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ABSTRACT

Supermassive Black Holes (SMBHs) are often theorised to undergo significant growth within the early Universe, however,
the X-ray Luminosity Function (XLF), often used as the principal tracer of the SMBH accretion density, lacks observational
constraints above z ~ 6, until now. We present new measurements of the z = 4 — 10 XLF at intermediate luminosities, taking
advantage of recent deep near-infrared imaging from UltraVISTA that enables us to identify galaxies and AGN at high redshifts
within which we identify X-ray sources using the Chandra COSMOS data. We first performed a cross-match to a deep Chandra
source list, for which the X-ray sensitivity can be accurately quantified, before exploiting the available X-ray data further through
direct extraction of X-ray counts at the positions of COSMOS2020 galaxies. With the resulting z = 4 — 10 X-ray AGN sample,
comprised of 21 blind detections and a further 11 directly extracted detections, we have measured the early space density of AGN,
at moderate-luminosities where the majority of early SMBH growth occurred. These measurements reveal higher space-densities
than expected, based on the extrapolation of XLF models from lower redshifts. Whilst our measured space densities at z =4 — 5
are consistent with model predictions, at z = 5 — 7 we find space densities of the order of 10x the extrapolated model predictions
and could be as high as 220x the model extrapolations at z = 7 — 10. In addition, we find evidence that a large fraction of the
early AGN population are heavily obscured, with an obscured fraction of 0.982’1%%%78; correcting for this obscuration further
increases the measured space densities. Comparing to recent JWST results, these measurements begin to bridge the gap between
the bright-end of the quasar luminosity function and the latest JWST observations of very early, low-luminosity AGN, indicating
that a larger fraction of the first galaxies likely play host to a rapidly growing SMBH than previously thought.
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1 INTRODUCTION with most galaxies expected to play host to a SMBH (Rees 1984;
Kormendy & Ho 2013). Nevertheless, how the seeds of these black
holes form in the very early Universe and which processes drive their
early growth to produce the SMBHs that we observe remains unclear
(e.g. see Inayoshi et al. 2020, for a review).

Observations of AGN at high redshift indicate that they contain
SMBHs with masses of the order of 108=2M, (e.g. Zubovas & King
2021) indicating that significant mass growth, of several orders of
magnitude, must occur within the early Universe and thus during
the epoch of inital stellar mass assembly of galaxies. Reaching the
observed masses from even the most massive black hole seeds in the
available cosmic time requires near-continuous growth at the highest
demonstrated by Cosmological Hydrodynamical simulations (e.g. g(;f;zloeertaiszgfé; Ztlllllf eliiilggtzozr;.l;rrsllltlogzkl};;egf;?;ztgf lShza (Er?z:

Somerv1l!e & Davé 2015), whilst studies 31.1ch as those of Boyle (2024, and references therein), however, no SMBH can be expected
& Terlevich (1998); Ueda et al. (2014); Aird et al. (2015) have . .
to accrete at a constant or smoothly increasing rate, and thus even

shown the evolution of the rate of Black Hole mass density growth . ) ) . . .
losely maps the trend observed in the rate of stellar density build higher levels of mass growth must occur during active periods.
¢ y y The growth of AGN across cosmic time, as a population, is traced

up. It is thus accepted that SMBHSs co-evolve with their host galaxy b 1 . . )
. . .. th L ty Funct LF); f th
(see Heckman & Best 2014), undergoing periods of AGN activity, y the Quasar” Luminosity Function (QLF); a measure of the space

Supermassive Black Holes (SMBHs) are some of the most violent
and esoteric objects in the Universe, yet despite the consensus that
they played a key role in shaping the Universe we see today (e.g.
Somerville & Davé 2015; Heckman & Best 2014; Kormendy &
Richstone 1995) their formation and subsequent growth remains a
very open question. When SMBHs undergo rapid mass accretion
they produce strong emissions across a wide range of wavelengths,
making them observable at the centre of their host galaxies at a
given wavelength (e.g. see Padovani et al. 2017) as what are known
as Active Galactic Nuclei (AGN). The necessity of feedback, due
to these AGN, to limit the growth of high mass galaxies is clearly

* E-mail: c.barlow-hall @roe.ac.uk ! In this paper, we use the term “Quasar” to refer to all radiatively efficient
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density of AGN at a given redshift and luminosity (Page et al. 1996;
Boyle et al. 2000; Kalfountzou et al. 2014), and typically has the
general form of a double power law. The QLF has been measured
using Optical/Ultra Violet (UV) (e.g. Ren & Trenti 2021; Ross et al.
2013; McGreer et al. 2013; Schmidt 1968; Boyle et al. 2000; Fan
et al. 2001), Infrared (IR) (e.g. Lacy et al. 2015; Assef et al. 2011)
and X-ray selected AGN (e.g. Aird et al. 2010, 2015; Ueda et al.
2014; Gilli et al. 2009; Pouliasis et al. 2024; Georgakakis et al. 2015;
Miyaji et al. 2001; Ananna et al. 2019), all of which show the gen-
eral trend of a rising space density from z ~ 0 up to cosmic noon
before it declines again above z ~ 3 (as found by Schmidt et al.
1995; Aird et al. 2010; Vito et al. 2014; Aird et al. 2015). X-ray
surveys are particularly useful for determining the QLF, known as
the X-ray Luminosity Function (XLF), thanks to the uncontaminated
AGN selection using X-rays and the well defined sensitivity of X-
ray surveys (Padovani et al. 2017). X-ray emissions from an AGN
are also a close tracer of the instantaneous growth of the SMBH,
as they are produced by a hot electron corona very close to the
SMBH (see Brandt & Alexander 2015, and references therein). No-
tably multiple studies have found that the XLF can probe the regime
of X-ray bright, optically normal galaxies, thus identifying lower
luminosity and obscured AGN that would otherwise go undiscov-
ered at rest-frame UV/Optical (see e.g. Brandt & Alexander 2015;
Brandt & Hasinger 2005; Lusso et al. 2023, for reviews). For the
most heavily obscured AGN, when the line-of-sight column den-
sity reaches the Compton-thick regime (equivalent hydrogen column
density, Nyy = 10%* cm™2) even hard X-ray emission will be substan-
tially suppressed and the emergent X-ray spectrum is dominated by a
Compton “reflection” component (e.g. Ikeda et al. 2009; Brightman
& Nandra 2011); while such Compton-thick sources may still be de-
tected in sufficiently deep X-ray imaging it becomes more challenging
to infer their intrinsic luminosities and thus measure the overall XLF
including these populations (see e.g. Buchner et al. 2015; Ananna
et al. 2019).

Many studies have used parametric models to describe the evo-
Iution of the XLF, mainly applying evolutionary trends to the stan-
dard double power-law which characterises the population, and con-
strained these models using X-ray surveys (such as e.g. Page et al.
1996; Gilli et al. 2007; Ueda et al. 2014; Aird et al. 2015). However,
due to both the X-ray flux limit and the drop in the space density
toward higher redshifts, samples of X-ray selected AGN at high red-
shift remain very limited (e.g. Luo et al. 2017 identified just two
z > 5 sources in the Chandra Deep Field South 7 Ms sample, while
Marchesi et al. 2016 identified four z > 6 sources within the ~2 deg2
Chandra COSMOS-Legacy survey). For faint sources we need deep
observations, while as the space density is known to decrease toward
higher redshifts a large survey area is required. As such, samples of
X-ray selected AGN at z > 3 remain relatively small and parametric
models of the evolution of the XLF toward higher redshifts remain
poorly constrained at z > 5 (see Vito et al. 2014; Ueda et al. 2014;
Vito et al. 2018; Georgakakis et al. 2015, for examples of XLF fit
to 3 < z < 6). Most recently Pouliasis et al. (2024) extended their
model of the XLF out to z ~ 6 based on X-ray selected AGN from
a combination of Chandra and XMM-Newton imaging in order to
reach the depth and survey area required at these redshifts, yet still
lacked sources at higher redshifts.

Despite the limited X-ray detections of AGN above z = 6, recent

AGN i.e. that capture the bulk of SMBH mass assembly (Alexander & Hickox
2012), regardless of luminosity or obscuration level, and thus the QLF, ideally,
should capture the overall SMBH accretion density.
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observations with JWST have revealed many AGN candidates out to
z ~ 10, predominantly identified through detection of broad He and
Hp emission lines (e.g. Kocevski et al. 2024; Maiolino et al. 2024;
Greene et al. 2024; Matthee et al. 2024) as well as the detection of
high-ionisation lines and application of narrow-line diagnostics (e.g.
Scholtz et al. 2025; Arevalo Gonzalez et al. 2025). Approximately
20% (Hainline et al. 2025) of the AGN candidates found by JWST
are the so-called Little Red Dots, which appear very red in colour
with a characteristic V-shaped spectral energy distribution (SED)
and compact morphology (Matthee et al. 2024; Greene et al. 2024;
Kocevski et al. 2024). Whilst X-rays provide a fairly unambiguous
signature for the identification of AGN, however the vast majority
of these JWST AGN lack X-ray detections (see Bogddn et al. 2024,
for a notable exception). Some studies, such as those of Maiolino
et al. (2025a), have suggested this apparent X-ray weakness is due to
a higher density of obscuring gas within these high redshift sources
(see also Inayoshi et al. 2024) or the geometry of the system (Madau
& Haardt 2024), with Brooks et al. (2024) finding evidence for this
potentially X-ray obscuring material.

With the advent of JWST the samples of very high redshift galax-
ies and of AGN within high redshift galaxies is increasing, indicating
a far higher space density of AGN at z > 6 than extrapolated models
previously predicted, including the XLF models. It should be noted,
however, that JWST is imaging only very small survey areas and
probing the faint-end of the QLF, a regime where current XLF mod-
els are very poorly constrained. Recently, Barlow-Hall et al. (2023)
placed constraints upon the bright-end of the XLF at z ~ 6 based on
a large compilation of Swift X-ray telescope observations (the Ex-
tragalactic Serendipitous Swift Survey, ExSeSS: see Delaney et al.
2023), finding a steep bright-end slope consistent with the bright-end
of the model XLF extrapolations (see also Wolf et al. 2021, for con-
straints from eROSITA). However, the space density of AGN within
the regime between the faint sources found by JWST and the bright
sources found by large sky surveys remains unconstrained. Here we
utilise the COSMOS field, providing a relatively large survey area
with deep X-ray imagining, in order to constrain the moderate lumi-
nosity XLF and bridge the gap in AGN space density measurements
from large area shallow surveys that find the brightest sources to the
small area deep fields which are able to probe the large numbers of
very faint sources.

The Chandra X-ray Observatory (Weisskopf et al. 2002) is one
of the most sensitive X-ray observatories to date, probing fluxes of
< 1070 ergs~! cm™2 in the 0.5-2keV energy band in the deepest
observations, a factor of > 100 deeper than achieved in ExSeSS.
In order to obtain this depth of imaging, Chandra has observed a
much smaller area of sky compared to Swift and other less sensitive
survey telescopes. However, the depth granted by Chandra is crucial
to probing moderate luminosity AGN at high redshifts. Although this
X-ray data existed prior to the work presented here, it is with recent
deep NIR Ultra VISTA imaging across large areas that allows for the
identification of high redshift galaxies and AGN (along with reliable
photometric redshift measurements) enabling new catalogues such
as COSMOS2020 (Weaver et al. 2022) to cover the z = 4 — 10
regime (see also Bowler et al. 2020; Finkelstein et al. 2022; Donnan
et al. 2023b, 2024, which have found an excess of high-redshift
galaxies only visible in NIR observations). Thus, we are now able
to identify reliable high-redshift counterparts to the faintest X-ray
sources revealed in the Chandra-COSMOS Legacy imaging.

The form of the COSMOS2020 catalogue and the X-ray data used
in this work are detailed in §2. The cross-matching of COSM0S2020
and X-ray sources performed in order to obtain the blind source sam-
ple is outlined in §2.3, and §2.4 details the creation of the blind and
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extracted sample through the direct extraction of X-ray counts for all
COSMOS2020 sources. We then detail the measurement of the XLF
using these X-ray AGN samples in §3, and test the extremes of these
measured constraints arising from the differing photometric redshift
estimates from COSMOS2020 (§3.4). The impact of obscuration on
the high redshift XLF is then investigated in §4. Finally, the impli-
cations of these new constraints on the XLF are discussed in §5 and
we summarise our findings in §6.

Given the extent of details on the sample and method of XLF
measurement, the casual reader may wish to skip to §4.3, and the
discussion in §5. More specifically the comparison between our final
X-ray constraints on the bolometric luminosity function of AGN
and recent JWST measurements are shown in Figure 15 and the
measured evolution of the Black Hole Accretion Rate Density is
shown in Figure 16. Throughout this work we adopt a Flat ACDM
cosmology with Hy = 70kms™'Mpc™!, Qp = 0.3 and Q, = 0.7,
and all errors given are the 1o~ uncertainties on the values.

2 THE COSMOS FIELD DATA SETS

The COSMOS field, centred at 10"00™275.92 +02°12/03".50
(J2000), was originally defined by Scoville et al. (2007) for large-
area deep (0.05 arcsec) Hubble Space Telescope (HST) imaging in
order to address a number of science goals; from large dark matter
distributions and galaxy assembly to early galaxies and the evolution
of AGN. This ~ 2 degree? equatorial field was chosen as its location
ensured it was visible to all astronomical instruments, at the time,
thus allowing for detailed multi-wavelength studies of the sources
within the field. The COSMOS field also benefits from having a
relatively low and uniform Galactic extinction, compared to other
equatorial fields, whilst being devoid of bright X-ray, UV and radio
sources and thus reducing the contamination of the signals of faint
sources within the field. Following its definition, the COSMOS field
has been surveyed using a wide range of facilities spanning the full
wavelength range (including HST, Spitzer, GALEX, XMM-Newton,
Chandra, Subaru, ALMA, VLA, VISTA, ESO-VLT, UKIRT, NOAO,
CFHT, and more), with deep observations performed by almost all
major astronomical facilities (see e.g. Sanders et al. 2007; Capak
et al. 2007; Taniguchi et al. 2015; Le Fevre et al. 2020). The wealth
of data available within the COSMOS field makes it incredibly im-
portant to extragalactic astronomy. Crucially for the identification
of galaxies out to very high redshifts, the COSMOS field has very
deep imaging at Near and Mid-Infrared wavelengths from the VISTA
telescope (McCracken et al. 2012; Moneti et al. 2023; Ashby et al.
2018).

