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ABSTRACT

We present deeper Chandra observations for weak-line quasars (WLQs) in a repre-
sentative 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 af-
ter 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 variabil-
ity again: it changed from an X-ray normal state to an X-ray weak state within ~ 3
months in the rest frame. This short timescale for an X-ray flux variation by a factor
of 2 9 further supports the thick disk and outflow (TDO) model proposed to explain
the X-ray and multiwavelength properties of WLQs. The overall 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 Ny ~ 102724 ecm~2 to Ny 2> 10%* ecm~2, which leads to different levels of
absorption and Compton reflection (and/or scattering) among WLQs.
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1 INTRODUCTION et al. 2012), which marks how they differ from typical
blue quasars. For example, their C1v rest-frame equivalent
widths (REWSs) are < 10-15 A, corresponding to > 30 neg-
ative deviations from the mean. Their C1v lines also often
show very large blueshifts of 1000-10000 km s~*. The ma-
jority of these WLQs are radio quiet.

X-ray studies of WLQs have proved particularly reveal-
ing for understanding their nature. A number of remarkable
WLQ X-ray properties have been identified:

Investigations of the type 1 quasar sub-class of weak-
line quasars (WLQs) have recently provided valuable in-
sights into quasar structure and accretion physics. While
WLQs are luminous blue quasars which are believed to be
viewed generally face-on according to the standard unifica-
tion model (e.g. Antonucci 1993; Netzer 2015), they have
weak or no high-ionization emission lines (e.g. Fan et al.
1999; Diamond-Stanic et al. 2009; Plotkin et al. 2010; Wu

(i) WLQs show a wide range of X-ray luminosities com-
pared to expectations from their optical/UV luminosities or
* E-mail: qingling1001@gmail.com overall spectral energy distributions (SEDs), when consider-
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ing, e.g. aox and Aaox (e.g. Wu et al. 2011, 2012; Luo et al.
2015; Ni et al. 2018). awx is the slope of a nominal power law
connecting the rest-frame 2500 A and 2 keV monochromatic
luminosities; i.e., aox = 0.3838l0og(L2 kev/Loso 4) (€8
Tananbaum et al. 1979; Strateva et al. 2005). aox reflects
the relative strength of a quasar’s X-ray emission to its UV
emission, indicating a strong connection between the corona
and the disk. This quantity is correlated with L,;,, 3. We
also define Ay = aox(Observed) — awox(Lyggg 4), Which
quantifies the deviation of the observed X-ray luminosity
relative to that expected from the cox-Logo, 4 relation (e.g.
Gallagher et al. 2006).1 Aok can thus serve as an indica-
tor of a quasar’s X-ray emission strength compared to the
expectation from its UV emission.

About half of the WLQ population shows weak X-ray
emission, often by notable factors of 10 or more; this frac-
tion is much higher than present among the general quasar
population (e.g. Pu et al. 2020; Timlin et al. 2020a). Typi-
cal blue quasars with weak X-ray emission are mostly broad
absorption line (BAL) quasars with high levels of intrin-
sic X-ray absorption (e.g. Brandt et al. 2000; Gallagher
et al. 2002, 2006; Fan et al. 2009), but the blue WLQs
targeted in X-ray observations have been selected not to
have BALs, mini-BALSs, or other strong rest-frame UV ab-
sorption, which makes the high X-ray weak fraction among
WLQs intriguing. However, owing to a high fraction of X-ray
non-detections among X-ray weak WLQs, the X-ray weak-
ness distribution remains poorly defined for large values of
X-ray weakness. The other half of the WLQ population gen-
erally shows nominal-strength X-ray emission.

(if) X-ray spectral analyses of the members of the WLQ
population with nominal-strength X-ray emission, utiliz-
ing both individual-object and spectral-stacking approaches,
show notably steep power-law spectra typically with photon
indices of I" = 2.1-2.3 (Luo et al. 2015; Marlar et al. 2018).
Among the general quasar population, such steep power-law
spectra indicate accretion onto the supermassive black hole
(SMBH) with high Eddington ratio (L/Lgad; €.g. Shemmer
et al. 2008; Brightman et al. 2013), and thus it seems likely
that WLQs generally have high L/Lgqq. This conclusion is
also supported by the C 1v REWs and blueshifts of WLQs
(e.g. Luo et al. 2015; Ni et al. 2018), as well as rough single-
epoch estimates of L/Lgaq =~ 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 WLQ population are more challenging, owing to lim-
ited numbers of detected counts in the available observa-
tions. Stacking analyses of the X-ray weak WLQs generally
show hard X-ray spectra, on average, with effective power-
law photon indices of (I') ~ 1.2-1.4 (Luo et al. 2015; Ni
et al. 2018). These hard X-ray spectra suggest high levels
of intrinsic X-ray absorption (Ng > 10?* cm™2), which is
somewhat surprising given these quasars’ type 1 nature and
blue optical/UV continua without BAL (or other UV ab-
soprtion) features. When such heavy X-ray absorption is
present, Compton reflection and/or scattering may also play
significant roles in shaping the X-ray spectrum. The pres-
ence of heavy X-ray absorption is further supported by an

L Aaoyx is used to derive factors of X-ray weakness (fweak =
403—Acox) in the text.

individual Chandra spectrum of SDSS J1521+45202, an ex-
traordinarily luminous WLQ (Luo et al. 2015), and studies
of some local WLQ analogs (e.g. Reeves et al. 2020).

(iv) The current limited multi-epoch X-ray observations
of WLQs suggest that they show extreme large-amplitude
X-ray variability events (e.g. Miniutti et al. 2012; Ni
et al. 2020) more frequently than the general radio-quiet
quasar population of comparable luminosity (e.g. Timlin
et al. 2020b). The observed large-amplitude X-ray variability
events are associated with changes between X-ray normal-
strength and X-ray weak states, and they do not appear
to have corresponding extreme optical/UV continuum or
emission-line variations.

The above X-ray and multiwavelength results for WLQs
have been used to construct a basic scenario that appears
able to explain consistently their weak high-ionization lines,
their X-ray properties, and some of their other multiwave-
length properties (e.g. Lane et al. 2011; Wu et al. 2011,
2012; Luo et al. 2015; Ni et al. 2018). This scenario, de-
picted in Fig. 1 of Ni et al. (2018), proposes that, owing
to high L/Lgaq (2 0.3), WLQs have geometrically and opti-
cally thick inner accretion disks and associated outflows (e.g.
Jiang et al. 2014, 2019; Wang et al. 2014; Dai et al. 2018).
The thick disk and its outflow (hereafter, TDO), which lie
near the central supermassive black hole, prevent ionizing
EUV/X-ray photons from reaching much of the (substan-
tially equatorial) high-ionization broad emission-line region
(BLR), leading to the weak high-ionization lines. The TDO
is also responsible for the X-ray weakness/absorption seen
in about half of WLQs; X-ray weak WLQs arise for sys-
tems viewed at large inclinations, so that our line of sight
intercepts the TDO. The large-amplitude X-ray variability
events of some WLQs may arise from slight variations in the
thickness of the TDO (e.g. rotation of an inner TDO that
is somewhat azimuthally asymmetric) or internal motions of
the TDO.

Our primary approach to investigating the X-ray prop-
erties of WLQs has involved Chandra “snapshot” (typically
2-5 ks) observations of luminous (typically M; < —27), blue
WLQs.? While this approach has been successful for gaining
a broad overview of basic WLQ X-ray properties, it has pro-
vided only limited insight into the X-ray properties of indi-
vidual WLQs, especially for the most interesting X-ray weak
members of this class. We know that many of these objects
must be remarkably X-ray weak from X-ray stacking anal-
yses, having Aaox of —0.4 to —0.7, corresponding to X-ray
weakness by factors of ~ 11-67 relative to a typical radio-
quiet quasar. For comparison, our constraints on individual
X-ray undetected objects typically can only show they have
Aaox S —0.3, corresponding to X-ray weakness by a factor
of 2 6. We thus currently lack useful information on the full
distribution of Aaex for WLQs, which should provide infor-
mation about the nature of the TDO. Moreover, the limited
individual-object X-ray constraints have hindered our abil-
ity to assess UV continuum and emission-line properties that
may correlate with X-ray weakness, thereby serving as useful
tracers of this behavior.

