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ABSTRACT

Aims. The circumgalactic 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 to characterize the hot phase
of the CGM in a large sample of galaxies using recent soft-X-ray observations made by SRG/eROSITA.

Methods. We stack X-ray events from the ‘eROSITA Final Equatorial Depth Survey’ (eFEDS) around central galaxies in the 9hr field
of the ‘GAlaxy and Mass Assembly’ (GAMA) survey to construct radially projected X-ray luminosity profiles in the 0.5-2keV rest
frame energy band as a function of their stellar mass and specific star formation rate. We consider samples of quiescent (star-forming)
galaxies in the stellar mass range 2 x 10'°-10'2 M, (3 x 10°-6 x 10'! M,).

Results. For quiescent galaxies, the X-ray profiles are clearly extended throughout the available mass range; however, the measured
profile is likely biased high because of projection effects, as these galaxies tend to live in dense and hot environments. For the most
massive star-forming samples (>10!! M,), there is a hint of detection of extended emission. On the other hand, for star-forming galax-
ies with <10'" M, the X-ray stacked profiles are compatible with unresolved sources and are 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 (=10'' M) 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 empiri-
cal models of the population of weak AGN. When comparing our results with state-of-the-art numerical simulations (IllustrisTNG and
EAGLE), we find overall consistency on the average emission on large (>80 kpc) scales at masses >10'! M, 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.

Conclusions. 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 measurements and mapping of the CGM and its hot phase(s).

Key words. galaxies: general — galaxies: statistics — X-rays: galaxies

1. Introduction

A precise description of the different phases of the cosmic
gas, from the intergalactic (IGM) to the circumgalactic medium
(CGM) around galaxies, is the missing piece in the puzzle of the
baryon budget in the Universe and currently prevents us from
obtaining a complete and accurate description (Tumlinson et al.
2017; Driver 2021). The physical properties of the warm-hot
component of the intergalactic and halo gas, supposedly com-
prising 40% of the baryons, have been vastly unconstrained until

now. In this regard, L* galaxies hosted by 10'? My, haloes, where
most of the stars and metals are formed (Moster et al. 2018;
Behroozi et al. 2019), are of great interest. Soft-X-ray obser-
vations represent a particularly useful tool for investigating the
properties of the halo gas around galaxies, as the warm-hot phase
itself should reach virial temperatures such that most of the emis-
sion emerges in this band (Fukugita & Peebles 2004, 2006).
Hot, X-ray-emitting haloes have been observed around indi-
vidual or small samples of galaxies in the past. This has
been achieved for mostly early-type massive galaxies (e.g.,
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Goulding et al. 2016; Bregman et al. 2018). The detection of
X-ray-emitting atmospheres around star-forming disk galaxies is
rare and limited to small samples of galaxies more massive than
~10'' M, (e.g., Bogdan et al. 2013a,b, 2017; Anderson et al.
2016; Li et al. 2016).

Anderson et al. (2015) stacked X-ray photons from the
ROSAT all-sky survey around 250 000 massive galaxies from the
Sloan Digital Sky Survey that are central within their dark-matter
haloes. They reported a strong correlation between the mean
X-ray luminosity of the volume-filling gas in the CGM (i.e., in
the range (0.15—1) X Rspo.') and the galaxy stellar mass in the
stellar mass range log M* /M = 10.8—12. However, because of
the limited spatial resolution and the bright flux limit of ROSAT,
it was not possible to firmly detect an X-ray emission signal
from the CGM of Milky Way-mass (MW) galaxies and smaller
(107 My).

From a theoretical perspective, the extended soft-X-ray
emission from the gaseous atmospheres of massive haloes has
been predicted by galaxy formation models in the full cosmo-
logical context since the analytical models of White & Frenk
(1991). This has been confirmed, albeit with overall lower
luminosity than previously expected, by the results of cos-
mological hydrodynamical simulations, also around disk and
MW-mass galaxies (e.g., Crain et al. 2010; Bogdan et al. 2015;
Kelly et al. 2021, with the GIMIC, Illustris, and EAGLE simu-
lations, respectively). These works have shown that such X-ray
emission is sensitive to the unfolding and the interplay of star
formation, feedback, and cooling processes, which can simul-
taneously remove low-entropy gas by star formation, heat up
the halo gas via energy injections, and redistribute the gas via
outflows, making gaseous haloes dilute. Recently, Truong et al.
(2020) and Oppenheimer et al. (2020) showed that the state-
of-the-art cosmological galaxy simulations IllustrisTNG and
EAGLE both predict an X-ray luminosity dichotomy at z ~ O:
at the transitional stellar mass regime of 1010-5-11 M, simulated
star-forming galaxies exhibit somewhat higher soft-X-ray lumi-
nosity from the volume-filling gas within and around them than
quiescent galaxies of the same mass, all the way out to galac-
tocentric distances of ~200 kpc. Despite the differences in feed-
back processes implemented therein, this has been shown to be
a direct manifestation of the quenching mechanism in the sim-
ulations, with the reduction of the gas mass within the haloes
being due to super massive black hole (SMBH)-driven outflows.
Clearly, robust statistical constraints on the properties of the
X-ray-emitting gas from large samples of galaxies in this transi-
tional mass regime may hold the key to further improving our
understanding of the complex physical processes shaping the
gaseous atmosphere of their haloes.

In this article, we bridge the gap between past studies by
attempting to measure the faint, extended X-ray emission —
that is, the so-called hot phase of the CGM- surrounding cen-
tral galaxies over a wide stellar mass range (~10%!18 M_) by
stacking SRG/eROSITA data, taking advantage of its high sen-
sitivity in soft X-rays, moderate spatial resolution, large grasp,
and stable background (Predehl et al. 2021). To this end, we
use data from the eROSITA performance verification eFEDS
field (Brunner et al. 2022), a 140 deg? survey that partly over-
laps with a highly complete spectroscopic sample of low-redshift
(0.05 < z < 0.3) galaxies (GAMA, Sloan Digital Sky Survey
(SDSS), Liske et al. 2015; Ahumada et al. 2020). We can there-
fore stack X-ray data around galaxies in different bins of stel-

' Rsoqc is the radius at which the density of the dark matter halo is 500
times the critical density of the Universe at the redshift of the system.
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lar mass, and distinguish between star-forming and quiescent
galaxies.

A brief description of the data used is presented in Sect. 2.
The method, close to that adopted by Anderson et al. (2015), is
described in detail in Sect. 3. In Sect. 4, we discuss the measure-
ments obtained, while in Sect. 5 we compare the measurements
with hydrodynamical simulations. We discuss the possible impli-
cations of our results for galaxy evolution in Sect. 6.

2. Data
2.1. eROSITA eFEDS data

We use for this work the public Early Data Release (EDR)
eROSITA event file of the eFEDS field (Brunner et al. 2022)?.
It contains about 11 million events (X-ray photons) detected by
eROSITA over the 140deg? area of the eFEDS Performance
Verification survey. Each photon is assigned an exposure time
using the vignetting-corrected exposure map. Photons close to
detected sources in the source catalog are flagged (see details in
Sect. 3.2). These sources are cataloged as point-like or extended
based on their X-ray morphology (Brunner etal. 2022), and
they are further classified (e.g., galactic, active galactic nuclei
(AGN), individual galaxies at redshift z < 0.05, galaxy group,
and cluster) using multi-wavelength information (Salvato et al.
2022; Vulic et al. 2022; Liu et al. 2022a,b; Bulbul et al. 2022).

2.2. GAMA galaxy catalog

The Galaxy And Mass Assembly (GAMA) survey and its fourth
data release provides spectroscopic redshift for more than 95%
of the galaxies brighter than ~19.80 in the r-band (Liske et al.
2015; Driver et al. 2022). The released data and galaxy cata-
log are described at length by Driver et al. (2022)*. For each
galaxy, using multi-wavelength observations covering the far-
ultraviolet (FUV; ~1500 A) to the far-infrared (FIR; ~500 um),
GAMA constructed wide spectral energy distribution (SED)
and adjusted the parameters of the stellar population con-
stituting these galaxies (Robotham et al. 2020; Bellstedt et al.
2020, 2021). Of the GAMA fields, the 9hr field overlaps with
the eFEDS observations; see Fig. 1. In that field, for galax-
ies brighter than r < 19.8, the spectroscopic completeness is
98.67%.

From the h field (SpectCatv27 and NQ >2), we retrieve
about 40000 galaxies with a spectroscopic redshift in the range
0.05 < z £ 0.3 and with measured stellar mass and specific star
formation rate (sSFR) from Bellstedt et al. (2020, 2021). These
are derived using SED fitting (Robotham et al. 2020). They
adopt a Chabrier initial mass function (IMF) and SFRs are aver-
aged over 100 Myr. Stellar masses are output in units of solar
mass (M) and sSFR per year (yr~!). The stellar mass function
and cosmic SFR density are accurate and in excellent agreement
with the literature (Bellstedt et al. 2020; Koushan et al. 2021;
Driver et al. 2022).

The GAMA OShr galaxy sample only covers a fraction of the
eFEDS area: 60deg” out of 140 deg?; see top panel of Fig. 1.
Necessarily, we limit our X-ray analysis to this 60 deg? area. The
exact selection of the different galaxy subsamples adopted in our
analysis is detailed in Sect. 3.1.

2 https://erosita.mpe.mpg.de/edr
3 http://www.gama-survey.org/dr4/
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Fig. 1. Central galaxies used in this work. Top: sky coverage of eFEDS data (gray points) and GAMA galaxies (magenta). Bottom panels: split
between star-forming and quiescent galaxies (leftmost panel) formed by a boundary at log,,(sSFR) = —11. Stellar mass (log,,(M/My)) vs. redshift
2D histograms (redshift bins have a width of 0.025 and stellar mass bins have a width of 0.25 dex) for the set of quiescent (middle panel) and

star-forming (right panel) galaxies available in the GAMA 9hr field.

3. Method

By stacking large data sets, the noise decreases and fea-
tures with weak signal may be unveiled (e.g., Zhu et al. 2015;
Comparat et al. 2020b; Wolf et al. 2020). To do so, we stack
X-ray events around central galaxies with known spectro-
scopic redshift (Sect. 3.1), after masking detected X-ray sources
(Sect. 3.2).

We keep track of the angular distance between the detected
X-ray events and the galaxies (and their redshifts) to build radial
profiles. We record the event energies to build X-ray spectra. We
obtain a data cube where angular coordinates are converted to
proper distance (angle averaged) radii, and the energy (or wave-
length) vector is shifted to the galaxy redshift. The stacking pro-
cedure is described in detail in Sect. 3.3.

In the measurement process, control on two systematic fea-
tures is key: the emission of the background and the instru-
mental signatures. To simplify our analysis, and in light of
the expected SED of the signal we are interested in, we focus
here on the rest-frame energy range between 0.5 and 2keV. In
doing so, we only consider the energy range where the back-
ground emission is dominated by the well-understood diffuse

emission of the Milky Way and by the Cosmic X-ray Back-
ground (e.g., Predehl et al. 2021; Liu et al. 2022b; Ponti et al., in
prep.), while the contribution of the particle (unvignetted) back-
ground is negligible. Moreover, we avoid the complex response
of the lowest energy range (below ~0.4keV in the observed
frame) where both detector noise and the effects of the light
leak on the TM5 and TM7 (see Predehl et al. 2021) could intro-
duce yet uncalibrated systematic effects. As in Brunner et al.
(2022), we select good events from nominal field of view,
exclude bad pixels, and keep events with PATTERN < 15, which
includes single, double, triple, and quadruple events. Also, given
the relatively low signal-to-noise ratio (S/N) achieved from
relatively small galaxy samples, we only focus our attention
on broad-band photometric measurements. Work is ongoing
on the calibration of the low-energy response of eROSITA,
and future works will explore the possibility of stacked spec-
tral analysis also in the 0.15-0.4keV observed-frame energy
range.

We apply a bootstrap procedure to reliably estimate the
mean expected background and its variance (Sect. 3.4). Finally,
we estimate the spatial extent of the point-source profile using
an empirical point spread function (PSF) model based on the

A156, page 3 of 23
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Table 1. Samples considered in the analysis.

Table 2. Fraction of masked events.

