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A B S T R A C T 

Broad absorption line (BAL) quasars are often considered X-ray weak relative to their optical/UV luminosity, whether intrinsically 

(i.e. the coronal emission is fainter) or due to large column densities of absorbing material. The SDSS-V is providing optical 
spectroscopy for samples of quasar candidates identified by eROSITA as well as Chandra , XMM , or Swift , making the resulting 

data sets ideal for characterizing the BAL quasar population within an X-ray selected sample. We use the Balnicity Index (BI) 
to identify the BAL quasars based on absorption of the C IV λ 1549 emission line in the optical spectra, finding 143 BAL quasars 
in our sample of 2317 X-ray selected quasars within 1 . 5 ≤ z ≤ 3 . 5. This observed BAL fraction of ≈ 6 per cent is comparable 
to that found in optically selected samples. We also identify absorption systems via the Absorption Index (AI) which includes 
mini-BALs and NALs, finding 954 quasars with AI > 0. We consider the C IV emission space (equivalent width versus blueshift) 
to study the BAL outflows within the context of the radiatively driven accretion disc–wind model. X-ray selection excludes the 
highest outflow velocities in emission but includes the full range of absorption velocities which we suggest is consistent with 

the BAL gas being located further from the X-ray corona than the emitting gas. We observe both X-ray weak and X-ray strong 

BALs (via the optical-to-X-ray spectral slope, αox ) and detect little evidence for differing column densities between the BAL 

and non-BAL quasars, suggesting the BALs and non-BALs have the same shielding gas and intrinsic X-ray emission. 

Key words: quasars: absorption lines – quasars: emission lines – X-rays: galaxies. 
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 I N T RO D U C T I O N  

t the centre of every massive galaxy, a common consensus is the
xistence of a supermassive black hole (SMBH) that goes through 
ctive phases during its lifetime, accreting material from the inner 
egions of the galaxy and is therefore known as an active galactic
ucleus (AGN; Lynden-Bell 1969 ). The varying scales in the model 
f an AGN (see Heckman & Best 2014 ), along with the observational
vidence found for the important role AGN play in the formation and
volution of galaxies (e.g. Magorrian et al. 1998 ; Aird et al. 2010 ;
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randt & Yang 2022 ), suggest the presence of feedback. The spectral
nergy distribution (SED) of an AGN covers the full electromagnetic 
pectrum meaning that AGN populations can be identified at X-ray, 
ltra-violet (UV), optical, as well as other wavelengths. 
Quasars are the brightest of all AGNs and represent the most

adiatively efficient phase of SMBH growth, releasing energy as 
inetic luminosity through sub-relativistic wide-angle winds (e.g. 
ilk & Rees 1998 ). Broad absorption line (BAL) quasars are a
ubset of quasars with rest-frame UV spectra that show evidence 
or outflows via the presence of blueshifted absorption lines, usually 
dentified based on absorption bluewards of the C IV λ1549 broad
mission line. The definition most frequently used to define a 
AL quasar requires absorption troughs with widths ≥ 2000 km s−1 
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Weymann et al. 1991 ). Other definitions can include much narrower
bsorption features ( ≥ 450 km s−1 ; Hall et al. 2002 ) often called mini-
ALs; however, this can result in contamination by strong narrow
bsorption lines (NALs: FWHM < 500 km s−1 ; e.g. Hamann &
erland 1999 ; Bowler et al. 2014 ). Quasars can additionally have
bsorption in lower ionization species such as Al III λ1857 and
g II λ2800 – the so-called LoBALs – however we will focus on

AL quasars with absorption only in the high-ionization lines – the
iBALs, hereafter referred to as BALs. While the driver of BAL
uasar outflows may be radiation, thermal, or magnetic pressure,
AL features are strong evidence for significant momentum transfer

rom a powerful radiation field to the gas, which results in the
ropulsion of the gas to high velocities (e.g. Weymann et al. 1991 ;
llen et al. 2011 ). These observations support a radiatively driven
ydrodynamical scenario for quasar outflows whereby outflowing
inds are propelled by radiation pressure caused by the accretion
isc’s UV emissions (Proga 2007 ). Correlations between outflow
elocity, Eddington ratio, and luminosity lead Vivek & Wylezalek
 2025 ) to conclude that radiation pressure is important for driving
utflows, but suggest that additional mechanisms (i.e. greater outflow
istances, thicker discs, softer SEDs) are required to explain the
resence of BALs in low-Eddington ratio sources. 
Richards et al. ( 2011 ) demonstrated that the distribution of radio-

uiet/loud quasars in the C IV emission space [C IV equivalent
idth (EW) versus blueshift] can be well understood via a ‘disc’
ersus ‘wind’ model. In detail, a disc-dominated quasar would be
xpected to have symmetric line profiles (low blueshift) with the
ine dominated by the disc emission, and a wind-dominated system
ould have lower C IV EW and high blueshift. Rivera et al. ( 2020 )

nd Richards et al. ( 2021 ) defined the ‘C IV distance’ metric in order
o group quasars along the best-fitting line through C IV space with
igher C IV distance values associated with stronger winds. He II EW
an SED indicator; Leighly 2004 ) is known to correlate with the C IV

mission space (Baskin, Laor & Hamann 2013 , 2015 ; Rankine et al.
020 [hereafter R20 ; Timlin, Brandt & Laor 2021 ) and Rivera et al.
 2022 ) showed that He II EW is correlated most strongly with C IV

istance over blueshift or EW. Thus the C IV distance is a convenient
ay to explore the impact of changes in the SED under a disc–wind
odel. Such an accretion disc–wind model is often invoked to explain

bserved BAL features (see fig. 1 of Luo et al. 2013 ) and according
o this model, radiatively driven winds launched from the accretion
isc result in BALs when inclination angles are large, implying the
ind is in the direct line of sight (Leighly et al. 2015 ). Here, these

ccretion disc winds may be equatorial (e.g. Murray et al. 1995 )
nd/or polar (e.g. Punsly 1999 ), and can be continuous or consist
f knots/blobs of matter (Ghisellini, Haardt & Matt 2004 ; Matthews
t al. 2016 ). Therefore, BAL quasars can be considered generally to
e wind-dominated quasars which were investigated by R20 within
he C IV space. They reported that the optically selected BAL quasars
ave moderate EW and high blueshift but crucially, however, they
an be found in all regions of the space. Additionally, Ahmed et al.
 2025 ) found that BALs and non-BALs have the same SEDs, from
id-infrared to X-ray. 
Typically 10–20 per cent of optically selected quasars show broad

bsorption features; however, the intrinsic fraction is expected to be
igher (up to 40 per cent; Allen et al. 2011 ; Dai, Shankar & Sivakoff
012 ) due to considerations of geometrical and evolutionary aspects
f BAL quasar outflows. Specifically, in a geometrical scenario, the
raction of BALs observed depends on the solid angle the BAL winds
ubtend (e.g. Ghosh & Punsly 2007 ) while an evolutionary scenario
onsiders the variability in the appearance/disappearance of the BAL
inds (e.g. Mishra et al. 2021 ). Regardless of the scenario, it implies
NRAS 542, 2105–2127 (2025)
hat a classified non-BAL quasar could be harbouring BAL winds
hat are not currently within the line of sight and therefore making
he intrinsic fraction of BAL quasars difficult to ascertain. Moreover,
he observed fraction of BAL quasars also depends on the signal-to-
oise (S/N) ratio of the sample studied (Gibson et al. 2009a , hereafter
09 ; Allen et al. 2011 ). 
Additionally, to ensure the outflowing gas is not overionized by

he X-ray and extreme-UV radiation from the corona/accretion disc
.e. to explain the observed high velocities, the disc–wind model also
nvokes X-ray shielding gas with high column densities (Murray et al.
995 ). This gas allows for efficient line driving of the UV disc winds
nd is a natural consequence in the hydrodynamical 2D simulations
f Proga & Kallman ( 2004 ). Luo et al. ( 2013 ) considered the X-
ay shielding material to originate from ‘failed winds’ i.e. gas that
as unable to reach the local escape velocity due to overionization.
askin, Laor & Stern ( 2014 ) provide an alternate theory via Radiation
ressure Compression or Confinement (RPC) whereby radiation
ressure compresses the gas along the radial direction, resulting
n a high electron density and low ionization parameter to allow
bsorption in the UV and efficient driving of the outflows to high
elocities. This theory does not invoke X-ray shielding gas but
ather suggests the radiation force itself can lead to high column
ensities through compression of the absorbing gas, preventing it
rom becoming overionized. Many studies have indeed shown that
AL quasars often appear to be X-ray weak relative to non-BAL
uasars (e.g. Green et al. 1995 ; Laor et al. 1997 ; Brandt, Laor &
ills 2000 ; Gallagher et al. 2006 , G09 ; Luo et al. 2014 ; Saccheo

t al. 2023 ). 
The X-ray weakness of BAL quasars can be studied by quantifying

he relationship between X-ray and UV luminosities. Studies such as
vni & Tananbaum ( 1982 ) parametrized this relationship between
-ray ( LX 

) and UV luminosity ( LUV 

) as LX 

∝ LUV 

γ with γ ∼
.6. The relationship between LX 

and LUV 

is often quantified using
ox , which is the energy index or slope that connects the optical
ith the X-ray band for a power-law spectrum (F ν ∝ να). In detail,
ananbaum et al. ( 1979 ) introduced this correlation specifically
etween monochromatic luminosities at 2500 Å and 2 keV, although
he physical mechanism responsible for this relation remains unclear,
.e. the relationship between the UV disc and the X-ray emissions
rom the hot corona. Moreover, the relationship between αox and

2500 is often observed to be an anticorrelation (e.g. Steffen et al.
006 ; Lusso & Risaliti 2016 ; Rankine et al. 2024 ), which implies
hat as L2500 increases the corona becomes (relatively) weaker and
hus the AGN becomes more disc-dominated. However, there is
ntrinsic scatter in this relation and objects with greater than average
-ray luminosities given their optical luminosity are expected to
rive winds less efficiently (Giustini & Proga 2019 ; Timlin et al.
021 ; Rivera et al. 2022 ; Temple et al. 2023 ). While the choice
f L2500 is somewhat arbitrary, recent studies such as Timlin et al.
 2021 ) and Jin et al. ( 2024 ) have shown that the L2500 alone is
ufficient to describe the UV/optical emissions of a quasar over a
roader wavelength range, making L2500 suitable for investigating
he relationship between UV and X-ray emissions. 