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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We have therefore performed additional, deeper (typi-
cally 5-23 ks) Chandra observations for a set of WLQs pre-
viously having limited X-ray constraints, and in this paper
we present the observational results and their implications.
With these observations, we now have complete, sensitive
X-ray coverage for the well-defined sample of 32 WLQs with
C1v REW < 15 A defined by Ni et al. (2018). In addition
to setting tighter X-ray constraints upon the properties of
individual WLQs, these new observations add significantly
to the number of WLQs with sensitive multi-epoch X-ray
observations. They therefore also allow a search for addi-
tional examples of extreme large-amplitude X-ray variability
events.

The layout of this paper is as follows. We describe the
sample selection and Chandra observations in Section 2. In
Section 3, we detail the X-ray photometric measurements
and the derived X-ray-to-optical properties, and in Section 4
we briefly present relevant emission-line measurements. Sec-
tion 5 presents our overall analysis results and discussion,
and Section 6 presents a summary of our results. In Ap-
pendix A, we briefly present the results from new XMM-
Newton observations of the extraordinarily luminous WLQ
SDSS J1521+5202.

Throughout this paper, we use J2000 coordinates and
a cosmology with Hy = 67.4 km s~ Mpc™*, Oy = 0.315,
and Q = 0.685 (Planck Collaboration et al. 2020).

2 SAMPLE SELECTION AND CHANDRA
OBSERVATIONS

In Ni et al. (2018), a sample of 32 WLQs with C v REW
<15 A was constructed. These WLQs were selected from
radio-quiet quasars in the SDSS Data Release 7 (DRT)
quasar-properties catalog of Shen et al. (2011), including
10 of the most “extreme” (i.e. lowest C v REW) WLQs
with C v REW < 5 A. They have i-band magnitude m; <
18.6 and a redshift satisfying 1.5 < z < 2.5. As we want
to avoid any potentially confusing X-ray absorption associ-
ated with, e.g. BAL winds, objects with BAL or mini-BAL
features, narrow absorption features around C 1v, or very
red spectra with A(g —14) > 0.45 were excluded.® Compared
to other WLQ samples utilized in previous studies (e.g. Wu
et al. 2011, 2012; Luo et al. 2015), this sample of WLQs has
been selected in a relatively unbiased manner (no additional
selection criteria such as high C 1v blueshift and/or strong
Fe 11/Fe 111 emission were applied) and has a relatively large
sample size. Thus, it can serve as a representative sample
to study the WLQ population over the full range of C 1v
REW values seen among WLQs. WLQs in this represen-
tative sample have similar IR-to-UV SEDs (obtained from
WISE, 2MASS, SDSS, and GALEX photometry) compared
with typical quasars (see Luo et al. 2015; Ni et al. 2018 for
details).

Among these 32 WLQs included in the representative
sample of Ni et al. (2018), 12 WLQs were X-ray undetected
(we note that these objects were only observed with 2-5 ks

3 A(g—1i) is defined as (g —1) — (g — ) redshift, Where (g —)redshift
is the median g — ¢ color of SDSS quasars at a certain redshift
(see Richards et al. 2003).
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Chandra “snapshot” observations at that time; e.g. see Ta-
ble 2 of Ni et al. 2018). Also, 2 WLQs need more secure
X-ray measurements from Chandra; previously, their X-ray
properties were adopted from the XMM-Newton slew-survey
catalogue (Saxton et al. 2008) and the ROSAT all-sky sur-
vey catalogue (Boller et al. 2016) that have relatively large
uncertainties compared to on-axis Chandra detections.
Chandra observations for these 14 WLQs were per-
formed between 2019 December and 2020 August, using the
Advanced CCD Imaging Spectrometer (Garmire et al. 2003)
spectroscopic array (ACIS-S) with VF mode (which is also
the mode adopted by the previous Chandra observations of
these objects). For the 12 WLQs that were previously X-ray
undetected, the exposure times were set to reach Aaox upper
limits of ~ —0.5, if the objects remain X-ray undetected.

3 X-RAY PHOTOMETRIC MEASUREMENTS AND
X-RAY-TO OPTICAL PROPERTIES

3.1 X-ray aperture-photometry analyses

Following the method described in Ni et al. (2018), we used
Chandra Interactive Analysis of Observations (CIAO) tools
(Fruscione et al. 2006) to process the new Chandra observa-
tions. We ran the CHANDRA_REPRO script to reprocess
the observations, and then ran the DEFLARE script to re-
move background flares above a 30 level (see Table 1 for the
flare-cleaned exposure times for each WLQ).

From the flare-cleaned event files, we produced images
for each WLQ in the 0.5-8 keV (full), 0.5-2 keV (soft), and
2-8 keV (hard) bands with the standard ASCA grade set.
In each band, we ran WAVDETECT on the image to detect
sources with a false-positive probability threshold of 107°.
If a source is detected in at least one band, we adopted the
detected position closest to the SDSS position as the source
position. If WAVDETECT does not detect any source within
1” from the SDSS position, the SDSS position is adopted as
the X-ray source position.

We performed aperture photometry in the soft band and
the hard band for each observation. Source counts are ex-
tracted in the central 2"/-radius region (which corresponds to
an encircled-energy fraction of 0.959/0.907 in the soft/hard
band for on-axis observations; e.g. Luo et al. 2015. Back-
ground counts are extracted from the annular region be-
tween the 10”-radius circle and the 40" -radius circle centered
on the source position.

For each object in each band, we calculated a binomial
no-source probability (Pg) from the source counts and back-
ground counts, which represents the probability of detecting
the source counts by chance when no real source is present
(e.g. Broos et al. 2007; Xue et al. 2011; Luo et al. 2015). For
a certain band, when Pgp < 0.01, the source is considered to
be detected. We thus expect < 1 false detection in our sam-
ple. The 1o errors of the source/background counts were ob-
tained following Gehrels (1986) that is based on Poisson and
binomial statistics. For sources considered to be undetected
with Pg > 0.01, the source counts upper limits at a 90% con-
fidence level are derived following Kraft et al. (1991). We also
calculated the band ratio (the ratio of hard-band counts to
soft-band counts) and its uncertainty (or upper limit) utiliz-
ing the code BEHR (Park et al. 2006). From the band ratio,
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we derived the 0.5-8 keV effective power-law photon index
(Tegr) or its lower limit for each source with MODELFLUX.
The intrinsic X-ray photon spectra of quasars can typically
be characterized by a power-law model, N(E) o E™", and
et derived here can serve as a good estimate of I in the
absence X-ray absorption; when X-ray absorption is present,
T'egt provides a basic estimate of spectral hardening due to
the absorption. The results are shown in Table 1. For sources
that are undetected in both the soft and hard bands, we are
unable constrain I'eg. A nominal T'eg = 1.4 (which is the
stacked I'eg of 30 X-ray weak WLQs in Luo et al. 2015) is
assumed for these sources.

We also performed the above aperture-photometry anal-
yses when stacking all archival Chandra observations avail-
able and the new Chandra observation together for each ob-
ject. The stacked count rates are obtained with the CIAO
command SRCFLUX. Since WLQs may exhibit extreme X-ray
variability (e.g. Ni et al. 2020), we first ensure that the count
rates in all the epochs are consistent. As can be seen in
Table 2, most of the WLQs do not show significant varia-
tions in count rate between the available Chandra epochs
except for the object SDSS J153913.47+395423.4 (here-
after SDSS J1539+43954). SDSS J1539+4-3954 turned from an
X-ray weak WLQ to an X-ray normal WLQ between 2013
and 2019, showing an extreme X-ray flux rise by a factor
of 2 20 (Ni et al. 2020). According to our latest Chandra
observation of this WLQ in 2020 June, it has now returned
to being an X-ray weak WLQ (see Section 5.4). We perform
stacked aperture-photometry analyses of this object utilizing
only the two X-ray weak epochs.

3.2 X-ray to optical properties

We measured aox values for the 12 WLQs that were previ-
ously Chandra undetected as well as the 2 WLQs that previ-
ously lacked high-quality Chandra detections. For previously
X-ray undetected WLQs, the X-ray information utilized for
calculating aox is obtained from the stacked Chandra pho-
tometry (see Section 3.1).