Sample Stellar mass N, Average
name Min Max M z
ALL_M10.7 10.4 11.0 16142 10.7 0.22
Fixed stellar mass selection
QU_M10.7 10.0 11.0 7267 10.72 0.2
SF_M10.7 10.4 11.0 9846 10.66 0.23
Quiescent galaxies
QU_M11.71 11.616 11.973 50 11.71 0.27
QU_M11.58 11.556 11.616 50 11.58 0.27
QU_M11.54 11.523 11.556 50 11.54 0.26
QU_M11.35 11.306 11.41 400 11.35 0.25
QU_M11.2 11.138 11.269 1002 11.2 0.25
QU_M11.04 10.961 11.138 2000 11.04 0.24
QU_M10.88 10.806 10.961 1999 10.88 0.23
QU_M10.73 10.641 10.806 1999 10.73 0.21
QU_M10.53 10.362 10.641 2000 10.53 0.19
Star-forming galaxies

SF_M11.25 11.17 11.754 400 11.25 0.27
SF_MI11.12 11.079 11.17 400 11.12 0.27
SF_M11.05 11.027 11.079 401 11.05 0.26
SF_M10.99 10.943 11.051 1000 10.99 0.26
SF_M10.9 10.861 10.943 1001 10.9 0.25
SF_M10.86 10.795 10.943 2000 10.86 0.25
SF_M10.74 10.68 10.795 2000 10.74 0.24
SF_M10.63 10.574 10.68 2002 10.63 0.23
SF_M10.52 10.467 10.574 1998 10.52 0.22
SF_M10.41 10.358 10.467 2001 10.41 0.21
SF_M10.3 10.241 10.358 2000 10.3 0.2
SF_M10.18 10.108 10.241 2001 10.18 0.19
SF_M10.03 9.947 10.108 1998 10.03 0.18
SF_MO9.86 9.761 9.947 2000 9.86 0.16
SF_M9.64 9.491 9.761 2000 9.64 0.14

Notes. SF stands for star-forming and QU for quiescent. We report the
number of galaxies present in each sample (N,) and their average prop-
erties: stellar mass (M) and redshift (7).

detected point sources in the same eFEDS field, as we describe
in Sect. 3.5.

3.1. Selecting galaxies

We select central galaxies, most massive within their host dark
matter halo, similarly to Planck Collaboration XI (2013). For
each GAMA galaxy, we infer its host halo mass and corre-
sponding virial radius with the stellar-to-halo-mass relation from
Moster et al. (2013). If a galaxy lies within twice the virial radius
of a galaxy of higher stellar mass, it is considered a satellite
and is removed from the sample. The choice of two times the
virial radius is a conservative one in order to account for the
scatter in the stellar-mass to halo-mass relation. We treat the
X-ray-detected eFEDS clusters (Liu et al. 2022a) separately, for
which we have individual measurements of Rsg. (Bahar et al.
2022). For them, we only remove satellites falling within one
virial radius, taken as Rsgoc/0.7. After this filtering, ~10% of the
galaxies are removed, and we obtain a sample of 35521 cen-
tral galaxies. Thanks to the high completeness (~98%) of the
GAMA sample, the sample of central galaxies should also be
highly complete. We discuss limitations due to our sample defi-
nition in Sect. 6.2.

A156, page 4 of 23

Mask Fraction of masked events Masked area
name % augmentation of masking radius  fraction
40 (30, 50) Amask
ALL 0.2713 (0.2565, 0.2863) 0.069
M1  0.259 (0.245, 0.2732) 0.066
M2 0.2542 (0.2394, 0.2696) 0.065
M3 02414 (0.2275, 0.256) 0.061

Notes. Fraction of masked events for a radius of maximum S/N aug-
mented by 30%—-50%, where 40% is the baseline used in the analy-
sis. Masks are ordered by decreasing masked fraction. The percentage
of area masked corresponding to the 40% baseline is given in the last
column.

We use the reported stellar masses and sSFRs to create sub-
samples of the galaxy population. In order to examine trends,
we split the population into star-forming and quiescent galaxies
assuming a boundary fixed at log,,(sSFR) = —11 (see discus-
sion by Davies et al. 2019; Thorne et al. 2021). For this study,
in which we stack around a large number of galaxies, the exact
boundary definition should have a minor impact. Figure 1 shows
the distribution of galaxies in the redshift range of interest in the
mass—sSFR plane.

To compare the star-forming and quiescent samples at fixed
stellar mass, we first adopt a stellar mass selection to obtain
two samples with the same mean stellar mass, different sSFR,
and a similar total number of galaxies. By taking objects within
10 < log;, M* < 11 for the quiescent and 10.4 < log;, M* < 11
for the star-forming galaxies, we obtain a mean stellar mass of
5 x 100 M, for both, with a set of 7267 and 9 846 galaxies,
respectively.

Each population, star-forming or quiescent, is then split
in a number of nonoverlapping stellar mass subsamples (see
Table 1). As stellar mass should correlate with X-ray luminosity
(Anderson et al. 2015), in order to obtain a similar S/N from the
various subsamples, fewer galaxies are needed at higher mass
than at lower mass. We therefore create subsamples of ~2000
at the low-mass end, then 1000, 400, and finally 50 galaxies at
the high-mass end. Table 1 details the exact number of galaxies
present in each subclass. There, we also report the mean red-
shift and mean stellar mass for each subsample defined in this
way.

3.2. Masking approaches and possible sources of
contamination

As we are looking for faint diffuse emission, it is vital to remove
(mask out) as many sources of contamination as possible, that is,
those produced by unresolved emission from compact sources
within galaxies. In this work, we investigate four possible mask-
ing schemes (see Table 2):

(1) ‘ALL mask: all detected X-ray sources are masked;

(i1) ‘M1’ mask: all detected sources are masked except for
those associated with a cluster or a group in the same redshift
range as the GAMA galaxies, as identified by Liu et al. (2022a)
or by Bulbul et al. (2022), taking CLUSTER_CLASS =4 or 5, (see
Salvato et al. 2022);

(iii) ‘M2’ mask: all detected sources are masked except for
point sources in the redshift range of interest associated by
Salvato et al. (2022) to a GAMA galaxy;

(iv) ‘M3’ mask: all detected sources are masked except for
those unmasked by the M1 or M2 mask. The signal obtained is
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to be interpreted as the sum of all emitting entities: AGN, X-ray
binaries (XRBs), and hot gas augmented by systematic projec-
tion effects.

The masking radius for each detected source (with a detec-
tion likelihood of greater than 6) is its radius of maximum
S/N, as determined while extracting the X-ray spectrum of each
source (Liu et al. 2022b), augmented by 40%. By doing so, we
make sure there is no remaining correlation between the set of
events outside of the mask and the source catalog (Comparat
etal., in prep.). The optimal masking radius, derived with limited
statistics on eFEDS data, suffers from uncertainties; augmenting
the masking radius by 30% (or 50%) is also reasonable and cor-
responds to masking 2% fewer (or more) events, as shown in
Table 2. This uncertainty on the total number of events directly
impacts the normalization of the profiles estimated. To account
for this, we add a systematic 2% uncertainty on the background
luminosity density (our normalization); see Sect. 3.4.

We use the sensitivity map to generate a catalog of random
points following Georgakakis et al. (2008). Armed with this, we
estimate that masking all X-ray sources removes 27.13% of the
events (and 6.9% of the area) in the 0.5-2keV band. The least
stringent mask, ‘M3’, removes 24.14% of the events (and 6.1%
of the area; see Table 2).

The baseline mask used in this study is the M1 mask:
all sources are masked except for sources identified as galaxy
groups or clusters at 0.05 < z < 0.3. Indeed, masking these
extended sources would bias low the X-ray profiles of high-mass
galaxies. The other masks enable us to investigate systematic
effects due to the masking procedure. In particular, we present
a detailed comparison with the results from the M3 mask, which
include the emission from all the GAMA sources detected by
eROSITA as point sources. The set of GAMA galaxies matched
to X-ray point sources sample both the unobscured and the
obscured AGN loci. Their luminosity ranges from 5 x 10% to
2 x 10*ergs™! in the soft-X-ray band. Below, we discuss in
more detail the possible contamination due to faint, undetected
AGN or XRBs, and the relationship with the alternative masking
approaches.

3.2.1. Expected AGN signal

X-ray emission from AGN is produced in a very compact (frac-
tion of a milli-parsec) region close to the central SMBHs in
the nuclei of galaxies, and thus represents a contamination to
the CGM signal. To ease the interpretation of the stacked pro-
files, we would therefore ideally remove as many active galaxies
from the sample as possible. However, given the moderate angu-
lar resolution of eROSITA, this step is far from straightforward.
In order to assess our ability to remove AGN contaminants, we
first discuss the completeness of GAMA towards X-ray AGN
detected by eROSITA.

Within the eFEDS X-ray point-source catalog, considering
all those counterparts in the GAMA 9hr. field and in the red-
shift range 0.05 < z < 0.3, using either spectroscopic or
high-quality photometric redshifts (see Salvato et al. 2022), we
obtain 619 X-ray sources. Of these, 474 (76.6%) are matched
within 2” to a galaxy present in the GAMA catalog. When
limiting the X-ray catalog to sources with an LS8 magnitude
r < 19.8 (19), similar to the magnitude limit used in GAMA,
88.8% (90.2%) are matched to GAMA galaxies. This implies
that, at the magnitude limit of GAMA, the galaxy catalog is
nearly complete in terms of counterparts of the bright X-ray
point-source population detected in eFEDS. In turn, this is con-
sistent with the known spectroscopic completeness achieved by

GAMA at these magnitude limits, and with the GAMA target
selection (Baldry et al. 2010), which uses a combination of cri-
teria to exclude stars, while keeping compact galaxies and quasi-
stellar objects (QSOs). The remaining unmatched X-ray sources
are typically fainter in the optical than the GAMA limit, and are
always masked out in the stacks.

The point-source X-ray flux limit of eFEDS, of namely
~6.5x 107 ergs™! cm™2 in the 0.5-2keV band (Brunner et al.
2022), corresponds to a rest-frame luminosity of between about
5 x 10* and 2 x 10*ergs™! at the redshift of the GAMA
sources we are interested in. We therefore detect essentially all
X-ray-bright AGN among GAMA galaxies; removing photons
around all detected point-like X-ray sources (M1 mask) there-
fore removes the contamination from all the bright AGN from
the sample. However, within the GAMA galaxy catalogs, a frac-
tion of galaxies are expected to host fainter AGN, which remain
undetected given the eROSITA/eFEDS flux limit. Aird et al. (in
prep.) study the point-source emission emerging from GAMA
galaxy stacks (as a function of stellar mass and redshift) to
determine the faint end of the AGN X-ray luminosity function.
These authors measure and model the average luminosity and the
fraction of galaxies hosting an X-ray AGN. For a stellar mass
(log,o(M*/[Ms])) of 9.75 (10.75, 11.75), they find an average
luminosity of log,(Lx/[erg s™']) ~ 40, (41, 42) and an occupa-
tion fraction of 0.1% (1%, 10%). We further discuss AGN con-
tamination and compare these figures with our observations in
Sect. 6.1.

3.2.2. Expected X-ray binary signal

X-ray binaries, the end points of stellar evolution, are
known contributors to the total X-ray luminosity of a galaxy
(Tauris & van den Heuvel 2006). They are typically spatially
distributed following the stellar light, and therefore their emis-
sion would be unresolved by eROSITA at the redshift of interest
here.

We evaluate the possible contribution from these (unre-
solved) XRBs by taking advantage of the known scaling rela-
tion between their total X-ray luminosity and their host galaxy
properties. In particular, in order to predict the X-ray luminos-
ity emitted by each galaxy and attributable to these sources,
we use an analytical model based on Lehmer et al. (2016) and
Aird et al. (2017). These authors measured the dependence of
the total XRB luminosity (in the 2—10 keV energy band) on red-
shift, galaxy stellar mass, and SFR. To make sure our prediction
is conservative, we use the Aird et al. (2017) model, which pro-
duces a 10%—20% brighter XRB luminosity for a given galaxy
property. We use their “model 5 with parameters given in their
Table 3 to predict the X-ray luminosity in the band 2—-10keV. We
propagate the uncertainties from this latter table to the predic-
tion. We then convert (multiplication by 0.56) the luminosity to
the 0.5-2 keV band assuming an absorbed (with ng column den-
sity set at mean value of the field 4x 10?° cm~2) power law with a
photon index of 1.8 (as suggested by Basu-Zych et al. 2020). We
note here that all the X-ray-detected point-like sources in eFEDS
are significantly more luminous than predicted by the Aird et al.
(2017) model.

