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1 General Information

1.1 A brief history of the MPA

The Max-Planck-Institut fiir Astrophysik, called
the MPA for short, was founded in 1958 under the
directorship of Ludwig Biermann. It was first es-
tablished as an offshoot of the Max-Planck-Institut
fiir Physik, which at that time had just moved from
Gottingen to Munich. In 1979, after the headquar-
ters of the European Southern Observatory relo-
cated to Garching, Biermann’s successor, Rudolf
Kippenhahn, moved the MPA to its current site.
The MPA became fully independent in 1991. Kip-
penhahn retired shortly thereafter and this led to a
period of uncertainty, which ended in 1994 with the
appointment of Simon White as director. The sub-
sequent 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 Direc-
tors. This structure has now been in place for ten
years. The Managing Directorship rotates every
three years, with Simon White the incumbent for
the period 2006-2008. A major event in 2007 was
the appointment of Martin Asplund as a new di-
rector. Martin arrived in September 2007 and will
formally be considered a Wolfgang Hillebrandt’s
successor. The institute also has three external
Scientific Members: Rolf Kudritzki, Riccardo Gi-
acconi and Werner Tscharnuter.

The MPA was founded as an institute for the-
oretical astrophysics. Its initial mission was to
develop the theoretical concepts needed to under-
stand the structure and evolution of stars, the dy-
namics of magnetised interstellar media and other
hot plasmas, the properties of relativistic parti-
cle populations, and the transition probabilities
and cross—sections important for astrophysical pro-
cesses, especially in rarified media. These efforts
led to a variety of international collaborations and
complemented the observational and instrumental
activities carried out in other Max-Planck insti-
tutes. Since its foundation, the MPA has also had
a concentration in numerical astrophysics that is
unparalleled in any other institution of similar size.

In recent years, activities at the MPA have di-
versified and now include a wide range of data

analysis and interpretation activities as well as
purely theoretical or numerical work. Resources
are channeled into specific areas where new instru-
mental or computational capabilities are expected
to lead to rapid developments. Active areas of cur-
rent research include stellar evolution, stellar at-
mospheres, accretion phenomena, nuclear and par-
ticle 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 and physical cosmology.
Several previous research areas (solar and solar sys-
tem physics, the quantum chemistry of astrophysi-
cal molecules, General Relativity and gravitational
wave astronomy) have been substantially reduced
over the last decade.

Various aspects of the MPA’s structure have his-
torical origins. Its administration (which is housed
primarily in the MPA building) is shared with the
neighboring, but substantially larger MPI fiir ex-
traterrestrische Physik. The library in the MPA
building also serves the two institutes jointly. 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). As a result, 10 posts at
the computing centre, including that of its director
and several other senior figures, are formally part
of the MPA’s roster. These posts are managed in-
dependently by the computing centre and by its
governing bodies in consultation with the MPA.
This arrangement has worked well and as a result
a close working relationship is maintained between
the MPA and the RZG.

1.2 Current MPA facilities

The MPA building itself is a major asset for its
research activities. It was specially designed by
the same architect as ESO headquarters, and the
two buildings are generally considered as impor-
tant and highly original examples of the architec-
ture of their period. Although the unconventional
geometry of the MPA can easily confuse first-time
visitors, its open and centrally focused plan is very
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effective at encouraging interaction between scien-
tists (for example at the now traditional morning
“scientific coffee”) and makes for a pleasant and
stimulating research environment.

Library

The library is a shared facility of the MPA and
the MPE. The fact that it has to serve the needs
of two institutes with differing research emphases
— predominantly theoretical astrophysics at MPA
and observational/instrumental astrophysics at the
MPE - explains its size. At present the library
holds about 22000 books and conference proceed-
ings, as well as about 6500 reports and observatory
publications, and it holds subscriptions for about
200 journals and manages online subscriptions for
about 400 periodicals. The current holdings oc-
cupy about 1900 meters of shelf space. In addi-
tion the library maintains an archive of MPA and
MPE publications, two slide collections (one for
MPA and one for the MPE), a collection of approx-
imately 300 CDs and videos, and it stores copies
of the Palomar Observatory Sky Survey (on photo-
graphic prints) and of the ESO/SERC Sky Survey
(on film).

The MPA/MPE library catalogue includes
books, conference proceedings, periodicals, doc-
toral dissertations, and habilitation theses and

links to other online pblications. This catalogue
and the corresponding catalogues of other MPI li-
braries on the Garching campus and elsewhere are
accessible online via the internet from the library
and from every office terminal or PC. Internet
access to other bibliographical services, including
electronic journals and the SCI, is also provided.

Additional technical services such as several PCs
and terminals in the library area, copy machines,
a microfiche reader/printer, a colour bookscanner,
two laser printers, and a fax machine are available
to serve the users’ and the librarians’ needs.

The “General-Verwaltung” (GV) keeps campus
licenses for online electronically accessible jour-
nals whereas individual institutes subscribe only
to print copies of selected journals at a reduced
price. The online journals are accessible via the
institute’s library homepages. In addition, access
to the back files from several large publishers is pro-
vided via a national license kept by the Deutsche
Forschungsgemeinschaft.

In 2003 the GV launched the “Edoc” system in
which all institute publications (MPA and MPE)
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are archived electronically and made accessible in-
ternally from the library homepage. The admin-
istration and maintenance of this system is car-
ried out by the library staff people (e.g. ca. 900
publications in 2006). The institute’s library also
takes part in the “VLib” (Virtual Library) project
of the GV, which is the general information por-
tal of the MPG providing a common surface under
which various scientific information resources be-
come available.

For lack of office space elsewhere in the institute
four guest desks with PCs have recently been set
up in the library’s reading hall.

The library is run by three people who share
the tasks as follows: Mrs. Chmielewski (full time;
head of the library, administration of books and
reports), Mrs. Hardt (full time; interlending and
local loans of documents, “Edoc”, and relocation of
books), and Mrs. Schurkus (half time; administra-
tion of journals)

Computational facilities

Because of the heavy emphasis on numerical astro-
physics at MPA, the provision of suitable comput-
ers and network connections is a critical element in
achieving the institute’s scientific goals. In prac-
tice, computing needs are satisfied by providing
both extensive in-house computer power and ac-
cess to the supercomputers and the mass storage
facilities at the Max Planck Society’s Garching su-
percomputer Centre (the RZG).

The design, usage and development of the MPA
computer system is organized by the Computer Ex-
ecutive Committee in close consultation with the
system administrators. This group also evaluates
user requests concerning resources or system struc-
ture. In addition it meets RZG representatives
on a bi-monthly basis to discuss issues concerning
MPA’s requirements at the RZG. RZG and MPA
try to coordinate their development plans to ensure
continuity in the working environment experienced

by the users. Furthermore, MPA participates ac-
tively in discussions of potential major investments
at the RZG. Common hardware acquisitions by the
two institutions are not unusual. Presently, MPA
has two Linux-clusters (the larger one with 504 pro-
cessors, 1008 GB core memory, and 46 TB disk
space) and one SGI-Altix (128 Intel Madison pro-
cessors, 256 GB main memory, 2 TB disk space)
system located at RZG. The most important re-
sources provided by the RZG are parallel super-
computers, PByte mass storage facilities (also for
backups), and the gateway to GWIN/Internet.

The philosophy of MPA’s computer system is to
achieve the following requirements:

e every user has full access to all facilities needed

e scientific necessity is the driver for new acqui-
sitions

e desktop PCs are provided for everyone, run-
ning under one operating system (Linux) and
a fully transparent file and software system

e full data security due to multiple backups

e highest system security due to choice of oper-
ating system and firewalls

e fully redundant resources

e no maintenance or system tasks by users
needed

With this approach MPA is achieving virtually
uninterrupted, continuous services. Data loss over
the past few years is below the detection limit, and
duty cycles are well beyond the 99% level. Since
desktop PCs are not personalized, hardware fail-
ures are quickly repaired by a complete exchange
of the computer.

In addition to the desktop systems, of which
none is older than four years and which (in 2007)
amount to more than 150 fully equipped working
places, users have access to central number crunch-
ers (64-bit Opteron architecture), mainly through
a batch system. The total on-line data capacity
is beyond 170 Terabyte, individual user disk space
ranges from 1 GB to 1 TB, according to scientific
need.

All MPA scientists and PhD students may also
get a personal laptop for the duration of their pres-
ence at the institute. These and private laptops
may be connected to the in-house network, but to
a subnet well separated from the crucial system
components by a firewall. Apart from the standard
wired network (Gb capacity up to floor level, and
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100 Mb to the individual machine), access through
a protected WLAN is possible, too.

The basic operating system is relying on Open-
Source software and developments. One MPA sys-
tem manager is actively participating in the Open-
Source community. The Linux system is an in-
house developed special distribution, including the
A(dvanced) F(ile) S(ystem), which allows com-
pletely transparent access to data and a high flex-
ibility for system maintenance. For scientific work
licensed software, e.g. for data reduction and vi-
sualization, is in use, too. Special needs requiring
Microsoft or Macintosh PCs or software are satis-
fied by a number of public PCs and through servers
and emulations.

The system manager group comprises two full-
time and three part-time system administrators;
users have no administrative privileges nor duties,
which allows them to fully concentrate on their sci-
entific work.

In addition to the central MPA computer ser-
vices, both the Planck Surveyor project and the
SDSS group operate their own computer clusters.
The former installation is designed in a similar
fashion as the general system, and is maintained
by an MPA system manager. The SDSS system is
MS Windows based, and administered both by an
MPA- and an additional SDSS-manager.

1.3 2007 at the MPA

A new director

Two of the MPA’s directors will be retiring over
the next few years, Rashid Sunyaev in 2011 and
Wolfgang Hillebrandt in 2012. In order to ease this
major transition, the institute decided a couple of
years ago to begin searching for an early replace-
ment for one of the two who could be in place well
before either retirement and so able to participate
fully in selecting the second replacement. A small
“Futures Committee” within the institute began a
broad search for candidates and a number of peo-
ple visited the MPA in order to get to know the
institute and to talk to our senior scientists.

The outcome of this procedure was a consensus
that our ideal candidate was Martin Asplund, a
37 year old Senior Research Fellow (the equiva-
lent of Full Professor) at the Australian National
University in Canberra. Martin’s interests are pri-
marily in stellar astrophysics. He is particularly
known for his work on spectral line formation in
fully three-dimensional simulations of stellar at-
mospheres. This has major ramifications for ele-
ment abundance determinations using stellar spec-
troscopy; Martin’s most striking result so far was
a recalibration of the solar oxygen abundance by a
factor of almost 2. Martin’s interests would con-
tinue and extend the institute’s activity in stellar
astrophysics, making him a natural successor to
Wolfgang Hillebrandt.

The MPA request to appoint Martin went
through all the Max Planck Society’s appoint-
ments procedures very smoothly, but took longer
than expected because of some unfortunate tim-
ing accidents (e.g. the 2006 soccer World Cup
forced the Society’s 2006 annual meeting to be held
early, causing a critical step in the appointment to
be postponed for several months!). The institute
breathed a collective sigh of relief when it became
clear in summer 2007 that Martin would indeed
be able to accept our offer, and would move to
Germany with his wife and three small children in
September 2007.

