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Preface

Activities at Mpia encompass astrophysical research, both observational and theoreti-
cal, as well as instrumentation and technology development. Complementing the Status
Report, this booklet tries to give a comprehensive, although not complete, overview of
the manifold activities at Mpia in the period 2017-2019. The contributions were writ-
ten by the PIs on behalf of the teams involved. Complementing these brief summaries,
the Annual Reports of the last years offer further descriptions of the major research and
instrumentation efforts.
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Left: SPHERE image of PDS 70, a young T-Tauri star hosting a gas-rich transition disk and

a planetary-mass companion within the large gap of the disk. The star itself is located at the

center of the image and masked out. Right: ALMA Band 7 continuum image of the disk. North

is up and East is to the left. See chapter 1.1 for details and credits.



1.1 PDS 70b: the first bona-fide young planet in a

circumstellar disk

Miriam Keppler, André Müller, Thomas Henning,
Roy van Boekel, Faustine Cantalloube, Henning Avenhaus,

Gesa Bertrang, Wolfgang Brandner, Markus Feldt, Mario Flock,
Markus Janson, Jonas Kemmer, Hubert Klahr, Ralf Launhardt,

Yao Liu, Anne-Lise Maire, Karan Molaverdikhani,
Ole Möller-Nilsson, Paul Mollière, Johan Olofsson,

Aleksei Pavlov, Nicole Pawellek, Paola Pinilla, Adriana Pohl,
Jose Ramos, Matthias Samland, and Dmitry Semenov.

Introduction

Although several thousand exoplanets have been detected, much is still unclear about
their formation process and the initial stages of their evolution. In particular, the lack of
direct detections of young, still–forming planets hampers our ability to put observational
constraints on the planet formation process. Protoplanetary disks, and in particular those
with large depleted inner cavities - the transition disks (TDs) - allow us to study planet
formation while it is happening. In particular, they provide the unique opportunity
to study the interaction of a protoplanet with its natal environment, since transition
disks are thought to be shaped by the planet formation process. Recent high-resolution
imaging observations of TDs at different wavelengths have revealed large gaps, azimuthal
asymmetries, spirals, multiple rings, as well as shadowed regions and brightness dips.
Such features have been interpreted as tracers of ongoing planet formation.

However, directly detecting young, still–forming protoplanets has proven extremely
difficult. Only a handful of detections of young planetary candidates within circumstellar
disks have been reported (HD 169142, LkCa 15, HD 100546), but these have all been
challenged or even definitively reputed. The reason is that discerning the planets, which
is challenging due to the high planet-star contrast, is further complicated by the presence
of the disk, leading to the misidentification of bright disk features as candidate planets.
Moreover, while planet formation models predict that giant planets accrete material from
their gas-rich host disk through a circumplanetary disk (CPD), no such objects have been
discovered so far and these early stages of planet formation and evolution could not be
constrained.

Observations

PDS 70 is a young (5.4 Myr), nearby (113 pc) T-Tauri star hosting a gas-rich transition
disk, as inferred from SED modeling and spatially resolved observations. Our NIR po-
larimetric images taken with SPHERE show that micron-sized dust is largely depleted
out to ∼ 50 au. Our ALMA observations show that the mm-sized grains are trapped in
a well-defined ring at ∼74 au [1, 2]. These observations further show that the inner disk
extends out to several au. This configuration - a large gap in connection with trapped
mm-sized grains and the presence of an inner disk - has been suspected to be indicative
for the presence of a forming planet interacting with the disk.
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Figure 1.1: Left: SPHERE image of PDS 70 [1, 3]. The planet is visible as a bright point
source within the gap of the disk in South-East direction from the star. The star itself
is located at the center of the image and masked out. Right: ALMA Band 7 continuum
image of the disk [2]. North is up and East is to the left.

Results & discussion

Using VLT/SPHERE, we have discovered a planetary-mass companion within the large
gap of the disk around PDS 70 [1, 3]. The detection was confirmed at multiple near-
infrared wavelengths and at different epochs between 2012 and 2018. This companion,
PDS 70b, is located at a projected distance of about 200 mas (22.7 au) and was meanwhile
also detected in Hα ([4], Haffert+2019), indicating that the planet is likely still accreting.
So far, this is the only robust detection of a planet within a young, gas-rich disk. As
such, it is a unique case to study the evolution of a protoplanet and address fundamental
questions in exoplanetary science, such as the physics of accretion, planetary atmospheres,
circumplanetary disks, and planet-disk interactions.

The exploitation of the SPHERE data has allowed an in-depth characterization of the
planetary properties of PDS 70b [3]. While the orbital analysis reveals that the orbit is
likely circular and co-planar to the disk (information on the initial orbital configuration
of planetary systems is extremely precious), comparison of the spectrophotometry of the
source with evolutionary tracks and model atmospheres indicates that PDS 70b is an
object of a few (5-9) Jupiter masses, still hot from the formation process (∼ 1000-1600 K),
likely retaining a cloudy atmosphere. Further, the very red color of PDS 70b suggests the
presence of circumplanetary dust [1, 5].
Our follow-up observations with ALMA at unprecedented angular resolution reveal a de-
pletion of gas at the orbit of PDS 70b - direct signs of the interaction of the planet with
the disk [2]. Yet, the highly structured nature of the PDS 70 disk as seen with ALMA
indicates that PDS 70 b may not be alone but the star may host multiple planets: so
does the dust continuum ring show evidence of a double-peaked profile - potentially sign-
posts of the interaction with an embedded planet within the dust ring (e.g. Pérez+2019).
Further, the CO channel maps show evidence of an unresolved point source offset from
the Keplerian rotation velocity, a signal whose nature will be investigated by future ob-
servations at higher spectral resolution. Most importantly, hydrodynamical modelling of

3



the gas kinematics presented in our ALMA study suggests the presence of an additional
low-mass companion beyond the orbit of PDS 70b to account for the large gap width.
Indeed, Hα measurements with VLT/MUSE have recently revealed the presence of a
second accreting planet, PDS 70c, located beyond the orbit of PDS 70b (Haffert+2019).
Yet, the detection of millimeter emission at the location of PDS 70c provides the detection
of the first circumplanetary disk around a directly imaged, accreting planet with ALMA
[6].

Conclusions

With PDS 70b, we have obtained the first bona-fide detection of a directly imaged, still
forming planet. Studying the properties of this benchmark young multi-planetary system
in formation will give us insights in the processes that our own Solar System has undergone
4.5 Gyr ago.

Work done in collaboration with the SPHERE GTO team, the NACO ISPY team,
and others including former/current MPIA members Myriam Benisty, Tilman Birnstiel,
Mickael Bonnefoy, Esther Buenzli, Anthony Cheetham, Markus Janson, Attila Juhasz,
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Sascha Quanz, and Richard Teague.
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1.2 Science with VLTI+GRAVITY

Wolfgang Brandner, Rebeca Garćıa-López, Joel
Sánchez-Bermúdez

GRAVITY overview and science preparation

Figure 1.2: Sketch of disk and out-
flow orientations in S CrA [3]

GRAVITY is a four-telescope beam combiner for the
VLTI working in the K-band, which was developed by
the GRAVITY consortium and ESO. The GRAVITY
consortium is an international collaboration, with
MPIA having a 22% share. For instrumental details,
see chapter 10.3 and [1]. Scientific projects within
the GRAVITY consortium are open to all consortium
members, with the largest contributor of Guaranteed
Time Observations (GTO) leading the project. The
main driver for the instrument design, and the focus
of the commissioning and early GTO were observa-
tions of the region around the supermassive black hole
Sgr A* in the center of the Milky Way [1]. MPIA
initially became involved in the GRAVITY project
to help strengthen other science besides the Galactic
Center and AGN science. MPIA explored several po-
tential science cases, including the search for interme-
diate mass black holes in the centers of young stellar
clusters, an astrometric search for exo-Neptunes and
super-Earths in nearby M-dwarf binaries, and studies
of accretion disks and outflows in young stellar objects
(YSOs). The preparatory survey for M-dwarf bina-
ries evolved into an independent science project, with
more than 1000 nearby M-dwarfs being surveyed for
companions using the Lucky Imaging Instruments As-
traLux Norte and Sur at the Calar Alto 2.2m and the
ESO NTT, respectively ([2] and references therein).

The central A.U. in YSOs

The outcome of the preparatory work was to define
spatially resolved studies of astrophysical processes in
the innermost region of YSOs as MPIA’s main focus
for GRAVITY GTO science. The inner few A.U. hold
the key to understanding the first phases of planet for-
mation. In this region, accretion flows and winds are
essential for controlling angular momentum, altering
the gas content and driving the dynamics of the gas.
Integrated light studies provide general constraints on
the physics of the inner disk region, but only interfer-
ometry can spatially resolve them. In the past near-IR
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interferometers were limited to a handful of very bright sources. A first statistical study
of the dust content has only been carried out very recently, and a similar study of the gas
was missing.
Thanks to the unprecedented sensitivity of GRAVITY, our GTO YSO program performs
the first unbiased study of the structure, evolution and dynamics of protoplanetary disks
at sub-au scales by tracing the gas and dust content simultaneously – and in a systematic
and homogeneous way – in a large sample of YSOs, spanning a wide range of masses,
ages and disk morphologies. As a case study, the team performed the first GRAVITY
observations of the T Tauri binary S CrA. Aligned disks were detected around both stars
with half-flux radii of around 0.1 A.U., suggesting a common formation by fragmentation
of a core. Around the northern component, Brγ and HeI line emission traces infalling
material and a potential jet launching region ≈0.06 A.U. above the disk plane [3].

Imaging of Eta Carinae

Figure 1.3: Image reconstruction of one
Brγ velocity slice of Eta Car’s wind-
wind collision zone [4].

Another focus of MPIA’s research with GRAV-
ITY are massive stars, as well as the imaging
and monitoring of their close environment. As
a test case for imaging with VLTI/GRAVITY,
we started monitoring the binary star Eta Cari-
nae, which is located in the Carina Nebula at a
distance of ≈2.6 kpc. At this distance, the finest
resolution of VLTI/GRAVITY of 2 mas corre-
sponds to 5 A.U., while the nominal fiber field
of view with the UTs and ATs (i.e. the diffrac-
tion limit of a single telescope) corresponds to
≈150 and ≈600 A.U., respectively.
Observations are carried out using multiple
VLTI configurations in order to provide a good
coverage of the u-v plane, which is a prerequi-
site for image reconstruction of complex targets.
The wind-wind collision zone of Eta Carinae is
clearly detected and spatially resolved at a ve-
locity resolution of ≈75 km/s in HeI and Brγ
(see Fig. 1.3 for one slice of the 3D data cube
and [4]). As the complex cavity structure of
the wind-wind collision zone is changing rapidly
with separation and phase of the binary orbit,
we have set up a monitoring programme to cover
one full orbital period, i.e. 5.5 yr. The goal is to
trace the morphological changes and map the
(complex) 3d structure of the cavity and its re-
sponse to the stellar winds and the wind-wind
collisions.
The reconstructed 3D data cubes in HeI and Brγ
represent the first imaging of a complex environ-
ment (i.e. anything more complex than a binary
star) with VLTI/GRAVITY.
Our GTO sample of massive stars also includes
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the core of the NGC 3603 Young Cluster, which houses some of the most massive stars
known in the Milky Way. From observations of the deeply embedded source NGC 3603
IRS 9A, which at ≈40 M� is the most massive YSO known to possess a disk structure, we
aim to derive clues about the final accretion phase of massive stars.

Other GRAVITY GTO science

Apart from the supermassive black hole studies on Sgr A* and 3C273 led by MPE, GRAV-
ITY commissioning and early GTO science also included studies of multiplicity among
massive stars in the Orion Nebula Cluster, Galactic X-ray binaries, evolved stars, and
directly imaged exoplanets. VLTI+GRAVITY’s exquisite angular resolution, astrometric
accuracy, and K-band sensitivity enable a large variety of science studies at angular scales
previously not directly accessible to astronomical observations [1].

Outlook: detailed study of the closest binary brown dwarf

Substellar companions (brown dwarfs and exoplanets) are another focal point of MPIA’s
research plan with GRAVITY. With ESO finally offering the CIAO on-axis mode from
P104 on, we put in a GTO proposal to observe Luhman 16, which at a distance of 2 pc is
the closest binary brown dwarf to Earth. Initial goals are to obtain high-precision relative
astrometry between the components for improved orbital fitting and determination of the
system mass, as well as direct measurements of the size (and potentially the shape) of
both brown dwarfs. Monitoring of the individual components might in the long run also
enable us to discern cloud and weather patterns.

Work done in collaboration with GRAVITY consortium and ESO, and Markus Janson
(University of Stockholm, Sweden). Rebeca Garćıa-López is affiliated with MPIA, and
is primarily based at DIAS, Dublin, Ireland. Joel Sánchez-Bermúdez is affiliated with
MPIA, and is primarily based at UNAM, Mexico City, Mexico.

[1] GRAVITY Collaboration et al. (2017): First light for GRAVITY: Phase referencing
optical interferometry for the Very Large Telescope Interferometer, A&A 602, 94

[2] Janson, M., et al. (2018): Dynamical masses of M-dwarf binaries in young moving
groups, A&A 620, 33

[3] GRAVITY Collaboration: Garcia-Lopez, R., et al. (2017): The wind and the magne-
tospheric accretion onto the T Tauri star S Coronae Australis at sub-au resolution,
A&A 608, 78

[4] GRAVITY Collaboration: Sanchez-Bermudez, J., et al. (2018): GRAVITY chromatic
imaging of ηCar’s core. Milliarcsecond resolution imaging of the wind-wind collision
zone , A&A 618, 125
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1.3 Fragmentation during high-mass star formation

Henrik Beuther, Aida Ahmadi, Joe Mottram, Caroline Gieser,
Felix Bosco, Dima Semenov, Hendrik Linz, Thomas Henning

Introduction

Fragmentation of molecular clouds and individual star-forming regions is one of the crucial
steps during cluster and star formation. These fragmentation processes are typically
hierarchical, starting in the diffuse interstellar medium, and continuing to dense clouds
that form entire clusters. Individual cores may then fragment even further into bound
multiple systems. Finally, even accretion disks may fragment to form the densest bound
structures. Here, we present recent results from observational studies of high-mass star-
forming regions covering scales between several 10.000 AU to sub-50 AU.

CORE fragmentation

One of the aims of the IRAM large program CORE is to understand the fragmentation
processes during high-mass star formation. With the Northern Extended Millimeter Array
(NOEMA) we conducted high-spatial-resolution (∼0.3′′) millimeter line and continuum
observations of 20 massive star-forming regions. This program is setup with several com-
plementary goals in mind, ranging from the fragmentation of the large-scale clumps and
the characterization of potential high-mass accretion disks and their possible disk frag-
mentation, to studies of the chemical evolution of the sample, as well as molecular outflows
and large-scale collapse motions ([1], http://www.mpia.de/core, see also contributions by
Aida Ahmadi and Caroline Gieser).

Figure 1.4: CORE 1.3 mm continuum example images ([1]). The left image shows the
highly fragmented region IRAS21078 while the right panel presents the non-fragmented
region NGC7538IRS1.
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Resolving the fragmentation of the luminous (> 104 L�) regions in the mm continuum
emission, we find a surprising diversity in fragmentation properties ([1]). While some
regions show up to 20 sub-cores, other regions stay as single sources down to our resolution
and sensitivity limits (Fig. 1.4). Conducting a minimum-spanning-tree analysis of the
fragments, we find that the typical core separations are on the order of the Jeans lengths
or below. This suggests that turbulent fragmentation is less important than gravitational
thermal fragmentation of the gas clumps. Since the regions are selected to be roughly
in the same evolutionary stage (high-mass protostellar objects), evolution is unlikely to
explain the remaining diversity between the regions. The most likely explanation for
highly fragmented versus barely fragmented regions are variations in the initial density
profiles and/or different magnetic fields strengths. Going to smaller spatial scales, we
also investigate the possible fragmentation of the inner disks (see contribution by Aida
Ahmadi).

Resolving structures on sub-50 AU scales

While the spatial resolution in the northern hemisphere with NOEMA is currently limited
to about 0.3′′, with the Atacama Large Millimeter Array (ALMA) we can achieve an order
of magnitude higher angular resolution. Therefore, we use ALMA to study the smallest-
scale structures of high-mass star-forming regions at (sub)mm wavelengths.
One of the early ALMA high-resolution studies targets the southern hot core G351. At
690 GHz (438µm) and 0.06′′ resolution, we resolve the inner rotating structure and the
accompanying molecular outflow in CH3CN(37k−36k) and CO(6–5) emission, respectively
([2]). At submm wavelengths, the higher optical depth allows absorption line measure-
ments, and we infer central infall rates on the order of 10−4 − 10−3 M� yr−1. While these
are still infall rates, they can nevertheless be considered as one of the best proxies for the
actual accretion rates onto the high-mass protostar. Using the CH3CN(37k − 36k) lad-
der, we measure temperatures of the gas within the rotating structure to beyond 1000 K.
Differences between the colder dust temperatures (∼200 K) and the hot gas indicate that
the dust settles towards the disk mid-plane whereas the gas emission stems from hotter
disk surface layers. Conducting a Toomre stability analysis, the hot inner accretion disk
appears stable against further fragmentation.

Figure 1.5: ALMA 1.2 mm continuum image of the G351 hot core at 0.02′′ resolution ([3]).
The central panel shows the whole region, and the two side panels zooms into sub-regions.
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But even higher spatial resolution is possible, and we observed the same region with
ALMA and 16 km baselines in the 1.3 mm window ([3]). This results in an angular res-
olution of 20 mas, corresponding to sub-50 AU linear resolution elements. These data
allow us to resolve 12 sub-structures within the inner few 1000 AU. Also for this region
and on these small scales, the core separations are roughly consistent with thermal Jeans
fragmentation. Combining the CORE results with these ALMA data indicates that the
thermal physics of the gas is one of the most important players during the hierarchical
fragmentation processes in (high-mass) star formation.
Continuum brightness temperatures at these scales exceed 1000 K, implying high optical
depth also of the dust. In such a situation, most spectral lines are detected mainly in
absorption against the continuum. However, within our bandpass, we also have a few
exceptional emission lines which must stem from molecular transitions with excitation
conditions above 1000 K. Toward the main continuum peak, these emission lines exhibit
a velocity gradient aligned with the molecular outflow. Although we cannot exclude disk
contributions to the line emission, the alignment with the outflow strongly indicates that
these high-excitation lines are produced within the inner jet/outflow areas. Analyzing the
position-velocity structure along the outflow direction, these observations are consistent
with turbulent entrainment of molecular gas via Kelvin-Helmholtz instabilities at the
jet/outflow interface.

Work done in collaboration with the CORE large program team
(http://www.mpia.de/core).

[1] Beuther, H., Mottram, J.C., Ahmadi, A., et al. (2018): Fragmentation and disk
formation during high-mass star formation, A&A 614, A64

[2] Beuther, H., Walsh, A.J., Johnston, K.G., et al. (2017): Fragmentation and disk
formation in high-mass star formation: The ALMA view of G351.77-0.54 at 0.06
resolution, A&A 603, A10

[3] Beuther, H., Ahmadi, A., Mottram, J.C., et al. (2019): High-mass star formation at
sub-50 au scales, A&A 621, A122
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1.4 What processes evolve the galactic disk?

Maria Bergemann, Hans-Walter Rix

Can we ’see’ the Milky Way evolve?

Large disk galaxies like our Milky Way are presumed to have taken gradually shape
through a combination of hierarchical mass assembly, star-formation and its ensueing
feedback and chemical enrichment, and have been shaped into their present-day structure
through internal dynamical evolution, ’secular evolution’ driven by non-axisymmetries,
and by the continued harrassment by external satellites or perturbations. Our Milky Way,
where we get to see the star-by-star distribution of stellar orbits, ages, and (birth mate-
rial) composition [X/H] has long held the promise to see these evolutionary mechanism in
action, thereby testing our understanding of galaxy formation. Pushing spectroscopic sur-
veys, the resulting precision abundance analysis, and a global evolution model framework
for the Milky Way, MPIA researchers (Bergemann, Rix and collaborators) have been able
to make far-reaching progress over the last years, making the Milky Way indeed a much
better ’model organism’ for galaxy formation, which we highlight here. Specifically, we
have been able to answer crucial aspects of three long-standing questions: What sets the
radial structure of a disk galaxy ( Herpich, Tremaine & Rix, 2017, Frankel at al 2018)?
What sets the vertical structure of a disk (Ting and Rix 2018)? How does the disk respond
to tidal perturbations (Bergemann et al 2018)?

What Processes Set the Radial Structure of the Galactic disk?

Figure 1.6: A globals chemodynamical evolution model for the Galactic disk (Frankel et
al 2018), fit to APOGEE data from 4-14 kpc. The left panel shows the best-fit chemical
evolution model, with [Fe/H] increasing as a function of time at each radius; the Solar
birth location (at 5.5 kpc is indicated). The right panel shows the inferred level of radial
migration: the rms distance by with orbital radii change at time τ after their birth.

The initial angular momentum of the gas that forms stars clearly is a crucial aspect of
setting the radial profile of a galactic disk. But subsequent secular evolution or radial
migration (Sellwood & Binney 2002), where non-axisymmetries diffuse the stars’ orbital
angular momentum, must be important at some level, too. But how strong is this effect?
We have succeeded to put in place a stringent observational determining the strength of
radial migration in our disk (Frankel at al 2018), which was enabled by our work with
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APOGEE: precise distances from pure red clump star identification, and spectroscopic
ages to 0.15 dex. We see in the Milky Way and in other galaxies that stars are born with
a tight [Fe/H]-Rbirth relation (. 0.1 dex scatter), which presumably changes with time
due to enrichment, and a distinct radial metallicity gradient. Yet, old(er) stars at a given
RGC show a wide spread in [Fe/H], even at a given age. The only way to reconcile this is
to presume that they have migrated radially. We (Frankel et al 2018) have devised and fit
a model (with stringent and indispensible acocunting for selection effects) that constrains
the birth profile of stars, the gradual chemical enrichment, and the level by which this
is altered by the gradual diffusion of stars in radius; such a model can now be fit to
p(RGC , τage, [Fe/H]) across 4 kpc < RGC < 13 kpc (as opposed to the 25 pc around the
Sun enabled by the Geneva-Copenhagen survey). Remarkably, we find that stars must
typicall migrate by 3-4 kpc over the age of the disk (8 Gyrs). Radial migration apparently
is a dominant process. And it also is a process that makes disk profiles asymptotically
exponential (Herpich, Tremaine & Rix 2017), as observed.

What Processes Set the Vertical Structure of the Galactic disk?

The vertical structure of the (low-α) disk in galaxies like ours, quantified e.g. by the stars’
vertical motions or actions, Jz, presumably reflects a mix of the vertical birth temperature,
Jz,0 with which stars were born and subsequent ’heating’, whether it be internally through
molecular clouds or spirals, or externally through tides.

Figure 1.7: Observed abundances of Na and
Fe in stars of TriAnd and A13 overdensi-
ties, compared with other Galactic popula-
tions and dSph galaxies.

But the vertical motions of stars as a func-
tion of their age have never been quanti-
fies beyond the immediate solar neighbour-
hood, and heating by scatterers in the disk
was deemed ruled out as an important fac-
tor. Combining the same APOGEE spec-
tral data now with Gaia (DR2), we suc-
ceeded (Ting & Rix 2018) in drawing up
the first comprehensive picture of the ’ver-
tical motion history’ of stars across the
Galactic disk. Building a model for this
history required to account also for radial
migration, as - obviously – stars were not
heated at the radius and time that they are
now. We could show that stars are being
born with a Jz,0 that is consistent with the
natal ISM across all radii where disk self-
gravity is important; beyond 10 kpc how-
ever, there is no well defined disk plane,

not even for young stars. Surprisingly, we could both globally confirm and then resolve
the long standing discrepancy that one sees Jz(τ) ∝ τ , while one expects Jz(τ) ∝ τ 0.5

from scattering. We know from Frankel et al (2018) the past density of scatterers
from SFR(RGC , τ) and the restoring force from Σdisk(RGC , τ): the currebntly observed
Jz(τ) ∝ τ is simply the resukt of different ’heating tracks’ that each had Jz(τ) ∝ τ 0.5.
Though this warrants further examination, Gaia and APOGEE tell us that internal scat-
tering may well be the dominant process to set the vertical structure of the disk.
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How does the Galactic Disk respond to Tidal Perturbations?
We know that the Galactic disk has been perturbed by the Sagittarius galaxy, and recently
the flyby of the Magellanic clouds. In general, stellar disks can respond to such perturba-
tions by vertical hating, increasing the random motions of the stars, or by a far more co-
herent warp or wave, that may carry the vertical energy outward and deposit it in the dark
matter halo. Indeed, at low latitudes beyond RGC 10 kpc, the Milky Way is known to pos-
sess an intricate spatial structure (dubbed ’Monoceros Ring’, ’anti-center stream, etc..).
For the last 15 years there has been ongoing arguments whether this structure reflects the
debris of a disrupted satellite, or the wave-like response of the Galactic disk to a recent per-
turbation.
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Figure 1.8: Comparison of the TriAnd an
A13 stars to morphology of disturbed disk
simulations

Through measuring precision-abundances
for key elements in different parts of these
structures, we (Bergemann et al 2018, Na-
ture) have been able to settle this ques-
tion quite definitively. We obtained high-
resolution spectra for stars in two over-
densities (TriAnd and A13, both ’related’
to the Monoceros Ring). From these de-
tailed chemical abundances of Na, Mg, Ti,
Ca, Fe, and Eu were determined, taking
the critical effects of Non-Local Thermo-
dynamic Equilibrium (Non-LTE) into ac-
count.This analysis showed that the abun-
dance distributions in A13 and TriAnd are
not only very compact, but these systems
are also chemically self-similar. The spread
of abundances within each overdensity is

consistent with observational errors (Fig. 1.7). Moreover, we find that chemically the
stars from the two overdensities closely resemble stars in the outer disc of the Galaxy.
The stars do not exhibit the Na-O anti-correlation that is found in almost all globular
clusters in the Milky Way, and their abundance patterns also do not resemble those of
dwarf spheroidals. So, ’chemically’ both overdensities must be disk stars. We compared
their spatial locations of the TriAnd and A13 stars with the predictions of an N-body
model, which follows the interaction of the Sagittarius dSph galaxy with an initially sta-
ble Galactic disc, and found a qualitatively good match (see Fig. 1.8). This persuasively
argues that the Monoceros ring is simply the outer disks’ response to a perturbation,
presumably attributable to Sagittarius.

Upshot: These three results exemplify how the combination of our spectroscopy analysis
work, our role in spectroscopic surveys and Gaia DR2 are coming together to settle
basic questions about our galactic disk: the radial profile is shaped very much by radial
migration, vertical heating by orbit scattering in the disk may be far more important
than appreciated, and indeed the Galactic disk is responding to Sagittarius’ battering by
a complex warp.

Work done in collaboration with Branimir Sesar, Judith Cohen, Aldo Serenelli, Ralph
Schoenrich and Yuan-Sen Ting

[1] Frankel et al. (2018): , ApJ 865, 96

[2] Bergemann et al. (2018): , Nature 555, 334
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1.5 The most distant quasars

Eduardo Bañados, Bram Venemans, Fabian Walter,
Hans-Walter Rix, Mladen Novak, Marcel Neeleman, Emanuele

Farina,

Quasars at cosmic dawn

A prime objective of observational astrophysics is to characterize the earliest sources in
the first few million years of the Universe, by directly observing the cosmic times when the
first stars, black holes, and galaxies formed. We are the first generation of human beings
able to carry out such an ambitious enterprise. Quasars—active supermassive black holes
in the centers of massive galaxies—are among the most luminous, powerful, and energetic
sources known and can be studied in detail at the earliest cosmic times. These distant
quasars provide unique diagnostic tools to measure the Universe’s properties far back into
the epoch of reionization (z > 6; i.e. when the Universe was less than a Gyr old), one of
the current frontier of astrophysical research. A crucial initial step is to find such quasars
at large cosmological distances, which is extremely difficult due to their very low spatial
density (< 1 Gpc−3 at z ∼ 6; i.e. < 1 per 100 deg2).
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Figure 1.9: Left: Distribution of supermassive black hole masses in z > 6 quasars. The red
line shows the growth history (assuming Eddington-limited accretion) of the most distant
quasar, J1343+0928, at z = 7.54, which sets the strongest challenges for black
hole formation theories. Right: Constraints on the history of reionization in terms
of hydrogen neutral fraction. The contours are the constraints provided by the Cosmic
Microwave Background and z ∼ 6 quasars. The red violin plot shows the constraint
derived from the spectrum of the most distant quasar at z = 7.54. The vertical black line
represents the 68% credible interval. This measurement provides one of the strongest
constraints existing on the history of reionization. Adapted from [3].

Over the last few years, scientists at MPIA have led the most successful search for the
most distant quasars, which (a) almost tripled the number of known bright quasars at
z ∼ 6 [1], (b) pushed the redshift frontier for large samples of quasars back in time ([2];
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from z ∼ 6 to z ∼ 7) , and (c) recently discovered the most distant quasar ever seen at
z = 7.54 [3]—that is, when the Universe was about 10% younger than at the redshift
of the previously most distant quasar known—at times when conditions in the Universe
were changing rapidly (Fig. 1.9).

A unique laboratory of the earliest Universe

The brightness of the new redshift-record quasar makes it a superb target for multiwave-
length follow-up. In fact, it is already being studied with virtually all the most powerful
ground- and space-based telescopes from X-rays to radio wavelengths. The existence of
this quasar powered by an 8×108 M� black hole just 690 Myr after the Big Bang sets one
of the strongest constraints on models of early black hole formation and growth (Fig. 1.9
left) and places the earliest limits on the accretion of black holes [4]. The host of the
quasar contains huge amounts of dust and gas, which is difficult to explain with the
regular yields of supernovae [5]. Moreover, we see strong evidence of the quasar’s Lyα
emission line being absorbed as would be expected if the intergalactic hydrogen surround-
ing the quasar is significantly neutral. Indeed, we derive a significant neutral fraction of
xHI =0.56+0.21

−0.18, indicating that we are probing well within the reionization epoch—the last
major phase transition in the Universe, when it changed from being completely neutral
to being ionized (Fig. 1 right; see [3, 6]).

Detailed studies of the first massive galaxies

The host galaxies of high-redshift quasars are thought to be the most massive galaxies
at the earliest cosmic times, and therefore, they provide important constraints on early
galaxy formation and evolution models. We recently conducted a pilot study of the
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Figure 1.10: ALMA observations of the z = 7.54 quasar host galaxy. The left panel
shows ∼0 ′′. 2 (∼1 kpc) resolution imaging of the [CII] 158µm line, revealing a complex
structure of approximately 3.2 kpc× 6.4 kpc. The middle and right panels show unresolved
∼1′′ observations of the [NII] 122µm and [OIII] 88µm lines, respectively. These data
allow us to study the dynamics and physical properties of the interstellar
medium of one of the first massive galaxies that formed in the Universe.
Adapted from [7, 8].

host galaxy of the z = 7.54 quasar with ALMA to push detailed interstellar medium
studies to the earliest accessible epochs. The kpc-resolution observations of the [CII] line
reveal an extended, complex, potentially clumpy structure, reminiscent of an on-going
merger (Fig. 1.10 left; [7]). We also report ∼3–5σ detections of the [OIII], [OI], and [NII]

15



fine structure lines, as well as limits on the [CII], and multiple CO lines (Fig. 1.10; [8]).
Several results emerge from this program. (i) The non-detection of the targeted CO lines

and the tentative 3.3σ stack detection hint at a low dust-to-gas ratio <100. All observed
fine structure lines show line deficits comparable to local ULIRGs. (ii) No evidence of
X-ray dominated regions, while photo-dissociation models imply strong radiation fields
(> 103G0), but low gas densities (< 5 × 104 cm−3), lower than values typically observed
in z ∼ 6 quasars. (iii) The [CII] emission originates predominantly inside the neutral
medium and there is evidence of a possible spatial offset between peaks of the [CII] and
[OIII] lines (Fig. 1.10). (iv) Strikingly, we find a high gas-phase metallicity averaged across
the entire host galaxy consistent with what is measured in the Solar neighbourhood, even
though the age of the Universe is only 5% of its current age.

This one quasar at z = 7.54 is providing key insights about the early Universe and
highlights the need to find more of these objects at similar or even higher redshifts.

Work done in collaboration with Chiara Mazzucchelli (former PhD student at MPIA,
now ESO fellow), Roberto Decarli (former postdoc at MPIA, now at INAF-Bologna),
Xiaohui Fan (U. Arizona), Jinyi Yang (U. Arizona), Frederick Davies (former postdoc at
MPIA, now at UC Santa Barbara), Joe Hennawi (former staff at MPIA, now UC Santa
Barbara), Feige Wang (UC Santa Barbara), Daniel Stern (JPL), Rob Simcoe (MIT),
Thomas Connor (Carnegie Observatories)

[1] Bañados, E., Venemans, B.P., Decarli, R., et al. (2016): The Pan-STARRS1 distant
z > 5.6 quasar survey: more than 100 quasars within the first Gyr of the universe,
ApJS 227, 11

[2] Mazzucchelli, C., Bañados, E., Venemans, B.P., et al. (2017): Physical properties of
15 quasars at z > 6.5, ApJ 849, 91

[3] Bañados, E., Venemans, B.P., Mazzucchelli, C., et al. (2018): An 800-million-solar-
mass black hole in a significantly neutral Universe at a redshift of 7.5, Nature 553,
473

[4] Bañados, E., Connor, T., Stern, D., et al. (2018): Chandra X-rays from the redshift
7.54 quasar ULAS J1342+0928, ApJL 856, 25

[5] Venemans, B.P., Walter, F., Decarli, R., et al. (2017): Copious amounts of dust and
gas in a z = 7.5 quasar host galaxy, ApJL 851, 8
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the reionization history form the IGM damping wing signature in two quasars at
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[7] Bañados, E., Novak, M., Neeleman, M., et al. (2019): The z = 7.5 quasar
ULAS J1342+0928 is hosted by a galaxy merger, ApJL 881, L23
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1.6 IllustrisTNG: realistic universes with

supercomputer simulations

Annalisa Pillepich

Background: simulating populations of galaxies

Figure 1.11: Visual representation of
the scope and spatial volumes encom-
passed by the TNG100 and TNG300
runs, part of the IllustrisTNG project.
Dark-matter (main panel) and stellar
mass (upper right inset) density pro-
jections are shown across ∼300 Mpc
and ∼100 Mpc a-side volumes, respec-
tively. Insets show examples of in-
dividual galaxies simulated within the
large cosmological volumes, in stellar
mass or stellar light projections [2].

The evolution and physical properties of galaxies
depend on a rich set of physical ingredients: the
laws of gravity; the nature of dark matter; the de-
tails of the growth of cosmological structures on
the largest spatial scales; the interaction between
radiation and cosmic gas and thus gas cooling and
heating; the chemical and thermodynamical prop-
erties of the gas which forms stars and feeds the
growth of super massive black holes; the evolu-
tion and death of stellar populations; and the non-
linear effects and coupling of energy, momentum,
and radiative feedback from stars and black holes.
A complete theory for the formation of galaxies
must reproduce the final, z = 0, global and sta-
tistical properties of the observed galaxy popula-
tion as a whole. It should also provide insights
into the evolution and internal details of individ-
ual galaxies structures and kinematics. This can
be achieved in complete generality only with nu-
merical simulations and, in particular, with hydro-
dynamical simulations of galaxies in the full cos-
mological context. However, the enormous range
of spatial and time scales, as well as the complex-
ity and coupling of the physical processes involved,
makes this a remarkable computational challenge.
Truly self-consistent simulations from first princi-
ples remain a distant goal despite recent progress:
this is embodied in large-volume hydrodynami-
cal projects such as Illustris, Eagle, and Horizon-

AGN. In 2014-2015, these began to generate plausible and diverse galaxy populations by
combining ab-initio calculations with sub grid prescriptions below the kilo-parsec scale.
These numerical experiments have reproduced a number of fundamental scaling relations
and properties of observed galaxies while simultaneously revealing many shortcomings.
Yet, they have buttressed the more recent investigations aimed at producing ever-more
realistic numerical models of galaxies.

The IllustrisTNG Project

IllustrisTNG (www.tng-project.org) is a next generation series of large, cosmological,
gravo-magneto-hydrodynamical simulations that incorporate a comprehensive model for
galaxy formation physics [1]. Performed with the moving-mesh code Arepo (Springel
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2010), IllustrisTNG features three flagship runs: TNG50, TNG100, and TNG300. They
encompass cubic volumes of about 50, 100, and 300 comoving Mpc a side, respectively, and
follow the co-evolution of cold dark matter, cosmic gas, magnetic fields, stars, and super-
massive black holes from just after the Big Bang to the current epoch. They enable us to
explain the evolutionary pathways and mutual interactions of self-consistent populations
of thousands of galaxies (Fig. 1.11), while simultaneously resolving the internal struc-
ture of individual galaxies, currently down to scales of a few tens of parsecs (Fig. 1.12).
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Figure 1.12: A randomly-chosen galaxy from the
TNG50 simulation at z = 2. Edge-on and face-on pro-
jections of the Hα light distribution, together with the
line-of-sight velocity and velocity dispersion maps (top
and bottom, middle column, respectively) and their
profiles along the morphological major axis [3].

IllustrisTNG improves upon the
previous generation of simulations
by 1) broadening the simulated
mass range and environmental
regimes, 2) developing new, im-
proved numerical and astrophys-
ical modeling, and 3) overcom-
ing the shortcomings of previ-
ous efforts. To achieve this,
the IllustrisTNG simulations re-
quire field-leading computational
experiments of more than 180
million core hours in total with
massively parallel runs on up to
24k compute cores, performed
over the past three years on the
Hazel Hen machine at the High
Performance Computing Center
Stuttgart (HLRS). The TNG50
run in particular [3, 4], the
third and final cornerstone of the
project, is a cosmological volume
at unprecedented zoom resolution
which is entirely unique in its scope, bridging the gap between an Illustris-like large vol-
ume and FIRE-like (Hopkins et al. 2016, 2017) zoom resolution. In doing so it samples
about two hundred Milky Way like mass haloes, several thousand dwarfs below 1010 solar
masses, and one Virgo-like galaxy cluster (Fig. 1.13), all at unmatched resolution.

For the IllustrisTNG simulations, we have developed an updated kinetic black-hole feed-
back channel at low accretion states, overhauled the physical basis of galactic-scale winds
driven by supernovae, and now incorporate a self-consistent treatment of magnetic field
amplification and dynamics assuming ideal MHD. We also have developed a subgrid model
for neutron star mergers as possible sites for the production of Europium and included a
shock-finder algorithm. All this allows us to directly calculate a wide range of observable
signatures that arise from the complex process of cosmic structure formation.

From interpretative tools to quantitative insights, for all

The effective theory underlying IllustrisTNG has been shown to produce reasonable, ob-
servationally consistent results, and thus to suggest plausible interpretative pathways to
a broad range of observational findings: e.g. about the emergence of a population of
quenched galaxies, the shapes and widths of the red sequence and blue cloud of SDSS
galaxies, the spatial clustering of red vs. blue galaxies from tens of kpc to tens of Mpc
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separations, the stellar sizes of small and intermediate mass galaxies up to z ∼ 4, the
quantitative optical morphologies of z ∼ 0 galaxies, the existence of a star-forming
main sequence and the observed features of the UVJ diagram across times, the distri-
bution of metals in the intra-cluster plasma, the evolution of the gas-phase metallicity
vs. galaxy mass relation, the OVI content of the circumgalactic media around galaxies,
and even the spread of Europium abundances of low-metallicity stars in Milky Way-like
galaxies and the observed fraction of cool core and non-cool core clusters of galaxies.

Figure 1.13: The stellar mass assembly
of a Virgo-like galaxy cluster in TNG50.

IllustrisTNG is also producing novel findings:
for example, halo mass alone is a good predic-
tor for the entire stellar mass profile beyond
the inner few kpc of massive galaxies; bary-
onic physics alter the commonly-adopted pre-
dictions for the phase-space properties of dark
matter; the metal enrichment of cluster galaxies
is higher than field counterparts at fixed mass,
and this enhancement is present pre-infall; star-
forming and quenched galaxies evolve on dis-
tinct paths on the size-mass plane and exhibit
systematically different OVI column densities
and observable properties of galactic outflows;
and finally the presence of the so-called jellyfish
is signaled by large-scale bow shocks in their
surrounding intra-cluster medium.
As we continue to gain insights on a great
breadth of topics from these calculations (see

www.tng-project.org/results/ for an updated list of > 60 publications over the past two
years), we have already made more than 750TB of IllustrisTNG data publicly available
and directly accessible to researchers and citizen scientists alike.

Work done in collaboration with Volker Springel (MPA), Dylan Nelson (MPA), Lars Hern-
quist (Harvard Univ.), Ruediger Pakmor (MPA), Rainer Weinberger (Harvard Univ.),
Federico Marinacci (Univ. of Bologna), Mark Vogelsberger (MIT), Shy Genel (Flatiron
Institute), Paul Torrey (Univ. of Florida), and Jill Naiman (Harvard Univ.).

[1] Pillepich, A., Springel, V., Nelson, D., Genel, S., Naiman, J., Pakmor, R., Hernquist,
L., Torrey, P., Vogelsberger, M., Weinberger & R., Marinacci, F., (2018): Simulating
galaxy formation with the IllustrisTNG model, MNRAS 473, 4077

[2] Pillepich, A., Nelson, D., Hernquist, L., Springel, Pakmor, R., Torrey, P., Weinberger,
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[3] Pillepich, A., Nelson, D., Springel, Pakmor, R., Torrey, P., Weinberger, Vogelsberger,
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Results from the TNG50 Simulation: The evolution of stellar and gaseous disks across
cosmic time, MNRAS almost in press, arXiv:1902.05553
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2

Protoplanetary Disks and Planet
Formation

Surface density (in units of g cm−2 on a logarithmic scale) of gas (left panel) and dust grain

(right panel) for the best-fit hydrodynamic model of planet-disk interaction.See chapter 2.5 for

details and credits.



2.1 SPHERE observations of T Tauri star disks

Henning Avenhaus, Adriana Pohl, Thomas Henning,
Gesa Bertrang, Anthony Cheetham, Markus Feldt,

Miriam Keppler, Anne-Lise Maire, André Müller, and
Roy van Boekel

Introduction

T Tauri stars are young, low-mass stars with masses similar to that of our sun. With
typical ages of 1 to a few Myr, their stars have already acquired very nearly their final mass
but will still contract significantly before reaching the main sequence, whereas their disks
are still rich in gas and dust. The planet formation process is thought to occur mainly
during the T Tauri phase, and significant feedback on the disk structure is expected
if the forming planets are more massive than approximately Saturn. Such gas giant
planets must form within the dissipation time of the gaseous disk, which is a few Myr.
T Tauri systems provide our most direct gateway to observationally constrain (boundary
conditions for) the formation of planets, planetary systems, and the evolution of the disks
with gravitational interaction with forming planets.

In the last decade, new observational facilities have allowed huge progress in the ob-
servational characterization of proto-planetary disks, revealing pronounced sub-structure
in the form of radial gaps, spiral arms, and local concentrations of dust. One important
observational diagnostic is provided by the stellar photons scattered off the disk surface at
optical/near-infrared wavelengths, which we obtain with the Spectro-Polarimetric High-
contrast Exoplanet REsearch (SPHERE) instrument that was built under the leadership
of the MPIA and IPAG. such observations probe the structure of the disk surface layer,
high above the midplane. The sub-micron sized grains that dominate the scattered light
are strongly coupled to the gas and closely trace the distribution of the gas; this in contrast
to the larger grains located near the midplane that dominate the mm continuum emission
seen in ALMA observations, which tend to concentrate towards pressure maxima (the
inner disk regions or rings). Scattered light observations are thus highly complementary
to ALMA observations.

Observations and Results

We observed a number of T Tauri disks with SPHERE, making use of its polarimet-
ric capabilities. These help overcome the prime observational challenge: the very high
brightness contrast, and small spatial separation, between the central star and disk sur-
face. Because the direct stellar light is nearly unpolarized whereas the light scattered
off the disk surface is highly polarized, polarimetric differential imaging (PDI) offers an
efficient way to subtract the stellar component. We used the near-infared camera IRDIS
in the J- and H-bands.
We successfully detected the disks in all observations [1, 2], most of which are shown in
Fig. 2.1. They appear vastly different in size, from ≈80 au in scattered light to >400 au,
with total polarized disk fluxes between 0.06% and 0.89% of the stellar flux. We detect
signs of multiple scattering in T Cha (not shown in Fig. 2.1), in accordance with theoretical
calculations for inclined disks [2]. For five of these disks, we could determine the three-
dimensional structure and the flaring of the disk surface, which appears to be relatively
consistent across the different disks, with flaring exponents α between ≈1.1 and ≈1.6.
We also confirmed literature results with regard to the inclination and position angle of
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Figure 2.1: Image gallery of T Tauri star disks observed with SPHERE. The red points
indicate the position of the central star whereas the areas where no good disk signal could
be obtained (mostly because of too high contamination by direct stellar light) are masked
green. All objects are shown on the same linear (spatial) scale. The inclined disks of
IM Lup and MY Lup illustrate the flared disk geometry and the dark region near disk
midplane particularly nicely (from [1]).

several of our disks and were able to determine which side is the near side of the disk in
most cases. While there is a clear trend of disk mass with stellar ages (≈1 to >10 Myr),
no correlations of disk structures with age were found. There are also no correlations
with either stellar mass or sub-millimeter flux. We did not detect significant differences
between the J- and H-bands. However, we note that while a high fraction (7/8) of the disks
in our sample show ring-shaped substructures, none of them display spirals, in contrast
to the disks around more massive Herbig Ae/Be stars, where spiral features are common.

