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N.M. Förster Schreiber, R. Genzel, L.J. Tacconi, S.H. Price, T.T. Shimizu, R. Herrera-Camus,
M. Lee, D. Liu, R.I. Davies, D. Lutz & the SINS/zC-SINF + KMOS3D + ERIS Teams

At z~1–3, half the stars in today’s galaxies were forming, predominantly in massive, gas-rich,
turbulent disks hosting rapidly growing dense bulges and supermassive black holes. Theory predicts
large amounts of gas transport on short timescales from the outer disk regions – rapidly and
continuously accreting from the cosmic web – across the disk, all the way to the galaxy center. Such
radial motions have so far only been hinted at in our extensive near-IR IFU kinematic surveys.
Combining one of our most exquisite SINFONI data set and new very deep ALMA observations, we
detect for the first time directly at z~2 a rapid radial inflow feeding the bulge regions in a massive
disk. Leveraging the superior resolution and sensitivity of ERIS, the new and most advanced near-IR
AO-assisted IFU built under MPE leadership, we will undertake a systematic study of in-situ bulge
formation in 50+ massive high-z galaxies through a ~900h GTO program starting in Fall 2022. We
will build an unrivaled data set of lasting legacy for galaxy evolution studies, which will pave the way
for our next major GTO program with MICADO at the ELT at the end of the decade.

BX610 is a typical massive 1011 M star-forming galaxy at z=2.2. Deep high-resolution observations
with ALMA, SINFONI+AO, and HST, all at 0.2″ FWHM resolution (1.6 kpc at z=2), reveal (i) a
clumpy star-forming disk in Hα emission, (ii) a stellar bulge and clumps along a bar as well as faint
spiral arm features in rest-optical continuum, and (iii) a large central concentration of molecular gas
traced by CO(4-3) emission. The exquisite combined SINFONI AO + seeing-limited (34h) and
ALMA (24h) data reveal underlying disk-dominated kinematics and rapid radial inflow reaching
nearly 100 km/s along the direction of the stellar bar, oriented ~50° off the kinematic major axis. The
inflow is conspicuous in the velocity residual maps obtained after subtraction of the best-fit
axisymmetric disk+bulge+DM halo kinematic model. Geometric arguments imply that the northern
side of the galaxy is tipped away from our observer’s position, such that the northern blueshifted and
southern redshifted velocity residuals correspond to inward motions toward the center.

The Next Frontier:
Watching Bulge Growth through Gas Flows at z~1-3

References:
• Förster Schreiber & Wuyts 2020, ARAA, 58, 661 • Genzel et al. 2020, ApJ, 902, 98 • Price et al. 2021, ApJ, 922, 14
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Panel (a): Galaxy-scale dark matter fraction fDM(<Re) versus baryonic mass surface density Σbar(<Re)
for 100 massive star-forming galaxies at z=0.6-2.5. More dense, higher mass, and higher-z SFGs have
low fDM similar to local and high-z ETGs, while less dense, lower mass, and lower-z galaxies overlap
the local massive disk population.

Panel (b): Dark matter surface density ΣDM(<Re) versus baryonic mass surface. The measured ΣDM for
dense galaxies are lower than what is predicted from observed stellar mass–halo mass relations if the
halos follow cuspy NFW profiles, providing evidence for cored halo profiles.

Resolved kinematics are a powerful tool to constrain the mass distribution within galaxies, including
dark matter. Very deep SINFONI, KMOS, LBT, and NOEMA observations allow us to probe the
rotation curves of 100 star-forming disks (SFGs) at z~1-3 to at least two times the half-light radius,
well beyond the profile peak into the outskirts where dark matter begins to make an appreciable
impact.
A strong anticorrelation is revealed between the galaxy-scale dark matter fraction and baryonic
surface density (and with baryonic mass), reaching down to very low central dark matter fractions
fDM(<Re) for the most massive disks with the densest central regions — the more so at higher redshift.
The low fDM of these SFGs are comparable to those of their descendent populations at z~1.7 and z~0,
quiescent early-type galaxies (ETGs), although the z~1.7 ETGs are offset to higher central mass
density.
Furthermore, if the halos follow an NFW profile, the low fDM are in tension with observed stellar
mass–halo mass relations. This provides evidence for cored halo profiles in these very dense galaxies,
which could form as the result of dynamical friction from rapidly inflowing material or from feedback
processes.

Low Dark Matter Fractions in
Dense, Massive Star-Forming Disks at Cosmic Noon

Infrared / Submillimeter Astronomy

S. H. Price, R. Genzel, T. T. Shimizu, N. M. Förster Schreiber, H. Übler, L. J. Tacconi, R. I. Davies,
D. Lutz, A. Burkert, A. Nestor, A. Sternberg, & the KMOS3D+SINS/zC-SINF+NOEMA3D Teams

References:
 Genzel et al. 2017, Nature, 543, 397  Genzel et al. 2020, ApJ, 902, 98  Price et al. 2021, ApJ, 922, 14  Nestor, A., et al., in prep



H. Übler, A. Sternberg, R. Genzel, S.H. Price, N.M. Förster Schreiber, T.T. Shimizu, A. Burkert, R. Davies, 
D. Lutz, L.J. Tacconi, & the TNG Team

We contrast the gas kinematics and dark matter contents of z=2 star-forming galaxies (SFGs) from the
cosmological hydrodynamic TNG50 simulation to observations. We create realistic mock observations
of massive SFGs resembling near-infrared, adaptive-optics assisted integral-field observations from
the ground. Using observational line fitting and modelling techniques, we analyse the kinematics of
seven TNG50 galaxies, and compare them to observations of twelve massive SFGs by Genzel et al.
(2020). The simulated galaxies show clear signs of disc rotation but mostly exhibit more asymmetric
rotation curves, partly due to large intrinsic radial and vertical velocity components. At identical
inclination angle, their velocity profiles can vary along different lines of sight by up to 200 km/s.
From dynamical modelling we infer rotation speeds and velocity dispersions that are broadly
consistent with observational results. We find low central dark matter fractions compatible with
observations, fDM(<Re)=vDM

2(Re)/vcirc
2(Re)~0.32, however for disc effective radii Re that are mostly

too small: at fixed Re the TNG50 dark matter fractions are too high by a factor of ∼2. We speculate
that the differences in gas kinematics and dark matter content compared to the observations may be
due to physical processes that are not resolved in sufficient detail with the numerical resolution
available in current cosmological simulations.

Simulated galaxies are too small or have too 
much dark matter in their centres – central 
dark matter fraction fDM(<Re) as a function of disk 
effective radius Re for the simulated and mock-
observed TNG50 galaxies (black diamonds) and 
the real galaxies (blue circles) by Genzel et al. 
(2020). Compared to observed galaxies the mock-
observed and modelled simulated galaxies are 
smaller and/or have a higher dark matter content 
in their centres. 

Kinematics and dark matter fractions of z=2 TNG50 
galaxies from an observational perspective

Simulated galaxies are irregular – velocity 
fields of star-forming gas and major axis 
kinematics at different projection angles 
(inclination fixed) for one galaxy. The 
simulated galaxies are often irregular, with 
differences in velocity of up to 200 km/s.

References:
• Übler, H., et al. 2021, MNRAS, 500, 4597 • Nelson, D., et al. 2019, MNRAS, 490, 3234 
• Genzel, R., et al. 2020, ApJ, 920, 98 • Pillepich, A., et al. 2019, MNRAS, 490, 3186
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L.L. Lee, N.M. Förster Schreiber, S.H. Price, D. Liu, R. Genzel, L.J. Tacconi & the
SINS/zC-SINF+KMOS3D Team

Thanks to the increasingly accessible resolved integral field spectrograph (IFU) observations of
redshift z ≳ 0.5 galaxies, rotation curves (RCs) have become an invaluable tool to constrain
fundamental properties such as the relative contribution of baryonic components vs dark matter (DM)
and the intrinsic velocity dispersion of the gas to large radii. With improving data quality, it is crucial
to fully characterize the capability of RC analysis tools. We therefore investigate various common
tools (MPE-developed DysmalPy, Galpak3D and 3DBarolo) to address how they recover the intrinsic
kinematics and hence the physical properties. We perform a controlled experiment using mock
analytical multi-components models to evaluate their performance under different resolution, S/N, and
galaxy properties that follow the established scaling relations at z ≳ 0.5. We also extend the
comparison to real data, our RC100 data sets.

Disk kinematics at high-z: calibrating and comparing 
fitting techniques and modeling tools

References:
• Price, S. H., et al. 2021, ApJ, 922, 143 • Bouché, N., et al. 2015, ApJ, 150, 92 • Di Teodoro & Fraternali 2015,  MNRAS, 451, 3021
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Here we lay out the key elements of the three tools of interest:

• Parametric axisymmetric
multi-component model

• Bayesian or least squares

• Physically motivated 
parametric models
• Assumed constant 
intrinsic dispersion

✓ 1D    ✓ 2D    ✓ 3D

+ Physical properties (e.g. 
DM mass fraction) are 
directly derived from the 
kinematics
+ Noordermeer (2008) 
implementation of thick 
oblate systems
+ non-axisymmetric 
features can be included

• Non-parametric tilted 
ring model

• Nelder–Mead

• No assumed functional 
form for rotation velocity, 
velocity dispersion & 
scale-height 

✕ 1D    ✓ 2D    ✓ 3D

+ Greater flexibility over 
parametric models
? Deriving physical 
properties requires further 
assumptions

• Parametric axisymmetric
multi-component model

• Bayesian

• Physically motivated 
parametric models
• Assumed constant 
intrinsic dispersion

✕ 1D    ✕ 2D    ✓ 3D

+ Physical properties are 
directly derived from the 
kinematics
+ Multi-Gaussian 
Expansion (MGE) of 
density profiles possible

Optimisation

Model 
specifications

Potential 
advantages and 
limitations

Multi-
dimensional?

* All three are forward modelling, which means the observational effects (beam smearing 
and spectral broadening) are taken into account by forward convolution of the intrinsic and 
inclined model cube.
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R. Herrera-Camus (Partner Group MPE and Univ. de Concepción, Chile), N.M. Förster Schreiber, L.J. 
Tacconi, R. Genzel, D. Lutz, S. Price, T. Shimizu, R. Davies

Based on deep ALMA observations of the [CII] 158 μm line and the dust continuum, we have
obtained a kiloparsec view of the interstellar medium, outflow, and kinematic properties of HZ4, a
typical star-forming galaxy at z = 5.5, when the Universe was only ~1 Gyr old (Herrera-Camus et al.
2021, 2022). The success of this program has led to CRISTAL, an MPE co-led Cycle 8 ALMA Large
Program that will combine observations of ALMA, HST, and JWST to complete the first survey of
gas, dust, and stars on ~kiloparsec scales in normal, star-forming galaxies at z ~ 4 - 6.

ALMA Large Program CRISTAL (“[CII] resolved ISM in star-forming galaxies with
ALMA”): CRISTAL is a Cycle 8 ALMA Large Program that consist of ~140 hrs of
Band 7 observations of the [CII] 158 μm line and the dust continuum in 19 main-
sequence, star-forming galaxies between z ~ 4 – 6. CRISTAL will produce detailed
kinematic and morphological maps of the cool gas in and surrounding these galaxies.
More information can be found here: www.alma-cristal.info

Kiloparsec view of a typical star-forming galaxy when the 
Universe was ∼1 Gyr old

References:
• Davies et al. 2019, ApJ, 873, 122 • Genzel et al. 2020, ApJ, 902, 98 • Herrera-Camus et al. 2021,  A&A, 649, A31 • Herrera-
Camus et al. 2022, sub. to A&A Letters  • Price et al. 2021, ApJ, 922, 143
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HZ4 shows a smooth velocity gradient suggesting a regularly rotating disk already in place at 
z~5. Its dropping rotation curve suggests baryons strongly dominate in the central regions, as

observed in massive z ~ 2 star-forming galaxies, and detailed kinematic modeling implies a dark-
matter fraction within one effective radius of fDM(<Re) = 0.4.



L.J. Tacconi, R. Genzel, N. M. Förster Schreiber, D. Lutz, S. Price, R. I. Davies, M. Lee, D. Liu, R. 
Herrera-Camus, T. Shimizu, A. Sternberg, E. Sturm, H. Übler & the NOEMA3D team

Following from our successful PHIBSS CO survey of cold gas in >200 typical, massive star-forming
galaxies (SFGs) at high-z, the next big observational step is to investigate the physical and kinematic
processes that drive galaxy evolution on sub-galactic scales. NOEMA3D is an ambitious, 1700 hour
legacy program of resolved imaging of CO, [CI] and 1mm dust continuum in a well-characterized
sample of ~50-60 massive SFGs at z~0.5-2. With on-source integrations of 20-50 hours, NOEMA3D

provides unequalled sensitivity and high spectral resolution cold gas maps of SFGs at this important
epoch, and forms a cornerstone of the overall IR-group galaxy evolution program. NOEMA3D science
goals are to: 1) derive disk rotation curves and velocity dispersions; 2) establish few kpc scale gas
scaling relations; 3) search for molecular outflows and 4) investigate bulge formation by uncovering
evidence for radial gas inflows. The first six NOEMA3D rotation curves were published in Genzel et
al. (2020) and Price et al. (2021). The bulk of the observations will be made from the end of 2022 –
2024, when the extended baselines and dual-band observing capabilities are completed, enabling
observations of multiple diagnostics in one go, and ~0.25” resolution at 1mm.

NOEMA3D: Sub-galactic Scale Gas Properties & 
Kinematics of Massive Star Forming Galaxies at z~1-2

References:
• Genzel et al. 2020, ApJ, 902, 98           •Price et al. 2021, ApJ, 922, 14 •Tacconi et al. 2020, ARAA, 58, 157
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NOEMA CO 4-3, [CI] and 480 Ghz maps of EGS-13035123, a typical, massive SFG at z=1.2 show
the exquisite data delivered by the upgraded NOEMA. The CO integrated intensity map (far right in
red, and top left panel) shows emission extended over the entire optical disk. From the CO map the
red arrow points to three 10 km/s resolution channel maps that illustrate the clumpy structure of the
molecular gas. The CO velocity field (top center) is dominated by rotational motion, with non-
circular motions of ~15-20 km/s evident in the velocity residuals. Velocity dispersions of ~25 km/s
in the outer disk are typical of those measured from Hα at z~1.



We present the highest spatial resolution CO and Hα kinematic views of the most massive strongly-
lensed galaxy “J0901” at Cosmic Noon (z=2.259, log(M*/M☉)≈11.0). Such a massive lensed object is
very rare and provides a unique chance to study massive star-forming galaxies (SFGs) under the
microscope. With ALMA 0.36′′-resolution CO(3–2) observations covering the three lensed images,
and Adaptive Optics (AO)-assisted 0.2–0.3′′ SINFONI/VLT observations in the SE arc, plus our newly
developed Lensing module in our kinematic fitting software DysmalPy, we more accurately determine
the cold and ionized gas kinematics at the delensed scale of ~600pc. Our analysis provides the most
detailed constraints on the inner rotation curve of this massive z~2 SFG, implying a low dark matter
fraction fDM(Re) ~ 0.34 within the half-mass radius Re. This result directly confirms the generally low
fDM(Re) in massive z~2 SFGs found from lower resolution, unlensed kinematic studies. This exquisite
data set further reveals a turbulent, clumpy, ring-like cold molecular gas distribution out to 1.5 Re,
surrounding the compact stellar bulge and suggesting an inside-out quenching caught in the act.

Cold and ionized gas in the massive, lensed galaxy J0901:
z~2 disk kinematics under the microscope

Figure 1: CO lensed velocity map, delensed
gas and stellar mass map (top-right inset), and
CO/Hα rotation curves (middle inset) derived
from direct image-plane kinematic fitting with
our new Lensing module based on DysmalPy
(Price et al. 2021). The PSF shown at the
lower-left corner corresponds to ~600 pc in the
source-plane along the kinematic major axis.
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d)

Figure 2: Baryon surface density Σbaryon(Re)
versus dark matter fraction fDM(Re) diagram.
The J0901 kinematic result strongly confirms
the trend (shaded area; ± 0.2 dex) established
from ~100 lower resolution massive SFGs at z
~ 0.65–2.45 (RC41; Genzel et al. 2020; and
RC100; Nestor et al. 2022 in preparation).

References: 
• Genzel et al. 2020, ApJ, 902, 98 
• Price et al. 2021, ApJ, 922, 143
• Nestor et al. 2022, in preparation (RC100)
• Liu et al. 2022, in preparation (this work)

D. Liu, R. Genzel, N. M. Förster Schreiber, S. Price, D. Lutz, L. Tacconi, R.L. Davies, L. Lee, A. 
Nestor & the SINS/zC-SINF+KMOS3D Team

Figure 1



R.L. Davies, N.M. Förster Schreiber, D. Lutz, R. Genzel, and the KMOS3D + SINS/zC-SINF Teams

From Nuclear to Circumgalactic: Zooming in on AGN-
driven Outflows at z ~ 2.2 with SINFONI

References:
• Davies et al. 2020, ApJ, 894, 28 • Förster Schreiber et al. 2019, ApJ, 875, 21 • Genzel et al. 2014, ApJ, 796, 7
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Outflow

Outflow

c) J0901+1814

Nuclear Outflow Disk

b)
a) K20-ID5

We use deep adaptive optics assisted integral field spectroscopy from VLT/SINFONI to study the
spatially resolved properties of ionized gas outflows driven by active galactic nuclei (AGNs). We
investigate the different mechanisms by which AGN-driven outflows interact with their host galaxies
on nuclear to circumgalactic scales. K20-ID5 and COS4-11337 have powerful, 1500 km/s AGN-
driven outflows that dominate their nuclear Hα emission (a). The outflow from COS4-11337 is
propagating directly toward its companion galaxy COS4-11363, at a projected separation of 5.4 kpc
(b). COS4-11363 shows signs of shock excitation and recent truncation of star formation activity,
which could plausibly have been induced by the outflow from COS4-11337. J0901+1814 is
gravitationally lensed, giving us a uniquely magnified view of a compact (R = 470 pc), relatively low-
velocity (∼650 km/s) AGN-driven outflow (c). This outflow may be at an earlier stage of evolution, or
the coupling efficiency between the AGN ionizing radiation field and the gas in the nuclear regions
may be lower. The outflows do not appear to have any impact on the instantaneous star formation
activity of the host galaxies (d), but they carry a significant amount of kinetic energy that could heat
the halo gas and potentially lead to a reduction in the rate of cold gas accretion onto the galaxies.

d)

COS4-11337

COS4-11363

a) The outer regions of K20-ID5 are regularly rotating and display narrow emission lines consistent
with star-forming regions. The nuclear region shows a much steeper, misaligned velocity gradient
along with very broad emission lines, indicative of outflows. b) The velocity dispersion peaks at the
nucleus of COS4-11337 but remains elevated in the region between the two galaxies, suggesting that
the outflow may be propagating toward the companion galaxy. c) HST image of the region around
J0901 with a zoom-in showing the compact outflow. d) All three AGN host galaxies lie on the star-
formation rate main sequence, revealing no evidence for instantaneous suppression of star-formation.
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M. Lee & Protocluster team

Gas scaling relations, central to understanding galaxy evolution, are established for typical massive
field galaxies (Tacconi et al. 2020). However, they are poorly explored in different environments (Lee
et al. 2017, Noble et al. 2017, Coogan et al. 2018), in lower stellar mass regimes and at higher redshift
beyond z~3 (e.g., Liu et al. 2019) where different metallicity, ambient radiation and/or gas density
conditions prevail. To make progress, we observed the [C I](1-0) line and combined previous CO and
1.1 mm dust observations in member galaxies of a z=2.5 protocluster to most reliably determine their
gas mass content. We find a steeper dependency of the depletion time scale on stellar mass in the
protocluster member galaxies compared to those in general fields for a stellar mass range of
log(Mstar/Msun) = [10.6, 11.3]. Interestingly, the CO(4–3)/[C I] line ratio suggested the presence of
more dense gas (~104.5 cm-3) in the protocluster galaxies compared to field galaxies. These results are
in line with earlier quenching in dense environments and indicate more efficient star-formation.

Gas scaling relation in a z=2.5 protocluster

References: 
Coogan et al. 2018, MNRAS, 479, 703 
Liu et al. 2019, ApJ, 887, 235
Lee et al. 2021, ApJ, 909, 801

Noble et al. 2017, ApJL, 842, L21
Tacconi et al. 2018, ApJ, 853, 179
Tacconi, Genzel & Sternberg 2020, ARA&A, 58, 157
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Figure 1. Top left: distribution of star-forming galaxies in a z=2.5 protocluster (stars and circles), 
overlaid on the galaxy number density shown in color scale. Contours are 1.1 mm detection from a 
single dish. Bottom left : an example of the [C I] and CO spectra for a member galaxy. The line 
ratio suggests existence of dense gas. Right: gas depletion time scale of protocluster member 
galaxies at z=2.5 (red squares for detections, triangles for upper limit) normalized by field scaling 
relation of Tacconi et al. 2018 (grey shaded region), based on the [C I] line, cross-calibrated using 
CO and dust. The protocluster galaxies show a stronger anti-correlation (Spearman coefficient of -
0.68 with p-value 0.04) between the depletion time scale and stellar mass than the field scaling 
relation. 

☆: [CI], CO and/or 1.1 mm dust detected
Contour : 1.1 mm single dish observation

Background : 
Galaxy 
overdensity

CO(4-3) [CI](1-0)



R. Genzel for the GRAVITY team

Stars orbiting the compact radio source Sgr A* in the Galactic Center serve as precision probes of the
gravitational field around the closest massive black hole. Adding 50 μas astrometry with the four-
telescope interferometric beam combiner GRAVITY to our long-term adaptive optics data set, we
improve the orbits for the stars S2, S29, S38, and S55. All yield significant accelerations between
March and July 2021, as they pass their pericenters between 2018 and 2023. This determines the
gravitational potential of Sgr A* with high precision. Our data are in excellent agreement with general
relativity orbits around a central point mass, M = (4.30 ± 0.01) × 106 M⊙. We detect the
Schwarzschild precession in the S2 orbit with 7σ significance. Any extended mass component inside
S2’s apocenter must be < 0.1% of M. The innermost radius at which an excess mass beyond Sgr A* is
tentatively seen is r ≈ 2.5′′, or 10× S2’s apocenter, in harmony with the stellar mass distribution.

GRAVITY: Mass distribution in the Galactic Center based 
on interferometric astrometry of multiple stellar orbits

Reference:
• GRAVITY coll. 2022, A&A 657, L12
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Top left: The orbits of the stars S2 (red), S29 (violet), S38 (black) and S55 (cyan). Bottom left:
three-epoch composite from GRAVITY data of the central 100 mas illustrating the fast motions
during 2021. Top right: The difference in right ascension between the Keplerian and relativistic
orbit for S2 shows that the star follows the relativistic trajectory. Bottom right: Mass distribution
in the Galactic Center from stellar orbits, leaving no room for any extended mass in the central
arcsecond.



J. Stadler for the GRAVITY Team

Deep images are essential to advance the exploration of the black hole Sgr A* at the Galactic Center.
They can reveal yet unknown faint stars close to the black hole whose tracks are sensitive to the black
hole spin. To achieve optimal sensitivity, we developed an imaging algorithm that is specifically
customized to GRAVITY observations of the Galactic Center and uses state-of-the-art machine
learning techniques. In contrast to other tool available for radio-, IR- and optical interferometry, our
method can deal explicitly with the varying brightness of Sgr A* and describes all relevant
instrumental effects. Application of the algorithm to Galactic Center observations from 2021
demonstrates its capabilities: we resolved the tracks of three previously known stars – S29, S55 and
S62 – around the black hole, and we detected a previously unknown source. The new star is fainter
than all the aforementioned ones and we called it S300.

Left: Images of Sgr A* and its surroundings for each of the four observing epochs in 2021. The
images where obtained with the newly developed GR code that builds on a machine learning
technique called Information Field Theory. One can clearly recognize the movement of S29 and
S55 along their orbital trajectories (shown in white). The star S62 was also found in GRAVITY
observations from 2019 and its location in 2021 is fully consistent with the earlier data. The
newly discovered star S300 moves from left to right throughout the year. Its velocity matches
those of the other stars in the Galactic Center. Since S300 is the faintest star in the field and the
sensitivity decreases away from the image center, it is only dimly recognizable in the Sgr A*-
centered image from July. Still, off-center images at the right confirm the detection in July.

Deep Images of the Galactic Center with GRAVITY

Right: Pointing slightly away
from Sgr A* in July 2021
confirms S300 at the expected
location and reveals further
stars (to the bottom of the
image) which are too far away
from the black hole to be
noticable in the Sgr A*-
centered images on the left.

References:
� GRAVITY Collaboration et al. 2022, A&A, 657, A82
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A. Drescher and the GRAVITY Team

Tracing stars around the supermassive black hole Sgr A* in the Galactic Center gives an excellent
possibility for testing General Relativity in the vicinity of a massive black hole. After the detection of
the gravitational redshift from Sgr A* in the spectrum of the star S2, as well as the relativistic
Schwarzschild precession of the pericenter in S2’s orbit, the next goal would be to measure higher
order effects, such as the spin of the black hole. Since the effect falls off faster with distance, we
would need to find and trace stars much closer to the black hole than S2. With GRAVITY, we
observed Sgr A* over a period of six months in 2019. The observations revealed a faint slowly moving
star within 30 mas of Sgr A*. The position and proper motion is consistent with the previously known
star S62. This star is in projection close to Sgr A*, but is at a substantially greater physical distance. A
second known star, S29, was detected in the GRAVITY images, at approx. 130 mas from Sgr A*.

GRAVITY Imaging of the faint star S62 in the 
Galactic Center

Infrared / Submillimeter Astronomy

For image reconstruction, we use a method commonly used in radio interferometry. We convert the
data in GRAVITY format into the format used in radio interferometry. Further, we calibrate the
visibility amplitudes, and, finally, we combine all Sgr A* frames from one night and apply the
CLEAN algorithm on them.

Up: Images from the central 100 mas around
Sgr A* for April, June, July, August, and 
September in 2019. The green spot at (0,0) mas
is Sgr A*. Other potential targets are shown in 
red. The faint star, S62, can perfectly be
detected and traced in all five months and is
marked with a white circle. The residual map is
shown in blue.

Right: Orbit of the stars S2 (black), S62 (red), 
and S29 (blue). The supermassive black hole, 
Sgr A*, is located at [0,0] and indicated by a 
black filled circle.

References:
Gravity Collaboration et al. 2021, A&A, 645, A127



O.Straub & T.Ott for the GRAVITY Collaboration

In the Milky Way, the central massive black hole, Sgr A*, coexists with a compact nuclear star cluster
that contains a sub-parsec concentration of fast-moving young stars called S-stars. Their location and
age is not easily explained by current star formation models and in several cases the presence of an
intermediate mass black hole (IMBH) has been evoked.
We use GRAVITY astrometric and SINFONI spectroscopic data of the best known S-star, S2, to
investigate whether a second massive object could be present in the galactic centre in the form of an
IMBH binary companion to Sgr A*.
To solve the three-body problem we use a post-Newtonian framework where the star S2 orbits the
SgrA* - IMBH binary. We optimize the 16-dim problem by employing a Bayesian dynamic nested
sampling method.

Constraints on Intermediate Mass Black Holes
In the Galactic Centre

Many-body systems are chaotic in nature. In 
order to make the orbital fitting procedure 
manageable, traditional codes restrict the 
parameter space. 
In terms of simulation and fitting technique we 
are going a step further and explore not only a 
few selected sets of IMBH orbits but the full-
dimensional parameter space.
We find IMBH masses M < 2000 Msun could 
exist at semi-major axes ai < 0.1“ (see Fig.1 
below), however, they are not formally required 
by the currently available data. 

References:
GRAVITY collaboration “Where intermediate mass black holes hide in the Galactic centre - A full parameter study with the S2 star 
orbit” (2022), A&A, in prep. 
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Only very specific orbits (see Fig. 2 above) 
allow a stable configuration where an 
IMBH could exist among the S-stars for at 
least 1 My without causing major 
disruptions.

IMBHs outside the S2 orbit tend to disperse 
the S-star cluster and are largely ruled out.

GRAVITY constrains the mass of a potential 
IMBH to be smaller than 2000 Msun with a 
trajectory that lies most likely inside the S2 orbit.



G. Bourdarot for the GRAVITY Collaboration

The GRAVITY instrument pioneers the field of high-precision near-infrared interferometry by
providing astrometry at the 10-100 µas level. Measurements at such high precision crucially depend
on the control of systematic effects. Here, we report the modeling and the correction of optical
aberrations in GRAVITY astrometry during the pericenter passage of S2. To tackle this effect, we
developed a model that accounts for the pupil-plane and focal-plane aberrations in single-field
pointing. The model was then calibrated on the internal calibration source of GRAVITY and
successfully reproduces measurements of a binary test star. Applied to Sgr A*, removal of the
aberrations provides a measurement of the distance to the Galactic Center (GC) with a systematic
error of less than 5 ‰.

Improved distance to the Galactic Center 
from modeling of aberrations in GRAVITY

Infrared / Submillimeter Astronomy

(a) The orbit of S2 relative to the
phase maps of aberrations, as
applied for the correction of GC
observations.

(b)Astrometric measurements of S2
in 2017. Removal of aberrations
brings the measurement in harmony
with the dual beam observations,
which are not affected by this effect.

(c) Distance to the GC measured
with GRAVITY data from the S2
orbit, with (blue) and without (light
blue) application of aberrations
correction.

References: • GRAVITY Collab. et al. 2021, A&A 647, A59 
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A.Young, S. Gillessen and the GC Team

We present the results of extending the long term monitoring of stellar positions in the Galactic Center
to include stars with separations from Sgr A* of 3 to 7 arcseconds. By monitoring the astrometric
positions of these stars between 2002 and 2019 using a specifically designed Gaussian source finder,
second order fits to the motions of ~2000 stars could be determined. The measurement of the
acceleration term for a subset of these stars could be used to calculate the z-coordinate of the motion.
Orbital solutions could then be determined by two methods. If stars had a measurable radial velocity
from stellar spectra, orbital elements could be directly calculated. Otherwise, a radial velocity dicing
method was utilized to obtain a physically viable set of orbital solutions. This work also examined the
larger GC environment at these separations from Sgr A* to determine if the sample had stars
consistent with the known disk features. Of the over-densities in angular momentum corresponding to
known features, most of the stars had solutions consistent with the clockwise rotating disk system.

• Fitted orbits for the 22 stars featuring significant accelerations 
towards Sgr A* as determined from second order fits to stellar 
positions

• NACO data points shown on each orbit by coloured points
• Sgr A* is marked by the central cross and the orbit of S2 is provided 

in the legend to indicate the relative scale of the orbits for these stars 
located at larger separations from Sgr A*  

Detection of stellar accelerations at large distances from 
Sgr A*

Due to these increased 
distances, a longer baseline 
in time is required to sample 
a sufficient portion of the 
orbits to determine the 
proper motions of these 
stars. Now with 17 years of 
NACO AO data, it was 
possible to detect significant 
accelerations toward Sgr A* 
for 62 stars. A further 22 of 
these stars had measurable 
radial velocities from 
SINFONI spectra. With 
these measurements, orbital 
elements could be 
calculated for 19 stars 
which did not previously 
have full orbital solutions. 
Dicing methods were 
applied to stars without 
measurable radial velocities 
to determine a set of 
physically possible 
velocities between the 
positive and negative escape 
velocity of the star and, 
therefore, a set of orbital 
solutions. These could then 
be compared to known disk 
features. This study 
confirmed previous works 
which have found that the 
GC environment is round 
but not isotropic.References:

• Bartko et al. 2009, A&A, 697, 1741 • Bartko et al. 2010, A&A, 708, 834
• Gillessen et al. 2009, A&A, 692, 1075 • von Fellenberg et al, (A&A in prep)
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S. D. von Fellenberg, S. Gillessen, J. Stadler et al.

We present a large ~30''x30'' spectroscopic survey of the Galactic Center using the SINFONI integral
field unit at the VLT. Combining observations of the last two decades we compile spectra of over 2800
stars among which we identify 195 young stars, extending the list of known young stars by 79.
We find that the observed young star distribution is substantially different from a relaxed isotropic
cluster. The angular momentum changes as function of separation from the black hole, and thus
confirm the presence of a warp of the clockwise disk (p~99.2%). At large separation from Sgr A*, we
discover three prominent overdensities of angular momentum, two of which are new.
Stars belonging to the inner structures show a top heavy K-band luminosity function, while stars at
larger separation do not. Our observations are in good agreement with the predictions of simulations
of in-situ star formation, and we thus argue for common formation of these structures.

• Up to 75% of young stars in the GC are found in coherent structures
• Coherent structure change as function of separation from the black hole
• K-band luminosity function is top heavy for inner regions, while outer structures are not top-heavy
• Consistent with simulations of a common formation in a gas accretion event, dynamical processes 

may however play an important role.

Young Stars in the Galactic Center

Left: Angular 
momentum of stars
with projected
separations of 8’’ to
16’’ from Sgr A*

Below: the stars 
belonging to one of the 
three features. Two 
features form edge-on 
viewed systems, one is 
counter-clockwise

Infrared / Submillimeter Astronomy

Counter-clock wise 
feature Edge-on feature 1 Edge-on feature 2

References: • von Fellenberg et al. (submitted to ApJ)



S. Gillessen for the GRAVITY team

The Galactic center black hole Sgr A* is a variable near-infrared (NIR) source that exhibits bright flux
excursions called flares. Using adaptive optics, the Sgr A* light curve had been shown to exhibit red
noise characteristics and the distribution of flux densities to be non-linear, non-Gaussian, and skewed
to higher flux densities. However, the low-flux density turnover of the flux distribution is below the
sensitivity of adaptive-optics-assisted single-aperture telescopes. For this reason, a median,
“characteristic” NIR flux had not been directly measured yet. Here, we use the unprecedented
resolution of GRAVITY to overcome the confusion limit of previous photometric studies. We find that
the flux distribution of Sgr A* peaks at a median flux density of (1.1 ± 0.3) mJy. We confirm that the
flux distribution is intrinsically right-skewed to higher flux density in log space. Flux densities below
0.1 mJy are hardly ever observed. In consequence, a single power-law or lognormal distribution does
not suffice to describe the observed flux distribution. However, the combinatio of a power-law
component at high fluxes and a lognormal distribution at low fluxes fits well. We conclude that
Sgr A* has two states: the bulk of the emission is generated in a lognormal process with a well-
defined median flux density. This quiescent emission is supplemented by sporadic flares that create
the observed power law extension of the flux distribution.

GRAVITY:
The flux distribution of Sgr A*

Reference:
• GRAVITY coll. 2020, A&A 638, A2

Infrared / Submillimeter Astronomy

Top: Light curve of Sgr A* as observed
by GRAVITY in the years 2017, 2018,
and 2019 with time gaps removed.

Left: the observed flux distribution
together with a fit employing a
lognormal PDF (blue line). The red
shaded region line indicates the excess
flux density at high fluxes, illustrating
why we disfavor a single lognormal
distribution, and favor a two-state model,
including a power-law at the high flux
end, describing the flares.



F. Eisenhauer for the GRAVITY team

We report the time-resolved spectral analysis of a bright near-infrared (NIR) and moderate X-ray flare
of Sgr A*, covered in the M-, K-, and H-bands in the infrared and in the 2−8 keV and 2−70 keV bands
in the X-ray regime. The observed spectral slope in the NIR is νLν ∝ ν0.5±0.2; in the X-ray band it is
νLν ∝ ν−0.7±0.5. Using a fast numerical implementation of a synchrotron one-zone model, we tested
various synchrotron and synchrotron self-Compton (SSC) scenarios. The observed NIR brightness and
X-ray faintness, together with the observed spectral slopes, rule out a scenario in which the NIR
emission is synchrotron and the X-ray emission is SSC emission. Two realizations of the one-zone
model can explain the observed flare and its temporal correlation: The one-zone model in which the
NIR and X-ray luminosity are produced by SSC is disfavored due to the large electron density
required compared to the ambient accretion flow. We propose a model in which the luminosity stems
from a cooled synchrotron spectrum. Assuming a source size of 1 Schwarzschild radius, this scenario
can be realized with densities and magnetic fields comparable with the ambient accretion flow.

GRAVITY: Constraining particle acceleration in Sgr A⋆
with simultaneous Spitzer, NuSTAR & Chandra data

Reference:
• GRAVITY coll. 2021, A&A 654, A22
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Left: Observed light curves of the
Sgr A* flare from 2019-07-17. The
GRAVITY K-band fluxes are from
interferometric data, the H-band data
from the GRAVITY acquisition camera
at adaptive-optics resolution. Bottom:
Overlay & zoom of the flare data

Right: Temporal evolution of
the spectral energy
distribution. The lines show
the emission from the one-
zone model in which the
emission is created by
synchrotron emission of a
power-law distribution of
accelerated electrons (𝛾𝛾 ~ 5 x
104) with a cooling break in
the (unobservable) UV regime.



Y. Dallilar, S. von Fellenberg, M. Bauboeck, P.T. de Zeeuw, A. Drescher, F. Eisenhauer, 
R. Genzel, S. Gillessen, M. Habibi, T. Ott, J. Stadler, O. Straub, F. Widmann,  A. Young et al.

There is a large variety of synchrotron sources in the universe. Some of these sources originate near
extreme environments such as black holes. Sgr A* is the closest supermassive black hole to us and
investigating synchrotron emission from it is crucial to understand its physical properties, e.g.
magnetic field configuration and electron densities. Over decades of observing Sgr A*, many
analytical models have been used to interpret the observational data. However, there are fundamental
limitations to these approaches; modular, efficient numerical tools are becoming necessary to
disentangle and investigate different scenarios especially with the high quality data from
contemporary facilities. This is the origin of the code we describe here, flaremodel. The Python
package is built around low-level C functions parallelized with OPENMP to describe physical
processes. Then, these efficient utility functions are exported to Python to provide a user-friendly and
modular interface to develop models applicable to various scenarios.

flaremodel: A fast Python package for modeling 
synchrotron sources

flaremodel differs from similar codes designed 
for one-zone modeling of synchrotron sources. 
Our code does not enforce specific models to 
users but rather provides fast low-level 
functions as a framework to develop their own 
models. Similarly, these functions are able to 
work with the analytical form of any electron 
distribution defined in the common interface. 
As in GRAVITY Collaboration et al. (2021), 
the effects of various electron distributions to 
spectral energy distributions (SEDs) of 
synchrotron emission can be investigated in a 
short timescale with low-effort using 
flaremodel. In addition, spectral features such 
as breaks and cutoffs are described more 
accurately than it is possible with analytical 
modeling.

References:
• Dallilar, Y et al. 2022, A&A, 658, A111 • GRAVITY Collaboration et al. 2021, A&A, 654, A22
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Synchrotron self-Compton (SSC) emission is 
an integral part of synchrotron sources but an 
exact analytical formulation of the seed photon 
densities and the resulting spectrum is not 
possible except for very specific simplified 
geometries. flaremodel can perform accurate 
calculation of the SSC spectrum from any 
underlying electron distribution and provides a 
full numerical solution for its radial sphere 
model. Alternatively, we provide an OPENCL 
implementation of inverse Compton scattering 
which runs on a GPU and can immensely 
speed up the calculations depending on the 
problem and hardware.



F. Mang, F. Widmann and the GRAVITY Team

Polarization is an important part of the information contained in electromagnetic radiation of
astronomical sources. The use of polarimetric observations enables a better understanding of the
emitting sources and their environment.
To use polarimetry together with the unique resolution of GRAVITY will enable us to better
understand the supermassive black hole Sgr A*, to study extragalactic active galactic nuclei, or to look
deeper into the disks around newly forming stars.
In order to enable such observations, we have characterized the instrumental polarization of the VLTI
and GRAVITY and built up a full calibration model, which we have then verified with test
measurements. This allows us to now do fully calibrated polarized observations with GRAVITY.

Figure top:
Overview of the reflections in the VLTI and 
GRAVITY which are part of the polarization 
model. By modeling each individual mirror 
and then fitting the full system to dedicated 
test measurements, we construct a full 
calibration model of the instrumental effects.

Figure right:
Example of fully calibrated polarization 
measurements of the star IRS-16C in the 
Galactic Center, which is slightly polarized 
due to foreground dust. The measurements 
were taken over the span of several years 
and calibrated with the final polarization 
model. The measured value for the 
polarization degree agrees very well with the 
value known from literature, shown as a grey 
line.

Polarization analysis of the VLTI and GRAVITY 
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T. de Zeeuw for the Fornax3D team

The Fornax cluster is a nearby compact laboratory for study of the detailed internal structure of
galaxies and the role played by environment in driving their evolution. Integral-field spectroscopy for
the 33 brightest galaxies (mB ≤ 15) inside the virial radius of Fornax, obtained in 100+ hrs with MUSE
on the VLT, provides high-resolution maps of the line-of-sight kinematics, the stellar age, metallicity,
α-element abundance and the slope of the initial mass function (IMF), as well as the distribution of
dust, emission-line gas, planetary nebulae and globular clusters. Joint dynamical modeling of the
stellar kinematics and the properties of the stellar populations, by means of the Schwarzschild orbit
superposition technique calibrated with tests on simulated galaxies, reveals the star formation and
merger history of individual galaxies, allowing reconstruction of the formation history of the cluster.

Fornax3D Project

Distribution of stellar orbits in the plane of circularity λz versus stellar age t. (a) Simulated galaxy
from TNG50. (b) Orbit superposition model that best fits the simulated MUSE observations of the
stellar kinematics and stellar population properties of this ‘galaxy’. (c): Similar dynamical model
fitted to the real MUSE observations of NGC1380 in the Fornax cluster. The fraction of (cold) disc
orbits fdisk is shown in the top subpanels; for NGC1380 this fraction has a sharp transition for t~10 Gyr
(vertical line). This indicates that the massive merger responsible for the build-up of NCG 1380’s
inner stellar halo ended about ∼ 10 Gyr ago after which the cold disc continued to grow.

References:
Twelve refereed Fornax3D  papers published since Fachbeirat 2019
• Zhu L., van de Ven G., Leaman R., …, de Zeeuw P.T., et al. 2022. A&A, submitted
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GRAVITY Collaboration: D. J. D. Santos, Y. Cao, R. Davies, R. Genzel, D. Lutz, J. Shangguan, T. 

Shimizu, E. Sturm, P.T. de Zeeuw

N
G

C
 3

78
3 

IR
A

S 
09

14
9-

62
06

3C
 2

73

Studying the properties of supermassive black holes (SMBH), including their masses, is critical for
understanding the co-evolution of galaxies. The broad line region (BLR) size-luminosity (R-L)
relation allows one to quickly estimate numerous SMBH masses even for distant AGNs. We
investigate this relation with GRAVITY at the Very Large Telescope Interferometer (VLTI) by
measuring the size of the BLR with high precision (of order of 10 µas) through spectro-astrometry, a
technique where photocenter offsets of individual velocity channels are observed. Through our Large
Program, we have successfully observed 8 active galactic nuclei (AGN) with GRAVITY, 3 of which
are published already. Our current results fully confirm the BLR scenario of a rotation-dominated disc
of clouds. Our size measurements, while broadly consistent with previous reverberation mapping
(RM) measurements, do show some discrepancies that indicate more detailed structure.

Investigating the size-luminosity relation with BLR size 
measurements from GRAVITY

References:
 GRAVITY Collaboration et al., 2020, A&A, 643, A154  GRAVITY Collaboration et al., 2021, 648, A117
 GRAVITY Collaboration et al., 2018, Nature, 563, 657
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Left panels: Spectro-astrometric measurements of the BLR for
3C 273, IRAS 09149-6206, and NGC 3783. The differential phase
(blue points) indicates a positional offset from the continuum for
each velocity channel across the broad emission line (black
points). We model the BLR as a rotating disc (red lines) which is
expected to produce an S-shaped phase signal as observed in each
AGN and provides both the BLR size and SMBH mass.

Right Panel: BLR R-L relation showing our GRAVITY measured points overlaid on two sets of RM
points. While our points are largely consistent with the RM ones, we find a larger size for NGC 3783
(GRAVITY=filled, RM=open) and smaller size for 3C 273. The smaller 3C 273 size is likely related
to its high Eddington ratio which produces the large scatter of RM points below the dashed line. With
the full sample of our Large Program we will further test the robustness of the R-L relation and its use
for SMBH mass estimates.



GRAVITY Collaboration: T. Shimizu, Y. Cao, R. Davies, F. Eisenhauer, N. Förster Schreiber, R. Genzel, S. Gillessen, D. 
Lutz, D. Santos, J. Shangguan, A. Sternberg, E. Sturm, L. Tacconi, F. Widmann, T. de Zeeuw, et al.

Despite decades of research into the physics and nature of active galactic nuclei (AGN), little is still
known about the immediate environment around the supermassive black hole (SMBH) due to the
small physical scales. With VLTI/GRAVITY through our Large Programme, we have spatially
resolved three nuclear regions in NGC 3783, a bright nearby type 1 AGN : (1) the broad line region
(BLR); (2) the K-band continuum emitting hot dust; and (3) the coronal line region. Combined with
VLT/SINFONI IFU data that resolved the larger scale ionized narrow line region (NLR) outflow and
molecular gas disk, we were able to piece together a comprehensive picture of the gas and dust from
several hundred parsec to sub-pc scales. This picture shows a complex network of inflowing and
outflowing gas that is both feeding the SMBH and being ejected by AGN feedback.

The sub-pc gas and dust structure in NGC 3783 
revealed by GRAVITY

References:
• GRAVITY Collaboration et. al. 2021, A&A, 648, A117
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Top Left: Cartoon figure depicting  the resolved circumnuclear components of NGC 3783 together. 
Arrows show direction of rotation while green blobs show ionized NLR clouds and pink blobs the 
coronal line region. Top Right: Best fit BLR cloud model from GRAVITY differential phase data. 
Middle Right: Differential visibility amplitude spectrum of the CaVIII line for the longest baseline. 
The strong dip provides the first measurement of the CLR size (0.4 pc). Bottom Right: Resolved 
image of the hot dust (size of 0.14 pc) showing an offset nuclear cloud. Bottom Left: Velocity maps of 
the SiVI and 2.12 um H2 line showing a large scale ionized outflow and rotating molecular gas disk. 



GRAVITY Collaboration: J. Shangguan, R. Davies, P. T. de Zeeuw, A. Drescher, F. Eisenhauer, N. M. Förster 
Schreiber, R. Genzel, S. Gillessen, D. Lutz, T. Ott, T. Shimizu, E. Sturm, L. J. Tacconi, and F. Widmann et al.

The angular size of the broad line region (BLR) of the nearby active galactic nucleus NGC 3783 has
been spatially resolved by recent observations with VLTI/GRAVITY. The size and kinematics of the
BLR can be better constrained by a joint analysis that combines both GRAVITY and reverberation
mapping (RM) data. This, in turn, allows us to obtain the mass of the supermassive black hole in
NGC 3783 with an accuracy that is about a factor of two better than that inferred from GRAVITY data
alone. Moreover, we are able to measure a geometric distance to NGC 3783 of ~39 Mpc. We find the
geometric distance is consistent with other direct and indirect methods within their scatter. We explore
the potential of BLR-based geometric distances to directly constrain the Hubble constant, 𝐻𝐻0, and
identify differential phase uncertainties as the current dominant limitation to the 𝐻𝐻0 measurement
precision for individual sources.

A geometric distance to the supermassive black hole of 
NGC 3783

Left panel: RM light curves of the
continuum and H𝛽𝛽 line. The red thick and
light grey curves are the model light curves
from our Bayesian inference using RM and
GRAVITY data simultaneously. Right
panel: Transfer function and the velocity
field of the best-fit BLR model. Our
inference prefer a highly concentrated BLR 
with an extended tail.

References:
• GRAVITY Collaboration et al. et al., 2021, A&A, 654, A85    • GRAVITY Collaboration et al. et al., in prep.
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Lower panel: Comparison of the distances 
of NGC 3783 measured with direct (our 
geometric method and Tully-Fisher relation) 
and indirect (velocity field and galaxy 
group) methods. We show, for the first time, 
that the BLR geometric distance is 
consistent with other methods. With the 

ongoing upgrade of GRAVITY, we expect to observe many AGNs with improved sensitivity and 
constrain  𝐻𝐻0 with substantially improved precision.

Continuum flux

H𝛽𝛽 flux



GRAVITY Collaboration: E. Sturm, Y. Cao, R. Davies, F. Eisenhauer, N. Förster Schreiber, R. Genzel, S. Gillessen, 
D. Lutz, D. Santos, J. Shangguan, T. Shimizu, A. Sternberg, L. Tacconi, F. Widmann, T. de Zeeuw

A long-standing issue of AGN unification models is the size and structure of the obscuring, dust-
emitting region: is it a torus or disk, inflowing or outflowing? The near- and mid-infrared luminosity
originates in dust surrounding the AGN and heated by it. The NIR is thought to trace hot dust just
beyond the sublimation radius. However, circumnuclear hot dust in AGNs is unresolved in single-dish
near-infrared images. Infrared interferometry has begun to shed light on the physical structure of this
component. Observations from our VLTI/GRAVITY Large Program provide the first resolved
view of the size and structure of the hot dust emission region.

Analysis of the data from our Large Program is ongoing, and we are expanding the sample with an
approved open time program. We will confirm whether the slope of the radius – luminosity relation is
flatter than expected. This has impact on the physics of AGN - in terms of anisotropic illumination,
optical-UV spectral slope of the accretion disk emission and dust grain properties - as well as on the
use of AGN as standard candles.

The size and structure of hot dust around 
active galactic nuclei

Top left: Sub-parsec scale near-infrared emission of
NGC 1068, well resolved by GRAVITY. A ring-like
thin disk structure is observed, likely associated
with the dust sublimation region, and unlike a thick
torus postulated by standard AGN model. [1]

Top right: interferometric image of the dust
sublimation region of NGC 3783, revealing a faint
offset cloud, which we interpret as an accreting or
outflowing cloud heated by the central AGN. [2]

Bottom left: interferometric hot dust sizes (R)
seem to follow a flatter relationship than R ∝ L0.5 ,
which would be the expected relationship if hot dust
radiation peaks near the dust sublimation radius
around a black hole of luminosity L. [3]

References:  [1] A&A 2020, 634, A1 [2] A&A 2021, 648, A117           [3] A&A 2020, 635, A92

Infrared / Submillimeter Astronomy

R~L0.4

R~L0.5



D. Lutz, E. Sturm, R.I. Davies, R. Genzel, T. Shimizu, L.J. Tacconi, et al.

From new NOEMA and ALMA and literature CO interferometry of 18 local galaxies with extremely
high far-infrared surface brightness ΣFIR, in combination with local universe CO outflow results from
the literature, we find:
• An important role of AGN driving is suggested by the better correlation of outflow properties with

AGN luminosity or bolometric luminosity than with ΣFIR. Short flow times, energy and momentum
arguments, and a few cases with resolved outflow episodes suggest that this AGN driving may be
intermittent.

• Saturation of outflow fluxes when proceeding from interferometric data to large aperture observed
with the IRAM 30m provides an essential backing of the results from the growing body of
interferometric studies of molecular outflows, and is consistent with short outflow timescales.

• Lack of ‚edge-brightened‘ outflows supports a �̇�𝑀𝑜𝑜𝑜𝑜𝑜𝑜 = ⁄𝑀𝑀𝑜𝑜𝑜𝑜𝑜𝑜𝑣𝑣𝑜𝑜𝑜𝑜𝑜𝑜 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 derivation of outflow rates
from the direct measured quantities, and disfavours another method providing results differing by a 
factor 3.

• Outflow properties derived from our CO results and adopting a conversion factor αCO=0.8 compare
well with models based on far-infrared OH P-Cygni absorptions (e.g., Sturm+11). This is an 
important cross-validation of the two main methods to characterise molecular outflows. One target
with optically thin CO emission in the outflow cautions about remaining uncertainties. 

The role of intermittent AGN in driving
molecular outflows

Top left: Good 
agreement between 
molecular outflow masses 
as independently 
determined from direct 
CO interferometry and 
from modelling of 
Herschel OH  P-Cygni
absorption. 
Bottom left: Example 
CO map with contours 
for the bipolar outflow. 
Top right: Typically 
short ‘flow times’ of the 
outflows are consistent 
with intermittent AGN 
driving. 
Bottom right: Short and 
finite size outflow is 
supported by saturation of 
outflow flux at large 
(single dish observed) 
aperture. 

References:
• Lutz, D., Sturm, E., Janssen, A.,Veilleux, S., Aalto, S.,  et al. A&A 633, A134 (2020) • Lutz, D., et al. in prep.
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D. Kaltenbrunner, T. Shimizu, R. Davies, et al.

