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ABSTRACT

Aims. We present measurements of the relation between X-ray luminosity and star formation activity for a sample of normal galaxies
spanning the redshift range between 0 and 0.25. We use data acquired by SRG/eROSITA for the performance and verification phase
program called eROSITA Final Equatorial Depth Survey (eFEDS). The eFEDS galaxies are observed in the 0.2—2.3 keV band.
Methods. Making use of a wide range of ancillary data, spanning from the ultraviolet (UV) to mid-infrared wavelengths (MIR),
we estimated the star formation rate (SFR) and stellar mass (Mj,,) of 888 galaxies, using Code Investigating GALaxy Emission
(CIGALE). In order to study sources whose X-ray emission is dominated by X-ray binaries (XRBs), we classified these galaxies into
normal galaxies and active galactic nuclei by making use of the observed fluxes in the X-ray, optical, and MIR ranges, as well as the
results from the SED fitting. To isolate the contribution of XRBs, which scale with the SFR and M,,, we subtracted the contribution
of hot gas, coronally active binaries, and cataclysmic variables to the total X-ray emission. We divided our sample of normal galaxies
in star-forming (SFGs) and quiescent galaxies according to their position on the main sequence.

Results. We confirm a linear correlation between the X-ray luminosity and the SFR for our sample of SFGs, shown previously in
the literature. However, we find this relation to be strongly biased by the completeness limit of the eFEDS survey. Correcting for
completeness, we find the fitted relation to be consistent with the literature. We also investigated the relation between X-ray emission
from both LMXBs and HMXBs populations with M, and SFR, respectively. Correcting for completeness, we find our fitted relation
to considerably scatter from the literature relation at high specific SFR (SFR/Mj,,). We conclude that without accounting for X-ray
non-detections, it is not possible to employ eFEDS data to study the redshift evolution of the LMXBs and HMXBs contributions due
to completeness issues. Furthermore, we find our sources to largely scatter from the expected Lx/SFR vs. specific SFR relation at high

redshift. We discuss the dependence of the scatter on the stellar mass, metallicity, or the globular cluster content of the galaxy.

Key words. X-rays: binaries — X-rays: galaxies — galaxies: star formation

1. Introduction

In recent decades, one of the main efforts of the high-energy
astronomy community has been focused on calibrating the X-ray
emission and source populations of galaxies against the star for-
mation rate (SFR) and the stellar mass (Mg,,; Gilfanov 2004,
Mineo et al. 2014; Basu-Zych et al. 2013; Lehmer et al. 2016).
X-ray binaries (XRBs), the hot ionized interstellar medium
(ISM), and active galactic nuclei (AGNs) are the main con-
tributors to the total X-ray emission of galaxies. In particu-
lar, XRBs are stellar systems composed of an extremely dense
object (a neutron star or black hole) that accretes mass from a
secondary star. They can be divided into two main categories:
high-mass X-ray binaries (HMXBs), when the donor star is an
early-type star (OB star, or a supergiant), or low-mass X-ray
binaries (LMXBs) when the secondary star is a later-type star

(typically of M, K spectral types). It is well known that the
X-ray emission from these objects traces the stellar population
of the galaxy. Indeed, the number of HMXBs and their collec-
tive X-ray luminosity was found to scale with the star formation
rate (SFR) of the host galaxy (Grimm et al. 2003; Lehmer et al.
2010; Mineo et al. 2012, 2014). This fact is well understood
in terms of the short evolutionary time scales of HMXBs
and by the fact that the secondary star is a young supergiant
(e.g., Verbunt & van den Heuvel 1995; Shtykovskiy & Gilfanov
2007). On the other hand, the number of LMXBs and their X-ray
luminosity are correlated with the Mg, of the galaxy. Also,
joint relations were found between the X-ray luminosity, SFR,
and the My, (Lehmer et al. 2016). In their study, Fragos et al.
(2013) employed local scaling relations data to restrict the pre-
dictions of theoretical XRB population-synthesis models. They
found that the spectral energy distribution (SED) of the XRBs
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remains relatively unchanged with redshift, despite a substan-
tial evolution of its normalization, which occurs primarily as a
result of changes in the cosmic SFR. However, the particular
X-ray output of XRBs is affected by metallicity and mean stellar
age. In particular, the X-ray luminosity per unit of star-formation
rate from HMXBs varies by order of magnitude when mov-
ing from solar metallicity to metallicity below 10%, while the
X-ray luminosity per unit of stellar mass from LMXBs reaches
a peak at the age of around 300 million years and then gradu-
ally decreases at later times (see Fig. 2 of Fragos et al. 2013).
For mean stellar ages exceeding approximately 3 billion years,
there is little variation in the X-ray luminosity from LMXBs.
These relations provide analytical and tabulated guidelines for
the energy output of XRBs, which can be directly integrated
into cosmological simulations or models of the X-ray emission
of galaxies.

The X-ray luminosity—SFR relation provides estimates of
the SFR that are less affected by uncertainties due to dust and
gas absorption, as the X-ray light is less affected by interstel-
lar extinction than other traditional indicators. This character-
istic makes it a valuable tool for cross-calibrating various SFR
indicators and diagnosing star formation in galaxies. However,
when observing distant galaxies, distinguishing the emission
from HMXBs, LMXBs, or supermassive black holes is challeng-
ing. In fact, AGNs seem to dominate the total X-ray emission
of bright galaxies (Xue et al. 2011; Lehmer et al. 2012), and the
latest studies suggest the presence of co-evolution or relations
between AGN and star-formation activity of the host galaxy
(Aird et al. 2019; Torbaniuk et al. 2021). Also, it is known that
galaxies contain a considerable amount of ionized gas at temper-
atures of around 10”—108 K, which contributes to the total X-ray
emission (Grimes et al. 2005; Tiillmann et al. 2006). This hot
gas can form in different ways, from mass loss of old stellar pop-
ulations (e.g., stellar winds from evolved stars, planetary nebu-
lae, and Type Ia supernovae) and accretion of the intergalactic
medium, as well as mergers of small galaxies and can dominate
the X-ray emission of the galaxy in the soft band (0.5-2keV). As
only the XRB emission correlates with stellar population prop-
erties, it is an extremely difficult challenge to disentangle the
contribution of each of these components to probe the aforemen-
tioned scaling relations.

In this paper, we make use of the eROSITA Final Equa-
torial Depth Survey (eFEDS, Brunner et al. 2022) to study the
correlation between SFR and X-ray luminosity. The extended
ROentgen Survey with an Imaging Telescope Array (eROSITA;
Merloni et al. 2012, 2020; Predehl et al. 2021) as part of the
Spectrum-Roentgen-Gamma (SRG, Sunyaev et al. 2021) mis-
sion, has become a crucial tool for investigating the X-ray
characteristics of galaxies. The X-ray observations are com-
bined with UV (GALEX), optical and near-IR (KiDS, HSC,
VISTA/VHS), and mid-infrared (WISE) data (Salvato et al.
2022). These data are used to fit the SED of the galaxies to
estimate their physical properties. The paper is organized as fol-
lows. In Sect. 2, we describe the dataset and the sample selection
based on the quality of the photometry. In Sect. 3 we present the
broadband SED fitting method and the first AGN selection based
on photometry. In Sect. 4, we discuss the reliability of the esti-
mated physical properties. We describe the subtraction of other
X-ray components, such as hot gas, and a second AGN selection
based on the SED fitting in Sect. 5. We discuss the results on the
Lx—SFR and Lx—sSFR relations in Sect. 6. Our summary and
conclusions are presented in Sect. 8. Throughout this paper we
use the WMAP7 cosmology (Komatsu et al. 2011): Q,, = 0.272,
Qu =0.728, and Hy = 70.4kms~! Mpc™'.

A164, page 2 of 17

2. Data and sample selection

This work is based on a combination of eROSITA and ancil-
lary data spanning from the ultraviolet (UV) to the mid-infrared
(MIR). Here, we briefly summarize the main properties of the
catalog and refer the reader to the cited works for more details.

The X-ray sources presented in this work have been detected
by eROSITA, the primary instrument aboard the SRG orbital
observatory (Sunyaev et al. 2021). The main objective of the
SRG mission is to perform a four-year survey of the full sky
in continuous scanning mode. The sources taken into account in
this work are part of the eFEDS, which scans ~140 sq. deg. of the
sky as a verification phase ahead of the planned four years of all-
sky scanning operations. With the exception of the all-sky sur-
veys, eFEDS represents the largest contiguous X-ray survey in
the soft X-ray band. A detailed explanation of the data process-
ing and properties of the catalog can be found in Brunner et al.
(2022). The catalog includes 27910 X-ray sources detected in
the band 0.2-2.3 keV, with detection likelihoods of >6, corre-
spondlng to a (point source) flux limit of 6.5x 10~ erg s~ cm™
in the 0.5-2.0keV energy band. To ensure the highest signal-
to-noise ratio (S/N) of the X-ray sample used in this work, we
excluded sources located at the border of the fields (INAREA90
flag, 3% of the total).