Work done in collaboration with the SPHERE team and others, including former or
current MPIA members Miriam Benisty, Beth Biller, Mickael Bonnefoy, Markus Janson,
Johan Olofsson, and Sascha Quanz

[1] Avenhaus, H., Quanz, S., Garufi, A., Perez, S., Casassus, S, Pinte, Ch., Bertrang,
G.H., Caceres, C, Benisty, M, & Dominik, C. (2018): Disks around T Tauri Stars with
SPHERE (DARTTS-S). I. SPHERE/IRDIS Polarimetric Imaging of Eight Promi-
nent T Tauri Disks, ApJ 863, 44A

[2] Pohl, A. et al., including Müller, A., Maire, A.-L., Henning, Th., van Boekel, R.,
Cheetham, A., & Feldt, M. (2017): New constraints on the disk characteristics and
companion candidates around T Chamaeleontis with VLT/SPHERE, A&A 605A, 34P
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2.2 The circumstellar disk of HD 169142: gas, dust,

and planets acting in concert?

Adriana Pohl, Henning Avenhaus, Thomas Henning,
Miriam Keppler, Anne-Lise Maire, Roy van Boekel

Introduction

In the last decade, new observational facilities have allowed huge progress in the study
of proto-planetary disks, now routinely providing spatially resolved observations and re-
vealing pronounced sub-structure in the form of radial gaps, spiral arms, and local con-
centrations of dust. Various underlying physical mechanisms have been proposed in the
literature that can be assigned to three main categories: structures caused by fluid dy-
namics, dust evolution effects, and planet-disk interaction.

HD 169142 is a young star whose still gas-rich disk shows prominent structure in the
form of at least two radial ”gap” regions of strongly reduced surface density, with rings
in between where material is concentrated. It is relatively nearby and bright, and the
disk is seen close to face-on, making it a good object for studying the disk structure and
constraining the aforementioned mechanisms.

Observations

We observed the HD 169142 disk with SPHERE in the J-band (λc ≈ 1.25 µm) in polari-
metric mode, allowing us to effectively subtract the mostly unpolarized direct stellar light
while highlighting the strongly polarized light scattered off the disk surface (Fig. 2.2).
Due to the near face-on geometry, the scattered light image is expected to be domi-
nated by single-scattering events, and to be polarized in the azimuthal direction. We
detect polarized scattered light down to 0′′.16 (≈19 au) and find an inner gap with a sig-
nificantly reduced scattered-light flux. We confirm the previously detected double-ring
structure peaking at 0′′.18 (≈21 au) and 0′′.56 (≈66 au) and we detect a shallow third gap
at 0′′.70−0′′.73 (≈82−85 au).

In addition the system was observed with ALMA with a resolution of 0′′.28×0′′.18 by
Fedele+ (2017, A&A, 600, A72), whose data we include in our analysis (Fig. 2.2). The
mm data also show two rings (0′′.17−0′′.28 and 0′′.48−0′′.64) with a gap in between. The
mm continuum extends up to 0′′.64 from the star, while the gas extends up to twice that
distance. The (sub-) micron sized particles that dominate our scattered light observations
are strongly coupled to the gas and our SPHERE image of the outer disk qualitatively
follows the gas distribution in the ALMA data, whereas the larger dust that dominates
the mm continuum emission is significantly more concentrated radially.

Modeling

We model the system with a viscous, gaseous disk with two planets massive enough to
open a gap, and we adopt an analytical solution for the resulting radial gas surface den-
sity distribution. Subsequently we model the dust evolution considering dust dynamics,
including the processes of coagulation, fragmentation, and erosion of dust particles (Birn-
stiel+2010, A&A, 513, A79; Pinilla+2015, A&A, 580, A105). In doing so, we investigate
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Figure 2.2: Left: SPHERE J-band polarimetric (Qφ) image of the HD 169142 disk
(FOV=234×234 au). Right: ALMA 1.3 mm continuum image (FOV=300×300 au).

whether planetdisk interactions are responsible for the detected substructures. The mass
of the planet in the inner gap is taken to be 3.5 MJup, sufficient to filter dust grains of
all sizes; for the planet in the second gap we explore values of 0.7 and 0.3 MJup. The
initial gas-to-dust ratio is 100, and particles are initially 1µm in size. The model follows
the evolution of 180 grain size bins (from 1µm to 2 m) and calculates the dust density
distribution at each radius for timescales from 104 to 107 yr. We do not consider the effect
of ice lines on the dust dynamics.

Results & discussion

The locations and widths of the gaps are well reproduced with our model based on dust
evolution processes when two giant planets of 3.5 and 0.7 MJup are embedded in the disk.
The dust evolution model well reproduces the radial concentrations of large grains seen in
the mm observations. The detailed shape and in particular the gap depths in the scattered
light observations are not well reproduced; in the model the dust grows efficiently and too
few small grains are retained to reproduce the scattered light intensities. A more efficient
fragmentation mechanism, either due to a higher turbulent motion of dust particles or due
to lower fragmentation velocities, could overcome this deficit in small grains. The vertical
disk structure and its consequences for dust evolution processes also play a significant role
in interpreting scattered-light images.

Modeling multi−wavelength data allows to constrain the distribution of gas and dust in
protoplanetary disks. Inferring the mass of gap-opening planets requires careful consider-
ation of the dependencies on the disk mass, temperature, and α turbulence. Furthermore,
physical processes that are expected to occur in protoplanetary disks, such as grain growth,
fragmentation, and vertical disk instabilities, need to be accounted for.

Work done in collaboration with the SPHERE team and others, including former or
current MPIA members Miriam Benisty, Til Birnstiel, Davide Fedele, Markus Janson,
Michael Meyer, Paola Pinilla, and Sascha Quanz.
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2.3 Chemistry in Protoplanetary Disks

Dmitry Semenov, Thomas Henning

Sulfur-bearing species as probes of protoplanetary disk physics
and chemistry: the DM Tau case

The C-, O-, N-, S-budgets and their elemental ratios play a major role in shaping the
composition of exoplanets and their atmospheres. In comparison to C, O and N, the sulfur
budget in planet-forming disks remain largely unconstrained, where only CS, H2S, H2CS
and SO have been detected. This is in a stark contrast to various low- and high-mass
star forming regions and comets, where multiple sulfurette molecules and their isotopo-
logues have been observed providing useful information about their physical properties
and chemical processes.

To better characterize sulfur chemistry in disks, we performed pilot observations of key
S-species in an extended disk around a nearby young M1 star DM Tau with ALMA in
Cycle 3 (2015.1.00296.S; PI: D. Semenov). This disk has a direct gas mass measurement
from HD by Herschel, shows non-solar a C/O ratio in the molecular layer and a moderate
CO depletion ([2, 3]).

We obtained 0.5′′ ALMA observations of DM Tau in Bands 4 and 6 with a 0.3 km/s
spectral resolution and a ∼ 5 mJy sensitivity in the lines of CS, SO, SO2, OCS, CCS,
H2CS and H2S. To boost the SNR of the data, we applied pixel deprojection for the
Keplerian shear and azimuthal averaging. We only detected CS and, tentatively, SO2

with a SNR ∼ 3− 4.5, see [1] and Fig. 2.3.

Using the non-Local Thermodynamical Equilibrium radiative transfer code RADEX and
the forward-modeling tool DiskFit, we derived a disk-averaged CS column density of
∼ 2 − 6 × 1012 cm−2 (with the best-fit excitation temperature . 100 K). The upper
column density limits are between ∼ 1011 and 1014 cm−2 for the other S-bearing species.
The non-detections of sulfur species other than CS are indicative of a dearth of reactive
sulfur in the gas phase, either through efficient freeze-out or because most of the elemental
sulfur is in large refractory species, as found in comets.

To better test this hypothesis, we developed an 1+1D steady-state model of DM Tau
physical structure and computed a suite of 20 time-dependent gas-grain chemical models
with ALCHEMIC code by varying key parameters. We varied the stellar FUV and X-ray
intensities, interstellar FUV intensity, cosmic ray ionization rates, grain sizes, strength of
turbulent mixing, efficiency of the surface chemistry, elemental sulfur abundances, and
the C/O ratios.

Only two models provided a good fit to the observations, see Fig. 2.4. The most favorable
best-fit chemical model requires a gas-phase C/O ratio of & 1 at r & 50 − 100 au and
a stellar X-ray luminosity LX = 1031 erg s−1 (which is close to the observed LX ∼ 1 −
5× 1030 erg s−1). This best-fit model is also in agreement with previous observations of a
non-solar C/O ratio ∼ 1 in DM Tau disk. Another best-fit model has a low stellar X-ray
luminosity LX = 1029 erg s−1 but the solar C/O ratio of 0.46. To further test which of
these two scenarios works, we requested additional NOEMA and ALMA observations.

In addition, with our chemical modeling we demonstrated that sulfur-bearing species
could be robust tracers of various properties of protoplanetary disks such as 1) gas-phase
C/O ratios via high CS/SO and CS/SO2 ratios, 2) the pace of surface reactions via high
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ratios of SO2 to SO and CS, OCS, H2S, and H2CS, 3) grain sizes and UV intensities via
high ratios of the both SO and SO2 to OCS, H2S, H2CS, and CS.D. Semenov et al.: Chemistry in disks. XI

Fig. 1. (Left) The ALMA Band 4 CS (3-2) 0th-moment map of the
DM Tau disk. (Right) The dust continuum map of the DM Tau disk at
146.969 GHz. The first contours and the level steps are at 3 � rms.

Fig. 2. ALMA Band 4 spectral map showing CS (3-2) in the DM Tau
disk. The channel spacing is 0.3 km s�1. The first contour and the level
step are at 3 � rms.

2.2. Line imaging

The targeted molecular lines, their frequencies, and spectro-
scopic parameters are listed in Table 1. The only detected emis-
sion (> 3�) visible in the continuum-subtracted integrated in-
tensity and spectral maps was CS (3-2) (see Figs. 1 and 2). Both
maps are relatively noisy because the ALMA Band 4 integra-
tion time was short, only about 2 min on-source. The observed
line parameters assuming a source size of 400, which is estimated
from the CS integrated emission map over the line profile, are
presented in Table 2.

To increase the signal, we applied the pixel deprojection
and azimuthal averaging technique as presented in Teague et al.
(2016), Yen et al. (2016), and Matrà et al. (2017). For depro-
jection we used an inclination angle of �34�, a positional an-
gle of 27�, a distance of 140 pc, and a stellar mass of 0.55M�
(Teague et al. 2015; Simon et al. 2017). After such deprojection,
a double-peaked spectrum typical for Keplerian disks becomes
a single-peaked spectrum with a narrower line width. The re-
sulting shifted spectra are presented in Fig. 3 for Band 4 and
in Fig. 4 for Band 6, respectively. As can be clearly seen, the
only firmly detected line in our dataset is CS (3-2), with a peak
signal-to-noise ratio & 14. There is a tentative detection of the
SO2 (32,2 � 31,3) line, with a peak signal-to-noise ratio ⇡ 4.7,
albeit the signal is slightly shifted from the velocity center by
+1 km s�1 (Fig. 3, left bottom panel). The rest of the lines are
not detected.
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Fig. 3. Pixel deprojected and azimuthally averaged ALMA Band 4
spectra showing CS (3-2), CCS (N=12-11, J=13-12), OCS (12-11), SO
(3⌃ v=0, 34�23), SO2 (v=0, 42,2�41,3), and SO2 (v=0, 32,2�31,3) spectral
windows in DM Tau.
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Fig. 4. Pixel deprojected and azimuthally averaged ALMA Band 6
spectra showing H2S (22,0�21,1), OCS (18-17), and SO (3⌃ v=0, 55�44)
spectral windows in DM Tau.

3. Observed CS column density and the upper
limits for SO, SO2, H2S, OCS, and CCS

3.1. Fitting with RADEX

Since we are mainly dealing with non-detections, and our CS
data are noisy, we decided to start with a simple approach based
on Fedele et al. (2012, 2013) to derive disk-averaged verti-
cal column densities or their upper limits. The ALMA data in
the CASA format were exported as FITS files and analyzed in
GILDAS software2 Each individual integrated spectrum was fit-
ted with a Gaussian function, assuming a source diameter of 400
(560 au at a distance of 140 pc), based on the CS zeroth-moment
map (see Table 2). To convert line fluxes to column densities, we
employed a widely used RADEX code3 (van der Tak et al. 2007).
The code uses a uniform physical structure to perform line ra-
diative transfer with the Large Velocity Gradient (LVG) method
based on statistical equilibrium calculations with collisional and
radiative processes and background radiation. Optical depth ef-
fects are accounted for with an escape probability method. The
molecular data were taken from the Leiden Atomic and Molec-
ular Database (LAMDA4; see Schöier et al. (2005)). A local line
width of 0.14 km s�1 was assumed for all molecules based on
the previous CS observations by Guilloteau et al. (2012). When
two transitions were observed, they were both stacked and taken
into account.

By varying excitation temperature, volume density, and col-
umn density, the �2 values between the observed and modeled
CS line fluxes were computed and minimized. The upper limits
of the column densities of the other non-detected sulfur-bearing
species were derived in a similar manner, using the observed
3� rms as the line flux limit. We were not able to analyze the
CCS data as there are no collisional rate data in the LAMDA
and Basecol5 databases. The resulting �2 distributions for the as-

2 https://www.iram.fr/IRAMFR/GILDAS/.
3 http://home.strw.leidenuniv.nl/~moldata/radex.html.
4 http://home.strw.leidenuniv.nl/~moldata/.
5 http://basecol.obspm.fr/.
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Figure 2.3: Pixel deprojected and azimuthally averaged ALMA Band 4 spectra showing
CS (3-2), CCS (N=12-11, J=13-12), OCS (12-11), SO (3Σ v=0, 34 − 23), SO2 (v=0,
42,2−41,3), and SO2 (v=0, 32,2−31,3) spectral windows in DM Tau. The 1σ line brightness
rms of 0.7K was achieved at 0.6

′′
angular and 0.3 km/s spectral resolution.
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Figure 2.4: Two best-fit models of the observed column densities of the sulfur-bearing
species in DM Tau (crosses for the CS detection and arrows for the upper limits). (Left)
The best-fit model with the non-solar C/O ratio of 1 and LX = 1031 erg s−1. (Right) The
best-fit model with the solar C/O ratio of 0.46 and LX = 1029 erg s−1.

Work done in collaboration with Cécile Favre, Davide Fedele, Stephane Guilloteau,
Richard Teague, Anne Dutrey, Edwige Chapillon, Franck Hersant and Vincent Piétu.

[1] Semenov, D. (2018): Chemistry in disks XI. Sulfur-bearing species as tracers of pro-
toplanetary disk physics and chemistry: The DM Tau case., A&A 617, 28

[2] McClure, M. (2016): Mass Measurements in Protoplanetary Disks from Hydrogen
Deuteride, ApJ 831, 167

[3] Bergin, E. (2016): Hydrocarbon Emission Rings in Protoplanetary Disks Induced by
Dust Evolution, ApJ 831, 101
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2.4 Constraining the gas surface density profile in

TW Hydrae

Richard Teague, Thomas Henning, Dmitry Semeno, Tilman
Birnstiel, Mario Flock, Roy van Boekel

Confirmation of Surface Density Perturbations in TW Hydrae

At a distance of 60.1 pc, TW Hya is the closest protoplanetary disk to Earth and thus
the object of intensive study. Substantial amounts of substructure have been observed in
the distributions of both large (∼ mm) and small (< µm) grains, broadly characterised
by rings and gaps. Most prominently, a significant gap is observed at ≈ 90 au in the disk,
with a depth and width suggestive of a planetary origin.

Previous work on the source by [1] found a depletion of between 50% and 80% in the
gas surface density at 90 au was needed to reproduce observations of NIR scattered light,
however the absolute surface density depletion sensitively dependent on the assumed gas
to dust ratio and grain size distribution.

Figure 2.5: Integrated intensity map of the
CS J = 5−4 emission, left, and a scaling in-
cluding a r2 component to highlight the struc-
ture in the outer disk. The beam is shown in
the bottom left of each panel.

Using ALMA observations of the J = 5−4
transition of CS, we detected a comparable
gap feature in the CS emission profile, as
shown in Fig. 2.5, highly suggestive of a
true gas depletion [2].

Forward modelling the emission with a va-
riety of gap depths guided by the values
in [1], we produced self-consistent physi-
cal and chemical structures, including full
heating and cooling processes. Perturba-
tions were applied to both gas and dust
components together and individually to
explore the impact of high gas-to-dust ratio
environments.

Comparisons of synthetic observations of
the J = 5 − 4 transition shows that the
depth of the gap presented in [1] of ≈ 55%
yielded the best comparison with the observations. However, as the modelling was of only
a single transition, the intrinsic degeneracy between excitation temperature and column
density of CS was unable to be broken.

Limits on the Gas Surface Density Profile and Disk Mass

Following this work we obtained additional observations of the J = 3 − 2 and J =
7 − 6 transitions of CS with ALMA and presented in [3]. Assuming that the transitions
were in local thermodynamic equilibrium (LTE), we were able to map out the excitation
temperature and column density of CS throughout the entire disk, as shown in Fig. 2.6.
This clearly demonstrated a significant drop in the CS column density at ≈ 90 au, lending
further weight to the idea of a significant drop in gas surface density at this location.
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Figure 2.6: Showing the excitation temperature, left, and col-
umn density, center, inferred with an LTE analysis. The panels
on the right show the results from the same analysis applied to
azimuthally averaged spectra.

We were able to extend
this analysis to consider
non-LTE effects by mod-
elling the azimuthally
averaged spectra and in-
cluded the volume den-
sity of H2, the dominant
molecule in a disk, to
vary as a free param-
eter, assuming a ther-
mal ortho-to-para ratio.
It was found that over
much of the disk only a
lower limit was able to
be constrained, demon-

strating that the transitions were thermalised and thus the previous assumption of LTE
was valid.
However, in the outer 20 au of the disk, it was found that CS was tracing a region with
n(H2) ∼ 106 cm−3 as the J = 7− 6 was no longer thermalized in the lower density outer
disk. This constraint allowed for a direct measure of the gas surface density profile as the
vertical structure of a disk is believed to be in hydrostatic equilibrium, finding a minimum
Σgas & 10−2 g cm−2 at 200 au. This value is almost two order of magnitude larger than
that from models which reproduce HD emission in the inner disk, but consistent with
the models of [1] who were able to reproduce scattered light out to the disk edge. This
suggests that disks may contain more mass in their outer regions than previously thought,
supporting a large reservoir of planet-building material at large radii.
These works, [2] and Teague18 demonstrates the power in spatially resolved molecular
line emission in constraining the gas surface density profiles needed to understand the
planet forming potential of a disk and any subsequent planet-disk interactions.

Work done in collaboration with Stephane Guilloteau and Anne Dutery (Bordeaux Univ.),
Edwin Bergin (Univ. of Michigan), Uma Gorti (NASA Ames) and Edwige Chapillon
(IRAM).

[1] van Boekel, R., Henning, Th., Menu, J., de Boer, J., Langlois, M., Müller, A.,
Avenhaus, H., Boccaletti, A., Schmid, H.M., Thalmann, Ch., Benisty, M., Dominik,
C., Ginski, Ch., Girard, J.H., Gisler, D., Lobo Gomes, A., Menard, F., Min, M.,
Pavlov, A., Pohl, A., Quanz, S.P., Rabou, P., Roelfsema, R., Sauvage, J.-F., Teague,
R., Wildi, F. & Zurlo, A (2017): Three Radial Gaps in the Disk of TW Hydrae
Imaged with SPHERE, ApJ 837, 132

[2] Teague, R., Semenov, D., Gorti, U., Guilloteau, S., Henning, Th., Birnstiel, T.,
Dutrey, A., van Boekel, R. & Chapillon, E. (2017): A Surface Density Perturbation
in the TW Hydrae Disk at 95 au Traced by Molecular Emission, ApJ 228, 228

[3] Teague, R., Henning, Th., Guilloteau, S., Bergin., E.A., Semenov, D., Dutrey, A.,
Flock, M., Gorti, U. & Birnstiel, T. (2018): Temperature, Mass, and Turbulence: A
Spatially Resolved Multiband Non-LTE Analysis of CS in TW Hya, ApJ 864, 133
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2.5 Ring structure in the MWC 480 disk

Yao Liu, Henning Avenhaus

The Herbig star MWC 480

MWC 480 is a Herbig Ae star located at a distance of 161.8+2
−2 pc with an age of ∼ 7 Myr in

the Taurus star forming region [1, 2]. Its mid-to-far infrared spectral energy distribution
(SED) is consistent with a Group II Meeus disk [3], without showing any evidence for an
inner hole or an opacity gap, as there is no sharp flux deficit in the near-infrared and/or
mid-infrared [4]. Previous (sub-)millimeter observations suggest the presence of a bright
emission from a smooth disk without significant substructures [5]. Polarization images of
scattered light off the disk in H-band reveals that the small grains extend to ∼ 160 AU and
are smoothly flared, with no significant substructures detected with a spatial resolution
of 0.07′′ [6]. The Keplerian rotation measured in bright CO rotational line emission from
the disk leads to a stellar mass of ∼ 2.0 M� [2, 7].

ALMA Band 6 observation

We observed MWC 480 with ALMA in Band 6 (230 GHz) as part of the Cycle 4 program
(ID: 2016.1.01164.S; PI: G. Herczeg) on August 27, 2017. The observation was conducted
using 47 12 m antennas with baselines ranging from 21 to 3638 m. The on-source time
was 4 minutes and the precipitable water vapor was 0.5 mm during the integration.
After data reduction and self-calibration, the continuum image was created using the
CASA tclean task with Briggs weighting with a robust parameter of 0.5, which is shown
in Figure 2.7. The resulting beam size is 0.17′′ × 0.11′′, corresponding to a physical scale
of 27.5× 17.8 AU. The cleaned image of 1.3 mm continuum emission reveals a pair of gap
and ring. Fitting a Gaussian profile to the brightness distribution along the major axis
in the vicinity of the gap yields a gap location of 74.3 au and a full-width half-maximum
(FWHM) of 23± 3 au. The same procedure yields a center for the bright ring of 97.5 au.

Figure 2.7: Continuum image at 1.3 mm of the MWC 480 disk. The left and right panel
shows our ALMA observation and the best-fit radiative transfer model, respectively.
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Radiative transfer modeling and hydrodynamics simulation

In order to constrain the surface density and structural parameters of the disk, we per-
formed detailed radiative transfer modeling, in which two grain populations (i.e., a small
and a large grain population) with different spatial distribution and dust properties are
considered in the setup. Both the ALMA Band 6 continuum image and the broadband
SED are taken into account in the modeling procedure. The best-fit radiative transfer
model is presented in the right panel of Figure 2.7.
Planet-disk interactions are one of the most attractive mechanisms for the formation of
gap/ring structures. Using the PHANTOM code, we tested this scenario by performing global
three-dimensional SPH gas/dust simulations of disks hosting a migrating and accreting
planet. The dust emission across the disk observed by ALMA is consistent with the
presence of an embedded planet with a mass of ∼ 2.3 MJ at an orbital radius of ∼ 78 au.
Figure 2.8 shows the gas and dust surface density of the best-fit hydrodynamic model.

Figure 2.8: Surface density (in units of g cm−2 on a logarithmic scale) of gas (left panel)
and dust grain (right panel) for the best-fit hydrodynamic model of planet-disk interaction.

[1] Gaia Collaboration (2018): Gaia Data Release 2. Summary of the contents and survey
properties, A&A 606, A1

[2] Simon (2000): Dynamical Masses of T Tauri Stars and Calibration of Pre-Main-
Sequence Evolution, ApJ 545, 1034

[3] Juhasz (2010): Dust Evolution in Protoplanetary Disks Around Herbig Ae/Be Stars,
ApJ 721, 431

[4] Williams (2011): Protoplanetary Disks and Their Evolution, ARA&A 49, 67

[5] Guilloteau (2011): A dual-frequency sub-arcsecond study of protoplanetary disks at
mm wavelengths: first evidence for radial variations of the dust properties, A&A 529,
A105

[6] Kusakabe (2012): High-contrast Near-infrared Polarization Imaging of MWC 480,
ApJ 753, 153

[7] Pietu (2007): Probing the structure of protoplanetary disks: a comparative study of
DM Tau, LkCa 15, and MWC 480, A&A 467, 163
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2.6 Planet formation: From pebbles and

planetesimals to planetary embryos

Hubert Klahr, Christian Lenz, Oliver Völkel, Francesco Biscani,
Martin Schlecker, Andreas Schreiber, Natascha Manger, Hans

Baehr, Vincent Carpenter

In 2006 Klahr and Bodenheimer pointed out that dust growth in protoplanetary disks
should be limited by the radial drift of pebbles and that the accretion of these pebbles onto
planetary embryos should accelerate the formation of solid cores for gas giants significantly.
Over the years we further developed this paradigm of pebble flux (Birnstiel, Klahr &
Ercolano 2012) dominating the disk evolution and determined the efficiency of pebble
accretion onto large planetesimals and embryos in Ormel and Klahr (2012). The formation
of planetesimals via a gravitational collapse of pebbles trapped in zonal flows and the role
of the streaming instability was studied in a range of papers, most recently resolving
the small length-scales determining the resulting planetesimal sizes [1], in a study of self
gravitating disks [2] as well as in laboratory setups [3]. Despite these improvements in
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Figure 2.9: Planetesimal surface density ΣP for different snapshots (left panels) vs. disk
radius and for different radial disk positions as a function of time (right panels). Best
results, i.e. centrally concentrated planetesimals, are obtained for α = 10−3 simulations
and ε5H = 0.1. [5].

our understanding of the fundamental physics of planet formation an implementation of
these new effects into our population synthesis models for Exo-Planets was still missing.
Some fundamental assumptions in these population synthesis simulations were still chosen
adhoc, in a fashion to make the models work. These assumptions concern 1.) the size of
planetesimals (a few hundred meters), 2.) their initial spatial distribution (motivated by
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the so called Minimum Mass Solar Nebula (MMSN), which is significantly steeper both
in comparison to observed disks as well as modelled disks subject to viscous evolution)
and 3.) the frequency and initial size and spatial distribution of planetary embryos. Step
by step we are now replacing these assumptions with the results of our direct modelling
of pebble evolution, planetesimal and embryo formation.
In a recent paper [4] we argued that a Jeans like argument in which self gravity of a pebble
cloud will be counterbalanced by internal turbulent diffusion will lead to planetesimal size
of about 100 km in diameter, a value fitting nicely to the derived initial sizes of planetesi-
mals in both the asteroid and Kuiper belt. These sizes are unfavourable for the population
synthesis models, because their low damping via friction and strong dynamic heating cre-
ates unrealistic long accumulation times for planetary cores, yet this is only true for a
spatial distribution based on the MMSN. To improve on that we extended the pebble evo-
lution model by a semi-analytic model for planetesimal formation [5] . Recognising that
the local pebble flux controls the formation of planetesimals we introduce an efficiency
parameter ε5H, which determines the local rate of planetesimal formation Σ̇Planetesimals as a
function of the pebble flux jPebble = ΣPebblevPebble. Thus with Σ̇Planetesimals = ε5HjPebble and
for instance ε5H = 10% we define that a fraction of 10% of the pebble flux drifting over a
distance of 5 pressure scales heights of the gas disk is converted into planetesimals. The 5
pressure scale heights as mean distance between traps (Zonal Flows and Vortices) are mo-
tivated by our studies of magnetically driving of zonal flows in disks as well as our findings
of vortex formation via hydro dynamic processes [6]Where as too large efficiencies would
create a planetesimal distribution following the shallow initial dust and gas distribution of
circumstellar disks R−1, because the dust is locally converted into planetesimals without
any drift, and too low values would lead to no planetesimal formation at all, we have a
sweet spot for planetesimal formation around ε5H = 0.1 (see figure (Fig. 2.9).) that gives
us sufficiently steep planetesimal distributions R−2and planetesimal to gas ratios that our
studies of population synthesis can now also form the solar system as well as Exo-Planets
with planetesimals as big as 100 km in diameter.

Work done in collaboration with former PSF PostDocs Til Birnstiel(University Observa-
tory, Faculty of Physics, Ludwig-Maximilians-Universität München) and Christoph Mor-
dasini (Physikalisches Institut, University of Bern), Boulder).

[1] Schreiber, A. & Klahr, H. (2018): Azimuthal and Vertical Streaming Instability at
High Dust-to-gas Ratios and on the Scales of Planetesimal Formation., ApJ 861, 47

[2] Baehr, H. & Klahr, H. (2019): The Concentration and Growth of Solids in Fragment-
ing Circumstellar Disks, ApJ in press, arXiv e-prints arXiv:1907.01290.

[3] Schneider, N., Wurm, G., Teiser, J., Klahr, H. & Carpenter, V. (2019): Dense Par-
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[4] Klahr, H. & Schreiber, A. (2016): Linking the Origin of Asteroids to Planetesimal
Formation in the Solar Nebula., Asteroids: New Observations, New Models , 1

[5] Lenz, Ch., Klahr, H. & Birnstiel, T. (2019): Planetesimal Population Synthesis:
Pebble Flux-regulated Planetesimal Formation, ApJ 874, 36

[6] Klahr, H., Pfeil, T. & Schreiber, A. (2018): Instabilities and Flow Structures in
Protoplanetary Disks: Setting the Stage for Planetesimal Formation., Handbook of
Exoplanets , 138
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2.7 Dust pileup at the dead-zone inner edge and

implications for the disk shadow

Mario Flock

Dust pileup at the dead-zone inner edge

The inner region of protoplanetary disks is the birthplace of rocky planetesimals and
planets. One preferential site of rocky planetesimal formation is the inner edge of the so-
called dead zone, the location where magnetorotational instability (MRI) is suppressed
because of poor gas ionization.
In [1] we investigate the inner disk structure by using a 1D gas and dust evolution model
including the back-reaction from the dust to the gas. We include the dead-zone edge
self-consistently by changing the α stress-to-pressure ratio accordingly at the ionization
transition at T = 1000K. Fig. 2.10 shows the time evolution of the gas and dust disks
with different values of αdead. In our disk model for a Herbig-type star, the inner rim
of the dust disk (the location where silicate dust particles sublimate) and the dead-zone
inner edge are located at 0.5 and 1 au, respectively. The figure shows a strong increase in
the dust density and grain size at the dead-zone inner edge. This is due to the pressure
bump that is formed at the dead-zone edge and which acts as particle trap. We found
that a higher αdead value leads to a lower dust density. This dependency is even more
crucial when changing the fragmentation velocity [1]. In the next section we discuss the
observational constraints of such a dust pileup.

Figure 2.10: Dust and gas surface densities at t = 0yr (dotted lines), 104yr (dashed), and
3 × 105yr (solid) (left panels) and the maximum dust radius and the Stokes number at
t = 3× 105yr (right panels) for (a) αdead = 10−3 and vfrag = 10m/s (b) αdead = 10−4 and
vfrag = 10m/s.
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Disk shadow from the dead-zone edge

We post-process the dust density and different grain sizes with RADMC3D, linking each
dust density bin to a certain dust opacity and performing radiative transfer simulations.
To provide a realistic view of the inner region of disks, we constructed synthetic images of
our models. Fig. 2.11 shows the images of the inner region of disks for the two models with
an inclination of 45o. The top panels correspond to model αdead = 10−3, and the bottom
panels correspond to model αdead = 10−4. The images are at wavelengths 1.65 µm. While
in model αdead = 10−3, we observe a sharp shadow with a width of 1 au wide behind the
dead-zone inner edge, while the shadow is less sharp in model αdead = 10−4 owing to its
large width (9 au). The dust halo in front of the inner rim of the dust disk is brightest at
wavelength 1.65 µm. Such shadowing could be observed with multi-wavelength observa-
tions using a state-of-the-art interferometer like the Very Large Telescope Interferometer
(VLTI). In the future we plan to test for the emission of longer wavelengths, especially
as larger grains would allow the inner dead-zone edge to be detected at mm or even cm
wavelengths. Possible facilities to detect this would be the next generation Very Large
Array (ngVLA).

Figure 2.11: Synthetic images of the inner
region of disks for models 2 (top) and 3 (bot-
tom) viewed 45o from face-on. The intensity
maps are at wavelengths 1.65 µm.

Work done in collaboration with
Takahiro Ueda and Satoshi Okuzumi at
Tokyo Institute of Technology.

[1] Ueda T, Flock M, Okuzumi (2004):
Dust Pileup at the Dead-zone Inner
Edge and Implications for the Disk
Shadow, ApJ 871, 10
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2.8 Formation of planetary systems by pebble

accretion

Bertram Bitsch

In the core accretion scenario of planet formation, a planetary core forms first; once the
core grows large enough, gas can be accreted onto it. Quick growth of the planetary
core is thus crucial for the formation of gas giants. This short growth timescale can be
achieved through the accretion of mm-cm sized dust grains, or so–called pebbles. Due
to their interactions with the gas disks, these pebbles drift inwards on short timescales
where they can be accreted from the entire Hill sphere of growing planets. This results
in growth timescales much shorter than for large planetesimals.
This growth mechanism has been used in the past to explain the formation of ice and gas
giants, but the simulations were lacking multi-body dynamics, which we have included
here for the first time [1]. In Fig. 2.12 we show the final orbital position and masses of
five planetary systems that originally underwent pebble accretion and then gas accretion
for the larger planetary cores. The system has then been evolved for 100 Myr after gas
disc dissipation to understand the long term stability. The resulting systems show two
different behaviours. Either the systems stayed stable and feature inner super-Earths with
outer gas giants or the systems undergo a dynamical instability resulting in systems with
gas giants on highly eccentric orbits. Both types of systems have been observed around
other stars.
However, most of the stable systems feature multiple gas giants at distances up to 15 AU,
resembling planetary systems that have not been observed in this structure, yet. This
led us to the conclusion that probably the damping rates of eccentricity and inclination
were overestimated within our simulations, as more systems need to become unstable
to explain the exoplanet population. Thus, future simulations of multiple bodies within
hydrodynamical simulations have to constrain the damping rates in a better way.

Run#1

*Run#2

*Run#3

Run#4

Run#5

0.04 0.1 0.5 1.0 5.0 10.0 30.0 50.0

r [AU]
Gas Core

αmig = 0.0001

Speb=2.5

Figure 2.12: Final configuration of five planetary systems formed by pebble accretion and
migration after 100 Myr of integration. The size of the circle is proportional to the total
planetary mass (green) by the 3rd root and to the mass of the planetary core (black) also by
the 3rd root. The black arrows indicate the aphelion and perihelion positions of the planet
calculated through rP ± e × rP. Only two of the five systems undergo a major instability
and form giant planets on highly eccentric orbits, while the others contain super-Earths
and gas giants.
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Another result of these simulations was that the water ice content of the inner super-
Earths is very high. In particular it seems to be too high compared to predictions from
exoplanet observations. This is caused by the fact that the planetary embryos form close
to the water ice line, where they accrete water–rich material; they then only migrate
inwards after their assembly is completed outside of the water ice line. This behaviour is
triggered by planetary outward migration caused by the corotation torque at the water ice
line (Fig. 2.13). However, [2] suggests that planets that migrate only inwards could have
low water ice content because they complete their assembly in the inner regions of the
protoplanetary disc, even though the planetary embryo was born outside of the water ice
line. Future simulations are thus not only constrained by observed system architectures
but also by planetary composition, which both have to match.
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Figure 2.13: Planetary water ice fraction for planets growing in a disc with water ice line
at 1 AU. Planets that migrate outwards stay outside of the water ice line and thus accrete
a large fraction of water ice. Planets that migrate only inwards complete their assembly
in the inner regions of the protoplanetary discs, where they can accrete rocky material and
will thus have a lower water ice fraction, even though the planetary embryo formed outside
of the water ice line. This mechanism can help to explain the low water ice content of
super-Earths even when the planetary embryos formed outside of the water ice line.

Work done in collaboration with A. Izidoro (UNESP, Sao Paolo), A. Johansen (Lund
Observatory), A. Morbidelli (Nice Observatory), M. Lambrechts (Lund Observatory),
S.N. Raymond (CNRS, Bordeaux University), S.A. Jacobson (Northwestern University).

[1] Bitsch, B., Izidoro, A., Johansen, A., Raymond, S.N., Morbidelli, A., Lambrechts,
M., Jacobson, S.A. (2019): Formation of planetary systems by pebble accretion and
migration: Growth of gas giants, A&A 623, A88

[2] Bitsch, B., Raymond, S.N., Izidoro, A. (2019): Rocky super-Earths or waterworlds:
the interplay of planet migration, pebble accretion, and disc evolution, A&A 624,
A109
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3

Brown Dwarfs and Exoplanets

The brown dwarf companions HR 2562 B (left), and HIP 64892 B (right), imaged with SPHERE/IRDIS

See chapter 3.1 for details and credits.



3.1 Brown dwarf companions to young stars

Wolfgang Brandner, Anne-Lise Maire, Anthony Cheetham

Tracing substellar companions and their origin with SHINE

Figure 3.1: The brown dwarf companions HR 2562 B (left, [1]) and HIP 64892 B (right,
[2]) imaged with SPHERE/IRDIS

While free-floating brown dwarfs discovered in the solar neighbourhood are on average
relatively old, the ongoing high-contrast direct imaging surveys for brown dwarf and
planetary mass companions are directed towards young stars. One indicator for youth in
stars is infrared excess emission, which traces back to the presence of a debris disk around
the star. Young substellar objects should still retain a memory of their formation process,
and their relation to a debris disk promises to provide additional clues on their formation.
In the course of the SpHere INfrared survey for Exoplanets (SHINE) at the VLT, the
two stars HR 2562 and HIP 64892 were observed, and their substellar companions char-
acterised in greater detail.

The brown dwarf HR 2562 B and debris disk dynamics

HR 2562 is a F5V star at a distance of ≈34 pc, surrounded by a debris disk with an inner
hole of several 10s of A.U., and extending out to ≈190 A.U. It has a companion with an
estimated mass of ≈30 MJup located at a projected distance of ≈22 A.U., thus it is most
likely located well within the inner hole of the debris disk (Fig. 3.1, left).
HR 2562 B’s orbit is coplanar with the disk, suggesting a common origin. While HR
2562 B’s fulfils the Toomre criterion for a massive protostellar disk, a fragment of its mass
would not be able to cool faster than the local Keplerian timescale, thus violating the
cooling criterion (see Fig. 3.2). Thus it cannot have formed directly by disk gravitational
instability at its present location and with its current mass. This suggests that formation
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started at larger distances from the star, with HR 2562 B accreting disk material while
migrating inward.

Figure 3.2: HR 2562 B “violates” the cooling criterion,
thus it cannot have formed directly by disk fragmentation
at its present location [1].

The presence and extent of
the debris disk with its in-
ner hole provides further dy-
namical constraints on the
orbital eccentricity of HR
2562 B, which will be further
refined by continued astro-
metric monitoring [1].

HIP 64892

HIP 64892 is a young star
with a mass of ≈2.3 M� as-
sociated with the Scorpius-
Centaurus association. A
substellar companion was dis-
covered at a projected dis-
tance of ≈160 pc during the
SHINE survey (Fig. 3.1,
right). Infrared photome-
try and spectroscopy, and
comparison with evolution-
ary and atmospheric models
suggest a mass of ≈33 MJup

and an age of ≈16 Myr for
HIP 64892 B. With a mass ra-
tio between companion and
star of ≈0.014, HIP 64892 be-

longs to the growing group of intermediate mass star with “extreme” mass ratio compan-
ions at large (>100 A.U.) orbital distances. Assuming that HIP 64892 B’s current pro-
jected distance of the star is close to the semi-major axis of its orbit, it is located close
to the Toomre limit and satisfies the cooling limit. Thus HIP 64892 B might have formed
by disk instability, provided that the circumstellar disk around the star was sufficiently
massive (i.e. ≥ 10% of the stellar mass) .
Membership of HIP 64892 to a specific sub-group of the association provides an indepen-
dent age estimate. Thus HIP 64892 B also serves as one of the benchmark objects for
testing and calibrating evolutionary tracks for substellar objects [2].

Work done in collaboration with the SPHERE consortium. Anne-Lise Maire is affiliated
with MPIA, and is now based at the University of Liege, Belgium.

[1] Maire, A.-L., et al. (2018): VLT/SPHERE astrometric confirmation and orbital anal-
ysis of the brown dwarf companion HR 2562 B, A&A 615, A177

[2] Cheetham, A., et al. (2018): Discovery of a brown dwarf companion to the star HIP
64892, A&A 615, A160
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3.2 Hat-South Survey - the harvest

Paula Sarkis, Nestor Espinoza, Thomas Henning

Introduction

As soon as it was realized that the transit method is a powerful way to discover exoplan-
ets, astronomers began using this opportunity to develop surveys to hunt for transiting
exoplanets. Robotic telescopes are ideal for such surveys. At a low cost, fully automated
and robotic telescopes achieve a continuous flow of high quality data, enabling the discov-
ery of transiting exoplanets. The Hungarian-made Automated Telescope Network-South
(HATSouth) is a network of fully automatic telescopes spread out in longitude (Chile,
Namibia, and Australia). It is the first network that permits round the clock continuous
monitoring of a large field of view in the southern hemisphere. The main goal of the
survey is to discover and characterize transiting exoplanets. To date, HATSouth has
discovered 66 exoplanets covering a wide range of masses and radii.

The HATSouth Survey

HATSouth has been monitoring the sky since 2009, covering ∼ 17% of the southern
sky. In total, the survey involves six units where each of the sites has two units installed
(Las Campanas Observatory, Chile, the High Energy Spectroscopic Survey, Namibia, and
Siding Spring Observatory, Australia). Each of these units has four 0.18 m diameter
telescopes mounted on a common mount with a 8.2◦ × 8.2◦ field of view.
More than 2300 transiting candidates have been identified from the HATSouth survey
light curves. After the identification of a possible transiting planet, spectroscopic and
photometric follow-up observations are necessary to confirm or refute the planetary na-
ture of the candidate. Photmetric follow-up observations are important to obtain higher
precision light curves, which allows us to determine precisely the physical parameters of
the system and to rule out blend scenarios. Low-resolution spectroscopy is necessary to
identify false positive scenarios, such as eclipsing binaries. If a candidate passes this vet-
ting process, then high-resolution and high signal-to-noise spectra are acquired to measure
the semi-amplitude of the RV variation due to the transiting planet. So far 629 targets
have been observed with FEROS, a spectrograph at the MPG 2.2m telescope at La Silla,
Chile. FEROS is playing a major and crucial role in the confirmation and characterization
of transiting exoplanets discovered as part of the HATSouth survey.

Survey Highlights

HATSouth contributed some of the exciting exoplanet discoveries. Their characteristics
span a large region in parameter space, ranging from small planets ∼ 38M⊕ to massive
ones ∼ 13MJ, as shown in Figure 3.3. Of particular interest is HATS-17b [1], a transiting
planet with the longest period ever discovered using ground-based telescopes, thanks to
the 24 hour coverage of the same field of view of the automated network of telescopes.
Another interesting system is HATS-71b, only the third giant planet discovered transiting
an M dwarf. The system was discovered using the HATSouth light curves and confirmed
using several photometric, spectroscopic, and imaging ground-based facilities, as well as
space-based photometry using data from TESS. This is the first system confirmed using
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Figure 3.3: Mass-radius diagram (left) and radius-equilibrium temperature diagram
(right) of transiting exoplanets detected with ground-based facilities. Large red symbols
show the planets discovered with HATSouth and small gray symbols represent planets
discovered using other ground-based surveys, (e.g. WASP and HATNet). HATSouth
has discovered several transiting exoplanets spanning a wide range of physical parameters.