The MPA Radio Observatory

In 2006 the MPA decided to become directly in-
volved in observational radioastronomy through
participating in the Low Frequency Array (LO-
FAR, a Dutch-led project to construct an interfer-
ometer at metre wavelengths made up of a very
large number of very simple antennas. LOFAR
will be the first major telescope where the effec-
tive beam is constructed in software during post-
processing and it will have much larger compu-
tational requirements than traditional radio tele-
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scopes. This results in overlap with MPA nu-
merical expertise which complements the project’s
strong scientific overlap with MPA interests in
studying the epoch of reionisation, cosmic mag-
netism and the evolution of AGN. The MPA is
purchasing a remote LOFAR station, a field of an-
tennas which will be constructed on 2 hectares of
agricultural land in a rural area about 50km north
of Garching. This will be one of five such stations
in Germany and will almost double the north-south
resolution of the interferometer. The site is al-
ready prepared and the antennae will be delivered
in 2008. MPA is responsible for construction and
operation of the station as well as for transfer of
all data (around a Gigabit/second) to the main
processing centre in Holland. The MPA scientist
in charge is Benedetta Ciardi, who also chairs the
Science Working Group of German LOFAR partic-
ipants.

T

Field where the antennas for the LOFAR station will
be constructed

Identifying prospective PhD students

In 2006, the MPA held a ”workshop” to interview
those highly ranked applicants to the International
Max Planck Research School on Astrophysics who
expressed interest in coming to the institute. This
worked so successfully that the IMPRS partner in-
stitutions decided to hold a similar workshop for
the graduate school as a whole in 2007. More than
40 prospective students (roughly a quarter of all
applicants) were invited to visit, giving presenta-
tions and talking to potential research supervisors.
Nearly half of these showed interest in coming to
MPA. In the end, the institute made about 15 of-
fers and more than two thirds were accepted. This
joint procedure was felt to be very successful by
all participants and it was decided to continue it

with minor modifications in future years. Not sur-
prisingly, it turns out to be much easier to assess
foreign applicants for PhD places if one has an op-
portunity to interact with them personally.

Biermann lectures on the first instants
of Creation

2007 was the eleventh year of the Biermann Lec-
ture series at MPA. This year’s lecturer was Andrei
Linde, a well-known Russian cosmologist who now
works at Stanford University. Andrei and his wife
(who is also a well-known theoretical physicist)
have been regular visitors to Munich over the last
few years, spending part of their summers at the
LMU’s Sommerfeld Centre for Theoretical Physics.
Andrei is particularly renowned for his contribu-
tions to the theory of cosmic inflation and for his
ideas about the nature of the Big Bang. He also has
a reputation as a superb lecturer. Because of the
broad interest in these topics among the Munich
physics/astrophysics community, it was decided to
hold the 2007 Biermann lectures in the conference
room of the new MPE building, rather than in
the substantially smaller MPA seminar room which
was used in previous years. This turned out to be
a wise decision because there was standing room
only at the lectures, even after the MPE room had
been expanded to its full size.
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The MPA Visiting Committee

The MPA’s Scientific Evaluation Committee (the
“Fachbeirat”) visited the institute again at the end
of October 2007. For this year’s visit the six mem-
bers of the regular committee (J.R. Bond (chair),
L. Bildsten, C. Franssen, L. Maraschi, R. Narayan,
D. Reimers) were joined by two additional ob-
servers (Herbert Gleiter und Roland Sauerbrey)
who were appointed by the Max Planck Society to
participate in the evaluations of all six institutes in
our research group (the MPA and MPE, the MPI
for Astronomy in Heidelberg, the MPI for Radi-
astronomy in Bonn, the Albert Einstein Institute
in Golm and the MPI for Solar System Research
in Lindau). The idea is that the observers will
meet the upper administration of the Max Planck
Society, together with the chairs of the six Visit-
ing Committees, in order to provide a comparative
overview of the quality and impact of the Society’s
research in our field.

The visit passed smoothly with the Visiting
Committee apparently impressed again by the
quality and diversity of MPA research. In partic-
ular, they were happy to meet the institute’s new
director, Martin Asplund, and to have a chance
to get to know him and his research plans. The
Committee also had strong and fruitful iteractions
with junior institute members which allowed them
to form a clear picture of how the MPA functions
from their point of view, and so to make recommen-
dations for how to smooth relations and to avoid
the occasional problems which arise as the insti-
tute grows in size and the fraction of students and
postdocs increases.

International Exchanges

The numbers of international visitors at MPA con-
tinued to increase in 2007. A Marie-Curie Re-
search Training Network dedicated to Multiwave-
length Analysis of Galaxy Populations is coordi-
nated from MPA (by Guinevere Kauffmann) and
has been very active. In addition a variety of new
channels have brought increased numbers of stu-
dents and postdocs to the institute. In particu-
lar, the EU-funded Latin-American-European Net-
work for Astrophysics and Cosmology (LENAC)
is brought half a dozen South American students
to the MPA in 2007 for stays of between 2 and
6 months, and Marie-Curie Early Stage Training
funds brought another 4 or 5 students from the
EU and elsewhere for stays of similar length under
a grant made to the European Association for Re-

search in Astronomy (EARA, this association links
MPA with major astronomy institutes in five other
European countries). Bilateral postdoc exchange
agreements between MPA and the Kavli Institute
for Theoretical Physics (Santa Barbara), the Cana-
dian Institute for Theoretical Astrophysics (CITA)
and the Center for Astrophysics (Cambridge, MA)
have also led to visits in both directions during the
year.

The strong connections between MPA and as-
tronomy in China showed up in many activities
in 2007. The new cooperation with the astro-
physics and cosmology department of the Shang-
hai astronomical Observatory (SHAO) supported
by funds from MPG, includes a vigorous exchange
programme which culminated in a one-month ex-
tended workshop on high energy astrophysics and
on galaxy formation. The new partner group of
the MPA at SHAO was mainly responsible for the
organisation of this meeting. About 15 students
and scientists from SHAO and the University of
Science and Technology of China (USTC) in Hefei
visited MPA during October/November of 2007 to
discuss joint projects with colleagues from MPA,
and to enjoy several days of formal lectures and
seminars. The first two post-docs in the joint pro-
gramme of SHAO and MPA began their time at
MPA in October following a year spent in Shang-
hai. In addition there were visits of MPA scientists
to various universities and institutes in China, and
visitors to MPA from other places in China be-
sides Shanghai. Several students from China are
enrolled in the IMPRS at Garching.

Public Outreach

The public outreach work at the MPA includes a
very broad range of activities. Our scientists are
involved in teacher education, they present public
talks as well as lectures to school classes, they su-
pervise undergraduates and high school students
on small research projects and during internships,
they guide tours groups through the institute (in-
cluding architecture classes), they write articles for
popular science magazines, and they act as inter-
view partners for newspaper and television jour-
nalists.

Particular highlights of MPA public outreach ac-
tivities are our Open House events. Usually orga-
nized campus wide every second year, these events
took place annually in the past couple of years,
mostly in the context of special festivities. While
in 2006 the whole Garching Campus celebrated the
opening of the underground link to central Munich
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Telescope on the roof during the “Long Night of
Science”; Octoberl13, 2007

after several years of disruptive construction work,
it was the 50th anniversary of the foundation of
the Research Campus Garching in 2007. On this
occasion a “Long Night of Science” (Lange Nacht
der Wissenschaft) was organised for the first time
on Saturday, October 13. The MPA offered its
roughly 1000 visitors a program of hourly talks un-
til midnight, continuous slide and poster shows, our
“Cosmic Cinema” multi-media presentation of sci-
ence movies, the “astro consultation” in the coffee
corner, guided tours through the institute, a slide
show of latest astronomical observations in the en-
trance hall, and the possibility to observe the night
sky using a 20 cm telescope on the roof terrace of
the institute. The experiment of having an evening
event was a complete success, although some visi-
tors (and MPA staff) regretted that the late hours
excluded organizing the real crowd puller of the
previous year, our Kindertag, a special program
for young children but also for teenagers. While
kids aged 10-16 could enjoy themselves with as-
trogames and a computer quiz, kids between 5 and
10 had a lot of fun building and launching rock-
ets and hot air balloons, manufacturing a “rainbow
box” in which light was expanded into its spec-
tral colors, and experiencing the phase transition
of sublimating “Martian” (dry) ice.

The “Cosmic Cinema”, a multi-media com-
puter presentation of MPA research highlights,
which uses interactive and technologically ad-
vanced forms of computer visualization and anima-
tion, has been updated and extended several times
since its first version of 1999. New films about a
number of topics have been added (e.g. the Sun,
cosmic magnetic fields, planet formation), and now
in 2007 a new edition with a significantly enlarged
glossary and plenty of supplementary movie ma-

terial (this time on DVD instead of a set of CD-
ROMSs) has been composed with the help of in-
ternship students. The Cosmic Cinema has found
an extraordinarily large public resonance and was
widely advertised by the popular astronomy maga-
zine “Sterne und Weltraum?”. It is available for free
to libraries, planetaria, and school classes, and it is
sold to interested individuals through orders to our
library. Roughly 300 copies have been distributed
so far.

The “Girls Day” is another public outreach ac-
tivity which was held for the first time at MPA
on April 26, 2007. This event is organised nation-
wide by the ‘German Federal Ministry of Educa-
tion and Research’ and the ‘Federal Ministry for
Family and Women’ every year. Its purpose is to
arouse the interest of girls for astrophysics, and
to encourage them to decide for this traditionally
male-dominated career. Information on our activ-
ity was announced on the general webpage for the
‘Girls’ Day”. We offered 30 places to girls aged
between 14 and 16. After one week all the places
were booked. Four female scientist at student and
postdoc level (Mona Frommert, Paula Jofre-Pfeil,
Paola Rebusco, Vivienne Wild) gave short talks
and were really peppered with questions by the
girls. More general information about the “Girls’
Day” can be found at: http://www.girls-day.de

talks during the Girls Day, April 26, 2007



2 Scientific Highlights

2.1 The magneto-rotational
instability in supernova cores

Having exhausted its thermonuclear fuel in con-
secutive burning phases a star of more than about
eight solar masses develops a growing core consist-
ing predominantly of iron group nuclei. Eventually
this core collapses from a radius of a few 1000 to
several tens of kilometers within a few 100 mil-
liseconds. The collapse comes to an abrupt halt
due to repulsive nuclear forces, when the density
in the core’s center exceeds that of nuclear matter.
As a consequence of this so-called bounce a proto-
neutron star forms, and a shock wave is launched.
Propagating through the surrounding matter the
shock wave uses up most of its energy to dissoci-
ate iron group nuclei into free nucleons. A huge
amount of gravitational binding energy is released
during the collapse and emitted by the star in form
of neutrinos. However, a small part of the binding
energy ( 1%) is transfered from the escaping neutri-
nos to the matter behind the shock wave, thereby
reviving the stalled shock and triggering a super-
nova explosion.

