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1 General Information
1.1 A brief history of the MPA
The Max-Planck-Institut für Astrophysik, usually
called MPA for short, was founded in 1958 under
the directorship of Ludwig Biermann. It was established as an oﬀshoot of the Max-Planck-Institut für
Physik, which at that time had just moved from
Göttingen to Munich. In 1979, as part of plans
to move the headquarters of the European Southern Observatory from Geneva to Garching, Biermann’s successor, Rudolf Kippenhahn, relocated
the MPA to its current site. The MPA became
fully independent in 1991. Kippenhahn retired
shortly thereafter and this led to a period of uncertainty, which ended in 1994 with the appointment of Simon White as director. The subsequent
appointments of Rashid Sunyaev (1995) and Wolfgang Hillebrandt (1997) as directors at the institute, together with adoption of new set of statutes
in 1997, allowed the MPA to adopt a system of
collegial leadership by a Board of Directors. The
Managing Directorship rotates every three years,
with Eiichiro Komatsu in post for the period 20152017.
In 2007 Martin Asplund arrived as a new director but, for personal reasons, decided to return to
The Australian National University in 2011. He
remains linked to the institute as external Scientiﬁc Member, joining the other external Scientiﬁc
Members: Riccardo Giacconi, Rolf Kudritzki and
Werner Tscharnuter. Eiichiro Komatsu arrived in
2012 from the University of Texas to take up a directorship, bringing new impetus to the institute’s
research into the early universe and the growth of
structure. This generational change continued in
2013 when the MPA’s own Guinevere Kauﬀmann
was promoted to a directorship, thereby ensuring
that the institute will remain a centre for studies
of the formation and evolution of galaxies. Finally,
two searches are currently underway for two new
directors, active in general areas of computational
astrophysics, and the areas including, but not limited to, stellar astrophysics, planetary science, and
high-energy astrophysics such as accretion disks
and compact objects. These new directors are formally the successors of Wolfgang Hillebrandt who
retired in 2012 and Simon White who will retire in
2019.

The MPA was originally founded as an institute for theoretical astrophysics, aiming to develop
the theoretical concepts and numerical algorithms
needed to study the structure and evolution of stars
(including the sun), the dynamics and chemistry
of the interstellar medium, the interaction of hot,
dilute plasmas with magnetic ﬁelds and energetic
particles, and the calculation of transition probabilities and cross–sections for astrophysical processes in rareﬁed media. From its inception the
MPA has had an internationally-recognized numerical astrophysics program that was long unparalleled by any other institution of similar size.
Over the last 20 years, activities at the MPA
have diversiﬁed considerably. They now address
a much broader range of topics, including a variety of data analysis and even some observing
projects, although there is still a major emphasis on theory and numerics. Resources are channeled into directions where new instrumental or
computational capabilities are expected to lead
to rapid developments. Active areas of current
research include stellar evolution, stellar atmospheres, accretion phenomena, nuclear and particle astrophysics, supernova physics, astrophysical
ﬂuid dynamics, high-energy astrophysics, radiative
processes, the structure, formation and evolution
of galaxies, gravitational lensing, the large-scale
structure of the Universe, the cosmic microwave
background, and physical and early universe cosmology. Several previous research themes (solar
system physics, the quantum chemistry of astrophysical molecules, general relativity and gravitational wave astronomy) have been substantially reduced since 1994.
Since 2001 the MPA has been part of the International Max-Planck Research School in Astrophysics, a joint initiative between the Max Planck
Society and the Ludwig-Maximilians University of
Munich. About 70 PhD students participate in
the school at any given time, most of them at the
MPE or the MPA. This has subtantially increased
and internationalised the graduate student body at
MPA over the last decade and has resulted in productive social and professional links between MPA
students and those at other local institutions. Currently about 25 students at MPA participate in the
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IMPRS.
MPA policy is eﬀectively set by the Wissenschaftliche Institutsrat (WIR) which has met
regularly about 6 times a year since 1995 to discuss
all academic, social and administrative issues affecting the institute. This consists of all the permanent scientiﬁc staﬀ and the Max-Planck Research
Group leaders, as well as elected representatives of
the postdocs, doctoral students and support staﬀ.
It acts as the main formal conduit for discussion
and communication within the institute, advising
the directorate on all substantive issues. Ad hoc
subcommittees of the WIR carry out the annual
postdoc and student hiring exercises, monitor student progress, oversee the running of the computer
system, and, in recent years, have carried out the
searches for new directions and directorial candidates.
Other aspects of the MPA’s structure have historical origins. Its administrative staﬀ is shared
with the neighboring, but substantially larger MPI
für extraterrestrische Physik (MPE). The library
in the MPA building also serves the two institutes
jointly. All major astronomical books and periodicals are available. The MPA played an important role in founding the Max-Planck Society’s
Garching Computer Centre (the RZG; the principal supercomputing centre of the Society as a
whole). MPA scientists have free access to the
RZG and are among the top users of the facilities there. The Max Planck Computing and Data
Facility (MPCDF, formerly known as RZG) is a
cross-institutional competence centre of the Max
Planck Society to support computational and data
sciences. It originated as the computing centre
of the Max Planck Institute for Plasma Physics
(IPP) which was founded 1960 by Werner Heisenberg and the Max Planck Society (MPS). Since
January 2015 the MPCDF became an independent
institute of the MPG.

1.2 Current MPA facilities
Computational facilities
Theoretical astrophysicists demand a perfect computing and networking infrastructure. Theoreticians, numerical simulators and data analysts have
diﬀerent needs. To satisfy these needs, MPA has
its own, strong and capable IT-group, headed by a
scientist to eﬃciently communicate between scientists and computer specialists. In addition, a group
of scientists constitutes the “Computer Executive
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Committee”, responsible for the long-term strategy an planning and for balancing the requests of
the diﬀerent groups and users. Our aim is to satisfy the needs by providing both extensive in-house
computer power and by ensuring eﬀective access
to the supercomputers and the mass storage facilities at the Max Planck Computing and Data Facility (MPCDF) and the Leibniz Computer Centre
of the state of Bavaria (LRZ). MPCDF and MPA
coordinate their activities and development plans
through regular meetings to ensure continuity in
the working environment experienced by the users.
Scientists at MPA are also very successful obtaining additional supercomputing time, typically of
the order of millions of CPU-hours per project at
various other supercomputer centres at both national and international level.
The most important resources provided by the
MPCDF are parallel supercomputers, PByte mass
storage facilities (also for backups), and the gateway to the German high-speed network for science
and education. MPA participates actively in discussions of major investments at the MPCDF, and
has provided several benchmark codes for the evaluation of the next generation supercomputer options. MPCDF also hosts a few mid-range computers owned by MPA. In 2015, two Linux-clusters
(with 756 and over 2600 processor cores, up to
10∼TB of core memory and 890∼TB disk storage
capacity) were located at MPCDF, and are used for
moderately parallel codes. The smaller and older
one of them was taken out of service at the end of
2015, to be replaced by an equivalent, but much
more power-eﬃcient machine now hosted at MPA.
In addition, MPA is operating a core node of the
Virgo (the Virgo supercomputer consortium) data
center at the MPCDF. The node will host the full
results from all important Virgo simulations (e.g.
Millennium XXL, Eagle) and provide web access
to the world-wide community via the Millenium
database. This system consists of 2∼PB disk storage and a fat-node server with 48 cores and 1∼TB
RAM for data access and memory-intensive parallel data analysis.
MPA’s computer system guarantees that every
user has full access to all facilities needed, and
that there is no need for users to perform maintenance or system tasks. All desks are equipped
with modern PCs, running under one operating
system (Linux) and a fully transparent ﬁle system,
with full data security and integrity guaranteed
through multiple backups, ﬁrewalls, and the choice
of the operating system. With this approach MPA
is achieving virtually uninterrupted service. Since
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desktop PCs are not personalized, hardware failures are quickly repaired by a complete exchange
of the computer.
In addition to the desktop systems, which
amount to more than 170 fully equipped workplaces, users have access to central number crunchers. This cluster comprises about 15 machines
(with up to 32 processor cores and 96 GB memory)
plus the latest and largest machine with 480 cores
and about 3 TB of core memory, which was added
in 2015. The total on-line data capacity at MPA is
approaching the Petabyte range; individual users
control disk space ranging from a mere GB to several TB, according to scientiﬁc need. Energy consumption and cooling has become a crucial aspect
of IT-installations. At MPA, we are concentrating
on low power-consumption hardware and eﬃcient,
environmental-friendly cooling.
All MPA scientists and PhD students may also
get a personal laptop for the duration of their presence at the institute. These and private laptops
may be connected to the in-house network through
a subnet which is separated from crucial system
components by a ﬁrewall. Apart from the standard
wired network (Gb capacity up to ﬂoor level, and
100 Mb to the individual machine), access through
a protected WLAN is provided. MPA is also a
partner in the eduroam-consortium, thus allowing
its members unrestricted access to WLAN at all
participating institutions.
The basic operating system relies on OpenSource
software and developments. The Linux system is a
special distribution developed in-house, including
the A(dvanced) F(ile) S(ystem), which allows completely transparent access to data and high ﬂexibility for system maintenance. For scientiﬁc work,
licensed software, e.g. for data reduction and visualization, is in use, too. Special needs requiring
Microsoft or Macintosh PCs or software are satisﬁed by a number of public PCs and through servers
and emulations.
The system manager group comprises three fulltime and one part-time system administrators;
users have no administrative privileges nor duties,
which allows them to fully concentrate on their scientiﬁc work.

Library
The library is a shared facility of the MPA and
the MPE and therefore has to serve the needs
of two institutes with diﬀering research emphases
– predominantly theoretical astrophysics at MPA
and predominantly observational/instrumental as-
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trophysics at MPE. At present the library holds
a unique print collection of about 53000 books
and journals and about 7300 reports and observatory publications, as well as print subscriptions
for about 160 journals and online subscriptions for
about 500 periodicals, as well as an ebook collection of about 4000 copies. In addition the library
maintains an archive of MPA and MPE publications, two slide collections (one for MPA and one
for the MPE), a collection of approximately 800
non print media and it stores copies of the Palomar
Observatory Sky Survey (on photographic prints)
and of the ESO/SERC Sky Survey (on ﬁlm). The
MPA/MPE library catalogue includes books, conference proceedings, periodicals, doctoral dissertations, and habilitation theses, reports (print and
online). Additional technical services such as several PCs and terminals in the library area, copy
machines, a colour book-scanner, two laser printers, and a fax machine are available to serve the
users’ and the librarians’ needs. The library is run
by two people who share the tasks as follows: Mrs.
Bartels (full time; head of the library, administration of books and reports) and Mrs. Blank (full
time; ”Pure”, publication management for both institutes - about 850 publications 2015, and administration of journals)

1.3 2015 at the MPA
New Research group
Simona Vegetti, a former postdoc at MPA, began her independent Max-Planck Research group
(MPRG) in October 2015. This is the ﬁrst time
that the MPA hosts an MPRG. The MPRGs
are established as smaller, independent research
units, often supplementing departments at Max
Planck Institutes, such as at MPA. MPRG’s funding comes from the central administration of the
Max Planck Society, and is separate from the budget of MPA, assuring ﬁnancial independence of the
groups. The MPRGs are highly competitive positions, selected from the international pool of applicants with the success rate of about 40 to 1.
The groups oﬀer young junior scientists who hold
a doctorate an exceptional opportunity to further
qualify themselves on a very high level. Vegetti is
appointed for a ﬁve-year term (renewable for up
to four more years). She is building her research
group with two PhD students and two postdocs.
Vegetti uses strong gravitational lensing to detect
substructures in dark matter halos and test the
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predictions of the cold dark matter scenario. Using high-resolution images of strong gravitational
lenses, she tries to ﬁnd and constrain the properties of small satellite galaxies in the distant universe. The nature of dark matter and how galaxies form are two major issues of modern Cosmology. Numerical simulations of galaxy formation
have shown that the amount of mass substructure
in galaxies strongly depends on the assumed nature of dark matter. However, dark matter cannot
be directly observed and using luminous matter as
a tracer is not always reliable. Therefore, Vegetti
uses the gravitational lensing eﬀect. Already during her PhD in Groningen and later as a postdoc at
MIT she developed the technique: In strong gravitational lens systems, such as galaxy clusters, individual (small) galaxies can induce small perturbations on the observed lensing features, such as arcs.
These perturbations then reveal details about the
lensing galaxy, allowing the scientist to measure
the mass substructures in gravitational lens galaxies, galaxy-groups and galaxy-clusters. Recently,
her technique could be extended to also study in
great details high-redshift lensed galaxies observed
with new radio interferometers. While her research
so far has been conﬁned to fairly massive substructures, the advent of much more sensitive and high
resolution data from radio interferometry systems
will allow her to study much smaller galaxies, down
to about 106 solar masses, and a wide range of cosmological epochs.

MPA scientific meetings in 2015
This year’s MPA/MPE/ESO/Excellence Cluster
conference was on ”Theoretical and Observational
Progress on Large-scale Structure of the Universe”, organised by Eiichiro Komatsu with the
co-organisers at MPA, MPE, ESO, and Excellence
Cluster. It hosted 188 participants in a new ESO
Auditorium “Eridanus”. The participants presented the new results and discussed a wide range
of topics from the recent observational data on the
large-scale structure to the latest developments in
theory and numerical simulations. One of the highlights of the conference was the oﬃcial announcement of the ﬁrst science results from Dark Energy
Survey.
The Physical Cosmology group organised two
focused workshops: “ICM Physics and Modeling” (46 participants) and “The Near Infrared
Background II: From Reionization to the Present
Epoch” (33 participants) The ICM meeting was
held to initiate an active network of collaborations
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in the topic of galaxy clusters among MPA, Yale,
UC Santa Barbara, and the University of Tokyo.
The near infrared background workshop was a sequel to the meeting organised by Komatsu at the
University of Texas at Austin in 2012. These workshops hosted experts on the subjects in friendly,
informal settings, stimulating active discussions.
They were organised primarily by the postdocs
Xun Shi and Kári Helgason, respectively.
3D Hydro for stars
In April (13th to 16th, 2015) the Stellar Physics
group organised a workshop on 3-dimensional modeling of stellar interiors. Members of our group
discussed with colleagues from Toulouse, Montpelliere, and Melbourne the current state and the future prospects of 3d-hydro modeling of stars, and
how results can be used to improve the treatment
of hydrodynamical eﬀects in 1-dimensional stellar
evolution models. The workshop ended with a
roadmap how this can be achieved, and a plan of
cooperation of the participating groups. The workshop was a spin-oﬀ of a workshop at the LorentzCentre in Leiden, held in 2013, and organized and
supported by members of MPA.

Biermann lectures 2015
The topic of the 2015 Biermann Lectures by Professor Isabelle Baraﬀe from the University of Exeter was exoplanet modelling. The diﬀerent aspects touched on in the course of the miniseries
ranged from an exoplanet’s interior structure to
its outer atmosphere. Are there other planets
like Earth out there? This question has remained
unanswered for a long time - only recently the detection of exoplanets has moved into mainstream
astronomy. These faint objects, however, are diﬃcult to observe directly; especially as they are often outshone by the stars they are orbiting. It was
during Isabelle Baraﬀe’s early career that scientists
started discovering planets outside our own solar
system with high-precision measurements. The
ﬁrst deﬁnite exoplanet 51 Pegasi b was discovered 1995 in the Pegasus constellation. Baraﬀe
has been fascinated by these astrophysical objects
ever since. So far, astronomers have observed exoplanets mainly indirectly. There are more than
registered exoplanets, but only some 50 have been
detected by imaging. Baraﬀe, however, chose a different approach: she tries to understand extra solar
planets from theoretic principles, starting with theoretical physics. By modelling the physical charac-
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teristics of exoplanets - their formation, their atmospheric and interior structure, and their evolution
- she is trying to better understand these mysterious objects. After her PhD in Astronomy from
University of Paris and University of Göttingen in
1990 she worked at MPA and University of Göttingen as a postdoc. In Lyon, she held her ﬁrst
professorships before moving to England where she
joined the University of Exeter in 2010. There
she is now the Head of Astrophysics and holds
the Chair of Astrophysics. In addition to being
named Biermann Lecturer 2015, she has received
a number of national awards in France, Germany
and the UK, such as the Johann–Wempe award
in 2004 for her outstanding theoretical work about
low–mass stars, brown dwarfs and extrasolar gas
planets. Without her evolutionary models of these
objects, some of the most exciting recent observations with the Hubble Space Telescope or the Very
Large Telescope could not have been interpreted.
Moreover, she was awarded an Advanced Grant by
the European Research Council in 2012 to work on
this area.

