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A B S T R A C T 

Highly radio-loud quasars (HRLQs; log R > 2.5) at z � 4 show apparent enhanced X-ray emission compared to matched HRLQs 
at lower redshifts, perhaps due to a redshift-dependent fractional contribution to the X-ray luminosity from inverse-Compton 

scattering of cosmic microwave background photons (IC/CMB). Using new Chandra observations and archival X-ray data, we 
investigate this phenomenon with an optically flux-limited sample of 41 HRLQs at z = 4–5.5 all with sensitive X-ray co v erage, 
the largest sample utilized to date by a wide margin. X-ray enhancements are assessed using X-ray-to-optical flux ratios and 

spectral energy distributions. We confirm the presence of X-ray enhancements at a 4.9–5.3 σ significance level, finding that the 
median factor of enhancement is ≈1.8 at our sample median redshift of z ≈ 4.4. Under a fractional IC/CMB model, the expected 

enhancement at lower redshifts is modest; e.g. ≈4 per cent at z ≈ 1.5. We also investigate a sample of seven radio-loud quasars 
(RLQs; log R > 1) at even higher redshifts of z = 5.6–6.8, using new and archi v al X-ray data. These RLQs also show evidence 
for X-ray enhancements by a median factor of ≈2.7 at a 3.7–4.9 σ significance level. The X-ray spectral and other properties of 
these z = 5.6–6.8 RLQs, ho we ver, pose challenges for a straightforward fractional IC/CMB interpretation of their enhancements. 

Key words: galaxies: high-redshift – quasars: general – X-rays: galaxies – . 
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 I N T RO D U C T I O N  

uasars are powered by the accretion process happening in the
icinity of supermassive black holes (SMBHs) located in the central
egions of host galaxies. Quasars at high redshifts are of particular
nterest, since they provide insights into SMBH growth and galaxy
ormation in the early Universe. The discovery of significant samples
f rare high-redshift quasars was made possible by large-scale sky
urv e ys such as the Sloan Digital Sky Survey (SDSS; York et al.
000 ). Since Ly α emission is redshifted to the near-infrared (NIR)
ands at z � 5.5, wide-field NIR surv e ys like the UKIRT Infrared
eep Sky Survey and the VISTA Hemisphere Survey (e.g. Lawrence

t al. 2007 ; McMahon et al. 2013 ) are also important. As of December
022, there are 531 quasars with z ≥ 5.3 in the literature (Fan,
anados & Simcoe 2022 ). Based on the radio-loudness parameter
 = f 5GHz / f 4400 Å, where f 5GHz and f 4400 Å are the flux densities at rest

rame 5 GHz and 4400 Å (Kellermann et al. 1989 ), quasars can be
 E-mail: sfzastro@gmail.com 
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ivided into radio-quiet quasars (RQQs; R ≤ 10) and radio-loud
uasars (RLQs; R > 10). RLQs harbour strong relativistic jets (e.g.
 ado vani 2017 ). The fraction of RLQs remains ∼ 10 per cent up to
 ∼ 6 (Ba ̃ nados et al. 2015 ). It is well known that the quasar number
ensity peaks at 2 < z < 3 (e.g. Dunlop & Peacock 1990 ; Croom
t al. 2004 ; Brown et al. 2006 ; Yang et al. 2016 ) and then rapidly
eclines with increasing redshift. In contrast to the strong redshift
ependence of the quasar number density, previous studies have
hown that the UV/optical and NIR spectral properties of quasars
o not show significant evolution up to z ∼ 6 (e.g. Fan et al. 2004 ;
iang et al. 2007 ; Shen et al. 2019 ). Current observations suggest that
GNs and SMBH feeding modes do not show significant evolution
fter the first billion years of the Universe. 

Almost all quasars are bright in the X-ray regime. The X-ray
mission from RQQs is proposed largely to be generated by the
hermal inverse-Compton (IC) process, where UV/optical photons
rovided by the accretion disc are upscattered by the hot electrons
n a coronal structure (e.g. Haardt & Maraschi 1993 ). The L UV –L X 

elation of RQQs also does not show significant evolution up to z ∼ 6
e.g. Steffen et al. 2006 ; Vito et al. 2019 ). Previous studies found that
© 2024 The Author(s). 
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he typical X-ray power-law photon index of z > 6 RQQs is slightly
teeper than that of RQQs at lower redshifts (e.g. Nanni et al. 2017 ;
ito et al. 2019 ; Wang et al. 2021 ). A recent work conducted by
appacosta et al. ( 2023 ) showed that the power-law photon index
f a sample of hyperluminous ( L bol ≥ 10 47 erg s −1 ) RQQs seems
ignificantly steeper than that for RQQs at lower redshifts. 

The nuclear X-ray emission of RLQs is stronger than that of
QQs with comparable UV/optical luminosities. Historically, this 
-ray excess was believed to be produced by an additional jet- 

inked component (e.g. Zamorani et al. 1981 ; Worrall et al. 1987 ).
his idea has been challenged by Zhu et al. ( 2020 ), Zhu, Timlin &
randt ( 2021 ), and Timlin et al. ( 2021 ), who proposed that the X-ray
mission from most RLQs is still corona-dominated with stronger 
oronal X-ray emission caused by a corona–jet connection. 

The X-ray luminosity contribution from the jet-linked component 
s much less important than previously expected for general RLQs. 
o we v er, the man y e xtended X-ray jets disco v ered by Chandr a , 1 

ften stretching o v er tens of kpc, demonstrate that some level of jet-
inked X-ray emission exists. The radiation mechanisms of this jet- 
inked X-ray emission have been extensively discussed. One possible 
echanism is seed photons being IC scattered by relativistic electrons 

ccelerated in the jet. The seed photons of the IC process may come
rom the cosmic microwave background (IC/CMB; Tavecchio et al. 
000 ; Celotti, Ghisellini & Chiaberge 2001 ); synchrotron emission 
rom the jet (synchrotron self-Compton, or SSC; Bloom & Marscher 
996 ); or photons radiated from the accretion disc, broad-line region 
BLR), or the dusty ‘torus’ (e.g. Dermer & Schlick eiser 1993 ; Sik ora,
egelman & Rees 1994 ; Bła ̇zejowski et al. 2004 ). The IC/CMB
odel was used to explain the X-ray knot emission of the kpc-scale

et of PKS 0637 −752 (Chartas et al. 2000 ; Schwartz et al. 2000 ;
avecchio et al. 2000 ) and became a popular explanation for X-ray

ets (e.g. Sambruna et al. 2004 , 2006 ; Perlman et al. 2011 ; Marshall
t al. 2018 ). 

Despite the initial success of the IC/CMB model for extended X- 
ay jets, the lack of strong redshift evolution of RLQ X-ray properties
isfa v ours using IC/CMB to explain the nuclear jet-linked X-ray 
mission (e.g. Bassett et al. 2004 ; Lopez et al. 2006 ; Miller et al.
011 ). An X-ray jet-linked component that is dominated by IC/CMB
mission would reproduce the (1 + z) 4 dependence of the CMB
nergy density. Miller et al. ( 2011 ) showed that the relative X-ray
rightness of RLQs compared to RQQs with similar UV/optical 
uminosities does not show significant redshift dependence to z ∼
. Ho we ver, Wu et al. ( 2013 , Wu13 hereafter) and Zhu et al. ( 2019 ,
hu19 hereafter) showed that the minority subset of highly radio- 

oud quasars (HRLQs; log R > 2.5) has an X-ray enhancement at
 < z < 5.5 compared to their matched low- z counterparts. Zhu19
ormed a flux-limited sample of 24 HRLQs at 4 < z < 5.5 (median
 = 4.4, m i ≤ 20.26) with complete X-ray co v erage and compared it
ith 311 HRLQs at z < 4 (median z = 1.3) with matched UV/optical

uminosities. Zhu19 found the nuclear X-ray emission of 4 < z < 5.5
RLQs is ≈2 times stronger than that for their low- z counterparts

t a 4–5 σ confidence level. The X-ray enhancement factor of ≈2 is
lightly smaller than that of the ≈3 factor found by Wu13 but has
 higher confidence le vel o wing to the larger and impro v ed sample.
lthough the (1 + z) 4 dependence of the dominant X-ray emission
as not been observed, contributions from the IC/CMB process are 
till expected. 

Wu13 and Zhu19 proposed a fractional IC/CMB model to explain 
he X-ray enhancements of high-redshift HRLQs. In this model, the 
 See, e.g. https:// hea-www.harvard.edu/ XJET/ . 
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3

a

C/CMB process is only dominant on the scale of ≈1–5 kpc, where
he CMB energy density starts to dominate those of other radiation
elds and the magnetic field. In the inner region, the IC seed photons
re dominated by the emission from the accretion process around 
he central SMBH, such as IR photons emitted by the torus (e.g.
hisellini & Tavecchio 2009 ), which does not show a strong redshift
ependence. Here, Ghisellini & Tavecchio ( 2009 ) assumed a highly
elativistic jet with a bulk Lorentz factor γ = 15. On scales of
 10 kpc, the likely decelerated jet (e.g. Mullin & Hardcastle 2009 ;
eyer et al. 2015 , 2016 ; Breiding et al. 2017 ) can no longer boost
MB photons to X-ray energies. Indeed, if a jet with γ ≈ 15 at �
 kpc decelerates to γ ≈ 1.5 at a large distance, the X-ray emission
roduced by the IC/CMB process would decrease by a factor of
100. An alternative to the fractional IC/CMB model is that the

nhanced star formation in high- z host galaxies might create extra
R photons serving as seed photons for the IC process. It is also
ossible that high- z jets are slower than those in the lo w- z uni verse,
eading to a larger fraction of beamed objects at z > 4. 

If the fractional IC/CMB model is correct, then RLQs at still
igher redshifts of z > 5.5 are expected to have strong IC/CMB-
elated X-ray emission due to the (1 + z) 4 evolution of CMB energy
ensity. Moreo v er, observations of several individual z > 5.5 RLQs
eveal inconsistent results regarding their X-ray enhancements (e.g. 
elladitta et al. 2020 ; Medvedev et al. 2020 ; Connor et al. 2021 ;
edvedev et al. 2021 ; Ighina et al. 2022a ). Thus, it is important

o study the role of the IC/CMB process in the early universe by
nvestigating the X-ray enhancements of a sample of z > 5.5 RLQs.

