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S. Trippe, F. Martins, T. Ott, T. Alexander, R. Genzel 

References:
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• S. Gillessen et al., 2009, ApJL, 707, 114

Stellar Orbits in the Galactic Center

Bottom: distributions of orbital elements. Left: The distribution of orbital angular momenta shows that the
orbital planes of stars with r < 0.8’’ (red) are randomly oriented, while the planes for all disk-candidate stars
(blue) indeed match the orientation of the disk. Right: The eccentricity distribution of the young stars that are
not part of the stellar disk appears to be slightly hotter than thermal. This potentially is a key to the enigmatic
formation of the young stars in the central arcsecond.

The orbit of the star S2. Left
and middle panel: Comparing
VLT (blue) and Keck
astrometric data (red) without
and with allowing for an offset
in the definition of the
coordinate system both in
position and velocity. The line
is the respective best fit. Right:
The radial velocity data and the
fit.

We summarize the results of our long-term effort to monitor stellar orbits around the massive black hole in the
center of the Milky Way, using high-resolution near-infrared techniques.
• We have greatly improved the definition of the coordinate system, which reaches a long-term astrometric
accuracy of ≈ 300 μas, ≈ 6 better than in previous studies.
• We have determined orbits of 28 stars, including the star S2, which has completed a full revolution since our
monitoring began. All stellar orbits are fit extremely well by a single-point-mass potential.
• The best orbit-based estimate for the distance to the Galactic center is R0 = 8.33 0.35 kpc from a combined
fit of the data of six stars. The dominant error in this value issystematic.
• The corresponding central object mass is (4.31 0.06|stat 0.36|R0) 106 M⊙, where the fractional statistical
error is 1.5% for a fixed R0, and the main uncertainty is due to the uncertainty in R0.
• The orientations of orbital angular momenta for stars in the central arcsecond are random. We identify six
early-type stars as members of the clockwise-rotating disk, as was previously proposed.
• The eccentricity distribution for non-disk stars favors orbits slightly more eccentric than what one would
expect for a relaxed system. This might be a remainder from the formation of the stars.
• We constrain the extended dark mass enclosed between the pericenter and apocenter of S2 at less than 0.066 of
the mass of Sgr A* at the 99% confidence level.
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Magnetic 
Field.

Particle
Injection

Rate

Roughly once a day near-infrared (NIR) flares can be observed from Sgr A*, the source coincident with the
supermassive black hole at the center of our Galaxy. We are trying to understand the physical mechanisms
behind these flares, which are probably occurring in the innermost regions of the accretion flow around the
supermassive black hole. In Dodds-Eden et al. (2009) we presented a “cooling break model” where the NIR and
X-ray emission are both due to synchrotron emission, which is able to explain the observed (average) spectral
characteristics of a bright NIR/X-ray flare observed in April 2007. We can understand even more about the
mechanism of flare production by studying the time-dependent properties of this NIR/X-ray flare. To do this we
have developed a time-dependent numerical model for the flares which includes particle injection, synchrotron
cooling, particle escape and adiabatic expansion. When we study model lightcurves produced under the
influence of these different mechanisms we find that lightcurves which decay through electron cooling alone are
not able to explain the different durations of the NIR/X-ray flares at the same time as their simultaneity. We can
reproduce the durations and simultaneity if the lightcurve decay is, on the other hand, due to a decrease in
emissivity (from e.g. a decrease in the magnetic field strength, B). Variations in B can also be responsible for
the substructural features in the NIR lightcurve.

References:  
• Dodds-Eden  et al.  2009, ApJ
• Dodds-Eden et al. 2010, in prep.

Left: Observations of a bright simultaneous flare from Sgr A* on April 4, 2007. Although the lightcurves are
simultaneous, they have different durations and there are substructures in the L'-band lightcurve which are
notably lacking in the X-ray lightcurve.
Center:. L'-band lightcurves from different models for the evolution of the flare SED under the “cooling
break” synchrotron model. For all models shown here the model X-ray lightcurve matches the observed X-ray
lightcurve. Models for which the magnetic field, B, is constant and the lightcurve decay is due to synchrotron
cooling or electron escape cause a delay in the NIR lightcurve which is not seen in the observed lightcurve.
Models with a sharp decrease in B during the rising phase of the flare are able to match the simultaneous NIR
and X-ray lightcurves, and may be a signature of magnetic reconnection.
Right: The substructures may also be a product of a varying magnetic field: if there are even only small
variations in the magnetic field as it decreases this can produce substructures in the L'-band lightcurve without
producing similar features in the X-ray lightcurve. This is possible because for synchrotron emission with a
cooling break, emission emitted at frequencies below the cooling break depends on the magnetic field, while
above the cooling break the emission depends only on the rate of energy injection and is insensitive to the
magnetic field.

K. Dodds-Eden, S. Gillessen, T. Fritz, R. Genzel, F. Eisenhauer, T. Ott,
H. Bartko, O. Pfuhl

A time-dependent model for flares from Sgr A*
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Our latest observations of the nuclear star cluster in the central parsec of the Galaxy with the adaptive
optics assisted, integral field spectrograph SINFONI on the ESO/VLT result in a total sample of 177
bona fide early-type stars.

We find that most of these Wolf Rayet (WR), O- and B-stars reside in two strongly warped eccentric
(< e >= 0.36 ± 0.06) disks between 0.8” and 12” from SgrA*, as well as a central compact
concentration (the S-star cluster) centered on SgrA*. The later type B stars (mK > 15) in the radial
interval between 0.8” and 12” seem to be in a more isotropic distribution outside the disks.

The stellar mass function of the disk stars is extremely top heavy with a best fit power law of dN/dm ~
m−0.45±0.3. Since at least the WR/O-stars were formed in situ in a single star formation event ~6 Myrs
ago, this mass function probably reflects the initial mass function (IMF). The mass functions of the S-
stars inside 0.8” and of the early-type stars at distances beyond 12” are compatible with a standard
Salpeter/Kroupa IMF (best fit power law of dN/dm / m−2.5±0.3).

Contrary to the expected Bahcall-Wolf cusp, we observe a dearth of late-type stars in the central few
arcseconds, which is puzzling.

H. Bartko, F. Martins, S. Trippe, T. K. Fritz, R. Genzel, T. Ott, F. Eisenhauer,
S. Gillessen, T. Paumard, K. Dodds-Eden, O. Gerhard, L. Mascetti, O. Pfuhl

References:
• H.Bartko, el al., 2009, ApJ, 697, 1741
• H.Bartko, el al., 2010, 708, 834.

Massive Young Stars in the Galactic Center

Completeness corrected K-band luminosity
functions of early-type stars in three radial in-
tervals together with three theoretical model
luminosity functions based on different IMFs.
The IMFs for R<0.8” to R>25” are compa-
tible with standard Salpeter/Kroupa IMFs.
The IMF for 0.8”≤R ≤25” is extremely top-
heavy: dN/dm~m-0.45±0.3 , implying in-situ
star formation near the supermassive black
hole under extreme conditions.

Projected, completeness and coverage correc-
ted surface density of various stellar popula-
tions as a function of distance to SgrA*. The
radial surface density of B stars drops
smoothly from the S-stars at R<0.8” to
R>25”. WR/O stars are confined to the range
0.8”…15”. The late-type stars do not show
the expected Bahcall-Wolf cusp but rather a
flat distribution inside of 10”.
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In the central parsec of the Galaxy, the object IRS13E is an apparent overdensity of at least 3 bright stars, 3.5’’
south-west of Sgr A*. We analyze seven years of adaptive optics bases high-resolution, near-infrared images of
this potential star cluster. We detect 19 sources in many Ks-band images, 15 of them also in many H-band
images. Most of the sources share a similar westward motion.

We use (narrow-)bands images and adaptive optics assisted integral field spectroscopy from 1.4 to 3.8 μm for
analyzing the nature of these objects. The SEDs of 13 objects in IRS13E are consistent with pure dust clumps.
Three objects are faint stars, this number is consistent with the expected number of background stars. Thus only
the three bright stars, which are WR/O-stars, are cluster candidate.

The probability of finding three early-type stars like those in IRS13E is only 0.7%. Assuming that they belong
to a cluster, a binding mass of about 14000 solar mass follows from the positions and velocities of the stars. This
would imply the presence of an intermediate mass black hole (IMBH). But because we do not detect
accelerations, this model is nearly as unlikely as the chance configuration.

This poses a puzzle . Given that no bright X-ray source is detected in IRS13E despite the high density of dust
and gas, it is more likely that no IMBH, massive enough to bind the three stars, is present.

References:
• Fritz et al. 2010, submitted to ApJ

SEDs of objects in IRS13E. We fit the data
with blackbodies of either stellar
temperature or of dust like temperature. In
addition, the extinction is a free parameter.
13 objects in IRS13E (e.g. E3.0, E3.1+E3.2
and E4.1) are dust clumps with the same
extinction as the neighboring stars. Six
objects (e.g. E1 and E3.5) are stars.

Coadd of four Lucy-deconvolved Ks-
images of IRS13E. The sources, which are
real and members of IRS13E are labeled.
The density of objects in IRS13E is higher
than in the surrounding. Most objects share
a common westward motion.

GC-IRS13 -a chance association of 3 stars

T. K. Fritz, S. Gillessen, K. Dodds-Eden, F. Martins, H. Bartko, R. Genzel,
T. Paumard, T. Ott, O. Pfuhl, F. Eisenhauer, D. Gratadour
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We systematically investigate the error sources for high-precision astrometry from adaptive optics
(AO) based near-infrared imaging data. We focus on the application in the crowded stellar field in the
Galactic Centre.
We show that at the level of 100μas a number of effects are limiting the accuracy. Most important are
the imperfectly subtracted seeing haloes of neighbouring stars, residual image distortions and
unrecognized confusion of the target source with fainter sources in the background. For stars as bright
as mK = 14, residual image distortions limit the astrometry, for fainter stars the limitation is set by the
seeing haloes of the surrounding stars. The SNR-induced statistical error is small compared to the
systematic error terms.
In order to improve the astrometry substantially at the current generation of telescopes, an AO system
with high performance and weak seeing haloes over a relatively small field (r < 3’’) is suited best.
Furthermore, techniques to estimate or reconstruct the seeing halo could be promising.

Reference: T.K. Fritz et al. 2010, MNRAS, vol. 401, pp. 1177

Empirical, single-epoch position errors as function of
stellar magnitude, obtained by dividing a given data
set into two and analyzing both independently. Red
dashed: For a single frame, using all stars and PSF
fitting. Red solid: the same but for isolated stars in the
central 2’’. Blue: the same but using deconvolution.
Black dotted: expectation for a multi-frame mosaic,
given the blue curve. Black solid: measured errors on
a mosaic. The systematic floor for bright stars is
dominated by anisoplanatism and the PSF
uncertainty.

Noise contributions per detector pixel as function of
illumination (solid lines). The total noise at faint
magnitudes is dominated by the read noise. For
brighter objects, the photon noise is the dominant
contribution. The dashed line (referring to the right
ordinate) gives the resulting statistical position error
according to

Δx = 1/π  Θres / SNR.

Empirical, multi-epoch position errors as function of
stellar magnitude. Blue: constant contributions. Red:
the SNR limit. The dominant error is the halo noise
(thin black) occurring due to the imperfectly known
seeing halos of the surrounding stars. Another
important error source are unrecognized confusion
events. For bright stars, the residual image distortions
dominate.

T. Ott, T. K. Fritz, S. Gillessen, F. Eisenhauer, K. Dodds-Eden, O. Pfuhl, 
H. Bartko, S. Trippe, F. Martins, T. Alexander, R. Genzel

The limits of astrometry in the Galactic Center
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D. Lutz, H. Netzer, E. Sani, E. Sturm, M. Schweitzer, A. Contursi, L. J. Tacconi

References:
• Netzer et al. 2007 ApJ 666, 806
• Lutz et al. 2008 ApJ 684, 853

We have measured star formation in AGN hosts via Spitzer spectroscopy of the aromatic
‚PAH‘ mid-infrared emission features. For local QSOs, we find the rest frame far-infrared
emission star formation dominated for all but the most extreme objects and establish an
intrinsic AGN SED. We have used these methods to measure star formation rates in local and
z~2 QSOs and find star formation and AGN luminosity to correlate in these objects.

Our Spitzer spectra of Narrow-Line Seyfert 1 galaxies establish that NLS1 indeed show
enhanced host star formation compared to their classical Seyfert 1 counterparts.

Top left: The mid-infrared spectrum of local
QSOs (black/thick) is well represented by
the superposition of the spectrum of a star
forming galaxy and an intrinsic AGN SED
(red) that steeply declines towards the FIR.

Top right: Composite rest-frame mid-
infrared spectrum of mm-bright high-z
QSOs, showing PAH features indicating
intense star formation of order 1000MSun/yr.

Right: Far infrared luminosity (star
formation, as confirmed by PAH emission)
and optical continuum lumiosity (AGN) of
optically selected QSOs correlate over
several orders of magnitude with only a
slight flattening at high AGN luminosity

• Lutz et al. 2007 ApJ 661, L25
• Sani et al. 2009 arXiv 0908.0280

Star formation in AGN hosts 
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H2 flux H2 H2 v

Infalling gas streamers in NGC 1068: The flux distribution of H2 1–0 S(1) molecular hydrogen
emission (left most map below) in the central arcsecond of this galaxy reveals two prominent linear
structures leading to the AGN from the north and south. The gas kinematics (velocity and dispersion
maps below) are dominated by noncircular motions. Modeling indicates that this material is streaming
toward the nucleus on highly elliptical or parabolic trajectories with orientations that are compatible
with that of the disk plane of the galaxy. The radial transportation rate from ~30 to a few parsecs from
the nucleus is ~15 M yr−1. This is 103 times the rate required to accrete down to the Schwarzschild
radius to sustain the AGN, indicating that the gas will pile up and lead to future starburst.

References:
Müller Sánchez, F., et al., 2009, ApJ, 691, 749
Davies, R. I., et al., 2009, ApJ, 702, 114
Hicks, E., et al., 2009, ApJ, 696, 448

SINFONI observations of two local active galactic nuclei (AGN) provide direct evidence of
molecular gas flowing toward the central parsecs of such galaxies. The two inflow
mechanisms are highly contrasting, one due to a chance circumstance, the other an ordered,
sustainable, and probably more common method of inflow. Reliable inflow rates are derived
via modeling of the gas kinematics.

Fueling via a nuclear spiral in NGC 1097: As shown below, we detect, on scales of 20 parsecs, a 3-
arm spiral morphology in the H2 flux distribution and a 2-arm spiral in the residuals of the gas
kinematics after subtraction of an axisymmetric disk model. Linear theory indicates this line-of-sight
velocity pattern is expected for a gas density wave that generates a 3-arm spiral morphology. Using
hydrodynamical simulations as a guide to estimating the net inflow, by accounting for both inflow
along and outflow between the spiral arms, we find a net inflow in NGC 1097 of about 0.06 M yr−1.
The observed nuclear spiral represents a mechanism by which gas is feed to the innermost parsecs of
the galaxy at a rate that is consistent with the observed properties of the nuclear stellar population and
represents a mode of inflow that is sustainable over timescales of 1 Gyr.

velocity km s-1

relative flux

H2 v residualH2 flux residual

E. Hicks, R. Davies, F. Müller Sánchez, H. Engel, R. Genzel, 
L. Tacconi, F. Eisenhauer, S. Friedrich

Watching Gas Flowing in Towards AGN
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We generally qualitatively confirm the scenario laid out of Tecza et al. (2000), and are able to
make substantial quantitative improvements. In particular, we find the following:
• The stellar kinematic centres agree with the AGN positions derived by Max et al. (2007).
• We derive the masses and global mass-to-light ratios of the nuclei via Jeans modelling.
• We are able to reproduce key characteristics of the system in a merger simulation.
• Taking the undiluted value of the Brγ equivalent width to be 22 Ǻ as measured off-nucleus,
we find that the young starburst contributes only 30% of the total K-band luminosity

References:
• H. Engel, R. I. Davies, R. Genzel, L. J. Tacconi, E. K. S. Hicks, E. Sturm, T. Naab, P. H. Johansson, S. J. 
Karl,   C. E. Max, A. Medling, 2010, ApJ submitted
•Max et al., 2007, Science, 316, 1877 
• Tecza et al., 2000, ApJ, 537, 178

We investigate the star formation history and gas dynamics of the ultraluminous advanced
merger NGC6240 using laser-guide star adaptive optics integral-field near-IR data at a
resolution of 0.13“, and interferometric CO(2-1) emission data as well as a dedicated merger
simulation. The spatially resolved nature of the data, and in particular of the stellar kinematics,
enable us to substantially refine our understanding of this prototypical merger quantitatively.
And we obtain new insights into the evolution of the relative roles that different stellar
populations play during the various phases of mergers in general.

Figure 1:Large-scale image with our field of view (left), 
stellar velocity (middle) and dispersion (right). Black 
circles mark AGN locations. There is a clear rotational 
signature around the two nuclei, and a localised region of 
high dispersion.

• We show that different assumed star formation histories can lead to very different
interpretations of the observables, and we demonstrate that for mergers it may suffice to use a
‘characteristic’ increasing star formation rate.
• Correcting the mass-to-light ratios for the starburst contribution, we find that they require the
presence of a population of stars older than ~1Gyr, which contributes the majority of the
nuclear masses and luminosities. Based on this, and the results from our simulations, we
conclude that the two nuclei are the remnants of the progenitor galaxies’ bulges.

Figure 2: The star formation history 
obtained from the merger simulation. 
The star formation rate has been 
increasing recently.

H. Engel, R. I. Davies, R. Genzel, L. J. Tacconi, E. K. S. Hicks, E. Sturm

NGC 6240: Star Formation and Gas Dynamics
in a Prototypical Advanced Major Merger 
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M82 is one of the nearest and brightest starburst galaxies hosting a spectacular bipolar outflow
visible from X-rays to Mid Infrared. In this poster we present the first results obtained by
mapping the central 2.5'x2.5' region of M82, in the main FIR (> 50 μm) line tracers of neutral
gas (CII158, OI63 and OI145) and of ionized gas (OIII88, NIII57 and NII122) with the
PACS instrument (Poglitsch et al. 2008) on board HERSCHEL. Thanks to unprecendented 1)
spatial resolution (from 120 to 250 pc in the full PACS range) 2) sensitivity and 3) spectral
resolution, we can study for the first time at these wavelengths and for an extragalactic object,
the kinematics and the dynamics of M82 and derive the ISM physical conditions in very
different galaxy environments (disks and outflows).

References:
• A. Poglitsch et al, 2008,  Proc. of SPIE Vol. 7010 701005-1 

Left panel: The emission of M82 in the OI(63 μm) neutral gas cooling line. The map shows as
prominent the galaxy's disk with bright central spots, probably corresponding to the main young and
massive star clusters, but also some diffuse low brightness emission around it. The morphologies are
similar also in the OI(145 μm) and CII(158 μm) lines, but not in the OIII (88 μm) line, where also the
outflows are visible. Central panel: The kinematics of M82 show the regular rotation pattern of the disk
but also of the outflows, with the south lobe approaching (blue colors) and the north lobe receding from
the observer. Right panel: The line velocity widths of M82 in the CII line (similar in all lines). The disk
has a constant and low velocity (red) dispersion which increases in the outflows (yellow). The northern
outflows seem to have a higher velocity dispersion than the southern outflow.

This figure shows a significant
difference between the
morphology of the OIII(88
μm)/OI(63μm) ratio map (left)
and the OI(63 μm)/ CII ratio
map (right). The ionized gas is
much more prominent than the
neutral gas in the outflows.
Here the neutral gas emission
weakens probably because of
a rapid decreasing gas density,
while the ionizing photon flux
is still high enough to excite
OIII,

A.Contursi, A. Poglitsch, E. Sturm and the SHINING team

Mapping M82 with the PACS spectrometer
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Mkn231          [C II] 157

References:
• Fischer et al. 2010 A&A, submitted

Herschel PACS Spectroscopy of ULIRGs

As part of the Herschel Key Project SHINING we have obtained
PACS far-infrared spectroscopy of Mkn 231, the most luminous
ultra-luminous infrared galaxy (ULIRG) in the local universe, an
OH megamaser, and a type 1 broad absorption line (BAL) active
galactic nucleus. All searched for far-infrared fine-structure lines
in the PACS range were detected, allowing us to derive the conditions
in the photo-ionized and atomic gas in a ULIRG for the first time
in the FIR. In addition, a massive molecular outflow was observed
in OH and 18OH, indicative of outflow velocities out to 1400 km/sec.

Mkn231         [O I] 145

HST, Evans et al 2008

E. Sturm, J. Fischer, J. Gracia Carpio, S. Hailey-Dunsheath, A. Poglitsch, 
A. Contursi, D. Lutz, L. Tacconi, E. Gonzalez-Alfonso and Team SHINING

extinction. For the assessment of the roles of these effects in the [CII] deficit, the [OI] 145 μm line is a
key diagnostic because of its proximity in wavelength and higher energy level which is harder to
populate. It has never before been observed in a ULIRG. In our PACS spectra of Mkn231 the lines of
[OI] 63, 145 μm and [CII] (as well as NII, NIII and OIII) are clearly detected but do not appear
absorbed. Instead we find strong absorption lines of OH and 18OH, both resolved into doublets,
showing a pronounced P-Cygni profile indicative of outflows with velocities out to 1400 km/sec. We
also find absorbed H2O lines and additional diagnostics of extreme conditions in molecular gas in Mkn
231. Finally, we determine upper limits for a number of CO lines, allowing to assess the role of (AGN
or shock excited) XDRs in Mkn231 in combination with Herschel-SPIRE submillimeter lines.

Mkn231

A key example of the value of such a dataset is the
investigation of the '[CII] deficit'. In ISO data, the [CII] line
in local ULIRGs was found to be about an order of
magnitude lower relative to the FIR continuum than in
normal and starburst galaxies. The relative weakness of [C
II] has strong implications for its use as a star formation
tracer for high red- shift studies. The much better sensitivity
and spectral resolution of PACS enables probing for self-
absorbed profiles in [CII] and other lines and for the effects
of high density, high radiation density, and far-infrared
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The interstellar medium (ISM) is the fuel by which galaxies form their stars. It is thus naturally related
to the energy output from star formation. At the same time, the ISM is responsible for the dust
absorption that shapes the spectral energy distribution of galaxies, absorbing the optical and UV
radiation coming from star formation and AGN activity and re-emitting it in the infrared. In some
galaxies the obscuration could be so severe that the only means to study their star formation is through
its effects on the ISM properties (e.g., line emission, dust temperature). In order to do that we have
compiled a large Mid- and Far-infrared line database, that includes more than 30 atomic and
molecular transitions in more than 400 galaxies. The database covers up to 6 orders of magnitude in
Far-infrared luminosity, from blue compact galaxies and dwarf galaxies to Ultraluminous Infrared
Galaxies (ULIRGs) and high redshift galaxies. SHINING, a Herschel guaranteed time key program
led by MPE (P.I.: E. Sturm), will significantly increase the number of galaxies with Far-infrared line
detections, especially at the high luminosity end where in most cases only upper limits are available.

The figure shows the correlation between the Far-infrared luminosity and the luminosity of a HII line
(left panel), a PDR line (middle) and a molecular line (right). The galaxies have been color-coded
according to their nuclear activity: HII galaxies (blue symbols), LINERs (green), AGNs (black) and
unclassified galaxies (grey). Open symbols represent upper limits to the line emission. High redshift
galaxies (magenta symbols) follow the same correlations as local Universe galaxies. Big red circles
indicate the SHINING galaxies observed with the Herschel Space Observatory so far. The small red
circles show the range of Far-infrared luminosities covered by the SHINING galaxy sample.
SHINING will significantly increase the number of galaxies with Far-infrared line detections and
establish whether ULIRGs follow the same trends defined by galaxies with LFIR < 1011 LSUN.

The infrared line database includes lines that originate in all the different phases of the ISM: HII
regions (e.g. [Ne II], [OIV]), UV and X-ray photodissociated regions (PDR and XDRs, eg. [CII], [OI])
and molecular clouds (e.g., CO J=1-0). From the intensity of these transitions, it is possible to
calculate the density, temperature, ionization and atomic abundances of the ISM. They can also be
used to estimate the relative contribution of star formation and AGN activity to the bolometric
luminosity of galaxies.

MPEMPE

J. Graciá-Carpio, E. Sturm, J. Fischer, S. Hailey-Dunsheath, A. Poglitsch, 
A. Contursi, D. Lutz, L. Tacconi and the SHINING team

Mid- and Far-infrared emission lines
in galaxies: The SHINING contribution
to the understanding of general trends
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References:  Tacconi, L.J. et al. 2010, Nature, 463, 781

In an ongoing IRAM two-year Large Program, we are surveying the molecular gas contents
and dynamics in two samples of typical massive-star-forming galaxies (SFGs) at redshifts <z>
of 1.2 and 2.3. With recent improvements in sensitivity at the PdB Interferometer, we can
detect CO line emission from the massive tail of typical, SFGs at these epochs. The full
sample comprises ~20 galaxies at each redshift range. In the first year, we have observed the
CO J=3–2 transition in 19 galaxies, 10 at z~2 and 9 at z~1, and have solid detections in 14
SFGs. The data reveal that SFGs are very gas rich, and that the star formation efficiency is not
strongly dependent on cosmic epoch. The average fraction of cold gas relative to total galaxy
baryonic mass at z = 2.3 and z = 1.2 is ~ 44% and 34%, respectively, three to ten times higher
than in local spiral galaxies. A slow decrease from z≈2 and z≈1 likely requires semi-continuous
replenishment of fresh gas to the young galaxies.

Figure 1, CO Rotation Curve: A high
resolution (~0.6“) CO 3–2 map and
rotation curve of the z=1.12 galaxy
EGS1305123, obtained at 2mm in the
A-configuration. Upper Left:
Integrated CO line emission (red), I-
band (green) and V-band (blue) HST
ACS images. Beam drawn as gray
ellipse. Bottom: Peak velocity (left)
and velocity dispersion (right) maps of
the CO emission. The dotted white
line outlines the CO emission. Upper
Right: Peak CO velocity (and 1σ
errors) along the galaxy major axis
(PA=16 ). The dashed red curve is the
best fitting exponential disk model
with radial scale length Rd=0.77“ and
dynamical mass of 2.3x1011 M for an
adopted inclination of 27 , and the
continuous red curve is the model
intrinsic rotation curve.
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Figure 2, High Gas Fractions: Left,
the distribution of molecular gas
fractions for 23 z=1-3 SFGs with good
stellar mass estimates from our survey
and from the literature. Right,
comparison of the distribution of
molecular gas fractions for the z=1.2
(red) and z=2.2 (blue) SFGs from our
survey. We define fmol-gas as
Mgas/M*+Mgas.

L. J. Tacconi, R. Genzel and the IRAM LP TEAM

High molecular gas fractions in normal massive
star-forming galaxies at z =1-3 
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SINS is the first and largest survey of the spatially-resolved kinematics, star formation, and
physical properties of now >100 massive (M3109–31011M) star-forming (SFR10–800
M/yr) z~1–3 galaxies, with the near-IR imaging spectrometer SINFONI at ESO’s Very Large
Telescope. SINS provides key evidence that smooth yet efficient gas accretion modes and
internal secular processes may drive the early evolution of many massive galaxies.

Selected References:
• Förster Schreiber, N.M., et al. 2009, ApJ, 706, 1364 • Förster Schreiber, N.M., et al. 2010, ApJ, submitted

Our data resolve the emission line distributions and kinematics (primarily H) on scales of ~1–5 kpc.
About 1/3 of the galaxies are rotation-dominated yet turbulent disks, 1/3 are more compact dispersion-
dominated objects, and 1/3 are clear mergers (illustrated with the H velocity fields of 30 of the 103
sources below). The data imply comparable current and past-averaged SFRs, high gas mass fractions
of ~30% and baryonic mass fractions of ~60%–80% within ~10kpc. The high z disks are more
turbulent and gas-rich than their z~0 counterparts, often showing luminous massive (~107.5–109.5M)
kpc-sized “clumps”, as expected for Toomre-unstable gas-rich disks. A picture emerges in which the
gas reservoirs of the galaxies are constantly replenished, fueling intense star formation over a
substantial part of their stellar lifetimes and ~10 dynamical timescales. This suggests steady gas
accretion via cold flows or rapid series of minor mergers (as opposed to violent dissipative major
mergers) is at play, heating the disks without destroying the highly ordered gas motions.
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N. M. Förster Schreiber, R. Genzel, N. Bouché, G. Cresci and the SINS team

SINS: Gas kinematics and star formation of
100 high redshift galaxies with SINFONI
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Figure 2. A key focus of our current and
future observations is resolving the
morphological and kinematic properties of
star-forming regions within high-redshift
galaxies. In particular, we are probing the
dynamics of gas within individual regions
(velocity gradient shown in red-green-blue
and Hα morphology overplotted with
contours) on sub-kpc scales. The white
bar indicates a spatial scale of 2 kpc, on
the scale of both the star-forming region
and the whole galaxy (inset).

References:
• Genzel, Burkert, et al. 2008, ApJ
• Genzel et al. in preparation

Deep laser guide star adaptive optics observations of a subset of the SINS survey galaxies have
shown the Hα emission of high-redshift galaxies to be highly “clumpy.” Our observations have
identified these clumps as super-massive star-forming regions, with masses and sizes several
orders of magnitude larger than their local analogs. With our most recent observations, we are
measuring the kinematic structure of individual star-forming regions and probing their
dynamical effects on the host galaxy.

Figure 1. With the high resolution attained
with LGSAO, we have directly measured the
sizes of star-forming regions in high-redshift
galaxies. The large sizes of these regions
with (shown here) are due to fragmentation
within the host galaxies on the Jeans scale.
The high Jeans masses and lengths, in turn,
are a direct consequence of the gas-rich
nature of high-redshift galaxies.

2 kpc

R. Genzel, A. Burkert, N. Förster Schreiber, K. Shapiro and the SINS team

Properties of star-forming regions
in high-redshift galaxies 
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References:  Förster Schreiber, N.M., et al. 2009, ApJ, 706, 1364  Buschkamp, P., et al., in prep.
 Förster Schreiber, N.M., et al. 2006a, ApJ, 645, 1062

We are mapping the excitation mechanism, gas-phase abundances, and dust extinction using well
understood rest-frame optical emission lines (H, [NII], [OIII], and H), shifted into the near-IR
regime for z > 1. Our targets are drawn from our SINS survey of >100 galaxies; our initial sample of
15 sources at z ~ 2 significantly expands existing samples with measurements of the full set of four
lines. The sensitivity and spatial mapping afforded by SINFONI resolves the emission on ~1–5kpc
scales, and allows interpretation of line ratios together with the morphologies and kinematics..

Interstellar extinction:
The integrated H fluxes and equivalent widths combined with broadband SEDs of our SINS galaxies
suggest that their HII regions are more obscured than the bulk of their stars, as seen in z~0 star-forming
and starburst galaxies. We are now testing this through measurements of the Balmer decrement
(H/H), providing some of the first direct constraints on nebular extinction at z~2. Ultimately this is
crucial for accurate determinations of the current star formation rates, the star formation histories, and
the dust distribution in star-forming galaxies in the early Universe, still very poorly constrained.

Fig. 2: H and H linemaps for a z ~ 2 disk galaxy. BX610, and Balmer decrement along the major axis: the inferred nebular
extinction increases towards the inner regions, which also appear to be more metal-rich (Fig. 1). Far right: Extinction towards
the stars inferred from broadband SEDs vs extinction towards the HII regions from the Balmer decrement for 7 of our
galaxies. These first results are consistent with extra attenuation towards HII regions relative to the stars.

Fig. 1: H flux-, velocity-, dispersion maps and rest-frame optical continuum images for
two SINS disk galaxies; the [NII/Ha] ratio along the kinematic major axis is also shown.

Metallicity:
The properties of several
z~2 galaxies studied in
SINS suggest that young
bulges/inner disks can be
built up as a result of rapid
secular evolution in gas-rich
disks in formattion. Our
first results reveal radial
gradients in the [NII]/H
flux ratio, an indicator of
the gas-phase oxygen
abundance, in non-AGN
star-forming disks with dy-
namical and morphological evidence for the presence of a bulge. Two of them are plotted in Fig.1. The
gradients could reflect chemical enrichment in a nascent bulge and lower abundances in extended, more
gas-rich disks still accreting metal-poor material from the halo.

As part of our SINS surve ,y we are investigating the ISM conditions of z ~ 2 massive star-
forming galaxies to search orf metallicity gradients and determine the dust obscuration
towards the HII regions. These ongoing programs, carried out with the near-IR integral if eld
spectrometer SINFONI at the ESO eV ry Large elescope,T are ulf ly spatially resolved ust dies,
which provide crucial constraints on the early evolution of these systems.

P. Buschkamp, N. M. Förster Schreiber, R. Genzel, G. Cresci, and the SINS team

Spatially resolved metallicity and extinction
in massive star-forming galaxies at z~2
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Using the Millennium Simulation and a novel merger-tree construction algorithm we quantify
and parameterize the merger rate of dark matter halos, as well as the mean growth rate of halos
as a function of their mass and redshift. Assuming a dynamical friction timescale for mergers,
and in the framework of the ‚cold accretion‘ mode, we are able to make comparisons to
‚normal‘ star-forming galaxies at z~2 targeted by the SINS survey.

References:
• Genel et al. 2008, ApJ, 688, 789 
• Genel et al. 2009, ApJ, 701, 2002

• Förster Schreiber et al. 2009, ApJ, 706, 1364
• Springel et al. 2005, Nature, 435, 629

Analysis of the N-body Millennium Simulation shows that major mergers, traditionally
believed to trigger bursts of intense star-formation rates, such as the rates observed in z~2 disk
galaxies, are not the dominant mode of halo growth, not even at high redshift. Rather, it is the
total accretion rate onto dark matter halos that greatly increases with redshift. A relatively
smooth and cold accretion mode can better explain the observed high star-formation rates in
high redshift galaxies that display large-scale ordered rotation in a disky configuration.

Figure 1: The distribution of z~2 dark
matter halos in the dark-matter-accretion-
rate versus halo-mass plane (shaded), with
corresponding merger fractions (red). The
overlaid SINS galaxies (blue symbols) are
in a region dominated by non-major-merger
accretion, provided the global efficiency of
star-formation is close to 100%. Sub-mm
galaxies (horizontal blue lines, green) are
consistent with being major mergers of
massive dark matter halos, as suggested by
observations.

Figure 2: The halo major merger fraction
as a function of redshift, calculated by
assuming a dynamical friction timescale
for each merger, for halo mass ranging
from 10^11M (red) to 10^13M (blue).
Overlaid are observed galaxy major
merger fractions from the literature. At
z~2 the merger rate is higher but
dynamical times are shorter, therefore, at
any given time, most of the halos are not
expected to be undergoing major mergers,
seemingly in agreement with observations.

Star-forming galaxies at z~2 and the dominance
of ‚smooth‘ cosmological accretion

S. Genel, R. Genzel and the SINS team
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G. Cresci, F. Shapiro, R. Genzel, N. Förster Schreiber, and the SINS team

Kinemetry: distinguishing rotating systems from major mergers at z~2
Which is the formation mechanism of massive galaxies at high-z? Is the star formation triggered by
major mergers or by smooth accretion and/or minor mergers? Integral field spectroscopy provides
spatial resolved kinematical information that directly
probes the dynamical status of  galaxies.

References:
• Cresci, G., et al., 2009, ApJ, 697, 115 
• Shapiro, K., et al., 2007, ApJ, 682, 231

The direct study of the dynamical properties in high-z galaxies, made feasable with the advent
of Integral Field Spectroscopy, has allowed to shed new light on the mechanisms responsible
for galaxy formation and early evolution. Here we present the results obtained modeling the
dynamical properties of our sample of z~2 galaxies in the framework of the SINS survey.

Dynamical modeling of SINS z~2
galaxies
We have measured through “genetic” χ2

minimization the main dynamical properties of
the SINS disk galaxies, fitting the full 3D
dynamical information with an exponential
disk model. We derive dynamical masses,
rotational velocities and intrinsic dispersions.
We find that z~2.2 rotationally supported and
massive (Mdyn>1010 M ) galaxies are more
turbulent (V/σ~4.5) than local spirals

SINS: modeling the dynamics of
high-z galaxies

We used Kinemetry, an extension of surface
photometry to the higher order moments of the
velocity distributions, to quantify asymmetries in
the velocity and velocity dispersion of the SINS Hα
emission maps. The method was tested for high-z
galaxies using a sample of simulations and local
galaxies. It allows to effectively separate ordered
rotating disks (blue) from merger remnants with
disturbed dynamics (red). (Shapiro et al. 2008)

We can use the model results to study the evolution of the
Tully-Fisher relation up to z~2. The TF relation correlates
the angular momentum of the dark matter halo with the
stellar population of its disk, and it is therefore important
for models. We measure a significant (3.6 σ) evolution at
z=2 (red line) respect to the local universe (black line),
which is reproduced by models with significant smooth
accretion of cold gas.
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In the context of cold accretion (Dekel et al. 2006), we show that the scaling relations are
driven by the cosmological accretion rate (Genel et al. 2008) using a very simple toy model
for star-forming galaxies (SFGs) using normal star formation efficiencies (Bouché et al.
2007). The key feature of the model is a mass floor at 1E11 solar masses below which cold
accretion is quenched (Fig.1). It turns out that the model also accounts for the observed
``downsizing’’, the galactic baryon fractions, the observed gas fractions as a function of mass
and time (Tacconi et al. 2010), and the cosmic SFR density, which are all resulting from the
mass floor.

References:
• Bouché N. et al. 2007, ApJ, 671, 303
• Cresci G. et al. 2009, ApJ, 697, 115
• Dekel A. & Birnboim Y. 2006, MNRAS, 368, 2

The global properties of z~2 star forming galaxies (SFGs) give important clues on the process
of galaxy formation. Two important scaling relations are the SFR-Mass (Forster Schreiber et
al. 2009) and the Tully-Fisher relation (Cresci et al. 2009). These imply Star Formation Rates
in excess of 150 M/yr sustained over a few Gyr. The detailed kinematics properties of z~2
SFGs show large clumps (instabilities) which require large gas fractions. Here, we attempt to
address the following questions: (1) What causes the high SFRs at z ≃ 2? (2) What drives the
evolution of the SFR-sequence and TF relation from z ~ 2 to the present? (3) What drives the
cosmological evolution of the average SFR density? (4) Why did more massive galaxies form
their stars before less massive SFGs? (5) Why are z = 2 SFGs so gas rich as Tacconi et al.
(2010) found?

Fig.2: The SFR-Mass relation as a function
of redshifts (solid lines) compared to the
observations (grey area). The dotted line
show the evolutionary tracks of individual
halos.

Fig.1: Growth history for each
modeled halos from z=10 to z=0. In
our model, efficient accretion occurs
in a mass range between ~1011 and
~1012 solar masses.

• Forster Schreiber N. et al. 2009, ApJ, 706, 1364
• Genel S. et al. 2008, ApJ, 688, 789
• Tacconi L. et al. 2010, Nature, 462, 781 

The Impact of cold gas accretion on
galaxy scaling relations 

N. Bouché, A. Dekel, R. Genzel, S. Genel, G. Cresci, N. Förster Schreiber,
K. Shapiro, R. Davies, L. Tacconi
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Our SINS sample is probing
the epoch of bulge formation in
z~2 galaxies and has identified
a mechanism of bulge assembly
that was previously unknown.

Our observations with the highest
spatial resolution reveal a clear
relationship between a galaxy‘s
age and the concentration of its
mass in the galaxy center. In
younger galaxies (left image),
most of the mass is found in large
clumps away from the galaxy
center (green cross), while in
older galaxies (right images), the
clumps have increasingly
migrated towards the galaxy
center. The final product from
the coalescence of these clumps
bears a strong resemblance to
present-day galaxy bulges.

References:
• Genzel, Burkert, et al. 2008, ApJ
• Shapiro, Genzel, Förster Schreiber 2010, MNRAS

Our SINS survey has detected a substantial population of large, gas-rich disk galaxies at z~2.
The high gas fractions of these galaxies create massive star-forming „clumps,“ which play an
important role in the evolution of z~2 galaxies into their present-day descendants. Our
observations reveal that key structures in local galaxies, including bulges, thick disks, and
globular clusters, are likely assembled during this epoch.
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We have demonstrated that clumps in SINS
galaxies at z~2 are the likely formation sites
of globular clusters and, in doing so, have
linked the formation of globular clusters to
that of galactic bulges and thick disks in a
straightforward and natural way.

One piece of the evidence is shown here; SINS
galaxies (black point and dashed line for z~2)
follow the same relationship between galaxy
mass and metallicity as one of the globular
cluster populations (red).

K. Shapiro, R. Genzel, N. Förster Schreiber, L. Tacconi, and the SINS team

„Clumpy“ Assembly of Galaxy Substructures
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G35981 G11295

Determining gas scaling laws
in the local universe

Scalings laws are a fundamental tool to understand the
formation and evolution of galaxies. Several of these
laws concerning the stellar component of galaxies are
well studied and commonly used (e.g. the Fundamental
plane). However, few laws relate the properties of the
cold gas. A careful look at previously published
molecular gas data shows that the reason for this is the
lack of suitable data (see Fig.1).
COLD GASS (PI: G.Kauffmann, MPA) will gather data
for a large, unbiased and homogeneous sample of
galaxies. The survey builds upon GASS (the GALEX-
SDSS-Arecibo Survey – Catinella et al. 2009), which is
measuring the HI contents of ~1000 galaxies with
M*>1010 Msun.
Figure 1 shows that with only <20% of the survey
completed, scaling relations between gas and stellar
masses are starting to emerge. Quantifying these
relations is of significant importance to understand
nearby galaxies, trace redshift evolution, and constrain
galaxy formation models.

References:
• Catinella, B. et al. 2009, arXiv:0912.1610
• COLD GASS: http://www.mpa-garching.mpg.de/COLD_GASS

Cold Gas Scaling Laws with IRAM

We conduct COLD GASS, a large program at the IRAM 30m telescope aimed at measuring the
molecular gas content of an unbiased sample of ~300 massive galaxies (M*>1010 Msun) in the local
universe (0.025<z<0.05). Combining the CO measurements with SDSS spectroscopy, GALEX
imaging, and deep HI data, the survey will provide a definitive picture of the partition of baryons into
stars, atomic and molecular gas in 0.1-10L* galaxies. We determine the scaling laws between gas
content and global galaxy properties, and study galaxies with peculiarities in their gas/stellar contents
due to e.g. recent gas accretion, stripping or quenching.

From blue cloud to red sequence, 
or vice-versa?

The galaxy population at z=0 can be broadly divided
by a color-magnitude diagram into blue active and
red passive objects. This is however not a static
situation, since z~1 there has been a strong migration
of objects towards the red sequence. To understand
this process, we study „green valley“ galaxies, which
are believed to be caught in this transition process.
Once global scaling laws are defined, galaxies with
anomalous gas properties will stand out as outliers
and reveal events of stripping or recent accretion,
which may be responsible for the transformation.

In Figure 2 we show two such objects:
- G35981 contains an unusually large amount of HI
(MHI/M*~110%), but in comparison very little
molecular gass (MH2/M*~5%). Spectroscopic
evidence suggests that the galaxy has recently
accreted a ring of fresh HI gas from the environment.
- G11295 has an exceptionally wide CO line
(~700km/s), compared to its typical HI line width
(330km/s). This could be evidence for a recent
disruption of the HI disk.

Figure 2: SDSS images of candidate transition
galaxies with signs of accretion (G35981) and
stripping (G11295). The CO spectrum of G11295
shows the anomalous width of the line (orange lines)
as compared to the position and width of the HI line
(blue lines).

Figure 1: Molecular gas mass fraction as a function of stellar
mass, for galaxies with archival CO measurement (gray dots) and
new COLD GASS data (blue symbols). The scatter in the archival
data comes from a number of problems, including aperture biases.

A. Saintonge, J. Gracia-Carpio, L. Tacconi
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We observed three fine-structure transitions in IRAS F10214, and report a tentative detection of the
[OIII] 52 μm line. This line is an important coolant of the ionized gas found in star-forming regions,
and may also arise in the narrow-line region (NLR) of an AGN. It typically accounts for ~0.1% of the
far-IR continuum emission in local galaxies, but in IRAS F10214 this ratio is a factor of ~10 lower.
The origins of this anomalously low ratio are not yet clear, but it is possibly due to the high intensity
and/or hardness of the UV radiation field generated by the AGN in this galaxy.

References:
• Sturm, E., et al. 2010, in preparation

We present far-infrared spectroscopic observations of two high-redshift galaxies, obtained with
the PACS spectrometer on the Herschel Space Observatory. MIPS J1428 is a starburst-
dominated galaxy at z = 1.3, and IRAS F10214 is a highly-lensed system at z = 2.3 hosting
both star formation and a luminous AGN. We observed these sources in multiple spectral lines
that probe ionized and neutral gas, and that are recognized tracers of star formation and AGN
activity. The PACS observations of MIPS J1428 are supplemented with a ground-based
detection of the 158 μm [CII] line. The detections of the [OIII] 52 μm and [OI] 63 μm fine-
structure lines presented here are the first detections of these transitions at high redshift.

We detected the [OIII] 52 μm and [OI] 63 μm transitions in MIPS J1428, and also recently detected
the [CII] 158 μm transition with a ground-based observation (Hailey-Dunsheath et al. 2010). The [OI]
and [CII] lines are the dominant coolants of the photodissociated molecular gas found in star
formation regions, and each line typically accounts for 0.1 – 1% of the total far-IR emission in normal
galaxies. However, these lines are weak in ultraluminous IR galaxies (ULIRGs), and a similar deficit
of [CII] emission has been measured in a few quasars at z > 4.4. Surprisingly, both lines are bright in
MIPS J1428, as is the [OIII] line (Fig. 1, right). This indicates that despite its large luminosity, MIPS
J1428 more closely resembles a scaled-up version of a moderate-luminosity starburst galaxy than it
does either a local ULIRG, or the host galaxy of a similarly luminous high-redshift quasar.

Fig. 1.– Left: [OIII] 52 μm line in IRAS
F10214. Right: [OIII] 52 μm/FIR ratio in
IRAS F10214 and MIPS J1428,
compared with other galaxies in the local
Universe.

• Hailey-Dunsheath, S., et al. 2010, ApJ, submitted

Fig. 2.– Left: [OI] 63 μm transition in
MIPS J1428. Right: [CII] 158 μm/FIR
ratio in MIPS J1428, compared with
other galaxies in the local Universe and
at high redshift.

Far -Infrared Spectroscopy of Distant Galaxies:
First ResultsfromPACS

S. Hailey-Dunsheath, E. Sturm, A.Verma, J. Graciá-Carpio, and the SHINING team
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B. Magnelli and The PEP Team

We study the far-infrared (FIR) properties of a Submillimeter and Optically Faint Radio
Galaxies sample (SMG and OFRG). From the literature we build a sample of 37 SMGs and 10
OFRGs located in the GOODS-N and the A2218 fields. These samples are cross-matched with
our PACS 100 μm (3σ ~ 3 mJy) and 160 μm (3σ ~ 5 mJy) multi-wavelength catalog built
using an extraction technique based on prior sources positions at shorter wavelength (24 μm).
About half of the galaxies in our sample are detected in at least one PACS band. Dust
temperature of our SMGs are derived by fitting their PACS and SCUBA 850 μm photometries
with a single modified (β=1.5) black body function (blue line in the plot). For our OFRG we
are limited by a lack of observations at the SCUBA wavelength. Hence we derive their dust
temperatures by assuming that the local FIR/radio correlation holds in these galaxies.

References:
• Casey et al., 2009, MNRAS, in prep 
• Chapman et al., 2005, ApJ, 622,772
• Pope et al., 2006, MNRAS, 370, 1185

High-redshift galaxies observations with Herschel

The median dust temperature of our SMG sample is TDust ~ 31 K while for our OFRG
sample it is TDust ~ 50 K. For both sample, median dust temperatures estimated using Herschel
data are in very good agreement with previous estimates. In particular, from his SMG sample
and assuming that the FIR/radio correlation holds at high redshift, Chapman et al. (2005)
found a dust temperature of TDust = 36 7 K. The agreement between our two studies indirectly
confirms that the local FIR/radio correlation effectively holds at high redshift. The median
infrared luminosities of our SMG and OFRG samples correspond to star formation rates of
few hundred solar masses per year. Such high star formation rates are difficult to reconcile
with secular evolution and could correspond to a brief, merger driven stage in these galaxies
evolution.

Far-Infrared Properties of SMG and OFRG

SED of a z~2 submillimeter galaxy. Red diamonds 
represent Herschel observations. The dashed-dotted 
line is the SED that one would have inferred without 

the Herschel data

The TDust-LIR diagram obtains
using Herschel observations
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P. Popesso, G. Rodighiero, D. Lutz and the PEP Team

The study the instantaneous galaxy SFR as a function of
time and environment have two major needs. First it is
necessary to combine directly the UV and the IR
(dominating the bolometric luminosity at high SFR) to
get a reliable estimate of the SFR. Second, a highly
complete spectroscopic coverage is necessary for the
estimate of the galaxy local density.
Thanks to the observations carried out during the Science
Demonstration Phase (SDP) of the PACS photometer on
board of Herschel, as part of the PACS Evolutionary
Probe (PEP) GT Program, we are able to overcome these
limitations. Indeed, PEP provides the deepest far-infrared
survey at 100 and 160 um of the GOODS-North field for
which an extremely rich multiwavelength dataset and
extremely highly complete spectroscopic coverage are
available.
First results show already a reversal SFR-density relation
at z~1 confirming previous results based only on 24 um
data (Elbaz et al. 2007). However, differently from
previous Spitzer results, we find also a clear anti-
correlation of the specific SFR versus galaxy local
density.

SFR-density relation (upper panel) and
specific SFR-density relation (bottom
panel) at z~1 obtained with PACS
(points) and 24 um (shaded region)
derived SFR.

References:
•Popesso et al.,2010, in prep.
•Thomas et al., 2005, ApJ, 621, 673
• Elbaz et al. (2007),A&A,468,33

What role does the environment play in the galaxy evolution? The clear observational
evidence is that the high density regions are dominated by a quiescent early type galaxy
population, while the late type star forming galaxies more likely populate low density regions.
The stellar mass abundance ratios and the age estimate of the present day red galaxies
indicates that they formed their stars on shorter timescales (Thomas et al. 2005), which
suggests that the star formation rate (SFR) density was larger in dense environments in the
past. The epoch at which the environment affected the activity of galaxies is a key issue for
modern cosmology. Hence, measuring the dependence of the average instantaneous SFR per
galaxy with environment at early epochs, when the SFR density of the Universe was much
larger than today, would provide a strong test for galaxy formation models.

We observe also a tight
anti-correlation of the
specific SFR with the
galaxy stellar mass.
We conclude that the
reversal SFR-density
relation is due to the
presence in the dense
regions of massive
galaxies which form
stars at very low
efficiency.

PEP: The galaxy SFR-density relation at z~1
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R. Nordon, D. Lutz and the PEP Team

The evolution of massive z∼2 galaxies and the role of secular and merger processes in it is the subject
of intense current study. A key parameter is the on-going star formation rate (SFR). For galaxies with
significant dust content, most of the energy produced by young stars is emitted in the far infra-red
(FIR), which makes it the best and least biased SFR indicator. However, the FIR emission from distant
galaxies has been inaccessible until HERSCHEL and SFR measurements at redshifts z~2 have relied
mostly on 24 μm and optical (rest frame UV) measurements.
Analytical and semi-analytical cosmological models predict SFRs which are a factor ~3 lower than
those previously measured for z~2 massive galaxies. This discrepancy has significant implications on
the validity of galaxy formation models and the cold-streams accretion models in particular (e.g. Dave
2008).
At these redshifts, the observed 24 μm flux samples only the shortest wavelengths of the IR emission,
and may be significantly affected by obscured AGN activity and/or PAH spectral features. Optical
measurements require attenuation correction, which introduce uncertainties caused by the assumed
extinction curves and integrated emission from many star-forming regions.

References:
• Dave 2008, MNRAS 385, 147

We measure the star formation rates (SFR) in 1.5<z<2.5 galaxies using the far-IR (FIR) fluxes,
accessible for the first time with HERSCHEL-PACS. This provides the least biased SFR estimate
which is compared to previously used SFR indicators. We find that the commonly used 24 μm based
SFRs tend to over estimate the true values by factor ~2 in these galaxies. The lower SFRs narrow the
gap between observations and theoretical models.

The recently acquired data from Herschel-PACS in GOODS-N field, as part of the PEP-project, allow
for the first time the measurement of SFR using the FIR cold dust emission at high redshifts. The cold
dust emission, unlike the mid-IR measured at 24 μm, is believed to be largely unaffected by AGN
activity. The SFRs for the redshift range of 1.5<z<2.5 are plotted in figure 1. We find that the SFRs as
measured from 24 μm tend to over estimate the true SFR, by a factor of 1.5-2 in this redshift range
and for rapid star forming systems (SFR>100 Msun/yr). The 24 μm excess tends to be higher in the
more luminous systems. Such excess can be attributed either to hot-dust emission from an obscured
AGN activity and/or to spectral features that enter the 24 μm filter range at these redshifts. These
preliminary results narrow the gap between cosmological models and observations, however do not
fully account for it. More data for the PEP-project is being provided by HERSCHEL-PACS these
days, which will give us more accurate results and better understanding of the SFR at the peak of the
cosmological stellar mass build-up.

PEP: SFR Indicators in z~2 Galaxies

Figure 1: SFR as measured from
24 μm vs. SFR as measured
from PACS 160 μm fluxes, for
1.5<z<2.5 galaxies in GOODS-
N field. Blue points are
individual detections. Sources
with X-ray detections (AGN
hosts) are marked with black
crosses. SFR from stacking of
160 μm images below PACS
detection limit on positions
individual 24 μm detections are
plotted in red.
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S. Berta, B. Magnelli, D.  Lutz and the PEP Team

Combining the PEP Science Demonstration data in GOODS-N
and the larger fields Lockman Hole and COSMOS, we built
100 and 160 μm galaxy number counts extending from a few
mJy to ~100 mJy. The PEP data provide a complete extension
of previous Spitzer Legacy data, fully describing the peak of
the counts normalized to the Euclidean slope. The amplitude
and width of the observed peak can be used to constrain the
available backward-evolution models (lines in the plot). The
PEP number counts lay on the low-end of what is predicted by
these models.

References:
• Berta et al., in prep.
• Magnelli et al., 2009, A&A, 496,57

Launched in May 2009, Herschel is already providing stunning results: the first PACS
extragalactic surveys are giving an unprecedented view of the InfraRed sky, unveiling the far-
IR emission of galaxies up to redshifts z~2 and beyond. Our PACS Evolutionary Probe (PEP)
project samples the peak of the Cosmic IR Background (CIB) at 100 and 160 μm, thus
characterizing for the first time the properties of the galaxies producing the bulk of the energy
budget in the Universe.

Thanks to the huge ancillary database available in our
fields, and expecially in GOODS-N, we have attached to
each FIR source a detailed shorter wavelength SED and
a redshift estimate. In this way, for the first time it is
possible to split the FIR background into the
contribution from different redshift slices. We observe
an excess of bright (S>25 mJy) IR sources at z < 0.5
with respect to expectations, pointing to the long-sought
population of objects with cold IR SEDs, and hardly
reproduced by most theoretical recipes.

PEP: Dissecting the Cosmic IR Background

The integral of the GOODS-N number counts,
above the 3σ limits of ~3 mJy at 100 μm and ~5
mJy at 160 μm, resolve up to ~40% of the CIB
(black tirangles). This fraction will further
improve with deeper observations in GOODS-S
and with analysis of the cluster data with
additional amplification by gravitational
lensing. When splitting into different time
intervals in the history of the Universe, most of
the 100 μm and 160 μm CIB arises at redshift
z<1, with red sources peaking at higher
redshift than blue ones (colored histograms).
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E. Vilenius, T.G. Müller

More than one thousand Transneptunian objects have so far been discovered in our solar system. They
are remnants of the planetesimal disk and perhaps analogous to the unseen dust parent-bodies in
debris disks around other main-sequence stars. The size distribution of large TNOs is assumed to have
remained unchanged although the pristine material on TNOs has changed its composition over time
due to collisions and space weathering. Thermal emission depends on the size and albedo of the body,
and in the case of a body without an atmosphere it also depends on surface emissivity, roughness and
porosity. A suitable thermophysical model is used to interpret the observations.

The four scientific goals of this programme (Müller et al., 2009) are: 1) to determine sizes and albedos
of TNOs, 2) to measure the density of binary TNOs, 3) to constrain surface properties, and 4) to
determine light curves. Objects detectable by Herschel will be 200 km or more in diameter. The
albedo and absolute reflectance are important in constraining the surface composition; this requires
the combination of Herschel and ground-based support observations at optical wavelengths. Half of
the known binary systems are to be observed in this program; they provide important knowledge of
density constraints for the models of binary evolution. Six out of the 138 TNOs of this programme
will be observed longer than is needed to obtain a single flux value, i.e. during the whole duration of
the rotational period. Two major factors influence the light curves: albedo features on the surface and
the shape of the object. In the case of shape effects, the mean flux and amplitude are diagnostic of the
distribution of temperatures on the object, thereby constraining the spin vector and the thermal inertia.

References:
• Müller et. al, 2009, Earth, Moon, Planets, 105:209-219

About 400 hours of Herschel observing time has been granted to the Open Time Key
Programme „TNOs are Cool: A Survey of the Trans-Neptunian Region“ (PI: Thomas Müller,
Co-PIs: E. Lellouch, H. Böhnhardt, J. Stansberry). As part of this programme we will use
photometric PACS and SPIRE observations to determine albedos and sizes of 138 TNOs. The
flux densities at these wavelengths (PACS 55 to 210 mm, SPIRE 194 to 672 mm) are expected
to range from a few mJy to 400 mJy. By the end of the Science Demonstration Phase 17 TNOs
have been observed. Preliminary analysis shows that one third of the targets are fainter than
predicted and one sixth are brighter. Orcus and Makemake have higher albedos than expected
indicating larger size, or in the case of Makemake high thermal inertia indicative of a densly
packed ice surface. Based on the Science Demonstration Phase experience we conclude that a
follow-on observation at a different sky background is necessary for solar system targets at
wavelengths higher than 100 mm in order to distinguish the target from the background.

Fig. 1. Pluto at
the 100 mm
channel of
PACS. The
„point source“
observation
mode uses the
chopping/nodd
ing technique.

TNOs are Cool: A survey of the
transneptunian region with Herschel 

Fig. 2. The flux density from the Pluto
observation of Fig. 1 (magenta) compared to
data from the ISO mission (blue).
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H. Feuchtgruber, O. H. Bauer, D. Lutz, A. Poglitsch, E. Sturm et al.

References:
• Poglitsch et al. 2008, Proc. SPIE, Vol. 7010, 701005

PACS has been designed and built by a consortium of institutes and university departments from across Europe
under the leadership of Principal Investigator Albrecht Poglitsch located at the Max-Planck-Institute for Extra-
terrestrial Physics in Garching, Germany. Consortium members are: Austria: UVIE; Belgium: IMEC, KUL,
CSL; France: CEA, OAMP; Germany: MPE, MPIA; Italy: IFSI, OAP/AOT, OAA/CAISMI, LENS,
Spain: IAC; Hungary: Konkoly; USA: NHSC.

