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ABSTRACT

X-ray emission from quasars has been detected up to redshift z = 7.5, although only limited to a
few objects at z > 6.5. In this work, we present new Chandra observations of five z > 6.5 quasars. By
combining with archival Chandra observations of six additional z > 6.5 quasars, we perform a system-
atic analysis on the X-ray properties of these earliest accreting supermassive black holes (SMBHs). We
measure the black hole masses, bolometric luminosities (Lpo1), Eddington ratios (Aggq), emission line
properties, and infrared luminosities (Lir) of these quasars using infrared and sub-millimeter observa-
tions. Correlation analysis indicates that the X-ray bolometric correction (the factor that converts from
X-ray luminosity to bolometric luminosity) decreases with increasing Lo, and that the UV /optical-
to-X-ray ratio, apy, strongly correlates with L -, and moderately correlates with Agqq and blueshift
of C1v emission lines. These correlations are consistent with those found in lower-z quasars, indicating
quasar accretion physics does not evolve with redshift. We also find that Lig does not correlate with
Lo_10kev in these luminous distant quasars, suggesting that the ratio of the SMBH growth rate and
their host galaxy growth rate in these early luminous quasars are different from those of local galaxies.
A joint spectral analysis of the X-ray detected z > 6.5 quasars yields an average X-ray photon index
of I' = 2.321‘8:%, steeper than that of low-z quasars. By comparing it with the I' — Agqq relation, we
conclude that the steepening of I' for quasars at z > 6.5 is mainly driven by their higher Eddington
ratios.

Keywords: galaxies: active — galaxies: high-redshift — quasars: general — X-rays: galaxies

1. INTRODUCTION

Quasars, the most luminous type of active galactic
nuclei (AGN), are believed to be powered by accreting
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supermassive black holes (SMBHs). The continuum and
line emission from luminous quasars, over a large wave-
length range, from optical to X-ray, can be characterized
by several major components: the optical-to-ultraviolet
(UV) continuum emission which is explained by a stan-
dard accretion disk extending down to the innermost
stable circular orbit (ISCO; e.g. Shields 1978), a soft X-
ray excess whose origin is still debated (e.g. Arnaud et al.
1985), X-ray emission with a power-law spectrum pro-
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duced by inverse Compton scattering of photons from
the accretion disk of relativistic electrons in the hot
corona (e.g. Svensson & Zdziarski 1994), and the broad
emission lines emitted from the so-called broad line re-
gion (BLR; e.g. Antonucci 1993). Thus the optical/UV
to X-ray emission of quasars provide crucial informa-
tion about the BH mass, the structure and physics of
the accretion flow around the central SMBHs.

At present more than 200 quasars have been discov-
ered at redshift z > 6 (e.g. Fan et al. 2001; Wu et al.
2015; Jiang et al. 2016; Banados et al. 2016; Wang et
al. 2017; Reed et al. 2017; Yang et al. 2017); about 50
quasars have been discovered at z > 6.5 (e.g. Venemans
et al. 2013; Wang et al. 2019b; Mazzucchelli et al. 2017;
Yang et al. 2019) and seven at z > 7 (Mortlock et al.
2011; Banados et al. 2018a; Wang et al. 2018; Matsuoka
et al. 2019; Yang et al. 2019, 2020). Extensive optical to
near-infrared (NIR) spectroscopic observations of these
quasars indicate that billion solar mass SMBHs are al-
ready in place when the universe is only ~700 Myrs old
(Yang et al. 2020). The growth of these early SMBHs is
limited by the available accretion time. At z ~ 7, only
~ 14 e-folding times elapsed since the first luminous ob-
ject formed in the Universe (i.e. z ~ 30, Tegmark et
al. 1997), corresponding to a factor of ~ 10° increase
in mass, placing the most stringent constraints on the
SMBH formation and growth mechanisms (e.g. Baniados
et al. 2018a; Yang et al. 2020). In order to explain the
existence of these SMBHs, many theoretical models have
been proposed (see Latif & Ferrara 2016; Inayoshi et al.
2019, and references therein) by invoking either super-
Eddington accretion process (e.g., Volonteri et al. 2015)
and/or a massive seed BH (e.g., Omukai et al. 2008;
Volonteri et al. 2008; Wise et al. 2019).

The X-ray emission from quasars carries crucial infor-
mation about the accretion physics and AGN feedback
(e.g. Fabian et al. 2014; Parker et al. 2017). However,
X-ray observations are only available for a very limited
sample at high redshift. To date, ~30 z ~6 quasars (e.g.,
Brandt et al. 2001; Shemmer et al. 2006; Ai et al. 2016,
2017; Nanni et al. 2017, 2018; Vito et al. 2019; Connor
et al. 2019) and six z > 6.5 quasars (Page et al. 2014;
Moretti et al. 2014; Banados et al. 2018b; Vito et al.
2019; Pons et al. 2020; Connor et al. 2020) have been de-
tected in X-ray with Chandra and XMM-Newton. Two
key findings have been established based on these lim-
ited X-ray observations.

First, there is a tight correlation between the
optical /UV-X-ray luminosity ratio (aox) and the UV
luminosity (i.e. L25001§)’ and it does not evolve from
low redshift up to z ~ 6 (e.g. Just et al. 2007; Lusso &
Risaliti 2016; Nanni et al. 2017). Recent investigations

of several z > 6.5 quasars (Moretti et al. 2014; Page et
al. 2014; Banados et al. 2018a; Vito et al. 2019) suggest
that this relation might still hold in the epoch of reion-
ization. Since a,x measures the relative importance of
the hot corona versus the accretion disk, the steeper aoy
in higher luminosity quasars indicates the dominance of
the disk emission with respect to the hot electron corona
emission in luminous quasars (see Brandt & Alexander
2015, for a review).

The other key finding is that there is a moderate posi-
tive correlation between the photon index, I'; of the hard
X-ray spectrum (N(E) oc E~T) and the Eddington ra-
tio (Agdd = L/Lgaq) established from a sizable sample
of sources up to z ~ 3, with larger I' corresponding to
higher Agqq (e.g. Shemmer et al. 2008; Brightman et al.
2013, but see Trakhtenbrot et al. (2017)). A high accre-
tion rate is expected to increase the disk temperature
and thus the level of disk emission, resulting in the in-
crease of Compton cooling of the corona (e.g., Maraschi
& Haardt 1997), and producing a steep (large I') X-ray
spectrum. However, the relation between I' and Agqq is
far from well established for the most distant quasars.
Measuring I' is extremely difficult at high redshift be-
cause of the limited photon statistics. To date, only for
four quasars (three at z ~ 6 quasars and one at z > 7)
have more than 100 X-ray photons been detected, which
is required to place reasonable constraints on I' for in-
dividual quasars (Page et al. 2014; Moretti et al. 2014;
Ai et al. 2017; Nanni et al. 2017, 2018). Alternatively,
stacking studies of quasars to study the average I" at dif-
ferents redshifts indicates that the average I" does not
evolve from z ~ 0 to z ~ 6 (Just et al. 2007; Vignali
et al. 2005; Shemmer et al. 2006; Nanni et al. 2017).
However, the more recent work by Vito et al. (2019) in-
dicates that the average I' of three z > 6.5 quasars is
slightly steeper than but still consistent with those of
typical quasars at z < 6.