In this work, we investigate a sample of 41 HRLQs at 4 < z < 5.5
nd a sample of 7 RLQs at z > 5.5. Our goals include the following:
1) further assess the existence of X-ray enhancements for 4 < z <

.5 HRLQs with an enlarged sample, and (2) constrain the X-ray
nhancements of RLQs at very high redshifts ( z > 5.5). In Section 2 ,
e describe the selection of our 4 < z < 5.5 HRLQ sample and the z
 5.5 sample. We report our observations, analysis procedures, and 
-ray properties of eight newly observed Chandra Cycle 23 objects 

n Section 3 . In Section 4 , we present our main results and findings.
he discussion and a summary are presented in Sections 5 and 6 .
hroughout the paper, we use short-hand nomenclature for object 
ames in the text and Table 5 . We adopt a flat � CDM cosmology
ith H 0 = 70.0 km s −1 Mpc −1 and �m 

= 0.3. 

 SAMPLE  SELECTI ON  

.1 The 4 < z < 5.5 HRLQ sample 

ur 4 < z < 5.5 HRLQ sample was constructed based on the sources
elected by Wu13 and Zhu19. Wu13 first selected four z > 4 HRLQs
rom the SDSS Data Release 7 quasar catalogue (Schneider et al.
010 ) that co v ers a sk y area of 9380 de g 2 . The y then found 24 z >
 HRLQs within the sky area at δ > −40 ◦ from NED. 2 The sky area
hey chose was covered by the 1.4 GHz NRAO VLA Sk y Surv e y
NVSS; Condon et al. 1998 ), which enabled them to determine the
adio-loudness of each source. The flux densities of HRLQs (log R
 2.5) with m i � 21 at observed-frame 1.4 GHz should be abo v e the
VSS detection limit ( ≈2.5 mJy). The resulting sample contains 28
RLQs (see Tables 1 and 2 in Wu13 for a full list). 3 
MNRAS 530, 360–381 (2024) 

 https:// ned.ipac.caltech.edu/ 
 The 28 HRLQs were revised to 26 by Zhu19. SDSS J003126.79 + 150739.5 
nd SDSS J123142.17 + 381658.9 were remo v ed since they do not satisfy the 

https://hea-www.harvard.edu/XJET/
https://ned.ipac.caltech.edu/
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M

Table 1. X-ray observation log of objects analysed in this paper. 

Object name RA Dec. Instr. z Obs. date Obs. ID Exp. time 
(deg) (deg) (ks) 

Chandra Cycle 23 targets 
PSO J055.4244 − 00.8035 55.4244 −0.8035 ACIS-S 5.68 2022/02/03 26029 13.18 
SDSS J082511.60 + 123417.2 126.2983 12.5714 ACIS-S 4.377 2021/10/17 26025 6.20 
PSO J135.3860 + 16.2518 135.3860 16.2519 ACIS-S 5.63 2022/01/26 26030 12.74 
SDSS J104742.57 + 094744.9 161.9274 9.7958 ACIS-S 4.233 2023/03/12 26023 5.02 
SDSS J115605.44 + 444356.5 179.0223 44.7301 ACIS-S 4.310 2021/12/21 26027 7.78 
SDSS J125300.15 + 524803.3 193.2506 52.8009 ACIS-S 4.115 2021/11/10 26028 9.17 
SDSS J153830.71 + 424405.6 234.6280 42.7349 ACIS-S 4.099 2021/12/05 26026 6.67 
SDSS J165539.74 + 283406.7 253.9156 28.5685 ACIS-S 4.048 2021/12/05 26024 5.10 

Archi v al objects 
SDSS J083643.85 + 005453.3 129.1829 0.9148 ACIS-S 5.82 2002/01/29 3359 5.68 
SDSS J094004.80 + 052630.9 145.0200 5.4419 ACIS-S 4.503 2017/12/31 20476 5.99 
PSO J172.3556 + 18.7734 172.3556 18.7734 EPIC-pn 6.82 2020/12/20 0863780101 94.03 

2020/12/22 0863780201 89.73 
SDSS J140025.40 + 314910.6 210.1058 31.8196 ACIS-S 4.690 2018/02/07 20480 5.99 
CFHQS J142952 + 544717 217.4671 54.7882 ACIS-S 6.18 2021/08/03 22601 30.56 
SDSS J154824.01 + 333500.1 237.1000 33.5834 ACIS-S 4.678 2018/02/11 20482 6.11 
VIKING J231818.35 − 311346.3 349.5765 −31.2295 ACIS-S 6.44 2022/01/07 25739 19.64 

2022/01/08 26254 9.78 
2022/04/12 25254 9.94 
2022/04/17 26391 17.84 
2022/04/18 26392 9.94 

PSO J352.4034 − 15.3373 352.4034 −15.3373 ACIS-S 5.83 2019/08/19 21415 41.52 
2019/08/21 22728 59.28 
2019/08/24 22729 45.46 
2019/08/25 22730 38.24 
2019/09/16 21416 19.06 
2019/09/17 22850 31.44 
2019/09/22 22851 29.88 
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Based on the HRLQ sample constructed by Wu13, Zhu19 found
7 more 4 < z < 5.5 HRLQs. Zhu19 first matched the SDSS Data
elease 14 quasar catalogue (P ̂ aris et al. 2018 ) to the Faint Images
f the Radio Sky at Twenty-centimetres survey (FIRST; Becker,
hite & Helfand 1995 ) for observed-frame 1.4 GHz flux densities

nd found 16 HRLQs at 4 < z < 5.5. FIRST should have detected
ll HRLQs with m i � 21 with a sensitivity of ≈1 mJy. Zhu19 also
earched NED following the method used by Wu13 and selected
nother HRLQ at z = 4.067, B3 0254 + 434 (Amirkhanyan &
ikhailov 2006 ). 
We combined the samples constructed by Zhu19 and Wu13, with

he two faintest sources ( m i > 22) remo v ed, to form a complete
ample of 4 < z < 5.5 HRLQs with 41 sources. 32 out of 41 sources
ave been analysed by Wu13 and Zhu19. In this paper, we report the
ata analyses of the remaining nine objects using new and archi v al
handra observations. The rest-frame UV spectra of the nine newly
dded HRLQs taken from SDSS are shown in Fig. 1 . These objects
enerally show strong emission lines, indicating that their optical/UV
ontinua are not strongly beamed. SDSS J1538 + 4244, showing an
bsorption feature on the blue wing of the C IV emission line, was
dentified as a mini-Broad Absorption Line quasar (mini-BAL; e.g.
all et al. 2002 ). Since mini-BALs generally do not show weaker
-ray emission compared to typical quasars (e.g. Gibson et al. 2009 ;
u et al. 2010 ), we did not remo v e SDSS J1538 + 4244 from the

ample. 
NRAS 530, 360–381 (2024) 

RLQ criterion (log R > 2.5) when using the rest frame 2500 Å luminosity 
rom Shen et al. ( 2011 ). 

s  

4

We checked the VLA Sky Survey (VLASS; Lacy et al. 2020 )
pochs 1 and 2 Quick-look Catalogs (Gordon et al. 2021 ) for
otential source radio variability. 4 The majority of 4 < z < 5.5
RLQs do not show significant source variability during the 32
onth time span between Epochs 1 and 2 of VLASS, corresponding

o a rest-frame time-scale of ≈6.0 months (calculated using the
edian redshift of 4 < z < 5.5 HRLQs). All 41 HRLQs at 4 < z <

.5 are detected in both epochs. The flux densities at observed-frame
 GHz of 40 objects fluctuate within 30 per cent between two epochs.
he flux density of GB 1508 + 5714 obtained from VLASS Epoch
 has doubled compared to that from Epoch 1. A ≈ 30 per cent
ariability corresponds to a ≈0.11 fluctuation in log R . The highly-
adio-loud nature of 4 < z < 5.5 HRLQs in our sample is thus not
eopardized by source variability. 

We plotted the m i distribution of the 4 < z < 5.5 HRLQ sample in
ig. 2 and showed the joint efforts made by Wu13, Zhu19, and this
aper to construct a high-redshift HRLQ sample with complete X-
ay co v erage o v er the past decade. The optically flux limited sample
tilized here is significantly larger than those of past work. 

.2 The z > 5.5 RLQ sample 

e collected z > 5.5 RLQs from the literature (e.g. Belladitta
t al. 2020 ; Ba ̃ nados et al. 2021 ; Ighina et al. 2021 ; Liu et al.
021 ) and found 14 objects as of March 2021. Since the quasars
elected by radio surv e ys tend to bias towards those with high
 The catalogues were retrieved from https:// cirada.ca/ vlasscatalogueql0 . 

https://cirada.ca/vlasscatalogueql0
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Table 2. X-ray net counts, hardness ratios, and ef fecti ve photon indices of objects analysed in this paper. 

Name Net X-ray counts HR 

a 	 X 

Full band Soft band Hard band 
(0.5–8 keV) (0.5–2 keV) (2–8 keV) 

Chandr a c ycle 23 targets 
PSO J055.4244 − 00.8035 12 . 6 + 3 . 8 −3 . 2 8 . 5 + 3 . 2 −2 . 6 4 . 1 + 2 . 4 −1 . 7 0 . 49 + 0 . 26 

−0 . 31 2 . 45 + 1 . 20 
−0 . 51 

SDSS J082511.60 + 123417.2 5 . 2 + 2 . 6 −2 . 0 2 . 1 + 1 . 8 −1 . 2 3 . 1 + 2 . 1 −1 . 5 1 . 49 + 0 . 88 
−1 . 31 1 . 09 + 1 . 47 

−0 . 52 

PSO J135.3860 + 16.2518 8 . 3 + 3 . 2 −2 . 6 6 . 3 + 2 . 8 −2 . 2 2 . 0 + 1 . 8 −1 . 2 0 . 31 + 0 . 16 
−0 . 30 2 . 97 + 3 . 77 

−0 . 51 

SDSS J104742.57 + 094744.9 27 . 7 + 5 . 4 −4 . 8 16 . 0 + 4 . 2 −3 . 6 11 . 7 + 3 . 7 −3 . 0 0 . 73 + 0 . 24 
−0 . 31 2 . 09 + 0 . 68 

−0 . 35 

SDSS J115605.44 + 444356.5 5 . 1 + 2 . 8 −2 . 1 4 . 2 + 2 . 6 −1 . 8 < 4.0 < 0.94 > 1.66 

SDSS J125300.15 + 524803.3 10 . 5 + 3 . 5 −2 . 9 5 . 2 + 2 . 6 −2 . 0 5 . 2 + 2 . 6 −2 . 0 1 . 00 + 0 . 45 
−0 . 69 1 . 52 + 1 . 40 

−0 . 43 

SDSS J153830.71 + 424405.6 < 2.46 < 2.46 < 2.46 – –

SDSS J165539.74 + 283406.7 15 . 8 + 4 . 2 −3 . 6 7 . 4 + 3 . 0 −2 . 4 8 . 4 + 3 . 2 −2 . 6 1 . 14 + 0 . 47 
−0 . 62 1 . 42 + 0 . 92 

