absorption from multiple star-forming galaxies
to the right are reconstructed to yield a 3D map
of the foreground cosmic web at z > 2.

To overcome this limitation, in recent
years we have developed the technique of
Lyman-α forest tomography to unveil, for
the first time, the cosmic web at z > 2.
While hydrogen Lyα forest analysis is
a well-established technique for studying
the intergalactic medium (IGM) along in-
dividual quasar sightlines, Lyα forest to-
mography attempts to push this to 3D
by exploiting — for the first time — star-
forming “Lyman-Break” galaxies (LBGs)
several magnitudes fainter (∼ 24th mag)
than traditional quasar sources. These
LBGs are much more common on the sky
and are separated by mere arcminutes —
equivalent to several Mpc— and could
therefore, in principle allow 3D tomo-
graphic reconstructions of the IGM ab-
sorption field (Fig. 1.9) on scales set by
the average sightline separations.

While this technique was once thought
only feasible with future 30m-class telescopes, in [1] we argued theoretically that even
noisy spectra from these faint LBGs, which are already achievable with existing telescopes,
would allow IGM tomography at effective spatial resolutions of several Mpc.
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Pilot Observations

Over the 2014-2015 observing seasons, we carried out the first-ever Lyα tomography ob-
servations using the Lris multi-object spectrograph on the 10.3m Keck-I telescope [2, 3].
This campaign targeted the equatorial COSMOS field, which already had a wealth of deep
multi-wavelength and spectroscopic data to facilitate our target selection and subsequent
analysis. We obtained R ∼ 1000 spectra of 2.3 < z < 3 LBGs and quasars with g < 24.5
with nominal exposure times of 2hrs per pointing, achieving S/N∼ 1.5 − 2 per pixel for
our faintest objects.

Figure 1.10: The sky position of the 2.3 < z < 3
LBGs and QSOs observed during our 2014-2015
observations. The Lyα absorption in these sight-
lines were used to create a 3D map of the 2.2 <
z < 2.5 IGM over the 11.8′ × 13.5′ footprint out-
lined by the blue boxes (Fig. 1.11).

As of 2015, we have spectra of 58 back-
ground sources across a 11.8′ × 13.5′

foorprint (Fig. 1.10), which required
only ∼ 15 hrs on-sky. After the
spectra were reduced and continuum-
fitted, we carried out the tomographic
reconstruction on the 2.2 < z <
2.5 Lyα forest using a Wiener-filtering
algorithm written by our collabora-
tors at UC Berkeley. This imposed
an effective Gaussian smoothing ker-
nel of 2h−1 Mpc along the line-of-
sight and 2.5h−1 Mpc in the trans-
verse dimension. The resulting map is
shown in Fig. 1.11, which spans a to-
tal comoving volume of 12h−1 Mpc ×
14h−1 Mpc × 260h−1 Mpc = 5.8 ×
104 h−3 Mpc3. This represents the first
time that the z > 2 cosmic web has
been mapped in such detail over a size-
able volume, at an epoch when the Uni-
verse was less than 3 Gyrs old.

The map reveals a rich structure of
overdensities and underdensities, al-
though it is currently too narrow to
fully resolve the voids, sheets and fila-
ments predicted to already exist in the
cosmic web at these high redshifts (Lee
et al. 2016a, in prep.). As a validation that we are indeed tracing large-scale structure,
we computed the one-point cross-correlation between the tomographic map with a sample
of 61 coeval galaxies with known redshifts, and found a clear signal.

We found one large, extended, overdensity at z = 2.44 within the tomographic map. From
prior simulation analysis [4], we have found that similarly extended IGM structures at
z ∼ 2.5 are likely to collapse into massive galaxy clusters by z ∼ 0. Serendipitously, two
other groups had recently reported detections of Lyα emitter and LBG overdensities at the
same position and redshift, corroborating the possibility that the object is a protocluster.
From a comparison with simulations, we argue that this protocluster will collapse into at
least one M = (3± 1.5)× 1014 h−1M� cluster by z = 0, although its elongated nature in
our map indicates a strong possibility of fragmentation into two separate clusters.
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Figure 1.11: 3D visualization of the 2.2 < z < 2.5 IGM tomographic map in the COSMOS
field from our 2014-2015 observations. Red color corresponds to higher overdensities. The
long dimension is the line-of-sight direction with redshift increasing from right to left.

Future Outlook

We are now conducting the COSMOS Lyman-Alpha Mapping And Tomography Obser-
vations (CLAMATO) survey, which aims to cover a total area of ∼ 1�◦ over the next few
years. This will map out a comoving volume of ∼ 106 h−3 Mpc3 at 2.2 < z < 2.5 with an
effective spatial resolution of ∼ 2−3h−1 Mpc. This large map will allow the detection and
characterization of multiple protoclusters, as already demonstrated for a single object in
[3]. We will also make the first cosmic web analysis at these redshifts: simulations suggest
that we will be able to recover sheets and filaments with ∼ 70% fidelity, while we will
also find ∼ 100 cosmic voids within our map. In conjunction with galaxy redshift surveys
covering the same volume, our tomographic map will allow the first detailed study of
galaxy properties as a function large-scale environment. This will provide critical clues
into galaxy formation and evolution during the “Cosmic Noon” period of peak cosmic
galaxy formation and AGN activity.

Work done in collaboration with Martin White (University of California, Berkeley), Casey
Stark (University of California, Berkeley) David Schlegel (Lawrence Berkeley Lab), J.
Xavier Prochaska (University of California, Santa Cruz).

[1] Lee, K.-G., Hennawi, J.F., White, M., et al. (2014): Observational Requirements for
Lyα Forest Tomographic Mapping of Large-scale Structure at z ∼ 2, ApJ 788, 49

[2] Lee, K.-G., Hennawi, J.F., Stark, C., et al. (2014): Lyα Forest Tomography from
Background Galaxies: The First Megaparsec-resolution Large-scale Structure Map at
z > 2, ApJL 795, L12

[3] Lee, K.-G., Hennawi, J.F., White, M., et al. (2016): Shadow of a Colossus: A z =
2.44 Galaxy Protocluster Detected in 3D Lyα Forest Tomographic Mapping of the
COSMOS Field, ApJ 817, 160

[4] Stark, C.W., White, M., Lee, K.-G., & Hennawi, J.F. (2015): Protocluster discovery
in tomographic Ly α forest flux maps, MNRAS 453, 311
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1.5 Most High–z Quasars are Local

Team Quasar: Fabian Walter, Bram Venemans, Eduardo
Banados, Roberto Decarli, Emanuele Farina, Chiara Mazzuchelli

Team quasar at MPIA

Quasars are massive galaxies in which the central supermassive black holes are in an active
state of mass accretion. This accretion process very efficiently releases radiation, which
makes quasars some of the brightest objects in the Universe. For that reason, they can
be observed out to very high redshift, even with telescopes that only have modest sizes.
Indeed, quasars are amongst the most distant objects known, with the record holder being
at a redshift of z=7.1, when the Universe was only 800 Myr old. The presence of these
supposedly massive structures in the early universe is a challenge, and characterizing this
quasar population through multi-wavelength approaches is thus of great astrophysical
and cosmological interest. These sources are also unique probes to trace the state of the
intergalactic medium during the ‘Epoch of Reionization’, i.e. at a time when the Universe
had very different physical conditions as compared to today.
Over the last five years, we took advantage of MPIA’s access to the data from the Pan-
STARRS1 (PS1) telescope, that surveyed the entire sky visible from Hawaii (∼3π, or 3/4
of the sky) to unprecedented depth (Fig. 1.12). Compared to the previous ‘stateof the art’
survey, the Sloan Digitized Sky Survey (SDSS), PS1 reaches fainter magnitudes, covers
more area, and has an additional filter redwards of the SDSS z-band filter, the so-called
y-band filter. This filter is of immense use when searching for the highest redshift quasars,
and helps to find quasars beyond the redshift limit of the SDSS (z∼6.45).

Figure 1.12: MPIA access to the Pan-
STARRS1 telescope was critical to perform
the high-redshift quasar search which has re-
sulted in the discovery of the largest z∼6
quasar population known.

Quasars at redshifts of ∼6 and greater
(i.e. within the first Gyr of the Uni-
verse) are very rare, with a density of less
than one quasar per 100 square degrees.
This implies that the full 3π PS1 survey
was needed to select promising candidates.
Even though the quasars are intrinsically
bright, their great distance makes them
faint objects, and most of the quasar can-
didates selected from the PS1 catalogs and
imaging need follow-up observations in op-
tical/NIR bands, to verify and extend the
PS1 photometry. This is not a result of the
PS1 photometry not being well calibrated
— the contrary is the case, and the PS1
survey is now the best-calibrated sky sur-
vey that exists (thanks also to work pro-
vided by researchers at MPIA). The prob-
lem is that the quasars are typically less
than 10σ detections in only the reddest filters of PS1 and, as a consequence, any color
selection is greatly dependent on possible noise scattering in color space.
On the bright side, the PS1 telescope is relatively modest in size, ∼1.8 m, with typical
integration times per region on the sky of less than 10 minutes in one filter. This implies
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that follow-up / confirmation can be readily obtained with 2-4 m class telescopes. ‘Team
Quasar’ at MPIA has used the Calar Alto 2.2 m and 3.5 m, the NTT, the MPG/ESO
2.2 m telescope, and NOAO facilities for the follow-up photometric observations. Once the
original colors of the quasars have been confirmed (the success is a function of the redshift
of the quasar), then follow-up using ‘big-glass’ spectroscopy (VLT, LBT, NTT, Keck,
Magellan) has been employed to uniquely constrain the existence of a quasar through
spectroscopy. This whole process, from characterizing the data in the PS1 data, selecting
quasar candidates, follow-up in broad-band photometry and, finally, confirmation through
spectroscopy, has been a really major effort, and would not have been possible without
a number of dedicated postdocs and students, and ERC funding through a consolidator
grant by Fabian Walter.

Figure 1.13: This is a compilation of ∼half of the
optical (rest–frame UV) spectra our new PS1 quasar
sample, sorted by redshift. An obvious first conclusion
is that the quasars show vastly different properties in
the rest-frame UV. Figure taken from Bañados et al.
2016.

At the time of this writing, the
PS1 quasar search has surpassed
all other high-z quasar search ef-
forts worldwide, and has resulted
in the detection of more quasars
in the first Gyr of the Universe,
than all other efforts over the last
decade combined. Importantly,
the quasar search has also more
than doubled the known quasars
at extreme redshifts, z>6.5 This
naturally has resulted in a num-
ber of papers, and we present
the a selection of quasar spectra
(about half of our newly discov-
ered quasars) in Fig. 1.13.

Finding the quasars is only the
first step, however, and a full
characterization of their proper-
ties is required to learn about the
physical state of these sources,
and their impact on their sur-
rounding medium at an age
of the Universe when the in-
tergalactic medium was signifi-
cantly neutral. ‘Team Quasar’ at
MPIA is leading essentially all of
the multi-wavelength follow-up of
these sources. These include (in
order of increasing wavelength)
(i) deep optical and NIR spec-
troscopy (VLT, Keck, Gemini) to
determine black hole masses, de-
rive chemical abundances, and ex-
amine the ionization state of the
intergalactic medium around the
quasars (Farina, Venemans, Bañados, Mazzucchelli) (ii) high-resolution HST GRISM ob-
servations of a few quasars hosts (Farina), (iii) VLT MUSE integral field spectroscopy of
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a bright quasar at z=6.6 (Venemans, Farina), (iv) a large Spitzer program to measure the
rest-wavelength optical properties of the quasars, including the Hα line (Decarli), (v) mil-
limeter observations to constrain the far-infrared luminosities and CO/[CII] molecular line
characteristics of the quasars (Venemans, Walter, Decarli, Bañados) using IRAM NOEMA
and ALMA, (vi) radio observations to constrain the number of radio-loud quasars in the
Epoch of Reionization (Bañados). We have constantly publishing emerging results from
these studies, and presented the results at numerous international conferences. In 2016
MPIA will host a large international conference to discuss the quasar results emerging
from our and other groups.

Figure 1.14: As an example for our multi-
wavelength follow-up, we here show a spa-
tially resolved [CII] velocity map of a high-
redshift quasar at a resolution of only ∼1 kpc.
Such observations constrain the amount of
gas present in the quasar hosts, and constrain
the dynamical masses of these systems (from
Venemans et al., in prep).

The first results emerging from these stud-
ies are intriguing. The quasars all host
supermassive black holes, with black hole
masses exceeding 1 Billion solar masses
in most cases. It is puzzling that these
high masses are comparable to some of
the most massive black holes found in
the local universe. The chemical abun-
dances (in the broad-line region) are com-
parable to Galactic, which is a puzzle
given the young age of the Universe. De-
spite intense searches (HST/VLT) the stel-
lar component of the quasar host galax-
ies have not been detected to date. On
the other hand, abundant reservoirs of
molecular gas and dust have been de-
tected (NOEMA/ALMA), but these reser-
voirs are very compact, of order a few kpc
in size. From the sizes and line-widths of
the cold gas, dynamical masses can be de-
rived, and these are in most cases only a
factor 10–50 higher than the central black
hole masses (Fig. 1.14). Considering that the host galaxies in the local universe are on
average a factor ∼700 more massive than the central black holes, this indicates that the
black holes form first in these structures, and the stellar component at a later stage. Our
goal is now to expand these studies to our recently completed PS1 sample. From the
discovery spectra, these quasars appear to have large variations in their properties, thus
a characterization of their multi-wavelength properties is critical. Together, these obser-
vations will shed unique light on the properties of the earliest and most massive galaxies
when the Universe was less than 1 Gyr old.

Work done in collaboration with Kenneth Cambers (University of Hawaii) and Xiaohui
Fan (University of Arizona).

[1] Banados, E., Venemans, B., Morganson, E., et al. (2014): Discovery of eight z ∼ 6
quasars from Pan-STARRS1, AJ 148, 14

[2] Venemans, B., Banados, E., Decarli, R., et al. (2015): The identification of z-dropouts
in Pan-STARRS1: three quasars at 6.5 < z < 6.7, ApJ 801, L11
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1.6 How does Star Formation Work in Different

Parts of Galaxies

Eva Schinnerer, Sharon Meidt, Annie Hughes, Dario Colombo,
Miguel Querejeta

Analysis of the first big fidelity GMC resolution map of the molecular gas disk in a nearby
massive spiral galaxy has clearly demonstrated that galactic environments such as spiral
arms, inter-arm region, (nuclear) star forming rings and stellar bars significantly impact
the gas structure and the regulation of star formation within the molecular gas. While
gas clouds are not only more massive, but also more abundant in spiral arms or nuclear
(starburst) rings, their ability to collapse and form stars appears to also depend on their
(immediate) surrounding. For example, changes in the gas pressure due to streaming
motions induced by the spiral arm gravitational potential can lead to decrease of the
(observable) star forming efficiency. This project has been critical to the design of ALMA
studies to follow-up these unexpected findings.

Figure 1.15: The strong influence of environment (left: defined regions in PAWS, grey-
scale: CO intensity; color: region definition) onto the hierarchical structure of the molecu-
lar gas is manifested in the changing appearance of the Probability Distribution Functions
(PDFs) of the individual pixels with significant emission when to the right [3]. The
theoretically expected log-normal distribution is only observed in the inter-arm region (up-
/downstream; middle of bottom row) while regions with star formation are closer to power
laws (upper row: molecular ring, inner/outer arm).

PAWS in the Context of the Star Formation Process

Deciphering the star formation process is vital for our understanding of stellar mass build
up – be it in the context of galaxy formation and evolution, starburst phenomena or our
next star forming regions. The PdBI Arcseond Whirlpool Survey (PAWS) was designed
to allow for bridging the gap between detailed studies of star forming regions in our
galaxy and global or kpc-scale studies of the star formation efficiency of external galaxies
(either local or distant). PAWS mapped the molecular gas disk of a nearby, massive
(M? ∼ 3.6 × 1010M�), typical star forming galaxy at the resolution of individual Giant
Molecular Clouds (GMCs). In our Galaxy GMCs are closely linked to (massive) star

17



formation and are thus considered to be the units relevant for star formation. Our target
M51 (the Whirlpool galaxy) is similar in its properties to our Galaxy, thus its face-on
view offers a detailed study of molecular gas structure as a function of different galactic
environments.

PAWS – PdBI Arcsecond Whirlpool Survey

PAWS has been a large program utilizing a total of ∼210 hr on both IRAM instruments to
map the 12CO(1-0) line emission from the central 9 kpc in the grand-design spiral galaxy
M51 [1]. The final spatial and spectral resolution is about 40pc and 5km/s translating in
a 5σ detection limit for GMCs of ∼ 105 M� molecular gas mass. A total of about 1,500
individual GMCs have been identified [6] – the largest catalog of external GMCs at its
time.

Figure 1.16: Star formation rate surface density ΣSFR vs. molecular gas surface density
ΣH2 in M51. The colors indicate different environments: from inside out are nuclear bar
(red), star forming ring (yellow), inner (green) and outer (blue) spiral density wave and
the outer material spiral arm (purple). The PAWS points scatter significantly around the
average depletion time τdep ∼ 109 yr found for nearby galaxies on scales of 1kpc indicating
dramatic variations in gas and star formation properties on GMC scales. Part of the
scatter can be explained by dynamical pressure as the spiral arm segment with the highest
streaming motions (green) is showing the longest τdep [4].

PAWS Results in a Nutshell

PAWS has shown that our picture of the molecular gas properties in star forming disk
galaxies has been too näıve. A significant fraction (∼50%) of the molecular material in
M51 is in a thick, diffuse disk component [2] and not GMCs [6]. The 3-dimensional dis-
tribution of the atomic and molecular gas phase is very different [7]. Structures of the
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gravitational potential such as spiral arms and stellar bars strongly impact the organiza-
tion of the molecular gas phase as such [3] (see Fig. 1.15) as well as the properties of its
more gravitationally bound component, i.e. GMCs, [6]. This immediately implies that
GMC properties are not universal among galaxies and scaling relations of cloud properties
vary between galaxies [5]. As significant scatter is observed in the relation and distribu-
tion between molecular gas (mass) and star formation activity across the disk of M51[1],
it is clear that the ability of a GMC to form stars depends on its exact location in the
disk. Variations in the dynamical pressure caused by streaming motions from, e.g., the
spiral arms can significantly reduce the star forming ability of GMCs [4] (see Fig. 1.16).
These findings have motivated theoretical studies into the dependence of the dense gas
fraction on the clouds’ surrounding; see s. § 7.9. Using the location of spiral arms as a
fiducial clock, the typical lifetime of a GMCs has been estimated to be about 20-30 Myr
[8], see also s. § 5.16. As M51 also hosts a Seyfert 2 nucleus, we have been interested if
and how this activity can be sustained. Our analysis [9] shows that the nuclear stellar
bar is very efficient in funneling gas into the central few 100pc with a mass inflow rate of
about 1 M�yr−1. Exploitation of the unique PAWS dataset is still ongoing and has now
shifted to include new observations of the dense gas from PdBI/NOEMA.

Work done in collaboration with Adam Leroy, Todd Thompson (OSU), Jerome Pety,
Gaelle Dumas, Karl Schuster, Carsten Kramer (IRAM), Santiago Garcia-Burillo (OAN),
Claire Dobbs (U. Exeter).

[1] Schinnerer et al. (2013): The PdBI Arcsecond Whirlpool Survey (PAWS). I. A Cloud-
scale/Multi-wavelength View of the Interstellar Medium in a Grand-design Spiral
Galaxy, ApJ 779, 42

[2] Pety et al. (2013): The Plateau de Bure + 30 m Arcsecond Whirlpool Survey Reveals
a Thick Disk of Diffuse Molecular Gas in the M51 Galaxy, ApJ 779, 43

[3] Hughes et al. (2013): Probability Distribution Functions of CO(1-0) Brightness and
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Star Formation and Stellar Clusters

JH composite colour image of the Quintuplet cluster with circles highlighting disk sources (white)

and WR stars (blue). See chapter 2.6 for details and credits.



2.1 Giant Molecular Filaments in the Milky Way

Sarah E. Ragan, Thomas Henning, Jochen Tackenberg, Henrik
Beuther, Katharine Johnston, Jouni Kainulainen, Hendrik Linz

Finding large filaments in the Milky Way

Throughout the Milky Way, star-forming molecular clouds typically appear filamentary,
and mounting evidence indicates that this morphology itself plays an important role in
star formation. What is not known is to what extent the dense filaments most closely
associated with star formation are connected to the surrounding diffuse clouds up to
arbitrarily large scales. How are these cradles of star formation linked to the Milky Way’s
spiral structure?
A fundamental quantity in understanding of the origin of Galactic filaments is the max-
imum length over which they can occur, though this has been difficult to determine
observationally. Now, with large-scale, multi-tracer Galactic plane surveys available, we
can begin to uncover the role large-scale filaments have in the Galactic context.
We use archival Galactic plane survey data to identify large-scale, velocity-coherent fila-
ments in the plane of the Milky Way [1] . We first identify extinction features in UKIDSS
or Spitzer/GLIMPSE extending over 1 degree. By focusing on IR-dark features, we se-
lect objects in the earliest stage, before disruptive star formation events alter the nascent
cloud from its original state. We then tested whether the candidate filamentary structures
are velocity coherent by collapsing the Galactic Ring Survey (GRS, Jackson et al. 2006,
ApJS, 163, 145) 13CO (1-0) datacube and determining which velocity component of 13CO
emission best-matched the morphology of the extinction feature, if any. This resulted in
seven confirmed long filaments in the longitude range of the GRS, 18◦ < l < 52◦, ranging
from 60 to 230 pc in length, assuming the near kinematic distance to each filament. Figure
2.1 shows an example of a Giant Molecular Filament (GMF) 20.0-17.9.

Properties of GMFs

We calculate the mass of each GMF in two ways: first using dust emission using ATLAS-
GAL data (Schuller et al. 2009, A&A 504,415), which is a useful probe for the densest
gas, and second using the GRS 13CO emission to probe the total mass in the cloud. We
find dense gas mass values that range between 8 and 500 × 102 M�, and the total GMF
masses range between 4.9 × 104 and 7 × 105 M�. By taking the ratio of these two, we
compute the dense gas mass fraction (DGMF) with values between 0.03 and 0.19. We
find that, while in general these values agree with typical values of star-forming clouds
throughout the plane (Battisti & Heyer 2014, ApJ 780, 173), we note that the more closely
the filament aligns (in latitude) with the location of the galactic midplane, the higher the
DGMF tends to be.

GMFs in Galactic context

Using their positions and velocities, we place the GMFs in the Galactic context using
a model of the Milky Way’s kinematic structure (Vallée 2008, AJ 135, 1301). We find
that most GMFs appear to be unassociated with spiral arms and may be a population
of inter-arm clouds or “spurs” to which extinction studies may be especially sensitive in
the first quadrant due to our orientation with respect to the major Scutum-Centaurus
spiral arm. The DGMF in the GMFs is tentatively correlated with their environment:
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Figure 2.1: Three-colour image of the giant molecular filament GMF20.0-17.9 in the first
quadrant of the Milky Way. In the image, red represents Spitzer MIPSGAL 24µm
emission, green is Spitzer GLIMPSE 8µm emission, and blue is UKIDSS H-band. The
contour shows the integrated intensity of 13CO (1-0) emission from the Galactic Ring
Survey (Jackson et al. 2006, ApJS, 163, 145) between 37 and 50 km s−1. The coloured
circles represent the positions of Bolocam Galactic Plane Survey (BGPS) (Shirley et al.
2013, ApJS, 209, 2) sources in the same velocity range. The colour of the circles represent
the velocities of the N2H+ (3-2) emission associated with the BGPS source. The dashed
line shows the location of the galactic midplane at the location of this filament.

the closer a GMF is to the physical Galactic midplane and to a spiral arm structure, the
higher its DGMF tends to be, though better statistics are needed to confirm this in the
entire Milky Way plane. If this trend is confirmed, it would mirror what is observed in
M51 by [2] where the molecular clouds within spiral arms have a higher fraction of dense
gas than inter-arm clouds. As such, the GMFs could play an important role in connecting
the Milky Way to other galaxies and provide a tool for studying the small-scale effects of
feedback and dynamics in the inter-arm regions. This sample of seven GMFs is a starting
point in thoroughly mining the Galactic plane in all quadrants, which will allow for a
statistically robust study of the link between GMFs and Galactic structure.

[1] Ragan, S. E., Henning, Th., Tackenberg, J., Beuther, H., Johnston, K. G., Kainu-
lainen, J., & Linz, H. (2014): Giant Molecular Filaments in the Milky Way, A&A
568, 73

[2] Hughes, A., et al. (2013): Probability Distribution Functions of 12CO (1-0) Brightness
and Integrated Intensity in M51: The PAWS View, ApJ 779, 44
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2.2 Filament Fragmentation in High-Mass Star

Formation

Henrik Beuther, Thomas Henning, Jouni Kainulainen

Fragmentation of filaments

Although it has been known for decades that filaments are an important feature of the
interstellar medium, especially since the advent of Herschel and large-scale dust maps
of molecular clouds and star-forming regions have re-emphasized this point strongly in
recent years. However, Herschel as well as most other single-dish studies did not resolve
the small-scale structure of the filamentary structures within infrared dark clouds, which
are considered to be the birth places of high-mass stars. To overcome this limitation,
we studied one prominent infrared dark filament – IRDC 18223 – with the Plateau de
Bure Interferometer (formerly PdBI, now renamed NOEMA) in the 3.2 mm continuum
and N2H+(1–0) line emission [1]. Imaging more than 4 pc length in a mosaic mode,
we can resolve spatial structures down to 4′′ or ∼14000 AU resolution. While the dust
emission traces the densest portions of this filament, the spectral line data also allow us
to investigate the kinematics of the structure.
The dust continuum emission resolves the filament into a chain of at least 12 relatively
regularly spaced cores (Fig. 2.2, left panel). The mean separation between cores is
∼0.40(±0.18) pc. While this is approximately consistent with the thermal fragmentation
of an infinite, isothermal, gravitationally bound gas cylinder, a high mass-to-length ratio
of M/l ≈ 1000 M� pc−1 requires additional turbulent and/or magnetic support against
radial collapse of the filament.

Kinematics during filament formation?

The kinematic N2H+(1–0) data are shown in the 2nd to 4th panels of Fig. 2.2. While
the 2nd panel presents the integrated N2H+ emission, the third and fourth panels show
the peak velocities (first moment) and line width (second moment) distributions. The
N2H+(1–0) data reveal a velocity gradient perpendicular to the main filament. Although
rotation of the filament cannot be excluded, the data are also consistent with the main
filament being comprised of several velocity-coherent sub-filaments. Furthermore, this
velocity gradient perpendicular to the filament resembles recent results towards Serpens
South that are interpreted as signatures of filament formation within magnetized and
turbulent sheet-like structures. Lower-density gas tracers ([CI] and C18O) reveal a similar
red/blue shifted velocity structure on scales around 60′′ east and west of the IRDC 18223
filament. This may tentatively be interpreted as a signature of the large-scale cloud and
the smaller-scale filament being kinematically coupled. We do not identify a velocity
gradient along the axis of the filament. This may be due to no significant gas flows along
the filamentary axis, but it may also partly be caused by a low inclination angle of the
filament with respect to the plane of the sky that could minimize such a signature.
The N2H+ spectral line data indicate a kinematic origin of the filament, but we cannot
conclusively differentiate whether it has formed out of (pre-existing) velocity-coherent
sub-filaments and/or whether magnetized converging gas flows, a larger-scale collapsing
cloud or even rotation played a significant role during filament formation. Gravitational
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Figure 2.2: The left and 2nd panels show the Spitzer 24µm emission in colour with a
stretch to increase the visibility of the mid-infrared dark filament [1]. The left panel
presents in contours the 3.2 mm continuum emission. For comparison, the 2nd panel
shows in contours the integrated N2H+(1–0) emission. The third and 4th panels present
the 1st and 2nd moment maps (intensity-weighted peak velocities and line width). The
contours in the 3rd and 4th panels both show the same continuum contours as in the left
panel. A scale bar is depicted in the left panel.

instabilities may then cause further filament fragmentation. Our observations are consist-
ent with a picture where a filamentary structure may have formed during the large-scale
collapse of a self-gravitating cloud that assembled (pre-existing) smaller structures into
a filamentary configuration. Gravitational instabilities may then cause further filament
fragmentation.

Work done in collaboration with Sarah Ragan and Katharine Johnston at the University
of Leeds, and Alvaro Hacar at the University of Vienna.

[1] Beuther H., Ragan S.E., Johnston K.G., Henning Th., Hacar A., & Kainulainen J.T.
(2015): Filament fragmentation in high-mass star formation, A&A 584, A67
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2.3 Hierarchical Fragmentation and Collapse

Signatures in a High-Mass Starless Region

Henrik Beuther, Thomas Henning, Hendrik Linz, Siyi Feng,
Simon Bihr

Hierarchical fragmentation

High-mass stars are known to form in clusters; however, it is not yet well-understood
when/where/how the early fragmentation takes place. Furthermore, it is important to
understand the kinematics during the early collapse of high-mass star-forming regions.
To investigate the associated questions, we observed the massive (∼800 M�) starless gas
clump IRDC 18310-4 with the Plateau de Bure Interferometer (PdBI) at sub-arcsecond
resolution in the 1.07 mm continuum and N2H+(3–2) line emission [1].

Resolving the mm continuum and N2H+(3–2) emission at sub-arcsecond resolution (linear
scales down to ∼2500 AU) towards the pristine high-mass starless gas clump IRDC 18310-
4, we reveal the fragmentation and kinematic properties of the dense gas at the onset of
massive star formation (Fig. 2.3). Zooming through different size scales from single-dish
data to intermediate- and high-angular resolution PdBI observations, the resolved entities
always fragment hierarchically into smaller substructures at the higher spatial resolution.
While the fragment separations are still in approximate agreement with thermal Jeans
fragmentation, the observed core masses are orders of magnitude larger than estimated
Jeans masses at the given densities and temperatures. Hence, additional processes have to
be in place. However, taking into account non-uniform density structures as well as initial
turbulent gas properties, observed core masses and projected separations are consistent
with cloud formation models.

While most sub-cores are (far-)infrared dark even at 70µm, the re-reduced Herschel data
reveal weak 70µm emission towards core mm2 with a comparably low luminosity of only
∼16 L�. Since such a low luminosity can be caused neither by an internal high-mass star
nor by strong accretion onto a typical embedded protostar, this re-enforces the youth and
early evolutionary stage of the region.

Collapse signatures

The spectral line data always exhibit multiple spectral components towards each core
with comparably small line widths for the individual components (in the 0.3 to 1.0 km s−1

regime). Based on single-dish C18O(2–1) data we estimate a low virial-to-gas-mass ratio
≤ 0.25.

In the framework of a globally collapsing gas clump, one can also use the observed spectral
velocity differences for a simple collapse time estimate. Assuming that the difference
between the velocity peaks is due to cores sitting at different points in a globally collapsing
region, we get converging velocity differences along the lines of sight of 2.8 km s−1 in mm1,
5.2 km s−1 in mm2, and 1.8 km−1s in mm3. Ignoring for this estimate the plane of the sky
velocity component that we do not know, these velocity gradients would bring together
fragments 10,000 AU apart in only ∼ 1×104 to ∼ 2.6×104 yrs. The collapse of the clump
may also cause the fragments to merge or increase in density, which could help explain
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Figure 2.3: Compilation of the continuum images in IRDC 18310-4 [1]. The bottom left
and middle panels show in colour the Herschel 70µm image with a stretch going dark for
low values, linear and log stretch for clarity, respectively). The white contours in the left
panel show the 1.2 mm MAMBO continuum observations. The contours in the bottom
middle panel presents the 3 mm continuum data. The bottom right panel then shows the
new 1.07 mm continuum observations starting from 3σ and continuing in 1σ steps with a
1σ value of 0.6 mJy beam−1. The two top panels show zooms of the 1.07 continuum data
with the same contour levels but a different colour stretch to highlight the substructures.
Each panel presents scale bars and the corresponding synthesized beams.

the high fragment masses. Even within this dynamic picture, the individual collapsing
gas cores appear to have very low levels of internal turbulence.

Work done in collaboration with Sarah Ragan at the University of Leeds, Rowan Smith at
the University of Manchester, Takeshi Sakai at the University of Tokyo and Rolf Kuiper
at the University of Tübingen.

[1] Beuther H., Henning Th., Linz H., Feng S., Ragan S.E., Smith R.J., Bihr S., Sakai
T., & Kuiper R. (2015): Hierarchical Fragmentation and Collapse Signatures in a
High-Mass Starless Region, A&A 581, A119

27



2.4 The Hunter’s slingshot: Protostellar Ejection

from Filaments in Orion

Amelia M. Stutz, Andrew Gould

Stars, both massive and puny, form in clusters. By scrutinizing the nearest laboratory for
a cluster in formation (Orion A’s integral-shaped filament; ISF) we gain new insights into
cluster-formation physics. By comparing three constituents of Orion A (gas, protostars,
and pre-main-sequence stars), both morphologically and kinematically, we show the fol-
lowing: Essentially all Class 0 and Class I protostars lie superposed on the ISF, while
almost all pre-main-sequence (Class II) stars do not.

Figure 2.4: Left: Positions of protostars compared to gas column density as traced by
dust emission (map from Stutz & Kainulainen, 2015). Protostars lie almost exclusively
on the filament ridges. In the north, they are confined to the integral-shaped filament
(ISF), which is the dominant structure. Ordinate is δ [deg]. Protostars with (without)
NH3 radial velocity measurements are shown in cyan (blue). Center: Positions of pre-
main-sequence Class II stars (hereafter “stars”; Megeath et al. 2012). Only stars with
radial velocities from APOGEE are shown. In contrast to the protostars, the stars have
essentially all left the filament (but see Fig. 8 of Stutz & Gould, 2015). This dichotomy
suggests that protostar accretion of ambient gas is terminated by ejection from the gas
columns. Right: Position-velocity diagram of CO gas, protostars and stars. Protostars
generally have velocities very close to the peak velocity of the local gas, whereas stars are
further displaced. That is stars have both greater kinetic and greater potential energy than
protostars relative to their local gas columns.

Combined with the fact that protostars move <1 km/s relative to the filaments while stars
move several times faster, this implies that a slingshot mechanism may eject protostars
from the dense filamentary cradle, thereby cutting off their accretion of new gas. The ISF
is the third in a series of star bursts that are progressively moving south, with separations
of ∼ 2 Myr in time and 3 pc in space. This, combined with the filament’s observed
undulations (spatial and velocity), suggest that repeated propagation of transverse waves
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through the filament is progressively digesting the gas that formerly connected Orion A
and B into stars in approximately discrete episodes. The presence of transverse waves
implies the action of a buoyant restoring force acting against gravity. Combined with
previous observations of magnetic field geometry in this and other filaments, this suggests
that the ISF transverse waves are magnetically induced. In this scenario, protostellar
ejection from filaments occurs because the gas accelerates away from the protostars, not
the other way around. This can be directly tested in the very near future in Orion A
through GAIA proper motion observations.

Figure 2.5: Offsets of ISF protostars (left) and ISF stars (right) from the ridgelines.
Points are colour-coded north-to-south↔ red-to-blue. Ratio of axis scales is 1 Myr. Hence,
the vertically-elongated structure of these diagrams indicates timescales of � 1 Myr and
< 1 Myr for the two diagrams, respectively. These could be either lifetime or turnaround
time. The ISF stellar distributions are broadly distributed, with no obvious “filament-
hugging” subpopulations, like the ISF protostars. However, they also show significant
lumpiness demonstrating incomplete relaxation. The protostars show some severe clump-
ing, with a high density near the origin, in particular. We find mean projected quantities
< ∆α > = (0.38, 0.81, 1.48) pc and < ∆V > = (0.64, 1.81, 2.21) km/s, for the ISF
protostars, ISF stars, and L1641 stars (not shown), respectively.

[1] Stutz, A., et al. (2013): A Herschel and APEX Census of the Reddest Sources
within Orion: Searching for the Youngest Protostars, ApJ 767, 36

[2] Stutz, A. & Kainulainen, J. (2015): Evolution of Column Density Distributions in
Orion A, A&A 577, L6

[3] Stutz, A. & Gould, A. (2015): Slingshot Mechanism in Orion: Kinematic Evidence
For Ejection of Protostars by Filaments, A&A accepted, arXiv:1512.04944,
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2.5 The Inner Workings of Massive YSOs

Hendrik Linz, Paul A. Boley, Katharine G. Johnston, Roy van
Boekel, Thomas Henning

A mid-infrared interferometric survey towards massive YSOs

Figure 2.6: Best-fit representation
for an axisymmetric intensity dis-
tribution model to the MIR visibil-
ities measured towards AFGL 4176
at λ = 10.6 µm. (taken from [2])

Information about the inner structure of young
stellar objects (YSOs) is crucial for understanding
how a forming star gains its mass. In the mid-
infrared (MIR) one probes warm dust close to the in-
ner energy sources. It is thus complementary to the
(sub-)millimeter regime, which mainly traces colder
dust. By means of MIR interferometry, we can peek
into the heavily extinguished central 100 AU of such
objects several kiloparsecs away. The MIR interfero-
meter midi at the vlti was built mainly at MPIA,
and its operation came to a conclusion in 2014 after
almost 12 years of successful service. In the report-
ing period, MPIA has bundled midi results for dif-
ferent object types into devoted survey papers (see
also chapter 3.3). For the massive YSOs, our paper
[1] contains almost all midi observations conducted
towards this object class, spanning a large range of
baselines. We went for a homogeneous re-reduction
of all related midi data, and subjected the resulting
visibilities to a simplified geometric modelling. We
resolved the compact MIR emission and revealed clear deviations from spherical symme-
try in most of our 24 targets. Due to our systematic approach, we were able to trace
how the complex composition of massive YSOs impacts the interferometric data in subtle
ways.

A rotating disk around MIDI target AFGL 4176 revealed by ALMA

This complexity is exemplified in the massive YSO named AFGL 4176, for which we
collected a larger midi data set. This allowed for a more in-depth modelling of this deeply
embedded and very luminous YSO [2]. While most single-dish data can be incorporated
into a spherical model for this source (i.e., a dominating envelope component), the midi
data reveal clear asymmetries. Consequently, we added a 2D component to our model
(see Fig. 2.6). However, the interpretation of this elongated structural component was not
beyond doubt. Therefore, we used alma to observe this source in lines of the dense gas
tracer CH3CN [3]. Indeed, we revealed a clear signature of Kepler-like rotation (Fig. 2.7):
one of the rare disk examples to date for a YSO that may spawn an O-star. The entire
rotating structure may be around 2,000 AU in radius and up to 12 M� in total mass.
The position angle (PA) of the CH3CN rotation (∼ 61◦) is not aligned with the 112◦

PA determined from the midi visibilities. These two observations may be reconciled, for
example, if the midi observations instead trace heated dust in the outflow cavity.
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Another massive disk candidate spawned by the MIDI survey

Figure 2.7: First-moment map of
the CH3CN(13–12) emission to-
wards AFGL 4176, depicting the ro-
tation of the gas disk. Black con-
tours denote the 1.2 mm continuum
emission. Based on alma observa-
tions presented in [3].

A previous study by Kraus et al. (2010, Nature
466, 339) had established IRAS 13481-6124 as a
prime candidate for a disk around a young O-type
star, based on near-IR (NIR) interferometry data.
This object was also contained in our midi sam-
ple and, consequently, received our special atten-
tion. In addition to the already rich midi data set
for this YSO contained in our midi survey paper,
we supplemented it with new observations at long
midi baselines, as well as with MIR sparse aper-
ture masking data from the Gemini South telescope.
Combined with the Kraus et al. data set, this repre-
sents the most extensive collection of NIR and MIR
interferometry data for a massive YSO to date. Us-
ing a combination of geometric and radiative trans-
fer models, presented by Boley et al. (2016, A&A
586, A78), we confirmed the detection at MIR wave-
lengths of the disk previously inferred from NIR ob-
servations. The outflow cavity was also detected
at both NIR and MIR wavelengths and, in fact, it

dominates the MIR emission in terms of total flux. We demonstrated that the mass of the
disk cannot be constrained without high-resolution observations in the (sub-) millimeter
regime, or by observations of the disk kinematics. Hence, the previous claim of a 20 M�
disk around this YSO, voiced in the Kraus et al. work, has to be put into perspective.
We are in the fortunate situation to be in a collaboration that earned alma cycle-3 time
to conduct suitable observations.

Summary: With midi, we do not exclusively trace a potential circumstellar disk; the
surrounding envelope, and especially the outflow cones, affect the measured visibilities
on angular scales below 0.1 arcsec. Since midi only delivers visibilities, modelling is an
integral part of the data interpretation. With its successor, Matisse, currently under
construction with strong involvement from MPIA, we will have MIR closure phases avail-
able at the vlti for the first time, which will greatly improve the imaging of the smallest
structures in the interiors of massive YSOs.

[1] Boley, P.A., Linz, H., van Boekel, R., Henning, Th., Feldt, M., Kaper, L., Leinert,
Ch., Müller, A., Pascucci, I., Robberto, M., Stecklum, B., Waters, L.B.F.M., & Zinn-
ecker, H. (2013): The VLTI/MIDI survey of massive young stellar objects. Sounding
the inner regions around intermediate- and high-mass young stars using mid-infrared
interferometry, A&A 558, A24

[2] Boley, P.A., Linz, H., van Boekel, R., Bouwman, J., Henning, Th., & Sobolev,
A.M. (2013): On the massive young stellar object AFGL 4176. High-spatial-resolution
multi-wavelength observations and modeling, A&A 557, C1

[3] Johnston, K.G., Robitaille, Th.P., Beuther, H., Linz, H., Boley, P.A., Kuiper, R.,
Keto, E., Hoare, M.G., & van Boekel, R. (2015): A Keplerian-like Disk around the
Forming O-type Star AFGL 4176, ApJL 813, L19
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2.6 Disks Around B-Type Stars in Galactic Center

Clusters

Wolfgang Brandner

Excess sources in the Arches and Quintuplet starburst clusters

Figure 2.8: JH composite colour image of the Quintuplet cluster with
circles highlighting disk sources (white) and WR stars (blue).

Stars embedded
in starburst clus-
ters in the Galac-
tic center region
face an extreme
environment in the
form of an in-
tense UV radi-
ation field and
high overall stel-
lar density. As
both environmen-
tal effects should
be detrimental for
the survival of
circumstellar disks,
the detection of
dusty and gaseous
disks around a
large number of
B-type stars in
the 2 to 3 Myr
old Arches clus-
ter was rather un-
expected (Stolte
et al., 2010, ApJ
718, 810).

Aiming for a com-
prehensive census of disks in Galactic Center starburst clusters, we have carried out deep
Lp-band imaging of Arches and Quintuplet using NACO at the ESO VLT. This data has
been complemented by multi-epoch Ks-band imaging obtained in the course of our proper
motion studies of Galactic starburst clusters. Figure 2.8 depicts the near-infrared view
of the a ≈ 4 × 4 pc region centered on the Quintuplet cluster. The fields of the NACO
study are indicated by large boxes. The multi-epoch observations enabled us to discern
likely cluster members from unrelated field stars, and thus greatly alleviated the crowding
problem one faces when studying the dense Galactic center environment (see s. § 2.11 for
more details on recent results of our proper motion and related studies of massive star
forming regions).
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Figure 2.9: Left: J-H vs Ks-Lp colour-colour diagram, with excess sources marked by
open diamonds (disk sources in red and WR stars in blue). Green dots mark proper
motion members, indicating that the vast majority of the excess sources are members of
Quintuplet. Right: disk lifetimes in massive clusters follow a distinct sequence, and are
significantly shorter than in low mass and low density environments (see [1]).

Starburst cluster disk fractions and lifetimes

Figure 2.9, left, exemplifies that the excess sources clearly stand out in a colour-colour
diagram. Overall, we identified 21 and 26 L-band excess sources in Arches and Quintu-
plet, respectively. The spectral types of the excess sources span from early B-type to late
A-type stars. In this spectral range, we derive disk fractions of ≈9% and 4% in Arches
and Quintuplet, respectively. While this is significantly lower than what is found among
low-mass stars in less dense environments, the survival of massive disks in these intense
UV environments is puzzling. One possible explanation might be that the disks originate
as mass transfer disks in binary systems [1]. Follow-up studies at a higher angular resolu-
tion (using VLTI/GRAVITY) and spectral resolution (using the upgraded CRIRES) will
facilitate more quantitative studies of disk sizes, masses and composition.

Work done in collaboration with Andrea Stolte (University of Bonn, Germany), Ben-
jamin Hußmann (University of Bonn, Germany), Christoph Olczak (ARI, University of
Bonn, Germany), Maryam Habibi (MPE Garching, Germany), Andrea Ghez (University
of California, Los Angeles, USA), Mark Morris (University of California, Los Angeles,
USA), Jessica Lu (University of Hawaii, Honolulu, USA), Will Clarkson (University of
Michigan, Dearborn, USA) and Jay Anderson (STScI Baltimore, USA).

[1] Stolte, A., Hußmann, B., Olczak, C., Brandner, W., Habibi, M., Ghez, A.M., Morris,
M.R., Lu, J.R., Clarkson, W.I., & Anderson, J. (2015): Circumstellar discs in Galac-
tic centre clusters: Disc-bearing B-type stars in the Quintuplet and Arches clusters,
A&A 578, 4
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2.7 A Core-Forming Clump in Perseus

Sarah Sadavoy, Thomas Henning, Dmitry Semenov

Summary

We present the B1-E clump, the sole dense (AV > 5 mag) region in the Perseus Molecular
Cloud without young stellar objects or prestellar cores. Instead, B1-E is in a unique
state where the diffuse cloud material appears to be fragmenting into a first generation
of dense, prestellar cores in relative isolation. Since such core formation regions are rare,
B1-E is an ideal laboratory to study the initial conditions of star formation and the
mechanisms that drive (or delay) the formation of cores. We use continuum observations
from the Herschel Space Observatory (HSO) to characterize the physical properties of
this clump and molecular line observations from the IRAM 30 m telescope to characterize
the dynamics and chemistry. We find that most substructures have broad (supersonic)
line widths similar to the kinematic properties from the larger-scale, moderately dense
gas, with only one substructure showing narrower line widths similar to those expected for
cold, dense cores. Using multiple transitions of C18O line emission, we find evidence of CO
depletion towards only this quiescent substructure. Moreover, this object has detections
of sulfur-bearing molecules, which are typically released to the gas phase from shocks.
We suggest that the kinematics and chemistry of prestellar cores are linked, such that
prestellar cores are formed dynamically active and carbon-rich but, as their turbulence
dissipates (e.g., from shocks), the local chemistry will evolve to a chemically layered,
prestellar core.

Continuum observations

Figure 2.10: Herschel three-colour image of
the B1-E clump in Perseus Herschel. This
image uses Herschel 160 µm, 250 µm and
350 µm observations for blue, green and red,
respectively.

The HSO continuum data of B1-E revealed
nine distinct substructures, which were not
previously detected with ground-based fa-
cilities (Sadavoy et al 2012, A&A 540,
A10). Figure 2.10 shows a three-colour im-
age of B1-E from these HSO observations.
We determined column densities and tem-
peratures across B1-E from modified black-
body fits to the observed spectral energy
distributions (SEDs) from the HSO data
at 160 − 500 µm. We found T ' 14 K
and M ∼ 100 M� for material with col-
umn densities > 5×1021 cm2. For the sub-
structures, we found masses of <∼ 1 M� and
densities of 104−5 cm3. Follow-up NH3 ob-
servations of these substructures revealed
unusually broad (supersonic) line widths
compared to the typical, quiescent (ther-
mal) line widths of cold, dense, prestellar
cores ([1] and Sadavoy et al 2012, A&A

540, A10). Thus, these substructures appear to be in an unusual and unique stage.
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IRAM 30 m observations

With the IRAM 30 m telescope, we mapped B1-E in C18O (1-0) and (2-1) line emission
[1], finding complex velocity structures indicative of multiple velocity components. More-
over, the substructures appear at the junction of these different velocity streamers, and,
therefore, may be the locations of low-velocity shocks. Indeed, we detected sulfur-bearing
molecules, which are indicative of shocks, with the IRAM 30 m telescope towards the
substructures. Sulfur-bearing molecules, like water, are thought to freeze out onto dust
grains early in the evolution of molecular clouds. Nevertheless, they can return to the gas
phase at temperatures >∼ 100 K or from shocks stripping ice mantles from grains (Mitchell
1984, ApJ 287, 665).

Figure 2.11: X(C18O) for B1-E. Con-
tours represent H2 column densities of
7 × 1021 cm2, 8.5 × 1021 cm2 and 10.5 ×
1021 cm2.

With the multi-J observations of C18O,
we determined the C18O column density
across B1-E using radiative transfer mod-
els. Figure 2.11 shows the X(C18O)
factor (the ratio of C18O column den-
sity to the dust-derived H2 column den-
sity) for B1-E with contours highlighting
the densest material. Of all the dense
material, the B1-E2 substructure (see Fig-
ure 2.11) has uniquely lower X(C18O) val-
ues by a factor of 2 [1]. B1-E2 also
has the brightest NH3 emission compared
to the other substructures (Sadavoy et al
2012, A&A 540, A10), suggesting that its
lower X(C18O) is evidence of C18O gas freez-
ing out onto the surfaces of dust grains.
These observations provide the first evidence
of C18O depletion in a core-forming re-
gion.

The B1-E2 source is also the most quiescent substructure. Thus, the onsets of CO de-
pletion and chemical enrichment appear tied to the local dynamics. We propose that
cores first form out of the more diffuse clump with similar kinematics and chemistry as
the larger-scale clump. Over time, the dynamics become quiescent and CO freezes out
efficiently onto dust grains, thereby changing the local chemistry. Whether the dynamical
evolution must occur first (e.g., CO does not deplete efficiently in turbulent environ-
ments) or the kinematics and chemistry evolve simultaneously remains unclear. Future
observations of this clump are planned to probe these possibilities.

[1] Sadavoy, S. I., Shirley, Y., Di Francesco, J., Henning, Th., et al. (2015): The Kine-
matic and Chemical Properties of a Potential Core-Forming Clump: Perseus B1-E,
ApJ 806, 38
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2.8 Cold at Heart – Herschel Reveals Temperature

Structure of Molecular Clouds

Ralf Launhardt, Zoltan Balog, Thomas Henning, Oliver Krause,
Hendrik Linz, Nils Lippok, Markus Nielbock, Thomas

Robitaille, Markus Schmalzl, Anika Schmiedeke, Amelia Stutz

We initiated the Herschel GT Key Project “The Earliest Phases of Star Formation”
(EPoS) with the goal of deriving the spatial density and temperature structure of low-
mass pre- and protostellar cores and thus probe the physical conditions at the onset
of star formation. For this purpose, we selected 12 individual, isolated, nearby and well-
characterized molecular cloud cores and obtained spatially resolved far-infrared (FIR) dust
emission maps at five wavelengths around the peak of their thermal emission spectrum.
The Herschel data are complemented by submm and mm dust continuum emission maps
obtained with ground-based telescopes.

Cloud cores: external heating and shielding made visible

In a first step, we developed an automated SED-fitting routine to reconstruct column
density and dust temperature maps that were averaged along the line of sight. The
results of this survey were published in [1]. This was the first time the detailed temperature
structure of molecular clouds could be made visible with such accuracy. In a second step,
we also developed a ray-tracing inversion technique that allowew us to reconstruct the
3D temperature and density structure of the globules directly from the observed dust
emission maps without making assumptions about the physical conditions [2, 3, 4, 5].
The resulting mid-plane dust temperature maps looked qualitatively similar to the line-
of-sight-averaged maps, but now actually showed the true central dust temperature in the
cold cores and thus allowed us to derive genuine radial temperature profiles. Figure 2.12
shows the resulting mid-plane dust temperature maps of three isolated globules from
our sample. CB 4, the core with the lowest mass and highest central temperature, was
found to be subcritical and purely pressure-confined (or transient). B 68 is a typical
isolated starless core at the border between critical and subcritical. CB 244 contains both
a supercritical starless core and a low-mass protostar.

Figure 2.12: Mid-plane dust temperature maps of three isolated globules, derived with the
ray-tracing inversion technique and overlaid with contours of the hydrogen column density
(at 0.5, 1, 5 and 10 ×1021 cm−2). Yellow squares mark the center positions of starless
cores and the asterisk marks the position of an embedded protostar in CB 244.
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We found that the thermal structure of isolated globules is dominated by external heating
from the interstellar radiation field (ISRF) and moderate shielding by thin extended halos.
All globules were found to have warm outer envelopes (14–20 K) and colder dense interiors
(7-12 K), with peak column densities of a few 1022 cm−2. The protostars embedded in some
of the globules raise the local temperature of the dense cores only within radii out to about
5,000 AU, but do not significantly affect the overall thermal balance of the globules.

From data inversion to physical models

Figure 2.13: Comparison of the radial
dust temperature distribution in B 68 de-
rived from the Herschel data with the ray-
tracing inversion technique (blue dots and
shaded region) with the best-matching self-
consistent radiative transfer model (black
line; from [5]).

To explore the physical conditions that lead
to the observed temperature distributions, we
compared the dust temperature profiles de-
rived with the ray-tracing inversion technique
with self-consistent radiative transfer mod-
els [5]. We found that the ray-tracing in-
version yields temperature profiles that can
be well-reproduced with self-consistent radia-
tive transfer models (Fig. 2.13) if the geome-
try of the cores is not too complex and there
is good data coverage with spatially resolved
maps at five or more wavelengths in range
between 100µm and 1.2 mm. We also con-
firmed results from earlier studies, which in-
dicated that the usually adopted canonical
value of the total strength of the ISRF in the
solar neighborhood is incompatible (too low
by a factor of 2–3) with the most widely used
dust opacity models for dense cores. However,
with the data available for this study, we can-
not uniquely resolve the degeneracy between

dust opacity law and strength of the ISRF. Our next step, already under way, is therefore
aimed at constraining the dust opacity law in these cores and its possible variation with
density and temperature by involving both NIR extinction data as well as additional mm
emission maps at longer wavelengths (2 mm).

Work done in collaboration with Y. Shirley, J.H. Bieging (Steward Obs., USA), Y.
Pavlyuchenkov (INASAN Moscow, Russia), T. L. Bourke (CfA, USA), J. di Francesco
(HIA, Canada) and B. Stecklum (TLS, Germany).

[1] Launhardt, R., Stutz, A. M., Schmiedecke, A., et al. (2013): EPoS: The thermal
structure of low-mass star-forming cores, A&A 551, 98

[2] Nielbock., M., Launhardt, R., Steinacker, J., et al. (2012): EPoS: The dust temper-
ature and density distributions of B 68, A&A 547, A11

[3] Lippok, N., Launhardt, R., Semenov, D., et al. (2013): Gas-phase CO depletion and
N2H+ abundances in starless cores, A&A 560, A41

[4] Schmalzl, M., Launhardt, R., Stutz, A. M., et al. (2014): Temperature, density, and
kinematic structure of the star-forming core CB 17, A&A 569, A7

[5] Lippok, N., Launhardt, R., Henning, Th., et al. (2016): EPoS: Dust temperature
distributions in isolated starless cores , A&A in press,
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2.9 The Extraordinary Far-Infrared Variation of a

Protostar: Herschel/PACS Observations of

LRLL54361

Zoltan Balog, Örs H. Detre, Jeroen Bouwmann, Markus
Nielbock, Ulrich Klaas, Oliver Krause, Thomas Henning

LRLL 54361

Our target LRLL 54361 is a young protostar in the star forming region IC 348, at a dis-
tance of 320 pc. This unique source exhibits strong, periodic increases in luminosity at
mid-infrared wavelengths, as measured from multi-epoch Spitzer Space Telescope obser-
vations taken over a time span of several years ([1]). The photometric light curve shows
a remarkably stable periodicity with a period of 25.34 ± 0.01 days. [1] also obtained
near-infrared HST /WFC3 images that revealed a light echo propagating through scat-
tered light cavities in the envelope. The overall characteristics of the flux changes in this
source were best explained as a result of pulsed accretion due to an unseen companion
star. In our study, we analyzed new multi-epoch Herschel observations of LRLL54361 in
order to better characterize the nature of this object and its variability.

Observations and Results
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Figure 2.14: 70 µm light curve of
LRLL54361 folded with 25.34d pe-
riod.

We observed a 14′x14′ area in IC348 with the Pho-
todetector Array Camera and Spectrometer (PACS)
onboard the Herschel Space Observatory simulta-
neously at 70 and 160 µm 29 times in scan map
mode in order to monitor the possible variation of
the Young Stellar Objects(YSOs) in the region. The
resulting light curve of LRLL 54361 at 70 µm is
shown in Fig 2.14. Different symbols designate ob-
servations taken in different cycles. The light curve
(around 2Jy with a ∼2% scatter) of LRLL 54362, a
nearby non-variable YSO is also shown to demon-
strate the stability of the instrument. The Herschel
flux variations of LRLL 54361 are consistent with
the 25.34-day period measured by [1]. However, the
variation pattern does not repeat exactly; Figure
2.14. shows that the second maximum (open squares) is about 60-80% brighter than
the first one (filled squares). There is a slight shift between the curves of the different
cycles implying that the strength and/or the exact time of the pulse changes from cycle
to cycle. The light curve shapes also imply that the system returns to the same minimum
state after each pulse but the timescale of the decline depends on the amplitude of the
maximum - the stronger the maximum, the more time it takes to return to the minimum.
We note that there is a time-lag between the Spitzer/IRAC and Herschel/PACS data as
well as between the PACS 70 µm and PACS 160 µm light curves. The maximum at 70
µm is delayed by 1.6 days with respect to the predicted maximum based on the Spitzer
ephemeris. This cannot be considered as an absolute value since there is some phase jitter
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from cycle to cycle. However the maxima of the contemporary measurements at 70 and
160 µm differ by 0.7 days indicating that the 160µm emission region must be farther away
from the star than that emitting at 70 µm, as expected from models of infalling envelopes.
Additionally, using the PACS Spectrograph in Range Spectroscopy mode we obtained two
spectra between 55-72 and 100-145 µm close to the minimum and two spectra 7 days later
on as close to the predicted maximum as possible. On both occasions the two observations
were separated by several hours to study possible short term variations. The agreement
between the fluxes of the photometry and spectroscopy is excellent indicating that the
flux calibration of the spectra is very reliable. These spectra show that the flux variations
are larger at shorter wavelengths, again consistent with the photometry. There are no
spectral features of significance in the data.

Discussion

We have presented the first complete far-IR (FIR) light curve of the variable protostar
LRLL54361. The FIR flux changes correlate very well with the period measured pre-
viously at shorter (3.6 and 4.5 µm) wavelengths. The unresolved FIR emission traces
cool dust several AU from the central source, thus the strength of its variability is some-
what surprising. The periodicity and timescale automatically rule out a relation to in
situ structural variations because any such changes will occur on the local dynamical
timescale, which for keplerian rotation in the disk is years or decades.
The most probable cause of the FIR luminosity changes is intrinsic variability of the central
source, most likely manifested via changes in the accretion luminosity. [1] attributed the
near- and mid-IR variability to pulsed accretion associated with a close binary. In that
scenario, the accretion luminosity varies according to the binary orbital phase, reaching
a maximum near periastron separation. The observed IR light indirectly traces that
variability via irradiation of the circumstellar material. The Herschel data are consistent
with this hypothesis.
The strength of the pulses change from cycle to cycle indicating variations in accretion
luminosity on a monthly timescale on top of the 25.34-day modulation. Assuming that
the source luminosity at the pulse peaks is dominated by accretion luminosity, we can
use our observations to estimate the short term variation of the mass accretion rate
during the pulses. Using the protostellar models of [1], we derived 8.0×10−7M�/yr and
1.5 ×10−6M�/yr accretion rates for the two maxima covered by our Herschel/PACS
observations (corresponding to ∼3−7×10−8M� accreted material per pulse). The mass
accretion rate almost doubled from one maximum to the next meaning that the early
phases of star formation cannot be in all cases properly described by models assuming
steady or just slowly changing accretion rates. These results indicate that multi-epoch
observations in the far-IR provide a useful probe of accretion variability in objects where
direct measurements are infeasible.

Work done in collaboration with James Muzerolle, Kevin Flaherty, Elise Furlan, Rob
Gutermuth, Attila Juhasz, John Bally and Gabor Marton.

[1] Muzerolle, J., Furlan, E., Flaherty, K., Balog, Z., et al. (2013): Pulsed accretion in a
variable protostar, Nature 493, 378

[2] Balog, Z., Muzerolle, J., Flaherty, K., et al. (2014): The Extraordinary Far-Infrared
Variation of a Protostar: Herschel/PACS Observations of LRLL54361, ApJ 789, L38

39



2.10 A Spatially Resolved Rotating Disk Wind from

a Young T Tauri Star

Ralf Launhardt, Thomas Henning, Dmitry Semenov

Mature stars like our Sun have specific angular momenta that are typically 6–7 orders of
magnitude smaller than those of the molecular cloud cores they formed from. In fact, the
angular momentum of a typical molecular cloud core is so high that a star could not form
from it. The centrifugal force would exceed the gravitational cohesion long before the
collapsing core has shrunken to the size of a star and nuclear fusion could ignite. This so-
called “angular momentum problem” in star formation is solved by a number of different
mechanisms that transport away angular momentum on different size scales during the
pre- and protostellar evolution. Jets and outflows from forming stars are thought to play a
key role in this process as they should be able to efficiently expel excess angular momentum
from the system along the rotation axis. Yet, despite many groups having tried to tackle
this problem observationally, clearly detected rotation signatures in protostellar jets or
molecular outflows remain very scarce and the few existing low signal-to-noise detection
claims neither permit to reliably constrain the respective jet/wind-launching mechanism
nor to quantify the angular momentum dissipation rates.

CB26

CB25

HH494

RGB = [I, [SII], Hα]

1 arcmin

8400 AU

Figure 2.15: True-colour image of the region around the globule CB 26 (left). Right:
K-band image of the bipolar reflection nebula in CB 26 (grey-scale), overlaid with red
contours of the 1.3 mm dust continuum emission from the disk. Green dashed contours
show the integrated 12CO(2–1) emission from the bipolar molecular outflow as seen at an
angular resolution of 1.5′′. Green solid contours and the blue–red colour map show the
first moment map of the now spatially resolved rotating disk wind at an angular resolution
of 0.5′′.

Using the IRAM PdB Interferometer, we have recently detected a small collimated bipolar
molecular outflow from a young T Tauri star that is surrounded by a protoplanetary disk
seen edge-on and is embedded in the Bok globule CB 26 (Fig. 2.15). Since the 12CO(2–1)
emission showed peculiar kinematic signatures, we used an empirical steady-state outflow
model combined with 2D line radiative transfer to constrain the physical parameters of the
outflow. We found that the data are best reproduced by an outflow that is rotating about
its polar axis [1]. This hypothesis was supported by the corotation and energetic match
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of disk and outflow. Furthermore, the precise alignment of HH 494 with the outflow axis
(Fig. 2.15) seemed to be inconsistent with alternative scenarios like two misaligned jets
from a hypothetical binary system. CB 26 was, therefore, the most promising source in
which to study the dispersion of disk angular momentum by a rotating molecular outflow.

Figure 2.16: Maps of the 12CO (2–1) emis-
sion in binned, 0.8 km s−1 wide channels
around the velocity offsets ∆v from v0 =
5.95 km s−1 indicated on top. Top row: ob-
served total emission; middle row: disk
model; bottom row: residuals, i.e., total
emission minus disk model. Blue contours
indicate negative velocity offsets, red con-
tours positive ones. Black contours show the
230 GHz dust continuum emission from the
disk. Solid yellow lines in the bottom panels
indicate the shape of the outflow cone. The
underlying grey-scale image shows NIR K-
band image of the bipolar reflection nebula.

To verify the hypothesis of outflow rota-
tion in CB 26 against possible alternative
scenarios, we obtained additional CO data
with longer interferometer baselines that en-
abled us to image the outflow at an angu-
lar resolution of 0.5′′. Since the CO emis-
sion from the disk atmosphere and the out-
flow are not separated spatially at the ori-
gin of the outflow, which could potentially
lead to misinterpretation of the data, we es-
tablished a physical disk model based on
radiative transfer models of the dust con-
tinuum emission, used the results to model
the CO emission from the disk, and sub-
tracted it from the data. The astonishing
result, which can be seen clearly in Fig. 2.16,
reveals a single, spatially resolved conical
wind that is launched from the disk at
rlaunch ≈ 40 AU, with angular Keplerian ve-
locity of vKep(45AU) ≈ 2.7 km/s, and pro-
jected radial velocity of v′rad ≈ 0.25 km/s,
which for i=81◦ (i.e., close to edge-on) cor-
responds to vrad ≈ 1.6 km/s. This launch
radius corresponds to the size of the inner
hole in the disk, which was inferred from ra-
diative transfer models to the thermal dust
continuum emission. Although the physical
reason for the large inner hole remains to be
explored (hypotheses exist), CB 26 and this
data set represent the first case in which the
launch region of a YSO disk wind is fully
spatially resolved, the rotation of the wind
is well-established, and the efficiency of ang-
ular momentum dispersal can be estimated.
The next step in the analysis will be the
establishment of an empirical wind model
that will allow us to better derive the ener-

getic parameters of the wind and relate it to theoretical disk wind models.

Work done in collaboration with Y. N. Pavlyuchenkov, V. V. Akimkin (INASAN Moscow,
Russia), A. Dutrey, S. Guilloteau (OASU Bordeaux, France), F. Gueth, V. Piétu (IRAM,
France) and U. Gorti (NASA, USA).

[1] Launhardt, R., Pavlyuchenkov, Y., Gueth, F., et al. (2009): Rotating molecular
outflows: the young T Tauri star in CB 26, A&A 494, 147
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2.11 Young Stellar Clusters in the Milky Way

Wolfgang Brandner, Shiwei Wu, Joachim Bestenlehner, Thomas
Henning

LUCI/LBT spectroscopic survey of massive star forming regions

Figure 2.17: Composite colour image
of a 10 pc × 8 pc field centered on the
W49A region (red: FORCAST/SOFIA
31.5µm, green: LUCI/LBT K-band,
blue: SOFI/NTT J-band).

With the aim to better understand and char-
acterize the formation environment of massive
stars, we carried out a systematic study of a mas-
sive Galactic star forming region taking advan-
tage of the sensitivity and multiplexing advan-
tage offered by the infrared multi-object spec-
trograph LUCI at the LBT. The embedded star
forming region W3 ([2]), W49 ([5]) and W51
([6]) all simultaneously contain different stages
of star formation ranging from deeply embed-
ded sources only detectable in the mid- to far-
infrared (see Fig. 2.17) over young clusters with
ages .1 Myr to more dispersed sources with ages
of several Myr. The most massive stars are, in
general, found in the densest parts in each of
these regions (see also s. § 2.13).

Low-mass stellar content of Westerlund 1

At an age of ≈4 Myr, Westerlund 1 is one of
the most massive young clusters in the Milky
Way. Using deep near-infrared imaging with WFC3/HST, we could trace the cluster
population down to stellar masses of 0.15 M�, which yields a total stellar mass of ≈
5 × 104 M�. A comparison with the dynamically determined mass suggests that the
cluster is gravitationally bound and might ultimately evolve into a low-mass globular
cluster [4].

Origin and stellar content of Galactic center starburst clusters

Based on our proper motion estimates ([3]), we were able to backtrack potential formation
locations of Quintuplet and Arches (Fig. 2.18) assuming a range in line-of-sight distances
to the Galactic center. For both clusters formation by colliding clouds at the interception
of x1 and x2 orbits is a possibility, and in agreement with the observed cluster motions.

Work done in collaboration with Arjan Bik (Stockholm University, Sweden), Anna
Pasquali (ARI, University of Heidelberg, Germany), Andrea Stolte (University of Bonn,
Germany), Benjamin Hußmann (University of Bonn, Germany), Christoph Olczak (ARI,
University of Bonn, Germany), Maryam Habibi (MPE Garching, Germany), Morten
Andersen (Gemini Observatory, La Serena, Chile), Mario Gennaro (STScI, Baltimore,
USA), Hans Zinnecker (Deutsches SOFIA Institut, Stuttgart, Germany), Andrea Ghez
(University of California, Los Angeles, USA), Mark Morris (University of California, Los
Angeles, USA) and Jessica Lu (University of Hawaii, Honolulu, USA).
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Figure 2.18: Orbital families for Quintuplet (left) and Arches (right) tracing back possible
formation locations (black solid curves) compared to the outermost x2 orbit (solid red
ellipse). The asterisks mark the present day locations of Quintuplet and Arches, and the
solid triangles the corresponding formation locations ([3]).

[1] Habibi, M., Stolte, A., Brandner, W., Hußmann, B., & Motohara, K. (2013): The
Arches cluster out to its tidal radius: dynamical mass segregation and the effect of
the extinction law on the stellar mass function, A&A 556, L26

[2] Bik, A., Stolte, A., Gennaro, M., Brandner, W., Gouliermis, D., Hußmann, B.,
Tognelli, E., Rochau, B., Henning, T., Adamo, A., Beuther, H., Pasquali, A., &
Wang, Y. (2014): Deep near-infrared imaging of W3 Main: constraints on stellar
cluster formation, A&A 561, A12

[3] Stolte, A., Hußmann, B., Morris, M., Ghez, A., Brandner, W., Lu, J.R., Clarkson,
W., Habibi, M., & Matthews, K. (2014): The Orbital Motion of the Quintuplet
Cluster - A Common Origin for the Arches and Quintuplet Clusters?, ApJ 789, 115

[4] Andersen, M., Gennaro, M., Brandner, W., Stolte, A., de Marchi, G., Meyer, M. R.,
& Zinnecker, H. (2016): The very low-mass stellar content of the young supermassive
Galactic star cluster Westerlund 1, A&A in press, arXiv 1602.05918

[5] Wu, S., Bik, A., Bestenlehner, J. M., Henning, T., Pasquali, A., Brandner, W., &
Stolte, A. (2016): The Massive Stellar Population of W49: A Spectroscopic Survey,
A&A 589, A16

[6] Wu, S. (2016): A Spectroscopic Survey of Young Massive Star-Forming Regions, PhD
thesis University of Heidelberg,
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2.12 The Potential Multiplicity of “Individual”

Young Stellar Objects

Esteban F. E. Morales, Thomas P. Robitaille

In the last decade, large-scale surveys of the Galactic plane have revealed not only the
population of star-forming molecular clouds/clumps in the submm and far-infrared (e.g.,
ATLASGAL, BOLOCAM, Hi-GAL), but also a wide variety of forming stars and clus-
ters at near- and mid-infrared wavelengths (e.g., GLIMPSE, UKIDSS, VVV). Previous
studies, however, have never considered the potential multiplicity of a single object at a
given wavelength when observed at a shorter wavelength providing higher angular res-
olution. The standard approach to deal with multi-wavelength data is a plain “nearest
source” matching to associate sources across different wavelengths. In order to make use
of the full high-resolution information of multi-wavelength data, we are working on the
development of a hierarchical YSO catalogue that will associate multiple sources from
a higher-resolution survey with the corresponding (typically fewer) sources in a lower-
resolution survey.
As a first step, we carried out an exploratory study [1] in which we investigated whether
individual YSOs selected in the mid-infrared GLIMPSE survey split into multiple sources
when seen in the NIR higher-resolution UKIDSS survey. In particular, we investigated
whether there are multiple UKIDSS sources for each GLIMPSE object that might all
contribute to the GLIMPSE flux, or whether there is only one dominant UKIDSS coun-
terpart.

Data sets

The GLIMPSE survey covers the inner Galaxy (longitudes |`| ≤ 65◦), with an angular
resolution (FWHM) of ∼ 2′′, at the mid-infrared bands 3.6, 4.5, 5.6 and 8.0 µm. Robitaille
et al. (2008, hereafter R08) [2] compiled a highly reliable census of 18, 949 sources selected
by their MIR red colour, namely [4.5] − [8.0] ≥ 1. These sources consist mostly of
YSOs (with an estimated fraction of 50% − 70%) and AGB stars (estimated fraction of
30%−50%). This population of YSOs was modelled by [3] to estimate the star formation
rate (SFR) of the Milky Way, in conjunction with a population synthesis model.
The UKIDSS Galactic Plane Survey (GPS) consists of observations in the J , H and
K filters with an angular resolution of ∼ 0.8′′, including most of the area covered by
GLIMPSE for ` ≥ −2. In [1], we studied the 8, 325 objects from the R08 sample, which
have UKIDSS GPS images available in the three JHK filters. Because the published
UKIDSS point source catalogue is based on aperture photometry only, we performed PSF
fitting photometry on the UKIDSS images, in order to detect and properly separate the
emission of multiple overlapping sources at the position of each R08 object.

