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A B S T R A C T 

X-ray luminosity functions (XLFs) of active galactic nuclei (AGNs) trace the growth and evolution of supermassive black 

hole populations across cosmic time. Ho we ver, current XLF models are poorly constrained at redshifts of z > 6, with a 
lack of spectroscopic constraints at these high redshifts. In this work, we place limits on the bright-end of the XLF at z = 

5.7–6.4 using high-redshift AGN identified within the Extragalactic Serendipitous Swift Surv e y (ExSeSS) catalogue. Within 

ExSeSS, we find one serendipitously X-ray detected z > 6 AGN, ATLAS J025.6821-33.4627, with an X-ray luminosity of 
L X 

= 8 . 47 

+ 3 . 40 
−3 . 13 × 10 

44 erg . s −1 and z = 6.31 ± 0.03, making it the highest redshift, spectroscopically confirmed, serendipitously 

X-ray detected quasar known to date. We also calculate an upper limit on the space density at higher luminosities where no 

additional sources are found, enabling us to place constraints on the shape of the XLF. Our results are consistent with the rapid 

decline in the space densities of high-luminosity AGN towards high redshift as predicted by extrapolations of existing parametric 
models of the XLF . W e also find that our X-ray based measurements are consistent with estimates of the bolometric quasar 
luminosity function based on UV measurements at z � 6, although they require a large X-ray to bolometric correction factor at 
these high luminosities. 

K ey words: galaxies: acti ve – galaxies: evolution – galaxies: luminosity function, mass function – quasars: supermassive black 

holes – X-rays: galaxies. 
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 I N T RO D U C T I O N  

ost galaxies are thought to play host to supermassive black holes 
SMBHs), with SMBHs and galaxies thought to co-evolve (Kor- 
endy & Ho 2013 ). When rapidly growing these SMBHs produce 

trong emissions across a range of wavelengths, from radio to high- 
nergy X-rays, powered by their accretion activity (e.g. see reviews of 
eines & Comastri 2016 ; P ado vani et al. 2017 ; Hickox & Alexander
018 ). These luminous systems are known as active galactic nuclei 
AGNs) and form the basis for investigations of SMBHs beyond our 
ocal Universe, with AGN observed throughout the Universe and 
ven out at redshifts of z > 6. 

Large-scale optical and near-infrared imaging surv e ys hav e en- 
bled the identification of luminous AGN out to z = 7.54 (Ba ̃ nados
t al. 2018 ) and z = 7.642 (Wang et al. 2021 ). Spectroscopic follow-
p observations not only confirm the redshifts of these sources but 
lso reveal them to have remarkably similar rest-frame ultraviolet 
UV) spectra to their lower redshift counterparts (e.g. Mortlock et al. 
011 ; De Rosa et al. 2014 ; Shen et al. 2019 ). Applying single epoch
caling relations indicates that they have masses of ∼ 10 6 −8 M � (see 
.g. Onoue et al. 2019 ; Yang et al. 2021 ; Zubovas & King 2021 , and
eferences therein), which are comparable to SMBH masses in the 
earby Universe. This raises the question as to how these SMBHs
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ormed and grew to these masses within the short-time period of the
arly Universe. 

The main seeding mechanisms theorized for the formation of 
GN are Population III stellar remnants (e.g. Madau & Rees 2001 )
nd direct collapse black holes (e.g. Volonteri & Begelman 2010 ),
roducing black hole seeds of masses 10 –100 M � or 10 4 − 10 6 M �,
especti vely. Thus, e ven for the case of direct collapse, a significant
mount of growth must have occurred within the first few 100 Myrs
f cosmic time in order for these seed black holes to have attained the
asses we observe. Ho we ver, this gro wth remains poorly constrained

ue to the lack of robust observational constraints on AGN within
he early Universe. 

The growth of AGN populations across cosmic time and the 
volution of AGN accretion rate is traced by the quasar luminosity
unction (QLF). The QLF describes the comoving space density of 
GN as a function of redshift and luminosity (e.g. Page et al. 1996 ;
oyle et al. 2000 ; Kalfountzou et al. 2014 ) and is measured using

urv e ys of AGN selected using optical, IR, and X-ray data (Hopkins,
ichards & Hernquist 2007 ; Ross et al. 2013 ). Many AGNs have been
isco v ered through rest-frame optical/UV selection (e.g. Ba ̃ nados 
t al. 2016 ), which is probed by optical and IR surv e ys that co v er
arge areas of sky identifying AGN out to very high redshifts (e.g.

cGreer et al. 2013 ; Matsuoka et al. 2019 ; Reed et al. 2019 ; Wang
t al. 2019 ). X-ray follow-up of high-redshift AGN samples identified 
hrough optical or IR surv e ys enable further investigations the nature
f these sources (Vignali et al. 2001 ; Brandt et al. 2002 ; Vito et al.
019 ). Ho we ver, rest-frame optical/UV selection is biased towards
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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he most luminous AGN sources, as these are more easily detectable
y optical/UV telescopes abo v e the emissions of the host galaxy.
rocesses within the host galaxies can also contaminate the AGN

ight at optical/UV and IR w avelengths, unlik e X-ray selected AGN
amples. 

X-ray selection is often used to identify samples of AGN without
he strong bias towards the most luminous sources that affect
ptical/UV selection. This lack of bias arises as few processes within
alaxies produce significant X-ray emission and thus AGN easily
utshine their host galaxies at X-ray wavelengths (see e.g. Padovani
t al. 2017 ). Furthermore, X-ray emission is much less susceptible
o obscuration effects than the optical/UV light. Thus, AGN can be
fficiently identified using X-ray surv e ys, with the accretion rate
nd hence the growth of the central SMBH being reliably traced
y the X-ray emission. Thanks to their well-defined sensitivity and
ncontaminated selection of AGN, X-ray surv e ys are especially
seful for determining the QLF. The X-ray QLF, known as the X-ray
uminosity Function (XLF), can then be used to place constraints on

he activity of AGN across cosmic time and thus the rate of growth
f the early population of SMBHs. 
Prior studies of the XLF have shown that AGN populations evolve

ubstantially o v er cosmic time, increasing in both space density and
heir typical luminosities between z ∼ 0 and z ∼ 2, where the o v erall
ccretion rate density peaks (e.g. Ueda et al. 2014 ; Aird et al. 2015 ).
owards higher redshifts ( z � 3), the normalization of the XLF is
ound to drop rapidly across all luminosities (e.g. Brusa et al. 2009 ;
ito et al. 2014 ; Georgakakis et al. 2015 ), placing constraints on the
xtent of SMBH growth in the early Univ erse. Howev er, the samples
f X-ray selected AGN at z � 5 remain extremely small: two with
hotometric redshifts in the ≈ 7 Ms Chandra Deep Field South (Luo
t al. 2017 ), two with spectroscopic redshift (the highest at z = 5.3),
nd seven with photometric redshifts (four of which are at z > 6 with
he highest at z = 6.85) in the Chandra COSMOS-Le gac y surv e y
Marchesi et al. 2016 ). These small numbers are due to both the
trong decline in the XLF of AGN at high redshift, which can also be
een in the space density measured from optical/UV and IR surv e ys,
nd the depths required in order to detect even intrinsically luminous
GN at these extreme redshifts. Due to these small X-ray samples,

he parametric models of the XLF are poorly constrained at high
edshift by current observ ations. Yet, e ven with samples of just a few
GN at these very high redshifts, we can begin to place important
onstraints on the XLF. 

