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A B S T R A C T 

We present deeper Chandra observations for weak-line quasars (WLQs) in a representative sample that previously had limited 

X-ray constraints, and perform X-ray photometric analyses to reveal the full range of X-ray properties of WLQs. Only 5 of the 
32 WLQs included in this representative sample remain X-ray undetected after these observations, and a stacking analysis shows 
that these 5 have an average X-ray weakness factor of > 85. One of the WLQs in the sample that was known to have extreme 
X-ray variability, SDSS J1539 + 3954, exhibited dramatic X-ray variability again: it changed from an X-ray normal state to an 

X-ray weak state within ≈3 months in the rest frame. This short time-scale for an X-ray flux variation by a factor of � 9 further 
supports the thick disc and outflow (TDO) model proposed to explain the X-ray and multiwavelength properties of WLQs. The 
o v erall distribution of the X-ray-to-optical properties of WLQs suggests that the TDO has an average covering factor of the 
X-ray emitting region of ∼0.5, and the column density of the TDO can range from N H 

∼ 10 

23 −24 cm 

−2 to N H 

� 10 

24 cm 

−2 , 
which leads to different levels of absorption and Compton reflection (and/or scattering) among WLQs. 

K ey words: galaxies: acti ve – galaxies: nuclei – quasars: general – X-rays: galaxies. 
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 I N T RO D U C T I O N  

nvestigations of the type 1 quasar sub-class of weak-line quasars 
WLQs) have recently provided valuable insights into quasar struc- 
ure and accretion physics. While WLQs are luminous blue quasars 
hat are believed to be viewed generally face-on according to the 
tandard unification model (e.g. Antonucci 1993 ; Netzer 2015 ), they 
ave weak or no high-ionization emission lines (e.g. Fan et al. 1999 ;
iamond-Stanic et al. 2009 ; Plotkin et al. 2010 ; Wu et al. 2012 ),
hich marks how they differ from typical blue quasars. For example, 

heir C IV rest-frame equi v alent widths (REWs) are � 10–15 Å,
orresponding to � 3 σ ne gativ e deviations from the mean. Their C IV

ines also often show very large blueshifts of 1000–10 000 km s −1 .
he majority of these WLQs are radio quiet. 
X-ray studies of WLQs have proved particularly revealing for 

nderstanding their nature. A number of remarkable WLQ X-ray 
roperties have been identified: 
 E-mail: qingling1001@gmail.com 
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(i) WLQs show a wide range of X-ray luminosities compared 
o expectations from their optical/ultraviolet (UV) luminosities or 
 v erall spectral energy distributions (SEDs), when considering, e.g. 
ox and �αox (e.g. Wu et al. 2011 , 2012 ; Luo et al. 2015 ; Ni et al.
018 ). αox is the slope of a nominal power law connecting the rest-
rame 2500 Å and 2 keV monochromatic luminosities; i.e. αox = 

 . 3838 log ( L 2 keV /L 2500 Å ) (e.g. Tananbaum et al. 1979 ; Strate v a
t al. 2005 ). αox reflects the relative strength of a quasar’s X-ray
mission to its UV emission, indicating a strong connection between 
he corona and the disc. This quantity is correlated with L 2500 Å . We
lso define �αox = αox ( Observed ) − αox ( L 2500 Å ), which quantifies 
he deviation of the observed X-ray luminosity relative to that 
xpected from the αox –L 2500 Å relation (e.g. Gallagher et al. 2006 ). 1 

αox can thus serve as an indicator of a quasar’s X-ray emission
trength compared to the expectation from its UV emission. 
 �αox is used to derive factors of X-ray weakness ( f weak = 403 −�αox ) in the 
ext. 
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2 These ‘snapshot’ observations were largely aimed at efficiently obtaining 
the minimum number of counts needed to estimate the X-ray flux levels of 
these sources. 
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About half of the WLQ population shows weak X-ray emission,
ften by notable factors of 10 or more; this fraction is much higher
han present among the general quasar population (e.g. Pu et al. 2020 ;
imlin et al. 2020a ). Typical blue quasars with weak X-ray emission
re mostly broad absorption line (BAL) quasars with high levels of
ntrinsic X-ray absorption (e.g. Brandt, Laor & Wills 2000 ; Gallagher
t al. 2002 , 2006 ; Fan et al. 2009 ), but the blue WLQs targeted in X-
ay observations have been selected not to have B ALs, mini-B ALs,
r other strong rest-frame UV absorption, which makes the high
-ray weak fraction among WLQs intriguing. Ho we ver, o wing to a
igh fraction of X-ray non-detections among X-ray weak WLQs, the
-ray weakness distribution remains poorly defined for large values
f X-ray weakness. The other half of the WLQ population generally
hows nominal-strength X-ray emission. 

(ii) X-ray spectral analyses of the members of the WLQ population
ith nominal-strength X-ray emission, utilizing both individual-
bject and spectral-stacking approaches, show notably steep power-
aw spectra typically with photon indices of � = 2.1–2.3 (Luo et al.
015 ; Marlar et al. 2018 ). Among the general quasar population, such
teep power-law spectra indicate accretion on to the supermassive
lack hole (SMBH) with high Eddington ratio ( L / L Edd ; e.g. Shemmer
t al. 2008 ; Brightman et al. 2013 ), and thus it seems likely that WLQs
enerally have high L / L Edd . This conclusion is also supported by the
 IV REWs and blueshifts of WLQs (e.g. Luo et al. 2015 ; Ni et al.
018 ), as well as rough single-epoch estimates of L/L Edd ≈ 0 . 3–1.3
e.g. Luo et al. 2015 ; Plotkin et al. 2015 ). 

(iii) X-ray spectral analyses of the X-ray weak members of the
LQ population are more challenging, owing to limited numbers

f detected counts in the available observations. Stacking analyses
f the X-ray weak WLQs generally show hard X-ray spectra, on
verage, with ef fecti ve po wer-law photon indices of 〈 �〉 ≈ 1.2–1.4
Luo et al. 2015 ; Ni et al. 2018 ). These hard X-ray spectra suggest
igh levels of intrinsic X-ray absorption ( N H � 10 23 cm 

−2 ), which
s somewhat surprising given these quasars’ type 1 nature and blue
ptical/UV continua without BAL (or other UV absorption) features.
hen such heavy X-ray absorption is present, Compton reflection

nd/or scattering may also play significant roles in shaping the X-
ay spectrum. The presence of heavy X-ray absorption is further
upported by an individual Chandra spectrum of SDSS J1521 + 5202,
n extraordinarily luminous WLQ (Luo et al. 2015 ), and studies of
ome local WLQ analogs (e.g. Reeves et al. 2020 ). 

(iv) The current limited multi-epoch X-ray observations of WLQs
uggest that they show extreme large-amplitude X-ray variability
vents (e.g. Miniutti et al. 2012 ; Ni et al. 2020 ) more frequently
han the general radio-quiet quasar population of comparable lu-

inosity (e.g. Timlin et al. 2020b ). The observed large-amplitude
-ray v ariability e vents are associated with changes between X-ray
ormal-strength and X-ray weak states, and they do not appear to
ave corresponding extreme optical/UV continuum or emission-line
ariations. 

The abo v e X-ray and multiwav elength results for WLQs hav e
een used to construct a basic scenario that appears able to explain
onsistently their weak high-ionization lines, their X-ray properties,
nd some of their other multiwavelength properties (e.g. Lane et al.
011 ; Wu et al. 2011 , 2012 ; Luo et al. 2015 ; Ni et al. 2018 ). This
cenario, depicted in fig. 1 of Ni et al. ( 2018 ), proposes that, owing
o high L / L Edd ( � 0.3), WLQs have geometrically and optically thick
nner accretion discs and associated outflows (e.g. Jiang, Stone &
avis 2014 , 2019 ; Wang et al. 2014 ; Dai et al. 2018 ). The thick
isc and its outflow (hereafter, TDO), which lie near the central
MBH, prevent ionizing EUV/X-ray photons from reaching much
NRAS 511, 5251–5264 (2022) 
f the (substantially equatorial) high-ionization broad emission-line
egion (BLR), leading to the weak high-ionization lines. The TDO
s also responsible for the X-ray weakness/absorption seen in about
alf of WLQs; X-ray weak WLQs arise for systems viewed at large
nclinations, so that our line-of-sight intercepts the TDO. The large-
mplitude X-ray variability events of some WLQs may arise from
light variations in the thickness of the TDO (e.g. rotation of an inner
DO that is somewhat azimuthally asymmetric) or internal motions
f the TDO. 
Our primary approach to investigating the X-ray properties of
LQs has involved Chandra ‘snapshot’ (typically 2–5 ks) obser-

ations of luminous (typically M i � −27), blue WLQs. 2 While
his approach has been successful for gaining a broad o v erview of
asic WLQ X-ray properties, it has provided only limited insight
nto the X-ray properties of individual WLQs, especially for the

ost interesting X-ray weak members of this class. We know that
any of these objects must be remarkably X-ray weak from X-ray

tacking analyses, having �αox of −0.4 to −0.7, corresponding to
-ray weakness by factors of ≈11–67 relative to a typical radio-
uiet quasar. For comparison, our constraints on individual X-ray
ndetected objects typically can only show that the y hav e �αox �
0.3, corresponding to X-ray weakness by a factor of � 6. We thus

urrently lack useful information on the full distribution of �αox 

or WLQs, which should provide information about the nature of
he TDO. Moreo v er, the limited individual-object X-ray constraints
ave hindered our ability to assess UV continuum and emission-line
roperties that may correlate with X-ray weakness, thereby serving
s useful tracers of this behaviour. 