Results

We noticed that comparing the NIR spectral energy distributions (SEDs) of the detected
UKIDSS sources with the MIR SED of the corresponding R08 object was remarkably
helpful to find the dominant UKIDSS counterparts. As an example, Figure 2.19 shows
UKIDSS and GLIMPSE three-colour images of one particular R08 object, together with
its MIR SED (3.6 − 24 µm) and the NIR SEDs (JHK) of the three detected UKIDSS
sources. By examining in particular the UKIDSS image and the SEDs comparison plot,
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Figure 2.19: UKIDSS sources detected by [1] within a radius of 2′′ from the position of
one of the intrinsically red objects catalogued by R08. Left: UKIDSS JHK three-colour
image overlaid with the positions of the UKIDSS sources as open circles (green for the
nearest in angular separation, and magenta for the others). Middle: GLIMPSE 3.6, 4.5,
8.0 µm three-colour image of the same field. Right: Spectral energy distribution (SED) of
the R08 object at 3.6, 4.5, 5.8, 8.0 and 24 µm wavelengths (blue points), plotted together
with the SEDs of the three UKIDSS sources in the J , H and K bands (green points for
the nearest source, and red points for the others).

it is clear that the nearest (in projected angular distance) UKIDSS source nicely matches
the MIR SED and is probably the main contributor to the GLIMPSE fluxes, whereas the
others are a much fainter reddened source that does not match the MIR SED well, and
an evident foreground star with a flat NIR slope. We then implemented a methodology
to automatically recognize these UKIDSS sources having a “good match” with the MIR
SED, which basically consisted of a comparison between different interpolation methods at
the NIR-MIR transition of the SED. Contamination of using this approach was carefully
estimated by a validation sample checked by eye and Monte Carlo simulations.
We found that ∼ 89% (with an uncertainty of ∼ 1.5%) of the analysed objects from the
R08 sample present only one dominant UKIDSS counterpart, which matches the MIR
SED. Though at first sight this might be surprising, given the typically clustered nature
of the environment of YSOs, we argued that within the mass range covered by the R08
catalogue (intermediate to high masses, as estimated by the population synthesis model
by [3]), clustering with objects with comparable mass is unlikely at the GLIMPSE resolu-
tion. In fact, in [1] we also performed Monte Carlo simulations with random assignment
of neighbours to the synthetic “observed” sample of [3], using a typical distribution of
YSO number surface densities, and we found consistent results with what we observed.
However, this does not mean that clustering with lower mass YSOs does not occur within
the GLIMPSE resolution, and our challenge for future work using the UKIDSS survey is
to identify that population.

[1] Morales, E.F.E. & Robitaille, T.P. (2016): Do individual Spitzer young stellar object
candidates enclose multiple UKIDSS sources?, A&A , submitted

[2] Robitaille, T.P., Meade, M.R., Babler, B.L., et al. (2008): Intrinsically Red Sources
Observed by Spitzer in the Galactic Midplane, AJ 136, 2413

[3] Robitaille, T.P. & Whitney, B.A. (2010): The Present-Day Star Formation Rate of
the Milky Way Determined from Spitzer-Detected Young Stellar Objects, ApJL 710,
L11
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2.13 Discovery of a Very Massive Star in W49

Shiwei Wu, Wolfgang Brandner, Thomas Henning

The massive galactic star formation complex W49A

Figure 2.20: JHK composite colour image obtained with SOFI (JH) at the ESO NTT and
LUCI (K) at the LBT centered on the massive star forming region W49A. The arrow
points to the location of the very massive star, W49nr1.

W49A (see Fig.2.20) is a Giant HII region surrounded by a photo-dissociation region,
which in turn is embedded in a giant molecular cloud (GMC) with a total mass of 106 M�,
all located in the Galactic plane at a distance of ≈11 kpc. The stars powering the HII
region concentrate in four clusters with the central cluster having a mass of 10,000 M�
and an age of .1 Myr.

W49nr1 – one of the most massive stars in the Milky Way

As part of our systematic study of massive Galactic star forming regions (see s. § 2.11),
we identified candidate massive stars in W49A based on near-IR photometry. Archival
ISAAC/VLT K-band spectra of one of the stars, which is located close to the center of
the central cluster in W49A, and which is hereafter referred to as W49nr1, reveal the
presence of HeII and NV emission lines, indicative of an early spectral type. The broad
emission line profiles of these lines, and of the Brγ and NIII lines, testify for the presence
of fast stellar winds, and are indicative of a spectral class O2-3.5If*.
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Figure 2.21: Hertzsprung-Russell diagram
with evolutionary tracks for massive stars
with (dashed) and without (solid) rotation
overplotted. The hashed regions mark the
range of effective temperature, luminosity,
and hence mass estimates for W49nr1 as-
suming two kinds of extinction laws [1]).

Mass estimates for W49nr1 can be derived
by comparison with theoretical evolution-
ary tracks for massive stars (see Fig.2.21).
Here we use Geneva stellar evolution mod-
els with and without rotation (Ekström et
al. 2012, A&A 537, A146; Yusof et al.
2013, MNRAS 433, 1114). Taking into
account the distance to W49A, apparent
K-band magnitude, extinction correction
and the bolometric correction yields a lu-
minosity estimate of 1.7 to 3 ×106 L� for
W49nr1. This corresponds to a present-
day stellar mass in the range 100 M� to
175 M�, revealing W49nr1 as one of the
most massive stars in the Milky Way ([1]).
Follow-up high angular resolution studies
with GRAVITY at the ESO VLTI will
aim at resolving the close environment of
W49nr1 and other massive stars in the
Milky Way.

Work done in collaboration with Ar-
jan Bik (Stockholm University, Swe-
den), Anna Pasquali (ARI, University
of Heidelberg, Germany) and Andrea
Stolte (University of Bonn, Germany).

[1] Wu, S., Bik, A., Henning, T.,
Pasquali, A., Brandner, W., & Stolte,
A. (2014): The discovery of a very
massive star in W49, A&A 568, L13
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2.14 Diffraction-Limited Imaging of the Hyades –

The Single Star Sequence

Taisiya Kopytova, Wolfgang Brandner

The Hyades as a benchmark cluster

Figure 2.22: Near-infrared colour magnitude diagram
of the Hyades. Once close binary and multiple systems
are recognized as such (red dots), a tightly constrained
single star sequence emerges (blue asterisks with asso-
ciated photometric uncertainties, see [1]).

The Hyades star cluster with an
age of around 625 Myr and a dis-
tance of ≈45 pc is the most ac-
cessible open cluster in the solar
neighbourhood. The cluster fre-
quently serves as a benchmark to
test stellar models, evolutionary
tracks and model atmospheres of
solar type stars.
Using a variation of the star
stream method, Röser et al.
(2011, A&A 531, A92) de-
rived photo-kinematic distances
for more than 700 Hyades can-
didate members, and thereby ex-
tended the candidate member
sample of main-sequence stars
with individual distance estimates
down to mid- to late M-dwarfs
with masses .0.2 M�. The rel-
atively large colour and mag-
nitude spread (larger than ex-
plained by the uncertainties in
the 2MASS photometry) around
the cluster sequence suggested a
contamination by unresolved bi-
nary and multiple systems. In
addition, the comparison of the
cluster sequence with theoretical
isochrones available at that time
revealed a systematic offset in the
mass range 0.5 to 0.7 M�.

High-angular resolution
surveys for binaries

In order to understand the offsets
between the observed sequence
and models, we embarked on a
high angular resolution study of
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the Hyades. Lucky Imaging observations of around 200 Hyades members obtained with
AstraLux Norte at the CAHA 2.2m telescope were complemented by a comprehensive sur-
vey of archival data (comprising of HST, HIPPARCOS as well as ground-based speckle
and adaptive optics observations). In total, we compiled a list of 463 Hyades candidate
members with high angular resolution observations at an angular resolution .0.1′′, and
identified 250 bona fide single stars (which might still include a small contamination of –
thus far – unrecognized spectroscopic binaries).

Fiducial single star sequence of the Hyades

Figure 2.23: The theoretical
isochrone is offset to the red
compared to the Hyades single
star sequence in J-H ([1]).

As highlighted by Figure 2.22, in a Ks vs J-Ks colour
magnitude diagram the single stars in the Hyades define
a tightly constrained sequence in the mass range 0.2 to
2.2 M�, with the scatter even slightly smaller than ex-
pected based on the 2MASS photometric uncertainties
(which is most likely due to the fact that the photomet-
ric uncertainties quoted by 2MASS for individual stars
are a combination of individual random and large-scale
systematic uncertainties). To compare the observed se-
quence with models, we used the FRANEC stellar evolu-
tionary models by Tognelli et al. (2011, A&A 533, 109)
and combined them with BT-Settl atmospheric models
by Allard et al. (2013, MmSAI 84, 1053) using the tool
for Astrophysical Data Analysis (TA-DA) by Da Rio
& Robberto (2012, AJ 144, 176). Observed J and Ks
magnitudes and colours agree very well with theoreti-
cal predictions assuming an age of 600 to 650 Myr and
[M/H]=0.14 for the Hyades (Fig. 2.22). In J-H, however,
there is a systematic offset with the theoretical isochrone
predicting 0.05 mag redder colours (see Fig. 2.23). As
this offset is larger than the systematic uncertainty of
2MASS photometry, we suspect missing opacities in the
atmospheric models in the H-band as the most likely ex-
planation. The newly established single star sequence of

the Hyades comprising 250 stars in the mass range 0.2 to 2.2 M� and with flux measure-
ments ranging from X-rays to the far infrared should serve as a unique fiducial sequence
for further testing and calibration of stellar evolutionary and atmospheric models. In the
coming years, we expect GAIA to further improve on individual distance measurements,
and to extend the sample of confirmed Hyades members to even lower masses.

Work done in collaboration with Emanuele Tognelli (University of Rome, Italy), Pier Gior-
gio Prada Moroni (INFN Pisa, Italy), Nicola Da Rio (University of Florida, Gainesville,
USA), Siegfried Röser and Elena Schilbach (ARI, University of Heidelberg, Germany).

[1] Kopytova, T., Brandner, W., Tognelli, E., Prade Moroni, P.G., Da Rio, N., Röser,
S., & Schilbach, E. (2016): Single stars in the Hyades open cluster. Fiducial sequence
for testing stellar and atmospheric models, A&A 585, A7
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2.15 Protostars in Orion

Amelia M. Stutz, Jouni Kainulainen, Sarah Sadavoy, Thomas
Henning

Stars, both massive and puny, form in molecular clouds. By scrutinizing Orion, the
nearest laboratory for both high- and low-mass star formation, we gain new insights
into the process of star formation. Two principal questions are addressed in this work:
(1) what are the initial conditions in individual star forming cores that will eventually
become planetary systems; and (2) what is the physics that regulates the conversion
of the broader molecular cloud mass reservoir into stellar mass. To address the first
question, we identify and characterize the youngest known protostars using their spectral
energy distributions (SEDs; Stutz et al., 2013). To address the second question, we
compare and contrast the column density distributions with protostellar fractions within
large regions of the cloud (Sadavoy et al., 2014; Stutz & Kainulainen, 2015). Both these
science goals require wavelength access in the far-infrared and submillimeter in order to
observe the cold material participating directly in the star formation process. In this case,
Herschel provides the required wavelength access, permitting a measurement of the mass
distribution and thus the physics that is driving the formation of stars.

Figure 2.24: 4′ × 4′ images at multiple wavelengths of two newly identified PACS Bright
Red sources (PBRs): 093005 (top) and HOPS402 (bottom). Contours indicate the APEX
870 µm emission levels. Source 093005 is the reddest protostar in Orion and lies at the
intersection of three filaments traced by an 8 and 24 µm absorption feature and the 870 µm
emission. In Stutz et al. (2013) we identify and characterize the most embedded protostars
in Orion. We show that their SEDs are consistent with emerging from an optically thick,
dense envelope, and hence their properties are consistent with being the youngest protostars
in Orion. We estimate their lifetimes, based on their relative fractions, to be ∼ 25,000
yr.
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Figure 2.25: Left: Orion A N(H) map shown on a log scale; the N(H)= 3.7× 1021 cm−2

contour is indicated in grey. The locations of protostars are indicated as ×–symbols.
Numbered boxes (with 1/4 square degree area or 3.67 pc on a side) indicate the regions
into which we divide the Orion A cloud. Right: N(H) distributions for each region shown
in the left panel. The combined N(H) distribution for all regions is shown in grey (top).
The dashed curves show the best–fit slope assuming a power–law distribution of N(H); each
value for the slope is listed. Here, we show data for bins containing more than 10 pixels,
and each major tick mark represents a factor of 10. Mean-normalization, N(H)/<N(H)>
in each region, has no effect on the derived PDF slopes because the operation simply results
in a linear translation of the x–axis. Figure from Stutz & Kainulainen (2015); for results
in Perseus see Sadavoy et al. (2014).

Portions of this work were carried out in collaboration with the following individuals: S.
T. Megeath, E. Furlan, J. Tobin and T. Stanke (selected collaborators).

[1] Stutz, A., et al. (2013): A Herschel and APEX Census of the Reddest Sources in
Orion: Searching for the Youngest Protostars, ApJ 767, 36

[2] Sadavoy, S., et al. (2014): Class 0 Protostars in the Perseus Molecular Cloud: A
Correlation Between the Youngent Protostars and the Dense Gas Distribution, ApJL
787, L18

[3] Stutz, A. & Kainulainen, J. (2015): Evolution of Column Density Distributions within
Orion A, A&A 577, L6
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2.16 NGC 4372 – A Dancing Globular Cluster. How

Important is Rotation in Pressure Supported

Systems?

Nikolay Kacharov, Paolo Bianchini, Glenn van de Ven, Nicolas
Martin

Introduction

Traditionally, globular clusters (GCs) are viewed as spherically symmetric and pressure
supported systems, charcterised by a simple stellar population. They are representative of
the oldest Galactic population with ages ranging between 10 and 13 Gyr. The increasing
abundance of observational data, however, has revealed noticeable deviations from this
simple picture. Among other complexities, velocity anisotropy and a considerable degree
of intrinsic rotation, often associated with mild flattening have been observed in many
GCs. These ingredients are also thought to hold clues for the earliest phases of cluster
formation. Thus, understanding GCs’ current dynamical properties may shed light on the
so far elusive scenarios describing the formation of multiple stellar populations detected
spectroscopically and/or photometrically in all studied GCs to date. This has motivated
the development of new dynamical models that include systemic rotation and allow us to
study the influence of ordered motion to the morphology of GCs.
In [1] we published the first kinematic results for the relatively nearby (R� = 5.8 kpc)
and yet neglected GC NGC 4372 situated in the inner Galactic halo. Photometric studies
have established it as an archetypical old (> 12 Gyr) and metal-poor ([Fe/H]∼ −2.2 dex)
object on the lower luminosity part of the GCs’ luminosity function. For the first time
we applied new physically motivated dynamical models (Varri and Bertin 2012, A&A
540, A94) on such a low mass system to both photometric and kinematic data. These are
based on a distribution function that includes realistic differential rotation and anisotropy.
Before that, this family of models was applied only to a few, more massive GCs.

Results and discussion

We obtained and analysed the first high-resolution spectroscopic sample of NGC 4372
containing 131 genuine cluster member stars using the VLT/FLAMES spectrograph.
Complementing this data with wide-field imaging observations, we presented the most
comprehensive structural and kinematic properties of this GC to date. We built a veloc-
ity dispersion profile and a rotation profile using a discrete maximum likelihood technique,
which showed that NGC 4372 has a ratio of rotation amplitude to central velocity dis-
persion (1.2 vs. 4.3 km s−1) that is unusually high for its metallicity (Fig. 2.26 bottom
right panel). We also obtained an azimuthal number density profile of the GC using a
MCMC fitting algorithm and showed that the cluster is flattened in the direction of its
rotation axis, suggesting that the significant intrinsic rotation is indeed responsible for
the cluster’s shape.
The applied dynamical model gave a full physical interpretation of the observed morpho-
logical and kinematic properties of NGC 4372, fitting simultaneously the observationally
determined surface density, velocity dispersion, and rotation profiles (see Fig. 2.26). The
dynamical model, however, fails to reproduce the observed cluster flattening. This could
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Figure 2.26: Kinematic and morphological properties of NGC 4372. Top left: number
density profile; top right: velocity dispersion profile; bottom left: rotation profile. In all
three frames the red line shows the best fit dynamical model and the vertical dashed lines
denote the half-light radius of the cluster. Bottom right: the rotation-to-dispersion ratio
of several GCs as a function of [Fe/H] (Bellazini et al. 2012, A&A 538, A18). NGC 4372
is denoted with a large, red star symbol.

be due to the complex interplay between velocity anisotropy and rotation, which has an
unconstrained effect on the morphology of the modelled system.
The origin of angular momentum in GCs is not yet fully understood since it depends on
the earliest phases of cluster formation but the Galactic tidal field is presumed to play
a crucial role. Moreover, some basic cluster parameters like age, metallicity and stellar
populations also influence their rotation properties on a long term scale. This is a topic
of continuous research of our team in MPIA.

Work done in collaboration with A. Koch, M. J. Frank (ZAH/LSW), T. H. Puzia (PUC,
Chile), C. I. Johnson (HSCA, USA), I. McDonald, and A. A. Zijlstra (JBCA, UK).

[1] Kacharov, N., Bianchini, P., Koch, A., et al. (2014): A study of rotating globular
clusters. The case of the old, metal-poor globular cluster NGC 4372, A&A 567, A69

53



2.17 Prediction of Observable Signatures to Test

Globular Cluster Properties:

Intermediate-Mass Black Holes, Mass

Segregation and Binary Stars

Paolo Bianchini, Mark Norris, Glenn van de Ven, Eva
Schinnerer

Introduction

The apparent simplicity of Galactic globular clusters (GCs) is the result of their > 10
Gyr evolution driven by the complex interplay of gravitational encounters (dynamical two-
body interactions between stars), interactions with the host galaxy and internal stellar
astrophysical processes. The deep understanding of these evolutionary ingredients is the
key to interpret their current internal properties and to reveal their formation during the
earliest epochs of galaxy formation.
Our strategy to fully understand the current dynamical state of galactic GCs consist in
translating state-of-the art dynamical simulations to realistic mock observations. These
simulated observations can be used to test and predict observational signatures indicative
of both the formation and evolutionary process of GCs. We focused in particular on
the kinematic signatures connected to the presence/absence of intermediate-mass black
holes (IMBHs), the kinematic effect of mass segregation and of the presence of unresolved
binaries. The work presented here is based on [1, 2, 3].

Simulating kinematic observations

Two main strategies are generally used to acquire the necessary kinematic information of
GCs: 1) resolved kinematics, by measuring discrete velocities of individual stars (using
line-of-sight velocities or two-dimensional proper motions), 2) unresolved kinematics, by
measuring the velocity dispersion from line broadening of integrated-light spectra with
integral field units (IFUs). To study the variety of kinematic features expected in a GCs,
a combination of both observational strategies is necessary.
The starting point of our analysis is a set of Monte Carlo cluster simulations (Downing
et al. 2010, MNRAS 407, 1946), that provide a realistic long-term dynamical evolution of
GCs, including a stellar mass function, stellar evolution and primordial binaries. From the
simulations we extract realistic resolved line-of-sight or proper-motion mock observations,
and using our software SISCO (Simulating IFU Star Cluster Observations, [1]; see also
Fig. 2.27) we can create additional mock integrated-light IFU observations.
The analysis of our set of mock observations showed that:

• The kinematic detection of IMBHs can be strongly biased by the presence of a
few bright stars that can introduce a stochastic scatter in the velocity dispersion
measurements with integrated-light techniques.

• The long-term dynamical evolution of GCs induces mass segregation and a depen-
dence of kinematics on stellar mass. We showed that it is now possible to quantify
this mass dependence of kinematics using state-of-the-art proper motion data [4]
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Figure 2.27: Simulated IFU observations. Using our software SISCO, we can translate
GCs dynamical simulations into realistic mock IFU observations, with adjustable field-
of-view, seeing conditions and signal-to-noise. Left panel: simulated velocity map of the
central 20 × 20 arcsec2 field-of-view of a GC. Right panel: comparison of the dispersion
profiles obtained from the simulated integrated-light IFU observations and the one obtained
from resolved line-of-sight measurements.

and using this property to characterize the dynamical state of a GC and to unveil
its peculiar dynamical evolution.

• We provided the first assessment of the effect of unresolved binaries on proper motion
data sets, showing that they do not introduce significant biases in the kinematic
measurements.

Work done in collaboration with Andrea Bellini, Roeland van der Marel, Laura Watkins,
Jay Anderson (STScI) and Anna Lisa Varri (University of Edinburgh).

[1] Bianchini, P., Norris, M. A., van de Ven, G., & Schinnerer, E. (2015): Understanding
the central kinematics of globular clusters with simulated integrated-light IFU obser-
vations, MNRAS 453, 365

[2] Bianchini, P., Norris, M. A., van de Ven, G., Schinnerer, E., Bellini, A., van der Marel,
R. P., Watkins, L. L., & Anderson, J. (2016): The effect of unresolved binaries on
globular cluster proper-motion dispersion profiles, ApJ 820, L22

[3] Bianchini, P., van de Ven, G., Norris, M. A., Schinnerer, E., & Varri, A. L. (2016):
A novel look at energy equipartition in globular clusters, MNRAS 458, 3644B

[4] Bellini, A., Anderson, J., van der Marel, R. P., Watkins, L. L., King, I. R.; Bianchini,
P., et al. (2014): Hubble Space Telescope Proper Motion (HSTPROMO) Catalogs of
Galactic Globular Clusters. I. Sample Selection, Data Reduction, and NGC 7078
Results, ApJ 797, 115
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3

Protoplanetary Disks and Planet
Formation

High-contrast images of the moving structures in the disk around AU Mic for three different

epochs. See chapter 3.10 for details and credits.



3.1 TW Hya: The Next Ring World

R. van Boekel, T. Henning, A. Pohl, J. Menu

The spatial structure of circumstellar disks is a rapidly advancing research field with new
breakthrough observational capabilities (ALMA, optical/NIR scattered light imaging) and
steady advances in theoretical/numerical studies. So-called transitional objects, disks
with large radial gaps possibly carved by young planets, have proven to be much more
numerous than previously thought and can now be studied in great detail. The nearest
T Tauri star to the sun, TW Hydrae, is one such transition disk. At only ≈54 pc distance
and seen nearly pole on, no other protoplanetary disk offers a more detailed view. In
this contribution [1], we report on the first observations of this disk with the Spectro-
Polarimetric High-contrast Exoplanet REsearch instrument (SPHERE).

TW Hya was observed with SPHERE’s sub-instruments, ZIMPOL (Zurich IMaging
POLarimeter) and IRDIS (Infra-Red Dual-beam Imaging and Spectroscopy instrument),
in four broad band filters around 0.63, 0.79, 1.24 and 1.62 µm. Both sub-instruments
simultaneously measured two orthogonal polarized components of the incoming radiation.
The direct stellar light outshone the scattered light from the disk but had a very low degree
of polarization and cancelled out in the difference image. Light scattered off the disk was
highly polarized and left a strong signal in the differential images.

The deepest image was obtained in the H-band and is shown in the left panel of
Fig. 3.1, where it has been scaled by R2 to compensate for the spatial dilution of the
stellar irradiation. The spatial resolution is 0′′.04, corresponding to a linear resolution of
≈2 AU. The most striking features are the three bright rings around 115, 45 and 15 AU,
and the three radial “gaps” around 80, 23 and 5 AU. Overall the disk is very symmetric.
A low-contrast spiral feature is seen towards the south-west in the 115 AU ring.

Our prime scientific objective is to constrain the spatial distribution of disk material.
The scattered light is dominated by sub-micron sized dust particles on the disk surface,
which contain only a minute fraction of the disk mass. However, these particles are very
well coupled to the gas and can thus be used to trace the bulk disk mass (H+He gas),
which is very difficult to do otherwise. Doing this requires physical modelling of the disk.

The scattered light intensity is sensitive to the vertical structure of the τ ≈ 1 surface,
where τ denotes the optical depth of the disk surface to incoming stellar optical/NIR
radiation. The disk’s vertical structure is thought to be well approximated by hydrostatic
equilibrium between gas pressure and the vertical component of the (stellar) gravitational
field. It therefore follows directly from the temperature distribution, which is governed
by the balance between heating through irradiation by the central star and cooling from
thermal dust emission at infrared to millimeter wavelengths. The coupling of the dust
particles to the gas depends on the strength of the turbulence but, for typical values of
α = 10−3 to 10−4, the ≈ 0.1µm grains that dominate the scattering at the SPHERE
wavelengths are always well coupled to the gas everywhere in the disk. Thus, the problem
is strongly constrained by basic physics and there are only a few parameters that can be
varied in order to match the observations.

Two possibilities that could, in principle, account for the observed intensity variations
are radial variations in the dust scattering properties (with bright regions corresponding
to more efficient scattering at ≈ 90◦ angles) and radial variations in the strength of the
turbulence (with bright regions corresponding to stronger gas-dust coupling). However,
considering that radially there are at least three bright and three dark regions, both these
concepts are rather “ad hoc” and lack an obvious underlying physical mechanism. A
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Figure 3.1: Left panel: The SPHERE polarized intensity image of the TW Hya disk at
1.62µm. Right panel: azimuthally averaged intensity profile (top) and deduced surface
density depletion profile f(R) (bottom); the greyed-out region lies under the coronagraph.

third and more simple explanation, particularly for a known transition disk like that of
TW Hya, are radial variations in the disk surface density.

We constructed a radiative transfer disk model using the 2D version MCmax. The disk
temperature and vertical density structure were solved self-consistently. Full non-isotropic
scattering as well as a distribution of grain sizes with size dependent dust settling were
included. The prime degree of freedom in the model was the radial surface density profile.
We started with a continuous disk with a power law density distribution Σ0(R) that
was fitted to earlier interferometry data [2]. We then multiplied Σ0 with a paramerised
radial depletion profile f(R) and repeated the self-consistent structure calculation, varying
f(R) until the resulting scattered light brightness profile matched the SPHERE data. As
illustrated in the right panel of Fig. 3.1, the dark rings correspond to regions of reduced
surface density whereas the inner flanks of the dense regions are the brightest. The only
other free parameters of the model are the strength of the turbulence (parametrized by
α) and the smallest size included in the grain size distribution amin, which we assume to
be spatially invariant and have values of 2×10−4 and 0.1µm, respectively.

We found that the 80 AU radial gap is reproduced by a local reduction of the surface
brightness by ≈30% relative to the unperturbed model. The ≈5 AU and 23 AU gap are
caused by a broad gap in which the density is reduced by &80%. An imporant result is
that the depth of the gaps in surface density “maps” almost linearly onto the contrast in
scattered light brightness. If planets are responsible for carving these gaps, their masses
are in the range of 10–50 M⊕.

[1] van Boekel, R., Menu, J., Pohl, A., Henning, Th., et al. (2016): Three radial gaps in
the disk of TW Hydrae imaged with SPHERE, ApJ, submitted

[2] Menu, J., van Boekel, R., Henning, TH., et al. (2014): On the structure of the
transition disk around TW Hydrae, A&A 564A, 93M
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3.2 The VLA view of the HL Tau Disk - New

Implications for Early Planet Formation

Hendrik Linz, Thomas Henning, Roy van Boekel, Til Birnstiel,
Hubert Klahr

The marvellous fine-structure of protoplanetary disks

Circumstellar disks are the inevitable by-product of the star-formation process. The
presence of disks is established for almost the whole mass range of proto- and pre-main-
sequence stars, most recently even for young high-mass stars with masses up to 25 M�
(see contribution § 2.5). Since such dusty disks are the natural habitat for forming plan-
ets, the study of the disk properties is pivotal to understand the early phases of planet
formation. Twenty years ago, we were adopting simple radial power-law descriptions for
the temperature and column density of idealised smooth protoplanetary disks. The recent
advances in adaptive-optics-aided near-infrared (NIR) observing techniques, however, re-
vealed a plethora of structures in such disks, from simple radial gaps, to outer spiral arms
and localised non-axisymmetric brightness enhancements. (reference to a related chapter
about SPHERE disk results).

ALMA observations of HL Tau as an eye-opener

NIR observations predominantly pick up scattered light from the upper layers of the
extended disk, or thermal emission of the hottest dust grains close to the inner disk
rim. If one wants to probe the bulk of the dust in the colder midplane of the disk, one
has to resort to clearly longer wavelengths. The previous generation of (sub-)millimeter
interferometers (carma, sma, pdbi) revealed first indications for deviations from the
smooth disk picture also at these long wavelengths. However, only with the superior
image fidelity and spatial resolution that alma can provide, we really can scrutinise the
fine-structure of protoplanetary disks in this wavelength regime. During its first long-
baseline campaign, alma imaged the young T Tauri star HL Tau in unprecedented detail
(ALMA Partnership 2015, ApJ 808, L3), unveiling a disk comprising several bright and
dark concentric rings. The prevailing hypothesis was that embedded (proto-)planets had
cleared the material in the dark rings. Still, several alternative mechanisms have been
proposed that can lead to such a staggered ring structure without invoking planets.

One of the largest JVLA DDT requests to map HL Tau at 7 mm

An initial analysis of the alma data indicated that especially the continuum emission
of the inner rings is optically thick at the alma wavelengths (Pinte et al. 2016, ApJ
816, 25). Therefore, we applied for some 45 hours of director’s discretionary time at the
jvla to catch the optically thin emission from the HL Tau disk at 7 mm. With our multi-
configuration data we closely match the alma spatial resolution. The new data especially
show the inner bright ring B1 in great detail (Fig. 3.2). While a more elaborate modelling
of the combined alma and jvla data is in progress, we reported some direct findings
in a first letter ([1]). We see indications for a concentration of larger grains towards the
inner parts of the disk. We find that especially these inner rings have higher masses than
previously estimated. Most interestingly, we find a brightness enhancement within the
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Figure 3.2: The HL Tau disk at long wavelengths (taken from [1]). Left: alma 0.87 µm
false-colour map with jvla 7-mm contours (in natural weighting) overlaid. Right: Zoom-
in to the inner bright ring B1. Here, the jvla data (again as contours) are weighted with
robust = 0, resulting in a beam size of 0′′.04. Note the presence of a significant compact
brightness enhancement which may harbour the birthplace of a future planet.

inner bright ring B1 that is statistically significant (“Clump candidate” in Fig. 3.2, right).
We tested its robustness against different imaging parameters; it is even present when
choosing a MEM algorithm instead of standard CLEANing for deconvolution. Between
3–8 MEarth of dust have already been conglomerated in this clump.

Implications for planet formation in the HL Tau disk

We propose a scenario in which the HL Tau disk may have not yet spawned planets, but is
rather in an initial stage of planet formation. The dense rings could have been formed by
alternative mechanisms, without the presence of (proto-)planets. Our 7-mm data suggest
that the inner bright rings are very dense and massive. They may be gravitationally
unstable and fragment. These rings could also be undergoing vortex formation by the
Rossby Wave Instability and efficiently concentrate large particles. Such clumps are likely
to grow by accreting from their surroundings, possibly representing the earliest stages of
protoplanets. In this scenario, the concentric structures observed by alma and jvla
are not interpreted as a consequence of the presence of massive (proto-)planets. Instead,
planets may be just starting to form in the bright dense rings in the HL Tau disk.

Work done in collaboration with Carlos Carrasco-González (Instituto de Radioastronomı́a
y Astrof́ısica UNAM, Morelia, Mexico), Claire Chandler (NRAO, AOC Socorro, USA),
Laura Pérez (MPIfR Bonn, Germany), Mario Flock (JPL, CalTech, Pasadena, USA), and
Leonardo Testi (ESO Garching, ESO).

[1] Carrasco-González, C., Henning, Th., Chandler, C.J., Linz, H., Pérez, L., Rodŕıguez,
L.F., Galván-Madrid, R., Anglada, G., Birnstiel, T., van Boekel, R., Flock, M.,
Klahr, H., Macias, E., Menten, K., Osorio, M., Testi, L., Torrelles, J.M., Zhu, Z.
(2016): The VLA view of the HL Tau Disk - Disk Mass, Grain Evolution, and Early
Planet Formation, ApJL 821, L16
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3.3 Gaps Large and Small: The MIDI Heritage for

Protoplanetary Disks

J. Menu, R. van Boekel, T. Henning, and C. Leinert

The circumstellar disks around newly-formed stars have been subject to intense study for
decades. Their structure and chemical composition is interesting because they are the
birth places of new planetary systems. Determining the properties of the “building mate-
rial” for planets, as well as measuring signatures of interaction between planets and the
disk material, provide much needed observational constraints on models of disk evolution
and planet formation. However, the small angular scales involved pose technological chal-
lenges: at a distance of 150 pc, typical for nearby young stars, the orbital radius of Jupiter
corresponds to only 0′′.035. This makes direct study of the disks at these scales the realm
of interferometers. The innermost ≈15 AU of the disks are the most interesting in terms
of planet formation on solar system scales. These can be well observed around 10µm
where we predominantly trace the warm disk surface layer. With ALMA nearing its full
capabilities, they also become increasingly accessible to (sub-) mm observations where we
predominantly trace the disk interior. Here, we report on a decade of observations in the
10µm regime with the MPIA-built instrument MIDI at the VLT Interferometer.

The MIDI survey of circumstellar disks around young stars

Since the first obserations in 2003, many dozens of disks have been observed in numerous
programmes. In a typical such study, data ranging from a single to a handful of sources
were analysed and modelled. Disks were found to have a range of geometries, with some
requiring radial gaps while others appeared consistent with continuous dust distributions.
Overall, the picture remained rather diffuse because the analyses are scattered over many
papers and are rather heterogeneous. Also, a substantial fraction of data was never
published. A homogenous analysis of the full data set was needed to make the next step
towards understanding the disks as a group.

We queried the ESO archive for publicly available MIDI data on disks taken between
2003 and 2014. This resulted in 240 nights’ worth of data on a sample of 64 sources, on
which we performed homogeneous analysis using the EWS package and our own custom-
built tools, with rigorous quality control. The reduced data set has been made available
to the community in electronic form. The data set itself is intrinsically heterogeneous:
some sources have only one or two measurements whereas others have more than 20, the
source brightness and SNR span a large range, and the linear resolution in AU varies
largely.

The challenge was to interpret the large, heterogeneous data set in terms of inference
for the disk structure. For this, we developed a statistical method in which we fitted a
temperature gradient disk model to the interferometric visibilities. This model is both
realistic enough to approximately reproduce the intensity distribution of a circumstellar
disk, yet simple enough to avoid over-fitting for sources with few data points. In paral-
lel, we calculated a large grid of radiative transfer (RT) disk models with self-consistent
vertical structures, for a range of stellar spectral types, disk inclinations, turbulence pa-
rameters, and for both continuous disks as well disks with a range of radial gaps. We
subsequently simulated MIDI observations of these RT models, to which we fitted the
same temperature gradient disk model that was applied to the data. This yielded a
robust relationship between measured quantities and disk geomety.
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Figure 3.3: The MIDI size-colour diagram for Herbig Ae star disks.

The results are summarized in Fig. 3.3, where we show the MIDI size-colour diagram
of our sample of Herbig Ae star disks. In the vertical direction, sources go from compact
to extended (bottom to top), in the horizontal direction from blue to red (left to right).
The grey “shark fin-shaped” region shows the range occupied by continious, gap-less RT
models. The larger yellow region shows where RT models with a range of gap sizes lie.
We show that: (1) sources with group I-type SEDs (traditionally associated with flared
disk geometries) show evidence of large gaps in the spatially resolved data, confirming an
earlier hypothesis; (2) many sources with group II-type SEDs (traditionally thought to
have flat disks) have the signature of a continuous, “gap-less” disk, but (3) some group II
sources do show evidence for (smaller) gaps in their inner disk region.

Our findings show that radial gaps are much more common than previously thought.
If the radial gaps are caused by planet-disk interaction, then planets of ≈1 Saturn mass
or more must be very common in these young disks, opening exciting prospects for e.g.
METIS. In particular, the discovery of group II sources with gaps in their disks is exciting;
these gaps are too small to be noticable in the SED and could only be uncovered with
the high spatial resolution that MIDI offers. These new findings are hard to reconcile
with the “classical” idea of group I sources evolving into group II sources through dust
settling. If we are indeed seeing an evolutionary sequence, then our data suggest we go
from group II sources with continuous disks to group I sources with large gaps, possibly
with the (small-) gapped group II sources as an intermediate stage.

[1] Menu, J., van Boekel, R., Henning, Th., Leinert, Ch., Waelkens, C., & Waters,
L.B.F.M. (2015): The structure of disks around intermediate-mass young stars from
mid-infrared interferometry. Evidence for a population of group II disks with gaps,
A&A 581, A107
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3.4 Spiral Arms in Scattered Light Images of

Protoplanetary Disks

Adriana Pohl, Roy van Boekel, Thomas Henning

Spirals as observational signatures in disks

Detecting the signatures of forming planets in their parental disk is crucial in order to
understand the theory of planet formation. Thus far, spiral arms have only been observed
in so-called transition disks, whose spectral energy distribution suggests that the inner
disk is strongly depleted of dust. Most disks have double spirals with a large opening
angle that are nearly in m = 2 rotational symmetry, e.g. seen in a sphere/vlt image
of MWC 758 [1]. However, the origin of the observed spirals is still debated. A possi-
ble explanation considers planet-driven spiral density waves excited through gravitational
planet-disk interactions. Recently, we modelled the spirals by means of analytic descrip-
tions considering linear theory of density waves [2]. Based on contrast arguments, we
suggested that the spiral arms being observed are the result of pressure scale height per-
turbations rather than of pure surface density perturbations. Besides processes involving
planets, disk self-gravity may create large-scale density fluctuations, but the development
is critically dependent on the disk thermodynamics. Our idea is to combine both spiral
formation scenarios in order to see if this increases their amplitude. The question we ask
is whether the presence of a planet in a marginally gravitationally stable disk can tip it
over the limit [3].

Hydrodynamical simulations of planet-disk interactions

Figure 3.4: Surface density maps for a
disk mass of 0.2 M?. #1 is the only
model for which self-gravity is turned off.

We performed two-dimensional non-isothermal
hydrodynamical simulations based on the
fargo-adsg code including viscous heating, a
β-cooling prescription and self-gravity effects.
The full treatment of disk heating and cooling
is important since, in addition to surface den-
sity perturbations, temperature perturbations
occur as a consequence of shocks along the spi-
rals. The basic simulation model consists of a
viscous (α = 10−3), non-flaring disk with a con-
stant aspect ratio of h = 0.05. The gas surface
density is tapered and a giant planet of 10−2 M?

or 10−3 M? is embedded in the outer disk. Fig.
3.4 shows surface density maps for different
simulation runs. A clear m = 2 outer spiral
structure can be excited by a single planet in a
self-gravitating disk (#2). Self-gravity reduces
the planetary spirals’ pitch angle, making them

more tightly wound. For sufficiently strong self-gravity, the vortex modes are suppressed,
and the strength of the spiral is enhanced considerably (cf. #1 and #2). We found that
the higher planet mass forces the gap to become eccentric and is able to initiate gravi-
tational instability, visible as a quite open spiral arm in the outer disk (#3). The other
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possibility to trigger gravitational instability in the outer disk is to change the distribution
of mass as a function of radius by increasing the mass in the outer disk. A more open,
global spiral pattern is seen in this case (#4).

Radiative transfer modelling

Figure 3.5: Simulated scattered light im-
ages in H-band polarized intensity.

The hydrodynamical disk structure is used
as input for radiative transfer modelling with
radmc-3d1 in order to link our simulation
results to observations. The vertical density
profile is assumed to be Gaussian and the
canonical dust-to-gas ratio for the interstellar
medium of 0.01 is adopted. The idea is that
the scale height along the spiral increases due to
the temperature changes, forming local bumps
on the disk surface, thus creating a signal in the
reflected light. All our calculated synthetic po-
larized intensity images in Fig. 3.5 show a plan-
etary gap and spiral arms with a variety of mor-
phologies depending on planet mass, disk mass
distribution, and the influence of the disk’s self-
gravity. Convolving the images with a circular
Gaussian PSF with a FWHM of 0′′.04, typical for current 8–10m class telescopes, low-
ers the contrast by a factor of ∼ 3, but the spiral features are still visible (cf. #1 and
#2). Our result of a non-self-gravitating disk (#2) shows that the combination of planet-
induced density and scale height perturbation along the spiral due to shock heating is
sufficient to achieve the contrast between the spiral and the contiguous disk necessary
to be detectable in observations. With our model setup there is either one dominant
primary spiral in the outer disk when the planet is working as a trigger for gravitational
instability (#3), or higher mode spirals with similar contrasts are seen when the disk is
already initially unstable (#4). For the former case, a spiral arm with a huge brightness
contrast of ∼ 40 and with a higher pitch angle than the spirals driven by a planet in a
gravitationally stable disk is generated.

Work done in collaboration with Paola Pinilla (Leiden Observatory), Myriam Benisty
(University Grenoble Alpes, IPAG), Sareh Ataiee (Physics Institute, Bern), Attila Juhasz
(Institute of Astronomy, Cambridge) and Cornelis P. Dullemond (Heidelberg University,
Center for Astronomy, Institute of Theoretical Astrophysics).

[1] Benisty, M., Juhasz, A., Boccaletti, A., Avenhaus, H., Milli, J., Thalmann, C.,
Dominik, C., Pinilla, P., Buenzli, E., Pohl, A., et al. (2015): Asymmetric features in
the protoplanetary disk MWC 758, A&A 578, L6

[2] Juhasz, A., Benisty, M., Pohl, A., Dullemond, C.P., Dominik, C., & Paardekooper,
S.-J. (2015): Spiral arms in scattered light images of protoplanetary discs: Are they
the signposts of planets?, MNRAS 451, 1147-1157

[3] Pohl, A., Pinilla, P., Benisty, M., Ataiee, S., Juhasz, A., Dullemond, C.P., van
Boekel, R., & Henning, T. (2015): Scattered light images of spiral arms in marginally
gravitationally unstable discs with an embedded planet, MNRAS 453, 1768-1778

1http://www.ita.uni-heidelberg.de/∼dullemond/software/radmc-3d/
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3.5 Turning up the Heat.

Jeroen Bouwman, Thomas Henning

The Herschel Space Observatory gave us an unique observing window for the
study of protoplanetary disks in Herbig Ae/Be and T Tauri systems. The Herschel
Space Observatory instruments, especially PACS, the 55 to 210 µm spectrograph,
are uniquely suited to trace the evolution of dust grains, ices, and gas in disks, as they
move from envelopes of forming stars into circumstellar disks where they can become the
main building blocks of planets. With the dust, ice and gas in time (DIGIT) Herschel
key project, we were able to perform a systematic study of the dust and gas content
of protoplanetary disks, and to provide a large, uniform data set to the wider scien-
tific community [1]. Apart from studies into the earlier phases of protoplanetary disk
evolution[4, 5], and the evolution of the gas content and chemistry [2, 3], the DIGIT data
provided exciting new insights into the abundances and thermal evolution of water ice
in planet forming disks [6],[Bouwman et al. 2016, in prep.]. The study of water ice is
especially important as at the location of the water ice condensation zone, i.e. snow line,
formation of gas planets is thought to occur. Using measured ice opacities, as can bee
seen in the left panels in Figure ??, to analyse the observed spectra of protoplanetary
disks of which an example is seen in the right panel of Figure ??, the exact grain size and
temperature distribution of the ice can be determined.

Figure 3.6: Far infrared spectroscopy of water ice bands in protoplanetary disks. The left
figure shows the emission spectra of water ice grains based on laboratory measurements for
different grain sizes (from 0.1 µm to 15 µm; top panel) and temperatures (from 10 K to
140 K; lower panel). The right figure shows the spectral energy distribution of de Herbig
star HD 100546. The black, red and gray curves show, respectively, the Herschel PACS,
Spizer IRS and ISO SWS/LWS data. The cyan, green, magenta and orange data points
show photometic data from, respectively, Herschel PACS, IRAS, WISE and AKARI. The
inset panel shows a zoom of the spetral region between 30 µm and 90 µm showing the two
ice features around 44 µm and 60 µm.
Our studies of two Herbig Ae/Be systems [6],[Bouwman et al. 2016, in prep] not only
allowed us to determine the ice content of these disks, but also showed that these disks have
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undergone episodic heating events, were locally the “heat is turned on”, melting and re-
condensing over large radii the ice and other dust grains. Both HD 100546 and HD 142527
have disk gaps and low mass (planetary) companions. Most likely in these systems,
the formation of planetary mass (gass giants) companions opening gaps in these disks,
are responsible for the observed local heating event. This phenomenon has important
consequences for the late evolution of the snow line and the likelihood of sequential giant
planet formation.

Work done in collaboration with Neal J. Evans II (The University of Texas at Austin) as
PI of the DIGIT Herschel key program and Michael Min (Space Research Organisaton
Netherlands)

[1] Green, J.D., Yang, Y.-L., Evans, N.J., II, Karska, A., Herczeg, G., van Dishoeck,
E.F., Lee, J.-E., Larson, R.L., & Bouwman, J. (2016): ,, The CDF Archive: Herschel
PACS and SPIRE Spectroscopic Data Pipeline and Products for Protostars and
Young Stellar Objects ApJ, in press

[2] Meeus, G., Salyk, C., Bruderer, S., Fedele, D., Maaskant, K., Evans, N.J., van
Dishoeck, E.F., Montesinos, B., Herczeg, G., Bouwman, J., Green, J.D., Dominik,
C., Henning, T., & Vicente, S. (2013): DIGIT survey of far-infrared lines from
protoplanetary discs. II. CO, A&A 559, A84

[3] Fedele, D., Bruderer, S., van Dishoeck, E.F., Carr, J., Herczeg, G.J., Salyk, C.,
Evans, N.J., Bouwman, J., Meeus, G., Henning, T., Green, J., Najita, J.R.,& Güdel,
M. (2013): DIGIT survey of far-infrared lines from protoplanetary disks. I. [O i], [C
ii], OH, H2O, and CH+, A&A 559, A77

[4] Green, J.D., Evans, N.J., II, Kóspál, Á., Herczeg, G., Quanz, S.P., Henning, T., van
Kempen, T.A., Lee, J.-E., Dunham, M.M., Meeus, G., Bouwman, J., Chen, J.-h.,
Güdel, M., Skinner, S.L., Liebhart, A., & Merello, M. (2013): An Analysis of the
Environments of FU Orionis Objects with Herschel, ApJ 772, 117

[5] Green, J.D., Evans, N.J., II, Jørgensen, J.K., Herczeg, G.J., Kristensen, L.E., Lee, J.-
E., Dionatos, O., Yildiz, U.A., Salyk, C., Meeus, G., Bouwman, J., Visser, R., Bergin,
E.A., van Dishoeck, E.F., Rascati, M.R., Karska, A., van Kempen, T.A., Dunham,
M.M., Lindberg, J.E., Fedele, D., & DIGIT Team (2013): Embedded Protostars in
the Dust, Ice, and Gas In Time (DIGIT) Herschel Key Program: Continuum SEDs,
and an Inventory of Characteristic Far-infrared Lines from PACS Spectroscopy, ApJ
770, 123

[6] Min,M., Bouwman, J., Dominik, C., Waters, L. B. F. M., Pontoppidan, K. M., Hony,
S., Mulders,G. D., Henning, Th., van Dishoeck, E. F., Woitke, P. , Evans Neal J., II,
& The DIGIT Team (2016): The abundance and thermal history of water ice in the
disk surrounding HD 142527 from the DIGIT Herschel Key Program, A&A in press,
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3.6 Chemistry in Disks: IX. Observations and

Modelling of HCO+ and DCO+ in DM Tauri

Richard Teague, Dmitry Semenov, Thomas Henning

Modelling DM Tau

Protoplanetary disks are the birthplace of planets, thus understanding these enigmatic
objects is a fundamental step in lifting the veil on the planet formation process. The
ionization structure of the disk is of particular importance as it impacts both the physical
and chemical evolution of the disk, having a profound effect on the ability of the disk
to produce planets. Observations of key molecular ions present in the disk, HCO+ and
DCO+, afford us the opportunity to study the ionization structure of the disk.

The Plateau de Bure Interferometer (PdBI) was used to image line of HCO+ (1-
0), (3-2) and DCO+ (3-2) in DM Tau with a ∼ 1.5′′ angular resolution and ∼ 0.2 km s−1

spectral resolution. DM Tau is a fairly typical protoplanetary disk extending to 800 au
(citation) and a mass of 0.05 M�.

A parametric modelling approach was employed in order to constrain the disk structure.
Using a commonly assumed parametric model where physical properties of the disk are
described by radial power laws, the model visibilities were fit to the data in the uv plane.
The best-fit model is shown in left most panel of Fig. 3.7 by the dashed lines.
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Figure 3.7: (Outer left) Comparisons of the observationally derived column densities,
dashed lines, and those from the chemical modelling, solid lines, for both HCO+, blue
and DCO+, red. (Inner left) The ratio of DCO+ to HCO+, clearly demonstrating a
layer of enhanced DCO+. (Inner and outer right) Number densities of DCO+ and HCO+

respectively.
The chemical model Alchemic was used to produce a chemical model matching the
osbervational results. The parametric model provided a foundation, while physical prop-
erties such as the incident radiation fields (UV, X-rays and CRPs) and grain sizes were
altered to provide the best fit model. The best fit model is shown in Fig 3.7. The left
panel compares the derived column densities of HCO+ and DCO+, the gray regions show-
ing the limits of the observational data. The two right-most panels show the DCO+ and
HCO+, density structures, both clearly exhibiting a ‘molecular layer’ where the molecules
prefer to sit.
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Tracing Ionization

The modelling showed that the ratio of DCO+ to HCO+ column densities was most
sensitive to the incident X-ray rate, while being relatively unaffected by other sources of
ionization, namely the stellar and interstellar UV field and cosmic ray particles. Hence
we claim that the ratio of DCO+ to HCO+ would provide the best proxy of incident X-ray
rates, a quantity which is poorly constrained in many stars hosting protoplanetary disks.
Using our best fit chemical model we were also able to explore the resulting ionization
structure of the disk. The left panel of Fig 3.8 shows the ionization structure of the
disk with the HCO+ molecular layer overlaid, defined as the densest cells containing 90%
of the total HCO+ column density. This demonstrated that the often used HCO+ is a
poor diagnostic of the total ionization fraction within the disk, despite providing the best
diagnostic of X-ray radiation.
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Figure 3.8: (a) The electron abundance in the best fit chemical model in greyscale. Overlaid
in blue is the HCO+ ‘molecular layer’. (b) and (c) show the relative contribution of the
total ionization fraction from key ions over the whole disk and in the HCO+ molecular
layer respectively.

Work done in the framework of the Chemistry in Disks consortium with collaboration
from Stephane Guilloteau, Ann Dutrey, Edwidge Chapillon, Valentine Walkes (Bordeaux
Observatory, France) and Vincent Pietu (IRAM, France).

[1] Teague, R., Semenov, D., Guilloteau, S., et al. (2015): CID: Chemistry in disks IX.
Observations and modelling of HCO+ and DCO+ in DM Tauri, A&A 574, 137
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3.7 Gaps, Rings and Non-Axisymmetric Structures

in Protoplanetary Disks – From Simulations to

ALMA Observations

Mario Flock, Hubert Klahr, Natalia Dzyurkevich, Thomas
Henning

We combine non-ideal 3D global MHD simulations of the magneto rotational instability in
T Tauri protoplanetary disk systems with a full post-processing radiative transfer to gener-
ate synthetic ALMA maps and predictions.

Figure 3.9: 3D snapshot of the toroidal mag-
netic field component.

Initial conditions of density and temper-
ature are derived from best fit models
of the disk systems HH30, CB26 and
Butterfly-Star. The Ohmic resistivity is
derived consistently from a semi-analytical
chemical module [4]. A full 3D snapshot
of the dominant toroidal magnetic field is
plotted in Fig. 3.9. The model shows a
smoothed field configuration due to the
strong resistivity at the inner part espe-
cially below 50 AU. The toroidal magnetic
field reaches a strength of several mGauss
in both runs.

At the dead zone outer edge, we observe
the formation of a large gap and jump
structure in the surface density. This structure could be identified as an axisymmet-
ric zonal flow showing a ring of enhanced surface density. This zonal flow is formed and
sustained. The gap is MRI turbulent with an Elsasser number of around 0.1 while the
radial inner region as well as the outer ring structure are less turbulent with Elsasser
numbers below 0.01.

Figure 3.10: Scatter plot of every tenth parti-
cle in four selected size bins of the disk after
150 inner orbits (18,900 years). See text.

In the ring structure, we observe the for-
mation of vortices by the Rossby Wave In-
stability with a lifetime of around 40 local
orbits at a location of 60 AU. The vortices
show a radial extent of 2 scale heights (∼
10 AU ) and an azimuthal extent of 10 scale
height (∼ 50 AU).

In a second step, we have followed the mo-
tion and concentration of large dust parti-
cles with different sizes in the same non-
ideal 3D MHD disk simulation, see Fig.
3.10 [5]. The dead zone outer edge is
marked in the plot. Particles are colour–
coded according to their size: 50 µ (black),

162 µ (red), 527 µ (green) and 1710 µ (blue). The black solid line shows the surface
density profile of the disk after 150 inner orbits (18,900 years); the dashed line shows this
profile for the disk after 600 inner orbits (75,600 years).
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Figure 3.11: Simulated ALMA images of the
disk after 150 inner orbits (18,900 years) at a
wavelength of 1.3µm. The position, the disk
inclination, distance and stellar luminosity
of HL Tau were used for these simulation.

Our goal was to investigate the impact of
(sub)mm-sized dust grains on spatially re-
solved thermal emission maps of circum-
stellar disks and the feasibility to detect
selected structures with ALMA [5], see
Fig. 3.11. The larger dust particles are
weakly coupled to the gas motion and accu-
mulate in rings. Vortices in the disk can de-
stroy those rings and concentrate the dust
particles. This leads to an increased local
dust-to-gas ratio in the vortex center. Due
to the high efficiency of emission of these
large dust grains, the dust rings as well as
the dust concentration in vortices are em-
phasized in the thermal emission maps of
the disk. For example, the higher concen-
tration of the larger dust grains enlarges
the brightness contrast between the mini-
mum in the gap and the peak outside by
at least a factor of 1.5 at a wavelength of 1.3 mm in comparison to the results of [1].
Depending on the wavelength, the gap, dust rings and dust concentration in vortices can
be observed with ALMA. The spatial distribution of dust grains of different sizes can
also be identified by a decreased spectral index in spatially resolved spectral index maps
calculated on the basis of simulated ALMA observationa. The ring structures as well as
the dust concentration in the vortex are stable for at least 104 years. We conclude that
inhomogeneous and non-axisymmetric distributions of larger dust grains have a major
impact on the (sub)mm appearance of a circumstellar disk. Our work shows that such
inhomogeneities can naturally arise as a result of internal dynamical processes associated
with the presence of a weak magnetic field, without having to rely on a planet orbiting in
the disk.

Work done in collaboration with Sebastian Wolf (University of Kiel), Jan-Philipp Ruge
(University of Kiel), Sebastian Fromang (University of Paris-Saclay) and Heloise Meheut
(Observatoire de la Côte d’Azur).

[1] Flock, M., Ruge, J.P., Dzyurkevich, N., Henning, T., Klahr, H., & Wolf, S. (2015):
Gaps, rings, and non-axisymmetric structures in protoplanetary disks. From simula-
tions to ALMA observations, A&A 574, A68

[2] Ruge, J.P., Wolf, S., Uribe, A.L., & Klahr, H.H. (2014): Planet-induced disk struc-
tures: A comparison between (sub)mm and infrared radiation, A&A 572, L2

[3] Ruge, J.P., Wolf, S., Uribe, A.L., Klahr, H.H. (2013): Tracing large-scale structures
in circumstellar disks with ALMA, A&A 549, A97

[4] Dzyurkevich, N., Turner, N.J., Henning, T., & Kley, W. (2013): Magnetized Accretion
and Dead Zones in Protostellar Disks, ApJ 765, 114

[5] Ruge, J.P., Flock, M., Wolf, S., Dzyurkevich, N., Fromang, S., Henning, Th., Klahr,
H., & Meheut, H. (2016): Gaps, rings, and non-axisymmetric structures in proto-
planetary disks - Emission from large grains, A&A 509, A17
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3.8 Measuring Turbulence in TW Hya: Methods

and Limitations

Richard Teague, Dmitry Semenov, Thomas Henning, Tilman
Birnstiel

Turbulence in TW Hya

Turbulence plays a fundamental role in the evolution of a protoplanetary disk and its
ability to form planets. Until now, only a handful of measurements of the turbulent
linewidth in disks exist, all relying on parametric modelling to extract the turbulent
width, vturb. While this is a robust method, it makes the strong assumption that the disk
physical structure follows the radial power-law profiles of the model. Any deviations from
such a structure can result in poor measurements of vturb.
High resolution Cycle-2 ALMA observations of the molecular lines CO J=(2-1), CN
N=(2-1) and CS J=(5-4) in TW Hya allowed for a more direct measurement where we
were able to remain agnostic about the structure of the disk. An angular resolution of
≈ 0.5′′ (projected linear scale of ∼ 25 au) and spectral resolution of ≈ 40 m s−1 allowed
for precise measurements of the local linewidth.

Methodology

Resolving a rotational shear across the beamsize broadens the emission lines. To account
for this simulated observations of a model of TW Hya (Gorti, U. et al. 2011, ApJ,
735, 90) were made at a range of inclinations, including face on, with the same array
configurations as the true observations. Linewidths were measured and the difference
between the inclined disk and the face-on disk were attributed to beam smearing and
removed from the observations before further analysis.
The corrected linewidth, ∆V , is thus a contribution of both thermal and turbulent broad-
ening:

∆V =

√
v2

turb +
2kTkin

µmH

, (3.1)

where µ is the molecular mass of the molecule. Hence, a derivation of the turbulent
broadening width requires a kinetic temperature of the gas. Exploiting the high sensitivity
of the CO observations and the ensemble of CN hyperfine components, allowed for the
determination of excitation temperaures, Tex, based on the line profiles. Both lines were
assumed to be in local thermal equilibrium so that Tex = Tkin, allowing us to account
for the thermal broadening. The residual linewidth was attributed to turbulent line
broadening. With a single optically thin line from CS we were unable to break the
degeneracy between temperature and column density. Thus, CS and CN were assumed to
be co-spatial allowing for Eqn. 3.1 to be solved simultaneously for a shared Tkin and vturb

value. To make a comparison with the literature, a global parametric model was fit to the
data. The model assumese the disk physical structure is well described by an ensemble
of radial power-laws including vturb (see e.g. s. § 3.6).
Figure ?? compares the resulting vturb values between the direct method (blue lines) and
the parametric model (yellow lines). CN displays highly non-LTE effects outside 130 au
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Figure 3.12: Comparing the derived values of vturb for the ‘direct method’ shown in blue
and the global, parametric fit in yellow for CO (left), CN (center) and CS assuming co-
spatiality with CN (right).

meaning our analysis is limited to within this radius for CN. As for CS the cause is that
there is no solution to the simultaneous equations, physically this means that the two
molecules can not be co-spatial.
The values found for vturb, ranging between 50 and 150 m s−1 for both methods and all
three molecules. These values are comparable to the turbulent velocity dispersions found in
simulations of disks pervaded by the magneto-rotational instability, the leading contender
for the source of turbulence in protoplanetary disks. As a fraction of the local soundspeed,
cs, CO and CN display a near constant 0.2 – 0.3 cs.

Limitations

An accurate determination of vturb hinges entirely on an accurate thermal structure of the
disk. The flux calibration of the telescope is the limiting factor for directly determining
the temperature with a single molecule. The work presented here has a flux calibration
accuracy of 7% which allows for a > 3σ detection only when vturb > 0.17 cs. Using the
co-spatial method, however, avoids this limitation as it relies solely on the linewidths.
Provided the co-spatial claim is well motivated, the limitation of this for an accuracy of
∼ 1% on the measured linewidth allows for > 3σ detections for vturb > 0.1 cs. The global
fitting model is limited in addition to the flux vcalibration by the assumption of a power-
law radial profile. Profiles from the direct method shown in Figure ?? depart greatly from
a simple power-law, suggesting that this method is severly limited by its basic assumptions
about the disk physical structure. Thus, without two co-spatial molecular tracers we are
unable to probe vturb to values below 0.13 cs with ALMA. A co-spatial pair of tracers will
allow this limit to be dropped to ≈ 0.05 cs.

Work done in the framework of the Chemistry in Disks consortium with collaboration
from Stephane Guilloteau, Ann Dutrey, Edwidge Chapillon, Valentine Walkes (Bordeaux
Observatory, France) and Vincent Pietu (IRAM, France).

[1] Teague, R., Guilloteau, S., Semenov, D. et al. (2016): Turbulence in TW Hya: Meth-
ods and Limitations, A&A Submitted,
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3.9 Gas in Debris Disks

Thomas Henning

Introduction

The transition phase from gas-dominated protoplanetary disks to debris disks is an impor-
tant evolutionary stage of circumstellar disks around young stars. This phase is charac-
terized by terrestrial planet formation and dynamical restructuring of planetary systems.
An important indicator for the dynamical state of debris disks is the presence of remnant
primordial gas or the production of “second-generation” gas through photoevaporation,
thermal evaporation of cometary bodies or collisional gas release.

Figure 3.13: Molecular line emission from the debris disk around HD 131835. APEX
CO(3-2), CO(2-1) and CO(4-3) spectra of HD 131835. The dashed line marks the radial
velocity of the star. In the upper panel, the hatched area shows the part of the spectrum
considered in the line flux integration. The best fit model spectra are plotted by red lines.

In edge-on disks, such as the disk around β Pictoris, variable red-shifted UV absorp-
tion features have been detected, which are interpreted as star-gazing cometary bodies
(Roberge et al., 2000, ApJ 538, 904). The general search for molecular gas in debris disks
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is notoriously difficult because of the low temperature of the gas, the very low mass and
potential confusion with background material. This may explain why the search for gas
in debris disks with the Herschel Space Observatory was of limited success. We took a
different approach to search for gas in debris disks using very deep CO observations with
the APEX and IRAM 30 m telescopes. Motivated by the detection of molecular gas in 49
Ceti, we performed the first comprehensive search in CO(3-2) and discovered molecular
gas in Keplerian rotation in the 30 Myr old A3-type star HD 21997 (Moor et al. 2011, ApJ
740, L7). These observations triggered ALMA observations of HD 21997, which resulted
in the first spatially resolved dust and molecular gas emission maps for a debris disk (Moór
et al., 2013, ApJL 777, L25; Kóspál et al., 2013, ApJ 776, 77). With these observations
we could demonstrate that the gas fills the disks while the dust is concentrated in a ring.

Gas in debris disks around A-type stars

In a comprehensive observational approach and supplementing our earlier survey, we used
the APEX telescope and the IRAM 30 m telescope to search for CO emission in 20 bright
debris disks and detected gas in the 16 Myr old A-type star HD 131835 (Fig. 3.13). The
total mass of CO gas amounts to 4.4 ×10−4 Earth masses with some dependence on
the assumed temperature. In addition to the discovery of molecular gas, we could also
resolve the disk at 70 and 100µm with Herschel imaging. With the detection of gas in
HD 131835, the number of debris disks with CO gas among young A-type stars (younger
than 40Myrs) has increased to four. Based on a statistical analysis we suggest that the
presence of a detectable amount of molecular gas in the most massive debris disks around
A-type stars is a common phenomenon [1]. The object HD 131835 is an excellent target
for ALMA follow-up observations and all four debris disks can be studied with JWST for
molecular emission bands, especially molecular hydrogen emission.

Work done in collaboration with A. Moór, A. Kóspál, P. Ábrahám (all Konkoly Obser-
vatory, Budapest) and A. Juhász (Institute of Astronomy, Cambridge).

[1] Moór, A., Henning, Th., Juhász, A., et al. (2015): Discovery of Molecular Gas around
HD 131835 in an APEX Molecular Line Survey of Bright Debris Disks, ApJ 814, 42
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3.10 The Moving Structures in the AU Mic Disk

Thomas Henning, Anne Lise Maire, Markus Feldt, Johann
Olofsson

The Disk Around AU Mic

Many stars exhibit so-called debris disks, disks of cold dust that are remainders of the
planet formation process. Such disks frequently show structures that are believed to
be signatures of gravitational interaction with orbiting planets. AU Microscopii and its
debris disk form a special system in two aspects: the star itself is unusually active and
its disk appears edge-on to observers from Earth. Within the disk, several groups have
reported non-symmetric structures to either side of the star (e.g. Fitzgerald et al. 2007,
ApJ 670, 536, and references therein).

New revelations by SPHERE

In August 2014, the new high-contrast imaging camera SPHERE on ESO’s VLT observed
AU Mic as part of its commissioning campaign. Stable atmospheric conditions (seeing
= 1′′.25) allowed SPHERE to perform to specifications and deliver a Strehl ratio between
90% and 95% in H-band. The contrast limits at 0′′.5 from the central star exceed 10 mag-
nitudes. We presented the results of this observation in [1]. While general findings, such
as shape, orientation and also the structural features, agree with previous publications,
the SPHERE data show the disk in hitherto unprecedented detail (Fig. 3.14).
Most obvious are the arch- or wave-like features on the south-eastern side of the disk
denoted by A to E in Fig. 3.14. The inner ones (A to C) are above and almost detached
from the mid-plane of the disk, a phenomenon not resembling anything seen before in
circumstellar disks. A re-analysis of HST/STIS data also presented in Fig. 3.14 shows
that what was reported as a “bump in the mid-plane” in [2] can be identified with feature
B in the 2014 SPHERE data, although it was about 4 AU (0′′.4) closer to the star in
2010/11. Similarly, feature A can be identified in both data sets and has also moved since
2010/11. The two features further out are located closer to the disk’s mid-plane and can,
with some analytic effort, also be identified in both sets of images.

High-speed motion

Careful analysis yields that all features are moving outwards, their projected speeds rang-
ing from 4 kms−1 for feature A to 11 kms−1 for feature E, and their apparent outward
velocity is increasing nearly linearly with stellocentric distance. All features beyond A re-
quire highly elliptical orbits to be consistent with Keplerian motion; the projected speeds
of D and E exceed the local system escape velocity for all stellar mass assumptions. If the
features are connected to moving physical objects, the indication is that at least some of
them are on the verge of leaving the AU Mic system.
On the other hand, it is well known that protoplanetary disks exhibit spiral wave patterns
whose outer arms “travel” at super-Keplerian speeds, excited by resonances with planets
orbiting inside the disk, or by gravitational instabilities. While AU Mic’s disk is a debris
disk without gas, the youth of the system could serve as an argument that features
imprinted on the former gas-rich disk still remain. More curious, however, is the fact that
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Figure 3.14: High-contrast images of AU Mic for three different epochs. The two upper
panels show HST/STIS data from 2010.69 and 2011.63. The SPHERE data from 2014.69
are shown in the three lower panels, each reduced by a different differential imaging tech-
nique.

the features can only be seen on one side of the disk and not on the other, indicating that
any existing spiral wave structure would be rather short and not wrapped around the
star as required to explain the chain of features seen on the south-eastern side. No single
explanation is available yet for the presence of these high-speed features, and further
studies are pending.

Work done in collaboration with the SPHERE consortium.

[1] Boccaletti, A., Thalmann, C., Lagrange A.M., Janson, M., Augereau, J.C., Schnei-
der, G., Milli, J., Grady, C., Debes, J., Langlois, M., Mouillet, D., Henning, T.,
Dominik, C., Maire, A.L., Beuzit, J.L., Carson, J., Dohlen, K., Engler, N., Feldt, M.,
Fusco, T., Ginski, C., Girard, J.H., Hines, D., Kasper, M., Mawet, D., et al. (2015):
Fast-moving features in the debris disk around AU Microscopii, Nature 526, 230

[2] Schneider, G., et al., (2014): Probing for Exoplanets Hiding in Dusty Debris Disks:
Disk Imaging, Characterization, and Exploration with HST/STIS Multi-roll Coron-
agraphy, AJ 148, 59
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3.11 Resolved Debris Disk around HD 95086 - A

Young Analog of HR 8799

Zoltan Balog, Thomas Henning

The target - HD 95086

HD 95086 is a young early-type star that hosts a 5 MJ planet at the projected distance of
56 AU revealed by direct imaging, and a prominent circumstellar disk. The star possess
a strong infrared excess which indicates that, similar to HR8799, β Pic, and Fomalhaut,
it harbors also a circumstellar disk. The disk is expected to be resolved at 70µm with
Herschel/PACS based on earlier Spitzer/MIPS at 70 µm observations.

Observations and Results

Figure 3.15: the excess MIPS-
SED spectrum (black squares). A
crystalline olivine feature peaks at
69.5±0.5 µm and is not spectrally
resolved. The spectrum agrees well
with the broad-band photometry (di-
amonds).

HD 95086 was observed with Herschel/PACS and
SPIRE in the frame of a larger program aimed
to evaluate the feasibility of self-stirring scenario
(Kenyon S. J. & Bromley B. C.,2004, AJ, 127, 513)
in debris generation. We successfully resolved the
disk and have not detected any CO emission, ex-
cluding the possibility of an evolved gaseous pri-
mordial disk. We have also found that self-stirring
is highly unlikely for HD95086 and a planetary size
body or bodies are needed to stir up the planetes-
imals and trigger debris generation. Along with
the Herschel observations we also used unpublished
Spitzer/MIPS-SED data and reviewed all published
infrared/submillimeter observations for the system
and constructed a detailed disk SED and used it to
estimate the location of debris.
A two component model consisting of black bodies
of temperatures 55 ± 5K (cold component) and 175 ± 25K (warm component) fit the data
reasonably well. The shape of the MIPS-SED spectrum is consistent with the broad-band
photometry measured by PACS and MIPS at 70 µm and contains a feature at 69.5 ± 0.5
µm that is consistent with the measured peak position of crystalline olivine (Mg2SiO4,
forsterite) at 50K (Suto, H., et al., 2006, MNRAS, 370, 1599) (Fig. 3.15).
The far-infrared resolved images suggests the debris emission can be traced up to radii
of 9

′′
(800AU) where half of the emission is within the beam size (radii . 250AU) and

not resolved. It contradicts our SED models that suggest that the cold component has an
outer boundary (radius) less than 200AU. To alleviate this discrepancy, a third component
in the SED models is needed which is likely to be a disk halo, similar to the ones that have
been found in Vega and HR 8799, made of grains closer to or smaller than the blowout
size that stellar radiation pressure places them in highly eccentric or hyperbolic orbits.
We confirm previous determinations that the resolved structure and its inclination and
find that the eccentricity of the disk halo is small, e < 0.3.
We found a striking similarity between the debris structures of HD95086 and HR 8799.
Both systems possess warm and cold excesses with an orbital ratio of ∼10, similar to the
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ratios between asteroid and Kuiper belts in our solar system and some extrasolar debris
disks. Most importantly, both HD 95086 and HR 8799 systems also possess a bright
disk halo, suggesting an elevated level of activities in the leftover planetesimals. It is
interesting to note that the difference in dust level (fractional luminosity) is ∼10 times in
both warm and cold excesses between HD 95086 and HR 8799 where HD 95086 is dustier.

Figure 3.16: Possible planetary architectures
of HD 95086 that are dynamically stable or
marginally stable for the age of the system
and that can also account for the gap between
the warm and cold debris belt.

We explored the possible planetary con-
figurations present in the HD 95086 sys-
tem using dynamical constraints from the
debris distribution and currently known
5MJ planet at a astro-centric distance of
61.5AU in coplanar cases (Fig. 3.16 where
black points show the nominal location and
mass of HD 95086b; red points indicate the
semi-major axis of hypothetical planets;
the gray bars indicate the possible range
of astro-centric distances of each planet, in
the systems with eccentric orbits. Size of
points indicate planet mass.). For the case
of a single planet system, the eccentricity of
HD 95086b is required to be ∼0.7 to main-
tain the large gap. Although we cannot
rule out the single planet case, the origin of
its high eccentricity requires an additional

explanation. For the case of a two-planet system, the current mass limit (21MJ at a
astro-centric distance of 16AU) rules out two planets on low eccentricity (e < 0.1) orbits;
however, two 5MJ planets on modest (e∼0.3) eccentricity orbits are marginally stable for
∼20Myr and can maintain the large gap.
We further estimated the stability of packed configurations for three and four equal-mass
planets on low eccentricity (e < 0.1) orbits. In the case of three planets, the planets need
to be as massive as 7MJ (the maximum mass for HD 95086b) and at semi-major axes
of ∼12AU, 26AU, and 56AU to be dynamically stable and to maintain the gap. Three
planets of much smaller mass would be less likely to maintain the large gap. We also show
that the HD 95086 system could host four low-eccentricity, massive planets between its
warm and cold belts, similar to the iconic HR 8799 system; however, barring fine-tuning
with mean motion resonances, these four planets would have masses . 5MJ in order to
be stable over the system’s age (∼20Myr).