3.3. Stacking procedure

We assume a flat ACDM  cosmology  with
Hy=6774kms 'Mpc™!, Q.z = 0 = 03089
(Planck Collaboration XXIV 2016). Each galaxy is charac-
terized by its position on the sky and its redshift, as well as
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properties of its stellar population (mass, sSSFR). We denote a
galaxy with the vector G defined as

G= (GRA,GDecan, GM’ GSSFR)~ (1)

For each galaxy, we retrieve all the events within the angle
subtended by 3 Mpc at the galaxy redshift. We construct a “cube”
of events surrounding each galaxy. For each event, we compute
a rest-frame energy by multiplying the energy by one plus the
galaxy redshift: Eiy = Eqps X (1 + G;). Therefore, each eROSITA
event is characterized by the following vectors: its position on
the sky (RA, Dec), its rest frame and observed energy, the
corresponding galaxy redshift, the exposure time, the on-axis
telescope effective area as a function of energy (ARF) at the
observed energy, and the projected distance (R),) in proper kilo-
parsecs (kpc) to the galaxy. We denote an event with the vector
E defined as

E = (RA, Dec., Egps, Erf, G, texp, ARF(Ebs), R)p). 2)

The exposure times are obtained from the vignetted exposure
map (Brunner et al. 2022). Using the (angular) projected dis-
tance induces projection effects which we discuss in Sect. 6.2.
We repeat this procedure with sets of random locations in the
field, replacing the galaxy positions with randomly drawn posi-
tions in the same area of the sky, taking advantage of the rel-
atively uniform exposure of the eFEDS field (Brunner et al.
2022).

Finally, in order to derive accurate correction to the measured
fluxes for masking and boundary effects (due to the reduction of
projected area), we repeat the above procedure with another two
sets of random events. A first set of random events uniformly
samples the area covered in the GAMA field (RE¢). A second set
of events uniformly samples the GAMA area and an additional
1.5 degree wide stripe around (REw). This allows us to account
for boundary effects in the area normalization of the background
counts (see Sect. 3.4).

We apply each selection defined in Table 1 to the galaxy sam-
ple and to the random galaxy samples. We concatenate the event
sets obtained. For each galaxy sample, we obtain five cubes of
events: galaxy events (data cube), random galaxy events (random
cube), point-source galaxy events (point-source cube, detailed in
Sect. 3.5), galaxies-RE cube, and galaxies-REy cube.

Each event in any of the cubes is weighted by the following
function:

_ Acon(r) X 1.602177 X 10~ Ey 47d1(G.)
’ ARF(E ) fexp X Ny’

where N, is the number of galaxies in a sample (given in
Table 1). Acor is the area-correction term, which accounts for
both boundary effects and masks:

REw(r)

REs(r)
where r is the proper projected separation in kpc. For the full
sample, the correction g?cvg)) is 0.5% at 100 kpc, 1% at 300 kpc,
2.5% at 1000 kpc, and 5 % at 2 Mpc. For the M1 mask, dmasx =
0.066, and for other masks, values are given in Table 2.

A surface luminosity projected profile in ergs™' kpc™?
denoted S x is obtained from the weighted (using w;) histogram
of projected separations to the galaxies (R,) divided by the area
in kpc2 covered by each histogram bin: n(R} - R%)Acorr. Con-
versely, an X-ray spectrum, in erg s~' keV~! in a given projected
radial aperture, is obtained with the weighted sum of the ener-
gies (E,) of all events in a given energy bin divided by the width
of that bin (in keV).

3

Acorr(r) =1 +

“

Amask
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3.4. Background estimation and its uncertainties

The projected radial profiles and integrated spectra obtained with
the random cubes represent the null hypothesis of no signal,
and are used to assess the robustness of any possible detec-
tion from the stacking samples. We repeat this measurement
process at random positions 20 times (using different random
points each time). From the outer shells of the radial back-
ground profiles (500kpc to 3000 Mpc) of the 20 realizations,
we estimate the mean background luminosity. It takes values
of around 1.1 x 10%7 ergs™' kpc~2. For each galaxy sample,
the background value obtained is different; indeed the total
area covered and the masked area both vary from sample to
sample.

The uncertainty due to the source-masking procedure (see
Sect. 3.2) suggests that the total number of events is subject
to a residual 2% systematic uncertainty at most. To be con-
servative, we therefore add a 2% systematic uncertainty to the
mean value of the background: o?¢ = 0.02 at all scales and
energies. The uncertainty on the galaxy stack count rates fol-

lows a Poisson distribution: %L = 1/ VNGAL, The uncertainty
on the final background-subtracted measurement (i.e., galaxy
minus background) is the quadratic sum of the two uncertain-
ties: v/(0CAL)2 + (0°BG)2 = [1/NCAL +0.022.

Additional sources of uncertainty may arise from the use of
inaccurate redshifts, source positions, or photon energies. Uncer-
tainties on centering and positions could artificially cause the
PSF to broaden; uncertainties on energies could cause spec-
tral distortions; redshift uncertainties would cause both spec-
tral and spatial distortions. As we use spectroscopic redshifts,
we consider the uncertainty coming from those to be negligible;
however, one could imagine that a few catastrophically incor-
rect redshifts are included. If, for example, these are additionally
located in bright clusters (illustrative purpose), we would incor-
rectly convert arcminutes to kpc, which could cause profiles to
either be more concentrated (redshift is lower than true redshift)
or diluted (redshift measured is higher than true redshift). The
exact quantification of a possible systematic error arising from
catastrophic redshift, incorrect source positions, or photon ener-
gies is left for future studies.

3.5. Empirical point-source profile and validation against
AGN

As we are interested in detecting extended CGM X-ray emission
around galaxies, a key prerequisite is an accurate characteriza-
tion of the eROSITA point spread function (PSF) and its convo-
lution with the redshift distribution of the galaxies.

To obtain an empirical point-source profile for comparison
to each galaxy sample, we repeat the procedure described in
Sect. 3.3 with sets of detected X-ray point sources in eFEDS
(“point-source cube”). Each galaxy is artificially moved to the
sky position of an X-ray point source. To do that, we replace
the galaxy positions (on sky RA, Dec) with that of extra-
galactic point sources with moderately bright fluxes 10714 <
Fos-23kev/lergem™s7'] < 107! and ERO_DET_LIKE >20,
taken from the Brunner et al. (2022) catalog.

In doing so, we convolve the eROSITA PSF with the redshift
distribution of the galaxy sample, and we obtain the shape of the
radial profile expected if all sources were bright and point-like in
the eROSITA images. Figure 2 shows how these empirical PSF
profiles (in kpc) evolve as a function of redshift. The higher the
redshift, the broader the point-source profile. We do not stack
beyond redshift 0.3 to avoid an overly wide PSF in kpc. At the
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Fig. 2. eROSITA normalized point-source profiles as a function of red-
shift in bins of 20 kpc. Each curve represents the average point-source
profile in a redshift bin of width of 0.05: 0.05-0.1, 0.1-0.15, 0.15-0.2,
0.2-0.25, 0.25-0.3. The labeled number gives the mean redshift of the
bin. At the mean redshift of the sample (z ~ 0.2), the half width at half
maximum (HWHM) of the empirical PSF corresponds to about 60 kpc.

mean redshift of the sample (z ~ 0.2), the HWHM of the empir-
ical PSF corresponds to about 60 kpc.

We stress here that the purpose of this exercise is not
to determine an accurate PSF profile for eROSITA (see e.g.,
Churazov et al. 2021), but rather to have a term of reference
with which to assess the possible extended nature of the profiles
measured around galaxies. The stacked profiles obtained here
from the detected point sources are by construction clearly much
brighter than the stacked galaxy profiles (see Sect. 4 below). To
ease comparison, in each of the galaxy stacks we present below,
we re-scale the convolved PSF profile to match the central value
of the galaxy profile, creating a “maximal point source” (max

PS) term of comparison®.

3.6. Validation

To validate the stacking procedure, we apply it to known
(eFEDS-detected) AGN (with measured spectroscopic redshift).
We stack at the spectroscopic AGN redshift. Its integrated lumi-
nosity (in erg s~!) amounts to log,,(Ly) = 42.72+0.08, while the
mean luminosity of the same AGN set as determined by Liu et al.
(2022b) is log,,(Lx) = 42.75. The background-subtracted X-ray
spectrum obtained is well fit by a power law with a photon index
of 2.05 + 0.05, compatible with the mean slope of 2.02 deter-
mined on the same sample by Liu et al. (2022b). The projected
luminosity profile and stacked spectra are therefore in very good
agreement with the mean of the measurements made on individ-
ual AGN.

4 PSF profiles could be artificially broadened due to the clustering of
the galaxies (Popesso et al. 2012). Complete simulations of the galaxy
population and its X-ray emission would be needed over cosmologi-
cal volumes to enable a quantitative assessment. Indeed, we need to
generate a model to populate the full sky with X-ray-emitting galax-
ies together with their CGM (possibly following simulations of the gas
around galaxy clusters from Comparat et al. 2020a), which is beyond
the scope of this article. We defer the quantification of this effect to a
future study.

4. Results

We discuss first the detection in the stacking experiment for the
full sample (Sect. 4.1). We consider to have a ‘detection’ when
the S/N is larger than 3, a ‘hint of detection’ if the S/N is between
1 and 3, and an ‘upper limit" when the S/N is smaller than 1.

In Sects. 4.2 and 4.3, we discuss the trends obtained when
splitting the sample according to its sSSFR and stellar mass. The
comparison with theoretical predictions presented in Sect. 5 is
done on the binned samples, where the stellar population is best
controlled.

4.1. Detection in the complete stack

We first report the results of our stacking exercise applied to
the sample of 16 142 galaxies at a mean redshift of 0.22 and a
mean stellar mass of 10.7 (named ALL_M10.7). We focus here
on the results obtained by three possible masking procedures:
ALL, M1, and M3 (see definitions in Sect. 3.2).

When applying the ALL mask, we obtain a detection above
the background; see top left panel of Fig. 3. The S/N is ~3
within R, < 80kpc. At larger radii (>80kpc), the signal mea-
sured (magenta crosses) is consistent with the background (green
dashes). The shape of the profile is marginally more extended
than the maximal point-source profile (gray step line).

The detection significance increases when using the M1
mask (Fig. 3, top middle panel), that is, when the galaxy clus-
ters and groups detected by eROSITA in the redshift range of
the GAMA galaxies are not removed before stacking. The S/N
accumulated within R < 80 kpc is about ~5 (reported in Table 3).
Compared to the ALL mask profile, the M1 is brighter and sig-
nificantly deviates from the maximal point-source profile.

When using the M3 mask, that is, when the galaxy clusters,
groups, and point sources detected by eROSITA among GAMA
galaxies are not masked, the S/N within 80 kpc increases to ~13;
see Fig. 3 (top right panel), and Table 4. The overall stacked
profile corresponds, qualitatively, to what is expected with the
addition of one (or multiple) bright unresolved source(s).

Finally, to measure the mean projected emission coming
from around the galaxies, we subtract the background from
each stacked profile; see the bottom panels of Fig. 3. There,
background-subtracted profiles are shown out to 300 kpc. The
possible deviation from a point-source emission profile is made
clearer by the comparison with the corresponding “max PS” pro-
file. Using the background-subtracted profiles, we measure the
integrated projected luminosity in an aperture R, (in kpc) as fol-
lows:

r=R,
L;RP = f [Sx(r) — BG] 27 r dr, (5

=0

where BG is the background level estimated as in Sect. 3.4. For
each sample, the measured luminosity is reported for two aper-
tures: 80 and 300 kpc in Tables 3 (for mask M1) and 4 (for mask
M3).

The expected total (or radially integrated) XRB luminosity
for the ALL_M10.7 sample is 1.1x 1040 erg s~!. For the M1 (M3)
mask, the luminosity measured in the inner 80 kpc is 2.8 +£ 0.5 X
10%° (8.8 +0.7 x 10*°) erg s7!; therefore, the observed luminosity
cannot come from XRBs alone.