With the launch of eROSITA – providing a new generation of
ensitive, wide-area X-ray surveys (Predehl et al. 2021 ) – there is
he potential to disco v er man y more of the rare, high-luminosity
-ray selected AGN at z � 6 and impro v e our constraints on the
LF. Indeed, Khorunzhev et al. ( 2021 ) and Medvedev et al. ( 2020 )
ave reported the discovery of highly luminous X-ray emission from
uasars at z ≈ 5.5 and z = 6.18, respectively, in the early all-sky
ROSITA scans. Wolf et al. ( 2021 ) placed constraints on the XLF
t z ∼ 6 using a single X-ray detected quasar at z = 5.81, found in
he eROSITA Final Equatorial Depth Surv e y (eFEDS) that pro vides
erformance verification data in a ∼140 deg 2 field at the depth of the
nal 4-yr eROSITA all-sky surveys (Brunner et al. 2022 ). 
In this paper, we present the observational constraints on the XLF

t z > 6 given by sources within the Extragalactic Serendipitous Swift
urv e y (ExSeSS) catalogue (Delane y et al. 2022 ). ExSeSS co v ers a

otal sky area of ∼2000 deg 2 and reaches ultimate flux limits of
 0.3-10keV ∼ 10 −15 erg s −1 cm 

−2 for ∼0.1 per cent of the area, which
re considerably deeper than the current eROSITA all-sky coverage.
e identify one X-ray source within ExSeSS that is associated with

 pre viously kno wn z > 6 quasar with a spectroscopic redshift.
NRAS 519, 6055–6064 (2023) 
iven the serendipitous nature of ExSeSS both the sensitivity and,
onsequently, the surv e y volume can be well-defined, allowing us
o place direct observational constraints on the space density of
uminous X-ray AGN at z > 6. We then compare the estimated
LF and limits to extrapolated model XLFs from previous studies. 
The source catalogue used in this study, ExSeSS, is introduced

n Section 2 , while our process to identify high-redshift sources
s outlined in Section 3 . In Section 4.1 , we compare predicted
ource yields based on extrapolations of current XLF models to
ur observed sample, while in Section 4.2 , we use our data to place
onstraints on the XLF. We also compare the constraints from our
-ray observations to existing estimates of the bolometric QLF from

est-frame optical/UV samples (Section 4.3 ). We summarize our
ndings and present our conclusions in Section 5 . Throughout this
aper, we assume flat � CDM cosmology, with H 0 = 70.0, �γ = 0.7,
nd �m = 0.3, and all errors given are the 1 σ uncertainties on the
alues. 

 T H E  EXSESS  C ATA L O G U E  

he studies performed in this paper make use of the sample of X-ray
ources from the ExSeSS, as defined by Delaney et al. ( 2022 ). Here,
e give a brief overview of the sample construction and the vital step

o define the area co v erage and sensitivity of the surv e y that enables
ur measurements of the XLF. 
The X-ray Telescope on the Neil Gehrels Swift Observatory

hereafter the Swift -XRT; Burrows et al. 2005 ) has performed both
argeted observations of X-ray sources and searches for unknown X-
ay counterparts to transient sources, often following the detection
f Gamma-ray bursts by Swift ’s own Burst Alert Telescope. Thus,
wift -XRT has obtained imaging of nearly 4000 degrees 2 of sky
hroughout its observing life (as of August 2018; Evans et al. 2020 ).
he ExSeSS sample was formed using the second Swift -XRT Point
ource (2SXPS) catalogue of Evans et al. ( 2020 ) that identified all
oint sources in the full data set provided by Swift -XRT observations
etween 2005 January 01 and 2018 August 01. The effect of
ontamination by Galactic sources and nearby, individually resolved
ources in nearby galaxies was reduced by removing the areas of sky
orresponding to the Galactic plane (Galactic latitudes | b | < 20 ◦),
he Large and Small Magellanic Clouds, M31 and M33, ensuring
he sample is dominated by extragalactic sources. In addition, only
elds identified as ultra-clean (field flag = 0) in 2SXPS are included

n the ExSeSS data sets and only sources with a good detection flag
re included in the sample. 

In order to create a truly serendipitous sample and remo v e an y
ources that may bias the sample due to association with the target,
ll target objects were remo v ed along with any associated X-ray
etections using regions of the radius of the source (where an
xtended counterpart could be identified, e.g. a host galaxy) and
dopting a minimum radius of 2 arcmin. Medium (1–2 keV), hard
2–10 keV), and total (0.3–10 keV) energy band detections by Swift -
RT were taken, and wherever there are multiple observations of sky
nly the stacked images are used in order to maximize the exposure
ime. This process to create the ExSeSS sample is detailed in Delaney
t al. ( 2022 ). 

A key feature of ExSeSS is that that the surv e y volume can be
efined, enabling our goals to place constraints on the XLF. The
rea of sky surveyed by Swift to different exposure times is carefully
racked and well defined, enabling an accurate quantification of the
area curve’, giving the area of sky covered by ExSeSS to different
-ray flux limits (see fig. 5 of Delaney et al. 2022 ). Delaney et al.

 2022 ) use simulations (from Evans et al. 2020 ) to determine the area
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Figure 1. The high redshift AGN ATLAS J025.6821-33.4627, identified in ExSeSS. The stacked 0.3–10 keV X-ray image from Swift (left), smoothed by a 
Gaussian of σ ∼ 2 pixels corresponding to the half-energy width of the PSF of Swift (9 arcsec ), and the z-band Atlas image (right) are shown. The optical 
position of the source is shown on the Swift image by the gold star. The radius of the solid red circles correspond to 4.7 arcsec positional uncertainty of the 
source in Swift, centred on the observed soft-band position. It is clear from these images that no additional z-band sources lie within the positional uncertainty 
of the X-ray source, indicating that the association between ATLAS J025.6821-33.4627 and the Swift X-ray detection is reliable. The sky coordinates of the 
optical and X-ray sources are given in the corresponding image. 
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1 Evans et al. ( 2020 ) estimate that � 0.3 per cent of the ‘good’ X-ray detections 
in 2SXPS, used to construct ExSeSS, are spurious X-ray detections. Thus the 
chance of a spurious X-ray detection and spurious alignment with a known 
high- z quasar is extremely low ( � 0.009 per cent). 
2 We adopt a fixed flux conversion that assumes a Galactic absorption with 
a column density of N H = 2 . 50 × 10 20 erg s −1 cm 

−2 (HI4PI Collaboration 
2016 ) and a photon index of � = 1.9 (e.g. Kalfountzou et al. 2014 ) calculated 
using WebPIMMS , which matches the assumptions used to calculate the 
ExSeSS area curves. 
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urves in the soft, hard, and total energy bands. They are calculated
sing the sky area co v erage of the surv e y, e xcluding the areas within
he specified radius of target sources and areas corresponding to 
he Galactic plane and nearby galaxies, thus matching the sample 
efinition described abo v e (see Delaney et al. 2022 , for details). It is
hese area curves, and the serendipitous nature of the surv e y, which
nable us to perform measurements of the XLF based on the ExSeSS
ample. 