Work done in collaboration with Kate Su, Sarah Morrison, Renu Malhorta, Paul S. Smith,
George H. Rieke and Atilla Moor

[1] Moor. A., et al. (2013): Stirring in massive, young debris discs from spatially resolved
Herschel images, ApJ 775, L51

[2] Moor. A., et al. (2015): Stirring in massive, young debris discs from spatially resolved
Herschel images, MNRAS 447, 577

[3] Su, K. Y. L. et al. (2015): Debris Distribution in HD 95086?A Young Analog of HR
8799, ApJ 799, 146
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3.12 The Effect of Convective Overstability on

Planet Disk Interactions

Aiara Lobo Gomes, Hubert Klahr, Clement Surville

We ran global two-dimensional hydrodynamical simulations, using the PLUTO code and
our planet-disk model, to investigate the effect of the convective overstability (CO) on
planet-disk interactions. First, we studied the long-term evolution of planet-induced vor-
tices. The main result was the observation of two generations of vortices, which can pose
an explanation for the location of the vortex in the Oph IRS 48 system. The lifetime of
the primary vortices as well as the birth time of the secondary vortices are shown to be
highly dependent on the thermal relaxation timescale. Second, we studied the long-term
evolution of the migration of low-ass planets and assessed whether the CO can prevent
the saturation of the horseshoe drag.

Type II migration: gap opening

Figure 3.17: Potential vorticity with the Ke-
plerian profile subtracted after 700 planetary
orbits. The colour bar was truncated from
−0.5 to 0.5 in order to obtain a higher con-
trast.

High-mass planets are defined here as plan-
ets massive enough to open a gap in the
disk and thus will be subject to Type II
migration. The critical mass lies around
the mass of Saturn (in detail depending on
the disk temperature), i.e. 100M⊕. For
the present study, we use a mass of 300M⊕
i.e. a Jupiter mass planet. Dust asymme-
tries have recently been observed in several
transition disks, e.g., in the Oph IRS 48
system. These features may be explained
by the presence of large-scale vortices born
at the outer edge of a planetary gap. Moti-
vated by these observations, several recent
studies have focused on the formation and
evolution of planet-induced vortices. Ques-
tions regarding the lifetimes of these fea-
tures and whether they are able to trap
dust particles are fundamental to check if
they can explain these recent observations.
We performed two-dimensional (2D) global inviscid HD simulations to investigate planet-
induced vortices [1].

A Newtonian cooling approach (thermal relaxation) was used to evolve the disk temper-
ature structure. The main aim was to assess the importance of the CO for the development
of planet-induced vortices. An interesting outcome of this study was the observation of
a second generation of vortices (see Fig. 3.17). The first generation of vortices is formed
in the outer wall of the planetary gap due to the triggering of the RWI. The RWI here is
responsible for the initial creation of a vortex whereas the CO will govern its evolution, i.e.
amplify or damp the vortex depending on the local radial stratification and the thermal
relaxation time.
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Type I migration: no gap opening

Figure 3.18: Cumulative averaged torques
as a function of time. The different lines
show the total torques for a 10M⊕ planet
and the thermal relaxation timescales from
bottom to top (solid brown to dashed pink):
Ωτ = [0.1, 1.0, 2, 5, 10,∞]. See Table 1 in [2]
for the details of the runs.

We used global 2D-HD simulations, with
the same cooling approach as in the pre-
vious section, to study the unsaturation of
the horseshoe drag for Type I migration
[2]. Hydrodynamical instabilities can cause
turbulence. The main goal of this study
was to check whether turbulence-triggered
viscosity due to the CO can sustain the
unsaturation of the horseshoe drag, which
is essential to balance or counteract the
Lindblad torque. Fig. 3.18 shows the
torques as a function of the thermal relax-
ation timescale. We found that the disk
parameters that favour slow/outward mi-
gration oppose the amplification of vor-
tices. Therefore, this is not a good mecha-
nism to prevent the saturation of the horse-
shoe drag. However, we observed that the
planet perturbation leads to the formation
of vortices in the horseshoe region. These vortices get amplified and excite spiral waves,
leading to fast inward vortex migration. The continuous planet perturbation results in
permanent vortex formation. The process of constant creation and amplification of vor-
tices, that later migrate to the inner disk, depletes the matter in the inner side of the
planet orbit. The planet remains trapped in the outer edge of this under-density. This
result is a new promising mechanism to prevent the fast Type I migration rates in regions
of the disk that have overstable convection.

Conclusions

The CO was found to play a role for both high- and low-mass planet cases. The formation
of a second generation of vortices was observed; nonetheless, it is not linked to the presence
of the CO. This second generation of vortices may explain the vortex in the Oph IR S48
system. For low-mass planets, the CO does not prevent the saturation of the horseshoe
drag; in contrast, the disk parameters that favour CO seem to oppose the horseshoe drag
unsaturation. The effect of continuous vortex formation and shedding inside of the planet
appears to be a new interesting mechanism to trap planets. Detailed studies on how the
efficiency depends of the susceptibility of the disk to CO (detailed slopes of T and Sigma)
will have to follow including the possibilities that vortices do form spontaneously outside
the planet orbit or are even being triggered by additional planets.

Work done in collaboration with Paola Pinilla (University of Leiden).

[1] Lobo Gomes, A., Klahr, H., Uribe, A.L., Pinilla, P., & Surville, C. (2015): Vortex
Formation and Evolution in Planet Harboring Disks Under Thermal Relaxation, ApJ
810, 94

[2] Lobo Gomes, A., Klahr, H., Uribe, A.L., Pinilla, P., & Surville, C. (2016): Type I
Migration in Radially Stratified Turbulent Disks, ApJ submitted,

81



3.13 The Role of the Cooling Prescription for Disk

Fragmentation

Hans Baehr, Hubert Klahr

Numerical convergence and critical cooling parameter in self-
gravitating disks

Between the two major theories of planet formation, core accretion and gravitational
instability (GI), only the latter shows a tendency to form gas giant planets in wide orbits
around young stars. The core accretion scenario, whereby the coagulation of dust part-
icles forms larger objects like planetesimals and eventually cores, is the dominant mode
of planet formation. At distances beyond around 50 AU, protoplanetary disks become
gravitationally unstable when they accrete enough mass such that regions within the disk
collapse due to self-gravity, creating fragments that can accumulate solid material to form
cores of Jovian planets or possibly form low-mass stars. Thus discoveries of planets with
large orbital radii suggest that GI may be a feasible formation mechanism to form planets
where core accretion has trouble operating, but not common enough to form planets at
higher rates than via core accretion.
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Figure 3.19: Evolution of the maximum sur-
face density over time using the alternative cool-
ing prescription. Dashed lines represent the sur-
face density threshold for each simulation when
a clump is dense enough to be considered a frag-
ment.

Gravitational instability becomes a
significant factor in the disk when
enough cold gas is present for strong
self-gravitation and the disk cools effi-
ciently. The aim of this paper [1] was
to investigate the relation between the
cooling law of the disk and the simula-
tion resolution and their effect on for-
mation conditions of gas giants. This
means implementing a more realistic
cooling relation per grid cell in local
simulations (see equation (3.2)), one
dependent on the local surface density
to mimic the change in optical depth
for varying densities.

tc = β (Σ/Σ0) Ω−1. (3.2)

We consider a fully gaseous disk with
minimal magnetization, so the physi-
cal laws are the normal hydrodynamic (HD) equations. From these initial equations, we
move to a 2D local description of a small section of the disk using a sheering sheet ap-
proximation, modelled locally on a small radial-azimuthal patch of the disk, transforming
the global cylindrical coordinates to local Cartesian coordinates corotating with the disk.
The results here use parameters similar to those in other models of disk instability, besides
the modification to the cooling law described by equation (3.2). Figure 3.19 shows results
for the case where β = 10 for four different resolutions, which for all but the highest
resolution show no fragmentation. These simulations are a direct comparison to previous
results of the typical Gammie criterion (Gammie 2001, ApJ 553, 174), which show a
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significant change in the behaviour of the N = 1, 024 and N = 2, 048 cases, but our
results are similar at these resolutions and fragmentation only at higher resolution.
The convergent behaviour continues to lower cooling parameter values as well. Previously,
these simulations would have been expected to fragment but here they all show consistent
steady gravitoturbulence. This begins to show the shift of the fragmentation boundary
towards shorter cooling timescales. Figure 3.20 shows the results of all simulations with
the altered cooling prescription with the dotted line marking the expected shift of the
critical cooling parameter to around β = 0.5.

102 103 104

N

10-1

100

101

102

β

βcrit=3

β=0.5

No fragmentation
Fragmentation

Figure 3.20: Primary results of the resolution study of fragmenting self-gravitating disks
using an alternative cooling prescription. The dashed line represents the Gammie cooling
criterion and the dotted line is a new criterion based on the new cooling prescription used
here.
While the current understanding of planet formation is that core accretion is the dominant
planet forming process, this mechanism does not explain the formation of a few gas giant
planets that have formed at very large radii where core accretion takes far too long to
occur before the gas in the disk is blown away. Gravitational instability shows the ability
to fill this niche by forming massive gas giant planets at radii beyond 50 AU. This picture
of planet formation is generally well-formed, but recent results had suggested that it is not
as clear as believed. We have carried out 2D hydrodynamic simulations of self-gravitating
disks which suggest that the formation regions of GI and core accretion are still very
distinct with a more realistic simple cooling scheme.

[1] Baehr, H. & Klahr, H. (2015): The role of the cooling prescription for disk fragmen-
tation: Numerical convergence & critical cooling parameter in self-gravitating disks,
ApJ 814, 155
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3.14 Planetesimal Size Prediction in the

Gravoturbulent Formation Scenario

Andreas Schreiber, Hubert Klahr

Parameter study of the streaming instability

Figure 3.21: Parameter study to es-

timate diffusivities for the SI on small

physical length scales on high dust-to-

gas density ratios ε from 1 up to 1, 000,

to mimic a wide range of phases within

a collapsing particle clump. Colour

represents the local dust-to-gas ratio

with red high and blue low values.

Even for very high ε values, the SI is

still active.

Hydro- and magnetohydrodynamical instabilities in
protoplanetary disks lead to non-laminar flows within
protoplanetary disks [1, 3, 2]. Many of those non-
laminar features are known to produce dust over-
densities via the local trapping of radially sedimenting
particles, such as zonal flows, and vortices, resulting
in axisymmetric and non-axisymmetric structures. As
shown in previous years, particle over densities are self-
amplifying over a certain threshold due to the stream-
ing instability (SI), which is well studied on large scales
(≥ 0.1H). Following this idea, planetesimal collapse
must happen in these SI active areas and we expect the
SI to maintain activity during the entire collapse phase.
Here, one can expect that for large dust-to-gas density
ratios ε the SI should become weaker because, in the
extreme case of having only dust, there are no more
hydro-instabilities, and this is indeed what we see for
numerical simulation at high ε-values.
In [4], we investigate if the SI can lead to diffusivi-
ties δ, or diffusion times tD expressed in local orbits,
that can delay or even prohibit the collapse to planet-
esimals via internal diffusion of the clump. Since ε will
increase to very high numbers in the collapse phase, we
exceed ε-values previously investigated about several or-
ders of magnitude, see Fig. 3.21 for our scanned param-
eter space. Depending on the local gas density, which
is a function of time and space within a protoplanetary
disk, Roche density can be reached at values of ε = 10
to 1, 000. Roche density is the critical density at which
tidal forces by the central star cannot disrupt a dust
cloud, forming a planetesimal. Our 3D simulations use
typically several Mio. CPU hours per parameter set,
making this an expensive endeavour of the parameter
space. We found that for increasing ε, the SI was in-
deed getting a little weaker, but did not die out on small
scales (see Fig. 3.22).

Size prediction for planetesimals

Reaching the Roche density stabilizes the forming planetesimal against tidal shear, but
turbulent diffusion can still disrupt it from the inside. The measured diffusivities in
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our numerical simulations at a scale of L = 0.01H is in dimensionless units around
δ = 2.7× 10−6. These values can be plugged into our prediction [5] for the planetesimal
size, in which we define that the free fall time at Roche density has to be shorter than
the diffusion time:

a ≈ H/R

0.03

√
δ

2.7× 10−6

√
0.1

St
88km

Figure 3.22: Our parameter study shows the ε

dependence of the diffusivity δ. These values are

the input for our planetesimal collapse scenario

and give us a prediction on planetesimal sizes.

The resulting size is remarkably close to the sizes
at the knee in the observed population of both
asteroids and planetesimals, and a nice support
for our theory of planetesimal formation. An im-
proved prediction of the actual gas content of the
disk and the Stokes number of the available dust
grains can still change the result, yet not by or-
ders of magnitude.

Outlook

We want to refine our methods by studying the
SI for other particle sizes and for size distri-
butions. We also want to study the effect of
particle-particle collisions, as they will eventually
start to dominate once the actual dimensions of
the resulting planetesimal are resolved. On the
other hand, we want to test our estimation for
the planetesimal size via straightforward 3D numerical simulations of SI and gravita-
tional collapse along the parameters from our non-self-gravitating runs. Then, a high
resolution case of fully developed SI, as already obtained, will be the initial state, for
which we ‘simply’ have to switch on self-gravity and see whether the box size allows for
collapse and whether the resulting planetesimals obey our size prediction. Then, we will
be able to say how planetesimals in our solar system have probably formed and explain
the size of asteroids and the Kuiper Belt objects.

Collaborators: Anders Johansen & Wladimir Lyra.
Supported by DFG SPP 1385 & DFG SPP 1833.
Acknowledgments: GCS, NIC & RZG-MPG.
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4

Brown Dwarfs and Exoplanets

Deep L0-band image of the HR8799 multiple-planet system. See chapter 4.4 for details and

credits.



4.1 The HATSouth Survey for Detecting Transiting

Exoplanets: Recent Results

Luigi Mancini, Simona Ciceri, Thomas Henning

Introduction

After 20 years from when human knowledge crossed the borders of the solar system and
found a planet orbiting another main-sequence star, we can now count more than 1,900
exoplanets in our Galaxy, and marvel at how physically varied and intriguing most of
them are. In the last three lustra, ground-based transit surveys have played a major
role in exoplanet detection and, thus, in the growth of our scientific knowledge about
planetary systems. In a fair competition with other teams (e.g. HATNet, SuperWASP,
KELT, MEarth, QES, Apache and NGTS), we are undertaking the HATSouth project.
This is the first global network of homogeneous, fully automated telescopes, capable of
round-the-clock monitoring of a wide field of view (FOV) on the sky. The key scientific
goal of HATSouth is to search for transiting extrasolar planets, especially ones that are
smaller and/or have longer periods than hot Jupiters and Saturns, which have been the
primary types of planet found by ground-based surveys to date.
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Figure 4.1: Masses and radii of
known transiting exoplanets. The
HATS planets are shown with red
points and error bars. The error
bars of the other planets have been
suppressed for clarity. Dotted lines
show where density is 2.5, 1.0, 0.5,
0.25 and 0.1 ρJup.

The survey

The modus operandi of the HATSouth survey is
comprehensively described in Bakos et al. (2013).
In brief, HATSouth is a network of completely au-
tomated wide-field telescopes, consisting of six ho-
mogeneous units located at three different places in
the southern hemisphere, i.e. Las Campanas Obser-
vatory in Chile, the HESS site in Namibia and Sid-
ing Spring Observatory in Australia. In this way,
the mutual distance of the three couples of facil-
ities, nearly 120◦ from each other, permits oper-
ations of at least one station at any time, allow-
ing a continuous 24-hour monitoring of a stellar
field. Each unit is equipped with four 18 cm f/2.8
Takahashi astrographs, each working in pairs with
Apogee Alta U16M 4k× 4k CCD cameras, with a to-
tal mosaic FOV on the sky of 8◦ × 8◦ at a scale of
3.7 arcsec/pixel. Observations are performed
through a Sloan-r filter with an exposure time of four minutes. Scientific images are au-
tomatically calibrated and light curves are extracted by aperture photometry. They are
then treated with decorrelation and detrending algorithms and finally run through with
the BLS (Box-fitting Least Squares) algorithm for finding periodic signals by transiting
exoplanets. Promising transiting planet candidates are then selected as HATSouth can-
didates. After the identification of a candidate, its host star undergoes spectral analysis
in order to estimate its RV variation, and a photometric follow-up. These observations
are mandatory for confirming or rejecting the planetary nature of our candidates and for
determining the physical parameters of the new planetary systems.
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Figure 4.2: Mass-period diagram of
transiting exoplanets in the mass
range 0.1 − 10MJup. The plan-
ets are represented by circles, whose
size is proportional to planet ra-
dius. Colour indicates equilibrium
temperature. The error bars have
been suppressed for clarity. The po-
sition of particular HATS planets
(see text) have been highlighted.

Results

Operating since 2010, the HATSouth survey has so
far confirmed 16 exoplanets (see Fig. 4.1). These
planets span a range in masses ranging from super-
Neptune, HATS-7 (Bakos et al., 2015) and HATS-8
(Bayliss et al., 2015) to super-Jupiters, e.g. HATS-
11 and HATS-16 (Ciceri et al., 2016). Among them,
of particular interest for future follow-up observa-
tions, are: HATS-2, whose parent star shows a strong
starspot activity (Mohler-Fisher et al.); HATS-6,
which is a Saturn-like planet that orbits around
an M star showing one of the deepest planetary
transit light curves to date (Hartman et al., 2015);
the two already cited super-Neptunes, HATS-7 and
HATS-8 (see Fig. 4.2); HATS-9, which falls in one
of the fields that will be observed by the K2 mis-
sion (Brahm et al., 2015); HATS-17, which is the
longest period transiting planet discovered to date

by a ground-based photometric survey, and is one of the brightest transiting warm Jupiter
systems known (see Fig. 4.2). Moreover, we have recently confirmed another set of 18
transiting exoplanets that will be published soon. In addition, we have found four F-M
(Zhou et al., 2014) and one M-M (Zhou et al., 2015) eclipsing binary systems. These
systems are very difficult to detect and extremely useful for studying the mass-radius
relationship for very low-mass stars.

[1] Bakos, G.A., Csubry, Z., Penev, K., et al. (2013):
, PASP 125, 154

[2] Bakos, G.A., Penev, K., Bayliss, D., et al. (2015):
, ApJ 813, 111

[3] Brahm, R., Jordan, A., Hartman, J.D., et al.
(2015): , AJ 150, 33

[4] Brahm, R., Jordan, A., Bakos, G.A., et al. (2016):
, AJ in press,, arXiv:1510.05758

[5] Bayliss, D., Hartman, J.D., Bakos, G.A., et al.
(2015): , AJ 150, 49

[6] Ciceri, S., Mancini, L., Henning, Th., et al. (2016):
, PASP in press,, arXiv:1511.06305

[7] Hartman, J. D., Bayliss, D., Brahm, R., et al.
(2015): , 149, 166

[8] Mancini, L., Hartman, J.D., Penev, K., et al.
(2015): , A&A 580, A63

[9] Mohler-Fischer, M., Mancini, L., Hartman, J.D.,
et al. (2013): , A&A 558, A55

89



4.2 Pan-Planets: Searching for Hot Jupiters

Around Cool Dwarfs

Christian Obermeier, Thomas Henning

Introduction

One of the most fascinating discoveries in the rapidly growing field of exoplanets is the
existence of hot Jupiters and hot Neptunes, gaseous planets with extremely short periods.
They are of interest to the scientific community for various reasons (e.g. best targets for
atmosphere spectroscopy, measurement of the Rossiter-McLaughlin effect, etc.), but also
serve as a test bed for planet formation models. There is an ongoing discussion whether M
dwarf discs can sustain the formation of hot Jupiters. Three detections in three different
surveys have been confirmed so far. However, the small sample of M dwarfs in those
surveys limits the statistical assessment of the occurrence rate. We aim to address this
issue by studying a substantially larger sample [1]. We use the high-resolution, large field
of view telescope Pan-STARRS1 (PS1).

Survey and data reduction

The Pan-STARRS1 (PS1) telescope is equipped with the 1.4 Gigapixel Camera (GPC1),
one of the largest cameras ever built. The size of the focal plane is 40 cm × 40 cm, which
maps onto a 7-square field of view. We observed seven fields over the course of 2 years,
three of those for an additional year. In total, we observed for about 4% of the available
PS1 time (after subtracting weather and maintenance) and gathered 165 h of data. This
resulted in more than 4 million sources with 1,500–6,000 data points each (additional
data in 2010 and overlapping regions led to higher data density in several regions). We
created a highly customized pipeline in order to combat systematic effects. On average,
photometric scatter is reasonably low with 4 mmag-10 mmag for our target brightness
range of 13 ≥ i′ ≥ 18.

M dwarf selection

The large amount of M dwarfs in our sample makes it infeasible to perform a spectroscopic
characterization for every star. We hence utilize an SED fitting, determining the best-
fitting synthetic SED and, from this, inferring effective temperature, distance and radius
of the star. We combine four different sets of synthetic isochrones (Dartmouth, PAR-
SEC, BT-DUSTY, Baraffe) with a three-dimensional dust map [2] and a proper-motion
catalogue [3] for additional quality flagging. The results are consistent with the synthet-
ical Besancon model and confirmed M dwarfs from Sloan (see Fig. 4.3 on the left). Our
methodology is, therefore, robust enough to perform statistical analysis with the sample
(see following section).

Monte-Carlo simulations

We perform Monte-Carlo simulations by injecting transit signals into the real data. For
this, we create light curve signals for each star, characterized with an SED fitting, and
a planet with properties for a given population sample. We multiply the signal with the
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Figure 4.3: Left: measured effective temperature from an SED fitting against the spectro-
scopic temperature from Sloan. Note that the spectroscopic temperatures were binned in
200 K steps; therefore, a scatter of ±100 K is to be expected. Right: planet occurrence
rates from the Kepler survey (red, extracted from Kovacs et al. 2013, MNRAS 433 2),
spectroscopy (orange), WTS (green) and this work (blue). Note that the half-lines indicate
the detection rates in case of one detection, while the dark blue bar represents an upper
limit in case of no confirmed detection.

data and then attempt to retrieve this signal with our detection pipeline. For M dwarfs,
Pan-Planets is sensitive enough to detect most hot Jupiters and a few hot Neptunes.

Results

We are in the process of following up all targets. Low resolution spectra and re-recording
of the transits with the Wendelstein 2.0 m telescope have already been finished. Radial
velocities will be measured with Keck and the HET in 2016. Overall, we have about 20
planet candidates, seven of which are hot Jupiter targets around M dwarfs. Since brown
dwarfs can appear as planetary signals and our sample is still likely to be contaminated,
we assume either 0 or 1 confirmed detections. Our final measured planet occurrence rate
is ≤0.34% or 0.11(+0.37

−0.02)%, respectively (see Fig. 4.3 on the right). This is a significant
improvement over previous estimates. We performed a sensitivity analysis of the Kepler
data and found that the best estimate from that data is about 50% higher than ours,
with larger uncertainties and the inclusion of late K dwarfs, which means that we cannot
directly compare the results. Comparing this result to other stellar types, we cannot yet
confirm the prediction of lower hot Jupiter numbers for M dwarfs.

Work done in collaboration with Johannes Koppenhoefer and Roberto Saglia at MPE,
Garching.

[1] Obermeier, C., et al. (2016): Pan-Planets: Searching for hot Jupiters around cool
dwarfs, A&A 587, A49

[2] Green, G.M., et al. (2014): A Three-dimensional Map of Milky Way Dust, ApJ 810,
25

[3] Deacon, N.R., et al. (2016): A Pan-STARRS 1 study of the relationship between wide
binarity and planet occurrence in the Kepler field, MNRAS 455, 4
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4.3 Giant Planets Around Giant Stars

Simona Ciceri, Luigi Mancini, Thomas Henning

Overview

Up to now, roughly 100 exoplanets have been detected around evolved stars and their gen-
eral characteristics look to be different compared with those found orbiting main sequence
(MS) stars.

According to the studies, such as the one from Jones et al. 2014, A&A 566, A113, these
planets are more massive, prefer low-eccentricity orbits, and have orbital semi-major axes
of more than 0.5 AU with an overabundance between 0.5 and 0.9 AU. Furthermore, the
correlation between the stellar metallicity and number of planets seems to be reversed
compared to MS stars, even though there is still an open debate on this matter (see
discussion in Jones et al. 2014). In this context, the discovery of more exoplanets around
evolved stars is vital to enlarge the sample and better characterize the statistical properties
of these planetary systems. The cases in which the parent stars are K or G giants, which
are known to evolve from F- and A-type MS stars, are also very interesting for planet
formation/evolution theories and to get a better demographic picture of planets around
early-type stars.

We present the confirmation via radial velocity (RV) measurements of the transiting planet
Kepler-432 b, a massive gas giant moving in a very eccentric orbit around an evolved K
giant that is ascending the red giant branch.

Kepler and CAFE observations

Figure 4.4: Upper panel: phased RVs for
Kepler-432 and the best fit. Lower panel:
residuals of the best fit.

Since its first data release, the Kepler
spacecraft has been the most produc-
tive planet-hunting mission (Borucki et
al. 2010, Science 327, 977). It has allowed
the discovery of over a thousand planets
and provided more than 4,500 candidates.
Kepler continuously photometrically mon-
itored Kepler-432 for roughly 4 years ob-
taining an exposure every ∼ 30 min and,
for some properly selected time intervals,
using a higher cadence. The analysis of the
light curve revealed a periodic dimming ev-
ery 52.5 d consistent with the presence of
a planet transiting its host star.

In order to confirm the planetary nature of
the Kepler-432 companion, we observed spectroscopically the system using the CAFE
spectrograph mounted at the 2.2 m telescope at the Calar Alto Observatory (Spain). We
acquired 28 spectra from which, after a proper reduction and calibration, we obtained
RV measurements. By simultaneously fitting the RV from CAFE (Fig. 4.4) and the
photo metric data of the transit from Kepler, we estimated the mass of Kepler-432 b to
be in the planetary regime.
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Confirmation

We ruled out possible causes of false positive scenarios, such as stellar activity or blended
stellar binary system, by performing a bisector analysis of the spectral lines and studying
high resolution near-infrared images of the J and K bands obtained with the NIRC2
imager fed by the Keck II telescope.
We confirmed the planetary nature of the Kepler candidate Kepler-432 b, a planet with
a mass of 4.87± 0.48MJup and a radius of 1.120± 0.036RJup, orbiting a K giant that is
ascending the red giant branch. The planet has an eccentric orbit (e = 0.535 ± 0.030)
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Figure 4.5: Stellar radii and semi-major axis
of known planetary systems. Green trian-
gles denote systems found by the RV method,
while circles are found by the transit method.

with a period of 52.50097 ± 0.00021 d.
Whereas almost all the planets orbiting
evolved stars were found with the RV tech-
nique, Kepler-432 b is the fourth planet
(with Kepler-56 b, c and Kepler-91 b,) dis-
covered via the transit method. These lat-
ter planets have quite different character-
istics compared to those detected by the
RV method, and cover regions of param-
eter spaces that were until now desert
(Fig. 4.5), and predicted to be empty by
planetary systems’ evolution theories (e.g.
Kunitomo et al. 2011, ApJ 737, 66).
Since Kepler-432 a is still evolving and ex-
panding, this planetary system is also very
interesting from a dynamical point of view.
Currently, the planet reaches the minimum
distance of 7.29 ± 0.52R∗ at periastron,
while at apastron is 24.08 ± 0.85R∗ away.
However, at the end of the red giant branch
the star will have a radius of ∼ 8RSun and,
if we exclude a possible orbital decay due
to angular momentum transfer mechanism,
the distance of the planet from the star at
the periastron will be ∼ 3.8R∗. This means that the planet might not be devoured by its
parent star but could accompany it towards a more distant common fate.

Work done in collaboration with John Southworth (Keele University, UK), Jorge Lillo-
Box and David Barrado (Centro de Astrobiologia, Spain).

[1] Ciceri, S., Lillo-Box, J., Southworth, J., Mancini, L., Henning, Th., Barrado, D
(2014): Kepler-432 b: a massive planet in a highly eccentric orbit transiting a red
giant, A&A 573, L5
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4.4 Characterization of Extrasolar Planets and

Low-Mass Companions with LBT/LEECH

Anne-Lise Maire, Joshua Schlieder, Esther Buenzli, Mickaël
Bonnefoy, Beth Biller, Neil Zimmerman, Wolfgang Brandner,

Thomas Henning

Imaging of intermediate-age planets around nearby stars

We report on the first results from the ongoing LEECH survey. LEECH (LBTI Exo-
zodi Exoplanet Common Hunt) is a ∼130-night high-contrast imaging survey using the
LMIRCam camera at the Large Binocular Telescope. It is designed to search for and char-
acterize intermediate-age giant planets around nearby stars. For this purpose, it exploits
two facts: 1) low-mass giant planets are brighter at thermal infrared wavelengths, and 2)
adaptive optics systems provide better performance at longer wavelengths. The science
goals of LEECH are to 1) discover new exoplanets, 2) characterize the atmosphere of exo-
planets, 3) characterize the architectures of nearby planetary systems, and 4) establish
meaningful constraints on the prevalence of wide-separated exoplanets.

GJ504 b – Atmospheric analysis of the first T dwarf exoplanet

Figure 4.6: Multi-wavelength imaging of GJ504 b, the coldest directly-imaged giant planet.

As gas giant planets and brown dwarfs radiate away the residual heat from their forma-
tion, they cool through a spectral type transition from L to T, which encompasses the
dissipation of clouds and the appearance of strong methane absorption. While there are
hundreds of known T-type brown dwarfs, most directly-imaged exoplanets were L-type.
Kuzuhara et al. (2013) reported the discovery of the first T dwarf exoplanet, GJ504 b.
This object provides a unique opportunity to study a planet atmosphere with a ∼500 K
temperature that bridges the gap between the first directly-imaged planets (∼1,000 K)
and Jupiter (∼130 K). We observed GJ504 b ([2], Fig. 4.6) in three narrow L-band fil-
ters spanning the red end of the broad methane absorption feature at 3.3 µm. Using a
grid of custom model atmospheres, we were able to fit GJ504 b’s unusual spectral energy
distribution for the first time and found evidence for super-solar metallicity.

HR 8799 – Further constraints on the planet architecture
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Figure 4.7: Deep L′-band image of
the HR 8799 multiple-planet sys-
tem.

HR 8799 is the only directly-imaged multiple-planet
known so far, with at least four giant planets. Astro-
metric monitoring allows us to trace a planet’s orbit
and to constrain its properties. Mean-motion reso-
nances have been suggested for maintaining the sta-
bility of the system over its lifetime (30 Myr). We
imaged the system ([3], Fig. 4.7) at high sensitivi-
ties and refined the orbital elements of the planets,
especially for the two innermost planets. The study
favours an architecture based on period ratios of 1:2
between adjacent planets. The two outermost plan-
ets would have orbits nearly coplanar and aligned
with the known circumstellar disk. The orbit of
planet d would be slightly inclined (∼10

◦
) with re-

spect to the disk plane. The innermost planet might
be on an orbit strongly misaligned (∼75

◦
) with the

disk major axis. Using the deep detection limits,
we exclude a fifth planet slightly brighter than HR 8799 b with a period ratio of 1:2 with
HR 8799 e and about twice as bright as HR 8799 cde with a period ratio of 1:3 with the
innermost planet. Astrometric follow-up is needed to confirm these results and is ongoing.

NO UMa – Orbit and masses of a late-type low-mass binary

NO UMa is a nearby short-period (∼3.5 yr) spectroscopic binary with K-type low-mass
components (0.83±0.02 M� and 0.64±0.02 M�, [1]), member of the intermediate-age stel-
lar association Ursa Majoris (500±100 Myr). Previous studies constrained the orbital
elements and dynamical masses using radial velocity and Hipparcos astrometry, achieving
accuracies on the component masses of 9–25%. We observed this target in order to search
for putative circumbinary planets. No planet was detected. Nevertheless, we resolved the
binary at two epochs separated by 7 months and showed evidence for large orbital motion
(separation and position angle variations of ∼20 mas and ∼180

◦
). Combining the LEECH

data, archival Keck images, and literature on speckle interferometry and radial velocity
measurements, we constrained the orbital elements, mass ratio, distance, and individual
masses of the binary at high accuracies (2–3% on the component masses). The masses
agree with stellar evolutionary models and the revised Galactic kinematics confirm NO
UMa as a nuclear member of the Ursa Majoris moving group.

Work done in collaboration with the LEECH Consortium.

[1] Skemer, A., Morley, C., Zimmerman, N., Skrutskie, M., Leisenring, J., Buenzli,
E., Bonnefoy, M., et al. (2015): Characterization of the Coldest Directly Imaged
Exoplanet, GJ 504 b, and Evidence for Super-Stellar Metallicity, ApJ in press,
arXiv:1511.09183

[2] Maire, A.-L., Skemer, A., et al. (2015): Further constraints on the planet architecture
of the HR 8799 system, A&A 576, A133

[3] Schlieder, J., Skemer, A., Maire, A.-L., et al. (2015): Orbit and Component Masses
of the Intermediate Age, Late-Type Binary NO UMa, ApJ in press, arXiv:1510.03813
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4.5 New Planets Orbiting M Dwarfs from K2

Ian Crossfield, Joshua Schlieder, Thomas Henning

Introduction

Recent searches for new planets beyond the Solar System have revealed a dizzying array
of new planetary systems. Most efforts to date have focused on planets orbiting yellow,
Sun-like stars, around which thousands of planets have been discovered. Yet although
small, cool, red stars offer the best prospects for finding and characterizing rocky, Earth-
sized, and habitable planets in the near future, only a few dozen worlds are known to
orbit these smaller stars. Although a few Earth-sized and habitable planets have been
revealed in these systems, the numbers involved are still too few to robustly test theories
of planet formation, models of planetary interior and atmospheric composition, and to
measure the occurrence frequency of habitable planets around low-mass stars.
Our program uses public data being obtained by K2 (the new operational mode of NASA’s
Kepler spacecraft) to discover new, small planets around cool stars. Many of these planets
lie in their stars’ habitable zones, and a smaller number will permit atmospheric measure-
ments with NASA’s upcoming James Webb Space Telescope (JWST). In the long run,
we aim to measure planet occurrence frequency as a function of stellar and planetary
properties; find potentially habitable planets; and find good targets for atmospheric char-
acterization with JWST.

Discovering new planets with K2

The original Kepler mission provided calibrated light curves for all sources. In contrast,
K2 releases only pixel data – we have therefore developed our own photometry pipeline
to produce light curves for the unique K2 data set, to intelligently select the optimal
instrument model to decorrelate systematics for each target. We achieve a precision of
.1.7× that, achieved by Kepler (except for the very brightest stars, which sometimes
saturate the detector), which is sufficient for us to be sensitive to even the very shallow
transits caused by small planets.
We identify initial candidates using Co-I Erik Petigura’s TERRA code. After cleaning
the photometry, TERRA then identifies and removes systematic errors common to a large
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Figure 4.8: Discovery light curve of the K2-3bcd triple-planet system, with individual
transits marked (at top) and phase-folded (with the best-fitting models, at bottom; [1]).
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Figure 4.9: JHK-band IRTF/SpeX spectrum of K2-26 (EPIC 202083828) compared to
late-type standards from the IRTF spectral library. All spectra are normalized to the
continuum in each of the plotted regions. The star is a best visual match to spectral type
M1 across the three near-IR bands, indicating a radius of 0.52× that of the Sun ([2]).

number of stars with a robust Principal Component Analysis, and searches for transit
signals by evaluating the signal-to-noise ratio of prospective transits over a finely-spaced
3D grid of orbital period, time of transit and transit duration. TERRA typically identifies
1,000–2,000 transit-like signals per 80-day K2 field; further vetting reduces this to ∼50
viable planet candidates per field.
Among the Field 1 candidates was K2’s first triple-planet system: three super-Earths with
radii 1.5 to 2.1 REarth, orbiting an M0 dwarf. We obtained recon spectra (to constrain
age, activity, and spectral type) and our collaborators provided AO imaging; just 5 days
later we submitted the full paper for publication. This system, whose discovery light curve
is shown in Fig. 4.8, was K2’s first multi-planet system ([1]) and represents an excellent
target for future O/IR RV observations (to measure the planets’ masses) and transit
spectroscopy with HST and JWST (to constrain the planets’ atmospheric compositions).
Fig. 4.9 shows an example of our spectroscopic characterization as applied to our recently
announced K2-26b planet ([2]); such spectroscopy is essential to derive accurate stellar
and planetary parameters.

Work done in collaboration with C. Obermeier, T. Henning, E. Petigura, A. Howard, C.
Beichman, C. Dressing and many others.

[1] Crossfield, I., Petigura, E., Schlieder, J., Howard, A.W., et al. (2015): A nearby M
star with three transiting super-Earths discovered by K2, ApJ 804, 10

[2] Schlieder, J.E., Crossfield, I., Petigura, E.A., Howard, A.W., et al. (2016): Two Small
Temperate Planets Transiting Nearby M Dwarfs in K2 Campaigns 0 and 1, ApJ in
press, arXiv:1601.02706
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4.6 Features Related to Planet-Formation Within

the HD 169142 Transitional Disk

Beth Biller

Introduction

Transition disks trace a key step in the formation of planetary systems, intermediate
between gas-rich protoplanetary disks and debris disks, where primordial gas is cleared
away, leaving only remnant dust. These disks are observationally identified by weak
mid-IR emission (at ∼15 µm) relative to the Taurus median spectral energy distribution.
While numerous physical processes may be responsible for the depletion of gas and dust in
transition disks, cleared gaps in particular may be an indicator of a planet or brown dwarf
companion in the midst of formation. Thus, these disk systems have been key targets for
direct imaging searches for planets.
The Herbig Ae/Be star HD 169142 possesses a nearly face-on transition disk, and has
been studied in detail both spectroscopically and in resolved imaging. The HD 169142
disk has a well-resolved annular gap from 40–70 AU detected via polarized light imaging.
Thus, it is an excellent candidate to possess a planetary mass or brown dwarf companion
in the midst of formation.

Observations with the novel AGPM vector vortex coronagraph

We observed HD 169142 in July 2013 using the novel annular groove phase mask (hence-
forth AGPM) vector vortex coronagraph with the NACO camera at the VLT. The AGPM
coronagraph uses an annular groove phase mask to redirect on-axis starlight out of the
pupil. In this manner, the AGPM coronagraph enables L’ band contrasts of ∆mag>7.5
mag at inner working angles down to 0.09′′. HD 169142 was observed in L’ from 02:47
UT to 04:54 UT on 14 July 2013, covering nearly an hour both before and after transit.
The derotator was turned off to enable azimuthal differential imaging (ADI) techniques.

Point source detection and follow-up

We detected a faint, pointlike feature in our L’ vortex data set at∼0◦ PA, with a separation
of ∼0.11”. Multiband follow-up observations were conducted using Magellan AO in April
2014. VLT NACO Vortex L’ images and MagAO 3.9 µm images are presented in Fig 4.10
and appear in press in [1].
No counterpart to the L’ detection was found in the April 2014 MagAO follow-up. The
MagAO non-coronagraphic 3.9µm follow-up imaging was too shallow to retrieve the point-
like feature (∆mag=5.6 at 0.11”). However, a 60–80 MJup object at these ages should have
been quite bright in the near-IR (H band absolute magnitude <7) and have been easily
detected given our H and Ks sensitivity. Indeed, our sensitivity is sufficient to detect a
∼7–15 MJup object at this separation and age range. Such a high-mass companion should
open up a very wide gap in the disk, inconsistent with the ring at similar radii observed
polarimetrically. The lack of a near-IR counterpart to the L’ detection signifies that we
are not observing the photosphere of a substellar object here but may be a potential
disk feature; its extremely red colours indicate that it is extraordinarily unlikely to be a
background star.
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In our MagAO imaging, we also marginally detected a candidate companion in H and
Ks with a separation of ∼0.18” and a PA of ∼33◦, but at low significance (S/N=3-5,
using the same procedure as for the pointlike L’ feature). These data were taken at two
different nods, with very different looking PSFs in the two nods, limiting the precision
of our photometry to ±0.5 mag. Thus, while this point source was detected in two
different bands on three nights (with S/N∼5 in the first data set, but only S/N∼3 in the
additional data sets), it requires confirmation at an additional epoch, with a more stable
PSF, to verify common proper motion and rule out imaging and reduction artefacts. No
corresponding L’ counterpart was found in the July 2013 L’ vortex data set. If purely
photospheric, the L’ counterpart to this object is expected to have an absolute magnitude
>8.5 mag (DUSTY or COND models), corresponding to an apparent magnitude of >14.3
mag. This is considerably below our achieved contrast for this data set at this separation
(limiting magnitude of ∼12.7, from insertion and retrieval of PSF images into the raw
data). The very red colours of this object are inconsistent with background stars with
spectral types earlier than mid to late M. If real and purely photospheric, this candidate
would be a 8–15 MJup planet / substellar object (DUSTY and COND models).

Figure 4.10: Left: L’ July 2013 NACO Vortex image. We find a pointlike feature in the
disk with ∆mag=6.4±0.2, at a separation of 0.11±0.03′′ and PA of 0±14◦. Right: 3.9
µm April 2014 PSF-subtracted MagAO CLIO-2 image. Dark pixels in the core are due to
saturation/non-linearity. This non-coronagraphic data set was too shallow to retrieve the
candidate (∆mag=5.6 at 0.11”).

Work done in collaboration with Jared Males (Arizona), Timothy Rodigas (Carnegie
DTM), Katie Morzinski (Arizona), Laird Close (Arizona), Attila Juhasz (Cambridge),
Katherine Follette (Stanford), Sylvestre Lacour (Obs. de Paris), Myriam Benisty
(IPAG), Aurora Sicilia-Aguilar (St. Andrews), Philip Hinz (Arizona), Alycia Weinberger
(Carnegie DTM), Jorg-Uwe Pott (MPIA), Thomas Henning (MPIA), Mickael Bonnefoy
(IPAG) and Rainer Koehler (Vienna)

[1] Biller, B.A., Males, J., Rodigas, T., et al. (2014): An Enigmatic Pointlike Feature
within the HD 169142 Transitional Disk, ApJ 792, L22
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4.7 Lucky Imaging Survey for Stellar Companions

to Transiting Planet Host Stars

Maria Wöllert, Wolfgang Brandner, Stefan Hippler, Felix
Hormuth, Thomas Henning

The mystery of spin-orbit misalignment

Figure 4.11: Lucky Imaging data of 10
exoplanet hosts with companion candi-
dates ([3]).

According to TEPCat about 100 transiting
exoplanets have spin-orbit alignment measure-
ments based on the Rossiter-McLaughlin effect.
While there is a preference for alignment bet-
ween the stellar spin axis and the orbital spin
axis of the exoplanet, a surprisingly large num-
ber of systems exhibit a misalignment ranging
from orbits inclined by more than 30 degrees
with respect to the stellar equator – over polar
orbits – to retrograde orbits.

Different mechanisms have been proposed as
the origin for the misalignment, but no clear
correlation between astrophysical properties
and the presence or absence of a spin or-
bit misalignment has been found. Dynamical
simulations show that the presence of periodic
perturbations from a more massive companion
in a wider orbit can significantly change the
properties of an exoplanet orbit, e.g. via the
Lidov-Kozai effect. This, and the fact that the
presence of an undetected companion biases the
interpretation of a transit light curve and hence
the exoplanet parameters derived from it, mo-
tivated us to initiate a high angular resolution
survey of transiting exoplanet hosts (see Daem-
gen et al., 2008, A&A 498, 567). Our survey
ran from 2007 to 2015 with the Lucky Imaging
instruments AstraLux Norte at the Calar Alto
2.2 m telescope and AstraLux Sur at the ESO
NTT (see [1, 2, 3]). Observations were carried
out in i and z′ bands to facilitate the detection
of low-mass stellar companions (see Figure ??),
with follow-up observations aimed at measuring
relative proper motions between the exoplanet
host and its stellar companion candidate in or-
der to determine if both form a common proper motion pair, and hence a physical binary
system.
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Stellar companions and misaligned orbits

Figure 4.12: Spin-orbit angle vs the effec-
tive temperature of the host star. Filled cir-
cles in light blue mark stars without com-
panion detection; dark blue circles mark
host stars with common proper motion
companions (filled) and companion candi-
dates (open circles, [4]).

Figure 4.12 summarizes the results with re-
spect to the presence or absence of stellar
companions and the spin-orbit angle. There
appears to be a slight preference for the pres-
ence of a stellar companion in misaligned sys-
tems over aligned systems, but the difference
is not statistically significant. Thus, most
likely in addition to companions there are
other astrophysical effects affecting the or-
bital spin of exoplanets. Nevertheless, the
knowledge about the presence or absence
of stellar companions is of high importance
when deriving exoplanet atmospheric prop-
erties. In particular, the interpretation of
secondary transits as, e.g., observed with
SPITZER/IRAC, changes significantly when
the flux contribution of a close stellar com-
panion has to be taken into account.

Work done in collaboration with Car-
olina Bergfors (University College Lon-
don, UK), Sebastian Daemgen (ETH
Zurich, CH), Beth Biller (University
of Edinburgh, UK), Markus Janson
(Stockholm University, Sweden), Natalia
Kudryavtseva (ARI, University of Heidel-
berg, GER), Kerstin Geißler and Rainer
Köhler (University of Vienna, Austria).

[1] Bergfors, C., Brandner, W., Daemgen,
S., Biller, B., Hippler, S., Janson, M.,
Kudryavtseva, N., Geißler, K., Henning,
T., & Köhler, R. (2013): Stellar com-
panions to exoplanet host stars: Lucky
Imaging of transiting planet hosts, MN-
RAS 428, 182

[2] Wöllert, M., Brandner, W., Bergfors,
C., & Henning, T. (2015): A Lucky
Imaging search for stellar companions
to transiting planet host stars, A&A

575, A23

[3] Wöllert, M. & Brandner, W. (2015): A
Lucky Imaging search for stellar sources
near 74 transit hosts, A&A 579, A129

[4] Wöllert, M. (2015): PhD thesis, Univer-
sity of Heidelberg

,
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4.8 Hunting for Brown Dwarf Binaries and Testing

Atmospheric Models with X-Shooter

Elena Manjavacas, Bertrand Goldman,
Mickaël Bonnefoy, Thomas Henning

Introduction

Multiplicity provides constraints on fundamental parameters, such as dynamical masses,
and is essential to test atmospheric and formation models. It is well known that the
binary fraction decreases with decreasing mass, from 80%–60% for O and B stars, to 40%
for the M dwarfs (Janson et al. 2012, ApJ 754, 44). This trend seems to extend to the
substellar regime. For L and T brown dwarfs, the binary fraction is estimated at about
20% (Goldman et al. 2008, A&A 490, 763), but this number is based on high-resolution
imaging. Close binaries can only be identified by spectroscopy.
Spectroscopic data also provide important constraints to atmospheric models. These
models allow us to disentangle the effect of varying effective temperature, gravity, and
metallicity on the spectral features.
In this paper, we present X-Shooter optical and near-infrared spectroscopy of 22 peculiar
ultra-cool dwarfs, with spectral types between L3 and T7. We aim to find unresolved
brown dwarf binary systems, and to test the BT-Settl 2014 atmospheric models.

Finding L plus T brown dwarf binaries

The combined spectra of L plus T brown dwarf binary systems are predicted to show
peculiar characteristics. Some spectral features vary: the CH4 and H2O features at 1.1 µm
are deeper for binaries. The CH4 feature at 1.6 µm is stronger in comparison to the 2.2µm
CH4 band. At 2.1µm, the flux peak is shifted to the blue for the binaries. They also show
larger flux from the T dwarf at 1.55µm, compared to the spectral type of the unresolved
binary (Bardalez–Gagliuffi et al. 2014, ApJ 794, 143). Using those characteristics, we
select four weak brown dwarf binary candidates (2MASS J00531899-3631102, DENIS-P
J0255.0-4700, 2MASS J02572581-3105523 and SDSS J0423485-041403), and two strong
candidates (SIMP 01365662+0933473 and 2MASS J13411160-3052505). To confirm or
reject the selected L plus T binary candidates, we compared our spectra with libraries
of well characterized brown dwarf spectra. We searched for the best matches to those
spectra and to synthetic binary spectra created using those libraries.
We intended to estimate the fraction of missed L plus T binaries applying the method
explained previously. To this aim, we compared 47 synthetic L plus T binaries to single
L dwarfs, single T dwarfs and to other synthetic L plus T binaries. We found that 21%
of the L plus T synthetic binaries were not found using this method.

Finding equal spectral type brown dwarf binaries

We tested the sensitivity of our method to identify equal spectral type brown dwarf
binaries. To this purpose, we chose 101 L0 to L9 presumed single brown dwarf spectra
from the SpeX library. Additionally, we created 60 synthetic brown dwarf binaries in
which both components had similar spectral type, i.e. the same spectral type but different
spectral sub-types. We compared single L dwarfs and the artificial L plus L dwarf binaries
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to other L single SpeX spectra, and to other synthetic L binaries. We determined the
best match of the 101 single L and the 60 synthetic L plus L binaries using the method
described in Bardalez–Gagliuffi et al. 2014, ApJ 794, 143. We made a similar analysis for
56 T single dwarfs, and 74 T plus T synthetic binaries. We found that 49% of the 101
L single dwarfs, and 62% of the 60 synthetic L binaries, had best matches with binaries.
Equally, we found that 57% of the 56 T single dwarfs, and 86% of the 56 T plus T synthetic
binaries satisfied the binarity criteria. Our analysis allowed us to quantify the rate of false
positives (single objects identified as binary) and the binary recovery rate. We found that
this method does not provide a good sensitivity to this type of binary system.

Comparison with the BT-Settl atmospheric models

We compared our X-Shooter spectra to the predictions of the last version of the BT-Settl
atmospheric models described in Allard, ASPC, 448, 91. We excluded brown dwarf binary
candidates and spectra with low signal to noise. We derived the atmospheric parameters
of the targets in order to reveal where the models fail to reproduce the spectra. We
selected subgrids of synthetic spectra with 400 K≤ Teff ≤2100 K, 3.5 ≤ log g ≤ 5.5 and
metallicities of +0.0 and +0.3. Two of the L brown dwarfs that have best matches with
low gravity models are, 2M0355 (see Fig. 4.13) and 2M0624. Object 2M0355 was known
to be young, so we expected its gravity to be lower. There are no references regarding
the youth of object 2M0624. Out best matches to T type brown dwarfs are always solar
metallicity models. The best match to object 2M1828 is a model with high gravity, usually
a sign of old age.

Figure 4.13: Best matches to the 2014 BT-Settl models. Effective temperature, gravity,
metallicity and alpha element enhancement are described in the model name strings as
lte-LOGG+[M/H]a+[ALPHA/H]. The flux is F(λ).

Work done in collaboration with J. M. Alcalá, M. R. Zapatero-Osorio, V. J. S. Béjar,
D. Homeier, R. L. Smart and F. Allard.

[1] Manjavacas, E., Goldman, B., Alcala, J.M. et al. (2016): Hunting for brown dwarf
binaries and testing atmospheric models with X-Shooter, MNRAS 455, 1341
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4.9 Accurate Photometric Follow-Up of Transiting

Giant Exoplanets

Luigi Mancini, Simona Ciceri, Thomas Henning

Transiting extrasolar planets (TEPs) are the most important and interesting planets to
study. The particular geometrical configuration of these planetary systems, with respect
to an Earth-based observer, enables measurements of the main physical properties of the
planets – including mass, radius, density, surface gravity and temperature – and, very
fascinating, the possibility to probe their atmosphere.
In June 2011, we began a long-term observational programme for measuring the physical
properties of known TEP systems via accurate photometric monitoring of transit events.
Our project was conceived considering: (i) the poor quality of the photometric data on
which many TEP discoveries were based; and (ii) the necessity of analysing the data
in a homogeneous way, so that the properties of different exoplanets can be reasonably
comparable in a global picture. Establishing such a homogeneous and trustworthy data
set is fundamental for theoretical studies of how exoplanets form and evolve.
The scope of our project has grown inexorably alongside the discovery rate of suitable
planets for analysis. The time-critical nature of transit observations naturally encourages
a survey-style project whereby large numbers of transits are scheduled for observation in
order to overcome the difficulties of scheduling and losses due to weather and technical
issues. Once a sufficient number of transits have been observed for a given planet, these
can then be used to characterize the planetary system in detail. The need for a large
amount of observing time is best met by using ground-based medium-class telescopes,
as their aperture is sufficient for undertaking this project and they are more readily
available than larger facilities. These telescopes are best suited for studying the close-in
giant planets, usually termed “hot Jupiters”, orbiting bright stars (V . 14 mag). For
these TEPs, the transits are deep (typically 1–2%) and frequent (∼1–4 days), and a high
photometric precision (down to 0.5 mmag) can be obtained using 1–2 m class telescopes.

Observations

The medium-class telescopes that we utilise in our program are equipped with CCD
cameras that have fields of view (FOVs) of up to several tens of arcmin, allowing the
possibility to include in the scientific images a good number of reference stars, which
are vital for achieving high-quality differential photometry. We perform photometric
observations of planetary transits through broad-band filters, generally Cousins/Bessell
R and I or Sloan/Gunn r and i (according to the magnitude and colour of the parent
stars). This choice is dictated by several considerations: (i) we generally observe cool
dwarf stars, which emit more radiation between 6,000 and 8,000 Å; (ii) limb darkening
(LD) is weaker than at bluer wavelengths so the transit light curves are more box-shaped
and thus the transit depth and timings of the four contact points are easier to measure;
(iii) at these wavelengths, the photometry is less affected by extinction from Earth’s
atmosphere and from spot activity on the surfaces of the parent stars.

Simultaneous multi-band observations

The radius of an exoplanet, which we measure from a transit event, can vary as a function
of wavelength. Variations of its atmospheric opacity can cause the absorption of light rays
coming from the parent star at specific wavelengths, allowing detection of the presence of
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Figure 4.14: Masses and radii of known TEPs. The diagram is zoomed on the parameter
space in which most of the hot Jupiters have been detected. We report some emblematic
cases that come from our programme (dark colours), compared with the values from the
discovery papers (light colours).

atomic (e.g. Na and K) and molecular (e.g. H2O and CO) species. This means that by
photometrically observing planetary transits through different passbands, we can recon-
struct the transmission spectra of TEPs and probe their atmospheres. This technique,
also known as transmission photometry, is similar to transmission spectroscopy, with the
clear disadvantage of a lower spectral resolution. On the other hand, there are many
benefits to prefer photometry to spectroscopy, mainly the possibility to use ground-based
telescopes with smaller apertures, the possibility to investigate TEPs orbiting faint stars,
and the established fact that photometry is much less affected by telluric absorption and
changing air mass and sky conditions.

Results

We have obtained high-quality light curves for more than 50 known TEPs and, so far, have
refined the main physical parameters of 38 of them (references of some of our papers are
reported below). In most of the cases and for most of the parameters we obtained better
estimations. In particular, for several TEPs, we found that their measured characteristics
are significantly different to previous works based on low-quality data (see Figure 4.14).
The largest changes were seen for WASP-7 and WASP-16, where the measured planetary
densities decreased by a factor of two or more. Thanks to the multi-band observations,
we have probed the atmosphere, at the terminator region, of 14 TEPs. Interestingly, in
several cases, we have found larger planet radii at bluer optical wavelengths.

[1] Ciceri, S., Mancini, L., Southworth, J., et al. (2013): , A&A 557, A30

[2] Ciceri, S., Mancini, L., Southworth, J., et al. (2015): , A&A 577, A54

[3] Ciceri, S., Mancini, L., Southworth, J., et al. (2015b): , MNRAS 456, 990

[4] Mancini, L., Southworth, J., Ciceri, S., et al. (2013): , A&A 551, A11

[5] Mancini, L., Nikolov, N., Southworth, et al. (2013): , MNRAS 430, 2932

[6] Mancini, L., Ciceri, S., Chen, G., et al. (2013): , MNRAS 436, 2

[7] Mancini, L., Southworth, J., Ciceri, S., et al. (2014): , A&A 562, A126

[8] Mancini, L., Southworth, J., Ciceri, S., et al. (2014): , A&A 568, A127

[9] Mancini, L., Southworth, J., Ciceri, S., et al. (2014): , MNRAS 443, 2391

[10] Mancini, L., Esposito, M., Covino, E., et al. (2015): , A&A 579, A136

[11] Southworth, J., Mancini, L., Ciceri, S., et al. (2015): , MNRAS 447, 711

[12] Southworth, J., Mancini, L., Tregloan-Reed, J., et al. (2015): , MNRAS 454, 3094
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4.10 Hot Jupiters and Less Hot Ones:

Understanding Exoplanet Atmospheres

Paul Mollière, Roy van Boekel, Thomas Henning, Christoph
Mordasini

The planetary class of hot Jupiters presents a unique opportunity for astrophysicists to
study the formation and composition of these planets: due to their high masses (MPl ∼
MJup) and small semi-major axes (resulting in orbital periods of ∼days) they are likely
to be discovered using the radial velocity (RV) or transit method (hot Jupiters have
large radii, RPl ∼ 1 RJup). Further, due to their high atmospheric temperatures (T &
1, 000 K) they exhibit deep secondary transit signals. The wavelength-dependent transit
signals allow us to study the planets’ transmission and emission spectra, and therefore
their chemical abundances (which may constrain their formation history) and atmospheric
temperature structure.

Figure 4.15: Pressure-temperature structures of
hot Jupiters with log(g) = 3,[Fe/H] = 1, C/O
= 0.55 and effective temperatures of 1,000 (black
lines), 1,250 (blue lines), 1,750 (purple lines) and
2,250 K (red lines). The planets are in orbit
around F5 (solid lines), G5 (dashed lines), K5
(dot-dashed lines) or M5 (dotted lines) stars.

Due to their favourable physical prop-
erties, hot Jupiters are the class of
planets that can be studied spectrally
in the greatest detail for the foresee-
able future. In order to be able to
study hot Jupiters and to explore their
atmospheric characteristics if impor-
tant parameters are varied, we have
developed an atmospheric code, which
is able to self-consistently solve the at-
mospheric temperature and chemical
structure, and calculates the planets’
emission and transmission spectra.

Model description

The model we developed solves the
pressure-temperature profile of irradi-
ated planetary atmospheres. To this
end, we start with an initial guess
for the temperature structure, com-
pute the corresponding chemical abun-
dances and opacities, and then solve
the planet’s radiative-convective equi-
librium structure. This process is iterated until convergence. For every iteration, we
calculate the wavelength and angle-dependent radiation field in the atmospheres in plane-
parallel geometry. The opacity comprises the contribution of various atoms and molecules,
the most important being H2O, CH4, CO, HCN, C2H2, Na, K, and collision-induced ab-
sorption (CIA) by H2–H2 and H2–He collisions.

Applications and results

As a first application of our code, we modelled a large grid of planetary atmospheres
in which we varied the effective temperature, the atmospheric metallicity, the carbon-
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to-oxygen (C/O) ratio, the planetary surface gravity log(g) and the spectral type of the
planet’s host star (going from F5 to M5) [1]. We show a plot of pressure-temperature
structures of planets with log(g) = 3, [Fe/H] = 1 and C/O = 0.55 (which is the solar
value) in Fig. 4.15. A very interesting effect can be seen for the hotter exoplanets orbiting
host starts of late spectral type. For these planets, the atmospheric temperature gradient
becomes smaller, i.e. the atmospheres become more isothermal. This is explained by
the fact that the spectral energy distribution (SED) of the stellar irradiation moves to
longer wavelengths for late host star spectral types, closer to the location of the planetary
SED, which moves to shorter wavelengths for increasing planetary effective temperatures.
The location of the emission of planetary flux and the absorption of the stellar flux
in the atmosphere approach each other, leading to neither strong inversions nor strong
greenhouse effects.

Figure 4.16: Emission spectra for the planets in
Fig. 4.15 with Teff = 1,750 K. The various colours
correspond to various spectral types of the host
star. The black solid line is a black body curve at
T = 1,750 K.

This makes the atmospheres more
isothermal. The corresponding emis-
sion spectra we found for these “hot”
hot Jupiters upon varying the spec-
tral types of their host stars clearly
reflected the above findings: the later
the spectral type of the host star be-
comes, the more isothermal (i.e. closer
to a black body curve) the spectra
became (see Fig. 4.16). In addition
to the effect described above, we also
found and explored other interesting
effects, e.g. that a C/O ratio ∼ 1 can

lead to inversions in the atmospheres or that the sequestering of oxygen into silicates can
lead to methane dominated atmospheres although C/O<1, which should normally lead
to water dominated atmospheres.

Outlook

We plan to extend our atmospheric model into two directions: (i) we want to include
the effects of clouds or non-equilibrium effects, such as vertical abundance mixing. These
effects can be very important, especially for cooler exoplanets at larger separations; (ii)
we plan to use our forward model for carrying out self-consistent retrieval calculations
of planetary spectra in order to be able to participate in the characterization efforts of
exoplanet atmospheres, especially when the next generation of space telescopes, such as
the James Webb Space Telescope or Ariel become available.

Work done in collaboration with Cornelis Dullemond (Institut für Theoretische Astro-
physik, Universität Heidelberg).

[1] Mollière, P., van Boekel, R, Dullemond, C.P., Henning, Th., & Mordasini, C. (2015):
Model atmospheres of irradiated exoplanets: The influence of stellar parameters,
metallicity, and the C/O ratio, ApJ 813, 47
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4.11 Exoplanet Evolution and Population Synthesis

Christoph Mordasini, Hubert Klahr, Kai-Martin Dittkrist, Paul
Molliere, Sheng Jin, Thomas Henning

The previous years have seen an enormous growth of observational data on exoplanets in-
cluding a shift from the mere discovery to a first observational characterisation by transit,
direct imaging, and spectroscopic observations. A method that makes it possible to use
the full wealth of this observational data to better understand the planetary formation
and evolution process is planetary population synthesis. Using global planet formation
and evolution models that combine the essence of many specialized models (for a recent
review, see [5]), synthetic populations of planets are generated and then compared sta-
tistically with observations. In order to use transit, direct imaging and spectroscopic
observations as well, we have extended, in the past, our formation model into a model of
self-consistently coupled formation and evolution.K.-M. Dittkrist et al.: Impacts of planet migration models on planetary populations

Therefore, the mass loss does not lead to a change in the migra-
tion rate. The protoplanet is still bound to the CZ and is pushed
by it into the remaining planetesimal disk. Therefore, the mass
loss occurs much faster here, the planets looses 11 M� in only
0.1 Myr.

This illustrates the strong inter-dependence of migration and
accretion. The solid accretion rate is set by the amount of solids
reachable by the planet, and therefore by the migration that
brings the protoplanet into new regions of the disk. But this be-
havior is only true if the availability of planetesimals themselves,
and not the collision rate, is the limiting factor for the solid ac-
cretion rate Ṁcore. In the planet-envelope structure model used
here, the solid accretion rate, the associated core luminosity, and
the mass of the core itself define the envelope structure and thus
the envelope mass of a planet.

The small loops in the track that occur while the planet in
the BMF model looses mass (between the up- and down- facing
triangles) are caused by a finite time-step. Some larger loops are
visible in the formation tracks in Figure 7. We show here the data
obtained during the population synthesis calculations discussed
in Sect. 3.5 and shown in that figure. We also separately simu-
lated the same case with a much shorter time-step and obtained
the same results without these small loops.

We did not consider an increase in the random velocities of
the planetesimals due to the presence of a planet. They remain
small, as reported in Pollack et al. (1996). A more realistic oli-
garchic growth model as described in Fortier et al. (2007) and
Fortier et al. (2013) leads to higher random velocities and thus a
smaller focusing factor in the calculation of the solid accretion
rate Ṁcore. This would lead to less envelope loss if Ṁcore remains
small enough.

Another point to consider, in addition to the planetesimal ac-
cretion rate, is the treatment of the protoplanetary disk in our
model. We did not let the disk evolve except for depletion due
to accretion onto the protoplanet. Therefore there is a sharp edge
into which the planet can migrate. A more realistic treatment
(e.g., planetesimal drifting or di↵usion, scattering) would lead
to a gradual increase of Ṁcore and thus to a slower loss of the en-
velope. But we expect the final outcome to be similar, only the
track in the a-M plane would be smoother (mass loss setting in
earlier and more gradually).

In both cases shown here, the protoplanet starts again to ac-
crete solids and nebula gas and migrates inward after it looses
almost all its envelope mass (down- respectively right-facing tri-
angles in Fig. 5 and 6). In case of the BMF model it migrates in
the faster saturated adiabatic migration regime until in reaches
0.1 AU and a final mass of 17 M� ( 0.9 M� in its envelope)
and the simulation stops. In the RED model the simulation ends
with the disappearance of the disk at 2.8 Myr and the planet mi-
grated to 0.43 AU with a mass of 10.5 M� (only 0.1 M� in the
envelope).

3.5. Reference population synthesis calculation

After studying the single case, we now look at a population syn-
thesis calculation with 10000 di↵erent initial conditions that we
used as our reference when we investigated the e↵ects of di↵er-
ent migration models on a synthetic planet population. The im-
portant parameters of the synthesis can be found in Table 1. We
used the BMF-migration model and an ↵ parameter of 7 ⇥ 10�3

for the nonirradiated disk.
Figure 7 shows the tracks of 250 cases, the di↵erent migra-

tion regimes color coded. The meaning of the colors is described
in the caption of Fig. 7. One can see that most planets start in
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Fig. 7. Formation tracks, the evolution of the position of the plan-
ets in the semimajor axis mass diagram. Color shows the di↵er-
ent migration regimes at this point of its formation. Blue shows
unsaturated locally isothermal, cyan saturated locally isothermal
migration, red shows unsaturated adiabatic and magenta satu-
rated adiabatic migration, finally, green shows type II migration.
The filled circles show the final positions of the planets at the
end of the simulations.

Quantity value
Initial disk power-law exponent -1.5
Disk viscosity parameter ↵ 7 ⇥ 10�3

Inner radius of computational disk 0.1 AU
Outer radius of computational disk 50 AU
Gas surface density at inner radius continues
Irradiation for disk temperature profile not included
Iceline included
Embryo starting mass 0.6 M�
Core density 3.2g/cm2

Envelope type primordial H2/He
dl/dr in the envelope zero
Grain opacity reduction factor 1.0
Type I migration BMF-model
Type I migration reduction factor none
Transition criterion type I to type II Crida et al. (2007)
Transition exponent
Type I to type II migration (Eq. 23) 10.0
Transition exponent
Unsat. to saturated migration (Eq. 20) 4.0
Cooling reduction factor fcool 1.0
Viscosity reduction factor fvisc 0.55
Stellar mass 1 M�
Simulation duration till gas disk vanishes
Number of embryos per disk 1

Table 1. Parameters and settings for the reference population
synthesis.

the locally isothermal migration regime, changing into the un-
saturated adiabatic migration regime before the horseshoe drag
saturates and they migrate inward. Some are large enough to
transition into type II migration while others end up at 0.1 AU.
Two groups corresponding to the inner (inside of 1AU) and outer
(outside of 1 AU) convergence zone are visible in Fig. 7.

10

Figure 4.17: Formation tracks of synthetic
planets in the mass-distance diagram. The
planets grow by the accretion of solids and
gas. At the same time, they undergo orbital
migration. Black dots show the position of
the planets at the moment when the proto-
planetary disk dissipates. The colours of the
track show different regimes of migration.

Orbital migration of protoplanets arises
from the torque exerted by the circum-
stellar gas disk. In particular, low-mass
planets can undergo rapid inward so-called
Type I migration. Early population syn-
theses have shown that type I migra-
tion models assuming a locally isothermal
protoplanetary disk lead to the prediction
that most protoplanetary cores fall into the
star, causing the necessity to introduce ad
hoc reduction factors of the migration rate.
As a reaction, specialized migration mod-
els treating the disk thermodynamics in a
more realistic, non-isothermal way were de-
veloped. In Fig. 4.17 taken from [1], the
resulting formation tracks are shown. In
contrast to earlier models, planets can now
also migrate outward in certain thermo-
dynamic regimes. In particular, in the adi-
abatic unsaturated Type I regime indicated
by red lines, planets can undergo signifi-
cant outward excursion. This saves many
protoplanets from falling into the star and makes the arbitrary reduction factor super-
fluous. Another important aspect that we have also improved in the formation model,
besides migration, is the description of the grain opacity in protoplanetary atmospheres.
The opacity due to dust grains suspended in the outer radiative zone of protoplanets
controls the rate of cooling and contraction of the envelope and thus the accretion rate of
H/He gas. Grain opacity determines the envelope-to-core mass at the end of the formation
phase, which is eventually expressed in the planetary mass-radius diagram. It also deter-
mines whether a planetary core can evolve into a giant planet. We have determined the
reduction factor of the ISM opacity that leads to best agreement with numerical models of
the grain dynamics [3] and developed the first analytical model for the opacity [4], using
these results for an updated prediction of the planetary mass-radius relation. This allows
us to constrain the microphysics of grain growth by observations of transiting planets.
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Fig. 6.— The temporal evolution of the planetary mass and semi-major axis distribution of the reference simulation. The color of each
point shows how much of the initial envelope was lost (Mlost/Minitial). The black points are the planets that have lost all their initial
envelopes. Note the large population of close-in, low-mass planets that have evaporated to bare cores.

culations. This region is left empty because protoplan-
ets inside the ice line quickly accrete all planetesimals in
their feeding zones. Therefore, their luminosities are low
and are mostly attributed to gas accretion. For a fixed
core mass under these circumstances, the envelope mass
increases with orbital distance (see Ikoma & Hori 2012)
because more gas can be bound at lower nebula temper-
atures, which translates into a larger radius and makes
the hollow higher at larger distances (to approximately
2 AU). Outside of this distance, another effect becomes
dominant: the solid accretion timescale is longer, which
makes that certain planets have high luminosities (due
to planetesimal accretion) at the end of the disk lifetime.
These planets can only hold tenuous envelopes and no
longer retain a relationship with the orbital distance. In
reality, there is no minimal core mass; therefore, this
empty region should not exist in the actual a-R plot. A
very similar artifact can be seen in Fig. 7 of Owen & Wu
(2013). One real visible effect of planetary evolution can
be observed by the decrease of the planetary radii of
the entire population due to planet cooling. Note the
sharp upper limit for the planetary radius, which is ar-
tificially sharp because, first, no special bloating mech-

anisms are included (e.g., ohmic heating, Batygin et al.
2011), and second, the opacity, which can affect cooling
(Vazan et al. 2013), is identical for each planet.

The features related to evaporation are shown by the
color of each point, which represents the fraction of the
initial envelope that evaporated. Here, we use black
points to indicate the planets that have lost their entire
envelopes (the bottom left region of each panel). As indi-
cated, when a planet becomes a bare rocky core, it settles
to the bottom of the a-R plane and detaches from the
planets that retain at least a portion of their initial en-
velopes; this settling leads to the formation of an empty
region that runs diagonally downward in the a-R plane
between 0.06 and 0.5 AU. This empty diagonal belt sepa-
rates the bare rocky cores from the planets that retain an
envelope, which, henceforth, we refer to as an “evapora-
tion valley”. The evaporation valley occurs because the
radius of a purely rocky planet is substantially smaller
than that of a planet with both a core and gaseous en-
velope. For example, an envelope at only 0.1% of the
planetary mass can dramatically enhance the planetary
radius (Figure 2). Additionally, the last 0.1% of the en-
velope is lost on a short timescale, ∼ 105 yrs; therefore,
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Fig. 7.— Temporal evolution of the planetary radius and semi-major axis distribution of the reference simulation. The color of each
point shows how much of the initial envelope was lost. The black points are the planets that have lost all their initial envelopes. Above
the black points, a separating “evaporation valley” that runs diagonally downward from 0.06 to 0.5 AU at 5 Gyr is clearly visible. The
empty region at intermediate orbital distances (extending at 0.02 Gyr from 0.2 to 2 AU) is in contrast an artifact of assuming a minimal
planetary mass of 1 M⊕, and has no physical meaning. Note that all planets start with a primordial H/He envelope. In reality, this is
likely not the case for all low-mass planets.

we are unlikely to detect a planet when it lies in the evap-
oration valley. Thus, an empty valley appears in the a-R
plane after many low-mass planets have become bare,
rocky cores. At 0.02 Gyr, the valley only appears within
∼ 0.1 AU, and rapidly extends to ∼ 0.3 AU at 0.11 Gyr.
Clearly, the empty valley is only expected if all low-mass
planets begin with significant H/He envelopes, which is
unlikely. We discuss this topic further in § 5.1. The sep-
arated distribution of low-mass planets within 0.5 AU
suggests a bimodal size distribution of the close-in low-
mass planets, which was first theoretically observed by
Owen & Wu (2013). A similar but weaker structure was
also demonstrated by Lopez & Fortney (2013). We show
the size distributions for our synthetic planet populations
in § 4.5.

4.2. Synthetic Planets: B, influence of Parameters

To determine how our results depend on the evapora-
tion description, we simulate the evolution of the same
nominal planet population but using different evapora-
tion models. Table 1 lists the details for these sim-

ulations. Simulation XE is our reference. Simulation
NoEV is planetary evolution without evaporation. Sim-
ulation SatE includes only EUV-driven evaporation and
assumes that the stellar EUV emissions are saturated
during the first 100 Myr of planetary evolution. Sim-
ulation XE2 uses the nominal evaporation model, but
the heating efficiency in both the X-ray (ϵ = 0.2) and
energy-limited EUV regime (ϵ = 0.12) are twice as high
compared with the XE simulation. Simulation L12 uses
the energy-limited model from Lopez et al. (2012), which
uses the total flux between 1-1200 Å as the incoming en-
ergy and 0.1 as the heating efficiency. Simulation B04
uses the energy-limited model from Baraffe et al. (2004),
which includes a different temporal evolution of the XUV
emission from a sun-like star and adopts a 100% heating
efficiency. All the simulations are evolved for 10 Gyr.