Prizes and Awards
MPA director Rashid Sunyaev received to distinctions in 2015: The Royal Astronomical Society
awarded him with the Eddington Medal, which
is awarded for single investigations of outstanding
merit in theoretical astrophysics. He was nominated for a series of papers, in which he and Ya. B.
Zel’dovich predict the existence of two important
milestones in the evolution of the Universe: (1) the
last scattering surface of photons and (2) the blackbody photosphere of the universe. In addition, the
papers also describe the existence of inevitable distortions of the CMB spectrum from a pure Planck
spectrum. Also in 2015, the presidium of the Russian Academy of Sciences (RAS) decided to award
Rashid Sunyaev with the Gold Medal named after Ya. B. Zel’dovich for a sequence of the papers
about the very early universe, containing calculations about the last scattering of photons and the
black body radiation that was later observed as the
cosmic microwave background. This is the ﬁrst
time that the RAS honours a scientist with this
medal for outstanding work in the ﬁeld of physics
and astrophysics. The award is named in honour
of the Soviet physicist and physical chemist Ya B.
Zel’dovich, PhD supervisor to Rashid Sunyaev and
long-time collaborator.
MPA director Eiichiro Komatsu was also honoured twice: in March, the Astronomical Society
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Figure 1.1: Isabelle Baraffe is currently Professor at the
University of Exeter, U.K. She has been the MPA Biermann
Lecturer in 2015)

of Japan awarded him with the “Chushiro Hayashi
Prize” during its annual spring meeting at Osaka University. The prize is awarded to scientists
who made major contributions to the ﬁelds of astronomy and astrophysics. The Chushiro Hayashi
Prize was founded in 1996, using a part of the
Kyoto Prize money awarded to Hayashi in 1995.
Komatsu is the 19th laureate for this prestigious
award, which he received for “Precision Cosmology based on the Cosmic Microwave Background”,
the left-over radiation from the Big Bang at the
beginning of the Universe. Komatsu analysed and
interpreted the CMB data that was measured by
the WMAP satellite mission, and in particular determined the cosmological parameters as well as
testing theories of inﬂation. Furthermore, in its
September meeting, the American Physical Society
(APS) elected Eiichiro Komatsu as a Fellow. This
distinction is recognition of his outstanding contributions to physics, in particular for his work on
the analysis of the cosmic microwave background
radiation and the physics of the early universe.
Eiichiro Komatsu was recommended by the Division of Astrophysics and nominated by the APS
Council of Representatives in its September meeting, for his pioneering use of the bispectrum to
study the physics of the early universe and for
playing a leading role in the analysis of WMAP
data. The European Research Council (ERC) selected Fabian Schmidt as one of the recipients for
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its highly competitive starting grant in 2015. This
will allow Fabian Schmidt to establish his own research group to investigate the very early Universe
and probe the general theory of relativity. The
goal of the Fabian Schmidt’s research funded by
the ERC grant is to probe our theory of gravity,
general relativity, on cosmological scales. In addition, it aims to shed light on the origin of the initial
seed ﬂuctuations out of which all structure in the
Universe formed, by constraining the physics and
energy scale of inﬂation. At its biennial Membership Election Meeting in November 2015, the Chinese Academy of Sciences (CAS) elected MPA director Simon White as a Foreign Member in recognition of his scientiﬁc achievements and his contributions to promoting the development of science and technology in China. With his election, Simon White becomes the only astrophysicist
among the Foreign Members and the third scientist working in Germany (following Klaus von Klitzing and Hartmut Michel). Simon White will be
formally admitted to the CAS at its 18th General
Assembly in June 2016, along with former MPApostdoc Yipeng Jing, currently Distinguished Professor at Shanghai Jiao Tong University, who was
also elected in November 2015.

Rudolf-Kippenhahn-Award
Since 2008, the Kippenhahn Prize is awarded for
the best scientiﬁc publication written by an MPA
student; it was donated by the former director of
the institute, Prof. Rudolf Kippenhahn. The decision for 2014 was diﬃcult due to the high quality
of the submitted publications, so that the committee decided to award the prize jointly to two
young researchers: Richard D’Souza for his paper “Parametrizing the Stellar Haloes of Galaxies”
and Marco Selig for his paper “D3 P O - Denoising, Deconvolving, and Decomposing Photon Observations” (See Figure 1.2). The galactic halo is
an extended, roughly spherical component of stars,
which extends beyond the main, visible component of the galaxy. As these stellar halos can be
very faint, Richard D’Souza used deep observations
from the SDSS to stack a large number of images
of individual galaxies. The stacked images of the
galaxies reveal the existence of stellar halos around
galaxies of all types, both elliptical and spiral, with
masses ranging from that of the Small Magellanic
Cloud to those of the most massive ellipticals in the
centres of rich clusters. Richard D’Souza led the
diﬃcult SDSS imaging analysis from start to ﬁnish
and wrote up an excellent paper, which has been

Figure 1.2: The Kippenhahn-Award has been awarded to
Richard D’Souza and Marco Selig for the best scientific paper written by MPA students. copyright: Andi Weiss, MPA

well received by the community. The paper written
by Marco Selig bridges from information theory to
next generation astronomical imaging. It develops
the D3 P O algorithm, which performs several complex data analysis steps in order to process photon count data jointly and self-consistently. The
results are two independent sky images, one for
the diﬀuse ﬂux and one for the point-like sources.
D3 P O has been applied to gamma ray data from
the Fermi satellite, producing unique sky maps,
a point source catalogue that is competitive with
the best one of the Fermi collaboration, and separate maps revealing two diﬀuse phases of the interstellar medium. As “astro-infonaut”, Marco Selig
crafted novel and versatile tools to extract signals
with high ﬁdelity from complex and noisy data sets
which he then applied successfully to astronomical
data.
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Figure 1.3: The school girls were able to do some research
themselves during the Girls’Day. In different experiments
they “worked” on several astronomical topics.(copyright:
H.-A. Arnolds, MPA)

Public Outreach
In 2015, there were three main public outreach
events, organised by MPA staﬀ: As in previous years, MPA again participated in the annual
Girls’Day. In the portable planetarium dome, junior scientists presented the digital planetarium
show “Changing Skies”, which not only deals with
changes in stars and galaxies but also explains
how some of these processes can be understood
and modelled in simulations. In a complementary
talk, the participants learned about some recent
research ﬁndings. In addition, the girls were able
to do some research themselves: In diﬀerent experiments they “worked” on several astronomical
topics. Throughout the half day, they also had the
opportunity to discuss with the scientists at MPA
about their work and their career (see Fig. 1.3).
In May, the mobile planetarium was set up outside the institute for the ﬁrst time, in the General
Oﬃce of the Max Planck Society, for the MPG
kick-oﬀ event for the International Year of Light.
There, the MPA team organised a number of live
presentations in the planetarium for school classes
during the day – complemented by talks given in
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Figure 1.4: Visitors at the poster gallery and public talk
during the “Lange Nacht der Wissenschaften” on June 27,
2015 (copyright: Vanessa Laspe)

the MPG seminar room – as well as shows for students in the evening. In the very informal setting
the students also had a chance to network and ask
questions about life and work at the institute. The
Open Day in 2015 took the special form of a – Long
Night of Science – on the occasion of the 1100th jubilee of Garching. The programme included hourly
talks, poster presentations, and Q&A-sessions with
scientists. Special attractions proofed to be the
digital planetarium as well as visits to the new telescope on the roof of the extension building. In total
about 1500 people visited the institute during the
Long Night (see Fig. 1.4).
In addition, the public outreach work at MPA
involves a broad range of activities with many
staﬀ and scientists contributing. The planetarium
group also organised a number of visits (7 groups
with a total of about 180 people) for school children
as well as scientist groups from other disciplines.
MPA scientists were also involved in educational
programmes for school teachers and gave public
talks in and outside the institute. They supervised
interns, wrote articles for popular science media
and acted as interview partners for journalists.
The public outreach oﬃce issued a number of
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press releases about important scientiﬁc results
and new projects as well as news about awards and
prizes for MPA scientists. These were published on
the MPA website as well, complementing the popular monthly scientiﬁc highlight series. In 2015, the
institute adopted a new Content Managing System
for its public website, taking the opportunity for a
complete update and restructuring of website contents. This allowed for a more dynamic homepage,
concentrating on news and highlights, as well as
directly accessible pages about the institute, the
research being done at MPA, career opportunities,
events and conferences.

1. General Information

2 Scientific Highlights
2.1 Starburst cycles in galaxies
While it is well known that galaxies reside in halos
of dark matter, there has been disagreement about
the detailed distribution of dark matter between
cosmological simulations and observations: the socalled “cuspy halo problem”. Astrophysicists at the
MPA have now used spectral features in a number
of SDSS galaxies to show that strong starbursts occur frequently enough in low mass galaxies ﬂatten
the inner mass proﬁles of these systems, explaining why the theoretically predicted “cusps” are not
observed.
Cosmological simulations of the evolution of cold
dark matter (CDM) show that the dark matter in
galaxy halos forms cuspy distributions - with inner
proﬁles that are too steep compared with observations. This is commonly referred to as the “cuspy
halo problem”. One solution to this problem, that
was proposed early on, is as a galaxy loses mass
in the form of explosions this can lead to an irreversible expansion of the orbits of stars and dark
matter near the centre of the halo. The very dense
cusps would then be spread out over a wider area.
These conclusions, however, were based on simple
analytic arguments and it was not clear whether
this mechanism could in fact produce central density proﬁles in close agreement with observations.
Later gas-dynamical simulations of dwarf galaxies
indeed demonstrated that repeated gas outﬂows
during bursts of star formation could in principle
transfer enough energy to the dark matter component to ﬂatten ’cuspy’ central dark matter proﬁles.
Nevertheless, it has remained unclear whether
the energy requirements for ﬂattening cuspy proﬁles are in line with the actual stellar populations
and star formation histories of real low mass galaxies. In order to estimate how frequently starbursts
occur as well as the amplitude range in star formation during a burst, it is necessary to analyze a
large sample of galaxies that are intrinsically similar.
High quality spectra provide a number of stellar
features that are extremely useful as diagnostics of
the star formation history of a galaxy. A primary
feature is the strong break at 4000 Angstroms,
caused by the blanket absorption of high energy

Figure 2.1: The distribution of model galaxies, where the
specific star formation rate is plotted versus the strength
of the 4000-Angstrom-break. Model galaxies that have experienced continuous star formation histories are coloured
in green, those that are currently undergoing bursts are
coloured in blue and those that have experienced bursts
in the past are coloured in red. One can clearly distinguish
the three groups, even if there is some overlap. Plots of the
specific star formation rate versus the Balmer absorption or
emission line features show a similar picture
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radiation from metals in stellar atmospheres. This
break becomes strong once young, hot, blue stars
have evolved oﬀ the Main Sequence. In addition,
absorption lines from the Balmer series, which are
strongest in stars of spectral type A-F, are a diagnostic of the contribution of stars of intermediate
ages to the total luminosity of the galaxy. Finally,
Balmer emission lines arise in large, low-density
clouds of gas where very recently formed stars emit
copious amounts of ultraviolet light that ionize the
surrounding gas (predominantly hydrogen).
Used in concert, Kauﬀmann (2014) found that
these spectral features allow one to clearly separate galaxies in three groups: those that are currently undergoing a burst of star formation, those
that have formed their stars continuously and those
that have experienced a burst in the past (Fig.2.1).
Applied to a large sample of galaxies from the
Sloan Digital Sky Survey, the scientists were able
to constrain the fraction of galaxies that were experiencing current starbursts, the mass of stars
typically formed in these bursts, as well the duration of the starbursts. One could then investigate whether the burst frequency depended on the
mass of the galaxy and whether starbursts were associated with changes in the internal structure of
galaxies.
The analysis showed that the fraction of the total star formation rate in galaxies with ongoing
bursts was a strong function of stellar mass, declining from 0.85 for the smallest galaxies in the sample to 0.25 for galaxies with masses close to that
of the Milky Way. Also the burst mass fraction,
the half-mass formation times and the burst amplitudes and durations could be constrained. Finally, the scientists found that the central stellar
densities in bursting low mass galaxies are reduced
compared to their quiescent counterparts.
These results are in remarkably good agreement
with predictions of some of the recent hydrodynamical simulations and give further credence to
the idea that the cuspy halo problem can be solved
by energy input from multiple starbursts over the
lifetime of the galaxy. (Guinevere Kauﬀmann)
References:
Kauﬀmann, G. : Quantitative constraints on starburst cycles in galaxies with stellar masses in the
range 108 − 1010 M⊙ Mon. Not. R. Astron. Soc.
441 (3): 2717-2724 (2014).

Figure 2.2: Postage stamp images of some of the low mass
galaxies in the SDSS that are currently undergoing strong
bursts.

2.2 Galactic anatomy with
gamma rays
The anatomy of the Milky Way as seen in gamma
light is full of mysteries. For example, there are
gigantic bubbles of unknown origin above and below the center of the Milky Way that emit a
lot of this high-energy radiation. A new method
for imaging, developed at the Max Planck Institute for Astrophysics, now divided the Galactic gamma-radiation into three fundamental components: radiation from point sources, radiation
from reactions of energetic protons with dense cold
gas clouds, and radiation from electrons scattering
light in the thin, hot, Galactic gas. The anatomic
insights gained unravel some Galactic mysteries.
Thus, it appears that the gamma-ray bubbles are
simply outﬂows of ordinary, hot gas from the central region of the Milky Way.
The sky in the light of gamma-radiation shows
a variety of objects, structures, and astrophysical
processes (Fig. 2.3). It is most prominently illuminated by the Milky Way, which contributes
a great part of the point sources as well as the
major part of the diﬀuse gamma-radiation in the
sky. The various radiation sources appear superim-
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posed, which complicates their identiﬁcation and
interpretation. Furthermore, our measurement instruments, such as the Fermi satellite, record only
individual gamma photons, arriving at random
times from random directions. These are highly energetic light particles, whose observation requires
complex imaging algorithms in order to reconstruct
sky maps. A new method for denoising, deconvolving, and decomposing photon observations, called
D3 P O, developed at the Max Planck Institute for
Astrophysics, has now created the by far most brilliant gamma-radiation map of the sky from the
data of the Fermi satellite (Fig. 2.3).
D3 P O has decomposed the gamma-ray sky into
point sources (Fig.2.4c) and diﬀuse radiation at
nine photon energies. From these, a colored image can be generated (Fig.2.4b), which shows the
diﬀuse sky as it would appear to an observer with
gamma-eyes. The diﬀerent astrophysical processes
can be recognized therein via their diﬀerent energy spectra, visible as diﬀerent colors (Fig. 2.4b).
The gamma-bubbles above (and below) the center
of the Milky Way appear blue-greenish, which indicates particularly high-energy gamma-radiation.
This should have been mainly generated by collisions of electrons that are moving almost with
the speed of light with starlight and other photons. The orange-brown areas on the right and left
side are primarily caused by collisions of super-fast
protons with nuclei in dense, cold gas clouds.
The big surprise was that the central bright
Galactic disk, and virtually all other areas of the
sky, show essentially just a superposition of these
two processes: collisions of protons with nuclei and
of electrons with photons. If we decompose the diffuse gamma-radiation into only these two processes
(Fig. 2.4d and 2.4e), more than 90% of the radiation is explained – and this at all studied sky locations and energies (Fig. 2.4g). The total diﬀuse
galactic gamma-radiation is thus produced almost
exclusively by two typical media: dense, cold gas
clouds and the thin, hot gas between them. In fact,
gamma-radiation coming from the clouds shows almost the same spatial distribution as the Galactic
dust clouds as measured by the Planck satellite in
the microwave range (Fig. 2.4f).
The gamma-radiation generated by electrons in
the mysterious gamma-ray bubbles does not differ in color from the electron-generated radiation
from the Galactic disk. This suggests that we see
the same material in both places: hot gas that
has been enriched with electrons moving almost
at the speed of light by supernova explosions. The
gamma-bubbles are therefore simply rising hot gas
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Figure 2.3: Gamma-ray data (left) and diffuse Galactic
gamma-radiation calculated by D 3 P O (right). The Galactic
disk is displayed horizontally, with the Galactic center in the
middle of the image.

