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ABSTRACT

In this work, our aim is to investigate the star formation rate (SFR) of the host galaxies of active galactic nuclei (AGNs) in the
early Universe. To this end, we constructed a sample of 149 luminous (L_jokev > 10% erg s7h X-ray AGNSs at z > 3.5 selected in
three fields with different depths and observed areas from the Chandra COSMOS Legacy survey, XMM-XXL North, and eROSITA
Final Equatorial-Depth Survey. We built their spectral energy distributions (SED) using the available multi-wavelength photometry
from X-rays up to the far-IR. Then, we estimated the stellar mass, M,, and the SFR of the AGNs using the X-CIGALE SED fitting
algorithm. After applying several quality criteria, we ended up with 89 high-z sources. More than half (55%) of the X-ray sample
have spectroscopic redshifts. Based on our analysis, our high-z X-ray AGNss live in galaxies with a median M, = 5.6 x 10'® M, and
SFR, =~ 240 Myyr~'. The majority of the high-z sources (~89%) were found inside or above the main sequence (MS) of star-forming
galaxies. Estimations of the normalised SFR, SFRnory, defined as the ratio of the SFR of AGNss, to the SFR of MS galaxies, show
that the SFR of AGNSs is enhanced by a factor of ~ 1.8 compared to non-AGN star-forming systems. Combining our results with
previous studies at lower redshifts, we confirmed that SFRyorm does not evolve with redshift. Using the specific black hole accretion
rate (i.e. Ly divided by M..), Apuar, Which can be used as a tracer of the Eddington ratio, we found that the majority of AGNs that lie
inside or above the MS have higher specific accretion rates compared to sources below the MS. Finally, we found indications that the
SFR of the most massive AGN host galaxies (log (M, /M) > 10''7'2) remains roughly constant as a function of M,, in agreement
with the SFR of MS star-forming galaxies.
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1. Introduction

The majority of massive galaxies, as well as a fraction of
lower mass galaxies in the local Universe, are host to a
supermassive black hole (SMBH, Magorrianetal. 1998;
Kormendy & Kennicutt 2004; Filippenko & Ho 2003; Barth et al.
2004; Greene & Ho 2004, 2007; Dong et al. 2007; Greene et al.
2008) at their centres. When extragalactic gas or gas originating
in the host galaxy accretes into the SMBH, a huge amount of
energy is released across the whole electromagnetic spectrum.
This is characteristic of active galactic nuclei (AGNs). Over the
last few decades, there has been accumulating evidence that
there is a connection between host galaxy evolution and black
hole growth. Indeed, using observational data, star formation
in galaxies presents a peak at “cosmic noon” (at redshifts
between z = 1-3) and decreases rapidly down to z = 0 in a

similar way to the black hole accretion rate (Dickinson et al.
2003; Hopkins et al. 2007; Delvecchio et al. 2014). Moreover,
there is a strong correlation between the black hole mass
and the host galaxy properties, such as the mass of the bulge
(Magorrian et al. 1998; McLure & Dunlop 2002) and the veloc-
ity dispersion (Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Kormendy & Ho 2013). However, the mechanisms lying behind
these relations are not well understood and the scenario around
AGN power and galaxy co-evolution is still under debate.

In particular, SMBHs are triggered by the accretion of
cold gas. This cold gas also sets off the star formation of
galaxies. Therefore, many studies support the idea that the
presence of an AGN suppresses star formation, either by deplet-
ing the available cold gas or through AGN feedback, that is,
via winds (Hopkins et al. 2016; Bieri et al. 2017) or relativis-
tic jets (Heckman & Best 2014). Nevertheless, AGN and star
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formation may co-exist during a galaxy evolution phase (e.g.
Koulouridis et al. 2006a; Koulouridis 2014). This implies that
either there is a common fuelling mechanism (e.g. galaxy merg-
ers; Hopkins et al. 2008; Bower et al. 2006; Koulouridis et al.
2006b, 2013) or that AGNs provides positive feedback to their
host, by, for instance, over-compressing cold gas through out-
flows (e.g. Zubovas et al. 2013).

Based on observations in the nearby and early Universe,
there is a conflict between different studies. In the low-redshift
regime, Shimizu etal. (2017) used ultra-hard X-ray-selected
AGNs from the Swift Burst Alert Telescope (BAT) at z < 0.05
and found that AGNs present enhanced star formation rate (SFR)
compared to a control galaxy (non-AGN) sample. Based on their
analysis, the SFR of AGNs shows a small dependence on AGN
luminosity with no evidence for an upturn at high luminosities.
Leslie et al. (2016) used SDSS sources at z < 0.1 and classi-
fied them based on their emission line ratios. They found that
AGN feedback suppresses the star formation of the host galaxy.
Caution has to be taken, however, when comparing results from
different studies, as AGNs constitute a diverse population and
different selection criteria select AGN with different properties
(e.g. Ly, Pouliasis et al. 2019, 2020). The analysis followed to
estimate galaxy properties (e.g. SFR) may also lead to systematic
biases (Mountrichas et al. 2021a). Furthermore, it should also be
taken into account that galaxy control samples that have differ-
ent properties (e.g. control sample with only star-forming galax-
ies versus a simple mass-matching control sample) may lead to
apparent different conclusions when comparing their SFRs with
that of AGN systems (Shimizu et al. 2017).

At higher redshifts, Santinietal. (2012) used X-ray
AGNs from three fields (GOODS-North, GOODS-South and
COSMOS) and compared their SFRs with that of a mass-
matched control sample of non-AGN galaxies, at 0.5 < z <
2.5. They found that AGNs have enhanced far infrared (FIR)
emission compared to non-AGN systems with similar mass.
Mahoro et al. (2017) studied a sample of FIR detected AGNs and
non-AGN systems at z ~ 0.8 in the COSMOS field and found a
positive AGN feedback. Florez et al. (2020) used X-ray-selected
AGNSs in Stripe 82 with Ly _jgkev > 0% erg s~ and compared
their SFRs with non-X-ray galaxies at 0.5 < z < 3. Based
on their analysis, AGNs present SFRs enhanced by 3-10 times
as compared to non-X-ray systems. Mountrichas et al. (2021a,
2022b,a) used X-ray AGNs in the Bootes, COSMOS, and
eFEDS fields, respectively, and compared their SFRs with that
from reference galaxy control samples. They found that at
Ly jokev < 10*ergs™' X-ray AGNs tend to have lower SFRs
than star-forming main sequence (MS, Brinchmann et al. 2004;
Noeske et al. 2007; Whitaker et al. 2012; Speagle et al. 2014;
Schreiber et al. 2015) galaxies, while at higher luminosities,
AGNs present enhanced SFRs — at least for systems within a
specific stellar mass, M., range (10.5 < log (M../My) < 11.5).

Since at high redshifts (z > 1), galaxy (non-AGN) samples
are limited in size, a number of studies that compared the SFR
of X-ray AGNs with that of non-AGN systems, used (for the lat-
ter) analytical expressions from the literature. Towards this end,
they estimated the normalised SFR, SFRNorMm, Which is defined
as the ratio of the SFR of an AGN over the SFR of a star-forming
MS galaxy with similar stellar mass and redshift as the AGN. For
the latter, the analytical Eq. (9) of Schreiber et al. (2015) is often
used. These studies found that SFRxorwM is independent of red-
shift (Mullaney et al. 2015), the SFRnorwM distribution of higher
Lx AGNs is narrower and shifted to higher values compared to
their lower Ly counterparts (Bernhard et al. 2019), the effect of
AGN on the SFR of the host galaxy depends on the location of
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the galaxy relative to the MS (Masoura et al. 2018), and there is a
strong correlation between the SFRyorm and the X-ray luminos-
ity, with lower Ly AGNss to lie below the MS and higher Ly AGN’s
residing in host galaxies above the MS (Masoura et al. 2021).

The aforementioned studies were focused on X-ray selected
AGN samples up to z < 3. In this work, we aim to exam-
ine the position of X-ray AGNs relative to the MS in the early
Universe (z > 3.5). To this end, we construct a sample of high-
z sources spanning a wide range of X-ray luminosities in the
bright end (Ls_1oxev > 10* ergs™). In particular, we use high-z
sources selected in three fields with different areas and depths
(CCLS, XMM-XXL, and eFEDS). We constructed the spec-
tral energy distributions (SEDs) of the sources to derive their
host galaxies properties, such as the M, and the SFR, using the
X-CIGALE SED fitting algorithm. Our goal is to study the
SFR of the most luminous X-ray AGNs that can be detected by
these surveys, at high redshifts, and compare them to the MS
star-forming galaxies. Since at such high redshifts, non-AGN
galaxies are scarce, we follow the approach of previous stud-
ies at lower redshifts (e.g. Bernhard et al. 2019; Masoura et al.
2021) and estimate the SFRyorm parameter using the analytical
expression from Schreiber et al. (2015).

The construction of the high-z sample is presented in Sect. 2.
In Sect. 3, we derive the host galaxy properties using SED fitting
and we consider the reliability of our sample. In Sect. 4, we dis-
cuss the derived properties of the host galaxies and we compare
them with the MS of star-forming galaxies. Then, we examine
the position of X-ray AGNs with respect to the MS. In Sect. 5,
we summarise the results. Throughout the paper, we assume a
ACDM cosmology with Hy = 70kms~! Mpc~!, Q,; = 0.3, and
QA = 07

2. Sample

In this section, we give a brief description of the high-redshift
samples used in this work and their available photometry. In this
work, we used X-ray catalogues with sources in the early Uni-
verse (z > 3.5). We constructed the sample using data from dif-
ferent fields of various areas and depths to compile a dataset with
the highest possible completeness with respect to the high end of
the luminosity and the redshift ranges. We used the X-ray high-z
sources selected in the CCLS, XMM-XXL, and eFEDS fields,
described in the following.