Because we are more interested in the potentially ob-
servable influence of these different evaporation models,
in Figure 8, we plot the mass-loss rates of the six simu-
lations at 5 Gyr in the semi-major axis versus planetary
mass × mean density (M2

p/R3
p) plane. At 5 Gyr, only
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Fig. 7.— Temporal evolution of the planetary radius and semi-major axis distribution of the reference simulation. The color of each
point shows how much of the initial envelope was lost. The black points are the planets that have lost all their initial envelopes. Above
the black points, a separating “evaporation valley” that runs diagonally downward from 0.06 to 0.5 AU at 5 Gyr is clearly visible. The
empty region at intermediate orbital distances (extending at 0.02 Gyr from 0.2 to 2 AU) is in contrast an artifact of assuming a minimal
planetary mass of 1 M⊕, and has no physical meaning. Note that all planets start with a primordial H/He envelope. In reality, this is
likely not the case for all low-mass planets.

we are unlikely to detect a planet when it lies in the evap-
oration valley. Thus, an empty valley appears in the a-R
plane after many low-mass planets have become bare,
rocky cores. At 0.02 Gyr, the valley only appears within
∼ 0.1 AU, and rapidly extends to ∼ 0.3 AU at 0.11 Gyr.
Clearly, the empty valley is only expected if all low-mass
planets begin with significant H/He envelopes, which is
unlikely. We discuss this topic further in § 5.1. The sep-
arated distribution of low-mass planets within 0.5 AU
suggests a bimodal size distribution of the close-in low-
mass planets, which was first theoretically observed by
Owen & Wu (2013). A similar but weaker structure was
also demonstrated by Lopez & Fortney (2013). We show
the size distributions for our synthetic planet populations
in § 4.5.

4.2. Synthetic Planets: B, influence of Parameters

To determine how our results depend on the evapora-
tion description, we simulate the evolution of the same
nominal planet population but using different evapora-
tion models. Table 1 lists the details for these sim-

ulations. Simulation XE is our reference. Simulation
NoEV is planetary evolution without evaporation. Sim-
ulation SatE includes only EUV-driven evaporation and
assumes that the stellar EUV emissions are saturated
during the first 100 Myr of planetary evolution. Sim-
ulation XE2 uses the nominal evaporation model, but
the heating efficiency in both the X-ray (ϵ = 0.2) and
energy-limited EUV regime (ϵ = 0.12) are twice as high
compared with the XE simulation. Simulation L12 uses
the energy-limited model from Lopez et al. (2012), which
uses the total flux between 1-1200 Å as the incoming en-
ergy and 0.1 as the heating efficiency. Simulation B04
uses the energy-limited model from Baraffe et al. (2004),
which includes a different temporal evolution of the XUV
emission from a sun-like star and adopts a 100% heating
efficiency. All the simulations are evolved for 10 Gyr.

Because we are more interested in the potentially ob-
servable influence of these different evaporation models,
in Figure 8, we plot the mass-loss rates of the six simu-
lations at 5 Gyr in the semi-major axis versus planetary
mass × mean density (M2

p/R3
p) plane. At 5 Gyr, only

Figure 4.18: Impact of atmospheric escape on synthetic
planetary populations. The plots show the synthetic mass-
distance and radius-distance diagram of synthetic planets
of solar-like stars at an age of 1 Gyr. The colour shows the
fraction of the primordial H/He envelope that was evapo-
rated.

We have also improved the
description of the evolution-
ary phase after the proto-
planetary disk has disap-
peared. The transit survey
by the Kepler satellite has
shown that more than half
of the solar-like stars in the
solar neighbourhood possess
close-in low-mass planets, a
class of planets without coun-
terparts in the solar system.
To use these observational re-
sults on planetary radii to im-
prove the formation model it
is necessary to take into ac-
count that, during the evolutionary phase, that such low-mass close-in planets can lose
their primordial H/He envelope due to atmospheric escape. Figure 4.18 from [2] shows the
population-wide impact of evaporation. Close-in low-mass planets represented by black
dots are evaporated to bare solid cores, while more massive and distant planets can keep
their H/He. This characteristic imprint of evaporation can be compared not only with
Kepler data but also with forthcoming transit missions like Cheops or Plato. The pres-
ence or absence of H/He dominated atmospheres is also a key prediction for spectroscopic
observations of exoplanets. Regarding the next steps in our populations synthesis and
planet evolution models, we are in the process of coupling our global model with disk
chemistry and atmospheric structure and spectra models, to directly predict this class of
observations.

Work done in collaboration with Y. Alibert (University of Bern, Switzerland) and W.
Benz (University of Bern and external scientific member of the MPIA).
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4.12 The Coolest ‘Stars’ are Free-Floating Planets

Viki Joergens, Mickael Bonnefoy, Amelia Bayo

Introduction

One of the main open questions in the theory of star formation is: How do these free-
floating planetary-like objects – and brown dwarfs in general – form? Proposed scenarios
are ejection of the core through dynamical interactions or photo-evaporation of the gas
envelope through radiation of a nearby hot star. Also suggested was the formation of
brown dwarfs by disk instabilities of massive circumstellar disks. Alternatively, brown
dwarfs could form in a more isolated mode by direct collapse. A key to understanding
star and brown dwarf formation is to observationally define the minimum mass that
the canonical star-like mode of formation can produce by detecting and exploring the
main features characteristic of this process, such as disks, accretion and outflows, for the
lowest-mass objects. We discover from VLT/Sinfoni observations that the very low-mass
substellar object, OTS 44, has strong, broad and variable Paβ emission that is evidence
for active accretion at the planetary border.

OTS 44 – a 12 Jupiter mass object with a substantial disk
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Figure 4.19: SED of OTS 44. Shown are
photometric measurements (red diamonds),
an upper limit for the 160µm flux (black tri-
angle), the best-fit model (blue thick line) and
the input photosphere spectrum (grey dotted
line).

Located in the Chamaeleon I star-forming
region, OTS 44 was identified as a very
low-mass substellar object of spectral-type
M9.5 based on low-resolution near-IR and
optical spectra. Its mass was estimated us-
ing near-IR spectra to lie in or very close
to the planetary regime (∼6–17 MJup) with
an average rounded value of 12 MJup. Mid-
IR photometry taken with Spitzer/Irac
and Mips indicated the presence of circum-
stellar material surrounding OTS 44. Re-
cently, the disk of OTS 44 was detected at
far-IR wavelength by Herschel/Pacs. We
re-analysed the Herschel flux measurement
and modelled the SED of OTS 44 based on
photometry from the optical to the far-IR.
We employ a passive-disk model consisting
of a central substellar source surrounded by
a parameterized flared disk in which dust
and gas are well mixed and homogeneous
throughout the system. Fig. 4.19 shows the observed SED and the best-fit SED model.
We find that OTS 44 has a highly flared disk (flaring index β >1.3) with a disk mass of
3.25 ×10−5M�, i.e. about 10M⊕.

OTS 44 – a 12 Jupiter mass object with significant accretion

We took near-IR J-band spectra (1.1–1.4 µm) of OTS 44 with VLT/Sinfoni at a medium
spectral resolution (R=λ/∆λ ∼ 2000). We discovered a strong, broad and variable
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Paschenβ (Paβ) emission line of OTS 44 in these spectra, as shown in Fig. ?? (left,
middle). Furthermore, a prominent Hα emission line is visible in the literature optical
spectrum, as shown in the right panel of Fig. ??. Both of these hydrogen emission lines
exhibit a broad profile with velocities of ±200 km s−1 or more. The Hα line has a sym-
metrically shaped profile with an equivalent width (EW) of -141 Å, demonstrating that
OTS 44 is actively accreting. The profile of the Paβ line is significantly variable between
the two observing epochs separated by a few days (EW of -7 and -4 Å). Based on the Hα
line, we estimate a mass accretion rate of OTS 44 of 7.6 ×10−12M� yr−1 by assuming that
the Hα emission is entirely formed by accretion processes.

Figure 4.20: Pa β emission of OTS 44 in VLT/Sinfoni spectra (left, middle) and Hα
emission of OTS 44 in MAGELLAN I/Imacs spectrum (right).The dashed lines are Gaus-
sian fits to the profiles.

Conclusions

We have presented the first detection of Paβ emission for a free-floating object below the
deuterium-burning limit. Our analysis of Paβ and Hα emission of OTS 44 demonstrates
that free-floating objects of a few Jupiter masses can be active accretors. Moreover,
OTS 44 is the lowest-mass object to date for which the disk mass is determined based
on far-IR data. Our detections extend the exploration of disks and accretion during
the T Tauri phase down to the planetary mass regime. The ratio of the disk-to-central-
mass of about 10−2 found for objects between 0.03M� and 14M� is also valid for OTS 44.
Furthermore, the mass accretion rate of OTS 44 is consistent with a decreasing trend from
stars of several solar masses to substellar objects down to 0.01M�. These observations
show that the processes that accompany canonical star formation, disks and accretion,
are present down to a central mass of a few Jupiter masses.

Work done in collaboration with Yao Liu, Sebastian Wolf, Gael Chauvin and Patricio
Rojo.

[1] Joergens, V., Bonnefoy, M., Liu, Y., Bayo, A., et al. (2013): OTS 44: Disk and
accretion at the planetary border, A&A 558, L7

[2] Joergens, V., Bonnefoy, M., Liu, Y., Bayo, A., & Wolf, S. (2014): The Coolest ‘stars’
are Free-Floating Planets, 18th Cambridge Workshop on Cool Stars, Stellar Systems,
and the Sun.

,

111



4.13 Characterization of the Giant Exoplanets

Around the Stars HD95086 and HR8799 with

the Planet Imager Instruments GPI and

SPHERE

Mickael Bonnefoy, Markus Feldt, Anne-Lise Maire, Wolfgang
Brandner, Thomas Henning

Context

The deep imaging (DI) technique represents the only viable method to complete our
view of the giant planet formation mechanisms and dynamical evolution at large (> 5
AU) separations. Within the past decade, a few young self-luminous giant (M=2-12
MJup) planets, such as HR8799 bcde (Marois et al. 2008,2010) and HD95086 b (Rameau
et al. 2013a,b), have been imaged between 8 and 68 AU from their stars. A proper
characterization of the systems is mandatory to understand how they were formed.
The DI technics offers the possibility to monitor the orbital motion of the companions
and to disperse their light. The spectra and/or the multi-λ photometry of the planets
can be used to acess their effective temperature, surface gravity, mass, and composition.
Nonetheless, getting the spectra and photometry of the few bona-fide planets discovered
so far is a challenging task. One has to overcome the significant contrast between the
planet and the star (104 to 106) at near-infrared wavelenghts (1-2.5 µm). Between the
fall of 2013, and spring of 2014, the instruments SPHERE and GPI entered operations
at the Cerro Paranal and Gemini North observatories, respectively. The extreme adap-
tive optics, apodized Lyot coronography, and various imaging and spectroscopic modes
of these instruments from 0.5 to 2.5 µm represents a major advance for the detection
and characterization of planetary systems using the DI technics. We present below the
first characterization studies [1, 2] conducted with those two instruments on the planets
HD95086b and HR8799bcde since the first light.

Scientific results

In 2013, the MPIA contributed to the direct imaging discovery at L’-band (3.8 µm) of a
5±2 MJup planet at a projected separation of 55.7 ± 2.5 AU from the young (17 Myr) A-
type star HD95086. We used in 2014 commissioning data from the Gemini Planet Imager
instrument obtained on December 10 and 11, 2013 to better characterize the planet. The
data were obtained with the integral field spectrograph of the instrument operated in the
H (1.5–1.8µm) and K1 (1.9–2.19µm) bands. We retrieved the planet into each band and
confirmed that it is bound to the star.
We compiled the H, K1, and L’ band photometry of the planet and reported it into color-
magnitude diagrams. We found that the planet belongs to a class of young substellar
objects for which the dust is forming and accumulating into their atmosphere because of
their low-mass, large radii, and therefore low surface gravity. We are also able to derive
a more accurate mass estimate of 1.75-7.5 MJup for HD95086b from the new photometry.
HR95086b most likely belongs to same population of dusty objects as the four 5-7 MJup

planets discovered around HR8799. We observed the HR8799 system during commission-
ing runs of the SPHERE instrument in 2014. We extracted high quality 0.98-1.64 µm
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Figure 4.21: Left: Detection of HD95086b into H and K1 band GPI images. The planet is
seen South-East of the star. It is ∼ 105 times fainter than the star. Right: Near-infrared
spectral energy distribution of the four planets around HR8799. The SED of the planet
was completed with SPHERE data from 1 to 2.5 µm. They mach those of free-floating
objects which are suspected to share the same age and mass range as the planets.

low-resolution (R=30) spectra of the two innermost planets in the system, and H and K
band photometry of the four planets simultaneously, thus demonstrating the potential of
the instrument for the characterization of such objects.
The spectra and photometry complete the 1-5 µm spectral energy distribution of the
planets. We find that the emergent fluxes of the two innermost planet are extremely well
reproduced by those of free-floating dusty (L-type) brown-dwarfs suspected of sharing the
same age and mass range as the planets. We demonstrate for the first time that those
planets are similar to some known empirical objects and could, therefore, share the same
origins. We also discovered that the spectra of the two outermost planets can be well
represented by those of peculiar free-floating brown dwarfs reddened by extra absorptions
of refractory grains (enstatite, forsterite,...). This confirms empirically that photospheric
dust grains sustaining into the low-gravity atmospheres of the planets do explain their
peculiar properties. The best-fitting empirical objects of the two outermost planets could
be colder than the ones of the two innermost planets. This implies that the system could
be hierarchical with the most massive planets inside and the least massive ones placed on
outer orbits. Such an architecture increases the stability of the system.

Work done in collaboration with the Institut de Plaétologie et d’Astrophysique de Greno-
ble (Grenoble, France)

[1] Galicher, R., Rameau J., Bonnefoy M. (2014): Near-Infrared Detection and Charac-
terization of the Exoplanet HD 95086 b with the Gemini Planet Imager, A&A 565,
4

[2] Bonnefoy, M. (2016): First light of the VLT planet finder SPHERE. IV. Physical and
chemical properties of the planets around HR8799, A&A 587, 58
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4.14 Characterization of the B-type Star

Companion κ Andromedae b with LBTI

Observations

Mickael Bonnefoy, Joshua Schlieder, Gabriel–D. Marleau,
Hubert Klahr, Thomas Henning

Context

The direct imaging technique offers the possibility to collect multiple-band photometry
and spectra emitted by the photospheric layers of exoplanets in the near-infrared (1-5
?m; McElwain et al. 2007, Currie et al. 2011; Bonnefoy et al. 2010, 2013b). These
data can provide a stringent characterization of the chemical (composition) and physical
properties (mass, radius, effective temperature) of the sources, which are at the basis of
our understanding of their formation processes (Bonnefoy et al. 2013a; Konopacky et al.
2013).

In the course of the Strategic Explorations of Exoplanets and Disks with Subaru (SEEDS,
Tamura 2009), we identified a low-mass companion in early-2012 at a projected separation
of 1” around the massive (2.5 M�) nearby B-type star κ Andromedae (Carson et al. 2013).
At that time, we estimated that κ And b has a mass of 12.8+2.0

−1.0MJup, making it the first
planetary/brown-dwarf companion imaged around such a massive star.

In 2012, we decided to follow the system up with an M-band (4.78µm) imager that was
recently commissioned at the LBT. We aimed to better understand the physical and
chemical properties of the companion with those new observations.

Figure 4.22: Left: M’ band image of the system κ And obtained with the LBTI/LMIRcam
instrument. Right: spectral energy distribution extended to 4.5 microns thanks to the LBT
data
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Results

We obtained angular-differential imaging data of the system at M band on October 10,
2012 with LBTI/LMIRCam. The camera benefits from the high-order adaptive-optics
of the secondary mirror of the LBT. The whole LBTI facility offers reduced background
emission at those wavelengths, thus providing the ability to detect faint objects in the
viicity of stars. We complemented those observations with Keck/NIRC2 high-contrast
imaging of the system at 2.16 and 3.78 µm obtained on October and November 2012.
The whole set of observations obtained on the system so far enabled to build the 1-5 µm
spectral energy distribution (SED) of the companion.
We compared the SED of the companion to those of benchmark objects and found that it
is best represented by those of late-M and early-L dwarfs, e.g. objects with temperatures
around 2000 K and with some dust (silicates, iron, etc) forming in their photosphere. We
also compared the SED of the companion to seven grids of atmospheric models which
aim to reproduce the emergent flux of such companions. The grids were used to estimate
that κ Andromedae b has a Teff = 1900+100

−200 K consistent with the conclusions from our
empirical analysis.
We compared the luminosity and temperature of the companion to evolutionary models
of substellar objects. The models are divided into three categories. The cold-star models
assumes that the free-fall energy of the gas being accreted during the formation of the
companion is radiated away as an accretion shock. The hot-star models considers the
opposite case (all free fall energy is incorporated into the companion initial energy budget).
The warm-star models consider the intermediate cases. Those three classes of models, and
the related uncertainties on the initial conditions adopted, lead to uncertainties on the
Teff and luminosity predictions for a given mass and system age that varies by 1000K
and 102 to 103.
If the hot-start scenario holds, and if the system is young (30 Myr), κ Andromedae b
could be a planetary mass object (M≤13.6 MJup). Nonetheless, we find that the age of
the system is fairly unconstrained, and could reach 130 Myr. This set an upper limit
on the mass of the companion to 35 MJup. In addition, the unknown initial conditions
on the formation of the object makes the use of the warm-start models necessary. The
warm-star models predict masses greater than 11 MJup.
When we compared the range of plausible masses for κ Andromedae b to disk-instability
models developed at MPIA (Klahr et al, in prep), we found that such a formation scenario
is possible provided that the star had a massive circumstellar disk (10-20% of the stellar
mass).

Work done in collaboration with the University of Arizona (Tucson, USA)

[1] Carson, J. (2013): Direct Imaging Discovery of a ”Super-Jupiter” around the Late
B-type Star κ And, ApJ 763, 32

[2] Bonnefoy, A. (2014): Characterization of the gaseous companion κ Andromedae b.
New Keck and LBTI high-contrast observations, A&A 562, 111
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Interstellar Medium, Astrochemistry
and Laboratory Astrophysics

IR spectra of the final complex silicates at ≈ 300 K produced in the low-temperature conden-

sation compared to the silicate profile of WR 98a representing the local ISM. Bottom: Electron

micrographs of the condensed magnesium-iron silicate particles clearly showing the agglomerated

nanometer-sized primary particles. See chapter 5.3 for details and credits.



5.1 THOR: The HI/OH/Recombination Line

Survey of the Milky Way

Simon Bihr, Henrik Beuther, Michael Rugel, Thomas Henning,
Hendrik Linz, Fabian Walter, Yuan Wang

Survey specifications

While ample surveys exist at high spatial resolution in the near-/mid-infrared as well as
at far-infrared and mm wavelengths, the best spatial resolution available for the atomic
HI emission was so far around 60′′. To complement this missing piece we are conducting
THOR: The HI/OH/Recombination Line Survey of the Milky Way. This project observes
with the Karl G. Jansky Very Large Array (VLA) in the 21 cm window the atomic HI,
the molecular OH, several radio recombination lines as well as the continuum emission
at ∼20′′ resolution. It covers a large fraction of the northern Milky Way in the Galactic
longitude range from 14.5 to 67.25 deg and in the Galactic latitude regime ≤ ±1.25 deg.
This is a VLA large program with 225 h observing time.
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Figure 5.1: Atomic HI column density map of the THOR pilot region around the high-
mass star formation regions W43 and G29 [1]. While the color presents the optical depth
corrected HI column densities, the contours show the cm continuum emission. A few
regions are marked.

Goals and first results

Atomic HI: The formation of molecular clouds out of the atomic HI is a prime topic in
today’s studies of the interstellar medium (ISM) and star formation. Are there specific
thresholds for the transformation of atomic to molecular gas? Can we find kinematic im-
prints of colliding gas flows already in the atomic phase? Fig. 5.1 presents the HI column
density map of our pilot region around the famous massive star-forming regions W43
and G29, and this initial study already revealed several interesting results [1]: Taking
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the optical depth properly into account which had rarely been done in the past, we find
HI gas masses more than a factor of 2.4 higher than previously assumed. Although this
analysis needs to be extended for the rest of the survey, it indicates that the atomic gas
mass of the Milky Way was likely severely underestimated in the past. Furthermore, we
found that typically derived HI-to-H2 column density conversion thresholds are not valid
in an environment like W43 where we have strongly enhanced radiation fields. Kinematic
studies of the HI will follow soon.

Molecular OH: The OH data do not only cover the OH masers at 1612, 1665, 1667
and 1712 MHz but we can also observe the thermal absorption against strong continuum
sources. The OH maser catalogue for the first 3 square degree pilot region around W43
was recently presented in [2]. While the OH masers are excellent signposts to identify
evolved stars, star-forming regions and supernova remnants, the thermal OH absorptions
allows us to derive OH column densities along many sight lines in our survey (Rugel et
al. in prep.). Setting these OH column densities into context with the HI from THOR as
well as complementary CO emission spectra, we are studying the different phases of the
ISM and its distribution over large parts of the Milky Way.

The ionized phase: As a third ISM phase, we can investigate the ionized gas with
THOR with the Hα recombination lines as well the continuum emission. In a recent
study, we compiled a catalog of continuum sources of the first half of the THOR survey
[3]. While we detected around 4400 sources within the ∼55 square degrees of that part of
the survey, the unique new aspect of THOR in that context is that we can, for the first
time, derive spectral indices for a large fraction of the continuum sources. This allows
us to characterize the physical processes dominating each region and, for example, to
differentiate extragalactic synchrotron sources from Galactic Hii regions.
While each individual recombination line is often too weak to be properly detected, we
have observed 19 different ones within our spectral setup between 1 and 2 GHz. Approx-
imately 12 of them are usually free of radio frequency interference (RFI) and since their
energy differences are comparably small, we can stack the line emission maps. Therefore
we can study the kinematic properties of the ionized gas of a considerable fraction of Hii
regions within the northern Milky Way.

Work done in collaboration with Katharine Johnston at the University of Leeds, An-
drew Walsh (University of Perth), Andreas Brunthaler from the MPIfR, Jürgen Ott from
NRAO, Loren Anderson from the University of West Virginia, and the THOR team
(http://www.mpia.de/thor)

[1] Bihr S., Beuther H., Ott J., Johnston K.G., Brunthaler A., et al. (2015): THOR:
The Hi, OH, Recombination line survey of the Milky Way, A&A 580, A112

[2] Walsh A., Beuther H., Bihr S., Johnston K.G., Dawson J. R., Ott J., et al. (2016):
A Survey for Hydroxyl in the THOR Pilot Region around W43, MNRAS 455, 3494

[3] Bihr S., Johnston K.G., Beuther H., Anderson L.D., Ott J., Rugel M., Bigiel F.,
Brunthaler A., et al. (2016): Continuum sources from the THOR survey between 1
and 2 GHz, A&A 588, A97
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5.2 Dust Formation in Galaxies

Svitlana Zhukovska, Thomas Henning

Interstellar dust plays a crucial role in the physical and chemical structure of the ISM of
galaxies, and their spectral energy distribution. For adequate models of the ISM evolution
and interpretation of IR observations, it is therefore vital to understand how properties
of interstellar dust vary with time. This can be achieved with dust evolution models
that capture main features of the life cycle of dust: from dust formation in outflows of
asymptotic giant branch (AGB) stars and supernova (SN) ejecta, growth by accretion in
the ISM to destruction in SN shocks and the star formation process (Zhukovska et al.
2008). The role of various sites of dust formation has been highly debated over the past
decades, in particular, in the context of the large dust masses detected in high-redshift
objects. Well-studied galaxies in the local universe provide an excellent testing ground
to constrain evolutionary dust models and investigate the changes in the dominant dust
sources along galactic evolution.

Dust growth in the ISM vs dust formation by stars

SNe and AGB stars are the main stellar sources of interstellar dust. Recently, we tested
theoretical dust yields for AGB stars by comparing the total rates of stardust production
in the Large Magellanic Cloud predicted by the evolution models with those derived from
IR Spitzer observations (Zhukovska&Henning 2013). These yields rely on model calcula-
tions of dust condensation in stellar winds of AGB stars under the standard interstellar
conditions. However, a fraction of massive AGB stars remains in their natal star clusters
and may be affected by cluster environment. In [1], we investigate whether harsh cluster
environment can suppress dust formation and reduce dust yields from AGB stars. With
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Figure 5.2: Variations in the DGR with oxygen abundance for model dwarf galaxies. The
left panel shows results of calculations with low efficiencies of dust condensation in type
II SNe and dust growth in the ISM for model galaxies, while the right panel shows the
same derived with high efficiencies of dust condensation and no dust growth in the ISM.
Color lines from left to right indiciate models with the increasing star formation rate. The
symbols show the observed values (Rémy-Ruyer et al. 2014).
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models of SiO molecule photodissociation in circumstellar envelopes of AGB stars in star
clusters, we find that the net dust input from these stars can be reduced by, at most,
20%.
We apply an alternative approach to ascertain the net dust input from type II SNe. It is
based on the relation between the dust-to-gas mass ratio (DGR) and oxygen abundance
for a large sample of late-type dwarf galaxies measured by Herschel Space Observatory.
These observations significantly improved the accuracy of DGR measurements and allowed
to access undetected dust emission in objects within the Dwarf Galaxy Survey (DGS)
(Rémy-Ruyer et al. 2014). The DGR for dwarf galaxies shows a large scatter for a given
metallicity (Fig. 5.2), indicating lower dust-to-metal ratios compared to the massive spiral
galaxies. To interpret the observed DRG–metallicity relation, we apply a multicomponent
dust evolution model for dwarf galaxies with episodic star formation and, unlike in earlier
studies, dust growth in the ISM [2].
Our generic models of dust evolution in dwarf galaxies require relatively low net values
of condensation efficiencies in type II SNe to reproduce both the slope of and the scatter
in the observed relation (Fig. 5.2). With high condensation efficiencies inferred from the
recent far-IR and sub-mm studies of young SN remnants, the models fail to reproduce
the observed DGR–metallicity relation. Our findings imply that a significant fraction
of recently discovered SN ejecta grains may be destroyed by reverse shocks in the near
future.

When does grain growth in the ISM come into play?

Accordingly to model calculations, some metal-poor galaxies from the DGS survey cur-
rently undergo the transition from stardust- to ISM-growth-dominated dust production,
presenting a unique opportunity to study the corresponding changes in dust properties.
During the transitional phase, the dust-to-gas ratio gradually increases by two orders of
magnitude, while the carbon-to-silicate dust ratio drastically decreases.
The scatter in the observed DGR–metallicity relation is explained by different critical
metallicities at which the transition happens. The critical metallicity depends on the star
formation history of a galaxy: the faster the chemical enrichment of the ISM, the sooner
dust growth dominates the dust production, and the higher the corresponding value of
metallicity. In galaxies with episodic star formation, additional dispersion in the DGR
values is introduced by grain destruction during starbursts, followed by an increase in the
interstellar dust mass during post-burst evolution. Among other factors contributing to
the scatter are the variations in galactic outflows, density and mass fraction of the dense
phase.
The evolutionary changes in the dust composition and relative abundances may affect
the chemical and physical structure of galaxies. Our results imply that an assumption
commonly taken in numerical hydrodynamical simulations of galactic evolution that the
dust-to-gas ratio is scaled linearly with metallicity can significantly overestimate dust
abundances in galaxies during or before the transitional phase.

Svitlana Zhukovska is now at MPA, Garching.

[1] Zhukovska, S., Petrov, M., & Henning, T. (2015): Can star cluster environment affect
dust input from massive AGB stars?, ApJ 810, 128

[2] Zhukovska, S. (2014): Dust origin in late-type dwarf galaxies: ISM dust vs. type II
SNe, A&A 562, A76
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5.3 Low-Temperature Condensation of Silicates in

the ISM

Cornelia Jäger, Serge A. Krasnokutski, Gaël Rouillé, Thomas
Henning

AGB stars and supernovae are cosmic dust factories that finally distribute the condensed
matter into the interstellar medium (ISM). However, interstellar dust is exposed to various
destructive processes caused by supernova-induced shocks. Only a few percent of the total
mass of stardust survive these destructive processes in the ISM. Nevertheless, observations
of refractive elements in the ISM clearly show a depletion of these elements from the gas
phase. An efficient condensation process of dust grains in the ISM is required to balance
the mismatch between the stellar formation of the grains and their interstellar destruction.
The formation process of interstellar dust is supposed to be triggered by the formation of
complex ices on cold grains due to the accretion of gas-phase species on their surface. The
refractory gas-phase species can diffuse and finally condense into refractory solids. This
process lacked a firm experimental basis. In our Laboratory Group, we have carried out
experiments to study the possible formation of refractory dust at conditions prevailing in
molecular clouds, such as low temperature (≈10 K) and low density.
In a series of experiments, the low-temperature condensation of silicon monoxide and
silicon atoms with oxygen-bearing molecules were studied in superfluid helium droplets
and in solid neon matrices [1, 2]. The initial stage of condensation in the He droplets
was investigated by mass spectrometry, calorimetric methods, and quantum chemical
calculations. Figure 5.3 shows the reaction products of SiO and H2O molecules in He
droplets. The formation of various SixOy clusters can be observed. The chemical reactions
leading to the formation of these clusters were found to be barrierless.
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Figure 5.3: Left: Mass spectrum of He droplets doped with SiO and H2O molecules. The
peaks assigned to (SiO)k clusters are marked with the values of k. Right: IR absorption
spectra of Ne ice doped with SiO molecules and oligomers measured at different tempera-
tures after annealing and complete evaporation of the Ne. Numbers indicate the sequence
of measurements.
The IR spectra in Figure 5.3 provide a clear evidence for the formation of grains obtained
by condensation of SiO vapor. After a first annealing of the doped Ne matrix, the sharp
lines of the isolated molecules and oligomers decrease and finally disappear at T ≤ 13 K.
The broad band that already appeared in spectrum 2 shows the typical 10 µm band of
amorphous SiO2.
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Figure 5.4: Top: IR spectra of the final
complex silicates at ≈300 K produced in
the low-temperature condensation compared
to the silicate profile of WR 98a represent-
ing the local ISM. Bottom: Electron micro-
graphs of the condensed magnesium-iron sil-
icate particles clearly showing the agglomer-
ated nanometer-sized primary particles.

In a second series of experiments, the con-
densation of complex silicates with py-
roxene and olivine compositions was ex-
perimentally studied in interstellar condi-
tions [3]. Ne matrices doped with molecu-
lar species comprising refractory elements
were grown on cold substrates. The
gaseous, refractory species were produced
by laser ablation of glassy silicate dust
analogs and embedded into the Ne ma-
trices. The molecular and atomic pre-
cursors for the complex silicate conden-
sates were spectroscopically identified by
IR spectroscopy as in the experiments on
SiO (Fig. 5.3). The efficient formation
of amorphous magnesium and magnesium-
iron silicates at temperatures of about 12 K
has also been monitored by in situ IR spec-
troscopy. As shown in Figure 5.4, the IR
spectrum of the magnesium silicate con-
densate presents a close match with the
silicate feature observed toward WR 98a.
The condensates were found to be homo-
geneous and consisting of small nanometer-
sized particles that form bigger agglomer-
ates (Fig. 5.4). The composition of the
final condensates depends on the ratio of
refractory species eventually embedded in
the ice matrix and can vary from stoichio-
metric to non-stoichiometric silicates. The

composition of the refractory materials produced at about 10 K is very similar to high-
temperature condensation products produced by laser ablation [4].

[1] Krasnokutski, S. A., Rouillé, G., Jäger, C., Huisken, F., Zhukovska, S., & Henning,
T. (2014): Formation of silicon oxide grains at low temperature, ApJ 782, 15

[2] Rouillé, G., Krasnokutski, S. A., Krebsz, M. Jäger, C., Huisken, F., & Henning, T.
(2014): Cosmic dust formation at cryogenic temperatures, PoS LCDU 2013, 47

[3] Rouillé, G., Jäger, C., Krasnokutski, S. A., Krebsz, M., & Henning, T. (2014): Cold
condensation of dust in the ISM, FaDi 168, 449

[4] Sabri, T., Gavilan, L., Jäger, C., Lemaire, J. L., Vidali, G., Mutschke, H., Huisken,
F., & Henning, T. (2014): Interstellar silicate analogs for grain-surface reaction
experiments: Gas-phase condensation and characterization of the silicate dust grains,
ApJ 780, 180
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5.4 Evidence for Large Grains in the Dense ISM

Jürgen Steinacker

Detecting MIR scattered light from low-mass molecular cores:
the new coreshine effect

Recently discovered scattered light at 3-5 µm from low-mass cores (so-called coreshine)
could reveal the presence of grains with sizes around 1 µm, which is larger than the grains
found in the low-density interstellar medium (Steinacker et al. 2010, A&A 511, A9). But
only about half of the 100+ cores investigated so far show the effect (Pagani et al. 2010,
Science 329, 1622).
We therefore analyzed the detectability of coreshine in general. In [1], we found that
for optically thin radiation and a constant size distribution, a simple limit for detecting
scattered light from a low-mass core can be derived that holds for grains with sizes smaller
than 0.5 µm. The extinction by the core prohibits detection in bright parts of the Galactic
plane, especially near the Galactic center (Fig. 5.5). For scattered light received from low-
mass cores with grain sizes beyond 0.5 µm, the directional characteristics of the scattering
favors the detection of scattered light above and below the Galactic center, and to some
extent near the Galactic anti-center. We identified the local incident radiation field as
the major unknown causing deviations from this simple scheme. We concluded that the
detection of coreshine at a wavelength of 3.6 µm is a complex interplay of the incident
radiation, the extinction of the background radiation, the grain properties, and the core
properties like sky position and mass.

Coreshine in L1506C - Evidence for a primitive big-grain compo-
nent or indication for a turbulent core history?

To understand the underlying physics of the formation of larger grains in or outside the
core, it is interesting to study unusual cases. The core is unusual with its low density
and turbulence but the strong depletion of molecules from the gas phase. Moreover, it
also shows coreshine. In [2], we found that the coreshine observed from L1506C requires
the presence of grains with sizes exceeding the common MRN distribution. The grains
could be part of a primitive omni-present large grain population becoming visible in the
densest part of the ISM, could grow under the turbulent dense conditions of former cores,
or in L1506C itself. In the later case, L1506C must have passed through a period of larger
density and stronger turbulence. This would be consistent with the surprisingly strong
depletion usually attributed to high column densities, and with the large-scale outward
motion of the core envelope observed today.

Dedicated deep Spitzer observations of coreshine

Aside of the 3.6 µm band, we would also expect scattered light to be visible at 4.5 µm.
In [3], we analyzed dedicated deep Cycle 9 Spitzer IRAC observations in the 3.6 and 4.5
µm bands for a sample of 10 low-mass cores (see Fig. 5.6).
We used a new modeling approach based on a combination of ratios of the two background-
and foreground-subtracted surface brightnesses and observed limits of the optical depth.
The dust grains were modeled as ice-coated silicate and carbonaceous spheres.
For the cores L260, ecc806, L1262, L1517A, L1512, and L1544, the model reproduces the
data with maximum grain sizes around 0.9, 0.5, 0.65, 1.5, 0.6 and >1.5 µm, respectively.
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Figure 5.5: Coreshine can only be observed where the background (shown here by the color-
coded DIRBE all-sky map at 3.5 µm) is weak enough. The contours mark this region for
several assumptions about the grains. In all cases, it is difficult to observe coreshine near
the Galactic plane.

Figure 5.6: Off-subtracted surface brightness Spitzer images at 3.6 µm revealing core-
shine in a sample of 10 cores. The image sizes have been adjusted to show the sources at
the same distance in order to visualize the source sizes. In the case of Rho Oph 9, the
image has not been off-subtracted and the bright emission in the upper left corner is caused
by transiently-heated particles and not by coreshine. The crosses indicate the approximate
location of the core center based on the corresponding 8 µm extinction maps.

The maximum coreshine intensities of L1506C, L1439, and L1498 in the individual bands
require smaller maximum grain sizes than derived from the observed distribution of band
ratios. Additional isotropic local radiation fields with a spectral shape differing from the
DIRBE map shape do not remove this discrepancy. In general, we concluded that mea-
suring surface brightness ratios in the 3.6 and 4.5 µm bands across a molecular cloud core
is an effective method of disentangling the complex interplay of structure and opacities
when used in combination with observed limits of the optical depth.

Work done in collaboration with M. Andersen (France), W.-F. Thi (France), C. Ormel
(USA), R. Paladini (USA), M. Juvela (Finland), A. Bacmann (France), V.-M. Pelkonen
(Finnland), L. Pagani (France), C. Lefevre (France), and A. Noriega-Crespo (USA)

[1] Steinacker, J., Andersen, M., Thi, W.-F., & Bacmann, A. (2014): A&A, 563 A106,

[2] Steinacker, J., Ormel, C. W., Andersen, M., & Bacmann, A. (2014): A&A, 564 A96,

[3] Steinacker, J., Andersen, M., Thi, W.-F., et al. (2015): A&A, 582 A70,
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5.5 Photostability of Interstellar PAH Molecules

Gaël Rouillé, Serge A. Krasnokutski, Daniele Fulvio, Cornelia
Jäger, Thomas Henning

Context

The presence of polycyclic aromatic hydrocarbon (PAH) molecules in the interstellar
medium (ISM) implies a life cycle comprising various formation and destruction mecha-
nisms. Accordingly, the populations of PAH molecules must be dominated by the species
with the most favorable balance between formation and destruction rates. The forma-
tion and destruction of regular PAH species, which are composed of fused, six-membered
aromatic carbon cycles, may proceed via the production of intermediates such as PAH
molecules carrying hydrocarbon side groups. Thus regular and substituted PAH molecules
may be present in the ISM.

The diffuse ISM is mostly constituted by H I regions, i.e., low density volumes where
photons carry a maximum energy of 13.6 eV. In such an environment, dissociation follow-
ing the absorption of an energetic photon could be a significant destruction mechanism
of PAH species. In a recent study of ethynyl-substituted PAH molecules, we proposed
that fast intramolecular vibrational energy redistribution and internal conversion would
prevent their photodissociation [1]. The verification of this proposition required experi-
ments that we eventually carried out at the DESIRS beamline of the SOLEIL synchrotron
facility [2].

Results

The photoelectron photoionization coincidence (PEPICO) spectroscopy of phenanthrene,
pyrene, 9-ethynylphenanthrene, and 1-ethynylpyrene (Fig. 5.7) was performed at energies
up to 20 eV. This technique provided us with the ionization energy Ei of the species and
also the appearance energy of fragment ions produced by the loss of atoms by the parent
molecules upon photoionization.

Figure 5.7: From left to right, structures of phenanthrene (Phn, C14H10), 9-
ethynylphenanthrene (9EtyPhn, C16H10), pyrene (Pyr, C16H10), and 1-ethynylpyrene
(1EtyPyr, C18H10).

We have found that the ethynyl-substituted PAH molecules are similar to their regu-
lar counterparts in terms of ionization energy. Moreover, the similarity extends to the
appearance energy of the singly dehydrogenated fragment ion (Ea,−H).
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In contrast, past studies reported lower Ei and Ea,−H values when comparing methyl-,
vinyl-, and phenyl-substituted PAH molecules with regular species. The same observation
was made for dihydrogenated PAH species. An analysis using the Rice-Ramsperger-Kassel
theory for unimolecular reaction rates concluded that these various derivatives were less
photostable than the regular species in H I regions. The relative photostability is estimated
with the index R (Fig. 5.8).
Following the same procedure, the analysis of our experimental data has shown that,
unlike methyl, vinyl, phenyl, and dihydrogenated derivatives, ethynyl-substituted PAH
molecules are as photostable as the non-substituted species in H I regions. As the latter
can survive the UV radiation field of the ISM provided that they contain at least 30 to
50 C atoms, the same can be inferred for their ethynyl derivatives. These may contribute
to the interstellar populations of PAH molecules as members and also as intermediates in
the growth of PAH species.

Jochims et al. 1999, ApJ, 512, 500 This contribution [2] 
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Figure 5.8: Photostability of PAH derivatives compared with that of regular species. R is
a relative photostability index, Ec,−H is the critical energy for the loss of a H atom, and
E∗ = 13.6 − Ei. Nap: naphthalene; Ant: anthracene; Phn: phenanthrene; Pyr: pyrene;
Me: methyl; Ety: ethyl; V: vinyl; Ph: phenyl; H2: dihydrogenation. The numbers indicate
the position of the side group(s) in the molecular structure.

Work done in collaboration with G. A. Garcia and L. Nahon (Synchrotron SOLEIL,
France).

[1] Rouillé, G., Jäger, C., Huisken, F., & Henning, Th. (2013): Polyynyl-substituted PAH
molecules and DIB carriers, Proc. Int. Astron. Union 9, 276

[2] Rouillé, G., Krasnokutski, S. A., Fulvio, D., Jäger, C., Henning, Th., Garcia, G. A.,
Tang, X.-F., & Nahon, L. (2015): Dissociative photoionization of polycyclic aromatic
hydrocarbon molecules carrying an ethynyl group, ApJ 810, 114
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5.6 A Laboratory Study of Ion-Induced Erosion of

Ice-Covered Carbon Grains

Cornelia Jäger, Tolou Sabri, Thomas Henning

ISO and Spitzer observations have clearly confirmed that solid carbon dioxide (CO2) is
abundantly present along the line of sight to quiescent clouds and star forming regions.
Since CO2 has a low abundance in the gas-phase, it is supposed to be synthesized on grains
after energetic processing of icy mantles and/or surface reactions. We experimentally sim-
ulated the ion-induced processing of grain/ice composites in astrophysical environments
by studying the synthesis of CO and CO2 in an ice layer on top of amorphous carbon
grains at about 15 K [1].

Such carbon particles with fullerene-like structures were produced by pulsed laser ablation
of isotopically pure 13C targets and subsequent grain condensation in a quenching He/H2

gas atmosphere (Jäger et al. 2008, ApJ 689, 249). The thickness of the layers on either
KBr or Si substrates was adjusted to 120 nm corresponding to 1̃000 nm of a porous,
particulate film [2]. The carbon layers were placed in an UHV chamber, cooled down
to 17 K, covered with O2 or H2O ices, and finally bombarded with 200 keV protons. A
200 kV ion implanter that was connected to the UHV chamber at the INAF-Osservatorio
Astrofisico di Catania served as an ion source. The growth of ices was monitored by
IR spectroscopy. The carbon grains were used for multiple O2 and H2O ice depositions
along with proton bombardment at varying fluences that correspond to a total fluence
of 6.76×1016 ions cm−2. In all our experiments, the penetration depth of impinging ions
was large enough to stop the protons only in the substrate beneath the carbon layer. To
compare the ion-induced structural changes of carbon grains covered by ice with those
having no ice layers, bare grains were bombarded with a fluence of 7 × 1016 200 keV H+

ions cm−2 at 16 K at the institute in Jena.

Figure 5.9: IR spectra of bare 13C grains before ion
bombardment (black line), 13C grains covered by H2O
(blue line) and O2 ice (red line) after bombardment
with 200 keV H+.

Figure 5.9 shows the appearance
of narrow features in the ices due
to the formation of 12CO, 13CO,
12CO2

13CO2 molecules upon ion
bombardment. The 13CO and
13CO2 molecules are exclusively
formed from the particulate car-
bon upon bombardment. The col-
umn densities of CO and CO2

at varying ion fluences calculated
from the band areas divided by
the band strengths of the corre-
sponding molecules [1] were used
to determine the formation rate
of 13CO and 13CO2 upon bom-
bardment (see Figure 5.10). The
data were fitted with an exponen-
tial curve y = A(1− e−σφ), where
A is the asymptotic value, σ the
total cross section, and φ the flu-
ence. The formation rate R is given by R = A× σ.
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Figure 5.10: Column densities of 13CO and
13CO2

13CO and 13CO2 were formed from the
solid phase by ion-induced erosion at the
interface ice/grains. The amount of C re-
moved from the layers was calculated to
be 4.7 and 2.9 molecules/ion for 13CO2

and 13CO, respectively, corresponding to
an erosion rate of 1.13 1015 nm ion−1.
The ion fluence of 6.76 × 1016 H+ cm−2

applied in this study is equivalent to the
H+ bombardment of grains in dense molec-
ular clouds. Such processes may drasti-
cally reduce the amount of solid carbon in
astrophysical environments such as accre-
tion disks or molecular clouds and influ-
ence existing astrochemical models. The
erosion of solid carbon also affects the for-
mation of complex organics in the interstel-
lar medium.
The erosion of carbon and formation of
CO and CO2 is accompanied by struc-
tural modifications of the remaining car-
bon grains. High-resolution transmission
electron microscopy of carbon grains after
proton bombardment provides insight into
a strongly graphitized grain material. Gen-
erally, the graphitization is caused by the

electronic energy loss of the protons during their passage through the ions. The structural
modifications were found to be much stronger for ice-covered than for bare carbon grains,
which could be explained by an increased reactivity of the carbon surface due to disso-
ciation of bonds by the ions and annealing effects by exothermic formation of molecules
in the ice layer at the interface ice/grains. The structural changes of the carbonaceous
material have a strong influence on the absorption efficiency in the entire IR range and
the spectral index β (Qabs/a ∼ λ−β) in the FIR and submillimeter range.

Work done in collaboration with G. A. Baratta, M. E. Palumbo, G. Strazzulla (INAF-
Osservatorio Astrofisica di Catania, Italy), and E. Wendler (Institut fr Festkörperphysik
Jena).

[1] Sabri, T., Baratta, G. A., Jäger, C., Palumbo, M. E., Henning, T., Strazzulla, G., &
Wendler, E. (2015): A laboratory study of ion-induced erosion of ice-covered carbon
grains, A&A 575, A76

[2] Sabri, T., Gavilan, L., Jäger, C., Lemaire, J. L., Vidali, G., Mutschke, H., & Henning,
T. (2014): Interstellar silicate analogs for grain-surface reaction experiments: Gas-
phase condensation and characterization of the silicate dust grains, ApJ 780, 180

129



5.7 Chemical Reactions at Ultra-Low Temperatures

Serge A. Krasnokutski, Cornelia Jäger, Friedrich Huisken,
Thomas Henning

Reactivity of iron and aluminium atoms at low temperatures

It is assumed that most interstellar dust grains are formed in the interstellar medium
(ISM). The coldest place found in space has a temperature of 1 K, while temperatures
of around 10 K are rather common in dark molecular clouds. At these conditions, the
possibility of many elements to form strong chemical bonds and participate in the chemical
reaction network, finally leading to the condensation of solids, was under debate. Low-
temperature reactions of Si atoms and SiO molecules could lead to the formation of silicate
dust with optical properties close to that observed in the ISM (see contribution § 5.3).

We applied the helium droplet isolation technique to study the reactivity of iron and
aluminum atoms and clusters [1, 2]. The helium droplets were doped with Al or Fe
atoms. The laser was tuned to the atomic absorption wavelength and the number of
photoions (Al+ or Fe+) was monitored as the function of the doping efficiency of helium
droplets with a second reactant (Fig. 5.11).

Figure 5.11: Ion signals for Fe atoms
recorded at λexc = 299 nm and Al atoms (λexc
= 300.93 nm) as a function of the pressure of
the second reactant in the pick-up cell. The
dotted black line in the upper frame shows the
signal on mass m = 8 amu. The dashed red
lines represent the number of helium droplets
that do not contain a second reactant. Molec-
ular structures show the products of the Fe
atom reactions.

It was found that Fe atoms form FeC2H2,
FeO2, and FeOH2 weakly bonded com-
plexes and are not inserted into an exist-
ing molecular bond of the reaction part-
ner. It follows that these reactions should
not proceed in the gas phase at low tem-
perature because there is no possibility for
the formed adducts to release the binding
energy. These results also suggest only a
weak bonding of iron atoms to the sur-
face of carbonaceous or icy interstellar dust
grains. Therefore, we can expect that ph-
ysisorbed iron atoms can be easily des-
orbed from the surface of such dust grains
upon UV irradiation or other excitation.
The same results were obtained for the Al
+ H2O reaction. At the same time, Al
atoms do not form complexes with C2H2

molecules but form strong covalent bonds
with O2 molecules. Interestingly, a strong
interaction of the 32D excited state of Al
atoms and helium was found. These results
suggest that in the case of low-temperature
dust formation, aluminum would primar-
ily exist as oxides, while iron could form
metallic particles. However, further stud-
ies, in particular of SiO + Fe reactions are
required.
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Reactions of carbon atoms

There are two major reasons that would lead to a pronounced abundance of a specific
molecule in space. First, it is its chemical inertness and, second, it is an outstanding
photostability of this molecule. For the investigation of photostability of the molecules
(see contribution § 5.5). Here, we present a study of the stability of polycyclic aromatic
hydrocarbon (PAH) molecules against the reaction with one of the most abundant species
in the ISM, i.e., atomic carbon. The investigation of the reactions with carbon atoms was
complicated due to the difficulties in the production of pure carbon atoms in the gas-
phase. To solve this problem, we developed a very simple and clean source of low-energy
atomic carbon [3]. As the produced species have low energy, they are well-suited for
the incorporation into liquid helium droplets by the pick-up technique. Mass analysis of
the incorporated species reveals the dominant presence of atomic carbon and very low
abundances of C2 and C3 molecules (< 1%). This is in striking contrast to the thermal
evaporation of pure carbon, where C3 molecules are found to be the dominant species in
the gas phase.
We investigated the reaction of carbon atoms with benzene in liquid helium droplets [4].
The benzene molecule was chosen as a model of PAH molecules, which were claimed to
be abundant in the Universe. The reaction between the two species was found to have no
barrier in the entrance channel. The reaction proceeds in a route depicted in Figure 5.12.

Figure 5.12: The reaction route of carbon
atoms with benzene molecules at ultra-low
temperatures.

A carbon atom is added to form an ini-
tial intermediate complex followed by a
ring opening and the formation of a seven-
membered ring. In contrast to a previous
gas-phase study, the reaction is frozen after
these steps and the loss of hydrogen does
not occur. It is suggested that reactions
of this kind could be an efficient route of

the PAH destruction and, therefore, responsible for the low abundance of small PAH
molecules in the ISM. The present studies were extended to reactions of atomic carbon
with small and larger PAHs. The preliminary results demonstrate that the found route of
chemical reaction is applicable to any PAH molecule. However, the carbon atom cannot
enter into a CC bond common to several aromatic rings. As the fraction of such bonds
increases with the size of the PAH molecules, larger PAHs are expected to be more stable
in the ISM. This coincides with increased photostability of larger PAH molecules.

[1] Krasnokutski, S. A. & Huisken, F. (2014): Reactivity of iron atoms at low tempera-
ture, JPCA 118, 2612

[2] Krasnokutski, S. A. & Huisken, F. (2015): Resonant two-photon ionization spec-
troscopy of Al atoms and dimers solvated in helium nanodroplets, JCP 142, 084311

[3] Krasnokutski, S. A. & Huisken, F. (2014): A simple and clean source of low-energy
atomic carbon, APL 105, 113506

[4] Krasnokutski, S. A. & Huisken, F. (2014): Ultra-low-temperature reactions of C(3P0)
atoms with benzene molecules in helium droplets, JCP 141, 214306
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5.8 Herschel Observations of Supernova Remnants:

Discovery of ArH+, the First Noble Gas

Compound in Space

Oliver Krause

Although noble gas compounds such as ionized hydrides are relatively stable, they have
never been found in space despite dedicated searches for such species (e.g. HeH+). From
spectra obtained with the Herschel Space Observatory, we have detected of emission in
the 617.5 GHz and 1234.6 GHz J = 1-0 and 2-1 rotational lines of 36ArH+ at several
positions in the Crab Nebula, a supernova remnant known to contain both H2 molecules
and regions of enhanced ionized argon emission.

As seen in the spectrum shown in Fig. 1 these two previously unidentified lines were the
strongest in multiple spectra taken toward the Crab nebula. The ratio of the derived rest
frequencies is 1.9995 ± 0.0012, which suggests that the lines correspond to the 2-1 and
1-0 rotational transitions of a simple diatomic molecule (we can rule out their being 4-3
and 2-1 transitions, with a frequency ratio of 4:2, because of the lack of a corresponding
3-2 transition at ∼ 926 GHz). A search using the Cologne Database for Molecular Spec-
troscopy found the only candidate to be 36ArH+, whose 1-0 and 2-1 rotational transitions
lie at 617.52523 ± 0.00015 GHz and 1234.60275 ± 0.00030 GHz, respectively, agreeing
with the derived frequencies for the Crab Nebula lines within the uncertainties.

On Earth, 40Ar with an isotopic abundance of 99.6% is by far the dominant isotope,
but the terrestrial 40Ar originates almost exclusively from the radioactive decay of 40K.
Solar and interstellar argon is dominated by 36Ar (∼84.6%), followed by 38Ar (∼15.4%),
with only traces of 40Ar (∼0.025%). 36Ar is believed to have originated from explosive
nucleosynthesis in massive stars during core-collapse supernova events. Its detection in
the Crab Nebula, the product of such a supernova event, confirms this expectation. The
likely excitation mechanism for the observed 36ArH+emission lines is electron collisions in
partially ionized regions with electron densities of a few hundred per centimeter cubed.

ArH+ is a stable molecular ion (dissociation energy 3.9 eV) that has been studied ex-
tensively in the laboratory. The Crab Nebula consists predominantly of ionized gas,
photoionized by synchrotron radiation from the pulsar wind nebula. It also contains
many H2-emitting neutral clumps. Transition zones between fully ionized and molecular
gas will exist, where ArH+ can be formed by the exothermic reaction Ar+ + H2→ ArH+

+ H, releasing 1.49 eV. If the elemental species created by the supernova explosion were
still largely unmixed in the remnant, then it is possible that ArH+ molecules would be
found only at interfaces between H-rich gas and Ar-rich gas where mixing has occurred.
Four of the seven FTS SSW detectors in whose spectra J = 2-1 36ArH+emission was
detected are situated on a bright filament south of the center of the nebula (Fig. 1), as
is the detector in which the strongest J = 1-0 emission was detected. A cluster of seven
near-infrared H2-emitting knots, with a wide range of radial velocities, is coincident with
the same bright filament. Two of the FTS Detectors also show 36ArH+ emission and are
coincident with an H2-emitting knot. The lack of ArH+ emission in the NW quadrant of
the nebula is mirrored by a relative lack of H2 emission knots in that region. However,
there are many H2 knots in the NE quadrant, whereas ArH+ emission is only detected
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there in two FTS detectors.

Following our discovery of ArH+ in the Crab nebula, Argonium has recently been detected
as a ubiquitous molecule in our Galaxy in a number of sight lines. Model calculations
indicate that its abundance peaks at molecular fractions in the range of 10−4 to 10−3

and that the observed column densities require high values of the cosmic ray ionization
rate. Therefore, this molecular cation may serve as an excellent tracer of the very diffuse
interstellar medium, as well as an indicator of the cosmic ray ionization rate. Recently,
extragalactic ArH+ has been detected in absorption in a z = 0.89 foreground galaxy to-
ward the quasar PKS 1830–211 using ALMA.

Figure 5.13: (Top) Broad-band Herschel-PACS image of 70 m dust emission from the
Crab Nebula. North is up and East is to the left. (Bottom) SPIRE FTS spectra of the
Crab Nebula showing the J = 1-0 and 2-1 rotational lines of 36ArH+ as brightest lines in
the remnant.

Work done in collaboration with M. Barlow (UCL) the Herschel MESS key program, and
the Herschel PACS & SPIRE consortia).

[1] Barlow, M. J.; Swinyard, B. M.; Owen, P. J.; Cernicharo, J.; Gomez, H. L.; Ivi-
son, R. J. Krause, O.; Lim, T. L.; Matsuura, M.; Miller, S.; Olofsson, G.; Polehamp-
ton, E.T (2013): Science, 342, 1343
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5.9 C60 as a Probe for Astrophysical Environments

Roland Gredel, Abel Brieva, Cornelia Jäger, Th. Henning

C60 in astrophysical environments

The discovery of C60 in the laboratory three decades ago has triggered an intensive search
for fullerenes in the interstellar medium. Followed by the first firm detection of C60 and
C70 in the hydrogen-poor planetary nebula Tc1 (Cami et al. 2010, Science 329, 1180),
fullerenes have been identified in a wide range of astrophysical environments, including
planetary nebulae in the Galaxy and the Magellanic Clouds, in circumstellar envelopes
of post-AGB stars, in molecular outflows from YSOs, and in reflection nebulae (Bernard-
Salas et al. 2012, ApJ 757, 41); Garćıa-Hernandez et al. 2012, ApJ 760, 107); Otsuka
et al. 2014, MNRAS 437, 2577; Sloan et al. 2014, ApJ 791, 28). The long-standing
claim that interstellar C+

60 is the carrier of two diffuse interstellar bands has recently been
substantiated by accurate laboratory measurements (Campbell et al. 2015, Nature 523,
322).

Figure 5.14: Line profiles of the C60 T1u(i) modes.

C60 is detected through
its four active intramolec-
ular vibrational modes
T1u(i) near 18.9 µm, 17.4
µm, 8.5 µm, and 7.0
µm. Large fractional
abundances with > 1%
of the carbon bound in
C60 have been inferred
in the ISM, which makes
C60 a significant compo-
nent of the ISM. The in-
terpretation of the astro-
physical data on C60 is,
however, challenged by
several factors. In gen-
eral, the emission near
the four T1u(i) modes of

C60 is blended by emission from other fullerenes such as C70 or C+
60, by PAH emission

modes, and by several atomic and molecular emission lines including [ArII], [SIII], and
CO2. The analysis of interstellar C60 is further aggravated by the fact that laboratory
measurements of the relative intrinsic strengths (RIS) of the four T1u(i) modes of C60

are inconclusive. Here, we present new laboratory measurements of C60 RIS values, and
re-visit the available measurements of C60 in astrophysical environments ([1]).

C60 relative intrinsic strengths

The various laboratory studies of the C60 relative intrinsic strengths of the four T1u

modes are highly inconsistent with each other. We conclude that interactions of C60

with impurities, such as amorphous carbon generated by partial decomposition of C60, or
light scattering occuring in non-homogeneous solid samples (Christiansen effect), cause
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the discrepancies. We have produced highly homogeneous and pure samples C60. Visible
Raman spectroscopy of our samples show that our samples do not contain amorphous
carbon. Our measurments of the four T1u(i) modes are shown in Fig. 5.14. Three of
the four bands are characterized by Lorenzian line shapes, which is expected from a
quasi-molecular solid such as C60. The band near 7 µm reveals the presence of of several
combination modes which arise from the activation of silent C60 modes.

Astrophysical fullerenes

Our RIS values are converted into emission band ratios using the Einstein relations and
assuming either a Boltzmann distribution at temperature T or emission at a microcanon-
ical temperature resulting from a molecular fluorescence process. In Fig. 5.15 we com-
pare the expected emission band ratios for both scenarios with the astrophysical data.

Figure 5.15: Diagnostic plot showing observed and modeled C60

flux ratios.

We find that the observa-
tional data do not allow
to discriminate between
thermal and fluorescent
excitations of C60. While
such claims have been
made in the literature,
we show that they result
from an inconsistent use
of C60 RIS values. In
addition, the spread of
0.2 - 1.2 in the observed
17.4µm/18.9µm band ra-
tios is too large to be ex-
plained by the models.

We have re-examined the astrophysical spectra and conclude that the strength of the
C60 emission has been overestimated towards the majority of sources. We also suggest
that the C60 population distribution is affected by additional processes including chemo-
luminescence from nascent C60 and by Poincaré fluorescence resulting from an inverse
internal energy conversion in C60.

[1] Brieva, A., Gredel, R., Jäger, C., & Henning, Th. (2016): C60 as a probe for astro-
physical environments, ApJ , accepted
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5.10 First Time-dependent Study of H2 and H+
3

Ortho-Para Chemistry in the Diffuse

Interstellar Medium: Observations Meet

Theoretical Predictions

Dmitry Semenov, Thomas Henning

Introduction

The chemistry in the diffuse interstellar medium (ISM) initiates the evolution of molecular
complexity at the onset of star formation. A key molecule that enables build-up of new
molecules via proton donation is H+

3 . The chemistry of H+
3 is tightly related to molecular

hydrogen and thought to be well-understood both from theoretical and laboratory chem-
istry points of view. However, recent observations of ortho- and para-forms of H2 and
H+

3 in the diffuse ISM showed a discrepancy in their nuclear spin excitation temperatures
and populations. H+

3 , unlike H2, seems to be out of thermal equilibrium, contrary to the
expectations from modern astrochemical models.

The Puzzle of the H2 and H+
3 Ortho-Para Chemistry in the Diffuse

ISM

We conducted the first time-dependent modeling of the para-fractions of H2 and H+
3 in

the diffuse ISM and compared our results to a set of line-of-sight observations, including
new measurements obtained with CRIRES@VLT. For that, we employed our extended
deuterium fractionation network (see contribution § 5.11). The deuterium network was
supplied with an additional set of ortho- and para-states and nuclear spin state exchange
processes for H2, H+

2 , and H+
3 and their isotopologues.

In order to ease the modeling and further chemical analysis, we first isolated a limited set of
key processes that governs the evolution of H2 and H+

3 . Next, we used this reduced network
and modeled the chemical evolution for a range of physical conditions representative of
the diffuse ISM. The “standard” model (“S”) has a hydrogen gas density nH = 10 cm−3,
ζCR = 10−16 s−1, AV = 0.5 mag, and temperatures 10− 100 K (with the H+

3 DR rates of
[?]). The initial ortho/para ratio of H2 is still unknown for the ISM; therefore we assumed
two values: 1 : 10, characteristic of low temperatures . 20 K, and 3 : 1, characteristic
of warm temperatures ∼ 100 K. In addition, we considered several other models with
different CR ionization rates, densities, and chemical ages.
We found that the destruction of the lowest rotational states of H+

3 by dissociative recom-
bination with electrons effectively controls its ortho/para ratio. A plausible agreement
with observations cannot be achieved, unless a ratio larger than 1:5 for the destruction of
(1, 1)- and (1, 0)-states of H+

3 is assumed, see Fig. 5.16. This is the dominant parameter
with which one can explain the observations as a whole. An increased CR ionization rate
of 10−15 s−1 further improved the fit.
In contrast, variations of other physical parameters, such as density and chemical age, had
only a minor effect on the predicted ortho/para ratios. Thus our combined observational
and theoretical study demonstrates that our basic understanding of interstellar chemistry
is still limited by the uncertainties in the laboratory data. We conclude that more accurate
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laboratory measurements of the dissociative recombination rate and branching ratio of
the key ion H+

3 under interstellar conditions are required.

– 16 –

with time. As we adjust the DR branching ratio for (1,0)− and (1,1)−H+
3 towards unity, the overall p3 values

increase, most notably at low temperatures, and approximately at a ratio of 1 : 5 the time dependence is
reversed, and the p3 values begin to slowly increase with time. The key conclusion is that while the total
DR rate coefficient does not play a significant role as long as the branching ratio is ! 1:5, a DR branching
ratio approaching unity for (1,1)− and (1,0)−H+

3 is necessary in order to reproduce the observed distribu-
tions. Furthermore, the H+

3 / H2 ratios in the “D” model are not significantly affected by variations in the
DR branching ratio, the H+

3 / H2 values are similar to those predicted for the “S” model.
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Fig. 5.— The p3 and p2 values calculated with the standard chemical model for 1 Myr (dashed line) for
temperatures of 10 - 100 K, with variations in the total DR reaction rates. DR rates are increased by a factor
of 2 (dotted line, model “2X”) and also combined with an increase in chemical age to 107 years (long dashed
line, model “2X+T”) and an increase CR rate to 10−15 s−1 (solid line, model “2X+C15”). Observations are
shown with error bars.

It is clear that the increased DR rate of ortho−H+
3 improves the fit to observations, but the question

remains if a higher total DR rate can also affect results, while the relative rate between (1,1)− and (1,0)−H+
3

remains the same. In Figure 5 we compare the results of increasing the total DR rate in the “S” model by
a factor 2 (dotted line, model “2X”) which significantly improves the fit. Because the p3 value is largely
determined by the ratio between thermalization and DR processes, an increase in the DR rate can also be con-
sidered the same effect as if the thermalization process is slowed down, as was discussed by Crabtree et al.
(2011) (see their Figure 6).

Figure 5.16: The para-H+
3 /H+

3 and para-H2/H2 values calculated with the diffuse ISM
chemical model at 1 Myr for temperatures of 10− 100 K (dashed line). Additional models
are: a) DR rates are increased by a factor of 2 (dotted line; model “2X”), b) as a) but
with a chemical age of 10 Myr (long dashed line; model “2X+T”), and c) CR ionization
rate increased to 10−15 s−1 (solid line; model “2X+C15”). Observations are shown as
thick dots with error bars.

Work done in collaboration with Tobias Albertsson (MPIfR, Bonn), Nick Indriolo (John
Hopkins Univ., USA), Holger Kreckel (MPIfK, Heidelberg), and Kyle Crabtree (CfA,
USA).

[1] Albertsson, T., Indriolo, N., & Kreckel, H. (2014): First Time-dependent Study of
H2 and H+

3 Ortho-Para Chemistry in the Diffuse Interstellar Medium: Observations
Meet Theoretical Predictions, ApJ 787, 44
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5.11 A New Deuterium Model for Astrochemistry

Dmitry Semenov, Thomas Henning

Introduction

The newly constructed Atacama Large Millimeter Array, NOEMA interferometer, and
other future facilities allow us to study processes of star and planet formation at unprece-
dented levels of detail. The increased sensitivity facilitates spatially-resolved observations
of various key observational tracers, such as CO, NH3, HCO+, and, for the first time,
the weaker lines of numerous minor isotopologues. In this regard deuterated species have
proven to be particularly useful probes of temperature and thermal history, ionization
degree, and, possibly, chemical age of the ISM.
Deuterium fractionation is driven by the redistribution of elemental deuterium from HD
via ion-molecule reactions with H+

3 and CH2H+ and C2H+
2 . Due to zero-point vibrational

energy differences between the species with D and H atoms, the backward reactions pos-
sess barriers of ∼ 100− 500 K, leading to the deuterium enrichment at . 30 K (for H+

3 )
and . 80 K (for the hydrocarbon ions). The newly formed deuterated ions react with
other molecules, such as CO and N 2, doping these species with the D excess. Deuterium
fractionation also proceeds via surface chemistry, particularly when many molecules be-
come frozen onto the grains at T . 20 K. All these primary and secondary processes lead
to the varying degrees of deuterium enrichment in gaseous and icy species, some of which
may retain a “memory” of pristine conditions in the environment.

New deuterium model, its predictive power and limitations

To facilitate analysis of the observations of deuterated species, we developed a new, pub-
licly available chemical network with multi-deuterated species and an up to date set of
gas-phase and surface reactions in [1], see http://www.mpia.de/science/codes-software.
The deuterated network was constructed by cloning all H-bearing species and reactions
with D (with the exception of the −OH groups). Primal isotope exchange reactions for
H+

3 as well as CH+
3 and C2H+

2 were included, and a statistical branching approach to the
rates of cloned reactions was applied.
We simulated deuterium fractionation chemistry under the dark ISM conditions, using
a grid of 1 000 points covering temperatures of 5 − 150 K, densities of 103 − 1010 cm−3,
and an extinction A V = 10 mag. Two cases of initial abundances are considered: (i)
atomic except for H2 and HD, and ii) molecular from a prestellar core model. With our
deuterium model, the observed D/H ratios of many deuterated molecules were successfully
reproduced, including D/H ratios of H2O, HCN, HCO+, etc. Molecules were sorted in
3 groups according to their sensitivity to either past temperatures or initial abundances.
Most of simple gaseous species have D/H ratios equilibrated at the local gas temperature,
while multiply-deuterated species produced via icy chemistry retain enhanced D/H ratios
from the cold phase even at T > 100 K, e.g. methanol, formaldehyde, formic acid, etc.
(see Fig. 5.17).
To better understand the limitations of the extended deuterated network, where many
reaction rates were merely “educated” guesses, we performed a sensitivity analysis of
the uncertainties of the gas-phase reaction rates. The intrinsic abundance uncertainties
increase with the size of the molecule and number of D-atoms, and are factors of ∼ 3−10
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for the species made of 2 − 6 atoms. Their calculated D/H ratios are also uncertain by
factors of ∼ 10. We also isolated and presented a set of the most problematic reactions
for deuterium chemistry to be studied in laboratories or by quantum chemistry. Finally,
we identified deuterated species that could potentially be discovered with ALMA in the
ISM, such as e.g. D2S, HDCS, H2DO+.
The results of our work were used in further studies of deuterium chemistry by other
groups, including the origin of solar nebula organics (Cleeves et al. 2016, astro-ph 1601.07465),
interpretation of the ISM observations [2], and as a guide for laboratory experiments
(O’Connor et al. 2015, ApJS 219, 6).

Figure 5.17: D/H ratios as a function of temperature for the atomic (left) and molecular
(right) initial abundances. Shown are H2D+, CH2D+ and HDO at a density nH = 104

cm−3 and for three ages: 104, 105, 106 years. Note that the water D/H ratio is not equi-
librated to the local temperature if its initial chemical evolution occurred at a cold phase
(right panel).

Work done in collaboration with Tobias Albertsson (MPIfR, Bonn), Anton Vasyunin
(MPE, Garching bei München), and Eric Herbst (Univ. of Virginia, USA).

[1] Albertsson, T., Semenov, D., & Vasyunin, A. (2013): New Extended Deuterium
Fractionation Model: Assessment at Dense ISM Conditions and Sensitivity Analysis,
ApJS 207, 27

[2] Gerner, Th., Beuther, H., & Semenov, D. (2014): Chemical evolution in the early
phases of massive star formation. I, A&A 563, 97
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5.12 Resolving the chemical substructure of

Orion-KL

Siyi Feng, Henrik Beuther, Thomas Henning, Dima Semenov

Goals and method

It is known that the chemical properties of molecular clouds and star-forming regions
change dramatically during the evolution of the interstellar medium (ISM) and, in par-
ticular, during the formation processes of stars. While these clouds start very cold at
temperatures below 20 K and at low densities, the gas and dust temperatures reach sev-
eral 100 K and more during the formation process, and at the same time, the densities
increase by several orders of magnitude. This environment is very favorable to form
complex molecules (e.g., Fig. 5.18). However, particular during the formation of mas-
sive stars, many physical processes take place simultaneously, and such a cluster-forming
clump does not show the same physical and chemical properties throughout. For exam-
ple, some sub-cores may already have an embedded inner heating source whereas other
sub-cores may still be colder and more pristine. Furthermore, jets form that impact on
the ambient gas creating shocks which also alter the chemistry. These particularities are
all still pretty poorly constrained, which is partly due to the observational difficulty to re-
solve the spatial sub-structures at the typically large distances of high-mass star-forming
regions.

Figure 5.18: Example spectra taken towards the Orion hot core position.
To study and resolve the chemical sub-structure in high-mass star formation, we selected
the nearest massive star-formation complex Orion-KL at 414 pc distance, and observed
it with the Submillimeter Array (SMA) and the IRAM 30 m telescope. Combining these
two data sets is crucial because only then we can resolve the substructure (SMA) and,
at the same time, recover all the flux (IRAM 30 m), which is essential to derive accurate
column densities and abundances.

Chemical substructure

Figure 5.19 shows a compilation of several of the molecular line maps derived from this
combined data. Already at first sight, it is obvious that a large spatial variety between
the different species does exist. We then estimated the rotation temperature for each
substructure, along with their molecular column densities and abundances.
While we resolve continuum substructures on∼ 3′′ angular scale, we identify lines from the
low-abundance complex organic molecules (COMs) CH3COCH3 and CH3CH2OH, as well
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Figure 5.19: Example integrated molecular line maps toward the Orion-KL high-mass
star-forming region [1]. The color-scale in all panels present the marked molecular species
(with given frequencies) whereas the contours show the 1.2 mm continuum emission. The
crosses denote additional sources in this region, and the green lines in the top-left panel
mark the two main outflow directions.

as tentatively detect CH3CHO and long carbon-chain molecules C6H and HC7N. While
most COMs are segregated by type, peaking either towards the hot core (e.g., nitrogen-
bearing species) or the compact ridge (e.g., oxygen-bearing species like HCOOCH3 and
CH3OCH3), the distributions of others do not follow this segregated structure (e.g.,
CH3CH2OH, CH3OH, CH3COCH3). Furthermore, we find a second velocity component
of HNCO, SO2, 34SO2, and SO lines, which may be associated with a strong shock event
in the low-velocity outflow. In general, the temperatures and molecular abundances show
large gradients between central condensations and the outflow regions, illustrating a tran-
sition between hot molecular core and shock-chemistry dominated regimes.
These observations of spatially resolved abundance variations in Orion-KL provide the
nearest reference source for hot molecular core and outflow chemistry, which will be an
important example for interpreting the chemistry of more distant high-mass star-forming
regions.

