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Preface 5

PREFACE

Progress in our understanding of the Universe in recent 
times has been staggering. Many basic questions which 
have fascinated scientists and the public alike are no 
longer mysteries: Will the Universe expand forever? Do 
black holes exist? Are there planets outside our solar 
system? Affirmative answers to all these questions have 
been provided by teams of astronomers developing new 
instruments, observational techniques, and theoretical 
models, and using them to probe deeper into the nature 
of stars, gas clouds, galaxies, clusters of galaxies and 
the wider Universe. 

At the Max Planck Institute for Extraterrestrial Physics 
we build and exploit state-of-the art instrumentation for 
major telescopes, whether they be on the ground or in 
space, to search for answers to new questions and puz-
zles in astrophysics: How do galaxies form and evolve? 
How do black holes grow and influence the wider Uni-
verse? How does matter behave in the strong gravita-
tional field close to a black hole event horizon? What 
is dark energy? How does the large-scale structure of 
the Universe evolve? What are the conditions needed 
for stars and planets to form? How are they related to 
the formation of complex molecules which are the basis 
for life?

To provide answers to these basic questions requires a 
meticulous development cycle, starting with the formu-
lation of specific and quantitative scientific objectives, 
followed by technology development, definition and de-
sign of new instruments, construction of detectors, tel-
escopes, experiments and facilities, analysis and inter-
pretation of vast amounts of data, and the formulation of 
new models and theories to help understand the results. 
This complex process may seed new ideas and open up 
new questions, which continue to drive the field.

Right now at MPE our scientists and technical staff are 
engaged in all these phases of the scientific discovery 
cycle. The KMOS instrument is currently operating at 
the ESO Very Large Telescope, yielding new insight into 
the evolution of galaxies and the formation of stars in 
the deep Universe. The GRAVITY instrument, designed 
to explore the conditions around the black hole at the 
centre of our own Galaxy, is also just starting to do its 
work at the VLT. eROSITA, a new and powerful space-
based X-ray telescope system is almost complete, and 
when launched will provide a unique view of the large 
scale structure of the Universe and a census of black 
hole growth across cosmic time. A new laboratory facility 
on the MPE premises in Garching seeks to reproduce 
the conditions when stars form. Advanced optics for the 
Euclid mission are being designed and developed at 
MPE to reveal exquisite detail in the shapes of galaxies, 
and measure their distortions by the gravity of the Uni-
verse. In the longer term, innovative new technologies 
are being refined and put to the test in the development 
of cameras for the biggest future projects in European 
astronomy: the X-ray Wide Field imager for Athena, and 
the first-light MICADO instrument for the European ELT.  

This report summarizes the main scientific achievements 
at MPE during the past three years, and describes the 
projects we are developing to push our research onward. 
The ingenuity, skill, experience, and hard work of the sci-
ence, technical and support staff at MPE should ensure 
that the journey of discovery that began at the Institute 
just over 50 years ago continues into a long and produc-
tive future. 

I am grateful to all colleagues at MPE for their exception-
al work, and for providing inputs to this report in which 
that work is described. 

Kirpal Nandra

Managing Director, MPE
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1 RESEARCH AREAS AND INSTITUTE STRUCTURE

The Max Planck Institute for Extraterrestrial Phys-
ics (MPE, Fig. 1.1) is located on the University and 
Research Campus in Garching, near Munich. The In-
stitute performs basic research in astrophysics, with 
particular emphasis on the following science areas: 

• Astrochemistry, gas and dust processes in the
            Interstellar Medium

• Star and planet formation 
• Compact Objects
• The Galactic Centre 
• Active galactic nuclei
• Galaxy formation & evolution
• Galaxy-black hole co-evolution
• Galaxy clusters & large scale structure
• Cosmology and Dark Energy

The Institute’s scientific portfolio has evolved in the 
last three years due to the retirement of Prof. Gregor 
Morfill. His successor at MPE is Prof. Paola Caselli, 
appointed in 2014, who has now established a new 
group, the Centre for Astrochemical Studies (CAS). 
This expands the Institute’s portfolio in terms of as-
trophysical research, and complements our areas of 
traditional strength.

To further our research aims, we combine hardware 
development with observations, data analysis and 
theoretical work. Our experimental work in astrophys-

ics is driven by our scientific interests and focuses on 
a relatively small number of key projects, spanning 
a broad range of the electromagnetic spectrum from 
the millimeter/submm, through infrared (IR) and opti-
cal-infrared wavelengths, to the X- and γ-ray bands 
(Fig. 1.2). 

In many cases the observations must be made from 
space, and MPE has a proud history and reputation 
as Germany’s premier space astrophysics Institute. 
Current satellites such as XMM-Newton, Chandra, 
Integral, Fermi and Swift feature MPE hardware con-
tributions, as did the recently-completed Herschel 
mission. We are currently developing hardware for fu-
ture space facilities, specifically eROSITA, Euclid and 
Athena. Most of these projects are implemented in 
collaboration with the European Space Agency (ESA), 
the Germany Space Agency (DLR), or NASA.

We also build and use instruments on the ground. 
In the near infrared and optical bands MPE has de-
veloped and exploited ground-based instruments at 
the Very Large Telescopes (VLTs) of the European 
Southern Observatory (ESO), the Large Binocular 
Telescope (LBT) and others. MPE leads the develop-
ment of MICADO, one of the first-light instruments for 
the ESO European Extremely Large Telescope (E-
ELT). In the mm range we are very active users of 
the telescopes of the Institute for Radio Astronomy 

Fig. 1.1 MPE’s main building in Garching, Germany, houses the vast majority of our 350+ staff of scientists, engineers, and technical, administrative 
and support personnel.
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si-autonomous research groups concentrating on par-
ticular sub-fields, supported either by internal (MPG) 
or external, third party funds. The Institute also cur-
rently hosts a Max Planck Fellow, Prof. Joseph Mohr, 
with the highly successful Max Planck Fellowship of 
Prof. Andreas Burkert just having come to an end. At 
present the Institute does not host any Max Planck 
independent junior research group, Sadegh Kochfar 
having moved to a faculty position in the UK. 

While many of the major projects are driven at group 
level, there are significant scientific synergies and 
collaborations in place between the different groups. 
The IR and OpInAs groups’ joint KMOS3D galaxy evo-
lution survey builds on the joint development of the 
KMOS multi-IFU spectrograph for the VLT. Star for-
mation processes and scaling laws from the smallest 
scales up to high redshift galaxies are being studied 

in the Millimetre Range (IRAM), located in the Alps 
and in Spain, and of the Atacama Large Millimetre Ar-
ray (ALMA), located at high altitudes in the Atacama 
desert in Chile. Our experimental and observational 
work is complemented by analytical, numerical and 
observation-related interpretational work and theory. 
A new initiative in laboratory astrophysics has also 
recently been established under the auspices of the 
CAS group.

Our scientific activities are organised into four major 
research fields, each of which is led by one of  the  
Directors: (1) Infrared- and Submillimeter Astronomy 
(IR, Prof. Reinhard Genzel), (2) Optical and Inter-
pretative Astronomy (OpInAs, Prof. Ralf Bender), (3) 
High-Energy Astrophysics (HE, Prof. Kirpal Nandra), 
(4) The Centre for Astrochemical  Studies (CAS, Prof. 
Paola Caselli). The main departments often host qua-

Fig. 1.2 Scientists at MPE build and exploit state-of-the-art astronomical instruments and telescopes, both ground and space-based and across the 
whole span of the electromagnetic spectrum.
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in the CAS group, the IR group, and the group of Ew-
ine van Dishoeck. Andreas Burkert’s group has had 
a strong collaboration with the IR group focussed on 
the dynamics of high redshift galaxies and gas clouds 
in the Galactic Center. The High Energy group and IR 
group have worked jointly on AGN hosts and their star 
formation properties, in particular during the Herschel 
mission. Complementary routes to explore the nature 
of Dark Energy are pursued by HE (eROSITA clus-
ters, in collaboration with MPG fellow Joe Mohr) and 
OpInAs (Euclid weak lensing and baryonic acoustic 
oscillations), a synergy that extends to the collection 
of ancillary data and follow-up preparation for these 
missions.

Research programs at MPE are often organized into 
integrated project groups, which include scientists, 
postdocs, students from the main groups and staff 
from the Institute's central support divisions. These 
central divisions play a key role in the development 
of our ambitious instruments and experiments and 
primarily consist of mechanical and electronic engi-
neering staff and their associated work-shops. We are 
also engaged in the development of software pack-
ages for the analysis of large amounts of data yield-
ed by our instruments. A central IT division assists 
in these efforts, while also supporting our computer 
hardware and networking infrastructure. A highly ef-
ficient administration and a technical and building ser-
vices team, which also serve the neighbouring Max 
Planck Institute for Astrophysics, complete the team 
on campus in Garching. Off-campus, a key facility of 
the High-Energy Astrophysics Group, is the PANTER 
X-ray test facility located in Neuried (Fig. 1.3).

The implementation of most of our experimental pro-
jects requires close cooperation with industry, both 
locally in the Munich area as well as all over Eu-
rope and worldwide. Our 50-year record of success 
in astrophysics and space research demonstrates 
the efficiency of such co-operations, primarily with 
space industry, speciality workshops and electronics 
companies.

In addition to the institutional support by the Max 
Planck Gesellschaft, which is the most important ele-
ment of our funding for personnel and projects, our re-
search is supported by government institutions such 

Fig. 1.3 PANTER, a unique X-ray optics calibration and test facility, located in Neuried, South-West Munich.

as the German Federal Ministries for Education and 
Research  (BMBF) and for Economy (BMWi), DLR 
and international organisation such ESO, ESA, the 
European Research Council and the EU. Additional 
financial contributions for specific projects and fel-
lowships come from the German Science Foundation 
(DFG) and the Alexander von Humboldt Foundation 
(AvH).

Our Institute is strongly engaged in vocational and 
academic training. We co-operate closely with the 
major local Universities: Ludwig-Maximilians Univer-
sität (LMU) and the Technische Universität München 
(TUM). Staff at MPE supervise research students 
(Bachelors, Masters and Ph.Ds), at both Munich Uni-
versities, as well as other German Universities and 
sometimes even further afield. Internships are of-
fered to University, as well as high school students. 
The MPE Directors and many other senior staff have 
Professorial or Lecturer appointments at LMU, TUM 
and/or other Universities. The Institute hosts semi-
nars, workshops and conferences in our own and ad-
jacent research fields, often in cooperation with the 
Universities. Our very successful  “International Max-
Planck Research School on Astrophysics” at the LMU 
continues to attract many young motivated people to 
astrophysical research. In our technical divisions we 
offer apprenticeships in our mechanical and electron-
ics workshops, with a recent initiative to incorporate 
refugees into these activities. 
MPE is also active in public outreach. Our aim is to 
communicate our work specifically and interest in as-
trophysics in general to the local and national press, 
and the public. We achieve this in part via our web 
pages, press releases, and personal contacts. Our 
scientists regularly give public talks in schools, plan-
etaria, and other forums, and write articles in popular 
astronomy publications. 

School classes visit MPE regularly, facilitating aware-
ness and inspiration in schools. Each year, around 
50 girls visit MPE via the national “Girls' Day” initia-
tive. Last but not least MPE hosts an Open House day 
every other year, where we typically welcome about 
2000 visitors to the Institute, with programs of talks, 
extensive displays and interactive activities which 
serve to illustrate our work and astronomy in general. 





2 Infrared and Submillimeter 
      Astronomy



Powerful green laser light is directed at the sky from the back of one the secondary mirrors of the Large Binocular 
Telescope. The laser light creates three artificial stars above each LBT mirror, used to correct the atmospheric ground 
layer turbulence for wide-field adaptive optics.
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2. Infrared and Submm Astronomy

2.1 Introduction and Overview 

During the last three years (2013 − 2016) the high-
lights of the work of the MPE Infrared Group have 
been the first results of the KMOS3D and PHIBSS2 
surveys of high-z star forming galaxies, the remar-
kable tidal disruption of the gas cloud G2 during its 
peri-center approach around the massive black hole 
in the Galactic Center, as well as the commissioning 
of the GRAVITY interferometric imaging experiment 
on the VLT (Fig. 2.1.1). In addition valuable scientific 
results have been obtained on both nearby and dis-
tant AGN with PACS@HERSCHEL and the VLT. IR 
group authors published ~309 refereed papers in this 
period, with more than 6700 citations to date. On the 
instrumentation side, commissioning started also for 
the ARGOS@LBT ground-layer AO system, and two 
new major, MPE-led instruments, ERIS for the VLT, 
and MICADO for the E-ELT, obtained green light for 
their design phases.  

Fig. 2.1.1 summarizes the scientific output of the last 
years in pictorial form, along with eight of our science 
highlight results. We continued our longstanding stra-
tegy to exploit innovative instruments and new ob-
servational tools developed in house for a few major 
science themes. Often in collaboration with external 
colleagues, we combine the main observational ef-
forts with interpretational and theoretical work. 

A very positive development of the last decade has 
been the overall increase in the fraction of female sci-
entists in the group from ~20% to >30% (at all levels, 
from students, postdocs to senior scientists (38%)). 
About half of the group’s scientists are German, the 
other half come from a dozen countries world-wide. 

The IR group also hosts the research group “Star 
and Planet Formation” of Prof. Ewine van Dishoeck 
(External Scientifc Member of MPE), as well as an 
ERC Starting Grant Awardee (Stefan Gillessen) and 
a Sofja-Kovalevskaja Awardee of the Alexander von 
Humboldt Foundation (Jason Dexter).

Theme 1:  Massive black holes and their environment

We were able to achieve further major progress in ex-
ploiting the Galactic Center ‘laboratory’ for precision 
tests of the black hole paradigm. Detailed analysis of 
the image distortions have allowed further significant 
improvement in the accuracy of the long-term positions 
measurements and the absolute reference frame. We 
now have 46 well-defined stellar orbits making a com-
pelling case for a point mass gravitational potential cen-
tered on the compact radio source Sgr A* to a scale of 

< 10 light hours (Fig. 2.1.1 h,i). Combined with ever more 
constraining radio observations of its size and motion, 
our research, along with that of our colleagues at UCLA, 
demonstrates that Sgr A* must be a massive black hole, 
beyond any reasonable doubt, as long as general rela-
tivity is valid. The Galactic Center studies also provide a 
wide range of unexpected insights into the stellar clus-
ter surrounding the black hole, the star formation activ-
ity and stellar mass function in this cluster, and into the 
remarkably inefficient radiation from the black hole itself. 
The most recent excitement has been a small gas cloud, 
perhaps with an embedded central star (G2, Fig. 2.1.1 j) 
falling almost radially towards Sgr A*, getting tidally 
disrupted in front of our eyes, and providing us with a 
unique probe of the innermost accretion zone. 

The next big step for our research in the Galactic Center 
will be GRAVITY, a very ambitious experiment to obtain 
10-µarcsecond precision imaging astrometry of stars 
and gas very close to the event horizon, by combining 
interferometrically all four VLT unit telescopes. GRAVITY 
should be able to detect several of the effects predicted 
by general relativity, such as the prograde ‘Schwarz-
schild’ orbital precession. GRAVITY may test the equiva-
lence principle on curvature scales previously not acces-
sible, and, if we are lucky, it may be able to determine the 
metric on a scale of a few Schwarzschild radii. We will 
discuss the excellent progress in the GRAVITY experi-
ment below, including shipment, installation and the first 
phases of commissioning at Paranal in summer/fall 2015, 
culminating in the demonstration of the essential dual-
beam phase-referenced interferometry (Fig. 2.1.1 g).

Active Galactic Nuclei: We have applied the power 
of our PACS spectrometer on the Herschel space tel-
escope to study the far-infrared line emission in active 
galaxies in the local universe. Highlights were corrobo-
rating observations of our previous discovery of powerful 
molecular outflows in AGN-dominated luminous infrared 
galaxies, as well as highly excited molecular gas compo-
nents towards the nuclei of nearby AGN. High resolution 
follow-up imaging observations with the IRAM Plateau 
de Bure millimeter interferometer (PdBI) show that these 
molecular outflows are spatially extended. We have start-
ed a major new spectroscopic survey of nearby galaxies 
at the VLT (with SINFONI and XSHOOTER) to explore 
the properties of the AGNs as well as their surrounding 
stellar populations, with an unbiased and flux-limited lo-
cal AGN sample. Further analysis of PACS/SPIRE data 
on distant AGN is consistent with the widely held view 
of AGN-galaxy coevolution, when selecting star-forming 
galaxies at z ~ 1 − 2, and then averaging their X-ray AGN 
luminosities (Fig. 2.1.1 f). 
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Figure 2.1.1 Publications and science highlights of the MPE-IR group in the period 2013 - 2016
(a): Publications per year by the MPE-IR group, total (black), as well as in different science areas: high-z (red), GC (blue), AGN (magenta) and 
instrumentation (grey). Over the past 3 years, ~ 309 MPE-IR refereed papers received 6700 citations to date.
(b): KMOS3D Hα velocity fields in z ~ 0.7 − 2.6 star forming galaxies in the stellar mass (horizontal) – star formation rate (vertical) plane. Red and 
blue denote receding and approaching motions. More than 70% of these galaxies are supported by rotation, and there are several rotating disks 
surrounding compact passive galaxies below the main sequence, suggesting recent ‘rejuvenation’ in about 10% of these cases.
(c): Detection of high incidence, powerful nuclear outflows (> 1000 km/s) in KMOS3D and SINS/zCSINF Hα / [NII] / [SII] profiles (red) of massive 
SFGs above log (M✱ / M⊙) > 10.9, which are probably driven by accretion onto the central MBHs but are twice as common as X-ray/optical/radio 
AGN (green).
(d): Determination of the distribution of angular momenta of ~ 400 SFGs at z ~ 0.7 − 2.6, which quantitatively confirm the long-held theoretical 
assumption that the baryons in galaxies have approximately the same specific angular momentum as the dark matter at the virial radius.
(e): Evolution of molecular gas fraction with cosmological redshift, as inferred in about 500 massive SFGs from CO data (blue) in our IRAM PHIBSS 
(z = 1 − 2.5) and COLDGASS (z = 0) programs, as well as from stacks of 510 PACS/SPIRE far-infrared SEDs sampling the dust component (red). 
The remarkable agreement of the CO- and dust-based determinations gives confidence that the derived scaling relations (gas fractions as a function 
of redshift, specific star formation rate and stellar mass) are fairly robust. For comparison the green shaded curve denotes the evolution of atomic 
hydrogen masses associated with galaxies, as found in literature data from 21cm and Lyα measurements.
(f): Correlation between the star formation rate and the average MBH-accretion rate (BHAR) as a function of redshift (color), as determined from 
stacks of PACS/SPIRE selected SFGs (star formation) and X-ray luminosity data (MBH accretion). The relatively good average correlation supports 
the notion that MBH growth on average follows that of the host galaxy. Note, however, that this correlation breaks down if one selects on the variable 
X-ray luminosity.
(g): First science results from the new MPE interferometric astrometry experiment GRAVITY using all four telescopes of the VLT. In the first 
commissioning runs in fall 2015 we were able to already demonstrate the capability of GRAVITY to determine spectra of faint stars by fringe-
tracking on brighter nearby stars. In the example shown this was down in Orion by fringe-tracking on the interferometric binary O-star Θ OriC  and 
then coherently integrating on the fainter B-star Θ OriF . This demonstrated the dual-beam mode of GRAVITY that will be essential for the work in 
the Galactic Center.
(h & i): Astrometric & measurements of the stars in the immediate vicinity of the Galactic Center radio source Sgr A*, yielding a few percent accuracy 
determination of the central mass and its distance, as well as showing that the orbital distribution function of the innermost stars around the MBH 
is isotropic and thermal, and that most of these stars are main-sequence B-stars that probably have been captured by the MBH through the ‘Hills’-
mechanism. 
(j): Evolution of the Brγ line emission from the ionized gas cloud G2 in the plane spanned by radial velocity (vertical) and arc length along the orbit 
(horizontal), from 2004 to 2016. The measurements show the increasing tidal disruption of the ionized gas cloud along the best fit, eccentricity 

~ 0.96 orbit (line), culminating in the appearance of gas on either side of the peri-bothron (~ 20 light hours) from Sgr A* in spring 2014.
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Theme 2: Evolution of star forming galaxies at the 
peak of galaxy formation 

The main focus of the IR-group’s research during the 
past decade have been in-situ observations of the physi-
cal, dynamical and gas properties of massive star form-
ing galaxies near the peak of the cosmic galaxy forma-
tion epoch, about 10 billion years ago. Following up on 
our earlier SINFONI work, we have begun in the last 
three years a major new survey (KMOS3D, in close col-
laboration with the MPE OPINAS group), investigating 
the galaxy dynamics in ~ 600 main-sequence SFGs in 
three redshift slices at z ~ 0.7 − 1, z ~ 1.5 − 1.6 and 
z ~ 2 − 2.6. This project exploits the unique multiplex-
ing capabilities of the KMOS spectrometer (24 integral 
field units), in whose development our groups have been 
involved. Strengthening the SINFONI work of the past 
decade, KMOS3D has now robustly shown that > 70% of 
these massive star forming galaxies are clumpy, thick 
and turbulent rotating disks, with a minority of mergers 
(Fig. 2.1.1 b). KMOS, SINFONI, HST and PACS obser-
vations show that more than 90% of the cosmic star for-
mation activity between z = 2.5 and z = 0 occurs in a 
well-defined ‘main sequence’ (MS) of star-forming disks 
in the stellar mass - star formation plane. With KMOS3D 

we have been able to extend the coverage to ‘passive’ 
galaxies below the MS. We find that about 10% of these 
passive, compact galaxies have Hα disks with substan-
tial star formation rates, suggestive of ‘rejuvenation’ pro-
cesses reigniting star formation in quenched galaxies. 
Another key recent discovery with SINFONI/KMOS3D are 
powerful nuclear outflows of ionized gas (Fig. 2.1.1 c). 
The incidence of these outflows is strongly mass de-
pendent, and increases to about 65% near and above 
the Schechter mass. The duty cycle of these massive, 
spatially extended outflows is about twice the incidence 
of AGN activity itself. The nuclear outflows may play a 
significant role in the quenching of star formation activity. 
KMOS3D also has permitted statistically robust studies 
of metallicities, metallicity gradients and the specific an-
gular momenta of the high-z star-forming galaxy popula-
tion. On the latter issue we find that the baryonic angular 
momenta are consistent with those predicted from dark 
matter simulations, indicating that angular momentum is 
conserved when baryons contract from the virial radius 
to the disk scale (Fig. 2.1.1 d). These early disks ap-
pear to have grown mainly by semi-continuous gas ac-
cretion from the cosmic web and minor mergers, rather 
than in bursts triggered by major mergers. With CO data 
from the PHIBSS2 survey on the expanded IRAM PdBI 
(called ‘NOEMA’) and from dust data with PACS/SPIRE 
on Herschel, we have been able to significantly improve 
the robustness and statistics of the scaling of molecular 
gas properties with redshift (Fig. 2.1.1 e), star formation 
rate and stellar mass. Our data strongly support the in-
terpretation that most main-sequence galaxies undergo 
‘equilibrium growth’ regulated by the replenishment of 
fresh gas on the one hand, and by consumption of the 
gas by star formation and powerful galactic winds on the 
other. Further improvements of the capabilities of NOE-
MA in the next years, thanks to the excellent support of 

the MPG (and CNRS), along with detailed follow-up ob-
servations with the ALMA facility, promise to give further 
detail in this key story on the growth and quenching of 
galaxies at high redshifts.

Our experimental strategy for the future
While these observations, along with increasingly pow-
erful simulations, give us a first direct glimpse of the key 
physical processes operating at the peak of galaxy for-
mation, the next big step will be to cast the qualitative 
picture sketched above into an increasingly firm quanti-
tative form. KMOS3D@VLT and PHIBSS2@NOEMA are 
the first examples of these next generation surveys, with 

~ 103 galaxies in the redshift range leading up to and 
dropping down from the z ~ 1 − 2 peak. The combina-
tion of the LUCI multi-slit unit on the Large Binocular Tel-
escope (LBT) with the ARGOS AO ground layer correc-
tor will also be extremely valuable in this respect. In the 
more distant future the ERIS imager/spectrometer will 
improve the capabilities of SINFONI/NACO for both our 
extragalactic and Galactic Center research. The biggest 
step will come from the next generation extremely large 
telescopes. MPE is the PI institute for the MICADO as-
trometric imager/spectrometer, which is slated to be the 
first light instrument for the 40m European ELT on Cerro 
Armazones/Chile, which is expected to go into operation 
a decade from now. Last year ESO and MPE signed the 
contract for the building phase of MICADO, which has 
now entered the detailed design phase.

Reinhard Genzel
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2.2 In-situ Surveys of Galaxy Evolution

Spatially- and spectrally-resolved observations of the 
rest-frame optical and submm line and continuum 
emission are very powerful in exploring galaxy forma-
tion and evolution 5 – 10 billion years ago, around the 
peak epoch of cosmic star formation. Our major near-
IR and submm spectroscopic mapping programs of 
star-forming galaxies at z ~ 1 – 3 with KMOS and 
SINFONI at ESO’s Very Large Telescope (VLT) and 
with the IRAM/NOEMA interferometer, coupled with 
Hubble Space Telescope (HST) imaging and multi-
object spectroscopy with LUCI at the Large Binocular 
Telescope (LBT), are probing the life cycle of distant 
galaxies through the cold molecular gas, warm io-
nized gas, and stellar components. Our in-situ stu-
dies have 1) revealed the central role of the cold gas 
reservoirs and the importance of internal galaxy dyna-
mics in growing early disks and bulges, 2) established 
the first robust empirical connection between galaxy 
and dark matter halo angular momenta, 3) unveiled 
the nature and energetics of feedback, and 4) brought 
unique new insights into what causes the quenching 
of star formation at high galaxy masses. Our multi-
year and synergetic surveys provide comprehensive 
views of the resolved properties of galaxies, essenti-
al to pin down the physical processes driving galaxy 
evolution at early stages.

Background:
In the “equilibrium growth model,” young star-forming 
galaxies (SFGs) are fed by fairly smooth accretion from 
their halos and minor mergers, continuously replenish-
ing their gas reservoirs and fueling their star formation. 
The balance between accretion, star formation, and out-
flows maintains the bulk (~95%) of SFGs over most of 
the universe’s history on a narrow observed “main se-
quence” (MS) relation between star formation rate (SFR) 
and stellar mass (M✱). The zero-point evolution of the MS 
reflects the overall decrease in cosmic SFR and galactic 
molecular gas fractions since z ~ 2 − 3; at all epochs the 
MS population is dominated by disk-like systems. The 
growth of galaxies thus appears to be tightly regulated 
until they reach ~ 1011 M⊙, where their star formation is 
rapidly quenched. While the statistical census of deep 
look-back surveys has played an important role in es-
tablishing the broad scope of the “equilibrium growth 
model,” detailed spatially-resolved studies of individual 
galaxies, well sampled from the parent populations, are 
critical for understanding the physical processes at play. 
Our ground-breaking studies with SINFONI at the VLT 
and the IRAM Plateau de Bure Interferometer (PdBI, 
now NOEMA) provided first direct glimpses of these 
processes. We are now establishing our earlier results 
on a firmer statistical footing and significantly expand-
ing the galaxy parameter space explored through major 
on-going programs with KMOS at the VLT and at IRAM 
NOEMA. Our work capitalizes on crucial synergies with 
multi-wavelength data obtained notably with PACS on 
the Herschel far-IR satellite, and with optical/near-IR 
cameras on board HST. 

The SINS/zC-SINF and KMOS3D surveys:
SINS/zC-SINF was the first and largest survey of spatial-
ly resolved ionized gas kinematics, star formation, and 
physical properties at z ~ 2 with the near-IR single inte-
gral field spectrometer unit (IFU) SINFONI. The survey 
used 60 nights of MPE IR/Submm group Guaranteed 
Time Observations (GTO, for the SPIFFI spectrometer 
of SINFONI and PARSEC for the VLT Laser Guide Star 
Facility) and 50 nights via several open time programs. 
The observations focused on Hα+[NII]+[SII] emission of 
110 z ~ 1 – 3 MS SFGs, in seeing-limited mode (4 – 5 kpc 
resolution) and with adaptive optics (AO) for a sharper 
view of 35 of the targets (1 – 2 kpc resolution). The deep 
SINFONI+AO data were complemented with sensitive 

~ 1.5 kpc resolution mapping of the stellar component 
using HST NICMOS and WFC3 near-IR imaging. Tak-
ing advantage of the new and efficient near-IR 24-IFU 
KMOS instrument, built by a consortium involving MPE, 
we began in 2013 the KMOS3D survey, an ambitious and 
highly successful 75-night GTO program jointly led by the 
IR/Submm and OPINAS groups. KMOS3D is mapping the 
Hα+[NII]+[SII] emission of 600+ mass-selected galaxies 
at z ~ 0.6 – 2.7. The survey is carried out in well-stud-
ied extragalactic fields with extensive multi-wavelength 
data, including the far-IR Herschel PEP survey led by 
our group and high-resolution optical/near-IR grism and 
imaging data from the 3D-HST/CANDELS HST treasury 
programs. KMOS3D is designed to provide an unbiased 
census from deep integrations (~ 5h – 25h) of the same 
spectral diagnostics resolved on seeing-limited scales 
of 4 – 5 kpc, over a wide range of galaxy parameters 
and 5 Gyrs of cosmic time. The strategy is uniquely en-
abling faint line emission mapping in individual objects 
and pushing IFU studies into new regimes such as lower 
mass MS SFGs, and high-mass sub-MS galaxies in the 
process of quenching. Altogether, KMOS3D and SINS/
zC-SINF span two orders of magnitude in stellar mass 
(log [M✱ / M⊙] ~ 9.5 – 11.5) and three orders of magni-
tude in SFR relative to the MS (SFR/SFRMS ~ 0.01 – 10), 
as illustrated in Fig. 2.2.1 a.

The PHIBSS and PHIBSS2 surveys:
PHIBSS was a large program with NOEMA/PdBI of > 50 
z ~ 1 – 2.5 galaxies carried out in 2009 − 2012. It is 
now being substantially expanded with PHIBSS2, an 
on-going 4-year legacy program with NOEMA of > 130 
z ~ 0.5 – 3 galaxies, and was started in 2013. PHIBSS/
PHIBSS2 cover the massive MS population over a com-
parable redshift range as KMOS3D and SINS/zC-SINF, 
and are largely carried out in the 3D-HST/CANDELS 
fields accessible from IRAM, thus also benefitting from 
extensive multi-wavelength ancillary data.  By targeting 
normal SFGs at 0.5 < z < 3, rather than rare star-bursting 
outliers, our PHIBSS/PHIBSS2 surveys at IRAM bridge 
the gap between conventional molecular gas studies 
and optical-to-infrared deep look-back surveys. PHIBSS/
PHIBSS2 are also providing the first glimpse of the kin-
ematics of the cold, star-forming molecular component 



19Infrared and Submillimeter Astronomy

of the ISM, which we can then use to compare with the 
ionized gas kinematics derived from the above near-IR 
surveys.

Synergies with HST, Herschel, LBT/LUCI surveys:
In parallel, our detailed studies of galaxy morpholo-
gies from HST ACS optical and WFC3 near-IR imaging 
in the 3D-HST/CANDELS survey fields have provided 
key complementary information on stellar structure and 
populations strengthening and expanding our main re-
sults obtained from the gas components of galaxies.  Our 
results from the PEP survey, also covering the 3D-HST/
CANDELS fields, yielded far-IR calorimetric measure-
ments of star formation activity, unobscured by dust and 
little affected by AGN activity, of unprecedented samples 
to z ~ 3. Using the near-IR multi-object spectroscopic 

mode of LUCI (built in part by MPE) at the LBT, we 
supplemented our samples with emission line meas-
urements with another ~ 100 z ~ 1 – 2 SFGs, including 
PHIBSS/PHIBSS2 targets inaccessible from the VLT.

Galaxy kinematics and structure at z ~ 1 – 3:
Our comprehensive KMOS3D survey now confirms ro-
bustly the earlier results from SINS/zC-SINF on the kin-
ematics and structure of high-z SFGs. The dynamical 
support of at least 70% of all z ~ 1 – 3 massive SFGs is 
dominated by ordered disk rotation (Fig. 2.2.1 b), unlike 
what would be expected in the case of frequent (major) 
merging. The high-z disks differ however significantly 
from nearby spiral galaxies: the measured large local 
random motions from Hα emission (σ0 ≳ 25 km/s) reveal 
turbulent ionized gas disks. The disk velocity dispersion 

Figure 2.2.1 The KMOS3D and SINS/zC-SINF near-IR IFU surveys cover a wide range of galaxy mass and SFR at 0.7 ≤ z ≤ 2.7 [a]. With the 
substantial addition of the first 2.5-year results for 536 galaxies (80% detection fraction) from KMOS3D, the prevalence of rotating disks among 
SFGs (≳ 70%) and the significant drop with redshift in gas velocity dispersion are now firmly established [b,c]. The dynamical masses from KMOS 
and SINFONI kinematics, together with the stellar and gas mass distributions derived from HST imaging and our molecular gas mass – specific 
SFR scaling relations (see Fig. 2.2.3), imply that high-z disks are on average strongly baryon-dominated [d]. The data reveal a high incidence ~ 
65%, hence high duty cycle, of nuclear AGN-driven winds in normal log (M✱ / M⊙) > 10.9 MS SFGs, which could contribute to quenching star 
formation at high masses [e]. The inferred gas-phase metallicity gradients from 200 SFGs, tripling existing samples, are typically flat, in line with 
cosmological simulations involving strong feedback and the observed ubiquitous powerful outflows [g]. About 2/3 of the detected sub-MS galaxies 
have unexpectedly strong Hα emission given their UV and IR luminosities - possibly signaling rejuvenation - and are often extended rotating disks [b].
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increases with redshift as σ0 ∝ (1+z), in line with expecta-
tions for gas-rich disks and the observed evolution in cold 
gas mass fractions (Fig. 2.2.1 c, and see below). In the 
framework of marginally stable, turbulent gas-rich disks, 
the ubiquitous kpc-scale star-forming “clumps” seen in 
the Hα and CO emission of massive high-z disks result 
naturally from fragmentation of the gas disks into com-
plexes whose size scales with gas fraction and σ0. Such 
kpc-scale clumps are also prominent in rest-UV stel-
lar light but become fairly inconspicuous at rest-optical 
wavelengths and nearly absent in the stellar mass distri-
bution, indicating that they may be rapidly destroyed by 
strong stellar feedback and tidal shear. Alternatively, if 
they survive disruption, they must then migrate towards 
the center of galaxies on rapid timescales of ≲ 100 Myr. 
Inward clump migration, along with efficient gas inflows 
triggered by violent disk instabilities, may contribute to 
the early build-up of massive bulges. Indeed, while the 
stellar light and mass distribution of SFGs at z ~ 1 – 3 is 
on average disk-like, with median Sérsic index n ~ 1, our 
measurements of stellar structure from the CANDELS 
high-resolution imaging also reveal a trend of increas-
ingly cuspy profiles along the MS, reaching n ~ 2 and 
bulge-to-total mass ratios up to 50% in the most massive, 
log (M✱ / M⊙) > 11 SFGs. 

Angular momentum and baryon fractions at z ~ 1 – 3:
Exploiting the high quality, spatially-resolved Hα kin-
ematics of an unbiased sample of 360 log (M✱ / M⊙) 
9.3 – 11.8, z ~ 1 – 3 galaxies from our KMOS3D and 
SINS / zC-SINF surveys, we derived for the first time 
the angular momentum distribution and baryon content 
of distant massive SFGs. The inferred halo scale angular 
momentum distribution of the galaxies is consistent with 
the theoretical prediction for their dark matter halos in 
terms of mean spin parameter <λ> ~ 0.037 and disper-
sion σ (log λ) ~ 0.2. Spin parameters correlate with disk 
size and stellar surface density but do not depend signifi-
cantly on halo mass, stellar mass, or redshift. Our data 
empirically support the long-standing assumption that, 
on average and independently of redshift, the specific 
angular momenta of disks reflect that of their dark mat-
ter halos (jd = jDM). This result implies conservation of the 
net angular momentum of baryons as they settle from 
the cosmic web and halo onto the central ~10 kpc-scale 
disks. This is a remarkable finding in view of the many 
complex processes that plausibly affect the baryonic 
angular momentum along the way, and may be medi-
ated by the strong galactic outflows that are observed in 
high-z SFGs (see below). The weak correlation between 
λ × (jd / jDM) and central (r ≤ 1 kpc) stellar surface density 
of the galaxies suggests that internal processes lead to 

“compaction” and dense core formation inside massive 
high-z disks. Our data further show that high-z disks are 
strongly baryon-dominated, with baryonic mass frac-
tions ~ 65% within their half-light radii (Fig. 2.2.1 d). On 
the larger halo virial radius scale, the implied average 
stellar-to-dark matter mass ratio is ~ 2%, consistent with 
independent evidence from abundance matching stud-
ies. Accounting for the substantial amounts of molecular 
gas in high-z SFGs (see below), the total baryonic disk-
to-dark matter mass ratio is ~ 5% for halos near 1012 M⊙, 

or about 30% of the cosmologically available baryons. 
With such fractions, the imprint of the baryonic disk on 
the outer disk rotation curve is expected to be detectable. 
The average rotation curve of a representative subset 
of ~ 100 star-forming disks with best quality data from 
KMOS3D and SINS/zC-SINF, extending as far as 2.5 
times the turnover radius, exhibits a significant drop at 
large radius. The outer rotation curve falloff cannot be 
explained solely by the high baryon fractions, the pres-
ence of massive bulges, or the lower dark matter halo 
concentrations at high z, but can be well matched once 
accounting for the large gas turbulence in high-z disks, 
which could point at pressure-driven disk truncation at 
z > 1.

Outflows and quenching at z ~ 1 – 3:
Our KMOS3D and SINS/zC-SINF observations have also 
pinpointed the origin of the ubiquitous galactic-scale 
winds in high-z SFGs. Outflows with modest velocities 
(FWHM ~ 450 km/s) but substantial mass ejection rates 
comparable to the SFRs are detected in ionized gas 
across the disks and especially around intensely star-
forming clumps, and are thus plausibly driven by star 
formation feedback. Most excitingly, we have discovered 
powerful high-velocity (FWHM ~ 1000 – 2000 km/s) ion-
ized gas outflows in the centers of the most massive 
but otherwise normal SFGs, most likely driven by AGN 
activity. The frequency of these nuclear outflows raises 
sharply at log (M✱ / M⊙) ~ 10.9, reaching 2/3 among the 

~ 100 targets investigated above this mass (Fig. 2.2.1 e). 
These SFGs were purely selected on mass and their lo-
cation around the MS, rather than by the presence of 
an AGN. In fact, < 50% of these SFGs are classified 
as hosting an AGN based on classical X-ray, optical, 
IR, and radio indicators, suggesting the nuclear out-
flows have a higher duty cycle than the highly variable 
AGN activity. The typical high inferred mass outflow 
rates (dMout/ dt > SFR) and momentum deposition rates 
(vout × dMout/dt ~ 20 × L/c), together with the presence 
of massive bulges, and with evidence for suppressed 
star formation and gravitational quenching in the inner 
2 –  3 kpc of half of the galaxies, make a compelling case 
that these nuclear winds play an important role in clear-
ing the central regions of gas prior to quenching. The 
strong outflows in high-z SFGs could also redistribute 
metal-enriched gas throughout the disks; our measure-
ments of [NII]/Hα radial profiles in 180 KMOS3D and 20 
SINS/zC-SINF+AO disk galaxies imply on average flat 
intrinsic gas-phase metallicity gradients, in support of 
this scenario (Fig. 2.2.1 f). Importantly, the mass out-
flow and energy deposition rates could be much higher 
when accounting for a possible outflowing component 
in cold molecular gas. Indeed, our recent observations 
with NOEMA and ALMA of two of our PHIBSS/PHIBSS2 
near-MS galaxies have revealed signatures of massive 
outflows in molecular gas (see Fig. 2.2.2). If confirmed 
for larger samples, which will be observed with ALMA 
and NOEMA, molecular gas outflows will have impor-
tant consequences for the star formation quenching 
and chemical evolution of galaxies. Our very deep (up 
to ~ 25h) KMOS3D observations of ~ 100 massive galax-
ies well below the MS (log [SFR / SFRMS] < 0.8 dex) - a 
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regime unexplored by IFU studies so far - yielded emis-
sion line detection in ~15% of them, generally with sur-
prisingly high Hα fluxes given their rest-UV and IR lumi-
nosities. The [NII]/Hα ratios and line widths indicate that 
the emission is dominated by star formation, rather than 
shocks or AGN. About half of them are spatially resolved 
at the 4 – 5 kpc resolution of the KMOS data, showing 
extended rotating disks (Fig. 2.2.1 b). This finding pro-
vides tantalizing evidence for post-quenching rejuvena-
tion events in massive galaxies at z ~ 1 – 2.5.

Gas content and scaling relations z ~ 1 – 3:
By targeting normal SFGs at 1 < z < 3, rather than rare 
star-bursting outliers, our PHIBSS/PHIBSS2 surveys at 
IRAM bridge the gap between conventional molecular 
gas studies and optical-to-infrared deep look-back sur-
veys. PHIBSS/PHIBSS2 have revealed molecular gas 
mass fractions as high as 1/3 to 1/2 at z ~ 1 − 2, quan-
tified the galaxy-integrated star formation – molecular 
gas scaling relation at high redshift, and established that 
the rapidly declining star formation rates since z ~ 1 are 
mainly controlled by a reduction of cold gas reservoirs. 
Higher resolution follow-up of selected galaxies revealed 
gas complexes with sizes akin to those of star-forming 
clumps traced by stellar and ionized gas light at rest-UV 
and optical wavelengths, and shows that the bulk of mo-
lecular gas is similarly turbulent as the ionized gas layer.  
To derive robust molecular gas scaling relations, we 
have combined our PHIBSS1&2 CO molecular gas 

measurements with the low redshift COLDGASS CO 
survey, smaller high-z samples from the literature, and 
gas masses derived from Herschel far-IR dust meas-
urements in > 500 galaxy stacks over the same stellar 
mass/redshift range, to provide a total sample of over 
1000 sources. We constrained the scaling relations of 
molecular gas depletion time scale (tdepl) and gas to stel-
lar mass ratio (Mmolgas / M✱) of SFGs near the star forma-
tion ‘main-sequence’ with redshift, specific star forma-
tion rate sSFR, and stellar mass (Fig. 2.2.3). The steep 
redshift dependence of Mmolgas / M✱ ∝ (1+z)3 mirrors that 
of the sSFR evolution and likely reflects the gas sup-
ply rate. Decreasing gas fractions at high M✱ are driven 
by the flattening of the SFR–M✱ relation at all redshifts. 
Throughout the redshift range probed a larger sSFR at 
constant M✱ is due to a combination of an increasing gas 
fraction and a decreasing depletion time scale. Further 
observations will enable us to determine the underlying 
physics driving the scatter in the relations.

Figure 2.2.2 NOEMA observations of EGS 13004219 show a molecular broad emission component and disk rotation. Central panels, Top left: 
CO red and blue emission components in color and 1mm continuum emission in white contours; the panel to the left shows the spectral regions 
over which the blue and red maps were taken. Top right: Submm continuum emission (white contours) overlaid on an HST H+I band image. The 
diagonal line indicates the kinematic major axis of the galaxy. The panel to the right shows a position-velocity diagram taken along the kinematic 
major axis yielding evidence for very regular disk rotation. Bottom left: The CO J = 4-3 integrated map (contours) superposed on the HST H+I band 
image. Bottom right: The CO J = 4-3 velocity dispersion map (color) superposed on the HST H-band image (contours). 
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(Other MPE team members include R. Genzel, E. Wis-
nioski, A. Beifiori, R. Bender, S. Berta, A. Burkert, J. 
Chan, R. Davies, M. Fossati, A. Galametz, S. Kulkarni, P. 
Lang, M. Lippa, D. Lutz, J. T. Mendel, R. Saglia, S. Seitz, 
K. Tadaki, D. Wilman, E. Wuyts, S. Wuyts)

Natascha Förster Schreiber

Linda Tacconi

Figure 2.2.3 Top left:  The evolution 
of gas depletion timescale with redshift 
determined from CO observations 
from our PHIBSS/PHIBBS2 surveys 
and other published data and from 
Herschel dust based SED fits (see 
figure legend). Top right: The 
corresponding evolution of molecular 
gas fraction with redshift. The steep 
redshift dependence mimics that of 
the sSFR and probably reflects the 
gas supply rate. Bottom left: The 
scaling relation of gas depletion time 
with normalized sSFR, after fitting 
for the redshift dependence, for CO 
and dust based gas masses. Bottom 
right: Scaling relation of Mgas / M✱ with 
normalized sSFR after fitting for the 
redshift dependence, for CO and dust 
based gas masses. 
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2.3 Gas Flows and Star Formation around Active Galactic Nuclei

A fundamental role is attributed to supermassive black 
holes, and the feedback they generate, in the evo-
lution of galaxies. But theoretical models are poorly 
constrained and make broad assumptions about the 
physical processes involved, because most observa-
tions address global galaxy properties and the origin 
of the gas in terms of mergers versus secular evoluti-
on. In contrast our work focusses on the mechanisms 
regulating gas inflow and outflow in AGN on smaller 
scales that cannot be spatially resolved at z > 1 where 
co-evolution largely occurs. Local AGN offer the only 
opportunity to probe the distribution and kinematics of 
gas and stars in the circumnuclear region on scales of 
10 − 1000pc, and observations of archetypal objects 
with adaptive optics integral field spectroscopy have 
led to a number of insights on feeding and feedback. 
Going beyond this opportunistic approach, we have 
adopted a more systematic strategy that targets a 
complete sample of nearby AGN with luminosities in 
a range overlapping those observed at higher redshift.

LLAMA: Our project to look at Local Luminous AGN 
with Matched Analogues aims, for the first time, to put 
spatially resolved studies of the circumnuclear region of 
active galaxies on a statistically robust footing (Davies 
et al. 2015). The two key ingredients are the selection of 
a well characterized sample of bright local AGN, and a 
properly matched reference sample of inactive galaxies. 
The 14 − 195 keV band of the Swift-BAT survey meas-
ures direct emission from the AGN rather than scattered 
or re-processed emission, is much less sensitive to ob-
scuration in the line-of-sight than soft X-ray or optical 
wavelengths, and is widely accepted as the least biased 
survey for AGN with respect to host galaxy properties. 
Although the full BAT AGN survey is flux limited, by ap-
plying appropriate luminosity (LX > 1042.5 erg/s) and red-
shift (z < 0.01) thresholds we have selected a complete, 
volume limited sample. The inactive galaxies are select-
ed on a pairwise basis to have the similar Hubble type 
(including bars), inclinations, stellar mass, and distance. 

As a result, the distributions of the active and inactive 
samples are extremely well matched in these properties.

The primary goals of the project are threefold. The first 
asks whether star formation plays a decisive role in 
either driving or hindering gas inflow to AGNs. This is-
sue focusses on the central 100 pc, assessing whether 
there has been recent star formation, and if so whether 
it is still on-going or has ceased. The second aims to 
quantify the mechanisms responsible for driving gas 
into the central tens of parsecs. This includes dynamical 
processes in the central kiloparsec as well as the role 
of the larger scale host galaxy and the influence of the 
local environment. The third looks at whether luminous 
Seyferts always drive ionized and/or molecular outflows, 
and how they interact with the interstellar medium. This 
addresses the ubiquity of outflows as well as their veloci-
ties, rates, and mass loading. These, and other, ques-
tions are being addressed using data from Xshooter and 
SINFONI on the VLT, which provide, respectively, high 
spectral resolution from 380nm to 1.2µm and high spa-
tial resolution at 1.5 − 2.4µm. At the current time, about 
¾ of the data are in hand.

Obscuration: In any X-ray selected sample of AGN one 
has to understand the impact of absorption. Although 
small, our robust sample has enabled us to show that, 
despite apparent claims to the contrary, X-ray and opti-
cal classifications are closely related. But because there 
are many borderline cases of X-ray absorbed or optically 
obscured AGN, it is important to use consistent defini-
tions. Comparison of these quantities shows that the 
gas-to-dust ratio NH / AV is in many cases consistent with 
the Galactic ratio, from which deviations are solely attrib-
utable to an additional X-ray absorption column arising 
from dust-free neutral gas within the broad-line region 
(Burtscher et al. 2016). The extinction to the BLR has 
been very difficult to measure because the intrinsic line 
ratios are unknown. We have developed a new and sim-
ple proxy, by combining measurements of the hot dust 
continuum at 2.3µm from our SINFONI data with the 

Figure 2.3.1 Direct evidence for external accretion of gas into the central kiloparsec of IC 5267. Far and centre left: the orientation of the host 
galaxy is independent of the dust lane crossing the nucleus. Centre and far right: the hot H2 distribution and velocity field reveal a central gas disk 
in the plane of the galaxy (matching the large scale disk) and a ring of gas at a radius of a few hundred parsecs at a different plane orientation 
(associated with the dust lane). As the gas in the ring passes through the disk plane, cloud collisions will lead to inflow and turn this inactive galaxy 
into an AGN.
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Direct evidence for external accretion in IC 5267: dust lanes and molecular gas in an oblique orbit 
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nuclear 12µm continuum (Burtscher et al. 2015). This 
shows that intermediate Seyferts have modest obscura-
tion in the range AV = 5 − 15 mag, while Seyfert-2 galaxies 
are all more highly obscured. The values agree well with 
more direct measurements from a quantitative compari-
son of photoionization calculations and broad emission 
line flux ratios from our Xshooter spectra (Schnorr-Müller 
et al., submitted). This analysis is possible because our 
simultaneous observations of as many as six broad lines 
spanning the UV to near-infrared in each of nine Seyfert 
1 galaxies have now overcome the long-standing prob-
lems of AGN variability and the degeneracy between in-
trinsic line ratios and extinction. An interesting new tool, 
to study gas rather than dust in the obscuring torus in 
nearby AGN, has become available with Herschel/PACS 
observations of high-J CO lines. In Janssen et al. (2015) 
we have studied in detail the CO line SED of NGC1068 
(with detections up to J = 30 and a deep upper limit on 
J = 40), by comparing it to the predicted emission from 
various torus models. 

Gas inflow & the role of host galaxy and environment: 
Based on our precursor sample and other IFU samples 
in the literature, we have seen that the molecular gas 
and dust structures in the central few hundred parsecs 
of galaxies retain the imprint of their origin (Fig. 2.3.1, 
Davies et al. 2014). AGN in disk galaxies tend to have 
circumnuclear spirals, indicating secular driven inflow 
from the host independent of the environment; while len-
ticular galaxies, which do not have a major gas supply of 
their own, have more chaotic circumnuclear structures 
indicating an external origin for the gas, and hence a 
dependency on the environment. The AGN in such gal-
axies tend to occur in small groups (where the inter-ga-
lactic gas is not necessarily ionized, and hence may be 
able to accrete) rather than clusters, contrasting stark-
ly with the prevalence of lenticulars more generally in 
denser environments. This, together with AGN variability, 

can explain the weak, and sometimes contradictory, re-
sults reported in the literature. In a complementary study 
(Mashian et al. 2015) we have analysed the properties 
(masses, CO-to-H2 conversion factor, excitation source) 
of the circumnuclear warm molecular gas via radiative 
transfer modeling of the CO Line SEDs (up to high-J 
transitions) of a sample of AGN, starbursts and merging 
systems. These observations serve as reference for fu-
ture ALMA and NOEMA observations at higher redshifts.

Molecular outflows: Following our discovery of ubiq-
uitous AGN-driven molecular outflows in ultraluminous 
galaxies via OH absorption (Sturm et al. 2011, Veilleux 
et al. 2013) and via CO emission (Cicone et al. 2014), 
we have been working towards a more holistic view of 
outflows. By expanding our OH studies to a sample of 

~ 45 ULIRGs and ~ 50 BAT AGN we strengthened the 
evidence that luminous AGN are the dominant drivers 
of fast winds (Fig. 2.3.2, Stone et al. 2016). Another key 
aspect of our studies has been to show that broad wings 
of the [CII] emission line, which is the dominant coolant 
of the ISM over a wide range of physical conditions and 
observable at high redshift, correlate with the molecu-
lar outflows traced by OH in terms of velocity and mass 
(Janssen et al. 2016). This may be particularly relevant 
at high redshift, where the usual tracers of molecular gas 
(like low-J CO lines or OH absorption profiles) become 
hard to observe.

We have also spatially resolved the hot molecular gas 
entrained in the outflow for a few local Seyferts (Davies 
et al. 2014). These are very different phenomena, which 
may occur only if the outflow intersects the disk of the 
host galaxy; and the material moves more slowly than 
the ionized gas, so is likely to fall back. Unexpectedly, in 
one of these galaxies, we found a signature of outflow via 
absorption of the dense gas tracer HCN which implied a 
column density in the range 1022−23 cm−2 (Fig. 2.3.3, Lin 

Figure 2.3.2 Left: observed [CII] profile with broad wings (top), and observed OH119 P-Cygni profile of the ULIRG IRAS F10565 (bottom), both 
showing outflow velocities of ~ 1000km/s. Right: OH outflow velocity (v50) as a function of the AGN luminosity in a sample of ~100 ULIRGs and 
BAT AGN.

[C II] IRAS  F10565+2448

OH119

Outflow diagnostics with OH and [CII], and evidence for AGN driven feedback
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et al. 2016). One of our goals in the coming years is 
to link the tracers of the various phases of outflows, as 
well as piece together the role of outflows across the full 
range of AGN luminosities and host types.

H12CN
observed 
profile

Observed H13CN and H12CN lines in NGC 3079, and decomposition of the complex H12CN profile

saturated continuum 
absorption

self-absorbed 
emission

H13CN
continuum absorption 
from disk & outflow

Figure 2.3.3 Far left: absorption profile of H13CN in NGC3079 (black). The two components arise from absorption in the approaching side of the 
nuclear disk and from the outflow at blue-shifted velocities up to 400 km/s. Centre left: complex profile of the H12CN line (black). This comprises 
the sum of the intrinsic symmetric emission profile modified by self-absorption through the edge-on galaxy disk (centre right, solid and dotted blue) 
and the highly saturated continuum absorption (far right, dashed blue). 

Richard Davis
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2.4 A Black Hole Laboratory - the Galactic Center

Due to its proximity, the Galactic Center (GC) is a 
truly unique astrophysical laboratory for studying in 
unparalleled detail the properties and evolution of gas 
and stars in a galactic nucleus and for exploring the 
physics of strong gravity around a massive black hole 
(MBH). Our group has been pioneering for 25 years 
infrared observations of the GC, employing novel, 
high-angular resolution techniques. The outstanding, 
main result of our work is the proof of existence of 
an astrophysical MBH, beyond any reasonable doubt. 
The compact radio source Sgr A* is associated with 
a black hole of roughly 4 million solar masses. The 
proof is as beautiful as simple: We have monitored in-
dividual, short-period stars on Keplerian orbits around 
Sgr A*.

