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ABSTRACT

X-ray observations provide a unique probe of the accretion disc corona of supermassive black holes (SMBHs). In this paper, we
present a uniform Chandra X-ray data analysis of a sample of 152 z > 4.5 quasars. We firmly detect 46 quasars of this sample
in 0.5-2 keV above 30 and calculate the upper limits of the X-ray flux of the remaining. We also estimate the power-law photon
index of the X-ray spectrum of 31 quasars. 24 of our sample quasars are detected in the FIRST or NVSS radio surveys; all
of them are radio-loud. We statistically compare the X-ray properties of our z > 4.5 quasars to other X-ray samples of active
galactic nuclei (AGNs) at different redshifts. The relation between the rest-frame X-ray luminosity and other quasar parameters,
such as the bolometric luminosity, UV luminosity, or SMBH mass, shows large scatters. These large scatters can be attributed
to the narrow luminosity range at the highest redshift, the large measurement error based on relatively poor X-ray data, and the
inclusion of radio-loud quasars in the sample. The Lx—Lyy relationship is significantly sublinear. We do not find a significant
redshift evolution of the Lx—Lyv relation, expressed either in the slope of this relation, or the departure of individual AGNs from
the best-fitting ¢ ox—Lyy relation (Aapx). The median value of the X-ray photon index is I' & 1.79, which does not show redshift
evolution from z = 0 to z ~ 7. The X-ray and UV properties of the most distant quasars could potentially be used as a standard
candle to constrain cosmological models. The large scatter of our sample on the Hubble diagram highlights the importance of

future large unbiased deep X-ray and radio surveys in using quasars in cosmological studies.
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1 INTRODUCTION

The X-ray emission from active galactic nuclei (AGNs) is mostly
comprised of four components: the Compton upscattering of UV
photons by the hot electrons in an accretion disc corona over a broad-
band, the emission directly from the accretion disc mostly at the softer
band, the jet, and the more distributed X-ray emission produced via
the interaction with the surrounding medium (e.g. Mushotzky, Done
& Pounds 1993; Nowak 1995; Turner & Miller 2009; Worrall 2009;
Fabian 2006, 2012). In most of the cases, especially in radio-quiet
AGNS, the X-ray emission is dominated by the corona component,
so could be adopted as a direct tracer of the accretion processes
of the central supermassive black hole (SMBH). This is especially
important for obscured AGNs (e.g. with the absorption column
density Ny = 10%2 cm™2), where the hard X-ray photons (typically
in the rest-frame 2 2 keV band) could penetrate through substantial
amount of absorbing gas and dust, and bring out direct information
on the central engine of the AGNs.

Due to the modern X-ray telescopes such as the Chandra and
XMM-Newton, deep X-ray surveys of AGNs over a large redshift
range, especially at the highest redshifts, become possible over the
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past two decades (see a review in Brandt & Alexander 2015, as
well as later results from e.g. Risaliti & Lusso 2015, 2019; Lusso
& Risaliti 2016, 2017; Martocchia et al. 2017; Nanni et al. 2017;
Trakhtenbrot et al. 2017; Vito et al. 2018a, b, 2019; Salvestrini et al.
2019; Lusso et al. 2020; Pons et al. 2020; Timlin et al. 2020; Wang
etal. 2021). In these surveys, X-ray emission has been detected from
the most distant quasars (e.g. Moretti et al. 2014; Page et al. 2014;
Banados et al. 2018; Vito et al. 2019; Pons et al. 2020; Wang et al.
2021); some are bright enough to be detected even with the relatively
shallow eROSITA all-sky survey observations (e.g. Medvedeyv et al.
2020; Wolf et al. 2021).

A few scaling relations comparing the X-ray properties of AGNs
to their multiwavelength properties have been extensively explored
based on the above X-ray surveys. For example, the correlation be-
tween the X-ray and UV emissions from the AGNs, often expressed
in the aox—L,sppa relation (apx is the optical-to-X-ray spectral
index or flux ratio, and L,5y4 is the monochromatic luminosity
at the rest-frame 2500 A), indicates a strong connection between
the accretion disc and its hot corona around the SMBH. Such an
X-ray—UV correlation has been confirmed from the local Universe
(z ~ 0) to the epoch of reionization (EoR; z = 6), with the form of
the relation being almost unchanged over cosmic time (e.g. Just et al.
2007; Nanni et al. 2017; Vito et al. 2019; Wang et al. 2021). The
tightness of this correlation, as well as the lack of redshift evolution,
is also the foundation of using the X-ray/UV properties of AGNs as a
standard candle in cosmological studies (e.g. Risaliti & Lusso 2015,
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2019; Lusso & Risaliti 2017; Salvestrini et al. 2019; Lusso et al.
2020). Furthermore, there is another correlation between the X-ray
spectral slope (described with the power-law photon index I") and the
Eddington ratio (Aggq) of AGNs (e.g. Porquet et al. 2004; Shemmer
et al. 2008; Brightman et al. 2013). This correlation is driven by the
different rates of accretion. An increasing accretion rate is expected to
increase and soften the disc emission, which enhances the Compton
cooling of the corona and produces softer X-ray emission. Most
of these X-ray scaling relations show large scatter, indicating the
complexity of the accretion and X-ray emission processes in AGNs.
It is also not clear if they still hold at the most luminous end and/or
at the earliest stage of the formation and evolution of SMBHs. It is
thus critical to have a systematic X-ray study of the most distant
AGNSs.

The high angular resolution of Chandra provides an accurate
determination of the source positions, which is important for
multiwavelength cross-identifications. It also results in a higher
detection signal-to-noise ratio (S/N) with a similar number of
photons as compared to other telescopes such as the XMM-Newton.
The Chandra is thus optimized for the initial detection of X-ray faint
point-like sources such as distant AGNs. In this paper, we present
a systematic Chandra study of a sample of z > 4.5 quasars, which
is the largest X-ray sample of quasars at such high redshift. This
paper is organized as follows: We introduce the sample and our data
reduction scripts in Section 2. In Section 3, we present statistical
analyses of the sample, in comparison with some other X-ray surveys
of AGNs at lower redshifts. We also discuss the scientific meanings
of these statistical analyses and their implications in cosmological
studies. We summarize our results and conclusions in Section 4. The
full catalogue of our sample, including X-ray and multiwavelength
parameters of the quasars, is available online as an FITS format data
table. We also put online the Chandra images and spectra, as well
as our data reduction scripts. A brief introduction of the data table
and the scripts are presented in the appendix. Throughout the paper,
we adopt a cosmological model with Hy = 70 km s~! Mpc™!, Qy
=0.3, 2, =0.7,and gy = —0.55.

2 SAMPLE SELECTION AND DATA
REDUCTION

2.1 Sample selection

The quasars studied in this paper are based on the collection of
known z > 4.5 quasars from Wang et al. (2016), newly discovered z
~ 5-6 quasars from the SDSS/PanSTARRS1-WISE quasar surveys
(Wang et al. 2016; Yang et al. 2016, 2017, 2019a), and z > 6 quasars
discovered in the past couple of years (e.g. Bafiados et al. 2016;
Mazzucchelli et al. 2017; Wang et al. 2017, 2018, 2019; Fan et al.
2019; Matsuoka et al. 2019; Reed et al. 2019; Yang et al. 2019b,
2020). The original sample includes 1133 z > 4.5 quasars with
spectroscopic redshift and the rest-frame UV magnitude (expressed
in the 1450 A apparent magnitude m 1450 4)- We select all the quasars
covered by at least one archival Chandra/ACIS observation, and
obtain 153 quasars. We further remove the quasar J120312-001118.
This quasar is covered by the Chandra observation 20897, but since
its location is too close to the edge of the CCD, no X-ray photons
are detected at the location of it. The final sample studied in this
paper includes 152 quasars (Table 1). Basic parameters of the sample
quasars are summarized in the online machine readable table, with a
brief description of different columns of it summarized in Table Al.

