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ABSTRACT

We use approximately 1000 X-ray sources in the COSMOS-Legacy survey and study the position of the AGN relative to the star
forming main sequence (MS). We also construct a galaxy (non-AGN) reference sample that includes about 90 000 sources. We apply
the same photometric selection criteria to both datasets and construct their spectral energy distributions (SEDs) using optical to far-
infrared photometry compiled by the HELP project. We perform SED fitting using the X-CIGALE algorithm and the same parametric
grid for both datasets in order to measure the star formation rate (SFR) and stellar mass of the sources. The mass completeness of
the data is calculated at different redshift intervals and is applied to both samples. We define our own MS based on the distributions
of the specific SFR at different redshift ranges and exclude quiescent galaxies from our analysis. These allow us to compare the
SFR of the two populations in a uniform manner, minimising systematic errors and selection effects. Our results show that at low
to moderate X-ray luminosities, AGN tend to have lower or at most equal SFRs compared to non-AGN systems with similar stellar
mass and redshift. At higher (Lx s 10xev > 2—3 X 10% ergs™"), we observe an increase in the SFR of AGN for systems that have

10.5 < log [M.(M,)] < 11.5.
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1. Introduction

Active galactic nuclei (AGN) are powered by accretion onto
supermassive black holes (SMBHs) that are located in the cen-
tre of galaxies. However, the exact mechanism(s) that triggers
their activity remains elusive. When the SMBH becomes active it
releases enormous amounts of energy, known as AGN feedback.
Although orders of magnitude in scale separate galaxies from
their SMBHs, it is widely accepted that AGN feedback plays an
important role in the life and evolution of the entire host galaxy
(e.g., Hickox & Alexander 2018). AGN feedback in the form
of jets, radiation, or winds is included in most simulations to
explain many galaxy properties, such as to maintain the hot intr-
acluster medium (ICM; e.g., Dunn & Fabian 2006), or explain
the shape of the galaxy stellar mass function (e.g. Bower et al.
2012) and the galaxy morphology (e.g., Dubois et al. 2016). Dif-
ferent mechanisms have been suggested to drive this energetic
outflow from the SMBH to the galaxy spheroid (for a review see
Morganti 2017).

One open question as to this AGN-galaxy co-evolution is
whether or not there is a link between the activity of the black
hole and the star formation (SF) of the host galaxy. X-rays reveal
the activity of the central SMBH, and therefore the X-ray lumi-
nosity, Ly, is used as a proxy of the AGN power. Although many
works have studied the SF of the galaxy as a function of L,
this is still a challenging task. Initial studies were hampered by
cosmic variance and low number statistics (e.g., Lutz et al. 2010;

Page et al. 2012). In more recent years, larger samples were used
(e.g., Lanzuisi et al. 2017), but it also became apparent that the
SFR-Lx relation alone does not provide a significant amount of
useful information. More insights can be gained by comparing
the SFR of AGN host galaxies with the SFR of non-AGN sys-
tems with similar properties (M., redshift). An additional com-
plication comes from the fact that X-ray AGN (as opposed e.g.,
to optical QSOs) span approximately four orders of magnitude
in luminosity. Thus, it may be possible that the SFR—Ly relation
changes at different Lx regimes.

One popular method to compare the SFR of AGN with that of
non-AGN systems is to adopt analytical expressions from the lit-
erature for the calculation of the latter that describe the SFR—M.,
correlation known as the main sequence (MS; e.g., Noeske et al.
2007; Elbaz etal. 2007; Whitaker et al. 2012; Speagle et al.
2014). The estimated parameter is the SFRom, defined as the
ratio of the SFR of AGN to the SFR of MS galaxies. How-
ever, results from studies that followed this approach (e.g.,
Mullaney et al. 2015; Masoura et al. 2021, 2018; Bernhard et al.
2019; Torbaniuk et al. 2021) may suffer from systematic errors
introduced by a number of possible factors. For example, dif-
ferent methods are applied for the estimation of the host galaxy
properties (SFR, M.) of AGN and those of star forming (non-
AGN) systems; the definition of MS is not strict; and different
selection criteria have been applied to the AGN and non-AGN
galaxy samples.
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A similar but improved approach is to compare the SFR of
AGN with that from a control galaxy, namely a non-AGN sample
that has been selected by applying the same criteria (e.g., photo-
metric coverage) as the AGN sample and for which the galaxy
properties have been calculated following the same method (e.g.,
SED fitting). Shimizu et al. (2015, 2017) used ultra-hard-X-ray-
selected AGN from the Swift Burst Alert Telescope (BAT) at
z < 0.1, and studied the location of AGN in the SFR—M.,, plane.
For that purpose, the authors defined their own MS using galax-
ies for which they applied comparable methods to estimate SFR
and M, to those used for the AGN population. Their analy-
sis showed that a large fraction of AGN lie below the MS. A
mild dependence of SFR with Lx is detected with a large scat-
ter. Florez et al. (2020) used X-ray AGN in the Stripe 82 field
and compared their SFRs with non-X-ray systems. Their results
showed that AGN tend to have three to ten times higher SFR
compared to the non-X-ray sources at the same stellar mass
and redshift. More recently, Mountrichas et al. (2021a) used X-
ray AGN in the Bootes field and found that SFR;,,, does not
evolve with redshift. Their results also suggest that in less mas-
sive galaxies (log [M.(My)] ~ 11), AGN hosts have enhanced
SFR by ~50% compared to non-AGN systems. A flat relation is
observed for the most massive galaxies.

The COSMOS field (Scoville et al. 2007) offers a unique
combination of deep and multiwavelength data from radio to
X-rays in an area of about 2 deg”. This plethora of data com-
bined with the available X-ray observations in this field make
it an ideal tool with which to accurately measure and com-
pare the galaxy properties of X-ray AGN and non-AGN sys-
tems. Santini et al. (2012) used X-ray-selected AGN in different
fields, including the XMM-COSMOS (Cappelluti et al. 2009),
and compared their average SFR with that of a mass-matched
control sample of non-AGN galaxies in the 0.5 < z < 2.5
redshift range. Their analysis showed that AGN present an
enhanced far-infrared (FIR) emission with respect to inactive
galaxies of similar mass. However, the locus of AGN hosts is
broadly consistent with the MS of only star-forming galaxies
(see their Fig. 5). Rosario et al. (2013) used optically selected
and X-ray-detected QSOs in the COSMOS field and compared
their SFR with normal massive star forming galaxies using the
equation of Whitaker et al. (2012). They found that the mean
SFRs of QSOs are consistent with those of star forming galax-
ies. Lanzuisi et al. (2017) used about 700 X-ray AGN in the
COSMOS field and found a significant correlation between the
X-ray and star formation luminosities. However, when these
authors binned and averaged the two quantities, they found
that the observed trends depend on which parameter is binned
(e.g. see also Masoura et al. 2021). A plausible interpretation of
this behaviour is that SFR is a slowly changing galaxy prop-
erty as opposed to the rapidly changing Lx (Hickox et al. 2014;
Volonteri et al. 2015). Bernhard et al. (2019) used X-ray sources
in the Chandra COSMOS area (Marchesi et al. 2016) in the
0.8 < z < 1.2 redshift range. These authors estimated the
SFR,orm parameter using equation 9 of Schreiber et al. (2015)
to calculate the SFR of star-forming MS galaxies and found that
AGN with Lx > 2 x 10% erg s~ have a narrower SFRo; dis-
tribution that is shifted to higher values compared to their lower
Lx counterparts.