In a matched sample of 20 local Seyfert and 20 quiescent galaxies (the LLAMA sample), we probe the
molecular gas distribution and kinematics in the central few hundred parsecs at a spatial resolution of
~10 pc. Our aim is to determine if the recently published elevated H2 1-0 S(1) luminosity detected in
the central regions of active galactic nucleus (AGN) host galaxies corresponds to either an increased
amount of molecular gas or more strongly heated gas. To test this, our study has both a significantly
increased sample size and CO (2-1) data that traces the cold (~10 K) molecular gas compared to the
H2 1-0 S(1) line which only traces warm (~2000 K) gas. Using SINFONI IFU data, we have
confirmed that AGN host galaxies have substantially increased central H2 luminosities compared to
inactive galaxies. However, in contrast to past studies, we do not find the molecular gas distributions
in AGN host galaxies are more centrally concentrated. Our analysis of the ALMA CO (2-1) data
intriguingly shows a lack of CO (2-1) emission in H2 1-0 S(1) bright regions which suggests the
differences between AGN and quiescent galaxies is primarily due to increased heating. To quantify
this effect we compare our results with molecular gas temperature distribution model predictions. We
ensure a mixing of the hot and cold molecular gas rather than two spatially separated gas components
by comparing the rotation curves extracted along the major axis. We find that AGN feedback occurs
as a heating up of the circumnuclear molecular gas up to radii of approximately 300 pc rather than
driving out large amounts of gas.

A comprehensive Study of Molecular Gas
near Active Galactic Nuclei

Left: Surface brightness maps of H2 1-0 S(1) (in contours) and CO (2-1) (in colour) used as tracers for 
hot and cold molecular gas respectively for NGC 2110 – a typical example for our active subsample; 
lack in CO emission in the H2 bright central region indicates heating of gas; this behaviour is apparent 
in 12 out of the 18 active galaxies in our sample, for which we have SINFONI and ALMA data but 
only in 2 out of the 9 inactive galaxies; Right: A comparison of integrated H2 and CO luminosities of 
the LLAMA sample (see Davies et al. 2015) compared to a power-law temperature distribution model 
by Aditya Togi; while active (circles) and inactive (stars) galaxies have similar cold molecular gas 
masses (vertical axis; estimated from CO (2-1) luminosities), the clear separation in hot molecular gas 
contents (horizontal axis) indicates a difference in temperature distribution that can be explained by 
heating by the central AGN through shocks and UV or X-ray illumination
References:
• Davies, R., et al. ApJ 806.1,127 (2015)
• Kaltenbrunner, D., et al. (in prep)
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R. Davies, T. Shimizu, P. T. de Zeeuw, R. Genzel, D. Lutz. J. Shangguan, E. Sturm, L. J. Tacconi.

Outflow rates estimated from observations of AGN depend directly on the ionized gas density
assumed. Often this comes from the [SII] doublet, although it is known to be biased for AGN photo-
ionized gas. Using spectra of nearby luminous AGN we measure the ionized gas density in 3
independent ways and quantify the bias, showing the true density is a factor 10 higher, and the
ionized outflow rates a factor 10 lower, than inferred from the traditional the [SII] doublet.
Based on the same methodology, the well known relation between outflow rate and AGN luminosity
should be scaled lower and have more scatter than previously thought.

Quantifying the [SII] doublet bias with AGN 
photo-ionization models:
• S+ fraction remains high deep into partially 

ionized zone where H is neutral. 
• Much of [SII] emission traces regions 

where 𝑛𝑛𝑒𝑒 < 0.1𝑛𝑛𝐻𝐻.
• Implies a significant neutral outflow is 

associated with the ionized outflow.

The ionized gas density and outflow rate of 
local luminous AGN

Infrared / Submillimeter Astronomy

inactive galaxies, density 
of ISM as reference

[SII] doublet
ne ~ 350cm-3

TA method
ne ~ 2000cm-3

logU method
ne ~ 5000cm-3

Three estimators for electron density ne of outflowing gas:
• [SII] doublet: commonly used & direct, but biased for AGN photo-ionized gas.
• TA method: ratios of strong & weak (transauroral & auroral) [SII] and [OII] lines; 

comparison to photo-ionization models simultaneously derives extinction.
• logU method: uses definition 𝑈𝑈 = ⁄𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿 4𝜋𝜋𝑟𝑟2𝑐𝑐𝑛𝑛𝐻𝐻 to derive density from ionization 

parameter together with radial distance from AGN and its luminosity.

Densities of AGN 
driven outflows

References:
• Davies, R., Baron D., Shimizu T., et al., 2020, MNRAS, 498, 4150



H. Feuchtgruber, A. Agudo Berbel, Y. Dallilar, R. Davies, M. Deysenroth, F. Eisenhauer, H. Gemperlein, 
M. Hartl, H. Huber, K. Kravchenko, C. Rau, E. Sturm, E. Wiezorrek and the ERIS Team

Between Aug-2019 and Sep-2021, the MPE led instrumentation project ERIS for the Cassegrain focus
of VLT UT4 went through its assembly, integration and verification phase in the MPE integration hall.
After successfully passing the PAE review (Preliminary Acceptance Europe) in fall 2021, the
instrument was shipped to the ESO Paranal Observatory. The verification phase in the new integration
hall at Paranal in Dec-2021 proved the survival of instrument functions and alignment after transport.
In Jan-2022 the instrument was moved up to the telescope and mounted on the UT4 Cassegrain
interface. Successful first seeing limited light on SPIFFIER was finally recorded during the first
commissioning campaign on 13-Feb-2022 on HR1756, followed by initial verifications of NGS-AO,
LGS-AO and NIX imaging modes. During 2022 four more commissioning phases are scheduled to get
ready to offer the instrument in the call for proposals for ESO observing period P111.

ERIS: Enhanced Resolution Imager and Spectrograph
Assembly Integration and Verification Phase

References:     • ERIS is built by a consortium consisting of  MPE (PI R. Davies), INAF, ETH, ATC, and NOVA,
together with  ESO
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Adaptive Optics (AO) modes:
• Natural Guide Star AO (NGS-AO)
• Laser Guide Star AO (LGS-AO)
• Seeing enhancer mode (LGS-AO 

without tip-tilt)
• Seeing limited mode (no AO)
SPIFFIER Integral Field Spectroscopy:
• FoV 0.8“, 3.2“, 8“; R~3000 & 8000; 

J-K bands
NIX Imaging modes:
• J-K narrow/broad bands; 13/27mas pix (26“/55“ FoV)
• L-M broad bands; 13mas pix (26“ FoV)
NIX High contrast imaging:
• Pupil plane coronagraph L-M (K as a goal)
• Focal plane coronagraph L-M
• Sparse aperture masking J-M
NIX long slit spectroscopy:
• R=800, L band (M as a goal)

Top left: The 
ERIS instrument 
in the MPE 
integration hall 
during its center 
of gravity 
determination 
Right: The 
integration team 
after successfully 
mounting ERIS 
to the Cassegrain
focus of UT4 at 
VLT
Bottom left:
UT4 telescope 
balancing after 
installation of 
ERIS onto the 
Cassegrain focus 
position



S. Yazici, F. Eisenhauer, D. Lutz, J. Schubert, N. More, M. Hartl, C. Rau, E. Wieprecht, S. Gillessen, T. Ott,
S. Czempiel, T. Shimizu, F. Widmann, J. Shangguan, G. Bourdarot, A. Drescher, for the GRAVITY+ Team

Following the first four years of very successful GRAVITY operation, we are now upgrading the Very
Large Telescope Interferometer (VLTI) and GRAVITY with wide-separation fringe tracking, laser
guide stars at all Unit Telescopes (UT), state of the art adaptive optics, and related performance
improvements. GRAVITY+ will unlock unexplored parameter space by
• substantially increased sky coverage for observing the extragalactic sky, and
• even higher contrast and sensitivity for the observations of exoplanets and the Galactic Center.

GRAVITY+ will bring another revolution in high angular resolution astronomy with
• Direct detection, spectroscopy and orbits of exoplanets out of reach for single telescopes,
• Fundamental contributions to the black hole physics, e.g. the spin of the Galactic Center black hole
• Characterization of thousands of active galactic nuclei out to high redshifts 
• Detection of isolated black holes and verification of free-floating exoplanets by microlensing and
• Partially resolved observations of newly born stars, the formation of planetary systems, and stars at 

the end of their life

GRAVITY+ is being built by a consortium of European institutes working in partnership with ESO.
The consortium consists (beside MPE) of Institut National des Sciences de l'Univers du CNRS, Max 
Planck Institute for Astronomy, University of Cologne, Center for astrophysics and gravitation, 
University of Southampton, and Katholieke Universiteit Leuven.

GRAVITY+ is following a phased implementation, with wide-separation fringe tracking already 
demonstrated in early 2022, AO upgrade planned for 2023/24, and full laser guide star operation in 
2025.

GRAVITY+ Overview
The Big Plus for the Very Large Telescope Interferometer

References:
• Eisenhauer et al., 2020, GRAVITY+: Towards Faint Science, All Sky, High Contrast, Milli Arcsecond Optical Interferometric 
Imaging, White Paper and Proposal
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Laser guide stars 
on UT 1, 2, and 3

Adaptive Optics for 
Coude Focus of all UTs

Accelerometers and 
Vibration Control

Upgrade of VLTI & GRAVITY 
for off-axis Operation



N. More, M. Hartl, J. Schubert, C. Rau, E. Wieprecht, D. Lutz, S. Gillessen, T. Ott, S. Yazici, S. Czempiel, T. 

Shimizu, F. Widmann, J. Shangguan, G. Bourdarot, A. Drescher, F. Eisenhauer for the GRAVITY+ Team

The MPE led GRAVITY+ project consists of a series of upgrades to the existing GRAVITY
instrument and the Very Large Telescope Interferometer, for faint-science, high-contrast,
milliarcsecond interferometric imaging. The GRAVITY+ Wavefront Sensor, being an integral part of
these upgrades, will replace the old low order MACAO adaptive optics, with a state-of-the-art 40x40
element Shack Hartmann (SH) sensor adaptive optics, at the coudé focus for each of the 4 Unit
Telescopes. The GRAVITY+ adaptive optics passed the Preliminary Design Review in early 2022, and
is currently progressing through its manufacturing, assembly, and testing phase. The installation of the
GRAVITY+ adaptive optics at Paranal Observatory is planned for 2023/24.

GRAVITY+
Wavefront Sensor Sub-System

References:
F. Eisenhauer et al., GRAVITY+: Towards Faint Science, All Sky, High-Contrast, Milli-Arcsecond Optical Interferometric Imaging;
White Paper and Proposal
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The GRAVITY+ wavefront sensor is composed of two modules:
• Natural Guide Star module: for high-order 40x40 wavefront sensing on bright astronomical objects

and tip/tilt and low-order wavefront sensing for laser guide star operation
• Laser Guide Star module: for 30x30 wavefront sensing of the sodium laser guide stars
Both modules are mounted on motorized tables that cover the complete patrol field. The Laser Guide
Star module has an additional nested motion for tracking the best focus of the laser beacon when it
changes its height with telescope elevation and sodium profile evolution.

Fig.: CAD Overview of the GP-WFS Optomechanical Design



F. Widmann, S. Gillessen, T. Ott, F. Eisenhauer,  GRAVITY+ Team

With the upgrade from GRAVITY to GRAVITY+ the instrument will evolve to an all-sky
interferometer that can observe faint targets, such as high-redshift AGN. To observe the faintest targets
it is becoming extremely important to reduce the noise sources in GRAVITY as much as possible.
The dominant noise source in GRAVITY is the backscattering of the metrology laser light on the
detector. With GRAVITY-faint we deliver new observing modes in which this noise is reduced up to a
factor six.

The main change of GRAVITY-faint was the implementation of optical dampers which damp the 
metrology laser brightness during an exposure, and the implementation of a new control software. 
GRAVITY-faint adds two new observing modes:

• Laser FAINT: for phase referenced observations
Laser damped by a factor 15
Average SNR improvement by factor of 2
Maximum SNR improvement by factor of 4

• Laser OFF: for spectral-differential observations
Laser is fully switched off
Average SNR improvement by factor of 2.5
Maximum SNR improvement by factor of 6

GRAVITY-faint
Reducing the Laser Background Noise in GRAVITY

Infrared / Submillimeter Astronomy

Figure:
The figure shows the 
noise in the new 
observing modes. 
The noise before the 
upgrade is shown in 
grey, the noise in 
faint mode in light 
red and the noise for 
the laser off mode is 
shown in dark red.
In the top right 
corner the damper 
which is used for 
GRAVITY-faint is 
shown.



E. Wieprecht, T. Ott, S. Uysal and the GRAVITY+ Team

GRAVITY+ combines upgrades and improvements to the GRAVITY+ instrument and the VLTI
facility by the implementation of wide-field off-axis fringe tracking, new adaptive optics wavefront
sensors, deformable mirrors on UT1-4 and the implementation of laser guide stars for UT1-3.

The software team is developing the Instrument Software to control the adaptive optics components.

The GPAO Workstation (wgp<1..4>ao) processes are the heart of the GPAO Instrument Software. 
The processes base on the VLT2019 standard framework for AO Instruments.

The Operating System (OS) receives commands from the GRAVITY Instrument Work station (wgv) 
through the VLT Instrument Supervisory Software system (ISS). 
These commands are interpreted to setup and control the Real Time System (RTC), laser, technical 
camera and various devices via the Instrument Control Software (ICS). The complex AO guide star 
acquisition is implemented within the OS.

Additionally the OS is running secondary control loops, pupil tracking and rotation update. The 
primary control loops are running on the Real Time Control system (RTC). The RTC is controlling 
the 1353 actuator deformable mirrors at up to 2 kHz.

ICS is mostly based on field bus technology and communicates via the Programmable Logic 
Controller (PLC) with the AO devices and deformable mirrors tip tilt stages. For legacy CIAO 
devices, the old vxWorks technology using Local Control Units (LCU) is used.

The GRAVITY+ Instrument Software

Infrared / Submillimeter Astronomy



G. Finger, F. Eisenhauer, C. Mandla, O. Haelker, T. Bechteler, P. Langer, I. Kreibich

Ground-based near-infrared adaptive optics and fringe tracking for coherent beam combination in
optical interferometry need high-speed sensors. The high speed requires a large analog bandwidth.
The short exposure times result in small signal levels which require noiseless detection. These
conflicting requirements cannot be met by state-of-the-art conventional CMOS technology of near-
infrared arrays as has been attempted previously. The HgCdTe electron avalanche photo diode (eAPD)
technology is the only way to overcome the limiting CMOS noise barrier of near infrared sensors.
This technology has first been developed for GRAVITY, setting a new sensitivity standard with a
320x256 pixel array in infrared interferometry. However, larger formats with minimum latency of
4μs are needed for high order pyramid wavefront sensors. Furthermore APD arrays also have
extremely low dark current (1E-3 electrons/s/pixel) and may outperform conventional CMOS science
focal plane arrays at long integrations when operated with moderate APD gains, as shown by the plot
below. Therefore, a new high speed 512x512 pixel multiplexer also shown below has been developed
as a testbed for APD arrays minimizing the readout noise by implementing complex readout schemes
like nondestructive readout, reference pixel subtraction with minimum multiplexer glow. This is an
attempt to further outperform conventional large format science arrays by employing the avalanche
gain of optimized HgCdTe diode structures grown with metalorganic vapor phase epitaxy (MOVPE).

Near infrared detector development: GRAVITY+
Large SAPHIRA eAPD Array

References:
Finger, G., Baker, et al..: “Sub-electron read noise and millisecond full-frame readout with the near infrared eAPD array SAPHIRA”,
Proc. SPIE. 9909, Adaptive Optics Systems V, (2016)
Finger, G., Baker, et al..: “New developments of near-infrared eAPD technology for wavefront sensing at ground-based telescopes, on-
sky performance verification with GRAVITY and the potential of eAPDs for improving the sensitivity of large format science arrays and
for deployment in space”, https://ao4elt6.copl.ulaval.ca/proceedings/401-E1iH-231.pdf, AO4ELT6, 2019.
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Detector developments since GRAVITY:
The 64 video outputs of the large SAPHIRA array can be read out with 8.7 MHz resulting in a frame 
rate of 2KHz, which is too fast for the current NGC controller.  The removal of the wide bandgap 
buffer layer has extended the spectral range from the H and K band to  the Z,Y and J band. The 
performance of diode structures with a graded bandgap in the gain region is still to be investigated. 

cryogenic OPA4354 preamplifiers for
64 video outputs on both sides of detector board

512x512 pixel multiplexer in PGA package
plugged into 3M zero insertion force socket



MICADO Team: S. Rabien, L. Barl, F. Biondi, Y. Cao, R. Davies, F. Eisenhauer, A. Emslander, N. Förster 
Schreiber, N. Geis, H. Gemperlein, R. Genzel, S. Gillessen, M. Hartl, F. Haußmann, V. Hörmann, H. 
Huber, K. Kravchenko, D. Lutz, L. Neumeier, A. Pflüger, J. Schubert, E. Sturm, L. Tacconi, J. Ziegleder

MICADO is the cryogenic near infrared Multi-AO-Imaging- Camera and Spectrometer developed for
the first light operation at the Extremely Large Telescope. It will work with the laser guide star
multi-conjugate adaptive optics system MAORY, and also has its own single-conjugate adaptive
optics (SCAO) system. MICADO provides a high- and low- resolution imaging mode with an
unvignetted field of view of 19“x19” at a pixel scale of 1.5 mas, and 50.5”x50.5” at a pixel scale of 4
mas, respectively. MICADO comprises the infrared focal plane imager with its 3 x 3 4k2 HgCdTe
detector array and a compact cross-dispersing slit spectrometer and will operate in the wavelength
range of 0.8 to 2.4 µm. High contrast imaging is enabled via a coronagraph and Lyot stops.

MICADO: the first light instrument for the first ELT

Infrared / Submillimeter Astronomy

With a total mass of 20t and a height of 6m astronomical instrumentation is entering a new area of
complexity. With 20 major subsystems built by a large consortium and many more internal and
external interfaces, the system architecture and organization is a major enterprise.

System architecture: light coming from the telescope via the pre-focal station (PFS) enters either
the Relay Optics (stand alone mode with SCAO), or the MAORY adaptive optics system (not shown
here). The adaptive optics wavefront sensors for MCAO and SCAO mode are mounted on top of
MICADO. The light then enters the MICADO cryostat. Mechanisms select the field stop size or
switch to slits for spectroscopy or coronographs for high contrast imaging. The following three
mirror an-astigmat collimates the beam and forms a pupil image on a cold stop inside the central
wheel mechanism. The wavelength band selection then takes place via a filter wheel. After passing
an atmospheric dispersion corrector, the light is focussed onto the detector array by a high or low
resolution reflective camera system. Being a near infrared camera MICADO has to operate at 77K.
The liquid nitrogen cryostat is mounted to a rotator, for derotation of the field during an observation.



H.Huber, A. Emslander, F. Haußmann, V. Hörmann

The MICADO Instrument Structural model is configured in detail with abstracted geometries to be
used as a complex finite element model, feasible for different types of analysis. This includes analysis
for alignment stability, natural frequency, earthquake and performance of the hydrostatic bearings
(HBS). It represents the final design (FDR) level, proving full compliance with the requirements.

Micado Structural Analysis Overview

Infrared / Submillimeter Astronomy

References:
• MICADO FDR documentation

Fig. 3: Max. stress distribution of cryostat
structure and top equipment.

Fig. 4: 
Detailed stress 
results of HBS 
supporting
frame (top) 
and one HSB 
unit (left).

Fig. 1: CAD model. Main subsystems / 
components are shown.

Fig. 2: Structural displacement results under
earthquake lateral acceleration.

The level of detailing allows to analyse the behaviour of the hydrostatic support in the overall
model as well as to retrieve detailed contact parameters of the hydrostatic pads and adapters.
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H. Gemperlein, R. Genzel, S. Gillessen, M. Hartl, F. Haußmann, H. Huber, K. Kravchenko, D. Lutz, L. Neumeier, 

A. Pflüger, S. Rabien, J. Schubert, E. Sturm, L. Tacconi, J. Ziegleder

The cryostat and Cold Optics Instrument is the core of MICADO. It consists of a liquid nitrogen
continuous flow cryostat, of the cold optics, which is divided into a collimator, a camera and four
interchangeable optical modes, and of seven cryogenic mechanisms.

Final design of the MICADO cryostat and Cold Optics 
Instrument

The LN2 continuous flow cryostat provides an extremely high temperature stability and assures a
minimum of thermal gradients over the entire instrument with more than one tonne cold mass. The
final design and manufacturing is outsourced to a specialized company. A close collaboration with
MPE is necessary, to ensure that the very complex mechanical, thermal and electrical interfaces of the
cryostat match all the subsystems. To achieve a maximum of optical performance all cold mirrors and
their mounting structure are made of a rapid solidified silicon-rich aluminum alloy, which matches the
thermal expansion coefficient of the NiP-coating perfectly.

Infrared / Submillimeter Astronomy

Figure 1:
functional diagram of the MICADO
cryostat and Cold Optics Instrument
with its seven cryogenic mechanisms
to move all filters, masks and other
optical components to offer different
observation modes

Figure 2:
Final mechanical design of the MICADO cryostat and Cold Optics Instrument. The Focal Plane Mechanism and the
Detector Positioning System (DPS) are developed and tested at MPE. The Focal Plane Array (FPA) is mounted on the
DPS, which can shift the position of the FPA only during the cryogenic alignment procedure.
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The MICADO imaging optics is based on a classic collimator camera setup with four zoomable
configurations: a low resolution imager (LRI), a high resolution imager (HRI), a spectrometer (SPE)
and a pupil imager (PIM). LRI, HRI and SPE are used for astronomical observation, the PIM for
alignment and calibration.

MICADO cold optics
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Credit: Fraunhofer IOF, Jena
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The optics operates in a LN2 cooled cryogenic vacuum environment at a temperature of 82K. To
ensure optical performance there, the optomechanical design of all imaging optics is all-reflective as
well as athermal. Only elements without optical power, e. g. the filters and the integrated atmospheric
dispersion corrector (ADC) are refractive glass components and are therefore not part of the athermal
design. To meet both the mechanical and optical performance aspects, the mechanical components of
COL, CAM and HRI, as well as the mirror substrates, are made of an aluminium-silicon alloy that
matches the coefficient of thermal expansion of nickel, which makes up the optically active surfaces.
The right-hand figure shows the schematic optical layout of the HRI, the left-hand figure the opto-
mechanical implementation of COL, CAM, and HRI.

HRI

CAM

HRI

CAM

COL

ADC
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The focal plane mechanism (FPM, Fig.1) is located as first element inside the MICADO cryostat after
the entrance window. This is where the ELT focal plane is reimaged by the relay optics of MICADO.
The mechanism consists of two independent movable devices: the aperture wheel (AW) and the focal
plane wheel (FPW). The AW is located above the FPW and can switch between three positions:
closed, open, and a small aperture. This mechanism acts fast, but at low precision. Its primary purpose
is to block the light path. The FPW carries field masks, spectroscopy slits, calibration masks and
coronagraphs. The latter drive high position accuracy requirements for the FPW demanding 15μm
RMS repeatability. To fulfil this specification, MPE has developed a novel magnetically coupled
worm gear (MCWG) system and tested it in cryogenic environment.

A full size quarter-wheel prototype of the FPW has been built (Fig.3) and tested (Fig.4) at MPE to
verify the position requirements in cryogenic environment. The mechanism was integrated into a test
cryostat, which operates at 80K. The position accuracy and stability of the prototype wheel was
measured using two independent setups:
• capacitive distance sensors mounted to the wheel;
• external optical setup mounted to the cryostat.
Both setups measure 4 μm RMS repeatability, which is at least 3 times better than the 15 μm
specification.

Cryogenic tests of the MICADO focal plane mechanism 
prototype

The basic principle of MCWG
is shown in Fig.2.
• A worm consists of two

elements mounted to the
common axis driven by a
stepper motor. A magnet is
brought close to the worm
elements, such that one
worm element is close to the
south pole, and the other one
- to the north pole.

• A tooth system is mounted
to the driven wheel,
matching the pitch of the
worms. Since the worms and
the teeth are made from a
ferromagnetic material, the
magnetic field lines from the
magnet are closed over the
tooth system. Therefore the
wheel is dragged along with
the rotation of the motor
axis.
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Fig.1: Outline of the FPM 

Fig.2: Basic principle of MCWG  

Fig.3: FPW prototype  
Fig.4: Cryogenic testing 

of the prototype  
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The electronics for MICADO consists of control systems distributed in a full dozen of cabinets, nine
actively cooled, and two power distributions with advanced diagnostic functionality.
Six of them – including a cabinet for MAORY electronics – are on the co-rotating platform, which
follows the movement of the instrument de-rotator. Four cabinets reside on the intermediate Nasmyth
Platform of the ELT.

Micado’s control electronics are based on Beckhoff PLCs. 
They are the link between the hardware on the instrument 
and the high level user software. Beckhoff terminals are 
used for all kinds of interfaces, e.g. digital input and 
outputs, analog inputs and outputs or stepper motors. Also 
the instrument's co-rotator and de-rotator are driven with 
Beckhoff motor controllers. 

MICADO control electronics

The six co-rotating cabinets
control and monitor not only the
cryostat‘s vacuum and cryo system,
but also the mechanisms inside and
attached to the top of the vessel.
Also the readout electronics of the
scientific detector is located here.

On the level below the Nasmyth
platform, the intermediate Nasmyth
platform, four non-rotating cabinets
control the instrument de-rotator,
the motion of the linked co-rotating
platform, the relay optics and the
calibration unit.

Infrared / Submillimeter Astronomy

MPE brings the contributions of the consortium 
partners together, not only in project leading aspects, 
but also in terms of hardware. Here at MPE we 
develop the technical infrastructure and 
housekeeping system, the backbone which connects 
all the individual sub instruments to the ELT’s 
service connection point. An inconspicuous, but 
crucial part of the instrument.

Motor controller for tests of
the instrument de-rotator.

Co-rotating platform with 6 
cabinets, local power and 

coolant distribution.

Intermediate Nasmyth
platform with 4 cabinets, 

power and coolant distribution.
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2022 sets off the start of the Assembly, Integration and Test (AIT) phase of MICADO, the first
instrument hosted at ELT. The European activities consist in the AIT of the sub-systems, of the Cold
System (i.e. the Cryostat on its De-Rotator), and of the whole Instrument, which is expected to face its
preliminary acceptance in 2026. Our team is prepared for this milestone, thanks to the AIT and the
Alignment plans that have been drafted at a high level of detail for the Final Design Review. The
alignment strategy follows an opto-mechanical approach providing accuracies of the order of 50 µm.
The AIT schedule aims to make the shipping to Cerro Armazones feasible at the beginning of 2027.

MICADO towards its European Integration
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Laser 
Trackers

Cryostat and De-Rotator

Test Source

2-stage
handling
tool 

Alignment
Telescope

Alignment
Telescope

The Figure shows the Cold System in the MPE-X4 integration hall, lying on a custom handling tool.
This is capable of lifting the cryostat in two positions allowing the access from above (with a crane)
and from below (with a custom trolley). The reference system is defined by a set of laser-trackers and
alignment-telescopes that control the position of retro-reflectors and crosshair, respectively, mounted
on the sub-systems. On top of the cryostat, there is a test bench hosting the diffraction limited source,
designed to evaluate the optical performance. In a later phase, the whole Instrument, including
its Adaptive Optics module, Relay Optics and Calibration Units will be finally mounted on its
Support Structure, in an environment which is representative of the ELT Nasmyth Platform.
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The MICADO data reduction pipeline is designed to provide data products ready for scientific
analysis and instrument health monitoring from the raw data produced by the instrument. The pipeline
supports all the four observation modes offered by MICADO: standard imaging, astrometric imaging,
high contrast imaging, and slit spectroscopy. The pipeline software will be implemented in the ESO
software framework, using the Common Pipeline Library and the High-level Data Reduction
Library developed by ESO. For a successful implementation, the pipeline should timely and robustly
produce processed data that meets quality requirements of each observation mode. To achieve this
goal, simulated data and instrument test data when applicable will be used for the pipeline testing.

MICADO Data Reduction Pipeline

References:
• Davies, R., Alves, J., Clénet, Y., et al. 2018, SPIE, 10702, 107021S. doi:10.1117/12.2311483
• Davies, R., Schubert, J., Hartl, M., et al. 2016, SPIE, 9908, 99081Z. doi:10.1117/12.2233047

Infrared / Submillimeter Astronomy

Left:  Conceptual 
overview of the 
MICADO pipeline:  it 
processes the raw data 
into calibration and 
science data products. 
Arrows show data 
flow through the 
processing, while 
rectangles show the 
main steps in the 
pipeline; procedures 
beyond the scope of 
the pipeline are 
connected by dotted 
lines.  The detector 
detrend steps are used 
in all the observing 
modes. For each 
mode, the shaded box 
in color highlights the 
steps included in the 
workflow of this 
particular mode.  



S. Grant, G. Bettoni, E. F. van Dishoeck et al.

High spectral resolution infrared observations offer a unique probe into the kinematics, structure, and
composition of the inner 10 au of planet-forming disks. We present a full spectral scan of the binary
system S Coronae Australis (S CrA) in the L- and M-bands with the upgraded VLT-CRIRES+
instrument. These observations allow us to test the new spectral coverage of CRIRES+ from 2.9-5.5
microns compared to what was taken over a more limited range with oCRIRES prior to the upgrade
(see top Figure). Spectral lines from CO, H2O, OH, and HCN all fall within the coverage of these
data, along with several atomic hydrogen lines, which trace the accretion of material from the disk
onto the star. This is the first complete high-resolution L- and M-band spectrum obtained on any disk
to date.

Probing the terrestrial planet-forming zone with high-
resolution infrared spectroscopy

References:
• Banzatti et al. 2017, ApJ, 834, 152B
• Brown et al. 2013, ApJ, 770, 94B
• Pontoppidan et al. 2011a, ApJ, 733, 84P
• Pontoppidan et al. 2011b, Msngr, 143, 32P
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Top: The reduced CRIRES+ spectra for S
CrA, in all of the L- and M-band settings.
oCRIRES coverage is shown in black.
Middle: The reduced and telluric-corrected
spectra for S CrA N in a region rich with CO
lines. Bottom: Rotation diagram for the 12CO
v=1-0 lines in S CrA N. These CO lines have
two components, a broad component (BC,
red) coming from the disk and a narrow
component (NC, blue) coming from a disk
wind. Two fits to each component are shown.
Up to energies of 4000 K, the emission is
optically thick, while at higher temperatures,
the emission is optically thin and can more
accurately trace the inner disk gas. The slope
gives the gas rotational temperature in each
component.



C.-Y. Hu, A. Schruba, A., Sternberg, E.F. van Dishoeck

CO emission is the most commonly used tracer for the invisible H2 gas where star formation occurs.
However, at low metallicity where dust shielding becomes inefficient, UV radiation penetrates deeper
into the clouds and photodissociates CO, making CO a poorer tracer for H2. We have conducted
hydrodynamical simulations of a feedback-regulated interstellar medium across a wide range of
metallicities (0.1 < Z/Z☉< 3) with unprecedented resolution (0.2 pc) to resolve the dense and compact
CO cores at low metallicity. We then used radiative transfer calculations to generate synthetic maps of
CO emission and systematically varied the telescope beam size to quantify the scale dependence. We
find that the dynamical effect substantially suppresses H2 formation but only has a mild effect on CO.
Therefore, the steady-state model over-predicts the CO-to-H2 conversion factor (XCO). Our predicted
XCO is a multivariate function of metallicity, line intensity, and beam size, which can be used by
observers to more accurately infer the H2 mass.

Simulated XCO with varying beam sizes (lb) at solar metallicity (Z’ ≡ Z/Z☉ = 1). The dense gas has XCO
close to the Milky Way value (purple) while the diffuse gas has much higher XCO (orange).

Dependence of XCO on metallicity, intensity, and spatial 
scale in a feedback-regulated interstellar medium

References:
• Hu, C.-Y., Sternberg, A., Dishoeck, E.F., 2021, ApJ 920 44
• Hu, C.-Y., Schruba, A., Sternberg, A., Dishoeck, E.F., ApJ submitted (arXiv:2201.03885) 
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Simulated kpc-scale XCO as a function of 
metallicity (red symbols) comparing with 
observations (colored lines). Time-dependent 
effect strongly suppresses XCO at low Z’.

500 pc

XCO as a function of line intensity (W10) with 
varying beam sizes (lb) at solar metallicity. This 
figure can help observers infer the H2 mass more 
accurately taking the multivariate nature of XCO 
into account.

global average
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Non-parametric density models are important to overcome our limited knowledge about the exact
radial distribution of stellar mass and dark matter (DM) in galaxies. The L-CDM picture predicts halos
with central density slopes gDM=-1 and outer slopes equal to -3 (Navarro-Frenk-White or NFW
profile). However, baryonic effects modify the DM distribution in the halo such that the actual density
profile is hard to predict. Likewise, the evidence for radial gradients in the stellar initial-mass-function
(IMF) and, thus, in the stellar M/L has been growing recently. To account for the complex stellar and
DM density profiles we here introduce a new fully non-parametric method to model the mass
distribution in galaxies. These new models allowed us to measure the M/L gradient in the center of
M87 in good agreement with stellar population models. While being more flexible, the non-parametric
method requires ~10x less model evaluations – an efficiency gain crucial for future triaxial modelling.

▲Figure 1
Description and test of the method:
• non-parametric recovery of mock galaxies with

three different central halo slopes gDM
• free parameters: MBH, stellar M/L and non-

parametric densities ri at 5 different radii ri
• Recovery starts with a power-law fit for the total

mass density (stars+DM) which is then iteratively
refined inward-out; the M/L is optimised in a last
step keeping the total mass fixed

• rstars, rDM, and MBH are well recovered (rDM is only
shown where the DM fraction fDM>0.1)

Elliptical Galaxies: 
Non-parametric mass models of M87

►Figure 3
• as Fig. 1 but for fits to

M87 data (see Fig. 2)
• four lines per color:

separate (axisymmetric)
models for each of four
quadrants

• clear evidence for
gradient in stellar M/L

• MBH=(6.4±0.5)x109M⦿
in agreement with results
from Event Horizon
Telescope

References: 
• Thomas et al. (in prep)
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▲Figure 4
The projected M/L gradients of the non-
parametric models (lines) agree well with a
stellar population analysis including a
variable IMF after rescaling the latter by
~30% (dots; see poster by T. Parikh)▲Figure 2

Rotation and velocity dispersion of M87 derived from
archival MUSE data with WINGFIT (see separate poster)
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Dynamical mass-to-light ratio gradients of power-law and 
cored and early-type galaxies 

References:
[1] Mehrgan et al. 2019 (ApJ, 
887, 195) & 2022 in prep.; 
Thomas et al. 2022 in prep.
[2] Rusli et al. 2013b (AJ,146, 
45) Erwin et al. 2018 
(MNRAS, 473, 2251)
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◄ Fig. 1: 2D stellar kinematics of NGC 1332 generated with our new non- 
parametric fitting code WINGFIT [1]. Non-parametric Line-of-sight velocity 
distributions are fit a posteriori with classical Gauss-Hermite polynomials, 
revealing complex kinematic structures over a large scale of 60’’ x 60’’, the 
MUSE wide-field field-of-view. This encompasses more than the effective 
radius in the majority of all sample galaxies.

Stellar dynamical modeling and numerical simulations of early-type galaxies (ETGs) have indicated a 
hierarchical relationship between less massive, fast-rotating power-law ETGs with steep central 
surface brightness cusps and their more massive, slow-rotating, cored counter parts with shallow 
central surface brightness profiles. Power-law ETGs are believed to form through dissipational 
mergers that create steep gradients of stellar population properties.  Cored ETGs, on the other hand, 
form through dissipationless mergers, and we thus expect “smeared out” shallower stellar population 
gradients in these galaxies. Of particular interest are gradients in the stellar mass-to-light ratio (M/L) 
because they are related to the stellar-initial-mass function (IMF). Potential IMF variations are 
currently highly debated. So far, there have been only few stellar dynamical studies of M/L gradients. 
Here, we construct Schwarzschild orbital models allowing for 3D M/L gradients for a sample of 9 
ETGs with MUSE observations, split into 4 power-laws and 5 cores. The goal is to investigate the 
existence of IMF gradients and the differences between power-laws and cores.

▲Fig. 2: We use pre-existing robust BH-measurements [2] to constrain the 
dynamical models of all galaxies together with non-parametrically derived 
MUSE kinematics. Here, we follow a two-step modelling approach: 1st) we 
model with a constant M/L – the previous default approach to modelling – to 
constrain the parameters of a NFW halo. 2nd) we permit 3D M/L-gradients 
with separate M/L profiles for the disk- and bulge components of power-
laws, while the DM-Halo, BH and M/L in the faint outer galactic regions are 
constrained to values from the previous step. We find centrally increasing, 
steep  M/L profiles for power-laws. For cores, however, in step 2, we do not 
find gradient models which are an χ2-improvement over constant M/L models 
from step 1. This is compatible with a scenario in which, in the process of 
hierarchical merging, steeper stellar population gradients of power- laws are 
“smearerd out’’ to produce  flattened profiles for cored ETGs.



T. Parikh, R. Saglia, J. Thomas, K. Mehrgan, R. Bender

Measurements of the initial mass function (IMF) through stellar population modelling have revealed 
dwarf-dominated (bottom heavy) populations in the centres of massive galaxies. We perform full 
spectrum fitting of four galaxies observed with MUSE to obtain spatially-resolved stellar population 
parameters using the Conroy et al. 2017 models. High S/N voronoi-binned spectra are fit across a large 
wavelength range between 4750-8700 inducing a wide range of absorption features sensitive to the age, 
abundances, and the IMF. A full spectrum fitting code is used to determine up to 40 parameters, with the 
parameter space explored using MCMC techniques. Building upon previous work studying average 
gradients, we aim to investigate in detail individual galaxies with varying kinematic morphologies [1].

Stellar population parameters 
are shown for four galaxies as 
a function of radius. All 
galaxies display negative 
radial gradients in age and 
[Fe/H], except M87 (green) is 
uniformly very old. We 
m e a s u r e h i g h [ N a / F e ] 
abundances and steep radial 
gradients; these are not 
correlated with the IMF 
slope. All galaxies also 
display IMF gradients, with 
the majority having Salpeter 
or slightly steeper-than-
Salpeter IMFs in the centre, 
returning to a Kroupa IMF 
near the outer regions. An 
exception is NGC1332 (blue) 
which has the most bottom 
heavy IMF with a slope of ~3 
at all radii. The bottom two 
panels show the mass-to-light 
ratio in the V band for the 
best-fitting IMF (left) and 
scaled by a constant factor for 
each galaxy in order to match 
our dynamical modelling 
(right, shaded regions) [2,3]. 
The dotted lines indicate M/L 
for a Kroupa IMF, showing 
that the IMF is the main 
driver of M/L gradients. The 
extremely high M/L for 
NGC1332 could be affected 
by dust (Barth et al. 2016). 

The stellar initial mass function of early-type galaxies 
from population synthesis

References: 
1. Parikh et al. 2018, MNRAS, 477, 395 & Parikh et al. in prep               2. Mehrgan et al. in prep          3. Thomas et al. in prep
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Elliptical Galaxies:
Dissecting the kinematically decoupled core of NGC5419

Optical and Interpretative Astronomy

References:  
[1] B. Neureiter et al., 2021, MNRAS, 500, 1437

B. Neureiter, J. Thomas, R. Saglia,  K. Mehrgan, S. De Nicola, R. Bender

◄Our new triaxial Schwarzschild Code 
SMART [1] (right) is able to fit VLT MUSE 
data of NGC5419 (left) with a high 
precision of  χ2/Ndata ~ 0.7. In particular, 
SMART is able to reproduce the 
rotational “spiral structure” and KDC of 
the galaxy. SMART determines a best-fit 
black hole mass of MBH = 1.0×1010 M☉ and 
a stellar mass-to-light ratio of M*/LR = 4.6. 

The massive elliptical galaxy NGC5419 is a particularly interesting case to study the structure and 
formation of kinematically decoupled cores (KDCs). KDCs together with isophote twists are frequently 
observed in massive elliptical galaxies with depleted stellar cores like NGC5419. The formation process 
of these KDCs has remained a mystery for long. Mainly, because the stellar populations in KDCs are not 
distinct from the stellar populations of the surrounding host galaxies. Recent numerical N-body 
simulations suggest that SMBHs may be the key to solve this problem: during gaspoor mergers that lead 
to the formation of cored ellipticals the SMBHs experience one or more reversals of their orbits. In major 
mergers with massive black holes the gravitational pull of the SMBHs can cause respective flips in the 
rotation direction of the stellar system. Our new triaxial orbit models of NGC5419 suggest that its 
complex KDC can be explained by a single rotation flip in its tube orbits, similar to the reversals seen in 
the simulations.

▲When projecting SMART’s model of NGC5419 to the galaxy’s principal axes, one can see that the 
kinematical “spiral structure” is constructed by an overlay of orbits rotating around two different 
axes. These orbits appear as z-tubes visible in the major axis projection and x-tubes visible in the 
minor axis projection. 

θ=70°,Ф=30°,Ψ=100°: major: minor:interm:

▲A similar behaviour is found in an N-body merger simulation including SMBHs. Projected at 
θ=70°,Ф=30°,Ψ=100°, which are possible viewing angles for NGC5419, the simulation shows a 
spiral rotation pattern and a kinematically decoupled core. This rotation signal is again constructed 
by the overlay of different tube orbits.



M. Kluge, R. Bender

We examine the fundamental plane of normal elliptical galaxies and Brightest Cluster Galaxies 
(BCGs) using new, accurate measurements of galaxy structural parameters and stellar velocity 
dispersions. Separating the sample into BCGs and regular Ellipticals shows that their fundamental 
planes are slightly tilted and offset relative to each other. The difference can be explained by (a) the 
fact that BCGs have systematically larger half-light radii due to accretion from fainter cluster members 
and debris at large radii and (b) by assuming that their central velocity dispersions remain largely 
unaffected by these events. Based on the latter assumption we can use the Faber–Jackson relation to 
estimate the luminosity of the ‘original normal Elliptical’ embedded into the halo of Intra-Cluster 
Light (ICL) and thus can estimate a contribution of 69±17% from the ICL to the total luminosity of the 
BCG. With respect to the total cluster luminosity, the ICL makes up 33±15% in our cluster sample.

Fundamental Planes of Brightest Cluster Galaxies
and Regular Ellipticals

Fig 1: 3-D view of the fundamental planes for 
BCGs (red) and regular Ellipticals (black).

References:
 [1] Kluge et al. (2020), ApJS 247, 43             [2] Naab et al. (2009), ApJL 699, 178            [3] Kluge et al. (2021), ApJS, 252, 27
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embedded into the ICL. The ICL was build up by accretion of cluster members and tidal debris at large 
radii. This leaves the central regions and in particular the central velocity dispersion largely unaffected 
[2]. Using the Faber–Jackson relation of regular Ellipticals, we estimate the luminosity of the central 
‘normal’ Elliptical and infer that 69±17% of the total BCG light was accreted by tidal stripping from 
cluster members. The high value suggests that classical BCG/ICL decomposition methods [3] might 
underestimate the true amount of ICL.

The virial theorem predicts a relation between galaxy half-
light radius re, average effective surface intensity <Ie> inside 
re, and central stellar velocity dispersion σ.
Using archival SDSS imaging data, we measure surface 
brightness profiles and calculate structural parameters for 
1420 elliptical galaxies from Sérsic fits, consistent with our 
derivation of BCG structural parameters from published 
Wendelstein Wide Field Imager data [1].
SDSS spectra are fitted with stellar templates to calculate 
stellar velocity dispersions for the same galaxies. BCG 
spectra are obtained with the Low Resolution Spectrograph 2 
(LRS2) on the Hobby Eberly Telescope and complemented 
with SDSS data.

Fig 2: Faber–Jackson relation. The ‘normal’ Elliptical 
component of the BCGs is inferred by projecting the 
red data points toward the left onto the black line. The 
magnitude of the shift is interpreted as accreted light.

We find that the BCG fundamental plane is 
offset by 0.12 dex from the Ellipticals 
fundamental plane. The slopes of the former 
are steeper with a significance of 2.5σ.
Similar central absorption line strengths and 
central velocity dispersions of BCGs 
compared to massive Ellipticals indicate that 
BCGs can be assumed as normal Ellipticals



J. Thomas, K. Mehrgan, R. Saglia, R. Bender

We have developed a new spectral fitting code WINGFIT to measure the shape of stellar line-of-sight
velocity distributions (LOSVDs) in a fully non-parametric way. The code fits a combination of
LOSVD-convolved stellar templates and additive and multiplicative polynomials to a given spectrum.
To find the optimal LOSVD and to avoid both overfitting and oversmoothing the code uses an
extension of the classical Akaike model selection criterion that allows to optimise the smoothing
without separate Monte-Carlo simulations (Thomas & Lipka, submitted to MNRAS). This new
method is not tied to spectral fitting but can be applied to any non-parametric model. Accurate
dynamical modelling requires robust determinations of galaxy LOSVDs: the exact velocity-width of
an LOSVD is linked to the escape velocity of the stars and, thus, to the total mass budget of a galaxy.
Other applications of WINGFIT include the identification of kinematical substructures in multi-
component systems like disk galaxies with bulges or bars or in dynamically complex systems like
brightest cluster galaxies.

Figure 2 ▲
• NGC6861 is a massive fast-rotating S0 galaxy
• MUSE spectral observations reveal rotation velocities of

up to ~300 km/s in a flat disky region and velocity
dispersions of up to ~ 450 km/s near the center

• The non-parametric LOSVDs have wings similar to Fig. 1
(LOSVDs along the black ellipse are shown bottom-right)

• Even Gauss-Hermite moments (fitted aposteriori to the
non-parametric LOSVDs) in the disk are non-zero up to
h18, odd moments up to h9 (Fig. 2 only shows a selection)

• The galaxy likely resides in a very massive halo that gives
rise to the strong LOSVD wings. Further evidence for a
massive halo comes from gas measurements indicating
circular velocities of up to ~500 km/s

• Robust non-parametric LOSVD measurements are
important for accurate dynamical models

Galaxy Mass Models: A novel technique
to measure the velocity distribution of stars

Figure 1▲
• The superposition of a cold,

rotating disk and a hot massive
spheroid can give rise to
complex LOSVD shapes with
broad wings (gray toy model)

• The non-parametric recovery
with WINGFIT can reproduce
the two component structure
of the LOSVD (red lines =
recoveries from 5 noisy mock
spectra with SNR=150)

• The traditional Gauss-Hermite
expansions require fits up to
very high orders hn to capture
the wings (orange, cyan, green
and blue lines)

References:
• J. Thomas, K. Mehrgan (in prep)
• J. Thomas, M. Lipka (submitted)
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M.Lipka, J. Thomas, R. Saglia, R.Bender

Orbit-based models are a state of the art tool to constrain the stellar mass, black hole mass and dark
matter halo of equilibrium systems by using the system’s stellar component as a dynamical tracer.
However, we found that the 𝜒! optimisation that is typically used to evaluate the orbit models returns
biased results and a large scatter (up to 50% in some parameters) due to the models’ varying intrinsic
flexibility. Most prominently we find such systematic effects in the recovery of the total mass, the
cuspiness of the dark matter halo, the viewing angles, and the 3D velocity/anisotropy structure.
Therefore we adopt an advanced model evaluation approach based on a generalised form of the Akaike
information criterion (AIC) that takes a model’s flexibility into account. The new approach
compensates the aforementioned biases and achieves a superior constraining power. We currently apply
this improved approach to address the dark matter core/cusp problem by measuring the central slopes of
dwarf elliptical galaxies. Contrary to the expectations of LCDM models we find that these galaxies
have cored halos.

Galaxy Mass Models: A novel method to obtain unbiased 
orbit models of galaxies

Optical and Interpretative Astronomy

References:
• Thomas J, et al., 2004, MNRAS, 353, 391
• Lipka M, Thomas J., 2021, MNRAS, 504, 4599
• Lipka M, Thomas J. (In prep.)

Figure 1
Reconstruction of the stellar mass-to-light ratio Υ
and the central black hole mass 𝑀!" from typical
IFU data (Left panels: AIC, Right panels: 𝜒!).
Each colour represents the contours for one of 4
different simulated galaxies. The vertical lines of
the same colour indicate the true properties. The
generalised AIC selection allows unbiased
recovery within ≲ 5% precision. A 𝜒! selection
(based on the same data) highly degrades the
constraining power leading to increased scatter of
up to a factor of 2.

Figure 2
The AIC recovery of the central dark matter
slope 𝛾 for the simulations of Figure 1 (top)
and a real sample of dwarf galaxies observed
with VIRUS-W at the McDonald Observatory
(bottom). The AIC is able to recover unbiased
slopes for a wide range of (simulated) cored
and cuspy halos. Nevertheless the modelling of
the dwarf galaxy sample strongly suggests that
the galaxies all have a cored central dark
matter profile.



B. Neureiter, S. De Nicola, J. Thomas, R. Saglia, R. Bender
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Galaxy Mass Models:
Testing triaxial mass models with N-body merger remnant

◄ SMART reconstructs the 
simulation’s anisotropy 
profile with an average 
deviation of  |∆β| = 0.05. In 
particular, SMART repro-
duces the change from 
central tangential aniso-
tropy to outer radial 
anisotropy which is 
characteristic for collision-
less mergers with SMBHs. 

◄  SMART minimizes the ge-
neralised Akaike Infor-
mation Criterion (AIC; cf. 
[3]) to achieve unbiased 
results.

◄ Stellar mass-to-light ratio  
(M*/Lsim=1, red) and black 
hole mass              
(MBH,sim=1.7×1010M☉, red) 
are recovered with 10% 
accuracy on average over 
several projections including 
the principal axes:            
M*/L = 1.1±0.1     
MBH  = (1.7±0.2)×1010M☉
(larger deviations might 
occur along the long axis)

Frequent kinematic misalignments and isophote twists indicate that massive early-type galaxies (ETGs) 
have triaxial shapes. By reconstructing the stellar orbit distribution with dynamical modeling routines we 
can study the dynamical structure as well as the different mass components of ETGs. In order to 
determine the correct stellar mass-to-light ratio and black hole mass of triaxial galaxies, we have 
delevoped SMART [1], a 3D implementation of the orbit-based Schwarzschild Modeling Technique. 
SMART’s efficiency is demonstrated by application to a realistic N-body merger simulation including 
supermassive black holes (SMBHs). When providing SMART with the deprojected surface brightness 
profiles from our novel triaxial deprojection code [2] we are able to reconstruct the true stellar mass-to-
light ratio, black hole mass and internal velocity moments with an unprecedented accuracy of about 10% 
(averaged over different lines of sight).

◄ Rotation velocity (left) and velocity dispersion 
(right) of the N-body simulation (top) and modelled fit 
(bottom) along the intermediate axis of the merger 
remnant. SMART fits the kinematic input data with an 
accuracy of χ2/Ndata ~ 0.6. The simulation is 
maximally triaxial (T = 0.5) at 3 kpc and more 
prolate in the outskirts.

▲Comparing the modeling results of the axisymmetric predecessor code 
[4] (ΔM*/L=30%, ΔMBH=70%)  emphasizes SMART’s efficiency.



S. de Nicola, R.P. Saglia, J. Thomas, C. Pulsoni, M. Kluge, R. Bender

For the first time, we present ([1]) radially resolved measurements of tridimensional shapes, measured 
in terms of the galaxy intrinsic axis ratios p and q and the corresponding triaxiality parameter T, for a 
sample of 42 Brightest Cluster Galaxies (BCGs) coming from a recently published large, deep-
photometry sample [2]. The data have both high resolution and reach very large radii. By de-projecting 
the luminosity profile of these objects with our triaxial code ([3], see Fig. 1 for an example) we find 
that these objects are strongly triaxial, with the average triaxiality showing only small variations from 
one galaxy to the other (Fig. 2). Given that the outer parts of BCGs grow by collision-less processes, 
their recovered shapes are expected to be tracers of the properties of the underlying Dark Matter Halos 
at large radii, as we show in Fig. 3 by comparing our results with cosmological simulations [4]. 

The first measurements of radially resolved intrinsic 
shapes 

  References:
   [1] de Nicola et al. 2022, submitted to ApJ   [2] Kluge et al. 2020, ApJS, 247, 43    [3] de Nicola et al. 2020, MNRAS, 496, 3076    
   [4] Springel et al. 2017, MNRAS, 475, 676  [5] Neureiter et al. 2020, MNRAS, 500, 1437  [6] de Nicola et al. 2022, in prep.   [7] 
Neureiter et al. 2022, in prep.      [8] Ene et al. 2018, MNRAS, 479, 2810
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Figure 2: Histograms of the mean axis ratios 
< p > and < q >, along with the 
corresponding triaxiality parameters < T >. 
The full lines show the average of the 
histrograms. The  dashed vertical lines show 
the averages quoted by [8] for a sample of 
slow rotators (the MASSIVE survey).