TESS light curves and shows that combining ground-based and space-based light curves
is an important step that we will follow in future confirmation of HATSouth candidates.
Moreover, the survey has contributed to the detection of 55 hot Jupiters (e.g. [2], [3]) out
of the 290 discovered using ground-based observations. Of particular interest is the system
HATS-56 [2], where the radial velocities show a long term trend. If we assume that this
trend is due to a second planet in the system, then the planet would be a super-Jupiter
with M sin i ∼ 5MJ orbiting in the habitable zone of the host star. Another interesting
system is HATS-59b,c, which is the first multi-planetary system discovered by the survey
[4]. It is of particular interest because the system consists of an inner transiting hot
Jupiter and an outer massive companion, and it is only the 8th system with a resolved
orbit of the outer companion with a period of 1422 days, owing to the long term stability
of FEROS. HATSouth is yielding thousands of exoplanet candidates and FEROS is a
key player in following-up these targets. The survey continues to play a leading role in
the discovery and precise characterization of transiting exoplanets.

Work done in collaboration with Andres Jordan (PUC, Chile), Gaspar Bakos and Joel
Hartman (Princeton US), and many others.

[1] Brahm, R., Jordan, A., & Bakos, G. et al. (2016): HATS-17b: A Transiting Compact
Warm Jupiter in a 16.3 Day Circular Orbit, AJ 151, 89B

[2] Espinoza, N., Hartman, J., & Bakos, G. et al. (2018): HATS-54b-HATS-58Ab: five
new transiting hot Jupiters including one with a possible temperate companion, AJ
in press, arXiv:1812.07668

[3] Henning, Th., Mancini, L., & Sarkis, P. et al. (2018): HATS-50b through HATS-53b:
Four Transiting Hot Jupiters Orbiting G-type Stars Discovered by the HATSouth
Survey, AJ 155, 79H

[4] Sarkis, P., Henning, Th., & Hartman, J. et al. (2018): HATS-59b,c: A Transiting
Hot Jupiter and a Cold Massive Giant Planet around a Sunlike Star, AJ 156, 216S
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3.3 CARMENES Radial Velocity Planets

Martin Kürster, Trifon Trifonov, Paula Sarkis, Thomas
Henning, Ralf Launhardt

Radial velocity planet search with CARMENES

CARMENES is a twin high-resolution spectrograph at the 3.5m telescope on Calar Alto.
It was built by a consortium of five German and six Spanish institutes and designed to
carry out a precision radial velocity (RV) survey of 300 nearby M dwarfs, which was
started in Jan. 2016. With a total of 750 guaranteed nights this survey is still ongoing.
The instrument has both a visual and a near-infrared channel covering 0.52 − 0.96 µm
and 0.96− 1.71 µm, respectively, at a resolving power of R ≈ 90, 000.
We report on two MPIA-led publications from this survey. The first was a leading paper
targeted at seven known exoplanetary systems around the M dwarfs GJ 15A, GJ 176,
GJ 436, GJ 536, GJ 1148, and (with multiple planets) GJ 581 and GJ 876 [1]. The goal
of this study was to demonstrate the performance (RV precision of ≈ 1 ms−1) of the
CARMENES visual channel compared with other state-of-the art RV machines such as
ESO/HARPS and Keck/HIRES. The second paper presents RV follow-up observations
targeted at the transiting planet in the temperate zone around the M dwarf K2-18 in order
to determine the planetary mass and and to study the evidence for an alleged additional,
but non-transiting inner planet in the system [2].

Results

In [1] we combined existing RV data from HIRES and HARPS with new observations
from CARMENES. Single-planet systems were fitted with a Keplerian model, whereas
multiple-planet systems were analyzed using a self-consistent dynamical model, and their
best-fit orbits were tested for long-term stability. For this, we employed the SyMBA
symplectic integrator suitable even for close encounters. With the exception of GJ 15A b,
all planets were confirmed and their orbital parameters improved. We cannot confirm the
11.4 d signal in GJ 15A reported in the literature based on only part of the now available
HIRES RVs and attributed to a super-Earth planet. Instead, using the complete set of
HIRES data as well as the new CARMENES data we find indications of a possible
long-period (P = 7030+970

−630 d) Saturn-mass (m sin i = 51.8+5.5
−5.8 M⊕) planet around this

star. Furthermore, we discover a second planet around GJ 1148 with an estimated period
of P = 532.6+4.1

−2.5 d and a minimum mass of m sin i = 68.1+4.9
−2.2 M⊕ (see Fig. 3.4).

The second paper [2] reports on a CARMENES campaign on the transiting exoplanet
host star K2-18 found by the K2 survey and confirmed by Spitzer. Our analysis yields
a mass of ≈ 9 M⊕ and a density indicative of a solid core and a volatile-rich envelope.
Careful treatment of the stellar activity was required since the stellar rotation period
(P = 39.63 ± 0.50 d) is close to the planetary orbital period of P = 32.939614+0.000101

−0.000084 d
(see Fig. 3.5). A second non-transiting planet at a period of ≈ 9 d claimed in the literature
from HARPS observations is not confirmed by CARMENES, which finds the pertinent
signal time and wavelength dependent.

This work was a collaborative effort of the CARMENES consortium. As one of the
principal initial publications [1] has all consortium members as co-authors (not listed
here). But we do provide the co-authors of [2].
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Figure 3.4: a) RV data for GJ 1148 from HIRES (green) and CARMENES (red),
fitted with a two-planet dynamical model. b) Zoom of the CARMENES data. c) GLS
periodogram of the model residuals. The peak at 62.9 d is insignificant. d) Stability
analysis shows the system to be stable for > 10 Myr. Shown are 200 000 yr of the evolution
of the semi-major axes a and eccentricities e. The latter oscillate on ≈ 80 000 yr.

Figure 3.5: Left: CARMENES RVs for K2-18 modeled with the sum of two sinusoids
representing a circular orbit with the period of P = 32.9 d of the transiting planet plus a
stellar activity signal with a period of P = 39.6 d. The residuals from the best-fit model
are shown below. Right: phase-folded activity-corrected RVs and best-fit planetary model.

[1] Trifonov, T., Kürster, M., Zechmeister et al. (2018): The CARMENES seach for
exoplanets around M dwarfs: First visual-channel radial-velocity measurements and
orbital parameter updates of seven M-dwarf planetary systems, A&A 609, 117

[2] Sarkis, P., Henning, Th., Kürster, M., et al. (2018): The CARMENES seach for
exoplanets around M dwarfs: A low-mass planet in the temperate zone of the nearby
K2-18 , AJ 155, 257
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3.4 From habitable worlds to gas giants: hunting

exoplanets with TESS

Néstor Espinoza, Trifon Trifonov, Thomas Henning, Diana
Kossakowski, Paula Sarkis

Introduction

The Transiting Exoplanet Survey Satellite (TESS ) [1], expected to discover about 15,000
new transiting exoplanets orbiting bright, nearby stars on its two-year survey, is set to rev-
olutionize our understanding of exoplanets in the solar neighborhood. During its first year
of TESS operations, MPIA has been playing an important role in the mission objectives
through follow-up of observations of exoplanet candidates aimed at their confirmation
and mass characterization, which in turn allows us to peek into the compositions of these
distant worlds. Currently, this is being done through two collaborations our institute
has leading roles on: the Chile-MPIA collaboration, aimed mainly at the characteriza-
tion of gas giant exoplanets using the FEROS spectrograph mounted at the 2.2m MPG
Telescope at La Silla Observatory and the CARMENES-TESS work package (part of the
CARMENES consortium), aimed at the characterization of small (Rp < 4R⊕) TESS ex-
oplanet candidates around low mass M dwarf stars using the CARMENES spectrograph
mounted on the 3.5m telescope at the Calar Alto Observatory. We describe the main
objectives and highlights of both of these projects below.

Hunting giants with TESS: the Chile-MPIA collaboration

Gas giant exoplanets are fundamental objects to study as they are the most accessible
in terms of follow-up characterization, from precise mass and radius measurements to
atmospheric studies. The common perception is that the envelopes of these objects are
composed of primordial material accreted in the disks in which they lived and formed and
thus they are ideal laboratories for tests on planet formation and evolution. Motivated
by this scientific case, we have recently started a collaboration with a number of Chilean
institutions. In the relatively short time-span since its start, the Chile-MPIA collaboration
has already led to the discovery of a handful of very exciting exoplanetary systems [2, 3],
and has played a key role in the first batch of planetary detections of the TESS mission.
One of the most interesting results produced by the collaboration is the discovery of a
super-Earth (Rp = 1.7R⊕, Mp = 8.8M⊕) orbiting around the bright star HD 213885
(V = 7.9) on a 1-day-period orbit [3]. This object is exciting because according to our
extensive follow-up, its composition is consistent with being Earth-like.
Also discovered during the extensive follow-up was another non-transitioning planet on a
4.8-day orbit in the system. Our follow-up observations, in turn, showcase the power of
the FEROS spectrograph for detecting small, Earth-sized exoplanets (see Fig. 3.6).

The CARMENES-TESS follow-up effort: a search for new (small)
worlds

The TESS mission was designed to excel at detecting exoplanets orbiting small, red stars.
These objects are not only easier to detect via transit, but they are also exciting as the
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Figure 3.6: Radial-velocities of the star HD 213885 — the signals for planet b (left) and
c (right) can be easily seen. The datapoints show FEROS (dark blue), HARPS (red) and
CORALIE (orange and light blue) observations — dark solid lines indicate the best-fit
model to the data. Note how FEROS is able to achieve a 3 m/s precision, which was
unprecedented for this instrument.

so-called “habitable zone” of these stars — the zone in which a planet with an atmospheric
composition similar to that of Earth could sustain liquid water in its surface — is much
closer to their stars, making them easier to follow-up and characterize in detail. With this
science case in mind, the MPIA has been playing a leading role in the CARMENES-TESS
follow-up effort, which strives to confirm and characterize exoplanet candidates orbiting
these small, cool stars with TESS using 50 nights from the Guaranteed Time Observations
(GTO) of the CARMENES survey. Although the project will attain its peak value when
TESS moves to the northern hemisphere — expected to happen in August 2019 —, the
follow-up effort has already started and has given rise to a very exciting detection of a
system of at least three exoplanets orbiting the nearby star GJ 357 [4]. This system is one
of the most exciting discovered yet as it is one of the best systems for future atmospheric
follow-up characterization with future instruments like the James Webb Space Telescope.
In addition, the exoplanet in the longest (55-day) period orbit is, in fact, consistent with
being in the habitable zone. If shown to transit with future follow-up observations as
the inner planetary companion, it could become a benchmark system for the search of
biosignatures in an exoplanetary world.

Work done in collaboration with the TESS-CL collaboration (PIs: Jordán, Brahm), the
TESS Follow-up Program (TFOP) and the CARMENES consortium.

[1] Ricker, G. (2013): Transiting Exoplanet Survey Satellite (TESS), Space Telescopes
and Instrumentation 2014: Optical, Infrared, and Millimeter Wave, Proceedings of
the SPIE 9143, 914320

[2] Brahm, R. (2019): HD 1397b: a transiting warm giant planet orbiting a V = 7.8
mag sub-giant star discovered by TESS, MNRAS in press, arXiv:1811.02156

[3] Espinoza, N. (2019): HD 213885b: A transiting 1-day-period super-Earth with an
Earth-like composition around a bright (V=7.9) star unveiled by TESS, MNRAS in
press, arXiv:1903.07694

[4] Luque, R. (2019): A planetary system around the nearby M dwarf Gl 357 including
a transiting hot Earth-sized planet optimal for atmospheric characterisation, A&A in
press, arXiv:1904.12818
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3.5 Stratosphere circulation on tidally locked

Exo-Earths

Ludmila Carone, Thomas Henning.

Introduction

Figure 3.7: Different troposphere circulation states identified by [9] for tidally locked ter-
restrial planets with respect to orbital period and planetary size, assuming Earth-like at-
mosphere and thermal forcing. Example planets show a cross section of the planet’s tem-
perature (color) and wind flow (grey lines and black arrows) at the top of the troposphere
p = 225 mbar and facing the substellar point. Red circles denote the radius and orbital
period of the TRAPPIST-1 planets. Blue circles denote the position of Proxima Centauri
b, LHS 1440 b, GJ 667 C -c and -f. Black circles denote 3D climate simulations by [9].

Tidally locked planets in the habitable zone of cool red dwarf stars like the TRAPPIST-1
planets, Proxima Centauri b, LHS 1140 b and GJ 667 C f [1, 2, 3, 4, 5] are our next best
hope to study conditions for habitability outside of the Solar System. Proxima Centauri
b is the nearest exoplanet, located only 1.295 pc away from the Sun. The TRAPPIST-1
planets are only 12 pc away and, in addition, all seven planets transit in front of their
star with relatively short orbital periods (Porb = 1.5− 18.8 days). Thus, the TRAPPIST-
1 planets are particularly suited to search for bio-signatures in diverse environments by
employing, e.g., infrared spectroscopy with the James Webb Space Telescope, the Ex-
tremely Large Telescope and the ARIEL space mission. However, infrared spectroscopy
mainly probes high atmospheric layers, which would correspond to the stratosphere and
mesosphere on Earth (p ≤ 0.1 bar or altitudes greater than 20 km, see e.g. [6, 7, 8]). We
investigated stratospheric circulation patterns for different climate states (Fig. ??).

Equatorial confinement vs day-to-night side transport

On Earth, equator-to-polar regions transport helps to build a general ozone layer protect-
ing the planet from UV radiation. The equivalent would be day-to-night side transport
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on tidally locked ExoEarths [10]. We found in our study that only for tidally locked
ExoEarths with large orbital periods (Porb ≥ 25 days) like GJ 667 C e day-to-night side
transport can be assumed. All tidally locked planets with shorter orbital periods may
instead develop a wind regime where photochemically produced substance (like ozone)
are confined at the equator.. That is, stratosphere circulation on Proxima Centauri b,
LHS 1440 b, TRAPPIST-1b -1g could be confined to a ’transport belt’ along the equator;
a situation, which is different from Earth.

Future prospects

Our work emphasizes the importance of understanding the basic climate dynamics of hab-
itable planets to guide a) the application of more complex climate models, b) observations
of biosignatures with the James Webb Space Telescope, the Extremely Large Telescope
and the ARIEL space mission and c) evaluations of surface habitability. It is a first step
to understand how 3D transport may affect photo-chemistry of tidally locked exoplanets
around ultra-cool dwarf stars for a wide range of relevant circulation scenarios - from very
short (Porb = 1.51 days) to large (Porb = 39 days) orbital periods. Next, the production
and transport of photo-chemically produced species needs to be investigated in more detail
with a photo-chemical model coupled to our 3D circulation model to gain better insights
about the prospects of detecting, e.g., ozone around small stars like TRAPPIST-1.

Work done in collaboration with Rony Keppens (KU Leuven, CmPA, Belgium) and Leen
Decin (KU Leuven, IvS, Belgium).
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3.6 Stellar spots or planetary TiO? The

transmission spectrum of WASP-19b

Nestor Espinoza

Introduction

Transmission spectroscopy — the measurement of the wavelength-dependent radius of an
exoplanet due to different opacity sources in its atmosphere — is one of the main windows
into the atmospheres of exoplanetary worlds. From the detection of atomic to molecular
bands, this technique has given rise to a multitude of new discoveries and constraints
that allows a glimpse of the sheer diversity of formation scenarios; these subsequently
provide insights into the observed atmospheric compositions, allowing us to put our planet
formation and evolution theories to test. The actual measurement to obtain a transmission
spectrum, however, is in practice not absolute but differential — we use transit lightcurves
in different wavelengths in order to extract the wavelength dependence of the radius
through the transit depth, which in turn assumes a homogeneous stellar photosphere. If
this is not the case (because of, e.g. spots or faculae), then this can contaminate the
transmission spectrum, creating false signatures that could be mistaken as arising from
the planetary atmosphere [1, 2]. In a work published this year [4], we show how the
transmission spectrum of the exoplanet WASP-19b might actually be contaminated by
this kind of effect, which might in turn have contaminated a previous dataset that was
used to claim for the first time the detection of TiO in (this) planetary atmosphere [3].

The transmission spectrum
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Figure 3.8: Transmission spectrum contaminated by
stellar spots/faculae.

Transmission spectra was ob-
tained for WASP-19b in 2014,
2015 and 2017 using the IMACS
instrument at the Magellan Baade
6.5m telescope in Las Campanas
Observatory (LCO), Chile. This
data was taken as part of the
Arizona-CfA-Católica-Carnegie Ex-
oplanet Spectroscopy Survey (AC-
CESS), a multi-institutional col-
laboration aimed at obtaining a
large, homogeneous library of op-
tical transmission spectra for a
wide range of exoplanets. A to-
tal of 6 precise transit events were
observed, providing a wavelength coverage between 0.4 and 0.9 µm for the transmission
spectrum. In Fig. 3.9 we show the extracted transmission spectrum after combining five
out of our six transit observations, where it can be seen that the optical part of the spec-
trum (blueward of 1 µm) is flat, consistent with clouds. No signature of TiO is observed
in this combined transmission spectrum, nor a 1000 ppm slope towards the blue wave-
lengths, both of which were claimed in [3]. The black line with blue bands in Fig. 3.9
denotes an atmospheric retrieval model, created with a code we wrote that is able to fit
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not only for the planetary atmosphere, but also considers the possibility that contami-
nation from heterogeneities in the star (e.g. spots and/or faculae) could be contributing
and contaminating our transmission spectrum. Indeed, we observed that the spectrum
obtained on one of our nights appears to be contaminated by such an effect — this, along
with the best-fit contamination model, is shown in Fig 3.8.
The possibility that the dataset presented in [3] is impacted by stellar contamination is
currently under study. Our work, however, highlights the importance of modelling all the
atmospheres involved in the process of extracting a transmission spectrum: the Earth’s,
the star’s and the planet’s. Failure to do so can lead to fake signatures in the observed
transmission spectrum, as was predicted theoretically by [1, 2]. This will be of extreme
importance in the era of biosignature detections around small stars, and thus this work
establishes ideas to mitigate and account for this contamination in a principled way.
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Figure 3.9: Transmission spectrum of WASP-19b including optical data (white-datpoints,
this work), HST/WFC3 data (red points), HST/STIS data (yellow points) and Spitzer
data (blue points) obtained by previous researchers. Note how the transmission spectrum
in the optical appears to be flat down to the precision level of our measurements.

Work done in collaboration with the ACCESS collaboration (PIs: Apai, Jordán, Lopez-
Morales), Jens Hoeijmakers and Simon L. Grimm.
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3.7 Observing transiting planets with JWST: prime

targets for JWST exoplanet observations

Paul Mollière, Roy van Boekel, Jeroen Bouwman, Thomas
Henning

The long-awaited James Webb Space Telescope (JWST) is expected to be a transformative
instrument for the field of transiting exoplanets. Especially the Mid-Infrared Instrument
(MIRI) will provide a unique spectral window for studying clouds, which obscure the
planets when studied in the optical and near-infrared. It will also allow to extend the
study of the (phase-dependent) luminosity of planets to the MIR, while all of JWST’s
modes will likely reveal molecular absorption bands at exquisite signal-to-noise (SNR).
In the work reported on here we carried out spectral calculations of cloudy exoplanet
atmospheres in transmission (when the planet blocks its star) and emission. For the
planets we investigated, we calculated synthetic JWST observations, studying whether
JWST will be able to answer key science questions of the community. Among these were
whether we can finally reveal molecular and atomic absorption features in the NIR to MIR
spectra of extremely cloudy super-Earth planets, or whether JWST will be able to uncover
absorption features of silicate clouds in the MIR. Finally, we studied whether JWST may
help to constrain the properties of the most strongly irradiated giant planets, a branch
of the exoplanet atmosphere field which has since developed in the community (so-called
ultra hot Jupiters, UHJs). Here we summarize the results of our study published in [1].

Model description

Using dedicated SNR estimates, we identified prime targets for spectral atmospheric
characterization for the different classes of planets we were interested in: super-Earths,
Neptune-like, and hot Jupiter planets. For all targets we used the published values for
their radii, mass, and equilibrium temperature. For all targets we then calculated a set
of atmospheric structures and spectra, using our petitCODE which we initially reported
on in [2]. petitCODE solves for the atmospheric temperature and abundance structure
in so-called radiative-convective and chemical equilibrium, meaning that the atmospheric
temperatures, chemical abundances and the radiation field are all mutually consistent.
For our study we report on here we also added the effect of scattering, various cloud
model implementations, and cloud opacities derived from lab-measured optical constants.
The cloud species include salts and sulfides (important at low temperatures < 1000 K)
as well as silicates and iron, important at higher temperatures. For all targets we cal-
culated models varying the atmospheric composition, cloudiness, and dayside-nightside
heat distribution.

Results

In our study we found that JWST will be an excellent tool to tackle many of the outstand-
ing problems of exoplanet atmospheric research. One result is highlighed in Figure 3.10,
which shows synthetic transmission spectra of the hot Jupiter TrES-4b, together with
current ground and space-based (taken with Hubble’s WFC3 instrument) data. Three
synthetic spectra are shown, one cloud-free (clear) and two cloudy spectra, where silicate
clouds consisting of Mg2SiO4 obscure molecular and atomic features in the optical and
NIR.
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Figure 3.10: Ground- and space-based observa-
tions of the hot Jupiter TrES-4b, shown together
with clear and cloudy synthetic spectra of petit-
CODE, and synthetic JWST observations. The
silicate cloud features at 10 micron will be de-
tectable with JWST.

This cloudiness has been measured in
many other hot Jupiters studied to
date, and TrES-4b is in the temper-
ature range that may just be right
for silicate clouds to form. Figure
3.10 also shows synthetic JWST ob-
servations, where the silicate absorp-
tion features clearly stand out after 10
transits in MIRI, but become perceiv-
able already for a few transits. This
result shows that the identity of the
clouds visible in the optical and NIR
may well be revealed when the MIR
wavelengths are studied with JWST.
We show that for high enough SNR
also the particle morphology (spher-
ical vs. irregular) and microphysi-
cal structure (amorphous vs. crys-
talline) may be revealed. We also
found that JWST will likely detect
molecular features of extremely cloudy
super-Earths, starting from just a sin-
gle transit, when looking at NIR and
MIR spectra.

Outlook

The potential of JWST for the study
of exoplanets makes it the single-most
awaited instrument of the community.
We have contributed to constraining

its expected power in the dedicated calculations summarized here. Many more exciting
results are anticipated once the JWST takes to space. For example, JWST may un-
cover molecular absorption features in one of the seven planets transiting the M-dwarf
TRAPPIST-1, many of which lie in the habitable zone. But also the results expected for
the traditionally “easy” targets are expected to be transformative, allowing us to study
the global distribution of clouds and irradiation energy through spectral phase curves of
hot Jupiters, for instance. Most intriguing, however, will be discoveries which we do not
expect right now, and which will help uncovering previously unknown processes in the
atmospheres of exoplanets.

Work done in collaboration with Pierre-Olivier Lagage (CEA, Paris) and Michiel Min
(SRON, Utrecht).

[1] Mollière, P., van Boekel, R., Bouwman, J., Henning, Th., Lagage, P.-O., Min, M.
(2017): Observing transiting planets with JWST: Prime targets and their synthetic
spectral observations , A&A 600, A10

[2] 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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4.1 Low-temperature condensation of carbon and

mixed carbon-silicate grains in the ISM

Cornelia Jäger, Gaël Rouillé, Thomas Henning

Only a tiny percentage of the total mass of stardust survives destructive processes due to
supernovae shocks in the ISM. However, observations of refractive elements 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
dust grains and their interstellar destruction. In recent years, we extended our previous
investigations from the low-temperature formation of silicates [1, 2, 3] to the formation
of carbonaceous grains and mixed silicate/carbon systems. Gas-phase precursors for the
formation of carbonaceous and mixed silicate-carbon grains in the cold phase of the ISM
are carbon and hydrogen atoms, small carbon-bearing molecules or clusters, refractory
elements such as Mg and Fe, and small Mg–, Fe–, and Si–bearing molecules or cluster.
The precursor species accrete on cold grains and can form new solid materials.

Figure 4.1: a)Spectral evolution of the carbon condensate formed at 10 K without Ar-
matrix. Spectra 1–4 correspond to 5, 15, 25, and 35 min. deposition time, spectra 5 and
6 show the annealed condensate (40 and 200 K). b) and c) High-resolution transmission
electron microscopy (HRTEM) images of the solids produced with and without consecutive
VUV irradiation, respectively. Fullerene-like structures with strongly bent graphene layers,
bucky onions, and fullerenes of different sizes are marked by arrows. d) Skeletonized
images of the framed areas in (b) and (c) illustrate the structural changes due to VUV
irradiation.

In the laboratory, carbonaceous and silicate precursors were created by laser ablation of
graphite and silicate targets. The species were deposited on 10 K cold substrates either
with or without a rare gas matrix. The diffusion and condensation of the precursors
were accelerated by short annealing phases up to 12 K for Ne and 20 K for Ar. The
structural processing of the condensate due to vacuum-ultraviolet irradiation during the
condensation process was also studied. All precursor species were identified by UV/vis and
IR spectroscopy. Carbon chain molecules and complexes of them with water were detected
in hydrogen-free matrices. In contrast, the deposition of carbon species in hydrogen-
containing matrices gave rise to the formation of hydrocarbon molecules such as C2H2,
C4H2, and their complexes with H2O.
The condensation process was monitored by in situ IR spectroscopy. One can observe the
disappearance of the narrow molecular bands due to the formation of larger molecules
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and solid material. The formation of carbonaceous solids can be proven by the decrease
of transmission and evolution of a broad plateau between 1000 and 1400 cm1 (see 4.1),
which can be attributed to merged vibrational bands of functional groups such as –C-C,
and –C-H, –C-O. The experiments have demonstrated that solid carbonaceous material
can be formed without an energy barrier. The results of the low-temperature condensation
of carbonaceous solids are described in a recent paper [4].
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Figure 4.2: a)Spectral evolution of a Ne matrix doped
with carbonaceous and siliceous species (* Interfer-
ences subtracted). The band at 1000 cm−1 (10 µm)
formed upon annealing to 11.5 K is due to silicate.
b) HRTEM micrograph of an iron inclusion formed in
the mixed condensate

Matrices of Ne ice have been si-
multaneously doped with atoms
and molecules that are poten-
tial precursors of complex silicates
(Mg, Fe, SiO, SiO2) and of car-
bonaceous chains. The annealing
of the matrices showed the disap-
pearance of the molecular bands
and the rise of a broad feature
at 10µm in IR spectra measured
at temperatures lower than 13 K.
HRTEM revealed the formation of
amorphous carbon and silicates as
two distinct types of grains. The
co-condensation of silicates and
carbonaceous molecules can result
in redox reactions taking place
either between oxygen-containing
and reducing molecular species or
between reducing and oxidizing

solid components. The oxidation of carbonaceous material requires the reduction of
metallic silicate components. The simultaneous condensation of Mg-Fe-silicates with car-
bonaceous species lead to the reduction of Fe2+ ions and the formation of Fe particles
(see 4.1). The experimental results demonstrate that complex silicate and carbonaceous
grains can be re-formed in the cold ISM, and that they form distinct grain populations.
The formation of SiC was not observed at cryogenic temperatures.

[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, in, The Life Cycle of
Dust in the Universe: Observations, Theory, and Laboratory Experiments eds. A.
Andersen, M. Baes, H. Gomez, C. Kemper, and D. Watson, PoSLCDU 201347

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

[4] Fulvio, D., Gobi, S., Jäger, C., Kereszturi, A. & Henning, T. (2017): Laboratory
experiments on the low-temperature formation of carbonaceous grains in the ISM,
ApJS 233, 14

[5] Rouillé, G. Jäger, C.,& Henning, T. (2019): Separate silicate and carbonaceous solids
formed from mixed atomic and molecular species diffusing in Neon Ice, ApJ submit-
ted,
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4.2 Study of low-temperature surface reactions for

Astrochemistry

Serge Krasnokutski, Cornelia Jäger, Thomas Henning

Low-temperature reactions on the surface of cosmic solid particles (”dust”) are thought
to be responsible for the formation of complex organic molecules (COMs) observed in-
side ”dark” molecular clouds and planet-forming disks. These molecules could later be
delivered to planets and facilitate the formation of biopolymers.
Associative reactions, which are active mainly only on surfaces, play a key role for molecule
formation in astrophysical environments. They are only allowed when a third body for
energy and momentum transfer is present. The third body can be any kind of species
or medium. In particular, it could be the surface of cosmic dust. In contrast to the
fundamental importance of surface chemistry for the formation of COMs, there is a general
lack of quantitative experimental data on the reactions relevant for astrochemistry. In
the various astrochemical reaction databases, the number of included surface reactions
is almost one order of magnitude lower compared to the number of gas-phase reactions.
Moreover, the pathways of these surface reactions are often only first guesses, mostly based
on gas-phase reactions which could result in the application of wrong reaction channels.
This situation affects even the most important astrochemical reactions between abundant
species. We note as an example that the surface reaction C + H2 → HCH has been
found to be barrierless [1] in contrast to the energy barrier of 2500 K considered in the
databases.
We developed a new and innovative experimental technique to characterize the landscape
of chemical reactions on cold inert molecular surfaces, at conditions typical of those present
in molecular clouds and the low-temperature regions of planet-forming disks. In our
method, we use tiny helium nanodroplets flying in the ultra-high vacuum as a third
body to allow the associative reactions. In addition, these droplets are used as extremely
sensitive nanocalorimeters to measure the amount of energy released in the reactions. At
the same time, liquid helium has a negligible influence on the potential energy surface of
reactions. This is evidenced by only very slight shifts of electronic transitions caused by
liquid helium. Therefore, it provides neither any catalytic nor inhibitor activity allowing
us to study the intrinsic reaction properties.

Figure 4.3: Schematic representation of the chemical reactions occurring inside He
droplets. R1 and R2 are the two different reactants.

Figure 4.3 shows the principal scheme of reactions occurring inside He droplets. Reac-
tants are incorporated sequentially into He droplets. In less than 1 µs they meet inside
the droplets. Exothermic reactions with zero energy barriers in the entrance channel pro-
ceed spontaneously upon encounters. The reaction energy is transferred to the droplets
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leading to a size reduction. Each evaporated He atom removes about 7.2 K of energy.
By measuring the size of He droplets before and after the evaporation, we calculate the
amount of energy released in the reaction.

Figure 4.4: The measured depletion of the He
droplet beam caused by exothermic reactions
of fixed amount of C atoms as a function of
the efficiency of doping of the He droplets
with a second reactant.

The described approach was used to study
chemical reactions of carbon atoms with
different molecules [1, 2]. Although pre-
viously, the method was inaccurate and
could not provide the exact amount of en-
ergy released in the reactions, the first ob-
tained results have already demonstrated a
great potential of the technique, on a par
with the extreme importance of the C atom
reactions for astrochemistry.
We demonstrated that to achieve a quan-
titative accuracy of calorimetric measure-
ments, the method can be calibrated [3].
For this purpose, we measure size deple-
tion of He droplets at different doping effi-
ciencies as shown in Figure 4.4. We found
that reaction energies are directly propor-
tional to the slopes m of the measured de-
pendencies ER = Kcalm, where, Kcal is the
calibration constant, which can be defined
using any well-known reaction.
The achieved accuracy of the experimen-
tal measurements allows us a direct com-
parison of the experimental data with the
energy level diagram of chemical reactions
obtained in quantum chemical computa-
tions. In this way, the method exploits
the same approach as was used in the pio-
neering studies by Yuan Lee to characterize

gas-phase reactions by crossed molecular beam techniques.
The method was applied to study reactions of C atoms with a number of important
astrochemical molecules. The obtained results demonstrate an extreme reactivity of the
atomic carbon at ultra-low temperatures and suggest the formation of a large variety of
complex organic molecules during the condensation of atomic gas in the cold regions of
the ISM.

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

[2] Krasnokutski, S.A., Huisken, F., Jäger, C., & Henning, T. (2017): Growth and De-
struction of PAH Molecules in Reactions with Carbon Atoms, ApJ 836, 32

[3] Henning, T.K. & Krasnokutski, S.A. (2019): Experimental characterization of the
energetics of low-temperature surface reactions, Nat. Astron. 3, 568
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4.3 Desorption of astronomically relevant molecules

Alexey Potapov, Cornelia Jäger, Thomas Henning

Desorption of molecular ices increases the molecular diversity of the gas phase in vari-
ous astrophysical environments including dense molecular clouds, protostellar envelopes,
planet-forming disks, and the surfaces and atmospheres of planets. In the cold regions
of interstellar and circumstellar environments, ices cover the surface of a dust core or are
actually physically mixed with dust (Figure 1.1). The influence of the structure, tem-
perature, and composition of dust grains on the physical and chemical processes on their
surfaces is of great importance for the general understanding of astrochemical networks,
the creation of planetary systems, and the appearance of life on Earth.
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Figure 4.5: Schematic figure showing cosmic grains mixed with molecular ices and the
main sources of their processing in astrophysical environments.

In our pioneering study of the thermal desorption of water ice mixed with nm-sized
amorphous carbon and silicate grains [1], we show that the desorption kinetics of H2O
ice depends strongly on the dust/ice mass ratio due to the large surface of fractal dust
clusters. Moreover, it is demonstrated that water ice molecules are differently bound to
silicate grains in contrast to carbon. The results provide a link between the structure and
morphology of small cosmic bodies and the kinetics of desorption of water ice included in
them.
In addition, it is shown that a part of water molecules is trapped by silicate grains and
does not desorb up to 200 K (see also [2]). Such trapped water can survive the transition
from cold star-forming regions to accretion disks partly explaining large amounts of H2O
ice in disks around young stars. Trapped water can stay in silicates in the terrestrial
planet zone indicating that the building blocks of planetisimals could be wet.

To simulate the physical and chemical conditions prevailing in interstellar and circumstel-
lar environments, we developed a new experimental set-up, called INterStellar Ice-Dust
Experiment (INSIDE), which combines ultrahigh vacuum and low–temperature conditions
with infrared spectroscopy and mass spectrometry [3]. Schematic of INSIDE is shown in
Figure 1.2.
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Figure 4.6: Schematic of the INSIDE experimental set-up. Inset top-right: UHV chamber,
internal view. Inset lower-left: gas inlet system.

First experiments on the photodesorption of water ice molecules from the surface of sili-
cate and carbon grains by UV photons revealed strong influence of the surface properties
on the desorption yield, in particular in the monolayer regime. In the second experiment,
the thermal desorption of cometary ice analogues composed of six molecular components
(reproducing the mixing ratios of the comet 67P) was studied for the first time. The
observed co-desorption of CO2 and CH3OH with O2 indicates that at high O2 concentra-
tions in interstellar and circumstellar ices heavy ice molecules can be partly trapped in
O2 and released to the gas phase much earlier than expected. This effect could explain
astronomical detections of complex organic molecules in cold dense interstellar clouds.

[1] Potapov, A., Jger, C., Henning, T. (2018): Temperature Programmed Desorption of
Water Ice from the Surface of Amorphous Carbon and Silicate Grains as Related to
Planet-forming Disks, ApJ 865, 58

[2] Potapov, A., Mutschke, H., Seeber, P., Henning, T., Jger, C. (2018): Low-temperature
Optical Properties of Interstellar and Circumstellar Icy Silicate Grain Analogs in the
Mid-infrared Spectral Region, ApJ 861, 84

[3] Potapov, A., Jger, C., Henning, T. (2019): Photodesorption of water ice from dust
grains and thermal desorption of cometary ices studied by the INSIDE experiment,
ApJ 880, 12
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4.4 The formation of Formaldehyde on interstellar

carbonaceous grain analogs

Alexey Potapov, Cornelia Jäger, Thomas Henning

An understanding of possible scenarios for the formation of astronomically relevant species,
particularly complex organic molecules (COMs), will bring us one step closer to the un-
derstanding of our astrochemical heritage. Interstellar ices covering dust grains are known
to be a source of COMs abundantly detected in the interstellar medium (ISM). An al-
ternative route of COM formation could be grain surface reactions in regions where the
grains are not covered by ices.

In our study [1] this new route of COM formation in the ISM was probed experimentally.
Our results demonstrate, for the first time, that the bombardment of bare carbonaceous
grains by O and H atoms at low temperatures causes the formation of CO molecules with
their further hydrogenation leading to the formation of formaldehyde H2CO. Figure 1.3
shows the infrared (IR) difference spectra of grain analogues before and after the atom
bombardment, where two absorption signals corresponding to H2CO are visible.
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Figure 4.7: IR difference spectra before and after O/H bombardment of carbon grains for
two O2/H2 gas mixtures in the atomic source: (a) [O2]/[H2] = 1/60, (b) [O2]/[H2] =
10/70. Inset: zoom-in in the 3300 - 1000 cm−1 spectral range.

We note that a number of reaction products are formed after O/H bombardment: CO,
CO2, H2CO, H2O, and H2O2. However, the relative amounts of these products depend
strongly on the composition of the O2H2 mixtures discharged. In the inset of Figure
1.3, which zooms in on the 3300-1000 cm−1 spectral range, one can observe that with a
low amount of oxygen atoms, mainly CO, CO2, H2CO, and H2O were formed, while the
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increase of the oxygen fraction in the O2H2 mixture considerably increases the amount of
CO2, H2O, and H2O2, and moderately increases those of CO and H2CO. This is mainly
caused by two factors. The increase of the oxygen amount in the O2H2 mixture promotes
the formation of H2O and H2O2. A higher fraction of oxygen promotes the formation of
CO via the C+O reaction but also induces the CO-oxidation to form CO2, competing
with the CO-hydrogenation.

Formaldehyde is a direct precursor of methanol, which is generally taken to be a starting
point towards more complex organic molecules. Thus, the formation of H2CO is an
indication for a formation route to COMs on the surface of dust grains in interstellar
and circumstellar environments. For the formation of molecules on the surfaces of grains
under O/H atom bombardment, we propose the following scenario. The hydrogenated
fullerene-like carbon grains have strongly bent graphene layers and many defects that
can easily form bonds. Such defects are susceptible to chemisorption of oxygen. Thus,
the first reaction occurring during the H/O bombardment of the grains should involve
atomic oxygen leading to the formation of surface-CO. Surface-CO can be transferred
into free CO by further bombardment, so both CO forms can participate in the following
hydrogenation reactions leading to the formation of formaldehyde. Since we did not detect
HCO as an intermediate under our experimental conditions, we might then conclude that
H2CO is formed on the surface of grains through a simultaneous interaction with two
hydrogen atoms, rather than through the two-step reaction seen.

There are a number of important COMs known as building blocks for prebiotic molecules,
such as amino acids, which have been detected in the ISM and are probably formed on the
surface of interstellar carbon grains, for example, methanol, glycolaldehyde, acetaldehyde,
and methylamine. The next step is glycine, the simplest amino acid, which is known to
be present in comets. If we synthesize these molecules on the surface of interstellar grain
analogues we will take an essential step towards understanding:
i) the molecular complexity and chemical routes in the ISM,
ii) the catalytic effect of interstellar grains on the surface chemistry in the ISM,
iii) the hypothesis of the formation of prebiotic molecules in the interstellar medium.

Work done in collaboration with Mindaugas Jonusas and Lahouari Krim (Department
of Chemistry, Sorbonne Universits, UPMC Univ Paris 06, UMR 8233, MONARIS, Paris
F-75005, France)

[1] Potapov, A., Jäger, C., Henning, T., Jonusas, M., Krim, L. (2017): The Formation of
Formaldehyde on Interstellar Carbonaceous Grain Analogs by O/H Atom Addition,
ApJ 846, 131
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4.5 Chemistry in high-mass star formation

Caroline Gieser, Dmitry Semenov, Henrik Beuther, Aida
Ahmadi, Joseph Mottram, Thomas Henning, Felix Bosco,

Hendrik Linz

Chemical complexity of the AFGL 2591 VLA 3 hot core

The birthplaces of massive stars are ideal laboratories for studying the formation and
destruction of molecules in the interstellar medium. In order to understand the molecular
diversity observed in high-mass star-forming regions, one has to discern the underlying
physical and chemical structure of those regions at high angular resolution and over a
range of evolutionary stages.

We conducted a detailed observational and modeling study of the AFGL 2591 VLA 3 hot
core. The high-mass star-forming region AFGL 2591 is part of the NOrthern Extended
Millimeter Array (NOEMA) large program CORE (see contributions by Henrik Beuther
(§1.3) and Aida Ahmadi (§5.2)). Spectral line observations were carried out with NOEMA
at 1.4 mm. Large-scale emission observations with the IRAM 30 m telescope were com-
plemented. At an angular resolution of ∼0.4′′ (1 400 au at 3.33 kpc), we derived both the
physical and chemical structure of the hot core.

Using the kinetic temperature tracers methyl cyanide (CH3CN) and formaldehyde (H2CO),
we observe a temperature distribution with a power-law index of q = 0.4 ± 0.1 in agree-
ment with theoretical predictions. Fitting the visibilities of the continuum emission we
derive a density structure with a power-law index of p = 1.7± 0.1.

The spectra of the hot core reveal high molecular abundances (e.g., for SO2, SO, OCS) and
a rich diversity in complex molecules (CH3OH, CH3CN, NH2CHO, C2H5CN, C2H3CN,
CH3OCHO, CH3COCH3). The majority of the molecules have an asymmetric spatial
distribution around the forming protostar(s), which indicates a complex physical structure
on linear scales < 1 400 au (Fig. 4.8).

We modeled the observed molecular abundances derived at the position of the 1.4 mm
continuum peak with the chemical evolution code MUSCLE (MUlti Stage ChemicaL
codE). With this simple 1-D physical-chemical model, we are able to explain the observed
molecular abundances of 10 out of 14 modeled species at a hot core chemical age of
∼2×104 years. In contrast to the observational analysis, our chemical modeling predicts
a lower density power-law index of p < 1.4. Reasons for this discrepancy could be for
example that the model does not yet include important physical processes that cause
deviations from 1-D symmetry such as disks, outflows, and shocks.

In agreement with previous studies of the region, AFGL 2591 VLA 3 is in the hot core
phase. The observed chemical segregation of the molecular gas can be partially explained
by our model, but more sophisticated modeling is needed in order to explain the spatial
distribution of certain species, e.g., by including shock chemistry and the complex physical
structure of the source on small scales.

Combining high spatial resolution observations with detailed modeling allows us to derive
a concise picture of the physical and chemical structure of the famous AFGL 2591 hot
core. The next steps are to conduct similar analysis for the whole CORE sample (Gieser
et al. in prep.) and thereby constrain the chemical diversity in high-mass star formation
to much greater depth.
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Figure 4.8: Integrated intensity maps of detected molecular emission lines in AFGL 2591
VLA 3 ([1]). In each panel the molecule and transition are noted. The color map shows
the integrated intensity of the line emission. The white contours mark the 5σ level of the
integrated intensity (σ = 1.2 K km s−1). The green contours show the 1.4 mm continuum
emission with levels at 5, 10, 20, 40, and 80σ (σ = 0.59 mJy beam−1). The beam size of
the spectral line data is shown in the lower left corner. The white bar in the top right
corner indicates a spatial scale of 3 330 au (1′′).

Work done in collaboration with the CORE large program team
(http://www.mpia.de/core).

[1] Gieser, C., Semenov, D., Beuther, H., et al. (2019): Chemical complexity in high-
mass star formation: An observational and modeling case-study of the AFGL 2591
VLA 3 hot core, A&A accepted,
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5

Interstellar Medium and Star
Formation

Dust column density (colors) and projected plane-of-the-sky magnetic field (drappery pattern)

toward the Orion-Eridanus superbubble. The positions of the most prominent stars of the Orion

constellation are shown for reference. See chapter 5.4 for details and credits.



5.1 Bar-spiral interactions in NGC 3627

Henrik Beuther, Sharon Meidt, Eva Schinnerer

Introduction

What are the dynamical interactions at interfaces between galactic bars and the adjacent
spiral arms? In our Milky Way, one of the most active star-forming regions, the W43
region, is located at exactly that interface. Spectral line observations of this region reveal
multiple velocity components, however, it is not clear whether these spectral features
really belong spatially to the same region W43, or whether one component may be part
of a separate spiral arm. This question is difficult to unamabiguously answer for our own
Galaxy because of our location within the plane of the Galaxy and the associated line-
of-sight confusion. Therefore, we resorted to the nearby Galaxy NGC3627 with favorable
almost face-on geometry to address this topic.