Figure 2.4: The gamma-ray sky at different stages of the
data analysis: (a) The data of the Fermi satellite. D 3 P O
denoised, deconvolved, and decomposed the data into (b)
diffuse emission and (c) point sources. A further separation
reveals the gamma-rays emitted by (d) hot, dilute clouds of
gas and (e) cold, dense gas clouds, which closely resemble
(f) the Galactic dust clouds from the Planck mission. (g)
The sum of the two gamma components (d and e) explains
around 90% of the total diffuse gamma-radiation.
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masses, leaving the center of our Milky Way.
In addition to unraveling the gamma-ray bubbles, the D3 P O analysis of the anatomy of Galactic gamma-radiation has delivered a number of
other scientiﬁc results. It was shown that the cold
gas clouds that are illuminated by the gammaradiation extend up to larger heights above the
Galactic plane than the dust clouds measured by
the Planck satellite. While this could have been
expected due to the higher mass of dust particles in comparison with the gas particles, it is a
nice conﬁrmation of the astrophysical correctness
of these anatomical dissections of the Galaxy in
gamma light. Furthermore, a comprehensive catalog of point sources was generated and searched for
gamma-radiation from clusters of galaxies – unfortunately without success.
The D3 P O algorithm that has made all this possible is now freely available and will in the future
also provide astronomical images at other wavelengths of light. D3 P O was developed by Marco
Selig during his just-completed doctorate with honors at the LMU in Munich (Fig. 2.5). The algorithm was derived within information ﬁeld theory and implemented using the also freely available
NIFTY-software for numerical information ﬁeld
theory. Information ﬁeld theory deals with the
mathematics of imaging complex data sets and is
a central focus of the research group of Torsten
Enßlin at the Max Planck Institute for Astrophysics. (Marco Selig, Valentina Vacca, Niels Oppermann, Torsten Enßlin).
References:
Marco Selig, Valentina Vacca, Niels Oppermann,
Torsten A. Enßlin The Denoised, Deconvolved, and
Decomposed Fermi γ -ray Sky - An Application of
the Algorithm. Astron.Astrophys. 581, A126, 116 (2015).

2.3 Measuring gas velocities in
galaxy clusters with X-ray
images
X-ray observations provide us with detailed information on the density and temperature of the hot
gas inside galaxy clusters. The other major gas
characteristic that still needs to be measured is
the gas velocity. While current generation X-ray
observatories lack the required energy resolution
to measure velocities directly, future observatories
such as ASTRO-H and ATHENA will address this
limitation. An international team including MPA
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Figure 2.5: Marco Selig after his doctorate examination,
which he passed with honors at the LMU in Munich.

scientists has shown that the power spectrum of the
velocity ﬁeld can inferred indirectly from existing
X-ray images of relaxed clusters. Numerical simulations conﬁrm this simple theoretical idea, opening a way of probing gas velocities using already
existing X-ray data.
Galaxy clusters are the largest gravitationally
bound structures in the present Universe. Hot gas
(with temperatures of 10 to 100 million Kelvin)
ﬁlls their gravitational potential wells and shines
in the X-ray band, making the clusters an easy
target for orbital X-ray observatories. Both the
density and the temperature of the gas in clusters
is routinely measured using X-ray data, while it
is notoriously diﬃcult to directly measure the turbulent motion of the gas via the Doppler shift of
X-ray lines. Since the information on the turbulent
gas velocities would have profound implications for
the mass determination of clusters and for determining the plasma microphysics, new approaches
have been developed to indirectly measure the gas
velocities using existing X-ray data. One of these
approaches is based on the analysis of small-scale
ﬂuctuations in X-ray images as described below.
In relaxed clusters the gas approaches the state
of hydrostatic equilibrium, when all thermodynamic properties are aligned along surfaces with
equal gravitational potential, making X-ray images
smooth and round (Fig. 2.6). These stratiﬁed and
stable atmospheres of cluster gas bear much similarity to the Earth’s atmosphere or to water in
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the oceans where cold and dense material tends
to be below hotter and lighter material due to the
combined action of gravity and buoyancy. Slow
subsonic perturbations of such atmospheres can be
represented as a combination of internal (gravity)
waves, very much like waves in the ocean (bottom
panel of Fig. 2.6). In oceans there is a simple relation: the larger the amplitude of the waves, the
higher the velocityof water. Is the same true for
gas in galaxy clusters? Both theoretical analysis
and numerical simulations have shown that this is
indeed the case.
The main idea is that gas is disturbed on large
scales and that this results in a cascade of waves.
In clusters these waves are creating perturbations
in the gas density that are visible in X-ray images
as small-scale ﬂuctuations of the surface brightness
relative to a smooth global model. Our analysis
shows that there is a simple linear relation between
the gas velocities and density perturbations. Moreover, this relation holds for a broad range of scales:
on large scales, where buoyancy eﬀects dominate
(internal waves), as well as on small scales where
the isotropic turbulent cascade usually develops.
At these small scales, the entropy of the gas acts
as a passive scalar advected by the velocity ﬁeld
and makes the gas displacement visible in X-rays.
Based on these arguments one can expect that
in relaxed clusters (i.e. clusters which are only
slightly disturbed) the power spectrum of the velocity ﬁeld can simply be recovered from the power
spectrum of density ﬂuctuations. The latter can be
straightforwardly estimated from X-ray images.
Based on these arguments one can expect that
in relaxed clusters (i.e. clusters which are only
slightly disturbed) the power spectrum of the velocity ﬁeld can simply be recovered from the power
spectrum of density ﬂuctuations. The latter can be
straightforwardly estimated from X-ray images.
Numerical simulations (cosmological simulations
of cluster formation and pure hydrodynamic simulations with turbulence) conﬁrm this conclusion
and open an interesting possibility to use gas density power spectra as a proxy for the velocity power
spectra in relaxed clusters.
Once the gas velocities can be measured directly
with future X-ray observatories, it will be possible
to push this analysis further and search for diﬀerences between the density and velocity power spectra. Strong departures of the two power spectra
from the universal behavior described above can
then be used to constrain physical eﬀects such as
conductivity or viscosity in the gas. (Eugene Churazov, Massimo Gaspari, Irina Zhuravleva (Stan-
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Figure 2.6: Schematic illustration of gas density distribution in a spherically symmetric cluster in perfect hydrostatic
equilibrium (v = 0, top) and in a slightly disturbed cluster
(v 6= 0, middle). Slow large-scale perturbations in a stratified cluster atmosphere can be interpreted as internal waves
(as illustrated in the bottom panel), similar to waves in
the ocean, where the velocity of water and the amplitude
of waves are linked. In clusters, similar perturbations are
caused by a variety of reasons, including minor mergers or
the activity of the central supermassive black holes.
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ford), Alex Schekochihin (Oxford), Rashid Sunyaev)
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al.: The Relation between Gas Density and Velocity Power Spectra in Galaxy Clusters: Qualitative
Treatment and Cosmological Simulations, Astrophys. J. Lett. 788, 13 (2014).
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2.4 Computer simulation
confirms supernova
mechanism in three
dimensions
Massive stars explode as supernovae at the end of
their lives, but how exactly does the explosion begin and what is the role of diﬀerent physical processes? For the ﬁrst time, scientists at the Max
Planck Institute for Astrophysics have been able
to simulate such a stellar explosion in all three dimensions with detailed physical input. The results

Figure 2.7: X-ray image of the Coma cluster as seen with
Chandra observatory. The substructure seen in the image
implies that the X-ray emitting gas is not at rest. Right:
High waves in the sea can be linked to the large fluid velocity. The conjecture is that in clusters one can similarly infer
the velocity of gas motions from the amplitude of density
perturbations.
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show that the energetic neutrinos radiated by the
newly formed neutron star indeed trigger the explosion by heating the stellar matter. Turbulent
ﬂows support this process and lead to an even more
energetic explosion.
During their lifetimes, stars “burn” light elements such as hydrogen into heavier ones by nuclear fusion. This process produces energy until,
at the end, an iron core is formed. Since iron has
the largest binding energy of all nuclei, no heavier elements can be produced in fusion reactions
and nuclear burning ceases. However, the iron core
continues to grow by fusion processes at its surface.
At this stage, gravity is balanced by the quantum
mechanical pressure of the electrons. Similar to
a white dwarf star, there is a critical mass above
which the iron core can no longer resist the pull
of gravity and collapses. Under appropriate conditions, this results in a powerful stellar explosion: a
supernova.
Already in the middle of the past century, ﬁrst
theories proposed the origin of the supernova energy: Because of the extreme gravitational force,
the core collapses within fractions of a second to
produce a neutron star. Gravitational binding energy is released and transported outwards by a
shock front, but gets quickly absorbed by the outer
layers of the iron core. To actually trigger the
explosion, an additional eﬀect is required: heating by neutrinos (see Highlight 2001). These elementary particles are generated in vast numbers
in the new-born neutron star and propagate outwards relatively freely, once they are outside the
neutron star’s surface. Therefore they can extract
energy from the so-called “cooling layer” and deposit this energy at greater distances from the neutron star where they are re-absorbed and thus heat
the plasma in the so-called “heating layer” behind
the shock wave. If the amount of deposited energy is large enough, the shock is pushed outwards,
which eventually disrupts the star in a supernova.
At least that is how the theory goes.
The process to conﬁrm this paradigm in detailed physical models, however, has been long:
In the 1980s, the ﬁrst star “exploded” in a computer, but only in spherically symmetric (i.e. onedimensional) models and with some special assumptions to simplify the description of the physics
involved. But the observation of supernova 1987A
showed that multi-dimensional eﬀects play an important role during the explosion. The shells surrounding the neutron star are mixed by convection, which further supports neutrino heating. After a few decades, scientists could conﬁrm the ba-
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sic functioning of the neutrino mechanism with
two-dimensional models (see Press Release 2009).
Still, the forced rotational symmetry about an arbitrary axis severely restricts motions of the stellar
plasma. In addition, turbulent ﬂows behave differently under these symmetry assumptions compared to three dimensions. It is therefore necessary
to perform three-dimensional calculations to model
all processes during the supernova correctly.

Figure 2.8: History of the explosion in the stellar interior:
within fractions of a second, the core inflates to many times
its volume. The snapshots impressively show that the explosion is far from symmetric and that convective buoyancy
and turbulence play an important role. The colour code indicates the speed of the ejected material. The thin bluish
line shows the position of the shock front.

Figure 2.9: This diagram shows the progression of the stellar explosion; the thick red line traces the position of the
shock front. The shock forms when a neutron star is born in
the center, begins to first move outwards rapidly, and then
stalls before it is revived by neutrino heating. The red areas
indicate regions with strong turbulent motions of the stellar
matter.

So far, simulations have not yielded successful
explosions in three dimensions (Press Release 2013
und Highlight 2014). But now, the scientists obtained their long desired result: the ﬁrst successful,
neutrino-driven explosion of a star with an initial
mass of 9.6 solar masses in a three-dimensional,
self-consistent simulation (see Fig. 2.8 and 2.9).
The challenge was to describe the neutrinos as correctly as possible, so that the resulting complex
calculation kept even supercomputers busy for a
few months. The new method provides the currently most complete description of how neutrinos
interact with matter in a supernova calculation. In
particular, there is an open, controversial question
whether three-dimensional turbulence in the neutrino heated plasma helps or hinders the explosion.
In this case, the answer is deﬁnitely yes: threedimensional turbulence leads to about 10% higher
explosion energy. Turbulent eﬀects in the heating
layer change the ﬂow of stellar material into the
cooling layer, which means that the temperature in
this region remains lower. As the cooling by neutrinos strongly depends on temperature, the energy
loss by neutrino emission decreases at lower temperature and the explosion gets stronger. However,
it is diﬃcult to predict whether this phenomenon
could play an equally important role for even more
massive stars. To answer this question, the scientists need further simulations. They also plan
to calculate the explosion with even higher resolution to better resolve turbulence and investigate
it on smaller scales. Another important question
is whether the star might have been asymmetric
before collapse and how this would aﬀect the explosion. So even with this signiﬁcant milestone, the
astrophysicists still have some way to go. (Tobias
Melson, Hans-Thomas Janka)
References:
T. Melson, H.-T. Janka, and A. Marek: Neutrinodriven supernova of a low-mass iron-core progenitor boosted by three-dimensional turbulent convection, Astrophys. J. Lett. 801, L24 (2015).
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2.5 Understanding X-ray
emission from galaxies and
galaxy clusters
By combining data for more than 250,000 individual objects, an MPA-based team has for the ﬁrst
time been able to measure X-ray emission in a uniform manner for objects with masses ranging from
that of the Milky Way up to that of rich galaxy
clusters. The results are surprisingly simple and
give insight into how ordinary matter is distributed
in today’s universe, and how this distribution has
been aﬀected by energy input from galactic nuclei.
While galaxies, with their billions of stars, may
seem unfathomably large, the Universe contains
even bigger objects. Clusters of galaxies are the
largest known equilibrium structures. They can
contain many hundreds of galaxies and a total mass
thousands of times that of the Milky Way system.
Galaxies and clusters appear very diﬀerent when
viewed in optical light (see Fig. ??), but computer simulations such as the Millennium Simulation suggest that their dark matter distributions
should look very similar. The technical term for
this is ‘self-similarity’, which in this context means
that the dark matter halos of galaxy clusters are
more or less just scaled-up versions of those which
surround galaxies.
Both galaxies and galaxy clusters (and their dark
matter halos) are expected to be suﬀused with hot
gas as well. This gas, which is heated to temperatures of millions of Kelvin, emits high-energy radiation and can be studied with X-ray telescopes
like ROSAT and XMM-Newton. Studies of dozens
of galaxy clusters show that the X-ray luminosity
of the hot gas increases with the total mass of the
cluster. Independently, studies of dozens of elliptical galaxies have shown that the X-ray luminosity
of their hot gas increases with the stellar mass of
the galaxy. These two correlations connect X-ray
luminosity to two diﬀerent quantities (total mass
for clusters, stellar mass for galaxies), and have
typically been measured in diﬀerent ways for the
diﬀerent types of object.
A team at MPA has now combined these two relations using an archived X-ray map of the whole
sky. They analysed emission around a sample of
250,000 galaxies in the ROSAT All-Sky Survey more than a thousand times the number used in
any previous galaxy study - and carefully combined
the X-ray emission from several thousand similar
mass galaxies into a set of average images in a process known as “stacking”. Example stacked im-

Figure 2.10: Images of a galaxy (NGC 1132, left)
and a galaxy cluster (Abell 1689, right) taken with the
ESA/NASA Hubble Space Telescope. Observed in optical
light, these systems look very different, as a galaxy cluster may contain hundreds or even thousands of galaxies.
On the other hand, the X-ray emission from these systems
looks remarkably similar.

Figure 2.11: Stacked X-ray images of the emission around
the central galaxies of rich galaxy clusters (left) and lower
mass galaxy groups (right). These are two of the twenty
produced in this study. In both images, the black circle
indicates the radius “R500”, which roughly matches the size
of the dark matter halo. The X-ray emission is centrally
concentrated but clearly extends out to a significant fraction
of this radius. The numbers in the top right of each image
denote the stellar mass of the central galaxies (log M⋆ ; see
Fig.2.10) which were stacked. As the rulers show, R500 is
about 2.5 times larger (and the mass about 15 times larger)
for the clusters than for the groups. However the radial
distribution of emission is similar in the two images.