In this paper, we report new Chandra observations
of five quasars at z > 6.5, significantly increasing the
number of X-ray observed quasars at these redshifts.
Together with archival Chandra observations of six ad-
ditional z > 6.5 quasars, we perform joint spectral fit-
ting of all X-ray detected z > 6.5 quasars with a mean
quasar redshift of z = 6.822. We also analyze the NIR
spectra for these quasars and investigate the relations
between quasar rest-frame UV and X-ray properties. In
Section 2 we describe the X-ray and NIR observations
and data reduction. We present the X-ray fluxes, lumi-
nosities, o,y measurements from Chandra observations,
the black hole masses, bolometric luminosities, Edding-
ton ratios and line properties measurements from NIR
spectral fitting, and the infrared luminosities measured
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Table 1. Basic properties and observations for z > 6.5 quasars

Name Ra Dec z JAB obs. date  ObsID  Mode  texp,x NIR Inst. texp NIR Nu Ref. (disc./z)
yyyy-mm-dd [ks] [ks] [102° cm 2]
J2348—3054 23:48:33.34 —30:54:10.0 6.9018 21.114+0.11 2018-09-04 20414 VFAINT 42.50 X-Shooter 9.2 1.30 V13/V16
J1048—0109 10:48:19.09 —01:09:40.2 6.6759 20.61+0.17 2019-01-28 20415 VFAINT 34.76 X-Shooter 4.8 3.60 W17/D18
J0024+3913 00:24:29.77 +39:13:19.0 6.6210 20.70+0.15 2018-05-21 20416 VFAINT 19.70 GNIRS 13.8 6.76 T17/M17
J2132+41217 21:32:33.19 +12:17:55.3 6.5850 19.554+0.11 2018-08-20 20417 VFAINT 17.82 X-Shooter 8.4 6.42 M17/D18
J0224—4711 02:24:26.54 —47:11:29.4 6.5223 19.73+0.06 2018-03-05 20418 VFAINT 17.72 X-Shooter 4.8 1.66 R17/W20
J1342+40928 13:42:08.11 +09:28:38.6 7.5413 20.36+0.10 2017-12-15 20124 VFAINT 24.73 GNIRS 32.4 2.04 B18/V17
2017-12-17 20887 VFAINT 20.38
J1120+0641 11:20:01.48 +06:41:24.3 7.0842 20.304+0.15 2011-02-04 13203 FAINT 15.84 GNIRS 4.8 5.07 M11/D18
J2232+42930 22:32:55.15 +29:30:32.0 6.6580 20.284+0.14 2018-01-30 20395 VFAINT 54.21 GNIRS 4.8 6.71 V15/D18
J0305—3150 03:05:16.92 —31:50:56.0 6.6145 20.70+0.09 2018-05-11 20394 VFAINT 49.88 X-Shooter 16.8 1.42 V13/V16
J0226+40302 02:26:01.87 +03:02:59.3 6.5412 19.43+0.10 2018-10-09 20390 VFAINT 25.90 X-Shooter 4.8 3.04 V15/B15
J1110—1329 11:10:33.96 —13:29:45.6 6.5148 21.16+0.09 2018-02-20 20397 VFAINT 59.33 FIRE 12.0 5.31 V15/D18

NoTE—The first section includes five quasars with new Chandra observations, while the second section represents six quasars with archival X-ray obser-
vations. All redshift comes from the fitting of [C11] emission line. The sources are sorted by decreasing redshift.
References: B15: Bafnados et al. (2015); B18: Bafniados et al. (2018b); D18: Decarli et al. (2018); M17: Mazzucchelli et al. (2017); R17: Reed et al.
(2017); T17: Tang et al. (2017); V13: Venemans et al. (2013); V16: Venemans et al. (2016) W20: The [C11] redshift of this object is obtained from

ALMA Cycle 6 observations (2018.1.01188.S, PI: Wang) (Wang et al. in preparation).

from sub-millimeter observations in Section 3. The cor-
relation between X-ray and other properties of individ-
ual quasars are investigated in Section 4. We present
the stacked X-ray spectrum, joint spectral fitting, and
the mean properties of these z > 6.5 quasars in Section
5. Finally, we conclude and summarize our findings in
Section 6. Throughout the paper, we adopt a flat cosmo-
logical model with Hy = 68.5 km s~! Mpc~! (Betoule
et al. 2014), Oy = 0.3, and Q4 = 0.7. All the uncer-
tainties of our measurements reported in this work are
at 1-o confidence level, while upper limits are reported
at the 95% confidence level.

2. OBSERVATIONS AND DATA REDUCTION
2.1. Chandra X-ray Observations

We obtained Chandra observations of five quasars
at z > 6.5 using the Advanced CCD imaging spec-
trometer (ACIS-S, Garmire et al. 2003) instrument in
Cycle 19 (proposal number: 19700283, PI. Fan). The
five quasars observed were J002429.774-391319.0 (here-
after J00244-3913, Tang et al. 2017) at z = 6.6210,
J022426.54-471129.4 (hereafter J0224-4711, Reed et
al. 2017) at z = 6.5223, J104819.09-010940.21 (here-
after J1048-0109, Wang et al. 2017) at z = 6.6759,
J213233.19+121755.3 (hereafter J2132+1217, Mazzuc-
chelli et al. 2017) at z = 6.5850, and J234833.34—
305410.0 (hereafter J2348-3054, Venemans et al. 2013)
at z = 6.9018. These targets were positioned on the
ACIS-S3 chip with the Very Faint telemetry format and
the Timed Exposure mode. The observation log and the
basic properties (i.e. redshift and brightness) of these
quasars are listed in Table 1.

In order to increase the sample size of our analysis we
also include the six other z > 6.5 quasars that were ob-
served by Chandra and archived as of 2020 April. Specif-
ically, J112001.48+064124.3 (hereafter J112040641,
Mortlock et al. 2011) at z = 7.09 was observed in Cycle
12 (Page et al. 2014), J134208.10 +092838.6 (hereafter
J1342+4-0928, Banados et al. 2018b) at z = 7.54 was ob-
served in Cycle 18 (Banados et al. 2018a), and four other
quasars were observed in Cycle 19 (Vito et al. 2019).
The observation log and properties of these quasars are
also listed in Table 1. The Galactic H1 column den-
sity at each quasar position calculated from Kalberla
et al. (2005) is also listed in Table 1. Similar with our
new observations, these z > 6.5 quasars were positioned
on the ACIS-S3 chip with the Timed Exposure mode.
J11204+-0641 was observed with the Faint telemetry for-
mat and all other quasars were observed with the Very
Faint mode.

