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-

-

and social interactions.

-

-
national Space Station (PK3-plus, PK4). 

-
-

PREFACE
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-

the microphysics of the melting of plasma-crystals. Last-not least, the spin-off technology of cold plasma therapy 

I am grateful to my colleagues at MPE for their contributions, help and input to this six-year report.

Ralf Bender

Max Planck Insitute for Extraterrestrial Physics
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1. Research Areas and Institute Structure

The research at the Max Planck Institute for Extraterrestri-
al Physics (MPE, Fig. 1) addresses topics of astrophysics 
and plasma physics. We combine experiments and instru-

 
 Systems 

-

sub-millimeter, infrared to optical, 
-

tions at high energies and most in-

and other spacecrafts in order to 
“escape” from the atmospheric ab-
sorption. In the near infrared and 

strong program of ground-based 

LBT and other telescopes) and in 

-

the complex plasma experiments, 

important, and a number of successful experiments on 

-

element of our research style. 

-

Plasmas (CP). Within the main research areas of the 

-

ments and primarily consist of mechanical and electronic 

for the analysis of large amounts of primary data. For co-

-
-

facilities of the Institute outside Garching, in particular for 
-

and a semiconductor laboratory (Halbleiterlabor = HLL) 

area of “analysis of complex systems” into applications 
in medicine, hygiene and engineering. The semiconduc-

industry. 

-

-
mental astrophysics and space research demonstrates 

-
ments also often lead to technology transfer to industry. 

In addition to the institutional support by the Max-Planck-

Fig. 1: MPE building
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-

Federal Ministries for Education and Research (BMBF) 
-

Heidenhain-Foundation. 

-
-

student research (Master, 

also in other German uni-

-
fornia (Berkeley). Semi-

-
ferences are held by the 

successful “International 
Max-Planck Research 

-

continues to attract a 
-

ed students to astrophysi-
cal research. 

Fig. 3: Semiconductor laboratory building in München-Neuperlach 

and professionalism in public outreach by creating a 

of the main aims is to supply information and other sci-

Fig. 2: Panter X-ray test facility in Neuried
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2. Infrared and Submillimeter Astronomy

2.1 Summary

the science output of the MPE-Infrared Group (Fig. IR.1). 
-

-

more than a decade. MPE-authors published ~350 ref-

citations to date. Most of the highly cited papers in this 

being the 2010 paper of Poglitsch et al. describing the 

telescope (521 cites). The IR-group led 2007-2013 pa-

the end of this summary.  

Fig. IR.1 summarizes the output of the past six years in 

-

-

from about 24% to 34% (both in the total and technical 
staff). The female fraction is 38% for the (tenured) senior 

group’s scientists are German, the other half come from 

The IR group also hosts the research group “Star and 

in section 2.6. 

Theme 1:  Massive black holes and their environment. 

beyond any reasonable doubt, as long as General Rela-

-

Star Cluster, G2 and GRAVITY. The Galactic Center 

into the stellar cluster surrounding the black hole, the 

the black hole itself. The most recent excitement is a 
small gas cloud (G2, Fig. IR.1c) falling almost radially 

accretion zone. 

The next big step for our research in the Galactic Center 

10-μarcsecond-precision imaging astrometry of stars 

-

Active Galactic Nuclei
-

-

-
-

spatially extended.

Theme 2:  Evolution of massive star forming disks at 
the peak of galaxy formation. 

Most of the IR-group’s research during the past six years 
-

near the peak of the cosmic galaxy formation epoch, 
-

-

mass - star formation plane. 
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Fig. IR.1: Publications and science highlights of the MPE-IR group in the period 2007 - 2013.
 (a): Publications per year by the MPE-IR group, total (dark blue), as well as in different science areas (high-z (red), GC (light blue), AGN (green) 
and instrumentation (grey)). Over the past 6 years, ~350 MPE-IR refereed papers received 13,000 citations to date.
(b): Astrometric measurements of the star S2, moving on a highly eccentric 15.8 y orbit around the radio source Sgr A*, with a closest approach ~17 
light hours from the black hole (in 2002, and again in 2018). Blue circles denote SHARP/NTT and NACO/VLT measurements, covering more than 
one revolution. For comparison the red points show the Keck measurements. 

(left-right). Red, blue and green shows the distribution in the three years 2008, 2011 and 2012 as observed with SINFONI+AO at the VLT, moving 

will reach the closest distance (~20 light hours) from Sgr A* in fall 2013.
2 2

out~1000 
km/s.

is gas regulated. 

(k): Correlation between AGN-luminosity (horizontal, from X-rays) and far-infrared luminosity (from PACS) in X-ray selected samples in the GOODS 

AGN-luminosities, the z~1.1 bin does not show such a correlation. This may suggest a different, ‘secular’ mode of black hole growth near the peak 
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Molecular gas in high-z MS galaxies. These early disks 

by the replenishment of fresh gas on the one hand, and 
-

-

-
-

MS galaxies, as predicted by simulations, they should be 

Star formation and AGNs. To test the possible role of 

-

-

-
ture

key physical processes operating at the peak of galaxy 

-

-

-
tion plane. We are in the process of executing or propos-

galaxies in the redshift range leading up to and dropping 

the Large Binocular Telescope (LBT), and are in the pro-

-

facilities (PHIBSS2), as the ongoing expansion of the 
-

-
-

ing regions in high-z galaxies.

Instrumentation efforts.

-
-

-

-

European Extremely Large Telescope (Fig. IR.2).
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Reinhard Genzel

Table 1: Papers > 100 Citations with IR-Group Lead from 2007 - 2013

1
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2.2 The Galactic Center: a Unique Astrophysical Laboratory

Located at a distance of a mere 8 kpc (26,000 light years), 

-
lution of a dense star cluster around such a MBH (Genzel, 

(1.2pc) across.

For more than 20 years our group has been pioneer-
-

-
yond any reasonable doubt. The proof rests on straight-

the compact radio source Sgr 

be measured from the data to a statistical uncertainty of 
1.5% (Schödel et al. 2002, 2003, Gillessen et al. 2009a).

main topics of our Galactic Center research program are 

-

success story:

2010, 2011).
0 to the Galactic Cent-

er geometrically to an accuracy of 3% (Eisenhauer et al. 
2003, Gillessen et al. 2009a, Gillessen et al. 2013b).

(Schödel et al. 2002, Eisenhauer et al. 2005, Gillessen 
et al. 2009a).

et al. 2006, Bartko et al. 2009, 2010). The result is totally 
unexpected. There is no cusp of old stars centered on 

Sgr  

6 

there are ~30 B stars orbiting the black hole on highly 
elliptical, randomly oriented orbits in the central arcsec-
ond (<0.1 pc, Eisenhauer et al. 2005, Martins et al. 2008, 
Gillessen et al. 2009a). The presence of these young 

-
opments our group has led and strongly contributed to, 

-

-
ties in the Galactic Center.

Paradox of youth: origin of the S-stars. The S-stars 
around Sgr 

-

they then get to their current location so close to the 
MBH? 
 

orbits characteristic of the S-stars. The most likely expla-

The three-body interaction of a binary star on a near-ra-
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second from the system, in the end escaping as a hyper-

-

the highly eccentric original orbits can plausibly relax 

remnants in the cusp. 

MBH’s spin) on the dynamics of stars (and gas) near the 
-

racy, higher angular resolution and test particles yet clos-

-
-

-

The next steps. -

Keck telescope (Fig. IR.4, Ghez et al. 2008, Gillessen et 
-

schild correction yields a prograde rotation of the orbit in 

precession of S2’s orbit should be possible. 

Flares - emission from the immediate vicinity of the 
black hole.

-
erties. The infrared emission is  polarized synchrotron 

-

-

-
ability process. That interpretation is supported by the 

et al. 2006, 2008, Trippe et al. 2007). The underlying log-
normal distribution can be naturally explained by a mul-

-
gle, causally connected region, such as a hot spot might 
dominate the emission. The size of such hot spots, per-

orbital period and radius of such a 

the MBH’s spin.

A gas cloud on its way toward 
Sgr A* -

-
-

bit (Gillessen et al. 2012, 2013a). In 

band images (but not in the shorter 

He-I recombination line emission 
-

isolated dusty ionized gas cloud, or 

Fig. IR.4: The orbit of the star S2. Left: NTT/VLT (blue) and Keck measurements (red) of the 

same orbit.
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Most current theoretical estimates 
indicate that this process may take 
decades.

The origin of G2 is unclear. Burk-
ert et al. (2012) note that if G2 
has formed close to apo-center 
of its orbit, in the stellar disk, one 
can easily explain that its orbit is 

compactness in 2004-2008. Tidal 

stretched G2 to an almost linear 

-
sion in an orbiting cataclysmic binary (Meyer & Meyer-

-
-

tricity orbit. Murray-Clay & Loeb (2012) suggest that G2 
-

-

comparison, the star S2 on a 16-year orbit passes at 17 

(10-5 M

depend on the density structure of G2, 
-

tached’ to a central star (that is not de-

as on the temperature and density pro-

it plunges (Burkert et al. 2012, Schart-

the cloud may either be tidally stretched 
-

shock front, circularize and accrete onto 
the MBH.

(Gillessen et al. 2012, Schartmann et al. 
-

-

-

al. 2012). If the cloud is disrupted by the 
a test-particle simulation (bottom).
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GRAVITY - an imaging astrometry instrument for the 
-
-

curacy in the near-infrared to their ultimate limits for the 
foreseeable future (Fig. IR.7, Eisenhauer et al. 2011), 

each unit telescope, correcting atmospheric turbulence 
-

tect faint (for interferometry: K > 15..17) sources. The 

light sources at the telescopes that are sensed inside the 

The science light is then coupled into single-

modal cleaning. Polarization and differential 
delay can be controlled at that stage by bend-

per star guide the light into an integrated op-
tics beam combiner, a small piece of glass im-

the fringes of all six baselines. The 24 output 
-

sical spectrograph each, and the spectrally 
dispersed fringes are recorded. The internal 
optical paths are measured by means of a 

-

-
terfere and form a fringe pattern. The latter is 
temporally sampled at kHz rate to monitor the 

-

and thus is crucial for obtaining the astrometric accuracy 

more sophisticated data analysis tools, largely funded by 
Stefan Gillessen’s ERC starting grant.

currently being manufactured. MPE is the PI institute of 

-

-

light of the four 8m unit telescopes
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-

Tobias Fritz, Reinhard Genzel, Nico Hamaus, Marcus 

Kister, Johannes Kolmeder, Magdalena Lippa, Fabrice 

Markus Thiel, Sascha Trippe, Ekkehard Wieprecht)

Stefan Gillessen Frank Eisenhauer

Selected References:

Bartko, H.; Martins, F.; Trippe, S.; Fritz, T. K.; Genzel, R.; et al. 2010, 

Burkert, A.; Schartmann, M.; Alig, C.; Gillessen, S.; Genzel, R.; et al. 

360, L55

Dodds-Eden, K.; Gillessen, S.; Fritz, T. K.; Eisenhauer, F.; Trippe, S.; 

Eckart, A.; Schödel, R.; Meyer, L.; Trippe, S.; Ott, T.; Genzel, R. 2006, 
A&A, 455, 1
Eckart, A.; Baganoff, F. K.; Zamaninasab, M.; Morris, M. R.; Schödel, 

Eisenhauer, F.; Schödel, R.; Genzel, R.; Ott, T.; Tecza, M.; et al. 2003, 

Eisenhauer, F.; Perrin, G.; Brandner, W.; Straubmeier, C.; Perraut, K.; 
et al. 2011, The Messenger, 143, 16
Fritz, T. K.; Gillessen, S.; Dodds-Eden, K.; Martins, F.; Bartko, H. et al. 

Fritz, T. K.; Gillessen, S.; Dodds-Eden, K.; Lutz, D.; Genzel, R. et al. 

Genzel, R.; Schödel, R.; Ott, T.; Eisenhauer, F.; Hofmann, R.; et al. 

Genzel, R.; Eisenhauer, F.; Gillessen, S. 2010 Rev.Mod.Phys. 82, 3121
Ghez, A. M.; Duchêne, G.; Matthews, K.; Hornstein, S. D.; Tanner, A.; 

Gillessen, S.; Eisenhauer, F.; Fritz, T. K.; Bartko, H.; Dodds-Eden, K.; 

Nature 481, 51
Gillessen, S.; Genzel, R.; Fritz, T. K.; Eisenhauer, F.; Pfuhl, O.; et al. 

Hamaus, N.; Paumard, T.; Müller, T.; Gillessen, S.; Eisenhauer, F. et al.  

2007, A&A, 468, 233
Martins, F.; Gillessen, S.; Eisenhauer, F.; Genzel, R.; Ott, T.; Trippe, S. 

Meyer, F.; Meyer-Hofmeister, E. 2012 A&A, 546, L2

Paumard, T.; Genzel, R.; Martins, F.; Nayakshin, S.; Beloborodov, A. 

Pfuhl, O.; Fritz, T. K.; Zilka, M.; Maness, H.; Eisenhauer, F. et al.  2011, 

Schartmann, M.; Burkert, A.; Alig, C.; Gillessen, S.; Genzel, R.; 2012, 

Schödel, R.; Ott, T.; Genzel, R.; Hofmann, R.; Lehnert, M.; et al. 2002 

Trippe, S.; Paumard, T.; Ott, T.; Gillessen, S.; Eisenhauer, F.; et al. 
2007, MNRAS, 375, 764
Trippe, S.; Gillessen, S.; Gerhard, O. E.; Bartko, H.; Fritz, T.K. et al. 
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2.3 Galaxy Evolution at the Peak Epoch of Cosmic Star Formation

The baryonic lifecycle of galaxies is determined by a bal-

-
axy’s lifecycle is translated into a reduction or increase 

-
axies mature, and depart from their star-forming steady 

has played an important role in establishing the broad 
-

-
-
-

and spatial resolution, together tracing the kinematics 
and structure of all baryonic components: from stars to 
dust to ionized and molecular gas. Many of these obser-

-

luminous and ultra-luminous infrared  galaxies has been 

-

demonstrated that the dynamical support of nearly half 
-

-

High molecular gas mass fractions. By targeting nor-

< 3, rather than rare star-bursting outliers, our PHIBSS 

the rapidly declining star formation rates since z ~ 1 are 
 

Uniform MS galaxies, contrasted to a rare outlier 
population. Throughout cosmic time, MS star forming 

-

star formation, dust temperature, and mid-to-far-infrared 
-

-

), 
-
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2.3.1 Probing the Processes Driving the Growth of Galaxies at z ~ 2

IR imaging spectroscopic program of star-forming gal-

-

-
getics of feedback - 

The SINS/zC-SINF survey with SINFONI and syner-
gies with HST and LBT/LUCI surveys.

-
ized gas kinematics, star formation, and physical prop-

-
-
-
-

-

and [NII] emission, mostly in seeing-limited mode (4 – 5 
-

zC-SINF probes the bulk of the z ~ 2 star-forming galaxy 

-

WFC3 near-IR imaging. In parallel, our detailed studies 

in part by MPE) at the Large Binocular Telescope (LBT) 
-

Galaxy kinematics and structure at z ~ 2. 

rotationally supported disks. The rest consists of inter-

-

-
rot

dark matter halos. The rest-optical light and stellar mass 

-

-
gies of large mass-selected samples out to z ~ 2.5: the 

 M -

more compact, cuspier morphologies (Fig. IR.9, Wuyts 
et al. 2011). This result makes a compelling case that a 

-

-
ments of the kinematics and structure of high-z galaxies 
suggest that smoother accretion and internal dynami-

our analysis of halo merger fractions and mass accretion 
rates based on the Millenium Simulation (Springel et al. 
2005, Genel et al. 2008).

Properties and evolution of z ~ 2 disks.  High-z disks 
0 ~ 30 – 80 

-

formation surface density, explaining the larger fraction 

The z ~ 2 disks often exhibit luminous kpc-sized clumps 

up to ~ 20% of the galaxies' SFRs (Genzel et al. 2008, 

-
-

theoretical arguments and numerical simulations of tur-

could be an important path for bulge formation if clumps 
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M
formation at the high-mass end.

FWHM ~500-700 km/s) is spatially resolved and 

be a sharp onset of galactic winds above ~1 M yr-1kpc-2 (Newman et al. 2012b).
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Vigorous feedback from star formation and AGN. The 
-

-

kpc scales (e.g., Steidel et al. 2010, Shapiro et al. 2009).  

M 2, 10 times higher than the break-out thresh-
old in nearby starbursts and attributed to enhanced gas 

a key parameter in theoretical models of star formation-

-
grate to the galaxy center, as seen the simulations of 

-

local peaks in star formation rather than in mass, and 

-

>10.9~logMSchechter), 

bulge.  The broad nuclear component has enhanced 
-

factors are comparable to those of the star formation-
-

11 M .

Nebular gas excitation and metallicity. 