The Chandra COSMOS Legacy Survey (CCLS,
Civano et al. 2016) covers an area of 2.2deg? and includes
Chandra observations of about 4.6 Ms, reaching a depth of
2.2 x 107 erg cm™ s7! in the soft X-ray band (0.5-2keV).
Marchesi et al. (2016a) provided the optical and infrared iden-
tifications for the whole sample of 4016 X-ray sources in the
CCLS field and obtained the photometric redshifts using the
LePhare code (Arnouts et al. 1999; Ilbert et al. 2006). There are
53 sources with z > 3.5. 25 out of 53 (47%) that have available
spectroscopic redshifts.

In the XMM-XXL north field (Pierre etal. 2016, XXL
Paper I) which covers an area of about 25 deg? at a depth of
~ 6x 107 B erg cm™ s7! (at 30) in the soft band (0.5-2keV),
we used the high-z sample presented in Pouliasis et al. (2022).
The X-ray data used in the latter study rely on an internal
release obtained with the V4.2 XXL pipeline. This sample was
selected using the Hyper Suprime-Cam (HSC, Miyazaki et al.
2018) colour-colour diagrams and verified using the X-CIGALE
fitting algorithm for the redshift estimation. The initial catalogue
contains 91 high-z sources. Out of these, 28 have spectroscopic
redshifts, while 63 have photometric redshifts. In our analysis,
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Table 1. Number of the high-z sources used in our analysis before and after applying the quality criteria (QS, Sect. 3.2) and percentages of available

photometry in each wavelength window.

Before QC After QC
Field Total Spec-z NIR MIRS MIRL FIR Total Spec-z NIR MIRS MIRL FIR
number Percentage (%) number Percentage (%)
CCLS 53 47 64 77 77 77 28 50 79 100 100 100
XMM-XXL 54 52 91 78 50 37 39 44 95 82 49 39
eFEDS 42 57 45 100 79 26 22 82 73 100 73 41
Total 149 52 69 84 68 48 89 55 85 92 71 60

Notes. MIRS and MIRL stand for the shortest (3.4—4.6 um) and longest (22-24 um) MIR bands, respectively.

we only selected sources with secure redshift higher than 3.5.
Specifically, we used all the 28 sources with spectroscopic red-
shifts z > 3.5 and 26 out of 63 sources whose photometric
redshift probability density functions, PDF(z), peaks at a value
higher than 3.5. Therefore, our XXL sample consists of 54 high-
z sources and 52% of these have spectroscopic redshifts.

We used data obtained with the Extended ROentgen Survey
with an Imaging Telescope Array (eRosita, Predehl et al. 2021),
onboard the Spektrum-Roentgen-Gamma mission. Specifically,
we used the X-ray catalogue in the eROSITA Final Equatorial-
Depth survey (eFEDS, Brunner et al. 2022) field, which covers
an area of 140deg® with an average exposure time of ~2.2 ks
(~1.2 ks after correcting for telescope vignetting) that corre-
sponds to a limiting flux of Fp5_5 kv ~ 7 X 10715 erg s em™2,
Salvato et al. (2022) built a catalogue with the multi-wavelength
information of the X-ray sources and their redshift estimations.
We excluded sources with low reliability with respect to their pho-
tometric redshift measurement (CTP_REDSHIFT_GRADE < 3)
or sources whose the assignment of the counterpart is unreliable
(CTP_quality < 2). This resulted in 42 sources with z > 3.5. 24
out of 42 (~57%) sources have spectroscopic redshifts.

By combining the three fields, we obtained a total of
149 X-ray-selected AGNs with z > 3.5 and L_jokev >
10* ergs™". 77 out of 149 (~52%) have spectroscopic redshifts
(Table 1). The identification of the multi-wavelength counter-
parts of our high-z X-ray sources is described in Marchesi et al.
(20164a), Pouliasis et al. (2022), and Salvato et al. (2022), for the
COSMOS, XXL, and eFEDS fields, respectively. The photom-
etry is complemented using the publicly available catalogue of
the Herschel Extragalactic Legacy Project (HELP, Shirley et al.
2019, 2021). The HELP catalogue combines observations across
the entire electromagnetic spectrum over the Herschel Multi-
tiered Extragalactic Survey (HerMES, Oliver et al. 2012) and
the H-ATLAS survey (Eales et al. 2010) covering the ultraviolet
(UV) to FIR part of the spectrum. Using HELP enriches our sam-
ple with multi-wavelength data in addition to FIR information
obtained with the Photodetector Array Camera and Spectrograph
(PACS, Poglitsch et al. 2010) and the Spectral and Photometric
Imaging Receiver (SPIRE, Griffin et al. 2010). In Table 2, we list
the deepest surveys used in our analysis in the three fields. We
also provide the average limiting magnitudes (50~ in AB system)
in each filter.

We cross-matched our high-z samples with the HELP cat-
alogue using the optical coordinates of our X-ray sources and
a search radius of 1”. To assess the reliability of the cross-
matching method, we calculated the probability that a match is
associated to the true object instead of being a random projection
in the sky. Thus, we generated catalogues with random positions
from the three X-ray samples by shifting the original positions

between +1° along the right ascension. Then, we calculated the
false positive matches and, following the formula of reliability

defined as R = 1 — N7juches /N;‘;fgtic:;f, we ended up with an aver-

age reliability greater than 97% for the three samples. Out of the
149 high-z sources all are detected in the optical filters; 68.5% of
them have also available NIR photometry; 83.9% and 67.8% of
the sources are detected in the shortest and longest MIR bands,
respectively; while 48.3% have been detected in either PACS or
SPIRE (or both) observations. Table 1 summarises these num-
bers for the individual fields as well.

3. Data analysis

In this section, we describe the SED fitting analysis we followed
to derive the host galaxy properties of the X-ray AGNs in our
sample. Moreover, we describe the criteria we applied to select
only sources with robust measurements.

3.1. SED fitting and parameter estimation

We used the X-CIGALE code (Yang et al. 2020, 2022) to derive
the physical properties of the high-z sources and, specifically,
the M, and the SFR. X-CIGALE, is a new branch of the Code
Investigating GALaxy Emission (CIGALE, Boquien et al. 2019),
a multi-component SED fitting algorithm that fits the observa-
tional data of the sources to the theoretical models, and has
been widely used in the literature (e.g Pouliasis et al. 2020;
Padilla et al. 2021; Toba et al. 2021a,b, 2022; Yang et al. 2021).
X-CIGALE offers new capabilities, such as the inclusion of
the X-ray absorption-corrected flux, fy, in the fitting process
and accounts for extinction of the UV and optical emission in
the poles of AGNs (Yang et al. 2018; Mountrichas et al. 2021c;
Buat et al. 2021; Toba et al. 2021a). In Appendix A, we present
how we obtained the intrinsic fx for each target field. We used
all the available photometry to construct the SEDs, from X-rays
up to FIR, and we created a grid that models both the galaxy
and the AGN emission. In particular, we used the stellar pop-
ulation synthesis model of Bruzual & Charlot (2003) assuming
the initial mass function (IMF) by Chabrier (2003) and con-
stant solar metallicity (Z=0.02). We used the dust emission
templates by Dale et al. (2014) without AGN emission and the
dust extinction law by Charlot & Fall (2000). Furthermore, we
adopted the AGN templates presented in Stalevski et al. (2012,
2016, SKIRTOR) that are based on a realistic two-phase clumpy
torus model, while for the star formation history (SFH), we used
a delayed SFH with the functional form SFR oc ¢ X exp(—t/7)
that includes a star formation burst no longer than 7 = 20 Myr.
The full list of the models and their parameters used in our
analysis are given in Table 3. With this configuration, we were
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Table 2. Summary of the photometry available in each field and their corresponding average limiting magnitudes.

Survey Depth (50 AB)

Filters CCLS XMM-XXL eFEDS References
GALEX:FUVNUV ~26,~25.5 ~22.7 19.9, 20.8 1,19,20
HSC:g,r,i,z,y 27.3,26.9,26.7,26.3,25.3  26.6,26.2,26.2,25.3,24.5 26.6,26.2,26.2,25.3,24.5 2
KiDS: u,g,r,i - - 24.2,25.1,25.0,23.7 3
LS8:¢g,r1,2 - - 24.0,23.4,22.5 4
CFHTLS: u,g,r,i,z 26.3,26.0,25.6,25.4,25.0  26.3,26.0,25.6,25.4,25.0 - 5
CFHT/WIRDS: J,H, K 23.4,24,24 — - 21
VISTA/UltraVISTA: Y, J,H, K s 25,24,24,24 — - 22
VISTA/VHS: J, K s - 21.1,19.9 21.1,19.9 9
VISTA/VIKING: z, J,H,K s - 23.1,22.3,22.1,21.5,21.2 23.1,22.3,22.1,21.5,21.2 10,11
VISTA/VIDEO: Y,J,H,Ks - 24.5,24.4,24.1,23.8 - 12
UKIDSS/LAS: Y, J,H, K 20.8,20.5,20.2,20.1 - - 6
UKIDSS/UDS: J,H, K - 24.9,24.7,24.9 - 6,7
UKIDSS/DXS: J,K - ~22.6,~22.1 - 6,8
VIPERS/MLS: Ks - ~22 - 13
Spitzer/IRAC: 1,2,3,4 24.0,23.3,21.3,21.0 22.1,21.5,19.65,19.5 - 14,15
WISE: 1,2,3,4 - 19.2,18.8,16.4,14.5 21.0,20.1,16.7,14.5 16,17
Spitzer/MIPS: 1 19.3 21.4 - 15,18
Herschel/PACS: 1,2 14.7,13.9 13.65,13.3 13.4,12.7 15,18
Herschel/SPIRE: 1,2,3 14.1,13.8,13.4 14.9,14.9,14.9 14.9,14.9,14.5 15,18

Notes. The depths are referred to the 5o limiting magnitude in AB system.