The Photoconductor Array Camera & Spectrometer (PACS) instrument has been launched on-board
ESA‘s far infrared and submillimeter observatory Herschel on 14-May-2009. The spacecraft has been
successfully injected into its orbit around the Lagrangian Point 2 of the Sun-Earth system by an
Ariane 5 ECA launcher. Starting about 10 days after launch, the instrument commissioning and
performance verification phases have been conducted. The PACS operations, calibration and analysis
activities during this phase of the mission have been lead by the PACS instrument control center (ICC)
at MPE. During this period (summer/fall 2009) a detailed in-flight characterization of key
performance figures of the instrument, covering all functional, spectral, photometric and spatial
aspects has been carried out.
All PACS instrument functions have perfectly survived the launch vibrations and the transition to 0 g.
The Herschel telescope point spread function (PSF) as measured by the PACS photometer and
spectrometer is within expectations (see figure). The measured instrument sensitivity of PACS, both
for the spectrometer and photometer is close to and partly better than pre-launch predictions. Cosmic
ray impact rates onto the PACS Photoconductor and Bolometer detectors are compatible with
calculations for the space environment around L2. All observing modes of PACS have been tuned and
are ready for astronomical use.

The PACS In-Flight Performance

Left: continuum (upper plot) and spectral line sensitivities
(lower plot) as predicted (solid line) and from different in-
flight measurements (symbols) and grating orders (colors). Inserts show faint extragalactic atomic fine-structure
line detections. Right: Core PSF (a) from telescope model including all wave front errors. (b) Photometer core
PSF measured on Asteroid Vesta scaled to peak (FWHM ~5.5”). (c) PACS bolometer noise spectrum compari-
son between pre-launch (light blue) and in-flight (dark blue) conditions. Initial point source detection sensitivi-
ties from the MPE lead deep survey key programme PEP (PACS Evolutionary Probe) are indicated.

Figures:

ba

c Initial PEP deep survey point source 
detection sensitivity in-flight:

100
160μm: 5σ = 7.55mJy
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T. G. Müller

With the improved access to the far-IR, submm, and mm wavelength ranges through satellites
and airborne instruments it has become necessary to establish new calibrators for these
wavelengths. The traditional far-IR/submm/mm calibrators, the outer planets, are too bright or
in the nonlinear regime of response of instruments. Stellar standards are quite faint in submm
and pose challenges of their own.The ISO mission successfully used 10 asteroids for far-IR
calibration, Spitzer integrated the fainter ones in the calibration scheme of its MIPS
instrument, whereas the Akari mission used the full target list combined with established
observing programmes of several groundbased observatories for its calibration purposes.
The „Herschel asteroid preparatory programme“ [Müller et al., 2005; Müller et al., 2007] has
been conducted to fill the large flux gap between the two types of calibrators by a set of
asteroids [Müller and Lagerros 1998, 2002, 2003]. In a collaboration of the Herschel and
Akari calibration teams we investigated the physical and thermal properties of approximately
50 asteroids. All of them are large, almost spherical and belong to the main belt. They cover
the flux range from 1 Jy to several hundred Jansky at 100 m, and at 1 mm they can be as
bright as 10 Jy. Thermophysical model predictions of light curves, SEDs, and monochromatic
fluxes are accurate on the 5-20% level, depending on the object, and the geometry and
illumination conditions. During the first half year of the Herschel mission more than 200
asteroid observations took place as part of the instrument characterisation and calibration
programme. Regular asteroid observations will continue until the end of the mission.

References: Müller and Lagerros, A&A 338, 340-352, 1998;   A&A 381, 324-339, 2002;  ESA SP-481,
157-163, 2003;  Müller et al., 2005, ESA SP-577, 471-472;  Müller et al., A&A 467, 737-747, 2007;

Celestial standards play a major role in astronomy. They are needed to characterise the
performance of instruments and are paramount for photometric calibration. During the
Herschel Calibration Asteroid Preparatory Programme approximately 50 asteroids have been
established as far-IR/submm/mm calibrators for Herschel. The selected asteroids fill the flux
gap between the submm/mm calibrators Mars, Uranus and Neptune, and the mid-IR
calibration stars. Meanwhile all 3 Herschel instruments observe asteroids for various
calibration purposes, including pointing, flux, RSRF and AOT validation aspects.

The Herschel Calibration Asteroid
Preparatory Programme 
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R.Hofmann, N. Ageorges, P. Buschkamp, F. Eisenhauer, N.M. Förster-Schreiber 
H.Gemperlein, J.Kurk, R.Lederer

The LUCIFER 1 and 2 instruments have been built by a German consortium led by the
Landessternwarte (LSW) of the University Heidelberg in collaboration with MPIA Heidelberg
(detector, electronics, and cryogenics), the astronomical institute of the University Bochum (software),
and MPE (MOS-unit).
The MOS-unit handles technical masks (e.g., blanks for dark current measurents and sieve masks for
measurement of optical parameters), single-slit masks, and the masks for Multi-Object Spectroscopy
(MOS) inside LUCIFER. The unit also replaces a cabinet containing 23 MOS-masks with LUCIFER
under vacuum and at operating temperature. Severe constraints imposed by LUCIFER (available
volume inside the cryostat and a mass limit of about 100 kg) and by the telescope (available space
around the focal plane area and the instrument mount) led to a very complex design of the cryogenic
MOS-unit (Fig. 1), including the two auxiliary cryostats for mask replacement (Fig.2).

References:
• Mandel et al., Proc.SPIE, Vol 7014, 70143S, (2008)

LUCIFER is a near-infrared camera and spectrograph for seeing and diffraction limited
observations and for multi-object spectroscopy at the LBT. It has been installed at the LBT in
summer 2008. Commissioning started in fall 2008, and ends in spring 2010.

In spring 2008 the first MOS-unit was delivered to LSW for integration in LUCIFER 1. Since then,
several hardware and software modifications greatly improved its stability of operation and its
tolerance against malfunctions and handling errors.
Commissioning of the LUCIFER MOS mode started in fall 2009. The mode is now available to the
community and mask exchanges are done routinely. A few mask replacements using the auxiliary
cryostats have been executed successfully. The latter operation is especially critical, because an
instrument failure during mask replacement can require a telescope shutdown for several days. For
first results see the abstracts by N.Ageorges (LUCIFER commissioning) and J.Kurk (LUCIFER
science). The second MOS-unit has been assembled and tested at MPE since fall 2009. The unit will
be delivered to LSW in spring 2010 for integration into LUCIFER 2. Tests and characterization of the
complete instrument will take about 6 months. Acceptance Europe is planned for late 2010.

LUCIFER in Operation at the LBT

Fig.1: The MOS-Robot carries a mask from the cabinet
(partially visible on the right) to the focal plane (located
behind the robot). In the upper left area two LUCIFER
cameras are visible.

Fig.2: The LUCIFER cryostat (left, open with the MOS
unit) and an auxiliary cryostat (right) during alignment for
mask cabinet transfer between the two cryostats.
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N. Ageorges and the LUCIFER team

LUCIFER 1 (Large-Binocular-Telescope Near-infrared spectroscopic Utility with Camera and
Integral-Field Unit for Extragalactic Research, Mandel et al 2000), the first of two identical spectro-
imagers, was installed at the Large Binocular Telescope on Mount Graham (Arizona) in September
2008 and saw first light in the night from the 6th to the 7th. The first on-sky image, before any
telescope fine tuning (collimation or focus check), already demonstrated the imaging power of the
instrument with image quality of 0.3“.
The commissioning phase, which took in total 15 months, was composed of 104 nights spread in 11
phases on sky and was dominated by bad weather accounting for more than 70% loss. Moreover,
during the first 9 months the telescope collimation and guiding seriously slow down the
commissioning efficiency of the (first) instrument at the bend Gregorian focus.

References:
• Mandel et al., 2000, SPIE 4008, 767
• Hofmann et al., 2000, SPIE 4008, 1094
• Storm et al., 2004, SPIE 5489, 374

In the course of the last 2 years LUCIFER1, a spectro-imager, build by a German consortium
(LSW-HD as PI, MPE, MPIA & AIRUB) passed acceptance Europe and has been successfully
commissioned at the LBT. The instrument demonstrated to meet all its specifications and has
been used for science observations since Dec. 2010.

Even though LUCIFER is the most complex NIR instrument build so far, at no stage during the
commissioning any fatal instrumental failure occurred.
The Multi-Object Spectroscopy (MOS, Hofmann et al. 2000) unit, built by MPE, came to hard test by
extensive spectroscopic observations. The most unique feature of LUCIFER is the possibility to
exchange user defined masks while keeping the instrument cold. The successful exchange of cabinet
of masks in Dec. 2009 concluded the instrument commissioning. Since then the instrument has been
used successfully for science observations.

LUCIFER 1: commissioning at the LBT

With the improvement of the telescope
performance and the proper functioning of
the Auto-Guiding and Wavefront sensing
(AGw, Storm et al. 2004) unit, the
commissioning could rapidly move on from
imaging to long slit spectroscopy and
successfully end with multi-object
spectroscopy.
In the course of the commissioning, the
instrument has been fine tuned and finally
demonstrated its performance to meet the
expectations, both in terms of image
quality, throughput and spectral resolution
of up to 10000.

LUCIFER on-sky first light image
2008-09-07 05:17 UT – Filed = FS149
Measured image quality = 0.3”
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The star formation rates, metallicities, stellar populations and velocity dispersions of distant
galaxies provide important clues on galaxy formation and evolution in the young Universe. As
the well-understood rest-frame optical emission lines move into the near-infrared wavelength
regime for galaxies at redshifts z ≥ 1, studies of these properties at high redshift have been
sparse, due to the limited availability of efficient near-infrared spectrographs at large
telescopes. Our survey of emission lines of distant galaxies will accelerate this field by
exploiting the multiplexing capabilities of LUCIFER, the new multi-object NIR spectrograph,
partly built by the MPE IR/submm group and mounted on the Large Binocular Telescope.

One of the most commonly used, simple and powerful abundance indicators is the ratio of the
two closely located Hα and [NII] emission lines. The Hα line is also one of the strongest rest-
frame optical emission lines and a good indicator of star formation rate. The velocity
dispersion of the gas in a distant galaxy can be derived from its width and its equivalent width
is related to the galaxy‘s star formation history. As the [NII] / Hα indicator is also sensitive to
ionization induced by shocks or AGN radiation, the [OIII] / Hβ line ratio can be used to place
additional constraints on the possible contribution of an AGN. For the first year of LUCIFER
operation, we have constructed a sizeable sample (~100) of z > 1 galaxies, for which we can
measure the [NII] / Hα ratio. For a subsample (~20), we can also measure the [OIII] / Hβ ratio.
This particular measurement has been done for very limited samples of non-uniformly selected
sources only until now (e.g., Erb et al. 2006a,b). The galaxies are selected based on their
spectroscopic redshifts, assuring that the targeted emission lines do not overlap with one of the
many OH lines present in the NIR.

The MPE LUCIFER MOS survey:
planning and first results

During the first two LUCIFER observing runs, we
obtained about ~13 hours of exposure time, for a total of
~20 targets. An early reduction of several slits is shown
above (emission lines in the K-band are indicated).

At the conclusion of the first year of operation, we will be able to derive scaling relations for
the galaxy metal abundance, such as the dependence on mass as a function of redshift. In
addition, we will be able to determine the prevalence of AGN among massive galaxies. We
will also be able to derive dynamical masses and star formation rates and relate these to the
galaxies‘ stellar masses, stellar populations and ages. The multiplexing capability of
LUCIFER allows for a relatively large sample of high redshift galaxies, which nicely
complements the in-depth dynamical studies of individual galaxies of the SINS project, also
carried out by the MPE IR/submm group (Förster Schreiber et al. 2009).
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ARGOS is an innovative multi-star adaptive optics system being built for use with LUCIFER
on the Large Binocular Telescope (LBT). LUCIFER is a wide field imager and multi-object
spectrograph. Using a constellation of laser guide stars permits PSF correction over a wide
field in exchange for a relatively small sacrifice in achievable correction. The laser
constellation consists of three stars per each of the two eyes of the LBT. The stars are
nominally positioned on a circle 2' in radius, but each star can be moved by upto 0.5' in any
direction.

Nd:YAG (SHG) lasers are used to create the green (532nm) laser stars, and have an output
above 18 W each at the planned pulsing frequency of 10kHz. The lasers are launched using a
40cm telescope and focused at a height of 12 km. The laser system is designed to be optically
simple but configurable. It also provisions for a central sodium laser to be installed later.

The optical design of the laser system
consists of a laser beam expander and
a pair of tip-tilt mirrors that help
change the angular position of the laser
beams at the pupil of the system. A
series of fold mirrors guide the optical
path for compactness and provide
stations for diagnostic systems. The
pupil is a fast-response tip-tilt mirror
that helps stabilize the positions of the
laser guide stars on the sky.

The diagnostic systems include a field
imager to track the angular positions of
the lasers at the pupil over a 5'x7' field,
a pupil imager to track the spacial
position of the lasers at the pupil, a star
camera which uses the laser launch
telescope backwards to image over
10'x13' of the sky and a fast response
diode in each laser path to coordinate
the timing of the laser pulses. All the
three cameras used are DVC 1500M.
The laser beams can be deflected to a
power meter to test the laser strength
and as a safety measure.

ARGOS : A Laser Star Constellation for LBT
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ARGOS is a multi-national projects under the lead of MPE with major contributions from
several German, Italian, and US research institutes. ARGOS has passed its preliminary design
review and is heading towards final design and an early implementation at LBT.

References:
• Rabien et al. SPIE 2008
• www.mpe.mpg.de/ir/projects/LBTLaser

The multi laser guide star adaptive optics ARGOS project was launched in 2008 to enhance
and multiply the science return from the LBT by reducing the image degradation from the
atmospheric turbulence and thereby providing several times sharper images compared to
normal observations. This will boost in particular the spectroscopy with LUCIFER.

ARGOS

To the left an artists impression is shown how
ARGOS will look at nighttime at LBT. Above:
the laser heads under test at MPE.
Three green powerful lasers will fire pulses
simultaneously for each of the LBT‘s two
mirrors into sky. Scattering from air molecules at
high altitudes in the atmosphere serves though as
artificial stars to allow the wavefront sensors to
measure the turbulence status in the air towards
the observed objects. Finally the deformable
secondary mirrors will receive the commands
from the ARGOS real time computers to correct
for the wavefront distortions with a kHz rate.

The science drivers for ARGOS are ranked around the gain that can be achieved with a ground
layer adaptive optics system, mainly: Observations can be done much faster, saving a
significant amount of observing time due to the improved image quality.
Amongst other science cases, with ARGOS major questions around high redshift galaxies will
be adressed, like:
•How did galaxies assemble over time-what is the role of mergers?
•How did galaxies grow their stellar mass?
•How did the Hubble sequence arise?
•How did galaxies get their angular momentum?
The robust measurements Lucifer will aquire, to help answering those questions, will be made
possible with ARGOS and its wide field adaptive optics correction
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The ARGOS ground layer adaptive optics system for the Large Binocular Telescope (LBT)
will have three laser guide stars (LGS) per LBT eye. The simultaneous detection of the
backscattered light from these three laser beacons and the large number of sub-apertures in a
Shack-Hartmann wavefront sensor require a detector to have a large imaging area together
with a very high readout frame rate while preserving its sensitivity and low noise.

We present how the wavefront sensor detector of ARGOS fulfills these requirements and
allows wide field adaptive optics correction.

Wide field AO correction: the large wave front
sensor detector of ARGOS 

Detector overview :
The ARGOS detector is a pnCCD from the MPI Halbleiterlabor (semiconductor laboratory,
HLL). It has a frame area of 264 by 264 pixels with a pixel size of 48 microns. By splitting
the image into two framestore areas during readout, frame rate of more than 1kHz can be
achieved. The electronic noise contribution is approximately 3 electrons at the operating
temperature.

The Application :
In the frame of ARGOS, the pnCCD detects simultaneously three Shack Hartmann (SH)
patterns, each one having up to 15 by 15 sub-apertures of 8 by 8 pixels.

The detector sends Analog Data through 8 output nodes to two
Data Acquisition (DAQ) boards. Which in their turns send the
data though two optical links to a computing unit.
After correction (offset, common-mode subtractions and gain
correction), the slopes of each spots are computed and sent to
another computing unit for wavefront reconstruction and
correction. Additionally, the slopes are averaged and used to
keep the SH patterns at the right locations on the detector area.

The very high frame rate and the
large number of sub-apertures
that allows the detector will
enable the ARGOS system to
correct for approximately 150
modes, that is to say, to have an
image improvement by a factor
of 2-3 over a 2 arc minutes field.

Fig.1:  Detector frame with 
one Shack-Hartmann pattern.

Fig.2: Overview of the Wavefront Detection system.
References:
• Rabien, S. et al.,  2008, SPIE, 7015, 701515
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GRAVITY is the AO assisted, near-infrared VLTI instrument for precision narrow-angle
astrometry and interferometric phase referenced imaging. The instrument is developed in an
international consortium under the lead of MPE with major contributions from LESIA and
LAOG (France), MPIA and UoC (Germany), and SIM (Portugal). With its two fibers per
telescope beam, its wavefront sensors and fringe tracker, and a novel metrology concept,
GRAVITY will push the sensitivity far beyond what is offered today and will advance the
astrometric accuracy for UTs to 10 μas. Its unique capabilities and sensitivity will open a new
window for the observation of a wide range of objects, and - amongst others - will allow the
study of motion within a few times the event horizon size of the Galactic Center black hole.

F. Eisenhauer, H. Bartko, S. Gillessen, A. Gräter, M. Haug, R. Hofmann, 
S. Kellner, O. Pfuhl, S. Rabien, M. Thiel

References:
• Eisenhauer et al. 2008, SPIE, 7013, 69 

Top: GRAVITY will combine the light from the four 8m VLTs to provide images with the
sharpness of a 130 m telescope. Bottom: With a precision of 10 μas, GRAVITY will see
objects move throughout the Milky Way and even in distant galaxies: Clockwise from left
centre are: jets/disk in star forming region, planet-brown dwarf binary, dust disk with central
gap, Arches star cluster, M31 star disks, NGC1068 outflow/narrow line region, modelling of
Galactic Centre flare, radial precessions of stellar orbit, S-star orbits, nuclear star cluster and
radio emission in the Galactic Centre. The horizontal axis of the central inset denotes the
maximum distance to which a particular project can be carried out with the capabilities of
GRAVITY. The vertical axis represents the time required for such measurements.

GRAVITY

Image courtesy ESO
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GRAVITY is an adaptive optics assisted Beam Combiner for the second generation VLTI
instrumentation. The instrument provides high precision narrow angle astrometry and phase
referenced interferometric imaging in the astronomical K-band. The Beam Combiner Instrument
houses the optics and actuators which are necessary to coherently combine the light from four 2-8m
telescopes and two objects. To minimize background radiation and disturbances, the complete
instrument is operated in vacuum and at different controlled temperature levels. The instrument
consists of 5 subsystems:
•The Laser Guiding System & Acquisition Camera are used to trace and correct the tip-tilt and
pupil motion within the VLTI delay lines. The Acquisition Camera (working at H-band) allows to
preview the science and reference target and to optimize the coupling efficiency thereof.
•The Fiber Coupler then splits the light of the two stars and injects it into single mode fibers. A
rotatable half-wave plate is used to analyze the linear polarization of the light.
•The Fiber Control Unit including rotators and stretchers aligns the polarization for maximum
contrast, and compensates the differential OPD between the phase reference star and science object –
caused by the angular separation on sky.
•The Fringe Tracker is fed by the bright reference star. The OPD correction is applied to an small
internal piezo-driven mirror stabilizing the fringes of both the reference star and the faint science
object at high frequency.
•The Science Spectrometer is optimized for longer, background-limited integration times of faint
objects, and offers a variety of operation modes, including low to moderate (R~4000) resolution
spectroscopy and polarization splitting.

O. Pfuhl, H. Bartko, F. Eisenhauer, S. Gillessen, A. Gräter, M. Haug, 
R. Hofmann, S. Kellner, M. Thiel

References:
• F. Eisenhauer et al., 2008; Proceedings of the SPIE, Volume 7013, pp. 70132A-70132A-13 (2008) 
• S. Lacour et al. 2008; Proceedings of the SPIE, Volume 7013, pp. 701316-1-701316-6 (2008) 

GRAVITY–Beam Combiner Instrument 

Above: The Beam Combiner Instrument with
the cryostat cover removed. The dimensions are
1.5 x 1.9 x 2.4m. The total weight is ~2 tons.

Fiber Coupler

Acquisition Camera /
Guiding System

Science Spectrometer

Fringe Tracker

Fiber Control Unit

Above: The beam combiner itself is
implemented in an integrated optics chip
with instantaneous fringe sampling. The
picture shows a prototype integrated
optics, illuminated by the metrology laser.
The integrated optics chip is designed in
collaboration with LETI and LAOG
(France).
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The figure shows a schematic drawing of the optical path within the VLTI and the GRAVITY
instrument. The light from two astronomical objects A and B (marked red and green) enters the system
at the telescope pupils, e.g. the VLT secondary mirrors. The optical path length difference to the beam
combination is compensated for with the VLTI main delay lines. Within the instrument the light from
the two objects is separated at the field splitter and sent through differential delay lines (DDLs) to the
beam combination (BC A and BC B), after which the light is fed into the spectrometer.

A laser source operating at 1908 nm near the atmospheric K band observing wavelength range (1950-
2450 nm) is split into two beams and sent backwards into the beam combiners. The laser light travels
exactly the same path backwards through the VLTI, as the light from objects A and B travels forward.
At each pupil the laser wavefronts overlap, tilted by an angle with respect to each other that
corresponds to the angular separation of the astronomical objects A and B, and create interference
fringes. These fringes can be detected, e.g. using infrared sensitive photodiodes installed at the
telescope spider. The desired differential dOPD can be derived from the measurements on sky and
from the fringe pattern detected on the telescopes.

Interferometric measurements of path length differences of stars over large baselines can
deliver extremely accurate astrometric data. The interferometer GRAVITY will simultaneously
measure two objects in the field of view of the VLTI and determine their distance to a
precision of 10 μas in only 5 minutes. To perform the astrometric measurement with such a
high accuracy, the differential path length through the VLTI and the instrument has to be
measured (and tracked since Earth’s rotation will permanently change it) by a laser metrology
to an even higher level of accuracy (corresponding to 1 nm in 5 minutes).
Here we present the novel design of a differential path metrology system, developed within the
GRAVITY project. It measures the instrumental differential path over the full pupil size and up
to the entrance pupil location. Based on our proposed design we have evaluated the phase
measurement accuracy based on a full budget of possible statistical and systematic errors. We
show that it fulfills the high precision requirement of GRAVITY.

S. Kellner,  H. Bartko,  F. Eisenhauer,  S. Gillessen,  A. Gräter,  M. Haug, 
O. Pfuhl, S. Rabien,  M. Thiel

Reference: Rabien, S, et al., 2008, SPIE, 7013, 16.

The GRAVITY Metrology 
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Following a call for proposals by ESO, the MICADO consortium – led by MPE – was awarded the
contract for the Phase A study. The Final Review of this study was held at in December 2010.
The instrument can image, through 20 near infrared filters, a 53” field at the diffraction limit of the E-
ELT. MICADO’s primary arm is a high throughput (>60%) imaging camera with a single 3mas pixel
scale. This arm is designed with fixed mirrors for superior stability, optimizing astrometric precision.
An auxiliary arm will provide an increased degree of flexibility, with different pixel scales and a
spectroscopic capability. The key features of MICADO are:
 Sensitivity & Resolution: The sensitivity is comparable to JWST for isolated point sources, and will
be clearly superior in crowded fields; and the consortium is pursing OH filter development to improve
this performance still further.
 Astrometry: with 50μas precision over the full field, proper motions of 10μas/yr will be measurable
after only 3-4 years. At this level, many novel science cases become feasible.
 Spectroscopy: a simple high throughput spectrometer with R~3000 to probe between the OH lines
will enhance many of the science cases.
 Phased Approach: while optimised for multi-conjugate adaptive optics with laser guide stars,
MICADO will use its own single conjugate natural guide star AO system in an initial phase, yielding
high quality science from the beginning of ELT operations.

References:
• Davies R., et al., 2009, in ‘Adaptive Optics for ELTs’, held in Paris June 2009: Science and Adaptive Optics 

Requirements of MICADO , the E-ELT adaptive optics imaging camera
• Trippe S., et al., 2010, MNRAS, 402, 1126: High Precision Astrometry with MICADO at the E-ELT

MICADO is the Multi-AO Imaging Camera for Deep Observations, that has been deisgned to work at
the diffraction limit of the 42-m European Extremely Large Telescope. MICADO will excel at several
key capabilities that exemplify the unique features of the E-ELT. These are at the root of the science
cases and have driven the design of the camera. By promoting and exploiting these capabilities with a
simple and robust design, MICADO is a candidate for an E-ELT first light instrument.

MICADO

Overview of MICADO with its access doors open.
The electronics cabinets are mounted on a co-
rotating platform.

MICADO as it will appear when mounted underneath the multi-
conjugate adaptive optics system MAORY.

MICADO is a collaboration between Germany, Italy, France, and the Netherlands.
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SPICA’s instrument contingent boasts a coronagraph and several cameras, each with
photometer and spectrometer functionality. Their science goals require a sensitivity limited
only by the photon noise from zodiacal light and galactic cirrus, as well as diffraction-limited
imaging down to 5 μm.
The telescope wavefront error (WFE) needs to be below 350 nm (rms) in the central 5 arcmin
(MIR instruments). Additionally, the coronagraph needs 4 times smaller WFE at medium-high
spatial frequencies to reach sufficient contrast at exo-planet distances 2 – 50 /D from the star.
While the telescope surface figure thus needs to be more than 10 times better than Herschel,
the whole telescope assembly, including optical bench and interfaces, is limited to a mass <
700 kg.
Stray light (including self-emission) needs to be at least 100 times lower than on Herschel. For
self-emission, a telescope temperature < 6K is required. To keep stray light from satellite
components, but also from infrared bright celestial objects, below zodiacal light levels the
telescope needs an elaborate cryogenic baffle design and rigorous contamination control.

References:
• SPICA Study Team Collaboration, “SPICA Assessment Study Report for ESA Cosmic Vision 2015-2025 Plan”,

http://arxiv.org/pdf/1001.0709

The Japanese space agency JAXA is currently planning a next generation infrared space
observatory, SPICA, covering the wavelength range of 5(3.5) – 210 μm with a complement of
focal plane instruments provided by Japanese and international consortia.
ESA will provide the Ø 3.5 m, cryogenic (T < 6 K), telescope for SPICA. In a bottom-up
approach, the telescope specification was derived from the key science goals of the onboard
science instruments.

Initial studies by two industry consortia proposing to build the telescope show that a Ritchey-
Chrétien telescope design made from SiC ceramics (based on Herschel heritage) promises to
fulfill all the science requirements. The telescope will have to be equipped with a cryogenic
focusing mechanism at M2.
Wavefront-error control during manufacturing and testing are the major design drivers at the
short wavelength. Stray-light design and thermal management (contamination, self emission,
baffles) had to be analyzed on system level in order to allow reaching the stringent limit of a
fraction of the astronomical background flux.

A Cryogenic 3.5m Telescope for SPICA

Middle: Sensitivity of the SPICA instruments for photometry and spectroscopy. Sides: Two proposed telescope designs.
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Future far-infrared observatories require detectors, which have to be roughly two orders of magnitude
more sensitive than the ones we are using today, in order to be truly complementary to, and
competitive with, our observing capabilities at other wavelengths. Building on the experience gained
with the development of the PACS silicon bolometers in the implementation of large, compact, filled
detector arrays, we are investigating ways to combine the superior properties of silicon for generating
the 3-dimensional microstructures needed for the opto-mechanical part of a bolometer array with the
superior electro-thermal properties of superconducting transition edge thermometers and matching
SQUID read-out circuits.
With recent progress in both, the fabrication of reproducible, high-quality transition edge sensors at
SRON (Utrecht, NL) and the implementation of low-noise SQUID array current sensors with high
magnetic field immunity at PTB (Berlin, D), we now hold – in principle – all the necessary building
blocks in hand. We are presently fabricating the first test structures, which are mainly aimed at
demonstrating the compatibility of the many processing steps involved and at verifying the electrical
noise performance at an operating temperature between 50mK and 100mK.

With this study we are combining several recent technological developments to produce large
format detectors suited for use under the ultra-low background conditions of fully cryogenic
far-infrared/submm space observatories. We expect to demonstrate the feasibility of compact,
efficient, filled arrays with multiplexed readout and an optical NEP approaching 10-19 W/Hz1/2.

Left panel: conceptual design of the detector array assembly. Different colors indicate temperature
levels: 50mK (cyan), 300mK (blue), and 1.7K (green). Right panel: the design of the focal plane
follows closely the PACS bolometer design, with a silicon micromachined structure for the optical and
thermal/mechanical functionalities and a hybridized readout layer. The main difference is the
replacement of the (implanted) thermistors by (deposited) TES sandwich structures. The readout and
multiplexer layer will be implemented with a combination of SQUIDs and S/N switches (upper right).

TESoSi Bolometers for SPICA

Next steps, after a successful verification of the test structures, will be the fabrication of a bolometer
engineering model and the performance of quantitative, optical measurements.
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is identical to the one used in the PACS arrays. A solid “stack divider” separates the stack itself
mechanically into two sections of 16 pixels each. All mechanical problems resulting from the
increased numbers of pixels thereby are effectively reduced to levels successfully
demonstrated by the 16 pixel PACS modules.
Another important aspect of this study is the development of ultra-low noise, ultra-low power
consumption cryogenic read-out electronics. Four different types of read-out circuits are
currently under investigation. For an effective evaluation of the properties of each of these
circuits, a four channel read-out prototype chip was developed in collaboration with IMEC in
Leuven/Belgium.
The ultimate development goal with optimised read out circuits is an NEP of 1x10-18 W/√Hz,
which would presents an improvement by a factor of almost 10 in the noise performance over
the PACS stressed Ge:Ga array.

References:
• Raab et al., Development of a Large Scale Stressed Ge:Ga Detector Array for SAFARI , in SPICA joint 
European/Japanese Workshop, 05006, 2009, published by EDP Sciences (spica.edpsciences.org) 

The design of the prototype module described here is directly based on the extremely
successful 16 pixel stressed Ge:Ga module of PACS. For SAFARI we propose to built a 32
pixels stressed Ge:Ga module being the building block of a 32x32 pixels detector array. This
module will be stressed to a cut-off wavelength of 210 μm, resulting in an operating
wavelength range between 110 and 210 μm.

Development of a Large Scale Stressed Ge:Ga
Detector Array for SAFARI 

The proposed module consists
of the actual module body itself,
including stressing springs,
linear fore-optics (feed horns)
and two substrates, carrying the
read-out electronics (CRE
substrate) and the multiplexer
electronics (MUX substrate).
Mechanical stress onto the stack
is applied by two spring-loaded
stressing screws on either side of
the stack. The pixel stack is
mounted inside a cylindrical,
highly reflective gold coated
integrating cavity. The
arrangement of the individual
pixels shown in the small insert

We report on the development of a large format stressed gallium doped germanium (Ge:Ga)
array. This development is part of a study for SAFARI, a far-infrared imaging spectrometer
proposed by a European consortium for the Japanese Infrared Space Observatory SPICA. The
goal of our development is a 32 pixel stressed Ge:Ga module enabling a 32x32 pixel
photoconductor array for the wavelength range between 110 and 210 μm. The unprecedented
size of the array would allow a 3x3 arcmin field of view in the SPICA focal plane.
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Water is a key molecule for probing the physics and chemistry of star-forming regions because
of its large abundance variations between warm and cold regions. Thus, water acts like a
'switch' that turns on whenever energy is deposited in molecular clouds, highlighting key
episodes of stellar birth such as gravitational collapse, outflow injection, and stellar heating of
envelopes and disks. Water is also of chemical importance as one of the main oxygen
reservoirs, and, ultimately, because of its direct association with life on Earth. Water is a
prime target for Herschel observations. The "Water in Star Forming Regions" (WISH) and
"Dust, Ice and Gas in Time" (DIGIT) key programs will use PACS and HIFI to follow the
water 'trail' through the various stages of star formation from prestellar cores to disks, and
from the lowest to the highest mass young stellar objects.

Water in Star-Forming Regions with Herschel

Under exceptional conditions, a line of H2
18O can be imaged

from the ground with IRAM PdBI with much higher angular
resolution than possible from space. The image shows the
distribution of cold dust toward the deeply embedded low-mass
protostar NGC 1333 IRAS2A (red colors). The blue color
indicates the location of two protoplanetary disks in the region
(PdBI mm-continuum). The top inserted figure shows the
spectral fingerprints of the central disk. The lower inserted
figure shows the water image with the colors corresponding to
the velocities of the gas. The scale-bar below corresponds to the
size of the solarsystem, showing that the IRAM data allow to
pinpoint the location of the hot water gas to the inner 25 AU of
the disk, i.e., comparable to the orbit of Neptune around the
Sun.

PACS first result spectrum of the low-mass protostar HH
46, superposed on an image of the source by the Spitzer
Space Telescope (credit: NASA/JPL-Caltech). The PACS
data reveal a strong line of atomic oxygen at 63mm
toward the source position as well as toward positions in
the outflow. Note the presence of very high velocity
material (~200 km/s) in the jet itself, in addition to low
velocity gas swept up by the jet. The oxygen and water
lines together directly probe the energy involved in these
processes (van Kempen et al. 2010).

PACS first results image of the 179mm line
of water toward the young solar analog L
1157, lighting up the 'hot spots' in the bipolar
outflow where the shock dumps energy into
the cloud (Nisini et al. 2010).
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(left) Cartoon 
model of L483 
and L1527, 
which illustra-
tes the photon 
heating of 
cavi-ty walls. 
Such heating 
results in 
enhanced high-
J CO emission.
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• T.A. van Kempen, E.F. van Dishoeck, R. Güsten, et al. 2009, A&A 501, 633
• U. Yildiz, L.E. Kristensen, E.F. van Dishoeck, et al. 2010, in preparation

Collaborators: L. E. Kristensen, T.  A. van Kempen, S. Bruderer, J. Jørgensen, R. Güsten, M. Hogerheijde

Observations of warm (T~50−200 K) CO gas are essential for understanding various heating
mechanisms in young stellar objects, where interactions between a collapsing envelope, a
bipolar outflow and a central star-disk system take place. The CHAMP+ heterodyne 2x7 pixel
650/850 GHz array receiver mounted on the Atacama Pathfinder EXperiment telescope in
Chile is a pioneering instrument which allows arcmin scale maps of CO in J=6−5, 7−6 and
8−7 transitions. Observations of two deeply embedded YSOs, probably in transition between
Class 0 and I, are presented. The edge-on orientation of L483 (d=200 pc) and L1527 (d=140
pc) on the sky gives a great opportunity to view the outflow cavities and to test the feedback
on the cloud by UV photons and by shocks.

APEX CHAMP+ high-J CO observations of
low-mass young stellar objects: L483 and L1527 

(left) Spectrally 
inte-grated maps of 
L483 in CO 6−5 
with over- plotted 
13CO 6−5 contours.

(bottom)  Single 
spectra at central 
position from 
JCMT (low−J) and 
APEX (high−J) 
telescopes. 

(top) CO J=6−5 contour map of L1527 (top panel)
and a corresponding spectral map (bottom panel).
Profiles are clearly resolved.

The 12CO 6-5 maps of L483 and L1527 probe optically thick material in extended bipolar outflows, with
clear enhancements around the outflow walls. The corresponding narrow profiles in spectral maps
suggest that UV photon heating of cavity walls is substantial in both objects, similarly to HH46 (Class I
object, van Kempen et al. 2009) and NGC 1333 4A and 4B (Class 0s, Yildiz et al. 2010) observed with
CHAMP+. UV heating is expected to cause photodissociation of e.g. H2O into OH and HCN into CN,
which will be soon tested with Herschel/PACS as part of the WISH key program. On the other hand,
13CO 6−5 emission (in L483) peaks in the central part of the map, close to the central object, probing the
dense part of the envelope.
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G. J. Herczeg. J. Brown, E. F. van Dishoeck (MPE), K. Pontoppidan (Caltech)

Within the envelopes of a young stellar object, a
protoplanetary disk forms and the star drives
powerful outflows. Not much is known about
these youngest disks because separating disk
emission from outflow and envelope emission is
challenging. For more mature disks around
classical T Tauri stars (CTTS), CO fundamental
emission is a powerful probe of inner (<1 AU)
disk structure (e.g., Najita et al. 2003;
Pontoppidan et al. 2008). With high spectral (3
km/s) and spatial (0.3 arcsec) resolution, CRIRES
on the VLT offers us an unprecented tool to
analyze CO emission from 15 embedded young
objects. We find a warm (1000 K), optically-thin
layer in the inner disk and a cooler (400 K)
optically-thick layer in the outer disk or outflow.

References:
• Najita, J., Carr, J.S., & Mathieu, R.D.  2003, ApJ, 589, 931
• Pontoppidan, K.M., Blake, G.A., van Dishoeck, E.F., et al.  2008, ApJ 684, 1323

Protoplanetary disks form when young stars are still deeply embedded in their envelopes. The
physical and chemical structure imparted during the formation of these youngest disks may
have lasting implications for the prospects of planet formation. We analyze high-resolution
VLT/CRIRES M-band spectra of CO fundamental emission and absorption from 15 embedded
low-mass objects to provide the first direct probe of gas from such young disks.

Probing disks around embedded objects
with CO fundamental emission 

CO emission from the embedded object
Elias 23 and the CTTS AA Tau shows
double-peaked emission, as expected from
emission within 0.5 AU in an inclined
Keplerian disk.

For IRS 44, 13CO and 18CO emission probes
optically-thick gas in the outflow while broader
emission is 12CO is emitted from the disk.

These high-resolution observations of both CO emission and absorption are also critical
for interpreting the cooler emission in CO rotational transitions that we are observing
with Herschel/PACS and HIFI as part of the WISH and DIGIT Key Programs.

A slice of our CRIRES spectra of 10
embedded objects. High resolution allows us
to resolve CO emission from CO absorption.

Disk

Outflow
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J. Brown, E. van Dishoeck (MPE), G. Blake, K. Pontoppidan (Caltech),
B. Merin (ESA)

The evolutionary processes transforming massive, gas-rich circumstellar disks into tenuous,
gas-poor debris disks around young stars are still not well understood. During this crucial
interval, planet(esimal)s form and the remaining disk material is accreted or dispersed.
Transitional disks, which show signs of dust clearing or dissipation, provide a unique
opportunity to directly observe disk evolution during active planet formation. In order to
understand these important, but rare, systems, we devised new criteria to identify these disks
and characterized the sizes and gas contents of the holes.

Identifying and Characterizing Transitional Disks

Identification: Mid-infrared spectrophotometry reveals a
rare class of proto-planetary disks with spectral
energy distributions (SEDs) suggestive of large inner dust
holes, often interpreted as a signature of young planets. In
Merin, Brown, et al. (2010, submitted to ApJ), we devised
a set of Spitzer color criteria (left) based on modeling
candidate disk spectra. This doubled the number of
confirmed transitional disks.

Characterizing the dust holes: SEDs are notoriously difficult
to interpret as multiple physical scenarios can result in the
same SED. We present direct evidence of inner dust holes with
resolved SMA 880 μm continuum maps (right). The holes have
20-50 AU radii and agree well with predictions from SED
modeling (Brown et al., 2008, ApJ, 675, 109; 2009, ApJ, 704,
496).

Characterizing the gas: CO 4.7 micron emission probes ~1000K  gas in 
the inner disk.  High spectral and spatial resolution VLT-CRIRES spectra 
have spectroastrometric signatures directly confirming gas inside the dust 
holes (left from Pontoppidan et al. 2008, ApJ, 684, 1323). Understanding
these unusual disks.
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R. Bender, P. Erwin, M. Fabricius, F. Klein, N. Nowak,  S. Rusli, R. Saglia, J. Thomas 

Most if not all galaxies host supermassive black holes  (SMBHs) in their nuclei, with strong 
correlations between SMBH mass  and galaxy properties. However, key questions  remain 
unanswered: Do the correlations deviate from linearity at the high-mass (or low-mass) end? Do the 

these questions, we have observed a sample of 33 nearby galaxies using adaptive optics  and the 
SINFONI near-IR integral field unit on the VLT (see table below); the goal is  to model their 2D 
stellar kinematics and determine the SMBH masses. Basic data reduction is complete, with 
kinematic derived for over half the galaxies (Fig. 1); dynamical modeling of 5 galaxies (published 
or submitted) already shows significant deviations from the MBH bulge relation (Fig. 2).

We have observed a total of 33 nearby galaxies with SINFONI on the VLT, using adaptive 
optics to derive stellar velocity fields and measure supermassive black hole (SMBH) masses 

correlations, including how they behave in the high- and low-mass regimes and whether 
pseudobulges and classical bulges follow the same correlations. 

Figure 1: Stellar velocity fields for 12 of 
the 33 galaxies observed with SINFONI. In 
each plot, left  = velocity, right = velocity 
dispersion; blue/red indicates negative/
positive velocity or low/high dispersion 
[km/s], respectively.

 S3BH: The SINFONI Search for 
Supermassive Black Holes

Figure 2: Correlations between SMBH 
mass and velocity dispersion (top) or bulge 
luminosity (bottom). Our published 
measurements are in red; these show good 
agreement with the first relation, but 
significant deviations from the second.
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N. Nowak, J. Thomas, P. Erwin, R. P. Saglia, R. Bender, R. I. Davies

References:
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All galaxies with a massive classical bulge component host a supermassive black hole (SMBH) in 
their nuclei. The SMBH mass (MBH) correlates strongly with properties of the surrounding bulge, as 
the velocity  dispersion  or the luminosity. Whether these relations are also valid for pseudobulges is 
still unknown. Using the SINFONI near-IR integral-field unit on the VLT we observed pseudobulge 
galaxies with the goal of using 2D stellar kinematics to dynamically measure their MBH. 

Supermassive black holes in pseudobulges

Results. With MBH=7.5 106 Msun (NGC3368) and 
6.0 106 Msun (NGC3489) [4] both galaxies agree with 
the MBH- relation. The MBH-Lbulge relation, however, 
implies for both galaxies a several times larger MBH
when the total (pseudo+classical) bulge luminosity is 
considered. The luminosity of the classical component 
alone

Photometry. Using ground-based and HST imaging 
the light profiles of both galaxies were decomposed into 
their components (i.e. classical bulge and disky 
pseudobulge) and deprojected to obtain the 3D stellar 
density distributions.
Dynamical modeling using an axisymmetric 
Schwarzschild code [2,3]: 1) calculate gravitational 
potential from the luminosity density with a trial SMBH 
mass MBH and mass-to-light ratio M/L. 2) generate orbit 
library and construct orbit super-position that matches 
observational constraints. 3) repeat steps 1 and 2 with 
systematically varied MBH and M/L. 4) 2 analysis to 
determine best-fitting MBH and M/L.

Stellar kinematics. The line-of-sight velocity 
distributions were extracted from the first two CO 
bandheads at >2.29μm using the maximum penalized 
likelihood method [1].
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Velocity and velocity dispersion fields of NGC3368 and
NGC3489

Relations between SMBH
mass and velocity 
dispersion (left) and 
bulge luminosity (right). 
The pseudobulges of the 
SINFONI sample are 
marked in blue, classical 
bulges in red (see posters 
by P. Erwin and S. Rusli 
for details).

Classical bulges
kinematically hot spheroids made of old stars, 

formed via galaxy mergers

Pseudobulges
rotation-dominated, disklike, young stars,

formed via secular evolution

vs.

NGC3368 and NGC3489 are barred galaxies with a 
composite bulge: a small, classical bulge embedded in a 
larger pseudobulge.

alone seems to be a much better indicator of MBH. By now, we observed 11 pseudobulges with SINFONI. The 
data reduction and kinematics is almost finished and more results from the dynamical modelling can be 
expected soon.
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NGC 1332 is an almost-edge-on S0 galaxy with a high central velocity dispersion but a low 
bulge luminosity. The MBH-  and the MBH-L relations imply black hole (BH) masses that 
differ by almost an order of magnitude. We have determined the BH mass of NGC 1332 via 
axisymmetric Schwarzschild modelling, using primarily high-resolution SINFONI data. We 
measure MBH = 1.50 (rms=0.22)  109 Msun which favours the MBH-  relation.

The Central Black Hole Mass of NGC 1332

SINFONI[1] observations resolve the BH’s sphere of influence 
(diameter~0.76 ; spatial resolution~0.14 ). The kinematics was derived 
using the Maximum Penalised Likelihood method[2] by fitting the 
CO(2-0) and CO(3-1) bandheads. 

B u l g e - d i s k 
decomposition implies 
that only 44% of the 
total light comes from 
the bulge. 

1. Average of four quadrants: 
• MBH = 1.50 (rms=0.22)  109 Msun 
• bulge mass-to-light ratio=6.95 (rms=0.30)
• disk mass-to-light ratio=7.50 (rms=1.00)

2. Our MBH  favours the MBH-  relation.

Left: 
MBH-  
relation[5]

Right: 
MBH-LK 
relation[6]

SINFONI velocity v (left) and velocity dispersion  (right) maps of NGC 
1332. The galaxy is divided into four quadrants, separated by the major and 

minor axes. The numbers indicate the quadrant numbers. Long and short 
arrows: north and east. 

The data of each quadrant are well fitted by axisymmetric orbit superposition 
models[3]. MBH, the bulge and the disk mass-to-light ratios were the only free 
parameters to be fitted. To better constrain the mass-to-light ratios, additional 
major-axis long-slit data[4] were incorporated in the modelling. The figure 
on the left shows the 2 curve, marginalised over all mass-to-light ratios, for 
each quadrant. The best-fit MBH, per quadrant, corresponds to 2 = 0.

SINFONI KINEMATICS

Luminosity density 
model (R-band) with a 

90º inclination.

DENSITY MODEL

DYNAMICAL MODELLING

RESULTS

The paper on this subject has been submitted to MNRAS.
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R. Bender and J. Kormendy

Reference: J. Kormendy & R. Bender, 2009, ApJ 691, L142 

High-dynamic-range surface photometry allows accurate measurement of the stellar light deficits Ldef
and mass deficits Mdef associated with the cores of elliptical galaxies. We find that Ldef correlates with
velocity dispersions σ of the host galaxy bulge (Figure 1). We confirm that Ldef correlates with black
hole mass MBH (Figure 2). Also, the fractional light deficit Ldef /L∗ correlates with MBH /M∗, the ratio of
black hole mass to the galaxy stellar mass. All three correlations have scatter similar to or smaller than
the scatter in the well-known correlation between MBH and σ. The new correlations are remarkable in
view of the dichotomy between ellipticals with cores and those with central extra light (Figure 3). Core
light deficit correlates closely with MBH and σ, but extra light does not. This supports the suggestion that
extra light ellipticals are made in wet mergers with starbursts whereas core Es are made in dry mergers.
After dry mergers, cores are believed to be scoured by black hole binaries that fling stars away as their
orbits decay or by black holes that sink back to the center after recoiling from anisotropic gravitational
radiation emitted when they merge.

Correlations between Supermassive Black Holes,
Velocity Dispersions and Central Mass Deficits in Ellipticals

Figure 3. Above : the disky elliptical NGC 4621 with a
core -less center and an excess of central light relative to
a Sersic -extrapolation of the galaxy’s main body . Right
column at bottom : the cuspy -core elliptical NGC 4472
with a pronounced central light deficit relative to a Sersic
extrapolation .

Figure 1. Absolute magnitude of the light missing in the
core relative to a Sersic extrapolation of the galaxy’s
main body vs . velocity dispersion of the main body .

Figure 2. Stellar mass missing in cores (lower panel) or
extra light in core -less galaxies (upper panel) as a
function of black hole mass . Large and small symbols
are for galaxies with and without dynamical black hole
detections . The sample contains all elliptical galaxies in
the Virgo cluster plus a few non -members (open
symbols) .
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K. Gültekin, R. Bender and Nuker Team
Reference  K. Gültekin et al. 2009, ApJ 698, 198

We derive improved versions of the relations between supermassive black hole mass (MBH )
and host-galaxy bulge velocity dispersion (σ) and luminosity (L) (the M–σ and M–L relations),
based on 49 MBH measurements and 19 upper limits. Particular attention is paid to recovery of
the intrinsic scatter (ε0) in both relations. We find log(MBH /Msun) = α + β log(σ/200 km s−1 )
with (α, β, ε0 ) = (8.12 ± 0.08, 4.24 ± 0.41, 0.44 ± 0.06) for all galaxies and (α, β, ε0 ) = (8.23 ±
0.08, 3.96 ± 0.42, 0.31 ± 0.06) for ellipticals. The results for ellipticals are consistent with
previous studies, but the intrinsic scatter recovered for spirals is significantly larger. The scatter
inferred reinforces the need for its consideration when calculating the local black hole mass
function based on the M–σ relation, and further implies that there may be substantial selection
bias in studies of the evolution of the M–σ relation. We estimate the M–L relationship as
log(MBH /Msun) = α + β log(LV /1011 LV,sun) of (α, β, ε0) = (8.95 ± 0.11, 1.11 ± 0.18, 0.38 ± 0.09);
using only early-type galaxies. These results appear to be insensitive to a wide range of
assumptions about the measurement errors and the distribution of intrinsic scatter. We show that
culling the sample according to the resolution of the black hole’s sphere of influence biases the
relations to larger mean masses, larger slopes, and incorrect intrinsic residuals.

The Intrinsic Scatter of the Black Hole Mass-Luminosity
and Black Hole Mass-Velocity Dispersion Relations 

The M–σ relation for galaxies with dynamical measurements.
The symbol indicates the method of BH mass measurement:
stellar dynamical (pentagrams), gas dynamical (circles), masers
(asterisks). Arrows indicate 3σ68 upper limits to BH mass. If the
3σ68 limit is not available, we plot it at 3 times the 1σ68 or at 1.5
times the 2σ68 limits. For clarity, we only plot error boxes for
upper limits that are close to or below the best-fit relation. The
color of the error ellipse indicates the Hubble type of the host
galaxy: elliptical (red), S0 (green), and spiral (blue). The
saturation of the colors in the error ellipses or boxes is inversely
proportional to the area of the ellipse or box. Squares are
galaxies that we do not include in our fit. The line is the best fit
relation to the full sample: MBH = 108.12 Msun (σ/200 km s−1 )4.24 .
The mass uncertainty for NGC4258 has been plotted much larger
than its actual value so that it will show on this plot. For clarity,
we omit labels of some galaxies in crowded regions.

The M–L relation for galaxies with dynamical 
measurements. The symbol indicates the method of BH mass 
measurement: stellar dynamical (pentagrams) and gas 
dynamical (circles). Arrows indicate upper limits for BH 
mass. Squares are galaxies that we omitted from the fit. 
The color of the error ellipse indicates the Hubble type of 
the host galaxy [elliptical (red) and S0 (green)] and the 
saturation of the color is inversely proportional to the area 
of the ellipse. The line is the best-fit relation for the sample 
without  upper limits: MBH = 108.95Msun (LV/1011LV,sun)
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2 vs. the four parameters Integrated M/L vs. radius

Red lines represent all models within 68% 
confidence of the best-fitted potentials. The 
solid black lines are the same models 
excluding the contribution from the black 
hole. The horizontal blue line is the M/L 
derived from stellar population models. 
There is no radial region in M87 that has a 
constant M/L, since one always has to 
consider the contribution from either the 
black hole or the dark matter halo.

J. Thomas, K. Gebhardt

References:
• K. Gebhardt & J. Thomas 2009, ApJ, 700, 1690

We model the dynamics  of M87 using high spatial resolution long-slit observations of stellar 
light in the central regions, two-dimensional stellar light kinematics  out to half of the effective 
radius, and globular cluster velocities out to eight effective radii. We simultaneously fit for 
black hole mass, dark halo core radius and circular velocity, and stellar M/L. 

 Our best-fit black-hole mass is (6.4 ± 0.5) x 109 Msun - more than 2 times higher than 
       previous measurements

 Our best-fit stellar (M/L)V is 6.3 ± 0.8, about 2 times lower than previous measurements. It 
       is in good agreement with stellar population models

 Without dark matter halo we measure black-hole masses and stellar M/L in agreement with
      previous studies, implying that the difference comes from the model assumptions

 Dynamical models without dark halo may produce biased results for the black-hole mass

The black hole and dark matter halo of M87
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In each panel, all models (dots) are plotted vs. 
one of the parameters. The black lines represent 
the marginalized χ2 distribution from fitting 
stellar kinematics and cluster velocities.
• stars determine the M/L and black-hole mass  
(red lines; χ2 from stars only, shifted by +26.3)
• globular clusters (GC) determine the dark halo   
(blue lines: GC-only χ2 shifted by +114.2)
• the dark halo is degenerate with the stellar M/L, 
which   is   subsequently   degenerate   with   the 
black-hole mass
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The origin of supermassive black holes is still under debate, but it has been established that
intermediate-mass black hole (IMBH) seeds are necessary to grow the observed black holes
located in the center of most galaxies. One possible avenue is to form IMBHs in star clusters or
satellite dwarf galaxies which are subsequently accreted to the center of their host galaxies.
Confirming the existence of these IMBHs, characterizing their nature, as well as making a
census for them in our galactic halo will help to explore this important formation channel for
supermassive black holes.

References:
• Noyola & Gebhardt, 2006, AJ 132 447
• Noyola, Gebhardt & Bergmann, ApJ 676 1008

We are conducting a systematic search for intermediate-mass black holes in Galactic globular
clusters that have been deemed as likely to host one of these objects in their center. We use
various IFUs in the southern hemisphere to obtain kinematics and then we perform sophisticated
dynamical models to explore the presence of central black holes.

We use several integral field
units (IFUs), such as
GMOS, GNIRS, and
ARGUS-FLAMES in both
the optical and infrared
regimes to obtain line of
sight velocities for various
Galactic globular clusters
(Fig.1) from integrated
spectra, using stellar
templates.

The IFUs are used to map the central regions,
and these datasets are completed with kinematic
measurements further out coming mainly from
velocities of individual stars. Using density
profiles measured from Hubble Space Telescope
images, we perform basic Jeans modeling, as
well as more sophisticated Schwarzschild orbit-
based models to explore the possible presence
of central black holes in these clusters, as well
as their general dynamical structure.Three good
candidates have been detected with thise
method (Fig.2), but we already have data or
approved telescope time for twice as many
objects. We trust that we will soon have a
statistically solid sample to truly explore the
lower end of the MBH-sigma relation established
for galaxies

Fig1.- Left: velocity map overlayed on the reconstructed IFU image for M54.
Right: Central field for omega Cen with the print of the observed IFU fields.

Fig2.- Low-mass extrapolation of the MBH-sigma relation
established for elliptical galaxies and bulges. Low
luminosity AGN and globular clusters are overplotted for
comparison.

E. Noyola, K. Gebhardt, M. Kissler-Patig. B. Jalali, 
N. Lützgendorf and T. de Zeeuw, H. Baumgardt 

Looking for intermediate-mass black 
holes in star clusters
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Left: < DM> versus stellar mass
early-type galaxies (Coma ellipticals: 

red; round/non-rotating galaxies: open 
circles) have 13x denser halos than 
spirals of the same stellar mass (spirals: 
blue lines)

measured dark matter densities are in 
good agreement with semi-analytic 
galaxy formation models (grey dots)

the higher concentration of baryons in 
ellipticals relative to spirals is not 
sufficient to explain the observed 
overdensity of dark matter (1). 

J. Thomas, R. P. Saglia, R. Bender, et al.

References:
(1) J. Thomas, R.P. Saglia, R.Bender, D. Thomas, K. Gebhardt, J. Magorrian, et al., 2009, ApJ, 691, 770

Right: zform versus stellar mass.

Long-slit stellar absorption line kinematics (out to 3-4 reff) of 19 Coma early-types have been 
analysed with orbit superposition models to study dark matter densities and assembly redshifts

 In early-type galaxies the average dark matter density < DM> within 2 reff  is 13x higher than
       in spirals of the same stellar mass 

 Assuming that < DM>  (1+zform)3 and zform  1 for spirals we find that elliptical galaxy halos
       have assembled earlier than those of spirals, at around zform  2-3

Dark matter in early-type galaxies

• halos assemble hierarchically (black 
dots)
• stars are formed anti-hierarchically 
(green dots; stellar ages from stellar-
population models of Maraston 2005).
• in about a third of the studied Coma 
early-types the halo assembly and the main 
star-formation epoch coincide
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We derive photometric redshifts, spectral energy distributions and absolute magnitudes for
about 11 million galaxies in 124 deg2 of the CFHT-Wide Legacy Survey. We then analyze the
weak lensing signal for subsets of galaxies with different SED-type and luminosity. The
lensing signal significantly differs for galaxies in these subsamples.

Dark Matter Scaling Relations in galaxies from
Galaxy-Galaxy-Lensing

The velocity dispersion for the one halo
term decreases from 270km/s to 100 km/s,
from the M=-23.3 to the M=-20.6 sample.
To preliminary interpret this result we
passively evolve the galaxies’ luminosi-ties
to redshift zero. This is necessary because
our galaxies reside in higher redshifts than
the SDSS-LRGs. We then compare the
central stellar velocity dispersions of the
SDSS sample to the velocity dispersions
measured for the halos from weak lensing
in Figure 2. The agreement is remarkable
and points to isothermal halos. The higher
lensing signal for the brightest red galaxies
is not extremely significant but could point
to the fact that these galaxies are in group
centers, and thus the lensing signal is
boosted by the DM of the group.
For the other SED types (not shown in this
poster) a significant, luminosity dependent
signal can be measured as well. For the
same absolute r’-band luminosity the
derived velocity dispersions are generally
smaller than for the the red SED sample.
A more rigorous analysis and interpretation
is underway.

We reduced 124 deg2 u*g'r'i'z-archive-data of the CFHTLS-
WIDE and created PSF-matched aperture color and
photometric redshift catalogs in a similar way as described in
Bender et al. 2001 and Brimioulle et al. 2008. Shape estimates
for galaxies were obtained with the KSB-method of Kaiser,
Squires & Broadhurst, 1995.
We analyze the gravitational distortion of background galaxies
relative to foreground galaxies.
We split the galaxies into 4 SED-types: red, i.e., elliptical and
S0-like SEDs, spiral galaxies (Sa, Sb, Sc), star forming and
heavily star forming galaxies. Each SED sample is then again
divided into 4 luminosity samples, with median absolute
magnitudes ranging from M=-23.3 (brightest sample) down to
M=-20.6 (faintest sample) in the rest frame r’-band.
The gravitational tangential shear for the red foreground sample
is shown in the first Figure for the different luminosity subsets.
We fit an isothermal sphere to the shear data of background
galaxies within a projected radius of ~20 to about 300kpc
relative to the foreground galaxies to measure the halo
properties of the foreground galaxies (first halo term) only and
not the halos that these halos are correlated with (second halo
term).

Sample averaged absolute magnitudes vs central
stellar velocity disper-sions (black) and vs halo
velocity dispersions (red)

SDSS-LRGs 
evolved to z=0

CFHTLS 
red galaxies,        
evolved to z=0

 T
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We simulate the complex source lensing system J1430+4105 in order to place limits on cold 
dark matter substructure in the lensing galaxy and compare with cosmological predictions.

Probing Galaxy Halo Substructure with Lensing

Gravitational lensing is a powerful technique for
measuring mass distributions, and is equally
sensitive to luminous and dark matter. J1430+4105 is a galaxy-scale lens discovered by the SLACS
survey [2], whose multi-component source is lensed into a complex image that covers a significant
fraction of the lensing galaxy's surface area. The detailed configuration of the image is affected by any
massive substructures along the line of sight.

Cold dark matter (CDM) cosmological models imply that galaxies are assembled hierarchically
through mergers, and therefore that galaxies should include many merger remnant subhaloes.
Numerical simulations have predicted the number and mass distributions of these remnants [1].
Because it is difficult to detect substructure in our own as well as distant galaxies, it is unclear if
galaxies contain the level of substructure expected from CDM models. The characterization of
substructure in galaxy haloes is a quantitative test of CDM, and so is important to our understanding of
cosmological models and galaxy formation mechanisms.