Work done in collaboration with Aina Palau from the University of Morelia, and Elisabeth
Mills from NRAO.

[1] Feng S., Beuther H., Henning Th., Semenov D., Palau A., & Mills E.A.C. (2015):
Resolving the chemical substructure of Orion-KL, A&A 581, A71
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5.13 Ultra-Low-Temperature Reactions of Carbon

Atoms with Hydrogen Molecules

Serge A. Krasnokutski, Cornelia Jäger, Thomas Henning

According to different estimations, a large portion of carbon in the interstellar medium
(ISM) exists in the form of an atomic gas, and the most abundant molecule present in
the ISM is dihydrogen. Despite its fundamental importance for astrochemistry, up to now
not much is known about chemical reactions between carbon atoms and dihydrogen.
Studies of C + H2 → CH + H reactions performed at high temperatures suggest the
presence of an energy barrier between H2 + C, CH2, HCH, and CH + H states, meaning
extremely low reaction rates for both reaction directions at low temperatures. However,
the prediction of the reaction rates at low temperatures, based on the high temperature
results, is often an origin of large errors. There are no experimental studies of these
reactions at low temperatures, while all quantum chemical computations performed do
not find any notable energy barrier in the reaction pathways.
We investigated the reaction of carbon atoms with dihydrogen inside superfluid helium
nanodroplets [1]. All species picked up by the droplets adopt their temperature (T =
0.37 K) on a subnanosecond time scale. Therefore, all reactants equilibrate to this well
known temperature before they meet and react with each other.

Calorimetry measurements

Helium droplets with an estimated mean size of 1.2 × 104 helium atoms were used. The
energy released in the reaction inside helium droplets leads to the evaporation of the
droplets and reduction of their sizes. As a result, a smaller amount of helium atoms
arrive at the detector chamber. Therefore, the pressure in the detector chamber shows
the flux of the helium droplet beam and the depletion of this beam flux shows the amount
of the energy released in the reaction. We monitored the depletion caused by the doping
of helium droplets with carbon atoms in the first pick-up chamber. In the second pick-
up chamber, the helium droplets could be doped with another reactant (Ar or H2). We
obtained 21.2%, 20.9%, and 27.5% for the depletion of the beam of helium droplets, when
the second pick-up chamber is empty, filled with Ar, and H2, correspondingly. A heat of
evaporation of a single He atom is about 5 cm−1. Assuming an extra 7% depletion when Ar
gas is replaced with dihydrogen, we estimate the lower limit of the energy released in the
droplets to be about 4200 cm−1. The real reaction energy is expected to be much higher,
as not all helium droplets contain both reactants. This estimate is only consistent with
the reaction leading to the formation of the HCH molecule. Therefore, our experiment
is in line with the results of quantum chemical computations that predict the barrierless
reaction C + H2 → HCH.

Mass spectrometry detection

In mass spectrometry experiments, larger helium droplets (up to 105 He atoms) were used.
Figure 5.20 shows the mass spectra of helium droplets doped with dihydrogen alone and
together with carbon atoms. As can be seen from the figure, switching on the atomic
carbon source leads to the reduction of the number of ions of pure hydrogen clusters.
At the same time, there are new peaks assigned to the different hydrocarbon molecules.
Practically all hydrocarbon cations CmH+

n with m = 1− 4 and n = 1− 15 are produced.
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Figure 5.20: (left) Mass spectra of helium droplets doped with H2 molecules only (black)
and with H2 molecules and 13C atoms together (red). Insets show the same mass spectra
in a different scale. (right) Ion signals on the masses corresponding to the products of
chemical reactions between carbon atoms and dihydrogen molecules.

The chemical and physical processes occurring after the electron impact ionization of
doped helium droplets have some similarities to the processes occurring in the ISM. In
both cases, a large amount of energy is inserted into a cold molecule. In the helium droplet
experiment, the energy arises due to the charge transfer from the initially formed He+ to
a dopant. This energy is the difference between ionization potentials (IPs) of helium and
a dopant (< 13.3 eV). In H I regions of the ISM, the energy is brought to a molecule by
UV photons hν < 13.6 eV. The input of a large amount of energy leads to the breaking
of weak bonds and, therefore, to the formation of the most stable species. Therefore, the
appearance of the ”magic” peaks in the mass spectra is particularly interesting.
The assignment of the most pronounced ”magic” peak to the CH+

5 suggests that the
relative abundances of the CH+

5 among other hydrocarbon cations present in the ISM could
be much higher than considered previously. Due to the top down formation, this could be
particularly pronounced in the colder areas at extinctions AV > 6. In spite of thorough
studies of this cation only the IR spectrum is available up to date. At the same time, the
high rate of CH+

3 + H2 radiative association suggests the presence of electronic states of
CH+

5 lying below or just a little above the CH+
3 + H2 dissociation limit and, consequently,

the presence of absorption bands in the NIR range. Therefore, further studies in this
direction seems to be necessary. In particular, the spectral characterization of the cation
in the optical and NIR ranges should help to locate the possible excited electronic states
and to understand its influence on the spectral properties of the ISM.

Work done in collaboration with Martin Kuhn, Michael Renzler, and Paul Scheier from
Institute for Ion Physics and Applied Physics, Innsbruck, Austria.

[1] Krasnokutski, S. A., Kuhn, M., Renzler, M., Jäger, C., Henning, Th., & Scheier,
P. (2016): Ultra-low-temperature reactions of carbon atoms with hydrogen molecules,
ApJL 818, L31
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5.14 Chemodynamical Deuterium Fractionation in

the Early Solar Nebula: The Origin of Water

on Earth and in Asteroids and Comets

Dmitry Semenov, Thomas Henning

Introduction

The history of formation and evolution of water throughout star formation process is
one of the key topics in molecular astrophysics (van Dishoek et al. 2014, Protostars and
Planets VI, 835). The particular interest to this molecule is related to its importance as
a key ingredient for life. Water is one of the most abundant molecules in space, with a
relative abundance of ∼ 10−4 with respect to that of hydrogen. Water plays an important
role in thermal balance of the gas due to its rich ro- vibrational spectrum, which makes
water vapor an efficient gas coolant. In dense, colder, . 100− 150 K environments water
remain frozen onto dust grains, forming a dominant ice mantle component that regulates
the pace of surface processes. The presence of water ice on small dust makes grains more
sticky and hence facilitates grain growth in protoplanetary disks s. § ??. Lastly, water is
a universal solvent, regulating cellular biochemistry.
In the context of the solar system, it is important to understand how much water was
present on early Mars, subsurface oceans of Europa and Ganymede, and how it is origi-
nated on Earth. The prevailing hypothesis is that Earth has formed in a “dry” part of the
solar nebula at 1 au, where planetesimals had very little frozen or chemically-bound water,
and that water has been delivered on Earth by water-rich veneers during the Late Heavy
Bombardment. The main debates are about the primary source of these veneers: either
these were carbonaceous asteroids that have formed at radii & 2 − 3 au or comets that
have formed in more outer region & 5 au. One of the hints to answer this question comes
from observations and measurements of the D/H water ratio in comets and meteorites,
and its theoretical interpretation.

The Origin of Water on Earth and in Asteroids and Comets:
Clues from Deuterium Chemistry

In our paper by [1], we tried to reconstruct the isotopic and chemical evolution of water in
the early solar nebula, before the onset of planetesimal formation. For that, we employed
a 1+1D physical structure of a steady-state, flaring protoplanetary disk with α = 10−2

viscosity and parameters of the solar nebula. We focussed on the early phases of the
nebula, when the solids were still are mainly in the form of small, (sub-)µm-sized dust
grains. A gas-grain chemical model from s. § ?? that includes deuterium fractionation
and nuclear spin-states processes was combined with the physical model of the nebula.
To calculate initial abundances, we simulated the 1 Myr of the evolution of a dense,
TMC1-like prestellar core. Two time-dependent chemical models of the solar nebula were
calculated over 1 Myr: (1) the laminar model and (2) the model with 2D-turbulent mixing.
We surprisingly found that both these models were able to reproduce the Earth ocean’s
water D/H ratio of ≈ 1.5 × 10−4 at the location of the asteroid belt, . 2.5 − 3 AU,
see Fig. 5.21. Note that a transition from predominantly solid to gaseous water occurs
between 2–3 au in the both models. Turbulent mixing is not fast enough in transporting
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the ice-coated grains from outer colder region into the ice-poor inner zone. Thus the
planetesimals, from which Earth would later form, remain water-poor. We found that
the radial increase of the H2O D/H ratio outward is shallower in the nebular model with
2D-mixing. This is related to more efficient de-fractionation of HDO via rapid gas-phase
processes, as the 2D mixing model allows the HDO ice to be transported either inward
and thermally evaporate or upward and photodesorb, and more efficient formation of H2O
ice due to atomic oxygen transported from upper layers towards the midplane.
The laminar model shows the Earth water D/H ratio at r . 2.5 AU, while for the
2D chemo-dynamical model this zone is larger, r . 9 AU (taken uncertainties in the
calculated abundances and D/H ratios of the factor of ∼ 3). Similarly, the water D/H
ratios representative of the Oort-family comets, ∼ 2.5 − 10 × 10−4, are achieved within
∼ 2 − 6 AU and ∼ 2 − 20 AU in the laminar and the 2D model, respectively. All in
all, both laminar and chemo-dynamical models provide reasonable water D/H ratios for
carbonaceous chondrites and short- and long-periodic comets. Thus our study supports
the idea of the exogenous origin of the Earth ocean’s water, albeit we can’t say precisely
whether it was brought up with asteroids or comets.

The Astrophysical Journal, 784:39 (11pp), 2014 March 20 Albertsson, Semenov, & Henning
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Figure 3. Same as Figure 2 but for HDO.
(A color version of this figure is available in the online journal.)
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Figure 4. Radial distributions of the D/H ratios of the total water budget in
the solar nebula between 1–30 AU at 1 Myr are shown, both for the laminar
(solid line) and the 2D mixing model (thick dashed line). The thickness of these
lines reflects the uncertainties in the calculated water abundances, a factor of
∼2 (Vasyunin et al. 2008). The elemental D/H ratio of 1.5 × 10−5 is indicated
by the thin straight solid line at the bottom (Stancil et al. 1998; Linsky 2003).
The D/H ratio for water in the cold interstellar matter, 3 × 10−2, is depicted
by the thick solid line at the top (our model). The Earth ocean’s water D/H
ratio, 1.59 × 10−4 (Lecuyer et al. 1998), is marked by the straight blue dashed
line. The water D/H ratios in the Oort-family comets, which are a few times
higher than the Earth value, are shown with the red rectangle filled with lines
and denoted by “OFC” on the plot (see Table 2).
(A color version of this figure is available in the online journal.)

planetesimals that were able to reach 1 AU without complete
loss of volatile materials.

The resulting distribution of the D/H ratio for the total water
budget (ice plus vapor) is shown in Figure 4. The water D/H ratio
of the Earth’s oceans and the measured value in carbonaceous
meteorites (“Earth”) are shown for comparison, also similar to
what is observed in Jupiter-family comets. The D/H ratios for
the Oort-family comets (“OFC”) are also indicated.

As can be clearly seen, the laminar model shows the Earth
water D/H ratio at 0.8–2.5 AU, whereas for the 2D chemo-
dynamical model such a low D/H value extends toward larger
radii, !9 AU. Similarly, the elevated water D/H ratios represen-
tative of the Oort-family comets, ∼2.5–10 × 10−4, are achieved
within ∼2–6 AU and ∼2–20 AU in the laminar and the 2D
model, respectively. The reason for this behavior is a shallower
radial gradient of the water D/H ratio in the 2D mixing model.
Turbulent mixing slowly transports some of the water ice into
warmer or irradiated regions where it desorbs and is quickly

defractionated by ion-molecule and dissociative recombination
processes in the gas phase. As a consequence, lower water D/H
ratios can be retained farther out in the nebula, which seems to
be more consistent with the delivery of water to Earth by comets.
Both the laminar and the mixing nebular models have the Earth’s
oceans and the Jupiter-family comet water D/H ratios at radii
∼2–3 AU, where carbonaceous chondrites are believed to have
formed. Thus both the laminar and dynamical nebular model
can reproduce the water D/H ratios observed in carbonaceous
asteroids. With regard to the water isotopic composition and the
origin of the Jupiter-family and Oort-family comets, the mixing
model seems to be favored over the laminar model. It allows for
a larger region for their formation with the appropriate water
D/H ratios, extending to the distance of ∼10–30 AU.

We have also studied how other processes may affect the
results of our chemical modeling. First, given observational
evidence for the presence of bigger grains in protoplanetary
disks (e.g., Testi et al. 2003; van Boekel et al. 2005; Rodmann
et al. 2006; Bouwman et al. 2008; Pérez et al. 2012), for reviews
see Natta (2008); Henning & Meeus (2011), we have increased
the uniform grain sizes to 1 and 10 µm and calculated the nebular
water D/H ratios. The average 1 µm and 10 µm grain sizes
imply 10 and 100 times smaller surface area (per unit volume of
gas), respectively, making gas–grain interactions less prominent
and allowing the high-energy radiation to penetrate deeper into
the disk. The thermal desorption rates are independent of the
grain size, whereas the cosmic-ray particle (CRP)-desorption
rate depends on the grain size only weakly (Léger et al. 1985).
The overall photodesorption rate increases because the nebula
becomes more UV-transparent.

In contrast, the accretion rate onto the grains decreases when
the total grain surface area per unit gas volume decreases. Con-
sequently, in the inner warm nebular region at r ! 10–20 AU
the amount of gaseous water increases by a factor of ∼10 for
adust = 1 µm and ∼100 for adust = 10 µm, respectively, but it
still constitutes only a tiny fraction of the total water budget. As
a result, the water D/H ratio is not significantly affected, and
the three modeled D/H radial distributions are within the uncer-
tainties of the calculated D/H values (see Vasyunin et al. 2008;
Albertsson et al. 2013). The same is found for the nebular model
with the standard grains but 100 times lower UV-desorption
yield of 10−5.

Next, we studied how the calculated water D/H ratios
are affected if only a limited set of the nuclear spin-state

5

Figure 5.21: The radial distributions of the D/H ratios of the total water budget in the
solar nebula between 1− 30 AU at 1 Myr are shown, both for the the laminar (solid line)
and the 2D-mixing model (thick dashed line). The thickness of these lines reflects the
uncertainties of the factor of ∼ 2 in the calculated water abundances. The elemental D/H
ratio of 1.6×10−5 is indicated by the thin straight solid line in the bottom. The D/H ratio
for water in the cold ISM, 3 × 10−2, is depicted by the thick solid line in the top. The
Earth ocean’s water D/H ratio, 1.55 × 10−4, is marked by the straight blue dashed line.
The water D/H ratios in the Oort-family comets, which are a few times higher than the
Earth value, are shown with the red rectangle filled with lines and denoted by “OFC” on
the plot.

Work done in collaboration with Tobias Albertsson (MPIfR, Bonn).

[1] Albertsson, T., Semenov, D., & Henning, Th. (2014): Chemodynamical Deuterium
Fractionation In The Early Solar Nebula: The Origin Of Water On Earth And In
Asteroids And Comets, ApJ 784, 39
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5.15 How Well Does Extinction Trace Dust at

100pc: IFU+Herschel Observations of M31

Neven Tomicic, Kathryn Kreckel, Eva Schinnerer

The three-dimensional dust distributions relative to emitting material results in different
attenuation of stellar light and nebular emission lines, so it is critical to know the correct
dust geometry when interpreting optical emission from star-forming galaxies. A compar-
ison of the dust attenuation with the dust mass surface density for kpc-scale regions in a
sample of nearby galaxies finds that neither a strict foreground screen model nor a mixed
model (where stars and dust are well mixed) explain the observations [1], possibly due to
mixing of different geometries within the large spatial scales. We explore this at 100 pc
spatial resolution using five 680pc ×900pc fields in our neighboring galaxy M31.

Figure 5.22: Our five fields in M31, overlaid on a Herschel far-IR 350µm image, are
centered on HII regions and cover a range of galactic radii. Hα line emission is convolved
from the observed resolution (8pc, left) to match the far-IR observations (100pc, right).

We map the optical line emission using the PMAS/PPAK IFU spectrograph at the Calar
Alto 3.5m telescope. We calculate the extinction, AV , by measuring the optical reddening
of the Balmer lines, assuming a Calzetti attenuation law. The dust mass is modeled from
the far-IR spectral energy distribution using MPIA Guaranteed Time Herschel imaging
combined with archival Spitzer data [2].
We find that our M31 data closely follows the foreground screen model, unlike the nearby
galaxies studied at kpc scales [?]. However, binning/convolving our data to the lower
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Figure 5.23: Optical extinction (AV ) and dust mass surface density (ΣMdust) for M31 [2]
and nearby galaxies [1]. The full (dashed) line represents a foreground screen (mixed)
model. Colored lines indicate how the foreground screen model is modified by the presence
of (un-attenuated) diffuse gas, for a range of diffuse gas fractions.

resolution of the nearby galaxies study does not change this result. We find that adding a
component of faint, diffuse ionized gas emission can modify the foreground screen model
to fit both the M31 and nearby galaxies data (Fig. 2). This suggests a relatively low (20%)
diffuse fraction in M31 compared to the 40-60% needed to model the nearby galaxies.

Work done in collaboration with Brent Groves (Australian National University, Aus-
tralia), Karin Sandstrom (University of Arizona, USA) and Adam Leroy (Ohio State
University, USA).

[1] Kreckel, K., Groves, B., Schinnerer, E., et al. (2013): Mapping Dust through Emission
and Absorption in Nearby Galaxies, ApJ 771, 62

[2] Draine, B., Aniano, G., Krause, O., et al. (2014): Andromeda’s Dust, ApJ 780, 172
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5.16 Short GMC Lifetimes in M51 with PAWS

Sharon Meidt, Eva Schinnerer, Annie Hughes, Dario Colombo,
Miguel Querejeta

What sets the rate at which molecular clouds form stars?

The cold (dense) molecular phase of the interstellar medium (ISM) is thought to be
organized into nearly gravitationally bound ’clouds’ close to virial equilibrium. Thus
the timescale over which molecular clouds collapse to form stars places an important
constraint on the rate at which galaxies consume their gas reservoirs. However, the
mechanism that controls this star formation rate is highly debated. Thus the observed
cloud lifetime can provide important insights in the star formation process and potentially
a fundamental limit on the star formation timescale in galaxies. To measure the cloud
lifetime we need information on the properties (mass, surface density, velocity dispersion)
of molecular clouds in a galactic disk as offered by the PdBI Arcsecond Whirlpool Survey
PAWS, see § ??. Our newly developed method to measure cloud lifetimes allows for an
unprecedented study of the ISM cycling in a galactic disk [1].

A new method for measuring cloud lifetimes

arm armzone I zone II

azimuthal phase φ

time

cloud trajectory

Radius

Figure 5.24: Clouds (blue ellipses) in the inter-
arm environment (marked by solid black lines)
between two spiral arms (blue diagonal lines).
The number/properties of clouds on either side
of the midpoint of the inter-arm (black dashed
line) are compared. Here the trajectory of clouds
through the inter-arm is in the horizontal direc-
tion (indicated by arrows).

Our new measurement method is dis-
tinctly different from the standard ap-
proach, which requires a catalog of
star forming sites (i.e. HII regions,
young stellar clusters) to time-stamp
and, thus establish the cloud life-time.
We use galactic rotation to establish a
fiducial clock and monitor changes in
the number and properties of clouds
across a region. In our case this re-
gion is bounded in azimuth by the spi-
ral arms and allows for assessing the
rate at which clouds are destroyed,
thus constraining the cloud lifetime (see
Fig. 5.24). The new approach gives
us a powerful way to measure the life-
time when cloud destruction is inde-
pendent of the process of star formation
(feedback) and instead due to external
agents such as shear (from galactocen-
tric rotation and other bulk motions in
the galaxy gravitational potential).
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Short cloud lifetimes due to shear and star formation feedback
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Figure 5.25: Radial profile of cloud lifetime
measured for M51’s inter-arm cloud popula-
tion. The estimates based on our new method
(solid black line) is consistent with the shear
timescale (black dotted line), but inconsistent
with the time required to travel across the
inter-arm region (black dashed line). The set
of dashed gray lines show two other indepen-
dent cloud lifetime estimates based on mass
continuity; see [2].

Our results show that the measured cloud
lifetime is similar to the shear timescale
at radii R ≤ 60” (Fig. 5.25). This is in-
triguing as the dynamics and global pat-
tern of star formation in M51 suggest that
there is a radial zone in which cloud de-
struction should primarily be driven by
shear: at radii R<60” star formation is
suppressed in M51 see § ??, and here shear
likely dominates. For larger radii at R>60”
significant star formation is observed and
thus star formation feedback becomes im-
portant. In a regime where star forma-
tion feedback dominates cloud destruction,
cloud formation and destruction rates are
similar. This implies that our measure-
ment is likely an overestimate. Interest-
ingly, Figure 5.25 shows a marked change
in the behavior of the measured lifetime
at R ∼ 60” consistent with the radial
change in star formation intensity. We
have also identified a change in the cy-
cling of material between catalogued clouds
(with known masses) and the surrounding

gas that is consistent with shear (feedback) dominating cloud destruction at R<60”
(R>60”).

Work done in collaboration with the PAWS team, in particular: A. Leroy, T. Thompson
(OSU), C. Dobbs (U. Exeter), S. Garcia-Burillo (OAN), J. Pety, G. Dumas, K. Schuster,
C. Kramer (IRAM).

[1] Meidt, S. E., Hughes, A., Dobbs, C., Pety, J., Thompson, T. A., Garcia-Burillo,
S.,Leroy, A., K., Schinnerer, E., Colombo, D., Querejeta, M., Kramer, C., Schuster,
K. F., Dumas, G. (2015): Short GMC Lifetimes: An observational estimate with
PAWS, ApJ 806, 72

[2] Meidt, S. E., Schinnerer, E., Garcia-Burillo, S., Hughes, A., Colombo, D., Pety, J.,
Dobbs, C., Kramer, C., Schuster, K. F., Leroy, A., K., Dumas, G.,Thompson, T. A.,
(2013): Gas Kinematics on GMC Scales in M51 with PAWS: Cloud Stabilization
through Dynamical Pressure, ApJ 779, 45
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5.17 A High Resolution View on ISM Properties

Fatemeh Tabatabaei and Eva Schinnerer

Nearby galaxies provide ideal laboratories for studying astrophysical processes that reg-
ulate the evolution of galaxies, among them the interplay between star formation and
interstellar medium (ISM). The Spitzer and Herschel space telescopes have made major
breakthroughs in this area, by mapping the emission from dust and the gas content of
galaxies with unprecedented spatial resolution. Two other ISM components, magnetic
fields and cosmic ray electrons (CREs), are best studied at radio wavelengths, in par-
ticular, interferometric radio observations allowed for the mapping of the magnetic field
strength and cosmic ray electron energy index in the Local Group galaxy M33 at <0.5
kpc resolution. Taking full advantage of the infrared (IR) and radio surveys of M33 and
M31, we have addressed the following questions: 1) Do physical properties of dust vary
with environment in a galaxy? 2) Why does the radio-IR correlation change at sub-kpc
scales in galaxies?

Figure 5.26: ISM components in M 33: dust emissivity index β (left), warm (middle) and
cold (right) dust mass surface density both in units of µgcm−2.

A Cloud-Scale Study of Dust in M33

M33 is a Local Group spiral with slightly sub-solar metallicity, which makes it an ideal
stepping-stone to less regular and lower-metallicity objects such as dwarf galaxies. The-
oretically, the change of the dust spectrum and its emissivity index β depend on grain
properties such as structure, size distribution, or chemical composition. These properties
may be affected by different physical/environmental processes like shattering, sputtering,
grain-grain collisions (mainly due to shocks), condensation of molecules onto grains, and
coagulation. The combination of Herschel and Spitzer data allowed us, for the first time,
to map β in a galaxy at ∼40pc pixel resolution (see [1]) and study it as a function of
position and environment across the disk of M33. β is about the Galactic value of ∼1.8 in
the inner disk and smaller (∼1.5) in the outer disk (Fig ??). The dust temperature also
declines toward the outer disk as the radiation field decreases. β is positively correlated
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with star formation and the molecular gas column, as traced by the Hα and CO emission.
The lower β in the outer parts of M33 is most likely caused by the reduced metallicity (dif-
ferent grain composition) and possibly a different grain size distribution. The decrease
in stellar radiation field or temperature cannot explain the drop as far-infrared-bright
regions in the outer disk also have a low β.

Dissecting the Resolved Radio-IR Correlation in Galaxies

The correlation between radio and IR continuum emission from galaxies is one of the
tightest known in astronomy. The global radio-IR correlation is nearly linear and invariant
over four orders of magnitude in luminosity and holds for all kinds of star forming galaxies.
The linearity of the correlation is conventionally attributed to a common dependence of IR
and radio emission on massive star formation. Massive stars heat the dust and ionize the
gas leading to thermal dust emission and thermal (free-free) radio emission. The same
stars are progenitors of supernova remnants (SNRs) that produce cosmic ray electrons
(CREs) radiating synchrotron emission. However, an important omission in this simple
picture is the role of magnetic fields that determine the intensity of the synchrotron
emission with about the square of the field strength.
Only recently variations in the radio-IR correlation became apparent when using resolved
studies of nearby galaxies; and on the smallest scales considered the correlation even
breaks down. We have studied the radio-IR correlation as a function of spatial scale
in the nearby galaxies M33, M31, NGC6946, M51, and the LMC (see [2]). We find
that the smallest scale where the correlation still holds is not the same in all galaxies.
Furthermore, this scale changes proportionally to the diffusion length of CREs that is set
by the regularity of the magnetic fields (Tabatabaei et al. 2013). In other words, a higher
ordered-to-turbulent magnetic field ratio helps the CREs to propagate easier towards
larger scales. In this case, a balance between the CREs/magnetic fields and gas pressures,
as the primary physical condition for the radio-IR correlation could hardly occur on small
scales leading to a break in the radioIR correlation. These studies demonstrate the first
observational evidences of the importance of interstellar magnetic fields for the radioIR
correlation.

Work done in collaboration with E.M. Berkhuisen, R. Beck (MPIfR), P. Frick (ICMM)
and the HerM33es collaboration.

[1] Tabatabaei, F. S. and Braine, J. and Xilouris, E. M. and Kramer, C. and Boquien,
M. and Combes, F. and Henkel, C. and Relano, M. and Verley, S. and Gratier, P.
and Israel, F. and Wiedner, M. C. and Röllig, M. and Schuster, K. F. and van der
Werf, P. (2014): Variation in the dust emissivity index across M 33 with Herschel
and Spitzer (HerM 33es), A&A 561, A95

[2] Tabatabaei, F. S. and Berkhuijsen, E. M. and Frick, P. and Beck, R. and Schinnerer,
E. (2013): Multi-scale radio-infrared correlations in M 31 and M 33: The role of
magnetic fields and star formation, A&A 557, A129
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5.18 The 3D Dust Structure in the Milky Way

Edward F. Schlafly, H. W. Rix

The Milky Way’s stars burn hydrogen and helium into heavier elements, and emit these
elements into the interstellar medium in winds and more violent explosions. The elements
eventually form grains, which become a kind of smoke that pervades the Galaxy, known
as dust. The last two years at the MPIA have seen a number of new results in dust
mapping, including: the highest resolution maps of dust in 3D and the discovery that the
Orion molecular cloud forms part of a large ring of dust.

3D Dust Maps

Figure 5.27: The 3D distribution of dust in the Milky Way. Exquisite high-resolution
detail is obtained through the use of optical and near-infrared observations of almost a
billion stars surveyed by Pan-STARRS1 and 2MASS. The multi-color photometry is used
to estimate the reddening and distance to each star individually, which then allow the 3D
map to be determined. Dust within 630 pc is colored blue, between 630 pc and 2 kpc green,
and beyond 2 kpc red. Each color plane saturates at 1 magnitude E(B-V).
Three-dimensional maps of dust are needed to understand the dust and to accurately
correct its effects on observations. The recently completed Pan-STARRS1 survey pro-
vided observations of more than a billion stars in the Milky Way Galaxy. We map the
3D distribution of dust using these observations by estimating the distance and the dust
extinction (absorption and scattering) to every one of these stars. With this information
in hand, we infer how much dust must be in each location in the Galaxy to be consistent
with the observations. The result is a beautiful map of the dust in the Galaxy, as shown
in Figure 5.27 [1, 2, 3].

We estimate the dust extinction to a star by studying the star’s colors. However, tem-
perature also affects stellar colors in only a slightly different way, so, to obtain accurate
distances and extinctions, we must disentangle these two effects. To surmount this dif-
ficulty, we probabilistically fold in information about the relative numbers of stars of
different temperatures throughout the Galaxy, and track our full distance-temperature-
extinction uncertainties throughout the analysis. Future data from Gaia will provide
more accurate colors and geometrically-determined distances for approximately a billion
stars, which will permit still better maps of dust.
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The Structure of the Orion Molecular Cloud

Figure 5.28: The Orion Dust Ring, as un-
veiled by 3D dust mapping.

A second application of our dust mapping
technique is to look in detail at the 3D
structure of important molecular clouds.
The Orion molecular cloud is the nearest
site of high-mass star formation and one
of the most studied and observed regions
in the sky. By mapping the 3D structure
of Orion, we can learn how the molecular
clouds in Orion connect to other material
in front of and behind the Orion molecular
cloud.
Our study of the Orion region was able to
isolate dust at Orion’s distance, removing
unrelated dust in its foreground and back-
ground. Figure 5.28 shows the resulting
map of Orion, where dust at the distance to
Orion, in front of Orion, and behind Orion

are shown in green, red, and blue, respectively. By removing confusing dust from the
region, we were able to identify for the first time that Orion forms part of a large, 100 pc
diameter ring [4]. It is not known what process formed the ring, but the suggestion is
that either ancient supernovae explosions or the energy from young stars formed a bubble
in the interstellar medium, sweeping up gas and dust that eventually recollapsed into the
molecular cloud we now know as Orion. Further evidence for this scenario may come from
the Gaia satellite, which will measure proper motions to stars in Orion, and may be able
to turn back the clock to the day when the previous generation of stars that shaped Orion
were all in the same place.

Work done in collaboration with Gregory M. Green (Harvard) and Douglas P. Finkbeiner
(Harvard)

[1] Schlafly, E. F., Green, G., Finkbeiner, D. P., Jurić, M., Rix, H.-W., Martin, N. F.,
Burgett, W. S., Chambers, K. C., Draper, P. W., Hodapp, K. W., Kaiser, N., Ku-
dritzki, R.-P., Magnier, E. A., Metcalfe, N., Morgan, J. S., Price, P. A., Stubbs,
C. W., Tonry, J. L., Wainscoat, R. J., & Waters, C. (2014): A Map of Dust Redden-
ing to 4.5 kpc from Pan-STARRS1, ApJ 789, 15

[2] Green, G. M., Schlafly, E. F., Finkbeiner, D. P., Rix, H.-W., Martin, N., Burgett,
W., Draper, P. W., Flewelling, H., Hodapp, K., Kaiser, N., Kudritzki, R. P., Magnier,
E., Metcalfe, N., Price, P., Tonry, J., & Wainscoat, R. (2014): A Three-dimensional
Map of Milky Way Dust, ApJ 810, 25

[3] Schlafly, E. F., Green, G., Finkbeiner, D. P., Rix, H.-W., Bell, E. F., Burgett, W. S.,
Chambers, K. C., Draper, P. W., Hodapp, K. W., Kaiser, N., Magnier, E. A., Martin,
N. F., Metcalfe, N., Price, P. A., & Tonry, J. L. (2014): A Large Catalog of Accurate
Distances to Molecular Clouds from PS1 Photometry, ApJ 786, 29

[4] Schlafly, E. F., Green, G., Finkbeiner, D. P., Rix, H.-W., Burgett, W. S., Chambers,
K. C., Draper, P. W., Kaiser, N., Martin, N. F., Metcalfe, N., Morgan, J. S., Price,
P. A., Tonry, J. L., & Wainscoat, R. J. & Waters, C. (2015): Three-dimensional Dust
Mapping Reveals that Orion Forms Part of a Large Ring of Dust, ApJ 799, 116
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5.19 Understanding Initial Conditions of Star

Formation in Galaxies

Morgan Fouesneau, Julianne J. Dalcanton, Maria Kapala,
David W. Hogg, Hans-Walter Rix

Star clusters are among the most powerful of astrophysical tools in stellar astrophysics.
Clusters have been extensively studied in the literature as a means to constrain the age
and metallicity distribution of galaxies, and thereby understand their formation. However,
the actual fraction of stars born in these few Myr-old clusters and older is often reassessed
in recent studies, which suggest that star clusters could be an inadequate proxy to star
formation. Maybe abusively, the picture that all stars form in clusters has nevertheless
become a common ground to understand the build-up of galaxies at long distances.

10-100 MyrOptical

Figure 5.29: Example of SFH
mapping[1]. Mapping is based on
modeling the unshaded portion of the
CMD (bottom) to derive the recent SFH
in each 100 pc pixel. Example of pixels
on an optical image in a small region of
the ∼380 kpc2 from PHAT is shown in
the top row.

As a result, constraining the fraction of star for-
mation happening in clusters has fundamental
consequences on our knowledge of stars and,
therefore, galaxy formation. In this endeav-
our, it is crucial to gain deeper insight into the
physics that govern the dissolution of star clus-
ters if one wants to recover the initial conditions
of star formation.
Measuring the fraction of star formation that
is fairly represented by the cluster populations
is a non-trivial assessment. It requires not only
access to the star formation histories of galax-
ies, but also to the cluster formation histories.
Our team has led a huge effort to understand
star and star cluster formation and evolution in
our neighbor companion M31.
We infered the recent star formation history
(SFH) across M31 using optical images taken
with the Hubble Space Telescope as part of
the Panchromatic Hubble Andromeda Treasury
(PHAT)[1]. We independently fit the color-
magnitude diagrams in ∼9000 regions that are
∼100 pc2 in projected size, covering a total (de-
projected) area of ∼380 kpc2 in the NE quad-
rant of M31 (see Fig. 5.29). We show that the
SFHs vary significantly on small spatial scales but that there are also coherent galaxy-
wide fluctuations in the SFH back to 500 Myr. In particular, we find that the 10-kpc
star-forming ring is at least 400 Myr old. The continuous on-going star formation indi-
cates the presence of molecular gas in the ring over at least 2 dynamical times at this
radius and thus a very peculiar SF environment.
In addition, over the same region in M31, we make spatially resolved measurements of the
recent star cluster formation efficiency (Γ), the fraction of young stars formed as members
of long-lived star clusters[2]. We derive robust constraints for M31s cluster populations
over the last ∼ 300 Myr through color-magnitude diagram analysis of individually resolved
stars. We find that only 4−8% of young stars (10-100 Myr old) are born in those clusters,
and that Γ varies systematically with mid-plane pressure of the disk, i.e., environment.
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dissolution rate indexinitial mass function index

Figure 5.30: Cluster selections to com-
pare effects of environmental conditions
on CFR and dissolution processes. We
selected the spiral arms (blue) and the
10- kpc ring (green). Top - distribution
of the PHAT clusters throughout the
galaxy. Bottom - Systematic variations
of the cluster initial mass function and
dissolution rate with environment.

Using a longer time baseline, we explore cluster
dissolution timescales through detailed model-
ing of current cluster age and mass distribution
for M31 [3]. We proposed an empirical model
of cluster dissolution in which we account for
stochastic events such as tidal interaction, spi-
ral arms, etc, that affect its evolution. Based
on the analysis of integrated light of the PHAT
clusters, we infer the cluster dissolution pro-
cesses, leading us to examine the cluster initial
mass function in M31 and an independent mea-
surement of cluster formation history. We find
that in M31, the initial cluster mass function is
globally very well described as a single power-
law function of index 2, but varies significantly
throughout the survey coverage, in correlation
with SFR We find clear evidence for a mass de-
pendent dissolution mechanism of star clusters,
however, little to no evidence for galactic per-
turbations. Nevertheless, we also find that the
disruption processes are dependent on the en-

vironment within the galaxy. This independent study confirms the 4 to 8% Γ estimates
and the local variation with environment.
These Γ measurements expand the range of well-studied galactic environments, providing
high quality constraints in an HI-dominated, low intensity star forming environment. We
confirm the observed trends with SFR surface density.
However, we find better agreement between observations and theoretical models if we
account for known variations in gas depletion times [2], which accounts for the qualitative
shift in star formation behavior when transitioning from a predominately molecular gas
phase to an atomic-dominated interstellar medium. Therefore, we conclude that despite
our studies leads to the fact that clusters in galaxies may represent a tiny fraction of the
star and, therefore, the galaxy evolution, models seems to broadly agree allowing us to
use clusters to pursue the study of galaxy evolution at further distances.

Work done in collaboration with the PHAT collaboration.

[1] Lewis, A. R., Dolphin, A. E., Dalcanton, J. J., Weisz, D. R., Williams, B. F.,
Bell, E. F., Seth, A. C., Simones, J. E., Skillman, E. D., Choi, Y., Fouesneau, M.,
Guhathakurta, P., Johnson, L. C., Kalirai, J. S., Leroy, A. K., Monachesi, A., Rix,
H.-W., & Schruba, A. (2015): The Panchromatic Hubble Andromeda Treasury. XI.
The Spatially Resolved Recent Star Formation History of M31, Apj 805, 183

[2] Johnson, L. C., Seth, A. C., Dalcanton, J. J., Beerman, L. C., Fouesneau, M., Lewis,
A. R., Weisz, D. R., Williams, B. F, & Dolphin, A. E. (2016): The Panchromatic
Hubble Andromeda Treasury. XVI. Star cluster formation efficiency, ApJ submitted,

[3] Fouesneau, M., Rix, H.-W., Hogg, D. W., Johnson, L. C., Dalcanton, J. J., Beer-
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6

Stars and Stellar Populations in
Galaxies

ICA map of old stellar emission for NGC 4254. See chapter 6.3 for details and credits.



6.1 Lighthouses in the Fog: Locating the Faintest

Milky Way Satellites with RR Lyrae Stars

Branimir Sesar, Nicolas F. Martin, Hans-Walter Rix

Hundreds of Milky Way Satellites?

One of the predictions of the Λ Cold Dark Matter (ΛCDM) model is an abundance of
low-mass dark matter subhalos orbiting their host galaxies at the present epoch. Taking
into account sensitivity limits of searches based on the Sloan Digital Sky Survey data,
Tollerud et al. (2008) predict “that there should be between ∼ 300 and ∼ 600 satellites
within 400 kpc of the Sun that are brighter than the faintest known dwarf galaxies”
(Tollerud et al. 2008, ApJ 688,277). While Milky Way satellites brighter than MV ∼ −4
have all likely been discovered in the SDSS footprint within ∼ 100 kpc, less luminous
satellites (MV > −4) may exist beyond 45 kpc from the Sun, just below the detection
limit of current surveys.

RR Lyrae Stars as Tracers of Faintest Milky Way Satellites

While low-luminosity Milky Way satellites may not be detectable in current blind searches
until surveys, such as the Large Synoptic Survey Telescope, provide deeper multi-color
imaging covering large areas on the sky, these satellites may be detectable in guided
searches, where potential locations of satellites are known in advance. Since almost every
known low-luminosity Milky Way dwarf satellite galaxy has at least one RR Lyrae star,
positions of RR Lyrae stars in the outer halo (i.e., beyond 30 kpc from the Galactic center)
may indicate locations of undiscovered satellites.

Properties of RR Lyrae Stars

First, RR Lyrae stars are bright stars (MV = 0.6 mag) that can be detected at large
distances (5 − 120 kpc for 14 < V < 21 mag) with modern imaging surveys. Second,
they are standard candles and their distances measured from optical data are precise to
∼ 6%. And finally, RR Lyrae stars are variable stars with distinct, saw-tooth shaped light
curves which make them easy to identify given multi-epoch observations (peak-to-peak
amplitudes of ∼ 1 mag in the Johnson V band and periods of pulsation of ∼ 0.6 days).

Stacking Analysis of Sightlines Centered on PTF RR Lyrae Stars

Using multi-epoch photometry obtained by the Palomar Transient Factory (PTF) survey,
we have selected a sample of 123 distant RR Lyrae stars that may indicate potential
locations of faint Milky Way satellites. These RR Lyrae stars spread over 10,000 deg2 of
sky and are located between 60 to 100 kpc from the Galactic center.
Assuming that RR Lyrae stars trace the positions of unknown satellites, we use a color-
magnitude diagram to select all SDSS stars that are at the distance of a RR Lyrae star
from our sample, and within 30′ of its position on the sky. The angular positions of
selected SDSS stars are converted to projected physical distances (using distances of RR
Lyrae stars), and stars from multiple sightlines are combined into a single map.
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If RR Lyrae stars trace locations of unknown Milky Way satellites, the above stacking of
stars should produce an overdensity of sources in the center of the combined map. We
have developed a probabilistic method that measures the statistical significance of this
overdensity of sources, and by testing on mock catalogs, have found that our method can
detect the presence of Segue 1-like satellites even if only 20 (out of 123) sightlines truly
contain a dwarf satellites galaxy (i.e., even if the majority of sightlines contain a RR Lyrae
star, but not a dwarf galaxy) [1].

Upper Limit on the Number of Faintest Satellites

The main results of our work are summarized in Figure 6.1. Using our stacking analysis
we did not detect the presence of low-luminosity satellites, but were able to provide upper
limits on their number in the probed volume of the Galactic halo (10,000 deg2 and between
60 to 100 kpc from the Sun). We find that the number of Segue 1-like satellites has to be
smaller than 20, which is in slight tension with the predictions by Tollerud et al. 2008.
If the satellites have greater half-light radii, then their number could be as high as 120.

−5−4−3−2−10

MV

0
20
40
60
80

100
120
140
160
180

N
um

be
ro

fM
W

dS
ph

sa
te

lli
te

s

Figure 6.1: The small down-facing arrows indicate that the number of Segue 1-like (MV =
−1.5 ± 0.8) and Boötes 2-like galaxies (i.e., MV = −2.7 ± 0.9) in the probed volume of
the halo has to be smaller than 20, otherwise our method would have detected a signal
(i.e., the arrows show upper limits). The horizontal bars indicate the uncertainty in the
luminosity of these galaxies. If the satellites are as luminous as Segue 1 or Boötes 2, but
have much greater half-light radii (i.e., of 120 pc), then our analysis indicates that there
could be as many as 120 such galaxies in the probed volume of the halo (large down-facing
arrows). In comparison, the solid line shows the number of satellites predicted by Tollerud
et al. 2008, and the dashed lines show the 1σ range. As evident from this comparison,
our work provides a strong constraint on the number of Segue 1-like satellites in the Milky
Way.

Work done in collaboration with members of the Palomar Transient Factory project
(California Institute of Technology, Pasadena, CA, USA).

[1] Sesar, B., Banholzer, S.R., & Cohen, J.G. (2014): Stacking the Invisibles: A Guided
Search for Low-luminosity Milky Way Satellites, ApJ 793, 135
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6.2 Being WISE - Exact Stellar Mass

Measurements of Old Stellar Systems

Mark A. Norris, Sharon Meidt, Glenn Van de Ven, Eva
Schinnerer, Brent Groves, Miguel Querejeta

Overview

Stellar population synthesis (SPS) models are a vital tool to investigate the formation and
evolution of galaxies. By comparing SPS models with observed galaxy spectral energy
distributions (SEDs) it is possible to infer the mass of stars, gas, and dust, as well as the
age and chemical enrichment of the underlying stellar populations. Knowledge of the stel-
lar mass of a galaxy allows for the immediate deductions of many other important galaxy
parameters. Thus a methodology that provides precise stellar masses with a minimum of
observations is essential to allow the full exploitation of large galaxy surveys. We have
started an effort to carefully calibrate the 3.4-4.5µm region, which is dominated by old
stars, and less sensitive to non-stellar absorption and emission due to dust & gas, and
test it against state-of-the-art stellar population synthesis (SPS) models and cosmological
simulations.
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Figure 6.2: Left: WISE W1 - W2 colours of our sample of dust-free stellar systems plotted
against their metallicity. Right: The coloured lines show the predictions of various stellar
population synthesis models.

In order to calibrate state-of-the-art SPS models, we utilised all-sky WISE 3.4-4.5 µm
imaging. We assembled a sample of 208 dust-free objects ranging from GC to massive
ellipticals and compared their 3.5-4.5 µm colour to predictions of SPS models [1]. Our
comparison shows that those SPS models which include the presence of a CO absorption
feature in the [4.5] band which strengthens with metallicity, were the ones which best
reproduced the observed photometry of stellar systems (See Figure 6.2).
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Testing the Reliability of Near-IR Stellar Masses
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Figure 6.3: Mass-to-Light ratios for the R (left panel) and W1 bands. The dramatically
reduced range of M/L in the W1 band for objects with metallicities > –0.5 [dex] is clear.
The M/L in the W1 band is almost entirely metallicity independent for the higher metal-
licities that galaxies display.
Using the best SPS models determined in [1] in conjunction with realistic star formation
histories from the EAGLE simulations of galaxy formation we evaluate if a simple diag-
nostics of average M/L ratio can lead to an accurate estimate of stellar mass [2]. We
find that the mass-to-light ratio in the 3.4/4.5 µm region shows dramatically reduced
sensitivity to age and metallicity (see Figure 6.3), which translates into a remarkable
insensitivity to the detailed SFH for realistic assembly histories. We are further able to
demonstrate that in the typical situation where a luminosity-weighted age and metallicity
for the integrated light of a galaxy is available (from for example an SDSS spectrum), the
error on the derived stellar mass should be less than < 13% when using the M/L ratio of
a single stellar population with the same age and metallicity (when luminosity-weighted
age & 4 Gyr).

This work was done in collaboration with Robert Crain, Richard G. Bower, Michelle
Furlong, Matthieu Schaller & Tom Theuns (UK) and Joop Schaye (The Netherlands).

[1] Norris, M. A., Meidt, S., Van de Ven, G., et al. (2014): Being WISE. I. Validating
Stellar Population Models and M?/L Ratios at 3.4 and 4.6 µm, ApJ 797, 55

[2] Norris, M. A., Van de Ven, G., Schinnerer, E., et al. (2016): Being WISE II: Reducing
the Influence of Star Formation History on the Mass-to-Light Ratio of Quiescent
Galaxies, ApJ submitted

,
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6.3 Precise Stellar Mass Maps of More than 1500

Nearby Galaxies

Miguel Querejeta, Sharon E. Meidt, Eva Schinnerer, Glenn van
de Ven, Mark A. Norris, Brent Groves

Context

While light is the most direct observable in astrophysics, the evolution of galaxies is largely
constrained by their mass distribution. In particular, stellar mass determines most of the
action within galaxies in terms of secular evolution (for example, through gravitational
torques), it contains the fossil record of their formation history, and it is instrumental to
any calculations of specific star formation rates. In this contribution, we summarise the
advantages of the near-infrared to trace stellar mass, and present our pipeline to obtain
stellar mass maps for more than 1500 nearby galaxies.

3.6 µm, an optimal band to trace stellar mass

When it comes to mapping stellar mass, near-infrared wavelengths have the important
advantage of suffering much less from dust extinction problems than the optical. In [2],
we have shown that the stellar mass-to-light ratio (M/L) varies intrinsically less at the
3.6µm IRAC band than at optical wavelengths, and even a single M/L3.6 = 0.6 (for a
Chabrier IMF) can be applied simultaneously accross different stellar populations, from
old and metal-rich to young and metal-poor. This constant M/L3.6 provides a typical
accuracy of 0.1 dex, which is comparable with, or even better than the currently available
alternatives.
The dependence of M/L3.6 on age, metallicity, and colour has been studied using stellar
population synthesis models. In order to avoid uncertainties in the [3.6]-[4.5] colours of the
models for old stars (due to discrepancies in the molecular line opacities of the models), we
have calibrated a new empirical relation between different infrared colours, based on giant
stars from the GLIMPSE survey. The [3.6]-[4.5] colour is a good estimator of metallicity,
and it indirectly provides a fair constraint on M/L3.6 (with an uncertainty of 0.07 dex
due to unconstrained age variations). The dependence on colour is mild, though, which
permits for a single M/L3.6 = 0.6 to be universally applicable (uncertainty of 0.1 dex).

A pipeline to obtain stellar mass maps

Dust extinction is not a large problem at 3.6µm, but dust emission can contribute a
significant amount of the flux (e.g. 3.3µm PAH line, hot dust continuum). In the frame-
work of the Spitzer Survey of Stellar Structure in Galaxies (S4G, PI K. Sheth), which
delivered near-infrared imaging at 3.6 and 4.5µm for 2352 nearby galaxies (D < 40 Mpc),
we have corrected more than 1500 images of nearby galaxies for dust emission, in order
to reveal the underlying stellar mass distribution [3]. We have developed an automatic
strategy that performs Independent Component Analysis (ICA) based on these two bands
(following [1]), to identify the old stellar light and separate it from dust emission (based
on their different Spectral Energy Distribution), retaining full 2D structural information.
This separation into two components is illustrated in Fig. 4 (left).
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Old stars Dust emission

Figure 6.4: Left: ICA map of old stellar emission for NGC 4254, next to the identified dust
emission. Right: Linear fit to the effective M/L measured after removing dust emission
from the S4G galaxies. We compare against Jarrett et al. (2013) and Eskew et al. (2012).
All relations have been normalised so that log(M/L) = 0 at [3.6]− [4.5] = 0.

We find that the contamination from dust (which results in globally red colours [3.6] −
[4.5] > 0) varies with Hubble type, reaching as much as 40%, and is typically in the range
20-30% for spiral galaxies. The dust-corrected 3.6µm flux can be accurately transformed
into stellar mass even with a constant mass-to-light ratio, given the properties of stellar
populations at this wavelength; therefore, our maps of the old stellar light are effectively
stellar mass maps. This constitutes the largest inventory of stellar mass maps in the local
Universe, and we have made them public through the Infrared Science Archive.

A new calibration of the effective mass-to-light ratio at 3.6 µm

We have also profited from the statistical power of our sample of more than 1500 galaxies
to calibrate a new relationship between [3.6]-[4.5] colour and effective mass-to-light ratio,
helpful for studies which lack resolved near-infrared imaging. With our final stellar mass
maps, we compute the ratio of the stellar mass of each galaxy with respect to the total flux
in the original 3.6µm image, which provides a measurement of the effective stellar mass-
to-light ratio. We plot this effective mass-to-light ratio as a function of the integrated
[3.6]-[4.5] colour for each galaxy (Fig. 4, right). Even though there is not a one-to-one
relationship (which stresses the importance of a method like the one we propose for
accurate studies), we see a clear trend for increasing dust contributions with increasing
original [3.6]-[4.5] colour, which has allowed us to obtain a first-order calibration.

Work done in collaboration with the S4G team.

[1] Meidt, S., et al. (2012): Reconstructing the Stellar Mass Distributions of Galaxies
Using S4G IRAC 3.6 and 4.5µm Images I., ApJ 744, 17

[2] Meidt, S., et al. (2014): Reconstructing the Stellar Mass Distributions of Galaxies
Using S4G IRAC 3.6 and 4.5µm Images II., ApJ 788, 144

[3] Querejeta, M., et al. (2015): The Spitzer Survey of Stellar Structure in Galaxies
(S4G): Precise Stellar Mass Distributions from Automated Dust Correction at 3.6µm,
ApJS 219, 5
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6.4 Stellar Properties from Large Stellar Surveys:

The Cannon

Melissa Ness, David W. Hogg, Hans-Walter Rix, Anna Ho, Gail
Zasowski

The era of large spectroscopic surveys

There are now a multitude of spectroscopic surveys delivering large volumes of data (N
> 105 stars) at high-resolution (R ≥ 20,000). These data have, to date, been largely
underexploited and systematic intra-survey cross calibration is currently rudimentary.
The data themselves are powerful and there now exists the opportunity to take advantage
of the large numbers of stars observed for single surveys, and to extract the information
content of the data with data-driven models. This is because, in this context of large data
sets, there exists a subset of survey objects with more information and higher fidelity
information than the rest of the objects in the survey.

The Cannon: A data-driven method

The Cannon is a new data-driven method to determine stellar parameters and abundances
(and more generally, stellar labels) for stars in large surveys. The Cannon relies on a
subset of reference stars in the survey, with known labels. These labels can come from
high resolution analyses in other wavelength regions and from comparisons with the most
up to date stellar models. The Cannon then uses the reference objects with known labels
to build a model that relates stellar labels to stellar flux, at each wavelength. That model
is then used to infer the stellar labels for the remaining stars in the survey. The Cannon
exploits the full information in the spectrum, at all pixels, and provides errors on the
order of 2–3 times smaller than current approaches for stellar parameters and individual
abundances (or, correspondingly, a precision requiring 4–9 times shorter exposures). Such
precision is critical for the pursuits of galactic archaeology and for chemical tagging to work
[3]. The Cannon is also the first method to place stars observed at different wavelengths
and resolutions directly on the same label scale.
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Figure 6.5: Cross-validation of the training data set of 1,639 stars observed by both APOGEE
and KEPLER for the Teff , log g, [Fe/H], [α/Fe] and mass labels. The panel on the far right
is the derived age label from the mass determined with The Cannon, using interpolation with
PARSEC isochrones.

Spectroscopic determination of masses (and implied ages)

Using a small subset of stars with known stellar masses in the APOGEE survey, we have
determined stellar mass and inferred age for 75,000 red giants in the Galactic disk, deliv-
ering the first age map of the Milky Way [2]. Figure 6.5 shows The Cannon’s performance
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Figure 6.6: From [4]. The distribution in the sky of the full set of objects with consistently

measured : the top panel shows the full APOGEE sample with ≈ 100,000 objects, and the bottom

panel shows these values combined with 454,180 inferred by The Cannon from the LAMOST

spectra. This illustrates the promise of survey cross-calibration for stitching together a more

complete stellar population picture of the Galaxy

for five stellar labels of Teff , log g, [Fe/H], [α/Fe] and mass, for a take-stars-out test for
1639 APOKASC stars in APOGEE, stars which have been observed by the KEPLER
mission. These stars have stellar masses and log g labels determined from their astro-
seismic parameters and stellar parameters of Teff , [Fe/H] and [α/Fe] from the APOGEE
pipeline, ASPCAP. The top panels show the cross-validation results comparing the input
and output labels, and the bottom panels show the histograms of the ∆(input - output)
for each label. Using this model, we can determine stellar masses to ∼ 0.07 dex from
APOGEE spectra of red giants; these imply age estimates accurate to 40 per cent. The
Cannon constrains ages from spectral regions with CN absorption lines, elements whose
surface abundances reflect mass-dependent dredge-up [5].

Cross-survey calibration

Using objects in common between the LAMOST and APOGEE surveys, we have applied
The Cannon to return high fidelity stellar abundances for 450,000 stars in the LAMOST
survey, using labels from stars in common with APOGEE [4]. This has directly placed
LAMOST (R ≈ 1,800, λ = 3700–9000 Å) on the APOGEE (R ≈ 22,500, λ= 15000-17000
Å) stellar parameters scale and delivered the first [α/Fe] label for the LAMOST stars.
The combined APOGEE and LAMOST footprint in the sky from [4] is shown in Fig. 1.2.
[1] Ness, M., et al. (2015): The Cannon: A Data-driven Approach to Stellar Label Deter-

mination, ApJ 808, 16

[2] Ness, M., et al. (2015): Spectroscopic determination of masses (and implied ages) for
red giants, ApJ in press, 1511.08204

[3] Hogg, D.W., et al. (2016): Chemical tagging can work: Identification of stellar phase-
space structures purely by chemical-abundance similarity, ApJ preprint, 1601.05413

[4] Ho, A.Y.Q., et al. (2016): Survey Cross-Calibration with The Cannon: Apogee-scale
Stellar Labels from Lamost Spectra, ApJ preprint, 1602.00303

[5] Martig, M., et al. (2016): Red giant masses and ages derived from carbon and nitrogen
abundances, MNRAS 456, 3655–3670
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6.5 Close Encounters of the Stellar Kind

Coryn A.L. Bailer-Jones

Stars are in constant relative motion and, inevitably, some will come close to the Sun. But
how close? And what effect (if any) might they have on the solar system? A sufficiently
close encounter could perturb the orbits of comets in our Oort cloud, a primordial reservoir
of billions of comets in the outer solar system extending to perhaps 0.5 pc (100,000 AU)
from the Sun. Gravitational perturbations could push these comets onto orbits that send
them into the inner solar system where they could, in principle, collide with the Earth.
Almost 200 impact craters have been identified on the Earth with ages of up to two billion
years (many more craters have presumably long eroded or not yet been found). Some of
these craters may be the result of impacts by such comets, and a large impact would have
serious consequences for life on Earth.

In this work, I investigate how close potentially perturbing stars have come – or will
come – to the Sun. This is done by measuring the current positions and velocities of
stars, then tracing their orbits forwards and backwards in time within the gravitational
potential of the Galaxy. Large-scale investigations like this only became possible with
the advent of the Hipparcos astrometric catalogue in the late 1990s, a particularly no-
table study being the 2001 study of Joan Garćıa-Sánchez and colleagues (A&A, 379, 634).
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Figure 6.7: Distribution of the perihelion parameters from the resampled data for five
stars (columns, labelled by their Hipparcos number). The rows from top to bottom are
the perihelion time, distance and speed, respectively. The vertical coloured bars show
three different perihelion estimates: the mean of the distribution (blue); the estimate from
the nominal data (green); the estimate when assuming no gravity (linear motion approx-
imation) (red). These are sometimes invisible as they coincide with other lines.
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The present work, described in more detail in [1], improves on previous studies in several
ways: (1) it uses the higher accuracy 2007 Hipparcos reduction of Floor van Leeuwen;
(2) it adds more recent radial velocity data; (3) it performs a comprehensive uncertainty
analysis, using Monte Carlo sampling to infer the probability distribution over the perihe-
lion parameters. This properly accounts for the non-linear transformation of measurement
uncertainties (see Fig. 6.7). By analysing some 50,000 Hipparcos stars with radial veloc-
ities, I confirm a number of previously discovered encounters, but I also discovers several
more: see Fig. 6.8. The closest encounter is apparently Hip 85605, which has a 90% chance
of approaching within 0.04–0.20 pc between 240 and 470 kyr from now (90% Bayesian con-
fidence interval). However, as is stressed in the paper and the accompanying FAQ, the
astrometric data for this star remain uncertain, so this result may be an artefact. The
closest encounter with more reliable data is the rather unremarkable K dwarf, GL 710,
calculated to encounter in 1.30–1.48 Myr at a distance of 0.10 to 0.44 pc (90% confidence
intervals). The effect of such encounters on the Oort cloud and on generating long-period
comets was studied by [2].

The results are, of course, limited by the available data. These will be greatly extended
by Gaia, which will provide more accurate astrometry to fainter and more distant stars.
Provided that reliable radial velocities can also be obtained, this will improve the space
volume completeness and extend the time horizon of encounter studies, and will also
enable a more reliable statistical evaluation of the encounter rate than was possible with
Hipparcos. Closer encounters await discovery.

[1] Bailer-Jones, C.A.L. (2015): Close encounters of the stellar kind, A&A 575, A35
http://www.mpia.de/~calj/stellar_encounters/FAQ1.html

[2] Feng, F. & Bailer-Jones, C.A.L. (2015): Finding the imprints of stellar encounters
in long-period comets, MNRAS 454, 3267
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Figure 6.8: The closest encounters with the Sun. The open circles show the expected
perihelion (closest approach) distance vs the expected perihelion time for each star. The
left panel shows all encounters with an expected perihelion distance of less than 10 pc. The
right panel is a zoom of this. The error bars in the right panel mark the 5% and 95%
quantiles of the distributions for each star, which together form a 90% confidence interval
on the estimate. Negative times are in the past; positive times are in the future.
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6.6 Accurate Mg Abundances: Diagnosing the

Dawn of the Galaxy

Maria Bergemann, Remo Collet, Greg Ruchti, Rene Andrae,
Mikhail Kovalev, Ralph Schönrich

Magnesium is a key element in stellar spectroscopy. Strong Mg I lines are solid and accu-
rate diagnostics of surface gravity of cool stars, atmospheric extension and chromospheric
activity. Mg directly traces nucleosynthesis in massive stars exploding as SN II; the ele-
ment is the proxy for the α-enhancement of a star. Thus, the abundances of Mg in stars
with a different formation age thus provide a cosmic ruler to measure the star formation
history of a stellar population or a galaxy.
The determination of Mg abundances in cool stars has, until now, been studied using
the classical 1D LTE stellar model atmospheres. The possible effects of non-local thermo-
dynamic equilibrium (NLTE) radiative transfer and 3D hydrodynamics have been ignored
because of the difficulty of correctly modelling the atomic structure in NLTE calculations
and combining them with the results of the 3D convection simulations in stars. With
the recent developments in experimental and theoretical atomic physics and computing
power, it is now possible to determine chemical abundances in cool stars in the NLTE
<3D> framework and use them to study the chemical evolution of stellar populations,
which is central to understanding their formation and evolution.

Mg abundances in the Galactic disk stars and comparison with
the chemical evolution models

We developed a new method to determine the abundances of chemical elements using a
combination of NLTE radiative transfer and 3D time-dependent hydrodynamical model
stellar atmospheres. The 3D models were computed by spatial and temporal averaging
of the 3D radiative hydrodynamics simulations of stellar convection (Magic et al. 2013,
A&A 557, A26). We tested our spectroscopic analysis method on the spectra of the
Gaia benchmark stars (Fig. 6.9) and performed a chemical abundance analysis of the
high-resolution spectra of 319 stars selected from the RAVE stellar survey (Steinmetz et
al. 2006, AJ 132, 1645).

Figure 6.9: The FTS spectrum of the Sun
that is used as one of the benchmark stars in
this work.

The NLTE abundances show a remarkable
consistency across different diagnostic fea-
tures of Mg, suggesting that the NLTE
spectrum synthesis is the key to accurate
abundances of Mg in the spectra of cool
stars.
Our results have two important implica-
tions for the chemical evolution of Mg in
the Galactic disk and halo. First, we find a
significant scatter in [Mg/Fe] at any metal-
licity (Fig. 6.10). Second, the overall trend
of [Mg/Fe] hints towards mildly decreasing
Mg abundance ratios in very metal-poor
stars. The origin of this decline, which
causes low-[Mg/Fe] stars to appear at very
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low metallicity, is not very clear. Interestingly, the chemical evolution models of the disk
indicate a depression to a solar value at [Fe/H] < −2 in all α-elements. This depression is
more prominent if lower explosion energy supernova, e.g. the models in which all material
falls back onto the black hole, are taken into account. Also the variation of the IMF expo-
nent causes a kink in the [Mg/Fe] distribution, and this kink can be easily shifted by vary-
ing the star formation efficiency. Indeed, lower α-enhancement is seen in dSph galaxies,
which are characterised by a slower star formation rate than the Galactic halo and disk.

Figure 6.10: Comparison of the observed and
model chemical abundance distributions for the
Milky Way disk. The heat map shows the model
distribution of azimuthal velocities νφ of stars
in the chemical abundance plane, [Fe/H] vs
[Mg/Fe].

The combined analysis of the observed
chemical abundances and stellar kine-
matics reveals a good agreement with
the theoretical expectations for the
Galactic disk. Fig. 6.10 also shows
the model distribution of the azimuthal
velocities νφ of stars in the chemical
abundance plane (Schoenrich & Binney
2009, MNRAS 396, 203). In our ob-
served data set, the low-α outer disk se-
quence around [Fe/H] ∼ −0.5 dex dis-
plays azimuthal velocities near the cir-
cular speed. The high-α thick disk ridge
line appears at a much lower azimuthal
velocity. On the metal-poor side, [Fe/H]
< −1.5, the halo stellar populations
come in at very low νφ. We expect
that the thick disk ridge line should
continue at high-α enrichment towards
lower metallicities, gradually disappear-

ing in the halo. While the thick disk is bound to high-α enrichment at low metallicities
(modulo stochastic chemical evolution), contributing dwarf galaxies to the halo can reach
low-α enrichment at far lower metallicity leading to a sharp transition in mean azimuthal
speed at low [Mg/Fe]. Those expectations are well reflected in the NLTE data, where a
ridge of larger azimuthal speeds extends towards lower [Fe/H].
Our new NLTE spectroscopic analysis methods will be used for quantitative analysis of
large observed data sets, such as those acquired within the Gaia-ESO stellar survey, to
probe the chemical enrichment of the disk and halo and constrain their evolution.

Work done in collaboration with Remo Collet, Greg Ruchti, Rene Andrae, Mikhail Ko-
valev and Ralph Schönrich.

[1] Bergemann, M., Collet, R., Ruchti, G., et al. (2016): Modelling stellar spectra with
mean 3D NLTE approach. Chemical evolution of Mg in the Galaxy, ApJ submitted,
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6.7 Red Supergiants as Cosmic Abundance Probes

Maria Bergemann, Rolf-Peter Kudritzki, Ben Davies, Mikhail
Kovalev

Over the last years, the quantitative spectroscopic analysis of medium resolution IR spec-
tra of red supergiant stars (RSGs) has been established as a very promising tool to inves-
tigate the chemical evolution of star forming galaxies. RSGs emit most of their enormous
luminosities of 105 to ∼ 106 L� at infrared wavelengths and can be identified easily as
individual sources through their brightness and colours. Their J-band spectra are char-
acterized by strong and isolated atomic lines of iron, titanium, silicon and magnesium,
ideal for medium resolution spectroscopy. A crucial aspect of the spectroscopic analysis
technique is to account for the effects of departures from local thermodynamic equilibrium
(LTE) that are prominent due to very low densities of RSG atmospheres.

Chemical abundances in RSGs with NLTE models

We have developed a new approach to determine chemical abundances in spectra of cool
stars using NLTE models for different chemical elements. The method relies on the
consistent solution of statistical equilibrium and radiation transport in a model of a stellar
atmosphere that best characterizes the observed star. The calculations yield detailed
atomic number densities consistent with the emergent radiation field and can then be
used, in the second step, in a full spectrum synthesis to simulate theoretical stellar spectra
for comparison with the observations.
In previous work, we applied the method to the atoms of iron, Ti and Si. Here, we have
extended this work to magnesium (Fig. 6.11), which shows two strong absorption line
features in the J-band arising from highly excited levels, which can provide important
information on stellar metallicity and the ratio of α to iron elements. The NLTE models
show a very good agreement with the spectra of the reference stars (the Sun and Arcturus)
and the observed RSGs in Per OB1, the young massive stellar double cluster h and κ Persei
in the solar neighbourhood (Fig. 6.12). This confirms that the Mg I J-band lines can be
used as an additional constraint of metallicity.
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Figure 6.11: J-band Mg I profile of
the 11828 Åline computed in LTE
and NLTE for a RSG star BD
+56595 in the young massive stel-
lar double cluster h and κ Persei.

Our group has pioneered quantitive NLTE spec-
troscopy of red supergiants in other galaxies in
the Local Group. The NLTE models have already
been applied to analyse the chemical abundances
in a close pair galaxy NGC 4038 in the Antenna,
the Magellanic Clouds, dwarf irregular galaxy NGC
6822, M83, NGC 6946, and in the Sculptor group
galaxy NGC 300 at 1.9 Mpc [2]. These stud-
ies demonstrate that this new medium resolution
J-band technique has an enormous potential and
yields stellar metallicities with an accuracy of ∼
0.10 dex per individual star. With present-day NIR
multi-object spectrographs attached to large tele-
scopes such as MOSFIRE/KECK and KMOS/VLT,
galaxies up to 10 Mpc can be studied in this way to

determine metallicities and metallicity gradients, providing an important alternative to
the use of blue supergiant stars or HII regions. In addition, our group has shown that the
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integrated J-band light of young massive super star clusters (SSCs) is dominated by their
population of RSGs as soon as they are older than 7 Myr. One of the recent applications
is a young massive star cluster NGC 2100 in LMC [3]. Thus, the same analysis technique
can be applied increasing the potential volume for metallicity determinations in the local
universe by a large factor. With the use of future adaptive optics (AO) MOS IR spec-

Figure 6.12: The observed and synthetic NLTE spectra for one of the stars in Per OB1
cluster. Strong atomic lines of Fe I, Si I, Ti I, Mg I, and K I are visible.
trographs at the next generation of extremely large telescopes the J-band method will
become even more powerful and will render the possibility to measure stellar metallicities
of individual RSGs out to the enormous distance of 70 Mpc (Evans et al., 2011).

Work done in collaboration with Rolf-Peter Kudritzki, Chris Evans, Ben Davies and Nate
Bastian.

[1] Bergemann, M., Kudritzki, R.-P., Davies, B., et al. (2015): Red Supergiant Stars as
Cosmic Abundance Probes. III. NLTE effects in J-band Magnesium Lines, ApJ 804,
113

[2] Davies, B., Kudritzki, R.-P., Bergemann, M., et al. (2015): Red Supergiants as Cos-
mic Abundance Probes, ESO Messenger 161, 32

[3] Patrick, L.R., Evans, C.J., Davies, B., et al. (2016): Chemistry and Kinematics of
Red Supergiant Stars in the Young Massive Cluster NGC 2100, MNRAS 458, 3968
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6.8 A First Global Age Map of the Milky Way

Melissa Ness, Marie Martig, Hans-Walter Rix

Stellar ages and unravelling the Milky Way’s formation history

Figure 6.13: How C and N abun-
dances tell us about the masses (and
hence ages) of giant stars.

Our Milky Way is a rather typical galaxy, warrant-
ing study as a model organism of galaxy formation.
The unique opportunity for mapping the genesis of
a large, disk-dominated galaxy lies in the possibil-
ity to study it star-by-star. Ideally, we would like to
learn from observations when and how many of the
Galaxy’s stars were born, the element-enrichment
history of the material from which they were born,
and on which orbits1. With the current generations
of spectral surveys, and with the Gaia mission, this
may be within reach. The only issue is that in any
evolutionary history, time (or ‘age’) is the central
variable, and stellar ages have never been derived consistently for large samples of stars
throughout our Milky Way. But we have succeeded to do this.

Figure 6.14: Quality of stellar age
estimates from it The Cannon

Stellar ages and their observational proxies:
For stars in equilibrium, their “age” is not directly
observable and we must rely on stellar evolution
models. In practice, stellar age estimates have relied
on a) star cluster membership; b) indirect inferences
based on their composition (e.g. metal-poor and α-
enhanced); or on c) log g, Teff measurements near
the MS turn-off. However, for any flux-limited ex-
periment the survey volume for, say, sub-giants of
10 Gyr age is only 1/1,000th that of 1 Gyr old stars,
making the latter approach unsuitable for consis-
tently mapping the entire Milky Way.

Spectroscopic stellar ages for giants

Giant stars with ages would be an ideal tracer as
they occur in populations of basically all ages and
abundances with very similar luminosities (little ’age-selection-bias’). For a giant star,
estimating its mass amounts to estimating its age, as the evolution after the MS turn-off
is ‘fast’. Astroseismology based on light-curves from the Kepler mission has been able to
measure quite precisely the masses of several thousand giant stars. Several thousand of
these also have stellar parameters and detailed abundances from APOGEE survey spectra.
In a sequence of papers, MPIA researchers used the information from astroseismology to
learn how age is reflected in the (APOGEE) spectra of giant stars. Spectroscopic age
estimates of giants are possible because the first dredge-up in post-MS stellar evolution
not only alters the photospheric abundances of CNO elements, but does so in a mass

1Observations only constrain the present-day orbits; to which extent they differ from their birth orbit
(e.g. by “radial migration” requires modelling).
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(and hence age) dependent fashion. Marie Martig at MPIA used the giants with Kepler
masses/ages and APOGEE C and N abundances to derive a quantitative predictor of
age, based on [CorN/H]=f([Fe/H]), as shown in Fig. 1. In a complementary parallel
effort, Melissa Ness used a data-driven spectral modelling The Cannon to train a model
on the same set of objects that then can return stellar ages and masses as labels for
any giant stars in the APOGEE survey. The Cannon ‘automaticall’ identifies C and N
spectral features as the spectral predictors of mass/age and – by construction – exploits
the full information in the data, even the examples that are hard to model (such as CN
molecules). Cross-validation showed how well these approaches work for giants (with
−1 < [Fe/H] < 0.5): masses can be estimated to 0.07 dex, ages to 0.2 dex (Fig. 2).

Towards a global stellar age map of the Galaxy

Figure 6.15: Stellar age map of the
Galactic disk

While astroseismic masses/ages by now exist only
in a few directions in the sky, the efforts of Martig
et al. and Ness et al. now provide age estimates
for nearly 100,000 stars, ranging in galactocentric
distance from 4–15 kpc. This is a vast boost in
the volume over which we systematically (and with
considerable accuracy) know the age distribution of
stars in the Galaxy. The previous gold-standard
was the Geneva-Copenhagen Survey, restricted to
the 0.05 kpc around the Sun.