We have therefore performed additional, deeper (typically 5–23 ks)
handra observations for a set of WLQs previously having limited
-ray constraints, and in this paper we present the observational

esults and their implications. With these observations, we now have
omplete, sensitiv e X-ray co v erage for the well-defined sample of
2 WLQs with C IV REW � 15 Å defined by Ni et al. ( 2018 ). In
ddition to setting tighter X-ray constraints upon the properties of
ndividual WLQs, these new observations add significantly to the
umber of WLQs with sensitive multi-epoch X-ray observations.
hey therefore also allow a search for additional examples of extreme

arge-amplitude X-ray variability events. 
The layout of this paper is as follows. We describe the sample

election and Chandra observations in Section 2. In Section 3, we
etail the X-ray photometric measurements and the derived X-ray-
o-optical properties, and in Section 4 we briefly present rele v ant
mission-line measurements. Section 5 presents our o v erall analysis
esults and discussion, and Section 6 presents a summary of our
esults. In Appendix A, we briefly present the results from new
MM–Newton observations of the extraordinarily luminous WLQ
DSS J1521 + 5202. 
Throughout this paper, we use J2000 coordinates and a cosmology

ith H 0 = 67.4 km s −1 Mpc −1 , �M 

= 0.315, and �� 

= 0.685 (Planck
ollaboration VI 2020 ). 

 SAMPLE  SELECTI ON  A N D  CHANDRA 

BSERVATI ONS  

n Ni et al. ( 2018 ), a sample of 32 WLQs with C IV REW � 15 Å was
onstructed. These WLQs were selected from radio-quiet quasars in
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he SDSS Data Release 7 (DR7) quasar-properties catalogue of Shen 
t al. ( 2011 ), including 10 of the most ‘extreme’ (i.e. lowest C IV

EW) WLQs with C IV REW � 5 Å. They have i -band magnitude
 i < 18.6 and a redshift satisfying 1.5 < z < 2.5. As we want to
 v oid any potentially confusing X-ray absorption associated with, 
.g. BAL winds, objects with BAL or mini-BAL features, narrow 

bsorption features around C IV , or very red spectra with � ( g − i )
 0.45 were excluded. 3 Compared to other WLQ samples utilized 

n previous studies (e.g. Wu et al. 2011 , 2012 ; Luo et al. 2015 ), this
ample of WLQs has been selected in a relatively unbiased manner 
no additional selection criteria such as high C IV blueshift and/or 
trong Fe II /Fe III emission were applied) and has a relatively large
ample size. Thus, it can serve as a representative sample to study
he WLQ population o v er the full range of C IV REW values seen
mong WLQs. WLQs in this representative sample have similar IR- 
o-UV SEDs (obtained from WISE , 2MASS, SDSS, and GALEX 

hotometry) compared with typical quasars (see Luo et al. 2015 ; Ni
t al. 2018 for details). 

Among these 32 WLQs included in the representative sample of 
i et al. ( 2018 ), 12 WLQs were X-ray undetected (we note that

hese objects were only observed with 2–5 ks Chandra ‘snapshot’ 
bservations at that time; e.g. see table 2 of Ni et al. 2018 ). Also,
 WLQs need more secure X-ray measurements from Chandra ; 
reviously, their X-ray properties were adopted from the XMM–
e wton slew-surv e y catalogue (Saxton et al. 2008 ) and the ROSAT
ll-sk y surv e y catalogue (Boller et al. 2016 ) that have relatively large
ncertainties compared to on-axis Chandra detections. 
Chandra observations for these 14 WLQs were performed between 

019 December and 2020 August, using the Advanced CCD Imaging 
pectrometer (Garmire et al. 2003 ) spectroscopic array (ACIS-S) 
ith VF mode (which is also the mode adopted by the previous
handra observations of these objects). For the 12 WLQs that were 
reviously X-ray undetected, the exposure times were set to reach 
αox upper limits of ≈ −0.5, if the objects remain X-ray undetected. 

 X - R AY  PHOTOMETRIC  MEASUREMENTS  

N D  X - R AY-TO  O P T I C A L  PROPERTIES  

.1 X-ray aperture-photometry analyses 

ollowing the method described in Ni et al. ( 2018 ), we used Chandra
nteractive Analysis of Observations ( CIAO ) tools (Fruscione et al. 
006 ) to process the new Chandra observations. We ran the CHAN-
RA REPRO script to reprocess the observations, and then ran the 
EFLARE script to remo v e background flares abo v e a 3 σ lev el (see
able 1 for the flare-cleaned exposure times for each WLQ). 
From the flare-cleaned event files, we produced images for each 
LQ in the 0.5–8 keV (full), 0.5–2 keV (soft), and 2–8 keV (hard)

ands with the standard ASCA grade set. In each band, we ran
AVDETECT on the image to detect sources with a false-positive 

robability threshold of 10 −6 . If a source is detected in at least one
and, we adopted the detected position closest to the SDSS position 
s the source position. If WAVDETECT does not detect any source 
ithin 1 arcsec from the SDSS position, the SDSS position is adopted

s the X-ray source position. 
We performed aperture photometry in the soft band and the hard 

and for each observation. Source counts are extracted in the central 
 � ( g − i ) is defined as ( g − i ) − ( g − i ) redshift , where ( g − i ) redshift is the 
edian g − i colour of SDSS quasars at a certain redshift (see Richards et al. 

003 ). 

S  

G
i  

c  

d

 arcsec-radius region (which corresponds to an encircled-energy 
raction of 0.959/0.907 in the soft/hard band for on-axis observations; 
.g. Luo et al. 2015 ). Background counts are extracted from the
nnular region between the 10 arcsec-radius circle and the 40 arcsec-
adius circle centred on the source position. 

For each object in each band, we calculated a binomial no-source
robability ( P B ) from the source counts and background counts,
hich represents the probability of detecting the source counts by 

hance when no real source is present (e.g. Broos et al. 2007 ; Xue
t al. 2011 ; Luo et al. 2015 ). For a certain band, when P B ≤ 0.01, the
ource is considered to be detected. We thus expect < 1 false detection 
n our sample. The 1 σ errors of the source/background counts were
btained following Gehrels ( 1986 ) that is based on Poisson and
inomial statistics. For sources considered to be undetected with P B 

 0.01, the source counts upper limits at a 90 per cent confidence
e vel are deri ved follo wing Kraft, Burro ws & Nousek ( 1991 ). We
lso calculated the band ratio (the ratio of hard-band counts to soft-
and counts) and its uncertainty (or upper limit) utilizing the code
EHR (Park et al. 2006 ). From the band ratio, we derived the 0.5–
 keV ef fecti ve po wer-la w photon inde x ( � eff ) or its lower limit for
ach source with MODELFLUX . The intrinsic X-ray photon spectra of
uasars can typically be characterized by a power-law model, N ( E )
 E 

−� , and � eff derived here can serve as a good estimate of � in
he absence X-ray absorption; when X-ray absorption is present, � eff 

rovides a basic estimate of spectral hardening due to the absorption.
he results are shown in Table 1 . For sources that are undetected in
oth the soft and hard bands, we are unable to constrain � eff . A
ominal � eff = 1.4 (which is the stacked � eff of 30 X-ray weak
LQs in Luo et al. 2015 ) is assumed for these sources. 
We also performed the abo v e aperture-photometry analyses when 

tacking all archi v al Chandra observ ations av ailable and the ne w
handra observation together for each object. The stacked count 

ates are obtained with the CIAO command SRCFLUX . Since WLQs
ay e xhibit e xtreme X-ray variability (e.g. Ni et al. 2020 ), we first

nsure that the count rates in all the epochs are consistent. As can be
een in Table 2 , most of the WLQs do not show significant variations
n count rate between the available Chandra epochs except for the
bject SDSS J153913.47 + 395423.4 (hereafter SDSS J1539 + 3954). 
DSS J1539 + 3954 turned from an X-ray weak WLQ to an X-ray
ormal WLQ between 2013 and 2019, showing an extreme X-ray 
ux rise by a factor of � 20 (Ni et al. 2020 ). According to our latest
handra observation of this WLQ in 2020 June, it has now returned

o being an X-ray weak WLQ (see Section 5.4). We perform stacked
perture-photometry analyses of this object utilizing only the two 
-ray weak epochs. 