-
ular excitation at z ~ 2 compared to typical z ~ 0 SFGs, 
implying higher ionization parameters and electron den-

-

do not tend to be more metal-poor, challenging a recently 
proposed fundamental M –Z–SFR relation, at least in the 
mass range probed by our measurements. Metallicities 

-
-

by z ~ 0 (Förster Schreiber et al. 2013). 

Taking the next step with KMOS3D

step is to expand our studies to larger, homogeneous, and 
, 

-
-
-

tallicities of ~ 600 z = 0.7 – 2.6 mass-selected galaxies. 

-
 capitalizes on the 

-

-
-

-

across the peak of cosmic SFR, tracing key transforma-
-

forming galaxies.
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Selected References:

Cresci, G.; Hicks, E. K. S.; Genzel, R.; Schreiber, N. M. Förster; Davies, 

Förster Schreiber, N. M.; Genzel, R.; Lehnert, M. D.; Bouché, N.; 

Förster Schreiber, N. M.; Genzel, R.; Bouché, N.; Cresci, G.; Davies, 

Genel, S.; Genzel, R.; Bouché, N.; Sternberg, A.; Naab, Th.; et al. 2008, 

Genel, S.; Naab, Th.; Genzel, R.; Förster Schreiber, N.M.; Sternberg, 

Cimatti, A.; et al. 2006, Nature 442, 786

Genzel, R.; Burkert, A.; Bouché, N.; Cresci, G.; Förster Schreiber, N. 

Mancini, C.; Förster Schreiber, N. M.; Renzini, A.; Cresci, G.; Hicks, E. 

Steidel, C.C.; Erb, D.K.; Shapley, A.E.; Pettini, M.; Reddy, N.; et al. 

Wuyts, Stijn; Förster Schreiber, Natascha M.; Genzel, Reinhard; Guo, 
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2.3.2 IRAM: Tracing the Molecular Gas Contents of Main Sequence SFGs

Stars form from cold, dense molecular interstellar gas 
clouds.  Measurements of mass fractions, spatial distri-
butions and kinematics of the cold molecular gas com-

-

-

molecular gas taking center stage in the research on gal-
-

that take a census of the molecular gas contents in MS 

PHIBSS.

the cosmic star formation peak, pushing to 3-10 times 

selected by stellar mass (>2.5x1010 M ) and star forma-
tion rate (>30 M yr-1

literature. The higher redshift slice at z~2.2 consists of 

star formation from z~1-2 (PHIBSS). We describe the 
main results from both of these important studies here.
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lensed galaxies from the literature. PHIBSS has tripled 
-

ured cold gas properties. We sketch the key results from 
PHIBSS in Fig. IR.11 and summarize them here.

-
age gas fractions of 30–50%, i.e. 4–10 times higher than 

al. 2010, 2013, Genzel et al. 2010, 2013). These mo-
lecular gas fractions are stellar mass dependent. They 

-
shift as a function of star formation rate near the main 

-

-

time scale (tdepl = Mmol

-
-

-

Förster Schreiber et al. 2009).  From modeling the in-

imaging spectroscopy (Förster Schreiber et al. 2009), in-

of the entire gas layer of high-z SFGs.

-

-

-

and more systematically sample the mass-SFR plane 
of the underlying parent population. The combination 

-

-

COLD GASS. -

-

line in 350 galaxies selected purely on stellar mass 

-

-

-
axies (both atomic and molecular), their star formation 
rates, and their physical, structural and chemical proper-
ties (Saintonge et al. 2011a,b,  2012).  

most strongly on morphological parameters such as con-
centration index or stellar mass surface density (Sain-

by semi-analytic galaxy formation models, suggesting 
-

study the Kennicutt-Schmidt (KS) star formation relation 

and scatter typically found in recent studies of the KS 

can study the molecular gas properties of galaxies not only on and 

(black dashed line).  

in early-type galaxies.
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Linda Tacconi

-
dreas Burkert, Hauke Engel, Natascha Förster Schreiber, 

-

Selected References:

Förster Schreiber, N. M.; Genzel, R.; Bouché, N.; Cresci, G.; Davies, 

arXiv 1304.0668

C.; et al. 2011, MNRAS 415, 32

al. 2011, MNRAS 415, 61

Nature 463, 781

-
ter around the relation. For example, bulge-dominated 

suggesting that gas surface density is not the only pa-

molecular gas contents both along and across the star 

star formation rates (SSFRs) of early-type galaxies are 

caused in similar proportions by higher H2 masses and 

(Fig. IR.12).

-

it can be pruned to match the selection criteria of differ-

-

masses.  The combined sample of 500 galaxies, fully 

-



Infrared and Submillimeter Astronomy30

2.3.3 PACS-PEP: Herschel Infrared Galaxies

applicability of the traditional locally calibrated picture 
of the merger-nature of (ultra)luminous infrared galax-

-

Fig. IR.13: 
offset from the star forming main sequence, consistently between z~0 and z~2. Right: Ultra-deep Spitzer spectra, grouped by offset from the main 

-

-
brated trends from normal disk galaxies to merger-dom-

concerning other properties. These trends and proper-
ties are poorly tested at high redshift, and may not apply. 

-

-
red emission (Fig. IR.13 right, Nordon et al. 2010, 2012).   

of near MS SFGs are luminosity and redshift independ-
-

mergers (Fig IR.13 right).

near-infrared based star formation rates into a consist-

then possible to place consistently galaxies throughout 

redshifts, characterize the importance of different re-

galaxies, MS galaxies dominate starbust-merger outli-
ers greatly by number (~98%) and in the contribution to 
the total star formation rate (~90%) (Wuyts et al. 2011a, 
Rodighiero et al. 2011). 

-
ties (and star formation rates) of the brightest cases (Fig. 

-

studies indicate that a fraction of the brightest SMGs are 
-
-

counts and recent simulations. 
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-

Fig. IR.14. Herschel PACS/SPIRE observations of SMGs. Top: IR to radio SED of one of 61 SMGs of our sample, where PACS/SPIRE data (red) 
3 M yr-1 in MAMBO11). 

the fainter levels (Magnelli et al. 2010, 2012a)

-

Selected References:

Lutz, D.; Poglitsch, A.; Altieri, B.; Andreani, P.; Aussel, H.; et al. 2011, 

Magnelli, B.; Lutz, D.; Berta, S.; Altieri, B.; Andreani, P.; et al. 2010, 
A&A 518, L28
Magnelli, B.; Lutz, D.; Santini, P.; Saintonge, A.; Berta, S.; et al. 2012a, 

2012b, A&A 548, A22
Nordon, R.; Lutz, D.; Shao, L.; Magnelli, B.; Berta, S.; et al. 2010, A&A 
518, L24

745, 182
Popesso, P.; Rodighiero, G.; Saintonge, A.; Santini, P.; Grazian, A.; et 
al. 2011 A&A 532, A145
Popesso, P.; Biviano, A.; Rodighiero, G.; Baronchelli, I.; Salvato, M.; et 
al. 2012 A&A 537, A58
Rodighiero, G.; Daddi, E.; Baronchelli, I.; Cimatti, A.; Renzini, A.; et al. 

Santini, P.; Maiolino, R.; Magnelli, B.; Silva, L.; Grazian, A.;  et al. 2010, 
A&A 518, L154
Saintonge, A.; Lutz, D.; Genzel, R.; Magnelli, B.; Nordon, R.; et al. 

Wuyts, S.; Förster Schreiber, N.M.; Lutz, D.; Nordon, R.; Berta, S.; et 

Wuyts, S.; Förster Schreiber, N.M.; van der Wel, A.; Magnelli, B.; Guo, 
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2.3.4 MOS & Laser Guide Star Adaptive Optics Instrumentation for Galaxy 
Evolution

-

speeds are 10-20 times greater than in the past, mak-
) 

-

-

-

LUCI & KMOS
galaxies are a time consuming and telescope demand-

-
tistics a high multiplexing capability is 

multiplexed infrared spectroscopy for 
large spectroscopic look-back sur-

full operation at the LBT and routinely 
-

Mt Graham, such that both eyes of 
LBT can be used simultaneously for 

The LUCI-MOS
-

-

contains a magazine of pre-prepared 
cold masks and a cryogenic robot 
mechanism to position them in the 

-

spectroscopic information can be obtained. The arms 

-

-

(Fig. IR.16) passed commissioning in March 2013 and  

8.4m apertures.
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ARGOS -

-

-

-

-
ing and correcting the ground layer of the optical distor-

-

-
-

ture upgrade of the system for diffraction limited opera-
-

commissioning planned for summer and fall 2013.

ERIS Enhanced Resolution Imager 
Fig. IR.17. Left: Artist concept of the ARGOS ground 
layer AO system for each eye of the LBT.

high angular resolution imaging and spectroscopy of 

-

state-of-the-art near-infrared imaging camera, and an 
-

call-for-proposals to build the ERIS infrared camera and 
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of the latest generation of four megapixel infrared detec-

for high precision astrometry and ultra-deep imaging to 

sparse aperture masks and a pupil plane coronagraph 
-

fraction limit. 

Fig. IR.18: ERIS – the Enhanced Resolution Imager and Spectrograph 

(grey).

Sebastian Rabien Frank Eisenhauer

-

Schreiber, Hans Gemperlein. Michael Hartl, Reiner 
Hofmann, Srikrishna Kanniganti, Jaron Kurk, Christina 

-

-

-

-



35Infrared and Submillimeter Astronomy

2.4 The Harvest of PACS @ Herschel

-

-
ing and calibration of the instrument and demonstrated 

routine phase of the mission – more than three years 

-
zation, and data processing of Herschel.  This substan-

-
-

-

PACS operation. With the successful 2009 launch of 
-

-

-

-
-

– notably – no failures in the cold focal plane unit.  Most-

-
strument setup in the lab running in stand-by condition, 

The PACS instrument
than 50% of the total Herschel science time (~22,000 

-

about 15% of the total science time 
-

the 50 most-cited Herschel publica-

science has resulted in 60 refereed 

-
oped the instrument and most of its 

of our results, particularly during the 

Herschel and its community com-

-
terization and calibration of the instru-
ment and also of the satellite attitude 

-
pects one has to consider for a com-

plete characterization of a complex 
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Spatial calibration. This task encompassed focal plane 

coupling factor of each pixel to a point source as a func-
tion of point source position) and point spread functions 
(PSF, i.e., the resulting image of a point source as the 
output from a mapping algorithm). For the photometer 

-

dynamic range (Fig. IR.21 left).

point-like and extended sources (Fig. IR.21 right). In 

-

the measured PSFs compared to the model predictions 
-

-

-

 

Fig. IR.21: left: photometer point spread function (PSF) in the “green” (100μm) band, clipped at – from left to right – 100%, 10%, and 1% of the peak 
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stellar models.

-
rameters on the absolute response, in particular, of the 

-

-

of the models for the celestial calibration standards. For 
the photoconductors in the spectrometer branch, there 

due to cosmic ray effects on the detector response and 

-

to use the self-emission of the telescope as a calibra-

-

standard, Neptune.

-

-

-
cerned about excess noise from cosmic ray glitches and 
their “tails” in the detector response, but found no unex-

-19 2 after 6.5 hours of integration. For 

probably stray light from an intermediate-temperature 

-

limit of 0.9, 0.6, and 1.3 mJy at 70, 100, and 160 μm, 

into the confusion limit.

Data pipeline development. This effort had been start-

-
lite system and ongoing calibration efforts, substantial 

Science System (Fig. IR.23).

Fig. IR.23: Continued development and improvement of the PACS 
automatic data pipeline.  Shown is the same photometric map (Level2 
data product), generated by versions HCSS3.0 (April 2010 and HCSS 
7.0 (May 2011).

-

-

-
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pled spectral mapping, into one, large data cube, from 
-
-

Science results: Resolving the cosmic infrared back-
ground (CIB).

from them about the history of star formation and galaxy 

Fig. IR.24: Top: three-color image of the GOODS-North cosmological 

and 160 micron (green) and with Herschel/SPIRE at 250 micron (red), 
and based on 124 hours of integration (Elbaz et al. 2011). Bottom: 

We therefore spent the bigger part of our guaranteed 
-
-

-

-

from the source counts are more constraining than direct, 
integral measurements (Berta et al. 2010, 2011) .

Fig. IR.25: Cumulative Cosmic Infrared Background as a function 

completeness-corrected counts, stacking, and P(D) analysis, 

the CIB with COBE. The green shaded represents previous surveys 
carried out with IRAS, ISO and Spitzer (Berta et al. 2010, 2011).

-

-
ity has occurred in a more continuous mode, albeit at 
higher rates in earlier epochs, related to also an increase 

starbursts and mergers (2.3).  
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-

on star formation (2.5.2). The key papers are Elbaz et al. 
2010, Nordon et al. 2010, 2012, Rodighiero et al. 2010, 
2011, Magnelli et al. 2010, 2012, Shao et al.2010, San-
tini et al. 2012, Rosario et al. 2012.

Science results: 

spectroscopy program on ultra-luminous infrared galax-

structure lines in a large sample of galaxies in the local 

-

-

-

LFIR
LFIR/Mmol (right panel), indicating that the local physical conditions in 
the ISM determine the relative line brightness, rather than absolute 
luminosity (Gracia Carpio et al. 2011, 2013 )

The LFIR mol -
-

mation recently found in galaxies on the basis of studies 

-
pact and obscured regions in some local HII galaxies 

nature of these systems.

tracers of all components of the interstellar medium – 
molecular, neutral atomic, and ionized – and can thus 
contribute to a more complete picture of these phenom-

-

-

-
dominantly abundant in the nuclear regions. The amount 

-

-
tion models (2.5.1, Fischer et al. 2010, Sturm et al. 2011).

winds in the ionized as well as in the neutral atomic medium (Contursi 
et al. 2013).

-

I] lines, on the surface of the molecular clump. The de-
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Science results: Filamentary cloud structure and star 
formation. 

-
ture and column density (Fig. IR.28).  The clump mass 
function (CMF) strongly resembles the Initial Mass Func-

is already preset during the cloud fragmentation phase.

-
-

marily as a result of the dissipation of large-scale turbu-

-
zoumanian et al. 2011, Hill et al. 2011).

Science results: The role of water in star formation.  
Water is one of the most important molecules in inter-

energetic processes taking place during star formation, 
-

mass stars (M>8M ) emit intense radiation, heating up the gas and dust around them and showing up in blue (taken from Rivera-
Ingraham et al.2013, http://www.nasa.gov/mission_pages/herschel/news/herschel20130328.html).
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Albrecht Poglitsch is a W2 Senior Scientist at 

Investigator for the PACS instrument onboard of 
ESA’s Herschel mission. He has a longstanding 
track record in developing state of the art 
cryogenic spectrometers for the far-infrared 
wavelength region. PACS combines broadband 
photometric imaging with bolometers, with 

spectrometers with Ge:Ga photoconductors, 
together based on 4 large, very sensitive array 
detectors.

-
-

Eckhard Sturm, Ekkehard Wieprecht, Erich Wiezorrek)

Selected References:

André, Ph.; Men'shchikov, A.; Bontemps, S.; Könyves, V.; Motte, F.; et 
al. 2010, A&A, 518, L102
Arzoumanian, D.; André, Ph.; Didelon, P.; Könyves, V.; Schneider, N.; 

Berta, S.; Magnelli, B.; Lutz, D.; Altieri, B.; Aussel, H.; 2010 A&A 518, 
L30
Berta, S.; Magnelli, B.; Nordon, R.; Lutz, D.; Wuyts, S.; et al. 2011 A&A 

Bruderer, S.; Benz, A. O.; van Dishoeck, E. F.; Melchior, M.; Doty, S. D.; 
et al. 2010 A&A 521, L44

A&A 521, L37

Elbaz, D.; Hwang, H. S.; Magnelli, B.; Daddi, E.; Aussel, H.; et al. 2010 

Elbaz, D.; Dickinson, M.; Hwang, H. S.; Díaz-Santos, T.; Magdis, G.; et 
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Magnelli, B.; Lutz, D.; Berta, S.; Altieri, B.; Andreani, P.; et al. 2010 A&A 
518, L28
Magnelli, B.; Lutz, D.; Santini, P.; Saintonge, A.; Berta, S.; et al. 2012 

Men'shchikov, A.; André, Ph.; Didelon, P.; Könyves, V.; Schneider, N.; 
et al. 2010 A&A 518, L103

-

the pre-stellar cores to the last stages represented by 

-
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2.5. Massive Black Holes and Black Hole–Galaxy Co-Evolution

2.5.1. Feeding and Feedback in Nearby Active Galactic Nuclei

-
mon gas accretion and feedback mechanisms. In order 
to understand the key physical processes that couple 

-

-

-

that potentially could expel much of the gas in the host 

regulate both star formation in the host galaxy and black 
hole fuelling, in the process setting up the black hole-gal-

-

-
IRGs. -

-
-

(up to ~ 1200M  

IR
-
-

1/2 3/2

of an H2
-1000 km/s, as in the case of OH.