In this work, we use the abundance of data available in the
Chandra COSMOS field and compare the SFR of X-ray-selected
AGN with those from a galaxy control sample. We follow the
method presented in Mountrichas et al. (2021a) to estimate the
SFR;orm parameter. Our main goal is to extend the luminos-
ity baseline presented in the Mountrichas et al. (2021a) work
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to an order of magnitude lower X-ray luminosities, following
a uniform methodology and applying similar photometric cri-
teria to select AGN and non-AGN systems with them. More-
over, we examine whether or not we confirm their findings of
enhanced SFR for AGN at Ly > 10*ergs™ for systems with
log [M.(My)] ~ 11. In Sect. 2 we describe the AGN and non-
AGN samples and the available photometry. Section 3 presents
the SED fitting analysis we perform to calculate the galaxy prop-
erties of our sources, the mass completeness of the data, and
our definition of the MS. The SFR,,m—Lx relation is studied
in Sect. 4. In Sect. 5 we summarise the results of our analysis.

Throughout this work, we assume a flat ACDM cosmology
with Hy = 69.3 Kms™! Mpc~! and Qy = 0.286.

2. Data
2.1. X-ray sample

The COSMOS-Legacy survey (Civano et al. 2016) is a 4.6 Ms
Chandra program that covers 2.2deg? of the COSMOS field
(Scoville et al. 2007). The central area has been observed with
an exposure time of ~160ks while the remaining area has an
exposure time of ~80ks. The limiting depths are 2.2 x 107,
1.5%x 107", and 8.9 x 1079 ergcm™2 5! in the soft (0.5-2keV),
hard (2-10keV), and full (0.5-10keV) bands, respectively. The
X-ray catalogue includes 4016 sources. Marchesi et al. (2016)
matched the X-ray sources with optical and infrared counterparts
using the likelihood ratio technique (Sutherland & Saunders
1992). Of the sources, 97% have an optical and IR counter-
part and a photometric redshift (photo-z) and ~54% have spec-
troscopic redshift (spec-z). The photometric redshifts available
in their catalogue, have been produced following the procedure
described in Salvato et al. (2011). Different libraries of templates
have been used depending on the X-ray flux of the source and
the morphological and photometric properties of the associated
counterpart. The best fit was derived using the LePhare code
(Arnouts et al. 1999; Ilbert et al. 2006). The accuracy of pho-
tometric redshifts is found at o az(1+,,) = 0.03. The fraction
of outliers (Az/(1 + zzpec) > 0.15) 1s ~8%. Hardness ratios
(HR = %, where H and S are the net counts of the sources in
the hard and soft band, respectively) were estimated for all X-ray
sources using the Bayesian estimation of hardness ratios method
(BEHR; Park et al. 2006). The intrinsic column density, Ny, for
each source was then calculated using its redshift and assuming
an X-ray spectral power law with slope I' = 1.8. This infor-
mation is available in the catalogue presented in Marchesi et al.
(2016).

In our analysis, we only use sources within both the COS-
MOS and UltraVISTA (McCracken et al. 2012) regions. UltraV-
ISTA covers 1.38 deg? of the COSMOS field (after removing the
masked objects; see Fig. 1 in Laigle et al. 2016) and has deep
near-infrared (NIR) observations (J, H, K; photometric bands)
that allow us to derive more accurate host galaxy properties
through SED fitting (see below). There are 1718 X-ray sources
that lie within the UltraVISTA area of COSMOS. From them,
1627 satisfy the photometric criteria (see next paragraph) and
1236 also meet our reliability requirements (see Sect. 3.2). The
X-ray luminosity as a function of redshift for these 1236 X-ray
sources is presented in the top panel of Fig. 1. AGN with spec-
z (809 sources) are shown in red, whereas AGN with photo-z
(427 sources) are shown in blue. The majority of X-ray sources
at z < 1 have spec-z, whereas at z > 1.5 most of the sources have
photo-z (bottom panel of Fig. 1).
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Fig. 1. X-ray luminosity and redshift of the X-ray sources. Top panel:
X-ray luminosity as a function of redshift for the 1236 X-ray AGN of
our sample. Red circles present sources with spectroscopic redshifts
available and blue circles those with photometric redshifts. Bottom
panel: redshift distributions of photo-z and spec-z sources. The majority
of X-ray sources have spec-z at z < 1, whereas at z > 1.5 most of the
sources have photometric redshifts.

The X-ray catalogue is cross-matched with the COSMOS
photometric catalogue produced by the HELP collaboration
(Shirley et al. 2019, 2021). HELP includes data from 23 of
the premier extragalactic survey fields imaged by the Herschel
Space Observatory which form the Herschel Extragalactic
Legacy Project (HELP). The catalogue provides homogeneous
and calibrated multiwavelength data. The cross-match with the
HELP catalogue is done using a 1” radius and the optical coor-
dinates of the counterpart of each X-ray source. In our analy-
sis, we need reliable estimates of the galaxy properties via SED
fitting. Therefore, we require all our X-ray AGN to have been
detected in the following photometric bands u, g, 1,1, z, J, H, K,
IRACI, IRAC2, and MIPS/24. IRAC1, IRAC2, and MIPS/24 are
the [3.6] wm, [4.5] um, and 24 um photometric bands of Spirzer.

2.2. Galaxy reference catalogue

In our analysis, we compare the SFR of X-ray AGN with that
of normal, non-AGN galaxies. To perform a fully consistent

comparison between the SFR of AGN and non-AGN systems,
we apply the same SED fitting analysis in both datasets and
require the same availability of photometric bands. The refer-
ence catalogue is provided by the HELP collaboration'. There
are about 2.5 million galaxies in the COSMOS field. Around
500000 of these are in the 1.38 deg? of UltraVISTA (see also
Laigle et al. 2016). After excluding X-ray sources, there are
about 230000 galaxies that meet the photometric requirements
we have set on the X-ray sample.

3. Analysis

In this section, we describe the SED fitting analysis we applied to
measure the galaxy properties. We also estimate the mass com-
pleteness of the data at different redshift intervals and describe
the selection criteria we apply on the samples. We also examine
the reliability of the X-CIGALE calculations.