The two main topics of our GC research program are the 
interaction of the MBH with the dense stellar and gase-
ous environment around it, and the radiative behaviour 
of the MBH itself. It has led to a wealth of fundamental 
astrophysical results (Genzel, Eisenhauer & Gillessen 
2010):

• We have measured the mass associated with the ra-
dio source Sgr A* by means of individual stellar orbits 
to a statistical uncertainty of below 1% (Gillessen et al. 
2009a,b).

• We have precisely located the mass and can show that 
its position agrees with Sgr A* to within better than 1mas 
(Plewa et al. 2015). 

• We have measured the distance R0 to the GC geometri-
cally to an accuracy of 2% (Ghez et al. 2008, Gillessen 
et al. 2009a, 2013b).

• We have determined roughly 50 stellar orbits around 
Sgr A* (the so-called S-stars, Schödel et al. 2002, Eisen-
hauer et al. 2005, Gillessen et al. 2009a), showing that 
their orbital planes are randomly oriented and that the 
eccentricity distribution is close to thermal.

• We have spectroscopically identified the S-stars to be 
ordinary B-type main sequence stars, constituting a par-
adox of youth (Ghez et al. 2003, Eisenhauer et al. 2005, 
Martins et al. 2008).

• We have discovered and characterized the (sporadic) 
infrared emission of Sgr A* (Genzel et al. 2003a, Dodds-
Eden et al. 2009, 2010, 2011).

• We have discovered that a large fraction of the young, 
massive stars move coherently, the most prominent fea-
ture being a warped disk formed by the clock-wise mov-
ing stars (Paumard et al. 2006, Bartko et al. 2009), as a 
result of in-situ formation from an infalling cloud ≈ 6 Myr 
ago.

• We have shown that the IMF of these massive young 
stars is very top-heavy (Bartko et al. 2010).

• We have detected the gas cloud G2, the tidal disrup-
tion of which we have been able to follow over the last 
decade (Gillessen et al. 2012, 2013a, Pfuhl et al. 2015).

• We have measured the density profile and the dynamic 
configuration of the nuclear cluster and used that for a 

cluster parallax (Genzel et al. 2003b, Chatzopoulos et 
al. 2015). 

The basis of this work is astrometric and spectroscopic 
monitoring of the central few arcseconds using adaptive 
optics assisted instruments at ESO's VLT, namely the 
imager NACO (Fig. 2.4.1) and the integral field spectro-
graph SINFONI. The GC science case was among the 
design drivers for both, and our group has led the de-
velopment of SINFONI, and we contributed also signifi-
cantly to NACO. 

We routinely achieve a positional accuracy of 300 μas 
(Fritz et al. 2010) and a radial velocity accuracy of 
15 km/s for early-type stars. The best precisions we have 
achieved so far are 50 µas for selected, bright, relatively 
isolated stars, and 3 km/s in radial velocity for late-type 
giants.

We hope to open up a new domain of precision astrom-
etry soon with near-infrared interferometry. Our group is 
leading a European consortium currently commissioning 
the GRAVITY instrument for the VLT-Interferometer, the 
design of which is precisely matched to the observing 
opportunities in the GC (Sec. 2.6). 

We have focused our research in the past few years on 
the following topics: (i) Preparing for testing general rela-
tivity with stellar orbits; (ii) The young stars in the GC; 
and (iii) The tidal evolution of the gas cloud G2. 

Figure 2.4.1 Combined H- K- and L-band adaptive optics image of 
the Galactic Center obtained with NACO on the VLT. The image is 30'' 
across. 
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Preparing for testing general relativity with stellar 
orbits:

The most astonishing aspect of GC research are the in-
dividual stellar orbits that we have traced for the last 25 
years (Gillessen et al. 2009a). The orbital periods meas-
urable span a range from 12 to ≈ 1000 years. At a mass 
ratio of < 10-5 the S-stars constitute perfect test particles 
for the gravitational field of the MBH and thus can be 
used as probes for the latter. The best-determined orbit 
is the one of the star 'S2' (Fig. 2.4.2) for which more than 
a full revolution has been observed by now and which 
will pass the pericenter of its orbit again in April 2018.

The level of precision reached gives hope to detect de-
viations from the Keplerian motion soon. The relativistic 
corrections for the radial velocity of S2 during pericenter 
passage amount to ≈ 200 km/s and will be detectable. 
The relativistic precession due to the Schwarzschild cor-
rection yields a prograde rotation of the orbit in its plane 
of ≈ 0.2° per revolution. The current precision by which 
this angle is measured is ≈ 0.5°, and we expect to see 
the precession a few years after S2's next pericenter 
passage. Spin effects are much harder to detect, since 
they fall off like r−3, and thus even shorter period stars 
are needed to measure the Lense-Thirring precession. 

One needs astrometry at the level of 10 µas for stars 
with orbital periods of ≈ 1 year to reveal the spin effects. 
This regime might be reached with GRAVITY.

Compared to the tests of general relativity done with (bi-
nary) pulsars, the GC will only offer moderate constraints 
on relativistic parameters. Yet, the regime addressed 
is completely different: It is multi-million solar masses, 
and the field curvature exceeds that of pulsar orbits as 
well. Other experiments exploring the same regime are 
global mm-VLBI aiming at detecting the GC black hole's 
shadow and the shape of the relativistic iron K-α line in 
AGN. In the future, a LISA-like gravitational wave detec-
tor could give access to the same regime, and the dis-
covery of a pulsar around Sgr A* on a short period orbit 
would be a superb test case.

Simulating future infrared observations shows that the 
key to detecting relativistic effects from the astrometry is 
the reference frame, i.e. how well one can constrain the 
position of the central mass in an orbit fit a priori. Such 
a prior can be constructed from the observation of SiO 
maser stars, which are visible both at radio wavelengths 
(like Sgr A*) and in the infrared (Reid et al. 2007). We 
have achieved a major improvement of the coordinate 
system definition recently by explicitly measuring the op-

Figure 2.4.2 The orbit of the star S2. Left: NTT/VLT (blue) and Keck measurements (red) of the positions of S2 from 1992 to 2016 show that the 
star is orbiting Sgr A* every 16 years on a Keplerian ellipse (best fit: black line). Right: The measured radial velocities and the best-fitting orbit. 
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tical distortions of NACO (Plewa et al. 2015). We can 
locate (radio-) Sgr A* to within 200 µas in the infrared, 
and constrain its motion to less than 100 µas/yr, a factor 
10 better than our previous work. 

For stars fainter than S2 confusion with other sources 
and insufficient point spread function knowledge are 
limiting how well we can measure positions (Fritz et al. 
2010). In consequence, we have optimized our point 
spread function extraction including spatial variability, 
yielding better individual positions of the stars from our 
current data set. Also, we are in the process of improv-
ing the precision of our radial velocity measurements by 
constructing template spectra for each star from the data 
themselves. 

Ultimately, higher Strehl ratios and better resolution 
are needed to push the observations to smaller spatial 
scales. The stellar orbits are among the design drivers 
for current and future instrument developments in our 
group. Together with a consortium we are building ERIS, 
the successor for NACO and SINFONI, with a second-
generation adaptive optics system. Also, we are PI-insti-
tute for the first-light camera MICADO at the European 
ELT, reaching five times higher resolution than the cur-
rent VLT. But most notable are the 4 mas resolution and 
10 µas astrometry that we aim to achieve with GRAVITY. 

The young stars in the Galactic Center:

There are two populations of young stars in the GC: The 
so-called S-stars in the central arcsecond, and a popula-
tion of O/WR-stars at larger radii (table 2.4.1).

The S-stars have lifetimes shorter than the relaxation 
time of ≈ 3 Gyr of the stellar system, and hence they 
cannot have reached their orbits via normal relaxation 
processes. Due to the tidal forces, they also cannot 
have formed at the radii at which they are observed now. 
Hence, one needs a more complicated dynamical evolu-
tion. In one class of models, the S-stars have formed in 
the current (or former) stellar disks of young stars. Their 
eccentricities must then have rapidly evolved towards 
the thermal distribution, a process, which might be aided 
by an intermediate mass black hole. The second class of 
models relies on the Hills mechanism (Hills 1988). The 
three-body interaction of a binary star with the MBH cap-
tures one star on a tight orbit, while the other gets eject-
ed at high velocity. An observable difference between 
these model classes would be the eccentricity distribu-

tion. The current data are not yet decisive, but observing 
more orbits and better constraining the eccentricities has 
the potential to shed light on the paradox of youth of the 
S-stars.

For the even younger stars it is established that they 
have formed in-situ from a massive, infalling cloud 
roughly 6 Myr ago (Paumard et al. 2006). This model 
explains their main properties, such as the preferred mo-
tion in disks (Bartko et al. 2009) and the top-heavy mass 
function (Bartko et al. 2010). Our pioneering results have 
been challenged recently, but the differences (such as: 
Do we see a second disk? Is the clock-wise disk warped? 
How top-heavy is the IMF?) do not alter the overall pic-
ture. Also, we believe that some challenges are flawed 
(for example on the IMF slope), while others appear to 
be semantic (can we call the observed structure a warp). 

Our recent work has concentrated on the B-stars in the 
radial regime of the disks, i.e. stars that do not fall into 
the two groups above. In Madigan et al. (2014) we show 
that the dynamics of the B-stars brighter than mK = 15 
is consistent with a disk origin (i.e. they are the fainter 
counterparts to the O/WR-stars), while fainter stars have 
preferentially dynamics consistent with the Hills mech-
anism (i.e. they are the counterparts to the S-stars at 
larger radii). Further, we are currently compiling a paper, 
showing that also the B-stars at larger radii show a co-
herent motion pattern (Pfuhl et al. in prep.).

The tidal evolution of the gas cloud G2:

G2 is a dusty, ionized gas cloud on a highly eccentric 
orbit around Sgr A*, which passed pericenter in spring 
2014. We have discovered G2 in 2011 both from its dust 
and recombination line emission (Gillessen et al. 2012). 
We were able to predict the soon-to-come pericenter 
passage as well as the tidal disruption. We identified G2 
in the data sets ranging back to 2002 (NACO) and 2004 
(SINFONI). The compilation shows in beautiful detail 
how the gravitational force of the MBH has tidally disrupt-
ed G2 - the first time that one can follow and study this 
process observationally. Since 2013 we have been able 
to see how the gas has swirled around the black hole 
(Gillessen et al. 2013a), with more and more gas moving 
from the red-shifted side of the orbit that is approaching 
Sgr A* over to the blue-shifted side (Fig. 2.4.3). The data 
are well described by a simple model consisting only of a 
cloud of non-interacting test particles - we have thus only 
seen the tidal interaction so far.

Property S-stars O/WR-stars
Radial range 0" < r < 1"  1" < r < 10"
Spectral type main sequence B stars, mK > 14 O- and WR- stars, mK < 14 
Orientations of orbits randomly oriented coherent motions in two disks
Eccentricities thermally distributed, n(e)de ~ e de <e> ≈ 0.4
Ages typically 50 - 100 Myr co-eval, 6 Myr

Table 2.4.1 Properties of the young stars in the Galactic Center (Gillessen et al. 2009a, Paumard et al. 2006)
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According to hydrodynamic simulations that is not sur-
prising (Schartmann et al. 2012). The pre-pericenter 
evolution of G2 is indistinguishable from the test particle 
case. But the post-pericenter evolution should soon be 
dominated by hydrodynamics due to G2's gas interact-
ing with the accretion flow around Sgr A*. This should 
lead to a diffusion of the gas and deviations from the 
Keplerian orbit. After disruption and circularization of 
the gas, it should ultimately feed the MBH and thereby 
power its emission. 

The nature of G2 is debated. The two basic model types 
are purely gaseous clouds, and models that assume a 
central star with some circumstellar material. Our pre-
ferred model is that G2 is a dense knot in a much longer 
gas streamer, based on two observations (Pfuhl et al. 
2015): We see gas trailing behind G2 roughly along the 
same orbit. Another hint comes from a second object, 
nicknamed G1. Its physical properties are similar to 
those of G2. It passed pericenter in 2002, and surpris-
ingly the orbit is coplanar with the G2 orbit and the ellipse 
is oriented the same way in that plane. Eccentricity and 
semi-major axis differ. One can physically connect the 
two orbits by assuming that G1 originally moved on the 

Figure 2.4.3 Time series of position-velocity diagrams obtained with SINFONI of the recombination line emission of G2. As the object accelerates 
to ever larger redshift along its orbit, it gets tidally stretched, until from 2013 to 2016 the gas swings around to the blue-shifted side. 
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G2 orbit but then experienced a drag force during clos-
est approach. This might show for the first time, how one 
can use the cloud’s evolution to probe the properties of 
the accretion flow around Sgr A*. 

Two scenarios could lead to such a gas streamer: G2 
might be a stretched clump of a stellar wind, perhaps 
originating from the massive binary star IRS16SW (Cal-
deron et al. 2016). Or the structure might have formed 
as a partial tidal disruption of a giant star that almost 
entered the regime of tidal disruption around Sgr A*. 
Models that place a star at the center of G2 include a 
disrupting protoplanetary disk and the wind of a T-Tauri 
star (Scoville & Burkert 2013). More recent is the pro-
posal that G2 is a merger product. There is no actual de-
tection of photospheric emission from inside of G2, and 
thus the models use stars that are either hot and faint, or 
enshrouded. Observationally, the next few years should 
settle the question, whether G2 is of stellar nature. If G2 
were to deviate from the originally Keplerian orbit one 
would exclude the stellar scenarios.
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2.5 A New Probe of Galactic Center Black Hole Astrophysics with GRAVITY

The new VLTI beam combiner instrument GRAVITY is 
opening a new window onto black hole astrophysics 
in the Galactic Center. Its expected astrometric ac-
curacy, ~ 10 − 100 microarcseconds, is comparable 
to the inferred angular size of the event horizon of 
Sgr A*. GRAVITY will provide three opportunities for 
studying relativistic effects around Sgr A*: the peri-
center passage of the star S2 in 2018, the possibility 
of finding fainter stars even closer to Sgr A*, and the 
centroid motions of flares from the immediate vicinity 
of its event horizon. These observations will measure 
the first post-Newtonian orbital corrections for gravi-
ty around a massive black hole. They may also pro-
vide measurements of black hole spin either from 
a star orbiting close to Sgr A* or emission from gas 
near its event horizon. The combination of GRAVITY 
measurements with other data (e.g. measurements of 
the black hole “shadow” or timing of a relativistic pul-
sar orbit) could ultimately lead to a test of the “no-hair” 
theorem of general relativity in the Galactic Center.

Relativistic effects in stellar orbits around a massive 
black hole
The next closest approach of S2 will occur in 2018, and 
GRAVITY is on track to have full capabilities (VLT UT 
telescopes + metrology) in place by this time. The gravi-
tational redshift effect at peri should be detectable using 
SINFONI spectra, and the Schwarzschild precession will 
eventually be detectable with astrometric measurements 
using current instruments, but only after 2021 (Fig. 2.5.1). 
More precise astrometry with GRAVITY should be able 
to detect this term sooner, provided that the new differ-
ential measurements can be sufficiently well tied to the 
coordinate system used for past observations (Plewa et 
al. 2015).

The central field around Sgr A* is currently confusion 
limited even with AO observations using 10m-class 
telescopes. Given the minimum observed brightness 

of Sgr A*, stars brighter than K ~ 17 should have been 
detected already. GRAVITY will alleviate the confusion 
limit with few milliarcsecond (mas) imaging capabilities 
(compared e.g. to the 60 mas resolution for a single 
telescope). GRAVITY should find any stars with K < 19 
(A-type main sequence or late type stars, Pfuhl et al. 
2011) that reach maximum separations larger than few 
milliarcseconds (~ 300 Schwarzschild radii, RS). Since 
the S-stars typically have large eccentricity, this could 
include objects with even smaller semi-major axis.

Within a radius of ~ 5000 RS (~ 50 mas), stellar pertur-
bations are expected to be weaker than even high or-
der post-Newtonian effects. The left panel of Fig. 2.5.2 
shows a possible orbit within this region. Even for con-
servative astrometric errors ~ 100 microarcseconds, 
GRAVITY could detect a non-zero spin of Sgr A* with 
> 3σ confidence. This result should hold in general for 
orbits with a closest approach distance of RP < 200 RS 
(right panel of Fig. 2.5.2).

Will GRAVITY see a faint star so close to Sgr A*? Extrap-
olating the known surface density and luminosity func-
tion gives a rough estimate of 3 − 4 K < 19 stars within 
100 mas and ~ 1 within 30 mas (Genzel et al. 2003a). To 
allow a dynamical measurement of black hole spin, such 
a star would need a high eccentricity or small semi-major 
axis. Lower order post-Newtonian terms should however 
be readily detectable and unaffected by perturbations 
from other stars.

Comparing the Schwarzschild precession terms inferred 
from S2 and closer stars may provide constraints on a 
putative cusp of compact objects. Such a cusp, if mas-
sive enough, could complicate attempts to measure rela-
tivistic effects from orbits. For an eccentric orbit, it may 
however still be possible to measure relativistic effects 
using only data near pericenter (Psaltis et al. 2016).

Figure 2.5.1 Residual from a Keplerian fit to the projected true GR orbit of S2. GRAVITY observations with the UT telescopes and astrometry should 
be available by fall 2017, and with < 100 microarcsecond astrometric errors should soon be able to detect the Schwarzschild orbital precession.
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Figure 2.5.2 Measuring black hole spin with a hypothetical stellar orbit close to Sgr A* (Waisberg et al., in prep). Left: mock GRAVITY data over 
3 years (open points with 100 microarcsecond errors) along with best fit model ignoring spin (red points) for a star like S2 but with 1/10 the semi-
major axis. The no spin model is disfavored at 3σ confidence. Right: for assumed GRAVITY errors of 100 microarcseconds, a non-zero black hole 
spin could be measured for any star with a closest approach distance RP < 150 RS (blue region in upper left of plot).

Figure 2.5.3 Predicted near-infrared images from a phenomenological “hotspot” model (left); and from (right) an MHD simulation of an accretion 
flow with angular momentum axis misaligned to the black hole spin axis. The orbital motion of the hotspot leads to a smooth track of centroid with 
time (bottom left), while the MHD simulation produces a more chaotic centroid track (right). In both cases, astrometry with ~10 microarcsecond 
precision could detect motion during the flares. In the left case, the orbital radius and even black hole spin could be measured. In both cases, strong 
lensing from flare electrons passing behind the black hole occurs regularly (e.g. bright circle of emission in yellow and orange in the top right image), 
and is a signature of the circular photon orbit.
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Relativistic motion on event horizon scales in Sgr A* 
flares
Gas near Sgr A* is seen to “flare” in synchrotron emis-
sion in the near-infrared. The energy released in flares 
suggests that they originate in the inner ~ 10 RS, but 
their physical origin remains uncertain. The high ampli-
tudes and short timescales (factors ~ 10 with timescales 

~ 30 minutes), non-linear flux distribution (Dodds-Eden 
et al. 2011), short time scale changes in the polarization, 
and possible quasi-periodicities in bright flares (Genzel 
et al. 2003b) suggest a compact region responsible for 
accelerating electrons and emitting the observed syn-
chrotron radiation. A simple model that can explain the 
data is of a “hotspot” orbiting the black hole (Broderick 
& Loeb 2005, Hamaus et al. 2009), along with a more 
extended secondary component (Hamaus et al. 2009, 
Fig. 2.5.3). With precise enough astrometry for such a 
flare, GRAVITY could map out an orbit around Sgr A*, 
constraining the emission radius and potentially the 
black hole spin.

However, the flare light curves and flux distributions can 
also be explained with more extended and chaotic flare 
models found in MHD simulations of accretion flows (e.g. 
shock heating or reconnecting magnetic flux tubes, Dex-
ter & Fragile 2013, Psaltis et al. 2016), whose resulting 
centroid motions can be more complicated (Fig. 2.5.3). 
In this case, the emission should still be strongly modi-
fied by GR effects such as gravitational lensing from the 
emitting electrons moving behind the black hole. This 
lensing would lead to sharp deviations in centroid com-
bined with increases in the observed flux density, and 
such a feature could be extracted from flare data.

GRAVITY observations will also constrain the physical 
origin of Sgr A* flares by determining their size scale 
(likely emission radius) based on the magnitude of the 
observed centroid and its time-variable motion. Statisti-
cal measurements of centroids (e.g., second moments) 
over one or more bright flares will distinguish between 
scenarios where the flaring electrons are bound to the 
accretion flow and those where they are ejected from 
near the black hole (Vincent et al. 2014). 

(Other MPE GRAVITY team members include Frank 
Eisenhauer, Reinhard Genzel, Stefan Gillessen, Oliver 
Pfuhl, Marcus Haug, Ekkehard Wieprecht, Stefan Kell-
ner, Eckhard Sturm, Magdalena Lippa, Senol Yazici, 
Frank Haussmann, Thomas Ott, Johannes Weber, Erich 
Wiezorrek, Idel Waisberg, Andreas Pflüger, Oliver Hans, 
Nicolas Blind, Yitping Kok, Sebastian Rabien, Anne-
mieke Janssen, Leonard Burtscher)
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2.6 GRAVITY Opening New Horizons

Zooming in on the Galactic Center black hole is the 
main mission for our newly installed GRAVITY in-
strument at ESO’s Very Large Telescope in Chile. In 
November 2015, GRAVITY has seen first light from 
the four 1.8 m Auxiliary Telescopes: for the first time 
in the history of long baseline optical interferometry, 
GRAVITY was able to make individual exposures of 
several minutes, more than a hundred times longer 
than previously possible. It was also the first time that 
four optical telescopes were co-phased using an off-
axis reference star for the observations of a science 
object, which is too faint to stabilize the fringes other-
wise (Fig. 2.6.1). 

Pioneering technology is the key to GRAVITY’s suc-
cess. The instrument features novel near-infrared ava-
lanche photo diode detectors, single-mode integrated 
optics beam combiners, ultra-low dispersion fluoride 
glass fibers, and a novel 3-beam metrology. These fea-
tures have all been developed in the framework of the 
GRAVITY project. Together with a fiber coupling unit, fib-
er-based differential delay lines and two spectrometers, 
GRAVITY combines all the functionality to stabilize the 
optical beams from the four telescopes, to feed them into 
single mode fibers, to stabilize the optical path length, 
and to analyze the interference in a temperature-stabi-
lized cryostat (Fig. 2.6.2). 

Figure 2.6.1 As part of the first observations GRAVITY looked closely at the bright, young stars of the Orion Trapezium cluster. The bright binary 
star Θ OriC is used to co-phase the four telescopes and to correct in real-time the atmospheric phase fluctuations. This interferometric equivalent 
of adaptive optics is called fringe-tracking and allows minute long, high spectral resolution observations of the faint, nearby B-star Θ OriF . The 
same technique will be applied for the upcoming observations of the Galactic Center with the 8m Very Large Telescopes, using IRS16 to stabilize 
the fringes for the observations of the fainter star S2 orbiting the Galactic Center black hole. Background image credit: NASA, C.R. O'Dell and S.K. 
Wong (Rice University).
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100 – 200 nm ms. For the first time in optical interfer-
ometry, GRAVITY can now offer minute long individual 
exposures for high-spectral resolution interferometry.

Observing two objects at a time is the second unique 
feature of GRAVITY. The trick is to fringe-track on a bright 
reference star and to continuously adjust the differential 
optical path difference for the faint science object. This 
is achieved by stretching GRAVITY’s single mode fibers 
in closed loop on the laser metrology. This off-axis mode 
does not only allow interferometry of much fainter ob-
jects than possible with any other instrument today, but 
also to very accurately measure the object separation 
with 10 microarcsecond precision. 

This astrometry mode is also the key to the observa-
tions of general relativistic effects in the immediate vicin-
ity of the Galactic Center super-massive black hole. To 
achieve the required accuracy we have already equipped 
all VLTI telescopes with metrology receivers on the sec-
ondary mirror spider arms, thereby optimally measuring 
the optical path difference between the science object 
and reference star. The astrometric commissioning with 
the 1.8 m auxiliary telescopes has started in early 2016. 

The next steps towards the 8m Very Large Telescopes 
are the commissioning of the GRAVITY beam combiner 
instrument in summer 2016, and the installation and 
commissioning of GRAVITY’s own adaptive optics, nec-

Especially the metrology, which measures the optical 
path length difference between the science object and 
the phase reference star to nanometer accuracy, im-
posed numerous physical challenges. The largest one 
was the unexpected fluorescence from rare Earth ele-
ments in the ultra-low dispersion fluoride glass fibers 
excited by the metrology laser. This fluorescence light 
was super-imposed on top of the science light and was 
outshining the latter even at wavelengths in the K-band 
used for science, far from the laser wavelength. We 
needed to give up the original concept in which high la-
ser power beams were routed trough the fluoride glass 
fibers. Instead we now use much lower power beams in 
fibers and interfere them individually with a third, high-
power beam launched from the same laser. This third 
beam can be injected after the fibers, thereby reducing 
the intensity of the fluorescence backscattering by or-
ders of magnitude. 

Fringe-tracking with GRAVITY opens the window to 
high spectral resolution interferometry of faint objects. 
One of GRAVITY’s unique features is its four-telescope 
fringe-tracker to co-phase and stabilize in real-time 
the atmospheric optical path fluctuations between the 
telescopes. Equipped with a de facto noiseless detec-
tor, and taking advantage of the very high instrumental 
fringe contrast provided by the single mode integrated 
optics beam combiners, GRAVITY analyzes the star-
light at kHz rate to stabilize the interferogram to typically 

Figure 2.6.2 The GRAVITY beam combiner instrument pictured during the final inspection before shipment to Chile in summer 2015. The light 
from the four telescopes enters from the left, is actively stabilized with an internal guiding system (middle), fed to single mode fibers in the fiber 
coupler (lower left), optical path length and polarization controlled with fiber manipulators (top), combined in integrated optics, and analyzed in two 
spectrometers (right)



Infrared and Submillimeter Astronomy36

Selected Reference: 

Eisenhauer, F., Perrin, G., Brandner, W. et al. 2011

(Other MPE team members include Reinhard Genzel, 
Stefan Gillessen, Oliver Pfuhl, Marcus Haug, Ekkehard 
Wieprecht, Stefan Kellner, Eckhard Sturm, Magdalena 
Lippa, Senol Yazici, Frank Haussmann, Thomas Ott, Jo-
hannes Weber, Erich Wiezorrek, Idel Waisberg, Jason 
Dexter, Andreas Pflüger, Oliver Hans, Nicolas Blind, Yit-
ping Kok, Sebastian Rabien, Annemieke Janssen, Leon-
ard Burtscher)

Frank Eisenhauer

essary for being able to interferometrically combine the 
light collected by the large aperture of the 8m telescopes. 
Key for observing the highly dust-extincted Galactic 
Center are dedicated infrared wavefront sensors. The 
first GRAVITY observations with the 8m telescopes and 
all its subsystems is foreseen towards the end of 2016, 
ready in time for the discovery of general relativistic ef-
fects in the orbit of S2 during its pericenter-passage in 
2018.

Figure 2.6.3 The GRAVITY instrument has been installed in 2015 at 
the Very Large Telescope Interferometer.
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2.7 ARGOS - the Ground Layer Adaptive Optics Facility at the LBT

ARGOS is the ground layer adaptive optics facility 
being installed at the large binocular telescope (LBT) 
in Arizona, USA. Utilizing a constellation of six po-
werful Rayleigh guide stars launched to the upper at-
mosphere above the telescope, ARGOS can shrink 
the size of the point spread function in imaging and 
spectroscopy by a factor of 2 − 3. This is achieved 
by the combination of the Rayleigh laser guide stars, 
gated wavefront sensors and a correction with adap-
tive secondary mirrors. In a unique combination AR-
GOS feeds the multi-object spectroscopy instruments 
LUCI-1 and LUCI-2 with the corrected PSF of the 
astronomical object under study. These near-infrared 
instruments allow to image and spectroscopically ex-
amine objects over a field as large as 4 × 4 arcmin. 
Tailored to this large field of view, ground layer ad-
aptive optics is ideally suited to increase the signal 
to noise ratio over the full field. ARGOS has seen 
first launched laser light in 2014. First images on-sky 
show an excellent improvement in resolution.

Having seen first laser light on sky in 2014, we have 
continued to install further hardware components of the 
ARGOS laser guide star facility and are near comple-
tion. The emphasis has shifted to on-sky commissioning 
since then. ARGOS has been developed by an interna-
tional collaboration with the PI-ship of MPE. 

In a worldwide unique combination, ARGOS and the 
LUCI instruments at the LBT bring together the enhanced 
spatial resolution over a wide field of view, and the high 
multiplexing capability of the multi-object spectrographs. 
Amongst other scientific programs, high-z galaxy re-
search will strongly benefit from the increased sensitiv-
ity, the spatially resolved spectroscopy and higher spec-
tral resolution that can be achieved in that combination. 
Shrinking the PSF size down to a 0.2 – 0.3 arcsecond 
level, the signal to noise ratio of an observation can be 
increased by a factor 4 to 9, compared to seeing lim-
ited programs. This will allow programs to be conducted 
much faster and resolve structures that usually would be 
hidden in the atmospheric induced distortions.

Argos is based on a pair of Rayleigh la-
ser star constellations being launched to 
the sky above each of the LBT’s 8.4m 
mirrors. The light travelling downward af-
ter scattering of the pulsed laser beams 
in the upper atmosphere collects the 
information on the current atmospheric 
distortions. The corresponding fast gat-
ed wavefront sensors detect those wave-
front distortions in a Shack-Hartmann 
setup. With fast slope computing and a 
correction of the distortions using LBT’s 
adaptive deformable secondary mirrors, 
ARGOS removes most of the turbulence 
induced phase aberrations that originate 
in the lower part of Earth’s atmosphere. 
Focusing mainly on these ground layer 
adaptive optics has two particular advan-
tages: first, the major part of the disturb-
ing power actually originates from the 
layers close to the ground. Secondly, the 
concepts allows for a fairly uniform cor-
rection over a wide field of view.

Figure 2.7.1 The large binocular telescope with 
the ARGOS laser system in full operation. The 
ARGOS green pulsed laser systems generate a 
constellation of six guide stars - three per side of 
the telescope. The two bundles of laser beams can 
be seen on this photograph leaving the telescope 
from behind the two secondary mirrors. With the 
gated wavefront sensor system, the light scattered 
at 12km height above the telescope is analyzed and 
allows correcting for the ground layer turbulence.
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The LUCI multi object spectroscopy units, developed by 
our group, allow spectroscopic observations in the near 
infrared bands Z, I, J, H and K. With an object selec-
tion allowable over a 4 × 2 arcmin field of view, up to 40 
objects can be observed simultaneously. Within the last 
years both LUCI’s are being commissioned at the LBT 
and are getting ready now to be combined with ARGOS.

During commissioning of ARGOS first imaging tests 
have been performed. Of particular interest is the proof 
that the ground layer adaptive optics can achieve the an-
ticipated resolution over the full field of view. As example 
an observation of NGC6384 is shown in Fig. 2.7.3: As 
a good wide-field test object, the galaxy extending over 
several arcmin has been imaged in two bands to test the 
ARGOS on sky performance. Measuring the PSF size 
over the field yields a 0.2'' to 0.3’’ resolution in H-band, 
and shows that the correction goal can be achieved 
in this hour-long integration. In the next steps we are 
heading forward to achieve ground layer corrected MOS 
spectroscopy.

Figure 2.7.2 Both LUCI spectrographs as installed at the LBT. Shown here is the platform at LBT, as seen from top of the telescope. To the right 
LUCI-1 can be seen mounted and in operation, and its twin on the other side. With both sides of LBT highly multiplexed observations can be 
performed, each with the collecting power of two 8.4m apertures.

The sharp PSF delivered by ARGOS, combined with the 
LUCI multi-object spectrograph, will provide a new step 
for our near-infrared spectroscopic studies of galaxy 
evolution near the peak of cosmic star formation (Sec. 
2.2): Multi-object spectroscopy at ~ 2 kpc adaptive op-
tics scale. These scales provide essential information 
for resolved studies of galaxy disk kinematics, metallic-
ity, and circumnuclear outflow phenomena. For compact 
galaxies the strong gain in signal-to-noise ratio will open 
new possibilities. In particular, absorption line studies of 
passive and compact 'red nuggets' will shed light on their 
stellar populations and dynamics, and their relation to 
compact star forming galaxies. Targeting both galaxies 
that are already quenched and those on the way to be-
ing quenched will help answering one of the key open 
questions concerning galaxy evolution: how galaxies 
stop forming stars. 
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Figure 2.7.3 NGC6384, a nearby galaxy at ~ 20 Mpc (extending over several arcmin) as seen during a test imaging observation with ARGOS and 
LUCI. The ground layer adaptive optics correction improves the FWHM of the PSF in H-band from 0.4’’ to 0.2’’ over a large field of view. As shown 
in the upper right plot, the correction is fairly uniform over the full field.

Sebastian Rabien

(Other MPE team members include Lothar Barl, Ales-
sandra Contursi, Ric Davies, Matthias Deysenroth, Hans 
Gemperlein, Gilles Orban de Xivry, Julian Ziegleder)
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2.8 MICADO: The First Light Imager for the Extremely Large Telescope 

With a resolution six times better than JWST, and 
comparable sensitivity, as well as a focus on preci-
sion astrometry, MICADO will fully exploit the most 
unique features of the E-ELT, enabling major advan-
ces for many key topics of modern astrophysics. In 
the context of galaxy evolution at high redshift, it will 
resolve the smallest and faintest galaxies, as well as 
substructures within galaxies, on scales < 100 pc. In 
the Galactic Center, it will lead to the characteriza-
tion of main sequence stars with masses < 1 M⊙, and 
trace orbits that lie within light hours of Sgr A*. And 
it will transform our knowledge of intermediate mass 
black holes by tracking the proper motions of stars in 
globular clusters anywhere within the Galactic halo. 
Further it will yield a detailed view of the star forma-
tion history in the centers of galaxies out to the Virgo 
cluster. Designing and building such an instrument 
is an immense challenge, involving institutes in five 
countries, led by MPE. Following the approval of the 
E-ELT construction proposal in December 2014 and 
the signing of the Agreement for MICADO in Septem-
ber 2015, the effort at MPE is ramping up and MICA-
DO will become one of our major projects in the next 
decade.

Overview: MICADO is the Multi-AO Imaging Camera 
for Deep Observations, and will be designed and built 
by a consortium of institutes in Germany, France, Neth-
erlands, Austria, and Italy. It will equip the E-ELT with 
a first light capability for diffraction limited imaging at 
near-infrared wavelengths. The instrument is optimised 
to work with a 1 arcmin field of view, corrected by the 
laser guide star multi-conjugate adaptive optics module 
MAORY (built by an Italian consortium). It also includes 
a simple and robust natural guide star wavefront sensor 
for single-conjugate adaptive optics, which will be avail-
able for the initial operations phase even without the full 
MAORY bench.

To achieve the stability necessary to provide spatial reso-
lution better than 10mas and astrometric precision below 
50µas, the instrument is supported above the Nasmyth 
platform in a gravity invariant orientation, includes an 
optical path comprised entirely of fixed mirrors, uses a 
state-of-the-art atmospheric dispersion corrector, and 
has a dedicated astrometric calibration plan and data 
pipeline. The array of detectors at the focal plane can 
image a small field of nearly 20arcsec at a fine pixel 
sampling that is especially useful in very crowded fields 
or at short wavelengths, as well as a large field more 
than 50arcsec across, with a coarser pixel scale that still 
fully samples the H- and K-band diffraction limit. In both 
cases, a wide selection of broad and narrow band filters 
are available. The imaging modes will provide compa-
rable sensitivity to the JWST at six times better spatial 
resolution, and enable proper motions as small as 5km/s 
to be measured at distances of up to 100kpc.

While exoplanets are among the primary science drivers 
for the E-ELT, a dedicated camera for such studies will 
not be available for a number of years after first light. 
As such, a secondary role of MICADO is to bridge this 
gap, using coronagraphy to providing a high contrast im-
aging capability. Its novel feature will be the very small 
angular scales on which it will be possible to detect exo-
planets, with the exciting goal of directly imaging planets 
that previously were detected solely by radial velocity 
techniques.

Much of the work in our group involves spectroscopy, 
and this option is included in MICADO, optimised for 
compact objects, and with an emphasis on simultane-
ous wavelength coverage at moderately high resolution: 
covering H and K bands together at R ~ 15000 for a slit 

Figure 2.8.1 Artist’s impression of the 39-m E-ELT in its enclosure on 
Cerro Armazones at an altitude of 3060m. MICADO is one of a suite of 
three first light instruments, and is currently scheduled to be on-sky at 
the end of 2024. Image credit: ESO/L. Calçada.

Figure 2.8.2 A rendition of how MICADO might look during its initial 
operations. During this phase, before the MAORY adaptive optics 
bench is available, MICADO will use its own simple adaptive optics 
system. In the concept shown here, the 2-m diameter cryostat is fed 
directly from the pre-focal station (drawn as a grey box). Because 
the focal plane is more than 4m above the Nasmyth platform, the 
cryostat is accessed via a service platform, and there is space for the 
electronics underneath.
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width of 10mas (matching the FWHM of the diffraction 
limited PSF in H-band). This mode provides an essential 
complement to our imaging projects, yielding radial ve-
locities in the Galactic Center, the ages and metallicities 
of galaxies at z > 2 via absorption and emission lines, or 
detecting supernova at z = 1 − 6.

Science Drivers: MICADO on the E-ELT will open up 
a new discovery space. The resolution and sensitivity 
will be so much better than current telescopes and in-
strumentation that one really can expect the unexpected. 
This discovery space of observing completely new phe-
nomena will be combined with major advances in estab-
lished fields where we will be able to observe objects 
and structures that are simply inaccessible today.

The field of galaxy evolution has undergone major devel-
opments in the past two decades, with the confluence 
of unique instrumentation and techniques that have 
opened up the z > 1 universe to observational studies. 
MICADO will lead to another major advance by enabling 
deep views of galaxies that are six times sharper than 
possible now or with JWST. Imaging at scales of 100pc 
will address fundamental aspects of the life-cycle of gal-
axies and its connection to the circum-/intergalactic me-
dium and dark matter. These include the structural build-
up of galaxies and sub-galactic components such as 
globular clusters, bulges, and disks – in the latter case, 
one can contemplate measuring a luminosity function for 
the clumps. And, in the same way that lensed galaxies 
now allow us to probe spatial scales smaller than oth-
erwise achievable, observation of lensed galaxies with 
MICADO will provide a glimpse of galaxy structure in the 
early universe on 10pc scales.

The star formation history at early cosmic times can also 
be derived from local galaxies, by spatially resolving 
their relic stellar populations and modelling the resulting 
color-magnitude diagrams. MICADO is ideally suited to 
such techniques, and the outstanding resolution means 
one can apply it to the centers of galaxies where JWST 
cannot reach, probing the oldest stars via the horizon-
tal branch out to distances of 10Mpc and the red giant 
branch as far as the Virgo Cluster.

Our second core science program focusses on the Ga-
lactic Center, which is a unique laboratory for studying 
fundamental and broadly relevant processes – such as 
accretion and co-evolution of black holes and nuclear 
star formation – happening in the very dense star cluster 
surrounding the closest massive black hole, at a level of 
detail and quality that will never be possible in external 
galaxies. Exploiting the astrometric precision of MICA-
DO, it will be possible to track the orbits of faint stars ever 
closer to Sgr A*, where velocities approach 0.1c and or-
bital periods are as short as a few years, a regime one 
can detect the effects of special and general relativity. 

Whether an intermediate mass black hole exists in every 
massive star cluster, a controversial topic with highly un-
certain observational results, is something that MICADO 
will be able to prove. Its astrometric precision of 50µas 

Fig. 2.8.3 The current design of the MICADO cryostat. The top 
bench supports the input focal plane masks on top, and the collimator 
underneath. Below that (green) are 2 large filter wheels. The third level 
contains the main mechanism which switches between the different 
modes (and includes one option in which the mirrors are all fixed). The 
lowest level is the camera, which focusses the light onto an array of 
detectors providing 12k x 12k pixels.

across the full field will enable the proper motions of 
stars in globular clusters throughout the Galactic halo 
to be measured within a few years, constraining the ani-
sotropic mass distributions of the clusters. The motions 
of the clusters themselves will also yield insights into 
whether they are grouped into kinematic families, with 
implications of the evolution of the Galaxy.

Technical Challenges: MICADO is right at the fore-
front of what is technically feasible and poses a variety 
of major challenges. These range from the sheer size 
of the instrument (the cryostat is more than 2m across 
and must be mounted several meters above the Nas-
myth platform) to the detailed aspects of adaptive optics 
(which is deeply embedded in the entire telescope con-
trol scheme) and the extremely tight tolerances on the at-
mospheric dispersion corrector and distortion calibration 
scheme. Within the cryostat itself, the size of the mirrors 
and the flexure requirements have led us to consider us-
ing a new material, rapidly cooled aluminum silicon alloy, 
which has the same thermal expansion coefficient as the 
mirror coating. The next years will be an exciting time 
as the design matures towards the preliminary design 
review in 2018.

Richard Davies

(Other MPE team members include Eckhard Sturm, Jo-
sef Schubert, Natascha Förster Schreiber, Reinhard 
Genzel, Ralf Bender, Michael Hartl, Markus Plattner, 
Markus Haug, Veronika Hörmann, Rene Rüddenklau, 
Jens Thomas, Frank Grupp, Ulrich Hopp)
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2.9 Star- and Planet Formation

The overarching goal of our program is to constrain 
the physics and chemistry of star- and planet-forming 
regions. Major progress has been possible thanks to 
fantastic new IR and submm instrumentation (Her-
schel, ALMA, NOEMA, VLT). Highlights over the past 
three years include (a) discovery of dust traps and 
locating planet construction sites in transitional disks, 
through combined gas and dust analysis of ALMA 
data using the newly developed DALI code; (b) evi-
dence for young rotationally supported disks in the 
deeply embedded phase; (c) characterizing the tem-
perature and chemistry of the warm surface layers 
of protoplanetary disks; (d) elucidating the physical 
processes by which young stars impact their surroun-
dings ('feedback'); (e) following the trail of water and 
complex organic molecules from collapsing cores to 
disks and comets, and (f) resolving the gas-star cycle 
in nearby galaxies at molecular cloud scale. Interac-
tions with the IR group center on analysis of Herschel 
data (in particular CO ladders) and the galactic-extra-
galactic relation, and with CAS on astrochemistry (in 
particular water).

Revealing planet construction sites in transitional 
disks
The statistics of discovered exoplanets suggest that 
planets form efficiently. However, there are fundamen-
tal unsolved problems, such as excessive inward drift of 
particles in disks during planet(esimal) formation. Dust 
traps have been invoked to overcome this problem, but 
such traps had never been observed. Early ALMA data 
revealed a surprisingly asymmetric structure in the disk 
around the star Oph IRS 48 (Fig. 2.9.1). In collaboration 

with colleagues from Heidelberg University, the structure 
has been modeled with a vortex-shaped dust trap trig-
gered by a massive planet formed in the disk, using hy-
dro-simulations combined with dust evolution. This paper 
is the most highly cited ALMA paper to date. Subsequent 
deep ALMA observations of CO isotopologs (13CO and 
C18O) of IRS 48 and a small sample of other transitional 
disks clearly show that gas is still present inside the dust 
cavity, with a gas cavity that is significantly smaller than 
that of the dust. The gas surface density profiles, derived 
using the newly developed physico-chemical code DALI 
(Bruderer 2013), point in all cases to a scenario in which 
the cavity is cleared by one or more companions, which 
generate pressure bumps and trap the millimeter-sized 
dust at the edge of the cavity.

Detection of the youngest rotationally supported 
disks with ALMA
Rotationally supported disks are critical in the star for-
mation process but when they form is debated intensely. 
Using ALMA a Keplerian disk out to 150 AU radius was 
detected in C18O line emission toward the deeply em-
bedded protostar Oph VLA1623 (Fig. 2.9.2). The central 
stellar mass is only ~ 0.2 M⊙, indicating that the star is 
still being built up. VLA1623A is the youngest source to 
date for which a disk has been found, perhaps assisted 
by the weak magnetic field of the core. The disk shad-
ows the surrounding envelope, lowering the temperature 
just behind it, as revealed by ALMA DCO+ data. Full ra-
diative transfer models indicate that the midplane water 
snowline increases from 3 to 55 AU for accretion rates 
between 10−9 − 10−4 M⊙ yr-1, significantly affecting the 
chemistry of young disks.

Fig. 2.9.1 ALMA Band 9 observations of the transitional disk around the A-star Oph IRS48 revealing a major asymmetric dust trap and a ~60 
AU radius hole, likely caused by a companion. Left: The 0.44 mm (685 GHz) continuum emission. Center: The CO J = 6-5 emission showing a 
symmetric gas disk with Keplerian rotation. Right: The VLT VISIR 18.7μm emission in orange contours. The green background shows the 0.44 mm 
continuum (van der Marel et al. 2013).
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Deriving gas masses of disks and imaging snowlines 
The amount of gas in disks is a crucial parameter that 
determines its ability to form giant planets and that af-
fects the dynamics of dust and its growth to planetary 
embryos. There are few reliable determinations of gas 
masses in disks, however. New models which properly 
treat the isotope selective photodissociation of CO iso-
topologues in a full disk model have been constructed 
for the first time, using the DALI code. The isotope se-
lective processes lead to regions in the disk where the 
C18O/12CO abundances are considerably different from 
the elemental 18O/16O ratio, which in turn can lead to 
underestimating disk masses by up to an order of mag-
nitude. Using unique Herschel-PACS data on the HD 
J = 1-0 line at 112 μm, independent disk mass determi-
nations have been obtained for a few sources that serve 
as benchmarks. Another important effect is the depletion 
of carbon into more refractory forms, which has been 
traced using APEX. The CO snowline has been imaged 
in several disks with ALMA, using DCO+ and N2H

+ as 
tracers.

Characterizing protoplanetary disk atmospheres 
The surface layers of protoplanetary disks are heated by 
the UV radiation from the young star resulting in high 
gas temperatures > 1000 K. The DIGIT Herschel-PACS 
survey has revealed bright [O I], CO, OH and H2O lines 
in a sample of about 20 disks. Disks around intermediate 
mass Herbig stars have high OH/H2O abundances and 
show little warm water compared with disks around low 
mass stars. By combining velocity resolved CO J = 16-15 
line profiles from Herschel-HIFI with the CO ladder data 
from PACS, the distribution and temperature structure 
of warm molecular gas has been directly constrained for 

the first time.  The data provide clear proof of the thermal 
decoupling of gas and dust at the disk heights where the 
CO lines form.

Water from cores to disks and comets
The "Water in star-forming regions with Herschel" 
(WISH) key program, together with the "Dust, Gas and 
Ice in Time" (DIGIT) and the "William Herschel Legacy 
Line survey" (WILL) large and many small programs, ob-
tained unique data on water and related molecules for 
a large sample of protostars using the HIFI and PACS 
instruments.  These programs were designed to answer 
three questions (i) how and where is water formed in 
space; (ii) which physical components do water and CO 
trace; and (iii) what is the trail of water from clouds to 
the planet-forming zones of disks. Altogether, about 150 
sources from low- and high-mass protostars and from 
cores to disks were observed, allowing statistically sig-
nificant conclusions. Analyses involved extensive radia-
tive transfer and physical-chemical modeling.

The main conclusions are: (i) Water is formed mostly 
as ice on the surfaces of grains prior to cloud collapse, 
leading to a small amount of gaseous water in cold 
outer envelopes until the ices thermally desorb close 
to the protostars. These water abundance profiles are 
well explained by chemical models. (ii) Water vapor and 
high-J CO emission traces primarily dense shocks along 
the cavity outflow wall where the jets and winds inter-
act with the envelope and provide mechanical feedback. 
CO ladders and water line profiles can be decomposed 
into three physical components, which are surprisingly 
similar from low- to high-mass protostars. The water 
abundance is found to be "shockingly" low, pointing to 

Figure 2.9.2 Left: ALMA continuum observations of the triple VLA1623 embedded system. Right: C18O velocity map (moment 1, halftone) and 
integrated intensity map (moment 0, contours) of VLA1623A. The velocity map clearly shows a rotational pattern. A more thorough analysis 
indicates that the gas within ~ 50 AU from star A is in Keplerian motion, providing the youngest embedded protostar up to date with a forming disk 
(Murillo et al. 2013).
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Fig. 2.9.3 Left: ALMA CO observations of the nearby galaxy NGC 300 that resolve the molecular interstellar medium at the scale (20 pc) of 
individual molecular clouds as a pathfinder of an ongoing systematic cloud-scale survey of the nearby galaxy population. Right: The size – line 
width relation for a sample of 1500 molecular clouds allows linking cloud, star formation, and galactic properties and thus provides fundamentally 
new insight on the gas-star cycle in galaxies (Schruba et al. 2016).

the need for a new class of UV irradiated shock models 
in which water is photodissociated; (iii) Water is incorpo-
rated mostly as ice into young disks where it is locked 
up quickly into pebbles settled in the midplane. Several 
thousand oceans of water ice are available for planet 
formation in protoplanetary disks.

The water deuterium fractionation provides insight on 
the amount of water brought to Earth by comets. Using 
ALMA and IRAM NOEMA this ratio has been measured 
accurately in the warm gas associated with deeply em-
bedded low-mass protostars, probing the critical stage 
when water is transported from clouds to disks. A direct 
and model independent HDO/H2O abundance ratio is 
determined for each source on solar-system scales of 
150 AU, and is found, remarkably, to be at most a fac-
tor of 2 higher than those in solar system comets, and 
identical to that of the Rosetta comet 67 P/C-G. These 
small differences confirm that little processing of water 
occurs between the deeply embedded stage and the for-
mation of planetesimals and comets. Surprisingly large 
amounts of O2 found in cometary ices provide further 
tests of the water formation model. The chemical com-
plexity of protostellar sources is being probed by a ALMA 
Cycle 2 345 GHz line survey.

Resolving the gas-star cycle in nearby galaxies at 
molecular cloud scale
To understand the growth and evolution of galaxies re-
quires understanding the physics that regulate the gas-
star cycle within galaxies. Employing state-of-the-art 
instrumentation (ALMA, JVLA, HST, VLT/MUSE) in sev-
eral legacy-type surveys (of a few hundred hours each), 
a complete observational view on the gas-star cycle at 

scales (20 - 60 pc) of individual star-forming molecular 
clouds and young stars is currently obtained across the 
nearby galaxy population (Fig. 2.9.3 left). Such studies 
are key to relate the detailed but small-scale studies in-
side our Milky Way to the full but poorly resolved galaxy 
population across the universe and to determine how 
galactic properties and galaxy evolution are regulated by 
the small-scale process of star formation and vice versa. 

First results analyzing such unprecedented data sets for 
the Andromeda galaxy include the separation in line width 
of the atomic gas into a tenuous warm neutral medium 
and a clumpy cold neutral medium that is correlated with 
molecular gas tracers and ongoing star formation. The 
molecular gas is also found to separate into two morpho-
logically distinct components: a tenuous component that 
is well mixed with the atomic gas and a clumpy compo-
nent that resides in molecular clouds. These studies are 
the first to identify the star-forming gas phase by mor-
phology instead of (a single) gas tracer and highlight the 
distinct, non-coeval thermal, gravitational, and chemical 
evolution of the interstellar medium. On the other hand, 
large samples of molecular clouds in spiral disk galaxies 
like the Milky Way, M31, LMC, and NGC300 are found 
to share the same macroscopic properties highlighting 
a uniformity in their star-forming gas entities (Fig. 2.9.3 
right). Ongoing surveys extend these data sets to sys-
tematically sample the gas-star cycle across the nearby 
galaxy population.

Resolved observations of individual young massive 
stars by VLT/MUSE and HST provide a detailed charac-
terization of the young stellar clusters and recent star for-
mation history that are used to study the time evolution 
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85 refereed papers with MPE affiliation have been published in this 
period, about half of which are led by, or have a significant MPE 
involvement.

(Other MPE team members include Thomas Bisbas, 
Paolo Cazzoletti, Stefano Facchini, Andreas Schruba, 
and former members Simon Bruderer, Davide Fedele, 
Agata Karska, Anna Miotello, Nadia Murillo; most of the 
reported work is from the latter group)

Ewine van Dishoeck 

of the gas-star cycle. The (non-) overlap of molecular 
clouds and young stellar clusters indicates that the star 
formation process is fast (~ few Myr) and only a short ep-
isode in the lifetime of molecular clouds (~ 15 − 30 Myr); 
while theoretical modeling of the de-correlation of gas 
and star formation tracers as function of spatial scale 
and evolutionary stage of individual clouds further pro-
vide first constraints on the duration of cloud dispersal 
and the efficiency of stellar feedback. The combination 
of these surveys constrains the degree to which the star 
formation process in galaxies is regulated by galactic vs. 
small-scale properties in the gas and thus differentiate 
between competing theories of star formation.

Ewine van Dishoeck is Professor of astrophysics and 
astrochemistry at Leiden University, The Netherlands. 
She is also an External Scientific Member of MPE and 
has an active research group on star and planet forma-
tion at MPE and hosted by the IR-group. Ewine is the 
PI of the WISH program on Herschel, where she uses 
PACS and HIFI for a detailed study of the role of water 
vapor in star-forming regions and protostellar disks. She 
is also one of the scientific drivers of the ALMA project, 
which she is exploiting for spatially resolved studies of 
protoplanetary disks, especially those in the transitional 
stage.
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Central region of the galaxy cluster Abell 2199 with its prototypical cD galaxy NGC 6166. The extended stellar halo 
of NGC 6166 smoothly blends into the intra-cluster light.  This u-g-r color image was taken with the 1/2-degree Wide 
Field Imager (built by OPINAS/USM) at the 2m Fraunhofer Telescope of the Mt. Wendelstein Observatory. 
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3. Optical and Interpretative Astronomy (OpInAs)

3.1 Introduction and Overview

The dominant theme of our research is galaxies. We 
study their structure and evolution including their cen-
tral black holes, and we use them as tools to investigate 
Dark Matter and Dark Energy. We carry out observa-
tions at optical and infrared wavelengths and we devel-
op complex models to interpret, in particular, the internal 
dynamics of galaxies, their dark halo properties or their 
large scale distribution. We also build instruments for the 
optical/NIR regime, both for ground-based observatories 
and for the ESA mission EUCLID.
 
The OPINAS group is a joint group of the MPE and the 
University Observatory Munich (Ralf Bender is full pro-
fessor at the University of Munich and Director at MPE). 
About half of the group is located at the Observatory, the 
other half at MPE. Instrument development for ground-
based observatories takes place at the observatory: we 
had PI or leading roles in the VLT-instruments FORS, 
OmegaCAM, and KMOS, we are participating in the de-
velopment of the E-ELT first-light camera MICADO and 
we are building the instrumentation for the Wendelstein 
2m telescope (operated by the University Observatory 
in the Bavarian Alps). Our contribution to the ESA space 
mission EUCLID is instead hosted at MPE, as is the de-
velopment of data analysis software for major projects 
(we are in charge of the Cure-WISE package for the 
HETDEX survey and of software components for EU-
CLID, as well as for the operation of the EUCLID Ger-
man Science Data Center). Science projects are carried 
out at both places, as is the education of graduate stu-
dents. The group members at the observatory are also 
heavily involved in undergraduate teaching. The require-
ment to provide bachelor and master thesis topics for a 
wide variety of students inevitably leads to a somewhat 
broader research portfolio than of other MPE groups.