In addition to the X-ray data, we also collect the SMBH mass
Msnpn and the Eddington ratio Agqq of the quasars from the near-IR
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Table 1. Number of quasars in different subsets.

Subsets Number
With Chandra observations 152
With >1 Chandra observations 38
With measured m 454 5 141
Detected in FIRST/NVSS (all radio-loud) 24
With measured Mgypu 76
With measured Agqq 73
Detected by Chandra at >30 in 0.5-7 keV 53
Detected by Chandra at >30 in 0.5-2 keV 46
Detected by Chandra at >30 in 2-7 keV 22
Detected by Chandra at >10 in 0.5-7 keV 106
Detected by Chandra at >10 in 0.5-2 keV 91
Detected by Chandra at >1o in 2-7 keV 74
With measured I 31
With measured apx (1o) 84
1o upper limit on aox 57

spectroscopy observations distributed in different references (Kelly
etal. 2008; De Rosa et al. 2011; Shen et al. 2011, 2019; Trakhtenbrot
et al. 2011; Wu et al. 2012, 2015; Netzer et al. 2014; Yi et al.
2014; Jun et al. 2015; Wang et al. 2015; Mazzucchelli et al. 2017;
An & Romani 2018; Schulze et al. 2018; Kim & Im 2019; Onoue
et al. 2019; Reed et al. 2019; Tang et al. 2019; Schindler et al.
2020; Li et al. 2021; Yu et al. 2021). In particular, De Rosa et al.
(2011) estimate Msypy and Agqq using two different scaling relations.
For quasars quoted from this reference, we adopt the Msypy and
the corresponding Agqq calculated using their equation (4) and an
accuracy of 0.4 dex as suggested in the paper. For the 17 quasars
studied in Schindler et al. (2020), we mainly adopt the Mg 11-based
Mgsyvpn and Aggg calculated using Shen et al. (2011)’s relation (for
15 quasars). Only for two quasars without Mg1I observations, we
adopt the C 1v-based parameters after correcting for the outflow using
Coatman et al. (2017)’s relation. For J002429+-391318 from Tang
et al. (2019), we adopt Mgypu and Aggg estimated from the single
Gaussian fit and mass calculation with Vestergaard & Osmer (2009)’s
scaling relation. For quasars with only the Mgygn published (e.g.
Kelly et al. 2008), we calculate Aggq using the published Msygpy,
as well as the UV luminosity published in the same reference or
the M 450 from our own sample. In the latter case, we first convert
M50 to the 2500 A monochromatic luminosity, and then to the
bolometric luminosity, assuming a UV spectral index of aoyy = 0.5
and a bolometric correction factor at 3000 A BCj3000 = 5.15 from
Shen et al. (2011). We finally found 76 quasars in our sample with
a measured Mgypy from the above references, of which 73 have a
measured Agqq (Table 1).

We also cross-match our original quasar sample with the radio
catalogue constructed by Kimball & Ivezi¢ (2008), which is a
combination of the NVSS, FIRST, WENSS, and GB6 surveys. We
only use the radio data from the NVSS and FIRST surveys as they
are both at 20 cm (1.4 GHz), which is close to the rest-frame 5 GHz
at the redshift range of our sample. This frequency has been used to
define the radio loudness of AGNs in many works on high-z quasars
(e.g. Bafiados et al. 2015; Liu et al. 2021). The FIRST survey has a
5.4 arcsec beam size with an astrometric accuracy of 0.5—1 arcsec,
while the NVSS survey has a 45 arcsec beam size with an astrometric
accuracy of 1—7 arcsec. We therefore adopt the largest separation of
10 arcsec when cross-matching our quasar catalogue with Kimball
& Ivezi¢ (2008)’s radio catalogue. We use the radio flux from FIRST
whenever it is available. When the source is detected at 1.4 GHz but
not included in the FIRST catalogue, we use the NVSS flux instead.
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Figure 1. Rest-frame 5 GHz (Lsgp,) versus 4400 A (L 4400 4) monochro-
matic luminosity of the sample quasars. Only 54 of the 1133 z > 4.5 quasars
are detected based on the FIRST and/or NVSS surveys (plus sign), of which
24 are covered by the Chandra observations (diamonds). The solid line marks
R = LsgHz/ L4004 = 10, which is often adopted as the criterion to separate
radio-loud and radio-quiet quasars (e.g. Banados et al. 2015). The dashed lines
mark different radio loudness as denoted beside. All the quasars detected in
the FIRST and/or NVSS surveys are highly radio-loud.

Only 54 of the 1133 z > 4.5 quasars are detected in the FIRST
and/or NVSS surveys. 52 of the 54 radio-detected quasars have
a separation between the radio and optical positions <3 arcsec.
24 radio-detected quasars have been covered by the Chandra
observations studied in this work (Fig. 1; Table 1), and all of
them have a separation between the radio and optical positions
<3 arcsec. Following Bafiados et al. (2015), we adopt a criterion
of R = Lsgnz/Lass = 10 to separate radio-loud and radio-quiet
quasars, where Lsgu, and L4y 4 are the rest-frame monochromatic
luminosities at 5 GHz and 4400 A, respectively. Lsgy, is directly
calculated from the 1.4 GHz radio flux, assuming a radio spectral
index of agr = 0.75, while Ly is calculated from M 504,
assuming a UV spectral index of ayy = 0.5.

Both the FIRST and NVSS surveys are relatively shallow, with a
typical detection limit of 2> 1 mJy. They also do not cover the entire
sky. Therefore, the radio properties of our z > 4.5 quasar sample
are incomplete. We only use these surveys to identify some of the
most radio-loud quasars. As shown in Fig. 1, most of our quasars
matched to Kimball & Ivezi¢ (2008)’s radio catalogue are highly
radio-loud with R = 100. Examples of deeper radio observations
of high-z quasars are presented in some recent works (e.g. Bafiados
etal. 2015; Ighinaetal. 2021; Liu et al. 2021), but the radio properties
of quasars in these works are not included in our catalogue.

2.2 Chandra data reduction

The X-ray luminosity of high-z quasars are often computed in
different ways in different literatures, which could cause significant
systematic biases (e.g. Vito et al. 2019). Therefore, we reanalyse all
the Chandra observations of our sample quasars, in order to ensure
that their X-ray properties are derived in a uniform way.

We develop a uniform Chandra data reduction procedure for high-
z quasars which was partly described in Li et al. (2021) as an initial
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test. In this paper, the Chandra data of all the quasars are reduced
in a uniform manner with CIAO v4.12 and CALDB v4.9.2.1. The data
reduction also requires some commonly used IDL packages. The
scripts have not yet been tested under other versions of CIAO and
CALDB, which however should not cause serious problems. The only
required input parameters of our scripts are the location (RA, Dec.) of
the quasar, its redshift, and the 1450 A absolute magnitude M, 450 A-

If M504 is not given, the derived optical-to-X-ray spectral slope
log(Lokev/Losgo &)

log(vakev /Vys00 4)
the rest-frame monochromatic luminosities at frequencies v; .y and

Vs500 4 Tespectively) will be incorrect, but the other X-ray parameters
are still correct. The scripts also have quite a lot of pre-defined
parameters with default values, which could be changed by the users.
We summarize in Table A2 all the parameters used in these scripts.