2.6. A new observable of the large-scale structure: the position-dependent two-point correlation
function
ages are shown in Fig. 2.11 for two diﬀerent stellar
masses. By eye, the distribution of the hot gas in
galaxy clusters looks just like a scaled-up version of
that around much smaller galaxies. The full results
are shown in Fig. 2.11, which shows the relation
between mean X-ray luminosity and stellar mass.
This relation follows a straight line all the way from
the individual galaxy regime (small masses) up to
the rich cluster regime.
However, a more detailed analysis shows that
the slope of this line is steeper than would be expected if the hot gas were perfectly self-similar.
This is probably due to a combination of eﬀects,
with a major contribution coming from heating by
supermassive black holes at the centres of galaxies.
As gas falls into a supermassive black hole, it loses
large amounts of energy which are pumped into the
hot gas atmosphere surrounding the galaxy. This
is known “active galactic nucleus (AGN) feedback”
and is thought to be important in the formation of
both galaxies and galaxy clusters. AGN feedback
has a bigger eﬀect on less massive systems, lowering the X-ray luminosity of galaxies much more
than that of clusters.
This eﬀect makes the relation in Figure 2.12
steeper than it would be if the hot gas were perfectly self-similar. The new measurements of X-ray
luminosity over a broad range of masses gives a
powerful clue to help understand AGN feedback.
Comparing these measurements against predictions from numerical simulations, the MPA team
showed that gentle, ‘self-regulated’ AGN feedback
is preferred over more violent input of energy.
Detailed comparison with previous measurements show that the new results are perfectly consistent with previously measured scaling relations
for galaxies, as well as with scaling relations measured for optically selected samples of galaxy clusters. This suggests that a single relation can indeed
describe both types of object. Studies of scaling relations for galaxy clusters selected by their X-ray
properties have typically shown a similar slope but
a systematically higher mean brightness at given
total mass. This is most likely a reﬂection of the
diversity of X-ray properties among clusters of a
given total mass, which may have been underestimated in earlier work.
Finally, this work complements a similar analysis performed for the same galaxies and galaxy
clusters using data from the Planck satellite. That
analysis used the shadows which hot gas atmospheres cast on the cosmic microwave background
to measure the total thermal energy of the hot gas,
as opposed to its X-ray luminosity, ﬁnding this to
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scale with mass self-similarly. Combining these two
results implies that a large reservoir of hot gas surrounds galaxies, but is too rareﬁed as a result of
AGN feedback to emit strongly in X-rays. This
would resolve the long-standing problem of the location of the baryons which “should” be associated with the galaxies but had not previously been
detected directly. (Mike Anderson, Massimo Gaspari, Simon White.)
References:
Anderson, M., M. Gaspari, S. White, W. Wang,
X.Y. Dai: X-ray scaling relations from galaxies to
clusters, Mon. Not. R. Astron. Soc. 449, 38063826 (2015).
Planck Collaboration Planck intermediate results. XI. The gas content of dark matter halos:
the Sunyaev-Zeldovich-stellar mass relation for locally brightest galaxies, Astron. Astrophys. 557,
id.A52, (2013).

2.6 A new observable of the
large-scale structure: the
position-dependent
two-point correlation
function
Observations of the large-scale structure, such as
galaxy surveys, are one of the most important
tools to study our universe. In particular, how the
growth of structure is aﬀected by the large-scale
environment can be used to test our understanding of gravity, as well as the physics of inﬂation.
A research group at MPA has recently developed a
new technique to extract this signal more eﬃciently
from real observations. Speciﬁcally, we divide a
galaxy survey into sub-volumes, quantify the structure and the environment in each sub-volume, and
measure the correlation between these two quantities. This technique thus opens a new avenue to
critically test fundamental physics from real observations.
The large-scale structure is one of the most important observables in modern astronomy to probe
the properties of our universe. Large galaxy survey programmes such as the 2dF Galaxy Redshift
Survey and the Sloan Digital Sky Survey (SDSS)
measure the angular positions on the sky and the
distance (redshift) of millions of galaxies, currently
out to 6.4 billion years ago. Scientists then use
these data to construct a three-dimensional map
of our universe, as shown in Fig. 2.13.
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Figure 2.12: Average X-ray luminosity for each of the 20
stacked images as a function of the stellar mass of the central galaxy. At higher masses the relation between the two
is a power law (a straight line in this plot). For the seven
data points at lowest mass, the X-ray emission from the hot
gas is too faint to measure reliably, and the X-ray signal is
also contaminated by emission from X-ray binaries in these
galaxies - their estimated luminosity is shown with the blue
and red dotted lines, corresponding to high-mass X-ray binaries and low-mass X-ray binaries respectively.

As the visual rendering in Fig. 2.13 shows, one
can clearly see ﬁlamentary structures as well as
relatively empty regions. This is how our universe
looks like. To quantify these structures of our universe, scientists use in particular the so-called "twopoint correlation function," which measures how
likely it is to ﬁnd galaxies in pairs with some given
separation. For example: if we choose a separation
of 150 Mpc (which corresponds to 490 million lightyears or 4.6 sextillion kilometres), we then count
the number of galaxy pairs that we can ﬁnd with
a distance of 150 Mpc between them. Once we are
done with this separation, we move on to the next
separation we are interested in. As we keep doing
this counting, we get the two-point correlation as
a function of separation.
The orange data points in Fig. 2.14 show the
measurement of the two-point correlation function
from the galaxies observed in the SDSS. At a separation of roughly 150 Mpc we ﬁnd a small bump.
This means that it is more likely to ﬁnd galaxy
pairs with this separation compared to smaller or
larger distances. This bump was imprinted only
400,000 years after the Big Bang by sound waves
in the plasma ﬁlling the (then ionized) universe.
While the two-point correlation function is the
most common statistic to quantify structures in
our universe, the observed galaxies contain more
information. One interesting question, in par-
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Figure 2.13: Projected slice of the galaxies observed in the
SDSS with distances (redshifts). (The position on the sky is
measured in observation coordinates: RA labelled in hours,
with DEC being projected onto the plane.) The yellow, red,
and white points are the main galaxy sample, the red luminous galaxies, and the BOSS CMASS sample, respectively.
Credit: Michael Blanton and SDSS collaboration

ticular, is if and how the structures depend on
their large-scale environment. More speciﬁcally,
we want to study whether or not there will be
more structure in a relatively over-dense region
compared to an under-dense region.
This question can be addressed by the "threepoint correlation function", i.e. looking for three
galaxies with given separations. However, these
measurements rely on ﬁnding galaxy triplets,
which is computationally challenging due to the
large number of observed galaxies.
Recently, a research group at MPA has developed a new method, the position-dependent twopoint correlation function, to address the question
of how structure depends on the environment and
capture this particular signal from the observed
galaxies. Speciﬁcally, for a given galaxy survey,
we divide the entire survey volume into small subvolumes (Fig. 2.15). We then measure the mean
over-density (with respect to the entire survey)
and the two-point correlation function in each subvolume, to get a position-dependent two-point correlation function. Finally, we measure the correlation between these two quantities. If we ﬁnd a positive correlation, this means that it is more likely to
ﬁnd more structures in the over-dense background,
and vice versa. In mathematical terms, this cor-
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Figure 2.14: The two-point correlation function of the
BOSS DR10 CMASS sample. The orange data points are
the measurements for the observed galaxies, the dashed line
denotes the expectation from the currently accepted cosmological model. Credit: Ariel G. Sánchez and SDSS collaboration

relation measures an integral over the three-point
function; therefore we call it the integrated threepoint function. Since this new method requires
only the counting of galaxy pairs, the computational problems with the three-point function are
largely alleviated.
We apply this new technique to “real” and
“mock” data of a sample of SDSS galaxies, the
BOSS DR10 CMASS sample. The real data contain positions and distances (redshifts) for about
0.4 million observed galaxies, while the 600 mock
catalogues were generated by simulations to match
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the properties of the real data for data analysis. The ﬁrst measurement of the integrated threepoint function for the BOSS DR10 CMASS sample
is shown in ﬁgure 2.16. We ﬁnd that even though
the integrated three-point function of the observed
galaxies does not agree perfectly with the mean
of the mock realisations, it is within the scatter
of the simulated results. Moreover, both the measurements for the real data and the mean mock
results are above zero for all separations, meaning
that in our universe the structures do grow more
strongly if they are in an over-dense environment.
The coupling between small-scale structures and
their environment or background plays a fundamental role in cosmology. This correlation arises
because of gravitational evolution, and possibly
from inﬂationary physics. This new observable, the
position-dependent two-point correlation function,
therefore allows us to test our understanding of
gravity and the physics of inﬂation. Combining our
ﬁrst measurement with other probes such as the
global two-point correlation function and the weak
lensing signal, we are able to constrain how galaxies trace the underlying dark matter density. In the
future, with better data, we shall utilise this technique to study the properties of inﬂation, which is
one of the biggest mysteries in physics and at the
same time provided the seeds for all present-day
structures. (Chi-Ting Chiang)
Reference:
Chiang, C.T., C. Wagner, G.A. Sánchez, F.
Schmidt, and E. Komatsu: Position-dependent
correlation function from the SDSS-III Baryon Oscillation Spectroscopic Survey Data Release 10
CMASS Sample, http://arxiv.org/abs/1504.03322

2.7 Understanding how stars
form from molecular gas

Figure 2.15: The division of the BOSS DR10 CMASS sample into sub-volumes on the sky. Each coloured block extends over the whole redshift range. Credit: MPA

The star formation rate in galaxies varies greatly
both across diﬀerent galaxy types and over galactic
time scales. MPA astronomers have been trying to
gain insight into how the interstellar medium may
change in diﬀerent galaxies by studying molecular
gas in a wide variety of galaxies, ranging from gaspoor, massive ellipticals to strongly star-forming
irregulars, and in environments ranging from inner
bulges to outer disks. They ﬁnd that the gas depletion time depends both on the strength of the local
gravitational forces and the star formation activity
inside the galaxy.
Molecular clouds are clouds in galaxies consist-
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Figure 2.16: First measurement of the integrated threepoint function from the BOSS DR10 CMASS sample. The
thick black solid line shows the measurement for real data,
the thin green lines show the results for each of the 600
mock realisations, while the thick red dashed line shows the
mean of the mock realisations. (c)MPA

ing predominantly of molecular hydrogen. They
are stellar nurseries where the gas reaches high
enough densities to form new stars and planetary systems. Molecular clouds are highly complex
structures. Fig. 2.17 shows a Hubble Space Telescope image of the Eagle Nebula, a nearby molecular cloud with a highly ﬁlamentary and irregular
structure.
In the neighbourhood of our Sun, molecular
clouds make up only 1 % of the total volume of
the interstellar medium and form stars at modest rates of a few solar masses per year. In the
early Universe, however, there is mounting evidence that galaxies contain much more molecular
gas and therefore they can form stars at rates up
to a thousand times higher than in our Milky Way.
The densities and pressures in the interstellar media of these early galaxies are also orders of magnitude higher than in the solar neighbourhood, and
it is unlikely that molecular clouds in these systems
are the same as the very well-studied Eagle nebula.
In recent work, the MPA group studied variations in the relation between the local density of
molecular gas and newly formed stars. They used
this as a diagnostic of changing conditions within
the interstellar medium. According to standard
theory, molecular clouds exist in a balance between gravitational forces, which work to collapse
the cloud, and pressure forces (primarily from the
gas), which work to keep the cloud from collapsing. When these forces fall out of balance, such as
can happen in a supernova shock wave, the cloud
begins to collapse and fragment into smaller and
smaller pieces. The smallest of these fragments
begin contracting and become proto-stars.

Figure 2.17: Eagle Nebula imaged by Hubble Space Telescope. Credit: NASA, ESA/Hubble and the Hubble Heritage Team (STScI/AURA)

Gravitational forces vary signiﬁcantly from one
galaxy to the next, as well as in diﬀerent regions
of the same galaxy. At the centre of a giant elliptical galaxy, gravity is much higher than in the
outskirts of a small dwarf irregular. Likewise, the
incidence of supernova explosions can diﬀer drastically between diﬀerent galaxies and between diﬀerent locations within the same galaxy. Variations in
the ratio of the density of molecular gas to young
stars (commonly referred to as the depletion time
of the molecular gas) may thus be expected as a
consequence of these changing conditions.
The main result (see Figure 2.18) from the MPA
group’s analysis is that the rate at which molecular gas forms new stars is set BOTH by gravity (as
measured by the local surface density of stars in
the galaxy) and by the local star formation activity level in the galaxy, which in turn will determine
the incidence of supernova-driven shock waves in
the interstellar medium. Molecular gas depletion
times are shortest in regions where gravity is strong
and where the star formation activity is high, particularly in galaxy bulges with gas and ongoing star
formation.
Reaching this conclusion required very careful
analysis of a variety of data sets at diﬀerent wavelengths. In particular, star formation rates derived
from the combination of infrared images that trace
young stars embedded inside dusty clouds and far-
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Figure 2.18: Top: This plot is linking the depletion time
and a specific combination of star formation rate (SFR) and
stellar surface densities. Each data point represents a grid
cell of 1kpc × 1kpc size within different structures of the
galaxies analysed. Bottom: The optical image of one of the
galaxies in the sample, NGC 5457. Coloured squares show
grids cells, with 1 kpc on a side, in the arm (green), interarm
(yellow) and bulge (red) regions. Credit: MPA
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ultraviolet images that trace stars that have migrated outside these clouds, are crucial for pinpointing these relations as accurately as possible.
In future, new state-of-the-art interferometric radio telescopes, in particular the Atacama Large
Millimeter/submillimeter Array (ALMA), will allow us to understand the detailed structure of
molecular clouds in regions of high gravity in much
more detail. (Guinevere Kauﬀmann and Mei-Ling
Huang)
References:
Huang M.-L., Kauﬀmann G.: The variation in
molecular gas depletion time among nearby galaxies: what are the main parameter dependences?
Mon. Not. R. Astron. Soc. 443 1329-1338,
(2014).
Huang M.-L., Kauﬀmann G.: The variation in
molecular gas depletion time among nearby galaxies âĂŞ II. The impact of galaxy internal structures. Mon. Not. R. Astron. Soc. 450 1375-1387
(2015).

2.8 Three-dimensional computer
simulations support
neutrinos as cause of
supernova explosions
Latest three-dimensional computer simulations are
closing in on the solution of an decades-old problem: how do massive stars die in gigantic supernova explosions? Since the mid-1960s, astronomers
thought that neutrinos, elementary particles that
are radiated in huge numbers by the newly formed
neutron star, could be the ones to energize the blast
wave that disrupts the star. However, only now the
power of modern supercomputers has made it possible to actually demonstrate the viability of this
neutrino-driven mechanism.
Supernovae are among the brightest and most
violent explosive events in the Universe. They are
not only the birth sites of neutron stars and black
holes; they also produce and disseminate heavy
chemical elements up to iron and possibly even
nuclear species heavier than iron, which could be
forged during the explosion. Understanding the explosion mechanism of massive stars is therefore of
fundamental importance to better deﬁne the role
of supernovae in the cosmic cycle of matter.
Stars with more than about eight times the mass
of our sun evolve by “burning” nuclear fuel to successively heavier chemical elements, thus convert-
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ing hydrogen to helium, carbon, oxygen, sulfur and
silicon, until a dense, degenerate core mostly made
of iron builds up in the center. At this stage no
further energy gain by nuclear fusion is possible,
because neutrons and protons in iron nuclei possess the highest nuclear binding energies.
Lacking its central energy source, the stellar iron
core cannot escape gravitational instability when
its mass grows to a critical limit by ongoing silicon
burning in a surrounding shell. A catastrophic collapse sets in and stops abruptly only when the stellar matter reaches densities higher than in atomic
nuclei. At this moment repulsive forces between
the neutrons and protons resist further compression and the central region bounces back to send a
strong shock wave into the overlying, still infalling
matter of the iron core.
For more than 30 years there had been hope that
ever more improved computer models would ﬁnally be able to demonstrate that this "core-bounce
shock" is able to trigger a successful supernova explosion by reversing the infall of the outer stellar
layers. However, the opposite turned out to be the
case: Better models showed that the energy losses
of the bounce shock are so dramatic that its outward propagation comes to a halt still well inside
of the iron core. It became clear that something
has to help reviving the stalled shock. Some mechanism has to supply the shock with fresh energy so
that it reaccelerates and expels the stellar mantle
and envelope in the supernova blast.
Already in the 1960’s it was speculated (in a seminal publication by Stirling Colgate and Richard
White) that neutrinos might be involved. Myriads
of these high-energy elementary particles are radiated by the extremely hot, newly formed neutron
star. If less than one percent of them gets absorbed
in the matter behind the stalled shock, a healthy
supernova explosion will be the consequence (see

Figure 2.19: SuperMUC supercomputer of the Leibniz
Computing Center (LRZ). Credit: LRZ 2012
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MPA research highlight 2001). This was shown, in
principle, already in the mid 1980’s with ﬁrst suﬃciently detailed numerical simulations by Jim Wilson and interpretative work by Wilson and Hans
Bethe.
However, many aspects of the involved physics
were still too crude and too approximate to be realistic. In particular, with the observation of Supernova 1987A it became clear that stellar explosions are highly asymmetric phenomena and nonspherical plasma ﬂows must play an important
role already at the very beginning of the explosion. Early multi-dimensional computer models —
mostly still in two dimensions, i.e., assuming rotational symmetry around a chosen axis for reasons
of computational eﬃciency— indeed showed that
convection and non-radial mass motions provide
crucial support to the neutrino-heating mechanism
and enhance the energy deposition by neutrinos.
Thus explosions could be obtained although spherical models did not ﬁnd shock revival and did not
lead to explosions (see MPA press release 2009).
Nature, however, has three spatial dimensions
and therefore these early successful models were
critisized to be unrealistic and not reliable. In fact,
not only the assumed axial symmetry is artiﬁcial,
also the physics of turbulent ﬂows diﬀers in two
dimensions compared to the 3D case.
Only very recently the increasing power of modern supercomputers has now made it possible to
perform supernova simulations without artiﬁcial
constraints of the symmetry. A new level of realism in such simulations is thus reached and brings
us closer to the solution of a 50 year old problem.
The stellar collapse group at the Max Planck
Institute for Astrophysics (MPA) plays a leading
role in the worldwide race for such models. With
all relevant physics included, in particular using
a highly complex treatment of neutrino transport
and interactions, such computations are at the very
limit of what is currently feasible on the biggest
available computers. The model simulations are
performed on 16,000 cores (equivalent to a similar number of the fastest existing PCs) in parallel, which is the largest share of SuperMUC at the
Leibniz-Rechenzentrum (LRZ) in Garching (Fig.
2.19) and of MareNostrum at the Barcelona Supercomputing Center (BSC; Fig. 2.20) that the MPA
team is granted access to. Nevertheless, one full
supernova run, conducted over an evolution time
of typically half a second, consumes up to 50 million core hours and takes more than 1/2 year of
project time to be completed.
The enormous eﬀort has payed oﬀ!
The
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Figure 2.21: Sequence of volume-rendering images that
show the violent non-spherical mass motions that drive the
evolution of the collapsing 20 solar-mass star towards the
onset of a neutrino-powered explosion. The whitish central sphere indicates the newly formed neutron star, the enveloping bluish surface marks the supernova shock. (Visualization: Elena Erastova and Markus Rampp, Max Planck
Computing and Data Facility (MPCDF); Credit: (2015) by
American Astronomical Society).