One of our most ambitious science projects of recent 
years has been the search for supermassive black 
holes with SINFONI and Adaptive Optics at the ESO 
VLT. This project has now come close to completion with 
the publication of the summary paper (Saglia et al. 2016) 
containing a detailed analysis of the correlation between 
black hole mass and galaxy properties using a sample 
of 97 galaxies/bulges with dynamically measured black 
hole masses. 25 of these were measured by us with 
SINFONI which means that we derived more black hole 
masses than any other team, except the Nuker team (of 
which RB is a member as well) using HST. Moreover, 
with our 25 objects, we probed extreme objects, like very 
massive ellipticals, pseudo-bulges or mergers which ex-
tended the correlations and enabled more reliable statis-
tical analysis. For the first time, the full error covariance 
matrix was included in the analysis and we could show 
that density (or radius) is a significant second parameter 
in the black hole mass vs bulge mass (or velocity disper-

sion) correlation, with denser objects at a given mass 
containing higher mass black holes. A related highlight 
was the discovery of a 1.7(±0.15)·1010 Msun black hole 
in the radio elliptical NGC 1600 which was published as 
a Nature paper (Thomas et al. 2016). This is not only 
the most reliable (and possibly only secure) detection 
of a supermassive black hole above 1010 Msun so far, but 
it is also the first discovery of a luminous quasar rem-
nant in a low density environment in the local universe. 
We plan to continue the search and mass measurement 
of supermassive black holes in the next years, though 
progress will probably slow down somewhat until new 
facilities bring another breakthrough in spatial resolution, 
most notably the E-ELT.

In the field of galaxy evolution, the exploitation of our 
KMOS GTO time has been the dominant activity during 
the last three years. In collaboration with the MPE Infra-
red Group we are studying the evolution of star forming 
field galaxies selected from the 3DHST sample between 
redshifts 0.7 and 2.6 (KMOS3D project). With additional 
GTO time we are complementarily exploring the evolu-
tion of passive galaxies in the field (VIRIAL project) and 
in massive clusters (KCS) up to redshifts of 2 (together 
with the Universities of Oxford and Durham). The KMOS 
GTO time allowed us to double the number of high red-
shift galaxies with dynamical and star-formation meas-
urements. Between z~0.7 and z~2.6 and above a stellar 
mass of ~1010 Msun, we have now probed the whole range 
of star formation rates between ~1 Msun/yr and over 100 
Msun/yr, providing for the first time a comprehensive view 
of the evolving galaxy population during the peak of the 
cosmic star formation history. The KMOS GTO observ-
ing is still ongoing and we expect to further increase the 
sample size over the coming years.

We continued studying the large scale distribution of 
galaxies with the now complete SDSS BOSS sample. 
We focused on improving the analysis methodology by 
applying clustering wedges and clustering tomography 
which allowed us to maximize the cosmological informa-
tion extracted from the survey. Of the twelve core papers 
based on the final BOSS sample, four are first-authored 
by OPINAS members. In addition, several other of these 
12 papers have substantial OPINAS input. Thus, our 
group has a dominant role in the exploitation of the cur-
rently leading large-scale structure survey. We plan to 
play an equally important role in the eBOSS project. In 
addition, the Hobby-Eberly Telescope Dark Energy Ex-
periment (HETDEX), of which we are a founding part-
ner, has now taken the first commissioning data and 
will provide a survey of Lyman-alpha emitters between 
redshifts 1.8 and 3.5 over the next five years, extending 
the BAO studies to higher redshift. In the more distant 
future, the ESA mission EUCLID (launch: 2020) will al-
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low us to study the spatial distribution of ~50 million star-
forming galaxies as well as the gravitational shear signal 
of 109 galaxies over 15000 square degrees. Of course, 
all these experiments will also produce data sets of tre-
mendous value for the understanding of galaxy forma-
tion and galactic structure, too.

Besides these three dominant projects, we have pursued 
a variety of medium-sized to smaller projects, mostly re-
lated to galaxy structure and dark halo properties. E.g., 
we have completed an integral field study of the kinemat-
ics of M31 which provides the most detailed kinematic 
map of the bulge and inner disk region today and which 
will, in collaboration with Ortwin Gerhard’s group, be 
used to model the bulge, bar and peanut components 
in an unprecedentedly detailed way. We also studied the 
dark matter properties of galaxy clusters with weak and 
strong lensing and we investigated the novel method of 

“trough lensing” to study the large scale dark matter dis-
tribution, using data from the HST CLASH project or the 

Dark Energy Survey. Transient events, like microlenses, 
cepheids or planetary transits are a by-product of the 
surveys we have been involved in (e.g. Pan-STARRS) 
and led to several interesting student projects which are 
described in another subsection.

The final two subsections summarize the activities of the 
independent research groups of Ortwin Gerhard and 
Hans Böhringer.

The longer term strategy of the OPINAS group will, as 
in the past, focus on a few key themes revolving around 
galaxies but we will also continue with smaller projects 
in various directions to try out new avenues. The devel-
opment of dedicated instrumentation and data analysis 
software will remain an important component of our work. 
And, of course, the steady improvement of our interpre-
tational and modeling tools will remain central for our 
research.

Ralf Bender



Optical and Interpretative Astronomy 51

With the publication of a 69-pages long article (Saglia et 
al. 2016) we concluded our long-lasting SINFONI black 
hole survey. Since 2007 we determined the black hole 
masses of 25 galaxies, by combining the diffraction-
limited, integral field  near-infrared observations of the 
galaxy centers collected with SINFONI with high-resolu-
tion photometry and extended stellar kinematics. These 
data were analysed uniformely with our axisymmetric 
Schwarzschild code, that allows us to simultaneously 
determine the size and mass of dark matter halos, the 
mass-to-light ratio of the stellar populations and the or-
bital structure of the galaxies. Our MBH determinations 
amount to ¼ of all dynamically measured BH masses in 
local galaxies. We joined this data set to the 72 MBH de-

Our SINFONI Supermassive Black Hole (BH) survey 
came to an end with the publication of our stellar dy-
namical determinations of 25 BH masses (MBH) and 
the analysis of the bivariate correlations between MBH 
and the galaxy structural parameters. We discove-
red that classical and pseudo bulges can coexist, but 
only classical bulges are relevant to set the black hole 
mass of a galaxy. We discovered a possible double 
black hole in a core elliptical and a large black hole 
in an isolated giant elliptical. We determined a tight 
correlation between the core radius of core ellipticals 
and the sphere of influence of their central black ho-
les. Finally, we investigated the optical variability of 
active galactic nuclei.

3.2 Supermassive Black Holes in Local Galaxies

terminations known from the literature and determined 
the structural parameters (bulge mass MBu, bulge scale 
length rh, bulge average density ρh and average velocity 
dispersion σ) of all the 97 objects, taking into account for 
the first time the full error covariance matrix. We estab-
lished five significant bivariate correlations with scatter 
as low as 0.26 dex between MBH, MBu, rh, ρh and σ of 
galaxies with classical bulges. In contrast, pseudobulges 
have systematically lower MBH but approach the predic-
tions of all the above relations at high enough densities. 
We show one of the bivariate correlations in Fig. 3.2.1 
(left). These correlations point to a scenario of coevo-
lution of BH and classical-bulge masses, where core 
ellipticals are the product of dry mergers of power-law 
bulges and power-law ellipticals and bulges the result 
of (early) gas-rich mergers of disk galaxies. In contrast, 
the secular growth of BHs is decoupled from the growth 
of their pseudobulge hosts, except when (gas) densities 
are high enough to trigger the feedback mechanism re-
sponsible for the existence of the correlations between 
MBH and the galaxy structural parameters.

We investigated in detail the existence of ‘composite 
bulges’, i.e. the simultaneous presence in a galaxy of a 
classical and a pseudobulge in Erwin et al. (2015). We 
found that many pseudobulges (maybe all?) do harbor a 
classical bulge component, and that it is the mass of this 
classical bulge component that best correlates with MBH. 
At the center of the massive core elliptical galaxy NGC 

Figure 3.2.1 Left: One of the bivariate correlations between MBH, velocity dispersion and bulge average density established in our SINFONI BH 
survey. Arrows describe the effects of equal-mass dry mergers (red), of a sequence of minor mergers doubling the mass (orange), equal mass 
gas-rich two spiral mergers (dotted blue) and doubling the BH mass through accrection or BH merging (black). Right: Correlation between the 
galaxy core size rb and the gravitational sphere of influence of the central black hole, rSOI (for NGC 1600 and 20 similar massive core galaxies with 
dynamical MBH). The two radii are statistically identical (dotted line: one-to-one relation) and the intrinsic scatter of the best-fit linear correlation (red 
line) is 0.17 dex, a factor of two smaller than that in the known scaling relations between black hole mass and galaxy properties.
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5419, which is part of our SINFONI BH survey, we found 
evidence for the existence of a double BH from a sharp 
rise of the velocity dispersion near the center, where 
optical images show two nuclei in dynamical interaction 
(Mazzalay et al. 2016). 

As part of the MASSIVE survey, we detected a 17-bil-
lion-solar-mass BH at the center of the relatively isolated 
core elliptical galaxy NGC 1600 (Thomas et al. 2016). 
The two most massive black holes with dynamical mass 
measurements known previously (both at 1010 Msun) were 
found in giant Es at the centres of the Coma and Leo 
galaxy clusters. The environments of these previously 
known black holes conform to our current understand-
ing of hierarchical structure formation in the universe, 
in which smaller objects merge and grow to form big-
ger black holes and galaxies in rich environments. The 
17-billion-solar-mass BH in NGC 1600 is the first example 
of an extremely massive black hole outside of the rich-
est structures of galaxies in the local universe. We also 
found a new correlation between the size of the depleted 
galaxy core and the radius of the gravitational sphere of 
influence of the central black hole (Fig. 3.2.1, right). The 
two radii are statistically identical. This strengthens the 
conclusion that the deficit of stars at the centers of mas-
sive galaxies is a dynamical imprint of the black holes.

The results presented above have been derived using 
our axisymmetric Schwarzschild code. We are in the 
process of upgrading this package in two respects. On 
the one hand, in collaboration with Dr. A. Krukau and 
Dr. F. Beaujean of the C2PAP initiative of the Excellence 
Cluster we developed a parallelized version of the code, 
resulting in an order of magnitude increase in speed. On 
the other hand, we upgraded the code to the full triaxial 
case. As a first application, we showed that the bias in 
the determination of the inclination of galaxy typical of 
the use of axisymmetric models disappears when the full 
freedom of the possible triaxial orbits is allowed.

Finally, we investigated the optical variability on time 
scales of months and years of active galactic nuclei us-
ing the light curves measured in the 3π Survey and Me-
dium Deep Field 4 of the Panstarrs dataset. We showed 
that the variability of the optical colours has a strong 
impact on the precision of photometric redshifts.The 
variability amplitude does not correlate with MBH, but 
is strongly anticorrelated with the bolometric luminosity 
and Eddigton ratio, i.e. the accretion rate is the funda-
mental physical quantity determining the rest-frame UV/
optical variability of quasars on the probed time scales 
(Simm et al. 2015, 2016).
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3.3 Galaxy Structure

During the last three years, we focused our attention 
on stellar systems with extreme velocity dispersions. 
On the one side, exploiting the high spectral resolu-
tion of the integral field VIRUS-W spectrograph, we 
were able to investigate the internal rotation of globu-
lar clusters and to map the kinematics and stellar po-
pulations of the bulge of M31. On the other side and 
at the opposite end of the velocity dispersion scale, 
we studied the properties of the most massive gala-
xies in the local universe in the MASSIVE project.

VIRUS-W is an integral field spectrograph with excellent 
spectroscopic resolution, constructed in house and in-
stalled at the 2.7m McDonald telescope in Texas. The 
instrument covers a large field of view of 105”x55” with 
267 fibers with a filling factor of 1/3; it achieves a high 
spectral resolution of λ/∆λ=8700 and covers the wave-
length range 4850-5480 Å. With VIRUS-W we performed 
two main kinematic studies: the measurement of the in-
ternal rotation of globular clusters and the spectroscopic 
mapping of the bulge of M31. 

The survey aiming at quantifying the internal rotation 
of the globular clusters (GCs) of the Milky Way is com-
pleted. In principle, one should not expect (old) GCs to 
rotate, because the collitional time is short enough to 
erase any primordial rotation. However, tidal interactions 
could in principle generate ‘new’ rotation. We observed 
20 GCs spanning a range of structural properties and 
galactocentric distances. We detected rotation in a large 
fraction of them. The size of the rotation gradient cor-
relates with the outer ellipticity of the GC and it is absent 
in the GCs most distant from the galactic center, see 
Fig.  3.3.1. Rotation is detected in both GCs with or with-
out a collapsed core, but it is larger in non core-collapsed 

GCs. These findings suggest that the driving force of  the 
GC’s rotation is the tidal field of the Milky Way. Prelimi-
nary results of the survey were discussed by Fabricius 
et al. (2014a), a paper presenting our conclusions is in 
preparation (Mazzalay et al., in prep.)

The mapping of the bulge of M31 is finished and de-
scribed in the PhD Thesis of M. Opitsch. One of the most 
striking discoveries of this study is the detection of a two-
component structure of the ionized gas, pointing to the 
presence of rings and/or warps. The stellar kinematics of 
the bulge shows a slight minor axis misalignment, which 
is indicative of the presence of a bar. The stellar kinemat-
ics can be modelled as the superposition of a slowly ro-
tating bulge component with sizeable velocity dispersion 
and a fast-rotating cold disk. But the stellar population 
of the bulge region is uniformly old with a negative me-
tallicity gradient (see Fig. 3.3.2). This is not compatible 
with the assumed superposition of a young disk and an 
old bulge component. In collaboration with Prof. O. Ger-
hard we are now finalizing a dynamical model of the in-
ner structure of M31, that explains the formation of the 
bulge of M31 through bar buckling instabilities of the disk. 
The result is a classical plus pseudo bulge mimicking the 
measured kinematics described above, matching the 
stellar population pattern and with nothing remaining of 
the original disk.  In a second step we will determine the 
pattern speed of the bar. As a further long term goal, we 
aim at constructing an accurate three-dimensional mass 
model of the galaxy, to be able to estimate the contribu-
tion of self-lensing to the micro-lensing events towards 
M31 we detected in our long-term monitoring programs 
of Andromeda (Lee et al. 2012, AJ, 143, 89; Riffeser et 
al. 2008, ApJ 684, 1093).

Figure 3.3.1 Left: the velocity field of M2 as measured with VIRUS-W. Right: GCs rotation versus galactocentric distance. The black points 
correspond to the early sample analysed in Fabricius et al. (2014a), the orange points show the new objects, where the red circles indicate the 
core-collapsed GCs. 
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Massive early-type galaxies represent the modern day 
remnants of the earliest major star formation episodes 
in the history of the universe. These galaxies are central 
to our understanding of the evolution of cosmic struc-
ture, stellar populations, and supermassive black holes, 
but the details of their complex formation histories re-
main uncertain. To address this topic, we are part of the 
MASSIVE survey, a volume-limited, multi-wavelength, 
integral-field spectroscopic and photometric survey of 
the structure and dynamics of the ~100 most massive 
(M✱≥1011.5 Msun) galaxies within a distance of 108 Mpc. 
This mass regime has not been systematically studied 
previously. A stellar population analysis from stacked 
spectra reveals that, at a fixed physical radius of 3-6 kpc 
(the likely size of galaxy cores formed at high z), the stel-
lar age and [α/Fe] increase with increasing dispersion σ 
and depend only weakly on stellar mass, as we might 
expect if denser galaxies form their central cores ear-
lier and faster. At 1-1.5Reff, instead, the trends in abun-
dance and abundance ratio are washed out, as might 
be expected if the stars at large radius were accreted 
by smaller galaxies (Greene et al. 2015). In a pilot sam-
ple of 15 galaxies selected from the MASSIVE survey, 
because they showed signs of an interstellar medium, 
we found large amounts of molecular gas (> 2 108 Msun) 
in 10 galaxies, from CO observations. The CO detected 
galaxies seem to have lower star formation efficiencies 

than spiral galaxies and their velocities suggest a break 
in the Tully-Fisher relation (TFR), consistent with previ-
ous studies (Davis et al. 2015, Fig. 3.3.3 right).

Furthermore, we obtained the following results. A) We 
used VIRUS-W to study the complex counter-rotating 
structures in the disk galaxies NGC 4191 (Fabricius et 
al. 2014b) and NGC 7217 (Coccato et al. 2015). B) We 
collected VIRUS-W observations of 4 dwarf ellipticals 
that we will analyse to measure the mass and density 
of their dark matter halos. C) We concluded our explo-
ration of the properties of dark matter halos around el-
liptical galaxies by analyzing two galaxies in low density 
environments (Corsini et al. 2016). D) We developed 
mass estimators for elliptical galaxies that have 10% 
accuracy. They probe specific radii where the mass is 
expected to be least sensitive to the anisotropy of stellar 
orbits (Lyskova et al. 2015). E) We studied in detail the 
cD galaxy of A2199, NGC 6166, using radially extended 
photometry and kinematics. We found that the stellar ve-
locity dispersion of the halo of the galaxy increases out-
wards, matching the cluster velocity dispersion (Bender 
et al. 2015). Building up on these results, we started a 
photometric campaign to  systematic study the outer ha-
los of cD galaxies, using the wide-field camera recently 
installed on our 2m Fraunhofer telescope on the Wen-
delstein mountain.   

Figure 3.3.2 Maps of the bulge of M31. Top: stellar velocity (left) and velocity dispersion (right). Bottom:  stellar population properties: age [Gyr] 
(left), metallicity [Z/H] (middle), α-element overabundance [α/Fe] (right).



Optical and Interpretative Astronomy 55

Figure 3.3.3 Left: Distance and absolute K-band magnitude of galaxies in the MASSIVE survey (red circles) and ATLAS3D survey for comparison 
(blue crosses). Only six galaxies in ATLAS3D are luminous enough to pass the MASSIVE MK cut. The rest of the MASSIVE galaxies lie beyond the 
volume limit surveyed by ATLAS3D. Right: The CO TFR for a pilot sample drawn from the MASSIVE survey (red) and the ATLAS3D ETGs (black) in 
terms of the velocity width at 20% of the peak height for the CO line (W20, corrected for inclination) and MK. The best-fitting single power-law is shown 
as a red dashed line, while the best-fitting broken power law is shown in blue (dashed: spiral galaxy TFR from Tully & Pierce 2000).
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3.4 Galaxy Evolution

The rich diversity of galaxies in the local Universe is 
driven by complex processes which govern the forma-
tion and assembly of stellar mass over their lifetimes. 
In the early Universe the buildup of stellar mass is do-
minated by rapid in-situ star formation fed by accreti-
on from the cosmic web. The relative balance of ac-
cretion, star formation, and feedback leads to a tight 
relationship between stellar mass and star-formation 
rate—the so-called ‘main sequence’—which evolves 
slowly downward from the epoch of peak activity at 
z~2 to the present day. A given galaxy’s evolution 
on the main sequence can be modulated by both its 
internal structure as well as its environment. Obser-
vationally there is a clear correlation between stellar 
surface density and the cessation of star-formation, 
suggesting that buildup of a stellar bulge is tied to the 
quenching process. At high redshift, this buildup is 
manifest in a population of compact spheroids whose 
size is expected to evolve over time due to galaxy-
galaxy interactions and mergers. In high-density en-
vironments this evolution may be accelerated compa-
red to the field from increased interactions with other 
galaxies and the ICM. Developing a complete picture 
of galaxy growth therefore demands a careful consi-
deration of multiple evolutionary pathways. Over the 
past several years the MPE-OPINAS group has been 
at the forefront of surveys utilizing state-of-the art in-
strumentation to map out the details of star-formation, 
quenching, and assembly from the local Universe out 
to high redshift.

The latest generation of 
ground- and spaced-based 
imaging surveys have dem-
onstrated that the popula-
tion of massive quiescent 
galaxies starts to emerge 
even at z~2-3, when cos-
mic star formation activity 
is at its peak.  Mapping the 
formation history of such 
objects and their progeni-
tors requires deep spectro-
scopic observations, and we 
are now undertaking a sys-
tematic study of the galaxy 
population using the multi-
object near-IR spectrograph 
KMOS at ESO’s Very Large 
Telescope (VLT), which was 
partially built at MPE.  With 
KMOS we are able to study 
spatially resolved kinematics 
for large samples of galaxies 
at high redshift with a factor 
24 multiplexing advantage. 
Our efforts with KMOS have 
been focused on two comple-

mentary strategies to address the question of galaxies’ 
growth with time.

We are carrying out two surveys targeting the passive 
galaxy population at 1.39 < z < 2: VIRIAL, led by OPI-
NAS, and the KMOS Cluster Survey (KCS), which is 
a joint collaboration between OPINAS and UK univer-
sities.  Both focus on measuring the strength of stellar 
absorption features in the rest-frame optical, which can 
be used to constrain both star-formation histories as well 
as integrated kinematics.  The two surveys probe com-
plementary environments, with VIRIAL focused on the 
field galaxy population and KCS targeting the quiescent 
population in well-known X-ray detected clusters. 
At the same time, KMOS3D is a comprehensive survey of 
more than 600 z = 0.7–2.7 star-forming galaxies jointly 
led by OPINAS and the MPE IR/Submm group with an 
investment of 75 observing nights. By focusing on the 
Hɑ+[NII] emission line complex, we are able to study 
spatially-resolved kinematics, star formation, outflows, 
and metallicities, obtaining direct constraints on the 
dominant mode of stellar mass growth during the peak 
of cosmic star formation.  Combined with data from our 
local Hɑ imaging survey HAGGIS, these data provide a 
baseline of more than 10 Gyr over which to study evolu-
tion of the star-forming galaxy population. 

In the following sections we highlight the current status 
of these programs.
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Figure 3.4.1 The mean age of quiescent galaxies as a function of the age of the Universe (from Mendel 
et al. 2015).  Observed ages were derived from stacked spectra in the rest-frame optical, which probe 
well-known age sensitive stellar absorption lines. Lines show the expected evolution of otherwise “normal” 
star-forming galaxies whose star formation activity is artificially truncated at different epochs. 
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3.4.1 Tracing the evolution of passive galaxies

Rest-frame V-band stellar absorption features such us 
Ca H+K, the G-band, Balmer lines, and Mg, which are 
mapped with KMOS in YJ the band at 1.4<z<2, are pow-
erful tools to study the evolution of the kinematics and the 
stellar population of passive galaxies. Multi-band Hubble 
Space Telescope (HST) imaging additionally provides a 
high-resolution view of the galaxies’ stellar populations 
in the rest-frame optical at z > 1 and allows us to derive 
their structural parameters. Our KMOS VIRIAL and KCS 
programs capitalise on this multi-wavelength data to un-
derstand the formation history of passive galaxies and 
their environmental dependence.  

Timing the formation of massive quiescent galaxies: 
In Mendel et al. (2015) we use data from the VIRIAL sur-
vey to study the evolution of (mean) quiescent galaxy 
ages out to z = 2 (Fig. 3.4.1). Combining our measure-
ments with data from the literature, we demonstrated 
that there are two distinct epochs in the formation of 
massive, passive galaxies: one at z > 1 during which 
the quiescent galaxy population is kept young by the 
constant addition of recently-quenched star-forming gal-
axies, and a second at low redshift when the majority 
of mass is already formed and subsequent evolution is 
largely passive. The relatively uniform ages found at z > 
1 point to a significant spread in the formation times of 
massive galaxies, roughly 3 Gyrs, confirming the results 
of both “archeological” studies in the local Universe and 
the interpretation of intrinsic scatter in colors for galaxies 
on the red sequence.

The colour gradients of massive and passive galax-
ies from z~1.39 to present: In Chan et al. (2016) we ex-
amine whether the scenario described above is valid also 
for cluster galaxies by looking at the redshift evolution of 
colour gradients of massive and passive galaxies in XM-
MUJ2235-2557 at z = 1.39, one of the clusters targeted 

as part of KCS. Using an empirical relationship between 
colour and stellar mass-to-light ratio (M/L) we converted 
the observed surface brightness maps into maps of stel-
lar mass surface density.  We found that cluster galaxies 
at z=1.39 are ~41% more compact in mass than light, 
compared to an average of 12% at z~0 (Fig. 3.4.2, left 
panel). We attribute this change to the evolution of gal-
axies’ M/L and colour gradients, which are mostly nega-
tive, and roughly twice as steep as those found locally. 
By comparing our results with stellar population models, 
we find that the observed evolution of colour gradients 
can be explained by a passively-evolving population with 
intrinsic age and metallicity gradients matching those of 
local passive galaxies (Fig. 3.4.2, right panel). The re-
sults are consistent with recent observational evidence 
for the inside-out growth of passive galaxies at high 
redshift, and favour a gradual mass growth mechanism, 
such as minor mergers.

The fundamental plane of passive galaxies at z~1.5 
and their formation ages: The data we collected in the 
past 3 years of KCS allowed us to measure stellar ve-
locity dispersions for one of the largest homogeneous 
samples of galaxies in dense environments at z > 1.3. 
For a subsample of KCS galaxies at 1.39<z<1.61, we 
combined HST structural parameters with our KMOS 
spectroscopy to study the evolution of the “fundamental 
plane” (FP), which relates a galaxy’s surface brightness, 
size, and velocity dispersion (e.g., Djorgovski & Davis 
1987, ApJ, 313, 59; Dressler et al. 1987, ApJ, 313, 37). 
Our results, shown in Fig. 3.4.3 (from Beifiori et al. in 
prep.), confirmed previous findings at z < 1.2 that the 
zero-point of the FP evolves with redshift, and we found 
that the majority of this zero-point evolution is driven by 
changes in the stellar M/L rather than changes in galax-
ies’ structural properties. The rate of zero-point evolution 
is consistent with galaxies evolving passively after a last 
major episode of star formation, and by comparing with 

Figure 3.4.2 Left: Comparison of the ratio of mass-weighted to light-weighted sizes vs. stellar mass at different redshifts, the brown line corresponds 
to galaxies in XMMUJ2235-2557 at z = 1.39 whereas the light brown line shows the local size ratios from the SPIDER sample (La Barbera et al. 
2010, MNRAS, 408, 1313). Right: Evolution of the colour gradients with redshift (local value from Wu et al. 2005, ApJ, 622, 244). By assuming 
a formation redshift zform = 3.0, the observed evolution of the colour gradients can be explained by the passive evolution of an age gradient and 
a metallicity gradient fixed to local value. The dotted lines show the evolution with different initial age gradients (adapted from Chan et al. 2016).
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stellar population models we showed that cluster galax-
ies are ~0.5-1 Gyr older than those found in field qui-
escent galaxies (e.g. VIRIAL; Mendel et al. 2015). This 
suggests an accelerated evolution in dense environ-
ments and supports our earlier findings at intermediate 
redshifts (e.g., EDisCS, Saglia et al. 2010, A&A, 524, 6).

The dynamical state of galaxies at z ~ 1.5: With the 
current VIRIAL data we have obtained stellar veloc-
ity dispersions for 21 massive galaxies at 1.4 < z < 2.1, 
roughly doubling the total number of existing velocity dis-
persion measurements in the literature.  These data are 
complemented by deep HST/WFC3 imaging and multi-

Figure 3.4.3 Left: Edge-on projection of the FP for our KCS sample. KCS galaxies (green, orange and red filled squares) follow the FP scaling 
relation, but are offset (red dashed line) with respect to Coma (Jorgensen et al. 2006, ApJ, 639, 9) and EDisCS. Right: Redshift evolution of the 
∆logM/LB as derived from the evolution of the FP zero-point. Using stellar population models we derived the age of the last star formation episode. 
(Beifiori et al., in prep). 

wavelength photometric catalogs, which have allowed 
us to conduct a systematic study of quiescent galaxies’ 
dynamical properties at the epoch when diversity in the 
Hubble sequence is being established. In Mendel et al. 
(in prep) we constructed a set of axisymmetric Jeans 
models constrained using a combination of HST imaging 
data and observed stellar velocity dispersion, providing 
a robust estimate of the (total) dynamical mass. We find 
a good correlation between galaxies’ dynamical masses 

Figure 3.4.4 Left: the relationship between stellar and dynamical mass for quiescent galaxies at 1.4 < z < 2.1 using a combination of VIRIAL and 
literature data.  Right: ratio of dynamical to stellar mass-to-light ratios as a function of stellar velocity dispersion (from Mendel et al. in prep).
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and their stellar masses derived from broadband pho-
tometry, shown in Fig. 3.4.4, confirming that the small 
sizes typically found for quiescent galaxies at high red-
shift are genuine, and reflected in the measured stellar 
velocity dispersions as one would expect from a simple 
scaling of total mass proportional to σ2r.  The good cor-
respondence between stellar and dynamical masses fur-
ther suggests that there is relatively little dark matter in 
the cores of massive galaxies at 1.4 < z < 2.1. Compar-
ing the dynamical mass-to-light ratio with that predicted 
for a Milky Way like stellar initial mass function (IMF), 
we find evidence for an increase in the IMF normaliza-
tion with stellar velocity dispersion, consistent with the 
results of local galaxy studies.

3.4.2 Sizes and environments of star forming galax-
ies with KMOS3D and HAGGIS

In the local Universe, we find that globally low star for-
mation rates are found when galaxies’ star formation is 
restricted to their inner parts, a phenomenon which ap-
pears to be common in massive groups. With KMOS3D 
we are now examining the sizes of star forming disks at 
the peak epoch of star formation, and relating this to the 
environment of galaxies using state of the art calibra-
tions (see Fig. 3.4.5).

Truncation of star forming disks in groups at z~0: We 
have obtained Hα narrow band imaging of 100 groups 
in the local Universe, spanning the range of Milky-Way 
like halos to poor clusters (Mgroup = 1012-14M⊙) from our 

H-Alpha Galaxy Group Imaging Sur-
vey (HAGGIS, Kulkarni PhD Thesis). 
This provides a remarkable insight 
into how the Hα emitting, star form-
ing gas is distributed within galaxies 
as a function of their total amount of 
star formation, and how this relates 
to the group environment. 

In main sequence star forming gal-
axies, the star forming gas disk has 
a similar size as the existing stel-
lar disk. In contrast, galaxies with a 
low total SFR are ubiquitously more 
compact in Hα: i.e. gas is more eas-
ily bound to the inner regions of 
galaxies. Satellite galaxies - espe-
cially those of massive haloes – are 
more commonly found with low total 
SFR and a compact distribution of 
Hα. This suggests that the stripping 
of the poorly bound gas from the 
outer disks of satellite galaxies may 
be prevalent in such groups, and is 
consistent with results from the Hα3 
survey which relates this to gas sup-
ply by showing that galaxies with 
normal amounts of atomic gas (HI) 
have similar sizes in Hα and stellar 

Figure 3.4.5 shows how the total amount of star formation in galaxies at z~0 relates to the size of 
the star-forming disk.  On the x-axis we show the ratio of the observed star formation rate (SFR, 
from Hα) to that of a main sequence galaxy of the same stellar mass. On the y-axis we show the 
ratio of the half-light radius of the Hα emission, to that of the continuum emission (tracing old 
stars). “Central” galaxies are the most massive galaxy in their own group, while all lower mass 
galaxies in each group are labelled “satellites”. These are split into 2 bins of group halo mass. 
Median positions are shown using the large, open symbols, and distributions in each parameter 
are shown in the top and right hand panels.

Figure 3.4.6 shows major axis radial profiles of Hα emission (red) and stellar continuum (black) for KMOS3D galaxies plus the 2D map of Hα (inset 
panel) for three example KMOS3D galaxies. The Hα profile is generated from the continuum-subtracted KMOS data while the continuum profile is 
generated from the PSF-convolved HST image. 
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continuum, while those which are deficient in HI have 
more compact Hα disks (Fossati et al. 2013).

Higher redshift Hα sizes with KMOS3D: In contrast, at 
higher redshift, z~1, Nelson et al. (2012, ApJ, 747L, 28; 
2013, ApJ, 763L, 16) have used data from the 3DHST 
survey to show that the star forming disk of the most 
highly star-forming galaxies (individually) and the aver-
age star forming galaxy in bins of SFR and stellar mass 
(stacks) are more extended (by a factor ~1.3) than that 
of their stars. Interestingly, where HAGGIS and Hα3 gal-
axies host a significant bulge or bar, this can also lead to 
a more compact distribution of stars than of star-forming 
gas: i.e. any interpretation of evolution has to account 
for the galaxy morphology. Unlike 3DHST, KMOS3D has 
sufficient depth to measure profiles and sizes of the Hα 
emission for individual, normally star-forming galaxies. 
Although our average profile is consistent with Nelson, 
we observe a wide variety of profiles going from cases 
with a Hα profile more compact than the continuum pro-
file (Fig. 3.4.6, left) to cases with a much more extended 
Hα profile (Fig. 3.4.6, right). This illustrates the large dy-
namic range of conditions dictating the morphology and 
size of the star-forming disk in high redshift galaxies.

Environment of galaxies at high redshift: To relate 
this to the environment of high redshift galaxies requires 
a careful and meaningful calibration of galaxies’ environ-
ments. Until now this has been difficult, if not impossi-
ble, at z>1 due to incomplete and biased spectroscopic 
coverage of deep fields. This situation has changed with 
3DHST (Brammer et al. 2012, ApJS, 200, 13). HST slit-
less spectroscopy at ~1.4μm with a resolution R~130 
picks up both emission lines and breaks to measure ac-
curate redshifts (Δv ~ 1000km/s) for both star forming 
and passive galaxies down to F140W~24 AB. In Fossati 
et al. (2015), and Fossati et al. (in prep.) we have de-
vised a reliable and well calibrated method to charac-
terize environment using the density field of neighbours 
and the rank in stellar mass within an aperture to distin-
guish between galaxies at the centre of their halo (cen-
trals) and galaxies orbiting in the potential of other (more 
massive) galaxies (satellites). We applied the 3D-HST 
selection function and redshift accuracy (as a function of 
stellar mass, line emission strength) to light cones from 
semi-analytic models. The combination of environmental 
information in observations and models allows us to link 
observed to physical quantities (e.g. halo mass, prob-
ability of a galaxy to be in a group/cluster like halo). In 

Figure 3.4.7 Left: Spatial distribution of  0.7<z<1.1 KMOS3D target galaxies in one field colour-coded by halo mass. Right: Distribution of predicted 
halo mass in each redshift bin (thick solid lines). The dynamic range of halo masses span 1-2.5 dex per redshift bin and encompass the most 
efficient halos for galaxy formation, i.e. they span the peak value of the mean stellar to halo mass ratio as a function of halo mass, dashed lines from 
Behroozi et al. (2013, ApJ, 770, 57; B13).
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Fig. 3.4.7 we demonstrate that our method not only picks 
up the large scale structure within the deep fields, but 
that the KMOS3D sample spans a range of halo mass 
over which the galaxy formation efficiency (stellar to halo 
mass ratio) covers a large dynamic range.

Next steps: Combined with disk kinematics of KMOS3D 
galaxies, our Hα profile and size measurements will im-
prove our understanding of how star formation drives 
both mass and structural changes within galaxies at the 
point when most of their stars were formed. Combined 
with HAGGIS and our environmental calibrations, we 
will track this growth and the eventual quenching of star 
formation in galaxies via correlations with total star for-
mation rate, mass, galaxy morphology and environment 
over ~85% of cosmic time. This will help us to identify 
the likely KMOS3D progenitors of the already quenched 
populations observed as part of our VIRIAL and KCS 
programs, and help build a consistent picture of when 
and how star formation is quenched as a function of 
the internal structure of galaxies, their mass, and their 
environment.



Optical and Interpretative Astronomy62

direct estimate of their enclosed mass. The use of σsp 
measurements breaks inherent mass degeneracies and 
allows us to refine the constraints on galaxy masses and, 
as a result, on the cluster DM halo. In this project we 
combine σsp measurements from the Hectospec survey 
(P.I. Geller M., see Geller et al. 2014), with photometry 
and spectroscopy from the Cluster Lensing and Super-
novae with Hubble (CLASH, Postman et al. 2012) and 
CLASH-VLT (Rosati et al. 2014) surveys. In Monna et 
al. 2015 we performed a first case analysis in the core 
of Abell 383, which shows that the knowledge of cluster 
members' σsp allows us to improve the constraints on the 
parameters describing the cluster galaxies’ mass compo-
nents by 50%, breaking inherent degeneracies between 
these parameters. Constraints on the cluster DH mass 
are also improved by ~10%. In Monna et al. 2016, we 
perform a similar analysis on Abell 611. In contrast to the 
results for Abell 383, we reach no substantial improve-
ments on the parameters of the galaxies of Abell 611. 
This is due to the different set of lensed features and of 
cluster members with σsp available for the two clusters, 
see Fig. 3.5.1. However the advantage of knowing σsp 
for several cluster members is evident also in the case 
of Abell 611, for which we improve the estimate of the 
overall cluster galaxy mass component. Indeed without 
measured σsp, the member galaxy mass is overestimat-
ed by a factor of ~1.5, and consequently the mass of the 
large scale dark matter is underestimated by ~5%.

3.5 Gravitational Lensing

Gravitational lensing, i.e. the deflection of light from 
background objects by foreground matter, is a unique 
tool to map the mass distribution of structures in the 
Universe - from galaxies, through galaxy groups and 
clusters, up to the large-scale structure. The OPINAS 
group has contributed to CLASH and DES, two large 
surveys with a focus on gravitational lensing, and led 
analyses that use these data sets in a new way to 
learn about dark matter in the most dense and most 
underdense regions of the Universe.

Strong Lensing in Galaxy Clusters

Galaxy clusters act as gravitational lenses, magnifying 
and distorting sources that are behind them. In the core 
of clusters the lensing effect is strong and we are in the 
so called Strong Lensing (SL) regime where one can ob-
serve multiple images of background galaxies, as well 
as giant arcs. The lensed images can be used to inves-
tigate the mass distribution of a cluster, which is com-
posed of galaxies and a large scale cluster dark matter 
halo (DH). However, it is difficult to separate the cluster 
DH from the galaxy mass component, as lensing probes 
their joint contribution and degeneracies exist between 
the parameters describing the two mass components.

We carried out an innovative project in which we per-
form a SL analysis of cluster cores using, as additional 
information, spectroscopic measurements of the veloc-
ity dispersion (σsp) of cluster members, which allows a 

Figure 3.5.1 HST color composite images of Abell 611 (left) and Abell 383 (right). Multiple images are labeled with numbers, cluster members with 
measured σsp with red circles, and the critical lines for a source at redshift zs = 2 are in blue. Axis labels are in arcseconds with respect to the BCG. 
Abell 383 has ~10 galaxies with σsp in the cluster core, while Abell 611 has only 5 galaxies inside the region probed by SL. Furthermore, Abell 611 
has only 3 systems of multiple images in the cluster core whereas Abell 383 has 10.
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Weak lensing in the Dark Energy Survey

As opposed to strong lensing, weak gravitational lens-
ing describes situations in which the shape distortion 
of a single galaxy due to gravitational light deflection is 
so small that it cannot be distinguished from its intrinsic 
shape. The gravitational deflection potential in the weak 
lensing regime can hence only be inferred by averaging 
over the shapes of many background sources.

As member of the The Dark Energy Survey (DES), the 
OPINAS group is strongly involved in research employ-
ing the weak gravitational lensing effect. DES is run by 
an international collaboration including institutions from 
Brazil, Germany, Spain, Switzerland, the United King-
dom and the USA. Over 5 seasons of observation DES 
will perform deep photometric imaging of about 5000 
square degrees of the sky. The final DES data expected 
after the 5th season (Year-5, Y5) will contain over 150 
Million galaxies with measured shapes and photomet-
ric redshifts, hence enabling numerous weak lensing 
applications.

Seasons 1-3 of DES are already completed and the Y1 
data, which covers over 1000 square degrees of the sky, 
is currently being analyzed by the collaboration. This is 
already the most powerful available data set for cosmo-
logical weak lensing to date. A smaller patch - the so 
called DES science verification data (SV) - has already 
been observed down to the final depth of DES. It spans 
about 150 square degrees and numerous cosmological 
analyses have been published or will be published with 
the help of this data set.

In the following we describe science projects on DES-SV 
data or Y1 data which our group is involved in.

Lensing around galaxy troughs - a high signal-to-
noise probe of the low density Universe

Structures in the Universe exist in the form of both over-
dense regions, like galaxies or clusters of galaxies, and 
underdense regions, like cosmic voids. Underdense re-
gions are, however, very difficult to measure with lensing, 
and previous measurements were only marginally sig-
nificant (cf. Melchior et al. 2014, Clampitt et al. 2015). In 
Gruen et al. 2016, we have developed a new way of iden-
tifying cylindrical volumes with low matter density (which 
we call troughs). Because light is deflected by all matter 
along the line of sight, the selection of underdensities in 
projection is more suitable for a lensing measurement. 

To determine trough positions, we count galaxies from a 
tracer population projected over a wide range of redshift, 
in circles in the sky. We then apply a percentile threshold 
to define the 20% of lines of sight with the smallest gal-
axy counts as troughs. Using troughs and background 
galaxy shapes from early DES data, we detect lensing 
by underdensities with unprecedented statistical signifi-
cance. Due to gravitational lensing, the images of back-
ground galaxies appear very slightly radially aligned w.r.t. 
the trough (see Fig. 3.5.2).

Figure 3.5.2 Gravitational shear by underdensities in the projected 
galaxy field (troughs) of 5 arcmin radius measured from DES Science 
Verificiation data. Blue data points show the measurement of tangential 
shear around troughs, where negative values indicate radial alignment. 
The measurement is consistent with a prediction based on galaxies 
being biased tracers with Poissonian noise of a Gaussian projected 
matter and lensing convergence field. On this relatively small trough 
scale, the galaxy bias of the tracer population mildly influences the 
prediction (shown for b=1.4, 1.6 and 1.8). On larger trough scales, 
the signal becomes practically independent of galaxy bias. The shear 
component rotated by 45 (grey crosses) and shear around random 
points (black boxes) do not indicate significant systematic uncertainties.

We also develop a model for the trough lensing signal, 
based on the assumption that the projected matter field 
and the lensing convergence are Gaussian fields, that 
galaxies trace matter with a linear bias, i.e. their over-
density is proportional to the overdensity of matter, plus 
Poissonian noise. Our measurements are consistent 
with the predictions of this model. These predictions are 
almost independent of the details of how galaxies trace 
matter for large enough trough scales, indicating that the 
signal can be used as a robust probe of cosmological 
parameters.

This is interesting not only in terms of added informa-
tion on common cosmological parameters, such as the 
density and clumpiness of matter in the Universe, but 
also because many alternative theories of gravity and 
cosmology predict that underdensities would grow at a 
different rate or that gravitational lensing by underdensi-
ties would be stronger than in General Relativity. With 
data soon to be analyzed, we aim to derive relevant cos-
mological constraints from the underdense Universe.



Optical and Interpretative Astronomy64

Figure 3.5.3 In Friedrich et al. (2016) we have investigated the 
performance of internal covariance estimators in a cosmic shear survey 
and found that for the final DES data they can successfully be used to 
recover constraints on cosmological parameters. On the right you see 
the average confidence intervals obtained for σ8 in simulated cosmic 
shear data. The red errorbars indicate the intervals obtained from a 
jackknife covariance while the blues lines indicate the regions obtained 
from the true covariance of the mock data. Displayed on the x-axis 
is the square root of the number of jackknife realizations. The upper 
panels show the constraints derived from the shear 2-point correlation 
functions ξ+ and ξ- alone while for the lower panel both signals were 
combined into one data vector.
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Other projects within DES

Cosmic Shear:
In Becker et al. (2016) and The DES Collaboration (2016) 
we have presented measurements of the 2-point correla-
tions of the weak gravitational lensing signal on cosmo-
logical scales (cosmic shear) in DES-SV. We developed 
a very thorough analysis of the cosmic shear signal in 
many respects: we have validated and used two differ-
ent shape pipelines to measure galaxy shapes, we have 
compared several different pipelines for obtaining pho-
tometric redshifts and we have investigated three differ-
ent approaches to obtaining a covariance matrix for the 
measured cosmic shear signal. Especially, in Friedrich et 
al. (2016) we presented an extensive investigation of the 
performance of internal covariance estimators for cos-
mic shear correlation functions. Our results for DES-SV 
data will provide a firm basis for future studies using the 
larger upcoming datasets (see Fig. 3.5.3).

Cluster lensing:
We are involved in several projects regarding the weak 
lensing signal around galaxy clusters: Melchior et al. 
(2015) presented an analysis of the mass and galaxy 
distributions of massive clusters in SV (co-author: Dan-
iel Gruen, see alse Gruen et al. 2014 which shares two 
clusters with this analysis). Gruen et al. (2015) have 
derived a semi-analytic model for the covariance of the 
shear signal around galaxy clusters. Especially, they 
have shown that by ignoring the contributions to this co-
variance from correlated structures around clusters one 
significantly miscalibrates mass-observable relations 
such as the relation between mass and SZ-signal. In an 
upcoming paper we will present an analysis of stacked 
cluster lensing in DES-SV.

Anna Monna

Daniel Grün

Oliver Friedrich
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Observations of the large-scale structure (LSS) of the 
Universe can both constrain the expansion history of 
the Universe and the growth rate of cosmic structures, 
offering one of the most powerful cosmological probes. 
This has led to the construction of increasingly larger 
galaxy catalogues. Examples of these new surveys, 
in which MPE has a major involvement, include the 
completed Baryon Oscillation Spectroscopic Survey 
(BOSS), the ongoing extended BOSS (eBOSS), and 
future surveys such as the Hobby-Eberly Telescope 
Dark Energy Experiment (HETDEX) and the ESA 
space mission Euclid. The preparation, analysis and 
interpretation of clustering measurements based on 
these data sets are some of the main activities of the 
OPINAS group at MPE.

3.6 Cosmological Implications of Galaxy Clustering Measurements

The information content of galaxy clustering 
measurements 

Over the past decades the size and quality of galaxy 
redshift surveys has increased dramatically. Thanks to 
these data sets, the information from the LSS of the Uni-
verse, usually studied in terms of two-point statistics like 
the power spectrum, P(k), or its Fourier transform, the 
correlation function, ξ(s), has played a central role in es-
tablishing the current cosmological paradigm, the ɅCDM 
model. 

The baryon acoustic oscillations (BAO) are an important 
source of information encoded in the LSS. The signal of 
the BAO appears as a broad peak in the correlation func-
tion, located at a scale corresponding to the sound ho-
rizon at the drag redshift, rs(zd) ⋍ 150 Mpc. In the power 

spectrum, this signal appears as an oscillatory modula-
tion with a wavelength λs ⋍ 2π/rs(zd). As the sound hori-
zon can be accurately constrained from CMB observa-
tions, the scale inferred from the galaxy clustering in the 
directions parallel and perpendicular to the line of sight 
can be used as a standard ruler to measure the Hub-
ble parameter, H(z), and the angular diameter distance, 
DM(z), probing in this way the expansion history of the 
Universe. 

An additional source of information in the clustering of 
galaxies is the signature of the redshift-space distortions 
(RSD). In galaxy surveys, distances are inferred from 
the measured redshifts. These are affected by the pecu-
liar velocities of the galaxies, leading to a difference be-
tween their real and their apparent positions that distorts 
the clustering pattern along the line of sight. However, as 
peculiar velocities are induced by the underlying density 
fluctuations, these distortions encode information on the 
underlying matter distribution that can be used to meas-
ure the growth rate of cosmic structures. 

The full constraining power of LSS observations can only 
be retrieved by means of anisotropic clustering meas-
urements, such as the clustering wedges statistic (Ka-
zin et al. 2012), which contains the same information as 
ξ(s), but for galaxy pairs aligned at different angles with 
respect to the line of sight. Thanks to the combined in-
formation of BAO and RSD, anisotropic clustering meas-
urements can simultaneously constrain the expansion 
history of the Universe and the growth of density fluctua-
tions, thus offering one of the most powerful cosmologi-
cal probes

76 3. Anisotropic clustering measurements in Fourier space
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Figure 3.7 – The power spectrumwedges for NGC and SGC of the BOSS DR12 combined sample in the low (upper)
and high (lower panel) redshift bin de�ned in Table 3.1. Error bars are derived as the square root of the diagonal
entries of P����� covariance matrix (see Section 4.5.1). The model prediction is the best-�tCDMmodel using the
maximum-likelihood parameters of a combined �t of the Planck 2015 CMB observations and BOSS DR12 Fourier
space wedges. The low redshift bin �ts used separate bias, RSD, and shot noise parameters for NGS (left-hand
panels) and SGC (right-hand panels), whereas the high bin used only one set of nuisance parameters.

central values. The full set of parameters for the �ducial cosmology is listed in Table 3.2.

In the same �gure, also the model predictions for the full shape of the clustering wedges
obtained with the techniques described in Section 5.1 are shown (solid lines). The model pa-
rameters are based on the maximum-likelihood values of a combined �t of a CDM cosmology
to the BOSS DR12 clustering wedges of the low and high redshift bins in Fourier space and the
Planck 2015 CMB observations. For the low redshift bin, we use two di�erent sets of nuisance
parameters (the bias and RSD parameters and the additional shot noise) to account for the fact
that the NGC and SGC samples might contain two slightly di�erent galaxy population at low
redshifts as discussed later in Section 3.6.2.

Figure 3.6.1 Left: Configuration and Right: Fourier-space clustering wedges in the directions transverse (orange), intermediate (green) and 
parallel (blue) to the line of sight measured from the final BOSS for 0.5 < z < 0.75. The BAO signal appears as a peak in configuration space and 
as a series of oscillations in Fourier space. The differences in shape and amplitude between the wedges are caused by RSD.
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The Baryon Oscillation Spectroscopic Survey
 
BOSS is one of the four components of the Sloan Digital 
Sky Survey (SDSS) III program. Its five years of spectro-
scopic observations were completed in July 2014, with 
the final data release (DR12) taking place six months 
later. The main goal of the survey was to provide precise 
BAO measurements at intermediate redshifts (z ⋍ 0.5) 
from the galaxy clustering, and at high redshift (z ⋍ 2.5) 
from the Ly-α forest signal inferred from a quasar sample. 
The OPINAS group has played a major role within the 
BOSS collaboration in the analysis of previous data re-
leases (e.g. Anderson et al. 2012, 2013, 2014; Sánchez 
et al. 2012, 2013, 2014). We are currently finalizing the 
analysis of the final BOSS data, where we have focused 
on improving our analysis methodology to maximize the 
information extracted from this sample. We have devel-
oped new models of the non-linear evolution of density 
fluctuations, bias and RSD that allowed us to extend our 
analyses to smaller scales, leading to significantly tighter 
cosmological constraints.

The comparison of the results obtained by applying 
multiple methods to the same data set can be used to 
identify the presence of systematic errors introduced 
by our analysis techniques. For this reason, within the 
OPINAS group we performed multiple analyses of the 
final BOSS data using different statistics but based on 
the same underlying theoretical model. As an example 
of these analyses, Fig. 3.6.1 shows the measurements 
of three clustering wedges in configuration (left panel) 
and Fourier space (right panel) representing the infor-
mation of galaxy clustering in the directions transverse 
(orange), intermediate (green) and parallel (blue) to the 
line of sight using data from BOSS for 0.5 < z < 0.75 
(Sánchez et al. in prep, Grieb et al. in prep). The BAO 
signal can be clearly seen in all wedges. The differences 
in amplitude and shape between the wedges are caused 
by redshift-space distortions. 

Clustering measurements such as those shown in Fig. 
3.6.1 might be affected by two potential issues: i) they 
require the assumption of a fiducial cosmology to trans-
form the observed redshifts into distances, and ii) they 

correspond to the average of the clustering signal over 
a large volume, neglecting light-cone effects. To test if 
this could affect our cosmological constraints we tested 
the application of a tomographic approach by measuring 
angular correlation functions in thin redshift shells (Sala-
zar-Albornoz et al. 2014). As this procedure relies only 
on observable quantities, it is not necessary to assume 
a fiducial cosmology. It also naturally probes the redshift 
evolution of the galaxy clustering. The application of this 
analysis to the final BOSS leads to cosmological con-
straints comparable to those of other methods (Salazar-
Albornoz et al. in prep). Furthermore, this analysis al-
lowed us to measure the redshift evolution of the bias of 
BOSS galaxies, which cannot be done with traditional 
methods.

The analyses led within the OPINAS group are part of a 
series of papers examining the clustering properties of 
the final BOSS galaxy sample using different method-
ologies (Alam et al. in prep; Beutler et al. in prep a, b; 
Ross et al. in prep). Fig. 3.6.2 shows a comparison of 
the constraints on H(z), DM(z) and the growth of struc-
ture, expressed in terms of the parameter combination 
fσ8(z), obtained from the analysis of different anisotropic 
clustering measurements. These results show a remark-
able consistency, with our analyses (green and orange 
contours) providing the tightest constraints.

As the construction of galaxy surveys requires consider-
able resources from the community, substantial efforts 
are put into maximizing the constraining power of these 
data sets. This problem has often been posed as that of 
determining which statistic is the best to extract cosmo-
logical information (e.g. P(k) vs. ξ(s)). However, although 
the results obtained by applying different methods to a 
given data set are highly correlated, they do not contain 
exactly the same information. This means that, if the co-
variance between the different measurements is taken 
into account, additional information could be obtained 
from their combination. With this in mind, we developed 
a general method to combine the results obtained ap-
plying different analysis techniques on the same data 
(Sánchez et al., in prep b), and used it to derive a set 
of consensus constraints representing the combined in-

Figure 3.6.2 The joint 1σ and 2σ constraints on the Hubble parameter, H(z), the angular diameter distance, DM(z), and the growth rate parameter, 
fσ8(z), obtained from the different analyses of the final BOSS galaxy sample for 0.5 < z < 0.75. Our analyses (orange and green contours) yield the 
tightest constraints. The black lines show the consensus constraints corresponding to the combination of all measurements.
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formation of all the clustering measurements performed 
on the final BOSS. Anderson et al. (in prep) explore 
the cosmological implications of these consensus con-
straints, which are in excellent agreement with the stand-
ard ɅCDM model. 

Next steps: HETDEX and Euclid 

Although the BOSS survey is now completed, there are 
exciting new challenges ahead related to the preparation 
and analysis of data from HETDEX and Euclid, in which 
MPE has a leading role. 