3.1. X-CIGALE

We use X-CIGALE (Yang et al. 2020, 2022) to measure the
properties of the galaxies in our datasets. X-CIGALE is a
new branch of the CIGALE SED fitting code (Boquien et al.
2019) that includes new features and improvements. Specifically,
X-CIGALE has the ability to model the X-ray emission of galax-
ies. It can also model the extinction of the UV and optical emis-
sion in the poles of the AGN (polar dust). These improvements
and their impact on the SED fitting of X-ray AGN have been
examined in recent papers (Yang et al. 2020; Mountrichas et al.
2021b,c; Buat et al. 2021).

In the SED fitting analysis, we use the same grid used in
Mountrichas et al. (2021a). This allows us to avoid any system-
atic effects introduced by using different modules and parame-
ter space during the SED fitting process and facilitates a better
comparison with the results presented in the Mountrichas et al.
(2021a) study. Here, we only summarise the modules included
in the fitting process.

A delayed star formation history (SFH) model with a func-
tion form SFR o ¢ X exp(—¢/7) is used to fit the galaxy com-
ponent. The model includes a star formation burst in the form
of ongoing star formation that lasts no longer than 50 Myr
(Buat et al. 2019). The Bruzual & Charlot (2003) single stellar
population template is used to model the stellar emission. Stel-
lar emission is attenuated following Charlot & Fall (2000). The
dust heated by stars is modelled following Dale et al. (2014).
The SKIRTOR template (Stalevski et al. 2012, 2016) is used for
the AGN emission. The same templates and parameter space are
used for the X-ray and the galaxy reference sample, including
the AGN template (SKIRTOR). The inclusion of the AGN mod-
ule in the reference catalogue allows us to identify systems with
strong AGN component (see Sect. 3.3). All free parameters used
in the SED fitting process and their input values are presented in
Table 1.

As mentioned, X-CIGALE has the ability to model the X-ray
emission of galaxies. In the SED fitting process, we use the
observed X-ray luminosity in the 2—10keV band provided by the
Marchesi et al. (2016) catalogue. We confirm that using instead
the intrinsic (absorption corrected) luminosities does not affect
the host galaxy measurements. The photon index, T, is fixed to

! HELP dataset includes sources from the catalogue presented in
Laigle et al. (2016). A new catalogue (COSMOS2020; Weaver et al.
2022) was recently released. However, this paper was already in an
advanced stage when the new catalogue was made available.
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Table 1. Models and the values for their free parameters used by X-CIGALE for the SED fitting.

Parameter

Model/values

Star formation history: delayed model and recent burst

Age of the main population
e-folding time

Age of the burst

Burst stellar mass fraction

1500, 2000, 3000, 4000, 5000, 7000, 10 000, 12 000 Myr
200, 500, 700, 1000, 2000, 3000, 4000, 5000 Myr
50 Myr
0.0, 0.005, 0.01, 0.015, 0.02, 0.05, 0.10, 0.15, 0.18, 0.20

Simple Stellar population: Bruzual & Charlot (2003)

Initial mass function
Metallicity

Chabrier (2003)
0.02 (Solar)

Galactic dust extinction

Dust attenuation law
V-band attenuation Ay

Charlot & Fall (2000) law
0.2,0.3,04,0.5,0.6,0.7,0.8,09, 1, 1.5,2,2.5,3,3.5,4

Galactic dust emission: Dale et al. (2014)

a slope in dMgyg o< U~*dU 2.0
AGN module: SKIRTOR

Torus optical depth at 9.7 microns 797 3.0,7.0

Torus density radial parameter p (p o r~Pe=4l0sOl) 1.0

Torus density angular parameter g (p oc r~Pe=410sOl) 1.0

Angle between the equatorial plan and edge of the torus 40°

Ratio of the maximum to minimum radii of the torus 20

Viewing angle
AGN fraction

30° (type 1),70° (type 2)
0.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8, 0.9, 0.99

Extinction law of polar dust SMC
E(B - V) of polar dust 0.0,0.2,04
Temperature of polar dust (K) 100
Emissivity of polar dust 1.6

X-ray module
AGN photon index I' 1.4
Maximum deviation from the aox—L,s 4 Telation 0.2
LMXB photon index 1.56
HMXB photon index 2.0
Total number of models (X-ray/reference galaxy catalogue) 313632 000/60 984 000

Notes. For the definition of the various parameter, see Sect. 3.1.

1.4, which is the value assumed in the Marchesi et al. (2016) cat-
alogue for their luminosity estimations.

3.2. Quality and reliability examination of the fitting results
3.2.1. Quality examination

To restrict our analysis of sources to those with reliable host
galaxy measurements, we exclude badly fitted SEDs. For that
purpose, we consider only sources for which the reduced y?,
x> < 5. This value has been used in previous studies (e.g.,
Masoura et al. 2018; Buat et al. 2021) and is based on visual
inspection of the SEDs. This criterion is satisfied by 89%
and 92% of the sources in the AGN and galaxy catalogues,
respectively.

To further exclude systems with unreliable measure-
ments of the (host) galaxy properties, we apply the same
method presented in Mountrichas et al. (2021a), which has also
been adopted in other studies (e.g., Mountrichas et al. 2021c;
Buat et al. 2021; Koutoulidis et al. 2022). This method is based
on a comparison between the value of the best model and
the likelihood-weighted mean value calculated by X-CIGALE.

Specifically, in our analysis, we only consider sources with % <
SFRyest 1 o Mepes
SRy, < 5and 3 < Moo, < 5, where SFRyeq and M, pes are

the best-fit values of SFR and M., respectively, and SFRp,yes and
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M., payes are the Bayesian values estimated by X-CIGALE. There
are 1236 and 177245 X-ray AGN and galaxies in the reference
catalogue that fulfil these criteria, respectively. In Figs. 2 and 3,
we present SEDs of sources that meet the aforementioned crite-
ria (top panels) and of sources that are rejected from our analysis
(bottom panels).

Furthermore, in our analysis, we take into account the uncer-
tainties of the SFR and M, measurement that X-CIGALE pro-
vides. Each source is assigned two weights. One is based on the
accuracy, sigma, of the SFR calculation (sigma = %) and the
other on the accuracy of the M, measurement.