The X-ray-to-optical power-law slope, ox, is de-
fined as 0.3838log(L2 kev/Lgs00 4), which is equal to
0.383810g( f2 kev/ fas00 4)- In this formula, the observed flux
density at rest-frame 2500 /f\7 fas00 &> is directly taken from
the Shen et al. (2011) SDSS DR7 quasar-properties cata-
log. The Galactic-absorption corrected soft-band flux (which
covers 2 keV in the rest frame for all our sources) is calcu-
lated from the net count rate in the soft band with SRCFLUX
to derive the 2 keV flux density, f2 kev, assuming a power-
law spectrum (with I'eg measured in Section 3.1) modified
by Galactic absorption. If the source is undetected in the
soft band, we calculate an upper limit for forev following
the same method from the upper limit on the soft-band net
count rate. The f, o) 4, f2 kev, and calculated aox values
are all listed in Table 3.

We also derive the expected value of cox, €ox(Lgsoo 4)s
from the empirical aox—Lqyy,, 4 relation reported in Tim-
lin et al. (2020a) for typical optically-selected quasars.* We

4 The adopted Aox-Losoo A relation in this work is aox =
(—=0.1994£0.011) xlog(Lyy5n, 4) +(4.57340.333); see Timlin et al.
(2020a) for details.

then calculate Aaopx from the observed aox and the derived
aox (Lyggo 4) to measure X-ray weakness relative to the ex-
pected X-ray luminosity (see Table 3).

With these updated X-ray-to-optical properties for 14
WLQs that were previously either X-ray undetected with
loose X-ray upper limits or lacking high-quality Chandra
detections, we have better constrained the X-ray-to-optical
properties of the 32 WLQs in the Ni et al. (2018) WLQ rep-
resentative sample. For the 12 WLQs that were previously
X-ray undetected, 7 of them of are now X-ray detected as
a result of the deeper observations. We note that the X-ray
flux values of these detected objects are consistent with the
flux upper limits previously obtained (see Table 2). For the
five X-ray weak WLQs that still remain X-ray undetected
(including SDSS J1539+3954, which has transitioned into
an X-ray weak state; see Section 5.4 for details), we perform
X-ray stacking analyses to assess their average properties,
by adding the extracted source and background counts of
these objects together. These X-ray stacking analyses (with
71.3 ks stacked exposure) show that the stacked source is still
X-ray undetected, with Aaox < —0.74, which corresponds
to average X-ray weakness by a large factor of > 85.

The distributions of aox and Aaox for this representa-
tive sample that consists of 32 objects are shown in Figures 1
and 2. We also compare the Aoy distribution of WLQs with
the Aaox distribution of typical quasars from Appendix A of
Timlin et al. (2020a) with the Anderson-Darling test.” This
Timlin et al. (2020a) “high X-ray detection fraction” quasar
sample consists of 304 SDSS quasars (which are unobscured,
broad-line AGNs) at z = 1.7-2.7 with ¢-band magnitude <
20.2 that have serendipitous sensitive Chandra X-ray obser-
vations (the detection fraction is = 99.3%), with BAL and
red quasars removed.

Since the Anderson-Darling test cannot properly utilize
censored data, for 2 out of 304 quasars in the Timlin et al.
(2020a) high-detection-fraction sample that only have Aaox
upper limits, their Aaox values utilized in the analyses are
drawn from the probability density function of the Aaox
values of other X-ray detected objects in the sample (the
maximum value allowed to be drawn is set at the upper-
limit value). For the 5 WLQs that are X-ray undetected,
their Aaox values are drawn from a normal distribution cen-
tered at their stacked Aoy limit with a scatter of 0.1, with
the maximum value allowed to be drawn as the upper-limit
value. This procedure is repeated 1000 times to obtain an av-
erage test result, and this Monte Carlo approach is adopted
throughout this work to account for the Aaox upper limits
of typical quasars/WLQs when performing statistical tests
(see Section 5.2). We found that the Aaox distributions of
WLQs and typical quasars are different at a ~ 4.50 level.
As we have already taken luminosity effects into account
by converting aox to Aax, our comparison should be valid
between samples with different luminosity ranges. We also

5 We note that the Peto-Prentice test in the Astronomical Sur-
vival Analysis package (ASURV; e.g. Feigelson & Nelson 1985;
Lavalley et al. 1992) that is often adopted for censored data as-
sumes that the censored data follow the same intrinsic distri-
bution as the uncensored data, which is not a realistic assump-
tion in our case (see Figures 1 and 2). Therefore, we adopted a
Monte Carlo approach as described in the main text, and used
the Anderson-Darling test for statistical evaluation in this work.

MNRAS 000, 1-16 (2021)
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Figure 1. X-ray-to-optical power-law slope (aox) vs. Lyeoo 4 for
WLQs (blue symbols). In cases of X-ray non-detections, the 90%
confidence upper limits of aox are represented by the downward
arrows. For comparison, the Timlin et al. (2020a) quasar sample
that has a ~ 99.3% 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 in-
dicated by the gray crosses and downward arrows. The solid line
shows the aox—Lggy, i relation from Timlin et al. (2020a); the
dashed line (Aapx = —0.2) represents the adopted division be-
tween X-ray normal and X-ray weak quasars in this study, which
corresponds to a = 1.30 (= 90% single-sided confidence level)
offset given the Aaox distribution (e.g. Steffen et al. 2006; Luo
et al. 2015).

note that this test result does not change materially when
we limit our analyses to the bright objects in the Timlin
et al. (2020a) high-detection-fraction sample with luminosi-
ties similar to those of WLQs in the representative sample.
Among X-ray normal (or X-ray strong; Aaox > —0.2) ob-
jects, the Aaox distributions of WLQs and typical quasars
are not significantly different (Phun = 0.26). Among X-ray
weak (Aaox < —0.2) objects, the Aaox distributions of
WLQs and typical quasars are different at a =~ 2.90 level.
This indicates that WLQs differ from typical quasars mainly
in having a strong tail toward X-ray weakness, as expected
from the TDO model for WLQs.

We also use X-ray stacking analyses to derive the aver-
age spectral properties of X-ray weak WLQs and X-ray nor-
mal WLQs in the representative sample. The stacked T'eg
is 1.1752 for X-ray weak WLQs, and 1.8%]1 for X-ray nor-
mal WLQs. These results further support the high appar-
ent levels of intrinsic X-ray absorption, Compton reflection,
and/or scattering among X-ray weak WLQs, supporting the
existence of shielding materials with large column densities
along our line sight, which we proposed to be the TDO (e.g.
Luo et al. 2015; Ni et al. 2018).

4 EMISSION-LINE MEASUREMENTS

The C 1v REWs of WLQs in the representative sample have
been measured in Section 4.3 of Ni et al. (2018); C v REW
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Figure 2. Distribution of Aapx values. The solid histogram repre-
sents the Aaox distribution of the 27 WLQs in the representative
sample that are X-ray detected. The leftward arrows show the
90% confidence Aapx upper limits for five X-ray non-detected
WLQs. The vertical bar represents the stacked Aaox upper limit
for these X-ray non-detected WLQs. The dashed histogram repre-
sents the Aapx distribution for the Timlin et al. (2020a) quasar
sample that has a & 99.3% 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 Aapx = —0.2)
represents the adopted threshold for defining X-ray weakness in
this study.

has been widely adopted to indicate the number of ionizing
EUV photons reaching the high-ionization BLR. Since the
strength of He 11 A\1640 emission has also been shown to be
an effective tracer of the number of EUV photons available
(and it is a “cleaner” tracer compared to the C Iv emission
strength; e.g. Timlin et al. 2021 and references therein), we
also measure the REWs of He 11 emission for WLQs in the
representative sample following the method of Timlin et al.
(2021). The local continuum in the He II emission region
was obtained by fitting a linear model to the median values
in the continuum windows 1420-1460 A and 1680-1700 A.
The He 11 REW was then measured by integrating directly
the continuum-normalized flux in the window 1620-1650 A.
The errors of He 11 REW are measured by perturbing the
fluxes using the flux errors (see Timlin et al. 2021 for de-
tails). The median He 1 REW error of WLQs in our sample
is &~ 0.6 A. If the He II emission line is not detected sig-
nificantly, an upper limit was estimated. The results can be
seen in Table 4. We note that most of the WLQs do not have
He 11 emission detected; only upper limits for He 11 REW
are obtained. We also note that, as WLQs have weak and
sometimes blueshifted high-ionization emission lines, there
might be uncertainties associated with their redshift mea-
surements. We verified that our He I measurement results
do not change materially when different redshift measure-
ments are adopted (e.g. Hewett & Wild 2010; Schneider et al.
2010).