The HETDEX survey (Hill et al. 2004) will use 78 Visual 
Integral-Field Replicable Unit Spectrographs (VIRUS) 
IFUs (Hill et al. 2010, 2012) to cover 420 deg2 of sky, 
with the aim to map the three-dimensional positions of 

~8×105 Lyman-α emitters (LAEs) in the redshift range 
1.9 < z < 3.5. This sample will yield measurements of 
H(z), DA(z) and fσ8(z) from a relatively unexplored cos-
mic epoch with an accuracy of ~1.2%, ~1.3% and ~4%, 
respectively. In addition to LAEs, HETDEX will detect 
about 106 OII emitters, measure the spectra of 5×105 
galaxies with g < 22, as well as discover numerous AGN 
and supernovae. The 1.5” diameter of the fibres also 
allows the measurement of spatially-resolved spectra 
from nearby galaxies. Besides cosmology, this wealth of 
data will offer new insights into the formation of galaxies, 
galactic dynamics, stellar populations and many other 
topics.

The OPINAS group plays an important role in this pio-
neering new survey. We contribute to the HETDEX-ena-
bling hardware via the implementation of the calibration 
unit for the VIRUS spectrographs and the improvement 
of the telescope performance by provision of USM/MPE-
developed actuators and controllers for the primary 
mirror support. Fig. 3.6.3 shows recent pictures of the 
HET+VIRUS system. 

Moreover, our group is leading the development of 
Cure-WISE, an automatic reduction pipeline based on 
Astro-WISE. All the data can be accessed via a powerful 
Python interface that abstracts the underlying database. 

Cure-WISE will also store and serve complementary 
data, such as optical imaging. The OPINAS group is also 
developing VIRUS Health Check (VHC) and Virus Data 
Analysis Tool (VDAT). VHC will run on all HETDEX ex-
posures, checking for possible problems, such as satu-
ration or missing data, and will give real-time feedback 
about the survey operations. VDAT is a GUI-controlled 
data-reduction pipeline, with similar functionality to Cure-
WISE, complete with images of the results of different 
steps of the analysis. VDAT is being actively used to an-
alyze early VIRUS images and will be an essential tool 
during commissioning, offering astronomers the possi-
bility to experiment with and visualize data from all 78 
IFUs in a way otherwise prohibited by its sheer volume. 
Finally, end-to-end simulations of the HETDEX survey 
are being developed at MPE to understand the selection 
function of HETDEX, prepare to mitigate possible sys-
tematics and test the performance of different analysis 
approaches.

Fig. 3.6.4 shows a false colour reconstruction of one of 
the first HETDEX exposures showing stars belonging 
to the open cluster NGC 2266. The instrument and sci-
ence commissioning will begin by May 2016 with about 
a third of the VIRUS units and more will be added over 
the course of the year. The first science observations are 
expected by the end of 2016.

With a launch scheduled for 2020, the Euclid satellite will 
detect several million galaxies over 15000 deg2 of the 
sky, combining imaging and spectroscopic information 
to simultaneously perform weak lensing and clustering 
measurements. Besides being involved in the construc-
tion of the near-infrared optical system for Euclid (see the 
section on instrumentation for more details), our group is 
leading the Likelihood Fitting Work Package (LFWP) of 
the Galaxy Clustering Working Group. The LFWP must 
produce modules to derive cosmological constraints 
from all two-point statistics from Euclid. 

The likelihood function of Euclid clustering measure-
ments is likely to be close to Gaussian, with the primary 
uncertainty being knowing their associated covariance 
matrix, C. In most clustering analyses, C is estimated 

Figure 3.6.3 Left: the HET telescope with the new tracker and prime-focus cage; Right: the spectrograph cages at the side of the telescope.
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from a set of mock catalogues. Recent studies have pro-
vided a description of the dependence of the noise in the 
estimated C on the number of mock catalogues used, 
as well as its propagation to the derived cosmological 
constraints. For a large-volume survey like Euclid, the 
control of this additional uncertainty might require an in-
feasible number of mock catalogues. Thus, Euclid can-
not simply use the methods adopted in the past, mak-
ing a detailed study of the estimation of C a high priority 
task for the LFWP. Besides setting the requirements on 
the number and characteristics of mock catalogues, this 
task involves developing new schemes to minimize the 
impact of the uncertainties on the covariance matrix (e.g. 
Paz & Sánchez 2015) as well as theoretical models of C 
(e.g. Grieb et al. 2016). 

Outlook

Present-day galaxy redshift surveys such as BOSS have 
dramatically improved our knowledge of the basic set of 
cosmological parameters. A new generation of large-
volume surveys such as eBOSS, HETDEX and Euclid 
will further our understanding of the LSS of the Universe, 
providing invaluable information on the nature of dark 
energy, the growth of structure, neutrino masses and in-
flationary physics. The OPINAS group at MPE is involved 
in all stages of these projects: the design, construction, 
analysis, modelling and interpretation of the final galaxy 
samples. These efforts will help MPE to have a leading 
role in the exploitation of these exciting datasets. 
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Ariel Sánchez, Francesco Montesano, Daniel Farrow

Figure 3.6.4 False colour reconstruction of one of the first HETDEX 
exposures. In the image are visible stars belonging to the open cluster 
NGC 2266 and the colours represent three wavelength ranges: red 
[4816, 4836] Å, green [4307, 4327] Å and blue [4079, 4109] Å.

(Other OPINAS team members include Ralf Bender, Jan 
Grieb, Ulrich Hopp, Jiamin Hou, Marco Häuser, Martha 
Lippich, Roberto Saglia, Salvador Salazar, Jan Snigula, 
Jochen Weller)
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3.7 The Euclid Consortium - Participation from MPE/OPINAS

The Euclid mission will address cosmological que-
stions related to dark matter and dark energy through 
two main cosmological probes: weak lensing and ba-
ryonic acoustic oscillations. Euclid has successfully 
passed the Mission Preliminary Design Review in 
October 2015. The launch is planned for the end of 
2020 from Kourou with a Soyouz rocket. Euclid will be 
stabilized at the Lagrange point L2. The Euclid pay-
load is equipped with 2 instruments: VIS, a visual high 
resolution imager and NISP, a near infrared photo-
meter and spectrometer. ESA entrusted to the Euclid 
consortium the development of the instruments, the 
coordination of the pipeline and production of scien-
tific results. MPE/OPINAS is contributing at several 
levels to the consortium. On the hardware side, MPE 
participates in the near infrared optical assembly NI-
OA. At the software level, MPE is the Euclid Science 
Data Center for Germany. On the scientific side, MPE 
is involved in the software design for the determinati-
on of the source photometric redshifts.

Within the ESA ‘cosmic vision’ framework, Euclid (see 
Fig. 3.7.1) will explore some of the most basic parame-
ters of the hitherto unknown components forming at least 
96% of our universe. While only 4% of the universe re-
veals itself by radiation in the electromagnetic spectrum, 
these 96% of the dark universe can only be detected 
indirectly. The two main scientific probes investigated by 
Euclid are weak lensing and baryonic acoustic oscilla-
tions. While the first will be addressed using high resolu-
tion VIS (0.1’’/pixel) and multi-color optical + NISP (YJH; 

0.3’’/pixel) imaging, the second will be dealt using NISP 
slit-less spectroscopy. The mission is divided in two cam-
paigns: the `wide’ survey (15,000 square degrees, 24 
mag in VIS) and the `deep’ survey (40 square degrees, 
26 mag). Fig. 3.7.2 shows the 0.5 square degree field of 
view of Euclid compared to the HST wide field camera 2 
and the future ELT-MICADO field.

The near infrared optical system

The large field-of-view of Euclid together with the high 
demands on the optical performance and strong require-
ments on in-flight stability have led to very challenging 
demands on alignment and post launch, post cool-down 
optical element position. To achieve the scientific goals 
of the mission, MPE is contributing to the near infrared 
optical assembly NI-OA, a four-lens system of never be-
fore flown size, weight and manufacturing as well as as-
sembly demands. Fig. 3.7.3 shows the four-lens system 
of the NI-OA together with the dichroic which belongs to 
the telescope and the filter and grating system between 
our lenses. MPE is responsible for the overall instrument 
optical design as well as for the design, manufacturing 
and test of the NI-OA.

Figure 3.7.2 the 0.5 square degree field of view of Euclid compared to 
the HST wide field camera 2 and the future ELT-MICADO field.

Figure 3.7.1 The Euclid telescope

Figure 3.7.3 The Euclid Near-infrared optical assembly NI-OA
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The Euclid Consortium Science Ground Segment

The Science Ground Segment (SGS) is in charge of 
the data processing i.e., the conception and implemen-
tation of the pipeline from the data reduction down to 
the production of the scientific results. It is composed 
of Organization Units (OU) responsible for the pipeline 
design and the Science Data Centers (SDC) in charge of 
its implementation and processing. Fig. 3.7.4 details the 
structural breakdown of the SGS. VIS, NIR and SIR are 
responsible for the reduction of the images and spectra. 
EXT is in charge of the reduction of data external to 
Euclid e.g., ground-based optical data. The Science 
Data Germany (see next section) is responsible for 
the implementation of part of this function. MER is in 
charge of the multi-wavelength photometry. PHZ super-
vises the photometric redshift and physical param-
eter estimates. MPE is in charge of a number of tasks 
within OU- PHZ (see below). SHE derives the distortion 
signal from the VIS images and SPE the redshift from 
NISP spectra. LE3 is responsible for the production of 
the scientific products.

The Science Data Center Germany (SDC-DE)

In addition to the Euclid data, the success of the mission 
depends on external data sets coming from on-going/
planned ground-based surveys which will provide broad-
band optical photometry and allow together with Euclid 

VIS+YJH to derive precise photometric redshifts (see 
next section). 

SDC-DE is in charge of the integration within the Euclid 
Science Ground Segment (SGS) of the reduction pipe-
lines of two external surveys: the Kilo Degree Survey 
(KiDS) and the Dark Energy Survey (DES). The KiDS 
processing pipeline is now fully integrated at SDC-DE 
and DES integration is under way in close collaboration 
with the Euclid team at the LMU. Additionally, SDC-DE is 
also involved in the integration of the processing function 
dedicated to the merging of the multi-wavelength data 
sets (MER). It must be noted that the storage and pro-
cessing of these data require huge investments in com-
puter hardware as well as efficient processing and data 
management strategies. The SDC-DE cluster computing 
power is now reaching 816 cores. This cluster allows us 
to test and optimize our processing pipelines.  A new pro-
curement phase is starting in order to renew the current 
cluster which will be decommissioned in the next years. 
Besides, thanks to its know-how, SDC-DE is deeply in-
volved in the activities of the system team taking place 
at the consortium ground segment level, leading in par-
ticular the pipeline monitoring and control tasks. We are 
among the main contributors for the development of the 
testing activities either for the pipeline infrastructure or 
through the organization of the software testing. Finally, 
we are also organizing a training workshop for the devel-
opers of the consortium.

Figure 3.7.4 The Euclid Consotrium Science Ground Segment
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(Other MPE team members include R. Bender, A. Bode, 
C. Bodendorf, N. Geis, O. Goldenbogen, F. Grupp, I. Har-
tung, R. Katterloher, D. Penka, J. Snigula, C. Wimmer, 
A. Piemonte, F. Raison, M. Wetzstein,   A. Galametz, B. 
Hoyle, M. Rau, R. Saglia, S. Seitz, A. Sanchez, J.Weller)

F. Grupp (NI-OA), F. Raison, J. Koppenhoefer (SDC-DE)

R. Saglia (OU-PHZ)      A. Galametz

The Photometric Redshift Organization Unit 
(OU-PHZ)

Euclid will characterize the nature of dark energy through 
cosmological probes such as weak lensing that require 
accurate photometric redshifts. The use of photometric 
redshifts is crucial in light of the number of sources ob-
served simultaneously in wide-field surveys and the lack 
of complete spectroscopic coverage. Although the suc-
cess of wide-field surveys such as Euclid rely on redshift 
estimates of very high accuracy, the current performance 
of photometric redshifts do no reach the required preci-
sion for the planned cosmological studies. MPE/OPINAS 
contributes to the design of the pipeline in charge of the 
photometric redshift determination for the Euclid mission 
and takes part in the efforts of improving of the current 
techniques. We lead in particular the working package in 
charge of the template-fitting methods i.e., the modeling 
of the observed multi-wavelength fluxes with templates 
to derive source redshift and physical parameters. We 
provided a first design of the template-fitting algorithm 
to the SDC associated with PHZ (Switzerland) for imple-
mentation last year. These last months, we have worked 
on optimizing the template library used for the source 
modeling, for example by adding nebular emission to the 
models. We have implemented updated prescriptions of 
galactic reddening and intergalactic medium absorption 
within the algorithm in order to take into account the ex-
tinction of extragalactic source fluxes by material along 
the line-of-sight (Galametz et al. in prep.).
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3.8 Variables and Planets

In the past years we developed techniques for very 
precise measurements of faint light variations close 
to the noise level. We used them to study variable 
stars (like Cepheids) or eclipsing binaries or gravitati-
onal lensing events and to search for planets with the 
transit method. We are involved in the Pan-STARRS 
Survey with the Pan-Planets and PAndromeda pro-
jects. The PAndromeda project focuses on Micro-
lensing and variable stars in the Andromeda galaxy 
(M31). For some of the sources we have started a 
follow-up on the 2m Wendelstein telescope and on 
8m Gemini-North. The Pan-Planets survey is focused 
on the detection of transiting hot Jupiters around 
cool stars. We are following up spectroscopically in-
teresting candidates from this survey. A complemen-
tary technique to detect extra-solar planets is the ra-
dial velocity (RV) spectroscopy, based on the Doppler 
effect.  Periodic RV changes in the stars are recorded 
by precise measurements and attributed to the gravi-
tational influence of one or more planets on the host 
star.  Using this technique, we discovered 5 giant pla-
nets in the open cluster M67.

Variable stars in M31: As part of the PAndromeda pro-
ject we are studying the stellar population properties of 
M31. We are especially investigating variable events 
that will allow to improve our knowledge of the distance 
of M31 (like Cepheids and eclipsing binaries) and better 
constrain the nature of the dark matter content of M31 
(gravitational lensing events, see last report and Lee 
et al. 2015). We published the largest sample of Cep-
heids in M31 (Kodric et al. 2013) by utilizing the opti-
cal PAndromeda data. Using this sample and archived 
Hubble-Space-Telescope data (PHAT, Dalcanton et al. 
2012), we obtained Period-Luminosity relations (PLRs) 
in the near-infrared (Kodric et al. 2015). Despite using 
random phased observations the PLRs have very low 
dispersions, i.e. 0.155 mag in F160W (H-band, see Fig. 
3.8.1). This remarkably small dispersion allows us to 
conclude that the PLRs are significantly better described 
by a broken slope at a period of ten days than by a linear 
slope. Our PLR gives a 3.2% larger Hubble constant H0  
when compared to Riess et al. 2012. Since the Riess et 
al. sample is largely a sub-sample of our Cepheid sam-
ple, the offset between the two PLRs points to a sample 
selection bias that might significantly impact the error 
budget of H0. In order to improve the coverage of the 
lightcurves, colors and robustness of the ephemeris of 
the Cepheids and eclipsing binaries, we started a follow-
up program with the wide field imager of the Wendelstein 
2m telescope obtaining data for most of the M31 disk. 
We also studied the metallicity gradient in the disk of 
M31 (Lee et al. 2013) using Beat Cepheids, for which we 
find the gradient to be closer to the metallicity gradient 
derived from planetary nebulae than to the value derived 
from HII regions. In Lee et al. 2014 we published 298 
Eclipsing Binaries, the brightest of which we followed up 
spectroscopically with Gemini-North. Currently we are 

analyzing that data with the goal, given further follow-
ups, of determining the distance of M31 with 2% uncer-
tainty. We are also working on other types of variables, 
e.g. LBVs, LPVs and novae and we have improved our 
data reduction to remove systematics for the search of 
Microlensing events.

Pan-Planets and the search for hot Jupiters around 
cool stars: It has not yet been established whether the 
discs surrounding M dwarfs during formation contain 
enough building material to create hot Jupiters. We aim 
to provide an accurate statistical assessment by study-
ing a large sample of M dwarfs. For this, we use the high-
resolution, large field of view telescope Pan-STARRS1 
(PS1). We have more than 4 million target sources with 
1500-6000 data points each. The photometric accu-
racy is 5mmag at the bright end, good enough to de-
tect transiting hot Jupiters across the magnitude range 
of 13 < i’ < 18. Since the large predicted number of M 
dwarfs in our sample makes it unfeasible to rely on 
spectroscopic characterization, and to further improve 
upon colour cuts, we use SED fitting. Dust reddening 
is an issue for some parts of our field, a problem which 
we solved by utilizing the first 3D dustmap (Green et al. 
2015, ApJ, 810, 25). Overall, we identified 65000 likely 
M dwarfs in our FOV. We furthermore determined our 
detection efficiency by performing extensive Monte-Car-
lo simulations. Using those results, we set new limits to 
the occurrence rate of hot Jupiters around M dwarfs, de-
pending on our final number of planet detections. We are 

Figure 3.8.1 Period-Luminosity relation in F160W (H-band)
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in the process of following up the highest-priority targets 
with high resolution spectroscopy. One example of the 
targets is show in Fig. 3.8.2.  

Search for giant planets in the Open Cluster M67: 
Since 2008 we have carried out a search for massive 
planets around main sequence and evolved stars in 
the solar age and solar metallicity Open Cluster (OC) 
M67, using radial velocity (RV) measurements obtained 
with different telescopes and instrument configurations 
(Pasquini et al. 2012, A&A, 545, A139). Our goal is to 
study the frequency of giant planets in the OC M67 with 
respect to the field stars and to compare in detail the 
chemical composition of stars with and without planets. 
We have obtained a total of 1149 single observations 
with a precision as good as 10m/s. The RV variation of 
our targets has been  studied by computing Lomb Scar-
gle periodograms and by using a Levenberg-Marquardt 
analysis to fit Keplerian orbits to the RV data (Fig. 3.8.3). 
We detected five new giant planets in this survey:  3 Hot 
Jupiters (HJ) around 3 G dwarfs and 2 long period giant 
planets around 2 evolved stars. Remarkably, one of the 
G planet-hosts is a perfect solar twin. These discoveries, 
together with some recent findings in other OCs (Quinn 
et al. 2012, ApJ, 756, L33, 2013), confirm that giant plan-
ets exist and can migrate in a dense cluster environment. 
Furthermore, Monte-Carlo simulations have been car-

ried out to derive detection limits for our RV measure-
ments. We sampled synthetic RV datasets of planetary 
signals with the actual observing cadence, and we at-
tempted to recover them with our standard RV detection 
analysis. The measured detectability is used to derive 
an estimation of the occurrence rate of giant planets in 
our RV survey.  In contrast with early reports,  our results 
show a total frequency of giant planets in M67 compat-
ible with that observed for field stars (see also Meibom 
et al. 2013, Nature, 449, 55). Significantly, we found an 
excess of HJs in M67 with respect to what discovered in 
the field. The best explanation for the formation scenario 
of HJs in this cluster is that it is dominated by strong 
interactions with other stars, in agreement with the ex-
pectations of N body simulations.

Figure 3.8.3 Phased RV point and best Keplerian fit for the planet host 
star YBP401 in M67

Mihael Kodric, Christian Obermeier, Anna Brucalassi

(Other MPE team members include R.P. Saglia, J. Kop-
penhoefer, R. Bender, A.Riffeser, S. Seitz, J. Snigula, U. 
Hopp, C. Goessl)

Selected References:

Brucalassi et al. 2016,  A&A, submitted 
Brucalassi, 2014, PhD Thesis, LMU
Brucalassi et al. 2014, A&A, 561,L9
Kodric et al. 2013, AJ, 145, 106
Kodric et al. 2015, ApJ, 799, 144
Lee et al. 2013, ApJ, 777, 35
Lee et al. 2014, ApJ, 797, 22
Lee et al. 2015, ApJ, 806, 161
Obermeier et al. 2016, A&A, 587, id.A49, 15 pp

Figure 3.8.2 Radial velocity fit (top) and folded light curve (middle and 
bottom) of a hot Jupiter candidate in Pan-Planets with additional data 
from the Wide-Field imager at the 2m Fraunhofer Telescope of the 
Wendelstein observatory (blue).
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3.9 Dynamics Group – Milky Way and Nearby Galaxies

Our research aims to understand the dynamical struc-
ture and evolution of nearby galaxies. At present, we 
are particularly interested in our Milky Way, in ga-
lactic nuclei, the distribution of dark matter, and the 
outermost halos of galaxies. Observations of nearby 
galaxies tell us about the current dynamical configu-
ration of stars and dark matter, and at the same time 
provide a record of their formation and evolution from 
high redshift until now. Similarly, the spatial distribu-
tion and kinematics of stellar generations in the Milky 
Way are the current focus of extensive observational 
surveys in order to clarify the history of our Galaxy. 
We develop dynamical models to understand the im-
plications of these new data for galaxy dynamics and 
evolution.

3.9.1 Summary and Overview

The following briefly summarizes our recent main re-
search projects.  The referenced papers are given at the 
end. Results from a few of these projects are described 
in some more detail below.

Structure and origin of the Milky Way (MW) bulge 
and bar: During 2013-2016 we were able to achieve ma-
jor progress in clarifying the structure of the inner Milky 
Way. This is greatly facilitated by the made-to-measure 
modelling techniques which we developed in previous 
years, but also by recent photometric and spectroscopic 
surveys, which give us an unprecedented view on the 
structure, kinematics, composition and formation history 
of the Galactic bulge and disk. We have determined the 
distribution of stars in the bulge and bar from red clump 
giant (RCG) star counts (Wegg & Gerhard, 2013a,b; 
Wegg et al., 2015), constrained the orbit distribution, to-
tal, stellar, and dark matter mass in the bulge (Portail et 
al., 2015a,b), and are now near to a complete dynamical 
description of the inner Galaxy, including bulge, long bar, 
inner disk, and dark halo. Using gravitational microlens-
ing, we recently showed that most of the mass within the 
solar circle must be baryonic ('maximal disk'). This and 
other work has already clarified that most of the Galactic 
bulge originated from the disk, and that this is consist-
ent with the metallicity structure of the bulge (Martinez-
Valpuesta & Gerhard, 2013). In the near future we will be 
able to study the dynamics of the different observed stel-
lar populations in the MW's barred potential. See Sec. 
3.9.2. below [O. Gerhard, A. Perez-Villegas, M. Portail, 
C. Wegg, (former member: I. Martinez-Valpuesta)].

Nuclear star cluster (NSC) in the MW: The cluster of 
old stars around the black hole in the Galactic centre is 
unique in that many 1000's of proper motions and radial 
velocities are available to constrain its dynamics (Fritz et 
al., 2016). In a collaboration with the IR/Submm Astronomy 
group at MPE, we constructed dynamical models of the 
NSC and determined its mass, angular momentum, orbit 

structure, internal extinction, and distance, and narrowed 
down the uncertainty for the mass of the MW's central 
black hole (Chatzopoulos et al., 2015a; Chatzopoulos et 
al., 2015b). This is the most detailed dynamical descrip-
tion of any NSC so far; see Sec. 3.9.3 below.  [O. Ger-
hard, C. Wegg (former member: S. Chatzopoulos)]. 

Dynamics of barred bulges: Our N-body simulation 
studies showed that pre-existing classical bulges (ClB) in 
now barred galaxies can be spun-up significantly by an-
gular momentum transfer from the bar (Saha & Gerhard, 
2013; Saha et al., 2016). Low-mass bulges may thereby 
reach cylindrical rotation (Saha & Gerhard, 2013), while 
more massive ClB do not, even though they absorb a 
surprisingly large amount of angular momentum (Saha 
et al., 2016). This is important for the interpretation of 
rotation in old bulge populations, even though the impli-
cations of this finding for the distinction between classi-
cal and boxy bulges remain to be fully understood. As a 
specific application, we have constructed a large number 
of N-body models for M31 including barred and classical 
bulge components, and find that the ClB accounts for 
only ~1/3 of the bulge mass in M31. We are now using 
the NMAGIC particle technique to adjust these models 
to new IFU kinematic data, in order to obtain a better un-
derstanding of the dynamics and microlensing in M31 (in 
collaboration with the OPINAS group at MPE). [O. Ger-
hard, M. Blana, M. Portail, C. Wegg (former member: K. 
Saha)].

Stellar and dark matter halos of early-type galaxies 
(ETGs): Massive ETGs are believed to grow continuous-
ly from after their formation at redshift  ~2-3 up until the 
present time. While stellar motions and orbits in the inner 
parts of nearby ETGs are well-studied with integral field 
spectroscopy, much of the “late galaxy formation” hap-
pens in their outer halos, where volumes are large and 
surface brightnesses faint. The outer halos of ETGs has 
been one of our main research topics in the last years, 
including their angular momentum (Cortesi et al., 2013;] 
Cortesi et al., 2015), dark matter halo mass (Morganti 
et al., 2013), orbit distribution, and accretion (Longo-
bardi et al., 2015) into the halo. A series of papers on 
the multiple populations in the outer halo of the giant 
Virgo elliptical M87 has been published (Longobardi et 
al., 2013; Longobardi et al., 2015a; Longobardi et al., 
2015b). Currently we are finalizing papers with the PN.S 
team on the outer halo kinematics of some 30 ETGs 
using planetary nebulae as tracers. See Sec. 3.9.4.be-
low [O. Gerhard, A. Longobardi, C. Pulsoni, I. Soeldner-
Remboldt (former members: L. Morganti, X. Wu)]. 

Dynamics Group members and publications: Be-
sides the author of this summary, the group consisted 
of typically 2-3 PhD students and a post-doctoral fellow 
from MPE funds; in the last few years, we were able to 
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attract a CONACyT post-doctoral fellow from Mexico (A. 
Perez-Villegas) and two additional PhD students through 
the DAAD (M. Blana from Chile) and the Excellence Clus-
ter in Garching (C. Pulsoni). Past members of the group 
are listed above. We are collaborating with scientists at 
MPE, MPA, and ESO, the international PN.S team, and 
other international collaborators as can be seen from 
the references. – Between 2013 and February 2016, we 
published 16 first author and 13 non-first author refereed 
papers, 3 press releases, and 5 invited conference pa-
pers (of 22 invited talks). Currently in press is an Annual 
Review article on the structural, kinematic, and integral 
properties of the Milky Way, co-authored with J. Bland-
Hawthorn (Bland-Hawthorn & Gerhard, 2016).

Ortwin Gerhard is senior scientist at MPE (W2) who 
came to the institute in 2005 from the University of Ba-
sel.  He leads the Dynamics Group and also coordinat-
ed the annual recruitment of new PhD students at MPE 
from 2006-2014. During 2006-2009, he was president 
of Div. VII (The Galactic System) of the International As-
tronomical Union.

(Other team members at MPE include Matias Blana, 
Alessia Longobardi, Angeles Perez-Villegas, Matthieu 
Portail, Claudia Pulsoni, Isabella Söldner-Rembold, 
Chris Wegg. Team members at ESO are Magda Arn-
aboldi and Johanna Hartke.
Former MPE team members include Sotirios Chatzo-
poulos, Lucia Morganti, Inma Martinez-Valpuesta, Kanak 
Saha, Xufen Wu.)
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Cortesi et al., 2013, AA, 549, 115; 
Cortesi et al., 2015, MNRAS, 432, 1010 
Fritz et al., 2016, ApJ, 821, 44 
Longobardi et al., 2013, AA, 558, A42 
Longobardi et al., 2015a, AA, 579, A135
Longobardi et al., 2015b, AA, 579, L3 
Martinez-Valpuesta & Gerhard, 2013, ApJL, 766, L3 
Morganti et al., 2013, MNRAS, 431, 3570 
Portail et al., 2015a, MNRAS, 448, 713
Portail et al., 2015b, MNRAS, 450, L66  
Saha & Gerhard, 2013, MNRAS, 430, 2039 
Saha et al., 2016, AA, 588, 42 
Wegg & Gerhard, 2013a, MNRAS, 435, 1874 
Wegg & Gerhard, 2013b, Msngr, 154, 54 
Wegg et al., 2015, MNRAS, 450, 4050 
Wu et al., 2014, MNRAS, 438, 2701 

Ortwin Gerhard



Optical and Interpretative Astronomy76

3.9.2 Structure, Dynamics, and Origin of the Galactic Bulge and Bar

The Milky Way is unique in that the kinematics and 
element abundances of a large number of its stars 
can be measured individually, allowing us to study 
the fossil record of its formation history in much gre-
ater depth than for any other galaxy. Our approach is 
to first determine the distribution of stars in the inner 
Galaxy, then the dynamical mass distribution, after 
which the orbit distributions of different stellar popu-
lations in the joint potential can be obtained and com-
pared with evolutionary models.

Figure 3.9.1 Left: Galactic b/p bulge and long bar reconstructed from NIR star counts [18]. Top left: inner Galaxy as seen from the Sun, in bright 
star counts complete across several NIR surveys. Middle left: projection of best-fitting RCG star count model as seen from the North Galactic 
pole. Viewing directions from the Sun are shown for l = 0,20,40 deg. Bottom left: reconstructed side-on view showing the transition from the b/p 
bulge to the long bar and disk. Top right: more detailed side-on view of the b/p bulge deconvolved from VVV star counts (Wegg & Gerhard, 2013a). 
Bottom right: total mass and stellar mass for a sequence of made-to-measure bulge dynamical models with varying dark matter fraction (Portail 
et al., 2015a). The total dynamical mass in the VVV bulge region is accurately the same for all models; the stellar mass varies but is constrained to 
the grey region by measurements of the bulge IMF (Calamida et al. 2015).

Fig. 3.9.1 shows some recent results. We deconvolved 
the density of bulge red clump giant (RCG) stars from 
the VVV K-band survey to an estimated ~10% accuracy 
(Wegg & Gerhard, 2013a), revealing the box/ peanut 
(b/p) shape of the barred MW bulge. With subsequent 
star count analysis across several surveys we found 
that the so-called long bar is the planar continuation of 
the b/p bulge and extends to 5 kpc radius (Wegg et al., 
2015). Dynamical models of the bulge confirmed that its 
density structure and stellar kinematics are essentially 
consistent with a disk instability origin, determined the 
total mass in the VVV region, and together with recent 
IMF measurements constrained the stellar and dark 

matter mass in the bulge (Portail et al., 2015a; Portail 
et al., 2015b). Currently we are extending these mod-
els outwards to include the long bar, inner disk and halo 
out to the solar radius. We have also used microlens-
ing data and gas-dynamical models to constrain the disk 
parameters.

We are also interested in how the bulge assembled, and 
whether signatures of several bulge formation episodes 
can be found, as might be expected from high-redshift 
galaxy evolution studies. We showed that a rapidly 
formed bar does not destroy metallicity gradients in the 
precursor system (Martinez-Valpuesta & Gerhard, 2013), 
which helps to explain the ARGOS survey result that 
the vertical metallicity gradients may plausibly be ex-
plained as a superposition of different Galactic compo-
nents with different scale-heights. We are studying the 
dynamical properties of the old stellar halo component 
in the bulge to understand how it can be differentiated 
from a primordial bulge. Using N-body models and the 
powerful NMAGIC particle technique we aim to under-
stand how the dynamical structure of the bulge varies 
with abundance.
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3.9.3 Dynamics and Statistical Parallax of the Galactic Nuclear Star Cluster, 
and Black Hole Mass

Figure 3.9.2 Top left: Image of the NSC from Schödel et 
al. (2014). Bottom left: Proper motion (PM) dispersions 
in l (red) and b (blue) as function of distance from 
Galactic Centre, with best NSC model superposed. This 
semi-isotropic model provides a good fit to all of the 
PM and radial velocity histograms. Right: contours in 
the black hole mass M●– R0 plane (Chatzopoulos et al., 
2015a) based on the NSC model only (brown), the stellar 
orbits from Gillessen et al. (2009) only (blue), and the 
combined data sets (black). The lines correspond to 1σ,  
2σ, 3σ for the joint probability distribution of M● and R0.

Using star counts, some 2500 line-of-sight velocities, and 
10000 proper motions of stars in the Milky Way's nuclear 
star cluster (NSC) from Fritz et al., (2016), we derived 
new constraints on the mass, rotation, orbit structure, 
and statistical parallax of the NSC and the mass of the 
supermassive black hole in the Galactic Centre [2]. We 
showed that the difference between the l and b proper 
motion dispersions is a consequence of the flattening of 
the nuclear cluster. The orbit distribution of a two-integral 
distribution function f(E,Lz) gives an excellent match to 
the observed velocity dispersion profiles in all three com-
ponents, as well as the proper motion and line-of-sight 
velocity histograms in a large number of fields on the 
sky. This requires an axial ratio near q=0.7 consistent 
with the value from star counts, and gives a best esti-
mate of the total NSC mass within 100 arcsec of nearly 

9 million solar masses, with 10% uncertainty. Using the 
corresponding Jeans equations, our dynamical model of 
the NSC leads to a new statistical parallax distance R0 
of the Galactic Centre (the most accurate present value 
for R0). Combining with stellar orbit analysis around Sgr 
A* by Gillessen et al. (2009) results in R0=8.33±0.11 kpc. 
The more accurate distance also decreases the uncer-
tainties for the mass of the Milky Way's supermassive 
black hole (Fig. 3.9.2), giving M●=(4.23±0.14) million 
solar masses (Chatzopoulos et al., 2015a). Using the 
dynamical model together with NIR colour excess, we 
also estimated the extinction by dust within the NSC to 
be AK=0.15-0.8 mag in the K-band (Chatzopoulos et al., 
2015b). The distribution of the extinction is consistent 
with the dust being associated with the Galactic mini-
spiral, with the largest values in the Western arm.
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3.9.4 Stellar Halos and Accretion in Early-type Galaxies

The outer regions of galaxies is where dark matter do-
minates, and where the signatures of merger and ac-
cretion events are preserved longest. We have used 
planetary nebulas (PNs) as tracers to measure the 
kinematic structure, angular momentum, and mass in 
the outer halos, and to look for signatures of recently 
accreted satellites.

Figure 3.9.3 Left: unsharp-masked image of M87 based on Mihos et al. (2005). The crown-like structure is at the top right of the galaxy, 70-90 
kpc from the centre. Right: PNs identified on the chevron phase-space structure through Gaussian mixture modelling; blue/red dots show -/+ve 
velocities relative to the systemic velocity of M87 (Longobardi et al., 2015b).

In current hierarchical models, early-type galaxies 
(ETGs) are believed to form in a two-stage process. An 
early, dissipative merger-collapse forming a dense cen-
tre of in situ stars is followed by a prolonged phase of 
growth through minor mergers and accretion. These 
processes are now most prominent in the diffuse outer 
halos of ETGs where dynamical time-scales are long. In 
(Wu et al., 2014 with colleagues at MPA) we analysed 
massive model galaxies in the cosmological resimula-
tions of Oser et al. (2010) as a benchmark for obser-
vational studies. Results include the variations of mass 
profile slope and dark matter fraction with mass, the ve-
locity fields and angular momentum parameter λ, halo 
shapes and alignments, etc. These results compare well 
with observations as described below. 

With the PN spectrograph (PN.S) team, we have used 
Planetary Nebulas (PNs) as kinematic tracers in the out-
er halos (Cortesi et al., 2013; Cortesi et al., 2015; Mor-
ganti et al., 2013) Their radial velocities can be meas-
ured from bright [OIII] emission lines at very faint surface 
brightnesses (even IFU absorption line spectroscopy 
does not reach beyond 2-3 Re). Currently we are pre-
paring summary papers on the global kinematics for a 

survey of 33 ETG halos. These show that the fast/slow 
rotator dichotomy is largely preserved in the halos, but 
also that fast rotator ETGs have a variety of halo dynam-
ics. Velocity fields and λ parameters agree well with the 
simulated galaxies. Indications for a dichotomy between 
ETGs with nearly constant velocity dispersion profiles 
and a subset of low-luminosity ETGs with rapidly falling 
dispersion profiles are strengthened. We also used so-
phisticated particle dynamical modelling of the compos-
ite data sets for some of these galaxies (Morganti et al., 
2013) to infer their internal dynamical structure and dark 
matter content. 

Direct observations of the accreting satellites is difficult 
because of the very faint surface brightnesses in the 
outermost halos where merging time-scales are longest. 
Low-luminosity tidal features are known but large, low-
surface brightness features are hard to verify. As a pilot 
study, we observed several 100 PNs out to ~150 kpc in 
the Virgo-central galaxy M87 (Longobardi et al., 2013; 
Longobardi et al., 2015a; Longobardi et al., 2015b). Ana-
lysing the projected phase-space we were able to kin-
ematically trace the transition of the galaxy halo into the 
Virgo intracluster light. We also found a chevron structure 
in the remaining halo phase-space. In a deep image the 
chevron PNs were found to correspond to an extended 
'crown' structure, which is the remnant of a satellite gal-
axy accreted ~1 Gyr ago and marks the boundary of the 
equilibrium halo of M87 (see Fig. 3.9.3). We now plan to 
extend these studies to ETGs with different masses and, 
thus, environments.
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3.10 Cosmological and Astrophysical Studies with Galaxy Clusters

Galaxy clusters as the largest well defined building 
blocks of our Universe are ideal probes to chart the 
cosmic large-scale structure and to test cosmologi-
cal models. Using the galaxy cluster sample from our 
complete flux-limited redshift survey of clusters de-
tected in the ROSAT All-Sky Survey, we perform tests 
of cosmological models and obtain tight constraints 
on the matter density parameter Ωm and the fluctua-
tion amplitude parameter σ8. A comparison of these 
results with those from the study of the cosmic micro-
wave background anisotropies in the Planck Survey 
shows a significant discrepancy. This discrepancy can 
be resolved, if we allow the sum of the three neutrino 
types to have a value in the range 0.17 – 0.7 eV. Map-
ping the density distribution in the nearby Universe 
with galaxy clusters we find a significant underdensity 
in the south galactic cap. This has important implica-
tions for the determination of the Hubble constant in 
this region. Based on the galaxy cluster distribution 
in our survey we constructed new catalogues of su-
perclusters using a new definition of superclusters as 
objects that will collapse in the future. Since the un-
derstanding of the structure and the mass determina-
tion of galaxy clusters is absolutely crucial for these 
cosmological studies we are conducting a number of 
X-ray and optical studies to improve our knowledge 
on the relevant cluster properties.

Cosmology with galaxy clusters: Our previous red-
shift surveys of galaxy clusters detected in the ROSAT 
All-Sky Survey, REFLEX and NORAS, have been very 
successfully applied to obtain statistical measures of the 
cosmic large-scale structure up to Gigaparsec scales 
and to constrain cosmological parameters. It is a very 
unique data set and the only cluster survey used so far 
for precision large-scale structure measurements be-

yond pure number counts of clusters. We have recently 
completed a substantial extension, better cluster char-
acterisation, and homogenisation of the surveys, with 
REFLEX II and NORAS II. The new surveys comprise 
1767 galaxy clusters and a survey area of 8.25 ster in 
the sky at galactic latitudes |bII| > 20o. It provides the 
currently most precise X-ray luminosity function covering 
more than 3 orders of magnitude in luminosity from 1042 
to 2 1045 erg s-1. REFLEX II has been used to obtain new 
constraints on cosmological parameters. The cluster 
abundance is particularly sensitive for the determination 
of the matter density parameter, Ωm, and the amplitude 
parameter of the cosmic density fluctuations, σ8. Fig. 
3.10.1 shows the constraints for these two parameters 
and compares them to the results for the galaxy cluster 
analysis from the Planck Survey as well as the study of 
the cosmic microwave background (CMB) with Planck 
and WMAP. The figure shows (i) that we obtain impor-
tant and competitive constraints on these parameters for 
the present epoch, (ii) that our results are very similar to 
the results obtained with the galaxy clusters detected by 
Planck even though the surveys are very different, and 
(iii) that there is a discrepancy between the cluster re-
sults and the results from the Planck CMB study.

Note that the comparison between the determinations 
of the cosmological parameters for clusters and for the 
CMB originate from different epochs, the present epoch 

for clusters and a redshift of about 1090 for the CMB. 
The extrapolation to bridge the time in between has been 
made on the basis of a standard ɅCDM cosmological 
model. An obvious extension of this model is to allow 
neutrinos to have more than the minimum allowed mass 
of 0.06 eV for the sum of the three types of neutrinos. 
Neutrinos modify the growth of structure by providing 
some damping of the large-scale structure on scales 

Figure 3.10.1 Left: Projected three-dimensional distribution of the galaxy clusters in the REFLEX II (red) and NORAS II (blue) survey. The galactic 
plane is in the middle of the plot. Right: Constraints on the cosmological parameters, Ωm and σ8, derived from the REFLEX II cluster survey 
compared to results from the galaxy clusters detected with Planck and the study of the CMB with Planck and WMAP.
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smaller than a few 100 Mpc, which reduces the number 
of predicted clusters. We find, that a detailed compari-
son of our results with those of Planck, favour a sum of 
the neutrino masses of about 0.17 – 0.7 eV. It is striking, 
that the lightest particles in the Universe have an influ-
ence on the heaviest systems, which are separated on 
the mass scale by 84 orders of magnitude.

We have also used the cluster surveys to map the densi-
ty distribution of the local Universe. Remarkably, we find 
an underdensity of the local Universe in the southern sky 
out to a distance of about 170 Mpc. The underdensity is 
most pronounced around the south galactic pole, where 
it is also traced by galaxy surveys, as shown in Fig. 
3.10.2. We also find a local underdensity with a smaller 
extent of about 80 Mpc in the northern sky, where the 
underdensity is bounded by the “Great Wall”. The under-
density of 40% in the cluster distribution and an estimat-
ed underdensity of 20% in the matter distribution implies 
that a 3% larger Hubble constant would be measured 
locally, compared to the global mean. This would resolve 
part of the tension between the local measurements of 
the Hubble constant and the Planck results.

Superclusters: From the REFLEX II and NORAS II 
cluster samples we have constructed a new catalogue 
of superclusters. This catalog introduces a new stand-
ard for supercluster samples, which distinguishes it from 
earlier compilations. It is constructed from a statistically 
complete cluster catalogue. Additionally we apply a 
physically motivated definition and construction of super-
clusters as those objects, which will collapse in the fu-
ture. We have termed these objects super-stes clusters 
(Latin for survivors) to distinguish them from the general, 
very broad definition of superclusters. Using a spherical 
overdensity model we can define the criteria for future 
collapse as a minimum mean overdensity or alternatively 
in a kinematic way by minimum radial contracting pecu-
liar motions, which as a higher order approximation pro-
vides a more safe prediction. With numerical simulations 
we verified that the two criteria are practically equivalent, 
as shown in the left panel in Fig. 3.10.3, where both cri-
teria define very similar radii out to which the structures 
would collapse. This gives strong support to this con-
cept, which defines superclusters in a physical rather 
than just geometrical way. We also find that the mass 
function of superclusters defined this way can approxi-
mately be characterized by a Press-Schechter type ap-
proach, which constitutes an improvement over earlier 
efforts with less well defined supercluster samples. With 
these criteria we find that superclusters constructed from 
galaxy clusters with masses above 1014 solar masses 
occupy only 3-5% of the volume of the Universe but 
contain about half of all galaxy clusters. The most mas-
sive supercluster found in the REFLEX II survey is the 
Shapley supercluster with an estimated mass of 1.3 1016 
solar masses which corresponds well to the most mas-
sive collapsing system found in a similar volume in the 
simulations with a mass of 1.9 1016 solar masses. Fur-
ther studies show that these superclusters have interest-
ing properties. They contain for example a galaxy cluster 
population with a more top-heavy X-ray luminosity func-
tion than field clusters.

Cluster Structure: Understanding the cluster structure 
and in particular the determination of the cluster mass is 
absolutely crucial to the cosmological studies described 
above. Since this constitutes a bottleneck to improve 
the precision of the cosmological constraints, we are 
conducting a series of deep X-ray and optical studies of 
selected subsamples of the survey clusters. Two of the 
main projects in this category are the follow-up of a large 
volume-limited subsample of REFLEX clusters with 
deep X-ray observations in an XMM-Newton large pro-
gram and a detailed structure analysis with photometric 
and spectroscopic observations with an ESO VLT large 
program. A major goal of this project is to obtain tighter 
scaling relations of the observable properties of these 
clusters and cluster mass, and to study how the scal-
ing relations depend on morphology. The XMM-Newton 
project shows a clear difference in the morphological dis-
tribution of clusters in volume- versus flux-limited sam-
ples. A particular object found in the XMM-Newton clus-
ter sample shows a compact sub-cluster crashing into 
a larger cluster system with a very broad and shallow 
gas distribution. Better than in any other system found 

Figure 3.10.2 Top: Relative density distribution of REFLEX galaxy 
clusters in the southern extragalactic sky as a function of redshift. 
We note a significant underdensity in the cluster distribution out to 
a distance of about 170 Mpc. Bottom: Radial density distribution of 
REFLEX clusters in a region around the south galactic pole (blue) 
compared to the K-band selected galaxy distribution in the same region. 
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Figure 3.10.3 Left: Comparison of the overdensity and kinematical criteria for future collapse of superclusters. Both criteria define very similar 
outer collapse radii in the analysis of superclusters in the cosmological Millennium N-body simulations. Middle: XMM-Newton image of the cluster 
RXCJ2359.3-6042 where we witness a compact sub-cluster to fall into a large cluster with a shallow gas density distribution. Right: Map of the 
galaxy velocity distribution of a very massive REFLEX cluster, which shows pronounced velocity structure as a signature of a recent merger.
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so far we can witness in this object how the intracluster 
medium is stripped away from the infalling subcluster as 
shown in the middle panel of Fig. 3.10.3. The bright cir-
cular region shows the metal-rich cool core of the infall-
ing system, which still survived with its central dominant 
galaxy in the middle. To the right of the core we see a 
trail of material, which is slightly cooler than the intra-
cluster medium of the main cluster and which has been 
stripped off from the infalling component. Optical data on 
galaxy clusters provide a valuable complementary view 
on the cluster structure to X-ray observations. While X-
ray images show the structure projected onto the plain 
of the sky, spectroscopic data give insight into the struc-
ture along the line-of sight. The right panel shows as an 
example of the analysis of the optical data the galaxy 
velocity map of a massive REFLEX clusters, where the 
pronounced structure in the velocity distribution clearly 
indicates recent merger activity. Specifically, the com-
pact red and blue regions in the center show cluster 
components falling in from the front and back into the 
main cluster, respectively.
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Gradient-filtered Chandra image of the Centaurus cluster. For details see Sec. 4.2.
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4. High-Energy Astrophysics

4.1 Introduction and Overview
The MPE High Energy (HE) group has been a European 
and world leader in the development and exploitation of 
instrumentation and optics for high-energy astrophys-
ics in space. Operating missions featuring MPE instru-
mentation include XMM-Newton, Chandra, INTEGRAL, 
Swift and Fermi. The group has also become very active 
in ground-based projects in recent years, motivated, in 
large part, by the need for multi-wavelength support for 
eROSITA. 

The key science themes of the HE group are: 1) Super-
massive Black Hole Evolution (Sec. 4.2.1), 2) Clusters 
of Galaxies and Large Scale Structure (Sec. 4.2.2), and 
3) Compact Object and Accretion Physics (Sec. 4.2.3). 
Our scientific portfolio is, however, broader, covering a 
number of additional topics (Sec. 4.2.4-4.2-8) in which 
observations in the X-rays or γ-rays offer unique infor-
mation. The group’s development of state-of-the-art X-
ray detectors, as well as X-ray optics, including testing 
and calibration, puts us in a position to drive future pro-
jects in high energy astrophysics and use them to fulfil 
our scientific objectives. 

Our current astrophysics research centres around the 
exploitation of data from operating high-energy space fa-
cilities (Sec. 4.3.3) – particularly those mentioned above 
and to which we have contributed – together with com-
plementary multi-wavelength data. The scientific output 
of the group remains strong and relatively steady. During 
the 2013-2015 period, 466 papers were authored by the 
group, with 100 of these having an MPE HE group mem-
ber as first author. 

Particular science topics which we have been pursuing 
since the last report include: (i) new and comprehensive 
determinations of the role of obscuration in the history 
of black hole growth, and its implications for the accre-
tion history of the Universe, (ii) consolidation of ROSAT 
and XMM-Newton surveys for clusters of galaxies, to be 
used for cosmological and large-scale structure investi-
gations in advance of eROSITA, (iii) completion of a new 
processing of the ROSAT all-sky survey, the 2RXS cata-
logue, and (iv) continuing work and follow-up of transient 
sources, particularly GRBs, but also X-ray Binaries, and 
the discovery of unusual supernovae and AGN tidal dis-
ruption events. 

On the project side, eROSITA (Sec. 4.3.1) is now very 
close to completion, with instrument delivery due in au-
tumn 2016 for a launch in late 2017 aboard the SRG mis-
sion. After a number of setbacks and uncertainties, both 
technical and programmatic, eROSITA is now clearly on 
a converging track. 

The most important current challenge for the group is 
to ensure that we are prepared for the vast flow of new 

scientific data which will come from the project. This has 
required intensive efforts in cultivating project involve-
ments and collaborations for ground-based supporting 
observations (Sec. 4.3.5). Particularly notable amongst 
these are SDSS-IV and 4MOST, in which we are par-
ticipating particularly actively. The MPE HE group has 
dedicated programs within each of these surveys for X-
ray source spectroscopic follow-up. We plan to continue 
operation of the GROND instrument at the MPG 2.2m, 
with the expectation that the focus for the GROND sci-
ence will evolve towards eROSITA source followup, in-
cluding ToOs. 

The group also aims to set up an eROSITA fellowship 
program, modelled on the highly successful US Hubble 
and Einstein fellowships. The eROSITA fellowships aim 
to bring the brightest and best young scientists world-
wide to exploit the exceptional opportunity afforded by 
this next-generation all sky survey. 

A major recent development has been the approval of 
the Athena project of the European Space Agency (Sec. 
4.3.2). MPE has had a major role in the development 
of the scientific case and the technology developments 
essential to ensure the success of the project. Our ma-
jor contribution will be the Wide Field Imager, for which 
we will act as PI institute. Athena is now going through 
a Phase A study with the expectation that it will be fully 
adopted by ESA in 2020 for a launch in 2028. Athena 
effectively secures the long-term future and scientific 
health of the MPE High Energy Group for the next two 
decades. 

Along with these very large projects the group is ex-
ploring smaller involvements in more modest projects, 
achieving a mixed project portfolio as was recommended 
by the last visiting committee (Sec. 4.3.4). These include 
the Sino-French SVOM project, ESAs XIPE polarimetry 
mission, the Chinese eXTP X-ray timing and spectros-
copy mission, and the proposed US high resolution grat-
ing spectrometer mission, ARCUS. 

Our involvement in these projects is often motivated 
by partner institutes and agencies who are interested 
in using either our sensors and detectors developed in 
collaboration with the MPG HLL, or PANTER, our X-ray 
optics testing and calibration facility (Sec. 4.4). Maintain-
ing these world-class facilities is crucial for the group’s 
health in terms of project involvements. 

The restructuring of the HLL as a Max Planck central 
facility has, thus far, been a success. The first sensors 
produced by the new HLL for MPE – for the Athena WFI 
project – are due to be delivered this summer. The next 
challenge for the HLL will be the expiration of the rental 
contract on the Siemens campus in Neuperlach, which 
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may occur before all necessary Athena fabrication are 
complete. A possible move of the HLL to the Garching 
campus is therefore being explored. PANTER might also 
see a similar move. To properly calibrate and test the 
Athena optics, both a longer beamline and a larger cham-
ber are needed. Rather than shoehorn these changes 
into the current location, it may make more sense to re-
build the facility in Garching. Suitable sites for both HLL 
and PANTER have been identified on campus. 

Since the last Fachbeirat, the personnel complement of 
the group has been relatively stable. During this period 
we have made three appointments to permanent po-
sitions in the group: Dr. Vadim Burwitz as head of the 
PANTER facility, Dr. Andrea Merloni as eROSITA project 
scientist, and Dr. Alexis Finoguenov, who has just (re)-
joined the MPE high energy group to lead research on 
clusters of galaxies with eROSITA. 

The High Energy Group hosts two independent re-
search groups. The Sofja Kovalevskaja Group of Patri-
cia Schady working on Gamma-ray bursts and their host 
galaxies (Sec. 4.2.5) and the Max Planck Fellowship 
group of Joseph Mohr (Sec. 6.2) working on surveys for 
clusters of galaxies. 
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COSMOS (Rangel et al. 2013, Hsu et al. 2014, Nandra 
et al. 2015, Liu et al. 2016; see Figure 4.2.1), with the 
data products being released to the public (see www.
mpe.mpg.de/XraySurveys). 

Recently, the photon event files from the ROSAT all-
sky survey (RASS) have been re-analyzed (Boller et 
al. 2016), to create a catalogue of point-like sources 
(2RXS), which is more reliable than the original one. This 
is of course covers the widest area possible, and pro-
vides the deepest and most reliable X-ray all-sky survey 
before eROSITA. AGN discovered in the RASS are be-
ing followed-up spectroscopically as part of the SDSS-IV 
SPIDERS program (Fig. 4.2.1). 

Cosmic Evolution of SMBH: The study of the X-ray 
AGN luminosity function evolution is key to understand-
ing the cosmic history of accretion. One of the major 
developments in the investigation of the cosmological 
evolution of SMBH in recent years has been the com-
bination of novel, sophisticated X-ray spectral analysis 
techniques (Brightman et al. 2014; Buchner et al. 2014) 
with statistical investigations of large populations of X-
ray selected AGN from deep and medium-deep surveys. 
This has provided the key to uncovering and character-
izing obscured AGN. The work of Buchner et al. (2015) 
demonstrates how such an approach enables stringent 
constraints on the overall evolution of AGN at different 
levels of intervening obscuration (Fig. 4.2.2), quantifying 

4.2 Astrophysics Research

An important focus of the MPE HE group is the com-
prehensive study of Active Galactic Nuclei (AGN), 
across cosmic time, and their relationship with large 
scale structure and galaxy evolution. Our work on the 
evolution of SMBH focuses on the following question: 
given the observed population of AGN, can we cons-
train models of their cosmological evolution to trace 
back the local population to high-z formation mecha-
nisms and to the main phases of growth? By nature, 
black holes are simple objects, characterized by only 
two physical properties (mass and spin), the evolution 
of which is regulated, to first order, by the rate of mass 
accretion onto them. Thus, for any given “seed” black 
hole population, the full cosmological evolution can 
be reconstructed, and its end-point directly compa-
red to local observations, provided the growth phases 
are fully sampled. This motivates ever more complete 
AGN surveys, with X-rays playing a crucial role. In 
this section we briefly review the HE group activities 
of the past three years, focusing on four key aspects: 
the analysis of wide and deep X-ray surveys and their 
spectroscopic follow-up; the constraints we obtain on 
the evolution of SMBH; the study of the host galaxies 
of AGN, and the relationship between growing black 
holes and large scale structure.