3.2.2. Reliability examination

Mountrichas et al. (2021a,c) used data from the XMM—-XXL and
Bootes fields and showed that lack of FIR (Herschel photometry)
does not affect the SFR calculations of X-CIGALE. We repeat
the same check, using 742 AGN (60% of the total X-ray sample)
detected by Herschel. For these sources, we perform SED fit-
ting with and without Herschel bands using the same parametric
space. The results are shown in the top panel of Fig. 4. The mean
difference, w, of the SFR measurements is 0.01 and the disper-
sion is o = 0.25. We repeat the same exercise for the sources
in the reference galaxy catalogue. Approximately 20% of them
have Herschel detection. For this sample, the mean difference
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Fig. 2. Examples of SEDs of AGN that meet our quality criteria (fop panel) and do not satisfy (at least one) of our quality requirements (bottom
panel). The AGN SED presented in the left, bottom panel is rejected from our analysis, due to its large sze 4 value, while that on the right, bottom

. . . SFR; . . .
panel is rejected because it does not meet the é < ﬁ < 5 criterion (see text for more details).
ayes

of the SFR calculations is 0.05 with o = 0.16 (bottom panel of
Fig. 4). The dispersion of the measurements is independent of
the AGN obscuration and galaxy extinction. We conclude that
lack of FIR photometry does not affect the X-CIGALE SFR
calculations.

Ultraviolet photometry allows us to trace the young stellar
population of galaxies. In our SEDs, we do not include UV
(GALEX) photometry because this is available for less than 8%
of the sources. At z > 0.5, the u band is redshifted to rest-frame
wavelength <2000 A, allowing observation of the emitted radia-
tion from young stars. However, low-redshift sources may have
inaccurate SFR calculations when both UV and FIR photometry
are absent. Our sample includes 88 AGN that lie at z < 0.5. Of
these, 70 have FIR detection. These AGN are shown with green
circles in Fig. 4. The mean difference in the SFR calculations
is u = 0.00 with dispersion o = 0.19. For sources at z < 0.5
in the galaxy reference catalogue, the mean SFR difference is
0.04 with o = 0.13. Therefore, the SFR calculation of sources at
z < 0.5 that lack FIR coverage is reliable and we include them
in our analysis.

3.3. Identification of non-X-ray AGN systems

As mentioned in Sect. 3.1, in the SED fitting analysis we include
an AGN template (SKIRTOR) when we fit the galaxy reference
catalogue. This enables us to identify systems with a strong AGN
component by measuring the AGN fraction parameter, fracagn,
of X-CIGALE. fracagn is defined as the ratio of the AGN IR
emission to the total IR emission of the galaxy (1-1000 um).
We exclude galaxies with fracagy > 0.2 from the reference
catalogue. For comparison, the median fracygn of the X-ray
sample is 0.36. Approximately 33% of sources in the galaxy
catalogue are rejected. The fraction rises from lower (~13%
at z < 1.0) to higher (50-60% at z > 1.5) redshifts. This
increase is partially due to the fact that AGN tend to reside
in more luminous systems that are found at higher redshifts
(Fig. 5). Moreover, recent observational studies found that the
AGN duty-cycle, that is, the probability of a galaxy hosting an
AGN within a given X-ray luminosity interval, increases with
redshift (e.g., Georgakakis et al. 2017; Aird et al. 2018). This
means that 124 815 galaxies are left in the reference galaxy
sample.
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Xfe 4 value, while that in the bottom right panel is rejected because it does not meet the % < SSFT% < 5 criterion (see text for more details).
ayes

We note that if we include all sources of the reference cata-
logue in our analysis regardless of their AGN fraction value, the
median SFR of galaxies is log [SFR(Mg yr™')] = 0.54 (median
log [M.(M)] = 10.0) compared to log [SFR(M, yr~")] = 0.59
(median log [M.(My)] = 9.95) when we exclude sources with
fracagn > 0.2. Including these sources in our analysis would
increase the SFR,, values presented in the following section
by ~17% on average. In a similar manner, excluding sources
with fracagn > 0.1 from the reference catalogue would decrease
the SFRorm values by ~5% compared to those calculated when
excluding galaxies with fracagny > 0.2. These fluctuations of
the SFRy,m caused by the choice of the fracagn values are
within the statistical uncertainties of our measurements and do
not affect our overall results and conclusions.

3.4. Mass completeness

In our analysis, we study the SFR of X-ray AGN as a function
of X-ray luminosity in five redshift bins up to redshift 2.5. To
avoid possible biases introduced by the different mass complete-
ness of our datasets at different redshift intervals, we calculate
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the mass completeness at each redshift bin. For that, we follow
the method described in Pozzetti et al. (2010) and apply it to the
galaxy reference sample due to its significantly larger size. The
same method has been followed in similar studies (Florez et al.
2020; Mountrichas et al. 2021a) and has also been used to esti-
mate the stellar mass completeness of the COSMOS2015 galaxy
catalogue presented in Laigle et al. (2016).

First, we estimate the limiting stellar mass, M, jin, of each
galaxy using the following expression:
log M. jim = log M, + 0.4(m — myjm), (1
where M, is the stellar mass of each source measured by
X-CIGALE, m is the AB magnitude of the source, and myy, is
the AB magnitude limit of the survey. This equation essentially
calculates the mass the galaxy would have if its apparent mag-
nitude was equal to the limiting magnitude of the survey for a
specific photometric band. We then use the log M, jii, of the 20%
faintest galaxies in each redshift bin. The minimum stellar mass
at each redshift interval for which our sample is complete is the
95th percentile of log M. jin-
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Fig. 4. Comparison of SFR measurements with and without Herschel.
Top panel: SFR calculations for 742 X-ray AGN with available FIR
photometry. The blue dashed line presents the 1:1 relation. Sources at
z > 0.5 are shown with black circles, while those at z < 0.5 are shown
with green circles. The mean difference of the SFR calculations is 0.01
for the overall population (0.00 for sources at z < 0.5) and the disper-
sion is 0.25 (0.19 at z < 0.5). Bottom panel: SFR measurements with
and without Herschel for sources in the galaxy reference catalogue. The
mean difference of the SFR calculations is 0.05 for the overall popula-
tion (0.04 for sources at z < 0.5) and the dispersion is 0.16 (0.13 at
z<0.5).

We follow Laigle et al. (2016) and use K as the limiting
band of the samples, which has a value K; = 24.7 (see Table 1
in Laigle et al. 2016). We find that the stellar mass complete-
ness of our galaxy reference catalogue is log [M., 95%1im(Mo)] =
8.60,9.13,9.44,9.69, and 9.97 at z < 0.5,0.5 <z < 1.0, 1.0 <
7<1.5,1.5 <7<2.0,and 2.0 < z < 2.5, respectively. These val-
ues agree with those presented in Table 6 of Laigle et al. (2016),
although the redshift intervals used are slightly different in the
two studies.