−0 . 40 

Archi v al objects 

SDSS J083643.85 + 005453.3 24 . 4 + 5 . 1 −4 . 5 20 . 2 + 4 . 7 −4 . 1 4 . 2 + 2 . 4 −1 . 7 0 . 21 + 0 . 08 
−0 . 13 2 . 10 + 0 . 87 

−0 . 31 

SDSS J094004.80 + 052630.9 37 . 1 + 6 . 7 −6 . 0 26 . 6 + 5 . 7 −5 . 0 10 . 5 + 3 . 8 −3 . 1 0 . 39 + 0 . 13 
−0 . 16 2 . 21 + 0 . 58 

−0 . 30 

PSO J172.3556 + 18.7734 b 102 . 1 + 21 . 1 
−21 . 0 38 . 2 + 14 . 0 

−13 . 2 64 . 8 + 16 . 2 
−16 . 1 1 . 62 + 2 . 23 

−0 . 35 1 . 17 + 0 . 23 
−0 . 79 

SDSS J140025.40 + 314910.6 20 . 1 + 5 . 0 −4 . 3 12 . 8 + 4 . 1 −3 . 4 7 . 3 + 3 . 2 −2 . 5 0 . 58 + 0 . 23 
−0 . 29 1 . 76 + 0 . 76 

−0 . 37 

CFHQS J142952 + 544717 103 . 7 + 9 . 9 −9 . 8 63 . 7 + 7 . 7 −7 . 7 40 . 0 + 6 . 5 −5 . 9 0 . 63 + 0 . 11 
−0 . 15 2 . 08 + 0 . 33 

−0 . 19 

SDSS J154824.01 + 333500.1 83 . 2 + 8 . 9 −8 . 8 64 . 0 + 7 . 8 −7 . 7 19 . 1 + 4 . 6 −4 . 0 0 . 30 + 0 . 06 
−0 . 10 2 . 49 + 0 . 41 

−0 . 21 

VIKING J231818.35 − 311346.3 7 . 9 + 3 . 4 −2 . 8 6 . 0 + 2 . 8 −2 . 2 < 3.9 < 0.65 > 2.12 

PSO J352.4034 − 15.3373 122 . 1 + 11 . 0 
−10 . 9 83 . 2 + 9 . 0 −8 . 9 38 . 8 + 6 . 7 −6 . 0 0 . 47 + 0 . 08 

−0 . 11 2 . 19 −0 . 19 
+ 0 . 30 

a HR = 

H 
S 

, where H and S are hard-band and soft-band counts, respectively. The HR values are not directly comparable across different Chandra observation 
cycles (e.g. Wu13 and Zhu19) due to the ACIS low-energy QE degradation. 
b The full, soft, and hard bands for PSO J172 + 18 are defined to be 0.3–4.5, 0.3–1, and 1–4.5 keV, respectively. See Section 3.2 . 
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5 CFHQS J1429 + 5447 has been observed by both Chandra and XMM–
Newton . We used the most recent observation conducted by Chandra in our 
analyses. Ho we ver, the 0.5–2 keV flux derived from the Chandra data is ≈
40 per cent fainter than that inferred from the XMM–Newton data (Medvedev 
et al. 2021 ), suggesting the source is probably variable in X-rays on a rest- 
frame time-scale of ≈52 d. The Chandra observation also gave a flatter X-ray 
spectral index. 
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adio luminosities, which may show more extreme properties, we 
emo v ed three radio-selected quasars (McGreer et al. 2006 ; Zeimann
t al. 2011 ; Belladitta et al. 2020 ) and focused on optically selected
bjects. We also remo v ed three optically selected putative RLQs,
ince they were either not detected in deep follow-up radio ob- 
ervations (Liu et al. 2021 ) or the radio-loud nature depends on
he assumed shape of the radio spectrum (Ba ̃ nados et al. 2021 ).
herefore, we found eight bona fide optical-selected RLQs at 
 > 5.5, among which seven objects with m 1450 < 21.68 have
ensiti ve (ne w and archi v al) Chandra or XMM–Ne wton co v erage.
he remaining object with m 1450 = 24.05 still lacks sensitive X-ray 
ata. 
We plotted the radio and optical/UV luminosities against redshift 

or 4 < z < 5.5 HRLQs, z > 5.5 RLQs, and general RLQs from
he full sample of Zhu et al. ( 2020 ) in Fig. 3 . Compared to objects
tudied by Wu13 and Zhu19, our objects are fainter in both the radio
nd optical/UV bands. 

We repeated the VLASS radio variability analysis described 
n Section 2.1 . Three out of seven RLQs at z > 5.5 were de-
ected in both Epochs of VLASS and all of them show flux
ensity fluctuations within 15 per cent on a rest-frame time-scale 
f ≈4.7 months (calculated using the median redshift of z > 

.5 RLQs). Only one object (VIK J2318 − 3113) was detected 
n one Epoch but not another. Observations at other radio fre-
uencies further suggest that VIK J2318 − 3113 is probably 
 highly variable source. It is possible that such variability is
xtrinsic rather than intrinsic (Ighina et al. 2022b ). The typical 

15 per cent radio variability of z > 5.5 RLQs translates to a 
0.06 fluctuation in log R , which does not jeopardize their radio-

oud nature. 
 OBSERVATI ONS  A N D  DATA  ANALYSES  

n this section, we describe the data analyses of nine HRLQs at 4 <
 < 5.5 and seven RLQs at z > 5.5 (see Table 1 for their observation
ogs). 

Among the nine 4 < z < 5.5 HRLQs, six have been awarded
handra Cycle 23 observation time and three are archi v al objects

Snios et al. 2020 ) that are reanalysed for consistency. Among the
even z > 5.5 RLQs, two (PSO J055 − 00 and PSO J135 + 16) are
handra Cycle 23 objects. Two archi v al objects (VIK J2318 − 3113
nd PSO J172 + 18) are analysed and reported for the first time in
his paper. Three additional objects with sensitive X-ray co v erage
eported in previous studies (Brandt et al. 2002 ; Connor et al. 2021 ;

edvedev et al. 2021 ) are reanalysed for consistency. 

.1 Chandra data reduction and analysis 

ll objects reported in Table 1 were observed with the Advanced 
CD Imaging Spectrometer (ACIS) on board Chandra except for 
SO J172 + 18. 5 We utilized Chandr a Interactiv e Analysis of Ob-
ervations ( CIAO ) version 4.14.0 to conduct X-ray data reduction. We
rst ran the chandra repro tool to reprocess and recalibrate the
MNRAS 530, 360–381 (2024) 



364 Z. Zuo et al. 

M

Figure 1. The rest-frame UV spectra of the new sources added to our sample, ordered by ascending RA. All spectra are taken from SDSS. The object name, 
redshift, 
αox,RQQ , and logarithm of the radio-loudness parameter are listed in each panel. The x -axis is the rest-frame wavelength in units of Å. The y -axis is 
on a linear scale with arbitrary units. Each spectrum has been smoothed with a boxcar filter . L y α ( λ = 1215.24 Å) and C IV ( λ = 1549.48 Å) are labelled with 
the dotted vertical lines. 
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bservation data with CALDB version 4.9.7. We did not see any object
howing extended X-ray structures based on visual inspections. After
hat, we ran fluximage to generate exposure-corrected X-ray
mages in the full band (0.5–8 keV), soft band (0.5–2 keV), and hard
and (2–8 keV). Here, we define the ef fecti ve energy of each band
o be the geometric mean of the energy limits. We then performed
ource detection by running wavdetect on the full-band image
ith a 10 −6 significance threshold and wavelet scales 1 , 

√ 

2 , 2 , 2 
√ 

2 ,
nd 4. All sources but SDSS J1538 + 4244 and VIK J2318 − 3113
ere detected by wavdetect . We adopted wavdetect positions

or the detected sources and the optical position for the undetected
ources as source positions. We then applied the deflare procedure
o background light curves to remove background flares and periods
hen the count rate was anomalously low. The method parameter

s set to be sigma to adopt the lc sigma clip method with
he default sigma value of 3, which iteratively deletes any point
NRAS 530, 360–381 (2024) 
utside ±3 σ about the mean until all points are in this range. When
unning deflare , regions of detected sources were masked out.
hen, we filtered the event file with the good time interval (GTI)
le produced by deflare . None of our observations was affected
y flaring except for SDSS J1400 + 3149, whose exposure time has
een reduced by 4 per cent. 

We defined the source region to be a circle with a radius of 2.0 arc-
ec centred at the source position (corresponding to a ≈ 94 per cent
ncircled-energy fraction, or EEF, of the PSF at 2 keV) and the
ackground region to be an annulus centred at the source position,
ith inner and outer radii of 5.0 and 20.0 arcsec, respectively. We
isually inspected the X-ray images to ensure that the background
egions of reported objects are free of other X-ray sources. After
hat, we extracted the source and background counts of all three
ands using dmextract with the source and background regions.
e added the raw counts in the source and background regions
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Figure 2. The m i distribution for the 4 < z < 5.5 HRLQ sample with 41 
sources. The histogram is colour coded by the papers that provide X-ray 
analyses. The blue, orange, and green bars represent sources analysed by 
Wu13, Zhu19, and this paper, respectively. The dashed, dash–dotted, and 
solid vertical lines are the flux limits applied in Wu13, Zhu19, and this paper, 
respectively. The flux-limited samples of Wu13, Zhu19, and this paper contain 
12, 24, and 41 sources with sensitive X-ray coverage, respectively. 
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f all five observations of VIK J2318 − 3113 together to get its
aw source and background counts. We adopted the likelihood-ratio 
est developed by Li & Ma ( 1983 ) for source detection. The null
ypothesis is s = 0, and the alternative hypothesis s �= 0, where s
s the true source counts. Following Li & Ma ( 1983 ), we defined
 likelihood ratio, λ, which is the ratio of the likelihoods that all
-ray counts are produced by the background o v er that there exists

n actual X-ray source. The likelihood ratio, λ, satisfies equation 
 1 ), where N src and N bkg are source and background counts, and B is
ackground area to source area ratio: 

ln λ = −
(

N src ln 

(
(1 + B) 

N src 

N bkg + N src 

)
(1) 

+ N bkg ln 

(
1 + B 

B 

N bkg 

N bkg + N src 

))
. 