.2 X-ray to optical properties 

e measured αox values for the 12 WLQs that were previously 
handra undetected as well as the 2 WLQs that previously lacked
igh-quality Chandra detections. For previously X-ray undetected 
LQs, the X-ray information utilized for calculating αox is obtained 

rom the stacked Chandra photometry (see Section 3.1). 
The X-ray-to-optical power-law slope, αox , is de- 

ned as 0 . 3838 log ( L 2 keV /L 2500 Å ), which is equal to
 . 3838 log ( f 2 keV /f 2500 Å ). In this formula, the observed flux
ensity at rest-frame 2500 Å, f 2500 Å , is directly taken from the
hen et al. ( 2011 ) SDSS DR7 quasar-properties catalogue. The
alactic-absorption corrected soft-band flux (which co v ers 2 keV 

n the rest frame for all our sources) is calculated from the net
ount rate in the soft band with SRCFLUX to derive the 2 keV flux
ensity, f 2 keV , assuming a power-law spectrum (with � eff measured 
MNRAS 511, 5251–5264 (2022) 
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n Section 3.1) modified by Galactic absorption. If the source is
ndetected in the soft band, we calculate an upper limit for f 2keV 

ollowing the same method from the upper limit on the soft-band
et count rate. The f 2500 Å , f 2 keV , and calculated αOX values are all
isted in Table 3 . 

We also derive the expected value of αox , αOX ( L 2500 Å ), from the
mpirical αOX –L 2500 Å relation reported in Timlin et al. ( 2020a ) for
ypical optically selected quasars. 4 We then calculate �αOX from 

he observed αox and the derived αOX ( L 2500 Å ) to measure X-ray
eakness relative to the expected X-ray luminosity (see Table 3 ). 
With these updated X-ray-to-optical properties for 14 WLQs that 

ere previously either X-ray undetected with loose X-ray upper 
imits or lacking high-quality Chandra detections, we have better 
onstrained the X-ray-to-optical properties of the 32 WLQs in the Ni
t al. ( 2018 ) WLQ representative sample. For the 12 WLQs that were
reviously X-ray undetected, 7 of them are now X-ray detected as a
esult of the deeper observations. We note that the X-ray flux values
f these detected objects are consistent with the flux upper limits
reviously obtained (see Table 2 ). For the five X-ray weak WLQs
hat still remain X-ray undetected (including SDSS J1539 + 3954, 
hich has transitioned into an X-ray weak state; see Section 5.4

or details), we perform X-ray stacking analyses to assess their 
verage properties, by adding the extracted source and background 
ounts of these objects together. These X-ray stacking analyses (with 
1.3 ks stacked exposure) show that the stacked source is still X-ray
ndetected, with �αox < −0.74, which corresponds to average X-ray 
eakness by a large factor of > 85. 
The distributions of αOX and �αOX for this representative sample 

hat consists of 32 objects are shown in Figs 1 and 2 . We also
ompare the �αox distribution of WLQs with the �αox distribution 
f typical quasars from appendix A of Timlin et al. ( 2020a ) with
he Anderson–Darling test. 5 This Timlin et al. ( 2020a ) ‘high X-
ay detection fraction’ quasar sample consists of 304 SDSS quasars 
which are unobscured, broad-line AGNs) at z = 1.7–2.7 with i -band
agnitude < 20.2 that have serendipitous sensitiv e Chandr a X-ray

bservations (the detection fraction is ≈ 99 . 3 per cent ), with BAL
nd red quasars remo v ed. 

Since the Anderson–Darling test cannot properly utilize censored 
ata, for 2 out of 304 quasars in the Timlin et al. ( 2020a ) high-
etection-fraction sample that only have �αox upper limits, their 
αox values utilized in the analyses are drawn from the probability 

ensity function of the �αox values of other X-ray detected objects 
n the sample (the maximum value allowed to be drawn is set at
he upper-limit value). For the 5 WLQs that are X-ray undetected, 
heir �αox values are drawn from a normal distribution centred at 
heir stacked �αox limit with a scatter of 0.1, with the maximum
 alue allo wed to be drawn as the upper-limit value. This procedure
s repeated 1000 times to obtain an average test result, and this

onte Carlo approach is adopted throughout this work to account 
or the �αox upper limits of typical quasars/WLQs when performing 
tatistical tests (see Section 5.2). We found that the �αox distributions 
f WLQs and typical quasars are different at a ≈4.5 σ level. As we
MNRAS 511, 5251–5264 (2022) 

 The adopted αox –L 2500 Å relation in this work is αox = ( − 0.199 ± 0.011) 
log( L 2500 Å ) + (4.573 ± 0.333); see Timlin et al. ( 2020a ) for details. 

 We note that the Peto-Prentice test in the Astronomical Survi v al Analysis 
ackage ( ASURV ; e.g. Feigelson & Nelson 1985 ; Lavalley, Isobe & Feigelson 
992 ) that is often adopted for censored data assumes that the censored data 
ollow the same intrinsic distribution as the uncensored data, which is not a 
ealistic assumption in our case (see Figs 1 and 2 ). Therefore, we adopted a 

onte Carlo approach as described in the main text, and used the Anderson–
arling test for statistical e v aluation in this work. 
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Full range of X-ray properties of WLQs 5257 

Figure 1. X-ray-to-optical power-law slope ( αox ) versus L 2500 Å for WLQs 
(blue symbols). In cases of X-ray non-detections, the 90 per cent confidence 
upper limits of αox are represented by the downward arrows. For comparison, 
the Timlin et al. ( 2020a ) quasar sample that has a ≈ 99 . 3 per cent detection 
fraction (see appendix A of Timlin et al. 2020a ) is indicated by the black dots 
and downward arrows. Quasars from Steffen et al. ( 2006 ) and Just et al. ( 2007 ) 
are indicated by the grey crosses and downward arrows. The solid line shows 
the αOX –L 2500 Å relation from Timlin et al. ( 2020a ); the dashed line ( �αOX 

= −0.2) represents the adopted division between X-ray normal and X-ray 
weak quasars in this study, which corresponds to a ≈1.3 σ ( ≈ 90 per cent 
single-sided confidence le vel) of fset gi ven the �αox distribution (e.g. Steffen 
et al. 2006 ; Luo et al. 2015 ). 
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Figure 2. Distribution of �αOX values. The solid histogram represents the 
�αox distribution of the 27 WLQs in the representative sample that are X-ray 
detected. The leftward arrows show the 90 per cent confidence �αOX upper 
limits for five X-ray non-detected WLQs. The vertical bar represents the 
stacked �αox upper limit for these X-ray non-detected WLQs. The dashed 
histogram represents the �αOX distribution for the Timlin et al. ( 2020a ) 
quasar sample that has a ≈ 99 . 3 per cent detection fraction, which is plotted 
for comparison (scaled to have the same apparent number of sources as the 
WLQ sample). The vertical dashed line (at �αOX = −0.2) represents the 
adopted threshold for defining X-ray weakness in this study. 
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ave already taken luminosity effects into account by converting 
ox to �αox , our comparison should be valid between samples with 
ifferent luminosity ranges. We also note that this test result does not
hange materially when we limit our analyses to the bright objects 
n the Timlin et al. ( 2020a ) high-detection-fraction sample with 
uminosities similar to those of WLQs in the representative sample. 
mong X-ray normal (or X-ray strong; �αOX ≥ −0.2) objects, the 
αox distributions of WLQs and typical quasars are not significantly 

ifferent ( P null = 0.26). Among X-ray weak ( �αOX < −0.2) objects,
he �αox distributions of WLQs and typical quasars are different at 
 ≈2.9 σ level. This indicates that WLQs differ from typical quasars
ainly in having a strong tail towards X-ray weakness, as expected 

rom the TDO model for WLQs. 
We also use X-ray stacking analyses to derive the average spectral 

roperties of X-ray weak WLQs and X-ray normal WLQs in the 
epresentative sample. The stacked � eff is 1 . 1 + 0 . 2 

−0 . 1 for X-ray weak
LQs, and 1 . 8 + 0 . 1 

−0 . 1 for X-ray normal WLQs. These results further
upport the high apparent levels of intrinsic X-ray absorption, 
ompton reflection, and/or scattering among X-ray weak WLQs, 

upporting the existence of shielding materials with large column 
ensities along our line sight, which we proposed to be the TDO
e.g. Luo et al. 2015 ; Ni et al. 2018 ). 