Figure 1: Observed ellipticity (top panel) and PA 
profiles (bottom panel) for the BCG of A260 (blue 
points), with the recovered profiles (red lines) 
derived using our deprojection code.

Figure 3: Comparison of average  p and  q 
(top panels) and T  (bottom panels) profiles 
of our sample with the profiles of TNG 
simulated objects with  M > 1013 Msun. The 
left panels show the stellar, the right panels 
the dark matter component, respectively. The 
mean values have been computed at 10 
different radial bins. The profiles match at 
large radii, where stars trace the distribution 
of dark matter. At small radii, simulations are 
too flat.

The deprojections  are based on a series of concentric perfect 
ellipsoids. We determine the sizes of the principal axes as a function 
of distance from the center by minimising the sum of the squared 
ratios between the observed and modeled surface luminosity on the 
sky. The p and q profiles are determined non-parametrically, 
together with the best-fitting viewing angles. The triaxiality 
parameter is then T=(1-p2)/(1-q2).The precision of their 
reconstruction can be further improved when stellar kinematics are 
modeled with our triaxial Schwarzschild code SMART ([5], [6], 
[7]). 
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M. Kluge, R. Bender, A. Riffeser, C. Goessl, U. Hopp, M. Schmidt, C. Ries

Using deep Wendelstein Wide Field Imager data of 170 galaxy clusters from [1], we explore several 
ways to dissect the surrounding Intra-Cluster Light (ICL) from Brightest Cluster Galaxies (BCGs). 
Our measured BCG and ICL luminosities agree well with predictions from high-resolution simulations 
where the outer Sérsic component traces the unrelaxed, accreted stellar material [2].
BCG and ICL properties are correlated with cluster parameters to study the coevolution of BCGs, ICL, 
and their host clusters. Positive correlations confirm that BCG/ICL growth is coupled with cluster 
growth. On average, the ICL is better aligned than the BCG with the host cluster in terms of position 
angle, ellipticity, and centering. That makes the ICL a likely Dark Matter (DM) tracer.

Photometric Dissection of Intracluster Light and Its 
Correlations with Host Cluster Properties

Fig 1: Illustration of two decomposition 
methods. Left: surface brightness 
threshold. Right: double Sérsic profile 
decomposition. The contribution in the 
pink region is defined as the ICL.

References:
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 [2] Cooper et al. (2015), MNRAS 451, 2703  [5] West et al. (2017), NatAs 1, 0157               [7] Kluge et al. (2021), ApJS, 252, 27
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The ICL is diffuse, faint stellar light, which expands throughout galaxy clusters. It is usually centered 
around the BCG and its stars are free floating in the cluster potential. Depending on the decomposition 
method [Fig. 1; see also poster [3]], we find that between 34 – 71% of all diffuse light centered on the 
BCG to belong to the ICL. The ICL fraction is 10 – 20% with respect to the total cluster luminosity.

Fig 2: ICL brightness correlated with host cluster properties:
total mass Mg, integrated satellite galaxy brightness Msat, velocity 
dispersion σC, and gravitational radius rg.

Fig 3: Histogram of the host 
cluster PA minus the ICL PA.

We find positive correlations between the ICL brightness and cluster mass, integrated satellite galaxy 
brightness, cluster velocity dispersion, and cluster radius  [Fig. 2 from left to right], confirming that the 
ICL growth is indeed coupled with cluster growth. It is known that BCG position angles (PAs) are well 
aligned with host cluster PAs [4,5]. We discover that the ICL is even better aligned with host cluster 
PAs [Fig. 3]. Moreover, our results show that the ICL is spatially offset from the BCG center toward 
the cluster center. In [6], we find consistent triaxialities of DM and stars at large radii. All three 
findings qualify the ICL as a likely DM tracer. Our results are published in [7].



M. Blumhoff, P. Erwin, R. Saglia, R. Bender, M. Fabricius, U. Hopp, M. Kluge, K. Mehrgan, J. Thomas

Disk galaxies in the local universe harbor several substructures. Half of them have bars, with some
possessing additional inner bars and inner cold disks. The tri-dimensional components sticking out of
the disk structure can be a classical bulge (possibly originating from early merger events) or a
pseudo- or boxy/peanut (B/P) bulge (generated during the buckling phase of bars). Within the HST
and VLT program “Determining the kinematic and stellar population nature of composite bulges in the
local universe”, P.I. P. Erwin, we are studying a representative sample of disk galaxies to understand
the properties of their substructures. Here we discuss the results obtained for the first observed
galaxies.

Disk Galaxies: the stellar kinematics of their different 
components

The starting point of the project is presented in Erwin et al. (2021), where two prototypical massive early-type
galaxies, NGC 4608 and NGC 4643 are discussed. A further 9 galaxies (2 unbarred, 4 barred, 3 double barred)
are analyzed in Blumhoff (2021). Here we detail the results for NGC 4643 and NGC 3368.

References:
• M. Blumhoff, 2021, Master Thesis, LMU; • P. Erwin et al., 2021, MNRAS, 502, 2446
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Composite bulges in NGC 4608 and NGC 4643 2465

HST F160W
(MUSE Field of View)Spitzer IRAC1

HST F160W
(Zoomed Field of View)

NGC 4643

Figure 17. MUSE stellar kinematics for NGC 4643. Top panels: isophotes from IRAC1 and F160W images of NGC 4643. Middle panels: median-smoothed
stellar kinematics, from single-spaxel analysis of VLT-MUSE data (full MUSE field of view). Bottom panels: close-up of unsmoothed stellar kinematics in the
nuclear-disc region.

an elliptical zone of significantly lower dispersion, with rapid rotation
and strong V–h3 anticorrelation, consistent with a rotation-dominated
disc. The dispersion has a minimum value of !110 km s"1, increasing
mildly toward the centre.

(v) The nuclear-disc region of NGC 4643 also shows very high
h4 values, declining toward the centre; we tentatively interpret this
as a signature of overlapping LOSVDs from the B/P bulge (higher
dispersion) and the nuclear disc (lower dispersion), with the decline
in h4 toward the centre happening as the nuclear-disc component
becomes more dominant (and possibly also as the dispersion of the
nuclear-disc component becomes higher).

(vi) Finally, there is a drop to lower dispersion in the very
innermost region of NGC 4643 (r < 0.5 arcsec # 45 pc, from !130

km s"1 at the edge of this region to !110 km s"1 in the centre),
coincident with the photometrically identified compact classical
bulge (or large NSC). Although there are some similar near-nuclear
dispersion drops seen in a few other massive spirals, the cause of this
remains unclear.

6 D ISCUSSION

Outside of the central few hundred parsecs, the two galaxies studied
in this paper are remarkably similar. In both cases, their bars amount
to !45 per cent of the stellar light, with dominant B/P bulges
comprising !30 per cent of the light. They both have distinct stellar
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Fig. 2: MUSE stellar kinematics of NGC 3368. The
images from Nowak et al, 2010 (MNRAS 403, 646)
show clearly the double bar structure of the galaxy.
The velocity map of the inner region with its h3-V
anticorrelation demonstrates that a rotating nuclear
disk aligned with the outer disk (indicated by the
dotted line) is present. Along the minor axis of the
inner bar (marked by the thick line and not aligned
with the outer bar indicated by the thin line) we see
an enhancement of the velocity dispersion,
reminiscentof the ‘𝝈-humps’ observed in simulated
bars.

5. Kinematic analysis of the galaxy sample

5.3.2. NGC3368

NGC3368 (or Messier 96) is part of the Leo 1 group and is one of the brightest galaxies
within this group. Its distance is roughly 11 Mpc. [Erwin, 2004] reported the presence
of a strong (Bar/Disk ! 0.38 - 0.47) large scale bar (with semimajor axis a ! 61-
75 arcsec or 4.4 - 5.4 kpc), a nuclear disk (extending to ! 21 - 30 arcsec or 1.1 -
1.6 kpc) and an inner bar (a ! 3.4 - 5 arcsec or 200-300pc) and hence classified it
as SAB(rs)ab. This classification was also adopted in [Erwin et al., 2015] where the
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[Sil’chenko et al., 2003] included NGC 3368, together with NGC 3379 and NGC 3384,
in their analysis to clarify the origin of S0 galaxies in the field. They also found evidence
for the presence of a bar and an inner disk, together with a ”minibar” in the very
center, consistent with the above classifications. In addition, they noted a mean stellar
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population age of ! 3 Gyr. In [Moiseev et al., 2004], NGC 3368 was included in a
photometric and kinematic analysis as a ”double barred” candidate. Even though they
also described evidence for a ”minibar” in the center, they argue that there is no large
scale bar and the distortion of the isophotes used for the determination of the bar is due
to spiral arms. The isophotes of NGC 3368 are shown in Fig.5.21 and clearly support the
idea of NGC3368 hosting a large scale bar (panel a and b) together with an secondary
bar (panel d).

Figure 5.22: Kinematic map of NGC 3368 for a signal-to-noise ratio of 60. Shown are
the velocity (upper left), velocity dispersion (upper right) and the first two
higher order moments of the Gauss-Hermite series (lower panels) for the
MUSE FOV. The dashed and full lines indicate the disk and bar major axis,
respectively. The small thick line marks the inner bar major axis. Note that
the length of the line indicating the inner bar does not correspond to the
exact extent of the inner bar but should just roughly indicate its orientation.

The kinematic maps for NGC 3368 are shown in Fig.5.22 for a signal-to-noise ratio of
60. NGC 3368 comes with an inclination of i ! 55!, a relative position angle between the
major disk and the outer bar of PAreldisk"bar ! 57! and a relative position angle between
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Fig.1 : MUSE stellar kinematics of NGC 4643.
The top panels show the isophotes from IRAC1
and F160W images of the galaxy. The middle
panels show the median-smoothed stellar
kinematics (mean velocity V, velocity dispersion
𝝈 and h3 and h4 coefficients) derived for the entire
MUSE field. The bottom panels show a close-up
of the unsmoothed inner region.The galaxy has a
nuclear disk detected on the image and imprinted
in the high V, low 𝝈, h3-V anticorrelation and
elevated h4. Outside the nuclear region and along
the bar (well visible in the IRAC1 image), h3 and
V are correlated, as seen
in simulated bars.



T. Parikh, M. Blumhoff, P. Erwin, R. Saglia

With a significant number of galaxies hosting bars, analysing the stellar populations in different 
components reveals clues regarding their formation and evolution. These galaxies have ongoing star 
formation and hence require modelling using composite stellar populations (CSPs). We make use of the 
full spectrum fitting code, FIREFLY [1], which uses a linear combination of SSP models to derive 
detailed star formation histories. We aim to compare these results with detailed kinematic and isophotal 
analyses of these galaxies [2,3].

Fig. 1: Unbarred galaxy NGC 
2775. Kinematic analysis reveals 
the presence of a two component 
b u l g e ( σ d r o p i n c e n t r e 
surrounded by a kinematically hot 
component) and a rotat ing 
axisymmetric disk. The stellar 
velocity field is shown here, with 
the dashed line indicating the disk 
major axis. Next, the mass-
weighted age and metallicity 
maps from full spectrum fitting 
are shown. The galactic core 
appears old and metal-rich, while 
the outer regions are younger with 
ongoing s tar format ion . A 
complementary analysis of the 
index measurements shows [Mg/
Fe] values of 0.3 dex, which 
appears to decline slightly at 
larger radii.

Spatially-resolved stellar populations in (barred) disk 
galaxies

Optical and Interpretative Astronomy

Fig. 2: Double-barred galaxy 
NGC 1553. The stellar kinematics 
suggest a nuclear disk (ring of 
lower σ with increased rotational 
support). Solid lines show the 
orientations of the inner and outer 
bars. In this case, the disk is 
aligned with the outer bar. The 
central 10” of the galaxy appears 
to be younger and very metal-rich, 
and contrary to the unbarred 
galaxy, the metallicity is super-
solar at all radii. This galaxy has 
uniformly enhanced [Mg/Fe] 
across the field of view.

References: 
1. Wilkinson D. et al. 2017, MNRAS, 472, 4297 
2. Blumhoff M., 2021, Master Thesis, LMU                3. Erwin P. et al. 2021, MNRAS, 502, 2446



S. Kruk, P. Erwin, R. Saglia et al.

Vertically thickened bars, observed in the form of boxy/peanut (B/P) bulges, are found in the majority
of massive barred disc galaxies in the local Universe [1], including our own [2]. In Kruk et al. 2019
[3], we investigated for the first time how the frequency of B/P bulges in barred galaxies evolves over
the last 8 billion years, with data from the Hubble Space Telescope COSMOS survey and a control
sample from the Sloan Digital Sky Survey. We find that the fraction of barred galaxies with B/P
bulges increases from ∼10 per cent at redshift 1 to 70 per cent at redshift 0. In agreement with
previous results for nearby galaxies [4], we find a strong dependence of the presence of a B/P bulge on
galaxy stellar mass. This trend is observed in both local and high-redshift galaxies, suggesting that it is
an important indicator of vertical instabilities across a large fraction of the age of the Universe.
Moreover, we identified a sample of galaxies in the process of bar buckling, the mechanism proposed
to form B/P bulges. In ongoing work, we investigate whether the bar buckling can explain the
formation of all B/P bulges and what determines the strong trends with stellar mass that we observe.

Figure 2. The detected fraction (𝑓𝑓det) of B/P bulges in
bars declines with increasing redshift, from 38% at
redshift 0 to 0% at redshift 1. We correct for
observational biases in identifying B/P bulges using an
SDSS control sample to get the underlying evolution
(𝑓𝑓cor) in the B/P fraction. Comparison with the observed
evolution in the fraction of galaxies with bars (𝑓𝑓bar)
suggests a time delay between bar formation and B/P
bulge formation of ~2 Gyr.

Disk galaxies: The cosmic evolution of boxy/peanut bulges

Figure 1. Hubble‘s Celestial Peanut.
NGC1175, an example of an edge-on galaxy
with a B/P bulge imaged by the Hubble
Space Telescope, as part of the ‘Gems of the
Galaxy Zoos’ gap-filler programme [5]. The
characteristic ‘X’-shape is given by the
superposition of vertically extended orbits
of stars in the bar of the galaxy. 70% of
nearby massive barred galaxies have a B/P
bulge, including the Milky Way.

References:
[1] Lütticke et al., 2000, A&A, 362, 435; [2] Ness & Lang, 2016, AJ, 152, 14; [3] Kruk et al., 2019, MNRAS, 490, 4721;
[4] Erwin & Debattista, 2017, MNRAS, 468, 2058; [5] Keel et al., 2022, AJ, in press.
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Figure 3. A buckling bar found in our work,
shown in comparison with the simulation of a
galaxy undergoing bar buckling. We identified
an order of magnitude more buckling bars than
currently known. In ongoing work we
investigate when it occurs and the properties of
galaxies that can lead to bar buckling.



A. Jouili, G. Pentaris, T. Parikh, R. Saglia, M. Fabricius

We investigate stellar populations of a sample of dwarf galaxies in the Virgo Cluster obtained with our 
Virus-W spectrograph at the UT McDonald Observatory. The low surface brightness of these galaxies 
makes this a challenging measurement with limited studies to date focussing on such objects. We 
measure absorption features in binned spectra and model these using high resolution stellar population 
models, deriving ages, metallicities and alpha-abundances. The goal is to investigate stellar population 
trends [1] with kinematics and environment [2].

Stellar populations and kinematics of dwarf ellipticals

References: 
1. Jouili 2022, Master Thesis, TUM                        2. Pentaris 2019, Master Thesis, LMU                        3. Parikh et al. in prep
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Fig. 1: Stellar kinematic 
maps showing v, σ, h3 
and h4 for VCC 1261. 
The galaxy has very 
little rotation within in 
the inner 10”, reaching 
maximum values of 
8km/s only in the outer 
regions, a sign of a 
kinematically decoupled 
c o r e . T h e v e l o c i t y 
dispersion peaks in the 
outer regions at 48km/s 
and drops in the centre 
to 33km/s, showing an 
anti-correlation with h4.

Fig. 2: Stellar population parameters derived from fitting four absorption indices (Hβ, Mgb, Fe5270 
and Fe5335) are shown as maps for the same galaxy. The centre features younger populations than 
the rest of the galaxy. The galaxy is metal-poor and alpha-enhanced; these values are roughly 
uniform with position [3]. Some of the outermost measurements with drastically different stellar 
populations are expected to be affected by noise.
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R. Zöller, M. Kluge, B. Staiger, R. Bender, A. Riffeser & Wendelstein Team

Ultra-Diffuse Galaxies (UDGs) are a class of low surface brightness galaxies recently defined by van 
Dokkum [1] based on their extremely low central surface brightness (μc>24 g mag/arcsec²) and large 
size in terms of the effective radius (Re>1.5kpc). In this study, we compare the structural parameters of 
UDGs to those of other dwarf galaxies and investigate whether UDGs form a distinct population. We 
observed deep u’, g’ and r’ band images (limiting surface brightness in the g’ band ≈ 30 mag/arcsec²) 
of Abell 1656 (Coma cluster) and Abell 262 with the Wendelstein Wide Field Imager at the 2 m 
Fraunhofer-Telescope on Mount Wendelstein. A highly parallelized pipeline was developed to create 
object catalogues and to measure accurate u’-g’ and g’-r’ colours and structural parameters of tens of 
thousands of potential UDGs and other dwarf galaxies using GALFIT [2]. Members of the clusters 
were identified and separated from diffuse background galaxies based on red sequence membership 
and location in the u’-g’ and g’-r’ colour diagram.

Ultra-Diffuse Galaxies – a Distinct Population?

Figure 1: Example cutout around an UDG in 
Abell 262: original cutout, masked cutout, 
model, and residual (from left to right).

References:
 [1] van Dokkum et al. 2015, ApJ, 798, L45
 [2] Peng et al. 2010,  AJ, 139, 2097
 [3] Yagi et al. 2016, ApJS, 225, 11 
 [4] Kormendy et al. 2009, ApJS, 182, 216 
 [5] Kluge et al. 2020, ApJS, 247, 43
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•  Using van Dokkum’s [1] UDG criterion, we 
discovered 33 UDGs in Abell 1656 (Coma 
Cluster), about four times more than [1] found in 
the region covered by our survey. In Abell 262 we 
found 12 UDGs.

• Adapting Yagi’s [3] UDG criteria by replacing the 
non-reproducable FWHM criterion with an 
extension of the Re criterion, we find 39 UDGs in 
Abell 262 and 190 UDGs in Abell 1656 with 
0.7kpc<Re<1.5kpc and 12, respectively 58 UDGs 
with Re>1.5kpc.

• Comparing the structural parameters of UDGs to 
non-UDGs in our sample and to spheroidals from 
[4], we do not find a separation in the Mtot-Re, 
Mtot-μe, Re-μe, nor Mtot-μc parameter spaces.

• Galaxies fulfilling the van Dokkum UDG definition 
and/or the large-Yagi-like definition form the 
diffuse end of the already well studied spheroidal 
population and slightly extend it.

• Galaxies fulfilling the adapted small-Yagi-like 
definition are just ordinary spheroidals.

Figure 2: Relations between the structural parametrs of our UDG 
and dwarf sample in Abell 1656, as well as spheroidals, 
ellipticals, BCGs and galaxy clusters from the literature. All 
galaxies fulfillling the van Dokkum definition also fulfill the 
large-Yagi-like definition. Sources for the datapoints not from 
this work can be found in [5].

15“



G. Queirolo, S. Seitz, A. Riffeser, M.Kluge, R. Bender, R.P. Saglia, U. Hopp 

For intrinsically varying sources like QSOs, strong gravitational lens systems allow to measure the
gravitational time delays and thus the Hubble constant. Precisions for individual systems depend on
the modelling of lens features, source variability, photometric precision and cadence of the monitoring
and can vary, in the best cases, between 2.5 and ~10%. A combination of 7 such systems yielded a
formal Hubble constant error of 2% (Millon et al. 2020) and a value of 73.3km/s/Mpc. However,
Birrer et al. 2020 showed that this holds only when assuming that density profiles of lens galaxies are
power law-like: if one allows for a degeneracy mimicking cored profiles the above precision reduces
to an accuracy of 8% for the combined sample. Hubble constant estimates can be made more accurate
if profiles of elliptical galaxies (fulfilling the selection function of strong lensing systems) are known
more precisely and if the numbers of such systems with precise time delays can be increased. For
about 2 years we have therefore been monitoring SDSJ1433+6007 and PSJ1721+8842 with the 2m
telescope of our Wendelstein Observatory in the Bavarian Alps. Both systems are quadruply lensed
QSOs. We show results for the first system below (Queirolo et al. in prep.). Data have been obtained
in the g’-band with an average cadence of 4 days and a median PSF of 1.07”, and, using our data
reduction (Kluge 2020) and difference imaging pipelines (Gössl & Riffeser, 2002) we obtained light
curves which were then analysed with PyCS3 of the CosmoGRail collaboration (Millon et al., 2020).
For the strong lensing model we have analysed archival HST data in several optical and NIR-filters
using Lenstronomy (Birrer &Amara, 2018) and modelling the density profile of the lensing galaxy as
a power law.

Measuring the Hubble constant by monitoring strong 
lensing systems with the 2m Wendelstein telescope

Combining the posteriors for the
Fermat potential differences and
the light curve time delay
measurements, we obtain a
Hubble constant of 74.0
km/s/Mpc with a precision of
12% (see Fig). A more precise
measurement will be possible
once the QSO’s intrinsic light
curve shows more features

References:
Birrer, S. & Amara, A., 2018, PDU, 22     Birrer, S. et al. 2020, A&A, 43, 165     Gössl, C.  & Riffeser, A., 2002, A&A, 381, 1095
Kluge, M., Neureiter, B., Riffeser, A., Bender, R. et al. 2020, APJS, 247, 43        Millon, M. et al. 2020,. JOSS, 5(53)    
Millon, M. et al. 2020, A&A, 639, 101                                                 
Queirolo, G., Seitz, S., Riffeser, A., Kluge, M.  et al. in prep. 
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Fig: Top Row: HST observation in
the filter F475X and corresponding
lens model.
Bottom Left: Time delay analysis
of lightcurves in the g filter with
the Spline Fitting Method.
Bottom Right: Combined posterior
for the Hubble constant



T. N. Varga, S. Seitz

The first year cosmology results from the Dark Energy Survey (DES) by Abbott et al. 2020 (including
substantial contributions from T. N. Varga) revealed that optically detected galaxy cluster based
cosmology studies reached a systematic uncertainty dominated regime and hence cosmological
constraints based on such samples are biased. Our efforts have thus been oriented to address and
overcome the challenges of this new systematic uncertainty scientific frontier: In Pereira, Palmese and
Varga et al. 2020 we performed the calibration of an alternative, stellar mass based galaxy cluster
mass proxy, which holds the promise of potentially being more robust against a variety of projection
and selection biases.
In Varga et al. 2021 we present a novel unsupervised, generative machine learning algorithm to create
synthetic galaxy cluster observation scenarios, where the systematic uncertainties of lensing
measurements can be characterised.

Synthetic Galaxy Clusters and Observations
based on Dark Energy Survey Year 3 Data 

References:
Abbott, T.M.C. et al., 2020, Phys. Rev. D, 102, 023509,
Pereira M. E. S, Palmese A., Varga, T. N. et al., 2020, MNRAS, 498, 4,
Varga, T.N., Gruen, D., Seitz, S. et al., 2021, MNRAS, 504, 4,
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Our synthetic galaxy cluster images incorporate and simulate blending by realistic cluster member
galaxies, the impact of the diffuse intra-cluster light (ICL) component, and characteristically stronger
gravitational shears at small scales. The cluster model is trained directly from a combination of
observational datasets from DES and is independent from the assumptions inherent to cosmological
simulations with “ad-hoc” description of the galaxy-halo connections and photometric properties of
the galaxies. Our method is trivially adaptable for extra information from numerical simulations of
structure formation, spectroscopic or multi-wavelength observations, and corrections for survey
incompleteness. New mock observations are then created at minimal cost, which will enable
upcoming cluster weak lensing analyses within DES, the Rubin observatory and EUCLID to generate
the large number of images needed to characterise systematic uncertainties in cluster mass
measurements.

Fig. 1. Real and
synthetic galaxy
cluster gri-color
composite images
side by side.
Top:a real DES Y3
redMaPPer galaxy
cluster
Bottom: a synthetic
galaxy cluster
representative of λ ∈
[45 60), z ∈ [0.3;
0.35).



A. Halder, S. Seitz

Statistical analyses of weak lensing data allow us to directly probe the large-scale structure in our
Universe and enable us to address key questions about the nature of dark matter, dark energy, gravity
and complex astrophysical baryonic processes. The majority of cosmic shear analyses performed to
date are based on the shear 2-point correlation functions (2PCFs) (𝜉𝜉±). However, the cosmic shear
field is non-Gaussian distributed, and therefore, there is additional, independent, information stored in
its higher-order moments. Hence, the need for exploring methods which probe the higher-order
information in the vast amounts of observed data obtained by weak lensing surveys is of paramount
importance. In Halder et al. 2021 and Halder & Barreira 2022, we have proposed a particularly
promising higher-order statistic — the integrated shear 3-point correlation function (𝜁𝜁±) — which
can be measured directly from cosmic shear data using existing techniques that are routinely
employed for 2PCF analyses. With rigorous theoretical modelling we have shown that compared to
standard analyses with 𝜉𝜉± alone, it holds the potential to bring substantial improvements in parameter
constraints on cosmological parameters as well as parameters describing baryonic feedback processes
(e.g. baryonic processes which affect the distribution of dark matter on small scales). In general, our
works underline the importance of cosmic shear studies beyond the conventional 2PCF and the
investigation of 𝜁𝜁± in particular for current and upcoming weak lensing surveys.

Developing novel statistical methods to extract higher 
order information from weak lensing surveys

References:
Halder, A., Friedrich, O., Seitz, S., Varga, T.N., 2021, MNRAS, 506, 2
Halder, A. & Barreira, A., 2022, MNRAS, submitted
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Fig. 1. Marginalised 1- and 2-D
Fisher constraints for four
cosmological parameters Ωcdm,
𝜎𝜎8, h, 𝑤𝑤0 and two baryonic
feedback parameters 𝜂𝜂0 , 𝑐𝑐min for
a Dark Energy Survey-like weak
lensing mission. The results are
shown in dashed blue and solid
orange ellipses for the 𝜉𝜉± and
combined 𝜉𝜉± & 𝜁𝜁± analyses,
respectively; the black dotted
lines mark the fiducial values. It
is clear that the addition of 𝜁𝜁±
leads to improved constraints on
all the parameters compared to 𝜉𝜉±
analysis alone. Adapted from
Figure 8 of Halder & Barreira
2022.



D. J. Farrow, A. G. Sánchez, R. Bender, M. Fabricius, U. Hopp, K. Krecker and the HETDEX 
collaboration.

The Hobby-Eberly Telescope Dark Energy eXperiment (HETDEX) [1, 2] is a pioneering survey of
emission line galaxies (ELGs) being undertaken at the McDonald Observatory in Texas. The survey
probes dark energy using the large-scale structure (LSS) of Lyman α emitting galaxies (LAEs) at
1.9<z<3.5 and [OII] emitting galaxies at z<0.5. The observations are 50% complete and the first
internal catalogues contain 30% of the data. The final catalogue will be far larger than existing LAE
samples. We study the clustering of the ELGs in an early catalogue [3]. Using the two-point
correlation function (2PCF), we estimate the galaxy bias, which probes how ELGs occupy the
underlying dark matter haloes. We measure b=2.1±0.2 and b=0.92±0.04 for the LAE and [OII] linear
galaxy bias respectively, which puts powerful constraints on models of the formation of ELGs. Bias
measurements are also a vital ingredient in future survey planning, and demonstrate HETDEX is ready
for LSS cosmology studies.

HETDEX: First Galaxy 
Clustering Results

Figure 2: The 2PCF measures the excess
probability of finding a pair of galaxies
compared to a homogenous distribution as a
function of scale. Here we show measurements
from an initial, conservatively-selected samples
of high S/N LAEs (top) and [OII] emitters
(bottom). The best-fitting linear theory ΛCDM
models are shown. The highly non-linear scales
(s<2 Mpc/h) are not used in the fit. The
(correlated) error bars are derived from
reprocessing the simulations of [4]. Results with
less conservative selection cuts and non-linear
modelling will appear in [5].

References:
[1]  Gebhardt et al (2021),  [2]  Hill et al (2021),  [3]  Mentuch Cooper et al (in prep),  [4]  Farrow et al (2021),  [5]  Farrow et al (in 

prep),  [6]  Alam et al (2020)
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Figure 1: Scatter plots of a
subset of the emission line
detections in an initial
version of the catalogue [3].
Blue points represent [OII]
detections and red points
LAE detections. The radial
axis of the cone shows the
source distance. The cosmic
web is clearly seen in the
high-density [OII] sample.

Future work will consider the 2PCF as a function of galaxy properties. Halo modelling the ELG
clustering measurements (e.g. [6]) will also probe the galaxy-halo connection.



M. Esposito, A.G. Sánchez et al.

We present a new approach to describe statistics of the non-linear matter density field that exploits a
degeneracy in the impact of different cosmological parameters on the linear matter power spectrum,
PL(k), when expressed in Mpc units. We classify all cosmological parameters into two groups, shape
parameters, Θs, which determine the shape of PL(k), and evolution parameters, Θe, which only affect its
amplitude at any given redshift. We show that the time evolution of PL(k) in models with identical
shape parameters but different evolution parameters can be mapped from one to the other by relabelling
the redshifts that correspond to the same values of σ12(z), defined as the RMS linear variance in spheres
of radius 12 Mpc [1]. The same evolution mapping relation can be applied to the non-linear power
spectrum, the mass function or the full density field with high accuracy. This relation drastically
reduces the number of parameters required to model the cosmology dependence of the power spectrum.

Evolution mapping: a new approach to describe matter 
clustering in the non-linear regime 

As all evolution parameters only change the amplitude of PL(k|z), their effect follows a perfect
degeneracy that can be described by the value of σ12(z)

(1)

The left panel below shows PL(k) for nine cosmologies defined by identical Θs and a wide range of Θe
(including non-flat universes and different dynamical dark energy models). When they are evaluated
at the redshifts that correspond to the same values of σ12, these linear power spectra are
indistinguishable.

The right panel shows the corresponding non-linear power spectra measured from N-body
simulations. Eq. (1) continues to give a very good description of the results. The deviations in the
highly non-linear regime can be described in terms of the different structure formation histories
experienced by each model to reach the same value of σ12 [2].

We are currently extending this framework to describe the non-linear velocity field, which is a crucial
ingredient to model the impact of redshift-space distortions on clustering statistics.

References:
• [1] Sánchez A. G., 2020, Phys. Rev. D, 102, 123511 • [2] Sánchez A. G., et al., 2021, MNRAS submitted, arXiv:2108.12710
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M. Lippich & A. G. Sánchez

Minkowski functionals (MFs) are a set of statistics that characterise the geometry and topology of the
large-scale structure and contain complementary information to the standard two-point analyses. We
developed MEDUSA, a code for estimating the MFs of three-dimensional galaxy distributions based on
their Delaunay tessellation. We measure the MFs of synthetic galaxy catalogues constructed from N-
body simulations. Our analysis focuses on three main issues that are important in the expansion and
growth of structure histories of the Universe: non-Gaussian features due to non-linear gravitational
evolution, redshift-space distortions (RSD), and Alcock-Paczynski (AP) distortions. Our results show
clearly non-Gaussian signatures. RSD have only a small effect on the MFs estimates when expressed as
a function of the volume-filling fraction. The effect of AP distortions on the MFs can be described in
terms of the volume averaged distance 𝐷𝐷V (𝑧𝑧).

In 3D there are 4 MFs: The volume V, the
surface area S, the curvature C and the genus G
of the isodensity surface.

The figure on the right shows the mean MF
densities (MFs rescaled by the the total volume)
measured from the 300 galaxy catalogues from
our Minerva N-body simulations (red) and the
corresponding predictions for a Gaussian
density field (blue).

The measurements are shown as a function of
the volume-filling fraction, νf.

The differences between the measurements and
the Gaussian predictions, in particular the
asymmetry of the genus, are signatures of the
non-linear evolution of the galaxy density field.

MEDUSA: Minkowski functionals estimated
from Delaunay tessellations of large-scale structure
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References:
• Lippich, M. & Sánchez, A. G. 2021, MNRAS, 508, 3771

MEDUSA estimates the isodensity MFs of three-dimensional
point distributions in three main steps:
(i) estimation of the density at each point of the distribution

using a Gaussian kernel
(ii) extraction of the isodensity surfaces for a given density

threshold based on Delaunay tessellation
(iii) computation of the MFs of the resulting triangulated

isodensity surface.
As an example, the figure on the left shows the isodensity
surface of a structure found by MEDUSA in one of our
simulations at a density threshold of δ = 0.584.



A. Semenaite, A. G. Sánchez, A. Pezzotta et al. 

We present the analysis of the full shape of anisotropic clustering measurement from the extended
Baryon Oscillation Spectroscopic Survey (eBOSS) quasar sample together with the combined galaxy
sample from the Baryon Oscillation Spectroscopic Survey (BOSS), re-analysed using an updated recipe
for the non-linear matter power spectrum and the non-local bias parameters [1]. We obtain constraints
for flat ΛCDM cosmologies, focusing on the cosmological parameters that are independent of the
Hubble parameter, h. We combine our clustering constraints with the Dark Energy Survey Year 1
(DES) data release to obtain combined low-redshift constraints and find good agreement between our
measurements and the latest cosmic microwave background (CMB) data from Planck.

Cosmological implications of the full shape of anisotropic 
clustering measurements in BOSS and eBOSS

References:
• [1] A. Semenaite, A. G. Sánchez, A. Pezzotta et al. arXiv e-prints (Nov., 2021) arXiv:2111.03156, [arXiv:2111.03156]. 
• [2] A. G. Sánchez 2020, Phys. Rev. D, 102, 123511
• [3] A. G. Sánchez et al. 2021, arXiv e-prints, p. arXiv:2108.12710
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• The clustering measurements from BOSS
and eBOSS are consistent with Planck
within 0.64 𝜎𝜎. The agreement decreases
sightly, to 1.54𝜎𝜎, once DES data are added.

• Imposing an informative prior on the
cosmological parameters that control the
shape of the matter power spectrum [3] (the
physical matter and baryon densities, ωm
and ωb, and the spectral index ns) we find a
preference for a slightly higher (1.7𝜎𝜎) value
of ωDE by the low-redshift data compared to
Planck.

Figure 2: Marginalised 68% and 95%
confidence limits for flat ΛCDM parameters,
including the physical dark energy density
ωDE = ΩDE h2.

Figure 1: The constraints in the
derived from Planck (green),
DES (blue), and the combination
of BOSS and eBOSS (orange).
The slight tension between DES
and Planck seen in the Ωm – σ8
plane (left panel) is no longer
present when cosmological
parameters are replaced by their
h-independent equivalents, the
physical matter density, ωm, and
and linear mass variance defined
at a scale of 12 Mpc, 𝜎𝜎12 .



A. Pezzotta, A. G. Sánchez, et al.

Analyses of the full shape of the galaxy power spectrum are a powerful tool to obtain constraints on
cosmological parameters. To properly extract information from galaxy clustering statistics, though, it
is essential to provide a robust model for galaxy bias, that is, the description of how different objects
trace the underlying matter density field. We use a set of mock galaxy samples to validate the one-
loop Standard Perturbation Theory (SPT) expansion for galaxy bias in terms of accuracy of the
constraints on the cosmological parameters (ℎ, 𝜔!, 𝐴"). We consider the information content of the
real-space galaxy power spectrum, 𝑃## 𝑘 , and its combination with the galaxy-matter cross power
spectrum, 𝑃#$(𝑘). We find that a simple four-parameter model (linear, quadratic, cubic non-local bias,
and constant shot noise) with fixed quadratic tidal bias provides a robust modeling choice up to 𝑘$%&
= 0.3 ℎ Mpc'( for 𝑃##, and for an effective volume of 6 (ℎ'( Gpc) ), while the inclusion of 𝑃#$ hints
for the necessity of higher-order stochastic terms (Eggemeier et al 2020, Pezzotta et al 2021).

Testing galaxy bias:
cosmological constraints from the power spectrum

References:
• A. Eggemeier, R. Scoccimarro, M. Crocce, A. Pezzotta, A. G. Sánchez, Phys. Rev. D, 102, 10, 2020
• A. Pezzotta, M. Crocce, A. Eggemeier, A. G. Sánchez, R. Scoccimarro, Phys. Rev. D, 104, 4, 2021
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Figure a): Performance
metrics for fits of 𝑃!!. In
blue we show the standard
one-loop SPT model,
while in red and green we
show expansions which
also include higher-order
stochastic terms and higher
derivatives, respectively.
Grey bands mark the 68th
and 95th percentiles of the
corresponding FoB and 𝜒"
distribution.

Figure b): Same as in a),
but for the combination of
𝑃!! and 𝑃!#. Dashed lines
in the FoM panel mark
scales where the model
fails in terms of FoB and
𝜒".

a) b)

We perform model comparison in terms of three performance metrics:
1) Figure of Merit (FoM): constraining power of the selected model
2) Figure of Bias (FoB): unbiasedness of sampling parameters
3) Goodness of fit: consistency between data and theory vector

We sample over (ℎ, 𝜔!) and fix 𝐴" when fitting 𝑃## 𝑘 alone, as in this case the scalar amplitude is
completely degenerate with the linear bias parameter. When also including 𝑃#$(𝑘), we open the
parameter space by also treating 𝐴" as a free parameter. In the figures above we show our
performance metrics using mock spectra measured from a BOSS LOWZ-like sample.



A. G. Sánchez

It is common to express cosmological measurements and their corresponding theoretical predictions in 
units of h−1Mpc. A crucial problem caused by these units is related to the normalisation of the matter 
power spectrum, P(k), which is commonly given in terms of σ8, the linear-theory RMS mass fluctuation 
in spheres of radius R = 8 h−1Mpc. A drawback of this definition is that this reference scale differs for 
models with different values of h. We show that the use of σ8 has caused critical misconceptions for the 
so-called σ8 tension regarding the consistency between low-redshift probes and cosmic microwave 
background (CMB) data, and the way in which growth-rate estimates inferred from redshift-space 
distortions (RSD) are commonly expressed. These problems can be avoided by normalising P(k) using a 
reference scale in Mpc. In [1], we proposed to use σ12 = σ(R = 12 Mpc). For models with h ~ 0.67 as 
suggested by current CMB data, σ12 is similar to σ8, but they differ for other values.

Arguments against using Mpc/h units  
in observational cosmology

The σ8 tension: for datasets with different posterior distributions on h, the obtained constraints on σ8 
represent an average of σ(R = (8/h) Mpc) over different scales. Therefore, the obtained values of σ8 
cannot be directly compared as they characterise the amplitude of density fluctuations on different 
scales. The agreement between CMB and low-redshift datasets is better characterised in terms of σ12 
(see the poster by Semenaite et al. for an illustration of this problem). 

RSD studies: the growth-rate of cosmic structures inferred from standard RSD analyses are usually 
expressed as measurements of fσ8(z). As illustrated in the Figure, the obtained constraints are 
extremely sensitive to the value of h assumed in the analysis. Instead, the combination fσ12(z) provides 
a more correct description of the information retrieved from RSD studies. This implies that the 
cosmological implications of most available growth-rate measurements must be revised.

References: 
• [1] Sánchez A. G., 2020, Phys. Rev. D, 102, 123511
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Figure: Constraints on bσ8(z) – fσ8(z) (panel a) and bσ12(z) – fσ12(z) (panel b) derived from synthetic 
data. Assuming different values of h in the analysis or marginalising over it leads to drastically 
different constraints on fσ8(z). Expressed in terms of fσ12(z), the results are the same in all cases.
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F. Grupp, R. Bender, C. Bodendorf, R. Katterloher, J. Snigula, J. Steinwagner. 

EUCLID-NISP: PLM level test results

References:
• Laureijs, R.; Amiaux, J.; Arduini, S. and 216 co authors, 2011, Euclid definition study report, ESA
• Grupp. F.; Prieto, E.; Geis, N.; et.al.,2014, SPIE, 9143, 2
• Cyril, J.;Ealet, A.; Gerard, W.; Prieto, E.; Grupp, F., SPIE 2017, 10562, 8
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Understanding the nature of dark matter and dark energy are the key science goals of the ESA Cosmic

Vision Program mission EUCLID. During summer 2021 the EUCLID pay load module with the
instrument near-infrared spectrometer and photometer NISP on board was tested with great success at
the Centre Spatial de Liège (CSL).

The NISP optical system utilizes a 12kg
heavy and ≈ 170mm aperture 4 lens system
together with the Euclid 1.2m space
telescope to reduce the focal ratio of the
telescope by a factor of two and image both
photometer and spectrometer channel on the
4x4 detector focal plane. With its close to
diffraction limit performance requirement
the system puts extreme demands on align-
ment as well as on post launch and cool-
down stability.
These largest ever built for space lenses, in
combination with the stringent require-
ments required the development of new and
unique techniques. The combination of
computer generated holograms with
accurate tactile computer measuring
machines have proven to allow for few
micron accuracy in the assembly of this
demanding system.

Pay load module (bold) at CSL, NISP instrument
(shaded) at Laboratoire d’Asrophysique de Marseille
(LAM) and NI-OA optical system test performance
(full line) at MPE of the NISP photo-meter. The
diffraction limit is shown as dotted line at the bottom
of the plot.

The EUCLID STM ready for test. Upper right:
Euclid optical design. The MPE contributes the near
infrared optics design and opto-mechanical
implementation and alignment.

Optical performance both at instrument test
(shaded) and at the integrated pay-load-
module (bold) are well better than the
requirement. The slight worsening between
instrument test and PLM test results from
additional aberrations introduced by the
Euclid telescope and a slight differential
defocus between the two Euclid instruments
VIS and NISP. The MPE delivered NISP
optics prove to be excellent and generates
significant margins for the mission as a
whole.



C. Bodendorf, F. Grupp,  W. Gillard,  G. Seidel,  R. Bender

Euclid is an optical space telescope, currently developed in the framework of the ESA Cosmic Vision
2015-2025 Program. It addresses fundamental cosmological questions related to dark matter and dark
energy. Euclid is equipped with two scientific instruments, a visible imager (VIS) and a combined
near-infrared spectrometer and photometer (NISP). After the successful development and test of the
optical assembly of NISP, the MPE is responsible for the ‘as-built’ optical device simulations of the
NISP channel, consisting of telescope and instrument.

To achieve the highest possible match between model and hardware, we combine two approaches:
• Measured information like lens radii of curvature, surface shapes, central thicknesses, prism angles

and adjustment information are integrated in the model as far as available, reliable and relevant.
• Some geometrical and adjustment data are however expectedly not accurate enough for realistic

simulations. The exact mounting position of NISP in the telescope and the corresponding amount of
defocusing may be examples. Therefore, a subsequent fit procedure to properties of the measured
PSF data of the entire telescope and instrument is performed. Evaluations of the PSFs (such as
encircled-energy extraction) are challenging due to the limited NISP sensor resolution and require
good statistics. Moreover, the fit can be ambiguous and sometimes requires ‘educated guesses’
concerning the fit parameters and their reasonable ranges. The schematic flow diagram above shows
a typical step-by-step fit approach with increasing number of free parameters.

‘As-Built’ Optical Model for the Space Telescope Euclid

The aim of the ‘as-built’
model is to provide
realistic predictions of the
optical imaging perfor-
mance in terms of e.g.
point spread functions,
distortion, field of view
range and vignetting.

These simulations are re-
quired in the science
ground segment to deve-
lop the scientific data pro-
cessing pipelines prior to
mission launch.

They are further neces-
sary for simulation and
reproduction of any un-
expected issues, which
may appear during the
development phase like
the GRISM RGS270 non-
conformity, or during the
mission lifetime in space.

Reference: Laureijs, R. and 216 co authors, “Euclid Definition Study report”, ESA (2011).
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S. Kruk, Galaxy Zoo team and Euclid Consortium

The upcoming ESA Euclid mission is expected to image 250 million galaxies sufficiently well
resolved to distinguish their morphologies [1], increasing the number of resolved high redshift
galaxies by four orders of magnitude. This makes Euclid transformative for galaxy morphology
studies over two-thirds of the age of the Universe. Nevertheless, this relies on the provision of a
catalogue with reliable morphologies. The Galaxy Zoo project [2] has shown that crowdsourcing is an
efficient way to obtain galaxy classifications and make new serendipitous discoveries. Supervised
approaches using convolutional neural networks (CNN) have been shown to be effective in classifying
galaxies [3] and necessary to keep up with the scale of new surveys. We develop a citizen science and
deep learning framework within the Euclid Consortium for the morphological classification of
galaxies and outlier detection in Euclid. As part of a morphology classification challenge, we test
various novel artificial intelligence approaches (transfer, active learning, self-supervised) for the
classification of mock-Euclid galaxies. This largest catalogue of galaxy visual morphologies will
enable scientists to study correlations between morphology and various galaxy properties and will
have significant Legacy Science value.

Galaxy Zoo for Euclid

Figure 1. Interface of the Euclid project, built
within the Galaxy Zoo framework. We created
mock-Euclid observations, emulated based on
HST COSMOS galaxies. We collected expert
classifications from members of the Consortium.
Figure 2. Schematic of the galaxy classification
pipeline for Euclid. Probabilistic classifications
collected through Galaxy Zoo are used to train a
CNN (pre-trained on mock-Euclid observations)
to predict labels for new galaxies. Humans are
involved in-a-loop to detect outliers in Euclid
images, enabling new serendipitous discoveries.

References
[1] Bretonnière et al., 2022, A&A, 657, A90; [2] Lintott et al., 2008, MNRAS, 389, 1179; [3] Walmsley et al., 2022, MNRAS, 509, 3966
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R. Saglia, S. de Nicola, M. Fabricius, V. Guglielmo,J. Snigula, R. Zöller, R. Bender

The C3R2 survey is a spectroscopic effort designed to empirically calibrate the galaxy colour-redshift
relation P(z| C) to the Euclid depth (iAB=24.5), a key ingredient for the success of Stage IV dark
energy projects based on weak lensing cosmology. A spectroscopic calibration sample as
representative as possible of the galaxies in the Euclid weak lensing sample is being collected,
selecting galaxies from a self-organizing map (SOM) representation of the galaxy colour space. Here,
in this context, we present the results of a near-infrared (NIR) H- and K-bands spectroscopic campaign
carried out using the LUCI instruments at the LBT.

• Our redshifts fill 49 SOM cells which previously had no spectroscopic measurements and almost 
double the occupation numbers of additional 153 SOM cells. 

• Only less than 8% of the SOM cells in the redshift ranges 1.3<z<1.7 and 2<z<2.7 lack calibration.
• The 80 SOM cells missing calibration in the redshift range 1.7<z<2 (where the telluric absorption 

does allow NIR spectroscopy) need further optical ground-based observations, or spectra delivered 
by Euclid itself.

Euclid Preparation: the Complete Calibration of the
Colour-Redshift relation (C3R2) survey at the LBT

We observed 88 masks
(Saglia et al. 2022),
collecting 251 new (plus
2 already available)
highly reliable redshifts
(see Fig 1) for a total of
251 galaxies in the ranges
1.3<z<1.7 and 2<z<2.7.
Our data complement the
424 NIR spectra coming
from our previous KMOS
campaign (Guglielmo et
al. 2020).

The measured redshifts
agree very well with the
available photometric
redshifts, with no
catastrophic failures (see
Fig. 2).

Using all the redshifts
published by the C3R2
(see reference list), we
determine a small bias
trend in photometric
redshifts (see Fig. 3).

We detect 7 SOM cells
with complex redshift
distributions (see Fig. 4).

References:
• Saglia et  al. 2022, submitted to the Euclid Editorial Board • Guglielmo, Saglia, 2020, A&A, 642, A192 • Master et al. 2015, ApJ, 
813, 53; 2017, ApJ, 841, 111; 2019, ApJ, 877, 81; • Stanford et al. 2021, ApJS, 256, 9
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(1) (2)

(3) (4)

Fig. 2: the comparison between
zphot and zspec.

Fig. 3: the average zphot bias as a 
function of zspec.

Fig. 4: zphot histograms of SOM cells with complex 
structures. The dotted line shows our spectroscopic data



M. Fabricius, J. Gracia-Carpio, M. Wetzstein, 
F. Raison, J. A. Escartin Vigo & Euclid Collaboration

The Euclid space mission will observe the entire extragalactic sky and
obtain spectra, visible and near infrared images. It measures the distribution
of galaxies in 3D-space and probes the evolution of the cosmic structure
through weak lensing effects on the shapes of galaxies. A number of
different ground based imaging surveys will deliver high quality photometry
that is necessary to derive accurate photometric redshifts that are crucial for
the interpretation of the weak lensing measurements by Euclid.

German Euclid Science Data Center
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Figure 1: Dataflow in the Euclid SGS. Each
channel of Euclid is reduced by a dedicated
pipeline. For the ground-based surveys these
are often legacy codes. To homogenize the
astrometric and photometric systems and to
build common-format mosaics, the ground
segment introduced a common Stage 2
component. The space based imaging pipelines
and Stage 2 deliver their data to the
MER(ge) pipeline. MER derives photometric
catalogs that are forwarded to the scientific
analysis codes. A central orchestration system
distributes processing orders according to the
availability of resources.

Tasks
MPE operates one of the nine science
data centers (SDC) of the Euclid
Science Ground Segment (SGS), that
are distributed over the European and
US partners. The SDCs host the
hardware infrastructure that is required
to analyze the data from the spacecraft
itself but also from the ground-based
surveys DES, LSST and UNIONS.
MPE integrates the co-addition
pipeline that will produce homogenous
mosaics for all of the participating
ground based surveys. The German
SDC contributes to the validation of
the ground based data products against
the stringent Euclid requirements in
particular with respect to photometric
accuracy and color stability. MPE also
participates in the development of the
central MER(ge) pipeline that derives
common photometric catalogs for all
Euclid channels and aids in the
development of the testing strategies
for all Euclid pipelines.

Status
The participating pipelines in the SGS and their integration
into the central Euclid orchestration have now been tested
rigorously in a total of eight so-called scientific
challenges. The challenge system tests the interplay
between all data analysis pipelines across the SGS. The
basis for these tests is the Euclid flagship cosmological
simulation which was projected into both space and
ground based images and spectra. The challenge system
simulates increasingly larger sky regions, the latest
covering 150 square degree on sky and simulates images
from the Dark Energy Camera, LSST and the four
different Telescopes participating the UNIONS survey
(Subaru, CFHT, Pan-STARRS, and JEDIS). Besides
testing the interoperability of the different pipelines, these
data are of course also crucial for the assessment of the
scientific validity of the Euclid processing functions
addressed in the Science Performance Verification.
The German SDC currently operates the 2nd generation
compute cluster with now 1100 physical cores and 2.5 PB
disk storage. In 2022 it will, together with the entire SGS
undergo the Operational Rehearsal which aims to test the
SGS infrastructure under full load with the same data
inflow rate as from the actual spacecraft in preparation for
launch in 2023.



F. Lang-Bardl, F. Grupp, A. Monna ,R. Bender and the MICADO team

Additional prototyping was performed or is in preparation to measure e.g. torque curves of a cryogenic
stepper motor and the performance of the optic mounts under operational conditions and during
cooldown. Fig. 3 shows on the right the optical mount prototype for the PIM module that was machined
in the MPE machine shop. For cryogenic tests the OPINAS/USM group procured two test cryostats. A
mid-size one (D=1m, H=1m), for testing smaller components or subassemblies and a big cryostat
(D=2m, H=1.2m) for the final functional test of the MSM (see Fig. 3 left).

The Main Selection Mechanism for the MICADO 
Instrument – Final Design

The MSM consists of a support structure and a
rotating platform where three optical modules are
mounted. These are the Low Resolution Imager
(LRI), Pupil Imager (PIM) and Spectrometer
(SPE). The support structure hosts several small
bearings to guide the precise movement of the
platform (diameter ~1.3m, ~50 kg) to switch
between the operational modes of MICADO.
The supports also host all necessary sensors, a
passive indent mechanism and the drive unit with
a cryogenic stepper motor (see Fig. 1). The LRI
module is developed in collaboration with the
Fraunhofer Institute in Jena (IOF). For the
spectrometer gratings an early prototype was
procured by Bach Inc. to show that the tight
tolerances and necessary efficiency can be
achieved (see Fig. 2).