he statistic Z = 

√ −2 ln λ is the Z -score of the source-detection test.
hat is, the likelihood-ratio test has a Z σ significance level. If the
ource counts are smaller than the estimated background counts, i.e. 
 src < N bkg / B , we flip the sign of Z for this scenario. We rejected the
ull hypothesis if Z � 2.576, or equi v alently p < 0.01, and considered
 source to be detected in the tested energy band. Here, the p -value
s calculated as p = P ( T > Z ), where T follows a standard normal
istribution. The 0.01 threshold is suitable for source-detection tests 
ith pre-specified positions. 
We calculated Z for all three bands of all our sources. For detected

ands, we used a Bayesian method aprates 6 (e.g. Primini & 

ashyap 2014 ) and set the conf parameter to 0.68 to calculate
he net counts and their 1 σ credible intervals for all three bands,
hich are shown in Table 2 . For each undetected band, the upper
ound of a 90 per cent confidence interval of net counts is reported.
nly a fraction of the source counts is included in the source

perture. We corrected the effects of non-ideal PSF by setting the 
arameters alpha and beta of aprates to be the PSF fraction 
n the source aperture and background region, which are calculated 
sing src psffrac . 
 https:// cxc.cfa.harvard.edu/ ciao/ ahelp/ aprates.html . 7
We ran the specextract tool to extract source and background 
pectra. The specextract tool automatically generates ancillary 
esponse files (ARFs) and response matrix files (RMFs) except for 
DSS J1538 + 4244, which does not have counts in the full band. We
an mkacisrmf , with the weight map provided by specextract ,
o create the weighted RMF and mkarf to create the ARF for SDSS
1538 + 4244. For VIK J2318 − 3113, we ran combine spectra
o combine its spectra and response files from all five observations.

e used the combined spectrum in the following analyses. 
We also calculated hardness ratios and their 1 σ confidence 

ntervals using the Bayesian estimation method developed by Park 
t al. ( 2006 ). In this paper, hardness ratio HR is defined as H 

S 
, where

 and S are net counts in the hard and soft bands, respectively.
or each object detected in the soft band but undetected in the hard
and, we reported an upper limit on the hardness ratio to be the
ard count upper limit divided by soft counts. We then estimated
he ef fecti ve po wer-law photon index 	 X using SHERPA . For each
bject, we generated a series of Galactic-absorbed power-law spectra 
sing the xsphabs.abs1 ∗powlaw1d.p1 model implemented 
n SHERPA , which is the multiplication of an absorption model and
 power-law model, with fixed Galactic neutral hydrogen column 
ensity ( N H 

7 ) and varying 	 X . We then used calc model sum to
alculate the soft-band and hard-band counts of each model. With 
-ray counts, we calculated the hardness ratio of each model and
sed interpolation to determine the desired 	 X whose hardness ratio 
atches the observed value. 
Our data reduction ends with running calc energy flux on 

he xsphabs.abs1 ∗powlaw1d.p1 model combining ARF and 
MF files, 	 X , and N H to derive the Galactic-absorption corrected

oft-band flux. The model is normalized so that the result of running
alc model sum on the soft-band equals the soft-band net counts
r upper limit. 

.2 XMM–Newton data reduction and analysis 

here are two archi v al X-ray observations of PSO J172 + 18 using
PIC onboard the XMM–Newton observatory. We report the results 
f these observations (see Table 1 for the observation logs) for the
rst time. We used the SAS package (v21.0.0) and the most recent
urrent Calibration Files to reprocess the XMM–Newton data. We 
sed the EPPROC command to produce calibrated event lists and 
ltered the resulting event lists using good time intervals created 
ith single-event (i.e. pattern zero), and high-energy (10–12 keV) 

ight curves with a criterion of ‘RATE < = 0.4’. We extracted
ource spectra from a circular aperture with a radius of 15 arcsec
entred at the optical position of PSO J172 + 18. We also chose
 circular source-free region with a radius of 65 arcsec on the
ame CCD as the background region. We then extracted background 
pectra following the method we used to extract source spectra. 
he net counts, hardness ratio, and 	 X are calculated following 

he steps described in Section 3.1 . The results are reported in
able 2 . The flux of PSO J172 + 18 appears only slightly abo v e the
ensitivity of these XMM–Newton observations. To achieve the best 
ignal-to-noise ratio, we only considered counts below 4.5 keV and 
efined soft, hard, and full bands as 0.3–1, 1–4.5, and 0.3–4.5 keV,
espectively. 

The X-ray emission of PSO J172 + 18 might suffer from
dditional absorption, given the flatness of the observed spectrum 
MNRAS 530, 360–381 (2024) 

 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3nh/ w3nh.pl 

https://cxc.cfa.harvard.edu/ciao/ahelp/aprates.html
https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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Figure 3. Radio (rest frame 5 GHz, upper panel) and UV (rest frame 2500 Å, lower panel) monochromatic luminosities versus redshift. The upper and lower 
panels are colour-coded by log L uv and log L r , as indicated by the respective colour bars. The squares represent 41 HRLQs at 4 < z < 5.5 from Zhu19, Wu13, 
and this paper. Squares encircled by black boundaries are those newly added 4 < z < 5.5 HRLQs. The triangles represent seven RLQs at z > 5.5. The plus signs 
represent optically selected radio-loud quasars from Zhu et al. ( 2020 ). Symbols in the upper and lower panels are colour-coded based on their UV and radio 
monochromatic luminosities, respectively. 
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 	 X ≈ 1.17; see Table 2 ) and the faintness of the flux. 8 Since
he 0.3–4.5 keV band probes 2.3–35 keV photons in the rest
NRAS 530, 360–381 (2024) 

 We examined the rest-frame optical/UV spectrum of PSO J172 + 18 
rovided by Ba ̃ nados et al. ( 2021 ). The optical/UV spectrum is similar to 
hat of typical quasars, with prominent emission lines and a rest-frame UV 

ower-law slope αν = −0.48. Thus, there is no apparent obscuration in the 
est-frame optical/UV band. 

t  

l  

G  

fi  

i  

W  
rame, the column density must be high if the putative absorber
s intrinsic to PSO J172 + 18. To assess the column density of
he absorber and its impact on the X-ray fluxes, we fit a power-
aw model with intrinsic photoelectric absorption in addition to the
alactic absorption. The spectra from the two observations were
tted jointly. Due to the limited number of net counts, the photon

ndex and column density cannot be constrained simultaneously.
e thus fixed 	 X to 2.0 (e.g. Vito et al. 2019 ; Zhu, Timlin &
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Figure 4. The 68 per cent (inner) and 90 per cent (outer) confidence regions 
of the 0.5–2 keV flux of the power-law continuum and the column density of 
the intrinsic absorber for PSO J172 + 18. The photon index is fixed at 	 X = 

2.0. The cross symbol indicates the best-fitting model for 	 X = 2.0, where 
the absorber is likely Compton thin with best-fitting N H = 6.9 × 10 23 cm 

−2 . 
The observed X-ray flux is probably suppressed by a factor of ≈3. 
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randt 2021 ), leaving the power-law normalization factor and the 
olumn density of the absorber free to vary. We performed a 
arkov chain Monte Carlo analysis to obtain a sample of 10 4 

ets of free parameters using SHERPA . The results are plotted in
ig. 4 , where the normalization factor is replaced by absorption- 
orrected 0.5–2 keV flux. If 	 X = 2.0, the absorber is likely
ompton thin with best-fitting N H = 6.9 × 10 23 cm 

−2 . We use
he best-fitting 0.5–2 keV flux, 2.40 × 10 −15 erg cm 

−2 s −1 , in later
alculations. 

Another possible explanation for the flat X-ray spectrum of PSO 

172 + 18 is that it is a highly beamed object (or blazar). Ho we ver,
he steep radio spectrum ( αr = −1.31, Ba ̃ nados et al. 2021 ) and the

odest radio loudness (log R = 2.07) of PSO J172 + 18 disfa v ors
his scenario. 

.3 X-ray, optical/UV, and radio properties 

n this section, we elaborate on selected columns of Tables 3 and 4 ,
hich report X-ray, optical/UV, and radio properties for our sample 
f 4 < z < 5.5 HRLQs and z > 5.5 RLQs. The captions of Tables 3
nd 4 contain brief explanations of all columns. 

The absolute i -band magnitude of the quasar is listed in column
3) of T able 3 . T o be consistent with Zhu19, they are calculated
rom Galactic-extinction corrected m i using equations (1) and ( 4 ) in
ection 5 of Richards et al. ( 2006 ) and K -corrections from the same
aper. 

We adopted a new method to calculate the flux density observed 
t 2500(1 + z) Å for z > 5.5 RLQs since Richards et al. ( 2006 )
id not provide K -corrections for z > 5.5 quasars. We used the
YNPHOT (STScI Development Team 2018 ) package to simulate the 
hotometry of quasars observed in certain filters and adopted the 
omposite quasar spectrum from Vanden Berk et al. ( 2001 ) as the
uasar spectrum template. We inspected the rest-frame optical/UV 

pectra of all seven z > 5.5 RLQs and did not identify any objects
ith unusual continuum spectra. It is thus appropriate to use the 

omposite spectrum given by Vanden Berk et al. ( 2001 ) in our
alculations. We then normalized the composite spectrum to the 
hotometric data in the selected band and determined the flux density 
t 2500 (1 + z) Å from the normalized composite spectrum. Since 
est-frame 2500 Å is in the observed-frame NIR band at z > 5.5,
MNRAS 530, 360–381 (2024) 
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e used H -band magnitudes to calculate f 2500 Å, whenever possible.
or objects without H -band observations, we used J -band (CFHQS
1429 + 5447 and PSO J352 − 15) or Pan-STARRS y -band (PSO
135 + 16) photometric data instead (see Section 4.3 ). The results
re shown in column 9 of Table 4 . 

We calculated the radio spectral indices αr around observed-frame
.4 GHz, with f ν ∝ ναr . The results are shown in column 11 of
able 3 for HRLQs and column 11 of Table 4 for z > 5.5 RLQs.
he 1.4 GHz flux densities were obtained from the FIRST or NVSS
urv e ys. We also obtained flux densities at observed-frame 150 MHz,
26 MHz, 366 MHz, 3 GHz, and 5 GHz (See Section 4.3 ). We
alculated αlow and αhigh , the radio spectral index between 1.4 GHz
nd a lower or higher frequency. We take the average value of αlow 

nd αhigh to be αr . 
The power-law spectral indices connecting rest frame 2500 Å and

 keV, defined by 

ox = 

log ( f 2keV /f 2500 Å) 

log ( ν2keV /ν2500 Å) 
, (2) 

re shown in column 14 of Table 3 for HRLQs and column 14 of
able 4 for z > 5.5 RLQs. 
We present differences between the measured αox and the expected

ox value of RQQs ( αox, RQQ ) in column (15) of Table 3 for 4 < z

 5.5 HRLQs and column (15) of Table 4 for z > 5.5 RLQs. More
xplicitly, 

αox , RQQ = αox − αox , RQQ . (3) 

ere, αox,RQQ is calculated using equation ( 3 ) of Just et al. ( 2007 ): 

ox , RQQ = −0 . 140 log L 

2500 Å + 2 . 705 . (4) 

We also present differences between the measured αox and the
xpected αox of low- z RLQs ( αox,RLQ ) in column 16 of Table 3 for
 < z < 5.5 HRLQs and column 16 of Table 4 for z > 5.5 RLQs.
ore explicitly, 

αox , RLQ = αox − αox , RLQ . (5) 

ere, αox,RLQ is calculated from the L 2keV –L 2500 Å–L 5GHz relation for
he full RLQ sample given by model I in table 4 of Zhu et al. ( 2020 ),
hich is equi v alent to 

ox , RLQ = −0 . 203 log L 

2500 Å + 0 . 084 log L 5GHz + 2 . 015 . (6) 

 RESULTS  

.1 X-ray enhancements of 4 < z < 5.5 HRLQs 

o qualitatively assess the X-ray enhancements of 4 < z < 5.5
RLQs and z > 5.5 RLQs, we plotted αox , 
αox,RQQ , and 
αox,RLQ 

gainst log R for our full sample of 4 < z < 5.5 HRLQs and z > 5.5
LQs in the upper, middle, and lower panels of Fig. 5 , respectively.
e also included optically selected radio-loud quasars from Zhu et al.