Despite considerable improvements of the nu-
merical models, the explosion mechanism of core
collapse supernovae is not yet understood in full de-
tail. The main difficulty arises from the necessity
of an accurate treatment of the radiation hydro-
dynamics of the stellar plasma and the neutrinos,
which is technically extremely demanding. Fur-
thermore, we have only an incomplete knowledge
of the physics of matter at and particularly well
above nuclear matter density. We are also still un-
certain regarding the potential importance of var-
ious additional physical effects, among those stel-
lar rotation and magnetic fields being possibly the
most important ones.

Previous studies focusing on the potential influ-
ence of magnetic fields have shown that they can
alter the dynamics of the explosion significantly.
Magnetic field can cause rapid transport of angular
momentum and collimated outflows, if they are suf-
ficiently strong already before collapse. Although
current stellar evolution models predict relatively
weak pre-collapse magnetic fields, there is the pos-
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sibility that the pre-collapse fields are strongly am-
plified during the post-bounce evolution by hydro-
magnetic instabilities. In particular, the magneto-
rotational instability (MRI) may amplify the mag-
netic fields to a dynamically important strength,
if there is considerable differential rotation in the
core, a condition that is almost certainly fulfilled
after core bounce.

A rotating fluid endowed with a weak magnetic
field is unstable against the MRI if its angular ve-
locity decreases with radius. In this case, seed
perturbations grow exponentially. They saturate
when their energy becomes comparable to that of
the unperturbed background. Then, the flow be-
comes turbulent, and efficient transport of angular
momentum due to magnetic (Maxwell) stresses sets
in.

The role of the MRI in astrophysical systems
has been studied in great detail for accretion discs
around compact objects. MRI-driven turbulence
is supposed to be the main agent by which fluid
elements lose their angular momentum, enabling
them to spiral onto the compact object. This asser-
tion is based on a large number of analytic studies
and numerical simulations. However, as the struc-
ture and physical properties of stars and accre-
tion discs are qualitatively different, and as there is
a lack of detailed simulations taking into account
their specific properties, the possible impact of the
MRI on stars and, in particular, on supernova cores
is unclear.

One of the main difficulties in numerical sim-
ulations of the MRI results from the dependence
of its growth rate on the wavelength of the un-
stable mode. All modes of wavelength A\ longer
than a certain threshold A, grow exponentially,
but rapid growth is only encountered for A 2 Apin.
The wavelength of fastest growth is proportional to
the initial magnetic field strength. Thus, only very
short modes (wavelengths of several centimeters)
grow rapidly for the field strengths one expects in
supernova cores.

In a simulation, it is necessary to use a compu-
tational grid where the fastest growing modes are
resolved by at least a few zones. Since Apip i sev-
eral orders of magnitude smaller than the radius of
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the core, the simulation has to cover an large range
of spatial scales. Furthermore, realistic simulations
of the MRI are necessarily of three dimensional na-
ture, i.e., the resulting computational requirements
exceed the resources of current day computers.
Hence, the study of the MRI has to be split in two
parts. Local simulations focus on the fastest grow-
ing, shortest wavelengths of the MRI using highly
resolved simulations of a small, representative part
of the entire system taking into account the influ-
ence of the not modelled larger scales by suitably
chosen boundary conditions. Global simulations
treat the large length scales of the problem either
by neglecting the subtleties of the MRI physics at
small scales at all or by approximating this physics
with a suitable sub-grid model. Up to now, global
MHD supernova simulations have employed unre-
alistically strong initial magnetic fields relying on
an efficient amplification of a much weaker seed
field by the MRI on sub-grid scales.
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Figure 2.1: Color coded radial component of the magnetic
field in units of 101* G for an axisymmetric MRI model at
time ¢ = 2.4ms. The white lines are poloidal field lines.
The abscissa and ordinate correspond to the radial and the
vertical (z) axes of the computational grid, respectively.

We study the evolution of the MRI in super-
nova core collapse using local simulations, both in
axisymmetry and in three dimensions, neglecting
neutrino transport and using a simplified equation
of state. Our computational grid covers a region of
about one or two kilometers cubed in the equato-
rial plane of a core. We use shearing-disc bound-
ary conditions, i.e., a version of the shearing-sheet
boundaries used in simulations of accretion discs
that allow us to include global gradients of, e.g.,
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Figure 2.2: Same as Fig. 2.1, but at time ¢ = 11.7ms.

the density. In the following, we describe the evo-
lution of models with a uniform vertical initial field.

Our axisymmetric simulations confirm the rapid
growth of seed perturbations on a time scale of
about ten milliseconds, unless the MRI is sup-
pressed by a stable entropy gradient. The growth
of the instability proceeds through the develop-
ment of channel modes, radial flows of alternat-
ing orientation stacked along the vertical direction
which lead to a stretching of the magnetic field
along the channels, thereby causing a large radial
magnetic field component (see Fig.2.1).

These channel flows are fairly stable; in fact,
they are known solutions of the axisymmetric
MHD equations. No breakdown of these coher-
ent flows into small scale turbulence is observed,
and the MRI does not saturate. Instead, the
channels merge as the field strength grows, and
at late epochs the flow is dominated by a small
number of large-scale up-flows and down-flows (see
Fig.2.2). Not limited by turbulent saturation,
the field strength reaches several 10'® G before
Maxwell stresses lead to a rapid transport of an-
gular momentum, disrupting the initial rotational
profile.

Relaxing the assumption of axisymmetry, we
find that after an initial epoch of channel flow me-
diated MRI growth parasitic instabilities of, e.g.,
Kelvin-Helmholtz type dissolve the channel modes
into small scale turbulence (Fig.2.3). At this point,
the growth of the instability saturates. Despite the
lack of coherent structures the Maxwell stresses
are only slightly weaker than in the axisymmet-
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Figure 2.3: Volume rendered magnetic field strength of a
3D MRI model at time ¢ = 35.1 ms. The arrows indicate the
coordinate axes: the red, blue, and green arrows correspond
to the radial, vertical, and angular direction, respectively.

Figure 2.4: Same as Fig. 2.3, but at time ¢t = 52.5 ms.

ric model, and the resulting angular momentum
transport is able to modify the rotational profile
considerably on time scales relevant for the explo-
sion, i.e., within several tens of milliseconds.

Even after the disruption of the channel flows
into small scale turbulence, coherent structures
can develop in the flow by spontaneous self-
organization. We observe the reappearance of
channel-like flows in one of our models after about
50 milliseconds (Fig.2.4), the flow pattern being
roughly axisymmetric and extending over the en-
tire computational domain. The consequences are
similar to that of a channel flow in axisymmetry:
huge Maxwell stresses grow, disrupting the rota-
tional profile within a few milliseconds. For dif-
ferent initial field configurations or different en-
tropy gradients the evolution is considerably dif-
ferent. In particular, we observe the development
of magneto-convective modes for Rayleigh-Taylor
unstable stratifications.

From our simulations we can conclude that the
MRI in a supernova core can grow fast enough
to affect the explosion dynamics. It will am-
plify weaker initial fields than the ones typically
assumed in global simulations leading to strong
Maxwell stresses. However, to assess the detailed
dependence of the amplification on the (global)
parameters of the system, further investigations
are needed. (Martin Obergaulinger and Ewald
Miiller).

2.2 Detecting solar gravity
modes: a challenge to probe
the solar core

Helioseismology is a fantastically accurate way to
probe the solar interior. The internal structure and
dynamics of the Sun are revealed by observations
of oscillation modes visible at its surface as fluctu-
ations of intensity or velocity. For instance, ana-
lyzing acoustic modes (known as ‘p modes’ since
they are driven by pressure forces) provides a de-
tailed sound-speed profile deep inside the Sun, very
close to the centre (down to 0.05Rg ). Helioseismol-
ogy allows an accurate measurement of the position
of the base of the convective envelope, provides
a precise value of the surface helium abundance,
and even puts strong constraints on neutrino fluxes
originating in the nuclear core. Dynamical proper-
ties of the solar interior are also derived from p
modes. The rotation rate is accurately measured
in almost the whole convective zone, and also in
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the radiative region down to 0.2Rg. Unfortunately
observed p modes do not carry information on the
rotation below this limit: since the radial modes
(i.e., the modes with degree | = 0, which are the
most penetrating) are insensitive to rotation. The
most penetrating modes which are sensitive to the
rotation are dipolar (I = 1) modes which cannot
put constraints on the rotation below 0.2R.

Going deeper requires the detection of another
class of oscillation modes: the gravity modes (or
‘g modes’), driven by the buoyancy force. These
modes have long periods (greater than 40 min.)
compared to p modes which have typical periods
of 5 minutes. They are trapped below the con-
vective envelope, within the radiative region, and
reach the surface as evanescent waves with very
small amplitudes. Detecting these tiny oscillations
is highly challenging but remains the best — if not
the only — way to constrain properties of the very
deep core of the Sun. Since 1976, solar g modes
have been hunted without success. This year, by
using 11-year-long data provided by the GOLF
(Global Oscillations at Low Frequency) instrument
aboard the SoHO spacecraft, a collaboration of Eu-
ropean scientists from the Service d’Astrophysique
in CEA (Saclay, F), the Max-Planck Institut fiir
Astrophysik, the Instituto de Astrofisica de Ca-
narias (Tenerife, E) and the Observatoire de la
Cote d’Azur (Nice, F) have made the first unam-
biguous detection of a signal fully compatible with
g modes. GOLF is a resonant scattering spec-
trophotometer designed to measure the mean line-
of-sight velocity displacements of the solar photo-
sphere. Thus it provides long time series of veloc-
ity fluctuations, from which an oscillation power
spectrum is directly obtained by Fourier analysis.
Instead of searching for ¢ modes directly in the
oscillation spectrum as peaks or multiplets, this
team has looked for the cumulative effects of sev-
eral [ = 1 g modes (I = 1 modes must have the
highest apparent amplitudes). Gravity modes with
the same degree [ are expected to have almost reg-
ularly spaced periods. This constant spacing, de-
noted AP, is usually called the ‘large separation’
and different solar models predict values of AP;
within a range of 22-27 min. Such a periodicity
should be detected in the ‘second spectrum’, de-
fined as the Fourier spectrum of a selected range
(for this study, a typical range of 2—-10 hours) of the
oscillation spectrum. Figure 2.5 shows the second
spectrum obtained with GOLF data compared to a
model. A clear peak appears around 24 min, where
AP, is expected. A statistical study confirms the
high significance of the peak.
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Figure 2.5: Second spectrum, normalized by the standard
deviation of noise, obtained with real GOLF data (top).
It is compared with synthetic data derived from a model
(bottom). The strong peak around 24 minutes is interpreted
as the large separation of dipolar g modes AP;.