 EMISSION-LINE  MEASUREMENTS  

he C IV REWs of WLQs in the representative sample have been
easured in section 4.3 of Ni et al. ( 2018 ); C IV REW has been
idely adopted to indicate the number of ionizing EUV photons 

eaching the high-ionization BLR. Since the strength of He II λ1640 
mission has also been shown to be an effective tracer of the number
f EUV photons available (and it is a ‘cleaner’ tracer compared to
he C IV emission strength; e.g. Timlin, Brandt & Laor 2021 , and
eferences therein), we also measure the REWs of He II emission
or WLQs in the representative sample following the method of 
imlin et al. ( 2021 ). The local continuum in the He II emission
egion was obtained by fitting a linear model to the median values in
he continuum windows 1420–1460 Å and 1680–1700 Å. The He II 
EW was then measured by integrating directly the continuum- 
ormalized flux in the window 1620–1650 Å. The errors of He II

EW are measured by perturbing the fluxes using the flux errors
see Timlin et al. 2021 for details). The median He II REW error
f WLQs in our sample is ≈0.6 Å. If the He II emission line
s not detected significantly, an upper limit was estimated. The 
esults can be seen in Table 4 . We note that most of the WLQs
o not have He II emission detected; only upper limits for He II

EW are obtained. We also note that, as WLQs have weak and
ometimes blueshifted high-ionization emission lines, there might 
e uncertainties associated with their redshift measurements. We 
erified that our He II measurement results do not change materially
hen different redshift measurements are adopted (e.g. Hewett & 

ild 2010 ; Schneider et al. 2010 ). 
We also measure the He II REW limits in the stacked spectrum of

-ray weak/normal WLQs in our sample. Each WLQ spectrum is 
ormalized to its median flux value in the range 1700–1705 Å before
eing stacked together (see Timlin et al. 2021 for details about the
tacking process). For the 16 X-ray weak WLQs in the representative
ample, the stacked He II REW upper limit is 0.12 Å. For the 16 X-ray
ormal WLQs, the stacked He II REW upper limit is 0.29 Å. 

 A NA L  YSIS  RESUL  TS  A N D  DI SCUSSI ON  

.1 Assessing and refining the TDO model for WLQs 

he X-ray-to-optical properties of the representative WLQ sample 
s presented in Section 3.2 can give us some basic constraints
n the nature of the TDO we proposed to explain the X-ray and
MNRAS 511, 5251–5264 (2022) 
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M

Table 4. He II measurements of WLQs. 

Object name MJD He II REW 

( Å) 

080040.77 + 391700.4 52201 < 0.3 
082508.75 + 115536.3 54149 < 0.7 
082722.73 + 032755.9 52642 < 0.6 
084424.24 + 124546.5 53801 1.8 ( ±3.0) 
090312.22 + 070832.4 52674 < 0.5 
094533.98 + 100950.1 52757 < 0.7 
095023.19 + 024651.7 51908 < 0.6 
100517.54 + 331202.8 53378 < 1.2 
101209.62 + 324421.4 53442 < 0.7 
101945.26 + 211911.0 53741 1.4 ( ±0.7) 
110409.96 + 434507.0 53053 < 0.6 
113949.39 + 460012.9 53054 < 0.7 
115637.02 + 184856.5 54180 < 1.2 
122048.52 + 044047.6 52378 < 0.6 
122311.28 + 124153.9 53120 < 0.6 
122855.90 + 341436.9 53819 < 0.4 
123326.03 + 451223.0 53062 1.7 ( ±0.5) 
124516.46 + 015641.1 52024 < 0.9 
132809.59 + 545452.7 52724 < 0.3 
134601.28 + 585820.2 52425 < 0.5 
140701.59 + 190417.9 54523 < 0.4 
140710.26 + 241853.6 53770 < 0.7 
141141.96 + 140233.9 53442 < 0.8 
141730.92 + 073320.7 53499 < 0.6 
150921.68 + 030452.7 52057 0.6 ( ±0.5) 
153913.47 + 395423.4 53171 < 0.3 
155621.31 + 112433.2 54572 1.6 ( ±0.6) 
161245.68 + 511816.9 52051 < 0.7 
163810.07 + 115103.9 54585 < 0.7 
172858.16 + 603512.7 51792 < 1.1 
215954.45–002150.1 52173 0.9 ( ±0.3) 
232519.33 + 011147.8 51818 < 0.6 

Note. Column (1): Object name. Column (2): Modified Julian date of the 
SDSS observation used for measurements. Column (3): REWs (in units of 
Å) of the He II emission feature. 
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6 This C IV -detected subsample of the Timlin et al. ( 2020a ) serendipitous 
quasar sample selects quasars with spectral signal-to-noise ratio ≥3, and 
quasars in this subsample have properties similar to the whole serendipitous 
quasar sample (see table 1 of Timlin et al. 2020a ). 
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ultiwavelength properties of WLQs. From the �αox distribution
f WLQs in our sample, we can infer that the TDO, if present, has
n average global covering factor of ≈0.5 among WLQs. The TDO
hould also be able to produce X-ray weakness by an average factor of
 85 for ≈ 15 per cent of the WLQs, and by an average factor of ≈9

or ≈ 35 per cent of the WLQs, suggesting that the shielding column
ensity could range from N H ∼ 10 23 −24 cm 

−2 to N H � 10 24 cm 

−2 .
he X-ray weak WLQs in our sample have a stacked � eff ≈ 1.1 and
 stacked X-ray weakness factor of ≈13. To produce this level of X-
ay weakness with a simple intrinsic absorption model, a TDO with
 H ∼ 5 × 10 23 cm 

−2 is required. Ho we ver, such a TDO will produce
n X-ray spectrum with � eff ∼ 0.3, which is not consistent with
he stacked � eff ≈ 1 . 1 we obtained, suggesting that more complex
bsorption (and/or Compton reflection/scattering or a soft-excess
omponent) is present, and that how the TDO modifies the X-
ay properties varies from object-to-object. The complex absorption
and/or Compton-reflection/scattering) effects caused by the TDO
re also indicated by the lack of bimodality in the �αox distribution
f WLQs. If the TDO had a rather simple nature so that similar X-
ay ‘blocking’ effects were present among all X-ray weak WLQs, we
hould be able to observe a ‘clustering’ of �αox on the X-ray weak
ide, rather than the long tail towards X-ray weakness observed in
ig. 2 . 
NRAS 511, 5251–5264 (2022) 
We note that there are also other possible explanations for the
istinctive X-ray properties of WLQs listed in Section 1, such as
ntrinsic dif ferences/v ariations in the coronal emission, or gravita-
ional light-bending that leads to different amounts of X-ray emission
eaching the observer when the distances between the corona and
he central black hole are different (e.g. Miniutti & Fabian 2004 ).
o we ver, neither of these scenarios can explain why the distinctive
-ray properties are only observed among WLQs rather than quasars
ith typical optical/UV emission-line properties – the link between

hese scenarios and weak emission lines is not clear. These scenarios
lso cannot explain the high apparent level of X-ray absorption we
bserved among X-ray weak WLQs. 
Furthermore, while shielding materials located on a much larger

by a factor of � 100) scale might explain the X-ray properties of
LQs (e.g. ‘clumps’ near the torus region), the cause for the defining
eak high-ionization emission lines would remain unexplained.
LQs have IR-to-UV SEDs similar to those of typical quasars (e.g.

uo et al. 2015 ; Ni et al. 2018 ), so the weak high-ionization emission
ines cannot be attributed to any obvious difference in the continuum
evel. As only shielding materials located between the central X-
ay source and the high-ionization BLR can naturally explain all
he multiwavelength properties of WLQs, the TDO model (which
ncludes both a thick disc and an outflow component) seems to be
he most viable available solution. 

.2 �αox –C IV REW and �αox –He II REW distributions of 
LQs versus typical quasars 

he relations between �αox and C IV REW or He II REW among
ypical quasars reflect the link between the X-ray emission strength
nd the strength of the ionizing EUV continuum (e.g. Timlin et al.
021 , and references therein). While EUV photons may be generated
rom a ‘warm corona’ in the inner-disc region via Comptonization
e.g. Petrucci et al. 2018 ) and X-ray photons are thought to be
roduced by the ‘hot corona’ in the vicinity of the central black
ole, these relations indicate that there is a strong coupling between
he X-ray emission and EUV emission. The unusual X-ray properties
f WLQs and their weak emission lines naturally lead one to wonder
hether the relation between �αox and C IV or He II REW also applies

o WLQs, and whether this may challenge the univ ersal e xistence of
he coupling between the X-ray emission and the EUV emission
mong quasars. 