We use Lensview [3] to model J1430+4105 using a smooth
mass distribution without substructure, and generate a model
for the source galaxy. We then project this source through
lens models which include various amounts and types of
substructure that are motivated by numerical simulations. For
many types of substructure, the resulting image can not be
well fit using a smooth lens mass. The good quality fit of
J1430+4105 (extended image χ2 = 1.03) therefore sets limits
on the properties of substructure in the lens galaxy halo. We
find that J1430+4105 contains less than 3.5 - 4.3%
substructure within the Einstein radius b, at a confidence level
of 2σ, depending on the shape of the subhaloes. Our results
are consistent with CDM, but highlight the importance of tidal
stripping in affecting the lensing strength of the subhaloes.
For details, see [4].

Fig. 1: ACS 
image of  
J1430+4105, 
before (left) and  
after (right) 
subtracting the 
lens galaxy. 

Fig. 2: Lensview model of J1430+4105.
Left: lensed image. Right: reconstructed
source galaxy.

Fig. 3: χ2 of smooth fits to lens models
with different substructure mass inside
R200 or Einstein radius b (lower &
upper x axis) for NFW and Hernquist
subhalo profiles.
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The exceptional lensing system SDSS J1538+5817 is composed of a luminous elliptical at redshift
zl=0.143 and two background sources located at the same redshift zs=0.531 and lensed into an Einstein
ring and a double system. Finding and studying a larger number of lenses of this kind would improve
considerably our understanding of galaxy formation and evolution processes in the CDM scenario.

Color images of a 5” × 5” field around the
gravitational lensing system SDSS J1538+5817,
before (on the left) and after (on the right) the
subtraction of an elliptical model, fitted on the
luminosity profile of the lens galaxy. The images
are obtained by combining the F606W
HST/WFPC2 and the F814W HST/ACS filters.

Golden lens systems in the SLACS Survey

The NOT/ALFOSC 1D (on the top) and
2D (on the bottom) spectra of the
lensing system SDSS J1538+5817. In
the wavelength range shown here, the
most prominent spectral features at the
redshift of the lens (zl = 0.143) and
sources (zs = 0.531) are marked,
respectively, with dashed and dotted
lines. The shaded regions indicate the
principal telluric lines. The flux is given
in arbitrary units.

Best-fit (minimum chi-square) luminous and dark matter decomposition,
determined by assuming a Jaffe profile for the three dimensional
luminous density and projected total mass measurements as estimated
from a power law lensing model. The arrows show the projected
distances of the observed multiple images from the lens center.

For SDSS J1538+5817, several disparate lensing models agree on: • reproducing accurately the
observed image positions; • predicting a nearly axisymmetric total mass distribution, centered and
oriented as the light distribution; • measuring a value of 8.11 x 1010 MSun for the total mass projected
within the Einstein radius of 2.5 kpc; • estimating a total mass density profile slightly steeper than an
isothermal one [1]. A fit of the SDSS multicolor photometry with CSP models [2] and a Salpeter stellar
IMF [3] provides a value of 20 x 1010 MSun for the total stellar mass of the galaxy and of 0.9 for the
fraction of projected luminous over total mass enclosed inside the Einstein radius. By combining lensing
and photometric mass measurements, we differentiate the lens mass content in terms of luminous and
dark matter components. This two-component modeling, which is viable only in extraordinary systems
like SDSS J1538+5817, leads to a description of the global properties of the galaxy dark matter halo.
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A. Riffeser, S. Seitz, R. Bender

In Riffeser et al. (2008) we reanalyze the M31
microlensing event WeCAPP-GL1/Point-AGAPE-
S3 (Fig. 1) taking into account that stars are not
point-like but extended. The brightness of the
brightest events mostly depends on the source
sizes and fluxes and on the distance distribution of
sources and lenses and therefore can be used as a
sensitive discriminator between halo-lensing and
self-lensing events, provided the stellar population
mix of source stars is known well enough.

References:
• Riffeser, Seitz, Bender, 2008, ApJ, 684, 2, 1093-1109
• Riffeser et. al., 2006, ApJS, 163, 2, 225-269
• Riffeser et. al. 2003, ApJ, 599, 1, L17-L20

The M31 microlensing event WeCAPP-GL1: evidence
for a MACHO component in the dark halo of M31? 

Figure 1: GL1 Microlening event in M31

Figure 3: Event rate vs. flux excess ∆F and time
scale tFWHM, of the event. The greenish and redish
colors are for Halo lensing and self lensing.
Different curves are for rings with different ring
radius around the M31 center. The rates are not
corrected for detection efficiency.

We reanalyze the WeCAPP-GL1 lensing event taking into account the finite sizes of stars acting as
sources for microlensing events. Events as bright as GL1 are unlikely to occur in the self-lensing
scenario. Halo lensing (by MACHOS) is 13 times more likely to produce this event.

Using a realistic model for the 3D light
distribution, stellar population, and extinction of
M31, we show that an event like WeCAPP-GL1
is very unlikely to be caused by self- lensing. In
the entire WeCAPP-field (17.2’x17:2’) centered
on the bulge we expect only one self-lensing
event every 49 years with the approximate
parameters of WeCAPP-GL1 ( FWHM timescale
between 1 and 3 days and a flux excess of 19.0
mag or larger in R). On the other hand, if we
assume only 20% of the dark halos of M31 and
the Milky Way consist of 1 solar mass
MACHOs, an event like WeCAPP-GL1 would
occur every 10 years

Furthermore, if one uses all observables of the 
WeCAPP-GL1 event, i.e. its position, FWHM 
timescale, flux excess, and color  then self-lensing 
becomes even 13 times less likely than lensing by 
a MACHO, if MACHOs contribute 20% to the 
total M31 and MW halo masses and have masses 
in the range of 0.1 to 4 solar masses. 

Wealso demonstrate in Riffeser et al. (2008, see 
the two Figs. below) that
 (i) the  brightness  distribution  (upper  panel)  of 
  events  in  general  is   a   good   discriminator 
  between self (red) and halo lensing (green)
(ii) the    time-scale    distribution    is     a     good  
  discriminator  if  the  MACHO  mass  is  larger  
  than 1 Msun (lower panel).
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The old and heavy bulge of M31

Figure 2Figure 1

We present new optical long-slit data along six position angles of the bulge of M31obtained at
the Hobby-Eberly Telescope. We derive accurate stellar and gas kinematics and Lick line
strenght profiles. In contrast to previous erroneous estimates, the bulge of M31 is massive, in
agreement with its old stellar population of solar metallicity and slightly overabundant in -
elements. A triaxial, possibly barred bulge model is needed to explain the stellar motions.

Pandromeda, an extensive monitoring campaign of M31 with the
PanSTARRS1 telescope, will soon deliver hundreds of pixel
lensing events. Stellar population and dynamical models are
needed to interpret these events as due to a compact baryonic
dark matter component rather than self-lensing of stars. With our
observations we clarified that the bulge of M31 is a factor two
more massive than what believed up to know.
Figure 1 shows the stellar kinematics (black points) along 3 of
the 6 position angles we observed. The old data (McElroy 1983,
green points) underestimate heavily the velocity dispersion of
the galaxy. As a consequence, dyanmical models (Widrow et al.
2003, blue lines) assign too low a mass to M31‘s bulge
(corresponding to a M/L of 2). On the other hand, the strenght of
the spectral absorption lines can be explained by stellar
population models that are (see Fig. 2) old , of solar metallicity
and sligthly a-overabundant. This gives M/L=4.5, in agreement
with a bulge mass a factor two higher than previously believed
(dashed blue line of Fig. 1).
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We are using a large photometric multi-wavelength database ranging from the Far
Ultraviolet to the Far Infrared to constrain both the dust and the stellar populations
across the disk of the Andromeda galaxy.

M31 dust and disk stellar populations

Being the closest large spiral similar to the Milky Way, M31 offers a unique opportunity to
study the properties of a major disk galaxy in detail. New observational results allow a
much more accurate analysis than in the past. In particular, GALEX UV observations, SDSS
optical images, and Spitzer Space Telescope observations in the infrared and far infrared are
now available for M31. In Montalto et al. (2009), we used Ultraviolet, Optical and Far
Infrared colors to derive the dust properties in Andromeda. We constrained the total dust
mass, the abundance and distribution of Polycyclic Aromatic Hydrocarbon particles, studied
the problem of which sources are the major responsible of the dust heating, and derived an
extinction map of M31.

Saglia et al. (2010) compared our dust corrected optical colors toward the bulge of M31
with predicted color profiles based on SSP models and line index analysis allowing
independent assessment of the bulge stellar population study performed in that work. We
are now analyzing the spectral energy distributions across the entire disk of M31 aiming at
providing an accurate description of the underlying stellar populations.

UV, Optical, FIR colors and FUV extinction across
M31.

Montalto, M.; Seitz, S.; Riffeser, A.; Hopp, U.; Lee, C.-H.; Schönrich, R. 2009, A&A, 507, 283
Saglia, R. P.; Fabricius, M.; Bender, R.; Montalto, M.; Lee, C.-H.; Riffeser, A.; Seitz, S.; Morganti, L.; Gerhard, O.; 
Hopp, U., 2010,  A&A, 509, 61

FIR spectral energy distribution of M31 and
best-fit model.
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There is indication for the existence of different formation channels for bulges in spiral galaxies
which lead to differences in morphology [1, 2, 3] and Sérsic index [4]. Here we investigate how
the observed morphological differences are reflected in their kinematics.

Observations and Data Reduction
We obtained stellar long-slit kinematics along
the major axis for 39 early to intermediate type
spiral galaxies. We used the LRS instrument (4”
x 1” slit, e2 holographic grating) at the Hobby-
Eberly Telescope yielding a resolution of 45
km/s (σ∗) in the wavelength range 4800Å-
5700Å.

Velocity Dispersions Across Bulge Types 

dispersion. We further plot the Sérsic index vs.
the sigma ratio (the ratio of the averaged
velocity dispersion in two different radial
regions inside the bulge) on the right. We find
that classical and disk-like bulges clearly
populate different regions in the parameter
space. The observed flattening of the velocity
dispersion profiles may mirror the true two-
dimensional structure of central regions in
morphologically selected disk-like bulges. A
more detailed dynamically modeling is required
to confirm this hypothesis.

Results
We find that all bulges with disk-like
morphology show a flattening of their velocity
dispersion profiles once we remove barred
galaxies from the sample. In the center figure
we overplot all major axis velocity dispersion
profiles normalized by bulge radius (from the
decomposition) and central velocity

Left: Two prototypical examples for the differences in bulge morphology, classical bulge galaxy
NGC2841 and disk-like NGC3351. Center: We find classical bulges have centrally peaked velocity
dispersion profiles while disk-like bulges have flat profiles. Right: Photometrically more disk-like
bulges tend not to have centrally raising dispersions.

All of our targets were selected to have space
and ground-based imaging available, which
allows us to construct high-resolution and high-
dynamic-range surface brightness profiles for
later bulge-to-disk decomposition – if not
already done in [4]. Stellar kinematics (v, σ, h3,
h4) were derived using a multiple-template
version of the Fourier Correlation Quotient
method (FCQ) [5]. We also added fitting and
subtraction of emission lines as bulge often
show significant amounts of nebular emission.

• [4] Fisher, D. B. & Drory, N. 2008, AJ, 136, 773
• [5] Bender, R. 1990, AA, 229, 441
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We investigate the structural parameter correlations of classical bulges (E-galaxy like) and 
pseudobulges (disk-like) using surface brightness decompositions in the optical and near-IR 
(Fig. 1). We add measures  of star formation rates (SFR) using 24 m+UV data to reveal 
secular bulge growth.

The Structure of Bulges

In the near-IR (3.6 m) as well as in the V-
n<2, 

and classical bulges n
index of pseudobulges is uncorrelated with 
other bulge structural properties, unlike for 
classical bulges and elliptical galaxies. Also, 
the half-light radius of pseudobulges is not 
correlated with any other bulge property. 
Pseudobulges also become more dense with 
increasing luminosity. Classical bulges, on the 
contrary, follow the well known relations 
established by E-type galaxies. 

NGC3898 Sa

NGC4030 SAbc

SDSS gri

SDSS gri

Whole galaxy (SDSS; left), bulge region (HST; center), 
surface brightness profile (right).

B/T increases via internal star formation. More massive pseudobulges have higher SFR density. 
The centers of late-type galaxies ( Sc) show SFRs similar to pseudobulges over similar radii. 
However, they are deficient in mass; thus, they have shorter growth times, ~2 Gyr, compared 
to ~5 Gyr for the average pseudobulge. Some of the late-type galaxies may therefore grow a 
pseudobulge similar to the ones found in Sb-Sbc galaxies.

N. Drory, D. B. Fisher, M. H. Fabricius

bulges (red), and the centers of late-type galaxies (cyan) 
vs. that of their disks. Nearly all bulges grow by forming 
stars faster than their disks (solid line marks equality).

Fisher & Drory 2008, AJ, 136, 773
Fisher, Drory & Fabricius 2009, ApJ, 697, 630
Fisher & Drory 2010, ApJ, in press
Drory & Fisher 2007, ApJ, 664, 640
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A study of the surface-brightness profiles of more than 100 S0–Sb galaxies points to a strong 
connection between bars and the structure of galaxy disks. We find three profile types: pure expo-
nential (Type I); profiles which are steeper beyond a “break radius” (Type II or “truncations”; 
Freeman 1970); and profiles which become shallower beyond a break radius (Type III or “anti-
truncations”; Erwin et al. 2005). Most Type II profiles in S0–Sb galaxies are probably related 
to the outer Lindblad resonance of bars, and do not represent truncations due to star-formation 
thresholds (common in late-type spirals). Type III profiles are mostly changes in disk structure, 
not excess light from spheroids. They may represent side-effects of minor, gas-rich mergers, and 
are strongly anti-correlated with bar strength: the weaker the bar, the more likely the galaxy has 
a Type III profile. 

Combining results from Pohlen & Trujillo (2006), Erwin et al. (2008), and Gutiérrez et al. (2010), the 
frequency of disk profile types over most of the Hubble sequence (S0–Sd) is: Type I = 20%; Type II = 
52%; Type III = 38% (including galaxies with inner Type II profiles).  Type II profiles are much more 
common in barred galaxies; Type III profiles show the opposite behavior. In late-type spirals, Type II 
profiles may be mostly due to star formation thresholds; but in S0–Sb disks, Type II profiles are usually 
associated with outer rings in barred galaxies and may be a result of bar-driven secular evolution.

The fraction of disk profile types also shows 
strong trends with Hubble type (right): in 
particular, Type II profiles (“truncations”) are 
much more common in late-type spirals, while 
Type I (single-exponential) profiles are most 
common in S0 and early-type spirals.

References:
• Erwin et al. 2005, ApJL, 626, L81
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P. Erwin, L. Gutiérrez, J. E. Beckman, M. Pohlen

The Three Types of Galaxy Disks
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Why massive ellipticals have old stellar populations and
how this is related to their surface brightness profiles.

J. Kormendy, D. Fisher, M. Cornell, R. Bender

surfaceNew surface photometry of all known elliptical galaxies in the Virgo cluster provides enough
radial leverage to show that Sérsic functions fit their brightness profiles remarkably well over
large radius ranges. Therefore, departures from these profiles can be diagnostic of galaxy
formation. Two kinds of departures are seen at small radii. All Virgo ellipticals with total
absolute visual magnitude ≤−21.6 have cuspy cores –“missing light”– at small radii. Cores are
well known and naturally scoured by binary black holes formed in largely dissipation-less
(“dry”) mergers. All Virgo ellipticals fainter than −21.6 do not have cores and exhibit extra light
at the center above the inward extrapolation of the outer Sérsic profile. Thus, in these objects,
starbursts must have swamped core scouring indicating a formation in wet merging. This picture
is in line with the well-known dichotomy in isophote shapes and dynamics. We confirm that core
Es with Sersic n>4 (and generally slow rotation and boxy isophotes) contain X-ray-emitting gas,
whereas extra-light Es with Sersic n<4 (and generally fast rotation and disky isphotes) do not.
This indicates how the E–E dichotomy arose. If AGN energy feedback requires a “working
surface” of hot gas, then this is present in missing-light galaxies but absent in extra-light
galaxies. We suggest that AGN energy feedback is a strong function of galaxy mass: it is weak
enough in small Es to allow merger starbursts, but strong enough in giant Es and their pro-
genitors to make dry mergers dry and to protect old stellar populations from late star formation.
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We have measured half-luminosity radiii, effective surface brightness and velocity dispersions
of 192 spectroscopic early-type gaalxies in 28 clusters and 78 gaalxies in the fields from the
ESO Distant Cluster Survey (EDisCS). This dataset allowed us for the first time to study the
evolution of the Fundamental Plane of ellipticals with redshift in clusters up to z~0.9 with
velocity dispersions between 166 and 1080 km/s, similar to local clusters and groups.

References:
• R.P. Saglia, P. Sanchez-Blazquez, R. Bender, L. Simard, V. Desai, A. Aragon-Salamanca, B. Milvang-Jensen, 
C. Halliday, P. Jablonka, S. Noll, B. Poggianti, D.I. Clowe, G. De Lucia, R. Pello, G. Rudnick, T. Valentinuzzi,
S.D.M. White,  D. Zaritsky, 2010, The Fundamental Plane of EDisCS galaxies, submitted to A&A

We study the evolution of the zero-point (ZP) of the FP in clusters and in the field to redshift
z~0.9 using the EDisCS dataset, that spans cluster velocity dispersions as low as 166 km/s.
The face-value evolution of the B-band M/L ratio is -0.54z, independent of cluster , and
stronger (-0.75z) for field galaxies. This corresponds to formation redsfhits between 1.5 and 2.
We detect a rotation of the FP or a mass dependence of the ZP. We measure the evolution of
galaxy sizes and velocity dispersions. When taken into account, they reduce the predicted
evolution of the M/L with redshift.

Figure 1 shows the first conclusion from the analysis: early-type galaxies in low velocity
dispersion clusters evolve similarly to objects in more massive clusters. The residuals  log
M/L +0.54z do not correlate with the cluster velocity dispersion. Figure 2 shows the second
important fact that was up to now ignored in the analysis of the evolution of the FP. On
average, galaxy sizes are smaller (and velocity dispersions are higher) at higher redsfhits than
for local galaxies. Therefore the luminosity evolution derived from the FP could be
overestimated. However, the exact amount of evolution depends on the progenitor bias. Not all
local spectroscopic early-types are present at high redshifts. This produces both too large
formation redshifts and too strong apparent size evolution.

The Fundamental Plane of EDisCS Clusters

Fig. 1: The residuals M/L variation as a
function of cluster velocity dispersion.
Black and blue:EDisCS clusters, red:
literature.

Fig. 2: The evolution of the half-
luminosity radius of cluster and field
EDisCS galaxies with mass 2×1011M
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R. P. Saglia, R. Bender and the EDisCS Collaboration 
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Neither the total nor the red (passive) or blue (star-forming) GSMF can be well fit with a 
single Schechter function once the mass completeness limit probes below 3 109 Msun (Fig. 1). 
We find a plateau at M ~ 1010 Msun, just below the traditional M*, and an upturn towards a 
steep faint-end slope of  1. This bimodality in the GSMF is  not solely 

z ~ 1. We 
propose two interpretations for this  bimodal distribution.  If gas fractions increase towards 
lower mass, galaxies with baryonic (stars+gas) mass ~ 1010 Msun would shift to lower stellar 
masses, creating the observed dip. This would indicate a change in star formation efficiency, 
perhaps linked to supernovae feedback becoming much more efficient below 1010 Msun. 
Therefore, we investigate whether the dip is  present in the baryonic mass function (Fig. 2). 
Alternatively, the dip could be created by an enhancement of the galaxy assembly rate at ~ 1011 
Msun, a phenomenon that naturally arises if the baryon fraction peaks  at ~ 1011 Msun. In this 
scenario, galaxies occupying the bump around M* would be identified with central galaxies 
and the second fainter component of the mass function having a steep faint-end slope with 
satellite galaxies. The low-mass end of the blue and total mass functions exhibit a steeper slope 
than has been detected in previous work that may increasingly approach the halo mass function 

galaxies.  Their increase with time seems to reflect a decrease in the number of blue systems 
and so we tentatively associate them with satellite dwarf (spheroidal) galaxies that have 
undergone quenching due to environmental processes. (Drory et al. 2009, ApJ, 707, 1595.)

We present a new analysis of galaxy stellar mass functions (GSMF) in the COSMOS field to 
fainter limits than has been previously probed at z  1. The increase in dynamic range reveals 
clear deviations from a Schechter form, providing insights into galaxy formation physics.
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The Stellar Mass Function in COSMOS

N. Drory, K. Bundy, A. Leauthaud et al.
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D. Wilman, A. Oemler Jr., J. Mulchaey, S. McGee, M. Balogh, and R. Bower

Since z~0.5 the fraction of disk galaxies lacking spiral arms (lenticular/S0 galaxies) in massive
galaxy clusters has increased by a factor ~5 relative to the elliptical or total fraction [1,2].
However cluster galaxies only account for ~5-10% of the global budget, and may have
experienced pre-processing prior to their accretion onto the cluster.

References: [1] Dressler et al., 1997, ApJ, 490, 577
[2] Fasano et al., 2000, ApJ, 542, 673 
[3] Desai et al., 2007, ApJ, 660, 1151

Described as a research highlight by Nature, we (Wilman et al, 2009, ApJ, 692, 298) find that
passive disk galaxies (S0s) are as prevalent in low mass groups as in clusters at z≤0.55,
constraining the mechanism by which most lower redshift galaxies become passive.

Morphological Composition of z~0.4 Groups

Above: Fractions of Elliptical, S0 and spiral galaxies
in group (solid points & lines) and field (open points,
dashed lines) samples as a function of luminosity.
Right: Fractions integrated down to MV=-20.53 for
comparison with cluster fractions in black [2,3]. In
our groups as well as X-ray selected groups at z~0.4
[4] and z~0 [5], S0s are as populous as in clusters.

[4] Jeltema et al., 2007, ApJ, 658, 865
[5] Mulchaey et al., 2010, in prep.
[6] Eke et al., 2004, MNRAS, 348, 866

To examine how galaxy morphologies are mapped onto lower mass haloes at higher redshift,
we (Wilman et al., 2009, ApJ, 692, 298) obtained HST-ACS F775W-band imaging of 26
spectroscopically selected groups from the CNOC2 survey at 0.3<z<0.55. We find a fraction
of S0s in groups which is similar to that in rich clusters but significantly enhanced with respect
to the lower density field, whilst bright ellipticals exist preferentially in group cores, but with a
similar global abundance in all environments. This suggests a scenario in which the
morphologies of passive galaxies are imprinted by their merger history: ellipticals forming
early and in regions of frequent mergers (halo cores) and lenticulars forming later through
accumulated minor mergers, resulting in the observed environmental distribution whilst disks
are retained even whilst the bulge experiences growth. With over half of local galaxies in
groups [6], understanding the physical mechanisms underlying these trends is vital to our
understanding of galaxy evolution and the global decline of star formation in the Universe.
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In order to study groups spanning a significant mass and evolutionary range, we define two
samples at intermediate redshift, one via optical spectroscopy and the other via X-ray emission.

Our optical sample was defined by Wilman [3], while our X-ray sample was defined using deep XMM and
Chandra data and follow-up spectroscopy from VLT-FORS2 and Magellan-IMACS. Both samples contain ~25
groups and have a mean redshift of ~0.4. Above is the wavelet reconstruction of the X-ray images with the
spectroscopically confirmed X-ray selected systems indicated by circles labeled with their ID and redshift [4].

Galaxy groups are evolving environments which display diverse properties even at fixed redshift. The majority of
galaxies in the Universe lie in these groups which range from 'poor' systems containing few galaxies (commonly
identified via optical selection methods) to massive groups (often identified via X-ray emission from the Intra-
Group Medium, IGM) [1]. Local studies reveal the galaxy populations of groups vary from being dominated by
early (as in typical clusters) to late-type (as in the field population) galaxies [2].

LX-σ

X-RAY WAVELET MAPS: SPECTROSCOPICALLY CONFIRMED SYSTEMS & REDSHIFTS

The X-ray luminosity (Lx) versus the velocity dispersion (σ) for the optically selected systems is shown below [4].
Filled circles indicate systems with likely contaminated X-ray emission while X-ray upper limits are denoted by
arrows. Solid and dashed lines show z~0 sample fits [5] while the dotted line is a z~0.25 sample fit [6]. We see no
evidence for a change in the average relation.

Using multiwavelength data (UV to IR), we will first compare
global group properties such as mass (X-ray, stellar, and weak
lensing) and velocity substructure and then galaxy populations
including morphologies, star formation rates, and colors. Our
ultimate goal is to illuminate the roles of galaxy interactions and
mergers (prevalent in 'poor', dynamically active systems) and the
IGM (dominant in more massive, evolved groups) in shaping the
local galaxy population.

The Fingerprint of the IGM: Comparing X-ray
and Optically Selected Galaxy Groups at z~0.4

J. L. Connelly, D. J. Wilman, A. Finoguenov and R. P. Saglia et al.
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D. Wilman, S. Zibetti and  T. Budavári

References: [1] Baldry, I. et al., 2004, ApJ, 600, 681

Physical processes influencing the properties of galaxies can be traced by the dependence and
evolution of galaxy properties on their environment. A detailed understanding of this
dependence can only be gained through comparison of observations with models, with an
appropriate quantification of the rich parameter space describing the environment of the
galaxy. We present a new, multiscale parameterization of galaxy environment which retains an
observationally motivated simplicity whilst utilizing the information present on different
scales. This work is described in full by Wilman et al., 2010,MNRAS, in press.

We parameterize the environment of SDSS galaxies by counting Mr<-20 neighbours within
cylindrical annuli on different scales (e.g. (a)), centred on each galaxy and with depth
±1000km/s. Their colour distribution is parameterized by fitting a double gaussian ((b), [1]).

A multiscale approach to environment

Right: The dependence of the
fraction of red galaxies fred on
surface density, ∑ computed on
different scales. Contours illustrate
lines of constant fred for galaxies
within bins of density computed on
two scales. On <1Mpc scales there
are more red galaxies in dense
environments, but on >1Mpc scales
there is no residual positive
correlation with density: rather on
>2Mpc scales there is a highly
significant anti-correlation as
expected if galaxies become red only
after accretion onto a massive halo
(Wilman et al., 2010). Multiscale
densities provide a framework for
quantitative comparison of observed
environmental trends with models.
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S. Phleps, R. Bender, and the LSS group at OPINAS

References:
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• Cai et al. 2009, MNRAS 395, 1185

Pan-STARRS 1 is the proto-type of a system of eventually four 1.8m telescopes developed by the 
University  of Hawaii. PS1 will survey the entire visible sky (3 ) in five filters (grizy) over 3.5 years. 
It makes use of a newly  developed extremely  large camera (1.4 Gigapixels over 7 square degree field 
of view) which allows for tip-tilt  correction on the chip; the resulting data set can be used for a broad 
range of science applications spanning scales from the solar system to cosmology. The OPINAS 
group at MPE is member of the PS1 consortium which comprises a total of 10 institutes in the US, 
UK, Taiwan and Germany. We are involved in key projects concerning extrasolar planets, micro-
lensing in M31, gravitational lensing, and large scale structure. We are planning to use the imprint of 
Baryonic Acoustic Oscillations (BAO) on the clustering of luminous red galaxies (LRG) as a standard 
ruler to measure the equation of state parameter w of Dark Energy  with a precision of about 2% at a 
redshift of <z>=0.5.

Dark Energy with Pan-STARRS
(The Panoramic Survey Telescope and Rapid Response System) 

Figure 1: The filter set used by PS1 (grizy) is 
relatively red, so it will yield good photometric 
redshift for LRGs. 

g
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Figure 2: Expected 
redshift distribution in 
PS1 (Cai et al. 2008). 
We expect to finally 
measure photometric 
redshifts for ~200 
Million galaxies, of 
which ~100 Million
will be LRGs with 
a redshift accuracy
of ~ z=0.03(1+z).

Figure 3: The correlation function split into 
directions parallel ( ) and perpendicular to the 
line of sight ( ) allows the use of  photometric 
redshifts (shown here for 3% redshift errors) . 
Although the signal of the BAOs is stretched 
along the -axis, it  is still possible to use it as a 
standard ruler and infer the equation of state 
parameter w of DE to a precision of ~2%. The 
plot shows the correlation function measured in 
50 n-body  simulations (L-BASICCS, Angulo et 
al. 2008) in comparison with an analytic model 
(Schlagenhaufer et al., in preparation), white 
contours. 

Pan-STARRS will survey  an unprecedented 
volume and number of galaxies.

76



MPEMPE

N. Drory, J. Weller, R. Bender, U. Hopp, J. Snigula, H. Ziaeepour, and HETDEX team

HETDEX will outfit the 10 m HET with an array of 96 integral-field spectrographs. Each IFU 

blindly survey a 420 deg2 field in 3 years starting 2012 (with probable extension). In this 
survey, we will detect 0.8 million Lyman-  emitting (LAE) galaxies at 1.9<z<3.6. The 3-D 
map of LAEs in a 9 Gpc3 volume will be used to measure the expansion history and the 
growth of structure at that early epoch.  HETDEX is designed to provide a 3-  direct detection 
of dark energy at z~3 (for w evolution of dark energy and 
will also provide 0.1%-level accuracy on the curvature of the Universe, ten times better than 
current measurements; HETDEX will also provide competitive (Planck-level) constraints on 
the total neutrino mass (from the small scale power spectrum) and on inflation models (from 
the power spectrum on the largest scales). A prototype of the VIRUS unit spectrograph 
(VIRUS-P) has been built and is operating on the McDonald 2.7m since 2007. VIRUS-P is 
being used for a pilot survey to better characterize the properties  of LAEs in support of 
HETDEX and develop and test data reduction procedures.

The Hobby-Eberly Telescope Dark Energy
Experiment 

The HETDEX Dataset will include:
0.8 million Lyman-  emitters  (5  detections) 
at 1.9 < z < 3.5; 
1.0 million [O II] emitters at z < 0.5;
104 galaxies with spatially resolved 
spectroscopy at R~900
0.4 million unresolved galaxies (S/N>3 per 
resolution element) 
0.25 million stars with spectra (S/N> 3 per 
resolution element) 
2000 Abell galaxy clusters; 

2 9 IFU prototype focal plane 
assembly VIRUS at the HET

The Hobby-Eberly Telescope Dark Energy Experiment (HETDEX) will map the expansion 
history of the universe at 1.9<z<3.6 using 106 Lyman-α emitters detected by a blind 
spectroscopic survey as probes of large-scale structure. It will reach sufficient precision in H(z) 
and DA(z) to directly detect Λ at z~3 at 3-σ. MPE leads the data analysis software development 
and is heavily involved in the experiment design and development.
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S. Phleps, R. Bender, R. Saglia, A. Sánchez, S. Seitz
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References:
• Eisenstein et al. 2005, ApJ 633, 560 
• Sánchez et al. 2009, MNRAS 400, 1643

BOSS is  one part of SDSS-III, and will yield 1.5 million spectroscopic redshifts of luminous 
red galaxies (LRG) at z<0.7 over 10000 square degrees. The prime science driver is the quest 
for Dark Energy, which is one possibility to explain the observed accelerated expansion of 
the universe. The signature of the Baryonic Acoustic Oscillations (BAO) in the power 
spectrum or correlation function of galaxies can be treated as a standard ruler to measure the 
expansion history of the universe, if non-linearities are modeled correctly. Using data from 
BOSS and applying novel techniques like renormalised perturbation theory to the analytic 
modeling of the clustering statistics, we will be able to infer the value of the equation of 
state of Dark Energy w to an accuracy of 2% at z  0.7.

The full shape of the correlation function (including the acoustic peak) can be used to infer 
cosmological parameters. Left panel: Forecast for BOSS in comparison with the first 
detection of the acoustic peak by Eisenstein at al. 2005. Right panel: expected 1 and 2
confidence intervals of m and w if measured with BOSS (Sánchez et al. 2009).

Acoustic peak

BOSS is using the existing 2.5m SDSS telescope of Apache Point Observatory. The 
spectrograph has  been upgraded (new chips with higher sensitvity in both red and blue, more 
fibers  per plate), so more objects can be observed to larger redshifts. The galaxy target 
selection is  tuned to yield a mass limited (log M>11.5 Msun) sample of LRGs with a flat space 
density distribution over the range 0<z<0.7, where it falls off steeply, which is  ideal for 
clustering measurements. Some blue galaxies  are also sampled, in order to investigate relative 
biasing and enable studies of galaxy evolution.

Dark Energy with BOSS
(The Baryonic Oscillations Spectroscopic Survey)

78



MPEMPE

J. Weller, R. Bender, R. Katterloher, R. Saglia, S. Seitz, M. Schweitzer

• EUCLID @ ESA : http://sci.esa.int/science-e/www/area/index.cfm?fareaid=102
• EIC science book : arXiv:1001.0061v1
• EUCLID Assesment Study Report: arXiv:0912.0914v1

EUCLID is a high-precision satellite mission dedicated to the investigation of the
nature of Dark Energy. EUCLID will image the entire extragalactic sky with high
spatial resolution in one optical and three near-infrared bands. This will allow to
analyse the evolution of large scale clustering out to redshifts of ~2 using the
cosmological weak lensing (WL) shear signal of ~109 galaxies. In addition, slit-less
spectrosopy will be employed to probe the characteristic scale of the Baryonic Acoustic
Oscillations (BAO) and the galaxy power spectrum as a function of redshift.

The properties of dark energy relevant for cosmology can be parameterized by the equation of state
factor “w”, which is the ratio of pressure to density of the dark energy fluid. A cosmological constant
would correspond to a constant w=-1. Most dark energy models give a “w” which is evolving in time.
It is common to parameterize this evolution with the value of w today (w0) and at early times (w0+wa).
The quality of the experiment to constrain dark energy can hence be estimated by the errors in the w0-
wa plane (left). The grey areas show different region relevant for DE theory. The outer (green) ellipses
show the constraints from BAO, orange shows the galaxy power spectrum, P(k), purple weak lensing
alone, and inner blue ellipse the combined Euclid probes. The inner red ellipse is the combined Euclid
and Planck constraints. If the cause of accelerated expansion of the Universe is in fact due to a
modification of gravity (for example as a signature of an extra dimensions), not only the expansion
history of the Universe is changed, but also the way large scale structures grow over time. The growth
of these structures can be parameterized by “γm”, where a value of 0.55 corresponds to standard
Einstein gravity. On the right panel we show how exquisitely EUCLID can measure this value. Note
that currently this value is almost unconstrained.

Science with EUCLID
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The shape of the two-point correlation function, ξ(s), contains useful information to constrain
cosmological parameters. However, this information is degraded by the non-linear evolution of
density fluctuations, redshift space distortions and bias. Sánchez et al. (2008) developed a
model which correctly takes into account these systematic effects. We apply this model to the
correlation function of the SDSS DR6 LRGs measured by Cabré & Gaztañaga (2009). The full
analysis can be found in Sánchez et al. (2009). Here, we focus on the constraints on the
equation of state of the dark energy, wDE = PDE /ρDE, and the curvature of the Universe Ωk.

A. G. Sánchez, M. Crocce, A. Cabré, C. M. Baugh and E. Gaztañaga

References:
• Cabré A., Gaztañaga E., 2009, MNRAS, 393, 1183
• Sánchez A.G., et al., 2008, MNRAS, 390, 1470  

Cosmological Parameter Constraints from
the Galaxy two-point Correlation Function

We applied a new model for the full shape of the large scale correlation function to a sample of
luminous red galaxies (LRG) constructed from the SDSS Data Release 6. We combined the
LRG information with the latest compilations of cosmic microwave background (CMB) and
supernovae data and performed a comprehensive study of the constraints on cosmological
parameters obtained from different combinations of data sets and different parameter spaces.

Non-flat models: The figure shows the
marginalized constraints in the Ωm–ΩDE
plane allowing for non-flat models. The
CMB only constraints (blue) follow the
geometrical degeneracy, with only a weak
constraint of Ωk = −0.064 0.060. The
inclusion of the LRG ξ(s) breaks this
degeneracy (orange contours). In this case
we get Ωk = −0.0016 0.0072, completely
consistent with a flat Universe.

• Sánchez A.G., et al., 2009, MNRAS, 400, 1643  

Time-independent wDE: The figure shows
the 68 and 95 per cent confident levels in
the Ωm–wDE plane obtained using CMB data
alone (blue) and CMB plus the LRG ξ(s)
(orange). The CMB only case shows a
strong degeneracy between these parameters
which is broken by the inclusion of the LRG
ξ(s). In this case we get Ωm = 0.245 0.020
and wDE=−0.996 0.095, in good
agreement with a cosmological constant
(i.e., wDE=−1).
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F. Montesano, A. G. Sánchez, S. Phleps 

The most used tool in the analysis of large
scale matter clustering is the PS. Fig. 1 shows
the mean PS (solid line) and its variance (dot-
dashed line), computed from an ensemble of
N-Body simulations, in real and redshift space
(blue and red set of curves). The linear PS
(long dashed line) clearly does not describe
the shape of the computed PS for k>0.1h/Mpc
nor the damping of the BAO oscillations.

References:
1. Crocce & Scoccimarro, 2006, Ph.R.D, 73, 063519
2. Crocce & Scoccimarro, 2006, Ph.R.D, 73, 063520
3. Montesano et al., in prep.

The full shape of the Power Spectrum (PS) contains informations about the cosmological
parameters. In particular the Baryonic Acoustic Oscillations (BAO) have been identified as a
powerful tool to constrain the geometry of the Universe and to shed light on Dark Energy (DE).
We constructed a model that describes the full shape of the PS with the accuracy required to
analyse the next generation of galaxy surveys.

Modelling the full shape of the
non linear Power Spectrum 

Inspired by Renormalized Perturbation Theory
(RPT) [1,2], we have build a model as the sum
of the linear PS, damped by a gaussian kernel,
and the non linear term shown in fig. 2 with a
red dashed line. This model describes
accurately the shape of the non linear PS for k
< 0.15 h/Mpc. It is shown as a short dashed
line in fig.1. Despite its simplicity, our model
is able to provide an unbiased estimate of the
full shape of the PS and thus of the DE
equation of state.

Fig. 2: Linear PS (black solid line) and a non linear 
term inspired by RPT (red dashed line) used to build 
the model in fig. 1. In the lower panel, those spectra 
are divided by a corresponding smooth PS to show 
that the small oscillations in the second term are out 
of phase with respect to the linear theory P(k).

Fig. 1: P(k) computed from a dark matter halo 
catalogue extracted from an ensemble of 
numerical simulations (solid line plus dot-dashed 
variance) in real and redshift space (blue and red 
lines). The linear PS (long dashed line) and a non 
linear PS (short dashed line) are plotted. The 
lower panel shows these PS divided by a smooth 
PS (i.e. without BAO) in order to enhance the 
BAO features.

81



MPEMPE

%

12 13 

12 13  ) *

1 * 12 13 

g

1 *

) *

Three-point correlation function

References:
1 [1] Sánchez et al 2009, MNRAS 390 1470S
1 [2] Bernardeau et al. 2002, PhR 367 1B
1 [3] Barriga & Gaztaňaga 2002, MNRAS 333 443B
1 [4] Angulo et al. 2008, MNRAS 383 755A

82



MPEMPE

2

2

[1]

[3]

E(F2

3
-1

VIPERS

83



MPEMPE
Galaxy clustering as a function of stellar mass

at redshift z~1

B. Meneux, L. Guzzo, O. Le Fevre, S. Lilly with the VVDS and zCOSMOS team
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A. Balaguera-Antolínez, A. Sánchez, H. Böhringer

We present results of the analysis of the power spectrum of the inhomogeneous distribution of
galaxy clusters measured from a new version of the ROSAT-ESO Flux-Limited X-Ray
(REFLEX) galaxy cluster catalogue.

REFLEX II power spectrum  

analyzed with a set of 100 REFLEXII mock
catalogues built from numerical simulations [3].
By construction these catalogues follow the
same selection criteria and also matches well the
clustering of the REFLEXII sample. Due to the
window function of the REFLEXII sample
(fig.2), no significant evidence for baryonic
acoustic oscillation is detected. The amplitude of
the power spectrum is observed to increase with
the X-ray luminosity (fig.3) revealing a direct
relation between X-ray luminosity and the mass
of galaxy clusters. The shape of the measured
power spectrum is in accordance with
predictions of hierarchical structure formation
from the standard cosmological model. By
means of a luminosity dependent power
spectrum estimator we can recover the dark
matter power spectrum from the mock
catalogues and a data set free of selection effects
allowing us to use REFLEXII to estimate
unbiased constraints on cosmological
parameters.

REFLEXII is an extension of the REFLEX
galaxy cluster catalogue [1]. With a lower
limiting flux, REFLEXII contains 904 X-ray
detected galaxy clusters in the southern
hemisphere.

Fig 2: Upper panel: REFLEXII window function for
different Fourier modes. Bottom panel: correlation
coefficients derived from the mock catalogues.

Fig 1. Distribution of the REFLEXII clusters in
ecuatorial coordinates. Red points are the REFLEXII
clusters. Green points are random objects following
the same selection criteria.

Fig 3: Measured power spectrum from the
REFLEXII catalogue (points) and the mean
power spectrum from the mock catalogues (lines)
for three different cuts in X-ray luminosity.

We measured the power spectrum P(k) of the
spatial distribution of clusters from the new
REFLEXII catalogue using the FKP estimator
[2]. The covariance matrix is

References:
• [1]Böhringer H. et al. 2004, A&A 425, 367
• [2]Feldman, Kaiser, Peacock, 1994  ApJ. 426, 23
• [3]Sánchez et al. 2008, MNRAS 390, 1470
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The OmegaCam Transit Search (OmegaTranS), a survey for transiting planets in the Galactic
disk, is a joint venture of MPE, Sterrewacht Leiden and INAF Capodimonte. The project
supposed to start already in 2005 as one of the GTO projects at the new ESO telescope VST
Making use of the 1 sq. deg. OmegaCam wide-field imager, OmegaTranS was one of the most
promising planet searches at that time.

Due to ongoing delays in the construction of the telescope, we decided to start a
OmegaTranS (POTS) observing campaign using ESO's WFI camera at the 2.2m telescope
LaSilla. In the course of this pilot project we found several transiting planet candidates out
which one is very promising: a potential Jupiter-sized planet that is transiting a late type main
sequence star. High precision radial velocity follow-up observations that are going to
carried out in the next months will decide about the true nature of the candidate.

The pre-OmegaTranS project

In the years 2006-2008 we observed a total of 120 hours spread over several observing runs. We
collected more than 4000 images of one dense stellar field in the Carina region of the Milky
Way. The time between two subsequent exposures was less than 2 minutes which results in a
high temporal resolution of the light curves. In total we analyzed 16000 stars and found 4
transiting planet candidates in our target field.
In April 2009 we observed one full transit of our best candidate POTS-C1 with the GROND
instrument at the 2.2m telescope in LaSilla. The camera has 4 optical channels (griz) that can be

As a final step to confirm POTS-C1 as a
true transiting planet it is required to
derive the mass. High resolution spectra
are currently being taken with the
UVES spectrograph at one of the 8m
VLT telescopes. The challenge here is
the faintness of the target which
requires long exposure times. However,
due to the low mass of the host star, the
expected RV variation is on the order of
400 m/s which we expect to be able to
measure.

used simultaneously. As a result we
obtained a high precision lightcurve in
each of the 4 bands. The figure on the
left shows the transit light curves of
POTS-C1 together with the best fitting
analytical models. The blue line
corresponds to a late K-dwarf with a
transiting planet of 1.05 Jupiter radii.
This is consistent with the spectral type
we estimated from the broad-band
colors of the host star.
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R. P. Saglia, R. Bender, J. Koppenhöfer, M. Montalto, M. Cappetta, J. Zendejas

The project under the lead of D. Pinfield comprizes the University of Hertfordshire (UK), the
Institute of Astronomy Cambridge (UK), the Institute de Astrofisica de Canarias, Canary
Islands (Spain), MPE, the Laboratory de Astrofisica Espacial y Fisica Fundamental, Madrid
(Spain), the Main Astronomical Observatory, Kiev (Ukraine) and the space engineering
company Astrium. Backbone of the science project is a data set of J-band images being
collected at the UKIRT telescope. They provide light curves with up to 1000 epochs for
several thousend M-dwarf stars. A planet orbiting around such a star on an orbit parallel to the
line of sight will periodically block a fraction of its light equal to while transiting in
front of it. Since M-dwarves are small, the transit signal will be detectable even for rocky
planets of the size of neptune or smaller. Following-up with high resolution spectroscopy such
a candidate will deliver the periodic reflex motion of the star and therefore the mass of the
planet. In combination with the radius derived from the depth of the light curve dimming
during transit this will deliver the density, and therefore the rocky nature of the planet.

References:
• The RoPACS website: http://star-www.hearts.ac.uk/RoPACS

The ROcky Planets Around Cool Stars (RoPACS) is a 4-year long, Marie Curie Initial
Training Network funded by the European Union and started in December 2008. The MPE
node works together with five european sites to search and characterize earth-like planets
around small, cool stars. Two PhD students started their projects within RoPACS at MPE in
September 2009, one PostDoc will join the group in the course of 2010. The candidate planets
are being searched through the Transit Method using near-infrared time-series images. High
resolution spectroscopy will be performed to verify their planetary nature and measure their
mass and density.

Figure 1 shows the light curve of one of the RoPACS candidates (black points) together with
the best fitting analytical model (red line). The transit depth hints at a potential Jupiter-sized
planet. Photometric and spectroscopic follow-up observations are under way to confirm and
characterize its nature. Figure 2 shows the position of all known transiting exasolar planets in
the Radius-Mass plane. While many Jupiter-like gaseous planets have been discovered, only
few rocky planets are known. In the next years RoPACS will be able to find additional planets
in this mass regime (light blue area).

The RoPACS project

Figure 1 Figure 2
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R. Bender, B. Muschielok, R. P. Saglia, M. Wegner and the KMOS consortium
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M. Fabricius, S. Barnes, R. Bender, N. Drory, F. Grupp, G. Hill,  
U. Hopp, P. MacQueen

References:
• [1] Hopp, U. et al.,  2008 SPIE, Vol. 7016, pp. 58H
• [2] Hill, G. et al., 2006 SPIE, Vol. 6269, pp. 62692J
• [3] Fabricius, M. et al, 2008 SPIE, Vol. 7014, pp. 234F

VIRUS-W is an Integral Field Unit spectrograph developed for the flexible use at multiple
Telescopes. Its field of view, spectral coverage and resolution are optimized to study the
kinematics and stellar populations in local spiral galaxies.

Upper figure: VIRUS-W in the laboratory: Integral
Field Unit realized through ~ 5.4mm x 2.7mm large
array of 150μm core optical fibers. At the
spectrograph the fibers are rearranged into a fan and
form the pseudo-slit of the spectrograph. Once
collimated, a phase volume holographic grating (high
res. mode 3300ll/mm, low res. mode 1900 ll/mm)
disperses the light. A 200mm aperture f/1.4 camera
records the spectra. Its bench-mounted design
guarantees maximum stability and minimal interface
to the telescope.

VIRUS-W- an IFU spectrograph dedicated to the
investigation of bulge-kinematics 

Left figure: A first solar raw spectrum recorded
with VIRUS-W. The spectrograph operates in the
optical wavelength range. The most important
kinematic feature is the Mg triplet. An additional
lower resolution mode with larger spectral
coverage will address the underlying stellar
populations.

IFU size 150” x 75”

sampling 4.4”

Spectral 
Resolution

R = 2500,7000 
σ = 50km/s, 20km/s

λ coverage high res: 5070Å - 5450Å
low res:  4750Å - 5600Å

Based on the VIRUS instrument for the
HETDEX experiment VIRUS-W is
developed in collaboration between the
University-Observatory in Munich and
the Max-Planck Institute for
Extraterrestrial Physics. Foreseen start of
operation is April 2010 at the 2.7m
Harlan-Smith telescope at the McDonald
observatory in Texas. Further potential
facilities are the 2.4m Hiltner telescope
at the MDM observatory in Arizona and
the new 2.1m telescope on Mount
Wendelstein in the Bavarian Alps.

basic properties of VIRUS-W
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F. Lang-Bardl, F. Grupp, R. Bender, C. Goessl, U. Hopp, W. Mitsch

The 3 channel camera 3KK is currently built in collaboration with the University Observatory
Munich and the Excellence Cluster Universe for the new Fraunhofer Telescope on
Mt.Wendelstein in the Bavarian Alps. It is optimized for fast multi-wavelength follow-up of
targets of oppurtunities (e.g. Gamma-Ray-bursts, SNe) or efficient photometric redshift
determination of galaxy clusters identified in optical (PanSTARRS), SZ (Planck) or X-ray
(eROSITA) surveys.

3KK – an Optical-NIR Multi-Channel Imager

The camera is partly built from commercially available optical CCD cameras (Apogee Alta E3041,
15 μm Pixel, 2kx2k Fairchild CCD), coupled with Bonn Shutters, and mounted on commercial high
precision linear stages for differential focusing. A specially designed beam-splitter system provides
high optical quality in all channels. The WNIR camera (HAWAII-2RG detector, 18 μm Pixel, 2kx2k)
is built together with the Institute for Astronomy in Hawaii.

Upper: Optical design of the
WNIR camera. It consists of
6 lenses for reimaging, a
cold stop and a filterwheel
with 8 position.
Lower: Optical design of the
two optical channels. Two
wedge shaped beamsplitters
and a corrector plate separate
the wavelength for the
different channels and
correct for optical
abberartions. The colors
indicate the wavelength that
are reflected/transmitted.

Overall specifications:
blue–green 
channel: 340 nm – 695 nm
(u', g', r' Filter)
Red channel: 695 nm – 970 nm
(I', z' Filter)
NIR channel: 970 nm – 2310 nm
(Y, J, H, Ks, H2, Brγ Filter)
EE: 80 % in two Pixels for all channels
Distortion: ~ 0.001 % (blue/red)

~ 0.2 % (NIR)
FOV: 6.8 arcmin (optical channels)

8.2 arcmin (NIR channel)
Pixelscale: 0.2 arcsec/pixel

Mechanical design of the 3KK. The optical channels consist of two
Apogee ALTA E3041 cameras (blue), 7 positions Filterwheels (black) and
Bonn Shutters (green). The cameras are mounted on linearstages for
differential focusing. The WNIR camera (grey-black) is mounted behind
the optical channels.

Reference: Grupp, F., Lang, F., Bender, R., Goessl, C., Hopp, U., “Multi Instrument Focal Station for a 2m-Class Robotic Telescope”

[Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series], Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series 7014 (July 2008)] 

Spot diagram of the red channel
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requirement baseline design
field of view ~ 0.5 deg^2

band(s) Y: 920-1146 J:1146-1372, 
H:1372-2000 (2500) nm

limit. magAB
wide survey  (20000deg^2)

24 (5 sigm. point source)

PSF FWHM 0.3 ´´ @ 1259 nm

pixel scale ~ 1 pix. per PSF FWHM

M. Schweitzer, R. Bender, R. Katterloher, F. Eisenhauer and the EIC consortium

References:
• EUCLID @ ESA :
http://sci.esa.int/science-e/www/area/index.cfm?fareaid=102

• EIC science book : arXiv:1001.0061v1
• EUCLID Assesment Study Report: arXiv:0912.0914v1

The NIP is a near infrared imaging photometer which is currently under investigation
for the ESA Euclid space mission in context of the 2015 Cosmic Vision program.
Together with the visible camera (VIS) it forms the basis of the weak lensing
measurements of Euclid. The NIP will perform photometric imaging in 3 near infrared
bands (Y, J, H) covering a wavelength range from ~ 0.9 to ~2 μm over a field of view
of ~ 0.5 deg². With the required limiting point source magnitude of 24 mAB (5 sigma)
NIP will be used to determine the photometric redshifts of over 2 billion galaxies
collected over a wide survey area of 20000 deg². In addition to the photometric
measurements the NIP will deliver unique near infrared imaging data over the entire
extragalactic sky, enabling a wide variety of ancillary astrophysical and cosmological
studies. (Current status (01.02.2010) : post assessment / pre instrument AO phase)

NIP – a Near Infrared Imaging Photometer
for EUCLID 

Left: The NIP channel is composed of a structural box with an optical bench that consists of a
sandwich element with an aluminium honey comb core and CFRP sheets.
Right: Optical bench supporting the different subsystems: A filter wheel assembly with 3 IR filters
(Y:920-1146 nm, J: 1146-1372 nm, H:1372-2000 nm), an optical focal reducer (4 lenses + 1 mirror)
turning the f/20 telescope beam into a f/10 instrument beam, a NIR Focal Plane Array that consists of
3x6 H2RG detectors with its proximity electronics ASICS system covering the 0.5 square.deg NIR
filed of view and a calibration source (not shown here) for flat fielding and dark images
NIP is beeing investigated by a consortium of the 
following institutes:
Max Planck Institute for Extraterrestrial Physics (MPE)
Max Planck Institute for Astronomy (MPIA)
Jet Propulsion Laboratory (JPL)
Commissariat a l´energie atomique (CEA)
UK Astronomy Technology Centre (UK ATC)
Istituto di Fisica dello Spazio Interplanetario (IFSI) 
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N. Drory, J. Snigula, H. Ziaeepour, R. Kelzenberg, H. Relke and HETDEX team

The HETDEX Data Analysis System

The main principles and features of 
the reduction pipeline are:

Full pixel-by-pixel level error 
propagation (Fig. 1)
Resampling-free operation
Strict quality control (Fig. 2)
Fiber traces and spectrograph 
PSF based on physical models 
of the instrument
CCD-global wavelength and 
distortion solutions (we know 
the wavelength and fiber-
contributions to each pixel)
Night-sky subtraction with 

spectra using the curved traces 
of the fibers (Fig. 3)

construct model objects and 
compare these directly with the 
data on the CCDs (Fig. 4)

The HET with the VIRUS housingVIRUS at the HET
right: model of the point source, 2 map, spectrum, error spectrum. 
The top line shows the summed fibers, the remainig 3 lines the 
individual fibers.

The curvature of the fiber traces allows 
extraction of super-resolution sky spectra. 
The instrumental resolution is 5.6A.
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2 distribution for resolution 
elements with the prediction for 36 dof overplotted (not a fit). 
Small panel: flux/error gives a perfect normal distribution. 

emission line on top of faint continuum. The right panel shows pixel-
by-pixel errors associated with the frame in the left. The sky 
spectrum is still visible in the error frame.

We are leading the development of the HETDEX Data Analysis System - the instrument and     
science simulation software, data reduction, object detection, and classification system for the 
VIRUS instrument and the Dark Energy Experiment.
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J. Snigula, R. Senger, R. Saglia, R. Bender

PanZ [1,2] implements the photometric redshift
code developed by Ralf Bender [3]. The redshifts
are determined using a Bayesian photometric
redshift estimator with semi-empirical
templates. The determination of photometric
redshifts is based on the basic idea, that the fluxes
obtained from broad-band photometry can be
treated as a very low resolution spectrum.
To determine an objects redshift with a template
based algorithm, the measured colors are
compared to the colors predicted by template
SEDs at different redshifts. This approach yields
the best fitting redshift, SED type and object type.
The Bayesian approach to photometric redshift
estimates calculates for each SED the full redshift
likelihood function including priors for redshift,
absolute luminosity and SED probability:

References:
[1] Snigula, J. M. et al. 2009 in ASP Conference Series, Vol. 411, 268
[2] Saglia, R. 2008 in AIP Conference Proceedings, Vol. 1082, 366
[3] Bender, R. et al. 2001, in ESO/ECF/STScI Workshop on Deep Fields (Berlin: Springer), 327

.
PanZ will provide photometric redshifts for PanSTARRS1 by calculating best fitting spectral
energy distribution (SED) and photometric redshifts (photo-z) with errors for (reddish) galaxies
The pipeline is designed to automatically retrieve new data from the database, calculate the
redshifts and update the database with the new results.

PanZ - PS1 photometric redshifts

Fig. 1 Semi-empirical templates: derived from broad-band
fluxes of galaxies in HDF, FDF etc with spectroscopic z
by fitting them with SEDs of Bruzual & Charlot, Maraston
and spectra from FDF, Kinney & Calzetti, Manucci,
Orion ...

This approach allows us to include our prior
knowledge / prejudice: e.g. no red ellipticals at z >
1, no low metallicity objects at low z, no galaxies
with MB < −26, etc.
The pipeline automatically retrieves new
photometric object data from the PanSTARRS1
PSPS database at the University of Hawaii or at
Johns Hopkins University/Baltimore, determines the
photometric redshift on the MPE high performance
parallel computing cluster, and sends the results
back to the PSPS database. Other data sources
(photometric catalogs, databases) or other scientific
codes can be integrated into the system. The
Photometric Classification Server is supported by a
MySQL database system, for monitoring and
controlling a web interface is being developed.

Published Science Products Subsystem (PSPS)

PhotoZ
PhotoZ

PanZ

Photometric Classification Server

Fig. 2 Schematic view of the PanSTARRS1 photometric
classification pipeline.

photometric
data

photometric
redshift
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I. Martinez-Valpuesta and O. Gerhard

References:
• Martinez-Valpuesta, I., Shlosman, I. & Heller, C. 2006, ApJ, 637, 214 
• De Lorenzi, F., Debattista, V. P., Gerhard, O. & Sambhus, N. 2007, MNRAS, 376, 71

Galactic bulges, especially 'pseudo-bulges', can be built either by satellite accretion or by
secular internal evolution. In this latter case one of the well studied mechanisms is the
evolution of barred galaxies. Barred galaxies can produce both disk-like bulges and triaxial
boxy/peanut bulges. Based on what is already known from numerical simulations, we have
started a project to model with NMAGIC these type of bulges and thereby obtain the 3D mass
and orbital distribution in the inner regions of disk galaxies, and constrain their evolutionary
history by comparing with simulations.

Galactic Bulges: Unveiling 3D Structure

Figure 1. Edge-on view of
galactic bulges produced by an
evolving stellar bar. The boxy
shape in bulges appears generally
after the first buckling instability
and the boxy/peanut bulge after
the second buckling event
(Martinez-Valpuesta et al. 2006).

Stellar bars in N-body numerical simulations evolve with
time from a flat bar to a boxy/peanut bulge through two
buckling instabilities. These N-body simulations can be
the starting point for the 3D modeling with NMAGIC
(De Lorenzi et al. 2007). There will be three main steps:

 Understanding the modeling of rotating triaxial systems.
 Applying the modeling to galaxies with good

observational data (long slit data, IFU data and individual
stellar velocities) such as M31 and the Milky Way.

 Comparing the 3D orbital structure with evolutionary
models as those presented in Figures1 & 2.

Figure 2. 2D kinematics of a simulated galaxy, evolving 
from pure disk through bar and buckling instability.

t
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L. Coccato, O. Gerhard and the PNS Team

References:
• Coccato et al. 2009, MNRAS, 394, 1249
• Douglas et al. 2002, PASP, 114, 1234
• Emsellem et al. 2007, MNRAS, 379, 401

Over the past years we conducted an observational campain with the Planetary Nebulae Spectrograph
(Douglas et al. 2002) aimed to measure the radial velocities of PNe in the halos of ETGs (see Figure 1).
In our first official data release (Coccato et al. 2009) we combined absorption line data and PNe radial
velocity measurements in 16 ETGs. Our analysis showed that: i) PNe are good tracers of the mean
stellar population kinematics, as their kinematics and number density agrees with the stellar absorption
line kinematics and surface brightness; ii) outer halos have more complex radial profiles of the R
parameter (a proxy for the angular momentum, Emsellem et al. 2007) than observed within 1 Re.
Interestingly, in the halo, some fast rotators have declining R radial profiles, almost reaching the slow
rotator regime, while some slow rotators have slowly increasing R profiles, which reach the fast rotator
regime (see Figure 2); iii) the velocity dispersion profiles fall into two groups, with part of the galaxies
characterized by slowly decreasing profiles and the remainder having steeply falling profiles; iv) the
halo kinematics are correlated with other galaxy properties, such as luminosity, shape, total stellar
mass, V/, and number of PNe per unit luminosity, with a clear distinction between fast and slow
rotators.