2.1 UV-to-IR photometry and photometric redshifts from
COSMOS2020

Since COSMOS was first defined, several photometric catalogues
of this field have been publicly released as deeper data has become
available (Capak et al. 2007; Ilbert et al. 2009, 2013; Muzzin et al.
2013; Laigle et al. 2016). The COSMO0S2020 catalogue of Weaver
et al. (2022) is the most up to date release, including deep UV (Saw-
icki et al. 2019) and ultra deep optical imaging (Aihara et al. 2019) as
well as Near IR data from the UltraVISTA survey DR4 (Moneti et al.
2023; McCracken etal. 2012). For COSM0S2020, all legacy datasets
used in previous iterations of the COSMOS catalogue (e.g. COS-
MOS2015: Laigle et al. 2016) have also been reprocessed to align
with newly available astrometry from Gaia DR1 (Gaia Collaboration
et al. 2016). The legacy imaging has also been resampled to a pixel

scaling of 0.15 arcsec and stacked images aligned to the COSMOS
Tangent point (10°00™27.928 + 02°12703”.50). Weaver et al. (2022)
identified sources within the wealth of deep COSMOS data using
two different detection methods; implementing SExtractor (Bertin &
Arnouts 1996) as in Laigle et al. (2016), and THE FARMER software
of Weaver et al. (2023) which utilises THE TRACTOR photometry
modelling code (see Lang et al. 2016, for details). These two versions
of the COSMOS catalogue are referred to as the CLASSIC Catalogue
and THE FARMER Catalogue, respectively.

For this work we use THE FARMER catalogue, as it has been
found to have a higher completeness than the Classic Catalogue (e.g.
Shuntov et al. 2022). It also provides more accurate photometry
for the faint sources (which will comprise the majority of the high
redshift sample we will use in this paper), is more robust against
source blending and is able to identify a higher density of z > 6
sources (see e.g. Brinch et al. 2023; Sillassen et al. 2022).

To create THE FARMER catalogue, source detection is performed
on a y? detection image that combines the i-, z-, Y- J- H- and K-
band imaging and is generated using the SWarp package (Szalay
et al. 1999). Parametric models of the source shape are then used to
perform photometry across all wavebands. THE FARMER software
measures the photometric fluxes by scaling one of five parametric
models (Point Source, Simple Galaxy, ExpGalaxy, DevGalaxy and
Composite Galaxy?) assigned to each source (see Weaver et al. 2023,
for details). Thus, this method of measuring the photometry does
not require PSF homogenisation or the use of fixed apertures and
the best quality photometry is not degraded to the lowest quality
resolution achieved. As these models cannot be applied to saturated
bright stars or sources contaminated by stellar halos, Weaver et al.
(2022) adopt the HSC-SSP PDR2 (Coupon et al. 2018) bright-star
masks in order to mask out all stars with a G-band magnitude of
18 or less in the Gaia DR2 star catalogue. In order to prevent the
introduction of inhomogeneities to the constraints on the models for
photometric extraction, THE FARMER catalogue is also limited to
the UltraVISTA region such that there is coverage in all wavelength
bands used. After applying these cuts, THE FARMER photometric
catalogue of COSMOS sources obtained by Weaver et al. (2022)
covers 1.792 deg2 of sky and contains a total of 964 506 sources, all
determined to have reliable detections.

Weaver et al. (2022) determine the photometric redshifts of their
sources using both the EAzY (Brammer et al. 2008) and LePhare?
(Arnouts et al. 2002; Ilbert et al. 2006) photometric redshift codes,
with the photometric measurements corrected for Galactic extinction
based on the dust maps of Schlafly & Finkbeiner (2011). We take
the LePhare photometric redshift measurements as the redshifts of
our final galaxy catalogue, as LePhare accounts for a possible AGN
component in the photometric redshift determination. LePhare is also
found to have a lower outlier percentage when comparing the pho-
tometric redshift estimates to available spectroscopic measurements
(Weaver et al. 2022). LePhare is used to determine the photomet-
ric redshift and physical parameters of each source by fitting with
a range of templates including 19 elliptical/spiral galaxy templates
from Polletta et al. (2007), 12 from models of blue star-forming
galaxies and 2 galaxy templates with exponentially declining star

2 Point source models use the PSF directly, SimpleGalaxy uses a fixed
exponential light profile and ExpGalaxy uses an exponential light profile
parametrised by the source’s image properties. The DevGalaxy model is
similar to the ExpGalaxy, but uses the de Vaucouleurs light profile, whilst
the CompositeGalaxy model combines both the ExpGalaxy and DevGalaxy
models.

3 http://www.cfht.hawaii.edu/ arnouts/lephare.html
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formation histories (Bruzual & Charlot 2003; Onodera et al. 2012).
LePhare is also used to perform fits using AGN templates consisting
of both unobscured sources where the AGN dominates the light at
most wavelengths and obscured sources with significant host galaxy
contributions (see Salvato et al. 2009, 2011, for details), as well as
stellar templates from Pickles (1998). For sources at redshifts of
z > 10, the observed wavelength of the Lyman break will be shifted
outside the wavelength range of the deep near-IR photometry in
the COSMOS2020 catalogue and thus such extremely high-redshift
sources are likely to be undetected. As such, the redshift grid used
by LePhare and thus our sample is limited to a maximum redshift of
z=10.

Finally, we restrict the catalogue to only include sources that lie
within the footprint of the Chandra X-ray imaging, as deep X-ray
data is not available for sources outside this region. The final, filtered
catalogue consists of 816 944 optical/IR selected sources.

2.2 Chandra Imaging

The Chandra X-ray Observatory is the highest angular resolution X-
ray telescope to date. With an on-axis resolution of 0.5 arcsec, Chan-
dra can achieve the sensitivity needed to find moderate-luminosity
high-redshift X-ray sources.

The Chandra-COSMOS (C-COSMOS) program of Elvis et al.
(2009) was the first contiguous survey of the COSMOS field and pro-
vided an unprecedented area and depth of X-ray imaging at the time.
Utilising a strategy of overlapping pointings, with offsets of 8 arcmin
around the survey centre at 10700™24% +02°10’55”, provided a
near-uniform sensitivity across the centre of the COSMOS field. The
final C-COSMOS survey covered ~ 0.9 deg? to an effective exposure
of 160ks over the central ~ 0.5deg? and 80ks over the remaining
~ 0.4 degz. Later, Civano et al. (2016) combined the C-COSMOS
survey with 2.8 Ms of additional Chandra imaging (performed over
four periods: Nov 2012-Jan 2013, Mar 2013-July 2013, Oct 2013-
Jan 2014 and Mar 2014) to produce the Chandra COSMOS-Legacy
Survey, providing uniform coverage of the 1.7 degZ? COSMOS/HST
field to an effective exposure of 160ks and a total area coverage of
~ 2.2 deg?, 80% of which has a resolution of 2-4 arcsec.

For this study we use the deep Chandra imaging provided by the
Chandra COSMOS-Legacy survey (Civano etal. 2016). We adopt the
custom reanalysis of these Chandra data following the data reduction
and source detection process detailed in (Laird et al. 2009; Nandra
et al. 2015; Kocevski et al. 2018) to produce the clean images and
blind source catalogue used in this study and in previous works (Aird
et al. 2017, 2018, 2019; Laloux et al. 2023, 2024). Performing this
reanalysis provides access to all resulting data products, required for
this work, and ensures that we can control and quantify the sensitivity
of the Chandra imaging when producing the source catalogues.

The actual data reduction of the Chandra COSMOS-legacy data
used in this work was performed by Georgakakis et al. (2017) using
the pipeline described by Nandra et al. (2015) and Kocevski et al.
(2018). Here we will briefly summarise the reduction of the Chandra
imaging, the subsequent source identification, and the methods used
to determine the sensitivity and assess the X-ray completeness.

2.2.1 Data Reduction and Initial Source Detection

The raw data from Chandra is cleaned and processed using the CIAO
(Chandra Interactive Analysis of Observations) suite v.4.8 (Fruscione
etal. 2009). Correcting for the telescope dithering, event files are then
cleaned by removing Hot Pixels, image streaking and Cosmic-Ray
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afterglows. Anomalous peaks in the observed X-ray background are
identified from a light curve of the measured background as periods
when the rate is > 1.4 times the quiescent background (as given by
the count rate limit required for an excess variance in the light curve
of 0), and subsequently cut from the event file. With all anomalous
pixels and events removed, the number of events (photon detections)
of a given measured energy (0.5-7 keV, 0.5-2keV, 2-7keV and 4—
7keV for Full, Soft, Hard and Ultra Hard images respectively) at each
pixel are summed across all observations to produce the final image
file. For a given energy band the corresponding effective exposure
map is generated, accounting for exposure time, detector quantum
efficiency, and effective area (weighted by energy assuming a power-
law spectrum of photon index I' = 1.4), as well as bad pixels, chip
gaps and edges, and the dithering motion of the telescope. Finally
the Point Spread Function (PSF) at each pixel position is determined
through simulations of Chandra’s High Resolution Mirror Assembly
(HRMA), performed using the MARX Simulator of Wise (1997),
then weighted by the effective exposure of each individual observa-
tion to generate a PSF map providing the radius corresponding to an
enclosed energy fraction (EEF) of 70% and 90%.

Once the raw data is processed a source detection method is applied
to the resulting image, in order to produce a blind* catalogue of X-ray
sources. Initial source detections are performed on the full resolution
images, using the WAVDETECT source detection code from the
CIAO suite (Fruscione et al. 2009). This initial detection is done
with a very low significance threshold, given by a false probability
threshold of 104, and limited to the image region where the exposure
is > 10% of the maximum exposure. This low significance threshold
prevents real sources being missed, however there will be a number
of spurious sources also introduced as a result. For all candidate
sources the total photon counts, T, are measured in an aperture of
radius given by the 70% EEF of the PSF. The local background level
is measured in a 100 pixel wide annulus of inner radius 1.5x the
95% EEF PSF, at each source position, then re-scaled to the source
detection area to estimate the expected background in the source
aperture, b. For each source, we can then calculate the net, effective
exposure-corrected count rate,
o= T-b )

P70%exp

where the factor of p79 = 0.7 is applied in order to correct for the
choice of an aperture extraction radius corresponding to the 70%
EEF at the source position and zexp is the effective exposure. We also
calculate the false probability, P(> T|b), that gives the probability
that the source is a spurious detection due to a fluctuation of the
background, using the equation,

T-1,;
P(>Tb)=1-P(<Tlb)=1~- Z b-b. 2)
el

A threshold false probability value of < 4 x 1070 is then applied
to the candidate sources, in order to remove those believed to be
spurious detections and leave only the reliable source sample.

In order to search for potentially missed sources, all reliable de-
tections are masked out and a second pass of this detection method is
performed. The background and false probability of each candidate
source are subsequently recalculated, and the same false probability
threshold is applied once more. As there is negligible difference in
the detections list following this second detection stage, the process

4 By “blind catalogue” we mean based only on the X-ray data and without
using any a priori knowledge of source positions from other wavelengths.
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is not run again. For sources within 5 pixels of one another only the
source with the highest measured counts is kept, in order to prevent
duplicated sources within the final catalogue. Once the source list is
found, the background map is created by removing all source counts
from the image and replacing based on the local background (see
Georgakakis et al. 2008).

This source detection process is carried out on the images from all
four energy bands (Full, Soft, Hard and Ultra Hard). The resulting
reliable source lists are then merged and for any sources that are not
independently detected in all bands the missing counts, background
and exposure values are extracted from the corresponding imaging
and maps at the source position. Count rates, ¢, in a given band may
be converted to fluxes assuming a certain spectral model. However, in
this work we convert directly from count rates to rest-frame 2—10 keV
luminosity (L) for a given redshift.

In this work we use the catalogue resulting from this source extrac-
tion process, containing a total of 3 627 X-ray sources, referred to as
the blind source catalogue. The images, background maps, exposure
maps and PSF maps generated through the above reduction process
are also used in §2.4 for the extraction of X-ray information at the
positions of all sources in the reduced COSMOS2020 catalogue.

2.2.2 The Chandra Sensitivity across the COSMOS field

The X-ray Luminosity Function (XLF) determination requires the
sensitivity of the X-ray survey to be known and quantified. We do
this by generating a sensitivity map (following the process detailed in
Georgakakis et al. 2008), determining the number of counts required
to produce a significant detection, i.e. a detection above the specified
false probability threshold given the expected background count rate,
at each pixel position in the image. From the sensitivity map, we then
determine the area curve; the total area of sky where the available
Chandra imaging is sensitive to sources above a given X-ray flux
threshold.

For any given pixel position in an image there is small proba-
bility that a random fluctuation will result in sufficient counts for
a spurious detection (i.e. due to a fluctuation of the counts from
the background) or result in a faint source appearing brighter and
thus being detected when otherwise it would not be. The probability
that the total observed counts exceeds the given detection threshold
(L counts, determined for a given false probability threshold using
equation 2) is thus described by the cumulative probability,

A
P(z Lle,b)=1-P(< L|d) = ﬁfo etk lgy (3)

where I'(L) is the gamma function and A = b + ctexpp70 Where
Ctexpp 1s the expected number of counts from a source with count
rate c¢. The area curve is the sum of the cumulative probability distri-
butions across all pixels in the image, determined for a given source
count rate, multiplied by the sky area of a pixel.