Wide and Deep X-ray surveys: To discriminate among 
the many and different models for the co-evolution of 
back holes and galaxies, we need an inventory of AGN 
which is as complete and homogeneous 
as possible (see Merloni 2016, for a re-
cent review). For the assembly of com-
plete samples of AGN, X-ray selection 
has many merits. These include a uni-
form and quantifiable selection function at 
all redshifts, reduced effects of absorption 
due to intervening matter along the line of 
sight, and minimal dilution by host galaxy 
light.
We seek the most comprehensive view 
of the AGN phenomenon, by combining 
analysis from the wide and the deep X-
ray surveys. The former provide a census 
of the most rare, most extreme phenom-
ena, probing the highest redshifts and the 
highest impact of the AGN energy release 
on the surroundings; the latter gives us a 
view of the more normal population, in-
cluding the obscured AGN responsible for 
the bulk of the cosmic X-ray background 
and SMBH growth. Our group has per-
formed homogeneous analysis, multi-
wavelength association and photometric 
redshift computation of most major X-ray 
surveys, including AEGIS, XMM-XXL, 
GOODS-N, CDFS, ECDFS, XUDF and 

4.2.1 Supermassive Black Hole (SMBH) Evolution

Figure 4.2.1 A graphical representation of X-ray survey data analysed in the MPE HEG. 
In the middle, the newly computed exposure map of the ROSAT all-sky survey, showing 
the footprints of the SDSS-IV/SPIDERS spectroscopic follow-up survey. The insets (not to 
scale) show deeper Chandra and XMM-Newton deep fields on which we are working. The 
top left figure show the combined sensitivity-area plot. The combination of these datasets 
allows an unprecedented exploration of the AGN luminosity-redshift parameter space, to 
sample the majority of the growing SMBH population. 
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a phase of nuclear activity in the past, during which a 
strong physical coupling (generally termed “feedback”) 
might have established the long-lasting link between 
the host and black holes properties. In recent years, at-
tempts have been made to connect AGN and galaxy 
growth via ‘evolutionary’ scenarios, in which key obser-
vational properties of AGN, such as the degree of dust 
and gas obscuration of the nuclear activity are related 
to overall properties of galaxy evolution, such as gas 
consumption and star. Our work on the XMM-COSMOS 
sample has revealed no such clear relation: the mean 
level of star formation (as probed by stacked Herschel 
images) appears identical in obscured and unobscured 

robustly the contributions to the accretion history as a 
function of absorption.

A major bottleneck in the process of extracting scientific 
content from X-ray survey data is usually the identifica-
tion of longer-wavelength counterparts and, more criti-
cally, their redshift measurement. Another shortcoming 
is the fields of view of Chandra and XMM-Newton, which 
limit the ability to sample the population of the most rare 
objects. In preparation to the veritable revolution that 
eROSITA will bring forward, the XMM-XXL survey, the 
largest allocation of XMM-Newton observing time, pro-
vided us with a unique opportunity to amass the largest 
sample known of spectroscopically confirmed X-ray se-
lected AGN thanks to a dedicated SDSS-III/BOSS ancil-
lary program led by MPE (PIs Merloni and Georgakakis; 
see Liu et al. 2016; Menzel et al. 2016; Mountrichas et 
al. 2016).

In Georgakakis et al. (2015), we have combined the 
results of this survey with literature studies in order to 
constrain the high-redshift evolution of the X-ray AGN 
population. In particular, we were able to put new and 
stringent constraints on the contribution from AGN to the 
reionization of the IGM, as shown in Fig. 4.2.3.

The new analysis of the ROSAT All-sky survey, and the 
shallow tier of the SDSS-IV/SPIDERS survey, following 
up RASS and XMM-Newton Slew survey X-ray AGN 
(Dwelly et al., in prep), enables a natural progression of 
this work, providing us with highly compete samples of 
the most luminous X-ray AGN over thousands of square 
degrees, in advance of eROSITA.

AGN and their host galaxies: In the last decade, it has 
emerged that tight scaling relations exist between the 
central black holes mass and various properties of their 
host spheroids. These correlations imply a physical link 
between galaxy and AGN evolution. As SMBH growth 
is due mainly to accretion during active AGN episodes, 
it is possible that most, if not all, galaxies went through 

Fig. 4.2.3 Hydrogen ionising photon rate density as a function of redshift. 
Constraints derived from a parameterization of the X-ray luminosity 
function are shown as shaded regions, assuming an escaping fraction 
of unity (grey), or the luminosity-dependent obscured AGN fraction of 
Merloni et al. (2014) (pink). The thick black line marks the photon rate 
density required to keep the Universe ionised at any given redshift. The 
ratio between the shaded regions and the black line is shown in the 
inset plot. From Georgakakis et al. (2015).

Figure 4.2.2 Redshift evolution of the space density of AGN with LX>1043.2 erg/s. Left: distinct evolutions for the Compton-thin obscured (blue 
shaded region, top) and unobscured (red shaded region, bottom) are shown. Right:  the evolution of Compton-thick AGN (green shaded region). 
All AGN sub-populations experience similar density evolution, which can be described by a rise (z<1.3), a broad plateau (z=1.3-2.5) and a decline 
at higher redshift, but moderately obscured AGN appear to evolve fastest. (from Buchner et al. 2015).
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Figure 4.2.4 Dark matter halo mass of X-ray AGN as a function of X-ray accretion luminosity for different redshifts.  Data points are literature cross-
correlation results. The shaded regions are the predictions of the GALFORM semi-analytic model, in which SMBH grow their mass via two channels: 
a fast mode taking place in star-forming galaxies and low density regions, and a slow mode associated with quiescent galaxies in massive haloes. 
The grey-shaded region is for both channels, the red-marked one for the starburst channel only (From Fanidakis et al. 2013).
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AGN across a wide redshift range (Merloni et al. 2014).

AGN and large-scale structure: the position of AGN 
in the large-scale structure of the cosmic web can help 
shed light on our understanding of the physical process-
es at play. We have explored this by using the clustering 
properties of X-ray sources to measure the typical mass 
of dark matter halos that host AGN. The dependence of 
the mean AGN dark matter halo mass on accretion lu-
minosity and redshift suggests at least two different ac-
cretion modes taking place in distinct environments: one 

is associated with slow-growing black holes in massive 
haloes, where cold gas is scarce; the other with fast-
growing black holes in low-density regions, where cold 
gas supply is abundant (Fig. 4.2.4). We also find evi-
dence that the large-scale environment of AGN is related 
to the stellar mass of their host galaxies (Georgakakis et 
al. 2014), or the mass of their black holes (Krumpe et al. 
2015), an important link for understanding AGN cluster-
ing in the context of galaxy formation models.
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ties of the cluster, implying low levels of turbulence.

Hofmann et al. (2016) measured the width of the distribu-
tion of density, temperature and entropy as a function of 
radius for a sample of 33 clusters using Chandra aiming 
to understand their thermodynamic and dynamical state.  
By comparison with hydrodynamic simulations, the aver-
age Mach number regime of the sample was constrained 
to Mach1D ≈ 0.16 ± 0.07, implying that turbulent energy 
density is on average around 4% of the thermal energy 
density. There is a suggested change from isobaric fluc-
tuations in the inner cluster regions to more adiabatic 
perturbations in the outskirts. In addition, the sample 
shows a tight correlation between the average cluster 
metallicity, average temperature, and redshift.

Sanders et al. (2016) examined very deep observations 
of the nearby Centaurus cluster. For the first time, edge 
detection was applied to a cluster image (Fig. 4.2.5) re-
vealing a great detail of structure. The large-scale edges 
show the gas is sloshing in the potential well. There are 
instabilities around the western edge, implying viscosity 
is around 0.1 of the Spitzer value. There are several lin-
ear structures in the X-ray image, which could be sound 

waves generated by the central AGN. The centre of the 
cluster shows a lot of evidence for AGN feedback, in-
cluding central shocks and multiple cavities with associ-
ated radio emission. These observations imply that the 
central AGN is active on 5-10 Myr timescales. The high 
level of metallicity variations suggests uplift of metal rich 
gas from the cluster core. 

4.2.2 Clusters of Galaxies: Large Scale Structure and Cosmology

Clusters of galaxies represent the largest collapsed 
objects in the Universe, and trace the densest knots of 
the large-scale structure. Most of the baryonic matter 
in clusters is in the form of a hot X-ray emitting intra-
cluster medium (ICM), with temperatures of ~107-108 

K. Examining the ICM allows us to study many of the 
physical processes taking place within clusters and 
their constituents, including galaxies and super-mas-
sive black holes. These processes include mergers, 
stripping, gas motions, sound waves, turbulence, ICM 
enrichment and AGN feedback. Multi-wavelength ob-
servations are also vital to interpret X-ray results, as 
they trace other gas phases or non-thermal particles. 
Our research in this area includes detailed studies of 
well-chosen individual objects and of populations of 
objects. The upcoming eROSITA all-sky survey has 
been designed as a Stage-IV Cosmology experiment, 
to detect 100,000 clusters, and use them as a probe 
the growth of structures in the Universe. In preparati-
on towards eROSITA, we are exploiting existing RO-
SAT and XMM-Newton surveys, and their follow-up 
programs. In particular, with SPIDERS we have be-
gun an unprecedentedly large spectroscopic survey 
of faint ROSAT clusters (the CODEX sample) within 
the SDSS-IV program.

The physics of Galaxy Clusters: Sanders 
et al. (2014a) examined the X-ray coronae of 
the two brightest galaxies in the Coma cluster 
of galaxies, NGC 4874 and NGC 4889. NGC 
4889 hosts a central depression in X-ray sur-
face brightness, consistent with one or more 
cavities of radius 0.6 kpc, possibly due to an 
outburst of a central AGN. If so, it would be the 
smallest and youngest known in a brightest 
cluster galaxy and the lack of over pressuring 
implies heating is still gentle. In contrast, NGC 
4874 does not show any cavities, although 
it hosts a wide-angle-tail radio source vis-
ible outside the region occupied by the X-ray 
corona. The contrast shows AGN feedback 
can behave differently in the same cluster 
environment.

Sanders et al. (2014b) analysed deep Chan-
dra observations of the PKS 0745-191 cluster. 
Despite strong evidence of feedback, seen by 
the presence of two central cavities, the XMM-
RGS spectra are consistent with a few hun-
dred solar masses per year of cooling X-ray 
gas, sufficient to power the central emission 
line nebula. A new code MBPROJ was described and 
used. It is able to derive density, temperature and other 
thermodynamic properties from X-ray surface brightness 
profiles under the assumption of hydrostatic equilibrium. 
The pressure gradient in the core is too flat compared to 
standard mass profiles, perhaps due to significant non-
thermal pressure from the central radio source. There 
are low levels of scatter in the thermodynamical proper-

Figure 4.2.5 Gradient-filtered Chandra image of the Centaurus cluster. Edges in the 
X-ray image appear bright, while flat regions are dark. Seen are structures associated 
with AGN feedback, including multiple cavities and a cool uplifted central plume. 
There are sharp edges to the left and right, likely caused by sloshing of gas in the 
potential well (Sanders et al. 2016).
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SPIDERS: the spectroscopic follow-up of X-ray se-
lected galaxy clusters in SDSS-IV: The distribution 
of galaxy clusters puts stringent and independent con-
straints on cosmological models and on the formation of 
large-scale structure across cosmic time. Observations 
of wide sky areas in the X-ray band provide the large 
samples necessary to perform these investigations. Op-
tical spectroscopy of the cluster member galaxies unam-
biguously confirms the nature of these systems. It pro-
vides a measurement of their distance and reveals the 
cluster total mass distribution in a way independent from 
X-ray gas measurements. Combining large X-ray sur-
veys with intensive spectroscopic follow-up campaigns 
therefore leads to well-controlled, pure and complete 
samples of galaxy clusters, suited for precision cosmol-
ogy studies.

SPIDERS is being conducted as part of the six-year 
SDSS-IV project and performs optical spectroscopy of 
X-ray selected, massive (~1014 to 1015 Mʘ) galaxy clus-
ters discovered in ROSAT and XMM-Newton data, be-
fore data from the eROSITA all-sky survey are available 
(Merloni et al. 2012). The immediate goal of SPIDERS is 

the determination of precise redshifts for 4,000 to 5,000 
of these systems out to z~0.6 in the Northern hemi-
sphere. SPIDERS relies on observations with the BOSS 
spectrograph on the SDSS-2.5m telescope and shares 
spectroscopic fibers with the eBOSS (Baryonic Acous-
tic Oscillation programme) and the TDSS (Time-Domain 
spectroscopy) surveys.

Since July 2014 SPIDERS has been targeting two sam-
ples of X-ray selected galaxy clusters: CODEX (Finogue-
nov et al., in prep.) and X-CLASS (Clerc et al. 2012). 

They probe the distribution of massive structures up to 
z=0.6 on different mass scales: 1014 - 1015 Mʘ in the for-
mer case and 1013-1014 Mʘ in the latter. Spectroscopic 
targets are selected with a state-of-the-art red-sequence 
finder algorithm. This enables prioritization of potential 
cluster members, based on their distance to the red-
sequence and location within the cluster. Our strategy 
leads to a median number of 8-9 spectroscopically con-
firmed members in each system. The observations there-
fore will unambiguously confirm a large fraction of the 
candidates using 3 or more concordant redshifts; those 
systems will be assigned accurate (∆z~0.001) redshift 
and distance measurements (Fig. 4.2.6). For the richer 
systems, a proxy for the dynamical mass of the systems 
will arise from velocity dispersion measurements. Taking 
advantage of the large statistics in the sample, we will 
perform stacked analyses to constrain ensemble cluster 
properties, study their scaling relations and explore their 
evolution with redshift.

In the case of X-CLASS (Clerc et al. 2012), we have 
also undertaken a major follow-up program of a com-
plete sample of 350 galaxy clusters selected in XMM-
Newton archival data (X-CLASS,) using GROND. The 
simultaneous multi-filter capabilities of GROND lead to 
efficient and accurate photometric redshifts (up to z=0.8 
and beyond) for those systems (Ridl, in prep.). This sam-
ple is representative of the eROSITA all-sky survey clus-
ter population: its exploitation provides insights into the 
mass distribution, the physical properties and the evolu-
tion of the systems that will support precision cosmology 
studies in the next decade.

N. Clerc is also a major contributor to the XMM-XXL 
cluster survey (Pacaud, Clerc et al. 2015), which covers 
50 deg2 of the extragalactic sky in two contiguous areas. 
These same data are being used in our studies of SMBH 
evolution (Sec. 4.2.1). 
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Figure 4.2.6 The three-dimensional distribution of X-ray clusters in 
SPIDERS after 1.5 years of operations (Clerc et al. 2016; red points). 
Blue points show the galaxy clusters of the REFLEX survey (Böhringer 
et al. 2005) and demonstrate the higher redshift range of the SPIDERs 
clusters. 
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4.2.3 Compact Objects and Accretion

A long-standing interest in the MPE HE group has 
been the properties of compact objects, and the 
processes by which they accrete matter. The group 
combines key expertise in various aspects of accre-
tion physics ranging from AGN, black hole- (BH) and 
neutron star- (NS) X-ray binaries, to accreting white 
dwarfs, and from high accretion rate sources to quie-
scent ones, such as Sgr A*. This allows us to investi-
gate the connections and differences between sour-
ces with different mass, accretion rate, geometry and 
environment, enabling a deeper understanding of the 
accretion phenomenon. Given that in most cases the 
primary radiation originates very close to the accre-
ting object, we can use this to probe the central poten-
tial, and perform tests of physics in the strong gravity 
limit. In particular, both X-ray spectra and the time va-
riability of the X-ray emission can be used to infer the 
properties of the accreting object (e.g. BH spin) and 
of the accretion flow. Moreover, the violent engine at 
work in the cores of accreting sources is thought to be 
responsible for generating outflows, such as powerful 
winds and jets, which might have a profound effect 
on the environment and be responsible for so-called 
‘feedback’ process. We aim to connect the knowledge 
acquired by studying these phenomena in local AGN, 
X-ray binaries and white dwarfs to the high redshift 
Universe.

Strong gravity effects and accretion ge-
ometry through relativistic reflection: The 
role of strong gravity effects can be probed 
through the examination of X-ray reflection 
from the inner accretion disk in AGN and X-
ray binaries. Modified theories of general 
relativity can even be tested with upcoming 
instrumentation (Boller & Müller 2013). We 
have led systematic studies of relativistic ef-
fects in the spectroscopic samples of AGN 
with XMM-Newton, finding evidence of rela-
tivistic features in approximately two-thirds of 
the sources (Nandra et al. 2007). In the past 
three years we have been expanding this 
work to investigate more deeply those which 
apparently do not, using data from Suzaku 
and NuSTAR. With these new high-signal-to-
noise ratio spectra we have often uncovered 
previously undetected relativistic signatures 
suggesting the ubiquity of relativistic effects 
(Mantovani et al. 2014, 2016 in prep.). 

Variability provides us with an additional tool 
to map the central region of accretion sys-
tems. Indeed, the shape and the delayed 
response (reverberation) of the reflection fea-
tures carries information about the geometry 
and dynamics of the accretion system, and a 
delay is expected between the variations of 
the primary X-ray source and the reverberat-

ing component (see ‘Abstract Booklet’ contribution by 
De Marco et al. for more details). We investigated the 
presence of such reverberation lags in a large sample of 
nearby AGN and discovered its ubiquitous presence in 
Seyfert galaxies (De Marco et al. 2013a). Furthermore, 
there is a relation between BH mass and reverberation 
lag amplitude, implying that all (radio quiet) local AGN 
have similar, compact emission geometry, smaller than 
a few gravitational radii (De Marco et al. 2013a). This 
property is not unique to AGN, as ultra-luminous X-ray 
sources appear to show a similar reverberation lag, too 
(De Marco et al. 2013b). Recently, we showed that re-
verberation lags are a characteristic feature of even the 
hard state of BH X-ray binaries (De Marco et al. 2015a); 
however, the amplitude of the lag is at least one order 
of magnitude larger than the lag observed in AGN, once 
rescaled for the different BH mass, suggesting that the 
inner accretion disc is truncated at large radii during the 
hard state of X-ray binaries, and it moves closer to the 
last stable orbit with increasing luminosity (De Marco et 
al. 2015b). Our work has contributed toward showing 
that reverberation lag analysis is a reliable tool to meas-
ure the geometry of accretion systems and to constrain 
the inner accretion disc radius. 

Universal accretion at all scales: We further tested the 
idea that the physics of accretion is universal by extend-
ing the known variability scaling relations (e.g. McHardy 

Figure 4.2.7 Predicted characteristic bend frequency of the power spectral density 
of the X-ray (AGN and XRB) and optical (WDs and YSOs) light curves. The plane 
is derived by inserting the observed values for mass, radius and accretion rates in 
the best-fit relationship, which agree very well with the observed bend frequencies 
(Scaringi et al. 2015).
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et al. 2006) to other types of accreting 
systems. We examined new high-time 
resolution observations (with Kepler/
K2 and ULTRACAM) of accreting white 
dwarfs and young stellar objects. Every 
object in the sample displays the same 
linear correlation between the brightness 
of the source and its amplitude of vari-
ability (the rms-flux relation) and obeys 
the same quantitative scaling relation as 
BH X-ray binaries and AGN. We show 
that the most important parameter in this 
scaling relation is the physical size of the 
accreting object, rather than its mass as 
previously thought (Fig. 4.2.7; Scaringi et 
al. 2015). This establishes the universal-
ity of accretion physics from white dwarfs 
to the supermassive black holes at the 
centers of galaxies. 

Winds in X-ray binaries: a template 
to test the feedback phenomenon in 
AGN: Our research focus is not limited to 
the inner regions of accreting objects, but it encompass-
es also the effects that accretion has on the larger scales. 
The strong radiation and magnetic fields characteristic of 
accreting sources can power large-scale outflows, such 
as jets and winds. During the past few years, we investi-
gated the evolution of these winds, as traced by ionized 
absorption in X-ray binaries. These have the advantage 
of being fast-evolving (compared to AGN) and having an 
accurate determination of the outer accretion disc ge-
ometry. We recently showed that the relatively weak and 
narrow absorption features detected in the X-ray spectra 
of some systems are actually the signature of equatorial 
outflows, which might carry away more matter than that 
being accreted. Therefore, they play a major role in bal-
ancing the accretion and feedback phenomena (Ponti et 
al. 2012). In the past three years, we demonstrated that 
these outflows are not only present in accreting BHs, but 
they are also observed in the two best monitored accret-
ing neutron stars, suggesting that winds are a ubiquitous 
feature of accreting systems (Ponti et al. 2014; 2015a). 
Winds are observed in the softer states, and absent dur-
ing the power-law dominated hard states, suggesting a 
strong connection with the state of the inner accretion 
disc, the presence/absence of the radio-jet and the prop-
erties of the central source (see Ponti et al. 2015b for a 
review). 

Galactic Center (GC) present and past activity: The 
Milky Way centre hosts a supermassive BH with a mass 
of ~4×106 MSun. Sgr A*, its electromagnetic counterpart, 
currently appears as an extremely weak source with a 
luminosity of ~10-9 LEdd, the lowest known Eddington ra-
tio BH. However, traces of "glorious" past active periods 
can be found still reverberating in the surrounding me-
dium. We have been leading the European effort to scan, 
the GC region in the X-ray band, to constrain its past ac-
tivity as well as to monitor the present activity of Sgr A*. 
This was particularly interesting because of the possible 

effects induced by the pericenter passage of the very red 
Br-γ emitting object called G2 (Gillessen et al. 2012). We 
studied the X-ray flaring activity of Sgr A* during all the 
150 XMM-Newton and Chandra observations pointed at 
the GC over the last 15 years. We observe that the total 
bright-or-very bright flaring rate and luminosity of Sgr A* 
increased about six months after G2's pericenter pas-
sage. This may be the first sign of an excess accretion 
activity induced by the close passage of G2. Alternative-
ly, this might indicate that clustering is a general property 
of bright flares and that it is associated with a stationary 
noise process producing flares non-uniformly distributed 
in time (similar to what is observed in other quiescent 
black holes; Ponti et al. 2015c). Future observations will 
clarify the situation. 

Over the past three years we have also been leading 
the XMM-Newton scan of the central degrees of the Gal-
axy, to constrain Sgr A*’s past activity from the measure-
ments of the signal still reverberating off the clouds of 
the central molecular zone (Fig. 4.2.8; Ponti et al. 2013; 
2014b; for a study of the soft diffuse emission see sec-
tion 4.2.6). We constrained Sgr A*’s history over the past 
centuries, inferring one or more periods during which it 
reached a luminosity of LSgrA*~1039 erg s-1. We also found 
indirect evidence for Seyfert-type activity ~106 years 
ago, and noted that the structure of the central molecular 
zone has not changed significantly since then, therefore 
representing a relic AGN torus (Ponti et al. 2014b).

The Be X-ray binary population in the Small Magel-
lanic Cloud: With about 120 known Be X-ray binaries 
(XRBs), the Small Magellanic Cloud (SMC) provides the 
largest homogeneous sample of such systems for sta-
tistical population studies. For about half of them pulsa-
tions in the X-ray flux were detected, indicating the spin 
period of the neutron star which accretes matter from the 
circum-stellar disc surrounding the Be star. For the other 
half, no pulsations are known as yet: it is not clear wheth-

Figure 4.2.8 Constraints on Sgr A*’s past activity for the last ten million years (Ponti et al. 
2014b). 
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er this is because the NS magnetic field axis is (nearly) 
co-aligned with the rotation axis, or the spin periods are 
much longer than 100s, and therefore more difficult to 
detect. The XMM-Newton survey of the SMC conducted 
by members of the HEG (Sturm et al. 2013) played a ma-
jor role in the discovery of new BeXRBs and their neu-
tron star spin periods. Due to the very high sensitivity 
of the EPIC observations, we can set stringent limits on 
the X-ray luminosity of SMC BeXRBs during quiescence. 
Characterizing the long-term outburst behaviour of a 
large number of BeXRBs allows a statistical assessment 
of binary system parameters, which influence the strong 
variations in the accretion rate during a revolution. Col-
lecting maximum and minimum observed fluxes from the 
XMM-Newton survey observations, together with values 
published in the literature, reveals a clear anti-correla-
tion of the flux ratio with neutron star spin period (see 
Fig. 4.2.9). Strong outbursts near periastron passage 
are thought to be caused by highly eccentric orbits. Inter-
estingly, among the SMC systems with known eccentric-
ity, SMC X-2 has the lowest eccentricity and the highest 
variability factor. This suggests that a tilt between orbital 
plane and Be disc also plays an important role in creat-
ing strong short outbursts when the neutron star passes 
through the disc.

Figure 4.2.9 Observed maximum (top) and minimum (middle) X-ray 
flux of BeXRB pulsars in the SMC together with their ratio (bottom) 
as function of spin period. Available upper limits for the minimum flux, 
which translate into lower limits for the flux ratio are marked in red. 
Black circles in the bottom panel indicate the BeXRBs with measured 
orbit eccentricity.
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4.2.4 Gamma-ray Bursts and Transients

Studies of Gamma-Ray Bursts (GRBs) and transients 
in the GRB sub-group are of a truly multi-wavelength 
nature. The sub-group exploits the earlier MPE invest-
ments in Fermi-GBM, INTEGRAL-SPI/ACS and Swift-
XRT, combined with the PI-instrument GROND at the 
2.2m MPG/ESO telescope. This is complemented by 
a variety of successful observing proposals in the 
optical, near-infrared, sub-millimeter and radio wave-
bands. The scientific emphasis is on GRB prompt 
emission, afterglow modelling and using GRBs as a 
tool for the study of their host galaxies as well as the 
high-redshift Universe

GBM studies of prompt γ-ray emission: After leading 
the 4-yr GBM-GRB catalogue (von Kienlin et al. 2014; 
see ‘Abstract Booklet’ contribution by von Kienlin et al.) 
as well as the 4-yr spectroscopic catalogue (Gruber et al. 
2014), we have been working extensively on the time-
resolved spectral catalogue of the first 4 years (Yu et 
al. 2016, in press), determining spectral parameters of 
nearly 2000 time intervals. The prime scientific result of 
this analysis is the surprising finding that 90% of all these 
spectra are too sharp to be consistent with synchrotron 
emission (Yu et al. 2015; see ‘Abstract Booklet’ contri-
bution by Yu et al.). If the spectra are the superposition 
of two spectral components, then synchrotron emission 
cannot contribute more than 50%. These findings con-
tradict the basic, 20 years old assumption for the prompt 
emission mechanism in GRBs. 

GROND optical/NIR observations of the GRB prompt 
gamma-ray phase: The fastest response of GROND to 
GRB triggers is of order 2 min, somewhat longer than the 
10-100 sec mean duration of long-duration GRBs. Yet, 
in a few cases, we were able to start GROND obser-
vations while the prompt gamma-ray emission was still 
on-going. After an early first case (GRB 091024; Gru-
ber et al. 2011), we managed in two further cases: GRB 
121217A (Elliott et al. 2014) and GRB 130925A (Greiner 
et al. 2014). In the latter, we observed an optical/NIR 
flare with a temporal profile similar to that in γ-rays, but 
shifted in time. The combined NIR/optical/X/γ-ray tem-
poral and spectral analysis of this delayed flaring emis-
sion allows us to conclude that the standard picture of 
blast-wave emission, where the decay time scale of a 
flare is of the same order of magnitude as its duration, 
is violated. The only alternative way to reproduce a flare 
decay time shorter than the flare duration is by assuming 
non-isotropic emission in the blast-wave frame, i.e. limb-
brightened emission.

GRB-Supernova connection: Long-duration GRBs are 
thought to originate in the collapse of a massive star af-
ter its supernova explosion. Typically, GRBs are related 
to H- and He-poor SN of type Ib/c. The supernova re-
lated to GRB 111209A (called 2011kl) was observed with 
GROND and X-Shooter to be so bright and so UV-blue 

that the standard model of 56Ni-powering is not applica-
ble anymore. Modelling the data with a magnetar model 
was successful, and suggests interesting connections 
between GRBs, SN, superluminous SN and magnetars 
(Greiner et al. 2015).

Afterglow modelling: GRB afterglows at longer wave-
lengths, from hard X-rays down to radio, have been well 
established to be synchrotron emission from a narrow 
relativistic blast wave or jet decelerating in the medium 
surrounding the burst. Substantial improvements in 
theoretical and numerical modelling allow us to address 
outstanding issues such as whether the surrounding me-
dium is better described by a stellar wind profile than 
a homogeneous environment, and to match models to 
data more accurately by accounting for complex fea-
tures such as jet orientation (Ryan et al. 2015; Zhang 
et al. 2015). This, in turn, helps constrain the range of 
possible models for the prompt emission. Early time af-
terglow features are best described by on-going injec-
tion of energy from the source (van Eerten 2014), both 
in terms of their light curves and large sample statistics. 
This is suggestive of a magnetar origin to GRBs, rather 
than black hole accretion, but leaves open more com-
plex models for the latter than thus far assumed. We 
are presently pursuing a large-scale project connecting 
Bayesian data analysis tools to a template database of 
afterglow light curves derived from high-resolution paral-
lel multi-dimensional relativistic hydrodynamics simula-
tions (van Eerten 2015).

Application of this more sophisticated framework to ob-
servational data has been pursued in two different ways. 
First, we modelled three GRBs for which also multi-ep-
och radio data were obtained in addition to the GROND 
and Swift/XRT monitoring data, thus covering the full 
synchrotron spectral energy distribution (SED) of the af-
terglow. The modelling of the SED at different epochs 
(snapshot analysis) reveals that while single portions of 
the synchrotron spectrum fit the data, the temporal evo-
lution of the afterglow SED is more complicated than the 
standard theory predicts. In particular, energy injection 
plays a major role, even if it is not immediately visible as 
a flattened light curve. Moreover, the fitting suggests that 
some of the microphysical parameters are not constant, 
as assumed in the standard theory (Varela et al. 2016, 
in press; see ‘Abstract Booklet’ contribution by Varela et 
al.). Second, we have designed a fitting engine, which 
directly fits the underlying physical parameters, rather 
than piecewise power-law segments of the synchrotron 
spectrum. This has the major advantage that non-simul-
taneous data can be used as well in the fitting. First re-
sults show the power of this approach in constraining the 
physical parameters even with spotty temporal or spec-
tral coverage (Knust et al. 2016, submitted; ‘Abstract 
Booklet’ contribution by Knust et al.).



96 High Energy Astronomy

GRB afterglows as a tool: The GRB afterglow bright-
ness at early times and its simple spectrum make for an 
ideal tool to probe the interstellar medium at high red-
shift. One example is the dust extinction and gas absorp-
tion evolution with redshift. A re-analysis of the combined 
Swift/XRT and GROND data finds that the previously 
proclaimed redshift dependence of observed NH

X-ray is 
due to selection effects (Bolmer, Msc thesis 2015, TUM/
MPE). Detailed analysis of dust and gas properties is 
performed in the Sofja Kovalevskaja group of P. Schady 
(Sec. 4.2.5).

GRB host galaxies: With accurate afterglow positions 
in hand it is also possible to find dusty or low-luminos-
ity galaxies at very large redshifts where such galaxies 
normally are undetectable: a dedicated VLT program for 
GRB host galaxies in the 3<z<5 redshift range revealed 
the somewhat surprising result that the luminosity func-
tion of GRB hosts is compatible with LBG observations, 
i.e. trace the UV metrics of star formation, without any 
metallicity bias (Greiner et al. 2015). A spectroscopic 
study of the so far largest sample of long-duration GRB 
hosts revealed a number of new relations between the 
hosts’ physical properties like mass, star-formation rate, 
metallicity and velocity dispersion, suggesting a picture 
where the properties of hosts at low redshifts are influ-
enced by the tendency of GRBs to avoid metal-rich en-
vironments (Krühler et al. 2015). Until mid-2014, when 
Dr. S. Savaglio left MPE, the group maintained GHostS 
(see www.grbhosts.org), the largest public database 
dedicated to observational results of GRB host galax-
ies (presently 245 hosts, with >1700 emission line fluxes 
and other parameters). Since its inauguration in 2007, 
GHostS has been used worldwide for the publication of 
34 peer-reviewed papers.

Gravitational Waves: The unique sky coverage and 
sensitivity of Fermi/GBM and INTEGRAL/SPI/ACS, both 
built at MPE, makes them ideal instruments to search for 
hard X-ray/γ-ray counterparts of gravitational wave (GW) 
events (Connaughton et al. 2016). With the recent dis-
covery of GWs from two merging black holes and the still 
poor localisations, all-sky instruments are in the centre 
of interest. NS-NS mergers, thought to be the sources of 
short-duration GRBs, are also a prime candidate source 
for GWs, with weaker strength, but more frequent. We 
are looking forward to interesting times for utilizing our 
in-house made instruments.

Jochen Greiner
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The unique observing capabilities of GROND are used 
for a variety of other investigations by the HE group, both 
ToO and non-ToO (Sec. 4.3.5) . 
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The research undertaken within the Sofja Kovalevs-
kaja group involves the use of long GRBs (LGRBs) 
to study the interstellar medium (ISM) and other cha-
racteristic properties of distant, star-forming galaxies. 
LGRBs are the most energetic events in the Universe, 
enabling them to be seen out to very large distances. 
Their confirmed link to massive stars, their vast di-
stances, and their highly luminous emission, lights up 
all intervening material, offering a highly effective and 
unique probe of the interstellar properties and che-
mical composition of galaxies in the young Universe. 
Furthermore, at late times their underlying host gala-
xies can be studied without the glare of the GRB, pro-
viding a cosmological sample of star-forming galaxies 
independent of galaxy luminosity.

4.2.5 Probing Distant Galaxies with LGRBs 

Sofja Kovalevskaja Group: Patricia Schady

Hot Gas in LGRB host galaxies: There is considerable 
discrepancy between the amount of absorbing material 
inferred from X-ray and optical spectroscopic LGRB af-
terglow data, with the former typically an order of magni-
tude higher. The main contenders for the location of this 
material are either very close to the LGRB (e.g. Schady 
et al. 2011), in which case it must be very dense and 
highly ionised, or intervening material in galaxy halos or 
the WHIM. All suggested origins of the observed ‘excess 
X-ray absorption’ have their limitations, either requiring 
extreme environmental properties, or conditions that are 
in contention with other observations. In light of this, we 
investigated in detail the imprint that a turbulent host ISM 
driven by energetic supernovae (SNe) shocks would 
leave on the broad band LGRB afterglow (Tanga et al. 
2016). We found that the sheer volume of highly ionized 
gas required to account for the X-ray absorption excess 
cannot be contained within the hot, diffuse ISM, even in 
the case of very high star formation rates (SFR), and we 
were also able to rule out a significant contribution from 
molecular gas. On the other hand, the ISM data cubes 
were able to reproduce the high-ion absorption observed 
at optical wavelengths. In future, deep afterglow spectra 
available with Athena will enable us to further test our 
ISM models and conclusively identify the origin of the 
X-ray excess. 

Dust within LGRB host galaxies: Dust is a core ingre-
dient in star formation, and yet its formation, composi-
tion and environmental dependencies are still poorly un-
derstood. The amount by which an element is depleted 
from the gas phase onto dust is a function of the ISM 
physical state, as is also the amount of dust extinction, 
AV, which refers to the effective attenuation produced by 
dust through the absorption and scattering of light. Due 
to the very luminous and intrinsically simple LGRB af-
terglow spectrum, as well as the plethora of metal ab-
sorption lines typically detected within UV/optical LGRB 
afterglow spectra, AV and dust depletion (as well as the 
dust-to-metals ratio, DTM) can be measured with rela-

tive ease, and to a high level of accuracy (e.g. Krühler 
et al. 2013). The GROND 7-band simultaneous imager 
and the broadband X-Shooter spectrograph provide an 
optimal dataset with which to study both these phenom-
enon in unison (see abstracts booklet contribution by 
Wiseman et al.). Using a sample of 19 LGRBs we found 
that the Galactic relation between DTM and AV frequently 
used in GRB science is not applicable for LGRB host 
galaxies. Our results indicate that the DTM evolves as 
a function of galaxy metallicity and redshift, suggesting 
that a significant fraction of dust formed in SNe is also 
destroyed, and/or that in situ grain growth within the ISM 
is dominant mechanism of dust production.

LGRBs as tracers of the cosmic SFR: The dominant 
factors that produce LGRBs have been investigated at 
length with the aim of ultimately using LGRBs to trace 
the cosmic star formation. The greatest challenges in this 
venture are determining the true LGRB rate, and identi-
fying the dominant environmental properties selected by 
LGRBs. Recent developments in the former enabled us 
to use our work on the metallicity dependence of nearby 
LGRBs (see ‘Abstract Booklet’ contribution by Graham 
et al.) to estimate the LGRB progenitor rate via an ap-
proach patterned loosely off the Drake equation (Gra-
ham & Schady, 2016). Beginning with the cosmic star-
formation history, we consider the expected number of 
broad-line Type Ic events (the SNe type associated with 
LGRBs) that are in low metallicity host environments, 
and apply a correction to account for the small fraction 
of high metallicity host environments. We then compare 
this estimate to the observed LGRB rate corrected for 
instrumental selection effects. We find that an aligned 
LGRB occurs for approximately every 4000 low metalli-
cally broad-lined Type Ic SNe. Therefore, if one assumes 
a semi-nominal beaming factor of 100, about one such 
SN out of 40 will produce an LGRB. The strength of our 
analysis is that it is independent of the particular proper-
ties of the progenitor stars that give rise to LGRBs, but 
our results can be used to constrain future progenitor 
models.

Cosmic evolution of LGRB host galaxies: Although 
it is generally agreed that LGRBs show a preference 
for more metal poor environments (Graham & Fruchter, 
2013), it remains unclear whether this is a direct conse-
quence of the conditions required for LGRBs to form, or 
whether it is an indirect consequence of e.g. the mutual 
dependence between galaxy stellar mass, metallicity 
and SFR. The dominant environmental conditions traced 
by LGRBs can be explored by studying the evolution in 
the typical metallicity and SFR of LGRB host galaxies 
with look-back time. To do this we used the largest spec-
troscopic sample of LGRB host galaxies available (Krüh-
ler et al. 2015) to study the evolution in the metallicity 
distribution of LGRB host galaxies with redshift, from z = 
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0.5, when the Universe was two thirds its current age, to 
z = 2.5, when the Universe was just a fifth its current age. 
Our results suggest that there is no significant evolution 
in the metallicity distribution of LGRB host galaxies out 
to z = 2.5. Given the well-established redshift evolution 
in the galaxy mass-metallicity relation, the lack of appar-
ent change in the metallicity distribution of LGRB host 
galaxies suggests that metal abundance plays a key role 
in the generation of LGRBs.

Super-solar metallicity LGRB host galaxies: Although 
LGRB host galaxies are predominantly sub-solar metal-
licity, the ~20% of the population with solar and above 
metallicity present a challenge to standard progenitor 
models of LGRBs. In an X-Shooter ToO programme to 
follow-up heavily dust extinguished LGRBs, we acquired 
high quality data of two star forming regions located 
within the nucleus (coincident with the GRB position) 
and the outskirts of the host galaxy of GRB130925A. 
These data revealed highly enriched galaxies at both 
star forming locations, reducing the chances that the 
GRB took place within a metal-poor region of the galaxy, 
and instead favouring a metallicity-independent GRB 
formation channel.

Fig. 4.2.10 Oxygen abundance map for the host galaxy of GRB111005A. The GRB position 
is marked with the black cross. At the GRB redshift of z=0.013, our MUSE data probe 
scales down to 100pc (see ‘Abstract Booklet’ contribution by Tanga).

Complementary to this ToO programme, 
we also obtained VLT/VIMOS and MUSE 
spatially resolved spectral data of the 
super-solar host galaxies of a further five 
LGRBs. MUSE data are particularly ex-
quisite due to the instrument’s sensitivity 
and the proximity of the target observed: 
at z=0.013, GRB111005A is the second 
closest GRB thus far detected. From our 
MUSE data we measure a super-solar 
metallicity at the GRB site (>1.5 solar), 
and detect no HII regions with metallicity 
<0.6 solar (Fig. 4.2.10). This is inconsist-
ent with predictions from standard LGRB 
progenitor models. Our group is pursu-
ing further IFU observations of metal-rich 
LGRB host galaxies to place statistical 
constraints on the frequency of metal-
poor pockets within metal-rich hosts. Fur-
thermore, we also plan to use the SDSS/
MaNGA IFU survey of ~100,000 nearby 
galaxies to study in greater detail the rela-
tionship between stellar mass, metallicity 
and SFR in star forming galaxies (see ‘Ab-
stract Booklet’ contribution by Yates et al.).

Patricia Schady
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The X-ray view of the Galactic center: At a distance 
of only ~ 8 kpc, the centre of the Milky Way is the clos-
est galactic nucleus, allowing us to directly image, with 
incomparable spatial resolution, the physical processes 
typical of galactic nuclei. The X-ray scan of the Galactic 
Centre (GC) was one of the prime goals of XMM-New-
ton, with a first scan approved and performed just af-
ter satellite launch, but never published because of the 
complexity of the data. We now lead the completion of 
a new large project, and at the same time collected all 
archival data and obtained maps in X-ray continuum and 
X-ray line emission, producing images that are among 
the most impressive ever obtained with XMM-Newton 
(Ponti et al. 2015 see Fig. 4.2.11). In doing so we made 
major steps forward in our knowledge of the X-ray emis-
sion from the central hundreds of parsecs of the Galaxy. 
From the number of supernova remnants and their char-
acterisation, we estimated the kinetic energetic input 
higher than 1040 erg s-1 in the GC region. We discovered 
two super-bubble candidates and several new SNR and 
compiled the first catalogue of extended X-ray emitting 
features of the GC region. We characterised the emis-

Fig. 4.2.11 XMM-Newton view of the central regions of our Galaxy (Ponti et al. 2015). In addition to the X-ray emission from the regions around 
the supermassive black hole at the centre of the Milky Way this map reveals X-ray binaries, star clusters, supernova remnants, bubbles and super-
bubbles, non-thermal filaments and hundreds of other sources. The image combines data collected at energies from 0.5 to 2 keV (shown in red), 2 
to 4.5 keV (green) and 4.5 to 12 keV (blue). It spans about 2.5º across, equivalent to about one thousand light-years. 

4.2.6 Galactic Structure and ISM

The interstellar medium (ISM), with its structure and 
dynamics, plays a key role in galactic evolution. In 
the Milky Way and nearby galaxies, the ISM is stu-
died by members of the HE group with a variety of 
tracers at different wavelengths. We investigate the 
terminal stages of stellar evolution and their impacts. 
Stellar outputs, their wind and explosion energies and 
their ejecta lead to bubbles and super-bubbles up to 
1000 pc in size, thus shaping the hot, dynamic, and 
relativistic phases of the interstellar gas. High-energy 
astronomy provides observational signatures through 
thermal emission, which can be traced at soft X-ray 
energies with XMM-Newton and Chandra, and at soft 
gamma rays the emission from relativistic particles, 
from radioactive nuclei, and positron annihilation 
shine in INTEGRAL's observing window. Our inve-
stigations of specific emission processes in the Ga-
lactic Centre and nearby galaxies provide a basis for 
a better understanding of the more distant universe, 
for understanding and modelling of stellar and galaxy 
evolution, and of the interstellar medium phases and 
its dynamics
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Fig. 4.2.12 The sky in emission from positron annihilation, as observed 
with INTEGRAL/SPI. Separating spectra from different regions of the 
sky: the disk (top right) with its low surface brightness may differ in line 
shape and line-to-continuum ratio from the bright bulge region (top left). 
A point-like source near the Galactic Centre has been identified, which 
shows a slightly broader annihilation line (bottom left).

sion for the SgrA’s lobes, probably an outflow or explo-
sion within the central few parsecs (inside the circum-
nuclear disc). We also discovered warm plasma at high 
Galactic latitude, possibly associated with an inhomoge-
neous hot ‘atmosphere’ over the GC, and perhaps fed 
by continuous or episodic outflows of mass and energy 
from the GC region.

The relativistic ISM: Relativistic particle processes in 
the interstellar medium have been studied building on 
gamma ray missions CGRO, INTEGRAL and Fermi-LAT, 
and numerical modeling with the GALPROP code of 
cosmic-ray propagation and with NIRVANA on ISM dy-
namical evolution. The simulations link theory to obser-
vations through predictions of electromagnetic radiation 
including hard X-rays, gamma-rays and synchrotron ra-
diation, adding the direct measurements of cosmic-rays. 
Studies of stellar feedback processes were stimulated 
from INTEGRAL gamma ray results of radioactive ejecta 
(26Al; see below) and positron annihilation, and cover the 
entire scale from merging wind and supernova remnants 
to the formation of super-bubbles, including scales up to 
galactic winds and AGN jets. Refined spectroscopy of 
positron annihilation gamma rays reveals different an-
nihilation conditions in bulge and disk of the Galaxy. Re-
cent detection of Doppler-broadened annihilation gam-
ma rays from pair plasma in a flaring microquasar, V404 
Cygni, confirms that microquasars are a prominent can-

didate source of these interstellar positrons. A new imag-
ing approach with Information Field Theory is pursued, to 
learn how the puzzling morphology of annihilation emis-
sion can be interpreted. From the analysis of gamma-
ray burst afterglows, a new explanation of the excess 
in X-ray absorption seen in gamma-ray burst sightlines 
of the ISM hints on presence of substantial amounts of 
highly-ionized gas.

The radioactive ISM: Nucleosynthesis processes, their 
sources, and their implications for the interstellar medi-
um have been studied in the HE group of MPE, building 
on results from the CGRO gamma-ray mission and now 
using measurements with the high-resolution spectrom-
eter SPI on INTEGRAL. A wider astrophysical scope 
has evolved through more interpretational and model-
ling studies and collaborations. The trace of large-scale 
Galactic rotation throughout the inner Galaxy, which has 
been discovered in the 26Al-carrying interstellar medium 
(see Fig. 4.2.12), appears to be moving at much larger 
velocities than what we know from cold interstellar gas 
as seen in CO. This excess velocity of ~200 km s-1 has 
been understood as due to ejecta propagation in large 
cavities and super-bubbles, which are blown by winds 
and supernovae around massive star groups, becoming 
asymmetric due to density gradients at the spiral arm 
leading edges. This has been confirmed in external gal-
axies from imaging of HI holes located preferentially be-
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tween spiral arms. Super-bubbles thus are established 
as the structures channelling stellar feedback into the 
interstellar gas. Our hydrodynamic simulations study the 
consistency and implications of this insight. This work 
has led us to a new model for the evolution of globu-
lar clusters, between the first-generation stars and gas 
loss towards their abnormal second-generation stellar 
population. In localized groups of massive stars, such as 
the Cygnus, Orion, and Scorpius-Centaurus regions, we 
thus pursue a multi-messenger study of feedback, con-
necting data from radio (HI) to gamma-rays (26Al) with 
ISM theory. 
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4.2.7 Supernova Explosions and Supernova Remnants

Although widely used in astrophysics, supernova ex-
plosions are not understood. A physical explanation of 
the triggering and early stages of the explosion does 
not exist, either for thermonuclear supernovae (type 
Ia), or for core-collapse supernovae. While the out-
side appearance of the explosions is readily obser-
ved over many wavelengths, information on the inner 
explosion physics is largely obscured. Neutrinos and 
nucleosynthesis gamma rays are the best tools to stu-
dy what determines these violent explosions.

For the first time, the radioactive decay of 56Ni, the ener-
gy source of all supernova light, has been directly meas-
ured in a SNIa. Surprisingly, even the characteristic gam-
ma-rays from 56Ni decay have been seen: standard mod-
els predict 56Ni to be created in the central regions where 
gamma rays could not escape at early times, and decay 
occurs within 9 days and long before the supernova is 
transparent. Our 56Ni line detection led us to propose the 
ignition model shown in Fig. 4.2.13, involving transfer of 
helium from the binary companion. In line with recent 
revival of the double-degenerate scenario, this super-
nova also appears to show deviations from the classical 
Chandrasekhar-mass explosion scenario. INTEGRAL’s 

Fig. 4.2.13 The model suggested by the outside appearance of 
radioactive 56Ni in SN2014J. 

gamma-ray telescopes also detect the more long-lived 
56Co gamma ray lines, with their expected large Doppler 
broadening, which leak through the supernova envelope 
after a few months. Interestingly, our high-resolution 
spectroscopy also indicates that transparency in 56Co 
gamma rays occurs in an irregular fashion, suggesting 
clumps and filaments as a key ingredient of inner super-
nova ejecta.

For core-collapse supernovae, the remnants of SN1987A 
and Cas A remain the key objects, as many detailed ob-
servational constraints can be compared to models. IN-
TEGRAL data re-analysis obtained kinematic constraints 
for 44Ti produced in the inner region, measuring the line 
shapes of both the 1157 keV line from 44Ca (which made 
COMPTEL detect Cas A in 44Ti emission originally) and 
the 68 keV line from 44Sc (which led to the NuSTAR im-
age of inner ejecta in hard X-rays). The clumpiness of 
the inner ejecta demonstrates that spherical symmetry 
is violated in Cas A, as it was in SN1987A. The link to 
extreme deviations from symmetry in the ‘collapsars’, 
presumably leading to the long gamma ray bursts phe-
nomenon, remains to be understood.

Roland Diehl
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4.2.8 Planets and Solar System

The perception that our Solar System is a unique lo-
cation for detailed, fundamental studies of high-en-
ergy phenomena has emerged only over the last two 
decades. The High-Energy Group at MPE has con-
tributed considerably to this new insight, mainly with 
the unexpected discovery of cometary X-ray emissi-
on with ROSAT, but also with the discovery of X-rays 
from Mars and Venus, including the first X-ray detec-
tions of their exospheres. This findings have revealed 
the general importance of charge exchange reactions 
between highly charged ions and neutral gas, a pro-
cess which is now getting increased attention in vari-
ous areas of astrophysical research.

In view of the currently anticipated future X-ray missions, 
the study of charge exchange, in particular from the So-
lar System, is likely to have a bright future: eROSITA, 
with its high spectral resolution at low energies and its 
large, essentially unlimited field of view during the all-
sky surveys, will be well suited for investigating cometary 
X-rays, and its repetitive all-sky coverage will provide 
a unique opportunity for identifying charge exchange 
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emission from the whole heliosphere. Another exciting 
prospect is the unprecedented non-dispersive spectral 
resolution of micro-calorimeters, in particular the X-IFU 
on Athena, which will be ideal for spatially resolved spec-
tral studies of the extended X-ray emission of comets. 

The inner heliosphere (between the earth and the sun) 
is also a source of high-energy gamma rays, produced 
by the scattering of cosmic-ray electrons on the optical 
photons from the sun, by the inverse Compton effect. 
This mechanism was first proposed and the emission 
subsequently discovered in data from the EGRET instru-
ment on NASA's Gamma-Ray Observatory CGRO sev-
eral years ago, by members of MPE. Fermi-LAT has now 
measured this gamma radiation with high precision both 
spectrally and spatially, allowing us to probe high-energy 
electrons in the inner heliosphere, impossible by any 
other means. The solar cycle with its changing cosmic-
ray modulation is also an important factor. We have gen-
erated detailed models of the emission, which are used 
in the analysis. The evaluation will unfold as the Fermi 
mission, now in its 8th year, continues.
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4.3 Projects

eROSITA is the primary instrument on board the Rus-
sian/German “Spectrum-Roentgen-Gamma“ (SRG) 
mission, scheduled currently for launch in September 
2017. The main mission goal is to perform an X-ray 
all-sky survey lasting for 4 years. eROSITA consists 
of 7 identical telescopes, each equipped with a high 
precision 54-fold nested Wolter-I mirror module and 
a new framestore pnCCD-camera. The design of the 
instrument is driven by the goal to detect 100,000 
clusters of galaxies in order to constrain cosmologi-
cal parameters including Dark Energy (Merloni et al. 
2012). MPE is the PI-institute and is responsible for 
the entire design, development and integration of the 
instrument. The software development for the scienti-
fic data analysis is also led by MPE.

eROSITA (Predehl 2012) has evolved from ABRIXAS 
(Trümper et al. 1998) implementing many new ideas re-
sulting in the need for new developments. Unlike former 
large projects of the HE group, all technical organisa-
tion and responsibility was fully taken by MPE, limiting 
sub-contracts to manufacturing. By doing so, the PI kept 
complete control over the instrument, without the need 
to make compromises or justifying the work to other au-
thorities. As a result of this scheme we have constructed 
a state-of-the-art instrument at a very reasonable cost. 
An overview of the sub-systems and related technical 
solutions is provided here.

The Telescope Structure consists of the optical bench, 
the sunshield, the front cover including its release mech-
anism, and the hexapod, which is the interface between 
eROSITA and the spacecraft platform. The carbon fibre 
structure was developed at MPE and manufactured by 
Invent GmbH in Braunschweig (completed in early 2012). 
The structure consists of two main sub-assemblies, the 
optical bench and a hexapod-type interface structure. 
The optical bench is designed like a large sandwich with 
seven cells. This gives extremely high stiffness. The in-
terface structure provides thermo-elastic and thermal de-
coupling of eROSITA from the spacecraft. The structure 
was used for all qualification tests at system level as ear-
ly as 2013, refurbished thereafter and prepared for flight. 
It is currently undergoing final integration and assembly. 

An individual Mirror Module comprises 54 nested Wolter-
I shells. The seven flight modules (plus one spare) have 
been manufactured by Media Lario Technologies (MLT) 
in Italy (Friedrich et al. 2012) but in very close collabora-
tion with MPE. All Mirror Modules were delivered in 2013. 
In front of each Mirror Module an X-ray Baffle is mount-
ed in order to suppress the unwanted single reflections 
(‘stray light’) from sources outside the field of view, there-
by substantially decreasing the background (Friedrich et 
al. 2014). A special design was needed for the baffles, 
due to the specific optical parameters. Each baffle con-

sists of 54 invar cylinders precisely matching the foot-
print of the mirror shells; they are an MPE development, 
including design, manufacturing and integration, which 
was performed at the institute in 2014. After integration 
of the baffles, all eight Mirror Assemblies (see Figure 
4.3.1) underwent, successfully, extensive environmental 
testing. Meanwhile, they are all calibrated in our long-
beam X-ray test facility PANTER. The performance will 
ensure the mission science is secure. The original goal 
for the on-axis HEW at 1.5 keV was 15”; the Mirror As-
semblies achieve, in the final calibration, about 16.2” on 
average. This figure does not compromise any of the 
mission scientific goals, because the key performance 
parameter is in fact the angle-averaged HEW, which is 
around 25”, sufficient to distinguish extended clusters 
spatially from point sources. Magnetic Deflectors at 
the rear end of the mirrors will suppress the background 
due to low energy cosmic electrons. They have been 
designed, fabricated and tested at MPE (completed in 
2011).