Next, we describe in detail the data reduction steps adopted in the
scripts. We first search for the Chandra data covering the optical/near-
IR location of a target quasar using the CIAO tool find_chandra_obsid.
We utilize all the released non-grating Chandra/ACIS observations
before 2020 September 9. X-ray spectral analysis will need a
parameter Ny, which is the foreground absorption column density
mostly contributed by the Milky Way (MW). We obtain this pa-
rameter using the FTOOL nh, which is based on a few HI surveys
(Dickey & Lockman 1990; Kalberla et al. 2005; Ben Bekhti et al.
2016). In the main band of interest (> 0.5 keV in the observational
frame, corresponding to = 3 keV in the rest frame at z ~ 5), the
intrinsic absorption of the quasar is typically negligible, except
for some highly obscured quasars with Ny; > 10*> cm~2. Since in
most of the cases the counts number is not high enough to directly
measure Ny, we fix it at the MW foreground value in the following
analysis. The selected Chandra data are downloaded using the CIAO
tool download_chandra_obsid. We then reprocess all the raw data
following the standard Chandra data reduction steps using the CIAO
tool chandra_repro.

For quasars with more than one Chandra observation, we need
to merge the Chandra images before further analysis. In order to
align different observations, we first detect point-like sources in an
8 arcmin X 8 arcmin box around the quasar with the CIAO tool
wavdetect. We then adopt the brightest point-like source covered
by all the observations as the reference source to calculate the shift
between different observations. This shift has been used to update
the coordinate information (use wes_update) and reproject the event
files (use reproject_events) before merging them with dmmerge. We
show an example of multi-observations of a quasar in Fig. A3, where
the reference source is marked with a red circle in the large field of
view (FOV) image.

When defining the spectral analysis region (or photometry aper-
ture), we need to determine the X-ray location of the object. We first
define an r = 5 arcsec circular region centred at the optical/near-IR
location of the quasar. We then calculate the centroid position of the
broad-band (0.5-7 keV) Chandra image. This centroid position is
used as the centre of a new source region with a smaller radius. We
then repeat the above steps and finally adopt the centroid position
within an » = 2 arcsec circular region as the X-ray location of the
quasar. If there are too few X-ray photons detected, the X-ray centroid
position will be poorly determined. Therefore, when the departure of
the X-ray location from the original optical/near-IR location is too
large (>3 arcsec), we will set the location of the quasar back to the
original position. We adopt an r = 1.5 arcsec circular region centred
at the X-ray location of the quasar as the spectral analysis region or
the photometry aperture. We also define an annulus centred at the X-
ray location of the quasar as the background region. We first perform

aox (defined as apx = where Ljyev and Ly 4 are
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X-ray point source detection using the CIAO tool wavdetect, and
remove all the detected point sources from the background region.
The inner radius of the annulus (r = 3 arcsec) equals to twice the
radius of the source region (r = 1.5 arcsec), while the outer radius
is initially set to r = 7.5 arcsec. The outer radius is further enlarged
step by step to a maximum value of 10 times of the radius of the
source region, until the total number of background counts is >10.
If the total number of background counts is still <10 after the outer
radius reaches the maximum value, we add a label ‘c’ in front of
the name of the quasar and plot it with a different symbol in the
following analysis. Examples of source and background regions of a
few quasars are presented in Figs Al and A3.

We extract a spectrum of each observation of a quasar using the
CIAO tool specextract. Sometimes when there are too few counts,
there will be no spectrum extracted for a certain observation. The
spectra from different observations are jointly analysed using an
absorbed redshifted power-law model, with the foreground absorp-
tion column density fixed at the MW value and the redshift fixed at
that obtained from the optical/near-IR spectroscopy. The only free
parameters are the X-ray flux and photon index I'. Typically a spectral
analysis with a simple power-law model is only reliable if the net
background-subtracted counts number is >20. Nevertheless, we also
conduct spectral analysis for all the quasars with a net counts number
=10-20, which are just used for comparison. The spectral analysis
results of these quasars will not be included in the online table or
in the scientific discussions below, but a figure of the spectrum is
put online so the readers can double check. For quasars with a net
counts number <20, we directly calculate the X-ray flux based on
the net counts rate in 0.5-2 keV and a constant counts rate to flux
conversion factor obtained assuming an absorbed power-law model
with Ny =5 x 10 cm™2, ' = 2.0, and z = 6.0. Small changes
of the these parameters do not significantly affect the results. We
adopt the on-axis response files to calculate this conversion factor,
which will slightly underestimate the flux of objects at large off-
axis distances. We include the original counts number and effective
Chandra exposure time in the online catalogue, so users could
calculate the X-ray flux in different bands using their own models.
We also assume I" = 2.0 for all these quasars when converting the
flux and luminosity in different bands. When calculating «ox using
the measured X-ray luminosity and M,,s,4, we assume the same
UV spectral index (ayy = 0.5) and bolometric correction factor
(BCs000 = 5.15 at 3000 A) as above (Section 2.1).

2.3 The online table of the catalogue

In our online catalogue, we do not set a fixed detection criterion.
Instead, we list the 1o rms of the background counts rate in
different bands and the 1o measurement errors of the X-ray flux
and luminosity (Table Al). Therefore, users could define their own
detection significance as needed using these parameters. As an
example, we present a summary of the X-ray detection rate of the
quasars and the redshift distribution of the sample in Fig. 2, where
the detection of an X-ray source is at > 1 ¢ confidence level in 0.5—
2 keV in the observational frame. Under this criterion, we detect 91
of the 152 quasars in the sample (Table 1). However, in the remaining
part of this paper, we plot the X-ray fluxes and luminosities as well
as their upper limits all at 3o confidence level. Only 46 quasars have
been firmly detected above this level (Table 1). We are also able to
estimate the power-law photon index I" of the X-ray spectrum of 31
quasars (Table 1), but the error of I' is quoted at 1o confidence level
which is consistent with the original definition in the spectral analysis
and could not be directly converted to the 3o error. The measured
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Detected
I' measured

Number of QSOs

4.5 5.0 5.5 6.0 6.5 7.0 7.5
z

Figure 2. Redshift distribution of the z > 4.5 quasar sample binned to Az =
0.1. Light grey are the entire sample of 152 quasars covered by the Chandra
observations. Dark grey are those with their X-ray emission detected by
Chandra at >1o confidence level. Black are those with their X-ray photon
index I" well constrained with the Chandra data.

X-ray fluxes of the quasars are also summarized in Fig. 3. As our
sample quasars are not observed in a uniform way, the measured
flux detection limit of non-detected sources does not show a tight
correlation with the effective Chandra exposure time.

In addition to the parameters from the Chandra observations, we
also checked the available XMM-Newton data of the sample quasars
and listed them in the data table. Analysing the XMM-Newton data
however is beyond the scope of this paper. If interested in these
data, we suggest the readers to check a few systematic studies of
the X-ray properties of high-z quasars largely based on the XMM—
Newton data (e.g. Lusso & Risaliti 2016; Salvestrini et al. 2019;
Lusso et al. 2020; Pons et al. 2020). Basic information of these
XMM-Newton observations, together with the optical/near-IR/radio
properties, as well as the X-ray properties of the quasars measured
in this work, is listed in the data table which has been put online
in FITS format. Furthermore, we also add some special notes on
some quasars in the online table, such as identified blazars and broad
absorption line (BAL) quasars. However, as these identifications
are not uniformly conducted for all the sample quasars, we do not
list them as separated parameters nor use them in the following
statistical analysis. A brief description of different columns of this
online catalogue is summarized in the appendix (Table A1).