With the complete stack being constituted of a varied mix of
different galaxies, linking the detection to underlying physical
processes is complex. To further interpret the link between the
detected emission and its possible sources (hot gas, XRBs, faint
AGN), we split the GAMA sample according to the physical
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Fig. 3. Measured X-ray radial projected luminosity profiles (0.5-2.0 keV rest-frame) for the ALL_M10.7 GAMA central galaxy sample (‘STACK”,
magenta crosses and shaded area). Each panel shows the result when a different mask is applied to the set of events: “ALL” (leff), “M1” (middle),
and “M3” (right). We note the variation in the y-axis range in different panels. The green dashed line represents the background level, estimated as
discussed in Sect. 3.4. The profile shape expected if all sources stacked were point-like is shown with a gray line labeled “max PS”. The bottom
series of panels shows the background-subtracted profiles with a linear radial scale extending to 300 kpc.

properties of the galaxies, as we describe in the following
sections.

4.2. Trend with sSFR at fixed stellar mass ~5 x 10'° M,

We split the sample into a quiescent subsample and a star-
forming subsample. We set a maximum boundary in stellar
mass at 10'' Mg, which corresponds to haloes with a mass
of ~5 x 10'> My, (using the stellar-to-halo-mass relation from
Moster et al. 2013), well below the halo mass of groups and clus-
ters. We then search for the lower stellar mass boundary so that
both samples have a mean mass of log,,(M*/Mg) ~ 10.7, around
the turn over (knee) of the stellar mass function, often called M*
(Ilbert et al. 2013). We name these samples QU_M10.7 for the
quiescent galaxies and SF_M10.7 for the star-forming galaxies.
The mean redshift of each sample is close: 0.2 for QU_M10.7
and 0.23 for SF_M10.7, that is, a 0.3 Gyr difference. The sSFR of
QU_M10.7 is more than 100 times lower than that of SF_M10.7.
Their redshift and stellar mass normalized cumulative distribu-
tions are shown in Fig. 4; the SF sample is biased towards higher
redshift and higher stellar mass compared to the QU sample.
The galaxies in these samples typically reside in dark-matter
haloes of 5-50 x 10! M, with a mean at ~16 x 10'! M, where
the conversion of baryons into stars is thought to be the most
efficient (Behroozi et al. 2013; Moster et al. 2013). At this stellar
mass, Velander et al. (2014) found that the red galaxies reside
in denser environments than blue galaxies. These latter authors
measured the host halo mass of blue and red ~M" galaxies, and
found that it was comprised between 1-3 x 10'> M, for both.
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Based on these results, the samples QU_M10.7 and SF_10.7 are
hosted on average by similarly massive haloes, and, importantly,
reside in different environments.

With the M1 mask. In both star-forming and quiescent cases,
there is an X-ray detection in the stacks obtained with the M1
mask; see Fig. 5 (left panels). For the QU_M10.7 (SF_M10.7)
sample, the cumulative S/N within 80 and 300 kpc is of 7.3 (3.6)
and 4.3 (0.9). In the case of the QU_M10.7 sample, the emission
is clearly extended and not centrally peaked; see the red curves in
the left panels of Fig. 5. For the SF_M10.7 sample, the emission
is centrally peaked and consistent with a maximal PSF profile;
see the blue curves in the left panels of Fig. 5. With a direct com-
parison of the background-subtracted profiles in Fig. 5 (bottom
left panel), the difference between QU_M10.7 and SF_M10.7
is made obvious. At scales larger than 100kpc, the quiescent
galaxy profile is at least two times brighter than that of the star-
forming galaxies.

Our measurement, using a nearly complete galaxy catalog,
provides firm observational evidence: at the same mean stellar
mass of ~5 x 10'% M, star-forming galaxies show significantly
less projected X-ray emission on large scales in the 0.5-2keV
rest-frame energy range. The possibility of such a difference
between passive and star-forming ~M"* galaxies was previously
suggested by Bregman et al. (2018), hinting at a difference in
their evolutionary histories.

The shallow slope measured in the QU profile might come
from projection effects (see discussion in Sect. 6.2) due to the
fact that quiescent galaxies tend to live in denser, hotter environ-
ments, as mentioned above (e.g., Velander et al. 2014).
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Table 3. Cylindrical projected X-ray luminosity using the M1 mask.

Sample log,o(Myir) S/N Ly [10%0 erg s
name halo 80 300 XRB maxPS R, <80kpc R, <300kpc
ALL_M10.7 12.2 5.2 2.3 1.1j8:g 2.8 28+0.5 154+6.6
Fixed stellar mass selection
QU_M10.7 12.2 7.3 4.3 0.6f8:% 3.1 4.0+0.5 28.7+6.6
SF_M10.7 12.2 3.6 0.9 1.4j8:‘3‘ 2.6 1.9+0.5 57+6.7
Quiescent galaxies
QU_MI11.71 15.0 109 10.3 7.1j%:é 92.2 822+7.6 440.7 +42.6
QU_M11.58 14.5 8.5 7.5 S.Sf}:g 78.0 70.0+8.2 314.3+42.1
QU_M11.54 14.4 3.9 5.0 4.8f}:‘1‘ 24.8 223457 174.1£35.0
QU_M11.35 13.8 8.6 7.0 3.0f8;3 17.1 149+1.7 87.5+12.5
QU_MI11.2 13.2 8.4 4.4 2.1j8:g 10.0 89+1.1 40.5+9.2
QU_MI11.04 12.8 6.3 4.5 1.5j8:‘3‘ 3.7 50+0.8 36.7+8.2
QU_M10.88 12.5 6.1 52 1.0j8:§ 3.8 4.6+0.8 41.5+8.0
QU_M10.73 12.3 5.7 3.1 0.7j8:% 2.9 3.9+0.7 224+7.2
QU_M10.53 12.0 5.5 3.5 0.4f8;% 2.4 3.2+0.6 22.5+64
Star-forming galaxies
SF_M11.25 13.4 33 1.7 4.0j{:(3) 10.3 57+1.7 21.8+12.7
SF_M11.12 13.0 2.5 1.5 3.1:1):9 7.9 41+1.6 18.8+12.2
SF_M11.05 12.8 2.4 1.7 2.6j8:2 4.8 37+1.6 20.6+11.9
SF_M10.99 12.7 3.5 1.3 2.4jg:g 53 37+1.0 12.1+£9.1
SF_M10.9 12.5 3.2 1.2 2.0j8:g 33 3.1+1.0 10.1 £8.7
SF_M10.86 12.4 3.0 1.1 1.9f8;g 3.5 23+0.8 8.5+7.7
SF_M10.74 12.3 2.8 0.6 1.6f8f1 33 2.1+0.7 43+75
SF_M10.63 12.1 2.8 0.7 1.3j8:§‘ 3.1 20+0.7 53+73
SF_M10.52 12.0 1.8 0.6 1.2j8:§ 0.8 1.2+0.7 42+7.0
SF_M10.41 11.9 2.5 0.8 1.0j8:§ 1.5 1.6 0.7 5.8+6.9
SF_M10.3 11.8 1.9 0.5 0.9f8§ 1.8 1.2+0.6 3.4+6.5
SF_M10.18 11.8 29 -00 0.7jgf 1.3 1.7+£0.6 -0.2+6.2
SF_M10.03 11.6 2.1 0.5 0.6f8:% 14 1.1+£0.5 28+59
SF_M9.86 11.5 -02 -04 0.4f8:{ 0.3 -0.1+04 -23+53
SF_M09.64 11.4 1.3 0.3 0.3f8:} 0.3 05+04 1.5+4.8

Notes. Cylindrical projected luminosity in units of 10* ergs™

measured within projected distances of 80 and 300 kpc for each sample with the

M1 mask. In the column S/N we report the S/N of the measurement. We consider to have a “detection” when the S/N is larger than 3, a “hint of
detection” if the S/N is between 1 and 3, and an “upper limit” when the S/N is smaller than 1. These are compared with the XRB model prediction
of Aird et al. (2017). “max PS” is the luminosity obtained when integrating the point-source profiles (gray lines in the figures), which constitutes
an upper limit to the luminosity that can be attributed to point-source emission. log,,(My;) is the estimated mean halo mass obtained using the
stellar to halo mass relation from Moster et al. (2013). Table 4 reports the same quantities as obtained when applying the ‘M3’ mask.

With the M3 mask. The right panels of Fig. 5 show the pro-
jected luminosity profiles obtained with the M3 mask. When
including the detected X-ray point sources, the central parts
of the profiles increase significantly for the SF profile, mainly
because of the contribution of bright AGN (see Sect. 3.2.1),
while for the QU profile the increase is less noticeable. As
opposed to the M1 stack, there is a hint of extended emission in
the SF background-subtracted profile; see the bottom right panel
of Fig. 5.

Projected luminosity within 80 and 300kpc. The inte-
grated projected luminosity (within 80 and 300 kpc apertures)
is reported in Tables 3 (M1) and 4 (M3). With the M1 mask,

for QU_M10.7, the emission within 80kpc is Ly = 4.0 = 0.5 X
10* erg s7!, almost an order of magnitude greater than the cor-
responding prediction for the unresolved XRB luminosity from
Airdetal. (2017) of Ly = 6 x 10¥ ergs™'. Given this, and
the fact that the profile of the QU_M10.7 galaxies is clearly
extended, we may conclude that this emission is mainly coming
from both the hot gas in the CGM of the individual galaxies and
from the projection of the large-scale environment around them.
Concurrently, the SF_M10.7 emission within 80 kpc amounts to
1.9+ 0.5 x 10* erg s~!, which is compatible within 10~ with that
expected from XRBs (1.4*03 x 10*ergs™). The profile also
does not appear extended. We are led to conclude that around
star-forming galaxies of a mean mass of log,,(M*/My) ~ 10.7,
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Table 4. Cylindrical projected X-ray luminosity as in Table 3, but using the M3 mask.

Sample log,o(Myir) S/N Ly [10%0 erg s
name halo 80 300 XRB maxPS R, <80kpc R, <300kpc
ALL_M10.7 12.2 13.1 40 1.1 fg:g 11.3 8.8+0.7 292+72
Fixed stellar mass selection
QU_M10.7 12.2 8.3 4.6 0.6f81f 4.1 49+0.6 31.8+69
SF_M10.7 12.2 149 35 1.4f81‘3‘ 16.0 11.2+0.7 255+74
Quiescent galaxies
QU_MI11.71 15.0 11.8 104 7.1f%:é 1114 97.4+8.3 459.0+44.0
QU_M11.58 14.5 9.2 7.6 S.Sf{:g 83.9 74.2 + 8.1 319.2+42.0
QU_M11.54 14.4 6.3 5.5 4.8f{:‘1‘ 57.9 42.3+6.7 199.5 +36.6
QU_M11.35 13.8 11.0 7.0 3.0f8;2 25.0 19.5+1.8 89.8+12.8
QU_MI11.2 13.2 8.9 4.6 2.1f8;g 11.4 99+1.1 44.6 +9.7
QU_M11.04 12.8 8.3 4.7 1.5f8:§ 55 7.0+0.8 40.3+8.6
QU_M10.88 12.5 7.1 5.6 1.0f83 5.1 5.8+0.8 472+8.5
QU_M10.73 12.3 6.6 33 O.7J_’8:% 4.2 4.8+0.7 25.0+£7.5
QU_M10.53 12.0 5.5 3.6 O.4f8:i 2.5 33+0.6 23.7+6.7
Star-forming galaxies
SF_M11.25 13.4 158 5.5 4.0f{:8 62.8 38.4+24 78.0+14.2
SF_M11.12 13.0 139 53 3.1f(1):(7) 55.2 30.6+2.2 73.5+13.8
SF_M11.05 12.8 8.4 3.9 2.6f8:§ 26.5 16.8+2.0 51.1+13.0
SF_M10.99 12.7 114 33 2.41’8:2 24.6 156 +1.4 33.4+10.0
SF_M10.9 12.5 125 53 2.0:’8:2 18.3 16.0£1.3 52.3+99
SF_M10.86 12.4 153 438 1.9f8:g 21.8 15.1+1.0 41.6 £8.6
SF_M10.74 12.3 147 32 1.6f8:i 21.7 154+1.0 26.0+8.2
SF_M10.63 12.1 102 2.0 1.3f8:‘3‘ 14.4 8.9+0.9 153+£7.8
SF_M10.52 12.0 106 3.8 1.2f8§ 10.5 9.1+0.9 30.2+7.9
SF_M10.41 11.9 8.0 1.8 1.0f8:; 7.9 62+0.8 13.3+£74
SF_M10.3 11.8 4.9 0.7 0.9f8:§ 5.1 33+0.7 4.8+6.8
SF_M10.18 11.8 9.1 1.4 0.7f8:f 4.8 6.4+0.7 95+6.6
SF_M10.03 11.6 43 1.5 0.6f81f 3.2 25+0.6 95+63
SF_M9.86 11.5 1.5 1.6 0.4f8;{ 1.1 0.7+0.5 94+58
SF_M09.64 11.4 1.8 1.1 0.3f8:{ 04 07+04 57+5.1

an extended hot gas component is not significantly detected. We
refer the reader to Sect. 6.1 for a more comprehensive discussion
of the AGN contamination.