4.3.1 eROSITA

Figure 4.3.1 An eROSITA Mirror Assembly
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A Camera Assembly (Meidinger et al. 2014) consists 
of a Filter Wheel, the Camera Head, and the Camera 
Electronics (see Figure 4.3.2). The Filter Wheel has 
four positions (closed, open, filter, cal-source). The cal-
ibration source is a 55Fe source that, together with an 
Al+Ti target, produces 3 spectral lines for gain calibra-
tion in orbit. The filter wheels were completely designed, 
developed and tested at MPE. Since fall 2015 the filter 
wheels are equipped with the 55Fe sources. Given the 
decay time of 2.7 years, we have defined the strength 
of the sources in order to allow a reasonable calibration 
even after seven years in orbit (plus another two years on 
ground). A Cameras Head contains the “heart” of each 
camera, a framestore pnCCD (3×3 cm2), developed in 
our semiconductor lab (Sec. 4.4.3 below). For operation 
it has to be cooled down to -95°C. To reduce potential 
radiation damage, it is surrounded by copper shielding. 
The cameras have been completely designed, devel-
oped, manufactured, and tested at MPE. The Camera 
Electronics box houses 6 large circuit boards containing 
thousands of high-rel, radiation hard components. The 
electronics have, once again, been designed, developed, 
manufactured and tested in house. All camera electron-
ics boxes are ready and tested. All integrated Camera 
Assemblies are ready, tested, and calibrated in our X-ray 
test facility PUMA, which has been almost continuously 
operating for this purpose for many years.  The perfor-
mance of all cameras is well within the expected and 
specified performance.

At the time of writing (May 2016), the Interface & Ther-
mal Controller (“ITC”) unit is the last item slightly behind 

Fig. 4.3.2 An eROSITA camera assembly mounted in the PUMA test 
facility at MPE for testing and calibration.

schedule. The primary reason is a delay in getting the 
data interface between its engineering model and the 
counterpart on spacecraft side (“radiocomplex”) working. 
Although we delivered this (“Technology”-) Model early 
in 2013, the problem wasn’t understood and solved until 
early April 2016, after an extensive series of tests per-
formed at Lavochikin Assocation, the company respon-
sible for the SRG spacecraft. The resolution of this prob-
lem now enables completion of the ITC and hence the 
eROSITA instrument. 

Cooling System: eROSITA is equipped with a complex 
cooling systems involving four radiators and 22 heat 
pipes. The cameras are cooled passively by means of 
two large radiators and a cryogenic heat-distribution 
system comprising 4 switchable Variable Conductance 
Heatpipes (sVCHP), two ring-heatpipes and seven cam-
era heatpipes. The switching of the VCHPs is needed 
to keep the cameras warm during the first weeks in or-
bit in order to allow outgassing. The complete heatpipe 
system including the novel sVCHP is an MPE develop-
ment compoleted in 2014). The 9 electronics boxes are 
also cooled via heatpipes and separate radiators (see 
Fürmetz et al. 2014). 

Tests, Qualification: Hundreds of individual tests (e.g. 
technological, performance, vibration, acoustic noise, 
thermal-vacuum) were needed for the development and 
qualification of components, subsystem and the com-
plete instrument. This would not have been possible 
without MPE’s technical infrastructure such as thermal 
vacuum chambers and our shaker. In particular, our long 
beam X-ray test facility PANTER has been almost con-
tinuously occupied for tests and calibration of the mirror 
shells and modules (Burwitz et al. 2014). With several 
modifications, this facility has also been tailored and 
used for thermal balance testing of the cooling system 
and mirrror modules as well as for thermal vacuum test 
of the entire instrument. This ensures maximum efficien-
cy for the team, being independent from external facili-
ties and boundary conditions. 

Now that all components and subsystems are in place, 
the integration of eROSITA FM has begun. We are pre-
paring the final acceptance tests (vibration, EMC, etc.) 
followed by an end-to-end test under space conditions 
(vacuum and cold) in PANTER next September 2016.

Ground Segment: As we are approaching the in-orbit 
phase of the eROSITA mission, the focus of the ground 
segment activities has shifted to establishing interfaces 
and procedures with our Russian partners and to inte-
grating, testing, and fine-tuning the eSASS data analysis 
pipeline. 

Interaction with the Russian ground station and data 
center: Defining and testing data exchange interfaces 
and procedures with our Russian partners has become 
a main focus of the ground segment activities. This in-
volves the reception of the eROSITA science and house-
keeping data during each daily ground contact, the time-
ly availability of various auxiliary datasets, the exchange 
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of data to support mission planning activities, as well as 
interfaces for commanding the instrument. The technical 
team at the Space Research Institute, Moscow and MPE 
personnel are in regular contact to establish the respec-
tive interfaces.

Data analysis pipeline: The eSASS data analysis 
pipeline provides the infrastructure for processing the 
eROSITA data within hours of reception at MPE via on-
line datalink from the Russian Space Research Institute 
in Moscow. The pipeline is organized into processing 
chains for event calibration, exposure creation, source 
detection, and the creation of source specific products, 
supporting the parallel execution of 200+ processing 
chains and several concurrent pipeline configurations. 
All-sky survey, pointing, and calibration data are sepa-
rated into different data streams. The pipeline is fed by 
a preprocessor, which decodes, archives and packages 
the incoming telemetry data. Recent activities focus on 
the integration of the final program versions into the re-
spective task chains. Testing is conducted by feeding 
mock mission planning data both from the initial CalPV 
phase of the SRG mission and from all-sky survey simu-
lations through an X-ray event simulator, and by in turn 
processing the resulting simulated datasets through 
each pipeline task chain.

Interactive data analysis: A subset of the eSASS soft-
ware tasks comprising the data analysis pipeline also 
functions as interactive data analysis tools.  These can 
be grouped into tasks for event selection and binning, ex-
posure, background and sensitivity map creation, source 
detection, event calibration, and time corrections. Since 
mid-2014 the interactive eSASS package is available to 
the eROSITA user community, allowing the analysis of 
simulated eROSITA datasets, created by a sophisticated 
X-ray modelling and simulation tool. Feedback from eS-
ASS users has provided the software team with valuable 
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inputs for improving the data analysis 
tools. 

Accessing and modelling calibration 
data: The eROSITA software team close-
ly interacts with the ground calibration ac-
tivities. Calibration data from both mirror 
and camera calibration are incorporated 
in a database, which allows the eSASS 
software to access the calibration data via 
a fine-grained version control mechanism. 
Sophisticated mathematical modelling of, 
for instance, the point-spread function of 
the eROSITA mirrors is conducted to sup-
port the characterization of up to several 
Million X-ray sources, expected to be de-
tected by eROSITA.

Figure 4.3.3 The integration of the eROSITA Mirror and Camera Assemblies (shown here) 
requires an extreme accuracy: the individual focal length (1600mm) of each pair has to be 
matched within 50μm. The metrology system has been developed at MPE. 

Selected References: 

Burwitz et al., 2014, SPIE, 9144E, 1XB 
Friedrich et al., 2012, SPIE, 8443E, 1SF
Friedrich et al. 2014, SPIE, 9144E, 4RF
Fürmetz et al., 2014, SPIE, 9144E, 4XF 
Meidinger et al., 2014, SPIE, 9144E, 1WM 
Merloni et al. 2012, arXiv:1209.3114 
Predehl 2012, SPIE, 8443E, 1RP



High Energy Astronomy 107

nature of the seeds of the earliest growing supermassive 
black holes (z>6), characterize the processes that domi-
nate their early growth and investigate the influence of 
accreting SMBHs on the formation of galaxies. How ac-
cretion evolved through cosmic time will be studied with 
a complete census of AGN in an era when the Universe 
was most active, in particular by studying the most heav-
ily obscured AGN up to z~3.5.

Many of these science goals will be achieved via a multi-
tiered deep and wide extragalactic survey with the WFI, 
which greatly exceeds anything offered by current and 
near future X-ray observatories. The large WFI field of 
view together with the unprecedented effective area and 
excellent off-axis response of the Athena mirror system 
will provide the area coverage needed to detect large 
samples of the objects of interest within the nominal mis-
sion lifetime, and examine their properties as a function of 
other quantities such as luminosity, mass and redshift. In 
addition to its large field of view, the WFI offers high time 
resolution and the ability to observe very bright sources. 
This will be used to probe the physics of accretion under 
strong gravity conditions and the geometry of the accre-
tion flow through reverberation mapping of nearby ac-
creting black hole systems. Similarly, measurements of 
black holes spins across the black hole mass scale will 
yield important information about the accretion-ejection 
process and the history of black hole formation and evo-
lution in AGN, ULX, and stellar mass black holes.

Achieving the demanding requirements of the WFI in-
strument requires state-of-the-art technologies, which 
we have been developing with the semiconductor labo-
ratory (HLL) of the Max Planck Society for the last 10 
years. This early investment in new technologies for X-
ray astronomy has been critical in establishing MPEs 
leadership position with the Athena WFI project. The key 

The MPE HE group has major involvement and leader-
ship within the Athena project. The major hardware con-
tribution is the WFI instrument, but we also have strong 
involvement in the Athena optics, with the PANTER facil-
ity being a key component in the development. A num-
ber of MPE staff member are also deeply involved in the 
Athena science team, chairing number of working groups 
and topical panels (including V. Burwitz, A. Georgakakis, 
F. Haberl G. Ponti, A. Rau, M. Salvato, J. Sanders). HE 
group Director K. Nandra acts as Lead Scientist for the 
Athena Science Study Team. 

Some of the key science issues for Athena include test-
ing models for the formation of the largest gravitationally 
bound structures in the Universe, by looking for the first 
building blocks of hot gas structures, i.e. detecting gal-
axy groups as early as z~2.5, and determining their gas 
temperatures. Entropy profiles of groups and clusters 
out to their virial radius will reveal the dominant physi-
cal process that inject non-gravitational energy into the 
largest bound structures in the local Universe as well as 
their evolution out to z~2. Athena will also determine the 

4.3.2 Athena

The next major project of the MPE HE group after 
eROSITA will be Athena, due for launch in 2028. Athe-
na was proposed to address the science theme “The 
Hot and Energetic Universe” (Nandra et al. 2013), 
which was selected by ESA as its top priority for the 
next large mission in the Cosmic Vision program. 
Athena’s science focuses on two key astrophysical 
questions: 1) How does ordinary matter assemble into 
the large scale structure that we see today? and 2) 
How do black holes grow and shape the Universe? To 
address these issues large-aperture X-ray telescope 
is required, with two focal plane instruments: the X-
ray integral field unit (X-IFU) and the Wide Field Ima-
ger (WFI).

Figure 4.3.4 Left: Conceptual design of the WFI instrument on Athena. Right: Focal plane layout with the large field of view detector subdivided in 
four quadrants and the small high count-rate capable detector in the front.
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technology for the WFI is the DEPFET sensor, unique to 
MPG, which provides fast readout with near fano-limited 
energy resolution and excellent radiation hardness.

The WFI instrument will be realized by an international 
consortium, led by MPE (Sec. 4.4.4 below). Our respon-
sibilities include the project management and consor-
tium co-ordination, system engineering, instrument AIT, 
the DEPFET development and testing (performed in col-
laboration with the HLL) and the majority of the detector 
electronics. Key personnel at MPE within the WFI project 
include the PI (K. Nandra), Project Manager (N. Meiding-
er), Project Scientist (A. Rau) and lead System Engineer 
(M. Plattner). The WFI development is being supported 
by the German space agency DLR, with funding for the 
first phase of development lasting until the end of 2018. 

During this first phase, a conceptual design of the sub-
systems has been developed (Figure 4.3.4) that meets 
the requirements for Athena. The requirement for the 
large field of view of 40’x40’ is met by a large detec-
tor array comprising an array of four sensors, while an 
offset and defocused “fast” sensor provides high count 
rate capability with <1% pile-up at a source intensity of 
1Crab. The detector type that best matches the require-
ments is a DEPFET active pixel sensor of operated in 
rolling shutter mode. The advantages compared to the 
pnCCDs used for the XMM-Newton EPIC pn-camera 
and the seven eROSITA cameras are the higher read-
out speed and the superior radiation hardness, as no 
charge transfer is necessary for this detector type. By 
means of simulations the optimum pixel size have been 
determined to 130x130 µm2 corresponding to an angu-
lar element of 2.2x2.2 arcsec2. One DEPFET quadrant 
features a sensitive area of 67x67 mm2 and is thus al-
ready larger than the entire EPIC pnCCD sensor. The 
DEPFETs and their readout electronics are designed 
to show excellent time resolution: the 1024x1024 pixel 
large detector is read out in <5ms and the fast detector 
will be operated in split full frame mode to achieve a time 
resolution of 80 µs. Production of prototype WFI DEP-
FET sensors at HLL started in early 2015, and the wafer 
processing is expected to be completed in summer this 
year. The new sensors will then be tested by the WFI 
detector team at MPE, who are presently using DEPET 
chips form previous productions for the development of 
a breadboard detector and the supply and control elec-
tronics including the data acquisition system. Other key 
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components of the detector, the fully differential readout 
ASIC (Veritas-2) and the control ASIC (Switcher) have 
already been further developed for the project and are 
presently under test. In addition to hardware develop-
ment, a further major component of our WFI work at pre-
sent is the interaction between the team, ESA, and the 
industrial contractors responsible for the Athena Phase 
A studies. This leads to a process of design and redesign 
to ensure compatibility of the instrument with the main 
technical budgets, including mass, power, radiator area, 
and data rates. In addition, the necessary documenta-
tion has to be provided to ensure effective development 
of the projects throughout its various phases. 
Further details about the WFI instrument can be found 
in the ‘Abstract Booklet’ in the article “The Wide Field 
Imager for Athena”.
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4.3.3 Operating Space Missions

The major X-ray observatory of ESA currently in orbit 
continues to work perfectly. We pursue our strong in-
volvement in the support of the mission with health moni-
toring and in-orbit calibration of the EPIC pn camera and 
contributions to the XMM-Newton Survey Science Cent-
er (SSC) collaboration. The EPIC pn camera onboard 
XMM-Newton is currently the most sensitive and stable 
instrument in space for detecting low energy X-rays. The 
degradation of the charge transfer efficiency is within 
expectations and only after 13 years of the instrument 
in orbit was is necessary to introduce time-dependent 
energy resolution parameters into the spectral response 
to account for a small instrumental broadening of emis-
sion lines seen in the spectra of the onboard calibration 
source and certain celestial X-ray sources. The improve-
ment in spectral fits to Fe K lines is demonstrated in Fig. 
4.3.5. The corresponding calibration file has been avail-
able since the end of 2011.

The SSC collaboration has undergone some structural 
changes in the last 3 years, the lead has moved from 
Leicester University to IRAP in Toulouse. MPE still con-
tributes to the maintenance and development of EPIC-
pn tasks, mainly due to improved and extended cali-
bration, with synergetic effects from eROSITA. Moreo-
ver, general EPIC tasks dedicated to multi-observation 
and archival research have been made public via the 
XMMSAS software package for general use. We partici-
pated in the production of the new 3XMM catalogue (with 
data releases DR4 and DR5, Rosen et al. 2016), with 
more than twice the number of detections than in 2XMM 
(i.e., more than 560,000 detections with almost 400,000 
unique sources in ~ 870 square degrees sky area). The 
next incremental version (DR6) is in preparation. 

Figure 4.3.5 EPIC pn spectra of the Circinus Galaxy which shows very strong Fe K lines. An instrumental broadening of the lines between the 
observations on 2001-08-06 (upper panels) and 2014-03-01 (lower panels) is evident. The spectral fits using the old calibration with energy 
resolution constant in time (left) show strong residuals in the 2014 observation, which are reduced after the introduction of a linear increase of the 
energy resolution with time (right). 

(Other HEG members include K. Dennerl, N. Clerc)
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INTEGRAL

INTEGRAL was launched in 2002 as one of ESA’s mid-
sized missions, and has been operating beyond its nomi-
nal 3+2 year mission duration with bi-annual reviews. The 
satellite will remain in orbit till 2029, so that INTEGRAL 
may provide data well into the next decade. Its instru-
mentation is unique: the INTEGRAL spectrometer SPI is 
the only astronomical instrument in the low-energy gam-
ma ray domain where emissions from atomic nuclei and 
from positron annihilation can be measured. MPE is Co-
PI institute on SPI, together with IRAP Toulouse/France, 
and had been responsible for providing major parts of 
the instrument, i.e. the complete anti-coincidence detec-
tor system. All components of INTEGRAL are healthy 
and fine, only solar arrays are beginning to suffer from 
perigee passages of INTEGRAL’s eccentric 3-days orbit. 
The SPI Ge detectors are operated at cryogenic tem-
peratures and have now undergone 25 successful cy-
cles of annealing, to cure charge collection damage from 
cosmic-ray bombardment. MPE scientists are involved 
in  data analysis from all INTEGRAL instruments.
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Fermi

The Gamma-ray Burst Monitor (GBM), the major involve-
ment of the HE group in NASA’s Fermi mission, has 
successfully continued its operation in the years 2013 

- 2015. Since the launch of Fermi in June 2008, the GBM 
has triggered on-board nearly 4000 times in response 
to short-lived impulsive bursts lasting from under a 
second to hundreds of seconds. This collection of trig-
gered events includes nearly 1800 Gamma-Ray Bursts 
(GRBs), 1100 solar flares, 200 bursts from 9 separate 
magnetars, and over 600 Terrestrial Gamma-ray Flash-
es (TGFs). Dedicated offline searches over all or parts of 
the mission have yielded over 200 additional magnetar 
bursts, thousands of additional TGFs, nearly 700 type I 
thermonuclear bursts from galactic binary systems, non-
impulsive steady or variable emission from over 100 
mostly galactic sources, and pulsed emission from 35 
accretion-powered galactic binary systems.

During the last 3 years, the following improvements have 
been implemented: i) An offline search of the GBM Con-
tinuous Time-Tagged Event (CTTE) data for impulsive 
events too weak to trigger on-board Fermi, or from a sky 
position unfavourable to the two-detector on-board trig-
gering requirement was implemented in 2015. The main 
motivation for this offline search was to increase the sen-
sitivity of GBM to short GRBs. Thanks to this advanced 
capability, GBM could enable electromagnetic counter-
part searches to gravitational wave sources with LIGO/
VIRGO. ii) Since January 2014 localization contours for 
each GRB, comprising systematic and statistical errors, 
are regularly delivered to the Fermi Science Support 
Center (FSSC) and automatically distributed via GCN 
notices. Recently, these contours have been processed 
and delivered to FSSC also for the GRBs prior to 2014.

The GBM team at MPE still keeps its main responsibility 
for instrument calibration, the maintenance of the GBM 
Team Wiki and its equal share load on the burst advo-
cate shift system, exclusively with third-party funding. 
Team members at MPE have lead the second set of the 
GBM gamma-ray burst and spectral catalogue papers 
and the first GBM time-resolved spectral catalogue (see 
GRB Sec. 4.2.4 above). 

Andreas von Kienlin

Jochen Greiner

(Other HEG members include K. Toelge, H.-F. Yu)



High Energy Astronomy 111

Chandra

The Low Energy Transmission Grating (LETG) on 
Chandra was built by MPE in cooperation with SRON 
in the Netherlands. The LETG is equipped with 530 in-
dividual grating facets. These gratings are freestanding 
gold wires with a period of less than 1 µm (1008 lines/
mm). This technology has been developed by MPE to-
gether with the company Heidenhain GmbH. Even after 
17 years in space, the LETG works perfectly within its 
original specification. Our benefit is still a share of the 
Chandra guaranteed observing time allocation.

Peter Predehl         Vadim Burwitz
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In addition to its major, cornerstone projects eROSITA 
and Athena, the MPE HE groups is pursuing a number 
of smaller involvements in proposed future high energy 
astrophysics missions. Some of the most important of 
these are covered here. 

SVOM is an approved Chinese-French mission to be 
launched in 2021. The scientific objectives of the mis-
sion evolve around two categories of GRBs: (i) the very 
distant events at redshift greater than 6, which constitute 
exceptional cosmological beacons, and (ii) the faint/soft 
nearby events, which allow probing the nature of the pro-
genitors and the physics at work in the explosion. The 
payload consists of ECLAIRS, a GRB monitor, the MXT 
soft X-ray follow-up telescope and a 45cm visible light 
telescope. MPE contributes towards the French payload 
by providing the pnCCD for the detector of the MXT tel-
escope (Meuris et al. 2014) in collaboration with CEA Sa-
clay and CNES. MPE is also involved in the qualification 
and calibration of the lightweight square micro channel 
plate X-ray optics of the MXT and finally in the low en-
ergy calibration of the ECLAIRS experiment. 

ARCUS (http://arcusxray.org/) is a proposed MIDEX mis-
sion that will be dedicated to high-resolution X-ray spec-
troscopy (with a resolution of R~2000 and an effective 
area of 400 cm2) based on off-plane gratings and silicon 
pore optics. The main aims of ARCUS is to determine 
how baryons cycle in and out of galaxies including both 
distant and local systems, probe the feedback power 
emitted from the dominant ionized outflows in black hole 
winds and understand how stars, circum-stellar disks, 

Fig. 4.3.6 An artist impression of the SVOM observatory
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4.3.4 Future Space Missions 

and exoplanet atmospheres form and evolve. MPE is 
involved in the development and testing of the optics as 
well as the calibration of the gratings, optics at MPEs 
PANTER X-ray test facility. 

eXTP (enhanced X-ray Timing and Po-
larization Satellite) is a project currently 
under study under the auspices of the 
Chinese Academy of Sciences, with 
possible participation of international 
partners, including MPE.  The main 
scientific aim of eXTP is the study of 
strong gravity and accretion physics 
via timing and spectroscopy of com-
pact accreting sources, including X-
ray binaries and active galactic nuclei. 
MPEs involvement includes the possi-
ble provision of the focal plane sensors 
for the Spectroscopic Focussing Array 
of eXTP, as well as contributions to the 
optics including possible calibration ac-
tivities in the PANTER facility.  

XIPE (X-ray Imaging Polarimetry Ex-
plorer, Soffitta et al. 2013) is an X-ray 
imaging polarimetry mission in the 
2-10 keV band. It is composed of 3 mir-
ror modules based on iridium or plati-
num plated nickel mirrors with a carbon 
over layer and 3 Gas Pixel Detectors 
(GPDs). It has been selected by ESA 
for a “phase A” study. The main goals 

of this mission is to study the polarimetric properties of 
acceleration phenomena in AGN, emission phenomena 
in strong magnetic fields, scattering in aspherical geom-
etries also fundamental physics questions such as QED 
effects in strong magnetic fields, GR effects, and quan-
tum gravity and the search for axion like particles. Once 
again, MPEs contribution to this mission consists in the 
testing and calibration of the optics combined with the 
detectors at the PANTER X-ray test facility during the 
study phase and later for the mission.
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GROND

GROND is a 7-channel camera that provides simultane-
ous imaging in seven optical/near-IR filters (g’r’I’z’JHK). 
The instrument was developed within the HE group in 
collaboration with the Thüringer Landessternwarte Taut-
enburg and started its routine operation at the 2.2m 
MPG/ESO telescope at the ESO La Silla observatory in 
mid-2007. It has been working with a very high reliability 
ever since. 

GROND was originally developed as a dedicated instru-
ment to observe the afterglows of Gamma-Ray Bursts 
(GRBs) as well as other transients. 15% of the total 
time at the telescope is available to the HE group for 
this program and has been used extremely successfully 
for observations of nearly every GRB detected by the 
Swift satellite at declinations south of +35 degrees. Be-
yond contributing substantially to the race for the highest 
redshift objects, GROND also provides surprising con-
straints on the GRB afterglow physics, the late-engine 
activity and their associated supernovae (Sec. 4.2.4). 

In addition to the observations of GRBs, GROND is 
used also for a wide range of other science areas. The 
HE group has access to a number of regular observing 
nights (130 nights per year 2013-2015, 85 nights per 
year 2015-2016) covering nearly all research topics of 
the group, from the characterization of a large sample 
of X-ray selected clusters of galaxies (Sec. 4.2.2 and 
‘Abstract Booklet’ contribution by J. Ridl), the search for 
counterparts of unidentified ROSAT X-ray sources and 
the exploration of host galaxies of GRBs (Sec. 4.2.5). 

Beyond these topics, and the follow-up of a diversity of 
γ-ray/X-ray transients and supernovae (see abstracts 
booklet contributions by Chen et al. and Greiner et al.), 
GROND is used by MPE and external collaborating sci-
entists for a diverse set of topics including high-z QSOs, 
estimates of black hole masses in high-z blazars, tidal 

Jochen Greiner            Arne Rau

(Other HEG members include P. Schady, W. Borneman, 
J. Elliott, F. Knust, J. Graham, T. Krühler, F. Schrey, T. 
Schweyer, V. Sudilovsky)

4.3.5 Ground-based Projects

disruption flares (Merloni et al. 2015; see abstracts book-
let contribution by Merloni et al.), follow-up of Fast Ra-
dio Bursts, Be/X-ray binaries in the Magellanic Clouds 
(Maggi et al. 2013), identification of Fermi sources as 
redback millisecond Pulsars, space density of CVs (see 
abstracts booklet contribution by Burwitz et al.), weather 
on brown dwarfs, exoplanet transits (Koppenhöfer et al. 
2013), or comet observations for the Hayabusa 2 Sam-
ple Return mission.

Through an agreement with MPIA Heidelberg GROND 
is also available for observations of non-MPE scientists. 
A similar agreement with Chilean observers will com-
mence at the end of 2016.

The overall scientific impact of GROND is demonstrated 
by the number of publications with leadership or contri-
bution from HE members (15-20 referred publications 
per year and 40-50 GCNs and ATels per year). 
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SDSS-IV/SPIDERS

The MPE High Energy group initiated and leads the Insti-
tute’s involvement in the fourth incarnation of the Sloan 
Digital Sky Survey, SDSS-IV. The primary motivation for 
this involvement was the use of the still-formidable capa-
bilities of the Sloan Telescope for followup of eROSITA 
sources. This will be achieved through the SPIDERS 
(Spectroscopic Identifications of eROSITA sources) sur-
vey, led by the group. Due to the delays in the eROSI-
TA launch, we have reoriented SPIDERS to perform a 
unique followup program of thousands of ROSAT and 
XMM-detected clusters and AGN (Sec. 4.2.1 and 4.2.2). 
Once eROSITA is launched, the continuation of SDSS-
IV until 2020 will allow rapid exploitation of the early 
eROSITA data, yielding large samples over a sky area 
of around 2000 deg2.

Andrea Merloni

(Other MPE members include T. Dwelly, T. Boller, A. 
Gueguen, N. Clerc, A. Agudo-Berbel, K. Nandra, A. 
Finoguenov)

4MOST

Kirpal Nandra         Andrea Merloni

(Other MPE members include N. Clerc, D. Coffey, T. 
Dwelly, A. Finoguenov, A. Georgakakis, M.L. Menzel, M. 
Salvato)

The 4MOST consortium has been selected by the Euro-
pean Southern Observatory (ESO) to provide the ESO 
community with a fiber-fed spectroscopic survey facility 
on the VISTA telescope, as a complement to several all-
sky surveys that will span the electromagnetic spectrum 
(see de Jong et al. 2014). 4MOST will simultaneously 
obtain high- and medium-resolution spectra of ~2400 ob-
jects distributed over a FoV of ~4 deg2. Its high multiplex, 
wavelength coverage and spectral resolution will enable 
detection of chemical and kinematic substructures in 
the halo, bulge and disc of the Milky Way, and redshift 
measurements of millions of distant objects, enabling 
studies of the evolution of galaxies, QSOs and the large-
scale structure. 4MOST’s capabilities are particularly de-
signed to complement three space-based observatories 
of prime European interest: Gaia, eROSITA and Euclid.

Satisfying the ambitious and wide-ranging set of science 
goals in the allocated time requires that a unified pro-
gram of observations must be devised. MPE contributes 
to the hardware costs of 4MOST, and is also be respon-
sible for its Operations System. This crucial Work Pack-
age will enable the success of the project by i) providing 
sophisticated simulation tools (Boller & Dwelly 2012) that 
allow the science team to plan and optimise the survey, 
ii) carrying out optimised medium-term scheduling using 
forecasting tools and feedback from previous observa-
tions, and iii) producing sets of observation blocks ready 
for execution at the telescope. In return, MPE will have 
privileged access to the instrument and data, leading 
two of the main 4MOST surveys (Clusters, PI Finogue-
nov; AGN, PI Merloni). The first goal is to use 4MOST 
to survey ~50,000 southern X-ray galaxy clusters that 

will be discovered by eROSITA, taking spectra of 4–50 
galaxies in each cluster. These observations will con-
strain the evolution of galaxy populations in clusters and 
groups, yield mass calibration, and provide competitive 
cosmological constraints by mapping the distribution of 
massive halos across space and time. The main goal of 
the AGN survey, instead, is to provide a complete and 
homogeneous optical spectroscopic follow-up of X-ray 
AGN detected by eROSITA to study the cosmic evolu-
tion of accreting black holes. Our simulations indicate 
that such a survey will harvest in 5 years ~50 times 
the current number of known X-ray selected AGN with 
spectroscopic redshifts, amassing a sample ~300 times 
larger than any existing one from equivalent coherent 
and well-defined surveys.

Selected References:

Boller & Dwelly, 2012, SPIE, 8448E, 0XB; de Jong et al., 2014, SPIE, 
9147E, 0MD
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4.4 Facilities and Technology Development

At PANTER, MPE’s unique X-ray test facility, the pri-
mary activity in the last few years has been extensive 
testing and calibration of various eROSITA hardware 
components. The final calibration of the mirror assem-
blies (MAs) has recently been completed. The final 
eROSITA end-to-end test with all telescopes and ca-
meras will take place in PANTER in September 2016, 
before delivery of the eROSITA payload to Russia. 
The second key PANTER activity has been support 
for ESA’s development of Silicon Pore Optics (SPO) 
for Athena. Currently these optics are still f=20m focal 
length optics and where originally designed for the 
IXO mission. In the near future, tests of the f=12m 
Athena-like optics will be performed. Once eROSI-
TA is delivered, it is expected that the Athena testing 
and calibration will take top priority in PANTER. This 
would ideally involve significant modification to the fa-
cility, to provide a longer beamline and a larger cham-
ber capable of accommodating the fully-assembled 
Athena optic. This will require significant investment 
and ideally a new site. The option to move the facility 
to the Garching campus is being explored, where the-
re is an ideal location. Despite the busy schedule with 
eROSITA and Athena, several other projects are sup-
ported at PANTER including our own slumped glass 
optics developments, as well as gratings, optics and 
detectors for future missions are continuously been 
tested at PANTER.

The PANTER X-ray test facility was setup in the late 
1970s. Its current configuration with the 130 m beamline 
(see Fig. 4.4.1) was brought into service at the beginning 
of the 1980s to support the ROSAT mirror development 
and its calibration. At the beginning of the 1990s the 
large Vacuum chamber and clean room in a new build-
ing were set up to accommodate and test the f=7.5m 
mirror modules developed for the XMM-Newton Mission. 
Over the years, many upgrades and changes have been 
done to accommodate the new X-ray astronomy mis-
sions that were being developed, and calibrated before 
launch (EXOSAT, BeppoSAX, JET-X, Chandra (AXAF), 
XMM-Newton, ABRIXAS, SWIFT, SUZAKU, HXMT, and 
a XIPE prototype). The current primary activities at 
PANTER are the testing and calibration of the eROSITA 
telescopes (Fig. 4.4.1), and SPO optics for Athena.

To keep up with such developments, and accommodate 
new mission concepts and setups, continuous modi-
fications are applied to the PANTER X-ray test facility. 
Currently, much is being done to improve the flexibility 
of performing thermal tests of optics such as those pro-
posed for Athena. In collaboration with ESA, new ther-
mal equipment is being designed to be able to simulate 
possible gradients of the Athena optics to study how the 
temperature distributions up-to 3m diameter mirror affect 
its performance. 

For the large Athena mirrors, studies are currently on-
going about how to accommodate them in the PANTER 
chamber to obtain the best mirror calibration, with the 
best but most radical solution being to relocate and re-
build the PANTER facility in Garching (Fig. 4.4.2). 

In addition, tests of an off-plane grating spectrometer 
combined with a SPO optic have been performed at 
PANTER, as a prototype for the proposed high-resolu-
tion spectroscopy mission ARCUS (Sec. 4.3.4). This se-
ries of tests will be performed once again with flight-like 
gratings modules together with f=12m SPO modules.

For optics tests at PANTER the single photon counting 
detectors, the Position Sensitive Proportional Counter 
(PSPC), the eROSITA prototype CCD camera ‘TRoPIC’, 
and the Photon Integrating X-ray CCD Imager (PIXI), 
have been joined by the eROSITA QM (eROqm) single 
photon counting pnCCD camera, which is similar to the 
TRoPIC camera except that it has a larger detector area 
and its electronics mounted close to the camera inside 
the vacuum chamber (Fig. 4.4.2).   

Figure 4.4.1 A sample of eROSITA effective area (top) and vignetting 
curves (bottom) at discrete energies.

4.4.1 The PANTER X-ray Test Facility
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Figure 4.4.3 The eROSITA FM1 mirror module mounted in the PANTER 
vacuum-chamber together with the eROqm CCD camera 

Figure 4.4.2 The proposed site to relocate the PANTER facility on the Garching campus, incorporating a 500m beamline and a larger vacuum 
chamber capable of accommodation and full illumination of the final Athena SPO optic. 

Vadim Burwitz

(Other HEG members include W. Burkert, G. Hartner, B. 
Menz)
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4.4.2 X-ray Optics Development

One of the most challenging tasks for future X-ray 
observatories is the enhancement of collecting area 
combined with very good angular resolution. Light-
weight mirror materials, such as thin glass sheets, 
are needed to achieve this goal within the mass limits. 
We are developing a technology based on indirect hot 
slumping of thin glass segments. This technique ena-
bles us to produce the parabolic and hyperbolic part 
of Wolter type I mirrors in one piece.

We are studying the slumped glass technology for light-
weight X-ray optics at MPE since 2002, partly in collabo-
ration with the Osservatorio Astronomico di Brera (OAB) 
and partners from industry. Slumped glass optics are 
not limited to specific sizes and shapes, thus allowing a 
great variety of optical designs based on a segmented 
structure. The principle of the glass slumping process 
is easy: thin flat glass substrates are heated above the 
annealing point so that the glass becomes soft and takes 
on the shape of an underlying mould. To get a high res-
olution mirror segment two difficulties have to be over-
come: the precise copying of the mould’s shape in an 
appropriate thermal cycle, and the manufacturing of a 
high-accuracy mould. 

By studying the parameters of the thermal cycle we had 
found a recipe for good slumping results using a porous 
ceramics mould through which the air between mould 
and glass was suctioned. But as we were not able to get 
the ceramics material machined better than to an angu-
lar resolution of 1 arcmin we looked out for materials that 
could be better shaped. Finally, we decided upon a fused 
silica mould, which was then produced by Media Lario 
Technologies in 2015 and has an angular resolution of 
6-7 arcsec HEW. In parallel, we studied how to get good 
slumping results with a non-porous material that does 
not allow vacuum suction. One approach is based on 
vacuum suction through a gap between the mould and 
a surrounding frame while the other is to run the whole 

thermal process in vacuum. The first approach works in 
principle but shows so far strong side effects like bend-
ing at the edges of the glass segments. The vacuum ap-
proach gives better results but there are residual errors of 
the slumped glass surface mainly on a centimetre scale. 
Both approaches are still under study. To overcome the 
problems of the vacuum slumping we are studying the 
effects of dust contamination as a potential error source 
and we aim at the minimization of friction between mould 
and glass by a special coating. 

We are also focusing on the integration and alignment 
of glass segments into a mirror module. As the glass 
segments are thin (typically 0.4 mm) they are subject to 
various sources of deformation, namely gravity, coating, 
glue shrinkage and thermal effects. A PhD thesis (2013-
2015) considered these issues in a fundamental way 
using theoretical models and FE calculations for predic-
tions being then confirmed or quantified by measure-
ments. This work allows us to integrate slumped glass 
segments into a mechanical structure with a minimum of 
distortion. X-ray tests are planned for 2016. 

Peter Friedrich

(Other HEG members include E. Breunig, E. Madarasz, 
L. Proserpio, M. Wu)
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4.4.3 X-ray Detector Development

The main detector projects of the high-energy group 
are the eROSITA pnCCD detectors whose develop-
ment is practically finished and the Athena WFI DE-
PFET active pixel detectors whose development has 
recently started. The seven flight cameras of eROSITA 
have been assembled, and are undergoing environ-
mental tests and calibration. The Athena WFI is based 
on DEPFET active pixel sensors that have been de-
veloped together with the Max Planck Semiconductor 
Laboratory (HLL). A production of prototype wafers 
has been started there in 2015 and the first WFI sen-
sor chips should be available for testing at MPE this 
summer. Our collaboration with the HLL has remained 
strong and has stabilised since the transition of the 
lab to a central facility of the MPG. The long-term fu-
ture of the HLL is still unclear, with a possible move to 
the Garching campus being explored. It is particular-
ly important for MPE that the HLL is maintained long 
enough to perform the Athena WFI flight productions, 
and that the project is not disrupted or delayed during 
any transition.

eROSITA: The focal plane of the eROSITA instrument is 
equipped with an array of seven pnCCD cameras (see 
section 4.3.1 and Figure 4.3.2 above). They are based 
on the very successful EPIC pn camera on XMM-New-
ton, but with improved performance due to the advanced 
sensor design, the optimized fabrication technology and 
the redesigned readout ASIC, called eROSITA CAMEX. 
As a result, the read noise of the detector is half of that 
of the XMM-Newton EPIC on, 
the spectral response permits 
now excellent spectroscopy 
even at energies <0.5 keV and 
the ratio of out-of-time events, 
i.e. events with wrong position 
assignment, is about a factor 
of 27 lower and thus nearly 
negligible. The time resolution 
of the 384x384 pixel detectors 
is 50 ms. Calibration measure-
ments performed throughout 
winter and spring 2016 yielded 
excellent energy resolution 
throughout the energy band of 
interest, e.g. FWHM (276eV) 
= 49eV, FWHM (525eV) = 
58eV, FWHM (1.5keV) = 76eV, 
FWHM (6.4keV) = 139eV, and 
FWHM (9.7keV) = 177eV. The 
energy resolution in the soft X-
ray band is a particular highlight 
and should enable new science 
with eROSITA in addition to 
the wide-field survey imaging 
capabilities. 

Athena WFI: The WFI for Athena (Sec. 4.3.2 above) is 
based on the DEPFET (DEpleted P-channel Field Effect 
Transistor) sensor technology. This combines the advan-
tages of the eROSITA pnCCDs (e.g. near Fano-limited 
energy resolution, high quantum efficiency from 0.3 keV 
to 15 keV), with higher readout speed and radiation 
hardness. Experience in DEPFET detectors was already 
gathered through the development of the MIXS instru-
ment on ESA’s BepiColombo mission. The WFI require-
ments are much more demanding, however. The 40x40 
arcmin2 field of view requires a much larger detector with 
1024x1024 pixels and much better energy resolution, 
e.g. FWHM (7keV) = 170eV at end of life (see Figure 
4.4.4). The detector is operated in rolling shutter mode, 
reading out row by row, to minimize the power consump-
tion and thus heat dissipation in the focal plane. In order 
to achieve the high time resolution of <5ms per frame, 
we have developed a new readout ASIC (VERITAS-2), 
tailored to the DEPFET sensor. A redesigned version of 
VERITAS2 has recently been manufactured and is cur-
rently being tested. For the purpose of two-side butta-
bility of DEPFET detectors as required by the quadrant 
architecture, we have also produced a newly-designed 
control ASIC (SWITCHER-A). 

In addition to the large detector, the WFI instrument fea-
tures a second DEPFET detector with high count rate 
capability permitting observations of sources up to 2.5 
Crab. This 64x64 pixel DEPFET sensor is designed in 
split full frame mode for this purpose and can be read out 

Figure 4.4.4 55Fe spectrum measured with a DEPFET sensor of a previous production and read out by 
the redesigned VERITAS-2 ASIC.
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in 80 µs. It will be mounted defocused with respect to the 
X-ray mirror system in order to distribute the point source 
photons more uniformly and reduce thus event pile-up.

Both detectors of WFI have the same pixel size of 
130x130µm2, which is well suited to the on-axis angular 
resolution of 5 arcsec HEW of the mirror system. 

In the beginning of 2015, the first production of WFI-spe-
cific DEPFETs started. Various transistor designs and 
technology options have been implemented in these pro-
totypes. The main goals of the optimization process are 
a faster clear of the signal charge from the internal gate, 
a better noise figure for fast readout and uniform operat-
ing parameters for all transistors over the large sensor 
area. Production yield and sensor performance needs to 
be optimum for the WFI flight devices because only one 
flight-size sensor fits on a 6-inch wafer.

Each of the six detector units needs a dedicated power 
conditioner and event processer that are accommodated 
in the detector electronics box next to but outside the 
focal plane. More than 2.1 x 108 pixels have to be pro-
cessed there on-board in real time for the large detector 
to achieve the required fast and low-noise (≈3-4 elec-
trons ENC rms) detector performance.

Norbert Meidinger

(Other HEG members include R. Andritschke, A. Bähr, 
V. Emberger, T. Eraerds, G. Hauser, A. Koch, J. Müller-
Seidlitz, S. Ott, D. Pietschner, J. Reiffers, R. Strecker, W. 
Treberspurg, A. Tüchler)

Selected References:

Meidinger, N., et al., 2014, Proc. Of SPIE, 9144, 1W-1 
Meidinger, N., et al., 2015, JATIS, 1,1, 014006-1

MXT-SVOM: The detector development team of the HE 
group of MPE will provide eROSITA-like pnCCD sen-
sors and the CAMEX readout ASICs for the French MXT 
camera on the SVOM satellite (Sec. 4.3.4). PCBs with 
CAMEX ASICs as well as a breadboard detector have 
been assembled for tests performed at CEA-Irfu, the PI 
Institute for MXT.
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Image Credit: Bill Saxton, NRAO/AUI/NSF
The Cosmic Chemistry Cycle: stars like our Sun form within interstellar clouds. Diffuse clouds, where the hydrogen 
is only partially molecular, host simple molecules, mostly radicals and ions, which initiate astrochemistry. Portions of 
these clouds can become denser and self-gravitating. Within these dense clouds, H2 is the main gaseous compo-
nent, water dominates the icy mantles composition of dust grains and a variety of molecules form, including building 
blocks of pre-biotic molecules. Dense clouds further fragment and produce young stellar systems, where protostars 
are surrounded by accretion disks. Here, dust coagulates and the molecules produced during the earlier phases are 
trapped within the agglomerated dust and more chemical processing takes place, driven by the radiation from the 
central star. With time, a stellar system is revealed. The left over planetesimals, comets and pebbles rain down onto 
planets, delivering the organic material trapped within them. Life can originate. As the star's nuclear fuels deplete, the 
star becomes unstable and blows off mass. During this process, more molecules and dust are produced and ejected 
into the interstellar medium. 
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5. The Center for Astrochemical Studies at MPE

5.1 Introduction and Overview
The Center for Astrochemical Studies (CAS) at MPE 
started activities in April 2014. The CAS group com-
prises three sub-groups: Observations, Theory (Physical 
and Chemical Processes) and Laboratory Astrochemis-
try. The overall goal of the CAS group is to study the 
evolution of the interstellar medium and shed light on 
the formation of filamentary structures, fragmentation 
into dense cloud cores, formation of protostars and pro-
toplanetary disks as well as to make physical and chemi-
cal connections with our Solar System (e.g. protoplan-
etary disk evolution, formation of pebbles/planetesimals 
and isotopic fractionation), thus gaining understanding 
on our astrochemical origins. This can be done merging 
together our expertise on molecular spectroscopy, theo-
retical chemistry, astrochemistry, non-ideal magneto-hy-
drodynamics simulations, plasma physics as well as on 
multi-wavelength spectroscopic and continuum observa-
tions, including polarization. 

The CAS group is highly interactive and knowledge 
transfer is continuously going on, as experts in various 
fields help each other, as well as students and young 
researchers, to deepen understanding, to connect fields 
(such as physics with chemistry, theory and experiments 
with observations) and to maintain a broad view of the 
physical processes driving star/planet formation in dif-
ferent environments and the corresponding evolution of 
chemical complexity. Molecules are unique tools for stud-
ying dynamics and astrochemistry is needed to interpret 
spectroscopic observations and fully exploit the data col-
lected with state-of-the art observatories such as ALMA, 
IRAM-NOEMA and 30m, JVLA, SOFIA, APEX as well as 

to prepare for future space missions such as JWST and 
ground based future generation telescopes such as SKA 
and E-ELT. Astrochemistry coupled with dynamical mod-
els of interstellar cloud evolution and radiative transfer 
codes (which require knowledge of molecular structure 
and collisional coefficients from laboratory and theoreti-
cal chemistry work) is the way forward to tackle funda-
mental questions on the origins of stellar systems such 
as our own. This is the commitment of CAS.

In this chapter, CAS research highlights are presented, 
starting from observations of pre-stellar cores (Sec. 
5.2.1), which represent the initial conditions in the pro-
cess of star formation, then focusing on current studies 
of specific angular momentum at various scales (Sec. 
5.2.2) and magnetic fields (Sec. 5.2.3). Section 5.3 pre-
sents a description of the CAS astrochemical laborato-
ries currently under construction at MPE. Section 5.4 is 
dedicated to theoretical studies of physical processes 
relevant for dust evolution and ionisation fraction (Sec. 
5.4.1), formation and fragmentation of filamentary mo-
lecular clouds (Sec. 5.4.2) and formation of protoplan-
etary disks (Sec. 5.4.3). Finally, section 5.5 describes 
the activities of the theoretical astrochemical group, with 
particular emphasis on spin-state and deuterium chem-
istry (crucial for the early phases in the process of star 
formation; Sec. 5.5.1), gas-phase and surface produc-
tion of complex organic molecules (Sec. 5.5.2) and the 
coupling of detailed chemical networks in 3D hydro-dy-
namical simulations (Sec. 5.5.3). Connections between 
the various sections are mentioned.

Paola Caselli
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5.2 Observations

5.2.1 Prestellar Cores
Prestellar cores are the earliest stages of star formati-
on and the starting point to understand how chemical 
complexity evolves in space. Molecules are used as 
tools to study the physical properties and evolution 
of the core. We observe deuterated molecules (good 
tracers of the central parts), as well as hydrocarbons 
and complex molecules. We also use observations of 
the dust continuum to study the properties of dust, a 
fundamental player in the star formation process. The 
need of high resolution laboratory data as well as as-
trochemical models to interpret the results of the as-
tronomical observations, makes the collaboration with 
our colleagues in the CAS group essential.

Prestellar cores are the birth places of Sun-like stars, 
they therefore provide crucial information on star and 
planet formation. Their number densities span from 
103 cm-3 (outer edge) to about 107 cm-3 within the cen-
tral 1000 AU. Both gas and dust are extremely cold in 
prestellar cores, where temperatures range from 10 to 
5 K. Low temperatures and high densities have a strong 
impact on the physical and chemical properties of such 
cores, and hence on their evolution. The main character-
istics of prestellar cores are the freeze out of molecules 
at volume densities above a few x 104 cm-3, and the con-
sequent increase in deuterium fraction. Given the freeze 
out of carbon monoxide and the cold temperatures, the 
central part of prestellar cores will have an enhancement 
of H2D

+, which is destroyed by CO. H2D
+ will increase 

the deuteration in the gas phase by reacting with neutral 
molecules, and on dust grains by increasing the atomic 
D/H ratio after dissociative recombination with electrons 
(D atoms can react with atom and molecules on the grain 
surface).

Deuterated molecules in prestellar cores: In the CAS 
group different expertise come together (laboratory, ob-
servations and modeling) to have a better and complete 
understanding of the chemistry and physics of prestellar 
cores. We study prestellar cores by observing deuter-
ated molecules and ions and measuring deuterium frac-
tions (for example N2D

+/N2H
+, DCO+/HCO+, NH2D/NH3). 

One of our ongoing projects concerns the effects of dif-
ferent physical conditions (temperature, density, size, 
mass, and distance to active sites of star formation) in 
two nearby low-mass star forming regions: the Ophiu-
chus molecular cloud, the nearest cluster forming region, 
and the more quiescent Taurus molecular cloud (Pu-
nanova et al. 2016, and Punanova et al., in prep.). The 
search for molecules in space has a symbiotic relation-
ship to laboratory spectroscopy. Rest frequencies meas-
ured with high frequency resolution in the laboratory are 
essential for observations. Just after the first detection 
of c-C3D2 in the laboratory (Spezzano et al., 2012), we 
were able to detected this small deuterated hydrocarbon 
towards two prestellar cores (Spezzano et al., 2013). 

More recently also the linear singly deuterated isomer 
of c-C3D2, HDCCC, has been observed for the first time 
towards three prestellar cores after its identification was 
confirmed in the laboratory (Spezzano et al., 2016). The 
modelling of observational results is also very important. 
In the CAS group we are currently developing a model 
for the formation and deuteration of c-C3H2 and H2CCC 
using the methods laid out in Sipilä et al. (2015) to repro-
duce the abundances observed in Spezzano et al. (2013 
and 2016). 

Methanol in prestellar cores: Methanol (CH3OH) is a 
key “parent” molecule, and gas phase precursor of sev-
eral complex organic molecules. Theoretical and experi-
mental studies predict that it is formed solely on the grain 
surface by subsequent additions of hydrogen to iced CO 
during the prestellar phase. Very high abundances of 
singly, doubly and triply deuterated methanol have been 
detected towards Class 0 protostars. We have mapped 
deuterated methanol, CH2DOH, towards the prestellar 
core L1544 (Bizzocchi et al., 2014, and Bizzocchi et al., 
in prep.). Measuring methanol deuteration in the early 
stages of the low-mass protostar evolution provides use-
ful insights onto the processes responsible for the pro-
duction of the D-bearing molecule reservoir onto grain 
mantles. Indeed, unlike other deuterated species that 
can also form in the gas phase, methanol can serve 
as a direct probe of the surface chemistry activity. Fur-
thermore methanol shows a different spatial distribution 
in L1544 with respect to other species (see Fig. 5.2.1). 
This provides us with insights on chemical differentiation 
within the core due to environmental effects occurring at 
large scale (Spezzano et al., subm.).

ALMA observations: ALMA observations have been 
recently carried out toward L1544, revealing fragmenta-
tion in the central 1000 AU (Caselli et al., in prep.) and 
an interesting kinematic pattern (Pineda et al., in prep.). 
These data reveal for the first time the inner region where 
the future stellar system is assembling.  

The role of dust: Not only gas, but also dust has a cru-
cial role in the evolution of prestellar cores. In dense and 
cold molecular clouds, dust grains are covered by icy 
mantles. It is not clear if dust growth and coagulation 
take place before star formation begins. This is an impor-
tant issue, as the presence of large grains may affect the 
chemical structure of dense cloud cores, including the 
dynamically important ionisation fraction, and the future 
evolution of solids in protoplanetary disks. Observations 
of the dust continuum at 1 and 2 mm of L1544 have been 
performed to study dust coagulation (Chacon-Tanarro et 
al., in prep). These results will be compared with dust 
coagulation and chemical model predictions to gain a 
better understanding of the dust size distribution just be-
fore a protostar is born. The role of the ice mantles in af-
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fecting the coagulation process needs to be investigated 
also experimentally, by studying the chemical and physi-
cal properties of laboratory ice analogs. For this purpose, 
in the CAS group a cryogenic experimental setup has 
been developed for the spectroscopic characterization 
of ice samples (Sec. 5.3).

Figure 5.2.1 Integrated intensity maps of the 212-222 transition of methanol (red line) and 322-313 of cylopropenylidene superimposed on the H2 
column density map derived from far-infrared images observed by Herschel. The contours indicate a 10σ, 15σ and 20σ S/N ratio for CH3OH and a 
5σ, 10σ and 15σ for c-C3H2. Methanol and cyclopropenylidene trace different regions in L1544, and show a chemical differentiation within the core.
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5.2.2 Star- and Planet-Formation Kinematics

Our observational projects are focused on determi-
ning key parameters of the gas kinematics to better 
understand star- and planet-formation. Single dish 
and interferometric observations are used targeting 
particular species, which allow us to study the kine-
matics of the gas from cores to disks. These efforts 
include the GAS large program at the GBT, which 
enables transformational science understanding 
cores and disk formation. Moreover, ALMA and VLA 
programs led by CAS provide a close up view to the 
disk formation process.

In the current paradigm of star formation the parental 
dense cores are formed from the parental molecular 
cloud. Molecular clouds present supersonic turbulence, 
while dense cores show subsonic levels of turbulence, 
therefore studying the kinematics properties of dense 
cores provide important clues regarding the origin and 
stability of dense cores. Moreover, because of the non-
zero initial angular momentum of dense cores, angular 
momentum conservation naturally leads to the formation 
of circumstellar disks. Since most material that accretes 
onto protostars does so through disks, and such disks 
form the mass reservoir for planet formation, circum-
stellar disks play a central role in both star and planet 
formation. The CAS group is leading several efforts to 
constrain the kinematics of dense cores with the goal 
of determining the initial conditions for star and planet 
formation.

Mapping the dense gas kinematics: The CAS group 
is one of the two co-PI of the Gould Belt Ammonia Sur-
vey (GAS). This is an ambitious large program (247-hrs 
over 1 year) at the Green Bank Telescope (100-m) that 
is mapping all the nearby (<500pc) molecular clouds 
in one of the best dense gas tracers: Ammonia (NH3). 
We have obtained the largest maps tracing the dense 
gas kinematics, targeting regions with different levels of 
star formation activity and clustering. These observa-
tions show that the transition between quiescent dense 
core and the supersonic cloud is sharp and that it is a 
common feature. This confirms previous results by CAS 
members, who found this sharp transition in turbulence 
in a single dense core (see left panel of Fig. 5.2.2, Pine-
da et al. 2010). Combining these results with the column 
and temperature maps derived from Herschel we will de-
termine if this transition is also related to other physical 
properties. 

Dense core mass and angular momentum relation: 
The observed angular momentum distribution of cores is 
a useful diagnostic of two parts of the star formation pro-
cess. First, core angular momentum is one of the initial 
conditions for core collapse and the formation of a stellar 
system. Determining the angular momentum as a func-
tion of core mass and cloud properties provides a critical 
constraint on how binary systems and planetary systems 
form. Second, the core angular momentum holds impor-

tant clues as to the origins of cores from their host mo-
lecular clouds. Observationally, the “angular momentum” 
is derived from the velocity gradient, and a distribution 
can be inferred from a dense cores sample. The defini-
tive catalogs of core angular momentum span tens of 
cores in a variety of regions, but with limited sensitivity 
and angular resolution. 

GAS will provide the best determination of angular 
momentum in dense cores. Given the large number 
of dense cores in diverse environments, we will deter-
mine the relation between specific angular momentum 
and total dense core mass. This relation is crucial for 
understanding the initial conditions of binary fragmen-
tation, protoplanetary disks, and planet formation. The 
specific angular momentum and accretion rate define 
the centrifugal radius (the radius where gravity equals 
centrifugal force), and therefore it sets the initial disk ra-
dius. Until now, there has been no definitive study that 
has determined this relation, and measuring such rela-
tion will constrain one of the key parameters needed to 
better understand planet formation. 