Laor et al. ( 1997 ) demonstrated that the X-ray flux of BAL quasars
as 10–30 times lower than expected for their UV flux, classifying

hem as ‘soft-X-ray weak’ objects and Laor & Brandt ( 2002 ) found
hat these quasars had the strongest absorption features. G09 (further
tudied in Wu et al. 2010 , W10 hereafter) also found that observed
-ray weakness was correlated to maximum velocity and absorption

trengths of the C IV BAL troughs, suggesting the impact of X-ray
bsorption on UV disc winds and further supporting the accretion
isc wind model. However, Giustini, Cappi & Vignali ( 2008 ) studied
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D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/542/3/2105/8236351 by Indian Institute of Astrophysics user on 16 O
ctober 2025
 sample of 54 X-ray-selected quasars to find that one-third of
he sample showed little to no absorption and the distributions of
he optical-to-X-ray spectral slope, αox , of the BAL and non-BAL 

opulations were similar, suggesting that these BAL quasars were not 
-ray weaker relative to the non-BALs. They attributed their results 

o the X-ray selected sample preferentially being viewed from smaller 
ngles with respect to the accretion disc rotation axis than optically 
elected BAL quasars. While they conducted X-ray spectral analysis 
onsidering a neutral absorber model, Streblyanska et al. ( 2010 ) 
onsidered both neutral and ionized absorption models for a sample 
f 39 X-ray-selected BAL quasars, finding that while 36 per cent of
ALs did not show absorption in a neutral absorption model, 90 per
ent of them were absorbed in a physically motivated ionized model, 
lthough even this model is likely to be too simplistic. 

This paper aims to study the multiwavelength properties of 
-ray selected (including eROSITA , Chandra , XMM , and Swift )
DSS-V BAL quasars relative to the non-BAL quasars to further 

nvestigate the X-ray weakness of ‘classical’ BAL quasars previously 
redominantly observed in optically selected samples. This observed 
-ray weakness of BAL quasars makes them interesting candidates to 

tudy within the X-ray-selected SDSS-V sample, so the preliminary 
im of this paper is to find the fraction of BAL quasars present in
his sample. The eROSITA/SDSS-V collaboration marks the first 
ime we have a large (soft) X-ray-selected sample with optical 
nd corresponding X-ray data readily available. Therefore, we can 
uild on the previous investigations of X-ray-selected BAL quasars 
hrough statistical analyses of a larger sample. Additionally, the work 
n this paper can be considered to be an extension of R20 ; while
hey focused on the study of emission and absorption properties of
ptically selected BAL quasars relative to non-BAL quasars, we aim 

o extend this investigation to X-ray-selected BAL quasars to obtain 
 more complete picture for the BAL population. The sample used 
nd the results found by R20 form a basis of comparison to better
nderstand the X-ray-selected sample studied in this paper. 
The outline of this paper is as follows: we first describe in

urther detail our sample in Section 2 . Section 3 presents the BAL
dentification methods employed to achieve the first aim of this paper, 
.e. identify X-ray-selected BAL quasars. Section 4 investigates the 
dentified subpopulations by placing them in the C IV emission space 
nd further explores the identified BAL quasars in detail. Section 5 
tudies the X-ray properties of the BAL and non-BAL quasars by 
etermining their X-ray luminosities, αox and �αox values. Section 6 
iscusses and Section 7 summarizes the obtained results. 
A � CDM cosmology with h0 = 0.71, 	M 

= 0.27, and 	� 

= 0.73
s adopted for determining quantities such as quasar luminosities. 

 DATA  

he eROSITA (extended ROentgen Survey with an Imaging Tele- 
cope Array) instrument aboard the SRG (Russian–German Spek- 
rum Roentgen Gamma; Sunyaev et al. 2021 ) space mission, 
aunched in July 2019, presents a step forward for the exploration 
f X-ray AGN properties (Predehl et al. 2021 ). eROSITA is an X-
ay-sensitive telescope capable of discovering new X-ray sources 
ithin the energy range of ∼0.2–8 keV (Merloni et al. 2024 ). SDSS-
 sets out to be the first of its kind to provide multi-epoch, all-sky

urveys in the optical and IR wavelengths (Kollmeier et al. 2025 ).
he black hole mapper programme (Anderson et al., in preparation) 
f SDSS-V forms one of the three top-level goals aimed to provide
pectroscopic measurements such as redshifts for ∼300 000 X-ray 
ources identified by eROSITA . 
Optical spectra have been obtained using the BOSS multi-fibre 
pectrographs (Smee et al. 2013 ) on the Apache Point Observatory
.5 m SDSS telescope (Gunn et al. 2006 ) and the 2.54 m Irénée du
ont Telescope at Las Campanas Observatory (Bowen & Vaughan 
973 ). We select sources with redshifts in the range 1.5–3.5 and S/N
 5 per SDSS spectrum pixel ( �v = 69 km s−1 ) within the wave-

ength range of investigation (1260–3000 Å), and spectroscopically 
lassified as ‘QSO’ by the SDSS pipeline. Our sample consists of
680 objects targeted by SDSS-V (Kollmeier et al. 2025 ) as part of the
PIDERS programme (SPectroscopic IDentification of EROSITA 

ources; Dwelly et al. 2017 ; Comparat et al. 2020 ; Aydar et al. 2025 )
hich aims to obtain optical/near-infrared spectra of sources detected 
y eROSITA . The SPIDERS targets in our sample were detected in
ither the full survey depth eFEDS region ( eROSITA Final Equatorial
epth Survey; Brunner et al. 2022 ; Salvato et al. 2022 , 43 per cent of
ur sample) or the first all-sky survey eRASS:1 (32 per cent; Merloni
t al. 2024 ). We supplement the eROSITA -selected sample with 695
ources from the Chandra Source Catalogue (Evans et al. 2024 ) and
nother 55 from the combination of XMM-Newton and Swift -XRT 

erendipitous catalogues (Webb et al. 2020 ; Delaney et al. 2023 ), 1 

ll in the 1.5–3.5 redshift range and with S/N ≥ 5 per SDSS pixel.
he Chandra and XMM / Swift catalogues have been used to define
dditional targets for SDSS-V, probing a larger sky area and deeper
-ray observations. All spectra were reduced with the v6 1 3 version 
f the SDSS BOSS pipeline, idlspec2d (Bolton et al. 2012 ; Morrison
t al., in preparation) as part of the SDSS DR19 (SDSS Collaboration
025 ). 
Our sample is X-ray selected by design and so will be affected by

he sensitivity and depth of the X-ray instruments and surveys. The
MM and Swift detections (4.5–12 and 2–10 keV, respectively) are at
arder X-ray energies than eROSITA where most of the detections are
elow 2 keV. Meanwhile the Chandra sources were mostly detected 
t 0.5–7 keV but observations are not uniform in depth. The largest
ubset of our sample is from eFEDS and so we consider the eFEDS
ux limit (10−14 erg s−1 cm−2 ) throughout the paper. 
The redshift range 1.5–3.5 was chosen for examination because, 

t z < 1.5, the wavelength range of interest for C IV BAL detection
egins to shift out of the spectrograph’s range, while above z >
.5 the C III ] emission line is absent which is necessary for spectral
econstructions (see Section 3 ). The detectability of BAL-troughs 
ecreases significantly as the S/N of a given spectrum decreases 
 G09 ; Allen et al. 2011 ). As we aim to investigate the BAL quasars
elative to the non-BAL quasars in this X-ray-selected sample, a 
inimum spectrum S/N threshold is adopted to only include spectra 
ith S/N > 5. 
The C IV emission-line blueshifts that we are interested in cover

elocities of order a few thousand km s−1 and so rely on accurate
ystemic redshifts. The BAL classifications are also dependent upon 
he exact redshift estimate for a quasar where the troughs lie close
o the edges of the velocity window considered (see Section 3 ).

e produced updated redshifts using the cross-correlation algorithm 

utlined in section 4.2 of Hewett & Wild ( 2010 ) and updated in
tepney et al. ( 2023 ). More information regarding the redshifts
or the eROSITA -selected subsample can be found in Rankine 
t al. (in preparation) and we adopt the same procedure for the
dditional Chandra - and XMM/Swift -selected sources. In practice, 
MNRAS 542, 2105–2127 (2025)
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Figure 1. Distribution of the reduced χ2 values of the SDSS-IV and SDSS-V 

samples consisting of ∼165 000 and 2680 quasars respectively, show that the 
two samples are comparable with a common peak occurring at χ2 

r ≈ 1. This 
suggests that the MFICA components generated using SDSS-IV are suitable 
for constructing a smooth, high S/N continuum for the spectra in the SDSS-V 

sample. 
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 85 per cent of the sample has redshift estimates that differ from
he SDSS pipeline by | �z| < 500 km s−1 and < 5 per cent have
 �z| > 1000 km s−1 . 

A table containing the optical and X-ray properties underpinning
his paper is available as supplementary data. Appendix A describes
he data available. 

 BA L  IDEN TIF ICATION  

he first aim of this paper is to identify the BAL quasars within
he X-ray-selected SDSS-V sample, and we have chosen to make
his categorization based on the C IV emission line, while excluding
uasars defined as LoBALs due to Al III and/or Mg II absorption. Two
ethods are commonly used to classify quasars as BAL or non-BAL:
eymann et al. ( 1991 ) defined the Balnicity Index (BI) while Hall

t al. ( 2002 ) introduced the Absorption Index (AI) to incorporate
bsorption close to systemic velocity and narrower troughs, often
alled mini-BALs. However, the AI metric can also contaminate BAL
amples with strong narrow absorption lines (NALs) and blended
ALs (see Knigge et al. 2008 for a full discussion and Appendix B

or example spectra). BI and AI are calculated as follows: 

I =
∫ 25000 

3000 

(
1 − f ( V ) 

0 . 9 

)
C d V , (1) 

nd 

I =
∫ 25000 

0 

(
1 − f ( V ) 

0 . 9 

)
C d V . (2) 

 ( V ) is the spectrum flux normalized by the continuum and V is
he velocity in km s−1 defined with respect to the quasar systemic
elocity. In equation ( 1 ), C = 1 where f ( V ) < 0 . 9 contiguously
or at least 2000 km s−1 and zero otherwise. The integration occurs
etween 3000 and 25 000 km s−1 from systemic velocity. Quasars
ith BI > 0 are considered BAL quasars (BI = 0 are non-BI BALs).

n equation ( 2 ), C = 1 where f ( V ) < 0 . 9 contiguously for at least
50 km s−1 and zero otherwise, integrated over 0–25 000 km s−1 .
uasars with AI > 0 could either be mini-BALs or have strong
ALs in their spectra; therefore we do not refer to this population as
ALs in this paper and instead denote them as ‘AI quasars’ (AI = 0
re non-AI quasars). Quasars with BI and/or AI = 0 are collectively
eferred to as non-BALs in this paper. Given the narrower width
equirement, we apply χ2 

trough ≥ 10 in order to account for spurious

roughs (Trump et al. 2006 ) using: 

2 
trough =

∑ 1 

N 

(
1 − f ( V ) 

σ

)2 

, (3) 

here N is the number of pixels in the potential false-positive AI
roughs (due to noise) and σ is the estimated noise for a given pixel.

To obtain f ( V ), we reconstruct the quasar spectra using the same
rocedure outlined in R20 using the same spectral components
enerated via mean-field Independent Component Analysis (ICA).
he resulting reconstructions essentially fill in the BAL troughs to
roduce a smooth unabsorbed continuum, and this continuum is
sed to normalize the spectrum. The normalized spectrum, f ( V ),
s used for distinguishing it as a BAL or non-BAL using the BAL-
dentification code by Rogerson et al. ( 2018 ), where the code uses
quations ( 1 ), ( 2 ), and ( 3 ). 