A detailed analysis of the amplitudes and the
phases of relevant peaks in the second spectrum
makes it possible to reconstruct a signal which can
be compared to predictions of g modes deduced
from different solar models. The detected g-mode
signature is compatible with models using the old
standard solar surface abundances, but not with
models assuming new metal-poorer abundances,
as recently revised by Asplund and collaborators.
This result is in agreement with results deduced
from p modes. Moreover, the detected signal ap-
pears to favor models with a core, below ~0.1-
0.15R@, spinning on average several times (typ-
ically 3-5) faster than the surrounding radiative
region. Finally this detection can be explained
only if ¢ modes do not appear in the oscillation
spectrum as narrow peaks but if they have non-
negligible widths. This is the case if their lifetimes
are finite, if they are re-excited for instance at the
base of the convective zone, or if they are split by
magnetic effects.

This new detection will stimulate further the-
oretical studies of the rotation and the magnetic
field deep inside the Sun and also further observa-
tional analyses with current and next-generation
instruments. (Jerome Ballot)

2.3 The properties of Type la
Supernovae exposed

Type Ia Supernovae are the explosion of a White
Dwarf star, the residual core of a star with an ini-
tial mass of 3-8 solar masses. When such stars ex-
haust their fuel, they expand and eject their outer
envelope in a Planetary Nebula, leaving behind the
hot inner part, a White Dwarf with a mass of about
a solar mass. If left to itself, a White Dwarf would
just cool off. However, if it is part of a binary sys-
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tem the White Dwarf may accrete mass from the
companion star. White Dwarfs can explode if they
reach ~1.4 solar masses, because then electron de-
generacy pressure, which keeps the star from col-
lapsing under its own gravity, loses its battle.

White Dwarfs are composed of Carbon and Oxy-
gen and substantial nuclear energy is still available.
As the White Dwarf begins to collapse this mate-
rial is ignited, and rather than collapsing further, a
nuclear blast wave consumes the star in a second,
creating an explosion 5 billion times brighter than
our Sun. SNe Ia are the brightest of all SNe, but
their luminosity varies by almost a factor of ten.
However, since dim SNe Ia brighten and fade very
quickly, whereas luminous ones do so much more
slowly, it is possible to calibrate their luminosity.
SNe Ia can give distances which are good to about
7% - equal to the best of astronomical distance in-
dicators.

Using SNe Ia to measure cosmological distances,
in 1998 two groups realized that the expansion of
the Universe is currently accelerating. This only
makes sense if the Universe is filled with some form
of Dark Energy not unlike the Cosmological Con-
stant which Einstein suggested might work against
Gravity to make the Universe stable. In this, the
simplest explanation for the accelerating Universe,
Dark Energy is tied to space itself: space has an
energy associated with it, and as space doubles in
volume the amount of dark energy per volume re-
mains fixed (whereas the density of matter drops
as the volume increases).

Given the importance of these results, if we are
to trust them, and better yet improve on them,
we need to understand how exactly SNe la ex-
plode, what is the nature of their progenitors, and
how predictable is the explosion. This is not sim-
ple. While it is clear that the explosion will com-
pletely disrupt the White Dwarf and produce a
large amount of heavy elements, many competing
theories have been proposed as to how exactly this
happens. It is the production of heavy elements
that makes the SN bright. The heaviest element
that can be produced is °Ni. This is a radioac-
tive isotope that decays into °6Co with a half-life
of ~8 days, and thence to *’Fe — a stable isotope —
with a half-life of ~77 days. These decays produce
?-rays and positrons that deposit their energy in
the exploding star, producing optical light. Thus,
the luminosity of a SN Ia indicates how much %6Ni
was produced. In a typical SN Ia, about half of the
mass of the White Dwarf is transformed to %°Ni.
This mass is however not constant, as the variation
in SN luminosity indicates. The challenge is now

to understand what makes the SN produce differ-
ent amounts of °6Ni, and what makes the observed
relation between luminosity and ligh curve shape.

Theoretically, there are two ways to explode a
White Dwarf. A supersonic explosion (a detona-
tion) can transform the entire star into °°Ni in
less than 2 seconds, producing plenty of energy to
explode the star and lots of light. However, the
outcome of such an explosion will always be the
same, and the SN would be made only of Nickel,
Cobalt and Iron, defying observations that a) the
56Ni mass varies, and b) intermediate mass ele-
ments such as Silicon are also present. These ele-
ments are the product of partial burning. One way
to obtain partial burning is for the star to expand
as it explodes. This can happen in a subsonic ex-
plosion (a deflagration). In this case the explosion
proceeds more slowly, energy is deposited in the
White Dwarf, which begins to expand while burn-
ing is still taking place, so that by the time the
outer layers burn the density is too low for them
to burn completely (Fig. 2.6).

This scenario explains most observations, but
even the most refined 3D calculations seem un-
able to match the properties of observed SNe: they
never produce enough energy. 7 As often happens
in astronomy, a clue to the way out of a conundrum
is offered by data. In the last 10 years, several cor-
relations have been found for SNe Ia beyond that
between luminosity and light curve shape. In par-
ticular, we showed that the width of the nebular Fe
emission lines in spectra about 1 year after the ex-
plosion also correlates well with the SN luminosity.
These lines reflect the presence and distribution of
56Ni. The observed correlation then indicates that
56Nj is produced in the centre of the SN, and that
the more it is produced, i.e. the more of the star
is burned, the bigger is the °°Ni sphere.

On the other hand, to probe the outer part of the
SN very early data are essential. We thus embarked
on a major observational programme, which led to
a EU-RTN, to observe SNe Ia with high precision
and frequent time coverage. In fact, as the SN ex-
pands, deeper and deeper layers of the ejecta be-
come visible. We wanted to obtain scans of the SN
ejecta similar to tomography, hoping that mapping
the burning products would show us what the cor-
rect burning mechanism was, and hopefully point
to the nature of the progenitor.

In order to assess with any accuracy the proper-
ties of the explosion, the observations must be re-
produced with theoretical models. We have devel-
oped over the years codes that describe the physics
of SN light curves and spectra, and with the help of
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Figure 2.6: The Zorro Diagram: Distribution of the prin-
cipal isotopic groups in SNe Ia. The enclosed mass of differ-
ent elements is shown versus decline rate A m(15), a proxy
for SN luminosity. In the deepest part of all SNe, a roughly
constant amount of stable Fe and Ni is found. 36Ni (filled
circles) is correlated with SN luminosity: slow decliners have
more. The sum of all Fe-group isotopes (triangles) deter-
mines the opacity. Silicon, which represents Intermediate
Mass Elements, is located outside the Fe-group elements,
and its outer extent (crosses) is similar for most SNe.

theoretical explosion models we matched the data
with very good precision. This gives us confidence
that we understand the ingredients we used late-
time spectra to study the composition of the inner
ejecta, and early-time spectra to derive the com-
position of the outer ejecta. The result was very
surprising. In the innermost part, all SNe Ia con-
tain initially not only °°Ni, which decays to ®6Co
and °6Fe, but also a small but constant amount
of other stable iron-group isotopes, which do not
make the SN bright. The 56Ni content is highly
variable, ranging from 1/10 the mass of the Sun to
a solar mass. We established that the outer bound-
ary of the distribution of °Ni is directly linked to
the amount of ®®Ni produced. This means that es-
sentially all the inner part of the star is completely
burned. Already this suggests some degree of self-
organization of the explosion.

The next step of the investigation was to deter-
mine the location of silicon. This represents the

partially burned material, which is visible early-on
in SN Ia spectra and is therefore produced in the
outer layers. Following the evolution of the spec-
tra, we determined the innermost location where
Si is present. In an explosion, the outer material
moves faster. Material moving in our direction pro-
duces blue-shifted absorption lines. The observed
decrease of the blueshift over time indicates that
material of progressively lower velocity, located in
deeper layers of the ejecta, is causing the absorp-
tion. Meanwhile, material that is further out be-
comes too dilute to absorb radiation. We found
that the minimum velocity of silicon is highly vari-
able from SN to SN, but it coincides very well with
the outer Fe velocity. This again indicates that
complete burning (to iron) incinerates the inner
part of the White Dwarf.

The absence of incomplete burning products and
of unburned material in the deepest layers is a chal-
lenge for even the most advanced 3D deflagration
models. To establish the extent of the silicon dis-
tribution (i.e. of incomplete burning) it is neces-
sary to determine the outer velocity of silicon is
lower. This can be obtained from the earliest data,
when the highest velocity material is visible. Sur-
prisingly, we found that almost all SNe have the
same maximum silicon velocity. This means that
roughly a constant fraction of the star is burned,
either completely (to iron) or incompletely (to sil-
icon), regardless of the SN luminosity. Thus, the
explosion seems to be able to regulate itself, so that
if less complete burning occurs, it is compensated
by more incomplete burning, and vice versa.

This behaviour suggests that a particular type of
explosion, called delayed detonation, is responsible
for most, possibly all SNe Ia. In this mode the ex-
plosion starts subsonically, burning the inner part
of the star to iron group isotopes. However, before
burning dies, a detonation sets in that destroys the
rest of the star. If the transition from subsonic to
supersonic burning takes place at high densities, as
would be the case if the deflagration was weak, then
the detonation burns most of the White Dwarf at
high density to iron-group isotopes. Otherwise, if
the deflagration was strong and the star expanded
sufficiently, the detonation occurs at low density
and it can only partially burn the star - to silicon
and other Intermediate Mass Elements. Still, in
both cases what we see indicates that most of the
star is burned. The details of the explosion still
need to be understood, but our results are likely
to have identified the single mechanism that is re-
sponsible for the explosion. (Fig.2.7) If a single,
predictable explosion mechanism creates the large
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Figure 2.7: Delayed detonation model of Type Ia super-
nova explosions. This snapshot from a three-dimensional
simulation (Répke & Niemeyer, 2007) shows the detonation
front (white isosurface) wrapping around the nuclear ashes
left behind from the deflagration phase (deflagration flame
shown in blue) and burning most of the remaining fuel ma-
terial. The extent of the white dwarf star is shown as the
density contour in the equatorial plane.

observed spread of SN properties by just changing
one parameter, the initial strength of the explo-
sion, we can confidently and accurately calibrate
the luminosity of SNe Ta and use them as bright
beacons with which we can explore the depth of
the Universe (Paolo Mazzali).

2.4 Lya heating and its impact
on early structure formation

The study of the high redshift intergalactic
medium (IGM) has recently attracted increasing
attention as the new generation of low frequency
radio telescopes, e.g. LOFAR, MWA and PAST/21cmA,
promises to open an unexplored observational win-
dow on the high-z universe. In fact, these facili-
ties should be able to detect the 21 cm line asso-
ciated with the hyperfine transition of the ground
state of neutral hydrogen, either in absorption or
in emission against the Cosmic Microwave Back-
ground (CMB) radiation. In order for the line to
be visible, the spin temperature, which regulates
the population of the levels, needs to be decoupled
from the CMB temperature. While at z > 20 col-
lisions efficiently decouple the two temperatures,
at lower redshift scattering with the Ly« photons
emitted by the first stars is the most efficient pro-
cess. In addition, Lya photons could be able to
heat the IGM temperature above the CMB temper-
ature and render the 21 cm line visible in emission.