Angular momentum from cores to disks: The current 
understanding on the evolution of angular momentum is 
based on the properties of dense cores traced at 0.1pc 
scales and disks in Class I sources. These results sug-
gest that dense cores have close to solid body rotation, 
while a constant level of specific angular momentum 
within a scale for dynamical collapse at 5000 au. Pre-
vious observations have provided significant results in 
understanding the evolution of specific angular momen-
tum. However, they are insufficient and biased in the 
following aspects: (i) dense cores measurements are 
based on heterogeneous sample of objects and may 
not accurately reflect the evolutionary path. A better way 
of determining the evolutionary path would be from the 
measurements at different scales inside one single ob-
ject. (ii) A few observations have attempted to study the 
radial profiles in one single object with few Class 0 and 
Class I sources. However, these studies were limited by 
the spatial resolutions (ranging from 500 au to 1100 au).

Within CAS we have developed a new tool for analysis, 
where by using high-resolution interferometric observa-
tions of the dense gas (Pineda et al. 2011, 2015) we can 
derive the specific angular momentum radial profile for 
a single object. The initial results are shown in the right 
panel of Fig. 5.2.2, where we find a power-law between 
10,000 au and 800 au without a radius inside which spe-
cific angular momentum is conserved. This is a radically 
different initial condition for disk formation than previous-
ly used: there is much more angular momentum in the 
dense core at scales of 10,000 au, however, the loss of 
specific angular momentum continues down to at least 
800 au. Ongoing VLA observations and accepted ALMA 
high-priority project will allow us to determine the spe-
cific angular momentum profile from 10,000 au down to 
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Figure 5.2.2 Left: Transition between subsonic and supersonic turbulence. The dark region shows the turbulent gas, while the quiescent gas is 
shown by the light gray. The transition between these two regions is unresolved. Right: Specific angular momentum as a function of radius. A 
power-law relation down to scales of 1,000 au is found, which improves on the previous result (shown by dashed line). 
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200 au. This will provide a fundamental change in our 
knowledge of how disks are formed. It will provide a 
unique and direct comparison for numerical simulations 
of disk formation that will determine the physics involved.
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5.2.3 Polarization Studies of (and the Importance of Magnetic Fields in) 
Star Forming Regions 

Magnetic fields affect the dynamics of the interstellar 
medium. At the large scales of molecular clouds, ma-
gnetic fields have a dominant role in the formation of 
dense structures such as filaments. At core scales, 
magnetic fields represent a source of support against 
the gravitational collapse and formation of circum-
stellar disks. The CAS group has expertise in multi-
wavelength polarization observations, which is the 
necessary technique to observe magnetic fields at 
distinct volume density media (103-9 cm-3). Our goal is 
to combine polarization observations and other tech-
niques like molecular line and dust continuum obser-
vations in order to investigate the dynamical evolution 
of clouds and cores in magnetized media. Through 
polarimetry, we also investigate the properties of in-
terstellar dust grains such as alignment with respect 
to the magnetic field and dust scattering.

Molecular Clouds: In order to study the role of mag-
netic fields in the evolution of astrophysical objects, a 
common tool is optical and near infrared polarization 
observations of background stars. With the use of the 
1.6 m and 0.6 m telescopes of the Observatório do Pico 
dos Dias (OPD, LNA/MCTI, Brazil), we have performed 
optical polarimetry toward several classes of objects 
such as molecular clouds and prestellar cores. Since 
this technique is limited by the visual extinction (typically 
less than 5 magnitudes), the polarization shows how 
the magnetic field affects the diffuse envelope of clouds 
and cores. Theoretical work has proposed that magnetic 
fields have a crucial role against gravity in magnetized 
clouds, and mechanisms such as ambipolar diffusion or 
variable field morphologies are required to remove the 
magnetic flux (e. g., Mouschovias 1976, Fiege & Pudritz 
2000). In clouds such as Lupus and the Pipe nebula, 
we observe strikingly uniform magnetic fields thread-
ing molecular clouds (at volume densities of 103 cm-3) 
and leading to sub-Alfvénic turbulence in the interstellar 
medium (Franco & Alves 2015). We were also able to 
trace magnetic fields down to very embedded regions 
(Av <  50 mag) using near-infrared polarimetry with the 
OPD and sub-millimeter (submm) polarized thermal 
emission with the APEX telescope. We investigated the 
alignment properties of dust grains with respect to the 
magnetic field lines in starless cores (Alves et al. 2014). 
We have observed loss of grain alignment at the core 
center due to the lack of internal radiation, what corrobo-
rates the theory of grain alignment mechanism based on 
radiative torques (Lazarian & Hoang 2007; see central 
panel of Fig. 5.2.3). In another project, by combining mo-
lecular line (13CO) and polarization data, we studied how 
environmental conditions affect the core population of a 
cloud. We show that dense cores are merged preferen-
tially in shocked, sub-Alfvénic regions formed by cloud 
collision (Frau, Girart, Alves et al. 2015). We are current-
ly working in collaboration with the Planck team in order 
to compare large-scale polarization in emission (submm, 

Planck) and in absorption (optical, OPD). Our prelimi-
nary results show a remarkable consistency of polari-
zation direction between the two techniques, meaning 
that both tracers are sampling the same medium (Soler, 
Alves et al., in prep.; see left panel of Fig. 5.2.3).  We 
are also inspecting the correlation between polarization 
degree by emission and absorption in order to observe 
which population of dust grains is responsible to gener-
ate polarized light in each case  (Alves et al., in prep.). 

At core scales, we have been investigating how the kin-
ematics of a collapsing core is affected by the magnetic 
field.  We have used the IRAM-30m, APEX, GBT and 
VLA telescopes to observe ions (such as N2H

+ and N2D
+) 

and neutrals (such as NH2D and NH3) and compare their 
velocity fields with the magnetic field morphology. Mag-
netized cores must find a way to remove magnetic flux 
so gravitational collapse can take place. Our research 
is focused on prestellar cores on the verge of collapse, 
where processes such as ambipolar diffusion can be ob-
servationally spotted through differentiation on the veloc-
ity fields of neutrals and ions. The starless cores FeSt 
1-457 in the Pipe nebula has a very ordered magnetic 
field at scales of 0.1 pc and volume density ~ 104  cm-3. 
This object is a textbook case of chemically rich, magnet-
ized and rotating core on the verge of collapse (Juarez 
et al. (incl. Alves), submitted). Our molecular maps ob-
tained through short-spacing and interferometric obser-
vations cover spatial scales from 4000 au down to 600 
au and allow us to observe the variation in angular mo-
mentum across such scales. The multi-scale data are 
still under analysis, but some neutral and ions velocity 
fields already point to similar velocity gradient directions, 
suggesting that the two species are decoupled from the 
magnetic field lines. We are improving the kinematical 
analysis by applying hyperfine line fitting to some spe-
cies (such as N2H

+, which is known to have several 
unresolved hyperfine components). In collaboration 
with Jaime Pineda from CAS, we adopt the same fitting 
routine (PySpecKit, Ginsburg & Mirocha 2011) used in 
the GAS Survey in order to determine accurate velocity 
fields and other properties such as optical depth and gas 
temperature. 

Young stellar objects: Our group has recently obtained 
high-resolution ALMA observations of low-mass proto-
stars at distinct evolutionary states (Class 0 to Class II 
objects). The data comprise dust, molecular emission 
and polarization submm data at spatial scales of 30 
au, and reveal striking substructure in some of the ob-
jects (see right panel of Fig. 5.2.3). We are conducting 
a detailed investigation on the kinematics of the sources 
based on position-velocity (PV) plots and the polariza-
tion/magnetic field structure. The PV plots reveal the ro-
tation regime of each object while their velocity fields are 
correlated with the magnetic field at the disk. In collabo-
ration with theoretical groups at CAS and other institutes, 
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we want to model the sources based on grain properties. 
The dust continuum maps exhibit disk asymmetries and 
gaps that are likely related to the formation of protoplan-
ets. For the magnetic field analysis, we collaborate with 
Bo Zhao from CAS in the modeling of magnetized, ro-
tating disks. Our ALMA data resolve circumstellar disks 
with very bright dust and molecular line emission, such 
as CO and H2CO lines, suitable tracers of kinematics 
and chemistry. The polarization in combination with 
these dust and molecular data allow us to test robust 

models of rotating and collapsing disks in a magnetized 
regime. The polarization has been also inspected in the 
framework of scattering, since at such wavelengths it 
has been proposed that scattered radiation dominates 
over grain alignment as responsible for the production 
of polarized light (Kataoka et al. 2015). We plan to use 
our data to distinguish which kind of mechanism is taking 
place in our ALMA cores. Fig. 5.2.3 summarizes all three 
classes of polarization investigations that are being car-
ried over in CAS.

Figure 5.2.3 Left: large-scale magnetic field lines seen through polarization in emission (wrinkles) and absorption (black vectors); Middle: optical 
(blue), near-infrared (red) and submm polarization (green) toward a prestellar core in the Pipe nebula; Right: Magnetic field at disk-scale seen 
toward a Class 0/I YSO in the Pipe nebula.

Felipe Alves 
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5.3 Laboratory Astrochemistry

In the gas-phase, most of the chemical processes oc-
curring during the early stages of star formation invol-
ve small molecules that contain first- and, to a limited 
extent, second-row elements. The rotational spectra 
of these species can be observed with millimetre 
telescopes, and provide useful means to probe the 
physical conditions and evolution of insterstellar gas. 
However, the diversity of the conditions of the ISM 
allows for a wide range of states for even the simplest 
of molecules, posing a challenge of completeness for 
all their possible configurations, both experimentally 
and observationally.

At higher densities, in the cold, inner regions of mo-
lecular clouds, gas-phase species also adhere to the 
surface of dust grains, accreting as an ice layer (icy 
grain mantle). This solid-phase environment facili-
tates the build-up of the molecular complexity, where-
by larger species can more easily form as a conse-
quence of surface reactions induced by UV photons 
and low-energy cosmic-rays.

The primary objectives in the CAS laboratories are 
two-fold: 1) to improve the accuracy and precision 
of spectroscopic properties of simple molecules and 

The CASAC (CAS-Absorption Cell) spectrometer 

A high-resolution absorption spectrometer, has been 
built up to investigate the rotational spectrum of astro-
physically important molecules. Most of these species 
are unstable in ordinary terrestrial conditions: they 
cannot be easily isolated, and this makes their labora-
tory study particularly challenging. To this purpose, we 
have built the CASAC (CAS Absorption Cell; Fig. 5.3.1), 
whose aim is the generation of highly-reactive molecules 
in a low-pressure, cooled plasma.

small organics, and 2) to improve our understanding 
of the physico-chemical processes in which they par-
ticipate within icy grain mantles. These are essential 
ingredients for an accurate description of molecular 
clouds and to follow the evolution of the interstellar 
material, from the primeval prestellar phase to the 
mature planetary-system era. Several spectrometers 
have been set up in the CAS laboratories covering 
the wavelength regime from centimetre to infrared 
wavelengths, for studying astrophysically relevant 
molecules both in the gas and in solid phase, as well 
as to investigate molecular de-excitation processes, 
and we present them below.

Figure 5.3.1 View of the CASAC spectrometer.
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Figure 5.3.2 Recording of the J = 31,3 - 20,2 rotational transition of H2O. The 2nd derivative of the actual spectral profile is revealed due to the source 
modulation technique adopted. The Doppler spectrum has been recorded at 15 mTorr pressure with 15 kHz modulation frequency and 350 kHz 
depth. The narrow saturation dip has been obtained using 0.5 mTorr pressure and with 1.5 kHz modulation frequency and 30 kHz depth.

The instrument operates in the 80–1100 GHz range (4–
0.25 mm) and thus covers the entire frequency bands 
accessed by state-of-the-art millimetre observing fa-
cilities such as ALMA and IRAM-NOEMA. The radiation 
source is an active multiplier chain driven by a cm-wave 
frequency synthesizer (9–42 GHz). Schottky diodes and 
liquid-helium cooled hot-electron bolometers are used 
as detectors, with the latter providing higher sensitivity 
and a lower noise-figure at higher frequencies. The main 
target for the CASAC spectrometer will be light molecu-
lar ions (both positively- and negatively-charged) and 
open-shelled, free radicals generated in a DC discharge 
(e.g., Bizzocchi et al. 2008, Lattanzi et al. 2010, Tinti et 
al. 2007).

The molecular plasma is generated in a flow of an ap-
propriate mixture of gaseous precursors. The discharge 
cell is a 2 m long, 5 cm diameter borosilicate glass tube 
fitted with high-vacuum flanges/connections and high-
density polyethylene (HDPE) optical windows near each 
end. The cell is cooled by a liquid-nitrogen circulation 
system in a crossed-flow arrangement, and is placed 
inside a solenoid that provides the axial magnetic field 

needed for an efficient plasma confinement (De Lucia et 
al. 1983). The cell is connected to a high-vacuum pump-
ing system, consisting of a cryogenic trap, a 20 cm diam-
eter oil-diffusion pump, and finally a 40 m3/h mechanical 
pump. This configuration allows one to maintain a high 
flow-rate at the pressures needed (5–50 mTorr) to gener-
ate the unstable molecules.

Presently, the instrument is being tested with stable mol-
ecules, in order to assess the experiment's capabilities, 
such as vacuum quality, cooling efficiency, and the sen-
sitivity/noise level achievable using various frequency 
multiplier/detector combinations. The first spectral meas-
urements has been performed using the 31,3 – 22,0 water 
line at 183 GHz as a benchmark. Fig. 5.3.2 shows two 
recordings obtained with CASAC. The broad line (black 
trace) was observed in the cell at a pressure of 15 mTorr, 
and shows a 400 kHz line width due to a combination of 
Doppler and collisional broadening effects. The narrower 
(FWHM ≈ 36 kHz), inverted spectral signal (red trace) is 
its Lamb Dip, which is due to saturation effects on the 
low-pressure (ca. 0.5mTorr) water vapour sample.
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Figure 5.3.3 View of the vacuum chamber of the milllimetre-wave free-jet spectrometer.

The free-jet millimetre-wave spectrometer

The production of unstable molecules in a plasma faces 
some limitations; in particular, the pressure and tem-
perature of the gas cannot be varied ad libitum, thus 
spectroscopic studies of the most reactive, shortest-
lived molecules cannot be efficiently undertaken with a 
conventional setup such as that implemented in CASAC. 
Free-jet techniques provide a way to overcome this 
problem, as they allow generation of very cold (1–10 K) 
molecules in a collision-free environment. Technically, 
this is achieved by substituting the conventional absorp-
tion cell with a vacuum chamber, and generating a su-
personic expansion of the molecular sample. The gas 
mixture, kept at a high backing-pressure (1–5 bar), is 
injected into the chamber through a tiny (~ 1 mm) pin-
hole, and the resulting adiabatic expansion of the beam 
forces a rapid cooling of the molecular translational and 
rotational degrees of freedom. Since the gas expansion 
front moves at supersonic velocities, few intermolecular 
collisions are experienced, thus obtaining an efficient 
isolation of highly-reactive species (i.e. within a “zone 
of silence”). In the CAS laboratories we are developing 

a system for effectively coupling a free-jet molecular 
source with the sub-millimetre quasi-optical components 
used for CASAC experiment. The vacuum chamber and 
the pumping system are already in place and they are 
illustrated in Fig. 5.3.3.

Currently, we are designing the optical system to allow 
the optimal coupling between the “cold” region of the mo-
lecular-jet and the probing radiation beam. In this instru-
ment we will implement a double-pass coaxial arrange-
ment (Walker & McKellar 2001), to enhance the sensitiv-
ity and to minimise the inhomogeneous line broadening. 
The molecular mixtures will be injected into the chamber 
through a 1 mm diameter solenoid valve, followed by DC 
electrodes. In this way, the unstable molecules are pro-
duced in a region immediately prior to the expansion and 
then quickly stabilised in the jet's zone of silence. If this 
configuration is found to be successful, other modifica-
tions and expansions will be adopted, which might con-
cern different production techniques (e.g., higher volt-
ages or laser ablation) and detection schemes (i.e. zero-
bias detectors, heterodyne elements, bolometers, etc.).
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Figure 5.3.4 Left: Picture of the electronic rack of the CP-FTS spectrometer. The chirped pulse is generated by a 5 GHz arbitrary function generator. 
Subsequently it is up-converted in frequency and amplified. A 25 GHz digital scope is used to detect the molecular response after its amplification. 
Lower Right: Example of a 4 GHz broad ammonia spectrum recorded with the CP-FTS instrument. The molecular response is recorded and 
averaged in the time domain. The frequency spectrum is obtained via Fourier Transformation. 

The Chirped-Pulse Fourier Transform Spectrometer 
(CP-FTS)

Molecular spectra at lower frequencies can be studied 
with a broadband CP-FTS spectrometer, which has 
been set up at CAS. It currently covers the low-frequen-
cy bands from 6 to 26 GHz, but a frequency extension of 
the instrument to give access to 80 – 110 GHz is about 
to be realised. At these frequencies the rotational spec-
trum of heavier molecules containing two or more heavy 
atoms (C, O, S, …) can be found, often exhibiting a very 
line-rich and complex spectrum due to internal tunnelling 
of molecular moieties. Based on the advent of fast digital 
electronics, such as arbitrary waveform generators and 
fast digital processors, it is now possible with these type 
of spectrometers to macroscopically polarise a molecu-
lar sample on sub-microsecond time-scale and to record 
the free induction decay (FID) with an instantaneous 
spectral bandwidth of several GHz. The capability to re-
cord broad scans on very short times and to apply arbi-
trary pulse sequences makes this instrument also very 
suitable for studying the spectra of unstable molecules 
in molecular jet apparatus, and for monitoring excitation 
and de-excitation processes, such as inelastic collisions.

Presently, the spectrometer (Fig. 5.3.4) is connected to 
a wave-guide assembly, which allows one to study the 
spectra of stable molecules and in particular the rota-

tional spectra of both the ground and vibrationally ex-
cited states of complex molecules. This setup will also 
be used to study de-excitation processes arising from 
inelastic collisions, whereby appropriate pump-probe 
sequences allow direct measurements of important con-
straints on collisional rates derived by quantum-chemical 
calculations. The first goal will be to proof the suitability 
and the concept of the experimental design for this kind 
of measurements as well as a characterization of the in-
strument in terms of sensitivity. In a future extension, the 
CP-FTS will be used in combination with a molecular jet 
expansion in order to investigate unstable molecules.

Also, a collisional cooling cell will be developed in the 
CAS laboratories, in order to perform spectroscopic 
measurements in well-conditioned environments. Col-
lisional processes strongly depend on the temperature 
of the environment. Thus it is crucial to study this pro-
cess as a function of temperature and in a temperature 
range that is appropriate to interstellar conditions. The 
collisional cooling cell is first filled with an incondensable 
buffer gas (e.g. He, H2) at a well-defined temperature 
and pressure. The molecular sample is then added into 
the chamber via needle tubing, where it is cooled to the 
temperature of the cold cell via collisions with the back-
ground gas and probed by microwave and mm-wave 
radiation.
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Figure 5.3.5 Artist views of the cryogenic apparatus coupled with the high-resolution IR spectrometer (left) and with THz pulse spectrometer (right).

The cryogenic apparatus for ice studies

Since its first identification, water ice has been observed 
in the insterstellar medium (ISM) along several lines of 
sight and in different sources, mainly in dense molecu-
lar clouds (e.g., Léger et al. 1979). Water is the most 
abundant component of ice observed in space. However, 
other molecular  species have been identified as minor 
ice components by their spectroscopic features in the 
infrared (IR) region. There are still many open questions 
about the role of the ice mantles in phenomena like the 
dust coagulation, e.g. to form rocky structures in proto-
planetary discs, even at low temperatures (Supulver et 
al. 1997). This coagulant property depends on its physi-
cal structure and molecular composition. Also, the mech-
anisms of non-thermal ice desorption from the grain are 
not completely understood yet. The advent of new fa-
cilities such as JWST (James Webb Space Telescope) 
and E-ELT (the European Extremely Large Telescope), 
will significantly enhance the observational opportunities 
of cold quiescent clouds, requiring further modelling and 
laboratory efforts.

The identification of the physical state and molecular 
composition of ices in space relies on the preliminary 
laboratory characterization. Spectroscopy is the main 
tool to investigate the ices properties. From the analysis 
of the spectroscopic data it is possible to comprehend 
the degree of processing of an astronomical ice sample, 
in terms of thermal history and radiative transfer. In order 
to study the spectroscopic properties of ice samples of 
astrophysical interest, a cryogenic equipment is installed 
in the laboratory of the CAS group (Fig. 5.3.5). This ex-
periment is dedicated to the characterization of the phys-
ical properties of astrophysically relevant solids (such 
as ices, silicates and carbonaceous materials). The 

cryogenic apparatus is coupled to a Fourier-Transform 
Infrared (FTIR) spectrometer and a THz time-domain 
spectrometer (TDS; Fig. 5.3.6). This experiment will 
record the spectra in different spectral regions, and de-
rive information about the micro-structure of solid state 
samples—which influences their physical properties—at 
different temperatures. These data will be analysed to-
gether with astronomical observations and theoretical 
models, in order to understand the chemical evolution in 
several environments.

The closed cycle refrigerator (cryo-cooler) is designed 
to achieve a minimum temperature of 4 K. In order to 
be coupled to the TDS, it is important also that a vibra-
tion-isolation system minimises vibrations at the sample 
holder. The TDS uses an ultra-fast laser (λ ≈ 785 nm, 
100 fs pulse duration) which allows, in combination with 
high-performance photo-conductive antennas, a large 
spectral bandwidth and a high-dynamic-range signal. 
This setup will be also coupled to a high-resolution FTIR 
spectrometer that is able to work with a broad range of 
molecular samples — from the solid state to the gas 
phase — and it is capable of resolving even highly-com-
plex spectra. This spectrometer will be used to monitor 
the ice growth and to analyse the gas-phase desorption 
products.
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Figure 5.3.6 Bird's-eye view of the optical system of the TDS.

 Luca Bizzocchi
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5.4 Theory: Physical Processes

5.4.1 Dense Molecular Clouds and Protoplanetary Disks: 
Effect of Cosmic Rays

Cosmic rays (CRs) play a key role in the chemistry 
and dynamics of molecular clouds and protoplaneta-
ry disks (PDs). CRs are a primary source of heating 
and ionization, competing with stellar UV photons 
(absorbed in thin outer layers) and x-rays (produced 
by embedded stellar objects). The resulting ionization 
fraction governs the evolving chemistry, determines 
the coupling of the gas with the galactic magnetic 
field, controls the rate of dust coagulation and the 
maximum size of the aggregates, etc. As the energy 
spectra of interstellar CRs penetrating dense regions 
can be drastically modified and attenuated, the know-
ledge of the local CR spectra is absolutely necessa-
ry for adequate representation of the physical and 
chemical processes occurring in these regions. We 
present results obtained with our recently developed 
numerical code, allowing accurate calculation of the 
local CR spectra. Such calculations provide a critical 
missing link for the self-consistent modeling of dense 
molecular clouds and PDs; the generic importance of 
the results is demonstrated by considering several 
fundamental processes, such as the gas ionization, 
the non-thermal ice desorption from grains as well as 
the grain charging and coagulation.

Figure 5.4.1 Left: The interstellar energy spectrum of CR protons (solid line), and the local spectra propagated through the gas column density of 
1022 cm–2 (dashed line) and 1024 cm–2 (dotted line). Right: The relative local spectra of the CR carbon (blue) and iron (red) ions, plotted for the same 
column densities and demonstrating their variation with respect to the corresponding local proton spectra; to highlight the effect, the interstellar 
fractional abundances of heavier ions are set equal to unity.

Fig. 5.4.1 illustrates modification and attenuation of the 
interstellar CR proton flux jp(E) (or the energy spec-
trum) at different column densities, roughly representing 
dense molecular clouds and PDs (panel a), and variation 
of the relative abundances jk/jp of heavier CR species 
(panel b). The results are obtained with our numerical 
code, which takes into account all relevant mechanisms 
of the CR energy loss (operating in different energy do-

mains) and allows accurate modeling of the local energy 
spectra (Padovani et al. 2009, Ivlev et al. 2015b). Below 
we demonstrate the importance of these calculations by 
considering three fundamental processes where CRs 
play a crucial role.

Explosive Desorption of Icy Mantles: In cold molecu-
lar clouds, a rapid freeze-out of molecular species from 
the gas phase on interstellar grains occurs on a (rela-
tively short) timescale of less than ~105 yr. In order to 
maintain the observed gas-phase abundances of spe-
cies, the freeze-out must be balanced by efficient “non-
thermal” desorption of icy mantles of grains, induced by 
different kinds of impulsive grain heating. CRs are the 
main source of such heating which, depending on the 
parameter regime, may lead to two possible desorption 
scenarios: the classical evaporation, and the so-called 

“explosive desorption” which is triggered by the exother-
mic chemical reaction(s) between free radicals frozen 
in the ice. 

We have revisited the long-standing problem of the im-
pulsive heating of interstellar grains by CRs (Ivlev et al. 
2015a), and showed that the evolution of the initial en-
ergy deposited in a grain is uniquely described by a sin-
gle dimensionless number λ which depends on the de-
posited energy as well as on the reactive and transport 
properties of ice. This concept allows us to calculate 
a critical value of λ corresponding to a bifurcation be-
tween the two desorption scenarios (see Fig. 5.5.5), and 
hence to find the critical combination of the parameters 
that is needed for the explosive desorption. We have 
shown that the energy deposited by iron CRs is suffi-
cient to cause such explosions and, using the calculated 
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local CR spectra, obtained the expected rate of mantle 
disruption due to impacts of iron CRs. Our theory also 
allows us to estimate the maximum abundances of reac-
tive species that may be stored in the mantles as well 
as their minimum diffusion energies, and thus to impose 
important constraints on available astrochemical models 
(Sec. 5.5.2) and on future spectroscopic measurements 
of astrophysical ice analogues (see The Cryogenic Ap-
paratus for Ice Studies in Sec. 5.3).

Dust Charging and Coagulation in Molecular Clouds: 
We have demonstrated (Ivlev et al. 2015b) that CRs pro-
vide an efficient mechanism of charging of submicron 
dust grains in dense molecular clouds. This (hitherto 
completely neglected) mechanism is associated with 
the photoelectric emission from grains, due to the UV 
radiation generated locally by CRs, and contributes in 
addition to the conventional electron/ion accretion. While 
the stellar UV radiation does not penetrate in the cloud 
interior, the CR-induced photoemission can dramatically 
modify the dust charge distribution in almost the entire 
cloud. This leads to significant changes in the rates of 
ion accretion on dust, which in turn can critically affect 
the surface chemistry, alter the total energy balance of 
grains, influence the formation of icy mantles, etc. 

The most substantial new effect of CRs is on the rate of 
dust coagulation: if the electron/ion accretion were the 
only charging mechanism operating in a cloud, the aver-
age (negative) dust charge would increase with the size 
and, therefore, the growing Coulomb repulsion would in-
hibit coagulation of larger (>1 µm) aggregates. We have 
identified the cloud regions where the competition be-
tween the accretion and photoemission creates approxi-
mately equal abundances of negatively and positively 
charged grains, providing “optimum” conditions for their 
coagulation. Remarkably, the derived optimum is size-
independent for large dust, which enables formation of 
arbitrary big aggregates.

Ionization and Dust Charging in PDs: We have de-
veloped an exact analytical model for very dense clouds 
and PDs, which uses the local CR spectra as the in-
put for self-consistent calculations of densities of the 
charged species (Padovani et al. 2016, Ivlev et al. 2016). 

In particular, this allows us to obtain dust charges for ar-
bitrary grain size distributions. This analytical model can 
be easily included in available numerical codes simulat-
ing the formation of PDs (Sec. 5.4.3) and following the 
dust evolution.

We have identified a critical gas density, the “charge bal-
ance threshold” n(H)ch, which characterizes the influence 
of dust on the global charge neutrality: grains become a 
dominant charged species when n(H) exceeds n(H)ch . 
As n(H) grows further, a fraction of grains acquires posi-
tive charges, and eventually the positive- and negative-
charge abundances become equal. While the physical 
mechanism responsible for this phenomenon – the plas-
ma-charge depletion – is quite different from that operat-
ing in molecular clouds (see above), the resulting effect 
is the same: the electrostatic repulsion between grains 
disappears. This has profound implications for the coag-
ulation in the inner (denser) region of PDs, promoting a 
rapid growth of cm-size aggregates and thus stimulating 
the rapid planetesimal formation.

(Other MPE team members include Paola Caselli, Thom-
as Röcker, Anton Vasyunin)
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5.4.2 Importance of Magnetic Fields in Cloud Formation and Structure

Observations of star forming regions show a variety 
of structures from parsec size clumps to filamenta-
ry structures with strings of cores embedded within. 
The formation of these structures depend on several 
physical processes including the ionisation fraction, 
turbulent velocity and magnetic field strength. Linear 
analysis of the magnetohydrodynamic fluid equations 
show that the length and timescales for collapse of a 
molecular cloud is highly sensitive to the mass-to-flux 
ratio and ionisation fraction within the medium. Our si-
mulations explore the effect of various ionisation pro-
files on the collapse of molecular clouds in turbulent 
magnetised media. These simulations, when com-
bined with polarisation data from molecular clouds 
can help narrow down the initial conditions required 
to form structures observed in star forming regions. 
By narrowing down these conditions in the early pha-
ses of star formation, we are helping to determine the 
initial conditions for further stages such as disk and 
planet formation.

Figure 5.4.2 Left: dimensionless minimum growth time of gravitationally unstable mode (τg,m/t0) as a function of mass-to-flux ratio (µ0). Right: 
dimensionless length scale of most unstable mode (λg,m/L0) as a function of the mass-to-flux ratio. The scaling factors t0 and L0 are the dimensional 
time and length scales, respectively.  (Figure originally published in Bailey & Basu 2012).

Observations of star forming regions exhibit a variety of 
structures including parsec size clumps with subparsec 
size cores embedded within and filamentary structures 
with strings of cores. The formation of these structures 
within the interstellar medium is a delicate balance be-
tween the degree of ionisation, turbulence and magnet-
ic field strength. Although all three processes have an 
effect on the formation of filaments, clumps and cores 

within star forming regions, the magnetic field has a sig-
nificant effect on the length scale and timescale for col-
lapse. The strength of the magnetic field within a region 
is generally denoted by the ratio of the mass to the mag-
netic flux (mass-to-flux ratio, µ). In a flux-frozen region, 
neutral particles are coupled to the magnetic field lines 
via frequent collisions with ions that are bound to the 
field. A mass-to-flux ratio of one is defined to be critical, 
while regions with mass-to-flux ratios greater than, less 
than or approximately equal to one are defined as sub-, 
super- and transcritical, respectively.

Fig. 5.4.2 shows the results of linear analysis on the 
magnetic fluid equations. Flux-frozen media, as depicted 
by the τni,0/t0 = 0 curves, are only able to collapse if the 
mass-to-flux ratio is greater than one. As the mass-to-flux 
ratio approaches one, only regions with infinite mass will 
collapse, however they take an infinite amount of time. 
With the addition of ambipolar diffusion, as depicted by 
the τni,0/t0 > 0 curves, the timescale for collisions between 
neutrals and ions increases allowing neutral particles to 
slip past the field lines. This allows the medium to col-
lapse, even within a subcritical medium. As shown in the 
right hand panel of Fig. 5.4.2, the size of the structures 
formed also depends on the mass-to-flux ratio within 
the region in question. Regions with extremely sub- or 
supercritical mass-to-flux ratios allow the region to col-
lapse into small ~0.1 pc structures, however, as shown 
in the left hand panel, the timescale for collapse in sub-
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critical regions can be significantly longer than in super-
critical regions. Conversely, regions that are transcritical 
(0.9 < µ < 1.1) result in larger structures being formed. 

We perform simulations of collapsing magnetised mo-
lecular clouds with different initial conditions. These 
conditions include density dependent ionisation profiles 
and different degrees of turbulent velocities. From these 
simulations, we have found that the degree of ionisation, 
when coupled with the magnetic field, results in the for-
mation of larger structures at higher ionisation fractions 
and smaller structures with lower ionisation fractions 
(Bailey & Basu 2012, 2014; Bailey et al. 2015). This is 
due to the fact that the ionisation fraction controls the 
degree of ambipolar diffusion within the region. Recent 
observations of the filamentary structures in the Taurus 
molecular cloud have revealed that they appear to be 
composed of bundles of subfilaments or fibres (Hacar et 
al., 2013). These observations also suggest that these 
fibres are either fertile or sterile (i.e., show evidence of 
cores or are coreless, respectively). Our recent simula-
tions of cloud collapse in a magnetised, turbulent me-
dium suggest that fertile filaments are likely supercritical 
in nature while sterile filaments are likely in a highly ion-
ised subcritical medium and transient in nature (Bailey et 
al. 2016). The timescale for formation and dispersal of 
these fibres is on the order of a couple Myr. This would 
explain why certain regions show active star formation 
while others do not. Further research projects include 
combining the effects of magnetic field and turbulence 
with a proper prescription for chemistry within the region. (Other MPE team members include Paola Caselli)

These simulations, in combination with polarisation ob-
servations of star forming regions such as those per-
formed by Felipe Alves (Sec. 5.2.3), will help to deter-
mine the magnetic properties within molecular clouds. 
This will allow us to narrow down the parameter space 
for magnetic field strengths in future simulations and the 
early stages of star formation in general. This will allow 
us to determine the initial conditions necessary for fur-
ther evolution such as protoplanetary disks.
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Enhanced Ambipolar Diffusion: We discover that re-
moving from the standard MRN grain size distribution 
the large population of very small grains (VSGs) of ~10 
Å to few 100 Å can greatly increase the ambipolar dif-
fusivity by 1-2 orders of magnitude at number densities 
below 1010 cm-3 (see Fig. 5.4.3). The reason is that VSGs 
dominate the coupling of the bulk neutral matter to the 
magnetic field; they are both well coupled to the mag-
netic field and able to exert strong drag to the neutral 
molecules. The large number of VSGs in the size dis-
tribution greatly increases the fluid conductivity and de-
creases the ambipolar diffusivity.

We find that truncating the standard MRN distribution 
(amax=0.25 μm) at amin≈0.1 μm has the optimal effect on 
enhancing the ambipolar diffusivity ηAD in the low-density 
regime. In this case, the net fluid conductivity is ~1-2 or-
ders of magnitude smaller than that with the full MRN 
distribution. However, the reduction of total grain surface 
area only increases the ionization fraction by a factor 
of a few, because the effect scales with∝ α-1

min and is 
partially offset by gas-phase ion-electron recombination. 
Note that when amax is set to 1 μm, the optimal amin oc-
curs at ≈0.055 μm. The removal of VSGs less than a few 
100 Å can be efficiently achieved in a few million years 
through freeze-out onto larger grains or through grain 
growth/coagulation (Ormel et al. 2009). 

Ambipolar Diffusion Enabled Disk Formation: By 
removing VSGs from the grain size distribution, the en-
hanced AD can enable massive (~few 10-1 M⊙) and long-
lived (> few 104-105 years) RSDs of tens of AU to form 
in even strongly magnetized cloud cores. The efficient 

5.4.3 Formation of Early Protoplanetary Disks

It has been shown that a realistic level of magneti-
zation of dense molecular cloud cores can suppress 
the formation of a rotationally supported disk (RSD) 
through catastrophic magnetic braking in the ideal 
MHD (magnetohydrodynamics) limit. We present con-
ditions for the formation of RSDs through non-ideal 
MHD simulations including an equilibrium chemical 
network computed self-consistently. We find that re-
moving from the standard MRN distribution the lar-
ge population of very small grains (VSGs) of ~10 Å 
to few 100 Å, that dominate the coupling of the bulk 
neutral matter to the magnetic field, increases the 
ambipolar diffusivity by ~1-2 orders of magnitude at 
densities below 1010 cm-3. The enhanced ambipolar 
diffusion (AD) in the envelope reduces the amount of 
magnetic flux dragged by the collapse into the circum-
stellar disk-forming region. Therefore, magnetic bra-
king is weakened and more angular momentum can 
be retained. With continuous high angular momentum 
inflow, RSDs and self-gravitating rings of tens of AU 
are able to form, survive, and even grow in size. Disk 
formation from magnetized cores is highly sensitive to 
chemistry, especially to grain sizes. A moderate grain 
coagulation/growth to remove the large population of 
VSGs can greatly promote AD and help the formation 
of RSDs.

Protoplanetary disks that are rotationally supported 
structures around young stars are the birthplace of 
planets. They are a crucial link between large-scale mo-
lecular cloud cores and stellar systems like our own. Al-
though such rotationally supported structures (or RSDs) 
are frequently observed around young stellar objects, 
theoretical studies have found it difficult to form such 
disks due to strong magnetic braking which catastrophi-
cally removes most angular momentum of circumstellar 
gas (Mellon & Li 2008). This is the so-called “magnetic 
braking catastrophe” in the ideal MHD limit when matter 
is well frozen into the magnetic field.

In reality, dense cores are only slightly ionized and 
magnetic fields are expected to partially decouple from 
neutral matter through non-ideal MHD effects, including 
ambipolar diffusion (AD), Ohmic dissipation, and Hall 
effect, all of which are determined by chemistry and 
microscopic physical processes (Nakano et al. 2002). 
However, uncertainty still exists in the calculation of frac-
tional abundances of charged species, due to a lack of 
observational constraints on the grain size distribution in 
dense molecular cloud cores. Studies have shown that 
the choice of grain size can greatly affect ionization frac-
tion and magnetic diffusivities (Dapp et al. 2012). Our 
group have implemented an equilibrium chemical net-
work (Padovani et al. 2014) into the MHD code zeusTW 
(Krasnopolsky et al. 2010) and carried out 2D non-ideal 
MHD simulations with the magnetic diffusivities calcu-
lated self-consistently. We revisit the formation of RSDs 
with a special attention to the effect of dust grain size 
(Zhao et al. 2016a).

Figure 5.4.3 Magnetic diffusivities for different cases of grain size with 
cosmic-ray ionisation rate ξ0(H2)=1.0×10-17 s-1. Black: ηAD; red: ηOhmic; 
blue: ηHall. The Hall diffusivity in the MRN and truncated MRN (tr-MRN) 
cases are negative within the density range.
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AD in the envelope reduces the amount of magnetic 
flux dragged in by the collapsing flow, which weakens 
magnetic braking in the circumstellar region and retains 
enough angular momentum for sustaining a large RSD 
of tens of AU (Fig. 5.4.4). With faster initial rotation and/
or weaker magnetic field, a large disk forms first and 
later evolves into a “compound disk” that consists of a 
small Keplerian inner disk and a massive self-gravitating 
outer ring. The ring structures in our 2D axisymmetric 
calculations will be prone to fragmentations into multiple 
stellar systems in 3D in the presence of gravitational in-
stabilities (Zhao et al. 2016b).

Effect of Cosmic-ray Ionization Rate: Cosmic-ray ioni-
zation rate ξ(H2) also plays an important role, besides 
grain size, on the formation of RSDs. In order for the 
truncated MRN grains to avert the “magnetic braking ca-
tastrophe” and produce RSDs, ξ(H2) cannot be too high. 
We find that ξ0(H2)≤2—3 ×10-17 s-1 on the core scale can 
still allow RSDs of 20-30 AU to form in strongly magnet-
ized cores (mass-to-flux ratio of a few). Larger values of 
ξ0(H2) only produce very small disks (~10 AU) that also 
further shrink in size.

Dynamics of Prestellar Core L1544: Magnetic fields 
also play an important role in the early evolution of dense 
molecular cloud cores, precursors of protostars and 
protoplanetary disks. It has long been suggested that 
such prestellar clouds are supported by magnetic field 
against gravitational collapse for a long period of time 
(a few 106-107 years). A famous example is the massive 
starless core L1544, which shows very little infall motion. 
Our theory of the ambipolar diffusion enhancement will 
shed new light to the understanding of these prestellar 
cores. The removal of small grains via grain coagula-
tion in this stage may help to efficiently diffuse magnetic 
field and initiate the free-fall collapse. We are carrying 
active research using both numerical simulations and ra-
diative transfer tools to explain the observed properties 
of L1544, and ultimately to provide more realistic initial 
conditions for the formation of stars and planets (Zhao 
et al. 2016c).
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Figure 5.4.4 Logarithmic distribution of mass density ρ for models with standard MRN grain size distribution (left panel), and with truncated MRN 
distribution (middle and right panels). Left and middle panels are slow rotating models, and the right panel is a fast rotating model. All models are 
for strongly magnetized cores (mass-to-flux ratio of 2.4). 
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(Other MPE team members include Paola Caselli, Jaime 
Pineda)
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5.5 Theory: Chemical Processes
5.5.1 Deuterium Fractionation and Spin-State Chemistry

Deuterated species, i.e., species with deuterons 
substituted in place of protons, become abundant 
at low temperature (T ~ 10 K) and high density 
(nH ~ 105 cm -3) where otherwise common molecules 
such as CO and N2 freeze onto the surfaces of in-
terstellar dust grains. The enhancement of deuterium 
substitution in the various species, termed deuteri-
um fractionation, opens up new possibilities to trace 
the gas in cold and dense environments, such as in 
the centers of star-forming cores. Because both the 
proton and the deuteron have non-zero spin, species 
with multiple protons and/or deuterons can exist in 
different spin states. These spin states can be con-
sidered as distinct species because radiative decay 
from one spin state to the other is forbidden by se-
lection rules. Deuterium chemistry is fundamentally 
connected with spin-state chemistry through the H3

+ + 
H2 reacting system. Therefore, simultaneous studies 
of deuterium fractionation and spin-state chemistry 
yield important information on the properties of star-
forming material, and shed light on the initial condi-
tions of star formation.

Deuterium fractionation: At low temperature (T ~ 10 K) 
and astrophysically high density (nH ~ 105 cm-3), mol-
ecules that are otherwise abundant in the gas phase, 
such as CO and N2, freeze onto the surfaces of interstel-
lar dust grains. The various species frozen onto the grain 
surface may react with each other or be desorbed back 
into the gas phase by means of various (non-thermal) 
mechanisms (Fig. 5.5.1). Molecular freeze-out leads to 
the effective disappearance of many species that can be 
used as tracers of the dense and cold gas, and so we 
must look for new molecules to study the physical and 

chemical properties of objects where freeze-out occurs. 
It turns out that deuterated species, i.e., chemical spe-
cies with deuterium atoms substituted in place of protons, 
rise to prominence as the main gas tracers.

The main reservoir of deuterium in the ISM is the singly-
deuterated hydrogen molecule, HD, whose abundance 
is about 1.5 x 10-5 with respect to molecular hydrogen. 
HD reacts efficiently with the trihydrogen cation H3

+ to 
form H2D

+, which is arguably the most important species 
for post-freeze-out chemistry as it can easily donate its 
deuteron to form a multitude of deuterated ions (DCO+, 
N2D

+...). Furthermore, recombination reactions of the 
various deuterated ions with electrons release deute-
rium atoms which can be adsorbed onto grain surfaces. 
Molecular freeze-out is a necessary condition for the ini-
tiation of deuterium chemistry because H3

+ is efficiently 
destroyed by CO as long as it subsists in the gas phase. 
Once deuterium chemistry gets underway, a plethora 
of (deuterated) tracer species become available to be 
used as probes of the regions where freeze-out is ef-
fective, such as the centers of starless and pre-stellar 
cores which are precursors of low-mass stars. The de-
gree of deuterium incorporation into the various species, 
measured by the abundance ratios of the deuterated 
and undeuterated isotopologues, is termed deuterium 
fractionation.

Spin-state chemistry and its connection to deute-
rium chemistry: Deuterium fractionation is closely con-
nected with the concept of spin-state chemistry. Species 
consisting of multiple particles with non-zero spin, such 
as the proton (spin 1/2) or deuteron (spin 1), can exist 
in multiple spin configurations. This is shown schemati-

cally in Fig. 5.5.2 for the hydro-
gen molecule, for which the tri-
plet state is labeled ortho, and 
the singlet state is labeled para. 
The astrophysical importance for 
the separation into different spin 
states is the energy differences 
between the spin species: for 
example, the ground states of 
ortho and para H2 are separated 
by ~170 K, which is a significant 
source of chemical energy at 
low temperature (T ~ 10 K). The 
two spin species cannot decay 
to each other by radiative transi-
tions because of selection rules, 
and can thus be treated as dis-
tinct species. The connection be-
tween deuterium and spin-state 
chemistry stems from these en-
ergy differences. The most nota-
ble example of this is the main 
formation reaction of H2D

+ (H3
+ + 

Figure 5.5.1 Schematic diagram of the various processes involved in the interaction between the gas 
and interstellar dust grains. Adapted from Burke & Brown (2010).
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HD <-> H2D
+ + H2) which is exothermic by ~230 K in the 

forward direction, but if the higher-energy ortho states of 
H2D

+ and H2 react, formation of H3
+ and HD is possible 

which effectively reduces deuterium fractionation.

Recent results and upcoming work: 
In a paper published recently in Nature 
(Brünken et al. 2014), we used the close 
chemical connection between H2 and H2D

+ 
to deduce the chemical age of the cold en-
velope surrounding the triple protostellar 
system IRAS 16293A. This was accom-
plished by detecting both the ortho and 
para states of H2D

+ toward the object and 
relating the H2D

+ ortho/para ratio to that of 
H2, which decreases as a function of time. 
We detected the para state of H2D

+ using 
the airborne SOFIA observatory, and our 
detection is the first confirmed detection 
of para H2D

+ in space. The detected lines 
along with fits from our chemical model are 
presented in Fig. 5.5.3. The low observed 
H2D

+ ortho/para ratio implies a low H2 or-
tho/para ratio, which in turn implies an age 
of at least 106 years for the cold envelope 
surrounding the protostars, according to 

our chemical models. The result is significant as it sheds 
light on the timescale of low-mass star formation, and in 
so doing sets limits on the molecular complexity that can 
arise in cold clouds preceding star formation.

We are constantly developing our chemical 
models that combine deuterium and spin-
state chemistry. In two recent works (Sipilä 
et al. 2015a; Sipilä et al. 2015b) we devel-
oped a state-of-the-art chemical model that 
includes extensive descriptions of deute-
rium and spin-state chemistry. Our current 
spin-state model is based on a group theory, 
and can predict the abundances of a wide 
variety of (deuterated and non-deuterated) 
species with multiple spin states. A nota-
ble example of this is ammonia which can 
be triply deuterated, and all of its isotopo-
logues have two spin states (except for ND3 
which has three). In Sipilä et al. (2015b), 
we applied our general model to the par-
ticular case of ammonia and found that the 
various spin ratios are expected to be non-
statistical. Fig. 5.5.4 shows the ortho/para 
ratios of ammonia and water as functions of 
time at different densities: both ratios devi-
ate clearly from the statistical ratios (1 and 
3, respectively). To test our model predic-
tions, we have recently observed the vari-
ous forms of deuterated ammonia toward 
the cold core H-MM1. We found that our 
chemical model predicts the abundances 
and spin-state ratios rather well, although 
purely statistical ratios cannot be ruled 
out based on our single-pointing observa-
tions. The results of this analysis will be 
presented soon in a publication (Harju et al. 
2016, subm.), and can be used to further 
constrain models of starless/prestellar core 
chemistry.

Figure 5.5.2 Illustration of the two nuclear spin modifications of the hydrogen molecule, 
including the expressions of the nuclear spin wave functions. Adapted from Sugimoto & 
Fukutani (2011).

Figure 5.5.3 (a) Observations (histograms) and simulations (solid lines) of ortho and para 
H2D

+ toward IRAS 16293 from Brünken et al. (2014), including the energy levels of the 
observed lines (b).
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Figure 5.5.4 Ammonia (left) and water (right) ortho/para ratios as functions of time at different densities as predicted by the Sipilä et al. (2015b) 
chemical model.

Olli Sipilä
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(Other MPE team members include Paola Caselli, Jorma 
Harju)

Other investigations of various aspects of cold-environ-
ment chemistry are also underway with several group 
members, including models of the deuteration of com-
plex organic molecules on the grain surfaces. In the fu-
ture, the descriptions of deuterium and spin-state chem-
istry will be incorporated into dynamical collapse models 
so that we can study how the chemical composition in 
the starless/prestellar core phase affects the star forma-
tion process.
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5.5.2 Chemistry of Complex Organic Molecules on Interstellar Grains 
and in the Gas

Evolution of organic matter and build-up of molecular 
complexity during the process of star- and planet for-
mation is one of the most important but still not well 
understood questions in astochemistry (Herbst &van 
Dishoeck 2009). While the formation of exotic ``car-
bon-chain'' molecules known in cold interstellar cores 
for several decades can be explained via gas-phase 
ion-molecular and neutral-neutral reactions, mecha-
nisms of formation of the organic molecules (COMs) 
such as CH3OH, CH3OCH3, HCOOCH3 and others are 
more uncertain. Formation of COMs in hot cores and 
corinos is reasonably well explained by the ``warm-up 
scenario'' (Garrod & Herbst 2006), in which complex 
organic molecules first form in surface radical-radical 
reactions at 30—40 K and then evaporate to the gas. 
However, recently discovered organic molecules in 
cold clouds with T=10 K (Bacmann et al. 2012, Cerni-
charo et al. 2012, Vastel et al. 2014) require another 
mechanisms to explain their formation, since warm-
up develops in a protostellar object later.

A multilayer approach to grain surface chemistry: 
We have developed a three-phase chemical code (gas-
surface-bulk), which is capable to simulate chemical 
evolution in the interstellar medium with the inclusion of 
chemical processes in the gas phase and on interstel-
lar grains. The major novelty of the code in comparison 
to competitors is twofold. First, chemistry on interstellar 
grains is simulated under the assumption that icy grain 
mantles can be thick (up to several hundreds of mon-
olayers). As such, chemical processes on ice surface 
and inside the ice bulk are differentiated. On ice surface, 
diffusive chemistry is considered due to quantum tun-
neling of light species (H and H2) and thermal hopping 
of other species. Chemistry in the bulk of ice is assumed 
to proceed due to swapping of species in the ice matrix. 
Diffusion of species from the bulk to ice surface is also 
included. Second, a state-of-the-art treatment of reactive 
(chemical) desorption is included following experimental 

works by Minissale & Dulieu (2015). According to ex-
periments, the efficiency of reactive desorption depends 
strongly on surface coverage (bare grain vs. ice-covered 
grain) as well as on the composition of ice. This experi-
mental finding is included to the astrochemical model for 
the first time. 

Inclusion of bulk chemistry with bulk-surface diffusion to-
gether with advanced treatment of reactive desorption 
is essential for proper modeling of the formation of com-
plex organic molecules in various astrophysical environ-
ments. In particular, proper treatment of bulk chemistry 
allows us to determine abundances of chemical radicals 
in ice that can form complex organic molecules due to 
non-thermal processing of ice (e.g., by cosmic rays, see 
Ivlev et al. 2015 and sec. 5.4.1). Accurate treatment of 
reactive desorption is particularly important for studies 
of the impact of grain surface chemistry on the chemical 
composition of cold gas in pre-stellar cores. 

Processing of icy mantles of interstellar grain by 
cosmic rays: Using the developed three-phase chemi-
cal code, we estimated the fraction of chemical radicals 
in the cold ice that accumulated during the formation of 
icy mantles. We found that this fraction is ~1e-4 wrt the 
total number of molecules in the mantle. It was shown 
that this fraction is enough to produce chemical explo-
sions followed by complete evaporation of icy mantle in 
the event of hitting the ice-covered dust grain with heavy 
cosmic ray (iron nucleus) (Ivlev et al. 2015). Alternatively, 
light cosmic rays (e.g., hydrogen nuclei) may induce a 

"spot heating" of the ice, triggering local chemical pro-
cessing of icy mantles and facilitating complex organic 
chemistry on cold interstellar grains (see Fig. 5.5.5).

The essential part of the chemical code - database of 
gas-phase and solid-phase chemical reactions ("chemi-
cal network") has been updated. Previous version of the 
network (Vasyunin & Herbst 2013) included only a limit-

Figure 5.5.5 Schematic representation of the chemical explosion of icy mantle due to cosmic ray impact. (a) A refractory core of a grain is covered 
by a thick icy mantle, where some reactive species (radicals, blue dots) are stored in the bulk. Each collision of a CR particle with a grain is 
accompanied by loss of energy, deposited along the CR path. (b) This creates a hot, narrow cylindrical region whose subsequent evolution can 
develop in one of two ways. If cosmic ray energy is below a certain critical value, the deposited energy is simply redistributed over the grain’s volume 
(the whole-grain-heating scenario). Otherwise, the thermal explosion is triggered (c) – runaway exothermic reactions generate a cylindrical flame 
front in the mantle, leading to its disruption. (Adapted from Ivlev et al. 2015).

a) b) c)
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ed number of terrestrial-type complex organic molecules, 
namely, methanol, methyl formate, dimethyl ether and 
formic acid. The updated network includes much wider 
chemical complexity, including treatment of isomers 
such as CH3O/CH2O, methyl formate/glycoladlehyde/
acetic acid etc. The network is now suitable for the com-
prehensive modeling of complex organic chemistry both 
in cold regions such as pre-stellar cores and hot cores/
corinos.

Complex organic molecules in prestellar core L1544: 
Using the developed three-phase chemical code and 
updated chemical network, we studied the formation of 
complex organic molecules in the prestellar core L1544 
(see Fig.s 5.5.6 and 5.5.7). Radial profiles of molecules 
including COMs were calculated for the case of the 
prototypical prestellar core L1544 at the time when the 
modeled depletion factor of CO became equal to that 
observed. We found that COMs can be formed efficiently 
in L1544 up to the fractional abundances of 10(-10) wrt 
to H. Abundances of many COMs such as CH3OCH3, 
HCOOCH3, HCOOH and others peak at similar radial 
distance of ~4000 AU. Gas-phase abundances of COMs 
depend on the efficiency of reactive desorption, which is 
in turn depends on the composition of the outer monolay-
ers of icy mantles. In prestellar cores, outer monolayers 
of mantles likely include large fraction of CO, which may 
increase the efficiency of reactive desorption according 
to Minissale et al. (2015), and makes formation of COMs 
under conditions typical for prestellar cores efficient. 

Figure 5.5.6 Radial profiles of COMs and chemically related species 
in the model of prestellar core L1544.

Figure 5.5.7 Temporal evolution of abundances of COMs and 
chemically related species at R=0.02 pc from the center of L1544.

Selected References:

Vasyunin, A.I., Herbst, E. 2013, ApJ, 769, 34 
Ivlev, A.V., Roecker, T.B., Vasyunin, A.I., Caselli, P. 2015, ApJ, 805, 59I 
Vasyunin, A.I., Herbst, E. 2013, ApJ, 762, 86 
Bacmann, A., Taquet, V., Faure, A. et al. 2012, A&A, 541, L12 
Minissale, M., Dulieu, F., Cazaux, S., Hocuk, S. 2016, A&A, 585A, 24M 

Anton Vasyunin

(Other MPE team members include Paola Caselli, Alexei 
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5.5.3 The Effect of Chemistry in the Formation and Dynamical Evolution of 
Molecular Clouds

Chemical abundances of atomic and molecular spe-
cies in interstellar gas clouds have consequences on 
the formation, structure, and dynamical evolution of 
molecular clouds. This has been theorized in the past, 
but recently settled with numerical simulations by the 
MPE-CAS group. The chain of events that lead to an 
alteration of the interstellar cloud evolution is esta-
blished by influencing the gas temperature through 
chemical reactions, especially on dust surfaces. The 
changes in gas compressibility as a result of the free-
ze-out process, in particular, leads to a softer equat-
ion of state. This continues to affect cloud dynamics 
at the critical stages of molecular cloud evolution prior 
to the formation of stars. However, we find that other 
chemical process emerge to re-establish a balance in 
the gas-ice chemical interplay.