~ 106–108 years (Fischer et al. 2010, Sturm et al. 2011). 

2 to103 M

-
-

-

Highly excited molecular line emission from the nu-
cleus of NGC1068.

-
-
-
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-

contrast, the medium and high excitation components, at 

-
sion may come from dense photo-dissociation regions, 

thereof. The energetics suggests that the highest excita-

-

-
nents to the near infrared H2 line emission from spatially 

-
-

est excitation component only matches the tongue of H2 

-

What triggers AGN activity?

from the narrow-line region/jet region. H2 emission associated with the latter structure delineates two streamers of molecular gas falling from the 
ring inwards toward the nucleus (red cross) from the north and south. Right: The CO line spectral energy distribution (SED) as measured with 

2012).

-

-
-
-

-
bust statistical footing by targeting a complete sample 

-
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Dense molecular gas in AGN.

This is best addressed using the millimeter emission of 
molecular lines such as HCN. The spatial resolution of 

-

molecular properties suggests that the dense gas lies in 
-

that the molecular clouds in these disks may not be self-

the physical properties of the innermost regions of gal-

Eckhard Sturm

Selected References:

Feruglio, C.; Fiore, F.; Maiolino, R.; Piconcelli, E.; Aussel, H.; Elbaz, D.; 

Dunsheath, S.; et al. 2010, A&A, 518, L41

Dunsheath, S.;  et al. 2012, A&A, 541, A4
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2.5.2 Herschel Studies of the Co-Evolution of Galaxies and Black Holes: 
Secular Processes Dominate over Merging

-
mic time. Exploiting the fact that far-infrared continuum 
emission traces star formation, and is little affected by 

-

-
-

-
rons onto MBHs in the nuclei of their host galaxies. They 

thermal energy, and are capable of returning a substan-

regulate the formation of stars in their hosts. Indeed, 

mechanisms that regulate the supply of gas on large 
spatial scales could be indirectly linked to the feeding 

-

the host galaxy, for example through galaxy mergers, or 
-

cesses to bring gas from large radii to the nucleus.

60) of X-ray selected AGN as a function of AGN bolometric luminosity and redshift. The local 
points come from IRAS measurements of Swift/BAT AGN, while all other points are derived from stacking Herschel/PACS maps. At z<1, luminous 
AGN show a consistent correlation between L60 and LAGN. This correlation appears to weaken or disappear at z>1. (Right): Predictions of the 
correlation from a suite of hydrodynamic major merger simulations. The dashed lines are the same as that plotted in the left panel (Rosario et al. 
2012).

MBH masses and the masses of spheroids in local galax-
-

tion rate (SFR) density and the accretion density to these 

-

proceed stochastically in a galaxy, they still both depend 

phases. 

obtained by collaborating teams. Compared to other star 

-

the performance of the FIR as a star-formation tracer in 
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-
stration Phase data and later expanding both sample 

to explain measurements of the mean SFR (traced by 

-

of magnitude in nuclear luminosity, exhibit comparable 

-

-

-
-

-
tion of gas clumps but possibly also includ-

hosts is through a comparison to the Main Se-
-

for optical and near-IR light from the nucleus, 
-

formation enhancement for the most lumi-

consistent enhancement in the mean SFRs 

enhancement could be either due to a larger 
proportion of intense starbursts, or due to a 
larger fraction of normal star forming galax-

-

-

they are also, at all redshifts and consistently 

-
-

Fig. IR.33: Top: Color magnitude diagrams of X-ray AGN (top) and PACS detected 

similar parts of the diagram and there is no preference for AGN hosts to lie in the 
“Green Valley” (marked by the green line in all panels, Rosario et al. 2013). Bottom: 

The errors on the latter are derived from a Monte-Carlo bootstrap resampling into 

detected than similarly massive non-AGN (Rosario et al. 2013).
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-
ing galaxies, if one corrects for the incompleteness of 

-

(Fig. IR.33).

-

-

the critical processes at play in these systems. The best 

the line of sight, yielding information on the accretion 

-

-

-

-
lected through mid-IR or emission-line based methods.

-

time (Shao et al. 2010, Santini et al. 2012, Rosario et al. 
2012, 2013 )

David Rosario Dieter Lutz

Marcella Brusa, Natascha Förster Schreiber, Reinhard 
-

Wuyts)

Selected References:

Lutz, D.; Mainieri, V.; Rafferty, D.; Shao, L.; Hasinger, G., et al. 2010 

2010 A&A 518, L26

A&A 545, A45
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2.6 Star and Planet Formation

-
stellar medium in star- and planet-forming regions (133 

-

nearby clouds as function of gas density, elucidating the 

and complex organic molecules from collapsing cores to 

Feedback from protostars: Water and the CO lad-
der. 

-

-

highly energetic processes in regions close to the pro-

a young star dumps energy into its surroundings. Its 

-

strong shocks symmetrically displaced from the young 
star.

-
-
-

is dominated by H2 -

(J=49-48, Eup -

sun), with bright emission in many H2O, CO, OH and atomic or ionized lines indicated. The inset shows the combined spectrum including the 
continuum. Bottom: CO rotational ladder showing the warm and hot CO components (Herczeg et al. 2012).
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temperatures of ~350 K and ~700 K, indicating different 

-

The water trail from cores to disks. Water is one of 

a dominant form of oxygen, the third most abundant ele-

energetic processes taking place during star formation, 
-

-

-

ice during the entire star and planet formation process 

origins.

-

-

-
es represented by the pre-stellar cores to the last stages 

-
planetary disk, pointing to the presence of about 6000 

-
-

The warm gas atmosphere of disks revealed by Her-
schel-PACS. The surface layers of protoplanetary disks 

-

-

-
gas >> T.  When 

principle forms of carbon can be studied. The data indi-
-

2

composition of the atmospheres of any planets that may 
form in this gas.

Determining disk masses with PACS. The gas mass 
of a protoplanetary disk is key in determining the disk's 
ability to form a planetary system but is notoriously dif-

-

Fig. IR.35: Left. Detection of cold water vapor in the disk around the young star TW Hya with Herschel-HIFI, obtained as part of the WISH program 
(van Dishoeck et al. 2011). Both the ground-state o-H2O (557 GHz) and p-H2O (1113 GHz) lines are shown (Hogerheijde et al. 2011). Right: Warm 
water emission toward a low-mass protostar imaged with the IRAM Plateau de Bure Interferometer. The background image shows the distribution 
of cold dust and gas (red colors) distributed over scales a few thousand times larger than our solar system. The blue color indicates the location of 
the water vapor detected with IRAM in a rotating disk. The lower inserted Fig. shows the water image with the colors corresponding to the velocities 
of the gas.
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Ewine van Dishoeck is Professor of astrophysics and astrochemistry at 

Member of MPE and has an active research group on star and planet 
formation at MPE and hosted by the IR-group. Ewine is the PI of the 

‘WISH’ program on Herschel, where she uses PACS and HIFI for a 
detailed study of the role of water vapor in star forming regions and 

of protostellar disks,

-

Karska, Nadia Murillo)

Selected References:

Dishoeck, E. F.; et al. 2012 A&A 540, A84

van Dishoeck, E. F.; Kristensen, L. E.; Benz, A. O.; Bergin, E. A.; 
Caselli, P.; et al. 2011 PASP 123, 138

tackle this issue, since its abundance is directly related 
to that of H2
has been detected in one disk (only the second time this 
line has been seen in the ISM). The inferred mass in-
dicates that this disk still has enough gas to form giant 
planets.

Detection of the simplest sugar in a solar-type pro-
tostar with ALMA. 2
simplest sugar and an important intermediate in the path 

-
-

detection of this molecule around a solar-type young star 

be incorporated into future solar systems.  The order of 

-
lar system analogs.
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3. Optical and Interpretative Astronomy (OpInAs)

3.1 Overview

-

-
ests in the large scale distribution of galaxies and its rela-
tion to cosmological parameters, and on smaller scales 

-

-
plete instrumentation for the Wendelstein 2m telescope). 

-

carried out at both places, as is the education of gradu-

-

groups.

of dark halos on black hole mass determinations (to 

-

-

-

including studies of the different types of bulges (classi-
cal and pseudo), the origin of S0’s and spheroidal galax-
ies, general scaling properties of galaxies, the analysis 

analysis of the dark halo properties of galaxies has re-

-
neity in halo properties for the different types of galaxies. 

-
lar IMF of elliptical galaxies. With the recent completion 

-

galaxies, like star formation, rotational properties, mass, 

the large scale distribution of galaxies. This line of re-

-

of 109 galaxies and the spatial distribution of ~50 million 
-

galaxy formation and galactic structure, too. For more 
information on large scale structure analyses and the 
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-
-

cause of the broad range of interests of our bachelor and 

out a number of smaller to medium-size research pro-

-

in a broader astrophysical or cosmological context (e.g. 

-

research topics can be found in Section 3.7.
Ralf Bender

-
-
-

remain central for our research.
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step, at least to some degree. Important clues about this 
interrelation are encoded in the steepness and physical 

BH BH-MBu rela-

-
ers are unimportant and scaling relations mostly probe 

-

largest ground-based campaign to measure masses of 
-

and bulge formation.

3.2 Supermassive Black Holes

-

-

-
-

tional support. Mergers are another channel to feed a 
central BH. Mergers produce classical bulges and ellipti-

-

-
cal BH measurements for these classes. For example, 
measurements of the BH masses for the merger rem-

-

of the black hole mass in the maser galaxy NGC 4258 

-

problems (dust absorption, lack of photons and the need 
-

The Sinfoni Black Hole Survey:
-

study the centers of 33 local galaxies, (16 Es and S0s, 
3 mergers, 11 pseudo-bulges, and 3 classical bulges), 
resulting in the determination of the BH masses in 31 

-

hole mass measurements. We measured BH masses by 

We complemented these high-resolution (FWHM~0.1 

black hole mass in the massive elliptical NGC 5328.
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-

-
ple of such a combination. We modelled these data us-

needed, the parameters of the dark matter halo. We pub-

et al 2007, 2008, 2010, Rusli et al. 2011) discussing the 
galaxies NGC 4486a (an elliptical galaxy companion of 

disk galaxies harbouring both a pseudo- and a classical 

-

at the centers of 6 spiral galaxies of our sample. 

Massive galaxies:
presented in Rusli et al. (2013a and b). In Rusli et al. 

 -

-
-

ponent is too high (to compensate for the missing halo) 
and the BH masses can be underestimated by factors 2 

-

predicted by the MBH

Fig. OP. 2: the MBH BH-LV
literature, red ones our 10 high-

-

of 1010 Msol

BH

mass BH measurements by McConnell et al. 2011, Na-

1010 Msol

The second problem discussed in Gültekin et al (2009b) 

BH

using the MBH-Bulge Luminosity LBulge relation using 

BH measurements imply larger black hole masses for a 
-

dicted and this compensates to some extend the steep-
ening of the MBH
local black holes is an order of magnitude larger than de-

are also affected by considerable uncertainties).

Depleted cores & BH binaries:  gal-

-
-

cals the hardening of the binary black hole expels stars 
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Fig. OP. 3: Black hole cumulative space density derived from the MBH
(black and red lines) and the MBH-LV (blue lines, the dashed one is 
computed for a small intrinsic scatter, see Rusli et al. 2013a) relations. 
Green and yellow dotted lines show models of quasar counts as in 

-

-

black hole and core size and opens the possibility to es-

galaxies. Numerical N-body simulations predict that the 

-

scouring, radial orbits remain depopulated for long times. 
Therefore the imprint of a BH merger is a lack of radial 

exactly this characteristic depletion of radial orbits inside 
-

dictions of core formation models based on binary black 

-
dence from the steepening of the scaling relations, the 

-

BHs in pseudo-bulges and bulgeless galaxies: We 

-

-

K-band luminosity Kormendy and Bender (2011a) and 

-

Fig. OP. 4: Left: the anisotropy t
2/ r

2, where t and r  are the tangential and radial velocity dispersions) predicted by the core 
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mass Kormendy and Bender (2011b). The physical con-
-

a (large) pseudo-bulge co-exist particularly important. 

BH
much smaller than the pseudo-bulge K luminosities pre-

Bulge densities and formation scenarios: Incorpo-

important results are emerging from the analysis of this 

estimates MBu, determine the bulge spherical half-lumi-
nosity radius rh h
rh. Bulge densities turn out to be important. High densi-
ties imply a large baryonic concentration near the centre 

factors: (1) the formation redshift – earlier formation im-
plies higher halo and gas densities – and (2) the merging 
history – gas poor mergers reduce the density in each 
merger generation.

-
BH Bu

correlations best predict the BH mass for early-types 

Bu
 h -

-
ers) of the resulting galaxies, increase the central black 
hole masses through black hole merging (by a factor 2 

-

gas and therefore dissipationless) merger these cannot 

-
BH Bu ratio almost constant. 

Measuring MBH

more common gaseous rich mergers supposed to gen-

BH-MBu relation and the 
black hole(s) do not accrete substantial amounts of gas 

the mean bulge-to-total ratio of the progenitors. This is 

5018, and NGC 5128, all rather young, gas-rich, merger 
remnants. NGC 3923 is likely to be (the late phase of) 

BH Bu

-

Fig. OP.5: the MBH-MBu relation (left) and the residuals as a function of bulge density h. 

remnants in green. Cyan dots with a blue annulus are the classical bulge components of pseudo-bulges. The dotted lines indicate the estimated 
intrinsic scatter for the early-type plus classical bulge sample, the rms is measured on the whole sample (i.e. including pseudo-bulge). Arrows 
describe qualitatively the effects of the different channels of BH and bulge growth.



Optical and Interpretative Astronomy 59

-
ties because earlier formation implies higher dark matter 

stellar density, a high density today also implies that the 
-

NGC 4486b, NGC 4342, NGC 3998, NGC 4594, NGC 
5845, NGC 3245, NGC 1332 do harbour unusually large 
black holes. M32 (NGC 221) is also extremely dense, 

-
erage for its bulge mass. Except for NGC 4486b, these 

BH -
-

sion (through the MBH
hole mass predictor than the bulge mass (through the 
MBH-MBu relation).

In contrast, the mass of BHs in pseudo-bulges (cyan 
h than clas-

results of Kormendy and Bender (2011a). To conclude, 

set by the amount of gas that secular processes (such as 

resulting black hole masses are much smaller than the 
ones measured in early-type or classical bulges of the 

Instrument developments: MICADO.

-

the nearest galaxies.

-

Selected References:

Nowak et al. 2010, MNRAS, 403, 646
Rusli et al. 2011, MNRAS, 410, 1223

Jens ThomasRoberto Saglia
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3.3 Galaxy Structure

strongest predictions of 
density distribution in the centres of dark-matter halos. 
The distribution of dark matter is altered during the infall 
of the baryons and many of the related processes are 

contraction of dark matter halos exerted by the baryons 

-

processes in the structure of local galaxies. We are us-

Precision mass measurements for early-type galax-
ies: 
is no direct tracer for the mass distribution in early-type 

-
cal modelling of the kinematics of the stars. Stellar orbits, 

-

-
lytic models and N-body merger remnants and applied it 
to 24 cluster early-type galaxies: 16 in Coma and 8 in the 

-

compare our masses of real galaxies to independent 

are applicable to all galaxies and not only to the rare 

Maximum or submaximum bulges? Stars respond to 

a star’s orbit originates from dark matter or from other 

-
rated by color and illustrated on the image).
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maximum disk hypothesis, and in analogy to the case 

-

mass that is traced by the light might not be baryonic 

The stellar initial-mass-function (IMF): In the Milky 
Way and its direct neighbourhood the stellar IMF, i.e. the 
distribution of the masses of stars at their birth, can be 

galaxies star counts are not feasible and the IMF is not 

can be determined from spectral line indices through 
stellar-population synthesis models, the corresponding 
stellar masses are uncertain to a factor of ~2 as long 

-

population synthesis predictions based on a Milky Way 

turn out to be higher than predicted by a Milky Way IMF 

-

This extra mass could be the footprint of a population of 

of the stellar IMF beyond the neighbourhood of our Gal-

-

-CDM or cored? Maximum 
-CDM  halos and halos 

-

for -CDM 

the fraction of dark matter inside the half-light radius is 

similar -CDM predictions (Jardel et al. 2013). We 

-
-CDM 

-

models, i.e. assuming that all the mass Mlight that follows the light is in 

light~MKroupa). At 
higher dispersions (
follows the light. It could be tracing a population of low-mass stars (as 
e.g implied by a Salpeter IMF, for which Mlight~1.6 MKroupa). Alternatively, 
high-
the mass that is traced by the light is not baryonic).

these interpretations is correct puts strong constraints 
on galaxy formation models.