In order to estimate galaxies’ physical parameters, multi-
wavelength observations are required. Salvato et al. (2022) pro-
vides a catalog of multi-wavelength counterparts and redshifts
of the X-ray sources presented in Brunner et al. (2022). Consid-
ering the large PSF (~16") and the small number of photons
associated with a typical X-ray detection, the positional uncer-
tainties of the sources can be in the order of the arcsecond,
making the identification of the counterpart impossible to deter-
mine by the closest neighbor match alone. To overcome this
problem Salvato et al. (2022) performed two different meth-
ods specifically developed to identify the correct counter-
parts to X-ray sources: (1) NWAY (Salvato et al. 2018), based
on Bayesian statistics; (2) ASTROMATCH (Ruiz et al. 2018),
based on maximum likelihood ratio (Sutherland & Saunders
1992). A detailed description of these methods can be found
in Salvato et al. (2022). The DESI Legacy Imaging Survey DRS
(LSS; Dey et al. 2019) was used for the optical counterpart iden-
tification. Together with the LS8 data, the UV, optical, and
infrared photometry was also included.

Each counterpart is assigned a quality flag, CTP_QUALITY,
that characterizes the quality of the cross-match. To ensure reli-
able optical photometry for the SED fitting, we selected only
those objects having CTP_QUALITY > 2, which are objects for
which both methods are in agreement with respect to the coun-
terpart, but only one assigns to it a cross-match probability
above the threshold (CTP_QUALITY =3) or both agree on the
counterpart and have an assigned probability above the thresh-
old (CTP_QUALITY =4). In this way, we selected 22 256 objects
(81% of the total sample).

Sources are classified as Galactic or extra-Galactic (see
details in Sect. 5 of Salvatoetal. 2022). To ensure the
removal of foreground Galactic stars from the analysis, we
selected only those objects flagged as SECURE EXTRAGALAC-
TIC (5100, 19% of the total sample). Furthermore, a redshift
quality flag is given to the sources, CTP_REDSHIFT_GRADE,
in a range from 5 (spectroscopy) to O (unreliable photo-
7). Photometric redshifts are computed using LePHARE code
(Arnouts et al. 1999; Ilbert et al. 2006) and the estimates were
then compared with those obtained with DNNz (Nishizawa
et al., in prep.), a machine learning method that uses HSC
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photometry. A detailed description of the method can be found
in Salvato et al. (2022). In this work, we adopt the selection cri-
teria CTP_REDSHIFT_GRADE > 3, which includes all previously
selected sources (5100, 19% of the total sample).

The main goal of this work is to analyze the properties of the
eROSITA sample of normal galaxies (non-AGN systems) that
are expected to have relatively low X-ray luminosities (Lx <
3 x 10¥ ergs™!) compared to an AGN system (Luo et al. 2017;
Lehmer et al. 2016). Such systems are hardly observed at high
redshift, due to the limit on the sensitivity of the instrument.
Taking into account the eFEDS sensitivity limit, we restrict our
analysis to the sources having z < 0.35 (888, 3.2% of the total
sample).

In our analysis, the galaxies’ physical properties are
estimated via an SED fitting, which requires high-quality
multi-wavelength measurements to ensure reliable results. In
particular, the SFR requires high-quality IR observations to
account for the amount of UV light absorbed and re-emitted by
the dust. Therefore, we require the X-ray sources to be observed
in WISEI and WISE2 bands with signal-to-noise S/N > 2. The
previously selected sample (888, 3.2% of the total sample) ful-
filled this criterion. We stress that all the sources selected with
these requirements are also characterized with S/N > 2 for all
the other available photometry, with the exception of W3 and
W4 bands. At the end of the selection process, we restrict our
sample to 3% of the initial Salvato et al. (2022) catalog. The
selection process ensures the quality and reliability of the SED
fitting procedure, explained in the next section. Table 1 shows
the ancillary data associated with the X-ray sources. We stress
that all the selected sources have reliable spectroscopic redshift
(CTP_REDSHIFT_QUALITY =5).

3. Methodology
3.1. SED fitting

The SED fitting was performed with the Code Investigating
GALaxy emission' (CIGALE, Noll et al. 2009; Boquien et al.
2019). Here, we provide a brief summary of the tool and refer
to Boquien et al. (2019) for a detailed description. CIGALE is
a Bayesian SED fitting code designed to estimate the physical
properties of the galaxy (e.g., SFR, My,,). It models the emis-
sion spectra of the stellar component and combines them with
dust attenuation and emission. The latest version of CIGALE
also extends to the X-ray domain, modeling the X-ray emis-
sion of the AGN, XRBs, and hot gas components of the galaxy
(Yang et al. 2022). In the fitting process, CIGALE preserves the
energy balance considering the energy emitted by young mas-
sive stars, which is partially absorbed by the dust grains and
re-emitted in the MIR and far-IR (FIR). In this work, the SEDs
are built as the superposition of six modeled components: star
formation history (SFH), single stellar population (SSP), dust
attenuation, and dust emission, as well as AGN and X-ray emis-
sion. Table 2 shows the main input parameters used in the SED
fitting process. Figure 1 shows an example SED fitted with the
adopted procedure.

3.1.1. Star formation history and SSP

As shown in previous works (Ciesla et al. 2015; Matek et al.
2018; Riccio et al. 2021), an SFH that models the bulk of the
stellar population with the addition of a recent burst of star for-

I https://cigale.lam.fr

mation was found to be the best choice to fit statistical samples
of galaxies and to reproduce the SFR estimated with other meth-
ods (e.g. UV+IR, Buat et al. 2019). This kind of SFH takes the
form of a delayed exponential plus an exponential burst:

— (=t/Tmain) 2 —(t—tourst)/ Tourst
SFR(f) = t X € [T iy + eI Tt ey

where Tpain and Ty are the e-folding time of the main stellar
and the late starburst populations, respectively.

After calculating the SFH, the following step involves com-
puting the intrinsic stellar spectrum. This requires us to choose a
library of single stellar populations. In this work, we adopted the
SSP model by Bruzual & Charlot (2003) with the initial mass
function given by Chabrier (2003). We set the metallicity of the
model to Z = 0.02. The spectrum of the composite stellar popu-
lations was calculated by computing the dot product of the SFH
with the grid containing the evolution of the spectrum of an SSP
with steps of 1 Myr.

3.1.2. Dust attenuation and emission

At this stage, the stellar populations are still dust-free. As dust
attenuation law, we use the Calzetti et al. (2000) law extended
with Leitherer et al. (2002) curve between the Lyman break and
150 nm.

To model the dust emission, we employed the Dale et al.
(2014) model, based on a sample of SFGs presented in
Dale & Helou (2002). In their latest update, these authors
improved the PAH emission and introduced an optional AGN
component. The star-forming component is described with a sin-
gle parameter @, which is defined as dMy(U) o« U*UdU, where
My is the dust mass and U represents the intensity of the radia-
tion field. The @ parameter is closely related to the 60—100 pm
color. The main strength of this model is its simplicity, with only
one parameter that is straightforward to interpret based on the
observations.

3.1.3. AGN and X-ray emission

As shown by Liu et al. (2022), the eFEDS sample is mainly com-
posed of AGN, especially at high redshifts (Mountrichas et al.
2022). We derived the AGN contribution to the UV-to-IR
emission of the galaxy using the SKIRTOR model (Stalevski et al.
2012, 2016). The model considers the primary source of emis-
sion of the AGN, the accretion disc, surrounded by an optically
and geometrically thick dusty torus. The model allows the user to
set several parameters for the geometry of the torus, the extinc-
tion and emissivity of the polar dust, its temperature, and so on.

In our analysis, we defined a parameter called fo25um. This
parameter — as opposed to AGNpy,cion defined in default by
CIGALE as the ratio between the AGN luminosity to the total
dust luminosity (between 1 and 1000 um) — describes the ratio
of the AGN UV luminosity at 0.25 pm to the total UV luminos-
ity at that wavelength. We explain the reason for using the UV
estimate, instead of the default parameter in the IR, in Sect. 5.1.
This parameter can be used to discriminate AGN systems from
normal galaxies. We sample the fy25,m from 0 to 0.7 to con-
sider the strong contribution from nuclear sources in our sample.
Allowing the code to consider high nuclear non-stellar contri-
butions gives us the ability to use this parameter to discriminate
against AGN systems (see Sect. 5.1).

The X-ray component is modeled as a superposition of
XRBs, hot gas, and AGN. The HMXBs and LMXBs emission is
modeled using the predictions from theoretical XRB population-
synthesis models found by Fragos et al. (2013). However, these
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Table 1. Photometry available as ancillary data for the X-ray sources.