The resulting ExSeSS catalogue is comprised of 79 152 X-ray 
ources and co v ers 2086.6 degrees 2 of sky. 

 IDENTIFYIN G  X - R AY  L U M I N O U S  

IGH- R EDSHIF T  S O U R C E S  

n order to apply constraints to the high redshift XLF with ExSeSS,
e searched for all z > 5.7 sources in ExSeSS. 
While a full statistical cross-matching between ExSeSS sources 

nd multiwavelength surveys, to identify robust counterparts, will 
e presented in a future work, here we adopt a simple cross-
atching to existing redshifts in the SIMBAD data base (Wenger 

t al. 2000 ). We use a maximum separation on the sky of 9 arcsec,
iven by the half-energy width of the point-spread function of the 
wift -XRT (corresponding to the 2 σ median positional uncertainty) 
ith > 90 per cent of all ExSeSS sources having a positional 
ncertainty of less than this value. 18 363 potential counterparts to 
he ExSeSS sources with pre-existing redshifts in SIMBAD were 
dentified. 

We note that the majority of ExSeSS sources do not have 
re-existing counterparts or redshift measurements. Nevertheless, 
ollowing this initial cross-matching, we identified one high redshift 
 z > 6) counterpart to the ExSeSS X-ray sources, that of 2SXPS
014243.7-332742, corresponding to the previously optical/IR de- 
ected quasar ATLAS J025.6821-33.4627. This source was then 
isually checked to ensure there are no other potential counterparts to
he X-ray source. At near -infrared wa velengths, ATLAS J025.6821- 
3.4627 appears as a point source, as can be seen in Fig. 1 , with
 separation of 2.3 arcsec between the ExSeSS source and the
ounterpart and no other sources within the 4.7 arcsec uncertainty 
n the X-ray position. We assessed the probability of a spurious
lignment using the number of sources in the Ross & Cross ( 2020 )
atalogue o v er the total area co v ered by their sample to estimate the
ky density of high-z AGN. This sky density is then multiplied by
ur search area, corresponding to a 9 arcsec radius around all 79 152
xSeSS sources, to obtain the estimated probability of a spurious 
lignment. We find the probability of spurious alignment between an 
xSeSS source and a known high- z AGN to be only 0.03, indicating

hat the ExSeSS source and the counterpart identified are most likely
he same source. 1 

ATLAS J025.6821-33.4627 is detected in a stacked data set, 
omprised of 18 separate Swift -XRT observations with a total 
xposure time of 189 ks (see Evans et al. 2020 ; Delaney et al.
022 , for details). The total (0.3–10 keV) band X-ray flux of
his source was estimated from the measured total-band count 
ate, observed by the Swift -XRT, using a conversion factor of
 . 256 × 10 −11 erg s −1 cm 

−2 / (counts s −1 ) 2 , following the process in 
elaney et al. ( 2022 ). The rest-frame 2–10 keV X-ray luminosity
MNRAS 519, 6055–6064 (2023) 

art/stad100_f1.eps
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M

Table 1. The Swift X-ray position and observed X-ray properties of the 
high-redshift ExSeSS source, along with the ATLAS z-band AB magnitude, 
spectroscopic redshift ( z spec ), the rest-frame 2–10 keV luminosity calculated 
from the total-band flux, monochromatic luminosities at X-ray and optical 
wavelengths, and the optical-to-X-ray slope, αOX (see equation 1 ). 

Object ATLAS J025.6821-33.4627 

RA (deg) 25 . 68211 + 0 . 00081 
−0 . 00073 

Dec. (deg) −33 . 46189 + 0 . 00057 
−0 . 00056 

Total 0.3–10 keV counts 63 
Net 0.3–10 keV counts 19.31 
0.3–10 keV count rate (cts s −1 ) 1 . 4 + 0 . 6 −0 . 5 × 10 −4 

f 0.3-10keV ( erg s −1 cm 

−2 ) 4 . 59 + 1 . 84 
−1 . 69 × 10 −15 

z ABmag 19.63 ± 0.06 
z spec 6.31 ± 0.03 

L X 2 −10keV ( erg s −1 ) 8 . 47 + 3 . 40 
−3 . 12 × 10 44 

L 2keV (erg s −1 Hz −1 ) 2 . 01 + 0 . 80 
−0 . 74 × 10 27 

L 2500 Å (erg s −1 Hz −1 ) 3 . 90 + 0 . 23 
−0 . 21 × 10 31 

αOX −1 . 65 + 0 . 06 
−0 . 09 
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Figure 2. The X-ray luminosity of our z > 6 ExSeSS source with respect to 
redshift (black star). Known high-redshift AGN with spectroscopic redshifts, 
detected using targeted X-ray observations (see Khorunzhev et al. 2021 , and 
references therein), are shown by the light blue points. The few high-redshift 
sources that are detected in the dedicated eROSITA and COSMOS X-ray 
surv e y fields are shown for comparison (red diamonds). Our source, which 
was serendipitously detected within ExSeSS, is the highest redshift source 
identified by X-ray surv e ys with a well-defined area co v erage from which 
an XLF can be determined. The sensitivity limits of ExSeSS, for 50 per cent 
and 0.1 per cent (the flux limit of ExSeSS) of the total area, are shown by 
the dot–dashed and dashed purple lines, respecitv ely. F or comparison, the 
eROSITA sensitivity limits are shown by the dotted grey lines, the upper line 
showing after 6 months (eRASS:1) and the lower showing the limit after 
4 yr (eRASS:8), in the equatorial region (Predehl et al. 2021 ; Sunyaev et al. 
2021 ). Our ExSeSS z > 6 quasar can be seen to lie close to the sensitivity 
limit achieved by ExSeSS, below the eRASS limits, and is the highest redshift, 
serendipitously X-ray detected AGN to date. 
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3 Since submission of this paper, Wolf et al. ( 2022 ) have reported a low- 
significance X-ray detection of a quasar with a spectroscopic redshift of z = 

6.56 in the 140 degrees 2 eFEDS field. 
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as then determined from the observed 0.3–10 keV flux, assuming a
ower-law of photon index � = 1.9. We note that the estimated X-ray
uminosity of this source does not change significantly (compared to
he quoted uncertainty based on the Poisson errors in the observed X-
ay count rate) when assuming � = 1.6–2.2 and thus this assumption
s reasonable. Given the high redshift of the source, the observed
.3–10 keV band probes high rest-frame energies ( ∼2.2–73.1 keV),
nd thus the observed flux would only be significantly suppressed by
ntrinsic column densities of N H � 10 23 cm 

−2 . Given that the source
xhibits broad optical emission lines, it is unlikely to be heavily
bscured at X-ray wavelengths, and thus we have not applied any
dditional correction for intrinsic absorption when estimating the
est-frame 2–10 keV luminosity. The source is only detected in the
otal 0.3–10 keV energy band, with 19.31 net counts, and thus we do
ot have sufficient constraints to make a direct estimate of photon
ndex or absorption column. The 0.3–10 keV band observed flux
nd rest-frame 2–10 keV band luminosity, with the sky coordinates
f this high redshift X-ray source and spectroscopic redshift of the
ounterpart, are given in Table 1 . 