Dark-matter densities & halo-assembly epoch: 
-

sities than spiral galaxies of the same stellar mass (see 

formed through binary mergers of present-day spirals. 
Instead, it puts strong constraints on galaxy formation 
simulations. Higher dark matter densities imply an earlier 

z=1 and z=3, or roughly 8-10 Gyrs ago). Half of the gal-
axies assembled their halos at the same time as their 

al. 2009).

Search for MACHOS in M31 -

important to construct the tri-dimensional mass distribu-
tion of the galaxy, and in particular its bulge. This can be 

kinematics along 4 directions of the central bulge and 
-
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same stellar mass (blue lines). Denser halos imply an earlier formation 
redshift and rule out that ellipticals as a class have formed through 
binary mergers of present-day spirals.

of bulge triaxiality and estimated its age (>12 Gyr), me-

is in progress. We also continued the study of the clus-

ter of blue stars surrounding the M31 nuclear black hole 
(Lauer et al. 2012).

Dynamical structure of bulges: We are currently con-
ducting a study of the dynamical structure of bulges in 

-

study the stellar and gaseous kinematics of local disk 
-

pointings observed with VIRUS-W.

Fig. OP.10: A map of the stellar line-of-sight velocities (left) and velocity dispersions (right) of NGC4203.
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-

galaxy is clearly dominated by dispersion, as expected 
for classical bulges.

Instrument developments: VIRUS-W. In order to study 
-

the stars. This is only feasible if the intrinsic dispersion 

dispersion of the instrument that is used to obtain these 

Fig. OP.11: VIRUS-W. The image was taken in the optical laboratory in Munich shortly before the instrument was packed and shipped to the 

and the camera focus drive, the ethernet to RS232 converter, and power supplies.

-

-

-

dispersions - let alone higher moments - in these galax-

capture their global dynamical properties.

-

-

-
age of 4850 Å – 5480 Å and a spectacular throughput 
of 35% including the telescope optics. The design is re-

-

to study the bulge regions of local spiral galaxies. Light 
-

mized by a design that operates close to their numeri-
cal aperture. Further, a large 200 mm aperture refrac-

instrument.
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control room.

Jens Thomas, Roberto Saglia, Max Fabricius

-

Selected References: 
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Thomas et al. 2007, MNRAS 382, 657

Thomas et al. 2011, MNRAS 418, 2815
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3.4 Dark Matter in Galaxies and Clusters of Galaxies from Weak 
and Strong Lensing

to understand the mass distribution of galaxies from 

-
ies acting as strong lenses, the lensing effect of galax-

We also mapped the dark matter distribution of clusters 

concentrated our effort on the determination of the mass 

orbits of HST-time each.

ratio in elliptical galaxies: 
Elliptical galaxies obey the Faber-Jackson and Funda-
mental Plane scaling relations linking the luminosity, ef-

-

-

-
-

conclusion has been obtained by assuming that galaxies 

-

into extended images or rings. We published the analy-

-

-

component and the additional component separately. 
The mass to light ratio of the luminous component is 

radius. Results for further 3 lensing systems (in prep.) 

concerning Salpeter-like mass to light ratios for the de 
-

imaged twice to form an almost complete Einstein ring. The labels A to 
E mark corresponding sub-components.

Fig. OP.14: The red curve shows the cumulative distribution function 

component, as derived from our lensing analysis. The vertical lines 
illustrate estimates obtained from the SDSS photometry and modelling 
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The tidal radius of galaxy dark matter halos in clus-
ter cores:

-

-
-

of multiple images systems and because they change 
the surface brightness distributions of giant arcs and 

-
ing due to cluster galaxies can be seen easily by eye 

studying both the multiple image positions and the sur-
face brightness (SFB) distribution of the giant arc and 

-

not make use of the Faber Jackson relation or Funda-
mental Plane relation in order to obtain the estimate of 

(Brimioulle et al. 2013) yields that the central cluster gal-

hydro-dynamical simulations of clusters by Limousin et 

the middle, top panel. The reconstruction of the arc by our strong lensing model is shown in the right and middle, bottom panel. The colors of the 
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parameters: 

-

degrees of the public CFHTLS-Wide data set taken in 

then analysed the shape distortion that foreground gal-
-

-

blue , 
10 h-2 

L

-

M200
luminosities into stellar masses and obtain a minimum 
of the M200 star
1010 h-2 Mstar

-
tion of further results.

the weak lensing signal to scales < 100 h-1 kpc. We show the scaling 

telescopes: 

and luminous) matter distribution in 24 clusters, to iden-

al. 2013a) using ground based data and constrained the 
central mass distribution by analysing the strong lens-

al. 2013). We also carried out a systematic search for 

-
ure the substructure traced by galaxies and obtain limits 
on “dark” halos (masses and abundances) not hosting 
galaxies to obtain a halo-mass function in cluster core. 

highest redshift galaxies.

that the Large Binocular Telescope is suitable to meas-

-
ters (Gruen et al. 2013b). We also carried out a theo-

-

-

of state. 

Developments of Algorithms for data reduction, pho-
tometric redshift and shear measurements:

reduction regarding astrometric accuracy and the identi-

-

measurements of galaxies are an essential ingredient to 

-
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Instrument developments: 

Wendelstein Wide Field Imager (WWFI)

the Wendelstein 2m Fraunhofer telescope (Gössl et al. 
2010a&b) This instrument is tailored to carry out sci-

-

optics itself is designed to minimize ghost images, and 

-

-
by galaxies like M31 (see section 3.7).

Wendelstein 3KK
The Wendelstein 3KK (Lang-Bardl et al. 2010) is a 3 

-
-
-

-

Stella Seitz
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3.5 Galaxy Evolution

-

statistical description of the full galaxy population, most 
-

pushes for a clearer understanding of these topics by 

6 years much of our research focused on understand-

of elliptical galaxy (pure bulges) described by different 

-

highlights.

Two types of bulge: Classically Dead or Pseudo 
Active?

-

-
ed “mini-ellipticals” at the centre of disc galaxies, Fig. 

-
ally supported, star forming disc-like enhancements at 

-

the galaxy's disk.

densities and stellar mass fractions at redshifts z~0.4-

Fig. OP.17: HST two colour images of a typical classical bulge (top 
panel) and pseudobulge (bottom panel).

younger galaxies from the sample to account for pro-

still exists. The data suggests that dynamical mass to 

-

formation time.
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Dwarfs do it their own way: A second Schechter 
function for low mass galaxies

-

-

dip at ~1010M
-

Bulgeless and Spherical? 

-
metric properties of “spheroidal” galaxies scale in the 

-

-
-
-

-
-

dicted to be more common among satellites.

A Dichotomy of enhanced centres and scoured 
cores in Ellipticals

-

clear dichotomy in the central properties of elliptical gal-

is old and they appear to be formed in a short time scale, 

disky isophotes, are younger and formed on longer time-

during a gas-poor merger of galaxies and excess light 
-

Stars at the edge: Truncated and anti-truncated out-
er galactic disks

(2008) recognized that outer galaxy stellar discs fall into 
three broad categories: single-exponential, truncated, 

-
gests that the mechanism of formation for truncated stel-

Spirals die in groups: The realm of S0s

-

central galaxies of halos of any mass, or as the satel-
lites of group-mass halos (Mhalo

13 M
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masses < 1011 M

-

How big is your Neighbourhood? Quenching and 
the Multiscale Environment

-

assigned to halos and subhalos is a function of the halo 

-

halo mass, illustrating the hierarchical nature of galaxy 
-

leps et al., submitted).

It's all Hierarchical – Growth of Bulges and Quench-
ing of Massive Galaxies

We see that galaxies containing a classical bulge are 
-

-

-

if tidal stripping of satellite galaxies reduces the mass ra-

central galaxies (star formation rate x 100 Gyr < stellar 

by the models. To successfully reproduce both elliptical 
 

-

 yr , right) fraction of M*
10.5 M

et al. (submitted).
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3.5.1 Understanding Galaxy Growth: the KMOS View

and statistical studies puts us in an ideal position to take 

-

-

-
-

K ARM A

using the 24 arms, accounting for targets priorities and 

Fig. OP.20: KMOS at the VLT Nasmyth B ANTU focus (UT1)

-

also IR-group report). By studying galaxies at high red-
-

-

old. The near infrared spectra trace rest-frame optical 

studied absorption features. This yields tracers of stellar 
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-

-
-
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3.6 Precision Cosmology from Large-Scale Structure Observations

-

-

-

-
-

the origin of cosmic acceleration, but also on many other 

-

-

Dark energy and the large-scale structure of the 
Universe 

-

that it is doing so at an increasing rate. In the context 

key property that can be used to characterize this com-
 = p

 correspond to the pressure and 
-
-

-

acceleration. 

-
ation is to obtain accurate measurements of the expan-

-

-
-

current standard cosmological model, and it is expected 

-

-

-

can be seen as a small oscillatory amplitude modulation. 

the oscillations in P(k) are closely related to a particular 

-
-
-

tering measurements can be used as a standard ruler. 
-

allel and perpendicular to the line-of-sight can be used to 

-

(z)2 . Thanks to 

the most promising routes to obtain accurate constraints 

-

-

-

-
able, making it ideally suited for large-scale structure 

analysis of galaxy clustering measurements based on 

seen as a broad bump on large scales.



Optical and Interpretative Astronomy 75

(s) (Kazin, Sánchez & 
Blanton 2012). These functions contain the same infor-
mation as the correlation function, but for structures pri-
marily aligned in the directions parallel and perpendicular 

(z), increasing the 
-
-

of these measurements can be used to obtain tight con-
straints on cosmological parameters.

Fig. OP.21: Two-point correlation function (left panel) and clustering 

et al. 2012, 2013). These functions characterize the large-scale 

can be seen as broad peaks on all these measurements. The dashed 
lines correspond to the predictions of the CDM model, which gives an 

Modelling large-scale structure observations 
-

tional data in recent years led to a drastic reduction in the 
-

lution poses a challenge for our theoretical understand-
-

cal errors decrease, the control of the systematic errors 

-

(Sánchez et al. 2008). If not taken into accurately ac-

of LSS measurements as precision cosmological probes. 

the modelling of the clustering signal measured in galaxy 

description of the results from N-body simulations and 

robust methods to extract unbiased cosmological con-
straints from large-scale clustering measurements. By 
adopting a perturbation-theory based model in the mildly 

-
cal implications of galaxy clustering measurements from 

-

-

m, and the 
, obtained from differ-

ent dataset combinations. The CMB-only results (blue 
contours) exhibit a strong degeneracy that extends be-

measurement partially break the degeneracy obtained 
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 = 

constant (Sánchez et al. 2012, 2013).

 and 2  constraints on the matter density 
parameter, m, and the dark energy equation of state parameter, wDE. 
The different sets of contours correspond to the results obtained using 
different combinations of datasets: CMB information alone (blue lines), 
CMB combined with the BOSS two-point correlation function (grey 
lines), CMB combined with the BOSS clustering wedges (red lines), 

agreement with the CDM model value of wDE
line (Sánchez et al. 2013).

-
shift-space distortions can be modelled and included in 

to apply corrections to the galaxy positions prior to the 
estimation of any clustering statistic to reduce the impact 
of these systematic effects. This is the general idea be-

-
tering pattern itself. This means that the same galaxy 

restoring the information lost by these processes. In gen-

residual non-linearities must be taken into account by 

-

Linking light and matter

-
tering measurements are used to constrain cosmological 
parameters.
 

-

-

-
ter distributions, these results also offer important clues 

-
ent masses. This can be characterized by means of halo 

-
-

directly from galaxy clustering measurements. We are 
currently using correlation functions of different galaxy 

et al. in prep).  

Future galaxy surveys: SDSS-IV, HETDEX and Euclid

range 0.1 < z < 3. 

of 420 deg2 3. This sample 

(z) 
to directly detect the presence of dark energy at z ~ 3 at 
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the total neutrino mass (from small scale clustering) and 
-

-

-

-

-

-

-

-
tions. To accomplish the challenging task of analysing 

Imaging System for Europe). The Cure-WISE pipeline 

times during a night is critical to our ability to detect faint 
-

tions of the spectrograph. To minimize the impact of re-
-

-

-
bine imaging and spectroscopic information optimized for 

so far at explaining the origin of cosmic acceleration. Eu-

Fig. OP.23: The upgraded 10m Hobby-Eberly Telescope with the new 
prime focus assembly. The tracker allows the instruments to follow the 

(green) transport the light from the prime focus to the 150 VIRUS 
spectrographs which are mounted on a co-rotating frame on the side 
of the telescope.

Fig. OP.24: Raw HETDEX-like data from our simulation pipeline and 

Each observation therefore produces a number of frames which need 
to be combined using a Bayesian approach for faint object detection. 
Cure-WISE will automatically run the reduction and object detection for 
the 75 IFUs and ~4000 individual HETDEX observations.
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Outlook

Current galaxy clustering measurements can place 
strong cosmological constraints. So far, all results are 

 

an excellent description of the clustering measurements 

ideal position to fully participate in the science exploita-
tion of these datasets. By means of precise theoretical 

-

test.

-

Martin Landriau, Baptiste Meneux, Francesco Montesa-
-

haufer, Jan Snigula, Jochen Weller and Philipp Wullstein)
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3.7 Machos, Stars and Planets

The search for a possible baryonic constituent of dark 

-

-

-

-
-

-

resolution spectrographs on the northern and southern 

in the Milky Way and our neighboring galaxies M31 and 
-

the globular cluster M71).

Microlensing in M31: -

amount of act dark matter (Machos) in these halos in-
dependent of the baryonic or non-baryonic nature of 

-

-
-

-
-

deg2

-

-
ing the central region of M31 and detected six candidate 

FWHM -

-

Fig. OP.25 - Light curves of the PAnd-1 microlensing event. red dots: 
rPS1-band, blue dots: iPS2-band, grey: difference image postage stamps.

et al. 2001, 2003). We are currently analyzing the full 
data set (4453 frames of in total 22.4 TeraBytes) of all 

lensing rate or an incompatible spatial distribution rela-
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-
-

-

contribution in section 3.3).

Variable stars in M31: -
-

Cepheids, the largest sample in M31 published so far 

Population I Cepheids nicely trace the dust pattern of 
-

Period-Luminosity-Relation (PLR) for the three Cepheid 

-
cy of the PLR. By transforming the period measurements 

identify and study eclipsing binaries in order to measure 
-

tain a sample that can be used for M31 distance meas-

detected more than 300 detached and semi-detached 

up and determination of the distance to M31 (Lee et al. 

Planets in the Galactic Disk: Pan-Planets. Within the 

-

-
get stars by an order of magnitude compared to the WTS 

Fig. OP.27: Positions of the PAndromeda fundamental mode (blue), 

E(B-V) map of Montalto et al. (2010).

P1-band

-

-
mized using Monte-Carlo simulations (Koppenhoefer et 

-

found a good candidate around a 15th magnitude late-F 

resolution spectroscopy at the Hobby-Eberly-Telescope. 

Planets in the Galactic Disk: The RoPACS project. 

-
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-

(see Cappetta et al. 2012 and Birkby et al. 2013).  WTS-
1b has one of the largest radius anomalies among the 

 candidate orbiting a 

While the core accretion scenario is not able to form Ju-

Fig. OP.30: The light (left) and radial velocity (right) curves of WTS1-b.

-

planets at MPE in 2012 (Saglia 2013).

Planets in star clusters: We used the high-resolution 
spectrograph at the Hobby-Eberly Telescope (HET) to 

-

-
-

far, no transiting planet has been reported in the litera-

Variable stars in the Milky Way: 

interesting for both measuring in a model independent 
-

stood yet numerous stars, and for probing the models 
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-

number of targets in the coming years. 

Software development: -
tion Server (PCS) for PanSTARRS-1 

-
-

-

-
rithm. The photometric redshifts produced by PanZ are 

-

-

(Greisel et al. 2013). 

Instrument development: FOCES-Comb
We are currently upgrading the echelle-spectrograph 

stabilization system. The upgraded instrument (called 

be able to execute a >5-year spectroscopic monitoring of 

Mt. Wendelstein.

-

into a spectrograph stability of better than 0.001 pixels. 
-

-

clock. With a drift of less than 10-13, this clock can nomi-
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-
ing to mechanically change the spectrograph setup. In 

-

-

telescope on Mt. Wendelstein. 

elements on the walls. Bottom: Frequency comb system developed 

Menlo Systems, a more integrated system will be used to calibrate 
FOCES.

Brucalassi, M. Cappetta, C. Goessl, N. Greisel, F. Grupp, 
M. Kodric, C. H. Lee, S. Seitz, R. Senger, J. Snigula, P. 
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3.8 Euclid

the expansion history and the 3-dimensional distribu-

-

-

group is a founding member of the Euclid mission. We 
are responsible for the optical design of the NIR Spectro-

-

data analysis components. Ralf Bender is a member of 
-

Weller) are participating in Science Working Groups and 

-
-
-
-

the last 10 billion years, more than 75% the age of the 
-

ent primary cosmological probes: 

-

-
mentary cosmological probes such as galaxy clusters, 
redshift space distortions and the integrated Sachs 

arcsec scales for the galaxy shape measurements, and 
-

ure the photometric distances of each lensed galaxy out 
-

bilities to measure accurate redshifts of galaxies out to 

system stability to minimise systematic effects, and the 

mission like Euclid. 