Any masking applied to the Chandra imaging will reduce the sky
area for our study. Thus, prior to the area curve calculation, we apply
the bright-star mask and limit the survey area to the UltraVISTA
region (see §2.2.1).

Sensitivity maps, and corresponding area curves, are calculated for
the Full and Hard band imaging for both a false probability threshold
of 4 x 1070, corresponding to the blind source catalogue detailed
above, and for the less stringent threshold adopted when considering
the X-ray data at known COSMOS2020 source positions (see §2.3
below). Figure 1 shows the resulting area curves, as given by a false
probability threshold of 4 x 1079, for the Full and Hard energy
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Figure 1. Hard band (2-7 keV, blue) and full band (0.5-7 keV, purple) area
curves, giving the sky area coverage as a function of the effective area-
corrected count rate, determined with the blind sample false probability
threshold of 4 x 107¢ (solid line) and the blind+extracted sample thresh-
old of 3.38 x 107> (dashed line). All use of these area curves is based on the
count rate (converted to intrinsic X-ray luminosities at a given z under differ-
ing spectral assumptions); however, the upper axis shows the corresponding
2-10 keV and 0.5-10 keV observed-frame fluxes for the hard and full bands
(respectively) using a fixed conversion that assumes a power-law spectrum
with " = 1.4.

bands used for the XLF determination (§3 and §4). From these area
curves, the full survey area of our X-ray catalogue is 1.35 degz, with
a 10% area coverage at a count rate of 2.41 X 1077 s~ em=2 and
3.89x1077 s~ cm ™2 for the Full and Hard band imaging respectively
(corresponding to a flux of 1.02 x 10715 erg s~ em~2 and 1.66 x
10-15 erg s~!lem™2 respectively, for a power law spectrum of I' =
1.4).

2.3 X-ray and redshift catalogue cross-matching

In order to perform redshift-dependent studies of the X-ray AGN pop-
ulation, we identify counterparts in the filtered COSMOS2020 sam-
ple (see §2.1) to sources within the blind X-ray catalogue (detailed in
§2.2.1), producing a sample of X-ray sources with optical/IR photom-
etry. The counterparts to our blind catalogue are determined using
the Bayesian Cross-Matching code NWay (Buchner et al. 2021).

As detailed in Salvato et al. (2018), Nway determines the probabil-
ity (p;) of each multi-wavelength source being the true counterpart
to the X-ray detection and the probability that the true counterpart
of each X-ray source is in the multi-wavelength sample (pany), given
the separation between the X-ray source and potential counterparts,
positional uncertainties and total area of sky. Weighting is then ap-
plied to these probabilities, given specified (or internally generated)
magnitude and colour priors for the cross-match.

Before identifying counterparts to our blind X-ray sample, any X-
ray sources within the bright-star masks applied to the COSM0S2020
catalogues—or within a distance from the mask corresponding to the
X-ray positional uncertainty— are removed from the sample, in order
to ensure the final cross-matched sample contains only X-ray sources
for which, with reasonable confidence, the optical/IR counterparts
do not lie within the masked regions of the COSMO0OS2020 sample.

MNRAS 000, 1-23 (2025)



6 C. L. Barlow-Hall et al.

Apertures of radius r = 0.82 arcsec, given by the mean positional
uncertainty of all blind X-ray sources, are placed at the X-ray source
positions, and all sources for which this aperture intersects the bright
star mask regions are removed from the X-ray sample producing a
sample of 2792 X-ray sources. In addition, as the COSMOS2020
sample used in this study is limited to the UltraVISTA sky area,
we similarly limit the blind X-ray source sample to this area. Thus
the resulting area of both our masked COSMOS2020 and blind X-
ray source samples is 1.35 degrees?, containing 816 944 and 2 408
sources respectively.

We consider potential COSM0OS2020 counterparts, to the blind X-
ray sources, within a 10 arcsec search radius of each X-ray position.
This search radius exceeds 3 times the maximum X-ray positional
uncertainty of the sample and thus ensures that > 99% of the true
counterparts are included (we note that the typical offset between
an X-ray source position and the final, best counterpart is typically
~ 0.47 arcsec, i.e. much lower than this initial search radius).

We perform NWay cross-matches using a number of internally
generated priors. These priors are based on the magnitudes in the
UltraVISTA K s-band, IRAC channel 1 and IRAC channel 2, chosen
as they are good tracers of AGN activity at high redshifts (see e.g.
Reines & Comastri 2016) as well as the IRAC channel 1-channel 2
colour. For each run, we adopt the counterpart to each X-ray source
with the highest p; value as the best match and apply a threshold
0N pany to select X-ray sources with a reliable in the COSM0S2020
catalogue.

In order to assess the fraction of incorrect associations from a given
NWay run, and determine the appropriate pany threshold, we repeat
the cross-matching process with NWay using a catalogue of fake
X-ray sources with randomised positions. The resulting catalogue
of fake sources assigned COSMOS2020 counterparts provides an
estimate of the incorrect associations that will be present in the
sample of cross-matched blind X-ray sources.

The fake sample is generated by applying a random positional
shift, of 20 — 120, arcsec to the positions of all sources in the un-
masked blind X-ray sample. The same masking that is applied to the
real sample of X-ray sources is also applied to this fake sample, in
order to remove any fake sources that fall within the masked regions
of the COSMOS2020 sample, where the photometry is unreliable.
Following the same approach as for the real X-ray sample, we assign
counterparts to the fake X-ray sample with the magnitude priors gen-
erated, by Nway, during the cross-matching of the real X-ray sample
to COSMOS2020. The resulting sample is then, similarly, limited to
only the potential counterparts with the largest p; value, reducing the
sample to only the best cross-matches identified for each fake X-ray
source.

Using the real and fake cross-matched samples, we assess the
quality of the resulting sample of counterparts to our blind X-ray
sources. We determine the completeness (the fraction of the real
sample which have a correctly matched counterpart) of the sample
of counterparts to the sample of real X-ray sources, as given by,

N(pany > Pany,threshold)

Completeness =
Niotal

“

where Ny is the total number of X-ray sources in the sample,
and N (pany > Pany,threshold) is the number of matched sources with
Pany (the probability that any of the potential counterparts in the
COSMOS2020 sample are the true counterpart) greater than a given
threshold value (pagy, threshold)- The fraction of matched sources that
are likely to be incorrectly matched, known as the false positive
fraction, is similarly calculated from the fake match sample by taking
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the ratio of the number of matches to the fake sample with pany
exceeding the same payy . threshold tO the total number of X-ray sources.

The completeness and false positive fraction are calculated for
a range of pany threshold Values, for each of the matched samples
resulting from different combinations of magnitude and colour based
priors We find the cross-match performed with the Ks-band and IRAC
colour magnitude priors produces the lowest False Positive Fraction
of all tested combination of magnitude priors, while also achieving a
Completeness of over 0.9. Thus, we select the cross-match performed
with the combination of a Ks-band magnitude and IRAC channell-
channel2 colour magnitude priors for the final cross-matched sample.

For this study we choose a false positive fraction of 10%, as an
acceptable failure rate of the cross-matching. This corresponds to
a sample completeness of 0.97 and pany,threshold = 0-388. When
considering the high-redshift samples only, given by the best fit pho-
tometric redshift values (as defined in §3.1 below), this Pany, threshold
corresponds to a False Positive fraction of 1.0x 1073%, 3.3x1074%
and 1.1 x 10~*% for the samples with photometric redshifts of z > 4,
z > 5 and z > 6 respectively. These very small False Positive Frac-
tions in the high-redshift samples are due to a much lower surface
density of high-redshift sources compared to the full COSM0S2020
sample. As such, a random alignment between an X-ray source po-
sition and a high-redshift galaxy, which is subsequently falsely iden-
tified as the best counterpart to the X-ray source, is very unlikely to
occur.

2.4 X-ray counts extraction at galaxy positions

High-redshift AGN appear observationally very faint, thus there are
likely to be fainter X-ray AGN within the high-redshift galaxy sample
that fall just below the X-ray detection thresholds adopted in the
creation of the blind sample. As such these very faint AGN will
not be present within the blind source catalogue. In order to further
exploit the available X-ray data of high-redshift AGN, and push the
limits of this study to the fainter X-ray regime, we extract X-ray counts
directly from the cleaned Chandra imaging (detailed in §2.2.1) at the
positions of the COSMOS2020 sources within our sample.

Prior to extracting X-ray counts at the COSMOS2020 positions,
any COSMOS2020 sources in our sample that lie within 2 times
the 90% EEF radius for the Chandra PSF of a bright X-ray source>
position are removed. This ensures that no counts due to the emis-
sion from a bright, nearby source (identified through the blind X-ray
detection) are erroneously included when attempting to identify ad-
ditional, fainter X-ray sources.

For all sources within the COSMOS2020 sample, with those near
bright X-ray sources removed, the 70% EEF radius for the Chandra
PSF at each source position is identified from the PSF maps gener-
ated in §2.2.1 At the position of each COSMOS2020 source in our
sample we place apertures of radius given by the 70% EEF radius,
and measure the total counts and total background within these aper-
tures from the Chandra image and background map respectivelyq
Similarly, the average effective exposure within the aperture, for
each source, is determined from the exposure map. The net, effective
exposure-corrected count rates are calculated as in equation 1.

For each extracted count rate of the COSMOS2020 sources, the

3 For these purposes, we assume all sources in the blind X-ray source sample
count as “bright X-ray sources”.

6 The value of pixels within the source aperture are only counted if their
centre lies within the source aperture. No additional weighting to the pixel
values is applied.
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Figure 2. Histograms of the false probabilities of sources from the full-band
Chandra-COSMOS data, showing values directly extracted from the Chandra
imaging or the blind detections where available. The full sample of COS-
MOS2020 sources is shown by the grey outline, with those remaining once
sources around the blind X-ray detected sources are removed shown in solid
grey. The blind only sample, obtained using the full-band false probability
threshold of 4 x 1079, is shown in blue (the histogram extends beyond the
4% 1079 threshold due to the detection of sources in the soft, hard or ultrahard
bands, but not in the full-band shown here). The high redshift sources within
this sample, for both the blind only sources (navy) and the newly extracted
sources only (pink) are shown. The updated threshold applied to the extracted
sample is indicated by the dashed line, with the threshold of 4 x 10~® shown
by the dot-dashed line, for comparison. For this histogram, we set a minimum
false probability of 10720, resulting in a peak of sources where all those with
a false probability below this are set to a value of 10720, Similarly any sources
with extremely low (but non-zero) false probabilities within the blind detected
source catalogue are set to a false probability of 1 x 10~8 (as indicated by
the thin dotted line) in order to distinguish them from a false probability of
0, this results in an artificial peak in source numbers at this false probability.

false probability is calculated using equation 2. As can be seen by
the pink histograms in figure 2, the frequency of sources increases
exponentially towards a false probability of 1, i.e the majority of the
extracted count rates for our COSMOS2020 sources are consistent
with being produced by random fluctuations in the background.

In order to identify those sources for which the extracted count
rates are unlikely to be due purely to a random background fluctua-
tion, and thus obtain the sample of X-ray detections, we apply a false
probability threshold to the extracted sample, as was done for the
blind X-ray catalogue. However, as only positions of known COS-
MOS2020 sources are considered, and thus where a galaxy or AGN
was known to be a priori, a less stringent threshold than was used
in the formation of the blind catalogue can be applied. This enables
fainter X-ray sources to be identified within the Chandra imaging,
and increases the size of the sample of high-redshift, X-ray detected
AGN without introducing a significant number of additional false
X-ray sources.

The threshold false probability is determined iteratively. For a
range of false probability thresholds, the fraction of the X-ray de-
tected sample which have been falsely detected (the False Fraction)
is calculated, using the following relation,

A
false 5)

FalseFraction =
N (fprob < fprob,threshold)

where N(fprob < fprob,threshold) is the number of X-ray de-
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Figure 3. The change in false fraction with increasing false probability thresh-
old, shown for all sources (sage) and z > 4 sources only (pink) in the full-
band blind+extracted sample. The blind catalogue false probability fraction
of 4 x 1070 is shown by the dot-dashed line, with the new threshold false
probability for the blind+extracted sample (3.38 x 10~) shown by the dashed
line, corresponding to a False Fraction of 5% with respect to the z > 4 sources
only (shown by the horizontal dashed line for reference).

tected sources in the sample, with fyop less than the threshold,
Jprob,thresholds and Agjse is the corresponding expected number of
false detections, given by,

Afalse = galf prob, threshold (6)

where Ngy is the total number of sources in the sample that X-ray
data was extracted for. This false fraction calculation is carried out
for both the full near-IR—selected source sample and the sample of
sources with a best fit photometric redshift of z > 4 (see section
3.1 for details on the redshift values). The resulting False Fraction
(shown in figure 3) can be seen to rise at lower False Probability
Threshold values for the z > 4 sample (shown in blue) compared to
the full sample (shown in red). Thus, for a given False Probability
Threshold a higher proportion of the z > 4 sources are expected
to be false detections compared to applying the same threshold to
the entire galaxy sample. This occurs as, while the sample size of
z = 4 sources is smaller than for the full galaxy sample (i.e. Ngy and
thus Agyee 1S lower), the count rates of true X-ray sources at higher
redshifts are typically lower than amongst the full galaxy sample and
thus the number satisfying a given fprob, threshold 1S 1ower, decreasing
the denominator in Equation 5 and increasing the false fraction.