The advantage of Lya photons over other heating
sources, such as x-rays, is that the Ly« photons can
travel cosmological distances and quickly build up
a more homogeneous background.

The IGM heating from Ly« photons can also
have a feedback effect on structure formation. In
the standard cosmological scenario, the first ob-
jects to collapse typically have small masses, cor-
responding to virial temperature T,;. < 10* K. The
formation and evolution of these structures is heav-
ily affected by feedback effects. It has been noted
that objects with virial temperatures of few thou-
sand degrees forming in an IGM pre-heated by Ly«
photons, would have a reduced post-collapse over-
density and would be more vulnerable to feedback
effects such as molecular hydrogen dissociation and
photoevaporation.

All this makes it worthwhile to investigate fur-
ther the effect of Lya photons on the IGM temper-
ature evolution.

MPA scientists, in collaboration with R. Sal-
vaterra (Universita Milano Bicocca), have esti-
mated the Lya background, J,, expected from
the first stars, assuming that they are metal-free.
Two different stellar mass distributions (or Initial
Mass Functions, IMFs) have been considered: Very
Massive Stars (VMS) with mass of 300 Mg and a
Salpeter IMF. It is found that at the highest red-
shifts a VMS IMF may dominate the photon pro-
duction, while at z < 26 the situation may be re-
versed because of the contribution from the small-
mass long-living stars. The background J, has
been used to calculate the evolution of the IGM
temperature, T}, determined by Lya photon heat-
ing. In Figure 2.8 the temperature evolution is
plotted as a function of redshift for a VMS (up-
per panel) and Salpeter (lower) IMF. The solid
line represents the IGM temperature in the absence
of Lya heating. As expected, the temperature is
higher with a Salpeter IMF, reflecting the behavior
of the Lya photon production.

Lya heating can have a feedback effect on the
formation of small mass halos. To study the im-
pact of Lya feedback the IGM entropy, K;jgy =
T/ n%? > can be compared with the entropy
generated by gravitational shock heating, Ky =
Tvir/n(rvir)2/3, where nray is IGM number den-
sity, while Ty, and n(ry;-) are the virial tempera-
ture and the number density at the virial radius of
a halo. As the ratio K;ga/ Ko increases, the Jeans
smoothing effects due to the IGM entropy become
more significant, the central pressure and density
of the halos decrease, together with the accreted
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Figure 2.8: Temperature evolution for VMS (upper

panel) and Salpeter (lower panel) IMF. The IGM temper-
ature is plotted (dotted lines), together with the value in
the absence of Lya heating (solid). Thick (thin) lines refer
to the case in which the feedback effect on structure forma-
tion from Ly« photons is included (excluded) (see text for
details).

gas fraction and gas clumping. As a consequence,
the amount of gas going into stars is likely to de-
crease and the halo becomes more vulnerable to
feedback effects. Because of the reduced amount
of gas available for star formation, also J, and T}
become smaller (see Fig. 2.8 thick dotted line). As
an example, the gas fraction in halos of mass in the
range 10° — 5 x 10° M, (depending on redshift) is
less than 50% (for the smallest masses this fraction
drops to 1% or less) compared to a case without
Lya heating.

As already discussed, heating of the IGM from
Lya photons has important consequences for the
observation of 21 cm line from neutral hydrogen.
The quantity that the planned generation of radio
telescopes will observe is the differential brightness
temperature, 673, between the CMB and a patch
of neutral hydrogen. For HI with optical depth 7
and spin temperature Ty at redshift z, §73 can be
written as:

Ts — TomB

(5Tb:(1—e_7) 112

(2.1)

The value of the spin temperature is crucial for
the observability of the line and depends on Ty,
Ty, and J,. In particular, as is clear from the above
equation, the line becomes visible only if T is dif-
ferent from Tcng, otherwise 67, = 0 and there is
no signal. If Teyp > T then 07T, < 0 and the line
can be seen in absorption against the CMB, oth-
erwise it is in emission. The expected evolution of
temperatures and 67} is shown in the upper and
lower panel of Figure 2.9, respectively. Here the
spin temperature is shown as a function of redshift
together with Toyp and Ty, in the absence of a Lya
background (upper and lower dotted-dashed lines,
respectively). The dotted line is T in the absence
of a Ly« background, while the solid (dashed) lines
are for a Salpeter (VMS) IMF. In all cases the ef-
fect of the Lya feedback is included.

The presence of a Ly« background is crucial for
the observability of the line, as Lya photon scat-
tering is extremely efficient in coupling the spin
temperature to the gas temperature (dashed and
solid lines compared to the dotted line in the up-
per panel of Fig. 2.9). Without Lya background
T, would be equal to Tomp below z ~ 20 and, as
a consequence, §1, = 0. Nevertheless this mech-
anism is not able to heat the IGM above Tcump
before z ~ 15. Thus, if Lya photons are the only
heating source in the early universe and the reion-
ization process is ongoing at very high redshift, we
expect to observe the 21 cm line in emission only
when the IGM is substantially ionized, while at
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Figure 2.9: Upper panel: Evolution of the spin tempera-
ture for a Salpeter (solid lines) and a VMS (dashed) IMF,
and in the absence of a Lya background (dotted). Tcwmp
and T} in the absence of a Lya background are plotted as
upper and lower dotted-dashed lines, respectively. Lower
panel: Evolution of the differential brightness temperature.
Lines are the same as in the upper panel.

earlier times we expect to observe it in absorption.
In the absence of Ly« feedback, the heating by Ly«
photons is effective in raising the IGM temperature
above Topp already at z ~ 17.

In summary, once the IGM is heated by the Ly«
photons above the CMB temperature, the 21 cm
line associated with the hyperfine transition of the
ground state of neutral hydrogen can be visible in
emission against the CMB. This happens at z < 15,
while at higher redshift, in the absence of other
heating sources (e.g. x-rays) we expect to observe
the line in absorption. Thus, for the detection of
the emission line, the reionization history becomes
critical as the peak of the emission (in terms of
fluctuations of the differential brightness tempera-
ture) is expected when roughly half of the volume
is ionized but the ionized regions do not completely
overlap.

Lya heating also affects the subsequent forma-
tion of small mass objects by producing an entropy
floor that may reduce the central pressure and den-
sity of gas within halos, as well as the accreted gas
fraction and clumping, thereby of decreasing star
formation in the halos and rendering them more
vulnerable to molecular hydrogen dissociation and
photoheating. (Benedetta Ciardi)

2.5 Fine-scale structure of Dark
Matter haloes

Although there is much observational evidence for
Dark Matter (DM), only its gravitational effects
have so far been detected and its nature remains
unclear. Particle physics provides us with some
natural DM candidates, for example, the lightest
supersymmetric partner of the known particles or
the axion. Even though such WIMPs (Weakly In-
teracting Massive Particles) are very weakly inter-
acting, there are both direct and indirect detec-
tion schemes which may soon reach the sensitiv-
ity needed to see them. Direct detection is based
on elastic scattering of the DM particles off nu-
clei in a laboratory detector (for SUSY WIMPS)
or on resonant interactions with photons in a mi-
crowave cavity (for axions). Indirect detection ex-
ploits the expectation that DM particles can an-
nihilate, producing observable gamma-rays. Both
schemes have already been used to hunt for DM,
but with only one highly controversial claim of a
detection to date.

Since the cross-sections of DM particles are
extremely small, all detection experiments have
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Figure 2.10: An illustration of the fine-grained phase-
space structure expected for Cold Dark Matter (CDM).
CDM particles are found only at positions and velocities
on the thick line. Effectively they occupy a 1-dimensional
subregion of this 2-dimensional phase-space (in reality this
would be a 3-dimensional subspace of 6-dimensional phase-
space). The thickness of the line reflects the very small ini-
tial velocity dispersion of the CDM particles. At early times
when the density field is near-uniform, there is only one
stream at each point. As overdensities collapse, the phase-
space sheet winds up. This produces multiple streams at
positions within nonlinear objects. At locations where the
number of streams changes, the CDM density is very high.
These are so-called caustics and are well known from geo-
metrical optics and catastrophe theory.

to overcome substantial backgrounds and a good
knowledge of the expected signal would be very
helpful in isolating it. Predicting the signal re-
quires input from two main sources: particle
physics and astrophysics. Particles physics spec-
ifies the range of cross-sections and masses and as-
trophysics provides information on the distribution
of DM particles.

Both direct and indirect detection schemes are
sensitive to fine-scale features in the DM distribu-
tion. The DM is apparently cold: at early times,
before nonlinear structure collapsed, its velocity
dispersion at each point was very small. Evolu-
tion from such initial conditions produces streams
and caustics within later nonlinear structures (see
2.10). Low stream numbers at any given location
can result in a clumpy distribution of velocities,
while caustics can give rise to very high local CDM
densities. These features may influence the ex-
pected signal in direct and indirect detection ex-
periments. For example, caustics might boost up
the annihilation flux due to their high density.

Currently it is not clear how important these
small-scale features really are. A large number of
streams, for example, will result in a smooth veloc-

ity distribution with no distinct features due to in-
dividual streams. If caustics form from low-density
streams, the effective boost factors may be negli-
gible. Previous attempts to estimate these effects
have been very limited, relying on highly simplified
models for the DM distribution.

The main tool which modern cosmologists use
to study the nonlinear regime of cosmic structure
formation is direct numerical simulation. So-called
N-body simulations follow the motions of a set of
“particles” which can be considered as a Monte-
Carlo sampling of the underlying DM distribution.
Such simulations are limited by the available com-
puting resources to a sparse sampling of the DM
phase-space, and it is not possible to resolve the
fine-scale structure of individual sheets and caus-
tics at the level needed to address the DM signa-
tures expected in current direct and indirect de-
tection experiements. For example, the caustics in
the main body of the Milky Way’s halo cannot be
resolved by current simulations. Even the largest
so far are at least four orders of magnitude below
the required particle numbers.

In order to make progress on these problems,
Mark Vogelsberger, Simon White, Volker Springel
(all MPA) and Amina Helmi (University of Gronin-
gen) invented a new technique which is able to
resolve these structures in current state-of-the-art
simulations of evolution from general CDM initial
conditions. Their new method is based on eval-
uating the geodesic deviation equation along the
trajectory of each individual DM particle. This
means, in simple terms, that each particle is sur-
rounded by a virtual cloud of close neighbors and
the code follows the distortion of this small cloud
as the particle moves. The density of the stream in
which a particular DM particle is embedded can be
calculated from the distortion tensor that describes
the deformation of its virtual cloud. Whenever the
particle passes through a caustic, its cloud turns
inside out. This can be detected as a sign change
in the determinant of the distortion tensor. This
new approach allows the fine-grained phase-space
structure to be studied in cosmological simulations
for the first time.