 2020 ) in Fig. 5 for comparison. The full sample of Zhu et al. ( 2020 )
as 729 RLQs, among which 657 (90.1 per cent) objects have X-ray
etections. The redshift of the comparison sample has a median of 1.5
nd an interquartile range (IQR) of 1.0. We plotted horizontal dashed
ines with 
αox,RQQ = 0 and 
αox,RLQ = 0 in the middle and lower
anels of Fig. 5 . The positions of 4 < z < 5.5 HRLQs (stars, squares,
nd diamonds) in the middle and lower panels of Fig. 5 are generally
igher than the low- z comparison RLQs, implying enhanced X-ray
mission. More specifically, 39 out of 41 HRLQs at 4 < z < 5.5 have
ositive 
αox,RQQ , and 29 have positive 
αox,RLQ . 
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Figure 5. The αox (upper panel), 
αox,RQQ (middle panel), and 
αox,RLQ (lower panel) parameters against logarithm of radio-loudness (log R ). The squares 
represent 41 HRLQs at 4 < z < 5.5 from Zhu19, Wu13, and this paper. Squares encircled by black boundaries are those newly added 4 < z < 5.5 HRLQs. The 
triangles represent seven RLQs at z > 5.5. The plus signs represent optically selected radio-loud quasars from Zhu et al. ( 2020 ) that are detected in X-rays. The 
do wnward arro ws represent objects with only X-ray upper limits. All symbols are colour-coded based on their redshifts. The data points in the lower two panels 
are not merely zero-point shifts. Compared to 
αox,RQQ , 
αox,RLQ has an additional contribution from log L 5GHz (see equations 3 –6 ). 
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We then applied three conditions ( z < 4, m i < 21.33, log R >

.5) to the full sample of Zhu et al. ( 2020 ) to form a sample of z <
 HRLQs that are comparable to z > 4 HRLQs in the optical/UV
nd radio bands. Here, we adopted an upper limit of 21.33 for m i 

ince all objects in our 4 < z < 5.5 HRLQ sample are optically
righter than m i = 21.33. We plotted the distributions of 
αox,RQQ 

nd 
αox,RLQ for the low- z HRLQ comparison sample and the 4 <
 < 5.5 HRLQ sample in Fig. 6 for quantitati ve analysis. The lo w- z
RLQ sample contains 377 objects with a median redshift of 1.5

nd an IQR of 1.0. The logarithm of the radio-loudness parameter
log R ) of the comparison sample has a median of 3.0 and an IQR
f 0.6. 
Since our data include upper limits, we adopted survi v al analysis
ethods implemented in the PYTHON package LIFELINES (Davidson- 
MNRAS 530, 360–381 (2024) 
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M

Figure 6. The grey and open bars are histograms of 
αox,RQQ (upper panel) and 
αox,RLQ for the optically selected RLQs from Zhu et al. ( 2020 ) with z < 

4, m i < 21.33, and log R > 2.5, where grey bars are X-ray-detected objects and open bars are X-ray undetected objects. The black bars are sources from the 
combined sample of Wu13, Zhu19, and this w ork. The downw ard arrows indicate the medians of 
αox distributions for HRLQs at z < 4 and z > 4, respectively. 
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ilon 2023 ) in the following calculations. We used the Kaplan–Meier
stimator to estimate the cumulative distribution functions of all data
ets. We then calculated the medians of all distributions from the
umulative distribution functions. We used bootstrap (1000 times)
o estimate the 1 σ uncertainties of the medians we calculated in
he previous step. The medians of 
αox,RQQ for low- z and high- z
RLQs are 0 . 219 + 0 . 005 

−0 . 004 and 0 . 334 + 0 . 016 
−0 . 034 , respectively. The medians

f 
αox,RLQ for low- z and high- z HRLQs are 0 . 003 + 0 . 005 
−0 . 004 and

 . 098 + 0 . 016 
−0 . 011 , respecti vely. The dif ference between the medians of the
NRAS 530, 360–381 (2024) 
αox,RLQ distributions at 4 < z < 5.5 and z < 4 is 0 . 095 + 0 . 017 
−0 . 012 . Our

esults imply that the X-ray emission of high- z HRLQs is 1 . 77 + 0 . 19 
−0 . 12 

imes stronger than that of their low- z counterparts. After that, we
sed the Peto–Peto test implemented in the LIFELINES package to
est the significance of the difference between 
αox distributions of
ow- z and high- z HRLQs. The statistical test shows a 5.33 σ ( p =
.01 × 10 −8 ) difference for 
αox,RQQ distributions and a 4.90 σ ( p =
.74 × 10 −7 ) difference for 
αox,RLQ distributions. To illustrate the
edshift evolution of 
αox,RLQ , we plotted 
αox,RLQ versus redshift
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or the low redshift HRLQ comparison sample (grey plus signs) and 
he 4 < z < 5.5 HRLQ sample (black squares) in the left panel of
ig. 7 . 
We performed a two-sample Kolmogoro v–Smirno v (KS) test on 

he log R distributions of the 4 < z < 5.5 HRLQ sample and
he z < 4 HRLQ comparison sample. With the null hypothesis 
hat the log R distributions from the two samples are the same,
he KS test gave a p -value of 0.95. We also performed a sim-
lar KS test on the radio flux distributions and found a p -value
f 0.30. The medians ( σ NMAD 

9 ) of the log R distributions of 4
 z < 5.5 HRLQs and z < 4 HRLQs are 3 . 04 + 0 . 02 

−0 . 09 (0 . 43) and
 . 98 + 0 . 04 

−0 . 03 (0 . 44), respectively . Similarly , for the log radio flux dis-
ributions of the high- z and low- z HRLQs, the medians ( σ NMAD ) are

24 . 16 + 0 . 03 
−0 . 03 (0 . 65) and −24 . 19 + 0 . 07 

−0 . 01 (0 . 52), respectively. Therefore,
oth the log R values and radio fluxes are consistent among the two
amples. Thus, we do not need an explicit cut on log R or radio
uxes. 
The results from Zhu19 indicate that the X-ray enhancement 

f high- z HRLQs is a factor of 1 . 9 + 0 . 5 
−0 . 4 at a 4.07 σ significance

evel considering the differences between 
αox,RLQ distributions 
f low- z and high- z HRLQs. Compared to Zhu19, our results
ndicate a slightly lower X-ray enhancement factor (though sta- 
istically consistent within uncertainties) at a higher significance 
evel. The X-ray enhancement factor for our results is smaller 
ecause only five out of nine newly added 4 < z < 5.5 HRLQs
av e positiv e 
αox,RLQ . Howev er, since the sample size has been
mpro v ed from 24 (the flux-limited sample in Zhu19) to 41,
he significance level of the X-ray enhancement has been im- 
ro v ed. 

.2 X-ray enhancements of z > 5.5 RLQs 

eferring to the middle and lower panels of Fig. 5 , the positions of
he seven z > 5.5 RLQs are generally higher than the comparison
ample. All seven objects have positive 
αox,RQQ and non-negative 
αox,RLQ . Five of them have 
αox,RLQ ≥ 0.10, and three stand out 
ith 
αox,RLQ ≥ 0.30. 
We used the sample of optically selected RLQs from Zhu et al.

 2020 ) with m i ≈ m 1450 < 21.68 as the comparison sample. Here,
he flux limit is the m 1450 of the faintest z > 5.5 RLQ. The low-
edshift comparison sample of z > 5.5 RLQs differs from that of
 < z < 5.5 by removing the log R > 2.5 and z < 4 conditions
nd changing the flux limit. We then followed the methods used 
n Section 4.1 to calculate the medians of the 
αox distributions 
nd test the significance levels of the differences between the 
αox 

istributions for RLQs at z � 5 and z > 5.5. The medians of 
αox,RQQ 

t z � 5 and z > 5.5 are 0 . 173 + 0 . 007 
−0 . 006 and 0 . 269 + 0 . 167 

−0 . 025 , respectively.
he medians of 
αox,RLQ at z � 5 and z > 5.5 are −0 . 007 + 0 . 005 

−0 . 006 

nd 0 . 160 + 0 . 140 
−0 . 060 , respectively. The difference between the medians 

f the 
αox,RLQ distributions at z > 5.5 and z � 5 is 0 . 167 + 0 . 140 
−0 . 060 .

his corresponds to an X-ray enhancement factor of 2 . 72 + 3 . 58 
−1 . 47 . The

arge uncertainties are due to the small sample size at z > 5.5. The
tatistical test shows a 3.65 σ ( p = 1.30 × 10 −4 ) difference for the
αox,RQQ distributions and a 4.91 σ ( p = 4.61 × 10 −7 ) difference for

he 
αox,RLQ distributions. The results are not significantly affected if 
he potentially heavily absorbed source, PSO J172 + 18, is remo v ed.
ollowing Section 4.1 , we plotted 
αox,RLQ versus redshift for the 
 σNMAD = 1.4826 × median absolute deviation (MAD). This is a robust 
stimator of standard deviation. 

p  

fl  

w  

J  

(

ow-redshift RLQ comparison sample (grey plus signs) and the z >
.5 RLQ sample (black triangles) in the right panel of Fig. 7 . 
A KS test on the log R distributions of the z > 5.5 RLQ sample

nd its low-redshift comparison sample gives a p -value of 0.07. A
imilar KS test on radio flux distributions gives a p -value of 0.003.
he KS tests suggest that the log R values, as well as the radio fluxes,
re marginally different among the two samples. If such differences 
o exist, the low-redshift comparison sample could only bias towards 
igher log R (see Fig. 5 ) and radio fluxes. Since objects with lower
og R and radio fluxes are expected to have less jet-linked X-ray
mission, we conserv ati vely did not apply an upper limit on log R or
adio fluxes for the comparison sample. 