We thus adopt the fprob, threshold value that corresponds to a False
Fraction of 5% in the z > 4 sample, giving a threshold of 3.38 x 1073,
This threshold is then applied to our combined sample of 882856
extracted and blind X-ray sources, to obtain our final sample of 2591
X-ray AGN containing 21 sources at z > 4.

3 INITIAL MEASUREMENTS OF THE XLF

In this section, we present our initial measurements of the XLF
of AGN at z = 4 — 10. In §3.1 we define our primary sample of
high-redshift X-ray detected AGN. We present measurements of the
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XLF based purely on the blind X-ray sample in §3.2 and from the
combination of the blind and extracted X-ray samples in §3.3.In §3.4
we consider the impact of differing photometric redshift estimates
on our XLF measurements. Throughout this section, we neglect the
impact of intrinsic obscuration on the estimated luminosities of our
X-ray AGN and the resulting XLF measurements, deferring such
studies to §4 below.

3.1 The High-Redshift sample and X-ray Luminosities

Following the processes detailed in §2, we obtained a sample of 2591
Chandra X-ray sources with counterparts in the FARMER version
of the COSMOS2020 photometric redshift catalogue comprised of
2265 detections from the blind search of Chandra Legacy imaging
and an additional 326 sources obtained through direct extraction of
X-ray counts from the Chandra images at known source positions.
Here we summarise this X-ray sample, the high-redshift cut and
properties used in the following sections.

To define our sample of high-redshift sources, we adopt the Le-
Phare photometric redshift estimates based on fits performed by
Weaver et al. (2022). However, due to poor imaging or faint sources,
a few of the sources in the parent near-IR-selected sample lack pho-
tometeric measurements. For these sources LePhare was unable to
obtain a fit based on the available photometry (these sources are
marked as failed fits by LePhare). To ensure only sources with reli-
able photometric redshift measurements are included in our high-z
sample, we remove the 261 sources for which LePhare was unable
to reliably fit a photometric redshift measurement (due to a lack of
photometric measurements, contamination by nearby sources or edge
effects in the imaging)’. Following this the X-ray source sample is
comprised of 2035 blind X-ray detected sources and 295 directly
extracted sources, for a total sample size of 2330.

As detailed above (in §2.1), the LePhare code was used to perform
redshift fits using galaxy templates and again using templates with
an AGN spectral component. For sources with multiple redshift mea-
surements from LePhare the better fitting photometric redshift (that
with the smaller )(2), either using galaxy or AGN spectral energy
distribution templates, is taken to be the best estimate of the source
redshift. As such 1239 of our X-ray sources have best-fitting photo-
metric redshifts from galaxy spectral models and 1091 sources have
best-fitting photometric redshifts based on AGN templates. Applying
a redshift cut of zpe = 4.0 to this sample we obtain the primary
high-redshift X-ray sample of 32 sources, with which we perform ini-
tial measurements of the observed X-ray Luminosity Function (see
§3.2 and §3.3 below).

For all sources within the high-redshift samples, the measured net
count rate in a given band (i.e. the full 0.5-7 keV and hard 2-7 keV
bands) is converted directly into a rest-frame 2-10keV luminosity
(denoted as Lx). Following Aird et al. (2015), we initially assume an
X-ray spectral model consisting of a power-law with a photon index
I' = 1.9, a reflection component modelled using the pexrav model
(Magdziarz & Zdziarski 1995, which assumes an infinite plane reflec-
tor) of relative strength 1.0 and take the Galactic absorption (Ny, Gal)

7 This corresponds to a failed fraction of 10%. Whilst it would be unphysical
forall 261 failed fits to correspond to high redshift sources (~ 8 X more sources
than our primary sample), this failed fraction suggest there may be ~ 3 sources
missed from our final z > 4 primary sample. If so our final measurements of
the space density would be higher than currently, and thus further indicative
of a larger space density than predicted by model extrapolations (see also
section 5).
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Figure 4. Rest-frame 2-10keV X-ray luminosity against redshift, obtained
from the full band count rate, for all sources included in our high-redshift
samples. Sources are shown at redshifts based on both the galaxy template
(zgaL) and AGN template (zpso) photometric redshift fits (red and blue
respectively). Sources that would leave the high redshift sample given either
their galaxy or AGN redshift fit are indicated by empty points. For each source
the best-fitting photometric redshift is shown as a star. The corresponding
number of sources with zgar or zgso redshift is shown by the histogram,
for the most conservative sample (solid) and the most optimistic sample
(empty).

to be that of the COSMOS field (average of 1020-25cm=2, HI4PI
Collaboration et al. 2016).8 This model is then folded through the re-
sponse function of Chandra to determine the conversion between the
net, effective-exposure corrected count rate measured with Chandra
(c from Equation 1) and the rest-frame 2-10 keV luminosity (Lx) of
each source.

Lx = ¢ X k(2, Nz Gar = 10225, T = 1.9), (7

where k(z, Ng,gal, ' = 1.9) is the redshift-dependent conversion
factor. To calculate these conversion factors we adopt the Cycle 16
ACIS-I on-axis response function, corresponding to the approximate
middle of the Legacy survey observing period. Variations of this
response over the observation period of the C-COSMOS and COS-
MOS Legacy surveys (Cycles 9-17), mainly due to degradation of
the sensitivity at low energies due to radiation damage and molecular
contamination of the detector (see e.g. Grant et al. 2024; O’Dell et al.
2007; Cameron et al. 2002, 9), as well as changes in relative response
at different off-axis angles are captured by the effective exposure
maps. We note that the effective exposure maps—and thus the count
rates, c—are calculated assuming a simpler I = 1.4 spectral model
(see Section 2.2.1), but our conversion factors incorporate the differ-
ing spectral assumptions when converting from a count rate directly
into luminosities.

We determine Lx for the sources in our high-redshift samples us-
ing both zg,; and zgso- As can be seen in Figure 4, sources can move

8 We note that the spectral model used here is relatively simple and does
not correctly model intrinsically obscured X-ray sources. To investigate the
impact of obscuration on the XLF measurements in Section 4, we also use
a more complex spectral model from Balokovié et al. (2018) which includes
the impact of both photoelectric absorption and Compton scattering of high
energy photons by a dusty “torus” component.

9 See also The Chandra Proposers’ Observatory Guide v27.0https://cxc.
harvard.edu/proposer/P0G/html/chap6.html
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in and out of our redshift range depending on the choice of pho-
tometric redshift, as well as changing their estimated Ly (although
the change in the number of sources at a given redshift has a more
significant effect on our XLF measurements). In §3.4 we investigate
the impact of this uncertainty on the measured XLF.

3.2 XLF measurements from the blind source catalogue

For our initial measurements of the XLF, we first consider only the
more secure (lower false probability threshold) blind X-ray detected
sources in the primary (i.e. zpest > 4) sample, consisting of 21
sources. Our sample size remains too small to perform a secure fit
to a parametric model of the XLF. Thus, we divide these 21 z > 4
sources into redshift bins of z = 4—5,5—-7 and 7 - 10, corresponding
to the highest redshift where parametric XLF models have been
constrained in prior studies, the epoch of cosmic reionisation and
extremely high redshifts, respectively. The sources within each of
these redshift ranges are then split into 0.5 dex wide luminosity bins
from log L (2—10kev) €18 s~ =43 — 46, which allows the shape of
the X-ray Luminosity Function to be seen across each redshift range
from binned measurements.

We estimate the space density of AGN, in the form of the XLF
(¢obs(Lx,i»2j)), in each luminosity (Lx ;) and redshift (z;) bin,
using the ngps/nmqr method of Miyaji et al. (2001). This method
accounts for changes in the X-ray sensitivity and the shape of the
underlying XLF within our comparatively broad redshift and lumi-
nosity bins, providing a more robust estimate of the XLLF compared to
more simplistic methods (e.g. 1/Vpax methods) given the low source
numbers within our sample.

To obtain binned XLF measurements, the predicted value of the
XLF, as given by a pre-existing parametric model evaluated at the
centre of each bin, is scaled by the ratio of the number of observed
sources in that bin to the number of sources predicted by the model:

Nob,
Bobs (LX,i2) = Pmar (LxX,i» 2j) — 8
Nmdl

where ngps is the observed number of sources in each bin. The
parameterised XLF model, ¢q1(Lx;, z;), is taken to be the value of
the Luminosity Dependent Density Evolution (LDDE) XLF model
of Georgakakis et al. (2015) at the centre of the z — Lx bin (i.e. at
Lx ; and z;). Despite requiring a parametric model from previous
XLF studies, the ngps/nmq method is only marginally sensitive to
the specific choice of model; the larger uncertainties due to our low
source numbers dominates here. Finally, the predicted number of
sources in the bin, n44e], 1S given by

22 log Lx.
-— =/ / " $(Lx.2)A(c|Lx. 2) d(‘;c" dlogLy dz.  (9)
z1 JlogLx, z

where ¢ (LY, z) is the parametrised XLF model that varies across the
Lx — z bin, d(‘i/;" is the differential comoving volume at a given red-
shift, z, and A(c|Ly, z) is the sky area imaged by Chandra to a given
count rate, ¢, corresponding to a given 2—10 keV rest-frame luminos-
ity, Lx, and redshift, as determined in §2.2.2 with a false probability
threshold of 4 x 107 (as used in the blind sample creation). For
each redshift and luminosity interval, error bars are given by the 1o
equivalent uncertainties (i.e. 68.3% confidence interval) on the num-
ber of sources based on Poisson uncertainties in the source numbers
(Gehrels 1986) folded through the calculation of the observed XLF.
Where there are no observed sources in a bin (i.e. Nops = 0) we
place an upper limit on the XLF based on the upper 1o-equivalent
limit for a sample size of 0. The resulting observed, binned XLF
measurements are shown in Figure 5.

For comparison, we also plot the parametric models of Geor-
gakakis et al. (2015) (LDDE model), Ueda et al. (2014) and Pouliasis
et al. (2024) that are based on fits to data at redshifts of z = 3 — 5,
z =0.002 -5 and z = 3 - 6 respectively, extrapolated here when nec-
essary to the central redshift of each bin; z = 4.5,z =6 and z = 8.5
respectively. The uncertainties in these models are obtained through
Monte Carlo simulations using the quoted XLF model parameter
values and their uncertainties. '

At z =4 — 5 our observed XLF measurements are consistent with
the parametric models, which have been fit to data including this
redshift range. However, as the redshift increases, our measurements
of the XLF can be seen to remain at high space densities, with only a
slight decrease from the values at z = 4 —5 towards z = 7— 10, whilst
the extrapolated models predict a clear drop in the space density.
These results indicate a less steep evolution in the space density of
AGN in the early Universe than has been predicted from parametric
models, with more sources found at higher redshifts than previously
expected.

Despite the obvious trends revealed by our measurements, there
remain large uncertainties due to the small number of sources. To
improve the constraints further, in the next sub-section we combine
the full sample of blind detections and directly extracted sources to
improve our constraints.

3.3 XLF measurements from both blind and extracted X-ray
samples

In order to fully exploit the deep X-ray data available from the Chan-
dra COSMOS-Legacy survey, and improve the statistics of our mea-
surements of the high-redshift AGN X-ray Luminosity Function, we
extracted X-ray counts at the positions of all COSMOS2020 sources.
A sample of X-ray AGN is then determined from the combination of
the blind X-ray detected sources and the directly extracted X-ray mea-
surements (see §2.4 for details of the sample creation). By using the
known positions of sources based on pre-existing, multi-wavelength
imaging, we are able to increase our sample of high-redshift sources
and include lower significance detections without introducing sub-
stantial contamination due to false-positive detections. Following the
process detailed above (in section 3.2), we obtain the blind+extracted
sample measurements of the XLF using this new X-ray AGN cata-
logue.

The rest-frame 2-10keV luminosity (Lx) of each source within
this combined catalogue is based on the X-ray count rates from the
blind source catalogue, where available; otherwise the directly ex-
tracted X-ray measurements are used. We measure the binned XLF
based on this combined sample of z > 4 X-ray detected sources as
described above for the blind X-ray detected source sample only. As
a less stringent false probability threshold was used in the creation
of the blind+extracted X-ray sample (fprob,thresh = 3.38 X 1079),
the area curve for the Chandra imaging is recalculated (see §2.2.2
for details of the calculation). This new area curve is used to deter-
mine the predicted number of sources (Equation 9). The resulting
measurements of the high-redshift XLF are shown in figure 6.

With the less stringent false probability threshold possible for
this combined sample, we have improved the sensitivity of the X-ray
observations and increased the area of sky visible by Chandra at lower
luminosities. This new sensitivity has reduced the upper limits on the

10 We note that propagating the quoted uncertainties in each parameter
when extrapolating these prior XLF measurements will not fully capture
co-variances between parameters.
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Figure 5. Binned measurements of the high redshift XLF of AGN (black triangles), based on the cross-matched blind source sample and the best-fitting
photometric redshift estimates (i.e. the primary high-redshift sample). At z = 4 — 5 (left hand panel) our measurements are consistent with the model XLF of
Georgakakis et al. (2015) (pink), Ueda et al. (2014) (green) and Pouliasis et al. (2024) (blue), which were fit to data within the same redshift range. Atz =5 -7
our measured space densities are higher than predicted by the extrapolated model of Georgakakis et al. (2008) but consistent with Ueda et al. (2014) and Pouliasis
et al. (2024), while at z = 7 — 10 (right hand panel) we measure significantly higher space densities than predicted by any of the model extrapolations. The
luminosities corresponding to the Chandra sensitivity being achieved over 10%, 50% and 90% of the total survey area are indicated by the vertical dashed lines.
Upper limits are provided by the upper Poisson 1o uncertainty on 0 sources, as given by Gehrels (1986). For comparison the XLF parametric models evaluated
at z = 4.5 (i.e. as shown in the z = 4 — 5 to panel) are shown in the z =5 — 7 and 7 — 10 panels by the dashed pink, green and blue lines.
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Figure 6. As for Figure 5, with sources from both the blind source detection and directly extracted counts. Consistent with models at z = 4 — 5, our binned XLF
measurements begin to hint at a higher than predicted space density at z = 5 — 7 whilst clearly indicating the space density of AGN is higher than predicted by

extrapolations of parametric models at z =7 — 10.

space density at the faint-end of our observed XLF measurements,
allowing for tighter constraints on the faint-end of the high-redshift
XLF.