Figure 2.20: MareNostrum supercomputer of the
Barcelona Supercomputing Center (BSC). Credit: BSC
2013

MPA team has recently been able to report a
ﬁrst successful 3D explosion for a 9.6 solar-mass
star (see MPA research highlight 2015; Movie
of the 3D explosion of a star with 9.6 solar masses by Aaron Döring) http://www.mpagarching.mpg.de/208528/hl201508 and has now
also obtained a 3D explosion of a 20 solar-mass
progenitor (Fig. 2.21), Based on the presently
most advanced description of the neutrino physics
in collapsing stellar cores worldwide, these results
are a true milestone in supernova modeling. They
conﬁrm the viability of the neutrino-heating mechanism in principle, applying our currently best
knowledge of all processes that play a role in the
center of dying stars, whose extreme conditions in
temperature and density are hardly accessible by
laboratory experiments on Earth. Since not all
aspects of the complex neutrino reactions in the
newly formed neutron star are ﬁnally understood,
the 3D models demonstrate that within existing
uncertainties neutrinos can indeed transfer enough
energy to revive the stalled shock. As known from
previous models in two dimensions, violent nonradial ﬂuid ﬂows must provide crucial support to
relaunch the blast wave and will function as seeds
of the later, large-scale asymmetries that are observed in supernova explosions.
Further work on the theoretical models is neces-
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sary. So far the successful 3D simulations could
only be done with rather coarse resolution, because bigger computers would be needed to perform more reﬁned supernova calculations. Moreover, a wider range of stellar masses must be investigated, varying the initial conditions in the precollapse cores. A ﬁnal conﬁrmation of our theoretical picture of the explosion mechanism and the
role of neutrinos, however, can only come from observations. On the one hand this demands a closer
link of the explosion models to observable supernova properties, on the other hand much hope rests
on a next supernova that will occur in our Milky
Way galaxy. Such a nearby event will ﬂood the
Earth with 1030 neutrinos, of which several thousand to tens of thousands will be captured in huge
underground experiments like Super-Kamiokande
in Japan and IceCube at the South Pole. Neutrinos (besides gravitational waves) will thus serve
as unique messengers: since they escape from the
center of the supernova they will bring us information directly from the very heart of the explosion.
(Hans-Thomas Janka)
References:
Melson, T., H.-T. Janka, and A. Marek: Neutrinodriven supernova of a low-mass iron-core progenitor boosted by three-dimensional turbulent convection. Astrophys. J. Lett. 801, L24 (2015).
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sion about 25 years ago by the FIRAS experiment
on the COBE satellite. The FIRAS experiment
could not detect any deviations from a Planck or
blackbody spectrum and placed upper limits on
the spectral distortions, i.e. the deviation from a
Planck spectrum as parameterized by two parameters y and ν.
The y-type distortion is created by Compton
scattering of CMB photons by free electrons which
are at higher temperatures such as those in the
hot intracluster medium (ICM) in the clusters of
galaxies. In particular, the y-type distortion is the
solution when the energy exchange between the
electrons and the photons is very ineﬃcient. For
example, in clusters of galaxies only a very negligible fraction of electron energy is transferred to
the CMB. But since the electron temperature is
many orders of magnitude higher than that of the
CMB (1 to 10 million degrees Kelvin vs few degrees Kelvin) the eﬀect on the CMB spectrum is
non-negligible and observable.
If the energy exchange from electrons to photons
and vice versa in Compton scattering is eﬃcient a
new equilibrium can be reached. This new equilibrium solution is not a Planck spectrum any longer,
since it was created by adding energy to it; it is
a more general Bose-Einstein spectrum which differs from the Planck spectrum by the presence of
a non-zero chemical potential. The µ parameter is
just the magnitude of this chemical potential divided by temperature, both with units of energy,
making it dimensionless.
Such conditions, where the energy exchange between electrons and photons is eﬃcient, happen in
the early Universe when the density is much higher
2.9 New limits on the spectral
and the temperature of both photons and electrons
is much higher than the CMB temperature today.
distortions of the Cosmic
Both these distortions were predicted by Sunyaev
Microwave Background
and Zeldovich already in 1969 and 1970. FIRAS
put limits on the average values of these parameNew data from the Planck satellite and the South ters in the Universe to be y < 10−5 , µ < 10−4 .
Pole Telescope on the Cosmic Microwave Background (CMB) combined with a new component
separation algorithm developed at MPA give much
LSS
tighter limits on two parameters measuring the deviation of the CMB from a blackbody radiation.
<y>
These results can be used to constrain new physics
<y
>
Invariant
in the very early universe and to study the correla0
tions between the primordial ﬂuctuations on very
<yPlanck>=<y>-<y0 >
small and very large angular scales.
The spectrum of the Cosmic Microwave Back- Figure 2.22: New map of the y parameter across the whole
ground (CMB), the relic radiation from the early sky. The area at the centre of the image, with the plane of
Universe, is an almost perfect blackbody. The our Milky Way galaxy was not analysed. The annotations
CMB spectrum was measured with high preci- show a number of large galaxy clusters.

2.10. Solving the hydrostatic mass bias problem in cosmology with galaxy clusters
Now 25 years later, the scientists at MPA decided to take another look at these limits in the
light of new data available from the Planck satellite and the South Pole Telescope (SPT), both of
which have much higher sensitivity than FIRAS
but a much smaller number of frequency channels.
Unlike FIRAS, Planck and SPT are not sensitive to
the absolute intensity of the radiation but measure
the variation in intensity as the telescope scans the
sky.
Planck and SPT can therefore only give information about the amplitude of the ﬂuctuating part of
the spectral distortions with the constant contribution cancelling out. However, this is not a problem,
as in the standard cosmological picture, this ﬂuctuating part gives the dominant contribution to the
average y parameter. In addition, the µ parameter
can ﬂuctuate if there is some new physics which
injects energy inhomogeneously in the early Universe at very high redshifts (z > 5 × 104 ). One
important scenario is the dissipation of primordial
sound waves in the presence of primordial nonGaussianity, which was ﬁrst suggested by Pajer and
Zaldarriaga.
Digging deep into the publicly available Planck
maps, Rishi Khatri and Rashid Sunyaev at the
MPA were able to put a new, very conservative
limit on the average y parameter (from ﬂuctuating portion of y) of y < 2.2×−6 which is a factor
of 7 stronger than the COBE-FIRAS limit. This
limit was achieved using a new (almost) all sky
map of y-distortion calculated with a new component separation algorithm called LIL developed at
the MPA by one of the authors (RK). In addition,
by combining the y signal detected by the Planck
and SPT teams from conﬁrmed clusters of galaxies
in both samples, the team was also able to place an
absolute lower bound on the average y distortion
of y < 5.4 × 10−8 for the ﬁrst time.
Using the same algorithm LIL they also created
a map of the chemical potential or Îĳ parameter
placing a upper bound at 10 arcmin resolution of
µ < 6.4 × 10−6 a factor of 14 stronger than the
COBE-FIRAS limit. By cross correlating the µ
map with the CMB temperature map provided by
the Planck team they were able to constrain the
non-Gaussianity to be no larger than of order unity.
The particular conﬁguration of non-Gaussianity
that is constrained quantiﬁes the correlation between the primordial density ﬂuctuations on extremely small scales, on the order of 1000 parsec,
with the very large scales of 1 to 10 giga parsec.
The largest scale we can observe is limited by the
size of our cosmological horizon. The Îĳ distortion
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Figure 2.23: Comparison of the two types of spectral distortions y-type and µ-type, characterizing the deviation of
the cosmic background radiation from a Planck spectrum.

is one of the very few methods which can constrain
non-Gaussianity on such a broad range of scales.
(Rishi Khatri and Rashid Sunyaev).
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2.10 Solving the hydrostatic
mass bias problem in
cosmology with galaxy
clusters
Booming observations of galaxy clusters provide
great opportunities for exploring the nature of
Dark Energy. At the same time, they post great
challenges to scientists. The “hydrostatic mass
bias” problem, which leads to a systematic error
in estimating the mass of galaxy clusters, is one
big limitation when doing precision cosmology with
galaxy clusters. Now researchers at MPA have developed a method to correct for it.
Dark Energy is the most dominant energy component in the present-day universe, but its physical nature remains unknown. Dark Energy leaves
unique signatures in the universe: it accelerates
the expansion of the universe and slows down the
growth of structure. As the largest gravitationally-
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Figure 2.24: Two mock images of galaxy clusters in X-rays,
as examples for a relaxed and a disturbed cluster (spatially
well-resolved).
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Figure 2.25: This plot shows the hydrostatic mass bias for
galaxy clusters, i.e. the difference between the true mass
and the estimated mass (with different models). Open symbols give the estimated mass without correction, the filled
symbols the results when applying the new method. The
three areas of the figure show simulated clusters in different dynamical stages, namely, the top 20% (rather relaxed),
50% (less disturbed) and 100% (all) clusters according how
dynamically relaxed they are. The new method works well
for all types of clusters and irrespective of the detailed procedures used in estimating the masses (indicated by different
colors).

Figure 2.26: Different methods are used to determine the
mass of a galaxy cluster depending on both the dynamical
relaxation state of the cluster (relaxed/ disturbed, evident
from its X-ray image) and the spatial resolution of the observed image (well-resolved or not). With our solution to
the hydrostatic mass bias problem, we can improve the accuracy of mass estimation for clusters belonging to all these
categories. We will also be able to take advantage of the
spatial information in the observations for the well-resolved,
dynamically disturbed clusters.

bound structures in the universe, galaxy clusters
are a sensitive tracer to these signatures. Thus,
researchers can constrain the properties of Dark
Energy by counting the numbers of clusters as a
function of their masses at various cosmic times.
An accurate measurement of the masses of
galaxy clusters is crucial for the success of this
method. Although galaxy clusters get their name
from observations of galaxies in optical light, the
most precise way to estimate their masses - the
so-called “hydrostatic mass estimation method” comes from observations at X-ray wavelengths. Xray images of galaxy clusters reveal the diﬀuse
hot gas in galaxy clusters that accounts for 90%
of their ordinary matter (see mock X-ray images
in Fig. 2.24). In spite of its high temperature which means high thermal velocities - this hot gas
is trapped deep inside the galaxy cluster. This is
because of the enormous gravitational attraction
from the dark matter component, which makes up
about 85% of the total mass of a cluster. (Ordinary
matter accounts for only about 15% of the mass.)
The hydrostatic mass estimation method assumes that the hot gas is in hydrostatic equilibrium, i.e. its thermal pressure balances the gravitational pull. However, the hot gas in a galaxy
cluster is never fully thermalized because it is continuously fed by mass accretion. The residue motions of the infalling gas leads to a non-thermal
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pressure support, together with possible contributions from magnetic ﬁelds and cosmic rays. This
breaks the assumption of hydrostatic equilibrium
and causes a bias of typically 5-30% to the mass
estimation.
This hydrostatic mass bias problem calls for
a better description of the underlying physics in
galaxy clusters. Researchers at MPA have therefore developed a new analytical model for the nonthermal pressure, which captures the growth and
dissipation of the random motions in the hot gas.
Adding this contribution to the hydrostatic balance, they were able to correct for the mass estimations when testing with state-of-the-art cosmological hydrodynamics simulations (see Fig. 2.25),
where the random motions are the dominating contribution to the hydrostatic mass bias. Remarkably, this correction method works for samples of
galaxy clusters with various dynamical states (horizontal axis of Fig. 2.25).
Aided by this correction, the application of the
precise hydrostatic mass estimation method can
be extended to dynamically disturbed galaxy clusters as long as spatially well-resolved observations
are available. With advances in the observation of
the Sunyaev-Zeldovich (SZ) eﬀect which directly
probes the thermal pressure of the hot gas, spatially well-resolved data will be much easier to obtain, as researchers will no longer rely on the timeconsuming X-ray temperature measurements. Already in the last few years, the Planck satellite,
the South Pole Telescope and the Atacama Cosmology Telescope have detected more than a thousand galaxy clusters, most of them dynamically
disturbed, via their SZ signal. Some of the data
already have good spatial resolution.
Still, much more galaxy clusters will be detected
without immediate spatially-resolved data. However the newly developed method is also useful for
them. For example, the eROSITA survey will measure the X-ray emission of more than 50,000 galaxy
clusters and their progenitors. Most of them will
not be spatially well-resolved. Masses for these
objects will be obtained by scaling relations between the mass and spatially-averaged observables,
such as the mean X-ray luminosity, temperature,
or their combination. Correcting the hydrostatic
mass bias will lead to a more accurate calibration
of the scaling relations, and thus allow researchers
to better exploit the huge number of galaxy clusters to explore the nature of Dark Energy. (Xun
Shi and Eiichiro Komatsu).
References:
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2.11 The Distribution of Atomic
Hydrogen in Simulated
Galaxies
The distribution of atomic hydrogen in simulated
galaxies from the hydrodynamical cosmological
‘EAGLE’ simulation agrees with observations in
unprecedented detail. This success means that EAGLE can aid astrophysicists to better understand
the processes shaping real galaxies, such as the origin of their atomic hydrogen. EAGLE is not quite
perfect, however: the study also found that some
simulated galaxies contain unphysically large holes
in their atomic hydrogen discs, meaning further
work for simulators to improve the models underlying the treatment of supernova explosions and
the interstellar matter.
Atomic hydrogen (abbreviated as ‘H i’) is an important component of galaxies: it is believed to
feed the dense interstellar matter from which stars
can form. Although invisible to optical telescopes,
astronomers have been able to make ever more accurate observations of this gas component using
radio telescopes. This has revealed, for instance,
that galaxies with the same stellar mass can differ in their H i content by more than an order of
magnitude. By combining several radio antennas
into one ‘supertelescope’ with the aid of interferometry, it has also become possible to create high
resolution maps showing the distribution of atomic
hydrogen within individual galaxies (for an example, see Fig. 2.27).
But despite this wealth of observational data,
astronomers are still puzzled by the question of
why some galaxies contain so much more H i than
others, and especially why ‘normal’ and ‘H i-rich’
galaxies still appear to follow common relations, as
shown recently by the MPA-led Bluedisk project.
A fundamental problem is that galaxies only evolve
over periods of many millions of years, so that it is
impossible to directly observe how the H i reservoir
is built up. Instead, astronomers have to try and
answer this question with the aid of models and
simulations.
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Figure 2.27: Observed distribution of atomic hydrogen
(blue) in the nearby galaxy M74. Also shown are old stars
(red) and UV radiation emitted by newborn stars (purple)
- both of these are more strongly concentrated towards the
galaxy’s centre than the atomic hydrogen. The green bar
shows a length of 15 000 light years. Credit: THINGS survey