References:
• MPE infrared group science report, Davies, R. et al. 2022
• Lang-Bardl F. et al., Proc. SPIE 10702, 107028Y (11 July 2018); doi: 10.1117/12.2311959
• Monna A.. et al., Proc. SPIE 10702, 1070295 (11 July 2018); doi: 10.1117/12.2312492
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Figure 1: Final Design of the MSM. Four support structures
(grey) with several small bearings guide the movement of the
rotating platform (black) where the LRI (red), PIM (yellow) and
SPE (blue) are installed. By moving the rotating platform, the
operational mode of the instrument can be selected by placing the
respective module inside the science beam.

Figure 2: Spectrometer prototyping. The sample grating is
approx ½ size shows excellent RMS wave front quality and as
simulated efficiency.

The Main Selection Mechanism (MSM) is a cryogenic mechanism that enables MICADO (Multi-AO
Imaging Camera for Deep Observations) to switch between its operational modes. MICADO is one of
the first light instruments for the Extremely Large Telescope (ELT) currently built by the European
Southern Observatory (ESO). MICADO is currently undergoing its Final Design Review at ESO. The
OPINAS/USM group is responsible for the design, manufacturing, integration and test of the MSM.

Figure 3: [left] Big test cryostat in the MPE X4 integration hall.
Commissioning is performed with our colleagues from the infrared
group; [right] Main part of the PIM module prototype machined in
the MPE machine shop.



H.-J. Hess, S. S. Annadevara, H. Kellermann, H. Kravcar, F. Kummer, R. Bender and the MICADO team

The Multi-Adaptive Optics Imaging Camera for Deep Observations is one of the first light ESO
Extremely-Large-Telescope (ELT) Instruments now in it's final design stage. The Programmable
Logic Controller (PLC) based instrument control system covers various aspects like a thermal
management system, the De- and Co-Rotating System, the 9 motorized cryogenic axis as well as the
cryogenic and vacuum control and supervision for the delicate cryostat opto-mechanical and detector
components embedded into ESO`s instrument control system environment.

o The MICADO Instrument consist of four 
main elements:  
• Relay Optics and Calibration System
• Instrument Adaptive Optics Systems
• The Cryostat Assembly with all auxiliary 

devices
• The Support Structure with De- and  Co-

Rotating System
o The USM contributes with pink colored 

Control Cabinets equipped with 
• Industry PLCs based on real time capable 

control via EtherCAT
• Up to 65.535 nodes possible
• Time synchronization down to µs level 

based on GPS time possible

MICADO Instrument Electronics Control –
Final Design

References:
 MPE infrared group science report, Davies, R. et al. 2022
 Haeuser M. et al., Proc. SPIE 10702, 107028Z (27 July 2018); doi: 10.1117/12.2312048
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Figure 1: MICADO Control System Overview

Figure 3 (up): Touch Panel
A simplified version of the Cryo
control touch panel monitor is 
depicted. It contains the following 
features: 
1. Current status: Shows state of the 
cryostat.
• Indicator for uncritical error -> 

warning
• Indicator for critical error -> 

Alarm 
2. Change state menu: contains 
transition states of the cryostat.
• Current state can change to a 

valid transition state only 
• As current state: Cold-state -> 

Repressurization is invalid transition 
state 
3. Pre-vacuum pumps and turbo 
molecular pumps create vacuum. 
• Valves and Pressure gauges 

maintain and monitor the vacuum 
• Pressure sensor reading < 10.0e-4 

mbar: Good Vacuum. 
4. Logging of approx. 70 
temperatures  
• Out-of-range reading -> improper 

LN2 supply, faulty sensor, faulty 
heater. 

5. Approx. 45 heaters in cryostat -> 
form heater control loops 
• In warm-up state, detectors need 

to be 10.0 K above cryostat 
temperature

• Controllers: two-point control or 
PID control

Figure 2 (below): 
Prototype layout 
example of a cabinet 
Top: Touch panel 
monitor (ref. Figure 3)
Middle: Terminals with 
mains distribution and 
Beckhoff CPU with I/O
Bottom: LakeShore 
temperature controller



M. Wegner, J. Schlichter, V. Ziel, F. Lang-Bardl, R. Bender, and the MICADO team

MICADO, the near-infrared Multi-AO Imaging Camera for Deep Observations and designated ELT
first light instrument, will offer several diffraction-limited imaging and spectroscopy modes in
combination with single- or multi-conjugated adaptive optics (SCAO module or MAORY). The
instrument, currently undergoing its Final Design Review, is being built by a large European
consortium wherein the OPINAS/USM group is responsible for most parts of the instrument control
and observation preparation software.

MICADO Instrument Control Software

The MICADO control
software – particularly
important are Template
scripts and the Function
Control System – is
based on a customisable
ESO framework and
distributed between the
Instrument Workstation
and three Programmable
Logic Controllers.
The software for obser-
vation preparation is or-
ganised as a web app-
lication with specific
microservices (Fig. 1).

References: Wegner, M. and Schlichter, J., 2020, Proc. SPIE 11452 ● Davies, R. et al., 2018, Proc. SPIE 10702
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Fig. 1: MICADO software 
architecture with components and 
dependencies in the ELT control 
system context. Those under full or 
partial OPINAS/USM responsi-
bility are highlighted in pink.

Located downstream of the AO
system, MICADO provides its
own derotator that rotates the
instrument in combination with
a corotator and cable wrap in a
synchronised way and with high
accuracy. For this challenging
system, a software prototype and
a hardware model have recently
been developed at USM. Apart
from that, several mechanisms
within the cryostat together with
the 3x3 H4RG detectors make up
a total number of ≈ 40 devices,
whose software control needs to
be implemented (Fig. 2).
Fig. 2: Schematic of optical and mechanical 
design of MICADO in the context of AO 
system and/or Relay Optics. Configurable 
functions that need software control are 
highlighted in pink and labelled on the right.

Overall, design and prototyping of the relevant software components has been advanced to FDR level.





M. Fabricius, A. Drescher & GRAVITY+ Collaboration

GRAVITY is an interferometric instrument operating in the K band, between 2.0 and 2.4 μm
combining the light of the four telescopes (either UT or AT) of the VLT. A key limitation of GRAVITY
observations is the need for fringe tracking reference stars (FT) to be within the VLTI field-of-view (2’’
for UTs and 4’’ for ATs) of the science target (SC). As part of the GRAVITY+ project, GRAVITY is
currently undergoing a series of significant upgrades to overcome this requirement and, thus,
tremendously improve its performance and sky coverage. For this, the VLTI dual-beam infrastructure
will be revived with optical modifications to the current 4 off-axis differential delay lines (DDLs) of
PRIMA, and an upgrade of the VLTI switchyard to route the 4 optical beams towards GRAVITY. The
instrumental changes will give access to hundreds of z ~ 2 Active Galactic Nuclei (AGNs). This will
make it possible to observe the growth of supermassive black holes (SMBHs) and their host galaxies at
the “cosmic noon” of star formation. The increased sky coverage is achieved by enlarging the angular
separation between SC and FT to unprecedented 30’’.

GRAVITY Wide: opening up the sky towards 
hundreds of z ~ 2 AGNs

Figure 2: The first science demonstration of
GRAVITY Wide with the ATs was carried
out on the previously observed Orion
Trapezium Cluster. We observed the
multiple star systems θ1 Ori B, θ1 Ori C, and
θ1 Ori D. The newly added data points by
GRAVITY Wide are indicated by magenta
diamonds.
References:
• VLT-TRE-GRP-0068 GRAVITY Wide comm. report
• Drescher et al. 2022 in prep.
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Figure 1: Modifications executed during
the December 2021 commissioning at
VLT and VLTI modifications. To allow
GRAVITY to simultaneously observe the
SC and FT targets, the corresponding two
beams for each of the four telescopes are
now merged by a four-fold periscope (a)
that we added to the VLTI switchyard.
The two beams (times 4) are separated by
about two arcseconds which are covered
by GRAVITY’s field of view. We
modified the former PRIMA differential
delay lines (b & c) for compensation of
the differential optical path length of the
FT and SC beams by installing new
tertiary mirrors.



M. Fabricius, J. Gracia-Carpio & PFS collaboration

The Prime Focus Spectrograph (PFS), is in the process of being deployed at the SUBARU telescope.
It will use 2394 fibers that feed 4 separate spectrographs with two optical and one near infrared
channel each. The 300 night PFS survey (start 2023) consists of three components: the cosmological
survey will collect ~ 4M galaxy redshifts to measure the expansion rate of the universe. A galaxy
evolution (GE) survey will target ~0.5M galaxies at the peak of the cosmic star formation and a
galactic archeology (GA) survey will measure abundances and radial velocities of stars in the Milky
Way and local dwarf spheroidal galaxies. GA will target the same patch of sky several dozens of times
while GE may revisit the same sky location up to 100 times. The problem of allocating fibers to
objects is a highly non-trivial optimization problem that we solve though linear programming.

Prime Focus Spectrograph

Optical and Interpretative Astronomy

References:
• Tamura, N. et al. 2020, SPIE, Volume 11447

Figure 1: Left: PFS deployed at the SUBARU
telescope. Piezo-based stages aka Cobra’s allow
for a fast focal plane reconfiguration. The light is
brought down via long fiber bundles to the four
spectrographs. Right: The focal plane assembly
has been installed at prime focus of SUBARU and
is undergoing a series of commissioning tests.

Figure 3: Example for the network diagram for
the PFS fiber allocation. The right panels show
the result of the fiber collision simulator. Actual
measured Cobra characteristics are used to
precompute individual trajectories to avoid
collisions during reconfiguration.

object 
classes

objects

cobras

cobra visits

object visits

MPE leads the design of the fiber allocation
algorithm. The goal is to allocate PFS’s 2394
fibers to science targets in an optimal way. The
new network flow (netflow) approach models the
fiber allocation as a generalized network min-
cost/max-flow problem inspired by SDSS, but
extends this to account for revisits and a variety
of different object classes of different weight.
Netflow generally yields a higher total number of
observed science objects per given number of
observations than other tested algorithms and
also respects constraints like the target minimum
number of allocated calibration fibers, their
homogeneous distribution in the focal plane, and
the completion of already started objects.
Collisions are avoided through simulation of
realistic individual fiber trajectories.

Figure 2: Shows the first of four spectrographs
to be installed inside of a clean room above the
Nasmyth platform. Each unit is comprised of
two optical and one near infrared arms.



C. Pulsoni, O. Gerhard et al.

We analyse simulated galaxies from the IllustrisTNG cosmological simulation to investigate the 
relation between stellar halo structure and accretion history. We find that structural changes with radius 
are driven by mergers only in massive early type galaxies (ETGs). In low mass ETGs, the in-situ stars 
completely determine any kinematic and photometric variation. In massive systems, mergers change 
the galaxy structure by modifying both rotational support and intrinsic shape. Therefore, at large radii, 
massive fast (FRs) and slow rotators (SRs) do not show clear qualitative differences in their intrinsic 
structure: galaxies become more triaxial, less supported by rotation, and share similar properties as the 
underlying dark matter component. 

In situ and accreted halos in simulated early-type galaxies

References:
[1] Pulsoni et al. 2018, A&A 618, A94
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[2] Pillepich et al. 2018 MNRAS 475, 648–675 
(and references therein)

Fig.1 Left: Median λ(R) 
profiles quantifying rotational 
support of simulated ETGs as a 
function of radius. 
Right: Example mean velocity 
fields of ETGs with different 
λ(R) profile shape. 
The IllustrisTNG simulation 
reproduces the morphological 
richness of ETG velocity fields 
at large radii found in 
observations [1,3].

Fig.2 Left: Local rotational 
support versus local fraction 
of accreted stars in massive 
ETGs: the higher the 
contribution from accreted 
stars the slower the rotation. 
Mergers tend to suppress 
rotation and contribute to  
more spherical-triaxial halo 
shape [4]. FRs and SRs show 

a smooth continuity of halo properties [3,4]. Right: The stellar and dark matter rotational support 
compared locally. The colours indicate the local fraction of accreted stars: the higher the contribution 
from accretion, the more dark matter and stars have similar rotational support and intrinsic shapes. 
Mergers dynamically couple stars and dark matter, through efficient mixing in major mergers or 
through coherent accretion of stars and dark matter on similar orbits in low mass mergers [4].

[3] Pulsoni et al. 2020, A&A 641, A60
[4] Pulsoni et al. 2021, A&A 647, A95

In the hierarchical two-phase formation scenario, the halos of ETGs are expected to be mostly accreted 
and so to have different physical properties than the central regions. Extended kinematic studies of 
ETGs unveiled the presence of kinematic transitions (in the rotation or the kinematic position angle) 
between inner regions and halos, pointing towards changes in their intrinsic structure with radius [1]. 
We investigated the physical origin of these variations using simulated ETGs from IllustrisTNG [2]. We 
analysed their intrinsic shapes and kinematics out to 15 effective radii (Re) [3] and related them to their 
merger history [4]. 



J. Clarke, O. Gerhard, S. Wylie et al.

We have used the VIRACv1 [1] catalogue, supplemented by the Gaia absolute reference frame, to
construct proper motion maps for the Galactic bulge region using RC stars [2]. By quantitatively
comparing these maps to a grid of made-to-measure (M2M) models [3] we measure the pattern speed,
Ω! = 33.29 ± 1.81 km s "# kpc"#, of the Milky Way bar and the solar azimuthal velocity, 𝑉$,⊙ =
251.31 ± 1.95 km s "# [4]. Our measured Ω! value provides strong evidence for the “long-slow” bar
scenario. We have additionally developed an algorithm which can be applied over a M2M run which
iteratively adapts the dark matter density profile [5]. This has been applied successfully to mock data
and we are in the process of applying our technique to the upgraded VIRACv2 [6] proper motion data.

• Using this pattern speed value, and a Milky
Way rotation curve, we additionally constrain
the resonant radii in the disk finding
corotation at ∼ 7 kpc and the outer Lindblad
resonance at ∼ 11.5 kpc.

• We are in the process of applying a new dark
matter fitting algorithm to the real VIRACv2
data. This will result in a new and improved
generation of made-to-measure models and
will provide tight constraints on the dark
matter density profile in the inner Galaxy and
thus on the impact of baryons on the Milky
Way’s central dark matter halo.

Milky Way Bar Dynamics with 40 Million Proper Motions

References:
• [1] Smith et al. 2018 MNRAS, 474,1826 • [2] Clarke et al. 2019 MNRAS, 489, 3519
• [3] Portail et al. 2017 MNRAS, 465, 1621 • [4] Clarke & Gerhard 2022 arXiv:2107.10875
• [5] Clarke, Gerhard, Smith, Wylie et al. (In Preparation) • [6] Smith et al. 2022 (In Preparation)
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Fig. 2 Measurement of Solar Motion and
Pattern Speed: This plot shows the posterior
probability distribution in Ω! – 𝑉$,⊙ space. The
coloured region shows the region of highest
posterior computed using an outlier-tolerant
likelihood. The panels on top and to the right
show the marginalized posterior distributions
and highlight our final values.

Fig. 3 Illustration of Dark Matter Density
Profile Reconstruction: Comparison of a
`true’ mock dark matter density profile to its
reconstruction. The blue line shows the median
fit, and the shaded red regions show the 1, 2,
and 3 sigma contours.
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S. Wylie, O. Gerhard, J. Clarke, et al.

We created the A2A catalog containing ~21,000 bulge stars on the APOGEE survey’s scale. Using the 
combined A2A and APOGEE surveys, we then investigated the abundance structure of the inner Milky 
Way (MW), finding evidence of a multi-disk origin for the bulge. After cross-matching with Gaia  DR2, 
we analysed the orbits of ~30,000 inner MW APOGEE stars and built detailed orbital density, [Fe/H], 
and age maps. We find a thick inner ring encircling the bar that peaks in [Fe/H] and age at 0.125 dex 
and 7 Gyr respectively.

A broad intermediate-age ring discovered  
in the Milky Way

Using the data-driven method, The Cannon [1], we created the A2A catalog by recalibrating the [Fe/H], 
[Mg/Fe], Teff, and log(g) values of ARGOS [2] bulge stars to the APOGEE [3] survey’s scales 
(respective precisions: 0.1 dex, 0.07 dex, 74 K, 0.18 dex). We investigated the bulge’s abundance 
structure using the combined surveys, finding that inner MW’s  [Fe/H]-structure is more strongly X-
shaped than it’s density distribution; the vertical [Fe/H]-gradient in the inner bulge flattens at low 
heights while it remains steep in the bar; and the horizontal [Fe/H]-gradient along the bar is positive and 
steep. These results point towards a formation scenario where multiple coexisting disks became 
unstable, forming a bar and b/p bulge. In this scenario, the more [Fe/H]-poor disks had shorter scale 
lengths causing them to dominate in the central regions [4].  (Wylie et al. 2021 [5]) 

References: [1] Ness et al. 2015, [2]  Freeman et al. 2012, [3]  Majewski et al. 2016, [4] Fragkoudi et al. 2018, [5] Wylie et al. 2021 A&A  
653 A143 (10.1051/0004-6361/202140990), [6]  Portail et al. 2017a, [7]  Schwarz 1984, [8]  Fragkoudi et al. 2020, [9] Wylie et al. 2022 
A&A (10.1051/0004-6361/202142343) 
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Fig.1 MW bulge [Fe/H] 
structure. (Left) APOGEE vs 
A2A [Fe/H] for common 
stars. (Right) Symmetrised 
[Fe/H] map of the MW’s bar. 
Dotted white lines: the bulge 
model’s density. The [Fe/H] 
distribution is more pinched 
than the model’s density 
distribution. 
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Fig.2 The MW’s stellar 
ring. Orbital density 
(left), [Fe/H] (middle), 
and age (right) maps of 
the inner MW. Red star: 
Sun’s position. Red 
contours: density levels 
of important features.

We integrated ~30,000 inner MW APOGEE stars in a rotating state-of-the-art bar-bulge potential with a 
slow pattern speed [6]. We then built density, [Fe/H], and age maps of the inner MW through orbit 
superposition. We find that the bar is encircled by a [Fe/H]-rich, middle-aged inner ring. Inner rings 
are seen in external galaxies and are thought to be the result of a bar’s 4:1 resonance [7]. The inner ring 
enhances horizontal [Fe/H] gradient along the MW’s bar. Furthermore, as inner rings are believed to 
form after bars, the bar-ring age difference can place a lower limit on the bar’s formation time of 7 
Gyr [8].  (Wylie et al. 2022 [9])
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H. Brunner, T. Liu, K. Dennerl, S. Friedrich, A. Liu, C. Maitra, M. Ramos-Ceja, J. S. Sanders, I. Stewart, et al. 

SRG/eROSITA performed scanning observations of the ∼140 square degree eROSITA Final
Equatorial Depth Survey field (the eFEDS field) as part of its performance verification phase ahead of
the planned four years of all-sky scanning operations. The data were fed through a standard data
processing pipeline, employing a multi-stage source detection procedure, which was optimised and
calibrated by detailed simulations. We detected 27910 X-ray sources, 542 of which are significantly
spatially extended, in the 0.2–2.3 keV energy range with detection likelihoods ≥ 6, corresponding to a
point source flux limit of 6.5×10−15 erg/cm2/s in the 0.5–2.0 keV energy band. The eFEDS survey
constitutes the largest contiguous soft X-ray survey at this depth to date, while also serving as test and
training dataset for verifying the capability of eROSITA to perform large-area uniform surveys.

eROSITA Final Equatorial Depth Survey (eFEDS): 
The X-ray catalogue

High-Energy Astrophysics

Left: Number counts of detected sources as a
function of source flux are given for the main
detection energy band (blue), hard energy band
(orange), as well as for lower significance source
candidates (blue, dashed). Bottom: For technical
reasons the eFEDS field was divided in four sub-
fields aligned with the ecliptic coordinate system.
The observing time was chosen to slightly exceed the
expected depth of an equatorial field of the
completed eROSITA all-sky survey. We display a
false color RGB X-ray image (R: 0.2-0.5 keV, G: 0.5-
1 keV, B: 1-2 keV); inset shows full
resolution.

References:
• H. Brunner, T. Liu, G. Lamer, A. Georgakakis, A. Merloni, et 
al., The eROSITA Final Equatorial Depth Survey (eFEDS): X-ray 
catalogue, Astron. Astrophys., accepted

• T. Liu, A. Merloni, J. Comparat,  K. Nandra, J.S. Sanders, G. 
Lamer, et al., Establishing the X-ray source detection strategy for 
eROSITA with simulations, Astron. Astrophys., accepted



M. Salvato, J. Wolf, T. Dwelly, J. Buchner, A. Merloni, T. Liu, K. Nandra, A. Rau, A. Malyali, et al.

The most challenging aspect of the exploitation of X-ray selected samples is the identification of the
multi-wavelength counterparts needed for the source characterization and redshift estimates. While
the maximum likelihood ratio technique (Sutherland & Saunders 1992) can be reliable for pencil-
beam extragalactic surveys based on Chandra and XMM data, it reaches its limitations for wide-area
surveys performed with instruments having positional uncertainties such as eROSITA (HEW 26”).
The wide-area also increases the probability that the X-ray emission is generated from Galactic
sources, resolved sources in nearby galaxies and unresolved(broken) high-(low-) redshifts clusters, in
addition to AGN and QSOs, so that a more complex approach is needed. NWAY (Salvato et al., 2018)
is an algorithm based on Bayesian statistics developed at MPE specifically for this purpose. Taking
advantage of the knowledge of the multiwavelength properties of X-ray emitters accumulated in 20
years of X-ray surveys performed with XMM we were able to securely identify the counterparts to the
point-sources detected by eROSITA in eFEDS (Brunner et al., 2022), regardless of their
Galactic/extragalactic nature (Salvato et al., 2022).

• How: For the training, we collected optical and mid-
infrared properties for a sample of 20k 3XMM
Galactic and extragalactic sources with secure
counterparts. With Random Forest we have identified
the key features that could distinguish a counterpart
from the fields sources. This information was then
ingested in NWAY that combined it with the
probability computed considering spatial information
(separation, positional errors and number densities)
provided the probability for each source to have a
reliable counterpart (p_any). Purity and completeness
as a function of p_any were then estimated by
running the same procedure on a validation sample of
about 3000 sources with secure counterparts from
Chandra, after degrading their precision to the one of
eROSITA (Top panel). The crossing point of the two
curves provided the threshold value for p_any.

• Results: The eFEDS sources with p_any above
threshold are 23980/27369 (87.6%), including 564
sources for which a second counterpart is equally
likely. By means of reliable spectra, Gaia parallaxes,
and/or multiwavelength properties we have then
classified the reliable counterparts as ’Galactic’
(2695) and ’extragalactic’ (22079). For about 340 of
the extragalactic sources we cannot rule out the
possibility that they are unresolved clusters or belong
to clusters. The bottom figure shows the counterparts
distribute in a color-color plot, color coded by
redshifts. Overplotted are the tracks of templates
representative of the population.

Identification and classification of the  counterparts to 
eROSITA/eFEDS point-sources

References:
• Brunenr et al, 2022, A&A in press; Salvato et al, 2018, MNRAS, 473, 4937; Salvato et al 2022, A&A, in press; Sutherland W., 
Saunders W., 1992, MNRAS, 259, 413; 
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A. Merloni, T. Dwelly, J. Comparat, J. Ider-Chitham, M. Salvato

Upon completion, the eROSITA All-Sky Survey (eRASS) catalogue of X-ray sources will represent a
unique legacy dataset for the study of large scale structure, accreting supermassive black holes,
galactic compact objects and young, rapidly rotating, magnetically active stars in the Milky Way. A
key element of all future science exploitations of such data will be the identification, classification
and redshift determination of the X-ray populations. The eFEDS field was observed by eROSITA as
part of its Performance Verification program to demonstrate the feasibility of all major eRASS science
objectives on a large (~140 deg2) blank extragalactic field (Brunner et al. 2022). Concurrently, we
have embarked in a series of dedicated spectroscopic follow-up campaigns within SDSS-IV and
SDSS-V, obtaining more than 20000 spectra of optical targets associated with X-ray sources detected
in eFEDS. The catalogue of spectroscopic redshifts, recently published to the eROSITA and SDSS
collaborations, will be made world-public in the next SDSS Data Release (DR18).

Optical Spectroscopy of eROSITA selected sources: 
the eFEDS field

Figure 1: Footprints of the eFEDS survey field (black solid line), with overplotted the optical spectroscopic 
targets accumulated from different generations of SDSS programs (green for public DR16 targets, orange for 

SDSS-IV and blue for SDSS-V dedicated eFEDS targets).

High-Energy Astrophysics

Figure 2: Redshift distribution of the 11690 reliable spectroscopic 
redshifts of eFEDS X-ray point sources, color-coded by basic 

spectral classes. The two humps correspond to galactic (left) and 
extragalactic (right) sources, respectively.

Thanks to the intensive SDSS 
coverage, well-trained pipeline and 
dedicated visual inspection effort of 
the SPIDERS team, we have now 
compiled a catalogue of 11690 good 
quality spectra of X-ray point sources, 
the largest of its kind for a contiguous 
X-ray survey field. As expected, the 
majority of the objects (8331) are 
Type 1 (unobscured) QSO, including 
139 (4) at z>3 (z>4). Also 540 X-ray 
selected clusters of galaxies have been 
targeted, with approximately 7000 
good quality redshifts of member 
galaxies available. 
References:
• Brunner et al. (2022), A&A, in press. ArXiv:210614571 
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J. Wolf, K. Nandra, M. Salvato, A. Merloni, T. Liu, J. Buchner, A. Rau, R. Arcodia, J. Comparat & 
eROSITA collaborators

Among the several million active galactic nuclei (AGN) expected to be detected by eROSITA, current 
models of X-ray AGN demographics predict a considerable sample of X-ray luminous quasars (log Lx 
> 45) at z>5.5. These rare objects signpost extreme accretion onto super-massive black holes at the 
end of the epoch of reionization. In addition to the coronal emission from their central engine, the X-
ray emission of the most powerful quasars can be further boosted by contributions from relativistic 
jets. The study of individual eROSITA-detected high-redshift quasars can therefore shed light on the 
interactions of corona-disk-jet system in active galactic nuclei (AGN) in the first Gyr of the universe. 
Furthermore, taking advantage of the well-defined selection function of point-sources, a census of  
high-z quasar blind detections with eROSITA will put more stringent constraints on the bright end of 
the X-ray luminosity function (XLF).
In order to uncover this population, we have adopted two strategies:
• We investigate detections of previously known quasars at z>5.5 in the eROSITA Final Equatorial 

Depth Survey and the eRASS All-Sky Survey (eRASS)
• We select new z>5.5 quasar candidates in eRASS.

For the selection of new z>5.5 quasar candidates, we have 
developed a novel selection pipeline combining template-based 
photometry fitting with a random forest classifier. Optical and 
infrared high-z quasar candidates are colour-selected in the 
~5000 deg² footprint of the Dark Energy Survey. Candidates are 
required to be detected in eRASS via aperture photometry. We 
have submitted 9 high-priority targets for spectroscopic follow-
up with LDSS3 at the Magellan Clay telescope. We confirm the 
discovery of 5 rare X-ray luminous quasars at z>5.6 (Wolf et al. 
2022b, in prep.).

Finding high-redshift quasars with eROSITA

Wolf et al. (2021) have reported the detection of a 
well-known, luminous z=5.81 SDSS quasar (Fan et al. 
2001) in eFEDS, which yields constraints on the 
luminous end of the XLF, disfavoring  the 
most extreme models of exponential decline. Recently 
Wolf et al. (2022a, in prep.) have obtained a 21 
ks Chandra ACIS-S follow-up observation of a low-
detection likelihood eFEDS source associated to a 
Lyman-α luminous quasar at z=6.56 initially 
discovered by Matsuoka et al. (2018). The source is 
detected in the Chandra data at high significance, 
making the eFEDS detection the highest redshift 
serendipitous X-ray source known to date.

References:
• Fan X., et al., 2001, AJ, 122, 2833 
• DES Collaboration, 2021, ApJS, 255,2
• Matsuoka Y. et al., 2018a, ApJS, 237, 5 
• Wolf, J, et al. 2021, A&A, 647, A5 
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XLF samples weighted by their probabilities of 
supporting the eFEDS detection (Wolf et al. 2021)

SED fitting is part of the selection procedure
of z>5.5 quasars in eRASS



S. G. H. Waddell, K. Nandra, J. Buchner, R. Arcodia, T. Liu, A Merloni, Th. Boller, et al.

The soft excess, a surplus of photons below 1-2 keV, is a feature of highly debated origin found in the
X-ray spectra of many type-1 AGN. We take advantage of the excellent soft spectral response and
resolution of eROSITA to investigate the nature of the soft excess using the eROSITA Final Equatorial
Depth Survey (eFEDS) hard X-ray-selected AGN sample. By using Bayesian X-ray Analysis (BXA)
techniques, we show that we can distinguish between true soft excess emission and complex (e.g.
ionized) absorption, which can mimic the shape of the soft excess. Our results can be applied to
further investigation using the first hard all-sky survey from eROSITA with thousands of AGN,
providing an even more complete picture of the prevalence and origin of complex absorption and soft
excesses.

• The soft excess is better fit by non-thermal emission than thermal emission from the accretion disc
• We can distinguish between a true soft excess, and ionised absorption which mimics the shape
• Examining the sources with evidence for a soft excess, most sources are better fit with non-

thermal emission in a warm plasma (called the warm corona) than with a relativistic reflection
model

• BXA can readily distinguish subtle fit differences between many models (e.g. Fig. 1 for ID 00011)
• We can reliably find soft excesses and absorption up to redshifts of z ~ 0.5, suggesting excellent 

prospects for the eROSITA all-sky survey

Complex absorption and soft excesses
in eFEDS hard X-ray selected AGN

There are competing models to
explain the observed soft excess in
AGN, including; thermal emission
from the innermost accretion disc,
absorption from ionized gas near
the black hole, relativistic
reflection of X-ray photons off the
inner accretion disc, and non-
thermal emission from warm
plasma. We test all these models in
conjunction with non-thermal
emission from a hot plasma, which
is known to be the primary source
of X-ray emission and takes the
form of a power law. Fitting with
BXA, we can compare the
Bayesian evidence for each model.
We can then assess whether an
additional soft excess component is
present in the spectrum, and which
model is best to describe the
emission. We find that:

References:
•Buchner, J. et al., 2014, A&A, 564, A125  •Singh, K. P. et al.,1985, ApJ, 297, 633  •Arnaud, K. A. et al., 1985, MNRAS, 217, 105
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Fig. 1: Data and residuals for source 00011. The best fit model is a warm
plasma (or non-thermal), with the lowest Bayesian evidence (lnZ).



W. Collmar, M. Salvato et al. 

The Blazar Content of the “eROSITA Final Equatorial 
Depth Survey “ (eFEDS)

References:
• Abdollahi, S., Acero, F., Ackermann, M. et al., arXiv:1902.10045  • Brunner, H., Liu, T., Lamer, G. et al. arXiv 202arXiv14517B   
• Collmar, W., Hämmerich, S., Gokus, A. et al., in preparation           • Itho, R., Utsumi, Y., Inoue, Y. et al., ApJ 901, 3I (2020)
• Massaro, E., Maselli, A. Leto, C. et al. Ap&SS 357, 75 (2015) 
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Fig. 2: The correlation „flux 
versus detection significance“ 
of the blazars (fsrq, bll, bcu) 
and of the blazar candidates 
(bcan) are shown. The „ts“ 
values are reaching from 6 
(catalog limit) for weak 
sources up to ~10000 for the 
strongest sources. 

Fig. 3: The correlation „flux versus powerlaw index“ of the 
known blazars shows the trend of „fsrqs“ having harder X-
ray spectra than „blls“. Only sources were selected having 
at least 50 counts in the energy range 0.2 to 5 keV. 

Fig. 1: The eFEDS region in galactic coordinates. 
The locations of the blazars as well as of the blazar 
candidates are shown. The colors of the blazar types 
correspond to the colors in Fig. 2.  

The eROSITA instrument aboard the SRG satellite observed a contigous sky region of ~140 square 
degrees, called the eROSITA “eFEDS” field, during its calibration and performance verification phase 
between November 3 and 7, 2019.  
We combined catalogs of know blazars (e.g. Roma-BZCAT, Massaro et al. 2015; Fermi 4FGL, 
Abdollahi et al. 2020) as well as of blazar candidates (e.g. Blazar Radio and Optical Survey (BROS), 
Itoh et al. 2020)  from the literature and searched for counterparts in the X-ray catalog of the eROSITA 
eFEDS field (Brunner et al. 2021). We find 190 sources correlating within 15” to an eROSITA X-ray 
source, in particular 12 blazars of type “flat spectrum radio quasar (fsrq)”, 12 of type “BL Lac object 
(bll)” and 6 blazars of yet undefined type (“bcu”). In addition 160 sources, suggested to be blazar 
candidates (“bcan”), also correlate within 15” with an eROSITA source. Here we present some 
collective properties of these sources. A detailed analysis will be presented in Collmar et al. 2022.    



T. Liu, A. Merloni, T. Simm, P. Green, W. Brandt, D. Schneider, T. Dwelly, M Salvato,J. Buchner,Y. Shen,K. 
Nandra, A. Georgakakis, L. Ho 

The XMM-RM project was designed to provide X-ray coverage of the Sloan Digital Sky Survey
Reverberation Mapping (SDSS-RM) field. Forty-one XMM-Newton exposures were taken, covering
an area of 6.13 deg2 and reaching a nominal exposure depth of ∼15 ks. We present an X-ray catalog of
3553 sources detected in these data. This catalog has a number count profile similar to previous X-ray
surveys. The Bayesian method “NWAY” was employed to identify counterparts of the X-ray sources
from the optical Legacy and the IR unWISE catalogs, using a two-dimensional unWISE magnitude–
color prior created from optical/IR counterparts of Chandra X-ray sources. A total of 932 of the XMM-
RM sources are covered by SDSS spectroscopic observations, where 89% of them are classified as
active galactic nuclei (AGN), and 71% of these AGN are in the SDSS-RM quasar catalog. Among the
SDSS-RM quasars, 80% are detectable at the depth of the XMM observations.

The XMM-RM survey: X-Ray Source Catalog and 
Multiband Counterparts

High-Energy Astrophysics

• As displayed in the figure above (0.5-7.5 keV mosaic X-ray
image), with 41 XMM-Newton observations (circles) that
cover 90% of the SDSS-RM field to an exposure depth of
~15 ks, the XMM-RM project adds to the comprehensive
multiwavelength coverage of the SDSS-RM quasar sample 
(cyan points). The upper right figure displays the luminosity-
redshift distribution of the SDSS sources in this field.

• We perform elaborate processing of the XMM data with the
aim of optimizing the detection sensitivities for faint point
sources, and we perform source detection using a 
simultaneous PSF-fitting technique that adopts the correct
PSF model at any position of a camera during each
individual observation. 

• As displayed in the right figure, comparing the infrared W1 
and W2 band magnitude and color between the Chandra-
counterpart (upper) and non-Chandra-counterpart infrared
sources (middle), we create a 2D magnitude and color prior
probability distribution (bottom).  The green color from light 
to dark indicates the probability from low to high. The blue
region is not used. This prior effectively improves the
efficiency of the Bayesian counterpart identification. 



J. Buchner, K. Nandra

The advent of the focusing hard X-ray telescope NuSTAR enables investigating the geometry of the
ubiquitous but poorly understood obscurer around Active Galactic Nuclei (AGN). Compton scattering
of X-ray photons off the obscurer and into the observer’s line-of-sight leaves signatures in the 2-
50 keV X-ray spectrum. To infer the geometry based on these data, Monte Carlo simulations of
various geometries are needed. Our work goes beyond the ad-hoc models presented in the literature,
by illuminating physically motivated geometries that arise from hydro-radiative simulations, and
realistic clumpy models. The produced model templates extend infrared templates, enabling multi-
wavelength fitting.

Geometry of the X-ray obscurer in Active Galactic Nuclei

Different 
geometries 
produce different 
X-ray spectra.

Compton 
scattering of 
photons in clumpy 
tori allows soft 
photons to escape 
(compare red to 
yellow and green).

References:
• Buchner, Brightman, Nandra, Nikutta & Bauer (2019), A&A, 629, 16: X-ray spectral and eclipsing model of the clumpy obscurer 
in active galactic nuclei
• Buchner, Brightman, Baloković, Wada, Bauer, Nandra (2021), A&A, 651, 58, Physically motivated X-ray obscurer models
• Saha, Markowitz, Buchner (2022), MNRAS, 509, 5485: Inferring the morphology of AGN torus using X-ray spectra: A reliability 
study

360° fly-thru video

The Unified X-ray Clumpy model 
is unique because it:

• allows fitting epochs with 
varying line-of-sight 
obscuration (occultation 
events)

• reproduces the observed 
frequency of X-ray occultation 
events

• reproduces the observed 
covering fractions

• is produced by open source 
software

X-ray spectral and eclipsing 
model of the clumpy obscurer 
in active galactic nuclei 

Two physically motivated
obscurer models:

Wada (2012)’s radiative
fountain model creates an 
obscurer through polar 
winds, which fall back 
like a fountain.

Warped disks arise by
radiation pressure and 
gravity, and have been
observed in nearby AGN.

X-ray template libraries for these 
geometries are available for 
fitting with xspec from:
https://github.com/JohannesBuchner/xars/

https://github.com/JohannesBuchner/xars/


A. Liu, E. Bulbul, V. Ghirardini, T. Liu, M. E. Ramos-Ceja, J. Comparat, Y. E. Bahar, et al.

The eROSITA Final Equatorial-Depth Survey (eFEDS) has been carried out during the PV phase of
the SRG/eROSITA telescope. In this work, we provide the catalog of 542 candidate galaxy clusters
and groups detected by eROSITA in the ∼140 deg2 eFEDS field, down to the flux limit of ∼10−14

erg/s/cm2 in the soft band (0.5–2keV) within 1 arcmin. The clusters are distributed in the redshift
range [0.01, 1.3], with the median redshift at 0.35. The selection function of the eFEDS cluster sample
is studied using simulations. The X-ray luminosity function of the clusters agrees well with the results
obtained from other recent X-ray surveys. We also find 19 superclusters in this field. The eFEDS
cluster and group catalog provides a benchmark proof-of-concept for the eROSITA All-Sky Survey
extended source detection and characterization. We confirm the excellent performance of eROSITA
for cluster science and expect no significant deviations from our pre-launch expectations for the final
All-Sky Survey.

The eROSITA Final Equatorial-Depth Survey (eFEDS):
Catalog of galaxy clusters and groups

Selection function of the
eFEDS cluster sample 

computed from simulations.

References:
• Liu, A., et al., 2021, A&A in press, arXiv:2106.14518
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• X-ray properties are measured through spectral and imaging analysis based on eROSITA data.
• Average temperature of the clusters is ~2keV. 
• X-ray luminosity function is consistent with recent results in literature. No significant evolution is

found.
• 19 superclusters (with ≥4 members) are detected in the eFEDS field.



V. Ghirardini, E. Bulbul, R. Kraft, M. Bayliss, B. Benson, L. Bleem, S. Bocquet et al.

The thermodynamic properties of the hot plasma in galaxy clusters retains information on the
processes leading to the formation and evolution of galaxy clusters. These processes are dictated not
only by gravity but also by gas physics, like AGN feedback and turbulence. We have studied the
thermodynamic properties (density, temperature, pressure, and entropy), of the most massive and most
distant (7 clusters at z > 1.2) SPT-selected clusters. We compare them with the thermodynamic
properties of nearby massive clusters clusters (13 clusters at z < 0.1) to constrain their evolution as
a function of time and radius. We find that thermodynamic properties in the outskirts of high redshift
clusters are remarkably similar to the low redshift clusters, and their evolution follows the prediction
of the self-similar model. Their intrinsic scatter is larger, indicating that the physical properties that
lead to the formation and virialization of cluster outskirts show evolving variance. On the other hand,
thermodynamic properties in the cluster cores deviates significantly from self-similarity indicating that
the processes that regulate the core are already in place in these very high redshift clusters. This result
is supported by the unevolving physical scatter of all thermodynamic quantities in cluster cores.

In our analysis we have taken into account several source of systematics, such as calibration
differences between Chandra and XMM-Newton, differences due to the possibility that SPT clusters
are not progenitors of X-COP clusters, differences in clumping factor at low and high redshift, and
possible mass bias.

We find that the evolution in the thermodynamic profiles deviates significantly from the self-similar
evolution in cluster cores, where we find that cluster cores show no evidence of evolution, while in
the outskirts, the evolution of the profiles are on average are in agreement with the prediction from
the self-similar model.

Evolution of the Thermodynamic Properties of 
Clusters of Galaxies out to Redshift of 1.8

We make use of 2 Ms combined
Chandra and XMM-Newton
observations, exploting high
spatial resolution of Chandra
and large field of view of
XMM-Newton, to jointly
recover accurate density and
temperature profiles. We
measure cluster masses by
solving hydrostatic equilibrium
equation, finding masses
consistent with literature
measured masses computed
using scaling relation. This
allows to produce scaled
thermodynamic profiles out to
R500. We find that the scatter in
the profiles is very similar in
low and high redshift samples.

References:
 Ghirardini V. et al. 2021, ApJ, 910, 14.
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E. Bulbul, A. Liu, J. Comparat, V. Ghirardini, M. Salvato, A. Merloni, R. Seppi, J. Wolf, E. Bahar et al.

Due to the sizeable point-spread function of eROSITA, a number of clusters of galaxies can be
misclassified as point sources by the source detection algorithms. To identify these clusters we revisit
the eFEDS point source catalog and find a additional 346 galaxy clusters and groups in the redshift
range of 0.1<z<1.3 through their red sequence. The majority of the clusters and groups in the point
source sample are under-luminous and compact compared to the extent-selected ones. Their faint X-
ray emission, well under the flux limit of the extent-selected eFEDS clusters, and their compact X-ray
emission are likely to be the main reason behind this misclassification. We also confirm that 10% of
the sources host AGN in their brightest cluster galaxies (BCGs) through optical spectroscopy and
visual inspection. By studying their X-ray, optical, infrared, and radio properties, we establish a
method to identify clusters and groups that host AGN in their BCGs.

Clusters of Galaxies in Disguise

References:
• Bulbul et al. 2021, in press, A&A, arXiv:2110.09544

High-Energy Astrophysics

Figure 1: The gas density of the clusters in the
point source catalog is shown in orange
compared with those in the extent-selected
clusters in blue (Liu et al. 2021, Ghirardini et al.
2021). The dashed curves and shaded regions
display the median profiles and the 68%
confidence intervals around the median values
of the radial profiles. We observe large scale
emission in clusters in both samples out to
several hundred kpc. However, the gas density
profiles of the clusters in the point source
sample shows more compact emission from
their intra-cluster medium (ICM).

Figure 2: Combining the multiwavelength observations through the optical spectra through SDSS and
GAMA, the radio emission from LOFAR, infrared from the WISE survey, and X-ray data from
eROSITA, we develop a method to search for groups and clusters dominated by AGN emission in their
cores. This method is successfully tested in this work and resulted in the identification of eight low-
mass groups and clusters that host AGN. eFEDS J091437.8+024558 is the most spectacular low-mass
cluster identified in this sample with a bright radio loud AGN in its center. The eROSITA and
DECALS images show extended ICM emission and red sequence galaxies of the host cluster. The
LOFAR image displays the strong radio emission from the central point source. The clear emission
lines from AGN can also be seen in the SDSS of the source.



M. E. Ramos-Ceja, V. Ghirardini, A. Liu, Bahar, Y. E., Bulbul, E., Comparat, J., Merloni, A., Nandra, K.,
Sanders, J. S., et al.

The eROSITA Final Equatorial-Depth Survey (eFEDS) is designed to demonstrate the survey science
capabilities of SRG/eROSITA. It covers an area of 140 deg2 where 542 galaxy clusters have been
detected out to z = 1.3. The HSC-SSP S19A data release covers ~510 deg2, containing ~36 million
galaxies. This galaxy catalogue is used to construct a sample of 182 shear-selected galaxy clusters.
The common area to both surveys covers ~90 deg2, making it an ideal region to investigate the
wavelength selection effects in the identification of galaxy clusters. We make a complete census of X-
ray properties of the HSC shear-selected clusters. This study is one of the first of its kind comparing
X-ray and shear-selected cluster samples over the same region in the sky.

The eROSITA Final Equatorial-Depth Survey (eFEDS): 
X-ray properties of shear-selected galaxy clusters

There are 313 eFEDS clusters (z > 0.05) and 25 shear-
selected clusters lying within the common eFEDS footprint.
Using a matching radius of 5 arcmin and a redshift
difference of | z | < 0.1, we find:

• 16 unique matches,
• 5 multiple matches ⇢ primary matches (most luminous),
• 4 no matches.

The physical separation between the matched clusters
is between 44 and 531 kpc, and their redshifts estimations
are consistent at the 5% level.

References:
• Ramos-Ceja, M. E., et al, 2021, A&A in press
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8x8 arcmin HSC-SSP optical images. 
X-ray contours are shown in red, 
galaxy density contours in white, and 
weak-lensing mass contours in yellow.

Matched cluster Unmatched cluster

• The Chen et al. (2020) mass-bias correction reduce the tension in the bolometric luminosity-mass
relation between X-ray detected and shear-selected cluster samples.

• The shear-selected cluster, undetected in X-rays, is the result of projection effects, while the other
three no matched clusters have a low X-ray flux to be detected with the eFEDS observations.

• 43% of the shear-selected clusters lie in superclusters.
• There is no significant population of X-ray underluminous clusters, indicating that X-ray selected

cluster samples are complete and can be used as accurate cosmological probes.

The bolometric luminosity measurements
of the shear-selected clusters are compared
with the ones from the eFEDS X-ray
selected cluster sample since both samples
cover approximately the same cluster mass
range.
We found that the scaling relation of shear-
selected clusters is consistent with the X-
ray selected clusters. This is achieved once
the weak-lensing mass of the shear-selected
clusters is corrected by the Eddington mass
bias as quantified in
Chen et al. (2020).



Y.E. Bahar, E. Bulbul, V. Ghirardini, A. Liu, K. Nandra, J. Comparat, J. Ider-Chitham, T. Liu, A. Merloni, 
M.E. Ramos-Ceja, J.S. Sanders, et al

Scaling relations link the physical properties of clusters at cosmic scales. They are used to probe the
evolution of large-scale structure, estimate observables of clusters, and constrain cosmological
parameters through cluster counts. We extract X-ray observables (LX, Lbol, T, Mgas, YX) within R500 for
a sample of 542 clusters in the eFEDS field and construct seven scaling relations between them. We fit
these relations by employing a powerful Bayesian analysis that takes into account the selection effects
and the mass function. We find our best-fit slopes significantly deviating from the self-similar model
that suggests non-gravitational effects play a non-negligible role. Nevertheless, our results are in good
agreement with the simulations including non-gravitational physics, and the recent results that take
into account selection effects.

eFEDS: X-ray Properties and Scaling Relations of Galaxy 
Clusters and Groups

X-ray observables are extracted within
core-included (r<R500) and core-excluded
(0.15R500<r<R500) apertures for all 542
clusters. Core-included observables of a
sub-sample of 265 clusters are used for
the scaling relations analysis that has a
contamination level of <10%. Best-fit
parameters of seven scaling relations are
obtained by employing a Markov chain
Monte Carlo fitting method. The best-fit
relation between soft band X-ray
luminosity (LX) and temperature (T) is
shown on the right as an example.

High-Energy Astrophysics

The MCMC fitting is employed by using a likelihood that
includes a selection function and an X-ray observable
function. The selection function is constructed from the
state-of-the-art simulations of the eFEDS field and the X-
ray observable function is obtained by converting the mass
function using weak lensing mass calibrated scaling
relations. As a result of this study, best-fit results of
normalization, power-law exponent, intrinsic scatter, and
redshift evolution parameters for the seven relations are
obtained and findings are comprehensively compared with
previous studies. A comparison plot for the LX-T relation is
shown on the left.

• Significant tension is observed for all seven relations between the best-fit results and the self-
similar model predictions which suggest non-gravitational effects contribute to the observed 
physical state of clusters in a non-negligible manner.

• Good agreement is found between the results of this work and other recently reported 
observational studies that include selection effects in their analysis.

• The results found in this work are also consistent with simulations where the baryonic feedback 
mechanisms are included.

References:
• Bahar, Y. E., et al. 2022, A&A, accepted



V. Ghirardini, E. Bulbul, D. N. Hoang, M. Klein, N. Okabe, V. Biffi, M. Bruggen, M. E. Ramos-Ceja, et al.

The eROSITA Final Equatorial Depth Survey (eFEDS) is a 140 deg2 field observed by SRG/eROSITA
for a nominal depth of 2.3 ks. In this field we detect 542 clusters, and, thanks to optical coverage, we
are able to confirm their detection and measure their redshifts. We performed a systematic search for
superclusters, and we found one particular system composed of several galaxy clusters at z=0.36. We
investigate the X-ray morphological and dynamical properties for these clusters in comparison with
the same properties for all the other detected eFEDS clusters. We make use of LOFAR and uGMRT
radio follow-up observations to search for diffuse radio emission. This study shows the great potential
of eROSITA to probe the large-scale structure of the Universe, by detecting superclusters at the node
of the cosmic web.

Discovery of a supercluster in the eROSITA Final 
Equatorial-Depth Survey: X-ray and radio properties

This supercluster, composed by
eight individually detected clusters,
has been newly discoverd by
eROSITA. Galaxy overdensity
estimated using HSC photometric
data confirms the detection of this
supercluster.
Interestingly, in the northern part of
the system we find a triple merging
system. Our estimations indicate
that the mass ratios are 3:2:1.
Furthermore the radio observations
in this region reveal the existence of
two radio relics, one toward the
north, and one toward south-east.
The two detected relics confirm the
merger scenario for this system.
 We have performed a surface

brightness analysis of the X-ray
photon distribution, however the
data at the relic positions are too
shallow to detect density or
temperature jumps.

 We used the eROSITA X-ray
data to measure integrated
clusters physical and
morphological properties. We
find that these properties are
consistent with the general
eFEDS cluster population.

 We studied the emission of the
filamentary gas in the regions
between clusters. However large
samples of superclusters and
stacking are required in order to
detect significant emission at
this depth.References:

 Ghirardini V. et al, 2021, A&A, 647, A4
 Ghirardini V, et al, 2021, A&A, accepted
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R. Seppi, J. Comparat, E. Bulbul, K. Nandra, A. Merloni, N. Clerc, T. Liu, V. Ghirardini, A. Liu

The eROSITA X-ray telescope onboard the Spectrum-Roentgen-Gamma (SRG) observatory is
revolutionizing X-ray astronomy. The mission will provide an unprecedented sample of clusters and
AGN. We aim at studying the properties and the selection of extra-galactic sources in the eROSITA
all-sky survey in a quantitative way, producing an all-sky simulation at the eRASS1 depth. We
quantify the performance of our detection scheme in terms of completeness, false detection rate, and
contamination. This work provides a digital twin of real eRASS1. It is a key step towards
characterizing the population of galaxy clusters and AGN observed by eROSITA.

Detecting clusters of galaxies and active galactic nuclei in 
eROSITA all-sky survey simulations

References:
• Chuang C.-H. et al. 2019, MNRAS, 487, 4 • Comparat, J. et al. 2019, MNRAS, 487, 200
• Comparat, J. et al. 2020, The Open Journal of As-trophysics, 3, 13  • Brunner, H., et al. 2021, arXiv e-prints, arXiv:2106.1451
• Liu, T.  et al. 2021b, arXiv e-prints, arXiv:2106.14528 • Seppi, R. et al. 2022, in prep.
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The eRASS1 simulation combines N-body cubes with models that truthfully represent the
population of clusters and AGN (Chuang+19, Comparat+19, 20). We extended the clusters model
down to the galaxy groups regime. We obtain a mock background by sampling the true eRASS1
background maps. An example of the result is shown by the light-cone in the top left figure, with
AGN (in blue) and clusters (in red) tracing the large scale structure. The projection on the sky plane
is displayed in the top right panel. The eSASS pipeline (Bruenner+21) provides a catalog of
detected sources. We build a 1 to 1 association between input and source catalogs by a photon based
matching algorithm (Liu+21). We classify the sources as unique and secondary matches to AGN or
clusters, and spurious ones due to background fluctuations. We study a multitude of diagnostics,
such as the detected population for different cuts in detection likelihood (bottom left panel), the
fraction of simulated clusters that is detected (bottom right panel), additional clusters selection
effects, the AGN detection efficiency, and an eRASS1 clusters volume limited sample (Seppi+22).