-

-
cy, subtle features produced by neutrinos are measured, 

the initial conditions of the seeds of cosmic structure 

of density perturbations to one percent accuracy. Euclid 

order of magnitude better than current constraints, al-

challenging all sectors of the cosmological model.

Beyond unprecedented constraints on cosmology and 
-

unique legacy science

and spectral types of galaxies in our neighborhood. It 

NIR magnitudes deeper, than possible from ground. 

-

-

in the optical design of the NIR Imaging Spectrometer 
-

and implementation of data analysis components and 
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probes, red-Euclid combined with Planck).

PanSTARRS, 2MASS, UKIDSS- LAS, Euclid-NIR, and WISE. Overplotted is a Y-dwarf at 5pc distance.

-
tion limited performance is needed. This is the largest 

-
gent tolerances on lens shapes and positions (see Fig. -

-
-

in Table 1.
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Table OP.1: Overall mission parameters of Euclid.

Table OP.2: The imaging and spectroscopic modes of the Euclid NIR Imaging Spectrometer.
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Fig. OP. 33:  Left: the optical design of the complete Euclid telescope and instrument system. The NIR focal plane is at the top right, the optical focal 
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3.9 Research Group "Dynamics" Ortwin Gerhard

-

galaxies, including our Milky Way. We are also inter-
ested in dark matter, galactic nuclei and intracluster 

-

dynamical configuration of stars and dark matter, and 

the spatial distribution and kinematics of stellar gen-

-

-
tail at the end.

Structure and origin of the Milky Way bulge and bar 
(MW):

-

is in the dynamical structure and origin of the MW bulge 

-
lution studies at high redshift. We are using N-body 

Wegg, M. Portail].

Dynamics of barred bulges:

-
mentum transfer from the bar and may reach cylindrical 

-

models for barred galaxy bulges, such as M31 [3], us-

a better under-standing of their internal dynamics. In 

Nuclear star cluster in the MW: The cluster of old stars 

-

are constructing dynamical models in order to determine 
the mass, angular momentum, orbit structure and dis-
tance  of the Galactic nuclear star cluster (see poster by 
Chatzopoulos et al.) [S. Chatzopoulos]. 

Stellar and dark matter halos of early-type galaxies 
(ETGs): -
ously from after their formation at redshift  ~2-3 up until 

and orbits in the inner parts of nearby ETGs, much of 
the  “late galaxy formation” happens in their outer ha-

faint. The outer halos of ETGs has been one of our main 
research topics in the last years, including their angular 
momentum, dark matter halo mass, and orbit distribu-

NMAGIC made-to-measure modelling of equilibrium 
stellar systems: -

dark matter halo and black hole mass parameters can 

for making dynamical models of barred galaxies such 

sets for elliptical galaxies, and to predict pseudo-data. 
-
-

Origin of intracluster light (ICL): Galaxy clusters gen-
erally contain an unbound, ICL component, consisting of 

-
ing and interpreting the kinematics of the faint ICL is a 

-
ing, through accretion of cluster galaxies and mergers 

-

3.9.1 Summary/Overview
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Members of the Dynamics Group:  Besides the author 

-
tional collaborators as can be seen from the references.

(The Galactic System) of the International 

Selected References:

Wu)
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element abundances of a large number of its stars can 

element abundances of a large number of its stars can 

record of its formation history in much greater depth than 
-

its detailed morphological, dynamical, and stellar popu-

long bar is the planar continuation of the boxy bulge, 
and that the density structure, kinematics, and metallic-

a disk instability origin.

3.9.2 Structure and Origin of the Galactic Bulge

measured metallicity distribution, on the other hand, has 
been interpreted as a signature of a classical, merger-
collapse built bulge, and most studies agree that the 

origin of the Milky Way (MW) bulge?

Recent and on-going photometric and spectroscopic 

bulge stars and are leading to a consistent picture. The 

'split red clump' 
found in star 
counts is a 
characteristic 
signature of a 
rotating barred 
potential, as 
is the near-
cylindrical ro-
tation found 

-
licity gradients 
may plausibly 
be explained 
as a superpo-
sition of differ-
ent Galactic 
componen ts 

-

the long bar [11]. The model also explains a structural 
change in the red clump magnitude distributions for 

-

-

detailed chemo-dynamical analysis is needed to settle 

-
ity origin for the Galactic bulge.
 

chemistry and dynamics and their implications for the 
origin of the Galactic bulge.

Fig. OP.34, left: Face-on and edge-on projections of 

bulge of the model after bar and buckling 
instabilities, for assumed radial gradient in the 
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3.9.3 Faint Outer Regions and Dark Matter Halos of Early-Type Galaxies

-

nebulae (PNe) as tracers to measure the kinematic struc-
ture, angular momentum, and mass in the outer halos.  

strong central concentration of the baryonic components. 
In bright elliptical galaxies, the comparison of masses 

in their hot gas halos.

In current hierarchical models, early-type galaxies 

-

-
nario, supported by hydrodynamic cosmological simu-

-

are long. In these outer regions, traditional spectrosco-

brightness.

-

-

graph (PN.S) team operating a special-purpose instru-

-

by Longobardi et al.), and found an apparent second 

dispersion and a class of intermediate luminosity ETGs 

-
-

siderable mass-anisotropy degeneracy in others (see 

-

[8,19-21]. 

-

kinematic substructure already in one of the halos (Fig. 

signatures of halo substructure.  

[10]. 
from the central galaxy NGC 1399, its neighbour NGC 1404, and a 
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3.9.4 Intracluster Light and Galaxy Accretion

nearby and intermediate redshift galaxy clusters. Based 

consist of stars tidally disrupted from galaxies, and thus 
-

-

of the ICL around the brightest cluster galaxies in the 

and disruption processes are transforming galaxies in 
both clusters. Thus, remarkably, cluster cores continue 

The densest of the nearby clusters is the Coma cluster, at 
~100 Mpc distance. With multi-slit imaging spectroscopy, 

galaxy NGC 4874.  Surprisingly,  the main component of 

-

halo stars are left behind both galaxies along their orbits. 

Coma cluster core can be explained as stars stripped 

-
tallicity and near-solar abundance ratio, i.e., an extended 
star formation history. By contrast, the inner half of the 

the ICL [24].

-

components from different galaxy groups falling through 

-

~100 kpc length, and has already lost ~50% of its stars 

cluster core. Compared to the dark matter mass in the 
cluster core, the perturbation from this group of galaxies 

NGC 3309, is yet to come.

-

merging and disruption. Much of the light from the dis-
rupted galaxies builds up ICL, according to simulations. 
The halos of giant ellipticals are predicted to be built up 

-
-

-
tion process.
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4. High-Energy Astrophysics

4.1 Introduction/Overview
The MPE High-Energy (HE) Group is one of the larg-

been built and sustained by implementing a strategy of 

-
-

physics space missions feature MPE HE contributions, 

-
-

tion 2) Clusters of Galaxies and Large Scale Structure 

-

-

-
-

-
ing this approach, the group has gone from strength to 

members authored approximately 1000 refereed publi-

in the HE group. Günther Hasinger departed in 2009, 

-
mentation has been discontinued in order to refocus and 

-
-

strumentation program has also been necessitated by 

MPP semiconductor laboratory (HLL) in Neuperlach as a 
-

is to set up laboratories to relocate our instrumentation 
efforts back in Garching, to be completed by mid-2014. 

-

-

-

-
-
-
-
-

in distant galaxies, but including Galactic sources such 

-

MPE HE group is responsible for the manufacture and 
integration of the telescope system and structure, the 
focal plane instrumentations, the ground segment and 

-
-

ity of the group has been to secure the necessary com-

-

-

next 10 years. 

-
-

in shaping the properties of galaxies, groups and clus-

timeframe. MPE is among the leading institutes in the 
-
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-
troscopy and timing of compact sources, particularly 

-

-

-

Kirpal Nandra



High Energy Astronomy 97

4.2 Astrophysics Research

4.2.1 Supermassive Black Hole Evolution

spheroidal component, dramatically changing our per-
-

(Merloni & Heinz 2008), and the energy released in the 
process of accretion can be higher than the total binding 

-

-

-

-

-

From X-ray surveys to AGN demographics

-

the line of sight, and minimal host galaxy light dilution 
(see e.g. Merloni & Heinz 2013, and references therein). 

-
-

sidered. The MPE HE group has a leading role in the 
-

particular, members of our group held the leadership in 
-

fraction of outliers are also indicated (Nandra et al., in prep). It is 

studies, thanks in large part to efforts by members of our group.

-

-
-

-

-

al. 2009), likelihood-based codes for cross-associations 

-

al., in prep.).

-
-

-

-

-
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depends on a precise understanding of the selection functions, redshift 
determinations and obscuration properties. From Fotopoulou et al. in 
prep.

to obtain photometric redshifts for faint and high-redshift 

-

-

-
-

The accretion history of the Universe

-
-

characterized by a shift in the peak of the space density 
-

nosities, but there are remaining uncertainties as to the 

-

-

-

of SMBH accretion is the effect of obscuration. In the 
-

by column densities so high to escape detection in the 

handle on such population came from the modelling of 

-

-
form a statistical analysis of a complete sample of local 

-

2011). 

-

-
gling the effects of obscuration and its dependence on 
luminosity and redshift (e.g. Hasinger 2008) is the key 

data to characterise statistically the properties of promi-

-
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is produced by the same material on parsec scale re-
sponsible for the nuclear obscuration, this result argues 

-

-

only sample the high luminosity, un-obscured tail of the 
-

-

al. 2011) represents the current best constraint on the 

Co-evolution: the physical link between black holes 
and their host galaxies 

-

-
-

absorbed) and host-galaxy models (synthetic spectra 

of the host galaxy (e.g. rest-frame colours, stellar mass, 
K-band luminosity and SFR). The method is applicable 

-
es and black hole masses in a sample of ~100 type 1 

-

galaxies (Bongiorno et al. 2012)

NH>1023 cm-2

been missed using hardness ratios alone.
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-
ulation and populate both star-forming and more pas-

shaping the global properties of their host galaxies, or 

Relating AGN to large-scale structure
 

mass, e.g. their fuelling modes and triggering mecha-
nisms, imprint detectable signatures on the distribution 

-
rises the current state-of-the-art in measurements of the 

-
ing data-points from MPE HE group-led studies (Cappel-

-

, 

formation scenarios (log M~12M ). This is interpreted as 
-

-

-

-

Prospects for eROSITA

-

discussed in Merloni et al. (2012). 

-

for dark matter halo mass -  many of which originate from the MPE 
HE group or our collaborators. X-ray AGN tend to be associated with 

.
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-
clear obscuration, host galaxy stellar mass, star-forma-

-
gations at the extremes of e.g. luminosities, Eddington 
ratios and host properties. To exploit the data properly, 

-

-

full uncertainties, to the determination e.g. of clustering 

Selected References: 

 Murray Brightman, 

Greiner, Li-Ting Hsu, Marie-Luise Menzel, Gabriele Pon-

Former HE team members include 
-
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4.2.2 Clusters and Groups of Galaxies

scale structures in general, are among the prime areas 

-

to outline the large-scale structure and to test cosmo-

-

-
-

-

-

of distant clusters, among them, some of the highest 

represent the highest density regions of the large-scale 

Cosmological studies with galaxy clusters

-

-

-
mensional distribution of these galaxy cluster samples. 

-

We apply these data to a large number of cosmological 

related to the mass function of galaxy clusters and can 
be predicted from cosmological models of structure 

-
8 m. The right 

-
nosity function can be turned into constraints of these 

2013).
m 8 from a comparison of theoretical 

(Böhringer et al. 2013).
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spectrum of the galaxy cluster density distribution fol-
-

luminous the clusters in subsamples are, the larger the 

in this respect.

-

including the famous Shapley supercluster (Chon et al. 2013).

-

construct similar supercluster samples from simulations 

-

Systematic study of the statistics of cluster structure

-
-
-

important one of these. We use the sample to character-
ise the statistics of cluster structure, determining many 

and for modelling of clusters, notably for clusters in the 
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range of morphologies, detailed physical studies of the 
structure of clusters and their intracluster medium (ICM) 

-
-

-
-

-

luminosity measurement tightens the relation to about 

and cluster mass is absolutely crucial for the application 

performed detailed studies of the dynamical state and 
-

a function of cluster mass (Böhringer et al. 2011). Based 

-
structed a scaling relation model that describes all cur-

-
tion of scaling relations pointing to an early energy input 

We are currently extending our cluster structure studies 

time

-

-

et al. 2011c, see left panel of Fig. HE.10). To date, the 

-
-

-

-

recently obtained (see e.g. top right panel of Fig. HE.10). 
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-

of Fig. HE.10), high-z strong lensing features, or galaxy 

-

offsets and the luminosity gaps of the brightest cluster 

Low mass clusters and groups in deep surveys

-

-

mass system – poor clusters and groups of galaxies - 

-

-

-

Fig. HE.11: The stellar mass fraction of galaxy groups from Connelly 

2012, Ziparo et al. 2013).

-
-

lensing calibration and star-formation properties. 

scaling relations and clustering properties of groups us-
-
-

tion of the baryon budget in groups (Fig. HE.11 Giodini et 

(Fig. HE.13 Giodini et al. 2012). The effects of feedback 

Detailed study of individual clusters 

-
-

et al. 2012). Studying the correlation of the structure of 
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(Chon et al. 2012).
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-
-

outburst.

that in the core of the nearby Coma cluster of galaxies 

merger structures, they are likely the remnants of mate-

-

the intracluster medium, telling us about motions, turbu-
lence and stripping in cluster cores.

Prospects for eROSITA 

detection of the order of 100 000 galaxy clusters by their 

-

properties and scaling relations to unprecedented preci-

al. 2013).

-

-

-

-

-

8 m = 0.003 are possible by com-

 
For about 5000 – 10000 groups and clusters of galaxies 

-
-

-
-

correlation of the properties of the galaxy populations, 
the cluster structure, and the intracluster medium.

Fig. HE.16: Redshift distribution of the galaxy clusters to be detected 

1014 solar masses. From Merloni et al. 2012.
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Hans Böhringer, Gayoung Chon, Rene Fassbender, 

Sanders

Selected References:

-
aleh Erfanianfar, Florian Hofmann, Jochen Greiner, John 
Holland, Fabrizia Guglielmetti, Mohammad Mirkazemi, 

-
-
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4.2.3 Compact Objects and Accretion Physics

-
-
-

remnants, accretion processes or rotational-energy con-

-
cinity. In most cases, high-energy radiation is the key to 

-

-

be used to obtain key information on the properties of 

accretion physics obtained by the High Energy Group 

Strong gravitational effects and accretion physics in 
black hole systems

-

-
tematic study of these phenomena in a sizeable sample 

-
tant, optically thick material such as the molecular torus. 

for further, broadened emission in the iron K band, but 

-

effects, induced by the spin of the black hole, render the 

-

-

-

-

(Neilsen et al. 2009).

most of their mass in highly luminous, short phases. The 

-

the properties of accretion close to the Eddington limit. 

ox -

The physics of accretion close to the Eddington limit is 

-

-

-

rate is estimated to be of the order of the inner accretion 

state of stellar mass black holes is still not fully under-

-
gest they are fundamental components of the accretion 
phenomenon.



110 High Energy Astronomy

-

-

-

Black holes, Neutron Stars and White Dwarfs in 
nearby galaxies

-
-

-

(from optical data). The catalogue includes estimates for 

(Bhayani & Nandra 2011).

-

The Small Magellanic Cloud (SMC) hosts an exceptional-

cases, a neutron star orbiting an early type Be star. From 
-

al. 2012). The neutron star can only accrete matter from 
-

by the rapidly rotating magnetosphere of the neutron 

depends on mass accretion rate, magnetic moment and 
mass of the neutron star. In this simple stationary model 

-

the case of the SMC). The large scatter is likely caused 

scales. 

ox
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Galactic Neutron Stars and Supernova Remnants

Neutron star and pulsar research has a long history at 

-
tories, and to explore the physical mechanism that leads 
to their beamed electro-magnetic radiation. Results from 
this basic research, especially on the pulsars’ emis-

-

group.

-

thousand to one million years old. Thermal emission 

-

and chemical composition of the neutron star surface 
layers (Haberl 2007).

-
-

tron stars and black holes. In the high-energy regime 

for example in gamma-ray bursts or soft gamma-ray re-

prompt phase of one exceptional gamma-ray burst. This 

-

-
-

tars). This suggests that similar processes are in opera-

the High Energy Group recently included the proposal 

-

-
duced by the classical magnetar mechanism operating 

-

years) to perform the measurement. Correlating the four 

J0822-4300 originating near the optical expansion center 

The age inferred from the neutron star proper motion and 
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-

-
-
-

at a reference location, the spacecraft position can be 
-
-

application in future astronautics. 