An international collaboration has recently completed the EAGLE project, whose largest simulation contains thousands of galaxies that match
their observed counterparts in several aspects such
as their stellar mass and size with unprecedented
accuracy (see Fig. 2.28). A research team led by
MPA scientist Yannick Bahé has now studied how
well these simulated galaxies agree with real ones
in terms of their atomic hydrogen content: an important test for the simulation model, which also
determines whether EAGLE can give trustworthy
clues on the evolution of H i in real galaxies.
To make this comparison, the scientists ﬁrst had
to post-process the simulation and calculate how
much of the hydrogen in each simulation particle is
actually atomic, i.e. not ionised or molecular. Once
this was done, the total mass of H i in over 2000
simulated galaxies could be computed and compared to observational data from the GASS survey.
The resulting match between simulation and data
is extremely good: it represents a signiﬁcant improvement compared to previous simulations and
indicates that the models used in EAGLE provide
a reasonable description of the physical processes
involved in forming galaxies.
Motivated by this initial success, the scientists
tested the EAGLE simulations in more detail by
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Figure 2.28: Gas in the large EAGLE simulation. Blue
represents ‘cold’ gas (T . 30 000 K), green warm, and red
the hottest gas with T > 300 000 K. The small insets zoom
in towards a single galaxy, highlighting the huge dynamic
range of the simulation. Credit: Richard Bower and James
Trayford, ICC Durham

comparing not just the total mass of H i, but also
its distribution within galaxies to observations.
The above-mentioned Bluedisk project has shown
that this distribution is surprisingly independent
of the total mass of H i as long as the galaxies’ H i
discs are scaled to a common size (an eﬀect called
self-similarity). For an accurate comparison, the
team now ‘observed’ the EAGLE galaxies in the
same way as was done in Bluedisk. As can be seen
in Fig. 2.29, both agree surprisingly well: EAGLE
reproduces both the self-similarity between normal
and H i-rich galaxies (red and green symbols in
Fig. 2.29) and the detailed shape of the surface
density proﬁle — at least in the outer parts of the
simulated galaxies.
In the central regions, however, EAGLE galaxies typically contain too little atomic hydrogen.
To test this discrepancy further, the scientists inspected more than 2000 images of the simulated
galaxies, which ﬁnally gave the crucial clue: many
simulated galaxies contain ‘holes’ in their hydrogen discs that are much larger than what is seen
in observations (see Fig. 2.30). Once all simulated
galaxies showing these large holes were excluded,
the density proﬁles matched observations almost
perfectly even in the centre.
But why do some EAGLE galaxies contain these
large holes? The scientists have not yet found
a deﬁnitive answer, but it is likely that the way
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Figure 2.29: The surface density of atomic hydrogen, plotted against distance from the galaxy centre. Yellow and
blue bands show data from the Bluedisk survey, comparing
galaxies with normal (yellow) and exceptionally high (blue)
total atomic hydrogen content. Red and green circles show
simulated galaxies from EAGLE in the same categories.

Figure 2.30: Synthetic image showing atomic hydrogen in
a simulated galaxy, in analogy to Fig. 2.27. Clearly visible
are a number of large holes in the hydrogen disc.
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in which supernova explosions are modelled in the
simulation plays a major role. This critical part of
galaxy formation is still causing headaches for simulators: to include them in galaxy simulations in
a fully self-consistent fashion, the resolution of the
simulations would need to go up by many orders
of magnitude. This will, regrettably, be impossible
for a long time to come — even the biggest supercomputers today are just not powerful enough. As
a result, EAGLE has to resort to using a highly
simpliﬁed model for the eﬀects of such supernovae.
Another simpliﬁed model has to be employed for
the dense interstellar matter, because a resolution
level that would allow a fully self-consistent treatment can also not yet be achieved in simulations of
a representative portion of the Universe. Although
these simpliﬁed models produce galaxies which are
realistic in many ways – such as their size – they
do leave a noticeable artefact in some of the simulated hydrogen discs: the large holes discovered by
the researchers.
It is therefore an important challenge for astrophysicists to optimise both the simulation codes
and the models in such a way that, in conjunction with continually more powerful supercomputers, a self-consistent treatment of the dense interstellar medium can be achieved. Combined with
improved supernova models, these future simulations will, hopefully, produce galaxies that match
the real Universe even better than EAGLE does.
However, the current study also demonstrates that
EAGLE can already give valuable insight into the
evolution of atomic hydrogen in galaxies. In a
follow-up project, the researchers will examine the
formation of the simulated galaxies to ﬁnd out how
and why some of them got so much more hydrogen
than others. (Yannick Bahé)
Reference:
Bahé Y. M., Crain R. A., Kauﬀmann G., et al., The
distribution of atomic hydrogen in EAGLE galaxies: morphologies, profiles, and H i holes, MNRAS,
456, 1115 (2016).

2.12 How supernova explosions
shape the interstellar
medium and drive galactic
outflows
With complex hydrodynamical simulations scientists at MPA investigate the detailed impact of
supernova explosions on the chemical composition
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and the thermodynamic properties of the interstellar medium and galactic outﬂows.
Only a small fraction of gas in the interstellar
medium (ISM) of a star-forming galaxy is converted into stars. And less than one percent of
all newborn stars are massive enough to die in
a supernova explosion after their relatively short
life of about 10 million years. Nevertheless, these
explosions can have an enormous impact on the
ISM and the cosmic evolution of galaxies. With
a European team of astrophysicists (the SILCC
collaboration), scientists at the Max Planck Institute for Astrophysics used high-resolution supercomputer simulations to investigate the conditions
under which supernova explosions can shape the
ISM in a galactic disk: realistically and with dense
molecular clouds and diﬀuse neutral and ionized
hydrogen for a wide range of scales. In particular, supernovae exploding outside dense molecular clouds can launch powerful gaseous outﬂows.
These outﬂows change the galactic gas content and
might regulate the cosmic evolution of the whole
population of star forming galaxies.
A supernova explosion is a most dramatic event
at the end of a massive star’s life. Born in dense
molecular clouds, massive stars evolve rapidly compared to cosmic timescales. At the end of their
life – after several million to a few tens of million years – stars more massive than eight solar
masses do not necessarily explode in the dense environment they were born. Some have travelled
out of their parental cloud; some explode in low
density cavities shaped by their own ionizing radiation and stellar winds or created by previous
supernova explosions of nearby stars. The environmental density of a supernova explosion is very
important. It determines the explosion impact on
the ISM as well as the whole galaxy. An explosion in a dense environment means that the energy
of the supernova shock is eﬃciently converted into
radiation and escapes the galaxy. Therefore, the
impact on the surrounding ISM is weak. If the explosion occurs in a low-density environment on the
other hand, less energy is radiated away and the
expanding remnant has more power left for heating and compressing the gas. This can lead to an
enhanced production of hot gas but also of dense
structures. The hot gas is driven out of the galactic
disk and sweeps the colder ISM along.
The thermodynamic evolution of supernova remnants, the structure of their surrounding ISM and
the eﬃciency of outﬂows are particularly important for the ecosystem of each individual galaxy.
These factors play a fundamental role in regulat-
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ing the gas content in each galaxy and thus the
evolution of entire galaxy populations in the Universe. Explaining outﬂow properties and connecting simulated data to observations is therefore key
to understanding the formation history of galaxies.
Together with a European team of experts, scientists at MPA have used high-resolution supercomputer simulations to investigate the impact of
supernova explosions on the ISM in a galactic disk.
For the ﬁrst time, the simulations follow not only
the kinematics, densities and temperatures of the
gas in the ISM but also the chemical transitions
from ionized gas, over neutral atomic gas to dense
molecular gas. The latter forms mostly on dust
grains and can be destroyed by the interstellar radiation ﬁeld and in strong shocks like those originating from supernova remnants.
Assuming a typical supernova rate (up to a few
dozen explosions in one million years) the team has
investigated several possible scenarios for the location of supernova explosions. In Fig. 2.31 we show
the simulated gas structure of the ISM in a galaxy
after 50 million years of evolution, assuming that
all supernovae explode in the densest regions of the
gas where their progenitor stars were born. Explosions in dense regions inhibit the formation of further cold molecular clouds. The supernova shells
loose their energy quickly and cannot eﬃciently
accelerate gas or generate a hot, ionized medium.
The result is an interstellar medium mainly made
of warm neutral gas with small density contrasts
and very few or no molecular clouds. In this conﬁguration – which is not in agreement with observations of the ISM – no outﬂows are launched.
The situation changes dramatically if supernovae are allowed to explode in low-density environments. In this case the explosions generate
a more realistic multi-phase medium, as shown in
Fig. 2.32. Low-density regions are ﬁlled with hot
ionized gas. Compared to observations this model
is much more realistic. Fig. 2.33 shows the ISM
structure for these models with supernova explosions in low-density regions. The ISM is more
structured, ﬁlled with hot gas and much more extended out of the plane (in the vertical direction).
At the same time the ISM develops dense molecular clouds, while the hot gas in the low density
regions is expanding and drags diﬀuse neutral gas
with it, forcing the gas to leave the galactic disk in
a clumpy outﬂow. Fig. 2.34 shows more details on
the outﬂows for such a model. The hot ionized gas
is expanding from the disk mid-plane and reaches
high velocities of several hundred kilometers per
second. It escapes through low-density chimneys
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from the disk.
To understand how supernova explosions impact
the evolution of galaxies, it is crucial to investigate
the structural details of the interstellar medium including the chemical composition, the distribution
of gas, the positions of supernovae and the eﬃciency with which gas can escape a galaxy via outﬂows. The simulations of the SILCC collaboration
are therefore an important step forward in understanding the regulation of potential star formation
and the gas cycle in star-forming galaxies. (Philipp
Girichidis and Thorsten Naab for the SILCC collaboration)
References:
Walch, S., P. Girichidis, Th. Naab, et al. I. Chemical evolution of the supernova-driven ISM. Mon.
Not. R. Astron. Soc. 454, 238 (2015).
Girichidis, P. S. Walch, Th. Naab et al.: SImulating the LifeCycle of molecular Clouds (SILCC):
II. Dynamical evolution of the supernova-driven
ISM and the launching of outﬂows. accepted for
publication in Mon. Not. R. Astron. Soc. (2015).

Figure 2.31: Density (left), temperature (middle) and
molecular gas distribution (right) in a simulation with supernovae exploding in dense regions. The upper, vertically
extended, panels show the edge-on view with the disk in
the mid-plane. In the lower panel we show the disk plane
seen from above (face-on). The disk is compact, most of
the gas is warm and diffuse and no outflows are launched.
This is an unrealistic model for the observed multi-phase
gas structure in real galaxies.credit: MPA