ATLAS J025.6821-33.4627 was originally identified as a can-
idate high-redshift quasar by Carnall et al. ( 2015 ), based on its
ombined WISE and VST ATLAS colours, indicative of a z = 5.7–
.4 source. Follow-up spectroscopy was obtained, by Carnall et al.
 2015 ), using the Low Dispersion Surv e y Spectrograph 3 on the

agellan-II telescope from which a redshift of z = 6.31 ± 0.03 was
alculated based on the broad Lyman- α line in the source’s spectrum.
he X-ray properties of ATLAS J025.6821-33.4627 from 2SXPS are

ncluded in the compilation of known high-redshift quasars by Vito
t al. ( 2019 ), but we now identify this source as a serendipitous X-ray
etection with ExSeSS: we stress that ATLAS J025.6821-33.4627
as not the target of the Swift observation. Comparing to known
-ray detected high-redshift AGN (see Khorunzhev et al. 2021 , and

eferences there in), as shown in Fig. 2 , ATLAS J025.6821-33.4627
an be seen to lie just abo v e the limit of the deepest sensitivity
xpected with eROSITA (that obtained at the Polar regions after
 yr of the surv e y; eRASS:8). While X-ray detections of many
 > 5 AGN have been reported, most are the result of targeted
-ray observations; very few X-ray detections have been obtained

erendipitously or within a dedicated surv e y fields (see Fig. 2 ), either
f which is required to have a well-defined surv e y area that can be
NRAS 519, 6055–6064 (2023) 
ranslated into a surv e y volume, enabling measurements of space
ensities and the XLF. With a rest-frame 2–10 keV X-ray luminosity
f L X = 8 . 47 + 3 . 40 

−3 . 13 × 10 44 erg s −1 , in ExSeSS, ATLAS J025.6821-
3.4627 is likely the highest redshift, spectroscopically confirmed,
erendipitously X-ray detected quasar known to date. 3 

During the cross-matching of sources within ExSeSS a second
right X-ray source was matched to the previously identified Quasar
C 2.183, with an spectroscopic redshift from the SDSS data base of
 = 6.16892 ± 0.00060 (P ̂ aris et al. 2017 ). Ho we ver, as this source
as detected in u, g, r, i, and z-bands of SDSS, as well as the G-band
f Gaia, not possible in a z � 5 source, closer inspection of the SDSS
pectrum of the source was performed. From this spectrum, it can be
een that the redshift of the source is in fact z = 0.714 as identified
y other studies (Machalski 1998 ; Chen et al. 2018 ; P ̂ aris et al.
018 ), and thus this is not an additional high redshift AGN within
xSeSS. 
With this contaminant remo v ed, and no other high-redshift sources

dentified in ExSeSS, we can give a tentative number of high
edshift sources with X-ray luminosities high enough to be detectable
y Swift-XRT at z � 6, which we can compare to predictions
ased on model extrapolations and use to place constraints on the
LF (see Section 4 belo w). Ho we v er, we first e xamine the X-

ay and optical properties of ATLAS J025.6821-33.4627 in more
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Figure 3. The optical-to-X-ray slope, αOX , and 2500 Å monochromatic 
luminosity of the serendipitously detected ExSeSS source ATLAS J025.6821- 
33.4627 (black star). For comparison, measurements of αOX for X-ray- 
targetted samples of high-redshift AGN from Pons et al. ( 2020 ), Medvedev 
et al. ( 2020 ), and Nanni et al. ( 2017 ) are shown by the yellow, pink, and 
turquoise points, respectively. The standard relation for the optical-to-X-ray 
slope, as a function of the 2500 Å monochromatic luminosity, determined by 
Nanni et al. ( 2017 ), is shown by the dashed line with shaded regions showing 
the 1 σ (grey) and 3 σ (light grey) scatter in the relation. Our high redshift 
ExSeSS source can be seen to lie within the 1 σ scatter of the expected relation. 
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.1 Optical to X-ray properties of ATLAS J025.6821-33.4627 

igh-redshift AGN are often selected based on their optical and UV 

roperties. While ATLAS J025.6821-33.4627 is a highly luminous 
ource at optical wavelengths, we have shown that it is identified 
erendipitously based on X-ray selection as part of ExSeSS. In order 
o investigate its nature and the relation between the emissions of its
ccretion disc and X-ray corona, we determine the optical-to-X-ray 
elation of the source, as in Vito et al. ( 2019 ; see also Tananbaum
t al. 1979 ), given by 

OX = 0 . 3838 log 

(
L 2keV 

L 2500 Å

)
(1) 

here the optical-to-X-ray slope, αOX , is given by the ratio of the
onochromatic X-ray luminosity of the source at a rest-frame energy 

f 2 keV, L 2 keV , and the optical luminosity of the source at a rest-
rame wavelength of 2500 Å, L 2500 Å. We determine the optical 
uminosity using the observed z-band luminosity and assuming a 
ower-law continuum of f ν ∝ ναν , with αν = −0.3 (see Ba ̃ nados
t al. 2016 ; Pons et al. 2020 , and references therein), as detailed
n Appendix A . The 2 keV luminosity is determined from the 2–
0 keV band luminosity assuming a photon index of � = 1.9 (see
quation A3 in the appendix). The values used are given in Table 1 . 

We find that the optical-to-X-ray slope of ATLAS J025.6821- 
3.4627 is −1 . 65 + 0 . 06 

−0 . 09 , which lies within the 1 σ scatter of the
OX − L 2500 Å relation of Nanni et al. ( 2017 ; as shown in Fig. 3 ).
hus, although this is a relatively optically bright source, such an 
ptical luminosity is consistent with that e xpected, giv en its X-ray
uminosity. This indicates that the accretion mechanism in this high 
edshift source is likely the same as seen in lower redshift AGN, as
t follows the same optical-to-X-ray slope, and the source detection 
n ExSeSS is not a consequence of being relatively X-ray luminous. 

Despite being X-ray selected and optically bright, we find that AT- 
AS J025.6821-33.4627 is typical of the AGN population observed 
t high redshift. Thus, the observed XLF constraints calculated, 
ncluding this source (see Section 4 ), are expected to be indicative of
he typical AGN population at high-z. 