The impact of freeze-out on gas thermodynamics 
during the formation of molecular clouds: Before 
the evolution of a cloud reaches the point where the gas 
temperature is regulated by the dust temperature, line 
emission from atoms and molecules are the main source 
of cooling for an interstellar cloud. In diffuse interstel-
lar clouds, with a gas temperature of around 100K, the 
temperature is regulated by line emission from atomic 
species, predominantly by OI and CII. During the trans-
lucent stages of a molecular cloud evolution, the domi-
nance shifts toward the emission of CO rotational lines, 
which allows the gas temperature to cool down to 10K. 
Not only does the efficiency of the line emission allow 
the giant gas clouds to be bound and to contract, but by 
governing the thermal balance at various stages of cloud 
evolution, the chemical composition impacts the equa-
tion of state (EOS) of star-forming clouds. This, in turn, 

sets the condition for cloud fragmentation and influences 
the characteristics of the stars that will eventually form, 
like mass and distribution.

How strongly and in what way these clouds are affected 
by chemistry depends on the environmental conditions, 
the chemical reactions, and the composition of the fro-
zen species on dust surfaces. Ices therefore also play a 
critical role during the evolution of interstellar clouds. For 
the first time in 2014, with a follow-up in 2016 (Hocuk 
et al. 2014, 2016), we have simulated evolving interstel-
lar clouds within a typical Galactic environment includ-
ing detailed surface chemistry physics. Constructing de-
tailed chemical models, as discussed in Sec. 5.5.1 and 
5.5.2, are largely a coordinative effort by the MPE-CAS 
theory group. In our models, we focus on the details of 
the freeze-out and non-thermal desorption processes, 
and its impact on the thermal balance. We constructed 
various models that highlight the role of freeze-out on 
molecular cloud formation and ultimately also on star 
formation. Fig. 5.5.8 shows the EOS, which is altered by 
the depletion of CO molecules on grain surfaces within 
a specific density range. This proves that chemistry im-
pacts thermodynamical properties.

Forming the first ices in molecular clouds and their 
role on gas dynamics: Following molecular freeze-out, 
when ice layers start to grow on grain surfaces, there are 
several things that change with the surface chemistry. 
Amongst other things, the adsorption and diffusion ener-
gies of the species residing on grain surfaces change, 
since the substrate to which species bind changes, the 
opacity of dust changes due to growing ices, which af-
fects the dust temperature, and even how dust coagu-

lates will change, which alters the grain 
size distribution. Since water ice is usu-
ally the main constituent of the icy sur-
face, species are generally more strong-
ly bound due to the hydrogen bonding. 
How this affects the gas-phase chemis-
try and whether the observed gas-phase 
abundances can be explained from this 
are all relevant questions. The labora-
tory department of the MPE-CAS group 
is set out to provide accurate measure-
ments on the chemical properties that 
these types of calculations require (Sec. 
5.3). Together, we are able to perform 
the most sophisticated chemical calcula-
tions at any stage of cloud evolution us-
ing 3D simulations.

In 2015, a step was made in this direc-
tion by working together with LERMA 
(Laboratory for Studies of Radiation and 
Matter in Astrophysics), Université de 
Cergy Pontoise, Observatoire de Paris. 

Figure 5.5.8 The polytropic exponent of the EOS as a function of number density. The figure 
highlights the impact of freeze-out (black) on the EOS in comparison to a pure gas-phase 
model (red).
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Two collaborative publications (Minissale et al. 2016; Ca-
zaux et al. 2016) followed from this effort. Our aim was 
to see how the composition of the ices is built-up and to 
explain the enrichment of the gas phase formaldehyde 

Figure 5.5.9 Ice abundances in units of monolayers as a function of 
time for water, carbon monoxide, formaldehyde, and methanol. The 
results show that the first ice layer comprises of water mixed with 
carbon monoxide in typical, quiescent environments.

Fig. 5.5.10 The IMFs from 3D-hydro simulations with detailed surface chemistry. On the left, the IMF for a gas-phase model including only the 
process of freeze-out from dust physics as given by the black dots. On the right, the IMF when also including non-thermal processes as measured 
from laboratory experiments. The simulated lines do not significantly differ from observed IMFs inside the Milky Way (see colored lines).

Seyit Hocuk
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and methanol. Using the knowledge gained from lab ex-
periments on photo-desorption yields, chemical desorp-
tion probabilities, and the activation barriers for surface 
reactions through quantum tunneling, we witnessed the 
construction of the first ice layer(s) on dust surfaces in 
moderate UV environments (Hocuk et al. 2015). Fig. 
5.5.9 displays the composition of the species residing on 
the grain surface as a molecular clump evolves in time.

How chemistry influences star formation and the 
IMF: In our most recent work, we performed high-resolu-
tion simulations of a translucent cloud in order to asses 
the level of impact of surface chemistry on star forma-
tion itself (Hocuk et al. 2016). With three different mod-
els (pure gas phase, gas+freeze-out, and full chemistry) 
we realized the impact of grain surface chemistry on the 
initial mass function. Following all the competing pro-
cesses on small scales (chemistry) and on large scales 
(gravity, turbulence), the discovery is that star-formation 
is very robust to the chemical changes during the early 
stages of cloud evolution to be affected significantly. Fig. 
5.5.10 highlights the effect of a modest impact on the 
initial mass function (IMF).

(Other MPE members include Paola Caselli, Lásló 
Szűcs)
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The surface density distribution of a young, gas-rich galactic disk that has gone through a phase of violent disk instabil-
ity, resulting in  gas clumps that organize themselves into large clump clusters. When smeared to the resolution, appro-
priate for z=2 galaxy observations, these clump clusters convert into prominent bright spots of gas and star formation, 
in excellent agreement with the observations (Behrendt, Burkert & Schartmann, 2015, 2016).
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6.1 Physics of Galactic Nuclei
MPG Fellowship Group: Andreas Burkert

6. Independent Research Groups

The Physics of Galactic Nuclei MPG Fellowship group 
led by Andreas Burkert (LMU) will come to an end in 
September 2016. The fellowship has been very fruitful 
and productive, with collaborations with all the main 
research groups at MPE. In total, in the last 3 years, 
more than 80 papers have been published in refereed 
journals or are currently in the refereeing process, 
50% of which are in collaboration with MPE groups. 
MPE, with its worldwide leading scientists and strong 
instrumentational and observational programmes, is 
a paradise for theorists with a broad interest in as-
trophysics, being fascinated and eager to understand 

puzzling, new observations that arise frequently. This 
fruitful interaction would not have been possible wit-
hout the MPG fellowship group located at MPE. Ca-
sual meetings at coffee breaks or during lunch often 
drive the exchange of information and the origin of 
new ideas. It would be a pity if this interaction that 
was established over the past years would stop with 
the end of the fellowship programme. We are there-
fore very grateful to the MPE directorship for their of-
fer to continue supporting the group financially also in 
the future through MPE funds. Below we highlight 3 
longer-term projects.

6.1.1 Galaxy Formation at the Cosmic Peak of the Star Formation Epoch

The z~2 Universe is one of the most interesting epochs 
of galaxy evolution. It is the era with the peak of the cos-
mic star formation rate. Between redshift 3 and 1 the to-
tal stellar mass density in galaxies increased from 15% 
to 70%. It is also the time of rapid galaxy assembly and 
the epoch where galaxy morphology was determined.

In collaboration with the MPE-SINS team the structure 
and evolution of z~2 galaxies has been investigated. 
The Spectroscopic Imaging survey of z=2 galaxies in the 
near infrared with SINFONI (SINS) has opened a fasci-
nating window into early galaxy evolution. The SINS data 
show a diversity of galactic systems with physical prop-
erties that are unparalleled in the z=0 Universe. Gas-rich, 
extended, fast rotating and highly turbulent disks have 
been found with star formation rates that are a factor 
of 10 to 100 larger than in present-day Milky-Way type 
galaxies.  Kpc-sized, massive gas clumps dominate the 
appearance of these galaxies.  These giant clumps are 
considered to represent the progenitors of present-day 
globular clusters. They might provide the seeds for su-
permassive black holes and they could lead to the forma-
tion of young bulges in the centers of their galaxies. 

We confronted these observations with theoretical mod-
els and numerical simulations of gas-rich galactic disks 
(Behrendt et al. 2015, 2016). The high-redshift galaxies, 
like present-day disks, are in a self-organized equilibri-
um state with their observed extreme properties emerg-
ing naturally from self-regulated galactic evolution, con-
trolled by gas inflow from the cosmic web. In Burkert et 
al. (2016) we explored the specific angular momentum 
and baryon-to-dark matter ratio of the high-redshift SINS 
sample and showed that the galaxies are characterized 
by spin parameters that are consistent with cosmic cold-
dark-matter structure formation. Their baryon fraction 
is much higher, compared to present-day disk galaxies. 
This is a result of their large gas fraction, which in turn 
appears to be a product of large gas infall rates from the 

cosmic web. These galaxies will have a loose a large 
amount of their gas in powerful galactic winds, in order to 
evolve to present-day galaxies which are characterized 
by much lower baryon fractions.

Contrary to standard theory we also find that the large 
massive clumps, observed in high-z disks, are not a 
direct result of their disks being gravitational unstable. 
We demonstrate that this instability leads to many small 
clumps with a size-mass distribution, similar to molecu-
lar clouds in present-day galaxies. However, due to their 
large number, these clouds re-organize themselves into 
large structures, which we termed clump clusters. These 
clusters are transient objects with a complex and yet 
not well understood evolution. Although their complex 
irregular and clumpy substructure cannot be resolved 
observationally, we show that it is indirectly confirmed by 
their kinematical properties which are characterized by 
a large velocity dispersion and small velocity gradients.
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(Other Research Group members include A. Burkert, 
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6.1.2 The Galactic Centre Cloud G2: 
Mass-Losing Source or Condensation Within a Stream of Gas?

Figure 6.1.1 A mass-losing source following the observed orbit of G2 leads to the formation of a two-component system: the G2 cloud and a trailing 
tail component. This is visible in the density distribution (and simulated line emission) in the equatorial plane (left panel) as well as the observable 
position-velocity diagrams (right panels). Adapted from Ballone et al. (2016).

The so-called “G2” cloud has just completed its peri-cen-
tre passage around the massive BH in the Galactic Cen-
tre (GC). Our strategy is to follow the two most realistic 
scenarios for the origin of the roughly 3 Earth masses of 
gas, namely that G2 is part of a stream of gas pointing 
towards the GC or that it is made up of gas lost from 
a central source. By directly comparing to high spatial 
resolution observations done by the MPE GC group, we 
show that – up to now – both scenarios can be brought in 
good agreement with the observed appearance and kine-
matics of G2. In addition, the central source scenario is 
able to produce the observed tail G2t as a by-product.

With the help of modern adaptive mesh refinement 
methods implemented in the PLUTO code (Mignone et 
al. 2007), we follow the hydrodynamical evolution of the 
cloud. It is assumed to be immersed in a hot atmosphere, 
which resembles an analytical solution for the accretion 
flow around the central massive black hole (BH). For 
the case of the pure cloud simulations, we study pos-
sible origin scenarios along the observed orbit. Starting 
spherically symmetric in pressure equilibrium, the cloud 
first compresses due to the radially increasing pressure 
of the atmosphere, suffers from ram pressure interaction 
and finally stretches significantly due to the tidal shear-
ing by the central massive BH (Fig. 6.1.1). By directly 

comparing to observed position-velocity (PV) diagrams, 
we find that a starting position close to peri-centre (be-
fore roughly the year 1900) is favoured by this setup 
(Schartmann et al. 2015), which places it within the discs 
of young stars in the GC and enables the formation of a 
density concentration e.g. by colliding winds in this stel-
lar system (Calderon et al. 2016).

Similarly good agreement with PV diagrams can be 
reached with a cloud built-up by a central commoving 
source of gas. In this case we can even find a combina-
tion of velocity and outflow rate of the gas ejected by 
the central source, which is able to account for both, G2 
itself and an observed putative trailing component. The 
Rayleigh-Taylor fingers, which form due to the expan-
sion of the wind into the ambient atmosphere get partly 
stripped and converge behind the source to form a sec-
ond distinct component in the ionised (Brackett gamma) 
line emission on the sky as well as in the PV diagrams 
(Fig. 6.1.1). Remarkably, the source properties are con-
sistent with a T-Tauri star (Ballone et al. 2016). The simu-
lations also demonstrate that in a few years from now, 
the cloud will reform in the source scenario while it will 
continue to dissolve in the pure gas cloud scenario, al-
lowing us to disentangle between the two cases.
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6.1.3 26Al Kinematics, Superbubbles, the Dynamics of Hot Gas in the Milky 
Way Galaxy and the Driver of Turbulence in the Interstellar Medium

Using high-energy resolution spectroscopy of 
the 1.8 MeV radioactive decay line of 26Al with 
the SPI instrument onboard the INTEGRAL sat-
ellite we show that diffuse 26Al has higher ve-
locities than other components of the interstellar 
medium in the Milky Way. 26Al follows the Galac-
tic rotation in the same sense as the stars and 
other gas tracers, but reaches excess velocities 
of up to 300 km s-1. Energy input rates of mas-
sive stars are determined in order to understand 
the origin of hot superbubbles and the driver of 
turbulence in the interstellar medium

In Kretschmer et al. (2015) we investigate the 
kinematics of hot gas in the Milky Way which 
shows a puzzling rotational signature, indicat-
ing much faster rotation than cold gas and stars. 
In Krause et al. (2015) we explore whether this 
result can be understood in the context of su-
perbubbles, taking into account the statistics of 
young star clusters and HI supershells as well 
as the association of young star clusters with 
spiral arms. The energy output and 26Al mass of 
star clusters as a function of the cluster mass is 
investigated by population synthesis from stellar 
evolutionary tracks of massive stars. Using the limiting 
cases of weakly and strongly dissipative superbubble 
expansion, we link this to the size distribution of HI su-
pershells and assess the properties of possible 26Al-car-
rying superbubbles. It is shown that 26Al is produced by 
star clusters of all masses above ≈200 M⊙. 

The observed superbubble size distribution cannot be 
related to the star cluster mass function in a straightfor-
ward manner. To avoid the added volume of all super-
bubbles exceeding the volume of the Milky Way, indi-
vidual superbubbles have to merge frequently. If any two 
superbubbles merge, or if 26Al is injected off-centre into 
a larger HI supershell, we expect the hot 26Al-carrying 
gas to obtain velocities of the order of the typical sound 
speed in superbubbles, ≈300 km s-1 before decay. In-
side co-rotation, star formation, coordinated by the spiral 
arm pattern is overtaken by the faster moving stars and 
gas. Outflows from spiral arm star clusters would then 
preferentially flow into the cavities that are inflated by 
previous star formation, associated with this arm. These 
cavities would preferentially be located towards the lead-
ing edge of a given arm. This scenario might explain our 
observed 26Al kinematics. The massive-star ejecta are 
expected to survive ≥106 yr before being recycled into 
next-generation stars.  

The energetic feedback of massive stars is investigated 
in a detailed numerical parameter study by Fierlinger et 
al. (2016). It is shown that the efficiency of supernova 
feedback is strongly reduced due to the generation of 
stellar wind bubbles. Stellar winds introduce 2.5 times 
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Krause, Diehl et al. 2015, AA, 578, 113 
Kretschmer, Diehl et al. 2015, AA, 559, 99

more kinetic energy into the surrounding interstellar me-
dium than supernovae and are therefore probably the 
dominant driver of interstellar gas turbulence.

Andreas Burkert is a Professor in the Physics Depart-
ment of the Ludwig Maximilians University München. He 
has broad interests in theoretical astrophysics, focused 
mainly on the structure, formation and evolution of stars 
and galaxies, as well as black holes and dark matter. His 
MPG fellowship is currently drawing to a close, but contin-
ued support and close collaboration with Prof. Burkert’s 
independent group at MPE is anticipated in the future.

Katharina Fierlinger          Andreas Burkert

Figure 6.1.2 Retained kinetic energy (in units of canonical SN energies (1051 erg)) 
of a supernova exploding in a homogeneous medium. The thermal energy is quickly 
lost via radiative cooling, but the shell needs more than5-6 Myr to decelerate to 
the sound speed of the ambient medium. The lower panel compares the retained 
kinetic energy to the retained kinetic energy in the lowest resolution model. After a 
Myr the results for different resolutions are very well converged. 
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6.2 Galaxy Cluster Cosmology and Structure Formation

MPG Fellowship Group: Joseph Mohr

The MPG Fellowship of Joseph Mohr began in mid 
2014. The research group’s focus is on the use of 
galaxy clusters to study cosmology and structure for-
mation. We have strong interactions with the High 
Energy group of Paul Nandra and are contributing to 
the preparations for the eROSITA mission.  In this 
first part of the fellowship the group has published 
13 papers and has 6 additional submitted or in press. 
These preparations for eROSITA involve research 
along several different tracks:  (1) preparing and te-
sting tools for the optical characterization and redshift 

measurements of the eROSITA cluster sample using 
Dark Energy Survey (DES) and Pan-STARRS1 (PS1) 
data,  (2) developing a state of the art cluster cosmo-
logy analysis code for eROSITA that self-consistently 
includes the effects of galaxy cluster selection and 
mass uncertainties and (3) pursuing a demonstrati-
on of cluster mass calibration using dynamical weak 
lensing data together with information from the obser-
ved cluster mass function (so-called self-calibration).  
Following is a brief description of each research track.

Figure 6.2.1 Three rich RASS clusters identified in the DES-SV region. Top panel: Richness versus redshift plot with Gaussian fit to the most 
significant peaks. Black (blue) points are based on global (loca) background estimation. Bottom panel: Optical g,r,z color composite image of the 
central 5x5 arcmin region around the RASS position. The redshifts found for these clusters are: (a) z=0.22, (b) z=0.40 and (c) z=0.77. (Credit: Klein 
et al., in prep)

6 M. Klein et al.

a) b) c)

Figure 3. Three rich RASS clusters identified in the DES-SV region. Top panel: Richness versus redshift plot with gaussian fit to the most significant peaks.
Black points are based on global background estimation, blue points show the results based on the local background estimate. Bottom panel: Optical g,r,z color
composit image of the central 5x5 arcmin region around the RASS position. The corrected redshifts found for these clusters are z=0.22 (a), z=0.40 (b) and
z=0.77 (c).

Restricting the catalog to λ > 20 as suggested by ?, we find 60
matches and a robust scatter of < σz/(1 + z) >= 0.011. This
scatter is robust for lowering λ down to 15 and variation of the
cross identification radius between 120 and 180 arcseconds. The
amount of correlation due to the same raw data is lowering the
scatter. Nevertheless, this low scatter to the redmapper redshifts
indicates that our code provides photo-z estimates at a competitive
level.

3.4 Stellar contamination

Stars can interfere with our search for galaxy cluster in several
ways. They can leak into the galaxy sample, creating fake signals,
aecting galaxy colors by reflected light or being X-ray emitters by
themselves. In this section we address these issues by performing
several test and investigations

The method is supposed to work over a large area and has to
be robust against large changes in the stellar density. These changes
are especially huge in the investigated area due to its proximity to
the Magellanic clouds. We therefore investigate the impact of stars
with two tests.

The first test uses a catalog of only stars and measures the
measured signal compared to the input signal, testing only the size
and color filtering and weighting. To obtain a clean star catalog,
we use the DEcam observations of the COSMOS fields (refs) and
match the detected sources with stars from the COSMOS photo-z
catalog (ref). This star catalog is then used as input to our cluster

finder. We do not use any spatial information, therefore no radial
filtering or weighting is used. The input catalog just passes the
color and magnitude filter, and the cut in spread model as final
step. The output signal(richness) is normalized to the number of
stars falling into the magnitude range used for a given redshift. The
expectation value for the richness of sources that fall on the red
sequence is therefore one. We tested the signal of stars for several
limiting magnitudes the result for the case of i=22.5 can be seen
in figures (atox). As already mentioned in (Hennig et al) the cut
in spread model is reliable to limiting magnitude of roughly 22.
Because of that and because of the magnitude dependency of the
used color filters we do not expect a significant signal till redshifts
of z⇡ 0.5. This expectation is well fulfilled as can be seen in (fig)
where the signal stays well below 0.01 up to a redshift of 0.55. At
a limiting magnitude 22.5 the signal increases to a maximum of
5.2%, for a limiting magnitude of 23 magnitudes the normalized
signal reaches a maximum of 6%. We are using a local background
approach for redshifts greater than z=0.15. Therefore a false signal
by stars can only be created by a local over density of stars within
the investigated aperture of r500.

One major criticism of this test is, that the observed popula-
tion of stars might not be representative for all of our survey field.
Further, this test does not include the radial weighting of the clus-
ter finder, which could boost the signal of dense star clusters. We
therefore performed second, more extreme test. We found 29 star
clusters in our field and used their locations as input catalog for our
cluster finder. We used the observed medium luminosity from our

MNRAS 000, 1–14 (2015)
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6.2.1 Cluster Optical Characterization & Redshifts

Figure 6.2.2 Well defined cluster samples like those from SPT or those 
coming from eROSITA allow one to directly test the evolution of cosmic 
structure with time. Here, a growth parameter constraint of γ=0.40+/-
0.24, consistent with the GR expectation of γ=0.55, is obtained. (Credit: 
Bocquet, et al. in prep.)

This first research track is the primary focus of Dr. Mat-
thias Klein’s work.  He is a postdoctoral fellow at MPE 
supported by the MPG research funds. He has signifi-
cantly enhanced a cluster redshift measurement tool we 
developed and applied to South Pole Telescope (SPT) 
(Song et al. 2012; Bleem et al. 2015) and Planck (Liu 
et al. 2015) Sunyaev-Zel’dovich effect selected samples 
and applied it to the combination of the ROSAT All Sky 
Survey (RASS) dataset and the DES data. As shown in 
Figure 6.2.1, the depth of the DES data allow for RASS 
cluster selection out to at least z=0.77. In our followup 
of SPT SZE selected clusters we have obtained photo-
metric redshifts for the clusters out to z~1.1 (Hennig et 
al. 2016).  The redshift range enabled by this tool in ap-
plication to the DES dataset is an excellent match to the 
eROSITA cluster sample, where the bulk of the systems 
are expected to lie at z<0.8 (Merloni et al. 2012).

In addition, Dr. Klein has developed a technique for 

quantifying the significance of each optical counterpart 
of an X-ray selected source that will be crucial when we 
use the DES and PS1 datasets together with eROSITA 
to create cluster catalogs and use them for cosmological 
analyses. This tool allows us to estimate the probability 
that each X-ray-optical pair are a chance superposition 
rather than a real cluster. 
 
In parallel, we have been preparing the PS1 dataset 
(8000 deg2) and the DES dataset (5000 deg2) for use by 
eROSITA.  We have also obtained experience in using 
the PS1 dataset for cluster followup by carrying out a 
followup of previously unconfirmed Planck SZE selected 
cluster candidates (Liu et al. 2015). Finally, as members 
of the Euclid and the LSST projects, my group is also 
thinking about how those datasets can be used to ben-
efit eROSITA.  Each of these survey datasets will be use-
ful for optical followup and redshift estimation along with 
weak lensing mass calibration (discussed further below).

6.2.2 Cluster Cosmology Analysis Tools

The development of an enhanced cosmology analysis 
code for application to eROSITA has involved Dr. Alex 
Saro (LMU) and two PhD students in our group: Dr. Se-
bastian Bocquet (PhD 2015) and Sebastian Grandis.  
Highlights of this work include the application of this 
code for tests of general relativity (Bocquet et al. 2015; 
see also Fig. 2.2.2 from an upcoming Bocquet et al. pub-
lication) using the SPT selected cluster sample and the 
ongoing extension of this code to the X-ray regime for 
application to the RASS+DES sample. The latter exten-
sion of the Bocquet code is being carried out by Sebas-
tian Grandis and Dr. Matthias Klein for the eROSITA 
sample itself.  

Our code is currently the leading cluster cosmology code 
in the world, accounting for cluster selection and the sta-
tistical and systematic uncertainties in the relationship 
between the cluster observables (SZE signature, X-ray 
luminosity, X-ray gas mass, X-ray temperature) and the 
underlying halo masses of the clusters. It separates 
the likelihood associated with the cluster mass function 
from the likelihood associated with direct mass calibra-
tion, making it possible to understand which observables 
are driving the cosmological constraints. The design of 
our code enables fully marginalized posterior probability 
distributions for cosmology parameters that reflect both 
statistical uncertainties and systematic uncertainties as-
sociated with the cluster masses.  

Cluster cosmology is only as accurate as the underlying 
halo mass function that is used to interpret the survey 
data. Thus, we have examined the impact of gas phys-
ics on the theoretical halo mass function (Bocquet et al. 
2016), characterizing its impact for surveys like those 

from SPT, Planck and eROSITA. We have shown that 
the differences between the halo mass function derived 
from hydrodynamical simulations and those from dark 
matter only simulations will introduce systematic shifts 
comparable to the statistical uncertainties in the eROS-
ITA sample, but that these differences are not important 
for the current leading cluster surveys from SPT and 
Planck.  

Finally, our focus goes beyond simply measuring param-
eters of the standard flat ɅCDM or wCDM cosmology to 
include fundamental consistency tests of general relativ-
ity, studies of the sum of the neutrino masses, and the 
implications of curvature. We are currently seeking to im-
plement mass functions that will allow us to test specific 
modified gravity models.
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Figure 2. The evolution of σ8 as a function of redshift. The
solid black line shows the ⇤CDM prediction for the Planck+WP
cosmology; errors on this line are negligible. The blue data points
(1σ errors) are obtained from the SPTCL+Planck+WP analysis,
in which the power spectra in each of four redshift slices (limited
by z = 0.25, 0.43, 0.58, 0.73, 1.7) are multiplied by four additional
fit factors. This procedure removes information on growth at low
redshifts from the CMB. The red colored bands show the 68% and
95% confidence regions as obtained in the analysis of the SPTCL
data for the ⇤CDM+γ model. The green data points were rescaled
to match the preferred σ8 in the analysis of Giannantonio et al.
(2015).

the SPTCL+Planck+WP data set. In this analysis, the
CMB anisotropy measurements by design do not directly
contribute to the constraints on the normalizations Ai of
the late-time matter power spectra; the CMB data only
constrain the background cosmology. We obtain the fol-
lowing constraints:

A1(0.25 < z < 0.43) = 0.975± 0.099

A2(0.43 < z < 0.58) = 0.955± 0.096

A3(0.58 < z < 0.73) = 1.032± 0.102

A4(0.73 < z < 1.7) = 0.887± 0.079 (16)

The three lowest-redshift data points are in very good
agreement with the ⇤CDM expectation of unity, while
the measurement at the highest redshift is slightly low
at the 1.4σ level. We note that these four measurements
show some correlation (⇢ = bla) because they are lim-
ited by the systematic uncertainty of the common mass-
observable scaling relation.
In Figure 2, we show the evolution of the ampli-

tude of the matter power spectrum σ8(z). The data
points represent our measurements of the factors Ai

from the SPTCL+Planck+WP analysis, multiplied with
σ8 ⇥ Dfid(z) as obtained from the best-fit cosmology of
that analysis. For comparison, we also show the ⇤CDM
prediction using Planck+WP, and the ⇤CDM+γ con-
straints from SPTCL

4.

5. SUMMARY

We use the latest SPT-SZ cluster dataset to measure
the growth rate of structure. To the SPT-SZ cluster sam-
ple of 377 candidates we add 82 X-ray YX measurements
which serve as mass calibration data. The normalization
of the YX-mass relation is calibrated against weak lens-
ing measurements (Hoekstra et al. 2015); the priors on

4 Briefly explain Giannantonio15.

the other parameters of the scaling relation are calibrated
against numerical simulations. In our analysis, we simul-
taneously fit for the parameters of the SZE-mass, YX-
mass, and the σv-mass relations, for correlated scatter
among the di↵erent observables, and for cosmology. We
use a highly parallelized likelihood sampler. Our analysis
closely follows previous SPT work.
We assume a spatially flat ⇤CDM background cosmol-

ogy with the additional parameter γ describing struc-
ture growth. Using our SPTCL data set we measure
γ = 0.40 ± 0.24. This value is lower than, but in agree-
ment with the prediction of γGR = 0.55. We note that
a smaller value for γ corresponds to faster growth. In
Figure 1 we show that measuring the cluster abundance
enables competitive constraints and is complementary
to measurements of CMB anisotropy for this particu-
lar model. The combination of both data sets leads to
tighter constraints γ = 0.55± 0.15.
We additionally allow the dark energy equation of state

parameter w to vary and fit for a wCDM+γ cosmol-
ogy. The constraints using the combined SPTCL+Planck
data sets do not significantly degrade compared to the
⇤CDM+γ case, and we can place constraints on both
the growth and expansion histories of the Universe. Our
measurements γ = 0.52 ± 0.15 and w = −1.00 ± 0.09
do not show evidence for any tension with the ⇤CDM
model.
To learn about structure growth in a less parametric

way, we divide our cluster sample into four redshift slices,
populated with equal number of clusters. While growth
within each redshift slice follows GR, the amplitude of
the matter power spectrum within each bin is multiplied
by a factor that we allow to vary. This approach e↵ec-
tively decouples early-time constraints on the amplitude
of the matter power spectrum, strongly constrained by
primary CMB measurements, from its late-time ampli-
tude as constrained by clusters. Note that the whole clus-
ter population is analyzed by assuming the same mass
calibration and measurements from the di↵erent redshift
bins are therefore not independent. Figure 2 suggests
no tension of the data with the ⇤CDM model in this
approach.
The constraints on structure growth enabled by our

SPTCL cluster sample are weaker than those obtained
by the Weighing the Giants team (Mantz et al. 2015).
We note that their cluster sample probes the low-redshift
regime 0 < z < 0.5, while our sample covers the range
0.25 < z < 1.7. We would therefore expect the combi-
nation of both samples to be very sensitive to the dark
energy, structure growth, and modified gravity.
At this point progress on the theoretical side is crucial

to better understand the modeling of clusters and their
abundance for modifications of the cosmic growth rate.

We acknowledge the support of the DFG Cluster of
Excellence Origin and Structure of the Universe and the
Transregio program TR33 The Dark Universe. The cal-
culations have partially been carried out on the com-
puting facilities of the Computational Center for Parti-
cle and Astrophysics (C2PAP) at the Leibniz Supercom-
puter Center (LRZ).
The South Pole Telescope is supported by the National

Science Foundation through grant PLR-1248097. Par-
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Joseph Mohr

6.2.3 Dynamical and Weak Lensing Mass Calibration

We have carried out dynamical and weak lensing mass 
calibration studies that focus on SPT samples of mas-
sive galaxy clusters extending over the full, expected 
eROSITA cluster sample redshift range. The dynamical 
data have been obtained within the SPT collaboration, 
and the weak lensing data include data from a Magel-
lan imaging program supporting SPT and from the DES 
dataset. But these studies provide a baseline for our 
planning for similar mass calibration studies with the 
eROSITA sample. Indeed, the same data we are using 
now for SPT will be available for our eROSITA analyses.
 
These analyses have involved Dr. Alex Saro, Dr. Joerg 
Dietrich (both of LMU) and four PhD students in our 
group: Dr. Sebastian Bocquet (PhD 2015), I-Non Chiu, 
Corvin Gangkofner and Raffaella Capasso. These stud-
ies include a mass calibration of the SPT selected cluster 
sample using velocity dispersions, providing cosmologi-
cal constraints that are in good agreement with those 
from other probes (Bocquet et al. 2015). A separate 
study uses weak lensing magnification effects of a sam-
ple of 19 SPT selected clusters, showing that this novel 
technique produces mass constraints consistent with the 
shear constraints in the same clusters (Chiu et al. 2015).  
Of particular interest is an ongoing dynamical study of 
the SPT sample using a collection of 2500 cluster red-
shifts gathered primarily within SPT. This study delivers 
mass information that accounts for the complex orbits of 
galaxies within clusters (Capasso et al., in prep).  Finally, 
weak lensing mass studies using DES and Magellan im-
aging data have been carried out on samples of SPT se-
lected clusters (Dietrich et al., in prep; Gangkofner et al., 
in prep).  These studies are paving the way for the mass 
calibration of the eROSITA cluster sample.

Selected References: 

Bleem et al., 2015, ApJS, 216, 27 
Bocquet et al., 2015, ApJ, 799, 214 
Bocquet et al., 2016, MNRAS 456, 2361 
Chiu et al., 2016, MNRAS, 457, 3050 
Chiu et al., 2016, MNRAS, 455, 258 
Liu et al., 2015, MNRAS, 449, 3370 
McDonald et al., 2014, ApJ, 794, 67 
Ruel et al., 2014, ApJ, 792, 45 
Saro et al., 2014, MNRAS, 440, 2610  
Saro et al., 2015, MNRAS, 454, 2305

Other Related Science: Additional studies have fo-
cused on the X-ray properties, stellar mass fractions and 
baryon fractions of our SPT selected sample have also 
been carried out within the broader group (PhD student 
I-Non Chiu) and as part of the Chandra focused element 
of the SPT collaboration (Prof. Michael McDonald, MIT).  
These point the way toward interesting non-cosmologi-
cal scientific experiments that can be pursued with the 
eROSITA cluster sample.  Complementary cosmological 
studies exploring the redshift variation of the CMB tem-
perature (Saro et al. 2014) and the consistency of CMB 
temperature anisotropy and external distance constraint 
datasets (Grandis et al., 2016) have provided interesting 
cosmological constraints and explored models beyond 
the flat ΛCDM standard. Finally, our group has produced 
the first measurements of the high frequency cluster ra-
dio galaxy luminosity function and explored the impact of 
these radio AGN on the incompleteness of SZE selected 
cluster surveys. Results indicate that the impact is small 
for SPT-like SZE cluster surveys.

Joseph Mohr is Professor of Physics at the Ludwig-Max-
imilians-Universität in Munich and a faculty fellow in the 
MPE High Energy group. His research focus is on gal-
axy clusters and their use as cosmological probes. He 
was among the first to study cluster scaling relations in 
the X-ray and optical, and to argue that large cluster sur-
veys could potentially reveal the underlying causes of 
the cosmic acceleration. He is a co-founder of the South 
Pole Telescope survey and the Dark Energy Survey, 
a senior member of the eROSITA collaboration and a 
member of the ESA science team for the Euclid mission.(Other MPE team members include M. Klein, N. Gupta)
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7.1 Technical Services

The realisation of our scientific ideas 
would be impossible without the sup-
port of MPE’s central technical ser-
vices division. This mainly consisting 
of three different groupings of spe-
cialists in electrical engineering, me-
chanical engineering, and information 
technology. These specialists work 
closely together, and with the scien-
tific departments and project groups.

Electronics Engineering

The electronics engineering divi-
sion comprises three sub-sections: 
electronics development, electron-
ics manufacturing, and building and 
utilities management. In total 29 staff 
members work in the division. In ad-
dition, 5 to 8 students are employed 
every year in the form of internships, 
bachelors and masters theses.

Electronics engineering at MPE makes available all pro-
fessional competencies required for the design, devel-
opment, manufacturing and testing of instrument control 
and data acquisition electronics. Electronics engineering 
experience reaches from qualified PCB (Printed Circuit 
Board) schematic and layout, cryo-vacuum technology, 
electric cabinet and wiring, PLC (Programmable Logic 

Controller) programming, processor- or FPGA-based 
(Field Programmable Gate Array) embedded systems 
and test setup automation to electronics system engi-
neering, functional or environmental performance verifi-
cation and circuit simulation.

Depending on the application, electronics cabinets, e.g. 
for instrument control of ground-based telescopes, quali-
fied highly integrated circuits for space-based electron-
ics or test setups for laboratory experiments are provid-
ed. From 2013 to 2015 the following MPE projects have 
received technical support from electronics engineers, 
technicians and other skilled workers in the electronics 
group: eROSITA, GRAVITY, ARGOS, ERIS, PK4, EU-
CLID, MICADO and ATHENA-WFI. Furthermore, new 
laboratory facilities and equipment have been created for 
the new MPE “Center for Astrochemical Studies” group.Fig. 7.1.1 eRosita - camera electronics, flight model of FPGA card

Fig. 7.1.2 GRAVITY – 6 cabinets of control electronics

Fig. 7.1.3 ATHENA-WFI – data acquisition lab-setup
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Mechanical Engineering

The mechanical engineering division has 
41 staff members, plus up to eight ap-
prentices and several student trainees. 
They work in the design office, the test 
facility for environmental tests, the plastic 
laboratory, mechanical workshop and the 
educational workshop in order to develop, 
manufacture and integrate instruments 
for experimental astrophysics. For some 
projects they also work closely together 
with space industry.

The departments's qualified specialists 
deal with a wide spectrum of tasks, reach-
ing from optical precision instrument en-
gineering via special purpose machines 
to extreme lightweight constructions. 
Also included are system engineering, 
product assurance and performance veri-
fication. Difficult development problems 
result from the demanding requirements 
of the projects, such as extreme cleanli-
ness, stress due to vibration loads during 
a rocket launch, the required functioning 
of instruments in vacuum and/or at very 
low temperatures. For the mechanical 
design development and analysis, high-
end CAD/CAE/CAM and PLM (Product 
Lifetime Management) tools are used. Fig. 7.1.5 EUCLID–NIP test-setups for alignment and cold PSF measurements

For environmental tests, a shaker 
and several thermal vacuum cham-
bers in our facility can be utilized 
for space qualification services.

From 2013 to 2015 the mechanical 
engineering department supported 
the following main MPE projects: 
the forthcoming X-ray missions 
eROSITA and the Wide Field Imag-
er (WFI) for ATHENA, the EUCLID 
satellite payload NIP, the complex 
plasma research instrument PK-4 
for the ISS, the CASAC and CP-
FTS laboratory spectrometers, the 
Enhanced Resolution Imager and 
Spectrograph (ERIS) as well as 
GRAVITY, the interferometer for 
the ESO-VLT, the adaptive optics 
system ARGOS, the multi-object 
spectrograph LUCI for the LBT, 
and MICADO, the first light camera 
for the ESO-E-ELT. 

Fig. 7.1.4 eROSITA X-ray baffle
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Responding to the changing needs of the 
Institute and the nature of IT and system 
management tasks, the Institute has re-
cently decided to put the major responsibil-
ity for IT-management in the Institute under 
the control of an individual group leader, 
with professional IT experience, rather 
than the steering committee which consists 
mainly of scientists. We expect to make 
this appointment shortly. The IT committee 
will still play an important role in steering 
the Institute’s IT strategy, and ensuring that 
the needs of the groups are being fully ac-
counted for. 

Information Technology

A central group of system support personnel perform the 
evaluation and procurement of new hardware and soft-
ware, conception and control of central installations such 
as the local-area network, access to external networks 
and the public printers. Up until now, these IT-related 
activities have been coordinated by a committee with 
representatives from all working groups of the Institute. 
In addition, the committee co-ordinates 
the collaboration with the Max Planck 
Computing and Data Facility (MPCDF) in 
Garching and takes care of the computer-
related training of MPE members. Data 
management and processing is generally 
a collaborative task of the MPE computing 
support group and the individual research 
groups. The support people cover the 
central tasks and, in addition, support the 
science groups in their specific work with 
their IT-knowledge and manpower.

The members of the central computing 
support group maintain the central instal-
lations i.e. network, server workstations, 
printers, and the official WWW pages, 
with up-to-date information about the In-
stitute. They are also part-time involved in 
the data processing of and software de-
velopment for our main science projects 
like XMM-Newton, eROSITA, Herschel/
PACS, GRAVITY, PanSTARRS and EU-
CLID. This guarantees the horizontal flow 
of information and experience. 

Fig. 7.1.6 Structural analysis for the ERIS camera for the VLT

Fig. 7.1.7 Installation and testing of the GRAVITY instrument at the VLT, Paranal (Chile)
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7.2 General Services 

The Institute’s administration is based on the three clas-
sical pillars: procurement, finances and human resourc-
es. These three pillars are supplemented by General Ad-
ministration activities, which comprise the provision and 
management of the motor pool, guest rooms and apart-
ments, house maintenance and gate duties. In addition 
to MPE, our administration serves the adjacent MPI for 
Astrophysics (MPA), as well as the Max Planck Comput-
ing and Data Facility (MPCDF), previously called the Re-
chenzentrum Garching (RZG).

In addition to the implementation of new administrative 
procedures due to several legal changes (e.g. for wage 
classifications), which had to be applied during the re-
porting period, other major actions included 1) the move 
of almost all central administrative staff members into 
the new building, 2) administrative support for the estab-
lishment of the new MPE group “Center for Astrochemi-
cal Studies” of Prof. Paola Caselli, and 3) the adoption of 
administrative responsibility for the Max Planck Comput-
ing and Data Facility from the MPI for Plasma Physics. 
An important change in the administration management 
was the transition from Herr Ihle (retired) to his succes-
sor Herr Wanger. An additional challenge was the in-
stallation of a new accounting system, which had to be 
developed within the Max Planck Society due to the re-

quirements of the financing organisations. The goal was 
to establish an accounting system which fulfils the needs 
of a research institute and also provides a transparent 
year-end closing, which can be checked by a certified 
accountant. 

The print shop owns all the digital machinery necessary 
for the production of reports, brochures and preprints for 
both the MPE and the MPA. In addition, it produces busi-
ness products such as stationary and envelopes and re-
produces colour copies for both MPE and MPA.

The Astrobibliothek is the joint library for MPE and 
MPA. At present it holds a unique collection of about 
45000 books and journals and about 7200 reports and 
observatory publications, as well as print subscriptions 
for about 200 journals and manages online subscrip-
tions for about 400 periodicals. In addition it maintains 
an archive of MPA and MPE publications, two slide col-
lections (one for MPA and one for MPE), a collection of 
approximately 400 CDs and videos, and store copies of 
the Palomar Observatory Sky Survey (on photographic 
prints) and of the ESO/SERC Sky Survey (on film). The 
library catalogue includes books, conference proceed-
ings, periodicals, doctoral dissertations, habilitation the-
ses, and print and online reports.

 Fig. 7.2.1 Personnel of MPE's administration
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7.3 Vocational Training and Education

Our education workshop for apprentices in the mechani-
cal department of MPE provides apprenticeship training 
positions. Eight trainees can be educated in a two or 
three years process for becoming an industrial mechan-
ics. By their participation in selected projects they contrib-
ute an important share in MPE's scientific experiments 

and equipment. Occasionally students join the workshop 
for an internship, preparing for their professional career. 
Another important field of education, where we, together 
with three other renowned scientific institutions, all locat-
ed in the Munich-Garching area, support young people 
to promote their knowledge and careers is: 

The International Max-Planck 
Research School (IMPRS) on As-
trophysics at the Ludwig-Maxi-
milians University of Munich

IMPRS is a graduate school offer-
ing a broad PhD program in astro-
physics and cosmology. Open for 
students worldwide, the school pro-
vides a world-class teaching and 
research program with sufficient 
attraction to compete success-
fully with other well-known gradu-
ate schools. IMPRS comprises all 
Munich astrophysics institutes, i.e. 
MPE, MPA and the University Ob-
servatory of the Ludwig-Maximil-
ians-University of Munich USM). 
ESO participates as an associated 
partner.

The school was founded in 2001 
and was successfully evaluated in 
2007 and in 2012, yielding further 
funding by the Max Planck Soci-

ety until at least 2019. This funding, 
however, supports only a small mi-
nority of our students. The majority 
is funded through the IMPRS mem-
ber institutions themselves, either 
via their own budgets or via external 
third-party funds. 

The training program of our IMPRS 
is highly structured, aiming for a PhD 
at the end of three to four years. It is 
designed to attract young scientists 
with outstanding qualifications and 
is advertised worldwide. Course-
work, research opportunities, evalu-
ation and mentoring are all man-
aged uniformly across the program, 
which aims for a broad understand-
ing of the essential elements of as-
trophysics and cosmology. The joint 
education of all students in a well-
defined set of courses also creates 
a well-developed esprit de corps 
throughout the whole student body 
and forges links that can support 
them throughout their careers. 

Fig. 7.3.1 Mechanical apprentices at their workshop

Fig.7.3.2 Refugees doing an internship at MPE
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Fig. 7.3.3 Participants of the IMPRS introductory workshop 2015

There are fewer than a handful of places worldwide that 
can compete in breadth and level of research with the 
participating institutes. The large number of active sci-
entists who are involved in IMPRS teaching and advisor-
ship guarantees that state-of-the-art knowledge is pre-
sented to the students. 

About 270 students from 53 different countries applied 
for the IMPRS program in 2016. In total the school has 
received 2400 applications since 2001. Based on their 

excellence as proven by their university record, by let-
ters of recommendation and by a successful interview 
during a three day recruitment workshop in Garching, 
approximately 10-15% of the applicants are accepted 
every year. Currently, about 90 PhD students are in the 
program. Since 2001 nearly 360 students finished suc-
cessfully. Most of them, 83%, have taken a postdoc posi-
tion, 5% are in an academic position and 12% have tak-
en a job in industry. We are in contact with the majority 
of previous IMPRS participants via our alumni program.
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7.4 Public Outreach

A modern technological society needs basic research for 
a successful future. As fundamental research is mainly 
funded by tax revenues, it is essential to report our work 
to and seek the support of the general public. Therefore 
our Institute actively communicates its activities and re-
sults broadly, and make the argument for science as an 
integrated and basic part of a vital and developing soci-
ety, even if the benefits to individual’s daily lives are not 
immediate and obvious. 

The MPE public outreach team consists primarily of the 
press officer and the scientific secretary, who provide 
a direct link between the Institute and the public. This 
team, supported by many MPE members, organized 
many quite different activities in and outside MPE during 
the past 3 years. 

The golden jubilee of the MPE made 2013 into a very 
special year: collecting many historical images and first-
person-accounts of life and work at the Institute, the pub-
lic outreach office prepared a book commemorating the 
past 50 years from a personal perspective. While sci-
ence has always been at the forefront for all endeavours 
of the Institute, the book “1963-2013 – Reflections on 50 
years of extraterrestrial research” tells the story behind 
the science, through the eyes of the people who per-
formed it. 

This book was presented as a gift to current and former 
colleagues of MPE on the occasion of the 50-year cel-
ebration in summer 2013. In July 2013, a full-day collo-
quium was organised where many prominent colleagues 
looked back on 50 years of research at the Institute. This 
was followed by the official ceremony celebrating the an-
niversary on the next day, with guests from science, poli-
tics and funding agencies. In the afternoon, all MPE staff, 
former colleagues and guests were invited to a garden 
party. In the weeks leading up to the jubilee celebrations, 
the MPE website was updated weekly with historical im-
ages from the past 50 years, showcasing both the vari-
ous fields of science and the people behind the science. 

The 2013 “Open House” was also organised in the frame-
work of the Institute’s anniversary. Popular items were 
again the public talks by scientists on interesting astro-
physical topics, from our solar system to black holes and 
the beginning of the universe; a tour through the whole 
Institute, where groups and departments presented 
showcases of their work; and the special children’s pro-
gramme “Astronomy for Kids“, where many MPE vol-
unteers prepared attractions such as rocket workshops, 
puzzle rallies etc. This programme attracted children of 
all ages, with roughly 600 juniors joining in the activities, 
while during the whole day about 2400 people visited 
MPE. 

The Open Day in 2015 was called the “Long Night of Sci-
ence”. For this, the Institute prepared an exhibition of the 
work of the various groups near the entrance, instead of 
being spread throughout the building. Even though there 
was no children’s programme, due to the late opening 
hours, the public talks and exhibition attracted about 
1500 visitors to MPE. 

Every year since 2008, the Institute takes part in the 
nationwide “Girls’ Day”. Sponsored by the European 
Union, the Federal Ministry of Education and Research 
(BMBF) and the Federal Ministry for Families, Senior 
Citizen, Women and Young People (BMFSFJ) the yearly 
Girls’ Day initiative was established in Germany in 2001. 
Although on average girls reach a higher level of edu-
cation at school than their male peers, they still tend to 
choose traditional female fields of occupation. By provid-
ing girls, aged between 14 and 16 years with contact with 
professionals and an insight to modern working places in 
the area of technology, IT and natural sciences, it is often 
possible to catch their interest and encourage them into 
these fields. In 2013/14/15, 40 to 50 girls came to MPE 
on this day, to learn more about work in astronomy, MPE Fig. 7.4.1 Many current and previous colleagues came to MPE to 

celebrate the Institute’s 50th anniversary.

Fig. 7.4.2 eROSITA exhibition at MPE’s entrance hall during the Long 
Night of Science 2015. 
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science, and different career paths in such an academic 
environment.

In 2013 and 2014, MPE also welcomed the winners of 
the annual physics competition from “Jugend forscht” to 
the Institute. This competition has more than 10,000 par-
ticipants each year in a number of subject groups includ-
ing physics. The participants choose a research project, 
which they have to work on independently. At the end 
of the project, they hand in a written report and present 
their results to a jury, who chooses regional and national 
winners. Together with other Max Planck Institutes in 
Garching, MPE presented the students with basic sci-
ence, work in a laboratory and young scientists talking 
about their experiences and every day work.

In addition to these special groups, MPE offers guided 
tours through the Institute on request. The tours are 
available in German and English. After a general intro-
duction, scientists of the various groups of the Institute 
will guide the visitors through their departments. This ser-
vice has always been requested quite frequently (about 
25 to 30 groups per year) and it can be really challenging 
to meet the requirements of the different visitors as the 
groups can be as diverse as e.g. high school and univer-
sity students, senior citizens, interested hobby astrono-
mers or even colleagues from other scientific institutions.

We also support guided tours in the cosmology exhibi-
tion “Evolution of the Universe” in the “Deutsches Mu-
seum” in downtown Munich. This exhibition was created 
for the International Year of Astronomy in 2009 by five 
astronomical Institutes in the Munich area, among them 
MPE, and – apart from being open to the public – is now 
regularly used for lectures and guided tours. 

In 2014, MPE was invited to take part in the special 
exhibition “Exempla” during the annual “International 
Handwerksmesse”, the leading fair for crafts and trades 
in Munich. The special exhibition was organised to show 

that industrial workshops are essential for 
a wide variety of fields, such as basic re-
search. MPE presented several satellite 
models and parts, custom made to high 
precision. During the 4-day fair, many 
visitors came and asked questions about 
both the science and work in the Institute 
workshops. 

The “International Year of Light” was cel-
ebrated in 2015, and MPE joined the Max 
Planck Society in a special programme 
targeted in particular to people in the 18-
30 age group. The core part of this effort 
was a dedicated website, with blogs, im-
ages and games related to science. For 
three weeks in June, August and October, 
MPE provided daily input about how as-
tronomical projects come to be and what 
challenges have to be overcome. From 
May to November, more than 120.000 
unique visitors came to the site, with the 

vast majority accessing it via smartphone or tablet. 

The MPE brochure was updated in 2015 to describe the 
Institute in general, its overall approach to research, its 
main scientific areas and some of the scientific results. 
The brochure’s 48 pages are available in English and 
German. The MPE flyer gives a short overview of the or-
ganisation of MPE and the work of the individual groups. 

MPE’s main website is regularly updated with research 
news. Each year about 20 to 30 new science results of 
MPE scientists are presented with an eye to the popular 
press. High-impact science results are issued as press 
releases, often in cooperation with other scientific institu-
tions. In addition, MPE regularly has to answer journalist 
inquiries, which can range from short simple questions 
to large visits by TV film crews. In 2015, the MPE inter-
nal webpages were also completely revised to make it 
easier for MPE staff to find relevant information. 

Together with 4 other astronomical Institutes, MPE organ-
ises the monthly Café & Cosmos series of discussions. 
In a location in downtown Munich, a scientist introduces 
a topic about the Cosmos and then takes questions from 
the audience to discuss current research. This event 
regularly attracts about 80 people interested in science.

On a regular basis MPE scientists give public talks/lec-
tures for a scientifically interested audience. The scien-
tists are invited to e.g. planetariums, schools, or special 
events to provide their expertise. About 25 such talks/
lectures are delivered every year. 

Finally, MPE offers the possibility for internships at the 
Institute, both for high school and university students. 
Every year about 10 to 15 high school students (1 to 2 
weeks) and 5 to 10 university students (4 to 8 weeks) 
gain a more detailed inside-look by participating under 
the supervision of a scientist in a small research project.   

Fig. 7.4.3 Girls’ Day 2016 at MPE, visited by the Bavarian Minister for Social Affairs Emilia 
Müller.
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7.5 Social Events

Getting to know colleagues not only through formal work-
place interactions, but also joint social activities, can 
help to form a positive atmosphere in the Institute. These 
activities help to link people from what are sometimes 
quite separate areas, but can also serve to integrate new 
MPE members. Our social activities range from small 
group-internal celebrations (e.g. the success of a cer-
tain scientific project, a PhD defence, special birthdays 
etc.) to MPE-wide celebrations 
like the Christmas party and the 
three well-established annual 
trips: the skiing excursion, the 
summer works outing, and the 
visit to the Munich Oktoberfest in 
autumn. 

The destination of the summer 
outing in 2015 was Garmisch-
Partenkirchen, a recreation area 
at the rim of the Alps, which of-
fers many possibilities for sum-
mer as well as winter time ac-
tivities. The day was free for in-
dividual preferences, a primary 
program was offered to MPE 
members. The first showplace 
was the big Olympic Ski Jump, 
including the possibility to have 
a closer look in a guided tour. 
The second main attraction was 

the Partnach Gorge, a unique 
natural canyon offering spec-
tacular hiking. The gorge is 
also a starting point for various 
hiking-trails in this region, in-
cluding uphill-trails to reach the 
top of local mountains. Most 
MPE members preferred the 
hiking as their leisure activity. 
Depending on personal fitness 
a more or less challenging tour 
was chosen. As usual the out-
ing ended with an early dinner 
before the buses started back 
to Garching. 

Each year, a large MPE crowd 
spends a pleasant afternoon 

- and most also the evening – 
together at the famous Munich 
Oktoberfest. They may enjoy 
the fun rides as well as the en-
tertainment in the outdoor festi-
val area but also the Bavarian 
sociability inside the “Wiesn 

Tents”. The unique atmosphere of eating, drinking and 
celebrating together is very favourable for deepening 
existing connections between MPE staff members, stu-
dents and guests, and making new ones.

Fig. 7.5.1 MPE colleagues enjoy the scenery and orient themselves about their hiking plans.   

Fig. 7.5.2 A crowd of MPE students enjoy the Oktoberfest.
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