Prospects for eROSITA 

accurate spectral analysis. Nonetheless, the sheer num-

tremendous potential for the study of the physical condi-
tions of the accreting gas nearby SMBH. This can be 

-

space, e.g. the soft and hard photon indices, luminosity, 

-
-

-

-
riod of 48 months, is ideally suited for blind searches of 

-

al 2004, Komossa & Merritt 2008).

-

double degenerates, Super-soft sources, Recurrent 

-

-
-

neutron stars family.
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Greiner, Florian Hofmann, Pierre Maggi, Giulia Manto-

-

Henze, G. Kanbach, S. Komossa, W. Pietsch, G. Sala, 
H. Stiele)

Selected References:
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4.2.4 Gamma-Ray Bursts

Gamma-Ray Burst (GRB) studies at MPE are of a multi-

-
cal, near-infrared, sub-millimeter and radio regimes. The 

GBM-studies of prompt Gamma-Rays

-

and thermal emission components has been analysed, 

data (McGlynn et al. 2012). Besides a number of GBM-

Combining prompt gamma-ray and ground-based 
afterglow data

detected GRBs stand out from the total GRB sample as 
being particularly energetic (McBreen et al. 2010). Third, 

-

-

and GRB 121217 (Elliott et al. 2013, in prep) are placing 
interesting constraints on the burst emission mechanism, 

Afterglow properties

-

-

breaks should occur much later (of order 100 days  after 

-

-

-

f(t) ~ t10...12

-
-

-
-

-

strong density enhancement. The interpretation has not 
-

lenges our conception of the central engine as a single-

both the sharpness of the cooling break and its time 
-
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-
physical parameters, in particular the fraction of the total 

-

-
-

GRB afterglows as a tool

-
ple spectrum make for an ideal tool to probe the interstel-

-

the intergalactic matter.

-
tral data. The former is estimated to be typically an or-
der of magnitude higher than the one measured from 
optical spectra (Schady et al. 2011), suggesting that the 

-
cant component of ionised gas that does not affect the 

-

intergalactic medium, or WHIM. or due to absorption by 

-

host dust abundance and extinction properties to be ex-

of the host galaxy interstellar dust along GRB lines-of-
-

tion on the extinguishing dust grain size distribution and 
-

and the prominence of the Milky Way-like dust attenua-

our systematic dust measurements from a 92% redshift-
complete sample has settled the issue of dark bursts, 

due to substantial dust reddening in GRBs at intermedi-

extinction (Greiner et al., 2011).

metallicity of the host galaxy along the line of sight. This 
-
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3.6 in the galaxy (or galaxies) hosting GRB 090323 (see 
-

-

-

in abundances of the GRB progenitors, the substantial 

high redshift is intriguing.

o !), though 8-10 m class tel-

GRB host galaxies

masses, star formation rates (SFRs), dust extinction in 
9.3 MSun Sun ~ 

Sun yr-1

-
-

intermediate redshift 2 < z < 4, the GRB host galaxy pop-

dust-extinguished and star-forming population (Krühler 

population.

al., in prep.).

We maintain the largest public database dedicated to 

Rau

-

-

Selected References:
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4.2.5 Galactic Structure and the ISM

-
tions and signatures are studied by our colleagues in the 

-
-

up to 1 kpc in size, they thus shape the state and dy-

as, e.g., synchrotron emission. High energy astronomy 

-
lar medium in our and nearby galaxies can be studied 

expanding into the ambient medium, and also hot inte-
riors of superbubbles heated by 

from nucleosynthesis trace stel-
lar outputs independent of gas 
density or thermodynamic state, 

26

and 60Fe and positrons shining 

In nearby galaxies such as in 
the Magellanic Clouds and M31 

detail to map both the interstel-

-
stellar medium in its hot and 

-
trophysics studies hereto.

The hot interstellar medium. 
The hot ISM can be best studied 

-

in the Magellanic Clouds has 

-
-

in large parts of the SMC the hot ISM is still buried under 

-
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The relativistic interstellar medium. The astrophys-

-
merically models cosmic-ray propagation in the Galaxy 
and makes predictions of the electomagnetic radiation 

-

This includes realistic gas distributions from radio sur-

-

standard for Galactic diffuse emission and associated 

-

Strong et al. 2007).

The radioactive interstellar medium. Nucleosynthesis 
processes and their implications on the interstellar me-

-

scope through more interpretational and modeling stud-

-
Genesis program), and theorists simulating the interstel-

The superb spectral resolution of SPI (see Fig. HE.23) 

-
lier hints. Surprisingly, the 26 -

-1

to be best explained if 26

are located on the leading edges of spiral arms, and thus 
-

(Kretschmer et al., in prep.). This has interesting implica-
-

axy's spiral-arm regions and the halo, and contributes 
to feed the Galaxy's central regions. In localized groups 

26

-

discrimination of 26

among those groups, combining infrared, radio, and 

-

-

26

26

of the inner Galaxy by ~100 km s-1.
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termination of hot-ISM temperature and homogeneity 

-
-

-
dynamical simulations of the dynamic ISM. This insta-

-

their abnormal second-generation stellar population 
(Krause et al. 2013). 

The measurements of positron annihilation gamma-rays 
-

and the propagation of cosmic rays in the interstellar 
medium (see Weidenspointner et al. 2008): In annihila-

extended source that cannot directly be related to any 

expected to be distributed throughout the Galaxy's disk. 

-

Khachatryan, M. Krause, P. Maggi, G. Skinner, R. Sturm, 

Wang)

Selected References:
 

Diehl 2013, Rep.Progr.Phys. 76b, 6301; 
Diehl et al 2011, Springer Lect.Not.Phys 812; 
Diehl et al. 2010, A&A 522, 51; 
Haberl et al. 2012, A&A, 545A, 128; 

Krause et al. 2012, A&A 546, 5; 
Martin et al. 2012, A&A 543, 3; 
Martin et al. 2010, 511, 86; 
Prantzos et al. (Diehl) 2011, Rev.Mod.Phys. 83, 1001; 
Strong et al. 2011, A&A 534, A54; 

Strong et al. 2007, Ann.Rev. Nucl Part. Sci. 57, 285; 

Voss et al. 2010, A&A 520, 51; 
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4.2.6 Planets and Solar System

-
tion for detailed, fundamental studies of high energy phe-

The High-Energy Group at MPE has considerably con-

-

-

Comets represent by far the best case to study the phys-

huge neutral gas cloud around a cometary nucleus, they 

be studied in detail by utilizing the spatial, spectral, and 

the underlying process (Fig. HE.24, left). Thus, comets 
can be utilized as natural space probes for sampling the 

diagnostic value of the spectral information.
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ecliptic plane, this can also be done at high heliographic 

2013, i.e., right at solar maximum, at unprecedentedly 

The fact that the cross sections for charge exchange are 
extraordinarily large (~10-15 cm2) makes this process an 
excellent tracer of tenuous amounts of gas, opening a 

-
ture around the planet is caused by charge exchange 

2 -

-

the study of charge exchange, in particular from the So-

-

-
-

-

of comets.

Selected References:

Gamma-rays from the Heliosphere

-

This appears as a 'halo' of emission surrounding the Sun, 

detail (published in 2011), and it probes cosmic-ray elec-

-

to be accounted for in diffuse and point-source studies, 

prediction.
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4.3 Hardware Development

4.3.1 X-Ray Detector development

the associated MPI semiconductor laboratory in recent 

for analysing the element composition of Mercury’s sur-

hitting the sensor during signal processing time are 

are orders of magnitude faster, also permit much higher 

and fabricated in the MPI semiconductor laboratory, until 

Planck Institute for Physics (MPP). The detector concept 

-

-

-

read noise of 2.5 electrons rms is important for accurate 
-

-

-

measured and optimized the performance by testing of 
engineering models (see Fig. HE.25). The optimum op-

-

x 75 μm2
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accurate and position dependent measurement of the 

range. By analysis of the diffraction pattern, the struc-
ture of the irradiated sample can be determined. These 

-
-

-

-

-
geneity of the pixel response is an issue and had to be 
studied because of the large format of the planned sen-

(see FIg. HE.26). The readout rate is planned by opera-
tion in rolling shutter mode in the order of ms per frame 

spread function (PSF).

-
sibility to gate them during signal processing. By this 
method, accidental false measurements of the photon 

-

separation of signal collection and readout area. The col-
-

FET for signal processing or - by implementation of a 

-
multaneously permitting readout times of 220 ns per im-

heat dissipation (meaning that the scheme is not fea-

-

is accomplished by a non-linear response to the gener-
ated signal charge.

sensor signals is a key component of the detector, of 
comparable importance to the sensor chip itself. We de-

is commercial off-the-shelf:  they need to be tailored to 
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-

-

-

under test.

Porro, S. Walther, G. Weidenspointner

Former HE team members include S. Granato, B. Huber, 

Strüder)

Selected References:

Norbert Meidinger
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4.3.2 X-Ray Optics Development

-
-
-

ror materials, such as thin glass sheets, are needed to 
-

oping a technology based on indirect hot slumping of thin 

the parabolic and hyperbolic part of the Wolter type I mir-
rors in one piece.

The current state of the art technologies for space borne 

-
ble angular resolution of foil telescopes does most likely 

better angular resolution limit the size of the telescope to 

collecting area), due to the high mass per collecting area. 

Next generation telescopes aiming for larger apertures 

Large diameters (>1 meter) need to be manufactured as 

-
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-

-
ied in detail the optimum parameters of the slumping 
process (max. temperature, cooling rate etc.) for glass 

-

-

We found that the most critical phase in the process is 

during this phase. Therefore, the selection of the mould 

a combination of a porous ceramic mould and a borosili-

0.5 nm rms. 

mould, meaning that the optical surface of the glass is 
the non-contact side (“indirect slumping”). This has the 

-
ing procedure for that has been successfully tested at 
Zeiss. We analyse the results of the slumping process by 

can calculate the expected angular resolution for imag-

-

Former HE team members include Renzo Capelli, 

-
tion and alignment of glass segments into a mirror mod-

mirror segment during assembly, and the technology to 
-
-
-

nied by FE analyses and experimental results) is based 
on the application of isostatic mounting principles and 

Selected References:

Winter et al., 2012, Proc. SPIE, 8450, 84502E

Peter Friedrich
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4.3.3 PANTER X-Ray Test Facility

-

-

(extended) to be able to make in focus measurements 

-

are the results obtained from the tests of the Wide Field 
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-

-

-

the single photon counting detectors, the Position Sensi-

Michael Freyberg, Gisela Hartner, Benedikt Menz )
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4.4 Current Projects

4.4.1 eROSITA  Instrument

„Spektr-Rentgen-Gamma“ (SRG) mission, scheduled for 
launch in late 2014. The primary mission goal is to per-

100.000 clusters of galaxies, to constrain cosmological 

X-ray telescopes

The telescope structure consists of the optical bench, the 
-

-
-

pleted in early 2012. 

-
-

-
cisely matching the footprint of the mirror shells. These 

expected until the end of this year. Magnetic electron de-

Focal plane instruments

-
oped, manufactured, and tested at MPE. The “heart” of 

-

-
-

tion damage. When the Russian space agency Roskos-

-

and tested in house. They are currently in the engineer-

55Fe source 

-

-

-

-
ponents, subsystem and the complete instrument. This 

calibration of the mirror shells and modules. With a slight 

space simulation.

For testing of all mechanical and electrical interfaces 
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ground operations prior to launch.

-

Josef Eder, Michael Freyberg, Peter Friedrich, Maria 

-
dra, Elmar Pfeffermann, 

Former HE team members include Marcella Brusa, Nico 
Cappelluti, Martin Mühlegger, Lothar Strüder, Monika 

Selected References:
 
Predehl et al., 2010, “eROSITA on SRG”, Proc. of SPIE, 7732, 10 
(2010)

Peter Predehl
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4.4.2 eROSITA – Ground Segment

-
-

-
-

calibrated data products and source catalogs, interac-

-
-

Pipeline data processing system

-

and packaging the incoming data and for conducting a 

-

Calibrated data products and in-depth interactive 
analysis

-

pipeline analysis. In addition, data products, such as cal-

-

-

-

catalogs.   

Hermann Brunner



132 High Energy Astronomy

4.4.3 Operating Space Projects

of operating space missions. We are exploiting these for 

XMM-Newton

-

health monitoring and in-orbit calibration of the EPIC 
-

of the absolute energy scale by correcting subtle shifts 
caused by the fact that some of the infrared radiation 
of the detector reaches its central area and reduces 
the charge transfer losses by partial saturation of traps 

-

to the manual screening of the pipeline products, and 

catalogue contains ~250.000 detections from 3500 pub-

-
logue is in preparation. 

INTEGRAL

-
-

imager (IBIS) and a spectrometer (SPI). MPE is Co-PI 
institute of SPI, and contributed the anticoincidence de-

2020, only limited by fuel and solar cell degradation. In 

the next decision coming up in mid 2013. 
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MPE processes all SPI data and performs routine re-
-
-

-
-

sion from cosmic ray interactions and positron annihila-

-

the 26 -
tion of 60Fe from the Galaxy (2007), and mapping of posi-
tron annihilation emission in the inner Galaxy.

Fermi

Gamma-Ray Burst Monitor GBM started operation after a 
successful launch onboard the Fermi spacecraft in June 

-

data production at 2 μs time-resolution. The dominant 

GRBs and TGFs, the remaining about 20% of papers 
-

GBM contributions are made to typically 30 conferences 
per year.

Predehl

Chandra

-

-
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4.4.4 Operating Ground-Based Projects

While the emphasis of the MPE HE group in terms of 
-

-

GROND

-

-

contributing substantially to the race for the highest 
-

-
-

-
tions are excluded.

OPTIMA 

-

-

-

-

Fig. HE.33: Publications in the 

other instruments in dependence of 
the time after commissioning (the 

labels). These publications are based 
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4.5 Future Projects

-

-

-

-
-

-

-

-

shrouded in dust and gas, possibly due to the feedback 
process itself. Spectroscopy and timing studies of near-

-

-

2

-

-

-

-
-

4.5.1 Athena+
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spectroscopy using TES calorimeters, cooled to 50mK. 

-
-

-

-
-

-

resolution and count rate capability. The WFI is being 

Erlangen, and PNSensor GmBH, and an international 

-

make a substantial contribution to a community-based 
science data centre anticipated for the mission. 

-

by a restricted call for the L2 mission in 2014. The future 

Werner Becker, Thomas Boller, 
Murray Brightman, Johannes 

-
tonis Georgakakis, Frank Haberl, 

-
briele Ponti, Matteo Porro, Peter 

Jeremy Sanders)

Kirpal Nandra
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4.5.2 XTP-GRAVITAS

large-class astronomy facility currently under study by 

-

Spectral and timing signatures can also be used to de-
termine the mass and radius of neutron stars, and hence 

class mission, and this has naturally lead to a discussion 

-
-
-

sign and the options for both optics and detectors for the 

-

contribution elaborated. 

4.5.3 SVOM

-

and study of Gamma-Ray Bursts and other transient 

-
ently scheduled for launch in 2017.

-

-
nals. This includes the circuit diagrams and detector op-

originally produced in the MPI semiconductor laboratory 

-

Jochen Greiner

Kirpal Nandra 

Friedrich, Maria Führmetz, Norbert Meidinger, Gabriele 

Winter)
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4.5.4 SDSS-IV SPIDERS

Sources, PIs: Merloni and Nandra) is a dedicated spec-
-

gram, planned for the period 2014-2020. The main goal 

-
paign to identify and characterize the sources detected 

-

-

2 in the 
northern hemisphere.

) 
and clusters of galaxies (~1 deg

-

-

-
shift distribution and in the physical characteristics (BH 

-

set” (for cluster mass measurements, photometric red-

2) areas of the 

-
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4.5.5 The 4MOST Spectroscopic Sky Survey

-

-

black holes through cosmic history, the astrophysics of 

-

main consortium goal in the application of this instrument 

-

-
-

forms the handling of prioritized target input catalogues 

-
-

ing on instrument throughput and statistically simulated 
-
-

-

-
-

Hans Böhringer
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5. Theory and Complex Plasmas

Introduction

-
-

to as “Complex Plasmas” in analogy to de Genne’s char-

-
ries in MPE and a continuous laboratory presence (since 

and engineering infrastructure by my colleagues (some-

grateful) and on the other hand by special funding ob-
tained from MPG. The “Complex Plasma Group
includes about 35 members.

the plasma technology could be usefully employed in 
“Plasma Hygiene and Medicine”. The reason is that the 

room temperature). For biomedical applications such 
“cold plasmas” produced at atmospheric pressure (pref-

further generous grant from central MPG funds. This 

laboratory” hire some scientists and engineers and or-
-

ing cell biology, microbiology, plasma physics, plasma 

a factor 5 through partner contributions and in addition 
access to experts and specialised biological laboratories 

and his group (of about 10 researchers in “Extragalac-
tic Astrophysics” , including students) to High Energy 

Protostars and Planets” 

Information Ex-
traction from Complex Data Sets -

-

sets. This includes astrophysical topics – eg. the charac-

Major Achievements

1) Complex Plasmas

-
-

emphasis is placed on interdisciplinary research comple-
-

ics (elaborated in the appendix) is:

the ISS  Heartbeat instability – a ten year riddle              

2) Plasma Medicine and Hygiene

and medicine, the physical, chemical and biological 
-

(elaborated in the appendix) is:

5.1 Introduction and Overview
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3) Information extraction from complex data sets

-
tion of (for instance nonlinear) properties from complex, 

-

astrophysics is:

The future

-

Zentrum für Luft- und Raumfahrt) at the end of 2013, 

-
naut Health and Planetary Protection). These research 

-

of grant applications in preparation or already at the sub-
-

2011 and some members of the plasma medicine group 
-

ics” group (3 scientists) has also founded a small con-

business.