Due to the larger sample size used here, we have increased the
number of sources at each redshift interval, and thus reduced the
uncertainty in the observed XLF measurements. As can be seen in
figure 6, the space density at z = 4 — 5 increases slightly from that in
figure 5, to be above that of Georgakakis et al. (2015), whilst remain-
ing consistent with all extrapolated models shown. These improved
observed XLF measurements remain significantly higher than the
model predictions at z = 7 — 10 and continue to indicate a higher
space density at z = 5 — 7 than previously predicted. We also note
the relatively flat slope of our z = 7 — 10 measurements over the

MNRAS 000, 1-23 (2025)

full Ly ~ 10%4-46 erg 571 range, with no evidence of a break at
Lx ~ 10%- erg s~! seen in the model extrapolations.

3.4 Impact on the XLF measurements from differing
photometric redshift estimates

Our adopted photometric redshifts were obtained by fitting different
combinations of templates to the observed Spectral Energy Distribu-
tions (SEDs) of sources in the COSMOS2020 catalogue. The choice
of templates and fitting process can impact the measured redshift, in
particular the inclusion of an AGN component to the SED can drasti-
cally alter the resulting redshift measurement. The LePhare code was
used to determine a redshift for each source in the COSMOS2020
catalogue both with and without an AGN component in the templates;



Measurements of the z = 4 — 10 X-ray Luminosity Function 11

ible Zphot

Only sources
always with
Zphot =4 — 10 L without-+low
OWer possible ,, 12atz=4-75
2ot 2atz=5-7
Blind+Extracted 2atz=7-10
Sample
All possible — I
% =4-10
s with+ow
sources P i
9atz=5-7
6atz=7-10

Figure 7. Flow chart illustrating the creation of the four photometric-redshift
version dependant high-redshift samples, from our blind+extracted sample,
with+low (solid pink), with+high (solid blue), without+low (empty pink) and
without+high (empty blue). The number of sources in each redshift interval
are shown for the four sample variants.

these fits for all sources in our high-redshift samples are shown in
Appendix A. As such, all sources within our blind+extracted X-ray
sample have two possible photometric redshifts, with the choice of
SED fit having the potential to dramatically alter the measured XLF.

As can be seen in Figure 4, the photometric redshift of a source
when found with AGN templates can alter whether that source falls
within the high-redshift sample, compared to its photometric redshift
as given by galaxy-only templates. The different fits can also move
sources between our redshift bins and alter the estimated Lx. For
the previous measurements of the XLF, in §3.2 and §3.3, we used
the redshift of the best (lowest /\/2) template fit, as described in §3.1.
Here we investigate the impact of the different photometric redshifts
in order to obtain the most conservative and most optimistic values
for the XLF measurements based on our X-ray sample.

Considering both forms of the photometric redshift, from the
galaxy-only templates and the AGN templates, we generate four
different high-redshift samples. The creation of these samples is
summarised in Figure 7. Some of the sources within our X-ray sam-
ple only fall into the range of z = 4 — 10 with either their galaxy
or their AGN photometric redshift fits, but not the other. Thus, we
consider here sources where either the galaxy photometric redshift,
Zgal, or the AGN photometric redshift, zgso, is > 4.0, thus creating
an inclusive sample of 39 possible z > 4.0 sources hereafter referred
to as the “with" sample. In addition, we create a conservative high-
redshift sample of 16 sources where we require that both zg, and
ZAGN are > 4.0 (even if the redshift values themselves differ), and
remove any sources that might be at lower redshifts (referred to as
the “without" sample). For the sources where both zg, and zagn
places them within the z = 4 — 10 redshift range, we also consider
the cases where the redshift of each source is taken to be the smallest
of the two redshift values and the case where it is taken to be the
largest value, hereafter referred to as the “low" and “high" samples
respectively (that can be defined from both the “with” and “with-
out” samples). The resulting distribution of source numbers for the
four samples (with+low, with+high, without+low, without+high) are
shown in figure 7.

The observed XLF measurements are determined for all four high-
redshift sample variants following the process detailed in §3.2. The
without sample can be expected to produce the most conservative
XLF measurements; the without+high sample producing the lowest
XLF measurements in the z = 4 — 5 range and the without+low

giving the smallest measurements in the z = 7 — 10 redshift range.
Conversely, there will be a maximum XLF measurement in the z =
4 -5 and z = 7 — 10 ranges when determined from the with+low
and with+high samples respectively. The four forms of the XLF
measurements are shown in figure 8.

At 7 = 4 -5 the different XLF measurements all remain consistent
with the models, whilst the most optimistic values suggest the XLF
tends to higher space densities at the faint end. Towards higher red-
shifts, however, even the most conservative measurement indicates a
higher space density of AGN than predicted by the extrapolations of
models.

4 OBSCURED AGN AND OBSCURATION-CORRECTED
MEASUREMENTS OF THE XLF

Obscuring material in both the host galaxy and torus of dusty ma-
terial within the AGN will absorb lower energy, soft X-ray photons
produced by the corona more readily than higher energy, hard pho-
tons, preventing them from escaping the system and thus reducing
the observed soft-band counts from a source. As such, a more heavily
obscured AGN will appear to produce relatively more counts in the
hard-band than in the soft-band, as more low energy photons are
absorbed. Thus, despite the same initial production of soft and hard
photons, an obscured source will have a stronger signal at harder
X-rays relative to its observed emissions in softer bands (see Hickox
& Alexander 2018). In the early Universe, as fewer stars have formed,
galaxies are expected to have a higher gas content (see e.g. Carilli &
Walter 2013, for review) and thus early SMBHs are likely to be more
heavily obscured due to galaxy-wide gas. This higher gas content may
also increase the obscuration due to the torus around the SMBH as it
is funnelled into the central regions of the galaxy, fuelling the growth
of the SMBH that is expected to occur. Studies such as that of Vito
et al. (2018) have found the obscured fraction of AGN within their
samples to increase with redshift, consistent with these expectations.

A decrease in observed counts at Soft and Full band energies, due
to obscuring material around the AGN, results in the intrinsic lumi-
nosity of sources being under estimated and can result in an AGN not
being observed above the X-ray background. Thus, increased obscu-
ration may result in AGN which have lower observed luminosities
and thus reduce the measured space density of AGN. At the higher
redshifts probed in this study, our observed X-ray bands probe rela-
tively high rest-frame energies, mitigating the impact of obscuration,
but sufficiently high levels of obscuration will still affect our observed
count rates (and thus inferred luminosities), particularly for column
densities in the Compton-thick regime. In this section we investigate
the effect of obscuration in the high-redshift blind+extracted sample
on our measurements of the X-ray Luminosity Function (see §4.1
and §4.2). We will then perform a simple correction to the measure-
ments, in order to account for any obscuration present in our sample
(see §4.3).

4.1 The Hard-Band XLF

Obscured sources are typically more easily detected at hard-band
(2-7keV) energies than in the soft-band (0.5-2keV). However, the
measurements of the XLF we performed above were done using the
full-band (0.5-7keV) only in order to maximise our sample size
and sensitivity. Given the high redshifts of our sample the observed
hard-band imaging from Chandra will be probing very high energies,
of > 10 keV, and should thus be relatively immune to obscuration
(for Ny < 1024 compared to the full-band observations. Thus, a

MNRAS 000, 1-23 (2025)
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Figure 8. Binned XLF measurements at z > 4 determined from the blind and extracted sample using either the lowest (pink) or the highest (blue) possible
photometric redshift, with (solid symbols) and without (empty symbols) sources for which only one photometric redshift measurement, given by the galaxy or
AGN redshift fits, is z > 4. For comparison, the measured XLF from the best redshift values (as found in §2.4) is shown by the black points. Parametric models
from Ueda et al. (2014), Georgakakis et al. (2015) and Pouliasis et al. (2024) (green, pink and blue lines respectively) are shown extrapolated to the centre of
each redshift range (solid) or evaluated at a fixed z = 4.5 (dashed). Even for the lowest measured XLF, providing the most conservative result, we find a higher
space density than predicted by the parametric models at z = 7 — 10 and consistent with minimal evolution since z ~ 4.

first step to assess whether obscuration in our high-redshift sources
has a significant effect upon the observed XLF measurements is to
calculate the observed XLF from source detections made in the hard-
band, which provides a more reliable tracer of Lx at the expense of
sensitivity and sample size.

Using the sample of blind detected and hard-band extracted
sources, obtained in §2.4 with a false probability threshold of
1.74 x 1073 corresponding to a 5% False Fraction in the z > 4
sources, we calculate the observed XLF measurements given by the
hard-band count rates. The measured hard-band count rates of our
sources are converted directly to a rest-frame 2-10keV X-ray lu-
minosity (L, as in §3.1) and the measured XLF given by these
hard-band observations is determined following the process detailed
in §3.2. For these measurements, the sensitivity in the hard-band is
calculated using the false probability threshold of 1.74 x 1075 (see
§2.2.2).

The resulting measurements of the hard-band XLF are shown by
the blue diamonds in figure 9, with the original full-band measure-
ments shown by the purple circles for comparison. The hard-band
XLF measurements indicate a higher space density of AGN, in the
early Universe, than is seen with the full-band measurements. This
disparity between the full and hard band measurements can be seen to
increase with redshift. This is indicative of an increasingly obscured
population towards higher redshifts, as has been indicated by prior
X-ray studies from Vito et al. (2018); Peca et al. (2023) and in recent
discoveries of large obscured populations of AGN by JWST (Yang
et al. 2023; Maiolino et al. 2024; Greene et al. 2024) which have
generally remained undetected at X-ray wavelengths. With our hard-
band XLF measurements indicating significant obscuration within
the high-redshift sample, our full-band measurements of the XLF
can be expected to be significantly affected by this obscuration. How-
ever, obscuration may vary between sources rather than affecting the
sample in a uniform manner. As such, in order to further analyse the
obscuration within our sample and the impact on our XLF measure-
ments, we must determine the hardness ratios of each source in the
full-band sample.

MNRAS 000, 1-23 (2025)

4.2 Hardness Ratios

A good indication of the amount of obscuration there is in an AGN,
by material surrounding the black hole and accretion disk, is given by
the ratio of the measured soft and hard counts of the source, known
as the hardness ratio. Fewer soft-band photons will escape in a more
obscured AGN and hence it will have a more positive hardness ratio
than a less obscured AGN of the same intrinsic spectrum.

For all sources within our high-redshift blind+extracted sample
(summarised in section 3.1) we determine their Hardness Ratios,
following the Bayesian Estimation method detailed in Park et al.
(2006). As detailed in §2.4, the total hard and soft-band counts of
each source are taken to be the 70% PSF measurements obtained in
the blind catalogue creation, where available, or extracted directly
from the Chandra imaging at the position of the COSMO0S2020
source. The posterior distribution of possible values of the Hardness
Ratio, for each source in the sample, is then determined allowing
for the Poisson nature of the hard and soft band counts. As such
the Hardness Ratio of sources only detected in one energy band can
still be determined and constraints can be placed on the level of
obscuration of such a source. For this calculation we take the form
of the Hardness Ratio (HR) to be,

_H-S§
T H+S’
where H and S are the total number of source counts measured in
the hard and soft-bands, respectively. The Hardness Ratio for each
source within our high redshift sample is thus calculated from the
measured total counts in the hard and soft bands, with the correspond-
ing background and effective exposure (that re-weights all HRs to
account for the telescope vignetting and combination of Chandra
observations from different epochs), using a Gaussian quadrature
algorithm (as detailed in Appendix A.2 of Park et al. 2006).

The resulting hardness ratios for all z > 4 sources within our
blind+extracted sample are shown in figure 10. We find a weak trend
in the overall hardness of the population, with the majority of z > 7
sources lying at relatively high hardness ratios (HR 2 —0.25). As
can be seen in figure 10, there is significant scatter across the redshift

HR (10)
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corrected measurements can be seen to be more consistent with the hard band measurements than the uncorrected case, indicating an even higher space density

of AGN at these high-redshifts than is predicted by the model extrapolations.
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Figure 10. The Hardness Ratio (HR) with respect to the best-fitting redshift
of all sources within our blind+extracted sample. The dotted lines indicated
the expected value of HR based on the Borus spectral model (Balokovic et al.
2018) with a column density of Ny = 1022cm_2, 1083c¢m=2 and 1024cm_2,
and are used to divide our sample into corresponding unabsorbed, absorbed
and Compton Thick regions. It can be see that at z > 7 the majority of
sources lie within the Compton Thick region, however there remains a broad
distribution of HR in the sample.

range of this study, indicating that a single obscuration correction
applied to the XLF measurements would be inaccurate. However,
it should be noted that the conversion between Hardness Ratio and
the obscuration, Ny, of a source is dependent upon the redshift.
This is due to the shift in the X-ray spectrum towards lower energies
with redshift, and as such two sources of the same Ny but different
redshifts, will have different HR values.