3.5. Identification of quiescent systems

The main purpose of this work is to study the position of
X-ray AGN relative to the MS as a function of X-ray luminos-

46
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Fig. 5. Dust luminosity, Ly, estimated by X-CIGALE as a function of
redshift for sources in the reference catalogue (green points) and X-ray
AGN (blue points). Lgy increases with redshift, and AGN tend to reside
in the more luminous systems at all redshifts spanned by our datasets.

ity and redshift. To this end, we follow previous studies (e.g.,
Mullaney et al. 2015; Masoura et al. 2018, 2021; Bernhard et al.
2019) and estimate the SFR,o;, parameter. SFR o, is defined as
the ratio of the SFR of AGN to the SFR of MS galaxies with
similar stellar mass and redshift. However, we want to avoid
systematic effects that may have affected previous works that
estimated SFR;m, using analytical expressions from the liter-
ature to parametrise the SFR of MS galaxies (e.g., Eq. (9) of
Schreiber et al. 2015). In our analysis, SFR was calculated in
a homogeneous manner, both for the X-ray and the reference
catalogues, with the same wavelength coverage which enables
us to minimise systematic effects. Thus, we follow the process
described in Mountrichas et al. (2021a) to define our own star
forming main sequence (SFMS). The goal is not to strictly define
the MS, but to exclude in a uniform manner the majority of qui-
escent systems from our data.

For this exercise, we use the galaxy reference catalogue due
to its large size. The outcome of this process is then used in
both the galaxy and the X-ray AGN samples to exclude quies-
cent sources. First, we estimate the SSFR (sSFR = %) of each
source. Figure 6 presents the distributions of sSFR in each red-
shift interval. We see that each distribution presents a long tail or
a lower second peak at low sSFR values. We consider that these
peaks are populated by quiescent systems. Table 2 presents the
number of sources in each redshift interval after excluding qui-
escent systems. Based on our results, ~10% of the galaxies in the
reference catalogue and ~25% of AGN are quiescent. This result
indicates that a larger fraction of X-ray AGN reside in quiescent
systems compared to non-AGN galaxies, up to redshift z < 2.5.
Moreover, this fraction increases for the X-ray sources from 20%
at z > 2 to 40% at z < 0.5. This is in agreement with previ-
ous studies that found an increased fraction of AGN hosted by
quiescent galaxies at low redshifts compared to higher redshifts
(Shimizu et al. 2015; Koutoulidis et al. 2022).

4. Results

In this section, we compare the SFR of X-ray AGN with the
SFR of non-AGN systems in different luminosity and redshift
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Fig. 6. sSFR distributions of the reference galaxy sample, in five redshift intervals. Blue lines present the full distributions. Green areas are the
sSFR distribution after applying the sSFR cut, which is defined based on the location of the second, lowest peak of each distribution.

Table 2. Number of X-ray AGN and sources in the reference galaxy catalogue after applying the mass completeness limits at each redshift interval.

Total 7<0.5 05<z<1.0 1.0<z<15 1.5<z<20 20<z<25
log(M./Ms) (>8.60) (>9.13) (>9.44) (>9.69) (>9.97)
X-ray catalogue 1161 (852) 88 (52) 328 (246) 272 (195) 328 (243) 145 (116)
Reference galaxy catalogue 89375 (80475) 12731 (11438) 38058 (34104) 21124 (18690) 13674 (12697) 3788 (3546)

Notes. In the parentheses, we quote the number of sources when we also exclude quiescent systems.

intervals. Next, we examine whether the results of this compari-
son (also) depend on the stellar mass of the host galaxy.

4.1. SFR of X-ray AGN relative to star forming galaxies as a
function of luminosity and redshift

To compare the SFR of X-ray AGN with that of star forming
galaxies, we use the SFR;m,m parameter. To estimate SFRyom,
we follow the method presented in Mountrichas et al. (2021a).
Specifically, the SFR of each X-ray source is divided by the
SFR of galaxies from the reference catalogue that have stellar
mass that differs +0.1dex from the stellar mass of the AGN
and lies within £0.075 x (1 + z) from the X-ray source. The
median value of these ratios is used as the SFR,,mm of each
AGN. In these calculations, each source is weighted based on
the uncertainty on the SFR and M. (see Sect. 3.2). We only
keep X-ray sources for which the SFR;o, has been estimated
using at least 30 galaxies from the reference catalogue. This
limit decreases to at least 20 galaxies for the highest redshift bin
(2.0 < z < 2.5) and goes down to 10 galaxies when we consider
only the most massive systems (11.5 < log[M.(My)] < 12.0,
Sect. 4.2).
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Figure 7 presents SFRy,m as a function of X-ray luminos-
ity for different redshift intervals. Both for the X-ray sample
and the galaxy reference catalogue, quiescent systems have been
excluded. In this exercise, we do not present results for the low-
est redshift bin (z < 0.5) due to the limited number of X-ray
sources. Median values are presented. Errors are calculated
using bootstrap resampling (e.g., Loh 2008) by performing 1000
resamplings with replacement at each bin. Results are grouped
in Lx bins of 0.5dex. Bins with fewer than 25 AGN are not
presented throughout this work. The results do not show depen-
dence of the SFR,,m—Lx relation with redshift, in agreement
with previous studies (Mullaney et al. 2015; Mountrichas et al.
2021a). However, we notice that the SFR of X-ray AGN appears
lower compared to that of star forming galaxies (i.e., SFRporm <
1). Although this is not statistically significant for some of the
bins, it is consistent throughout the luminosities probed by our
sample.

As there is no dependence on redshift, in Fig. 8 we present
the weighted average SFR;m in bins of Lx over the total
redshift range. Mean values are weighted based on the num-
ber of sources included in each luminosity bin. Errors present
the standard deviation of the measurements. We also plot the
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Fig. 7. SFR oy vs. X-ray luminosity. SFR,;, and Ly are the median
values of our binned measurements in bins of Lx with 0.5 dex width.
Errors are calculated using bootstrap resampling by performing 1000
resamplings with replacement at each bin. Results are colour coded
based on the redshift interval. At all redshifts, SFR,,,;, does not appear
to evolve with Ly, at least up to luminosities 2 X 10* ergs™' spanned
by the X-ray sample. The SFR of X-ray AGN appears lower compared
to that of star forming galaxies (i.e., SFR o < 1). Although this is not
statistically significant for some of the bins, it is consistent throughout
the luminosities probed by the dataset.

results from Mountrichas et al. (2021a) in the Bodtes field. The
COSMOS X-ray sample spans about an order of magnitude
lower luminosities compared to that in Bootes. However, the
latter reaches higher Lx. This allows us to draw a picture of
SFRorm as a function of Lx for about two orders of magnitude
in X-ray luminosity. In the overlapping Lx regime, the results
from the two studies are consistent. Although the size of the
X-ray samples prevents us from drawing strong conclusions, at
Lxs_10kev < 10% erg s~!, the SFR of AGN appears lower than
or equal to that of SFMS, (SFRagn < SFRgpms), whereas at
Lxo-10kev > 2 — 3 X 10* erg s™! there is an increase in SFR o,
i.e., SFRxgNn = SFRgpMs.

Overall, our results show no evolution of the SFR,o:m—Lx
relation with redshift. The SFR of AGN is equal to or lower than
that of MS galaxies at Lx_jokev < 10% erg s~! and combining
our measurements with those in the Booétes field, there is a hint
of an increase in SFRom at Lx 2 j0kev > 2—3 X 10¥ ergs™!.