This first stellar age mapto the scale of the Milky Way (Fig. 3) confirms a number of ideas
whose empirical support had previously to rely on the immediate solar neighbourhood.
1) in the Galactic plane stars become systematically younger towards larger radii: the
Milky Way’s disk grew inside out! 2) At any given radius, the younger stars are much
more concentrated towards the mid-plane. Whether stars born at earlier epochs were born
with larger vertical motions or got predominately heated remains an open question. In
general, inferences about the Galaxy’s evolutionary history require a stringent modelling
context.
However, our new observational capability to attach consistent age estimates to (giant)
stars through the Milky Way may be a breakthrough in constraining such models.

Work done in collaboration with David Hogg and the APOGEE team.

[1] Ness, M., Hogg, D.W., Martig, M., Rix, H.W., et al. (2015): Spectroscopic deter-
mination of masses (and implied ages) for red giants, astro/ph (ApJ accepted),
1511.08204

[2] Martig, M., Rix, H.W., Ness, M., et al. (2016): Red giant masses and ages derived
from carbon and nitrogen abundances, MNRAS 456, 3655
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6.9 Understanding the Coupling Between

Interstellar Medium and Stellar Populations

Morgan Fouesneau, Julianne J. Dalcanton, Maria Kapala,
David W. Hogg, Hans-Walter Rix

Our knowledge of molecular cloud structure in the Milky Way (MW) is built on the dual
foundation of extinction (AV ) and CO mapping. In the MW, AV maps probe ∼ 0.1 pc
scales for nearby clouds with high fidelity, providing a two-dimensional distribution of
column density. Meanwhile, 12CO, 13CO and C18O maps trace the physical conditions of
the gas, letting us infer local density and temperature, and provide important velocity
information to measure gas kinematics. The combination of CO and AV mapping has led
to great insights into the properties of molecular clouds. However, extragalactic studies
have not had the benefit of high resolution AV and CO mapping. . . until now.

Our team has led the effort to use spectral energy distribution fitting for individual re-
solved stars from Hubble Space Telescope (HST) observations to produce high resolution
dust maps in Local Group galaxies. Our recent work focused on M31, close enough that
we can probe the ISM on molecular cloud scales but also on larger ones. In addition,
thanks to ∼ 100 millions of stars individually observed by the Panchromatic Hubble An-
dromeda Treasury (PHAT) program, we can also use individual stars to view the entire
cold ISM, rather than just individual clouds (Fig. 6.16), forming a critical information
baseline for better understanding of the formation and the evolution of M31s baryonic
content.
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Figure 6.16: Dust properties in M31 at 25 pc reso-
lution. Bottom – median extinction map [1]. Top
– independent observations of the dust in high-
lighted region on the bottom panel. The agreement
between tracers is superb, showing the power of
resolved populations to trace cold ISM.

We mapped the distribution of dust in
M31 at 25 pc resolution, using stellar
photometry from PHAT [1]. The map
(Fig. 6.16) is derived with a new tech-
nique that models the near-infrared
colour-magnitude diagram (CMD) of
red giant branch (RGB) stars. The
model CMDs combine the unreddened
foreground of RGB stars with the red-
dened background population assum-
ing a log-normal column density dis-
tribution of dust. Fits to the model
constrain the median extinction, the
width of the dust distribution, and the
reddened fraction of stars in each 25 pc
cell. The resulting extinction map has
4 times better resolution than dust
emission maps, while providing a more
direct measurement of the dust column. There is superb morphological agreement be-
tween the new map and maps of the extinction inferred from dust emission by the widely
used Draine & Li (2007) dust models. However, the latter overpredict the observed ex-
tinction by a factor of ∼ 2.5 (similar findings in the Milky Way by Planck Collaboration).
We also show that the discrepancy with Draine’s map is lowest where the current inter-
stellar radiation field has a harder spectrum than average and, therefore, conclude to a
relation with the underlying stellar population on small scales.
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Figure 6.17: Slim CO observations [2]. Top – five
initial observed fields on a composite image (blue
– Galex FUV, green – MIP 24µm and red – Hα).
Bottom – PPAK IFS data in Field 1. Left panel
– H map at the native resolution; right panel –
spectrum in the pixel marked as a black circle.

The [C II] 158µm line is one of the
strongest emission lines observed in
star-forming galaxies, and has been
empirically measured to correlate with
the star formation rate (SFR) glob-
ally and on kpc scales. Kapala et
al. (2015, [2]) investigate the ori-
gins of [C II] emission by examining
high spatial resolution observations of
[C II], with the Survey of Lines in
5 regions of M31 (SLIM) and com-
pared with PHAT stellar content. We
find that the [C II] SFR correlation
holds even at 50 pc scales, although
the relation is shallower than found at
larger ( kpc) scales. However, we find
that a significant amount (∼20–90%)
of the [C II] emission comes from out-
side star-forming regions, and that the
total IR (TIR) emission has the high-
est diffuse fraction of all SFR tracers.

We find a weak correlation of the [C II]/TIR to dust colour in each field, and find a
large-scale trend of increasing [C II]/TIR with galactocentric radius. The differences in
the relative diffuse fractions of the tracers are likely caused by a combination of energetic
photon leakage from H II regions and heating by the diffuse radiation field arising from
older (B-star) stellar populations. However, we find that by averaging our measurements
over kpc scales, these effects are minimized, and the relation between [C II] and SFR
found in other nearby galaxy studies is retrieved.
Combining [C II] to trace SFR, and SFR derived from resolved stellar population, one
will be able to disentangle possible contributions to ISM gas heating by older stellar
populations that can lead to tracing longer timescales, and/or leaked photons from H II
regions. The issue caused by the latter should go away when averaged over larger scales
few hundred pc.

This work has been done in collaboration with the PHAT, SMIDGE and SLIM teams.

[1] Dalcanton, J.J., Fouesneau, M., Hogg, D.W., Lang, D., Leroy, A.K., Gordon, K.D.,
Sandstrom, K., Weisz, D.R., Williams, B.F., Bell, E.F., Dong, H., Gilbert, K.M.,
Gouliermis, D.A., Guhathakurta, P., Lauer, T.R., Schruba, A., Seth, A.C., & Skill-
man, E.D. (2015): The Panchromatic Hubble Andromeda Treasury VIII: a wide-
area, high-resolution map of dust extinction in M31, ApJ 814, 3

[2] Kapala, M. J., Sandstrom, K., Groves, B., Croxall, K., Kreckel, K., Dalcanton, J.,
Leroy, A., Schinnerer, E., Walter, F., & Fouesneau, M. (2015): The Survey of Lines
in M31 (SLIM): Investigating the Origins of [C II] Emission, ApJ 798, 24
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7

Structure and Dynamics of Galaxies

LBT/ARGOS/LUCI 2 J, H colour composite image from the science demonstration of ARGOS.

See chapter 7.4 for details and credits.



7.1 Dissecting Simulated Galaxy Disks

Marie Martig

Context: the Milky Way’s disk(s)

The stellar disc of the Milky Way, as well as of many nearby galaxies, is traditionally
viewed as consisting of two distinct components: a thin and a thick disc. The Milky
Way’s thick disc not only has a larger scale-height than the thin disc, but it is also older,
more metal-poor, and enhanced in alpha elements. Many formation mechanisms have been
proposed for the thick disc, such as being formed thick (following gas rich mergers, or via
clumpy disc instabilities), being thickened by minor mergers after it is formed or being
built from accreted stars. Discriminating between these formation mechanisms is complex.Dissecting simulated disc galaxies I: the structure of mono-age populations 3

Figure 1. The stellar mass distribution for the selected galaxies at z = 0. The top row shows the face-on distribution for all stars (in
60 kpc ! 60 kpc panels), the four bottom rows show edge-on projections for stars in di!erent age bins (in 60 kpc ! 30 kpc panels, with
the same colour scale for all images).

Table 1. Properties of the simulated galaxies at z = 0: stellar
mass within the optical radius, bulge fraction as measured with
GALFIT (Peng et al. 2002), optical radius (R25 measured in g-
band), disc scale-length (Rd) obtained from an exponential fit
to the stellar mass distribution. The last column shows a brief
description of their formation history (mergers are denoted by a
mass ratio)

Name M! (1010M") B/T R25 (kpc) Rd (kpc) History

g37 12.0 0.13 35.1 7.5 quiet
g47 8.6 0.11 22.2 4.2 fly-by
g92 4.4 0.04 28.9 5.1 quiet

g22 19.1 0.23 32.6 5.0 1:10
g48 10.8 0.07 24.7 3.8 1:4
g102 3.3 0.48 21.9 5.0 1:15
g106 4.3 0.22 24.6 5.1 1:5

of bulge fractions at z = 0, from nearly bulgeless to bulge-
dominated systems. Martig et al. (2012) studied how this
final morphology compared to the morphology at earlier red-
shift, and discussed how the bulge fraction is connected with
the merger and gas accretion history. In the sample, the frac-
tion of barred galaxies at z = 0 and higher redshift is re-
alistic when compared to observations (Kraljic et al. 2012),
and a detailed chemical modelling of one of the galaxies has
shown an interesting match to many features found in the
Milky Way (Minchev et al. 2013). Note also that disc dy-
namics and radial migration properties have been compared
with isolated galaxy simulations performed with a Tree-SPH
code, and good agreement was found (Minchev et al. 2012b).

2.2 Overview of the selected galaxies

From the initial sample of 33 galaxies, we select seven disc
galaxies for this study. Choosing a reduced number of galax-
ies allows a deeper investigation of each, while being repre-

sentative of the diversity of histories and morphologies found
in the larger sample. Two have a very quiescent merger his-
tory (g92 and g37), one has a quiescent history apart from a
close fly-by at t!9 Gyr (g47), while the other four have vari-
ous types of mergers after z = 1 (g22, g48, g102, g106). The
stellar mass, bulge fraction, optical radius and disc scale-
length are shown for each galaxy in Table 1. Face-on views
of their total stellar mass distribution at z = 0 are shown
in Figure 1, together with edge-on views of stars in di!erent
age bins.

All seven galaxies start their evolution with a phase
of merger activity which contributes significantly to the
buildup of a hot stellar component, as seen in the bottom
row of Figure 1 for stars older than 9 Gyr (i.e. formed earlier
than z ! 1.5). disc growth starts after the merging phase,
and Figure 1 shows that for all galaxies, older disc stars
are in a thicker and more concentrated component than the
youngest stars. There are nevertheless di!erences between
galaxies in the shape of these components, since these galax-
ies have di!erent histories for z < 1.

g37 and g92 have quiescent histories: over the last 9
Gyr of evolution (z ! 1.5) all interactions have mass ratios
smaller than 1:502.

g47 is also mostly quiescent, but undergoes a 1:15 interac-
tion with a satellite at t !8.5–9 Gyr (z ! 0.5), the satellite
does not merge with g47 but does significantly disturb its
morphology

g22 undergoes a 1:10 merger at t = 10 Gyr (z ! 0.3)
g48 undergoes a 1:4 merger at t = 8 Gyr (z ! 0.6)
g102 undergoes a 1:15 merger at t = 8.5 Gyr (z ! 0.5)
g106 undergoes a 1:5 merger at t = 7 Gyr (z ! 0.7)

2 Throughout this paper, merger mass ratios are expressed in
terms of relative stellar mass, and t is the time since the Big
Bang

c" 0000 RAS, MNRAS 000, 000–000

Figure 7.1: Structure of simulated galaxies.
The top row shows global face-on views, while
the bottom rows show edge-on views of pop-
ulations of different ages. Older stars are
thicker and more concentrated.

An additional complication comes from re-
cent observational results from the SEGUE
survey, showing that the thin and thick disc
are not two separate components, but that
instead a continuity of properties is found
when slicing the Milky Way disc into pop-
ulations of similar chemical abundances.
There is a clear anti-correlation between
the scale-height and scale-length of these
populations, so that the youngest ones are
also the coldest and the most radially ex-
tended. This has been presented as clear
evidence for inside-out formation, and ev-
idence against mergers, which would have
created distinct components instead of the
observed smooth continuum.

The structure of simulated
galaxies

We test that assumption by analysing a
sample of seven simulated galaxies with
different merger histories (see three of the
simulated galaxies in Fig. 7.1). We aim at understanding which observed properties are
generic features of disc evolution, and which ones are a clear indicator of a merger-free
history. The results are presented in two papers. In Paper I [1], we dissect the discs in
so-called mono-age populations, and compare their structure to Milky Way observations
from the SEGUE survey. Paper II [2] is focused on the age-velocity relation (i.e. the
relation between the ages of stars and their vertical velocity dispersion) and a study of
disc heating in simulations.
In Paper I, we first show that most mono-age populations have exponential radial surface
density profiles. This results from a combination of birth properties (with profiles at
birth being often complex, following spiral arms and rings found in the gas discs), and
of subsequent radial migration that smooths and steepens the radial density profiles.
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Mergers also have a noticeable effect on radial density profiles: they redistribute the old
stars and change the spatial distribution of newly formed stars. In the end, we find that
in most simulated galaxies, younger stars tend to have larger scale-lengths (Fig. 7.1).
We have also studied the vertical density profile and vertical velocity dispersion (σz)
of mono-age populations. Galaxies with quiescent merger histories show the simplest
structures: populations of increasing age have an increasing scale-height, and this is true
at all radii. Mergers introduce some complexity, and also seem to introduce some flaring
in the outer regions (as expected from previous studies). We however find that σz is the
most sensitive indicator of a galaxy’s merger history.

Dissecting simulated disc galaxies II: the age-velocity relation 3

Figure 2. Vertical velocity dispersion as a function of age at 2Rd. The dots represent the actual value of !z , while the lines correspond
to !z measured once a gaussian error of 20% (solid line) or 30% (dashed line) has been first added to the age of each particle. Galaxies
in the top panels have quiescent merger histories for z < 1.5, while galaxies in the bottom panels have more active histories. The small
vertical lines mark the time of coalescence for the last merger undergone by each galaxy for z < 1.5 (the dashed line for g47 marks the
end of a fly-by). We find a smoothly rising age-velocity relation for the quiescent galaxies, while mergers imprint jumps in the relation.
The age errors do not change the shape of the AVR for quiescent galaxies, but smooth jumps for galaxies with mergers.

size of 150 pc, where gas dynamics is modelled with a sticky-
particle algorithm. The mass resolution is 1.5 ! 104 M" for
gas particles, 7.5 ! 104 M" for star particles (1.5 ! 104 M"
for star particles formed from gas during the simulation),
and 3 ! 105 M" for dark matter particles. For the galaxies
studied here, there are typically 2 to 6 million star particles
in the discs at z = 0.

We model star formation following a Schmidt law with
an exponent of 1.5 above a volume density threshold of 0.03
M"pc!3 (i.e., 1 H cm!3). We take into account stellar mass
loss (see Martig & Bournaud 2010), as well as kinetic feed-
back from supernovae explosions, where 20% of the energy of
the supernovae is distributed to neighbouring gas particles.

The seven chosen galaxies have a total stellar mass at
z = 0 of between 3! 1010 M" and 2! 1011 M", and bulge-
to-total ratios between 0.04 and 0.5 (see Table 1 in Paper
I). They were selected to have a range of formation histories
as follows:

g37 and g92 have quiescent histories: over their last 9
Gyr of evolution they only have interactions with mass ratios
smaller than 1:50.

g47 is also mostly quiescent, but undergoes a 1:15 inter-
action with a satellite at t #8.5–9 Gyr, the satellite does not
merge with g47 but significantly disturbs its morphology

g22 undergoes a 1:10 merger at t = 10 Gyr
g48 undergoes a 1:4 merger at t = 8 Gyr
g102 undergoes a 1:15 merger at t = 8.5 Gyr
g106 undergoes a 1:5 merger at t = 7 Gyr

The properties of each galaxy are analysed at z = 0. In
this paper, we present the age-velocity relation for particles
in age bins of 500 Myr. We first remove counter-rotating
stars to minimize the contamination of our sample by halo
stars. Then, we measure the vertical velocity dispersion for
each population within a 2 kpc-wide annulus centered at 2
Rd (Rd is the scale-length obtained from an exponential fit
to the total stellar mass distribution), and up to a height

including 95% of stars of that population (limited to 5 kpc
above the disc plane). We estimate !z from the second mo-
ment of the velocity distribution; the resulting AVR is shown
in Figure 2 for each of the seven galaxies.

Since errors on ages are a significant observational issue,
we perform an additional test: we add a Gaussian error on
the age of each stellar particle before re-computing the AVR
using the blurred ages. We test assumed age errors of 20%
and 30%, which are typical of current observational measure-
ments (Holmberg, Nordström, & Andersen 2007; Soderblom
2010). The resulting AVRs are shown as black lines in Figure
2.

In the next Section, we compare the overall shape of
the AVR for quiescent and active galaxies, and discuss the
values of !z for young stars.

3 THE SHAPE OF THE AGE-VELOCITY
RELATION

The shape of the AVR is very di!erent for galaxies with dif-
ferent merger histories (Figure 2). Quiescent galaxies show
a smooth rise of the AVR, while mergers leave well defined
jumps. An exception is g106: it undergoes a 1:5 merger, but
this merger happens early enough so that it leaves little trace
in the AVR. In the following, we thus study g106 together
with the quiescent galaxies.

3.1 Quiescent galaxies

Apart from the oldest populations, which have a high !z in
all cases, the quiescent galaxies show a very regularly rising
!z with age. Interestingly, the fly-by undergone by g47 does
not leave any trace in the AVR at a radius of 2Rd, only
leaving signatures in the outer disc of g47.

In the Milky Way, the AVR is often fitted by a power

c! 0000 RAS, MNRAS 000, 000–000
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Figure 2. Vertical velocity dispersion as a function of age at 2Rd. The dots represent the actual value of !z , while the lines correspond
to !z measured once a gaussian error of 20% (solid line) or 30% (dashed line) has been first added to the age of each particle. Galaxies
in the top panels have quiescent merger histories for z < 1.5, while galaxies in the bottom panels have more active histories. The small
vertical lines mark the time of coalescence for the last merger undergone by each galaxy for z < 1.5 (the dashed line for g47 marks the
end of a fly-by). We find a smoothly rising age-velocity relation for the quiescent galaxies, while mergers imprint jumps in the relation.
The age errors do not change the shape of the AVR for quiescent galaxies, but smooth jumps for galaxies with mergers.

size of 150 pc, where gas dynamics is modelled with a sticky-
particle algorithm. The mass resolution is 1.5 ! 104 M" for
gas particles, 7.5 ! 104 M" for star particles (1.5 ! 104 M"
for star particles formed from gas during the simulation),
and 3 ! 105 M" for dark matter particles. For the galaxies
studied here, there are typically 2 to 6 million star particles
in the discs at z = 0.

We model star formation following a Schmidt law with
an exponent of 1.5 above a volume density threshold of 0.03
M"pc!3 (i.e., 1 H cm!3). We take into account stellar mass
loss (see Martig & Bournaud 2010), as well as kinetic feed-
back from supernovae explosions, where 20% of the energy of
the supernovae is distributed to neighbouring gas particles.

The seven chosen galaxies have a total stellar mass at
z = 0 of between 3! 1010 M" and 2! 1011 M", and bulge-
to-total ratios between 0.04 and 0.5 (see Table 1 in Paper
I). They were selected to have a range of formation histories
as follows:

g37 and g92 have quiescent histories: over their last 9
Gyr of evolution they only have interactions with mass ratios
smaller than 1:50.

g47 is also mostly quiescent, but undergoes a 1:15 inter-
action with a satellite at t #8.5–9 Gyr, the satellite does not
merge with g47 but significantly disturbs its morphology

g22 undergoes a 1:10 merger at t = 10 Gyr
g48 undergoes a 1:4 merger at t = 8 Gyr
g102 undergoes a 1:15 merger at t = 8.5 Gyr
g106 undergoes a 1:5 merger at t = 7 Gyr

The properties of each galaxy are analysed at z = 0. In
this paper, we present the age-velocity relation for particles
in age bins of 500 Myr. We first remove counter-rotating
stars to minimize the contamination of our sample by halo
stars. Then, we measure the vertical velocity dispersion for
each population within a 2 kpc-wide annulus centered at 2
Rd (Rd is the scale-length obtained from an exponential fit
to the total stellar mass distribution), and up to a height

including 95% of stars of that population (limited to 5 kpc
above the disc plane). We estimate !z from the second mo-
ment of the velocity distribution; the resulting AVR is shown
in Figure 2 for each of the seven galaxies.

Since errors on ages are a significant observational issue,
we perform an additional test: we add a Gaussian error on
the age of each stellar particle before re-computing the AVR
using the blurred ages. We test assumed age errors of 20%
and 30%, which are typical of current observational measure-
ments (Holmberg, Nordström, & Andersen 2007; Soderblom
2010). The resulting AVRs are shown as black lines in Figure
2.

In the next Section, we compare the overall shape of
the AVR for quiescent and active galaxies, and discuss the
values of !z for young stars.

3 THE SHAPE OF THE AGE-VELOCITY
RELATION

The shape of the AVR is very di!erent for galaxies with dif-
ferent merger histories (Figure 2). Quiescent galaxies show
a smooth rise of the AVR, while mergers leave well defined
jumps. An exception is g106: it undergoes a 1:5 merger, but
this merger happens early enough so that it leaves little trace
in the AVR. In the following, we thus study g106 together
with the quiescent galaxies.

3.1 Quiescent galaxies

Apart from the oldest populations, which have a high !z in
all cases, the quiescent galaxies show a very regularly rising
!z with age. Interestingly, the fly-by undergone by g47 does
not leave any trace in the AVR at a radius of 2Rd, only
leaving signatures in the outer disc of g47.

In the Milky Way, the AVR is often fitted by a power
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Figure 7.2: The age-velocity relation for two simulated galaxies. The dots represent the
actual value of σz, while the lines correspond to σz measured once a gaussian error of 20%
(solid line) or 30% (dashed line) has been first added to the age of each particle. We find a
smoothly rising age-velocity relation for the quiescent galaxies (left panel), while mergers
imprint jumps in the relation (right panel). The age errors do not change the shape of the
age-velocity relation for quiescent galaxies, but smooth jumps for galaxies with mergers.

In Paper II, we indeed show that the shape of the age-velocity relation for stars younger
than 9 Gyr depends strongly on the merger history at low redshift. For galaxies with
a quiescent history at low redshift, we find that the vertical velocity dispersion rises
smoothly for ages up to 8–9 Gyr, following a power law with a slope of ∼ 0.5, similar
to what is observed in the solar neighbourhood by the Geneva-Copenhagen Survey. For
these galaxies, we show that the slope of the age-velocity relation is not imprinted at
birth, but is the result of subsequent heating. By contrast, even 1:10–1:15 mergers are
able to create jumps in velocity dispersion, although these jumps might not be detectable
if the errors on stellar ages are on the order of 30% (see Fig. 7.2).
Our simulations, combined with current data, favour a very quiescent history for the
Milky Way in the last 9 Gyr, with a potential contribution of mergers to the build-up of
the thickest and oldest disc components.

Work done in collaboration with Ivan Minchev (Leibniz-Institut für Astrophysik Potsdam)
and Chris Flynn (Swinburne University of Technology).

[1] Martig, M. Minchev, I., & Flynn, C. (2014a): Dissecting simulated disc galaxies - I.
The structure of mono-age populations, MNRAS 442, 2474

[2] Martig, M. Minchev, I., & Flynn, C. (2014b): Dissecting simulated disc galaxies - II.
The age-velocity relation, MNRAS 443, 2452
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7.2 A New Channel for the Formation of

Kinematically Decoupled Cores in Early-type

Galaxies

Athanasia Tsatsi, Andrea Macciò, Glenn van de Ven

Integral field spectroscopic observations of the stellar kinematics of many early-type galax-
ies (ETGs) suggest the existence of Kinematically Decoupled Cores (KDCs) in their cen-
tral regions. Those are stellar components of sizes ranging from a few hundred parsecs
to a few kiloparsecs, which rotate around a different axis compared to the main stellar
body of the galaxy. Notably, the fraction of ETGs that host a KDC is substantially high,
especially in the centers of massive ETGs (∼ 47 − 67%, depending on the sample selec-
tion). Those KDCs are typically “old and large”, with sizes larger than 1 kpc and stellar
populations that show little or no age differences with their surrounding galaxy.

-60

+60
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Velocity

5kpc

Figure 7.3: Line-of-sight
projected mean velocity of
the old stars of the sim-
ulated ETG, showing a
large-scale KDC (∼ 2kpc)
in the center. Fitted
contours of the galaxy’s
projected stellar mass are
overplotted [1].

With this observational evidence at hand, the most plausible
scenario for the formation of these KDCs is major merging.
Until now, this scenario has been confirmed in simulations,
only when the two progenitor galaxies are following retro-
grade merger orbits. However, observations indicate only a
lower limit to the true fraction of KDCs in ETGs, and those
could not have been formed only by retrograde mergers. This
fact is now pointing to the need for an additional KDC for-
mation scenario, which can explain the fractions observed
and, ultimately, shed more light onto the formation history
of early-type galaxies.

Here, we show that in contrast to what was previously
thought, a KDC might as well result from a prograde ma-
jor merger. The KDC resulting from this process can be
long-standing, large-scale in size and consisting mainly of
the same stellar population as the main body of the galaxy,
making it thus comparable with large-scale KDCs observed
in real ETGs.

This new channel can serve as an additional formation scenario and help towards explain-
ing the substantial fraction of KDCs observed in ETGs.

Simulation parameters

The simulation we use is described in Moster et al. 2011, MNRAS 415, 3750. It is an
SPH simulation of a merger of two identical disk galaxies, composed of a cold gaseous
disk, a stellar disk and a stellar bulge, embedded in a hot gas halo and a dark matter
halo, including star formation and supernova feedback. The two progenitors are initially
employed in a nearly unbound prograde parabolic orbit, with an eccentricity of ε = 0.95
and an initial separation of 250 kpc. The simulation lasts for 5 Gyr, and the resulting
merger remnant ETG has a stellar mass of 1.3× 1011M� . The “mock” stellar kinematics
of the ETG are shown in Fig. 7.3, denoting the existence of a prominent KDC in its
central region.
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A new formation mechanism

Fig. 7.4 shows in detail the mechanism that results in the formation of a KDC from a
prograde merger. The two progenitor galaxies, due to strong tidal interaction during their
close encounter, experience a substantial mass loss from their main bodies in the form of
spiral arms. We suggest that this mass loss yields for a reactive force (Mestchersky force)
that opposes the direction of motion of the expelled mass, and which, if strong enough,
can change the direction of motion of the two progenitors and reverse their orbital spin.
An orbital reversal right before coalescence will cause the center of the remnant galaxy
to rotate the opposite way compared to its outer parts. After a few Gyr of evolution,
this will result in an ETG with a KDC in its center. This finding suggests a new KDC
formation scenario which can now help us understand the high fraction of ETGs with
KDCs, but also indicates the existence of forces that, if present in a galaxy interaction,
could have a strong impact on the dynamical structure of the resulting merger remnant.
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Figure 7.4: Stellar surface density of the two progenitors after their close interaction,
where the orbital spin gets reversed due to the Mestchersky effect.

Work done in collaboration with Benjamin Moster (IoA, Cambridge).

[1] Tsatsi, A., Macciò, A. V., van de Ven, G., & Moster, B. P. (2015): A New Channel
for the Formation of Kinematically Decoupled Cores in Early-type Galaxies, ApJ 802,
L3
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7.3 Scaling Relations Between Nuclear Star

Clusters and their Host Galaxies

Iskren Y. Georgiev and Nadine Neumayer

Summary

Galactic nuclei typically host either a Nuclear Star Cluster (NSC, common in galaxies
with mass . 1010M�) or a Massive Black Hole (MBH, common in galaxies with mass
& 1012M�). In the intermediate mass range, some nuclei host both a NSC and a MBH.
Scaling relations between NSC mass (MNSC) and host galaxy total stellar mass (M?,gal) in
spiral and elliptical galaxies can help to understand the underlying physical mechanisms
driving the formation and (co)evolution of these central massive objects. We find that
i) NSCs in spirals are more compact at fixed MNSC and M?,gal (Fig. 7.5); and ii) the
MNSC–M?,gal relation is shallower for NSCs in spirals than in ellipticals, similar to the
MBH–M?,bulge relation. We discuss these results in the context of the (possibly ongoing)
evolution of NSCs depending on host galaxy type. For NSCs with a MBH, we illustrate
the possible influence of a MBH on its host NSC, by considering the ratio between the
radius of the MBH sphere of influence and reff,NSC. NSCs harbouring a sufficiently massive
black hole are likely to exhibit an atypical (non-isothermal) surface brightness profile.

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

a)

M
N

S
C

 [
M

⊙
]

M
★

 host galaxy [M⊙]

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

a)

M
N

S
C

 [
M

⊙
]

M
★

 host galaxy [M⊙]

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

a)

M
N

S
C

 [
M

⊙
]

M
★

 host galaxy [M⊙]

NSCs: late-types

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

a)

M
N

S
C

 [
M

⊙
]

M
★

 host galaxy [M⊙]

err > 100%

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

a)

M
N

S
C

 [
M

⊙
]

M
★

 host galaxy [M⊙]

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

a)

M
N

S
C

 [
M

⊙
]

M
★

 host galaxy [M⊙]

 10  30  50

N

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

b)

M
N

S
C

 [
M

⊙
]

M
★

 host galaxy [M⊙]

1.08

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

b)

M
N

S
C

 [
M

⊙
]

M
★

 host galaxy [M⊙]

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

b)

M
N

S
C

 [
M

⊙
]

M
★

 host galaxy [M⊙]

NSCs: early-types

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

b)

M
N

S
C

 [
M

⊙
]

M
★

 host galaxy [M⊙]

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

b)

M
N

S
C

 [
M

⊙
]

M
★

 host galaxy [M⊙]

 4  14  24

N

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

c)
M

N
S

C
 [

M
⊙

]

M
★

 host galaxy [M⊙]

2.79
0.93

10
4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

c)
M

N
S

C
 [

M
⊙

]

M
★

 host galaxy [M⊙]

E
S10

4

10
5

10
6

10
7

10
8

10
9

10
10

10
7

10
8

10
9

10
10

10
11

10
12

10
13

c)
M

N
S

C
 [

M
⊙

]

M
★

 host galaxy [M⊙]

E
S

Figure 7.5: Relation between NSC mass, MNSC, and host galaxy stellar mass, M?,gal, for
spiral (a) and elliptical (b) host galaxies. Histograms are the NSCs mass distributions.
Panel c) compares the fitted relations from a) and b), where the shaded region is the fit
uncertainty and solid contour the 1σ of the data 2D PDF (probability density) distribution.

Bigger NSCs in bigger galaxies - one relation to rule them all?

It was unclear until recently whether spiral and elliptical galaxies have similar scaling re-
lations between the properties of their NSC and their host galaxy mass. This is important
for questions like are ellipticals the end evolutionary point of spirals, where NSCs have
stopped growing and spirals transformed into spheroids? Thanks to our large database of
homogeneously analysed NSCs’ properties in > 200 spiral galaxies from Hubble Space
Telescope imaging data [1], we now provide photometric masses for all NSCs that en-
ables us to perform a statistically meaningful comparison between elliptical and spiral
NSC host galaxies [2]. We observe (Fig.7.5) that the MNSC -M?gal scaling in elliptical
hosts is steeper than that for NSCs in spirals. A number of physical processes could
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contribute to this trend, such as i) depletion of the host galaxy mass via ram pressure
and/or tidal stripping, or ii) merger enhanced NSC growth in massive hosts. However,
we can not exclude also the possibility that this is due to measurement bias of the NSC
mass that is stronger in ellipticals with small NSC-to-bulge contrast ratio.

Observables as clues to coexisting NSCs with massive BH
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Figure 7.6: Ratio between the MBH sphere of influence radius, rinfl,BH, and the NSC eff-
ective radius, reff,NSC, against M?,gal. Left: Size ratios from directly measured quantities
(from [1],[2] and Neumayer and Walcher 2012, AdAst 15, 1). Middle: The ratio rinfl,BH

/ 3 pc (size of a typical cluster) for galaxies with SMBHs. Right: Ratio of the rinfl,BH

to a predicted reff,NSC from the reff,NSC–M?,gal empirical relation in [2]. Dashed, grey line
in all panels indicates a ratio of unity. For reference, the Milky Way, M 31 and M 32 are
indicated with labels.
Strong deviation from a star cluster (isothermal, King) surface brightness profile can be the
fingerprint of NSCs hosting a MBH [1]. The observables that can be used to uncover this are
the size ratio between the MBH sphere of influence, rinfl,BH, and the reff,NSC. We observe
a wide range of values (0.01 ≤ rinfl,BH/reff,NSC ≤ 100, Fig. 7.6), where rinfl,BH/reff,NSC > 1
implies that more than 50% of the bound NSC stars are on Keplerian orbits around the
MBH. The best example for this scenario is the nucleus of M 31, where rinfl,BH/reff,NSC>1,
while in contrast, the Milky Way NSC-MBH system has a size ratio below 1 and the NSC
surface brightness profile is well described by a King model.

[1] Georgiev, I.Y. & Böker, T. (2014): Nuclear star clusters in 228 spiral galaxies in the
HST/WFPC2 archive: catalogue and comparison to other stellar systems, MNRAS
441, 3570

[2] Georgiev, I.Y., Böker, T., Leigh, N., Lützgendorf, N., & Neumayer, N. (2016): Masses
and Scaling Relations for Nuclear Star Clusters, and their Coexistence with Central
Black Holes, MNRAS 457, 2122
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7.4 Science Demonstration using ARGOS on LBT:

NGC 6384 Nuclear and Star Cluster Structure

Iskren Y. Georgiev, Nadine Neumayer and Wolfgang Gässler

Summary

We present first scientific results using commissioning imaging data obtained with AR-
GOS (adaptive optics laser guide system) and the near-infrared LUCI 2 camera at the
LBT (Fig. 7.7). The main scientific aims are to break the age-metallicity-extinction
degeneracy in the optical and derive more precise photometric age and metallicity of
nuclear star clusters (NSCs) and those of the star cluster population of a galaxy as a
whole. These are crucial parameters for our understanding of their formation and evolu-
tion, and for the reconstruction of their host galaxy major star formation history. Here,
we demonstrate that these goals are achievable with AO-assisted observations that pro-
vide i) a factor of two increase in distance (8× in volume) compared to seeing limited
ground-based data; ii) the large field, AO imaging significantly enhances the scientific
efficiency in studying a major fraction of the star cluster population of a galaxy. Our
main scientific results are: i) we are able to derive effective radius and unbiased mass of
the NSC of the late-type spiral NGC 6384, for the first time at such high spatial resolution
in the KS-band; ii) we detect globular star cluster candidates around NGC 6384 based on
their structure. The measured effective radius, concentration index and mass of the NSC
and numbers of cluster candidates is typical for a galaxy of such mass (see also s. § 7.3).

The nuclear structure of NGC 6384

Figure 7.7: LBT/ARGOS/LUCI 2 J,H
colour composite image.

The excellent AO-correction provided by
ARGOS in the NIR with LUCI 2 enabled
us to build a high spatial J,H,KS sur-
face brightness (SB) profile of the nucleus
of NGC 6384 , in Fig. 7.8. Its complex
structure can only be fit by including mod-
els for the NSC (isothermal, King pro-
file), the bulge (Sersic profile) and a disk
(power-law). The derived effective radius
of the NSC of NGC 6384 of reff,KS,King =
0 ′′. 32' 38 pc is consistent with our earlier
HST-based analysis in the optical, where
NSCs become more extended with increas-
ing wavelength ([1]), and is in line with
the NSC size and mass – total galaxy stel-
lar mass relation [2]. Evidences also show
that NSCs coexist with a massive black
hole (MBH, see Neumayer & Walcher 2012,
AdAst 15, 1) in galaxies of such interme-
diate mass as NGC 6384, M?,gal = 4.3 ×
1010M�. We plan to test this with follow-
up high spatial (ARGOS) and high spectral (R ∼ 14000) resolution observations.
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The globular cluster system of NGC 6384

The efficient studying of the globular star cluster system of a galaxy at 25 Mpc like
NGC 6384 by selecting cluster candidates on the basis of their structure from the ground
is only possible with large field AO-assisted observations. Deriving photometric mass,
age and metallicity of the entire cluster system will provide us with a direct tracer for
the star formation and assembly history of their host galaxy. In Fig. 7.8 (right) we show
the J, J−KS colour-magnitude diagram of all (light-grey symbols) NGC 6384 detections.
Solid (red) circles indicate (S/N >30) sources for which we have reliable size measurement,
i.e. our cluster candidates. It is evident from Fig. 7.8 that we are detecting two main
groups of likely metal-poor (blue) and metal-rich clusters (redder in J−KS), as traced
by vertical solid lines in Fig. 7.8 (right) showing SSP models for two metallicities (solar
and 1/200 solar). Such bi-modal metallicity cluster population, such as in the Milky Way,
is also characteristic for tidal interaction and merger events. The number of detected
clusters is consistent with the number expected for a galaxy of NGC 6384 mass.

Figure 7.8: Left: J,H,KS surface brightness profile of the nucleus of NGC 6384. For illu-
stration purposes, the J,H profiles are shifted to match that of the KS-band at 1′′. Lines
are for fits given in the legend. Right: J, J−KS colour-magnitude diagram of NGC 6384
detections, where solid (red) circles are globular cluster candidates and asterisk the NSC.
The solid circles along the model mono metalicity tracks indicate ages of 5 and 14 Gyr.

[1] Georgiev, I.Y. & Böker, T. (2014): Nuclear star clusters in 228 spiral galaxies in the
HST/WFPC2 archive: catalogue and comparison to other stellar systems, MNRAS
441, 3570

[2] Georgiev, I.Y., Böker, T., Leigh, N., Lützgendorf, N., & Neumayer, N. (2016): Masses
and Scaling Relations for Nuclear Star Clusters, and their Coexistence with Central
Black Holes, MNRAS 457, 2122
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7.5 Weighing the Milky Way with Stellar Streams

Branimir Sesar, Morgan Fouesneau, Melissa Ness, Nicolas
F. Martin, Hans-Walter Rix, Edward F. Schlafly

Galactic Potential and Stellar Streams

One of the fundamental goals of Galactic astronomy is the determination of the Galaxy’s
gravitational potential, because knowledge of it is required in any study of the dynamics
or evolution of the Galaxy. An important tool in this undertaking are stellar tidal streams,
remnants of accreted Milky Way satellites that were disrupted by tidal forces and stretched
into filaments as they orbited in the Galaxy’s potential. The orbits of stars in these streams
are sensitive to the properties of the potential and thus allow us to constrain the potential
over the range of distances spanned by the streams. However, before the streams are used
for this purpose, we should make sure we understand their dynamics and evolution.

The Mystery of the Ophiuchus Stellar Stream

Recently, an exceptionally short (∼ 2.5◦ long) and narrow (∼ 7′ wide) stream was discov-
ered in Pan-STARRS1 (PS1) imaging data (Ophiuchus stream; [1]). Based on the initial
characterization, the stream has an old, metal-poor population and is located ∼ 9 kpc
away at (l, b) ∼ (5◦,+32◦), or ∼ 5 kpc from the Galactic Center.

We have followed up candidate members of the stream with DEIMOS and Hectochelle
spectrographs (on Keck and MMT telescopes, respectively), and have identified 14 mem-
bers of the stream based on their similar line-of-sight velocities (mean velocity of ∼ 290
km s−1 and dispersion of only 4 km s−1). Using photometric, proper motion, and radial
velocity data of stars in the Ophiuchus stream and its vicinity, in combination with proba-
bilistic modeling, we have created a multi-dimensional model of the stream in 3D position,
3D velocity, and 5D PS1 photometry space [2]. Such a fully probabilistic observational
model of a stellar stream has never been presented before. Using this detailed model, we
constrained the orbit of the stream (Figure 7.9), and found that its orbital period is only
about 350 Myr.

Figure 7.9: This plot compares line of sight velocities (top left), distances (top right),
positions (bottom left), and proper motions (bottom right) obtained from by orbit-fitting
(thin blue lines) with probabilistic models derived from observations (thin red lines).

186



The Fanning of the Ophiuchus Stellar Stream

Our model and the orbit of the stream have revealed a puzzle: the population of the
stream is definitely older than 11 Gyr, its orbital period is short (∼ 360 Myr, with a
perigalacticon of 3 kpc and apogalacticon of 17 kpc), and yet the stream is only ∼ 1.6 kpc
long (based on photometric data only)! A stream with such an old population and short
orbital period should have been much longer by now, or even be completely disrupted.
Alternatively, the stream may actually be much longer but may be difficult to detect if
its tidal tails suddenly fan out. This effect, known as “stream-fanning”, has recently been
proposed, but has not been observed in known streams.
To verify the presence of stream-fanning in the Ophiuchus stream, we completed a spec-
troscopic campaign of the Ophiuchus region where we targeted candidate Blue Horizontal
Branch stars associated with the Ophiuchus stream [3]. The results of that campaign are
shown in Figure 7.10.
The four stars east of ` = 6◦ stand out by their high velocities (vlos > 230 km s−1) against
∼ 40 other stars: their velocities are comparable to those of the stream, but would be
exceptional if they were unrelated halo stars. These observations suggest that stream-
fanning may be a real, observable effect and, therefore, that Ophiuchus may be on a
chaotic orbit.

Figure 7.10: The four filled circles east of ` > 6◦ indicate positions of new Ophiuchus
members that trace the fanning of the stream. The main part of the stream that was
observed by [1] [2], is marked by dashed vertical lines. The thin lines illustrate the uncer-
tainty in the orbit of the Ophiuchus stream, and the color of symbols indicates the radial
velocity of stars. Stars marked with open circles have radial velocities smaller than 140
km/s and are not associated with the Ophiuchus stream.

Work done in collaboration with members of the Pan-STARRS1 science consortium.

[1] Bernard, E.J., Ferguson, A.M.N., & Schlafly, E.F. (2014): Serendipitous discovery
of a thin stellar stream near the Galactic bulge in the Pan-STARRS1 3π Survey,
MNRAS 443, 84

[2] Sesar, B., Bovy, J., & Bernard, E.J. (2015): The Nature and Orbit of the Ophiuchus
Stream, ApJ 809, 59

[3] Sesar, B., Price-Whelan, A.M., & Cohen, J.G. (2016): Evidence of Fanning in the
Ophiuchus Stream, ApJL 816, 4
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7.6 Major Mergers Can Transform Spiral Galaxies

into Lenticular Galaxies (S0s)

Miguel Querejeta, Glenn van de Ven, Marie Martig

Context

As the most numerous early-type galaxies in the local Universe, lenticular galaxies (or
S0s) constitute an important end-product of galaxy evolution, but they have obtained
only marginal attention until recently. While many arguments point to spiral galaxies as
their progenitors, the mechanisms that could transform spirals into disc-dominated and
passive lenticulars are still hotly debated.

One of the mechanisms that is most often invoked in this context is ram pressure stripping:
during their infall into a galaxy cluster, spiral galaxies can be stripped of their gas,
quenching star formation and evolving into quiescent lenticular galaxies. However, this
and other so-called fading mechanisms are not expected to significantly change the angular
momentum of the host galaxy, which contradicts recent observations from the CALIFA
survey. Van de Ven et al. (in preparation) have identified a simultaneous change in angular
momentum (parametrised through the dimensionless quantity λRe) and concentration
(measured as the Petrosian ratio R90/R50); here, we use numerical simulations to explore
whether major mergers of spiral galaxies can account for that mismatch.

Major mergers of spirals can produce lenticular galaxies

We have analysed N -body numerical simulations of major mergers from the public GalMer
database, which include the effects of gas and star formation. We have found that, under
favourable conditions, discs can be rebuilt during the last stages of the encounter, leading

t = 0

1 kpc10 kpc

face-on

edge-on

t ~ 1 Gyr

1 kpc

1 kpc

t ~ 3 Gyr

Figure 7.11: Three stages of the major
merger between two giant spiral galaxies,
of Hubble type Sa and Sd, simulated by
GalMer. These are RGB synthetic images
which combine mock K-band (red), SDSS g-
band (green), and GALEX near-UV (blue).

to passive galaxies which resemble lenticu-
lars. The possiblity of disc survival in ma-
jor mergers had already been suggested by
some theorists; however, this is the first
study in which the remnants are consis-
tently translated into the phase space of
observations (through mock images which
take the appropriate mass-to-light ratio
into account, based on the age and metal-
licity of the stellar particles in the simu-
lations). This has allowed us to conclude,
for example, that the lenticulars emerging
from the simulated major mergers obey the
photometric scaling relations found in real
lenticulars (e.g. in terms of bulge-disc cou-
pling, see [1]). Fig. 7.11 visually illustrates
one of the simulated major mergers which
result in a lenticular galaxy.
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Figure 7.12: Stellar angular momentum (λRe) versus concentration (R90/R50) for the
GalMer simulations, compared to CALIFA. All parameters correspond to edge-on view.

Kinematics: Agreement with CALIFA observations

The CALIFA team has recently proposed a new diagnostic diagram, the λRe–concentration
plane, which puts forward a strong objection to the idea that most lenticular galaxies
are faded spirals. This plane is shown in Fig. 7.12, taken from [2], where we compare
the distribution of lenticular-like merger remnants from GalMer with real galaxies from
CALIFA; there is good agreement between the simulated lenticulars and the observational
datapoints. Therefore, major mergers can imprint a change on spiral progenitors so that
they evolve from high λRe and low concentration into realistic lenticular galaxies of lower
λRe and higher concentration, in the same direction as the observational result from
CALIFA. Many Sa galaxies are compatible with lenticulars in this plane, but the change
is especially significant starting from late-type spirals (Sb, Sc, Sd): a mechanism able
to modify both the angular momentum and the concentration is required to explain this
change, and we have shown that major mergers are a viable option in this sense. Of
course, this does not imply that major mergers are the only channel to create the totality
of present-day lenticulars, and we cannot yet quantify the importance of mergers relative
to other mechanisms. In the near future, we plan to extend our investigation to mergers of
other mass ratios, setting our results in a cosmological context, and further exploring the
synergies between simulations of galaxy mergers and the 3D observations from CALIFA.

Work done in collaboration with M. Carmen Eliche-Moral (UCM), Trinidad Tapia
(UNAM), Alejandro Borlaff (IAC), Mariya Lyubenova (Groningen), Jesús Falcón-Barroso
(IAC), and Jairo Méndez-Abreu (St Andrews).

[1] Querejeta, M., et al. (2015): Formation of S0 galaxies through mergers. Bulge-disc
structural coupling resulting from major mergers, A&A 573, A78

[2] Querejeta, M., et al. (2015): Formation of S0 galaxies through mergers. Explaining
angular momentum and concentration change from spirals to S0s, A&A 579, L2
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7.7 The Far-IR Characteristics of a

Starburst-Driven Superwind

Kathryn Kreckel, Brent Groves, Mariya Lyubenova, Eva
Schinnerer, Sharon Meidt, Fatemeh Tabatabaei, Fabian Walter

NGC 2146, a nearby luminous infrared galaxy (LIRG), presents evidence for outflows
along the disk minor axis in all gas phases (ionized, atomic and molecular). It is one
of the closest LIRGs, and displays a disturbed optical morphology due to a merger and
a bright central bulge, extended irregular spiral arms, and deep dust lane features (Fig.
7.13). NGC 2146 has a well-established starburst driven superwind along the minor axis
that has been detected in X-rays and optical emission lines from ionized gas that shows
evidence for shock excitation as well as in a molecular gas outflow and superbubbles. We
performed an analysis of the multi-phase superwind in the central 5 kpc as traced in
spatially resolved spectral line observations [1]. Optical integral field spectroscopy, taken
with the 3.5m Calar Alto telescope using the PMAS instrument in PPAK mode, is used
to examine the ionized gas through diagnostic line ratios. Using far-IR Herschel PACS
spectroscopy, taken as part of the KINGFISH Herschel key program, we probe the effects
on the atomic and ionized gas. Our observations of NGC 2146 in the far-IR allow an
unobscured view of the wind, crucial for tracing the superwind to the launching region at
the disk center.

Figure 7.13: A optical true color image of NGC 2146 shows a disturbed morphology and
strong dust lane feature. Overlaid are the field of view for the optical (green) and far-IR
(red) spectroscopic observations.

Optical: Mapping outflow shocks

Optical line ratios can be used to establish the ionization and excitation state of gas in
galaxies. We see evidence for high excitation (Fig. 7.14) that is consistent with shock
excitation and cannot be explained neither by star formation nor AGN activity. This shock
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Figure 7.14: Left: The optically identified shock regions (red) show very good agreement
with the high velocity dispersion outflow identified in the [CII] line (black contours). Right:
The location (purple) of the superbubble (south) and molecular outflow (north) appear
offset from the outflow identified by the increase in [CII] velocity dispersion (in color).

region is located ∼2 kpc above and below the galaxy disk, and extends ∼5 kpc horizontally
above the disk all the way to the edge of the IFU’s field of view. A combination of star
forming and shocked regions along the line of sight would likely mask any shocked emission
closer to the disk.

Far-IR: Mapping turbulent entrained material

An increased velocity dispersion is observed in all of the far-IR emission lines observed
both along the minor axis and in regions offset above and below the disk (Fig. 7.14, right).
The outflow is cylindrical out to approximately 500 pc, and broadens beyond this point
into conical outflows. The outflow extends to the edge of the field of view, approximately
2.5 kpc above the disk, and presumably even further above the disk.

Work done in collaboration with Lee Armus, Tanio Diaz-Santos, Phil Appleton and Eric
Murphy (Caltech); Kevin Croxall (OSU); Danny Dale (U. Wyoming, Laramie); Leslie
Hunt (INAF); Pedro Beirao (Observatoire de Paris); Alberto Bolatto (U. Maryland);
Daniella Calzetti (U. Mass, Amherst); Jennifer Donovan Meyer (NRAO); Bruce Draine
(Princeton); Joanna Hinz (U. Arizona); Robert Kennicutt (Caimbridge); J. D. Smith (U.
Toledo).

[1] Kreckel, K., Armus, L., Groves, B., et al. (2014): ApJ, 790 26,
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7.8 Towards A Complete Census of Old Stellar

Systems: The Largest Star Clusters and

Smallest Galaxies

Mark A. Norris

Background

Over the past decade, a growing zoo of compact stellar systems (CSSs) has been found,
which bridge the previously clear separation between star clusters and galaxies in a range
of physical properties (e.g. stellar mass, size, velocity dispersion, see Fig. 7.15). The na-
ture of these objects, which are often called Ultra Compact Dwarfs (UCDs) has been the
focus of intense debate in the literature. There have been two main suggestions for how
these extremely compact and dense stellar systems could form: 1) as unusually massive
globular star clusters (GCs) unlike any found in the Local Group, or 2) as the remnant
nuclei of dwarf galaxies that have had their outer regions removed by tidal stripping.

CSSs formed by either route would be extremely powerful probes of the galaxy formation
process, as massive GCs would be direct probes of the most massive star forming events
in a galaxy’s history (presumably triggered by major mergers), while stripped nuclei CSSs
would be long-lived tracers of the minor merger history of a galaxy.

The Archive of Intermediate Mass Stellar Systems Project

In order to determine if either, or both, of the suggested formation scenarios are at work,
we created the largest possible baseline sample of CSSs, located in all galactic environ-
ments from the field to dense clusters. The Archive of Intermediate Mass Stellar Systems
(AIMSS) Project uses archival HST imaging to find CSSs by searching for spatially re-
solved, roughly spherical objects near massive galaxies within 100 Mpc. Spectroscopic
confirmation of a physical association between the candidate CSS and the host galaxy
has already yielded more than 50 new CSS, including the densest CSSs ever found [1].
High-quality 10m-class spectroscopy (LBT, Keck, Gemini) for a subset showed:

1) The CSS population fully bridges the gap between GCs and galaxies with structural
properties consistent with both formation scenarios [1].
2) Careful examination of the stellar and dynamical masses confirms the existence of two
distinct CSS populations [2]. One population has dynamical-to-stellar mass ratios close
to unity, consistent with those of simple star clusters. The other population has elevated
dynamical-to-stellar mass ratio, which could be indicative of the presence of a supermas-
sive black hole, dark matter, or out of equilibrium kinematics due to recent stripping, all
of which would be signatures of a stripped nuclei origin.
3) CSSs exhibit an abrupt increase in metallicity above a stellar mass of & 2-3×107 M�
(see Fig. 7.15). This abrupt change coincides with the upper mass limit for GCs suggested
previously based on the GC luminosity function, and is consistent with most-low mass
CSSs being stellar clusters while massive CSS are exclusively stripped nuclei [3].
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Figure 7.15: Size-stellar mass plot colour-coded by the luminosity-weighted metallicity.
GCs are denoted with crosses, CSSs and galaxies with squares. The zone of avoidance
is a region of parameter space where no significant population of stellar system is found.
There is a clear and abrupt change in the metallicity of CSSs with stellar mass & 2-3×107

M� (indicated by black dashed line), objects above this mass are significantly more metal-
rich, and in fact have metallicities more consistent with those of the central regions of
massive galaxies.

Future work from this project will include using the massive star cluster CSSs as a probe
of initial mass function variation in massive galaxies, and studies of the high mass end of
the CSS population to look for a proposed population of fossil compact galaxies.

This work was done in collaboration with 22 collaborators in Argentina, Australia, Ger-
many, Spain, the UK, and the USA.

[1] Norris, M., Kannappan, S. J., Forbes, D., et al. (2014): The AIMSS Project - I.
Bridging the star cluster-galaxy divide, MNRAS 443, 1151

[2] Forbes, D., Norris, M., Strader, J., et al. (2014): The AIMSS Project - II. Dynamical-
to-stellar mass ratios across the star cluster-galaxy divide, MNRAS 444, 2293

[3] Janz, J, Norris, M. A., Forbes, D., et al. (2016): The AIMSS Project - III. The stellar
populations of compact stellar systems, MNRAS 456, 617
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7.9 Environmental Regulation of Star Formation

Sharon Meidt

What determines the star formation rate in galaxies?

The nature of the mechanism that determines the conversion of gas into stars is still
hotly debated: star formation in molecular clouds in our solar neighborhood appears
to proceed above a universal (fixed) column density threshold with a rate proportional
to the dense gas above this density. However, the star formation rate (SFR) in nearby
galaxies seems most closely related to the molecular gas surface density and the rela-
tion varies systematically with global and local (environmental) galaxy properties. These
apparently discrepant views can be unified if clouds are not viewed as isolated, static
entities but as coupled to their surroundings – in direct contrast to the prevailing ’uni-
versal cloud paradigm’. This premise provides a natural blue-print for how cloud internal
structure (including the dense star forming gas) is regulated by local environment: if a
cloud is in hydrostatic pressure equilibrium with the surrounding gas, the pressure at the
cloud boundary (the external pressure) determines the cloud surface density and internal
structure. This can be parameterized by the Singular Isothermal Sphere (SIS) or the
Bonnor-Ebert (BE) cloud solution.

Regulation of internal cloud structure
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Figure 7.16: Dense gas mass fraction Md/Mc

vs. cloud surface density Σc. Cloud mass
Mc increases with symbol size while uncer-
tain Md have open symbols. Md/Mc =
(Σc/Σd) for the asymptotic SIS (black line)
and Md/Mc = (Σc/3Σd) for the BE case
(grey line) are given for Σd = 200M�pc−2

together with the best-fit relation Md/Mc =
(Σc/Σd) with Σd free (dashed line) .

Using the Singular Isothermal Sphere
(SIS) or the Bonnor-Ebert (BE) cloud
parametrization, I developed a simple an-
alytic prediction that relates the relative
amount of dense gas contained within a
cloud, i.e. the dense gas mass fraction
(DGMF), to the cloud’s surface density.
Application to 141 Milky Way clouds has
shown that these clouds indeed match the
prediction. Here I use the catalog of Bat-
tisti & Heyer (2014) with dense gas mass
Md measured above a fixed surface density
threshold Σd=200 M�pc−2. In the simplest
scenario, clouds resembling a SIS with den-
sity ρ ∝ r−2 fall on the diagonal line in
Fig. 7.16. However, as soon as observa-
tions start to probe more complex inter-
nal cloud structures that are more realis-
tically described by the constant-density
core Bonnor-Ebert density profile, clouds
begin to systematically scatter about the
SIS line (depending on the core depth and
cloud mass).
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Extragalactic star formation
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Figure 7.17: Star formation rate surface den-
sity ΣSFR as a function of molecular gas sur-
face density ΣH2 in nearby galaxies. The
gray contours indicate the region populated
by spatially resolved measurements from the
HERACLES survey (Bigiel et al. 2008). The
semi-empirical prediction of my pressurized
cloud model (see text; black line) is shown
in comparison to the best-fit relation deter-
mined by Leroy et al. (2013; dashed line).
The diagonal dotted lines indicate linear star
formation relations, which correspond to star
formation that consumes 100%, 10%, and 1%
of the gas reservoir in 100 Myr correspond-
ing to lines of constant gas depletion time,
0.1, 1 and 10 Gyr from top to bottom.

The regulation of cloud internal structure
by environment in the manner demon-
strated in Fig. 7.16 has immediate impli-
cations for galactic star formation: if the
amount of dense gas mass within clouds
determines the star formation rate, and
a cloud’s internal structure is determined
by environment, then arguably galactic en-
vironment must regulate the star forma-
tion process. I use the concept detailed
in the previous subsection to examine how
the cloud-scale (40 pc) star formation rela-
tion compares to the extragalactic star for-
mation relation observed on larger spatial
scales (∼1 kpc). Figure 7.17 compares the
prediction of my model to observations of
nearby galaxies. The key is that pressure
in the ISM regulates not only the molecular
content of the ISM (as previously suggested
in the literature) but it also sets the surface
density of clouds hosted by the galaxy ac-
cording to the simple model described here,

[1] Meidt, S. (2016): How galactic envi-
ronment regulates star formation, ApJ
818, 69
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7.10 Discovery of a Nuclear Stellar Disk in the

Milky Way

Victor P. Debattista, Melissa Ness, Samuel W.F. Earp, David
R. Cole

Introduction

A peak of high Galactic standard-of-rest velocity (VGSR) stars has been reported in
the Galactic plane via the Apache Point Observatory Galactic Evolution Experiment
(APOGEE). This has been seen across all fields at 4◦ < l < 14◦ and latitudes near the
plane and has previously been interpreted as being due to stars in the Galactic bar. How-
ever, the peaks are not statistically significant in a number of fields, are confined to |b| <
2◦ and are not found in pure N -body models. We demonstrate that the high-VGSR peaks
in the line of sight velocity distributions are consistent with the presence of a nuclear disk
in the Milky Way [1].

Figure 7.18: Top row: Face-on views of the model: contours indicate the surface density while
colours show VGSR. The bold dotted circles indicate the radii between which star particles are
chosen (the selection function). The dashed lines show longitudes 4◦ − 14◦ in 2◦ steps. Bottom
row: Stacked model LOSVDs from l = 6◦, l = 8◦ and l = 10◦ in the mid-plane (black) and at
b = 2◦ (red). The dashed black lines show the effect of reducing the weights of star particles
younger than 1 Gyr by a factor of 5, to compensate for the very high star formation rate in the
model. All LOSVDs have been normalized to unit peak. The left panels are at tm1 while the
right ones are at tm2.

Simulation

Our high resolution simulation is evolved with the N -body+smoothed particle hydro-
dynamics code gasoline. This simulation includes gas and star formation and develops
a bar, driving gas to the center and forming a stellar nuclear disk. We use this simulation
to derive the kinematic signatures of such a disk. The simulation was not designed to
match the Milky Way, but the nuclear disk that forms is qualitatively similar to those in
external galaxies. We consider the model at two earlier times: at tm1=6 Gyr, before the
nuclear disk forms, and at tm2=7.5 Gyr when a strong nuclear disk is established.
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Line of Sight Velocity Distributions (LOSVDs)

Figure 7.19: The stacked APOGEE
LOSVDs for the mid-plane (red
histogram) and at |b| = 2◦ (blue
histogram) for stars at longitudes 5◦

≤ l ≤ 8◦. The black lines show
the two Gaussians fitted to the mid-
plane LOSVD.

Figure 7.18 shows the LOSVDs for various lines
of sight towards the bulge (indicated in the top
row). At tm1 each LOSVD at l ≤ 12◦ has a sin-
gle peak, both in the mid-plane and off the plane.
The LOSVDs have a shoulder to high VGSR, pro-
duced by stars at large distances seen close to tan-
gentially. The peak in VGSR moves to larger veloc-
ities with increasing l, but remains well below the
Galaxy’s circular velocity. By tm2, the LOSVDs
at l = 8◦ and l = 10◦ have developed a second,
high-VGSR peak. This peak is more prominent than
the low-VGSR peak, due to the model’s very vigorous
star formation in the nuclear disk, roughly ten times
higher than in the Milky Way for the corresponding
region. This very high star formation rate quickly
leads to a relatively massive nuclear disk; thus the
relative amplitudes of the low- and high-VGSR peaks
are not predictions of the model.
Figure 1.4 plots the stacked APOGEE LOSVDs for
stars from longitudes 5◦ ≤ l ≤ 8◦ in the mid-plane
(b=0◦) and above the mid-plane(|b| = 2◦). The mid-
plane stack has a clear second peak at VGSR ∼ 220,
corresponding to roughly the circular velocity of
the Milky Way in the bulge region. No compara-
ble second peak is visible in the off-plane stacked
LOSVD, which is non-Gaussian and skewed towards

high VGSR, i.e. it has a shoulder to high VGSR. A Kolmogorov-Smirnov test shows that
the null hypothesis that the mid-plane and off-plane LOSVDs are drawn from the same
distribution has a relatively low p-value of 0.04.

Conclusion

Nuclear disks are known in many external galaxies and the presence of one in the Milky
Way (and it’s kiloparsec scale we infer from the APOGEE velocities) is, therefore, not
unusual. For instance, in NGC 3945 the ratio of semi-major axes of the nuclear disk to
bar is ∼ 0.15− 0.18 whereas this ratio is ∼ 0.2 for the Milky Way, if we adopt a 5 kpc bar
for our Galaxy. We anticipate that this proposal will inspire further detailed mapping of
the central mid-plane of the Milky Way as part of the APOGEE-2 and future surveys.

[1] Debattista, V. P., Ness, M., Earp, S. W. F., & Cole, D. R. (2015): A Kiloparsec-scale
Nuclear Stellar Disk in the Milky Way as a Possible Explanation of the High Velocity
Peaks in the Galactic Bulge, ApJ 812, L16
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7.11 Towards a Precise 3D Map of the Galaxy:

>100,000 new RR Lyrae Stars from PS1

Nina Hernitschek, Branimir Sesar, Hans-Walter Rix

Variable sources in Pan-STARRS1 survey

With its combination of area and depth, the Pan-STARRS1 (PS1) 3π survey is currently
unique among many epoch, multi-band surveys. PS1 has observed 3/4 of the sky typically
seven times in each of its bands (gP1, rP1, iP1, zP1, yP1) over 3.5 years. It has enormous
potential for the all-sky identification of variable sources. However, unlike the Sloan
Digital Sky Survey (SDSS), PS1 does not observe its multi-band data near-simultaneously.
We developed a classification analysis of variable sources [1] from these data, focusing on
two classes of astrophysical objects: QSOs and RR Lyrae. RR Lyrae can act as tracers
of the Milky Way’s stellar outskirts with high distance precision. Variability of QSOs is
astrophysically interesting for a variety of reasons, and QSO candidates can be used as
reference sources for calibrating astrometry.

An approach for finding QSOs and RR Lyrae

Our methodology for finding QSOs and RR Lyrae encompasses three basic steps: first,
identifying sources that clearly vary; second, characterizing their light curves with a multi-
band structure function; finally, training an automatic classifier on known QSO and RR
Lyrae with PS1 data.
Structure functions give the mean squared magnitude difference between pairs of obser-
vations of some objects as a function of the time lag between the observations. Based
on the usual single-band structure function approach, we developed a new approach for
quantifying the statistical properties of the non-simultaneous, sparse, multi-colour PS1
light curves through structure functions. In order to find RR Lyrae and QSOs, we devel-
oped a classification method based on a Random Forest Classifier that makes use of the
variability parameters and other information. With PS1 data on SDSS Stripe 82, where
plausible “ground truth” on classification of QSOs and RR Lyrae exists, we explored how
well these two classes of objects can be identified. We selected QSO and RR Lyrae can-
didate samples of purity ∼70% and completeness ∼90% away from the Galactic plane.
On this basis, we identified an unprecedentedly large and deep sample of about 2.4× 105

Lyrae candidates, at distances from ∼10 kpc to ∼120 kpc. Using the PS1 candidates in
Draco, we demonstrated a distance precision of 5% for RR Lyrae candidates. Also, we
identified a QSO candidate sample of more than a million sources.

Sagittarius stream: structure in the Milky Way halo

The dominant substructure in the Galactic halo is the Sagittarius stellar stream. Fig-
ure 7.20, showing the RR Lyrae candidates in the Sagittarius plane, provides a striking
view of the stream, with its trailing and leading arm to distances of about 100 kpc and the
Virgo Overdensity in more detail than existing work. From our results, we can confirm
an extension of the trailing arm at distances of 60 – 80 kpc from the Sun as given e.g. by
Ruhland et al. (2011). Also, we find an overdensity that can be identified with the Virgo

198



overdensity. It can be seen in a number of works (e.g. Ruhland et al. 2011), but our RR
Lyrae candidates show the three-dimensional structure especially clearly.

0°

45°

90°

135°

180°

225°

270°

315°

20
40

60
80

100
Virgo

Sgr leading arm

Sgr trailing arm

Λ̃¯

D [kpc]

Sgr stream angular distribution and heliocentric distances 
 for |B̃¯|<9 ◦ crossing Galactic plane

Galactic center

Sun

Sgr dSph

Figure 7.20: The extent of the Sagittarius tidal stream from the distribution of RR Lyrae
candidates within ±9◦ of the Sagittarius plane (Λ̃�, B̃�). The leading and trailing arm of
the Sagittarius stream can be identified, as well as several substructures.
It is useful to show the geometry of the Sagittarius stream by selecting stars near its pre-
sumed orbital plane, and plot the angular and distance distribution using the heliocentric
coordinates (Λ̃�, B̃�) where the equator is aligned with the plane of the Sagittarius trail-
ing tail. Λ̃� increases in the direction of Sagittarius motion; the axis B̃� points to the
Galactic North pole. Distances D are derived from the mean rP1 magnitude.

Discussion

Based on the training in S82, we expect a purity of ∼71% and completeness of ∼98%
for RR Lyrae candidates. One important limitation of our classification is that we have
no training set in the Galactic plane as it relies on SDSS Stripe 82. As the treatment
of reddening is limited right now, care must be taken when applying any values of pu-
rity and completeness to regions of high reddening. However, at high galactic latitudes,
PS1 appears to remain quite complete in its selection to nearly rP1∼21, which enables
candidate selection to nearly ∼140 kpc.
Our work illustrates the power of time-domain surveys to identify variable objects and
opens up enormous follow-up possibilities. It should also be very relevant to the Large
Synoptic Survey Telescope (LSST), which will also collect non-simultaneous multi-band
time-domain data.

Work done in collaboration with Edward F. Schlafly (MPIA and UC Berkeley), David
W. Hogg (MPIA and Center for Cosmology and Particle Physics, New York University)
and Željko Ivezić (University of Washington).

[1] Hernitschek, N., Rix, H.-W., Schlafly, E. F., Sesar, B., Hogg, D. W., Ivezić, Ž., et
al. (2015): Finding, characterizing and classifying variable sources in multi-epoch sky
surveys: QSOs and RR Lyrae in PS1 3π data, ApJ 817, 73
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8

Galaxy Evolution

The Quadruple gravitational lens J1000+0221. See chapter 8.2 for details and credits.



8.1 Most Stars in the Universe were born in Disk

Galaxies

Arjen van der Wel, Yu-Yen Chang, Hans-Walter Rix

In Which Kind of Galaxies Does Star Formation Happen Across
Cosmic Time?

There is a lingering misconception in the community that most stars in the present-day
universe formed in high-redshift, low-mass galaxies with irregular morphologies. This
picture is seemingly supported by the observation that star-formation activity (per unit
volume and time) peaks at that epoch, the steepness of the UV luminosity function and
the visual impression of the Hubble Deep Fields in which those faint galaxies typically have
irregular shapes. The organization of the galaxy population into the basic morphological
types of spirals and ellipticals, where most stars reside nowadays, would then emerge only
at late cosmic times.
However, this picture is wrong. Approximately 50% of all stars formed between z = 1
and the present, and at least out to z = 2.5 galaxies with masses similar to the present-
day Milky Way account for the majority of star formation. The faint, blue objects may
outnumber these more massive galaxies, but while their integrated contribution to star
formation is not negligible, it is a minor fraction.

The Geometry of Star-Forming Galaxies across Cosmic Time

This contribution [1] represents a crucial step in defining this new paradigm: did the
z = 1 − 3 have different or similar geometries compared to the present-day Milky Way?
Were they disk-like, implying that morphological order emerged early, or irregular, with
a dominant population of spiral galaxies (disks) appearing only at late cosmic times?
We draw a sample of star-forming galaxies from the CANDELS+3D-HST surveys with
the Hubble Space Telescope. CANDELS provides deep imaging, needed to measure the
shapes of galaxies, while the grism spectroscopy from 3D-HST (supplemented with a range
of ground-based imaging) is used to select 10,000s of star-forming galaxies in the redshift
range z = 0− 2.5. This sample is complemented by a large low-redshift sample (z ∼ 0.1)
drawn from the SDSS. These samples are complete in stellar mass down to 109M�.
The crucial measurement made for the galaxies in these samples is the projected axis ratio
(van der Wel et al. 2012, ApJS 203, 24). Under the assumption that galaxies are randomly
oriented with respect to our viewpoint it is possible to reconstruct the intrinsic, 3-D shape
distribution from the observed, projected 2-D shape distribution. This methodology was
developed and applied by [2] as part of her thesis work at MPIA (2010-2013).
The results shown in Fig. 8.1 are unambiguous. Galaxies with stellar masses larger than
1010M� are shaped like flat, oblate spheroids (disks) at all redshifts z < 2. At lower masses
we see the same geometry at low redshift (z < 1), but at z > 1 there is a geometrically
increasingly varied population, with a large contribution from prolate (cigar-like) objects.
We postulate that at high-redshift the gas accretion rate onto low-mass galaxies is so
large that a sustained disk cannot form and survive. For more massive galaxies such a
disk can form and host the star formation that we know dominates the cosmic budget.
At later cosmic times even low-mass galaxies (down to at least 109M� in stars) can form
sustained disks.
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Figure 8.1: Graphic representation of the geometric shape distribution of star-forming
galaxies across the galaxy population (as a function of stellar mass) and across cos-
mic time. Red respresents the fraction of oblate objects (disks), Blue the fraction of
prolate (cigar-like) objects, and Green represents the fraction of round galaxies. The
‘negative’ redshift bin represents the present-day SDSS sample. The other bins are from
CANDELS+3D-HST.

[1] van der Wel, A., Chang, Y.-Y., Bell, E. F., Holden, B. P., Ferguson, H. C., Giavalisco,
M., Rix, H.-W., Skelton, R., Whitaker, K., Momcheva, I., Brammer, G., Kassin,
S. A., Martig, M., Dekel, A., Ceverino, D., Koo, D. C., Mozena, M., van Dokkum,
P. G., Franx, M., Faber, S. M., & Primack, J. (2014): Geometry of Star-forming
Galaxies from SDSS, 3D-HST, and CANDELS, ApJ 792, L6

[2] Chang, Y.-Y., van der Wel, A., Rix, H.-W., Holden, B., Bell, E. F., McGrath, E. J.,
Wuyts, S., Hussler, B., Barden, M., Faber, S. M., Mozena, M., Ferguson, H. C., Guo,
Y., Galametz, A., Grogin, N. A., Kocevski, D. D., Koekemoer, A. M., Dekel, A.,
Huang, K.-H., Hathi, N. P., & Donley, J. (2013): Structural Evolution of Early-type
Galaxies to z = 2.5 in CANDELS, ApJ 773, 149
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8.2 Starbursting Dwarf Galaxies at High Redshift

Michael Maseda, Arjen van der Wel, Hans-Walter Rix, Sharon
Meidt, Glenn van de Ven

While most of the stellar mass in the universe is contained in galaxies like our Milky Way
or larger (M∗ & 5 × 1010M�), most galaxies are actually much smaller. Even though
young, low-mass galaxies should dominate the number counts in the early universe, their
intrinsic faintness prevents detailed studies of them. Therefore, much of the information
about this crucial phase of galaxy evolution has been obtained by studying only local
examples, where it is seen that much of the star formation activity took place in the past.
One of the first discoveries in the CANDELS photometric data, deep near-IR imaging
taken with the WFC3 aboard the Hubble Space Telescope, was the abundance of
objects with a strong excess in the J-band compared to the H- and I-bands. As no
continuum emission process could produce such an SED, we postulated that such objects
must be strong [O III] emitters at z = 1.7, since at that redshift the strong Hα emission
line would lie outside the H-band. This implied a restframe [O III] equivalent width (EW)
in excess of 500 Å which, combined with the blue continuum slope, indicates that these
systems have very high star formation rates (SFRs) (van der Wel 2011, ApJ 742, 111).
These were termed Extreme Emission Line Galaxies (EELGs) and we claimed they are
starbursting dwarf galaxies, where the strong burst of star formation is taking place in a
low-mass galaxy (M∗ < 109 M�).