Survey Band A (um) Depth (AB mag) Number of detections Reference
GALEX FUV 0.15 19.9 248 Bianchi (2014)
NUV  0.23 20.8 323
HSC g 0.48 26.8 830 Aihara et al. (2018)
r 0.62 26.4 573
i 0.77 26.4 356
z 0.91 25.5 834
y 0.98 247 835
KiDS/VIKING u 0.35 24.2 576 Kuijken et al. (2019)
g 0.48 25.1 576
r 0.62 24.9 576
i 0.76 23.7 575
J 1.25 21.8 573 Edge et al. (2013)
H 1.64 21.1 573
K 2.14 21.2 573
LS8 g 0.48 24.0 888 Dey et al. (2019)
r 0.62 234 888
z 0.91 22.5 888
VISTA/VHS Ks 2.15 19.8 251 McMahon et al. (2013)
WISE w1 3.35 21.0 888 Meisner et al. (2019)
w2 4.60 20.1 888
W3 11.56 16.7 831
w4 22.08 14.5 712

Notes. The number of detections corresponds to the sample of 888 galaxies initially selected as normal galaxies.

Table 2. Input parameters for the code CIGALE.

Parameters

Values

Star formation history:

Delayed star formation history + additional burst

e-folding time of the main stellar population model (Myr)
e-folding time of the late starburst population model (Myr)

Mass fraction of the late burst population

Age (Myr)
Age of the late burst (Myr)

1000, 3000, 5000

50.0, 100

0.0, 0.005, 0.015, 0.02, 0.05, 0.1, 0.15, 0.20
8000, 9000, 10000, 11000, 12000

100, 150

Single stellar population Bruzual & Charlot (2003)

Initial mass function
Metallicities (solar metallicity)

Age of the separation between the young and the old star population (Myr)

Chabrier (2003)
0.02
10

Dust attenuation law Calzetti et al. (2000)

E(B — V)l color excess of the nebular lines

0.1,0.3,0.5,0.7,0.9

E(B — V)f: reduction factor to compute the E(B — V) for the stellar continuum attenuation 0.3, 0.5, 0.8, 1
Dust emission: Dale et al. (2014)
Fraction of AGN 0
a slope 2.0
AGN (UV-to-IR): Stalevski et al. (2016)
Inclination, i.e., viewing angle (7) 30, 70

AGN contribution to UV luminosity (fp.25um)

0.0, 0.001, 0.0025, 0.005, 0.0075, 0.01,
0.025, 0.05, 0.075, 0.1, 0.2, 0.3, 0.4,

0.5,0.6,0.7
Polar-dust color excess (E(B — V)) 0,0.2,0.4
X-ray emission: Yang et al. (2020, 2022)

Photon index of the AGN intrinsic X-ray spectrum (gam) 1.8

Power-law slope connecting L, at rest-frame 2500 A and 2keV (ox) -19,-1.7,-1.5,-1.3,-1.1, -0.9
Maximum allowed deviation of @, from the empirical aox—L, (2500 /°\) 0.2

Deviation from the expected LMXB scaling relation (61 yxs) 0.0

Deviation from the expected HMXB scaling relation (Spmxs) 0.0

Notes. The input values used for better sampling the f25,m are in boldface type (see Sect. 5.1).
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Fig. 1. Exemplary SED fitted for an object at z = 0.32, adopting the
procedure described in Sect. 3. The bottom panel shows the residuals of
the fit.

relations represent an approximation of the overall population of
galaxies and single galaxies can largely scatter around it. For this
reason, the X-ray module of CIGALE includes two free parame-
ters, ogmxs and dpvxp to account for the scatter from the scaling
relations. We ran the SED fitting setting dpmxp and dpmxg to 0
and discuss the possible scatter in the results. The AGN emis-
sion was modeled using the a,x—L, 2500 relation from Just et al.
(2007), where L,s00 is the intrinsic disk emission at 2500 A
at a viewing angle of 30° and a.x is the AGN SED slope con-
necting L,»s500 and L, »ev. To consider possible intrinsic X-ray
anisotropy, so that an AGN viewed at type 2 angles will have
lower fluxes than viewed at type 1 angles, the AGN emission was
modelled as a second-order polynomial function of the cosine of
the viewing angle (e.g., Netzer 1987). More details about the
module can be found in Yang et al. (2020, 2022).

The full set of parameters employed in the SED fitting pro-
cess is shown in Table 2. The quality of the fit is exgressed by
the best y? (and a reduced best x* defined as x> = xy?/(N - 1),
with N as the number of data points). The minimum value of y:
corresponds to the best model selected from the grid of all pos-
sible computed models from the input parameters. After the fit,
we removed 164 galaxies with y? > 10 from the initial sample of
888 galaxies. Henceforth, we refer to the remaining 724 sources
as the final sample. In Table 3, we summarize sequential steps
of the selection criteria, with the respective number of sources
selected from the initial sample.

3.2. Identification of AGN systems

In order to study the properties of galaxies for which the X-ray
emission is dominated by XRBs we need to reveal the pres-
ence of nuclear non-stellar emission. Given the presence of both
nuclear and star-formation emissions, we used a combination
of multi-wavelength techniques to identify the AGNs. We esti-
mated the rest-frame X-ray luminosity in the 0.2—2.3 band using
the formula:

log(Lo2-23) = log(fo.2-23) + 2log(Dj) + log(4r)
- 1Og(Ecor) + IOg(Kcor), (2)
where E.,: and K, are corrections for the energy range and red-

shift respectively, Dy, is the luminosity distance, and fy,-53 is
the flux detected in the 0.2—-2.3 keV band. The assumed photon

index is I' = 1.8, indicated to reproduce emission from HMXBs
(Lehmer et al. 2016). We classify a source as AGN if it satisfies
at least one of the following criteria:

— X-ray luminosity of Loy 23 > 3 x 10" ergs™!;

— X-ray-to-optical flux ratio of log(fx/f;) > —1 (where fx is

the flux detected in the 0.2—-2.3 keV range, and f; is the flux
observed in the » band);

— X-ray-to-NIR flux ratio of log(fx/fx) > —1.2.
The first three criteria are described in Sect. 4.4 of Xue et al.
(2011). The above selection criteria may still not identify highly
obscured AGN. For this reason, in making use of the MIR obser-
vations by WISE, we selected AGN sources following the color
selection criteria presented in Assef et al. (2013). This method
selects especially obscured AGN and has the advantage of mak-
ing no use of the WISE4 band, which is often affected by low
S/N. We select as AGN only objects having a 90% selection reli-
ability. This criterion is particularly sensitive to bright AGNs
that also outshine the host galaxy in the WISE bands, but it
is less sensitive for obscured AGNs for which the emission is
comparable with the host galaxy’s. For this reason, although the
expected reliability is >90%, the selection completeness drops
from 90% at W2 ~ 14 mag to 10% at W2 ~ 16 mag (see Fig. 4
of Assef et al. 2013).

Sources that do not meet any of these criteria are classi-
fied as “normal galaxies”. We identified 405 AGN (55% of the
final sample) and 319 normal galaxies (44% of the final sample).
Figure 2 shows the X-ray/optical flux selection criteria in the r
band (left panel) and the MIR selection criteria adopting WISE
photometry. We notice that the majority of the AGNs are selected
by X-ray luminosity, though a consistent number of obscured
AGN:s is selected with WISE selection criteria.

The redshift distribution of AGNs and normal galaxies is
shown in Fig. 3. We notice that above redshift ~0.35, we do
not detect any normal galaxy due to the sensitivity limit of the
instrument.

4. SFR estimates and reliability check
4.1. Mock analysis

To ensure the reliability of the computed SFR, a mock catalog
can be created using an option in CIGALE, which employs the
best-fit model from the SED fitting to build an artificial object
for each galaxy with known physical parameters. The process is
described in detail in Giovannoli et al. (2011) and Lo Faro et al.
(2017).

The physical properties are evaluated using a Bayesian
method. This is done through a likelihood estimation. Each
model in the grid of models built from the starting input param-
eters will have an associated likelihood taken as ocexp(—y?/2).
This value is used as the weight to estimate the physical parame-
ters as the likelihood-weighted mean of the physical parameters
attributed to each model, while the related uncertainties are esti-
mated as likelihood-weighted standard deviations of the physical
parameters (see Sect. 4.3 of Boquien et al. 2019).

In Fig. 4, we compare the output SFR of the mock catalog
with the best values estimated by the code. The Pearson product-
moment correlation coefficient (r) is used as a measure of the
reliability of the obtained properties. We find a slight overes-
timation of the estimated values at low SFR, but they are still
statistically consistent with the exact value.

The redshift distribution of AGNs and normal galaxies is
shown in Fig. 3. We notice that above redshift ~0.35, we do
not detect any normal galaxy due to the sensitivity limit of the
instrument.
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Table 3. Sample selection discussed in Sects. 2 and 3.

Selection criteria

Number of selected sources

% of the initial sample

CTP_QUALITY > 2

SECURE EXTRAGALACTIC
CTP_REDSHIFT_GRADE > 3

7<0.35

W1 and W2 S/N > 2

22256
5100
5100
888
888
724

81%
19%
19%
3.2%
3.2%
2.6%

<100

Notes. (VSelection based on the SED fitting.