This new technique has been implemented
within the current version of Volker Springel’s
GADGET code. This task is quite straightforward
since the method only requires an additional differ-
ential equation to be solved for each particle. This
is the tensor differential equation that describes
how the distortion tensor evolves, as driven by the
gravitational tidal field. Further modifications of
the simulation code make it possible to track caus-
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Figure 2.11: This plot shows the median number of caus-
tics passed after a given amount of evolution by particles
at each radius within a spherically symmetric model halo.
The red line is calculated for test particle orbits in the exact
smooth potential, whereas the green line shows results for
an N-body simulation of the same system. There is excel-
lent agreement down to the resolution limit of the simula-
tion, demonstrating that caustics can indeed be identified
robustly in a full N-body simulation.

tics in a very robust way. It turns out that the iden-
tification of caustics in the DM density distribu-
tion does not suffer much from numerical artifacts.
This is demonstrated in Fig. 2.11 which shows a
test calculation using a spherically symmetric halo
model. The median number of caustics passed af-
ter a given evolution time is plotted as a function
of particle distance from halo centre. This num-
ber is higher in the inner regions where dynamical
time-scales are shorter. A test particle calculation
carried out in the exact, smooth gravitational po-
tential (red) is compared to the result of the GAD-
GET integration of the full N-body system (green).
It is striking that agreement is almost perfect. De-
viations show up only below the softening length
of the simulation. This demonstrates that caustic
identification is very robust. The stream density
itself is somewhat more sensitive to numerical pa-
rameters, but a comparison between smooth and
N-body integrations shows reasonable agreement
here also, provided care is taken to use an appro-
priate softening.

A straightforward application of this method is
to estimating annihilation boost factors due to
caustics. Since the technique directly reveals the
stream density for each particle, the intra- and
inter-stream annihilation rates can be integrated
up along its trajectory. Summing these rates over
a given time period produces an estimate of the to-
tal annihilation flux, including that due to caustics.
This can be compared to the estimate based on
the local mean density (and ignoring streams and
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Figure 2.12: Stream density decrease for orbits in spher-
ically symmetric (blue) and triaxial (red) NFW DM halos.
The underlying halo model is a fit to profiles observed in
cosmological simulations. Triaxiality leads to a more rapid
stream density decrease in the inner halo where the potential
is significantly non-spherical. This implies that individual
streams near the Sun should have low densities, and thus
that many of them are needed to make up the local halo
density. As a result the local velocity distribution of DM
particles should be quite smooth.

caustics) to get the boost factor. Since the caustic
identification is robust, the estimated boost factors
should be accurate. The technique also allows the
structure of annihilation radiation images of CDM
halos to be predicted.

Another application is to estimating the number
of DM streams near the Sun. This is relevant for
direct detection experiments on Earth. A simple
model of the Milky Way’s halo that takes into ac-
count its triaxial shape, can be used to demonstrate
that at least 10° streams should pass through each
point in the solar neighbourhood. This large num-
ber is a consequence of the rapid decrease in stream
density as DM particles orbit within the halo. It
turns out that stream densities in general decrease
as 1/(t/torvital)® (Fig. 2.12), and that some chaotic
orbits are expected for which the stream density
decreases even faster (quasi-exponentially). Thus
a very large number of streams is required to make
up the local mean halo density. Direct detection
experiments should discover a smooth distribution
of DM particle velocities, with no evident signals
from individual streams. (Mark Vogelsberger and
Simon White)
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2.6 Cosmology and imaging the
cosmic mass distribution

The stars and gas seen in galaxies account for only
a few percent of the material in the Universe. Mea-
surements indicate that 24% of the mass is in the
form of dark matter — an apparently invisible form
of matter never yet seen on Earth. Even stranger is
the recent discovery that about 72% of the density
consists of dark energy — an unknown material that
is causing the expansion of the universe to acceler-
ate. The natures of these two substances are the
most central questions in cosmology today. Many
observational techniques, telescopes and satellites
have been used To study their properties and many
others have been proposed for the future. We have
found that perhaps the most promising method
for investigating both these mysteries is through
studying the gravitational lensing of radiation com-
ing from the hydrogen atoms that existed before
the first stars and galaxies formed.

As light travels to us from distant objects its
path is bent slightly by the gravitational effects of
the things it passes. This effect was first observed
in 1919 for the light of distant stars passing close
to the surface of the Sun, proving Einstein’s the-
ory of gravity to be a better description of reality
than Newton’s. The bending causes a detectable
distortion of the images of distant galaxies anal-
ogous to the distortion of a distant scene viewed
through a poor window-pane or reflected in a rip-
pled lake. The strength of the distortion can be
used to measure the strength of the gravity of the
foreground objects and hence their mass. If dis-
tortion measurements are available for sufficiently
many distant galaxies, these can be combined to
make a map of all the foreground mass.

This technique has already produced precise
measurements of the typical mass associated with
foreground galaxies, as well as mass maps for a
number of individual galaxy clusters. It never-
theless suffers from some fundamental limitations.
Even a big telescope in space can only see a lim-
ited number of background galaxies, a maximum
of about 100,000 in each patch of sky the size of
the Full Moon. Measurements of about 200 galax-
ies must be averaged together to detect the gravi-
tational distortion signal, so the smallest area for
which the mass can be imaged is about 0.2% that
of the Full Moon. The resulting pictures are unac-
ceptably blurred and are too grainy for many pur-
poses. For example, only the very largest lumps
of matter (the biggest clusters of galaxies) can be

spotted in such maps with any confidence. A sec-
ond problem is that many of the distant galaxies
whose distortion is measured lie in front of many
of the mass lumps which one would like to map,
and so are unaffected by their gravity. To make
a sharp image of all the mass in a given direction
requires more distant sources and requires many
more of them. We have shown that radio emission
coming to us from the epoch before the galaxies
had formed can provide such sources.

About 400,000 years after the Big Bang, the Uni-
verse had cooled off sufficiently that almost all its
ordinary matter turned into a diffuse, near-uniform
and neutral gas of hydrogen and helium. A few
hundred million years later gravity had amplified
the non-uniformities to the point where the first
stars and galaxies could form. Their ultraviolet
light then heated the diffuse gas back up again.
During this reheating and for an extended period
before it, the diffuse hydrogen was hotter or cooler
than the radiation left over from the Big Bang. As
a result, it must have absorbed or emitted radio
waves with a wavelength of 21 cm, the hyperfine
transition of hydrogen. The expansion of the Uni-
verse causes this radiation to be observable today
at wavelengths of 2 to 20 meters, and a number of
low-frequency radio telescopes are currently being
built to search for it. One of the most advanced is
the Low Frequency Array (LOFAR) in the Nether-
lands, a project in which the Max Planck Insti-
tute for Astrophysics is taking a significant role, to-
gether with a number of other German institutions.
A bit further off is the even more ambitious Square
Kilometer Array (SKA) which will have higher res-
olution and sensitivity.

In the pregalactic hydrogen are structures of all
sizes which are the precursors of galaxies, and there
are up to 1000 of these structures at different dis-
tances along every line of sight. A radio telescope
can separate these because structures at different
distances give signals at different observed wave-
lengths. As a result many statistically independent
maps of the hydrogen at different distances can
be made. The gravitational distortions of these
maps will be coherent since they are caused by
the same objects in the foreground. By combining
many maps of the hydrogen a three dimensional
map of the foreground density distribution can be
constructed. This map would contain all the mat-
ter, both dark and light.

Figures 2.14 and 2.15 show one measure of how
well two proposed radio telescopes will be able to
measure the foreground mass distribution. In these
plots are the power spectra of fluctuations in the
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Figure 2.13: Radio telescopes will be able to observe hydrogen gas clouds just a few 100 million years after the Big
Bang, before they turned into galaxies. Optical telescopes can observe galaxies as far back as a few billion years after the
Big Bang. Measurements of the distortion of these images by the gravity of foreground matter allow telescopes of both
types to measure the mass and even to image everything that gravitates.
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Figure 2.14: Forecasts of the lo uncertainties in esti-
mates of the matter surface density power spectrum for
LOFAR after 30 days of integration (blue) and after 90
days of integration (red). The dotted curve is the ex-
pected power spectrum. The surface density is in units
of the critical density. The x-axis is the multipole on the
sky (I ~ 1,000 corresponds to fluctuations on 10 arcminute
scales and [ ~ 10,000 corresponds to fluctuations on 1 arc-
minute scales.) We have assumed that 10% of the sky has
been observed (the noise scales as (sky fraction)~1/2). The
band powers are for bins in ¢ chosen arbitrarily for display
purposes. Wider bins would have smaller noise, but less
resolution in [. The solid straight lines give the noise in
each mode. These lines do not fall significantly below the
expected signal signifying that individual modes will not
be measured with signal-to-noise greater than one, but it
can be seen that their statistical distribution can be well
characterized.

surface density of mass along the line of sight and
their forecasted errors. The surface density is mea-
sured in units of the “critical density” which is a
function only of the average mass and energy den-
sity of the universe. LOFAR should be able to mea-
sure gravitational lensing and measure the power
spectrum of density fluctuations with high signal-
to-noise. SKA will have significantly higher sensi-
tivity. The normalization and shape of the power
spectrum is set by the physics of the very early
Universe. In this way theories such as inflation,
which purports to explain why the Universe is so
homogeneous and how the primordial density fluc-
tuation were seeded, can be tested precisely.

SKA should not only be able to measure the
power spectrum and other statistics of the den-
sity fluctuations very accurately, but also to make
high-fidelity images of the dark matter distribution
with a resolution of several arcminutes. Figure 2.16
shows a simulated map of what should be possible
with SKA resolution. This map was made by run-
ning light rays through the Millennium Simulation,
the largest computer simulation of cosmic structure
formation ever carried out. Even small fluctuations
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Figure 2.15: Same as in Figure 2.14 except for the SKA.
The noise per mode is well below the expected signal in this
case signifying that high-fidelity images of the dark matter
should be possible.

in the density are visible with high signal-to-noise.
Since structure formation on these angular scales
did not begin till well after the reionization epoch
this represent a map of essentially all the structure
that exists along this line of sight.

These measurements would also be able to mea-
sure the evolution in the expansion rate of the Uni-
verse. The expansion rate is determined by the av-
erage energy and mass density in the Universe and
its evolution in time. Dark energy is a substance
whose energy density diminish is less rapidly with
the expansion of the Universe than that of ordinary
matter. Combining SKA data with planned galaxy
lensing surveys (to increase the radial resolution)
would make possible more precise measurements of
dark energy than any other method yet proposed.
The precision with standard dark energy param-
eters are determined would increase by factors of
100s over present-day values.