We made use of the same ICA components as R20 that were
enerated using the SDSS-IV quasar sample of Pˆ aris et al. ( 2018 ) (see
ection 4.2 of R20 ). The SDSS-V target selection differs greatly from
hat of previous SDSS surveys (for this paper, mainly due to targeting
n X-ray selected quasar sample); thus it is not a foregone conclusion
NRAS 542, 2105–2127 (2025)
hat the components would perform adequately as the SDSS-V quasar
opulation may have significantly different optical/UV spectroscopic
roperties. We compare the quality of the reconstructions of the
DSS-IV and SDSS-V samples using the reduced χ2 of the fits. The
se of the same components in reconstructing the SDSS-V spectra is
ustified due to the similarities in the distribution of the reduced χ2 

alues of the two samples as shown in Fig. 1 . 
We limit our final sample to quasars that have spectral reconstruc-

ions with χ2 
r < 2 and place them in the C IV emission line EW versus

lueshift space (see Section 4 ) to visually inspect the objects lying
n the extremes of C IV emission space. Following R20 , we removed
uasars with large negative C IV blueshifts ( < −1200 km s−1 ), small
 IV EW ( < 10 Å) and within the bottom left corner of the space

log10 C IV (EW) < −2.3077 × 10−4 × C IV (blueshift) + 1.321) due
o suboptimal reconstructions of quasar spectra in this region. These
onsiderations produced a final sample of 2317 quasars. 

Fig. 2 shows that the fraction of BI BAL and AI quasars relative
o non-BAL quasars in general increases with increasing S/N. This
ncrease is steeper for the AI quasars due to the additional χ2 

trough 
equirement which introduces an additional bias against low-S/N
pectra. Although the majority of the BI BAL quasars in this sample
ave low S/N, each spectrum has been visually inspected to confirm
he presence of a broad absorption trough in the original spectrum.

hile there are relatively more BI BAL and AI quasars than non-
AL quasars in the high S/N bins, the first panel indicates that the
verall number of quasar spectra in this high-S/N range is small. 

The observed fraction of BAL quasars in Fig. 2 will be different
rom the intrinsic fraction due to selection effects resulting from the
agnitude-limited nature of SDSS and S/N of the spectra. Allen et al.

 2011 ) quantified the effect of BAL quasars being redder (thus more
ikely to not satisfy the colour selection of previous SDSS surveys)
nd the effect of S/N (noise spikes halting the BI integration). SDSS-
 target selection does not employ any colour constraints but does, for
ur sample, have an X-ray flux cut in its place. However, determining
he intrinsic BAL fraction from this sample is beyond the scope of
his paper (and is likely not feasible due to the complex way in



X-ray selected BAL quasars 2109

Figure 2. The first panel shows the median S/N distribution in the SDSS spectra of our final X-ray selected sample numbering 2317 quasars, reduced from 

2680 due to the removal of sources with suboptimal spectral reconstructions (see Section 3 ). The second and third panels present the distribution of the fraction 
of AI quasars, BI BALs, and non-BAL quasars as a function of median S/N. The fraction of BALs and non-BALs adds to unity in each bin (note the different 
axis for the BI BAL and non-BAL fraction in the third panel). The fraction of BI BAL and AI quasars decreases at low S/N due to noisy spectra that make it 
harder to identify absorption features. 
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hich X-ray highly obscured systems are lost from the sample); we 
nstead aim to understand the BAL properties of this new and large
-ray-selected BAL quasar sample. 
Previously studied optically selected samples have observed BAL 

uasars to be X-ray weaker relative to non-BAL quasars, so the 
nitial aim of this paper is to identify BAL quasars within our SDSS-
 sample to investigate their extent in the X-ray selected sample. 
sing the methods outlined in this section, we found our sample 

o consist of 143 or 6.2 per cent of BI BAL quasars (excluding 9
oBALs) and 954 or 41.2 per cent of AI quasars. Several studies
nd the observed BAL fraction to be in the range of 10 per cent

o 15 per cent within optically selected quasar samples (e.g. Tolea, 
rolik & Tsvetanov 2002 , Hewett & Foltz 2003 , Knigge et al. 2008 ,
09 ). Trump et al. ( 2006 ) quote BI and AI fractions of 10.4 and
0.6 per cent, respectively. Note that their definition of AI extends 
o 29 000 km s−1 (cf. our 25 000 km s−1 ) and they also obtain an AI
raction of 26.0 per cent if they increase the minimum trough width
rom 450 to 1000 km s−1 . Thus, the fraction of BAL or AI quasars
dentified within our X-ray-selected quasar sample is comparable to 
albeit slightly lower than – the fractions found in optically selected 

amples. 
In the following sections, we proceed to examine where the X-ray 

elected BAL quasars identified in our paper lie in the C IV emission
pace compared to the non-BALs, and to explore their UV/optical 
nd X-ray properties. 

 C  I V EMISSION  SPAC E  

s mentioned in Section 1 , Richards et al. ( 2011 ) demonstrated that
he distribution of quasars within the C IV emission space is useful
or understanding which component – disc (high C IV EW and low 

lueshift) or wind (low C IV EW and high blueshift) – is dominant
n the context of an accretion disc–wind model. R20 showed that 
ptically selected BAL quasars exist with a range of C IV emission
roperties (and were similar to the non-BAL quasars across various 
V-derived properties). Hence, we employ this space to study the 
-ray selected SDSS-V BALs relative to non-BAL quasars identified 

n this paper. 
Both panels of Fig. 3 show the optically selected SDSS-IV sample 

n grey dots (from R20 , and limited to the CORE SDSS-IV targets)
elative to the SDSS-V sample in coloured dots, these samples are
laced in the C IV emission space where the EWs and blueshifts
f the C IV emission line have been measured non-parametrically 
sing the ICA reconstructions, consistently to the methods used 
y R20 . The SDSS-IV sample is a significantly larger sample that
xtends to higher C IV blueshifts relative to the X-ray-selected SDSS-
 sample studied in this paper. While a more detailed comparison of

he SDSS-IV and SDSS-V samples in the C IV emission space will
e presented by Rankine et al. (in preparation), the difference in the
xtent of the C IV blueshifts could be leading to the differences in their
istributions, which can be seen via the 1D blueshift distributions in
he same figure. Furthermore, a 1D Kolmogorov–Smirnov (KS) test 
ndicates an extremely low probability that the SDSS-IV and SDSS- 
 samples are drawn from the same underlying distribution of EW

 p = 3 . 2 × 10−62 ) or blueshift ( p = 1 . 2 × 10−17 ) and thus we can
onclude that they are significantly different. 

R20 reported that while the optically selected BAL quasars in their
DSS-IV sample are distributed across the entire C IV space, they are
ost likely to have moderate to low EW and high blueshifts. In detail,

he optically selected BAL quasars in the SDSS-IV sample are mildly
kewed towards low EW and high blueshifts relative to the non-BAL
uasars (see their fig. 8). Fig. 3 demonstrates that the SDSS-V BI
AL and AI quasars are distributed across the C IV space similarly

o the non-BAL quasars. The small p -values ( < 10−5 ) resulting from
S tests, where we require p < 0 . 05 to reject the null hypothesis of

wo populations being drawn from the same underlying distribution, 
uggest that the BAL and non-BAL populations are unlikely to be
rom the same underlying distribution. 

In an earlier study of BALs in the SDSS DR6 spectroscopic
urvey, Allen et al. ( 2011 ) found an intrinsic redshift-evolving BAL
raction which results in an observed optical luminosity dependence 
hen accounting for various selection effects. R20 described an 
ptical luminosity dependence on C IV location. Rankine et al. (in
reparation) will perform a more detailed analysis of the different 
edshift distributions; however, our sample does cover the same range 
f redshifts as R20 and here we compile a redshift-matched BAL and
on-BAL sample to check if the differences in the observed redshift
istribution between the BALs and non-BALs in our sample are 
eading to the differences in the C IV emission space. For a given BI
AL quasar we chose three non-BI BAL quasars with the closest z 
MNRAS 542, 2105–2127 (2025)



2110 P. Hiremath et al.

M

Figure 3. The C IV space with BI- ( top panel ) and AI- ( bottom panel ) defined 
quasars in red and non-BAL quasars in blue. These X-ray-selected BI BALs 
and AI quasars overlap with their non-BAL equivalents in the C IV space. The 
optically selected SDSS-IV sample shown in grey in both panels (BALs and 
non-BALs) extends to higher C IV blueshifts relative to the X-ray-selected 
sample in coloured dots. Additionally, the top panel presents the best-fitting 
relation based on the SDSS-RM sample that is used to define C IV distance 
that increases with decreasing EW and increasing blueshift. The green-shaded 
region in both panels represents the sources excluded from our sample due to 
suboptimal reconstruction of their spectra (see Section 3 ). 

v  

t  

t  

C
 

b  

0  

o  

Table 1. KS test p -values for the redshift matched BI and AI populations. 
The null hypothesis of the populations being drawn from the same distribu- 
tion is rejected when p< 0 . 05. X-ray properties of the BI/AI populations 
suggest that the BAL and non-BAL quasars are drawn from the same 
underlying distribution. 

KS test BI populations AI populations 

1D (EW) 0.03 0.01 
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alues, while for every AI quasar we chose one non-AI quasar with
he closest z value. We performed KS tests to compare the BAL and
he AI sample to their redshift-matched non-BAL equivalents in the
 IV space and report the resulting p -values in Table 1 . 
The blueshifts of the BI sample are statistically consistent with

eing drawn from the same distribution as the non-BI BALs ( p =
 . 5), whereas the lower p-value when comparing the blueshifts
f AI quasars to the equivalent non-AI quasars provide statistical
NRAS 542, 2105–2127 (2025)
ignificance ( p < 0 . 05) for rejecting the null hypothesis of being
rawn from the same population; we therefore conclude that the
nderlying populations differ. We also find statistically significant
 values allowing rejection of the null hypothesis of the same
nderlying distributions when comparing the EWs of both the BI
nd AI samples to their non-BAL equivalents, as well as statistically
ignificant p values when performing a 2D KS test 2 to compare
he distributions of both BI BALs and AI quasars to their non-
AL equivalents in the 2D EW–blueshift space. We conclude overall

hat the BAL samples have a distinct distribution in the C IV EW–
lueshift space compared to non-BALs that cannot be accounted
or by differences in the observed redshift distributions. However,
t is important to note that – while statistically significant – the
ifferences are small and appear mainly to be driven by the BALs
eing preferentially found in quasars with slightly lower C IV EWs,
.e. BI BALs have median log 10 (EW [Å]) = 1 . 66 ± 0 . 03 compared
o a median log 10 (EW [Å]) = 1 . 719 ± 0 . 006 for non-BI BALs;
imilarly, AI quasars have median log 10 (EW [Å]) = 1 . 697 ± 0 . 008
ompared to log 10 (EW [Å]) = 1 . 738 ± 0 . 008 for non-AI quasars.
one the less, BALs are distributed across the C IV space occupied by

he SDSS-V X-ray selected quasars. We note that using the redshift-
atched sample did not change the rest of our results so we retained

he whole sample for our subsequent analysis for better number
tatistics. 