J. S. Sanders, E. Bulbul, E. Gatuzz, V. Ghirardini, A. Liu, A. Merloni, M. E. Ramos-Ceja, et al.

Abell 3266 was observed as a calibration target by eROSITA onboard SRG (Spectrum Röntgen
Gamma). The wide field of view of eROSITA allows it to observe the cluster out to R200 in a single
pointing. The X-ray images highlight the substructure within the cluster, including the northeast-
southwest merger seen previously, a merging group to the northwest, and filamentary structures
between the core and one or more groups to the west. We compute spatially resolved spectroscopic
thermodynamic maps of the cluster, finding low entropy gas associated with the merging systems.
There is also evidence for multiple shocks. The eROSITA data confirm that the cluster is not a simple
merger, but is made up of several subclusters which are merging, or will shortly merge.

Figure 2. Entropy map of the core of the
cluster. This made using a new ellipse-mapping
method using spectral fitting of elliptical
regions designed to trace the X-ray surface
brightness. The map shows the low entropy
material brought in by the merging subclusters.

Studying the merging cluster Abell 3266 with eROSITA

Figure 1. RGB image of the eROSITA field of 
view, showing an adaptively smoothed image of 
the cluster in the energy bands 0.3-0.8 (R),
0.8-1.3 (G) and 1.3-2.3 keV (B).

References: • Sanders et al., 2021, A&A, in press, arXiv:2106.14534 
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Figure 3. Gradient magnitude map of the cluster. 
Steep regions appear lighter in this map, made 
using a new adaptive gradient filtering technique. 
Edges can be seen around the low entropy 
subcluster regions and around the whole cluster. A 
pressure jump is seen in the outer edge, which 
suggests a shock generated by the mergers.



E. Gatuzz, J. S. Sanders, K. Dennerl, et al.

There are few direct measurements of the intracluster medium (ICM) velocity structure, despite its
importance for understanding galaxy clusters. We present the analysis of long exposure XMM-Newton
X-ray observations of the Virgo and Centaurus galaxy clusters, using a novel technique which consists
of using background X-ray lines seen in the spectra of the XMM-Newton EPIC-pn detector to
calibrate the absolute energy scale of the detector. This technique allows us to obtain velocity
measurements with unprecedented accuracy down to 150 km/s. Such measurements allow us to better
understand the role AGNs play in affecting the velocity structure of the ICM.

The Virgo cluster: shows signatures for both AGN outflows (e.g. changes in the velocity for regions
following the radio morphology; the velocity maps do not show a clear gas sloshing morphology
similar to the simulations) and gas sloshing (e.g. there is an overall gradient in the velocities, the
north-west cold front shows a velocity close to the rest frame and not very well constrained in the
outer region when compared to the inner region and for both cold fronts there is a discontinuity in
metallicity) in the velocity field of the cluster.

The Centaurus cluster: shows (a) an overall gradient in velocities as we move to large radii; (b) a
complex velocity profile near the cluster center and (c) changes in the velocities along the cold
fronts.

Measuring sloshing, merging and feedback 
velocities in the galaxy clusters

Sanders et al. (2020)
present a novel
technique which
consists of using
background X-ray
lines seen in the
spectra of the XMM-
Newton EPIC-pn
detector to calibrate
the absolute energy
scale of the detector
to better than 150
km/s at Fe-K.

Using such
technique, we have
measured the spatial
velocity distribution
within both Virgo
(top panels) and
Centaurus (bottom
panels) cluster.
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Cosmological analysis based on the properties of X-ray selected clusters of galaxies from the CODEX
survey which have been spectroscopically followed up within the SPIDERS programme as part of the
sixteenth data release (DR16) of SDSS-IV. The cosmological sub-sample contains a total of 691
clusters over an area of 5350 deg2 with newly measured optical properties provided by a reanalysis of
the CODEX source catalogue using redMaPPer and the DESI Legacy Imaging Surveys (DR8).
Optical richness is used as a proxy for the cluster mass, and the combination of X-ray, optical, and
spectroscopic information ensures that only confirmed virialized systems are considered.

Cosmological constraints from CODEX galaxy clusters 
spectroscopically confirmed by SPIDERS DR16

High-Energy Astrophysics
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Clusters are binned in observed 
redshift, z ∈ [0.1,0.6) and optical 
richness, λ ∈ [25,148) and the number 
of clusters in each bin is modelled as a 
function of cosmological and richness–
mass scaling relation parameters. Best-
fitting cosmological parameters are 
found to be Ωm0 = 0.34+0.09

−0.05 and σ8 =
0.73+0.03

−0.03. The redshift evolution of 
the self-calibrated richness–mass 
relation is poorly constrained due to 
the systematic uncertainties associated 
with the X-ray component of the 
selection function (which assumes a 
fixed X-ray luminosity–mass relation 
with h = 0.7 and Ωm0 = 0.30). 
Repeating the analysis with the 
assumption of no redshift evolution is 
found to improve the consistency 
between both cosmological and scaling 
relation parameters with respect to 
recent galaxy cluster analyses in the 
literature.

Fig.1 The relationship between spectroscopic 
redshift and photometric redshifts as a function 
of redshift and the number of spectroscopic 
members. Fig.2 Cosmological contours for 
SPIDERS DR16 analysis relative to other 
cluster cosmology experiments.

Fig.1

Fig.2
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T. Boller, T. Liu, P. Weber, R. Arcodia, T. Dauser, J. Wilms, K. Nandra, J. Buchner, A. Merloni, M.. 
Freyberg, M. Krumpe, S.Waddell

One of the most prominent AGNs, the ultrasoft Narrow-Line Seyfert 1 Galaxy 1H 0707-495, has been
observed with eROSITA as one of the first CalPV observations on October 13, 2019 for about 60.000
seconds. The 2019 spectrum is drastically different from other AGN spectra observed so far, as it is
much more variable at low energies up to only 0.8 keV. The simultaneous XMM-Newton spectra
show the same basic shape. We could show that the unusual soft variability first detected by eROSITA
is due to a combination of an obscuration event and strong suppression of the variance at 1 keV by
photoionized emission, which makes the variance below 1 keV appear more extreme. An ionized
partial coverer and strong relativistic reflection explains the unique X-ray softness (Boller 2021).

Extreme X-ray amplitude variablity
During the eROSITA observations, 1H 0707-495
showed a dramatic flux drop by a factor of about 100 in
just one day (Fig. 1). This variability is primarily in the
soft band and is much less extreme in the hard band.
Such extremely large-amplitude variability has been
observed in the past only in a few AGNs such as IRAS
13224-3809, GSN 069, and RX J1301.9+2747.

The nature of extreme ultra-soft X-ray variability in 
1H0707-495 first detected with eROSITA

References:
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Unusual ultra-soft X-ray variability
The normalised excess variance (NEV) is a powerful
and commonly used method to test whether a time
series is significantly variable above a certain threshold
(e.g. Nandra 1997). Above 0.8 keV, the variability
abruptly declines up to the highest energies (Fig. 2).
The NEV spectra also reveal very little variability in
the 0.8-2.0 keV and 4-8 keV bands. This may be
explained by the presence of Ultra-Fast-Outflow
features in these energy bands. Such extreme ultra-soft
and large-amplitude flux variability in active galactic
nuclei has never been detected with other X-ray
observations so far and is named now as a new ultra-
soft AGN state (Parker 2021).

Fig.1: eROSITA light curve of 1H0707-495.

Fig.2: NEV as a function of energy.

Physical Model
Above a spinning black hole, X-rays are emitted an-
isotropically. The majority of the photons either hit the
accretion disc or fall into the black hole. From the
high- to the low-flux state, an ionized partial coverer is
obscuring an increasing part of the emitted X-ray
radiation explaining the X-ray ultra-softness and the
huge factor of amplitude variability. (Fig. 3).

Fig.3: Illustration of the considered scenario.



D. Bogensberger, G. Ponti, K. Nandra, et al. 

Flip-flops are top-hat like changes in the light curve of X-ray binaries (XRBs) involving rapid
transitions between two semi-stable levels that last much longer than the transition between them. The
power spectrum, and the Quasi-Periodic Oscillation (QPO) changes significantly between the bright
and dim flip-flop states. Previously observed flip-flops had brightness changes of up to ~30%, and
changes between QPO types C and B, or B and A.

In our study of the outburst of the XRB Swift J1658.2-4242, we observed the most extreme flip-flops
ever seen, with brightness changes of up to 80%, and the first ever observed direct transitions between
QPO types C and A.

We discovered that flip-flops only occurred at integer (or half-integer) multiples of an underlying
timescale of 2.761 ks. This sheds new light on the flip-flop phenomenon and has allowed us to
investigate new hypotheses to explain their physical origin.

Our spectral analysis of the flip-flops has revealed that the temperature, nH, and powerlaw
normalization increase during the transition from the dim to the bright state.

Figure 2: The light curves of several extreme 
flip-flops we observed with XMM-Newton 
(orange), and NuSTAR (blue). We also display 
green vertical lines every 2.761 ks. These pass 

through all but one of the 
observed flip-flop
transitions. And for that 
instance, the transition
occurred almost exactly
half-way between two 

green lines. 

Through simulations we
determined that the
detection of this underlying
timescale has a significance
of 3.2σ.

Extreme flip-flops of the X-ray binary Swift J1658.2-4242 

Figure 1: Spectrogram with overplotted light 
curve (green) of several flip-flops observed by
AstroSat. During the transition from dim to
bright state, the type C QPO (the broad band at 
log 𝜈 ~0.8 − 0.9) rapidly changes to a type A 
QPO, which has a low amplitude, and cannot be
seen in this figure. 

The blue line shows that the brightness
difference remains approximately constant.
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F. Haberl, C. Maitra, D. Kaltenbrunner, S. Carpano, A. Rau, et al.

With well known distances, low foreground absorption and a very advantageous visibility for space
observatories, the Magellanic Clouds are ideal laboratories for X-ray source population studies.
eROSITA, the soft X-ray instrument on board the Spektrum-Roentgen-Gamma mission scans the sky
in great circles which cross at the ecliptic poles. Due to this survey strategy and the vicinity to the
south-ecliptic pole, objects in the Large Magellanic Cloud (LMC) are scanned for up to three weeks.
This makes the eROSITA surveys an invaluable data set to search for new high-mass X-ray binaries
(in most cases with a Be star companion) in the LMC. We discovered already several new such
systems and found little-investigated ones in bright state. We used XMM-Newton and NuSTAR for
deep follow-up X-ray observations to characterize the systems. In all cases we were able to reveal X-
ray pulsations, which indicate the spin period of the magnetized neutron star (NS). Optical
spectroscopy with the Southern African Large Telescope (SALT) and archival photometric monitoring
observations from the Optical Gravitational Lensing Experiment (OGLE) over many years allow us to
constrain the matter distribution around the Be star.

New High-mass X-ray binaries in the Large Magellanic
Cloud discovered during the eROSITA survey

References:
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Fig. 1: eROSITA eRASS1 image of the central part of the LMC. 
The positions of known HMXB pulsars are marked with circles
and labeled by their pulse period in seconds. New discoveries
are indicated in green.

Fig. 2:
eRASSU J050810.4-660653 
Top: Power spectrum obtained
from EPIC-pn data. Pulsations are
detected with a fundamental 
frequency of 0.0246 Hz (40.60 s) 
together with five harmonics.
Bottom: Optical spectrum taken
with SALT-RSS.



C. Maitra, F. Haberl, M. Sasaki, P. Maggi, M. Filipovic, P. Kavanagh et al.

Supernova remnants play a key role in galaxy evolution and regulation of the birth of new generation of 
stars. Massive X-ray binaries are young stellar systems that provide important tracers of star formation 
in distant galaxies, and are the progenitors of some classes of gravitational sources. By the time a 
neutron star in a massive X-ray binary begins to accrete material from its companion, evidence of the 
supernova that formed the neutron star (NS) usually disappears, as the visibility time of SNR is only a 
few 104 yr, much less than the life-times of high-mass XRBs. Finding such rare systems provide 
insights into the birth properties and early evolution of NSs. Especially, these objects are ideal probes 
for the physics of accretion onto a NS at early evolutionary stages, and can probe NS birth spins and 
magnetic fields. Recently, with serendipitous XMM Newton observations, a handful of such peculiar 
systems have been discovered in the Magellanic Clouds where the massive neutron star X-ray binary is 
found near the geometrical centre of its parent supernova remnant. 

• LXP 4.4 has an estimated age of < 6 kyr and is the youngest HMXB pulsar-SNR association 
known till date. The companion is indicated to be a supergiant.

• LXP 570 is a BeXRB pulsar associated with an SNR with an age of 43-63 kyr. It has 
characteristics similar to SXP 1062 and SXP 1323 which are BeXRB-SNR composites in the 
Small Magellanic Cloud. 

HMXBs inside their parent supernova remnants: A rare 
discovery for testing binary evolutionary models

Reference:
• Maitra et al. 2021,  MNRAS, 504, 326
• Maitra et al. 2019. MNRAS Letters, 490, 5494
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Model of spin evolution of XMMU J050722.1-684758

Spin evolution of XMMU J050722.1-684758
marking the ejector, propeller and accretor 
phase. Initial spin period is 100 ms (solid line) 
and 1 s (dashed line). B=4x1014 G and 
Mdot=8x10-12 M⦿/yr-1 (red) and 2x10-11

M⦿/yr-1 (black). Green line denotes the 
measured spin period (570 s) and the cyan 
lines indicate the estimated age of the SNR.

XMMU J051342.6-672412 = LXP 4.4

XMMU J050722.1-684758 = LXP 570

R=0.3-0.7 keV
G=0.7-1.1 keV
B=1.1-4.2 keV

R=0.3-0.7 keV
G=0.7-1.1 keV
B=1.1-4.2 keV
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E. Gatuzz

The accretion phenomena, observed in X-ray binary systems, constitutes one of the most promising
challenges in modern astrophysics. Interesting open topics include the accretion-radiation energy
balance, the relation between relativistic jets and the fundamental properties of the black holes (e.g.
spin), the radiative feedback and the interplay between discs and outflows (in the form of relativistic
jets or collimated winds). Here, we present the detection of an ionized static absorber in the X-ray
binary IGR J17091−3624 during a hard accretion state that could be the precursor of an outflowing
wind.

• While previous studios indicate that LMXB winds and jets seem to be anti-correlated, here we 
present the first simultaneous detection of a photionized absorber local to the source and a 
compact jet. 

• This local static X-ray absorber could be a permanent structure or a precursor of an outflowing 
wind

• Future X-ray observations of bright LMXbs, with high inclination and during hard accretion 
states, are crucial to better understand the origin of such plasma. 

Simultaneous detection of intrinsic absorbers
and compact jets in X-ray binaries

We analyzed 3 observations
of the black hole low-mass
X-ray binary IGR J17091-
3624. The spectra display
multiple absorption features
from the multiphase ISM as
well as absorption features
associated to material local
to the source. Such local
material, which is identified
only in observation 3 (left
panel), arise simultaneously
with the radio emission due
to the jet.
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We computed stability curves for all
observations taking into account the changes
in the continuum due to the different
accretion states. We note that for Obs. 1 and
Obs 2, for which no intrinsic to the source
absorber was identified, the stability curves
display few stable regions. The stability
curves computed for Obs. 3 (left panel)
indicates that for one continuum model the
absorber lie in a thermally unstable region
while for other type of continuum model the
absorber lies in a thermally stable solution.
These results shows the importance of the
continuum modeling, ideally including a
broad energy range, in order to study
thermal instabilities.



E. Gatuzz

We present the analysis of six Chandra X-ray high-resolution observations of the black hole low-mass
X-ray binary 4U 1630-47 taken during its 2012–2013 outburst. We identified absorption lines due to
highly-ionized species in observations associated to soft accretion states. For observations
corresponding to intermediate and hard accretion states, no absorption lines were identified. By
analyzing the data with photoionization models we concluded that the absence of lines in the
transitional states cannot be attributed to an evolution of the plasma caused by thermal instabilities.
Different scenarios are proposed for the disappearance of the wind.

We propose two scenarios to explain the disappearance of the wind:
- There is an acceleration of the flow at the end of the soft state, producing a decrease in the plasma 
column density.
- The plasma has been completely exhausted during the soft state.

Accretion in X-ray binaries: 
the disappearance of the wind

The six Chandra high-resolution spectra
analyzed were obtained during the transition
between soft and hard accretion states (left
panel). The first four observations correspond to
a soft state, the obs. 5 to a transition state and
observations 6 and 7 to a hard state.

We found multiple absorption lines during the
soft accretion state associated to an absorber
local to the source which can be fitted with a
photoionization model. However, such lines
disappear during the hard accretion states.

References:
• Gatuzz et al. (2019), MNRAS, 482, 2597
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• We compute thermal stability curves for all
observations to study the disappearance of the
wind. Left panel shows a comparison between
the Obs. 1 (i.e. soft accretion state) and the Obs.
6 (hard accretion state). We have found that
thermal instabilities cannot explain the absence
of absorption lines when reaching the hard state.

•
We also computed ion fractions for the hard
accretion states. We have found that a small
fraction of Fe XXVI should be observed, which
is not. This is, over-ionization cannot explain the
absence of lines.



M. Kuhn, C. Weinberger, and R. Diehl

Cosmic rays are believed to be accelerated in interstellar shocks such as typical for supernova
remnants and massive-star clusters with their interacting wind and explosion shocks. Within
acceleration sites, nuclear lines should be excited as low-energy cosmic rays collide with ambient gas.
These would be the most-direct proof of cosmic-ray acceleration occurring at these locations. The SPI
spectrometer on the INTEGRAL satellite is the only instrument capable for such measurement, as
characteristic gamma-ray lines occur at energies of several MeV. We developed the analysis tools for
such a line search, but could not find lines, neither from the inner Galaxy, nor the nearby Orion region.

Nuclear excitation lines:
Search for diffuse emission using SPI on INTEGRAL

Collisions of accelerated protons and
nuclei and energies of several ten
MeV/nucleon with ambient gas are
predicted to excite nuclei of ambient
gas. De-excitation lines expected from
the inner Galaxy from such collisions
are brightest from C and O, at energies
4.4 and 6.1 MeV. Broad line components
are expected if cosmic-ray nuclei are
excited, narrowest lines are expected if
nucleinside dust grains are excited.
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As part of our analysis, the method has been verified on
the Crab pulsar and nebula spectrum, now extending to
energies 1 to 8 MeV. An excess above the powerlaw as
determined from X- and low-energy γ-rays is indicated.

Wang+, ApJ (2020) Crab
line: Weinberger 2021
colored: Jourdain+
darker colors: this work

The spectra derived from diffuse-model
fitting to SPI data do not show the
expected lines from C and O, neither in
the inner Galaxy, nor from the Orion
region (shown left). The instrumental
background (grey histogram) is properly
addressed, although some spurious high
spectral points are seen, but not
significant. Upper limits are derived at
3.8 and 8.6 10-5 ph cm-2 s-1 for the 12C
and 16O lines, respectively.



R. Arcodia, A. Merloni, K. Nandra, J. Buchner, M. Salvato, J. Comparat, A. Malyali, J. Wolf , 
D. Bogensberger, M.E. Ramos-Ceja, A. Rau

Quasi-periodic eruptions (QPEs) are high-amplitude X-ray bursts recurring every few hours
originating near massive black holes. Previously, only two such sources were known, found either
serendipitously or in archival data. Here we present the detection of QPEs in two further galaxies,
obtained with a blind and systematic search over the X-ray sky with eROSITA. The observed period,
amplitude and burst profiles are inconsistent with current models of accretion disk instabilities.
Instead, QPEs might be driven by an orbiting object, much smaller than the main massive black hole.
This scenario could make QPEs a viable candidate for the electromagnetic counterparts of extreme
mass ratio inspirals, with considerable implications for multi-messenger astrophysics and cosmology.

Among the scenarios proposed for the origin of QPEs, our new 
discoveries disfavor current models of accretion disk instabilities 
and a black hole binary of mass ratio close to unity. Instead, the 
observational properties of QPEs are qualitatively consistent with 
one (or more) orbiting body(-ies) much smaller than the main 
massive black hole. This is also reminiscent of extreme mass ratio 
inspirals and it could make QPEs their electromagnetic messenger.

X-ray quasi-periodic eruptions in the eROSITA era

Contrary to the two previously 
known QPE sources, which showed 
narrow emission lines in their 
optical spectra with AGN-driven 
ionization, the host galaxies of 
eRO-QPE1 and eRO-QPE2 showed 
no significant AGN-like signatures, 
which argues against a pre-existing 
canonical AGN-like accretion flow.
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The two QPE sources discovered by eROSITA, hereafter eRO-QPE1 
and eRO-QPE2, showed strong X-ray signal in two and three scans, 
respectively, which were preceded, separated and followed by scans 
showing them to be much fainter (Fig. 1 and 2, top). Follow-up with 
other X-ray telescopes confirmed their QPE nature (Fig. 1 and 2, 
bottom): eRO-QPE1 (eRO-QPE2) showed a range of QPEs with rise-
to-decay duration of ~7.6 (~0.5) hours and peak-to-peak separation of 
~18.5 (~2.4) hours, with a peak X-ray luminosity of ~2x1043 (~1042) 
erg s-1 between 0.5-2.0 keV.

Fig. 1: eROSITA (top) and NICER (bottom) light curve of eRO-QPE1.

Regardless of their origin, 
QPEs so far were found in 
massive black-holes (~105 -
few x 106 M⊙) and finding 
more will help us to understand 
how black holes are activated 
in low-mass galaxies, a poorly 
explored mass range so far in 
their co-evolution history.Fig. 2: eROSITA (top) and XMM-Newton (bottom) light curve of eRO-QPE2.



A. Rau, I. Grotova, Z. Liu, A. Malyali, A. Merloni

Since its successful launch in July 2019, MPE’s eROSITA instrument onboard the Spectrum-Röntgen-
Gamma Mission is performing a series of eight half-year long X-ray all-sky surveys. The observing
cadence and sensitivity during each survey provides an unprecedented opportunity to explore the X-
ray transient and variable sky on timescales from seconds to years.
One of the source populations of particular interest for scientists in the HE Group are Tidal Disruption
Events (TDEs). These transients occur when a star is torn apart by the gravitational forces around a
supermassive black hole and can be detected as month-to-year long lasting, soft (kT<200eV) X-ray
transients associated to recently dormant galaxies. Here we provide a first glimpse at findings from
the first four all-sky surveys.

Key Findings:
• eROSITA uncovers new X-ray soft nuclear transients at a rate of ~80 per year (German half-sky).
• There are ~4 exceptionally bright events per year (f0.2-5keV >10-12 erg/cm2/s). Emphasis has so far

been on the study of the most extreme events (Malyali et al. 2021, 2022; Liu et al. 2022; Grotova
et al. 2021).

• X-ray follow-up with XMM, Swift, NICER, and Chandra, as well as UV monitoring with Swift
and XMM have proven to be vital for deciphering the nature of the events and removing
remaining contaminants.

• Extensive optical spectroscopic campaigns at 2-10m class telescopes, as well as optical/near-IR
photometry with GROND, show that only ~5-10% of the cases show an optical response.
eROSITA thus uncovers a TDE population well distinguished from those of optical wide-field
surveys strengthing the interpretation that the optical and X-ray emission might arise from
different location in the system (accretion disk vs tidal stream interaction)

• X-ray lightcurves only rarely follow the canonical t-5/3 behaviour and flares and re-brightening
eposides are commonly observed.

Tidal Disruption Events with eROSITA

Selection:
TDE candidates are selected from the
eROSITA source catalogs, as new, or
significantly brightened, soft X-ray
sources with probable associations to
previously non-active galaxies. Obvious
Galactic foreground objects are removed
via Gaia proper motion and a selection
against AGN is performed using
ALLWISE colors.

The figure on the left shows the sky
distribution of 128 candidates identified
from the 2nd to 4th all-sky survey in the
German half of the eROSITA sky. The
color and size of the symbols reflect the
spectral softness (darker = lower black
body temperature) and count rate,
respectively.
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Z. Liu, I. Grotova, A. Malyali, A. Merloni, A. Rau

eRASSt J045650-203751 (hereafter J0456-20) is a nuclear transient with extreme X-ray variability
discovered by SRG/eROSITA in a quiescent galaxy at redshift of 𝑧 ∼ 0.077. The X-ray luminosity
peaked at an 0.2 − 5.0 keV luminosity of ~1.2×1044 erg s−1 and then dropped drastically by a factor
of > 1000 within 2 weeks. Following a second rise phase, this rapid X-ray drop occurred again about
227 days later, suggesting J0456-20 as a likely repeated X-ray nuclear transient. A repeated behavior
was also detected in the UV. QPOs with periods of 4166s and 25000s have been detected at ∼ 3𝜎
confidence level from two XMM-Newton DDT observations, respectively. On the other hand, no
significant optical or radio variability was seen. The X-ray/UV variability of J0456-20 is likely due to
a repeated partial tidal disruption event (TDE), while the drastic X-ray flux drop could be explained
by an accretion state transition.

• J0456-20 is one of brightest X-ray nuclear transients in a quiescent galaxy detected by eROSITA
so far. It shows no significant optical variability, emphasizing the importance of X-ray selection to 
study the diversity and the multi-band emission mechanism of nuclear transients.

• The recurrent X-ray/UV flares can be explained by a repeated partial TDE. The X-ray/UV flares 
are then due to accretion onto the SMBH when the remnant stellar core passes the pericentre.

• The rapid X-ray drop/UV increase is then explained with accretion state transition, i.e., from a 
slim disc to a standard thin accretion disc. During the transition the overall SED shifts from soft 
X-ray dominated to UV dominated. 

• The detection of QPOs suggest that the inner radius of the accretion disc is close to the inner-most 
stable circular orbit (ISCO).

Deciphering the extreme X-ray variability of a nuclear 
transient: a likely partial tidal disruption event

References:
• Liu, Z.,  et al. 2022, in prep. • Predehl, P., et al. 2021, A&A, 647, 1

X-ray/UV light curve. Points with arrows indicate
upper limits. The extreme X-ray flux drop by a factor
of > 1000 within 2 weeks, accompanied by a rise in
UV, is clearly shown at around MJD 59284. Such
variability occurred again at around MJD 59511.
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The power spectral density calculated
from the XMM-Newton data. A QPO
is detected at ∼ 3𝜎 confidence level
with frequency at 2.4×10−4 Hz.

Plateau

Rapid drop

Plateau Rapid drop



A. Malyali, A. Rau, A. Merloni, K. Nandra, J. Buchner, Z. Liu et al. 

In Malyali et al. (2021), we reported on SRG/eROSITA, ZTF, ASAS-SN, Las Cumbres, NEOWISE
and Swift XRT/UVOT observations of the unique event AT 2019avd, located in the nucleus of a
previously inactive galaxy at z=0.029. eROSITA first observed AT 2019avd on 2020-04-28 during its
first all sky survey, when it was detected as an ultra-soft X-ray source (kT~85 eV) that was >90 times
brighter in the 0.2-2 keV band than a previous 3 sigma upper flux detection limit (with no archival X-
ray detection at this position). The ZTF optical lightcurve in the ~450 days preceding the eROSITA
detection is double peaked, and the eROSITA detection coincides with the rise of the second peak.
The first peak can be interpreted as resulting from the circularization of the debris stream, while the
second peak could originate from the delayed accretion (Chen et al. 2021). Follow-up optical
spectroscopy shows the emergence of a Bowen fluorescence feature and high-ionisation coronal lines,
along with persistent broad Balmer emission lines (FWHM~1400 km/s). Whilst the X-ray properties
make AT 2019avd a promising tidal disruption event (TDE) candidate, the optical properties are
atypical for optically-selected TDEs. This work implies that the X-ray properties of a nuclear transient
alone are not always able to distinguish between different physical origins of the large-amplitude
variability seen in galactic nuclei, with more complex variability behaviour possibly present in the
multi-wavelength datasets.

AT2019avd: a novel addition to the diverse population of 
nuclear transients

References:
• Malyali et al., 2021, A&A, 647, A9 • Chen et al., 2021, arXiv:2106.08835 
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NEOWISE (non-host 
subtracted, top) and ZTF/ 
SEDM (middle) lightcurves of  
AT 2019avd, with the 
immediate 0.2-2 keV X-ray 
history shown in the bottom 
panel. eROSITA's eRASS1 
detection and the Swift
observation from 2020-09-16 
are the empty and filled black 
markers, respectively. The 
solid grey vertical line marks 
the MJD of the eRASS1 
observation, whilst grey 
dashed lines mark the times of 
the NOT and the first 
FLOYDS spectrum. No 
significant variability before 
the initial 2019 outburst is 
observed in the host nucleus of 
AT 2019avd with archival 
NEOWISE and ASAS-SN 
observations.



J. Greiner, J.M. Burgess, F. Berlato, A. Tsvetkova

The accurate localisation of gamma-ray bursts remains a crucial task, with the study of kilonovae after
neutron star mergers being a recent urgent requirement. Gravitational wave detectors are expected to
provide locations to not better than 10 square degrees over the next decade. With their increasing
horizon for merger detections also the intensity of the gamma-ray and kilonova emission drops,
making their identification in large error boxes a challenge. Here we propose to equip some of the
second generation Galileo satellites with dedicated GRB detectors. This saves costs for launches and
satellites for a dedicated GRB network, the large orbital radius is beneficial for triangulation, and
perfect positional and timing accuracy come for free. We present simulations of the triangulation
accuracy, demonstrating that short GRBs as faint as GRB 170817A can be localised to 1o radius (1σ).

The work reported in this paper has been partly 
funded by the EU under a contract of the European 
Space Agency in the frame of the EU Horizon 2020 
Framework Programme for Research and Innova-
tion in Satellite Navigation. Responsibility for the 
content  resides in the author(s) or organization that 
prepared it.

A proposed network of Gamma-ray Burst detectors
on the  Global Navigation  Satellite System Galileo G2

Simulations:
We perform a comprehensive simulation including 
(i)  different detector geometries, 
(ii) different number of the 24 G2 satellites     
equipped with a detector, 
(iii) simulate a GRB light curve sample which 
reproduces the duration and intensity distribution, 
(iv)  compute the sky coverage and localisation 
error using classical cross-correlation as well as a 
newly developed forward-folding technique 
(Burgess+2021).

References:
• Greiner J., Hugentobler U., Burgess J.M., Berlato F., Rott M., Tsvetkova A., 2022, A&A (subm.)
• Burgess J.M., Cameron E., Svinkin D., Greiner J., 2021, A&A 654, A26
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Sky coverage for one time slice (left), averaged 
over one  Galileo orbit (middle) and the averaged 
localisation accuracy (right) for the faintest GRB 
intensity bin for 9 different detector geometries.

Results:
The GNSS provides a close-to-perfect satellite 
system for GRB localisation of via triangulation. It 
provides a very promising compromise between 
satellite baselines, number of satellites, and 
required size of GRB detectors to reach sub-degree 
localisations. We suggest to equip at least 12 
satellites, four per orbital plane, with a 4-side 
(excluding nadir and zenith) looking detector, each 
side with 3600 cm2 and 1 cm thickness. This will 
provide sub-degree localisation, in particular for 
faint short-duration ones such as GRB 170817A, as 
expected from binary neutron star mergers to be 
routinely measured in the upcoming runs of the 
worldwide gravitational wave detectors.



E. Schösser, J. Greiner, D. Bégué, J.M. Burgess, et al.

A recent open issue is the origin of an observed late rebrightening in some GRB afterglow light-
curves. One explanation for the sudden late flux increase is the collision of a late ejected blast wave
by the central engine with an earlier ejected one which decelerates into the external medium. During
the collision, heat energy is produced which is converted into additional radiation. In previous work, a
fully adiabatic hydrodynamic model of the evolution of both shells was created and coupled to a
radiation code. By fitting this model to GROND data, constraints on the shells’ properties such as their
Lorentz factor, energy, and their environment can be found. The additional optical flux enhances
p-𝛾𝛾 interactions in the outflow, producing up to ten times more neutrinos than the standard model.
This enhanced neutrino emission could be detectable with future neutrino detectors.

• GRB100621A: best multi-wavelength 
data coverage of GRB with jump 
component (purple: J band afterglow 
light curve)

• Using nested sampling, best fit model 
parameters are found yielding the green 
modelled light curve

Constraining GRB Afterglow Fireballs 
with Late Two-Shell Collisions

High-Energy Astrophysics

• Decelerating first blast wave
• Late activity central engine
• Ejection of late second shell 

• Collision of shells
• Use solution of Riemann 

problem

• After collision, evolution 
of shells described by 
merged decelerating shell

Central
Engine

External medium
𝜌𝜌ext ∝ 𝑅𝑅−𝑘𝑘

Γ1(t)Γ2 Γ1(tc) Γm

• Cumulative number of produced muon neutrinos 
expected at Earth increases by order of magnitude 
in presence of late shell collision for ISM case

• GRBs with enhanced muon neutrino emission 
show promising future detection prospects with 
future neutrino detectors as IceCube-Gen2 radio

References:
• Greiner J., et al., 2013, Astronomy and Astrophysics, 560, A70
• Schösser E., 2020, Bachelor thesis
• Guarini E., Tamborra I., Bégué D., Pitik T., Greiner J., 2021, [arXiv:2112.07690]



A. von Kienlin et al. / GBM-Team

The fourth Fermi-GBM Gamma-Ray Burst Catalog contains 2356 GRBs spanning 10 years. The
intention of the GBM GRB catalog series is to provide updated information to the community on the
most important observables of the GBM-detected GRBs. For each GRB the location and main
characteristics of the prompt emission, the duration, peak flux, and fluence are derived. Furthermore,
information is given on the settings of the triggering criteria and exceptional operational conditions.
The merit of GBM is also shown by its overall trigger statistics. In addition to triggering on GRBs, it
triggered on other cosmic (1176 solar flares, 258 soft gamma repeater bursts, 407 Galatic sources) and
terrestrial sources (880 TGFs) where the data have been used in numerous scientific publications.

Figure 1: Two-dimensional histogrammed probability
density plot of the spectral hardness vs. duration (T90)
accounting for the uncertainties of both parameters. The color
bar provides the color mapping for the number of bursts per
pixel. The plots attached to the top and right are the
projections of the individual histogrammed probability
densities of duration and hardness. Lognormal bimodal fits
(green line) together with individual lognormal fits to the
long (blue line) and short (red line) GRB classes are
overplotted in the duration histograms.

The 4th Fermi-GBM Gamma-Ray Burst Catalog:              
A Decade of Data

The standard representations of the
catalog quantities and analysis
results such as the sky distribution
of GBM-triggered GRBs locations,
the histograms of GRB T90- and
T50-durations and the integral
distributions of GRB peak fluxes
and fluences resemble the known
characteristics for the now larger
sample. However, for the
presentation of the GRB duration
versus hardness and the duration
and hardness distributions themself
a more realistic presentation
including the parameter un-
certainties was introduced (Fig. 1).
The investigation shows, that about
one quarter of the GRBs are belong
to the short duration class, likely
originating from merger of compact
objects. This is significantly greater
than the fraction derived when
applying the conventional definition
based on GRB duration ≤ 2 s. This
supports the result of the search for
GBM GRBs similar to GRB
170817A, presented in von Kienlin
et al. (2019), which already
revealed candidate short GRBs with
a T90 duration up to 3.3±2.1s.

References:
• von Kienlin, A. , et al. 2020, ApJ 893, 46 • von Kienlin, A., et al. 2019, ApJ, 876, 89
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P. Predehl, W. Becker, H. Brunner, M. Freyberg, F. Haberl, C. Maitra, A. Merloni, K. Nandra, G. Ponti, 
J. Sanders, A. Strong

The North Polar Spur is the largest and most prominent emission structure in the X-ray sky. Its origin
has been debated for decades - a nearby supernova remnant or a galactic structure emanating from the
center of the Milky Way. With eROSITA dwe could confirm that a pair of symmetrical X-ray bubbles
emerge from the Galactic Centre, extending over 80–85° above and below the Galactic Plane and
include a structure in the southern sky which resembles the North Polar Spur. These X-ray bubbles are
closely related to features seen also in γ-rays, the so-called Fermi-Bubbles.
Our discovery has already been made with data from the first of eight sky surveys. The analysis will
continue as the surveys progress (see an accompanying Abstract by A. Strong et al.) .

The Detection of the eROSITA Bubbles

References:
• P.Predehlet al. 2020, Nature 588, 277
• J. Kataoka 2020, Nature Astronomy 5,11
• A. Merloni, K.Nandra, P.Predehl2020, Nature Astronomy 4, 
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Schematic of the geometry of the Fermi and
eROSITA bubbles. (FBs and EBs, respectively.

A composite image of the
eROSITA bubbles (0.6–1-
keV band; cyan) and the
Fermi bubbles (GeV
emission; red, adapted
from Selig et al. 2015)
showing their close
relation.

Large energy injections from the Galactic Centre
are the most likely cause of both the γ-ray and X-
ray bubbles. This could be due to strong shocks
during an explosion that happened over 15
million years ago. The total energy of the shock-
heated X-ray emitting gas amounts to ~1056 erg,
sufficient to perturb the structure, energy content
and chemical enrichment of the circumgalactic
medium. The sharp outer boundary of the
eROSITA bubbles clearly traces the forward front
of a non-radiative (or adiabatic) shock, while the
boundary between the eROSITA and Fermi
bubbles may be a reverse or termination shock.

It is uncertain whether this energy output was due
to AGN activity or a nuclear starburst. An
indication of more activity was the detection of
"reflection nebulae" observed in molecular
clouds, showing that Sgr A* was 105-106 times
brighter about 300 years ago than it is today. It
could also be a frequently recurring process.



A. Strong, P. Predehl / eRosita Team

In its first full-sky X-ray survey, eRosita discovered enormous bubble-like objects stretching to several
kiloparsecs above and below the Galactic plane, and roughly symmetric about the Galactic centre.
Now eRosita has completed four out of the projected eight sky surveys, which enables deeper and
more sensitive skymaps to be generated. Spectral ratios reveal the sharp boundaries clearly, due to
the contrast in spectral index.The geometry and morphology of the eRosita bubbles can be studied in
more detail by comparing models with the latest skymaps. The relation to the Fermi bubbles seen in
gamma rays is still to be clarified.

Pursuing the eRosita Bubbles after 4 Sky Surveys

References:
 Predehl, P, et al. 2020, Nature 588, 227  …
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The discovery of the eRosita Bubbles (Predehl et al 2020) is described in an accompanying Abstract 
(Predehl). This used the first sky survey including the data from the full sky.

Now with 4 sky surveys completed, the analysis is continuing on the hemisphere assigned to the 
German eRosita Consortium.
• The skymap shows the 0.3-1.5 keV intensity in a HealPix equal-area projection, centred on the 

northern and southern bubbles to highlight their circular geometry.
• The intensity ratio skymap (0.8-2.3 keV)/(0.3-0.8 keV) reveals the sharp contours of the bubbles 

more clearly than the single intensity map, since the spectral index differs from that outside and 
inside the bubbles.

• A simple  geometrical modal with  thick shells of emission gives a first-order approximation to the 
observed map; the centres of the shells are ~7 kpc above and below the Galactic plane, with 
thickness 2 kpc. The bubbles are inclined to the vertical on the sky, which implies that the centres 
are not directly above the Galactic centre, but offset by about 1 kpc, and not fully symmetric.                              

This model is  overlayed on the eRosita map.

This analysis is in its initial stages, and continues in the German eRosita working group.

North

South



N. Locatelli, X. Zheng & HotMilk team

The first all-sky maps of high ionization lines observed in X-rays by eROSITA promise to
revolutionise the study of the hot phase (T ∼106 K) of the Milky Way circumgalactic medium. We
present the analysis of the OVII , OVIII and NeIX detected lines in the eROSITA data aimed at
constraining the overall geometry and density distribution of the hot gas phase around our Galaxy. We
find that the recently discovered eROSITA bubbles ask for a recast of our understanding of the hot
phase geometry by introducing a so far unknown bias in previous line emission studies. After
accounting for the bias, we find that a spherical geometry alone can not describe the all-sky emission
in the analyzed bands. Our results favor the presence of an oblate spheroidal component, which we
attribute to a Galactic hot corona.

The Milky Way hot halo and corona as seen by eROSITA

The study of the hot
phase of the Milky Way 
circumgalactic medium 
by means of absorption
or emission lines [1,2], 
requires loose
assumptions on the
physical model of the
plasma producing the
lines. In particular a 
single phase (e.g. 
constant temperature) 
model at high galactic
latitudes simplifies the
analysis of the data and 
is supported by spectral
evidences [3,4]. Under
this assumption
however, the emission
at high latittudes and 
within |l|<70 deg can not 
be included anymore in 
the analysis after the
discovery of the
eROSITA bubbles
dominating the emission
in that region and thus
biasing the model fit.

References:
[1] Henley, D. B. & Shelton, R. L. 2012, ApJS, 202, 14 [2] Miller, M. J. & Bregman, J. N. 2015, ApJ, 800, 14
[3] McCammon, D. et al. 2002, ApJ, 576, 188 [4] Yoshino, T., et al. 2009, PASJ, 61, 805
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After removing the regions dominated by the eROSITA bubbles (and other foregrounds), we fit 
images of the first eROSITA All Sky Survey data (eRASS1) made in a narrow energy range, centered 
on the OVIII line [0.6-0.7 keV]. We assume a collisionally ionized plasma at temperature T=2.2 x 106

K and use different geometries for the plasma density. An axisymmetric (spherical) geometry, 
expected by theory in the shape of a large scale (~300 kpc) virialized halo, underestimates the OVIII 
surface brightness at low galactic latitudes and overestimetes the data at high latitudes. The residual 
trend with respect to latitude can be removed by allowing a flattened geometry (oblate spheroid) of 
the hot plasma.



J. Comparat, N. Truong, A. Merloni, A. Pillepich, G. Ponti, S. Driver, et al. 2022

The circum-galactic medium (CGM) plays an important role in galaxy evolution as the main interface
between the star-forming body of galaxies and the surrounding cosmic network of in- and out-flowing
matter. In this work, we aim at characterizing the hot phase of the CGM in a large sample of galaxies
using recent soft X-ray observations made by SRG/eROSITA.
We stack X-ray events from (eFEDS) around central galaxies in the GAMA 9hr field to construct
radially projected soft X-ray luminosity profiles as a function of their stellar mass and specific star
formation rate.
This is a stepping stone towards a more profound understanding of the hot phase of the CGM, which
holds a key role in the regulation of star formation. Future analysis using eROSITA all-sky survey
data, combined with future generation galaxy evolution surveys, shall provide much enhanced
quantitative measures and mappings of the circum-galactic medium and its hot phase(s).

• For quiescent galaxies, the X-ray profiles are clearly extended throughout the available mass 
range; however, the measured profile is likely biased high due to projection effects, as these 
galaxies tend to live in dense and hot environments.

• For the most massive star forming samples (≥ 1011 Msun), there is a hint of detection of extended 
emission. On the other hand, for star-forming galaxies with < 1011 M the X-ray stacked profiles are 
compatible with unresolved sources and consistent with the expected emission from faint active 
galactic nuclei (AGN) and X-ray binaries.

• We measure for the first time the mean relation between average X-ray luminosity and stellar mass 
separately for quiescent and star-forming galaxies. We find that the relation is different for the two 
galaxy populations: high-mass (≥ 1011 Msun) star-forming or quiescent galaxies follow the 
expected scaling of virialized hot haloes, while lower mass star- forming galaxies show a less 
prominent luminosity and a weaker dependence on stellar mass, consistent with empirical models 
of the population of weak AGN.

• When comparing our results with state-of-the art numerical simulations (IllustrisTNG and 
EAGLE), we find an overall consistency on the average emission on large (> 80 kpc) scales at 
masses ≥ 1011Msun , but disagreement on the small scales, where brighter than observed compact 
cores are predicted. The simulations also do not predict the clear differentiation that we observe 
between quiescent and star-forming galaxies in our samples.

The eROSITA/eFEDS: X-ray emission around star-
forming and quiescent galaxies at 0.05 < z < 0.3

Reference:
• Comparat et al. 2022, submitted to A&A. Arxiv 2201.05169
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T. Siegert, M. M. M. Pleintinger, R. Diehl, J. Greiner, and C. Weinberger

The MeV γ-ray band is the most under-explored region in the entire electromagnetic spectrum. Despite 
the huge instrumental background in soft γ-ray telescopes, we were able to improve significantly upon 
historic and recent measurements thanks to our newly developed high-resolution background method. 
Here, we summarise results from the last three years that we achieved using the spectrometer SPI 
onboard INTEGRAL. This includes massive star evolution, nova nucleosynthesis, the position of the 
Solar System in the Milky Way, low- and high-energy cosmic-ray (CR) physics, and a path to a solution 
of the ‘511 keV positron puzzle’ with standard astrophysical sources as well as dark matter (DM).

Diffuse Emission in the Gamma-Ray Band

Diffuse Galactic Emission Spectrum [1]: 
The Milky Way in the MeV range is dominated by 
different components depending on energy. The 
underlying continuum emission originates from 
inverse Compton (IC) scattering of CR GeV 
electrons on the interstellar radiation field. 
Measuring the shape of the IC spectrum determines 
the propagation parameters and CR environment in 
the Galaxy (green, [2]). Between 0.2 and 0.511 MeV, 
the annihilation of low-energy positrons with mostly 
bound electrons leads to a rising continuum 
(Positronium, Ps) and the strong 511 keV line. 
Measuring the Ps component in detail allowed us to 

determine the propagation length of mildly 
relativistic positrons in the bulge region until 
they annihilate in the interstellar medium (ISM) 
for both, the bulge region (<400 pc) and the 
nuclear stellar clusters (150±50 pc) (cyan, [3]). 
Using a DM density profile, we exclude the 
fraction of DM from primordial black holes up 
to a mass of 4⨉1017 g (gray, [1]). 
The MeV band also holds several nuclear lines 
of which we could identify five as different 
astrophysical messengers. Measuring the 
morphology and shape of the 26Al line at 1.809 
MeV determines the supernova and star 
formation rate (SNR, SFR) in the Milky Way, as 
well as the explodability of massive stars. We 
find a core-collapse SNR of 1.4–2.0 per century, 
associated with a SFR of 4 M /yr (orange, [4]) 
from our Galactic-wide population synthesis 
model [5]. Because of the high significance of 
the 26Al line, we were able to determine the 
height of Solar System above the Galactic plane 
for the first time with γ-ray measurements to 
17±12 pc (orange, [6]). Given our measurements 
of the 60Fe lines at 1.173 and 1.332 MeV, which, 
unlike 26Al, only occur after supernovae and not 
during the Wolf-Rayet wind phase, we can 
determine a ratio of 60Fe/26Al of 0.18±0.04 
which would imply an even higher SFR >6.5 
M /yr (orange, [7]). Novae have never been 
observed in MeV γ-rays. They are believed to 
produce major amounts of 7Li in the Galaxy 
through (recurrent) explosive nucleosynthesis on 
white dwarfs. For the first time, we could limit 
the amount of 7Li and 22Ne produce by novae in 
the Milky Way through a Bayesian hierarchical 
model (orange, [8]). 

References: 
[1] Siegert. Calore et al. (2022, submitted to PRL); [2] Siegert, Berteaud et al. (2021, A&A); [3] Siegert, Crocker et al. (2021 
MNRAS); [4] Pleintinger, Siegert et al. (2019, A&A); [5] Pleintinger (2020, PhD thesis); [6] Siegert (2019, A&A); [7] Wang, 
Siegert et al. (2020, ApJ); [8] Siegert, Ghosh et al. (2021, A&A)
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R. Diehl, M. Pleintinger, T. Siegert, M. Krause, W. Wang, et al.

Cosmic nucleosynthesis in stellar interiors and explosions create radioactive isotopes, alongside with
other new nuclei. We take the examples of two isotopes with lifetimes of Myrs, and show how they
are emerge from nuclear-reation networks in dense GK hot regions, how they get ejected into
interstellar gas, how they may decay there to leave a gamma-ray signal or be transported to within the
solar system to reach spaceborn particle detectors and end up in sediments on surfaces of the moon,
antarctic ice, and oceanfloors. The different astro- and nuclear-physical processes are discussed, and
different detection methods with their results are presented.

The cosmic trajectory of radioactive isotopes
26Al and 60Fe, from creation to detection

26Al is created within a network
of charged-particle reactions and
beta decays. 60Fe involves
neutron captures and beta
decays only. Both are created
inside massive stars, in different
regions therein. Many reactions
have been measured as possible
in nuclear physics labs, with
remaining uncertainties of 30%
and more.

References:
• The radioactive nuclei 26Al and 60Fe in the Cosmos and in the solar system. Diehl R. et al., PASA review, Vol. 38, e062 (2021)
• Steady-state nucleosynthesis throughout the Galaxy. R. Diehl et al., New Astron. Reviews, 92, 101608 (2021)
• Astrophysics with radioactive isotopes. Eds R. Diehl et al., Springer Astroph. & Sp. Science Library, Vol 453 (2018)
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26Al and 60Fe decay has been
measured in the Galaxy's ISM
with great precision. The 60Fe
decay brightness is only ~20%
of that of 26Al decay, contrary to
massive-star and supernova
models which predict ratios
between 50 and 100%.
The high velocity resolution of
INTEGRAL/SPI (<100 km/s)
found that 26Al decay mostly
occurs in kpc-sized bubbles.
60Fe found in sediments on
oceanfloors demonstrates that
we live in such a bubble
ourselves.
26Al found in meteorites shows
that at solar birth we were close
to 26Al production sites, with
even higher 26Al content than
what is currently seen in gamma
rays. Presolar grains inside
meteorites provide samples of
stardust, formed close to such
sites; 26Al/27Al isotope ratios up
to unity demonstrate this.

60Fe in terrestrial
sediments

26Al and 60Fe 
diffuse γ-rays in our Galaxy

26Al gamma-ray 
Doppler shifts in our Galaxy

26Al/27Al isotope ratio
meteorites, stardust, γ-rays

massive-star interior
and evolution

Wang+, ApJ (2020)

K
re

tsc
hm

er
+

, A
&

A 
(2

01
3)

 K
ra

us
e+

 (2
01

5)

Wallner+, Sci (2021)



We show the first prelimary results for constraining the Cosmic Gamma-Ray Backgorund (CGB) with
the observed background in the Fermi/GBM NaI detectors. For this we use a physical background
model for Fermi/GBM that we derived recently [1]. It is the first physical background model capable
of fitting the observed background in all detectors and energy channels simulaneously. Due to the
physical setup of forward folding the background source components with the response into the
measured count space of the detectors, we can constrain the underlying background sources, like the
CGB.

Accurately measuring the 10-1000 keV Cosmic Gamma-
Ray Background with Fermi/GBM

High-Energy Astrophysics

Fig. 1:
The fit of the physical background 
model to one of the detectors and 
energy channels used in the total fit 
to constrain the CGB. In total we 
fitted the data of one orbit (~5700 
seconds) for two detectors and 13 
energy channels, spanning an energy 
range 9-600 keV, simultaneously.
The green band gives the Posterior 
Predictive Check (PPC) of the fit at 2 
sigma level. It shows that the fit was 
able to explain the data well. 

Fig. 2:
Best-fit CGB spectrum when fitting 
the background observed by the 
Fermi/GBM NaI detectors with the 
physical background model. Also 
previous measurements of the 
CGB/CXB are shown as comparison. 
Our result is in good agreement with 
previous results in the <100 keV 
energy range. At higher energies our 
result gives slightly higher fluxes 
compared to other measurements. 

• First time that Fermi/GBM is used to constrain CGB
• Can constrain the CGB spectrum with only a few thousand seconds of GBM data
• Can be used to constrain AGN population models in future work
References:
• [1] Biltzinger et al. 2020 A&A, 640 (2020) A8

B. Biltzinger, J. Greiner, J. M. Burgess, F. Kunzweiler



E. Gatuzz et al.

X-ray observations provided a unique way to study in detail the interstellar medium (ISM) distribution
in the Milky Way. More important, such observations allow a direct measurement of the multiphase
component of the ISM, including the cold, warm and hot components, as well as molecules and dust.
We present a detailed analysis of the gaseous component of the N K-edge and the Si K-edge using
high-resolution X-ray spectra. Our findings highlight the need for accurate modeling of the gaseous
component before attempting to address the solid component..

• In the last years we have improved our X-ray absorption models by including the most up-to-date 
and accurate atomic data available. Top left panel shows the photoabsorption cross-sections 
included for the Si K-edge

• We perform a model of the multiphase ISM by including simultaneously the cold (T~104 K), 
warm (T~105 K) and hot (T~106 K) components. Top right panel shows the best-fit obtained for 
the Si K-edge of 16 X-ray binaries spectra combined. Multiple ions for the multiphase ISM have 
been identified.

• One advantage of such analysis is that we can measure the column densities covering larger 
distances than those obtained using UV data  Bottom left panel shows the distribution of NI for 
different samples as function of the distance. Black points correspond to X-ray results.

• Future X-ray missions will resolve with detail the absorption lines which trace the ISM. Bottom 
right panel shows a 10 ks Athena simulation of the N K-edge for an extragalactic source.