The data were reprocessed with the chandra_repro
script in the standard Chandra’s data analysis system:
CIAO (Fruscione et al. 2006) version 4.12 and CALDB
version 4.9.0. In the analyses, only grade 0, 2, 3, 4,
and 6 events were used. In the process, we set the op-
tion check vf_pha = yes in the case of observations
taken in very faint mode. The exposure maps and
the PSF maps were created with the fluximage script
and the mkpsfmap script, respectively. Considering the
increasingly uncertain quantum efficiency of ACIS at
lower energies and the steeply increasing background
at higher energies, we only used the X-ray counts at
observed frame energies of 0.5-TkeV, following Nanni
et al. (2017). In order to detect sources we first per-
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Figure 1. Full-band (0.5-7 keV) Chandra cutouts of the eleven z > 6.5 quasars. The images are centered at the optical
positions listed in Table 1. The images have been smoothed with a 1 pixel Gaussian kernel. Red solid circles highlight targets
detected by wavdetect, while the orange dashed circles denote targets not detected by wavdetect. All circles represent our
extraction regions with a 3.0” radius. All cutouts are in the size of 20" x 20".

formed source detections using wavdetect (Freeman
et al. 2002) with a false-positive probability thresh-
old of 107°. Six quasars were detected by wavdetect:
J1342+0928, J1120+0641, J2232+2930, J2132+1217,
J0226+4-0302, and J0224-4711, with the net counts of
14.2759 5.8%3¢ 71139 15,6151, 5.5755, and 18.31373,
respectively. The uncertainties are estimated according
to the approximation of Gehrels (1986).

We extract the spectrum for each object within a 370
radius circular region centered at the optical position
using the specextract script. We choose a background
annulus centered at the optical positions with an inner
radius of 1070 and an outer radius of 30”0. The net
X-ray counts detected in the soft band (0.5-2 keV), the
hard band (2-7 keV), and the full band (0.5-7 keV)
within the 3”0 radius circular region are reported in Ta-
ble 2. For undetected sources we report the 20 upper
limits (corresponding to the 95% confidence intervals)
computed from the srcflux script in CIAO. Table 2
also lists the hardness ratio HR = (H — S)/(H + 5),

where H and S are the net counts in the hard (2-7 keV)
and soft (0.5-2.0 keV) bands, respectively. The HR for
those Chandra detected quasars are estimated with the
Bayesian method described by Park et al. (2006). The
full band (0.5-7 keV) image stamps are shown in Figure
1.

2.2. Near-Infrared Spectroscopy

We note that most of the quasars investigated here
have BH mass estimates in the literature (Mortlock
et al. 2011; De Rosa et al. 2014; Mazzucchelli et al.
2017; Banados et al. 2018b; Tang et al. 2019; Onoue
et al. 2020; Schindler et al. 2020). However, these es-
timates were based on different fitting algorithms and
different single-epoch virial scaling relations. To re-
duce the biases introduced by different methods we
perform our own self-consistent measurements of the
masses and Eddington ratios of these SMBHs. We re-
duced and analyzed the archival NIR spectroscopic ob-
servations of these quasars. The quasar J1342+0928,
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Figure 2. Near-infrared spectra of the eleven z > 6.5 quasars studied in this paper. The spectra are re-binned to 200 km s~
pixels. The black and gray lines represent the Galactic extinction corrected spectra and one sigma error vectors. The green
dashed lines denote best-fit UV power-law continuum. The left insert panels are the zoom-in of C1v line fitting, while the right
insert panels are the zoom-in of MgI1 line fitting. In the insert panels, red solid lines denote total fit, green dashed lines denote
power-law continuum, blue lines denote iron template, and the orange lines denote emission line components.
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Table 2. X-ray photometry and quasar X-ray properties.

Flux P

Name Net Counts HR La_10kev Qox
0.5-7.0 keV  0.5-2.0 keV  2.0-7.0 keV 0.5-7.0 keV  0.5-2.0 keV  2.0-7.0 keV  10** erg s™*
F5.1 4.4 3.4 F0.23 F1.08 F0.57 F0.51 14.68 +0.05
J1342+0928 14.0751 10.27%4 3.875% 0461023 297t 08 1.5619-57 1417050 12.8074%8  _1.6170-0°
+3.6 +3.2 +2.6 +0.33 +1.56 +0.82 +0.74 +5.82 +0.09
J11204-0641 5.375, 3.777% 1.6775 —0.377,%; 2.29770 1.207 555 1.097 5 49 8.52753355  —1.667 7,
J2348—-3054 < 8.6 < 3.0 < 9.7 - < 2.26 < 1.19 < 1.07 < 7.96 < —1.56
J1048—-0109 < 4.7 < 4.1 < 4.0 - < 1.54 < 0.81 < 0.73 < 5.02 < —1.72
+4.1 +3.8 +2.6 +0.07 +0.90 40.47 +0.43 +2.89 +0.08
J22324-2930 6.675, 6.375% 04775 —=0.73T.5; 1.457 564 0.767 35 0.697 55 4.68750; —1.73T,09
J0024+-3913 < 8.2 <59 < 5.6 - < 4.93 < 2.59 < 2.34 < 15.74 < —1.47
J0305—3150 <538 < 4.2 < 5.1 - < 1.31 < 0.69 < 0.62 < 4.18 < —1.73
+5.1 +3.9 +3.9 +0.27 +3.38 +1.77 +1.60 +10.62 +0.05
J2132+41217 15.0775 5 7570 % 7575 % 0.007 55 9.9375 65 5.2277'59 4.7177 56 31.327575, —1.50" 502
+3.6 +3.2 +2.6 +0.16 +1.57 +0.82 +0.74 +4.84 +0.09
1022640302 5.013:¢ 3.7+3:2 1.2+25  _0.49%010 2.1871-57 1.14+0:82 1.03+974 6.737481 1817099
+5.4 +5.1 +2.9 +0.12 +3.41 +1.79 +1.62 +10.5 +0.04
J0224—-4711 18.1775 15.775 5 2477 —0.72T 057 11.44757, 6.0177 45 5.4377°59 35.267 559 —1.557 ¢
J1110—1329 < 8.0 < 3.0 < 8.8 - < 1.58 < 0.83 < 0.75 < 4.86 < —1.60
@ For undetected objects, we report the upper limit corresponding to the 95% confidence interval.
b The Galactic absorption-corrected X-ray flux in the observed band in units of 107° erg cm ™2 s™1.
NoTE—The sources are sorted by decreasing redshift. The last column, aox, is measured using Equation (2) and the L25001§
are listed in Table 3. The A«ox used in Figure 5 can be derived by subtracting aox from the aox — L o relation in Timlin et al. (2020).

2500A
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J1120+0641, J0024+3913, and J2232+2930 were ob-
served with Gemini/GNIRS (Elias et al. 2006a,b) using
the Cross-dispersed mode. J1110-1329 was observed
with Magellan/FIRE (Simcoe et al. 2010) using the
Echelle mode. All the other quasars presented in this
work were observed with VLT/X-Shooter (Vernet et al.
2011).