3 RESULTS AND DISCUSSION

We herein compare our sample to some well-defined or well-
discussed relationships in other works. We do not define any scaling
relations only based on our own sample, because it is not uniformly
observed in either IR/radio or X-rays (e.g. systematically biased
to X-ray bright quasars). Also because of this reason, we do not
exclude the radio-loud and BAL quasars (not uniformly identified in
this work) from the analyses below, which tend to be intrinsically
X-ray brighter (radio-loud quasars) or fainter (BAL; e.g. Luo et al.
2014), respectively. We encourage the readers to compare our sample
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to their own works also on other relationships (e.g. as discussed in
Martocchia et al. 2017).

There are many X-ray observations of AGNs over a large redshift
range (e.g. Just et al. 2007; Kelly et al. 2008; Brightman et al. 2013;
Risaliti & Lusso 2015, 2019; Lusso & Risaliti 2017; Martocchia
et al. 2017; Nanni et al. 2017; Trakhtenbrot et al. 2017; Vito et al.
2018a, b, 2019; Salvestrini et al. 2019; Pons et al. 2020; Wang
et al. 2021). In this paper, we mainly compare our sample to three
large X-ray samples of quasars: (1) Timlin et al. (2020)’s sample
includes Chandra observations of 2106 radio-quiet quasars in the
redshift range of 1.7 < z < 2.7 selected from the SDSS DR14 and
do not contain BALs in the rest-frame UV spectra. This sample
is ideal for comparison because it represents the latest Chandra
observations and includes only the radio-quiet quasars which should
not be significantly affected by the jet. The lack of BALs means
the measured X-ray and UV properties are also little affected by the
outflow. However, the redshift range of this sample is relatively small,
so it is not ideal for studies of the redshift evolution of any quasar
properties. (2) Lusso & Risaliti (2016)’s quasar sample is based
on cross-matching the 3XMM-DRS5 and SDSS-DR?7 catalogues. We
only include the 2153 quasars with a firm X-ray detection in Lusso &
Risaliti (2016)’s sample in the comparison below. Upper limits have
been excluded. This sample is large and spread in a broad redshift
range at 7 < 5, but since itis based on XMM—Newton observations and
a cross-match with the SDSS quasars, the identification of the quasars
may not be as reliable as those with the Chandra observations.
The redshift range is also systematically lower than our sample.
(3) Lusso et al. (2020)’s newly constructed catalogue of ~2400
optically selected quasars has spectroscopic redshifts and X-ray
observations from either the Chandra or the XMM-Newton. This
sample is one of the latest and largest, and the redshift of the quasar
is also accurate. It is ideal for cosmological study. However, since
the online table of this catalogue does not include all the required
parameters for comparison, we only use it for the comparison on the

Hubble diagram in Section 3.5. As different samples are constructed
in different ways, our comparisons to these different works are mostly
qualitative instead of quantitative.

3.1 Rest-frame X-ray luminosity

We first compare the rest-frame 2—10 keV luminosity Ly_jokev to
the bolometric luminosity (Ly,) and SMBH mass (Msyppn) of the
quasars (Fig. 4). As Msypy is only known for a small fraction of the
quasars, we do not include other samples on our L, joxev—MsmBH
plot (Fig. 4b).

Emission in the X-ray band is typically less important than in the
UV band in the AGN bolometric luminosity, but is closely related to
the central engine of the AGN. A positive L,_jokeyv—Lpol correlation
(or more generally the Lx—Lyy correlation as will be discussed in
Section 3.2) is often suggested in previous works (e.g. Risaliti &
Lusso 2015), as also indicated by the data points from Lusso &
Risaliti (2016) and Timlin et al. (2020) in Fig. 4(a). Most of our
sample quasars with low Ly_jorev (€.2. Lo_jorev < 10% ergs s™!) are
upper limits, which show a large scatter on the L, joxev—Lpor plot.
We also found most of the confirmed extremely radio-loud quasars
appear to be very X-ray bright. If we remove these radio-loud quasars
and the upper limits, the other firmly detected quasars in X-ray
are roughly consistent with quasars at lower redshifts. Compared to
other works, the apparently larger scatter on L, jgkey of our z > 4.5
quasars could be at least partially attributed to the poorly X-ray data
(upper limit of many X-ray faint quasars) and the radio-loudness.
We find most of the quasars have an X-ray bolometric correction
factor (kpo = Lyo1/Lo-10kev) in the range of kyo = 10-1000 found
by Wang et al. (2021) for their z > 6.5 quasar sample, except for
some extremely radio-loud quasars and many X-ray non-detected
quasars where the determination of the upper limits are affected by
the data quality and the applied criteria. ky, may be systematically
higher at larger Ly, indicating that more luminous quasars tend to be
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Figure 4. The rest-frame 2—10 keV luminosity of the quasar (Ly_jpkev) versus (a) the bolometric luminosity (Lyo1) and (b) the mass of the SMBH (Msmpnh)-
Symbols are denoted on top left of (a). The light and dark grey dots are data from Lusso & Risaliti (2016) and Timlin et al. (2020), respectively. Error
bars of these two samples are not plotted for clarification. The circles and diamonds are the same as in Fig. 3. The dotted, solid, and dashed lines in (a)
correspond to the X-ray bolometric correction factor of kpo = 10, 100, 1000, while the three lines in (b) correspond to the X-ray Eddington fraction of
Lo 10kev/LEdd = 10_2, 10_3, 1074, respectively, where Lgqq is the Eddington luminosity calculated from Msypn. The errors of Msypn are collected from

different samples, so are not uniform.

relatively X-ray fainter, but still follow a continuous trend connecting
less luminous quasars. This is also consistent with their steeper
optical-to-X-ray spectral slope (smaller «px), as will be discussed in
Section 3.3.

We also compare Ly jpkev to Msypu and the Eddington ratio Aggq
in Fig. 4(b). As Mgypy and Aggq are not available for most samples
and many of our sample quasars, we only plot 76 quasars from
our sample in Fig. 4(b). We do not see any significant correlation
between L, jgxev and Mgypy. The X-ray emission is typically in the
range of ~10~?*# L4, which is small compared to the emission
in the UV band. A similar conclusion has also been obtained in
previous works (e.g. Martocchia et al. 2017). The X-ray weakness
of these hyper-luminous quasars compared to less luminous AGNs
could be partially attributed to the perturbation of the disc corona by
powerful radiation-driven winds as often indicated by the blueshifted
high-ionization UV lines in their spectra (see discussions on various
explanations of the X-ray weakness in Proga 2005; Martocchia et al.
2017 and references therein).

3.2 Slope of the Lx—Lyy relation

The relation between the X-ray and UV emissions is one of the
tightest correlations of the X-ray properties of AGNs (e.g. Lusso &
Risaliti 2016, 2017; Risaliti & Lusso 2019). The relation is often
expressed in different ways, with the X-ray and UV emissions
expressed in monochromatic or broad-band flux or luminosity, or
aox, etc. (e.g. Just et al. 2007; Martocchia et al. 2017; Vito et al.
2019; Timlin et al. 2020). The Lx—Lyy relation is significantly non-
linear, but its slope shows no significant redshift evolution based on
existing observations (e.g. Risaliti & Lusso 2015; Salvestrini et al.
2019). We will discuss the aox—Lyy relation in Section 3.3 and
the implication of the X-ray—UYV relations as the standard candle in
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cosmology in Section 3.5. In this section, we focus on comparing the
slope of the Lx—Lyy relation in different AGN samples.