SS «  Normal galaxies
Ly=3-10* erg/s
log(fi/fy) = — 1.2

-13.5 -13.0 -12.5 -12.0 -11.5

X-ray Flux (erg s™1 cm~2)

—14.0

W1 - W2(vega)

17 18

15
W2(vega)

Fig. 2. Optical r-band AB magnitude vs. the X-ray flux for the final selected sample, shown on the left. Diagonal lines indicate a constant flux ratio
between the r-band and X-ray. WISE1-WISE2 color vs. WISE2-band VEGA magnitude, shown on the right. The lines represent the MIR WISE
selection criteria, 95% reliability (solid line), 90% reliability (dashed black line), and 75% reliability (dashed green), respectively. Black circles
represent the WISE-selected AGNss in this work. For all panels, the grey circles represent the normal galaxies, the red circles the X-ray luminosity

selected AGN, blue circles the K band selected AGNss.
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Fig. 3. X-ray luminosity vs redshift for the selected final sample. The
dashed black line indicates Lx = 3 x 10*? ergs™'. The solid black line
represent the eFEDS sensitivity limit of fipi = 6.5 x 107 ergs™' cm™
Brunner et al. (2022). Grey and white circles represent AGN and normal
galaxies respectively for the final selected sample.

4.2. SFR estimates with FIR data

As shown in previous works (i.e., Buat et al. 2019; Riccio et al.
2021), the lack of IR observations can lead to over- or underes-
timations of the SFR when broadband SED fitting methods are
used. In particular, when FIR data are missing, it is not possible
to constrain with sufficient precision the peak of the dust emis-
sion, making the estimate of the total dust luminosity incom-
plete. This could lead to inaccurate implementation of the energy
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Fig. 4. Comparison between the true value of the SFR provided by the
best-fit model for the mock catalog (x-axis) and the value estimated by
the code (y-axis). The Pearson product-moment correlation coefficient
is given as the ‘r’ value. The black line corresponds to the 1:1 relation,
while the red dashed line is the regression line with the equation given
in the legend.

balance and, finally, to over- or underestimations of the SFR.
Even though Riccio et al. (2021) showed that a combination of
optical and MIR data is enough to reliably estimate the SFR at
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these redshifts, to be as conservative as possible, we validated
our SFR estimates (when possible) using other indicators.

To validate SFRs obtained from the broad-band SED fitting,
we acquired data in the FIR wavelength to improve the estima-
tion of the dust luminosity. For this reason, we cross-matched
our sample with observations performed by for the Herschel
Extragalactic Legacy Project (HELP; Shirley et al. 2021) sur-
vey in the GAMAQOQ9 field, which overlaps with the eROSITA
data. Herschel was equipped with two imaging instruments,
the Photodetector Array Camera and Spectrometer (PACS;
Poglitsch et al. 2010), which observed the FIR at 100 and
160 wm, and the Spectral and Photometric Imaging Receiver
(SPIRE; Griffin et al. 2010), which covered the 250, 350, and
500 wm wavelength ranges. In the GAMAOQ9 field, we only found
detections from the SPIRE instrument. We identified 53 matches
to our sample, adopting a 1" matching radius using coordinates
from the optical observations. The cross-match was done only
on galaxies that we flagged as “normal galaxies” with the AGN
selection discussed above (in Sect. 3.2). Henceforth, we refer to
the objects with HELP counterparts as the eROSITAg9 sample.
To estimate the number of false matches, we shifted the FoV
of the eROSITA sample of 10" in all directions, each time per-
forming the cross-match again. We find one possible false match
between the two samples. We then perform the SED fitting on
the eROSITAgy sample using UV, optical, and WISE data from
the initial sample, plus SPIRE data from HELP. We remove pos-
sibly failed fit cutting sources with y?> > 10. This cut removes
five galaxies from eROSITAgo sample.

Figure 5 shows the results obtained with SED fitting using
data up to WISE detections, with the one obtained for the
eROSITAgy sample. The top panel shows overall comparable
results for the SFR, with a slight underestimation at SFR > 1.
Furthermore, the employ of MIR observation without FIR detec-
tions can lead to a wrong differentiation between dust emis-
sion due to the AGN activity and due to star formation. Indeed,
comparing the fyos.m parameter between the two runs, we find
higher values when only data up to the MIR wavelengths are
used (bottom panel, Fig. 5). The change in the fo25.m value
while constraining the peak of the dust emission using SPIRE
data, can be explained by two scenarios: (1) the code correctly
attributes to the star formation activity part of the MIR emis-
sion assigned previously as an AGN contribution, resulting in
a lower foas5.m or (2) Herschel observations globally increase
the IR luminosity, and thus the SFR, at a fixed AGN luminosity,
resulting in lower f2s5.m. However, in checking the dust lumi-
nosity estimated with the inclusion of Herschel with the one cal-
culated using up to MIR, we find comparable results similar to
what was found for the SFR. This result supports the first sce-
nario. As a result of the comparison, only for the 48 objects
having Herschel counterparts, we decided to update the val-
ues of the SFR, fy25.m, and the other physical parameters with
those obtained from the SED fitting of the eROSITAgy sample.
In doing so, we do not expect to introduce any systematics in
the SFR, as both estimates are comparable and trace the same
timescales of star formation.

4.3. Spectral counterpart and BPT diagram

As discussed in Sect. 1, the emission from HMXBs directly
traces the young stellar population. This makes the Ha SFR
indicator the best to study the Lx—SFR relation, as it traces the
emission from young stellar populations with the resolution of a
few million years. For this reason, to further check the reliabil-
ity of our SFR estimates, we cross-matched our sample with the
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Fig. 5. Comparison between the SFR evaluated with data up to WISE
(y-axis) and SFR estimated adding SPIRE FIR data (x-axis), shown at
the top. The black solid line corresponds to the 1:1 relation, red dashed
line to the linear fit of the data. Comparison between fracygny parameter
estimated by the two runs, shown at the bottom. The solid line corre-
sponds to the 1:1 relation.

MPA/JHU catalog based on the Sloan Digital Sky Survey DR7
release (Abazajian et al. 2009), which provides images, imaging
catalogs, spectra, and redshifts. We are interested in the spectral
data of the catalog, especially the Ha line, whose specifications
are explained in detail in Tremonti et al. (2004). The cross-match
was performed in the same way as the eROSITAgy sample.
We identify 106 matches to our sample adopting a 1” match-
ing radius. Again, the cross-match is restricted only to galaxies
flagged as “normal galaxies”. We identified one possible false
match between the two samples. To avoid biases in the SFR esti-
mates, we choose sources having S /N > 3 for the Ha line, leav-
ing us with 34 counterparts.

For the 34 galaxies, we corrected Ha and HB emission lines
using Balmer decrement assuming Calzetti et al. (2000) attenu-
ation law with Rv = 3.1 (see Eq. (6) in Yuan et al. 2018). After
correcting for the attenuation, we employ Kennicutt (1998) rela-
tion to estimate the SFR from Ha line.

The top panel of Fig. 6 shows the comparison between
derived from Ha (SFRy,) and the one from the SED fitting
up to WISE detection. This comparison shows a consis-
tent difference between the two values of the SFR, with
the SED fitting underestimating the SFR below 2 Mg yr™',
and overestimating above this value. To explain this trend,
we examine the Baldwin—Phillips—Terlevich diagram (BPT,
Baldwin et al. 1981) to further inspect the presence of nuclear
activity due to SMBH accretion. The bottom panel of Fig. 6
shows one of the BPT diagrams used for our analysis of
the 34 sources flagged as ‘“normal galaxies” with SDSS
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Fig. 6. Comparison between the SFR evaluated with the SED fitting up
to WISE (y-axis) and SFR estimated using He lines (x-axis), shown
at the top. The black solid line corresponds to the 1:1 relation, red
dashed line to the linear fit of the data. Bottom panel shows one of
three BPT diagrams used to select normal star-forming galaxies for the
sources having spectral counterparts. The solid line delimits the divi-
sion between SFG, AGNs, and composites. For both panels, the blue
dots represent the SFGs, yellow triangles: LINERs, green pentagons:
Seyferts, and purple crosses: composite galaxies.

spectra. Galaxies were classified using the optical emission
line ratios log([NII]16584/He), log([SI1]A6717,6731/Ha,
log([OI]16300/He), and log([OIII]A5007/Hp), as star-forming
galaxies (SFGs), Low-ionization nuclear emission-line region
(LINER), Seyfert, and composite, according to their position in
the three BPT diagrams. We find that the majority of the galaxies
that scatter from the 1:1 relation are classified as Seyfert or
LINER. These galaxies are known to host ionization of the ISM,
which can be powered both by star formation or AGN activity
(Heckman 1980; Terlevich & Melnick 1985). However, most
of these galaxies in the nearby Universe appear to have low
levels of star formation activity (Larkin et al. 1998; Bendo et al.
2002), and the mid-infrared spectra do not appear similar to
the spectra expected from star formation. For these objects, the
Ha emission would be attributable to the activity of the SMBH
and so would not be appropriate to use it as SFR indicator.
For this reason, at the end of the analysis, we decide to update
the SFR estimates with the one obtained with Ha only for the
sources classified by the BPT diagram as star-forming and to
exclude AGN and composite galaxies from our sample. Also,
this investigation suggests that our sample of normal galaxies
could be affected by a severe AGN contamination.