4.2. SFR of X-ray AGN relative to star forming galaxies as a
function of luminosity and stellar mass

Previous studies, using either the specific black hole accre-
tion rate parameter (A, puar, Georgakakis et al. 2017; Aird et al.
2018, 2019; Torbaniuk et al. 2021, see also following section)
or the specific X-ray luminosity (Yang et al. 2018), found that
the stellar mass of the host galaxy may affect how the AGN and
galaxy properties are linked. Mountrichas et al. (2021a) found
indications that the increase in SFRpom at Lx2-10kev > 2-3 X
10* ergs™! is more evident for AGN that live in galaxies that
have stellar masses within a specific range (log [M.(My)] ~
11-11.5) while the most massive ones do not present this fea-
ture in their SFRom—Lx relation. Moreover, in the previous
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Fig. 8. SFR,,o;, and Ly are the mean values of the measurements pre-
sented in Fig. 7, grouped in Lx bins of 0.5 dex, at all redshifts com-
bined, and weighted based on the number of sources in each bin shown
in Fig. 7. Errors represent the standard deviation of SFR,o,, and Ly in
each bin. SFR, oy, is systematically lower than one (below the dashed
line), which means that at these luminosities the SFR of X-ray AGN is
lower compared to that of MS star forming galaxies. In the Bodtes field
(blue circles), X-ray sources span higher luminosities than their coun-
terparts in COSMOS. In the latter case, SFR,,,y Values indicate that the
SFR of AGN is at least equal to (if not higher than) that of non-AGN
systems.

section, we found that the SFR,,,,, measurements from the COS-
MOS X-ray sample are generally lower compared to those in
the Bodotes field (Fig. 8), but also span lower X-ray luminosities.
Another differentiating factor between the two samples is that
the X-ray sources in Bodtes are more massive than their counter-
parts in COSMOS because of the higher mass completeness lim-
its of the former sample. In COSMOS, at z < 0.5 the median stel-
lar mass of galaxies that host X-ray AGN is log [M..(My)] = 10.8
and increases to log [M.(My)] = 11.0-11.1 at redshift bins
higher than z > 0.5, that is, they are about 0.5 dex lower than the
AGN hosts in Bodtes (see Table 4 in Mountrichas et al. 2021a).

To disentangle the effect of stellar mass, we repeat the mea-
surements presented in the top panel of Fig. 8, but we also group
sources in stellar mass bins. In this exercise, we include X-ray
AGN at z < 0.5 (52 sources; see Table 2). The number of X-ray
AGN available at each stellar mass interval is shown in Table 3.
Figure 9 presents the results for four M, bins. Atlog [M.(My)] <
10.0, the number of AGN is too low to make a meaning-
ful calculation. We notice that, at Ly, joev < 10*ergs™,
regardless of the stellar mass of their host galaxy, AGN have
SFRagn < SFRgpms. At LX,Z—IOkeV > 0% erg S_l, AGN with
10.5 < log[M.(My)] < 11.0 and 11.0 < log[M.(My)] <
11.5 show enhancement of their SFR compared to MS galax-
ies. Unfortunately, there are not enough AGN in the COSMOS
field with log [M.(My)] < 10.5 and log [M.(My)] > 11.5 at
Lx» 10kev > 104 erg s~ to examine whether this trend is also
observed in less massive and more massive systems.

In Fig. 10, we complement our measurements in the COS-
MOS field with those in Bootes from Mountrichas et al. (2021a),
in overlapping stellar mass intervals. Mountrichas et al. (2021a)
presented their results in different redshift ranges (see their
Fig. 11). For the comparison, we re-calculated their SFR; o
values at all redshifts, taking into account the mass completeness
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Table 3. Number of X-ray AGN and sources in the reference galaxy catalogue in each stellar mass bin after excluding quiescent systems and

applying the mass completeness limits.

log(M./Ms) Total <10.0

10.0-10.5 10.5-11.0 11.0-11.5 11.5-12.0

X-ray AGN
Reference galaxy catalogue
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Fig. 9. SFR, ;i vs. X-ray luminosity. Results are grouped into Lx and
stellar mass bins of 0.5dex width. As there is no evolution of the
SFRoim—Lx relation with redshift (Fig. 7), measurements are taken at
all redshifts spanned by our sample (0 < z < 2.5). The SFRom—Lx rela-
tion appears flat at LX,Z*IOkeV < 10% erg s7h However, at LX,Z*IOkeV >
10* erg s, SFRom, increases with Ly.

at each redshift. The M., intervals in the case of the Bootes
dataset are slightly different because of the mass completeness
limits of the Bootes dataset. In the 10.5 < log [M.(My)] < 11.0
regime, both X-ray AGN in COSMOS and in Boétes present
enhanced SFRom at Lxo_1okev > 10* ergs™! compared to that
at lower luminosities. However, the results in the Bootes field
(blue circles) appear higher compared to those in COSMOS
(black circles). We note that due to the mass completeness lim-
its of Bodtes, only sources at 0.5 < z < 1.0 contribute to this
stellar mass interval. However, in the case of AGN in the COS-
MOS field, 30% (82 out of 273) of AGN lie at 0.5 < z < 1.0
in this stellar mass range. Although our results in the previous
section showed that SFR;,,, is independent of redshift, we also
plot the results in the COSMOS field for AGN with 0.5 < z < 1.0
(open circles). The measurements are in statistical agreement
with those at all redshifts (filled circles), but appear higher and
in better agreement with those in Bodtes in overlapping Lx.
Investigating this further, we find that the SFR distribution of
sources in the reference catalogue at 0.5 < z < 1 and with
10.5 < log [M.(My)] < 11.0 present a large tail at low SFR val-
ues, which could explain the increased SFRorm values found at
this redshift interval. In the middle panel, we present the results
for the two fields for AGN that live in galaxies with 11.0 <
log [M.(My)] < 11.5. The results in both fields are in agreement.
Most importantly, both present a similar increase in SFR oy at
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Lxs-10kev > 10% erg s~!. In the bottom panel we present mea-
surements for AGN in the 11.5 < log [M.(My)] < 12.0 regime
for both fields. In this case, we do not detect enhanced SFR o1,
at high luminosities.

Overall, our results in COSMOS corroborate the findings
in the Bodtes field for increased SFRyom at Lxo—jokev >
10% ergs™' compared to lower Ly for AGN that live in galax-
ies with 10.5 < log[M.(My)] < 11.5. A similar trend is not
observed for more massive systems. This could be due to dif-
ferent physical mechanisms that fuel the SMBHs of the most
massive systems compared to their lower mass counterparts. For
example, in massive galaxies, diffuse gas could be accreted onto
the SMBH without first being cooled onto the galactic disk (e.g.,
Fanidakis et al. 2013), whereas in less massive galaxies AGN
activity may be triggered by galaxy mergers (e.g., Bower et al.
2006; Hopkins et al. 2008) that also set off star formation. Alter-
natively, the increase in SFR;,,; may occur at higher Lx than
those probed by the Bootes dataset and ours, for systems with
log [M.(My)] > 11.5.