We reduced both GNIRS and X-Shooter spectra with
the newly developed open source spectroscopic data re-
duction pipeline PyPeIt! (Prochaska et al. 2020a,b).
The wavelength solutions were derived from the night
sky OH lines in the vacuum frame. The sky background
was subtracted with the standard A-B mode and then
a b-spline fitting procedure was performed to further
clean up the sky line residuals following Bochanski et
al. (2009). An optimal extraction (Horne 1986) is then
performed to generate 1D science spectra. We flux the
extracted spectra with sensitivity functions derived from
standard star observations. We then stacked the fluxed
individual exposures and individual orders. The telluric
corrections are performed by jointly fitting the atmo-
spheric models derived from the Line-By-Line Radia-
tive Transfer Model (LBLRTM?; Clough et al. 2005) and
a quasar model based on a Principal Component Anal-
ysis method (Davies et al. 2018) to the stacked quasar
spectra. We then scaled the telluric corrected spectra
to match the J-band photometry of each object by car-
rying out synthetic photometry on the spectrum for the
purpose of absolute flux calibration. Finally, we cor-
rected the Galactic extinction based on the dust map
(Schlegel et al. 1998) and extinction law (Cardelli et
al. 1989). The fully calibrated NIR spectra of these
quasars are shown in Figure 2. The FIRE spectrum
was reduced with the standard FIREHOSE pipeline, which
evolved from the MASE pipeline for optical echelle re-
duction (Bochanski et al. 2009). We corrected for tel-
luric absorption features by obtaining a spectrum of an
AQV star at a comparable observing time.

3. MEASUREMENTS AND RESULTS

Since all quasars have less than 20 net counts in the
full 0.5-7.0 keV band, we do not attempt spectral fitting
for individual quasars. We measure the X-ray flux by
assuming a power-law spectrum with T' = 2.0 (typical
of luminous quasars, e.g., Nanni et al. 2017; Vito et al.
2019), accounting for the Galactic absorption (Kalberla
et al. 2005), and using the response matrices and ancil-
lary files extracted at the position of each target. The
rest-frame 2-10 keV luminosites were estimated by as-

L https://github.com/pypeit/Pypelt
2 http://rtweb.aer.com/Iblrtm.html

suming I' = 2.0 as listed in Table 2. The measured X-ray
luminosity of these quasars spans more than an order

of magnitude with Lo_jokev < 4 — 35 x 10 erg s—1.

Note that the La_1gxev would be ~20% higher if we use
I' = 2.3, the average photon index of z > 6.5 quasars
derived from §5. Considering that most previous work
has used I' ~ 2 when measuring Lo_1gkeyv at high red-
shifts (e.g. Nanni et al. 2017; Vito et al. 2019), we will
only use the Ly _1gkev values derived by assuming I' = 2
in what follows.

To derive the rest-frame ultraviolet (UV) luminosi-
ties, black hole masses, and Eddington ratios for these
quasars we performed a global spectral fitting on the
de-redshifted NIR spectra following Wang et al. (2020).
Briefly, we first fit a pseudo-continuum model to the
emission line (except for iron emission) free regions.
The pseudo-continuum model includes three compo-
nents, a power-law continuum (fy oc A**), Balmer
continuum (e.g. De Rosa et al. 2014), and iron emis-
sion (Vestergaard & Wilkes 2001; Tsuzuki et al. 2006).
The iron template was constructed by composing the
iron emission from Tsuzuki et al. (2006) (2200A-3500A)
and Vestergaard & Wilkes (2001) (1100A-2200A). The
Mgi1r and C1v lines are then fitted with two Gaussian
functions for each line after subtracting the pseudo-
continuum model. We perform the whole fitting process
iteratively and broaden the iron template by convolv-
ing it with a Gaussian kernel to match the line width
of the Mg1I line. Following Wang et al. (2020), we use
a Monte Carlo approach to estimate the spectral mea-
surement uncertainties. We created 100 mock spectra by
randomly adding Gaussian noise to each pixel with stan-
dard deviation equal to the spectral error at that pixel.
Then we applied the exactly same fitting procedure to
these mock spectra. The uncertainties of measured spec-
tral properties are then estimated as the average of the
16% and 84% percentile deviation from the median.

The derived power-law continuum slopes (o), con-
tinuum luminosities at rest-frame 2500 A, line widths,
and redshifts are given in Table 3. The Mg11 and C1v
redshifts listed in Table 3 were estimated based on the
peak of the Gaussian fitting of each line. The red-
shifts based on the Mg1I line are in generally consis-
tent with (< 800 km s™!) the [C11] redshifts listed in
Table 1. The C1v lines of all the quasars exhibit large
blueshifts relative to both [C11] and Mg1r lines which
we discuss in detail in §4.2. The bolometric luminosities
are estimated by assuming a bolometric correction of
Lyo1=5.15% ALgq004 (Shen et al. 2011). The black hole
masses, Mpy, are then estimated using the single virial
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estimator proposed by Vestergaard & Osmer (2009):

Men _ 10686 AL (3000 A)1%° [FWHM g 1y ]2 "
Mo 104 erg s—1 105 o 51

The Eddington ratio of each quasar is then calculated as
/\Edd = Lbol/LEdda where the LEdd = 1.26 X 1038 MBH is
the Eddington luminosity. The Mpy and Agqq are listed
in Table 3. Note that the quoted uncertainties of Mpy
and Agqq do not include the systematic uncertainties in
the scaling relation, which is 0.55 dex (Vestergaard &
Osmer 2009).

With the X-ray and UV luminosity, we can then mea-
sure the optical-X-ray power-law slope, which is defined
as

_ log(f2 keV/f2500 1;) 2)
log(vaxev /v, ’

Qox O )
2500 A

where fskev and fzsoo& are the flux densities at rest-

frame 2 keV and 2500 A, respectively. The computed
oy values are listed in Table 2.

In order to measure the infrared luminosities of these
quasars we used the Imm (in the observed frame) ALMA
observations collected by Venemans et al. (2018) and
Decarli et al. (2018). In addition, we observed one
quasar in our sample, J0224-4711, with ALMA in Cycle
6 (2018.1.01188.S, PI: Wang). In this paper, we only
use the [C11] based redshift (Table 1) and the lmm con-
tinuum (Table 3) measurements, while the detailed data
reduction of our ALMA observations will be presented
elsewhere (Wang et al. in preparation). Since Haro 11,
a low metallicity dwarf galaxy, has been suggested as
the best candidate analog for high-z quasar host galax-
ies (e.g. Lyu et al. 2016), we estimate the 8-1000 um
infrared luminosities (Lig) of these quasar host galaxies
by scaling the observed 1mm continuum to the Haro 11
spectral energy distribution (SED). The estimated Lig
are listed in Table 3. The star formation rate (SFR) can
be calculated as

SFR(Me yr™') =5.0 x 107" LR erg s-1),  (3)

(Lyu et al. 2016). Note that the Lig estimated using the
Haro 11 template is usually about two times higher than
that estimated from a modified blackbody with T' = 47
K and § = 1.6 (Beelen et al. 2006), because the modified
blackbody misses flux in the mid-infrared.