We also measure the He 11 REW limits in the stacked
spectrum of X-ray weak/normal WLQs in our sample. Each
WLQ spectrum is normalized to its median flux value in
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the range 1700-1705 A before being stacked together (see
Timlin et al. 2021 for details about the stacking process).
For the 16 X-ray weak WLQs in the representative sample,
the stacked He 11 REW upper limit is 0.12 A. For the 16
X-ray normal WLQs, the stacked He 11 REW upper limit is

0.29 A.

5 ANALYSIS RESULTS AND DISCUSSION
5.1 Assessing and refining the TDO model for WLQs

The X-ray-to-optical properties of the representative WLQ
sample as presented in Section 3.2 can give us some basic
constraints on the nature of the TDO we proposed to ex-
plain the X-ray and multiwavelength properties of WLQs.
From the Aoy distribution of WLQs in our sample, we
can infer that the TDO, if present, has an average global
covering factor of ~ 0.5 among WLQs. The TDO should
also be able to produce X-ray weakness by an average fac-
tor of > 85 for =~ 15% of the WLQs, and by an aver-
age factor of ~ 9 for &~ 35% of the WLQs, suggesting
that the shielding column density could range from Nu
~ 102724 cm™2 to Nu > 10** cm™2. The X-ray weak WLQs
in our sample have a stacked I'eg =~ 1.1 and a stacked X-
ray weakness factor of ~ 13. To produce this level of X-
ray weakness with a simple intrinsic absorption model, a
TDO with Ng ~ 5 x 10?3 ecm™? is required. However, such
a TDO will produce an X-ray spectrum with I'eg ~ 0.3,
which is not consistent with the stacked I'eg =~ 1.1 we ob-
tained, suggesting that more complex absorption (and/or
Compton reflection/scattering or a soft-excess component)
is present, and that how the TDO modifies the X-ray prop-
erties varies from object-to-object. The complex absorp-
tion (and/or Compton-reflection/scattering) effects caused
by the TDO are also indicated by the lack of bimodality in
the Aaox distribution of WLQs. If the TDO had a rather
simple nature so that similar X-ray “blocking” effects were
present among all X-ray weak WLQs, we should be able
to observe a “clustering” of Acaox on the X-ray weak side,
rather than the long tail toward X-ray weakness observed in
Figure 2.

We note that there are also other possible explanations
for the distinctive X-ray properties of WLQs listed in Sec-
tion 1, such as intrinsic differences/variations in the coro-
nal emission, or gravitational light-bending that leads to
different amounts of X-ray emission reaching the observer
when the distances between the corona and the central black
hole are different (e.g. Miniutti & Fabian 2004). However,
neither of these scenarios can explain why the distinctive
X-ray properties are only observed among WLQs rather
than quasars with typical optical/UV emission-line proper-
ties — the link between these scenarios and weak emission
lines is not clear. These scenarios also cannot explain the
high apparent level of X-ray absorption we observed among
X-ray weak WLQs.

Furthermore, while shielding materials located on a
much larger (by a factor of 2 100) scale might explain the
X-ray properties of WLQs (e.g. “clumps” near the torus re-
gion), the cause for the defining weak high-ionization emis-
sion lines would remain unexplained. WLQs have IR-to-UV
SEDs similar to those of typical quasars (e.g. Luo et al. 2015;

Ni et al. 2018), so the weak high-ionization emission lines
cannot be attributed to any obvious difference in the con-
tinuum level. As only shielding materials located between the
central X-ray source and the high-ionization BLR can nat-
urally explain all the multiwavelength properties of WLQs,
the TDO model (which includes both a thick disk and an
outflow component) seems to be the most viable available
solution.

5.2 Aaox-C 1v REW and Aaox-He 11 REW distributions of
WLQs vs. typical quasars

The relations between Aaox and C 1v REW or He 1 REW
among typical quasars reflect the link between the X-ray
emission strength and the strength of the ionizing EUV
continuum (e.g. Timlin et al. 2021 and references therein).
While EUV photons may be generated from a “warm corona”
in the inner-disk region via Comptonization (e.g. Petrucci
et al. 2018) and X-ray photons are thought to be produced
by the “hot corona” in the vicinity of the central black hole,
these relations indicate that there is a strong coupling be-
tween the X-ray emission and EUV emission. The unusual
X-ray properties of WLQs and their weak emission lines nat-
urally lead one to wonder whether the relation between Aaox
and C 1v or He 11 REW also applies to WLQs, and whether
this may challenge the universal existence of the coupling
between the X-ray emission and the EUV emission among
quasars.

In the Aaox vs. log C 1v REW space, WLQs appear to
show relatively larger scatter compared to typical quasars in
Timlin et al. (2020a) (see the left panel of Figure 3). To test
whether the deviations of WLQs from the Aaox-C 1v REW
relation are statistically different compared to those of typ-
ical quasars, we use the Anderson-Darling test with the
Monte Carlo procedure as described in Section 3.2. All 32
WLQs and 637 quasars in the Timlin et al. (2020a) sam-
ple that have C 1v detections are utilized in the Anderson-
Darling test, including 5 WLQs and 18 quasars in the Timlin
et al. (2020a) sample that only have Aoy upper limits.

We found that the difference in the distributions of
Aaox residuals from the best-fit Aaox-log C v REW re-
lation reported in Timlin et al. (2020a) (as can be seen in
the left panel of Figure 3) among WLQs and typical quasars
is significant at a ~ 4.0 o level.

To test whether the observed phenomenon is influenced
by the Baldwin effect (which shows that C 1v REW is
strongly linked with L., 4; e.g. Baldwin 1977), we perform
the above analyses for Aaox and Alog C 1v REW (which is
calculated as log C 1v REW minus the expected log C 1v
REW value from the C 1v REW-L,, i relation reported in
Timlin et al. 2020a). The best-fit Aaox-Alog C 1v REW re-
lation is derived utilizing the Python package LINMIX (Kelly
2007). We found that the difference in the distributions of
Aoy residuals from the Aaox-Alog C 1v REW relation (as
can be seen in the right panel of Figure 3) between WLQs

6 This C 1v-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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and typical quasars is still significant at a = 4.0 o level ac-
cording to the Anderson-Darling test. The above analysis
results do not change qualitatively when we limit our com-
parisons to WLQs and the brightest 64 objects among the
Timlin et al. (2020a) quasars with C 1v detections, which
have similar luminosities to the WLQs in our representative
sample and are all X-ray detected. The above analysis re-
sults also do not change qualitatively when we perturb the
Aoy values with the measurement errors.

We also use the Peto-Prentice test with a Monte Carlo
approach to assess if the deviations of WLQs and typical
quasars from the Aaox-He 11 REW relation derived in Tim-
lin et al. (2021) are different (see the left panel of Figure 4);
the Peto-Prentice test can incorporate the censored mea-
surements of He II into the analyses. For 5 WLQs and 21
out of 206 quasars in the Timlin et al. (2021) sample that
only have Aaox upper limits, their Aaox values utilized in
the analysis are drawn following the method described in
Section 3.2. We can see that in the Aoy vs. log He 11 REW
space, WLQs exhibit obviously larger scatter compared to
typical quasars. We found that the difference in the distribu-
tions of residuals from the Acaox-He 11 REW relation between
WLQs and typical quasars is significant at ~ 5.60 according
to the Peto-Prentice test.