At the end of the process, 48 galaxies are updated with the
SFR estimated using SPIRE data, eROSITAgy sample, and four
galaxies are updated with He estimated values, for a total of 52
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sources (7.3% of the “normal galaxy” sample). We stress that
the SDSS subsample and the eROSITAgy sample do not have
any common source.

4.4. Galaxies distribution on the SFR—M, relation

It is known that the SFR—-M, plot of the galaxies highlights the
existence of three different primary populations, according to
their efficiency to form stars. Figure 7 shows the distribution of
our sample of galaxies on the SFR—M, plot. We classified them
based on their SFRs relative to the evolving star-forming main
sequence. We set the threshold between categories as 1.3 dex
below (or above) the main sequence (MS) defined by Aird et al.
(2017) and given by the equation:

M*

Mo

Galaxies 1.3 dex below the MS are categorized as quiescent or
passive, those above 1.3dex are classified as starburst, while
those lying in between are labeled as SFGs. It is worth noting
that the relation presented in Eq. (3) is redshift-dependent. To
account for this dependence, we use the redshift of each indi-
vidual object to classify it as passive, normal star-forming, or
starbursting.

Using Eq. (3) we find that our final sample of 319 galaxies
consists of 98 sources classified as star-forming (30% of the nor-
mal galaxy sample) and 221 as quiescent galaxies (70% of the
normal galaxy sample). Our sample does not include any star-
bursting candidates.

The right panel of Fig. 7 shows the selected normal galax-
ies color-coded by fj25.um parameter. We find a wide range of
Jo25.m values. We stress that the majority of the sources with
high fo25.m values, higher than 0.2, reside in the region popu-
lated by the quiescent galaxies. This further suggests that our
sample of normal galaxies can be strongly contaminated by
nuclear activity. We discuss this contamination in Sect. 5.1.

log SFR(z) [Mo yr_l] =-7.6+0.76log +2.951og(1+2). (3)

5. Subtraction of other contributions to the total
X-ray luminosity

As discussed in Sect. 1, the X-ray emission of galaxies is the
combination of the output of different sources, such as XRBs,
hot gas, and AGNs. Different types of galaxies have varying con-
tributions to their X-ray emissions. In normal SFGs, the XRBs
typically dominate the total emission at energies ~1-10keV,
with LMXBs associated with the old stellar population in the
bulge while HMXBs are linked to younger stellar population
concentrated primarily in the disk or in the arms of the spiral.
Conversely, as usually undergoes a prolonged period of quench-
ing, elliptical galaxies have only one type of XRB, which is
the LMXBs. While the hard band (2-10keV) is entirely dom-
inated by XRBs in normal galaxies, the soft band (0.2-2.3 keV)
can be significantly contaminated by diffuse intracluster hot
gas emission, especially in elliptical galaxies. This contribu-
tion was found in the literature to scale with the SFR in SFGs
(Mineo et al. 2012) and with K-band luminosity in ellipticals
(Kim & Fabbiano 2013; Civano et al. 2014). Therefore, it is nec-
essary to adjust the X-ray luminosity by accounting for the vari-
ous types of galaxy populations.

Coronally active binaries (ABs) and cataclysmic variables
(CVs) are additional types of stellar sources that can emit X-rays,
hence making a contribution to the total X-ray luminosity of a
galaxy. Although their X-ray luminosity was estimated in ellip-
tical galaxies (e.g., Pellegrini 1994), their significance is often
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Fig. 7. 724 galaxies from the final sample shown in the SFR—M, plot (left). Blue points represent the SFGs, red points show the location of the
quiescent galaxies, and grey points the AGNs classified as described in Sect. 3.2. Right panel displays the same plot showing star-forming and
quiescent galaxies color-coded by the f5.m parameter. The solid black line represents the MS from Aird et al. (2017) at redshift 0.15 (the mean
redshift of our sample of normal galaxies). The dashed line shows the threshold 1.3 dex above and below the MS.

disregarded due to their relatively weaker luminosities compared
to the more luminous LMXBs (see Fabbiano 2006 for a review).
On top of that, even if it is not entirely dominated by AGNs,
a nuclear contribution to the total X-ray luminosity can still be
relevant. To account for all listed above sources of emission, we
performed a further cut of AGN systems, based on the SED fit-
ting and a correction of the X-ray luminosity of our sample, sep-
arately for the two populations of galaxies selected in Sect. 4.4
(quiescent and SF).

5.1. AGN contamination to the total X-ray luminosity

As discussed in Sect. 4.3, some of the sources previously clas-
sified as “normal galaxies” are nevertheless identified as LINER
or Seyfert galaxies by the BPT diagram. This makes clear that
the classification carried out in Sect. 3.2 is not enough to ensure
a reliable sample of normal galaxies, and further investigations
must be performed.

As described in Sect. 3.1.3, the SED fitting process pro-
vides us with further information, (independent of the above)
to classify AGNs via the parameter fossum. A conservative
choice often adopted in previous works (Matek et al. 2018;
Ramos Padilla et al. 2022; Suleiman et al. 2022) defines galax-
ies with negligible AGN contribution the one having fAGN <
0.1-0.2, depending on the work. However, this limit employed
in the literature referred to the fAGN parameter estimated in the
IR range. In fact, as discussed in Sect. 3.1.3, the fAGN parame-
ter represents the fraction of the emission attributed to the AGN
over the total emission of the galaxy in a specific wavelength,
which can be set in CIGALE. Thus, as we estimated the param-
eter in the UV range (at 0.25 um), we had no previous literature
feedback to identify a limit to safely select AGN systems. There-
fore, further investigation must be carried out. We present the

results as a function of fj25,m, estimated at 0.25 um, for two pri-
mary reasons. First, our objective is to obtain information on the
X-ray emission of these sources, and since CIGALE computes
this emission using the L5 4, the fo25.m is directly linked to
the LxagN,0.2-23-

Second, probing the fyo5.m parameter allows us to iden-
tify Seyfert 1 galaxies, which are the main type of AGNs
expected to contaminate our sample of normal galaxies. Indeed,
obscured AGNs (Seyfert 2) are expected to be well classified
with the WISE band selection, with expected reliability of ~90%
(Sect. 3.2, and Fig. 2 right panel). Also, highly obscured AGNs
for which it is not possible to observe the broad line region (and
therefore the f25.m would lead to wrong findings) are expected
to be considerably obscured in the X-ray regime.

The basic aim presented in this section is to select a sample
of normal galaxies with the parameter fAGNy,-»3kev defined
as:

SAGNg2-23kev = LagN,02-23keV/ Liotal0.2-2.3 keV > 4

which is less than an arbitrary threshold. Unfortunately, the stan-
dard version of CIGALE does not directly allow to estimate the
f in the X-ray band due to its structure: the X-ray module is
added to the SED fitting process after the AGN module when
the fo25.m is already computed. For this reason, we added the
possibility to estimate fAGNy2-23kev in the X-ray module as
part of the Bayesian evaluation process. This parameter will be
strictly connected to the fo 25 through the Lagn0.2-23kev lumi-
nosity, underlining the importance of a reliable estimate of this
parameter. Therefore, we run the SED fitting process again, only
on the sample of normal galaxies, better sampling the fj25,m for
low values®. We limit the set of parameters to low values as we

2 The list of the f;s um parameters used for this second, refined SED
fitting, is marked with bold values in the Table 2.
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want to increase the quality of the fAGNy ;-2 3kev estimates for
f0.25um lower than 0.1. With this set of parameters, all the sources
previously best-fitted with fy25,m > 0.1 will have catastrophic
fits and will be removed from the sample.

As our goal is to select sources with minimal fAGNy2-23kev
contribution, to study the relation between SFR and the Lx for
normal galaxies, the cleaning described above will not affect the
final results. Furthermore, the estimates of SFR and Mg, will
not be significantly affected by the change since their estima-
tion depends mostly on the SFH, SSPs and dust-related modules.
In Fig. 8 we show the mock analysis for the computed values
of LagN0.2-23keV»> LxrB,0.2-2.3kev and fAGN(2_23kev. We notice
that the AGNs and XRBs contributions to the X-ray luminos-
ity are statistically well estimated by the SED fitting. Instead,
we find a slight difference between the estimated and the exact
values for the fAGN -2 3kev parameter, with a Pearson correla-
tion coefficient of r = 0.77. However, the difference is mainly
carried out by sources with estimated fAGNg,-23kev greater
than 0.2, which will be removed at the end of the process. This
result can be explained by considering the functioning of the
Bayesian method. The sources far from the 1:1 relation have
considerably higher values of fAGNy;-23key estimated from
the best-fit SED compared to the one estimated by the Bayesian
method. For these sources, many models predicting low val-
ues of fAGNy,-23kev equally well fit the photometry. Conse-
quently, these models will be associated with a high weight in
the weighted estimation of the physical properties, considerably
lowering the value of the estimated fAGN( -7 3kev. On the other
hand, as we expected, the majority of the sources that are clus-
tered on the right part of the plot are associated with a value of
f025.m higher than 0.1 in the initial run described in Sect. 3.
Therefore, the sources we are interested in are in the bottom
left part of the diagram. We stress that this region of the plot,
where the sources have estimated values of fAGNy2-23ky ~ 0
(but never exactly 0), consists of 44 galaxies (magenta star in
Fig. 8).