References. (1) Bianchi et al. (2014); (2) Aiharaetal. (2019); (3) Kuijken et al. (2019); (4) Dey et al. (2019); (5) Hudelot et al. (2012);
(6) Lawrence et al. (2007); (7) Almaini et al. (2007); (8) Swinbank (2013); (9) McMahon et al. (2013); (10) Edge et al. (2013); (11) Kuijken et al.
(2019); (12) Jarvisetal. (2013); (13) Moutard et al. (2016); (14) Vaccari (2015); (15) Laigle et al. (2016); (16) Meisner et al. (2019);
(17) Cutrietal. (2012); (18) Shirley etal. (2021); (19) Zamojskietal. (2007); (20) Capaketal. (2007); (21) Bielbyetal. (2012);

(22) McCracken et al. (2012).

able to fit the observational data with more than 300 million
models. In Fig. 1, we show three SED examples representative
of the objects of our samples used in this work.

3.2. Quality selection criteria

It is important for our analysis to have reliable measurements
of both the global M, and the SFR of the AGN host galax-
ies. For that purpose, first we required our sources to have low
reduced x? (y?) that is indicative of the goodness of the SED fit-
ting process. Therefore, we excluded sources that have x? > 5
(e.g. Masoura et al. 2018; Mountrichas et al. 2019; Buat et al.
2021). Furthermore, we applied quality criteria to the M, and
SFR estimated parameters. X-CIGALE calculates for each of
the parameters the best values and the Bayesian estimations
with the corresponding uncertainties. The best values refer to
the best-fit model, while the Bayesian takes into account the
weights of all models. These weights are based on the like-
lihood with exp(—x?/2) for each model (Boquien et al. 2019).
High discrepancies may indicate unreliable parameter estima-
tions. Following the recent studies of Mountrichas et al. (2021b),
Buat et al. (2021), Koutoulidis et al. (2022), we have included in
our analysis only sources that satisfy the following two criteria:
1/5 < M*,best/M*,bayes < 5and 1/5 < SFRbest/SFRbayes < 5’
where M, pese and SFRyy refer to the best-fit values and the
M., payes and SFRp,yes to the Bayesian estimations. In the follow-
ing, the Bayesian values of the properties are used unless other-
wise specified.

After applying the quality selection criteria, we ended up
with 89 high-z sources with secure host galaxy properties (28,
39, and 22 in CCLS, XMM-XXL, and eFEDS, respectively).
Regarding the sources that did not fulfill the above criteria,
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~33% was not included in our analysis because of the M, and
SFER criteria, while the remaining sources were excluded due to
their high x? values. The median number of bands per source for
our final sample is 11, 11, and 15 for the eFEDS, XMM-XXL,
and CCLS samples, respectively. In Fig. 2, we show the cumu-
lative distribution of the number of sources as a function of the
number of bands. All X-ray AGNs used in our analysis have opti-
cal photometry; 71 out of 89 sources have detections in the opti-
cal, near-infrared (NIR) and mid-infrared (MIR) bands; 75 out
of 89 have NIR; and 82 out of 89 have MIR photometric bands.
There are no sources without both NIR and MIR photometry;
53 AGNs were detected by Herschel. Table 1 lists the number
of high-z sources after applying the quality criteria. Comparing
the photometric coverage to the initial sample, X-CIGALE, and
the quality selection criteria are able to reject sources that lack
specific photometric bands.

Finally, among the 89 sources, there are 55% (49 sources)
with spectroscopic redshifts. In Fig. 3, we plot the X-ray rest-
frame, intrinsic luminosity (as defined through the X-ray anal-
ysis and discussed in Appendix A) versus redshift for our final
high-z sample in the three fields. The median values of Ly in
each sample are given in Table 4. The X-ray sources in eFEDS
present on average the highest Ly among the three fields. How-
ever, there are two XMM-XXL sources with very high luminosi-
ties. These two sources have photometric redshift estimations
and are considered as highly obscured AGNs (Ny > 23) accord-
ing to the X-ray spectral analysis. Furthermore, there are a few
XMM-XXL data points having lower Ly than the CCLS sources.
These sources lie in the XMM-Spitzer Extragalactic Representa-
tive Volume Survey (XMM-SERVS) that has an area of 5.3 deg?
and exposure time of ~46 ks (Chen et al. 2018). Thus, their faint
luminosities may be explained by the wide range of sensitivity in
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Table 3. Models and their parameter space used by X-CIGALE for the SED fitting of the high-z sources.

Parameter

Value

Star formation history: delayed SFH with optional exponential burst)

Age of the main stellar population in Myr

e-folding time of the main stellar population model in Myr, Tmain

Age of the late burst in Myr, agey, .
Mass fraction of the late burst population, fiyrs

500, 1000, 1500, 2000, 3000, 4000, 5000
200, 500, 700, 1000, 2000, 3000, 4000, 5000
20
0.0, 0.005, 0.01, 0.015,

0.02, 0.05, 0.10, 0.15, 0.18, 0.20

e-folding time of the late starburst population model in Myr, Thyrs 50.0
Stellar population synthesis model
Single Stellar Population Library Bruzual & Charlot (2003)
Initial Mass Function Chabrier (2003)
Metallicity 0.02 (Solar)
Nebular emission
Ionization parameter (log U) -2.0
Fraction of Lyman continuum escaping the galaxy (fesc) 0.0
Fraction of Lyman continuum absorbed by dust (fus;) 0.0
Line width (FWHM) in kms™! 300.0

Dust attenuation: modified attenuation law Charlot & Fall (2000)

V-band attenuation in the interstellar medium, Avigm

0.8,09,1,1.5,2,25,3,35,4
Dust template: Dale et al. (2014)
AGN fraction 0.0
Alpha slope, a 2.0
AGN models from Stalevski et al. (2016; SKIRTOR)
Average edge-on optical depth at 9.7 micron (t) 3.0,7.0
Power-law exponent that sets radial gradient of dust density (pl) 1.0
Index that sets dust density gradient with polar angle (q) 1.0
Angle measured between the equatorial plane and edge of the torus (oa) 40
Ratio of outer to inner radius, Roy/Rin 20
Fraction of total dust mass inside clumps (M) 97%
Inclination angle (7) 30, 70
AGN fraction 0.0,0.1,0.2,0.3,0.4,0.5,0.6,0.7, 0.8, 0.9, 0.99
Extinction in polar direction, E(B — V) 0.0,0.2,0.4
Emissivity of the polar dust 1.6
Temperature of the polar dust (K) 100.0
The extinction law of polar dust SMC

X-ray module

Photon index (I') of the AGN intrinsic X-ray spectrum
Maximum deviation of a,,, max_dev_a,,

LMXB photon index

HMXB photon index

1.8 (CCLS), 2.0 (XXL & eFEDS)
0.2
1.56
2.0

Notes. Edge-on, type-2 AGNs have an inclination i = 70 degrees and are face-on, while type-1 AGNs have i = 30°. The extinction in polar
direction, E(B — V), included in the AGN module, accounts for the possible extinction in type-1 AGNs, due to polar dust. The AGN fraction is

measured as the AGN emission relative to IR luminosity (1-1000 wm).

the XMM-XXL field due to these new observations performed
after 2012. This can also be shown in Fig. 8 of Pouliasis et al.
(2022) where the positions of the high-z sources in XMM-XXL
field in the [X-ray flux, optical magnitude] plane cover the area
of sources detected in CCLS.