In Fig. 5, we present the X-ray—UV correlation of AGNs in the
form of the Ljkeyv—Lysgp 4 relationship, where Lyyey and Lysg, 4 are
the monochromatic luminosities of the AGNs at 2 keV and 2500 A,
derived from the measured 0.5-2 keV flux and 1450 A magnitude,
respectively. We divide Lusso & Risaliti (2016)’s sample into four
different redshift bins at z < 5 and compare them to our own sample
at the highest redshift bin at z > 4.5. We adopt the Spearman’s
rank order correlation coefficient (r;) to quantify the tightness of the
correlation. We consider |rg| = 0.6 or 0.3 S |r| S 0.6 as a tight or
weak correlation, and || < 0.3 as no correlation (e.g. Li & Wang
2013). We only used the firm detections from Lusso & Risaliti (2016)
in the plots. Similarly, upper limits and confirmed extremely radio-
loud quasars from our own sample are also removed when fitting the
relation and calculating ;.

There is a tight correlation between Lyyey and L,sop4 for the
whole sample from Lusso & Risaliti (2016) (r; &~ 0.67), and our z
> 4.5 quasar sample also appear to be roughly consistent with the
overall trend (Fig. 5a). However, when we divide the sample into
different redshift bins, the correlation becomes much weaker, largely
because of the much narrower Ljkey Or L,sy4 ranges (Figs 5 b—
e). We show in Fig. 6 the redshift evolution of the measured slope
of the Lyxev—Loso0 4 relation. The scatter is quite large, especially
at high redshifts. Therefore, although the measured slope at z =
3-5 from Lusso & Risaliti (2016)’s sample appears to be steeper
than those at other redshifts, we do not think there is significant
evidence for a redshift evolution of the X-ray-UV relation based
on the existing data. This is also claimed in previous studies (e.g.
Risaliti & Lusso 2015; Salvestrini et al. 2019). The median value of
thelog Lokey — 10g L5 4 slopeis 0.50 £ 0.13, which is significantly
sublinear.
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Figure 5. The X-ray-UV relationship at different redshift bins. Lykev and L,s,, z are the monochromatic luminosity in ergs s~ em™2 Hz~! at 2 keV and
2500 A, respectively. Panel (a) plots all the quasars in our sample and the firm detections in Lusso & Risaliti (2016) (the same as in the above figures, but here
we add the error bar on Ly ev). The other panels are the best-fitting relations (the solid line) at different redshift bins and the data used to fit them. Only firm
detections are included in the fit; upper limits in panel (f) have been excluded. We also exclude the confirmed radio-loud quasars in panel (f). Lusso & Risaliti
(2016)’s sample is used in panels (b—e), while our z > 4.5 quasar sample is used in panel (f). In panel (a), the fit and statistical calculations are based on the
entire sample from Lusso & Risaliti (2016), although quasars in our sample are also plotted for comparison. The best-fitting model parameters, the Spearman’s
rank order correlation coefficient (rs), the number of quasars used in the fit (N), and the redshift range are denoted on top left of each panel.

3.3 The agx—Lyy scaling relation

The optical-to-X-ray spectral slope apx is a redshift-independent
parameter and a good tracer of the relative importance of the
accretion disc versus corona emission from the AGNs (e.g. Brandt
& Alexander 2015). In this section, we compare our sample to the
well-defined scaling relation between «px and Lyy (expressed in the
monochromatic luminosity L,sq, 4; Fig. 7a). It is clear that both the
data and the best-fitting aox—L,s00 4 relations from different works
have large scatter (e.g. Just et al. 2007; Martocchia et al. 2017; Nanni
et al. 2017; Timlin et al. 2020). Our sample of z > 4.5 quasars is
roughly consistent with all the ccox—L,s0 4 relations from previous
works and fills the gap at the high end of L, 3. The apparent large
scatter of our high-z quasars on the aox—L,soy4 relation is again
caused by the poor X-ray data (upper limits) and the radio-loud
quasars.

We investigate the redshift evolution of the cox—Ls0 4 relation by
calculating the departure of the data points from Timlin et al. (2020)’s
relation (Awapy) at different redshifts (Fig. 7b). Similar as found by
the other authors (e.g. Just et al. 2007; Vito et al. 2019; Wang et al.
2021), we do not find any significant redshift evolution of Aapx. The
slight systematic increase of Aapx with redshift for Lusso & Risaliti
(2016)’s sample is caused by their different aox — Lyso04 Slopes
which may be a result of the sample selection bias to more luminous
AGNS at higher redshifts, instead of a true redshift evolution.

We further study the dependence of the scatter of our z > 4.5
quasar sample on other AGN parameters in Fig. 8. We quantify the
scatter by calculating the departure of the measured opx from the
best-fitting aox—L,so0 4 relationships from Just et al. (2007), Nanni
et al. (2017), Martocchia et al. (2017), and Timlin et al. (2020), as
plotted in Fig. 7(a). Upper limits on opx have been removed from
both the fitting and the plot. The confirmed radio-loud quasars have
also been removed from the fitting but are still plotted on the figure
for comparison. We do not find a strong dependence of Aagx on
some other quasar parameters such as the Msypy Or Aggg, as also
suggested in some previous works (e.g. Vito et al. 2018b). However,
we find a strong dependence of Aapx on the X-ray luminosity of the
quasar (L jokev OF Lokev; the Aaox—Lo ey relation is presented in
Fig. 8). The tight correlation between Ao px and Lj ey of our sample
(after excluding the upper limits and confirmed radio-loud quasars;
rs ~ 0.6), as well as the significant difference between our sample
and Lusso & Risaliti (2016) and Timlin et al. (2020)’s samples at
lower redshifts, suggests that the Lx—Lyy relation of these samples at
different redshift ranges and with different X-ray luminosities may
have different slopes.

We would like to emphasize that the tight correlation between

Aaox and L,y as presented in Fig. 8 is not a new physical relation.
log(Lakev/Lysg &)

log(V2keV /Vps5004)
be merged into the aox—Lysp04 relation. The tight Aoox—Layev

As apx is defined as the Aaox—Ls ey relation could
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Figure 6. Redshift evolution of the slope of the Lyxev—L,50 4 relation (A
in Figs 5 b—f). The four light grey boxes are the measurement using Lusso
& Risaliti (2016)’s sample, while the black box at the highest redshift is the
measurement based on our own sample. The size of the symbol is proportional
to the logarithm of the number of quasars in each redshift bin. The solid and
dashed lines are the median value and the standard deviation of the five
redshift bins.

correlation simply means the slope of the cox—L,sy 4 relation for
our z > 4.5 quasar sample is clearly different from those defined with
other AGN samples. As the L,sqy4 and Loy ranges of the high-z
quasar sample do not extend to the low-luminosity end, the slope of
the acox—L o500 4 relation cannot be well constrained. We therefore do
not fit a separated aox—L,s0 4 relation for our high-z quasar sample.
From Fig. 8, we also notice that at least part of the scatter could be
attributed to the inclusion of the radio-loud quasars in the sample.

sl Just et al.(2007)

- - -~ Nanni et al,(2017) ‘? ]
[——- Martocchia et al.(2017) |
_ 3 o[ Timlin et 0l.(2020) ‘ ]

28 29 30 51 32 33

logl 5004/ (€rgs 57! HZ?W)

Aoy from Timlin et al.(2020)'s relation

We have not identified all the radio-loud quasars, and there are some
other types of quasars whose observed X-ray properties may be
significantly biased (e.g. blazars and BALs which are included in
the ‘NOTE’ of the online table). Therefore, the different slopes of
the aox—L,s00 4 relation of our sample and other samples may be at
least partially attributed to the sample selection bias. Our data do not
indicate a clear difference in the cox—L,sg 4 slope of high-z quasars.