4. CORRELATIONS BETWEEN X-RAY EMISSION
AND OTHER PROPERTIES OF INDIVIDUAL
QUASARS

In this Section, we investigate the relationships be-
tween X-ray emission and other properties of these high
redshift quasars. Since our quasar sample is relatively

small and only occupies the bright end (i.e. Lpo 2
5 x 10%6 erg s71) of the quasar population at very high
redshift, we consider a sample of ~ 2,000 SDSS quasars
at 1.7 < z < 2.7 that have Chandra observations (Tim-
lin et al. 2020) to expand both sample size, luminosity
range, and redshift range. We further restrict the red-
shift to be z > 2.0 to ensure that we have the same rest-
frame UV spectral coverage as the z > 6.5 quasars stud-
ied here; this results in a sample of 1,175 objects. We
then perform exactly the same spectral fitting method
used in § 3 to compute the UV luminosities, Ly, BH
masses, and Eddington ratios of these lower redshift
quasars. We successfully fit the Mg1I emission lines in
897 of 1,175 objects, as some SDSS spectra have very low
quality, some are strongly affected by residuals from OH
sky lines, and some were obtained from the earlier SDSS
spectrograph, which does not fully cover the wavelength
range.

The Lo_19kev of these SDSS quasars are adopted from
Timlin et al. (2020) and converted to the cosmologi-
cal model used in this paper. The ayx are then calcu-
lated using f2500£ from our spectra fitting and f3 kev
from Timlin et al. (2020). In order to determine the
Lir and SFR of SDSS quasars, we cross-matched the
SDSS quasars from Timlin et al. (2020) with the Her-
schel/SPIRE Point Source Catalogue (SPSC?). To max-
imize the number of objects having both X-ray and Her-
schel observations, we used the full sample of ~ 2,000
quasars from Timlin et al. (2020) for the matching.
There are ~ 400 quasars within the Herschel/SPIRE
pointings but only 61 (~15%) have been detected in
at least one of the three bands (250um, 350um, and
500 pm). Thus, the 61 quasars only represent the far-
infrared bright quasar population limited by the shallow
Herschel observations. The Lig of these SDSS quasars
were then measured by fitting the SPIRE photometry to
the Haro 11 SED, similar to the method used for z > 6.5
quasars. We also collected the 1mm observations for X-
ray detected 6 < z < 6.5 quasars (Vito et al. 2019) from
Venemans et al. (2018) and Decarli et al. (2018) and
then measured the Lig and SFR of these 6 < z < 6.5
quasars using the same method for the z > 6.5 quasars.

4.1. X-ray Bolometric Correction

Determining the relationship between X-ray luminos-
ity and bolometric luminosity is crucial in estimating the
AGN bolometric luminosity function (e.g. Hopkins et al.
2007) and the mass function of SMBH (e.g. Marconi et
al. 2004). The relation between Lo_1okey and Ly has

3 https://doi.org/10.5270/esa-6gfkpzh
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Table 3. Quasar properties derived from near-infrared and sub-millimeter observations.

Name Mi4s0 ZMgll zZCIv FWHMwyenn FWHMcrv ALz2s00 Ly Mgu AEdd Simm Lir Ref. (Simm )
km s~ ! km s™?! 1046 erg s~ 1047 erg s71 10° Mg mJy 1046 erg st
J1342+40928 —26.65 7.531+£0.004 7.361£0.025 2680+255 1177641102 3.0440.23 1.4240.12 0.86+0.20 1.264+0.16 0.41£0.07 0.5740.10 V18
J1120+40641 —26.45 7.095+0.002 7.027+£0.005 3454466 75544690 2.80+0.24 1.354+0.11 1.4040.10 0.7440.06 0.53+0.04 0.73+0.06 V18
J2348—3054 —25.84 6.887+0.005 6.866+0.001 4385+786  4364+625 1.454+0.17 0.68+0.09 1.6040.69 0.33+0.11 1.924+0.14 2.64+0.19 V18
J1048—-0109 —26.03 6.661+0.005 6.603+0.015 2676+1240 102024536 2.341+0.28 1.2140.12 0.7940.58 1.1740.37 2.84+0.04 3.90+0.05 D18
J2232+42930 —26.34 6.666+0.007 6.642+0.001 5234+321 3938+215 2.35+0.40 1.114+0.19 2.914+0.57 0.2940.02 0.97+£0.22 1.3340.30 V18
J0024+3913 —25.62 6.618+0.001 6.613+0.001 1711+139 244145 1.6440.21 0.85+0.10 0.27+0.04 2.4040.38 0.554+0.18 0.764+0.25 V18
J0305—3150 —26.11 6.608+0.002 6.576+0.003 2617+609 56244300 2.08+0.13 1.01+0.07 0.70+0.38 1.1240.44 3.29+0.10 4.5240.14 V18
J2132+41217 —27.08 6.588+0.001 6.578+0.001 2146+263 3063422 3.97+0.21 1.7740.09 0.6240.17 2.204+0.50 0.47+0.15 0.65+0.21 V18
J0226+4-0302 —27.26 6.532+£0.017 6.427+£0.003 3713+£289 9346+1298 5.36+0.27 2.50£0.13 2.2040.39 0.87£0.10 2.50+0.50 3.44+0.69 V18
J0224—4711 —26.67 6.527+0.001 6.486+0.001 2655+144 57604+96 5.85+0.35 3.36+£0.20 1.30+£0.18 1.9840.15 1.964+0.07 2.704+0.10 W20
J1110—1329 —25.35 6.511+£0.004 6.465+£0.020 2267+£352 1377844155 1.1040.14 0.554+0.06 0.384+0.14 1.10£0.24 0.874+0.05 1.20+0.07 D18

NoTE—The sources are sorted by decreasing redshift.
References: D18: Decarli et al. (2018); V18: Venemans et al. (2018) W20: The Imm continuum flux density of this object is obtained from
ALMA Cycle 6 observations (2018.1.01188.S, PI: Wang) (Wang et al. in preparation).

— - T —— > with the most luminous ones at kpo, ~ 100. The 11
| —Hopkins+07 7 . : :
1017 .Sggs“fi“wars Jne 3 z > 6.5 quasars have a bolometric luminosity range of
F - ‘ 7 . - Q ] _ . .
F Q Vito+10 (6.0 <= <6.5) - N 0.5 — 3.4 x 10" ergs™! and a X-ray luminosity range of
[ 11z > 6.5 quasars (X-ray undetected) g oo 1

< 0.5 — 3.5 x 10*® ergs™!, suggesting ko ~ 100. The

[ 1z > 6.5 quasars (X-ray detected)

T wmé kbor of these z > 6.5 quasars is similar to that of the
‘éﬂ most luminous SDSS z ~ 2 quasars and z ~ 6 quasars,
% . in agreement with previous studies (e.g. Hopkins et al.
= 2007; Vito et al. 2019), suggesting a redshift indepen-
E dent relationship between kpo and L.