 OBSERVATI ONA L  C O N S T R A I N T S  O N  T H E  

I GH-REDSHI FT  X L F  

sing the sample of serendipitously detected high-redshift X-ray 
ources identified in ExSeSS, we calculate limits on the AGN space
ensity and place constraints on the bright end of the high-redshift
LF. In Section 4.1 , we compare the number of sources observed
ith the number predicted by extrapolations of parametric XLF 

odels. In Section 4.2 , we present the constraints on the XLF that are
btained from the ExSeSS sample. We then compare our X-ray based
onstraints at z > 6 to prior measurements of the bolometric QLF,
rimarily based on optical samples at these redshifts, in Section 4.3 .
As not all ExSeSS sources have counterparts, there may be 

dditional unidentified high-redshift sources in ExSeSS, for which 
e do not have redshift information. Even if there is a significant
opulation of unidentified AGN at high redshift, we are still able to
lace lower limits on the XLF based on the ExSeSS surv e y. Ho we ver,
f we assume that any high-luminosity X-ray AGN would also be
right at rest-frame UV wavelengths (as predicted by the optical- 
o-X-ray relation, see e.g. Nanni et al. 2017 ; Pons et al. 2020 ) and
hat they are unobscured, then we would expect such sources to
ave been identified in the numerous UV/optical searches for high- z 
uasars (that have now covered the majority of the extragalactic sky
n both hemispheres, e.g. Ba ̃ nados et al. 2016 ; Reed et al. 2019 ;

ang et al. 2019 ) and as such would have entered our redshift
ample, if the y e xist in ExSeSS. Thus, we do not expect there to
e significant additional high-redshift AGN within the ExSeSS X- 
ay selected sample that we have not yet identified. Nevertheless, we
ote that the constraints obtained here are formally lower limits only.

.1 Predicted numbers of z � 6 AGN 

he number of AGN X-ray sources at different luminosities and 
edshifts that are expected to be observed in an X-ray surv e y can be
redicted using XLF models and the area curve of the survey. As the
rea curve of the ExSeSS survey has been calculated, we can perform
uch predictions of the expected number of AGN in ExSeSS. 

Using the parametrized XLF models of pure luminosity evolution 
PLE), pure density evolution (PDE), luminosity and density evolu- 
ion (LADE), and luminosity-dependent density evolution (LDDE) 
rom Georgakakis et al. ( 2015 ), we calculate the expected number
f sources in ExSeSS. The XLF models are extrapolated out to high
edshifts; the predicted number obtained using the integral 

 model = 

∫ z 2 

z 1 

∫ log L X 2 

log L X 1 

φ( L X , z) A ( f ( L X , z)) 

× d V co 

d z 
d log L X d z (2) 

here the XLF, φ( L X , z), is the parametrized model (PLE, PDE,
ADE, or LDDE from Georgakakis et al. 2015 ), d V co 

d z is the differ-
ntial comoving volume, and A ( f ( L X , z)) is the sky area covered by
xSeSS to an observed flux, f ( L X , z), corresponding to a given 2–
0 keV rest-frame luminosity, L X , and redshift, z. We fix the redshift
imits to z 1 = 5.7 and z 2 = 6.4, corresponding to the selection window
f the Carnall et al. ( 2015 ) study (based on i-band drop-out selection).
he 1 σ uncertainties in these predicted numbers are obtained through 
onte Carlo simulations using the model parameter uncertainties 

f Georgakakis et al. ( 2015 ). We choose not to perform a global
MNRAS 519, 6055–6064 (2023) 
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Table 2. The predicted number of sources, at z = 5.7–6.4, based on the four 
XLF models from Georgakakis et al. ( 2015 ) in the two luminosity bins where 
we place constraints on the number of high-redshift sources using ExSeSS. 
The 1 σ uncertainties on the model predictions are obtained through Monte 
Carlo error propagation (for the LADE model, we give the 1 σ upper limit 
only given the large range). The N obs / N model binned XLF estimates obtained 
from the observed ExSeSS sources, φ( L X , z), and the observed number of 
AGN in each luminosity bin are also given, with 1 σ limits based on the 
Poisson errors from Gehrels ( 1986 ; see Section 4.2 for details). 

Model log L X = 44.8–45.8 log L X = 45.8–46.8 
erg s −1 erg s −1 

PLE 0 . 62 + 1 . 60 
−0 . 48 0 . 30 + 1 . 07 

−0 . 25 

PDE 1 . 05 + 1 . 48 
−0 . 67 0 . 31 + 0 . 66 

−0 . 22 

LADE < 0.051 < 0.015 
LDDE 2 . 76 + 10 . 8 

−2 . 25 1 . 80 + 16 . 8 
−1 . 63 

φ( L X , z) 2 . 98 + 6 . 86 
−2 . 47 × 10 −9 < 2.22 × 10 −10 

1/ V max 3 . 27 + 7 . 52 
−2 . 70 × 10 −8 No Data 

N obs 1 + 2 . 300 
−0 . 827 < 1.814 
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Figure 4. Measurement of the space density of AGN in the log L X = 44.8–
45.8 luminosity bin, based on the identification of a single high-redshift 
source in ExSeSS source and assuming no other high-redshift sources exist 
within ExSeSS (formally a lower limit; black triangle). The space densities 
predicted by the Georgakakis et al. ( 2015 ) models as a function of redshift 
are also shown, with the shaded regions showing the 1 σ uncertainties in the 
predictions, and are generally consistent the observational constraints. 
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orrection to the area curve for the spectroscopic completeness of
he ExSeSS sample as the completeness is likely to vary substantially
ith redshift in a poorly constrained manner. 
Our predicted numbers of sources in the ExSeSS surv e y, based

n the Georgakakis et al. ( 2015 ) models, are given in Table 2 and
ompared to our observed source numbers. We adopt 1 dex wide
uminosity bins, with the minimum luminosity corresponding to
he flux (for a source at z > 5.7), where the area curve drops to
 . 1 per cent of the total area of ExSeSS, assuming a spectral index
f � = 1.9, in order to a v oid the uncertainties inherent in the area
urve at fainter fluxes. This results in the lowest luminosity bin
eing log L X = 44.8–45.8, in which the source, ATLAS J025.6821-
3.4627, identified in ExSeSS falls. Ho we ver, we find no sources in
he 1 dex higher luminosity bin, log L X = 45.8–46.8, or at even higher
uminosities, which we would expect to be optically brighter (given
he optical-to-X-ray slope at high redshift; Nanni et al. 2017 ) and
hus would have been easier to identify in prior UV/optical searches
or high- z quasars (assuming such high-luminosity sources are not
bscured) and hence fall into our high- z population sample. Thus,
e take an upper limit on the observed number of sources, N obs , in

his higher luminosity bin given by the upper 1 σ equi v alent Poisson
imit for a sample size of N = 0 from Gehrels ( 1986 ). 

In general, we find good agreement between our predicted and
bserved source numbers given in Table 2 , indicating that the XLF
odel extrapolations give reasonable predictions for the number of
GN at these luminosities and redshifts. The PLE and PDE models
enerally predict ∼1 source in ExSeSS at log L X = 44.8–45.8 and < 1
n the higher luminosity bin, consistent with our observed sample.
he LDDE model predicts slightly higher numbers but remains
onsistent with the observed numbers. Ho we ver, the LADE model
nderpredicts the number of observed sources, albeit with a very
arge uncertainty. Nonetheless, the 1 σ upper limit based on the
xtrapolated uncertainty in the LADE model remains below the
 σ limit from our observed number; the LADE model, while not
ormally ruled out, is thus disfa v oured based on our measurements. 