Next, we investigate how the strength of the BAL features (rather
han simply their presence) varies across the C IV emission space. We
ivide the BI BAL sample into different regions of the C IV emission
pace based on their ‘C IV distance’, which is defined by Richards
t al. ( 2021 ) as the distance along the best-fitting relation between
 IV EW and blueshift for the SDSS-RM sample from Rivera et al.
 2020 ) and is shown by the black curve in the top panel of Fig. 3 . In
etail, each object in our sample is assigned a C IV distance based on
ts closest position to this best-fitting relation to obtain its distance
long the curve, using the code by McCaffrey & Richards ( 2021 ).
s noted in the figure, large C IV distances imply low EWs and
igh blueshifts. Our sample typically lies to the right or above the
ichards et al. ( 2021 ) curve due to slight differences in the way

hat the blueshift and EW are measured, but this does not affect the
easurements of the C IV distance. 
Fig. 4 displays the median composites of the X-ray-selected BI

AL quasars in different C IV distance bins, with C IV distance
ncreasing from left to right. To generate the composites the original
nd the reconstructed spectra are shifted to the quasar rest frame

https://github.com/syrte/ndtest
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Figure 4. Median composite spectra of the BI BAL quasars in different C IV distance bins with the top panels showing the composite flux (black) and 
reconstruction (red) along with the number of sources that went into making the composites in the top right corner, the bottom panels show composite spectra 
normalized by the reconstructions along with its Median Absolute Deviation (MAD) in grey. The solid horizontal grey line marks the 0.9 threshold for the BI 
calculation. Considering that our X-ray-selected BAL quasars do not extend to as high C IV blueshifts as the SDSS-IV sample, expected absorption features are 
observed in our BI BAL quasars with the troughs becoming broader with increasing C IV distance. 
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Figure 5. Comparing the BI values (in km s−1 , quantifying the strength 
of absorption in BALs, similar to an EW measure) of the BI-defined BAL 

quasars in the X-ray selected SDSS-V sample (in blue) and the optically 
selected SDSS-IV sample (in red). The filled red histogram shows the full 
SDSS-IV sample, whereas the open histograms are restricted to samples with 
−1000 km s−1 ≤ C IV blueshift ≤ 3000 km s−1 , i.e. they are C IV blueshift 
matched. Our relatively smaller X-ray selected sample picks up the most 
common BI BALs, however, with a lack of objects with BI > 104 km s−1 . The 
grey histogram shows a bootstrapped subsample from SDSS-IV, indicating 
that the differences in the shapes of the BI distributions of the SDSS-IV 

and SDSS-V BALs persists, most notably in the low and high BI tails. The 
absence of BALs at these extremes in SDSS-V is likely due to its relatively 
lower S/N and X-ray selection. 
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nd the median flux is calculated at each pixel for the original,
econstructed, and normalized (original/reconstruction) spectra. The 
omposite spectra reveal that as the C IV distance increases, the 
bsorption features become broader. We remind the reader that the BI
AL sample does not extend to as high C IV blueshifts/distances as

he SDSS-IV sample from R20 , which results in no BI quasars in the
ighest C IV distance bin (C IV distance > 0 . 9), and thus we do not
bserve the strongest BAL features, as per the correlation between 
mission and absorption signatures discussed in R20 . Moreover, it 
as also observed that the absorption troughs for these BAL quasars
ere found to exist at a wide range of velocities (as observed in the
edian absolute deviation at each pixel – the grey-shaded region in 

he bottom panels) such that the depth and width of many of the
roughs are washed out in the composites. Fig. 5 reveals that our X-
ay selected sample is indeed missing the quasars with the strongest
bsorption troughs (largest BI values) compared to the optically 
elected population. Given the known correlation between BI and the 
 IV emission properties, we limit the optically selected sample to 
1000 ≤ C IV blueshift ≤ 3000 km s−1 . Removing the highest C IV

lueshifts objects is insufficient to account for the lack of objects with
I > 104 km s−1 in the X-ray selected sample. Our X-ray sample also

acks BI < 102 km s−1 objects. To test if the different distribution is
urely due to our smaller sample size, we perform bootstrap sampling
y randomly sampling 143 BI BALs from the SDSS-IV sample 
00 times to find the average distribution shown as the dashed grey
istogram in Fig. 5 . While the SDSS-V and the bootstrapped SDSS-
V BI distributions are similar between 1 . 5 < log 10 (BI [km s−1 ])
 4, the differences between the distributions persist. Our sample is

lso missing the lowest BI objects, likely due to the lower average
/N of our spectra compared to the SDSS-IV sample. 
Fig. 6 uses the same C IV distance bins used in Fig. 4 , to examine

ow the median BI values (from equation 1 ) change as the C IV

istance increases, where the BI value provides a measure similar 
o an EW measure (in km s−1 ) of the broad absorption features that
re ≥ 2000 km s−1 wide bluewards of the C IV emission line. These
edian BI values, shown as the blue dots in the figure, suggest an
ncrease in absorption as the C IV distance increases for the X-ray-
elected BI BAL quasars in our sample, as previously noted via the
omposite spectra. While this trend agrees with the trend observed 
n the optically selected SDSS-IV sample studied by R20 (median 
MNRAS 542, 2105–2127 (2025)
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Figure 6. The relations of BI ( top panel ) and AI ( bottom panel ) against C IV 

distance with the blue scatter points displaying all of the BI- and AI-defined 
quasars. The blue dots show the median BI and AI values in C IV distance 
bins for the quasars identified in the SDSS-V sample (the same bins used in 
Fig. 4 for BI and Fig. 7 for AI). Similarly, the red dots indicate the BI- and 
AI-defined quasars in the optically selected SDSS-IV sample. The dashed 
lines show the best fit for the medians, the dashed error bars indicate the 
standard deviation, and the capped error bars are the standard errors in the 
medians. The median behaviour in the X-ray selected BI BAL (AI) quasars in 
our sample is such that the absorption increases (decreases) with increasing 
C IV distance. The SDSS-IV sample has systematically higher BI and AI 
values relative to the SDSS-V sample, although both samples show a high 
level of overlap due to the large scatter. 

v  

d  

C  

H  

b  

b  

d  

i  

a  

s  

a
 

d  

v  

m  

2  

<

s  

s  

c  

b  

c  

e  

(

β

w
i  

T  

N  

d  

B  

s  

a  

t  

n  

B  

o
 

t  

a  

q  

o  

t  

s  

b  

l  

t  

m  

w  

o  

T
o  

i  

s  

w  

s  

v
c  

t  

C  

X

5

I  

n  

X  

r  

p  

o  

C  

w  

m  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/542/3/2105/8236351 by Indian Institute of Astrophysics user on 16 O
ctober 2025
alues shown as the red dots), we note a substantial scatter, i.e. the
ashed error bars show the standard deviation of the BI values in each
 IV distance bin which suggests the presence of a broad scatter.
owever, the median BI values are well constrained as indicated
y the standard errors in the medians shown using the solid error
ars, i.e. the median values increase from 2.79 ± 0.02 at 0.2 C IV

istance to 3.01 ± 0.01 at 0.7 C IV distance, indicating a significant
ncrease in the average strength of absorption within BI BAL quasars
ssociated with strong C IV outflows. While the SDSS-IV sample has
ystematically higher BI values relative to the SDSS-V sample, they
re consistent within the errors. 

The AI metric, however, is seen to decrease with increasing C IV

istance (bottom panel of Fig. 6 ), in contrast to the increasing BI
NRAS 542, 2105–2127 (2025)
alues with this distance. The AI definition allows the inclusion of
ini-BALs (velocity widths of ∼1000–2000 km s−1 ; Trump et al.

006 ) as well as strong narrow absorption lines (NALs: FWHM
 500 km s−1 ; e.g. Hamann & Ferland 1999 ; Bowler et al. 2014 –

ee Appendix B for representative rest frame spectra). Composite
pectra of the AI quasars in the quasar rest frame (similar to Fig. 4 )
ontained no evidence of absorption due to the narrow width and
road velocity range of the AI-defined troughs. We instead generate
omposite spectra in the absorber rest frame, zabs as defined in
quation ( 1 ) of Hall et al. ( 2002 ) [introduced in Weymann et al.
 1979 ) & Foltz et al. ( 1986 )]: 

= v 

c 
= R2 − 1 

R2 + 1 
; R = 1 + z 

1 + zabs 
, (4) 

here z is the redshift of the quasar, c is the speed of light, and v 
s the velocity of the deepest absorption relative to the C IV line.
he composites are presented in Fig. 7 and show a clear C IV

AL doublet. The absorbers producing these features have very
ifferent internal kinematics compared to absorbers that produce
I-defined absorption troughs. In addition to outflowing absorbers,

ome fraction are likely to be a consequence of intervening material
long the line of sight to the quasar. The decreasing strength of
he absorption with increasing C IV distance is also evident in the
ormalized spectra (bottom panels). This differing behaviour of the
I- and AI-defined troughs in C IV space was also observed for the
ptically selected sample in R20 . 
Fig. 8 shows the distribution of the maximum velocity at which

he broad absorption blueward of the C IV emission line, referred to
s Vmax (in km s−1 ), occurs in the BI BAL SDSS-IV and SDSS-V
uasars. The open histograms compare the C IV blueshift-matched
ptically selected and X-ray selected BI BAL quasars revealing that
he absorption velocities span the full range independent of the
election. The pile-up at 25000 km s−1 in this figure is explained
y considering the BI definition in equation ( 1 ), where the upper
imit on the integral causes the troughs that extend beyond this limit
o be truncated. Moreover, the full SDSS-IV sample in red (shaded)
atches the range of Vmax of the SDSS-V sample, indicating that
hile the C IV emission velocities of the samples show dependence
n selection (Fig. 3 ), the range of absorption velocities does not.
his is further explored in Fig. 9 that shows the dependence of Vmax 

n C IV distance, with both samples sharing a common trend of
ncreasing Vmax with distance, consistent with the trend in composite
pectra as previously shown in Fig. 4 . Therefore, this implies that
hile the extent of the C IV blueshifts differs in the optical and X-ray

elected samples, i.e. the emission velocities differ, the absorption
elocities appear to match with each other. The similar range of Vmax 

ombined with the changing median Vmax with C IV distance suggest
hat the shape of the Vmax distribution is changing with location in
 IV space. This is a new result and applies to both the optically and
-ray-selected populations. 

 X - R AY  PROPERTIES  O F  BA L  QUA S A R S  

n this section, we study the X-ray properties of the BAL and
on-BAL quasars in our X-ray-selected sample to investigate the
-ray weakness of BAL quasars. The rest-frame 0.2–2.3 keV X-

ay luminosities ( LX 

) of our sample were calculated assuming a
hoton index of 
 = 1.9 and using fluxes from eFEDS (43 per cent
f the sample), eRASS:1 (32 per cent), XMM/Swift ( ∼ 1 per cent ) or
handra (23 per cent) in descending order of preference for objects
ith matches in multiple X-ray catalogues. We adopted the fluxes
easured in the 0.2–2.3 keV band for the eROSITA (eFEDS and
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Figure 7. Same as Fig. 4 but for the AI quasars and in the rest frame of the absorber (the MAD is also omitted for clarity). The X-ray-selected AI quasars show 

the presence of NALs that decrease in strength at higher C IV distance (see also bottom panel of Fig. 6 ). 