In the �αox versus log C IV REW space, WLQs appear to
ho w relati vely larger scatter compared to typical quasars in Timlin
t al. ( 2020a ) (see the left-hand panel of Fig. 3 ). To test whether
he deviations of WLQs from the �αox –C IV REW relation are
tatistically different compared to those of typical quasars, we
se the Anderson–Darling test with the Monte Carlo procedure as
escribed in Section 3.2. All 32 WLQs and 637 quasars in the Timlin
t al. ( 2020a ) sample that have C IV detections are utilized in the
nderson–Darling test, including 5 WLQs and 18 quasars in the
imlin et al. ( 2020a ) sample that only have �αox upper limits. 6 

We found that the difference in the distributions of �αox residuals
rom the best-fitting �αox –log C IV REW relation reported in Timlin
t al. ( 2020a ) (as can be seen in the left-hand panel of Fig. 3 ) among

LQs and typical quasars is significant at a ≈4.0 σ level. 
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Figure 3. Left: �αox versus log C IV REW (in units of Å) for WLQs in the representative sample as well as typical quasars in Timlin et al. ( 2020a ). Right: 
�αox versus � log C IV REW for WLQs in the representative sample as well as typical quasars in Timlin et al. ( 2020a ). The best-fitting �αox –C IV REW 

( �αox –� log C IV REW) relation (Timlin et al. 2020a ) is shown as the black solid line, with its 1 σ /3 σ confidence intervals shown as the dark/light grey-shaded 
region in the left (right)-hand panel. The median measurement errors of �αox and C IV REW for WLQs and typical quasars are shown as error bars at the top 
of each panel. 
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To test whether the observed phenomenon is influenced by the 
aldwin effect (which shows that C IV REW is strongly linked with
 2500 Å ; e.g. Baldwin 1977 ), we perform the abo v e analyses for �αox 

nd � log C IV REW (which is calculated as log C IV REW minus the
xpected log C IV REW value from the C IV REW–L 2500 Å relation
eported in Timlin et al. 2020a ). The best-fitting �αox –� log C IV

EW relation is derived utilizing the PYTHON package LINMIX (Kelly 
007 ). We found that the difference in the distributions of �αox 

esiduals from the �αox –� log C IV REW relation (as can be seen in
he right-hand panel of Fig. 3 ) between WLQs and typical quasars is
till significant at a ≈4.0 σ level according to the Anderson–Darling 
est. The abo v e analysis results do not change qualitativ ely when we
imit our comparisons to WLQs and the brightest 64 objects among 
he Timlin et al. ( 2020a ) quasars with C IV detections, which have
imilar luminosities to the WLQs in our representative sample and 
re all X-ray detected. The abo v e analysis results also do not change
ualitatively when we perturb the �αox values with the measurement 
rrors. 

We also use the Peto-Prentice test with a Monte Carlo approach to
ssess if the deviations of WLQs and typical quasars from the �αox –
e II REW relation derived in Timlin et al. ( 2021 ) are different (see

he left-hand panel of Fig. 4 ); the Peto-Prentice test can incorporate
he censored measurements of He II into the analyses. For 5 WLQs
nd 21 out of 206 quasars in the Timlin et al. ( 2021 ) sample that only
ave �αox upper limits, their �αox values utilized in the analysis 
re drawn following the method described in Section 3.2. We can 
ee that in the �αox versus log He II REW space, WLQs exhibit
bviously larger scatter compared to typical quasars. We found 
hat the difference in the distributions of residuals from the �αox –
e II REW relation between WLQs and typical quasars is significant 

t ≈5.6 σ according to the Peto-Prentice test. 
It has also been found that for typical quasars, �αox follows a tight

orrelation with the difference between log values of measured He II 
EWs and expected He II REWs from the He II REW–L 2500 Å relation
 � log He II REW; Timlin et al. 2021 ), as shown by the black line in
he right-hand panel of Fig. 4 . Ho we ver, WLQs in our representative
ample do not follow this relation in a similar pattern as that of typical
uasars, again showing larger scatter. We also use the Peto-Prentice 
est to assess statistically the difference in the residuals of �αox 

alues compared to the expectation from the �αox –� log He II REW
elation between WLQs and typical quasars. We found that this 
ifference is significant at ≈7.8 σ . The abo v e analysis results do
ot change qualitatively when we limit our comparisons to WLQs 
nd the brightest 64 objects among the Timlin et al. ( 2021 ) quasars,
hich have similar luminosities to the WLQs in our representative 

ample with an X-ray detection fraction of ≈ 92 per cent . The abo v e
nalysis results also do not change qualitatively when we perturb the
αox values with the measurement errors. 
The statistical test results abo v e clearly indicate that, in the �αox 

ersus high-ionization emission-line strength space, WLQs do not 
ehave in a manner similar to that of typical quasars (WLQs have
arger scatter). Ho we ver, this does not necessarily mean that the
ink between X-ray emission and EUV emission that exists among 
he general quasar population is not applicable to WLQs, as C IV

EW or He II REW can only serve as an indicator of the number
f EUV photons that reach the high-ionization BLR (where the 
ele v ant emission lines are produced) rather than the total number
f EUV photons emitted, and �αox can only measure the relative 
trength of the X-ray emission that has successfully reached the 
bserver. 
The TDO model is plausibly able to explain why the distribution

f WLQs’ deviations from the �αox –C IV (or He II ) REW relation
s broader than that of typical quasars, while the coupling between
ntrinsic X-ray emission and EUV emission still holds. In the context
f the TDO model, the ionizing EUV photons produced are largely
revented from reaching the BLR due to shielding by the TDO
see e.g. fig. 1 of Ni et al. 2018 ). For X-ray normal WLQs, if
heir EUV emission were not heavily shielded by the TDO, their
 IV /He II REWs should not be as small as observed. According

o the correlation between �αox and C IV (or He II ) REW, we
xpect them to have �αox values similar to those of typical quasars,
hich is consistent with their observed X-ray emission strength (see 
ection 3.2). For X-ray weak WLQs, not only is their EUV emission
trength not represented by their C IV /He II REWs, but also their
αox values cannot serve as measurements of the intrinsic X-ray 

mission strength. The �αox values of X-ray weak WLQs reflect 
MNRAS 511, 5251–5264 (2022) 
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Figure 4. Left: �αox versus log He II REW (in units of Å) for WLQs in the representative sample as well as typical quasars in Timlin et al. ( 2021 ). Right: 
�αox versus � log He II REW for WLQs in the representative sample as well as typical quasars in Timlin et al. ( 2021 ). The best-fitting �αox –He II REW 

( �αox –� log He II REW) relation reported in Timlin et al. ( 2021 ) is shown as the black solid line, with its 1 σ /3 σ confidence intervals shown as the dark/light 
gre y-shaded re gion in the left (right)-hand panel. The median measurement errors of �αox and He II REW for WLQs and typical quasars are shown as error 
bars at the top of each panel. 
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he observed X-ray emission strength with the presence of the TDO
long the line of sight, which blocks the intrinsic X-ray emission
ith heavy absorption. Thus, these X-ray weak WLQs fall below the
αox –C IV REW (or He II REW) relation when we ‘relocate’ them

o have C IV /He II REWs similar to those of typical quasars. When
e consider the WLQ population altogether, the significantly larger

catter of WLQs compared to that of typical quasars in Figs 3 and 4
s expected, as the X-ray weak WLQs are ‘moved’ downward along
he �αox axis by the TDO. The larger scatters of WLQs compared
o typical quasars in the �αox versus C IV (or He II ) REW space
ead to the significant test results when comparing the deviations of
hese two samples from the best-fitting relation. As the He II REW
erves as a better tracer of EUV ionizing photons (see e.g. Timlin
t al. 2021 , and references therein), typical quasars have a smaller
catter in the �αox versus He II REW space compared to the �αox 

ersus C IV REW space. Thus, the test results are more significant in
he �αox versus He II REW space. 

.3 Spectral tracers of X-ray weakness among WLQs 

n Ni et al. ( 2018 ), we identified � ( g − i ) and Fe II REW as potential
racers of X-ray weakness among WLQs. With 7 additional X-ray
etections and the impro v ed �αox constraints for objects that remain
-ray undetected, these conclusions still hold, with test statistics

oughly unchanged compared to Ni et al. ( 2018 ). The significance
evels of the correlations between �αox and � ( g − i ) or Fe II REW
re close to, but below, 3 σ for the WLQ representative sample. The
etails are shown in Figs 5 and 6 . Both relations have considerable
catter. We also note that the combination of � ( g − i ) and Fe II is
ot able to give a significantly better prediction of �αox than either
f these quantities individually. 
We note that for the Full sample in Ni et al. ( 2018 ) that has

3 WLQs, both � ( g − i ) and Fe II REW correlate with �αox 

ignificantly. Ho we ver, around half of the objects in the Full sample
ere not selected in an unbiased manner; they were selected for
handra observations with additional requirements such as large
 IV blueshifts and strong Fe II /Fe III emission. Thus, while both � ( g
i ) and Fe II REW have the potential to predict X-ray weakness,

e still need a larger sample of WLQs that have been selected in an
NRAS 511, 5251–5264 (2022) 
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Figure 7. The historical 0.5–2 keV X-ray flux of SDSS J1539 + 3954. The 
solid circle represents the detected flux; do wnward arro ws represent the upper 
limits on flux obtained from a non-detection. This quasar rose in X-ray flux 
by a factor of � 20 (Ni et al. 2020 ) and then declined by a factor of � 9. 
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nbiased manner to confirm it. This will help to clarify the nature
f the shielding material among WLQs, which we propose to be the
DO. In the context of the TDO model, whether a WLQ is observed
s X-ray weak or X-ray normal is largely determined by its inclination 
ngle. If the relation between �αox and � ( g − i ) is confirmed, it
ight be explained if the amount of dust tends to increase towards

he equatorial plane (see e.g. Elvis 2012 ; Luo et al. 2015 for details).
his would cause mild excess reddening when quasars are viewed 
t large inclination angles, so that X-ray weak WLQs have redder 
olours compared to those of X-ray normal WLQs. If the relation 
etween �αox and Fe II REW is confirmed, it may be a consequence
f aspect-dependent effects of the disc emission (e.g. Wang et al. 
014 ). 