4.2. Optical/UV to X-ray Fluz Ratio, qox

The a,x measurement traces the relative importance
o ] of the disk emission versus corona emission and is

10%7 10% an important parameter for investigating the accretion
Lol [erg '] physics of luminous quasars (e.g. Brandt & Alexander
2015). Previous studies have shown that there is a tight
correlation between oy and Lzsooﬁ (e.g. Just et al. 2007;
Lusso & Risaliti 2016). Nanni et al. (2017) and Vito

10-14 L

10'13

Figure 3. X-ray luminosity, Lo_1okev, versus bolometric
luminosity, Ly, of 2 > 6.5 quasars and SDSS z ~ 2 quasars.
The red pentagons represent X-ray detected z > 6.5 quasars,

while the open orange pentagons denote X-ray undetected et al. (2019) recently used more measurements of high-
z > 6.5 quasars. The open circles denote quasars at 6.0 < redshift quasars and showed that the aqyx — L2500£ rela-
z < 6.5 from Vito et al. (2019) and the small grey dots tion does not depend on redshift.

denote SDSS z ~ .2 quasars from Timlin et al. (2020). The We further investigate the ooy — L <004 relationship
bolometric correction from La—1okev of these z > 6.5 quasars of high-redshift quasars in three redshift bins with 5.5 <

are kpor ~ 100, consistent with the that in lower redshift .
quasars with similar luminosities (e.g. Hopkins et al. 2007; # < 6.0 quasars from Nanni et al. (2017), 6.0 <z <6.5

Martocchia et al. 2017). quasars from Vito et al. (2019), and z > 6.5 quasars
from our analysis, which are shown in Figure 4. In this

Fi 1 lot aox — L o d by fitti
been well studied and an increasing bolometric correc- 1gure, we ais0 piot Qo 5 measured by Hiting

tion kpol = Lpol/La—10kev With bolometric luminosity
has been suggested (e.g. Marconi et al. 2004; Hopkins et
al. 2007; Martocchia et al. 2017). In Figure 3, we show
the relation between Lo_1grev and Ly of 11 2 > 6.5
quasars, 18 6 < z < 6.5 quasars from Vito et al. (2019)
as well as 897 SDSS z ~ 2 quasars. The kpo of most
SDSS z ~ 2 quasars are in the range of 10 < kyo < 100,

lower redshift quasars (Just et al. 2007; Martocchia et
al. 2017; Timlin et al. 2020) as well as from z ~ 6 quasars
(Nanni et al. 2017). Our analysis agrees with previous
work (e.g. Nanni et al. 2017; Baniados et al. 2018a; Vito
et al. 2019) showing a tight aoyx — L250 - relation for
quasars at different redshifts. In Figure 5, we show the
relation between Aagy, the difference between the mea-
sured ooy and the value expected from the Timlin et al.
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—~1.8 L= Just+07

r ==Nanni+17

r Martocchia+17
_90F~~ Timlin+20

+ SDSS z ~ 2 quasars
I A Nami+17 (5.5 < z < 6.0)
_99F Q Vito+19 (6.0 < z < 6.5) ]
O Wang+20 (z > 6.5, non-detections) B
i \\an°+20 (z>6.5, detectmns)

o™ BT/ T/
[erg s7! Hz 7!

—24L
2f00A

Figure 4. The aox versus L2500A° plot. All symbols have
the same meaning as Figure 3, except that we also include
quasars at 5.5 < z < 6.0 from Nanni et al. (2017) as indi-
cated by open triangles. All data points from literature have
been corrected to the cosmology adopted in this work. The
L 5004 collected from literatures were estimated from the

4s0A by assuming a power-law slope of o, = —0.5, while
the i? - for z > 6.5 quasars are directly measured from
quasar spectra This plot indicates that there is no redshift

evolution of the aox — L - relation.
2500A

(2020) arox — - relation, and quasar redshift. At all
redshifts, the zaox is distributed around zero, indicat-
ing that there is no redshift evolution of the aox — L
relationship up to z ~ 7. Since L

. " 25 ch
> is proportional to
25004 1> PTOP

Ly (because the Ly was estlmated from L 00A) and
Qox 1S a relation between L - and X-ray Tumlnosmy,
the lack of redshift evolution ofO the agyx — L2 > relation
is fully consistent with the discussion in §4.1 about the
redshift independent relationship between ky,o; and Ly,.

T T T T lT T
3 ? Jo4
? ? 0.2
5 L 0] &
S pof-—_SERETARSSYY ——m J-e--LJoo
S {
} ff J4-02
Coak T : 104
1 1 . 1 1 1 1
20 22 24 26 6 7

Redshift

Figure 5. The Aaox versus redshift plot. All symbols have
the same meaning as Figure 4.

The Eddington ratio Agqq is the relative accretion rate
of the SMBH. Shemmer et al. (2008) and Lusso et al.
(2010) found that a weak correlation exists between ooy
and Agqq from the analyses of ~30 and ~150 quasars
at lower redshifts, respectively. In order to test whether
Qox depends on the Agqq at high redshift, we also corre-

late aox With Agqq for the 897 SDSS quasars from Timlin
et al. (2020) and the z > 6.5 quasars in Figure 6. Al-
though the relation shows large scatter, a Spearman test
gives a correlation coefficient of p = —0.43 and a chance
probability of p = 2.3x10™%!, suggesting a moderate ayx
- AEdq relation and that the ay steepens with increasing
AEdd- Our analysis shows a stronger oy - Agqq relation
compared with that in Shemmer et al. (2008) and Lusso
et al. (2010), which could be a natural result of the im-
proved statistics arising from a much larger quasar sam-
ple. Nevertheless, the dispersion of this relation is still
significant due to the large uncertainty on the individual
AEdq measurements, which has a systematic uncertainty
up to ~ 0.55 dex from the Mpy estimate(Vestergaard
& Osmer 2009). On the other hand, we need to keep
in mind that Agqq correlates with L2500g, thereby the
Qox - AEdd relation could also be a consequence of the
inherent dependence of Agqq and L2500/§ as suggested by
Shemmer et al. (2008).

—1.0F T T —
—1.2F B
1.4} i
8
< 16} .
—1.8F 1
* SDSS z ~ 2 quasars
—20k K 2z > 6.5 quasars (X-ray undetected) L .
’ ¥ 2 > 6.5 quasars (X-ray detected)
1 | j
0.01 0.10 1.00 5.00
AEdd
Figure 6. The correlation between aox and Eddington

ratio, Agaq. The Spearman test gives p = —0.43 and p =
2.3 x 10™%! suggesting a moderate correlation between ooy
and Agdq. All symbols have the same meaning as Figure 4.