Silicon and Nitrogen X-ray absorption in the ISM

References:
• Gatuzz et al. (2020), MNRAS, 498L,20G • Gatuzz et al. (2021), MNRAS, 504,4460
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W. Becker, M. Mayer, J. Sanders, A. Merloni

Using eRASS1 data we discovered a SNR at relatively high Galactic latitude, where SNRs are not
usually expected to be found. The remnant, ‘Hoinga’, has a diameter of about 4.°4 and shows a
circular shaped morphology with diffuse X-ray emission filling almost the entire remnant. Spectral
analysis of the remnant emission reveals that a spectrum from collisionally ionized diffuse gas and a
plane-parallel shock plasma model with non-equilibrium ionization are both able to provide an
adequate description of the spectral data, suggesting a gas temperature of the order of kT ~ 0.1 ± 0.02
keV and an absorbing column density of NH = (3.6 ± 0.7) x1020 cm−2. Subsequent searches for a radio
counterpart of the Hoinga remnant identified its radio emission in archival data from the Continuum
HI Parkes All-Sky Survey and the 408-MHz ‘Haslam’ all-sky survey. The radio spectral index α =
−0.69 ± 0.08 obtained from these data definitely confirmed the SNR nature of Hoinga.

The launch of eROSITA in July 2019 brought a promising new opportunity to explore the Universe.
With a Galactic supernova rate of approximately two per century and a lifetime of 60-150 thousand
years, one can expect to have of the order of 1200 SNRs in our Galaxy. However, only about 300 of
them are known to date. So, either the supernova rate has been misunderstood or a large majority of
SNRs has been overlooked so far. Given that these SNRs represent the brightest tail of the distribution
and are mostly located close to the plane, they are not representative of the complete sample.

Hoinga – the largest supernova remnant ever discovered 
in X-rays using SRG/eROSITA All-Sky Survey data

Fig a: Cut-out of the first SRG/eROSITA all-sky survey. The Hoinga supernova remnant is marked. The
large bright source in the lower quadrant of the image is from the supernova remnant “Vela”. The image
colours are correlated with the energies of the detected X-ray photons. Red: 0.3-0.6 keV, green: 0.6-1.0
keV and blue: 1.0-2.3 keV. Fig b: Composite X-ray and radio image of Hoinga. The X-rays discovered
by eROSITA are emitted by the hot debris of the exploded progenitor, whereas the radio antennae detect
synchrotron emission from relativistic electrons, which are decelerated at the outer remnant layer.

References:
• Becker, W., Hurley-Walker, N., Weinberger, Ch., et al. 2021
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M. Mayer, W. Becker, P. Predehl, M. Freyberg, et al.

Figure 2: Maps of selected physical quantities across Puppis A.
Panel A: Foreground absorption column density 𝑁𝑁H. We find quite large differences in 𝑁𝑁H, with the
most strongly absorbed region being in the south of Puppis A, consistent with the presence of a
foreground dark cloud there (Arendt et al. 2010).
B: Plasma temperature 𝑘𝑘𝑘𝑘. Variations between 𝑘𝑘𝑘𝑘 ≈ 0.35 keV at the western edge and 𝑘𝑘𝑘𝑘 ≈
0.75 keV at the northeast rim are observed. The hot temperatures there can likely be attributed to
increasingly dense material toward the Galactic plane, which is encountered by the shock wave.
C: Characteristic shock age 𝑡𝑡𝑠𝑠′. We find several signatures of recent interaction with the forward or
reverse shock throughout the 4000 year-old SNR, most prominently for a filament in the northeast,
which may have been shocked as late as 100 years ago.
D: Silicon abundance relative to solar Si/H. The silicon distribution exhibits a single pronounced
peak somewhat north of the SNR center, consistent with the presence of ejecta (Hwang et al. 2008).
Lighter elements typical for core-collapse supernovae (O, Ne, Mg) show similar, albeit more
compact, peaks there, whereas no clear signature of iron ejecta is found anywhere in the SNR.

A global view of shocked plasma in the supernova 
remnant Puppis A provided by SRG/eROSITA

Figure 1: False-color image
of Puppis A as observed by
eROSITA. The energy
ranges used for the RGB
bands are indicated in the
upper left corner.

References:
• Mayer M. G. F., et al., submitted to A&A (2022), arXiv:2110.12220 
• Arendt R.G., et al., ApJ, 725, 585 (2010)
• Hwang, U., et al., ApJ, 676, 378 (2008)
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During its calibration and performance verification phase, eROSITA performed a 30 ks scanning
observation of the X-ray bright supernova remnant (SNR) Puppis A. In our recent paper (Mayer et al.
2022), we use the acquired data set to study the physical conditions and chemical composition of
shocked plasma throughout the entire 1° extent of the SNR at unprecedented sensitivity.
In particular, we perform spatially resolved spectroscopy by modelling the emission of Puppis A in
over 700 adaptively binned regions, using a plane-parallel shock model with non-equilibrium
ionization. From our fits, we construct the distribution of key quantities such as plasma temperature,
shock age and elemental abundances across the SNR.
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F. Camilloni, W. Becker, P. Predehl, K. Dennerl, M. Freyberg, M. Mayer, M. Sasaki (in prep)

The Vela SNR complex is a region containing at least three supernova remnants: Vela, Puppis A and
Vela Jr. In the actual picture, Vela Jr is supposed to be a young and nearby SNR but this is strongly
debated in the literature as any analysis suffers from the limitation that the emission below 1 keV is
dominated by that of the foreground Vela SNR. New data provided by SRG/eROSITA allowed us to
probe in detail the physics of Vela Jr, giving indication for a young remnant scarcely interacting with
the surrounding ISM. Its spectrum seems to be uniformly featureless and well described by nonthermal
emission. eROSITA’s all-sky survey covers all of Vela Jr’s two degree extent, allowing us for the first
time after the ROSAT all-sky survey to revisit the question on the geometrical remnant center by
fitting a circle to large parts of the remnant. We find that the CCO RX J08520.1-461753 is located
almost exactly in the circle center, suggesting that it is still at its birthplace.

SRG/eROSITA observation of Vela Jr.

References:
Iyudin, A. F., Aschenbach, B., Becker, W., Dennerl, K., & Haberl, F. 
2005, A&A, 429, 225, doi: 10.1051/0004-6361:20041779
Aschenbach, B., Nature, 396, 141, doi: 10.1038/24103
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We conducted a spatial analysis and a
detailed spectral fitting on the NW rim of
Vela Jr, employing XMM-Newton
calibration observations together with
eROSITA CalPV data. Following this
analysis, the eRASS:4 data covering the
whole SNR were employed extracting the
spectra from the regions labeled ‘NW’,
‘W’, ‘S’ ,‘1’, ‘2’, ‘3’ and ‘4’ (cf. Fig 2).

Fig 1: eRASS:4 image of Vela Jr SNR in the 1.2-2.4 keV
energy band. A circle surrounding the remnant is centered
along its center which coincides with the position of the
CCO. Fig 2: Same image in 1-8 keV band where the
regions employed for spectral fitting are highlighted.

1

2

Findings from our spectral analysis suggest that the emission in inner regions appears to be a
superimposition of the contribution of Vela and Vela Jr, either suggesting a featureless continuum or
thermal continuum with subsolar abundant emission lines. The spectra from the boundary shock regions
are featureless. From the observation of the NW rim, we conclude the remnant is young and expanding
freely. Combining this result with the low density environment measured in the NW rim, we cannot
exclude an asymmetric explosion as the origin of this asymmetry.



C. Maitra, F. Haberl, M. Sasaki, P. Maggi, K. Dennerl, M. Freyberg

Between 2007 and 2020, our XMM-Newton monitoring of SN1987A yielded EPIC and RGS spectra of 
unprecedented quality. The fluxes and broadening of the numerous emission lines provide information 
on the evolution of the X-ray emitting plasma and its dynamics. The soft X-ray light curve shows a mild 
flattening after 2006 and has displayed a steady flux decline from 2014 decreasing 18% of its peak 
value by 2020. The flux in the hard band continues to increase, but at a slower rate. SRG/eROSITA also 
observed the source during its commissioning phase and the first light in Sept. and Oct. 2019. We 
investigated the spectral and flux evolution of SN 1987A in X-rays over the last fourteen years up to 
Nov 2020 and present the most up to date picture of the flux evolution of SN 1987A in the soft and hard 
X-ray band. The trend at recent epochs indicate that the emission caused by the forward shock after 
leaving the equatorial ring and by the reverse shock in the ejecta is becoming more dominant now.  This 
marks a new phase in the evolution of SN 1987A.

• SN 1987A has shown dramatic evolution in the X-ray spectrum and flux over the past ∼15 years. 

• The X-ray emission caused by the forward shock after traversing the equatorial ring and by the 
reverse shock in the ejecta is becoming more dominant, and the SNR has entered a new 
evolutionary phase.

• During its ongoing all-sky surveys, SRG/eROSITA will continue to monitor SN 1987A. This will 
provide crucial information about the new evolutionary phase of the supernova remnant. Changes 
in the emission from the forward and reverse shocks as well as in abundances and NH are expected 
and will be followed with SRG/eROSITA. This will be complemented by continued EPIC-pn
monitoring.

SN 1987A :  More than a decade of tracing the flux decline and 
spectral evolution through XMM & eROSITA observations

Reference:
• Maitra et al. 2021,  arXiv:2106.14532, Accepted in A&A for the Special Issue: The Early Data Release of eROSITA and Mikhail     
Pavlinsky ART-XC on the SRG Mission
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Day 10142-10493

Comparison of the XMM-Newton EPIC-pn
spectrum (red)  and the SRG/eROSITA (black) 
first-light observation of SN 1987A combining the 
telescope modules. The re-distribution in the 
EPIC-pn spectrum at lower energies is clearly 
seen.

Flux evolution of SN 1987A. A turnover in the 
soft X-ray flux is seen around day 10000 after 
explosion.  eROSITA fluxes (red triangles) are 
the error-weighted average flux derived from 
the simultaneous fit to the spectra of the 
commissioning and the first-light observation.
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C. Weinberger, T. Siegert, J. Greiner, and R. Diehl

Supernova explosions occur in two astrophysical types: core collapse explosions, and thermonuclear
explosions. Only heuristic and approximate astrophysical models exist, as we cannot look into these
violent events, except for sparse neutrino and future gravitational-wave signals. But in the interiors,
conditions are met for nuclear fusion reactions, which produce major amounts of radioactive 56Ni (that
makes the supernova shine), and 44Ti. 44Ti has a much longer radioactive lifetime of 85 years, and thus
can be measured for centuries after the explosion occurred, providing a diagnostic of the conditions
and dynamics of the very inner regions of supernova explosions. Characteristic gamma rays for this
decay has been measured with several telescopes. Here we report results from SPI/INTEGRAL data.

44Ti radioactivity: 
A diagnostic of supernovae of different types

References:
• Supernova diagnostics from gamma-ray lines in the young remnant phase. C. Weinberger, PhD Thesis, TU Munich (2021)
• 44Ti ejecta in young supernova remnants. C. Weinberger et al., Astron.&Astroph., 638. A83 (2020) 
• Revisiting INTEGRAL/SPI observations of 44Ti from Cassiopeia A. T. Siegert et al., Astron.&Astroph., 579. A124 (2015)
• Constraints on the kinematics of the 44Ti ejecta of Cassiopeia A from INTEGRAL/SPI. P. Martin et al., A&A, 502, 131 (2009)
• Linking 44Ti explosive nucleosynthesis to the dynamics of core collapse supernovae. P. Martin & J. Vink. NAstrRev52, 408 (2008) 
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More young supernova remnants
have been investigated for 44Ti
emission – none has been found.
Upper limits allow comparison with
models for the two types of
explosions. This graph shows that
observations agree with models and
the respective assigned explosion
types.

44Ti

44Ca

τ =85y, EC

44Sc
τ = 5.4 h, 
β+

The SPI instrument on
INTEGRAL has a broad
energy range, from 20
to 8000 keV, and thus
can measure
simultaneously the X-
and γ-rays from 44Ti
decay. This avoids
systematic uncertainties
combining different
instruments, and allows
better measurement of
Doppler shifts and
broadenings, as these
scale with photon
energy. A general blue
shift signifies that 44Ti
is ejected preferentially
towards the far side of
the Cas A supernova
remnant at 1800 km s-1,
expanding in general
with ~6400 km s-1.

The radioactive decay of 44Ti (left)
produces 3 lines, two in the hard X-ray
regime at 68 and 78 keV, and a gamma-ray
line at 1157 keV that had led to
COMPTEL's pioneering detection in Cas
A. The NuSTAR imaging X-ray
instrument could measure the image on the
right, which demonstrates that this
supernova ejected clumps of inner
nucleosynthesis products, and thus is a
non-spherical explosion; only few may be
spherical, and 44Ti γ's are a key diagnostic.



T. G. Müller & SBNAF team & TNOs-are-Cool team

About 180 trans-Neptunian objects (TNOs) and Centaurs have been observed at mid- and far-infrared
wavelengths (mainly by Spitzer and Herschel) and the brightest ones also at submillimeter and
millimeter wavelengths (mainly by ALMA and IRAM). These measurements allowed to determine the
sizes and albedos, and densities for about 25 multiple systems [1]. The derived very low thermal
inertias show evidence for a decrease at large heliocentric distances and for high-albedo objects,
which indicate porous and low-conductivity surfaces [2]. The radio emissivity was found to be low (ɛr
= 0.70±0.13) with possible spectral and rotational variations in a few cases [3,4]. The general increase
of density with object size points to different formation locations or times [5]. The mean albedos
increase from about 5%-6% (Centaurs, scattered-disk objects) to 15% for the detached objects, with
distinct cumulative albedo distributions for hot and cold classicals, the albedo of Haumea family
members is close to 0.5, best explained by the presence of water ice [1,6,7,8]. The color-albedo
separation in our sample is evidence for a compositional discontinuity in the young solar system [5].

Study of trans-Neptunian objects and Centaurs

Left side: bulk density versus the effective
diameter for thermally observed TNOs. Larger 
bodies are very likely rock-richer than small ones
possibly due to different formation locations/times
compared to smaller ones (taken from [1]).

Below: The analysis of near-IR Spitzer data of
100 TNOs shows the presence of water ice in 86% 
of the sample (in 73% mixed with amorphous
silicates and complex organics), 23% include
other ices (CO, CO2, CH4, or CH3OH) [13]. 

References:
[1] Müller et al. 2020, in “The Trans-Neptunian Solar System” (Prialnik, Barucci, Yound; eds), Elsevier, p153-181; [2] Lellouch et 
al. 2013, A&A 557, A60; [3] Fornasier et al. 2013, A&A 555, A15; [4] Lellouch et al. 2017, A&A 608, A45; [5] Lacerda et al. 2014; 
ApJ 793, L2; [6] Vilenius et al. 2014, A&A 564, A35; [7] Müller et al. 2019, Icarus 334, 39; [8] Vilenius et al. 2018, A&A 618, 
A136; [9] Müller et al. 2018, AdSpR 62, 2326; [10] Ortiz et al. 2017, Nature 550, 219; [11] Fernández-Valenzuela et al. 2019, ApJ
883, L21; [12] Kiss et al. 2017, ApJ 838, L1; [13] Fernández-Valenzuela et al. 2021, PSJ 2, 10;

High-Energy Astrophysics

Acknowledgement:
● This research has received funding from the European Union’s Horizon 2020 Research and Innovation Programme, under Grant 
Agreement no 637378, as part of the project “Small Bodies Near and Far” (SBNAF, PI: T. Müller) ● The Herschel measurements of 
our sample were conducted within the “TNOs are Cool!” project, a large Herschel Open Time Key Programme (PI: T. Müller).

As part of the EU-funded SBNAF project [9], it
was possible to merge thermal measurements
with lightcurves and stellar occulations leading
to the discovery of rings, very elongated shapes
or new satellites [e.g., 10, 11,12]. About 60 
objects of the Herschel-Spitzer sample will soon
be observed by JWST as part of the large (98.2 
h) GO programme “DiSCo-TNO: Discovering
the Composition of the Trans-Neptunian
Objects, Icy Embryos for Planet Formation“ 
(PI: N. Pinilla-Alonso). The sample includes
some of the most primitive bodies which
preserve a record of the era of planet formation.

Müller et al. (2020)

Fernández-Valenzuela 
et al. (2021)



J. Buchner

Modern astronomical data analysis judges, compares and constrains astrophysical models with
inference algorithms. The most wide-spread methods include Markov Chain Monte Carlo and nested
sampling. State-of-the art advances in nested sampling are highlighted here, including the
development and evaluation of new, more robust algorithms for large-scale data analysis of surveys,
review articles, and the software releases of PyMultiNest and UltraNest. These state-of-the-art
uncertainty quantification tools are used world-wide and in all four groups at MPE.

Reliable Uncertainty Quantification: 
state-of-the-art nested sampling algorithms

Used by others in these MPE publications:

GRAVITY K-band spectroscopy of HD 206893 B. 
Brown dwarf or exoplanet

(Kammerer et al., 2021, IR group)

Euclid: Effects of sample covariance on the number 
counts of galaxy clusters

(Fumagalli et al, 2021, OPINAS)

Constraining the Nature of the PDS 70 Protoplanets 
with VLTI/GRAVITY

(Wang et al, 2021, IR group)

Gas and star formation from HD and dust emission in 
a strongly lensed galaxy

(Jones et al, 2021, CAS)

Impact of weak lensing mass calibration on eROSITA
galaxy cluster cosmological studies - a forecast

(Grandis et al, 2019, HE group)

Awakening the BALROG: BAyesian Location 
Reconstruction Of GRBs

(Burgess et al, 2018, HE group)

Illustration of the algorithm component 
MLFriends, used in UltraNest. Within 
nested sampling, it efficiently proposes new 
model parameters which improve the fit.

At a given iteration of the nested sampling 
algorithm, the live points (black) trace out 
the current likelihood constraint, a region 
(dashed) which is unknown. The MLFriends 
algorithm (used in UltraNest) conservatively 
reconstructs the region (orange) by 
including everything within a certain, 
adaptively chosen radius of the current live 
points. Between iterations, the likelihood 
contour is elevated, making the sampled 
volume smaller and smaller. MULTINEST 
works similarly, but clusters point into 
ellipsoids.

from Buchner (2019), Collaborative Nested Sampling: Big 
Data versus Complex Physical Models (21 citations)

Review article: Nested Sampling Methods

• Buchner 2021, submitted to Statistical Surveys, 12 citations

Python software packages:

UltraNest

• Buchner 2021, JOSS, UltraNest - a robust, general purpose Bayesian 
inference engine (17 citations)

https://johannesbuchner.github.io/UltraNest/

PyMultiNest

• Buchner et al. 2014, A&A,  618 citations

https://github.com/JohannesBuchner/PyMultiNest

https://johannesbuchner.github.io/UltraNest/
https://github.com/JohannesBuchner/PyMultiNest


D. Coutinho, M. Ramos on behalf of the eROSITA Operations team

eROSITA (extended ROentgen Survey with an Imaging Telescope Array) is the the soft X-ray
instrument on board the Spektrum Röntgen Gamma (SRG) spacecraft, successfully launched from
Baikonur in July 2019. Following a 101 days cruise phase, SRG reached its final orbit around the
Lagrangian point L2, from where it has carried out already 4 full-sky surveys.
Following the successful development of eROSITA, MPE, in parallel to exploiting its scientific
outcomes, is also responsible for the health of eROSITA and its daily operation. This involves a team
of 10 people interacting on a daily basis and in real-time with Mission Control in Moscow to carry out
routine, maintenance and contingency operations. On the 7th of April 2022 eROSITA will have been
1000 days in space, none of which without the Operations Team at MPE to support it.

eROSITA operations and ground segment.

eROSITA on SRG; Mission overview and operations

References:
• Coutinho, D., et al. 2020, SPIE, 11444E, 4SC • Predehl, P., et al. 2021, A&A, 647, A1
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The SRG was launched on July 13, 2019, at
15:31 Moscow time from Baikonur,
Kazakhstan, using a Proton-M rocket and a
BLOK DM-03 upper stage.

eROSITA was placed in an L2 orbit, 1.5
million km away from Earth, which enables a
large operational flexibility for the all sky-
survey. The movement of SRG around the L2
point has a period of about half a year and has
a major semiaxis of about 750 000 km within
the ecliptic plane and about 400 000 km
perpendicular to it.

The completed SRG before launch. Besides
eROSITA, the Mikhail Pavlinsky ART-XC
instrument is also part of SRG.

Days in space 925

Days in full operating mode 839

Data downloaded ~ 420 Gb
eROSITA operations in numbers.



K. Dennerl on behalf of the eROSITA team at MPE

In order to utilize the spectroscopic capabilities provided by eROSITA cameras, the energy response
of one million pixel needs to be calibrated. This is an ambitious goal, not only because of high number
of pixels, but also because their response needs to be known as a function of CCD temperature and
time. For this purpose we have collected a total of 3.3 billion events before launch and, by using an
on-board 55Fe source (Fig 1), additionally 677 million events in space, which we have analyzed with
sophisticated tools. Together with a novel compression algorithm which we have developed for an
efficient transmission of scientific data, this enables us to reconstruct photon energies to an accuracy
of a few eV and to keep the energy resolution close to the theoretical limit (Figs 2, 3).

In order to check the quality of the energy calibration for scientific observations, we compared spectra
of the supernova remnant 1E 0102-7219, which exhibits bright and sharp emission lines (Fig 4), from
dedicated calibration observations in November 2019 and 2021. Despite excellent photon statistics, 
we could not detect significant evidence for a degradation of the energy resolution within two years.

Energy calibration of eROSITA

References:
• Dennerl, K. et al, The calibration of eROSITA on SRG, Proceedings of the SPIE, Volume 11444, 2020
• Predehl, P., et al., The eROSITA X-ray telescope on SRG, Astronomy & Astrophysics, Volume 647, 2021
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Fig 1 Internal calibration source (a), irradiating the 
CCD with emission lines of Mn-K, Al-K, and Ti-K,
reconstructed in (b) from various pixel patterns.

Fig 2 Initial FWHM [eV] 
for single pixel events
in comparison with the 
theoretical limit (dashed).

Fig 3 Temporal evolution of the CTI (a) and 
FWHM (b) from Nov 2019 to Feb 2022. 

Fig 4 Superposition of single pixel spectra
of 1E0102-7217 taken in Nov 2019 and 2021.

TM12346

1.5 keV

4.5 keV

5.9 keV



M. Freyberg, T. Eraerds, N. Meidinger, P. Predehl, A. Merloni, K. Dennerl, S. Friedrich, et al.

SRG/eROSITA is the first X-ray telescope (0.2-10 keV) at L2 and can thus serve as pathfinder for later
missions in terms of radiation environment and its effect on X-ray instrumentation at L2. The main
contribution to the observed background originates from galactic cosmic rays (primary and secondary
particles and radiation), variable components due to solar flares and coronal mass ejections (CME), as
well as solar wind fluctuations. The galactic cosmic ray flux is modulated by the solar cycle and solar
rotation by only a few %, and the background is outside the occasional flares remarkably stable.

• Top left: number of pixels per second that exceed a high-energy threshold (“MIP rate”) during the 
large solar flare on 28/29-Oct-2021, the quiescent level is indicated by the green horizontal line

• Bottom left: same as above but for unrejected X-ray events in the energy band 7-9 keV 
• Top right: a few days later a CME arrived at L2, causing an even larger X-ray rate increase
• Bottom right: 4.0-9.5 keV count rate during an 4h all-sky survey great circle, in red for 8:00-12:00 

(MSK) on 20-Feb-2022, in blue the previous great circle (4h earlier) with several sometimes only 
tens of seconds long flares.

The in-flight background of SRG/eROSITA at L2

References:
• Freyberg et al, 2020, Proceedings of the SPIE, Volume 11444, id. 114441O, doi:10.1117/12.2562709
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H. Brunner, S. Friedrich, A. Gueguen, C. Maitra, M. E. Ramos-Ceja, J. S. Sanders, I. Stewart and the eSASS team

In its third year of operation the eROSITA X-ray telescope has passed the mid-point of its planned
four-year all-sky survey observations and is currently conducting its fifth full coverage of the X-ray
sky. During each daily ground contact about 500 MByte of telemetry data are received, which are in
turn processed by the eROSITA data processing pipeline. The data processing pipeline consists of
modules which perform the functions data ingestion and preparation, event calibration, count image
and exposure map creation, source detection, and the creation of source specific data products, such as
spectra and light curves. The data products are organized into 4700 overlapping sky tiles of approx. 10
deg2 each. The total products archive size has reached about 400 TByte at this point. About one
million X-ray sources were detected and in each six month full-sky survey. Co-added data products
and X-ray source catalogs for the stacked dataset are in preparation.

eROSITA All-Sky Survey: Pipeline processing 
and data products

References:
• A. Gueguen et al., The eROSITA Science Analysis Software System eSASS (MPE Fachbeirat 2022 abstract) 
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eRASS2 

eRASS3

eRASS1 

eRASS4

We show the exposure of the first four all-sky surveys (eRASS1-4) conducted between Dec. 2019 and 
Dec. 2021. The exposure ranges from about 100 s per 6 month all-sky survey at the ecliptic equator to
more then 1000 s close to the ecliptic poles.

Pipeline chains and data products
TEL chain – event processing: performs data
preparation, pattern recognition, energy
calibration, attitude computation; creates
calibrated event files, time-ordered/per sky tile.

EXP chain – sky tile event files and images:
creates merged and filtered sky tile event files,
X-ray count images in a range of energy bands

DET chain – source detection: performs multi-
stage source detection, creates source catalogs, 
exposure, background, sensitivity, source maps

SOU chain – source specific products:
creates spectra and light curves, as well as
associated calibration products



A. Gueguen, H. Brunner, M.E. Ramos-Ceja, J. Sanders, I. Stewart / eSASS Team

The eROSITA Science Analysis Software System (eSASS) is the software package developed by the 
eSASS team for analysing data from the eROSITA telescopes. eSASS is composed of a set of 
individual programs called tasks, developed mainly in Fortran 90+. It exists in various versions 
depending on the needs (development, data reduction pipeline, scientific analysis), each of them 
containing a specific set or subset of tasks.

Support and Maintenance
• Documentation for eSASS user is available on the internal wiki 

(https://wiki.mpe.mpg.de/eRosita/EroCat). A Helpdesk facility  is also available for all installation 
and usage questions. It can also be used for bug reports. Patches when published are announced on 
the eROSITA wiki.

• The support and maintenance for the public release (EDR) is done via a forum (https://erosita-
forum.mpe.mpg.de/).

The eROSITA Science Analysis Software System 
eSASS

Versions of eSASS
eSASS exists in different versions, each of them 
made of a specific set of tasks.
• The main development version, contains all the 

tasks and is used for the testing of the latest 
algorithms. It runs only on one machine at MPE.

• Several pipeline versions are used exclusively on 
the eROSITA’s MPE server to process the raw 
data received from the instrument. Each version 
of the pipeline runs on many servers. The pipeline 
can contain experimental versions of tasks to test 
improved algorithms. The pipeline 
implementations are named eROproc_yymmdd

References:
• First eROSITA-DE public data release (EDR) - M. Ramos-Ceja
• eROSITA All-Sky Survey: Pipeline processing and data products - H. Brunner
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• The latest User Release, for the eROSITA_DE consortium members, to analyse the processed data. 
This version is deployed in the MPE servers and distributed to all the member of the consortium 
eROSITA_DE, under the name eSASSusers_yymmdd.

• A public release, available to the whole astronomical community, dedicated to a specific public 
data release (1st version for  Early Data Release eSASS_4EDR on June 2021)

Figure 1: eSASS user release dataflow

Development, Distribution 
• eSASS is distributed under the The GNU General Public License V2

(https://www.gnu.org/licenses/). This license is included with the eSASS code.
• eSASS is mostly developed in Fortran 90+. It is tested and used on Linux Ubuntu server.
• The eSASS team supports the latest user release and the public release on Linux Ubuntu, Most of 

the Linux systems should be compatible as long as they offer a gfortran10 compiler 
• For other operating systems eSASS user releases are distributed as Docker images, which can be 

used on Windows and MacOS machines.
• Each eSASS version uses a Calibration Database, available from the download web site
• New versions of the eSASS user releases are distributed roughly every 6 months.

https://wiki.mpe.mpg.de/eRosita/EroCat
https://www.gnu.org/licenses/


M. E. Ramos-Ceja, J. Comparat, S. Friedrich, A. Merloni, M. Salvato, J. Haase, and the eSASS team

In June 2021, the German eROSITA Consortium (eROSITA-DE) made public the (German-led)
observations obtained during the Calibration and Performance Verification (Cal-PV) program. This
public data release is called eROSITA-DE Early Data Release (EDR). Besides the data, the software
to analyze it was also publicly released, together with extensive documentation on the data, software
and instrument characteristics.

First eROSITA-DE public data release (EDR)

eROSITA-DE released the first set of data taken with the eROSITA X-ray telescope on board the SRG
observatory on June 28 2021. For the first time, astronomers around the world have the chance to
download and analyse data from this new powerful telescope.

The public data release is called eROSITA-DE Early Data Release (EDR) and consists of three parts:

1. Observations proposed by eROSITA-DE and obtained during the Cal-PV program. This
project took place between mid-September and mid-December 2019. During this Cal-PV phase,
around thirty different fields were observed with eROSITA as a prime instrument. These
observations have a variety of covered areas and exposures. Source catalogues for some of these
observations and Filter Wheel Closed (FWC) data were made public as well.

2. Software to analyse eROSITA observations. The eROSITA Science Analysis Software System
(eSASS) is a compilation of tasks and scripts that allow scientists to manipulate event lists and
obtain science data products. eSASS also comes with a Calibration Database (CALDB), which is
an important component in X-ray analysis.

3. Online documentation. An EDR website was created (https://erosita.mpe.mpg.de/edr/) to
describe the released observations and catalogues. Moreover, the eSASS team documented how to
download and install the eSASS software, as well as created a user guide with examples and
guidelines on how to manipulate the observations and use the different eSASS tasks. The website
also provides technical information about the eROSITA instrument and known issues. A Help
Forum is also available.

References:
• https://erosita.mpe.mpg.de/edr
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Figure 1. The main EDR site has received over
2,500 visits in a period of seven months (June
2021 – January 2022). The figure shows the
location of the users that have accessed the
website.

Figure 2. Number of EDR observations
downloads as a function of time. There have
been more than 550 downloads in the last seven
months. The eFEDS data set is the most popular,
with approximately 200 downloads.



J. Haase, R. Bender, M. Fabricius, K. Nandra & M. Salvato

In 2020 a copy of the JHU SciServer was installed at the Max-Planck Computing & Data Facility
(MPCDF) for the MPE. This local installation of the science platform serves as a collaboration tool for
the MPE-led eROSITA and HETDEX projects, allowing astronomers from both science collaborations
to work on their data in one place in a safe, yet flexible, manner. With the growing amount of data in
astronomy there is a clear trend towards science platforms where the astronomers can bring their code
to the data instead of the other way around. Large international projects such as HETDEX and
eROSITA are at the same time also getting bigger with many partners from different institutes, which
all need equal easy access to the collected data and related data sources.The MPE SciServer is a internal
working space for the collaborations while their data still is proprietary and also serves as a
development platform for the upcoming public data releases.

Status & Future
The MPE SciServer now has 130 users in total and a 
very active core group of users.
Computing hardware capabilities have recently been 
greatly increased to deal with demand.  
The technical platform of the Sciserver has already 
proven useful for creating the first public data-access 
services for eROSITA and HETDEX.

SciServer at MPE 
A Science Collaboration Tool for eROSITA & HETDEX

SciServer Features
Flexible user 
authentication/authorisation
scheme for data and computing 
resources.
Collaborative User Groups
defined by users.
Mass storage space to be allocated 
and shared by the users.
A Database server for external, 
project and sharable user data.
Compute containers to run 
Jupyter notebooks & user 
software.
Python and R modules for 
scripted remote control of the 
SciServer.

References:
• Taghizadeh-Popp, M., et al. 2020, Astronomy and Computing, 33, 100412.2001.08619.
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Screenshot of a Compute Container window in a browser: 
Python notebook in Jupyter Lab. Display of a eFEDS catalogue sample.



D. Coutinho, K. Nandra A. Rau., V. Antonelli, J. Eder, J. Müller-Seidlitz for the WFI Team

The Wide-Field Imager (WFI) is one of two focal plane instruments on-board the Athena X-ray
observatory, the second Large-class mission in the Cosmic Vision program of the European Space
Agency (ESA). The WFI will perform sensitive large field-of-view observations in the 0.2-15keV
energy range while also allowing the observation of very bright sources with high throughout and low
pile-up. It shares the focal plane with the very-high spectral resolution X-IFU instrument.
MPE leads the WFI development in both project management and system engineering activities, and
in addition develops the core of the instrument; the Focal Plane Assembly with its large DEPFET
detectors and their complex readout electronics.

The Wide Field Imager For Athena

The Athena spacecraft is depicted on the
left. The 1.4m2 (at 1keV) and 5” HEW
resolution Silicon Pore Optics Mirror
Module is surrounded by the spacecraft
service module. The 12m focal length
telescope has at its focal plane the two
instrument, WFI and X-IFU. To select
between each of the instruments the Mirror
Module is moveable. Athena will be
deployed in the Lagrangian point L1.

References:
• Meidinger, N., et al. 2020, in Proc. SPIE, 114440T
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The WFI is being developed by a consortium of
European institutes led by MPE. Institutes from
Denmark, Poland, Italy, Czech Republic and Austria
participate in the hardware development of WFI and
have significant contributions in the instrument
controller (ICPU) and in the Filter Wheel, whereas
MPE develops the system as well as the Camera Head
and the Detector Electronics.

The WFI Focal Plane Assembly is the core
of the instrument. At its center, the Camera
Head consisting of the four Large Detectors
based on DePFET sensors, developed by
MPE and HLL. Each DePFET sensor is
composed of more than 250000 pixels with
size 130μm x 130μm. Surrounding the
Camera Head are the Detector Electronics
boxes that control and read-out the
Detectors and enable the read-out cadence
of 5ms.



V. Antonelli on behalf of the Filter Wheel team

The Filter Wheel is one of the complex systems within the WFI and is composed of two main parts:
the “Filter Disc”, which is the moving piece where each functional component is mounted on, and the
“Motor Gear Unit”, which is composed of the Stepper Motor and the Gearing that move the disc. The
Filter Wheel housing is the Primary Structure on which also the Camera Head is connected. The
development of the subsystem is the combined effort of several partners in the WFI consortium.

The main design drive for the filterwheel is the reduction of the very high sound-pressure levels -
produced by the Ariane rocket at launch on the optical blocking filters. In particular the filter for the 
large detector array, with its large surface area (160 mm x 160 mm) and low thickness ( about 30 
nm), is very delicate and very sensitive to noise and vibration. A failure of the filter during launch 
would mean poor science observation and cause shorts. 

Vibro-acoustic tests were carried out to verify the optical blocking filters could withstand the 
acoustic loads. In the same tests, several design parameters were varied allowing a better 
understanding of the system and allowing the optimization of both disc and primary structure. Vibro-
acoustic simulations were performed and validated with the vibro-acoustic tests. The validated 
numerical model has been used to verify the improved design. 
Vibration tests of the filters have finally validated their design and proven technology readiness.

Also the design of the MGU has been validated with a breadboard aiming at the verification of the 
requirements. A dummy filter disc with same mass and mechanical characteristics has been used for 
this breadboards.

Development of the Filter Wheel for WFI

References:
• Marco Barbera et al., ATHENA WFI optical blocking filters development status toward the end of the instrument phase-A. In 

Proceedings of SPIE –
• Zbigniew Rarata et al, Vibro-acoustic response of spacecraft instrument subjected to diffuse sound field: Numerical simulations 

and experimental verification, Applied Acoustics, Volume 184,2021
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The Detector Electronic Box is part of the WFI Instrument of the ATHENA telescope, which has the
main task of collecting the Camera-Head-Signals, digitizing them and performing real time frame
processing.
The main DE Box components:
- FPM cassette: Frame Processing Module
- PCM cassette: Power Conditioning Module
- GIM cassette: Galvanic Isolation Module
Each cassette consist of an aluminium frame and a printed circuit board. (PCB)
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DE Box in the WFI assembly:
- Large Detector DE Box vertical (DE 1 and DE 4)
- Large Detector DE Box horizontal (DE 2 and DE 3)
- Fast Detector DE Box vertical (DE 5)

Important dimensions of the DE Box:
- length = 317 mm
- breadth = 297 mm
- height = 154 mm
- weight = 9,7 kg (DE vertical)

= 8,7 kg (DE horizontal)

A bread board model for the Athena WFI Frame
Processing Module (FPM) has been developed,
manufactured and assembled at MPE.
The Printed Circuit Board (PCB) conforms to ESA
standard ECSS-Q-ST-70-12C.
The hardware takes into account mechanical and
thermal requirements.
The unit is in the test phase.

Feature Value

Frame Material Aluminium AW-7075 T651 / AlZn5,5MgCu_3.4365

PCB Material Epoxid HITACHI MCL-E-705G

B. Mican 

Fig. 1: Detector Electronic Box design, Camera Head, interface side

Fig. 3: WFI Detector Electronic Box sections

Fig. 2: Position of the DE Boxes in the WFI instrument

Fig. 4: Preliminary FPM (assembled hardware)

Detector Flexlead

GIM cassette

PCM cassette

FPM cassette
Thermal Interface area

PCB PCM
PCB FPM

PCB GIM

DE 3
DE 2 DE 5

DE 4
DE 1

(CH)

Mechanical design of the Detector Electronic Boxes 
for WFI



J. Frank, R. Strecker, D. Pietschner, K. Dittrich, V. Antonelli

The Wide Field Imager (WFI) is an instrument on-board Athena that is capable of high-resolution X-
ray imaging and spectroscopy. The project has entered phase B and the design is evolving by detailed
structure development and interface requirements definitions. Structural analysis is assisting the
design by computational verification. One of the main loads that the instrument has to face are
dynamic vibrations during launch induced by engine noise. The dynamic loads can be separated in
quasi-static acceleration, low-frequency dynamic response (0-100 Hz) and high-frequency vibration
response (20-2000 Hz). In conceptual state, the WFI is analysed against dynamic properties and the
overall system as well as subsystem resonance frequencies are decoupled. The dynamic response of
sensitive components is evaluated and tested in structural breadboards. Frequency spectra for test
models are derived for vibration tests carried out at the MPE shaker facility. With the results, the
numerical models are correlated and the designs can be further improved.

Dynamic analysis and vibration tests for Athena WFI

Modal analysis of WFI is performed to assess the eigenfrequencies and mode shapes of subsystems. 
The design is adapted to achieve a frequency that decouples each subsystem from others to avoid 
amplification of resonances. The dynamic vibration response is evaluated by maximum allowable 
stress/displacement levels of components based on material strength and functional requirements. The 
sensitive components within WFI are: (1) the sensor within Large Detector Array and (2) the optical 
blocking filter on the Filter Wheel. Related to the sensor is the relative displacement to PCB which is 
related to bond wire displacement. Both subsystems are tested in structural breadboards at MPE. For 
that, the structural components are optimized such that the acceleration response is within the design 
limit loads. The load spectra are generated on interfaces of subsystems by dynamic system analysis 
and interface response derivation. 
The dynamic response predicted by numerical analysis is correlated with the measurement data. The 
damping values can be calculated and fed back into analysis to predict more precisely. The response 
prediction is adapted during the first runs of a test. Apart from typical acceleration sensors, scanning 
laser vibration measurement is applied to measure acceleration fields of very light and sensitive 
components, e.g. filter. With that, the modal shapes can then also be correlated. 

References:
• Giancarlo Parodi et al., "Structural modelling and mechanical tests supporting the design of the ATHENA X-IFU thermal filters and 

WFI optical blocking filter," Proc. SPIE 10699, Space Telescopes and Instrumentation 2018: Ultraviolet to Gamma Ray, 106994C 
(6 July 2018); https://doi.org/10.1117/12.2314451 

• Jintin Frank et al., "Structural analysis of Athena WFI Large Detector Array," Proc. SPIE 11444, Space Telescopes and 
Instrumentation 2020: Ultraviolet to Gamma Ray, 114443W (13 December 2020); https://doi.org/10.1117/12.2560668 
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J. Reiffers

The Wide-Field Imager (WFI) is one of the two focal plane instruments on-board the Athena X-ray
astronomy mission, the second Large-class mission of the European Space Agency. Athena is planned
to be launched in 2034 and will be stationed in Lagrange point L1, from where it will perform
observations in the X-ray spectrum, from 0.2keV to 15keV. The Frame Processing Module (FPM) is
part of the Detector Electronics (DE) of the Athena WFI, which has the main task of reading out the
WFI detector array, digitizing it and performing real-time frame processing and event extraction,
using offset correction and threshold maps. The high number of pixels on each detector (512x512), the
fast readout cycle (5ms) and the complex sequence of digital signals required to read out the WFI
detectors present some stringent design requirements on the electronics used in the FPM as well as on
the programmable logic implemented in the selected Field Programmable Gate Array (FPGA).

A preliminary engineering
model for the Athena WFI
Frame Processing Module
has been developed and
assembled at MPE. The
printed circuit board (PCB)
conforms to ESA standard
ECSS-Q-ST-70-12C and all
components were selected in
such a way that they meet
the requirements for
radiation tolerance and are
available as space qualified
variants. The hardware takes
into account mechanical and
thermal requirements. This is
especially relevant for the
FPGA, which has a CCGA
package that is susceptible to
vibration loads. A prototype
for a mechanical frame has
been developed to meet this
requirements.
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Feature Value

Camera Head I/F Readout of up to 512x512 pixels (large WFI-Quadrant )  

Frame Processing FPGA Rad hard RTG4 (Microsemi) with triple redundancy flip flops

JTAG I/F Fully reprogrammable FPGA configuration during flight.

ADC Array 8 channels (14 bit / 80 MSPS)

External Memory High speed memory for science data processing

Science Data I/F Space Wire (nominal and redundant)

EGSE Raw Data I/F Gigabit Serdes for raw data transmission (debugging on ground)

Hardware development of 
Athena WFI Frame Processing Module

Fig. 1: WFI Detector Electronic Boxes Fig. 2: DE Box design

Fig. 3: preliminary FPM (assembled Hardware) Fig. 4: preliminary FPM (PCB)



R. Strecker

For the development of the Wide Field Imager (WFI) within the ATHENA (Advanced Telescope for
High-Energy Astrophysics) project, many detector prototypes (so called “lab modules”) equipped with
various types of DEPFET sensors are built, tested, optimized and qualified. Several test chambers are
currently used for this purpose, to test the lab modules in vacuum/cryogenic conditions.

Mechanical test setup design
for Athena WFI lab modules
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Fig.2: Large Detector test set-up in the vacuum test chamber.

To test DEPFET lab modules under cryogenic conditions, the modules are connected via flexible
thermal straps made of copper to the cryocooler inside the vacuum chamber. The modules are
mounted to a vacuum flange by means of a bracket made of low thermal conductivity material (such
as PEEK) to ensure thermal decoupling.
To enable radiation tests, a special Fe55 source holder and shutter mechanism are designed to place
the source in front of the lab module. (see Fig.1) A linear/rotary feedthrough allows varying the
distance between the source and the detector as well as shutting off the source as needed (see Fig.2).

Fig.3: Lab module assembly devices for one of the large detector quadrant.

The individual mechanical parts of the modules need to be very carefully and precisely assembled
before the DEPFET lab modules can be sent to the laboratory to be tested. Several assembling
devices, handling tools, storage and transport equipment are designed.

Bonding devices to connect circuit boards and DEPFET sensors with heatsinks as well as devices for
exact positioning of module parts while assembling are developed (see Fig.3).

Fig.1: Fast Detector test set-up in the vacuum test chamber.



J. Müller-Seidlitz on behalf of the Athena WFI detector team

The Wide Field Imager (WFI) of Athena will comprise two cameras with a high sensitivity to X-ray
photons in the energy range from 0.2 keV to 15 keV. For large scale structures, the Large Detector
Array (LDA), composed of four Large Detectors (LD) with 512 × 512 pixels each and a total sensitive
area of at least 133 mm × 133 mm, will provide a field of view of 40’ × 40’. For the observation of
bright, compact objects, a high count rate detector is provided. With its small size of only 64 × 64
pixels and a parallel readout of the two sensor halves, this Fast Detector (FD) in combination with
external filters can handle the intensity of up to 15 times the flux of a Crab-like source. Both detectors
need to fulfil the ambitious science requirements: At a readout speed of ≤ 5 ms per frame of the LDA
and ≤ 80 µs per frame of the FD, the spectral performance of ≤ 80 eV FWHM @ 1 keV photon energy
and ≤ 170 eV FWHM @ 7 keV shall be achieved. The first results with full-sized sensors in a flight-
like mechanical and thermal configuration already show the excellent spectroscopic performance.

Spectroscopic Performance of the
X-Ray Sensors for Athena's WFI

The silicon sensors for Athena’s WFI are of DEPFET type. These DEpleted P-Channel Field Effect
Transistors allow for a low noise but fast readout with their first amplification stage already in each
pixel. Even at high frame rates, the physical limit described by the Fano noise dominates the spectral
performance at higher energies. Below 1 keV photon energy, charge loss effects at the entrance
window decrease the spectral performance further. To obtain a homogeneous quantum efficiency, the
sensors are back side illuminated, were no pixel structures influence the incident photons.

Reference:
• J Müller-Seidlitz et al, SPIE 2022, in preparation
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Fig. 3: LD with the steering & readout ASICs.

Fig. 2: FD in a vacuum chamber w/ thermal I/Fs.Fig. 1: LD Mn spectrum at 500 MHz frame rate.

Fig. 4: Spectral performance for different photon 
energies measured with an FD in split frame 
readout and a total frame time of 80 µs.



V. Stieglitz on behalf of T. Doehring and the PANTER team

The reflectivity of the X-ray optics and overall telescope performance can be enhanced with the
coating layers. In this work, we aim to compare the performance of the traditional golden layers
coating to the Chromium/Iridium (Cr/Ir) sandwich layers. A test campaign was carried out at the
PANTER test facility in 2021. Two identical lobster-eye modules were used to eliminate the influence
of the other parameters; each applies different coatings. The measurements under vacuum were carried
out at several single energies, as well as low and middle energy band continuum. The proposed
combination of the Cr and Ir coating has a superior performance against the gold coating. We
summarised the optical modules, details of applied coating layers, and the characterisation results at
PANTER in this abstract [1].

Direct comparison of Ir/Cr and Au 
based reflective coatings for X-ray telescopy

For the study, two 2D lobster-eye modules in Schmidt’s 
arrangement were manufactured. The modules have 
identical dimensions and the substrate material, which 
is cut from a microchip grade silicon wafers. This 
polished material provides the required surface micro-
roughness, measured RMS was less then 0.5 nm. 
The mirrors were coated at the university of 
Aschaffenburg using sputtering method. The first one 
was coated with 60 nm of gold.
The second one was coated with a combination of 40 
nm Cr, 30 nm Ir and 6 nm Ir. The thin Cr top  bridges 
the gap in reflectivity around 2 keV, where Ir 
absorption lines are. Our simulated result with the top 
layer of Chromium Oxide also shows the improvement 
in the final reflectivity.
The images to the right show both modules, details
of the layers with actual oxidation as imaged by TEM 
(Transmission Electron Microscopy), and measurement 
of reflectivity at BESSY (Berliner 
Elektronenspeicherring-Gesellschaft für 
Synchrotronstrahlung), which was done for Cr/Ir/Cr 
mirrors.
At the start of the PANTER campaign, the focus of the 
modules was determined using the Al-K line
(1.49 keV); then a series of measurements of whole 
modules and single mirrors was performed. 
Part of these PANTER test results is represented 
in the bottom figure. The results are showing a better 
performance of Cr/Ir combination in the effective area 
of the module, where with growing incidence angle, 
also the difference between both materials grows, 
especially at low energies of X-ray spectrum.
This comparative campaign has shown the potential of 
combined materials with thin overcoatings, and we are 
going to test more combinations and designs to find 
more possible coating options for upcoming optics.

References:
• [1] Characterisation of X-ray mirrors based on chromium-iridium tri-layer coatings, Proc SPIE 11776
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R. Andritschke, M. Magelund, T. Eraerds, M. Bonholzer

The ATHENA WFI detectors will use DEPFET pixel arrays as sensors. In the course of developing the
detector system (sensors, associated electronics, and software algorithms for reducing and correcting
the gained data) a lot of data is taken from laboratory setups. These data has to be investigated for
quantifying performance numbers, identifying problems, and correcting signal disturbances. The
Offline Analysis software is an ongoing effort to address these points.
As an example, an algorithm to quantify and correct crosstalk between the readout channels of the
front-end-electronics has been introduced lately. The crosstalk proved to be linearly dependent on the
actual signal and is expressed by a simple factor for each combination of two channels. Two
superimposed components of crosstalk show up which are already known but can be quantified now.
The first is a limited risetime of the analog output signals of the front-end-electronics (VERITAS)
affecting signals following in the readout sequence. The second is a correlation between neighboring
channels of the input columns of the VERITAS which shows a regular modulation with a period of
eight channels. Both effects are under investigation–especially which corrections are necessary in the
WFI on-board frame processor.

Offline Data Analysis for Developing the ATHENA WFI 
Detectors - Crosstalk
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The Offline Analysis software 
is expected to quantify not 
only overall performance 
numbers such as energy 
resolution or noise but also the 
unwanted parasitic effects, so 
that adequate measures can be 
taken if necessary at all.
One example is the crosstalk: 
A little fraction of a real signal 
is seen in other channels. The 
left figure shows these factors 
for the next right channel 
(black), the next but one right 
channel (red), and the next left 
channel (blue).

Ideally, each readout value is independent from any other, i.e. all these factors in the figure are zero1. 
In reality two superimposed effects can be seen:
• The nearby right neighboring channels are influenced (decreasing with distance). This originates 

from the read-out sequence where one channel after the other–from left to right–is multiplexed to 
the analog/digital converter. Due to the fast readout the voltage on the analog read-out line has not 
enough time to settle completely so that a little remnant is present during conversion of the next 
signal.

• An repetitive pattern with a period of eight channels adds on top of the other effect.
The innermost details of both effects are still unclear and need further investigations.
Nevertheless it is known that shorter cables improve the situation in case of the first effect. The 
shown data results from a lab test setup and the WFI flight module will be much more compact, so 
we expect that a correction of the next right neighbor will be sufficient for the WFI on-board frame 
processor, if necessary at all.

1: For the experts: Due to charge splitting in the DEPFET neighboring pixels may show signals at the same time. The algorithm can 
easily filter out these cases since the proportions between both signals vary widely while the crosstalk has a fixed ratio.



C. Beitler on behalf of the ATHENA WFI team

The Wide Field Imager is one of the two instrument on-board ESA´s next generation X-ray
observatory ATHENA.

For studying the X-rays in the energy range of 0.2keV to 15keV, four large depleted p-channel field
effect transistors (DePFETs) with a matrix of 512 x 512 pixels with a pixel size of 130µm are used.
This large detector array yields in a high power consumption for steering and read out the DePFET via
two types of application specific integrated circuits (ASICs).

Due to micro meteorite and radiation damage of the DePFET the detector needs a low temperature. To
optimize the radiator area for the camera head the thermal control system was divided into two
different temperature levels, one for the front-end electronics (FEE) and one for the low operating
temperature DePFET.

With a detailed thermal mathematical model the development of the WFI camera head will be further
improved to reduce parasitic heat fluxes between the FEE and the DePFET.

Thermal analysis of the WFI Camera Head for ATHENA

In order to make optimum use of the radiator
surface, the camera head was divided into two
cooling chains.
One for the DePFET and one for the readout and
steering electronics. A schematic drawing of the
cooling chains can be seen in Figure 1.
For the development of the camera head, it is
important to have a thermal model that is as
accurate as possible in order to be able to reliably
calculate parasitic heat fluxes, to optimise the
structure and to specify the interfaces in order to
be able to design the entire thermal control
system of the WFI instrument.
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Fig. 1: WFI camera head internal thermal
chains, blue DePFET thermal chain, orange FEE
thermal chain and grey insulating structures.

Figure 2 shows the temperature distribution of
the large detector array. Due to its design and
the two different ASICs with different power
consumption, there is a temperature gradient.
The aim is to achieve a design that guarantees a
temperature distribution that is as homogeneous
as possible.
The operational temperature for the LDA
should be about -80°C at EoL, about 20°C
colder than at BoL, as a result of micro
meteorite and radiation damage.
The FEE operates at approx. -30°C, this
temperature gradient of approx. 50°C between
the DePFET and the FEE makes the parasitic
heat flows via the bondwires to the design
driver of the thermal control of the camera
head.