.2 AGN space densities and measurements of the XLF 

xtrapolating parametrized models of the AGN XLF, such as those of
eorgakakis et al. ( 2015 ), Aird et al. ( 2015 ), and Ueda et al. ( 2014 ),
NRAS 519, 6055–6064 (2023) 
ut to high redshift, provides insights into the AGN population in
he very early Uni verse. Ho we ver, due to the lack of observational
ata at redshifts of z > 6, these models are not constrained at high
edshifts and thus the predictions are based on extrapolating a given
arametric form (determined by the lower- z data). Even with just one
igh-redshift AGN found in ExSeSS, we can place new observational
onstraints on the space density of the high-redshift AGN population
nd compare with these models. 

We use the N obs / N model method of Miyaji, Hasinger & Schmidt
 2001 ) to convert the observed number of sources in the luminosity
ins of log L X = 44.8–45.8 into a measurement of the AGN space
ensity. Our estimate of the space density, � est ( L X , z i ), is calculated
y scaling the predicted space density based on a given model of
he XLF, � model 

(
L X i , z i 

)
, by the ratio of the observed number of

ources to the predicted number of sources, N obs / N model . Thus, 

 est 

(
L X i , z i 

) = � model 

(
L X i , z i 

) N obs 

N model 

(3) 

here the predicted number, N model , is estimated using the LDDE
odel (from Georgakakis et al. 2015 ), using equation 2 , for a redshift

ange of z = 5.7–6.4 and in the luminosity bins given in Table 2 , and
he model space density, � model 

(
L X i , z i 

)
, is given by the integral of

he LDDE model o v er the luminosity bin. The 1 σ uncertainties on
 est 

(
L X i , z i 

)
are based on the Poisson uncertainties in the observed

ource number, as given by Gehrels ( 1986 ). 
Our measurement of the space density of AGN with log L X =

4.8–45.8 is shown in Fig. 4 and compared to the space densities
redicted by the four Georgakakis et al. ( 2015 ) XLF models. The
easured space density is generally in good agreement with the

xtrapolated XLF models. The PLE and PDE models and the lower
imit on the LDDE model agree with the observed space density,
ithin the 1 σ uncertainties, while the upper bound of the LADE
odel only agrees with the observed space density within the 3 σ

ncertainties (not shown). Thus, our observed space density can be
een to show the expected decline in space density of AGN, based
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Figure 5. Our measurements of the XLF at z ∼ 6 compared to extrapolations of the various different parametrized models from Georgakakis et al. ( 2015 ) and a 
number of other recent XLF models. Our binned XLF measurements, given by the N obs / N model method (solid triangle), are plotted at the centre of the luminosity 
bins in which they were calculated with the width of the luminosity bins shown by the horizontal error bars. Vertical error bars give the 1 σ uncertainties on the 
XLF estimates. We also show a binned measurement using the 1/ V max method in the lower luminosity bin (hollow triangle) for comparison. The observed XLF 
found by Wolf et al. ( 2021 ) is shown by the blue circle and can be seen to agree with our constraints to within 1 σ . We note that these binned XLF estimates are 
calculated assuming no other z > 5.7 sources exist within ExSeSS and thus are formally lower limits. The detection limit of ExSeSS, given by the 0 . 1 per cent 
of the total observed area (as in Section 4.1 ), is shown by the vertical dotted line. XLF models fitted by previous studies, extrapolated to the redshift range here, 
are plotted with 1 σ uncertainties shown by a shaded region. The PLE (red), PDE (yellow), LDDE (purple) models of Georgakakis et al. ( 2015 ), Ueda et al. 
( 2014 ), LDDE model (green), Aird et al. ( 2015 ), Flexible Double Power-Law (blue) model, and Gilli, Comastri & Hasinger ( 2007 ) LDDE with high L X decline 
model (dark brown) are consistent with the binned measurements. In contrast, the Georgakakis et al. ( 2015 ) LADE model and Gilli et al. ( 2007 ) model without 
the high L X decline (light brown) predict lower and higher space densities, respectfully, than has been observed with ExSeSS and are thus disfa v oured. Both 
Gilli et al. ( 2007 ) models are shown with (dot–dashed) and without (dotted) Compton-thick AGN. 
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n lower redshift data, towards higher redshift, as seen in the PLE,
DE, and LDDE models, but this decline is may not be as rapid as
redicted by the some models, such as LADE. 
Following a similar process, we also determine binned measure- 
ents of the XLF, given by 

est 

(
L X i , z i 

) = 

d� est 

(
L X i , z i 

)
d log L X 

= 

d� model 

(
L X i , z i 

)
d log L X 

N obs 

N model 

(4) 

here the predicted number, N model , is given by the LDDE model,
s in equation 3 , N obs is the observed number of AGN, and
model 

(
L X i , z i 

)
is taken to be the value of the LDDE model at the

entre of the adopted redshift and luminosity bins. Fig. 5 presents
hese binned measurements in both the log L X = 44.8–45.8 bin where
ur single high-redshift detection lies. The 1 σ uncertainties are based 
n the Poisson uncertainties in the observed source numbers, as 
iven by Gehrels ( 1986 ). We also show an upper limit in the higher
og L X = 45.8–46.8 bin where no sources are found, based on the 1 σ
pper limit (given zero detected sources) from Gehrels ( 1986 ). This
onstraint relies on the assumption that any sources with such high 
-ray luminosities at these redshifts would also be optically bright 

nd thus would have been identified in existing optical/IR quasar 
earches, but it should not be considered a stringent upper limit
iven the potential for obscured or optically weak sources within 
xSeSS that remain unidentified. 
For comparison, we also provide an XLF measurement in the lower 

uminosity bin based on the more commonly used 1/ V max method 
Schmidt 1968 ). The 1/ V max method does not assume an underlying
arametric model but is more biased than the N obs / N model method, as
t does not account for a change in the XLF across a broad luminosity
ange or with redshift and is thus more strongly affected by source
uminosity, in particular for low sample sizes. Ho we ver, we find that
ur N obs / N model estimate shows negligible change depending on the
ssumed XLF model and agrees well (within 1 σ ) with the 1/ V max 

stimate. 
As can be expected from Fig. 4 , our binned XLF measurements are

ound to be consistent with the fiducial values of the XLF models (see
ig. 5 ). The PLE, PDE, and LDDE models from Georgakakis et al.
 2015 ) agree with the observations within the 1 σ Poisson uncertainty,
hile the LADE model, in particular, falls much lower than the
inned XLF estimate (see Section 5 ). In addition to the Georgakakis
t al. ( 2015 ) models, we also compare with the model XLFs of Aird
t al. ( 2015 ) and Ueda et al. ( 2014 ), which agree to within 1 σ of the
og L X = 44.8–45.8 binned XLF estimates, and Gilli et al. ( 2007 )
hich lies more than 3 σ abo v e our binned XLF estimates, as shown

n Fig. 5 . The gradient of the bright-end of these XLF models is
onsistent with the gradient indicated by our binned XLF estimates, 
ith a value of γ � 0.367, consistent with the relatively steep bright-