Kinematics and Angular Momentum in the Outer 
Halos of Early Type Galaxies

Figure 1. DSS image of NGC 4474 with PNe data
superimposed. Crosses represent the position of
each PNe; colors indicate the mean value of the two-
dimensional velocity field reconstructed from the
PNe data. Iso-velocity contours are also shown. The
field of view is 11'x11', North is up, East is left.

Figure 2. Radial profile of the angular momentum
proxy R. Red and blue profiles are taken from the
SAURON sample (Emsellem et al. 2007) and represent
slow rotators (galaxies with R < 0.1) and fast rotators
(R > 0.1), respectively. Black profiles are computed
using PNe radial velocity measurements.

The study of kinematic properties, angular momentum and amount of dark matter in the halos of
early-type galaxies (ETGs) is limited by the rapid fall-off of the stellar surface brightness. This
difficulty can be overcome by using radial velocities of Planetary Nebulae (PNe), which can be
obtained much further out than traditional absorption-line kinematics, given their bright [OIII]
emission lines. The use of PNe allowed us to measure for the very first time two-dimensional velocity
and velocity dispersion fields out to ~6-9 effective radii in nearby ETGs.
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P. Das, O. Gerhard, E. Churazov and B. Forman

We use a new non-parametric Bayesian analysis to extract mass profiles from temperature and
density measurements of the hot gas surrounding a sample of six nearby, massive elliptical
galaxies. We combine this with optical photometric data and stellar population mass-to-light
ratios to probe the luminous and dark matter components. The luminous components show a
remarkable coherence while the dark matter mass profiles, though massive in all cases are less
self-similar.

We use the deprojected density and temperature profiles
obtained by Churazov et al. (2010) using Chandra and
XMM-Newton observations. We assume the hot gas is in
hydrostatic equilibrium and apply the Markov Chain
Monte Carlo method to obtain total mass profiles from a
non-parametric model of the gas temperature and density.
We use a smoothing prior calibrated with test models.
Figure 1 (Das et al., 2010) shows the results of this
method for the Virgo cluster galaxy NGC 4649. The
orange and pink regions show the range of models
consistent with the deprojected density and temperature
profiles within 68% and 95% confidence respectively
and the blue and green lines show the expected and
median profiles respectively. Figure 2(a) shows the
surface-brightness profiles for our sample scaled to
where the surface-brightness has a gradient of -1. The
profiles are remarkably similar indicating a coherence in
the formation history of the stellar component in our
sample. Figure 2(b) shows the scaled total circular
velocity curves from the X-rays, which generally rise
outwards. The dark matter fractions derived by
subtracting the luminous component from the total X-ray
mass profiles are shown in Figure (c). They are less self-
similar than the light but still uniformly point towards a
massive dark matter halo.

Massive elliptical galaxies from X-rays

Figure 1

Figure 2

References:
• Churazov, E. et al.,  MNRAS, 2010, accepted
• Das, P. et al., MNRAS, 2010, to be submitted
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L. Morganti, P. Das, O. Gerhard, et al.

The outer halos of elliptical galaxies are particularly interesting because they are generally
dark matter-dominated, and because their orbital structure more strongly preserves the imprint
of formation mechanisms, due to longer dynamical time scales.
Using NMAGIC, a χ2 made-to-measure particle code, we have constructed dynamical models
of the halos of several elliptical galaxies, combining a wide range of observational data. In
particular, we included velocity measurements of discrete tracers for the stellar distribution
such as planetary nebulae and globular clusters, extending to 5-10 effective radii, and for the
massive ellipticals we also used the hot X-ray emitting gas profiles to estimate the total
potential under the assumption of hydrostatic equilibrium.
Here we show the results for two intermediate-luminosity galaxies (NGC4697 and NGC3379)
and two massive ellipticals (NGC5846 and NGC1399).
A range of dark matter halos produce viable fits to all the data, provided their orbital
structures are strongly radially anisotropic in the outer regions, confirming the predictions of
currentΛCDM cosmology-based mergers simulations.

References:
• De Lorenzi, F., et al. 2008, MNRAS, 385, 1729
• De Lorenzi, F., et al. 2009, MNRAS, 395, 76
• Das, P., et al. 2010, MNRAS (in prep.)

Figure 1. Comparison of NMAGIC
axisymmetric (i=55°) particle model with
SAURON kinematic data for the galaxy
NGC5846. From left to right: v, σ, and the
higher order moments h3-h6. The potential is
assumed spherical and is derived from X-ray
observations. The particle weights are adjusted
on the fly to match the set of observables,
which include PN velocities at large radii.

The Anisotropic Halos of Elliptical Galaxies

Figure 2. The anisotropy parameter
βθ=1-σθ

2/σr
2 for some spherical

models as a function of the radius
normalized to the value at which the
surface brightness slope equals -1.
Black line: massive dark matter halo
model for NGC4697. Red lines:
allowed range between massive dark
halo model (solid) and diffuse halo
model (dashed) for NGC3379. Blue
line: model for NGC5846 in the X-
ray potential. Green line: model for
NGC1399 in the X-ray potential.
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G. Ventimiglia, O. Gerhard, M. Arnaboldi, L. Coccato, E. Iodice

References:
• Gerhard et al. 2005, ApJ, 621, L93; Ventimiglia et al. 2008, AN, 329, 1057; Ventimiglia et al. 2010a,b, in prep.

Fig. 1 (left) : V band residual image of the central core of the Hydra I cluster. The Field of view is ~7 x
6.5 arcmin and centered on NGC 3311. The image has been obtained by subtracting from the original V
band image a GALFIT model of NGC 3311 and NGC 3309. It shows an extended excess of light around
NGC 3311's center, in a corona shape on the north to south-east side of the galaxy. The white line shows
the position of the long slit used to measure the mean velocity of the excess with FORS2 on UT1. In
white circles are shown the dwarf galaxies superposed on the excess. They all have velocities VDWs >
4450 km/s. North is up and East is left.

Fig. 2 (right): Using the Multi-slit Imagig Spectroscopy technique with FORS2 on UT1 we have detected
PNs populating the central (100 kpc)2 of the Hydra I cluster. The positions of the PNs (red diamonds)
with velocity VPNs > 4450 km/s are shown in the plot. The black triangles are at the position of NGC 3311
(center) and NGC 3309 (upper right), respectively. Many of these PNs lie on top of the excess of light.

The kinematics of the intracluster light is a sensitive probe of galaxy evolution in galaxy
clusters. Here we concentrate on the results obtained on Hydra I, a medium compact cluster in
the Southern hemisphere, at a distance of ~50 Mpc. The V band image of its core shows a faint
excess of light in the North-East part of its central cD galaxy, NGC 3311, see Fig. 1. We
measured the velocity of the excess, Vexcess=5054 km/s, ~1400 km/s larger than the cluster
systemic velocity, VHydra I=3683 km/s. In the central (100 kpc)2 of the cluster, apart from the
two main cD galaxies, NGC 3311 and NGC 3309, no galaxies with velocity within 1 σ (σHydra
I=745km/s) of the systemic velocity of the cluster are observed. This region is populated only
by galaxies at the same velocity of the excess. Most of them are dwarfs (DWs) positioned in
projection on top of the excess light. We have also measured the kinematics of the intracluster
Planetary Nebulae (PN) in the same region. The PN line of sight velocity distribution has a
multi-peaked structure. One of the peaks is at the same velocity as the excess and the group of
DWs. Many of the PNs contributing to this peak are also on top of the excess, see Fig. 2.
We conclude that we are seeing a small group of galaxies that is now falling through the
cluster center and is in the process of being disrupted in the interaction with the cluster
potential. Currently, the diffuse light contains three times as much light as the DWs.

Galaxies in Disruption in the Hydra I Cluster
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U. Maio

Primordial and present-day star formation
Transition from population III to population II-I

The transition from primordial to metal-
rich star formation is led by metal
pollution (chemical feedback) and the
attainment of a critical metallcity, Zcrit.
When Z<Zcrit, population III stars are
formed; when Z ≥Zcrit , population II-I stars
are born. In our simulations, we study the
cases Zcrit=[10-3,10-4 ,10-5,10-6 ] ZSun.

In the maps (left), we show metal enrichment
for the case Zcrit=10-3ZSun (left column) and
Zcrit=10-5ZSun (right column), at redshift z=11
(bottom row),12 (central row), and 13 (upper
row).

Panel 1 shows metallicity evolution as a function of redshift for the case
Zcrit=10-4ZSun (indicated by the magenta horizontal line): the dotted line refer
to the maximum metallicity, Z, reached in the simulation, the dot-dashed line
is the average Z of polluted regions, the solid line is the average Z of the entire
box and the dashed lines the corresponding individual metallicities: carbon
(blue), oxygen (green), magnesium (red), sulphur (purple), silicon (pink), iron
(yellow), other metals (cyan).
Panel 2 shows the star formation rates densities, SFR, (a) for all the Zcrit
(upper lines) and distinguishing the population III ones (lower lines). The
contribution of the latter (b) drops very rapidly below ~10-3. The bullets are in
correspondence of the redshift when the average enrichment is equal to Zcrit.

References:
• U.Maio, B.Ciardi, N.Yoshida, K.Dolag, L.Tornatore, A&A, 503,25 (2009)
• U.Maio, K.Dolag, B.Ciardi, L.Tornatore, MNRAS, 379,963 (2007)

The very first generation of structures is thought to be characterized by very massive stars, formed out
from a pristine medium and described by a top-heavy IMF (population III). The successive stars are
instead born in a medium pre-enriched by the former generations. When the metallicity of the
environment gets higher than the critical value, Zcrit, their masses are smaller and distributed
according to a standard Salpeter IMF, like the ones commonly observed today (population II-I).
We present first numerical studies (1Mpc3 box in the frame of the standard cosmological model,
ΛCDM) of the early gas molecular cooling, the onset of primordial, metal-free, cosmic star formation
with subsequent metal spreading, and the transition to present-day metal-rich star formation regime.

Conclusions. The transition to population II-I regime is very fast (independently from Zcrit )
and this dominates the SFR.

Panel 1

Panel 2 (a)

Panel 2 (b)

maps
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J. L. Johnson (Theoretical Modeling of Cosmic Structures Group)

Figure 2. The number density nIII of Pop
III star clusters, taking into account
enrichment of the IGM by galactic winds.
The solid lines correspond to a minimum
halo circular velocity for star formation
of 20 km s−1 , while the dashed lines
correspond to a minimum of 30 km s−1 .
For each series of lines, the top (black)
line is our model which neglects external
metal enrichment, the green line
corresponds to a wind velocity vwind = 30
km s−1 , the red line to vwind = 60 km s−1 ,
and the blue line to vwind = 100 km s−1 .

References:
• Johnson J. L. 2009, MNRAS, in press (arXiv:0911.1294)

In reionized regions of the Universe, gas can only collapse to form stars in dark matter (DM)
haloes which grow to be sufficiently massive. If star formation is prevented in the minihalo
progenitors of such DM haloes at redshifts z > 20, then these haloes will not be self-enriched
with metals and so may host Population (Pop) III star formation. We estimate an upper limit
for the abundance of Pop III star clusters which thus form in the reionized Universe. We find
that there may be a sufficient number density of Pop III star clusters at z > 3 for detection in
surveys such as the Deep-Wide Survey (DWS) to be conducted by the James Webb Space
Telescope (JWST). If the stellar initial mass function (IMF) is top-heavy the clusters may
have sufficiently high luminosities in both Lya and He II l1640 to be detected and to place
constraints on the Pop III IMF. However, external metal enrichment due to galactic winds is
likely to preclude Pop III star formation in a large fraction of otherwise unenriched haloes,
perhaps even preventing star formation in pristine haloes altogether at z < 6.

Population III Star Clusters
in the Reionized Universe 

Figure 1. A schematic illustration of
the scenario for Pop III star cluster
formation. Star formation in
minihaloes is suppressed at redshifts z
≤ 20 by photoheating of the gas
within the early H II region (dark
gray) created by a dwarf galaxy at z ~
20. The minihalo at z ~ 20 grows to
the minimum mass Mmin for star
formation at z ≤ 6. The dwarf galaxy
may drive a metal-enriched wind
(light gray) into the IGM at some
velocity vwind. If this wind does not
reach the halo first, a Pop III star
cluster may form in the halo.
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C. Dalla Vecchia, J. Schaye (Leiden)

Edge-on projections of gas density (left panel) and temperature (central panel) for the 1010 h−1 M
model halo. The arrows represent the velocity field, and the size of the images is 17.5 h−1 kpc. The
outflow is mildly bi-polar (better showed in the temperature map), and the morphology of the galactic
disk is highly altered by the effect of supernova feedback. The time evolution of the outflow rate (right
panel, solid and dashed lines) is compared to the SFR (dotted line). The outflow rate (right panel, solid
line) is in agreement with the one of our kinetic feedback implementation (dashed line), and the
galactic wind mass loading is a factor of several to one order of magnitude larger than the SFR.

Simulating galactic outflows with thermal
supernova feedback 

As the above panels but for the 1012 h−1 M model halo. The size of the images is 45 h−1 kpc. The disk
morphology is not significantly altered, though the injection of thermal energy makes the disk more
stable to fragmentation. The outflow is clearly bi-polar and some of the outflowing material is recycled
at large disk radii (left panel). The temperature map (middle panel) clearly shows the bi-polarity of the
outflow. The galactic wind mass loading is of the order of the SFR (right panel) as expected from the
kinetic feedback model.

We present a novel recipe for feedback from Type II supernovae for smoothed particle hydrodynamics
simulations. In contrast with other popular implementations, feedback is performed injecting thermal
rather than kinetic energy into the interstellar medium. The recipe depends on two parameters: the
fraction of injected energy and the temperature increase of the heated gas. We perform the feedback
by (i) injecting all available energy from a star particle at once, (ii) heating only a fraction of
neighboring gas particles to reach a given temperature increase and avoid fast cooling of the gas
phase, and (iii) imposing the resolution requirements for the recipe to work. We compare this new
model against our previous implementation of kinetic feedback (Dalla Vecchia & Schaye, 2008,
MNRAS, 387) by running simulations of a dwarf and a massive isolated galaxies embedded in haloes
of mass 1010 and 1012 h−1 M, respectively. We found, for our fiducial parameters, results that are very
similar to the ones in our previous work when we compare the average properties of the outflow and
the star formation histories of the galaxies.
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Cosmological Simulations of Galaxies:
How feedback mechanisms lead to self-regulation.

The effects of feedback due to both type II and type Ia supernovae (SN) as well as central black holes, have
been investigated using cosmological simulations. The joint action of all these feedback sources controls the gas
conversion into stars and the accretion process responsible for the growth of central black holes. For an adequate
choice of the efficiency of these feedback mechanisms, the bimodality observed in the colour distribution of
galaxies can be reproduced. Characteristic properties of galaxies such as the correlation of luminosity and
velocity dispersion in the line-of-sight derived for red galaxies, satisfy the Faber-Jackson relation while
luminosity and rotation velocity for blue galaxies reproduce the Tully-Fisher relation reasonably well. Massive
galaxies have a stellar population older than less massive objects, in agreement with observations. Such an anti-
hierarchical behaviour, often referred to as the “downsizing effect”, can actually be understood as a
consequence of the complex effects introduced by the feedback sources.

To compute the simulations we modified the Tree-
SPH code Gadget-2 so that it could describe key
mechanisms that drive the interaction between
baryons. Amongst the various feedback processes,
the following have been taken into account: stellar
population evolution (mass recycling by stellar winds
or SN ejecta, UV photo-heating by young massive
OB stars, energy dissipation of SN blast waves and
chemical enrichment of metals into the ISM), metallic
turbulent diffusion (that mixes the heavy elements by
spreading them along the gradient of concentration)
as well as AGN activity (gas accretion into super-
massive black holes located at the center of most
galaxies and also the energetic feedback events such
as galactic jets that are associated with these black
holes). The combination of all these feedback effects
is complex but regulates the conversion of gas into
stars.

Fig: Slices of the simulated volume at present epoch (z=0). From left to right respectively, the gas density, gas temperature,
gas metallicity and stellar metallicity maps. The gas density which traces the distribution of dark matter haloes shows the
large scale filamentary structure. The temperature map shows how gas is heated up inside these haloes, whilst the gas
metallicity map illustrates how the interstellar medium is polluted by the chemical-heavy elements expelled during
supernovae explosion. Finally, the stellar metallicity map of the most massive group of galaxies in the simulation
emphasises that, even if the formation of galaxies goes through many merger events (shown by the numerous satellites
falling down to the central massive galaxy), gradients of metallicity are still detectable.

Fig: Colour Magnitude Diagram of all the simulated
galaxies referenced in our catalogue. The empty region
in the lower left side of the plot shows the resolution
limit of the simulation. Two sub-samples have been
created by a colour cut: the “blue objects” represent
star-forming low mass galaxies whilst the distribution
of “red objects” (black symbols with error bars)
follows the trend detected by Baldry (2004) for early-
type galaxies reasonably well.
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We have performed 3D hydrodynamical simulations of the interaction of a powerful
extragalactic jet and a thick galactic gaseous disk. With these simulations we explore the
opposing effects of positive feedback (enhancement of star formation) and negative feedback
(suppression of star formation) and measure the kinematic properties of the cold gas
component. These results will enable us to better understand the impact of jet feedback for the
formation and evolution of massive galaxies at redshifts 2 – 3.

The Maturing of Galaxies by Jet Feedback

Feedback by extragalactic jets has been suggested to account for a variety of observational findings such as the
early formation and thereafter almost passive evolution of elliptical galaxies, early metal enrichment, quenching of
cooling flows, triggering of star formation and jet-related observed outflows of neutral and ionized gas in radio
galaxies. Since at least some of these processes are important for the cosmic evolution of galaxies and their
environments, we perform high-resolution numerical simulations of the interaction of jets with a galactic gaseous
disk and the hot ambient gas using the adaptive mesh refinement code RAMSES. The hot phase is mostly effected
by thermal energy supply due to the bow shock and the hot jet cocoon. The cold gas, however, can both be
compressed to trigger gravitational collapse and star formation, or be heated, destroyed or driven out. We examine
the relative importance of jet feedback on the different gas phases. For this, we put a jet of power 1046 erg/s into
the center of a massive gaseous disk of ~1011 solar masses in a 32 kpc box. While we found that 60 – 80 percent of
the jet power can be thermalized in the hot ambient gas in previous axisymmetric runs, the impact on the cold gas
seems to be much smaller. The jet is able to drive outflows of cold gas and we find that ~3 percent of the jet power
is converted to kinetic energy of cold gas at early times. Longer simulation runs as well as including the jet
implementation in highly refined cosmological simulations will allow the determination of thermal and kinetic
efficiencies and comparison to simple jet feedback prescriptions used in current cosmological simulations.

Left: Density volume rendering of the jet showing the jet and its bow shock pushing through the gaseous disk and
into the (transparent) hot ambient gas. Middle: Zoom into the inner region of the disk, showing only the high
density clouds (green). Within the disk, the bow shock compresses these clouds (blue), pushes them outwards and
clears the center. Right: The density – radial velocity histogram shows the motion of the different gas phases.
The hot diffuse phase is pushed outwards in the shocked ambient gas region. The denser cold phase shows much
slower velocities, but still some bias towards positive radial velocities indicating the onset of a gas outflow. The
gas with almost zero radial velocity is the non-perturbed part of the gaseous disk.
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Discussion:
For a simple merger-driven growth of black holes we predict that the scatter must have been
larger at higher redshift. This could be an explanation for observed overmassive black holes at
high redshift (Peng et al. 2006; Schramm et al. 2008). If we assume an initial scatter of 0.6 dex
at z=3 these objects would be lying within the 2--range of this large initial scatter. Assuming
that these galaxies had on average 50-60 dry merger events we obtain a present-day scatter

References:
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• Peng et al., 2006, ApJ, 640, 114
• Schramm et al., 2008, A&A, 478, 311
• Shapiro et al., 2009, ApJ, 701, 955

We present results on the evolution of the intrinsic scatter in black hole masses assuming only
merger driven black hole growth. The simple case of an initially log-normal distributed scatter
in black hole and bulge masses combined with random merging within the galaxy population
results in a decreasing scatter with merging generation/number as predicted by the Central-
limit-theorem. Growth scenario based on halo merger trees of a (100 Mpc)3 dark matter
CDM-simulation show a similar behaviour of a decreasing scatter with decreasing redshift.

Evolution of the scatter in black hole mass

Results:
The Fig. on the
right shows the
evolution of the
black hole-bulge
mass relation assu-
ming black hole
growth only via
mergers in CDM-
simulations. As for
random merging of
black holes we
obtain a decreasing
scatter with increa-
sing time according

to the Central-limit-theorem (CLT) assuming an
initial log-normal distributed scatter in black hole
mass. A scatter quantification is shown in the plot
on the right: the scatter as a function of the merger
number. From the CLT we can deduce a fitting
function for the scatter decrease:
merge(m) ~ ini (m+1)-a/2, where m is the mean
number of mergers and a is a measure for the
strength of scatter decrease. The red, dashed line
shows a fit to the CDM-merging results. This is
qualitatively consistent with random merging
results, illustrated by the blue, dashed line.

of ~0.31 dex consistent with recent observations from
Gueltekin et al. (2009). Most importantly, a large initial
scatter can also account for undermassive black holes, as
observed by Shapiro et al., 2009.
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We perform a number of numerical simulations of gas-rich satellite galaxies mergers with
massive elliptical galaxies to investigate whether these can lead to residual star formation
signatures in elliptical galaxies in agreement with recent observations. Our simulations recover
the observed scatter within the NUV-r colour-magnitude diagram for reasonable assumptions
on the age and metallicity of the pre-existing stellar populations. In addition we can show that
the size-evolution of the remnant deviates from pure collisionless expectations based on the
virial theorem if dissipation is involved and that upcoming observations with the WFC3 on
board of the HST have the potential to recover residual star formation signatures in form of
shells and centrally concentrated young stellar populations.

The top figure shows the time evolution of a 1:6 merger in
various WFC3 bands. The magnitudes are colour-coded on
top of each panel. Each of these mock images uses the WFC3
specifications and assumes that each individual frame is at
z=0.033. These images show clearly the potential to identify
residual star formation triggered during the interaction
mainly in the satellite. Tidal forces stripping young stars
results in shell like features that are faint, but still potentially
visible. The left figure shows the evolution of the effective
radius of the host after the merger is completed in various
bands. The horizontal dashed line shows the expectations of
the simple virial argument. Shortly after the merger is
finished bands sensitive to young stellar populations show a
much more compact remnant than those sensitive to older
populations. Thus size-estimates, particularly at high redshift
will be sensitive to the rest-frame band they are measured in.

Residual Star Formation in Elliptical Galaxies

Traditionally early-type galaxies have been
associated with old, coeval stellar populations.
However, observational progress over the last
few years has revealed that some show signs
of residual star formation on the level of a few
percent of their total mass over the last Gyr of
their evolution. Galaxy formation models in
general require feedback processes to e.g.
avoid too massive galaxies or to recover the
optical colour magnitude relation of the
galaxy population. Prime candidates are
AGN-feedback and environmental effects,
both of which do not explain the existence of
residual star formation in early-type galaxies
of several orders of magnitude in mass. The
infall of gas-rich satellites on relative short
time-scales (1-2 Gyr) allows for a viable way
to trigger stochastic residual star formation in
early-type galaxies on all mass scales.
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In a hierarchically organized universe it has been
natural to focus on overdense ’lumps’ of dark matter
gas or stars and follow the merger history of these
lumps. But this is not the only or even necessary
approach to the phenomenon. Other works have
focused on how convergent cold streams of gas lead to
early starbursts and the formation of the cores of
massive galaxies.

One fundamental and useful distinction is to look if a
given star in the final galaxy was made (from gas)
close to the center of the final system or, alternatively,
near the center of some other distant system and
accreted in stellar form to the final galaxy. This
distinction is useful, e.g. to understand the size
evolution of massive galaxies.
The plots to the right show when and where the stars of
our 45 resimulated galaxies are formed. The upper
panel shows the results for low mass galaxies (halo
masses: 2.0×1011 − 1.5×1012M⊙), middle panel for
intermediate mass (1.5×1012 − 3.5×1012M⊙) and for
high mass galaxies in the lower panel (3.5×1012 −
3.7×1013M⊙).

In our re-simulations we find that most stellar particles
in massive galaxies are made at high redshift either far
inside the virial radius or, alternatively in small
systems outside the virial radius of the galaxy at a
given cosmic time.

This alternative way of envisioning galaxy formation
has many corollaries and makes many observed facts
easier to understand. In massive systems we expect
considerable growth in mass and radius at late times
but little star formation with the late forming stellar
envelopes comprised of stars which are typically older
than the stars in the bulk of the galaxy.

Further we find systematic trends with galaxy mass. As
one considers systems of lower and lower mass the in
situ component dominates more and more and the
period of insitu star formation is stretched out from
being a small fraction of the Hubble time to a large
fraction thereof.

L. Oser, T. Naab, J. P. Ostriker, A. Burkert
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We used cosmological high resolution 'zoom' simulations to study galaxy formation in dark
matter halos over a mass range of 2 orders of magnitude including gas physics, cooling,
starformation, UV background radiation and supernova feedback. Those simulations were
performed at the USM (Munich) and at the PICSciE (Princeton) with GADGET-2.

Cosmological Simulations of
Galaxy Formation 

115



MPEMPE

M. Hilz, R. Jesseit

References:
•Bezanson et al., 2009, ApJ, 697, 1290
•Binney, Tremaine, 2008, Galactic dynamics:  
Second Edition

•Hernquist, 1990, ApJ, 356, 359
•Hopkins et al., 2009, MNRAS, 398, 898

Recent observations show that the most massive galaxies at z~2 are very compact (Bezanson
et al. 2009, van Dokkum et al. 2009). These galaxies have nearly the same mass as today`s
ellipticals but are smaller by a factor of 5 (van der Wel et al. 2008). Because of their
compactness they also have very high densities within the effective radius (factor of 100 - 180
higher) and central velocity dispersions of ~ 500 km/s (van Dokkum et al. 2009). The latter
contradicts the argument that the small effective radii are caused by observational limitations,
as the low density material in the outer parts of distant galaxies is difficult to detect (Hopkins
et al. 2009). One popular approach for the evolution of early type galaxies are dry minor
mergers and the accretion of low density material.

Size Evolution of Early Type Galaxies

Numerical Setup:
We setup spherical symmetric, isotropic Hernquist density profiles
(Hernquist 1990) with either one component (Bulge) or two components
(Bulge + Dark Matter Halo). To get a proper N-Body realization we set
the bulge and dark matter halo to be in equilibrium in the total
gravitational potential and use Eddington`s formula (Binney & Tremaine
2008) to get the right positions and velocities of each component. Then
we chose radial orbits to create a sequence of minor mergers, so that. the
virialized remnant is the host for the next merger. All our simulations are
scale free.
Results:
On the two panels we can see the evolution of the gravitational (black)
and spherical half-mass radius (red, upper panel) and the density within
these radii (bottom panel) for ten frequent minor mergers, starting with
a 10:1 merger. The next merger has a mass ratio of 11:1 and so on. The
open triangles depict the evolution of the bound system as the amount
of unbound particles is increasing with each generation. Finally the
dashed lines show the theoretical evolution which one simply gets by
using the virial theorem for one-component models ( Naab et al.2009).
Already for the case of one-component accretion we can see that we get
a good match between the prediction and the numerical realization for
both the radii and the density. Altogether we get a size increase of a
factor of ~ 3 while the total mass of the galaxy has doubled. Of course
that is not enough, as the observers find a factor of ~5, but it seems to
work qualitatively in the right direction
To get an improvement we continue with more realistic two-component
models where the bulge is embedded in a dark matter halo. Therefore
the host galaxy is more robust to the disturbance of the satellites and
leads to better results. Although many people maintain that the size
increase for two-component models should be less ( Naab & Trujillo
2006, Hopkins et al. 2008) we find a ten times higher half mass radius
after ten generations of minor merging.

•Naab & Trujillo, 2006, MNRAS, 369, 625
•Naab, Johansson,Ostriker, 2009, ApJ, 699, L178
•van der Wel et al.,, 2008, ApJ, 688, 48
•van Dokkum et al., 2009, Nature, 460, 717
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Molecular clouds are known to be highly structured and turbulent. Assuming that this
structure arises from their formation process, we propose they are created from turbulent
atomic hydrogen when it gets compressed by stellar winds and supernova explosions. What is
more, the collision between two superbubbles, blown by winds and supernovae from OB
associations can trigger the development of various fluid instabilities (Heitsch et al. 2005),
such as the Kelvin-Helmholtz, the Vishniac and the thermal instability, thus creating another
generation of molecular cloud complexes.

Formation of Molecular Cloud Complexes from
expanding superbubbles

In order to study the problem in high resolution, we perform 2D simulations of the expansion of
superbubbles in the interstellar medium. We consider both a uniform and a turbulent medium and we
model the energy and mass input of an OB association of stars in this medium. Using a detailed
cooling and heating function to capture the thermal instability, we follow the formation of cold
(~10K) and dense (nH~103/cm3) structures, that can be the predecessors of molecular clouds.

The picture above shows a snapshot from one of our simulations. Although unresolved, we can still
distinguish the clumps of dense gas at the sides of the expanding bubbles. More of them will form as
the superbubbles collide. Higher resolution simulations, as well as an analysis of the kinematics of
these clouds are work in progress.
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Recently, high resolution observations with the help of the near-infrared adaptive optics
integral field spectrograph SINFONI at the VLT proved the existence of massive and young
nuclear star clusters in the centres of a sample of Seyfert galaxies (Davies et al., 2007). Using
high resolution hydrodynamical simulations with the PLUTO-code, we follow the evolution of
such clusters, especially focusing on mass and energy feedback from young stars. Here, we
concentrate on NGC 1068 and compare the resulting gas distribution to observations.

We concentrate on the longterm evolution of the small scale component with the of an
effective viscous disc model, using the mass input from the large scale simulations (left panel)
and accounting for star formation and angular momentum redistribution in the disc. This two-
stage modelling enables us to connect the tens of parsec scale region (observable with
SINFONI) with the parsec scale environment (MIDI observations). At the current age of the
nuclear star cluster, our simulations predict disc sizes of 0.8 to 0.9 pc, gas masses of 106 solar
masses (right panel) and mass transfer rates through the inner boundary of 0.025 solar masses
per year, in good agreement with values derived from observations.

Obscuring and feeding supermassive black
holes with evolving nuclear star clusters 

The turbulent input of
mass from the evolving
stars leads to a filamentary
inflow of gas on large
scales (tens of parsec), as
depicted in a meridional
slice through the 3D
density distribution at an
early and late stage in
panel a and b and for the
temperature distribution

(panel c). This outer part is already in a stationary state concerning the mass flux towards the
inner region at this time. A turbulent and very dense disc builds up on the parsec scale, as can
be seen in the equatorial cut through the 3D density distribution in panel d.

3D Hydrodynamical Simulations

Effective Disc Models

This work is published in
Schartmann et al. (2010).
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Radiation pressure is one of the main forces in AGN tori. Therefore, theoretical studies require
the inclusion of hydrodynamics and radiative transfer. We have written a 3D non-equilibrium
frequency resolved ray tracing module for the MHD code NIRVANA. We solve the radiative
transfer equation along rays in the direction of the coordinate lines and their diagonals, totaling
to 2, 8, and 26 rays for the 1D, 2D and 3D case, respectively. The dust temperature is calculated
separately, from the local equilibrium between absorption and emission of dust grains. The
parallel code evolves a 643 box for a reasonable simulation time in 2 days on the SGI Altix of
the Leibniz Rechenzentrum. Here we show a test of the radiative transfer module (top) , in
comparison to a Monte Carlo method (RADMC-3D, Dullemond (2009)). As a first application
we show the dynamic reaction of a turbulent slab , subject to radiation and gravity (bottom),
relevant to the inner boundary of the dusty torus. It demonstrates that gas may not be stabilised
against gravity by the radiation pressure.
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Radiation forces are thought to be important in the dusty tori around active galactic
(AGN). We have implemented a radiative transfer module into a magnetohydrodynamics
(MHD) code. Here, we show an irradiation test, and the reaction of a turbulent dusty slab to an
incident AGN spectrum.

Radiation Hydrodynamics Simulations of
Dusty Tori around Active Galactic Nuclei

Left: A turbulent multi-phase medium in 2D is irradiated from the
left by an AGN spectrum. The gas is initially in equilibrium
between the radiation pressure (rightwards) and gravity
(leftwards). We reduce the dust density in hot and low density
regions. The layer gets first compressed, then slightly denser parts
are accelerated towards the left. The whole evolution time is 113
years. The final velocity spread is 1000 km/s.

Above: In this 3D test an optically thick (tau9.7μ=13.4)
sphere is irradiated by a broadband spectrum from a
small hole inside. The resulting temperature
distribution is reasonably isotropic (left) and accurate
(right, solid line: RADMC-3D, the steep gradient
cannot be captured). Isotropy gets worse for
intermediate optical depths.
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The XMM-Newton X-ray observatory studied the sky area of lowest Galactic NH for a total of
1.16 Msec in what constituted the deepest XMM-Newton exposure at the time of observation,
resulting in the detection of 409 sources in a survey area of 0.2 deg2, down to a sensitivity
limit of 1.9x10-16, 9x10-16, and 1.8x10-15 erg cm-2 s-1 in the 0.5-2, 2-10, and 5-10 keV energy
bands. The number counts were found to be in close agreement with synthesis models of the
X-ray background and with results from previous surveys. We also studied the spectral
properties of type-I and type-II AGN based on their X-ray colours and selected a fraction of
6% Compton-thick source candidates from the colour-colour diagram, consistent with
predictions from X-ray background population synthesis models. For the first time, an
estimate of the logN-logS relation of Compton-thick sources was derived. See Brunner et al.
2008 for details.

XMM-Newton Observations of the Lockman Hole

Right: The logN-logS relation of
Compton-thick source candidates is
derived from the observed fraction of
different surveys (from left to right: this
work, CDFS, XMM-COSMOS, Chandra-
SWIRE), scaled to the survey area and
flux limit of the respective survey. Lower
panel: Fraction of Compton-thick source
candidates and prediction from Gilli et al.
(2007) X-ray background model.

Left: Colour-colour diagram of selected
objects (filled diamonds: type-I AGN, open
diamonds: type-II AGN, diamonds: galaxies,
crosses: clusters of galaxies, stars: stars, plus:
unidentified), overplotted with a grid of
absorbed power-laws and a reflection+leaky
absorber model (solid line). Note, that a
number of objects show “unabsorbed” soft
band hardness ratios but relatively hard
spectra at higher energies, well described by
the reflection+leaky absorber model.
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FIGURE 2: AGN FRACTION
Obscured AGN fraction of objects with LX≥1043

erg/s as a function of M* in three different redshift
bins. The fraction of objects hosting AGN increases 
with the stellar mass of the galaxy, being up to 30% 
for M*>3x1011 M and < 1% for M*=1010 M. 
In the figure we also plot as continuous lines the
results for optically selected AGN in the local
Universe of similar X-ray luminosity converted
from Best et al. (2005) using the X-ray to L(OIII)
relations given by Netzer et al. (2006). The trend
observed in our obscured Agn sample is the same
as that reported by Best et al. (2005), although the
normalization is higher, suggesting a higher AGN
duty cycle at higher z.
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We present a study of the properties of 110 obscured Active Galactic Nuclei (AGN) detected in
the CDFS 1Ms observation and their host galaxies. We found that X-ray selected (LX≥1042 erg/s)
AGN show Spitzer colors consistent with both AGN and starburst dominated infrared continuum;
the latter would not have been selected as AGN from infrared diagnostics. The host galaxies of X-
ray selected obscured AGN are all massive (M*>1010 M) and, in 50% of the cases, are also
actively forming in dusty environments. Finally, we found that the X-ray selected AGN fraction
increases with the stellar mass up to a value of ~30% at z>1 and M*>3x1011 M, a fraction
significantly higher than in the local Universe for AGN of similar luminosities.

FIGURE 1: INFRARED COLORS
Obscured AGN show Spitzer colors consistent with
both an AGN dominated continuum and a starburst
dominated continuum in the MIR. This suggests that
the star-formation region as defined by Pope et al.
(2008) contains not only objects in which the
bolometric luminosity is dominated by the star-
formation processes, but also a not-negligible number
of objects hosting candidate obscured/Compton
Thick AGN.

BH growth and SF activity in the CDFS

SF AGN

SF AGN
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A new sample of 213 obscured AGN was selected from the zCOSMOS survey, covering a
wide redshift range (0.15<z<0.92) and fainter luminosities than any previous optical study
(105.5<L[OIII][L]<109.1). We study their evolution by computing the [OIII]5007Å line lumi-
nosity function and constrain the fraction of obscured AGN as a function of L and z.

Fig.1: Binned [OIII] line luminosity
function (LF) of the zCOSMOS type-2
AGN (black circles) derived in three
redshift bins and compared to the SDSS
(Reyes+08) type–2 AGN data (blue
diamonds). The black curve shows the LF
best fit, a luminosity-dependent density
evolution model (LDDE) derived
considering the combined zCOSMOS-
SDSS data shown here. Open symbols
show incomplete bins not used to derive
the model fit. In each panel, the z=0 model
is also reported as reference (dashed line).

The  [OIII] emission line luminosity function of
obscured AGN from the zCOSMOS survey

Fig.2: Fraction of type–2 AGN to the total AGN population in three redshift bins. Symbols
are as in Fig. 1. The fraction of type–2 AGN decreases with luminosity (from 65% to 50% at
0.15< z <0.3 and from 80% to 25% at 0.3< z <0.45, and 0.5< z <0.92) and shows signs of a
slight increase with redshift. For comparison we show the sample of Simpson+05 (magenta
squares); and the linear fit by Hasinger+08 (dot-dashed green line).

Text and figures from 
Bongiorno et al. 2010 (A&A 510A, 56B)

0.15< z <0.3 0.3< z <0.45 0.5< z <0.92
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We analyze for the first time the accurate nH distribution and the fraction of Compton-Thick
objects in the local Universe, namely at z < 0.3. Starting from the three years Swift–BAT
survey (March ‘05 – March ’08) we select 199 nearby Seyfert galaxies at |b| >15 deg and S/N
> 5 s. We use XMM-Newton and Swift–XRT follow ups to jointly fit the spectra from 0.3 keV
to 200 keV. We present the nH distribution as well as probing the anti-correlation between the
fraction of absorbed objects (i.e. nH ≥ 1022 cm−2) and the hard X-ray (i.e. 15−55 keV)
luminosity. Albeit complete for Compton-Thin and moderately absorbed sources, also BAT
suffers a moderate bias in detecting highly absorbed sources ( nH> 5*1024 cm−2).

We present (right fig.) the anti-correlation
between the fraction of the absorbed (nH
≥1022 cm-2) sources versus luminosity in the
15-55 keV energy range. This has been by
far explained as the variation of the covering
factor by the obscuring material of the
nuclear source. For comparison ISGRI non-
Blazar, local sources are shown in grey color
(adapted from Beckmann et al. 2009). The
dashed line represents a fit with a smoothly
jointed step-function (Gilli et al. 2007).
Since in the first bin there might be a
contamination by the stellar component of
the host, we introduced a cut at a minimum
luminosity which corresponds to an AGN
radiating 1042 erg/s in the 2-10 keV energy
band. Consequently the relation likely (>2)
becomes linear.

Three years Swift-BAT survey:
absorption in the local Universe

Swift-BAT spectra were extracted in the 15-195
keV energy range. They were corrected for
vignetting, corrected for background
contamination, and weight-averaged over exposure
(Ajello et al. 2008). Fluxes and Luminosities were
calculated in the 15-55 keV energy range. We
show the nH distribution (left fig.) for 199 sources
(102 taken from the literature, e.g. Tueller 2008,
the rest done by us). ToO were granted for the
sources which didn’t have any follow up below 10
keV. We used XMM-Newton and Swift-XRT
observations to jointly fit the spectra from 0.3 keV
to 195 keV. We found 11 objects (dubbed CT
sources) with column density ≥ 1024 cm-2.
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Based on the first four years of INTEGRAL SPI and ISGRI data, the time-averaged spectra of
the 20 brightest gamma-ray sources are measured. For the large FOV SPI data we employ a
detailed energy-dependent all-sky source model and a new maximum-likelihood fit technique
which is now also available as part of the public INTEGRAL analysis software.

The agreexment between our SPI and ISGRI measurements is good if we normalise them on the Crab
spectrum. Our SPI flux measurements also agree well with those by Bouchet et al. (2008). All 20
sources in our sample are detected independently in the bands 25-100 keV and 100-200 keV. At 200-
600 keV we detect eight sources, at 600-1000 keV we detect two sources (the Crab and Cyg X-1).

Our spectra agree well with the results from previous publications where available. For six of the 14
XRBs in our sample we find evidence for a hard powerlaw-component which becomes dominant
above the cutoff energy of the thermal Comptonization component. In two of these cases, our study
provides the first indication of such emission. For the others, our results confirm previous studies. Our
spectrum of the Crab, integrated over 1.3 Ms, shows a significant flux in all points and is well
described by a powerlaw with a break near 100 keV and spectral indices 2.12 and 2.21.
These results were published in the catalogs section of A&A (Petry et al., 2009).

The 20 brightest soft gamma-ray sources

We create an all-sky source model (see figure) based on the source catalog derived by Bouchet et al.
(2008) from a SPI all-sky study. We use the first four years of public SPI data and extract spectra
between 25 keV and 1 MeV for the 20 catalog sources (Crab, Vela Pulsar, NGC 4151, NGC 4945,
Cen A, XTE J1550-564, 4U 1630-47, Swift J1656.3-3302, OAO 1657-415, GX 339-4, 4U 1700-377,
IGR J17091-3624, GX 354-0, 1E 1740.7-2942, IGR J17464-3213, GRS 1758-258, Ginga 1826-24,
GRS 1915+105, Cyg X-1, Cyg X-3) detected by Bouchet et al. at 200 keV - 600 keV with > 2.5 σ. In
order to verify our analysis, we also extract spectra for the same sources from the corresponding
INTEGRAL/ISGRI data at 25-600 keV.
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An X-ray image simulator taylored for XMM-Newton and
eROSITA was developed within the programming language
C. The X-ray background and point sources are implemented
in a realistic manner. Optionally also a real pointing can be
used instead of the artificial background and AGN
population. Galaxy clusters are in a first approximation
realized as β-models with varying core radii rc and number of
photons Nph with fixed β=2/3.
The PSF convolution is done very efficiently on a photon by
photon basis taking the raytracing simulated images of the
XMM calibration database as PSF input model.
For each combination of rc & Nph, ten β-model clusters are
placed in each pointing at different offaxis angles θ (random
azimuth). Each rc & Nph & θ -combination is simulated five
times for increased statistics. The simulations are analysed
with the same pipeline (based on XMM-SAS) which was also
used for the analysis of the real XDCP pointings. In a first
simulation run of 2.5 months of computing time on 20 CPUs,
160 XDCP fields were simulated in this way.

M. Mühlegger, H. Böhringer, R. Fassbender, and the XDCP collaboration

The XMM-Newton Distant Cluster Project (XDCP) aims at detecting clusters of galaxies at
high redshifts (z≥1) by re-analysing archived XMM observations (Fassbender, 2007). In order
to utilize the results for cosmological applications, the survey volume has to be determined
through a detailed analysis of the detection sensitivity across the XDCP survey area (selection
function). This can only be achieved via simulations which have been developed and
performed within the scope of a PhD thesis (Mühlegger, 2010).

Calibration of the XDCP Survey
with Simulated Cluster Observations

References:
• Fassbender, R., 2007, PhD thesis, LMU München
• Mühlegger, M., 2010, PhD thesis in prep., TU München
• Vikhlinin, A. et al., 1998, ApJ, 502, 558

Figure 1: Example of a simulated XMM pointing (PN
detector only), with boresight marked by the *. The circles
mark the ten β-model clusters (12'' core radius, 1000
photons each). The clusters at θ=13.5' and θ=15' are
outside the field-of-view of the PN detector in this case.

detection rate / probability Figure 2: An example
data cube of one XMM
field with color coded
detection rate

By matching simulated vs. detected
clusters, the detection rates are
calculated for each parameter set
(rc, Nph, θ). These are represented in a
data cube (cf. figure 2). Each Nph-scale
is then converted to the corresponding
flux scale fX=fX(Nph, θ, ...).
When convolving with a realistic core
radius distribution (e.g. Vikhlinin et al.,
1998), the geometric area can be
determined as a function of sensitivity
to yield the final survey sky coverage.
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Weak lensing masses of  galaxy groups

We use a sample of 206 X-ray-selected galaxy groups to investigate the scaling relation
between X-ray luminosity (LX) and halo mass (M200) where M200 is derived via stacked weak
gravitational lensing. For the COSMOS data we find a power law, M200 ~ (LX)α, with a slope
of α = 0.66 ± 0.14.

Measurements of X-ray scaling laws are critical for improving cosmological constraints derived with
the halo mass function and for understanding the physical processes that govern the heating and
cooling of the intracluster medium. In this paper, we use a sample of 206 X-ray-selected galaxy
groups to investigate the scaling relation between X-ray luminosity (LX) and halo mass (M200) where
M200 is derived via stacked weak gravitational lensing. This work draws upon a broad array of multi-
wavelength COSMOS observations including 1.64 degrees2 of contiguous imaging with the Advanced
Camera for Surveys to a limiting magnitude of IF814W = 26.5 and deep XMM-Newton/Chandra
imaging to a limiting flux of 1.0 × 10–15 erg cm–2 s–1 in the 0.5-2 keV band. The combined depth of
these two data sets allows us to probe the lensing signals of X-ray-detected structures at both higher
redshifts and lower masses than previously explored. Weak lensing profiles and halo masses are
derived for nine sub-samples, narrowly binned in luminosity and redshift. The COSMOS data alone
are well fit by a power law, M200 ~ (LX)α, with a slope of α = 0.66 ± 0.14. These results significantly
extend the dynamic range for which the halo masses of X-ray-selected structures have been measured
with weak gravitational lensing. As a result, tight constraints are obtained for the slope of the M-
LX relation. The combination of our group data with previously published cluster data demonstrates
that the M-LX relation is well described by a single power law, α = 0.64 ± 0.03, over two decades in
mass, M200 ~ 1013.5-1015.5 h –1

72 Msun . These results are inconsistent at the 3.7σ level with the self-
similar prediction of α = 0.75. We examine the redshift dependence of the M-LX relation and find little
evidence for evolution beyond the rate predicted by self-similarity from z ~ 0.25 to z ~ 0.8.
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S. Komossa, H. Zhou 

References:
• Komossa, S. et al. 2008, ApJ 678, L81
• Komossa, S. & Merritt, D. 2008a, ApJ 683, L21

Massive binary black hole (BH) mergers and subsequent recoil of the newly formed BH, due
to anisotropic emission of gravitational waves, is central to our understanding of the (co-)
evolution of galaxies and BHs. For the first time, (a) we have presented a candidate recoiling
BH based on the theoretically predicted emission-line signature, (b) we have predicted the
observational signatures related to the stars bound to the recoiling BH, and (c) we have shown
that BH recoil oscillations have strong implications for obscuration-based unified models of
active galactic nuclei (AGN), if kick velocities exceed a few 100 km/s.

(1) In the SDSS data base, we have identified the galaxy SDSSJ0927+2943 (Fig. 1), which hosts a
candidate recoiling BH, based on several key emission line signatures: a kinematic off-set between
broad and narrow emission lines of 2650 km/s, a symmetric shape of the broad lines, and a lack of an
ionization stratification of the narrow lines (Komossa et al. 2008).

(2) When the BH recoils, the most tightly bound stars will remain bound to the BH. Such systems
would resemble a globular cluster in total luminosity, but with a much greater velocity dispersion due
to the large binding mass. While these hypercompact stellar systems can be identified directly in the
nearby universe (Merritt, Schnittman & Komossa 2009), at larger distances they can be identified by
luminous, off-nuclear flares of stars which are tidally disrupted by the BH. We have shown that the
disruption rate, in the resonant relaxation regime, is not much lower than the rate under non-recoil
conditions (Komossa & Merritt 2008a; Fig. 1 below). (3) We have shown that BH recoil oscillations
beyond the obscuring torus in AGN have potentially far-reaching consequences for quasar statistics;
i.e. for unified models of AGN (Komossa & Merritt 2008b).

Recoiling Supermassive Black Holes

bound starsunbound

MBH =  106 Msun
3 107 Msun

9

75

candidate recoiling BH

stellar tidal disruption 
rate

Fig. 1: Left panel: Optical spectrum of the candidate recoiling BH SDSSJ0927+2943 (Komossa et al. 2008).
Right panel: Predicted tidal disruption rate for stars bound and unbound to the recoiling BH under resonant
relaxation conditions, for two typical model galaxies (see Komossa & Merritt 2008a for details).

• Komossa, S. & Merritt, D. 2008b, ApJ 689, L89
• Merritt, D., Schnittman, J., Komossa, S. 2009, ApJ 699, 1690 
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Modern multi-wavelength AGN surveys have allowed great progress in the census of
supermassive black holes (SMBH) up to relatively high redshift. By combining the evolution
of AGN luminosity functions with a simple continuity equation for the black holes mass
functions, we could put constraints on the growth of the population in the two main 'modes'
observed (kinetic- and radiatively-dominated, respectively). The mass function evolves anti-
hierarchically (Figure 1): the most massive holes grew earlier and faster than less massive
ones. An outlook on the evolution of the AGN radio and kinetic luminosity function provides
instead an estimate of the average “mechanical” efficiency of growing black holes (Figure 2).

A. Merloni

References:
• Merloni & Heinz, 2008, MNRAS, 388, 1011
• Merloni, 2010, Proceedings of the conference "Accretion and ejection in AGN: a global view”; arXiv: 0912.2011

A synthetic view of SMBH growth 

Figure 2 Redshift evolution of the radiative
(bolometric; upper dark grey area between solid
lines) energy density of AGN compared to the
estimated total kinetic one (light grey area
between dashed lines). The latter has been split
into contribution from low and high accretion rate
object (LK and HK, respectively). For an average
radiative efficiency of about 8%, the
corresponding average efficiency with which
growing black holes convert rest mass energy in
mechanical power is of the order of 0.3-0.6%, but
has a strong mass and redshift dependence, being
larger for more massive black holes at low z.

instantaneous growth time smaller than the age of the Universe at any particular redshift can
be said to be effectively growing. Right: the fraction of the final black hole mass
accumulated as a function of redshift and final (i.e. at z=0) mass is plotted as contours.

Figure 1 Left:
Average Growth time
of Supermassive
Black Holes (in years)
as a function of
redshift for different
black hole mass
ranges. The dashed
line marks the age of
the Universe; only
black holes with
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X. Mazzalay, A. Rodríguez Ardila and S. Komossa

Coronal lines (CLs) are collisionally excited forbidden transitions within low-lying levels of
highly ionized species (ionization potential IP ≥ 100 eV) and their presence indicates the
existence of very energetic processes associated with the nuclear activity. Although they have
been long known to be a common feature in the spectra of Active Galactic Nuclei, a clear
picture that explains the formation of the CLs is far from complete. In order to have a better
understanding of the so-called coronal line region (CLR) we analyzed HST/STIS optical long-
slit spectra of ten nearby Seyfert galaxies (see Mazzalay et al. (2010) for details). The lines
chosen for this analysis range from [Ne V] and [Fe VII], with ionization potential of about
100 eV, to very high ionization lines like [Fe XIV] (IP=361 eV) and [S XII] (IP =504 eV).

References:
• Mazzalay et al. 2010, submitted to MNRAS

We present a study of HST/STIS optical spectra of a sample of ten Seyfert galaxies aimed at
analyzing the structure and physical properties of the coronal line region. The high spatial
resolution provided by STIS (~ 7 pc for the closest objects) allowed us to resolve the coronal
line region and obtain key information about the kinematics of the coronal-line gas, measure
directly its spatial scale, and study the mechanisms that drive the high-ionization lines.

RESULTS:
• We found that CLs can be emitted from very
compact regions (<10 pc) up to scales of
hundreds of parsecs.
• There is a trend for CLs to follow the same
spatial distribution and kinematics as the lower
ionization lines.
• A particularly interesting case is the [Fe X]
line displayed by Mrk 573 (Fig. 1). This high-
ionization line extends up to 120 pc from the
nucleus. This extent is remarkable because it
has been rarely observed before. This line also
displays a double-peak structure, with the peak
separation increasing when going from one side
of the nucleus to the other.
• From a direct comparison between the radio
and the CL emission we found that neither the
strength nor the kinematics of the CLs scale in
any obvious and strong way with the radio jets.
• The similarity of the flux distributions and
kinematics of the CLs and low-ionization lines,
the low temperatures derived for the gas, and
the success of photoionization models to
reproduce, within a factor of few, the observed
line ratios, point towards photoionization as the
main driving mechanism of CLs.

The coronal emission line region in AGNs:
an HST view 

Figure 1: Flux distribution (upper panel)
and radial velocity (lower panel) of the
principal lines measured of Mrk 573 as a
function of the distance to the nucleus.
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E. Bottacini et al.

Context: High-redshift blazars are important tracers of the evolution of SMBHs in the early
Universe. Boetther & Dermer (2002) link the blazar subclasses through the gradual depletion
of the circum-nuclear environment of SMBHs. In a process that is no understood well, the
interaction of the accretion disk and the SMBH drives the formation of jets. The blazar spectra
therefore carry the information about the accretion and the circum-nuclear environment, hence
on the evolution of the environment of SMBHs over cosmic time.

References:
• Boettcher M., Dermer C.D., 2002 ApJ, 564, 86
• Ghisellini G., et al., 2009, MNRAS, 396, 105

PKS 0537-286, at redshift 3.1, belongs to the blazar AGN subclass pointing its jet towards the
observer. The relativistic beaming effetc at work within the jet enhances its luminosity. This in
turn allows to derive the properties of the extrafalactic jet, the powering central engine, and the
surrounding environment. I present the results of the multi-λ campaign on the source.

Results: Common spectral features of these high-redshift blazars are an apparent excess
emission at around 2 keV and a hard spectral index (Γ ~ 1.2). This is sometimes interpreted as
signature of bulk-Comptonization processes within the jet at parsec scale distance from the
super massive black hole. The very precisely sampled SED over a wide range of frequencies
and the analysis of archive data allow us to exclude this emission process for PKS 0537-286.
Instead we find this spectral feature to be caused by variability of the intrinsic NH at the
source.. Furthermore we derive the physical parameters of the central engine and the jet.

PKS 0537-286, carrying the information of the
environment of SMBHs in the early Universe

Observations: the campaign
lasted over 2 years from
2006 to 2008 and the
simultaneous observations
were performed from near-
IR to gamma-rays. The data
set covers the complete two
humb structure of the SED
typical of blazars. In
addition to this we analyzed
archive data of XMM,
Chandra, ROSAT and
ASCA.

SED: The typical two hump
structure is evident in the
SED (Figure 1). We model
the data according to
Ghisellini & Tavecchio
(2009).
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The nature and origin of the high-energy (X- to γ-rays) emission of 3C 279 remains still unclear. Also its
connection to the low-energy radiation (radio – UV) is not understood. To improve on this situation, we
observed an optical high-state (R~14.5 mag) of 3C 279 in a multifrequency campaign in January 2006. This
compares to a campaign in a faint optical low-state (R~17 mag) in June 2003. A well covered spectral energy
distribution (SED) could be derived for January 2006 (see figure), showing the typical two-hump structure,
the signature of non-thermal emission from a relativistic jet.

We carried out a multifrequency campaign of the γ-ray blazar 3C 279 during an optical high-state
in January 2006. This complemented a campaign in June 2003, when 3C 279 was in an optical
low-state. Surprisingly the two SEDs differ only in their high-energy synchrotron emission (near-
IR – UV), while the low-energy inverse-Compton emission (X- to γ-rays) remained unchanged.
Our results prove that the two emission components do not vary simultaneously. By interpreting
with a steady-state leptonic emission model, the variability among the SED can be reproduced by
a change solely of the low-energy cutoff of the relativistic electron distribution. We estimate a
total kinetic luminosity in leptons of 1.2•1045 erg/s for the 3C 279 jet in January 2006.

Modeling the SED of the γ-Ray Blazar
3C 279 in different Optical States

References:
● R. Hartman, et al.. 2001, ApJ 553, 683 ● W. Collmar, et al., 2004, ESA SP-552, 555
● W. Collmar,,et al., 2007, ESA SP-622, 207 ● W. Collmar, et al., 2010, A&A submitted

The SEDs of the January
2006 and June 2003
campaigns, compared to a
γ-ray flaring SED, are
fitted by a leptonic
emission model (see text
for details). Since the
modeled emission region,
the inner (sub-pc) “blazar
zone”, is optically thick
to radio emission, the fit
model does not match the
radio spectra. The jet
becomes optically thin at
radio frequencies only at
much larger (pc – kpc)
scales.

A leptonic one-zone jet model, including synchrotron self-Compton and external-Compton scattering as
high-energy radiation mechanisms, has been appropriate for modeling simultaneous SEDs of 3C 279 (e.g.
Hartman et al. 2001). A relativistic electron population is assumed to be in an equilibrium state between on-
going injection (Lorentz factors between γ1 and γ2 with powerlaw index q), escape, and radiative cooling in a
spherical emission region of radius R, moving relativistically with bulk Lorentz factor Γ along a magnetized
(B) jet. We find that the optical through hard X-ray SED of January 2006 is well represented by the
following model parameters (solid red line in the figure): γ1=1.5•103, γ2=105, q=3.7, B=0.8 G, R=3.5•1016

cm, Γ=15, and an external radiation field density of u=2.2•10-4 erg/cm3. Remarkably the optical low-state
SED of June 2003 can be modeled with essentially identical parameters, changing only the low-energy cutoff
of the electron distribution, γ1, to 550 (black dashed line in the figure).
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The Narrow-Line Quasar LBQS 0102-2713 was found to be notable and important due to its
steep photon index with 61.3. The maximum intrinsic absorption is 6.1020 cm-2 at least a
factor of about 20 lower compared to BAL quasars. The 2500 A monochromatic luminosity is
comparable to the mean of the most luminous SDSS quasars, while the 2 keV monochromatic
luminosity is comparable to the most SDSS dim quasars. The resulting ox value is steep with
-2.3. The combination of UV-brightness, X-ray weakness, a steep soft photon index and the
absence of significant intrinsic absorption is an unusual parameter combination for quasars.

The unusual SED of the quasar LBQS 0102-2713

LBQS 0102-2713 was selected from the catalogue of ROSAT pointed observations as being notable
and important due to its steep photon index for a quasar. The available data suggest a steep aox value, a
steep soft X-ray photon index and low intrinsic absorption, an unusual parameter combination for
quasars (Boller et al. 2009). At 2500 A the object is comparable to the mean of the most luminous
quasars from the Sloan Digital Sky Survey (SDSS) as studied by Richards et al. (2006). At 2 keV the
object is X-ray weak and the monochromatic luminosity is comparable to the most SDSS dim quasars.
When applying a simple power law fit with leaving the NH free, the photon index is extreme at G =
(6.0 1.3). The aox value of -2.3 is similar to those of BAL quasars (e.g. Gallagher et al. 2006),
however with no significant intrinsic absorption. The maximum intrinsic absorption is about 6.1020

cm−2. This is at least a factor of about 20 lower compared to BAL quasars. There are no significant
indications that the object is intrin-
sically X-ray weak. The rest-frame EW
values for the Lyβ/O VI and the
Ly/NV lines are about 12 and 50 A,
respectively. This is comparable to
values from quasar composites. The 2
keV X-ray weakness is therefore most
probably not caused by intrinsically X-
ray weakness, in contrast to PHL 1811
(Leighly et al. 2007). In Figure 1 we
demonstrate the unusual SED of LBQS
0102-2713 showing its strong UV-
brightness, X-ray weakness, an
extremely steep soft X-ray spectral
photon index and low neutral
absorption columns.