Modeling the bar-spiral interactions in NGC3627

At a distance of 11.1 Mpc, spatial resolution elements of ∼1′′ correspond to a linear
resolution of ∼54 pc. The left panel of Fig. 5.1 presents the velocity structure of the
whole galaxy based on IRAM30 m single-dish observations, where one nicely sees the
overall rotation of the galaxy. For comparison, the two right panels in Fig. 5.1 show the
high-resolution view of the bar-spiral interface regions marked by the white circles in the
left panel. While the overall velocity structure of the high-resolution view resembles that
of the single-dish data, there is clearly a lot of clumpiness and sub-structure on the scales
traced with ∼54 pc resolution.
Inspecting the spectral CO features toward the line peak positions at the bar-spiral in-
terfaces, one finds towards many positions several CO lines, often separated by 50 km s−1

or even more. In contrast to our Milky Way, where such different velocity components
often cannot unambiguously be attributed to near and far distances, for this extragalactic
source with a closer to face-on geometry, such different velocity components have to be
at similar galacto-centric distance.
To better understand these different spectral features, we compare the data to analytic
dynamical models in the presence of spiral and bar pertubations of the gravitational po-
tential. Gas populating orbit families associated with either the bar or spiral perturbation
to the gravitational potential intersect at the ends of the bar. We test two models for the
relative velocities of gas on these intersecting orbits: One where the bar and spiral rotate
at different angular speeds and the bar extends out to its corotation radius, and another
where the bar and spiral rotate at the same speed so that the bar ends well inside the
corotation radius. We find that the data clearly favor the first scenario, which maximizes
the difference in azimuthal velocities at the intersection of bar and spiral orbits.
Assuming NGC3627 is a template for bar-spiral interactions, such configurations of clouds
at different velocities, that may interact or even collide in these interface regions, are likely
to favor strong star formation events. Gas can pile up in these regions and the dynamical
interaction can cause additional compression which is important for the build-up of high-
density material and bursts of star formation. In addition to this, the observed surface
densities in NGC3627 are high enough that shear motions are unlikely to inhibit or weaken
the star formation activity.
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Figure 5.1: CO(2–1) velocity structure of NGC3627. The left panel presents the IRAM
30 m single-dish observations. The two right panels the combined PdBI+30 m data of the
bar-spiral interfaces marked by the white circles in the left panel. The color-scale always
shows the 1st moment maps and the contours present the integrated emission.

Therefore, it seems plausible that such dynamically interacting bar-spiral interfaces are
most favorable for intense star formation, and could henceforth also be an explanation for
the presence of one of the most luminous HII region W43 in our own Milky Way bar-spiral
interaction zone.

Work done in collaboration with the Rosita Paladino (Bologna/Italy) and Adam Leroy
(Columbus/USA).

[1] Beuther, H., Meidt, S., Schinnerer, E., Paladiono, R., Leroy, A. (2017): Interactions
of the Galactic bar and spiral arm in NGC 3627, A&A 597, A85
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5.2 Zooming in on high-mass star formation

Aida Ahmadi, Henrik Beuther, Joseph Mottram, Felix Bosco,
Hendrik Linz, Thomas Henning, Rolf Kuiper

In recent years, differentially rotating disk-like structures have been observed surrounding
the most luminous cores, making a case for high-mass star formation being a scaled-up
version of low-mass star formation. However, the fragmentation mode and the properties
of these disk-like structures have yet to be comprehensively characterized. Using the
IRAM NOrthern Extended Millimeter Array (NOEMA), the CORE survey has obtained
high-resolution (∼0.3′′) observations of 20 well-known luminous star-forming regions at
1.3 mm in both line and dust continuum emission. The main results on the diversity of
fragmentation on clump scales is summarized in §1.3. In the following, we outline our
findings on the kinematics and fragmentation of the candidate disks on smaller scales.

From Core to Disk Fragmentation: The case of W3(H2O)

Located at a distance of 2 kpc, W3(H2O) is the most chemically rich source in our
sample. Resolving this hot core with a physical resolution of ∼700 au, we detect two
cores separated by ∼2000 au in dust emission at 1.3 mm. The line-of-sight peak veloc-
ities of the dense-gas tracer CH3CN reveal velocity gradients across both cores, per-
pendicular to the directions of two bipolar outflows, indicative of rotational motions
(Fig. 5.2 left panel). Assuming there are two disks in Keplerian rotation about each
of the 10 M� protostars located at the positions of the continuum peaks, we determine
the stability of the disks against gravitational instabilities using the Toomre Q parameter.

Figure 5.2: Left: Moment 1 map of CH3CN (12 −
11)K = 4 in colour with 1.3 mm continuum contours.
The dashed lines present the directions of rotation.
The blue and red arrows show the positions and direc-
tions of the two bipolar molecular outflows. Middle:
Rotational temperature of CH3CN. Right: Toomre Q
map. The solid contours correspond to our continuum
data in the most extended configuration. The dashed
line corresponds to the Q = 1 boundary.

Having access to multiple transi-
tions of CH3CN, we use the ra-
diative transfer code xclass to
model the relative intensity of
the lines under Local Thermody-
namic Equilibrium conditions and
obtain a temperature map with
values of about 150 K on aver-
age across the cores (Fig. 5.2 mid-
dle panel). We use this tempera-
ture map in creating a map of the
Toomre Q parameter and find low
Q values (< 3) in some regions,
implying they are prone to frag-
mentation (Fig. 5.2 right panel).
Therefore, W3(H2O) is an excel-
lent case where we see core frag-
mentation on large scales and ev-
idence for disk fragmentation on
smaller scales [1].
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Linking simulations and observations

Figure 5.3: Post-processed model simulation inclined
to 60 degrees and moved to 2 kpc (Top) and its respec-
tive synthetic NOEMA observations (Bottom). From
left to right: moment 1 map of CH3CN (12− 11)K =
4, its position velocity diagram for a horizontal cut,
and Toomre Q map. Contours are 1.3 mm dust con-
tinuum.

To test the limitations of our
Toomre Q analysis, we performed
a radiation hydrodynamic simula-
tion using the pluto code, start-
ing with a 200 M� reservoir of gas
and dust. A massive circumstellar
accretion disk is formed initially
which fragments fast resulting in a
dynamic system where some frag-
ments migrate inwards and some
get ejected. Using radmc-3d, we
post-processed a snapshot of the
simulations at 12 kyr when four
fragments at radii < 500 au of
the central protostar exist. We
further create synthetic observa-
tions of the inclined simulations in
dust and line emission at 1.3 mm
at 800 and 2000 pc for NOEMA
and ALMA to study the effects
of inclination and angular resolu-
tion. An example of the model
simulation inclined to 60◦ at 2 kpc
and its synthetic NOEMA obser-
vation is shown in Fig. 5.3. While
the velocity field in the simula-
tion shows the accretion of mate-
rial from the envelope onto each of the fragments and the central object, the velocity
field of the NOEMA observations are washed out by the poor resolution (left panels).
This is clearly seen in the position-velocity maps (middle panels) where the high-velocity
components of the Keplerian-like velocity field (shown in the solid curves for a 10 M�
protostar) become washed out and the kinematics look more rigid-body-like. We find
low Q values (right panels) as expected at the positions of the fragments and the spi-
ral arms connecting them in the simulation implying those regions are unstable against
gravitational instabilities as they have just fragmented. Interestingly, although we do not
detect the fragments in the synthetic observations, we find low Q values at some positions
allowing us to infer that the disk has fragmented [2].
Outlook: having examined a case study along with the benchmarking of the methods
using numerical simulations, we are currently working on extending the analysis to the
full CORE sample of 20 targets.

Work done in collaboration with the CORE large program team
(http://www.mpia.de/core).

[1] Ahmadi, A., & Beuther, H., & Mottram, J. C., & Bosco, F., et al. (2018): Core
fragmentation and Toomre stability analysis of W3(H2O), A&A 618, A46

[2] Ahmadi, A., & Kuiper, R., & Beuther, H. (2019): Disk Kinematics & Stability in
High-Mass Star Formation, A&A, submitted, arXiv:1909.04051
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5.3 Feedback in W49A diagnosed with radio

recombination lines and models

Michael Rugel, Henrik Beuther, Yuan Wang, Juan D. Soler,
Jospeh C. Mottram, Thomas Henning, Simon Bihr

Feedback in star clusters from molecular clouds

The precise role of feedback in star formation is a long-standing question in Galactic
research. In the star-forming region 30 Doradus, feedback may have dispersed the molec-
ular gas only after episodically forming multiple star clusters. Looking for a Milky Way
analog, we present a study of the star forming region W49A [1], which is one of the most
luminous star forming regions in the Milky Way. We use emission from radio recombina-
tion lines (RRLs) from the THOR survey (The HI/OH/Recombination line survey of the
Milky Way), in order to determine the morphology and kinematics of ionized gas. We
find signatures of a feedback-driven shell around the central star cluster (Cluster 1, Pos. 2
in Fig. 5.4) and investigate its evolution with models. They suggest that the shell did
not have the strength to disrupt the entire molecular cloud, but rather re-collapsed under
the gravity of the swept-up molecular gas. These results indicate that episodic feedback
events may take place also in the most dense and massive clusters in the Milky Way.

Radio recombination line emission in W49A

By stacking seven RRLs between 1.6 and 1.9 GHz, we map W49A in ionized gas at an
angular resolution of ∼ 15′′. We find that the RRL emission is grouped around the central
star cluster (Pos. 2 in Fig. 5.4) in a shell-like morphology. In agreement with molecular gas
tracers, such as C18O(3-2) emission from the CHIMPS survey (Rigby et al. 2016, MNRAS,
456, 2885), this indicates an ionization front around the central star cluster with a radius
of 1-3 pc. The velocity profile of C18O agrees with shell-like expansion/contraction at the
central position (Pos. 2 in Fig. 5.4). Towards the edges of the shell (Pos. 1 and Pos. 3
in Fig. 5.4), we find an anti-correlation in velocity between the peaks of the molecular
and ionized gas emission. While this needs further investigation, it is likely due to local
emission from ultra-compact HII regions that are located at these positions.

Comparison with models of stellar feedback

We investigated if such a shell-like structure can be powered by stellar feedback. We used
the WARPFIELD code to constrain its evolution (Rahner, D. et al., 2017, MNRAS, 470,
4453). Using literature values for the stellar mass of the cluster (Mstar ≈ 1×104M�), the
molecular cloud mass (Mgas ≈ 2× 105M�) and the mean density (n ∼ 4× 103 cm−3), we
find that the feedback was not strong enough in any of the models to disrupt the cloud
in the first attempt. Rather, the models indicate an initial expansion, which then stalled
and led to a re-collapsed of the shell, followed by a new event of star formation at the
position of the first star cluster, which in turn triggered a new expansion episode. Using
the observational constraints, the models suggest that the shell is about to re-collapse
at the moment. We speculate that this re-collapse has triggered star formation in its
immediate surroundings, which needs to be confirmed in detailed studies. In comparison
to 30 Doradus, discerning different stellar populations is difficult, due to the overall young
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age of the stars in the cluster (1-2 Myr). If the proposed scenario is true, W49A will
continue to episodically form stars before eventually being disrupted by stellar feedback.

Figure 5.4: Channel maps of stacked radio recombination lines from the THOR survey
(1.6-1.9 GHz). The upper left panel shows the velocity-integrated RRL emission, while
the other panels display the emission at the specified velocities. Overlaid is the C18O(3-2)
emission (CHIMPS). Crosses indicate star clusters identified in infrared emission. The
dotted inner circle indicates the determined shell radius around the central star cluster,
while the outer ring indicates the approximate maximum extent of W49A.

Work done in collaboration with Daniel Rahner and Eric Pellegrini at University of Hei-
delberg, as well as with the THOR collaboration (www.mpia.de/thor).

[1] Rugel, M. R., Rahner, D., Beuther, H., Pellegrini, E. W., Wang, Y., Soler, et al.
(2019): Feedback in W49A diagnosed with radio recombination lines and models,
A&A 622, A48
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5.4 Magnetic fields and molecular clouds

Juan D. Soler

The interstellar medium (ISM) is magnetized. However, our understanding of the exact
role of the magnetic fields in the formation of density structures, from molecular clouds
(MC) and filaments to pre-stellar cores and stars, requires further exploration. Significant
progress on this question has been made possible through new observations of the polarized
thermal emission by dust and the development of statistical tools to study the coupling
between the density structures and magnetic fields in and around star-forming clouds.

The magnetic field and the formation of molecular clouds

Using all-sky map polarization observations at 353 GHz made by ESA’s Planck ’s satellite
, we have identified the magnetic field in the Orion-Eridanus superbubble (Fig. 5.5),
a nearby expanding structure that spans more than 1600 square degrees in the sky and
constitutes the large scale environment for some of the most nearby star-forming clouds [1].

Figure 5.5: Dust column density (colors)
and projected plane-of-the-sky magnetic field
(drapery pattern) toward the Orion-Eridanus
superbubble. The positions of the most
prominent stars of the Orion constellations
are shown for reference.

The combination of the magnetic field
strengths estimated using the Davis-
Chandrasekhar-Fermi method and the ex-
isting Zeeman splitting observations of Hi
in emission suggests that the large-scale
magnetic field in the region was primarily
shaped by the expanding superbubble.
Using the multi-frequency observations by
the balloon-borne large-aperture submm
telescope for polarimetry BLASTPol, we
extended the analysis of the relative orien-
tation between column density and plane-
of-the-sky magnetic fields to the Vela C
molecular cloud (d≈ 700 pc) [2]. There
we found that the relative orientation be-
tween gas column density structures and
the magnetic field changes progressively
with increasing gas column density, from
mostly parallel or having no preferred ori-
entation at low column densities to mostly
perpendicular at the highest column densi-
ties. This observation is in agreement with
previous studies conducted by the Planck
collaboration towards more nearby MCs.
Complementing these observational stud-
ies, we investigated the conditions of the ideal magnetohydrodynamic (MHD) turbulence
responsible for the relative orientation between density and magnetic fields in MCs [3].
We found that the configurations of the density and the magnetic fields being mostly
parallel or mostly perpendicular constitute equilibrium points, that is, the system tends
to evolve towards either of these configurations and they are more represented than oth-
ers. This would explain the predominant alignment or anti-alignment between column
density structures and the projected magnetic field orientation reported in observations.
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Additionally, we found that changes between the mostly parallel and perpendicular con-
figurations are related to convergent flows, quantified by the divergence of the velocity
field, in the presence of a relatively strong magnetic field.

From diffuse atomic gas to molecular clouds

The comparison between the observed trends in relative orientation (between gas column
density structures and the magnetic field) and MHD simulations indicate that there is a
significant imprint of the magnetization in the assembly of MCs [3]. To further explore
this imprint observationally, we developed the histogram of oriented gradients (HOG)
technique for the systematic characterization of spectral line observations of atomic and
molecular gas and the study of molecular cloud formation models [4].

Figure 5.6: Atomic hydrogen (Hi) emission towards a portion of the Galactic plane cov-
ered by the THOR survey. The colors represent the emission in velocity channels with
−5<vLSR < 40 (red), 40<vLSR < 80 (green), and 80<vLSR < 120 km s−1 (blue).

We characterized HOG using synthetic observations of MHD simulations and then applied
it to the observations from the HI/OH/recombination line survey of the inner Milky Way
(THOR, Fig. 5.6) and 13CO (J = 1→ 0) emission from the Galactic Ring Survey toward
a portion of the Galactic plane . We found a significant spatial correlation between the
two tracers in extended portions of the studied region, most of it associated with Hi self-
absorption (HISA) features, suggesting that it is produced by the cold atomic gas. This
correlation provides a significant clue for the identification of the atomic gas reservoir of
MCs and the study of the effect of stellar feedback in their dispersion.

Work done in collaboration with Patrick Hennebelle (CEA, France), Andrea Bracco (ENS
Paris, France), Paul Clark (Cardiff University, UK), the BLASTPol Collaboration (PI.
Mark Devlin; University of Pennsylvania, USA), and the THOR Collaboration (PI. Henrik
Beuther; MPIA, Germany).

[1] Soler, J. D., Bracco, A., & Pon, A. (2018): The magnetic environment of the Orion-
Eridanus superbubble as revealed by Planck, A&A 609, 3S

[2] Soler, J. D., et al. (2017): The relation between the column density structures and
the magnetic field orientation in the Vela C molecular complex, A&A 603A, 64S

[3] Soler, J. D. & Hennebelle, P. (2017): What are we learning from the relative orien-
tation between density structures and the magnetic field in MCs?, A&A 607A, 2S

[4] Soler, J. D., & the THOR Collaboration. (2019): Histogram of oriented gradients: a
technique for the study of MC formation, A&A 622A, 166S
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5.5 Star-forming content of the giant molecular

filaments in the Milky Way

Miaomiao Zhang, Thomas Henning

How to understand and model the star formation rate (SFR) is a key question of star
formation theory. The commonly used SFR models comprise empirical/semi-empirical
relations and analytic models. Previous tests of SFR models mainly focus on the scale of
galaxies based on extragalactic studies. Recently, studies have begun to test SFR models
in our own Galaxy, but mainly at the scale of the most nearby clouds. We performed a
statistical investigation of star forming content of the giant molecular filaments (GMFs)
in the Milky Way with the aim to fill the gap in scale between galaxies and nearby clouds,
as well as to offer a comprehensive view of the relations between star formation process
and cloud properties.

Star formation rates of giant molecular filaments

Galactic molecular clouds are known to commonly exhibit filamentary structures. Re-
cently, observational studies have discovered and identified a growing number of large-scale
filaments with lengths up to ∼100 pc. These objects may be linked to the Galaxy-scale
distribution of dense gas and star formation patterns.

We collected 57 known GMFs from literature (see Fig. 5.7) and performed a statistical
analysis with the uniform methods [1]. The gas properties of GMFs such as total mass
and dense gas mass are estimated using the CO survey data. We also developed a method
to estimate the SFRs of molecular clouds in the Galactic plane based on the young stellar
objects (YSOs) counting method by assuming the universal initial mass function and
luminosity function. Figure 5.7 (right) shows an example of GMFs.

Figure 5.7: Left: Distribution of 57 GMFs plotted on the Milky Way spiral arm model.
Right: An example of GMF 39. Background is CO-based extinction map. The black and
blue contours represent the visual extinction of AV = 3 and 7 mag, individually. The
identified YSOs are labeled with red dots (Class I) and green pluses (Class II).
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Based on the SFRs estimated in 34 GMFs, we found that, on average, the SFR surface
density (ΣSFR) and star formation efficiencies (SFEs) of GMFs are similar to that of
nearby clouds as shown in Fig. 5.8. We also tested several star formation relations in
GMFs (see bottom panels of Fig. 5.8). We found that the average SFR per free-fall time
of GMFs is roughly consistent with the known SFR models, but there is no significant
correlation between ΣSFR and gas surface density per free-fall time (Σgas/tff,s) for GMFs
due to the large uncertainties of measurements. On the other hand, we detect a significant
correlation between SFR and dense gas mass for GMFs, indicating that the dense gas mass
could be an important parameter in controlling the SFR of GMFs.

Figure 5.8: Tops: Probability distributions of SFR, SFE, and ΣSFR for 34 GMFs with
the distances of <5.5 kpc. The red vertical lines show the corresponding median values in
nearby clouds. Bottom left: ΣSFR as a function of Σgas/tff,s for GMFs and nearby clouds.
Bottom right: SFR as a function of dense gas mass for GMFs.

Work done in collaboration with Jouni Kainulainen (Chalmers University of Technol-
ogy, Sweden), Michael Mattern (Max-Planck-Institut für Radioastronomie (MPIfR), Ger-
many), and Min Fang (University of Arizona, USA).

[1] Zhang, M., Kainulainen, J., Mattern, M., Fang, M., & Henning, Th. (2019): Star-
forming content of the giant molecular filaments in the Milky Way, A&A 622, A52
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5.6 On the fragmentation of filaments in

simulations and observations

Jouni Kainulainen, Roxana Chira, Jorge Abreu-Vicente, Henrik
Beuther, Thomas Henning

ALMA reveals how massive filaments fragment

Filamentary structures are believed to play a fundamental role in how molecular clouds
form stars. Specifically, filaments that have high line masses (line mass � 100 M� pc−1)
have large enough mass reservoirs to give birth to high mass stars and star clusters,
and therefore, their evolution and fragmentation is of great interest. However, studies
resolving their internal structure with high spatial resolution have been scarce.

Figure 5.9: ALMA observations of the integral-
shaped filament in Orion A at 3 mm continuum.
The resolution of the image is about 1 000 AU.

We have used ALMA to perform the
first study of a high line mass filament
that resolves the connection between
the cloud’s fragmentation and proto-
stars [1]. In this work, we observed the
most nearby high line mass filament—
the integral-shaped filament in Orion
A—with ALMA in 3 mm continuum
emission, in a resolution of about 1 000
AU or 3′′ (Fig. 5.9).
Our ALMA data revealed from the fila-
ment a population of compact objects,
often coinciding with protostars. This
enabled us to quantify the fragmenta-
tion pattern of the filament and com-
pare that with the distribution of the
youngest stars in the area. Our re-
sults showed that the filament does
not fragment according to the classi-
cal fragmentation models, but instead
showed a much more complex, hierar-
chical fragmentation pattern. In addi-
tion, the results showed that the distri-
bution of dense gas cores was different
from that of young stars, showing that
young stars rapidly loose memory of where in the gas they were born.

Simulations highlight the complexity of fragmentation

How exactly filaments fragment to form stars is of great interest, given that filaments
are known to be a ubiquitous morphology in the interstellar gas. Classical, analytic
fragmentation models adopt a highly idealised framework in which an initially hydrostatic
gas cylinder slowly fragments due to linear gravitational instability. It is unclear if such
an idealised framework is applicable to the highly dynamic interstellar medium.
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We have studied fragmentation of filaments in magnetohydrodynamic turbulence simula-
tions (Fig. 5.10). The simulations were ”zoom-in” simulations, i.e., the initial conditions
for them were taken from a larger, galaxy-scale simulation; the resolution was then in-
creased to reach the scale of the individual cores and filaments. The simulations were
followed as a function of time to study the evolution of gas structures.
Our analysis showed that filaments in the simulations evolved more dynamically than
assumed in the classical models. Specifically, they never reached a close-to hydrostatic
condition used as the initial condition. Further, the filaments started to fragment soon
after their formation, implying that kinematics had a leading role in driving fragmentation.
Overall, our results both in the observational and theoretical regimes suggest that fila-
ment fragmentation is clearly more complex and dynamical process than described by the
classical fragmentation models. Thus, the results urge for the development of new models
and caution against over-interpretations using the classical ones.

Work done in collaboration with Amelia Stutz (University of Concepcion), Thomas
Stanke (European Southern Observatory), Katharine Johnston (University of Leeds),
Tom Megeath (University of Toledo), Juan Carlos Ibanez-Mejia (University of Cologne
and Max-Planck-Institute for Extraterrestrial physics), Mordecai-Mark Mac Low (Amer-
ican Museum of Natural History).

[1] Kainulainen, J., Stutz, A. M., Stanke, T., Abreu-Vicente, J., Beuther, H., Henning,
T., Johnston, K. G., Megeath, S. T. (2017): Resolving the fragmentation of high
line-mass filaments with ALMA: the integral-shaped filament in Orion A, A&A 600,
141

[2] Chira, R., Kainulainen, J., Ibanez-Mejia, J. C., Henning, Th., Mac Low, M.-M.
(2018): On the fragmentation of filaments in a molecular cloud simulation, A&A
610, 62

Figure 5.10: Numerical simulation of molecular cloud evolution. The inset shows the line
mass evolution of the filaments identified in the simulation.
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5.7 Zooming in on star formation

Asmita Bhandare, Rolf Kuiper, Thomas Henning, Christian
Fendt
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Figure 5.11: Thermal evolution showing the
first and second collapse phase for a 1 M�
cloud.

Magnetized molecular clouds are known to
be the birthplace of stars which form by the
gravitational collapse of dense, gaseous and
dusty cores within these clouds. Zooming in
on the smallest scales in order to understand
the complex physical processes such as hy-
drodynamics, radiative transfer, phase tran-
sition, and magnetic fields has been challeng-
ing both theoretically and observationally.
For this reason, several fundamental ques-
tions about how stars form still remain unan-
swered. Numerical studies have deduced the
formation of a protostar to be a two-step pro-
cess during which the non-homologous col-
lapse leads to the presence of two quasi-
hydrostatic cores, famously known as Lar-
son’s cores, as shown in Fig. 5.11.
The initially isothermal, optically thin cloud collapses under its own gravity due to efficient
thermal and molecular line emissions from dust grains. The collapse may be initiated
either by ambipolar diffusion of magnetic fields, dissipation of turbulence, collapse of a
marginally stable Bonnor-Ebert sphere or by an external shock wave crossing a stable
cloud. With time, the optical depth becomes greater than unity due to an increase
in density and the radiative cooling becomes inefficient. As the cloud starts absorbing
the thermal radiation, the temperature begins to rise in this dense region which in turn
drives the first adiabatic collapse phase. This further leads to the formation of the first
hydrostatic core which eventually contracts adiabatically with an adiabatic index γactual

≈ 5/3. As the temperature rises the rotational degrees of freedom of the diatomic gas
get excited and the adiabatic index changes to ≈ 7/5. For the collapse of an initial 1 M�
cloud, the process of formation and evolution of the first core lasts for about 104 years.
H2 molecules begin to dissociate once the temperature reaches about 2000 K. This en-
dothermic process causes gravity to win over pressure which helps initiate the second
collapse phase. During this phase the adiabatic index changes to ≈ 1.1 which is well be-
low the stability limit of 4/3. The second hydrostatic core of atomic hydrogen is formed
almost instantaneously once most of the H2 is dissociated; this is then followed by a phase
of adiabatic contraction. An increase in the thermal pressure eventually halts the collapse.
The second core grows in mass as the surrounding envelope continues to accrete onto the
central core. A star is born once the center of the core reaches ignition temperatures
(T ≥ 106 K) for nuclear burning.
We perform isolated molecular core collapse simulations which involve detailed thermody-
namical modeling in terms of radiation transport. We account for the phase transitions by
using a realistic gas equation of state via a density and temperature-dependent adiabatic
index and mean molecular weight. We investigate the formation and evolution of first and
second hydrostatic cores in spherical symmetry using a gray treatment of radiative trans-
fer coupled with hydrodynamics as detailed in [1]. We expand our collapse calculations
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Figure 5.12: Shown on the left is the mean first core radius (mean is calculated over the
time from the onset of the first core formation until the second core formation). The
vertical lines span the minimum to maximum first core radius as the core evolves. Shown
on the right is the first core lifetime i.e. time between the onset of formation of the first
and second cores for different initial cloud masses.

for the first time to span a wide range of initial cloud masses from 0.5 M� to 100 M�.

Figure 5.13: Mach number, density, temper-
ature, and entropy of the convective second
core.

Our studies indicate a strong dependence
of the first and second core properties on
the initial cloud properties. We find that
the first core radius increases from the low-
to the intermediate-mass regime and de-
creases from the intermediate- to the high-
mass regime as seen in Fig. 5.12. Most im-
portantly, the lifetime of first cores strongly
decreases towards the intermediate- and
high-mass regime. In a nutshell, our stud-
ies show that low-mass protostars evolve
through two distinct stages of formation of
the first and second hydrostatic cores. In
contrast, in the high-mass star formation
regime, the collapsing cloud core rapidly
evolves through the first collapse phase and
essentially immediately forms Larson’s sec-

ond core. This indicates that the first cores are practically non-existent in the high-mass
regime.
Furthermore, using 2D radiation hydrodynamic simulations we investigate the collapse of
a 1 M� cloud. We follow the evolution of the second hydrostatic core for ≈ 100 years
after its formation and find signs of convection in the core (see Fig. 5.13).

Work done in collaboration with Gabriel-Dominique Marleau (University of Tübingen)
and Mario Flock (MPIA).

[1] Bhandare, A., Kuiper, R., Henning, Th., Fendt, C., Marleau, G. D., and Kölligan,
A. (2018): First core properties: From low- to high-mass star formation, A&A 618,
A95
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5.8 Ubiquitous velocity fluctuations throughout the

molecular interstellar medium

Jonathan Henshaw, Henrik Beuther, Thomas Henning, Manuel
Riener, Eva Schinnerer

The density structure of the interstellar medium (ISM) determines where stars form and
inject energy and momentum into their host galaxy. Density variations are seeded by
gas motion, but the nature of these motions is unknown across spatial scale and galactic
environment. ISM density structure may either be dynamic, produced by a combination
of instabilities, convergent flows, and turbulence, or persistent and in quasi-equilibrium
(Dobbs et al. 2014, PPVI, 3). Discerning the origin and evolution of this structure
requires quantifying gas motion from the scales of entire galaxies down to star-forming
cores.
A limitation of many alternative techniques used to measure ISM kinematics (e.g. mo-
ment analysis, channel map analysis, position-velocity diagrams) is that they involve a
reduction in the dimensionality of observational data, either by averaging over the spectral
axis or integrating over one of the two spatial axes, respectively. We have recently devel-
oped a spectral decomposition algorithm called scousepy which does not suffer from this
limitation [1]. We apply this technique to observations of the molecular ISM which span a
range of physical conditions, from galaxy centres to galactic discs, and spatial scales, with
physical resolutions ranging from ∼ 100 pc down to ∼ 0.1 pc [2]. On large (∼ 100 pc)
scales, we analyse Atacama Large Millimeter Array (alma) observations of NGC 4321
from the Physics at High Angular resolution in Nearby GalaxieS (PHANGS) survey1 At
intermediate (∼ 1 pc) scales, we target both the Milky Way disc and the Central Molec-
ular Zone (CMZ) of the Milky Way with data from the Galactic Ring Survey (Jackson et
al., 2006, APJS, 163) and Mopra CMZ survey (Jones et al., 2012, MNRAS, 419, 2961),
respectively. On small (∼ 0.1 pc) scales we include Plateau de Bure Interferometer (pdbi)
observations of an Infrared Dark Cloud located in the Galactic disc, G035.39-00.33 (Hen-
shaw et al., 2014, MNRAS, 440, 2860) as well as alma observations of the CMZ cloud
G0.253+0.016 [1].
Our key finding is the similarity in the appearance of the velocity field of the molecular
ISM across all of our selected regions (Fig. 5.14). The ripples evident in Fig. 5.14 represent
gas motion. This phenomenology is ubiquitously observed across all scales and galactic
environments selected; a nearby galaxy disc observed with ∼ 100 pc resolution is rippled
with velocity fluctuations in a way that is qualitatively similar to an individual molec-
ular cloud observed with ∼ 0.1 pc resolution in the extreme environment of the Milky
Way’s CMZ. Despite their isotropic and homologous appearance, the velocity fluctua-
tions exhibit measurable statistical differences that encode their different physical origins.
Independently of scale and environment, we identify regions in which the velocity fluctua-
tions exhibit characteristic wavelengths (NGC 4321, 432 pc; CMZ, 21.2 pc; G035.39-00.33;
0.29 pc). Correlated periodicity in the inferred ISM density structure implies that these
oscillatory flows are instability-driven, convergent, and that they play a critical role in
driving density variations across all scales in the ISM. In contrast, we also identify re-
gions in which the velocity fluctuations exhibit power-law behaviour (GMF 38.1-32.4b,
δv ∝ `0.42; G0.253+0.016, δv ∝ `0.34), indicative of scale-free turbulent motions inherited
from larger scales (e.g. Elmegreen & Scalo, ARA&A, 42, 211).

1www.phangs.org
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The emergent picture from this work is that the density structure of the ISM in our selected
regions is not quasi-static, isolated, and with environment playing little or no continuous
role in its development. Instead, our results show that ISM structure is best described
by a multi-scale, coupled dynamical system and that the origin and evolution of ISM
density structure is inextricably related to its motion across a wide range of spatial scales
and galactic environments. Accurately predicting the location and magnitude of star
formation, as well as the subsequent effect of feedback on the surrounding gas in galaxies,
therefore necessitates quantifying how ISM density structure is shaped by convergent gas
flows as a function of scale and environment.

Figure 5.14: The position-position-velocity structure of the molecular interstellar medium.
The panels from left to right decrease in spatial scale from > 103 pc to 10−1 pc. The top
and bottom row highlight differences in galactic environment. Each data point highlights
the position, centroid velocity, and peak intensity of individual emission features extracted
from each data set (see cartoon). The panels show, nearby galaxy NGC 4321 (top-left), a
region of the Milky Way’s Galactic disc (top-centre) as well as it’s CMZ (bottom-centre),
infrared dark clouds G035.39–00.33 (top-right) and G0.253+0.016 (bottom-right). Scale
bars are indicated in the corner of each panel.

Work done in collaboration with John Bally (U. Colorado, US), Ashley Barnes (U. Bonn,
DE), Cara Battersby (U. Connecticut, US), Natalie Butterfield (NRAO, US), Yanett Con-
treras (Leiden Observatory, NL), James Dale (U. Hertfordshire, UK), Adam Ginsburg
(NRAO, US), Thomas Howarth (Imperial College London, UK), James Jackson (New-
castle U., AU), Jens Kauffmann (MIT, US), Diederik Kruijssen (U. Heidelberg, DE),
Steven Longmore (LJMU, UK), Jouni Kainulainen (Chalmers University, SE), Elisabeth
Mills (Brandeis U., US), Thushara Pillai (Boston U., US), Sarah Ragan (U. Cardiff,
UK), Daniel Walker (NAOJ, JP), Qizhou Zhang (Harvard CfA, US), + the PHANGS
collaboration (www.phangs.org)

[1] Henshaw, J. D., et al. (2019): “The Brick” is not a brick: a comprehensive study
of the structure and dynamics of the central molecular zone cloud G0.253+0.016,
MNRAS 485, 2457

[2] Henshaw, J. D., et al. (2019): Ubiquitous velocity oscillations throughout the molec-
ular interstellar medium, Submitted ,
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6

Understanding the Milky Way and
its Stars
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Left: temperature distribution in a vertical slice of a metal-poor F dwarf stellar atmosphere.

Right: non-LTE contribution function for the H-alpha wing, illustrating the complex line for-

mation occuring in convective stellar atmospheres. See chapter 6.6 for details and credits.



6.1 Stellar streams in the Solar neighbourhood

Bertrand Goldman, Thomas Henning, Shih-Yun Tang

Nearby open clusters offer us examples of single-age, homogeneous stellar populations
which let us study in details the stellar physics and formation from intermediate-mass
stars down to brown dwarfs. Their dissolution is the main contribution to the Milky Way
field population, and the interaction of the clusters with the Milky Way gravitational field
and the formation of tidal tails shed light on the kinematic processus at work.
The publication of the two Gaia catalogues in 2016 and 2018 has dramatically enriched
our capability to both complete the census of nearby stellar clusters and the membership
of each cluster. Here we describe our work dedicated to these topics, which revealed new
open clusters in the Solar vicinity, and the discovery of moving groups and tidal tails
connected to historical open clusters.

Stellar streams in the Solar neighbourhood

We have searched for cold stellar structure in the Solar neighboorhoud, i.e. stellar groups
with small velocity dispersion. We primarily used Gaia propre motions and parallaxes
to determine tangential velocities parallel. We searched for overdensities in the plane of
linear velocities towards a convergent point, and perpendicular to the direction of the
convergent point, exploring a large grid of possible convergent points. We also searched
stars with moving compatible with the motion of known clusters, such as the Hyades open
cluster.
The first approach led to the discovery of a large number of young comoving stars within
the Lower Centaurus Crux association [1]. While the young stellar population of
Sorpius-Centaurus has been studied in the past, the Gaia DR2 catalogue let us discoverA&A proofs: manuscript no. output

2. Finding the Hyades tidal tails

According to N-body simulations, a Galactic open cluster, ini-
tialised as a spheroid, elongates with time along its Galactocen-
tric radius and begins to lose members, mainly low-mass stars
which form two tidal tails along the cluster orbit (Kharchenko
et al. 2009). In the N-body models by Ernst et al. (2011), tai-
lored to fit the present-day situation of the Hyades, these tidal
tails should reach a length of about 800 pc at present time if they
had not been destroyed by passing molecular clouds, disk shock-
ing, spiral arm passages and other events not taken into account
by the model. Though being sparsely populated, the tails may
reveal themselves as over-densities of co-moving stars along the
cluster orbit. With increasing distance from the cluster centre,
the space velocities of former cluster members can, however,
di↵er significantly from the velocity of the cluster itself. There-
fore, we concentrate our search on a smaller volume and chose
a sphere around the Sun with a radius of 200 pc. This should be
large enough to contain a good portion of the Hyades tails if they
still exist.

In the following discussion we use barycentric Galactic
Cartesian coordinates X,Y,Z. The axes X,Y,Z are directed to
the Galactic centre, the direction of Galactic rotation and to the
Galactic north pole, respectively. The corresponding velocity co-
ordinates are U,V,W. For the central part of the Hyades we de-
termined the phase space coordinates on the basis of positions,
proper motions, parallaxes, and radial velocities from Gaia DR2.
We found mean values of:

Rc = (Xc,Yc,Zc) = (�44.77,+0.40,�16.24) pc,
Vc = (Uc,Vc,Wc) = (�42.24,�19.00,�1.48) km s�1.

(1)

These values are are almost identical to the previous determina-
tion by Reino et al. (2018) based on Gaia DR1.

2.1. Preparatory work

We cut the Gaia DR2 dataset (Gaia Collaboration et al. 2018b) to
select all entries having parallax greater than 5 mas, which gave
some 6 million objects. For the further processing we followed
the procedures described in Lindegren et al. (2018), Chapter 4.3
and Appendix C, Figures C.1 and C.2, to obtain a stellar sample
cleaned from possible artefacts.

First we applied the “unit weight error"-cut (cf. Eq C.1 in
Lindegren et al. 2018) which removed a considerable portion of
dubious entries, and 3.6 million sources remained. As a next step
we applied the “flux excess ratio"-cut and followed here the pro-
cedure given in Gaia Collaboration et al. (2018a) which reduced
the sample to 1,461,162 objects. To exclude dubious measure-
ments we discarded all stars with relative errors of parallax larger
than 10 per cent. This forms an astrometrically and photometri-
cally clean sample of 1,452,246 stars. The price to be paid for
this cleaning is a possible incompleteness at the faint end. The
distributions of G and MG magnitudes show maxima at 17 mag
and 12 mag, respectively.

2.2. Constraining the velocity space

In the ideal case, we need observed space velocities for each star
in a sample to identify stars co-moving with the Hyades. How-
ever, measured radial velocities are missing for the vast majority
of stars. Therefore we have to rely on criteria based on their tan-
gential velocities solely. This implies that we may detect highly
probable co-moving stars, though they need final confirmation
once radial velocities are measured. We followed the formalism
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Fig. 1. Velocity distribution of the stars in the tangential velocity plane
(Vkobs - Vkpred, V?obs) after the two volume cuts described in section
2.2. The zero point is the predicted value from the space motion of the
Hyades. The x-axes points into the direction of the convergent point.

¡200 ¡150 ¡100 ¡50 0 50 100 150 200

Y (pc)

¡150

¡100

¡50

0

50

X
(p

c)

Fig. 2. Distribution of the stars in the Y, X-plane after the cut in the tan-
gential velocity plane according to the situation in Fig.1 and the volume
cut, both described in section .

of the convergent point (CP) method as described, e.g. in van
Leeuwen (2009) and transformed the Cartesian velocity vector
of the cluster motion Vc from Eq.1 to give predicted velocities
Vkpred and V?pred parallel and perpendicular to the CP for each
star depending on its X,Y,Z coordinates. We note that V?pred ⌘ 0.
Also following van Leeuwen (2009) we similarly transform the
measured (observed) tangential velocities for each star,  µ↵⇤/$
and  µ�/$ into Vkobs and V?obs. Here$ is the measured trigono-
metric parallax in Gaia DR2 and  = 4.74047 is the transforma-
tion factor from 1 mas yr�1 at 1 kpc to 1 km s�1. We also de-
termined the covariance matrix for the velocities Vkobs and V?obs
according to error propagation from the covariance matrix of the
µ↵⇤, µ� and $.

To increase the the signal-to-noise ratio in the tangential ve-
locity plane, we momentarily constrained the volume around the
Hyades within we searched for the tails. We performed cuts as
|Z � Zc|  20 pc and |X � Xc|  100 pc, where Xc and Zc are
the coordinates of the centre of the Hyades cluster given in Eq.
1. These cuts are ample compared to the predicted extent of the
model tails, and they reduced the sample to 154,389 stars. In
Fig. 1 we show the distribution of Vkobs - Vkpred and V?obs for vol-
ume restricted sample above. When the space velocity of a star is
identical to Vc from Eq.1, the di↵erences between the predicted
and observed velocities (Vkobs - Vkpred, V?obs) must be equal to
(0,0). Consequently, the strong maximum at (0,0) in Fig. 1 is
caused by the stars of the Hyades cluster proper. Also, there is a
clear over-density extending along the x-axis in this plot. To ex-
tract the stars from this over-density, we cut out an area between

Article number, page 2 of 4

Figure 6.1: Velocity distribution of the
stars in the tangential velocity plane to-
ward and perpendicular to the Hyades
convergent point. One notices the nar-
row distribution typical of a cool stellar
structure, and some sub-clustering [5].

more than 1800 young stars and brown dwarfs
grouped in several distinct moving groups, with
velocity dispersions smaller than 1 km/s. The
present-day mass function follows a log-normal
law with mc = 0.22M� and σ = 0.64, and
we detected members with masses down to
20 MJup. The different moving groups seem to
have different (isochronal) ages, with offset of
about 1 Myr, but they share the same mass
function. They also separate in physical space,
and we found the complex to expand. We es-
timated the age of the region at the low edge
of the disputed range, at about 9 Myr. Mid-IR
photometry allowed us to detect dozens of new
circumstellar disks.
The second approach led to the discovery of
tidal tails around the Hyades open cluster
[5]. Until our work, the only systems exhibit-
ing tidal tails in the Local Group were globular
clusters and dwarf galaxies, at large distances
from the Sun. These structures are precious
tools to study the gravitational potential of the
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Fig. 3. The Hyades and their tidal tails. The figures show the spatial distributions of stars in dense regions with at least 2.5⇥10�3 stars per pc3 (see
text for further explanation of this selection). From left to right: distribution in the Y, X-, Y,Z-, and X,Z-planes. Stars selected in Gaia DR2 are
shown as dots, red: the Hyades cluster proper, green: preceding tail, blue: following tail and pink: all other stars in dense regions. The distributions
of stars in the predicted Hyades tidal tails from the model by Kharchenko et al. (2009) are show as a density plot in the background.

-5 and +3 km s�1 in Vkobs - Vkpred and -0.8 and +1.1 km s�1

in V?obs from Fig. 1. We show the spatial distribution of the
1,580 co-moving stars from these cuts as a projection onto the
Galactic plane in Fig. 2. The most prominent feature is a strong
over-density at the position of the Hyades cluster proper at Y, X
= (+0.40 pc, -44.77 pc). The cluster shows an elongated shape
indicating that it loses members trough the Lagrangian points.
Also, we observe a weaker but significant over-density extending
from the Hyades centre towards Y, X = (+190 pc, -22 pc) which
can be attributed to the preceding tidal tail of the Hyades. The
beginning of the following tail can be spotted in the direction to
Y, X = (-40 pc, -70 pc) from the cluster centre. However, there is
still a noticeable amount of contamination in this plot. This hap-
pens mainly due to a rather generous cut in the tangential veloci-
ties which allows an increasing number of co-moving field stars.
Nevertheless, we need such a large velocity window to identify
the tails since the velocities of the tail stars can di↵er from the
Hyades velocity. Also, we remind the reader that additional con-
tamination can occur due to missing radial velocities. In order to
study the real spatial over-densities of stars co-moving with the
Hyades we need to estimate the contamination.

2.3. Identifying the tidal tails

In the previous section we set necessary conditions for stars to
be members of the Hyades tails by constraining the tangential
velocities of these stars to lie between -5 and +3 km s�1 in
Vkobs - Vkpred and -0.8 and +1.1 km s�1 in V?obs. In other words,
stars outside this velocity range are not considered to adhere to
Hyades tails, at least in the context of this paper. Of course, there
may be also field stars obeying the velocity restrictions above. In
this section we estimate the number of these contaminants to the
tidal tails.

In the following, we ignore the volume cuts from the previ-
ous section and select here all stars within the sphere of 200 pc
around the Sun that fulfil the velocity restriction (6895 stars).
That gives an average stellar density of 0.205⇥10�3 stars per pc3.
We sub-divide the sphere into cubes with edge lengths of 10 pc
to determine the dependence of the contaminating stellar density
as a function of the Z coordinate. If all stars would be randomly
distributed (which is not the case because at least the Hyades
cluster is in this volume), then we find from Poisson statistics
that only 2 of these cubes should be filled with 4 or more stars.
So, to determine the field star density as a function of Z we dis-

regard all cubes having 4 or more stars. These contain signal.
We find a maximum density around Z = -10 pc with a value of
0.358⇥10�3 stars per pc3. The density is decreasing for higher
and lower Z and falls below the mean of 0.205 at Z = -50 pc and
Z = +50 pc. Then, for all cubes, we calculate the probability p
that at least one star from a random distribution is in the cube.
For a star in a given cube filled with N stars, we attach an idivid-
ual value of p/N as contamination. We do this for all 6895 stars.
This procedure enables to estimate the number of contaminating
field stars in the Hyades cluster itself and its possible tails.

This sub-division of the 200 pc sphere gives rigorous fixed
cuts between adjacent cubes irrespective of the actual over-
densities. So, to extract physical over-densities we proceed as
follows: around each of the 6895 stars we draw a sphere with ra-
dius 10 pc and count the stars which fall into these spheres. We
select spheres that at least are filled by 6 stars or more, at least
a density of 2.5⇥10�3 stars per pc3, and finally select all stars
which belong to at least one of these spheres (1316 stars). The
result of this selection is shown in Fig. 3.