With the M3 mask, where the stack includes all X-ray-bright
detected AGN, the luminosity of the QU sample increases by
20% compared to the M1 mask, while for the SF sample, it
increases by a factor of almost 6. There may be a hint of extended
emission in the SF profile measured on the larger scales between
200 and 300 kpc.

4.3. Trends with stellar mass

We further investigate trends as a function of stellar mass and
sSFR with the set of samples specified in Table 1. For the qui-
escent samples, we are limited by the total number of galaxies
available in the catalog and we are not able to create lower mass
bins. For the star-forming samples, we define samples down to
stellar masses of 3 x 10° M. For the M1 mask, we report a
detection (S/N > 3 in 80 or 300 kpc) for all quiescent samples
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and only for a handful of the star-forming galaxy samples; see
Table 3. For the M3 mask, we report a detection for all samples
except for the star-forming samples with a stellar mass lower
than 10'0 M,; see Table 4.

The sets of background-subtracted projected luminosity pro-
files obtained in the M1 and M3 masks are shown in the left
and right panels of Fig. 6, respectively. The qualitative trend
observed for the quiescent samples (M1 or M3 mask) is in line
with expectations: the higher the stellar mass (and therefore
the host halo mass), the brighter the emission and the higher
the S/N (Tables 3 and 4). For the star-forming samples, with
the M1 mask, all profiles except those at the highest mass end
are broadly consistent with one another on large scales and
are dominated by noise. A difference between profiles arises in
the first radial bins; for example, the mean brightness of the
central point source scales with the stellar mass. For the star-
forming samples with the M3 mask, the amplitude correlates
with stellar mass at all scales, as in the QU profiles. This follows
the expectation that the mean AGN luminosity is correlated with
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Fig. 5. Measured X-ray radial projected luminosity profiles (0.5-2.0keV rest-frame) for the quiescent sample “QU_M10.7” (red) and the star-
forming sample “SF_M10.7” (blue) of central galaxies, i.e., at similar median stellar mass around the scale of the Milky Way and Andromeda,
albeit in the range 0.05 < z < 0.3, using the M1 mask (which removes all X-ray-bright AGN in the samples; left column) and M3 mask (which does
not remove X-ray-bright AGN from the sample; right column). Both samples have the same mean stellar mass of ~10'%7 M, and mean redshift
of z ~ 0.2 (but see the underlying distributions in Fig. 4). QU_M10.7 (M1 or M3) shows a clearly extended profile, while SE_M10.7 (M1 or M3)
shows a profile compatible with that of a point source convolved with the eROSITA PSF (dashes). The background level for each stack is given by
the dotted lines. The bottom row shows the corresponding background-subtracted profiles.
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Fig. 6. Comparison of the background-subtracted projected luminosity profiles in the 0.5-2.0 keV rest-frame band (M1 mask, left panels; M3 mask,
right panels) for quiescent (fop) and star-forming (bottom) samples as a function of galaxy stellar mass. The star-forming profiles are compatible
with point-source emission profiles (dashes), although we note that the uncertainties are large, in particular for projected radii larger than 100 kpc.

The quiescent profiles appear extended in comparison.

the host stellar mass (Aird et al. 2017; Comparat et al. 2019;
Georgakakis et al. 2019). Possible extended emission around
star-forming galaxies remains to be significantly detected.

4.4. Scaling between X-ray projected luminosity and stellar
mass: M1 mask

Figure 7 shows the scaling measured between X-ray luminos-
ity and stellar mass within 300 kpc (main panel), in the inner
80 kpc (bottom left), and in the shell 80-300 kpc (bottom right),
all obtained with the M1 mask applied. Overall, the S/N is high-
est in the central 80 kpc; see Table 3. It decreases when integrat-
ing to 300 kpc. Indeed extending the integration to larger scales,
the signal increases marginally while the noise increases much
more, resulting in lower S/N. We find that X-ray luminosity cor-
relates with mean stellar mass. The trend for star-forming galax-
ies is different from that of quiescent galaxies. However, there
appear to be two regimes in the scaling between X-ray projected
luminosity and stellar mass. The emission from the inner parts
is dominated by point sources (AGN and XRB), while that from
the outer parts is dominated by CGM emission.

In particular, within 80 kpc, the slope of both SF and QU
galaxies is similar to (but offset from) that predicted for XRBs,
and consistent with the predicted unresolved AGN population
(orange shaded area, Comparat et al. 2019). The AGN popu-
lation is predicted using eROSITA mock catalogs filtered on
X-ray flux and optical magnitude to exclude the X-ray AGN
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that are optically brighter than the magnitude limit of GAMA:
Fx < 6.5x 10 P ergecm™s7! and r < 19.8. Those simulated
AGN could be hosted by GAMA galaxies but would not have
been detected in eFEDS. The simulations used start to be incom-
plete at stellar masses of 10'° M, at z = 0.22, and we therefore
limit the prediction to above this mass.

Still within 80kpc (bottom left panel), only for the highest
stellar mass quiescent galaxy samples, that is, for stellar mass
>2 x 1011, corresponding to a halo mass >5 X 103, do we mea-
sure a luminosity that is significantly brighter than the predicted
point-source emission. This is due to the large amount of hot gas
in projection present in galaxy groups and galaxy clusters.

Within 300 kpec, the X-ray luminosity measured around SF
samples is consistent with the predicted average point-source
emission (combination of AGN plus XRBs, dominated by
AGN emission). For stellar masses above 10'!, the emission is
marginally brighter than the expected point-source contribution.

We now consider the results for the 80-300 kpc shell shown
in the bottom right hand panel of Fig. 7. For the quiescent sam-
ple and stellar masses above log M* ~ 11.2, the measurements
are in good agreement with Anderson et al. (2015)°. Below
log M* ~ 11.2, the luminosity measured is significantly above
that of Anderson et al. (2015). We believe this is due to projec-
tion effects for the QU sample, which preferentially resides in

5> The slight discrepancy at the highest mass is likely due to the differ-
ence in aperture: 500c is larger than 300 kpc for a 10'> M, halo.



J. Comparat et al.: X-ray emission around GAMA galaxies in eROSITA/eFEDs

R<300kpc

1044 :
] Comparat 19,20 AGN(--)+Clusters(-) fF
. SF P
10¢3 | T QU s
| @ eFEDS+GAMA (M1 mask)
# Anderson 2015 ( < Rsgoc) =
— 10424
_li'l.. ]
<4
2,
‘:|< 1041 i
¥
1040 E
1039 i :E} T T
9.5 10.0 10.5 11.0 11.5 12.0
log10(M+) [Mg ]
10%4 R<80kpc 10 80<R[kpc]<300
Comparat 19 AGN Il SF
[ . QU H
1gé3 | . QU 103] @ eFEDS+GAMA (M1 mask) g
¢ eFEDS+GAMA (M1 mask) 4 Anderson 2015 (0.15-1Rsgoc) 5
¥
'E' 10%2 4 @_@_ E 1042 4 @-{'T'I'
2 g B ®
= 104 = 10 —1-‘1‘-1'1‘1-_f A
@%— —— t
$$ X
10% q}@?ﬁa? ‘#"‘“ 10% ]
10%° : : : : 1030 : : ; ;
9.5 10.0 10.5 11.0 115 12.0 9.5 10.0 10.5 11.0 11.5 12.0

log10(M+) [Mo] l0g10(M+) [Mo]

Fig. 7. X-ray 0.5-2 keV projected luminosity around central galaxies as a function of galaxy stellar mass and split into star-forming (blue symbols
and annotations) and quiescent (red) samples, computed using the M1 mask. Each eFEDS+GAMA detection is indicated with circles, upper limits
with downwards arrows. In the main panel, we show the luminosity integrated within 300 physical projected kpc. In the bottom left panel, we show
the luminosity integrated within 80 physical projected kpc. In the bottom right panel, the relation is shown for the outer shell 80-300 projected kpc.
Gray squares are the measurements from Anderson et al. (2015), computed within Rsgo. (rmain panel) and within 0.15-1Rso. (bottom right panel).
The orange dashed line shows the prediction from the AGN population synthesis model (after excluding sources with Fx > 6.5x10™" ergs™ cm2,
as per M1 mask) of Comparat et al. (2019). The orange solid line shows the prediction for the clusters and groups using the model of Comparat et al.

(2020a), i.e., the contribution of hot virialized haloes. The dotted line is the sum of the two.
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Fig. 8. Same as Fig. 7 but for the M3 mask (i.e., including detected point sources). Predictions based on the empirical AGN and cluster models
from Comparat et al. (2019, 2020a) (now including sources with Fx > 6.5 x 10" ergs™! cm™2, as per M3 mask) are shown as an orange dashed
line (AGN) and a solid orange line (groups and clusters) and its sum (thick dotted orange line). The agreement between model and observations is
remarkable. For stellar masses between 2 x 10'° M and 2 x 10'! My, the positive offset between the observations and models is likely related to a

combination of emission from the CGM and projection effects.

dense and hot environment. We discuss this effect in Sect. 6.2.
Still in the 80-300kpc shell, for the star-forming samples, we
only measure upper limits to the extended emission, except for
the three highest stellar mass samples, where, on the other hand,
the error bars extend to a low-luminosity value, meaning only
marginal detection, with S /N ~ 1.3.

4.5. Scaling between X-ray projected luminosity and stellar
mass: M3 mask

The relation obtained with the M3 mask is to be interpreted as
the sum of all emitting entities: AGN, XRBs, and hot gas aug-
mented by systematic projection effects. In that regard, there is
no need to split as a function of projected separation. Figure 8
shows the scaling measured in the inner 300 kpc with the M3
mask applied.

We predict the AGN, the galaxy group, and the galaxy
cluster population using the eROSITA mock catalog meth-
ods (Comparat et al. 2019, 2020a; Liu et al. 2022c; Seppi et al.
2022). For the AGN population, we select all X-ray AGN that are
optically brighter than the magnitude limit of GAMA: r < 19.8.
These model AGN could be hosted by GAMA galaxies regard-
less of whether or not they are detected in eFEDS. No filter is
applied for the cluster and group population. The black dashes
represent the sum of the AGN and cluster contribution to this
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relation. The sum of the two empirical models should correspond
to the relation measured when applying the M3 mask, that is,
when all detected sources are left in the stack. We find that the
luminosity—stellar mass relation is in good agreement with the
models, which demonstrates that the models of Comparat et al.
(2019, 2020a), Seppi et al. (2022) accurately represent the large-
scale structure seen in X-rays.

At high mass, above 2 X 10''M,, the measurements are
slightly below the model. This is likely due to the fixed 300 kpc
aperture used, which for these masses is smaller than the Rsooc
used in the cluster model. For masses below 2 x 10'°M,, mea-
surements are consistent with the AGN model prediction, mean-
ing that a detection of CGM emission is unlikely. For stellar
masses between 2 x 10'°M¢ and 2 x 10'! M, the positive offset
between the observations and models is likely related to emis-
sion from the CGM and to projection effects. Given the uncer-
tainties on the measurement and the large scatter in the model
prediction, the quantitative assessment of the difference between
the observation and the models is a complex undertaking.