This parameter combination is unusual for quasars and needs to be explained. A potential model for the
X-ray weakness might be a patchy or disrupted accretion disc corona, referred to as the global X-ray
Baldwin effect. XMM-Newton observation obtained in December 2009 are presently analysed and
have already confirmed the steep soft X-ray photon index. The data are used to further constrain the
physics of the unusual parameter combination for a quasar (Boller et al. 2010, in preparation).
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H. Steinle
References:                                            http://www.mpe.mpg.de/Cen-A/

With a page visit rate of about 5 unique visits per day, the dedicated Cen A web pages at MPE
have a very good acceptance and are used often as the most current reference on Centuarus A
by scientists all around the world. The web site has been set up in 1998 to collect all
information on this important nearest AGN and has been expanded since then. On eight pages
a plenty of information is given including Cen A facts that are updated continously with the
latest results, an up-to-date reference list, a collection of images in all wavelenght bands, a
daily lightcurve in X-rays, as well as an account on the history of all Cen A observations.

Special Centaurus A Web Site at MPE

Page example:
“Facts”.

The actual page is 
much longer than this 
view!
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T. Krühler and J. Greiner
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The densely sampled early light curve of the optical/near-infrared afterglow of the X-ray Flash
071031 at z=2.692 obtained with GROND shows several flares superimposed to the generic
afterglow. The bumps in the optical/NIR light curve can be associated with flares in the X-ray
regime suggesting late central engine activity as the common origin.

The very early optical afterglow of GRBs and
XRFs is of significant interest (see e.g. Greiner et
al. 2009) from a theoretical point of view and in
particular how it relates to the flares and plateaus
seen in many X-ray afterglow light curves (e.g.
Nousek et al. 2006, O'Brien et al. 2006).
The multi-color light curve of the optical
afterglow of XRF 071031 (Krühler et al. 2009) is
complex, with several flares superimposed to the
overall rise and decay (Fig. 1).

On the origin of flares in GRB afterglows 

The initial rise of the afterglow can be attributed
to the onset of the afterglow, when the mass of
the swept up circumburst medium can efficiently
decelerate the ultra-relativistic outflow. In this
case, constraints on the initial bulk Lorentz factor
 of the ejecta can be obtained. In the case of
XRF 071031,  is around 200, with only a weak
dependence on the uncertain model parameters.

The spectral index  of the optical/NIR SED
is observed to evolve with time. Remarkably,
the chromatic evolution is correlated with the
intensity of the flares with respect to the
underlying afterglow. Furthermore, the optical
variability can be related to flares in the X-ray
regime. A combined X-ray to NIR spectrum of
the flares over 5 orders of magnitude shows
the characteristic shape typically observed
during the prompt emission. The spectral
similarities to the prompt phase strengthen the
picture of X-ray/optical flares as later and
softer examples of the prompt emission due to
internal shocks. This connection provides
additional evidence that inner engine activity
may last or be revived on a timescale of hours
or days at least for some bursts.

The availability of high-quality broad-band
data furthermore enables detailed studies of the
superimposed variability on the generic
afterglow forward shock evolution (Fig. 2).

• Nousek, J. A. et al., 2006, ApJ, 642, 389
• Krühler, T. et al., 2009, ApJ, 697, 758

Fig 1. GROND seven band optical/NIR light curve of
the afterglow of XRF 071031.

Fig 2. After the removal of the generic afterglow, the
optical flares (lower part) show strong evolution of the
spectral index (upper part).
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R. Filgas, T. Krühler, J. Greiner

The afterglows of the two GRBs 080413B and
080710 are well sampled in time and frequency
domain by observations with the X-ray telescope on
the Swift satellite and the multi-channel imager
GROND in the optical to near-infrared (NIR) regime.
Although fundamentally different in their
morphology, a simple geometrical model of the
afterglow provides an excellent fit to the data obtained
for both afterglows.

References:
• Krühler, T. et al., 2009, A&A, 508, 593
• Filgas, R. et al. 2010, in prep.

The early afterglow of gamma-ray bursts (GRBs) provides a powerful diagnostic of the ultra-
relativistic jets, and in particular the initial Lorentz factor, the opening angle, and the geometry.
Detailed multi-wavelength studies using GROND and Swift XRT begin to shed light on these
fundamental properties of GRB outflows. The afterglows of the two GRBs 080413B and 080710
have been particularly revealing and showed convincingly the impact of multiple jet components and
viewing angle on the afterglow morphology.

GROND Reveals GRB Jet Geometry

In strong contrast to GRB080710, the evolution of
the afterglow of GRB080413B shows strong
chromatic features, both within the optical/NIR
bands, as well as in the ratio of optical to X-ray flux.
Here, the early decaying afterglow component is
produced by a narrow jet seen face on. A broader jet
dominates the afterglow evolution later on, and
causes the long plateau observed in the optical
regime between 3 and 100 ks after the trigger. The
different light curve morphology between
optical/NIR data and the X-ray observations, the
former of which do not show a prominent plateau
phase, hints on different physical conditions, and in
particular a different distribution of the radiating
electrons, in the two components of the jet.

The afterglow light curve of the soft GRB 080710
shows an initially rising afterglow. The complete
evolution from NIR to X-rays is achromatic
throughout the observations, and can be very well
modeled with a jet viewed off-axis.

Direct consequences of the light curve modeling are
insights into the GRB outflow properties, such as the
opening angle of the jet, the Lorentz factor and the
relative energies, as well as the observers position
with respect to the symmetry axis of the jet.

GRB 080710

GRB 080413B

θnarrow ~ 2
θwide ~ 9

Off-axis angle ≤ 3

θnarrow ~ 2-4
θwide > 10
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Multi-wavelength follow-up observations of the optical/NIR afterglows of five GBRs with
high-energy emission detected by Fermi/LAT were performed with the multi-channel imager
GROND and VLT/FORS. We present their redshifts, afterglows, energetics and host galaxies.

The two instruments onboard Fermi, the LAT
and GBM, can measure the spectral properties
of gamma-ray bursts over a very large energy
range and are opening a new window on the
prompt emission physics of these energetic
events. Localizations by the instruments on
Fermi in combination with follow-up by Swift
provide accurate positions for observations at
longer wavelengths leading to the determination
of redshifts, the true energy budget and host
galaxy properties [1, 2]. Together with ground
based follow up, Fermi provides valuable
information on the spectral properties of the
prompt emission [3, 4, 5], the presence or
absence of intrinsic spectral cut-offs or those
due to the optical depth of the universe to high-
energy  - rays due to pair production on
infrared diffuse Extragalactic Background
Light [3], and test for quantum gravity effects
[5].

The afterglows of Fermi / LAT GRBs

The extremely energetic Fermi bursts with
isotropic equivalent energy releases up to a
staggering 1055 erg and their afterglows place
strong constraints on the empirical relations
found in previous samples (Fig. 2). In
particular all long bursts are roughly consistent
with the Epeak- Eiso (grey areas in Fig 2.)
relation, albeit with a large scatter, but not
with the Epeak-E relation, (gold areas in Fig
2.) strongly questioning its physical nature,
and potential use for cosmology.

The luminosities of the long burst afterglows at
redshifts between 0.735 and 4.35 are spread
throughout the distribution of well observed
pre-Fermi afterglows with GRB 090323 being
one of the most luminous afterglows especially
at early times. GRB 090510 at z=0.903 has one
of the most luminous short GRB afterglows
detected to date (Fig. 1). Compared to the
complete Swift sample, the long Fermi bursts
have optical afterglows, which lie in the top 5
% of the observed brightness distribution. Their
host galaxies do not appear to differ from
previous samples, in terms of extinction, star
formation rates and masses.

• [3] Abdo et al. 2009, Science, 323, 1688
• [4] Abdo et al. 2009, ApJL, 706, 138
• [5] Abdo et al. 2009, Nature, 462, 331
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MOTIVATION: Cosmic interstellar dust permeates all aspects of astrophysics, either
as a probe to galactic environmental conditions, or as a contaminant to be removed.
Understanding the dust extinction properties in GRB hosts is therefore critical not only
for GRB progenitor host galaxy studies, but also as a unique source with which to study
interstellar dust over comic time. We therefore took a sample of 48 well-sampled GRBs
(in time and energy) to study the dust extinction properties out to redshift z ~ 4.

References:
[1] Pei, 1992, ApJ, 395, 130
[2] Li et al., 2008, ApJ, 685, 1046

Gamma-Ray Bursts (GRBs) provide a unique opportunity to probe the ISM of otherwise
undetected distant, star-forming galaxies. Their highly luminous broadband afterglow shines
through the host galaxy, and an imprint of the gas absorption and dust extinction is left on their
otherwise featureless synchrotron spectrum. Using a sample of 48 GRBs to study the dust
extinction properties of their hosts, we find little evidence for a Galactic-like 2175Å extinction
feature or, in particular, for the greatly hypothesised `grey’ extinction curve.

RESULTS: We fit the GRB extinction law
with a number of other known extinction
laws that differ in steepness and
prominence of the Milky Way 2175Å
feature (see Fig. 1). Fig. 2 shows that the
Milky Way extinction law lies consistently
below the data points blueward of
~2000Å, suggesting that the host galaxies
of GRBs do not have a flat extinction law,
and thus suggesting that GRBs do not
destroy a significant amount of dust.

Mean GRB Extinction Law

ANALYSIS: Using the best-fit results from our 
SED analysis, we determine the GRB host 
galaxy extinction as a function of wavelength

Fext: Gal. extinction/absorption corrected flux
Fint: intrinsic GRB flux.
To combine the individual GRB extinction

laws, we normalise each one by the extinction at
2600Å, A2600Å. The combined and normalised
GRB extinction law, binned into intervals of
∆λ/λ = 0.1, is shown in Fig. 2.

Fig 1. Mean Milky Way, SMC and LMC
extinction laws as parameterised by [1]

λ (Å)

A
λ/A

B

Fig 2. Mean extinction law normalised at A2600Å
and fit with Milky Way, SMC, LMC [1], linear
model, and the `Drude’ function [2]; a three
component analytical fit that treats IR, YV and
2175Å feature separately.
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We report on the observation of the bright, long gamma-ray burst (GRB), GRB 090902B, by
the Gamma–ray Burst Monitor (GBM) and Large Area Telescope (LAT) instruments on board
the Fermi observatory. Time–resolved spectral analysis reveals a significant power–law
component which is distinct from the usual Band model emission and is seen in the sub-MeV
energy range. This component appears to extrapolate from the GeV range to the lowest
energies and is more intense than the Band component, both below ~50 keV and above 100
MeV. The LAT also detected a photon at T0+82s with the highest energy so far measured from
a GRB, 33.4+2.7

−3.5 GeV.

E. Bissaldi (Corresponding author for the Fermi GRB Team)
References: Abdo et al., 2009, ApJ 706L, 138A

Figure 1 shows the GBM and LAT light curves (LCs)
in several energy bands. Vertical lines indicate the
boundaries of the intervals used for the time–resolved
spectral analysis. Data from the GBM NaI detectors
were divided into soft (8–14.3 keV) and hard (14.3–
260 keV) bands in order to reveal any obvious
similarities between the LC at the lowest energies and
that of the LAT data. The bottom panel shows the
measured LAT photon energies >1GeV. Analysis of
the GBM data yields a formal T90 duration of 21.9 s
(50–300 keV). By contrast, the LAT emission >100
MeV clearly continues well after this time range and
is detected as late as 1 ks after the GBM trigger time
(T0). The spectrum of this emission is consistent with
a power–law with photon index Γ=−2.1 0.1, and its
flux (>100MeV) declines as t−1.5 0.1 over the interval
T0+25 T0+1000 s.

Fermi Observations of a Distinct Spectral
Component in GRB 090902B 

Figure 2 shows the counts and unfolded νFν
spectra between 8 keV and 200 GeV for a Band
function with a power–law component fitted to
the data for time interval b (when the low
energy excess is most significant). This
component accounts for ≈ 24% of the total
fluence in the 10 keV–10 GeV range, and its
photon index is hard, with a value ~ −1.9
throughout most of the prompt phase. The
power–law component also signi-ficantly
improves the fit to the GBM data alone (8 keV–
40 MeV) for the time–inte-grated spectrum. The
origin of this compo-nent is not understood, and
its presence in this burst poses genuine
challenges for the theoretical GRB models.
GRB 090902B also appears to possess a very
high Lorentz factor for the bulk outflow, Γ ≈
1000, and has some suggestion of a delayed
onset of the emission above ~100 MeV.
Moreover, the 33.4 GeV photon and the z =
1.822 redshift of this burst allow to place signi-
ficant constraints on some models of the
Extragalactic Background Light (EBL).

1 2
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Using GRBs to study galaxy formation and evolution has the advantage that galaxies hosting GRBs
are selected because an energetic stellar explosion has happened in these galaxies, regardless, to first
order, of their brightness. To fully appreciate the selection, we remind that small galaxies are much
more numerous than big galaxies, that in the past they were even more numerous than today (galaxies
become larger with time and not smaller), and that small galaxies at high redshift are observationally
particularly difficult to find.
GRBs can help in the quest for interesting, but difficult, galaxies. GRB hosts have been found[1] to
be, not surprisingly, generally small (on average the stellar mass of the Large Magellanic Cloud) and
starforming (on average a few M yr−1). The sample of 44 hosts is still incomplete and covers mainly
the interval z < 2. At higher redshift we lack a good observational information in the near-infrared
bands (optical rest frame) necessary for the parameter determination.

Gamma-ray bursts (GRBs) are bright stellar explosions detected with gamma-ray instruments.
As their selection criteria are very different from those of traditional astronomy, they have been
used since 2003 as new probes of the cosmic chemical evolution. From more than 30 galaxies
hosting GRBs in the redshift interval 0 < z < 6.3, we observe no clear evolution of metallcity
with time and a large spread, with values that go from over-solar to less than 1/100 of solar
abundance. The interpretation of such results are still matter of discussion.

The Chemical Evolution of the Universe with
Gamma-Ray Bursts 

Figure 1. Cosmic chemical enrichment of the ISM in
GRB hosts (colored filled symbols), as measured
with absorption lines in the cold gas at z > 2 (GRB-
DLAs) and emission lines in the warm gas at z < 1
(GRB hosts). DLAs detected in QSO spectra
(crosses) represent the ISM metallicity in normal
galaxies.

The chemical enrichment of the interstellar medium
(ISM) is determined in 18 GRB hosts at z > 2 with
UV absorption lines in the neutral gas (damped
Lyman-α systems - DLAs). The average value and
dispersion is log (Z/Z ) = −0.86±0.82[2] (Fig. 1).
Extreme metallicities are measured: the DLA in
GRB090926 at z = 2.106 has Z/Z < 1/100[3]; at z =
3.57 two absorbers separated by 660 km s−1 in the
GRB090323 sight line show Z/Z > 1.
Metallicities of 16 GRB hosts at z < 1, measured
with emission lines from starforming regions, reveal
a medium value of log (Z/Z ) = −0.75±0.29.
Surprisingly, no redshift evolution in 0 < z < 6.3 is
observed and the dispersion is relatively large. GRBs
offer a new view, not detected or foreseen before, to
the chemical evolution of the universe.
These results indicate that low metallicity in the host
galaxy is not a key ingredient necessary to trigger a
GRB event, as previously suggested[4]. Star
formation, on the other hand, seems to be a common
feature in the majority of GRB hosts [1].
We conclude that GRBs are a valuable source of
information on the star formation density of the
universe[5], from the first stars to today.

References:
• [1] Savaglio S., Glazebrook K., Le Borgne D. 2009, ApJ, 691, 682
• [2] Savaglio S., Rau A., Greiner J., Krühler T., et al. 2010, Nature, submitted 
• [3] Rau A., Savaglio S., Krühler T., Afonso P. et al. 2010, ApJ, submitted
• [4] Stanek K. Z., et al. 2006, Acta Astronomica, 56, 333
• [5] Kistler M. D., Yüksel H., Beacom J. F., Hopkins A. M., & Wyithe J. S. B. 2009, ApJ, 705, L104 
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The deep, homogeneous XMM-Newton survey of the large local-group spiral galaxy M 31 is a
milestone project for X-ray astronomy, as it provides a detailed X-ray inventory of an archetypal low-
star-formation-rate galaxy like our own. In total we detected 1948 X-ray sources down to a limiting
luminosity of ~1035 erg s-1 in the 0.2 – 4.5 keV band. We investigated the spatial distribution and
long-term variability of sources of different source classes. For 36 sources the flux variability
between XMM-Newton observations is larger than a factor of 10. These sources are good
candidates for X-ray binaries, if they have a hard spectrum. We also created a background
corrected logN – logS relation of sources in M 31 detected in the 2.0 – 10.0 keV range, studied the
radial dependence of the source density and compared the results with theoretical predictions for a
population of high-mass X-ray binaries (HMXBs).

The deep XMM-Newton survey of M 31
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Fig. 1: M 31 colour image: supersoft sources appear
as red, foreground stars and supernova remnants as
orange to yellow, all hard sources (like X-ray
binaries, Crab-like SNRs and AGNs) as green to
blue or white. The optical extent of the galaxy is
indicated by the D25 ellipse.

Fig. 3: Cumulative luminosity functions (CLFs) of
sources in M 31 (after subtraction of the contribution of
background sources) for four different regions. The
outermost region (V, area beyond D25 ellipse) still
contains ~13 sources of M 31 / deg2 with Lx≥ 2.3 1036

erg s-1. It seems that the measured CLF of the dust ring
region (III) agrees with the number of sources predicted
from theoretical considerations for a population of
HMXBs, while the CLF of the inner disk region (II)
seems to be dominated by LMXBs. The slope obtained
for the logN - logS relation of the whole field without
bulge (~0.7) lies in the range expected for spiral
galaxies (0.6-0.8).

Fig. 2: Number of classified and identified sources. A
source is regarded as identified, if additional information
from other wavelengths (e.g. optical spectra) supports
the X-ray classification.

red: 0.2-1 keV, green: 1-2 keV; blue 2-12 keV
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Classical novae (CNe) are the major class of supersoft X-ray sources (SSSs) in the central region of
our neighbour galaxy M 31. The observed SSS phases of CNe last between a few weeks and more
than ten years. Our analysis of archival data yielded new insights in the SSS population of M 31
(Pietsch et al. 2007). We then started a dedicated X-ray monitoring program with XMM-Newton and
Chandra, so far covering Jun 2006 – Mar 2007, Nov 2007 – Feb 2008 and Nov 2008 – Feb 2009. X-
ray light curves of CNe allow to draw conclusions on the mass of the white dwarf in the nova system,
the hydrogen mass ejected in the outburst and the hydrogen mass burned after the outburst.

Fig. 1: XMM-Newton EPIC colour image (red,green,blue: 0.2-
0.5, 0.5-1, 1-2 keV band) of the central region of M 31,
combining 15 monitoring observations (2006 – 2009) with about
250 ks exposure time. SSSs show up in red or orange. Detected
novae are marked.

X-ray monitoring of Classical Novae
in the M 31 central region

Fig. 2 (top): Optical (black) and X-ray
(red) light curve of M31N 2007-11a

• Henze, M. et al. 2009a, A&A, 500, 769
• Pietsch, W. et al. 2010, AN, 331 ,187
• Pietsch, W. et al. 2007, A&A, 465, 375
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M31N 2001-10a

M31N 2007-12b
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Our observations increased the total number of known M 31 CN SSSs by 20% up to 56 and more than
doubled the number of M 31 CNe with known X-ray spectrum (10 out of 17). Twelve CN counterparts
were detected with XMM-Newton from 2006 till 2009. An additional five sources were only detected
in our Chandra observations due to their position close to the M 31 centre or their short light curve.
Highlight results are the discovery of the first two SSSs in M 31 globular clusters (one of them
coincident with a CN; Henze et al. 2009a), the very short SSS phase of nova M31N 2007-11a (Henze
et al. 2009b) and the discovery of short-term variability in the X-ray light curves of nova M31N 2007-
12b (Pietsch et al. 2010) and nova M31N 2006-04a (Henze et al. 2010). While periodic variability
might indicate star pulsations or orbital motion, short SSS phases point towards a very massive white
dwarf in the nova system that could be a progenitor of a supernova type Ia.

Fig. 3 (bottom): Short-term X-ray light
curve of M31N 2006-04a
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In the Chandra X-ray survey of M 33 in 2006, the X-ray source [PMH2004] 47 varied during several
observations from high to low states and back. The light curves can be explained by eclipses of a
compact object in a high mass X-ray binary (HMXB) system. We determined phase of mideclipse,
eclipse half angle and a binary period of 1.732479(27) days adding XMM-Newton observations from
the M 33 survey in 2001. No short term periodicity is detected which could mark the rotation period
of the compact object. There are indications for a long-term variability similar to that detected for Her
X-1. During the high state the spectrum of the source is hard (power-law spectrum with photon index
~0.85) with a unabsorbed luminosity of 2x1037 erg s-1 (0.2-4.5 keV). We identify as an optical
counterpart a V~21.0 mag star with Teff > 19000 K, log(g) > 2.5. Optical light curves for this star show
an ellipsoidal variation with the same period as the X-ray light curve. The optical light curve together
with the X-ray eclipse can be modeled by a compact object with a mass consistent with a neutron star
or a black hole in a HMXB. However, the hard X-ray spectrum favors a neutron star as the compact
object in this second eclipsing X-ray binary in M 33. Assuming a neutron star with a canonical mass
of 1.4 Msun and the best fit companion temperature of 33000 K, a system inclination of i = 72o and a
companion mass of 10.9 Msun are implied.

Only a few eclipsing X-ray binaries (XRBs) have been detected in the Milky Way and other nearby
galaxies. However, eclipsing XRBs are very interesting sources as they provide the most reliable mass
measurements for compact stellar remnants (with the exception of the few known radio pulsars in
binaries, including double neutron stars). Of specific interest was the first eclipsing XRB in M 33 that
was identified by us as a HMXB black hole system with a mass of 15.65 Msun, at the time the stellar
black hole with the highest mass determined with high precision. The second eclipsing HMXB in
M 33 again seems to be very interesting as in many ways the X-ray behavior resembles that of the
prototypical Galactic eclipsing XRB Her X-1. To investigate the long-term variability and search for
pulsations – when the source is bright - we initiated in AO8 a XMM-Newton monitoring program
using eleven observations within 35 days.

The second eclipsing high-mass X-ray
binary in M 33 

Fig. 1: Chandra ACIS I light curves (0.5-5 keV) of 
[PMH2004] 47. Eclipse times are indicated.

Fig. 2: 3.6m CFHT light curves (g’, r’, i’) of the 
proposed optical counterpart of [PMH2004] 47.
The dotted line shows model fit to the optical 
light curve (inclination i = 80o, Teff = 33000 K).
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Fig 2: Folded EPIC-
PN light curves in
various energy bands
for the Be/X-ray bina-
ry pulsar XTE J0103-
728 which was observ-
ed by XMM-Newton
during an X-ray out-
burst in October 2006.
This observation al-
lowed us to accurately
locate the pulsar and
identify the Be star
counterpart.
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The Small Magellanic Cloud (SMC) is known to host an exceptionally large number of Be/X-
ray binaries. About sixty Be/X-ray binary pulsars are now known in the SMC together with
many more candidates which exhibit similar X-ray properties, but yet without detected spin
period of the neutron star. Most of the Be/X-ray binaries in the SMC are found in regions with
young (20-50 Myr) stellar populations and can be used as tracers of recent star formation of
the galaxy as their evolutionary ages are low. We started a systematic analysis of our own and
archival XMM-Newton data to search for new Be/X-ray binary pulsars and to investigate the
high mass X-ray binary population of the SMC in general. This work led to the successful
proposal of a complete XMM-Newton survey of the SMC.

Fig. 1: XMM-Newton EPIC images of selected regions in
the SMC. The colours represent different energy bands (red:
0.2 - 1.0 keV, green: 1.0 - 2.0 keV, blue: 2.0 - 4.5 keV)
indicating different X-ray spectra. Supernova remnants
appear in red to yellow while the hard Be/X-ray binary
spectra are responsible for the light-blue colours. White
circles with pulse periods mark the positions of Be/X-ray
binary pulsars, yellow circles candidate Be/X-ray binaries.
Top: The brightest source is the SNR 1E0102.2-7219 (in the
NE part of the SMC) which is regularly observed by XMM-
Newton as calibration target.
Bottom: The region around the emission nebula N19 in the
SW of the SMC.

The High Mass X-ray Binary Population
of the Small Magellanic Cloud  

In our XMM-Newton observations of the SMC we
already discovered X-ray pulse periods from 18 Be/X-
ray binaries, in many cases from previously unknown
X-ray sources. The high sensitivity of the EPIC instru-
ments allowed us to do de-tailed timing and spectral
analysis for sources with luminosities down to 1035 erg
s-1 in the SMC. The pulse profiles show a wide variety
of shapes from smooth to highly structured shapes. The
spectra are well represented by an absorbed power-law
with an average photon index of 0.93.
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The ongoing propagation of the supernova blast wave through the equatorial circumstellar ring
of SN 1987A caused a drastic increase in X-ray luminosity during the last years, enabling
detailed high-resolution X-ray spectroscopy with the Reflection Grating Spectrometer.
With our monitoring we can follow the birth of a supernova remnant in unprecedented details.

High-Resolution X-ray Spectroscopy
of SNR 1987A with XMM-Newton

Figure 1: Co-added RGS1 (black) and RGS2 (red) spectra from 4 deep XMM-Newton observations of SNR 1987A
together with the best-fit empirical model (green) and the absorbed bremsstrahlung continuum (blue). The line
labels mark the strongest lines as expected from the two-component plane-parallel shock model.

The circumstellar ring system around SN 1987A was
ejected by the progenitor star approximately 20.000
years before the supernova explosion. About 10 years
after the explosion the blast wave started to propagate
through the inner ring, causing compression, heating
and ionization of its matter. This caused a drastic
increase in X-ray luminosity during the last years and
enabled detailed X-ray spectroscopy. The fluxes and
broadening of numerous emission lines seen in the
dispersed spectra provide information on the
evolution of the temperature, ionization age and
dynamics of the X-ray emitting plasma. The RGS
spectra were analysed in combination with the EPIC-
pn spectra, which allow a precise determination of
the higher temperature plasma. We modelled
individual emission lines and fitted plasma emission
models. Especially from the observations between
2003 and 2007 we can see a significant evolution of
the plasma parameters and a deceleration of the radial

velocity of the lower temperature plasma regions.
The comparison with Chandra grating observations
in 2004 yields a clear temporal coherence of the
spectral evolution and the sudden deceleration of
the expansion velocity seen in X-ray images ~6100
days after the explosion. We also found an
indication (3σ-level) of an iron K feature in the co-
added EPIC-pn spectra. The exponential rise seen in
the soft (0.5-2.0 keV) X-ray light curve of SN
1987A up to day ~6500 after the explosion slowed
down significantly. SN 1987A continues to brighten
exponentially, but with longer characteristic time
scale. This must be caused by a less rapidly
increasing emission measure.
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New data from INTEGRAL / SPI has revealed a hard X-ray power-law continuum from the
Galactic plane, which can be be understood as inverse Compton emission from relativistic
electrons and positrons. Gamma-rays up to 100 GeV mapped by the Fermi satellite extend the
range of high-energy radiation to 6 decades, which is enhancing our understanding of cosmic-
ray origin and propagation, using a global model of the high-energy Galaxy.

A sophisticated model of cosmic-ray-induced processes has been developed (GALPROP: Strong et
al. 2007) by an international team under the leadership of MPE; this allows detailed predictions of the
spectrum. It is found that inverse-Compton emission by GeV electrons and positrons can explain the
observed 100 keV continuum both in spectral shape and absolute flux. The positrons are secondary,
while the electrons mainly primary; both contribute about equally to the observed inverse Compton
flux at these energies. Hence hard X-rays can probe GeV electrons and positrons over the Galaxy, a
new and unexpected finding.

GALPROP also provides the standard for diffuse Galactic emission studies in the Fermi-LAT
Collaboration (Abdo et al. 2009). Fermi-LAT is providing high-quality gamma-ray data from 100
MeV to 100 GeV. We show a spectrum of the inner Galaxy compared to the emission processes
which are included in GALPROP, as well as Fermi gamma-ray sources. Recently, Fermi-LAT has
also made new precise measurements of cosmic-ray electrons, which have been used to improve the
gamma-ray predictions. The agreement of model with data is excellent. Full-sky fits have revealed a
gamma-ray halo extending to about 10 kpc above the plane, larger than previously considered.
These models are also essential as a foreground prediction for the Fermi point-source catalogue and
dark-matter indirect searches. They have also been used to extract the extragalactic gamma-ray
background from Fermi data to better precision than ever before.

Advantages of this approach are the multi-wavelength predictions in the context of a realistic cosmic-
ray propagation and Galactic structure model. Other applications include the Galactic synchrotron
emission for Planck.

High-energy photons in the Galactic ISM
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While it is well known that the diffuse Galactic gamma-ray emission is related to cosmic-ray
processes in the interstellar medium, the situation was less clear for hard X-rays in the 100 keV range.
The SPI instrument on the INTEGRAL satellite has carried out a survey of the Galactic plane,
revealing as well as the positron-annihilation 511 keV and positronium features,
a hard power-low continuum.
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R. Capelli and P. Predehl

The diffuse structure and the variability of Fe K emission from molecular clouds in the
Galactic Center region have a key role to understand the recent history of Sgr A*. Recently, it
has been discovered that Fe K flux is variable in the two biggest Galactic Center molecular
complexes (Sgr B2 and C), and in some sub-pc scale structures in the inner galaxy. Attributing
this variability to the fall/rise of the echo radiation reflected from a very bright point source,
scientists claimed for an observational evidence of the past AGN activity for Sgr A*[1].

The nature of Fe Kfluorescence in the
Galactic Center region

Fig.1 Fig.2

The physical mechanism responsible for the Fe K emission from molecular clouds near the Galactic
Center (GC) is fluorescence produced by hard X-rays or high energy particles hitting the neutral, cold,
molecular matter. Two different hypotheses have been proposed to explain the origin of the primary
source of this fluorescence emission: X-ray Reflection Nebulae (XRN) [2] and Cosmic rays
bombardment [3]. In the XRN scenario Sgr A* itself is the best candidate transient source that could
have undergone a period of high activity in the past.

References:
[1] Inui, T. et al. 2009, PASJ, 61, 241
[2] Koyama, K. et al. 1996, PASJ, 48, 249

All the archival XMM-Newton observations of the Fe K bright filaments in the GC have been
analysed. The diffuse and filamentary structure of the Fe fluorescence previously seen with Chandra
and Suzaku has been confirmed, and its detection improved (see Fig.1). The Fe Ka line emission
shows a peculiar behavior in the filaments, apparently totally disconnected to each other; while some
regions show a noticeable variability of the 6.4 keV line flux, some others have constant Fe K flux
on a time window longer than 8 years. We measured the strongest variability with a confidence higher
than 7s in the central region of the Molecular Arm (region B2, see Fig.1 and Fig.2) [4]. The topology
of Fe K variability discovered in the molecular filaments closed to Sgr A* is difficult to interpret in
the XRN scenario; in the complex formed by the regions B2-D-E the Fe K is propagating apparently
faster than the speed of light. The 6.4 keV bright blobs should be displaced along the line of sight but
this is prevented by the turbulent velocity seen in radio maps; in the GC environment a small cloud
1pc in size would evaporate. We argue in favor of the particle bombardment scenario, without
excluding that in some other smaller molecular structures the Fe fluorescence can be produced by a
Low Mass X-ray binary.

[3] Predehl, P. et al. 2003, Astron. Nachr., 324, 73
[4] Capelli, R. et al. In preparation
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G. Weidenspointner, R. Diehl, A. W. Strong, et al.

Combining more than 4 years of observations, the inner Galaxy has been mapped in the 511
keV positron annihilation line with unprecedented detail as shown above (right panel) using
the SPI spectrometer. For the first time, positron annihilation was found to be asymmetric in
the inner Galactic disk (Weidenspointner et al., 2008). Consistent with earlier findings, the
annihilation emission is brightest around the Galactic center. In the sky maps above, the
Galactic center is at the origin and the Galactic disk runs along the equator.
The distribution of low - mass X-ray (LMXBs) observed with the INTEGRAL imager IBIS
above 20 keV (right panel, Bird et al., 2007) is remarkably similar to that of the positron
annihilation line. Assuming that positrons do not travel far from their sources before
annihilating, the resemblance of the two distributions suggests that hard X-ray emitting
LMXBs may be a major source of positrons in our Galaxy.
Additional potential astrophysical positron sources include the decays of the radio-isotopes
26Al and 44Ti, the supermassive black hole Sgr A* and Type Ia supernovae. If hard LMXBs are
indeed important positron sources, the need for exotic explanations, such as dark matter, is
reduced.
References:
• Weidenspointner, G., et al., 2008, Nature 451, 159
• Bird, A.J., et al., 2007, ApJS, 170, 175

Gamma-ray line radiation at 511 keV is the signature of electron-positron annihilation. Such
radiation has been known for 30 years to come from the general direction of the Galactic
center, but the origin of the positrons has remained a mystery. Stellar nucleosynthesis,
accreting compact objects, and even the annihilation of exotic dark matter particles have all
been suggested. Using 4 years of observations with the spectrometer SPI onboard the
INTEGRAL observatory, a distinct asymmetry in the 511 keV line emission coming from the
inner Galactic disk has been observed. This asymmetry resembles an asymmetry in the
distribution of low mass X-ray binaries with strong emission at high photon energies above 20
keV (`hard' LMXBs) as observed with IBIS/INTEGRAL. Assuming that positrons do not
travel far from their sources before annihilating, this indicates that hard LMXBs may be a
dominant origin of positrons in the Galaxy.

Galactic Asymmetry at 511 keV

511 keV LMXB: 20-100 keV
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R. Diehl,  M. Lang,  P. Martin, R. Voss and W. Wang

Nucleosynthesis of two long-lived radioactive isotopes, 26Al and 60Fe, occurs in different regions
and at different epochs of the same massive stars. Both isotopes decay in interstellar space and
emit characteristic -rays. Measurements of their intensity ratio is sensitive to the structure of the
stellar interior, in particular to shell burning in late stages of massive-star evolution which
determines their pre-supernova conditions.

Studying Massive-Star Structure with -rays

26Al isotopes are produced early-on in core H burning, and later in O shell burning plus in explosive
nucleosynthesis occurring in the supernova. 60Fe only is produced in shell burning, and is ejected in the
supernova event. INTEGRAL/SPI measured -rays from 26Al and from 60Fe. Comparing measured intensities
from the same source poulation, therefore -ray lines provide constraints for the interior structure of these
stars, through their nucleosynthesis ejecta.

60Fe -rays from the Galaxy have been detected with SPI (left). This spectrum is the superposition of lines at 1773
and 1332 keV, which are simultaneously emitted in the decay (radioactive lifetime ~3.8 My). More than earlier-
obtained upper limits (right), this compares favorably with current models of massive-star nucleosynthesis.
Uncertainties at various aspects of this comparison are being pursued.

latest complete model 
(stellar evolution & nucleosynthesis & IMF)
(Limongi & Chieffi 2006)

an update for model parts (nuclear reactions)

(discussed in Prantzos 2004)

measurement (SPI)
(Wang et al. 2007)

The imaging Ge spectrometer instrument SPI on the INTEGRAL mission has observed 60Fe g-
rays from the Galaxy for the first time. The signal is weak, models have predicted this observed,
but also considerably-higher levels. Since the production of 26Al and of 60Fe changes in different
ways with the initial mass of the star, the integrated steady-state ratios of 60Fe/26Al production in
the Galaxy presents an overall validity check of models for nucleosynthesis in massive stars and
their supernovae, adopting a universal mass distribution. Following this, nuclear-reaction
experiments have been initiated to re-determine neutron capture cross sections of the unstable
Fe isotopes, furthermore the 60Fe radioactive lifetime has been re-determined and found 75%
longer than before. Ideally, these studies should be performed for well-constrained stellar
groups; see Voss et al. this volume. 26Al -ray measurements now use the imaging resolution
(~2.7o FWHM) of SPI (Lang et al., this volume). First constraints on the Cygnus region have
been obtained.

60Fe Production
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K. Kretschmer, M. Lang, R. Diehl

Emission from 26Al traces the hot interstellar medium in regions of recent star formation. It is
ejected from massive stars in stellar winds and supernova explosions. We can observe 26Al
decay in the ISM through its emission of a gamma-ray line at an energy of 1809 keV. Its
radioactive lifetime of 1 Myr implies that 26Al is predominantly present where stars have
formed within the last ~10 Myr. Spectroscopy of the emitted line radiation allows kinematic
analysis of the sources. The 26Al l-v diagram tells us how the hot ISM around massive stars is
distributed, and can be compared to other tracers of motion in the inner Galaxy, such as cooler
gas observed in HI and CO.

We use observations with INTEGRAL/SPI to measure the radial velocity of the radioactive
nucleosynthesis product 26Al from the vicinity of massive stars as a function of Galactic
longitude. We learn about the spatial distribution of the hot and tenuous interstellar medium in
the inner Galaxy from the 26Al l-v diagram.

With kinematic information, we can discriminate between models for the spatial distribution of
recent star formation. We use spectroscopic data together with the known Galactic rotation
pattern to resolve the ambiguity of where a source is along a line of sight. The measurement of
the shift in energy/radial velocity of the 26Al line with galactic longitude confirms that the
1.8 MeV emission from the inner Galactic radian is dominated by sources in the inner Galaxy.
The signature of Galactic rotation cannot be due to 26Al in nearby star-forming regions.
We determine that a substantial fraction (~1/3) of the total interstellar 26Al is inside of a
galactocentric radius of 3 kpc. We learn this by comparing l-v diagrams measured by model
fitting of SPI data with simulated l-v diagrams using spatial and kinematic models chosen to
test for features in the distribution of 26Al. The measured slope dv/dl is an indicator of the
density of 26Al in the inner ~1-3 kpc of the Galaxy.

Inner Galaxy ISM around massive stars

Longitude-velocity diagram obtained by model
fitting to INTEGRAL/SPI data. Each point
represents a 16°×10° window. Model sky map:
COMPTEL 1.8 MeV survey

Elements of a model for the density of
26Al in the Galaxy. Shown are: thin disk
& spiral arms, exponential disk, bar.
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The mixing of ejecta from young stars into the interstellar medium is an important process in the
interplay between star formation and galaxy evolution. A unique window into these processes is
provided by the radioactive isotope 26Al, traced by its γ-ray decay line at 1.8 MeV. With a mean
lifetime of ~1 Myr it is a long-term tracer of nucleosynthesis for massive stars. 26Al and 60Fe are being
observed by the INTEGRAL observatory (see Diehl et al. and Lang et al., this volume). Our
population synthesis code models the ejection of these two tracers, together with the kinetic energy
and UV radiation for a population of massive stars. We have used the code to investigate differences
between different sets of stellar models, in particular the effects of the recent generation of models
including rotational effects. We have applied this to study the nearby Orion region containing a
relatively high number of massive stars, and found good agreement with observational constraints.
More nearby regions are under investigation, and the output of the code is being used to study the
formation of superbubbles in the interstellar medium using hydrodynamical simulations.

Feedback from massive stars

Massive stars dynamically shape the interstellar medium around them on timescales of a few
Myr. The stellar winds and supernova explosions they are important sources of mechanical
power causing interstellar medium turbulence and the formation of shells and cavities. We
have developed a new population synthesis code for groups of massive stars, where we model
the emission of different forms of energy and matter from the stars of an association.

Time profiles of the ejection of energy (left) and the radioactive tracers 26Al and 60Fe (right) from a
coeval group of stars, as a function of the stellar age (solid lines). Contributions from stellar winds
(dashed lines) and supernovae are shown (dotted lines). Statistical deviations (1σ and 2σ) for a
population of 100 massive stars are indicated by grey shading.

Left: Image showing the contours of the 26Al signal from the
Orion region. Also shown are the groups of massive stars
(white circles) and the Eridanus superbubble shaped by the
feedback from the massive stars. Below: A sketch of the
Eridanus superbubble.

R. Voss, R. Diehl, P. Martin, M. Lang
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M. Lang, R. Diehl, P. Martin, H. Ohlendorf, G. Saez and W. Wang

Nucleosynthesis in massive stars and their supernovae of 26Al, a long-lived radioactive isotope,
produces g-rays at 1809 keV. Decay of 26Al in interstellar space therefore reflects massive-star
activity throughout the Galaxy on the time scale of such nucleosynthesis production and this
radioactive decay, i.e. ~1-10 My. The transparency of our Galaxy to such -rays allows the
complete census of massive stars in our Galaxy and their study. We thus determine localized
variations of current massive-star activity, and the scale height of the interstellar medium which is
enriched by 26Al radioactivity.

γ-rays from Massive Stars throughout the Galaxy

26Al isotopes are produced and ejected throughout the Galaxy from massive stars and their supernovae. INTEGRAL's
spectrometer SPI can now separately determine the 26Al gamma-ray line intensity and line shape for regions along the
plane of the Galaxy. This can be compared with expectations from knowledge about regional stellar content. Such
studies of the Cygnus region, the Gould Belt and Sco-Cen association, and the Orion region are in progress, and are
able to check consistencies of nucleosynthesis models and stellar population ages and magnitudes with observed
radioactive-decay -rays. This Figure shows spectra as derived from SPI data collected 2002-2007, superimposed
onto the 26Al -ray image from COMPTEL.

The imaging spectrometer SPI on the INTEGRAL mission measures 26Al -rays from the Galaxy.
The signal accumulated over several years of exposure now is sufficiently-strong to separate
different emission regions, making use of the imaging resolution (~2.7o FWHM) of SPI. Since 26Al
ejection occurs over a characteristic epoch of a few My during the evolutionary time of massive-
star groups, deviations from a global steady state between 26Al production and decay, as assumed
for the Galaxy as a whole, may be expected. Regions with a stellar population in an age range 3-5
My will be dominated by wind-ejected 26Al, while regions older than that will be dominated by
26Al ejected from core-collapse supernovae (see Voss et al.). We compare the stellar census of
known massive-star regions with our measurements, e.g. for the Cygnus region (see Martin et al.),
or the Gould Belt's OB associations (see Ohlendorf et al.). For the Galaxy as a whole, a scale
height of 26Al-emitting ISM of 130 pc (+120/-70pc) is found (cmp. molecular clouds ~50 pc, HI+H2
~140pc), consistent with 26Al being present in more-diluted ISM.
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P. Martin, J. Knödelseder, G. Meynet, R. Diehl

The Cygnus region harbours a strong concentration of ~170 massive stars at 1-2kpc from us. As a
result of nuclear burning, these massive stars inject large quantities of radioactive nuclei into the
interstellar medium, such as 26Al and 60Fe, and their gamma-ray line decay signals can provide insight
into the physics of massive stars and core-collapse supernovae.

We used the high-resolution gamma-ray spectrometer INTEGRAL/SPI to analyse the 26Al decay line
at 1809keV and the 60Fe decay lines at 1173/1332keV from the Cygnus region, and compared the
observations to predictions from a population synthesis code based on the most recent stellar
nucleosynthesis calculations.

References:
• Martin et al., 2009, published in A&A, Vol. 506, pp. 703-710
• Martin et al., 2010, accepted by A&A, arXiv:1001.1522

… or how gamma-ray line astronomy with INTEGRAL/SPI can validate the
improvement of stellar models, and help us understand the origin of the
galactic annihilation emission at 511keV…

The 1809keV flux attributable to the Cygnus complex of massive stars is 3.9 1.1 10-5 ph/cm2/s (orange line and
band) while the upper limit on the combined 1173/1332keV emission is 1.6 10-5 ph/cm2/s (green line). The gray
shaded vertical band indicates our estimated position along the time axis.

Nucleosynthesis and annihilation in Cygnus

The INTEGRAL/SPI observations agree well with the predictions, which constitutes a major progress
over past studies where a discrepancy by a factor of 2-3 was obtained. Key elements here were better
measurements with SPI and the improvement of theoretical nucleosynthesis yields due among other
things to the inclusion of rotation in the stellar models.

Since 26Al decay also produces a MeV positron, we are currently searching for 511keV annihilation
emission from Cygnus to constrain the as yet unknown transport of MeV positrons in the interstellar
medium. This may help understand the observed morphology of the 511keV galactic diffuse emission.
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H. Ohlendorf, G. Sáez Cano, R. Diehl, P. Martin, R. Voss

The Gould belt traces stellar associations in the solar neighbourhood, in which young massive stars
have originated in the recent past and are still being formed. It encompasses thirteen so-called OB
associations, among them the one closest to our Sun, the Scorpius-Centaurus association (Sco-Cen),
peculiar for its three-part structure.

References:
• C. A. Perrot, I. A. Grenier 2003, A&A, 404:519-531
• T. Preibisch, A. G. A. Brown, T. Bridges, E. Guenther, H. Zinnecker 2002, AJ, 124:404-416
• R. Voss, R. Diehl, D. H. Hartmann, K. Kretschmer 2008, New Astronomy Rev, 52:436-439

For the youngest part of Sco-Cen, the Upper Scorpius subgroup, this method yields an estimate of 5-8
Myr, well in agreement with the 5 Myr determined from photometric and kinematic studies. The
oldest subgroup, Lower Centaurus-Crux, is not detected in the 1.8 MeV line and therefore is estimated
to be older than 20 Myr, somewhat peculiar as it has previously been deemed to be slightly younger,
about 10-18 Myr. The third subgroup, Upper Centaurus-Lupus, on the other hand is bright in the
characteristic line and must therefore be considerably younger than 20 Myr. This tallies with previous
studies that give ages of about 13-17 Myr, though the 26Al emission points towards slightly lower ages
than previously estimated.
The thirteen associations of the Gould belt provide a compound result that we broke down to
associations according to distance and number of stars within the individual group. As an example,
this yields a result for Sco-Cen that is well comparable to the conclusions from our more detailed
study of the association and an age estimate of 6-11 Myr for the association as a whole. Considering
the age spread among the subgroups, this suffices well as a rough estimate.

Radioactivity from nearby star groups

Since massive stars in their late (Wolf-Rayet)
phases and their supernovae dominate the
emission of the radioactive 26Al isotope, they
can be traced in its characteristic 1.809 keV
line.
Massive stars have quite short evolutionary
time scales so that an association of coeval stars
will stop emitting 26Al after about 20 Myr of
age. Since the associations in the Gould belt are
mostly young, they are usually bright in the
1.809 keV line. The amount of emission that
can still be measured is a direct indicator of
their age.
Using simplified models for the stellar groups,
it was possible to ascertain the emission of 26Al
from the Gould belt and from Sco-Cen as a
more detailed study. From comparison with
results from simulations, age constraints for the
groups could then be determined in a novel way
that is independent of all preceding studies.

The solar environment with star-forming regions in green.
The Gould belt is sketched in red, the labels mark the
approximate positions of its associations. [Adapted from
www.galaxymap.org]
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Massive stars are the dominating sources of radioactive 26Al emission. They abound in one
kind of young stellar group, the OB associations. Several such associations, among them the
Scorpius-Centaurus association, the OB association closest to the Sun, form the Gould belt.
Using observational data provided by the gamma-ray spectrometer SPI on board the
INTEGRAL satellite, it was possible to confirm 26Al emission from the Gould belt and
Scorpius-Centaurus especially and determine age estimates independent of previous studies.
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A. Rau

References:
[1] Roelofs, Groot, Steeghs, Rau et al. 2009, MNRAS, 394, 367
[2] Rau et al. 2010, ApJ, 708, 456
[3] Roelofs, Rau, et al., 2010, ApJL in press

The launch of the Laser Interferometer Space Antenna (LISA) at the end of this decade, will open an exciting
new window into the gravitational-wave Universe. A special role in understanding the measurements will be
played by one particular population of ultra-compact Galactic interacting binaries. These so-called AM CVn
stars consist of white dwarf accretors with degenerate or semi-degenerate helium-transferring companion stars
in tight orbital configurations from 65min down to a few minutes. With these periods, AM CVn stars are the
only known verification sources for the frequency band that LISA will explore. In order to extend the crucial
period distribution beyond the heterogeneously selected known sample of 21 sources, we a) performed a
dedicated search for new members within the SDSS photometric database and b) spectroscopically confirmed
the shortest orbital period system known, the enigmatic ROSAT source RXJ 0806.3+1527.

Gravitational-Wave Sources in the Milky Way

Census of AM CVn stars in SDSS DR7
Due to their hot temperatures and hydrogen

deficiency, AM CVn stars occupy a characteristic,
sparsely populated region in the SDSS color space.
We selected ~1300 candidates (90% of the visible
Galactic population) and obtained spectroscopy (e.g.
VLT, Keck, WHT, Hale-5m) for more than half of
them. Based on the typical helium emission lines, we
found 5 new AM CVn systems [1,2] and measured
the orbital periods for two of them through time-
resolved spectroscopy. The left figure shows the
trailed He emission of the 48.3min period system
SDSS J0902 obtained at Keck [2]. The discovery of 5
new sources is a factor of 5 below the predictions
from stellar population models and previous
observations and provides important constraints on
the Galactic space density of AM CVn stars.

The 5.4min AM CVn RXJ0806
The origin of the 5.4min periodicity in the optical and

X-ray light curves of RXJ0806 has long been debated.
Using Keck-I time-resolved spectroscopy we found
clear modulation of the He emission lines (radial
velocity and amplitude) on the 5.4min period and no
other [3]. This period represents the orbital period of
an interacting binary white dwarf with q = 0.50 0.13
and we thus confirmed that RXJ0806 is the shortest-
period binary star known: a unique test for stellar
evolution theory, and one of the strongest known
sources of gravitational waves for the LISA. The data
suggests that HeI 4471 arises from the irradiated face
of the cooler secondary, and HeII 4686 from a ring
around the primary (see right Figure).
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CTA 1: the first of many new pulsars discovered
withFermiLAT 

A few weeks of observations, following the launch of the Fermi Gamma-Ray Space Telescope
on June 11, 2008, were sufficient to reveal the nature of a previously unidentified EGRET
source: located in the young supernova-remnant CTA 1 a pulsar was discovered directly through
its gamma-ray pulsations with a period of 316.86 milliseconds and a period derivative of 3.614×10−13

s/s (Abdo et al. 2008). This detection, made possible by the unprecedented sensitivity and resolution
of Fermi’s high-energy large area telescope (LAT) and the application of a new periodicity search
technique, ushered in a flow of new pulsar detections. The recently published first catalogue of Fermi
pulsars (Abdo et al. 2009) contains 46 gamma-ray pulsars and new detections are added continuously.
As a new class of γ-ray pulsars Fermi-LAT has up to now also registered 17 millisecond pulsars.

Massive stars (8-15 M) end their
lives in spectacular supernova (SN)
explosions. These events occur
about 2-3 times per century in our
Galaxy. SNe spread their freshly
synthesized heavy elements into
the interstellar medium and are
fundamental for the chemical
evolution of the Galaxy. The sites
and distribution of SNe trace
closely the active star forming
regions in the Galaxy. For 104-6 yrs
the most visible remains of SNe are
expanding blast waves (SNRs) and
energetic young pulsars.

Left:
1420 MHz map of 
SNR CTA1 with the 
ROSAT, EGRET, 
and Fermi sources 
related to PSR 
J0007+7303

Right: 
pulsar  γ-ray light-
curve  (>100 MeV)

The characteristics of PSR J0007+7303, age ~ 1.4×104 yr, surface magnetic field ~1.1×1013 G, spin down
power ~4.5×1035 erg s-1 and corresponding γ-ray efficiency in the range 1-10%, agree very well with the
age and energetics of CTA 1 and the embedded X-ray pulsar wind nebula. PSR J0007+7303, like about
half the population of γ-ray pulsars, is radio faint or quiet. The two-peaked γ-ray light-curve, the absence
of radio pulsations, and the high-energy spectrum with a cut-off around 5 GeV indicate that the emission
process for the GeV radiation in PSR J0007+7303, as in most young pulsars, is located in the outer
magnetosphere.

158



MPEMPE

References:
• Mereghetti, S., Götz, D., Weidenspointer, G., von Kienlin, A., et al. 2009, ApJ, 696 L74
• Kaneko, Y.,  et al. 2010, ApJ, 710, 1335 
• von Kienlin, A. et al. 2010, in preparation & van der Horst, A. et al. 2010 in preparation

A. von Kienlin - on behalf of  the Fermi/GBM- and INTEGRAL SPI/ACS-team

SGR J1550-5418 was first detected with the Einstein observatory ~30 years ago and was classified as
a Central Compact Object; recent X-ray and optical observations of the source, however, suggested
that it could be a magnetar candidate. Due to the absence of burst emission, the source was originally
classified as an Anomalous X-ray Pulsar (AXP 1E 1547.0-5408). Fermi/GBM observations of active
bursting periods in October 2008 and first half of 2009 revealed properties typical of Soft Gamma
Repeaters, which indicates that the classification of the source as an SGR is more appropriate.
Observations obtained with the Anticoincidence Shield (ACS) of the SPI instrument on INTEGRAL
during the period with the strongest bursting activity on January 22 showed also two remarkably
bright events with pulsating tails lasting several seconds and modulated at the 2.1 s spin period of the
magnetar.

On 2008 October 3, AXP 1E1547.0−5408 entered an episode of X-ray activity, emitting several typical SGR-like
bursts over the next 7 days; this was the first time the source exhibited a bursting behaviour. During this period,
Fermi/GBM detected 7 triggered and 15 untriggered bursts from the source. On January 22, 2009 the source
entered a second period of extremely high burst activity, triggering GBM 41 times. An on-ground search for
untriggered events revealed a total of 450 bursts with time-integrated photon fluxes up to 50  larger than the
October events. Based on this SGR-like behaviour, the source was renamed to SGR J1550−5418. The source
became active a third time on March 22, 2009 triggering GBM 14 times; it has not been detected since. Time-
integrated spectral analysis for all bursts has been completed for the three active episodes of SGR J1550−5418.
Each burst was fit by several different spectral models: PL, BB, PL with an exponential cutoff (Comptonized),
OTTB, and combinations of a PL and BB and of two BB functions. It was found that the spectral shape of bursts
correlates with the activity period and their brightness. The bursts in the first episode are best fit by a BB, while
similar flux bursts in the other two episodes are best fit with OTTB. The statistical significance of these differences
will be tested with simulations to probe whether the underlying emission process changes between active episodes.
Observations during the period with the strongest bursting obtained with the SPI–ACS on-board INTEGRAL
provided uninterrupted monitoring of the most active bursting period on January 22, 2009, thanks to its highly
elliptical orbit. More than 200 bursts were detected at energies above 80 keV in a few hours. Among these, two
remarkably bright events showed pulsating tails lasting several seconds and modulated at the 2.1 s spin period of
SGR J1550−5418. The energy released in the brightest of these bursts was a few 1043 erg, for an assumed distance
of 10 kpc. Despite the apparent similarity to giant flares, these bursts had a smaller energy and are most likely
related to ordinary bursts.

Observations of the Magnetar SGR J1550-5418
with Fermi/GBM and INTEGRAL SPI/ACS

Left: First Fermi/GBM trigger #08100377 including several
untriggered SGR bursts. Right: 7 hours INTEGRAL SPI/ACS
lightcurve. The insert is showing one of the bright events
with a pulsating tail, modulated at the 2.1 s spin period
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Optical flares from a magnetar

Magnetars, neutron stars with extremely high magnetic fields, are usually observed in the 
form of anomalous X-ray Pulsars (AXPs) and Soft -ray Repeaters (SGRs). They are 
known to erupt in bright outbursts in the X-ray and soft -ray regimes. Using the 
OPTIMA-Burst system, a team of MPE scientists has detected a source that may be the 
first magnetar flaring in the optical, showing unprecedented optical flaring variability.

A. Stefanescu, G. Kanbach, A. Stowikowska, J. Greiner, S. McBreen, G. Sala
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References:
Becker, W., 2009, in Neutron Stars and Pulsars, ed. W.Becker, Spinger ASSL 357, ISBN 978-3-540-76964-4

Based on a sample of ~30 rotation-powered pulsars detected by ROSAT, Becker & Trümper
(1997) found that the X-ray efficiency of rotation-powered pulsars follows , where
dE/dt is the pulsar’s spin-down energy and Lx is the X-ray luminosity in the 0.1 - 2.0 keV band.
Ten years after the start of Chandra and XMM-Newton the number of X-ray detected pulsar
exceeds ninety. Spectral information is available from almost sixty of them. Investigating the X-
ray efficiency using this larger sample we find (correlation coefficient 0.9) for
the 0.1 - 2.0 keV energy band, which is still in agreement with the earlier ROSAT result. Investi-
gating the pulsars non-thermal spectral properties we find no evidence for a spectral hardening or
softening as a function of the pulsar’s spin-down age.

X-ray Emission Properties of  Pulsars

3
xL 10 E 

Emission properties of rotation-powered
pulsars are varying with their spin-down
age. In young Crab-like pulsars non-
thermal emission dominates. As the star
ages the non-thermal emission is fading
while the star is still hot enough to emit
thermal emission from the million
degree hot surface. In million year old
pulsars the star has cooled down to
much to show significant cooling
emission and the non-thermal radiation
takes over again.

Crab-like pulsars  (< 104

yrs)
Cooling neutron stars (105 - 106 yrs) Old pulsars  (106 - 108 yrs)

0.1 - 2 keV

Left: X-ray luminosity vs. spin-down energy within the 0.1-2.0 keV energy band. The grey shaded range indicates the weighted fit
and its 1 error (cf. Becker 2009). The dotted line corresponds to Lx=10-3. Albeit the higher sensitivity of Chandra and XMM-
Newton which observed the detected pulsars with much higher photon statistics than possible in earlier experiments the X-ray
efficiencies of the rotation-powered pulsars are still in agreement with earlier measurements. However, what gets conspicuous in
the larger data sample is that with an increase in sensitivity also apparently less efficient X-ray pulsars were detected, leading to a
larger scatter in Lx vs. dE/dt for pulsars at the same category. The smaller efficiency, though, does not necessarily mean that the
X-ray to spin-down energy conversion process in these pulsars is less efficient but that, e.g. the orientation of the
magnetic/rotational axes to the observers line of sight might not be optimal. With an increasing number of detections any linear fit
thus will become less correlated.

Right: Photon-index versus spin-down age for pulsars which have a detected non-thermal spectral component. The weighted mean
is  = −1.6 0.1. The broader grey shaded range indicates the unweighted mean, which is  = −1.8 0.3. A spectral softening with
increasing spin down age is unconstrained mostly due to the large errors of the photon-indices measured in old and millisecond
pulsars.
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=−1.8 0.3
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T. Prinz, W. Becker, M. G. Bernhardt

PSR J0537-6910 is the fastest rotating young pulsar. It has a period of about 16 ms and a spin-
down age of ~5 kyrs. The pulsar is located in the Large Magellanic Cloud and is surrounded
by a bright X-ray emitting nebula. We present the results of a Chandra ACIS-S and XMM-
Newton PN observation which were taken in order to explore the physical details operating in
the pulsar’s magnetosphere and its surroundings.

The 16 ms Pulsar J0537-6910 and its Nebula

Using the ACIS-S data, we subdivided the nebula into several
regions. For each region we extracted all photons and fitted
power-law spectra in order to study synchrotron cooling
effects in the pulsar wind nebula (see Fig.1). The hardest
emission comes from the pulsar. Spectral softening is
observed opposite to the pulsar’s proper motion direction,
because the electrons accelerated by the pulsar loose energy
by emitting synchrotron radiation when propagating through
the nebula. The observed variations may help us to under-
stand the injection and transport mechanism details of
electrons into and through the nebula.

Fig. 2: Pulse profiles of PSR J0537-6910 in
various energy bands. Two phase cycles are
shown for clarity. The red solid line
indicates the DC-Level which is determined
by the bootstrap method.