In Fig. 3 the Hyades and their tidal tails are prominently
be seen. We separated di↵erent over-densities show by di↵erent
colours in this figure: a) The central part of the Hyades defined
by a sphere with radius 18 pc around the centre (corresponding
to two tidal radii as found by Röser et al. (2011)). In this volume
we find 501 stars (shown as red dots in Fig. 3). Adding up the
contamination of the stars in this volume gives 7. b) Stars in the
leading tail of the Hyades shown as green dots in Fig 3. This
leading tail is a rather homogeneous structure extending up to
170 pc in the positive Y-direction We count 292 stars in this tail
with a contamination of 36. c) Stars in the following tail. The
following tail, shown as blue dots in Fig. 3, looks rather shred-
ded. It seems to be in the course of being destroyed after 650
Myr. In the following tail we find 237 stars with a contamination
of 32. As the following tail has such a inhomogenous structure
we may have partly selected stars that do not originate in the
Hyades cluster itself. d) all other stars in this figure are shown as
pink dots and represent minor over-densities of co-moving stars
falling in the same tangential velocity box as the Hyades itself,
but are so far away in space from the Hyades that they have noth-
ing to do with the cluster. The most prominent feature is a group
of 93 stars in the constellations Sagittarius and Corona Australis,
some 150 pc away from the Sun in the direction to the Galactic
centre. A quick look into the CAMD shows one half of these
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Figure 6.2: The Hyades and their tidal tails. Stars selected in Gaia DR2 are shown as
dots, red: the Hyades cluster proper, green: preceding tail, blue: following tail and pink:
all other stars in dense regions. Our detection of the tidal tail stars overlap remarkably
on the location predicted by the model by [3] (shown as a density plot) [5].

Milky Way, and set constraints on the shape and granularity of the halo. However,
pre-Gaia DR2, no tails could be distinguished in the Solar neighbourhood against the
background of distant stars, because of their low-surface brightness.
We selected well-measured Gaia -DR2 stars with tangential velocity close the Hyades’s
(i.e. at the centre of Fig. 6.1). In contrast to our previous work using ground-based data
[2], limited to 30 pc (about three tidal radii), we could extend the search up to 200 pc
from the Hyades centre. With additional selection, the resulting sample clearly exhibits
two tails resulting from the gravitational interaction with the Milky Way, according to
the simulation of [3] (Fig. 6.2). The preceding tail is much better detected than the fol-
lowing tail. Further investigation should reveal whether this is due to Gaia-DR2 precision
variations; the confusing Galatic plane background; or a physical disruption of the tail.

Nine new nearby open clusters

Before the Gaia data were published, we used ground-based proper motion catalogues
and similar technics to search for nearby old open clusters. We identified nine new such
clusters within 500 pc of the Sun, with intermediate age between 70 Myr and 1 Gyr. Our
discoveries contribute to complete the nearby open cluster census which is known to be
incomplete, because of their large extension on the sky.

Work done in collaboration with Elena Schilbach and Siegfried Röser (ZAH-ARI), in the
framework of the SFB 881 The Milky Way, subprojects B5 and B7.

[1] Goldman, B., Röser, S., Schilbach, E., et al. (2018): A large moving group within the
Lower Centaurus Crux association, ApJ 868, 32

[2] Goldman, B., Röser, S., Schilbach, E., et al. (2018): Towards a complete stellar mass
function of the Hyades, A&A 559, 43

[3] Kharchenko, N. V., Berczik, P., Petrov, M. I., et al. (2009): , A&A 495, 807

[4] Röser, S., Schilbach, E., & Goldman, B. (2016): Nine new open clusters within 500 pc
from the Sun, A&A 595, 22

[5] Röser, S., Schilbach, E., & Goldman, B. (2019): Hyades tidal tails revealed by Gaia
DR2, A&A 621, 2
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6.2 Value-added data products in Gaia Data

Release 2

Coryn A.L. Bailer-Jones, Jan Rybizki, Rene Andrae, Morgan
Fouesneau

Stellar parameters for a hundred million stars

The Gaia group at MPIA is part of the Gaia Data Processing and Analysis Consortium
responsible for object classification and stellar parameter estimation. This is addressed
primarily using the low dispersion BP/RP spectrophotometry, which will appear as part
of the third data release in 2021. For technical reasons, only the integrated spectra, as
two photometric bands, were published as part of the second data release in 2018. We
were nonetheless able to use this photometry, along with parallaxes, to estimate Teff in
the range 3000–10 000 K for 161 million sources, as well as line-of-sight extinction AG for
88 million sources, with G < 17 mag [1]. These were published in the Gaia catalogue.
The mean accuracies were 324 K and 0.46 mag respectively. A sky map of the extinctions
is shown in Figure 6.3.

0 2.5AG [mag]

Figure 6.3: Distribution of G-band extinction, AG (averaged over all parallaxes) in Galac-
tic coordinates (Mollweide projection). The map is centered on the Galactic Center, with
longitudes increasing towards the left.

Distances to a billion stars

Parallaxes are noisy measurements, so a simple inversion of a parallax is a biased esti-
mate of distance. (This can be understood in the limit as the parallax becomes zero, or
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Figure 6.4: Examples of the inferred posteriors (black curves), and corresponding priors
(green curves) and likelihoods (blue curves). All distributions are normalized (the likeli-
hood is normalized over the range plotted). The two numbers in the top-right corner of
each panel are the fractional parallax uncertainty (upper), and the parallax in mas (lower).
The dashed lines show the 68% confidence interval. In panel (a) the prior is so broad on
this scale that it appears at almost zero density. Panel (i) is for a negative parallax.

even negative.) Distances must instead be estimated via an inference process. This is
particularly important for Gaia because nearly 90% of its parallaxes have uncertainties
greater than 20%, a rough threshold above which this bias becomes significant. Building
on earlier work [2], we did this for all 1.33 billion parallaxes published in Gaia DR2 (see
Figure 6.4. We use a prior characterized by a single length scale parameter that varies with
position on the sky. This we derived from a simulation of the Gaia catalogue (including
its selection function) that we constructed for this purpose [4]. The resulting catalogue
lists not only distance estimates but also (importantly) asymmetric uncertainties on the
distances [3]. Although not part of the official data release, our catalogue is hosted on
the Gaia archive and has been widely used.

[1] Andrae, R. et al. (2018): Gaia Data Release 2: First stellar parameters from Apsis,
A&A 616, A8

[2] Astraatmadja, T., Bailer-Jones, C.A.L. (2016): Estimating distances from parallaxes
II. Performance of Bayesian distance estimators on a Gaia-like catalogue, ApJ 832,
137

[3] Bailer-Jones, C.A.L. et al. (2018): Estimating distances from parallaxes. IV. Dis-
tances to 1.33 billion stars in Gaia Data Release 2, AJ 156, 58

[4] Rybizki, J. et al. (2018): A Gaia DR2 mock stellar catalog, PASP 130, 074101
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6.3 Stellar encounters with the Sun in Gaia Data

Release 2

Coryn A.L. Bailer-Jones, Jan Rybizki, Rene Andrae, Morgan
Fouesneau

Goal and method

We want to recontruct the history of stellar encounters with the solar system to both
determine the overall encounter rate and to identify specific close encounters. The ultimate
goal is to quantify the influence of passing stars on perturbing the Oort cloud and to look
for evidence of subsequent comet impacts on the Earth.
Using 6D phase space data for 7.2 million stars from Gaia DR2, we integrate their orbits
and those of the Sun through a Galactic potential. Uncertainties are propagated by
resampling from the 6D covariance. We identify stars which pass close to the Sun in the
past and future. Modelling Gaia’s selection function with the Gaia Mock Catalogue [1],
we correct for Gaia’s observational incompleteness (see Figure 6.6) to infer the current
rate of encounters with stars of all masses. This work, published in A&A [2], builds on
earlier work we have done [3] [4]. We also used a similar approach to look for the origin
of the first interstellar object ‘Oumuamua.
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Figure 6.5: Encounter parameters for stars that pass the Sun within 1pc. Each circle
shows the median; the error bars show the extent of the 5th and 95th percentiles (the error
bars are smaller than the points in some cases). The colours show the encounter speed
(unfilled circles have vph > 100 km/s): slower is more disruptive for the Oort cloud.

Results

• We identify 26 stars that have a greater than 50% chance of approaching within 1.0
pc of the Sun (7 within 0.5 pc) in the past of future (see Figure 6.5).
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Figure 6.6: The completeness map, showing the fraction of all encounters that are observed
in our G<12.5 mag sample, as a function of perihelion time and distance.

• The closest encounter is with the K7 dwarf Gl 710, which has a 95% probability of
approaching within 0.08 pc (17 000 AU) in 1.2 Myr from now.

• Correcting for incompleteness, we find the rate of encounters (for all types of stars)
within 1 pc of the Sun to be 19.7± 2.2 per Myr. This rate scales quadratically with
the encounter distance out to several pc.

Looking ahead

One limitation in extending this work is the availability of radial velocities. These need
to be accurate to about 1 km/s to be useful, and much better than this to be commen-
surate with the tangential velocity accuracy obtained from Gaia’s parallaxes and proper
motions. Looking for encounters beyond 10–20 Myr will always be difficult due to uncer-
tainties in the Galactic potential, its evolution, and the short lifetimes of non-detectable
perturbers such as molecular clouds. Correcting for incompleteness remains a challenging
problem.

[1] Rybizki, J. et al. (2018): A Gaia DR2 mock stellar catalog, PASP 130, 074101

[2] Bailer-Jones, C.A.L. et al. (2018): New stellar encounters discovered in the second
Gaia data release, A&A 616, A37

[3] Bailer-Jones, C.A.L. (2018): The completeness-corrected rate of stellar encounters
with the Sun from the first Gaia data release, A&A 609, A8

[4] Bailer-Jones, C.A.L. (2015): Close encounters of the stellar kind, A&A 575, A35

[5] Bailer-Jones, C.A.L. et al. (2018): Plausible home stars of the interstellar object
’Oumuamua found in Gaia DR2, AJ 156, 205
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6.4 Abundances and kinematics of carbon-enhanced

metal-poor stars in the Galactic halo; A new

classification scheme based on Sr and Ba

Camilla Juul Hansen

Abundances and classification of CEMP stars

The production of carbon has happened trough space and time from the first stars until
today. In the field of stellar physics and spectroscopy, studies of carbon enhanced metal-
poor (CEMP) stars are new but rapidly and successfully growing. As the metallicity
decreases, the cumulative number of stars with C-enhancement grows. These CEMP
stars can be categorised into physically informative subgroups which are dictated by their
neutron-capture element abundances.
Some CEMP stars show no significant signs of neutron-capture elements (hence CEMP−no),
and they are believed to be bona fide second generation stars, hence possibly the best
indirect tracers of the first stars. Further CEMP subgroups show enrichment in slow
neutron-capture elements (such as Ba) or rapid neutron-capture elements (e.g., Eu). The
CEMP−s stars are typically binaries which experienced mass transfer from an unde-
tectable AGB companion. A mixed subgroup, the CEMP−s/r are notoriously difficult to
classify and their origin is still not fully settled; more massive AGB stars could explain
their s composition. Finally, the CEMP−r stars make up the poorest known subgroup,
and faint core collapse supernovae (ccSN) with mixing and fallback have been suggested
as formation site. Being able to fast and efficiently classify CEMP stars is very sought for
as we gain direct insight into their origin, neutron-capture formation processes, binary na-
ture, and the nature of the first stars.

Figure 6.7: Our [Sr/Ba] vs. [Ba/Fe]
(filled triangles) compared to literature. Blue
indicates CEMP-no stars, red CEMP-s,
green CEMP-r/s, and black (yellow region)
shows C-normal metal-poor stars. Our sub-
classifications follow the same colours.

Here we propose a new way to conduct
this classification. By using Sr and Ba
the classification will be fast and the nu-
clear formation process can be assessed
efficiently. The Sr/Ba ratio allows for
an identification of chemical enrichment
from AGB stars, fast rotating massive
star (FRMS), ccSN, and at the same time
probe the binary nature of the C-rich
star. Furthermore, the ratio allows us to
separate the C-normal from the CEMP
stars without having to derive their C
abundance. The choice of Sr and Ba
was also guided by their intrinsic line
strength, which ensures their detection
even in low resolution, low signal-to-noise
spectra. Also, Sr and Ba are less affected
by deviations from 1D, local thermal equi-
librium than C is (e.g., [1], [2]). Hence, Sr
and Ba are excellent tracers in the large,
surveys, regardless of their adopted reso-
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lution. In Fig. 6.7 we illustrate how the Sr/Ba ratio allows for a separation of C-normal
from CEMP stars as well as subcategorise the CEMP stars. The cuts in Sr/Ba were
adopted from yield predictions of AGB, FRMS, and magneto-hydrodynamical jet ccSN
and considerations from observational Galactic chemical evolution.

Kinematics of CEMP stars

We studied for the first time the spatial distribution of a large CEMP sample, and include
a literature sample resulting in 98 stars. Previous studies have shown that CEMP-no
dominates the CEMP halo population below [Fe/H]= −3 and that they are associated
with the outer halo based on distance estimates. The CEMP-s stars on the other hand
dominate the population above [Fe/H]= −3 and are according to abovementioned study
associated with the inner halo as they are all believed to have formed in situ while this
is not clear for the CEMP-no. New Gaia DR2 data [3] allows us to reassess this claim.

Figure 6.8: Toomre diagram using
symbols as in Fig. 6.7. The dashed
circles indicate a 3D space velocity
relative to the local standard of rest
of 100, 200, and centred on VLSR =
232 km s−1.

Using prior free Bayesian distances we compute or-
bits (65 stars have errors less than 12%). The
CEMP stars move on very eccentric orbits (< e >=
0.7), while the C-normal stars tend to show even
more eccentric orbits. Adopting the ‘Koppelman’
halo criterion, we find that 70% of our sample can
be associated with the halo, while this fraction goes
up to 98% if we also consider the stellar metallic-
ities. Half the sample is on retrograde orbits and
the other half on prograde orbits (Fig. 6.8). All
the stars are kinematically bound to the Milky Way
and there is no sign of clumping in phase space that
could indicate that the stars have been accreted into
the Milky Way halo. The (CEMP) stars therefore
seem to have formed during the early proto-halo
phases. If we further separate the C-normal and
CEMP sample into the inner/outer halo using an

additional cut at Rapo = 15 kpc, we find that 60% inhabit the inner halo (almost regard-
less of CEMP-subgroup). This is in contrast to previous studies relying solely on distance
estimates. We find that CEMP-s and CEMP-no stars have very similar orbital parame-
ters. Furthermore, we find a few hypervelocity CEMP stars and can extract that ∼ 10%
of the sample pass the Galactic centre within a 500pc distance.
The high-S/N X-Shooter spectra, combined with Gaia data, are very powerful in the
analysis and classification of CEMP stars and in tracing their chemodynamical origins.

Work done in collaboration with Terese Thidemann Hansen, Andreas Koch, Timothy
Beers, Birgitta Nordström, Vinicius Placco, Johannes Andersen

[1] Bergemann, M, Hansen, C. J., et al. (2012): NLTE analysis of Sr lines in spectra of
late-type stars with new R-matrix atomic data, A&A 546, 90

[2] Gallagher, A., Caffau, E., et al (2016): An in-depth spectroscopic examination of
molecular bands from 3D hydrodynamical model atmospheres. I. Formation of the
G-band in metal-poor dwarf stars, A&A 593, 48

[3] Gaia Collaboration (2018): Gaia Data Release 2. Summary of the contents and survey
properties, A&A 616, A1
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6.5 The GALAH Survey: Spectroscopic analysis

and chemodynamic mapping of the Galaxy

Sven Buder, Karin Lind, Xudong Gao, Anish M. Amarsi

The GALAH survey

The formation history of the Milky Way galaxy is best traced by observing the properties
of large samples of long-lived stars. From the orbits, ages, and chemical compositions
of stars we strive to identify substructure and characterise the nature and history of the
main Galactic components. Large stellar spectroscopic surveys, such as the Galactic Ar-
chaeology with HERMES survey (GALAH), complement the astrometric information of
Gaia satellite and are needed to gather the chemical composition and ages of stars. Since
2015, researchers from MPIA have lead the spectroscopic analysis of GALAH. The survey
is still ongoing and the pipeline actively developed in order to deliver up to 30 element
abundances for the nominal goal of a million stars. This also includes new theoretical
work on the physics of spectral line formation in non-equilibrium stellar atmospheres.
The development of the survey is illustrated in Fig. 6.9, demonstrating how the scope and
accuracy have increased over time with subsequent data releases. To deliver precise stel-
lar information, we are using a novel combination of model- and data-driven approaches
developed in house [2].
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Figure 6.9: Spectroscopic parameters (Teff vs. log g) for the stars of GALAH DR1 [4],
GALAH DR2 [2], and GALAH DR3 (Buder et al., in prep.). Numbers in the top left of
each panel indicate the total number of spectra as part of the releases.

With the large variety of chemical elemental abundances from the GALAH survey, re-
searchers have performed numerous studies, including the dissection of the stellar discs
phase space by age, action, chemistry, and location, and making strides towards chemically
tagging the stars in our Galaxy. This also includes important work on the computation
of element abundances in non-equilibrium environments. A study of the of abundance
trends in the open cluster M67 using non-equilibrium modelling [3] revealed that open
clusters, typically believed to be chemically homogenous, exhibit significant differences
in their measured surface abundances across different evolutionary stages. While these
differences are even more pronounced when using equilibrium modelling, they are likely
truly physical consequences of stellar evolution like atomic diffusion.
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Chemodynamics of the solar neighborhood with GALAH+Gaia

In a pilot study of the potential of the chemodynamic and temporal data provided by
GALAH and Gaia [1], we have shown that the stellar disk in the solar neighborhood shows
several features, beyond the well known spatial bimodality (thin/thick disk) and the more
complex chemical bimodality (two separate sequences with high and low abundances of
alpha-elements [α/Fe]). We have verified previous findings that stars of the low-α disk
are typically younger than 10 Gyr, high-α disk ones are typically older than 8 Gyr (see
Fig. 6.10). We find that most of the stars in the solar neighborhood belong to the low-α
disk (panel a). Based on stellar ages and α-enhancement of the stars (panel b), we can
trace the chemical evolution of the high-α sequence (towards higher [Fe/H] and decreasing
[α/Fe]). The rich information of chemodynamics further shows that our solar locus is
visited by stars from the inner and outer regions with lower and higher angular momenta,
respectively. This correlation of dynamics in the solar neighborhood manifests in the color
gradient in panel c and is in agreement with the spatial studies of [α/Fe] vs. [Fe/H], where
outer low-α disk stars are found to be more metal-poor than inner low-α disk stars.
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Figure 6.10: Pilot study of the chemistry, dynamics, and stellar ages of the solar neigh-
borhood. Panel a) shows [α/Fe] vs. [Fe/H] of stars of the GALAH+Gaia overlap colored
by density. Panels b) and c) show median age and angular momentum LZ for the same
bins, respectively. This figure is an adjusted version of Fig. 12 by [1].

Work done in collaboration with the GALAH survey collaboration in Australia.

[1] Buder, S., Lind, K., Ness, M. K., et al. (2019): The GALAH survey: An abundance,
age, and kinematic inventory of the solar neighbourhood made with TGAS, A&A 629,
A19

[2] Buder, S., Asplund, M., Duong, L., et al. (2018): The GALAH Survey: second data
release, MNRAS 478, 4513

[3] Gao, X., Lind, K., Amarsi, A. M., et al. (2018): The GALAH survey: verifying
abundance trends in the open cluster M67 using non-LTE modelling, MNRAS 481,
2666

[4] Martell, S. L. Sharma, S. Buder, S., et al. (2017): The GALAH survey: observational
overview and Gaia DR1 companion, MNRAS 465, 3203
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6.6 Novel line formation models for accurate stellar

spectroscopy

Anish M. Amarsi, Karin Lind

Stellar astronomy is entering a new era characterised by the availability of huge observa-
tional data sets gathered under the framework of a number of large spectroscopic surveys
— including Gaia-ESO, APOGEE, GALAH, WEAVE, and 4MOST. These data have the
potential to shed new light on the physics of stars and of the Galaxy with unprecedented
scope and precision. However, large surveys are undermined by large errors in the mod-
els of the visible outer layers of stars (stellar atmospheres) and of their spectra, that are
needed to infer stellar parameters and chemical compositions from the observational data.
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Figure 6.11: Left: temperature distribution in a vertical slice of a metal-poor F dwarf stel-
lar atmosphere. Right: non-LTE contribution function for the H-alpha wing, illustrating
the complex line formation occuring in convective stellar atmospheres. Adapted from [5].

Late-type stars, with similar masses to our Sun, are the main targets of the large sur-
veys above. For such stars, nearly all elemental abundance analyses to date have made at
least one of two severe approximations : that the stellar atmospheres are one-dimensional
(1D), hydrostatic, and in radiative equilibrium at the top; and that the atmospheric mat-
ter is in local thermodynamic equilibrium (LTE). Both assumptions are wrong: firstly
because late-type stellar atmospheres have convective envelopes, and convection is a 3D,
time-dependent, and dynamical phenomenon; secondly the radiation field in stellar pho-
tospheres is escaping into space and is thus non-thermal, therefore it acts to push the
atmospheric matter away from LTE.
We have developed a novel MPI-parallelised line formation code BALDER [5] for 3D non-
LTE radiative transfer post-processing of 3D hydrodynamic model stellar atmospheres.
BALDER is domain- and frequency-decomposed, and run on supercomputers in Germany,
as well as Australia and Sweden. Since we simultaneously take into account non-LTE ef-
fects and 3D effects on spectral line formation, BALDER creates the most realistic line
formation models currently available, and thus permits the most accurate elemental abun-
dance analyses currently possible. We have also worked on tools for calculating more ac-
curate inelastic collisional cross-sections, the crucial ingredients that regulate the severity
of non-LTE effects [1]. With these tools, we have presented extensive 3D non-LTE grids of
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Figure 6.12: Left: run of carbon to oxygen abundance ratio with oxygen abundance in
metal-poor halo stars, adopting standard 1D LTE line formation models. Right: the same
data, but adopting novel 3D non-LTE line formation models. With standard line formation
models, carbon is found to decrease with metallicity; the opposite result is found when using
more realistic 3D non-LTE models. Adapted from [3].

spectra and 3D non-LTE abundance analyses in the literature today. These papers have
highlighted the influence of 1D LTE systematic errors and the importance of adopting
a more realistic 3D non-LTE approach for accurate modelling of fundamental reference
stars [2][4][6], stellar parameter determination [5], and Galactic chemical evolution [3].
It is crucial to take 3D non-LTE effects into account when analysing stellar spectra. Going
forward, more work needs to be done to implementing the results of these calculations
into the analysis pipelines of large stellar surveys, to make the most of the heavy invest-
ment made into the observational facilities and human resources by MPIA as well as the
international astronomy community.

[1] Amarsi, A. M. & Barklem, P. S. (2019): Excitation and charge transfer in low-energy
hydrogen atom collisions with neutral carbon and nitrogen, A&A 625, A78

[2] Amarsi, A. M., Barklem, P. S., Collet, R., Grevesse, N., & Asplund, M. (2019): 3D
non-LTE line formation of neutral carbon in the Sun, A&A 624, A111

[3] Amarsi, A. M., Nissen, P. E., Asplund, M., Lind, K., & Barklem, P. S. (2019): Carbon
and oxygen in metal-poor halo stars, A&A 622, L4

[4] Amarsi, A. M., Barklem, P. S., Asplund, M., Collet, R., & Zatsarinny, O. (2018):
Inelastic O+H collisions and the OI 777 nm solar centre-to-limb variation, A&A 616,
A89

[5] Amarsi, A. M., Nordlander, T., Barklem, P. S., Asplund, M., Collet, R., & Lind, K.
(2018): Effective temperature determinations of late-type stars based on 3D non-LTE
Balmer line formation, A&A 615, A139

[6] Lind, K., Amarsi, A. M., Asplund, M., Barklem, P. S., Bautista, M., Bergemann, M.,
Collet, R., Kiselman, D., Leenaarts, J., & Pereira, T. M. D. (2017): Non-LTE line
formation of Fe in late-type stars: IV. Modelling of the solar centre-to-limb variation
in 3D, MNRAS 468, 4311
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6.7 The Circular Velocity Curve of the Milky Way

Anna-Christina Eilers, David W. Hogg, Hans-Walter Rix

Since the second data release in April 2018, the Gaia mission has provided us with high-
precision measurements of positions, velocities, and stellar parameters for millions of stars
in the Milky Way, containing a wealth of information about our home galaxy, ushering in
a new era in Galactic astronomy. However, beyond a few kiloparsec (kpc) from the Sun,
uncertainties in the parallaxes of the observed stars dominate over all other measurement
errors and fundamentally limit the precision of all studies of the Milky Way spanning
large Galactocentric distances.

A new data-driven model to determine spectrophotometric par-
allaxes

We developed a new data-driven model using machine-learning techniques to determine
precise parallaxes by combining multi-band photometry from Gaia, 2MASS, and WISE
with spectroscopy from the Apogee survey and Gaia DR2 parallaxes [1] to make precise
kinematic maps of our Galaxy from & 45, 000 luminous red giant stars with only ∼ 10%
parallax uncertainties (which is ∼ 2 − 10 times better than Gaia’s parallaxes beyond
2−3 kpc distance from the Sun). Our map extends to Galactocentric distances of 25 kpc,
well beyond the reach of Gaia parallaxes, and enables new insights on the large scale
structure and the kinematics in the outer and inner regions of the Milky Way.

Relevance for future surveys

Our new method not only benefits the use of Gaia data, but is also of importance for
future spectroscopic surveys, such as SDSS-V. The Galactic Genesis program of SDSS-V
will produce the first spectroscopic stellar map that is contiguously and densely sampled
across the entire sky. The stellar kinematics and chemical abundances derived for millions
of red giant stars will provide tools for addressing questions such as formation mechanisms
of the Milky Way, the impact of radial migration, and the place of our Galaxy in a
cosmological context. While the Gaia mission provides very precisely measured proper
motions for these stars, it is only with the knowledge of precise distances that SDSS-V
can be fully exploited.

The circular velocity curve over large Galactocentric distances

The circular velocity curve is the Galactocentric rest-frame velocity with which test parti-
cles would move on circular orbits at radius R from the Galactic center, in an axisymmet-
ric gravitational potential Φ of a disk galaxy, such as the Milky Way, i.e. v2

c (R) = R ∂Φ
∂R

.
Making use of these new spectrophotometric parallaxes, we determined the most precise
measurement to date of the circular velocity curve vc(R) of the Milky Way over a wide
range of Galactocentric distances, which is shown in Fig. 6.13 [2]. We derived the Milky
Way’s circular velocity based on the Jeans equation, which relates the circular velocity
to the number density and Galactocentric radial as well as tangential velocity dispersions
of the tracer population, assuming an axisymmetric gravitational potential for the Milky
Way. We found that the velocity curve is gently but significantly declining, with a slope
of (−1.7± 0.1) km s−1 kpc−1.
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Figure 6.13: The circular velocity curve of the Milky Way. Our new measurements are
shown as the black data points and indicate a gentle decline in the circular velocity, as
well as a significant improvement in precision compared to previous analyses, shown as
light grey, green, and blue points. The red curves shows the best fit to the circular velocity
curve, combining the stellar and baryonic components (grey curves), as well as the best
estimate for the dark matter halo (yellow curve) [2].

This vc(R) and in particular its value at the Sun’s Galactocentric radius R�, provide
important constraints on the mass distribution of our Galaxy and the local dark matter
density. The latter is crucial for interpreting and analyzing any direct as well as indirect
detection experiments of dark matter, whereas the shape of the rotation curve is a funda-
mental parameter for models of the Galactic disk. The local circular velocity at the Sun’s
location plays an important role when placing the Milky Way in a cosmological context
and asking for instance, whether it falls onto the Tully-Fisher relation.

Work done in collaboration with Melissa K. Ness (Columbia University).

[1] Hogg, D. W., Eilers, A.-C., & Rix, H.-W. (2019): Spectrophotometric parallaxes with
linear models: Accurate distances for luminous red-giant stars, ApJ subm., arXiv:
1810.09468

[2] Eilers, A.-C., Hogg, D. W., Rix, H.-W., & Ness, M. K. (2019): The Circular Velocity
Curve of the Milky Way from 5 to 25 kpc, ApJ 871, 120
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6.8 Data-Driven Stellar Spectroscopy: Getting

More Physics out of Survey Spectra

Hans-Walter Rix, Melissa Ness, David Hogg, Maosheng Xiang

From Spectra to Astrophysics

Much of astrophysics ultimately revolves around stellar spectroscopy: from exoplanets
(hosts) to the integrated stellar spectra of distant galaxies. Milky Way astrophysics,
both geared at Galactic Archeology and stellar astrophysics, has been driving ever more
ambitious spectroscopic stellar surveys across the sky (e.g. RAVE, APOGEE, LAMOST,
GALAH, and the upcoming WEAVE, SDSS-V and 4MOST). The immediate goal is to
extract from them astrophysical quantities from the survey spectra: stellar parameters
such as logg, Teff , vmicro/macro, estimate the stars’ ages τ and an extensive set of their
photospheric abundances [X/H].
Limitations in Analysing Stellar Survey Spectra: In the past, most approaches to
modelling survey spectra have had two serious limitations, severely impacting the ensueing
astrophysics. First, they have systematic errors far in excess of the photon-noise uncertain-
ties owing the imperfections of the physical spectral models:

Figure 6.14: Data-driven ele-
ment abundances (and cross val-
idation), derived from LAMOST
spectra, with label-transfer from
APOGEE spectra of stars in com-
mon among the surveys.

approximations (time-independent, 1D, LTE, etc.)
that the radiative transfer models had to make for
efficient calculations, and imperfect atomic data re-
main.
Second, the modelling has fallen far short (often an
order of magnitude) of exploiting the theoretical infor-
mation content of full optical stellar spectra for (good)
historical reasons, mainly the focus on modelling indi-
vidual (preferably unblended) spectral lines, which re-
quire observationally expensive high-resolution spec-
tra (R & 25, 000).
And the community held the view that fitting all stel-
lar parameters and abundances simultaneously (≥ 20
parameters) is not feasible, which implied that low-
resolution spectra (R ∼ 2, 000) cannot yield detailed
[X/H], or precise stellar parameters (e.g. logg to
0.1 dex and Teff to 50K).

Towards Near-Optimal Spectral Analysis

Paralleling the efforts at MPIA to build better physical models for stellar spectra (Berge-
mann, Lind), there have been extensive and successful efforts at the institute over the last
years, to overcome the above analysis limitations.
And indeed, we have succeeded in developing a set of modelling machineries that exploit
most of the spectra’s theoretical information content, can fit > 20 stellar parameters and
abundances simultaneously and have demonstrated that low-resolution optical spectra can
yield ∼ 10 robust (< 0.1 dex) element abundances. These developments mainly trans-
ferred established fitting approaches form other field, but have proven a key to unlocking
the physics of the ongoing and upcoming stellar surveys.
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Fitting all Labels Simultaneously: The simultaneous data fitting of L stellar labels
(~l ≡ 4 stellar parameters & abundances, in total L parameters), requires the rapid compu-

tation of models spectra for many ~l. Conventionally, this has been done by precomputing
(regular or irregular) grids in label-space, and then interpolating among them; but that
implies that the number of precomputed grid points grows as expL, which has in practice
limited L ≤ 5. But as we know that the spectra fλ(~l) depend smoothly (e.g. quadrati-

cally) in ~l, vastly fewer model pre-calculations are needed to correctly interpolate: a few
times L2 for a polynomial model, or 2000 model spectra for 25 labels using a neural net
interpolator.

Data-Driven Spectroscopy and ’Label-Transfer’

For modest sets of stars (not millions) we may know the labels ~l well, either from detailed
high-resolution analyses, or from external information: we may know their luminosity
through their parallax, or their age from asteroseismology. Their spectra may serve as
data examples, where we know the answer ~l; and fortunately is is safe to assume that
(most) stellar spectra are near-deterministic functions of their (complete) labels ~l.

Figure 6.15: Data-driven spec-
troscopic age determination for
red clump giants (precise to ∼
0.1 dex [Ting & Rix, 2018]),
trained (and then cross-validated)
on APOGEE spectra for stars
with asteroseismic ages.

If we then have a vast set of homogeneously observed
survey spectra, and know the ’true’ labels ~l for a very
small, albeit representative, test subset of them, we
can apply data-driven spectroscopy analysis: we build
(or train) a model for test set of spectra as a function

of ~l, and then determine the label ~l for the remain-
ing vast majority of survey spectra by inverting this
model. This has been shown to work beautifully in
practice. Of particular importance is the label trans-
fer across surveys, using objects observed in common,
which eliminates the longstanding bane of dramatic
uncontrolled systematic differences among different
spectral surveys. In practice, these approaches have
yielded or enabled the following results: determining
equally precise detailed element abundances from sur-
veys like APOGEE often at only 1/3 the conventional
S/N, allowing to proceed at 5-10 times the survey
speed in future surveys (e.g. SDSS V); determining
the stellar ages of giants from their spectra precise to
∼ 0.1 dec, with label transfer form asteroseismology,
which has been the basis for extensive evolution stud-
ies of the Galactic disk; spectroscopic determinations of giants stars (irrespective of their
age and reddening) precise to < 20%, which has proved invaluable for dynamical Milky
Watudies beyond the realm of Gaia parallaxes; and the determination of > 10 individual
element abundances at < 0.1 dex from R = 1.800 LAMOST spectra, long deemed useless
for individual abundances because of the pervasive blenading of spectral features.

Work done in collaboration with Yuan-Sen Ting (Princeton), Charlie Conroy (Harvard).

[1] Ting Y.-S., Rix H.-W. (2019): ApJ, 878 21,

[2] Ness et al. (2016): ApJ, 808 16,

[3] Hogg, Eilers, Rix (2019): astro/ph181009468, ,

[4] Xiang et al. (2019): arXiv190809727, ,
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7

Structure and Star Formation of
Present-Day Galaxies

Molecular gas distribution as traced by CO(3–2) in the central 1 kpc of NGC 253. See chapter

7.10 for details and credits.



7.1 A Deep View into the nucleus of the Sagittarius

Dwarf Spheroidal Galaxy: M54

Mayte Alfaro-Cuello, Nikolay Kacharov, Nadine Neumayer

Nuclear star clusters (NSCs) are the densest stellar systems in the Universe. They are
located at the centers of galaxies across the entire Hubble sequence, including a high-
fraction of dwarf galaxies. NSCs in low-mass galaxies exhibit similar characteristics to
high-mass, metal-complex globular clusters (GCs). Therefore, it has been suggested that
the most massive GCs might be the surviving nuclei of tidally disrupted dwarf galaxies.
To understand this connection we focused our study on M54, the nucleus of the Sagittarius
dwarf spheroidal galaxy (Sgr dSph). M54 is a unique target, at a distance (d∼ 28kpc)
where we can resolve individual stars. We published the stellar population analysis of
M54 in [1] and the kinematic analysis in [2].

Stellar Population Characterization

We obtained integral field spectroscopic observations with high spatial resolution that
extend to ∼ 2.5 times the effective radius of M54 with the Multi-Unit Spectroscopic
Explorer (MUSE) at the ESO/VLT. We extracted individual spectra of more than 6 500
member stars, and analysed the stellar population of M54 at unprecedented detail.

Figure 7.1: Top: Color-magnitude diagram of M54 member
stars color-coded by metallicity (left) and age (right). Bottom:
Density plot of the age-metallicity relation. The crosses show
the intrinsic spread of the different stellar populations: YMR
in red, IMR in orange, and OMP in blue.

We measured the spec-
troscopic metallicities, al-
lowing us to break the
age-metallicity degener-
acy and hence derive ac-
curate stellar ages from
isochrone fits. These
results are presented in
Fig 7.1. We disen-
tangled the presence of
(at least) three stellar
populations with signif-
icant spreads in metal-
licity and age: a young
metal-rich (YMR), an
intermediate-age metal-
rich (IMR), and an old
metal-poor (OMP) pop-
ulation. We found that
the YMR population is
the most centrally con-
centrated, followed by
the OMP, and the IMR
is the least concentrated.
We also estimated the el-

lipticities of the populations, finding that the YMR is the most flattened one.

104



Kinematic Characterization of the Stellar Populations
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	Figure 7.2: Rotation (left) and velocity dispersion

(right) profiles for the three populations: YMR (top),
IMR (middle), and OMP (bottom).

We characterized the three stel-
lar populations by kinematics.
Fig. 7.2 shows the rotation and
dispersion profiles of the three
populations. There are notable
differences between them. The
YMR and IMR populations fol-
low relatively flat velocity disper-
sion profiles, and the dispersion
profile of the OMP population
drops quickly with radius, which
is typical for GCs. Furthermore,
we detected only a weak signal
of rotation among the stars of
this population (< 1 km s−1),
which is also typical for GCs. On
the other hand, the YMR pop-
ulation shows a very high rota-
tion rate, followed by the IMR
population, which also rotates but
more slowly. These kinematic dif-
ferences between the three popu-
lations suggest that they do not
have a common origin.
Combining the kinematic with the
structural properties of the three populations, we came to the following conclusions:
(i) The OMP population is the remnant of the merger of two or more GCs that spiraled
into the center of the galaxy via dynamical friction. (ii) The formation of the YMR
population occurred in situ from gas retained in the potential well of M54. (iii) The IMR
population is consistent with the properties of the Sgr dSph field stars and is therefore
part of the galaxy’s inner star formation history.
In M54 we observe evidence that two formation mechanisms have occurred: (i) infall of
two or more GCs, which merge to form a single high-mass cluster with a large metallicity
spread (OMP), and (ii) in-situ star formation from enriched gas in the nucleus (YMR).
The SFH of M54 allows us to understand the formation and growth processes of NSCs in
low-mass galaxies.

This work was done in collaboration with Nora Lützgendorf, Anil C. Seth, Torsten
Böker, Sebastian Kamann, Ryan Leaman, Glenn van de Ven, Paolo Bianchini, Alessandra
Mastrobuono-Battisti, Laura L. Watkins, and Mariya Lyubenova

[1] Alfaro-Cuello et al. (2019a): A deep view into the nucleus of the Sagittarius Dwarf
Spheroidal Galaxy with MUSE I. Data and stellar populations characterization., ApJ
in press, ,arXiv:1909.10529

[2] Alfaro-Cuello et al. (2019b): A deep view into the nucleus of the Sagittarius Dwarf
Spheroidal Galaxy with MUSE II. Kinematic characterization of the stellar popula-
tions., ,
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7.2 The Milky Way nuclear star cluster as a

benchmark object

Anja Feldmeier-Krause, Nadine Neumayer, Ling Zhu

Nuclear star clusters (NSCs) are the densest stellar systems in the Universe. The closest
of its kind sits at the center of the Milky Way at a distance of just d∼ 8kpc where we can
resolve individual stars and investigate its assembly history in detail. We study stellar
populations using integral-field spectroscopic data and analyse the spatial distribution of
young and old stars, as well as the metallicity distribution of the old stars [1].
Further, we study the stellar kinematics within the central 10pc of our Milky Way using
kinematic maps and we set up dynamical models to derive the nuclear star cluster’s mass
and constrain the mass of the central supermassive black hole, SgrA* [2]. Our data set
is comparable in spatial coverage to integral-field kinematic maps of nearby galaxies that
are used for black hole mass measurements. Using the results of independent and accurate
mass measurements of SgrA* from studies of resolved Keplerian orbits of stars, we can
test dynamical models used for measuring black hole masses in external galaxies. The
Milky Way nuclear star cluster thus servers as a benchmark object for nearby galaxies.

Metallicity distribution of the old stars

We obtained integral field spectroscopic observations with the K-band Multi Object Spec-
trograph (KMOS) at the ESO/VLT of the central 64 ′′. 9×43 ′′. 3 ∼ 4pc2 of the Milky Way.
From this data set, we extracted individual spectra of more than 900 member stars of the
Milky Way nuclear star cluster, and we analyzed the metallicity distribution of the stellar
population at the Galactic center at unprecedented spatial coverage.

Figure 7.3: Left: Spatial distribution of cool stars in offset co-
ordinates from Sgr A* (black cross), color-coded by metallic-
ity [M/H]. Galactic North is up. The square symbols highlight
metal-poor stars with [M/H] ≤ 0.5. Right: Completeness
corrected stellar surface number density profile. Young, early
type stars (blue squares) are centrally concentrated; metal-
poor stars ([M/H] ≤ 0.5, red triangles) are rare.

The derived stellar metal-
licities range from metal-
rich to metal-poor, with
a fraction of 5.2%+6.0%

−3.1%

metal-poor ([M/H] ≤ -0.5
dex) stars. The metal-
poor stars are distributed
over the entire observed
field. They may have orig-
inated from infalling glob-
ular clusters. For the
metal-rich stellar popula-
tion ([M/H] > 0 dex), a
globular cluster origin can
be ruled out.
As there is only a very
low fraction of metal-poor
stars in the central 4 pc2

of the Galactic Center, we
conclude that our data can

discard a scenario in which the Milky Way nuclear star cluster is formed purely from in-
falling globular clusters.
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Dynamical modelling of the Milky Way nuclear star cluster

For the first time, we have constructed triaxial dynamical models for the Milky Way
nuclear star cluster using Schwarzschild’s orbit superposition technique, to fit the stellar
kinematic maps presented in Feldmeier et al. 2014. The models are used to constrain the
supermassive black hole mass MBH , dynamical mass-to-light ratio and the intrinsic shape
of the cluster.

Figure 7.4: Comparison of the observed stellar sur-
face brightness and kinematics (top row) and the best-
fitting Schwarzschild model. The columns denote sur-
face brightness, velocity V, and velocity dispersion σ.

Our best-fitting model results
in MBH = (3.0+1.1

−1.3) × 106M�,
M/L = (0.90+0.76

−0.08)M�/L�4.5m

and a compression of the cluster
along the line of sight. Our re-
sults are in agreement with the
direct measurement of the su-
permassive black hole mass us-
ing the motion of stars on Kep-
lerian orbits. The mass-to-light
ratio is consistent with stel-
lar population studies of other
galaxies in the mid-infrared. It
is possible that we underesti-
mate the black hole mass and
overestimate the cluster’s tri-
axiality due to observational
effects. The spatially semi-
resolved kinematic data and ex-
tinction within the nuclear star
cluster do bias the observations
toward the near side of the cluster, and may appear as a compression of the nuclear star
cluster along the line of sight. We derive a total dynamical mass for the Milky Way nu-
clear star cluster of (2.1±0.7)×107M� within a sphere with radius r = 2 ×reff = 8.4 pc.
The best-fitting model is tangentially anisotropic in the central r = 0.5-2 pc of the nuclear
star cluster but close to isotropic at larger radii. Furthermore, the model is able to recover
the rotating polar substructure within the central r = 0.8 pc found by Feldmeier et al.
(2014), as well as the misalignment of the kinematic rotation axis from the photometric
minor axis.
We conclude that state-of-the-art dynamical models in combination with line-of-sight
velocity maps are able to properly constrain the mass of the supermassive black hole at
the center of the Milky Way.

This work was done in collaboration with Glenn van de Ven (MPIA), Wolfgang Kerzen-
dorf, P. Tim de Zeeuw, Harald Kuntschner (ESO), Rainer Schödel, Francisco Nogueras-
Lara (CSIC Granada) and Tuan Do (UCLA)

[1] Feldmeier-Krause et al. (2017a): KMOS view of the Galactic Centre - II. Metallicity
distribution of late-type stars, MNRAS 464, 194

[2] Feldmeier-Krause et al. (2017b): Triaxial orbit-based modelling of the Milky Way
Nuclear Star Cluster, MNRAS 466, 4040
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7.3 Archaeology of galactic nuclei: the assembly

history of the Milky Way nuclear star cluster

Alessandra Mastrobuono-Battisti, Nadine Neumayer, Athanasia
Tsatsi, Glenn van de Ven

Galaxies, nuclear star clusters and their evolutionary link

Nuclear star clusters (NSCs) are found in the center of most galaxies across the Hubble
sequence and often coexist with a supermassive black hole (SMBH). The scaling relations
found between the properties of NSCs, SMBHs and their host galaxies (e.g., NSC mass-
host mass) suggest that NSC formation must be a generic by-product of galaxy formation,
making their study crucial to understanding the assembly histories of galaxies. However,
the physical processes that regulate their formation are still poorly understood. Two main
scenarios have been proposed to explain the origin of NSCs. In the in-situ formation
model the NSC forms as gas falls into the center of the galaxy, where star formation
takes place locally. In the cluster inspiral scenario the NSC originates from the accretion
of globular clusters (GCs) that spiral into the center of the galaxy due to dynamical
friction. These two mechanisms are not mutually exclusive and can both contribute to
the assembly of NSCs. In [1], we explore how the cluster inspiral formation scenario can
reproduce the observed morphological and kinematical properties of the Milky Way NSC,
using N -body simulations of the consecutive infall of globular clusters (GCs) into a Milky
Way-like nucleus. Importantly, we construct mock photometric and kinematic maps from
the simulation, comparing them as closely as possible to the observations as shown in the
next section.