5. Comparison with simulated galaxies

We elect the IlustrisTNG (hereafter TNG, Pillepich et al.
2018; Nelson et al. 2018; Naiman et al. 2018; Marinacci et al.
2018; Springeletal. 2018) and the EAGLE simulations
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(Schaye et al. 2015; Crain et al. 2015) as our reference points
for the comparison of the results uncovered by eROSITA with
the predictions from current state-of-the-art cosmological hydro-
dynamical simulations of galaxies. The reasons are manifold.
First, both numerical projects provide flagship runs that encom-
pass sufficiently large volumes and therefore sufficiently large
numbers of galaxies for the construction of samples compara-
ble to the ones inspected in this paper — there are 6478 and
3557 galaxies with galaxy mass log;, M* > 10 in the TNG100
(TNG) and Ref-LO100N1504 (EAGLE) boxes, respectively, all
at z = 0. This would not be the case with zoom-in projects,
which for massive galaxies are limited to examples of a few to
a few tens of sources. Second, their outcomes have been con-
trasted to an ever-increasing set of observables, with galaxy pop-
ulations at low and intermediate redshift that are well within
(<1 dex) the range of the observational constraints both in terms
of demographics and inner galaxy properties. For example, the
TNG simulations have been shown to accurately reproduce the
low-redshift results obtained from Sloan Digital Sky Survey
data in relation to: the (g — r) color distributions across galaxy
masses (Nelson et al. 2018); the quiescent fractions of both cen-
trals and satellites as a function of stellar mass (Donnari et al.
2021); and the small- and large-scale spatial clustering of galax-
ies, also when split by galaxy color (Springel et al. 2018). Third,
in both cases, predictions for the X-ray emission of the gas
within and around galaxies at z ~ 0 have already been exten-
sively quantified across a wide range of masses, galactocentric
distances, and for star-forming and quiescent galaxies separately
(Truong et al. 2020; Oppenheimer et al. 2020). For example, in
the 0.5-2keV band, the Lx(< Rsoo.) versus Msyy. scaling rela-
tions of TNG are within the observational constraints provided
by for example Pratt et al. (2009), Vikhlinin et al. (2009), Sun
(2012), Mehrtens et al. (2012), Lovisari et al. (2015) through-
out the 10'315 M, range (Pop et al., in prep.). As are those of
EAGLE (Barnes et al. 2017). Finally, TNG and EAGLE are pub-
licly available (Nelson et al. 2019; McAlpine et al. 2016).

Haloes in the simulations are identified with the Friends-of-
Friends (FoF) algorithm both in the case of TNG and EAGLE:
no a priori cuts are placed to their extent. Galaxies within
haloes are identified by searching for gravitationally bound
structures within the FoF haloes with the SUBFIND algorithm.
All this is described in detail in the aforementioned release
papers.

5.1. Extraction of the CGM observables from the simulated
data

First, we construct simulated galaxy samples that are matched
to the observed ones by finding, for each galaxy in the GAMA
set, its simulated equivalent in TNG and EAGLE. The details of
this procedure are given in Appendix A. In practice, results are
shown by averaging across 20 Monte Carlo samples of TNG100
and EAGLE galaxies matched to the GAMA sample adopted in
this paper.

Second, X-ray photons are not explicitly modeled by the
TNG and EAGLE simulations. However, the X-ray intrinsic
luminosity that would be emitted by the simulated galaxies can
be derived given the physical properties of the gas (i.e., of the
plasma) returned and predicted by the numerical model. In prac-
tice, here we rely on the mapping between observed eROSITA
photon count rates and X-ray fluxes adopted throughout and
described in Sect. 3. However, we only model the X-ray emis-
sion from the volume-filling gas, that is, we do not attempt to
model the contamination from XRBs or AGN.

For any gas cell or gas particle in the simulations, barring
the star-forming ones and with each one being characterized by
a density, temperature, and metallicity, we obtain the [0.5-2] keV
luminosity assuming a single-temperature Astrophysical Plasma
Emission Code, APEC 3.0.9, as implemented in the XSPEC®
(Smith et al. 2001) package. There, we assume an optically thin
plasma in collisional ionization equilibrium. For element abun-
dances, we employ the table provided by Anders & Grevesse
(1989) re-scaled by the overall metallicity of the gas cells’.

For each TNG100 and EAGLE galaxy matched to the
GAMA sample, we consider all the gas around it and that
belongs to their FoF host halo, with no a priori cut to the spa-
tial extent of the gas. More specifically, we sum up the contri-
bution to the total X-ray luminosity along the line of sight in a
given projection by accounting for all the gas cells or particles
within the FoF selection: such a line-of-sight projection can span
between many hundreds of kpc to several Mpc depending on the
halo mass. To obtain projected X-ray profiles, we take the min-
imum of the potential as the galaxy center and we determine,
for each individual galaxy, the X-ray luminosity as a function
of radius in a random projection, that is, in a random galaxy
orientation. We mimic the stacking signal of a specific galaxy
subsample by taking the average (mean) of the radially binned
X-ray luminosity values from all the simulated galaxies in the
matched subsample. As the eFEDS stacking profiles are de facto
weighted by the photon counts in each radial bin, we believe that
the mean profiles across individual simulated ones is the closest
approximation to observed stacked signals.

We convolve the mean simulation profiles with the eROSITA
PSF, but we do not remove —from the simulation data— those
unresolved sources that are indeed detected but then masked
(M1) in the eFEDS+GAMA results®. Moreover, we defer the
task of simulating eROSITA photons, as for example done for
the tailored predictions of Oppenheimer et al. (2020), to a future
dedicated paper. With such a full forward modeling into the
observational space, we will then also be in the position of repli-
cating, with the simulation data, the exact stacking procedure
adopted here for the eFEDS+GAMA data. This would help in
particular to quantify the extent of projection effects along the
line of sight.

5.2. Results from IllustrisTNG and EAGLE

Results for the TNG100 and EAGLE galaxies in comparison to
eFEDS+GAMA inferences are shown in Figs. 9 and 10: there we
focus, respectively, on the projected radial profiles at the transi-
tional mass regime of 5 x 10'" M, and on the integrated signal
from the CGM as a function of galaxy stellar mass, that is, inte-
grating the X-ray luminosity within various apertures: [0—80],
[0-300], and [80—-300] projected kpc, with more emphasis on
the latter, that is, beyond the typical extent of the eROSITA
PSF at the considered redshifts. In both figures, shaded areas
around TNG100 results quantify the systematic uncertainties
in the sample-matching procedure. Systematic uncertainties on
the EAGLE simulation are expected to be similar. These are

® https://heasarc.gsfc.nasa.gov/xanadu/xspec/

7 We checked that, by using the individual abundances of nine ele-
ments tracked by TNG100 instead of the overall metallicity, the X-ray
profiles of 5 x 10'° M,, galaxies vary by about 0.1 dex and overall by
negligible amounts in comparison to other systematic uncertainties (as
described in Sect. 5.2).

8 The latter task requires modeling the X-ray emission not only from
the gaseous component but also from AGN and X-ray binaries, which
is beyond the scope of the current paper.
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Fig. 9. Left: X-ray luminosity projected radial profiles (0.5-2.0keV rest-frame) for the quiescent QU_M10.7 and the star-forming SF_M10.7
samples (as in Fig. 5 left panel), i.e., for central galaxies with median galaxy stellar mass of about 5 X 10'° M, and median redshift 0.20. Their
mass and redshift distributions are shown in Fig. 4. The profiles are compared to the results from the TNG100 (solid) and the EAGLE (dashed)
simulations, consistently matched in stellar mass, sSFR, and redshift. Observed stacking results are compared to the mean simulated profiles (thick
curves). For illustrative purposes, we convolve the mean predicted simulated profiles (thick curves) with the PSF (dashed lines in Fig. 5) and obtain
the thin curves (ideally this should be done on each individual simulated galaxy profile before taking the mean). This provides a rough idea of
how the flux in the inner regions is shifted to larger radii due to the PSF. Right: complete set of profiles predicted by the simulation: mean (thick
lines) and median (thin lines). The median profiles show where the majority of the simulated profiles are located; the median curve is significantly
lower than the mean curve. Shaded areas represent the systematic uncertainties associated to the extraction of the mocked observable from the
simulations (specifically for TNG100); see text for details. We expect the possible systematic uncertainties to be similar for the EAGLE simulation,

but we refrain from adding shaded areas in order to avoid overcrowding the figure.

obtained by encompassing the 5th—95th percentile results when:
(i) marginalizing over the 20 Monte-Carlo sampling realizations
of the GAMA samples; (ii) using the total galaxy stellar masses
from the simulations versus those within smaller apertures: twice
half stellar mass radius; and (iii) using the instantaneous and
inner SFR values from the simulations versus those averaged
over the last 100 Myr. In the profiles of Fig. 9, for example, these
systematic choices can amount to X-ray luminosity uncertainties
of about 0.5-0.7 dex at 200-300 kpc projected radii.

5.2.1. Comparison between 80 and 300 projected kpc

Focusing on the CGM, at galactocentric distances >80 kpc
(beyond the eROSITA PSF), the mean X-ray profiles of MW-
and M31-mass galaxies predicted by TNGI100 (solid) and
EAGLE (dashed curves) are very similar to one another, despite
the different underlying galaxy physics models: they both fall
within approximately 1 dex from the observational results.
Moreover, the profiles of the simulated star-forming versus qui-
escent galaxies are not significantly different from one another
in the simulations, with the simulated X-ray atmospheres around
quiescent 10'%7 M galaxies being less luminous than what the
observations imply in Fig. 9.

The top panel in Fig. 10 shows a comparison between the
observed extended (between 80 and 300 projected kpc) X-ray
luminosity as a function of stellar mass and the simulation pre-
dictions for the sample matched in redshift, mass, and sSFR to
the GAMA sample. As for the case of the radial profiles, the
CGM luminosity in the soft-X-ray band as a function of galaxy
stellar mass is not too dissimilar between TNG100 and EAGLE,
with similar emission for quiescent and star-forming galaxies at
fixed stellar mass in both models.
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For the quiescent massive galaxies, TNG100 and EAGLE
are in good agreement with the observations, especially at 22 X
10'! My, Star-forming galaxies at 22 x 10'! M have luminosi-
ties below the TNG and EAGLE predictions: when consider-
ing the systematic uncertainties due to the matching procedure
(0.5-0.7 dex) and the uncertainties of the observations, the upper
limit of the measurement is at the limit of being consistent with
the lower (simulation) limit. For <10'! M galaxies, simulations
predict a lower luminosity than observed, which is consistent
with the nondetection of extended emission around star-forming
galaxies, but is significantly lower than the observed luminosity
of the quiescent galaxies.

We note that the simulations predict luminosities that are
possibly greater than that observed by Anderson et al. (2015).
The difference between the simulated curves and the observa-
tions gives a sense of the maximal amount of luminosity that
could be imputed to projection effects for quiescent galaxies.

5.2.2. Comparison below 80 projected kpc

It is manifest from Fig. 9 that both TNG100 and EAGLE pre-
dict much brighter atmospheres at small galactocentric distances
than what is found with eFEDS+GAMA: up to two orders of
magnitude brighter profiles at <20 kpc. This discrepancy is also
seen at other mass scales, as shown in the bottom panels of
Fig. 10, but to different degrees for star-forming and quiescent
galaxies: the integrated X-ray emission within 80kpc (as well
as within 300 kpc) of simulated quiescent galaxies appears to be
largely consistent with the observed values; on the other hand,
the simulated star-forming galaxies exhibit gaseous haloes that
are systematically brighter in X-rays than the observed counter-
parts across the considered mass range (M, = 10°>115 My).
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Fig. 10. Same as Fig. 7 but with the addition of the predictions from the TNG100 and EAGLE simulations of matched galaxies. Shaded regions
give the order of magnitude of the systematic uncertainty due to the process used to create mock observations. Shaded regions are shown for
the TNG simulation. For EAGLE, shaded regions should have a similar width, but they are not shown so as to not overcrowd the figure. We
show the observed and predicted soft X-ray luminosity from the central 80 kpc (bottom left) from the full 300 kpc (bottom right) and for the
80 < R, < 300kpc range (main top panel) as a function of galaxy stellar mass.

The simulations may over-predict

central regions of the galaxies, in particular for star-forming
galaxies. In fact, the latter possibility is partially at odds with
the conclusions of Truong et al. (2020, their Fig. 6) where the
X-ray luminosity within the stellar effective radii of TNG star-

the amount of hot gas in the forming galaxies appears compatible with analogous measure-

ments of individual star-forming galaxies in the local Uni-
verse by Mineo et al. (2014), although less so with data from
Li & Wang (2013). It should be noted that the simulation signals
only come from the volume-filling gas (with no contributions
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from the hot ISM), whereas in the observations, part (if not all)
of the signal comes from unresolved point sources. As model-
ing and accurately predicting the AGN and XRB X-ray emission
from the simulations is complex, we defer a thorough investi-
gation of this discrepancy to future studies, where we will also
replicate the whole analysis pipeline from mock simulation data,
including the masking process.