Results: Based on the XMM-Newton
data we found coherent X-ray pul-
sations. Measuring the pulsed fraction
(PF) using the bootstrap method of
Swanepoel et al. (1995) revealed a
strong correlation with photon energy
(PF varies from ~7% to 23% in the 0.3-
2 keV and 4-10 keV band, respectively).
The resulting pulse profiles are
characterised by a single narrow peak
and are shown in Fig. 2.

Fig 1: True-color image (red: 0.2-1.5 keV, green: 1.5-2.5 keV and
blue: 2.5-8 keV) of the pulsar and the nebula. The numbers give the
photon index fitted for the corresponding regions. The pulsar’s proper
motion is indicated by an arrow.

References:
• Swanepoel et al., 1995, ApJ, 467, 261
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We investigate the possibility of an autonomous navigation system based on pulsar timing
data. Onboard a spacecraft, such a system can determine its position as follows: Measuring a
pulse profile and pulse arrival times and comparing them with a given reference profile and
pulse phase. A possible phase shift then corresponds to a range difference along the line-of-
sight to the pulsar. Finally, observations of at least four different pulsars are required to deduce
the position of the spacecraft through triangulation.

The traditional way to obtain data for orbit determination is
tracking the spacecraft by ground stations on Earth, e.g. with
NASA’s Deep Space Network (DSN). This technique yields very
accurate range and range-rate data along the Earth-spacecraft line,
but large errors can occur in perpendicular directions. Furthermore,
the errors grow with distance: Interferometric measurements with
the DSN can achieve positional accuracies of the order 1 to 10 km
per AU of distance from Earth. Thus, especially – but not
exclusively – for interplanetary and deep space missions, it is
desirable to have an autonomous navigation solution, that works
independently from ground stations.

Pulsars can be used as natural beacons for navigation by
comparing pulse profiles and pulse arrival times, measured
onboard, with the corresponding reference profiles. In figure 1, the
coloured straight lines represent all possible positions of the
spacecraft, when a certain pulse phase shift was measured; i.e.
each straight line indicates a plane of constant phase at some fixed
time. Intersections of two or more planes are marked by black dots.
As illustrated, the ambiguities can be reduced by observing
additional pulsars. In the example, four different pulsars were
needed to obtain a unique solution within the considered volume:
The single black dot in figure 1c is the intersection of all four
planes.

Currently, we are exploring the feasibility and achievable accuracy
of spacecraft navigation based on pulsar timing data. Therefore, we
are simulating pulse profiles as measured by an arbitrarily moving
(virtual) detector in order to test the navigation algorithm and to
constrain parameters, such as effective detector area, sensitivity,
temporal resolution, etc. As reference profiles, XMM-Newton and
Chandra data are used to produce pulsar templates (fit of analytic
functions to the pulse profiles) for all pulsars suitable for our
purposes. Concerning the implementation, we also have to
consider weight, cost, complexity and energy budget of the system.
In the light of new technological developments, such as light
weighted X-ray mirrors, realisation of a navigation system based
on X-ray pulsars comes into reach.

Spacecraft Navigation Using X-Ray Pulsars

a)

b)

c)

Figure 1: Position determination by
observing four pulsars (drawn in two
dimensions). The arrows point along
the pulsar lines-of-sight. Straight lines
represent planes of constant pulse
phase, black dots are intersections of
two or more planes.
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Magnetic cataclysmic variables (CVs) are interacting close binary systems in which material
transferred from a Roche-lobe filling low mass companion is accreted by a magnetic white dwarf
(WD). In intermediate polars (IPs), which is a subgroup of magnetic CVs, the field of the WD is in
the range B ~ 106−107 G which does not force the WD to spin with the same period as the binary
system (Pspin < Porb). The accretion in IPs happens through a disk with a disrupted inner region
(Hellier 2001).
V2069 Cyg (RX J2123.7+4217) is an IP and was discovered as a hard X-ray source by Motch et al.
(1996). Thorstensen & Taylor (2001) reported a most probable orbital period of 7.48 hrs from
spectroscopic observations. V2069 Cyg is also an INTEGRAL hard X-ray source (IGR
J21237+4218). It was observed again with XMM-Newton in 2009 and De Martino et al. (2009)
reported strong pulsations (55% pulsed fraction) with a periodicity of 743.2 0.4 s. The X-ray
lightcurve is described as a sinusoid. We observed strong optical emission during 02 - 28 July 2009
with the OPTIMA photometer with a prominent periodicity at 743.385 s. A folded optical light
curve is shown in Fig.1.
We conclude that V2069 Cyg is a confirmed intermediate polar that shows double-peak optical
pulsations at its spin period. Its soft X-ray emission also shows a double-peak modulation at the
white dwarf spin period. We adopted Mukai′s* classification of IPs and updated his Porb - Pspin
diagram including V2069 Cyg which is shown in Fig. 2. V2069 Cyg is an undistinct member of the
class of Intermediate Polars, however with a rather low spin-orbit period ratio of ~0.027.

References:
• Hellier C., 2001, Cataclysmic Variable Stars -How and Why they Vary, 
• Springer Praxis books in astronomy & astrophysics
• De Martino, D., et al., 2009, ATel # 2089
• Thorstensen J. R., Taylor C. J., 2001, MNRAS, 326, 1235
* (http://asd.gsfc.nasa.gov/Koji.Mukai/iphome/iphome.html)

We present fast timing photometric observations of the intermediate polar V2069 Cygni (RX
J2123.7+4217) using the high-speed photo-polarimeter OPTIMA (Optical Pulsar Timing
Analyzer) at the Skinakas Observatory 1.3 m telescope. We discovered double-peaked
pulsations with 743.385 s spin period in the optical band (450-950 nm).

Photometric Observations of V2069 Cygni
(=RXJ2123.7+4217) 

Fig.1. The optical data of V2069 Cyg folded on the 
743.384825 s spin cycle (64 bins/period).

Fig.2. Porb - Pspin diagram of 35 IPs: DP - double-peak ; SXR - soft X-
ray component; Diskless - no accretion disk. The vertical dashed
lines show the approximate location of the ‘period gap’, and the
diagonal lines are for (Porb= Pspin) (solid) and (Porb = 10/100/1000

Pspin) (dashed). V2069 Cyg is located well within the population of
double peak IPs but has a rather low spin-orbit period ratio of 0.027.
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Fig.1: Optical monitoring : R-band lightcurve
obtained with the 1.3-m and 1-m telescopes at CTIO.
Also the photometry presented in McGowan et al.
(2005).

The supersoft X-ray binary RX J0513.9-6951 shows cyclic changes between optical-low / X-
ray-on states and optical-high / X-ray-off states. It is supposed to be accreting close to the
Eddington-critical limit and driven by "accretion wind evolution".
We seek to derive the variations in the characteristic time scales of the long-term optical light
curve and to determine the implications for the physical parameters of the system.
We used existing and new optical monitoring observations covering a total time span of 14
years and compared the durations of the low and high states with the model calculations of
Hachisu & Kato. The cycle lengths and especially the durations of the optical high states show
a longterm modulation with variations that, according to the accretion wind evolution model,
would imply variations in the mass transfer rate by a factor of 5 on timescales of years.

Variability in the Cycle Length of the
Super-Soft Source RX J0513.9-6951 

Fig. 3: Upper panel: duration of the observed optical
high (solid line) and low (dashed line) states in the
years 1992 to 2005. Lower panel: mass transfer rates
inferred from the results of the Hachisu & Kato model
for the dependence of cycle lengths on mass transfer
rates. State lengths for which we only have
upper/lower limits are indicated by arrows.

Fig. 4: Observed duration of the optical low states
compared to the duration of the immediately
following optical high states (data points). The
continuous lines illustrate the expected dependance
between both ''durations'' as a function of mass-
transfer rate for various assumptions on the
parameters white dwarf mass and viscous timescale.

Fig.2: Histogram showing the distribution of high
(solid line) and low (dashed line) state lengths. Only
state lengths without upper/lower limits, taken from
Fig. 3, are used in the histograms.
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E. Orlando on behalf of the Fermi-LAT Collaboration

The solar disk is a steady source of gamma rays produced by hadronic interactions of cosmic
rays (CRs) in the solar atmosphere, the disk emission (Seckel et al. 1991). The estimated disk
flux of ~10-7 cm-2 s-1 above 100 MeV from pion decays was at the limit of EGRET sensitivity
(Thompson et al. 1997). Moreover the Sun was predicted to be an extended source of gamma-
ray emission, produced by inverse Compton scattering of cosmic-ray electrons off solar
photons in Moskalenko et al. 2006 and Orlando and Strong 2007. This emission has a broad
distribution on the sky with maximum intensity in the direction of the Sun.
A detailed analysis of the EGRET data (Orlando and Strong 2008), taking into account also the
inverse Compton component, yielded a total flux of (4.44 2.03) 10-7 cm-2 s-1 above 100 MeV
for these two solar components at 4 sigma, consistent with the predicted level for that period
of solar maximum.
Both emission mechanisms have their maximum flux at the solar minimum condition when the
cosmic-ray flux is maximum because of the lower level of solar modulation.

References:
• Seckel, D., Stanev, T., & Gaisser, T. K. 1991, ApJ, 382, 652
• Thompson, D. J., Bertsch, D. L., Morris, D. J., & Mukherjee,, R. 1997, JGR, 102, 14735
• Moskalenko, I. V., Porter, T. A., & Digel, S. W. 2006, ApJ, 652, L65
• Orlando, E., & Strong, A. W. 2007, Ap&SS, 309, 359
• Orlando, E., & Strong, A. W. 2008, A&A, 480, 847

Fermi has detected high-energy gamma rays from the quiet Sun produced by interactions of
cosmic-ray nucleons with the solar surface, and cosmic-ray electrons with solar photons in the
heliosphere. Fermi provides high-quality detections on a daily basis allowing variability to be
addressed. Such observations will provide a probe of the extreme conditions near the solar
surface and a monitor the modulation of cosmic rays over the inner heliosphere.

Fermi-LAT Observation
of Quiescent Solar Emission 

Count map and projections in RA and
DEC centered on the Sun for
E>100MeV. The pixel size used is
0.25 deg and the units are degrees on
the axes and counts per pixel on the
colour bar. The image is 2 bin radius
Gaussian smoothed.
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First high resolution X-ray spectrum of a comet ever obtained (C/2000 WM1, XMM-Newton / RGS,
Dennerl 2009). The spectral model consisted of pure line emission, with all lines intrinsically sharp
and fixed to their expected energies. The derived line intensities reveal valuable information for
investigating the physics of charge exchange in detail. Particularly interesting is the flux ratio of the
individual transitions in the He-like multiplet of O VII, which yields a ratio G = (f+i)/r = 3.7 0.5 of
3P0,1,2 and 3S1 triplet to 1P1 singlet transitions. This ratio is clearly different from collisional ionization,
but consistent with the value which we derived from high resolution X-ray spectroscopy of Mars
(Dennerl et al. 2006), where we had discovered in 2001 X-ray emission due to charge exchange, for
the first time from the exosphere of another planet. During the last years we have also detected charge
exchange induced X-ray emission in the exosphere of Venus (Dennerl 2008).

Charge exchange is a fundamental process for the generation of X-rays, which has been
overlooked for a long time. Originally revealed by the Rosat discovery of cometary X-ray
emission, its relevance is now recognized in various astrophysical scenarios. Exposed to the
highly ionized solar wind, the huge, cold cometary coma provides an ideal laboratory for
studying this highly non-equilibrium process. High resolution spectroscopy of the resulting
X-ray emission appears to be superior to other techniques for deriving essential parameters of
atomic physics, like the velocity dependent state-selective emission cross sections. We are
utilizing state-of-the-art X-ray satellites, combined with specifically developed sophisticated
data analysis techniques, in order to get valuable data about these basic properties of nature.

K. Dennerl

References:
• Dennerl, K., “High resolution X-ray spectroscopy of comets”, in High Resolution X-ray Spectroscopy:

Towards IXO, Eds. Branduardi-Raymont, G. and Blustin, A., 2009
• Dennerl, K., “X-rays from Venus observed with Chandra”, Planet. and Space Science 56, 1414-1423, 2008
• Dennerl, K., “X-rays from Mars”, Space Science Reviews 126, 403-433, 2006
• Dennerl, K. et al., “High resolution X-ray spectroscopy of Mars with RGS”, A&A 451, 709-722, 2006

Investigating the Physics of Charge Exchange
with High Resolution X-ray Spectroscopy 
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N. Cappelluti on behalf of the eROSITA

We estimated the sensitivity of the eROSITA all-sky survey by simulating the particle and cosmic
background in L2 combined with the expected PSF and effective area. The result is a photon
limited survey down to log(S)~-15 (-14) cgs in the 0.5-2(2-10) keV band. With >300000 AGN
detected of which >30 will be at z>6.

eROSITA Background and Point Source Sensitivity

The point source sensitivity of
eROSITA as function of the
exposure in the soft (red, 0.5-2
keV) and hard (blue, 2-10 keV)
bands. The vertical lines represent
the mean (left) and the deepest
(right) exposures of the survey

By combining the effective area,
the estimated background and an
average PSF-HEW of 30”(40”)
we estimated the 5σ point-
source sensitivity as function of
the exposure in the 0.5-2(2-10)
keV band. As a result the survey
will be mostly photon limited
and will reach fluxes of the
order log(S)~-15(-14) (cgs).

Expected AGN counts

Ingredient 1: Radiation background

We estimated the particle background by folding and average solar system proton spectrum into
the CREME package. By taking into account the detector and spacecraft design we determined the
particle energy deposition spectrum (Left panel). After event filtering the remaining background
spectrum is flat (Γ=0) with an intensity I=6.4x10-3 ph/s/cm2/keV (Right Panel).

Below 2 keV the background
and sensitivity are dominated
by the galactic foregrounds. An
underestimate of the L2 particle
flux does not affect the science
outcome of the mission. Above
2 keV the sensitivity will
strongly depend on the actual
particle flux.

Combining the sensitivity
limits of eROSITA, the survey
area and the AGN logN-logS
relations from previous
surveys, we estimate to detect
3-10 million AGN of which 30-
100 will be at z>6. We also
determined that an eventual
deep survey will not increase
the number of high-z quasar in
the final sample since the most
effective way to search these
very rare sources is to extend
the surveyed volume

- Solar wind charge exchange
- Two component galactic emission
- 40% Unresolved XRB

Point source sensitivity

The source confusion level as
function of the exposure in
sources/beam in the soft (black)
and hard (blue) bands. Vertical
lines as in the previous figure. As
one can notice the deepest
exposures of the survey may be
confusion limited.

Ingredient 2: Cosmic backgrounds
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This is achieved with loop heat pipes. They can
transport a huge amount of power and are also
small and flexible for an easy routing.
The thermal baffle both acts as a radiator and
provides a thermally moderate environment for
the mirror systems. Thus, it reduces the required
mirror heating power by decreasing the heat
losses to deep space.

M. Fürmetz on behalf of the eROSITA-team

The future X-ray telescope eROSITA requires an accurate thermal control system which consists of
three main components. The mirror modules have to be maintained at 20 C while the cameras are
operated at -80 C. Both, mirrors and CCDs have to be kept within tight limits. Besides, the waste heat
of the camera electronics has to be dissipated.

The CCD camera cooling loop consists of several heat
pipes. They provide large heat transport capability and
small temperature gradients simultaneously by using the
liquid-vapour phase change.

The cooling system of eROSITA 

thermal baffle

thermal baffle

loop heat pipe

mirror systems

Camera cooling loop

CCD
heat pipe

electronic
box

Small heat pipes are mounted to the CCD
casings via shrink fits. These casings are
thermally decoupled from the proton
shielding.
Distribution heat pipes and variable
conductance heat pipes establish the
connection to the two radiators. The latter
are responsible for the CCD temperature
control to 0.5 C by regulating their
thermal conductivity.

The electronic boxes are the largest

proton shielding

radiator

heat pipe loop

To maintain the temperature of all 54 mirror
shells of one mirror module at constant
temperature with a gradient not larger than 2 C,
additional heaters with variable heating power
are attached to the mirror spiders. spider heater

thermal baffle

X-ray baffle

mirror shells

spider heater

power consumers and have to get rid of their heat.
Otherwise the temperature of the boards inside as well as
the telescope structure would get too hot.
In order to utilize parts of this heat load instead of simply
radiating it to deep space, an aluminium thermal baffle
above the mirror systems is heated up.
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P. Friedrich / eROSITA Team

eROSITA shall perform a 4 year all-sky survey resulting in a rich database of X-ray sources.
eROSITA’s scientific primary goal is the detection of estimated 100,000 clusters of galaxies.
Their spatial distribution shall trace the large-scale structure of the Universe, thus giving
constraints on the quantity of Dark Energy. The detection of clusters of galaxies requires good
angular resolution in order to distinguish point sources from the extended cluster emission.

MPE will provide the X-ray Survey Telescope eROSITA for the Russian 
Spektrum-Roentgen-Gamma Mission to be launched in 2012. The design of 
the X-ray mirror system is compact: a bundle of 7 mirror modules with 54 
nested Wolter shells each and a focal length of 1600 mm. The angular resolution 
is targeted to be 15″ half-energy width (HEW) on-axis at 1.49 keV. Recently, we 
have demonstrated this performance through a test module with 5 nested shells. 

Mirror System of the eROSITA Telescope
eROSITA: “extended Roentgen Survey with an Imaging Telescope Array”

eROSITA’s 378 X-ray mirrors shells are manufactured by nickel electroforming technique
which is well known from XMM-Newton. Nevertheless, it has been a challenge to achieve a
comparable angular resolution with a different design (only 300 mm mirror length).
A demonstrator model (DM) completed by the end of 2008 did not meet our requirements but
could serve as a qualification model. After investigations of many details of the processes of
mandrel manufacturing, electroforming, release, and integration, the optical performance could
be significantly improved. A test module consisting of 5 mirror shells has demonstrated a good
X-ray performance. The angular resolution of single mirror shells and the alignment of the
shells have fulfilled the scientific requirements: the angular resolution at 1.49 keV (Al-K line)
is of the order of 15″ and at 8.04 keV (Cu-K line) below 20″ (see below). Now, we are going
to confirm these results with another test module and to start the flight model (FM) production.

*measured with sub-pixel resolution 
(using split events)

**subtracting 10.8″ detector resolution

Energy HEW W90

1.49 keV 18.3″/15.3″*/14.8″** 89″

8.04 keV 17.6″/13.9˝** 157″

References:
• Predehl, P. et al. 2008, “eROSITA”, SPIE proc., paper no. 7011-19
• Pavlinsky, M. et al. 2006, “Spectrum-Roentgen-Gamma astrophysical mission” SPIE proc., paper no. 7011-18

eROSITA DM (2008) eROSITA 5 shell test module (2009)

1.49 keV focal image of 5 shells

PSF at 1.49 keV, not corrected 
for detector resolution

pnCCD camera with 75 μm pixels
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The eROSITA Software Team

The eROSITA Science Analysis Software System (SASS) is a software package, currently
under development at MPE, Astrophysikalisches Institut Potsdam (AIP), and Dr. Remeis
Sternwarte Bamberg (RSB), intended to perform the following functions: 1) Pipeline pro-
cessing the eROSITA data, 2) Providing an environment for the interactive analysis of the
data, and 3) archiving the raw data and science products and managing data access and
distribution. The eROSITA-SASS consists of a system of hundreds of interacting software
tasks and libraries and is based on the extensive heritage of the available ROSAT, Abrixas, and
XMM-Newton software.

Pipeline processing:
The data processing pipeline consists of a
sequence of task chains, executed under the
control of a database system, performing the
following functions: FITS-converting and
archiving the input data, calibrating the X-
ray events, sorting the all-sky survey data
into sky fields of approx. 3ox3o on which the
subsequent analysis is performed, creation
of exposure and background maps, X-ray
source detection and characterization,
extraction of source spectra and time series,
and archiving of the data products.

The eROSITA Science Analysis Software System 

Interactive analysis:
The SASS tasks are equipped with an
FTOOLS-like command line interface,
permitting the interactive user to repeat and
modify the pipeline processing. In addition,
an interface to widely used data analysis
packages, such as Xspec, is provided. All
data and calibration files will be standard
compliant (OGIP) FITS files.
Schedule and team:
The SASS team currently consists of five
developers and several students at the three
sites, MPE, AIP, and RSB. Completion of
the software is expected to require 15 FTE,
4.5 of which are already expended as of
January 2010 (see diagram). Current
plans foresee an initial beta-
release of the eROSITA-
SASS available for 
testing by the end of 
2011 (one year ahead 
of the planned 
launch date).

X-ray source detection:
Several source detection algorithms (sliding
box search, Wavelet detection, Bayesian
background-source separation, Maximum
Likelihood PSF fitting) will operate in
parallel to derive the best possible source
parameters.
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A. Schael, M. Vongehr, P. Friedrich

In collaboration with other institutes, MPE is taking part
in this study and investigates the feasibility of producing
high-resolution X-ray mirrors from slumped glass. In our
labs the approach of indirect slumping is followed: the
mould is concave and the contact side is not the optical
surface of the mirror. This has several advantages, e.g.
the damping of the micro roughness of the mould surface.
The glass sheet is placed on the mould and heated in an
oven up to ~570 C. The exact temperature depends on
the geometry of the mould, the size of the glass sheet and
its thickness.

References:
• White et al., for conference “X-ray Astronomy 2009 Present status”, 2010

The International X-ray Observatory IXO is a collaboration of the space agencies ESA, NASA
and JAXA and is the potential successor of the ESA mission XMM-Newton. Currently in the
status of preliminary studies, IXO will observe the most distant galaxies, about 109 ly away,
and the even more distant X-ray background radiation, stemming from the „Dark Ages“ of the
Universe when stars and galaxies were just starting to form. The mission is planned to be
started in the 2020s.
At the present time the technical feasibility of producing light-weight X-ray mirrors by hot
slumping of glass is investigated, and the results of first slumping tests at MPE labs are
presented here.

The International X-ray Observatory (IXO):
New developments for mirror production

The European Space Agency ESA has
announced a study for developing and
characterising a technique for the
manufacture of X-ray mirror modules
based on slumped glass. This
technology serves as back-up
technology for the silicon pore optics
which are currently the technical
baseline for IXO.

Current X-ray missions make use of replicated nickel shells or Zerodur mirrors. The next
generation of X-ray telescopes aim for much larger apertures, creating the need for advanced
material and structures in order to produce light-weight mirror systems.

IXO will combine such mirrors to a total collecting area of 3m².
Such large areas require high resolution – IXO will achieve 5“ –
due to limits by source confusion at lower resolutions. To
produce and validate the necessary surface quality of the glass
sheets, high-precision measurements are carried out at the MPE
labs: surface figure, thickness variations and general shape of
the glass are being quantified down to several nm. From these
analyses the glass slumping process can be further refined and
improved, to ensure the production of high-precision mirrors for
the next generation of X-ray telescopes.
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X.-L. Zhang, D. Petry, R. Diehl, A. Strong

Routine processing
SPI detector spectra are binned per pointing at 0.5 and 1 keV bins, then used for spectral analysis,
imaging etc. This is especially important for making use of large amount of data, where the binning
greatly reduces the data size and processing time. We check instrument calibration and monitor its
performance before astrophysical analysis. The binned data are available online when the data rights
have expired [1] .

References:
[1] http://www.mpe.mpg.de/gamma/instruments/integral/spi_public_service/data/index.html
[2] http://www.mpe.mpg.de/gamma/instruments/integral/spi/www/public_data/index.html
[3] http://www.mpe.mpg.de/gamma/instruments/integral/spi/www/public_data/index_srcspe.html

International Gamma-Ray Astrophysics Laboratory (INTEGRAL) data are downloaded and
pre-processed for SPI (Spectrometer on INTEGRAL) at MPE to obtain binned detector spectra
and a science housekeeping database, then monitoring of the instrument calibration and
performance are performed, and point sources are processed routinely for each orbit. All three
products are publicly available.

INTEGRAL/SPI Data Center at MPE

Routine checking includes 1.
Fitting the spectra around selected
instrumental lines, to check if the
instrument calibration is properly
performed, 2. AntiCoincidence
System (ACS) monitoring, 3.
ACS energy calibration during
SPI annealings. 4. …

A Science housekeeping (Sci-HK) database [2] is generated for each orbit, consisting of 349 
parameters. This is used for 1) Instrument and satellite environment monitoring, 2) data selection, and 
3) monitor long-term evolution of parameters. The Sci-HK webpage is based on the this database. It 
includes pointings and exposure maps,  countrates of general interest, integrated spectra in this orbit 
and fitting results for a few instrumental lines. The database for each orbit and that for the whole 
mission can be downloaded.

Line center energy shift 
reveals problem in calibration

Quick-look point source result [3] is obtained from a pipeline for each orbit. It provides spectra (or 
upper limit) for bright sources in SPI’s field of view, when the data rights expired.
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The PANTER facility is located in Neuried in the
southwest outskirts of Munich. With its 123 m long
vacuum tube (1 m diameter) and the X-ray source
system and the main test chamber (3.5 m Ø , 12 m
long) it has mostly been used for the characterization
of X-ray telescopes as well as tests of detectors, fo-
cal plane instruments, reflection gratings, filters, etc.
Recent activities include e.g. tests of multilayer-
coated mirrors for hard X-ray projects like SIMBOL-X

or NHXM, tests of silicon pore optics devices pro-
posed for the XEUS/IXO mission (from single HPO
units, tandem XOU, to a large petal), as well as mir-
ror shells for optimization of the production for the
eROSITA mission.
In the last three years TRoPIC has been extensively
used for future mirror calibrations. Additionally, an
extension to the facility to accomodate long focal
lengths of the order of 20 m is being prepared.

Example of large optics structures at PANTER:
sketch of XEUS petal with mounting holes at the
sides (left), and mounted in the PANTER instrument
chamber (right), equipped with two silicon pore op-
tics tandems, the tube exit can be seen to the left of
the image.

PANTER focal plane instrumentation (from left to
right): EPIC-pn (spare of XMM-Newton), TRoPIC
(prototype for eROSITA with the new 75µm × 75µm
pixel framestore CCD), PSPC (spare of ROSAT).

eROSITA optics: multishell-drum (right) with 5 shells
and single drum with one mirror shell (left)

PANTER beam-line extension, from left to right:
modified door of instrument chamber (drawn in open
and closed positions) with additional port, valve,
and bellow; tube in the two extremal positions for
r = 0 .25m and r = 2 m; crossing of clean room
and material lock (rooms depicted in red) with crane
(blue); curtain area (in cyan) and focal plane region;
infrastructure is illustrated in green.

M. Freyberg, W. Burkert, G. Hartner, B. Budau
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H. Boehringer, R. Suhada, R. Fassbender, A. Balaguera-Antolinez, A. Sanchez

The galaxy clusters have been found by inspecting a complete flux limited sample of X-ray
sources, using X-ray properties, public digitized optical sky data and NED information for a first
identification and further follow-up spectroscopic observations conducted at the ESO La Silla
observatory. The sample covers the southern sky up to DEC < 2.5 degrees, excluding the band of
the Milky way and reaches out to redshift 0.5. The larger sample increases the precision with
which we can address the measurement of large-scale structure properties like cluster abundance
(X-ray luminosity function) and the statistics of the large-scale cluster distribution (see
contribution by Balaguera Antolinez et al.). Studies to provide new constraints on cosmological
models are in progress.

References:
• Boehringer, H., Collins, C.A., Guzzo, L. et al., 2002, ApJ, 566, 93
• Boehringer, H., Schuecker, P., Guzzo, L., et al., 2004, A&A, 425, 367

We have extended the ROSAT-ESO Flux-Limited X-ray Galaxy Cluster sample detected in the
ROSAT All-Sky Survey down to a flux limit of 1.8 10-12 erg s-1 cm-2 (0.1 – 2.4 keV) and by
this doubled the number of clusters to 904 objects which can now be used to characterize the
galaxy cluster population and to measure the large-scale structure in the nearby Universe as
well as to test cosmological models.

The REFLEX 2 GALAXY Cluster Sample 

A

C

B

Fig. A shows the sky distribution of the REFLEX 1 and
the new REFLEX 2 clusters. Fig. B is a preliminary result
on the X-ray luminosity function of the extended REFLEX
2 survey in comparison with the REFLEX 1 result. The
main difference is an increase in the abundance of low
luminosity objects which is mostly due to the effect that
REFLEX 2 overcomes a low bias due a large nearby void
in the southern sky. Fig. C shows the cosmological
constraints on the mean matter density, m, and fluct.
amplitude parameter, s8 obtained with REFLEX 1.

When the X-ray luminosity function of the clusters with Lx > 3 1043 erg/s are used for the
constraints (blue contours) we well recover the Concordance cosmology models. When
smaller groups are included, the result is distorted due to the insufficient calibration of the
scaling relations in the group regime, which is currently improved.
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R. Šuhada, H. Böhringer, J. Song, J. Mohr, J. Carlstrom, R. Fassbender

The X-ray survey currently extends over 14
deg2 and has an excellent, uniform multi-
wavelength coverage: in optical band (Blanco
Cosmology Survey, BCS), mid-infrared
(SPITZER) and in sub-mm with the South
Pole Telescope (SPT).

The core of the XMM-NEWTON survey
consists of a deeper region covering 6 deg2

and three shallower large scale mosaic mode
observations.

Mosaic mode observations were designed to
significantly increase the efficiency of
observations covering large areas and this is
the first instance of their scientific use.

The 6 deg2 core region yielded the detection
of 75 cluster candidates for which we
obtained photometric redshift estimates
(Šuhada et al., in prep.) and more than 2000
point sources.

The XMM-BCS Galaxy Cluster Survey is a coordinated X-ray, optical, mid-infrared and
Sunyaev-Zel'dovich effect cluster survey, with the aim of detecting and characterizing the
cluster population out to redshift ~1 on a 14 deg2 field. Uniform multi-wavelength coverage
will also allow us for the first time to comprehensively compare the selection function of the
different cluster finding approaches – an important step for the upcoming large scale
experiments aiming to understand the nature of Dark Energy.

The XMM-BCS Galaxy Cluster Survey

Mosaic X-ray image of the 6 deg2 core of the XMM-
Newton survey. The RGB pseudo-color image was
constructed from the surface brightness in the 0.3-0.5,
0.5-2.0 and 2.0-4.5 keV bands.

Left: X-ray image of a very
massive cluster at redshift 0.4
(M200 ≃ 5.6 × 1014 MSun). The
object is also detected through
Sunyaev-Zel'dovich effect
(contours: SPT). This is the first
common X-ray/SZE detection
of a cluster in survey conditions.

Right: The same cluster in a gri
composite image from BCS
(contours: X-ray).

This cluster sample, including candidates from the mosaics, will be characterized in all bands and used to
study the evolution of scaling relations, compare selection functions and perform cosmological tests.
XMM-BCS with SPT also yielded the first common X-ray/SZE cluster found in survey conditions (see
bellow).
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V. Biffi, K. Dolag and H. Böhringer

References:
• Fang, T., Humphrey, P., & Buote, D. 2009, Apj, 691, 1648

Within the hierarchical scenario, galaxy clusters allow us to study both the dynamics on the large
scale and the complexity of astrophysical processes dominating on the small scale. In order to treat
them as cosmological probes their mass is the most crucial quantity to be evaluated, and the usual
mass estimations are based on the hydrostatic equilibrium hypothesis (HEH), where only the thermal
pressure of the hot ICM is taken into account. Thus, gas motions in the hot ICM of galaxy clusters
have an important effect on the mass determination of galaxy clusters through X-ray observations.
The corresponding dynamical pressure has to be accounted for in addition to the hydrostatic pressure
support to achieve a precise mass measurement. With this ultimate goal in mind, we perform a
preliminary study of the ICM structure for some clusters extracted from a large cosmological
hydrodynamical simulation, addressing in particular the rotational component in ICM velocity field.

Velocity Structure Diagnostics of
X-Ray Galaxy Clusters 

A case study: g51. Among a set of 9 high-resolution re-simulations of galaxy clusters including radiative
cooling, star formation and supernova feedback, we focus on an isolated massive cluster of ~1.3×1015Msun/h.
Although it is the most relaxed object in the sample, at z=0 the velocity structure of the ICM in the innermost
region is far from showing a clear rotational pattern, as expected from nearly homogeneous collapse process.
Showing instead some rotational pattern at higher redshifts, this case has been used to study the details of
building up and destroying rotation in the hot ICM.

Top. Evolution plot: vtan(z). Time-variation of the
tangential component of the ICM velocity in the
range z=[2,0] for g51. At each redshift, we calculate
vtan as the mean value within 0.1r500 on the equatorial
plane, chosen to be perpendicular to the direction of
the gas mean angular momentum, so that the net
rotation is emphasized. Except for the high peak at
z~1.5, the value of vtan reaches at maximum ~650
km/s, but never rises to above 1000km/s (as reported
by Fang et al. 2009).

Conclusions. Even in the most relaxed cluster of the
sample no clear rotation shows up at low redshift
because of some minor events occurring close to the
innermost region: the rotation of the core is found to
be an intermittent phenomenon that can be easily
destroyed by the passage of gas-rich subhaloes
through the equatorial plane.

Top. ICM velocity maps. Gas velocity fields for
g51, projected onto the plane perpendicular to the
direction of the central mean angular momentum.
The two consecutive snapshots catch the passage of
a gas-rich subhalo (light-blue circle) through the
equatorial plane, responsible for the decrease of vtan
in the innermost region (green circle), as seen also
in the evolution plot at the corresponding redshifts .
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The large scale structures around 
the most X-ray luminous cluster

Left: Representation of the whole field covered by the CFHT observations. The contours represent overdensities
of cluster galaxy candidates (from photo-z) in units of galaxies per Mpc2. A complex system of sub-clumps and
filaments runs approximately in diagonal across the field. The bright X-ray cluster sits on the center of the field.
Right: Distribution of red and blue galaxies over whole field. Red galaxies prefer the denser regions whereas blue
galaxies favor lower density, more sparse ones. To trace adequately the cosmic web, red galaxies are not
sufficient and the blue population has to be considered.

Fraction of blue galaxies as a function of galaxy number
density measured to the nth neighbor (n) as indicated in
each panel. Each point is calculated for 250 galaxies.
Although the fraction of blue galaxies is sensitive to all
environment measures, it is particularly sensible to large
overdensities, where many galaxies are packed together,
rather than to the more immediate environment as
measured by e.g. 3.

References:
• Verdugo, M. et al. in preparation

RXC J1347.5-1145 (z=0.45) is the most X-ray luminous cluster known and probably one of the most
massive. In the context of CDM cosmologies, such a massive object should sit in a rich network of
filaments and sub-clumps, making it an ideal laboratory to study the physical processes that transform
galaxies before falling into clusters. With this objective in mind we have started a campaign focused
on the large scale structures around this cluster. Available observations in five bands (ugriz) with the
3.6m Canada-France-Hawaii Telescope cover approximately 1 deg2 (~20×20 Mpc at z=0.45).
Together with existing spectra in the central regions, the photometric data have been used to obtain
accurate photometric redshifts. They have been used to identify structures and to select targets for our
ongoing large spectroscopic campaign focused in the outskirts. This is being carried out at the ESO
VLT with the large field VIMOS spectrograph.
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References:
• Giodini, S., et al. 2009, ApJ, 703, 982 
• Giodini, S., et al. ApJ, submitted

• Lin, Y., et al. 2003, ApJ, 591,749
• Pratt, G. W. et al. 2009, AA, 498, 361

The baryon fraction, fb can be constrained from the comparison between baryon nucleosynthesis 
modelling and observed light elements abundances, from CMB observations or by accurately 
quantifying the baryon components (hot gas and stars) inside galaxy cluster, assuming they contain a 
fair sample of cosmic matter. However a discrepancy between the cosmological and clusters results has 
been reported (e.g. Lin et al. 2003; LM03), which appears to increase at the groups regime (M500< 1014 
Msun). Both the star and gas fractions (fstar,fgas) in galaxy systems depend on the total mass of the 
system; constraining these behaviours is crucial in order to determine fb in systems spanning a large 
range in mass. We investigate the dependence of the stellar/total baryon fraction from the cluster/
group mass and its evolution with a large sample of groups (2x1013<M<3x1014 Msun) form the 
COSMOS survey and combine these results with the gas mass fraction.

Stellar and Total Baryon Mass Fraction
in Groups and Clusters

Why? We want address these questions:

1.  Is the fraction of mass in stars different in groups 
  and clusters?

2.  Are groups closed system?
3.  How important are non-gravitational processes in 

  groups?

How? We determine the baryonic budget in groups 

Data: 91 COSMOS X-ray detected groups at 
0.1<z<1.0. The largest sample of groups up to now. 
 Stellar masses bound to galaxies (K band )
 Total masses from scaling relations (Weak Lensing)
 Clusters (1014-1015 Msun, from Lin et al. 2003) 
 Gas masses  (Pratt et al. 2009)
 Diffuse star component  (e.g. Zibetti et al. 2005)

1.  fstars (M500)0.37±0.04

 more efficient star formation 
in groups

2. No significant evolution with redshift of the 
relation between fstars and M500 is observed. 
groups have already assembled their stellar 

content at z=1

3. Adding fgas by Pratt et al. 2009:
 fb for groups is lower than WMAP

 30% of the gas missing

POSSIBLE SOLUTIONS:
•AGN feedback (Giodini et al. 2010)
•Filamentary heating

Fig. 1: COSMOS 2 
deg2. The colors refer 
to the group’s redshift, 
from z~0.2 (blue) to 
z~ 1 (red) .
credit: A. Finoguenov

Results
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Out of the Distant X-ray Luminous cluster sample (Zhang et al. 2006), we select three systems with
different dynamical states, as witnessed by their X-ray morphology and number of BCGs:
RXCJ0014.3-3022 (merging system with multiple pairs of BCGs), RXCJ0232.2-4420 (with a small
secondary component and a pair of BCGs), and RXCJ2308.3-0211 (regular with a single BCG).
XMM-Newton and BVR wide-field imaging are available for all of them.

References:
• Couch, W.J., et al. 1998, ApJ, 497, 188
• Pierini, D., et al., 2008, A&A, 483, 727

The origin of the diffuse stellar light around brightest cluster galaxies (BCGs) is investigated
in three of the most X-ray luminous clusters at z~0.3. As the contribution of the intracluster
light (ICL) to this diffuse emission is likely not negligible, old, metal-rich stellar populations
seem to characterize BCGs and ICL in relatively relaxed clusters. The ICL is rejuvenated (i.e.,
bluer) in merging clusters, likely due to the shredding of star-forming, low-metallicity dwarf
galaxies.

The 2-D distribution and the radial profile of the B-R colour out to a BCG-centric distance of 100 kpc
(left and upper right figures, respectively) show that the diffuse light at large distances can be as red as
the light produced within the BCG effective radius (marked by a dotted line), consistently with
statistical studies (e.g. Zibetti et al. 2005), but is bluer for RXCJ0014.3-2022 (Pierini et al. 2008).
Available HST imaging demonstrates that low-mass galaxies are shred in the core of the latter system
(Couch et al. 1998), lending support to our interpretation, which is based on a suite of stellar
population evolutionary synthesis models (bottom right figure).

Intergalactic stars & cluster dynamical state

• Zhang, Y.-Y., et al., 2006, A&A, 456, 55
• Zibetti, S., et al., 2005, MNRAS, 358, 949

D. Pierini, S. Zibetti, F. Braglia, H. Böhringer, A. Finoguenov, P. Lynam, Y.-J. Zhang
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R. Fassbender, H. Böhringer and the XDCP collaboration

Fig.1 (left): 4 x4 UB+Vr+iz color composite
(top) and 7.5 x7.5 view with galaxy density
(red) and WL mass contours in white (bottom).
Fig.2 (right): 5 x5 views on the cluster in
galaxy density, X-rays, SZ-effect, and WL.

References:
• Fassbender, R. et al., 2010, A&A, submitted
• Lerchster, M. et al., 2010, MNRAS, submitted
• Santos, J.S., et al., 2009, A&A, 501, 49
• Fassbender, R. et al, 2008, A&A, 481, L73-L77
• Fassbender, R., 2007, PhD thesis, LMU München

A pan-chromatic view on the massive galaxy
cluster XMMU J1230.3+1339 at z=0.975 

Our ongoing survey for distant X-ray luminous galaxy clusters, the XMM-Newton Distant
Cluster Project (XDCP), currently includes 20 spectroscopically confirmed systems at z>0.8.
One of the most spectacular known high-z clusters to date is the newly discovered massive
system XMMU J1230+1339 at a redshift of z=0.975. This cluster features an astonishingly
rich galaxy population (top panel of Fig. 1) and multiple sub-components such as a central
ongoing merger event, infalling groups on the outskirts, and galaxy filaments extending into
the surrounding large-scale structure (bottom panel of Fig. 1). We have initiated an extensive
multi-wavelength follow-up campaign for in-depth studies of the system properties in X-rays,
the Sunyaev-Zeldovich (SZ) effect, optical and near-infrared imaging, and additional
spectroscopy of member galaxies. Figure 2 displays four different views on the cluster
showing (1) the spatial density of red galaxies, (2) the X-ray surface brightness of the
intracluster medium (TX=5.3 keV), (3) the temperature decrement map of the SZ effect as a
‘shadow’ in the cosmic microwave background, and (4) the weak lensing (WL) signal as a
measure of the total mass distribution with M200~5·1014 Msun.

optical view

large-scale
structure

red galaxies
VLT/Fors2

X-ray
Chandra

SZ effect
APEX-SZ

weak lensing
LBT/LBC
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Standard inflationary models predict the temperature fluctuations of the cosmic microwave
background (CMB) to be a Gaussian random field which is isotropic and homogenous. Still, there also
exist more complex models that allow non-Gaussianity. Besides this, topological defects like cosmic
strings can induce local non-Gaussianities and influence the power spectrum. Considering this
plethora of possible physical mechanisms, which may induce non-Gaussianity, studies of Gaussianity
of the CMB are strongly required for testing predictions of fundamental physical theories.
Gaussianity is tested by measuring suitable statistics of the temperature fluctuations of the CMB and
comparing the results with theoretical predictions in terms of significances S or confidence levels. As
a test statistic, we use the scaling index method (SIM), which enables a characterization of the
structure of a given data set. Since the mask, which cuts out the heaviliy foreground affected parts of
the map, contorts the results of the SIM, we fill the masked areas with (nearly) white Gaussian noise
to obtain a complemented map. In the figures 1 and 2 we summarize the main results for the detection
of non-Gaussianities on local and global levels.

References:
• Rossmanith G., Räth C., Banday A. J., Morfill G., 2009, MNRAS, 399, 1921

We continue the analysis of non-Gaussianity in the cosmic microwave background by
applying the scaling index method to the WMAP 5-year data. We compare the results with
1000 Monte Carlo simulations, mimicing the Gaussian properties of the best fit ΛCDM-model.
We obtain significant evidence for non-Gaussianity in most of the used test statistics.
Coherence between the different tested bands implies that foreground only plays a minor role.
We also identify several local features on the map, including the well-known cold spot. We
show that the discovered local anomalies are not the reason of the global detection of non-
Gaussianity, but were actually damping the deviations on average.

Fig. 1 (above): The σ-normalised deviations S(r) of the mean
(‘‘+‘‘), the standard deviation (‘‘ ‘‘), and a χ²-combination
(‘‘ ‘‘) in absolute values, plotted as a function of the scale
parameter r. The left and center plot show the original (red)
and the mask-filling method (blue) for the co-added VW-
Band, while the right plot refers to the single Q- (red), V-
(green), and W-bands (blue) for the mask-filling method
only.

Non-Gaussianity in the WMAP 5-year data

Fig. 2 (left): The upper plot shows the σ-normalised pixel-
wise deviations of the smoothed WMAP data from the
simulations. The lower plot only shows the regions with
deviations lower than -3σ. With this approach one can
clearly identify the famous cold spot, with a deviation of up
to -7σ, as well as several secondary spots that are still very
significant.
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While the simplest model of inflation, namely single-field slow-roll inflation, predicts that the
temperature fluctuations of the CMB correspond to a (nearly) Gaussian, homogeneous, and
isotropic random field, more complex models may give rise to non-Gaussianity. Models in
which the Lagrangian is a general function of the inflaton and powers of its first derivative can
lead to scale-dependent non-Gaussianities, if the sound speed varies during inflation.
Similarly, string theory models that give rise to large non-Gaussianity have a natural scale
dependence.
Based on the idea of surrogate data, which stems from the field of non-linear time series
analysis, we develop new, model-independent tests for scale-dependent non-Gaussianities.
First and second order surrogates are generated by first shuffling the Fourier phases belonging
to the scales not of interest and then shuffling the remaining phases for the length scales under
study (here: Δl =[0,lcut], lcut=20). By comparing 1st with 2nd order surrogates using suitable
measures one can infer the presence of non-Gaussianity on the specific scales. We use statistics
based on the calculation of scaling indices (SIM) and find highly significant signatures of both
non-Gaussianity and asymmetries in the foreground-subtracted WMAP three and five year
data.
Such features would disfavor the fundamental principle of isotropy as well as canonical single-
field slow-roll inflation — unless there is some undiscovered systematic error in the collection
or reduction of the CMB data or yet unknown foreground contributions.

References:
• C. Räth, G. E. Morfill, G. Rossmanith, A. J. Banday, K. M. Górski, PRL, 102, 131301 

We present a model-independent method to test for scale-dependent non-Gaussianities in
combination with scaling indices as test statistics. Therefore, so-called surrogate data sets are
generated, in which the power spectrum of the original data is preserved, while the higher
order correlations are partly randomized. We apply this method to the WMAP data of the
cosmic microwave background and find highly significant signatures for both non-
Gaussianities and asymmetries on large scales.

Fig. 1: Left: Significance S for a SIM-based measure as derived from rotated upper
hemispheres for the WMAP5 ILC map and lcut = 20. The z-axis of the respective rotated
reference frame pierces the center of the respective color-coded pixel. Middle and right: |S(r)|
for the rotated upper and lower hemisphere for three SIM-based measures (black, blue and
red) as a function of the scaling range r. The solid (dashed, dash-dotted) lines denote one
WMAP five year map and two WMAP three year maps respectively. The insert shows results
for varying lcut.

Probing scale-dependent non-Gaussianity 
in the CMB using surrogates
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The simplest inflationary slow-roll models predict the primordial density fluctuations to follow
a (nearly) Gaussian random distribution. More complex models lead to scale-dependent non-
Gaussianities in the CMB. In many models the primordial non-Gaussianity is usually
introduced through the fNL parameter describing the amplitude of non-Gaussianities of the
local type. A purely Gaussian field is represented by fNL= 0. It is to be feared that fNL, though,
is not sufficiently characterizing deviations from a Gaussian random field in the temperature
fluctuations of the CMB. Testing the WMAP data for a non-Gaussian signal we estimate local
scaling properties of the co-added VW-, as well as single V-, W- and Q- foreground-cleaned
WMAP five-year data. This method is similarly applied to simulated CMB data sets in which
variations of fNL were used to simulate non-Gaussianities. The preliminary statistical
interpretation of scaling indices from WMAP data and simulations via the calculation of
various statistical measures (mean, standard deviation, 2 measures and their significance)
suggests that there is no specific fNL value describing the non-Gaussianity in our simulations,
for which a particularly good match with the WMAP-results is obtained. In the future it will be
further investigated whether and to what extent local non-Gaussianity is present in the CMB
and whether the scaling indices indicate a non-Gaussian signal which cannot be described by
fNL.

References:
• G. Rossmanith, C. Räth, A. J. Banday, G. E. Morfill, MNRAS, Volume 399, Issue 2, pp. 1921-1933 (2009)
• F. Elsner, B. D. Wandelt, ApJ, Volume 184, Issue 2, pp. 264-270 (2009)
• H. Meyer et al. (in preparation)

We present new studies on the correlation between non-Gaussianity and the fNL
parameter which is often identified as the one parameter describing non-Gaussianity of
local type in the CMB. Simulated data sets of the CMB were generated using a set of
different fNL parameters. Preliminary statistical comparison between simulations and
WMAP five-year data based on the calculation of scaling indices (SI) yields that fNL is
not significantly and/or solely representing such non-Gaussianities of the CMB as
detected with the scaling indices.

Fig. Left: Simulated CMB map with fNL = 50. We apply the same foreground-effect-
correcting-mask as used for the original WMAP data. Right: Significances S of mean,
standard deviation and  measures comparing original WMAP data and simulations for
varying fNL. Preliminary, we conclude that there is a non-Gaussian 4 signal in our simulations
and the WMAP data, respectively, not described by fNL.

Probing models of non-Gaussianities
as parametrized with fNL

Figure 1
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M. Rubin-Zuzic, M. Schwabe, R. Sütterlin, H. Thomas, S. Zhdanov

PK-3 Plus is our current laboratory for microgravity research on complex plasmas on the
International Space Station ISS and delivers frequently interesting new and unique data. It
was launched end of 2005 and is continuously operated over the last three years. PK-3
Plus is a cooperation between our Institute and the Joint Institute for High Temperatures of
the Russian Academy of Sciences in Moscow. This partnership provides the free access of
accommodation and resources on the ISS. The German contribution is financed by DLR.

Conclusions
Dedicated experiments with PK-3 Plus on the ISS were performed during the last three
years and provided new insights into the field of complex plasmas. They confirmed that
complex plasmas are a new state of soft matter. Due to its success and perfect functioning
the operational time of PK-3 Plus is prolonged by two years until the end of 2011.

PK-3 Plus –Complex Plasma Research
on the ISS

In the absence of gravity a complex plasma can occupy the whole volume,
and it’s possible to obtain systems, which are isotropic (uniform),
homogeneous and not stressed by the pull of gravity and the compensating
forces. For the precise measurements needed to study three-dimensional
systems and for stress-free processes, microgravity experiments are the
essential and complementary part to the research in the lab.
The most successful research on the ISS up to now, the complex plasma
research with the PKE-Nefedov laboratory, is continued with its successor
PK-3 Plus. In the years 2007 – 2009 we performed seven independent
experimental missions on the ISS with different Russian cosmonauts. Each
mission contained typically three experimental runs of 90 minutes and
delivered unique data, which are analysed and published by the Russian-
German team.

a1)

b) c)

a3)a2)

Cosmonaut Yuri Malenchenko during the performance of an experiment on the ISS.  He is 
controlling the experimental apparatus (not visible) with the laptop of our telescience unit.

Recent discoveries from this microgravity
laboratory are for example the first
observation of electrorheological plasmas
in Fig. (a1)-a3)) characterised through the
transition from an isotropic fluid into a
string fluid due to the increase of ac-
voltage, non-equilibrium phase transitions
in Fig. b) characterised by the lane
formation of a driven particle cloud through
a stable cloud, and phase separation in
binary complex plasmas in Fig. c). These
investigations open up a new direction of
research in complex plasmas as model
system for solids and fluids to investigate
scale invariant and generic processes on the
most fundamental – the kinetic level.
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U. Konopka, C. Knapek, G. Wildgruber, G. Stadler

The project to design new plasma chambers was triggered 2007 by the need to significantly
increase the accessible plasma parameter range and to improve the user's manipulation options
on the investigated complex plasma systems in a universal plasma laboratory aboard the ISS.
Two different plasma chamber types were identified to be most promising for this purpose, a
cylindrical device with internal adjustable electrode and guard ring positions and a spherical
like chamber approximated by a dodecahedron electrode geometry. The cylindrical, flexible
chamber, named “Zyflex” chamber, was designed and constructed 2008/2009 and tested under
microgravity conditions during a DLR organized parabolic flight campaign in September 2009
(see Poster by C. Knapek).

References:
• This project is financed by DLR under contract 50WP0700
• Research Projects: PlasmaLab at www.mpe.mpg.de/~uwk/PlasmaLab.html

As successor experiments for the successfully operated ISS experiments PK-Nefedov and PK-
3Plus the MPE complex plasma group is building new experimental setups for the ISS. While
the experiment PK-4 is already in the construction phase, the PlasmaLab, formerly named
IMPF (International Microgravity Plasma Facility), is in a pre-design phase, where new,
innovative plasma chambers are built and tested for their suitability to the high requirements
on a future PlasmaLab.

PlasmaLab–New Plasma Devices for the ISS 

Figure 1: The „Zyflex“ chamber allows electrodes and guard rings to be moved independently by piezoelectric
actuators (30-80 mm separation). By the given flexibility this chamber can mimic a variety of typical setups, while
increasing the plasma parameter range by the use of a new developed, innovative multi-channel rf-generator.
Pictures from left to right show a first design sketch, an experiment performed in the new chamber and the chamber
integrated in a parabolic flight experimental structure.

Figure 2: Design sketch of the spherical
like „Dodecahedron“ plasma chamber.

The special feature of the „Dodecahedron“ chamber is the
active plasma manipulations by a twelve channel rf/dc-
generator. This setup should allow to realize user defined
interparticle potentials between particles in a complex
plasma (even attractive forces) in a quasi spherical
symmetric environment. The design of this chamber and its
construction will be finished in 2010 together with the design
of the here mentioned rf/dc plasma generator.
For both plasma chambers a variety of possible plasma
sources (electrode setups) are considered, giving the
experimenter access to a user defined plasma environment.
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A 2-channel rf-generator provided independently adjust-
able amplitude to the upper/ lower electrodes for plasma
ignition. Both electrodes and the grounded guard rings
around the electrodes could be moved independently
during a running experiment. Particles were inserted into
the Argon plasma by 3 dispensers mounted to the
chamber sides. A green laser shining into the chamber
from the front illuminated the microparticles with a
vertical laser sheet. Two cameras viewing from the left
and right sides recorded the light reflected from the
particles. Experiments were done for neutral gas
pressures from 0.8-60 Pa, particle sizes of 2.55,4.38 and
9.19 μm diameter, and a wide range of rf amplitudes.

References:
• Research Projects: PlasmaLab at www.mpe.mpg.de/~uwk/PlasmaLab.html

Parabolic flights give the opportunity to investigate the behavior of complex plasmas
unaffected by gravity. As the first new plasma chamber developed in the scope of the
PlasmaLab project (see poster by U. Konopka), the “Zyflex” chamber was tested during the
14th DLR parabolic flight campaign in Sept. 2009 in Cologne. During 5 flight days, the
overall operability and the distribution of microparticles – inserted into the plasma at the onset
of microgravity – were investigated for a wide range of pressures, rf voltages, and for different
electrode setups. 81 zero-g, 4 lunar (0.16 g) and 2 mars (0.4 g) parabolas were performed.

PlasmaLab-Parabolic Flight Campaign

Figs. 2 and 3 are color-coded overlays of 10 consecutive images and show the particle distribution at
low pressures (< 6 Pa) for different guard ring separations. The field of view is the space above one
half of the electrode (Ø 12 cm). A void region forms in the particle cloud close to the chamber center
(Fig. 2) for equal electrode and guard ring distances. A decrease of the guard ring distance changes the
electric potential structure in the plasma and apparently leads to a shift of the void away from the
center (Fig. 3). At higher pressures (39.5 Pa, inset in Fig. 2), the distinct void region is replaced by a
diffuse region with lower particle density.

Figure 3: Distribution of 9.19 μm particles at 5.40 Pa, 29.2
VPP, electrode distance: 51mm, guard ring distance 39mm

Figure 1: Experimental setup

Figure 2: Distribution of 9.19 μm particles at 5.88 Pa (inset:
39.5 Pa), 29.2 VPP, electrode/guard ring distance: 50mm.

C. A. Knapek, U. Konopka, M. Kretschmer, M. Schwabe, L. Wörner, A. Lipaev
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The project PK-4 started in 2002 as a cooperation between the MPE and the Joint Institute for High
Temperatures in Moscow (JIHT, formerly IHED) with a pre-development laboratory phase
supported by DLR. In this phase two laboratory setups at MPE and JIHT and a parabolic flight rack
were developed and constructed. Apparatus tests and scientific experiments were conducted in the
laboratory as well as in parabolic flight campaigns (up to now 7 campaigns). In 2006 an ESA phase
A/B within an extended European-Russian collaboration for investigating the operation of PK-4
aboard the ISS began. Meanwhile the construction of the engineering model is in progress within
the phase C/D expected to be finished with the Critical Design Review at the end of 2010. The
launch of the PK-4 flight model with Progress from Baikonur and its accommodation in the
European Physiology Module (EPM) in the Columbus Laboratory on the ISS is planned for 2012.

In contrast to its predecessors onboard the ISS, PKE-Nevedov and PK-3 Plus, based on an rf
discharge, PK-4 uses a dc discharge in an elongated glass tube for investigating complex plasmas, in
particular their fluid phase, e.g. shear flow, turbulence, or electrorheological properties [1]. A variety
of manipulation devices (gas flow, heating wire, polarity switching, rf coils, powerful laser, internal
electrode) allow the acceleration or confinement of the microparticle system, injected into the
plasma discharge. In this way, stable extended microparticle clouds, shear flow and many other
phenomena of complex plasmas, so far inaccessible in other experiments, can be studied with high
precision. Laboratory experiments on ground as well as parabolic flight experiments led already to
a number of interesting results and publications [2].
References:
[1]  V. Fortov et al., Plasma Phys. Control. Fusion 47 (2005) B537; M. Thoma et al., IEEE Trans. Plasma 

Sci. 35 (2007) 255 
[2]  S. Ratynskaia et al. Phys. Rev. Lett. 93 (2004) 085001; S. Khrapak et al., Phys. Rev. E72 (2005) 016406;

V. Yaroshenko et al., Phys. Plasmas 12 (2005) 093503; A. Ivlev et al., Phys. Rev. Lett. 98 (2007) 145003;
S. Mitic et al., Phys. Rev. Lett. 101 (2008) 125002; V. Yaroshenko et al., Phys. Plasmas 15 (2008) 082104;
S. Mitic et al., Phys. Rev. Lett. 101 (2008) 235001; A. Usachev et al., Phys. Rev. Lett. 102 (2009) 045001;
S. Zhdanov et al.,  to be published in Eur. Phys. Lett.

The preparations of the complex plasma facility PK-4 for the ISS are now far advanced.
The construction of the engineering model started and the launch of the fight model and its
accommodation in the European Columbus Module on the ISS is scheduled for 2012. PK-
4 will follow the successful laboratories PKE-Nefedov and PK-3 Plus onboard the ISS. In
contrast to the latter experiments, which use an rf discharge in a compact plasma chamber,
PK-4 is based on a dc discharge in an elongated glass tube. This setup is in particular
suitable for investigations of the fluid phase of complex plasmas.

PK-4: Complex Plasmas in a DC Discharge
onboard the ISS
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Thermodynamically open systems like complex plasma and driven
systems, typically far from thermal equilibrium undergo interesting phase
transitions. Complex Plasma allows the fully kinetic study of the kinetics
of these non-equilibrium phase transitions. In our experiment we could
investigate two different processes:
1)As long as a strong external force is applied to drive particles of
different size against each other, like-driven particles form ‘‘stream lines’’
and move collectively in lanes. This is most commonly known from
pedestrian dynamics in highly populated pedestrian zones and also occurs
in different systems of driven particles, such as colloidal dispersions,
lattice gases, and molecular ions.
2)Once the driving force falls below a critical value, the particles of
different size phase-separate, forming a drop of small particles that moves
collectively through the background of big particles. This phase-separation
is driven by a non-additivity in the particle interaction potential, indirectly
falsifying pure Yukawa interaction.

The phase transition experiments are performed in the PK-3 Plus
laboratory onboard the International Space Station (ISS). First, almost the
whole plasma chamber is filled with large particles that form a stable and
fairly homogeneous background. Then, small particles are injected from
outside. The small particles are driven through the cloud of large particles
toward the centre of the chamber. When the small particles enter the
interface of the large–particle cloud, the subsequent penetration is
accompanied by a remarkable self-organization sequence (cf. figures):
(a)Large particles are pushed collectively by the inflowing cloud of small
particles, the latter form „strings“ drifting parallel to the driving force.
(b)The flow of small particles organizes the large particles so that small
and large particles create an „array“ of inter-penetrating strings.
(c)As small particles approach the centre of the chamber, the force
decreases and the strings organize themselves into larger „streams“.
(d)Finally, when the force almost vanishes, the streams merge to form a
droplet with a well defined surface, indicating the transition to the regime
of phase separation.
After the flux of small particles is exhausted, the large–particle strings
slowly dissolve.