.4 X-ray variability of WLQs 

mong 12 WLQs in our sample that have been observed by Chandra
t least twice, SDSS J1539 + 3954 is the only WLQ that has so far
hown extreme X-ray variability . Particularly , it has experienced two 
xtreme X-ray state changes within 7 yr (see Fig. 7 ). We note that
he 2020 Chandra observation of SDSS J1539 + 3954 was taken with
handra Director’s Discretionary Time, aiming to investigate further 

he X-ray variability of this object. We did observe an extreme X-
ay flux change again within 9 months (which is ≈3 months in
he rest frame); specifically, the flux dropped by a factor of � 9
etween 2019 September and 2020 June to return this quasar to an
-ray weak level. As stated in Ni et al. ( 2020 ), the Hobby–Eberly
elescope (HET) observation taken contemporaneously with the 
019 September Chandra observ ation sho ws that the UV continuum 

evel of this object remains generally unchanged despite the dramatic 
ncrease in the X-ray flux, and its emission lines remain weak. 7 Our
e w HET observ ation in 2020 June taken contemporaneously with 
he latest Chandra observation further confirms this (see Fig. 8 ),
onsidering the ≈ 20 per cent uncertainty of HET flux calibration. 
he photometric data collected by the Zwicky Transient Facility 

ZTF; Bellm et al. 2019 ), displayed in Fig. 9 , also show the variation
f the g / r -band magnitude of SDSS J1539 + 3954 between 2018 and
 While the eBOSS spectrum of SDSS J1539 + 3954 taken in 2017 shows 
elatively higher FUV flux level (by a factor of ≈1.3–1.4) compared to other 
pectra taken at other epochs, this variation is consistent with the typical FUV 

ariability of quasars (e.g. Welsh, Wheatley & Neil 2011 ). 

8

s
o

021 (when compared to the median magnitude value in this time
ange) is � 0.2/0.1 mag, consistent with the expectations for typical
uasars (see e.g. fig. 3 of MacLeod et al. 2012 ). 
This extreme X-ray variability of SDSS J1539 + 3954 could be

xplained in the context of the TDO model. We naturally expect the
ransition between an X-ray weak state and an X-ray normal state
hen there is a slight change in the thickness of the TDO that mo v ed

cross our line of sight, and the observed UV continuum/emission- 
ine properties will not be significantly affected. While a significant 
hange in the global TDO structure could take up to years, if the
xtreme X-ray variability is caused by slight variations in the height
f the TDO, such as due to the rotation of an azimuthally asymmetric
DO, the time-scale of an X-ray state transition could be small (e.g.
eeks-to-months in the rest frame), which could explain the small 

ime-scale ( ≈3 months) of the X-ray state transition we recently
bserved for SDSS J1539 + 3954. 
In Ni et al. ( 2020 ), we noted that the extreme X-ray variability

f SDSS J1539 + 3954 is reminiscent of that previously found for
nother WLQ, PHL 1092 at z = 0.39, which showed a flux dimming
nd then re-brightening by a factor of ≈260 during 2003–2010 
e.g. Miniutti et al. 2012 ). This similarity suggests that weak UV
mission lines may be an ef fecti ve indicator for finding extreme X-ray 
ariability among luminous quasars, especially when considering the 
imited X-ray monitoring performed thus far for WLQs. Moreo v er,
he z = 0.18 quasar PDS 456 has similar C IV properties to WLQs
e.g. O’Brien et al. 2005 ) and shows notably large-amplitude X-ray
 ariability (e.g. Ree ves et al. 2020 , and references therein), further
trengthening the likely connection. 8 Additional X-ray monitoring 
f WLQs is thus warranted. We also note that local Narrow-Line
eyfert 1 galaxies (NLS1s), generally thought to have high Eddington 
atios, have been proposed to follow a physical model with broad
imilarities to our TDO scenario for WLQs (e.g. Done & Jin 2016 ;
agino et al. 2016 ) and that some NLS1s show extraordinary X-ray
ariability (e.g. Boller et al. 1997 , 2021 ; Leighly 1999 ; Parker et al.
021 ). Some of this X-ray variability may also be caused by motions
f a TDO across the line of sight. 
In addition to confirming the link between weak UV emission 

ines and extreme X-ray variability to support the TDO model, X-
ay monitoring of WLQs can also help reveal whether the TDO
ind varies dramatically itself (e.g. via the motions of internal 

lumps), and is able to cause X-ray state transitions as well. If a
arge fraction of WLQs e xhibit e xtreme variability during long-term
-ray monitoring, it would suggest that their X-ray state transitions 

re not purely the results of slight changes in the height of a TDO
hat mo v ed across our line of sight, as we should only observe
uch extreme X-ray variability events among WLQs where our 
ine of slight roughly skims the ‘surface’ of the TDO according
o the model. Alternatively, if only a small fraction (though this
raction should still be considerably larger compared to that among 
ypical quasars) of WLQs show extreme X-ray variability, it would 
uggest that the internal motion of the TDO is unlikely to be strong
nough to lead to X-ray state transitions. Currently, multi-epoch 
 ≈2) Chandra observations have been obtained for 12 WLQs in our
ample, and SDSS J1539 + 3954 is the only one showing extreme
-ray variability. We will be able to obtain more information after

urther monitoring these WLQs. 
MNRAS 511, 5251–5264 (2022) 

 We note that the C IV REW of PDS 456 is variable on multiyear time- 
cales (while the emission-line strength remains generally weak); see fig. 2 
f Hamann et al. ( 2018 ). 
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Figure 8. Spectra of SDSS J1539 + 3954 taken at different epochs. For HET spectra, we mask the areas suffering from channel discontinuities and telluric 
absorption (Zeimann, pri v ate communication). The SDSS quasar composite spectrum from Vanden Berk et al. ( 2001 ) is scaled to the 2004 SDSS spectrum of 
SDSS J1539 + 3954 at rest-frame 2240 Å and plotted in the background for comparison. Note that the emission lines (e.g. C IV ) remained weak despite the 
strong X-ray flux variations occurring contemporaneously. 

Figure 9. The g / r -band lightcurves of SDSS J1539 + 3954 from ZTF. The blue dashed lines mark the dates of the Chandra observations, and the orange dotted 
lines mark the dates of the HET observations. Note that the observed variation in the g / r -band magnitude between the X-ray normal state and the X-ray weak 
state is typical among luminous quasars. 
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 C O N C L U S I O N S  A N D  F U T U R E  WO R K  

n this work, we present the observational results for a set of
LQs in a representative WLQ sample that only had limited X-

ay constraints previously, and perform statistical analyses to study
his representative sample. The key points are listed below: 

(i) We observed 12 X-ray undetected WLQs in the Ni et al.
 2018 ) representative sample with deeper Chandra observations, and
etected 7 of these WLQs. We also re-observed 2 WLQs in the Ni
t al. ( 2018 ) sample with Chandra that required more secure X-ray
ata (see Section 2). 
(ii) We performed photometric analyses to estimate the X-ray

uxes of the WLQs with new Chandra observations (see Section 3.1).
or WLQs that are still undetected, tight X-ray flux upper limits are
btained. For one of the WLQs in our sample, SDSS J1539 + 3954,
e found that after an observed X-ray flux rise by a factor of � 20

eported in Ni et al. ( 2020 ), it changed from an X-ray normal state
NRAS 511, 5251–5264 (2022) 
ack to an X-ray weak state within ≈3 months in the rest frame,
ith a downward variation in the X-ray flux by a factor of � 9. The
DO model proposed for WLQs can explain these dramatic X-ray
ux variations (see Section 5.4). 
(iii) We updated the X-ray-to-optical properties of the Ni et al.

 2018 ) representative WLQ sample, and compared the �αox distri-
ution of this WLQ sample with that of typical quasars. We found
hat the �αox values of WLQs differ from those of typical quasars
ignificantly, mainly because of a strong tail towards X-ray weakness.
-ray stacking analyses show that for 5 out of 32 WLQs that are still
-ray undetected, they are X-ray weak by an average factor of > 85

see Section 3.2). 
(iv) The �αox distribution of WLQs in our representative sample

uggests that the TDO, if responsible for the X-ray properties
f WLQs, has an average global covering factor of ∼0.5. The
olumn density of the TDO among different objects may range from
 H ∼ 10 23 −24 cm 

−2 to N H � 10 24 cm 

−2 , causing different levels of
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bsorption and Compton reflection (and/or scattering). This is also 
roadly supported by the non-bimodal nature of the �αox distribution 
see Section 5.1). 