6. Discussion

The combination of eROSITA’s stable background and good sen-
sitivity at moderate spatial resolution with the availability of
a highly complete spectroscopic galaxy sample from GAMA
allowed us to detect the faint X-ray emission around galaxies
as a function of their measured stellar masses and sSFRs.

The work presented here shows a clear dichotomy in the
average X-ray emission of star-forming and quiescent galaxies.
While the former are only significantly detected on small scales,
with a projected luminosity profile consistent with the eEROSITA
PSF and an intensity compatible with the faint end of the AGN
population (with a possible contribution from XRBs), the latter
show clearly extended projected emission, with increasing inten-
sity for larger stellar masses (at least for log,, M* > 11.2).

In this section, we first discuss possible systematic effects
that could affect the interpretations of our results, ranging from
the estimate of the contribution from undetected faint AGN or
XRBs (Sect. 6.1) to the accuracy of the sample selection and the
effect of the 2D projection of the large-scale emission surround-
ing the galaxies (Sect. 6.2). In Sect. 6.3, we move to a discussion
of the comparison with the numerical simulation predictions.

6.1. AGN and XRB contamination

The procedure to mask the event files according to a given cri-
terion has a significant impact on the results (see Sect. 4.1).
Using ALL, M1, or M3 masks leads to drastically different mea-
surements with distinct physical meanings. In our case, when
all resolved sources are identified and classified, the M1 mask
is then optimal, as it corresponds to minimization of the con-
tamination from known AGN to the inner projected luminosity
profiles. However, the level of residual contamination from
undetected faint AGN remains uncertain.

To further estimate the AGN contamination, we use the
X-ray AGN model described in Comparat et al. (2019) and vali-
dated against eFEDS observations by Liu et al. (2022c). We use
the X-ray group and cluster model from Comparat et al. (2020a),
which was validated against eFEDs observations by Liu et al.
(2022a), Bulbul et al. (2022). In particular, the simulations accu-
rately reproduce the number density of sources as a function of
their flux (logN-logS) for each class separately. We limit these
light cones to the redshift range 0.05 < z < 0.3 and flux in the
band 0.52keV to Fx > 1077 ergcm™2s7!. Figure 8 shows a
comparison of the observations with the empirical models. The
observations are compatible with the two model lines: at low
stellar masses (log,, M* < 11.) the total projected emission of
both quiescent and star-forming galaxies must be contaminated
by faint AGN®. The corresponding contamination from unre-
solved emission due to XRBs based on the adopted model for
the XRB population in galaxies (see discussion in Sect. 3.2.2;
Aird et al. 2017) is reported in Table 4 (M3 mask) and is
shown as colored shaded areas in Fig. 8. Clearly, the putative

9 We note here that the AGN model prediction is in good agreement
with the figures from Aird et al. (in prep.) quoted in Sect. 3.2.1.
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contribution from XRBs remains subdominant in our stacked
subsamples.

While the comparison with the empirical models provides
a reasonable explanation for the observed projected luminos-
ity of both star-forming galaxies (in terms of faint AGN) and
high-mass quiescent galaxies (in terms of virialized hot haloes),
it does not satisfactorily explain the detection of a significant
projected emission well beyond 80 kpc around low-mass quies-
cent galaxies, which is much more extended than the potential
contamination from point sources alone (see Fig. 2). Additional
sources of genuinely extended X-ray emission surrounding those
lower mass quiescent galaxies are likely needed. These may be
due to the CGM itself, to an incomplete removal of satellites of
luminous clusters and groups, or to projection effects. We dis-
cuss these latter two possibilities below.

6.2. Central versus satellites and projection effects

A well-defined central galaxy sample is key to enabling the
interpretation of our results. Galaxies and their haloes are
not generally isolated; they reside in clustered environments
(Mandelbaum et al. 2006; Gillis et al. 2013). For example, when
measuring projected statistics, the signal coming from central
galaxies with high clustering (living in a clustered, dense envi-
ronment) will be boosted compared to that of isolated galax-
ies. This is because of neighboring central galaxies that are in
projection within 300 kpc but in three dimensions within a few
Mpc. With its high completeness, namely of ~98%, the GAMA
spectroscopic survey allows an accurate distinction to be made
between central and satellite galaxies in different environments;
the removal of satellite galaxies is then straightforward, and
this procedure should not induce systematic effects provided
the GAMA completeness is uniformly high irrespective of envi-
ronment or galaxy properties. Conversely, we also carried out
the same measurements in a sample where satellite galaxies are
included and found that the SF profiles remained unchanged,
while the QU profiles were systematically 25% brighter at all
scales. This is consistent with the fact that, on average, quies-
cent satellite galaxies live in hot and dense environments (e.g.,
Velander et al. 2014; Hudson et al. 2015).

To illustrate the projection effects, we measured the cluster-
ing (two-point correlation function) of the galaxies considered
here using two statistics: w,(7,) and &(s). &(s) is the angle-
averaged (“isotropic”) 3D redshift space correlation function
and w),(r,) is the line-of-sight projected correlation function (for
detailed definitions see e.g., Davis & Peebles 1983). The lumi-
nosity profiles obtained are subject to projection, similarly to the
w,(rp) clustering statistics; the environment in which galaxies
live has an effect on projected statistics. To investigate the impact
of projection effects, we measured the clustering of the galaxy
samples considered, before and after the central selection algo-
rithm is applied; see Fig. 11. In the 3D correlation function of
the central galaxies sample (&(s), top panel, red or blue squares),
there is a clear cut-off scale (~400kpc, identified by vertical
dashes) below which the clustering signal diminishes, while it
is still increasing in the complete sample (central plus satellite
galaxies, red and blue circles, respectively). This means that the
selection procedure for central galaxies works as expected.

When measuring the projected clustering w,(r}), the cut-off
scale at ~400kpc is no longer visible; see the bottom panel of
Fig. 11. The projected clustering of the full sample and the cen-
tral sample both extend to very small scales. We clearly see a
projection effect here, which is due to the fact that galaxies live
in crowded, clustered environments. Therefore, when measuring
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the projected luminosity profiles, the emission around individ-
ual galaxies is indistinguishable from the emission from the
environment of the galaxies. Both star-forming and quiescent
galaxy samples are subject to a similar projection effect, as
shown in Fig. 11. However, from the difference seen between
the star-forming and quiescent stacked profiles, we infer that
the environment of 5 x 10'° M, (and lower) quiescent galax-
ies is dense and hot, while that of star-forming galaxies needs
to be either less dense, cooler, or both. This is in agreement
with the findings of Velander et al. (2014). Accurately quantify-
ing the strength of the projection effect and how much it biases
the projected luminosity profile as a function of scale is key to
determining how much of the measured emission comes from
the CGM. Future simulations (with full fledged light cones)
and further modeling in order to jointly interpret halo occu-
pation distributions (constrained with clustering and galaxy-
galaxy lensing measurements) and the luminosity profile will
hopefully shed light on this uncertainty. Because of this, it is
unclear whether or not the CGM around 5x10'° M, galaxies
is detected in our sample. The eROSITA eFEDS survey is not
deep enough to provide a complete census of galaxy groups in
the redshift range studied here, and so applying the ALL mask
will remove only a large part of the environmental effects, but
not all.

6.3. Insights from the comparison between observations and
simulation results

The X-ray profiles and luminosities predicted at large galac-
tocentric distances by TNG100 and EAGLE are in general
agreement with observations, and so this allows us to use the
simulations to also gather insights that are not obtainable other-
wise. It is important to point out that the simulated mean pro-
files are significantly brighter than the simulated median pro-
files: see Fig. 9, thick versus thin solid (TNG100) and dashed
(EAGLE) curves. Conversely, this implies that the CGM signal
of the median galaxy is not properly captured by the observed
mean stacks, which are instead biased high. By analyzing the
TNG100 results, we can quantify that the 10% most luminous
sources alone can bias high the X-ray signal at ~100kpc by
almost 1 dex. This means that caution is necessary in the inter-
pretation of the results. Chiefly, given the small volumes consid-
ered in this analysis, it is hard to tightly control the population
of rare objects in the same manner in the observations and sim-
ulations. Samples collected over larger volumes will undoubt-
edly help in addressing this in the future. In the meanwhile,
we notice that in TNG100 and EAGLE, no matched galaxy
that enters in this analysis resides in a halo more massive than
3x1013-10"* M, that is, throughout the whole sample and even
though more massive haloes are present in the simulated vol-
umes. On the other hand, there are at least 289 (X-ray-detected)
galaxy clusters and groups in the 60 deg? of eFEDS and GAMA
(Liu et al. 2022a).

Also, when comparing results from the two simulations,
TNG100 and EAGLE, we find overall very consistent mean pro-
files, whereas median profiles differ. The median discrepancy is
related to the different underlying galaxy physics models of the
simulations. This highlights the fact that the median profiles are
sensitive to the galaxy evolution model, while the mean profiles
are more sensitive to a sparse population of rare and luminous
galaxies. For example, at the transitional mass regime of Fig. 9, it
is evident that EAGLE atmospheres are brighter than TNG ones
in X-rays, which is consistent with the notion that the SMBH
feedback in TNG is more ejective than in EAGLE (Davies et al.
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Fig. 11. Clustering of the samples selected. In each panel we show the
results for the quiescent central galaxies (CEN QU, red squares), the
star-forming centrals (SF CEN, blue squares), all the quiescent galax-
ies (ALL QU, purple circles), and all the star-forming ones (ALL SF,
dark blue circles). Top panel: three-dimensional correlation function.
The turn over due to the central selection function is clear, as illustrated
by the vertical dashed line. Bottom panel: projected correlation func-
tion: no turnover is visible.

2020; Truong et al. 2021) and that EAGLE exhibits lower quies-
cent fractions than TNG at this mass scale (Donnari et al. 2021).

At face value, in the 80-300 kpc range, the X-ray luminos-
ity of the CGM around 10'%27198 a1 star-forming galaxies is
consistent with the upper limits inferred from eFEDS+GAMA
data. The simulation results suggest that a detection of the hot
CGM around star-forming MW/M31-mass galaxies may soon
be obtained (see Sect. 7).

Importantly, it is also apparent from both Figs. 9 and 10
that TNG100 and EAGLE do not predict a significant difference
in the CGM X-ray signals between quiescent and star-forming
galaxies, as seen in the data. Instead, the mean profiles and
the CGM luminosities on large scales from the simulations fall
closer to the observed SF eROSITA results. This is likely due to
the aforementioned projection effects.
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Also, it should be noted that these results are not nec-
essarily in contradiction with results reported in Section 1
which suggest brighter X-ray atmospheres around simulated
star-forming galaxies than around quiescent ones (Truong et al.
2020; Oppenheimer et al. 2020). First, here we are comparing
mean profiles and not median properties of galaxies; second,
we focus on somewhat higher redshift, z ~ 0.2 versus z ~ 0.1
(1.1 Gyr difference); and finally, the stacked profiles of Fig. 9 are
not from volume-limited samples and reflect the mean results of
galaxies in rather wide mass and redshift bins and with differ-
ent stellar mass and redshift distributions in the two star-forming
and quiescent bins, with the former exhibiting a greater repre-
sentation of lower mass and higher redshift galaxies (see Fig. 4).

As pointed out above, for more accurate comparisons
between observations and simulations, a more thorough forward
model of the simulation data would be needed, for example using
sixte (Dauser et al. 2019). However, focusing on the discrep-
ancy at face value for the 5x 10'° M, quiescent galaxies (Fig. 9),
we can argue that under-luminous atmospheres in the simula-
tions in comparison to data may indicate that (some of the) sim-
ulated gaseous haloes may (a) be under-dense, (b) be charac-
terized by lower temperatures, and/or (c) be less enriched than
(some of the) galaxies in the Universe, or more specifically in
eFEDS. This discrepancy could be due to a SMBH feedback
implementation that is more ejective than in reality, at least in
some cases —more ejective SMBH feedback would imply more
substantial outflows and hence a more substantial clearing of the
halo of both hot and metal-enriched gas— or that is not effective
enough at heating up the halo gas.