In addition to the broad band SED shape, the rela-
tive importance of X-ray and UV emission can also af-
fect the radiation driven wind from the accretion disk,
where the X-ray photons can strip the gas of electrons
and thereby reduce the line driving, while the UV pho-
tons accelerate the wind due to radiation line pressure
(the so-called disk+wind model; e.g. Proga et al. 2000;
Richards et al. 2011). Therefore, the relatively soft
spectrum (smaller a,x) would drive a strong wind (e.g.
Kruczek et al. 2011). As such, aox is an important pa-
rameter for understanding the radiation driven wind.
It is commonly suggested that the blueshift of high-
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ionization broad emission lines, like C1v, is a marker
for radiation driven winds launched from the accretion
disk (e.g. Gaskell 1982; Richards et al. 2011). Thus,
one would expect the ay to be correlated with C1v line
blueshift. Indeed, a moderate correlation between
and C1v line blueshift have been found at low redshifts
(e.g. Richards et al. 2011; Timlin et al. 2020) which sup-
ports the paradigm discussed above. On the other hand,
recent studies found that the C1v line blueshift of the
most distant quasars is about a factor of ~ 2.5 larger
than that of lower redshift quasars (e.g. Mazzucchelli et
al. 2017; Meyer et al. 2019; Schindler et al. 2020). In-
vestigations of whether the most distant quasars follow
the aox and C1v line blueshift relation found in lower
redshift quasars will give us more insights on whether
the radiation driven wind in quasars evolves with red-
shift. In Figure 7, we show the relation between
and C1v line blueshift for both z > 6.5 quasars and
SDSS lower redshift quasars. The blueshifts were de-
rived from the redshifts of Mg 11 and C1v lines as listed in
Table 3. In this Figure, the z > 6.5 quasars show higher
C1v line blueshifts than most of SDSS quasars, but they
still follow the blue line derived by Timlin et al. (2020)
based solely on SDSS z ~ 2 redshift quasars. Although
J13424-0928, the most distant quasar in our sample, is
far from the relation found by Timlin et al. (2020), such
outliers in SDSS quasars with smaller blueshift velocities
are also seen in this plot. A larger sample of quasars at
z ~ 7 with both X-ray and NIR observations are needed
to shed more light on this question.

—-1.0F T
0 I —— Timlin+20
= SDSS z ~ 2 quasars

z > 6.5 quasars (X-ray 1111(1(\,153(:1‘(?_«1)-.._"‘ “

T T T T

-12 N W 2 > 6.5 quasars (X-ray détected) -y
o oo, &

o 2R
oot
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1 L L \ .
6000 —4000  —2000 0 2000
Ve — Vg [km s71]

Figure 7. The correlation between aox and CI1v line
blueshifts. The Spearman test on all quasars shown in this
figure gives p = 0.32 and p = 1.2 x 10723, suggesting a mod-
erate relation between these two quantities. All symbols have
the same meaning as Figure 4.

4.3. X-ray vs Infrared Luminosity

The observed relations between the masses of SMBHs
and the masses of the bulges in their host galaxy suggest
a connection between SMBHs and their host galaxies
(see Kormendy & Ho 2013, for a review). The underly-
ing relation between the average host star formation and
AGN luminosity found in low redshift high luminosity
AGNSs (e.g. Alexander et al. 2005; Netzer 2009; Xu et al.
2015) leads to a relationship between bulge and SMBH
growth rates. Recent work by Rosario et al. (2012) finds
that the relation between star formation and AGN ac-
tivity in luminous AGNs weakens or disappears at high
redshifts (z > 1), suggesting an evolutionary relation be-
tween SMBH and host galaxy growth rates at high red-
shifts. In order to investigate whether the quasar X-ray
properties (i.e. X-ray luminosity) correlate with quasar
host galaxy properties (i.e. Lig or SFR) in the earliest
epochs, we plot the Lig and Lo_1gkev of all objects as
described in § 3 in Figure 8. From Figure 8, there is no
correlation (p = —0.19, p=0.10) between Lig (or SFR)
and Ly_jokev for both SDSS z ~ 2 quasars and high-z
quasars, different from that in lower redshift (z < 1)
AGNSs (e.g. Netzer 2009; Xu et al. 2015). The lack of a
correlation between Lig and Lo_1grev of these luminous
quasars is also consistent with the absence of a correla-
tion between Lig and Ly of z 2 6 quasars (Venemans
et al. 2018) and the high mass ratio between SMBHs
and their host galaxies (e.g. Decarli et al. 2018; Wang
et al. 2019a), indicating that SMBHs of the most lumi-
nous quasars in the early epochs do not co-evolve with
their host galaxies, at least not following the same re-
lation found in low redshift galaxies (e.g. Alexander et
al. 2005; Netzer 2009; Kormendy & Ho 2013). We em-
phasize that our quasar sample only represents the UV
brightest quasar population at high redshift and the con-
clusion can only apply to these most luminous objects.

Moreover, Figure 8 shows that the Lir of the most lu-
minous (e.g. Lo 10xev = 104 erg s71) z > 6.5 quasars
is even fainter than that of X-ray fainter ones (e.g.
Lo 10kev < 10% erg s71) and most SDSS quasars. How-
ever, as we mentioned in § 3, the Herschel detected SDSS
quasars only represent the ~15% infrared bright quasars
limited by the depth of Herschel observations, thus some
of the Herschel undetected SDSS quasars could have
similar infrared-to-X-ray luminosity ratios with z > 6.5
quasars. Nevertheless, there is no z > 6.5 quasar having
Lir close to 1047erg s~! and several X-ray bright high-
2 quasars with Lig < 10%erg s=! suggests that these
powerful AGN with strong disk driven wind, as indi-
cated by the high Eddington ratio (Figure 6) and large
C1v blueshift (Figure 7), could suppress star formation
activities in their host galaxies. However, our current



12 WANG ET AL.

—— Jior

107

—Im 1 =8
£ - ©
S *f > 1032,
= 2o
= 100 7 &
s —0— A
[ '+ +
I HH SDSS z ~ 2 quasars
i l§| 6.0 < z < 6.5 quasars
z > 6.5 quasars (X-ray undetected) % 4102
“ W 2 > 6.5 quasars (X-ray detected)
51
1643 1(;4«1 16«13 1(;46
Ly 10 kev [erg s7']
Figure 8. Infrared luminosity, Lir, versus X-ray lumi-

nosity, La_1okev. The Spearman test gives p = —0.19 and
p=0.10, suggesting no correlation between the star formation
rate (as indicated by Lir) and AGN activity (as indicated
by La_10kev ), different from that found in low redshift AGNs
(e.g. Alexander et al. 2005; Netzer 2009; Xu et al. 2015). All
symbols have the same meaning as Figure 4.

sample is too small to obtain definitive conclusions and
a systematic survey of the X-ray and far-infrared prop-
erties of a larger z > 6.5 quasar sample would be critical
to test this scenario.

5. AVERAGE X-RAY PROPERTIES OF Z ~ 7
QUASARS

Measuring the X-ray spectral properties for individual
quasars requires a significant number of detected X-ray
counts. In this work, we do not attempt to fit the indi-
vidual quasar X-ray spectrum due to the limitation of
small number of photons detected. Instead, we measure
the average hard X-ray photon index of these z > 6.5
quasars using two different methods. First, we perform
a joint spectral analysis of the six z > 6.5 quasars that
are well detected in the X-ray (see Table 2). The average
redshift of these six quasars is z = 6.822 and the total
net counts in the 0.5—7 keV band is ~64. We jointly fit
these quasar spectra with a power-law model and asso-
ciate a value of redshift and Galactic absorption to each
source using XSPEC. From the joint fit, we derive a pho-
ton index I' = 2.327035. We use the Cash statistic and
report the uncertainties at the 68% confidence level. As
a further test, we stack the spectra of these six detected
z > 6.5 quasars. The stacked spectrum is shown in Fig-
ure 9. We use XSPEC to fit this stacked spectrum with a
power-law by fixing the Galactic absorption component
to the mean Ny and the redshift to z = 6.822. The
derived photon index from the stacked spectrum fitting

is I' = 2.1175:27 " consistent with the photon index ob-
tained by the joint spectral fitting.
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Figure 9. Stacked X-ray spectrum of six X-ray detected z >
6.5 quasars. The mean redshift of these quasars is z = 6.822.
The black solid line is the best-fit power-law model with a
photon index of I = 2.11f8‘§g, consistent with I' = 2.32f8:§é,
derived from the joint spectral fitting. The bottom panel
shows the residuals (data—model).