If a really BIG radio telescope were made, an ar-
ray densely covering a region about 100 km across,
an object similar in mass to our own Milky Way
could be detected all the way back to the time
when the Universe was only 5% its present age.
This telescope would be 100 times the size planned
for densely covered central part of LOFAR, and
about 20 times bigger than densely covered core
of the Square Kilometer Array (SKA) the biggest
such facility currently under discussion. Such a gi-
ant telescope could map the entire gravitating mass
distribution of the Universe, providing the ultimate
comparison map for images produced by other tele-
scopes which highlight only the tiny fraction of the
mass which emits radiation they can detect. This
telescope could make a picture of everything that
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Figure 2.16: A simulated surface density map from gravitational lensing of the pregalactic 21 cm radiation. The field
is 5 degrees by 5 degrees with a resolution of 1 arcminute, approximately the resolution of the core array of the proposed
radio telescope SKA. The visible structures are the dark matter surrounding galaxies and galaxy clusters. This image was
made by PhD student Stefan Hilbert using the Millennium Simulation.
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gravitates which would rival the pictures made by
optical telescopes of everything that shines. (Ben
Metcalf)

2.7 The role of magnetic fields
in gamma-ray burst flows

Gamma-ray bursts (GRBs) are flashes of gamma-
rays distributed isotropically on the sky. There is
about one burst taking place per day; it lasts for a
few seconds and is followed by emission in softer en-
ergy bands, the so-called afterglow. GRBs are be-
lieved to come from catastrophic stellar events that
result in the formation of stellar-mass black holes.
The mechanism that powers the GRB flow remains
debated 40 years after their discovery. Through
previous work at MPA, however, it has become
clear that their puzzling phenomenology is easier
to understand if GRBs are essentially magnetically
driven flows.

The afterglow emission of GRBs allows for their
accurate localization in the sky, identification of
the galaxies where the bursts take place and the
determination of their redshift. With their large
distances (typical redshifts of ~ 2 — 3), GRBs are
extremely powerful cosmic explosions. During the
last decade, a strong observational connection of
supernovae and long-duration (lasting a few tens
of seconds) GRBs has been established. Studies
of the host galaxies provide further compelling ev-
idence for the connection of long duration GRBs
with the end-point of evolution of massive stars.
Although less direct, there is substantial evidence
that short-duration (lasting less than a second)
GRBs come from the coalescence of double neutron
star systems. Both kinds of catastrophic event are
believed to give birth to a black hole that is sur-
rounded by a massive accretion disk. The black-
hole-disk system is, likely, the central engine that
powers these explosions.

The mechanisms responsible for the formation
and the acceleration of the GRB flow remain de-
bated. So are the dissipative and radiative mech-
anisms that lead to the observed radiation. If
the disk is hot enough, it emits copious neutrinos.
Neutrino-antineutrino annihilation in the polar re-
gion of the disk may be the dominant process that
leads to the formation of a fireball, i.e. a flow
initially dominated by its thermal energy. Alter-
natively, if powerful enough, magnetic fields can
efficiently extract the rotational energy from the
disk (or the black hole) launching a magnetically

dominated flow. The burst of gamma rays then re-
sults from internal dissipation of energy in the flow.
The energy dissipation may take place because of
internal collisions of faster and slower parts of the
flow (in the so-called “internal shock” picture) or
dissipation of magnetic energy (in a strongly mag-
netized flow).

Internal shocks in unsteady flows lead to dissi-
pation of energy at the location where the flows
collide. The resulting emission depends on the lo-
cation of the collision and on details of particle
acceleration in the shocks. Dissipation of magnetic
energy carried in the flow has a rather different ef-
fect; it leads to a more gradual energy release over
a wide range of distances from the source. Dis-
sipation of magnetic energy can take place either
directly through reconnection in a flow that con-
tains small scale field reversals or through MHD
instabilities in axisymmetric flows. In the magnetic
dissipation picture, the radiating particles can be
continuously heated and their energy is determined
by balancing heating and (radiative or adiabatic)
cooling rates.

Recently, Giannios and Spruit have explored in
detail the spectrum from such magnetic dissipation
models with both analytical tools and radiative
transfer (Monte Carlo) simulations. For typical
inferred GRB parameters, dissipation takes place
in both Thomson thick and Thomson thin parts
of the flow. Photons that are advected with the
flow are upscattered by hot electrons in the region
of moderate optical depth with respect to Thom-
son scattering leading to powerful emission that
peaks in the ~ 1 MeV energy range. Synchrotron-
self-absorbed emission becomes more important at
larger distance from the source and dominates in
soft X-rays and softer bands. Synchrotron self ab-
sorption provides an efficient channel for energy ex-
change among electrons. As a result the electrons
thermalize effectively (relax to a Maxwell distribu-
tion). This reduces the dependence of the model
on the poorly understood mechanisms of particle
acceleration that operate in the regions where mag-
netic energy is dissipated. The model has just a few
parameters and makes rather robust predictions for
the emitted spectrum. Those predictions have to
be confronted with multi-frequency observations of
the prompt emission that range from optical to ~ 1
MeV gamma-rays. The resulting spectrum agrees
well with that of the typical GRB (Fig.2.17). The
figure shows that the model predicts a large flux in
the GeV range. The GLAST satellite, expected to
be launched this Summer, will be sensitive enough
to probe the ~ GeV emission of the bursts and
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Figure 2.17: Applying the model to multi frequency ob-
servations of the prompt emission of GRB 061121. The
circles stand for the observations of epoch I (just before the
main pulse of the burst) and the stars for those of epoch
II (during the pulse). The solid and dashed curves show
spectra for two different sets of the parameters of the flow
illustrating that the model can account for the broad-band
prompt emission spectra.

provide further tests of the model.

Additional information for the strength of the
magnetic fields in the GRB flow (and, hence, hints
for the mechanism responsible for the formation of
the flow) can come from the study of the afterglow
emission. After the acceleration and GRB emission
phases, the GRB flow interacts with the external
medium and slows down. This interaction is be-
lieved to give rise to the afterglow emission. The
various afterglow phases have been observationally
studied in detail and can probe properties of both
the GRB flow and of the external (circumburst)
medium.

The dynamics of the deceleration of weakly mag-
netized ejecta (as predicted by the fireball model)
has been rather well understood. The interac-
tion of the GRB flow with the external medium
leads to the formation of a forward shock in the
external medium and of a reverse shock into the
ejecta. The reverse shock crosses the ejecta on a
short timescale leading to a brief powerful emis-
sion episode expected in the optical band (the so-
called optical flash). After the reverse crossing,
the forward shock dominates the afterglow emis-
sion. Despite the extensive observations over the
last decade, there is evidence for such reverse shock
emission in just a few bursts. This has become a
important problem for the fireball model.

In contrast to fireball models, MHD models for
GRBs predict ejecta with dynamically important
magnetic fields in the afterglow phases. The study

Figure 2.18: Regime of existence of a reverse shock in
magnetic outflows propagating into a constant density ex-
ternal medium. The £ parameterizes the strength of the
reverse shock that would form in unmagnetized ejecta; its
value for typical GRB parameters is ~1. oo stands for the
Poynting-to-kinetic flux ratio of the flow at the onset of the
afterglow. The lower left part with respect to the black
line shows the regime where a reverse shock forms. For
0021 there is no reverse shock forming for a large parameter
space that describes the properties of the GRB ejecta. The
observed absence of emission coming from a reverse shock
in the large majority of gamma-ray bursts is expected in
strongly magnetized flows.

of the deceleration phase of strongly magnetized
ejecta is far from complete. Recently, Giannios
in collaboration with Mimica and Aloy (Univer-
sity of Valencia) derived an analytic condition for
the existence of a reverse shock and showed that
even moderate magnetization can suppress it, for
typical GRB parameters (see Fig.2.18). This possi-
bly explains the observed paucity of optical flashes-
signatures of a reverse shock.

We are currently working on relativistic MHD
simulations to study the complete deceleration dy-
namics. Once the dynamics are understood, we
plan to proceed by including radiative transfer in
the simulations. This can be done by, for exam-
ple, assuming particle acceleration at shock fronts
and calculating the resulting synchrotron and in-
verse Compton emission. The target is to calculate
afterglow lightcurves in order to quantify the obser-
vational effects of magnetization in the afterglow.
(Dimitrios Giannios)
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2.8 What can we learn from the
cosmological recombination
spectrum

Roughly 260,000 years after the Big Bang the
initially fully-ionized plasma became sufficiently
cold to allow the existence of neutral hydrogen
atoms. By that time the temperature of the nearly
isotropic Cosmic Microwave Background (CMB)
blackbody radiation, which is filling the expanding
Universe, had dropped to about 3800 K. The pro-
cess of recombination is associated with the emis-
sion of ~ 5 photons per hydrogen atom by electrons
cascading from upper levels of the hydrogen atom
to its ground state. For 40 years the kinetics of cos-
mological hydrogen recombination has been known
to be extremely unusual: due to the very small ex-
pansion rate of the Universe the escape of photons
from the Lyman-« resonance was extremely ineffi-
cient. This strongly enhanced the role of the very
improbable two-photon decay of the metastable 2s
level to the 1s state. About 57% of all electrons
in recombined hydrogen atoms reached the ground
state via the 2s-1s two-photon transition. As a re-
sult, the kinetics of recombination cannot be de-
scribed by the formulae for Saha-equilibrium in
cooling plasmas, and recombination was strongly
delayed. In addition, because of the extremely high
entropy of the Universe (with about 2 x 10 pho-
tons per baryon), the primordial plasma is domi-
nated by radiation. Therefore, unlike in stellar at-
mospheres, collisions of atoms with electrons and
ions played a negligible role, and the populations
of highly excited levels were completely defined by
radiative processes, including stimulated recombi-
nation and induced emission.

Detailed computations have allowed us in col-
laboration with J.A. Rubifio-Martin from the In-
stituto de Astrofisica de Canarias (IAC) to calcu-
late the spectrum of the recombinational radiation
arising from all possible atomic transitions of hy-
drogen among levels with principal quantum num-
bers up to 100 (see Fig. 2.19). Due to the expan-
sion of the Universe this signal is redshifted more
than 1000 times, so that ultraviolet photons reach
the observer in the sub-mm band today. Transi-
tions among highly excited levels lead to photons
that nowadays should appear at radio frequencies,
where experimental techniques developed for the
extremely successful investigations of CMB angu-
lar fluctuations have achieved unprecedented sen-
sitivity.

For experimentalists the ratio of the com-
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Figure 2.19: CMB spectral distortions due to cosmolog-
ical hydrogen recombination. At high frequencies one can
clearly see the features connected to the Lyman, Balmer,
Paschen and Brackett series. At low frequencies the lines
due to a-transitions among highly excited states overlap
strongly. The contribution due to the 2s two-photon decay
is also accounted for. The dashed lines indicate the expected
level of emission when including more shells.
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Figure 2.20: CMB spectral distortion due to hydrogen
recombination relative to the CMB blackbody spectrum.
The strongest distortion appears in the Wien part of the
CMB blackbody spectrum and is due with the Lyman-a
and 2s-1s two photon transition. At low frequencies the
relative distortion exceeds the level of 10~7. The inlay plot
illustrates the modulation of the total emission spectrum
for 1 GHz < v < 30 GHz in convenient coordinates.
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Figure 2.21: Comparison of observing strategies: top
panel — observations of the CMB angular fluctuations. Here
one is scanning the sky at fixed frequency in different direc-
tions. lower panel — proposed strategy for the signal from
cosmological recombination. For this one may fix the ob-
serving direction, choosing a large, least contaminated part
of the sky, and scan along the frequency axis instead.

puted signal relative to the intensity of the CMB
blackbody radiation is more representative (see
Fig. 2.20). Most likely it will be easiest to search
for the distortions under discussion in the low fre-
quency domain, just above 1.4 GHz. This is be-
cause there the contributions from the lines of dis-
tant galaxies, especially due to the 21 cm line of
neutral hydrogen, is minimal. The insert of Fig-
ure 2.20 illustrates the detailed frequency depen-
dence of the features produced during cosmologi-
cal hydrogen recombination. These have a unique
"pattern” which has nothing in common with other
widely discussed and well-known foregrounds, or
spurious instrumental signals. Using the computed
“template” observers may have a chance to separate
the recombinational signal from possible sources of
noise.