Previously our spectral models assumed negligible intrinsic obscu-
ration, using the spectral model of Aird et al. (2015). Here, in order to
account for the effect of obscuration on our observed source counts
we employ the Borus spectral model of Balokovié¢ et al. (2018),
which includes an obscuring torus component. Using this Borus
model (folded through the Chandra response at approximately the

middle of the survey period as in section 3.1 to convert count rates
into intrinsic rest-frame 2—10 keV luminosities)!! we determine the
Hardness Ratio across the redshift range of z = 4 — 10 corresponding
to constant obscuration (i.e. constant values of Ny). With increas-
ing redshift, the observed hardness ratio for a source of given Ny
decreases, with a more rapid drop at higher Ny values (see figure
10). For obscuration below Ny = 1023cm~2 the Hardness Ratio re-
mains roughly constant, with the track of Ny = 1022cm~2 showing
no redshift evolution. As such we take unabsorbed'? sources to be
those of Ny < 1083cm~2 (given by their measured HR), while we
define “absorbed” sources as those with Hardness Ratios correspond-
ing to 108em™2 < Ny < 10%*em™2 and Compton-thick sources as
those with Hardness Ratios corresponding to Ny > 10%cm™2, as
indicated by the coloured regions in figure 10.

With Hardness Ratios determined for all sources in the
blind+extracted sample, we split the sample into unabsorbed, ab-
sorbed and Compton-thick based on their measured HR. As can be
seen in figure 10, there are fewer unabsorbed sources (those that lie
below the log Ny = 23 line on the HR-z plot) with increasing red-
shift, which is consistent with a more obscured population of AGN
at higher redshifts. The resulting numbers of sources in each redshift
range (z =4 -5,z =5-7and z =7 — 10) and within each obscu-
ration range (unabsorbed, absorbed and Compton-thick) are shown
in Figure 11. The majority of our sources can be seen to fall within
the absorbed and Compton-thick Ny ranges, with the majority of
sources found to be absorbed (see also Vito et al. 2014).

It is important to note that the number of detected sources with
different levels of obscuration will be strongly affected by selection
biases. In particular, more obscured sources produce fewer observ-
able counts and thus if they had the same intrinsic space density as
less obscured sources they would be under-represented in observed
samples, although the extent of the effect will depend on the ob-

1 The degradation of Chandra’s sensitivity across its lifetime has negligible
impact upon our results (see Barlow-Hall 2024), and are incorporated into
the exposure maps used to obtain source counts.

12 This interval will potentially contain some sources with a low level of
absorption, however for the purpose of this work they shall all be assumed to
be unabsorbed, as in Vito et al. (2018).
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limit on 0 sources, as given by Gehrels (1986), and as such is above the observed number of sources.

served energy band. To explore this effect further, we determine the
predicted number of sources in each redshift and obscuration bin,
assuming all sources in a given obscuration bin have a space den-
sity given by the PDE XLF model from Pouliasis et al. (2024). To
convert an intrinsic rest-frame 2—10 keV luminosity to an observed
full-band count rate, we adopt the Borus spectral model evaluated
at Ny = 10225em~2, 10%3-5ecm~2 and 10%*3cm™2, corresponding
to the approximate centre of each obscuration interval (Ng < 103,
108Bem™2 < Ny < 10%em™2 and Ny > 10%*cm™2 respectively).
The corresponding count-rate is used to determine the area in equa-
tion 9 and folded through the XLF model to produce an expected
number of sources in our survey area. We thus calculate the predicted
number of sources within each redshift interval, summed across all
possible luminosities'? for a given obscuration level. The resulting
Ng dependent model predictions are shown by the coloured his-
tograms in the left panel of figure 11.

The predicted number of sources overall decreases with redshift, as
sources appear fainter at higher redshifts and thus are less likely to be
detected, as well as due to the decrease in space density toward higher
redshift in the Pouliasis et al. (2024) XLF model. The predicted num-
bers also drop rapidly with increasing Ny due to the suppression of
the observed counts from such sources; only the brightest (and thus
rarest) examples are expected to be detected. However, in the ob-
served samples we find more absorbed (Nyg = 1082 ecm—2, green
data points in Figure 11, left ) than unabsorbed (Nyg < 1023 cm™2,
blue data points) at z =4 -S5and z=5-7. Atz =7 — 10 we do
not detect any unabsorbed sources, and the majority of the detected
sources appear to be heavily obscured (Compton-thick), despite the
strong selection biases against finding such sources.

The hardness ratios measured for our sample, and the compari-
son of predicted to observed source numbers at different levels of

13 We take the minimum luminosity of the range of possible X-ray luminosi-
ties as that given by the count rate observable at 0.1% of the total survey
area.
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obscuration, clearly indicates higher intrinsic space density of ob-
scured sources at high redshifts and the need for corrections to the
parametrisation of the XLF calculation to include both an Ny and
redshift dependence.

4.3 Obscuration Corrections to the XLF

The study of the obscuration in the blind and extracted sample of
high-redshift AGN, described above, indicates a significant redshift-
dependent population of obscured sources, which is not accounted
for in the model XLF. Thus, a correction to account for the disparity
between the observed numbers of obscured sources and the predicted
numbers (shown in the left hand plot of figure 11) needs to be applied
to scale up the XLF and thus provide an accurate characterisation of
the space density of high-z AGN.

With the broad distribution in Hardness Ratio with redshift, a
correction factor that depends on both redshift and Ny is required to
suitably account for obscuration within our sample. Given the limited
size and dynamic range of our samples, we shall assume that the same
correction factor applies at all Lx (i.e. we assume no luminosity
dependence in the obscured fraction and that the underlying shape of
the XLF is the same across all levels of obscuration). We determine a
scale factor, y (NH_pin» Zbin)> that must be applied to our fiducial XLF
model, ¢gqc1(Lx, z) (given by the Pouliasis et al. 2024 PDE model)
to recover a corrected model for the Ny and z bin,

Smdl,corr (LX> ZINH) = ¥ (NH,bin» Zbin) Pfidel (LX5 2)- (11)

This scale factor is defined such that we recover the observed
number of sources in a given Ny—z bin after folding through
the appropriate area curve, i.e. such that ngps(NH bin> Zbin) =
Nmdl (VH,bin» Zbin|#mdl,corr) - As in equation 9 for the calculation of
the expected number of sources given an XLF model, we can write
this as
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¥ (NH,bin» Zbin) Bfidel (Lx, 2) A(c|LX, 2, i bin) | “g22dz dlog Lx

= ¥(NH,bin> Zbin) "mdl (NH,bin» Zbin|Pfidel)
12)

with sky area A(c|Lx, z, Ny pin) at an observed count rate, c, that
depends on the redshift (z), rest-frame 2—10keV luminosity (Lx)
and obscuring column density (N pip) and is calculated assuming
the Borus spectral model (Balokovi¢ et al. 2018) and the Chandra
response. The correction factor can thus be written as,

Nmdl (NH,bin» Zbin|@mdl,corr)
Nmdl (NH,bin> Zbin|Pfidcl)
Nobs (NH,bin’ Zbin)

= s (13)
1mdl (VH,bin> Zbin|Pfidc1)

¥ (NVH, bin Zbin) =

where 165 (NH,bin» Zbin) iS the observed number of sources within
a given obscuration range (Ny pin) for a given redshift bin, and
Nmdl (VH,bin» Zbin[#fide1) s the expected total number of sources
(across all Ly) in an Ny—z bin assuming our fiducial XLF model. We
calculate the scale factor for each z bin for the unabsorbed, absorbed
and Compton-thick Ny bins, assuming the shape and redshift evo-
lution of the XLF remains that of the fiducial model within the bin.
The obscured column density is taken to be N = 1022-5,10%3-5 and
10245 cm_z, for unabsorbed, absorbed and Compton-thick sources,
respectively, as a representative value for the conversion to count
rates. Figure 12 shows the fiducial and corrected XLF models at
z=4-5,5-7and 7 - 10, for unabsorbed, absorbed and Compton-
thick sources. As previously in our measurements of the XLF, in the
case of no observed sources, we take the Poisson upper limit from
Gebhrels (1986) on 0 sources in place of the observed number.

Applying the resulting redshift and obscuration dependent correc-
tion factors, ¥ (NH,pin» Zbin)» to the predicted numbers scales them
to agree with the observed number of sources in each redshift and
obscuration interval, as shown in the right hand plot of figure 11.

Our corrected XLF model matches the observed binned XLF well
across all three redshift ranges and for the different levels of obscu-
ration (see Figure 12). With increasing obscuration, an increasingly
positive shift in the normalisation of the fiducial model is required to
agree with the observations (in contrast, the fiducial model XLF over
predicts the space density of unabsorbed sources and the corrected
model is shifted down). It should be noted that at z = 7 — 10 there
are no unabsorbed sources within our sample, and as such the model
can only be corrected to the upper limit on the binned XLF, as given
by the Poisson uncertainty of Gehrels (1986), and the shape traced
by these limits depends mainly on the sensitivity and area coverage
of the Chandra data used here.

Having obtained the correction factors and confirmed they suitably
adjust the model XLF for the obscuration observed, we can obtain
the obscuration-corrected, binned measurements of the XLF across
all Ng using the entire full-band blind+extracted sample. Equation 8
is updated to

nmdl(LX,i»2)
= (Yunabs + Yabs + Yetk) Pfider (LX,i> 2j) X
nobs (LX,i>25)

Nmdl,unabs T "mdl,abs + mdl,ctk

¢obs,corr(LX,i, Zj) = ¢mdl,corr(LX,ia Zj)

14

z Yunabs Yabs Ytk
+0.08 +0.19 +1.2
A5 0105 03875 09757
5-7 05494 11#0:8 4%
; 13" +130
7-10  <4.73 ST 217

Table 1. Obscuration corrections to the Pouliasis et al. (2024) PDE XLF
model for unabsorbed (¥, q4p5 ), absorbed (y4p5) and Compton-thick (yerx)
sources determined here.

where yynabs, Yabs and v are the obscuration correction fac-
tors for the z bin, for the Ny bins of unabsorbed, absorbed and
Compton-thick sources respectively (see table 1 for values). The pre-
dicted number of unabsorbed (7yd1,unabs)> absorbed (nmgj abs) and
Compton-thick (12q) crk) sources in each luminosity—redshift bin are
calculated using equation 12 but with the corresponding integra-
tion limits, and summed to recover the overall predicted number
of sources in the Lx—z bin. The resulting observed XLF measure-
ments are shown by the black triangles in figure 9, with the full-band
blind+extracted XLF before absorption correction (from §3.3) and
the hard-band blind XLF (from §4.1) plotted for comparison.

With the obscuration correction, our Full-band measurements
more closely follow those of the Hard-band XLF measurements,
showing a higher space density across all redshift ranges than the
uncorrected Full-band measurements. At z = 4 — 5 these corrected
measurements remain broadly consistent with the prior model predic-
tions, as in section 3.3. However, even at z = 5 — 7 our measurements
suggest a higher space density than the extrapolated models, and the
models drastically under-predict the sample observed at z = 7 — 10.

Across the full redshift range of our sample (z = 4—10) and within
each redshift bin (z =4 —-15,5—7 and 7 — 10) we use our obscuration
correction factors (Yunabss Yabs and Ycgk) to determine the intrinsic
fraction of obscured (i.e. Ny > 1023) AGN, fopsc,

Yabs t Yctk
fobsc _ abs ctl , (15)
Yunabs * Yabs + Yctk
and the intrinsic fraction of Compton-thick AGN, f.«,
Yetk
fex = < (16)

Yunabs t Yabs t Yetk .

Uncertainties are determined through random posterior draws of
possible “true” values of the fraction. From this the fraction of ob-
scured and Compton-thick AGN across the redshift range of z = 4—10
is 0,982’:%%%78 and 0,91J:%'%33 respectively.

Across the three redshift bins (z=4-5,5-"7and 7 - 10) used
in this work, we find the fraction of obscured (N > 1023) sources
increases with redshift with the fraction of Compton Thick sources
becoming increasingly dominant towards earlier times; increasing
from 0.66*%13 at z =4-5100.80*% 13 at z = 57 and 0.9770.02 at
z = 7-10. This can be seen in figure 13. Whilst the measured fraction
of Compton Thick sources is roughly consistent with previous results
(Pouliasis et al. 2024; Vito et al. 2018), this fraction rapidly increases
with redshift as found by Gilli et al. (2022) who suggest such levels
of obscuration may be due to the high gas content throughout the
host galaxies of early AGN.
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Figure 12. The Pouliasis et al. (2024) XLF model before (solid line) and after (dashed line) correction to our obscuration binned measurements, for Ny < 1023
(top row), 108cm~2 < Ny < 10**em2 (middle row) and Ny > 102*cm™2 (bottom row). Our measured XLF are shown for comparison by the black triangles,
with limits given by Gehrels (1986) where no sources exist within our sample (open triangles). The Obscuration correction can be seen to reproduce the shape
of the XLF well, as seen with our blind+extracted measurements. For the case of Ny < 1023 at z = 7 — 10 the blind+extracted sample contains no sources, thus
the obscuration correction can only provide an upper limit on the number of sources, based on the survey area of the sample.