The bottom line – barring unforeseen last minute disas-
-

able by the end of 2013 for my successor. That includes 

etc.
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5.2 Complex Plasmas

„Complex Plasmas“ consist of electrons, ions, charged 
microparticles and some neutral gas component. The 
neutral gas temperature is normal room temperature 

-

than the ions. Complex plasmas are “thermodynamically 
open” systems since energy has to constantly supplied 
to maintain the plasma against recombination. 

this component becomes energetically and dynamically 
-
-
-

analysis of many interesting processes at the hitherto 

background medium (mainly the neutral gas) is not dy-
-

-
-

the time scales are up to a million times faster – and not 
easily detectable.

itself or into generic physical processes found in other 
natural systems that so far could not be studied at the at-

increasing attention.

-

Earth. The panels on the left show four snapshots of the crystal, where the microparticle positions have been connected with lines to make the 

the crystal grain boundaries. The new defect occurs in the centre of the crystal grain and is marked by arrows. The middle panel shows the “bond 

the individual particles produce a “carpet” of randomly directed apparent rotations (positive or negative) leaving a background of lighter and darker 
patches. These are not relevant for present purposes (note that the grain boundaries hardly show up in this representation). However, the moving 
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5.2.1 Dynamics of dislocations in plasma crystals
-

-
mental study of such defects and their motion inside a 

-

The results are depicted in the Fig. and described in the 
Fig. caption.

5.2.2 Electrorheology in complex plasmas

structure and properties by application of an external 

physical process is in principle easy to understand: the 

Electrorheology. Without polarity switching the microparticles 
show an obvious disordered liquid state. When polarity switching 
is implemented, particle strings are formed. There is a transition 

the ISS (Ivlev et at. 2011)

above: without polarity switching
below: with polarity switching

and rearrangement (the “rheology is altered) such that 
the microparticles become preferentially aligned along 

changes the property, for instance, in smart self-adap-

-
thing similar) might also be a process that exists in com-

-
sional properties.

5.2.3 Phase separation in binary mixtures
-

modynamic process that leads to this form of self-organ-

space and time?

plasma 
liquids -
tions, of course? In theory this should be easy. Just use 

-
ticle type. This happened for droplets consisting of as 

droplets of a size of around 1 nanometer!

Eisenhauer)
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size 3.4 micrometer) embedded inside another cloud of 
larger particles (8.5 micrometer). The particles demixed 
into separate domains. The smaller particles form a 
droplet containing about 1000 particles. The larger par-

of the dynamics of this demixing for different drop sizes, 
the details of particle motions and the thermodynamics 

-

5.2.4 Fractal structures in 2D crystallization
-

“force melted” using an electrical impulse produced by 

in stage (b), many small crystallites formed, each bound-
ed by a string of paired dislocations (colour coded red 

the crystallites bigger. The grain boundaries merged as 

energy in the system to continue this process spontane-

panel (b) shows a snapshot after the crystal had been melted and started to recrystallise. The grey shading (see the scale on the left) gives the 
6

perfect. The red and blue particle cells correspond to defects (5-fold and 7-fold respectively). One can see that the defects form lines, or domain 
boundaries, encircling tiny irregular crystallites. The arrows essentially denote the main orientation of the crystallites, illustrating that there really are 

Fig. TH.4: Phase separation between two microparticle populations 
measured on board of the ISS with PK-3Plus. The small particle 
population forms a spheroidal droplet, in this image the vertical 
dimension corresponds to about 20 particle layers, the horizontal 
dimension to about 40 particle layers. Altogether this particular droplet 
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physical measurements – it has soma data points and a 

eye to appreciate a particular point that the researchers 
-

of the temperature of the monolayer complex plasma 

degrees) about 30% of the particles are in defects, sug-
gesting that hexagonal lattice structures are more likely 

-

could this be telling us?

is dominated by the particles in the domain boundaries 

Plotted is the fraction of particles which are located in 5- or 7-fold 

5,7 
~T0.4. This represents a classical scale-free behaviour of structure and 

-

-

structure, a generic phenomenon that has been inferred 

-

With complex plasmas many other interesting experi-

-

-
nel. What happens in such a situation is depicted in the 

-

-
pear as elongated rods. From the length of the trace and 

-

-

Fig. TH.7: Fluid structure and dynamical selection rules in a converging 

snapshot) the system behaves like a solid in the most equilibrium-like 

this. In between the transition is achieved through the same structures 

and septagon pairs. (From M. Fink, private communication, PhD thesis, 
2013)
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When there are four “stream lines” of particles, the most 

-

-

hexagon. In most snapshots this is the structure that 

stream lines then the usual instantaneous structure is 
that of a parallelogram. 

than the particle size.

5.2.6 Turbulence at the kinetic level
-

bulence as “the most important unsolved problem in 
classical physics

-
-

different from 3-dimensional turbulence). We expect the 
most interesting results to come from experiments to 

-
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Fig. TH.10: Plasma bubble consisting of a monolayer surface (Photo: 
Mierk Schwabe, MPE)

-
markable results:  

Monolayer bubbles
particles, can be formed and exhibit properties (e.g. in 

bubbles. The discreteness of such small systems is 

 

small drops, consisting of less than 100 par-

during motion through the background (neutral gas) me-
dium etc. 

Fig. TH.11: A plasma bubble consisting of less than 1000 
(copyright Charles Lewallen)

-

5.2.7 Bubbles and drops at the smallness limit
The important property of matter that leads to bubble or 
drop formation is “surface tension”. Surface tension is 

a boundary.

-

of matter into drops and bubbles reach its limit? Explor-

issues in contemporary physics – the applications are of 
great importance for our fundamental understanding of 

be ideal candidates for such a fundamental study at the 

drops and bubbles.
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5.2.8 Heat conduction in 2D membranes
Heat conduction in membranes is of considerable inter-

crystals (or complex plasmas). Remember that the heat 
-

transport is summarised and characterised by a param-
-

-
producible conditions and in the measurement process 

measured.

monolayer plasma crystal, for instance, is to use laser 
light pressure applied to the microparticles in a random 

-

-
portunities for basic studies. The heat conduction can 

if there are anisotropies and if the heat conduction co-
-

ent mass microparticles the effect of damping (by the 

Fig. TH.13: Heat transport in a two-dimensional plasma crystal 

of a composite taken from Nosenko et al. (Phys. Rev. Lett. 2008), 
Laser 

 As can be 
seen, heat conduction has taken place and the region below 13.6 mm 
down to about 6 mm is also “hot”, as witnessed by the much larger 

(Nosenko et al., PRL 2007)

Fig. TH.12: Design drawing of the moving mirror system employed in these studies (G. Stadler)
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applied anisotropically, the effect of adding a second lat-
tice plane of particles can be studied, the effects of local 

the re-crystallisation front etc.

crystals.

5.2.9 First “extraterrestrial paper” - submitted from 
the ISS 
Complex plasmas consist of micrometre-sized highly 
charged particles ("microparticles”) embedded  in  an  
ionized  gas  (“plasma”).  The  microparticle  ensemble  
resembles  a  classical system of interacting atoms. This 

system can form all of the classic phases, i.e., crystalline, 

-
-

big, three-dimensional systems. The PK-3 Plus laborato-
-

stalled in the Russian segment of the ISS and has been 

the probe particle is decelerated to subsonic speeds. By 

us to directly measure the speed of sound and to infer 
the microparticle charge.  In  addition,  the  experimental  

simulation, demonstrating in particular a double Mach 
cone structure.

5.2.10 Heartbeat instability – a 10 year riddle 
resolved? 

-

-
-

the particles in the cloud.

Fig. TH.14: Above: Mach cone relation linking the Mach cone angle 

simulation (triangles). (a) Zoom showing the subsonic probe particle. 
(b) Smoothed difference between two successive frames, highlighting 
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-
-

instability intentionally by a periodic illumination of the 

pumped the 1s5 metastable argon atoms to upper radia-
7 state. The pumping rate considerably exceeded 

the electron impact excitation rate to the 1s5  rate. There-

density of metastable states, leading to the modulation 
-3.  

Three experimental facts substantiate the importance of 
-

-
-

suggested, that the heartbeat instability is the result of a 
periodically repeating critical phenomenon occurring on 

-
nomenon is analogous to the formation of a sheath on 

-

-
-

-
-

-
ing the dependence of the instability on the neutral gas 

Fig. TH.15: Microparticle trajectories during the heartbeat instability 
(measurements performed on the ISS with PKE Nefedov by S. Krikalev, 
2001)

(from M. Poustilnik, 2012)
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5.3 Plasma Medicine

interest in medicine and hygiene due to: 

-
-

-

-
tainers) - the plasma recombines back into the original 

-

last six years:

5.3.1 Plasma devices
Cold plasmas (at atmospheric temperature and pres-

MicroPlaSter (Micro Plasma Steriliser)

Fig. TH.17: MicroPlaSter (top) and Plasma torch (bottom) courtesy of 
Adtec Ltd and B. Steffes (MPE) and Shimizu et al. (2008)

urface Micro Discharge) 

the side of the structured electrode many microdischarg-

-

These species are responsible for many of the bacteri-
cidal effects.

-

2 -
logical experiments.
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elf Sterilising Surface)
The structured electrode can be encapsulated in a hard 

-
face (e.g. for food preparation or biological experiments). 
When the plasma is turned on, the microdischarges oc-
cur on the surface of the hard dielectric and disinfect the 

 Venturi Device

Fig. TH.20: Measurements showing plasma ignition in a Venturi device 

Energy Harvesting
It is possible to produce a plasma by mechanical action 

– using the piezo electrical effect. It turns out that the 

Fig. TH.21: Piezo operated energy harvesting cold plasma source 

5.3.2 Bacteria inactivation
The issues: 
hospital induced infections annually, resulting in 90.000 

-

600.000 per year, resulting in 10.000 to 15.000 deaths.

Better hygiene is recognised to be a key issue for im-
-

could help.

-
pital hygiene are:

1. Plasma hand disinfection

-

encapsulated in glass - nevertheless, plasma is produced on the glass 
surface.
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-
-
-

-

and the sample, a 6 log reduction of bacteria inoculated 
-

Shimizu et al. 2012, Maisch et al. 2012, Zimmermann et 

Shimizu et al. 2011). 

Fig. TH.22: 
a.) Antibiotic resistance of the used Methicillin-resistant Staphylococcus Aureus (MRSA) strain. b.) Inactivation kinetics of this Methicillin-resistant 

5 reduction of the original bacteria 
suspension (Zimmermann et al. 2012).

2

obtained for 30s of application (Zimmermann et al. 2012) 

5.3.3 Resistance build-up against plasma treatment

-
-

ary resistance of 1 in 1030

(at most) one bacterium out of the total biomass of bac-

bacterial resistance mechanisms (Zimmermann et al. 
2012).  
5.3.4 Plasma chemistry control
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Fig. TH.23: Each white spot on the Petri dishes corresponds to a bacteria colony that has been grown from a single bacterium. On the top left a 
control sample is shown, not plasma treated, with the original bacterial load diluted by a factor 100.000. There were only about 200 bacteria left 
after the dilution. The other pictures show the bacteria colonies in the plasma treated samples. The plasma treatment time is given, as well as the 
bacteria reduction caused by the plasma (from Zimmermann et al. 2012). The bottom left panel shows an electron microscope picture of MRSA 

-

plasma production [Shimizu et al. 2012] 

-

concentration increases monotonically (in some cases 

Chemical model calculations suggest that the ozone de-

-

-

external parameters.

5.3.5 Plasma activation of water

Fig. TH.24: a.) Time evolution of the ozone density (nO3
3) for different power input 

measured with UV absorption spectroscopy at 254 nm. b.) Time evolution of the ozone density with power input of 0.56 W/cm2 and higher. The 
applied voltage was 15 kVpp. (Shimizu et al. 2012).
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The annual beer consumption 
Billion liters, in China 44.7 Billion liters, in Germany 8.8 
Billion liters and in Brazil 12.2 Billion liters – these four 

-

-
ment in terms of hygienically cleaned bottles for these 
countries alone is around 150 – 200 Billion bottles per 

Or take drinking water -

day. 17 Million barrels of oil are needed each year to 

Current bottling plants manage approximately one Mil-

-
ing the cleaning, disinfection and rinsing process is 3 

its original state.

5.3.6 “ex vivo” study of plasma effects on human 
skin

excised from around melanoma, can be used for this. 

sample is then tested for histological and other changes. 
Here are some examples:

5.3.7 Control of secondary infections in chronic 

same way but without plasma treatment. There is no histological change in spite of the fact that the total plasma treatment os 1200 seconds is 
typically 100 times longer than that which was required to inactivate MRSA bacteria. This implies that there is a huge “therapeutic window” for e.g. 
hand disinfection or other hygiene applications on skin.

water can be used as a disinfectant. The effect lasts for a few days only, 
after that the water returns to its former state. This could be of interest 
when environmental issues prevail (Mitra et al, 2012).
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-

-

or argon gas only (placebo mode) for 2 minutes daily. 

-

Results of the clinical study conducted on skin graft 

-
-

-

-

-

5.3.9 Alleviation of skin diseasesFig. TH.28: Bacteria, which are typically found in chronic infected 

treatment with the MicroPlaSter alpha in comparison with the control
b.) 2 min CAP treatment with the MicroPlaSter alpha in comparison 
with the control c.) 2 min CAP treatment with the MicroPlaSter beta in 
comparison with the control (Isbary et al. 2010, 2012)

wounds

-

al. 2007] and cost. Bacterial colonization of such chronic 

-
bach et al. 1995, Robson 1997].

-

-
-

performed. 

5.3.8 Wound healing 

Fig. TH.27: The MicroPlaSter (Microwave Plasma Steriliser) 
developed by MPE and Adtec Plasma Technology Ltd. This is the 
plasma device used in all the clinical trials so far. By requirement of 
the Ethics Commission, clinical Argon had to be used as carrier gas 

Atmospheric Plasma in human clinical trials. The instrument was in 
addition installed with many operational safety features to ensure that 
no accidental use beyond that which was prescribed could occur.
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et al. 2010).

5.3.10 Cell selectivity – cancer treatment

-

micromole TMZ.
In comparison, plasma treatment of the same cell lines is 

Heinlin et al., 2012)

The Hailey-Hailey disease is an autosomal dominant con-

-

to topical corticosteroids and local disinfectants result-

unchanged.

-
-

tericidal and fungicidal properties but possibly also due 
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not exhibit resistance against plasma.

In addition to the effect of plasma treatment alone, 
Köritzer et al. analyzed the effects of a combined therapy 

2)) and the chemothera-
-

5.3.11 Improving agricultural yield using plasma

Fig. TH.32: Viable LN18 cells (cell line which is resistant against TMZ) 

TMZ. The data clearly shows, that the combined treatment revealed 
synergistic non-additive effects.(Köritzer et al. 2013)

The issues for employing plasma in agriculture are:

strengthen the young plants against parasites)

in the former – protection against bacteria and fungi has 
-

-
-

indita Mitra at the Max Planck Institute for extraterrestrial 

-

-
ry for combating the hunger problem, can be realized in 
other seeds and crops, too.

The second,
rate of the plasma treated seedlings (measured by the 

untreated seedlings by up to a factor 6! Was this a cause 

-
lem? Well, so far there is no indication that the seeds 



163Theory and Complex Plasmas

that it can be explained:

The plasma reduces the bacteria and fungi on the seeds. 

Next to bear in mind is the air chemistry initiated by the 

-
respond to the chemical signs of Nitrogen, Phosphorus, 
and Potassium (N-P-K). In the plasma treatment of the 
seeds there is therefore the additional effect that the 

-

-

speculation…

has any substance or not.