.3 Spectral energy distributions 

o compare the broadband spectral energy distributions (SEDs) of 
RLQs at 4 < z < 5.5 and RLQs at z > 5.5 with their low- z

ounterparts, we constructed the SEDs for the nine newly added 4
 z < 5.5 HRLQs and the seven z > 5.5 RLQs. The SEDs of the

emaining 4 < z < 5.5 HRLQs can be found in Wu13 and Zhu19.
his comparison serves as an additional test of X-ray enhancements 
f 4 < z < 5.5 HRLQs and z > 5.5 RLQs. The multiwavelength
hotometric data were collected from the following sources: 

(i) Radio: See Table 5 and its footnotes for detailed information 
bout the available radio frequencies for each source. 

(ii) Submillimetre: We included submillimetre photometry for z 
 5.5 RLQs. The flux densities at 1.2 mm of CFHQS J1429 + 5447

nd PSO J352 − 15 are taken from Khusanova et al. ( 2022 ). The flux
ensities at 1.2 mm of VIK J2318 − 3113 and SDSS J0836 + 0054
re taken from Venemans et al. ( 2020 ) and Petric et al. ( 2003 ),
espectively. The flux densities at 850 μm of PSO J055 − 00 and
SO J135 + 16 are taken from Li et al. ( 2020 ). PSO J055 − 00 is a
on-detection; we took its 2 σ upper limit. 
(iii) Mid-infrared: The mid-infrared flux densities are taken from 

he WISE all-sky catalogue (Wright et al. 2010 ) except for SDSS
1548 + 3335, PSO J055 − 00, VIK J2318 − 3113, PSO J352 − 15,
nd PSO J172 + 18, which are non-detections in the WISE all-
ky catalogue. We retrieved the W 1 and W 2 magnitudes of the first
our sources from the CatWISE 2020 catalogue (Marocco et al. 
021 ). We used the WISE all-sky catalogue whenever possible since
he CatWISE catalogue did not provide W 3 and W 4 magnitudes.
ollowing Ba ̃ nados et al. ( 2021 ), we took the W 1 and W 2 magnitudes
f PSO J172 + 18 from the DESI Le gac y Imaging Surv e ys (DECaLS;
ey et al. 2019 ). 
(iv) Near-infrared: The flux densities in NIR bands are taken from 

he UKIRT Hemisphere Surv e y (UHS; Dye et al. 2018 ), the VISTA
ilo-degree Infrared Galaxy Survey (VIKING; Edge et al. 2013 ), 

he VISTA Hemisphere Surv e y (VHS; McMahon et al. 2013 ), or
edicated follo w-up observ ations. SDSS J1253 + 5248 and SDSS
1655 + 2834 only have J -band detections from UHS. PSO J055 − 00
as J , H , and K band detections from VHS. SDSS J0836 + 0054 and
IK J2318 − 3113 have J , H , and K band detections from VIKING.
SO J352 − 15 has Y and J band detections from VHS. CFHQS
1429 + 5447 has J -band detection from the Canada–France High- z 
uasar Surv e y (CFHQS; Willott et al. 2010 ). SDSS J1548 + 3335
as co v ered by UHS but not detected in any band. Due to our
articular interest in this source, we set an upper limit for its J -band
ux by taking the maximum J -band magnitude among all detections
ithin 1 arcmin of it. We took J , H , and K band magnitudes for PSO

172 + 18 from follow-up observations reported by Ba ̃ nados et al.
 2021 ). 
MNRAS 530, 360–381 (2024) 
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M

Figure 7. 
αox, RLQ versus redshift for HRLQs (left panel) and RLQs (right panel). Left: The grey plus signs represent the low-redshift HRLQ comparison 
sample. The squares are 41 HRLQs at 4 < z < 5.5. The orange plus sign represents the median 
αox,RLQ of the low-redshift HRLQ comparison sample. The 
orange square represents the median 
αox,RLQ of the 4 < z < 5.5 HRLQ sample. Right: The grey plus signs represent the low-redshift RLQ comparison sample. 
The triangles are seven RLQs at z > 5.5. The orange plus sign represents the median 
αox,RLQ of the low-redshift RLQ comparison sample. The orange triangle 
represents the median 
αox,RLQ of the z > 5.5 RLQ sample. For both panels, orange horizontal error bars represent redshift ranges of rele v ant data sets. Orange 
vertical error bars represent 1 σ uncertainties of the medians estimated using the bootstrap. 
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(v) Optical: Considering the effects of the Ly α forest, we took
DSS r , i , and z magnitudes and Pan-STARRS y magnitudes for 4
 z < 5.5 objects. For objects with larger redshift ( z > 5.5), we took
an-STARRS z and y magnitudes. VIK J2318 − 3113 is not co v ered
y Pan-STARRS. 
(vi) X-ray: The flux densities at observed-frame 2 keV of SDSS

0836 + 0054, CFHQS J1429 + 5447, and PSO J352 − 15 were
etrieved from Brandt et al. ( 2002 ), Medvedev et al. ( 2021 ), and
onnor et al. ( 2021 ), respectively. The observed-frame 2 keV flux
ensities of all other sources are from this paper. 

We calculated the monochromatic luminosities using flux densities
nd distances, which are derived from redshifts. The constructed
EDs for 4 < z < 5.5 HRLQs and z > 5.5 RLQs are shown in
igs 8 and 9 . Both figures are ordered by ascending RA. Following
u13 and Zhu19, the composite SEDs for the 10 HRLQs from Shang

t al. ( 2011 ) with comparable optical luminosity (log λL λ(3000 Å)
 45.9) and radio loudness (2.9 < log R < 3.7) are plotted for

omparison in Figs 8 and 9 . Considering the radio-loudness of z > 5.5
LQs (1.21 < log R < 3.18), we also plotted the composite spectrum

or RQQs retrieved from Shang et al. ( 2011 ) using dotted lines in
ig. 9 . The composite SEDs are normalized to the observ ed flux es at
500 Å. 
Four out of nine newly added HRLQs have higher luminosities

t rest frame 2 keV (the rightmost dotted v ertical gre y line of each
anel) than the comparison SEDs. The X-ray luminosities of the
emaining five sources are comparable to the comparison SED if the
ncertainties of 	 X are considered. Combining the SED comparison
esults from Wu13, Zhu19, and our work, 20 out of 41 HRLQs
how apparent X-ray excesses. Indeed, all 20 objects have 
αox,RLQ 

0.05, indicating that the SED comparison method is consistent
NRAS 530, 360–381 (2024) 
ith the method described in Section 3.3 . Nearly all of them have
-ray luminosities that are at least comparable to the comparison
ED. 
The rest frame 2 keV luminosities for three out of seven z > 5.5

LQs are higher than the comparison composite SED of RLQs. The
hree objects that show apparent X-ray enhancements under the SED
omparison are those with the largest 
αox,RLQ values among the z
 5.5 RLQs. 

 DI SCUSSI ON  

.1 Implications for the fractional IC/CMB model 

istorically, it has been thought that the small-scale X-ray core
mission of RLQs is dominated by a jet-linked component (e.g.
orrall et al. 1987 ). To accommodate the mild X-ray enhancements

f high- z HRLQs, Wu13 proposed a fractional IC/CMB model,
here the IC/CMB process mainly operates within a few kpc

rom the central SMBH and the contribution from the IC/CMB
rocess is only a small fraction of the total X-ray emission at low
edshifts. None of the objects in our sample shows extended X-
ay emission. Considering that the 0.5 arcsec angular resolution of
handra corresponds to a physical size of 3.4 kpc at z = 4.35 (the
edian redshift of the 4 < z < 5.5 HRLQ sample), the X-ray jets (if

resent) are likely smaller than ≈5 kpc. This is consistent with the
ssumptions of the fractional IC/CMB model. X-ray observations
ith higher spatial resolution are required to constrain the scale
f the jet. An alternative approach is to observe gravitationally
ensed RLQs at high redshifts, whose X-ray emission is expected
o have a significant contribution from the jet. Ho we ver, only a
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Figure 8. SEDs of the nine newly added 4 < z < 5.5 HRLQs, ordered by ascending RA. Do wnward arro ws represent upper limits. Objects with black text 
are Chandra Cycle 23 objects. Those with blue text are archi v al objects. The purple diamonds are located at observed-frame 2 keV. The solid purple lines are 
X-ray power-law spectra around observed-frame 2 keV derived from photon indices reported in Table 3 . Their uncertainties are represented by the dotted purple 
lines. The solid grey curves are composite SEDs for the 10 HRLQs at z < 1.4 from Shang et al. ( 2011 ) with comparable optical luminosity and radio loudness, 
scaled to the flux density at rest frame 2500 Å. The dotted grey vertical lines are at rest frame 2500 Å and 2 keV. The name, redshift, and log R of each object 
are shown at the upper left of each panel. 
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Figure 9. SEDs of the z > 5.5 RLQ sample, ordered by ascending RA. Do wnward arro ws represent upper limits. Objects with black text are Chandra Cycle 
23 objects. Those with blue text are archi v al objects. The purple diamonds are located at the observed-frame 2 keV. The solid purple lines are X-ray power-law 

spectra around observed-frame 2 keV derived from photon indices reported in Table 4 . Their uncertainties are represented by the dotted purple lines. The solid 
gre y curv es are composite SEDs for RLQs from Shang et al. ( 2011 ). The dotted grey lines are composite SEDs for RQQs from Shang et al. ( 2011 ). All solid 
gre y curv es are scaled to the flux density at rest frame 2500 Å. The dotted gre y v ertical lines are at rest frame 2500 Å and 2 keV. The name, redshift, and log R 

of each object are shown at the upper left of each panel. 
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ew gravitationally lensed RLQs, limited to z � 3.6, have been
bserved in X-rays. Those with the highest redshifts are either only
oderately radio loud (Dadina et al. 2016 ; Dogruel et al. 2020 ) or

ave ambiguities in physical interpretation (Schwartz, Spingola &
arnacka 2021 ). Besides, none of the gravitationally lensed systems
NRAS 530, 360–381 (2024) 
entioned abo v e shows apparent X-ray enhancements compared to
ypical RLQs. 