It has also been found that for typical quasars, Aoy fol-
lows a tight correlation with the difference between log val-
ues of measured He 11 REWSs and expected He 11 REWs from
the He 11 REW-L,,, 4 relation (Alog He 1 REW; Timlin
et al. 2021), as shown by the black line in the right panel
of Figure 4. However, WLQs in our representative sample
do not follow this relation in a similar pattern as that of
typical quasars, again showing larger scatter. We also use
the Peto-Prentice test to assess statistically the difference
in the residuals of Aaox values compared to the expectation
from the Aaox-Alog He 11 REW relation between WLQs and
typical quasars. We found that this difference is significant
at =~ 7.80. The above analysis results do not change qual-
itatively when we limit our comparisons to WLQs and the
brightest 64 objects among the Timlin et al. (2021) quasars,
which have similar luminosities to the WLQs in our repre-
sentative sample with an X-ray detection fraction of ~ 92%.
The above analysis results also do not change qualitatively
when we perturb the Acaox values with the measurement
errors.

The statistical test results above clearly indicate that,
in the Aaox vs. high-ionization emission-line strength space,
WLQs do not behave in a manner similar to that of typical
quasars (WLQs have larger scatter). However, this does not
necessarily mean that the link between X-ray emission and
EUV emission that exists among the general quasar popula-
tion is not applicable to WLQs, as C 1v REW or He 11 REW
can only serve as an indicator of the number of EUV pho-
tons that reach the high-ionization BLR (where the relevant
emission lines are produced) rather than the total number
of EUV photons emitted, and Aaox can only measure the
relative strength of the X-ray emission that has successfully
reached the observer.

The TDO model is plausibly able to explain why the
distribution of WLQs’ deviations from the Aaox-C 1v (or
He 11) REW relation is broader than that of typical quasars,
while the coupling between intrinsic X-ray emission and
EUV emission still holds. In the context of the TDO model,
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the ionizing EUV photons produced are largely prevented
from reaching the BLR due to shielding by the TDO (e.g.
see Figure 1 of Ni et al. 2018). For X-ray normal WLQs, if
their EUV emission were not heavily shielded by the TDO,
their C 1v/He 11 REWs should not be as small as observed.
According to the correlation between Aaox and C 1v (or
He 11) REW, we expect them to have Aaox values similar to
those of typical quasars, which is consistent with their ob-
served X-ray emission strength (see Section 3.2). For X-ray
weak WLQs, not only is their EUV emission strength not
represented by their C 1v/He 11 REWS, but also their Aawx
values cannot serve as measurements of the intrinsic X-ray
emission strength. The Aaox values of X-ray weak WLQs re-
flect the observed X-ray emission strength with the presence
of the TDO along the line of sight, which blocks the intrin-
sic X-ray emission with heavy absorption. Thus, these X-ray
weak WLQs fall below the Aaox-C 1Iv REW (or He 11 REW)
relation when we “relocate” them to have C 1v/He 1 REWs
similar to those of typical quasars. When we consider the
WLQ population altogether, the significantly larger scatter
of WLQs compared to that of typical quasars in Figures 3
and 4 is expected, as the X-ray weak WLQs are “moved”
downward along the Aax axis by the TDO. The larger scat-
ters of WLQs compared to typical quasars in the Aaox vs.
C 1v (or He 11) REW space lead to the significant test re-
sults when comparing the deviations of these two samples
from the best-fit relation. As the He 1 REW serves as a
better tracer of EUV ionizing photons (e.g. see Timlin et al.
2021 and references therein), typical quasars have a smaller
scatter in the Aaox vs. He 11 REW space compared to the
Acaox vs. C 1v REW space. Thus, the test results are more
significant in the Aaox vs. He 11 REW space.

5.3 Spectral tracers of X-ray weakness among WLQs

In Ni et al. (2018), we identified A(g — ¢) and Fe 1 REW
as potential tracers of X-ray weakness among WLQs. With
7 additional X-ray detections and the improved Aaox con-
straints for objects that remain X-ray undetected, these con-
clusions still hold, with test statistics roughly unchanged
compared to Ni et al. (2018). The significance levels of the
correlations between Aaox and A(g — 4) or Fe 11 REW are
close to, but below, 30 for the WLQ representative sample.
The details are shown in Figures 5 and 6. Both relations
have considerable scatter. We also note that the combina-
tion of A(g — ) and Fe 11 is not able to give a significantly
better prediction of Aaox than either of these quantities in-
dividually.

We note that for the Full sample in Ni et al. (2018)
that has 63 WLQs, both A(g — i) and Fe 11 REW corre-
late with Acqox significantly. However, around half of the
objects in the Full sample were not selected in an unbiased
manner; they were selected for Chandra observations with
additional requirements such as large C 1v blueshifts and
strong Fe 11/Fe 111 emission. Thus, while both A(g — ¢) and
Fe 1 REW have the potential to predict X-ray weakness,
we still need a larger sample of WLQs that have been se-
lected in an unbiased manner to confirm it. This will help
to clarify the nature of the shielding material among WLQs,
which we propose to be the TDO. In the context of the TDO
model, whether a WLQ is observed as X-ray weak or X-ray
normal is largely determined by its inclination angle. If the
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Figure 3. Left: Aaox vs. log C 1v REW (in units of A) for WLQs in the representative sample as well as typical quasars in Timlin et al.
(2020a). Right: Acaox vs. Alog C 1v REW for WLQs in the representative sample as well as typical quasars in Timlin et al. (2020a).
The best-fit Aaox-C Iv REW (Aaox-Alog C 1v REW) relation (Timlin et al. 2020a) is shown as the black solid line, with its 1o /30
confidence intervals shown as the dark/light gray-shaded region in the left (right) panel. The median measurement errors of Aaox and
C 1v REW for WLQs and typical quasars are shown as error bars at the top of each panel.
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Figure 4. Left: Aaox vs. log He 11 REW (in units of A) for WLQs in the representative sample as well as typical quasars in Timlin et al.
(2021). Right: Aaox vs. Alog He 11 REW for WLQs in the representative sample as well as typical quasars in Timlin et al. (2021). The
best-fit Aaox-He I REW (Aaox-Alog He 11 REW) relation reported in Timlin et al. (2021) is shown as the black solid line, with its
1o /30 confidence intervals shown as the dark/light gray-shaded region in the left (right) panel. The median measurement errors of Aawx
and He 11 REW for WLQs and typical quasars are shown as error bars at the top of each panel.

relation between Aaox and A(g — ¢) is confirmed, it might
be explained if the amount of dust tends to increase toward
the equatorial plane (e.g. see Elvis 2012; Luo et al. 2015
for details). This would cause mild excess reddening when
quasars are viewed at large inclination angles, so that X-ray
weak WLQs have redder colors compared to those of X-ray
normal WLQs. If the relation between Aaox and Fe 1 REW
is confirmed, it may be a consequence of aspect-dependent
effects of the disk emission (e.g. Wang et al. 2014).

5.4 X-ray variability of WLQs

Among 12 WLQs in our sample that have been observed
by Chandra at least twice, SDSS J1539+3954 is the only
WLQ that has so far shown extreme X-ray variability. Par-
ticularly, it has experienced two extreme X-ray state changes

within 7 years (see Figure 7). We note that the 2020 Chandra
observation of SDSS J1539+4-3954 was taken with Chandra
Director’s Discretionary Time, aiming to investigate further
the X-ray variability of this object. We did observe an ex-
treme X-ray flux change again within nine months (which is
~ 3 months in the rest frame); specifically, the flux dropped
by a factor of 2 9 between 2019 September and 2020 June
to return this quasar to an X-ray weak level. As stated in
Ni et al. (2020), the Hobby-Eberly Telescope (HET) obser-
vation taken contemporaneously with the 2019 September
Chandra observation shows that the UV continuum level
of this object remains generally unchanged despite the dra-
matic increase in the X-ray flux, and its emission lines re-
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Figure 5. Aaox vs. relative color for WLQs in the representative
sample. For X-ray non-detections, the 90% confidence upper lim-
its of Aapx are marked as the downward arrows.
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Figure 6. Aaox vs. Fe 1 REW for WLQs in the representative
sample. For X-ray non-detections, the 90% confidence upper lim-
its of Aapx are marked as the downward arrows.

main weak.” Our new HET observation in 2020 June taken
contemporaneously with the latest Chandra observation fur-
ther confirms this (see Figure 8), considering the ~ 20%
uncertainty of HET flux calibration. The photometric data
collected by the Zwicky Transient Facility (ZTF; Bellm et al.
2019), displayed in Figure 9, also show the variation of the
g/r-band magnitude of SDSS J1539+3954 between 2018 and
2021 (when compared to the median magnitude value in this

7 While the eBOSS spectrum of SDSS J1539+3954 taken in 2017
shows relatively higher FUV flux level (by a factor of ~1.3-1.4)
compared to other spectra taken at other epochs, this variation is
consistent with the typical FUV variability of quasars (e.g. Welsh
et al. 2011).
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time range) is < 0.2/0.1 mag, consistent with the expecta-
tions for typical quasars (e.g. see figure 3 of MacLeod et al.
2012).