3.3. Reliability of the parameter estimations

To examine the reliability of the physical parameters estimated
with the SED fitting, we performed a mock analysis, which
is implemented in X-CIGALE. This method was suggested by
Giovannoli et al. (2011) and has been used widely in the litera-
ture (Ciesla et al. 2015; Boquien et al. 2019; Mountrichas et al.
2021b; Toba et al. 2019, 2020). To create the mock catalogue,

X-CIGALE uses the best-fit model for each of the sources and
its corresponding physical properties and integrates it over the
bands available in the observed data set. Then, adding a Gaussian
noise to the fluxes (with o coming from the initial uncertainty of
the observed fluxes) it creates the mock catalogue. In Fig. 4, we
show the one-to-one relation of the estimated and true values of
the parameters used in this work (SFR, M..). We used the linear
Pearson correlation coefficient, p, to test how well X-CIGALE
is able to provide unbiased parameters using the specific sam-
ple. The estimates of the M, and SFR are well constrained with
p = 0.893 + 0.05 and p = 0.823 + 0.07, respectively. The
uncertainties were calculated using a bootstrap method. Further-
more, we used the bivariate correlated errors and intrinsic scatter
(BCES, Akritas & Bershady 1996; Nemmen et al. 2012) linear
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Fig. 1. Examples of SEDs in the three fields CCLS, XMM-XXL and
eFEDS (from top to bottom). The dust emission is plotted in red, the
AGN component in green, the attenuated (unattenuated) stellar com-
ponent is shown with the yellow (blue) solid (dashed) line, while the
orange lines shows the nebular emission. The total flux is represented
with black colour. Below each SED, we plot the relative residual fluxes
versus the wavelength.

regression method to obtain the relation between the param-
eters. The BCES method takes into account the uncertainties
of each variable and allows for intrinsic scatter. We obtained
best-fit models y = 0.69 + 0.05 X x + 3.38 = 0.57 and y =
0.60+0.05x x+1.01+£0.13 for M, and SFR, respectively. In the
same figure, we show the difference between true and estimated
values for each case (lower panel). The mean value of the differ-
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Fig. 2. Cumulative number of sources versus the number of bands that a
source has been detected. Different histograms represent the three target
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Fig. 3. X-ray sabsorption-corrected, rest-frame luminosity versus red-
shift for the X-ray sources detected in our three fields as indicated in
the legend. The filled (empty) points correspond to sources with spec-
troscopic (photometric) redshift estimations. The smaller gray points
represent those sources that were rejected after applying the quality
selection criteria.

ence in logarithmic scale is 0.03 dex for M, and —0.02 dex for
SFR with standard deviations of 0.25 and 0.30 dex, respectively.
The above statistical analysis shows that the estimated M, and
SFR values are reliable without any significant systematic bias.
Another concern regarding the reliability of the derived prop-
erties is whether the SED fitting method is able to constrain M,
for type 1 AGNSs. This arises from the fact that in type 1 AGNs
the optical to NIR part of the spectrum may be dominated by the
AGN component and hence the host galaxy properties might be
affected. To examine this, we explored whether there are any sys-
tematic differences in M, estimations between type 1 and type
2 AGNs. To this end, we used the results from the mock cat-
alogues and compared the Pearson correlation factors derived
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Table 4. Properties of the high-z samples used in our analysis.

Field L2_10 keV M., SFR SFRNORM /lSBHAR Above MS Inside MS Below MS
loglergs™] (10" Mo) (Mo yr™") log o Agdd (%) (%) (%)
CCLS 4432+0.05 5710 203+31 0.07+0.13 -0.87+0.06 32.15 42.85 25.0
XMM-XXL 44.77+0.05 42+12 235+79 0.19+£0.01 -0.20+0.10 35.89 61.54 2.56
eFEDS 4520+0.09 7.7+25 552+91 033+0.06 0.10+£0.20 63.63 27.27 9.09
Total 4475+0.13 56+08 236+32 020+0.02 -047=+0.16 41.57 47.19 11.23

Notes. The median values of the properties in each sample are presented. The last three columns present the percentages of the high-z X-ray AGNs
that are located inside, above and below the main sequence of the star-forming galaxies.
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Fig. 4. Reliability of the host galaxy properties estimations using the X-CIGALE mock catalogues. Upper panels: estimated parameters, M.,
(left) and SFR (right) based on the mock catalogues compared to the true values provided by the best-fit model for the three fields used in our
analysis as indicated. The dashed line represent the 1-to-1 relation to assist the plot interpretation, while in each plot we give the linear Pearson
correlation coefficient (p) of the combined sample. The shaded regions correspond to 1o~ and 20 confidence bands of the linear regression obtained
with BCES. Lower panels: corresponding distributions of the difference between estimated and true values. We provide the mean and standard

deviation in each case as well.

separately for the type 1 and 2 AGN samples. In Fig. 5, we
plot the estimated M. versus the true values for the two sam-
ples. The best linear-fit functions for type 1 and type 2 AGNs are
y = 0.68+£0.08%xx+3.56+0.85 and y = 0.70+0.07xx+3.07+0.85,
respectively. In both cases, we found very strong correlations
between the parameters (pype1 = 0.917 and piyper = 0.904). This
means that X-CIGALE has the ability to derive secure M, esti-
mations even when the AGN emission dominates that of the host
galaxy, as in type 1 AGNs. However, we note that these results
have been derived using a minimum of seven bands (Fig. 2) in
the SED fitting and may are not valid when lower number of

bands are used. To classify the high-z sources into type 1 and
type 2 AGNs according to the SED fitting, we used the Bayesian
and the best-fit model values of the inclination angle as described
in Mountrichas et al. (2021c). Secure type 1 sources are classi-
fied if igesy = 30° and igayes < 40° and secure type 2 if igesy = 70°
and ipayes > 60°. Then, 81 out of the 89 (91%) high-z sources
have secure type classification from X-CIGALE; out of these,
36 and 45 sources were classified as type 1 and type 2, respec-
tively.

Moreover, in our analysis we used a constant metallicity
(solar) for all of our sources. This prevents time-consuming
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Fig. 5. Estimated M. based on the mock catalogue compared to the true
values provided by the best-fit model for type 1 (red) and type 2 (blue)
AGNSs. The dashed line represent the 1-to-1 relation. The Pearson corre-
lation factors for the two samples are pype; = 0.917 and pyype; = 0.904,
respectively. The shaded regions correspond to 10~ and 20 confidence
bands of the linear regression obtained with BCES for the two samples.

calculations, but also it does not affect significantly the shape
of the SEDs compared to the observed ones and the derived
properties (Yuan et al. 2018; Hunt et al. 2019). However, since
the metallicity evolves with redshift and maybe affect the AGN
host galaxy properties estimations, we re-run X-CIGALE using
a lower metallicity (Z = 0.008) value than the solar one. By
comparing the results of the two runs, we found no significant
differences. In particular, the X% of the sources are similar in the
two runs, whereas when we compare the M, and SFR estima-
tions in the two runs, we find a strong correlation between them
(o = 0.945 and p = 0.920, respectively).

Finally, the reliability of the physical parameters estimates is
sensitive to the photometric bands used to construct and fit the
SEDs. Also, M. is calculated based on the optical and NIR pho-
tometry, while the FIR as well as with the optical photometry
is used by X-CIGALE to estimate the SFR parameter. Regard-
ing the high-z sources, the shortest MIR bands cover the rest-
frame NIR wavelengths assisting this way to constrain the M,
parameter. Moreover, the longest MIR bands are required by
X-CIGALE to constrain the AGN component at these redshifts.
In Appendix B, we examined whether the absence of some pho-
tometric bands affects the reliability of our SFR and M., calcula-
tions or the AGN physical properties. Based on the results, our
measurements can be considered remarkably robust.

4. Results
4.1. Host galaxy properties

In this section, we present the derived properties of the high-z
samples obtained using the SED fitting procedure and parame-
ter space described in Sect. 3.3. In particular, for each field we
calculated the median SFR and stellar mass, while we estimated
the errors using a bootstrap resampling method (Loh 2008). The
results are shown in Table 4. Figure 6 shows the M, and SFR
distributions of the high-z sources that met our criteria applied in
Sect. 3.2 (well-fitted SED and secure estimated physical proper-
ties). In particular, we show the distributions of the total number
of high-z sources (89) and the individual samples for each field
(22, 39, and 28 objects in eFEDS, XMM-XXL, and CCLS fields,
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Fig. 6. Distributions of M, (upper panel) and SFR (lower panel) for
the high-z samples as indicated in the legend given in logarithmic scale.
The dashed vertical lines correspond to the median values of the total
sample.

respectively). The median values of the stellar mass for the three
samples are med(M, cosmos) = 5.7 x 10'° My, med(M. xxr) =
4.2x10'° M, and med(M. creps) = 7.7 x 10'° M, (Table 4). The
AGNSs from the eFEDS sample reside in slightly more massive
galaxies. This might be expected, since eFEDS has an area of
~140 deg” (Brunner et al. 2022) and thus it is possible to retrieve
more luminous and massive galaxies. To evaluate whether the
three samples may indeed come from the same parent distri-
bution, we performed a two-side Kolmogorov—Smirnov (K-S)
test. The p-values are 0.78, 0.43 and 0.35 for the [XMM-XXL,
CCLS], [XMM-XXL, eFEDS] and [eFEDS, CCLS], respec-
tively, indicating that all distributions are similar. Combining
the sources from the three fields, the estimated median is then
M, 1o = 5.6 x 10'° M. This value is consistent with that found
in Zou et al. (2019) at z > 2 using X-ray AGNs in the COSMOS
field (see their Fig. 6).

The lower panel of Fig. 6 presents the SFR distribution.
This plot suggests moderate to high star-forming activity. In the
XMM-XXL and CCLS fields, the median SFR is ~224 M yr".
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As for AGNs in eFEDS, these appear to have slightly higher
SFR, namely, med(SFR. ¢reps) = 552 Mg yr’l. Performing the
K-S test between the three samples, only the difference between
CCLS and eFEDS distributions shows any statistical signifi-
cance (p-value =0.0028). The median SFR in all three fields is
SFR, total = 236 M yr‘l. Florez et al. (2020) used X-ray AGNs
from Stripe 82X (LaMassa et al. 2013, 2016). For their high-
est redshift bin (z = 2-3), they found SFR = 479 Mg yr!,
which is in good agreement with our calculations. Our results
are also in broad agreement with Zou et al. (2019) that found
SFR ~ 100 My yr~! for sources at 7 > 2 (see their Fig. 9). We
note, however, that a comparison of the (host) galaxy’s property
measurements among different studies should be taken with cau-
tion since different systematic effects are introduced due to the
different methodologies applied in various works for their esti-
mation. Even in those cases where the same analysis has been
applied (e.g. SED fitting), the usage of different templates and
parametric grid may introduce different systematic effects. This
is discussed in greater detail in Sect. 4.3.