Fig. 2: Detailed temperature distribution of the
WFI camera head large detector array assembly.



M. Bonholzer and the Athena WFI development team

The Athena’s WFI instrument consists of five DEPFET (Depleted p-channel field effect transistor)

sensors, four large detectors with a size of 512x512 pixels each and one fast detector with a size of

2x32x64 pixels. They are planned to be operated in drain current readout mode, which enables fast

readout rates but is sensitive to inhomogeneities of the pixel drain currents. These inhomogeneities

arise from the sheer size of the DEPFET sensor matrix and are originated in the spacial distribution of

wafer properties and process parameters. We characterized the drain current distribution of a large

detector device (512x512 pixels) of the pre-flight production of Athena’s WFI DEPFET detectors. In

order to better understand the origin of the current spread, we measured I-V characteristics of all

pixels and extracted threshold voltages and transconductance values of the detector in operational

conditions. This is enabled by features of the VERITAS readout ASIC.

Drain current characteristics of Athena WFI flight-like 

DEPFETs

a) Schematic of the DEPFET pixel
and the first stage of the
VERITAS readout ASIC. The
I2V stage converts the drain
current to a voltage that is read
out at the repurposed TestIn
node by external electronics.

b) Drain current distribution at the
operating gate voltage of 2.9V of
a 512x512 pixels sized large
detector. The pixel current
spread is easy to handle for the
VERITAS 2.2 due to the
redesigned I2V resistor values.

c) Exemplary I-V characteristic to
illustrate the extraction of the
two FET-parameters gm (trans-
conductance, gained by linear
regression at ISD=100µA) and
Vth (threshold voltage, gained by
linear regression in saturation,
see A. Ortiz-Conde for details).

d) Distribution of transconductance
and threshold voltage of a
512x512 pixels sized WFI large
detector. The transconductance
gm is determined by the gate

geometry
W

L
, which seems to be

rather homogeneous, and the
gate oxide capacity COx. The
threshold voltage Vth mainly
depends on the net doping
concentration (Na-Nd), which
explains the diagonal stripes.
These are due to small
inhomogeneities caused by the
ion implantation process.

References:
 M. Bonholzer et al: SPIE Proceedings Vol. 10699, (2018)
 S. Herrmann et al.: SPIE Proceedings Vol. 10709, (2018)
 M. Bonholzer et al: SPIE Proceedings Vol. 11118, (2019)
 A. Ortiz-Conde, Microelectronics Reliability 53 (2013) 
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A. Behrens on behalf of the Athena WFI detector team

Athena's Wide Field Imager (WFI) will be highly sensitive to X-ray photons in the range of 0.2 keV to

15 keV. Its DEPFET (DEpleted P-channel Field Effect Transistor) sensors are however also sensitive

to visible and UV light. The astrophysical objects of interest can be quite bright in this range as well,

and the signals of these photons would add to the observed X-ray lines, leading to both a blue shift

and a deterioration of the resolution. An optical blocking filter (OBF) is therefore needed to shield the

sensors from unwanted optical and UV light. In order to reach the necessary attenuation, a

combination of an external filter and an on-chip filter consisting of 90 nm of Al deposited directly on

the DEPFET sensors will be used.

To measure the transmission at different wavelengths, LEDs are used. Due to the high attenuation by 
the on-chip filter, the resulting photocurrent is very small, making the accurate calibration of the 
photodiodes very challenging. Tests are therefore also done with the DEPFET detectors, which allow 
the integration of the photocurrent over a certain time. The changes in the response at various 
wavelengths is compared to that of a calibrated reference diode without filter under the same 
illumination conditions. In these measurements it is again important to take great care to ensure the 
same light conditions for both the detector and the reference diode and to avoid any stray light.

Measurements of light attenuation by the DEPFET 

sensor’s on-chip optical blocking filter

To measure the attenuation of the on-chip OBF, reference diodes with and without the on-chip filter 
are used. The diodes are set up in a black box, where they are illuminated with 659 nm laser light. By 
comparing the resulting photocurrent in diodes with and without filter, the attenuation factor can be 
calculated. The homogeneity of the filter can be studied by moving the laser spot across the diode's 
surface. 
Special attention needs to be given to avoid any stray light hitting a small gap in the on-chip filter that 
exists between the diode's p-contact and the surrounding guard ring, as it would immediately dominate 
the resulting photocurrent. For this reason the diodes are shielded by a black painted plate with a 1 
mm pinhole aperture plus an additional funnel-shaped baffle. Stray light problems can be detected by 
also monitoring the current at the guard ring.

High-Energy Astrophysics

Fig. 1: Setup for light attenuation 
measurements of reference diodes with 
659 nm laser light

Fig. 2: Shielding of the 
uncoated parts of the 
diode from stray light

Fig. 3: Some first results of light attenuation 
measurements at different wavelengths



V. Emberger and the Athena WFI development team

In orbit the WFI instrument will be exposed to energetic particles, primarily protons. The maximum
energy deposition of protons in the sensitive volume is ~8 MeV, three orders of magnitude more than
the X-rays in the targeted range ( 0.2 – 15 keV). The high amount of signal charges can have a
temporarily and spatially limited influence on the measurement signals. The Frame Processor Module
(FPM) that performs the on-board data reduction discards the signal form energetic particles by
finding pixels in overflow (above ~15 keV). These pixels and a region around them can be flagged
and (optionally) excluded from the telemetry. Thus, it is important to precisely determine the region
that is influenced by the particle hit, so that effects caused by the particle radiation can be removed
either on board or on ground.

The effect of energetic particles on
measurements with DEPFET sensors for WFI

For studying the effect of high energy 
deposition, a 64x64 pixel prototype sensor 
from the pre-flight production was irradiated 
with 5.5 MeV alpha particles from an Am241

source during the measurement. The alpha 
particles deposit the 5.5 MeV in the first 30 
µm below the surface (Fig.1). The particle 
hit can easily be identified in the data by a 
characteristic circular pattern with a mean of 
6 pixels in overflow at its center (Fig.2).
At the location of each particle hit the data 
was checked for influences in the same 
column and row as well as for influences in 
the following frames.
It was found that the central pixels of most 
alpha-particle events (~95%) show residual 
signals in the next frame. The amplitude of 
these signals have a broad distribution that 
reaches until almost 4 keV (Fig.3). The 
mean energy in the next frame is about 1.5 
keV. The second and third following frames 
still show some influence of the particle 
event with mean amplitudes on the order of 
the event threshold.
The dependence of this effect on the bias 
voltages and readout timing has been 
investigated in detail. A fast readout and 
long clear period in combination with a 
dedicated voltage setting can mitigate the 
effect to a certain extent. Nevertheless it is 
unavoidable that these signals have to be 
discarded during the data processing. As this 
would presumably consume a lot of 
resources  in the on-board logic it is 
advisable that the information about the 
location of all particle hits should be 
included in the telemetry so that the 
necessary corrections can be done on 
ground.
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Fig.1: Bragg curve of 5.5 MeV 
α-particles in Si

Fig.2: Typical 
event pattern 
generated by 
5.5 MeV     
α-particle

Fig.3: Distribution of signal amplitudes 
in the frames following a 5.5 MeV α-
particle impact. 



D. Pietschner

The WFI Camera Head is the centerpiece of the WFI Instrument. This subsystem accommodates the
four Large Detectors, the Fast Detector and their read-out electronics.

The image sensors and their adjacent read-out electronics are thermally decoupled and can be cooled
to different temperature levels via thermal interfaces on the outside of the Camera Head. This is
needed for a reduced overall thermal radiator surface area of the space craft.

The choice of most appropriate materials like molybdenum, graphene and GFRP ensures that the
internal mechanical structure can not only withstand vibrational loads and thermal stress, but also
dissipate the generated heat energy most efficiantly to the thermal interfaces.

Physical properties of the baseline design:
• Focal plane area (LDA): 140 x 140 mm²
• Mass: 39,6 kg
• Volume: 400 x 450 x 134 mm³

Mechanical design of WFI Camera Head

Large Detector Assembly (LDA)

High-Energy Astrophysics

Fast Detector

Graphene thermal straps

Precise thermal control

Proton shield & Graded-Z shield

Thermal 
interfaces

BACK VIEW

CAMERA HEAD 
ASSEMBLY



J. Oser, M. Herrmann, M. Bonholzer

Space is in general considered as an empty vacuum. However, inter alia it does have a certain flux of
particles. Also at the Athena telescope environment around the first Lagrange point, dust particles with
high velocity and small size are present. Even with low mass and sizes in the micrometer regime, the
high velocities of several kilometers per second provides them with enough momentum to cause
damage on fragile surfaces. Due to the open construction of the focal mirror for the x-ray telescope, it
is possible that micrometeoroids hit the detector surface and damage it. The MITA-study aims to
characterize the possible damage of micrometeoroids to the Athena instruments with representative
samples of the X-IFU filters and WFI DEPFET prototypes.

Micrometeorid Impacts – Tests for Athena (MITA) 

For a properly working and high performance silicon detector a low noise system is desired. However,
a micrometeoroid can hit the detector directly or even scatter at the mirror and create a particle
shower over the sensitive area. These hits can be either non-permanent failures and manifest as
corrupted frames or do have a permanent dark current increase, which has direct effect on the
detectors noise and performance. The impact can damage the detector on-chip filter or create lattice
defects, resulting in noisy pixel at the affected area. The correlation between micrometeoroid damage
to a DEPFET and the corresponding performance is investigated. Moreover, the temperature
dependence to reduce the effect of the damage is examined.
In the left plot the anticipated flux of particles is shown. The graph is based on the Grün model
adapted for micrometeoroid hits per year for the Athena FOV. It is seen that with greater diameter the
likelihood of in impact decreases. However, a significant amount of impacts during operation is still
expected. Further, most common particles are either iron particles or silicates like olivine or pyroxene.
Damages which were observed at XMM or latest at eRosita, were reconstructed within former studies
using iron particles with speeds between 1 to 10 km/s. Based on these values the test parameter for the
MITA campaign were chosen.

References: ● eROSITA camera array on the SRG satellite, Meidinger et al. ● Collisional balance of the meteoritic complex, Grün et al.
● Experimental verification of a micrometeoroid damage in the PN-CCD-Camera-System aboard XMM Newton, Meidinger er al.
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For the test four different particle sizes, four speeds and two different particle compositions were
planed, which sums up to 32 combinations. To determine the damage to the detectors better and due to
the high number of particle parameters, a pretest with silicon photodiodes will be conducted. The
diodes are used to simplify the test setup and to determine the interesting bombardment parameter. To
define the impact damage the samples are characterized before and after the bombardments. For the
photodiode pretest an especially developed test setup is right now under construction. This test setup
will characterize and even monitor the photodiodes during the bombardment for an instant feedback.
Derived from the pretest results, the DEPFETs will be bombarded with the tailored parameters. Pre
performance measurements of the DEPFETs with frame times from 160µs to 5ms, at temperatures
between -50°C to -90°C and for x-ray energies from 270eV to 10keV are ongoing. A to date
measurement overview of the mean calibrated noise over temperature from the four samples at
160µs/frame are shown in the right plot. It is seen that with lower temperature the noise decreases,
which will likewise help to suppress the impact damages later on. The necessary documents for phase
one of the study were completed and preparations for phase two are ongoing.



A. Rau, K. Nandra, A. Merloni, J. Sanders  for the Athena/WFI Team

The Wide Field Imager (WFI) is the spectral-imager for Athena, ESA’s next large X-ray observatory,
planned for launch in 2034. The WFI is lead by MPE and will be designed to address a wide range of
scientific objectives of the Hot and Energetic Universe. It is based on the unique Silicon DEPFET
technology developed in the Max Planck Semiconductor Laboratory, which provides the WFI’s large
field of view, excellent energy resolution, low noise, fast readout, and high time resolution.

These capabilities, in combination with the unprecedented effective area and wide field of the Athena
mirror, will provide breakthrough capabilities in wide-field X-ray imaging spectroscopy.
Observational programs with the WFI will, inter alia: uncover typical supermassive black hole
(SMBH) activity at z>6, into the dark ages where the first stars and galaxies formed; perform a
complete and quantified census of black hole activity at z=1-3, including the most obscured objects;
pinpoint the hot gas occupying the most massive dark matter haloes at z>2 when galaxy groups and
clusters formed; probe the dependence of the properties of the circum galactic medium as function of
galaxy properties such as star formation; measure the temperature and abundances of clusters of
galaxies out to their virial radius; estimate the dynamics of outflows from the centre of our Galaxy and
in nearby galaxies; discover or follow-up the counterparts of distant multi-messenger events; perform
spectral-timing measurements of bright compact sources to determine the structure of the innermost
accreting regions.

The central panel shows the simulation of single deep WFI pointing covering 40‘x40‘, while the four
surrounding panels illustrate advances in different key science areas, from early black hole growth,
to the census of black hole accretion and feedback at z~2-3, to the early galaxy groups at z~2.

Science with Athena/WFI in the 2030s

References:
• Meidinger, N. et al, 2020, SPIE 114440T
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WFI Simulated Deep (1Ms) image of Chandra Deep Field South

Black Hole Feedback at z=2

Census of Obscured AGN at z=3near-IRoptical

Early Black Hole Growth

z=7

X-ray

z=2

Early Galaxy Group



P. Friedrich on behalf of the MPE EP-FXT team

Einstein Probe (EP) is a Chinese small satellite mission dedicated to time-domain astronomy in the X-
ray band from 0.5–4 keV with a 3600 square-degree Wide-Field X-ray Telescope (WXT) and two
Follow-up X-ray Telescopes (FXT). MPE is contributing on the one hand as part of an ESA parti-
cipation, which includes the eROSITA-like optic of one FXT plus electron diverter (ED) and X-ray
testing of WXT lobster-eye modules. On the other hand, MPE is also supplying CCD modules for the
FXT cameras and has provided the eROSITA flight spare (FS) mirror assembly for the second FXT.

MPE optic contribution to the 
X-ray survey mission “Einstein Probe”

The FXT consists of multiple components (see exploded view). The ESA 
contribution to this instrument comprises the mirror module, the X-ray 
baffle and the electron diverter. The mirror assembly (MA) is defined as 
the assembly of the mirror module and the X-ray baffle. The Mirror 
Module contains the focusing Wolter-I type  X-ray optic, which is 

composed of 54 confocal 
electroformed nickel 
shells coated with gold. 
The designs of  mirror 
assembly and electron 
diverter are both taken 
from eROSITA and are 
provided by MPE. 
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Item STM QM FM
FXT 
Electron
Diverter

Manufacturing 2020 2021 2021
Testing (Vibration and TC) 2020 2021 2021
Shipment to China 2021 2021

FXT Optic

X-Ray Baffle Manufacturing 2019 2020 2021
MM Acceptance X-Ray Test 2019 2021 2022
X-Ray Baffle Mounting 2019 2021 2022
X-Ray Test 2020 2021
Vibration Test 2020 2021 2022
X-Ray Test 2020 2021
Thermal Cycling Test 2020 2021 2022
X-Ray Test 2020
X-Ray Test and Calibration 2021 2022
Shipment to China 2020 2021 2022

Manufacturing: Based on the eROSITA
experience, X-ray baffle and electron 
diverter were entirely made by MPE; 
also the mirror thermal control was 
installed at MPE. 

MPE has already delivered the 
STM and QM (FM will follow 
in May 2022) and the eROSITA
FS mirror assemblies using 
special equipment for tempera-
ture control and shock preven-
tion during the air cargo trans-
port. EDs were also delivered. 

Models: Three MA models are to be 
delivered: a structural-thermal model 
(STM), a qualification model (QM), and 
a flight model (FM). Starting in 2019, 
the mirror modules were manufactured 
by the Italian company Media Lario, 
while the corresponding X-ray baffles 
were made and unified with the mirror 
modules at MPE (see picture above). 

Test and Calibration: The test and 
qualification program was carried out 
specifically for each of the three models: 
It includes vibration and thermal cycling 
tests for each model and in total ten X-
ray performance tests, where two of them 
include the X-ray calibration of the QM 
(serving as a flight spare) and the FM. 
MPE is using its labs, cleanrooms and 
test facilities – in particular the X-ray 
test facility PANTER – for the project. 
Available equipment and tools from the 
eROSITA project have been re-used 
where possible. 

Mirror 
Module

X-Ray 
Baffle

Temperature controlled 
air-cargo container with 
damping system



N. Meidinger, I. Keil

Spectroscopic PNCCD detectors were developed and tested at MPE for the two follow-up telescopes
(FXT) of the Einstein Probe (EP) mission exploring the dynamic and transient X‐ray Universe. EP is
an international mission by the Chinese Academy of Science in collaboration with ESA and MPE. The
satellite is scheduled to launch in the last quarter of 2023, placing the X-ray observatory in a low
Earth orbit with 600 km altitude. The FXT detector concept is based on that developed for the
eROSITA observatory, which has been operating successfully in space since 2019. The back-
illuminated and fully depleted PNCCD (450 µm thickness) comprises 384x384 pixels in the image
area with a pixel size of 75x75µm2. The transfer of the image into the frame store area is performed in
0.12ms. Signal readout of the 147,456 pixels is performed within 9.2 ms by a column-parallel CCD
architecture and three custom 128-channel CAMEX ASICs. The read noise is 2.6 electrons equivalent
noise charge rms for the planned time resolution of 50ms. The energy band of EP FXT ranges from
0.3 keV to 10 keV. A 90 nm thick optical blocking filter was directly deposited on the photon entrance
window of the PNCCDs, which were manufactured at the semiconductor laboratory of the Max
Planck Society for this project.

Einstein Probe Follow-up X-ray Telescope 
PNCCD Detectors

Detector module with 
frame store PNCCD chip 
(56 mm  x 37 mm) and 3 
custom CAMEX analogue 
signal processor ASICs for 
readout. The silicon chips 
are mounted on a ceramic 
board (blue) with 
mechanical and thermal 
interface at the bottom. A
152-pin connector (not 
shown) at the end of the 
flexible lead (brown)  
serves as electrical 
interface.

References:  Meidinger, N., et al., 2021, JATIS, 7, 2

High-Energy Astrophysics

Detector Module Status Energy resolution
FWHM(5.9keV) @ -90°C

Bad 
pixel

CAMEX module delivered in 2019 for electronics tests -

Engineering module delivered Oct. 2020 208 eV 0

Qualification module delivered Jan. 2021 178 eV 0

Flight module 1 delivered Aug. 2021 152 eV 3

Flight module 2 delivered Dec. 2021 150 eV 1

Flight spare (FM3) module delivery in May 2022 tbd tbd

Model philosophy, status and key performance of the detectors for EP FXT developed by MPE:



I. Keil, N. Meidinger

The Follow-up X-ray Telescope (FXT) of the Einstein Probe (EP) mission comprises two identical

and parallel aligned telescopes, which are contributed by MPE. Each of the two focal plane cameras is

equipped with a PNCCD detector. At MPE, both PNCCD flight module detectors referred to as Flight

Module 1 (FM1) and Flight Module 2 (FM2) were successfully assembled and tested.

Left: The 55Fe energy spectrum of FM1 (top) and FM2 (bottom) exhibits the Mn-Kα1 line at 5.89 keV,

the Mn-Kβ1 line at 6.49 keV, and the first pile-up peak at a multiple of the Mn-Kα1 line. In addition,

the silicon escape peak and an aluminum fluorescence line, which is caused by the aluminum housing

are shown. Spectra of single events and split events are illustrated in different colors.

Right: The effect of Charge Transfer Inefficiency (CTI) is depicted in a histogram. During the charge

transfer along a channel, electrons can be trapped by silicon lattice defects, resulting in a charge

transfer loss. The amount of charge loss increases with increasing transfer length and is different for

each channel. The average CTI over all channels is 31∙10-6 for FM1 (top) and 33∙10-6 for FM2

(bottom).

The X-ray measurements for PNCCD performance characterization were conducted at the GEPARD

facility, which is an X-ray tube and vacuum chamber equipped with a complete electronic, mechanical

and thermal system. The test setup permits a stable CCD temperature and a pressure of less than

5·10-7 mbar. The measurements were performed by using a 55Fe radioactive source.

FM1 was measured at the temperature of -90 °C and shows an energy resolution of FWHM(5.89keV)

= 152 eV. Only 3 bad pixels occur. 2 insensitive pixels are located at (col, row) = (55, 225) and

(326, 127) and 1 pixel at (55, 224) shows an increased noise of 36.6 e- ENC rms. Furthermore, the

noise of column 55 is increased with values between 5 and 18 e- ENC rms.

The measurement of FM2 was taken at -91 °C and has an energy resolution of FWHM(5.89keV) =

150 eV. Merely 1 insensitive pixel is present at (364, 357). Hence, both detectors show excellent

energy resolution and meet the EP mission goal of FWHM ≤160 eV at an energy of 5.89 keV.

Performance of Einstein Probe 

FXT Flight Detectors
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G. Hartner on behalf of the PANTER team 

The Einstein Probe mission will study time-domain astrophysics using two telescopes: the Wide-Field 

X-ray Telescope (WXT), and the Follow-Up X-ray Telescope (FXT). The performance in terms of 

energy-dependent imaging resolution and efficiency of both optics was studied at PANTER during 

multiple campaigns during the last years.  

The performance of Einstein Probe WXT and FXT at 

PANTER 

  

The WXT QM MOP mounted in the PANTER test chamber in April 2021. This is one of the twelve 

modules of the lobster eye optic with its 6x6 micro pore optics (MPOs). The MPOs are aligned so that 

each 3x3 MPO sector forms its distinct focusing region. The WXT QM MOP was tested at various 

energies (at emission line energies and ranges of the continuum). The imaging performance was studied 

on- and off-axis by extensive focal plane mappings. The figure above in the middle shows the focal 

plane mappings of the 4 sectors at Cu-L. The angles range from -150ʹ to +150ʹ in steps of 50ʹ. The 

double reflection spot size (FWHM) at Cu-L on-axis and in-focus ranges from 3.4ʹ to 4.8ʹ  for the 4 

sectors and stays well within the goal of 5ʹ. The effective areas (3–7 cm2), measured at characteristic 

emission line energies, but also at energy ranges are sumarised in the plot above. They match well with 

the simulated theoretical curves. 

References: 
 Yuan, W., et al., 2018, Proc. Of SPIE, 1069925    Bradshaw, M., et al., 2020, Proc. of SPIE, 114444 
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The FXT-QM mirror assembly (MA) mounted in the PANTER chamber for the final calibration in 

August 2021. Earlier, in the same year, the mirror module was at PANTER for the acceptance test and 

followed by various tests of the MA, after baffle mounting, vibration (VB) and thermal cycling (TC) 

done at MPE in Garching. The imaging performance was studied on- and off-axis by extensive focal 

plane mappings (FPM) at various energies. Above in the middle figure the FPM at Al-K is shown. The 

angles range from -28ʹ to +28ʹ in steps of 8ʹ (outer area) and from -6ʹ to +6ʹ in steps of 3ʹ (inner area) .  

The HEW on-axis and in-focus is 23.8±0.3ʺ for Al-K and 25.7±0.4ʺ for Cu-L. It was worsening from 

21/22ʺ for Al-K/Cu-K after the TC test and is above the required HEW of 22ʺ for Al-K. The measured 

effective area is 370.50±3.72 cm2 for Al-K and 18.18±0.33 cm2 for Cu-K. The measured values match 

the theoretical (simulated) effective areas as shown in the plot above. In January 2022 the acceptance 

test of the FXT-FM was done. Further tests, like for the FXT-QM, will follow. 



V. Burwitz on behalf of the PANTER team

MPE is collaborating with the French team at CNES which is building the MXT X-ray telescope for
the SVOM (Space Variable Objects Monitor) mission that is planned to be launched in June 2023.
MPEs PANTER X-ray test facility is involved in testing and calibrating the MXT X-ray lobster-eye
type micro-pore optics. PANTER has also supported a performance test of a prototype model
telescope and an end-to-end test and calibration of the flight model MXT X-ray telescope prior to
delivery to China this year. (see papers referring to the qualification model testing [1,2] )

Calibrating and Testing the SVOM-MXT 
Optics and Telescope at PANTER

(left) The SVOM-MXT-FM optic mounted in the PANTER test chamber in Jan 2021. This f = 1.15 m
lobster eye optic is made up its 5x5 micro pore (MPO) optic facets mounted into a support frame.
(center) Here the uniformity of the point spread function PSF of the MOP-FM can be seen. The
measurements are taken in steps of 1/8 of a degree across the 1° degree field of view. (right) A
comparison of the predicted effective area compared to the measured effective area at different
energies.

References:
[1] Feldman, C., et al., 2018, Proc. of SPIE Vol. 11444, 114441K-3 [2] Mercier, K., et al., 2018, Proc. of SPIE Vol. 10699, 1069921
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(left) The SVOM-MXT Flight Model telescope being prepared for the final calibration and
performance test in the large vacuum chamber of the PANTER X-ray test facility. Mounted above the
telescope is a liquid N2 shroud used to cool the MXT-FM detector via its radiator to simulate
conditions in space. This test in PANTER measured the performance of the X-ray optics and detector
in telescope configuration in X-rays. In addition line of sight and stray-light measurements were
obtained. The influence of the thermal environment on the telescope performance was also tested.
(right) Shows the good agreement of the measured versus the predicted effective area of the MXT-FM
telescope calibrated using the PANTER SDD monitor counter (R. Willingale University of Leicester).



A. Altmann, T. Bechteler

The enhanced X-Ray Timing and Polarimetry (eXTP) mission is a space mission to study physics
under extreme conditions of density, gravity and magnetism. As a part of eXTP, MPE contributes to
the Spectroscopic Focusing Array (SFA) by providing 9 SDD modules. The SFA will be used to
observe radiation mainly in the 0.5 keV to 10 keV energy range with an energy resolution below 180
eV at 6 keV. Each SDD module contains a 19 cell Silicon Drift Detector manufactured by the Max
Planck Semiconductor Laboratory. Three 8-channel High Time Resolution Spectroscopy (HTRS)
ASICs developed by Politecnico di Milano are used for signal processing. The ASIC’s speed
performance was tested and is in accordance with the required time resolution for the eXTP mission.
Future measurements will reveal the overall detector performance.

• eXTP time resolution requirement: 10 µs
• eXTP time resolution goal: 6 µs
• Measured time resolution of HTRS ASIC:   1.13 µs
→ Speed performance of the HTRS ASIC complies with the eXTP requirements

SDD Sensor Module for eXTP: Speed Performance of a 
Readout ASIC for X-Ray Detection

A SDD sensor of 19 cells is connected to the 
readout HTRS ASIC which comprises charge 
sensitive amplifiers (CSA), pulse shapers with 
sample-and-hold (S&H) and an output 
multiplexer (MUX). In order to test the speed 
performance of the HTRS ASIC, a pulse 
generator delivering well-defined test pulses is 
connected to one input of the HTRS ASIC.

References:
• Zhang, SN et al., Science China Physics, Mechanics & Astronomy, Vol. 62, 29502 (2019)
• Politecnico di Milano: HTRS ASIC 1.0 manual revision 1.0 (2018)
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The time ΔTpulse between two 
subsequent pulses is reduced until 
the pulses affect each other in 
their amplitude (a).
The programming of the HTRS 
ASIC is optimized in such a way, 
that only two subsequent pulses 
are multiplexed to the output 
where their amplitudes are true.
Considering the system clock 
TCLK, the cycle time of the MUX 
TMUX and the hold time Thold of 
the shaper circuitry (S&H), the 
minimum permissible time ΔTpulse
equals 1.13 µs. Faster following 
pulses are suppressed by the 
HTRS ASIC (b).



J. Laas, W-F Thi, A. Merloni, A. Gueguen and the 4MOST Team

The 4-meter Multi-Object Spectroscopic Telescope (4MOST) project is a unique ESO instrument in
the sense that its operations are the joint responsibility of ESO and the 4MOST consortium. On the
4MOST side, the Operations System (OpSys) team is hosted at MPE but includes members from other
institutes in the UK and Germany. 4MOST will be operated remotely, whereby, under standard
conditions, an automated suite of software developed and implemented by OpSys will directly select
and queue observations in near-real-time and an ESO Operator at Paranal will execute those
observations. We present here the overall concept for this pipeline and briefly describe the key tasks.

4MOST OpSys: a remote, automated 5-year survey

Explanation of diagram (left):
The Proposal Community provides a
target catalogue and other input files
which are parameterized and fully
describe scientific goals. These are
submitted to a Web Interface, which
accesses an exposure time calculator
(ETC) and subsequently ingests all the
inputs into the OSTD. As a collection of
databases, the OSTD serves as a central
hub, from which many software modules
may execute tasks as part of either the
preparatory Survey Planner or for Live
Operations. The most significant
components of the Survey Planner
includes: the Visit Planner (VP), the
Fibre-/Tile-Target Probabilities
(FTP/TTP) and the Long-Term
Scheduler (LTS). The Survey Planner
pipeline is run before the beginning of
Operations, as well as periodically on a
semesterly basis in case surveys have
redefined any of their primary inputs.
The Live Operations pipeline is a three-
step process: the Short-Term Scheduler
(STS) selects the next observation, the
Fibre-Target Allocator (FTA) assigns
the fibres, and the OB Builder (OBB)
submits it. These latter components are
operated in an automated manner
throughout the Chilean night for
observations.

Reference: R.S. de Jong et al., 2019, The Messenger, 175, 3
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The selection of the Observation Blocks (OBs) by the STS is performed in real-time, based on Live
Conditions in Paranal via a number of remote interfaces. The OBB submits OBs to ESO using their
P2 framework. Under normal operating conditions, the OBB has direct control of the execution
sequence, such that the telescope Operator in Paranal simply executes the observing queue as-is,
with no additional ranking required. After being executed, the OB is archived by ESO like usual.
4MOST Data Management Systems (DMS) then routinely collects these OBs from the archive for
data processing. From DMS, both a) science pipelines are activated, but also b) feedback is provided
back to OpSys for tracking statuses and survey progress, which is the scope of the Survey Progress
Monitor (SPM).



W.-F. Thi, J. Laas, A. Merloni, and the 4MOST consortium

The 4MOST survey at the ESO-VISTA telescope in Chile will be operated remotely and automatically
from the MPE. The survey strategy (OpSim) simulates the entire survey and establishes a long-term
observation plan to optimize the resources. Daily, the live operation system (OpSys STS: Short-Term-
Scheduler) selects the optimal fields to be observed based on the planned observing fields and the
knowledge of the current meteorological, instrumental, and astrophysical situation a few minutes
before the start of each observation. Once a field is chosen, the specific astronomical sources to be
observed by each fiber are determined probabilistically, consistent with the long-term strategy to
ensure unbiased selections (selection function). All calibrations are also determined automatically by
the STS. The 4MOST survey will be among the first automatically-planned observing programs at
ESO.

The 4MOST survey nightly operation

High-Energy Astrophysics

The 4MOST survey observes large areas of the Southern sky and spans several years. The long and
short-term observation planning is divided into the survey operation long-term planning (OpSim) and
nightly planning (OpSys-Short-Term-Scheduler).
The Short-Term-Scheduler is a complex software system that determines the optimal fields to be
observed during a night of operation for the 4MOST survey at the VISTA telescope based on data
retrieved from local and remote databases:
• A selection of fields planned at the survey strategy phase (OpSim)
• The astronomical conditions of the planned fields during the night:

• Airmass range compared to the absolute minimal airmass attainable for the field
• Slew time from the current to the next field to minimize overheads
• Moon sky illumination of the field to minimize the moon contribution to the sky

background
• The instrumental conditions:

• Current pointing and Cassegrain rotation constraints
• Current instrument status
• VLT laser-path avoidance

• The meteorological situation of the last hour before the start of the observations is collected from
the ESO live database. A prediction of the conditions during the observations of the field (lasting
30 min to 1 hour) is then made from the previous conditions using machine learning methods
(nowcasting). Many parameters are collected to feed the machine-learning predictor. The main
parameters to be predicted are:

• Wind speed and direction to avoid restricted pointing azimuths
• Sky area with cloud coverage to point to clear sky areas
• Seeing to allow an adjustment to the planned exposure time

Each potential field from the planned set of fields is weighted and the optimal one is proposed for
observation to the VISTA telescope. Calibration stars and science targets are assigned to the cameras
and fibers (Fibre-Target-Assignment: FTA). At the telescope, if the conditions have suddenly changed,
the operator can request a new proposed field providing extra constraints (e.g. a quick wind speed
change). The process is repeated a few times during the night to provide around 10 fields to be
observed.



T. Schmidt on behalf of the PANTER team

MPE’s PANTER X-ray test facility is located in Neuried on the southwest of Munich. The X-ray

beamline with a 130-m-long vacuum tube (⌀ 1 m) and a large test chamber (12-m-long, ⌀ 3.5 m) is

primarily used for the characterization of X-ray optics, detectors and telescopes. Recent activities

include extensive measurement campaigns to characterize the X-ray source system in detail: the

spatial distribution and the spectral characteristics of the beam were measured for various X-ray

apertures and settings, with our work-horse TRoPIC PNCCD camera (256x256 pixels, 75 𝜇m pixel

size, 0.1 keV to 10 keV). Recently, a new Silicon-Drift-Detector (SDD, 17 mm2 collimated) was

installed with the goal to monitor the beam stability (in flux and spectral shape) during a measurement

campaign. As of 2021, the support to acquire high spatial resolution images is reestablished as the

commercial soft X-ray imager PIXI (1340x1300 pixels, 20 𝜇m pixel size, up to 10 keV) was re-setup

in the chamber. Additionally, the software and hardware upgrades of the camera now allow a much

quicker and more precise analysis which is especially useful for the alignment of any optics [1].

PANTER facility: calibration/monitoring and 

camera updates

References:
[1] Basso, S., 2022, Proc. of SPIE (submitted)
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Cameras: X-ray cameras inside the chamber (left). A deep intra-focal image of the EP-FXT-QM optic
measured with PIXI during the calibration (right).

Monitor Counter: Front view of the SDD mounted in the vacuum tube at a distance of approx. 34 m
from X-ray source (left). Summed up spectra measured at different energies; which are used for
calibration of the SDD (right).



S. Rukdee on behalf of the PANTER team

The PANTER X-ray test facility of the Max Planck Institute for Extraterrestrial Physics (MPE) has
been testing and calibrating optics from various space missions world-wide for more than 40 years.
Recently, PANTER measured the performance of the latest X-ray optic technologies of SVOM,
Einstein Probe and Athena. Towards accelerating calibrations, we aim to predict the behavior of optics
before placing them in the vacuum chamber to be measured. The optics are modeled with computer
aided design (CAD) and ray-traced with Zemax' non-sequential mode. This allows tracing the point
spread function (PSF) on the detector plane from complex X-ray optics, including Wolter-type optics,
Parabolic mirror, Hybrid Kirk-Patrick Baez and Lobster Eye optics. We compare PANTER
experiments to equivalent simulation setups, including a focal scan and the effective area
measurement. We find good agreement between simulations and experiments in terms of PSF, and
location of the focal plane. Zemax ray tracing appears to be a flexible tool to understand and predict
calibration experiments at PANTER.

Conclusion
We demonstrate that X-ray ray-tracing with Zemax for
the PANTER testing facility works very well. It allows
tracing the PSF on the detector plane for complex X-ray
optics, including Wolter-type optics, Parabolic mirror,
Hybrid Kirk-Patrick Baez and Lobster Eye optics. This
tool help the scientists to quickly understand the
characteristics of the optic once mounted onto the
PANTER’s manipulator, and decrease the time consumed
during the alignment setup. It is suitable especially for
the sub-module optics, which is usually the case for the
X-ray optic development process. It also helps to prepare
an even more constructive/productive test plan, and the
optimisation of the setup in the chamber (manipulator
capabilities, ranges, end stops, etc).

X-ray Ray Tracing with Zemax
for the PANTER testing facility

References:
[1] Rukdee, S. et al. X-ray Ray Tracing with Zemax for the PANTER testing facility, 2021, Proc. of SPIE Vol. 11822
[2] Feldman, C., et al., 2018, Proc. of SPIE Vol. 11444, 114441K-3 [2] Mercier, K., et al., 2018, Proc. of SPIE Vol. 10699, 1069921 

High-Energy Astrophysics

• Model the mirror shape/size

CAD

• Ray-trace the CAD model in non-sequential mode.
• Generate different setup/config environment
• Retrieve focal plane images.

ZEMAX | OpticStudio

• Generate processed data products in standard formats e.g. fits
• Detect point sources.
• PSF analysis e.g., focal scan, FWHM, Half Energy Width 

(HEW)

Analysis via Python

The top panel is the simulated result of the optical
module, and the lower panel is a mosaic image under X-
ray beam. The left column shows the setup at 0º and the
right column is the setup at 0.6º.

The top panel is the setup of the optical CAD model of a
Kirk-Patrick Baez submodule for the ray-tracing. The
lower panel is The simulated result (left) comparing to
the laser alignment (right).
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D. Alberton, V. Lattanzi, C. Endres, P. Caselli. et al.

The detection of the simplest amino acid, glycine, by in situ measurements on comet 67P/C-G has
sparkled the growing interest of astrochemists in complex organic molecules (COMs)1. Currently, there
are intense discussions about the formation pathways, precursors, and intermediates of amino acids in
the interstellar medium (ISM) and numerous efforts to detect this class of molecules directly in space.
Nowadays, comets are thought to preserve ices from the prestellar phase, which may also indicate the
possible formation of glycine at these early stages of star formation2. The two best known pathways
leading to these building blocks of life, i.e., photochemical and Strecker synthesis, involve the
hydrogenation of an aminonitrile molecule in their final step3. Aminoacrylonitrile (3-amino-2-
propenenitrile, APN), which can be readily prepared in the gas phase from cyanoacetylene (HCCCN),
ubiquitous in the ISM, and ammonia (NH3), is therefore a prime candidate for such a search4. We used
the CAS Laboratories' high-resolution absorption spectrometer (CASAC) to record and characterize the
rotational spectrum of this aminonitrile in the gas phase mm-wavelength up to the THz range. The
comprehensive measurements enabled the determination of accurate rotational and distortion constants,
which were used to compile a catalog with accurate transition frequencies for the search of APN in
space.

A rotational spectroscopic analysis of Aminoacrylonitrile, 
a prebiotic precursor

References: 
• 1 Altwegg,  K. et  al.  2016,  Science  Advances,  2,1600285.
� 2 Drozdovskaya, M. N. et al. 2019, MNRAS, 490, 50
� 3 Kitadai, N. et al. 2018, Geoscience Frontiers, 9, 1117. 
� 4 Askeland E. et al. 2006, J. Phys. Chem., 1101, 12572.
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Fig. 2 (right): A detail of a b-type APN transition
recorded with the CASAC above the THz on 4 minutes
of integration. The line profile fit was performed
employing the second derivative of the modulation
frequency. In grey the experimental data, in blue the best
fit and in red the residuals.

Fig. 1 (top): Experimental spectrum of APN showing a
70 MHz span scan carried out recording a aR0,1 branch in
the sub-millimetre regime. In grey the experimental data
recorded with the CASAC, in orange the catalog
previsions obtained. Intensities are in arbitrary units.



C.P. Endres, P. Caselli et al.

Ethyl cyanide is one of the complex organic molecules (COMs), which is known to be abundant in
different evolutionary stages of star- forming regions. It exhibits a quite complex spectrum due to large
amplitude motions, the internal rotation of the methyl group, which leads not only to a splitting of
each rotational level, but also to energetically low lying vibrational states. In particular in “hot core”
regions, where COMs are detected at temperatures up to several hundreds of Kelvin, its lowest
vibrationally excited states are significantly populated (Endres et al. 2021). The spectroscopic analysis
of these states is usually hampered by the high density of spectral features and strong interactions
(perturbations). We recorded FIR spectra at the Soleil synchrotron in Paris that allowed to determine
not only accurate state energies for the four lowest vibrations, but also constraint rotational and
interaction parameters, which supported the analysis of the rotational spectrum within these states
recorded in selected frequency ranges from 75 to 255 GHz. A catalog of predicted rest frequencies for
astronomical use was compiled based on the global analysis allowing the identification of vibrational
satellites of ethyl cyanide in the prototypical high-mass star- forming region G327.3-0.6 performed
with the Atacama Large Millimeter Array (ALMA).

SOLEIL and ALMA views on prototypical organic 
nitriles: C2H5CN

Fig. - right Experimental and simulated spectrum of the two 
lowest fundamental modes ν13 and ν21(a). The detailed view 
(b) shows the excellent agreement between experiment and 
simulation, which is based on the global analysis. Accurate 
rotational energy levels of the four lowest fundamental 
vibrations of C2H5CN, v13=1 @ 205.934099(8) cm-1, v21=1  
@ 212.141101(8) cm-1, v20 = 1 @ 372.635293(15) cm-1, and 
v12=1 @ 532.699617(16) cm-1, have been determined. The 
parameter set obtained from the FIR study facilitated the 
analysis of the rotational spectrum within these states. Part 
of the mm-spectrum is shown in the bottom trace (c). The 
simulation includes transitions within the ground (orange) 
and the four lowest excited vibrational states (blue).
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Fig. - bottom New observations of the prototypical high-
mass star-forming region G327.3-0.6 performed with ALMA 
show that vibrational satellites of C2H5CN can be very 
intense, of order several tens of Kelvin in units of brightness 
temperature. This illustrates the importance of future studies 
carried out in the CAS laboratories regarding vibrationally 
excited states of similarly abundant COMs and their 
isotopologues.

References:
• Endres, C.P.. et al., J. Mol. Spectrosc. 375 (2021) 111392
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M. Jiménez-Redondo, P. Jusko and P. Caselli

Radio-frequency traps are very useful tools for the study of astrochemical processes. They allow the
storage of charged particles for long times, during which they can interact with photons, electrons or
neutral species. Ion traps can be used to study the ion-neutral processes prevalent in interstellar
environments, and, with cryogenic cooling, temperatures close to those found in such regions can be
achieved. In this work, the reaction rate coefficients of CO+ and CO2

+ with H2 and D2 were
determined using a 22-pole cryogenic trap setup. The ions were produced in an electron impact
storage ion source with a quadrupole mass selector, and the trap was filled with a neutral gas (H2 or
D2) to achieve the desired reaction. Product ions were then detected with a second quadrupole mass
spectrometer and a Daly detector. Rate coefficients were determined for several temperature values,
and different trends were observed for CO+ and CO2

+ reactions.

Rate coefficients are derived from the decay rate
of the reactant ion with trapping time (Fig. 1).
Several experiments were performed at a fixed
temperature with increasing pressures of the
reactant neutral gas. This ensures a more
consistent evaluation of the rate coefficient and
reduces the impact of the pressure calibration. As
shown in Fig. 2, the dependence of the decay rate
with reactant pressure is linear, and the desired
rate coefficient can be readily obtained from the
slope of this fit.

The rate coefficients obtained in this way are
shown in Fig. 3. CO+ rate coefficients do not
show a significant temperature dependence. For
CO2

+, however, the rate coefficient is found to
increase at lower temperatures, in agreement with
the previous results of Borodi et al. (2009).

Reaction rate coefficients of CO+ and CO2
+ with H2 and 

D2 measured in a 22-pole ion trap

Figure 3. Rate coefficients as a function of
temperature for the four different reactions
studied.

References: 
• Gerlich, D., Smith, M. Phys. Scr. 73, C25-C31 (2005)
• Borodi, G., Luca, A., Gerlich, D. Int. J. Mass Spectrom. 280, 218-225 (2009)
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Figure 1. Exponential
decay fit of the ion
count as a function of
the trapping time for
CO2

+ + H2.

Figure 2. Decay rate dependence on
reactant pressure for CO2

+ + H2.



P. Jusko, M. Jiménez-Redondo, C. Deysenroth and P. Caselli 

The Split-Ring Electrode Trap (SRET) is the latest instrument being constructed in the Lab D of the
CAS group. The setup will allow us to study nanoparticles (dust grain analogues) at temperatures
down to 10 K and ultra high vacuum conditions. The charged particles will be trapped using
alternating electric field (kHz range) with amplitudes of up to 2 kV, creating a real minimum in the
effective potential. Vertical position of the levitating particle, i.e., effect of earth’s gravity, can be
corrected using static DC fields. The levitating particle is irradiated with a laser beam and the reflected
light is collected using an avalanche photodiode (APD) detector. The acquired light intensity is
modulated by the motion of the particle and reveals the mass/ charge ratio of the studied sample in a
technique known as nanoparticle mass spectrometry (NPMS). The particle interaction with probe
laser(s) radiation, neutral gas particles, and an electron beam can be investigated.

• Long storage times: one particle can be stored for days/ months.
• Nanoparticle mass spectrometry (NPMS): the most sensitive technique for mass/charge ratio 

determination in the anticipated mass/ particle size range.
• First experiment: attachment rates of rare gas atoms to the model SiO2 grains (<500 nm) at 

cryogenic temperatures.

Split-Ring Electrode Trap (SRET): Instrument for 
Studies of Nanoparticle Properties

Fig.1. (left): Dummy model of
the SRET trap on which the
electronics, irradiation laser,
reflected light collection system,
and data acquisition has been
tested.

References: 
• Gerlich D., Decker S. (2014) App. Phys. B. 114:257
• Howder C., Bell D., Anderson S. (2014) Rev. Sci. Instrum. 85, 014104
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Fig.2. (top): Cut through a CAD model of
the SRET setup.

Fig.3. (right): Collected reflected light form a trapped particle (particle on Fig. 1.) as a function of
storage time (top) and the frequency spectrum domain of this signal (bottom). Three different motion
modes can be observed through its natural frequencies.



F. Kruczkiewicz, B. M. Giuliano, B. Müller, T. Grassi, P. Caselli, A. Ivlev, et al.

The challenge of revealing the chemical composition, physical structure, and dynamics of star- and
planet-forming regions advances when using all available tools, combining information from
observations, models, and experiments. Precise laboratory measurements of the optical properties of
dust and ices are critical for calculating the opacity of these materials which then can be used to
correctly interpret the continuum emission towards pre-stellar cores and protoplanetary disks
midplanes, where thick icy mantles are known to be present around the dust grains.
We present direct measurements of the optical constants of CO and CO2 ices over a wide range of
wavelengths, as well as investigate what effect temperature has on their optical properties. Data from
CO (Giuliano et al. (2019)), CO2, N2 and H2O ice have been collected and future work includes the
study of ice mixtures.

Broadband spectroscopy of astrophysical ice analogues:
reconstruction of CO and CO2 ice optical properties

References: 
• V. Ossenkopf & T. Henning, A&A 291, 943 (1994). • B. M. Giuliano et al., A&A 629, A112 (2019).
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Fig. 2. Transmission spectra of CO ice at 
three temperatures: the sample deposited at 
11 K (dark blue), and annealed at 30 K 
(light blue) and 35 K (red) for 15min. 
Increasing temperature affects the 
characteristics of the CO ice, as evidenced 
by the band centred at 8 THz that 
disappears when the sample is annealed at 
35 K.

Fig. 1. Calculated and reference opacities of 
astrophysical dust covered with icy mantles as a 
function of the wavelength. Dotted lines labelled 
with OH94 refer to bare grains and ice mixtures 
by Ossenkopf & Henning (1994), solid lines to 
the CO data and dashed lines to the CO2 data by 
the present work. V indicates the volume ratio 
between ice mantle and refractory core, for which 
we follow OH94, where V = 0 (black) is the bare 
grain and V = 4.5 (red) is thick ice.

• The discrepancies between the literature with the new opacity values highlight how these
measurements are necessary to provide a better interpretation of dust continuum observations in
star- and planet-forming regions.



B. Müller, B. M. Giuliano, A. Vasyunin, P. Caselli

The chemical model of the pre-stellar core L1544 provided by Vasyunin et al. (2017) has been 
used to provide the layer-by-layer composition of ice mantles in regions close to the dust peak 
of L1544. Ice analogues with a mixed and layered structure based on the model were 
compared for spectroscopic differences. For the mixed ice, fractional abundances were 
averaged over all predicted 161 monolayers (MLs) while for the layered ice consisting of two 
layers, the abundances were averaged over the first 131 MLs for the bottom ice composition 
and over the outer 30 MLs for the ice deposited on top of the bottom ice analogue. Then, the 
three or four most abundant species were used in the experiments. We found noticeable 
differences in the spectral features when comparing mixed and layered ices which will also be 
observable with the James Webb Space Telescope (JWST). Moreover, we investigated the 
detectability of the weak N2 and O2 bands with JWST and found observation times for N2 and 
O2 of 1.4 h and 123.6 h, respectively.

Laboratory spectroscopy of theoretical ices
in the pre-stellar core L1544

Left:
Predicted molecular fractional abundances for 
each layer of an ice mantle in a region close 
to the dust peak of L1544.
The vertical line marks the division of 
monolayers that where used for calculating 
the average composition in the experimental 
layers 1 and 2 of the layered ice.
For the mixed ice, the composition was 
averaged over all 161 MLs.
Coloured fractions highlight the species used 
in the experiments.

References: 
 Müller, B., et al. (submitted)  Vasyunin, A. I., et al. 2017, ApJ, 842, 33
 Müller, B., et al. 2021, A&A, 652, A126  Müller, B., et al. 2018, A&A, 620, A46
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Right:
Spectra of mixed (red) and layered ices with 

layer 1 (light blue), layer 2 (green) and
layer 2 on top of layer 1 (dark blue), 

zoomed-in around the water OH-bending 
and methanol CH

3
-bending modes.

Relative abundances for the mixed ice are 
H

2
O:CH

3
OH:N

2
:CO = 100%:58%:29%:37% 

and for the layered ice H
2
O:CH

3
OH:N

2
 = 

100%:67.5%:27.5% (Layer 1) and 
H

2
O:N

2
:CO:O

2
 = 100%:46%:146%:38% 

(Layer 2).



F. O. Alves, P. Caselli, D. Segura-Cox, A. Schmiedecke, B. Zhao et al.

The Atacama Large Millimetre/sub-millimetre Array (ALMA) has changed our understanding of star
and planet formation through sensitive and high-resolution observations of star-forming regions.
ALMA unveiled new aspects of the dust and gas distribution around protostars, their kinematics and
chemical evolution. In the last three years, we used ALMA in its extended configuration to observe
Young Stellar Objects of distinct evolutionary stages located in the Barnard 59 star-forming core.
These observations revealed filamentary structures interpreted as accretion streamers feeding an
embedded protobinary system ([BHB2007] 11) and a protoplanetary disk ([BHB2007] 1). Our
findings reveal new aspects of accretion processes, such as its self-similarity over distinct spatial
scales, and the continuous disk build-up even after planet formation has started.

In summary, our results show that  
• streamers are key elements in the delivery process of material from clouds to cores (e. g., Pineda 

et al. 2021), disks, stars and planets (Alves et al. 2019, 2020);
• streamers are seen in embedded protostars, when accretion is pronounced, but exceptionally also 

in evolved protostars, where the protostellar envelope is expected to be tenuous;
• in the case of [BHB2007] 1, where the presence of a substellar object is also confirmed in near-

infrared observations (Zurlo et al. 2021), this late accretion has an impact on the disk dynamics 
and possibly on the chemistry of the future planetary system. 

The ALMA view of Barnard 59: 
Feeding protostars through accretion streamers

The figure shows ALMA 
observations of two protostars at 
distinct evolutionary stages: the 
Class 0/I object [BHB2007] 11 
(upper panels) and the Class I/II 
object [BHB2007] 1. 

ALMA reveals accretion streamers 
seen in thermal dust and molecular 
gas emission. The upper panel 
shows a circumbinary disk being 
fed from the envelope through dust 
spiral structures, while the disk 
itself is feeding an embedded 
protobinary system through a 
complex network of filaments. This 
accretion is also seen in high 
velocity components of spectral 
lines and radio emission (Alves et 
al. 2019). The lower panel shows 
filaments of gas (CO) accreting into 
the protoplanetary disk surrounding 
[BHB2007] 1. The disk has strong 
evidences (hot molecular gas and 
radio emission) of the presence of a 
substellar object in the disk cavity 
(Alves et al. 2020).

References: 
• Alves et al. 2019, Science, 366, 90 • Alves et al. 2020, ApJL, 904, L6
• Pineda et al. 2020, Nature Astronomy, 4, 1158 • Zurlo et al. 2021, ApJ, 912, 64
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P. Caselli., J.E. Pineda, O. Sipilä, B. Zhao, E. Redaelli, S. Spezzano, M.J. Maureira, F. Alves, L. 
Bizzocchi, J. Harju, A. Schmiedeke et al. 