Figure 8. Comparing the maximum velocity at which the C IV absorption or 
the Vmax occurs for the BI BAL quasars in the X-ray selected SDSS-V sample 
(in blue) and the optically selected SDSS-IV sample (in red). The red his- 
togram shows the full SDSS-IV sample. The step-style histograms compare 
Vmax of the C IV blueshift matched SDSS-IV and SDSS-V samples, i.e. BI 
BAL quasars between −1000 km s−1 ≤ C IV blueshift ≤ 3000 km s−1 . These 
BI BALs show that regardless of optical/X-ray selection BAL absorptions 
occur at a full range of velocities, in contrast to the BAL C IV emission line 
velocities or blueshifts that show dependence on the wavelength selection. 

e
b  

C
(
a  

S  

T
v
2  

4
w
2

Figure 9. The median Vmax is observed to increase with increasing C IV 

distance for both the BI BAL SDSS-V quasars (in blue) and SDSS-IV (in 
red). Where the error bars are the same as in Fig. 6 and the median Vmax is 
determined in C IV distance bins of size � C IV distance = 0.3 between 0 
≤ C IV distance ≤ 1.2. The dashed lines show the best fit for the medians. 
This increase in Vmax with C IV distance suggests that while the extent of the 
C IV blueshifts, i.e. the emission velocities of the optically and X-ray samples 
differ (the BI BALs in the SDSS-V sample do not have sources in the last C IV 

distance bin, see Fig. 3 ), the absorption velocities are relatively consistent at 
a given C IV distance. 

Table 2. Origin of the X-ray data in our sample. 

Instrument Observed energy band keV Number of sources 

eROSITA (eFEDS) 0.2–2.3 959 
eROSITA (eRASS:1) 0.2–2.3 716 
XMM 4.5–12 10 
SWIFT 2–10 12 
Chandra 0.5–7 (ACIS broad) 508 

1.2–2 (medium) 14 
0.5–1.2 (soft) 1 

0.1–10 (HRC broad) 2 
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RASS:1) sources, the 4.5–12 keV band for the sources identified 
y XMM , the 2–10 keV band for the sources from Swift , while for
handra sources we use fluxes measured in the ACIS broad band 

0.5–7 keV), medium band (1.2–2 keV), soft band (0.5–1.2 keV), 
nd HRC broad band (0.1–10 keV) as provided in the Chandra
ource Catalogue (Evans et al. 2024 ). See Table 2 for a summary.
he catalogue fluxes were calculated assuming Galactic absorption 
alues of NH = 3 × 1020 cm−2 for eROSITA sources (Brunner et al. 
022 ; Merloni et al. 2024 ) and XMM (Rosen et al. 2016 ), and
 × 1020 cm−2 for Swift sources (Delaney et al. 2023 ). Galactic NH 

as estimated for each Chandra source individually (Evans et al. 
024 ). 
MNRAS 542, 2105–2127 (2025)
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Figure 10. The observed X-ray luminosities of the BI and AI populations. 
The purple diamonds represent the BI BAL and AI quasars and the green 
dots represent the non-BAL quasars, along with the black dashed line 
showing the luminosity at the limiting flux (adopting the eFEDS flux limit of 
10−14 erg s−1 cm−2 ; Brunner et al. 2022 ). Note that the size of BI BAL points 
has been increased for visibility. The distribution of the X-ray luminosities 
of all the subpopulations is similar over redshift, consistent with the previous 
result of finding these populations to be overlapping in the C IV space (see 
Fig. 3 ). The X-ray selected BI BAL quasars do not appear X-ray weaker 
relative to the non-BALs, i.e. by construction, our sample is probing the 
X-ray bright BAL quasars. 
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3 We adopt the eFEDS flux limit as the bulk of our X-ray selected sample 
were identified with eROSITA (from eRASS:1 or eFEDS catalogues) and the 
eFEDS flux limit corresponds to the deeper portion of this imaging. 
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Fig. 10 shows that the LX 

distribution of the BI- and AI-defined
uasars over redshift is similar to the non-BAL quasars, suggesting
hat the X-ray selected BI BAL and AI quasars do not appear to
e X-ray weaker relative to the non-BAL quasars in the sample
tudied in this paper (cf. Green et al. 1995 ; Laor et al. 1997 ; Brandt
t al. 2000 ; Gallagher et al. 2006 , G09 ; Luo et al. 2014 ; Saccheo
t al. 2023 ). This similarity in the LX 

values may be due to the
act that we are working with an X-ray-selected sample and thus our
election is biased towards the X-ray brightest BAL quasars. Thus,
ur sample – by construction – will only probe the X-ray bright tail of
he underlying BAL quasar population. The majority of the objects
NRAS 542, 2105–2127 (2025)
elow the eFEDS flux limit are from the deeper Chandra sample. 3 

he similar X-ray luminosities of the X-ray selected BAL and non-
AL quasars are consistent with our finding that the distribution of

hese two populations in the C IV space are also similar (see Fig. 3 and
ection 4 ), suggesting that – for an X-ray-selected sample – the BAL
nd non-BAL quasars are indistinguishable in their characteristics
xcept for the broad (or narrow) absorption troughs that identify the
I BAL and AI quasars. Additionally, the KS test p -values presented

n Table 1 for LX 

and LX 

− z space of the BI/AI populations, also
mply that the BALs and non-BALs in our sample are drawn from
he same underlying distribution. 

This result motivates us to explore in further detail the observed
-ray properties of the BAL quasars relative to non-BALs. Hence,
e employ αox to investigate the observed lack of difference in LX 

alues of these two sub-populations. As discussed in Section 1 , the
V/optical and X-ray luminosities of AGN are related (e.g. Avni &
ananbaum 1982 ), and this relationship is often quantified using the
pectral slope, αox , between the optical and X-ray as 

ox =
log 10 

(
L2 keV 

/L2500 Å

)

log 10 

(
ν2 keV 

/ν2500 Å

) , (5) 

here L2500 Å is the monochromatic optical luminosity at 2500 Å and

2500 Å is the frequency corresponding to this wavelength, while L2 keV 

nd ν2 keV are, equivalently, the monochromatic X-ray luminosity
t 2 keV and corresponding frequency. The monochromatic X-ray
uminosities were calculated by converting full-band luminosities
ssuming a photon index of 
 = 1.9 (e.g. Nandra et al. 2007 ).
ig. 11 shows the calculated αox as a function of L2500 Å for the BI-
nd AI-defined sub-populations in our X-ray-selected sample. All
uasars in our sample show the expected anticorrelation between

2500 Å and αox , which suggests that while optically brighter quasars
re more X-ray luminous, overall, the relative strength of the X-
ay emission (compared to the optical emission) decreases at higher
ptical luminosities. While the contours for the BI BAL and AI
uasars show that these quasars defined in our X-ray selected sample
verlap with each other, they also overlap with the non-BAL quasars
onsistent with our previous result finding these subpopulations
aving similarly distributed LX . This result further suggests that
he X-ray selected BI BAL quasars show a lack of X-ray weakness
elative to the non-BAL quasars with all of the subpopulations
howing similar UV/optical and X-ray properties. This conclusion is
urther motivated by the p values presented in Table 1 for a KS test
omparing the αox distributions. 
αox is a function of L2500 Å for quasars and Just et al. ( 2007 ) found

his correlation to be 

ox ( L2500 Å) = ( −0 . 140 ± 0 . 007)log ( L2500 Å) + (2 . 705 ± 0 . 212) , 

(6) 

or a sample of optically bright SDSS (York et al. 2000 ) quasars
ithin the redshift range of 1.5 ≤ z ≤ 4.5 with additional comple-
entary high luminosity quasars with z ≥ 4, and this correlation is

hown as the black dashed line in Fig. 11 . This figure also shows
 more recent linear anticorrelation equation found by Timlin et al.
 2021 ) that made use of the same sample as Just et al. ( 2007 ) with
dditional restrictions of requiring the quasars to be within 1.6 ≤ z ≤
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Figure 11. αox versus L2500 for our sample of X-ray selected SDSS-V 

quasars with the non-BALs (AI = BI = 0) in blue, the BI BALs in red 
( top panel ), and the AI quasars in dark red ( bottom panel ). The contours are 
defined at 10 per cent, 30 per cent, and 50 per cent of each of the samples. 
The BI BAL sub-population overlaps with the AI = BI = 0, suggesting that 
the X-ray weakness of a quasar is independent of its categorization as a BAL 

or non-BAL. Similarly, the AI quasars overlap with the AI = BI = 0 defined 
non-BAL population. The grey shaded region shows the eFEDS flux limit, 
with the Just et al. ( 2007 ) and Timlin et al. ( 2021 ) relations as the black 
dotted/dashed lines. The relations have slopes shallower than the sample 
studied in this paper, with the flux limit of our sample introducing a tilt in 
its distribution and missing the X-ray weaker (i.e. lower αox ) population at 
lower optical luminosities. 
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Figure 12. The distribution of �αox for the BI BALs, AI quasars, and non- 
BAL quasars (following the same colour scheme as in Fig. 11 ), with the 
vertical dashed line indicating where �αox = 0 occurs. The grey histogram 

shows the optically bright mini-BALs studied by W10. The optically selected 
HiBALs, mini-BALs, and non-BAL samples studied by G09 are shown as the 
black, dashed grey, and grey step-style histograms, respectively. The arrows 
indicate the 1 σ upper limits of the non-detections in the G09 sample (the 
y-coordinates of these arrows are arbitrary). The relatively high �αox values 
of our sample are expected since X-ray selection biases us towards X-ray 
brighter sources at the optical luminosities probed by SDSS-V. The BI BAL 

quasars peak around �αox = 0 . 2 and have a broad distribution extending 
between −0 . 5 � �αox � 0.6. These findings indicate that we probe the high 
�αox region more fully and identify a relatively X-ray bright BAL population. 
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4 We define ‘X-ray normal’ here as −0 . 2 < �αox < 0 . 2. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/542/3/2105/8236351 by Indian Institute of Astrophysics user on 16 O
ctober 2025
.5, be radio-quiet, and devoid of BAL features: 

ox ( L2500 Å) = −0 . 179log ( L2500 Å) + 3 . 968 . (7) 

Fig. 11 demonstrates that the Just et al. ( 2007 ) and Timlin et al.
 2021 ) slopes are much shallower relative to the sample studied in this
aper due to their differing sample selection. In this paper, however, 
e focus on comparing the properties of BALs and non-BALs in 
ur new X-ray-selected sample. The grey-shaded region in Fig. 11 
ndicates the impact of the eFEDS flux limit in this space, evaluated
t the redshift of our full quasar sample (1.5 ≤ z ≤ 3.5) and thus how
he X-ray selection will miss the X-ray weaker (i.e. lower αox ) quasar
opulation at lower optical luminosities. Again, the majority of the 
ources below the flux limit are from the Chandra sample. The flux
imit also introduces a tilt in the distribution of our samples in this
pace that leads to a deviation in the apparent slope of the αox - L2500 Å

ample compared to the underlying relations measured by Just et al.
 2007 ) and Timlin et al. ( 2021 ). By measuring the offset from these
orrelations, 