7. Summary and outlook

We quantified the X-ray emission around a large sample of qui-
escent (star-forming) galaxies at 0.05 < z < 0.3 in the stellar
mass range 2 x 10°-10'2 My (3 x 10°-6 x 10'! My) (Fig. 1).
To do so, we stacked the eROSITA eFEDS events around cen-
tral GAMA galaxies to obtain projected luminosity profiles out
to hundreds of project kpc (Figs. 3, 5, and 6). As anticipated, the
stacking method is successful in overcoming the flux limit in the
X-ray observations!?.

For quiescent (passive) galaxies, the X-ray profiles are
clearly extended throughout the available mass range (e.g.,
Fig. 5); however, the measured profiles are likely biased high
due to projection effects emanating from the fact that quiescent
galaxies live in dense and hot environments (Fig. 11). Around
star-forming galaxies with <10'" M, the X-ray-stacked profiles
are compatible with unresolved sources and are consistent with
the expected emission from faint AGN and XRBs (Fig. 5). Only
for the most massive star forming samples (>10'' M) is there a
hint of detection of extended emission.

We measure for the first time the average relation between
mean projected X-ray luminosity within various apertures and
stellar mass separately for quiescent and star-forming galaxies
(Fig. 7). We find that the relation is different for the two galaxy
populations: high-mass (>10'! M) star-forming or quiescent
galaxies follow the expected scaling of virialized hot haloes (see
orange solid line in Fig. 7). Lower mass star-forming galax-
ies show a less prominent luminosity that is also more weakly

10 For example, the QU_M10.53 sample, with a S/N of about 5.5, has
a luminosity in the inner 80 kpc of 3.2 x 10 ergs™" at redshift 0.19,
corresponding to a flux of 3.1x10716 erg cm=2 s~!. This is about 20 times
fainter than the flux limit of quoted by Brunner et al. (2022).
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dependent on stellar mass, consistent with empirical models of
the population of weak AGN.

In particular, when measuring the mean projected X-ray
luminosity in a 300 kpc aperture while excluding X-ray-bright
AGN detected as point sources (M1 mask, Fig. 7 main panel and
Table 3), for quiescent galaxies with a stellar mass larger than
2x10'9 My, we detect (S/N larger than 3) a faint X-ray emission
partly originating from hot gas. For star-forming galaxies with a
stellar mass of larger than 6 x 10'° M, we report a hint of detec-
tion (S/N between 1 and 3). For star-forming galaxies with a
stellar mass in the range 3 x 10°—6 x 10' M, we measure upper
limits (S/N smaller than 1). We find similar results and detec-
tion levels when we measure the average projected X-ray lumi-
nosity in a 80-300 kpc aperture (M1 mask, Fig. 7 bottom right
panel and Table 3), which hence characterize the extended emis-
sion beyond the galaxy itself: we detect X-ray extended emission
around quiescent galaxies at all probed masses, while for star-
forming galaxies we find upper limits in the 3 x 10°-10'! M,
range and a hint of detection at higher masses.

We additionally measure the average projected X-ray lumi-
nosity in a 300kpc aperture while keeping all detected point
sources (M3 mask, Fig. 8 and Table 4). We find good agree-
ment with empirical models of the X-ray cosmic web of AGN
and clusters from Comparat et al. (2019, 2020a). This reinforces
the notion that a robust assessment of the properties of hot
haloes in Milky-Way-like galaxies (and smaller) requires accu-
rate removal of weak AGN contaminants.

When comparing our results with state-of-the-art numerical
simulations (IllustrisTNG and EAGLE), we find overall con-
sistency in the average emission at large (>80kpc) scales and
at masses >10'" M, but disagreement at smaller scales, where
brighter-than-observed compact cores are predicted (Fig. 9). The
simulations also do not predict the clear differentiation that we
observe between quiescent and star-forming galaxies in our sam-
ples (Fig. 10).

This work is a stepping stone towards a better understand-
ing of the hot phase in the CGM, which holds a key role
in the regulation of star formation. In the next decade, by
combining eROSITA with upcoming spectroscopic galaxy sur-
veys (e.g., DESI, SDSS-V, 4MOST: DESI Collaboration 2016;
Kollmeier et al. 2017; de Jong et al. 2019; Merloni et al. 2019;
Finoguenov et al. 2019), properties of the CGM and their rela-
tion to AGN should be unraveled. The eROSITA all-sky survey
(eRASS) data cover more than 100 times more extragalactic sky
than eFEDS and therefore offer the opportunity to improve on
the analysis presented here.

Table 5 provides a rough estimate of the average S/N
improvement ratio (§57) based on a full-sample for a few
selected combinations of different eRASS depths (from the
single-pass eRASSI1 to the full eight-pass eRASS:8) and extra-
galactic spectroscopic surveys. We assume, for simplicity, that
S/N o 4[Nytexp, where Ny is the number of galaxies in the
range z < 0.3 and f, is the average eROSITA exposure. We
compute the ratio of the S/N, fm, obtainable with these experi-
ments to the eFEDS+GAMAOQ9 baseline one, for which we take
Nyereps = 35 521. We provide estimates for the following com-
binations:

— eRASS1 with a compilation of existing spectroscopic cata-
logs (‘eRASS1 + public 2021°);

— An intermediate stage that combines a three-pass X-ray sur-
vey (eRASS:3) with the DESI ‘Bright Galaxy Survey’ (BGS,
Ruiz-Macias et al. 2020);

— The full-depth eRASS:8 combined with the 4AMOST WAVES
wide survey (Driver et al. 2016);
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Table 5. Forecast S/N for future eROSITA-based experiments.

Area N,
2 6 fex .
[deg ] [10 ] < lexp,eFI:EDS > é‘:S /N
eRASSI + public 2021 21k 1.2 0.1 1.8
eRASS:8 + WAVES 1k 0.7 0.8 4.0
eRASS:3 + DESI BGS 5k 7 0.3 7.7
eRASS:8 ‘Legacy’ 21k 20 0.8 21.2

Notes. Average S/N improvement ratio with respect to the

eFEDS+GAMAO9 sample (é55g) for four possible combinations
of eROSITA all-sky survey depths and low-redshift galaxy spec-
troscopic samples. The Area (in square degrees) reported is the
approximate overlap between the German eROSITA all-sky survey
(Sunyaev et al. 2021) and the galaxy samples; N, is the number of

galaxies with z < 0.3 in this area (in millions), while (%) is the
exp.el

average ratio between the corresponding eRASS exposure and the
eFEDS one.

— A putative ‘Legacy’ sample, combining eRASS:8 with all
spectroscopic samples available in about a decade (early
2030s).

The average S/N improvement with respect to the sample ana-
lyzed here ranges from about a factor of 1.8 to more than a factor
of 20. Further improvements in the eROSITA data processing,
energy, and PSF calibration will likely also increase the signifi-
cance of the detection, and enable a combination of spatial and
spectral analysis. Thanks to those improvements, we should be
able to measure the temperature and metallicity of the hot CGM,
as well as its density and pressure profile. Hopefully, this will
shed light on how hot haloes are created and energized, and their
interplay with the star formation and virialization processes, as
well as feedback processes from AGN.
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Appendix A: Matching procedure between
simulated and observed galaxy samples

To directly compare the results of the simulations for example
from Truong et al. 2020 and Oppenheimer et al. 2020 to those
from our observations is a complex undertaking, first and fore-
most because they are given at different redshifts (z ~ 0 vs.
median z ~ 0.2), which correspond to a 2.5 Gyr difference in the
age of the Universe. Second, the galaxy samples from the sim-
ulations at any given epoch are volume limited whereas those
in GAMA are magnitude limited, with progressively larger frac-
tions of more luminous and massive galaxies at higher redshifts
(see Figurel).

We therefore constructed simulated galaxy samples that are
matched to the observed ones by finding, for each galaxy in the
GAMA set, its simulated equivalent in TNG and EAGLE. We
used simulated data from the TNG100 and Ref-LO100N1504
runs, which both encompass approximately 100 comoving Mpc
a side. We consider only central galaxies, in line with the choices
of Sect. 3.1. However, we do not replicate the methods adopted
for the observed data, but simply identify as centrals those galax-
ies that occupy the lowest level of the gravitational potential of
the simulated haloes identified with the FoF algorithm. In TNG,
we exclude objects with SubhaloFlag = 0 (see Nelson et al.
2019, for more details). The analogous objects between the sim-
ulation outputs and the GAMA sample are found in the redshift,
galaxy stellar mass, and sSFR parameter space.

The match in redshift is done to the closest available simu-
lation snapshot. In the 0.05 < z < 0.3 range considered here,
there are 18 data snapshots in TNG and 3 in EAGLE. As a fidu-
cial choice, we assume that the stellar mass of GAMA galax-
ies inferred by Bellstedt et al. (2020, 2021) is close to the total
mass of a galaxy, i.e., is compatible with the sum of all the stel-
lar particles that are gravitationally bound to a simulated galaxy.
However, this is probably not the case for centrals in massive
haloes and so we bracket this uncertainty by also matching the
samples assuming that the GAMA stellar masses correspond to
the sum of the stellar particles that are gravitationally bound to a
simulated galaxy and within twice its stellar half-mass radius.

We also assume that the inferred SFR of the observed galax-
ies is equivalent to the instantaneous SFR of the gas cells of a
simulated galaxy, again within twice its stellar half-mass radius.
In fact, GAMA SFRs are averaged over 100 Myr: as shown by
Donnari et al. 2021, at least for TNG, whether SFRs are de facto
instantaneous or averaged across the past 1 Gyr and whether
they are measured across varying galaxy apertures should not
be important for the main purposes of this paper, that is, for
splitting galaxies into quiescent and star-forming ones at low z
and as long as the rule for the grouping is the same; see below.
However, even within the quiescent and star-forming samples,

the X-ray CGM signal may show trends with the actual level of
SFR, and hence we also show results adopting 100 Myr-averaged
values measured throughout the galaxy body. We manually re-
label sSFR values below 10~!> yr~! to exactly 10~!> yr~! in both
observation and simulations data in order to avoid being affected
by highly uncertain or numerical resolution-dependent SFR esti-
mations.

For every GAMA galaxy at a given redshift (see Table 1), a
simulated analog is searched for in the stellar mass—sSFR plane
at the closest snapshot by randomly selecting a galaxy within a
rectangle whose widths are equivalent to the uncertainties asso-
ciated to the measured values of stellar mass and SFR on a
galaxy-by-galaxy basis. If no simulated galaxy is found within
such limits, we simply take the closest simulated galaxy to the
observed one; this occurs only for ~ 400 (~ 800) GAMA galax-
ies when matching to TNG (EAGLE). We repeat this procedure
for the overall sample 20 times for both TNG and EAGLE so as
to obtain 20 different Monte Carlo simulation samples matched
to the observational ones.

Quiescent and star-forming matched simulated galaxies are
then divided with the fixed boundary cut at log;,(sSFR) = —11,
asin Sect. 2.2. Bins in galaxy stellar mass as described in Table 1
are extracted from the overall matched samples.

As the TNG and EAGLE volumes (~ 10° Mpc3) are smaller
than that of the galaxy sample considered here ( ~ 10” Mpc?), the
same simulated galaxies may be matched to multiple observed
galaxies. In these cases, the direction from which the galaxy is
seen (when projected on sky) is changed to avoid repetitions
of the exact same X-ray profiles when simulating the stack-
ing procedure. In the matched TNG100 samples, about 30% of
the objects come from simulated galaxies that are not unique.
This fraction increases to 43% for galaxies M* > 10'' M.
The nonunique fraction is significantly higher for the EAGLE
simulation (~ 75%) because it has fewer snapshots (only 3)
in the observed 0.05 < z < 0.3 range. Therefore, on average,
an EAGLE galaxy could be matched to four or five observed
galaxies. This could be an issue in the case of outliers, that is,
particularly bright systems, such as merging galaxies, because
in such cases their contribution to the predicted mean aver-
age X-ray emission is artificially overestimated by many fac-
tors because of the duplication in the matching. In this regard,
we noticed a merging galaxy in EAGLE in the mass bin M, ~
10'%7 M, that would have been matched in different projections
to five different observed galaxies, causing the EAGLE mean
surface brightness to be about one order of magnitude higher
in the central regions in comparison to the case when the sys-
tem is omitted. Hence, to minimize the effect of the matching
duplication in the fiducial EAGLE results presented throughout,
we opt to count the contribution of that merging galaxy only
once.
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