4.2. Comparing the SFR of AGNs with that of MS
star-forming galaxies

Star-forming galaxies show a tight correlation between their
M, and SFRs, known as the MS of star-forming galaxies
(e.g. Brinchmann et al. 2004; Noeske et al. 2007; Whitaker et al.
2012; Speagle et al. 2014; Schreiber et al. 2015). This relation
is valid through a wide redshift range and holds up to z ~ 4
(Schreiber et al. 2016). We used the derived properties of our
high-z sample to examine the location of the X-ray AGNs
with respect to the MS. In Fig. 7, we plot our sources in the
SFR-M, plane using the estimated SFR and M, values for our
three samples. We compared their position relative to the MS,
using for the latter the analytical expression of Equation 9 of
Schreiber et al. (2015) (dashed line). For this calculation, we
used the median redshift of our sample (zmeq = 3.7). Further-
more, since Schreiber et al. (2015) assumed a Salpeter (1955)
IMF to derive this relation, while we adopted a Chabrier (2003)
IMF, the M, and SFR values have been re-scaled by applying a
factor 1.63 and 1.59, respectively (Madau & Dickinson 2014).

The sources that have SFRs within 0.3dex from the
Schreiber et al. (2015) SFR (dotted lines) were assumed to
lie within the MS, similarly to the criteria used in previous
studies (e.g. Shimizu et al. 2015; Koutoulidis et al. 2022). In
Schreiber et al. (2015), the SFR dispersion remains constant
with redshift (z = 0 — 4) at 0.3 dex, with the exception at the
very low redshifts where there is an increase by ~0.4 dex. More-
over, Matthee & Schaye (2019), using the EAGLE cosmological
hydrodynamic simulations, found the SFR scatter to decrease
from z = O up to z = 5 by 0.05dex. At similar redshifts and
stellar masses to our study, they found a maximum dispersion of
0.25 dex. Finally, Pearson et al. (2018) using deep Herschel data
to derive the SFRs, found that the SFR dispersion decreases with
redshift with a maximum of 0.15 dex at z > 3.8. Hence, the SFR
dispersion value adopted in our analysis is appropriate without
overestimating the number of sources lying below or above the
MS.

Considering only the nominal values, our results revealed
a large fraction of objects with enhanced star-forming activity
compared to MS. Specifically, 41.6% of the high-z AGNs lie
above, 47.2% inside, and 11.2% below the MS. Table 4 presents
the percentages for the three fields individually. Circosta et al.
(2021), as part of the SINFONI survey for Unveiling the Physics
and Effect of Radiative feedback (SUPER, Circosta et al. 2018),
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Fig. 7. SFR as a function of M,. The different colours and shapes
represent the samples used in our analysis as indicated in the legend.
The dashed line represents the main sequence of star-forming galaxies
obtained by Schreiber et al. (2015) with median redshift value z = 3.7.
The dotted lines correspond to the uncertainties defined as +0.3 dex.
The filled (empty) points correspond to sources with spectroscopic
(photometric) redshift estimations.

used 27 X-ray AGNs with spectroscopic redshift 2.0 <
z < 2.5 from the COSMOS and XMM-XXL fields and esti-
mated their host galaxy properties, by applying the SED fit-
ting tool CIGALE. According to the results presented in their
Fig. 1, 47.6% of their AGNs lie above the MS (defined by
Schreiber et al. 2015), 42.8% are inside the MS and only 9.5%
are below the MS. Furthermore, Vito et al. (2014) using AGNs
in the GOODS and COSMOS fields at z < 1 also found that
they are mostly hosted by star-forming galaxies. The results of
the aforementioned studies are in very good agreement with our
findings.

A popular way to quantify the position of a source com-
pared to MS consists in calculating the normalised SFR,
SFRnorwm (€.g. Mullaney et al. 2015; Masoura et al. 2018, 2021;
Bernhard et al. 2019). SFRyorw is the ratio of the SFR of AGNs
divided by the SFR of a MS galaxy with similar M, and redshift
as the AGNs. For the latter, we used the analytical expression
of Schreiber et al. (2015). In Fig. 8, we show the distribution of
SFRnorwm for the three samples (as indicated in the legend),as
well as the total distribution of the ensemble of sources (black
histogram).

Our results show that there is a large fraction of high-z AGNs
(~40%) that have enhanced SFRs as compared to MS galax-
ies. Taking into account the errors on our SFR measurements
(Fig. 7), the picture that emerges is that the vast majority of
the AGNs in our sample have SFR that is consistent or higher
than that of MS star-forming galaxies. In particular, the SFRs
of AGNs is increased by a factor of ~1.8 (mean log SFRorm ~
0.25) compared to star-forming galaxies. We note that recent
studies (Mountrichas et al. 2021a) have pointed out the caveats
of comparing the SFR of X-ray AGNs with that from MS galax-
ies, using for the latter analytical expressions from the litera-
ture (e.g. Schreiber et al. 2015). These systematics are due to

AS56, page 9 of 19



A&A 667, A56 (2022)

eFEDS ;
251 21 XMM-XXL ;
CCLS §
20! =1 Total i
- § §
815 ’
£ i !
=} \ |
Z I
10 § f
5 i s
| 4 /)/7“
G 92920.9.0.9,
0 A/ SN /E VAYAS I
-1.0 -0.5 0.0 0.5 1.0
|OgSFRNORM

Fig. 8. Distributions of SFRyorym for our three samples (as indicated
in the legend) and also for the total population (black histogram). The
mean and median values of the latter are log(SFRyorm) = 0.17 and
log(SFRnorm) = 0.20, respectively. The units are given in logarithmic
scale. The vertical dashed lines indicate the limits considered in our
analysis for the main sequence of star-forming galaxies (+0.3 dex).

the different definitions of the MS, the different selection cri-
teria applied on AGN and non-AGN samples to select sources
and the different methods used to estimate host galaxy proper-
ties (see Fig. 6 in Mountrichas et al. 2021a). Even in those cases
that the same approach has been followed to calculate the prop-
erties of the sources (e.g. SED fitting) the utilization of different
templates and a different parameter space may affect the mea-
surements (also see the next section).

We furthermore noticed that X-ray AGNs in the eFEDS
field present the highest fraction of sources above the MS,
among the three fields. This is also confirmed by their SFRyorMm
distribution. eFEDS sources have the highest X-ray luminosi-
ties compared to these in COSMOS and XMM-XXL (Fig. 3).
Specifically, the median Ly of AGNs in eFEDS is Ly_jg kev =
1092 erg s™! compared to Ly jorey = 1077 ergs™! and
L1 kev = 10¥3* erg s7! of the sources in the XMM-XXL and
COSMOS fields, respectively.

4.3. Role of X-ray luminosity in the position of the AGNs
relative to MS

To examine the positions of our X-ray AGNs relative to the
MS as functions of the AGN power, we studied the evolution
of SFRNorm compared to X-ray luminosity. In our analysis, we
used the rest-frame intrinsic (i.e. corrected for absorption, as
discussed in Appendix A) 2-10keV luminosities (Fig. 9). We
divided our sample into three Ly bins of equal size (~30 sources
per bin). For each bin, we estimated the median SFRyogrMm and
Lr_10 wev Vvalues. The uncertainties in each bin were calculated
using a bootstrap resampling method. Our results show that the
SFRNorMm is enhanced by 50% within ~1 dex in Ly spanned by
our sample. Although this increase is not statistically signifi-
cant (<10), the SFRNorMm Values are consistently above the MS
(dashed line), which shows that luminous AGNs have enhanced
SFR compared to star-forming MS galaxies. In Appendix C, we
examined whether the quality criteria applied (Sect. 3.2) to our
sample could have an impact on these results. Moreover, we
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Fig. 9. SFRnorMm as a function of the rest-frame absorption-corrected
X-ray luminosity. Our results are divided into three bins (blue circles)
of equal size with uncertainties calculated with bootstrapping. We com-
pare our results with X-ray-selected samples with a variety of luminos-
ity and redshift ranges.

tested the case of using only sources with spectroscopic red-
shifts. These examinations show that our results are robust.

For comparison, we over-plotted the data points from previ-
ous studies that examined the SFRyorM — Ly relation, at lower
redshifts. We restricted the comparison to those studies that sat-
isfy the following criteria: SFRNorm has been calculated using
the formula of Schreiber et al. (2015) and host galaxy properties
(SFR, M.) have been measured by applying SED fitting using a
similar grid to that used in our study. For all the above cases, the
X-CIGALE algorithm has been applied and the same parametric
space has been used for the SED fitting, for a fair comparison of
the derived properties.