αox = αox − αox ( L2500 Å) , (8) 

here αox ( L2500 ) is the predicted αox at a given L2500 based on the
ust et al. ( 2007 ) best-fitting relation, we can compare the relative
-ray brightness across the full optical luminosity range between the 
-ray selected BAL quasars and the non-BAL quasars. A lower �αox 

alue implies X-ray weakness, i.e. if �αox = −0 . 4, then the quasar is
-ray weaker by a factor of ≈ 11 with respect to quasars with similar
V luminosities ( G09 ). We define X-ray strong as �αox > 0 . 2 and
-ray weak as �αox < −0 . 2. Fig. 12 shows the distribution of �αox 

or all the defined subpopulations relative to the Just et al. ( 2007 )
elation. The relative skew of the �αox distribution towards more 
ositive values is expected as the X-ray selection introduces an X-
ay flux limit that biases us towards the X-ray brighter population at
he optical luminosities probed with SDSS-V. However, our X-ray 
election does also identify X-ray weak populations as ∼ 7 per cent
f the sample has �αox < −0 . 2. This figure demonstrates that we
nd both X-ray weak, X-ray normal, 4 and X-ray strong populations 
ithin our X-ray selected sample. 21/25 of the �αox < −0 . 2 sources
MNRAS 542, 2105–2127 (2025)
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Figure 13. The distribution of column densities or NH (obtained from Liu et al. 2022 ) of the four subpopulations in the eFEDS sample where we have X-ray 
spectral information, with the lowest bin in each panel representing the unobscured fraction. While noting the overall small counts of the populations and the 
simplistic X-ray spectral model considered, the BAL and non-BAL quasars appear to be similarly distributed, i.e. the BAL quasars do not have higher column 
densities relative to the non-BAL quasars. 
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Fig. 12 also presents the optically selected HiBALs studied by G09
n black, where they have also calculated their �αox values relative to
he Just et al. ( 2007 ) relation. The majority of the G09 HiBAL sample
as �αox < 0 although it does include a small number of objects
ith �αox > 0. However, the �αox distribution of the G09 HiBALs
oes not align with the BI BAL quasar population isolated from our
ample due to the differences in selection. Additionally, we observe
hat isolating the BAL quasars from the rest of the sample introduces
 slight skew in our �αox distribution towards lower values relative
o the non-BALs, although the BALs still show a large fraction
f �αox > 0 objects and many are X-ray stronger than those in
he G09 sample. In Table 1 , the p -value for a KS test comparing
he �αox indicates that we should accept the hypothesis that the
I or AI-defined quasars and non-BALs are drawn from the same
istribution. Gibson et al. ( 2009b ) and W10 found that the absorption
ystems they labelled as mini-BAL quasars had X-ray properties
ore similar to the non-BALs than to the BALs. Our BI BALs and
I quasars do not appear to be X-ray weaker than the non-BALs

nd there is insufficient evidence to suggest that the X-ray-selected
ALs preferentially show substantial X-ray weakness relative to non-
ALs. While we do find X-ray weak objects, the lack of evidence
f relative BAL X-ray weakness is likely due to the selection bias of
ur X-ray quasar sample that prefers X-ray strong quasars. The �αox 

alues for our sample were also computed relative to the Timlin et al.
 2021 ) relation, obtained for an optically selected sample, finding the
istributions of all the subpopulations agreed with Fig. 12 . 
Liu et al. ( 2022 ) performed X-ray spectral fitting of the eFEDS

ample in order to derive various properties including the intrinsic
olumn density, NH , of the sources; however, note that the absorption
odel is likely too simplistic for BAL X-ray absorption. Fig. 13

resents these column densities for our eFEDS subsample of quasars.
e include in the figure those that are classified as ‘unobscured’,

mildly-measured’, and ‘well-measured’ via the neutral absorption
ower-law model. 5 We do not use the tabulated NH values for the
nobscured population; all of these objects are placed in the lowest
NRAS 542, 2105–2127 (2025)

 Model 1 of Liu et al. ( 2022 ). 

s  

t  

n  
H bin (see section 4.3 of Liu et al. 2022 for details). As shown
n the figure, the NH values for the BI BAL and non-BAL quasars
s well as the AI and non-AI quasars are similar while noting the
arginally higher number of BAL quasars with higher NH values.
he four BI BAL quasars with NH 

> 1022 . 5 cm−2 have a median
mean) �αox � −0 . 091 ( −0.119) placing them in the weaker half
f the X-ray normal population. Future larger samples with detailed
-ray spectral analysis are required to investigate further, but the
H > 1022 . 5 cm−2 sample could be indicative of the absorbed X-

ay weak BAL population observed in previous optically selected
tudies. 

 DI SCUSSI ON  

he spectroscopic follow-up of eROSITA , Chandra , XMM , and Swift
ources with SDSS-V provides a large sample of X-ray selected
uasars to investigate BAL quasars relative to non-BALs. This
ynergy has enabled, for the first time, to study a large sample of
-ray selected BAL quasars, i.e. 143 BI BALs and 954 AI quasars

dentified in this paper. Previous studies that investigated the X-ray-
elected BAL quasars include Giustini et al. ( 2008 ) who studied
4 sources, Streblyanska et al. ( 2010 ) who studied 88 sources, and
age et al. ( 2017 ) who studied six sources. Our increase in sample
ize allows us to probe a broader dynamic range of BAL physical
roperties and explore trends with other signatures of outflowing
as (e.g. C IV blueshift). We have also consistently selected a large
ample of non-BAL quasars that provides a robust comparison to the
ALs and their properties. In the following sections, we discuss the

mplications of the results obtained in this paper and contribute to
he discussions of these previous studies. 

.1 X-ray selection excludes the highest outflow velocities in 

mission but spans the full range of absorption velocities 

s discussed in Section 1 , previous studies that investigated optically
elected quasars have found BAL quasars to be X-ray weaker relative
o non-BAL quasars. Before comparing the BAL quasars with the
on-BAL quasars in our study, let us first consider the impact of the



X-ray selected BAL quasars 2117

X  

t
c

w  

2  

a  

a  

t
a
e  

r
p
a
c
f  

s  

t
2  

v
h  

w
i
p
v
B  

E
m  

w  

p  

b
a
p

 

e  

q  

o
1  

2  

i
a
b  

1  

S  

o  

m  

C  

t

s  

e  

o  

F  

v
B  

a
w

 

i
t
a  

t

Figure 14. �αox versus C IV distance for all the subpopulations in our X-ray 
selected sample, with each point showing the median �αox value in different 
C IV distance bins. While the rest of the subpopulations have four bins, the BI 
BAL quasars are not found in the last bin with the highest C IV distance. The 
error bars are similar to Fig. 6 . The trend suggests a decrease in median �αox 

value with increasing C IV distance for all but the highest C IV distance bin, 
although the error bars are large – quasars appear to be X-ray weaker at higher 
C IV distances. This trend is observed for all the subpopulations independent 
of their categorization as a BAL or non-BAL. The trend suggests that, for 
a given quasar, low C IV EWs and high C IV blueshifts are associated with 
relatively X-ray-weaker systems. 
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-ray selection on the properties of our sample relative to those of
he optically selected comparison sample from SDSS-IV and what it 
ould mean for the nature of the winds. 

The C IV emission blueshift is often considered as evidence for disc 
inds [e.g. Gaskell 1982 ; Sulentic et al. 2000 ; Richards et al. 2002 ,
011 ; Leighly 2004 ; but see Gaskell & Goosmann ( 2013 , 2016 ) for
n alternative view]. The distribution of quasars within the C IV space
longside its correlation with the He II EW (a tracer of the strength of
he far-UV SED; Leighly 2004 ) point towards radiative line driving 
s being an important mechanism for driving strong winds (Baskin 
t al. 2013 , 2015 ; Rankine et al. 2020 ; Temple et al. 2023 ). In detail,
adiatively efficient winds occur when the outflowing gas can be 
ropelled to high velocities by radiation pressure caused by the 
ccretion disc’s UV emission; both physical arguments and numeri- 
al simulations support the notion that radiation-driven outflows are 
easible only when the gas surrounding the disc is not highly ionized
ince highly ionized gas would have a low concentration of ions
hat are capable of producing the observed UV line opacities [Proga 
007 ; Matthews et al. 2023 ; but see Baskin et al. ( 2014 ) for a different
iew]. Through X-ray selection, we are missing the quasars with the 
ighest C IV emission blueshifts ( � 3500 km s−1 ), which is consistent
ith the scenario where X-rays can overionize the gas resulting 

n lower velocity outflows. Therefore, through X-ray selection, we 
referentially probe the high X-ray luminosity and low UV emission 
elocity part of the quasar population. R20 reported that the observed 
AL fraction increases with increasing C IV blueshift for a given C IV

W (without correcting for selection effects) thus by consequence we 
ay be missing a large fraction of the BAL population (in agreement
ith Giustini et al. 2008 ). Since we are not probing the whole BAL
opulation through our X-ray sample, i.e. there are no high C IV

lueshift quasars in this sample, any conclusions drawn can only be 
pplied to the low–to–moderate C IV blueshift BAL/non-BAL quasar 
opulations. 
Despite the effect of X-ray selection on the occupation of the C IV

mission space, in Section 3 we found the overall fraction of BAL
uasars (we find 6 per cent for our sample) is comparable to the
bserved fractions in optically selected samples, that typically find 
0 per cent to 15 per cent (e.g. Tolea et al. 2002 ; Hewett & Foltz
003 ; Knigge et al. 2008 , G09 ). While our observed BAL fraction
s slightly lower than found in optically selected samples, it remains 
 surprising result given that BAL quasars are generally thought to 
e X-ray weak relative to non-BALs (Green et al. 1995 ; Laor et al.
997 ; Brandt et al. 2000 ; Gallagher et al. 2006 , G09 ; Luo et al. 2014 ;
accheo et al. 2023 ). However, while the BAL fraction has been
bserved to increase with C IV blueshifts, most quasars (and thus
ost BALs) are at lower C IV blueshifts, and excluding the highest
 IV blueshifts via X-ray selection does not lead to a large change in

he overall BAL fraction. 
We also find that while X-ray selection preferentially identifies 

ources with relatively low-velocity disc winds (as traced by the C IV

mission line), the velocities of the absorbing gas span the full range
f BAL velocities seen in the optically selected BALs (see Fig. 8 ).
urthermore, at a given C IV distance (i.e. emission line velocity), the
elocities of the absorbing gas for both X-ray and optically selected 
ALs are consistent (see Fig. 9 ). Thus, the presence of absorbing gas
nd its properties appear to be consistent, regardless of the selection 
avelength. 
The increase in BAL velocity with increasing C IV distance (Fig. 9 )