(v) We found that the scatter of WLQs around the �αox versus 
 IV REW and the �αox versus He II REW relations for typical
uasars are significantly larger than those of typical quasars. The 
ifferences are consistent with expectations from the TDO model 
see Section 5.2). 

(vi) We found that after obtaining a better characterization of the 
-ray-to-optical properties of the Ni et al. ( 2018 ) representative WLQ

ample, the significance levels of the correlations between �αox and 
 ( g − i ) or Fe II REW (which are regarded as potential tracers of
-ray weakness among WLQs) are still below 3 σ (see Section 5.3). 
In the future, a larger sample of WLQs with X-ray detections that

re selected in an unbiased manner will help us to investigate further
he potential tracers of X-ray weakness, which will ultimately enable 
s to probe the nature of WLQs and test the TDO model. Long-term
-ray monitoring of a sample of WLQs as well as X-ray spectral
bservations of SDSS J1539 + 3954 will also enable us to examine
urther the TDO model, as the TDO model predicts a certain fraction
f WLQs with extreme X-ray variability (this fraction is expected 
o be considerably larger compared to that among typical quasars) 
nd a high apparent level of absorption in the X-ray weak state of
DSS J1539 + 3954. Comparisons between WLQs and other objects 
nown to have high Eddington ratios such as NLS1s will also help
o reveal the underlying physics of these objects. 

C K N OW L E D G E M E N T S  

e thank the referee for a constructive review. We thank C. Done
nd A. Laor for useful discussions about WLQ models. We thank 
reg Zeimman for help reducing the HET spectra. QN and WNB 

cknowledge support from Chandra X-ray Center grants GO0- 
1080X and DDO-21113X, NASA grant 80NSSC20K0795, and 
enn State ACIS Instrument Team Contract SV4-74018 (issued by 

he Chandra X-ray Center, which is operated by the Smithsonian 
strophysical Observatory for and on behalf of NASA under contract 
AS8-03060). BL acknowledges financial support from the National 
atural Science Foundation of China grant 11991053, China Manned 
pace Project grants NO. CMS-CSST-2021-A05 and NO. CMS- 
SST-2021-A06. QN acknowledges support from a UKRI Future 
eaders Fellowship (grant code: MR/T020989/1). 
The Chandra ACIS Team Guaranteed Time Observations (GTO) 

tilized were selected by the ACIS Instrument Principal Investigator, 
ordon P. Garmire, currently of the Huntingdon Institute for X- 

ay Astronomy, LLC, which is under contract to the Smithsonian 
strophysical Observatory via Contract SV2-82024. 
This research has made use of data obtained from the Chandra

ata Archive, and software provided by the Chandra X-ray Center 
n the application package CIAO. 

ATA  AVAILABILITY  

he data used in this investigation are available in the article. 

EFERENCES  

ntonucci R., 1993, ARA&A , 31, 473 
rnaud K. A., 1996, in Jacoby G. H., Barnes J., eds, ASP Conf. Ser. Vol. 101,

Astronomical Data Analysis Software and Systems V. Astron. Soc. Pac., 
San Francisco, p. 17 

aldwin J. A., 1977, ApJ , 214, 679 
ellm E. C. et al., 2019, PASP , 131, 018002 
oller T., Brandt W. N., Fabian A. C., Fink H. H., 1997, MNRAS , 289, 393 
oller T., Freyberg M. J., Tr ̈umper J., Haberl F., Voges W., Nandra K., 2016,

A&A , 588, A103 
oller T. et al., 2021, A&A , 647, A6 
randt W. N., Laor A., Wills B. J., 2000, ApJ , 528, 637 
rightman M. et al., 2013, MNRAS , 433, 2485 
roos P. S., Feigelson E. D., Townsley L. K., Getman K. V., Wang J., Garmire

G. P., Jiang Z., Tsuboi Y., 2007, ApJS , 169, 353 
hen C. T. J. et al., 2018, MNRAS , 478, 2132 
ai L., McKinney J. C., Roth N., Ramirez-Ruiz E., Miller M. C., 2018, ApJ ,

859, L20 
iamond-Stanic A. M. et al., 2009, ApJ , 699, 782 
ickey J. M., Lockman F. J., 1990, ARA&A , 28, 215 
one C., Jin C., 2016, MNRAS , 460, 1716 
lvis M., 2012, in Chartas G., Hamann F., Leighly K. M., eds, ASP Conf. Ser.

Vol. 460, A GN W inds in Charleston. Astron. Soc. Pac., San Francisco, p.
186 

an X. et al., 1999, ApJ , 526, L57 
an L. L., Wang H. Y., Wang T., Wang J., Dong X., Zhang K., Cheng F.,

2009, ApJ , 690, 1006 
eigelson E. D., Nelson P. I., 1985, ApJ , 293, 192 
ruscione A. et al., 2006, in Silva D.R., Doxsey R. E., eds, CIA O: Chandra’ s

Data Analysis System. SPIE, p. 62701V 

allagher S. C., Brandt W. N., Chartas G., Garmire G. P., Sambruna R. M.,
2002, ApJ , 569, 655 

allagher S. C., Brandt W. N., Chartas G., Priddey R., Garmire G. P.,
Sambruna R. M., 2006, ApJ , 644, 709 

armire G. P., Bautz M. W., Ford P. G., Nousek J. A., Ricker George R.
J., Jr, 2003, in Truemper J. E., Tananbaum H. D., eds, Proc. SPIE Conf.
Ser. Vol. 4851, X-Ray and Gamma-Ray Telescopes and Instruments for 
Astronomy. SPIE, Bellingham, p. 28 

ehrels N., 1986, ApJ , 303, 336 
agino K., Odaka H., Done C., T omaru R., W atanabe S., T akahashi T., 2016,

MNRAS , 461, 3954 
amann F., Chartas G., Reeves J., Nardini E., 2018, MNRAS , 476, 943 
ewett P. C., Wild V., 2010, MNRAS , 405, 2302 

iang Y.-F., Stone J. M., Davis S. W., 2014, ApJ , 796, 106 
iang Y.-F., Stone J. M., Davis S. W., 2019, ApJ , 880, 67 
ust D. W ., Brandt W . N., Shemmer O., Steffen A. T., Schneider D. P., Chartas

G., Garmire G. P., 2007, ApJ , 665, 1004 
elly B. C., 2007, ApJ , 665, 1489 
raft R. P., Burrows D. N., Nousek J. A., 1991, ApJ , 374, 344 
ane R. A. et al., 2011, ApJ , 743, 163 
avalley M., Isobe T., Feigelson E., 1992, in, Worrall D. M., Biemes-

derfer C., Barnes J., eds, ASP Conf. Ser. Vol. 25, Astronomical Data
Analysis Software and Systems I. Astron. Soc. Pac., San Francisco, 
p. 245 

eighly K. M., 1999, ApJS , 125, 297 
uo B. et al., 2015, ApJ , 805, 122 
acLeod C. L. et al., 2012, ApJ , 753, 106 
arlar A. et al., 2018, ApJ , 865, 92 
iniutti G., Fabian A. C., 2004, MNRAS , 349, 1435 
iniutti G., Brandt W. N., Schneider D. P., Fabian A. C., Gallo L. C., Boller

T., 2012, MNRAS , 425, 1718 
etzer H., 2015, ARA&A , 53, 365 
i Q. et al., 2018, MNRAS , 480, 5184 
i Q. et al., 2020, ApJ , 889, L37 
’Brien P. T., Reeves J. N., Simpson C., Ward M. J., 2005, MNRAS , 360,

L25 
ark T., Kashyap V. L., Siemigino wska A., v an Dyk D. A., Zezas A., Heinke

C., Wargelin B. J., 2006, ApJ , 652, 610 
arker M. L. et al., 2021, MNRAS , 508, 1798 
etrucci P. O., Ursini F., De Rosa A., Bianchi S., Cappi M., Matt G., Dadina