Fig. TH.33: Shown is the count of microbes on chickpeas as a function 

longer the plasma is applied. The plasma source was a “standard” 
Cold Atmospheric SMD source applied in air. (Mitra et al. 2013)
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5.4 Information Extraction from Complex Data Sets

Non-Gaussianities in the WMAP data

-

-

from nonlinear data analysis, namely the method of sur-
rogate data sets and estimators for (local) scaling prop-
erties of a point set. By generating surrogate maps pos-

by applying scale-dependent randomization procedures 

intrinsic phase correlations at large scales- thus scale-

fact, the results represent the detection of the by far most 

-
-

put map and possible small scale foreground remnants 
in the galactic plane. Furthermore, purely topological 

(non-Gaussian) signatures stemming from phase corre-

used as input maps. Further similar studies may guide 

the origin of the detected phase-correlations.

presence and absence of phase correlations as identi-

the meaning of Fourier phases for complex structures. 
First results suggest that it is possible to establish cor-

-

representation and analysis of the data.

0, M1 and M2 of the rotated hemisphere for the ILC7 (upper row, from left to right) and NILC7 
map (middle row). In the lower row we show the results of the phase replacement method for NILC7. The l-lange for the method of the surrogates 
is 
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6.1.1 Early-Type Galaxies

6.1 Research Group "Theoretical Modelling of Cosmical Structures"
Sadegh Khochfar

The main research interest of the group is the modelling 

galaxy formation and early-type galaxies. To address 

hydrodynamics simulations, semi-analytic and analytic 
modelling of key physical processes in galaxy formation. 

-
search are presented.

The ATLAS3D-Survey—  
-

rotators based on their kinematics. Khochfar is one of 
-collaboration 

-

-
uct of continued minor mergers contributing up to 80% 

-

IMF in early-type galaxies (Cappellari et al. 2012).

AGN feedback in z=2 massive gas-rich progenitors 
of present-day early-type galaxies—In a series of pa-

-
fecting its ability to form stars. We used high-resolution 

initially trigger star formation in a ring around the central 

for a limited amount of time. Star formation is enhanced 

feedback and star formation in galaxies, as they are fully 

star formation.  

Mergers and the evolution of early-type galaxies—

international researchers to produce the most complete 

different codes and modelling approaches (Hopkins et 
al. 2010a, 2010b). Minor mergers play an important role 

-

-
though there might be tension as to the size of the scat-

(Shankar et al. 2010). 

6.1.2 The First Billion Years of 
Galaxy Evolution

rapid change, going from a mostly neutral state to one in 

-

9 M  and luminosities 

number the mass function of galaxies. 

-
cle hydrodynamics (SPH) cosmological simulations, the 
First Billion Years Simulations (FiBY)
highest resolution simulation has a SPH particle mass 
of ~1000 M
comprises one of the highest resolution hydrodynamical 

to redshift z = 6. The simulation includes sub-grid physi-
cal models for population-III and population-II star forma-

from stellar populations, metal line cooling from 11 ele-
ments, seeding mechanisms for black holes from popu-

-

to uncertainties in our understanding of physical pro-

our understanding and modelling of sub-grid physical 
processes. 

6. Independent Research Groups
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Re-ionization of the Universe
 < 108 M

-
zation fraction of hydrogen based on the escape fraction 
for thousands of galaxies, the clumping factor of the IGM, 

ages and metallicities from a cosmological hydrodynami-
cal simulation (Paardekooper, Khochfar et al. 2013).

The impact of H2 abundance on POPII and POPIII star 
formation

-
tion-II stars is able to photo-dissociate H2 molecules in 
neighbouring primordial haloes, thereby suppressing the 

4 K and population-III star for-
mation in these haloes.  The lack of associated feedback 

-

feedback in form of LW dissociation of molecules and 
-

Formation of massive seed black holes— Gas in pri-
mordial haloes close to sites of star formation lack mol-

-

-
es of 104-5 M  and a predicted number density of 0.04 
Mpc-3

sources in a fully self-consistent cosmological setting. 

Dark matter response to baryons— Facilitating the 
-

tial collapse of gas the adiabatic contraction model is a 

in dark matter haloes start expanding again due to the 
change of potential in the center. This abrupt change 
leads to the formation of a core in the dark matter halo 

-

that are off-center from the dark matter potential mini-

The transition from POPIII to POPII star formation— 

short that in general one generation of stars is enough 

-

results indicate a pollution by metals in the outer parts 
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6.1.3 Development of new 
Methodologies

methodologies beyond the state-of-the-art.  

New SPH code including entropy mixing

particle hydrodynamics (SPH), including state of the art 
algorithms for force calculation and time dependent ar-

-
stabilities and phase mixing are successfully reproduced 

.Radiative transfer code SIMPLEX— Within our group 

-

(Paardekooper et la. 2012, 2013) 

Combining hydro simulations with semi-analytic 
models (SAM)— To be able to test results from high-

-
tions for physical processes, and implement them into 

star formation.

Former Research Group team members include 

Maio)

References:

Sadegh Khochfar is a Max-Planck 
Research Group leader at the MPE 

conducting the highest resolution 

transfer and detailed chemistry.
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6.2 Research Group "Gas Dynamics and Star Formation" Andreas Burkert

6.2.1 The Physics of Galactic Nuclei

-

-
tion of gas and stars in the nucleus of the Milky Way. 

researchers from MPE.

-

stellar structures seen in the nuclei of nearby galaxies 

of SMBHs and their effect on galaxy 

-
-

tion of the SMBH mass function has 
been studied. 

-

in isolation but are strongly linked 

-
ties in the centre and feed the SMBH. 

strongly affected by energetic feed-
-

ous step therefore is to couple the for-

the main task for the second funding 
period (2011-2016). The time seems 

-

ideally suited for this task. 

The origin of GN and SMBHs is proba-
bly related to galaxy formation at high 

cosmological redshifts. High-resolution spectroscopic 

and kinematics of young, gas-rich clumpy disc galaxies 
at high cosmological redshifts of z = 2, corresponding to 
an epoch 2-3 Gyrs after the big bang (Genzel et al. 2011), 

9 M

-

formation. For example, it has been argued (Shapiro et 
al. 2010) that these giant clumps might represent the 

-
tems that formed during galaxy assembly and the seeds 

-

stars might spiral into the central disc regions by dynami-
cal friction, generating a bulge component and a young 

-

seeds of SMBHs and galactic nuclei in the giant, gas-

Fig. RG.3: Clump formation in simulations of disc instability in high redshift galaxies (Behrendt 
et al., in preparation).
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-
ies (see Fig. RG.3). 

In addition to this, the computational astrophysics 

-
-

ments, taking into account galactic dynamics, heating 

cosmological simulation that includes dark matter struc-
ture formation, gas dynamics, star formation, SMBH 

-
tise is crucial in order to understand the big picture of 

The research on the microphysics of galactic nuclei is 
-

high-redshift disc galaxies and their dependence on 

data is an excellent laboratory for the study of small-

-

code, Springel et al., 2005): a molecular cloud as typi-

so-called circumnuclear disc. 

co- and counter-rotating (disc or cloud) material and the 
(slight) offset from the disc plane, they enable the forma-

counter-rotating discs in the Milky Way’s GC. Further-

GC has been found.

-
ised gas cloud (named G2) by Gillessen et al. (2012, 

highly eccentric orbit, reaching its closest approach of 

hole (SMBH) in the GC in late 2013. This brings us in 
-

conduct detailed high-resolution hydrodynamical simula-
-

exchange of ideas and expertise. 
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6.2.2 The Physics of the Galactic 
Centre Cloud G2

We perform hydrodynamical simulations in order to un-

-
ent scenarios, the so-called Compact Cloud scenario as 

detailed understanding of possible origin scenarios as 

-

mass loss rate of 9x10-8 M

Recently, Gillessen et al. (2012, 2013) reported the de-

-

its physical origin and fate in the near future. Together 

-

order to get a basic understanding of the possible origins 
-

Source of mass inside the cloud.

G2 modelled as a diffuse cloud

-
-

posed to describe both components, G2 (head) and the 

6 M , Gillessen et al. 2009) – is mod-
-

-
tion of state for the cloud, dictated by ionising radiation 

-

-
ally the effect of the ram pressure of the ambient medium 
can be clearly seen, compressing the front part of the 

-

peri-centre passage (panel f), the cloud has transformed 
-

-
-

ambient medium and cloud gas keeps being accreted 
-
-

temperature in spherical shape at its apocentre distance 

-

are higher. Therefore, this simulation leads to a rather 

Compact Cloud scenario describes the G2 component 
-

nario is able to account for the tail emission (panels three 

-
locities are reached for the case of the Spherical Shell 

Fig. RG.5: Evolution of the density distribution in our Compact Cloud scenario. The white dotted line is the result of a test particle simulation.
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R. Genzel, T. Fritz, F. Eisenhauer)

possibility to connect our simulations 

change in the electromagnetic signal 
arising from the additional accretion 

-

scenario.

G2 modelled as a compact source

momentum cloud in the GC is still 
a debated puzzle and some authors 

possibility of G2 being the result 

star embedded in it (Gillessen et al. 

2012). 

-

-
fected by many different physical processes as de-

-

roughly spherically symmetric until its ram pressure 
balances the thermal pressure of the surrounding at-

the ram pressure due to the source’s motion becomes 
similar to the thermal pressure and the structure of 

to the fast disruption of the cloud. The hydrodynami-
cal interaction leads to stripping from the expanding 

shell and the formation of a long, turbulent 
tail. Interestingly, this model is roughly able 

-

Fig. RG.6: Comparison of our simulations in a position-velocity diagram with observations 
(background contours) for the Compact Source and the Spherical Shell scenario.

Fig. RG.7: Density evolution in the Compact Source scenario

Marc Schartmann
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6.2.3 Progress in Understanding 
Feedback in Galaxies

The stars in galaxies form from condensations in the in-
terstellar gas. Without continuous energy input, the inter-

-

important energetically, because the temporally extend-

-

only a fraction of the baryons expected from the Cos-
mological ratio. The rate of star formation in galaxies is 

rich galaxies, e.g. Milky Way) or accretion rate (large 
elliptical galaxies). Because the mass of the central su-

-

instead controlled by the stellar feedback. Simulations 

of the galaxy properties on the parameterisation of the 

423, 1726). Progress can therefore only be made by un-
derstanding the physics at play.

-

rays and interpret them in the context of our population 
-
-

-

2012), and the expected distribution and kinematics of 

26

-
straint on the stellar population. Spatial and kinematic 
distributions of gamma-ray lines are inferred from hydro-

team for more on gamma-ray line measurements). For a 

-

MPE team deepens the analysis and modelling of nucle-

-

-

our uniform initial density of 10 cm-3

remains in the ISM and 90% is dissipated by radiation 
(Fig. RG.9). SNe lead to short energy boosts, but the en-

-

-

-

-

-

-

See also the ISM science report of MPE’s high-energy 
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Fig. RG.8: 3D hydrodynamics simulation of the merging bubbles of three massive stars (25, 32 and 60 solar masses) at three snapshot times (top to 
bottom). The left and middle columns show column density for front view and top view. The right column shows a density slice through the midplane. 
The dense dots in column density are condensations due to a dynamical shell instability (Vishniac), most likely the sites of triggered star formation.

(bottom, the rest is dissipated radiatively). The peaks correspond to the SNe of the three stars. 

Fig. RG.10: Energetics of different 3-star simulations, varying the distances between the three massive stars. Top: total energy; middle: energy 

-

Martin Krause
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7.1 Technical Services

and earthbound instruments to fundamental research 

specialists: the department of electrical engineering, the 
-

-

Electrical Engineering

and the Semiconductor Laboratory in Neuperlach) are 

-
cepts), designing and manufacturing to commissioning of 

-

Space Station (ISS). The group technically supports on-

-

informed about electronic components. Experience in the 
-

shape in an experiment. In order to keep their high stand-
ards these people cooperate internationally and interdisci-
plinary, continue professional training regularly, keep pace 

-

and abroad.

-

-

-

systems).

Mechanical Engineering
The department of mechanical engineering has 40 staff 

-
-

factures instruments for the experimental astrophysics 
-

space industry.

reaching from optical precision Instrument engineering 

-

-
uum and at deepest temperatures near absolute zero. 

Fig. 1: The pictures show the engineering model of the eROSITA event analyser boards (designed by the electrical engineering group), while testing 

real-time.

7. The Institute
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Fig. 2: 3D CAD (above and below), and FEM structural model (right) 
of the eROSITA telescope, designed by the mechanical engineering 

and aluminium).

Data Management and Processing

-

-
er the central tasks and, in addition, support the science 

-

for system support and programming is assisting this 
-
-

ment, conception and control of central installations such 

and the public printers. In addition, the committee is co-

Centre (RZG) and takes care of the computer-related 
training of MPE members.

The members of the central computing support group 

up-to-date information about the institute. They are also 

-

Fig. 3: Integration of the PK-4 engineering model IBP (integrated base 
plate) with its main components.

utilized in the test facility.

In the years 20010 until 20013 the mechanical engineer-

-

payload NIP, the complex plasma research instrument 

Telescope (LBT).
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7.2 General Services 

Fig. 4: The joint MPE/MPA Library

The institute’s administration
-

Planck Institute for Extraterrestrial Physics in carrying 

MPE's branches in Neuried (test facility) and in München-
Neuperlach (semiconductor laboratory).

-

and the organization and maintenance of the institute's 
infrastructure. 

-

due processing of receipts and expenditures, supplying 
-

to the Max Planck Society and its institutes. In addition, 

the implementation of these rules and guidelines.

-

publication services are also indispensable for the 

position to prepare all kinds of graphics and images for 

The print shop
for the production of reports, brochures and preprints for 

-
-

produces colour copies for both institutes.

The Astrobibliothek

for about 400 periodicals. In addition it maintains an ar-

-

library catalogue includes books, conference proceed-
ings, periodicals, doctoral dissertations, and habilitation 
theses, reports (print and online).
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7.3 Vocational Training and Education

education workshop for apprentices in the me-

three years process for being an industrial mechanics. 

-

Garching area, support young people to promote their 

The International Max-Planck Research School on 
Astrophysics (IMPRS).

IMPRS is a graduate school, offer-

in astrophysics and cosmology. 
-

-

a graduate degree in Physics and 

facilities and training programs as 

-
ronment for participants. The school 
can lay the foundation for long-term 
international cooperation and thus 

-
ence and research.
. 
IMPRS 
of the Max-Planck Society in 2000. 
The four local institutes, all interna-

Fig. 5: The workshop for the mechanical apprentices

-

-

in the participating institutes is presented to the 

-

them are accepted, based on their excellence as 

-

-

Fig. 6: The IMPRS class of 2012



The Institute 185

7.4 Public Outreach

Basic research is an important condition for the long-term 
-

acceptance in the public. Therefore it is absolutely neces-

-

MPE has formed a public outreach team, consisting pri-

This team, supported by many MPE members, organized 

during the last years. 

In 2011 MPE opened its doors for the public to contribute 
“Open House”

-
ing astrophysical topics, reaching from the solar system 

-
ics research. The general program is complemented by 
a special children’s program, called „Astronomy for 
Kids“

complete school classes participated. In total about 2500 

the children’s program.  

Fig. 7 and 8: Impressions from the Open House 2011

“Girls’ 
Day”
Ministry of Education and Research (BMBF) and the 
Federal Ministry for Families, Senior Citizen, Women 

school than their male peers, they still tend to choose 

-

of technology, IT and natural sciences it is often possible 
to catch their interest and to encourage them to change 

In 2011 the Max Planck Society celebrated the 100-year 

“Max-Planck-Day”
Planck institutes opened their doors for high-school 

-
ed the “Science Tunnel 3.0”, an exhibition of the Max 
Planck Society, by contributions from astronomy like ex-
hibits and images.
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Since end of 2010, the MPE Brochure -

-

in English and German. The MPE Flyer

the preparation of singular documents, there are also a 
number of regular tasks of the public outreach team. To 
groups the MPE offers guided tours through the insti-

-

-

(about 25 to 30 groups per year) and it can be 

students, senior citizens, interested hobby 

among them MPE, and – apart being open for 

and guided tours.     

information about all aspects of the institute. 
Regularly issued research news are in the 

-
ence results of MPE scientists are presented 

-

results, press releases are issued, either by 
-
-

ists are often coming to MPE. 

-
tutes, MPE organises the monthly Cafe & 
Cosmos series of discussions. In a restau-

from the audience and discusses the cosmos 
issue.  

pub-
lic talks/lectures -

Finally, MPE offers the possibility for doing internships 
-

MPE’s research.
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7.5 Social Events

-

range from small group-internal celebrations (e.g. the 

and the “Kochelsee”, a great scenery and numerous of 

-

hiking tour, a more or less challenging one depending on 
-

mon dinner in the late afternoon before the buses started 
back to Garching.

-
-

Fig 10: MPE members taking a break on a hiking-
trail during the work outing 2012.

Fig 11: Visit to the Oktoberfest

atmosphere of eating, drinking and celebrating together 
-

and guests.