Spectroscopic Studies of EELGs
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Figure 8.2: Broadband SED with
best-fitting model (top), WFC3 im-
age/grism spectrum (middle), and
X-Shooter spectrum (bottom) for
an object in [2].

With data in hand from the 3D-HST survey,
which provides deep grism spectroscopy using the
WFC3 on the HST from 1-1.7 microns, we show
that EELGs, selected to have high-EW [O III]
5007 and/or Hα lines (> 500 Å restframe at
1.3 < z < 2.4), are low-mass, vigorously starform-
ing galaxies. In [1], we present the first results
from a near-IR ground-based campaign to spectro-
scopically study these EELGs using Very Large
Telescope/X-Shooter and Large Binocular
Telescope/LUCI1. Nearly all of the EW-selected
objects show narrow (∼50 km/s) emission lines, in-
dicative of low dynamical masses. Deep, multiband
ancillary photometry and sophisticated SED mod-
eling using a modified version of MAGPHYS to
simultaneously fit the stellar SED and the nebular
emission reveal that these objects also have low stel-
lar masses and young ages. An example of one of
these objects is shown in Fig. 8.2.
In [2], we see similar results when also including
objects with slightly lower EWs (> 200 Å). In addi-
tion, various emission line ratios indicate that these
objects have low metallicities (Z . 0.2 Z�) and that the ionization source plausibly comes
from young stars and not active galactic nuclei (AGN). This includes several detections of
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the faint auroral [O III] 4363 line, which is a sensitive probe of the electron temperature.
These are amongst the lowest gas-phase metallicities measured at these redshifts.
In order to constrain the processes that regulate the star formation in these galaxies,
we turn to theoretical arguments. While we do not know the exact geometry of the
systems, we find that a high gas fraction (fgas > 2/3) is needed to explain the observed
star formation activity. The physical interpretation is that the SFR is not limited by
availability of fuel but by the dynamical timescale. We propose that star formation will
halt within ∼ 50 Myr, long before the gas reservoir is depleted.
All of these findings are in line with the hypothesis that these EELGs are galaxies un-
dergoing their first major episode of star formation, representing a previously unobserved
portion of the mass function at these redshifts.

A Strongly Gravitationally Lensed EELG at z=3.4

Figure 8.3: Quadru-
ple gravitational lens
J1000+0221 from [3]
with an Einstein radius
of 0.35′′. The false-color
image is generated us-
ing HST/WFC3+ACS
imaging from CANDELS
and COSMOS (F125W
in green, F160W in red,
and F814W in blue). The
red lensing galaxy is quies-
cent and has a stellar mass
of ∼ 6× 1010 M� while the
blue lensed galaxy is an
EELG with M∗ ∼ 108 M�.

Using spectroscopy from the Large Binocular Tele-
scope and imaging from the Hubble Space Telescope
we discovered the first strong galaxy lens at zlens > 1 [3]
(Fig. 8.3). The lens has a secure photometric redshift of
z = 1.53 and the source is spectroscopically confirmed at
z = 3.417. The highly magnified (40×) source galaxy is
an EELG (EW[OIII] ∼ 1000 Å) with a stellar mass M∗ ∼
108 M�. Given the precise projected alignment required for
such a lensing configuration, we conclude that intense star-
bursts among very low-mass galaxies must be relatively com-
mon at high redshift.

Work done in collaboration with the 3D-HST team: P.
van Dokkum (Yale), G. Brammer, I. Momcheva (STScI),
C. Pacifici (Goddard), M. Franx, M. Fumagalli (Leiden),
E. da Cunha (Swinburne), B. Lundgren (NSF), R. Skelton
(SAAO), and K. Whitaker (UMass).

[1] Maseda, M., van der Wel, A., da Cunha, E., et al. (2013):
Confirmation Of Small Dynamical And Stellar Masses
For Extreme Emission Line Galaxies at z ∼ 2, ApJ 778,
L22

[2] Maseda, M., van der Wel, A., Rix, H.-W., et al. (2014):
The Nature of Extreme Emission Line Galaxies at z =
1− 2: Kinematics and Metallicities From Near-Infrared
Spectroscopy, ApJ 791, 17

[3] van der Wel, A., van de Ven, G., Maseda, M., et al.
(2013): Discovery of a Quadruple Lens in CANDELS
with a Record Lens Redshift z = 1.53, ApJ 777, L17
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8.3 From Discs to Bulges

Andrea V. Macciò, R. Kannan

From Discs to Bulges

Galaxy morphologies constitute one of the earliest attempts to classify galaxies, according
to the relative prominence of their two main components, i.e. the (spheroidal) bulge and
the (exponential) disc. This scheme was originally proposed by Hubble himself. The
nature of the link between the morphological properties of a galaxy and its cosmologically
defined evolutionary track is a fundamental question in the field of galaxy formation and
evolution.

In this work, we analyze in full detail the physics of galaxy mergers, and how mergers
change the morphology of galaxies, with particular emphasis on the mass transfer pro-
cesses between the different components of the merging galaxies. Our approach (first
presented and described in Moster et al. consists of using high resolution smoothed par-
ticle hydrodynamic simulations of galaxy mergers where the initial conditions are taken
from a combination of cosmological realization of dark matter haloes merger trees and
semi-analytic models. The cosmological merger trees ensure that the orbits and merger
timings of DM substructures are cosmologically consistent, while the SAM modeling pro-
vides a reasonable guess for the properties of galaxies living in these haloes.

Figure 8.4 shows the rotational support distribution of one of our galaxies and demon-
strates the clear appearance of the two components: bulge and disc.

Figure 8.4: An sample decomposition of a bulge dominated galaxy in our simulations. a)
The mass distribution of the stellar component of the galaxy as a function of the rotational
support. There is clearly a bi-modal distribution, with clear difference between the bulge
(green) and disc (red) components. This particular decomposition yields a B/T ≈ 0.7.
b)The column density of the stellar component shown in projection, perpendicular and
parallel to the total angular momentum axis of the galaxy.
We run a series of simulations from z = 1 to z = 0, including both single and multiple
mergers and we quantify the amount of morphological transformation in these model
galaxies.

We decompose the bulge and disc component of model galaxies using all the six-dimensional
phase space of position and velocity and considering the mass distribution as a function
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of the rotational support that we express as the ration between the actual angular mo-
mentum of particles (star or gas) and the angular momentum expected on a circular
orbit.
This decomposition approach is very robust and allows us to track mass transfers from the
satellite to the bulge, from the initial disc to the bulge, the mass of the disc dispersed into
the stellar halo of the galaxy and the B/T evolution. This then allows us to quantify the
amount of mass transfer in each of these channel as a function of the merger parameters.
One of the major improvements of this work, with respect to previous similar attempts,
lies in the modeling of a hot gaseous halo component. Although it does not affect many
of the mass transfer channels, the hot gaseous halo does affect the final bulge to total
ratio of the galaxy: in fact it is able to replenish the galaxy disc with fresh infalling cold
gas, keeping it gas rich and fueling disc star formation over longer time scales.

Figure 8.5: Change in the angular momentum distribution of the central galaxy before and
after a merger event. Left panel shows a minor merger (1:10), right panel a major merger
(1:1.3).

We find that during mergers the stellar mass is redistributed (and created) along 4 major
channels:

• Mass transfer from the satellite to the bulge.

• Mass transfer from the disc to the bulge.

• Mass transfer from the disc to diffuse halo component (not considered before).

• Merger driven star formation.

For all these channels, we provide useful fitting formulas for the relative and absolute
importance of each channel as a function of the merger ration and the orbital parameters
of the merger.
Overall, our study shows that mergers are not as efficient as previously thought in creating
bulge dominated galaxies, and this will possibly alleviate some of the tensions between
the observed large fraction of disc galaxies and the hierarchical scenario for structure
formation predicted by the Cold Dark Matter model.

Work done in collaboration with F. Fontanot, INAF-Trieste, W. Karman, Leiden Obser-
vatory, B. Moster, Cambridge University, R. Somerville, Rutghers University

[1] Kannan, R., Macciò, A.V., et al. (2015): From Discs to Bulges, MNRAS 452, 4347
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8.4 Dwarf Galaxy Chemical Evolution Proceeds

Independent of the Large-Scale Environment

Kathryn Kreckel and Brent Groves

The current ΛCDM cosmological model predicts that galaxy evolution proceeds more
slowly in lower density environments, suggesting that voids are a prime location to search
for relatively pristine galaxies that are representative of the building blocks of early mas-
sive galaxies. Observational evidence suggests that void galaxies experience significant
ongoing gas accretion. To test whether void galaxies are more pristine, we compare the
evolutionary properties of a sample of dwarf galaxies selected specifically to lie in voids
with a sample of similar isolated dwarf galaxies in average density environments [1]. Using
LBT optical spectroscopy, we measure gas-phase oxygen abundances for eight dwarf galax-
ies (Mr > −16.2), carefully selected to reside within the lowest density environments of
seven voids, and apply the same calibrations to existing samples of isolated dwarf galaxies.
We find no significant offset in gas-phase metallicity for our void dwarf galaxies compared
to the sample of isolated dwarf galaxies in average density environments (Fig. 8.6).
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Figure 8.6: The gas-phase oxygen abundance as a function of the B-band absolute mag-
nitude for void dwarf galaxies (red, orange) and isolated control sample galaxies (black)
using three different strong-line metallicity calibrations. All show the established corre-
lation for larger galaxies to have higher metallicity, though we span a narrow range in
magnitude. Three direct abundance measurements for the void dwarfs are shown (green),
and galaxies with nearby companions are marked with a diamond. We see no systematic
offset in the metallicity of void galaxies compared with the control, or between isolated and
non-isolated dwarfs, in any of the calibrations.
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Modeling chemical evolution in voids

We examine the evolutionary state of our galaxies by comparing with a simple closed box
model for the abundance evolution, which omits dilution by infalling pristine material or
loss of metals by outflowing enriched material (Fig. 8.7). The majority of dwarf galaxies
are consistent with having an effective yield of about 25% that for a closed box system.
Our void dwarf galaxies are also consistent with this result.
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Figure 8.7: Comparison of the metallicity calculated from direct temperature methods
with the gas fraction for void dwarfs (red) and control sample (black). Two void dwarfs
have nearby companions (diamonds). A closed-box evolutionary model prediction (dashed
line) over-predicts the metallicity for most galaxies. The void dwarf galaxies are in good
agreement with the control sample, which shows a general effective yield 25% of what is
expected from a closed-box model.

Dwarf galaxy evolution driven by secular processes

The discrepancy between observed dwarf galaxies and the evolution prescribed by a close-
box model requires either the inflow of pristine material or outflow of enriched material.
These mechanisms are also thought to regulate the development of the metallicity to
luminosity (or stellar mass) relation observed over the full range in galaxy stellar mass.
These results suggest it is more likely to be the outflow of enriched material that drives
the metallicity-luminosity relation. As this is an internal process operating independently
of the surrounding large-scale environment, it is reasonable that the majority of void
galaxies will not show a significant deviation from the established relation. However, as a
population the dwarf galaxies in voids provide a well constrained sample of young galaxies
well-suited to general studies of galaxy evolution.

Work done in collaboration with Kevin Croxall and Richard Pogge (OSU); Rien van de
Weygaert (Kapteyn).

[1] Kreckel, K., Croxall, K., Groves, B., van de Weygaert, R., & Pogge, R. W. (2015):
ApJL, 798 L15,
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8.5 An Extended Star Formation History in an

Ultra Compact Dwarf

Mark A. Norris, Remco van den Bosch

Overview

As described in s. § 7.8 the last decade has seen an explosion in the number of known
stellar systems which have properties intermediate between those of true galaxies and
those of star clusters. There have been two main suggestions for what could create these
unusually compact and dense stellar systems: 1) they are merely the most massive end
of the globular star clusters (GC) population, or 2) they are the remnant nuclei of dwarf
galaxies that have had their outer regions removed by tidal stripping.

CSS Formation Diagnostics

Determining which of these two formation scenarios is at work has been a major topic of
investigation over the last 10 years. When this work was started only one UCD had been
definitively shown to have followed one of the two possible formation channels. Using
high spatial resolution AO-assisted IFU observations it was found that a UCD around
M60, M60-UCD1, contained a black hole of ∼2×107 M� [1]. Such a large black hole
(5 × larger than the Milky Ways supermassive black hole) in such a small stellar system
(1.2×108 M�) is conclusive proof that the UCD was originally a much larger galaxy which
lost most of its stars to the halo of M60 in a stripping event.

Unfortunately, using AO-assisted IFU observations is not possible for the vast major-
ity of UCDs, as they are either too small/distant to resolve sufficient spatial information,
or lack a sufficiently bright AO reference star near to the UCD to provide a good AO
correction. Therefore, another equally decisive test of UCD origin is required. We decided
to make use of the information provided by the star formation history of the UCDs. A
UCD which formed as a star cluster would form all of its stars in a single burst, however,
a UCD which was a galaxy nucleus can form its stars over a significant period of time,
as it would be able to accrete fresh gas and stars from the rest of the galaxy. Therefore
the existence of a complex star formation history would be definitive proof of a galaxian
origin for a UCD.

NGC 4546-UCD1

We chose to test this technique on the UCD NGC 4546-UCD1 [2]. We chose this ob-
ject in particular because circumstantial evidence (its young luminosity-weighted age, its
counter-rotation of its host, and its association with an out-of-plane gas stream) heavily
hinted that it should have a galactic origin. We also examined a similarly massive UCD
which was expected to be of GC-type (because its luminosity was consistent with the
globular cluster luminosity function for its host galaxy), NGC 3923-UCD1.

We obtained very deep (3-6 hours on source) spectroscopy of both UCDs using the GMOS
instrument on the Gemini-South telescope. The final spectra were of extremely high
signal-to-noise (50 - 200 per Å). We then fit stellar population synthesis models to the
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Figure 8.8: The star formation history found by fitting the integrated spectrum of NGC
4546-UCD1, with the SSP models using pPXF. The coloured contours indicate the weight
of each SSP model which is equivalent to the zero-age mass distribution of the SFH, white
regions indicate models which contribute no flux to the best fit model. The small grey plus
symbols indicate the age and [Z/H] of each of the available models. Right Panel The star
formation history of the suspected massive GC-type UCD NGC 3923-UCD1. The black
and white dots and squares are the same as in the left panel.

UCD spectra using a full spectral fitting approach (pPXF), to provide the best-fit star for-
mation histories. As Fig. 8.8 shows, full spectral-fitting yielded two very different best-fit
star formation histories for the two UCDs. NGC 4546-UCD1 has a star formation history
that extended over several Gyr, while NGC 3923-UCD1 has a SFH which is entirely con-
sistent with being a single star-cluster like burst. NGC-4546-UCD1 is therefore the first
example of a stripped-nucleus UCD discovered through studies of its stellar populations,
it promises to be the first of many as this technique is much more widely applicable than
kinematic studies using AO.

This work was done in collaboration with Carlos Escudero, Favio Raul Faifer, Juan-Carlos
(Argentina) and Sheila Kannappan (USA).

[1] Seth, A., van den Bosch, R, Mieske, S., et al. (2014): A supermassive black hole in
an ultra-compact dwarf galaxy, Nature 513, 398

[2] Norris, M. A., Escudero, C., Faifer, F., et al. (2015): An Extended Star Formation
History in an Ultra Compact Dwarf, MNRAS 451, 3615
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8.6 Extended Globular Clusters Are Not Formed

During Satellite Accretion

Paolo Bianchini

Introduction

The distinction between globular clusters (GCs) and dwarf galaxies has been progressively
blurred by the recent discoveries of several extended star clusters, with size (20−30 pc)
and luminosity (−6 < Mv < −2) comparable to the one of faint dwarf spheroidals (dSphs).
These stellar systems are often referred to as extended clusters. In the Milky Way (MW)
the known objects are Pal 4, Pal 14, AM 1, Laevens 1 and several extragalactic ones. They
are preferentially found in the outer halos of galaxies and are characterized by a more
diffuse structure than typical GCs of similar luminosity. Their intermediate size, between
the regime of dSphs galaxies and the bulk of GCs, makes them intriguing objects, crucial
for the understanding of the differences and similarities of the formation of low-mass
stellar systems.
The presumed origin of such extended clusters includes three main mechanisms: 1) they
genuinely formed extended; 2) they formed through the merging of two or more star
clusters; 3) they were born as compact star clusters and later expanded due to their
peculiar environmental-driven evolution, for example during an accretion process onto
the Milky Way halo. In this contribution, based on the results presented in [1], we will
test the latter hypothesis.

Simulating the accretion of GCs

We focus on the possibility that extended clusters formed in the context of an satellite
accretion event, testing if their observed extended sizes can be explained by the structural
adjustment of the clusters to the time-dependent tidal field. We evaluate this hypothesis
using N-body simulations considering the case of a cluster formed in the central regions of
dwarf-like satellite galaxies, where it experiences a compressive tidal field, which is then
switched off to mimic the stripping of the satellite and the accretion of the cluster onto
a MW-like galaxy halo. Compressive tides provide an extreme environment that enables
the cluster to acquire an excess of kinetic energy with respect to its potential energy, that
will then be released during the accretion process.
We studied the problem using Nbody6tt (Renaud et al. 2011, MNRAS 418, 759) that
gives the possibility to incorporate an arbitrary time-dependent tidal field to the long-
term dynamical evolution of a GC. Our fiducial initial conditions for the cluster consist
of 4096 particles drawn from a Plummer sphere. The compressive tides are given by the
central region of another Plummer potential, mimicking the cored potential well in the
center of a dwarf galaxy.
When the compressive tidal field is switched off, the cluster experiences an expansion,
that is larger for stronger tides. This is visualized in Fig. 8.9 where the time evolution of
the 10, 50, 90% Lagrangian radii are plotted. The comparison with the spatial structure
of the clusters evolved in compressive tides with the corresponding clusters evolved in
isolation shows that the expansion due to the abrupt variation of the tidal environment
fails to produce objects that are more extended than the isolated cluster.
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Figure 8.9: Time evolution of the Lagrangian radii (enclosing 10%, 50% and 90% of the
total bound mass) of a cluster in three compressive tidal fields, labeled as weak (green lines),
intermediate (orange lines) and strong (blue lines) tidal field. When the compressive tides
are switched off at 8 Gyr (vertical line), the cluster expands. However, the expansion
is not enough to generate objects more extended than the one evolved in isolation (black
lines).

We test this conclusion using a wide range of initial conditions including different initial
cluster densities (initial virial radius of rv = 0.4, 1, 2.5 pc, initial number of particles
N = 4096, 8192) and circular orbits for the cluster inside the compressive tidal region.
Nonetheless, all star clusters that underwent such a process are always less extended than
the ones evolved in isolation.

Conclusions

We find that the expansion imprinted to the clusters does not originate objects that
are more spatially extended than systems that have always evolved in isolation. We
conclude that an accreted origin of outer halo extended clusters is unlikely to explain
their large spatial extent. For this reason, these stellar systems could have genuinely
formed extended or could have experienced an enhanced expansion due to some internal
dynamical mechanism (e.g. the interplay of primordial mass segregation and dynamical
relaxation).

Work done in collaboration with Florent Renaud, Mark Gieles (University of Surrey) and
Anna Lisa Varri (University of Edinburgh).

[1] Bianchini, P., Renaud, F., Gieles, M., & Varri, A. L. (2015): The inefficiency of
satellite accretion in forming extended star clusters, MNRAS Letters 447, L40
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8.7 Estimating Gas Masses of z∼3.2 Massive Star

Forming Galaxies

Eva Schinnerer and Brent Groves

The direct measurement of the cold neutral gas content of high redshift galaxies has
now become possible with the Atacama Large Millimeter/Submillimeter Array (ALMA).
Despite ALMA’s large collecting area it is prohibitive to probe the (molecular) gas via
(CO) line emission for large (> few 10s) samples of galaxies at redshifts beyond the peak
in the star formation density. Given this, we locally calibrated mono-chromatic infrared
(IR) luminosity as a proxy for cold gas mass and applied this relation to a sample of z∼3.2
massive star forming galaxies in the COSMOS field with ALMA detections at 1 mm. The
data reveals that the gas content of these systems is similar to z∼ 1 − 2 galaxies while
the gas depletion time is consistent with lower redshift systems.

Figure 8.10: Local calibration of the mono-chromatic 500µm luminosity to neutral gas
mass for a sample of 36 nearby galaxies from the KINGFISH sample. The values were
derived in matched apertures to be consistent. High mass (log(M?/Modot) > 9) galaxies
close to solar metallicity (color coding) exhibit a linear relation.

Local Calibration for High-z Cold Gas Mass Estimation

We have used the 36 nearby galaxies from the KINGFISH sample that have measurements
for their atomic and molecular gas reservoir via the HI and CO(2-1) emission lines as well
as far-IR, sub-millimeter imaging from Herschel/SPIRE. Measurements of the neutral
(molecular+atomic) gas mass and mono-chromatic IR luminosity in matched apertures
exhibit a basically linear relation between gas mass and dust luminosity for non-dwarf
galaxies (see Fig. 8.10). The deviation of dwarf galaxies is due to a decrease in their dust-
to-gas ratio that is a result of the lower metallicity in these galaxies. As this empirical
calibration makes no assumptions on dust properties and does not rely on a dust model,
it is well-suited for applications to higher redshift objects where the dust continuum can
be detected with ALMA in a fraction of the time a CO detection required. Relations for
250, 350 and 500µm to the neutral gas mass are presented in [1].
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Figure 8.11: Gas mass fraction (left) and gas depletion time (right) of massive star form-
ing galaxies at z∼ 3.2 (diamonds and circles with borders). The (specific SFR compen-
sated; blue) median value (red) agrees well with lower redshift trends and simple expecta-
tions (grey band; see text for details). This implies no strong evolution in the star forming
properties beyond the peak epoch of star formation activity.

Gas Content and Gas Depletion Time of z∼3.2 Galaxies

A sample of high redshift massive star forming candidate galaxies were selected from the
COSMOS field and observed at 1 mm continuum with ALMA (see [?]). Half the sample
yielded a detection at 3σ and above that was used to determine the gas mass using the
relations introduced above. Combined with estimates of stellar mass and star formation
rate (SFR) from spectral energy fitting to the COSMOS multi-wavelength data, we have
been able to determine the gas content and gas depletion time for our z∼3.2 sample. Our
sources follow the expected trends from a combination of (1) a linear relation between
SFR and gas mass and (2) the observed evolution of the main sequence of star forming
galaxies. This suggests that no major changes occur to star formation process - at least
out to z>3.

Work done in collaboration with M.T. Sargent (U. Sussex), A. Karim, B. Magnelli (AIfA),
P. Oesch (Yale) as well as the KINGFISH and COSMOS collaborations.

[1] Groves, B. A. and Schinnerer, E. and Leroy, A. and Galametz, M. and Walter, F.
and Bolatto, A. and Hunt, L. and Dale, D. and Calzetti, D. and Croxall, K. and
Kennicutt, Jr., R. (2015): , ApJ 799, 96

215



216



9

Active Galactic Nuclei

3D jet launching. Red colors indicate dense disk material, greenish colors the low-density jet

material. Grey lines indicate the helical magnetic field. See chapter 9.9 for details and credits.



9.1 Illuminating the Dark Ages: The Discovery of

Luminous Quasars at z = 6− 7

Bram Venemans, Eduardo Bañados, Roberto Decarli,
Emanuelle Farina, Chiara Mazzucchelli, Fabian Walter

Introduction

Quasars are the most luminous non-transient objects known. Their high luminosity makes
quasars ideal to probe the universe at early cosmic times. Since distant (z > 5.7) luminous
quasars are rare, with an estimated source density of ∼1 per Gpc3, surveys covering a
large area of the sky are required to uncover the distant quasar population. In the first
decade of this century, ∼70 quasars with redshifts between 5.5 < z < 6.5 have been
discovered in various large (optical) sky surveys. Detailed studies of these high-z quasars
are strongly suggesting that crucial changes are happening at z ∼ 6− 7, consistent with
recent results on the evolution of star-forming galaxies at similar redshifts, and clearly
point to the need to push quasar searches to the new frontier at z > 7.

Distant quasars in wide-field, infrared surveys

To increase the number of known quasars at z > 6 we have been exploiting two comple-
mentary surveys over the last years. The first one is the Panoramic Survey Telescope

Figure 9.1: Redshift distribution of all the
z > 5.6 quasars known to date. Over the
last 15 years, various groups discovered 78
quasars (open histogram). In the last ∼3
years we have discovered an additional 86
quasars in the PS1 and VIKING surveys (red
histogram), more than doubling the number
of quasars at z > 5.6. Especially at the high-
est redshifts, z > 6.5, we significantly in-
creased the number of known quasars.

& Rapid Response System (PS1) that
mapped an area of 3π (3/4 of the sky) in
the filters g, r, i, z and y. PS1 represents a
fundamental step forward in high-z quasar
searches: it not only covers ∼2× the ex-
tragalactic area observed by SDSS, it also
goes significantly deeper especially in the
reddest bands were high-z quasars are de-
tected. In addition, with the y-band filter,
it opens a new redshift window, allowing
the search for z-dropouts (i.e., quasars at
6.5 < z < 7.2). Complementary to PS1
is the VISTA Kilo-Degree Infrared Galaxy
Survey (VIKING). This survey is under-
way to image 1500 deg2 of the sky in the in-
frared filters Z, Y , J , H and Ks. The VLT
Survey Telescope (VST) has been observ-
ing the VIKING area, providing optical
photometry of VIKING sources. Adding
the optical data enabled us to uniformly
probe the redshift range to 5.7 < z < 7.5.
Using these two surveys, we more than
doubled the number of known quasars at
z >∼ 6 in the last three years (Fig. 9.1,
see [1, 2, 3, 4, 5] for details). At the highest

redshifts, z > 6.5, we even increased the number of known quasars from only 1 to 10!
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Figure 9.2: Rest-frame 5 GHz radio luminos-
ity vs. Rest-frame 4400 Å optical luminosity
for all z > 5.5 quasars in the literature ob-
served at 1.4 GHz. We constrain the radio-
loud fraction (RLF) of quasars at z ∼ 6 to
4.9%<RLF<13.1%. This result is consistent
with a non-evolving RLF of quasars up to
z ∼ 6, in contrast to what is suggested by
studies at lower redshifts. From [3].

Detailed studies of these new quasars are
still on-going, but have already given in-
sight into the properties of the early uni-
verse. For example:
• Quasars up to z ∼ 7 are powered by su-
permassive black holes with masses >∼ 109

M� [1, 4, 6]. These findings constrain the
mechanisms that are required to seed and
grow 109 M� black holes in less than a Gyr
after the Big Bang;
• High redshift quasars are generally lo-
cated in luminous, massive, highly star
forming host galaxies. Studies of the host
galaxies of the newly discovered quasars
provide insight into the formation of mas-
sive galaxies in the early universe; see, e.g.
[7], s. § 10.7 and s. § ??;
• The radio-loud fraction of quasars does
not evolve up to z ∼ 6 [3]. It might indi-
cate that the properties of the central black
holes, such as accretion modes, black hole
masses and spin, do not strongly evolve
with time.

Work done in collaboration with X. Fan (Steward Observatory, Tucson), K. Chambers
(IfA, University of Hawaii), G. Verdoes Kleijn (University of Groningen), G. De Rosa
(STScI Baltimore), J. Findlay (University of Wyoming), W. Sutherland (Queen Mary
University of London) and R. McMahon (IoA Cambridge).

[1] Venemans, B.P., Findlay, J., Sutherland, W., et al. (2013): Discovery of three z > 6.5
quasars in the VISTA Kilo-Degree Infrared Galaxy (VIKING) survey, ApJ 779, 24

[2] Bañados, E., Venemans, B.P., Morganson, E., et al. (2014): Discovery of Eight z ∼ 6
Quasars from Pan-STARRS1, AJ 148, 14

[3] Bañados, E., Venemans, B.P., Morganson, E., et al. (2015): Constraining the Radio-
loud Fraction of Quasars at z > 5.5, ApJ 804, 118

[4] Venemans, B.P., Bañados, E., Decarli, R., et al. (2015): The Identification of Z-
dropouts in Pan-STARRS1: Three Quasars at 6.5 < z < 6.7, ApJ 801, L11

[5] Venemans, B.P., Verdoes Kleijn, G.A., Mwebaze, J., et al. (2015): First discoveries of
z ∼ 6 quasars with the Kilo-Degree Survey and VISTA Kilo-Degree Infrared Galaxy
survey, MNRAS 453, 2259

[6] De Rosa, G., Venemans, B.P., Decarli, R., et al. (2014): Black Hole Mass Estimates
and Emission-line Properties of a Sample of Redshift z > 6.5 Quasars, ApJ 790, 145

[7] Bañados, E., Decarli, R., Walter, F., Venemans, B.P., Farina, E., & Fan, X. (2015):
Bright [C II] 158 µm Emission in a Quasar Host Galaxy at z = 6.54, ApJL 805, L8
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9.2 A Supermassive Black Hole in an

Ultra-Compact Dwarf Galaxy

Nadine Neumayer & Remco van den Bosch

Suspiciously dense galaxies

Ultra-compact dwarf (UCD) galaxies are among the densest stellar systems in the Uni-
verse. These systems have masses of up to 2 × 108 solar masses, but half-light radii of
just 3− 50 pc. Dynamical mass estimates show that many such dwarf galaxies are more
massive than expected from their luminosity. It remains unclear whether these high dy-
namical mass estimates arise because of the presence of supermassive black holes or result
from a non-standard stellar initial mass function that causes the average stellar mass to
be higher than expected.

Figure 9.3: M60-UCD1 is the nearly point-like object in the bottom right of a) (boxed).
b) Zoomed version of the g-band image of M60-UCD1 with contours showing the surface
brightness in intervals of one magnitude per square arcsecond. The discovery of a black
hole in M60-UCD1 provides evidence that it is the tidally stripped nucleus of a once larger
galaxy. NGC 4647 is at approximately the same distance as M60 but the two galaxies are
not yet strongly interacting. The image is from NASA/ESA.

The object M60-UCD1 is the brightest ultra-compact dwarf galaxy currently known, with
a V-band luminosity of LV = 4.1 × 107L� and effective radius re = 24 pc. It lies at a
projected distance of 6.6 kpc from the centre of the massive elliptical galaxy M60 (Fig. 9.3),
and 16.5 Mpc from us. We obtained integral field spectroscopic data in the K-band of
M60-UCD1 with the near-infrared integral field spectrograph NIFS on the Gemini North
telescope. The high-spatial-resolution data obtained using laser guide-star adaptive optics
provide a clear detection of a supermassive black hole.

Adaptive optics observations reveal the presence of a black hole

We extract the motion of stars by fitting the deep CO absorption bandheads at 2.3µm
at many different points across M60-UCD1. These kinematic measurements are shown in
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Fig. 9.4. Two features are particularly notable: (1) the dispersion is strongly peaked, with
the central dispersion rising above 100 km/s and dropping outwards to about 50 km/s,
(2) rotation is clearly seen, with a peak amplitude of 40 km/s. Dynamical modelling of
these data reveals the presence of a supermassive black hole with a mass of 2.1× 107M�.
This is 15% of the object’s total mass (1.2× 108M�). The high black hole mass and mass
fraction suggest that M60-UCD1 is the stripped nucleus of a galaxy. Our analysis also
shows that M60-UCD1’s stellar mass is consistent with its luminosity.

Figure 9.4: a and b show the measured radial velocities and velocity dispersions of the
stars in M60-UCD1. Black contours show isophotes in the K-band stellar continuum.
Kinematics are determined in each individual pixel near the centre, but at larger radii the
data were binned to increase the signal-to-noise ratio and enable kinematic measurements.
c and d show the best-fitting dynamical model; a black hole is required to replicate the
central dispersion peak.

Black holes everywhere?

The detection of a supermassive black hole in M60-UCD1 may be just the tip of the iceberg
of the UCD black hole population. Measurements of the integrated velocity dispersion
in almost all UCDs with masses above 107M� yield dynamical mass estimates that are
too high to be accounted for by a normal stellar population without a massive central
black hole. This may imply a large population of previously unrecognized supermassive
black holes in other ultra-compact dwarf galaxies. Comparing the UCD population to the
population of galaxies in Fornax likely to host massive black holes, we find that UCDs
may more than double the number of black holes. Thus UCD black holes could represent
a large increase in the massive black hole number density in the local Universe.

Work done in collaboration with A.C. Seth (U. Utah) and S. Mieske (ESO) et al.

[1] Seth, A.C., et al. (2014): A supermassive black hole in an ultra-compact dwarf galaxy,
Nature 513, 398
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9.3 Simulating AGN Jets

Salvatore Cielo, Andrea Macciò

3D simulations of AGN Jets

Active galactic nuclei (AGNs) are responsible for highly energetic outflow events, powered
eventually by matter inflow into the gravitational potential of supermassive black holes
(SMBHs), believed to be present at the centres of many, if not all, galaxies. Feedback
from AGNs plays an important role in the energy balance of their host galaxies: AGNs
are often invoked in theoretical models as a heating source capable of quenching the star
formation (SF) in high-mass galaxies. In this work, we perform full 3D, high-resolution,
adaptive mesh refinement simulations to investigate the interplay between jets from active
galactic nuclei (AGNs) and the surrounding interstellar medium (ISM). Simulations are
performed with the FLASH code and we follow the jetISM system for several Myr in its
transition from an early, compact source to an extended one including a large cocoon.

Figure 9.5: 3D ray-tracing density rendering of one of our runs. The opacity for ray
tracing (upper bar) was chosen to highlight different regions: bow shock (blue), cocoon
material (yellow), jets and lobes (orange). The external ISM is not shown for simplicity.

We identify three major evolutionary stages: cocoon formation (phase C), forward prop-
agation (phase F) and lobe expansion (phase L), when the jet eventually breaks free from
the cocoon that confines it. We have highlighted the connections of the expansion history
to the systems internal dynamics, especially to the jet piercing its own cocoon after a
few Myr. When this happens (or not long after), the jets develop extended lobes, thus
turning from a compact to an extended source, while the cocoon (now damaged) is still
confined to the innermost 510 kpc. We also find that, contrary to the prediction of popular
theoretical models, none of the simulations shows a self-similar behavior.
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Figure 9.6: Density plots of the evolution of an AGN-Jet after launching. The arrows
trace the gas velocity field. Contours at 0.35, 0.5 and 1 kpc distance from the centre are
also shown as black circles.

We have studied the thermodynamic state and the energy balance of the jet/cocoon
system in a realistic hot ISM environment. The expansion is always to a large extent an
isothermal process, with the mean cocoon temperature rapidly converging to 12×1010 K.
The turbulent pressure always converges to about 20% of the cocoon total pressure, thus
being dynamically significant in the long term. This happens regardless of the expansion
history (mainly, independently of whether self-similarity is reached or not), thus pointing
to some self-regulation mechanism dependent more on the cocoons internal dynamics than
on the geometry of the expansion.
Finally, as shown in the second figure, we have shown the presence of significant backflows,
i.e. gas circulation within the cocoons that is able to drive hot gas to the central kiloparsec.
Such backflows are the product of the interaction between the jet and the local host galaxys
environment.
This backflow accretion time-scale is much smaller than that suggested by previous 2D
models, due to the different cocoon expansion rates and behavior of large-scale vorticity
in 3D. We investigated the possible rise of KH instabilities, but found that backflows have
insufficient shear to be unstable.
We are now extending our results to longer time scales and exploring a larger sample of
different initial Jet powers.

Work done in collaboration with Vincenzo Antonuccio (INAF-Catania) and Joe Silk
(IAP). The numerical simulations were performed on the theo cluster of the Max-Planck-
Institut für Astronomie and the hydra cluster at the Rechenzentrum in Garching; and
the Milky Way supercomputer, funded by the Deutsche Forschungsgemeinschaft through
Collaborative Research Center “The Milky Way System” hosted and co-funded by the
Jülich Supercomputing Center.

[1] Cielo, S., Antonuccio, V., Macciò, et al. (2014): 3D simulations of the early stages
of AGN jets: geometry, thermodynamics and backflow, MNRAS 439, 2903
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9.4 Unveiling the Structure of the ∼ 100µas Quasar

Broad Line Region using Spectroastrometry

Jonathan Stern, Joseph F. Hennawi, Jörg-Uwe Pott

Introduction

The line-emitting gas in the broad line region (BLR) of luminous quasars is a prominent
observational signature of the accretion flow at 103 − 104 gravitational radii, believed to
emerge from an extension of the accretion disk. The broad lines are widely used to measure
the quasar black hole masses (MBH), and therefore track the buildup of black holes over
cosmic history. The parsec-scale BLR is not directly resolveable, owing to its . 100µas
angular size, a factor of ∼ 103 below the resolution limit (50 mas) of diffraction-limited
observations on 8m telescopes using adaptive optics at near-infrared wavelengths. Hence,
existing constraints on the BLR size (rBLR) and kinematics are limited to those provided
by reverberation mapping (RM) studies, which are generally restricted to low-luminosity
L and low-redshift z quasars.

BLR spectroastrometry

Figure 9.7: The expected BLR angular sizes
of the most luminous quasars at each z, based
on the RM-based relation between rBLR and
L. The ranges in z where prominent emis-
sion lines fall in NIR bands are noted.

There are several indirect observations
which suggest that the motions in the BLR
are ordered, probably dominated by rota-
tion. Such an ordered velocity field implies
that the gas which emits the blueshifted
line photons is spatially offset from the
gas which emits the redshifted line pho-
tons. This spatial offset can, in prin-
ciple, be detected with ∼106 photons,
by comparing the photon-centroids of the
red and blue wings of a broad emission
line. This technique, known as spectroas-
trometry, has recently been applied to
young stellar objects by Pontoppidan et
al. (2008, 2011), which succeeded in over-
coming atmospheric and technical issues
and achieved photon-limited angular reso-
lutions of 100−500µas. The results of Pontoppidan et al. suggest that spectroastrometry
is also applicable to the BLR.
In [1] we analyze the possibility to detect the spectroastrometric signal of the BLR
with existing and future telescopes. Figure 9.7 shows the expected BLR angular sizes
of the most luminous quasars at each z, calculated by extrapolating the rBLR − L re-
lation derived by RM studies (Kaspi et al. 2005) to high L. Figure 9.8 shows the
expected photon-centroid offset vs. Hα velocity for SDSS-J1521+5202, the most lumi-
nous quasar at z = 2.2, assuming 10 hours on an 8m-telescope with adaptive optics
(AO). The centroid offset is calculated by assuming a turbulent-rotating BLR, with a
physically-motivated radial distribution of the line emission from [2]. The error bars in
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Figure 9.8: (Top panel) Template Hα pho-
ton flux spectrum of a quasar with L =
1048 erg s−1 at z = 2.2. Black line is the fit to
the continuum and emission lines from Stern
and Laor 2012, MNRAS 423, 500. (Middle
panel) The expected spectroastrometric signal
Sv. The narrow lines likely have asymme-
try on large scales, therefore at v with strong
NLR emission Sv is on the scale of the PSF,
which is beyond the plotted axis. (Bottom
panel) Expected Sv at v where the BLR and
quasar continuum dominate Sv. Error bars
are the simulated statistical uncertainties on
the centroid achieved with 10 hr on-target.

the lower panels denote the expected sta-
tistical uncertainty in the photon-centroid
position. Fig. 9.8 demonstrates that the
offset between the red and blue wings is ex-
pected to be detectable with existing tele-
scopes.

Implications

A successful detection of the centroid off-
set between the blue and red line photons
would provide the first direct evidence for
ordered motions in the BLR, as well as a
new method to measure rBLR, and there-
fore MBH. Furthermore, as spectroastrom-
etry is most effective in high-L quasars
where rBLR is large, it is complementary to
RM, which due to the required short rever-
beration timescales is best applied in low-L
and low-z AGN. Also, as discussed in [1],
BLR spectroastrometry is a compelling sci-
ence driver for the next generation of AO
spectrometers on 30m-class telescopes, for
which the combination of smaller diffrac-
tion limit, higher photon-rate, and higher
Strehl ratio would allow one to resolve BLR
kinematics via spectroastrometry for mul-
tiple broad emission lines, for large sam-
ples of quasars over a large redshift range
0 < z < 6 (see Fig. 9.7).

[1] Stern, J., Hennawi, J. F., & Pott,
J.-U. (2015): Spatially Resolving the
Kinematics of the . 100µas Quasar
Broad-line Region Using Spectroas-
trometry, ApJ 804, 57

[2] Baskin, A, Stern, J., & Laor, A.
(2014): Radiation pressure confine-
ment – II. Application to the broad-
line region in active galactic nuclei,
MNRAS 438, 604
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9.5 AGN Feedback in Action: The Molecular

Outflow in Circinus as Observed with ALMA

Laura K. Zschaechner, Fabian Walter

Introduction

Galactic winds/outflows are poorly understood although they are essential to feedback
processes that quench star formation and limit the total mass of large galaxies in today’s
universe. Thus, insufficient understanding of feedback associated with them - in particular
of the molecular phase, which likely dominates the mass budget - is one of the greatest
shortcomings in our knowledge of galaxy evolution. Multiphase outflows associated with
galactic winds have been well-studied at a range of wavelengths, but observations of
the molecular phase are only now becoming feasible with new instruments such as the
Atacama Large Millimeter/submillimeter Array (ALMA).
A fundamental question is the relative importance of starburst- and AGN-driven winds in
the feedback process. Both winds tend to suppress star formation by removing molecular
gas, but the efficiency with which they do it is unknown. Both winds affect the surrounding
IGM, but their respective impacts differ based on their energetics and distributions within
the host galaxies. Simulations and observations indicate that AGN-driven winds are
thought to be more energetic and concentrated near the center, resulting in a higher
chance for material to escape the galaxy and a lower likelihood of it fueling future star
formation (Sharma an Nath 2012, ApJ 750, 55). Starburst-driven winds, however, are
more widely distributed and may eject material at larger galactocentric radii, producing
a greater effect on the ISM. Fundamentally, their impact depends on their efficiency at
entraining and ejecting material of the various phases of the ISM from in the disk.
Following the highly-successful ALMA studies of the nearest starburst-driven wind in
NGC 253 by [1] in which the molecular outflow rate was found to be 3–9 times that
of the global star formation rate in that galaxy, we now consider a similary study of a
primarily AGN-driven wind. At an adopted distance of 4.2 Mpc, the nearest galaxy in
which AGN feedback can be mapped in detail is Circinus galaxy (Freeman et al. 1977,
A&Ap 55, 455). Multiple components of the wind in Circinus have already been detected
and resolved in the optical, X–ray, and radio – leaving only the molecular component
unresolved. Circinus is also rich in atomic gas, leading to higher likelihood of strong
molecular emission in regions containing the wind.

Observations and Results

With ALMA, we observe the molecular outflow in the inner 1’ (1 kpc), specifically tar-
geting the CO (1-0) ( 9.9). Using these data, we constrain a lower limit for the molecular
mass of the wind as 1.77×106 M�, resulting in an outflow rate of 1–2 M� yr−1 - com-
parable to estimates of star formation rate in Circinus given in (Koribalski and Jarrett
2012, MNRAS 425, 1934). (The lower limit is due to the pending ALMA total power
observations still needed to recover the remaining flux, and our adopted αCO conversion
factor for an optically-thin case.) If due to gas entrained from the disk, such a substantial
outflow rate indicates that molecular gas reserves are being depleted in quantities such
that the wind is impacting star formation in Circinus.
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Figure 9.9: Top: Zeroth (left), first (center), and second (right) moment maps of the inner
∼1.5 kpc of Circinus. The beam is shown in the lower-left corner. Bottom: Zoomed-in
versions showing the region associated with the wind. The over-density in the integrated
intensity map (left) shows a “V”-shape consistent with the ionized component of the wind
(orange contours, Wilson et al. 2000, AJ 120, 1325). The intensity-weighted velocity
dispersion in the right panel shows clear increases in the velocity dispersion most prevalent
in the region where the ionized component is present (HST coverage does not extent across
the entire region - thus the ionized contours do not trace the full extend of the wind). These
regions of increased velocity dispersion follow the trajectory of the ionized component.

Work done in collaboration with Alberto Bolatto, Sylvain Veilleux, Adam Leroy, Jürgen
Ott, David S. Meier

[1] Bolatto, A., Warren, S., Leroy, A., Walter, F., Veilleux, S., Ostriker, E., Ott, J.,
Zwaan, M., Fisher, D., Weiss, A., Rosolowsky, E., & Hodge, J. (2013): Suppression
of star formation in the galaxy NGC 253 by a starburst-driven molecular wind, Nature
499, 450
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9.6 The Nature of LINER Galaxies: Ubiquitous

Hot Old Stars and Rare Accreting Black Holes

Robert Singh, Knud Jahnke, Glenn van den Ven, Mariya
Lyubenova

Emission lines in galaxies usually tell about their ionisation source. Active galactic nuclei
(AGN) typically show harder spectra than star forming regions and this will reflect in
emission line ratios of species with different ionisation potentials (see Figure 9.10). A
special group of galaxies are LINERs, named after their characteristic Low Ionisation
Nuclear Emission Regions. For many years, low-luminosity AGN were the proposed source
for all LINER emission, even though they were often cautiously described as “mixed bags”
of galaxies.

Figure 9.10: Selecting LINER galax-
ies by central emission line properties.

We went out to test the LINER–AGN hypothesis
by mapping the two-dimensional distribution of
emission lines for 48 galaxies with LINER emis-
sion (Fig. 9.10), observed as part of the Calar
Alto Integral Field Area (CALIFA) survey with
the PPAK fibre-bundle at the CAHA 3.5m tele-
scope. These data are the first to provide 2D,
spatially resolved, and sufficient numbers of diag-
nostic emission lines to classify LINER-like regions
across galaxies, also outside the center. For this
dataset, all spectra have been modelled to mea-
sure robust emission line strengths from the cen-
tral region to the very outskirts. We subsequently
identified regions outside the center with LINER-
like emission and asked the question whether an
AGN or rather a spatially distributed radiation

source caused these emission lines.

The central test was to geometrically distiguish between the case of a central illuminating
ionisation source (=AGN) and a spatially distributed case, as would be expected if e.g.
hard radiation from post-AGB stars were the dominating source. In the former case the
surface brightness of emission lines in regions of (extended) LINER-like emission should
drop-off by at least as r−2 – the simple dilution of the photon field from a central source
–, in the latter a substantially slower drop, given by a mix of radial gas and stellar mass
profile. What we find[1] is shown in Figure 9.11: the second case.

The interpretation is straight-forward and, at the same time, requires to change the
viewing angle on LINER galaxies: LINER-like emission can be induced by the ionising
photons of stars in their post-AGB phase. In a stellar population, the first stars already
reach this phase after a few 100 Myrs, after which the ionising photon rate only decreases
slowly over a Hubble time. Hence practically every single galaxy will have such a post-
AGB radiation field. However, it will only ever be diagnosable by emission lines in the
absence of a stronger, dominating radiation field from young stars or AGN. Hence LINER
emission can be predominantly detected in early-type galaxies with old stars, even though
we found counter examples with co-existence of a Seyfert nucleus, star formation in spiral
arms, and LINER emission in between (Fig. 9.12).
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Figure 9.11: Radial Hα emission line surface
brightness profiles for the 48 LINER galax-
ies studied in CALIFA. All galaxies, colour-
coded by morphological type, show a flat-
ter radial profile than as expected for central
point-source illumination (black line).

This requires to change the interpretation
of LINER regions in galaxies: In the cen-
ters LINER emission might well be caused
by some low-luminosity AGN or shocks
from a galactic interactions with a com-
panion. However, since we show that
LINER-like emission can be seen poten-
tially all across a galaxy in every part not
dominated by any other hard spectrum,
we should expect LINER emission as a
common phenomenon. Specifically in the
bulges of galaxies, with their old stellar
population and low if not often absent star
formation, LINER signatures should be
commonly expected from post-AGB stars.
This means that LINER emission should
not be viewed as a property that defines a

specific type of galaxy and should specifically not be used as the sole selection criterion
for low-level AGN. A radiation field that can produce visible LINER-like emission on the
opposite is expected to be ubiquitous and present in all galaxies. It is hence rather the
absence of specific properties, i.e. ongoing star formation and strong AGN activity, that
permit to see LINER signatures.

Figure 9.12: CALIFA example of a galaxy (UGC 11680) which simultaneously shows re-
gions ionised by a Seyfert nucleus (yellow), star formation (blue), and post-AGB star
induced LINER-line emission (green). The left panel shows the diagnostic line ratios for-
mally separating the classes, the centre shows the distribution of these regions, overlaid in
the right panel with an SDSS image of the galaxy. LINER-like emission is visible only in
those regions between the spiral arms and outside the nucleus where neither the radiation
fields of AGN or O-stars dominate that of the post-AGB stars.

This project is part of CALIFA, the Calar Alto Legacy Integral Field Area Survey, in
cooperation with 17 collaborators from CALIFA including the CALIFA PI, Sebastian F.
Sánchez.

[1] Singh, R., van de Ven, G., Jahnke, K., et al. (2013): The nature of LINER galaxies:
Ubiquitous hot old stars and rare accreting black holes, A&A 558, 43
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9.7 Black Hole Growth at z = 2: No Obvious Need

for an External Trigger

Knud Jahnke, Matt Mechtley, René Andrae, Arjen van der Wel

Supermassive black holes are believed to reside in at least every massive galaxy. They
share an assembly history with their hosting galaxies but instead of forming stars during
this time they episodically accrete gas. The huge amounts of energy emitted during these
accretion episodes – the black holes then are called quasars – are, in turn, visible through
large parts of the Universe, and may negatively influence the formation of new stars in
the surrounding host galaxy.
The most frequently proposed model for the origin of quasars holds that the high ac-
cretion rates seen in these luminous active galactic nuclei (AGN) are primarily triggered
during major mergers between gas-rich galaxies (Sanders et al. 1988, ApJ 325, 74). While
plausible for decades, this model has only begun to be tested with statistical rigor in the
past few years. We have carried out a programme with the Hubble Space Telescope [1]
to test the merger-triggering hypothesis at the high-time of black hole growth, z = 2,
and for the most massive accreting black holes (MBH = 109 – 1010M�), which dominate
cosmic black hole growth at this redshift.

Our basic approach is to search for signatures of substantial morphological distortions as
a proxy for recent galaxy merging. Since models do not predict time lags between merging
and the potential onset of accretion activity beyond ∼ 100 Myrs, merger signatures should
still be present for quasars if merging was the triggering process. Since most major galaxy
mergers do not seem to trigger black hole accretion – at least it is an observational fact
that, similar to the overall galaxy population, most merging galaxies also do not show
AGN activity – we were specifically searching for any differences in strong distortion rate
between quasar host galaxies and inactive galaxies. For this task, we had to take particular
care to select quasars using very clear criteria, and apply the same criteria when selecting
the inactive galaxy comparison sample. Hence we matched quasars and inactive galaxies
by redshift, stellar mass as predicted from black hole mass, and environment. In this way,
both samples should only differ by the black hole accretion rate as a single free parameter,
and potentially morphological disturbance state, as the parameter to be tested.
For this purpose, we were awarded HST Snapshot time, resulting in Wide Field Camera
3 F160W (restframe V -band) imaging for 19 massive quasars at z = 2. A set of 84
comparison galaxies was selected from the publicly available CANDELS HST survey,

Figure 9.13: Examples of a selected strongly distorted nucleus-subtracted quasar (very
left) and a similarly distorted inactive galaxy with added central residual (mid left). To
the right corresponding undistorted objects are shown.
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which we matched to our quasar images in bandpass and noise properties. We further
removed most of the quasar point-source emission by image modelling, and implanted
similar-scale subtraction residuals into the inactive galaxies’ images (Figure 9.13). This
resulted in technically identical conditions for distance, mass, environment, instrument
properties, bandpass and depth for the two samples. We then mixed all galaxy images
and presented the combined set to a number of expert colleagues for them to “blindly”
rank these images with respect to perceived distortion strength.
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Figure 9.14: Probability distributions of major merger
fraction for quasar hosts (blue line) and matched in-
active galaxies (green line). The quasar host merger
fraction is clearly nowhere near 100% and is formally
indistinguishable from inactive merger fraction.

These rankings were combined
into a common rank for each
galaxy and then a “strong distor-
tion” fraction determined again
for the quasar and inactive galaxy
subset (Figure 9.14). We reco-
ver strong distortion fractions of
fqso = 0.39 ± 0.11 for the quasar
hosts and fgal = 0.30 ± 0.05 for
the inactive galaxies (distribution
modes, 68% confidence intervals).
We definitively rule out both ex-
treme cases (all mergers, no merg-
ers) for the quasar host popu-
lation. The slight observed en-
hancement in merger signatures
for quasar hosts over inactive
galaxies is not statistically sig-
nificant, with a probability that
the quasar fraction is higher of
P (fqso > fgal) = 0.78 (0.78 σ), in

line with results for lower mass and lower-z AGN. We thus find no evidence that major
mergers are the primary triggering mechanism for the massive active galactic nuclei that
dominate accretion at the peak of cosmic quasar activity.

This work is a joint project with Rogier A. Windhorst, Seth H. Cohen (ASU), Mauricio
Cisternas (IAC), Tim Hewlett, Caroline Villforth (Univ. St. Andrews), Anton M. Koeke-
moer (STScI), Malte Schramm, Andreas Schulze, John D. Silverman (Kavli IPMU), Lutz
Wisotzki (AIP)

[1] Mechtley, M., Jahnke, K., Windhorst, R. A., Andrae, R., Cisternas, M., Cohen, S.
H., Hewlett, T., Koekemoer, A. M., Schramm M., Schulze, A., Silverman, J. D.,
Villforth, C., Van der Wel, A., & Wisotzki, L. (2016): Do the most massive black
holes at z = 2 grow via major mergers?, submitted to ApJ, arXiv:1510.08461
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9.8 Measuring Hundreds of Black Hole Masses

Nina Hernitschek, Hans-Walter Rix

Quasars in SDSS

Quasars (QSOs) are supermassive black holes (BHs) in the center of galaxies showing large
luminosities because of their accretion rates. Quasar luminosities exceed the luminosity
of their host galaxies by up to a factor of 100, and have long been known to exhibit rapid
changes in their optical variability. These variations can be attributed to variations in
the luminosity of their accretion disk.

Determining BH masses is important for understanding the QSO phenomenon, cosmo-
logical evolution of BHs, and the coevolution of QSOs and their containing host galaxies.
For distant QSOs, the best BH estimates arguably come from reverberation mapping,
a technique making use of the luminosity variations. In our work, we carry out rever-
beration mapping on QSOs within the Sloan Digital Sky Survey (SDSS). SDSS provides
homogeneous and deep (r < 22.5) photometry in five passbands (ugriz ) for, typically,
over 60 epochs of observations over a decade in a 290 deg2 area of the Southern Galactic
cap known as Stripe 82 (S82). SDSS S82 has complete spectroscopic quasar identification
(Shen et al. 2011), resulting in a sample of 9156 quasars, with spectra and light curves.

Reverberation Mapping

Figure 9.15: Result of a structure func-
tion model fit to a light curve of a Stripe
82 quasar. For this object the g band
reflects almost exclusively accretion disk
emission. The solid line represents the
best fit mean model light curve. The area
between the dashed lines reflects the vari-
ance for the light curve prediction.

Reverberation mapping is an established way
for estimating the size of the QSO’s broad line
region (BLR) and from it infer the mass of the
BH.

The continuum radiation from the accretion
disk photo-ionizes and excites gas clouds close
to the BH to produce broad (about 1,000 to
10,000 km/s) emission lines, the BLR. In rever-
beration mapping, the time delay τdelay between
observed variations in the accretion disk contin-
uum and in the broad emission lines is a proxy
for the broad line region’s radius RBLR, as light-
travel time arguments lead to RBLR ∝ c τdelay.
For Keplerian motions of the BLR clouds, this
implies for the mass of the central black hole,
MBH ∝ RBLR ∝ c τdelay, thus τdelay is also a
proxy for the BH mass.

The traditional approach to reverberation map-
ping requires spectroscopic monitoring of indi-
vidual objects which is observationally very ex-
pensive, and has been carried out only for a few tens of objects. However, the SDSS
multi-epoch survey in combination with our new modeling technique [1] allowed reverber-
ation mapping to be applied to hundreds of quasars using only high-quality broad-band
photometry.
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We modeled the QSO continuum as a stochastic Gaussian process (see Fig. 9.15) where
the total observed flux is modeled as two components. The emission line contribution is
modeled as a scaled version of the pure continuum band plus a scaled, smoothed and de-
layed version of the continuum. This method is capable not only of interpolating between
data points, but also determining statistical confidence limits, which we demonstrated
through extensive testing with SDSS S82-like mock data. After pre-selecting sufficient
SDSS S82 lightcurves being in redshift ranges where both continuum and emission lines
are available, the approach is capable of estimating time delays from S82 light-curves.

Estimating scaling relations from black hole masses in hundreds
of Quasars

We applied our method to a suitable set of multi-band quasar light curves, drawn from
the nearly 10,000 spectroscopically confirmed quasars in SDSS Stripe 82 based on time
sampling and redshift arguments. We found that 35 light curves at z ∼ 0.25, 69 at
z ∼ 0.57 and 290 at z ∼ 0.6 − 0.85 have good epoch coverage. The light curves are
complemented by one spectroscopic measurement of the emission line widths for each
quasar.
Previous studies of reverberation mapping led to mass-luminosity relations linking the
central black hole mass MBH to the source’s luminosity L: the work by Kaspi et al. (2000)
presents a MBH - L relation based on spectrophotometrical reverberation measurements
for a sample of 34 QSOs, including low-luminosity sources. The work by Vestergaard
et al. (2002) is based on 32 QSOs, which were mostly at lower redshifts. Comparable
relations exist for the stellar velocity dispersion. Such scaling relations are powerful tools
when it comes to determining BH masses from the more easily measurable luminosity and
velocity dispersion.
For comparing ensemble results to known mass-luminosity relations, we base our study
on the 323 QSOs for which we can calculate reliable reverberation-based RBLR estimates.
Comparing our findings with the results by Kaspi et al. (2000) and Vestergaard et al.
(2002), we find tentative evidence that the BLR is ∼1.7 larger than proposed.
The formalism developed here should be useful for application to future data sets from
long-term photometric surveys. Having a method to evaluate such data enables us to
apply reverberation mapping for the first time to large samples of a few hundred QSO at
far higher redshifts than before.

Work done in collaboration with Jo Bovy (University of Toronto) and Eric Morganson
(Harvard-Smithsonian Center for Astrophysics, Cambridge, MA).

[1] Hernitschek, N., Rix, H.-W., Bovy, J., & Morganson, E. (2015): Estimating Black
Hole Masses in Hundreds of Quasars, ApJ 801, 45
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9.9 Precessing jets from warped disks in binaries

Christian Fendt, Somayeh Sheikhnezami & Deniss Stepanovs

Jets from binary systems

Jets are powerful signatures of astrophysical activity and are observed over a wide range
of luminosities and spatial scales. Typical jet sources are young stars, micro-quasars
and active galactic nuclei. It is now accepted that magnetohydrodynamic processes are
essential for the launching, acceleration and collimation of jets out of an accretion disk
[1].
In the literature, all launching simulations so far apply an axisymmetric setup. But jets
are not smooth but structered and many of them deviate from straight motion. Jets
forming in a binary system may be affected by tidal forces torques. Confirmed binary
systems that are sources of jets are T Tau, RW Aur, or HK Tau, For the extra-galactic
jet source NGC 4258 water maser observations have detected an inner accretion disk that
shows signatures of warping on the scale of 8.6× 104 gravitational radii.
In the past, we have contineously developed our model setup for jet-launching simulations.
In particular, we were able to launch jets by a magnetic field that is self-generated by a
mean-field disk dynamo [2]. In our latest paper [3] we have extended previous studies to
three dimensions, presenting the first ever 3D disk-jet launching simulations.

3D jet launching simulations

Essentially, we have placed the jet launching accretion disk into the Roche potential of a
binary system. The secondary is located outside of the simulation box (Fig. 9.16).

Figure 9.16: 3D jet launching. Red colors
indicate dense disk material, greenish colors
the low-density jet material. Grey lines indi-
cate the helical magnetic field.

Typically, precession effects establish on
time-scales longer than our simulations run
for. We have, therefore, applied a small bi-
nary separation of 200 inner disk radii in
order to amplify tidal effects.
Figure 9.17 shows the evolution of the jet-
disk structure. The part of the disk close to
the inner Lagrange point slowly expands,
thus initializing a Roche lobe overflow of
disk material towards the secondary. The
disk becomes increasingly misaligned with
respect to the initial disk mid-plane and
tends to align with the orbital plane of the
binary. The combination of these effects
builds up a bump in the disk region that is
closer to the companion star. The forma-
tion of the bump is the first signature of
disk warping. Typically, the disk warp builds up after ' 160 inner disk rotations. Align-
ment appears only if the disk initial mid-plane and the orbital plane were misaligned.
Altogether, we interpret these effects as an indication of the onset of disk precession.
A most intriguing effect in our simulations is the onset of jet precession resulting from disk
precession (Fig. 9.18). Considering x-y slices of the jet velocity across jet and counter-jet,
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Figure 9.17: Density evolution of the disk-jet structure for 500, 2000, 3000, 4000 dy-
namical time steps (slices in x-z plane). The jet is launched from all over the disk
(greenish). The disk plane aligns to the binary orbital plane (location of secondary at
(x, z) = (300, 60)).

Figure 9.18: Jet cross section at z = 140 (jet, top) and z = −140 (counter jet, bottom),
for times 1000, 3000, 4000, and 5000. Shown are normalized velocity vectors (arrows)
and the x-y velocity value (color). Note the mirrored offset for the jet and counter jet axis.

we see that the jet rotation axis moves away from its initial position. If our interpretation
of an onset of disk and jet precession is correct, we may quantify the precession cone of
the jet axis by an opening angle of 4 degree (at time 5000). In order to follow the jet
precession fully, a much longer simulation would be necessary. This is currently impossible
due to the limited mass reservoir of the accretion disk.

[1] Hawley, J., Fendt, C., Hardcastle, M., Nokhrina, E., & Tchekhovskoy, A. (2015):
Disks & jets: gravity, rotation & magnetic fields, Space Science Reviews 191, 441

[2] Stepanovs, D., Fendt, C., & Sheikhnezami, S. (2014): Modeling MHD accretion-
ejection: episodic ejections of jets triggered by a mean-field disk dynamo, ApJ 796, 29

[3] Sheikhnezami, S. & Fendt, C. (2015): Wobbling and Precessing Jets from Warped
Disks in Binary Systems, ApJ 814, 113
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Continuum-subtracted Ly α emission map of the field surrounding a z ≈ 2 luminous quasar.See

chapter 10.6 for details and credits.



10.1 One Model to Catch Them All

Andrea V. Macciò, Camilla Penzo

One model to catcht them all

The LCDM model (based on constant Dark Energy in time and space and cold dark
matter) is very successful in explaining the evolution of our Universe and its redshift zero
structure.
Despite its success, this model faces problems on the theoretical side, due to its inability
to explain the very low value of DE density which, in turn, allows dark matter and dark
energy densities to be quite similar at the present day. Furthermore, such a low value
allowed DE to become relevant late enough, so as to allow primeval fluctuations to turn
into non–linear structures up to quite large scales.
The LCDM scenario is also challenged by the possible presence of cores in the observed
dark matter distribution of Milky Way satellites since, on such scales, is very hard to
invoke baryonic effects to reconcile observations and collisionless simulation predictions.
It is, therefore, worth exploring alternatives to the simple LCDM model, possibly trying
to find a model that can deal, at the same time, with both theoretical and observational
issues.
In this paper, we presented a detailed non-linear analysis of strongly coupled cold+warm
cosmologies (SCDEW), while the linear theory and the basic features of these models
have been recently presented (Bonometto, Mainini & Macciò 2015)

Figure 10.1: Density map of the same dark matter halo in different cosmologies: LCDM
(left) and SCDEW (right).
Thanks to the coupling between Dark Energy and Cold Dark Matter, these models are
able to ease the fine tuning and, possibly, the coincidence problem depending on the model
parameters, problems that plage a simple LCDM scenario. A very important feature of
SCDEW is that the (uncoupled) warm dark matter component can be chosen with very
low particle mass, as low as ∼ 100 eV. As a consequence, the power spectrum of the
SCDEW cosmology is very similar to the one of standard ΛCDM, and hence in very good
agreement with observations.
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By performing the first Nbody simulations on these kinds of models we have been able to
explore the behaviour of Dark Matter on highly non-linear scales.
We mainly focus on the properties of haloes of masses around and below 1010 M�, since
below this mass scale the effects of baryons are thought to be negligible.
Figure 10.1 shows a density map of the DM distribution and highlights how the different
modellization of DE and DM is able to modify the appearence of a dark matter halo. In
model with strong coupling, the DM halo is compleated deprived of substructure (satel-
lites) and the halo is pretty smooth.
This is due to the very large free streaming length of the warm component that preventes
the creation of DM structures below a critical scale (in this case around few 108 M�).
The second effect of the warm component is the creation of large extended cores in the
DM distribution as clearly shown in Figure 10.2.

Figure 10.2: Density profile of dark matter distribution of the halos show previously. The
bue line is for the cuspy LCDM profiel, while the solid red line shows the cored SCDEW
profile.
Thanks to the large initial thermal velocities of the warm particles (due to the very low
WDM particle mass of 90 eV), the density profile in SCDEW haloes has a clear central
core. The size of the core is of the order of several hundreds of parsecs, in good agreement
with observations of the MW satellites like Sculptor and Fornax.
Altogether, these results show that there are viable alternatives to LCDM that can im-
prove on both the theoretical and observational sides.
We conclude that while SCDEW models are still in an infant state and more simulations
and theoretical work is needed to fully test them at the same level as LCDM.

Work done in collaboration with S. Bonometto at the Observatory of Trieste and R.
Mainini at the University of Milano-Bicocca.

[1] Macciò, A.V., et al. (2015): Strongly Coupled Dark Energy Cosmologies II, MNRAS
453, 1371

[2] Bonometto, S.A., Mainini, R., & Macciò, A.V. (2015): Strongly Coupled Dark Energy
Cosmologies I, MNRAS 453, 1002
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10.2 NIHAO project: Numerical Investigation of a

Hundred Astrophysical Objects

Liang Wang, Andrea Macciò, Aaron Dutton, Greg Stinson

A high resolution simulated galaxy sample

Understanding the formation of spiral galaxies has been at the forefront of theoretical
astrophysics for decades. Until recently, it has been shown that high resolution simulations
with more realistic models of star formation and stellar feedback have solved problems
relating to over-cooling and angular momentum losses, resulting in spiral galaxies with
realistic sizes and bulge fractions. NIHAO project produces 100 high resolution simulation
galaxies across a wide mass range using hydrodynamics in a cosmological context. The
NIHAO uses same physically motivated feedback as the MaGICC [1] which created a
realistic galaxy of about Milky Way mass. The NIHAO project extends the range of
simulations down to the smallest mass galaxy that will form stars. Fig. 10.3 shows edge-
on images for a selection of 30 galaxies at z=0, in which the galaxies are ordered according
to their halo mass, and we see a variety of galaxy morphologies, sizes, colors and bulge-
to-disc ratios.

Figure 10.3: Edge-on views of a subset of NIHAO galaxies after processing through the
Monte Carlo radiative transfer code SUNRISE. Images are 50 kpc on a side.

Reproducing the inefficiency of star formation in galaxies

One of the most fundamental constraints for galaxy formation models is the relatioin
between the stellar mass of a galaxy, M?, and the mass of its host dark matter halo,
Mhalo. The key feature of this relation is the global efficiency at which galaxies turn gas
into stars is inefficient. Reproducing this relation both at redshift z = 0 and earlier times
in a fully cosmological context has been a challenge. Fig 10.3 shows the relation between
stellar mass and virial mass for our simulated central galaxies have a good agreement to
results from halo abundance matching measurements. The points in Fig 10.3 are color
coded according to the number of particles within the virial radius. The blue points
are main haloes with more than 4× 105 particles, and the red and green points are lower
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resolution haloes. There are no significant systematic offsets between haloes with different
resolutions, especially when the halo mass is above 1010M�. Moreover, our simulation
sample can reproduce the evolution of this relation and stellar mass vs star formation
rate relation since redshift z = 4.
We conclude, therefore, that the stellar mass of the simulations closely tracks the results
from abundance matching for stellar masses as a function of halo mass across cosmic
time. This means that a complete cosmological sample of these galaxies would populate
the stellar mass function as observations and stellar feedback is the chief piece of physical
required to limit the efficiency of star formation in galaxies less massive than the Milky
Way.

• NIHAO project create a new, unmatched high resolution galactic simulation sample
in a wide mass range.

• The galaxies in NIHAO project have a good agreement with several scaling relations.

Figure 10.4: Stellar mass vs halo mass at redshift z = 0 for main simulations (blue points)
together with lower mass galaxies in the zoom-in region (green and red points). The solid
black line and shaded region shows the observed relation derived using halo abundance
matching. Our simulation matches this very well. The dashed lines show extrapolations of
the abundance matching relations. For reference, the dotted line shows the cosmic baryon
fraction of mass associated with the dark matter halo, indicating that our simulations
convert only a small fraction of the available gas into stars, as observed.

Work done in collaboration with Xi Kang (PMO/CAS) and James Wadsley, Ben Keller
(McMaster University). The numerical simulations were performed on the theo cluster
of the Max-Planck-Institut für Astronomie and the hydra cluster at the Rechenzentrum
in Garching; and the Milky Way supercomputer, funded by the Deutsche Forschungsge-
meinschaft through Collaborative Research Center “The Milky Way System” hosted and
co-funded by the Jülich Supercomputing Center.

[1] Stinson, G., Brook, C., Macciò, et al. (2013): Making Galaxies In a Cosmological
Context: the need for early stellar feedback, MNRAS 428, 129

[2] Wang, L., Dutton, A., Stinson, G., Macciò, A.V., et al. (2015): , MNRAS 454, 83
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10.3 NIHAO IV: How Dark Matter Reacts to

Galaxy Formation

Andrea V. Macciò, Edouard Tollet, Aaron Dutton, Greg
Stinson, Liang Wang

NIHAO IV: how dark matter reacts to galaxy formation

We use the NIHAO (Numerical Investigation of Hundred Astrophysical Objects) cosmo-
logical simulations to investigate the effects of baryonic physics on the time evolution of
Dark Matter central density profiles.
The aim of the NIHAO project is to study galaxy formation over a large mass range, from
dwarf galaxies to massive spirals, such as the Milky Way. All simulations were evolved
using an updated version of the gasoline code and based on the latest cosmological
parameters as measured from the Planck mission.
The NIHAO suite contains almost one hundred simulations over three decades in dark
matter mass or five decades in stellar mass. Today, it is by far the largest sample of high
resolution simulations of galaxies in a cosmological context.
They provide a unique sample to compute the effect of galaxy formation on the central
dark matter distribution and to compare theoretical and numerical predictions to real
data.
Our main findings are summarized in figure 10.5, which shows how the effect of baryons
on the slope (α) of the central distribution of dark matter strongly depends on the ratio
between the stellar mass and total mass of the halo, usually called the integrated star
formation efficiency.

Figure 10.5: Inner dark matter density slope, α, as a function of M∗/Mhalo for galaxies at
z = 0. The filled red circles show results for hydro runs (with error bars from the profile
fit) while the black open circles show results for the N-body DM only runs. The solid black
line is our fitted function plus a one sigma scatter.
This plot shows that simulations that include a realistic treatment of hydrodynamics
do not share a universal dark matter density profile in contrast with dark matter only
simulations.
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Lower central slopes (i.e. lower α values) are better in agreement with observations from
rotation curves and HI maps of observed galaxies, as shown on figure 10.6.

Figure 10.6: The inner slope of the dark matter density profile α vs. the radius Rin of the
innermost point within which α is measured. The red points are all NIHAO galaxies with
stellar masses between 107− 1010M� to mimic the range of the observational points which
are represented by the other different symbols.
All the NIHAO dark matter haloes are expanded with respect to the expectations of
collisionless simulations. We don’t have enough resolution to probe the inner part of the
radial profile to the same extent as the LITTLE THING survey, nevertheless our results
are in very good agreement with the observations where they overlap in Rin. Moreover
thanks to the large number of simulated galaxies, we are also able to reproduce the
observed scatter in α at a fixed radius.
This plot further demonstrates the importance of considering the effect of baryons on the
dark matter distribution when comparing observations and simulations based on the Cold
Dark Matter model.

Work done in collaboration with X. Kang, Pourple Mountain Observatory, A. Di Cintio
and C. Brook, Universitad Autonoma de Madrid.