References:
• Sütterlin et al.: „Erratum: Dynamics of lane formation in driven binary complex plasmas,“ PRL, Apr. 2009.
• Wysocki et al.: „Kinetics of fluid demixing: Role of the interaction range,“ to be published.

We conducted experiments to study non-equilibrium phase transitions in complex plasma using the PK-3 Plus
Laboratory on the International Space Station. In our experiments small (driven) microparticles penetrate into a
cloud of large (background) particles: When the driving force is strong enough, particles of both sorts form
interpenetrating lines (lane-formation), which are characterized by a considerable anisotropic structural order
and an enhanced unidirectional mobility of particles. When the force decreases small particles form a drop with
well defined surface (phase separation), moving through the background collectively.

Non-Equilibrium Phase Transitions

a)

b)

c)

d)
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M. Kretschmer and the PK-4 Team

To produce this effect we insert one kind of particles (in this case: 6.8 μm diameter plastic spheres)
into the DC plasma and stop them with a local RF discharge. Then we inject different microparticles
(3.4 μm) and watch the penetration of the two clouds. Under certain conditions (see [3]) the particles
form lanes during the penetration (fig. 1) to minimise the interaction energy. Generally, the inter-
particle distances in these lanes (dL) differ from the mean particle spacing (dB) (fig. 2).

References: (For the latest information on PK-4 see also http://www.mpe.mpg.de/pk4) 
• [1] M. Thoma, et al., PK-4: Complex Plasmas in Space - next Generation, IEEE Trans.Plas.Sci. 35 (2007) 255 
• [2] M. Kretschmer, et al., PK-4 - a complex plasma experiment for the new millennium, ITCPP 2003, Santorini
• [3] J. Chakrabarti, et al., Reentrance effect in the lane formation of driven colloids, PRE 70, 012401 (2004) 
• [4] D. Helbing, et al., Dynamics of crowd disasters: An empirical study, PRE 75, 046109 (2007) 

Complex plasmas are ideal tools to investigate self-organisation effects in multi-particle systems. E.g.,
with varying parameters they can be put in nearly any state of matter from crystalline (‘Plasma
Crystal’) to super-critical. The microparticles can be visualized by cameras and allow to study the
behaviour of matter on the kinetic level of the individual particles.
The PK-4 setup uses a HV DC discharge to generate the plasma [1,2]. In the microgravity
environment of a parabolic flight we observed another effect: lane formation, which occurs also in
binary mixtures of fluids, granular media, and even human crowds. We compare our experiment to the
latter one.

Fig.1: Lane formation, laminar flow. Fig.2: Particle spacing. Fig.3: Stop&go waves (fov: 21x16mm2)

At a later stage of the penetration process, when the particle density increases, the laminar flow turns
into an instable flow with typical stop-and-go waves. This takes us beyond the lane formation: Both
effects are also observed in crowds of moving people. Can we simulate crowd behaviour with complex
plasmas?
Helbing, et al., [4] studied the motions of people in a dense crowd. With increasing density the former
laminar flow showed first stop-and-go waves (fig. 4a), then chaotic behaviour which is characterised
by a lateral motion of individuals (fig. 4b). We also saw the laminar and stop-and-go motions (fig. 5a),
but no significant lateral motion (fig. 5b), that means no chaotic regime in this PK-4 experiment.
Conclusion: The particles in the PK-4 experiment can simulate crowd behaviour, but we did not see
chaotic motion in this μ-g experiment. In future we should increase the density of the particle clouds.

Self Organisation in Complex Plasmas:
Lane Formation and Beyond

Fig.4a: Flow types in a crowd, 4b: Lateral motion. [4] Fig.5a: Stop&go waves in PK-4, 5b: Lateral motion
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Strongly coupled electrorheological (ER) and magnetorheological (MR) systems are different
from „regular“ complex fluids since the interparticle interaction is controlled by external fields
and provides a tunable anisotropic contribution. The phase behavior of ER/MR system is
remarkable versatile. Complex plasmas with ER effect allow for the study of such systems at
the microscopic level.

Layers and strings in ER complex plasmas

String-Fluids
An interesting fluid-fluid transition occouring in such systems is the
formation of particle strings aligned with the field. This phase differs from
simple and weakly anisotropic fluids due to low-range order along the field.
The transition from weakly anisotropic fluids to string fluids is investigated
using Ornstein-Zernike integral equations and MC simulations.

ER-Plasmas
The anisotropic interaction in ER plasmas is caused by the ion drift which in turn creates a (non-
reciprocal (b)) wake potenial. Using AC fields (or polarity switching (c)) the hamiltonian behavior is
restored. The created effective potential is dipolar-like, i.g., ~ ξ φA(r) P2(cos θ) as shown in Fig. 2

Fig. 1: Anisotropic poten als in ER plasmas

Fig. 2: dipolar-like interac ons

Fluids with separated Layers
A similar transition is found for ER plasmas with negative dipolar 
interactions.  In this case a transition to long-ranged structures occurs – with 
almost perfectly planar layers. These are even monolayers for a wide range 
of parameters. 

Each layer may be regarded as a quasi-two-dimensional fluid system. Due 
to strong external fields a liquid vapor transition occurs; the instable layers 
break up into discs and elliptical structures. Those remanents of the layers 
are distributed randomly.  

References:
• A. V. Ivlev et al, Phys. Rev. Lett. 100 095003 (2008)
• R. Kompaneets, G. E. Morfill and A. V. Ivlev, Phys. Plasm. 16 043705 (2009)
• P. C. Brandt, A. V. Ivlev, and G. E. Morfill, J. Chem. Phys. 130 204513 (2009)
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Figure 1 illustrates one of the phase separation experiments performed
under microgravity conditions in the PK-3 Plus rf discharge chamber (in
argon at a pressure of 30 Pa), with a binary mixture of particles with
9.2μm and 3.4μm diameter. Small particles (red dots) were injected into
a stationary cloud of big particles (green dots) and formed a spheroidal
droplet which moved slowly towards the center of the chamber (to the
right). The figure shows a longitudinal cross section, illuminated by a
thin laser sheet of approximately 0.35mm width. The formation of this
droplet can be understood from the point of view of thermodynamics.

We investigated fluid-fluid phase separation, combining experiments, computer simulations and theory. Binary
complex plasma is very well suited to model the kinetics of fluid-fluid demixing at the „atomistic“ (individual
particle) level. The essential parameters of interparticle interactions in complex plasmas, such as the interaction
range and degree of nonadditivity, can be varied considerably, which allows systematic investigations of different
demixing regimes. We found that long-range interactions play a critical role at the initial stage of the spinodal
decomposition.

Phase Separation in Complex Plasmas 

The generic mechanism responsible for the fluid-fluid demixing is the non-additivity of the potential of interaction between
small and large particles. In typical complex plasmas, we can treat particles as point-like. Then for a binary system, with
particles of sort “1” and “2” characterized by charges Z1 and Z2, respectively, the miscibility is determined by the Berthelot
mixing rule, W12 = (1 + δ) (W11W22)½, expressed in terms of the pair interaction energy Wij (r) = ½ (Zi Φji + Zj Φij). Using
the general far-field form of Φ(r) one can readily show that δ is always positive and hence the phase separation is always
stimulated. [1]

Theory predicts a rich variety of screening mechanisms operating in complex plasmas. The shape of Φ(r) can be affected by
plasma absorption on the particle surface, plasma collisionality, nonlinearity in plasma-particle interaction, ionization-loss
balance, etc. Recently it was shown that the plasma production and loss processes can play a crucial role, resulting in the
emergence of two exponentially screened Coulomb terms in Φ(r). We will refer to it as the “double-Yukawa” potential:

It is remarkable that the two screening lengths can be of very different
scale, so we denoted them as “short-range” (SR) and “long-range” (LR).
Typically, λSR can be of the order of the Debye plasma screening length
which is normally smaller than the mean interparticle distance ∆,
whereas λLR can be much larger than ∆. Moreover, the (absolute value
of) effective charge for the LR interactions is usually much smaller than
that for the SR interactions, so that

Figure 2 illustrates the demixing of a binary fluid, quenched into the
immiscible state, from t=1s (left) to t=10s (right). The top row was
simulated using λLR =1 λSR, the bottom row with λLR =12 λSR. The
spinodal decomposition is accompanied by a sequence of domain
growth regimes which are believed to be self-similar in time, i.e., the
domain morphology (within each regime) is preserved. This implies a
single time-dependent characteristic length which obeys a power-law
growth, L(t)~tα, with distinct growth exponents α peculiar to each
regime. Figure 3 shows the evolution of L for differnet ratios λLR/λSR: 1
(yellow), 2 (red), 4 (blue), and 12 (black). For λLR/λSR = 12 the upper
(black) curve was calculated using an additive short range interaction
potential.

3

2

References:
1. Ivlev et al., “Fluid phase separation in binary complex plasmas“, EPL, 85 (2009) 45001

.

2. Wysocki et al., “Kinetics of fluid demixing: Role of the interaction range“, PRL in preparation.
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Reference: M. Schwabe et al., PRL 102, 255005 (2009)

Investigations of the dynamical evolution of a complex plasma, in which a vertical
temperature gradient compensates gravity, were carried out. At low power the formation of
microparticle bubbles, blobs, and spraying cusps was observed. Several observations indicate
the presence of surface tension, even at small „nanoscales“ of a few 100‘s of particles. By
tracing the individual microparticle motion the detailed (atomistic) dynamics can be studied as
well as the pressure dependence of the net force. A possible mechanism that could drive the
observed phenomena is analogous to the Rayleigh-Taylor instability.

Bubbles and Blobs in Complex Plasmas 

Bubbles (Fig. 1) and blobs (Fig. 2) in complex resemble water drops in an air stream or sedi-
menting particles in a fluid, e.g.,, the breakup mechanisms and the movement in vortices
(Fig. 3) are similar.

Fig. 1: Two microparticle bubbles in an
Argon plasma. The white dots correspond
to individual particles, which are pushed
upwards in the bubble lids. The dashed line
indicates the position of the chamber
midplane.

Fig. 2: 3d view of a
particle blob, ob-
tained by scanning
through the system in
a“tomographic” pro-
cedure.

Fig. 3: Particle stream-
lines inside a blob. The
particles move in vor-
tices, upwards at the
edges and downwards in
the center.

Fig. 4: Vertical velocity of particles moving 
through the center of the chamber as a function of 
gas pressure.

The vertical velocity of the particles measured
in the chamber midplane decreases with gas
pressure (see Fig. 4), which excludes Rayleigh-
Bénard convection. Under low gas pressure
conditions, a possible cause of the gas
movement is thermal creep driven by a
temperature gradient along a surface.
This mechanism can disturb the particle cloud
beneath the void and accelerate the particles
upwards (compare Fig. 1), which causes a
Rayleigh-Taylor instability. The surface tension
values estimated from the instability increment
and from the breakup of bubble lids agree well
(within order of magnitude).
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References:
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• S. Zhdanov, R. Heidemann, M.H.Thoma et al. EPL, 89, 25001 (2010) 

We present the first observation of a dissipative dark soliton (DDS) in a three-dimensional
complex plasma. The wave dynamics is studied at the fully kinetic level of single particles. In
our experiment the DDS is observed traveling at a constant speed of 2 cm/s. The propagation
time of the wave was ~10 times longer than the damping time of single particle motion.

Dissipative Dark Soliton in a Complex Plasma  

switching off the negative voltage offset, the top layer of the particles accelerates into the empty
region above the particle cloud, quickly followed by the second and further layers. These fast
moving particles constitute the rarefaction zone. A typical velocity profile of the DDS is shown in
Fig.2. After the particles crossed the rarefaction zone they were stopped suddenly, forming a
sedimentation front. This front is visible in Fig.3 as a bright diagonal stripe. We observed that the
DDS could self-support its propagation for at least ten dissipation times. The physical mechanism
determining the behavior of DDS is still under debate. Complex plasmas are a fully kinetic model
system that gives us unique possibilities to study such nonlinear waves.

We performed our experiments in a
capacitively coupled radio frequency (rf)
gas discharge with a modified PK-3 Plus
chamber. The complex plasma was prepared
using spherical plastic beads of 3.4 μm
diameter levitated in the bulk of a neon
plasma at pressures of 20-35 Pa (Fig.1). The
position of the cloud was controlled by
thermophoresis. The wave was impact
excited by a short voltage pulse on the rf
electrodes. The complex plasma was first
compressed by a dc offset of -8.6 V
externally applied to both electrodes.
Switching off the dc offset triggered a
solitary rarefaction wave. Immediately after

Fig.1. Neon plasma (orange glow) containing micro
particles. The particles are illuminated by a green
laser diode.

Fig.3. Periodgram of the DDS constructed
from 490 still images. The vertical axis shows
the distance from the lower electrode

Fig.2. Velocity profiles of the DDS. (Insert)
The DDS velocity profile matches well to the
model. [Heidemann, et al. (2009)]
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Dust agglomeration plays an important role
in astrophysics, atmospheric science, fusion
physics as well as dusty plasma physics. In
our experiments, we triggered density
waves in a complex plasma and compared
the microparticle cloud profile before and
after the waves [1]. As shown in Fig.1, the
number of small particles decreased after
the excitation and bright particles appeared,
levitated at the bottom of the cloud. Based
on the position of levitation and the
interparticle distance, we suggest that these
particles are produced by agglomeration.

For the direct evidence of the
agglomeration, we tracked the particle
motion during wave stage with a high speed
camera at 2000 frames per second and
observed several scattering event as shown
in Fig.2, from which we roughly deduced
dust charge. Together with particle
velocities, we could estimate agglomeration
rate by using Smoluchowski equation [2].
As result, the expected number of
agglomeration event was much greater than

the number of larger particles we observed
after the waves, showing that the
agglomeration is indeed feasible.

As an ultimate test of dust agglomeration,
we applied in situ a long distance
microscope to observe the particles inside
the plasma chamber. As we clearly see in
Fig.3, a single particle of 6.8 μm diameter
before waves is shown in picture (a) while
aggregates with two particles and three
particles after waves are shown in picture (b)
and (c), respectively. This finally confirms
our suggestion.

References:
[1] M. Schwabe, M. Rubin-Zuzic, S. Zhdanov, H. Thomas and G. Morfill, Phys. Rev. Lett. 99, 095002 (2007)
[2] J. Blum, Advances in Physics, 55:7, 881-947 (2006)

Agglomeration of negatively charged microparticles is observed in a capacitively coupled rf
discharge. In the experiment, microparticles are accelerated by self-excited density waves so
that their kinetic energy can overcome the interparticle repulsive Coulomb potential, resulting
in dust agglomeration.

Dust Agglomeration in Complex Plasmas

Fig.2 A scattering collision event.

Fig.1 Dust cloud profile at a gas
pressure of 52 Pa before and after
density waves.

Fig.3 Dust particle and aggregates
recorded by long distance camera.
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The 3-dimensional particle positions are used to classify the
neighborhood of each particle as hcp, fcc or liquid using local
invariants introduced by Steinhardt et al. [1]. Comparing this
values to ideal crystals it is possible to assign each particle to a
crystal type. We detect connected clusters to find crystal regions.
Via Delauny triangulation the connections between particles are
found and neighbors are identified. Particles with crystal like
local structure, fcc or hcp, are appended to a domain if they are
connected to at least 3 other particles in crystalline bond
structure. Domains containing less than 16 particles are not taken
into account. Interface particles are particles in a domain
connected to at least 3 particles which do not belong to a
domain.
The graphs below show temporal evolution of the fractions of
different particle types (symbols) and exponential fits to the data

P. Huber, B. Klumov

For this experiment we inject particles of 2,55μm in diameter at a pressure of 0.40 mbar in a radio- frequency
(rf) Argon plasma. The particles are levitated in the sheath region of the plasma but the cloud extends far into
the bulk region. At appropriate plasma parameters the complex plasma cloud starts to form a plasma crystal. By
increasing and decreasing the rf power, the crystal gets melted and crystallization restarts at a well defined time.
Then we accomplish several scans at different times up to 40 minutes after crystallisation started. These
tomographic scans provide three dimensional information of the particle positions.

References: 
[1] P. J. Steinhardt, D. R. Nelson und M. Ronchetti, Physical Review B, 28, 784 (1983)  

Complex Plasmas allow the investigation of processes on the "atomic" level. This provides new
insights in fundamental processes like melting or crystallization. This poster shows first results of
detailed analysis of the structure of the complex plasma during crystallization. Local structure analysis
is used to determine crystal types and some cluster identification is performed to distinguish between
interface and bulk crystal particles.

therefore the total surface decreases. In the bulk the fcc fraction increases with delay compared to hcp fraction.
This is because fcc grows from hcp particles. At the interface to the fluid, where the temperature of the particles
is heated by the fluid, mainly hcp appears.

Temporal Evolution of a 3-D Plasma Crystal 

Measured fraktion of crystal types. Solid lines give exponential fits. The growth times are 71s for
liquid, 68s for hcp and 121s for fcc in bulk. The right figure shows the same for interface particles
with 149s for hcp and 53s for fcc.

(solid lines). Left
figure shows fluid
particles and
crystalline particles in
the bulk of the
domains. The figure
on the right hand side
shows the fractions of
interface particles.
From the characteristic
time scales of the fits
we can get an idea of
how crystallization
proceeds: The first
structure to appear is
the metastable hcp as
interface particles.
With growing clusters
they coalesce and

The picture shows a part of the particles cloud.
Different colors are assigned to the particles
positions depending on the local structure: blue for
liquid, green for hcp, red for fcc.
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B. Klumov, C. Räth, G. Joyce, P. Huber, G. Morfill and the PKE 3+ Team

Since the discovery of plasma crystals, many experiments have been performed to quantify the
crystalline state of complex plasmas. Most of these experiments were related to two-dimensional (2D)
systems. Only a few experiments were focused on the analysis of 3D structures. A full 3D
reconstruction of the particle positions has so far been reported only for systems smaller than a few
hundred particles. A full 3D structure analysis of big systems (containing thousands of microparticles)
has not been performed so far. Here, we will address the question of the structural properties of three-
dimensional plasma crystals observed recently on board the International Space Station (ISS). The
experiments were performed with the ‘‘PK-3 Plus’’ laboratory and Ar gas at pressures in the range 8 -15
Pa; microparticles of different sizes (1.5 - 14.9 micron) were used. A typical plasma crystal created on
board ISS is shown in Figure 1. Top inset (a) shows the pair correlation function of the system for both
initial (liquid-like) and final well ordered phases; the analysis reveals the isotropic state of the
microparticles system and subsequent crystallization. 3D particle positions can be used to define the
local order of particles, which in turn give us key information about the phase state of the system to be
investigated. To determine the local order of the particles a bond order parameter method is used. In the
framework of this method, the local rotational invariants for each particle are calculated and compared
with those for ideal lattice types like fcc/hcp/bcc. The Figures 2 and 3 shows both initial weakly
correlated (a, c) and final well ordered (b, d) states of the ensemble of particles on the plane of the
rotational invariants (for details see [1,2]). Figure 2 corresponds to the experimental data; Figure 3
shows the local order of the crystallized confined Yukawa system (via molecular dynamics
simulations). Evidence of hcp and fcc lattice types of the crystallized system is clearly seen with a small
portion of bcc-clusters. So, the molecular dynamics simulations of the Yukawa system reproduce
remarkably well the local order of observed plasma crystal.

References:
[1] B.  Klumov and G. E. Morfill, JETP Lett., 90, 6, 444 (2009)
[2] B.  Klumov et al, Plasma Phys. Control Fusion, 51, 124028 (2009)

We report the structural properties of three-dimensional complex plasmas observed recently onboard
the International Space Station. A local order analysis reveals spatially-resolved self-organization
features that occur during the crystallization of a plasma crystal. The plasma crystal consists of mainly
hcp and fcc phases with a small fraction of bcc-like clusters. It has been shown that observed
anisotropy of the system of microparticles is due to presence of hcp phase. Molecular dynamics
simulations of crystallization of a system of particles, interacting via Yukawa potential, reproduces the
observed local order remarkably well.

Figure 2 Figure 3

Structural Properties of 3D complex plasmas
at microgravity conditions

Figure 1

Finally,  the observed anisotropy of the plasma crystal is 
due to the presence of a the spatially aligned hcp phase.
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H. Rothermel, W. Bunk, R. Pompl, O. Havnes,  A. Fouquét

A 3D plasma crystal was grown from a localised supercooled region in a fluid complex plasma "melt"
and the structure and evolution of the crystallisation front were analysed using kinetic measurements
of individual microparticle dynamics. It was found that the crystallisation front is accompanied by
short-lived "nano"-crystallites in the fluid and "nano"-droplets in the crystalline phases, that the fractal
surface structure is scale free in the experimentally accessible regime (2-10 lattice distances) and that
surface growth follows a universal self-organisation at the particle level, leading to oscillations in the
structural complexity.
Experimental procedure: A large vertically extended plasma crystal (~80 mm lattice distance) is created in a
symmetrically driven rf-discharge (Argon, 0.23 mbar). The rf-voltage is suddenly decreased from 0.88 V down
to 0.39 V. Observation: The void moves quickly up, the complex plasma is disturbed and the plasma crystal
"melts" (particles are pulled quickly upward and then fall down). The recrystallisation process starts at the
bottom and an upward moving crystallisation front is observed. Domains of different lattice types are formed
below the front (particles do not form lattice planes parallel to the electrode!)

Kinetic development of crystallisation fronts
in complex plasmas 

The colour coded high resolution image (6.4 mm × 4.8
mm) shows the crystallisation front during
recrystallisation. The image presents a superposition of
all particle positions at ten consecutive time steps (time
duration of 0.67 sec); colour-coded from green to red. In
the fluid regime, where particle motion is more
pronounced, a more or less homogeneous mix of all
colours is seen. In the crystalline regime, where the
particle positions are fixed, the last colour used (red)
hides the others and dominates, leading to a clear visual
identification of crystallisation. The ordered structure of
the particle positions confirms this. The crystalline
region consists of two different domains with different
orientation (or structure). Interfacial melting is observed
between these domains.

Series of colour coded images (1/15th sec apart) of the
crystallisation process. Red implies high crystalline
order, black denotes the fluid phase, and yellow colours
indicate transitional regions. Droplets and crystallites
are seen which may grow over several frames and then
dissolve again. As expected, their lifetime increases
with area size (see insets, where area is measured in
units of Λ2). For small crystallite systems, for instance,
the ratio of surface energy to bulk energy decreases with
size and hence larger crystallites may survive longer.
The existence, spontaneous growth and disappearance
of crystallites in the fluid regime and droplets in the
crystal regime within ~ 20 mean particle separations, Λ,
from the crystallisation front is one of the new insights
from our study.

Summary: We observed a propagating crystallisation front at the kinetic level, which exhibits some generic,
universal properties that could be quantified: Although the crystal orientation remains fixed, the front exhibits a
characteristic fractal microroughness down to the inter-particle distance, Λ. The dynamical evolution is best
characterised by amplitude limited oscillations in the surface fractal dimension, caused by growth and filling in
of surface structures on scales 10 Λ. The interface contains small separated transient crystallite and fluid phases.
Cooling occurs through dust acoustic waves, as shown by numerical MD simulations.
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Introduction: Neutral gas dynamics plays an important role in determining dynamics of dust particles
in complex plasmas. One example is the so-called thermal-creep-flow (TCF), which is driven by a gas
temperature gradient along a boundary surface and had been revealed experimentally to produce
convective motions in dust clouds recently [1-3]. While magnitude of the TCF can be estimated from
experiments [1,3] and its dependence on gas pressure can be estimated from theory [3], the details of
the TCF, such as its spatial distribution and temperature distribution, are not clear. The present work
is therefore dedicated to study the TCF in more details by using DSMC method.

Direct Simulation Monte Carlo (DSMC) method is used to investigate temperature-gradient
induced thermal-creep-flow (TCF) in a low-temperature gas discharge chamber and its
influence on dynamics of complex plasmas. Examples of TCF pattern and temperature field
are shown as preliminary results. In particular, the simulated TCF patterns resemble very well
those of dust coulds observed in recent experiments.

Thermal Creep Gas Flow in Complex Plasma

References:
•[1] S. Mitic, R. Sutterlin, and A. V. Ivlev et al., Phys. Rev. Lett. 101, 235001 (2008).
•[2] O. Arp, and J. Goree, private communication (2008).
•[3] T. M. Flanagan and J. Goree, Phys. Rev. E 80, 046402 (2009).
•[4] J. Chun and D. L. Koch, Phys. Fluids 17, 107107 (2009).
•[5] A. L. Garcia, J. B. Bell, W. Y. Crutchfield and B. J. Alder, J. Comput. Phys. 154, 134 (1999).

Challenges and future work: Although the traditional DSMC method is able to well reproduce the
TCF pattern in usual discharge conditions [2,3], as is shown above, it truns out to be too computation-
demanding. The main difficulty lies in the fact that the magnitude of TCF is only a few percent of the
thermal speed of gas molecules, which makes it a challenging issue for DSMC simulation [4]. In
addition, the Knudson number ranges from 0.1 to 0.001 in typical discharges, so that adoption of a
multi-scale method is necessary to cover the whole range of interests. New DSMC algorithms [4,5],
which are designed for low-Mach flow and multi-scale problems, have been adopted to overcome
these difficulties and to compare with experiments [1-3] and theory [3] quantitavely.

205



MPEMPE

S. Mitic, R. Sütterlin, A. V. Ivlev, H. Höfner, M. H. Thoma, S. Zhdanov and G. E. Morfill

Comparing the neutral gas convection velocity fields on
different pressures it was found that the flov velocity scales
with the inverse pressure. This clearly indicate that the
responsible mechanism of the convective motion of the
particles is the thermal gas creep (sleep) theoretically
predicted more then 150 years by Maxwell and
experimentally verified by Reynolds [2].
References:
• [1] S. A. Khrapak et al., Phys. Rev. E 72, 016406 (2005); V. Fortov et al., Plasma Phys. Controlled Fusion 47, B537 (2005)
• [2] J. C. Maxwell, Philos. Trans. R. Soc. London 170, 231 (1879)

Steady-state clouds of microparticles were observed, levitating in a low-frequency discharge
generated in an elongated vertical glass tube. A heated ring was attached to the tube wall
outside, so that the particles, exhibiting a global convective motion, were confined vertically in
the region above the location of the heater. It is shown that the particle vortices were induced
by the convection of neutral gas, and the mechanism responsible for the gas convection was the
thermal creep along the inhomogeneously heated tube walls.

We report on a recent series of experiments performed in PK-4
laboratory setup [1] (Figure 1.) in a low frequency glow
discharge under gravity. After the injection the dust exhibit
strong convective motion above the heating coil. Due to the
strong neutral gas friction it is natural to assume that the intense
convective motion of the particles is induced by the neutral gas
motion which, in turn, is triggered by the local tube heating. In
order to verify this hypothesis we closely investigated particle
convection in plasma and when plasma is suddenly switched off.
Detailed reconstruction of the particles trajectories for these two
cases are presented in Figure 2.(a) and (b) respectively. From
Figure 2.(b) we were able to reconstruct the velocity field of the
conveying gas molecules Figure 3. Subtracting the velocity field
from the particle velocity in the case without plasma, radial
electric field was reconstructed.

Convective Dust Clouds Driven by
Thermal Creep in a Complex Plasma 

Figure 1.

Figure 2.

Figure 3.
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References:
[1] U. Konopka et al., Phys. Rev. E 61, 1890 (2000)
[2] V. Nosenko et al., Physics of Plasmas 16, 083708 (2009)

Dust grains introduced into plasmas can arrange in ordered systems and in some cases even
form spheres. Such plasma crystals can be set into rotation by applying an external magnetic
field [1]. Using a box consisting of four ITO (indium tin oxide) -coated glass plates a rotation
of the crystal can be induced by applying a rotating electric field. This effect has been
previously observed in the case of 2D crystals by V. Nosenko [2].

Rotation of 3D plasma crystals 

The experiment was performed in a modified Gaseous Electronics Conference (GEC) rf reference
cell. It is operated using a rf generator set to 1-5 W at a frequency of 13.56 MHz and a neutral gas
pressure of 4-6 Pa (argon). The lower electrode is heated up to approximately 60 °C to sustain a 3D
suspension of about 500 melamine formaldehyde microspheres with a diameter of 8.77±0.14 μm. To
confine the cluster a glass box is placed on the electrode. To provide the possibility of observing the
cluster inside the box while applying electric forces it consists of four side ITO-coated glass plates
with its top and bottom left open. Each plate is connected individually to a function generator
delivering a sinusoidal voltage (20 V peak-to-peak) at different frequencies (0.1-1000 kHz).
Depending on the phase shift between the sinusoidal contributions a rotating field can be established
inside the box. The electric field can be set to turn clockwise (cw) or counterclockwise (ccw). A top
view of the cluster is shown in Fig (a).

a)c)

d)

b)

The speed of cluster rotation depends on the frequency of the applied sinusoidal voltage, Fig. (b).
Switching the direction of the electric field rotation changes the direction of cluster rotation. The
cluster rotates in the direction of the rotating electric field at all times, which is consistent with the
ion-drag force mechanism [2]. Ions perform spiral motion in the box and due to the horizontal
asymmetry in their density exert a non-zero torque on the particle cluster that is balanced by the
neutral gas drag.
In Fig. (c) the sum of the rotation speeds for each frequency is shown. The residual value only weakly
depends on the frequency. Hence this asymmetry might be caused by several factors such as the
magnetic field of the Earth or the neutral gas flow inside the chamber.
The rotation speed decreases with increasing height, Fig. (d). Additional experiments indicate that the
cluster rotation might not only be driven by the ion-drag mechanism but that the electric force, as
observed in Ref. [2], might play a role. To distinguish between these mechanisms further studies will
be needed.
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Setup: Two glass-rings (r=2/4cm) and a screw nut
(obstacle) on the rf electrode (3W at 13.56MHz).
Particles (Melamine-Formaldehyde d=6.8μm) in Argon
plasma at 17 Pa, no gas-flow.
Acceleration by 9 electrodes: slow varying EM field
(freq. 0.9 Hz, ampl. 50V, last electrode -40V offset,
phase shift 120° between electrodes.

The GEC-rf-reference cell is used to produce a complex plasma. With two glass-rings a circular
path is formed. Particles are accelerated by applying a slow varying electric field to the additional
electrodes mounted to the outer glass-ring. A quasi-infinite particle stream can be observed that
behaves like a liquid crystal. The behaviour of this stream is analyzed.

Observed particle stream after the
obstacle. Ten pictures are colorcoded
overlapped to show the particle
movement (flow direction from left to
right). The splitting of three to more
streamlines can be seen (middle part).
Also the homogenious flow can be seen
(in the beginning, left side; in the end,
short before right side of image).

Streamlines: Splitting and Merging

Merging of streamlines works in the same
manner as splitting. The result of merging
from 2 to 1 lanes is shown in the upper
figure, the merging from 4 to 3 to 2 lanes in
the left picture.
In the 2-1 case, particles behave exact like
one should drive in a similar situation on
the street.
The 4-3-2 case shows the transition of the
undisturbed 4-lanes flow via an unstable
5/7-fold flow to an again stable hexagonal
3-lane and trapezoid 2-lane flow.
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Plasma crystals are highly ordered suspensions of charged micron-sized particles embedded
into a plasma. The interparticle spacing can be of the order of 0.1-1 mm and characteristic
time-scales are of the order of 0.01-0.1 s. These unique characteristics, plus direct imaging,
make it possible to study many dynamical phenomena in real time at the most detailed
(atomistic) level. In particular, the plasma crystal can serve as a model and a tool to study the
phase transitions and plasticity of a 2D lattice layer, including nucleation of dislocations. Two
events of spontaneous dislocation nucleation (with apparent symmetry breaking) are shown
below (middle panel). After nucleation, dislocations moved supersonically with respect to the
shear waves and generated shear-wave Mach cones. They are clearly seen in the particle
velocity maps and in the maps of the crystal bond orientation order (bottom panel).

References:
•C. A. Knapek, D. Samsonov, S. Zhdanov, U. Konopka, and G. E. Morfill, PRL 98, 015004 (2007) 
•V. Nosenko, S. Zhdanov, and G. Morfill, PRL 99, 025002 (2007)
•V. Nosenko, S. Zhdanov, and G. Morfill, Phil. Mag. 88, 3747  (2008)
•V. Nosenko and S. K. Zhdanov, Contrib. Plasma Phys. 49, 191 (2009)

In experiments with a plasma crystal edge dislocations were created spontaneously in pairs
when the internal shear stress built up locally above a threshold. Basic stages of the shear
instability were identified and studied, from gradual pile-up of shear strain in the crystal to
prompt nucleation and break-up of the defect cluster to eventual escape of free dislocations.

(to the left) Dislocation nucleation. The dashed lines indicate the main crystallographic
directions; the yellow is a ‚forbidden‘one. (to the right) Vorticity maps. In (a) ‚black‘ and (b)
‚white‘ dislocation cores, particles rearrange in the clockwise and counterclockwise directions.

Shear Instability of a 2D Plasma Crystal

(to the left) The local stress
concentration (disordering) at the
instant of nucleation. (to the
right) Shear-wave Mach cone
generated by a supersonically
moving dislocation. Shown are
(a) particle positions and
velocities and (b) the map of the
bond orientation function 6. The
Mach cone appears as a V-shaped
feature in both maps.
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Spectra of phonons with out-of-plane polarisation were studied experimentally in a 2D plasma
crystal. The dispersion relation was directly measured for the first time using a novel method
of particle imaging. The out-of-plane mode was proven to have negative optical dispersion at
small wave numbers, comparison with theory showed good agreement. Dedicated experiments
on melting of 2D plasma crystals were then carried out. The melting was always accompanied
by spontaneous growth of the particle kinetic energy, suggesting a universal plasma-driven
mechanism underlying the process. By measuring three principal dust-lattice (DL) wave
modes simultaneously, it is unambiguously demonstrated that the melting occurs due to the
resonance coupling between two of the DL modes. The change of the wave modes with the
experimental conditions, including the emergence of the resonant (hybrid) branch, reveals
exceptionally good agreement with the theory of mode-coupling instability.

Phonons in 2D plasma crystals

L. Couëdel, V. Nosenko, S. K. Zhdanov, A. V. Ivlev, H. M. Thomas and G. E. Morfill

The nonreciprocity of dust-dust interactions due to the
existence of plasma ion wakes can induce the coupling
between the out-of-plane mode and one of the in-plane
modes (see the fluctuation spectra below). This can trigger
an instability which can destroy the crystal (see the
snapshot on the left).

References:
• L. Couëdel et al., Phys. Rev. Lett 103, 215001 (2009)
• S. K. Zhdanov et al., Phys. Plasmas 16, 083706 (2009).

Microparticles were levitated above the electrode and illuminated by a horizontal laser sheet with a
gaussian profile in the vertical direction, as shown in the sketch above (left). The variation of scattered
light intensity was used to track the vertical displacement. The out-of-plane fluctuation spectrum can
be reconstructed, revealing an optical dispertion relation at small wave numbers [see fluctuation
spectra above (right) for different propagation angles].
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Understanding the mechanisms governing the two-dimensional (2D) solid-liquid phase
transition is a long-standing problem. Numerous models have been put forward to characterize
melting in 2D. The two competing models of particular relevance are the dislocation theory of
melting - the Kosterlitz-Thouless-Halperin-Nelson-Young (KTHNY) theory and the theory of
grain-boundary-induced melting.

References:
1. V. Nosenko, S. K. Zhdanov, A. V. Ivlev, C. A. Knapek, and G. E. Morfill, 2D Melting of Plasma Crystals: 
Equilibrium and Nonequilibrium Regimes, Phys. Rev. Lett. 103, 015001 (2009)

Comprehensive experimental investigations of melting in two-dimensional complex plasmas
were carried out. Different experiments were performed in steady and unsteady heating
regimes. We demonstrate an Arrhenius dependence of the defect concentration on temperature
in steady-state experiments, and show the evidence of metastable quenching in unsteady
experiments, where the defect concentration follows a power-law temperature scaling. In all
experiments, independent indicators suggest a grain-boundary-induced melting scenario.

2D melting of plasma crystals 

We performed comprehensive experimental studies of the 2D
melting in complex plasmas 1. In each experiment, a monolayer of
monodisperse plastic microspheres was levitated in a sheath region
above a horizontal electrode of a capacitively coupled rf argon
plasma. The particles charged up negatively and interacted through a
screened Coulomb, or Yukawa potential. Before heating was applied,
particles self-organized in an ordered triangular lattice; however, this
lattice always contained defects, as revealed by Voronoi diagrams.

We measured the number of 5/7-fold defects, N5,7,
and plotted their concentration c5,7N5,7/N as a
function of temperature, see left figure [c7(T) is nearly
identical to c5(T)]. Here, the inverse coupling
parameter 1T/Q2 is the natural “similarity
number” characterizing temperature (Q and  are
respectively particle charge and interparticle
distance). In the recrystallization experiment (circles),
the concentration of dislocations exhibits a relatively
slow power-law scaling, c(T)T, whereas in the
steady-state experiments (diamonds and triangles) it
obeys the Arrhenius law, c(T) e -W/T. The defect core
energy Ec  W/2 turns out to be 10-20 times smaller
than the critical value 2.8Thex, where Thex is the
temperature of transition to the hexatic phase. This
strongly suggests that in our experiments the grain-
boundary-induced melting scenario is realized.

A defect is a lattice site where a particle has a number of nearest neighbors other than six.
Usually, defects cluster together to form edge dislocations (isolated pairs of 5- and 7-fold
defects) or domain boundaries (chains of defects). In three experimental series, the particles
were kept under steady heating conditions using three variations of laser heating method
(uniform heating - see right figure, temperature gradient, shear flow), whereas in one series
the evolution during a rapid recrystallization was observed.
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Exploring phase behavior of different substances is an outstanding physical problem, with
applications to both basic and applied research. This problem is relevant to complex (dusty) plasmas
consisting of highly charged micron-size particles in a neutralizing plasma background. The
macroscopic particles repel each other electrically and, as a result, under certain conditions the system
can exhibit the fluid-solid phase transition. Thanks to high spatial and temporal resolution, the process
of crystallization and related phenomena can be investigated at the most fundamental individual
particle (kinetic) level. It is important to identify the parameter regime where this phase change can be
expected. Conventional numerical approaches are not very practical since the interaction potential
between the particles has a variable shape (it can often be approximated by the sum of the short range
Yukawa and long-range inverse power-law (IPL) terms with relative magnitudes dependent on plasma
conditions [1]).

References:
[1] S. A. Khrapak, B. A. Klumov and G. E. Morfill, Phys. Rev. Lett. 100, 225003 (2008).
[2] S. A. Khrapak and G. E. Morfill, Phys. Rev. Lett. 103, 225003 (2009).
[3] S. A. Khrapak et al., Phys. Rev. Lett. 99, 055003 (2007).

We propose a simple method to approximately predict the freezing (fluid-solid) phase
transition in systems of particles interacting via purely repulsive potentials. The method is
based on the striking universality of the freezing curve for the model Yukawa and inverse-
power-law interactions. This method is applied to draw an exemplary phase diagram of
complex (dusty) plasmas. We suggest that it can also be used to locate freezing transition in
other substances with similar properties of interaction.

We, therefore, put forward an alternative approach to locate the freezing curve, without any
computational cost, in complex plasmas and other related systems. Specifically, performing a
systematic scan of the available numerical data on freezing for the model Yukawa and IPL family of
repulsive potentials we are able to identify a convincing scaling which locates all the data on a
“universal freezing curve” (UFC). The generic parameters governing freezing are the actual coupling
strength  = U()/T and potential steepness at the mean interparticle distance,  = |dln U()/dln |. The
emerging UFC is shown in Fig.1, where numerical results of different authors are summarized. The
solid curve corresponds to a simple fit proposed in [2].

The proposed fit can be very helpful in predicting freezing curves for complex plasmas and other
related systems. For instance, in [2] we have considered the following model interaction potential U(r)
= (U0/r)[(1-)e-r/+], which describes electrical interaction between two small charged particles in
highly collisional plasmas [3]. The family of the freezing curves for different values of the parameter 
is shown in Fig.3. As expected, they are located between two limiting curves corresponding to Yukawa
(lower curve) and OCP (upper line) systems.

Predicting Freezing for Repulsive Interactions
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Ion drag force is an exceptionally important example of plasma-particle interactions which is
associated with the momentum transfer from the flowing ions to charged particles. Despite the high
importance of the ion drag force, a complete self-consistent model for this force, describing all cases of
interest, has not yet been constructed [1]. In highly collisional plasma ion drag force is calculated using
linear plasma response formalism. In this method the polarization electric field is calculated at the
position of the charged particle. Then the product of this polarization field and the particle charge gives
the ion drag force.

References:
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[2]  A. V. Ivlev, S. A. Khrapak, S. K. Zhdanov, G. E. Morfill, and G. Joyce,  Phys. Rev. Lett., 92, 205007 (2004)
[3]  S. V. Vladimirov, S. A. Khrapak, M. Chaudhuri, and G. E. Morfill, Phys. Rev. Lett., 100, 055002 (2008)  
[4]  M. Chaudhuri, S. A. Khrapak, and G. E. Morfill, Phys. Plasmas, 15, 053703 (2008)

In this poster we highlight our recent results related to the ion drag force acting on a small
charged particle in collisional plasmas.

Fig. (1): Electric potential behind a small negatively
charged particle in collisional plasma with slowly
drifting ions for (a) nonabsorbing and (b) absorbing
particle. The direction of ion drag force is shown by the
arrows.

Ion drag force in highly collisional plasma 

For the nonabsorbing particle the ion drag force
increases with ion-neutral collisionality (compared
with the collisionless case) due to collision induced
ion focussing effect behind the particle [2].
However the effect of plasma absorption causes
ion density rarefication downstream from the
particle. The two effects are added in a simple
superposition in the linear model and compete with
each other. In the limit of very small particle and
very high collisionality, rarefication dominates as
shown in Fig. (1). The ion frag force reverses its
direction. The implication of this effect can be
superfluid-like motion of an absorbing particle in
highly collisional plasma [3].

In realistic situations, plasma production and loss processes are always present in the vicinity of the
charged particle which strongly influence the ion drag force both qualitatively as well as
quantitatively. Electron impact ionization is considered to be the only plasma production process
whereas for the loss processes two different situations are considered: (a) electron-ion volume
recombination (relevant to high-pressure plasmas) and (b) ambipolar diffusion towards the discharge
chamber walls and electrodes (relevant to low and moderate pressure plasmas).

It is shown that for
low strength of
ionization the ion drag
force acts in the
reverse dir. of the ion
flow i.e. negative ion
drag force. However,
for high ionization
strength it always act
in the direction of the
ion flow Fig. (2) [4].Fig. (2): The parameter regime for the positive and negative ion drag forces for both plasma

loss mechanisms (a) and (b). Here ξi and ϑ are the normalized ion mean-free path and
ionization frequency respectively.

(a) (b)
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We report the modification in the propagation characteristics of dust acoustic solitary waves (DASWs)
due to the polarization force acting on micron size dust particles in a non-uniform plasma. In small
amplitude limit (KdV solitons), the wave amplitude and width decreases with the increase of
polarization force for a given Mach number. For arbitrary amplitude waves, the range of Mach
numbers where solitary structures can exists become smaller in the presence of polarization force. In
both limits, there exists a critical value of grain size beyond which the DASWs cannot propagate.

For the arbitrary wave amplitudes we employ the pseudo-
potential technique to construct the Sagdeev equation such as

Effect of Polarization Force on the Propagation
of Dust Acoustic Solitary Waves  

Fig1. Variation of amplitude and width of the
potential profile of a solitary wave with Mach
number for R=0 (black), R=0.15 (red), R=0.45
(blue), R=0.75 (green), R=0.95 (magenta).

I. Small amplitude limit: KdV solitons: 

II. Arbitrary wave amplitude limit: Sagdeev potential:

Assuming electrons and ions are Maxwellian, small
amplitude KdV solitons can be obtained by solving the fluid
equations taking into account of polarization force into the
momentum equation. The KdV equation can be written as

,   Where 

The constant X=1-R, where R measure the strength of
polarization force. μe and μi are the mobility of electrons and
ions, respectively. σi is the ratio of ion and electron
temperatures and The stationary
solution of this KdV equation can be written as
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Where and are amplitude and
width of a solitary wave, respectively.
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For a particular Mach number, the amplitude increases and
the width decreases with the increase of polarization effects.
As the charges on dust particles depend on their diameter,
the effect is more pronounced for bigger particles. For
particle size such that R>1, the net force on the grain is no
longer a restoring force and it generates a growing
perturbation preventing propagation.

Fig2. Variation of lower and upper limits of
Mach numbers with R. The shaded portion
is the region where DASWs exist for
negative potential at i=0.2 and i/e=10.
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From the details calculations, it can be shown that there
exists an upper and lower limits of Mach numbers for which
DASW survives for negative potential. The domain of
existence of a solitary wave reduces with the increase of R.

(a)

(b)

P. Bandyopadhyay, U. Konopka, S. Khrapak, G. Morfill, A. Sen and  P. K. Kaw
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Influence of high-voltage pulses of nanosecond duration on microparticles levitating in a rf
plasma is studied. It is shown that the pulses produce significant influence on the plasma,
causing perturbations with the relaxation time of the order of 10−4 s. This time is sufficient for
the microparticle to acquire significant kinetic energy. Application of repetitive pulses leads to
the vertical oscillations of the microparticles. Clusters, consisting of small number of
microparticles, exhibit parametric instabilities of horizontal modes under the effect of
repetitive pulses. It was shown that the parametric instability is caused by the vertical
oscillations of the microparticles in the nonuniform environment of the sheath.

The experiments were performed in a
modified GEC reference cell. A steady-state
capacitively-coupled RF discharge in argon
(0.3 Pa) was sustained by applying a
sinusoidal signal with the frequency 13.56
MHz and 50-100 V peak-to-peak to the RF
electrode. A pulse of 20 ns duration, 1-11 kV
amplitude was applied to the high-voltage
electrode. The 7.17 m diameter microspheres
levitated between the RF and high-voltage
electrodes.

Manipulation of the microparticles by high-
voltage nanosecond pulses 
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An application of a short high-voltage pulse
disturbed the steady-state RF plasma. The self-
bias voltage Urfe, which is self-consistently
connected to the plasma conditions, first
droped down after the application of a single
pulse and then started to relax to the steady-
state value. The typical relaxation time was of
the order of 10-4 s. It increased with the
increase of the pulse amlitude Ui. The
amplitude of the variation of Urfe first also
increased, but then saturated at Ui = 3.2 kV.
The levitating microparticles reacted on the
application of repetitive pulses. They started to
oscillate in the vertical plane. 2D clusters of
microparticles exhibited instabilities in the
horizontal plane: the total kinetic energy K of
the cluster increased exponentially after
switching the pulses on. The increment of the
instability  exhibited a remarkable bell-
shaped dependence on the pulse repetition rate
f, being a well-know signature of a parametric
intability.
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T. Antonova, B. M. Annaratone, J. E. Allen, T. Sato, H. M. Thomas and G. E. Morfill

Three-dimensional (3D) plasma clusters were formed inside a quasi-neutral plasma of very
small size (38mm3) obtained by applying a radio frequency (rf) to a small electrode at the edge
of a main plasma. In order to find the density of such a plasma, spectroscopic analysis at three
wavelengths was performed. The optical thickness of the plasma allowed us to apply the
steady-state corona model for the calculation of the plasma density. The density was estimated
to be 2.8 1016 m−3 in the small plasma, one order higher than in the main plasma volume.

The spectroscopic analysis of the plasma intensity has been performed using a photomultiplier with
three filters ( l=350, 550 and 810nm) for ionic and atomic lines. By scanning vertically the chamber
with a resolution of 0.5 mm we obtained the structure of our discharge with the main plasma glow,
two sheath regions and a small glow where the dust clusters are situated (Fig.2). Applying the steady-
state corona model the plasma density is estimated by two methods. The first method is to compare
the intensities of ionic and atomic lines in the small plasma; the second — to compare the intensities
of the ionic lines (UV spectrum) in the main plasma volume and in the small plasma taking into
account the geometric factors. Both methods give the similar values of the small plasma density, in
average it equals 2.8 1016 m−3 [1]. This fact is fundamental for future plasma cluster investigations,
since it gives us the possibility to estimate the screening Debye length in the plasma and, hence, the
scaling of the distance between particles in the clusters, which defines the cluster structures [2].
Additionally, the distribution of the plasma density in the volume is compared to the results of two
theoretical models built on the principles of ion collisional motion.

Spectroscopic investigation of the 3D plasma
clusters’ environment

The plasma clusters have been obtained in an rf discharge inside the small ‘secondary‘ plasma glow
situated in the sheath of the main plasma (Fig.1). In order to characterize the interaction among dust
particles in the clusters it is necessary to know the parameters of the plasma at the position, where the
clusters are situated. Because of very small size and the rf nature of this plasma Langmuir probes
cannot be used. Therefore the spectroscopic analysis has been chosen as the most suitable method of
plasma diagnostics.

Fig.1 An example of the ‘secondary‘ plasma view
(small very bright glow on the lower electrode in the
sheath of the main plasma, which is the large oval-
shaped glow above).

Fig.2 The distribution of intensity between
electrodes in the discharge at 60 Pa.
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Y.-F. Li, K. Jiang, U. Konopka, T. Shimizu, H. Höfner, H. Thomas, G. Morfill

Introducing a striped electrode in a radio-frequency plasma chamber allows an active removal
of dust particles in the discharge. A directed and continuous dust transport is achieved by
modulating the voltage signals on individual electrode to establish a travelling plasma sheath
distortion. Transport efficiency and velocity is controllable by adjusting the parameters of the
voltage signals applied on the striped electrode.

References:
• Y.-F. Li, U. Konopka, K. Jiang, T. Shimizu, H. Höfner, H. M. Thomas, and G. E. Morfill, Appl. Phys. Lett. 94, 

081502 (2009).
• K. Jiang, Y.-F. Li, T. Shimizu, U. Konopka, H. Höfner, H. M. Thomas, and G. E. Morfill, Phys. Plasmas, 16, 
123702 (2009).

The striped electrode device was built to study the dust removal by a travelling plasma
modulation for the purpose of industrial applications as well as fundamental researches.

The striped electrode device is a cylindrical chamber with an inner diameter of 80 cm and a
height of 40 cm. Two square electrodes with dimensions around 52 cm x 50 cm are mounted
horizontally inside the cylindrical chamber and the distance between the two electrodes is set
to be around 5 cm. The upper electrode is capacitively coupled to an rf generator and the lower
one is segmented into 100 stripes. Each stripe has a width of 5 mm and a length of around 49
cm in the horizontal plane.

The Striped Electrode Device

transport of dust clouds 

horizontal motions of individual particles 

side view of the striped electrode 
(MaxPlanckResearch, 2/2008, p. 49)

physical mechanism of the device
(only 12 stripes sketched for simplicity) 
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By introducing a striped electrode in a newly designed rf plasma chamber [1] allows us to
controll the transport of micrometer size dust particles in a user defined way. A directed and
continuous dust transport is established by modulating the voltage signals on all individual
electrodes to cause a traveling plasma sheath. To investigate the detailed principle of this
transport, molecular dynamic simulations were performed to reproduce the observations with
the plasma background conditions calculated by separated particle-in-cell simulations for the
experimental parameters [2].

Controlled particle transport in
complex plasma with striped electrode 

Dependence of the particle positions along the x axis during the transportation on the
horizontal electric field strength which in turn strongly depends on the amplitude of the
applied voltage, Va: (a) Va=1 V, (b) Va=2 V, and (c) Va=5 V from experiments and (d) E=65
V/m, (e) E=100 V/m, and (f) E=200 V/m from MD simulations for comparison. Both the
experimental results and our MD simulation show that there are three typical regimes, namely,
local oscillation regime as in fig.(a) and (d), partially trapped regime as in fig.(b) and (e) and
fully trapped regime as in fig.(c) and (f) by changing the amplitude, the frequency, and the
phase shift of the signals on each. The findings will help develop novel technologies for
investigating large-scale complex plasma systems and techniques for achieving clean
environments in plasma processing reactors.
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Fig. 1 Schematic of the plasma chamber used in this study. The top and the bottom electrodes are
cooled with liquid N2 (LN2) and driven by rf voltage. The estimated gas temperature with cooling is
190 40K. The synthesis parameters: D2=90%, H2=10%, pressure=4mbar, gas closed condition. D2
was used to distinguish the pre-existing H2O in the system. Fig. 2 Mass spectroscopy (QMS) data
taken before and after igniting the plasma. (a) with LN2 cooling, (b) at room temperature. The
decrease of partial pressure of D2 (PD2) and O2 is due to dissociation by electron impact in the rf
plasmas. In fig.2 (a), Increase in PD2O is not observed because of the immediate conversion of D2O to
water ice. In fig.2 (b), increase in PD2O is due to formation of D2O molecules. The gas was sampled
through a tube (length=30cm, inner diameter=0.3mm) for QMS, resulting in time delay with respect to
the real chemical reactions taking place in the chamber. Fig. 3 Water ice particles formed in the
plasma chamber. (a) time sequence (0.3, 0.5s after igniting the plasma) (b) observation with a high
magnification lens. The produced particles are negatively charged and levitated in the plasma due to a
balance of several forces [1]. Evidences for ice particle growth: (1) when LN2 supply is stopped they
disappear, simultaneously, increase of PD2O is detected by QMS, (2) when the electrode gap is large,
particles are not formed due to a less cooling efficiency. We are at present unable to decide on whether
the initial stages of the formation of the ice particles were by condensation on preexisting seed
particles or if a direct homogeneous nucleation took place, which has been discussed widely so far [2].
This will be the subject of future experiments.

Synthesis of water ice particles
in a plasma chamber 

Figure 1 Figure 3
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Figure 2

Water ice particles are present in a long row of terrestrial and space situations and they often
play a dominant role in the situations where they occur. The processes which lead to the
formation of ice particles in especially the troposphere and stratosphere has received
considerable attention, but are still not fully understood. We have developed a new type of
experiment where micrometer-size water ice particles are created from D2 and O2 using a
plasma enhanced chemical vapor deposition technique, with the electrodes cooled by liquid
nitrogen. In the reactor, D2 and O2 are decomposed by electron impacts and form precursors
for chemical reactions. Water ice particles are produced within a second after plasma ignition.
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The data obtained by the Cassini Radio and Plasma Wave Science (RPWS) instrument during
the shallow and the steep crossings of the E ring of Saturn revealed a considerable electron
depletion in proximity to the icy moon Enceladus (Figs.1a, 2a). Simultaneous the dust impact
measurements by the Cosmic Dust Analyzer (CDA) demonstrated the peak number density of
micron particles. Following analogy with laboratory complex plasmas, where the
negatively charged dust can produce significant electron depletion, the observed effect is
associated with increase of charged dust density. The link between the two physically
independent RPWS and CDA data allows to reconstruct the size distribution down to
submicron range (Figs.1c, 2c), i.e. outside the cutoff for dust impact sensors. The integral
dust number density (Figs.1d, 2d) and the characteristic length scales of the dust structure
formed around the Enceladus orbit are determined.

Dust Characteristics Inferred from Cassini RPWS
Measurements in the Vicinity of Enceladus 
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T. Nosenko, T. Shimizu, J. Zimmermann, G. E. Morfill

Bactericidal properties of such plasma components as reactive oxygen and nitrogen species,
charged particles, and UV radiation make plasmas a promising tool for the disinfection of
chronic wounds. To be applicable for this purpose, plasmas should cause significant reduction
of bacterial density, long-term inhibition of bacterial growth in the wound area, without having
any negative effect on the human cell viability, proliferation, and motility. The results of our in
vivo experiments show that non-UV plasma components represent major bactericidal factor of
plasma irradiation1. They cause the continuous post-irradiation reduction of bacterial density
and long-term inhibition of bacterial growth in the liquid medium (see Figure 1a). Similar
doses of non-UV plasma products do not alter viability and migration of human skin cells.
Human skin fibroblast proliferation was either up- or downregulated by plasma-generated
reactive species depending on their dose (see Figure 1b). In this study, we identified UV
radiation as the major factor limiting possible duration of wound treatment by argon plasma.
In the case of the low-temperature atmospheric-pressure air plasma, UV radiation is low and
does not have any significant effect on human cells and tissues.

References:
• T. Nosenko,T. Shimizu, G.E. Morfill. Designing plasmas for chronic wound disinfection. New J. Phys. 11, 

115013 (2009)

Low temperature atmospheric-pressure plasma is a multi-component system that includes
charged particles, reactive nitrogen and oxygen species, and UV light. Bactericidal properties
of these agents make plasma a promising tool for chronic wound disinfection. Using in vitro
approach, we investigated relative contributions of different plasma components to the
bactericidal properties of plasma irradiation and identified the dosages of these components
that can be tolerated by human skin cells.

Figure 1. Effects of argon plasma-generated reactive species of bacteria and human
cells.
(a) Dynamics of bacterial growth in LB medium after 5 min of plasma irradiation. (b)
Human skin fibroblast proliferation in the growth medium irradiated with argon plasma
for 5 and 10 min.

Plasmas for biomedical applications 

223



MPEMPE

T. Shimizu, J. Zimmermann, T. Nosenko, B. Steffes and G. Morfill

The plasma device (HandPlaSter) has two electrodes producing plasmas as shown in the photo
below. Each electrode consists of a insulator plate sandwiched by a metal plate and a mesh
grid. On the mesh grid side, atmospheric plasma is produced homogeneously via numerous
micro-discharges by applying high AC voltage (18 kVpp at 12.5 kHz) based on Barrier Corona
Discharge (BCD) principle and it diffuses inside the HandPlaSter. The plasma produces
charged particles, reactive nitrogen and oxygen species, light, and heat, and they react on
living tissues. This electrode can be produced in any shape and is scalable to different sizes
since it has a relatively simple structure.

References:
• M . G. Kong, G. Kroesen, G. Morfill, T. Nosenko, T. Shimizu, J. van Dijk, and J. Zimmermann, New J. Phys. 
11 (2009) 115012.
• G. Morfill, T. Shimizu, B. Steffes, and H.-U. Schmidt, New J. Phys. 11(2009) 115019.

A new atmospheric plasma dispenser has been developed and tested for the purpose of
disinfection. This plasma production is based on Barrier Corona Discharge (BCD) technology
and operated by high AC voltage (typically ~ kV at KHz range) with power consumption of
~0.5 W/cm2. The produced plasma has bactericidal and fungicidal property and could be used
for a fight against hospital and community associated infections.

In order to see bactericidal performance of the device, bacteria inoculated on agar plates in
petri dishes were placed inside the HandPlaster with different treatment times. The treated
dishes were incubated at 35 C for 18 hours and the number of colony forming units (CFU)
was counted. Comparison with a diluted sample by a factor of 104 is shown in the figures
above (a: gram-negative Escherichia coli, b: gram-positive Enterococcus Mundtii). For both
gram-positive and negative bacteira, about 5 orders of magnitude reduction in bacteria load is
observed in seconds of treatment time.
In addition, a fungicidal property of our plasma device was also examined with Candida
Albicans. The result shows that the plasma could reduce the fungi to about 10-4 of the original
level in seconds.
In summary, the new plasma dispenser operated by high AC voltage can provide bactericidal
and fungicidal property in seconds and this electrode is scalable. Such device can be used for
disinfection e.g. in hospitals and other public or private areas to reduce the spread of bacterial
and fungal diseases.

Plasma Dispenser for Disinfection
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A cold atmospheric pressure (CAP) plasma dispenser was used to investigate the occurrence
and development of primary and secondary bacterial resistance build-up against such plasmas.
Our results show, that no primary resistance was detected for the used gram positive and gram
negative bacterial strains. Further measurements revealed a lower limit to secondary
resistance. These results indicate that the CAP technology could contribute to the control of
infections in hospitals without being hampered by resistance mechanisms.