Vito et al. (2019) jointly analyzed three z > 6.5
quasars (~23 net counts in total) and found T' =
2.667025. The average I' measured by Vito et al. (2019)
is slightly steeper than (although with large uncertain-
ties) the average I' found at lower redshifts, which is
I’ ~ 1.9 (Piconcelli et al. 2005; Vignali et al. 2005; Shem-
mer et al. 2006; Just et al. 2007; Nanni et al. 2017). In
the left panel of Figure 10, we show the average I' mea-
sured from joint spectral fitting of quasars at different
cosmic epochs. Our newly measured T is slightly steeper
than that for lower redshift quasars, consistent with the
value measured by Vito et al. (2019) but with smaller
uncertainties.

Since the I' value of a quasar’s hard X-ray spectrum
correlates with the Agqq value as suggested by numer-
ous works (e.g. Porquet et al. 2004; Shemmer et al. 2008;
Brightman et al. 2013), it is necessary to check whether
the steeper hard X-ray spectral slope at z > 6.5 is due
to quasars with high Eddington ratios. Since not all
quasars studied in these joint spectral analyses (e.g. Por-
quet et al. 2004; Shemmer et al. 2008; Brightman et al.
2013) have Eddington ratio measurements, we can not
compare the Eddington ratios of these quasars used for
joint spectral analyses directly. Instead, we compare the
average I' and Agqq of our z > 6.5 quasars with the rela-
tion found by Brightman et al. (2013) from a well studied
AGN sample at 0.5 < z < 2.0 in the Cosmic Evolution
Survey (COSMOS) and Extended Chandra Deep Field
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Figure 10. Left: Photon index, T, as a function of redshift. Our joint spectra fitting result (I' = 2.32%0%0) at 2 = 6.822
is highlighted with a red pentagon. The gray dashed line denotes I' = 1.9. In all cases, the assumed model is a power-law
and errors are reported at the 68% confidence level. Right: Photon index, I', as a function of Eddington ratio, Agqq. Our
new measurement based on the joint fitting of six X-ray detected z > 6.5 quasars is highlighted as a red pentagon. The two
measurements by Vito et al. (2019) are shown as big open circles. The small open circles denote binned averages measurements
of a sample of z < 2 quasars with both X-ray observations and BH mass estimates and the dashed line represents the best-fit

model (Brightman et al. 2013).

South (E-CDF-S) field. In the right panel of Figure 10
we show the measurements and relation from Brightman
et al. (2013) as well as our measurement at z > 6.5. In
this Figure, we also show the average I' and Agqq of the
z 2 6 quasars from Vito et al. (2019) and SDSS z ~ 2
quasars. Note that the average I of z ~ 2 SDSS quasars
is directly measured from the X-ray spectral fitting by
Timlin et al. (2020) and only includes ~ 100 quasars
with > 50 net counts selected from our z ~ 2 compari-
son quasar sample (see §4). This plot indicates that the
steeper hard X-ray slope of the z > 6.5 quasars from our
analysis and the previous study by Vito et al. (2019) are
fully consistent with the I' and Agqq relation found in
lower-z quasars, suggesting that the steeper I' of z > 6.5
quasars is mainly driven by their higher Eddington ra-
tios rather than by their higher redshifts.

6. SUMMARY

In this paper, we present new Chandra observations
of five quasars at z > 6.5. By combining them with
archival Chandra observations of an additional six z >
6.5 quasars, we perform a systematic analysis of the X-
ray properties of these reionization-era quasars. Six of
these eleven z > 6.5 quasars are well detected with a lu-
minosity range of Ly _1grev ~ (4.7—35.3) x 10** erg s~ 1.
In addition, we analyze the infrared spectroscopic ob-
servations of these Chandra observed z > 6.5 quasars
and derive the bolometric luminosities, BH masses, Ed-
dington ratios, and broad emission line blueshifts for all
quasars. The bolometric luminosities of these sources

span a range of Ly, ~ (0.5 — 3.4) x 1047 erg s~!,

occupying the bright end of the quasar population.
Their masses and Eddington ratios are in the range
(0.2 — 3.0) x 10° Mg, and ~ 0.3 — 2.4, respectively. We
also measure the infrared luminosity (Lig) and star for-
mation rate (SFR) of the quasar host galaxies yielding
Lig in the range of (0.5 —4.5) x 10%¢ erg s~! and SFR in
the range of ~ 200 — 2000 My, yr—!, respectively. More-
over, we perform a joint spectral analyses of all X-ray
detected quasars and measure the average X-ray spec-
tral properties of these z > 6.5 quasars. Our findings
from this unique sample of z > 6.5 quasar with both
X-ray and near-infrared spectroscopic observations, and
based on a comparison quasar sample at z ~ 2, are as
follows:

e The X-ray bolometric luminosity correction
(kbot = Lbol/Lo—10kev) of z > 6.5 quasars in-
creases with bolometric luminosity and the opti-
cal/UV to X-ray flux ratio, a,y, strongly corre-
lates with quasar luminosity at rest-frame 2500 A,
L25001§, following the same trend found in lower
redshift quasars.

e A moderate correlation between oy and Edding-
ton ratio, Agqq, exists. This correlation is weaker
than the aox—L2500[§ relation, which could either
be a consequence of the inherent dependence of
Agqq and L2 o or result from the large uncer-
tainty introduced by the Agqq measurement.

e The Lig and SFR do not correlate with the
Lo_10kev in these luminous distant quasars, sug-
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gesting that the ratio of the SMBH growth rate
and their host galaxy growth rate in these early
luminous quasars are different from that of local
galaxies.

e There is a moderate correlation between oy and
C1v line blueshift. In the disc+wind model pic-
ture (e.g. Gaskell 1982; Richards et al. 2011), the
C1v line blueshift increases as the relative impor-
tance of corona X-ray emission and accretion disk
emission decreases, consistent with the observed
correlation.

e The average photon index, I', of hard X-ray spec-
tra of z > 6.5 quasars is found to be I' = 2.3270 37
steeper than that of lower redshift quasars. By
comparing our measurement with the I'-Agqq re-
lation found in lower redshift quasars (e.g. Bright-
man et al. 2013), we conclude that the steeper T’
of z > 6.5 quasars is mainly driven by their higher
Eddington ratios rather than by their higher red-
shifts.

In the near future, a larger sample of z > 6.5 quasars
with both X-ray, NIR, and sub-millimeter observations,
as well as a well matched (in terms of both quasar lumi-
nosity and observational depth) quasar sample at lower
redshifts is critical for investigating whether the earliest
SMBHs are fed by different accretion physics (especially
the X-ray luminosity and I') and arise in distinct galac-
tic environments (i.e. star formation rate) relative to
their lower redshift counterparts.
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