Koutoulidis et al. (2022) used X-ray AGNs from the ROSAT-
2RXS survey (Comparat et al. 2020) in the nearby Universe (z <
0.2) and calculated the SFRyorm parameter for these sources,
utilizing the analytical expression of Schreiber et al. (2015).
Mountrichas et al. (2021a) used X-ray AGNs in the Bootes field
within 0.5 < z < 2.0 and studied the SFR of X-ray AGNs with
that of non-AGN systems, by constructing a reference galaxy
catalogue. In Fig. 9, however, we used the values they pre-
sented in their Fig. 9, for which they calculated SFRnorwM using
the Schreiber et al. formula. Masoura et al. (2021) used X-ray
AGNSs in the XMM-XXL-North field in the redshift range of
0.3 < z < 3.5. In their paper, they calculated SFR and M, for
their X-ray sample using CIGALE. However, their grid is sig-
nificantly different to that used in our study, since different tem-
plates and parameter space have been utilised. To allow for a
fair comparison, we used their X-ray sample and their photom-
etry for the sources and re-ran CIGALE using our grid. We also
applied the quality selection criteria described in Sect. 3.2.

In the same Ly range, the SFRNorMm Values calculated for our
X-ray sources are in remarkably good agreement with those from
previous studies at lower redshifts. Although the data points
from the Bootes sample appears slightly lower, they are sta-
tistically consistent (within 1o7) with our measurements. This



E. Pouliasis et al.: The link between AGN activity and star formation in the Early Universe

0.04
0.02
x
-
: ! %F f + ...................
- e H ................
cZz) 0.00 Cmalg Tl e {CI
L
0
(@]
o
—0.02
------ BCES orthogonal
® This work
X Mountrichas+21
-0.04 @ Masoura+21
0 Koutoulidis+21
0 1 3 : : |

Fig. 10. SFRyorym over Ly (in logarithmic scale) as a function of red-
shift. Our results are divided into three bins (blue circles) of equal size
with uncertainties calculated with the bootstrap resampling method. We
also plot the data points from X-ray-selected samples with a variety of
luminosity and redshift ranges as shown in the legend. The dotted line
shows the best linear-fit function: y = 0.0018 + 0.0005 x x — 0.0002 +
0.0013.

indicates that SFRyorm may not evolve with redshift, which
confirms the findings of previous studies (e.g. Mullaney et al.
2015; Mountrichas et al. 2021a) and extends it up to the higher
redshifts spanned by our sample. To verify this, we plot the
SFRyorMm Over Ly versus redshift (Fig. 10) for our sample along
with the aforementioned studies. The Pearson correlation factor
between the parameters is p = 0.46 + 0.12, suggesting a very
weak correlation. The linear fit to the data (using BCES) also
supports this low correlation (y = 0.0018 £0.0005 x x — 0.0002 +
0.0013).

We also noticed a difference in the SFRyorM values we cal-
culated using the X-ray sources and the photometry available in
the Masoura et al. (2021) study using our SED fitting grid com-
pared to the SFRnorMm values presented in the left panel of their
Fig. 10. The trends and overall conclusions are the same, namely,
SFRnorM increases with Ly, low Ly sources lie below the MS,
while high Ly sources are above the MS. However, the SFRyorMm
values estimated in Masoura et al. (2021) are higher by a factor
of ~1.5 on average. This highlights the importance of taking into
consideration the different methods or grids that are applied in
different works to estimate the host galaxy properties when we
compare results from different studies.

Our results corroborate and extend (to a higher redshift) the
results from previous studies, that at high Ly (Lr—10 xev > 10,
the SFR of X-ray AGN is enhanced compared to that of star-
forming galaxies. This could imply that high luminosity AGN
are fuelled by different physical mechanisms than their lower
Ly counterparts. For example, galaxy mergers may supply the
SMBH with large amounts of cold gas to activate it and at the
same time, set off the star formation of the host galaxy. Alterna-
tively, it could be the feedback from the AGN itself that triggers
the star formation by, for instance, over-compressing the cold
gas of gas-rich systems, via AGN outflows (e.g. Zubovas et al.
2013).

4.4. Eddington ratio and position of the AGN relative to the
MS

Previous studies have found that the M, of the (host) galaxy
affects how the AGN activity and galaxy properties are con-
nected (e.g. Georgakakis et al. 2017; Aird et al. 2018; Yang et al.
2018; Torbaniuk et al. 2021). Mountrichas et al. (2021a, 2022b)
used data in the Bodtes and COSMOS fields and split their
sources into luminosity and M, bins. They found that the SFRs
of AGNs are enhanced compared to those of non-AGN sys-
tems at Ly_o v > 10**2erg s™! for systems that have 10.5 <
log (M./My) < 11.5. However, this may not be true for more
massive systems.

The size of our X-ray sample did not allow us to split our
measurements in luminosity and M, bins. To account for the stel-
lar mass of our sources, we calculated the specific black hole
accretion rate, Asggpar (e.g. Georgakakis et al. 2017). Aspgar
is defined as the rate of accretion onto the SMBH relative
to the M. of the galaxy. Under the assumption that the BH
mass is proportional to M., Agguar can provide a rough mea-
sure of the Eddington ratio (Allevato et al. 2019). Following,
for instance, Bongiorno et al. (2012, 2016), Georgakakis et al.
(2017), Aird et al. (2018, 2019), Allevato et al. (2019) this can
be written as:

kpol(Lx) X Ly
1.3 x 108 ergs~! X A(M,) X Z—

ey

AEdd < ABHAR =

where kg, is the bolometric correction factor (Lgoi/Ly), Ly is the
X-ray luminosity in the [2-10keV] band, and A is a factor relat-
ing the black hole mass with the stellar mass of the host galaxy
in units of M. Instead of using constant values of kg, and A
(Elvis et al. 1994; Aird et al. 2018), we calculated the kg, val-
ues that are dependent on the X-ray luminosities (Lusso et al.
2012; Duras et al. 2020) using the functional form defined in
Eq. (1) of Duras et al. (2020) and adopting the coefficients a, b,
and ¢ from their Table 1. Regarding the black-hole to stellar mass
ratio A, we used Eq. (11) of Kormendy & Ho (2013), which takes
into account the stellar-mass dependence. Figure 11 presents
the Asggar distribution of our high-z sample. The median value
for the whole sample is logdsggar = —0.51 + 0.07. This cor-
responds roughly to Eddington ratio values of Aggq ~ 0.3.
Table 4 presents the median values for the individual datasets
and their uncertainties derived using a bootstrap resampling
method.

In Fig. 12, we present the distribution of the high-z sources in
the SFR-M., plane colour-coded with the corresponding Asgyar-
The majority of the sources that lie inside or above the MS of
star-forming galaxies, especially at lower M, (M, < 10" M),
have higher specific accretion rates compared to those of sources
below the MS. Setoguchi et al. (2021) resulted in similar conclu-
sions using luminous AGNs (10" < Ly < 10%7 erg s7h) at
z = 1.4 in the Subaru/XMM-Newton Deep Field (SXDF). In par-
ticular, they found that AGNs with high Eddington ratios tend to
reside in host galaxies with enhanced normalised star formation.
This is also in agreement with the results of Aird et al. (2019).
They showed that galaxies with high SFR have higher probabil-
ity to host an AGN with high specific accretion rate. We notice
that at logM > 10'? M, the SFR-M, relation, as defined by the
Schreiber et al. (2015) equation, becomes flat. At similar stellar
masses, the SFRs of our X-ray AGNs appear constant (SFR ~
500-600 M, yr‘l). This implies a constant SFRxorM value at this
M, regime, in agreement with the findings of Mountrichas et al.
(2021a, 2022b). We note that in Mountrichas et al., in this stel-
lar mass range, the SFRs of AGNs appear similar to that of
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Fig. 11. Distribution of Agyar (see definition in Sect. 4.4) used as a
tracer of the Eddington ratio. The median logAguar value of the com-
bined high-z sample (vertical dashed line) is ~—0.5 that corresponds
roughly to sources with Agqq ~ 0.3.

non-AGN systems. However, based on our measurements, the
SFRs of AGNs appear lower than those of MS galaxies. Nev-
ertheless, the X-ray luminosities in Mountrichas et al. are at
Lr_10kev < 10%6erg s7!. In our high-z sample, the vast major-
ity of AGNs, in particular those hosted by such massive galax-
ies, have Ly_1g ey > 10% erg s7L, denoting higher Aggyar and,
thus, higher Eddington ratios, than their lower redshift counter-
parts within the same stellar mass range, in the COSMOS and
Bootes fields. This may indicate that higher accreting SMBHs
may quench the SFR in the most massive host galaxies. As we
have already noted, Mountrichas et al. (2021c,a, 2022b) com-
pared the SFR of the X-ray AGNs with that of non-AGN systems
by constructing a reference galaxy catalogue instead of using an
analytical expression from the literature. Thus, we cannot draw
strong conclusions by making a quantitative comparison between
our results and theirs. Nevertheless, our results are in qualitative
agreement with their findings, namely, that SFRxorm remains
roughly constant in the most massive systems.

5. Summary and conclusions

In this work, we built a sample of high-redshift AGNs selected
in fields with different observed areas and depths (CCLS, XMM-
XXL, and eFEDS) to examine the relation between the AGN
power and the host galaxy properties. We constructed their SEDs
using data from X-rays up to FIR and derived the physical prop-
erties of their host galaxies using the X-CIGALE SED fitting
algorithm. After applying several quality and reliability selec-
tion criteria, we obtained an X-ray luminous (Lp—jokey >~
10% ergs™!) sample of 89 high-z sources (z > 3.5) with reliable
estimated values of the SFR and the M. of the host galaxies.
55% have secure spectroscopic redshifts. Our main results can
be summarised as follows:

1. Using the derived host galaxy properties, we found that our
luminous high-z X-ray AGNs live in galaxies with median
M, = 5.6 x 10'° M, and median SFR, ~ 240 M, yr~!. Our
results are in agreement with previous studies at high red-
shifts.
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Fig. 12. SFR as a function of M*, colour-coded based on logAspuar
values. The different shapes represent the samples used in our analysis
as indicated in the legend.