s expected within a radiatively driven wind scenario since more line 
ransitions within the gas lead to both stronger absorption features 
s well as the propulsion of the gas to higher velocities. However,
he similar absorption velocities between the X-ray and optically 
elected samples indicate that the X-rays may have a relatively larger
mpact on the C IV emission line compared to the absorption. This
ehaviour is seen again in Fig. 14 which shows the trend observed
etween �αox and C IV distance. The median �αox value decreases 
ith increasing C IV distance for all the subpopulations, implying 

hat systems with higher velocity C IV -emitting outflows are X-ray
eaker relative to those with lower velocity outflows. A similar 

nticorrelation between �αox and C IV distance was observed by 
imlin et al. ( 2020b ) and Rivera et al. ( 2022 ). It was also an expected

rend considering the relationship between He II emission and C IV

lueshift (see Section 1 for references). Timlin et al. ( 2021 ) have
lso reported a strong correlation between αox and He II across broad
edshift and luminosity ranges. Importantly for this paper, R20 found 
o difference between the BALs and non-BALs in regards to the He II
istributions in the C IV space which aligns with the similar trends
bserved here between the X-ray selected BALs and non-BALs: there 
s little difference in the �αox trends with C IV distance between the
AL and non-BAL quasars. 
W10 found correlations between various trough parameters and 
αox (see their figs 9–11) with slower and narrower absorption 

eatures present in objects with stronger X-ray emission. In Fig. 
5 , we investigate how the absorption properties relate to the X-ray
trength for our sample and compare with some of the results from
g. 9 of W10. Unlike W10 we do not see any correlations for our
-ray selected sample. We caution, however, that the X-ray flux limit
ay be affecting any correlation by removing sources at low �αox .
any of the W10 sample fall below our �αox limit (see the vertical

lack dashed lines based on the median flux limit at the sample’s
edian L2500 ). However, our new sample illustrates the broad range 

f values that these measures of absorption properties span for our
ample of sources at �αox � −0 . 1, and that these properties do not
ppear to depend on the X-ray properties. This does not preclude a
ild dependence for samples that span a broader range of �αox but

oes suggest there must be a large scatter in any such relation. While
MNRAS 542, 2105–2127 (2025)
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Figure 15. Various absorption properties as a function of �αox for the BI and AI absorption systems. The coloured dots (AI quasars) and squares (BI BALs) are 
from our sample. The black triangles are HiBALs from G09 and open circles are mini-BALs from G09 & W10, see fig. 9 of W10 for further details. From top left: 
BI or AI value [as defined by equations ( 1 ) and ( 2 )], maximum trough velocity, minimum trough velocity, velocity extent of absorption ((maximum − minimum ) 
trough velocity which is the width of the trough for objects with one absorption feature), and velocity of deepest absorption. The velocity measurements show 

discretization due to the finite width of the SDSS pixels. The build-up of objects at the limits of the BI and AI integration is most evident in the Vmin panel (top 
right). The vertical dashed line in each panel shows the typical �αox limit at the median X-ray sensitivity and median optical luminosity. The samples studied 
by W10 fall below our �αox limit and we do not find any clear trends within our X-ray flux limited sample, suggesting that these absorption properties do not 
depend on the X-ray properties for sources in our sample. 
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e do not see a correlation between BI and �αox (top-left panel), in
ig. 5 we see that the X-ray selected nature of our sample is likely to
ave some effect on the types of BALs we are observing, since the
I distribution of the X-ray selected sample is missing the strongest
ALs. However, apart from at the highest and lowest BI values, the
I distributions are very similar. The lack of a significant connection
etween the X-ray properties and the presence and properties of
ny absorption (either BI or AI troughs) furthers the conclusion that
he wind signatures in emission are affected more than the wind
ignatures in absorption. These results could be a manifestation
f the different physical locations of the C IV -emitting gas and the
 IV -absorbing gas. The emission line is produced from gas much
loser to the X-ray corona (at sub-parsec scales) compared to the
bsorption that is thought to occur further from the central engine
at hundreds to thousands of parsecs; Arav et al. 2018 , 2020 ; Xu
t al. 2019 ; Miller et al. 2020 ). However, Extremely High Velocity
bjects (EHVOs) are being found at distances closer to the broad

mission line region (e.g. Rodrı́guez Hidalgo, Hamann & Hall 2011 ;
amann et al. 2013 ; Rodrı́guez Hidalgo et al. 2025 ). Via the study
f NALs, Bowler et al. ( 2014 ) and Perrotta et al. ( 2018 ) have shown
hat the ionization parameter (i.e. the number of ionizing photons per
tom) of the outflowing gas decreases, and therefore distance from
he quasar increases, with increasing absorber velocity (in BALs
nd non-BALs alike; Bowler et al. 2014 ). By this logic, the faster
NRAS 542, 2105–2127 (2025)
he BALs, the further out they may be where the impact of the X-
ay emission is less pronounced, thereby reducing any correlation
etween the velocity of the wind and �αox . The AI population
s likely also to be contaminated by intervening absorbers that
ill not be influenced by the X-ray properties of the background
uasar. 
To explore further any relationship (or lack thereof) between

he velocity of the absorption systems and the X-ray properties,
e could extend this study to systems with even larger absorption

peeds. EHVOs (Rodrı́guez Hidalgo et al. 2011 ) extend the speed
aseline as they are defined with minimum absorption speeds
f 30 000 km s−1 . Most of these systems are found, due to the
onvenience of avoiding the Ly α forest, with maximum speeds
f 60 000 km s−1 , although some exceptions with larger speeds
ave been found (Hamann et al. 2018 ; Hall et al., in preparation).
HVOs also show, on average, larger speeds of C IV -emitting
utflows than BALs (Rodrı́guez Hidalgo & Rankine 2022 ). Thus,
tudying the X-ray properties of EHVOs would allow us to test
hether these systems are X-ray weaker relative to those with

ower velocity outflows, both in emission and absorption. Testing
he X-ray properties of EHVOs as a function of C IV blueshifts
ould allow us to test whether X-rays have, as appears to be in

he case of BALs, a larger impact on emission than absorption
roperties. 
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.2 BAL and non-BAL quasars span the same range of X-ray 
roperties 

ith X-ray information available for the BAL and non-BAL quasars 
n our sample, we have investigated the similarity in the properties 
erived from their X-ray data. Previously studied optically selected 
amples have observed BAL quasars to have lower observed X-ray 
uminosities relative to non-BAL quasars, which is well-explained 
ithin the accretion disc–wind model that invokes X-ray shielding 

Murray et al. 1995 ; Proga & Kallman 2004 ; Luo et al. 2013 ) to
xplain the X-ray weakness observed in BAL quasars. 

One key result of our paper is that we find BAL quasars across the
ull range of relative X-ray strength probed by our sample (i.e. �αox ;
ig. 12 ), and we do still identify moderately X-ray weak systems
espite the bias due to the X-ray flux limits. Previous studies have also
hown that HiBALs can be X-ray weaker than found in our sample
e.g. reaching �αox ∼ −0 . 7: Gallagher et al. 2006 ) and thus BALs
xist across the full range of relative X-ray strength of quasars. X-ray
trong BALs are relatively rare and strong BAL features rare also. 
n an optically selected flux-limited sample one is biased towards 
ptically brighter sources where X-ray strong objects are rarer still 
see the lack of objects towards the top-right of Fig. 11 ). In our
-ray selected sample, we are biased towards X-ray strong objects, 
articularly at low optical luminosities (see where the flux limit and 
ox relations intersect). Given the previous sample sizes of BALs with 
-ray observations and the expected rarity of X-ray strong BALs, 
ur sample selection is more likely to include these objects. 
We raise two questions that others have also posed: (1) Is the X-ray

eakness in the BAL quasars that do have �αox < 0 a consequence
f intrinsic X-ray weakness caused by a dim X-ray corona (relative 
o the disc) or due to large column densities of absorbing material
long the line-of-sight? (2) Why in an X-ray strong source do we
till see BALs if the X-ray emission is likely to overionize the wind?
e discuss these questions with the help of Fig. 16 where we split

he BI and AI quasars into X-ray weak ( �αox < −0 . 2) and strong
 �αox > 0 . 2) and plot their NH distributions. 6 While the sample
izes are small and the error bars large, all of the X-ray strong BI
ALs have NH < 1021 . 5 cm−2 and there is tentative evidence (one 
bject) that the X-ray weak BI BALs are more likely to have larger
olumn densities than the X-ray strong BI BALs. It should be noted
hat the X-ray normal BI BAL population contains objects up to 

H ∼ 1023 . 5 cm−2 . This result suggests that the X-ray weak BALs in 
ur sample are X-ray weak due to large column densities along the
ine of sight and are not intrinsically X-ray weak. This absorption 
cenario is favoured in most cases (e.g. Gallagher et al. 2006 ). 

Meanwhile, the majority of the X-ray weak AI quasars have 
H < 1021 . 5 cm−2 , similar to the X-ray strong AI quasars. This result

uggests that an enhanced absorbing column is not the cause of the
-ray weakness in the AI quasars. 
When combining the X-ray weak, normal, and strong eFEDS 

amples, the p values for the column densities and the redshift-
atched observed (not corrected for obscuration) X-ray luminosities 

see Table 1 ) suggest that the intrinsic X-ray properties of our BAL
nd non-BAL quasar samples are drawn from the same distribution. 
his analysis is presented for a spectral model with a neutral absorber; 
owever, Streblyanska et al. ( 2010 ) find a more significant fraction
f absorbed BAL quasars when X-ray spectral fitting was performed 
ith an ionized absorber model. Nevertheless, we determined the 

ntrinsic luminosity p values for the eFEDS subsamples (similarly 
 The sample is limited to the eFEDS sources as before. 

e
t
e
a

s in Section 4 and using luminosities from Liu et al. 2022 ), finding
he BI BALs/non-BALs are consistent with being drawn from the 
ame underlying distribution ( p = 0.6) while the p-value ( = 0.002)
ejects this hypothesis for the quasars with and without AI-defined 
bsorption systems. This is in contrast to Liu et al. ( 2018 ) who
ound a higher percentage of HiBAL quasars that are intrinsically 
-ray weak (7–10 per cent) as compared to the percentage of non-
AL quasars ( < 2 per cent; Gibson, Brandt & Schneider 2008 ). We
ote, however, that eFEDS is biased towards less obscured objects 
nd so the X-ray selection may be selecting against the obscured
AL quasars resulting in observed similarities between the X-ray 
roperties of the BAL and non-BAL quasars that are not intrinsic to
he whole population. 