5 DISCUSSION

5.1 Comparisons to previous measurements of the XLF at high

redshift

The AGN X-ray Luminosity Function (XLF) has previously only
been measured to z ~ 6 (e.g. Georgakakis et al. 2015; Pouliasis

fitted, due to the limitations on high-redshift X-ray surveys (i.e. the
small area observable to the required depth with current telescopes,

observed decline in space density of AGN with increasing redshifts,

and the difficulty of identifying the counterparts to X-ray AGN at
high redshifts) and the XLF beyond z = 6 has remained poorly

et al. 2024; Vito et al. 2018), to which parametric models were then
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constrained. With new deep near-IR imaging from UltraVISTA, in-
corporated within the COSMOS2020 multi-wavelength catalogue, it
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Figure 13. Fraction of the blind+extracted sample that are Compton Thick
(pink points) and the fraction that are obscured (black points), across the full
luminosity range of the sample. Previous observational measurements of the
obscured fraction from Vito et al. (2018) for Ly = 10%3-5-44 erg s~! (dashed)
and 10%-%45 erg s~! (dot-dashed) are shown by the gold region and the
measurement from Pouliasis et al. (2024)) is shown by the red diamond. Our
Compton Thick fraction is consistent with these observational measurements
at z = 4 — 5, but shows a clear increase with redshift. The high obscured
fraction measured from our blind+extracted sample is indicative of the large
fracton of obscured sources in the early Universe which has been predicted
by the models of Gilli et al. (2022) based on the expected column densities
of gas within the host galaxies of high-z AGN.

is possible to measure redshifts for sources at z > 6 that we have
matched with X-ray sources in the Chandra-COSMOS Legacy imag-
ing and used to identify additional lower significance X-ray sources.
We have thus obtained measurements of the XLF at moderate lu-
minosities out to z = 10 that demonstrate substantially higher space
densities of early X-ray AGN than predicted by the extrapolations of
prior parametric models.

The work performed in this paper relies on photometric redshift
measurements. As investigated in section 3.4, the choice of templates
used in the photometric redshift fitting adds an uncertainty to the XLF
measurements. As such we determined the uncertainty range in our
XLF measurements due to the uncertainties intrinsic to photometric
redshifts, shown in figure 8. We note that even in our most pessimistic
scenario based on the differing photometric redshift solutions, we still
find a significantly higher space density of X-ray AGN at z =7 — 10
than expected based on prior model extrapolations. We also find
evidence that a large fraction of the early X-ray AGN population
is obscured; applying obscuration corrections to the full-band XLF
measurements (see §4) further increases our measurements of the
space density of high-z X-ray AGN. We now combine our obscuration
corrected XLF and photometric redshift uncertainties, in order to
determine the most optimistic and most conservative measurements
of the XLF from our sample, which we then compare with constraints
from prior studies.

For our most conservative estimate, we take the lower bound of
the uncertainty range shown in figure 8 when considering the impact
of photometric redshift uncertainties (N.B. these measurements do
not include any correction for obscuration). We then take the upper
uncertainty on the obscuration-corrected measurements as our most

optimistic, upper limit. The resulting range in our observed XLF
measurements, at the redshifts of z =4 —-5,5 -7 and 7 — 10, are
shown in figure 14.

We note that applying the obscuration corrections (as in section
4.3) whilst also considering the range of possible redshifts for each
source (as in section 3.4) would provide a more comprehensive un-
certainty range of our XLF measurements. However, as there is sig-
nificant obscuration across the full redshift range of the sample, this
would increase the disparity between the model predictions and the
most optimistic space densities at z = 7 — 10, whilst the most con-
servative measurements of the XLF would remain the value of the
lower uncertainties found in section 3.4 for the uncorrected XLF.
As such, with the obscuration corrections only applied to the best
redshift measurements, the results shown in figure 14 may still be
relatively conservative, rather than showing strict upper limits on the
high-redshift AGN space density. We also recall that a number of
X-ray sources in the blind source catalogue either lack reliable coun-
terparts or have reliable counterparts but lack reliable photometric
redshift estimates. Some of these X-ray sources may fall within our
redshift range and would increase our upper limit further still.

In Figure 14 we compare these bounds on our XLF measurements
with both parametric model extrapolations. Within the redshift range
of z = 4 — 5, at which previous XLF models have been fitted to
survey data, we find our measurements of the XLF to be consistent
with the parametric models (as is to be expected) and thus suitably
representative of the AGN population at the end of cosmic reioni-
sation (see left hand panel of figure 14). However, the upper limits
on our measurements, which account for the obscuration within the
sample, suggest that the space density of fainter AGN could be sub-
stantially higher than predicted based on prior model extrapolations.
Our higher space density estimates are due to the potentially substan-
tial fraction of the population at these redshifts that are obscured or
Compton-thick (2 90%) that may not be fully accounted for in the
prior studies or their parametrisations.

At higher redshifts (centre panel of figure 14), our measurements
remain broadly consistent with the parametric model extrapolations
at z = 5 — 7. Whilst the most conservative measurements are clearly
consistent with the model predictions, our most optimistic values
indicate that the true space density of AGN may be substantially
higher. We also compare here with direct constraints on the bright
end of the XLF by Barlow-Hall et al. (2023) using Swift (ExSeSS)
and by Wolf et al. (2021) with eROSITA (eFEDs, determined for
a narrower redshift interval of z = 5.7 — 6.4). We find that these
while these previous estimates are consistent with our limits, our
best estimate (solid black square) and upper bound indicate that the
space density of Lx ~ 1074 erg s™! AGN at z ~ 5 — 7 could
be up to a factor ~ 100 higher than that measured by Barlow-Hall
et al. (2023) and Wolf et al. (2021). It should be noted that the
measurement of Barlow-Hall et al. (2023) will be incomplete, in
particular for obscured AGN, and should thus be considered a lower
limit, which could explain the substantial discrepancy with our new
Chandra/COSMOS measurements.

Despite the agreement between our blind+extracted measurements
and the extrapolations of parametric models out to z = 7, the ex-
trapolated models can be seen to under-predict the observed XLF at
z = 7-10 (see right hand plot of 14). Although the most conservative
measurements of the observed XLF at this very high redshift is within
1o of the Georgakakis et al. (2015) LDDE model predictions, the
AGN space-density in the very early universe is likely much higher
than previously expected. Although previous studies (e.g Brusa et al.
2009; Vito et al. 2018) suggest the need for a high-redshift decline in
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Figure 14. The bounds of the XLF measured in this paper, with lower bounds given by the lower bounds of the photometry dependent XLF determined in
§3.4 and the upper bounds given by the upper uncertainty on the obscuration corrected XLF measurements (see section 4.3). Extrapolated models of XLF fit
to redshift z ~ 3 — 6 data are plotted at the central redshift of each bin (i.e. z = 4.5, z = 6 and z = 8.5) for comparison, with the dotted lines indicating the
space density given by the models at z = 4 — 5. The bright-end XLF measurements of Barlow-Hall et al. (2023) and Wolf et al. (2021) are shown by the green

triangles and the blue diamond respectively.

the AGN space density, the results we have presented here indicate
that there is no such decline in the AGN space density at z 2 7.

The space density of AGN we have determined here indicates a
large number of actively accreting supermassive black holes within
the very early Universe, which are detectable even with current X-ray
telescopes, even if the high levels of obscuration (becoming predom-
inantly Compton-thick at the highest redshifts that we probe) mean
that their observable X-ray flux is strongly suppressed relative to their
intrinsic luminosities. Our findings suggest that significant black hole
growth may be occurring at early times, which we investigate further
in §5.3. This early AGN population within the first galaxies would
likely also have a significant impact upon the evolution of galaxies in
the early Universe. In addition, as contamination of galaxy observa-
tions by AGN will significantly impact any measurements of galaxy
properties, we stress the importance of accounting for the impact of
AGN light on any measurements of galaxy properties at z > 4 (as is
accounted for in e.g. de Graaff et al. 2025; Trinca et al. 2024; Bowler
et al. 2020).

5.2 Comparison with the bolometric QLF and new AGN
populations identified with JWST

New, sensitive IR imaging enabled by JWST (along with follow-
up spectroscopy of faint sources) has enabled the identification of
surprising large populations of moderate- to low-luminosity AGN
at redshifts above z ~ 4 (e.g. Greene et al. 2024; Matthee et al.
2024; Kokorev et al. 2024; Larson et al. 2023), with some studies
claiming to have found early AGN out to z ~ 10 (Kovdcs et al. 2024).
These early JWST results indicate a relatively high AGN occupation
fraction within the first galaxies, with the majority of JWST studies
pointing towards unexpectedly high AGN space densities within the
early Universe (see e.g. Greene et al. 2024; Maiolino et al. 2024).
In order to compare our X-ray measurements of the z > 4 AGN
space density to the JWST findings, we convert our measurements
of the XLF into into estimates of the bolometric Quasar Luminos-
ity Function (QLF), adopting the luminosity-dependent bolometric
corrections of Shen et al. (2020). Applying the bolometric correc-
tion to the full-band, obscuration-corrected XLF measurements ob-
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tained above (see section 4.3), we compare our new QLF estimates
at z = 5 — 7 to measurements based on JWST data by Maiolino et al.
(2024) (from UV luminosity function measurements at z ~ 4 — 6)
and Greene et al. (2024) (see figure 15). Greene et al. (2024) per-
formed their measurements of the QLF on the space density of Little
Red Dots, based on photometric selection of Red Compact sources
and spectroscopic broad lines, and thus may not capture all low-
luminosity AGN. In contrast, Maiolino et al. (2024) use a less strin-
gent selection of AGN, based simply on the identification of a broad
Ha or HB line, and thus measure a higher space density than Greene
et al. (2024) at low-luminosities. In addition to the JWST measure-
ments, we also show the previous constraints on the bright-end QLF
based on X-ray measurements from Barlow-Hall et al. (2023) and
from a bolometric conversion of the Wolf et al. (2021) measure-
ments of the XLF (converted using the Shen et al. 2020, bolometric
correction).

As can be seen in figure 15, our obscuration-corrected measure-
ments of the AGN space density follow a consistent trend between
the early JWST results and X-ray observations at the bright-end of
the luminosity function. As noted by Scholtz et al. (2025), the ma-
jority of AGN detected by JWST are found to have no detected X-ray
emission even when image stacking is applied (see Maiolino et al.
2025b; Yue et al. 2024). This lack of X-ray detection points towards
a potentially very high obscuration fraction (of the order of 100x
the fraction of unobscured sources, as in Maiolino et al. 2025b, and
references there in), as is consistent with the obscured population
inferred from our blind+extracted sample here(~ 220x%, given by the
obscuration correction to the model XLF). Despite this, other stud-
ies with JWST have successfully identified high-z AGN with X-ray
detections (Kocevski et al. 2024; Bogdén et al. 2024; Napolitano
et al. 2025). Pouliasis et al. (2024) argued that X-ray selection is
likely to miss all but a small fraction of the heavily obscured AGN
population; precisely those sources being found by JWST. With our
blind+extracted sample pushing the limit of current X-ray imaging,
and probing higher luminosity AGN than the JWST imaging of stud-
ies such as Maiolino et al. (2024); Greene et al. (2024), it is likely
that the AGN found by JWST are simply lower (intrinsic) luminosity
equivalents to the population that we have identified here, which also
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(2021) (blue diamond). The JWST measurements at z = 5 — 6 from Greene et al. (2024) are shown by the red circles, and the z = 4 — 6 UVLF measurements of
Maiolino et al. (2024), similarly converted to bolometric luminosities using the conversions of Shen et al. (2020), are shown by the gold stars. For comparison,
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respectively). Our constraints on the QLF can be seen to bridge the gap between the latest JWST observations and the bright-end X-ray measurements, as well
as being consistent with substantially higher space densities of low-to-moderate luminosity AGN in the early Universe than predicated by extrapolations of

previous models.

exhibit high (often Compton-thick) levels of obscuration that sup-
presses their X-ray emission and makes them difficult to detect even
in the very deepest X-ray imaging (or stacks). In order to investigate
this further, spectra and JWST imaging of our high redshift sample
are required to determine their physical nature and compare their
properties with the population of compact AGN (known as Little
Red Dots, e.g. Kocevski et al. 2024) found by JWST.

The moderate luminosity measurements of the AGN space density
we have obtained in this work, clearly point towards a reconciliation
of the JWST AGN population and those identified through X-ray sur-
veys. With improved redshift measurements from the mid-IR imaging
of JWST, even fainter X-ray sources could be identified within the
Chandra Deep Fields (following the method detailed in section 2.4)
and thus place further constraints on the faint-end of the XLF, where
the majority of the AGN population resides. In order to truly rec-
oncile these measurements, the impact of Compton-thick levels of

obscuration needs to be carefully taken into account. Only with even
deeper X-ray observations than currently feasible with Chandra do
we stand a chance of identifying JWST AGN at X-ray wavelengths,
assuming they have some intrinsic X-ray emission due to the AGN,
requiring the next generation of X-ray observatories such as AXIS
(Reynolds et al. 2023; Cappelluti et al. 2024).

5.3 The Implications on Early Black Hole Growth

Our measurements indicate a substantially higher space density of
moderate-luminosity AGN at z > 6 than expected given earlier X-
ray studies and in line with recent JWST findings. Previous measure-
ments of X-ray selected AGN out to redshifts of z ~ 6 found a decline
in the space density of AGN with increasing redshift from which
studies such as Vito et al. (2014); Aird et al. (2015) determined the
Black Hole Accretion Density (BHAD) to drop more rapidly with
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redshift than the Star Formation Rate Density (SFRD) of galaxies
(see also e.g. Pouliasis et al. 2024; Zhang et al. 2023; Habouzit et al.
2021). This trend suggests the build-up of stellar mass within galaxies
may have occurred before their central SMBH underwent significant
accretion-driven mass build-up. Using our XLF measurements we
determine the corresponding BHAD in each of our redshift bins
(z=4-5,5-"7and 7 - 10) following the process detailed inYang
et al. (2021) and Pouliasis et al. (2024), whereby

1-€
BHAD = — / Lol X ¢pol (Liol> 2)d 10g Liyg)

1-€ dlog L
= 5 [ oo (L ) S g Ly (17)
e€c dlog Ly

where we take the radiative efficiency, €, tobe 0.1 (as in Pouliasis et al.
2024), ¢eorr(Lx, z) is our obscuration-corrected XLF determined in

dlog Lx
§4, and the dTog Loy,

ray and bolometric luminosities. As our model assumes a declining
XLF within each redshift bin, we calculate the BHAD across each
redshift bin, for the bolometric luminosity range of 43 < log Ly <
49 then average over the redshift bin to obtain the BHAD at the given
redshifts.