Figure 2.32: Chemical structure of the interstellar medium
in a realistic simulation, where supernovae can also explode
in low-density regions. The dense molecular gas (left) is
assembled in clouds and filaments and embedded in diffuse neutral gas (right). The voids in between contain lowdensity gas heated to millions of Kelvin by supernova explosions.credit: MPA
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Figure 2.33: Same representation as Fig. 2.31 but for a
more realistic setup with supernovae exploding primarily
in low-density regions. The explosions couple to the gas
efficiently enough to induce large density contrasts, pushing gas out of the disk mid-plane (middle panels) and at
the same time compressing gas into dense molecular clouds
(right panel).credit: MPA
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Figure 2.34: Outflow details showing the density (left) the
degree of ionization (right) with blue indicating neutral gas
and red indicating ionized gas. The density plot (left) also
shows gas velocities (arrows). As in Fig. 2.31 and 2.33, the
disk mid-plane is at the position z =0. The hot ionized gas
expands quickly and escapes through low-density chimneys
with velocities of several hundred km/s. The escaping gas
drags low-density neutral gas with it.credit: MPA
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Forman, W., E. Churazov, C. Jones, and A. Vikhlinin: Supermassive black holes (SMBH) at work:
M87, a case study of the eﬀects of SMBH outbursts. In: F. Massaro, C. C. Cheung, E. Lopez, and
A. Siemiginowska (Eds.), Extragalactic Jets from every Angle (IAU Symposium 313) Cambridge,
UK: Cambridge University Press, pp. 309-314 (2015).
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Giovannini, G., Bonafede, A., et al. (incl. V. Vacca): Mega-parsec scale magnetic ﬁelds in low density regions in the SKA era: ﬁlaments connecting galaxy clusters and groups. In: Advancing
Astrophysics with the Square Kilometre Array - AASKA14, pp. 1-9 (2015).
Govoni, F., Murgia, M., et al. (incl. V. Vacca): (2015). Cluster magnetic ﬁelds through the study
of polarized radio halos in the SKA era. In: Advancing Astrophysics with the Square Kilometre
Array - AASKA14, pp. 1-9 (2015).
Ishida, E., R. de Souza, and F.B. Abdalla: Improved KPCA for supernova photometric classiﬁcation.
In: A. Heavens, J.-L. Starck, and A. Krone-Martins (Eds.), Statistical Challenges in 21st Century
Cosmology (IAU Symposium 306). Cambridge, UK: Cambridge University Press. pp. 326-329
(2015).
Jelic, V., Ciardi, B., E. Fernandez, H. Tashiro, and D. Vrbanec: SKA - EoR correlations and crosscorrelations: kSZ, radio galaxies, and NIR background. In: Advancing Astrophysics with the
Square Kilometre Array - AASKA14, pp. 1-10 (2015).
Johnston-Hollitt, M. et al. (incl. T. Enßlin and V. Vacca): Using SKA rotation measures to reveal
the mysteries of the magnetised universe. In: Advancing Astrophysics with the Square Kilometre
Array - AASKA14, pp. 1-18 (2015).
Jones, C., W. Forman, E. Churazov, and P. Nulsen: X-ray jets and nuclear emission in low redshift earlytype galaxies. In F. Massaro, C. C. Cheung, E. Lopez, and A. Siemiginowska (Eds.), Extragalactic
Jets from every Angle (IAU Symposium 313) Cambridge, UK: Cambridge University Press. pp.
266-270 (2015).
Just, O., Bauswein, A., et al. (incl. H.-Th. Janka): Nucleosynthesis in dynamical and torus ejecta of
compact binary mergers. In: XIII Nuclei in the Cosmos - NIC XIII, pp. 1-7 (2015).
Khatri, R.: Mixing of blackbodies: increasing our view of inﬂation to 17 e-folds with spectral distortions
from silk damping. In: Proceedings of the MG13 Meeting on General Relativity. R. T. Jantzen,
and K. Rosquist (Eds.) Singapore [u.a.]: World Scientiﬁc. pp. 1482-1484 (2015).
Kholtygin, A. F., Castro, N., et al. (incl. H. Spruit): The B Fields in OB Stars (BOB) Survey. In: Y.
Y. Balega, I. I. Romanyuk, and D. O. Kudryavtsev (Eds.), Physics and Evolution of Magnetic and
Related Stars, pp. 79-85 (2015).
Killedar, M., S. Borgani, D. Fabjan, et al. (incl. K. Dolag): Cluster strong lensing: a new strategy for testing cosmology with simulations. In: A. Heavens, J.-L. Starck, and A. Krone-Martins
(Eds.), Statistical Challenges in 21st Century Cosmology (IAU Symposium 306) Cambridge, UK:
Cambridge University Press, pp. 113-115 (2015).
Kim, J. W., G. Lemson, N. Bulatovic, et al.: AWOB: a collaborative workbench for astronomers. In:
A. R. Taylor, and E. Rosolowsky (Eds.), Astronomical Data Analysis Software and Systems XXIV
(ADASS XXIV) pp. 491-494 (2015).
Koopmans, L., Pritchard, J., et al. (incl. B. Ciardi): The cosmic dawn and epoch of reionisation with
SKA. In: Advancing Astrophysics with the Square Kilometre Array - AASKA14, pp. 1-28 (2015).
Lemson, G., and O. Laurino: Astronomical data integration beyond the virtual observatory. In: A.
R. Taylor, and E. Rosolowsky (Eds.), Astronomical Data Analysis Software and Systems XXIV
(ADASS XXIV) pp. 513-522 (2015).
Maio, U., Ciardi, B., and L. Koopmans et al.: Bulk ﬂows and end of the dark ages with the SKA. In:
Advancing Astrophysics with the Square Kilometre Array - AASKA14, pp. 1-9 (2015).
McKean, J., N. Jackson, S. Vegetti, M. Rybak, et al.: Strong gravitational lensing with the SKA. In:
Advancing Astrophysics with the Square Kilometre Array - AASKA14, pp. 1-18 (2015).
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Miller Bertolami, M. M.: Post-asymptotic giant branch evolution of low- and intermediate-mass stars:
preliminary results. In: P. Dufour, P. Bergeron, and G. Fontaine (Eds.), 19th European Workshop
on White Dwarfs, pp. 83-88 (2015).
Miller Bertolami, M., B. Melendez, L. Althaus, and J. Isern: Testing fundamental particle physics with
the galactic white dwarf luminosity function. In: P. Dufour, P. Bergeron, and G. Fontaine (Eds.),
19th European Workshop on White Dwarfs, pp. 133-136 (2015).
Monachesi, A., E. Bell, D. Radburn-Smith et al.: Testing galaxy formation models with the GHOSTS
survey: The stellar halo of M81. Highlights of Astronomy, Volume 16, pp. 379-379 (2015).
Obergaulinger, M., H.-T. Janka and M. Aloy: Magnetic ﬁeld ampliﬁcation in non-rotating stellar core
collapse. In: N. V. Pogorelov, E. Audit, and G. P. Zank (Eds.), 9th International Conference of
Numerical Modeling of Space Plasma Flows Astronum 2014, pp. 115-120 (2015).
Oppermann, N., and T. Enßlin: Bayesian CMB foreground separation with a correlated log-normal
model. In: A. Heavens, J.-L. Starck, and A. Krone-Martins (Eds.), Statistical Challenges in 21st
Century Cosmology (IAU Symposium 306) Cambridge, UK: Cambridge University Press. pp. 16-18
(2015).
Pavlinsky, M., et al. (incl. R. Sunyaev, E. Churazov and M. Gilfanov): Status of ART-XC / SRG
instrument. In: S. L. O’Dell, and G. Pareschi (Eds.), Optics for EUV, X-Ray, and Gamma-Ray
Astronomy VII. p. 1-12, (2015).
Pawlik, A. H., V. Bromm, V., and M. Milosavljevič: Assembly of the ﬁrst disk galaxies under radiative
feedback from the ﬁrst stars. Memorie della Societa Astronomica Italiana, 85(3), p. 565-569 (2015).
Prandoni, I., Melis, A., et al. (incl. V. Vacca): The SRT in the context of european networks: astronomical validation and future perspectives. In: 12th European VLBI Network Symposium and
Users Meeting - EVN 2014 pp. 1-8 (2015).
Remus, R.-S., Dolag, K., and A. Burkert: The dark halo – spheroid conspiracy reloaded: evolution with
redshift. In: M. Cappellari, and S. Courteau (Eds.), Galaxies Masses as Constraints of Formation
Models (IAU Symposium 311) Cambridge, UK: Cambridge University Press. pp. 116-119, (2015).
Sanchis-Gual, N., Montero, P. et al. (incl. E. Müller): Comparison between the fCCZ4 and BSSN
formulations of Einstein equations in spherical polar coordinates. Journal of Physics: Conference
Series, 600: 012058, 1-6 (2015).
Sunyaev, R. A., and R. and Khatri: Unavoidable CMB spectral features and blackbody photosphere of
our universe. In: Proceedings of the MG13 Meeting on General Relativity. R. T. Jantzen, and K.
Rosquist (Eds.) Singapore [u.a.]: World Scientiﬁc. pp. 373-397 (2015).
Suwa, Y., Yokozawa, T., et al. (incl. E. Müller): What can we learn from gravitational waves from
nearby core-collapse supernovae? Journal of Physics: Conference Series, 600: 012009, 1-6 (2015).
Torres, S., García-Berro, E., Althaus, L. G., and M. Miller Bertolami: A population synthesis study
of the white dwarf cooling sequence of 47 Tucanae. In: P. Dufour, P. Bergeron, and G. Fontaine
(Eds.), 19th European Workshop on White Dwarfs, pp. 379-384 (2015).
Travaglio, C., Gallino, R., et al. (incl. W. Hillebrandt): The key role of SNIa at diﬀerent metallicities
for galactic chemical evolution of p-nuclei. In: XIII Nuclei in the Cosmos - NIC XIII pp. 1-6
(2015).
Vacca, V., Oppermann, N., T. Enßlin, et al.: Statistical methods for the analysis of rotation measure grids in large scale structures in the SKA era. In: Advancing Astrophysics with the Square
Kilometre Array - AASKA14, pp. 1-9 (2015).
Zámečníková, M., Augustovičová, L., Kraemer, W. P., and P. Soldán: Formation of molecular ion
LiHe+ by radiative association of metastable helium He(23P) with lithium ions. Journal of Physics:
Conference Series, 635: 022038, 1-1, (2015).
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3.2.2 Publications available as electronic file only
Marti, J.M., Müller, E.:Grid-based methods in relativistic hydrodynamics and magnetohydrodynamics.
<http://computas trophys.livingreviews.org/Articles/lrca-2015-3/>
http://computastrophys.livingreviews.org/Articles/lrca-2015-3/
Ritter, H. and U. Kolb: Catalogue of cataclysmic binaries, low-mass X-ray binaries and related objects
(Edition 7.23). http://www.mpa-garching.mpg.de/RKcat/
http://physics.open.ac.uk/RKcat/
http://vizier.cfa.harvard.edu/viz-bin/VizieR?-source=B/cb
http://vizier.u-strasbg.fr/viz-bin/VizieR?-source=B/cb

3.3 Talks
3.3.1 Invited review talks at international meetings
E. Churazov: – Probing the Universe in Depth and Detail with the X-Ray Surveyor
(Washington, 06.10-08.10)
– The Physics of Supermassive Black Hole Formation and Feedback (Annapolis, 12.10-14.10).
B. Ciardi: – Accurate astrophysics. Correct cosmology (London, UK, 13.7.-16.7)
– Reionization: A Multi-wavelength Approach (Kruger Park, South Africa, 1.6.-5.6.)
G. Di Bernardo: – Transport of electron cosmic rays in the turbulent galactic magnetic ﬁelds.
– Cosmic Ray Anisotropies, Physik Zentrum (Bad Honnef, 26.1.-30.1.)
T.A. Enßlin: – Deutschen Physikalischen Gesellschaft (Wuppertal, 12.3.)
– Matter and Universe (Jülich, 13.9.) – Rencontre de Blois (Blois, 31.5.)
– High-energy Astroparticle Physics Dark Matter Conference (Karlsruhe, 21.9.)
M. Gilfanov: – Workshop on Relativistic Astrophysics (Turku, 17.8.–21.8.)
– Radiation mechanisms of astrophysical objects (St.-Petersburg, 21.09.-25.9.)
– Space Science: Yesterday, Today and Tomorrow (Moscow, 30.9.–2.10.)
J. Guilet: – Ringberg workshop “The Magneto–Rotational Instability Confronts Observations”
(Tegernsee, 134.–17.4.) – SF2A conference (Toulouse 26.–5.6.)
H.-Th. Janka: – Workshop on Binary Neutron Star Mergers (27.5.–29.5.)
– F.O.E. Fifty-One Erg (Raleigh, 1.6.–5.6.)
– Neutrino Astrophysics and Fundamental Properties (Seattle, 21.6.–26.6.)
– The many Faces of Neutron Stars (7.9.–18.9.)
G. Kauﬀmann: – Baryons at low densities: the stellar halos around galaxies, (ESO Garching, 23.2.–
27.2.) – Rainbows on the Southern Sky: science and legacy value of the ESO Public Surveys and
Large Programmes, (ESO Garching, 5.10.–9.10.)
E. Komatsu: – Annual Meeting of German Physical Society (Berlin, 15.3.-20.3)
– Annual Meeting of Astronomical Society of Japan (Osaka, Japan, 18.3.-21.3.)
– General Relativity and Gravitation: A Centennial Perspective (Pennsylvania, USA, 7.6.-12.6.)
– B-mode from Space (Tokyo, Japan, 10.12.-16.12.)
E. Müller: – Assymetries and instabilities in core collapse supernovae,
12th School on Nuclear Astrophysics, (Russbach, Austria, 9.3.-11.3.)
Th. Naab: – A 3D View on Galaxy Evolution: from Statistics to Physics (Heidelberg, 5.7.-9.7.)
– Zwicky workshop 2015 (Braunwald, Switzerland, 31.8.-4.9.)

3.3. Talks
H. Spruit: – Transitional Pulsars (International Space Science Institut, Bern, 2.3-5.3.)
– The Zoo of Accreting Compact Objects (Lorentz Center Leiden, 2.8.-5.8.)
– Solar convection, (Tata Institute for Fundamental Research, Mumbai, 7.12-12.12.)
Y. Suwa: – Fifth International Conference on Nuclear Fragmentation (Kemer, 4.10-11.10)
S. Vegetti: – MPA-MPE science day (Garching, 16.7.)
– Assembley and Fall Meeting of the Astronomische Gesellschaft 2015 (Keil, 14.9.–18.9.)
– Workshop on Astrophysics of dark matter (Tokyo, 13.10.–16.10.)
S. White: – The Olympian Symposium 2015 Cosmology and the Epoch of Reionization
(Mount Olympus, Greece, 17.5.-22.5.)
– Cosmic Microwave Background Conference, (Princeton University, 10.6.-12.6.)
– Scales in the Cosmic Clustering of Dark and Baryonic Matter (IAU, Hawaii, 12.8.)
– The gas content of dark halos as revealed by Planck (IAU, Hawaii, 13.8)
– The gas content of dark halos (GPE, Cambridge, U.K. 3.9.)
– RAS London, Cluster Cosmology Meeting (London, U.K., 1.12.)
S. Zhukovska: – Nice AGB workshop 2015 (Nice, 7.5)

3.3.2 Invited Colloquia talks
E. Churazov: – CfA, 15.04. – Univ. of Wisconsin, 22.04. – Univ. of Chicago, 24.04.
– GSFC, Greenbelt, 9.10. – ESOC, Darmstadt, 4.11. – USM, Munich, 18.11.
B. Ciardi: – Trieste Observatory, Trieste; 21.1.
T.A. Enßlin: – University Heidelberg; 13.1.) – Physics Department, University Bonn; 23.1.
– Argelander Institute for Astronomy, University Bonn; 13.3.
– Canadian Institute for Astrophysics, Toronto; 23.3.
– Wuppertal University; 13.7. – Dortmund University; 14.7.
– University of British Colombia, Vancouver; 26.8.
– DESY Hamburg; 13.10. – DESY Zeuthen; 14.10. – DESY Zeuthen; 15.10.
– Gesellschaft für Schwerionenforschung, Darmstad; 20.10.
– Freiburg University; 2.11. – Tübingen University; 4.11.
– Oskar Klein Centre, Stockholm; 24.11.
– Brain Electrical Source Analysis Company, Gräfelﬁng; 10.12.
– Physics department, Technical University Munich; 7.12.
J. Guilet: – Seminar in Princeton University, 20.02.
– Seminar in Paris-Meudon Observatory, 26.11.
H.-Th. Janka: – Univ. Bremen; 3.3.
O. Just: - Binary Neutron Star Workshop, Thessaloniki (Greece, 28.5.)
- MICRA Workshop, Stockholm (Sweden, 17.8.)
- CoCoNuT Workshop, Malaga (Spain); 19.11.
G. Kauﬀmann: – Geneva Observatory; 12.5. – Laboratoire d’Astrophysique de Marseille; 1.6.
– Paco Yndurain Colloquium (Universidad Autonoma de Madrid; 20.10.
E. Komatsu: – Columbia Univ. 9.2. – Univ. of Edinburgh; 27.2. – Univ. of Leipzig; 14.4.
– Univ. of Groningen; 20.4. – MPI für Radioastronomie; 16.10. – Univ. of Utrecht; 4.11.
– Instituto de Astroﬁsica de Canarias; 12.11.
V. Prat: Annual meeting of the French Society of Astron. and Astrophys. (Toulouse, 4.6.)
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C. Spiniello: – The XLENS Project: Constrain the Initial Mass Function and the Luminous
and Dark Matter distribution in massive ETGs (Tenerife, Spain, 22.6.-24.6.)
– The XLENS Survey - Workshop at Space Telescope Science Institute, Baltimore, USA, 26.6.-1.7.
H. Spruit: MPI für Sonnensystemforschung, (Göttingen, 20.5.) – Indian Institute for Astrophysics
(Bangalore, 1.12.) – Interuniversity Center for Astrophysics (Pune, 3.12.)
S. Vegetti: – IfA, University of Edinburgh, 16.6. – ICG, University of Portsmouth, 26.6.
S. White: – Colloquia Göttingen (10.4.) – Colloquia Heidelberg (21.4.)
– Colloquia MPQ, Garching (28.4.)
S. Zhukovska: – Invited Institutsseminar IFK (Friedrich Schiller Univ. Jena)

3.3.3 Public talks
Y. Bahe: Lange Nacht der Wissenschaften (MPA, Garching 27.6.)
G. Börner: Schultheater der Länder (Dresden 23.9.)
– Urania Graz (Graz 10.11.) – Naturkunde Museum Ulm (Ulm 25.11.)
T.A. Enßlin: Lange Nacht der Wissenschaften (MPA, Garching 27.6.)
– Astronomietage (Münster; 16.10.) – Experimenta (Heilbronn; 3.11.)
– 100 Jahre Allgemeine Relativitätstheorie: Einstein Symposium (Zürich, 13.11.)
M. Gilfanov: Max-Planck-Institute for Astrophysics (27.05.) – Kazan Federal University (8.10.)
H.-Th. Janka: Planetarium Nürnberg (Nürnberg, 24.2.)
– Bremer Haus der Wissenschaften (Bremen, 3.3.)
– Lehrerfortbildung “Sternentwicklung”, Bildungsausschuss der AG (Garching, 6.3.)
– International Supercomputing Conference (Frankfurt, 14.7.)
– Lehrerfortbildung DFG-Transregio CRC 110 (Garching, 6.11.)
– 100 Jahre Allgemeine Relativitätstheorie, Einstein Symposium (Zürch, 14.11.)
– 1915 - 2015 Einsteins Gravitation, 100 Jahre Allgemeine Relativitätstheorie (München, 23.11.)
E. Komatsu: Elitenetzwerk FORUM (LMU; 26.1.)
– Simons Lecture, Simons Foundation (New York, USA; 11.2.)
– Japan Society of Promotion of Science Abend (Bonn; 2.9.)
– Taisha Junior High School (Hyogo, Japan; 30.11.)
– Yamaguchi Junior High School (Hyogo, Japan; 1.12.)
– Hitachi Civic Center (Ibaraki, Japan; 9.12.)
E. Müller: ESO further training for high-school teacher (Garching 6.3.)
– Volkshochschule (Garching 24.3.) – Science Night (Garching 27.6.)
– Gymnasium Beilgries (Garching 30.9.) – TUM (Garching 25.11.)
– Deutsches Museum (München 25.11.)
T. Naab: Lange Nacht der Wissenschaften (MPA, Garching 27.6.)
F. Schmidt: Lange Nacht der Wissenschaften (MPA, Garching 27.6.)
– “Cafe und Kosmos”, (München, 15.9.)