To be conservative, we decided to make our selection of
normal galaxies on the basis of those expected to have an
AGN contribution to the X-ray luminosity that is less than 10%
(fAGNp2-23kev < 0.1). With this limit, not only are we able to
cut the majority of the outliers of the mock analysis, but we are
sure to analyze only the stellar component of the X-ray emis-
sion. In this way, we select 47 sources: 32 SF and 15 quies-
cent galaxies. Only seven of these sources have an exact value
of fAGNy-23kev larger than 0.1. We stress that all the sources
below the threshold have estimated fo25um ~ 0. At the end of the
process, for the final sample of 47 galaxies, we expect to have
X-ray emission from XRBs + possible hot gas and CVs/ABs
components. In the following subsections, we discuss the sub-
tractions of these components.

5.2. Quiescent galaxies

To evaluate the contribution of the hot gas to the total X-ray
emission of the passive galaxies, we used the relation between
the X-ray emission and K-band luminosity in the form of Lx ~
L%, with an exponential slope of @ = 4.5 (Kim & Fabbiano
2013; Civano et al. 2014). As the K magnitude, we used the
VISTA/VHS K, band available as ancillary data in the catalog
from Salvato et al. (2022). We calculate the K band luminosity in
units of solar luminosities using the equation from Civano et al.

(2014):
Lg[Lo] = 10757522 (1 4+ 2)*! - (DLs/10), ©)
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product-moment correlation coefficient is given as an ‘r’ value. The
black solid line corresponds to the 1:1 relation, while the red dashed
line is the regression line with the equation given in the legend. The
magenta star represents the superposition of 44 sources. The red stars
are the sources having fyzsum > 0.1 from the initial run described in
Sect. 3.

where K is the K; magnitude from VISTA/VHS, z is the red-
shift, Dy is the luminosity distance in parsec, and Ky = 5.12 is
the absolute AB magnitude of the Sun in K-band. To estimate
the luminosity, a spectral shape of the type f, = v* is assumed,
where @ = —(J — K)/log(v;/vk) and J — K is calculated from
the magnitudes.

To account for the emission from ABs and CVs we use
the relation found in Boroson et al. (2011) for the soft band



Riccio, G., et al.: A&A 678, A164 (2023)

1042 !
) | )
~ L Y“
0 5
IS .
T 104 9
N e o
2 ! ‘ ’
r"}
s | ‘!
3
1040 ¢
?
0.05 0.10 0.15 0.20
Redshift

0.25

log(SFR [My/yr])

-3 3 9 10 11 12
09(Mstar [Mo])

Fig. 9. X-ray luminosity distribution over redshift for our sample of quiescent (red circles) and SFGs (blue circles) in the left panel. The uncorrected
values are presented as solid circles while the change in the Lyx after the correction is shown by a solid line. Position of the final sample of 47
“normal galaxies” on the MS in the right panel. Quiescent galaxies are represented by red circles, while SFGs as blue circles. AGN systems are

shown in grey.

(0.5-2keV):
Lxlergs™'] = 4.4*05 x 1077 Lg[Lo]. ©)

5.3. Star-forming galaxies

For SFGs, it is of crucial importance to isolate the contribution
produced by HMXBs to the total X-ray emission of the galaxy, as
this component correlates directly with the SFR. For this reason,
we estimate the X-ray contribution from LMXBs, hot gas and
ABs and CVs.

To account for the contribution of LMXBs, we employed the
relation between Lx 1 mxps and M. found by Gilfanov (2004). In
this work, they study the properties of X-ray binaries in 11 local
early and late-type galaxies, finding that, in late-type galaxies,
the Lx 1 mxps correlates with the M, as:

Lx 1 MxBs eres-! = MO Mo
10% 10" Lo

@)

As well as early-type galaxies, SFGs are also known to pos-
sess a significant amount of hot ionized gas, which is the source
of X-ray emission and which was found to correlate with their
SFR. To account for this component, we make use of the relation
found in Mineo et al. (2012). Using a sample of nearby late-type
galaxies, they found that the X-ray luminosity due to hot gas
correlates with the SFR as:

LSS, yergs™) = (8.3 £0.1) x 10% - SFR(Mo yr™"). (8)

To determine the combined X-ray emission from AB+CV, we
use the same relation as for quiescent galaxies. The X-ray lumi-
nosities estimated from Eqs. (6) and (8) are converted from
the 0.5-2keV to the 0.2—2.3keV band assuming a power law
photon index of I' = 1.26 (Borosonetal. 2011) and I' = 1
(Mewe et al. 1986), respectively.

Figure 9 shows the redshift distribution of the sample of
quiescent and SFGs after the subtractions discussed above. We
notice that for SFGs at low redshift (z = 0—0.1), the subtracted
X-ray luminosity attributed to hot gas, LMXBs, and CVs and

ABs reaches on average 20% of the observed X-ray luminosity.
This contribution drops to an average of 3% going to higher red-
shift. The figure also shows the position of the final sample of 47
“normal galaxies” on the MS.

6. Lx—-SFR relation

As discussed in Sect. 1, our primary goal is to constrain the con-
nection between X-ray luminosity and star formation activity
for the sample of X-ray detected normal galaxies observed in
the eFEDS survey. This can be achieved by fitting the empirical
scaling relation between X-ray luminosity and SFR and com-
paring it with those inferred for local and distant galaxies. We
limit this analysis only to the SFGs, as it was shown to have a
strict dependence on the SFR. In Fig. 10, we present the mea-
sured X-ray luminosity, Lys-23kev, versus the SFR estimated
using the broadband SED fitting method for our sample of SFGs.
As already found in previous works, we find a positive correla-
tion between X-ray luminosity and SFR. We perform a fit of our
sample of SFG using the linear model:

log(Lx) = A + B - log(SFR), O]

where Ly is in units of ergs™' and SFR is in units of Mg yr~'.
We derive the fitting constants A = 40.67 + 0.21 and B =
0.57 + 0.20. Despite the correlation between the two parame-
ters, due to the scatter of the sources, the fit does not yield sta-
tistically robust results, with a y?> = 11.32. The scaling rela-
tion from Lehmer et al. (2016) is plotted as a dashed black line
representing the XRBs emission of a sample of normal galax-
ies in the local universe (z ~ 0). This sample was obtained as a
combination of local normal galaxies and stacked sub-samples
of normal galaxies in the ~7Ms Chandra Deep Field-South
(CDF-S) survey (Luo etal. 2017). The local normal galaxies
subset analyzed by Lehmer et al. (2016) was observed at rest-
frame emissions above 2keV. Therefore, Lehmer et al. (2016)
corrected for the 0.5-2keV emission range and added the hot
gas contribution, which was determined based on the findings of
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Fig. 10. X-ray luminosity as a function of the SFR. Black dots represent
the full sample of SFGs. Red crosses and blue triangles represent the
sources having Herschel and SDSS counterparts respectively. The solid
black line represents the fit of our sample of data, while Lehmer et al.
(2016) scaling relation is represented by the dashed black line. The size
of the dots is proportional to the redshift of the sources.

Mineo et al. (2012). Moreover, the CDF-S stacked sub-samples
were generated based on the observed frame 0.5—1keV emis-
sion, which probes the rest-frame 0.5—-2 keV band emission and
includes the total hot gas and XRB emission. We notice that the
majority of our SFGs lie above the Lx/SFR relation found by
Lehmer et al. (2016), but the trend of the relation seems to be
very similar. This is reflected in the fitting parameters, with B
being consistent with the slope found in Lehmer et al. (2016) at
0.270, while A is found to be not consistent at 4.30-.