Our resulting BHAD measurements (see figure 16) show an in-
crease with redshift from the end of cosmic reionisation (z ~ 5) out
to z = 10. Our measurements are consistent with the BHAD that is
estimated based on AGN populations identified with JWST (Yang
et al. 2023) and in particular the high BHAD inferred from the large
populations of Little Red Dots identified with JWST out to z ~ 10
(Akins et al. 2025, red hexagons in figure 16). Unlike the X-ray mea-
surements of Vito et al. (2014); Aird et al. (2015), the BHAD found
here indicates that significant Black Hole mass assembly may have
occurred prior to stellar mass build up. As such, BHs may build up
a significant fraction of their mass before the stellar mass of their
host galaxy is assembled, as has been postulated in the work of Guet-
zoyan et al. (2025); Terrazas et al. (2024). Mass measurements of
early SMBHs also find over-massive SMBHs (e.g. Maiolino et al.
2024; Kocevski et al. 2024), i.e. they are more massive than their
host galaxies, which requires this BH mass build-up to precede that
of the host galaxy’s stellar mass.

The high hardness ratios that we measure for blind+extracted
sample (see §4.3, above) indicates the majority of the moderate-
luminosity AGN population at these redshifts is heavily obscured
and may be almost entirely Compton-thick at z > 7 (as indicated by
the obscured and Compton-thick fractions in Figure 13). The trend
we observed here is consistent with that predicted by Gilli et al.
(2022) through extensive modelling of the the redshift evolution in
the obscuration of AGN due to the column density of gas in the In-
terstellar Medium (ISM) of galaxies (as well as the obscuring torus
associated with the AGN itself). Gilli et al. (2022) found the ISM
density increases steeply with redshift as (1 + z)3-3~*from a Milky
Way-like ISM at z = 0 to > 100x higher column density at z = 3,
and up to Compton-thick ISM densities at z > 6. The high frac-
tion of Compton-thick sources found for our sample, O.982t(())'%(())78 for
z = 4—10, thus appears to be consistent with a high abundance of gas
within the early Universe, in agreement with the gas mass fractions
expected within high redshift galaxies (see review of Carilli & Walter
2013). Thus, our results are indicative of highly obscured AGN due
to the dense ISM of host galaxies, as has been proposed as the mech-
anism responsible for the lack of X-ray emissions in Little Red Dots.
The high space density and obscuration fraction we have measured
also indicates a substantial build-up of SMBHs within heavily ob-
scured environments in the early Universe. Such highly abundant gas
that may fuel both AGN and star formation within the first galaxies,

accounts for the change of variables between X-
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Figure 16. Evolution of the BHAD with redshift, as given by our measure-
ments of the z = 4 — 10 XLF (black crosses). Previous X-ray based measure-
ments by Aird et al. (2015) and Pouliasis et al. (2024) are shown by the purple
and blue lines respectively and can be seen to follow a rapid decline with in-
creasing redshift. For comparison we show the SFRD of Madau & Dickinson
(2014, solid red), and a more recent estimate of the high redshift SFRD as
measured by Donnan et al. (2023a, dot-dashed crimson), both rescaled by
a factor of 1/1500 to compare with the BHAD. Our measurements of the
BHAD can be seen to increase toward higher redshift and are consistent with
recent JWST measurements based on mid-IR selected AGN (Yang et al. 2023,
shown by the gold hexagons) and Little Red Dots (Akins et al. 2025, shown
by the red hexagons). These measurements suggest early SMBHs underwent
significant mass growth prior to the build-up of stellar mass within their host
galaxies.

with early AGN activity potentially impacting the evolution of their
host galaxies. Whilst assessing the mechanisms that may drive this
early SMBH growth and any co-evolution with their host galaxies
is beyond the scope of this work, our observation findings indicate
the exciting prospects for the future of our understanding of galaxy
formation within the early Universe.

6 CONCLUSIONS

Searches for high-redshift moderate-luminosity X-ray AGN, corre-
sponding to the majority of the BH mass growth, have been limited
by the lack of sufficiently deep near-IR data to reliably measure pho-
tometric redshifts as well as the sensitivity of current X-ray surveys.
As such, the X-ray Luminosity Function (XLF) has been poorly con-
strained at high redshifts, with only a few studies fitting parametric
models based on samples spanning to z ~ 6 (e.g. Georgakakis et al.
2015; Pouliasis et al. 2024). In this work we have presented new
observational measurements of the XLF at z = 4 — 10 by combining
the deep NIR imaging from the UltraVISTA survey (incorporated
within the COSMOS2020 photometric catalogue of Weaver et al.
2022) with the Chandra legacy imaging from Civano et al. (2016).
In order to measure the high-redshift XLF we have obtained a sam-
ple of z > 4 X-ray detected sources within the COSMOS field, with
photometric redshifts from the COSMOS2020 catalogue. We first
performed a cross-match of blind X-ray detections in the Chandra
COSMOS Legacy data with the COSMOS2020 catalogue, produc-
ing a sample of 21 (likely) high-redshift X-ray sources. We then
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pushed the limits of the Chandra imaging by extracting X-ray counts
at the positions of high-redshift sources within the COSMOS2020
catalogue, allowing us to increase our sample size with an additional
11 (likely) high-redshift X-ray sources that were not identified by the
initial X-ray soure detection procedure and pushing our sample to
somewhat fainter flux limits.

We use our resulting samples of high-redshift AGN to measure the
XLF at z = 4 — 10 following the ngpg/nymq; method of Miyaji et al.
(2001). The XLF was measured for the blind sample only and then
the blind+extracted sample using the best fit photometric redshifts of
each source and subsequently testing the upper and lower bounds on
the XLF measurements given the possible zppoto 0f our sources. We
then investigated the effect of obscuration within the AGN sample
on the measured XLF and applied an obscuration correction to our
XLF measurements.

These new, improved XLF measurements at moderate luminosities
place important constraints on the space density of AGN where
previously only extrapolated predictions from XLF models at lower
redshifts were available. Our conclusions are as follows:

(i) We have measured the XLF at redshiftsof z =4-5,z=5-7
and z = 7—-10, spanning a luminosity range of Lx ~ 10%~40 ergs~!,
and placing upper limits on bins where no sources are found.
These XLF measurements, using either the blind-only sample or
the blind+extracted sample, are consistent with the XLF models at
z =4 — 5 (where the models were fit to pre-existing samples). How-
ever, our measurements indicate a higher space density of X-ray AGN
toward higher redshifts than predicted by the model extrapolations.
At z = 7 — 10 our measurements clearly show a space density closer
to that of the models at z = 4 — 5, suggesting that any decline in the
space density of AGN toward high redshift decline is far weaker than
lower redshift measurements had previously indicated.

(i) We also considered the impact of differing photometric red-
shift estimates for sources in our sample, and calculated the range
of XLF measurements when considering the the maximum and min-
imum number of X-ray sources in our sample at each redshift and
luminosity interval. The resulting measurements provide a more con-
servative uncertainty on our measured XLF, and remain consistent
with the model predictions at z = 4 — 5 and z = 5 — 7. However,
the upper bound of these limits indicate a potentially higher space
density of AGN than previously expected atz =5—-7and z = 7-10.
Even our lower bounds hint at a higher space density of AGN than
expected from the model extrapolations at z = 7 — 10, the highest
redshifts investigated here.

(iii) Performing measurements of the XLF using only sources
detected at hard X-ray energies (2-7 keV, corresponding to rest-
frame energies >10 keV for the redshifts considered here), we found
that obscuration likely has a significant impact on measurements
of the XLF. The hard-band measurements indicate a much higher
space density of AGN than our initial full-band measurements. The
hardness ratios of our X-ray sample, determined through a Bayesian
estimation method in order to account for the low photon counts, also
indicate a significant fraction of our sample are likely to be heavily
obscured or Compton-thick AGN.

(iv) Dividing the X-ray sample into unabsorbed, absorbed and
Compton-thick AGN, based on their observed hardness ratios, we
have estimated Ng7- and redshift-dependent corrections to the XLF
measurements. We find that the obscuration-corrected XLF, based on
our full-band sample, indicates a substantially higher space density
than the uncorrected measurements and thus further increases the
discrepancy with the model extrapolations.

(v) From the obscuration corrections we calculate the intrinsic

fraction of obscured (Nyg = 1023_24cm2) and Compton-thick (Nyg >
102*cm?) AGN. We find the fraction of heavily obscured (absorbed
and Compton-thick) sources increasingly dominates over the fraction
of unobscured sources (Ny < 1023cm2), with increasing redshift.
The obscured fraction of AGN across the full redshift range of z =

4-10is 0.982*_'%'%%78. Notably the Compton-thick fraction of AGN

dominates the population, rising from 0.66t% 1153 atz=4-5to

0.80*_'%' 1031 and 0.97"_'(())'%21 atz =5—7and z =7 — 10 respectively.

(vi) .Considering the full range of uncertainty in the XLF we have
measured, we find that the space density of AGN in the early Universe
could be substantially higher than previously expected. This larger
population of early AGN could be expected to have a significant
effect on the growth of the first galaxies.

(vii) Our obscuration-corrected XLF measurements indicate aris-
ing space density towards lower luminosities, which appears to be
consistent with the high space densities of lower luminosity AGN
being discovered within deep JWST fields. Thus, our measurements
point towards a reconciliation between X-ray measurements and the
latest JWST findings at z > 6, and suggests that the apparent X-ray
weakness of many of the high-redshift AGN found by JWST may be
due to high levels of obscuration that suppress the X-ray emission.

(viii) Given our obscuration-corrected XLF measurements we
calculate the corresponding Black Hole Accretion rate Density
(BHAD) at z = 4 -5,z = 5-7 and z = 7 — 10. These mea-
surements show an mild increase BHAD toward higher redshift, at
z > 4, and are consistent with recent estimates of high levels of black
hole growth in the early Universe from JWST studies. Thus, substan-
tial Black Hole growth may have occurred before the build-up of the
bulk of stellar mass in such galaxies.

Whilst the results obtained here point towards a reconciliation
between the new JWST AGN observations and bright-end X-ray
measurements, further studies using larger area X-ray surveys and
redshift measurements possible with both the mid-IR imaging of
JWST and the larger sky areas covered by Euclid offer the potential
to constrain the space density of AGN at fainter luminosities and to
improve the constraints found here. Furthermore, our measurements
of the XLF presents exciting possibilities for the population studies
that will be possible with future X-rays telescopes, such as ESA’s
NewAthena X-ray Observatory mission Cruise et al. (2025) that will
enable wide-area, deep X-ray surveys that will be highly effective
at unveiling the prevalent population of high-redshift, heavily ob-
scured, moderate-luminosity AGN out to z 2 6 suggested by our
measurements.
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APPENDIX A: COSMOS2020 LEPHARE REDSHIFT FITS
OF THE Z > 4 BLIND+EXTRACTED SOURCES

In this appendix I provide plots of the redshift photometric fits of
my sample of 39 blind+extracted z > 4 sources as performed by
Weaver et al. (2022) using LePhare with both galaxy only (red) and
AGN (blue) Spectral Energy Density (SED) models (see figure Al).
The galaxy templates used by Weaver et al. (2022) are those of
Polletta et al. (2007) Ilbert et al. (2009), Bruzual & Charlot (2003)
and Onodera et al. (2012), and the AGN templates consist of a galaxy
SED with a QSO component of varying dominance over the galaxy
SED (see Salvato et al. 20009, for a detailed explanation of the creation
of the AGN templates). For each source the probability distribution
of the redshift with the galaxy template fits is shown in the inset plot
with the redshift of the AGN fit shown by the blue line for comparison
and the z < 4 region shaded. UltraVISTA Ks-band imaging for all of
these sources is also shown, with the location of the source as given
by the FARMER catalogue indicated by the orange cross, for which
all sources can be seen to have a Ks-band detection as is required of
my sample.

The shape of the SEDs of all my blind+extracted z > 4 X-ray
sources are suitably reproduced by the LePhare fits performed by
Weaver et al. (2022). For those sources which are within close prox-
imity to a brighter object within the Ks-band image shown, the mea-
sured photometry at the blue end of the SEDs may be contaminated in
certain filters resulting in the scatter of photometry in those sources.
It can be seen that, by eye, there are cases where the galaxy only
model provides a better fit to the measured photometry, the majority
of which have the galaxy redshift (zG 47.) around z ~ 4. For a number
of my sources the measured photometry rises at IR wavelengths, as
does the AGN sed model, above that predicted by the galaxy only
models. This trend is indicative of high-redshift AGN appearing as
red sources with rising power-law slope, as is being seen by JWST
(e.g. see Matthee et al. 2024; Maiolino et al. 2025b; Yue et al. 2024;
Brooks et al. 2024).
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Figure Al. The LePhare photometric redshifts fits of all 39 potentially z > 4 sources in my blind+extracted sample, as given by galaxy templates (red) and
AGN templates (blue). The photometric measurements of each source are shown by the black points, with the measurement in filters for which there are none
detections plotted as an upper limit given by the filter depth (grey triangles). The spectral shape measured by the photometry of each source is reproduced by the
fitted models. Some sources showing a slight rise in brightness at IR wavelengths above that predicted by the galaxy models, indicative of high redshift AGN
being red sources with rising power-law slope (as has been found with JWST; Matthee et al. 2024; Maiolino et al. 2025b) The probability distribution of possible
redshifts based on the galaxy template fits is shown in the inset plot, with the best AGN redshift fit indicated by the blue line, and the region outside the redshift
range of my blind+extracted sample shaded. The Ks-band UltraVISTA imaging of each source is shown, with the COSMOS2020 position indicated by the gold
cross and a detection clearly seen in all sources which have been fit by both a galaxy and AGN template.
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Figure A1 — continued
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