3.4 The X-ray spectral slope

The X-ray spectral slope, often expressed with the photon index of
a power-law fit to the hard X-ray spectrum (I'), is thought to be
closely related to the accretion rate of the SMBH which is often
expressed with the Eddington ratio Agyq (e.g. Nowak 1995). At
higher accretion rates, the enhanced emission from the accretion
disc could provide more UV photons to cool the disc corona via
inverse-Compton emission, resulting in a lower corona temperature
and a steeper X-ray spectrum (larger I'). Such a I'-Agqq correlation
has been suggested in previous works (e.g. Shemmer et al. 2006,
2008; Brightman et al. 2013; however, see report of a much weaker
correlation in Trakhtenbrot et al. 2017), which is especially important
as an independent measurement of the SMBH growth history in X-
ray band.

In Fig. 9(a), we compare the measured I" of our sample to other
AGN samples at different redshifts (Lusso & Risaliti 2016; Timlin
et al. 2020; Wang et al. 2021). The median value of I" of our z > 4.5
quasars is 1.79 £ 0.57 (plotted as solid and dashed lines in Fig. 9a).
It is clear that within the uncertainties, we do not see any significant
redshift evolution of the accretion activity as traced by I'. This is
consistent with what has been found in previous works (e.g. Just
et al. 2007; Vito et al. 2019; Wang et al. 2021). The data point at the
highest redshift bin (z > 6.5) is based on a stacked X-ray spectrum
instead of measurements of individual quasars (Wang et al. 2021).
The slightly higher I may not be representative as the average Agqq is
also high. We plot this data point, as well as quasars from our sample
with both I and Aggq measured, on the I'=Agqq relation (Fig. 9b). We

1.0 @ 1

Figure 7. The aox—L,s 4 relation (a) and its residual at different redshifts (b). Symbols are the same as in Fig. 4. In panel (a), we also plot the best-fitting
relationships from different works (Just et al. 2007; Martocchia et al. 2017; Nanni et al. 2017; Timlin et al. 2020). The relation from Timlin et al. (2020) has

been used to calculate the residual Aapx in panel (b).
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Figure 8. Departure of the measured apx from the best-fitting relationships plotted in Fig. 7(a) (Aaox) versus the 2 keV monochromatic luminosity of the
quasar (L2yev). Different panels are the departure from different relationships. Symbols are the same as in Fig. 4. We also fit our own quasar sample with a
relation Aaox = Alog Loev + B (the solid line). Only firmly detected quasars are used in the fitting. Upper limits have been removed from both the fitting and
the plot. The radio-loud quasars (diamonds) have also been removed from the fitting but are still plotted on the figure for comparison. The best-fitting parameters
A and B, as well as the Spearman’s rank order correlation coefficient (rg), are denoted on top left of each panel.

also plot in Fig. 9(b) the best-fitting I'-Agq4q relation from Brightman
et al. (2013) for comparison. Brightman et al. (2013)’s sample has a
Agdd range of log Apga & (— 2.5-0), so the data plotted in Fig. 9(b)
represent the high end of this relation. This plot confirms that the
apparently higher I" of the highest redshift quasars is indeed caused
by their larger Agqq, Which is a sample selection effect instead of a
real redshift evolution.

3.5 Constraint on the Hubble diagram

Based on their high multiband luminosity and the well-defined UV—
X-ray scaling relations (often expressed in the cox—Ls0 4 relation;

see Section 3.3), quasars could potentially be adopted as a standard
candle in a broad redshift range to constrain cosmological models
(e.g. Risaliti & Lusso 2015, 2019; Lusso & Risaliti 2017; Lusso
et al. 2020). In this section, we compare our z > 4.5 quasars to
the latest combined quasar sample from Lusso et al. (2020) on the
Hubble diagram (distance modulus versus redshift; Fig. 10). 19 of
the 152 quasars included in our sample are also included in Lusso
et al. (2020)’s sample. The overlap of the two samples will not
significantly affect the comparison and the discussions in this section.
Also plotted in Fig. 10(a) is the cosmological model adopted in this
paper (Section 1). We do not fit a cosmological model as the scatter
of the data is too large to well constrain it.
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‘We do not have any quasar at z > 6.5 which has good enough Chandra data to firmly constrain I'. Therefore, we plot the measurement from the stacked Chandra
spectra of z > 6.5 quasars from Wang et al. (2021) for comparison (large triangle). The solid and dashed lines are the median value and standard deviation of the
entire sample in this work. (b) I" versus the Eddington ratio (Agqq). Only a few quasars have both parameters well constrained in this work. The large triangle is
the stacked Chandra spectra of z > 6.5 quasars from Wang et al. (2021). The solid line is the best-fitting relation from Brightman et al. (2013).
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Figure 10. (a) The Hubble diagram based on the eox—Lyy scaling relation of quasars (e.g. Fig. 7). The distance modulus is calculated using the rest-frame
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combined sample from Lusso et al. (2020). The other symbols are the same as in other figures. Only firm X-ray detections above 3¢ are included in the plot.
The large grey boxes and error bars are the median value and standard deviation of our sample quasars in certain redshift bins. Confirmed radio-loud quasars
(diamonds) have been excluded when calculating these values. The errors on the distance modulus of individual quasars in our sample are very large, so they
are not plotted on the figure for clarification. The dashed curve is the cosmology model adopted in this paper, with Hy = 70 km s~ Mpc™!, Qv = 0.3, Q5 =
0.7, and go = —0.55. (b) The same as (a), but corrected for the dependence of Aapx on Loy as discussed in Section 3.3 and presented in Fig. 8.
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As discussed in previous sections, the physical foundation of
adopting the UV and X-ray properties of AGNs as a standard candle
is the physical link between the accretion disc and corona of an
SMBH. We expect higher accretion rate will produce stronger UV
emission from the accretion disc (higher L5 4 ), while more efficient
cooling of the corona via inverse-Compton emission, so softer X-ray
emission or lower X-ray-to-UV flux ratio (lower apx). As the flux
ratio opx is directly measurable and redshift independent, we can
use it and the aox—L,so 4 relation to estimate L,sq, ;. Combined
with the measured flux or magnitude at the rest-frame UV band, we
can estimate the distance modulus and compare it to the measured
redshift on the Hubble diagram.

The reliability of the above method depends on the tightness
and redshift dependence of the cox—L,sp94 relation. As discussed
in Section 3.3, the aox—L,yspo4 relation shows significant scatter,
especially for our high-z quasar sample which often has poor X-ray
data and is a mixture of radio-loud and radio-quiet quasars. However,
we do not find significant evidence for a clear redshift evolution of the
UV-X-ray relation (Section 3.2), although this argument is far from
conclusive due to the strong bias in the largely flux-limited sample
selection at different redshifts. Therefore, the overall conclusion is
that we can use the UV and X-ray properties of quasars as a standard
candle, but the scatter will be extremely large, which comes from both
the measurement error and the uncertainty of the ccox—Lysog 4 relation
(error bars of individual data points are not plotted in Fig. 10). As our
sample represents quasars detected in X-ray at the highest redshifts,
it plays a potentially critical role in constraining the cosmological
models.