This extreme X-ray variability of SDSS J1539+3954
could be explained in the context of the TDO model. We
naturally expect the transition between an X-ray weak state
and an X-ray normal state when there is a slight change
in the thickness of the TDO that moved across our line of
sight, and the observed UV continuum/emission-line prop-
erties will not be significantly affected. While a significant
change in the global TDO structure could take up to years, if
the extreme X-ray variability is caused by slight variations
in the height of the TDO, such as due to the rotation of
an azimuthally asymmetric TDO, the timescale of an X-ray
state transition could be small (e.g., weeks-to-months in the
rest frame), which could explain the small timescale (=~ 3
months) of the X-ray state transition we recently observed
for SDSS J15394-3954.

In Ni et al. (2020), we noted that the extreme X-ray
variability of SDSS J1539+3954 is reminiscent of that pre-
viously found for another WLQ, PHL 1092 at z = 0.39,
which showed a flux dimming and then re-brightening by
a factor of ~ 260 during 2003-2010 (e.g. Miniutti et al.
2012). This similarity suggests that weak UV emission lines
may be an effective indicator for finding extreme X-ray vari-
ability among luminous quasars, especially when considering
the limited X-ray monitoring performed thus far for WLQs.
Moreover, the z = 0.18 quasar PDS 456 has similar C 1v
properties to WLQs (e.g. O’Brien et al. 2005) and shows
notably large-amplitude X-ray variability (e.g. Reeves et al.
2020 and references therein), further strengthening the likely
connection.® Additional X-ray monitoring of WLQs is thus
warranted. We also note that local Narrow-Line Seyfert 1
galaxies (NLS1s), generally thought to have high Eddington
ratios, have been proposed to follow a physical model with
broad similarities to our TDO scenario for WLQs (e.g. Done
& Jin 2016; Hagino et al. 2016) and that some NLS1s show
extraordinary X-ray variability (e.g. Boller et al. 1997, 2021;
Leighly 1999; Parker et al. 2021). Some of this X-ray vari-
ability may also be caused by motions of a TDO across the
line of sight.

In addition to confirming the link between weak UV
emission lines and extreme X-ray variability to support the
TDO model, X-ray monitoring of WLQs can also help re-
veal whether the TDO wind varies dramatically itself (e.g.
via the motions of internal clumps), and is able to cause
X-ray state transitions as well. If a large fraction of WLQs
exhibit extreme variability during long-term X-ray monitor-
ing, it would suggest that their X-ray state transitions are
not purely the results of slight changes in the height of a
TDO that moved across our line of sight, as we should only
observe such extreme X-ray variability events among WLQs
where our line of slight roughly skims the “surface” of the
TDO according to the model. Alternatively, if only a small
fraction (though this fraction should still be considerably
larger compared to that among typical quasars) of WLQs
show extreme X-ray variability, it would suggest that the in-

8 We note that the C 1v REW of PDS 456 is variable on multi-
year timescales (while the emission-line strength remains gener-
ally weak); see Fig. 2 of Hamann et al. (2018).
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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; downward arrows
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 2 9.

ternal motion of the TDO is unlikely to be strong enough to
lead to X-ray state transitions. Currently, multi-epoch (= 2)
Chandra observations have been obtained for 12 WLQs in
our sample, and SDSS J1539+3954 is the only one showing
extreme X-ray variability. We will be able to obtain more
information after further monitoring these WLQs.

6 CONCLUSIONS AND FUTURE WORK

In this work, we present the observational results for a set
of WLQs in a representative WL(Q sample that only had
limited X-ray constraints previously, and perform statistical
analyses to study this 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 detected 7 of these WLQs. We also re-
observed 2 WLQs in the Ni et al. (2018) sample with Chan-
dra that required more secure X-ray data (see Section 2).

(i) We performed photometric analyses to estimate the
X-ray fluxes of the WLQs with new Chandra observations
(see Section 3.1). For WLQs that are still undetected, tight
X-ray flux upper limits are obtained. For one of the WLQs
in our sample, SDSS J1539+43954, we found that after an
observed X-ray flux rise by a factor of 2 20 reported in Ni
et al. (2020), it changed from an X-ray normal state back to
an X-ray weak state within ~ 3 months in the rest frame,
with a downward variation in the X-ray flux by a factor of
2 9. The TDO model proposed for WLQs can explain these
dramatic X-ray flux 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
Aaox distribution of this WLQ sample with that of typi-
cal quasars. We found that the Aaox values of WLQs differ
from those of typical quasars significantly, mainly because of
a strong tail toward X-ray weakness. X-ray stacking analyses
show that for 5 out of 32 WLQs that are still X-ray unde-
tected, they are X-ray weak by an average factor of > 85
(see Section 3.2).

(iv) The Aaox distribution of WLQs in our representa-
tive sample suggests that the TDO, if responsible for the
X-ray properties of WLQs, has an average global covering
factor of ~ 0.5. The column density of the TDO among
different objects may range from Ny ~ 10%372* cm™2 to
Nu 2, 10% cm_2, causing different levels of absorption and
Compton reflection (and/or scattering). This is also broadly
supported by the non-bimodal nature of the Aoy distribu-
tion (see Section 5.1).

(v) We found that the scatter of WLQs around the Aaox
vs. C 1v REW and the Aaox vs. He 1 REW relations for
typical quasars are significantly larger than those of typi-
cal quasars. The differences are consistent with expectations
from the TDO model (see Section 5.2).

(vi) We found that after obtaining a better characteriza-
tion of the X-ray-to-optical properties of the Ni et al. (2018)
representative WLQ sample, the significance levels of the
correlations between Aaox and A(g—i) or Fe 1 REW (which
are regarded as potential tracers of X-ray weakness among
WLQs) are still below 30 (see Section 5.3).

In the future, a larger sample of WLQs with X-ray detec-
tions that are selected in an unbiased manner will help us to
investigate further the potential tracers of X-ray weakness,
which will ultimately enable us to probe the nature of WLQs
and test the TDO model. Long-term X-ray monitoring of a
sample of WLQs as well as X-ray spectral observations of
SDSS J1539+3954 will also enable us to examine further
the TDO model, as the TDO model predicts a certain frac-
tion of WLQs with extreme X-ray variability (this fraction is
expected to be considerably larger compared to that among
typical quasars) and a high apparent level of absorption in
the X-ray weak state of SDSS J1539+4-3954. Comparisons
between WLQs and other objects known to have high Ed-
dington ratios such as NLS1s will also help to reveal the
underlying physics of these objects.
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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 (G. Zeimann 2019, private communication). The SDSS quasar composite spectrum from Vanden Berk et al. (2001)
is scaled to the 2004 SDSS spectrum of SDSS J1539+4-3954 at rest-frame 2240 A and plotted in the background for comparison. Note
that the emission lines (e.g. C 1v) remained weak despite the strong X-ray flux variations occurring contemporaneously.
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Figure 9. The g/r-band lightcurves of SDSS J1539+4-3954 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.

DATA AVAILABILITY

The data used in this investigation are available in the arti-
cle.

MNRAS 000, 1-16 (2021)



(120%) 91-T ‘000 SVUNIN

¢l

Table 1. New X-ray Observations and Photometric Properties of WLQs

Object Name RA Dec Redshift Observation Observation Exposure Soft Band  Hard Band  Band Lo Ref.