2. We compared the location of our X-ray sources in the SFR-
M* plane with that of star-forming MS galaxies adopting the
Schreiber et al. (2015) relation. We found that ~89% of our
high-z AGNs lie inside (47.2%) or above the MS (41.6%),
indicating higher star forming activity compared to normal
galaxies. In particular, by estimating the SFRNorMm parame-
ter, we found that our high-z AGNs have enhanced SFR com-
pared to MS star-forming galaxies by a factor of ~1.8 (mean
log S FRnorm = 0.22), in the luminosity regime probed by
our dataset (Ly_o gev ~ 100 ergs™!).

3. Our estimated SFRxorMm values are in agreement with previ-
ous studies at lower redshifts. This is evidence that SFRyorm
does not evolve with redshift, confirming the findings of
previous studies and extending it up to the higher redshifts
probed by our sample.

4. To examine the role of stellar mass in the SFR of our X-ray
sample, we used the specific black hole accretion rate, which
is a tracer of the Eddington ratio. The bulk of AGNs that lie
inside or above the MS of star-forming galaxies have higher
specific accretion rates compared to sources below the MS.

5. In agreement with previous studies at lower redshifts
(Mountrichas et al. 2021a, 2022b), our results indicate that
in the most massive systems (log (M,/My) > 10'15-12),
SFRnorMm remains roughly constant.

We combined data from three different fields and compiled a
luminous X-ray sample at very high redshift (z > 3.5). Although
the size of the sample is not large, we reached important conclu-
sions regarding the SFRs of AGNss in the early Universe and how
they compare with those of MS galaxies. Increasing the number
of AGNs with available multi-wavelength photometry at high
redshifts will allow us to examine, in a statistically significant
manner, whether SFRyorMm increases with Ly and whether our
conclusions hold for the most massive systems. Compilation of
a large non-AGN galaxy sample at similar redshifts and with
similar available photometry will enable us to directly compare
the SFRs of AGNs with those of non-AGN systems, minimizing
the effect of any systematic effects.
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Appendix A: X-ray properties

X-CIGALE has the ability to include the X-ray flux, fx, in the
SED fitting process. For that, it requires the intrinsic, that is,
the absorption corrected fx. Thus, in our analysis we used for
all the X-ray AGNs in the three fields the rest-frame intrinsic
(unabsorbed) X-ray luminosity in the 2 — 10keV hard X-ray
band. Regarding the CCLS sample, Marchesi et al. (2016a) pro-
vides a luminosity absorption correction factor, obtained through
hydrogen column density, Ny, measurements. Ny quantifies the
X-ray absorption of each source. We used these correction esti-
mates to convert the observed X-ray luminosities into the intrin-
sic luminosities, required by X-CIGALE. The Ny calculations
were derived from hardness ratio, HR, estimates (defined as the
ratio g—;g, where H and S are the net counts of the sources in the
hard and in the soft band, respectively). However, for sources
with more than 70 counts, Ny has been estimated following
an X-ray spectral fitting analysis (Marchesi et al. 2016b). Four
such sources are included in our high-z sample. For them, we
corrected their luminosity based on the Ny value, estimated via
spectral fitting. We confirmed that the two estimates are in good
agreement and, in any case, this choice does not affect our SED
fitting results. In eFEDS, we used the X-ray luminosities pro-
vided by Liu et al. (2022) obtained using spectral analysis. We
used the results of Model I of the AGN emission that includes
a single power-law model (TBabs*zTBabs*powerlaw in Xspec
terminology) allowing to constrain the photon index, I', and the
hydrogen column density. Liu et al. (2022) used a Gaussian prior
for I with values between -2 and 6, and a log-uniform prior for
the estimation of Ny between 4 x 10'® and 4 x 10** cm™2

To calculate the rest-frame corrected X-ray luminosities of
the high-z AGNs in the XMM-XXL field, we analysed the X-ray
spectra as described below. X-ray spectra were extracted using
SAS 19.0.0, following the standard procedure outlined by the
SAS documentation. Source spectra were extracted in circu-
lar regions using a 30 arcsec radius, centred at the position of
the X-ray source given by the catalogue. The corresponding
background spectra for each source were extracted in circular
regions of 30 arcsec, centred in a position of 1.5 arcmin from the
source. The exact position of the background region was selected
to maximise the number of good pixels in the region (after
masking areas outside the detectors and other nearby detected
sources) and to be as close as possible to the detector column of
the source. We used the pre-calculated redistribution matrices,
selecting the proper ones depending on the detector position and
epoch of observation.

For analysing X-ray spectra, we used the analysis software
BXA (version 4.0.2, Buchner et al. 2014), which connects the
nested sampling algorithm UltraNest (Buchner 2021) with the
fitting environment CIAO/Sherpa (version 4.13, Freeman et al.
2001; Fruscione et al. 2006). All spectra and observations
obtained by all the EPIC camera data for a given source were
simultaneously fitted at once using the UXClumpy torus model
with a scattering component (Buchner et al. 2019) plus a multi-
plicative absorption component to take into account the Galac-
tic Hydrogen column density (tbabs). Our model have five free
parameters: the Ny of the torus, the Photon index of the unab-
sorbed X-ray emission (I'), the inclination angle of the torus with
respect to the line-of-sight of the observer and the normalisations
for the torus and scattering components. We used Jeffreys priors
(flat in log scale) for the Ny (with limits between 20-26), the
inclination angle (0-90 degrees) and the normalisations. For the
photon, index we assumed a Gaussian prior with mean 1.9 and
standard deviation 0.15 (Nandra & Pounds 1994). In the case of
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Fig. A.1. Comparison of the X-ray absorption-corrected luminosity
derived with hardness ratio and spectral fitting. The triangles corre-
spond to the 20 sources with z>3 and net counts larger than 70 in the
COSMOS field. The squares (circles) represent the XXL sources with
spectroscopic (photometric) redshift detected with the PN camera.

sources with photometric redshifts, we also treated the redshift
as a free parameter, using as a prior the probability density func-
tion estimated by X-CIGALE in Pouliasis et al. (2022).

The use of hardness ratios in the COSMOS field could intro-
duces some biases to our results. In order to check the relia-
bility of deriving Ny values (hence, absorption-corrected lumi-
nosities) from hardness ratios, we used the intrinsic luminosities
obtained in (Marchesi et al. 2016b). However, in this study, they
provide only the results for z > 3 sources with >70 net counts
in their spectra. In Fig. A.1, we compare the intrinsic luminosity
derived with the two methods for the 20 sources with z>3 and
net counts>70 (blue triangles). In addition, we have derived the
intrinsic luminosities using the hardness ratio in the XMM-XXL
field and plot the results. For the latter, we used the PN data for
the photo-z and zspec samples. In general, there is a good agree-
ment between the two methods (hardness ratio, spectral fits) in
the computation of the absorption-corrected luminosity. Thus,
we do not expect the use of hardness ratios in the COSMOS
field to significantly affect our main results.

Appendix B: Reliability of host galaxy properties
measurements

In this section, we examine whether the lack of some photomet-
ric bands for a (small) number of AGNs in our sample, affected
the SFR and M. measurements and the ability of X-CIGALE
to constrain the AGN component. M, is calculated based on
the optical and NIR photometry. Taking into account the high-
z selection, W1 or IRAC1 and W2 or IRAC2 photometric bands
map he rest-frame NIR part of the spectrum and thus also help
to constrain the M, parameter. FIR along with optical photome-
try is used by X-CIGALE to estimate the SFR parameter. W1
or IRAC1 and W2 or IRAC2 are used at lower redshifts to
constrain the AGN component (torus). However, at the redshift
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range of our dataset, the longer wavelength data (W4 or MIPS1)
are essential to constrain the AGN properties properly.

Out of the final 89 high-z sources, 50 sources (56%) have
available FIR photometry (Herschel PACS or SPIRE photomet-
ric bands). For these sources, we ran X-CIGALE twice. One
time including the FIR photometry and a second time without
Herschel information, using both times the same parametric grid
(Table 3). Our goal was to examine whether lack of FIR data
affects the estimated SFR. First, in the top panel of Fig. B.1,
we compared the SFR measurements of the two runs (with and
without FIR data). In both cases, we found a very good agree-
ment between the measurements. Calculating the Pearson corre-
lation factor, we found pspr = 0.724, indicating good correlation
between the two runs. We followed the same procedure to exam-
ine whether lack of MIR or NIR affects the SFR calculations and
found no significant differences between the results.

We also made use of the mock catalogues that X-CIGALE
can produce. In the middle panel of Fig. B.1, we show the esti-
mated parameter (mock analysis) of the SFR with and without
FIR data compared to the true values, for those sources that satis-
fied our selection criteria described in Sect. 3.2. The correspond-
ing linear Pearson correlation coefficients of the combined sam-
ples are pspr = 0.842 when FIR data are included in the SED
fitting analysis, and psgr = 0.916 when we excluded FIR pho-
tometry. In the bottom panel of Fig. B.1, we show the distribu-
tions of the difference between the estimated and true values of
the physical properties for both runs. y represents the mean dif-
ference with its standard deviation, 0. When we used FIR pho-
tometry, the mean values of the differences are slightly closer
to zero while having similar scatter. In both cases, the estimated
parameter is well constrained.