[1] Macciò, A.V., et al. (2015): Strongly Coupled Dark Energy Cosmologies II, MNRAS
453, 1371

[2] Bonometto, S.A., Mainini, R., & Macciò, A.V. (2015): Strongly Coupled Dark Energy
Cosmologies I, MNRAS 453, 1002
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10.4 Constraining the Thermal History of the IGM

Girish Kulkarni, Joseph F. Hennawi, David Hogg, Khee-Gan
Lee, Jose Oñorbe, Alberto Rorai, Volker Springel

Lyman-α Forest and the Intergalactic Medium

The Lyman-α (Lyα) forest absorption along the line-of-sight to quasars is an important
probe of astrophysics and large-scale structure at high redshifts (z > 2). While it is well
known that this absorption arises from residual HI in a photoionized medium tracing the
underlying matter density, many unresolved questions remain about the thermal proper-
ties of the intergalactic medium (IGM) that gives rise to the Lyα forest. These thermal
parameters, such as the gas temperature-density relationship (TDR), thermal pressure
smoothing scale bear the imprint of past reionization 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 IGMs thermal history.
The temperature-density relationship (TDR) of the IGM holds clues to how the radiative
sources in the heat up the IGM. This is usually parametrised as a power-law relationship
γ between the gas temperature, T , and the underlying matter overdensity, ∆ ≡ ρ/〈ρ〉.
From theoretical work, inhomogeneous He II reionization at z ∼ 3 − 4 is expected to
produce γ ≈ 1 − 1.3 in the z < 3 Lyα forest. The transmission probability distribution
(PDF) of the forest is the best probe of this parameter, but measurements from high-
resolution echelle spectra are affected by continuum-fitting biases and small sample sizes.
This motivated us to use Baryon Oscillation Spectroscopic Survey (BOSS) data to make
an independent measurement of the Lyα forest PDF and constraints on γ. The 50,000
BOSS Lyα forest spectra are nearly two orders-of-magnitudes larger than echelle data sets
used to study IGM, but the individual spectra have modest resolution and low signal-to-
noise. This necessitates a forward modeling approach, in which we directly compare the
observed PDF with that from mock spectra 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

Figure 10.7: Comparison of Lyα forest transmission PDFs from BOSS (error bars) and
for simulated mock spectra with various TDR (lines).
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Figure 10.8: Left: A quasar pair at z ≈ 3.8 separated by a transverse distance of R = 250
ckpc. Right: The corresponding Lyα forest patterns are highly-correlated — the strength
of this correlation as a function of R depends on λP.

transmission PDF of mock spectra derived from hydrodynamical simulations with varying
TDR with the empirical PDF from BOSS. Fig. 10.7 shows a preliminary version of our
result: the data appears to favor the γ = 1.5 model at 〈z〉 = 3.0, with an apparent
evolution towards γ < 1 at 〈z〉 = 2.3.
We are also interested in measuring the pressure smoothing scale of the IGM λP ∼ 100kpc,
which analogous to the classic Jeans argument, results from the inability of the T ∼ 104 K
IGM to collapse on small scales because of pressure support. The pressure smoothing scale
is determined by the full thermal history of the IGM, and its measurement constrains the
reionization history of the universe [2]. This scale has never been previously measured
because we observe the Lyα forest in redshift space, and thermal vibrations of IGM gas
Doppler broadens the absorption lines, which is degenerate with the pressure smoothing
along single lines-of-sight. We have developed a novel technique to directly measure λP

by using close pairs of quasars with small transverse separations R ∼ 100 − 200 kpc
comparable to λP (see Fig. 10.8). This new method quantifies the correlation of the
absorption between parallel sightlines and is a sensitive probe of λP, enabling ∼ 5%
measurements with our existing quasar pair dataset. This measurement is currently in
progress.
Our eventual goal is to combine the results of multiple Lyα forest statistics to precisely
(∼ 5− 10%) measuring thermal parameters like the TDR and λP and their redshift evo-
lution, and arrive at a concordance model for the thermal history of the IGM providing:
1) a rigorous test of our current theory, 2) a new benchmark for reionization models, and
3) an anchor for current (BOSS) and future (MS-DESI, 4MOST) precision cosmology ex-
periments aiming to use the Lyα forest to constrain cosmological parameters and measure
baryon acoustic oscillations.

Work done in collaboration D.N. Spergel (Princeton), M. White (Berkeley), M. Viel
(Trieste), J. Bolton (Nottingham), and members of the SDSS-III/BOSS collaboration.

[1] Lee, K. G., Hennawi, J. F., et al. (2015): IGM Constraints from the SDSS-III/BOSS
DR9 Lyα Forest Transmission Probability Distribution Function, ApJ 799, 196

[2] Rorai. A, Hennawi, J. F., & White, M. (2013): A New Method to Directly Measure
the Jeans Scale of the Intergalactic Medium Using Close Quasar Pairs, ApJ 775, 81

[3] Kulkarni, G., Hennawi, J. F., Oñorbe, J., Rorai, A., & Springel, V. (2015): Charac-
terizing the Pressure Smoothing Scale of the Intergalactic Medium, ApJ 812, 30
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10.5 The He II Proximity Effect and the Lifetime of

Quasars

Ilya S. Khrykin, Joseph Hennawi, Gábor Worseck

The epoch of hydrogen reionization at z >∼ 6 marks the phase transition from a predomi-
nantly neutral gas to the highly ionized intergalactic medium (IGM) we observe in quasar
spectra. A second and analogous phase transition in helium (specifically He II) is believed
to have occurred at later times (z ∼ 3–4), when quasars were sufficiently abundant to
supply the hard > 54.4 eV photons required to doubly ionize helium. We are leading an
international effort combining observational data and numerical simulations to obtain a
detailed understanding of this second epoch of reionization.
Intergalactic He II Lyα absorption at λrest = 304 Å can be studied towards quasars in the
far-UV from space. With the unprecedented sensitivity of the Cosmic Origins Spectro-
graph (COS) on HST, a sample of 25 quasars yielded science-grade data [1]. Figure 10.9
shows the measured effective optical depths of He II Lyα in the IGM at 2.3 < z < 3.8.
The high incidence of low values at z < 3 indicates that helium is highly ionized, with
the diminishing scatter providing indisputable evidence that He II reionization ended at
z ' 2.7. The rise in the effective optical depth with increasing redshift suggests higher
He II fractions in the z > 3 IGM, yet the inferred He II fractions are � 10%, grossly in-
consistent with vanilla models of quasar-driven He II reionization. As the timing of He II

reionization in these simulations is determined by the luminosity density of bright quasars,
our data suggest that either faint quasars contributed significantly to He II reionization,
or that quasars had significantly different properties (e.g. halo mass, opening angle, life-
time) than typically assumed. Fortuitously, we can constrain the quasar lifetime with the
highly ionized He II proximity zones of the background quasars.

Figure 10.9: He II effective optical depth τeff vs. redshift for all 25 He II sightlines with
science-grade (S/N>3) HST spectra in identical redshift bins of ∆z =0.04 (∼40 comoving
Mpc, symbols are offset for clarity, [1] and Worseck et al. in preparation). Overplotted are
predictions from a semianalytic model of a reionized IGM fitting low-redshift observations
(gray-shaded), and results from a radiative transfer simulation of He II reionization (solid:
median τeff , dashed: 1σ deviation). Although the data are broadly consistent with reion-
ization ending at z ' 2.7 [1], the predicted τeff values at z > 3 strongly depend on model
parameters determining the duration of He II reionization. Surprisingly, the 6 sightlines
probing z > 3.5 still show low τeff , indicating that He II reionization was well underway at
z ∼ 4 and that the process was much more gradual than currently assumed.
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Figure 10.10: Left: He II transmission in the He II proximity zone for two quasar life-
time models. Right: Comparison of the average transmission of 10 realistic mock spectra
(HST/COS resolution R =2000, S/N=4; black histogram) to a set of RT models with
different lifetime values. The errors (shaded) are dominated by IGM sightline variance.

A missing piece in our understanding of quasar-galaxy co-evolution and the reionization
history of the IGM is the timescale of quasar activity tQ or the duration of individual
accretion episodes. So far, the quasar lifetime is poorly constrained to tQ=104–109 yr.
Motivated by our recent observational advances [1] we performed hydrodynamical and 1D
radiative transfer (RT) simulations to study the growth of He II proximity zones around
z ∼ 3 quasars with different lifetimes.
In order to produce a detectable proximity zone, the quasar must shine for tQ & teq,
where the equilibration timescale teq ' (ΓQSO + ΓUVB)−1 is the time it takes for the
IGM to attain ionization equilibrium with the enhanced ionizing flux near the quasar
(photoionization rate ΓQSO). At z ' 3.1 our optical depth measurements (Fig. 10.9) imply
a characteristic He II background ΓUVB ' 10−14.9s−1, corresponding to teq ' 3× 107 yr.
Our RT simulations [2] show that the size of the He II proximity zone is sensitive to
the quasar lifetime (Fig. 10.10, left panel). However, IGM density fluctuations result in
a significant variation in the proximity zone size for individual sightlines, which limits
the ability to constrain the lifetime. To reduce this effect we stacked multiple He II

spectra. The right panel of Fig. 10.10 shows the comparison of a stack of 10 realistic
mock HST/COS spectra taken from the model with tQ = 10 Myr to several average
transmission profiles for different quasar lifetimes. Despite remaining scatter due to the
IGM, we can constrain the average quasar lifetime to within a factor of ∼ 3. We plan
to compare our models to the 25 He II spectra in the HST/COS archive to constrain the
quasar lifetime and the He II-ionizing background as a function of redshift.

Work done in collaboration with Matthew McQuinn (University of Washington) and
J. Xavier Prochaska (University of California Santa Cruz)

[1] Worseck, G., Prochaska, J.X., Hennawi, J.F., & McQuinn, M. (2016): Early and
Extended Helium Reionization Over More Than 600 Million Years of Cosmic Time,
ApJ in press, arXiv:1405.7405

[2] Khrykin, I.S., Hennawi, J.F., McQuinn, M., & Worseck, G. (2016): The He II Prox-
imity Effect and the Lifetime of Quasars, ApJ in press, arXiv:1511.03659
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10.6 The Circumgalactic Medium of Quasars

Joseph F. Hennawi, Fabrizio Arrigoni-Battaia

The Circumgalactic Medium of Quasars

How do galaxies get their gas, and how does this gas supply regulate the star-formation
history of the Universe, and give rise to the observed dichotomy between blue star-forming
galaxies and red-and-dead ellipticals? These questions are now at the forefront of obser-
vational and theoretical/numerical studies of galaxies, and can be addressed by character-
izing the physical state of gas at r < 300 kpc from galaxies in the so called circumgalactic
medium (CGM). Cosmological hydrodynamical simulations predict that dark matter ha-
los should exhibit a reservoir of cool (T ∼ 104 K) metal-poor gas embedded within a hot,
diffuse and virialized plasma. This cool gas yields observational signatures in absorption
and emission, which the ENIGMA group at MPIA is trying to characterize.
We pioneered a novel technique which exploits absorption spectroscopy of background
(b/g) quasars to study the CGM around randomly intercepted foreground (f/g) quasars,
and by extension the massive galaxies that host them [1]. In [2] (see Fig. 10.11) we
showed that the high covering factor of cool gas observed around quasars with this tech-
nique contradicts current simulation predictions for halos hosting massive (> 1012M�)
galaxies. Our results indicate a fundamental failure of current galaxy formation simula-
tions, suggesting they have not sufficiently resolved key aspects of the astrophysics, and
raises important questions about the formation of massive galaxies.

Figure 10.11: Slices through our cosmological zoom-in simulations showing the distribution
of neutral hydrogen and temperature in a massive Mhalo = 1012.6M� dark matter halo at
z ∼ 2. The left panel shows the projected neutral hydrogen column density map, while on
the right we show the corresponding gas temperature maps weighted by hydrogen column
density. Regions with NHI > 1017.2 cm−2 are enclosed in the white contours. The virial
radius of the halo is indicated by the white dashed circle.
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 Lyα line is the primary coolant
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of cold T ∼ 104K low metallicity gas many have argued that Lyα ‘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 Lyα recombination emission. We are leading a
dedicated survey for Lyα emission from the CGM around quasars using 8m telescopes
which has already uncovered two spectacular giant (∼ 500kpc) filaments of Lyα emission
around quasars (see Fig. 10.12). First results were recently published in Nature [3] and
Science [4]. Our discovery of such large scale emission constitutes the first time that the
intergalactic medium has been imaged, and could be direct evidence for cold gas accreting
onto galaxies from the cosmic web.

45“$(400$kpc)$

Figure 10.12: Continuum-subtracted Lyα emission maps of the fields surrounding two
z ∼ 2, luminous quasars. The left-hand image shows deep 10 hr integration with
Keck/LRISb, exhibiting an extended d ∼ 500 kpc (physical) nebula; right-hand image
shows a shallower image of a second such nebula we discovered with comparable size.
The sizes and luminosities of these nebulae exceed any previous such source. The implied
mass of cool gas is remarkable (M ∼ 1011M�) and the extent easily exceeds estimates for
the underlying dark matter halo.

Work done in collaboration with J. Xavier Prochaska (UCSC), Michele Fumagalli
(Durham), and Sebastiano Cantalupo (UCSC)

[1] Hennawi, J. F. & Prochaska, J. X. (2013): Quasars Probing Quasars. IV. Joint
Constraints on the Circumgalactic Medium from Absorption and Emission., ApJ
766, 58

[2] Fumagalli, M., Hennawi, J. F., Prochaska, J. X., et al. (2014): Confronting Simu-
lations of Optically Thick Gas in Massive Halos with Observations at z = 2-3, ApJ
780,74,

[3] Cantalupo, S., Arrigoni-Battaia, F., Prochaska, J. X., Hennawi, J. F., et al. (2014):
A cosmic web filament revealed in Lyman-α emission around a luminous high-redshift
quasar, Nature 506, 63

[4] Hennawi, J. F., Prochaska, J. X., et al. (2015): Quasar Quartet Embedded in Giant
Nebula Reveals Rare Massive Structure in Distant Universe, Science 348, 779
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10.7 Large Reservoirs of Gas and Dust in z ∼ 7

Forming Massive Galaxies Revealed by ALMA

Bram Venemans, Fabian Walter, Laura Zschaechner, Roberto
Decarli

Introduction

One of the outstanding critical questions in astronomy is when the first galaxies formed,
and what their physical properties were. In recent years, enormous progress has been
made in finding galaxy candidates up to z >∼ 10, ∼450 million years after the Big Bang.
However, 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 fruitful way to learn more about the constituents of galaxies at the
highest redshifts is to study the brightest (and most massive) of this population. In the
local universe, it is argued that a tight correlation between the mass of a galaxy and
the black hole that it harbors exists. Such a correlation seems to be in place also in the
high redshift universe. Therefore, an effective method to pinpoint the most massive and
luminous galaxies in the early universe is believed to locate bright quasars powered by
supermassive black holes at the highest redshifts. In recent years, we discovered several
quasars at z ∼ 7, substantially increasing the number of known quasars at these redshifts,
see, for example, § 9.1. These new quasars provide a unique window on the high redshift
universe.

ALMA observations of three quasar hosts at 6.6 < z < 6.9

Recently, we discovered three distant quasars with 6.6 < z < 6.9 in the near-infrared
VIKING survey (§ 9.1 and [1]). These are among the most distant quasars currently
known and are powered by black holes with a mass in excess of 109 M� [1]. To study
the host galaxies of these quasars, we obtained ALMA observations of the [C ii] 158 µm
emission line and the underlying far-infrared continuum. In only ∼15 minutes of on-source
observations, all three quasars were detected in both the dust continuum and the line,
see Fig. 10.13 and [2]. The [C ii] line fluxes range between 1.6–3.4 Jy km s−1 ([C ii]
luminosities ∼(1.9− 3.9)× 109 L�), placing these sources among the most luminous [C ii]
emitters in the early universe. The size of the line emitting regions is in the range 2–3
kpc. By modeling our brightest [C ii] emitter with disk models, we can rule out that the
gas has a flat rotation curve. We measure continuum flux densities of 0.56–3.29 mJy
around 158 µm (rest-frame). Depending on the shape of the dust continuum, the implied
far-infrared luminosities (LFIR) are between (0.6−7.5)×1012 L� and we derive dust masses
of Md = (0.7 − 24) × 108 M�. We fitted the slope of the FIR continuum in J0305–3150,
the quasar host with the brightest continuum emission, to put a constraint on the dust
temperature. We derive a dust temperature of 30+12

−9 K, below the canonical value of 47
K. Assuming that the [C ii] and continuum emission are powered by star formation, we
find star-formation rates from 100–1600 M� yr−1 based on local scaling relations. The
L[CII]/LFIR ratios in the quasar hosts span a wide range from (0.3− 4.6)× 10−3, including
one quasar with a ratio that is consistent with local star-forming galaxies. Combining
our results with those of z ∼ 6 quasars with [C ii] measurements in the literature, we find
that the strength of the L[CII] and LFIR emission both correlates with the bolometric
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Figure 10.13: [C ii] spectra of the three z > 6.6 quasars
observed with ALMA. The spectra were extracted from the
data cubes smoothed with a 1′′ Gaussian at the location of
the brightest pixel in the emission line map, which in all
cases coincides with the optical/near-infrared position of the
quasars. The solid line represents a Gaussian+continuum
fit to the data. The typical uncertainty per bin is plotted in
the upper left corner of each spectrum. Adapted from [2].

luminosity Lbol of the quasar.
The L[CII]/LFIR ratio only
weakly correlates with Lbol,
implying that low L[CII]/LFIR

ratios in quasar hosts are
not mainly due to high
FIR luminosities due to
quasar heating of the dust.
In one quasar, J0109–3047,
the [C ii] line is significantly
redshifted by ∼1700 km s−1

with respect to the Mg ii
broad emission line. Com-
paring to values in the liter-
ature for z ∼ 6 quasars, we
find that, on average, the
Mg ii is blueshifted by 480
km s−1 (with a standard
deviation of 630 km s−1)
with respect to the host
galaxy redshift, i.e. one
of our quasars is an ex-
treme outlier. We derived
dynamical masses for the
quasar hosts from the ob-
served [C ii] line width and
spatial extent. We find that
the ratio of black hole mass
to host galaxy (dynamical)
mass is higher by a factor 3–
4 (with significant scatter)
than local relations. We
find that the black hole to
galaxy mass ratio evolves as
(1+z)0.5−0.7, indicating that
black holes grow faster than their host galaxies in the early universe for the quasars con-
sidered here.
Future observations of the continuum at different frequencies and of additional lines, for
example of the CO lines, will allow us to further constrain the physical conditions in the
interstellar medium (such as the density, the hardness of the radiation field, and the dust
temperature) in these distant quasar host galaxies.

Work done in collaboration with G. De Rosa (STScI), J. Findlay (University of Wyoming),
R. McMahon (IoA Cambridge) and W. Sutherland (Queen Mary University of London).

[1] Venemans, B.P., Findlay, J., Sutherland, W., et al. (2013): Discovery of three z > 6.5
quasars in the VISTA Kilo-Degree Infrared Galaxy (VIKING) survey, ApJ 779, 24

[2] Venemans, B.P., Walter, F., Zschaechner, L., et al. (2015): Bright [CII] and dust
emission in three z > 6.6 quasar host galaxies observed by ALMA, ApJ 816, 37
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10.8 Molecular Deep Fields in the ALMA Era

Roberto Decarli, Fabian Walter

The census of gas supply in high-z galaxies

Multi-wavelength studies over the last two decades have accurately constrained the growth
of galaxies through cosmic time: The rate of star formation per unit of cosmological
volume increased from the earliest epochs until z=1-3 (Universe age: 2-6 Gyr), when it
peaked (the “epoch of galaxy assembly”), then steeply declined by more than an order
of magnitude until z=0 (today). What drives this evolution? In order to address this
question, we need to characterize the fuel for star formation, i.e., the dense phase of
the interstellar medium, in various cosmic epochs. This is possible only now, thanks to
technological upgrades and the advent of new facilities, in particular the Atacama Large
Millimeter Array (ALMA). For the first time, observations of the interstellar medium in
high-z galaxies can be pushed well beyond the “tip of the iceberg” of extremely luminous
galaxies, thus uncovering the bulk of the galaxy population.

The first molecular line scan in the HDF-N

We used the Plateau de Bure Interferometer (PdBI) to perform the first molecular line
scan study [1], a blind search for CO emission over the 3mm transparent window of the
atmosphere (80-115 GHz). We targeted a 50”-wide region in the Hubble Deep Field
North, one of the best studied regions in the sky. The pointing was chosen to encompass
the IR-bright galaxy HDF850.1, the first sub-mm galaxy ever discovered, for which no
redshift measurement was available.
Our PdBI molecular scan revealed 2 lines associated with HDF850.1, which we identified
as CO(5-4) and CO(6-5), as confirmed by the follow-up observations of the CO(2-1) and
[CII] lines. This places HDF850.1 at z=5.18, i.e., one of the highest redshifts ever reported
for a sub-mm galaxy [2]. Additionally, we discovered CO emission arising from massive
(∼ 1010 M�) molecular gas reservoirs in various galaxy types, including a galaxy with
SFR∼40 M� yr−1, and ∼ 2 × 1011 M� in stars; and a ∼ 10 times less massive, and ∼ 5
times less star-forming galaxy, both at z∼2. We also found comparably large amounts of
gas associated with galaxies undetected at optical/NIR wavelengths, despite the exquisite
depth of the available data. The presence of galaxies at intermediate redshifts with modest
stellar mass but extremely high molecular gas content was not predicted by standard
models of galaxy formation [1].
The census of CO emission in a volume-limited sample, unbiased by target pre-selection
based on optical/NIR properties, led to the first direct constraints on the cosmic abun-
dance of molecular gas beyond the local universe [3]. Fig. 10.14 shows the evolution of
the cosmic mass density (ρ) of molecular gas as a function of redshift. Our observational
constraints and the z=0 measurements are compared with semianalytical models and em-
pirical predictions. We find indications of a strong evolution in ρ(H2), in rough agreement
with the theoretical expectations.

The ALMA molecular deep field

The PdBI pilot project demonstrated that molecular deep fields are feasible. The larger-
than-expected variety in the optical/NIR properties of galaxies hosting large reservoirs of
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gas would be missed by surveys targeting pre-selected galaxies. Our constraints are, how-
ever, loose due to the small areal coverage and the limited sensitivity of our investigation.
In order to mitigate the latter limitation, we obtained time in ALMA Cycle 2 in order
to perform a molecular deep field in the Hubble Ultra Deep Field. Our ALMA 3mm
observations are a factor of 4 more sensitive than the PdBI ones, and are complemented by
a similar scan at 1mm (212-272 GHz), sampling intermediate and high J CO transitions,
[CII] at 6<z<8, and the 1mm dust continuum. Early results from the ALMA molecular
deep field seem to confirm our initial claim concerning the evolution of ρ(H2) shown in
Fig. 10.14 on significantly more robust grounds. These promising results (to be published
in Walter et al. 2016, in prep; Decarli et al. 2016a,b, in prep.; Aravena, Walter, Decarli
et al. 2016ab, in prep.) will constitute the ideal test bed for empirical predictions and
theoretical models of the gas supply in galaxies throughout cosmic time.

Figure 10.14: The cosmic mass density (ρ) of molecular gas (H2) in galaxies as a function
of redshift. The observational constraints at z=0 (black circle) and at z>0 from our PdBI
molecular line scan (cyan boxes) are compared with semi-analytical models and empirical
predictions from the literature, and with the cosmic stellar mass density ρ(M∗) (lines).
Galaxies at the peak epoch of galaxy assembly (1<z<3) seem to have significantly more
molecular gas than at z=0. Figure adapted from [3].

[1] Decarli, R. (2014): A Molecular Line Scan in the Hubble Deep Field North, ApJ 782,
78

[2] Walter, F. (2012): The intense starburst HDF2̆009850.1 in a galaxy overdensity at
z=5.2 in the Hubble Deep Field, Nature 486, 233

[3] Walter, F. (2014): A molecular line scan in the Hubble Deep Field North: Constraints
on the CO Luminosity Function and the Cosmic H2 Density, ApJ 782, 79
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11

Instrumentation

ARGOS in action at the Large Binocular Telescope. See chapter 11.2 for details and credits.



11.1 LINC-NIRVANA: On Its Way to Sky!

Tom Herbst, Thomas Bertram, Peter Bizenberger, Florian
Briegel, Ralph Hofferbert, Martin Kürster, Tobias Adler,

Harald Baumeister, Jürgen Berwein, Henrik Beuther, Armin
Böhm, José Borelli, Frank Kittmann, Derek Kopon, Werner
Laun, Ulrich Mall, Richard Mathar, Tobias Maurer, Rosalie
McGurk, Lars Mohr, Javier Moreno-Ventas, Mark Norris,
Aleksei Pavlov, Kalyan Radhakrishnan, Hans-Walter Rix,
Ralf-Rainer Rohloff, Eva Schinnerer, Glenn van de Ven

Introduction

LINC-NIRVANA (LN) is an innovative high-resolution near-infrared imager for the Large
Binocular Telescope (LBT). LN employs Multi-Conjugate Adaptive Optics (MCAO) to
deliver a diffraction-limited field of view two arcminutes across. There are actually two
MCAO systems in LINC-NIRVANA, one for each of the 8.4m diameter mirrors of the
LBT. The instrument accepts light from both telescopes and is designed for both conven-
tional, single-eye imaging and eventually, interferometric beam combination. Since the
last Fachbeirat, the LINC-NIRVANA team executed a re-planning and implementation
plan, performed final laboratory tests, passed the Preliminary Acceptance Europe, disas-
sembled the instrument, and in Fall 2015, shipped LINC-NIRVANA to the telescope. In
November 2015, the team installed LN for the first time on the LBT for preliminary tests.

Figure 11.1: LINC-NIRVANA (inside yellow line) mounted at the rear bent focus of the
Large Binocular Telescope in Arizona in November 2015. For safety, the sensitive optical
components were removed prior to shipment and were thus not in place for this initial
installation. Note for scale that the primary mirrors are 8.4 meters in diameter.
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The Journey to Arizona

The shipment to Arizona filled 9 standard shipping containers plus one large custom
box for the (unpopulated) optical bench, a total of more than 35 tonnes. As part of
the implementation planning, a tradeoff study showed that sea transport was the only
feasible option. The containers and custom crate travelled to Bremerhaven, where they
were transhipped onto ocean-going vessels for the journey to California via the Panama
Canal. Large trucks brought the shipment from there to LBT Base Camp for the final
leg of the journey up the mountain.

Figure 11.2: (top row) The LINC-NIRVANA optical bench leaving the MPIA for the
trip to a nearby port on the Neckar river, where it was transferred to a barge bound for
Bremerhaven. (bottom row) Live webcam screenshot of the passage through the Panama
Canal. After its arrival in California, large trucks transported the bench to the summit,
where it joined the remainder of the shipment (4 of 9 containers shown).

Re-Integration, On-Telescope Testing, and the Future

LN Team members were on-site to accept and inspect the shipment, and soon thereafter,
the re-integration process began. One of the initial tasks was a fit test of the instrument on
the telescope. Even without the sensitive optics installed, LN and its handling rig weigh
in excess of 10 tonnes, and the clearance between the instrument and the entry hatch of
the telescope enclosure is only 10 mm. Once inside the dome, LN and the telescope must
execute a careful ”dance” to avoid collision. This operation was carefully planned and
story-boarded in advance, and the day-long installation effort was an unqualified success
(see first figure). Thereafter, LINC-NIRVANA was returned to the mountain laboratory
for installation of the optics and other components.
There will be a total of ten further re-integration and testing campaigns in the first half
of 2016, culminating with installation readiness in summer. Installation of the complete
instrument is foreseen for early autumn, followed by First Light, commissioning, and
early science. As the instrument goes on-sky, the LN team and the wider LBT science
community will be examining upgrades to take even greater advantage of this unique
observational tool.
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11.2 ARGOS – Ground Layer Correction at the

LBT

Wolfgang Gaessler, Jose Borelli, Martin Kulas, Diethard Peter,
Alexander Sivitilli

Figure 11.3: ARGOS in action.

ARGOS, the Advanced Rayleigh guided Ground layer adaptive Optics System for the
LBT (Large Binocular Telescope) is built by a German-Italian-American consortium. It
is a seeing reducer correcting the turbulence in the lower atmosphere, resulting in a ho-
mogenous image quality over 2’ radius. In such a way, the spatial resolution improves
about a factor of two over the seeing and increases the throughput for spectroscopy ac-
cordingly. Already with the first closed loop in November 2014 this could be demonstrated
(see Figure 11.4). Over the last year it was proven that ARGOS will ”make” an acceptable
nightout of a bad night, a good seeing out of an average seeing and will sometimes even
create excellent observation conditions close to the diffraction limit - actually, in such
good nights the available science camera was the limiting factor until now. Currently,
ARGOS feeds the two near-infrared spectrograph and imager - LUCI I and LUCI II.
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 Adaptive Optic System is used as a truth
reference for non-common path aberrations and additionally it is equipped with Avalanche
Photo Diodes to measure the atmospheric tip and tilt modes, which cannot be seen by
the laser wavefront sensors.
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Figure 11.4: First closed loop with the ARGOS system.

From the beginning of the project it was clear that the laser system and the sensor would
not be tested together before reaching the telescope. A deformable secondary mirror for
such a test was not available. Therefore, it was very exiting, when the system finally went
on sky for the first time. Immediately it became visible that there is still a lot of work
ahead. The launch system showed a strong astigmatism, the Pockles Cells degraded with
time – they were found to be damaged by self-made Ozon – and also vibrations made and
still make problems. Currently, the system is undergoing commissioning to get it into a
turnkey system. However, the overall project suffers from a lack on manpower, especially
in writing software.

Figure 11.5: On the left: G192 a young stellar object with outflow. In the middle: The
LBT during laser propagation. To the right: NGC718 a spiral galaxy.

Partners (local responsible only): Wolfgang Gaessler [Co-I] (MPIA), Sebastian Rabien
[PI] (MPE), Lorenzo Busoni [Co-I] (INAF-OAA), Jesper Storm (AIP), Julian Christou
(LBTO)
Previous Partners: Michael Loyd-Hardt [Co-I] (UA), Andreas Quirrenbach (LSW), Udo
Beckmann (MPIfR )
The Project was partially funded by FP7-OPTICON JRA1 (Contract number 226604).
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11.3 An All-Sky Cloud and Extinction Monitor

Tom Herbst, Patrick Fopp, David Neb, Harald Baumeister,
Julian Baldauf, Tobias Adler, Lars Mohr, Mario Hotko

Monitoring and Characterising the Atmosphere

Observing time at large telescopes is very expensive: typically 50 kEur per night or more.
Maximizing the scientific return from this valuable time means understanding how the
current observing conditions are affecting the data, and this in turn, means understanding
the sky. One important aspect of atmospheric characterization is cloud and transparency
monitoring. Traditionally, this is done with a separate, dedicated telescope, which points
at individual bright stars throughout the night, measuring their flux. Following a par-
ticular star for several hours as it sinks deeper toward the horizon allows a post-facto
assessment of the extinction,the fraction of light absorbed per unit path length in the
atmosphere (typically expressed as magnitudes per airmass).

The recent availability of very high quality commercial digital single-lens reflex (DSLR)
cameras with large sensors offers another intriguing option: when coupled with a fisheye
lens, such DSLRs permit simultaneous all-sky imagery with sufficient spatial resolution to
isolate and measure individual stars. This in turn means that a single image can contain
information over a large range of zenith angles and thus, give the instantaneous extinction
value. The low cost of commercial offerings also means that an excellent sky monitor can
be put together for a tiny fraction of the cost of a single observing night.

The All-Sky Monitor

Figure 11.6: The All-Sky Mon-
itor during testing on the roof
of MPIA

The MPIA All-Sky Monitor consists of a commercial
Canon DSLR mounted behind a glass hemisphere in a
closable, weatherproof enclosure (see figure). An Ar-
duino micro controller manages the opening and closing
of the cover, as well as monitoring internal and exter-
nal temperature. The entire instrument is compact and
requires only power and a standard ethernet cable for
data. Custom control software allows remote operation,
providing real-time, high resolution imagery of the sky,
automatic star identification, and extinction assessment.
All data are archived, and an automatically generated
sky movie allows observers to see how conditions are
evolving.

In addition to providing valuable information on cur-
rent atmospheric conditions, this DSLR-based all-sky
monitor represents a project whose scope is suitable for
student projects. Indeed, the MPIA All-Sky Monitor
formed the centerpiece of two senior theses (“Bachelorarbeit”), one internship, one part-
time student job, and an apprenticeship in the machine shop.

260



Figure 11.7: All-Sky Monitor image of the Galactic plane. This image, taken 9 km south
of the MPIA, is 3,600 pixels square and extends from horizon to horizon. The inset frames
demonstrate the excellent image quality over the full field.

Figure 11.8: Instantaneous extinction mea-
surement.

Mountaintop conditions can be harsh, and
it is essential to demonstrate that an in-
strument operates reliably and well before
shipping it to the observatory. The MPIA
All-Sky Monitor has been operating suc-
cessfully on the roof of MPIA for almost
a year, and has been subjected to severe
heat, snow, ice, and freezing fog. Negoti-
ations on a possible handover to LBT are
underway.
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11.4 The PAnoramic Near-Infrared Camera –

PANIC

Klaus Meisenheimer, Bernhard Dorner, Josef Fried, Matthias
Alter, Peter Bitzenberger, Armin Huber, Werner Laun, Ulrich
Mall, Richard Mathar, Johana Panduro, Ralf-Rainer Rohloff

PANIC instrument in a nutshell

PANIC, the PAnoramic Near-Infrared Camera provides a wide-field imager for the Calar
Alto telescopes. It is a joint project of the MPI for Astronomy, the Instituto Astrofisica
de Andalucia (IAA) in Granada and the Calar Alto observatory (CAHA) near Almeria.
At the 2.2m telescope the f/8 beam is re-imaged by a focal reducer onto a mosaic of
2 × 2 Hawaii-2RG detectors providing a scale of 0 ′′. 45/18µm pixel and a field-of-view of
32′ × 32′ ([1], see Fig. 11.9). A standard set of Z,Y,J,H,Ks broad-band filters and two
narrow-band filters centered on the H2 line at 2.12µm and Br−γ is currently available
(to be supplemented).

First light and beyond

After a prolonged construction phase PANIC was shipped to Calar Alto observatory and

Figure 11.9: First-Light image of the full moon
on November 6, 2014 (4 days after perigee).
The four Hawaii-2 detectors are separated by
3 mm wide gaps (75′′ on sky). The south-east
quadrant suffers from a excessive fraction of
hot pixels. The apparent brightness variation
is caused by the absence of flat field correction.

re-assembled at the clean room in the
3.5 m building in October 2014. Transfer
to the 2.2 m telescope and installation on
November 5 enabled us to receive First
Light from the sky on November 6, 2014.
Basic properties of the instrument like
the tilt of the detector array with re-
spect to the focal plane and typical night
sky backgrounds in the broad-band filters
were determined in two commissioning
runs in November and December 2014.
First tests of the Quick Look system that
enables a quick assessment of the data
obtained including focus series led to sub-
stantial improvements. After a first com-
missioning run at the 3.5 m telescope in
early March 2015 a severe accident oc-
curred during the way back to the 2.2 m
telescope on March 11: The detector
tank exhaust pipe hit the emergency han-
dle of a door and the vacuum of the
instrument broke down rapidly. Fortu-
nately the detector array was not dam-
aged. After a prolonged repair mission including the replacement of the pipe and minor
changes of the fixation of the entrance window, PANIC got back to the 2.2 m telescope
on June 1, 2015 for ”second light”. Two commissioning and science verification runs in
June allowed us to improve the Observation Tool and Quick Look performance and the
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automatic collection of optimum twilight flat fields. In a pilot study for Large Area Sur-
veys it was established that a large junk of sky can be imaged to JV ega = 19.5 at a rate
of 1�◦/32 min. In September 2015 the first scientific program was successfully carried
out. It measures the star formation rate in galaxies that fall into the cluster Abell 226
(z = 0.128) by the flux of the Pa−α line which is shifted into the H2 filter at that redshift.

Current status – January 2016

By now the hardware of PANIC is well tested and fully operational at the 2.2 m telescope.
Data are archived in the Calar Alto system. The main drawback is the detector # 4 that
contains a – still increasing – fraction of 20% bad pixels. Although the lack of useful
information in these pixels can be ignored by using a bad-pixel mask and a large number
of dither positions the density of the bad pixels leads to an effective loss of 1/3 of the
integration time (18% loss in S/N ratio) that prohibits large area surveys with common
magnitude limit. Currently, possible solutions to get a replacement of the very expensive
detector are explored.
On the software side both the Observation Tool, that creates and executes Observing
Blocks, and the Quick Look tool that allows the observer to assess the data quality after
a first reduction are in good shape and well documented. However, a running version of
the full Panic Pipeline (PAPI) has still to be transferred to powerful computers outside
the Calar Alto observatory.
Manuals and documentation have to be updated according to the results of the commis-
sioning runs before PANIC can be delivered formally to the CAHA observatory. Never-
theless, in spring semester 29 nights of science observations with PANIC are scheduled on
shared-risk basis.

Work done in collaboration with Matilde Fernandez, M. Concepcion Cardenas Vasquez,
Irene Ferro Rodriguez, Jose-Miguel Ibanez, Antonio Garcia Segura (IAA-CSIC Granada)
and Jens Helmling, Santos Pedraz, Santiago Reinhart (CAHA, Almeria).

[1] Fried, J., et al. (2010): Opto-mechanical design of PANIC, SPIE 7735, 77353V

[2] Fried, J., et al. (2012): Laboratory ferformance tests of PANIC, SPIE 8446, 84462Q

[3] Dorner, B., et al. (2014): PANIC in the lab: status before commissioning, SPIE 9147,
91473X
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11.5 CIAO – Wavefront Sensors for GRAVITY

Silvia Scheithauer, Wolfgang Brandner, Thomas Henning,
Matthias Alter, Peter Bizenberger, Armin Böhm, Casey Deen,
Monica Ebert, Ulrich Grözinger, Stefan Hippler, Armin Huber,
Zoltan Hubert, Ralf Klein, Martin Kulas, Werner Laun, Rainer
Lenzen, Marcus Mellein, Eric Müller, Friedrich Müller, Javier
Moreno-Ventas, Udo Neumann, Johana Panduro, Jose Ramos,

Ralf-Rainer Rohloff

The GRAVITY instrument at VLTI

GRAVITY is a 2nd generation near-infrared VLTI instrument that will combine the
light of the four unit or four auxiliary telescopes of the ESO Paranal observatory in
Chile. The major science goals are the observation of objects in close orbit around, or
spiralling into the black hole in the Galactic centre with unrivalled sensitivity as well as
studies of young stellar objects and evolved stars [1]. In order to cancel out the effect
of atmospheric turbulence for each of the unit telescopes and to be able to see beyond
dusty layers, it needs infrared wave-front sensors when operating with the unit telescopes.
Therefore, GRAVITY consists of the Beam Combiner Instrument (BCI) located in the
VLTI laboratory and a wave-front sensor in each unit telescope Coude room, thus aptly
named Coude Infrared Adaptive Optics (CIAO). The BCI was installed in autumn 2015
at Paranal and testing with the auxiliary telescopes is ongoing.

The CIAO wave-front sensors are built under the responsibility of the Max Planck Insti-
tute for Astronomy in close cooperation with ESO and the GRAVITY consortium.

CIAO opto-mechanical design

Each CIAO system gets the light from the Star Separator System inside the Coude rooms
and guides it through its internal warm optics into a cold cryostat and onto the infrared
detector. To correct the atmospheric perturbations of the incoming wave-front, the CIAO

Figure 11.10: Design of the CIAO system.

system communicates directly with the
MACAO deformable mirror. Each wave-
front sensor contains warm optical com-
ponents and a cold cryostat which are
mounted on a mechanical structure fixed to
the Coude room floor, see (Fig. 11.10). The
warm optics consists of an Adaptive Optics
(AO) mode selector, a flat folding mirror,
a re-imaging parabolic mirror and a pupil
derotator. The following cryostat contains
an entrance window, a field of view mask,
a field lens, an achromatic doublet, several
filters mounted on a filter wheel and finally
a lenslet array and the infrared detector.

All elements behind the AO mode selector are mounted on one optical bench. To protect
the optics, the optical bench and the AO mode selector have covers.
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The light enters the system via the AO mode selector on top of the CIAO tower, see
(Fig. 11.10), goes to a flat mirror, is redirected to a parabolic mirror (left), from there to
a derotator and finally enters the cold cryostat (right). The optical bench for the optics
is sitting on a steel structure (blue) which is sitting on a base frame structure (lower grey
frame) which is fixed to the Coude room floor. Inside the cryostat, the field of view mask
blocks all light outside an 2 arcsec field. The following field lens is sitting on an x-y-stage
and is used to align the pupil position relative to the detector array. The achromatic
doublet re-images the pupil onto the lenslet array. The filter wheel contains one H-K-
band filter from 1.45 to 2.45 micron and two neutral density filters. The Shack-Hartmann
type lenslet array has 9x9 subapertures. The detector is a new SELEX development
using MOVPE technology and is operated at 95 K while the cold fore-optics is operated
at 140 K.

Assembly, Integration and Verification of the first CIAO system

The first CIAO system was successfully installed at the Paranal observatory in Febru-
ary/March 2016. The Assembly Integration and Verification campaign at Paranal started
on February 16, 2016 in the integration hall. The system was fully assembled and the
warm optics was aligned. The cold alignment as done at MPIA was kept as the cryostat
had been shipped from MPIA to Paranal with the integrated fore-optics.

Figure 11.11: First CIAO system inside
the Coude room of UT1.

After 15 days, the aligned CIAO system
was transported to the Coude room of Unit
Telescope 1 (UT1) on March 2nd, 2016, see
(Fig. 11.11). The CIAO structure can be
equipped with wheels and was rolled into the
Coude room. Its settled on its base frame which
is fixed to the Coude room floor. The detec-
tor read-out electronic cabinet is placed next to
the CIAO system inside the Coude room while
the two large electronic cabinets are placed in
the outer ring around the Coude room. Af-
ter another 8 days the system was fully func-
tional and aligned with respect to the Star Sep-
arator System. After system optimisation and
verification, the first on-sky performance test-
ing will be done in early April 2016. The sec-
ond CIAO system will be installed at Paranal
in April/May 2016. With two wave-front sen-
sors in place, the first interferometric tests with
the BCI can be done. CIAO systems 3 and 4
will be installed and commissioned in one long
run from mid August till early October 2016 at

Paranal including commissioning with the Beam Combiner Instrument.

Work done in collaboration with the GRAVITY consortium under the lead of the PI
institute MPE and with ESO.

[1] Eisenhauer, F. (2011): GRAVITY – observing the universe in motion, The Messen-
ger 143, 16

265



11.6 4MOST– A Spectroscopy Facility

Wolfgang Gaessler, Michael Lehmitz, Maria Bergemann

Overview

The 4MOST consortium has been selected by the European Southern Observatory (ESO)
to provide the ESO community with a fibre-fed spectroscopic survey facility on the VISTA
telescope with a large enough field-of-view to survey a large fraction of the southern
sky in a few years. The facility will be able to simultaneously obtain spectra of ∼2400
objects distributed over an area of 4 square degrees. This high multiplex of 4MOST,
combined with its high spectral resolution, will enable detection of chemical and kinematic
substructure in the stellar halo, bulge, and thin and thick discs of the Milky Way, thus
helping to unravel the origin of our home galaxy. The instrument will also have enough
wavelength coverage to secure velocities of extra-galactic objects over a large range in
redshift, thus enabling measurements of the evolution of galaxies and the structure of the
cosmos.

This exceptional instrument enables many science goals, but the design is especially in-
tended to complement three key all-sky, space-based observatories of prime European
interest: Gaia, EUCLID, and eROSITA. Such a facility has been identified as being of
critical importance and forms the perfect complement to the many all-sky survey projects
around the world.

Figure 11.12: Sketch of the VISTA telescope - front and back side - with the 4MOST
facility attached to it. The spectrographs are underneath the azimuth floor.
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The facility

The 4MOST facility will be running spectroscopic Public Surveys on VISTA nearly full-
time, and next to the instrument it also consists of all the software to schedule and
observe many surveys in parallel as well as the Data Management System to reduce,
analyze, validate and publish all the data including higher-level data products (radial
velocities/redshifts, stellar parameters, abundances, etc.).
To achieve the main science goals, 4MOST shall be able to obtain:

• radial velocities of ≤2 km/s accuracy of the faintest stars observed by Gaia by
obtaining spectra of 19 (goal 19.5) r-mag stars with S/N=10 per Angstrom at res-
olution R=5000 in ≤1 hour exposure,

• abundances of up to 15 chemical elements of ≤16 V-mag stars by obtaining spectra
with S/N=140 per Angstrom at resolution R=20000 in a ≤2 hour exposure,

• redshifts of 22 r-mag galaxies and AGN in a ≤2 hour exposure in dark time.

The science requires that, within a 5 year survey, 20 (goal 30) million targets shall be
observed at R∼5000 and 2.0 (goal 3.0) million objects at R∼20,000 (these numbers include
community targets). In this period, at least a 15,000 (goal 20,000) degree2 area on the
sky shall be covered at least two times (goal three times).
The positioner system selected for 4MOST is based on the tilted spine principle and draws
on the experience obtained with the Echidna system of FMOS on the Subaru telescope.
High- and low-resolution spectrographs will be located near the telescope underneath the
azimuth floor with short, very efficient fibre runs. The spectrographs are fixed configu-
ration, three-armed spectrographs, equipped with VPH gratings and large CCDs with at
least 6k pixels in the spectral direction in each arm.
MPIA is responsible for building the facility electronics.

Figure 11.13: Close up of the fiber positioner and wide field corrector at the rotator.

As the group of people is so large, only the participating instituts are listed:
Leibniz Institut für Astrophysik Potsdam (AIP) PI-Insitute, Australian Astronomical
Observatory (AAO), Institute of Astronomy, Cambridge (IoA), Max Plank Institut
für Astrophysik, Heidelberg (MPIA), Zentrum für Astronomie der Universität Heidel-
berg / Landessternwarte (ZAH/LSW), Max-Planck-Institut für extraterrestrische Physik
(MPE), European Southern Observatory (ESO), Nederlandse Onderzoekschool Voor As-
tronomie (NOVA), Laboratoire d’Etudes des Galaxies, Etoiles, Physique et Instrumen-
tation (GEPI), Rijksunversiteit Groningen (RuG), Lunds Universitet (Lund), Uppsala
Universitet (UU)

.
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11.7 METIS: The Mid-Infrared E-ELT Imager and

Spectrograph

Markus Feldt, Sylvia Scheithauer, Thomas Bertram, Roy van
Boekel, Stefan Hippler, Rainer Lenzen, Peter Bizenberger,
Thomas Henning, Wolfgang Brandner, Ralf-Rainer Rohloff,

Florian Briegel

METIS

The ”Mid-infrared E-ELT Imager and Spectrograph” (METIS) will provide diffraction
limited imaging, coronagraphy, and low/medium resolution slit spectroscopy, as well as
high resolution IFU spectroscopy (IFS) across the mid-infrared wavelength range be-
tween 3µm and 19µm. METIS includes a Wave Front Sensor (WFS) module for Single-
Conjugate Adaptive Optics (SCAO) and will ensure upgrade ability to Laser-Tomography
Adaptive Optics (LTAO) at a later stage. The instrument will include the following ob-
serving capabilities:

• Imaging at L/M band. The imager will include low/medium resolution (R ≈ few
hundred - thousand) slit spectroscopy as well as coronagraphy for high contrast
imaging.

• Imaging at N/Q band. The N-band imager will include low/medium resolution
(R ≈ few hundred - thousand) slit spectroscopy as well as coronagraphy for high
contrast imaging.

• High resolution (R ≈ 100,000) IFU spectroscopy at L/M band, including a mode
with extended instantaneous wavelength coverage. As a goal the IFU might even
be assisted by a coronagraph in front of the IFS).

Focusing mostly on known, compact targets, METIS requires only a moderate imaging
field of view size (at least 10′′ ×10′′). All observing modes will work at the E-ELT’s
diffraction limit of 16 mas at 3µm.

MPIA’s Contribution

Fig. 11.14 shows the principal layout of METIS. MPIA as the second largest consortium
partner with a total share of about 30% is responsible for providing the two imager units,
and the SCAO system which comprises not only the WFS hardware, but also the real-time
software and the specification for the real-time computer system (RTC) [1].
One imager unit will cover the L and M -band region, the other will be responsible for
imaging in N and the bluer part of the Q-band. Both will be quipped with slit spectro-
graphs. A prime scientific focus of METIS will be the observation of extra-solar planets.
To facilitate this, METIS will be equipped with state of the art coronagraphs, allowing
for a contrast ratio of 10−6 at a separation of 3λ/D corresponding to ≈ 50 mas in L-band
in one hour of integration time.
The wave front sensor will be of the Shack-Hartmann type, providing 74 lenslets across
the E-ELT aperture. A 512×512 pixels detector of the SELEX-SAPHIRA type will be
used to provide 6×6 pixels per sub-aperture, and will be operated at a frame rate of 1 kHz.
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Figure 11.14: Overview of the METIS layout. MPIA’s contribution will comprise the two
imager units (encircled in dark red), and the wave front sensor (framed in green).

Simulations indicate that the highest Strehl numbers to be expected are of the order of
95% in L-band, and of course higher towards the mid-infrared.
The total cost of METIS is estimated to be 405 FTE in terms of manpower, and 14.3
million Euro in money (including travel costs throughout the development phases. For
the instrument hardware, ESO has agreed to cover up to 12.5 million Euro. The schedule
of METIS is quite aggressive, the preliminary design review being scheduled around end
2017, final design review around end of 2019, and first light for early 2026. With this
schedule, METIS will be among the three first-light instruments for teh E-ELT.

Work done in collaboration with the METIS consortium.

[1] Brandl, B.R., Feldt, M., Glasse, A., et al. (2014): METIS: the mid-infrared E-ELT
imager and spectrograph, ProcSPIE 9147, 18
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11.8 Kick-off for the E-ELT-Camera MICADO: A

New Era of Precision Astronomy

Jörg-Uwe Pott, Friedrich Müller, Ralph Hofferbert, Santiago
Barboza, Peter Bizenberger, Florian Briegel, Martin Glück, Joe
Hennawi, Lars Mohr, Gabriele Rodeghiero, Ralf-Rainer Rohloff,

Hans-Walter Rix

Micado is the Multi-AO Imaging Camera for Deep Observations, which has been de-
signed to work on the 39-m European Extremely Large Telescope (E-ELT) [1]. This
revolutionary telescope will be the largest optical/near-infrared telescope in the world,
gathering about 15 times more light than the largest optical telescopes existing today.
The MICADO camera will provide the capability for diffraction-limited imaging and spec-
troscopy (R8̃000)at near-infrared wavelengths (10mas resolution at H−band), taking the
power of adaptive optics to the next level. To correct for distortions due to the Earths
atmosphere, MICADO is a simple single conjugate AO mode (SCAO) and later an MCAO
system to obtain sharp images over a wide field of view of 52 arcsec in diameter.
The key capabilities of MICADO are matched to the unique features of the new telescope,
and will lead to dramatic discoveries of new or unexplored astrophysical phenomena. To
name but a few: Its JWST-like sensitivity will allow it to detect the faintest stars and
furthest galaxies. Its unprecedented spatial resolution will reveal structures in nebulae
and galaxies in detail far beyond what is currently possible. For instance, by resolving
stellar populations in distant galaxies, their star formation history and evolution can be
studied. And with the superb astrometric precision achieved by MICADO (50 micro-
arcsec over the full field), many astronomical objects will no longer be static, but become
dynamic. Measuring the tiny movements of stars will reveal the presence of otherwise
hidden black holes in star clusters, and tracking the motions of star clusters will lead to
new insights about how our Milky Way formed.

Figure 11.15: Computer model of the Mi-
cado derotator test stand, using all final el-
ements of our concept: back-lash free pinion
technology, servo motors, high-precision tape
encoders for position control, pre-loaded four-
point ball bearing, observatory conform con-
trol electronics, Micado-like) load of 3tons.

The MICADO instrument will be devel-
oped and built by a consortium of Euro-
pean institutes in collaboration with ESO.
The project is expected to last nearly 10
years from the beginning of the current de-
sign phase to the end of commissioning,
with the first light of both the E-ELT and
MICADO planned for 2024.
The main hardware contributions of
MPIA to MICADO are the high-precision
Instrument-De-Rotator and the Calibra-
tion Units. Our contributions build on the
experience gathered with LINC, PANIC
and other recent state-of-the-art NIR in-
struments. The De-Rotator compensates
for the rotation of the field of view caused
by the rotation of the Earth during obser-
vations. The particular challenge of the
De-Rotator is to achieve an extremely pre-
cisely controlled rotation trajectory at any

time during the observation. Roughly speaking MICADO requires an order of magnitude
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better opto-mechanical precision of its components with respect to existing 8m-class NIR
imagers, since the anguler diffraction limit (FWHMPSF ) is 5 times smaller, and the field-
of-view is, with 52 arcsec, at least twice as large as current AO cameras. Imperfect field
rotation starts to smear sources at the edges of the field. We require that the MICADO
field rotation is controlled to a level of 10 arcsec, which avoids the stars to loose Strehl
even at the edge of the field. To prove that we have a feasible concept to rotate the 3tons
of the Micado instrument that precisely, we will build up in the next year a test stand,
validating all elements of our concept (Fig. 11.15)

Figure 11.16: Simulated performance of our vibration
control of an 8m-class AO system (LBT-AO) in faint-
guide star mode (16.4 Rmag), which still returns a sig-
nificant Strehl above 0.1 in presence of strong mirror
vibrations of order 100 mas and 10 Hz.

The Calibration Units will sup-
port the detector calibration of
both the imaging camera and
the spectrograph. A particular
challenge is the long-time cal-
ibration of astrometric imaging
errors unavoidable for a wide-
field instrument like MICADO.
To extend the natural guide star
adaptive optics support to fainter
sources, and therefore increase
extra-galactic sky-coverage, one
needs to measure and control tele-
scope vibrations, since the AO
system runs too slowly on faint
guide stars to do so [2]. We
demonstrated that this can be
done using accelerometers with
the LBTO (Fig. 11.16), and plan
to implement such a controller
into the EELT-AO control sys-

tem. Again, in the E-ELT case the challenge is larger as compared to 8m-class telescopes,
since the diffraction limit is smaller, and the expected tiptilt vibration amplitudes are
larger.

Work done in collaboration with the international Micado consortium (see:
http://www.mpe.mpg.de/ir/micado) and with engineering departments at the Univer-
sity of Stuttgart, Germany.

[1] Davies, R., et al. (2010): MICADO: the E-ELT adaptive optics imaging camera,
SPIE 7735, 2AD

[2] Böhm, M., Pott, J.-U., et al. (2014): Real-time vibration compensation for large
telescopes, MNRAS 442, 2446
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11.9 The Mid Infrared Instrument MIRI aboard

JWST

Oliver Krause, Thomas Henning, Friedrich Müller, Jeroen
Bouwman, Silvia Scheithauer, Ors Detre, Jürgen Schreiber

The James Webb Space Telescope (JWST), a space telescope for wavelengths from visible
light to the mid-infrared, is on track for launch in autumn 2018 as successor to the Hubble
Space Telescope. With its cold 6.5-meter primary mirror and four science instruments,
JWST will be the premier infrared observatory in space for a decade to come. MPIA is
the leading institute in Germany for the development of instrumentation for the JWST.
As a member of a European consortium, MPIA is responsible for the development of the
cryogenic wheel mechanisms required for precise and reliable positioning of the optical
components in JWST’s mid-infrared instrument MIRI and is also leading the electrical
system engineering of this instrument. MIRI consists of a high-resolution imager and
a medium resolution spectrometer and will work in the wavelength range from 5 to 28
micrometers. MPIA has also delivered vital components such as cryogenic motors and
high-precision position sensors for the near-infrared multi-object spectrograph NIRSPEC,
the second of two JWST science instruments that have mainly been developed in Europe.

Figure 11.17: Group photo of JWST project members at NASA Goddard Space Flight
Center with the complete Integrated Science Instrument Module. The Near Infrared Spec-
trograph was just added, completing the package of four instruments including a Near
Infrared Camera, a Mid Infrared Instrument, a Fine Guidance Sensor and two different
Near Infrared Spectrographs.
Since the delivery of the MIRI instrument to the NASA Goddard Space Flight Center
(USA) for integration into the JWST integrated science instrument module, the instru-
ment has been undergoing a series of rigorous testing campaigns. In 2015, the third
full cold test campaign CV3 with all four JWST science instruments was successfully
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completed. For this campaign, MIRI, together with other instruments on the telescope’s
Integrated Science Instrument Module (Fig. 1), were subjected to temperatures of less
than -230 degrees Celsius and to vacuum conditions, simulating the environmental con-
ditions under which they will need to operate once deployed into space. The NIRSPEC
instrument was equipped with the flight detectors and the flight micro-shutter array to
provide NIRPSPEC’s multi-object capabilities. All MPIA wheel mechanisms showed an
excellent and reliable performance. The MPIA JWST team significantly contributed to
the preparation, conduction and analyses of these tests on site. The MPIA team is also
deeply involved in the development for the future data processing pipeline for the MIRI
instrument. The preparation of the MIRI Science program is now at full swing as well
with MPIA team members working in the fields of disks, exoplanets, nearby galaxies,
supernovae, star formation, and the high-z universe.

Work done in collaboration with the European MIRI Consortium & the European Space
Agency ESA.

[1] G. H. Rieke, G. S. Wright, T. Böker, J. Bouwman, .., Th. Henning, et al. (2015):
The Mid-Infrared Instrument for the James Webb Space Telescope, I: Introduction,
PASP 127, 584

[2] G. S. Wright, David Wright, G. B. Goodson,..., Örs Detre, . . . , Uli Groezinger,
. . . , Th. Henning, Ralph Hofferbert, . . . ,Oliver Krause,..., Friedrich Müller, . . . Silvia
Scheithauer, et al. (2015): The Mid-Infrared Instrument for the James Webb Space
Telescope, II: Design and Build, PASP 127, 595

[3] Patrice Bouchet, Macarena Garćıa-Maŕın, P.-O. Lagage, . . . ,, Ö. H. Detre, . . . Oliver
Krause, . . . , Silvia Scheithauer, et al. (2015): The Mid-Infrared Instrument for the
James Webb Space Telescope, III: The MIRIM imager, PASP 127, 612

[4] Sarah Kendrew, Silvia Scheithauer, Patrice Bouchet, . . . , Jeroen Bouwman et al.
(2015): The Mid-Infrared Instrument for the James Webb Space Telescope, IV: The
Low-Resolution Spectrometer, PASP 127, 623

[5] Martyn Wells, J.-W. Pel, Alistair Glasse, G,. . . , Friedrich Müller et al. (2015): The
Mid-Infrared Instrument for the James Webb Space Telescope, VI: The Medium Res-
olution Spectrometer, PASP 127, 646

[6] Karl D. Gordon, C. H. Chen, Rachel E. Anderson, ..., Jeroen Bouwman, ..., Silvia
Scheithauer et al. (2015): The Mid-Infrared Instrument for the James Webb Space
Telescope, X: Operations and Data Reduction, PASP 127, 696
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11.10 HERSCHEL/PACS: Status and Activities

during the Post-Operations-Phase

Oliver Krause, Markus Nielbock, Zoltan Balog, Hendrik Linz,
Ulrich Klaas,Jürgen Schreiber, Jeroen Bouwman

MPIA is been the largest Co-I institute of Herschel’s Far Infrared Imager and Spectrometer
PACS and has been deeply involved in the development and operations of the instrument.
With a time fraction of 50%, PACS is the most-used instrument aboard Herschel, enabling
imaging and spectroscopy in the wavelength range from 60 to 210 µm with unprecedented
sensitivity and spatial resolution. With more than 1100 refereed publications, the scientific
harvest made possible through the PACS instrument has been enormous.
Following the end of routine observations, the Herschel teams both at ESA and the In-
strument control center transited to the post-operations phase, which is currently still
continuing. The goal of this phase is to finally process all acquired Herschel observations
with the highest quality achievable and make them available to the astronomical com-
munity within a legacy archive that will be made accessible through virtual-observatory
compliant tools. ICC duties covering the broad variety of task and observing modes were
distributed among the main contributors in the PACS-ICC and in close liaison with the
Herschel Science Center at ESA. The team regularly consolidates and validates updates
of the Herschel data reduction pipeline HIPE. Currently, the work on pipeline version
14.0 has been finished, and by using this version several data sets will be finally reduced
for inclusion in the Herschel Legacy Archive starting in Spring 2016.

Figure 11.18: Infraed composite image around the infrared dark cloud G316.72+0.07, an object

from the MPIA-led Herschel Key Program EPOS. The IRDC with a length of 5pc is seen as red

feature at the center of the composite image created from Spitzer 24 µm as well as Herschel 70 µm

and 160 µm data. The MPIA calibration team made major contributions to the flux calibration

of PACS photometry data which today achive an unprecedented accuracy of only 0.5 % at far

infrared wavelengths.

MPIA has been heavily involved in many PACS Instrument Control Center tasks and was
responsible for the overall planning of the PACS instrument calibration. The Instrument
Control Centre (ICC), located at the PI institute MPE in Garching, has the responsibility
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for operations, calibration and data reduction of the PACS instrument. MPIA is one of
four institutes of the PACS consortium which are main manpower contributors to the
PACS ICC and the software developments. Because the blue PACS photometer camera
has the best spatial resolution of all Herschel instruments, the PACS calibration team at
MPIA also supported the programs for further consolidation and assessment of the tele-
scope pointing accuracy. The MPIA team has been responsible for quality improvements
on PACS photometer scanmaps, implementing models for the thermal background radi-
ation of the telescope, processing algorithms for the spectrometer data. MPIA has been
leading the PACS photometer activities and chaired the corresponding working group.
The activities and funding through the German Space Agency DLR for the MPIA ICC
team will still continue until mid 2017. The ESA activities for Herschel’s post-operation
phase will continue until the end of 2017.

Work done in collaboration with the Herschel PACS Consortium & the European Space
Agency ESA.

[1] Müller, T.G.; Balog, Z.; Nielbock, M.; Moreno, R.; Kla-s, U.; Moór, A.; Linz, H.;
Feuchtgruber, H. (2016): Far-infrared photometric observations of the outer planets
and satellites with Herschel-PACS, A&A 588, 109

[2] Sánchez-Portal, Miguel; Marston, Anthony; Altieri, Bruno; ...; Klaas, Ulrich; Linz,
Hendrik; ...; Nielbock, Markus et al. (2014): The pointing system of the Herschel
space observatory. Description, Calibration, Performance and improvements, Exper-
imental Astronomy 37, 453

[3] Sauvage, M.; Okumura, K.; Klaas, U.; Müller, Th.; Moór, A.; Poglitsch, A.; Feucht-
gruber, H.; Duband, L. (2014): Operations and performance of the PACS instrument
3He sorption cooler on board of the Herschel space observatory, Experimental As-
tronomy 37, 397

[4] Klaas, U.; Okumura, K.; Ferlet, M.; Müller, T.; Sanchez-Portal, M.; Altieri, B.;
Doyle, D.; Pilbratt, G. L. (2014): Herschel out-of-field stray-light characterization,
Experimental Astronomy 37, 331

[5] Müller, Thomas; Balog, Zoltán; Nielbock, Markus; ...; Klaas, Ulrich; Linz, Hendrik
et al. (2014): Herschel celestial calibration sources. Four large main-belt asteroids as
prime flux calibrators for the far-IR/sub-mm range, Experimental Astronomy 37, 253

[6] Moór, A.; Müller, T. G.; Kiss, C.; Balog, Z.; Billot, N.; Marton, G. (2014): PACS
photometer calibration block analysis, Experimental Astronomy 37, 225

[7] Balog, Zoltan; Müller, Thomas; Nielbock, Markus; Altieri, Bruno; Klaas, Ulrich;
Blommaert, Joris; Linz, Hendrik; Lutz, Dieter; Moór, Attila; Billot, Nicolas; Sauvage,
Marc; Okumura, Koryo (2014): The Herschel-PACS photometer calibration. Point-
source flux calibration for scan maps, Experimental Astronomy 37, 129

[8] Nielbock, Markus; Müller, Thomas; Klaas, Ulrich; Altieri, Bruno; Balog, Zoltán;
Billot, Nicolas; Linz, Hendrik; Okumura, Koryo; Sánchez-Portal, Miguel; Sauvage,
Marc (2014): The Herschel PACS photometer calibration. A time dependent flux
calibration for the PACS chopped point-source photometry AOT mode, Experimental
Astronomy 36, 631
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11.11 Euclid Construction at Half-Time

Knud Jahnke, Felix Hormuth, Hans-Walter Rix, Gregor Seidel,
Stefanie Wachter

Euclid was “adopted” by ESA as an M-class mission in its Cosmic Vision programme in
2012, after a detailed phase A study[1]. The mission was not only deemed central to the
astrophysics research, it was also shown that the mission would be technically feasible
within the existing boundaries of mass and money.
Now, in 2016, Euclid is half way to launch. ESA has awarded contracts for the telescope
and satellite bus, a first model of the primary mirror has been machined and artistic
renders of the flight design are available (see Figure 11.19). The Euclid Consortium has
formed instrument consortia to first design, detail and then construct the VIS visible
imager and the NISP near-infrared spectrometer and photometer.

Figure 11.19: Rendered flight model design
of Euclid in its orbit at Lagrange Point 2.
Credit: NASA

Last year, a central milestone was success-
fully passed: the Mission Preliminary De-
sign Review (M-PDR). A multi-national
panel assessed whether all components of
the mission had adequate requirements
that stretched from the top-level science
goals down to the instrument sub-system
level and the computational ground seg-
ment. Before, both instruments had passed
their PDRs successfully and in 2016 both
instruments will face their CDR, the crit-
ical design review. This means, all in-
strument subsystems will have to show
their flight designs, be inside their speci-
fied limits, conform to all mechanical, elec-
trical and, centrally important, optical re-
quirements. After CDR the road is clear
to building the so called Engineering and
Qualification Models – basically versions of
the flight hardware that will be subjected

to very stringent testing – and after that the Flight Model and Flight Spare.

MPIA plays a central role in three fields of Euclid development:

(1) With the Instrument Scientist for NISP photometry and the Euclid Calibration Sci-
entist we have central responsibility for defining and supervising the photometric and
calibration performance of NISP, and beyond that for coordinating the calibration of the
whole mission. At this point, all performance requirements are fixed and we are primarily
working on detailing the calibration strategy.

(2) We describe all instrumental effects for NISP photometry in a simulation model.
This is not only used to assess the evolving performance of the instrument and, e.g. ,the
achievable limiting sensitivities, but is also the basis for a complete instrument model
inside “end-to-end” simulations to derive cosmological quantities which are being build
up. These simulations include all optical effects like a time-variable distortion and detector
effects including persistence, pixel-to-pixel sensitivity variations and non-linearity.

(3) MPIA has the responsibility to build hardware for NISP. Both an LED-based cali-
bration source for detector characterization in flight and the NIR filters are designed
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and produced under MPIA leadership (Fig. 11.20). The calibration source will, for the
first time, utilise near-infrared LEDs in the harsh space environment. This led to the
necessity to have LEDs custom built, because available consumer-grade LEDs either did
not perform to satisfaction or had undocumented production procedures. These LEDs
were delivered to MPIA at the beginning of 2016, hermetically sealed and ready for a
year-long qualification programme that includes exposure to vacuum, cold, heat, thermal
cycles, radiation and mechanical shaking. They have to survive all of this to guarantee
six years of functionality at 1.5 million kilometers from Earth. They will be housed in a
500g light calibration lamp unit that will directly illuminate the array of 16 Hawaii 2RG
detectors, to both calibrate pixel-to-pixel response as well as linearity.

Figure 11.20: NISPs calibration source (center) with a custom-made LED (left), and a
set of NIR test filters (right). Credits: von Hoerner & Sulger (l,c); Felix Hormuth (r).

The NIR filters will be the largest to have flown at that point, with 130mm diameters.
Even JWST has substantially smaller filters. They carry some optical power and have up
to 300 interference-filter coating layers to define sharp bandpasses and strong out-of-band-
blocking in the range of 965nm to 2000nm. The flight design for the layer stack exists, all
materials are vetted, and test-coatings show very high transmission in-band (>98%) and
good blocking outside from 300 to 3000nm. By the end of 2016 a full flight-model design
filter will be ready as an EQM model. Once accepted, all Flight Models and Spares will
be produced.

By mid-2017 all flight model components will be delivered to the NISP leads at LAM
in Marseille, 2018 all of NISP will be finished and delivered to ESA. Currently launch is
slated for the end of 2020 from Kourou. And then Euclid will start observing a unique
dataset for Cosmology and auxilliary science with galaxies, stars, and solar system objects.

Euclid is an ESA mission, with contributions by more than 100 institutes from 14 eu-
ropean countries and the USA as part of the Euclid Consortium led by Yannick Mellier
(IAP).

[1] Laureijs, R., et al. (2011): Euclid Definition Study Report, ESA/ SRE(2011)12,
arXiv:1110.3193
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11.12 The Gaia Astrophysical Parameters Inference

System

Coryn A.L. Bailer-Jones, Tri Astraatmadja, Rene Andrae,
Morgan Fouesneau, Dae-Won Kim, Kester Smith

In addition to its exquisite astrometry, Gaia will obtain optical spectra for all one billion
of its target sources down to its limiting magnitude of about G = 20. These come in the
form of low resolution BP/RP spectrophotometry (Fig. 11.21), as well as higher resolu-
tion RVS spectra (for sources brighter than about G = 14) around the calcium triplet at
860 nm. These spectra are used to calculate a chromatic calibration of the astrometry,
and to estimate the stellar radial velocities, respectively. But they also provide valuable
information on the physical properties of the sources, whether they be stars, galaxies, or
quasars. Extracting this information from the spectra is not trivial, requiring sophisti-
cated statistical and computational techniques.
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Figure 11.21: Example BP/RP spectrophotometry. All spectra are noise-free syn-
thetic spectra, except for the emission line stars (which do not cover the full BP/RP
wavelength range). The spectra have been normalized to have the same number
of photon counts over spectrum plotted (i.e. same magnitude over the full spec-
trum). The galaxy spectra are zero redshift for a range of types. The quasar
spectra cover a range of emission line strengths, continuum slopes, and redshifts.
The ultra cool dwarfs have Teff ranging from 500 to 3000 K. The bottom row shows
normal stars, in which just one parameter varies in each panel. From left to
right these are: Teff ∈ {3000, 4000, 5000, 6000, 7000, 8500, 10000, 12000, 15000, 20000}K;
A0 ∈ {0.0, 0.1, 0.5, 1.0, 2.0, 3.0, 5.0, 7.0, 10.0}mag; [Fe/H]∈ {−2.5,−1.5,−0.5,+0.5} dex;
log g ∈ {0, 2.5, 4, 5.5} dex. The other parameters are held constant as appropriate at
Teff = 5000 K, A0 = 0 mag, [Fe/H] = 0 dex, log g= 4.0 dex.
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Figure 11.22: The component modules in Apsis. The coloured bars underneath each mod-
ule indicate which data it uses. Most of the modules additionally use the photometry
and some also the Galactic coordinates. The arrows indicate a dependency on the output
of the preceding module. The acronyms are: Discrete Source Classifier; Extended Stel-
lar Parametrizer; Generalized Stellar Parametrizer, –Photometry, –Spectroscopy; Final
Luminosity Age and Mass Estimator; Multiple Star Classifier; Outlier Analysis; Object
Clustering Algorithm; Quasar Classifier; Total Galactic Extinction; Unresolved Galaxy
Classifier.

Figure 11.22 outlines the architecture of the data processing system developed by Coor-
dination Unit 8 (CU8) of the Gaia Data Processing Analysis Consortium (DPAC) for
this purpose. Known as Apsis, it comprises multiple software modules (boxes in the
diagram), each charged with a specific task. GSP-Phot, for example, estimates the astro-
physical parameters effective temperature, line-of-sight interstellar extinction, metallicity,
and surface gravity, for all stars. Other modules examine other types of objects, possibly
using the outputs from previous modules (e.g. the GSP-Phot outputs are used by GSP-
Spec, FLAME, ESP, and TGE). The coloured bars show which Gaia data are used for
the various modules (BP/RP spectroscopy and the parallax in the case of GSP-Phot).

Until the end of 2015 Apsis has been undergoing test runs with on preliminary Gaia data
at one of the DPAC data processing centres (CNES in Toulouse). During 2016 DSC and
GSP-Phot will go operational. The outputs of all of the Apsis modules will be an integral
part of the Gaia catalogue, starting with the second Gaia data release scheduled for mid
2017. The Gaia group at MPIA leads CU8 and is responsible for DSC, GSP-Phot, and
MSC.

Apsis has been developed by CU8, Astrophysical Parameters, in the Gaia Data Processing
and Analysis Consortium (DPAC). It is described in more detail in [1].

[1] Bailer-Jones, C.A.L., et al. (2013): The Gaia astrophysical parameters inference sys-
tem (Apsis). Pre-launch description, A&A 559, A74
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