The results from Zhu et al. ( 2020 ) and Zhu, Timlin & Brandt
 2021 ) may suggest a simpler explanation. Zhu et al. ( 2020 ) found
hat the contribution of the jet-linked component to the X-ray core
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10 We notice that there is an apparent 	 X versus redshift trend for z < 4 
RLQs and HRLQs as is shown in both panels of Fig. 11 , which is probably 
caused by selection biases. The radio-loud nature of objects in Zhu, Timlin & 

Brandt ( 2021 ) is determined using radio data at observed-frame 1.4 GHz, 
whose rest-frame frequency increases with redshift. At higher rest-frame 
frequencies, objects with steep radio spectra may drop below detection limits. 
Thus, objects in the Zhu, Timlin & Brandt ( 2021 ) sample tend to have flatter 
radio spectra at higher redshifts, which suggests more jet contribution and 
hence flatter X-ray spectra. Aside from that, only bright radio sources can 
be detected at higher redshifts, resulting in higher log R values and probably 
flattening X-ray spectra. 
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mission of RLQs is generally small, with a mean fraction of ≈
 per cent . The median redshift of the RLQ sample utilized by 
hu et al. ( 2020 ) is 1.5. The small contribution from the jet-linked
omponent could readily explain the X-ray enhancements of high- z 
RLQs. 
We then modelled the factor of X-ray enhancement as 1 + A [(1
 z) 4 − 1], containing a constant component and an IC/CMB 

omponent that evolves with redshift following (1 + z) 4 , to constrain
he contribution from the IC/CMB process at different redshifts. A is
et to 9.41 × 10 −4 to obtain the X-ray enhancement factor of 1.77 at
 = 4.35. At z ≈ 1.5, the predicted factor of X-ray enhancement is

4 per cent , which is consistent with previous studies (e.g. Wu13; 
hu19; Ighina et al. 2019 ) and the contribution from the jet-linked
omponent found by Zhu et al. ( 2020 ). This is also roughly consistent
ith the jet-to-core X-ray ratio reported by Marshall et al. ( 2005 ,
011 , 2018 ). 

.2 The X-ray enhancements of RLQs at z > 5.5 

t z > 5.5, the X-ray emission of moderately radio-loud quasars
ay be enhanced as a manifestation of the IC/CMB process in 

he dense CMB photon field. Indeed, the z > 5.5 RLQs show X-
ay enhancements as expected if the IC/CMB mechanism plays an 
mportant role. Ho we ver, the z > 5.5 RLQs sho w properties dif ferent
rom the HRLQs at 4 < z < 5.5. 

We compiled multiwavelength radio data for 41 HRLQs at 4 < z 

 5.5 and seven RLQs at z > 5.5 in Table 5 . We calculated the radio
pectral index between 1.4 GHz and a lower frequency, αlow , and 
he radio spectral index between 1.4 GHz and a higher frequency, 
high . We then took the average of αlow and αhigh to get αr , the radio
pectral index around observed-frame 1.4 GHz defined as f ∝ ναr . 

hen calculating αlow and αhigh , we preferred to use frequencies 
hat are further from 1.4 GHz to reduce the effects of measurement
ncertainties with the exception that 150 MHz has the lowest priority
ince it is too far away from 1.4 GHz and the radio spectra of some
bjects are peaked at frequencies between 150 MHz and 1.4 GHz. 
he radio data we collected co v er rest-frame frequencies of ≈0.9–
7 GHz and ≈1–34 GHz for typical 4 < z < 5.5 HRLQs and z
 5.5 RLQs (calculated using the median redshift of each sample), 

especti vely. Thus, the redshift dif ference between the two samples 
oes not significantly affect the rest-frame radio frequencies probed. 
n Table 5 , we used boldface to label GHz peaked sources (GPSs)
dentified based on the radio data we collected, whose αr should be 
reated with caution. 

To explore the correlation between X-ray enhancements and radio 
pectral index, we plotted 
αox,RLQ versus αr in Fig. 10 for 4 < z <

.5 HRLQs (left panel) and z > 5.5 RLQs (right panel). The medians
f 
αox,RLQ of 4 < z < 5.5 HRLQs and z > 5.5 RLQs with αr <

0.5 are 0 . 06 + 0 . 04 
−0 . 13 and 0 . 16 + 0 . 14 

−0 . 13 , respectively. 
Our results suggest that RLQs at z > 5.5 with αr < −0.5 tend

o have stronger X-ray enhancements than HRLQs at 4 < z < 5.5
ith similar radio spectral indices. Considering that RLQs at 4 < 

 < 5.5 do not show X-ray enhancements (e.g. Miller et al. 2011 ),
he X-ray enhancements of RLQs apparently rise significantly at z 
 5.5. It is worth noting that although radio-selected blazars that 

hould have the strongest jet-linked X-ray components have been 
eliberately remo v ed (see Section 2.2 ), the X-ray enhancement of
ur optically selected z > 5.5 RLQ sample is still strong. We also
ote that there is no apparent correlation between log R and X-ray
nhancements for z > 5.5 RLQs. The only HRLQ in our z > 5.5 RLQ
ample (PSO J352 − 15) only shows a marginal X-ray enhancement 
ith 
αox , RLQ = 0 . 03 + 0 . 02 

−0 . 02 . This does not support the idea that X-
ay emission for z > 5.5 RLQs is dominated by jets. Ho we ver, the
ack of correlation between log R and X-ray enhancements is only
uggestive since the z > 5.5 RLQ sample is very small. 

We also found that the X-ray spectra of z > 5.5 RLQs are steeper
han those of their low-redshift counterparts while such an X-ray 
teepening is not found in 4 < z < 5.5 HRLQs. We plotted 	 X versus
edshift for 333 optically selected RLQs with z ≤ 4.73 analysed by
hu, Timlin & Brandt ( 2021 ) (small dots) and median 	 X in four

edshift bins ( z = 0–1, 1–2, 2–3, and 3–4; large orange dots) in the
ight panel of Fig. 11 . 10 The Zhu, Timlin & Brandt ( 2021 ) sample
as built upon the Zhu et al. ( 2020 ) sample by selecting objects
ith high-quality X-ray data that could produce reliable 	 X values. 
hroughout Fig. 11 , blue labels represent objects with αr > −0.5 and
reen labels represent those with αr ≤ −0.5. The median( σ NMAD ) 
f 	 X for low-redshift RLQs given by Zhu, Timlin & Brandt ( 2021 )
s 1 . 84 + 0 . 01 

−0 . 01 (0 . 30). We then included the six z > 5.5 RLQs with
v ailable 	 X v alues (small triangles) and their median 	 X (large
range triangle) in Fig. 11 for comparison. The potentially heavily 
bsorbed object, PSO J172 + 18 (see Section 3.2 ), was not included.
e used the Kaplan–Meier estimator to derive the median( σ NMAD ) 

f 	 X for z > 5.5 RLQs, 2 . 19 + 0 . 26 
−0 . 07 (0 . 10), which is significantly larger

han that for low-redshift RLQs. 
The small dots in the left panel of Fig. 11 are HRLQs from the

hu, Timlin & Brandt ( 2021 ) sample and the large orange dots are
edian 	 X values of HRLQs in redshift bins similar to the right

anel. The squares represent 4 < z < 5.5 HRLQs. The large yellow
quare represents the median 	 X value of 4 < z < 5.5 HRLQs. 38
ut of 41 objects in our 4 < z < 5.5 HRLQ sample have available
 X values. The median( σ NMAD ) of 	 X for HRLQs at z < 4 and 4
 z < 5.5 are 1 . 80 + 0 . 08 

−0 . 09 (0 . 26) and 1 . 63 + 0 . 10 
−0 . 07 (0 . 27), respectively. The

 σ error bars were calculated using bootstrap. The X-ray spectra of
RLQs at 4 < z < 5.5 are not steeper compared to their low-redshift

ounterparts. The steepening of X-ray spectra of z > 5.5 RLQs and
he lack of it for 4 < z < 5.5 HRLQs indicate z > 5.5 RLQs may be
n a different evolutionary stage. 

The evolution of X-ray spectral properties of RQQs up to z �
 has been investigated by recent studies. Vito et al. ( 2019 ) jointly
tted the X-ray spectra of 12 RQQs at z > 6 with < 30 net counts
nd 6 with > 30 net counts from 0.5 to 7 keV. They found an average
 X = 2 . 20 + 0 . 39 

−0 . 34 for the sample with < 30 net counts and an average
 X = 2 . 13 + 0 . 08 

−0 . 08 for the sample with > 30 net counts. Zappacosta
t al. ( 2023 ) reported an average 	 X = 2 . 4 + 0 . 1 

−0 . 1 for a sample of z
 6 hyperluminous RQQs ( L bol ≥ 10 47 erg s −1 ). Compared to the

anonical value of 	 X ≈ 1.9 for RQQs at lower redshifts, both studies
uggest, although at different significance levels, the steepening of 
-ray spectra of z � 6 RQQs. Zappacosta et al. ( 2023 ) proposed

hat the steepening of X-ray spectra is a manifestation of lower
oronal temperature due to disc truncation caused by radiatively 
ri ven winds. The 	 X e volution trend of RQQs (see also fig. 7 in
ito et al. 2019 and fig. 5 in Zappacosta et al. 2023 ) is similar to that
MNRAS 530, 360–381 (2024) 
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Figure 10. 
αox,RLQ versus radio spectral index αr for 4 < z < 5.5 HRLQs (left panel) and z > 5.5 RLQs (right panel). The dotted horizontal line represents 

αox,RLQ = 0. The dotted vertical line represents αr = −0.5, the typical boundary between steep and flat radio spectra. 