nd slope of the XLF at z � 6. 
In Fig. 5 , we also compare with the result obtained from eFEDs

ata by Wolf et al. ( 2021 ). We can see that our measurements are
onsistent to within 1 σ of the XLF value based on the single z =
.81 source found in the ∼140 deg 2 eFEDS survey. 
As noted abo v e, there may be other z � 6 AGN within ExSeSS

hat we have not identified as they do not currently have redshift
stimates. There may also be a significant population of obscured 
GN, which would result in a higher space density than observed
ere. Ho we ver, gi ven the agreement between our observed XLF and
he model extrapolations, additional as yet unidentified AGN are 
ot e xpected. Re gardless, from the results presented here, it can be
een that the ExSeSS sample provides important constraints on the 
right-end of the high-redshift XLF. Further, significantly deeper 
bservations would be needed to probe the faint-end of the high- z 
MNRAS 519, 6055–6064 (2023) 
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Figure 6. Binned estimate of the bolometric QLF (black triangle), converted 
from the binned XLF estimate found in Section 4.2 based on the single source 
detection at log L X = 44.8–45.8 and assuming that there are no other high 
redshift sources in ExSeSS. The estimate is calculated using the bolometric 
conversion factor of Shen et al. ( 2020 ). While our estimate lies above the 
Shen et al. ( 2020 ) QLF model (blue), it is consistent at the 2 σ level (1 σ error 
bar is shown). Violet points show measurements at z ∼ 6 based on rest-frame 
UV data, converted to bolometric values, which were used to constrain the 
QLF model (see Shen et al. 2020 , and references therein). 

X  

c

4

M  

s  

w  

l  

d  

l  

A  

m
 

m  

a  

e  

t  

b  

4  

F  

w  

U  

∼  

f  

t  

2
 

b  

m  

o  

m  

w  

i
 

t  

X  

b  

d  

a  

f  

l  

s  

o  

t
 

m  

X  

w  

f  

b  

c  

2  

X
 

r  

d  

s  

a  

(  

l  

b  

l  

t  

e  

p  

r  

i  

t  

l  

t  

c  

a  

E

5

L  

c  

r  

c  

 

c  

o  

i  

o  

m  

t  

d  

a

 

s  

o  

i  

H  

a  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/4/6055/6987291 by D
ESY-Zentralbibliothek user on 04 February 2023
LF, where the model extrapolations can be seen to diverge and
onstrain the form of the XLF at high z. 

.3 The bolometric QLF 

ore high redshift AGN have been identified through rest-frame UV
election than X-ray selection, due to the limited surv e y areas co v ered
ith current XRTs compared to the efficiency and availability of

arge-scale optical/near-infrared imaging campaigns. In order to
etermine how well our observed XLF estimate compares to the
uminosity functions given by the more biased Optical/UV selected
GN samples, we compare our X-ray binned XLF estimates to
odels of the bolometric QLF. 
We convert the X-ray luminosity bins and binned XLF esti-
ates into bolometric terms using a bolometric correction factor,

dopting the luminosity-dependent corrections determined by Shen
t al. ( 2020 ), where L bol = k bol ( L bol ) × L X-ray and k bol ( L bol ) is
he luminosity-dependent X-ray-to-bolometric correction factor. The
inned XLF estimate from the single-source detection at log L X =
4.8–45.8 is converted to a bolometric QLF value and shown in
ig. 6 compared to the Shen et al. ( 2020 ) bolometric QLF model,
hich was based on a fit to a combination of bolometrically corrected
V/optical, IR, and XLFs spanning a wide range of redshifts. At z
6, the Shen et al. ( 2020 ) model is primarily constrained by rest-

rame UV-selected data; the original measurements, compiled from
he literature, are shown by the purple points in Fig. 6 (see Shen et al.
020 , and references therein). 
From Fig. 6 , it can be seen that our X-ray based estimates of the

olometric QLF are consistent to within 2 σ of the Shen et al. ( 2020 )
odel and the prior UV/optical measurements. Similarly, the number

f AGN within ExSeSS predicted by the Shen et al. ( 2020 ) QLF
odel (converted to an XLF and using equation 2 ) is 0 . 049 + 0 . 095 

−0 . 0086 ,
hich is consistent to within 2 σ with our observed number of sources

n this bin, N obs = 1 + 2 . 300 
−0 . 827 . 

While our X-ray-based estimate of the bolometric QLF is consis-
ent with the Shen et al. ( 2020 ) QLF model, we have adopted large
NRAS 519, 6055–6064 (2023) 
-ray-to-bolometric corrections at these luminosities (as suggested
y Shen et al. 2020 ). As discussed in Section 3.1 , our serendipitously
etected AGN lies on the fiducial αOX – L 2500 Å relation (see Fig. 3 )
nd thus appears typical in terms of its X-ray-to-optical properties
or sources of such luminosity. Ho we ver, at such high optical
uminosities, the typical AGN is relatively X-ray weak due to the
teep dependence of αOX on optical luminosity (i.e. a large fraction
f their power is emitted at optical wavelengths), which indicates
hat a large X-ray-to-bolometric correction factor is required. 

At such high redshifts, inverse Compton scattering of cosmic
icrowave background photons from a jet, if present, can boost the
-ray emission from AGN (see e.g. Medvedev et al. 2020 ), which
ould then lead to an o v erestimate of the bolometric luminosity

rom the observed X-ray luminosity. Ho we ver, our source has not
een detected at radio wavelengths (including with recent, deeper
o v erage from the Rapid ASKAP continuum surv e y: Hale et al.
021 ) and thus there is no evidence that a jet is present or that the
-ray emission is being boosted by non-coronal processes. 
To further check whether such large X-ray-to-bolometric cor-

ections are warranted in this luminosity-redshift regime, we also
irectly compare estimates of the bolometric luminosity of our
ource, ATLAS J025.6821-33.4627, based on the observed X-ray
nd rest-frame UV luminosities. We estimate the 1450 Å luminosity
based on the z-band magnitude of the source and assuming a power-
aw UV spectrum, as in Section 3.1 ), which we use to estimate the
olometric luminosity of our source and compare with the bolometric
uminosity derived from the observed X-ray luminosity (adopting
he rele v ant luminosity-dependent bolometric corrections from Shen
t al. 2020 , in both cases). The various luminosity estimates are
rovided in Table 3 . The bolometric luminosity inferred from the
est-frame UV light is L 1450 Å to bol = 2 . 29 + 0 . 13 

−0 . 12 × 10 46 erg s −1 , which
s consistent to within 2 σ of the bolometric luminosity inferred from
he X-ray, L X −ray to bol = 1 . 54 + 0 . 91 

−0 . 72 × 10 47 erg s −1 obtained using the
arge X-ray bolometric correction factor of k bol = 182.4. Thus,
he large X-ray-to-bolometric corrections that we have adopted to
onvert our XLF estimates and compare with the bolometric QLF
re warranted, given the properties of the single high- z source in our
xSeSS sample. 