As shown in Fig. 10(a), our z > 4.5 quasars are roughly consistent
with quasars at lower redshifts. They however put little constraint
on different cosmological models due to the large scatter and the
measurement error. The median value of the distance modulus of our
z > 4.5 quasars may sit below the cosmological model adopted in this
paper (the dashed curve). This is partially because the model is not a
fitted relation to the data. However, the systematic bias from Lusso
et al. (2020)’s sample (all radio-quiet) in the same redshift range
may be largely caused by the inclusion of radio-loud quasars. As the
FIRST and NVSS surveys adopted in this paper are only sensitive
to quasars with R 2 100 (Fig. 1), there may still be some radio-loud
quasars not yet identified which have lowered the median value of the
distance modulus. As the jet could contribute significantly to both the
observed radio and X-ray emissions in radio-loud quasars, especially
in blazars (e.g. Romani et al. 2006; An & Romani 2018; Ighina et al.
2021), these objects do not follow the cox—L 50 4 relation and should
be removed when comparing to different cosmological models.

As we found a strong dependence of the departure of «px from
the best-fitting cox—L,500 4 relation (Aapx) on the monochromatic
X-ray luminosity (Ly.v; Fig. 8), we use this relation to correct
the aox—Lospg4 relation for our z > 4.5 quasars and recalculate
the distance modulus. To do this, we first calculate Aapx with
the measured L,y and the best-fitting Awox—Lykey relation in
Fig. 8(d). We then add this derived Aapx back to the measured
aox, and use this new aox and Timlin et al. (2020)’s ocox—Lspo &
relation to calculate a predicted L,sy,4. We further calculate the
corrected distance modulus using this predicted L,so 4 and the
measured monochromatic flux at rest-frame 2500 A. The results
are shown in Fig. 10(b), with a clearly smaller scatter on the distance
modulus. However, as already being pointed out in Section 3.3, the
Aaox—Ls ey relation is not a real physical relation, but indeed caused
by the poor determination of the aox—L,sq 4 relation for the highest
redshift quasars. Therefore, the above calculation of the corrected
distance modulus in Fig. 10(b) is just used to show the potential of a
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better determination of the ox — L5 4 slope to better constrain the
cosmological model. It should not be adopted as a standard method
to reduce the scatter on the Hubble diagram. Future unbiased X-
ray and radio surveys of high-z quasars with lower detection limits
could help to well constrain the cox—Ls0 4 relation for radio-quiet
quasars in a broad luminosity range, thus help to make use of AGNs
as a standard candle for cosmological studies.

4 SUMMARY AND CONCLUSION

We uniformly analysed all the Chandra observations of a sample
of 152 z > 4.5 quasars. This is the largest X-ray sample of quasars
at such high redshifts. We are able to firmly detect 46 of the 152
quasars in the sample in 0.5-2 keV above 3o level (91 above 1o)
and calculate the upper limits of the X-ray flux of the remaining 106
ones. We are also able to estimate the power-law photon index I of
the X-ray spectrum of 31 quasars. We also cross-match all the 1133
z > 4.5 quasars with the FIRST and NVSS surveys, and identify 54
quasars, of which 24 are covered by the Chandra observations. All of
them are extremely radio-loud and most with R = Lsgu,/Lasgos >
10, We collect some other physical parameters of the quasars or a
subsample of them from the literature, including the redshift, UV
magnitude, SMBH mass, and Eddington ratio. We put online all
the reduced X-ray data products (images and spectra), as well as a
table summarizing the X-ray and multiwavelength parameters of the
quasars. We also make our Chandra data reduction scripts accessible
by the public.

Based on this catalogue, we statistically compare the X-ray
properties of these z > 4.5 quasars to other X-ray samples of AGNs
at different redshifts, focusing on some well-studied relationships.
The major results and conclusions are summarized below:

(1) The relations between the rest-frame X-ray luminosity and
other quasar parameters, such as the bolometric luminosity, UV
luminosity, or SMBH mass, all show large scatters. This is largely
caused by the relatively small range of the X-ray or UV luminosity
of the sample, which is a result of the bias in sample selection.
Furthermore, the relatively large measurement errors of the X-ray
properties caused by the poor X-ray data of high-z quasars, as well
as the inclusion of radio-loud quasars in the sample, also contribute
significantly to the large scatter of the above scaling relations.

(i) The X-ray bolometric correction factor, defined as kyo =
Lyoi/La—10kev, 18 typically in the range of ky, = 10-1000, and tend
to be higher at high Ly,. The X-ray emission accounts for only a
small fraction of the Eddington luminosity, typically in the range of
Ly jokev ~ 107 Legq. Compared to less luminous AGNs, these
hyper-luminous quasars appear to be relatively X-ray faint, but still
follow a continuous trend on the Lx—Ly, relation.

(iii) The Ljyev—Losog 4 correlation is weaker in small redshift bins
(typical rg ~ 0.4-0.6), although the overall correlation of the entire
sample over a large redshift range is much tighter (ry ~ 0.7). This
is again caused by the largely flux-limited sample selection and
the narrow range of UV or X-ray luminosities in each redshift bin.
We do not find any significant redshift evolution of the slope of
the Lokey—Losgoa relation. The median value of the log Lyyey —
log Lysq 4 slope is ~0.5, indicating a significantly sublinear relation
and a low X-ray-to-UV luminosity ratio for hyper-luminous quasars.

(iv) Our z > 4.5 quasars are roughly consistent with other AGN
samples on the aox—L,so 4 relation. We do not find any significant
redshift evolution of the aox—L,s094 relation, expressed in the
departure of individual data points from the best-fitting relation
(Aaopx). We find a tight correlation between Aaopx and Ljyey of

MNRAS 504, 2767-2782 (2021)

120z Jaquairdag o uo Jasn Aleiqi] S80U8I0S YijeaH BUOZUY 10 AlsIaAun AQ 2+99229//9/2/2/70S/2191e/seluw/woo dno olwapeoe//:sdiy Woll papeojumoc]



2778  J.-T. Lietal

our z > 4.5 quasars. This tight Awgx—Lokey correlation however is
not physical, but mainly caused by the inconsistency of the slope
of the best-fitting avox—Lys00 4 relation of low-z samples with our
high-z quasar sample. As the identified radio-loud quasars appear
to be systematically X-ray brighter, the unidentified radio-loud
quasars in our sample may be one of the major sources of such
an inconsistency.

(v) The measured photon index I" of the X-ray spectrum of our
z > 4.5 quasars is consistent with the I'—Aggq relation obtained in
some previous works, which indicates quasars with higher accretion
rates (larger Agqq) tend to have softer X-ray spectra (higher I"). We
do not find a significant redshift evolution of I', which has an almost
constant median value (I" = 1.79 4 0.57 for our z > 4.5 quasars).

(vi) We also use the X-ray and UV properties of the AGNs as a
standard candle for cosmological study. Our sample is roughly con-
sistent with lower redshift AGNs on the Hubble diagram, although
the scatter is quite large. Well defining the aox—L,s 4 relation for
the most distant quasars will be important to constrain different
cosmological models on the Hubble diagram. This could only be
done with future large unbiased deep X-ray surveys. Furthermore,
deep radio surveys are also important to identify radio-loud quasars,
which do not follow the same X-ray scaling relations as radio-quiet
quasars.
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APPENDIX A: ONLINE MATERIALS: DATA
TABLE, CHANDRA IMAGES AND SPECTRA

We present some examples of the Chandra images and spectra of
our sample quasars in this section (Figs A1— A3). Similar figures of
all the quasars, as well as our scripts for the pipeline data reduction,
are available as the online-only data. All the figures presented in this
section are generated automatically with the pipeline.
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Table Al. A brief description of the columns of the online table.