M., Malzac J., 2018, A&A , 611, A59 
lanck Collaboration VI, 2020, A&A , 641, A6 
lotkin R. M. et al., 2010, AJ , 139, 390 
lotkin R. M. et al., 2015, ApJ , 805, 123 
MNRAS 511, 5251–5264 (2022) 

http://dx.doi.org/10.1146/annurev.aa.31.090193.002353
http://dx.doi.org/10.1086/155294
http://dx.doi.org/10.1088/1538-3873/aaecbe
http://dx.doi.org/10.1093/mnras/289.2.393
http://dx.doi.org/10.1051/0004-6361/201525648
http://dx.doi.org/10.1051/0004-6361/202039316
http://dx.doi.org/10.1086/308207
http://dx.doi.org/10.1093/mnras/stt920
http://dx.doi.org/10.1086/512068
http://dx.doi.org/10.1093/mnras/sty1036
http://dx.doi.org/10.3847/2041-8213/aab429
http://dx.doi.org/10.1088/0004-637X/699/1/782
http://dx.doi.org/10.1146/annurev.aa.28.090190.001243
http://dx.doi.org/10.1093/mnras/stw1070
http://dx.doi.org/10.1086/312382
http://dx.doi.org/10.1088/0004-637X/690/1/1006
http://dx.doi.org/10.1086/163225
http://dx.doi.org/10.1086/339171
http://dx.doi.org/10.1086/503762
http://dx.doi.org/10.1086/164079
http://dx.doi.org/10.1093/mnras/stw1579
http://dx.doi.org/10.1093/mnras/sty043
http://dx.doi.org/10.1111/j.1365-2966.2010.16648.x
http://dx.doi.org/10.1088/0004-637X/796/2/106
http://dx.doi.org/10.3847/1538-4357/ab29ff
http://dx.doi.org/10.1086/519990
http://dx.doi.org/10.1086/519947
http://dx.doi.org/10.1086/170124
http://dx.doi.org/10.1088/0004-637X/743/2/163
http://dx.doi.org/10.1086/313277
http://dx.doi.org/10.1088/0004-637X/805/2/122
http://dx.doi.org/10.1088/0004-637X/753/2/106
http://dx.doi.org/10.3847/1538-4357/aad812
http://dx.doi.org/10.1111/j.1365-2966.2004.07611.x
http://dx.doi.org/10.1111/j.1365-2966.2012.21648.x
http://dx.doi.org/10.1146/annurev-astro-082214-122302
http://dx.doi.org/10.1093/mnras/sty1989
http://dx.doi.org/10.3847/2041-8213/ab6d78
http://dx.doi.org/10.1111/j.1745-3933.2005.00038.x
http://dx.doi.org/10.1086/507406
http://dx.doi.org/10.1093/mnras/stab2434
http://dx.doi.org/10.1051/0004-6361/201731580
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1088/0004-6256/139/2/390
http://dx.doi.org/10.1088/0004-637X/805/2/123


5264 Q. Ni et al. 

M

P  

R  

R
S  

S
S  

S
S  

S  

T
T  

T  

T
V
W
W
W
W  

X

A
S

P  

w  

a  

r  

w  

c  

s  

o  

s  

a  

u  

f  

w  

i  

r  

N
 

J  

b  

a  

i  

c  

o  

F  

J

S  

a  

e  

(  

a  

I  

4  

r
 

i  

A  

g  

o  

d  

e  

(  

a  

c  

0
N  

s  

D  

d  

A  

a
8  

t  

t  

f

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/4/5251/6529249 by guest on 30 Septem
ber 2023
u X., Luo B., Brandt W. N., Timlin J. D., Liu H., Ni Q., Wu J., 2020, ApJ ,
900, 141 

eeves J. N., Braito V., Chartas G., Hamann F., Laha S., Nardini E., 2020,
ApJ , 895, 37 

ichards G. T. et al., 2003, AJ , 126, 1131 
axton R. D., Read A. M., Esquej P., Freyberg M. J., Altieri B., Bermejo D.,

2008, A&A , 480, 611 
chneider D. P. et al., 2010, AJ , 139, 2360 
hemmer O., Brandt W. N., Netzer H., Maiolino R., Kaspi S., 2008, ApJ ,

682, 81 
hen Y. et al., 2011, ApJS , 194, 45 
tef fen A. T., Strate v a I., Brandt W. N., Alexander D. M., Koekemoer A. M.,

Lehmer B. D., Schneider D. P., Vignali C., 2006, AJ , 131, 2826 
trate v a I. V., Brandt W. N., Schneider D. P ., V anden Berk D. G., Vignali C.,

2005, AJ , 130, 387 
ananbaum H. et al., 1979, ApJ , 234, L9 
imlin J. D., Brandt W. N., Ni Q., Luo B., Pu X., Schneider D. P., Vivek M.,

Yi W., 2020a, MNRAS , 492, 719 
imlin John D. I., Brandt W. N., Zhu S., Liu H., Luo B., Ni Q., 2020b,

MNRAS , 498, 4033 
imlin John D. I., Brandt W. N., Laor A., 2021, MNRAS , 504, 5556 
anden Berk D. E. et al., 2001, AJ , 122, 549 
ang J.-M., Qiu J., Du P., Ho L. C., 2014, ApJ , 797, 65 
elsh B. Y., Wheatley J. M., Neil J. D., 2011, A&A , 527, A15 
u J. et al., 2011, ApJ , 736, 28 
u J., Brandt W. N., Anderson S. F., Diamond-Stanic A. M., Hall

P. B., Plotkin R. M., Schneider D. P., Shemmer O., 2012, ApJ , 
747, 10 

ue Y. Q. et al., 2011, ApJS , 195, 10 

PPENDIX  A :  XMM–Newton OBSERVATIONS  O F  

DSS  J 1 5 2 1  + 5 2 0 2  

revious studies of WLQs have stacked the counts from the X-ray
eak sources, and revealed that they have hard X-ray spectra, on

verage. These hard X-ray spectra suggest high levels of intrinsic X-
ay absorption ( N H of at least 10 23 cm 

−2 , and perhaps much greater),
hich is surprising given these quasars’ typical blue UV/optical

ontinua and broad, although weak, emission lines. The presence of
uch X-ray absorption is further supported by a Chandra spectrum
f an extremely luminous z = 2.238 WLQ, SDSS J1521 + 5202 (see
ection 3.2 of Luo et al. 2015 ). Ho we ver, the limited quality of the
vailable X-ray spectral information remains a key barrier to further
nderstanding. The current 37 ks Chandra spectrum we obtained
or J1521 + 5202 has 92 counts in total. When we fit the spectrum,
e are not able to distinguish between a power-law model with an

ntrinsic column density of N H ≈1.3 × 10 23 cm 

−2 and a Compton-
eflection dominated spectral solution where the column density is
 H 
10 24 cm 

−2 . 
Thus, we proposed an XMM–Newton observation of SDSS

1521 + 5202 to further study whether its X-ray spectrum could
e better fit with a Compton-thick reflection model or a simple
bsorbed power-law model. The XMM–Newton observation was split
nto two epochs: one observ ation (Observ ation ID: 0840440101) was
NRAS 511, 5251–5264 (2022) 
onducted in 2019 July, with an exposure time of 81 ks, and the other
bserv ation (Observ ation ID: 0840440201) was conducted in 2019

igure A1. The stacked XMM–Newton EPIC spectrum of SDSS
1521 + 5202, shown with a folded phabs ∗powerlaw model in XSPEC . 

eptember, with an exposure time of 80 ks. After using a 3 σ -clipping
lgorithm to remo v e background flaring in the MOS and removing
nergy ranges that are significantly affected by instrumental lines
see Chen et al. 2018 for details), the total ef fecti v e e xposure times
re 88.6 ks for PN, 99.5 ks for MOS1, and 137.5 ks for MOS2.
n PN, MOS1, and MOS2, we find 73.0 ± 18.3, 43.1 ± 12.4, and
4.1 ± 12.0 background-subtracted counts in the 0.5–10 keV energy
ange. The total number of source counts is 160.3 ± 25.1. 

We created spectra of SDSS J1521 + 5202 from each instrument
n each XMM–Newton observation, with the XMM–Newton Science
nalysis System (SAS) routine evselect . Each spectrum was
rouped individually, such that each bin contained a minimum
f 3 counts. Each of the individual spectra (6 in total for the 3
etectors and 2 epochs) were then combined using the SAS routine
picspeccombine . We fit the stacked spectrum with XSPEC

Arnaud 1996 ), utilizing a power-law model modified by Galactic
bsorption. The best-fitting model has � = 0.5 ± 0.3 (see Fig. A1 ),
onsistent with the findings in Luo et al. ( 2015 ). The unabsorbed
.5–2.0 keV flux value of SDSS J1521 + 5202 at the time of XMM–
ewton observation is 8.7 × 10 −16 erg cm 

−2 s −1 , which is ≈5 times
maller compared to the X-ray flux level reported in Luo et al. ( 2015 ).
ue to this strong flux decrease, we are not able to perform more
etailed fitting to probe further the nature of the absorbing material.
s can be seen in Fig. A1 , there might also be a line emission feature

t observed-frame ≈2.0–2.5 keV, corresponding to rest-frame 6.4–
.0 keV. Ho we ver, due to the data quality, the signal-to-noise ratio of
his potential line is < 2 σ , calling for further observations. We note
hat similar suggestive evidence for such X-ray line emission was
ound in Luo et al. ( 2015 ). 
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