The trends we observe when we split our data into stellar
mass bins (in addition to the luminosity bins) are in agreement
with those found when we divide our sources only in Lx bins
(Sect. 4.1), but in the former case the trends are more evident.
Specifically, at high luminosities AGN that reside in galaxies
with 10.5 < log [M.(My)] < 11.5 seem to have enhanced SFR
compared to MS galaxies of similar M,. On the other hand, at
lower Lx our results show that the SFR of X-ray AGN is lower
than or at most equal to the SFR of MS galaxies.

To further examine the correlation between SFRuom, Lx,
and M., we perform a partial-correlation analysis (PCOR).
PCOR measures the correlation between two variables while
controlling for the effects of a third (e.g., Lanzuisi et al. 2017;
Yang et al. 2017; Fornasini et al. 2018). We use one parametric
statistic (Pearson) and one non-parametric statistic (Spearman).
The results of the p-values are listed in Table 4. The parametric
method gives smaller p-values compared to the non-parametric
method. This is because of the different assumptions made by
the two methods (for more details, see Sect. 3.3 of Yang et al.
2017). Most importantly, p-values for the SFR,,m—M. rela-
tion are significantly smaller than the corresponding p-values
for the SFR;,o;m—Lx relation, suggesting that SFR,om correlates
stronger with M, than with Ly, in agreement with the results
presented above.

4.3. SFR.om as a function of specific black hole accretion
rate

Mountrichas et al. (2021a) examined the relation between
SFR;om and the A5 gpar parameter, which quantifies the rate of
accretion onto the SMBH relative to the M. of the host galaxy.
The results of these authors showed a linear increase in SFR,orm
with A, ggar. We follow their analysis and compare our calcula-
tions using the COSMOS dataset with their measurements. For
the estimation of A, ggar, We use the analytical Expression (2)



G. Mountrichas et al.: Star formation of X-ray AGN in COSMOS: The role of AGN activity and galaxy stellar mass

16— r——v———+—7—+—r—+—1
I ©10.5-11.0 (0.5<2<1.0; COSMOS)
1.4 | ®10.5-11.0 (cOSMOS) -
©10.73-11.00 (Bootes)
1.2 - —

0.6 — -
0.4 1 1 1
42 43 44 45
log L, (ergs™
1.6 T T T
I ©11.0-11.5 (COSMOS) 4
1.4 | ©11.0-11.5 (Bootes) 4}‘ o
1.2 | % _

-

norm

&
=

0.6 — —
0.4 1 1 1
42 43 44 45
log L, (ergs™
1.8 —
| ®11.5-12.0 (COSMOS) B
1.4 |- ©11.5-12.0 (Bootes) |
1.2 — —
T T e el o e (e R —
E
g | ]
2]
=5
”0.8 - —
0.6 - —
0.4 L 1 " " 1 " " L L 1 " " L " 1 L
42 43 44 45

(ergs™?)

log L,

Fig. 10. SFR,.,, values in bins of Lx and stellar mass in the
COSMOS field complemented with those found in the Bodtes field
(Mountrichas et al. 2021a). We only present stellar mass intervals that
are similar in the two studies. The small differences in the stellar mass
bins are due to the different stellar mass completeness limits of the
two surveys. Top panel: in the 10.5 < log[M.(My)] < 11.0 regime,
both X-ray AGN in COSMOS and in Booétes, at high luminosities
present enhanced SFR ., compared to SFR,,m at lower luminosities.
The results in the Bootes field (blue circles) include only sources at
0.5 < z < 1.0 and appear higher compared to those in COSMOS (black
circles). Open circles present the results in COSMOS for AGN with
0.5 < z < 1.0 (open circles). The measurements are in statistical agree-
ment with those at all redshifts (filled circles), but appear higher and in
better agreement with those in Bootes in overlapping Lx. Middle panel:
results for AGN that live in galaxies with 11.0 < log [M.(M;)] < 11.5.
The results in the two fields are in agreement. Most importantly, both
present a similar increase in SFR o at Lx s jorev > 10% ergs™'. Bot-
tom panel: measurements for AGN in the 11.5 < log [M.(M,)] < 12.0
regime for both fields. In this case, we do not detect enhanced SFRo;p,
at high luminosities.

of Aird et al. (2018):

kot X Lx
1.3x 10% ergs~! x 0.00257
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Table 4. p-values of partial correlation analysis.

Pearson Spearman
SFRporm—Lx 0.519 0.726
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Fig. 11. SFR,,m Vvs. specific black hole accretion rate (Aspuar) for
sources in COSMOS and in the Bootes field. Median values are pre-
sented and the errors are calculated using bootstrap resampling. In both
cases, we observe an increase in SFRyom Wwith A ggar. This is more
evident in the case of the Bootes dataset.

where k| is @ bolometric correction factor. We adopt the same
value as in Aird et al. (2018), namely kp, = 25. Figure 11
presents the results of our measurements and those from
Mountrichas et al. (2021a) for the Booétes field. For the latter,
we did not use the averaged values presented in their Fig. 10
(black circles). Instead, we calculated their SFR,, values at all
redshifts spanned by their dataset, taking into account the mass
completeness at each redshift. Our results show a mild increase
in SFRorm With A, pgar. However, this increase is not as evident
as that seen using the Bodtes sample. This is confirmed by the
expressions that describe the best fit of the measurements. In the

case of COSMOS sources, SFRyorm = 0.080*001 log A prar +

1.064f8%§ compared to SFR,om = 0.189f8:8§2 log AspHAR +
1.320%0:1%% for Bodtes. Moreover, with the exception of the first

two A5 suar bins, SFRom values of COSMOS AGN appear con-
sistent with but lower than those of the Bodtes sources.

In Table 5, we present the median log Aspuar, M, Lx, and
redshift of X-ray AGN included in each of the log A gyar bins
presented in Fig. 11. Comparing the properties of the AGN
between the two datasets, we find that COSMOS sources are
less luminous and less massive than their Bodtes counterparts
in all log A, pgar bins. This becomes more evident as we move
to higher log Asgyar values. This could explain the results pre-
sented in Fig. 11. The AGN included in the first two log A pnar
bins have similar properties (Lx, M,) and similar SFR;qy, val-
ues. For the next two log A, guarbins, the SFRyom, is higher in
the case of AGN in Bootes compared to those in COSMOS, but
in this case Bootes X-ray sources are more luminous and signif-
icantly more massive.
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Table 5. Median values of log A guar, M., Lx, and redshift of X-ray AGN included in each of the log A, guar bins presented in Fig. 11, for sources

in the COSMOS and Bodétes fields (Mountrichas et al. 2021a).