(J2000) (deg) (deg) D Start Date  Time (ks) (0.5-2 keV)  (2-8 keV) Ratio <

(1 (2) ®3) (4) (5) (6) (7 (®) 9) (10) (11) (12) =

Previously X-ray undetected objects in the representative sample e

082508.75 + 115536.3 126.286476 11.926766  1.992 22527 2020-09-29 6.6 < 4.0 <25 Luo et al. (2015) =
082722.73 + 032755.9 126.844727 3.465551  2.031 22533 2019-09-30 10.1 3.01%1 <59 <237 >04 Luo et al. (2015)
22865 2019-10-01 10.0 2.0 <59 <38 >01 Luo et al. (2015)
094533.98 + 100950.1  146.391617 10.163917  1.672 22529 2019-10-27 12.0 41738 53737 13733 09758 Wu et al. (2012)
095023.19 + 024651.7 147.596664 2.781048  1.882 22532 2020-01-25 15.7 < 5.6 <5.9 Ni et al. (2018)
100517.54 4 331202.8 151.323105 33.200783  1.802 22535 2020-01-17 23.3 13.3%39 94755 08703 1.2%03 Luo et al. (2015)
110409.96 + 434507.0  166.041519 43.751972  1.804 22708 2020-02-10 15.1 <24 29732 >280 <03 Ni et al. (2018)
122311.28 + 124153.9 185.797028 12.698329  2.068 22709 2020-03-22 15.6 10.373°3 84138 08705 1.270% Ni et al. (2018)
122855.90 4 341436.9 187.232941 34.243595  2.147 22530 2020-02-26 14.7 41133 <59 <174 >06 Ni et al. (2018)
134601.28 + 585820.2 206.505341 58.972279  1.664 22531 2020-04-09 12.4 <24 < 4.2 Luo et al. (2015)
140710.26 + 241853.6 211.792786 24.314896  1.668 22534 2020-08-23 17.5 71759 40735 06798 15797 Luo et al. (2015)

153913.47 + 395423.4  234.806137 39.906513  1.930 23132 2020-06-17 5.0 <24 <25 .. Luo et al. (2015); Ni et al. (2020)

163810.07 + 115103.9 249.541992 11.851092  1.983 22710 2020-01-04 13.1 <24 < 4.2 Ni et al. (2018)

Objects in the representative sample that previously lacked Chandra observations

113949.39 4 460012.9 174.955795 46.003604  1.859 22712 2020-07-22 4.5 16.7153 76732 05703 16753 Ni et al. (2018)
123326.03 4 451223.0 188.358459 45.206402  1.966 22711 2020-08-15 2.7 25.07%-2 187157 07103 1.2703 Ni et al. (2018)

Note. — Col. (1): Object name in the J2000 coordinate format. Cols. (2)—(3): The SDSS position in decimal degrees. Col. (4): Redshift adopted from Hewett & Wild (2010). Cols.
(5)—(6): The ID and start date of the Chandra observations. Col. (7): Effective exposure time in the full band (0.5-8 keV) with background flares cleaned. Cols. (8)—(9): Source counts
(aperture-corrected) in the soft band (0.5-2 keV) and hard band (2-8 keV). If the source is undetected in a band, an upper limit of counts at a 90% confidence level is listed. Col.
(10): Ratio of the hard-band and soft-band counts. “...” indicates that the source is not detected in both bands. Col. (11): Effective power-law photon index in the 0.5-8 keV band. “...”
indicates that I'eg cannot be constrained. Col. (12): Reference paper for the object where its previous Chandra observations are presented.
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Table 2. Stacked X-ray Photometric Properties of Previously X-ray Undetected WLQs

Object Name Observation Single-epoch Count  Total Exposure  Stacked Soft Band  Stacked Hard Band  Band Terr Ref.
(J2000) IDs Rate (0.5-2 keV) Time (ks) (0.5-2 keV) Counts  (2-8 keV) Counts Ratio
(1) (2 ®3) (4) (5) (6) (7) (8) 9)
082508.75 + 115536.3 14951, 22527 < 0.47, < 0.60 11.7 <4.0 <25 Luo et al. (2015)
082722.73 + 032755.9 15342, 22533, 22865 < 0.97, 0.30, 0.20 22.5 51127 3.87%% 07155 13757 Luo et al. (2015)
094533.98 + 100950.1 12706, 22529 < 1.04, 0.45 12.0 41126 51729 12755 09707 Wu et al. (2012)
095023.19 + 024651.7 18118, 22532 < 0.85, < 0.36 20.5 3.0 < 7.6 <32  >02 Ni et al. (2018)
100517.54 + 331202.8 15351, 22535 < 1.38, 0.60 23.3 13.6132 9.1+59 07193 1.3153 Luo et al. (2015)
110409.96 + 434507.0 18119, 22708 < 0.53, < 0.16 19.7 <24 <76 Ni et al. (2018)
122311.28 + 124153.9 18115, 22709 < 0.89, 0.66 20.1 11.57%9 9.1738 0.870% 1.2%94 Ni et al. (2018)
122855.90 + 341436.9 18111, 22530 < 1.05, 0.37 14.7 50750 <5.9 <14 >08 Ni et al. (2018)
134601.28 + 585820.2 15336, 22531 < 1.57, < 0.22 124 <24 < 4.2 Luo et al. (2015)
140710.26 + 241853.6 15345, 22534 < 0.97, 0.41 20.0 7.3132 3.872¢ 05754 15757 Luo et al. (2015)
153913.47 4 395423.4* 14948, 22528, 23132 < 0.45, 3.98,< 0.48 10.3 <24 <25 .. Luo et al. (2015); Ni et al. (2020)
163810.07 + 115103.9 18116, 22710 < 0.59, < 0.18 17.2 <24 < 4.2 Ni et al. (2018)

Note. — Col. (1): Object name in the J2000 coordinate format. Col. (2): The IDs of all Chandra observations of this object. Col. (3): The 0.5-2 keV Chandra count rate in each Chandra
observation. Col. (4): Total effective exposure time in the full band (0.5-8 keV) with background flares cleaned of all the available Chandra observations. Cols. (5)—(6): Stacked source
counts (aperture-corrected) in the soft band (0.5-2 keV) and hard band (2-8 keV) of all the available Chandra observations. If the source is undetected in this band, an upper limit of
counts at a 90% confidence level is listed. Col. (7): Ratio of the hard-band and soft-band counts. “...” indicates that the source is not detected in both bands. Col. (8): Effective power-law
photon index in the 0.5-8 keV band. “...” indicates that I'eg cannot be constrained. Col. (9): Reference paper of the object where its previous Chandra observations are presented.

*SDSS J153913.47+395423.4 is a WLQ that has shown extreme X-ray variability, as can be seen from Col. (3). The X-ray stacking analyses of this object are performed only with Chandra
observations that are consistent with an X-ray weak state.
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Table 3. X-ray and Optical Properties of WLQs with New Chandra Observations

Object Name M; NH,Gal Count Rate Fx f2 kev log Lx f2500 A log L2500 A aox Aaox(a’) Sfweak
(J2000) (052 keV)  (0.5-2 keV) (2-10 keV)
1 2 3) (4 (5) (6) (7) ) 9) (10) (11) (12)
X-ray undetected objects in the representative sample
082508.75 + 115536.3 —28.70 3.67 < 0.34 < 0.23 < 0.78 < 43.89 4.62 31.66 < =221 < -—-0.49(3.38) > 184
082722.73 + 032755.9 —27.62 3.73 0.23 0.18 0.59 43.93 1.68 31.24 —2.09 —0.45(2.77) 14.7
094533.98 + 100950.1 —27.80 2.90 0.34 0.23 0.60 43.94 3.42 31.40 —2.05 —0.53(3.46) 24.4
095023.19 + 024651.7 —27.48 3.66 0.15 0.12 0.41 43.75 1.82 31.22 —2.17 —0.53(3.23) 23.6
100517.54 + 331202.8 —26.96 1.45 0.58 0.46 1.47 44.22 1.38 31.07 —1.87 —0.30(1.75) 6.0
110409.96 + 434507.0 —27.29 1.21 < 0.12 < 0.10 < 0.33 < 43.68 1.75 31.17 < -219 < -0.57(343) > 30.2
122311.28 + 124153.9 —27.81 2.52 0.57 0.46 1.42 44.46 2.05 31.34 —1.98 —0.32(2.01) 6.6
122855.90 + 341436.9 —28.45 1.33 0.34 0.28 0.96 44.10 3.29 31.58 —2.12 —0.41(2.85) 12.0
134601.28 + 585820.2 —27.60 1.63 < 0.19 < 0.16 < 0.52 < 43.69 3.22 31.37 < =222 < -0.55(3.55) >274
140701.59 + 190417.9 —26.96 1.65 0.36 0.32 1.07 43.96 1.50 31.04 —1.97 —0.37(2.15) 9.2
153913.47 + 395423.4*  —28.29 1.70 < 0.23 < 0.15 < 0.51 < 43.68 3.86 31.56 < =226 < -0.55(3.76) > 26.7
163810.07 + 115103.9 —27.73 4.56 < 0.14 < 0.12 < 0.40 < 43.56 2.52 31.40 < =223 < -0.55(3.57) >27.0
Objects in the representative sample that previously lacked Chandra observations
113949.39 + 460012.9 —27.38 3.85 3.80 3.75 13.11 45.04 1.92 31.23 —1.60 0.04(0.27) 0.8
123326.03 + 451223.0 —28.53 4.56 9.54 8.69 26.66 45.56 4.80 31.67 —1.63 0.10(0.68) 0.6