In the XXL field, all 39 X-ray sources have available optical
photometry (g, r, i, z) and 37 out of 39 have detection in at least
one NIR band; 32 out of 39 sources have available MIR photom-
etry (W1 or IRAC1 and W2 or IRAC2). The two sources without
NIR photometry have available MIR bands. In COSMOS, 28/28
have optical photometry (at least r, i, z), 22 out of 28 have NIR,
while all 28 sources have Spitzer detections. All 22 sources in
eFEDS have been detected in the optical, 16 out of 22 have NIR
photometry and are all detected by WISE (W1 and W2). Overall,
71 out 89 have optical, NIR, and MIR (W1 or IRACI and W2 or
IRAC2) photometry available. 76 out of 89 have NIR photome-
try and 82 out of 89 have MIR photometry. There are no sources
that lack both NIR and MIR photometry. Next, we examined
how a lack of NIR bands affects the M, calculations.

Following the process described above, for those sources that
have NIR photometry (76 AGNs), we run X-CIGALE twice.
One time taking into account the NIR bands in the SED fitting
process and the second time ignoring the NIR information. The
comparison of the estimated M., for the two runs is shown in
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the top panel of Fig. B.2. We also use the mock catalogues to
examine how well X-CIGALE can constrain M, in the absence
of NIR photometry. The results are shown in middle and bottom
panels of Fig. B.2. Based on these tests, X-CIGALE has reliably
measured the M, for the 13 sources in our dataset that lack NIR
observations.

We also examined if X-CIGALE is able to constrain the
AGN component without the longest MIR bands (W4 or
MIPS1). There are 26 AGNSs in our dataset (20 in XXL and 6 in
eFEDS) that lack detection in W4 or MIPS. Florez et al. (2020)
examined if the absence of MIR photometry has an impact on
their derived properties and found no significant deviations (their
Fig. A.2 and A.3). In our case, the inclusion of the X-ray flux
in the SED fitting process should provide X-CIGALE an (addi-
tional) constraint for the AGN emission. To confirm the above
hypothesis, we ran X-CIGALE for the 63 AGNs that have W4
or MIPS band available, using the same parametric grid, and
excluding these bands from the fitting process.

In Fig. B.3 (upper panel), we compare the
log[LaGN.orus(erg  s7')] measurements with and without
MIR bands (W4 or MIPS). The two measurements are con-
sistent (poruis = 0.800). In the middle panel of this figure, we
present the estimated log[Lagn orus(€rg s™1)] versus the true
values for the samples with and without MIR photometry,
using the mock catalogue. In both cases, we found strong
correlation (pyorys > 0.8) between the estimated and true values,
as indicated in the legend of the plots. We noticed that when
we do not include the MIR photometry in the SED fitting, the
uncertainties of 1og[LagN torus(€rg s7h] are higher compared
to the sample with MIR detections. The mean value of the
error on log[LagNoms(erg s™')] is 0.27 dex in the former
case, compared to ~0.15 dex for the latter. The scatter of
the log[LAGN torus(€1g s71)] also increases when we ignore the
longest MIR photometric bands (bottom panel), but X-CIGALE
can still reliably recover the parameter (0iorys = 0.832).

Finally, we examined whether the lack of the W4 or MIPS1
photometric bands affect the reliability of X-CIGALE to mea-
sure the SFR. In Fig. B.4 (top panel), we present the SFR calcu-
lations with and without the W4 or MIPS1 photometric bands,
from the SED fitting process. The two SFR measurements are
consistent (pspr = 0.934). In the middle panel, we show the esti-
mated parameters of the host galaxy as functions of the true ones,
using the mock analysis. The corresponding linear Pearson cor-
relation coefficients are similar for the two runs indicating not
strong deviations in the estimated parameters when these MIR
data are missing. In particular, we found pspr = 0.840 when we
include the MIR data and pspr = 0.843 when we exclude them.
Regarding the distribution of the difference between the true and
estimated values, in both runs the mean values are very close
(bottom panel).
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Fig. B.1. Reliability of the SFR estimations using the X-CIGALE mock
catalogues for sources with and without FIR bands. Top panel: Com-
parison of SFR measurements with and without FIR photometry, for the
high-z sources that have FIR coverage and satisfy our quality selection
criteria (Sect. 3.2). The dashed lines lines present the 1:1 relation. The
parameter calculations are in good agreement based on the Pearson cor-
relation factor, p given in the plot. Middle panel: Estimated SFR based
on the mock catalogues compared to the true values provided by the
best-fit model for the three fields used in our analysis. The filled (open)
symbols represent the X-CIGALE runs with (without) FIR data. The
dashed line represent the 1-to-1 relation to assist the plot interpretation,
while in each plot we give the linear Pearson correlation coefficient (o)
of the combined sample. Bottom panel: Corresponding distributions of
the difference between estimated and true values. We provide also the
mean and standard deviation for each case.
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Fig. B.2. Reliability of the M. estimations using the X-CIGALE mock
catalogues for sources with and without MIR bands. Top panel: Com-
parison of stellar mass measurements with and without NIR photome-
try, for the high-z sources that have NIR coverage and satisfy our qual-
ity selection criteria (Sect. 3.2). The dashed lines lines present the 1:1
relation. The parameter estimations are in very good agreement consid-
ering the Pearson correlation factor, p, given in the plots. Middle panel:
Estimated stellar mass based on the mock catalogues compared to the
true values provided by the best-fit model for the three fields used in
our analysis. The filled (open) symbols represent the X-XIGALE runs
with (without) NIR data. Bottom panel: Distributions of the difference
between estimated and true values. The mean difference and its disper-
sion are very similar in the two runs (with and without NIR photometry).
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Fig. B.3. Reliability of the Lagn s €stimations using the X-CIGALE
mock catalogues for sources with and without MIR bands. Top panel:
Measurements of the LagN torus (€1 s7h parameter with and without W4
or MIPS data. The two measurements of Lagn os(€rg s™') are in good
agreement (piorus = 0.800). The dashed line presents the 1:1 relation.
Middle panel: Estimated versus true values provided by the best-fit
model, for Lagn torus (€18 s71), for the three fields used in our analysis.
The filled (open) symbols represent the X-XIGALE runs with (without)
MIR data. The errors on the estimated values increase when the analysis
lacks MIR data. The mean value of the error on log[LagN.ors(€rg s™)]
is 0.27 dex without MIR, compared to ~0.15 dex when MIR data are
used. Bottom panel: Distributions of the difference between true and
estimated values, with and without MIR data. The dispersion increases
when W4 or MIPS1 are absent, but the estimated L gy orus(€1g s7) val-
ues are still consistent with the true values.
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Fig. B.4. Reliability of the SFR estimations using the X-CIGALE mock
catalogues for sources with and without MIR bands. Top panel: SFR
calculation with and without W4 or MIPS1 photometric data. The
dashed line represent the one-to-one relation. The two measurements
are consistent as indicated by the Pearson coefficient. Middle panel:
Estimated SFR based on the mock catalogues compared to the true val-
ues provided by the best-fit model. The filled (open) symbols represent
the X-XIGALE runs with (without) MIR data. X-CIGALE can success-
fully recover the SFR of the host galaxy, even in the absence of W4 or
MIPS photometry, as indicated by the Pearson correlation factor. Bot-
tom panel: Distributions of the difference between estimated and true
values. The two distributions are very similar based on the mean and
dispersion values.
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Appendix C: How quality criteria affect the results

Out of the 149 initial high-z sources, we used 89 in our analysis
with well-fitted SEDs and reliable SFR and stellar mass mea-
surements; 49 out of 89 (55%) of these sources have available
spectroscopic redshifts. In this section, we examine which of the
following would affect the results of our analysis: 1) including
in only those sources with spectroscopic redshifts or 2) using
the initial high-z catalogue before applying the selection criteria
defined in Sect.3.2 (e.g. reduced y2, M,, and SFR quality crite-
ria) could affect the results. Following a similar analysis as in
Sect. 4.3, we calculated the median Lyx and log SFRnorM Values
of the aforementioned cases, and in Fig.C.1 we plot the results.
In general, using the sample with only spec-z sources with
or without applying the quality selection criteria, we retrieve
slightly higher values of logSFRnorMm. However, our results are
in good agreement within the uncertainties.

Finally, we present the results of the sources that met our
selection criteria but instead of the median values we calculated
the mean values in each bin (grey squares) with their correspond-
ing uncertainties using the bootstrap resampling method. The
resulted binned data of the full sample (both photo-z and spec-
z) follow the same trend as in the previous cases. Using mean
values for our calculations instead of median values does not
practically affect the Lx values of each bin. However, the bins
are shifted towards lower logSFRNorM values. Nonetheless, the
data points still lie above the main sequence (10gSFR;orm > 0).
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Fig. C.1. Normalised star formation rate, SFRyorMm, as a function of
rest-frame absorption-corrected X-ray luminosity. Blue (green) colour
indicates the samples after (before) applying the quality criteria when
including the full sample (circles) and when considering only sources
with spectroscopic redshifts (asterisks). In each case, we divided the
sample into three bins of equal size and show the median values of
logSFRyorm and logLx with uncertainties calculated using the boot-
strap resampling method. The grey squares represent the mean values
of the full sample after applying the quality criteria.
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