Pre-stellar cores represent the initial conditions in the process of star and planet formation. Their low
temperatures (<10 K) allow the formation of thick icy dust mantles, which will be partially preserved in
future protoplanetary disks, ultimately affecting the chemical composition of planetary systems.
Previous observations have shown that carbon- and oxygen-bearing species, in particular CO, are
heavily depleted in pre-stellar cores due to the efficient molecular freeze-out onto the surface of cold
dust grains. However, N-bearing species such as NH3 and, in particular, its deuterated isotopologues,
appear to maintain high abundances where CO molecules are mainly in solid phase. Using the Atacama
Large Millimeter/submillimeter Array (ALMA), we find the first clear observational evidence of NH2D
freeze-out toward the L1544 pre-stellar core, suggestive of the presence of a ``complete-depletion zone''
within a central region with radius ~2000 au, in agreement with astrochemical model predictions. Our
state-of-the-art chemical model, coupled with a non-LTE radiative transfer code, demonstrates that
NH2D becomes mainly incorporated in icy mantles in the central 2000 au and starts freezing-out
already at ~7000 au. We find that about 99.99% of all species heavier than He reside in thick icy
mantles within the central 2000 au. The thick icy mantles may promote coagulation of dust grains and
allow preservation and delivery of the frozen pre-stellar chemistry into the next stages of evolution,
when the protostar and protoplanetary disk will form. Some of this pre-stellar ice, especially that
trapped within icy pebbles in the outer part of the disk, may survive later stages of planet formation and
evolution.

The Central 1000 au of a Pre-stellar Core Revealed with 
ALMA. II. Almost complete Freeze-out 

Figure 1. Integrated intensity map of the pNH2D 
(111-101) transition on L1544, showing the 3-point 
ALMA mosaic. The white circles overlaid to the 
integrated intensity map mark the positions 
where the spectra of Fig. 2 (South-East 
direction, along the major axis) have been 
extracted. Scale bar and beam size are shown at 
the bottom right and left corners, respectively.

References: Caselli, Pineda, Sipilä et al. 2022, ApJ, in press
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Figure 2. Simulated pNH2D (111 − 101) line 
emission profiles (red) at ∼2.5′′ intervals from 
the core center. The observed lines toward 
equivalent positions in the South-East direction 
in Figure 1, parallel to the major axis, are 
shown in black. This shows that our 
observations are consistent with the predictions 
of our chemical model: almost complete 
(~99.99%) freeze-out in the central 2000 au.



S. Choudhury, J. E. Pineda, P. Caselli, et al.

Stars form in dense cores within molecular clouds, which exhibit subsonic levels of turbulence in 
contrast to the supersonic turbulence in the large-scale ambient cloud. The transition to coherence from 
cloud to cores is imperative in the study of core formation, as the dissipation of turbulence is an 
essential step in the process. The subsonic dense cores are usually thought to be well-separated from 
their natal cloud, and evolve as isolated units. However, the vicinity of the cores has not been studied 
with high sensitivity to check whether the cores indeed share a sharp boundary with the surrounding 
cloud, or there are structures connecting the cores to the cloud, which would indicate possibility of 
exchange of material between cloud and core. Here we present some of the results from our recent 
study in L1688 addressing these questions.

Subsonic material outside coherent cores

References: 
• Choudhury et al. 2020, A&A, 640, L6         • Choudhury et al. 2021, A&A, 648, A114     • Friesen et al. 2017, ApJ, 843, 63 
• Larson, R. B. 1981, MNRAS, 194, 809       • Pineda et al. 2010, ApJ, 712, L116 
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Figure 3 : The narrow component shows a 
gradual increase in turbulence with distance from 
core, whereas the broad component is roughly 
constant.

We used NH3 (1,1) and (2,2) data from the 
Green Bank Ammonia Survey (Friesen and 
Pineda et al., 2017) in molecular cloud L1668 to 
obtain the Mach number in the extended cloud at 
1′ resolution, and identified the coherent cores 
(Fig. 1). We stacked the spectra towards each 
core and the surrounding shells (see Fig. 1) to 
achieve unprecedented high sensitivities. This 
allowed us to detect two (core and cloud) 
components towards each core and shell (Fig. 2). 
For the first time, we detected subsonic 
material as far as ~0.1 pc outside the dense 
cores (Fig. 3). In contrast to previous studies, we 
observe the transition to coherence to be 
rather gradual. We recently obtained high-
sensitivity observations to follow-up this result 
and spatially map the distribution of the two 
components.

Figure 1 : Sonic Mach number in L1688, with the 12 coherent cores 
(black contours) and the two shells (of width  equal to 1 beam) 
around each core (red and green contours) that we define.

Figure 2 : Two-component fit to the NH3 (1,1) spectra towards core, and the two 
shells of H-MM1, each showing a narrow (core) and a broad (cloud) component.

NH3(1,1)

Core

Shell - 1

Shell - 2

Subsonic component

Supersonic component

Sonic Mach Number

Gradual 
increase !

Roughly constant 
broad 
component



T.-H. Hsieh, D. Segura-Cox, J. E. Pineda, P. Caselli, et al.

We present NOEMA observation with high-spectral resolution and sensitivity toward the Class O/I
binary system SVS13A including Per-emb-44A/B. We observe CH3CN/CH3

13CN (12k −11k) and DCN
(3-2) line emission toward SVS13A. We find line profiles of CH3CN/DCN which cannot be explained
by a simple component or Keplerian motion. By adopting a two-component model to CH3CN, we
suggest that the temperature and/or density of the emitting gas traced via CH3CN can change
dramatically within the circumbinary disk. In addition, combining our DCN observation with previous
ALMA high-resolution observation, we find that the binary system (or Per-emb-44B) is fed by an
infalling streamer from an outer region (∼700 au). This streamer contributes to an accretion of
material onto the system with a rate of at least 4.4×10-6 Msun yr-1. We conclude that the CH3CN
emission in SVS13A originates from gas in a compact structure connecting the binary system to the
disk and possibly affected by the large-scale streamer. The large-scale infalling streamer is affecting
the binary formation in an early evolutionary stage.

Figure 2. (Top) DCN (3-2)
centroid-velocity and
linewidth maps from
hyperfine structure fitting.
The white contours show
its fitted peak
temperature. The contour
levels start at 25σ and
increase in steps of 5σ.
The cyan contour shows
the ALMA continuum
emission above the 3σ
level. (Bottom) The
spectra of DCN, C18O,
and CH3CN toward the
four positions that are
marked in the linewidth
map.

PRODIGE - Envelope to disk with NOEMA II. Temperature 
structure and kinematics of SVS13A using CH3CN and DCN

References: 
• Diaz-Rodriguez et al.(2021)
• Pineda et al.(2020)
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Figure 1. Spectrum of CH3CN and CH3
13CN (12k −11k) toward the source center of SVS13A. 



J. Ferrer Asensio, S. Spezzano, C. Endres, V. Lattanzi, P. Caselli

In the last years the number of multi-deuterated molecules detected in the Interstellar Medium (ISM)
increased (e.g. CHD2OH and CD3OH -Parise et al. 2002 and 2004-, c-C3D2 -Spezzano et al. 2013-,
CHD2OCHO -Manigand et al. 2019-). These molecules are found to be more abundant than expected
when taking into account the ISM deuterium abundance (D/H = 2.0 ± 0.1 x 10-5, Caselli & Ceccarelli
2012; Ceccarelli et al. 2014). H-D substitution reactions have been proposed to explain the observed
deuterium fractionation (Drozdovskaya et al. 2022). In order to better understand the nature of
deuterium fractionation, and the interplay of the chemistry in the gas phase and on the surface of dust
grains, chemical models need to be constrained by observations of singly- and multi-deuterated
molecules. Doubly deuterated acetaldehyde (CD2HCHO) has not been detected in the ISM yet as it
lacks an extensive spectroscopic study, in contrast with the singly-deuterated forms CH2DCHO and
CH3CDO that were detected towards the protostellar core IRAS16293-2422B (Coudert et al. 2019). In
order to allow the first detection of CD2HCHO in the ISM, and to understand its deuterium
fractionation, we are studying the rotational spectrum of CD2HCHO in the 84-250 GHz frequency
range. We recorded 282 lines with J ranging from 5 to 14, and Ka ranging from 0 to 13.
We can now predict the Ka = 0 transitions at 300 GHz with an accuracy of 100 kHz. The same
transitions were predicted with an accuracy of 700 kHz using the low frequency measurements
available prior to our work (Turner & Cox 1976; Turner et al. 1981). We are however still working on
expanding the frequency coverage, as well as improving our fit. As a consequence, the accuracy of our
catalogue will further improve.
This work will allow us to obtain an accurate spectral catalogue for CD2HCHO, which we will use to
search for this molecule in star-forming regions.

Building the spectroscopic database of doubly deuterated 
acetaldehyde (CD2HCHO)

Figure 1. 
Experimental spectrum 
of CD2HCHO in the 3 
mm range. The vertical 
lines mark the 
CD2HCHO line 
frequency predictions. 
The blue and orange 
colours indicate different 
conformers. The 
transitions are expressed 
as J’,Ka’,Kc’ - J’’,Ka’’,Kc’’, 
where ‘ indicates the 
upper state and ‘’ the 
lower state.
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K. Giers, S. Spezzano, P. Caselli, et al.

Deuterated molecules are important diagnostic tools of the earliest phases of star formation, allowing
us to study in detail the central regions of pre-stellar cores where CO and other CO-bearing molecules
are heavily frozen onto dust grains.
We present a mini survey of deuterated molecules in the well known pre-stellar core L1544, and in one
of the youngest (and most highly deuterated) Class 0 protostellar cores, HH211, observed with the
Onsala 20m telescope. Using single dish observations, we analyse ground state rotational lines of
DCO+, DCN, DNC and CCD, in combination with observations of their non-deuterated isotopologues
that are optically thin. With this, we are able to perform a unique comparison between the deuteration
in an evolved pre-stellar core on the verge of forming a low-mass star and a young low-mass Class 0
protostellar core. We will discuss the importance to understand how the deuterated molecules are
inherited in the earlier stages of low-mass star formation, and eventually in planetary systems.

Figure: Spectral lines of all observed isotopologues in L1544 (black) and HH211 (red). Dashed lines indicate the rest velocities of
L1544 (7.2 km/s) and HH211 (9.2 km/s).

A comparison of the deuteration in the pre-stellar core 
L1544 and the protostellar core HH211
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We find similar levels of deuteration for CCH (17%), HCN (6%) and HCO+ (4%) in both cores, while
HNC shows a higher deuteration in HH211 (L1544 5%, HH211 8%). In both cores we find that C13CH
is more abundant than 13CCH (N(C13CH)/N(13CCH)=2), which appears to be common in cold dark
clouds and is caused by differences in the formation pathways and the isotopomer-exchange reaction
(Taniguchi et al. 2019). However, this implies that the carbon isotopic ratio for the local interstellar
medium (12C/13C=68; Milam et al. 2006) is not constant and needs to be adapted (see Colzi et al.
2020). For HH211, the spectral lines show an additional velocity component at 8.2 km/s, where the
deuteration level is one magnitude lower than in the main emission line. As we only analyse single
pointing observations, our telescope beam can not resolve different components of the protostar like
the disk, the envelope or the jet. However, as the additional velocity component only appears in the
blue part of the spectrum, we conclude that it does not originate from the outflow itself but more likely
traces material that is impacted by the outflow.



V. Lattanzi, F. O. Alves, P. Caselli, et al.

The study of the early phases of star and planet formation is important to understand the physical and
chemical history of stellar systems like our own. In particular, protostars born in rich clusters are
prototypes of the young Solar System. In the frame of the Seeds Of Life In Space (SOLIS) large
observational project, we investigate the origin of the previously inferred high flux of energetic
particles in the protocluster OMC-2 FIR4 in Orion. Interferometric observations carried out with the
IRAM NOEMA interferometer were used to map the silicon monoxide (SiO) emission around the
FIR4 protocluster. A physical-chemical model was implemented to characterise the particle
acceleration along the protostellar jet, along with a non-LTE analysis of the SiO emission along the
jet.

CONCLUSIONS:

 The detection for the first time of a jet originating within the FIR4 cloud, clearly seen in the SiO (2-
1) line.

 The jet is extending towards the East side of OMC-2 FIR4, in the same direction where a high 
ionisation rate was previously measured.

 The driving source is HOPS-108 and there is evidence of jet precession.
 Our model shows that high-energetic particles can be produced by acceleration in the shocked gas 

traced by the SiO emission. These particles can be the source of the observed enhanced ionization.

Jet unveiled in OMC-2 and its link to the enhanced 
cosmic-ray ionisation rate.

References: 
• Fontani, F. et al., 2017, A&A, 605, A57
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Fig 1: Integrated intensity map of the SiO
(J=2–1) emission towards OMC-2 FIR4.
White contours are 10%, 20%, 30%,
40%, 60%, and 80% of the maximum
value (0.985 Jy/beam·km s−1). The
velocity channels were selected in the
emission map with a 5σ cutoff around the
emission peak (1σ = 4.3 × 10−4 Jy/beam).
Red contour indicates the 10σ of the 85
GHz continuum emission (Neri et al. in
preparation; σ = 3.8 × 10−5 Jy/beam).
Green contour is the 7.5σ integrated
emission of HC5N described in Fontani et
al. (2017), with 1σ = 3.6 × 10−3

Jy/beam·km s−1.

The region in green contour overlapping with the SiO jet emission, with an average radius of
∼5000AU, is also where Fontani et al. (2017) inferred the cosmic ray ionisation rate of ζ=4×10−14s−1 .
The three main protostars in FIR4 are represented by the three open symbols, square (HOPS-108),
triangle (HOPS-64) and diamond (VLA15), respectively. The white open dashed circle marks the
primary beam FWHM for the NOEMA observations, while the bottom-left ellipse represents the
synthesised beam.



Y. Lin, S. Spezzano, O. Sipilä & P. Caselli

Pre-stellar cores are fundamental units for star and stellar system formation. The anatomy of the
physical and chemical structures of pre-stellar cores is critical for understanding the star formation
process. L1544 is a prototypical pre-stellar core that follows a physical structure of the Bonnor-Ebert
(BE) sphere (Keto & Caselli 2010), which shows significant chemical differentiation by exhibiting
distinct molecular emission peaks surrounding the dust peak (Spezzano et al. 2016, 2017). We aim to
constrain the physical conditions at the different molecular emission peaks. We conducted multi-
transition pointed observations of CH3OH, c-C3H2 and HNCO with the IRAM 30m telescope, towards
the dust peak and the respective molecular peaks. With non-LTE radiative transfer calculations and a
1-dimensional model, we revisit the physical structure of L1544, and benchmark with the abundance
profiles from current chemical models (Sipilä et al. 2015). We find that HNCO, c-C3H2 and CH3OH
lines are tracing progressively higher density gas, from ~104 to several times 105 cm-3.
Particularly, we find that to reproduce the observed intensities and ratios of the CH3OH lines, a local
gas density enhancement at 4000 au upon the BE sphere is required. This suggests that the physical
structure of an early-stage core may not necessarily follow a smooth decrease of the gas density
profile locally, but can be intercepted by clumpy substructures surrounding the gravitational center.
Multiple transitions of different molecular species can provide a tomographic view of the density
structure of pre-stellar cores. The local gas density enhancement deviating from the BE sphere may
reflect the impact of accretion flows that appear asymmetric and enhanced at the meeting point of
large-scale cloud structures.

Multi-line observations of CH3OH, c-C3H2 and HNCO 
towards L1544

Dissecting the core structure with chemical differentiation
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Figure 1 (left) Modified radial density profile with a density enhancement (in purple) in comparison with the original BE sphere 
in KC10 and beam convolved profile (in green) of L1544. Gray crosses indicate the gas densities measured from the n(H2) map 
of NOEMA observations; (right) comparison between best-fit model spectra at CH3OH peak (light blue) and observed spectra at 
the three molecular peaks denoted as CH3OH-p, C3H2-p and HNCO-p. The transition and the corresponding upper energy level 
(Eup), critical density (ncrit) are marked at the top; the optical depth (τ) at the line center of the model spectrum is indicated.



M.J. Maureira, J. E Pineda, P. Caselli, M. Gong, K. Silsbee, D. Segura-Cox, A. Schmiedeke

A new view of the Class 0 system IRAS 16293-2422 A. ALMA 3 mm continuum observations with a
resolution of 6.5 au unambiguously reveal its binary nature. Two bright compact sources are tracing the
circumstellar disks. The semi major axis of the circumbinary structure is misaligned by 90 degrees with
respect to the compact dust disks. We use both the gas and stellar kinematics (adding previous VLA
observations) and concluded that the pair is bound. We use the relative positions to derive the relative
orbit parameters. The protostellar masses derived from the gas kinematics and the orbital analysis are in
agreement. The individual masses are in the range 0.5 MSun ≲ M1 ≲ M2 ≲ 2 MSun. We investigate the
dust temperature distribution down to 10 au scales using additional 1.3mm ALMA observations. This
source is known to have hot gas (> 100 K) within <100 au also traced by the emission of complex
organic molecules (COMs). The dust emission around the disks shows peaks. These peaks have
brightness temperatures values of ~57-76 K at 1.3 mm. The spectral index at the location of these peaks
are smooth with a value of ~3.4. These results indicate that the high Tb values, separated by about 30 au
from the circumstellar disks do not correspond significant overdensities and they are instead the
location of hot dust spots. The location of these hot spots are in agreement with that of high temperature
peaks in the gas and enhanced COM emission. The resolved spatial temperature distribution is
consistent with heat produced by shocks due to the accretion onto the disks or the interaction of the
binary with the circumbinary material. Shock heating, instead of radiative heating, appears to be at the
origin of the high temperatures in this prototypical hot corino.

Towards a complete physical characterization of a deeply 
embedded binary

References: 
• Maureira et al. 2020, ApJ, 897,59
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A1

A2

a b

c d

ALMA  
3mm

a) ALMA 3mm 
continuum emission of 
the close binary. The 
substructures around 
the disks are revealed 
to be hot spots (see 
panel c)

b) Relative motion of A1 
with respect to A2 
using previous VLA 
observations. The 
background shows the 
3 mm ALMA 
continuum. 

c) Inferred dust 
temperature using 
resolved 1.3 and 3 mm 
ALMA observations. 
Hot dust spots away 
from the disks are 
revealed.

d) Emission from a COM 
is enhanced at the 
location of the hot dust 
spots (black contours).



J. E. Pineda, A. Schmiedeke, P. Caselli et al.

Dense cores within molecular clouds are the places where stars are formed and the final place where
turbulence is dissipated. Several (large) programs have focused on the dense gas kinematics to constrain
the angular momentum on dense cores, however, little has been done to understand the effect of
magnetic fields on ions (affected by magnetic fields) when compared to neutrals. It is widely assumed
that the non-thermal velocity dispersion (a.k.a. turbulence) should be narrower for
molecular ions (compared to neutrals) when the magnetic field inside the core is static. We compare
N2H+ (1-0) and NH3 (1,1) and (2,2) observations of the dense core Barnard 5. Surprisingly, the non-
thermal velocity dispersion of the ion is subsonic and systematically higher than that of the neutral by
~20%. This suggest a new and surprising possibility, that the magnetic field inside dense cores is not
static, but oscillating. And, the ions should be more strongly dynamically coupled to this oscillating
field than the neutrals, thus accounting for their broader linewidth.

Ions-Neutrals connection in Dense Cores
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Figure 1: Integrated 
intensity maps of 
N2H+ (1-0) and NH3
(1,1), which are very 
good tracers of 
dense gas, are 
shown in left and 
right panels. The 
morphology and 
extent are similar, 
and therefore tracing 
similar volumes.
Angular resolution 
and scale bar are 
shown at bottom left 
and right corners, 
respectively. 

We use NH3 to determine the velocity dispersions and
kinetic temperatures across the map, thanks to their well
known hyperfine structure (HFS). Similarly, we obtain
the velocity dispersion for ions with the HFS fit of N2H+.
This allows us to compare the sonic Mach number for
ions and neutrals, tracing a similar volume, shown in
Figure 2 as the Kernel density estimates (KDE) and their
mean values. There is a clear and systematic difference
in the observed level of turbulence, which is incompatible
with turbulent cascade or ambipolar diffusion. We show
that this result is explained by the penetration of MHD
from the molecular cloud into the dense core, which stirs
preferentially the ions.

Figure 2



E. Redaelli, P. Caselli, et al.

High mass stars drive the dynamics of the interstellar medium, but their formation process is still
largely unknown. One key question that is still unanswered from the observational point of view is
whether the parental cores where high-mass stars form are already massive (several tens of solar
masses) in their prestellar stages, or if instead when the central protostar is born the core is still low-
mass, and it keeps accreting throughout the protostellar phase. We targeted the high-mass clump
AG14.49 with ALMA Band 7 observations, comprising the continuum emission at 0.8mm and the o-
H2D+ line. This species is an ideal probe of prestellar gas since its abundance rapidly drops when the
temperature rises above 20K (see for instance Redaelli et al. 2021). We have identified structures in
position-position-velocity space, finding 22 prestellar cores. In order to investigate the kinematics of the
gas harbouring the cores, we fit complementary ALMA Band 3 data of the N2H+ (1-0) transition using a
multi-component approach. AG14.49 shows a complex kinematics, with three velocity components
detected at most positions.

Figure 2. Velocity-position plot obtained from the 
results of the multi-component gaussian fit to the 
N2H+ data. The red, blue, and green colours
identify the distinct velocity components, whilst 
the colorscale shows the velocity dispersion of 
each component. The black circles show the 
position of the prestellar cores (see Fig. 1), whilst 
the magenta triangles are the protostellar
candidates. The red circle highlight the position of 
a filamentary structure, which presents a velocity 
gradient of ~8km/s/pc. The gas appear to flow 
towards the protostar at the top-right, which is also 
powering a bipolar outflow.

ALMA ortho-H2D+ observations in high-mass clumps: 
a hunt for massive pre-stellar cores

Figure 1. The colorscale shows the integrated 
intensity of the N2H+ (1-0) transition in AG14.49. 
The white contours show the prestellar cores 
identified with the SCIMES algorithm (Colombo 
et al. 2015) from the o-H2D+ data. The stars 
symbols represent protostellar candidates, 
according to Li et al. (2020). Whilst N2H+

emission presents peaks in correspondence to 
protostar positions, the o-H2D+ cores usually do 
not coincide with them, likely due to the fact that 
the protostellar feedback, heating the gas, is 
causing the decrease of the o-H2D+ abundance.
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A. Schmiedeke, P. Caselli, J. E. Pineda, D. Segura-Cox, M. Maureira

We characterise in detail the two ~0.3 pc long filamentary structures found within the subsonic region
of Barnard 5. We use combined GBT and VLA observations of NH3(1,1) and NH3(2,2), as well as
JCMT continuum observations at 850 and 450 𝜇𝜇m. We find that both filaments are highly super-critical
with a mean mass per unit length, M/L, of ~80 M⊙pc-1, with local increases reaching values of ~150
M⊙pc-1. This would require a magnetic field strength of ~500 𝜇𝜇G to be stable against radial collapse.
We extract equidistant cuts perpendicular to the spine of the filament and fit a modified Plummer
profile, as well as a Gaussian to each of the cuts. We find an anti correlation between the central density
n0 and the flattening radius Rflat, suggestive of contraction. Further, we find a strong correlation between
the power-law exponent p at large radii and the flattening radius, Rflat. We note that the measurements
of these three parameters fall in a plane and derive their empirical relation.

Our high-resolution observations provide direct 
constraints of the distribution of the dense gas 
within super-critical filaments showing pre- and 
protostellar activity.

Supercritical Filaments in Barnard 5 

Left
Integrated intensity 
map of ammonia of 
the masked fila-
ments in Barnard 5. 

Right
Mass per unit length 

along the spines of 
the filament. The 
solid green lines 

indicates the critical 
limit determined by 

Ostriker (1964) for a 
10 K cylinder with 

subsonic turbulence.
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Right
Correlation between the 

flattening radius Rflat, central 
density n0,  and exponent p 

along the filament spines.



D. Segura-Cox, J.E. Pineda, P. Caselli, M.T. Valdivia-Mena, 
A. Schmiedeke, M.J. Maureira

The youngest protostars, in the Class 0 and I phases, are still deeply embedded in their dense natal
envelopes. In the past three years, we have begun to find long and narrow streamers that connect and
asymmetrically feed material from the envelopes to the disks surrounding these embedded protostars.
Further, the dust disk of Class I protostar IRS 63 is the youngest known disk with rings, which may
support grain growth and the first steps of planet formation. With ALMA molecular line data, we found
that a streamer impacts and asymmetrically heats the IRS 63 disk. In addition to replenishing the disk
mass, the uneven heating in the disk could lead to azimuthal zones of grain growth in addition to the
radial rings or lead to chemical variations in the nascent planet-forming zones of the disk.

A Streamer Impacts and Heats a Ringed Protostellar Disk
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① The Class I Protostar IRS 63
has the youngest known ringed
disk, which provides stable
zones for dust growth and could
lead to early planet formation.

50 au

Dust
①

③ SO2 traces warmed material
surrounding the dust disk (edge
marked by gray ellipse, rings
marked by blue ellipses). In
particular, there is extended SO2
towards the south-west, near the
impact zone where the streamer is
seen entering the disk in panel ②.
This is strong evidence that the
streamer is directly heating the
disk on impact.

② The ringed dust disk, shown
here in black contours, lies at the
center of a larger gas disk. The
infalling streamer, traced by
H13CO+, follows the path shown
by the arrow and directly enters
the disk at the impact zone. This
arrow is a streamline trajectory
from an analytic solution of a
rotating and collapsing core that
mimics the kinematic properties
of the infalling gas of this
streamer. The dashed box shows
the zoomed-in region shown in
panels ③ and ④.

④ N2H+ traces cold material.
There is no emission near the
impact zone. This is further
support that the streamer
heated the disk on impact,
which released CO into the gas
phase and in turn destroyed the
N2H+ in a portion of the outer
disk.

SO2

100 au

③

extended
SO2

N2H+

100 au

④

missing
N2H+

500 au

H13CO+ ②

impact
zone



S. Spezzano & P. Caselli

Isotopologue abundance ratios are the key to understand the evolution of astrophysical objects and
ultimately the origins of a planetary system like our own. Being Nitrogen a fundamental ingredient of
pre-biotic material, understanding its chemistry and inheritance is of fundamental importance to
understand the formation of the building blocks of life.
We studied the 14N/15N fractionation ratio across a pre-stellar core for the first time through IRAM 30m
observations of HCN, HNC and CN. Our results show for the first time that the fractionation of
Nitrogen presents significant variations across a pre-stellar core. The fractionation map that we derived
for HCN, shown in Figure 1 with the correspondent error map, presents a very clear decrease towards
the southern edge of L1544, the region of L1544 that corresponds to a steeper drop in H2 column
density and is consequently more efficiently illuminated by the interstellar radiation field (ISRF). The
same trend is tentatively observed also for CN and HNC.
Our results strongly suggest that isotope-selective photodissociation plays a crucial role in the
fractionation of nitrogen in L1544. Pre-stellar cores provide the budget of material that will finally be
inherited by forming planets. In order to assess what is the 14N/15N budget that can be inherited from
pre-stellar cores, it is important to consider the illumination-induced variations across the core.

15N fractionation traces isotope-selective 
photodissociation in a pre-stellar core
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Figure 1: 14N/15N ratio map for HCN (left panel) and the correspondent error map (right panel)
towards L1544. The maps were computed only in the pixels where the integrated emission of both
molecules was detected with a signal-to-noise ratio larger than 5. The IRAM 30m beam of 30''
(~5000 au) are shown in the bottom right of the maps. The solid white contours are the 30%, 60%
and 90% of the peak intensity of the N(H2) map of L1544 computed from Herschel/SPIRE data
(Spezzano et al. 2016).



F. S. Tabatabaei, E. Redaelli, P. Caselli ,and F. O. Alves

IRAS 15398-3359 is a Class 0 object, a low-mass protostar. It is known to be a magnetised dense core
(see Redaelli et al. 2019). We observed the transitions of two abundant molecules, C O (2-1) and
DCO (3-2) to study the kinematics of the core and its relation with the magnetic fields. The
observations were performed with APEX with a beam size of 28′′ at 216 GHz. Due to the different
critical densities, higher for DCO than for C O, DCO traces preferentially the denser component
closer to the central protostar, while C O traces the more extended and tenuous gas in the filamentary
structure. There is a systematic difference between centroid velocity in C O and DCO , suggesting
that they are not tracing exactly the same gas, as expected because of the different line critical
densities and possibly because DCO kinematics is affected by the magnetic field. We are currently
studying the effects of magnetic fields on the kinematics of the material traced by C O and DCO .

We perform a Gaussian fitting on the molecular data, obtaining maps of linewidth, centroid velocity,
and column density for each species. C O has a more complex profile than the DCO profile and
often shows two components that fit with multi-component analysis. In Fig.1 (right panel), we show
only the brightest component, which is the one associated with the DCO emission. Along the
filament, a small velocity gradient can be seen in both species, which could be linked to ongoing
accretion towards the central object. We find a small velocity gradient toward the center in the east-
west direction which could be due to the rotation of the core. Then the rotation axis would lay in the
north-south direction, close to the direction of the detected bipolar outflows found by Bjerkeli et al.
(2016), shown in blue and red arrows in the figure. The mean velocity dispersion derived from DCO
of the gas in the filament is 0.13 and becomes broader toward the center: 0.18. This increase is linked
to the protostellar activity, heating the surrounding material.

Kinematic structure of the low mass protostellar core 
IRAS 15398-3359

Figure 1: The centroid velocity map obtained fitting the observed DCO (left) and C O (right). For
the C O, we show the brightest component only. The black vectors represent the polarisation angles,
tilted by 90 degrees to trace the magnetic field direction (from Redaelli et al. 2019) and the blue and
red arrows show the direction of the outflow (PA=35◦, from Bjerkeli et al. 2016). The star shows the
position of the protostar. The contours represent N(H2) column density as derived from Herschel data,
levels: [1.2,2.2,3.2]×10 cm .
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M. T. Valdivia-Mena, J. Pineda, D. Segura-Cox, P. Caselli et al.

The classic picture of star formation consists of the axisymmetric collapse of an individual gas core. In
the last few years, there has been a rise in the detection of asymmetric infall structures, called streamers,
which go against this picture. It is unclear how streamers affect the process of mass accretion beyond
the highly embedded Class 0 phase. We use NOEMA 1.3 mm molecular line observations to study the
gas kinematics at ~300 au resolution towards Per-emb-50, a protostar in the later Class I phase located
in the active low-mass star forming region NGC 1333. Our H2CO observations (Fig. 1) unveil a
streamer of at least 3000 au long pointing towards the protostar. The analytic solutions for an infalling
mass from towards a central object which conserves angular momentum (Mendoza et al. 2009) are
consistent with the H2CO emission, both in the image plane and line-of-sight velocities. This is the first
streamer towards a Class I protostar characterised by free-fall motion. Using the free-fall timescale
from this analytic model and the mass obtained using C18O observations from the same setup, we
estimate that the streamer has an average infall rate towards the protostar and disk system of (1.3 ±
0.3) × 10−6 M⊙yr−1 (dashed line in Fig. 2), 5-10 times larger than the accretion rate of the protostar.
The infall rate along the streamer is consistently larger than the accretion rate estimated for Per-emb-50,
independent of the variations along its length. In conclusion, streamers might provide a significant
amount of mass for stellar accretion after the Class 0 phase.

River in the sky: discovery of the first streamer towards a 
Class I protostar
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Figure 2: Infall rate with respect to the distance to
the protostar along the streamline and the free-fall
timescale. The streamer’s average infall rate is
1.3 × 10−6 M⊙yr−1 (dashed line), 5-10 times
larger than the accretion rate to the protostar if its
estimated age is 1 Myr (green area, Fiorellino et
al 2021).

Figure 1: Velocity integrated image of H2CO
emission. The streamer is almost perpendicular
to the outflow, shown in the red and blue
contours of 12CO(2-1) emission. The gray line
shows the streamline that best reproduces the
observed emission. The streamer seems to
continue beyond the primary beam (dashed
circle), so its length is a lower limit.

• Mendoza et al. 2009, MNRAS, 393, 579 • Fiorellino et al 2021,  A&A, 650, A43 • Valdivia-Mena et al 2022, 
submitted



J. Zamponi, M. J. Maureira, B. Zhao, P. Caselli, et al.

Deeply embedded protostars are actively fed from their surrounding envelopes through their
protostellar disk. The physical and chemical structure of such early disks might be different from that
of more evolved sources due to the active accretion. We present 1.3 and 3 mm ALMA continuum
observations at resolutions of 6.5 au and 12 au, respectively, towards the Class 0 protostar IRAS
16293-2422 B, the very first source identified as a hot corino. The resolved brightness temperatures
appear remarkably high, with Tb >100 K within ∼30 au and a peak value over 400 K at 3 mm. Both
wavelengths show a lopsided spatial distribution of the emission with a spectral index lower than 2 in
the central ∼20 au region. We compared these observations with a series of radiative transfer
calculations and synthetic observations of protostellar disk models formed by the collapse of a dense
core. We find that a massive young gravitationally unstable disk model can reproduce the high
brightness temperatures observed and the resolved spectral index. Our analysis shows that the gas
kinematics within this disk model (e.g., shocks and compressional heating) play a more significant
role in heating the disk than the protostellar radiation. The structures arising in such a gravitationally
unstable disk could also provide an explanation to the observed asymmetry. Our results suggest, that a
young and self-gravitating disk could be present at the origin of a hot corino and that its high
temperatures are likely responsible for releasing volatile species back in the gas phase, providing an
explanation for the highly rich chemistry found in this source.

The young protostellar disk in IRAS16293-2422 B is hot 
and shows signatures of gravitational instability 

Center for Astrochemical Studies
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M. Gong, A. Ivlev, V. Akimkin, B. Zhao, P. Caselli

Grain growth in protoplanetary disks is the first step towards planet formation. One of the most
important pieces in the grain growth model is calculating the collisional velocity between two grains in
turbulent gas. The collisional velocities in previous works are obtained based on the assumption that the
turbulence is hydrodynamic with the Kolmogorov power spectrum. However, realistic protoplanetary
disks are magnetized, and turbulent motions can be induced by the magneto-rotational instabilities
(MRI). In Gong et al. (2020), we use magneto-hydrodynamic (MHD) simulations of MRI to investigate
turbulence properties in protoplanetary disks. We observe a persistent kinetic energy spectrum of 4/3,
shallower than the Kolmogorov spectrum of 5/3 (Fig. 1). In our subsequent work of Gong et al. (2021),
we study the impact of turbulence properties on grain collisional velocities, and find that for the
modeled cases of the Iroshnikov-Kraichnan (IK) turbulence and the turbulence induced by the magneto-
rotational instabilities, collisional velocities of small grains are much larger than those for the standard
Kolmogorov turbulence. This leads to faster grain coagulation in the outer regions of protoplanetary
disks, resulting in rapid increase of dust opacity in mm-wavelength and possibly promoting planet
formation in very young disks (Fig. 2).

Faster grain growth in protoplanetary disks enabled by 
the magneto-rotational instability

References: 
• Gong, M., Ivlev, A. V., Zhao, B., Caselli, P. 2020, ApJ, 891, 172
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Fig. 1: Visualization 
of the magnetic field 
lines in MRI (left) 
and driven 
turbulence (right) 
simulations. The 
magnetic field in the 
MRI turbulence has 
more power on the 
small scales, and a 
mean field along y-
axis due to the 
shearing motion. 

Fig. 2: Evolution of the average grain size in the 
disk midplane at 30 AU, for Kolmogorov (black), 
Iroshnikov-Kraichnan (orange) and MRI (green) 
turbulence. The gray shaded region marks the size 
range that contributes the most to the dust emission 
at millimeter wavelengths. The filled circles 
indicate radial drift barriers for each turbulence 
model. Compared to the standard Kolmogorov 
turbulence assumption, MRI turbulence results in 
faster coagulation of small grains, possibly 
promoting planet formation.



T. Grassi, P. Caselli (MPE), M. Padovani (INAF), D. Galli (INAF), B. Zhao (McMaster/MPE), T. 
Haugbølle (NBI)

We compared our results with other standard methods that use the line of sight column density to find 
the corresponding CRIR. This class of methods overestimates the CRIR (blue line in Fig. c), since they 
do not include the lengthening of the CRs trajectories given by the increasing magnetic field strength 
(orange line). Our model finds an order of magnitude less CRIR at approximately 1800 au, i.e. the 
region observed with ALMA in L1544 (Caselli et al. 2019). Future studies including chemical tracers 
and synthetic observations will be crucial to determine a realistic comparison with actual observations.

The cosmic-ray ionization rate (CRIR) plays a crucial role in several astrophysical environments,
determining not only the observable chemical composition, but also affecting the gas dynamical
properties, e.g., modifying the ionization state and hence the magnetic field diffusivity. Being charged
particles, cosmic rays propagate in the gas by following the magnetic field topology. To this aim, we
modelled their propagation into a single snapshot in time of a three-dimensional magneto-
hydrodynamical simulation of a pre-stellar core. We found that the intensity variation and the
structure of the magnetic fields play a key role in reducing the CRIR by an order of magnitude already
at relatively large scales.

Modelling the cosmic-ray ionization rate in pre-stellar 
cores

We developed a numerical scheme to model the 
propagation of cosmic rays (CRs) following the magnetic 
field lines computed with an MHD simulation of a pre-
stellar core (Fig. a).

Our method, finding the correct CRIR at every location of 
the core model, suggests that the variation of the magnetic 
field strength plays a crucial role in attenuating the CRIR, 
rather than the topology of the magnetic field lines, that 
only determines the global morphology (Fig. b).

The CRs experience an increasing magnetic field strength 
while travelling toward the high density region, obtaining 
a relatively high attenuation already at approximately 3-
4000 au (Fig. b).
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A. V. Ivlev and K. Silsbee

Cosmic rays (CRs) interacting with the gas generate electron-ion pairs, with electrons having
sufficient energy to produce further ionization. These processes of primary and secondary ionization
are characterized by the respective ionization rates, ζp and ζsec. While ζp can be straightforwardly
derived for a given CR spectrum, computing ζsec is a much more difficult problem. Recently, we have
rigorously calculated the energy spectrum of electrons that are produced by interstellar CRs
penetrating dense molecular gas (Ivlev et al. 2021). This allows us to compute the ratio ζsec/ζp as a
function of gas column density N, and opens up the possibility to accurately evaluate characteristics of
various important processes driven by CRs in molecular clouds.

• The accurately calculated spectrum of secondary electrons substantially deviates from standard 
calculations (based on the continuous slowing-down approximation), both at low and high energies.

• In molecular clouds, secondary electrons are expected to (i) dominate over attenuated interstellar 
electrons at energies up to 104 –105 eV, and (ii) approximately double the total ionization rate.

• The developed theory allows us to accurately evaluate the local rates of gas heating and H2
dissociation, the local magnitude of the UV field (due to H2 fluorescence), generation of x-ray 
emission as well as of IR emission (due to H2 rovibrational transitions), etc. 

Secondary cosmic-ray ionization in molecular gas:
Rigorous theory

Local spectra of secondary electrons in 
molecular gas, produced by interstellar CRs at 
different H2 column densities N. For 
comparison, local (attenuated) spectra of 
interstellar CR electrons (Padovani et al. 2020) 
are plotted for same N, showing that secondary 
electrons increasingly dominate at lower 
energies.
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Ratio ζsec/ζp as a function of H2 column 
density. The red curve (“exc”) shows the 
exact case where electronic excitations of H2
are included. The model case of no excitation 
(“no exc”), illustrating the importance of 
excitation energy losses, is also plotted for 
methodological reasons. The derived  
dependence is quite different from the 
traditional assumption of a constant ζsec/ζp .



S. Jensen, S. Spezzano, P. Caselli, T. Grassi, M. Küffmeier, T. Haugbølle

Pre-stellar cores mark the first stage of the star-formation process and hence also the earliest stage on
the chemical trail from molecular clouds to planetary systems. Indeed, there is increasing evidence
that the chemistry in protostellar and protoplanetary systems is inherited from the pre-stellar phases
(e.g., Cleeves et al. 2014, Jensen et al. 2021). Establishing the chemical inventory of these cores is
therefore central to our understanding of the chemistry in young planetary systems.
Sub-millimeter observations of the archetypal pre-stellar core L1544 have revealed a complex
chemical morphology not currently understood. The emission of carbon-chain molecules peaks
opposite of complex organic molecules such as methanol (Spezzano et al. 2017). Both molecular
emissions are offset from the dust peak (i.e., the center of the core). To understand the chemical
morphology and the underlying physical and chemical causes, we are currently developing a 3D
physico-chemical model of pre-stellar cores embedded in a realistic star-forming cloud.
The model consists of several components: an underlying physical RAMSES 3D MHD model of a
star-forming cloud which is post-processed with two radiative transfer models. First, a RADMC-3D
continuum radiative transfer model determines the local temperature field and radiation field and then
the chemical composition is computed using a state-of-the-art chemical gas-grain model. In the last
step, the line emission from selected molecules is computed using the LIME 3D line radiative transfer
code.
This work will allow us to establish whether the observed chemical distribution is the results of
external processes in the local cloud environment (e.g., variation in extinction of the interstellar
radiation field) or whether intrinsic dynamics in the core or additional chemical pathways are needed
to explain the observed chemical structure. Furthermore, we will study a larger sample of simulated
pre-stellar cores to study the degree of chemical diversity amongst pre-stellar cores and compare with
observations.

Matching theory to observations: A 3D physico-chemical 
model of the pre-stellar core L1544

Center for Astrochemical Studies

RADMC-3D
+

CHEMISTRY

References:
• Cleeves, L. I., Bergin, E. A., Alexander, C. M. O. D., et al. 2014, Science, 345, 1590
• Jensen,

Left: Overview of the RAMSES 3D MHD simulation from which pre-stellar cores 
are extracted. White crosses indicate protostars.
Upper right: A 2D slice through one of the pre-stellar cores resembling L1544. The 
abundance of CH3OH relative to ngas is shown, along with black contours showing 
ngas = 105, 106 cm-3

Lower right: Integrated emission map for CH3OH (preliminary result). The image 
has been convolved with the IRAM 30m beam and projected at 140 pc.

LIME RT



C. Nolan, B. Zhao and P. Caselli

Radial substructures have now been observed in a wide range of proto-planetary discs (PPDs), from 
young to old systems, however their formation is still an area of vigorous debate. Recent 
magnetohydrodynamic (MHD) simulations have shown that rings and gaps can form naturally in 
PPDs when non-ideal MHD effects are included (e.g. Suriano et al. 2018, Riols & Lesur 2019). 
However these simulations employ ad-hoc approximations to the magnitudes of the magnetic 
diffusivities in order to facilitate ring growth. We remove the parametrisation of these terms by 
including a simple chemical network and grain distribution model to calculate the non-ideal effects in 
a more self-consistent way. We use a range of grain distributions to simulate grain formation for 
different disc conditions. Including ambipolar diffusion, we find that large grain populations (> 1μm), 
and those including a population of very small polyaromatic hydrocarbons (PAHs) facilitate the 
growth of periodic, stable rings, while intermediate sized grains suppress ring formation. Including 
Ohmic diffusion removes the positive influence of PAHs, with only large grain populations still 
producing periodic ring and gap structures. These results relate closely to the degree of coupling 
between the magnetic field and the neutral disc material, quantified by the non-dimensional Elsasser 
number Λ (the ratio of magnetic forces to Coriolis force). For both the ambipolar-only and ambipolar-
ohmic cases, if the total Elsasser number is initially of order unity along the disc mid-plane, ring and 
gap structures may develop.

Initial mid-plane Elsasser profiles for both 
ambipolar-only (dashed) and ambipolar-Ohmic 
(solid) setups. For ambipolar-only cases, stable, 
periodic rings form for eMRN, S18, MRN-PAH 
and trMRN-PAH models, matching those with 
Λ ≳1. The addition of Ohmic diffusion leaves 
only eMRN with Λ ≳1, with ring formation 
damped in all other cases (see above figure). 
Hence chemistry and magnetic diffusion are 
important for ring formation in PPDs.

The effects of non-ideal MHD on ring formation in 
protoplanetary disks

Face-on disc surface density profiles Σ, 
normalized to their initial radial 
distribution Σi, out to a radius of 35 au at 
t/t0 = 2500. Models include ambipolar and 
Ohmic diffusion. Top row, left to right: 
grain distributions of increasing size; 
MRN: 0.005-1μm; trMRN: 0.1-1μm; 
eMRN: 1-100μm. Bottom row, left to 
right: Fiducial simulation from Suriano et 
al. 2018 (S18); MRN and trMRN models 
with a population of PAHs (MRN-PAH, 
trMRN-PAH). Increasing grain size leads 
to increased ring formation and stability, 
but PAHs destroy all notable structure.
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Ch. Rab, T. Grassi, P. Caselli et al.  

Winds play an important role in the evolution and dissipation of protoplanetary disks, but what kind of
wind is dominant (i.e. photo-evaporative, magnetically driven) in a certain evolutionary stage remains
unclear. We aim to interpret H2 and [OI] line observations of disks that indicate kinematic wind
signatures with existing radiation-hydrodynamic photo-evaporative disk wind models. We post-
process those models with a thermo-chemical disk model to produce synthetic observables for the H2

and [OI] lines that can be compared to observations. We find that the kinematical wind signatures
derived from the modelled spectral lines are consistent with a large fraction of the observational
sample. However, the current observational data does not allow to discriminate between different wind
driving mechanisms in many cases. Further improvements of the models, such as consistent
modelling of the dynamics and chemistry and a comparison of magnetically driven wind models to
observational data is necessary.

Left: Comparison of modelled line fluxes (coloured symbols, orange are the wind models) to the
observational data (symbols with error-bars), showing that our models predict reasonably well the
total fluxes of both lines. Right: Comparison of the peak velocity shift in the spectral line profiles.
This shows that pure photo-evaporative wind models (coloured symbols) are consistent with the data
and that the observed line properties do not necessarily indicate a common line origin or a
magnetically driven wind as argued by Gangi et al. (2020).

Interpreting H2 and [OI] line emission of T Tauri disks 
with photo-evaporative disk wind models

Left: Disk structure showing the H2 number
density, the velocity field (grey arrows) and the
main line emitting regions for o-H2 2.12 μm and
[OI] 0.63 μm (boxes). The physical disk density
structure and velocity field are from the
radiation hydrodynamic photo-evaporative wind
models of Weber et al. (2020). The thermo-
chemical structure and the observables are
calculated with the radiation thermo-chemical
code ProDiMo (e.g. Woitke et al. 2016). The
model shows that the lines are tracing different
wind regions.
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W. Riedel, P. Caselli, E. Redaelli, O. Sipilä et. al.

In recent years, several surveys (e.g.: Bacmann et al. 2012, and references therein; Cernicharo et al.
2012) found surprisingly high abundances of complex organic molecules in the gas phase in dark
molecular clouds. Until then it was believed that the very cold (10K) and heavily obscured
environment would hinder the desorption of heavier, more complex molecules from the surface of the
sub-micrometer-sized dust grains into the gas phase. These unexpected findings have challenged
modellers to find new channels for desorption.
This project aims to improve the theoretical predictions for methanol and its deuterated isotopologues
made by the astrochemical code pyRate. The code already contains an extensive description of
deuterium chemistry for species with up to seven atoms. We have recently extended it including a
more sophisticated mechanism for reactive desorption based on experimental justification (Minissale
et al. 2016b), and allowed the diffusion of species on the grain surface to proceed also via tunneling
and not only by the usually used thermal hopping. We generated the column density profiles for
isotopologues of formaldehyde (H2CO), a precursor of methanol, and methanol (CH3OH) itself with a
static 1D physical model of the pre-stellar core L1544 (Keto&Caselli 2010). Then, we compared the
theoretical profiles to the observationally obtained column density profiles (Chacón-Tanarro et al.
2019). The updated desorption mechanism increases the abundance of methanol by almost two orders
of magnitude, which is within acceptable agreement with the observation given the large uncertainties.
Some further work has to be put into trying to improve the agreement for the deuterated methanol
isotopologue CH2DOH.

Modelling Deuterated Isotopologues of Methanol     
toward the Pre-stellar Core L1544

The figure shows the column 
density profiles of 
formaldehyde, methanol and 
some of their deuterated 
isotopologues along a cut 
through the dust peak and the 
offset methanol peak of the 
pre-stellar core L1544, 
specified first in Spezzano et 
al. (2016).  The dashed lines 
show the theoretical 
predictions made by pyRate; 
the solid lines show the 
observed column density 
profiles and the grey shaded 
areas their error bars (Chacón-
Tanarro et al. 2019).  
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K. Silsbee

Planet formation is thought to proceed bottom-up via a process known as core accretion. Small rocky
bodies termed planetesimals embedded in the protoplanetary disk stick together to form rocky planets.
If the rocky planets grow large enough while gas is still present in the disk, they will accrete gas and
become gas giants. This scenario has been questioned in tight planet-hosting binary systems such as 𝛾𝛾-
Cephei because some calculations suggest that the collision velocities between the planetesimals would
be high enough to destroy them. We used an analytic expression for the size-dependent collision
velocities, rates, and outcomes to run a coagulation-fragmentation simulation. This enabled us to show
that if the initial planetesimals are from a few to a few tens of kilometers across (depending on disk
parameters) that subsequent growth despite the high-velocity collisions in such systems is possible.

• Planetesimal growth can proceed unhindered provided that the initial planetesimals are between a 
few and a few tens of kilometers in size.

• The required initial size depends on many disk parameters (eccentricity, mass, apsidal alignment 
with the binary orbit), and has the strongest dependence on eccentricity.

• This work provides indirect evidence for the operation of the streaming instability in disks 
perturbed by a nearby companion, as this has been shown in unperturbed disks to result in the 
formation of large (100’s of kilometer) planetesimals.

Planet formation in binary star systems: growth of 
planetesimals despite high-velocity collisions

The time-evolution of the planetesimal size 
distribution is shown for two cases.  Different 
color curves correspond to different amounts of 
time the coagulation-fragmentation simulation 
was run for.The left panel corresponds to a part 
of the model disk in which the maximum 
collision velocity is 77 m/s.  In this case the mass 
remains concentrated in the larger bodies, and the 
size of the largest bodies continually grows with 
time.  In contrast, the right panel corresponds to 
an environment with a higher maximum collision 
velocity (265 m/s), and in this case the growth 
quickly stalls, and the majority of the mass ends 
up in the smallest fragments.
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The minimum initial planetesimal size required 
in order for growth to proceed to arbitrarily large 
sizes despite the presence of fragmentation is 
plotted as a function of disk eccentricity e0.  e0 is 
the eccentricity at 1 AU from the central star, and 
the disk eccentricity is assumed to increase 
linearly with separation from the central star.  
Different curves correspond to different 
assumptions about the planetesimal strength.



O. Sipilä, K. Silsbee, & P. Caselli

Cosmic ray induced desorption (CRD) is one of the most important mechanisms of releasing ices back
into the gas phase in cold, dense clouds. CRD occurs as a cosmic ray passes through an interstellar
grain, depositing energy and heating the grain transiently to a higher temperature – the grain cools back
to its equilibrium temperature via (partial) sublimation of the ice on its surface. We present a new
numerical description for CRD in which the grain cooling time is calculated dynamically based on the
molecular content in the ice. We find that the new dynamic CRD scheme has large implications for gas-
phase abundances especially in so-called three-phase models, where the ice is separated into a reactive
surface layer on top of a chemically inert mantle.

• Taking into account time-dependence in ice abundances allows to describe the CRD process more 
precisely than before, when it was assumed that the grain cooling time is constant.

• The time-dependence in the efficiency of CRD has implications on gas-phase abundances across a 
wide variety of physical conditions; however, ice abundances are only marginally affected.

• Many avenues of further research remain, for example relaxing the assumption of a constant 
transient maximum temperature for the grains upon a cosmic ray impact.

A Revised Description of the Cosmic Ray Induced 
Desorption of Interstellar Ices

A numerical description of CRD has been
previously presented by Hasegawa &
Herbst (1993), who assumed that the ice on
the grains consists solely of a generic CO-
like molecule. This leads to a constant
cooling time for the grain following a
heating event. Our new model (Sipilä et al.
2021) shows that the cooling time can
significantly deviate from the constant
value of 10-5 s derived by Hasegawa &
Herbst when the actual ice content is
accounted for.
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The cooling time evolves differently in two-phase
(gas-phase + ice chemistry) and three-phase (ice
separated into a reactive surface layer on top of a
chemically inert mantle) models: in two-phase (three-
phase) models, the cooling time decreases (increases)
with respect to the Hasegawa & Herbst value (curves
D2 and D3, respectively, in the Figure above). This
leads to a general decrease (increase) in gas-phase
abundances in two-phase (three-phase) models (red
(blue) curves in the Figure on the right), although the
trends also depend on the chemical pathways that
produce the molecule. In contrast, deuterated species
can be boosted also in two-phase models.
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