3.4 Lectures and lecture courses
3.4.1 Lectures at LMU and TUM
T. A. Enßlin, SS 2015, LMU München

3.4. Lectures and lecture courses
W. Hillebrandt, WS 2014/2015, TU München
H.-Thomas Janka, WS 2014/2015 and SS 2015, TU München
E. Müller, WS 2014/2015 and SS 2015, TU München
H. Ritter, SS 2015, LMU München, WS 15/16, LMU München
A. Weiss, SS 2015 and WS 2015/15, LMU München

3.4.2 Short lecture courses
G. Kauﬀmann: “Structure and galaxy formation” (IMPRS on Astrophysics, Garching, 30.11.–7.12.)
E. Komatsu: “Cosmic Microwave Background” (IMPRS on Astrophysics, Garching, 19.1.–23.1.)
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4 Personnel
4.1 Scientific staff members
Directors
E. Komatsu (Managing Director), G. Kauﬀmann, R. Sunyaev, S.D.M. White.
Research Group Leaders
E. Churazov, B. Ciardi, T. Enßlin, M. Gilfanov, H.-Th. Janka, T. Naab, E. Müller. S. Vegetti.
External Scientific Members
M. Asplund, R. Giacconi, R.-P. Kudritzki, W. Tscharnuter.
Emeriti
H. Billing, W. Hillebrandt, R. Kippenhahn, F. Meyer, E. Treﬀtz.
Staff/Postdoc
N. Amorisco (since 1.10.), M. Anderson, Y. Bahe, A. Barreira (since 1.10.), S. Campbell (since 1.9.),
G. Di Bernardo, A. Ford (until 30.4.), M. Gabler, M. Gaspari (unitl 30.9.), E. Gatuzz (since 22.9.),
P. Girichidis, F.A. Gomez, F. Guglielmetti (since 1.12.), J. Guilet, H. Hämmerle, K. Helgason, B.
Henriques (unitl 31.8.), S. Hilbert, A. Jones, O. Just, R. Khatri (until 31.7.), Jaiseung Kim (until
31.5.), A. Kolodzig (1.5.-30.9.) D. Kruijssen (until 31.8.), N. Lyskova, M. Miller-Bertolami (unitl 30.6.),
S. Mineo (until 17.7.), A. Monachesi, P. Montero (until 31.12.), D. Nelson (since 1.11.), M. Nielsen, U.
Nöbauer, L. Oser (until 31.12.), A. Pawlik (until 11.1.), Th. Peters, V. Prat (until 31.10.), M. Reinecke,
S. Roychowdhury (until 31.12.), F. Schmidt, X. Shi, C. Spiniello, A. Summa, X.P. Tang (since 28.9.),
S. Taubenberger, V. Vacca (until 30.9.) S. Vegetti, M. Viallet, J. von Groote (until 31.8.), C. Wagner
(until 31.12.), A. Weiss, W. Zhang (since 5.10.).

Ph.D. Students
A. Agrawal*, R. Andrassy* (until 31.8.), H. Andresen*, V. Böhm*, R. Bollig, A. Boyle* (since 1.9.),
M. Bugli*, Ph. Busch* (since 1.9.), H.L. Chen, C.T. Chiang (until 31.8.), A. Chung*, D. D’Souza*,
R. D’Souza*, S. Dorn (until 31.12.), M. Eide* (since 1.9.), T. Ertl, M. Frigo* (since 1.8.), A. Gatto*,
M. Greiner, W. Hao*, N. Hariharan* (until 30.9.), S. Heigl* (until 31.5./terminated), C.H. Hu*, M.L.
Huang (until 31.10.), H.Y. Ip*, I. Jee, A. Jendreieck (30.6.), S. Jia, K. Kakiichi*, A. Klitsch* (since
1.11.), F. Koliopanos* (until 30.6.), A. Kolodzig* (until 30.4.), S. Komarov*, T. Lazeyras, Q. Ma,
T. Melson, M. Molaro*, A. Pardi*, E. Pllumbi* (until 31.12.), B. Röttgers, M. Rybak*, M. Sasdelli*
(until 30.6.), A. Schmidt (since 1.11.), M. Selig (until 28.2.), M. Soraism*, T. Steininger (since 1.4.),
J. Stücker* (since 19.10.), T. Vasallo (1.8.-13.11./terminated) (D. Vrbanec*, G. Wagstaﬀ*, T. Woods*
(until 30.6.), Luo Yu.
1
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4.2. PhD Thesis 2015 and Diploma thesis 2015
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Master students
R. Glas (since 1.4.), M. Glatzle (since 12.10.), J. Knollmüller (since 12.10.) R. Leike (since 5.10.), A.
Peterson (1.1.-31.8.), N. Schwarz (until 30.4.), M. Straccia (since 1.12.), C. Vogl (since 1.5.).
Technical staff
Computational Support: H.-A. Arnolds (head of the computational support), B. Christandl, H.-W.
Paulsen , A. Weiss.
Secretaries: M. Depner, J. Dreher (until 31.3.), S. Gründl, G. Kratschmann, C. Rickl (secretary of the
management), S. Veith (since 1.5.).
Library: C. Bartels (head of the library), E. Blank.
Associated Scientists:
U. Anzer, G. Börner, G. Diercksen, W. Kraemer, E. Meyer–Hofmeister, H. Ritter, J. Schäfer, H. Spruit,
R. Wegmann.

4.1.1 Staff news
Eiichiro Komatsu received the “Chushiro Hayashi Prize” of Astronomical Society of Japan during its
annual meeting in March.
Eiichiro Komatsu elected Fellow of American Physical Society.
Fabian Schmidt received an ERC Starting Grant.
Rashid Sunyaev received the Zel’dovich Gold Medal of the Russian Academy of Sciences.
Rashid Sunyaev receivede the Eddington Medal from the Royal Astronomical Society.
Simona Vegetti started her own junior research group at MPA.
Simon White has been elected as a Foreign Member to the Chinese Academy of Sciences.

4.2 PhD Thesis 2015 and Diploma thesis 2015
4.2.1 Ph.D. theses 2015
Robert Andrassy: Convective overshooting in stars. University of Amsterdam.
Chi-Ting, Chiang: Position-dependent power spectrum: a new observable in the large-scale structure.
Ludwig-Maximilians-Universität München.
Sebastian Dorn: Non-Gaussianity and inﬂationary models. Ludwig-Maximilians-Universität München
(submitted).
Nitya Hariharan: Numerical Developments of the Radiative Transfer code CRASH. LudwigMaximilians-Universität München.
Mei-Ling Huang: Spatially-resolved star formation histories and molecular gas depletion time of nearby
galaxies. Ludwig-Maximilians-Universität München.
Filippos Koliopanos: X-ray diagnostics of ultra compact X-ray binaries.
Universität München.

Ludwig-Maximilians-

Alexander Kolodzig: Large-scale structure studies using AGN in X-ray surveys – Challenges from
XBOOTES and prospects for eROSITA. Ludwig-Maximilians-Universität München.
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Else Pllumbi: Aspects of nucleosynthesis in core-collapse supernovae. Technische Universität München.
Michele Sasdelli: Principal Components Analysis of type Ia supernova spectra. Ludwig-MaximiliansUniversität München.
Marco Selig: Information theory based high energy photon imaging Ludwig-Maximilians-Universität
München.
Tyrone Woods: Emission line diagnostics of the progenitors of type Ia supernovae. Ludwig-MaximiliansUniversität München.

4.2.2 Master theses 2015
Daniel Pumpe: Information ﬁeld theory for gravitational wave analysis.
München.

Technische Universität

Nicole Schwarz: Long-Time Evolution of Neutron Star Merger. Technische Universität München.
Santiago Varona: Formation of naked singularities in Tolman-Bondi spacetimes. Technische Universität
München.

4.2. PhD Thesis 2015 and Diploma thesis 2015

61

4.2.3 PhD Thesis (work being undertaken)
Aniket Agrawal: An Analytical Model for Redshift Space Distortions. Ludwig-Maximilians-Universität
München.
Haakon Andresen: Gravitational waves from core collapse supernova. Ludwig-Maximilians-Universität
München.
Ricard Ardevol: Nucleosynthesis in Neutron Star-Neutron Star and Black Hole-Neutron Star mergers.
Technische Universität München.
Vanessa Böhm: Gravitational Lensing of the Cosmic Microwave Background: Reconstruction of Deﬂection Potential and unlensed Temperature Map using Information Field Theory. LudwigMaximilians-Universität München.
Robert Bollig: Long term cooling studies of proto-neutronstars with full neutrino ﬂavour treatment and
muonisation. Technische Universität München.
Aoife Boyle: Constraining neutrino masses from large scale structure. Ludwig-Maximilians-Universität
München.
Matteo Bugli: Study of viscous accretion disks around Kerr black holes.
München.

Technische Universität

Philipp Busch: Topology of large scale structures. Ludwig-Maximilians-Universität München.
Andrew Chung: High-redshift Lyman-α945; Emitters. Ludwig-Maximilians-Universität München.
Durand D’Souza: Radiative levitation and other processes in massive stars. Ludwig-MaximiliansUniversität München.
Richard D’Souza: Stellar Halos of Galaxies. Ludwig-Maximilians-Universität München.
Marius Berge Eide: IGM Reionization. Ludwig-Maximilians-Universität München.
Maximilian Eisenreich: The wondrous multi-phase ISM of elliptical galaxies. Ludwig-MaximiliansUniversität München.
Thomas Ertl: Progenitor-remnant connection of core-collapse supernovae.
München.

Technische Universität

Matteo Frigo: Confronting theory with observations: Which physical processes determine the stellar
and gas-dynamical evolution of galaxies. Ludwig-Maximilians-Universität München.
Sebastian Dorn: Non-Gaussianity and inﬂationary models. Technische Universität München.
Andrea Gatto: The impact of stellar feedback on the formation and evolution of molecular clouds.
Ludwig-Maximilians-Universität München.
Mahsa Ghaempanah: Information ﬁeld theory for INTEGRAL gamma ray data. Ludwig-MaximiliansUniversität München.
Maksim Greiner: Galactic tomography. Ludwig-Maximilians-Universität München.
Wei Hao: Supermassive black hole binaries in Galaxy centres.
München.

Ludwig-Maximilians-Universität

Chia-Yu, Hu: A new star formation recipe for large-scale SPH simulations. Ludwig-MaximiliansUniversität München.
Hiu Yan Sam Ip: Testing Gravity with Large-Scale Structure.
München.

Ludwig-Maximilians-Universität

62

4. Personnel

Inh Jee: Measuring angular diameter distances of strong gravitational lenses. Ludwig-MaximiliansUniversität München.
Andressa Jendreieck: Stellar Parameter Estimation for Kepler Stars. Ludwig-Maximilians-Universität
München.
Anne Klitsch: Chemical evolution of galaxies in hydrodynamical simulations. Ludwig-MaximiliansUniversität München.
Kakiichi Koki: The high redshift universe: galaxy formation and the IGM. Ludwig-MaximiliansUniversität München.
Sergey Komarov: Physics of Intracluster Medium. Ludwig-Maximilians-Universität München.
Titouan Lazeyras: Investigations into galaxy and halo bias. Ludwig-Maximilians-Universität München.
Tobias Melson: Implementation of a two-moment closure scheme for neutrino transport into the YinYang grid environment for three-dimensional simulations of core-collapse supernovae with the
Prometheus-Vertex code. Technische Universität München.
Margherita Molaro: X-ray binaries’ contribution to the Galactic ridge X-ray emission.
Maximilians-Universität München.

Ludwig-

Anabele Pardi: The Dynamics and Evolution of the Interstellar Medium Ludwig-MaximiliansUniversität München.
Bernhard Röttgers: AGN feedback in cosmological simulations and the comparison to observations.
Ludwig-Maximilians-Universität München.
Andreas Schmidt: Simulation of the large-scale Lyman-alpha forest. Ludwig-Maximilians-Universität
München.
Li Shao: Understanding the connection between AGNs and their host galaxies. Ludwig-MaximiliansUniversität München.
Shi Shao: Disk dynamics in live halos. NAOC, China
Monika Soraism: Progenitors of Type Ia Supernovae. Ludwig-Maximilians-Universität München.
Theo Steininger: Reconstruction of the Galactic magnetic ﬁeld.
München.

Ludwig-Maximilians-Universität

Jens Stücker: The Phase Space Structure of Dark Matter Haloes. Ludwig-Maximilians-Universität
München.
Dijana Vrbanec: Cross-correlation of Lyman Alpha Emitters & 21-cm signal from the Epoch of Reionization. Ludwig-Maximilians-Universität München.
Graham Wagstaﬀ: Structure of coolster envelopes and atmospheres. Ludwig-Maximilians-Universität
München.
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4.3 Visiting scientists
Name
Isabelle Baraﬀe
Andrey K. Belyaev
Ilfan Bikmaev
Sergei Blinnikov
Gilles Chabrier
Yanmei Chen
Scott Clay
Adrian Bittner
Jon Braithwaite
Tiziana di Matteo
Ryan Endsley
Bill Forman
Michael Fruehauf
Ilkham Galiullin
Benjamin Harmsen
Petr Heinzel
Michaela Hirschmann
Dragan Huterer
Nail Inogamov
Emille Ishida
Anatoli Iyudin
Donghui Jeong
Ildar Khabibullin

home institution
(Exeter Univ.)
(Herzen Univ., St.Petersburg, Russia)
(Kazan Univ.)
(ITEP, Moscow)
(Exeter Univ.)
(Nanjing Univ.)
(Univ. of Sussex)
(bachelor student)
(Uni Bonn)
(Carnegie Mellon Univ.)
(DAAD student)
(Harvard Univ.)
(bachelor student)
(Kazan Univ.)
(Michigan Univ.)
(Ondrejov Univ. )
(IAP, France)
(Univ. of Michigan)
(IKI, Moscow)
(Sao Paulo, Brazil)
(Moscow State Univ. Russia)
(Penn State Univ.)
(IKI Moscow)

Matthias Kober
Christina Kreisch
Chervine Laporte
Yu Luo
Paolo Mazzali
Vassilios Mewes
Ilya Mereminskiy
Marcelo Miller Bertolami
Bernhard Müller
Nicolas Maﬃone
Jessica Muir
Marcello Musso

(Werkstudent)
(Washington Univ. in St. Lois) since 1.10.
(Columbia Univ.)
(PMO, Nanjing, China)
(Liverpool Univ.)
(Univ. Valencia)
(IKI Moscow)
(La Plata Univ., Argentina)
(Monash Univ.)
(FCAGLP, de La Plata, Argentina)
(Univ. of Michigan)
niv. of Pennsylvania)

Duration of stay at MPA
6.7.–4.8.
15.11.–14.12.
1.11.–15.11.
7.6.–21.6.
6.7.–31.7.
8.7.–30.8.
12.1.–13.4.
13.4.–15.7.
23.8.–20.9.
12.07.–25.07.
since 1.10.
11.6.–22.6.
15.4.–15.7.
1.11.–15.11.
14.6.–28.6.
5.11.–8.12.
22.11.–5.12.
02.01.–31.08.
13.7.–16.8.
until 31.12.
19.10.–30.10.
12.06.–12.08.
4.2.–15.3.
and 29.6.–19.8.
and 1.11.–6.12.
1.8.-15.9.
28.2–4.4.
until 15.4.
15.9.30.10.
5.1–27.2.
1.11.–6.12.
12.10.–15.12.
15.6.–26.6.
1.10.–22.12.
7.7.–7.8.
nce 29.6.
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Name
Daisuke Nagai
Igor V. Ovchinnikov
Natalia Porqueres
Mika Raﬁeferantsoa
Tokuei Sako
Sergey Sazonov
Daniel Shafer
Nikolai Shakura
Alexey Tolstov
Regner Trampedach
Grigorii Uskov
Victor Utrobin

home institution
(Yale Univ.)
(Univ. of California/Los Angeles)
(DAAD student)
(South Africa Astron. Observ.)
(Nihon Univ.)
(IKI Moscow)
(Univ. of Michigan)
(IKI Moscow)
(IPMU Tokyo Japan)
(Colorado Univ. )
(Kazan Univ.)
(ITEP Moscow Russia)

Stan Woosley
Svetlana Yakovleva
Mijin Yoon
Lev Yungelson
Zhongli Zhang
Irina Zhuravleva

(Ucolick Obs.)
(St. Petersburg, Russia )
(University of Michigan)
(IKI Moscow)
(Univ. of Tokyo)
(Stanford Univ.)

Duration of stay at MPA
24.05.–25.07.
15.7.–5.8.
1.7.–30.8.
since 1.12.
5.8.–9.9.
29.6.–29.7.
17.7.–18.8.
31.10.–1.12.
25.7.–12.8.
2.2.–12.2.
1.11.-15.11.
15.10.–15.12.
and 15.10.–15.12.
21.6.–8.7.
23.11.–6.12.
03.03.–30.06.
2.11.–30.11.
7.6.–4.12.
13.6.–27.6.