For the measurements bacteria (in picture a,b: Escherichia Coli) were inoculated on agar plates (3 in
parallel except for generation 1) and placed inside the HandPlaSter for 60s. Afterwards the treated
plates were incubated at 35 C for 18 hours to reveal the number of colony forming units (i.e. the
number of bacteria which survived the plasma treatment) (white and red numbers in figure a in row 2,
3 and 4). The colonies from one agar plate (red numbers) were then used for the production of the
next generation of bacteria, which again were inoculated on agar plates and treated with plasma.
Comparison with the 105 diluted sample of the respective generation is shown in column 1 of figure
a. In figure b the number of survived bacteria is plotted against the respective generation. The results
clearly shows that a bacterial reduction larger than 105 is achieved for every generation after a 60s
plasma treatment. Furthermore, no increase in the number of surviving bacteria for higher generations
was detected. From this one can conclude, that our measurements are consistent with no primary
resistance and no acquired resistance. The purely statistical upper limits are in the range of PP  10-10.
For the acquired resistance the upper limit is much more stringent, since we used 4 generations of
bacterial growth and lies in the range of PA  10-30.

Test for Bacterial Resistance Build-up
against Plasma Treatment

For the treatment of bacteria with plasma, the so-called HandPlaSter was used, which is described in
detail on the poster “Plasma Dispenser for Disinfection”. The resistance measurements were carried
out by generating four generations of bacteria, where the survivors of the respective plasma treatment
were used for the production of the next generation of bacteria.

a. b.
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R. Monetti, W. Bunk, Th. Aschenbrenner, T. Shimizu, B. Steffes, J. Zimmermann

The dynamical features of a time series can be described by characterizing patterns in higher
dimensions using delay vectors. A delay vector is defined as , where xi is
the value of the time series at time i, t is a time lag and n is the embedding dimension. A
symbol can be generated through the mapping of a delay vector into the finite symmetric
group. Symbolic representations enable the use of the invariant properties of this group(1). In
the case of multi-dimensional data such as images, a similar approach can be applied if one
considers “feature vectors”. Feature vectors are widely used in the field of image processing,
particularly in segmentation problems.
In the framework of the Plasma Medicine Project, imprints of the wound surface fluid taken
by means of nitrocellulose filters (see Fig.1) are used to monitor the evolution of the bacterial
load. For statistical reasons, skin wounds are divided into two regions, randomly assigned to
treatment and control areas. Imprints are documented using digital images.

References:
[1] R. Monetti, W. Bunk, T. Aschenbrenner, and F. Jamitzky, Phys. Rev. E, 79, 046207, (2009)
* Collaboration with Hospital München Schwabing and University Regensburg.

Symbolic representations have proved to be useful for the analysis of dynamical properties of
time series. We extend the application of this concept to image-type data sets and develop an
unsupervised method to segment bacterial areas on filter pad images. This method allows us to
follow up changes in the bacterial colonization, regarding amount and spatial distribution.

Here, we generate “feature vectors” combining
channels of various color representations. Features
shown in Fig. 2 were selected since they amplify the
contrast between bacteria flora and background and
proved to be robust when considering different images
and bacterial stems. A symbolic representation of the
image is obtained by mapping all feature vectors into
symbols (see Fig. 3). Figure 3 shows that different
symbols distinguish regions like background, borders
of bacterial area, etc. A specific set of symbols allows
us to obtain a robust segmentation of bacterial areas.
In a sample consisting of 93 cases, we assess the
effect of plasma treatment by comparing bacterial
load on “control” versus “plasma treated” areas. We
found that plasma treatment induces a germ reduction
higher than 25% with respect to that of the control
group.

Segmentation of Color Images based on
Symbolic Representations of Features*

Figure 1: Description of the procedure to take
imprints of the wound surface fluid Figure 2: Original filter pad image (bottom

left) and five color representations used as
feature components for segmentation.

Figure 3: From left to right, filter pad
image, its symbolic representation, and
the segmented bacterial area. Bottom:
Distribution of symbols occurring on
the upper central panel.
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The model system exhibits chaos as well as a
variety of regular behaviour induced by local
coupling, which we examine as a function of the
two system parameters. Different phases can be
identified using symbol distributions and a set
of conventional measures. Fig.2 shows the
phase diagram, where the distribution of order
classes for transfer symbols is color coded. The
symbols sensitively distinguish between many
of the regions. We conclude that the
methodology based on symbolic representations
is useful for the description of emerging global
synchronization behaviour in a spatially
extended system and can easily be transferred to
real world systems such as EEG measurements.

S. Mihatsch , W. Bunk, R. Monetti
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We describe dynamical features of coupled systems using mappings of time series into the
finite group of permutations. Group theoretic arguments allow us to define different categories
of similarities between the resulting symbol series. The method is applied to a prototype
system of chaotic oscillators, where local coupling induces a rich global synchronization
behaviour. The elementary approach is efficient and applicable to a wide variety of systems.

Exploring a Spatio-Temporal Coupled System
using Symbolic Representations

Symbolic representations of time series can be used to
describe essential dynamical features of coupled systems. We
define a symbol as the permutation which generates the local
rank order (fig.1), thus a time series is mapped to a sequence
of elements of the symmetric group. As in any group, for each
pair of elements there exists a unique element, which
transforms one into the other. These „transfer symbols“ carry
information on the relations and similarities of two symbol
series. Using the algebraic order of permutations we define
symbol classes to obtain a symmetric distance-like measure[1].
The method is applied to a spatially extended system of
coupled maps. The model consists of a 2D square lattice with
nearest neighbour interactions. Individual cells evolve
according to the logistic map equation in the chaotic regime.
Following [2], we consider a combination of instantaneous

Fig.2: Phase diagram of the model system. The
distribution of order classes for transfer symbols of
length 4 (RGB channels, order class 1=green,
2=blue, 4=red) is used to distinguish different
phases.

Fig.1: Definition of symbols and
transfer symbols.

τ

and delayed coupling. The control parameters of 
the time discrete system are the coupling strength 
c and the delay τ.
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Label-free imaging is an important issue in studying living cells. Confocal Raman Microscopy
provides such a non-destructive cell imaging alternative, which combines several advantages
over standard techniques. However, only little is known so far about the specific spectral
information concerning the subcellular compartments and the associated biochemistry,
respectively. In the framework of an interdisciplinary cooperation*, we apply an information
theoretic concept to reveal spectral fingerprints that allows for a decomposition of Raman
Spectroscopic images according to various cell organelles.

RS-microscopy overcomes some inherent restrictions of IF-imaging (e.g. small number of antibody
stains and number of labelled components), it is harmless for the living cell, and offers a direct
imaging of the biochemistry of the cell. In the long term project, which deals with the investigation of
glioblastoma (i.e. brain tumor), we expect to obtain with this approach information on biochemical
differences between cells of the same cell line (transfected cells) as well as between different cell
lines.

Our main objective is to prove the information content of Raman Spectroscopic (RS) images with
respect to several cell components, e.g. the cytoskeleton, the mitochondrium, the endoplasmic
reticulum or the Golgi apparatus. For this purposes, immunofluorescence (IF) and RS images have
been taken from a number of human glioma cells. By means of information measures the multimodal
data sets have been accurately registered. With this procedure, each three-color pixel of the IF staining
(corresponding to three subcellular compartments) can be matched with a Raman spectrum covering a
wavenumber range of about 80 to 3040 cm-1 (R~ 3 cm-1, see Figure 1). A series of preparatory steps
(including artefact removal, background corrections, principle component analysis) precede the
characterization of each spectrum by means of a feature vector based on multi-scaling wavelet
transformations. With the help of an extended redundancy analysis spectral patterns (fingerprints)
have been selected that allow for an identification of cell components from their Raman spectroscopic
characteristics (Figure 2).

Images Decomposition of Raman Spectral Cell 
using an Information Theoretic Approach

*In cooperation with  the Division of Neuropathology, Institute of Pathology, TU München, Klinikum r. d. Isar (K. Klein, 
J. Schlegel) and the Department of Earth and Environmental Sciences, LMU, München (A. Gigler, R. Stark). 

aa)

c)

b)

Immuno-
fluorescence
image

Endoplasmic 
reticulum

Reconstruction
based on the 
Raman spectral 
image

Golgi apparatusMitochondrium

a) b)

c) e)d)

f) h)g)

Figure 1: RS-image of a cell: a) wavelength integrated
intensity, b) enlarged image detail, c) Raman spectra of
the selected area.

Figure 2: IF-image: a) RGB-representation (R:cytoskeleton,
G:mitochondria, B:nucleus. b) G-channel (mitochondria).
c-h) RGB-Images derived from RS-microscopy, coding
different organelles in the green channel (lower row).

W. Bunk, Th. Aschenbrenner, R. Monetti
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*Collaboration with S. Paprotny, D. Jordan, G. Schneider, E. Kochs, Department of Anesthesiology, Klinikum
rechts der Isar, Technische Universität, München

Th. Aschenbrenner, W. Bunk, R. Monetti 

It is known that essential functional properties of the brain are the result of synchronization
processes on the neural level (e.g. information processing, memory coding, etc.). The role of
synchronization on a macroscopic scale is in the focus of our project* where the electrical
activity of the brain is used to describe consciousness. In a study with 15 probands the dosage
of the anesthetic drug is controlled to follow a defined profile of anesthetic states. A multi-
channel EEG with high tempoaral resolution (sampling frequency: 5000 Hz) was recorded
using the reference electrode scheme. To avoid spurious synchronization effects induced by
the reference electrode, only differences of EEG-signals enter the analysis. Several
synchronization measures in time domain (e.g. linear correlation, mutual information) as well
as in frequency domain (e.g. distances of Hilbert phases and of power spectra) are applied to
distinguish between conscious and deeply unconscious states (data labeled by clinical experts).
Digitally filtered data is used to determine the influence of several established EEG frequency
bands on the classification results. Figure 1 shows a „raspberry plot“, displaying a topographic
visualization of the spatially resolved discrimination power of a synchronization measure.

For a quantitative description of the effects of anesthetics regarding consciousness, we
evaluated synchronization of the electrical brain activity on a macroscopic scale. In a study
with controlled anesthetized states several synchronization measures based on multi-channel
surface electroencephalogram (EEG) show consistently higher synchronization levels during
unconsciousness compared to the awake state.

We find that all non-linear measures indicate that unconsciousness comes along with enhanced
synchronization levels. For higher frequencies, especially for the -band (13-30 Hz), the
discrimination power between conscious and unconscious states is improved (Figure 2). The
anatomical-functional interpretation of these findings and its integration in the mechanisms of
anesthetic-induced unconsciousness is subject of our future research activities. Our results
suggest that synchronization measures could be employed for an anesthetic depth monitor.

Synchronization Measures to Quantify the Effects
of Anesthetics on Electrical Brain Activity*

Figure 1: „Raspberry plot“of the spatially resolved
discrimination power of mutual information between
conscious and unconscious states. The results of the
ROC-Analysis for filtered EEG-data (13-30 Hz) are
color coded: The size of the green circles denotes the
„area under curve“ (AUC).

Figure 2: Maximal discrimination power (AUC) of
mutual information (see Figure 1) for several
frequency bands. With higher frequencies the contrast
between the anesthetic states is enhanced.
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A proper description of the global and local structural characteristics of the trabecular bone network,
which plays the main role in load carrying and distribution inside the bone, helps to evaluate
deterioration of bone tissue caused by osteoporosis and to predict the most frequent complications of
this disease, namely spine and hip fractures. Because of the porous and very irregular architecture of
the trabecular bone tissue, a detailed assessment of such a structure requires the use of many texture
measures derived from different morphological, mechanical, topological and statistical concepts.

To estimate the predictive power of the methods, we correlate texture measures derived from CT
images with the maximum compressive strength (MCS) as obtained in biomechanical tests [4]. The
failure load estimated by FEM shows the best correlation with MCS (Pearson’s correlation coefficient
r=0.76). This correlation coefficient is larger than those given by all other techniques (0.55 for SIM,
0.73 for BV/TV (M1 calculated from grey level ) and 0.74 for nonlinear combination of SIM and M4).

Mechanical and topological characteristics of the 
trabecular bone microstructure 

References:
1. Sidorenko I, Bauer J, Monetti R, Mueller D, Rummeny E, Matsuura M, Eckstein F, Lochmueller E-M, Zysset P, Raeth C, SPIE, 2009
2. Raeth C, Monetti R, Bauer J, Sidorenko I, Mueller D, Matsuura M, Lochmueller E-M, Zysset P, Eckstein F, New Journal of Physics
10, 125010, 2008
3. Monetti R, Bauer J, Sidorenko I, Mueller D, Rummeny E, Matsuura M, Eckstein F, Lochmueller E, Zysset P and Raeth C, SPIE ,2009
4. Matsuura M, Eckstein F, Lochmueller E-M, Zysset P, Biomechan. Model. Mechamobiol. 7(1), 27-42, 2008.

By means of the Finite element Method
(FEM) we model [1] the biomechanical
behaviour in 151 specimens, taken from the
trabecular part of human vertebrae in vitro,
and calculate apparent stress and strain and
their distributions on the tissue level during
loading. We generate FEM from the binarized
3D CT image with isotropic resolution 26
m (Fig. 1a) by converting each voxel of the
exact structure of the bone specimen into the
equally sized and oriented brick elements.

Fig. 1
a) 3D CT images 
of bone specimens 
with different bone 
fraction BV/TV;

b-c) effective strain 
redistribution in the 
trabecular network 
calculated by FEM

Fig. 4.
Minkowski 
functionals 
as a function 
of scaling 
index 

The Scaling Index Method [2] (SIM) quantifies the bone
structure on a local level by discriminating between different
structural elements (one dimensional rods and two
dimensional plates). In order to understand the redistribution
of the deformation energy accumulated inside the trabecular
structure during compressive loading, we calculate the
average effective strain <eff> for voxels having the same
topological values of scaling indices  (Fig. 3). Both in
strong and weak bones effective strain is mostly accumulated
in substructures with 2.5, which correspond to plate-like
trabeculae, but according to the P() spectrum (Fig. 2) the
amount of plates in weak bones is smaller than in strong
ones. This means that plates are the main load bearing
substructure of the trabecular network and the relative
amount of plates to roads plays the main role for bone
strength and stability on a global level.

According to integral geometry an arbitrary 3D
body can be described by four quantities known
as the Minkowski functionals [3], which represent
the volume (M1), the surface (M2), the integral
mean curvature (M3) and connectivity number
(M4). We threshold 3D CT images according to
the -value of the voxels calculated by SIM. Such
a nonlinear combination of the SIM and MF takes
into account both local and global morphological
properties of the structure (Fig.4).

Fig. 2.
P
spectrum

Fig. 3.
Average 
effective 
strain

Red lines: weak bones; Green lines: strong bone
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I. Sidorenko, J. Bauer, R. Monetti, D. Mueller, E. Rummeny, C. Raeth
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G. Haerendel

References:
• Gerhard Haerendel, Chromospheric evaporation via Alfvén waves, ApJ, 707,  903-915 (2009)

An alternative to common thinking that chromospheric evaporation is caused by flare particle
impact: Plasma, ejected from high coronal altitudes during a flare reconnection event,
accumulates at the tops of coronal loops and forms high-beta plasma layers which distort the
magnetic field. Energy contained in magnetic shear stresses is transported as Alfvén waves
from the loop-top into the chromosphere. The waves carry enough energy to feed the
chromospheric evaporation process. Phase mixing due to the inhomogeneous distribution of
the phase speed in the highly structured chromosphere is identified as the most efficient energy
dumping process.

Chromospheric Evaporation via Alfvén Waves

(1) Loop-top plasma layer 
arising from braking of a 

reconnection jet and
radiated Poynting flux, S. 

Model: ni = 1010 cm-3           

Ti = 100 MK; Bint = 60 G

(3) Alfvén wave propagating along 
an individual flare loop into the  

chromosphere with strong 
filamentary structure.

Contrary to most other concepts it is argued that the beta value (8pp/B2) of the loop-top plasma may be
of order unity. This is supported by some of the few existing evaluations of the loop-top radiations in
the pre-impulsive phase. An ion temperature significantly higher than the electron temperature, as
found behind the bow shock of the magnetosphere, would strengthen this supposition. Figure 2 contains
a range of plasma parameters consistent with b > 1.

(2)

The required Poynting flux of 2x107 W/m2 implies field-aligned sheet currents of 6.4x102 A/m. 

Dissipation of the Alfvén waves by collisional or anomalous plasma processes is insufficient to cope
with the enormous energy flux. However, fast thermalization to a temperature of 10 MK can be
achieved within one Alfvénic transit time (~5 s) via phase mixing by a fully developed Kelvin-
Helmholtz instability in a chromospheric plasma with transverse inhomogeneity scales of several tens
of km. The chromospheric plasma, eroded down to a level of n = 3x1013 cm-3, subsequently fills the
flare loops rendering them visible in EUV.
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B. Klecker (in collaboration with CAU, Kiel and UNH, Durham, USA)

The mean ionic charge (Qm) of solar energetic particles at energies of ~0.01-0.5 MeV/amu shows a
large variability, in particular for Fe. In events related to interplanetary and/or coronal shocks, Qm ~ 9-
11 is usually observed for Fe at suprathermal energies [1], compatible with the charge states of slow
and fast solar wind. In solar wind related with Interplanetary Coronal Mass Ejections (ICMEs) a high
mean ionic charge of Fe with Qm >12 and a significant fraction of charge states QFe>15, is often
observed and, in fact, has been used as reliable tracer of ICMEs [2]. However, reports on high charge
states of Fe at suprathermal energies of ~ 100 keV/amu are sparse.
A systematic study of the average ionic charge of Fe in the suprathermal energy range of ~10-100
keV/amu with the STOF/CELIAS sensor onboard SOHO using daily averages during 2001-2004
showed for 29 of 202 daily averages (14%) Qm >12 [3]. A high mean ionic charge of ~15 for Fe at
suprathermal energies, consistent with the mean ionic charge of Fe observed at the same time in the
solar wind, was observed, for example, on March 31, 2001 (day 90, Fig. 1), during a time period with
unusually high solar wind density, a strong near perpendicular interplanetary shock, and with several
ICMEs and interplanetary shocks during a time period of a few days (Fig. 2). This suggests that the
rare observation of high Fe ionic charge at suprathermal energies is due to the fact that an observation
is only possible if several conditions are met: (1) high Fe charge states in the seed population of an
ICME, (2) a strong shock, overtaking the preceding ICME with high Fe charge states, and (3)
sufficiently high solar wind density to provide adequate counting statistics.

References:
1. Klecker, B., et al., In: Proc. 30th Intern. Cosmic Ray Conf., Merida, Mexico, Vol. 1. p. 83-86, 2008..
2. Wimmer-Schweingruber, R., et al., Space Sci. Rev. 123, 177-216, 2006.
3. Klecker, B., et al., In: Proc. 31st Intern. Cosmic Ray Conf., Lodz, Poland, 2009.  

The mean ionic charge of suprathermal iron ions (~10-100 keV/amu) can be used as a tracer
for local acceleration at interplanetary shocks. We find consistently high (Qm>12) charge
states at suprathermal energies and in the solar wind, in cases of multiple ICMEs and shocks,
when a faster shock is overtaking a preceding ICME with high solar wind charge states.

Fig. 1: One day averages of the mean ionic charge
of Fe in the solar wind and at suprathermal energies
of 10-100 keV/amu during 2001.

Iron Ionic Charge States: A Tracer for Local 
Acceleration in Interplanetary Space

Fig. 2: Solar wind density and velocity. The vertical
lines indicate the times of interplanetary shock
passages (red, dotted), and start and end times of
ICMEs (green and green dotted lines, respectively).
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N. Meidinger ,  MPI Halbleiterlabor 

The pnCCD detector system permits the exploration of the X-ray universe in the energy band
from at least 0.3keV up to 10keV by spectroscopic measurements with a time resolution of
50ms for a full 3cm·3cm large image comprising 384·384 pixels.

References:
• N. Meidinger, R. Andritschke, S. Ebermayer, et al., Proc. SPIE, 7435, 2009

The flight CCD wafers for the eROSITA project were developed and produced in the MPI
Halbleiterlabor. We tested successfully the performance of the X-ray CCDs. Deduced from
these test results, the design and optimum operating conditions are determined for the
eROSITA camera system of the X-ray space telescope.

A complete camera system was developed for performance characterization of the eROSITA
CCD and its dedicated programmable analog signal processor chip. This system serves
furthermore for optimization of supply and control electronics. Based on these results, the final
design of the eROSITA CCD camera and its operating parameters are determined. Tests at
external facilities were carried out for measurements of quantum efficiency and spectral
response at the BESSY synchrotron and for radiation hardness studies at the TANDEM
accelerator of the Maier-Leibnitz Laboratorium. The variety of experimental tests was
completed by simulations, e.g. of the instrument background spectrum of eROSITA at L2 orbit
with graded-Z-shield design of the cameras.

eROSITA pnCCD detector

Fig.4: Spectrum at an energy of
280 eV (from synchrotron) measured
with an eROSITA pnCCD.
FWHM@280eV = 52eV.

Fig.1: Detector wafer
with four eROSITA
CCDs in its centre.

Fig.2: CCD module
for test of eROSITA
detector.

Fig.3: Noise histogram of eROSITA CCD
pixels. Mean pixel noise: 2.2 electrons rms;
noisiest pixel: 2.8 electrons rms.
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G. Schächner, MPI Halbleiterlabor

The Cold Chuck Probe Station is a measurement setup
which allows to fully operate a CCD without mounting
the chip on a PCB. The PNCCD is mounted on a chuck
(see picture on the right) and electrically contacted with
needles instead of bondwires. In a dry nitrogen
atmosphere the CCD can be cooled down to -70°C
which is close to the operating temperature in space. To
determine CCD properties like gain, charge transfer
efficiency and energy resolution the PNCCD is
irradiated with an Fe55-source.

For the X-ray astronomy instrument eROSITA the seven best PNCCDs with an image area of
384x384 pixels have to be selected. Therefore the first spectroscopic measurements are made
with a special measurement setup – the so-called Cold Chuck Probe Station. With this setup all
eROSITA PNCCDs can be qualified under the same measurement conditions and with an
identical electronic setup. So one can compare the results directly and select the best CCDs.

Selection of the eROSITA PNCCDs 

References:
• N. Meidinger, et al., Proc. SPIE 7011, 70110J (2008)
• N. Meidinger, et al., Proc. SPIE 6686, 66860H (2007)

The right picture shows a part of an intensity image of a CCD
with a so-called “non-transferring” pixel. In channel 262 behind
the pixel in row 690 nearly no photons are counted. The few
events which can be seen in the channel behind the not-
transferring pixel are out-of-time events, which are caused by
photons entering the CCD during the readout.

On the basis of the results of Cold Chuck Probe measurements the seven best are selected for
the eROSITA flight instrument. Important selection criteria are a low noise, a good transfer
efficiency and a good energy resolution. Also the CCDs should have no defects like bright or
non-transferring pixels.
The first batch of eROSITA CCDs was measured successfully with the Cold Chuck Probe
Station. In spite of the long wires between the CCD and the amplification chip a noise of less
than 2.8 e- ENC was achieved. On the plot below a Fe55-spectrum measured at -70°C is
shown. For all events the FWHM of the Mn-Kα peak is 146 eV. Beside the Mn-Kα and Mn-Kβ
peaks, both Si escape peaks can be seen. The Cr-K line is due to the setup.

eROSITA 
PNCCD
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S. Herrmann, MPI Halbleiterlabor

The semiconductor laboratory (HLL) is developing a series of integrated microelectronic
circuits (Front End ASICs) for the dedicated high performance readout of its own detectors.
The various designs comprises the readout chips CAMEX for pnCCDs as it will be used for
the eROSITA instrument. Further ASICs are the ASTEROID & VELA chips for DEPFETs
intended for the IXO wide field imager as well as SWITCHER steering chips for pixel arrays.

Measurement time and measurement precision are usually bound by thermodynamic limits.
For many applications the precision increases with the square root of the measurement time.
Therefore for a given detector a tradeoff between readout speed and noise performance has to
be found. A simple way to improve system performance is to increase the number of readout
nodes, i.e. the number of readout channels of the electronics. Therefore for a given readout
noise and measurement time a higher frame rate can be achieved. The column-parallel readout
architectures provide a reasonable compromise between the extremes of one single readout
node common to all the pixels of one detector and one readout node for each pixel. In our big
detector systems the readout channels are typically grouped in blocks of 64 or 128 channels.
Each of these electronics blocks is integrated into one single silicon chip called ASIC.
For pnCCDs we developed the CAMEX type readout ASIC which was used with the EPIC
camera onboard of XMM. An improved version will be used for the eROSITA instrument.
These ASICs were then adapted for the upcoming DEPFET pixel devices. Recently PIXEL
CAMEX is superseded by the ASTEROID & VELA ASICs, which have better performance.
These new readout chips, designed in an improved modern process technology, are the result
of a collaboration between HLL and Politecnico di Milano. They show optimized performance
thanks to a more sophisticated noise filtering scheme which makes them suitable for the
upcoming IXO wide field imager with DEPFETs. ASTEROID features the already proven
source follower readout scheme whereas VELA utilizes a drain current readout which takes
advantage of the current amplification of DEPFET transistors and fixes the terminal voltages
of the detector. For row-wise readout of DEPFETs further microelectronics is needed in order
to handle the addressing of DEPFET transistors and generating the clear pulses. These high-
voltage low-noise ASICs are called SWITCHERs and are developed in collaboration with the
University of Mannheim.
Given the excellent results with the DEPFET detectors, in a future development, ASTEROID
might be the replacement of CAMEX ASICs also for pnCCD readout.

Front End ASIC Development

Fig. 1 ASTEROID (left) and SWITCHER
(right). The ASIC in the middle is the CAMEX
chip for the eROSITA pnCCD camera.

Fig. 2 DEPFET detector prototype for the IXO
mission with four SWITCHER (left and right)
and two ASTEROID (up and down) ASICs.
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J. Elbs, MPI Halbleiterlabor
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The focal plane detectors for the eROSITA telescopes will be 384 x 384 pixels PNCCDs,
designed, fabricated and tested at the MPI Halbleiterlabor. In order to determine systematically
the detailed CCD properties and the optimal operation parameters for the flight detector, a fast,
flexible and low-noise test system was developed.

CCD test system 

At the MPI Halbleiterlabor we have two test systems at our disposal:
- a large vacuum chamber where flat field measurements can be done at different x-ray
energies thanks to a multi-target x-ray tube at 4 m distance from the detector.
- a small, transportable test chamber, which is used for tests at external facilities like
synchrotrons (Bessy) or proton accelarators as well as tests in the MPI Halbleiterlabor using a
55Fe x-ray source.
Both systems are operated using quasi-identical electronic setups comprising a sequencer, high
speed ADC-cards, a power supply array and a desktop PC for control and data acquisition.

With these test setups, we could do extensive tests on the eROSITA detector and the readout
electronics. This allowed to characterise in detail the eROSITA PNCCD and find the optimal
operational parameters (voltages, timing). The results and experiences obtained from these tests
are invaluable for the design of the flight electronics. The tests done using this electronics show
the following excellent results.
- very low readout noise: 2 electrons rms equivalent noise charge
- FWHM ≈ 135 eV @ 5.9 keV (Mn-Kα)
- FWHM ≈ 55 eV @ 277 eV (C-K)

Vacuum flange with CCD detector The mobile test chamber
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R. Andritschke, MPI Halbleiterlabor
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The successfully operating PNCCD onboard XMM Newton is further developed for the
eROSITA X-ray astronomy mission. Its performance features allow additional applications in
a variety of research areas. From performance tests in the development process up to
evaluation of scientific experiments the data analysis has to cope with a broad range of
intensities and various types of radiation requiring a set of different strategies.

Single-photon counting and
spectroscopy of  X-rays
• Performance measurements for
 characterizing devices and optimizing
 operating parameters
• Selection of the best devices (esp. for the
 eROSITA mission)
Position resolution (imaging)
Spectral resolution
Time resolution
Long-term stability   

Various Methods for Analyzing PNCCD Data

X-ray intensity measurements
• Scatter experiments (e.g. free electron X-ray
 lasers, BESSY)
Single-photon sensitivity
Intensities (up to 103ph/pixel)
Imaging of scatter patterns for each X-ray
 pulse individually  

Optical light intensity measurements
• Optical astronomy and adaptive optics
High quantum efficiency
Imaging
Intensities (up to 105 ph/pixel)
Time resolution (frame rate up to 1000/s)

Particles (electrons, protons)
• Transmission Electron Microscopy (TEM)
• Dosimetry
Particle counting
Particle energy determination

Al-K and Mn-K spectrum taken with PNCCD

Scatter image (90 eV X-ray pulse) taken at FLASH 

TEM image taken at MPIB Martinsried
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S. Ebermayer,   MPI Halbleiterlabor

The MPI Halbleiterlabor develops and fabricates pnCCDs for several x-ray detector
applications, like the eROSITA project, where it is crucial to determine photon energies or
intensities with high accuracy. Therefore a precise knowledge of the detector response
function and quantum efficiency is important. These properties are mainly influenced by the
detector entrance window. Measurements and calculations are performed at the MPI
Halbleiterlabor in order to develop a model describing various entrance window
configurations.

The graph on the left hand side shows calculated quantum
efficiency values for different entrance window types. While a
detector without Aluminum filter is fully exposed to optical light,
an Al-layer can be used to damp it by a factor of e.g. 105. The
attenuation factors for optical light for the above entrance window
types were measured at the MPI Halbleiterlabor and are shown in
the table.
The graph on the right hand side shows a spectrum of
monochromatic x-rays at E=600eV taken with a pnCCD of the
eROSITA production. Photons that were absorbed very close to the
doped silicon area form a shoulder at the low energy part of the
spectrum due to partial charge losses. The constant low energy
shelf is caused by photons absorbed in the oxide layers. The high
energy shoulder is due to monochromator stray light.

Quantum efficiency and spectral response
of  x-ray CCDs 

Depending on the energy range of interest, the entrance window can be optimized to achieve
a high quantum efficiency. In x-ray spectroscopy it is often necessary to suppress optical and
UV radiation, which could interfere with the x-ray measurements. This can be done by a thin
Aluminum layer on top of the entrance window.

Entrance 
Window 
type

Attenuation 
factor for 
optical light

No Al 1

Al Thin >3·102

Al Medium >1·104

Al Thick >1·105

To refine the models and calculations regarding quantum efficiency and spectral response,
measurements in the optical, UV and x-ray energy range are necessary. These measurements
at energies from 3eV to 20keV were done at the Synchrotron BESSY in Berlin together with
the Physikalisch – Technische Bundesanstalt (PTB) and are currently evaluated.
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T. Lauf, MPI Halbleiterlabor

Our software tools allow us to predict the digital output data of such a detector system,
including the effects of signal processing electronics, for a given input photon or particle
distribution. The modular structure of our software tools reflects the chronology of the
measurement process.

Of particular importance is accurate and efficient modelling of the relevant physical and
electronic effects. The interaction of photons and particles in detector and passive materials is
simulated using the Cosima simulation package (Zoglauer et al., 2009), which is based on the
Geant4 Monte Carlo toolkit (Agostelli et al., 2003). In the context of this work, the physical
modelling of PIXE (particle induced X-ray emission) in Geant4 has been improved (Pia et al.,
2009), a process of fundamental importance for the instrumental background prediction of X-
ray detectors in space, as exemplified with eROSITA in the figures above (Meidinger et al.,
2010).

The Monte Carlo simulation yields energy depositions in the detector as function of position
and time. Subsequently, the generation, drift, diffusion, and collection of signal electrons in the
detector is modelled. Taking into account electronics effects, the simulated digital output data
can thus be obtained and the detector system response be determined.

References:
• Zoglauer, A., Weidenspointner, G., et al., 2009, Proc. of IEEE NSS/MIC, Orlando, FL, N33-2, 2053
• Agostelli, S., et al., 2003, NIM A, 206, 250
• Pia, M.G., Weidenspointner, G., et al., 2009, IEEE TNS, 56, 3614
• Meidinger, N., et al., 2010, NIM A, in press

To optimize the scientific return from experimental data, accurate knowledge of the response
of the employed detector system is indispensable. Pixellated silicon (Si) detectors are widely
used in many research areas requiring X-ray photon detection, for example in X-ray
astronomy space missions such as XMM, eROSITA, or IXO, but also at free-electron laser
facilities such as FLASH, LCLS, or XFEL. We have developed a suite of software tools for
end-to-end simulation of detector systems employing fully depleted, pixellated Si detectors.

Simulation of Pixellated Si X-Ray Detectors 

Illustration of raw eROSITA background
simulations for an L2 orbit. The tracks
are due to energy depositions of charged
particles, e.g. cosmic rays, in the CCD.

Cu Shield Cu-Al Shield

Cu-Al-B4C Shield Estimate of eROSITA CCD background for
three different configurations of the graded Z
shield. The raw simulated frames were
subjected to photon event extraction
algorithms. The Cu-Al-B4C shield suppresses
fluorescence lines from Cu and Al, but cannot
eliminate particle induced continuum
background (Meidinger et al., 2010).
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P. Majewski, PNSensor and MPI Halbleiterlabor

DEPFET for the IXO WFI
Development of a 6'' wafer-scale detector 

The focal plane array for the Wide Field Imager (WFI) on board of the International X-ray
Observatory (IXO) will be based on DEPFET technology. For the first time, a 6'' wafer-scale
monolithical DEPFET detector with ~106 pixels will be built at the MPI Halbleiterlabor. A
new setup for electrical characterization of large DEPFET matrices allows fast technology and
yield learning directly after production and before mounting the device as detector.

The parameter gm is a measure for the gain of a DEPFET
pixel, hence the evaluation of its distribution allows to
assess the homogeneity of a detector. Fig 3 shows gm
measured for six DEPFET devices (64x64 pixel) from
three wafers. All devices have the requiered narrow
distributions without outliners. The graph demonstrates
the good homogeneity for devices from the same wafer
and a moderate wafer-to-wafer variation.
The next steps will be the characterization of WFI small
area and quadrant prototypes.

Figure 2: Schematic drawing of a DEPFET pixel and its
equivalent circuit. The DEPFET is based on the
combination of two Field-Effect-Transistors (FET).

Figure 1: Mechanical prototype for the IXO WFI 6-inch wafer-scale
detector. The detector is logically subdivided into two hemispheres, each
consisting of 8 sectors. On one hemisphere the logical layout is
indicated. The red circle depicts the 18' FoV (Ø 10.47cm).

Figure 3:. The parameter gm is a measure for
the amplification characteristic of a DEPFET
pixel. The Histogram of gm for 6 DEPFET
devices (64x64 pixel each) from 3 wafers
demonstrates good homogeneity and moderate
wafer-to-wafer variation.

References:
• A. Stefanescu et al., The Wide Field Imager of the International X-ray 
Observatory, Nucl. Inst. and Meth. A, accepted for publication (2010)
• P. Majewski et al, DEPFET macropixel detectors for MIXS: first 
electrical qualification measurements, to be published
• J. Treis et al., Pixel detectors for x-ray imaging spectroscopy in space, 
JINST, vol. 4 P03012 (2009)

The Wide Field Imager on board of the International X-ray Observatory will have a DEPFET
detector as focal plane assembly. According to the instrument specification, the diameter of
the active area of this monolithic detector with ~106 pixels (pixel size 100x100μm²) is
10.24cm (fig. 1). Due to the large size of the device, aspects like homogeneity become driving
topics for technology development.
Each DEPFET pixel (fig. 2) intrinsically amplifies the detected signal. Hence a DEPFET
detector is capable of high speed operation at low noise with excellent spectral resolution
(FWHM < 130eV at 6keV) and offers the possibility for flexible readout-on-demand modes.
Each DEPFET pixel of a detector matrix is electrically characterized after the finalization of
the production process by using a dedicated benchtest setup. This allows fast technology
learning and ensures that only 100% defect free devices are chosen to be mounted as detector,
which – for such large devices – is a complicated and time consuming process.
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P. Lechner, PNSensor and MPI Halbleiterlabor

The High Time Resolution Spectrometer (HTRS) is a French-guided focal plane instrument of
the International X-ray Observatory (IXO) dedicated to the physics of matter at extreme
density and gravity. It will observe the X-rays generated in the inner accretion flows around
the most compact massive objects, i.e. black holes and neutron stars. Their timing signature
with a typical kHz frequency and an aperiodic variability in addition to the simultaneous
spectroscopy of the gravitationally shifted and broadened iron line allows for probing general
relativity in the strong field regime and understanding the inner structure of neutron stars [1].
The HTRS is based on a monolithic array of Silicon Drift Detectors (SDDs) developed at the
MPI semiconductor laboratory. The SDD principle uses radial field dominated drift of signal
electrons to a central integrated amplifier, thus combining large area and small capacitance and
facilitating good energy resolution and high count rate capability (fig. 1) [2]. The HTRS is
specified to deliver energy spectra with resolving power E/δE of 5-50 in the energy interval
0.5 to 10 keV, at high time resolution of 10 μsec and with high count rate capability up to 2·106

counts per second, corresponding to a 10 Crab equivalent source.

References:
[1] D. Barret, “X-ray timing beyond the Rossi X-ray Timing Explorer”, Advances in Space Research, 38 (2006), 2979-2984
[2] P. Lechner et al., “Silicon drift detectors for high count rate X-ray spectroscopy at room temperature”, NIM A 458 (2001), 281-287

The High Time Resolution Spectrometer is proposed as a focal plane instrument of the
International X-ray Observatory to study the time-variable X-ray emission from accreting
neutron stars and black holes. The instrument is based on an array of Silicon Drift Detectors
designed to provide simultaneous time and energy resolution at extremely high count rates.

The IXO High Time Resolution Spectrometer 

Fig. 1
Section diagram of an SDD. The radial electric field generated by concentric 
diodes makes signal electrons drift to the central integrated readout structure. 

Fig. 2
Tentative layout of the HTRS sensor with 31 close-packed SDD cells 

in a 24 mm diameter sensitive area. The cells have been designed with 
radially varying sizes to provide a uniform photon flux distribution.    

As HTRS is a non-imaging instrument and will target only point sources it is placed on axis
but by 12 cm out of focus so that the spot is spread over the array of 31 SDD cells (fig. 2). The
cells are radially adjusted in size in order to spread the photon flux quasi-uniformly over all
cells, thus minimising the total dead time. The SDD array is logically organised in four
independent 'quadrants', a dedicated 8-channel quadrant readout chip is under development.
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The production line at the HLL combines processing of ultra-pure silicon wafers on both sides with the small-
scale technology of VLSI electronics. We use doubleside polished 6“ float-zone n-type wafers to manufacture
various detector types.
All detectors have some common features: Full depletion of the bulk material and extremely thin entrance
windows for maximum Quantum efficiency. Backside illumination with 100% fill factor and high frame rates
at very low noise values through integrated readout amplifiers and parallel readout nodes. Large monolithic
devices can be made with very low leakage currents.
Routinely produced sensor types are the following: pnCCDs with parallel readout are used onboard the X-ray
satellite XMM-Newton and are foreseen for the mission eROSITA. Very large CCDs are also applied for
photon science at the Free Electron Lasers FLASH at DESY and LCLS at SLAC (Stanford). For the even
higher photon rates at CFEL, CCDs will be replaced by Active pixel matrices with DEPFET amplifiers. They
are also foreseen for the space observatory IXO, the mercury mission Bepi Colombo and the e-e+-collider
BELLE II at KEK (Japan). Silicon drift detectors (SDDs) are applied in high-resolution, high-rate
spectroscopy for X-ray microscopy at BESSY and for the hadron physics experiment SIDDHARTA. These
sensors also work in the NASA Mars rovers and find strong interest in industry.
Some new equipment was added to the cleanroom in order to improve reliability and throughput: A Medium
Current Ion Implanter started operation end of 2009 and the very time consuming optical inspection was
extended by an automated system with strong computing power for image comparison.

The MPI Halbleiterlabor (HLL) is a joint research facility of the Max-Planck institutes for physics
and for extraterrestrial physics. Its technology group produces detectors for the research activities
of the Max-Planck institutes - in particular for X-ray astronomy, Free-Electron-Laser experiments
and high-energy physics.

Technology for Silicon radiation detectors 

F. Schopper, MPI Halbleiterlabor 

The Beamline (top left) and input station (top right) of the Axcelis 8250 Ion Implanter - whose wafer handling system
was adapted to edge grip. The automated wafer inspection system (bottom left) for defect detection of lithography layers
and etched structures. Detail of a DEPFET matrix for the proposed ESA Mission IXO (bottom right).
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L. Andricek, MPI Halbleiterlabor

The MPI Halbleiterlabor is designing, developing, and processing Silicon sensors in a
technology highly specialized to the needs of the individual missions and experiments of the
institute. Although the sensors have mostly the first amplification stage integrated in the sensor
material, for a large number of applications it is desirable to have more functionality
integrated in each pixel of a Mega-Pixel camera. New interconnection technologies (flip-chip
and 3D integration) are needed to accomplish this task. The MPI HLL has started a technology
development to extend the integration capabilities within its process line.

New Interconnection Technology at the HLL

Vertical integration in various complexities
starting with conventional flip chip solder
bump bonding (Fig.1a.), flip chip with solder
bumps and one single layer of r/o electronics
with trough silicon vias (TSV) for back side
connection of the chips (Fig.1b.), with a multi-
layer r/o chip separating analogue and digital
functionality of the electronics, again solder
bump bonded to the sensor (Fig.1c.), and
finally a triple layer configuration where the
first layer is the sensor chip with the first
amplification in the high resistivity substrate
(Fig.1d.). The lower sketch (Fig.1) shows how
such a technology finds it’s application in
design of the DEPFET sensor for the European
XFEL

First Copper plated active test structures (Fig.3) and Copper profile (t≈4μm) with the contact
holes to the underlying Aluminium layer (Fig.4). The Copper forms the solder wetable
metallization needed for the subsequent flip-chip connection of commercially available
bumped read-out ASICs. At he same time the copper metallization is a third conductive layer
providing a low impedance on-sensor interconnection needed for high-speed or high current
transmission lines.

Fig.1

Fig.2

Fig.3 Fig.4
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S. Ihle, PNSensor and MPI Halbleiterlabor 

Modern adaptive optics systems require high-speed operation and good detection efficiency.
The optical pnCCD [1] with 264 x 264 pixels can be operated at a high frame rate of 1 kHz.
This is possible by splitting the integrated images in the middle and reading them out into two
directions. By a fast transfer, the two half images are shifted into two neighboring frame store
areas, which are shielded against light by an aluminum cover. From there each image can be
read out in one millisecond while the next image can already be integrated.
The excellent detection efficiency is due to a low readout noise of 3 electrons rms and a
quantum efficiency in the optical, that peaks at almost 100%. This is possible by an optical
anti-reflection coating on the entrance window.

References:
[1] S. Ihle, R. Hartmann, M. Downing, et al., Conf. 

Rec. NSS, 2008
[2] R. Hartmann; S. Deires; M. Downing, et al., 

Proc. SPIE, 7015, 2008
[3] S. Rabien, N. Ageorges, R. Angel, et al., Proc. 

SPIE, 7015, 2008.

At the MPI Halbleiterlabor we designed a fast measurement system with an optical pnCCD
that will be used as wavefront sensor detector for adaptive optics at LBT.

The system was successfully tested in
laboratory. A simulated wavefront spot
pattern was measured with good accuracy.
At the moment the system is customized
for the wavefront sensor system ARGOS
[3] that will be set up 2012 at the LBT
telescope, Arizona, USA. At both
telescopes one pnCCD will measure the
light of three laser guide stars, which
produce three Shack-Hartmann patterns
with 15 x 15 spots each.

Wavefront sensors for adaptive optics

Optical pnCCD parameters

# pixels 264 x 264

pixel size 48 x 48 μm2

Read noise 3 el. rms

Operating temperature -60 C – -20 C

Frame rate 1 kHz

Quantum efficiency > 99 %@ laser 
wavelength

Figure 1: At the Skinakas Observatory the imaging
capabilities of the optical pnCCD have been
demonstrated by taking full frame measurements of
the Crab nebular and pulsar with over 300 images
per second. [2]

Figure 2: Photograph of the optical pnCCD module.
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V. Fedl, MPI Halbleiterlabor
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Development of Infrared BIB detectors

Before developing the combination BIB – DEPFET APS, we investigate the feasibility of both
detector types at liquid helium temperatures. In figure 1 a cross section of one pixel of the
combination BIB-DEPFET is shown.
Successful characteristic measurements of the transistor, a p-channel MOSFET on top of a
high resistive bulk material, were performed. As well, we can measure a Fe55 spectrum at
temperatures down to 6 Kelvin and distinguish between the Kα- and Kβ-line (see figure 2).
Furthermore, we experimentally verified the basic properties of a sensor, which means the
generation, collection, readout and reset of the signal charge [3].

Our first BIB detectors consist of antimony doped silicon. We detected first light on the first
production of the BIB detector by using a calibrated black body as an infrared source. The
next step is to determine the spectral response with the Fourier Transform Spectrometer. In
combination with the absolute black-body measurement we are able to determine the quantum
efficiency of our BIB detectors.

Figure 1 Figure 2

The semiconductor laboratory of the Max-Planck Institutes for physics and extraterrestrial
physics intends a new development towards low-noise sensors for infrared astronomy
applications. These are supposed to be sensitive in the mid- to far infrared and cover the
electromagnetic spectrum between 10 μm and 40 μm. Therefore, the Blocked Impurity Band
(BIB) detector concept combined with an active pixel sensor is foreseen to reduce the detector
noise to a minimum [1]. In order to suppress the readout noise, the first amplification stage is
intended to be the DEPFET APS [2]. The DEPFET APS will be used in x-ray projects such as
BepiColombo, IXO and the collider experiment Belle 2.

252



MPEMPE

Figure 1: The MIXS instrument (left) has two channels:
MIXS-T using an X-ray telescope with 1.1° FOV and
MIXS-C using a collimator with 10.4° FOV. Both channels
are equipped with identical FPAs (right) containing a
DEPFET Macropixel array and the required Front End
Electronics.

J. Treis, MPI Halbleiterlabor

ESA‘s 5th cornerstone mission, BepiColombo, will
perform a comprehensive study of the planet Mercury.
Located on board of BepiColombo‘s Mercury Planetary
Orbiter (MPO), the MIXS (Mercury Imaging X-ray
Spectrometer) instrument (figure 1) will determine the
element abundance in the mercurian crust by measuring
the fluorescent X-ray emissions from the surface. MIXS
will be able to measure with unprecedented spatial
resolution, as it will be the first planetary XRF instrument
using a lightweight X-ray telescope on one of its
channels. MIXS will also be able to measure with
unprecedented spectral resolution, as both instrument
channels are equipped with high speed, high spectral
resolution, energy dispersive X-ray detectors of the
DEPFET type. What is more, the use of DEPFET de-
tectors significantly increases the instruments‘ sensitivity,
as their low noise and high quantum efficiency in the
energy range below 2 keV allow direct access to the
fluorescence emissions of key tracer elements like
Silicon, Magnesium, Aluminum, Sodium, and the L-shell
emission lines of Iron.
The sensors used in the MIXS focal planes are DEPFET
Macropixel arrays (figure 2). This special kind of detec-
tor, recently developed at the MPI Halbleiterlabor,
combines the advantages of DEPFET based detectors
with the scalability of an SDD. By surrounding the
DEPFET amplifier cell with a number of drift electrodes
of suitable size and geometry, pixels of arbitrary size can
be created. This allows to tailor the pixel size of a sensor
to the scientific requirements, e.g. the angular resolution
of the respective optics, of the application. In case of
MIXS, a pixel size of 300 x 300 m2 has been chosen, in
agreement with the 2 arcmin angular resolution at 1 m
focal length of the MIXS-T X-ray telescope. The final
array has 64 x 64 pixels, which yields an overall sensitive
area of 1.9 x 1.9 cm2.
As the radiation environment around Mercury is difficult
and the cooling resources very limited, both sensor and
readout electronics have to be radiation hard. The sensor
has to accommodate a flux of 3 x 1010 10 MeV p eq., and
the corresponding ionizing damage is around 20 krad.
To compensate for the radiation damage effects the
sensor has to be read out very fast. To save readout time,
the sensor is divided in two hemispheres, which are read
out in parallel. Each hemisphere is controlled by two
SWITCHER ICs, applying the operation voltages requi-
red by the DEPFET, and read out by one analog ampli-
fier/shaper IC of the ASTEROID type (figure 2). Both
ICs have been developed for the MIXS instrument and
allow an operation of the sensor with a framerate of 7
kHz with a spectral resolution of 130 eV FWHM @ 5.9
keV. Prototype modules have been assembled, and suc-
cessfully operated in a vacuum environment (figure 4).
The screening and selection of the flight devices is in
progress and the integration of the flight modules is about
to start in 2010.
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• G. Fraser et al.: The Mercury Imaging X-ray Spectrometer (MIXS) on 
BepiColombo, Planetary and Space Science, Volume 58, Iss. 1-2,  pp. 79-95 
(2010).
• Treis, J. et al.: Pixel Detectors for X-ray Imaging Spectroscopy in Space 
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• Treis, J. et al.: DEPFET-based instrumentation for the MIXS focal plane on 
BepiColombo, in SPIE Proc. 7441, 744116-1-744116-12 (2009).

The X-ray detectors for the focal plane of the MIXS (Mercury Imaging Xray Spectrometer) on board of ESA‘s
BepiColombo mission are being developed at the MPI Halbleiterlabor. They consist of a monolithic, 64 x 64 DEPFET
Macropixel array with 300 x 300 mm2 pixel size, which is controlled and read out by tailored fast and radiation hard
control- and front end electronics. This project is done in collaboration with the MPI for Solar System Research.

The DEPFET based Focal Plane Detectors
for MIXS on BepiColombo 

Figure 2: A DEPFET Macropixel consists of a conven-
tional DEPFET cell surrounded by an SDD like driftring
structure (left). For the MIXS focal plane, 64 x 64 of such
macropixels of 300 x 300 m2 size have been integrated on
a common bulk. The sensor is surrounded by 4 control ICs
of the SWITCHER type and 2 ASTEROID ICs for analog
readout. The overall sensitive area is 1.9 x 1.9 cm2.

Figure 4: X-ray shadow image (contour plot of the hit
map, left) of a silicon baffle (right) on a MIXS module
measured with an 55Fe source.
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L. Strüder,  MPI Halbleiterlabor

The MPI Halbleiterlabor has developed for the new generation of X-ray light sources new focal plane
detectors, based on the heritage of the XMM-Newton and the eROSITA pnCCDs. The detectors have
formats of 1024 x 1024 pixels with a size of 75 x 75 μm2, to be read out up to 120 times per second
with spectrocopic resolution. They are sensitive to X-rays up to 20 keV.

References:
• Lothar Strüder et al., Large-Format, High-Speed, X-ray pnCCDs Combined with Electron and Ion Imaging 
Spectrometers in a Multipurpose Chamber for Experiments at 4th Generation Light Sources
Nucl. Instr. and Meth. A (2010),  doi:10.1016/j.nima.2009.12.053

In the framework of the "Center for Free Electron Laser Science" CFEL the Advanced Study
Group (ASG) of the Max-Planck-Society performs experiments at the X-ray FEL at DESY
(FLASH) and at SLAC in Stanford (LCLS). The experiments are carried out at the beamline
end station CAMP, developed e.g. for the study of dynamic processes of atomic and molecular
clusters, biomolecules and nanocrystals in the range of a few femtoseconds.

Fig.1: Photograph of a pnCCD detector as
installed in the CAMP chamber. The size is 76
x 76 mm2, the sensitive thickness is 450 μm. It
can be read out up to 120 times a second with
an electronic noise of 5 electrons only. About
200.000 signal electrons can be safely stored
and transferred in every pixel.

Experiments at the strongest X-ray sources 

The first tests were performed at the first operating X-ray FEL FLASH in summer 2009 in Hamburg
with photon energies up to 300 eV and intensities up to 1013 photons per shot. The shots could be
repeated every 100 ms. The first use in real physics experiments was in December 2009 at the Linac
Coherent Light Source (LCLS) in Stanford. Researchers from 6 different Max-Planck Institutes, from
DESY and the Technische Universität Berlin were investigating a broad range of research topics from
atomic physics through biology.

Fig.2: To cover a wide range of scattering angles two
pnCCD systems are integrated in 5cm and 50 cm
distance from the interaction point. The pnCCD close
to the sample is divided in two halves on a movable
stage to cover scattering angles up to 70 degree. The
devices have a center hole to let the intense X-ray
beam with the non-scattered X-rays go through.

Fig.3: Diffraction pattern of a double
slit experiment at FLASH with a photon
energy of 90 eV. The purpose of this
measurement was the determination of
the transverse coherence of the FLASH
beam.
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FEL beam

N. Kimmel, MPI Halbleiterlabor

The data analysis software 'Raccoon' which has been developed in the MPI Halbleiterlabor
facilitates both the analysis of intensity images and X-ray spectra in real time during the
experiment. A selection of the sensitive detector area of interest can be defined by the user.
This feature facilitates the rejection of straylight photons. Straylight only hits those parts of the
detector area which are close to the primary X-ray laser beam.

References:
• L. Strüder, et al., Nucl. Instr. And Meth. A (2010), doi:1016/j.nima.2009.12.053
• R. Andritschke, et al., 2008 IEEE NSS Conf. Rec., N30-114, pp. 2166 ff.

Within the framework of the Max-Planck ASG Collaboration, pnCCDs are used in
experiments with X-ray Free-Electron-Lasers, e.g. FLASH at DESY or LCLS at SLAC. One
part of this work is focussed on the measurement of fluorescence radiation by highly ionised
noble gas atoms like Ne or Xe. Due to the energy resolving capability of pnCCDs, an X-ray
spectrum can be recorded for each pixel.

Figure 1: two spectra obtained from
the same data set, plotted in the
same graph with different scales on
the y axis. The Ne peak is at 30
counts per bin. In the unmasked
spectrum, the primary energy line
of the FEL (1.5 keV) dominates the
spectrum. The total 2% of Ne and
O fluorescence photons at 0.85 keV
and 0.52 keV respectively become
visible in the spectrum with the
applied pixel mask for the sensitive
area.

X-ray fluorescence measurements at LCLS

Figure 2: technical drawing of the
detector system with 1024 × 1024
pixels and a sensitive area of 76.8 ×
76.8 mm2. A system consists of two
modules with 1024 × 512 pixels
each. The purple parts are titanium
cooling masks, the grey area in the
center is the sensitive detector area.
X-ray photons from the FEL beam
pass through a hole with 3 mm
diameter in the center of the
sensitive area. Both single photon
counting spectroscopy for photon
energies ≥ 0.1 keV as well as
intensity measurements with up to
600 photons of 1.5 keV per pixel
have been performed at a frame
rate of 30 Hz.
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Rear electronic boards
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M. Porro, MPI Halbleiterlabor

The European XFEL machine will provide macro-bunches with a repetition rate of 10 Hz.
Every macro-bunch is composed of 3000 X-ray pulses with a temporal distance of 200ns. The
DSSC system is based on a pixel-silicon sensor with a DEPFET as a central amplifier structure.
The sensor will have the following key properties: the total size will be approximately 200 ×
200 mm2 composed of 1024 × 1024 pixels with hexagonal shape (Fig. 1). The pixel array (Fig.
2) will be subdivided into 16 ladders. Every detector ladder is bump-bonded to mixed signal
readout ASICs. The ASICs are designed in 130nm technology and provide full parallel readout
of the DEPFET pixels. The signals coming from the individual pixels of the detector, after
having been processed by an analog filter, are immediately digitized by a series of 9 bit single-
slope ADCs and locally stored in a memory also integrated in the ASICs.
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• M, Porro et al., “Expected Performance of the DEPFET Sensor with Signal Compression: a Large Format X-ray Imager

with Mega-Frame Readout Capability for the European XFEL”, accepted for publication in Nuclear Instruments and
Methods A

The new DSSC (DEPFET Sensor with Signal Compression) detector system is being
developed in order to fulfil the requirements of the future European X-ray Free Electron Laser
(XFEL) in Hamburg. The instrument will be able to record X-ray images with a maximum
frame rate of 5MHz and to achieve a high dynamic range. This will allow coping with the very
demanding pulse time structure of XFEL.

It is the aim of the DSSC detector to supply a high speed focal plane camera with high spatial
resolution for X-rays from 0.5 keV up to 10 keV with close to 100 % detection efficiency. The
most exciting and challenging property is the 200 ns frame rate of the system. This goes beyond
all existing instruments and requires the development of new concepts and technologies.
The pixel sensor has been designed so as to combine single 1keV-photon resolution with high
dynamic range up to 104 photons per pixel. In order to fit this dynamic range into a reasonable
output signal amplitude, achieving at the same time single photon resolution, a strongly non
linear characteristics is required. The new proposed DEPFET provides the required dynamic
range compression at the sensor level, considerably facilitating the task of the electronics.

DEPFET Sensor with Signal Compression for the
European XFEL 

Figure 1. Top view of a single pixel layout. The
DEPFET structure in the middle is surrounded by a
small drift chamber.

Figure 2. Full focal plane arrangement (1024 x 1024 pixels) 
being  composed of 4 quadrants. Each quadrant consists of 
4 ladders and 8 monolithic sensors of 256 x128 pixels each.

256



MPEMPE

G. De Vita, MPI Halbleiterlabor

The detector system for the XFEL machine will consist of 1024x1024 DEPFET pixels,
providing dynamic range compression at sensor level. The frame rate requirement of 5MHz is
fulfilled by a complete parallel readout of the DEPFET Pixel sensor. 256 ASICs will be bump
bonded to the DEPFET matrix. Each ASIC will comprise 64 x 64 complete channels of about
200 x 200 μm2 each. Every channel will include an analog preamplifier-shaper, an 8-ENOB
ADC and a DRAM. The preamplifier-shaper designed for the Source Follower readout of the
DEPFET pixels will implement a trapezoidal weighting function. This filter function, together
with the intrinsic low noise properties of the DEPFET detector, will allow to achieve an
electronics noise smaller than 50 electrons r.m.s. as required in order to accomplish single
photon resolution at 1keV. A prototype version of the preamplifier-shaper has been designed in
the IBM 130nm 1.2V CMOS technology (Fig. 2).

References:
• M, Porro et al., Expected Performance of the DEPFET Sensor with Signal Compression: a Large Format X-ray Imager with Mega-
Frame Readout Capability for the European XFEL, accepted for publication in Nuclear Instruments and Methods A
• L.Bombelli,C. Fiorini, S. Facchinetti, M. Porro, G. De Vita, A fast current readout strategy for the XFEL DePFET detector , 
accepted for publication in Nuclear Instruments and Methods A

The semiconductor laboratory of MPI is involved in the development of a multi-channel
mixed-signal readout ASIC for the X-ray camera based on a DEPFET Sensor with Signal
Compression (DSSC) to be used at the European X-ray Free Electron Laser in Hamburg. A
low-noise analog front-end with a frame rate of 5MHz has been designed in the IBM 130nm
1.2V CMOS technology and is currently under test.

Fig. 1 – Schematic view of the preamplifier-shaper block

Integrated Source Follower Front-end for DSSC

The preamplifier-shaper block (Fig.1) includes a preamplifier, a voltage-to-current converter
and a switched capacitor filter. The preamplifier is AC coupled to the DEPFET sensor in order
to filter the non homogeneity of the DEPFET matrix and eventual shifts in its threshold
voltage due to radiation damage. The resistor at the output of the preamplifier converts the
incoming voltage signal on the source of the DEPFET in a current signal that eventually
charges down the feedback capacitor Cf of the filtering stage. The readout consists of
integrating the current before the signal arrival (baseline measurement) and afterwards (signal
and baseline measurement). The difference of the two measurements gives the information on
the charge stored in the DEPFET

Fig. 2 – Layout of the prototype ASIC 
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