Figure 7.5: Mass and kinematic maps of the simulated NSC. From left to right: projected
stellar mass surface density; line-of-sight velocity V ; velocity dispersion σ and root-mean-
square velocity VRMS. The white dashed line shows the major photometric axis, while the
solid black line shows the kinematic major axis of each cluster.
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Kinematics of the Galactic center: observations and simulations

A detailed study of the internal kinematics of NSCs can provide an important tool for
disentangling between their possible formation mechanisms. The NSC for which we have
the most detailed information is the one residing at ∼ 8.2 kpc from the Sun, at the center
of the Milky Way. We, therefore, simulated the formation of the Galactic NSC through
the infall and merger of twelve GCs with random initial orbital parameters, into a nuclear
bulge (Mnb = 108M�), hosting a central massive black hole of the same mass as Sgr A*
(MMBH = 4× 106M�.

Figure 7.6: The line-of-sight veloc-
ity map of our simulated NSCs is
comparable to the one obtained for
the Galactic NSC (panel (a), left
and right figure respectively). The
kinematic profiles (V , σ and V/σ,
see panel (b)) for the three simulated
clusters (dashed lines) match the
corresponding profiles of the Milky
Way NSC (black squares) by Feld-
meier et al. (2014, A&A, 570, A2).

The simulation lasts for 12 Gyr and the total mass of
the resulting NSC is ∼ 1.5× 107M�, similar to the
observed mass of the Galactic NSC. Using the final
NSC as an input, we extracted mock stellar mass
and integral field kinematic maps to directly com-
pare the properties of the simulated system to those
observed for the Galactic NSC (see Figure 1.1). The
maps obtained for our set of three simulations show
that the NSC has a flattening (q ∼ 0.67) similar
to the one observed for the Galactic NSC (∼ 0.71).
The simulated NSC shows a strong rotational sig-
nal with an amplitude of 40− 50 km/s. The line-of-
sight velocity maps for the simulated and real NSC
show clear similarities (see panel (a), Figure 1.2).
By applying the “kinemetry” method to our veloc-
ity maps we recovered the presence of a kinematic
substructure created by a past polar merger event
of a GC. A similar substructure has been observed
in the Galactic nucleus. The mock NSC shows kine-
matic profiles (LOS velocity V , velocity dispersion
σ, and V/σ) that also match those of the Galactic
NSC (see panel (b), Figure 1.2).
While NSC rotation has long been considered the
clear signature of the gas accretion scenario, we
proved – for the first time – that the kinematical
properties of the Galactic NSC can be the fossil
record of the inspiral and merger of a discrete num-
ber of GCs. The GC inspiral scenario is therefore a
viable scenario for the formation of NSCs and fur-
ther kinematical and stellar population studies, e.g.
done with ELT-MICADO and VLT-MOONS, are
necessary to understand how the densest stellar sys-
tems in the Universe form.

Work done in collaboration with Paolo Bianchini (Strasbourg Observatory, France) and
Hagai B. Perets (Technion - Israel Institute of Technology).

[1] Tstatsi, A., Mastrobuono-Battisti, A., Van de Ven, G., Perets, H. B., Bianchini,
P., Neumayer, N. (2017): On the rotation of nuclear star clusters formed by cluster
inspirals, MNRAS 464, 3720
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7.4 Using M 51 as a Rosetta Stone for

Understanding Star Formation

Eva Schinnerer, Miguel Querejeta, Sharon Meidt, Kathryn
Kreckel

AGN feedback in the nucleus of M 51

AGN feedback is often invoked as one of the most relevant mechanisms that shape the
evolution of galaxies. Using molecular gas observations in the CO(1-0) and HCN(1-0)
line from IRAM PdBI towards the prominent AGN sitting in the central kiloparsec of
the nearby (D∼9 Mpc) spiral galaxy M 51 in combination with archival radio, X-ray, and
optical data, we show that CO emission is scarce in the ionization cone, but it tends to
accumulate towards the edges of the cone [1]. The impact of the AGN onto the molecular
gas can be traced out to r∼500 pc in the distribution and kinematics of both molecular
emission lines. This can be explained by the AGN radio jet pushing on the molecular gas
while it expands. Derived molecular gas inflow and outflow rates are of comparable order
suggesting the molecular outflow might be more episodic, while the gas transport from
kpc-scales to the nucleus proceeds at a more steady rate. (Fig. 7.7).

Figure 7.7: Radio jet, bulk and dense molecular gas in the central kiloparsec of the spiral
galaxy M 51. Subtracting a scaled version of the CO(1-0) line emission (proxy for bulk
molecular gas) from the HCN(1-0) line emission (proxy for dense molecular gas) reveals
that HCN emission is more abundant towards the central AGN (black contours showing
6cm radio emission tracing the radio jet) (left). The impact of the radio jet onto the
molecular gas is also evident from the higher line width in HCN compared to CO along
the edge of the northern radio lobe (right).

The role of spiral arms in cloud and star formation

The process that leads to the formation of the bright star-forming sites observed along
prominent spiral arms remains elusive. A detailed multi-wavelength investigation of a
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spiral arm segment in the grand-design spiral galaxy M 51 combines observations of the
interstellar medium (ISM) with star formation tracers [2]. It suggests no variation in giant
molecular cloud properties between the gas arm and the gas spurs emanating from it, gas
spurs and extinction feathers arise from the same structure, no trend in star formation
age either along the arm or along a spur, evidence for strong star formation feedback in
gas spurs, tentative evidence for star formation triggered by stellar feedback in one spur,
and GMC associations being not special entities by the result of blending of gas arm/spur
cross sections in lower resolution observations. This implies that there is no evidence for a
coherent star formation onset mechanism that can be solely associated with the presence
of the spiral density wave. More localized mechanisms might delay star formation such
that it occurs in spurs.

Figure 7.8: Multi-wavelength view of ISM and star formation tracers along a spiral arm
segment in M 51. The distribution of star formation tracers (left) and ISM tracers (right)
is shown relative to the bulk molecular gas (contours). Star formation is mostly associated
with the gas spurs emanating from the (gas) spiral arm while the arm itself is more or
less devoid of active, ongoing star formation. The impact of star formation onto the ISM
is evident in the atomic gas which – given its location – is likely a dissociation product of
the molecular gas.

Work done in collaboration with Annie Hughes (IRAP), Adam Leroy (OSU), Dario
Colombo (MPIfR), Santiago Garcia-Burillo (OAN) and other members of the PAWS
team.

[1] Querejeta, M., Schinnerer, E., Garćıa-Burillo, et al. (2017): AGN feedback in the
nucleus of M 51, A&A 593, 118

[2] Schinnerer, E., Meidt, S.E., Colombo, D., et al. (2017): The PdBI Arcsecond
Whirlpool Survey (PAWS): The Role of Spiral Arms in Cloud and Star Formation,
ApJ 836, 62
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7.5 A 50 pc scale view of star formation efficiency

across NGC 628

Kathryn Kreckel, Chris Faesi, Rebecca McElroy, Eva Schinnerer

To understand the regulation of star formation it is essential to study both large scales
(to understand the influence of galaxy dynamics and to time average the star formation
sequence) and small scales (to constrain the physics). The Physics at High Angular
resolution in Nearby GalaxieS (PHANGS) Collaboration is bridging these scales. With
an ALMA large program we are mapping the CO emission at cloud scales across the disks
of 74 nearby galaxies. At matched resolution, our VLT/MUSE large program is mapping
the ionized gas and stellar populations across a subsample of 19 galaxies.

CO
Hα

500 pc

Figure 7.9: Our ALMA CO (21) (blue) and MUSE Hα (orange) intensity maps cover
the central 8.5 × 11.3 kpc2 star-forming disk of NGC 628 at 47 pc resolution. GMCs
and HII regions are clearly resolved into discrete structures. Although star formation and
molecular gas are organized into similar structures, physical offsets of more than 100 pc
are apparent, illustrating the time evolution of star-forming regions and its relation to the
disk dynamics.
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Mapping molecular gas and star formation at 50pc scales

Star formation is a multi-scale process that requires tracing cloud formation and stellar
feedback within the local (∼kpc) and global galaxy environment. We present first results
mapping cloud scales (1′′ = 47 pc) in both molecular gas and star-forming tracers across
90 kpc2 of the central disk of NGC 628 to probe the physics of star formation. Systematic
spatial offsets between molecular clouds and H II regions illustrate the time evolution of
star-forming regions (Fig. 7.9). Using uniform sampling of both maps on 50-500 pc scales,
we infer molecular gas depletion times of 1-3 Gyr, but also find that the increase of scatter
in the star formation relation on small scales is consistent with gas and H II regions being
only weakly correlated at the cloud (50 pc) scale.

Figure 7.10: SFR as a function of GMC mass for cross-matched GMC and H II region
catalogs. We compare to literature results and the Milky Way relation (extrapolation is
shown as a dotted line). We recover a wider range of depletion times and little correlation
between the two tracers, unlike in previous studies, but is consistent with the expectations
for scatter driven by evolutionary cycling.

Measuring star formation efficiency

As we have inferred a short overlap phase for molecular clouds and H II regions, we test this
by directly matching our catalog of 1502 H II regions and 738 GMCs. We uncover only 74
objects in the overlap phase, and we find depletion times >1 Gyr (Fig. 7.10), significantly
longer than previously reported for individual star-forming clouds in the Milky Way. We
find no clear trends that relate variations in the depletion time observed on 500 pc scales
to physical drivers (metallicity, molecular and stellar-mass surface density, molecular gas
boundedness) on 50 pc scales.

Work done within the PHANGS collaboration.

[1] Kreckel, K. et al. (2018): A 50 pc Scale View of Star Formation Efficiency across
NGC 628, ApJL 863, L21

113



7.6 Azimuthal variations of Oxygen abundance in

galactic disks

I-Ting Ho, Sharon Meidt, Eva Schinnerer

Introduction: from radial gradients to azimuthal variations

Since the discovery of the radial abundance gradient half a century ago, numerous ob-
servational and theoretical efforts have been directed toward measuring the gradient and
understanding its physical origin. It is now well-established that almost all local normal
star-forming disks exhibit negative radial gradients in their ISM oxygen abundance with
virtually the same characteristic slope. This informs us about the inside-out formation
history of galactic disks. What is still poorly known is: at a fixed radius how homogenous
is the metal abundance of the interstellar medium? The azimuthal variations of ISM
abundances can place critical constraints on the physics of gas mixing [1]. The degree of
the azimuthal variations depends on how efficiently the metals synthesized inside massive
stars can be mixed with the surrounding medium when gas and stars orbit around the
gravitational potential.

Discovery of azimuthal variations in nearby spirals

Recently, the increasing number of high quality integral field spectroscopy observations
has begun to reveal the presence of azimuthal variations in the nearby Universe. Robust
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Figure 7.11: NGC 1365 at distance 18.3 Mpc. Left: BVR composite image reconstructed
from IFU data from the TYPHOON project. Middle: Oxygen abundance map constructed
by extracting HII region spectra from the data cube. Right: Oxygen abundance resid-
ual map after subtracting a linear abundance gradient constrained by the middle panel.
Systematic deviations related to the galaxy structure are clearly seen in the residual map.
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mapping of metallicity in the warm ionized medium is facilitated by 3D spectroscopy in
nearby galaxies achieving spatial resolutions approaching the typical scale of HII regions
(< 100 pc). Using IFU data from the TYPHOON project (PI: Barry Madore at Carnegie),
we have recently reported that in two nearby galaxies, NGC 1365 [2] and NGC 2997 [3], the
HII region (strong line) oxygen abundances present clear, systematic azimuthal variations.

Figure 7.12: A chemical evolution carousel
schematics illustrating the two different
phases that gas experiences when orbiting cir-
cularly in a spiral galaxy. The figure is not
to scale.

In NGC 1365 (Fig. 7.11, [2]), the variations
are particularly pronounced, 0.2 dex. The
oxygen abundances peak on the two m = 2
spiral arms and are lower in the inter-arm
regions. Similar signatures are also seen in
NGC 2997 but less pronounced, only about
0.05 dex ([3]).

The chemical evolution carousel
of spiral galaxies

The study of azimuthal variations in these
two systems has revealed – for the first
time – a strong correlation between abun-
dance patterns and spiral structure. This
is a clear observational signature of the
connection between galactic dynamics and
chemical mixing on kiloparsec-scales. In
[2], we present a simple chemical evo-
lution model to explain the observed
large azimuthal variations in NGC 1365
(Fig. 7.12). Two physical processes are
required: gas undergoes localized, sub-
kiloparsec-scale self-enrichment when or-
biting in the inter-arm region, and expe-
riences efficient, kiloparsec-scale mixing-
induced dilution when spiral density waves
pass through. The two processes together
result in the ISM abundance going through
up-and-down cycles (similar to riding on a
roller–coaster) when gas orbits around the
galaxy.
On-going IFU observations of nearby

galaxies and future surveys (e.g., PHANGS, SIGNAL, AMUSING, SDSS IV Local Volume
Mapper) will soon begin to address the prevalence and degree of azimuthal variations in
nearby galaxies.

[1] Roy, J.-R., & Kunth, D. (1995): , A&A 294, 432

[2] Ho, I.-T., Seibert, M., Meidt, S. E. et al. (2017): , ApJ 846, 39

[3] Ho, I.-T., Meidt, S. E., Kudritzki, R.-P. et al. (2018): , A&A 618, 64
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7.7 The stellar orbit distribution in present-day

galaxies inferred from the CALIFA survey

Ling Zhu, Glenn van de Ven, Remco van den Bosch,
Hans-Walter Rix, Marie Martig

Data and method

We present stellar orbit distributions, derived from stellar kinematic maps via orbit-based
modelling for a well defined, large sample of 300 nearby galaxies from the CALIFA survey.
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Figure 7.13: Our orbit-based model-
ing illustrated for galaxy NGC 0001.
a: SDSS multi-color image, b: the
CALIFA stellar mean velocity V
map and c: the velocity dispersion
σ map, d: the orbital distribution
p(λz, r).

The CALIFA survey [1] has delivered high-quality
stellar kinematic maps for 300 galaxies [2], comple-
mented by homogeneous r-band imaging for all the
galaxies from SDSS DR8. This sample encompasses
the main morphological galaxy types, and it can be
linked to global averages for galaxies in the present-
day universe within the total stellar mass range of
109.7 to 1011.4 M� .
We construct orbit-superposition Schwarzschild [3]
models for each galaxy that simultaneously fit the
observed surface brightness and stellar kinemat-
ics. In this manner, we find the weights of differ-
ent orbits that contribute to the best-fitting model.
We characterize each orbit with two main prop-
erties: the time-averaged radius r, and circularity
λz ≡ Jz/Jmax(E), which represents the normalized
angular momentum. The resulting probability den-
sity of orbit weights, p(λz, r), is a description of
the 6D phase-space distribution in a galaxy. Our
orbit-based modeling approach is illustrated in Fig-
ure 7.13 for the galaxy NGC0001.

Stellar orbit distribution

Next, integrating p(λz, r) over all radii r < Re yields the overall orbit circularity distri-
bution, p(λz). Figure 7.14 shows these distributions p(λz) for the 300 CALIFA galaxies,
sorted by increasing total stellar mass M∗. We divide the orbits into four broad regimes:
(i) cold orbits with λz ≥ 0.80 which are close to circular orbits, (ii) warm orbits with
0.25 < λz < 0.80 which are short-axis tube orbits with still a distinct sense of rotation
but already considerable random motions, (iii) hot orbits with |λz| ≤ 0.25 which are
mostly so-called box orbits and a small fraction of long-axis tube orbits.
We find that the cold component rarely dominates within Re, but is most prevalent among
galaxies with M∗ h 1 − 2 × 1010M� and decreases for more massive galaxies. In most
galaxies substantially more stars within Re are on warm orbits. The hot component rises
rapidly with increasing stellar mass and dominates in the most massive galaxies. There is
a small fraction of counter-rotating (CR) component in most galaxies. The high-λz orbits
generally form flat and rapidly rotating disks, while low-λz orbits form near-spherical
slow-rotating spheroids.
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Figure 7.14: The orbit-circularity λz distribution for
each of 300 CALIFA galaxies. Each thin slice verti-
cally represents the λz distribution of one galaxy nor-
malized to unity within the half-light- radius Re. From
left to right, the galaxies are sorted with increasing to-
tal stellar mass M∗ as indicated at the top.

Our finding that warm orbits con-
stitute the majority within 1Re

for all galaxies, except for the very
most massive ellipticals, is a new
results and also an insight. It may
be a natural consequence of galax-
ies growing inside-out, with those
stars born earlier having lower an-
gular momentum.
Our distributions p(λz) are a
(conceptually improved) alterna-
tive, either to geometric and pho-
tometric bulge-disk decomposi-
tions, or to the qualitative mea-
sures of ’galaxy morphology’ [4].
In this sense, our results present
an orbit-based alternative to the
’Hubble-sequence’, characterizing
for the first time the internal dy-
namical structure for a large sam-

ple of galaxies. Our results represent an observationally-determined orbit distribution of
’galaxies in the present-day universe’. They lend themselves thus to direct comparison
with samples of cosmological simulations of galaxies in a cosmological context.

Work done in collaboration with Mariya Lyubenova (European Southern Observatory,
Munich, Germany), Jesus Falcon-Barroso (Instituto de Astrofisica de Canarias (IAC), La
Laguna, Tenerife, Spain), Shude Mao and Dandan Xu (Astronomy department, Tsinghua
University, Beijing, China), Yunpeng Jin (National Astronomical Observatories, Chinese
Academy of Sciences, Beijing, China), Aura Obreja (Universitats-Sternwarte, Ludwig-
Maximilians-Universitat Munchen, Munich, Germany), Robert J. J. Grand (Heidelberg
Institute for Theoretical Studies, Heidelberg, Germany), Aaron A. Dutton and Andrea V.
Maccio (New York University Abu Dhabi, Abu Dhabi, United Arab Emirates), Facundo
A. Gomez (Instituto de Investigacion Multidisciplinar en Ciencia y Tecnologia, Universi-
dad de La Serena, La Serena, Chile), Jakob C. Walcher (Leibniz-Institut fur Astrophysik
Potsdam (AIP), Potsdam, Germany), Ruben Garcia-Benito (Instituto de Astrofisica de
Andalucia (CSIC), Granada, Spain), Stefano Zibetti (Osservatorio Astrofisico di Arcetri
Largo Enrico Fermi 5, Florence, Italy), Sebastian F. Sanchez (Instituto de Astronomia,
Universidad Nacional Autonoma de Mexico, Mexico)

[1] S.F. Sanchez., et al (2012): CALIFA, the Calar Alto Legacy Integral Field Area
survey. I. Survey presentation, A&A 538, A8

[2] J. Falcon-Barroso; M. Lyubenova, G. van de Ven., et al (2017): Stellar kinematics
across the Hubble sequence in the CALIFA survey: general properties and aperture
corrections, A&A 597, A48

[3] L.Zhu, R. van den Bosch, G. van de Ven., et al (2018): Orbital decomposition of
CALIFA spiral galaxies, MNRAS 473, 3000

[4] L.Zhu, G. van de Ven., et al (2018): Morphology and kinematics of orbital components
in CALIFA galaxies across the Hubble sequence, MNRAS 479, 945
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7.8 Shining Through the Fog: Validating Dynamical

Models with Molecular Gas Kinematics

Gigi Leung, Ryan Leaman, Glenn van de Ven, Ling Zhu

How robust are dynamical models?

Modern integral field spectrographs are providing spatially resolved stellar kinematics for
thousands of galaxies, and dynamical models based on these data are revolutionizing our
understanding of the dynamical structure of galaxies. A typical quantity of interest re-
turned by any dynamical model is the fraction of mass which is non-baryonic, or dark
with the ratio of stellar to dark matter shown in cosmological simulations to vary signif-
icantly due to the interplay between hierarchical dark matter structure formation, and
hydrodynamical effects of stellar and AGN feedback on the baryons. Therefore measuring
the dark matter fraction and dynamical mass of a galaxy precisely is of the utmost impor-
tance for validation of sub-grid feedback prescriptions in simulations and furthering our
understanding of the nature of dark matter. Most studies infer dynamical masses using a
single dynamical model applied to the stellar kinematic data for example Schwarzschild
orbital superposition models, anisotropic Jeans models (e.g., JAM), or an analytic asym-
metric drift correction (ADC). However these models all make different assumptions on
the shape and orbital structure of the galaxy, and most importantly, their accuracy and
deficiencies have not been tested or quantified with respect to each other, or in an abso-
lute sense before. This makes any astrophysical interpretation of the wealth of dynamical
mass measurements in literature inherently uncertain.CHAPTER 2. VALIDATING STELLAR DYNAMICAL MODELS WITH CO

Figure 2.2: Kinematic maps for UGC04132 from the EDGE CO survey. The coloured

maps from left to right are: observed mean velocity map, beam-smearing corrected mean

velocity map, observed dispersion map, modelled dispersion map and beam-smearing cor-

rected dispersion map. The two plots on the right are the extracted rotation curve and V/�

ratio, with the grey dashed line indicating the observed value and black solid line indicate

the beam-smearing corrected value which we adopt in our analysis. The black dashed lines

mark the e↵ective radius Re.

The ellipse parameters and rotation velocity of each ellipse are found by fitting

a velocity field of the form:

Vmod = Vsys + Vrot cos(�) sin(i), (2.4)

to the observed mean velocity map. Here Vmod, Vsys and Vrot are the modelled,

systemic and rotation velocities respectively, � and i are the azimuthal angle

(measured from the major axis) and the inclination respectively. To determine the

global kinematic centre, PAkin and Vsys of each galaxy, we compute the mean of

these parameters over all ellipses. The extracted PAkin and Vsys are listed in Table

2.1.

To remove any non-circular kinematic perturbations that may come from a bar

or spiral arms and could a↵ect our measurement of the rotation curve, we use the

method of harmonic decomposition (e.g. Krajnović et al. 2006; van de Ven & Fathi

2010). We model the velocity fields up to their 3rd order harmonics:

Vmod = Vsys + c1 cos(�) + s1 sin(�) + c2 cos(2�)

+ s2 sin(2�) + c3 cos(3�) + s3 sin(2�),
(2.5)

The obtained value c1/ sin(i) gives us the CO circular velocity (labelled as VCO from

hereon), largely removing e↵ects from high order perturbations such as for example

spiral arms and bars. Whereas the other terms such as s1 (radial flow) and the higher
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Figure 2.7: Observables and best fit models of stellar dynamical models of UGC04132. Top

from left to right: (1) r-band image from SDSS plotted in black contours with the fitted

MGEs are over-plotted with red contours, (2) observed Vrms from the CALIFA survey,

(3) best fitted JAM modelled Vrms, (4)Vlos from the CALIFA survey, (5) Vlos from the

Schwarzschild model; Bottom from left to right: (6) observed �los, (7) modelled �los, (8)

extracted V� and �R (for the case of � = 0.5) values in solid and open circles, and the fitted

functional forms in solid and dashed red lines respectively.

2.4.3 Schwarzschild Models (SCH)

The Schwarzschild models adopt a di↵erent approach. Instead of solving the Jeans

equations, the Schwarzschild models compute the orbits in a gravitational potential

to recover the observed kinematics. A complete description to the methodology

of our Schwarzschild models can be found in Zhu et al. (2018a) and the resulting

orbital distribution derived for the CALIFA galaxies and their fitted parameters as

adopted here can be found in Zhu et al. (2018b). Here we give a brief overview of our

Schwarzschild models for completeness. First, a set of mock triaxial gravitational

potentials are created. Each of the gravitational potentials is described by two

components: mass from luminous matter and mass from dark matter. The stellar

mass-to-light ratio is assumed to be constant: ⌥?, with the light distribution again
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Figure 2.2: Kinematic maps for UGC04132 from the EDGE CO survey. The coloured

maps from left to right are: observed mean velocity map, beam-smearing corrected mean

velocity map, observed dispersion map, modelled dispersion map and beam-smearing cor-

rected dispersion map. The two plots on the right are the extracted rotation curve and V/�

ratio, with the grey dashed line indicating the observed value and black solid line indicate

the beam-smearing corrected value which we adopt in our analysis. The black dashed lines

mark the e↵ective radius Re.

The ellipse parameters and rotation velocity of each ellipse are found by fitting

a velocity field of the form:

Vmod = Vsys + Vrot cos(�) sin(i), (2.4)

to the observed mean velocity map. Here Vmod, Vsys and Vrot are the modelled,

systemic and rotation velocities respectively, � and i are the azimuthal angle

(measured from the major axis) and the inclination respectively. To determine the

global kinematic centre, PAkin and Vsys of each galaxy, we compute the mean of

these parameters over all ellipses. The extracted PAkin and Vsys are listed in Table

2.1.

To remove any non-circular kinematic perturbations that may come from a bar

or spiral arms and could a↵ect our measurement of the rotation curve, we use the

method of harmonic decomposition (e.g. Krajnović et al. 2006; van de Ven & Fathi

2010). We model the velocity fields up to their 3rd order harmonics:

Vmod = Vsys + c1 cos(�) + s1 sin(�) + c2 cos(2�)

+ s2 sin(2�) + c3 cos(3�) + s3 sin(2�),
(2.5)

The obtained value c1/ sin(i) gives us the CO circular velocity (labelled as VCO from

hereon), largely removing e↵ects from high order perturbations such as for example

spiral arms and bars. Whereas the other terms such as s1 (radial flow) and the higher
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Figure 2.7: Observables and best fit models of stellar dynamical models of UGC04132. Top

from left to right: (1) r-band image from SDSS plotted in black contours with the fitted

MGEs are over-plotted with red contours, (2) observed Vrms from the CALIFA survey,

(3) best fitted JAM modelled Vrms, (4)Vlos from the CALIFA survey, (5) Vlos from the

Schwarzschild model; Bottom from left to right: (6) observed �los, (7) modelled �los, (8)

extracted V� and �R (for the case of � = 0.5) values in solid and open circles, and the fitted

functional forms in solid and dashed red lines respectively.

2.4.3 Schwarzschild Models (SCH)

The Schwarzschild models adopt a di↵erent approach. Instead of solving the Jeans

equations, the Schwarzschild models compute the orbits in a gravitational potential

to recover the observed kinematics. A complete description to the methodology

of our Schwarzschild models can be found in Zhu et al. (2018a) and the resulting

orbital distribution derived for the CALIFA galaxies and their fitted parameters as

adopted here can be found in Zhu et al. (2018b). Here we give a brief overview of our

Schwarzschild models for completeness. First, a set of mock triaxial gravitational

potentials are created. Each of the gravitational potentials is described by two

components: mass from luminous matter and mass from dark matter. The stellar

mass-to-light ratio is assumed to be constant: ⌥?, with the light distribution again
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Figure 7.15: Observed CO gas rotation and velocity dispersion (top left) for one of the
galaxies in the EDGE-CALIFA sample. Observed stellar kinematic maps are reproduced
well by JAM and Schwarzschild dynamical models for the same galaxy (bottom left).
Derived circular velocity profiles for each of the stellar dynamical models (ADC, JAM,
Schwarzschild) show good agreement with the independent CO gas (right).
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Validating galaxy dynamical models with gas kinematics

In [1] we undertook the first large scale homogeneous test of three commonly used stel-
lar dynamical models across a sample of 54 disk galaxies from 9.7 ≤ logM∗ ≤ 11.3,
observed as part of the EDGE-CALIFA survey. This survey provided spectroscopic
observations of the the galaxies’ stars using the CALIFA integral field unit (with spa-
tial and velocity resolutions of σinst ∼ 70 km s−1 and 2.5

′′
respectively). In addi-

tion to comparing the derived circular velocity profiles between each method, we com-
pared them to an independent kinematic tracer - the molecular gas, which was mapped
in 12CO(J = 1 − 0) for each of the same galaxies with the CARMA array (in D-
array configuration yielding a beam size of ∼ 4

′′
and velocity resolution of 3.4 km

s−1). This molecular gas is dynamically cold (e.g., in a rotationally supported disk
with V/σ & 5), and after modeling the moment maps with a harmonic decomposition
method, provides an independent estimate of the circular velocity profile of the galaxy.
CHAPTER 2. VALIDATING STELLAR DYNAMICAL MODELS WITH CO

Figure 2.9: Comparison between the stellar and CO circular velocities at 1 Re. Panels

(a), (c) and (e) show VCO plotted against VADC, VJAM and VSCH respectively, with the

black line indicating the one-to-one line. It is shown here that VADC underestimate the

circular velocity with � = 0.0, but agree well with VCO with � = 0.5, except for high-mass

galaxies. Also, both VJAM and VSCH agree well with VCO at Re. Panels (b), (d) and (f)

show the relative di↵erence, QX , for ADC, JAM and SCH respectively. The black vertical

lines indicate Q = 0, to the right of the black lines are galaxies from which the stellar Vc

is smaller than VCO, again a bias is seen for VADC,�=0.0, but none in VADC,�=0.5, VJAM and

VSCH.
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Figure 7.16: Comparison
of stellar dynamical models
to independent cold molec-
ular gas circular velocities
for the sample of 54 galax-
ies. Each of the three
methods reproduces the in-
dependent circular veloci-
ties from the gas to within
∼ 10% at the effective ra-
dius.

The stellar kinematic maps in each galaxy were used as input
for three commonly adopted stellar dynamical models: asym-
metric drift correction (ADC), Jeans models (JAM), and
Schwarzschild models (SCH). These dynamical models all
have different assumptions and methodologies, but in short
they try to infer the underlying orbit structure and gravita-
tional potential which best reproduces the collisionless and
non-circular motions of the observed stellar kinematic maps.
The resulting circular velocity profiles of each of the stel-
lar dynamical models are compared to the independent esti-
mates from the CO gas (Fig. 7.15). Across the entire sample
we found that each of the three dynamical models could re-
produce the circular velocity of the CO gas to within ∼ 10%
at the galaxy’s effective radius (Fig. 7.16). While this repre-
sents the first large scale validation of the dynamical models’
precision, the work also provides a guide for where within
the galaxies inner regions the models break down - crucial
knowledge for future kinematic studies at high redshift with
e.g., JWST and ELT.

Work done in collaboration with Mariya Lyubenova (ESO-
Garching), Alberto Bolatto (University of Maryland),
Jesus Falcón-Barroso (IAC), Leo Blitz (Berkeley), Hel-
mut Dannerbauer (IAC), David Fisher (Swinburne), Re-
becca Levy (University of Maryland), Sebastian Sanchez
(UNAM), Dyas Utomo (Berkeley), Stuart Vogel (Univer-
sity of Maryland), Tony Wong (University of Illinois) and
Bodo Ziegler (University of Vienna).

[1] Leung, G., Leaman, R., & van de Ven, G. (2018):
The EDGE-CALIFA Survey: validating stellar dynami-
cal mass models with CO kinematics, MNRAS 477, 254
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7.9 Star formation rate prescriptions and efficiency

in nearby galaxies M31 and NGC 2276

Neven Tomičić, Eva Schinnerer, Kathryn Kreckel, I-Ting Ho,
Toshiki Saito, Rebecca McElroy, Christopher Faesi

Properly measuring the spatial distribution of the star formation rate (SFR) in galaxies
helps us to understand the driving forces behind their star formation, effects on their
interstellar media (ISM) and the star formation efficiency (SFE), as well as and galactic
evolution. However, this is hindered by the uncertainties in estimating SFRs and cali-
brating the SFR prescriptions. Furthermore, variations in the SFE of the gas are difficult
to disentangle from the uncertainties of estimated SFRs.

Star formation rate prescriptions

Using IFU observations of the outskirts of the Andromeda galaxy (M31) at sub-kpc scales
(from 10 pc to kpc), we derive the Balmer line attenuation and the 3-dimensional spatial
distribution of dust and ionized gas in M31. Our results indicate that the vertical dust/gas
distribution from the central areas of nearby galaxies differs from that in the outskirts of
M31 [2]. From this evidence, we hypothesize that the vertical dust/gas distribution in
galactic disks varies as a function of the galactocentric distance. Following that, we use
extinction corrected Balmer line emission as a reference SFR tracer in a combination with
ultraviolet and near-infrared images to calibrate the hybrid SFR prescriptions [4]. We find
that the hybrid SFR prescriptions do not change with spatial scale or with the subtraction
of a diffuse component. However, our SFR prescriptions observed in M31 differ from the
prescriptions in the literature (Fig. 7.17). This indicates that the SFR prescriptions are
not universal and that they may vary with the inclination and the galactocentric radius
(Fig. 7.17), due to varying dust/gas distributions.
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Figure 7.17: Difference between SFR values estimated from the Balmer emission lines
and SFR values from the hybrid SFR(Hα+a24µm24µm) prescription previously used in the
literature, as a function of inclination (left panel) and galactocentric radius (right panel).
Galaxies presented here are: M31 data from [4], and other nearby galaxies from the
SINGS sample of galaxies, CALIFA survey of galaxies, NGC 628 and NGC 3627.

120



Star formation efficiency in interacting galaxy NGC 2276

Our IFU observations of the interacting galaxy NGC 2276 are used to investigate how
the early phase of galactic interaction affects the ISM and the SFE of the molecular gas
across its disk [3]. Although NGC 2276 shows a significant asymmetrically elevated SFR
surface density, as well as asymmetric stellar distribution, it does not show an unusual gas
phase metallicity gradient or shock ionization. On the other hand, we probed the SFE
at sub-kpc scales (0.5 kpc) across NGC 2276’s disk to trace the origin of its elevated and
asymmetric SFR and found more than two orders of magnitude variation in SFE (Fig.
7.18). This is significantly larger than what is seen in nearby galaxies. We speculate that
this is caused by both tidal forces exerted from a neighboring galaxy and ram pressure
affecting NGC 2276.
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Figure 7.18: ΣSFR(Hα,corr) vs. ΣH2

diagram (Kennicutt-Schmidt diagram) for:
pre-coalescence interacting galaxy NGC 2276
(≈0.5 kpc scale data: orange crosses; mean
galactic value: thick green cross; [3]); the
HERACLES survey of galaxies (contours;
[1]); mid-stage merger VV 114 (black trian-
gles); luminous merger remnant NGC 1614
(black rombs); and Antennae merger galaxy
(black circles).

Work done in collaboration with
Guillermo A. Blanc (Observatories of
the Carnegie Institution for Science),
Brent Groves (ANU), Annie Hughes
(IRAP), Simon Glover (ITA), Karl
Gordon (Space Telescope Science In-
stitute), Tom Jarrett (University of
Cape Town), Maria Kapala (Univer-
sity of Cape Town), Adam Leroy
(OSU), Alexia Lewis (OSU), Miguel
Querejeta (ESO), Eric Pellegrini (ITA),
Jerome Pety (IRAM), Daniel Rahner
(ITA), Allesandro Raza (ESO), Florent
Renaud (Lund Observatory), Karin
Sandstrom (UCSD), Andreas Schruba
(MPE), Vernesa Smolcic (University of
Zagreb), David Thilker (JHU)

[1] Leroy, A., Walter, F., Sandrstrom, K.
(2013): Molecular Gas and Star For-
mation in nearby Disk Galaxies, AJ
146, 19L

[2] Tomičić, N., Kreckel, K., Groves, B.
(2017): Attenuation modified by DIG
and dust as seen in M31, ApJ 844,
155T

[3] Tomičić, N., Hughes A., Kreckel K.
(2018): Two Orders of Magnitude
Variation in the Star Formation Effi-
ciency Across the Pre-Merger Galaxy
NGC 2276, ApJL 869, L38

[4] Tomičić, N., Ho I-T., Kreckel K.
(2019): Calibrating star-formation
rate prescriptions at different scales
(10 pc to 1 kpc) in M31, ApJ 873, 1
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7.10 A high-resolution view of the outflow in the

starburst NGC 253

Nico Krieger, Fabian Walter

The nuclear starburst NGC 253

Outflows driven by star formation (SF) are thought to be a crucial driver of galaxy
evolution. Strong stellar feedback caused by high star formation rate (SFR) densities can
launch outflows of ionized, neutral and molecular gas that potentially can escape the main
body of a galaxy. Consequently, such outflowing gas (temporarily) removes the potential
fuel for future star formation. Starburst galaxies are the obvious target to study SF-
driven outflows due to the high SFR in these system. NGC 253 is considered one of the
prototypical starburst galaxies with a galactic wind emerging from its central ∼ 200 pc
that has been characterized in Hα, X-ray, as well as neutral and molecular gas emission.
Previous studies in NGC 253 showed that its central starburst is fueled by gas accretion
along the bar. At a distance of 3.5 Mpc, we can now achieve parsec-scale resolution with
ALMA. Such a resolution is required to understand the cloud-scale physics involved in SF
feedback and outflow driving but previously only possible within the Milky Way system.
Our observations in ALMA band 3, 6 and 7 target CO transitions and other well studied
tracers of molecular gas of various densities (HCN, HCO+, CN, CS).

The dense gas in the starburst outflow

The most prominent outflow feature in NGC 253, the south-west streamer, possesses a
large intrinsic velocity dispersion. Its extent and dispersion are consistent with an ejection
from the disk starting about ∼ 1 Myr ago. From our data, it is currently unclear whether
or not the molecular mass entrained in the outflow will escape the galaxy, or be recycled to
fuel later episodes of SF. Strikingly, dense gas tracers (HCN, HCO+, CS, CN) are spatially
coincident with the south-west streamer. The line ratios HCN/CO of ∼ 1/10 measured in
the outflow are high and consistent with ratios observed in the central starburst region of
NGC 253 and in other starbursts. The HCN/CO line ratio in the disk is significantly lower
(∼ 1/30), typical of gas in the disks of nearby galaxies. This is indicative of the dense
molecular gas being ejected from the central regions into the outflow, while retaining its
properties in this process. It also suggests that the CO and HCN emission are optically
thick also in the streamer. Radiation pressure cannot be the main mechanism for driving
the outflow. The presence of a dense gas phase in molecular outflows will have to be
accounted for in numerical simulations of galactic winds, both at low and high redshift.

Global outflow properties revealed by high-resolution imaging

Beside the south-west streamer as the most notable large-scale feature, significant mass,
energy and momentum of the outflow is in a diffuse extended phase. For a systematical
study of this phase, a kinematic decomposition of the observed emission into starburst
disk gas, outflow and other features is necessary. Such a method is complicated due
to the complex geometry of galaxy and outflow, and requires high spatial resolution for
correct attribution of the features. For the CO(3–2) line in ALMA band 7, we achieve the
very high spatial resolution needed and complement it with the mentioned CO(1–0) and
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Figure 7.19: Molecular gas distribution as traced by CO(3–2) in the central 1 kpc of
NGC 253. The colors show CO (3–2) gas at systemic velocity in green (210-290 km s−1),
the approaching gas in red (< 210 km s−1) and the receding gas in blue (> 290 km s−1).
The resolution of 2.5 pc is indicated by a white ellipse in the box in the bottom left corner.

CO(2–1) ALMA data. We find ∼ 10% of the total molecular gas mass in NGC 253 in the
outflow. The molecular mass outflow rate ranges from 15−40 M� yr−1 and depends on the
interpretation of the outflow distribution, i.e. assumptions about the velocity structure
of the ejected gas. Due to the resolved observation, we are for the first time able to
reconstruct the distance and time evolution of the outflow rate, energy and momentum
which places further constraints on the possible feedback mechanisms that ejected the gas.
The currently forming super star clusters are too young to have launched the observed
molecular outflow. However, the current SFR is easily powerful enough to equip the
outflow with its observed energy and momentum: 8% of kinetic energy released by the
starburst is transferred to energy in outflow bulk motion. The efficiency of feedback
momentum to outflow momentum transfer is 2.5− 4%.

This work was done in collaboration with A. D. Bolatto (UMD, MD, USA), A. K. Leroy
(OSU, OH, USA) and L. K. Zschaechner (MPIA, now FINCA, Finland).

[1] Walter, F., Bolatto, A. et al. (2017): Dense Molecular Gas Tracers in the Outflow of
the Starburst Galaxy NGC 253, ApJ 835(2), 265

[2] Krieger, N., Bolatto, A. et al. (2019): The molecular outflow in NGC 253 at a
resolution of two parsecs, ApJ 881, 43
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7.11 NLTE modelling of integrated light spectra

Philipp Eitner, Maria Bergemann, Soeren Larsen

Introduction

Non-Local Thermodynamic Equilibrium (NLTE) is commonly applied in the spectrum
synthesis and abundance analysis for individual stars in the Milky Way galaxy. It is known
that the differences with respect to the LTE assumption can be significant, depending
on the physical parameters of the star and on the electronic structure of the element.
However, when it comes to the integrated light (hereafter, IL) spectra of distant stellar
populations in other galaxies, such as extra-galactic star clusters, NLTE still is rarely
taken into account.
In this work we study the effects of NLTE on the abundance analysis from IL spectra of
composite stellar populations. We do so by deriving NLTE abundance corrections ∆NLTE

for three chemical elements - Ba, Mg, and Mn - for a synthetic stellar population (SSP)
representing an α-enhanced globular cluster with the metallicity [Fe/H]= −2.0 and the
age of 11 Gyr. The IL NLTE abundance corrections are computed for selected spectral
lines of Mg I, Mn I, and Ba II ions, which are commonly used in abundance analyses of
extra-galactic systems. Using appropriate model atmospheres for the stars of the SSP,
sampled from the model isochrone to represent the chosen globular cluster, and combining
NLTE and LTE equivalent widths, we transfer the direct consequences of NLTE for the
individual stars of the SPP to the influence on its combined IL spectrum.

Individual stars

As a first step, we present the NLTE abundance corrections for Ba, Mg and Mn of the
individual stars of the SSP in Fig. 7.20. The corrections are calculated assuming typical
LTE abundances of [Ba/Fe]= −0.2, [Mn/Fe] = −0.4 and [Mg/Fe] = +0.4 dex. We find
this choice of reference abundance to have a relevant impact on the final NLTE corrections.

However, we also detect a strong differential NLTE effect along the isochrone. For Ba, the
abundance corrections are insignificant in main-sequence stars, but grow towards the red
giant branch, where we find values below −0.3 dex, meaning that the NLTE abundance of
Ba is a factor of two lower than its LTE counterpart. For Mn we find a similar trend for
the low surface gravity stars, but further detect significant NLTE corrections (+0.2 dex)
already in the main-sequence models. In contrast to this, our results for Mg suggest that
it is relatively unaffected by NLTE along the whole isochrone, although we see a strong
difference between low- and high-excitation lines.

Integrated light

When we calculated IL NLTE abundance corrections for our model globular cluster, we
found that they are significant in many cases. On average, we find an IL ∆NLTE of
∼ −0.1 dex for Ba, +0.3 dex for Mn, while Mg still shows only marginal corrections.
The differences between the IL NLTE corrections derived from different spectral lines is
substantially lower than that seen for the results for the individual model stars.
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Figure 7.20: NLTE abundance corrections, derived for the individual stars in the SSP, as
a function of evolutionary stage (left) and surface gravity (right).

Especially in the context of previously published studies on globular clusters [1], our results
for Mn are promising. Similar to studies of individual metal-poor halo stars, integrated
light observations of metal-poor Galactic and extra-galactic globular clusters typically
yield significantly depleted Mn abundances of [Mn/Fe] ∼ −0.4. This can be explained
mostly as a NLTE effect, with the actual [Mn/Fe] ratios most likely being close to solar.
The latter is very interesting in the context of early chemical enrichment of galaxies by
core-collapse SNe. Mg abundances derived from IL spectra of metal-poor globular clusters
typically show far less enhancement than the field stars, which is generally considered to
be due to Mg-Al anti-correlations. Yet, according to our calculations, it is unlikely that
the putative Mg/Fe depletion can be explained by NLTE.
Our work clearly suggests that NLTE is important to consider, not only when studying
individual stars, but also when using integrated light spectra to obtain abundances of
stellar populations and galaxies.

[1] Larsen, S. S., Brodie, J. P., Wasserman, A. & Strader, J. (2018): Detailed abundance
analysis of globular clusters in the Local Group, A&A 613, A65

[2] Eitner, P., Bergemann, M., Larsen, S. (2019): NLTE modelling of integrated light
spectra. Abundances of barium, magnesium, and manganese in a metal-poor globular
cluster, A&A 627, A40
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8

The Emergence of Galaxies through
Cosmic Time

Left: Slice of a hydrodynamical simulation at z = 6.0 illustrating temperature for a universe

that reionized instantaneously. Right: Same as left but for an extended (∆z = 6.06) and patchy

reionization phase transition, resulting in large-scale temperature fluctuations.See chapter 8.5

for details and credits.