 C O N C L U S I O N S  

uminosity functions provide a tracer of the AGN population across
osmic time. Ho we ver, at high redshift, these luminosity functions
emain poorly constrained. In this paper, we present observational
onstraints on the XLF from the new ExSeSS (Delaney et al. 2022 ).

We identified one X-ray selected AGN at z > 6 within the carefully
onstructed sample of serendipitous X-ray sources from Swift-XRT
bservations that form ExSeSS (Delaney et al. 2022 ). The serendip-
tous X-ray source, 2SXPS J014243.7-332742, is matched with the
ptically bright z = 6.31 ± 0.03 quasar ATLAS J025.6821-33.4627,
aking it the highest redshift serendipitously X-ray detected quasar

o date. With this detection, we are able to determine the space
ensity of AGN and place constraints on the XLF at z ∼ 6, under the
ssumption there are no other high redshift sources within ExSeSS. 

Our conclusions are as follows: 

(i) The space density of AGN given by the high-redshift ExSeSS
ource shows the steep decline of AGN with increasing redshift. This
bserved decline is consistent with the e xpected e xponential decline
n the space density of luminous AGN with increasing redshift.
o we ver, we note that any additional sources at these luminosities

nd redshifts that remain unidentified within ExSeSS, such as a

art/stad100_f6.eps
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Table 3. Estimates of the bolometric luminosity for our source, calculated from the X-ray and 1450 Å
luminosities. The optical luminosity at wavelength of 1450 Å is derived from the z-band luminosities, 
assuming a constant power-law relation of slope αν = −0.3, the bolometric luminosities are then calculated, 
from the 2–10 keV band and 1450 Å wavelength luminosities, using the conversion method of Shen et al. 
( 2020 ). 

Object L bol from 2 −10 keV L 1450 Å L bol from 1450 Å

erg s −1 erg s −1 Å
−1 

erg s −1 

ATLAS J025.6821-33.4627 1 . 54 + 0 . 91 
−0 . 72 × 10 47 2 . 52 + 0 . 15 

−0 . 14 × 10 45 2 . 29 + 0 . 13 
−0 . 12 × 10 46 
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ignificant population of obscured AGN, would result in a higher 
pace density. 

(ii) We place constraints on the shape of the z ∼ 6 XLF, assuming
o other z > 5.7 sources exist within ExSeSS, using our single
etection and an upper limit on the number of sources at higher
uminosities. Combined, these constraints are consistent with a 
elatively steep bright-end slope of the XLF, with γ � 0.367, as found
t lower redshifts. Our binned XLF estimates are broadly consistent 
ith the extrapolation of parametric XLF models, based on fits to 

ower redshift data. However, the constraints we have obtained here 
ule out the most extreme declines in the bright-end of the XLF
ndicated by some model extrapolations (e.g. the LADE model of 
eorgakakis et al. 2015 ). Furthermore, as there may be other high-
 sources in ExSeSS, these constraints are formally lower limits, 
trengthening this conclusion. 

(iii) Our XLF constraints are consistent (within ∼1 σ ) with the 
rior measurements by Wolf et al. ( 2021 ), which were based on
he identification of a single z = 5.81 X-ray selected AGN in the
40 degrees 2 eFEDS field observed by eROSITA. 
(iv) Applying a bolometric correction to our XLF measurement, 

e find a good agreement with the parametric QLF model of Shen
t al. ( 2020 ). Our estimate of the bolometric QLF is consistent,
o within 2 σ , with the QLF derived from rest-frame UV-selected 
uasars at z ∼ 6. 
(v) We find that the optical-to-X-ray slope, αOX , of our serendip- 

tously detected source is consistent to within 1 σ of the expected 
OX –L 2500 Å relation, indicating the accretion process in this high 

edshift source operates in a similar manner to AGN at lower redshift.
hus, despite being X-ray selected and optically bright, this source 

s typical of the population at this redshift. In addition, as this source
s optically bright, a high correction factor is required to converting 
ts X-ray luminosity to a bolometric estimate. 

The measurements presented in this paper provide important con- 
traints on the extent of SMBH growth within the early Universe. Our
stimates, based on the 2086.6 de grees 2 co v ered by ExSeSS, indicate
hat the ongoing all-sk y surv e ys being performed by eROSITA will
dentify a few tens to a few hundred high-luminosity AGN at z >
, once sufficient depth is achieved (i.e. by eRASS:8 all-sky depth), 
nabling further investigation of the growth of SMBHs within the 
arly Uni verse. Ho we ver, much deeper surveys will be required in
rder to constrain the faint end of the XLF at high- z, which will
ecome possible within the next decade with new telescopes such as
he Athena X-ray Observatory. 
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PPENDI X  A :  D E R I V E D  LUMI NOSI TY  

A L C U L AT I O N S  

ssuming the flux of the AGN follows a power-law relation of f ν ∝
αν (see e.g. Ba ̃ nados et al. 2016 ; Selsing et al. 2016 ; Pons et al.
020 ), with αν = −0.3, the flux in the z-band can be converted to a
ifferent wavelength flux using 

f ν

f z −band 
= 

(
νobs 

νz −band 

)αν

= 

(
λz −band 

λrest (1 + z) 

)αν

(A1) 

here f ν is the monochromatic flux at a rest-frame frequency ν
nd f z-band is the flux in the z-band (in units of erg s −1 cm 

−2 Hz −1 ),
iven by the observed z-band apparent magnitude. The ratio of
hese fluxes is given by the frequency of the z-band, νz-band , and the
bserv ed frequenc y at which to determine the monochromatic flux,
obs , or by the wavelength of the z-band, λz-band , and the rest-frame
avelength at which to determine the monochromatic flux, λrest .
or ATLAS, the z-band central wavelength, used in this calculation,

s 8780.0 Å. 
From the monochromatic flux, found using equation A1 , the

onochromatic luminosity (in units of erg s −1 cm 

−2 Å
−1 

) is given
y the equation 

 λrest = 

c 

λ2 
rest 

4 πD 

2 
L 

( 1 + z ) 

(
λz −band 

λrest ( 1 + z ) 

)αν

f z −band (A2) 

here the monochromatic luminosity, L λrest , at a rest-frame wave-
ength of λrest is related to the monochromatic flux observed in
he z-band, f z-band , by the luminosity distance D L , the rest-frame
avelength, the central wavelength of the z-band λz-band , and the
ower αν . z is the redshift of the source and c is the speed of light. 
The monochromatic luminosity at an energy of 2 keV, L 2 keV , is

iven by the equation 

 E = N ( E ) E = 

(2 − �) L 2 −10 keV 

(10 . 0 keV 

2 −� − 2 . 0 keV 

2 −� ) 
E 

1 −� (A3) 

here the X-ray spectrum is assumed to be given by a power-law
 ( E ) ∝ E 

−� , with a photon index of � = 1.9, and the measured
ard-band luminosity is given by the total (0.3–10 keV) band flux.
he resulting monochromatic luminosity can then be converted

rom units of erg.s −1 .keV 

−1 to erg s −1 Hz −1 . For the calculation
f αOX , we calculate this monochromatic luminosity at an energy
 = 2 keV 
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