Column Label Type Description

1 QSO“ string name of the QSO in the format of Jhhmmss+ddmmss

2 OTHERNAMES string other names of the QSO

3 QSORA string RA of the QSO

4 QSODEC string Dec. of the QSO

5 RAdeg float RA in unit of degree

6 DECdeg float Dec. in unit of degree

7 DISCOVERY string reference discovering the QSO

8 REDSHIFT float best redshift of the QSO

9 REDSHIFT_ERR float error of the redshift

10 REDSHIFT_METHOD” string method used to measure the redshift

11 REDSHIFT_REF string reference of the adopted redshift data

12 M1450 float absolute 1450 A magnitude

13 F2500 float rest-frame 2500 A monochromatic flux in 10728 ergs s~! cm=2 Hz~!
14 LNUR2500 float rest-frame 2500 A monochromatic luminosity in 1032 ergs s~! Hz™!
15 NETCTSSOFT float background subtracted net counts number in 0.5-2 keV

16 NETCTSHARD float background subtracted net counts number in 2-7 keV

17 NETCTSFULL float background subtracted net counts number in 0.5-7 keV

18 SIGMASOFT float lo background rms in 0.5-2 keV

19 SIGMAHARD float 1o background rms in 2-7 keV

20 SIGMAFULL float lo background rms in 0.5-7 keV

21 QSOSNRSOFT float signal-to-noise ratio of the QSO in 0.5-2 keV

22 QSOSNRHARD float signal-to-noise ratio of the QSO in 2-7 keV

23 QSOSNRFULL float signal-to-noise ratio of the QSO in 0.5-7 keV

24 LX float observational frame 0.5-2 keV luminosity (Lx) in 10* ergs s~!
25 ELXL float 1o lower error of Ly

26 ELXH float 1o upper error of Lx

27 F2KEV float rest-frame 2 keV monochromatic flux in 10733 ergs s~! cm=2 Hz ™!
28 EF2KEVL float 1o lower error of Fyev

29 EF2KEVH float 1o upper error of F>gey

30 FX float observational frame 0.5-2 keV flux (Fx) in 10~'* ergs s~ cm™2
31 EFXL float 1o lower error of Fx

32 EFXH float 1o upper error of Fx

33 LXREST float rest-frame 2—10 keV luminosity (Lx, res) in 10% ergs g1

34 ELXRESTL float 1o lower error of Lx, rest

35 ELXRESTH float lo upper error of Lx, rest

36 FXREST float rest-frame 2—10 keV flux (Fx_ rest) in 10714 ergs s7hem™2

37 EFXRESTL float 1o lower error of Fx, rest

38 EFXRESTH float 1o upper error of Fx reg

39 PHOINDEX® float photon index I' of the power-law spectral fit in X-ray band

40 EPHOINDEXL float 1o lower error of I'

41 EPHOINDEXH float 1o upper error of T’

42 ALPHAOX float optical-to-X-ray spectral slope (¢ox)

43 EALPHAOXL float 1o lower error of agx

44 EALPHAOXH float 1o upper error of «ox

45 OBSIDCHANDRA string list of Chandra observation ID used in this work

46 TEXPCHANDRA float total effective Chandra exposure time in ks

47 XMMDATA string list of XMM—-Newton observations covering this QSO

48 XMMOBJ string object name of the XMM-Newton observations covering this QSO
49 NIRREF string references of the near-IR spectra

50 MSMBH? float supermassive black hole mass (MsypH) in 1010 Mo

51 EMSMBHL float lower error of MsmBa

52 EMSMBHH float upper error of MsvBH

53 LAMBDAEDD? float Eddington ratio of the SMBH (Aggq)

54 ELAMBDAEDDL float lower error of Agqq

55 ELAMBDAEDDH float upper error of Agdq

56 NOTE string additional special notes on individual QSOs

57 RADIOFLUX float integrated 20 cm radio flux in unit of mJy

58 RADIODIST float separation of the radio position from the optical position in arcsec

Notes. “ We add a label ‘c’ in front of the QSO J name if the background counts number is <10.

b The method used in measuring the redshift can be ‘C 1" (using the C 11 1158 pm line in radio band), ‘Mg II’ (using the Mg It

22787 A line in near-IR band), ‘Ly-alpha’ (using the Ly « 11216 A line in optical band).
¢ Set to 2.0 with error equals 0.0 if no reliable estimate on I".

4 and ¢ Mgypy and Agqq of different QSOs are collected from different references, so the confidence range of the error is

random, and not necessarily lo.
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Table A2. Parameters of the data reduction scripts.

Chandra observations of quasars at 7 > 4.5 2781

Parameter name

Default value

Description

ROOTPATH current location root path to store the reduced data
SCRIPTDIR ${ROOTPATH }/steps location of the scripts
/HighzQSOscripts
CTSFLUXFAC 5.84974e-12 0.5-2 keV counts rate to flux conversion factor in (erg s~ em?) /(cts s7h)
LUMDIST lumdist.pro the IDL procedure used to calculate luminosity distance
CIRCRADIUS 1.5 radius of spectral extraction circle in arcsec
MINCTS 3 minimum counts number for spectral binning
fluxmodel ‘tbabs(cflux(zpo))’ XSPEC model used to fit the QSO spectra
fluxEmin 0.5 minimum energy in keV used to calculate the flux in observational frame
fluxEmax 2.0 maximum energy in keV used to calculate the flux in observational frame
RestEmin 2.0 minimum energy in keV used to calculate the flux in the rest frame
RestEmax 10.0 maximum energy in keV used to calculate the flux in the rest frame
SOFTMIN 500 minimum energy in eV used to calculate the soft band counts number
SOFTMAX 2000 maximum energy in eV used to calculate the soft band counts number
HARDMIN 2000 minimum energy in eV used to calculate the hard band counts number
HARDMAX 7000 maximum energy in eV used to calculate the hard band counts number
SEARCHRADIUS 0 radius in arcmin around the object to look for overlapped Chandra observations. ‘0’ means covered
by the Chandra FOV
QSORA - Right ascension of the QSO in hh:mm:ss.ss
QSODEC - Declination of the QSO in £dd:mm:ss.ss
QSONAME Jhhmmss£ddmmss J name of the QSO. If not defined, it will be defined using QSORA and QSODEC
QSOz 6.0 redshift of the QSO. Default value is incorrect
QSOM 1450 —-27.0 M 450 & of the QSO. Default value is incorrect
OTHERNAMES none other names of the QSO
DATATYPE archive If other values, you need to download priority data yourself
DELETEORIGINAL Y delete raw data to save space or not
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Figure Al. Example 1 arcmin x 1 arcmin Chandra images centred at the quasars. Similar images of the all our sample quasars are available online. The
small circle at the centre and the large annulus around it are the source and background regions, respectively. The source regions have the same size, but the
background regions have been automatically adjusted according to the enclosed number of counts.
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Figure A2. Example Chandra spectra of the latter two quasars shown in Fig. Al. The first quasar J000239+-255034 is too faint for spectral analysis. Each data
point has a min counts number of 3. The solid curve is the best-fitting power-law model, and the lower panel shows the ratio between the data and the model.
All figures are automatically generated with the pipeline so the scale may not be optimized.
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Figure A3. An example of a quasar with multiple Chandra observations. The left-hand panel is the stacked 8 arcmin x 8 arcmin Chandra image centred at
the quasar (enclosed with a small circle). The small circle to the north of the quasar marks the X-ray brightest point source in the FOV which is used to align
different observations. The middle panel is a zoom-in of the left one showing the source and background regions of the quasar, which is the same as in Fig. Al.
The right-hand panel shows the jointly fitted spectra of all of the Chandra observations.
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