COSMOS/Bodtes
log AsBHAR -2.18/-2.11 -1.75/-1.65 -1.26/-1.28 -0.81/-0.83 —0.33/-
log [M.(Mo)] 11.28/11.45  11.19/11.36  10.99/11.33  10.72/11.27  10.38/—
log (Lxa-10kev/(ergs™))  43.04/43.27  43.44/43.65 43.75/44.07  44.00/44.64  44.00/—
Redshift 0.91/0.79 1.20/0.97 1.59/1.17 1.75/1.33 1.73/-

4.4. Comparison with previous studies

In this section, we compare our results with recent studies.
Masoura et al. (2021) found a strong dependence of the SFR,im,
with Lx (left panel of their Fig. 10) and evolution of the
SFRorm—Lx relation with redshift (left panel of their Fig. 11).
Although, we do not find a strong dependence of the SFRom
with Lx found in their work, both studies agree that AGN tend
to have lower SFR compared to MS galaxies at Lxs_jpokev <
10% ergs™!, while at Lx»_jokev ~ 10* ergs™' AGN have sim-
ilar SFR with MS galaxies. Masoura et al. (2021) results sug-
gest that at higher Lx, AGN have enhanced SFR compared to
star forming MS galaxies. Although our results show indica-
tions for enhanced SFR of AGN compared to the SFR of the
galaxy reference catalogue, in particular for AGN hosts with
10.5 < log[M.(My)] < 11.5, the luminosity baseline covered
by our COSMOS sample complemented by the Bodtes sources
used in Mountrichas et al. (2021a) does not extend to sufficiently
high Lx and with sufficiently a large number of X-ray sources to
allow a fair comparison. We leave the comparison at these high
luminosities for a future paper where we will make use of the
recently released eROSITA X-ray catalogue.

Moreover, our results do not show evolution of the SFR;,o;m—
Lx with redshift, in contrast to the findings of Masoura et al.
However, an important difference in the analysis used in the
two works is that Masoura et al. (2021) compare the SFR of
AGN with that of MS galaxies using for the latter the ana-
lytical expression of Schreiber et al. (2015). As was shown in
Mountrichas et al. (2021a), this approach introduces different
systematic errors at different redshift intervals (see their Fig. 6).
Therefore, at least to some degree, the different amplitude of the
SFR,orm—Lx found at different redshifts in Masoura et al. (2021)
could be attributed to these systematic effects.

Bernhard et al. (2019) used 541 X-ray AGN in the COSMOS
field within 0.8 < z < 1.2. They estimated SFR;o;m, using the
Schreiber et al. (2015) analytical formula and found that higher
luminosity AGN, that is, Lx_jokev > 2 X 10* ergs~!, present a
narrower SFR; o distribution compared to their lower Lx coun-
terparts. The former is also shifted to higher values, closer to
that of MS galaxies. Although the two studies cannot be directly
compared due to the different analysis followed (cf. calculation
of SFR of MS galaxies), they are in broad agreement in the sense
that higher Lx AGN seem to have SFR closer to the MS than
their lower Ly counterparts.

A more fair comparison can be made with Santini et al.
(2012). In this latter study, the authors used X-ray-selected AGN
in the GOODS-S, GOODS-N, and XMM-COSMOS and com-
pared the SFR of X-ray sources with a mass-match control sam-
ple of non-AGN galaxies. Their analysis showed that the star
formation of AGN in the COSMOS field (bottom panel of their
Fig. 5) is consistent with the star formation of MS galaxies at
redshifts 0.5 < z < 2.5, in agreement with our findings.
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5. Summary and conclusions

We used approximately 1000 X-ray sources in the COSMOS-
Legacy survey (Marchesi et al. 2016) within the UltraVISTA
region and compared their SFR with about 90 000 non-AGN sys-
tems compiled by the HELP collaboration (Shirley et al. 2019,
2021) over a wide range of redshifts (0 < z < 2.5) and X-ray
luminosities (10*%° < Lxr_10kev < 104490 erg s7h). The galaxy
control sample was observed in the same field as the X-ray
sources and the same photometric selection criteria were applied
to both datasets. We performed SED fitting using X-CIGALE,
with the same parametric grid on both datasets to measure (host)
galaxy properties. The same mass completeness limits were
applied to both samples. These enabled us to avoid systematic
errors and compare the SFR of the two populations in a uniform
and consistent manner.

First, we studied the SFR-Lx relation with respect to the
position of the host galaxy on the MS at different luminosity and
redshift intervals. Our results show no evolution of the SFR—
Lx with redshift. The SFR of AGN was found to be lower than
or at most equal to the SFR of MS galaxies at Lxs_10kev <
10* ergs™!. We complemented our results with those in the
Bodétes field (Mountrichas et al. 2021a), because the same anal-
ysis has been performed in both works. This allows us to extend
the luminosity baseline to higher values. We observed a mild
increase in the SFR of AGN at Lx»_jkev > 23 X 10% erg s7L.
At this luminosity regime, AGN appear to have enhanced SFR
compared to non-AGN systems.

Prompted by previous studies (e.g., Mountrichas et al.
2021a), we examined the SFR as a function of Ly for different
stellar mass ranges. The results are consistent with those found
when we divide the sources into Ly bins. However, when the
stellar mass is taken into consideration the trends are more evi-
dent. Our results also corroborate the findings in the Bodtes field.
Specifically, the enhanced AGN SFR is detected for AGN that
live in galaxies with 10.5 < log[M.(My)] < 11.5. A similar
trend is not observed for more massive systems.

Overall, our results combined with those in the Bootes field
show a very mild dependence of SFR;,,;m on Ly, which becomes
(more) evident when we take into account the stellar mass of the
AGN host galaxies. Specifically, at low and moderate luminosi-
ties (10% < Lxs_10kev < 10* ergs™"), AGN tend to have a lower
SFR than star forming MS galaxies or they are similar at most.
At Lxs_10kev ~ 2-3 X 10% erg s'and 10.5 < log [M.(Ms)] <
11.5, AGN present enhanced SFR compared to non-AGN
systems.

Although the data used in this work, complemented by those
in the Bodtes field, span two orders of magnitude in X-ray lumi-
nosity, they do not cover the highest Lx regime (Lx-1okev >
10*> ergs~!). AGN at higher Lx will allow us to populate the
SFR-Lx plots with data points at high luminosities and exam-
ine whether the SFR of AGN continues to increase as we move
to even higher luminosities (Lx 2-10kev > 10% erg s7h. Ongoing
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and future surveys (eROSITA, Athena) will provide us with a
large number of the most powerful X-ray sources and allow us
to answer these questions.
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