Note. — Col. (1): Object SDSS name. Col. (2): Absolute i-band magnitude. Col. (3): The column density of Galactic neutral hydrogen (Dickey & Lockman 1990). Col.
(4): Soft-band (0.5-2 keV) count rate in units of 1072 s~1. Col. (5): Observed-frame 0.5-2 keV flux (corrected for Galactic absorption) in units of 10714 erg cm=2 s71,
assuming a power-law spectrum with Teg derived in Section 3.1. Col. (6): Flux density at rest-frame 2 keV in units of 10732 erg cm~2 s~ Hz~1. Col. (7): Logarithm of
the rest-frame 2-10 keV luminosity in units of erg s~!, derived from I'eg and the observed-frame 0.5-2 keV flux. Col. (8): Flux density at rest-frame 2500 A in units of
10=27 erg cm=2 s=! Hz~1 (from Shen et al. 2011). Col. (9): Logarithm of the rest-frame 2500 A monochromic luminosity in units of erg s=! Hz=!. Col. (10): Observed
aopx. Col. (11): The difference between the observed apx and the expectation from the aox—Lygyg 4 relation (Timlin et al. 2020a). In the parentheses, the statistical

significance of this difference is presented in units of the apx rms scatter from Table 5 of Steffen et al. (2006). Col. (12): The factor of X-ray weakness.

*SDSS J153913.47+395423.4 is a WLQ that has shown extreme X-ray variability (Ni et al. 2020 and Section 5.4). The listed X-ray properties of this WLQ are obtained

from Chandra observations that are consistent with an X-ray weak state.
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Table 4. He 11 measurements of WLQs

Object Name MJD  Heu REW
(A)

080040.77+391700.4 52201 <03
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
094533.984-100950.1 52757 < 0.7
095023.19+024651.7 51908 < 0.6
100517.544+-331202.8 53378 <1.2
101209.62+4-324421.4 53442 < 0.7
101945.264-211911.0 53741 1.4 (£0.7)
110409.96+4-434507.0 53053 < 0.6
113949.394+460012.9 53054 < 0.7
115637.024+184856.5 54180 <12
122048.524-044047.6 52378 < 0.6
122311.284-124153.9 53120 < 0.6
122855.904+-341436.9 53819 <04
123326.03+451223.0 53062 1.7 (£0.5)
124516.464-015641.1 52024 < 0.9
132809.59+4-545452.7 52724 < 0.3
134601.284-585820.2 52425 < 0.5
140701.59+4-190417.9 54523 <04
140710.264-241853.6 53770 < 0.7
141141.96+4140233.9 53442 < 0.8
141730.924-073320.7 53499 < 0.6
150921.68+030452.7 52057 0.6 (£0.5)
153913.474-395423.4 53171 < 0.3
155621.31+112433.2 54572 1.6 (£0.6)
161245.684-511816.9 52051 < 0.7
163810.074+115103.9 54585 < 0.7
172858.164+-603512.7 51792 <11
215954.45-002150.1 52173 0.9 (£0.3)
232519.33+011147.8 51818 < 0.6

Col. (1): Object name. Col. (2): Modified Julian date of the SDSS
observation used for measurements. Col. (3): REWs (in units of
A) of the He 11 emission feature.
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APPENDIX A: XMM-Newton OBSERVATIONS OF
SDSS J1521+-5202

Previous studies of WLQs have stacked the counts from
the X-ray weak sources, and revealed that they have hard
X-ray spectra, on average. These hard X-ray spectra sug-
gest high levels of intrinsic X-ray absorption (Nu of at least
10*® ¢cm™?, and perhaps much greater), which is surpris-
ing given these quasars’ typical blue UV /optical continua
and broad, although weak, emission lines. The presence of
such X-ray absorption is further supported by a Chandra
spectrum of an extremely luminous z = 2.238 WLQ, SDSS
J152145202 (see Section 3.2 of Luo et al. 2015). However,
the limited quality of the available X-ray spectral informa-
tion remains a key barrier to further understanding. The cur-
rent 37 ks Chandra spectrum we obtained for J1521+5202
has 92 counts in total. When we fit the spectrum, we are
not able to distinguish between a power-law model with an
intrinsic column density of Ng =~ 1.3 X 10%® cm™? and a
Compton-reflection dominated spectral solution where the
column density is Ng > 10%* cm™2.

Thus, we proposed an XMM-Newton observation of
SDSS J152145202 to further study whether its X-ray spec-
trum could be better fit with a Compton-thick reflection
model or a simple absorbed power-law model. The XMM-
Newton observation was split into two epochs: one observa-
tion (Observation ID: 0840440101) was conducted in July
2019, with an exposure time of 81 ks, and the other ob-
servation (Observation ID: 0840440201) was conducted in
September 2019, with an exposure time of 80 ks. After us-
ing a 3o-clipping algorithm to remove background flaring in
the MOS and removing energy ranges that are significantly
affected by instrumental lines (see Chen et al. 2018 for de-
tails), the total effective exposure times are 88.6 ks for PN,
99.5 ks for MOS1, and 137.5 ks for MOS2. In PN, MOS]I,
and MOS2, we find 73.0 £ 18.3, 43.1 + 12.4, and 44.1 £12.0
background-subtracted counts in the 0.5-10 keV energy
range. The total number of source counts is 160.3 & 25.1.

We created spectra of SDSS J1521+5202 from each
instrument in each XMM-Newton observation, with the
XMM-Newton Science Analysis System (SAS) routine evs-
elect. Each spectrum was grouped individually, such that
each bin contained a minimum of 3 counts. Each of the indi-
vidual spectra (6 in total for the 3 detectors and 2 epochs)
were then combined using the SAS routine epicspeccom-
bine. We fit the stacked spectrum with XSPEC (Arnaud
1996), utilizing a power-law model modified by Galactic ab-
sorption. The best-fit model has I' = 0.5 £ 0.3 (see Fig-
ure Al), consistent with the findings in Luo et al. (2015).
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Figure Al. The stacked XMM-Newton EPIC spectrum of SDSS
J1521+5202, shown with a folded phabs*powerlaw model in
XSPEC.

The unabsorbed 0.5-2.0 keV flux value of SDSS J1521+5202
at the time of XMM-Newton observation is 8.7 x 1071¢
erg ecm~2 57!, which is &~ 5 times smaller compared to the
X-ray flux level reported in Luo et al. (2015). Due to this
strong flux decrease, we are not able to perform more de-
tailed fitting to probe further the nature of the absorbing
material. As can be seen in Figure A1, there might also be a
line emission feature at observed-frame =~ 2.0-2.5 keV, cor-
responding to rest-frame 6.4-8.0 keV. However, due to the
data quality, the signal-to-noise ratio of this potential line is
< 20, calling for further observations. We note that similar
suggestive evidence for such X-ray line emission was found
in Luo et al. (2015).
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