Figure 11. X-ray power-law photon index 	 X versus redshift for HRLQs (left panel) and RLQs (right panel). 38 out of 41 HRLQs at 4 < z < 5.5 and six out 
of seven RLQs at z > 5.5 have available 	 X values. In both panels, blue and green symbols represent objects with αr > −0.5 and αr ≤ −0.5, respectively. The 
large orange dots are the median 	 X values of objects from four redshift bins ( z = 0–1, 1–2, 2–3, and 3–4) in both panels (see Footnote 10 for further rele v ant 
discussion). The z coordinates of orange dots represent the median z of redshift bins with horizontal error bars representing the ranges of redshift bins. The 
vertical error bars of orange symbols are 1 σ uncertainties obtained via bootstrapping. Left: The squares and dots (both blue and green) represent HRLQs at 
4 < z < 5.5 and HRLQs from Zhu, Timlin & Brandt ( 2021 ), respectively. The orange square represents the median 	 X value of 4 < z < 5.5 HRLQs. The z 
coordinate of the orange square is the median redshift of the 4 < z < 5.5 HRLQ sample with its horizontal error bar representing the redshift range of the 4 < z 

< 5.5 HRLQs sample. Right: The triangles and dots (both blue and green) represent RLQs at z > 5.5 and RLQs from Zhu, Timlin & Brandt ( 2021 ), respectively. 
The orange triangle is the median 	 X value of z > 5.5 RLQs and is slightly displaced in the horizontal direction to a v oid o v erlapping with green triangles. The 
horizontal error bar of the orange triangle indicates the redshift range of z > 5.5 RLQs with available 	 X values. 
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Figure 12. X-ray enhancement strength versus compactness of the 4 < z 

< 5.5 HRLQ sample and the z > 5.5 RLQ sample. 29 out of 41 4 < z 

< 5.5 HRLQs (blue dots) and five out of seven z > 5.5 RLQs (orange 
dots) have VLBI coverage. f VLBI is the observed flux density at the VLBI 
band closest to 1.4 GHz. f lowres is the flux density at corresponding VLBI 
bands inferred from f 1.4GHz assuming the radio spectral slope to be αhigh . The 
vertical and horizontal dotted lines represent f VLBI / f lowres = 1 and 
αox,RLQ = 

0, respectively. There is no apparent correlation between X-ray enhancement 
and compactness. 
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f RLQs presented in the right panel of Fig. 11 . This suggests that
LQs may undergo similar physical transitions as RQQs at z ∼ 6. 
The X-ray spectral and other properties discussed abo v e indicate 

 > 5.5 RLQs are at a dif ferent e volutionary stage. RLQs at z >
.5 feature steep radio and X-ray spectra and relatively strong X- 
ay enhancements. The X-ray steepening mechanism proposed by 
revious studies, which was mentioned in the previous paragraph, 
ould probably shed light on the evolution of RLQs. However, a 
arger sample of z > 5.5 RLQs is needed to determine the physical

echanisms that are responsible for the X-ray enhancements of 
LQs at very high redshifts and the role of the IC/CMB process

n them. 

.3 Milli-arcsecond scale properties 

e also investigated if there is a relation between the milliarcsec- 
cale radio-jet properties and the X-ray enhancements of high 
edshift HRLQs/RLQs. We used the ratio between the flux densities 
iven by VLBI observations and observations with lower resolution 
NVSS/FIRST) at matched frequencies, f VLBI / f lowres , as an indicator 
f source compactness. An f VLBI / f lowres that is close to one indicates a
ompact radio-emitting region while a ratio that is much smaller than 
ne indicates the existence of diffuse emission extending beyond the 
cale of a few hundred pc. 

We collected available VLBI observations from the literature (see 
able 5 ). 29 out of 41 HRLQs at 4 < z < 5.5 and five out of seven
LQs at z > 5.5 have available VLBI observations. If an object
as VLBI observations in more than one band, the band closest to
bserved-frame 1.4 GHz was selected. The frequencies of all the 
ands we selected are greater than 1.4 GHz. We then used αhigh 

see Table 5 ) to extrapolate the NVSS/FIRST flux densities from
.4 GHz to the VLBI frequencies we selected. Since the VLBI and
VSS/FIRST observations were not taken simultaneously, variabil- 

ty of the sources may influence the values of f VLBI / f lowres . Based
n the VLASS radio variability analyses presented in Section 2 , the
ypical radio variability of 4 < z < 5.5 HRLQs and z > 5.5 RLQs
s within ≈30 per cent o v er a rest-frame period of ≈5–6 months.
lthough some VLBI and NVSS/FIRST observations are separated 
y o v er a decade in the observed frame ( � 2 yr in the rest frame),
he available VLASS radio variability analyses o v er a shorter time
eriod do not suggest strong variability effects upon f VLBI / f lowres . 
We plotted 
αox versus f VLBI / f lowres for 4 < z < 5.5 HRLQs and z
 5.5 RLQs that have VLBI observations in Fig. 12 . We did not find

n apparent dependence between the amount of X-ray enhancement 
nd the source compactness, or the scale and size of radio jets. 

Since the f VLBI / f lowres value reaches as high as ≈1.5, we expect that
ource variability and flux uncertainties may affect f VLBI / f lowres by 
0.5. This is roughly consistent with a combination of the suggestive 
 30 per cent radio variability mentioned in the previous paragraph 

nd measurement uncertainties, considering that objects with longer 
ime gaps between VLBI and NVSS/FIRST observations may show 

tronger radio variability. It is thus appropriate to consider objects 
ith f VLBI / f lowres > 0.5 as relatively compact. The majority of objects

n Fig. 12 are considered to be compact and have radio jets at scales
maller than a few hundred pc, which are smaller than typical X-ray
ets. This is consistent with the expectation that X-ray jets produced 
ia the IC/CMB process are larger than radio jets since the electrons
hat are responsible for X-ray emission have a longer cooling time 
han those responsible for radio emission (e.g. Harris & Krawczynski 
007 ; Worrall 2009 ). 
 SUMMARY  A N D  F U T U R E  WO R K  

.1 Summary 

e hav e inv estigated and confirmed the X-ray enhancements of
 > 4 HRLQs compared to their low-redshift counterparts using 
e w and archi v al Chandra observ ations. We also found such X-ray
nhancements in z > 5.5 RLQs for the first time. Our key findings
re summarized as the following: 

(i) We combined the 4 < z < 5.5 HRLQs selected by Wu13
nd Zhu19 to construct a sample of 41 HRLQs at 4 < z < 5.5 with
omplete X-ray co v erage, pushing the optical flux limit to m i = 21.33
ompared with previous studies (see Section 2.1 ). We obtained new
handra Cycle 23 observations of six HRLQs at 4 < z < 5.5. Along
ith three archi v al objects, we analysed the Chandra observations
f nine HRLQs at 4 < z < 5.5 and reported their X-ray properties in
able 3 (see Section 3.1 ). 
(ii) We searched the literature and constructed a sample of op- 

ically selected z > 5.5 RLQs. The sample consists of the seven
rightest (in rest-frame optical/UV bands) optically selected RLQs 
t z > 5.5 with complete X-ray co v erage (see Section 2.2 ). We also
btained new Chandra Cycle 23 observations of two RLQs at z >
.5. Along with five archi v al objects, we analysed and reported the
-ray properties of seven RLQs at z > 5.5 in Table 4 . Among the five

rchi v al objects, two (VIK J2318 − 3113 and PSO J172 + 18) have
ot been reported in the literature previously. The remaining three 
bjects have been reanalysed for consistency. All objects except 
or PSO J172 + 18, which only has XMM–Ne wton co v erage (see
ection 3.2 ), were observed by Chandra (see Section 3.1 ). 
(iii) The X-ray enhancement of HRLQs at 4 < z < 5.5 compared

o matched HRLQs at z < 4 has been further confirmed. The 
αox 

istributions of 4 < z < 5.5 HRLQs are shown to be different
rom those of z < 4 HRLQs at a 4.90–5.33 σ statistical significance
evel. The factor of X-ray enhancement of 4 < z < 5.5 HRLQs is
onstrained to be 1 . 77 + 0 . 19 

−0 . 12 (see Section 4.1 ). 
(iv) We found an X-ray enhancement of RLQs at z > 5.5 compared

o matched RLQs at z � 5 for the first time. The 
αox distributions
MNRAS 530, 360–381 (2024) 



380 Z. Zuo et al. 

M

o  

a  

e
 

<  

s  

f  

a  

r  

Z
 

p  

s  

T

6

T  

b  

t  

U  

a  

D  

s  

2  

L  

E  

e
1  

r  

e  

s  

o  

w
 

t  

m  

5  

l  

D  

v  

I  

�  

i  

t

A

W  

k  

2  

7  

t  

N  

s  

A  

s  

G  

L  

O

D

T  

a  

c  

(  

J  

c  

w

R

A
B
B
B
B  

B
B
B  

B
B
B  

B
C  

C
C
C
C  

C
C
C  

D  

D
D
D
D  

D  

D
D
E  

F
F
F
F
F  

F  

F  

G
G  

G
G
G

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/530/1/360/7623033 by guest on 09 D
ecem

ber 2024
f z > 5.5 RLQs are shown to be different from those of z � 5 RLQs
t a 3.65–4.91 σ statistical significance level. The factor of X-ray
nhancement of z > 5.5 RLQs is 2 . 72 + 3 . 58 

−1 . 47 (see Section 4.2 ). 
(v) We constructed broad-band SEDs of the nine newly added 4
 z < 5.5 HRLQs and seven z > 5.5 RLQs. We compared these with

uitable composite SEDs at lower redshifts. The comparison results
urther support the X-ray enhancements of 4 < z < 5.5 HRLQs
nd z > 5.5 RLQs (see Section 4.3 ). The broad-band SEDs of the
emaining 32 HRLQs at 4 < z < 5.5 can be found in Wu13 and
hu19. 
(vi) We found that the RLQs at z > 5.5 have a median X-ray

ower-law spectral index ( 	 X ) of 2 . 19 + 0 . 26 
−0 . 07 , which is significantly

teeper than that of RLQs at lower redshifts, 1 . 84 + 0 . 01 
−0 . 01 , given by Zhu,

imlin & Brandt ( 2021 ). 

.2 Future work 

he number of luminous RLQs at very high redshifts ( z � 6) has
een increasing rapidly with the aid of wide-field sky surveys in
he optical-to-NIR bands (e.g. Pan-STARRS, Chambers et al. 2016 ;
KIDSS, Lawrence et al. 2007 ; and VHS, McMahon et al. 2013 ) and

t radio frequencies (e.g. RACS, McConnell et al. 2020 ; and LoTSS-
R2, Shimwell et al. 2022 ). During the writing process of this paper,

e veral ne w RLQs at z � 6 have been identified (Ba ̃ nados et al.
023 ; Ighina et al. 2023 ). The upcoming Vera C. Rubin Observatory
e gac y Surv e y of Space and Time (Iv ezi ́c et al. 2019 ), together with
uclid and the Roman Space Telescope , are expected to disco v er
ven more quasars, pushing the redshift frontier of quasars to z ≈ 9–
0. Their radio properties could be constrained by ongoing sensitive
adio surv e ys including VLASS (Lac y et al. 2020 ) and EMU (Norris
t al. 2021 ). Thus, the number of RLQs at z � 6 is expected to be
ignificantly increased in the near future. With the increasing number
f RLQs, one could possibly form a sample of HRLQs at z � 6 as
ell. 
While our results for 4 < z < 5.5 HRLQs can still be explained by

he fractional IC/CMB model, it is possible that there are additional
echanisms that are responsible for the X-ray enhancement of z >

.5 RLQs. Our understanding of RLQs/HRLQs at z � 6 is greatly
imited by low X-ray count numbers and the small sample size.
eeper X-ray observations of objects in our z > 5.5 sample will be
aluable to set tighter constraints on their X-ray spectral properties.
n addition, investigating the X-ray properties of larger samples of z
 6 RLQs/HRLQs with Chandra and XMM–Newton could provide

nsights into the X-ray emission mechanisms of RLQs/HRLQs and
he evolution of SMBHs in the first billion years of the Universe. 
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