We have recently proposed a new type of CMB
experiment (see Fig. 2.21 for illustration): instead
of scanning the sky at given frequency and search-
ing for tiny angular fluctuations of the CMB tem-
perature, one should observe a large area of the sky,
scanning its radiation over frequency, and looking
for the predicted characteristic spectral variability.
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Figure 2.22: The dependence of the bound-bound hydro-
gen recombination spectrum on the value of Tp.

Experiments under construction in the USA to ob-
serve the CMB angular fluctuations will have sensi-
tivities on the level of 10 nK. The spectral features
under discussion have amplitudes between 30 and
50 nK. It is very important to mention that the
recombinational signal should be practically the
same in any direction on the sky.

The position of the spectral features on the fre-
quency axis strongly depends on the exact value
of the CMB temperature (see Fig. 2.22 for il-
lustration). The best and only existing precise
measurement of this value, as performed by the
CoBE/FIRAS experiment, was awarded the Nobel
Prize in Physics, 2006. It is very interesting that
there is a new independent method to determine
the CMB monopole, and the computations carried
out at MPA might offer such an opportunity. Fur-
thermore, the intensity of the features depends on
the total amount of hydrogen nuclei in our Uni-
verse, and is practically independent of the values
of the other key cosmological parameters. An ob-
servation of these spectral distortions will therefore
provide an additional way to measure the specific
entropy of the Universe. In principle it should also
be possible to reconstruct the detailed ionization
history.

It is worth mentioning that the photons forming
these small CMB spectral distortions were emit-
ted mainly between redshifts z ~ 1300 and 1400,
i.e. before recombination made the Universe trans-
parent, defining the last scattering surface around
z ~ 1100, at which the observed CMB angular fluc-
tuations were formed. Therefore, a detection of the
recombinational lines in the CMB spectrum will
yield the final proof that hydrogen recombination
has occurred as we think it has.

Turning to the contributions of helium to the
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Figure 2.23: H1 and HE1I (bound-bound) recombination
spectra in different frequency bands. In the figures we also
point out some of the most significant additions to the
pure hydrogen recombination spectrum, which are only be-
cause of the presence of pre-stellar helium in the primordial
plasma.

total cosmological recombination spectrum, we
present the sum of the bound-bound emission from
Hen, HEI and hydrogen in Fig. 2.23. The com-
putation on neutral helium were also carried out
in collaboration with J.A. Rubino-Martin. It is
important to mention that the lines from neutral
helium appeared at z ~ 2000, while the photons
from HE1I were released even earlier, at z ~ 6000.

Although the abundance of helium nuclei is only
~ 8% relative to the number of hydrogen, one can
clearly see that some strong additional features ap-
pear because of the presence of helium in the early
Universe. This is possible due to several reasons.
First, there are two epochs of helium recombina-
tion. Then both HE1l and HEI recombination oc-
curs faster than hydrogen recombination, such that
photons are distributed over a more narrow fre-
quency range. And finally, neutral helium has a
much more complicated spectrum, where even neg-
ative features connected with fine-structure transi-
tions appear. All this leads to a non-trivial super-
position of spectral signatures, so that the presence
of neutral helium leaves distinct traces in the CMB
spectrum.

Observing these signatures therefore may allow
us to directly measure the primordial helium abun-
dance well before the first appearance of stars.
(J. Chluba and R.A. Sunyaev).

2.9 Dynamical formation of
low-mass X-ray binaries in
the bulge of Andromeda
galaxy

It has been long known that the ratio of the num-
ber of low mass X-ray binaries (LMXBs) to stellar
mass is ~ two orders of magnitude higher in globu-
lar clusters than in the Galactic disc. With the ad-
vent of Chandra and XMM-Newton, studies of X-
ray point sources in external galaxies have become
possible, and have shown that also there globular
clusters are especially abundant in LMXBs. This is
attributed to dynamical processes, through which
LMXBs are formed in close encounters of compact
objects with normal stars. The most well-known
of these is tidal capture of a main sequence star by
a neutron star or a black hole. Collisions of com-
pact objects with red giants and exchange reactions
in the course of binary-single interactions are also
important. Due to the p? dependence of two-body
encounters on the stellar density (p.) they are fre-
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Figure 2.24: X-ray image of the inner bulge of the An-
dromeda galaxy in the 0.5-2 keV band obtained by Chandra.
The majority of sources inside the dark blue circle (radius
of 60”) are formed via tidal captures of low-mass stars by
black holes and neutron stars and via collisions of the latter
with red giants.

quent in globular clusters and are negligible in the
field. For example, in massive ellipticals which are
usually characterized by rich globular cluster sys-
tems, as much as ~ 2/3 of X-ray binaries may be
located in globular clusters.

In the central parts of massive galaxies, the stel-
lar densities can reach ~ 103 — 10* pc™3. This
is still somewhat lower than the densities found
in the most luminous globular clusters, where the
LMXBs are preferentially found. However, the
large volume compensates for the smaller density
and LMXBs can be created near the galactic cen-
ters in two-body encounters in significant numbers.
Due to the large stellar mass contained in the cen-
tral region of a galaxy, a number of primordial
LMXBs formed through the standard evolutionary
path exist there too. Although these can not be
easily distinguished from binaries resulting from
two-body encounters, a statistical argument can
be employed which has been used previously for
the discovery of dynamical formation of binaries in
globular clusters. The volume density of the pri-
mordial LMXBs follows the distribution of the stel-
lar mass in a galaxy whereas the spatial distribu-
tion of the dynamically formed binaries is expected
to obey the p?/v law. Hence the latter should be
expected to be much more concentrated towards
the center of the host galaxy and reveal themselves
as a population of “surplus” sources near its center.

M31 is the closest “full-size” spiral galaxy. At
a distance of 780 kpc X-ray sources can be eas-
ily resolved with Chandra, even near the center of
the galaxy (Fig.2.24). It has been extensively ex-
plored with Chandra. Using these data we find
a significant increase of the specific frequency of
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Figure 2.25: The radial distribution of compact X-ray
sources in M31. Two smooth solid lines show projected
distributions of stellar mass px and its square p2.

X-ray sources, per unit stellar mass, within 1 ar-
cmin from the center of the galaxy. The radial
distribution of surplus sources in this region fol-
lows the p? law (Fig.2.25), suggesting that they are
low-mass X-ray binaries formed dynamically in the
dense stellar environment of the inner bulge.

While dynamical interactions in globular clus-
ters have been investigated in the 70-ies and 80-
ies, the parameter range typical of galactic centers
remains unexplored. Velocities of stars are an or-
der of magnitude higher in the bulge, changing the
character of the dynamical interactions and, hence,
the role of different formation channels. We have
investigated dynamical formation of binaries and
their further evolution to the X-ray active phase
in the high stellar velocity regime. We find that
X-ray binaries are formed in the bulge of a typ-
ical spiral galaxy at a rate of ~ 50 — 100 per
Gyr. The calculations suggest that the majority
of the surplus sources result from tidal captures of
black holes by main sequence stars of low mass,
M, < 0.3Mg, with some contribution of neutron
star systems of same type. Because of large stellar
velocities in the bulge, very compact and bright bi-
nary systems will be created, with X-ray luminos-
ity log Lx > 37 and orbital periods ~ 1 — 2 hours
and shorter. Due to the small size of the accretion
discs in such systems a large fraction of black holes
may be persistent X-ray sources, in contrast to
the population of mostly transient primordial black
hole binaries in the Galactic disk. Some of sources
will be ultra-compact X-ray binaries with helium
star/white dwarf companions formed in the colli-
sions of compact objects with red giants. We also
predict a large number of faint transients within ~
1 arcmin from the M31 galactic center, both BH
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and NS systems. The latter may be progenitors of
the accreting millisecond pulsars, similar to the fa-
mous SAX J1808.4-3658 discovered in our Galaxy
ten years ago. (Marat Gilfanov & Rasmus Voss)



3 Research Activities

3.1 Stellar Physics

Stellar astrophysics continued to be a very active
field of research at MPA. This includs work in the
field of solar physics, the modelling of stellar inte-
riors and atmospheres and of stellar evolution from
the main sequence all the way to core-collapse and
supernova explosions, both for single stars and for
binaries.

Using almost ten years of data provided by
GOLF, helioseismic instrument aboard the SoHO
spacecraft, R. A. Garcia [CEA, Saclay] and several
co-workers including J. Ballot have claimed the de-
tection of an oscillation pattern fully compatible
with solar gravity modes. Solar gravity modes are
the subject of an extensive research for more than
20 years, since they are a very accurate probe of
the deep solar core. The detected signal seems fa-
vor solar models with a core spining 3-5 faster than
the surrounding radiative zone.

F. Kupka continued his studies on the modelling
of p-mode oscillations in the Sun and in solar-like
stars as part of his collaboration with K. Belkacem,
M.-J. Goupil, R. Samadi [Obs. de Paris-Meudon].
They could show that the previously developed
model for the excitation rates of so far p-modes,
which accounts for the flow topology and fluctua-
tions of both turbulent pressure and entropy, recov-
ers also the observed excitation rates of & Cen A to
within measurement accuracy. Also in the field of
solar physics U. Anzer continued his collaboration
with M. Bérta, F. Farnik, S. Gunédr and P. Heinzel
(all at the Astron. Inst. in Ondfejov, Czech Re-
public) on solar prominences. They studied the
Lyman lines and continuum of hydrogen to con-
struct models of the prominence-corona transition
region and applied their modelling of prominences
on the limb where both line absorption and block-
ing is present to new data which were obtained by
the Japanese Hinode satellite. U. Anzer and P.
Heinzel also addressed the question of how much
the magnetic fields in prominences deviate from the
state of force-free configurations.

R. Collet, R. Trampedach (ANU), and M. As-
plund carried out realistic, ab initio, 3D, hydro-
dynamical simulations of convection at the surface
of red giant stars with varying effective tempera-
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tures and metallicities ranging from solar down to
[Fe/H] = —3. They used the simulations as time-
dependent hydrodynamical model atmospheres to
study the formation of spectral lines from various
ions and molecules under the assumption of local
thermodynamic equilibrium (LTE). The low sur-
face temperatures encountered in 3D model atmo-
sph