8.1 ALMA observations of the UDF: The molecular

gas content in distant galaxies

Gergö Popping, Fabian Walter, Roberto Decarli

Molecular gas is the fuel out of which new stars form. A complete understanding of star
formation in galaxies over cosmic time therefore requires the detailed characterisation of
the available budget of molecular gas. Multi-wavelength studies from the UV to the radio
performed in the last two decades have accurately constrained the rate at which stars are
formed in our Universe. These studies revealed that the rate of star formation per unit
volume increased from the beginning of the Universe till it was approximately 3 Gyr old
(at z = 2). It afterwards quickly declined by an order of magnitude to its current day
value. Although the rate at which stars form is well quantified, the amount of molecular
gas available for the formation of these stars is less well known. Does it closely follow
the amount of star formation, or does it behave differently? The former suggests that the
gas content is the main driver of the star formation in the Universe, whereas the latter
suggests that the mode of star formation out of molecular gas evolves over cosmic time.
With the advent of the Atacama Large Millimeter Array (ALMA), meaningful constraints
on the molecular gas density of our Universe can now be obtained. These observations
reveal the connection between the gas supply and star formation in galaxies and provide
new constraints for theoretical models of galaxy formation.

ASPECS: The ALMA spectroscopic survey in the UDF

We used ALMA to perform a molecular line scan study in the Hubble Ultra Deep Field
(HUDF) for CO emission from galaxies in the 3mm atmospheric window, covering an area
of 4.6 arcmin squared on the sky, reaching a continuum depth of 3.8 µJy per beam ([1]).
This makes this survey the deepest of its kind over a contiguous area on the sky. Because
of the ‘blank field’ approach which avoids biases due to the pre-selection of the targeted
sources, they are ideal to quantify the amount of molecular gas (traced by the CO) per
unit volume over cosmic time.
Our results show that the molecular hydrogen budget of the Universe gradually increased
till z ∼ 1.5 and decreased by a factor of 6.5 from z = 1 to z = 0 (the last 8 Gyr,
Fig. 8.1, [2]). The observed evolution in the molecular gas density of the Universe confirms
earlier findings, but is much more robust and better quantified due to the significantly
improved number statistics and analysis techniques.
The observed evolution of the molecular hydrogen density of the Universe strongly resem-
bles the evolution of the star formation density. The similar evolution between the two
suggests that the main driver of the star formation history is the available gas budget,
rather than a change in the mode of star formation over the last 10 Gyr.

Theoretical implications

Surveys focusing on the gas content of galaxies and the Universe provide a new constraint
for models of galaxy formation and evolution. In [3] we compared the observations by
the ASPECS survey to two state-of-the art galaxy formation simulations (the Santa Cruz
semi-analytic model of galaxy formation and the IllustrisTNG cosmological magnetohy-
drodynamical simulation of galaxy formation). Both simulations reasonably reproduce
some of the key observables of galaxy populations in the local and high-redshift Universe
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(e.g., stellar mass functions). Nevertheless, when adopting the standard assumptions to
translate CO emission into a molecular hydrogen mass, the predictions for the molecular
hydrogen density of our Universe by both galaxy formation models are in tension with
observations. This tension can be alleviated when assuming all z > 1 galaxies have inter-
stellar medium conditions similar to the brightest and most actively star-forming galaxies
oberved to date. These results demonstrate the capability of molecular line scans to con-
strain models of galaxy formation and evolution and advance our understanding of galaxy
physics.

Figure 8.1: The observed and predicted redshift evolution of the cosmic density of molecular
hydrogen, ρ(H2). The grey boxes show the constraints based on the ASPECS survey (one
and two sigma). Our results confirm earlier findings with much greater security and
demonstrate that the molecular hydrogen cosmic density increased till z = 2 and rapidly
decreased at z < 1. The colored lines correspond to the predictions by the two galaxy
formation models, after accounting for the sensitivity limit of ASPECS. We find a clear
tension between the model predictions and the observations. Figure adapted from [3].

Work done in collaboration with Manual Aravena, Jorge Gonzalez (Universidad Diego
Portales, Santiago), Chris Carilli (NRAO) and the ASPECS collaboration.

[1] Gonzalez-Lopez, A. (2019): The ALMA Spectroscopic Survey in the HUDF: CO
emission lines and 3 mm continuum sources, APJ in press, arXiv:1903.09161

[2] Decarli, R. (2019): The ALMA Spectroscopic Survey in the HUDF: CO luminosity
functions and the molecular gas content of galaxies through cosmic time, ApJ in press,
arXiv:1903.09164

[3] Popping, G. (2019): The ALMA Spectroscopic Survey in the HUDF: the molecular
gas content of galaxies and tensions with IllustrisTNG and the Santa Cruz SAM,
ApJ in press, arXiv:1903.09158
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8.2 The evolution of disk opacity and dust

properties probed by galaxy inclination.

Sarah Leslie, Eva Schinnerer, Phillip Lang, Arjen van der Wel

Dust is a small but important component of galaxies, obscuring on average 1/3 of the
starlight in local star-forming galaxies, yet the dust composition and distributions in
distant galaxies remain poorly constrained. We used a novel approach to probe the dust
geometry of a statistical sample of large, massive, disk-dominated galaxies at z = 0 and
z = 0.7, selected from the Sloan Digital Sky Survey (SDSS) and the Cosmic evolution
survey (COSMOS), respectively. For edge-on disks, the photons travel through a larger
column than for face-on disks and are therefore more likely to be scattered or absorbed
by dust along the line of sight.

Massive disk galaxies have clumpier dust at z ∼ 0.7

Figure 8.2: UV-SFR as a function of galaxy
inclination at z ∼ 0.1 (top) and at z ∼ 0.7
(bottom). Attenuation is inclination depen-
dent, and massive galaxies at z ∼ 0.7 suffer
more attenuation than at z ∼0. Blue lines
show best-fit Tuffs et al. (2004) models. Grey
bands are observational limits (from Leslie et
al. 2018a).

Ultra-violet (UV) observations are sensi-
tive to dust attenuation, showing trends
that other wavelengths do not, allowing
us to probe disk opacity. We studied the
UV-derived star formation rates (SFRs)
of disk-dominated galaxies at z ∼ 0 and
z ∼ 0.7 and find a strong inclination depen-
dence that appears to be redshift indepen-
dent (see Fig. 8.2). We infer that the over-
all UV attenuation has increased between
z ∼ 0 and z ∼ 0.7 from the collective de-
creased fraction of SFRUV/SFRSFMS ratios
(see also, Fig. 8.3). To understand how the
combination of a largely unchanging slope
of the UV attenuation-inclination relation,
and an evolving overall attenuation might
arise we employ radiative transfer models
[3]. In the models, there are two main dust
components, a diffuse and a clumpy com-
ponent. Additionally, the UV emission and
the clumpy dust component surrounding
the star-forming regions are assumed to be
located in a thin disk. We found that in-
creased dust clumpiness (by factors of ∼6),
rather than a strong increase in dust mass can explain most of the increase in attenuation
while keeping the slope consistent.

UV attenuation is stellar mass dependent (Fig. 8.3). We found that our samples of
massive galaxies (log(M∗/M�) > 10.2), show a strong evolution in the fraction of dust in
the clumpy component, similar to the gas-mass fraction which evolves as (1+z)≈3. On the
other hand, the average UV attenuation does not increase as strongly with redshift. The
clumpy dust component is closely related to the recent star formation, and is heated by
young stars. Our results will be informative for the next generation of semi-analytical and
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hydrodynamical simulations that are starting to include prescriptions for the formation,
destruction, and redistribution of dust in galaxies.

Testing typical UV attenuation corrections out to z ∼ 0.7
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Figure 8.3: Evolution of UV attenuation, represented
by SFRUV/SFRtot, where SFRtot = SFRUV+ SFRIR,
for statistical samples of galaxies at z < 4 (to con-
vert the y-axis to AUV multiply by -2.5). Stellar-mass
dependent studies are shown as opaque symbols with
error-bars representing the mass range of galaxies used
in this work, 10.2 < log(M∗/M�) < 11.4. Studies
including less massive galaxies (transparent symbols)
have, on average, less attenuated UV emission, so the
SFRUV/SFRtot ratio is higher. The red circles show
the value of SFRUV/SFRMS we obtained for a disk
galaxy inclined at 1 − cos(i) = 0.5 (i = 60 deg). Two
solid lines show evolution of SFRUV/SFRtot between
(1 + z)−2 (purple) and (1 + z)−3 (lime green).

We then evaluated dust-corrected
UV SFRs from the hybrid mid-
infrared (MIR) plus UV relation,
UV-slope, and from a radiative
transfer based attenuation correc-
tion methods [2]. We assessed the
performances of the attenuation
correction methods by their abil-
ity to remove the dependency of
the corrected SFR on inclination,
as well as returning, on average,
the expected population mean
SFR. We found that combining
MIR (rest-frame ∼ 13µm) and
UV luminosities gives the most in-
clination independent SFRs and
reduces the intrinsic SFR scatter
most out of the methods tested;
this is encouraging because many
studies at z > 1 rely on such hy-
brid combinations. We also found
that more complicated model at-
tenuation curves are required to
explain the UV colours of local
galaxies – likely because dust is
not in a simple distribution, but
consists of both clumpy and dif-
fuse components at low redshift.

At redshifts greater than 6, UV luminosity functions provide our current best estimate of
the SFR density, so it will be essential to improve our dust models moving forward, or to
find an alternative dust-independent SFR tracer.

[1] Leslie, S. K, Sargent, M. T. Schinnerer, E., Groves, B., van der Wel, A., Zamorani,
G.; Fudamoto, Y., Lang, P., & Smolčić, V. (2018a): Probing star formation and ISM
properties using galaxy disk inclination. I. Evolution in disk opacity since z ∼ 0.7,
A&A 615, 20

[2] Leslie S. K., Schinnerer, E., Groves, B., Sargent, M. T., Zamorani, G., Lang, P., &
Vardoulaki, E. (2018b): Probing star formation and ISM properties using galaxy disk
inclination. II. Testing typical FUV attenuation corrections out to z ∼ 0.7, A&A 616,
10

[3] R. Tuffs, R. J., Popescu, C. C, Völk, H. J., Kylafis, N. D. & Dopita, M. A. (2004):
Modelling the spectral energy distribution of galaxies. III. Attenuation of stellar light
in spiral galaxies, A&A 419, 821
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8.3 Estimating the lifetime of Quasars

Anna-Christina Eilers, Joseph Hennawi, Frederick Davies

Supermassive Black Holes in the Centers of Quasars

Quasars are the most luminous non-transient objects in the universe and can be observed
at the earliest cosmic epochs, providing unique insights into the early phases of black
hole, structure, and galaxy formation. Observations of these quasars demonstrate that
they host supermassive black holes (SMBHs), i.e. M• & 109 − 1010 M�, at their center,
as early as . 1 Gyr after the Big Bang. The formation and growth of these SMBHs in
such short amounts of cosmic time is a crucial yet unanswered question about quasar and
galaxy evolution.

It has been argued that in order to rapidly grow the observed masses of these SMBHs,
they require massive initial seeds in excess of the expected stellar remnants, and need to
accrete matter over timescales comparable to the age of the universe, i.e. ∼ 109 yr at
z ∼ 6, even if they accrete continuously at the theoretical maximum accretion rate, the
so-called Eddington limit [1]. Under these assumptions, one would expect quasar lifetimes
tQ – the integrated time that galaxies shine as active quasars – to be of order ∼ 109 yr.
Previous estimates of quasar lifetimes based on comparing the number density of quasars
to their host dark matter halo abundance inferred from clustering studies, have yielded
only weak constraints of tQ ∼ 106−109 yr. A direct measurement of the lifetime tQ of the
first quasars thus constitutes a breakthrough, shedding light on triggering and feedback
mechanisms, on how gas funnels to the centers of galaxies, and on the structure of the
inner accretion disk of some of the earliest cosmic sources.

A New Method to Determine Quasar Lifetimes

We have shown for the first time how the sizes of the ionized gas regions around quasars,
known as proximity zones Rp, can give independent constraints on their lifetimes with
unprecedented precision [2]. The sizes of these proximity zones are sensitive to the lifetime
of the quasars, because the intergalactic gas has a finite response time to the quasars’
radiation.

In order to obtain constraints on the lifetimes from measurements of quasar proximity
zones we developed a method to compare the observations to simulated quasar spectra
at various lifetimes. To this end, we made use of the cosmological hydrodynamical sim-
ulation Nyx [3], and post-processed the sight lines through the simulation box with a
1-dimensional radiative-transfer code to simulate the effects of the quasars’ radiation. A
comparison of the measurements to the simulated sizes of proximity zones allows us to
determine precise lifetimes for individual quasars (see Fig. 8.4).

Discovery of an Unexpected Population of Young Quasars

We applied this method to determine quasar lifetimes based on the sizes of their proximity
zones to a data set of 34 high redshift quasar spectra at 5.8 . z . 6.5. All spectra in this
data set were observed at optical wavelengths (4000Å− 10000Å) with the Echellette
Spectrograph and Imager at the Keck telescopes in Hawaii [4].
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Figure 8.4: Lifetime estimate of a young quasar. Left: Spectrum of one out of three
identified very young quasars at z ∼ 6 exhibiting an exceptionally small proximity zone
indicated by the red shaded region. The grey spectrum in the background shows a quasar
with a much larger proximity zone, indicating a longer quasar lifetime. Right: Predicted
evolution of quasar proximity zones Rp with quasar lifetime tQ from radiative transfer
simulations. The Rp measurement of the young quasar shown in the left panel is indicated
by the red dashed line suggesting a very short lifetime of tQ . 104yr [5].

By analyzing the proximity zones of all quasars in this new data set, we discovered an
unexpected population of very young quasars, i.e. tQ . 104 − 105 yr, that exhibit excep-
tionally small proximity zones (Fig. 8.4) and are thus strong outliers in the distribution
of proximity zone sizes [2, 5]. These 10% of quasars pose significant challenges on cur-
rent black hole formation theories, because their lifetime is several orders of magnitude
too short to grow their central SMBHs, and may require some new black hole formation
mechanism.

[1] Volonteri, M. (2012): The Formation and Evolution of Massive Black Holes, Science
337, 544

[2] Eilers, A.-C., Davies, F. B., Hennawi, J. F., Prochaska, J. X., Lukic, Z., & Mazzuc-
chelli, C. (2017): Implications of z ∼ 6 Quasar Proximity Zones for the Epoch of
Reionization and Quasar Lifetimes, ApJ 840, 24

[3] Almgren, A. S., Bell, J. B., Lijewski, M. J., Lukic, Z., & Van Andel, E. (2013): Nyx:
A Massively Parallel AMR Code for Computational Cosmology , ApJ 765, 39

[4] Eilers, A.-C., Davies, F. B., Hennawi, J. F. (2018): The Opacity of the Intergalactic
Medium Measured Along Quasar Sightlines at z ∼ 6, ApJ 864, 53

[5] Eilers, A.-C., Hennawi, J. F., Davies, F. B. (2018): First Spectroscopic Study of a
Young Quasar, ApJ 867, 30
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8.4 New measurements of thermal evolution in the

IGM

Michael Walther, Hector Hiss, Joseph F. Hennawi, Jose Oñorbe

Constraints from Lyman-α forest observations

As the dominant reservoir of baryons in the universe, the intergalactic medium (IGM)
plays a crucial role in the history and evolution of cosmic structure. Its major observable is
the Lyman-α forest absorption found predominantly in high-redshift (z & 2) quasar spec-
tra whose observations arising from the residual neutral hydrogen inside a photoionized
medium and has been claimed as an important cosmological tracer allowing to constrain
structure formation on a large range of scales at relatively early times. However, there
are still many unresolved questions about the thermal evolution of the IGM gas, includ-
ing e.g. it’s temperature-density relation (TDR), typically characterized by a power law
T = T0∆γ−1 connecting the gas temperature T with its density ρ, which are also a major
systematic for cosmological analyses. This relation can be connected to the epochs of hy-
drogen and helium reionization, but also to the sources of ionizing photons which provide
the extragalactic UV-background field. Both are the major sources of heating in the IGM
counteracting cooling by cosmic expansion.
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Figure 8.5: The thermal history of the IGM
based on Power spectrum analyses (squares)
and absorption line fitting (circles) com-
pared to the range spanned by thermal evolu-
tion models including He ii reionization (red
band) and without He ii reionization (blue
curve)

In the ENIGMA group we have been work-
ing on new analyses to study the change
of the TDR during and after the epoch of
He ii reionization (2 . z . 4). To con-
strain the thermal state of the IGM we
analyzed 74 highly resolved Echelle spec-
tra from both ESO’s VLT/UVES and the
Keck/HIRES spectrographs spanning a
redshift range of 1.7 < z < 3.5. From those
data we observed the TDR in 2 general ap-
proaches, either by measuring overall spec-
tral smoothness due to Doppler broadening
of absorption lines, or by decomposing the
Lyα forest into individual absorption lines.
To constrain spectral smoothness we per-
formed a measurement of the power spec-
trum of flux fluctuations [1] which de-
scribes the amount of structure in the spec-
tra on a large range of scales. For large
scales this quantity has been tightly con-
strained by the BOSS survey (based on

> 10000 low-resolution spectra) and ∼ 1% constraints are expected from upcoming exper-
iments such as DESI. However, to constrain the thermal state of the IGM we are interested
in the lack of structure on small scales described by a cutoff in the power requiring a high-
resolution dataset. Note that depending on the nature of dark matter such a cutoff could
also be produced by its free-streaming and that this type of analysis is therefore one of the
major constraints for warm dark matter as well, but is always degenerate with the thermal
state of the IGM and expected to show a different redshift evolution. To model the flux

134



power spectrum to sufficient accuracy for our thermal state analyses, however, required
performing grids of state of the art cosmological hydrodynamic simulations with different
thermal evolution and a forward modeling procedure to account for observational effects
e.g. due to the masking of metal contamination. Finally, we combined our dataset with
existing measurements at higher redshifts or higher precision to obtain a ∼ 10% thermal
state constraint [2] at 16 redshifts from z = 1.8 to z = 5.4 (black points in Fig. 8.5)
which clearly shows the effect of heating and subsequent cooldown expected from He ii
reionization. Furthermore, we are extending the analysis to later times (z < 2) where the
Lyα forest falls into the UV where Earth’s atmosphere is opaque (purple points in 8.5)
and thus observations using the Hubble space telescope (STIS and COS) are required.
On the other hand, decomposing the Lyα forest into individual absorption profiles allows
us to recover the thermal state of the gas, because the width of absorption lines b has
a thermal contribution and the column density NH i is dependent on the underlying gas
density. In order to decompose the Lyα forest we apply an automatic Voigt profile fitting
algorithm to both observational data and hydrodynamic simulations and analyze the joint
b-NH i distributions as a function of redshift. In [3] we applied a method to quantify the
position of the thermal state dependent lower envelope of the b-NH i (where lines should
be only broadened only thermally) of the same UVES/HIRES data used in [1]. After
calibrating the relationship of the position of the lower envelope and the thermal state
using hydrodynamic simulations, we find that the thermal evolution of the IGM shows
clear signatures of He ii reionization at 2 ≤ z ≤ 3.4 (green points in Fig. 8.5). In [4], we
present a novel statistical method for constraining the thermal state of the IGM using
the full shape of the b-NH i distribution, instead of the lower cutoff. We show that this
method is more accurate and precise than the cutoff fitting approach, by applying it to
mock data realizations. We confirm this by applying it to observational data at z = 2
(blue point in Fig. 8.5). Using this novel approach combined with the powerful neural
density estimation approach DELFI, we quantify for the first time the parameters of the
temperature-density relation at low redshift (z = 0.1, red point in Fig. 8.5) using the
b-NH i distribution, and find broad agreement with theoretical expectations.
To summarize, within the ENIGMA group we performed several analyses of thermal
evolution in the intergalactic medium to study the end phase of reionization as well as
the subsequent cooldown until recent times.

Work done in collaboration with Khee-Gan Lee (IPMU, LBNL, MPIA), Alberto Rorai
(Cambridge IoA, MPIA), Zarija Lukic (LBNL) and John O’Meara (Keck, Saint Michael’s
College).
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8.5 Modeling of reionization

Jose Oñorbe, Joseph Hennawi, Frederick Davies, Daniele Sorini,
Michael Walther

How and when the first luminous sources reionized diffuse baryons in the intergalactic
medium (IGM) is one of the most fundamental open questions in cosmology. During the
reionization of HI and later HeII, ionization fronts propagate supersonically through the
IGM, impulsively heating gas. Careful study of the statistics of the Lyman-α (Lyα) forest
can uncover these artifacts as they are sensitive to the thermal state of the IGM through
the thermal Doppler broadening of absorption lines, as well as the pressure smoothing.
For this purpose, in the ENIGMA group we have created a laboratory to study the impact
of reionization on the IGM at small and large scales with unprecedented dynamical range
cosmological hydrodynamical simulations.

Figure 8.6: Effect of reionization on the 1D flux power spectrum at z = 6. Left panel
shows simulations that differ in their HI reionization history but share the same heat
input while the right panel shows simulations in which reionization happened at the same
time but that differ in the heat input (lines). Black squares stand for mock observations.
consistent with existing archival data and realistic assumptions about S/N-ratio.

Despite the apparent simplicity, accurate simulations of the IGM are hard because of
two size constrains. High spatial resolution is required to resolve the density structure
of the IGM, while a relatively large box size is required both to capture the large-scale
power, and to obtain a fair sample of the universe. Nowadays the dominant approach,
implemented in the vast majority of hydrodynamical codes, is to assume that all gas
elements are optically thin to ionizing photons, such that their ionization state can be
fully described by a uniform and isotropic UV+X-ray background radiation field.

In [1] we re-examined this methodology and showed that widely used background models
have overestimated UV background effects in their simulations by considering too high
reionization redshifts based on new Planck best constraints. We introduced a new method
to generate self-consistent thermal and reionization histories that allow us to study in
detail the effect of these different histories in the Lyα forest and for a much comprehensive
and consistent exploration of the space than previously done. Following this work, in [2]
we have shown how the extant thermal signatures of reionization can be detected at
z ∼ 5− 6 in the Lyα forest. Fig. 8.6 shows a forecast of our predictions at z = 6 for the
Lyα forest power spectrum.
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Moreover recent measurements of the Lyα optical depth at high redshift have found en-
hanced scatter at z > 5.5 that exceeds what can be attributed to density fluctuations
alone. It has been argued that they are driven by fluctuations in the radiation field, or
the temperature field, both of which may be inevitable byproducts of a patchy, extended,
and late-ending reionization process. The necessary next step to improve the predictions
of our models was therefore to drop the assumption of a uniform and isotropic background
in self consistent hydrodynamical simulations. In this regard in [3], we have recently de-
veloped a hybrid scheme of grafting reionization physics, that combines a semi-numerical
reionization model to solve for the topology of reionization, pseudo-radiative transfer,
and an approximate model of how reionization heats the IGM, with the massively parallel
Nyx hydrodynamics code, specifically designed to solve for the structure of diffuse IGM
gas. Fig. 8.7 shows how the large scale temperature fluctuations induced by an inhomo-
geneous reionization process source opacity fluctuations resulting in differences in P(k) at
low wavenumbers k ∼ 10−3 s/km corresponding to large scales ∼ 60 cMpc.

Figure 8.7: Impact of extended inhomogeneous reionization on the Lyα forest power spec-
trum at z = 6. Left: Slice of a hydrodynamical simulation at z = 6.0 illustrating tem-
perature for a universe that reionized instantaneously. Middle: Same as left but for an
extended (∆z = 6.06) and patchy reionization phase transition, resulting in large-scale
temperature fluctuations. Right: Lyα forest power spectrum P(k) for the instantaneous
(blue) and extended (magenta) reionization models shown in the left and middle panels,
respectively. Points with error bars show realistic mock dataset consistent with existing
archival data and realistic assumptions about S/N-ratio.

By elevating the modeling of the Intergalactic Medium, our eventual goal is to arrive at
a concordance model for the HI reionization 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 experiments aiming to use the Lyα
forest to constrain cosmological parameters and measure baryon acoustic oscillations.

Work done in collaboration with Zarija Lukić (LBNL).

[1] Oñorbe, J., Hennawi, J. F., & Lukić (2017): Self-consistent Modeling of Reionization
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[2] Oñorbe, J., Hennawi, J. F., & Lukić (2017): Constraining Reionization with the
z ∼ 5− 6 Lyα Forest Power Spectrum: The Outlook after Planck, ApJ 847, 63

[3] Oñorbe, J., Davies, F.B., Hennawi, J. F. (2019): Inhomogeneous reionization models
in cosmological hydrodynamical simulations, MNRAS 486, 4075
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9

Active Nuclei and Black Holes near
and far

Dust and [C ii] intensity maps (top row) and [C ii] velocity and dispersion maps (bottom row)

of a Quasar Host Galaxy at a redshift of 6.6. See chapter 9.3 for details and credits.



9.1 Launching jets from disks and black holes

Christian Fendt

Astrophysical jets

Astrophysical jets are high-velocity beams of matter that are launched, accelerated and
collimated by a strong magnetic field. While the basic ideas and analytical theories of
magnetized outflows have been developed in seminal work by Blandford and collaborators
some 30 years ago, numerical modeling of the magnetohydrodynamics of the launching of
jets and outflows has been feasible since mid of the last decade. What was still missing
in the past simulation model approaches was (i) to consider the resistive character of
relativistic jet launching disks, (ii) the modeling of jets together with a disk dynamo self-
generated magnetic flux, or (iii) a general interrelation connecting disk physics with jet
dynamics.

Resistive GR-MHD simulations

Figure 9.1: GR-MHD disk wind
and black hole jet.

We implemented physical resistivity in the gen-
eral relativistic magnetohydrodynamic (GR-MHD) code
HARM [2] and ran simulations of jet launching from re-
sistive disks around black holes [3]. It is known that
resistivity plays an important role for mass loading the
outflow. In GR-MHD we find that resistivity lowers the
efficiency of accretion and ejection, as it weakens the
efficiency of the magnetic lever arm of the disk wind.
Comparing the energy fluxes of central jet spine and the
surrounding disk wind, we find that the total electro-
magnetic energy flux is dominated by the total matter
energy flux of the disk wind. The kinetic energy flux of
the matter outflow is comparatively small and compara-
ble to the electromagnetic energy flux from the spinning
black hole. Figure 9.1 shows the black hole Poynting jet
and the mass-loaded disk wind (colors: density, lines:
magnetic field) after 100 disk orbits.

A disk-dynamo generated magnetic field

We implemented a mean-field turbulent disk dynamo in
the accretion disk and ran jet launching MHD simula-
tions starting from a magnetic seed field only [4]. This is
in contrast to typical simulations assuming an initially
strong magnetic disk flux. We find that already a simple dynamo model generates a
large-scale magnetic field geometry that is very well suited for magneto-centrifugal jet
launching. Strong dynamos even lead to oscillating modes, however the time scale of the
oscillations is way below what is observed for jet ejections. Figure 9.2 shows the evolution
of the disk dynamo-generated magnetic field and subsequent jet ejection.
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Figure 9.2: Density (colors) and magnetic field (lines) up to 300 disk orbits.

The disk–jet connection

Figure 9.3: Disk magnetization and jet en-
ergy.

Astrophysical jets are ejected from sources
hosting accretion disks. However, not all
disk produce jets. We applied a novel
approach to the jet-launching problem in
order to obtain correlations between the
physical properties of the jet and the un-
derlying disk [3]. We disentangled the disk
magnetization at the foot point of the out-
flow µD(r) as the main parameter that gov-
erns the properties of the outflow. Es-
sentially, we find that strongly magnetized
disks launch more energetic and faster jets
and, due to a larger Alfvn lever arm, these
jets extract more angular momentum from
the underlying disk. Figure 9.3 shows the
interrelation between the disk magnetiza-
tion µD(r) and the jet energy e for a series
(colored, ’A’ - ’H’) of simulations. They all follow the same, general trend.

In collaboration with MSc and PhD students D. Stepanovs, S. Sheikhnezami, D. Gaß-
mann, Q. Qian, C. Vourellis, and S. Noble (Tulsa), M. Bugli (MPA).
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9.2 Galaxy mergers are not the predominant cause

of Black Hole accretion at z = 2

Victor Marian, Knud Jahnke

With the general acceptance that supermassive black holes reside in the centers of every
major galaxy, energetic or momentum feedback by the active galactic nucleus (AGN) can
influence their host galaxy significantly, potentially occurring during an active phase of
gas accretion. The possible impact of such an AGN can range from a mild modification
of central gas properties, all the way to galaxy-wide temporary or permanent quenching –
or triggering – of star formation. For decades it was a widely assumed and very plausible
scenario that major galaxy mergers were the dominant mechanism to trigger and fuel at
least massive and luminous AGNs. However, over the past decade, numerous studies have
provided statistical evidence that major mergers are actually not the dominant trigger
for a wide variety of luminous AGNs.
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Figure 9.4: Our high-accretion and high mass AGN
samples in blue and red, respectively. The black shaded
region depicts all AGNs from SDSS DR7 in our red-
shift range.

In our project we test whether
major mergers play a role in trig-
gering the most massive black
holes, as well as those with the
highest specific accretion rates at
z = 2, the cosmic peak epoch of
black hole accretion and star for-
mation. For both particular pop-
ulations of AGNs, major mergers
are one of the few feasible ways
to transport enough gas into the
inner parts of the galaxies for the
AGNs to achieve such high masses
or specific accretion rates at this
redshift.
We observed in total 40 AGNs
with the Hubble Space Tele-
scope (HST) Wide Field
Camera 3 (Figure ??) and ap-
plied our own algorithm to cre-
ate 2D models of those sources,
each comprising of a point-source
for the active bright nucleus and
a Sersic profile for the underlying host galaxy. Subsequently, we removed the point-source
to reveal only the visual morphology of the host galaxies. To test for a potential excess
of merger signatures in our AGN host galaxies we create two samples of inactive galax-
ies from the publicly available CANDELS HST survey – 92 for the high-accretion rate
sample and 84 for the high mass sample – matched in stellar mass, redshift and S/N. We
add synthetic point sources on top of the centers of those sources and apply the same
modeling technique described above. As a result we have for each AGN population two
indistinguishable samples of host and inactive galaxies, which are joined together and
ranked by several experts from most to least distorted with respect to visual distortions.
By choosing from within those final consensus rankings a cut-off rank above which every-
thing is classified as a major merger and every object below as not strongly distorted, we
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are then able to derive the respective merger fractions of the two AGN samples, as well
as for their corresponding comparison samples (Figure ??).
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Figure 9.5: Probability distributions for the merger fractions of the high accretion rate
AGN sample (left, blue), the high mass AGN sample (right, blue), and the corresponding
comparison samples of inactive galaxies (red). The means are depicted by the solid lines,
the shaded regions give the 68% confidence intervals. The slight enhancements of the AGN
merger fractions are statistically insignificant.

For our high accretion rate sample, we recover merger fractions of fhigh acc,agn = 0.24±0.09
for the AGN sample and fhigh acc,ina = 0.19 ± 0.04 for the comparison sample. The
corresponding results for the high mass sample yield fhigh mass,agn = 0.39 ± 0.11 and
fhigh mass,ina = 0.30±0.05, respectively. In both cases the excesses in the merger fractions
of the AGN samples are statistically insignificant. These findings are consistent with
previous studies for different AGN populations, and we conclude that even the growth of
black holes with the highest masses or the highest specific accretion rates at the peak of
cosmic AGN activity are not predominantly caused by major mergers.

This project was carried out in collaboration with Seth Cohen, Victoria Jones, Mira
Mechtley, Rogier Windhorst (ASU), Anton Koekemoer (STScI), Malte Schramm, Andreas
Schulze (NAOJ), Arjen van der Wel (Univ. of Gent), Carolin Villforth (Univ. of Bath),
John Silverman (Kavli IPMU), Mauricio Cisternas (IAC), Timothy Hewlett (Univ. of St.
Andrews), Lutz Wisotzki (AIP).

[1] Mechtley, M., Jahnke K., Windhorst, R., Andrae, R., Cisternas, M., Cohen, S.,
Hewlett, T., Koekemoer, A., 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?, ApJ 830, 156

[2] Marian, V., Jahnke, K., Mechtley, M., Cohen, S., Husemann, B., Jones, V., Koeke-
moer, A., Schulze, A., van der Wel, A., Villforth, C. & Windhorst, R. (2019): Major
mergers are not the dominant trigger for high-accretion AGNs at z = 2, submitted
to ApJ, arXiv:1904.00037
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9.3 High spatial resolution imaging of a massive

Quasar host galaxy at a redshift of 6.6

Bram Venemans, Marcel Neeleman, Fabian Walter, Mladen
Novak, Roberto Decarli, Joseph Hennawi, Hans-Walter Rix

400 pc ALMA imaging of a forming massive galaxy at z = 6.6

Luminous quasars in the early Universe (z > 6) are powered by accretion onto super-
massive black holes with masses &109M�. It is expected that these massive black holes
are located in nascent massive galaxies. While at (observed) optical and near-infrared
wavelengths the central point sources outshine the host galaxies of these bright quasars,
observations in the rest-frame far-infrared (FIR) using (sub-)millimeter facilities, such as
the Atacama Large Millimeter/submillimeter Array (ALMA), can constrain the dust and
gas content of such galaxies [1, 2]. While the global properties of the quasar hosts are
now reasonably well determined [2], most observations barely resolve the galaxies.
The quasar J0305–3150 at z = 6.6 was discovered in 2013 [3] and has a black hole mass
of ∼1× 109M� [4]. Previous ALMA observations at 0.62′′ (3.4 kpc at z = 6.6) resolution
of the [C ii] 158µm emission line and the underlying dust continuum revealed that the
black hole is hosted by an ultraluminous infrared host galaxy (FIR luminosity LFIR >
1012 L�) [1]. The earlier observations indicated that the [C ii] emission line spectrum
shows nonvirial motion, consistent with the presence of an outflow or companion galaxy.

Figure 9.6: Dust and [C ii] intensity maps
(top row) and [C ii] velocity and dispersion
maps (bottom row). The cross indicates the
location of the quasar. Adapted from [5].

To resolve the structure of the host galaxy
and explore its detailed kinematics we
recently obtained high spatial resolution
(0.076′′, which corresponds to 400 pc at
z = 6.6) ALMA observations of the host
galaxy of quasar J0305–3150 [5]. Both the
continuum and the [C ii] emission are spa-
tially resolved (see Fig. 9.6), and the emis-
sion is extended over ∼5 kpc. The gas dis-
tribution and kinematics, as traced by the
[C ii] emission, are highly complex. There
is a pronounced lack of [C ii] emission to-
ward the east of the quasar. This cavity in
the [C ii] emission is also seen in the dust
continuum observations. In general, the
continuum and [C ii] emission trace similar
structures, the main difference being the
bright peak in the continuum.
From the mean velocity map of the [C ii]
emission (third panel in Fig. 9.6) it is ev-
ident that the position of the accreting
black hole coincides with the kinematic

center of the [C ii] emission. It is also located at the center of the global [C ii] emis-
sion. Generally, the gas exhibits some ordered motion along the line of sight, with the
gas having positive line–of–sight velocities toward the east and negative velocities toward
the west.
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Figure 9.7: Channel maps of the [C ii] emis-
sion in J0305–3150, averaged over 36 km s−1

(30 MHz). Adapted from [5].

In Fig. 9.7 we show how the distribu-
tion of [C ii] emission changes with line–
of–sight velocity, by averaging the emis-
sion into channels with a width of 30 MHz
(36 km s−1). There are two striking fea-
tures in the channels centered around
0 km s−1: (i) the [C ii] emission covers the
whole spatial extent seen in the integrated
emission map (Fig. 9.6), and (ii) there
are two depressions/cavities in the [C ii]
emission with diameters of ∼0.5 kpc on ei-
ther side of the black hole. The gas with
the highest velocities — which was already
seen at positive velocities toward the north-
east in the low-resolution data [1] — is
now clearly separated, both spatially and
in frequency. It is therefore likely that this
is a companion galaxy close to the quasar
host. Furthermore, the new data with the
improved sensitivity reveal the presence of
two additional [C ii] emitters within 40 kpc
at the same redshift as the quasar [5].

The unique distribution and kinematics of the [C ii] emission (Fig. 9.7) cannot be explained
by a simple model. Plausible scenarios are that the gas is located in a truncated or warped
disk, or the holes are created by interactions with nearby galaxies or due to energy injection
into the gas [5]. In the latter case, the energy required to form the cavities must originate
from the central AGN, as the required energy far exceeds the energy output expected
from supernovae. This energy input into the gas, however, does not inhibit the high rate
of star formation of 1500M� yr−1 [1].
To summarize, our high spatial resolution imaging of a quasar host galaxy at z = 6.6
shows that its formation is a complex and chaotic process. We find that the interstellar
medium (ISM) in the quasar host has not yet settled in a simple disk. While there are
signs that the active galactic nucleus is affecting the ISM, this feedback does not appear
tos uppress the formation of stars in the quasar host. Both star formation and black
hole activity could have been triggered by interactions with satellite galaxies that were
discovered in our ALMA data via their [C ii] emission.

[1] Venemans, B.P., Walter, F., Zschaechner, L., et al. (2016): Bright [C II] and dust
emission in three z > 6.6 quasar host galaxies observed by ALMA, ApJ 816, 37

[2] Decarli, R., Walter, F., Venemans, B.P., et al. (2018): An ALMA [C II] Survey of 27
Quasars at z > 5.94, ApJ 854, 97

[3] 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

[4] Mazzucchelli, C., Bañados, E., Venemans, B.P., et al. (2017): Physical Properties of
15 Quasars at z > 6.5, ApJ 849, 91

[5] Venemans, B.P., Neeleman, M, Walter, F., et al. (2019): 400 pc Imaging of a Massive
Quasar Host Galaxy at a Redshift of 6.6, ApJL 874, L30
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9.4 Gas-rich companion galaxies to z > 6 quasars

Roberto Decarli, Marcel Neeleman, Chiara Mazzucchelli,
Fabian Walter, Eduardo Bañados, Emanuele Paolo Farina,

Bram Venemans, Mladen Novak

The close environment of high–z quasars

Luminous quasars at z > 6 (age of the universe: <1 Gyr) are extreme sources: Their
bright (rest–frame) optical/UV emission is powered by rapid gas accretion (& 5 M� yr−1)
onto supermassive black holes (with masses of 108−10 M�) [1, 2]. At the same time, their
host galaxies are experiencing intense star formation activity, with star formation rates
SFRs = 200–2000 M� yr−1 [3]. Both black hole growth and star formation are supported
by immense (> 1010 M�) reservoirs of cold gas, which can be detected via rotational
transitions of the carbon monoxide (CO) molecule [4], or via the fine–structure transition
of ionized carbon, [Cii] [5]. Quasars are thus unique laboratories to study the formation
and early growth of massive black holes, their host galaxies, and their close environment.

Figure 9.8: Continuum–subtracted
[Cii] maps of five z>6 quasars with
gas–rich companion galaxies, ob-
served with ALMA at ∼2 kpc resolu-
tion. Projected separations range be-
tween about 10–60 kpc. Adapted from
Neeleman et al. (ApJ submitted).

In order to account for the very presence of z > 6
quasars, models of massive black hole formation
need to postulate that they reside in the largest
galaxy overdensities in the early universe. How-
ever, observational evidence of such overdensities is
elusive, due to a combination of the relatively small
field of view of the observations, moderate sensi-
tivity, selection techniques, and field–to–field vari-
ations at small scales [6]. Our recent ALMA sur-
vey of dust continuum and [Cii] line emission in 27
z > 6 quasars [5] marked a significant step forward
in this context, as it revealed gas–rich companion
galaxies in the close environment of four z > 6
quasars [7]. The small redshift differences between
these companion galaxies and the targeted quasars
unambiguously demonstrate that these pairs of
sources belong to a common physical structure,
as confirmed by follow-up high–resolution images.
Examples are shown in Fig. 9.8. The observed in-
cidence of such quasar–galaxy pairs (1 every 6 tar-
geted fields) exceeds by orders of magnitude expec-
tations based on the available constraints on the
[Cii] luminosity function at these redshifts, thus
proving that these systems lie in extreme overden-
sities of the cosmic matter distribution in the early
universe. Further evidence for similar systems was subsequently reported around other
z > 6 quasars [8, 9].
Our follow-up investigations at optical, near- and mid-infrared sources revealed that these
gas–rich galaxies are typically intensely star–forming and highly dust–obscured. In two
cases, the rest-frame UV light from young stars is also detected via our Hubble Space
Telescope observations (Mazzucchelli et al. ApJ subm.; Decarli et al. ApJ subm.; see
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Fig. 9.9). This is the first time that starlight emission around z > 6 quasars has been
successfully reported, thus offering the exciting perspective of directly sampling the bulk
of the stellar mass in the near future using the James Webb Space Telescope.

Figure 9.9: Images of the starlight emission (observed at rest–frame UV wavelengths
with HST), gas (traced via the [Cii] emission observed with ALMA) and dust in the
quasar+galaxy merging system PJ308–21 at z=6.234. The right-hand panel shows a color
composite of the three maps. Such detailed information opens new windows on the build–up
of massive galaxies and the growth of massive black holes at the dawn of galaxy formation.
Adapted from Decarli et al. (ApJ submitted).

Work done in collaboration with Xiaohui Fan (Steward Obs, USA), Dominik Riechers
(Cornell University, USA), Chris Carilli (NRAO, USA), Michael Strauss (Princeton,
USA), Yujin Yang (KASI, South Korea), Ran Wang (Peking University, China).

[1] 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
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adjacent to quasars at redshifts exceeding 6, Nature 545, 457
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10

Instrumentation

Layout of the METIS facility for the Extremely Large Telescope (ELT). See chapter 10.8 for

details and credits.



10.1 LINC-NIRVANA, the high-resolution,

near-infrared imager for LBT

Tom Herbst, Thomas Bertram, Peter Bizenberger, Florian
Briegel, Mica Klettke, Richard Mathar, Rosalie McGurk,

Kalyan K. R. Santhakumari, Fabio Santos

Introduction

LINC-NIRVANA (LN) is an innovative Multi-Conjugate Adaptive Optics (MCAO) im-
ager for the Large Binocular Telescope (LBT). LN accepts light from both telescopes
and is designed for conventional, single-eye imaging and eventually, interferometric beam
combination. Each MCAO system consists of two natural guide star wavefront sensors
and two deformable mirrors, for a total of more than 1000 actuators per telescope. The
result is near-infrared imagery close to the diffraction-limited over a two-arcminute field
of view. Note, however, that the current science camera has sampling appropriate to
interferometry, and hence exploits the central 10×10 arcseconds of this field.

Commissioning and First Light

At the time of the last Fachbeirat in mid-2016, the team was in the middle of an intense
campaign to re-integrate the instrument on the summit after shipment from Heidelberg.
This effort involved more than 600 person-days and culminated in installation in Septem-
ber 2016. Two daytime “pre-commissioning” runs in November 2016 and January 2017
allowed the team to perform a full on-telescope verification and to integrate the LN hard-
ware and software into the observatory infrastructure.

During the first on-sky observing run in March 2017, the LINC-NIRVANA team closed
the Ground-Layer Adaptive Optics (GLAO) loop, demonstrating the expected factor of
two improvement in the full width at half-maximum of the delivered point spread function
(PSF). This was followed by commissioning runs in June of 2017 and January of 2018,
focusing on various optimizations and efforts at two-layer correction. By this time, all of
LN’s detector and sensor systems had individually seen star light, but the team had set
very strict standards for passing the milestone of First Light: all of LINC-NIRVANA’s
hardware and software must work together to display stable imagery of a quality ex-
pected from a well operating Multi-Conjugate AO system. On 3 April 2018, during only
their sixth usable night total on sky, the team successfully and stably closed both the
ground-layer and high-layer correction loops simultaneously on the SX (left-eye) tele-
scope, producing consistent high-quality K-band (2.2 µm) images with a FWHM of 73
milli-arcseconds, close to the diffraction limit (Fig. 10.1). After a long and complex de-
velopment, LINC-NIRVANA was finally able to declare First Light.

Subsequent commissioning runs in June and November of 2018 demonstrated the uni-
formity of the PSF across the field of view, as expected with MCAO. The team also
made their first LN observations in narrow-band filters and in more challenging, shorter-
wavelength bands (J and H-band, 1.1-18 µm). They demonstrated automatic guide star
acquisition and observing efficiency close to their ultimate goal, and they performed ob-
servations of faint targets typical of the planned Early Science program (Fig. 10.2).
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Figure 10.1: First Light for LINC-NIRVANA on 3 April 2018. With full MCAO, the
PSF is close to diffraction-limited and the peak signal is more than ten times higher than
without correction.