To explain the observed scatter of the SFGs sample from the
literature relation, we took into account two possible scenarios:
(1) the scatter is due to differences in the intrinsic properties of
the sources, such as different metallicity, intrinsic X-ray absorp-
tion or contribution from LMXBs and hot gas that do not follow
the empirical relations employed in Sect. 5. (2) The scatter is a
consequence of the eROSITA sensitivity limit, shallower com-
pared to Lehmer et al. (2016) at fixed redshift, which could pre-
clude the detection of low Lx/SFR sources at higher redshift,
resulting in a different normalization of the scaling relation. We
stress that this different normalization is unlikely to be related
to the SFR estimates, as Lehmer et al. (2016) adopt an UV+IR
SFR tracer, compatible with the one from SED fitting employed
in this work. Indeed, in Fig. 10 we can notice an alleged depen-
dence of the Lx/SFR relation on redshift, as Lg;_73kev/SFR
seems to increase going to higher redshift, at fixed SFRs. Such
dependence was indeed already observed and predicted, as we
expected an evolution of HMXBs and LMXBs populations with
cosmic time (Basu-Zych et al. 2013; Lehmer et al. 2016). How-
ever, the evolution found in these works is only significant at
z > 1 and is not steep enough to address the rapid increase in the
Lx/SFR with redshift observed in this work.

To address the first possibility, we estimated the metallic-
ity of the sources having counterparts in the MPA/JHU catalog,
using Tremonti et al. (2004) calibration. Indeed, we find that the
sources with higher L7 3xev have a lower metallicity (of about
0.6 dex), as expected due to HMXBs being more numerous and
more luminous with decreasing metallicity, since weaker stel-
lar winds allow more mass retention and tighter binary orbits,
as demonstrated in X-ray binary population synthesis models
(Linden et al. 2010; Fragos et al. 2013; Basu-Zych et al. 2016).
Unfortunately, as only four sources have SDSS counterparts, this
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of redshift for the sample of SFGs. The solid black line represents the
X-ray luminosity sensitivity limit of the eFEDS sample, rescaled by the
max value of the SFR in each interval.

result is not statistically robust, motivating the need for a full
spectroscopic follow-up of the galaxies observed by the eFEDS
survey.

Concerning the possibility that the observed difference might
be due to the sensitivity limit of the eFEDS survey, we explored
the evolution of the Lx/SFR scaling relation with redshift. In
Fig. 11, we show the L7 3kev/SFR ratio as a function of red-
shift in three SFR intervals. We observe a considerable increase
in the Lx/SFR ratio with increasing redshift, much steeper than
the one found previously in the literature (Lehmer et al. 2016).
However, we notice that the trend found in this work very well
follows the X-ray luminosity limit of the eFEDS sample, repre-
sented in the figure by the solid black line. This confirms that our
results are affected by completeness biases.

To address this problem, we correct the results for com-
pleteness. To do that, we make use of the MPA/JHU catalog to
identify SFGs in our FoV that do not have X-ray counterparts
in the eFEDS catalog. To maintain consistency with both with
the methodology employed in Lehmer et al. (2016) and with the
selection performed in this work, we select 2227 SFGs and 2367
passive galaxies from the MPA/JHU catalog using the selec-
tion criteria discussed in Sect. 4.4. In order to correct for com-
pleteness, we weigh the X-ray sources according to the fraction
of galaxies selected with the MPA/JHU catalog, in which they
could have been detected. During this process, we removed the
source having the lowest X-ray luminosity in our sample from
the fitting procedure, given it is the only source observed at that
luminosity and on the verge of the eROSITA sensitivity limit.
This source, which is attributed a weight of two orders of magni-
tude greater than the rest of the sources, does not represent a suf-
ficient statistic to ensure a reliable correction for completeness,
thus we do not consider it in the process. In Fig. 12 we show
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the observed and the completeness-corrected X-ray luminosity
function (XLF) for our sample of SF and quiescent galaxies.
We can notice that the observed XLF flattens due to complete-
ness already at Loy 231y ~ 10*! ergs™!. Figure 13 shows the
Loy1-23kv—SFR scaling relation corrected for completeness (red
solid line). We derived the fitting constants for the completeness-
corrected curve as A, = 40.05 + 0.05 and B.. = 0.52 + 0.06,
consistent with the one found by Lehmer et al. (2016) at 0.050
and 1.760, respectively.

7. Lx—sSFR relation

In the previous section, we discussed the relation between the
X-ray luminosity and star formation activity for the sample of
34 SFGs detected in the eFEDS FoV. However, as discussed
in Sect. 1, the X-ray emission of normal galaxies is not only
dominated by the contribution of HMXBs, which is expected
to scale with the SFR, but also by the contribution of LMXBs,
which is expected to scale with the My, It was shown that
the ratio of HMXB-to-LMXB emission is sensitive to the spe-
cific SFR (sSFR) and can be quantified with the scaling factors
a = LX,LMXB/Mstar and ﬂ = LX,HMXB/SFR, obtained as fit-
ting constants of the empirical relation in the form (Mineo et al.
2014; Lehmer et al. 2016):

Lx = aMyy + BSFR. (10)
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Fig. 13. X-ray luminosity in the 0.2-2.3 keV band as a function of the
SFR. The size of the dots is proportional to the redshift of the sources.
The red line shows the linear fit corrected for completeness, while the
black line is the observed fit already shown in Fig. 10.

Figure 14 shows the Lys-»3kev as a function of the sSFR
for our sample of normal galaxies. We stress that for this
plot we only removed the hot gas, AB, and CV components
following the process described in Sect. 5 and leaving the
HMXBs and LMXBs emissions untouched. The scaling rela-
tion of Lehmer et al. (2016) at the mean redshift of our sample
(z ~ 0.09) is plotted as the dashed black line, with dispersion
in gray. Figure 14 shows a large dispersion from the relation,
both for quiescent and SF galaxies. In the low-sSFR end, we
do not notice any trend of the scatter with the redshift, hav-
ing the sources from the entire redshift range clumped in the
same region. Nevertheless, considering the large uncertainties on
the Lx/SFR and sSFR, the sources in the low—sSFR regime are
consistent with the locus of the scaling relation. For the SFGs,
the scatter is much more accentuated and depends on redshift
as already observed for the Lx—SFR scaling relation. In Fig. 14
we show both the observed and the completeness-corrected fits,
as black and red solid lines, respectively. We can notice that
correcting for completeness lowers the relation, but in the high
sSFR end, the fit still lies above the one previously observed by
Lehmer et al. (2016). For the completeness-corrected fit, we esti-
mate the fitting parameters ¢ = 29.25+0.08 and 8 = 39.95+0.03.
Thus, correcting for completeness we obtain « consistent with
the literature value, but we still observe a higher normalization
for the SFGs, resulting in the S parameter not consistent with
what was previously found.

To understand the role of the redshift on the estimated fitting
parameters, in Fig. 15, we show the Ly, 3xv/SFR as a function
of the sSFR for three redshift bins. We divided our sample in
order to have the same number of objects in each bin. We notice
that for the lowest redshift bin, where the sample is the most
complete, our fitted relation is consistent with what was found
previously in the literature. Given it is incomplete in the highest
ranges of redshift, we do not perform any statistical analysis on
the evolution of the scaling relation with redshift. However, in
the case where they are complete enough, we report the fitting
parameters @ = 28.81 £ 0.25 and 8 = 39.19 + 0.3 in the range of
z = 0-0.07. Table 4 shows the best-fit parameters, corrected for
completeness, for both the Lx—SFR and Lx/SFR—sSFR scaling
relations.

We stress that for each panel, the plotted literature rela-
tion is estimated according to the mean value of redshift in
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Fig. 14. X-ray luminosity in the 0.2—2.3 keV band scaled by the SFR in the function of the sSFR for the full sample of normal galaxies, selected
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the bin. Thus, even considering the completeness, it is inter-
esting to notice that all objects in the highest redshift bin are
clustered above the scaling relation. Vulic et al. (2022) found
a similar trend for a sample of low redshift SFGs detected by
the Heraklion Extragalactic Catalogue (HECATE) in the eFEDS
field. They found that high sSFR dwarf galaxies tended to have
higher values of the Ly s5-20kev/SFR than expected by the scal-
ing relation. For this reason, in Fig. 15, we show the scaling of
the size of the symbols according to their My, In the redshift
range z = 0.07-0.1 we notice a slight preference of less massive
galaxies (~10'° My) to scatter from the relation, at high sSFR.
However, we do not find any statistically significant trend with
the size of the galaxies, with all of our sources having compara-
ble M, distributed between 10'° and 10'! M. Thus, the scatter
of the sources at higher redshift should be traced back to other
reasons, such as metallicity differences or an enhanced contribu-
tion of LMXBs, that could severely affect the X-ray luminosity
of SFGs. To address the first possibility, as already discussed
in the previous section, an accurate spectral analysis is neces-
sary. Instead, regarding the second possibility, one explanation
of this hypothetical enhanced contribution may be the presence
of a large population of globular clusters (GC). In fact, it is
known that the formation of LMXBs in GCs is favored as the
high stellar density near the center of GCs may trigger the forma-
tion of binaries either by three-body process or by tidal capture.
This component is usually not taken into account in theoretical
XRB population-synthesis models. To have a rough idea of the
GC population of our sample of galaxies, we use the empirical
relation presented in Harris et al. (2013), which relates the V-
band absolute magnitude to the total number of GCs (see their
Eq. (4)). The relation is in the form:

SN = Nge x 1004(My+15) an

where SN is the specific frequency of GCs and M‘T, is the abso-
lute magnitude in the V-band. They calibrated this relation on a
sample of 422 sources, composed by elliptical, spiral, and irreg-

A164, page 14 of 17

ular galaxies. As we do not have measurements of the specific
frequency of GCs, we assume S /N = 1, as the V-band luminos-
ity range of our sample lies in the region where the “U” shaped
relation flattens to unity (see Fig. 10 in Harris et al. 2013). In
Fig. 16, we again show the same subsample presented in the
bottom panel of Fig. 15, but color-coded by the number of GCs
estimated with the formula from Harris et al. (2013). We do not
notice any significant increase in the Ly»-»3kv/SFR according
to different GC populations. The same result is found for the
other two redshift ranges.