Tribulations in 2019 and the Transition to Science

The successes of 2018, particularly given the limited usable commissioning time, led to
high expectations for 2019. Unfortunately, a pair of significant failures have placed an
effective 10-month hold on progress. The first event was precipitated by the failure of the
LBT facility glycol cooling system, followed by the apparent malfunction of two safety
interlocks within LINC-NIRVANA. This led to overheating and substantial damage to the
cryostat refrigerator. While the effects of this were terrible – two observing runs and five
months of progress lost – the Observatory executed the subsequent repair with remote
support from Heidelberg, demonstrating that a complex instrument such as LN can be
maintained through constructive cooperation with the LBT.
The team were back at the telescope in late May 2019, with all systems go and a target
selected from the Early Science program. Again, however, bad luck struck. This time,
the science detector failed three hours before the start of the first night of observations.
At this writing (July 2019), diagnosis is still underway, but it appears that the Hawaii-2
PACE chip experienced a catastrophic failure that is unfortunately common with devices
of its generation (a previous LN detector, as well as one in the LUCI spectrograph, also
failed). The team has a spare detector (from a different generation) and will return to
LBT in September 2019 to perform the repair. Commissioning activities focused on the
DX (right-eye) telescope will then continue into 2020, interspersed with observations of
targets from the Early Science program.

Figure 10.2: A compact-core 2MASS galaxy imaged by LINC-NIRVANA in November
2018.
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10.2 MATISSE – The 2nd generation mid-IR

instrument for the VLTI

Klaus Meisenheimer, Uwe Graser, Thomas Henning, Michael
Lehmitz, Tobias Adler, Peter Bitzenberger, Armin Böhm,

Ralph Hofferbert, Ralf Klein, Werner Laun, Tobias Maurer,
Udo Neumann, Ralf-Rainer Rohloff, Roy van Boekel

Instrument consortium and concept

MATISSE (= Multi AperTure mid-Infrared SpectroScopic Experiment) has been built
in close connection with ESO by an international collaboration agreed among four main
institutes: the Observatoire Cote dAzur (OCA, PI institute) in Nice, our own MPI for As-
tronomy (MPIA), NOVA in Leiden, the Netherlands, and the MPI for Radio-Astronomy
(MPIfR) in Bonn, with additional contributions of the University in Kiel and the Univer-
sity of Vienna, Austria [1].
MATISSE evolved from experience with the two–telescope instrument MIDI at the VLTI
that could not recover atmospheric wavefront shifts thus prohibiting interferometric image
reconstruction. MATISSE combines four telescopes resulting in six baselines at a time.
This allows us to calculate closure phases around three independent loops [2]. Another
great improvement w.r.t. MIDI – which worked in the N-band only – is the addition of a
second band-pass covering the L and M bands (i.e. λ = 3.0...5.0µm) which will provide
us with information about temperature distributions [3] (see Fig. 1). After passing the
delay lines the four telescope beams are spectrally separated by dichroics into the short
(L,M) and long (N) bands and fed into two cryostats where cold optical elements combine
them into six interferograms on the science detector. In the LM-band cryostat, a fraction
of the light of the four beams is also directly channeled onto the detector to provide
a simultaneous photometric measurement. In the sky-brightness-dominated N-band the
photometry requires chopping with the secondary telescope mirrors and has to be observed
in a special sequence after the interferometric exposures.

Figure 10.3: Composite image of the disk around Be star FS CMa based on MATISSE
commissioning in December 2018 including H-band observations from PIONEER.
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Assembly, Verification and Commissioning on Cerro Paranal

The four main hardware components - Warm Optical Bench (WOB), Cryostats, Cold
optical bench (COB) and detector units - were manufactured at OCA Nice, MPIA Hei-
delberg, NOVA-ASTRON in Dwingeloo and MPIfR Bonn with support from the ESO
detector department. Cryostats, COB and detectors were integrated and tested in Hei-
delberg and then shipped to a laboratory at OCA Nice for final assembly. Here the warm
optics including calibration lamps was aligned and the L,M-band detector was tested
revealing some stray light that had to be blocked by modification at the cooler of the
cryostat. An air-conditioning malfunction of the laboratory produced excessive humidity
that caused damage on electronic boards and cryostat windows. The refurbishment and
other problems caused several delays that added up to deferring Provisional Acceptance
Europe (PAE) from Fall 2016 to September 2017. Packing and shipping to Cerro Paranal
was managed very efficiently and the re-assembly in the integration hall at the Paranal
Observatory started in November 2017. Since the MATISSE instrument has resided on
Paranal everything has run very smoothly: Transport to the interferometric lab on the
mountain, integration, start-up and verification were completed in February 2018 in or-
der to achieve First Light on February 18, 2018 [4]. In a sequence of six commissioning
runs the communication between VLTI and MATISSE was established, various observing
modes where tested and improved before reliable measurements of the sensitivity were
derived and the observing efficiency (integration time per hour) was optimized [5]. In
each case commissioning of a mode started with the ATs before it was transferred to the
UTs.

Scientific observations and early results

In September 2018 ESO offered MATISSE for period 103 (starting April 1, 2019) and
the Guaranteed Time Observations (GTO) of the MATISSE consortium commenced in
this period. The first GTO programs target disks around Young Stellar Objects (YSOs),
evolved giant stars and the central dust distributions in Active Galactic Nuclei (AGN). In
April and May the team has experienced exceptionally bad weather on Cerro Paranal (high
winds, bad seeing and short coherence time), which prevented interferometric observations
of all but the brightest stars. In June a few meaningful YSO observations with the
ATs could be accomplished. So, at present we are mostly stuck with the data from the
commissioning runs which has already resulted in some fine results (c.f. Fig. 1).

Work done in collaboration with the P.I. Bruno Lopez at OCA, Nice, Walter Jaffe at
Sterrewacht Leiden, Felix Bettonvil at NOVA Dwingeloo and Gerd Weigelt at MPIfR.
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[2] Sanchez-Bermudez, J. et al. (2016): Imaging capabilitires of the VLTI/MATISSE
spectro-photometric instrument, ProcSPIE 9907, 99070B

[3] Wolf, S. et al. (2016): Science with MATISSE, ProcSPIE 9907, 99073S

[4] Lopez, B. et al. (2018): The installation and ongoing commissioning of the MATISSE
mid-infrared interferometer at The ESO Very Large Telescope Observatory, ProcSPIE
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[5] Petrov, R. G. et al. (2018): Commissioning MATISSE: first results, ProcSPIE 10701,
1070109
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10.3 The VLTI instrument GRAVITY

Wolfgang Brandner, Silvia Scheithauer, Stefan Hippler

Overview of the GRAVITY instrument

Figure 10.4: MPIA and ESO team after successful
installation of all four CIAOs in a Coude room
at Paranal in September 2016. In the background
left one CIAO system is visible.

GRAVITY is a 2nd-generation in-
strument at ESO’s Very Large Tele-
scope Interferometer (VLTI) on Cerro
Paranal in Chile. It has been de-
veloped and built by the GRAVITY
consortium in collaboration with ESO.
The GRAVITY consortium is a col-
laboration of French, Portuguese and
German research institutes and uni-
versities and ESO, led by the Max
Planck Institute for Extraterrestrial
Physics.

The primary science goals of GRAV-
ITY are astrophysical studies of the
environment of supermassive black
holes (with a focus on Sgr A*) and
studies of the planet formation region
in disks around young stars.

GRAVITY combines the light of the
four 8 m unit (UTs) or the four 1.8 m
auxiliary telescopes (ATs). It provides
unprecedented K-band sensitivity with high precision narrow-angle astrometry. GRAV-
ITY is a multi-component instrument distributed over and tightly integrated with the
Very Large Telescope. The largest single component is the 4-telescope beam combiner
instrument (BCI) located in the VLTI lab. The BCI accepts the adaptive optics (AO)
corrected near infrared light from the four UTs or ATs, and uses the K-band light for
fringe tracking and scientific observations. The 2nd largest components are four Coudé
Infrared Adaptive Optics (CIAO) systems - one for each of the four UTs. A dedicated
metrology for pupil centering and tracking of optical path differences complements the
instrumental set-up.

Using the longest VLTI baselines, GRAVITY achieves an angular resolution of 2 mas.
GRAVITY delivers relative astrometry with an accuracy as good as 10 to 20µas between
two sources located in the VLTI field of view, provides spectral resolutions of 20, 500, or
4000, and is capable of measuring two orthogonal polarization directions simultaneously.

CIAO – MPIA’s main contribution to the GRAVITY instrument

MPIA’s main technical contribution to GRAVITY (in collaboration with ESO and the
overall GRAVITY consortium) are four AO units consisting of wavefront sensors (WFS)
working in the infrared, and real-time computers (RTC) for analyzing the light and com-
puting the desired wavefront correction. CIAO employs 9×9 elements Shack-Hartmann
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WFSs, tailored to match the 60 elements bimorph MACAO deformable mirrors (DM) of
the VLTI facility [2].
The RTCs for CIAO are based on ESO’s Standard Platform for Adaptive optics Real Time
Applications (SPARTA). The rotation between the DM (M8), which is fixed to the UT
azimuth axis, and the stationary WFS is done numerically by switching during closed loop
operations to new precomputed control matrices for every 2 deg of UT azimuth rotation.

Figure 10.5: CIAO#1 in the UT1 Coudé
room.

The wavefront sensors are equipped with
LN2 cooled SELEX SAPHIRA infrared de-
tectors, which excel with their low read
noise (≤1e-) at high frame rates of 500 Hz.
Infrared AO facilitates the observations
of deeply embedded and highly extincted
objects, like, e.g., Young Stellar Objects,
or sources in the Galactic Center region.
CIAO takes advantage of the VLTI star
separators (STS) for field selection and
pupil stabilization. Being located be-
hind the STS, CIAO can either share the
field of view (and light) with the VLTI
(CIAO ON-AXIS), or perform wavefront
sensing on any other natural guide star lo-
cated within 1 arcmin of the science target
(CIAO OFF-AXIS). CIAO has been op-
timised to provide full AO correction on
stars with K≤8 mag, and limiting AO cor-
rection on stars with K≤12 mag for median
Paranal atmospheric conditions.
CIAO#1 achieved Preliminary Acceptance
Europe (PAE) in December 2015, and was
shipped to Paranal in early 2016. Un-
packing, testing, and installation at UT1
started in Feb 2016. In parallel, the CIAO

systems for the other UTs were completed and tested at MPIA, and subsequently shipped
to Chile. Stand-alone commissioning of the individual CIAOs commenced from April to
August 2016 [1]. Finally, with all four CIAO units installed in the Coudé rooms of the
four UTs, 1st light with the GRAVITY BCI, the four CIAOs, and the UTs on the Galactic
Center (GC) was achieved in September 2016. Since April 2017, the CIAOs in their off-
axis mode have been in regular operations with the GRAVITY BCI. The CIAO on-axis
mode will be made available by ESO for science observations from P104 on.
An overview on early scientific results with GRAVITY is provided in §1.2 and [3].

Work done in collaboration with the GRAVITY consortium and ESO.

[1] Deen, C. et al. (2016): System tests and on-sky commissioning of the GRAVITY-
CIAO wavefront sensors, SPIE 9909, 2M

[2] Scheithauer, S. et al. (2016): CIAO: wavefront sensors for GRAVITY, SPIE 9909,
2L

[3] GRAVITY Collaboration et al. (2017): First light for GRAVITY: Phase referencing
optical interferometry for the Very Large Telescope Interferometer, A&A 602, 94
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10.4 4MOST– a spectroscopic survey facility

Wolfgang Gaessler, Michael Lehmitz, Maria Bergemann, Tobias
Adler, Matthias Alter, Heiko Ehret, Ralf Klein, Lars Mohr,
Achim Ridinger, Frank Wrhel, Armin Huber, Tobias Stadler

4MOST is a fiber-fed spectroscopic survey facility for the 4–meter–class telescope VISTA
at ESO/Paranal. It will be able to simultaneously obtain spectra of 2400 objects dis-
tributed over a 4–square–degrees field-of-view. The high multiplexing capability of 4MOST
and high spectral resolution in the optical will enable a deep and wide spectroscopic map
of stars in the Milky Way and in two nearby galaxies, the Magellanic Clouds, providing
radial velocities, detailed chemical abundances, and ages for over 20 million of stars. The
data will be used to map the chemo-orbital substructure in the stellar halo, the bulge, and
the thin and thick discs of the Milky Way, thus helping to unravel the origin of our home
galaxy and its neighbors. But 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. The 4MOST
design is specifically intended to complement three key all-sky, space-based observatories
of prime European interest: Gaia, Euclid, and eROSITA. MPIA is a key partner in
Gaia and a partner in ESA’s Euclid mission. In return for the contributions to realizing
the 4MOST project, partners get to lead the science surveys that will be carried out with
the facility. MPIA, in the person of Maria Bergemann, is leading the Milky Way Disk
and Bulge High Resolution Survey.

Figure 10.6: Sketch of the 4MOST facility with and w/o the VISTA telescope.

The positioner system builds the front end of the facility. It is based on the tilted spine
principle and draws on the experience obtained with the Echidna system of FMOS on
the Subaru telescope. The system is placed in the cassegrain rotator with the wide field
corrector and atmospheric dispersion corrector in front. The positioning of the fibers will
be done by optical feedback with a system of four metrology-cameras placed on the top
ring of the telescope.
The back end of the facility are three visual spectrographs. One high resolution spectro-
graph (R ≈ 8000-21000) and two symmetric, identical, low–resolution spectrographs (R ≈
4000-7500). The spectrographs will be located near the telescope underneath the azimuth
floor with relatively short and very efficient fiber runs to reach the top–level requirements.
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The 4MOST facility is foreseen to go into operation by 2022, with a life time of at least 15
years and more. The project has already passed its final design phase, and its construction
has begun. MPIA provides the facility control electronics, software for the programmable
logic controller and some camera optics of the high-resolution spectrograph. During the
last year we also started helping out with the metrology camera housings, where we
could again contribute our expertise with carbon fiber. We have already delivered the
initial electronics (later on the spare electronics) to our partner in CRAL/Lyon and the
final electronics to our partner at LSW/Heidelberg. Currently, the biggest challenge is
providing control electronic to multiple locations in parallel.

Figure 10.7: Left: Final vacuum control system cabinet during integration at MPIA.
Center top: Vacuum system test at ESO. Center bottom: PLC2 control unit. Right:
Electronic proto-cabinets with the spare control electronics for assembly, integration and
testing as delivered to CRAL/Lyon.

The group of people is too large to name them all;therefore only the major participating
institutes are listed:
Leibniz Institut für Astrophysik Potsdam (AIP) PI-Institute; Australian Astronomical
Observatory (AAO); Centre de Recherche Astrophysique de Lyon (CRAL); École poly-
technique fédérale de Lausanne (EPFL); European Southern Observatory (ESO); Lunds
universitet (LU), Lund Observatory; Max Planck Institut für Astronomie, Heidelberg
(MPIA); Max-Planck-Institut für extraterrestrische Physik (MPE); Nederlandse Onder-
zoekschool Voor Astronomie (NOVA); Rijksunversiteit Groningen (RuG), Kapteyn As-
tronomical Institute; University of Cambridge, Institute of Astronomy (IoA); Universität
Hamburg (UHH), Hamburger Sternwarte; Zentrum für Astronomie der Universität Hei-
delberg / Landessternwarte (ZAH/LSW); University of Western Australia (UWA), In-
ternational Centre for Radio Astronomy Research (ICRAR); Uppsala unversitet (UU),
Department of Physics and Astronomy;
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10.5 CARMENES - a high-resolution twin

spectrograph to search for planets around

M-stars

Ralf Launhardt, Armin Böhm, Conchi Cárdenas Vásquez,
Ulrich Grözinger, Dieter Herrmann, Armin Huber, Ralf Klein,

Martin Kürster, Werner Laun, Rainer Lenzen, Ulrich Mall,
Richard Mathar, Reinhard Mundt, Vianak Naranjo, Johana

Panduro

CARMENES in a nutshell

CARMENES [https://carmenes.caha.es/index.html], the ”Calar Alto high-Resolution search
for M dwarfs with Exoearths with Near-infrared and optical Echelle Spectrographs”, is
a twin high-resolution spectrograph mounted at the 3.5 m telescope on Calar Alto in
Spain. It was built by a consortium of five German and six Spanish institutes and de-
signed to carry out a high-precision radial velocity (RV) survey of 300 nearby M dwarfs
in search for orbiting exoplanets. This survey was started in January 2016 and will use
a total of 750 guaranteed nights. The instrument has both a visual (VIS) and a near-
infrared (NIR) channel covering the wavelength ranges 520–960 nm and 960–1710 nm,
respectively, at a resolving power of R ≈ 90, 000. A dual fibre-link from the Cassegrain
focus of the 3.5 m telescope feeds both spectrographs. The VIS channel of CARMENES

Figure 10.8: The NIR detector
array is ready to be integrated
into its dewar at MPIA.

has a demonstrated RV measurement precision of ≈
1 m/s, well comparable with that of other state-of-the art
instruments designed for this purpose. Due to its wave-
length coverage that extends relatively far into the red
part of the spectrum (up to 960 nm), the CARMENES
VIS channel is particularly suitable to identify false pos-
itives in the form of spurious RV signals that are not
caused by orbiting planets, but instead by stellar ac-
tivity, i.e. rotationally modulating star spots. The
reason for this is that the amplitude of star spot sig-
nals is strongly wavelength-dependent, and that this ef-
fect, dubbed ”chromaticity”, is most pronounced around
800 nm. In order to be able to claim an exoplanet discov-
ery, it is important to understand and account for these
activity-related signals. The precision of the NIR channel
is somewhat lower than that of the VIS channel due to
the lower RV information content (in terms of spectral
lines) at the wavelengths it covers. Nevertheless, moder-
ately strong RV signals can also be observed in the NIR,
which suitably extends the applicable range for studies of
the chromaticity.
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MPIA contributions to CARMENES

The main hard and software contributions of MPIA to the CARMENES twin spectrograph
are the NIR detector and cryostat and the NIR readout electronics (ROE) and software.

Figure 10.9: The NIR detector array in its
dewar and the NIR readout electronics leave
MPIA in January 2015 to be integrated into
the NIR tank at IAA Granada (Spain).

The NIR sensor array mosaic consists
of two Hawaii 2RG detectors, which were
ordered from Teledyne Imaging Sen-
sors, mounted on a common base by
GL Scientific, and then delivered to MPIA
in June 2013 (Fig. 10.8). The complete de-
tector module was then tested and inte-
grated into a standard flow-cryostat pro-
vided by ESO and adapted at MPIA. In
parallel, the MPIA-developed NIR read-
out electronics and the respective software
(GEIRS) were adapted to the specific de-
tector setup and the CARMENES-specific
readout modes. MPIA also provided the
infrastructure and integration hall for the
vacuum tests of VIS channel tank in Jan-
uary through August 2015, which was un-
der the responsibility of the LSW.

Figure 10.10: The NIR channel
in its tank being deployed at the
3.5 m telescope on Calar Alto.

In January 2015, the NIR detector array in its cryostat
and the NIR readout electronic racks where shipped
(Fig. 10.9) to IAA Granada in Spain for complete inte-
gration and testing before the entire NIR channel was
finally shipped in October 2015 to Calar Alto for in-
tegration and alignment in the Cassegrain focus of the
3.5 m telescope (Fig. 10.10). In September 2015, the
VIS tank and instrument were also shipped to Calar
Alto and integrated and tested at the telescope. After
a relatively short and intense commissiong phase, the
scientific program could start as planned on time on
January 1st 2016.

Work done in collaboration with
the CARMENES consortium
[https://carmenes.caha.es/ext/consortium].

[1] Quirrenbach, A., Amado, P.J., Ribas, I., et al.
(2018): CARMENES: high-resolution spectra and
precise radial velocities in the red and infrared,
Proc. SPIE 10702, 10

[2] Reiners, A., Zechmeister, M., Caballero, J.A., et
al. (2018): The CARMENES search for exoplanets
around M dwarfs. High-resolution optical and near-
infrared spectroscopy of 324 survey stars, A&A
612, A49
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10.6 The Euclid “Dark Universe” Mission

Knud Jahnke, Gregor Seidel, Mischa Schirmer,
Hans-Walter Rix

MPIA has been involved in ESA’s Euclid Dark Universe Mission since it was still two
separate mission proposals (DUNE, SPACE). Subsequently, MPIA was part of Euclid’s
founding team and has provided hardware and functional contributions – to a large extent
funded by DLR. Euclid is on track for a launch in 2022 for a 6.5+ year survey at L2.

Euclid Hardware at MPIA

Both hardware contributions have been completed since 2016: The Calibration Source for
the near-IR instrument NISP is the backbone of detector calibration in flight. Since 2012
MPIA has developed this lamp in conjunction with local company von Hoerner & Sulger.
An early project decision to base this lamp on LEDs instead of traditional Tungsten
filaments required a complete development and manufacture of NIR LEDs at five planned
wavelengths, which were not commercially available at given specifications.

Figure 10.11: The Euclid
NISP Calibration Source:
this LED-base light source
was developed by MPIA
and industry partners.
The biggest challenge was
the development, qualifica-
tion, and characterisation
of the LEDs, which had to
be custom-made for this
project.

The development and manufacturing of this lamp included
characterisation and metrology work in MPIA’s optics labs
– LED behaviour as function of current, voltage, tempera-
ture as well as interface and geometry metrology of all mod-
els – mostly carried out by Felix Hormuth, the calibration
source hardware architect, who left the project near comple-
tion in 2017. Both flight-model and -spare of the Calibration
Source (Fig. 10.11) have since successfully been manufac-
tured, tested, and delivered to the NISP lead LAM (Mar-
seille) and the former is now integrated in the NISP flight
model.

The other hardware development are the NIR bandpass fil-
ters inside NISP. MPIA had the challenge of delivering the
largest NIR filters ever to be flown on an astronomy mis-
sion. They were required to have near-rectangular bandpass
characteristics, very strong blocking outside and near-perfect
transmission inside the bandpasses. In addition the filters
carried optical power to guarantee the required image qual-
ity of the NISP optics.
Overall this required 130mm diameter fused silica blanks to
be coated with several 100 interference filter layers, carried
out by Optics Balzers Jena, after significant pre-work. A
total of 10 filters were manufactured, two sets of Y, J, H
filters between 950 and 2000nm were then delivered in 2018 to
Barcelona for glueing into the NISP filter wheel (Fig. 10.12).
A 7th filter was used as a qualification model beforehand and
one extra set remains in storage as a backup.

With the delivery of these two NISP subsystems/components
MPIA’s hardware procurement came to an end and our hard-
ware involvement is continued with NISP and overall telescope testing and characterisa-
tion.
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Euclid functions at MPIA

In parallel to MPIA’s completion of Euclid flight hardware, MPIA’s second focus was
on the functional contributions to both NISP and the Euclid mission as a whole. Since
2012 we were leading the NISP photometry image simulations, the work of photometry
instrument scientist, and the overall coordination of Euclid’s calibration concept.

Figure 10.12: Reflections in NISP’s NIR fil-
ter after mounting in the NISP filter wheel.
These filters have a near perfect transmis-
sion inside their bandpasses, and near per-
fectly block (=reflect) light outside. This in-
cludes all of the visible wavelength. Image:
NISP Team/LAM

Simulations have become very complex in
the past years, due to inclusion of more de-
tector and optical effects like image distor-
tion, latency charge residuals, and stray-
light contributions. These simulations,
lead by GS, were then coded into a com-
mon Euclid ground segment simulation
framework, which in the end can scale any
simulation parts to the volume of the whole
actual survey. Aside from including all
NISP properties this required stringent op-
timization efforts to run the code as fast as
possible. This successful integration of the
NISP-P simulations into the Euclid sim-
ulation pipeline allows them to be used
in the so-called “science challenges” that
make up the backbone of Euclid’s genera-
tions of ever more detailed simulations.

Calibration saw a changeover from Stefanie
Wachter to MS, who since has started to
consolidate and update all aspects of cal-
ibration. This includes the full flow-down

of calibration requirements from the top-level mission requirements to the implementation
in data processing functions. The entire Euclid calibration scheme is re-structured and
re-built to match the multiple complex needs of the mission. This begins with e.g. NISP
bandpass and detector characterization to optical wavefront mapping of VIS to ensure
that the scientific requirements of the Euclid weak lensing and galaxy clustering science
experiments will be met. In particular, it also involves detailed planning of the early
in-flight performance verification phase followed by an optimized routine calibration plan
during normal science operations. The Calibration Lead (MS) develops these structures
together with multiple parties across the EC and ESA, such as the respective instrument
scientists (KJ).

Two further functions at higher level are participation in ESA’s Euclid Science Team
(HWR, KJ), which has the responsibility to ensure the best science return for the mission
by having an overview over all instrument, science ground segment, survey, and external
data issues, as well as the Euclid Consortium Board (HWR), the governing body for all
EC policy decisions.

This work is carried out as part of the Euclid Consortium (EC), consisting of 1500 scien-
tists and engineers from 14 European countries, the USA, and Canada, in collaboration
with ESA.
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10.7 MICADO – NIR first light camera for the ELT

Jörg-Uwe Pott for the MPIA-MICADO team

Introduction

MICADO (Multi-AO Imaging Camera for Deep Observations) is one of the three first light
instruments being built for the Extremely Large Telescope of the European Southern
Observatory. The instrument will offer multiple imaging and spectroscopic observing
modes in the near infrared with focus on high resolution and sensitivity.

2017-19: contribution to successful Preliminary Design Review

During the PDR, MPIA was responsible for the instrument derotator, the calibration
unit, and the overall astrometric performance. The preliminary design review was held in
November 2018. We developed for PDR several prototypes to demonstrate that both field
derotation accuracy of 2” and camera calibration requirements can be met (see figures).
[4], and [5] for an overview. We use LBT to test new technology on sky [2],[9]. .

Figure 10.13: Left: Modular design of the MICADO calibration assembly. In the bigger
box is the astrometric reference calibration mask, which we currently study in the lab and
on Paranal (see right panel), to reliable calibrate the differential distortions of the warm
relay and cold camera optics.

The MICADO Calibration Assembly (MCA, Fig. 10.13) provides multiple calibration
functionalities to the instrument. It delivers a uniform flat-field and supplies several
calibration light sources for its spectrograph. The unit also contains an astrometric cali-
bration mask for mapping the optical distortion of the instrument, which is fundamental
for the correction of the observed tiny star motions [1].
During the past years, MPIA was also responsible for the development and prototyping of
the MICADO derotator concept (Fig. 10.14). The biggest challenge of achieving angular
positioning accuracy lower than 2 arcsec in order to minimize the astrometric errors of
MICADO was met. We deliver over the whole range of field rotation 0.65 arcsec accuracy,
so well within specification [7].
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Figure 10.14: Left: Derotator concept prototype, used to verify that with classical bearing
technology and adequate optical position encoding and motor control, the requirment of
2arcsec derotation precision can be met during typical exposures of a few minutes (right).

As most recent developement, and after finishing the derotator PDR study, we took the
responsibility of the complete optomechatronics of the warm relay optics, to allow for
early scientific operation in SCAO mode.

Work done in collaboration with MPE: http://www.mpe.mpg.de/ir/micado.

[1] Rodeghiero, G., Sawczuck, M., Pott, J.-U., et al. (2019): Development of the Warm
Astrometric Mask for MICADO Astrometry Calibration, PASP 131, 054503

[2] Bosco, F., Pott, J.-U., & Schödel, R. (2019): SOWAT: Speckle Observations with
Alleviated Turbulence, PASP 131, 044502

[3] Rodeghiero, G., Pott, J.-U., Arcidiacono, C., et al. (2018): The impact of ELT
distortions and instabilities on future astrometric observations, MNRAS 479, 1974

[4] Glück, M., Barboza, S., Mohr, L., et al. ( ): 2018, The MICADO first light imager
for ELT: control concept for the derotator SPIE, 1070294

[5] Pott, J.-U., Rodeghiero, G., Riechert, H., et al. (2018): The MICADO first light
imager for ELT: its astrometric performance, SPIE 1070290,

[6] Rodeghiero, G., Pott, J.-U., Münch, N., et al. (2018): The MICADO first light imager
for the ELT: preliminary design of the MICADO ..., SPIE 107028U,

[7] Barboza, S., Pott, J.-U., Rohloff, R.-R., et al. (2018): The MICADO first light imager
for ELT: derotator design status and prototype results, SPIE 107028T,

[8] Riechert, H., Garrel, V., Pott, J.-U., et al. (2018): GeMS/GSAOI: towards regular
astrometric distortion correction, SPIE 1070232,

[9] Widmann, F., Pott, J.-U., & Velasco, S. (2018): P-REx: The Piston Reconstruction
Experiment for infrared interferometry, MNRAS 475, , 1224
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10.8 METIS - the Mid-Infrared ELT Imager and

Spectrograph

Markus Feldt, Roy van Boekel, Silvia Scheithauer, Thomas
Bertram, Peter Bizenberger, Faustine Cantalloube, Stefan
Hippler, Horst Steuer, Martin Kulas, Ralf-Rainer Rohloff,

Harald Baumeister, Werner Laun, Conchi Cardenas Vazquez,
Wolfgang Brandner, Thomas Henning

METIS Instrument

METIS, the Mid-infrared ELT Imager and Spectrograph is an instrument tailored for the
Extremely Large Telescope, Europe’s next-generation ground braking observing

Figure 10.15: Layout of METIS

facility for optical and
near to mid-infrared wave-
lengths currently under
construction in Chile.
With a primary mirror
of 39 m diameter, the
ELT will provide a spa-
tial resolution down to
19 mas at METIS’ short-
est wavelength of 3µm,
and unprecedented sensi-
tivity. Equipped with a
state-of-the-art adaptive
optics system METIS
will provide diffraction
limited image quality in
the following observing
modes:

• Imaging at 3 – 19µmm over a field of view of ∼10′′ ×10′′. The imager module also
includes:

– low resolution (R ∼ few hundreds) long-slit spectroscopy, and

– coronagraphy for high contrast imaging.

• High resolution (R ∼ 100,000), integral field (IFU) spectroscopy at 3 – 5µm over a
field of view of ∼1′′.0×0′′.5. The integral field spectrograph also includes:

– a mode which provides extended instantaneous wavelength coverage (∼300 nm
instead of ∼50 nm), and

– coronagraphy for high contrast IFU spectroscopy.
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Science Drivers

METIS focuses on three main capabilities, namely to provide high angular resolution,
high contrast, and high spatial resolution in the mid to thermal infrared. It will thus
provide outstanding observing capabilities which are highly complementary to ALMA,
MATISSE, JWST, and the other ELT instruments.
While being a general-purpose science instrument serving a wide range of science cases
from solar system bodies to distant AGNs, METIS is expected to excel notably in research
related to circumstellar disks and extrasolar planets. These are the two science themes
that mainly drive the science and technical requirements.
METIS unique contributions to astrophysics in the 2020s will likely be in science areas
where high spatial or high spectral resolution, or a combination of both, is crucial. The
METIS science case, as conceived today, covers the following main science topics:

• Protoplanetary disks and the formation of planets

• Detection and characterization of exoplanets and brown dwarfs

• The formation history of the Solar System

• Massive stars and cluster formation

• Evolved stars and their circumstellar environment

• The Galactic Center

• Physics of galaxies

• Active galactic nuclei

The Role of MPIA

MPIA is a key, and with a share of about one quarter of the total investment also the sec-
ond largest partner in the METIS consortium. Being responsible for the imager (both for
the LM and for the NQ bands) and single-conjugate adaptive optics subsystems ensures a
leading role in the project. In addition, Roy van Boekel of MPIA is the instrument scien-
tist and member of the ”METIS project office”, a small board lead by the PI responsible
for taking key technical decisions during the instrument development.

Schedule, Cost, and Guaranteed Time Observations

METIS had its preliminary design review in May 2019 and is currently in project phase
C, leading up to the final design review foreseen in 2021. Procurement, manufacturing,
assembly, integration, and testing in Europe is supposed to take a total of about 5 years,
thus Preliminarily Acceptance Europe and first light are scheduled in 2025. Currently,
the total cost of the project is estimated to be between 90 and 100 million Euros. The
current statement of work between ESO and the PI institute NOVA foresees 12.5M€ of
hardware cost covered by ESO, and a return of 65 nights of guaranteed observing time
with METIS (and potentially other ELT instruments) as compensation for the invested
person power.

Work done in collaboration with B. Brandl (NOVA, Leiden, the Netherlands), A. Glasse
(ATC Edinburgh, UK), E. Pantin (CEA Saclay, France), L. Labadie (Univerity of
Cologne, Germany), S. Quanz (ETH Zurich, Switzerland), M. Guedel (University of
Vienna, Austria), P. Garcia (University of Porto, Portugal), H. van Winkel (KU Leuven,
Belgium)
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10.9 ARGOS - first results and handover

Wolfgang Gaessler, Iskren Georgiev, Jose Borelli

ARGOS [1] 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
homogeneous image quality over 2’ radius. In such way, the spatial resolution improves
by about a factor of two over the seeing and increases the throughput for spectroscopy
accordingly. The system consists of six Rayleigh lasers - three on each side 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 to measure the atmospheric tip
and tilt modes, which can not be seen by the laser wavefront sensors. Currently, ARGOS
supports the two near-infrared spectrograph and imager - LUCI I and LUCI II.

Figure 10.16: Left: Laser launch. Right: Operators station running both sides.

Since the last Fachbeirat, the system was undergoing an extended commissioning phase.
From beginning we tried to use the system under scientific operation and asked the com-
munity for target input. This was very useful for the ARGOS team and produced early
publications [2], [3], [4], [5], [6], [7]. The system was soon brought into binocular mode
and could be operated smoothly from one station on both sides - Figure (10.16) right.
The unique capability of the LUCI instruments to observe with curved slits (see the on
top of this page) was also demonstrated. However, it took some time to convince the
observatory, that the LUCI instruments as provided are not tuned to the performance
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ARGOS can reach. The focus position of the instrument was not optimized and the
optical axis was off the rotation center that the target was drifting out of the slit over a
short time. With some work, both could finally be fixed by updated or new lookup tables.
Since last year ARGOS is operated by LBTO.

Figure 10.17: Image of NGC2903 in JHK with unprecedented resolution of the nucleus.

Partners (local responsible only): Wolfgang Gaessler [Co-I] (MPIA), Sebastian Rabien
[PI] (MPE), Lorenzo Busoni [Co-I] (INAF-OAA), Gustavo Rahmer (LBTO); The Project
was partially funded by FP7-OPTICON JRA1 (Contract number 226604).

[1] Rabien et. al. (2019): ARGOS at the LBT. Binocular laser guided ground-layer adap-
tive optics, A&A 621A4R,

[2] Farina et. al. (2018): Resolving the host galaxy of a distant blazar with LBT/LUCI
1 + ARGOS, MNRAS 476, 1835F

[3] Brusa et. al. (2018): Molecular outflow and feedback in the obscured quasar XID2028
revealed by ALMA, A&A 612A, 29B

[4] Perna et. al. (2018): LBT/ARGOS adaptive optics observations of z ≈ 2 lensed
galaxies, A&A 618A, 36P

[5] Fan et. al. (2019): The Discovery of a Gravitationally Lensed Quasar at z = 6.5, ApJ
870L, 11F

[6] Frye et. al. (2019): PLCK G165.7+67.0: Analysis of a Massive Lensing Cluster...,
ApJ 871, 51F

[7] Georgiev (2019): The Milky Way like galaxy NGC 6384 and its nuclear star cluster...,
MNRAS 484, 3356G
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10.10 Precison Alignment Mechanisms for the

Coronagraph Instrument aboard WFIRST

O. Krause, R.-R. Rohloff, M. Ebert, U. Grözinger, Ö. Detre, F.
Müller, U. Klaas, A. Böhm, Th. Henning

The Wide-Field InfraRed Survey Telescope (WFIRST) will be the next NASA Astro-
physics strategic mission to follow JWST. The observatory payload consists of a Hubble-
size 2.4 m telescope with a wide-field NIR instrument and a coronagraph operating at
visible wavelengths that employs state-of-the-art wavefront sensing and control. The
project is currently in phase B with a launch date in September 2025.
The Wide-field instrument is optimized for large area NIR imaging and spectroscopic
surveys, with performance requirements driven by programs to study cosmology and exo-
planet detection via gravitational microlensing. It will provide a field-of-view that is 100
times greater than the Hubble infrared instrument, capturing more of the sky with less
observing time. The Coronagraph Instrument (CGI) on WFIRST will serve as a major
technology demonstrator in preparation for future high contrast direct imaging missions
dedicated to the spectral characterization of mature exoplanetary systems in reflected
light and aiming to obtain optical spectra of rocky planets in the habitable zone (HabEx
and LUVOIR concept studies). It will employ and demonstrate both Hybrid Lyot (HLC)
and Shaped Pupil (SPC) Coronagraphs.
The CGI will perform direct imaging of known exoplanets over a 480 to 980 nm wavelength
range in seven bands. The performance goal for CGI is to achieve a starlight contrast ratio
of better than 3×10−9 after post-processing of the speckle pattern over the coronagraph
field-of-view. This should enable the observation of cold Jupiters. The smallest inner
working angle (IWA) of the coronagraph will be 3λ/D at 506 nm (134 mas) for the HLC
mode.
The functional schematics of CGI are shown in Fig. 10.18. The coronagraph bench com-
bines the Hybrid Lyot and Shaped Pupil Coronagraphs (HLC and SPC) into the same
optical beam train. It supports either HLC or SPC observation modes by using a series
of mask and filter changing mechanisms. Six precision alignment mechanisms (PAMs)
are required to select various modes of each coronagraph by choosing the correct combi-
nation of masks and filters. The development and provision of these PAMs is the MPIA
contribution to the WFIRST/CGI instrument.
The primary objective of each PAM is the insertion of up to 24 individual optical elements
into the CGI optical beam and 2-dimensional translational adjustability with sub-μm pre-
cision for each of these positions. The stringent requirements on wavefront quality and
achievable coronagraphic contrast levels at system level translate into very tight mecha-
nism requirements on precision and stability which are less than 200 nm over a 10 h science
observation and stringent limits on lifetime alignment stability which are very challenging
to meet given launch loads of 35 g. In order to ease the programmatic complexity of
the development program all mechanisms share a common design and a common set of
requirements, which are driven by the most demanding one of all mechanisms.
A 2-dimensional translational XY-stage mechanism is an excellently suited architecture
for these requirements and has been selected for the PAMs (Fig. 10.19). The linear
motions of both stages are suspended through linear cross-roller guides which provide
high rigidity and yet precise and supple linear motion. Positioning is achieved in closed
loop control with brushless DC motors as actuators in both axes and optical encoders in
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Figure 10.18: Schematics of the CGI. The Hybrid Lyot and Shaped Pupil mode are
achieved with changeable masks. The HLC mode (green) uses the occulting mask, Lyot
mask, field mask and color filters. The SPC uses the shaped pupil mask, occulting mask,
Lyot mask and color filters. Six precision alignment mechanisms (PAMs) are required to
configure the instrument into all available modes.

both axes to provide position feedback. The rotational motion of the motor is translated
into the linear motion of the respective stage via a ball-screw. Internal friction in the gear
combinations, ball-screw, and linear guides keep the optical elements in position after
actuation. All optical elements are mounted onto a kinematic interface plate at the front
size of the mechanisms.

Figure 10.19: Mechanical design of the 6 CGI precision alignment mechanisms, shown
here is the Shaped Pupil Alignment Mechanism (SPAM). The size of the unit is
170×102×96 mm3 with a weight of 758 g (without optics).

In order to lower the development risks of the PAMs mechanism prototypes were built
and extensively tested at MPIA. These test demonstrated the compliance with all driving
requirements. The mechanism design has meanwhile passed the subsystem PDR level in
August 2019. Programmatically the MPIA contribution is handled as an international
contribution to the NASA mission, to be covered through an MoU between the German
Space Agency DLR and NASA.

Work done in collaboration with NASA/JPL Pasadena (USA).
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10.11 IRASSI: A feasibility study for a far-infrared

space interferometer

Hendrik Linz, Oliver Krause

The far-infrared regime (FIR, 30–300 µm) is one of the few wavelength ranges where no as-
tronomical data with sub-arcsecond spatial resolution exist. Neither of the medium-term
satellite projects will resolve this malady. For many research areas, however, information
at high spatial and spectral resolution in the FIR, taken from atomic fine-structure lines,
from highly excited carbon monoxide (CO), light hydrids, and especially from water lines
would open the door for transformative science. Given the long development time scales
for new large space missions, we have to actively work now on a mission concept that can
bring high spatial resolution to the FIR in 20 years from today.

The far-infrared wavelength range – Where do we stand?

Figure 10.20: Collection of previous (blue),
active (black) and future (light green) single-
dish missions in the FIR. Solid lines denote
where high spectral resolution (& 100, 000) is
available. Note the big step to IRASSI!

All FIR satellites of the first generations,
like IRAS, ISO, Akari and Spitzer were
small (< 1 m) and therefore comprised very
large beams on sky. Still state-of-the-art
science in terms of spatial resolution comes
from the Herschel Space Observatory with
its 3.5-m telescope. The currently active
FIR astronomy workhorse is the SOFIA
facility. Especially its GREAT/upGREAT
instrument pushes the boundaries, and has
widened the heterodyne observing modes
out to 2.8 and even 4.7 THz. However,
SOFIA as a 2.5-m telescope has mod-
est spatial resolution and operates in the
(thin) Earth atmosphere, strongly limit-
ing the detections of extraterrestrial wa-
ter vapour signals. For the 2030s, sev-
eral single-dish missions are being planned.
SPICA will be a 2.5-m telescope that is
proposed for the ESA M5 mission slot. The
O.S.T. proposal is currently under study for the US Decadal Review 2020. Currently, a
5.9-m telescope design is favoured where a heterodyne instrument is just optional. Both
telescopes will be actively cooled and thus very sensitive, but may not have a high spec-
tral resolution spectrograph. Both facilities are not yet finally approved. At present, it
is difficult to judge the progress for the Russian mission Millimetron, a cooled fold-out
10-m telescope for the FIR and sub-millimeter range. It may be launched in ten years
from now. All these planned facilities will not strongly improve on the spatial resolution
delivered by Herschel (a factor < 3). The situation is depicted in Fig. 10.20.

IRASSI: Our feasibility study for a free-flying FIR interferometer

We are involved in a technical study for a FIR space interferometer, called IRASSI
(Infrared Astronomical Swarm Satellite Interferometer), financed by the German space

170



agency DLR. MPIA is concerned with the mission concept as such, working out the
science requirements and how they trickle down into design choices. The consortium
furthermore consists of members of the University of the Armed Forces Neubiberg and
the Technical University of Braunschweig, working on formation dynamics and attitude
estimation. Our industry partner, Menlo Systems GmbH, leads the study and brings in
expertise in high-precision laser comb metrology. The concept we are proposing comprises
the following:

• Five free-flying satellites, each having a telescope diameter of 3.5 m,

• Varying baselines (in order to gradually populate the uv-plane) up to ∼ 1 km to
ensure a spatial resolution of 0′′.1 even at long wavelengths of 300 µm,

• Basic frequency range from 1–6 THz,

• Heterodyne interferometry to reach velocity resolutions of < 1 km/s.

In such a concept, the satellite baselines do not have to be controlled, but just accurately
measured. The baseline solutions then will be communicated to the on-board correla-
tor. This correlator shall be distributed over all five satellites to do real-time correlation
since the demands on raw data downlink rates would be far too high to enable correla-
tion on ground. We have been studying the steady progress in technology necessary to
handle such a bold observatory and see that THz detector technology, correlators and
attitude control technology can be up to the task in the 2030s. In particular, the laser
frequency comb approach to inter-satellite metrology promises high accuracy with high
time cadence, allowing to do the astronomical interferometry while changing the baseline
configurations. To handle the high degree of autonomy necessary for free-flying missions
of close-by elements in free space is a complex endeavour. Our study puts emphasis on
that, with continuous progress in estimation and control algorithms, and in innovative
ways to stabilise such a measurement system and to internally calibrate the local tie from
the metrology to the scientific measurement systems. While many of our more technical
results have been put into specialised journals, a large overview article over the IRASSI
study has just been published in Advances in Space Research [1].
In spring 2019, ESA had issued a call for White Papers (“ESA Voyage 2050”) which are
supposed to decribe the science which the scientific community plans to pursue in the
time frame 2035–2050. We were actively engaged in three of such White Papers. One
of them collects high-impact science cases that rely on high spatial and spectral resolu-
tion in the FIR, chief among them being the understanding of the water distribution in
protoplanetary disks with strong implications for planet formation and planet properties.
This paper has one of us (H. Linz) as the first author, fronting an international team of
established scientists, and naturally features the IRASSI concept as one feasible way to
address such science cases.

Work done in collaboration with Matthias Lezius (Menlo Systems GmbH Martinsried),
Luisa Buinhas, Roger Förstner, Kathrin Frankl, Mathias Philips-Blum and Thomas Pany
(Universität der Bundeswehr Neubiberg), as well as Divya Bhatia and Ulf Bestmann (TU
Braunschweig).

[1] Linz, H., Bhatia, D., Buinhas, L., et al. (2019): InfraRed Astronomy Satellite Swarm
Interferometry (IRASSI): Overview and Study Results, Advances in Space Research,
in press eprint, arXiv:1907.07989
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