In conclusion, it is clear that a statistical analysis on normal
galaxies carried out with eROSITA will be inevitably affected by
severe completeness biases. Thus, to perform an accurate study
of the evolution of the XRB contribution to the X-ray emission
of galaxies is essential to perform a stacking process, as already
performed in previous works (Lehmer et al. 2016) or any other
method that addresses the X-ray non-detections. In this way, we
would swap in information about the sources to have a more
accurate statistical sample of faint X-ray sources, which would
be able to populate the low Ly,-»3kv/SFR at higher redshift. A
straightforward follow-up of this work is geared in this direction.

8. Summary and conclusions

We performed an analysis of the X-ray properties of a sample of
normal galaxies with a negligible AGN contribution observed by
SRG/eROSITA for the eROSITA Final Equatorial Depth Survey.
The main goal of this work is to explore the contribution to the
total X-ray emission given by HMXBs and LMXBs, and how
it scales in terms of SFR and M. For this purpose, we made
use of X-ray photometry in the 0.2—2.3 keV band for a sample of
27 369 sources in the eFEDS field (Brunner et al. 2022). In order
to estimate the physical parameters, we make use of ancillary
data from the UV to the MIR provided in Salvato et al. (2022) to
fit the SED of the galaxies, using the CIGALE code (Sect. 3). To
guarantee the quality of the fit and to remove possible foreground
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Fig. 15. X-ray luminosity in the 0.2—-2.3 keV band scaled by the SFR in
the function of the sSFR for the full sample of normal galaxies divided
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red dashed lines represent Lehmer et al. (2016) relation estimated at the
mean value of the redshift for each bin. The shaded red region represents
the 30 dispersion.

Galactic sources, we performed several quality cuts (discussed
in Sect. 2) that allowed us to narrow the sample down to 888
galaxies.

To ensure the reliability of the SFR estimates we validated
our results (when possible) using other indicators. To do so,
we cross-matched our sample with the Herschel Extragalactic
Legacy Project (HELP) survey in the GAMAOQ9 field and with
MPA/JHU catalog based on the Sloan Digital Sky Survey DR7
release (Abazajian et al. 2009). In this way, we acquired FIR and
spectral data for 48 and 34 sources, respectively. We found con-
sistent estimates with the SFR resulting from the fit of the SED
up to SPIRE FIR photometry. On the other hand, we found a
consistent difference between the SFR estimated with the Ha
line and the one resulting from the fit of the SED up to MIR
photometry. Making use of the BPT diagram to classify these
objects, we found the difference to be driven by LINER and
Seyfert galaxies, which are the source of the Ha emission for
the low-SFR sources. At the end of the process, we updated the

physical properties of 48 galaxies with the results from the fit of
the SED up to the FIR, and the SFR of five galaxies selected by
the BPT diagram as star-forming with the SFR from the He line.

To isolate the contribution of XRBs we substracted the X-ray
emission from hot gas, CVs, and ABs. For quiescent galaxies, we
used the K-band luminosity to estimate the contribution from
hot gas, following the prescription discussed in Civano et al.
(2014). For SFGs, we employ the relation between Lx1mxss
and M, found by Gilfanov (2004) to estimate the contribu-
tion from LMXBs (Eq. (7)). We account to the hot gas using
Mineo et al. (2012; Eq. (8)). For both types, we use the relation
from Boroson et al. (2011) to account for CVs and ABs (Eq. (6)).
These contributions are subtracted from the observed X-ray
luminosity to accordingly isolate the emission from HMXBs and
LMXBs.

After removing the contribution from hot gas, ABs, and CVs
to study the properties of galaxies for which the X-ray emission
is dominated by XRBs we need to reveal the presence of non-
stellar nuclear emission. To achieve this, we used a combination
of observed photometry in the X-ray, optical, and MIR ranges,
together with a selection based on the SED fitting. The criteria
to select AGNs can be summarized as follows:

- Loz23kev = 3% 10%ergs™;

— X-ray-to-optical flux ratio of log(fx/f;) > —1;

— X-ray-to-NIR flux ratio of log(fx/ fxs) > —1.2;

— MIR WISE photometry selection described in Assef et al.

(2013);

— AGN contribution to the total X-ray emission estimated with

the SED fitting fAGNy2-23kev < 0.1.

At the end of the process, we were left with the final sample of
49 normal galaxies: 34 SFGs and 15 quiescent galaxies.

To study the HMXBs contribution to the X-ray luminosity
we measured the constants A and B of the empirical relation
already found in literature between Lys-2 3y and SFR (in the
form of Eq. (9)). We stress that for this analysis, we subtract the
LMXBs, hot gas, ABs, and CVs contributions to the total X-ray
emission. We derived the fitting constants A = 40.67 + 0.21 and
B = 0.57 £ 0.20. Despite the correlation, the fit did not yield sta-
tistically robust results. We found that the majority of our SFGs
lie above the Lx/SFR relation found previously in the literature
(Lehmer et al. 2016). This is reflected in the fitting parameter A,
found to be inconsistent with previous measurements at 4.30. To
investigate this result, we discussed the possibility of a depen-
dence on the completeness limit of the eFEDS survey, which
could preclude the detection of low Lx/SFR sources at higher
redshift. Correcting for completeness using SFGs detected in the
MPA/JHU catalog, we found very good agreement between the
completeness corrected fitting constants and the literature. We
derived A.. = 40.05 = 0.05 and B.. = 0.52 + 0.06, consistent at
0.050 and 1.760, respectively, with previous measurements. We
conclude that the overall connection between X-ray luminosity
and SFR of our population of SFGs is highly biased by com-
pleteness issues, but the scatter of the sources from the literature
relation can be traced back to physical differences between the
galaxies, such as metallicity differences, LMXBs contribution,
or intrinsic X-ray absorption.

In order to study the ratio of HMXB-to-LMXB emission,
which was shown to scale with the sSFR, we quantified the scal-
ing factors a = LX,LMXB/Mslar and 8 = LX,HMXB/SFR5 fitting
the empirical relation presented in Eq. (10). For this analysis,
for both quiescent and SFGs, we subtract the hot gas, AB, and
CV contributions to the X-ray luminosity. Correcting the full
sample of normal galaxies for completeness, we derived the fit-
ting parameters @ = 29.25 + 0.08 and 8 = 39.95 + 0.02. Thus,
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Table 4. Summary of the fits performed on the completeness corrected eFEDS sample.

Function Parameter

Fitted value z

Literature comparison
(Lehmer et al. 2016)

log(Lx) = A + B - log(SFR) A
B

Lx = @My + BSFR

40.05 £ 0.05
0.52 +0.06

29.25 £ 0.08
28.81 +0.25

B 39.95 £ 0.02
39.19 + 0.03

0-0.23
0-0.23

0-0.23
0-0.07

0-0.23
0-0.07

40.06 + 0.05
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Fig. 16. X-ray luminosity in the 0.2—2.3 keV band scaled by the SFR as
a function of the sSFR, color-coded by the number of globular clusters.
The lines are the same as Fig. 15.

correcting for completeness is not enough to address the scatter
from the relation at high sSFR, resulting in a 8 parameter that is
not consistent with the values found previously in the literature.
Nonetheless, we found that the scatter of the sources from the
relation is mainly carried out by high redshift sources, conclud-
ing that the statistical trend of the empirical relation is highly
biased by completeness. Indeed, for the lowest redshift range
where we are the most complete, we found consistent results
with the literature. We address the scatter of the sources from
the literature relation at high redshift by discussing the possibil-
ity of an enhanced LMXBs contribution due to an overpopula-
tion of GCs, which would favor the formation of binary systems.
We address this possibility by estimating the expected number
of GCs employing the relation presented in Harris et al. (2013;
Eq. (11)). We do not find any statistical correlation between the
Lx/SFR and the number of GCs. We concluded that an accu-
rate study of the evolution of the XRB contribution to the X-ray
emission of galaxies carried out with eROSITA must be per-
formed, accounting for X-ray non-detections, to overcome the
severe completeness biases. Furthermore, to investigate the scat-
ter of the sources from the predicted relations, a full spectral
follow-up of the eFEDS survey is necessary. Future works must
be carried out with these views in mind.
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