Of course, our line of sight may not be the same as the line
f sight between the BAL gas and the inner corona, so geometry
ay play a role. Giustini et al. ( 2008 ) also observed a lack of X-

ay weakness in a population of X-ray-selected BAL quasars, albeit 
 sample numbering only 54. They argued that the lack of X-ray
eakness in their BALs can be accommodated within the theoretical 
odel of the accretion disc wind by considering that the subset of
AL quasars that are X-ray strong (X-ray selected in their case) may
e being viewed from smaller angles with respect to the accretion disc
han the traditional optically selected BALs. We are therefore missing 
ources where our line-of-sight intersects with a large amount of inner
hielding gas that absorbs X-rays (resulting in the observed X-ray 
eakness), suppresses the ionizing X-ray radiation and results in 
ighest velocity UV outflows (seen in C IV emission). However, as
iscussed in Section 1 , Baskin et al. ( 2014 ) suggest RPC to address
he problem of over-ionization without invoking an additional X- 
ay shielding gas: the radial compression of the absorbing gas by
isc radiation prevents the gas from being overionized and thus 
AL quasars are not required to be X-ray weak, but they can still
xist. Separately, Hamann et al. ( 2013 ) observed that mini-BALs
pproaching speeds of 0.1–0.2 c do not have significantly higher 
olumn densities than their lower velocity counterparts. We do not 
nd a difference in the X-ray luminosities (observed or intrinsic) of

he BI BAL and non-BAL quasars or the AI and non-AI quasars
dentified in our paper, and the RPC framework could explain 
he efficient outflows we observe without requiring an additional 
hielding component. 

Jets can also contribute to the observed X-ray luminosity (see 
eviews by Worrall 2009 ; Hardcastle & Croston 2020 ). Since we
re studying the X-ray selected population of SDSS-V, we do not
emove quasars from our sample on the basis of their radio properties.
urthermore, our sample does not have uniform or complete radio 
overage. Fourteen per cent (332 objects) of our sample is within
he footprint of the second data release of the LOFAR Two-Metre
ky Survey (LoTSS; Shimwell et al. 2022 ) and 53 per cent (1239
bjects) is within the Rapid ASKAP Continuum Survey footprint 
RACS; McConnell et al. 2020 ). Regardless, X-ray emission from 

ets could be responsible for some of the X-ray strong objects in
ur sample. Investigating the radio properties of the SDSS-V X-ray 
elected BAL quasars is beyond the scope of this paper; however, we
tate that out of the objects with radio coverage, 125 are radio-loud,
ll of which have �αox > 0. 7 To our interest 1/16 ( ∼ 6 per cent) BI
MNRAS 542, 2105–2127 (2025)

t al. ( 2023 ), and utilize a cross-match between Legacy Survey DR10 and 
he RACS catalogue (Hale et al. 2021 ) performed using NWAY (Salvato 
t al. 2022 ). We employ a radio-loud threshold of log R > 2 for LOFAR 

nd log R > 1 . 5 for RACS sources where R = Lradio /L2500 . The thresholds 
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M

Figure 16. The distribution of column densities or NH of the BI BALs (left) and AI quasars (right) where we have X-ray spectral information, similarly as in 
Fig. 13 . The open histograms contain the whole BI/AI samples (the same red histograms as in Fig. 13 ). The X-ray weak subpopulations are in brown and the 
X-ray strong in filled red. Noting the small sample sizes and the large error bars, one X-ray weak BI BAL has a large column density whilst the X-ray strong BI 
BALs have lower column densities. The majority of the X-ray strong and weak AI quasars, on the other hand, have NH ≤ 21 . 5. 
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ALs, and 14/135 ( ∼ 10 per cent) AI quasars with �αox > 0 . 2 and
ithin the radio coverage are radio-loud. However, radio-loudness

riteria overpredict the fraction of AGN-dominated radio sources
Yue et al. 2025 ) and so these fractions may be inflated. None the
ess, by our criteria, jets are not sufficient to explain all of the X-ray
trong BI BALs and AI quasars. 

Intrinsic X-ray variability may also be important to consider as
he inner X-ray corona is likely to vary fairly rapidly (hours to
ays; Mushotzky, Done & Pounds 1993 ); perhaps the X-ray strong
hases ( �αox > 0) are too short-lived to have sufficient impact
n the (further out) gas associated with the BALs. In addition to
ntrinsic X-ray variability, studies by Saez et al. ( 2012 ) and Timlin,
randt & Zhu ( 2020a ) revealed that the long-term X-ray variability

rest frame 0.1–30 yr) likely due to movement of any shielding gas is
ndependent of the classification as a BAL or non-BAL (despite these
ALs being X-ray weak) which could fit with the picture emerging
ere where the presence of a BAL is somewhat independent of
he shielding gas. Regardless of time-scale, any X-ray variability
ay be responsible for the broad �αox distribution in the first

lace. 
Moreover, we find that the median column densities of both BALs

nd non-BALs are constant with increasing C IV distance suggesting
he intrinsic X-ray properties do not change with C IV distance,
lthough it is important to note that smaller numbers available for
he investigation of NH , the simplistic X-ray spectral model, and the
election bias of the sample used by Liu et al. ( 2022 ) may limit our
bility to identify any changes. We also calculated Eddington ratios
or our sample by determining black hole masses from the Mg II line
see Vestergaard & Osmer 2009 ) to calculate L bol /L Edd , finding
his to increase with increasing C IV distance for all of the quasar
opulations as expected from optically selected studies (e.g. R20 ;
emple et al. 2023 ) and weak emission-line quasar studies (e.g. Luo
t al. 2015 ). See Appendix C for figures showing these measurements
f NH and Eddington ratio with C IV distance. 
NRAS 542, 2105–2127 (2025)

re based on extrapolating the traditional threshold of log R > 1 at 5 GHz 
o 144 MHz and 888 MHz, respectively. Radio luminosities are calculated 
ssuming synchrotron emission with Sν ∼ ν−0 . 7 . 

 

t  

X  

q  

o  
R20 showed that the BALs and non-BALs in the SDSS-IV (and
recursors) optically selected sample are co-located in C IV emission
pace with a changing BAL fraction across the space. Here we
ave investigated the X-ray selected sample from SDSS-V and find
imilar results with the KS tests not allowing us to rule out the
ossibility that the BALs and non-BALs have different C IV blueshift-
W distributions. It is clear, however, that the X-ray properties
f the BALs and non-BALs in our X-ray-selected sample are not
tatistically distinct from one another. 

 C O N C L U S I O N S  

his paper aimed to study the X-ray-selected SDSS-V BAL quasars
ithin the redshift range of 1.5 ≤ z ≤ 3.5. A sample of 2317
uasars with S/N > 5 was selected based on best-fitting ICA spectral
econstructions and BAL quasars were identified using the BI metric.
ther absorption systems were also identified via the AI metric. We
ave studied the UV outflow signatures in the BAL quasars and
nvestigated their X-ray properties relative to non-BAL quasars. Our
tudy of a large X-ray-selected sample builds on prior studies of BAL
nd non-BAL quasars that predominantly used optically selected
amples, hence we have drawn comparisons with previous results
rom G09 and R20 . The main results of this paper are as follows: 

(i) This X-ray-selected quasar sample consists of 143 or 6.2 per
ent BI BAL quasars and 954 or 41.2 per cent quasars with AI
bsorption systems, i.e. the observed fractions are slightly lower
han but comparable to those previously found in optically selected
amples. We note that these observed BAL fractions are different
rom the intrinsic fraction due to selection effects at play, including
he X-ray flux limits, the optical-magnitude limit for SDSS-V
pectroscopy, and the S/N required to identify BALs in the optical
pectra. 

(ii) The X-ray selected quasars lie at lower C IV blueshifts relative
o optically selected quasars (see Fig. 3 ). However, within the
-ray selected sample, the BI BALs, AI quasars, and non-BAL
uasars overlap in C IV space. While BALs span the same range
f C IV emission properties as X-ray selected non-BALs, we found
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mall – but statistically significant – differences such that BALs are 
referentially found in quasars with slightly lower C IV EWs. 
(iii) While the extent of the C IV emission-line blueshifts differ for

he optically and X-ray selected samples, the absorption velocities 
re independent of the target selection (Figs 8 and 9 ), suggesting
hat X-rays may have a larger impact on the gas associated with C IV

mission compared to the (likely distinct, physically further out) gas 
esponsible for the absorption in BALs (see Section 6.1 ). 
his picture is supported by the result that X-ray weaker sources
re at higher C IV distances (Fig. 14 ) and the lack of connection
etween the absorption properties of the X-ray selected BI BAL and 
I quasars relative to X-ray strength or �αox (Fig. 15 ). 
(iv) For the eFEDS subset of our sample with X-ray spectral 

tting results, the observed X-ray luminosities (i.e. not corrected 
or obscuration) are the same for the BAL and non-BAL quasars
see Fig. 10 ). Additionally, we found a similar distribution of X-ray
bsorption column densities, NH , (see Fig. 13 ) suggesting that the 
ntrinsic X-ray properties of the BAL and non-BAL quasars studied 
n this paper are also similar – validated for the eFEDS detected BI
opulations with a KS test p-value of 0.6 – although we note that the
oft X-ray eROSITA selection likely misses heavily obscured objects. 

(v) We found that our non-BAL quasars and the BI BAL and 
I quasars overlap in the αox versus L2500 space (see Fig. 11 ), and

hat BALs exist across the entire range of relative X-ray strength 
see Fig. 12 ) probed with our X-ray selected sample. Due to this
-ray selection, our BAL and non-BAL subsamples are very similar, 
nlike the optically selected HiBALs studied by G09 that show X-ray 
eakness. 
(vi) X-ray selection enabled the identification of examples of 

relatively) X-ray bright BAL quasars, i.e. the �αox > 0 range is
ore fully sampled through X-ray selection compared to the samples 

n G09 (see Fig. 12 ). Our sample spans a much wider range than G09 ,
eaching �αox > 0 . 4, which includes sources that were not found by
09 . 

Overall, the main result of this investigation is that the X-ray- 
elected BAL and non-BAL quasars studied in this paper appear to 
ave similar X-ray properties, i.e. the X-ray properties of a given 
uasar are independent of its categorization as a BAL or non-BAL.
urther investigation of the intrinsic versus observed X-ray properties 
f the X-ray selected BALs relative to the non-BAL quasars is
equired to understand the nature of X-ray weakness and brightness of 
hese BAL quasars. X-ray spectral analysis using a larger sample and 
eeper X-ray data will be possible with future eROSITA data releases 
nd will allow for further exploration of the column densities present 
n BAL quasars and the investigation into the presence (or absence) of 
ny X-ray absorbing gas/shielding mechanism with greater statistics. 
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in preparation). After which, the eRASS:1 data will be made
vailable upon reasonable request. eROSITA data is available at
ttps://erosita.mpe.mpg.de . The parent Chandra catalogue used for
argeting is available at https://doi.org/10.25574/csc2 . The parent
wift -XRT catalogue is available at https://www.swift.ac.uk/2SXP
/exsess/ and the parent XMM-Newton catalogue is provided at 
ttp://xmm-catalog.irap.omp.eu/. 
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Table A2. Description of the column names in Table A1 . 

Column Name Description 

SDSS ID Unique identifier for targets in SDSS. 
RACAT, DECCAT RA and DEC of the objects (degrees). 
zfinal The redshift of the objects, see Section 2 for how these values were obtained. 
Instrument The instrument from which the X-ray information is obtained. 
BI, AI The Balnicity Index and Absorption Index determined using equations ( 1 ) & 2 along with’BI err’ (the error in BI),’BI VMAX’ 

(maximum velocity at which C IV absorption occurs),’BI VMIN’ (the minimum velocity),’BI VEXT’ (width of the absorption 
trough),’BI POSMIN’ (velocity of the deepest absorption) and equivalently for AI. All have units of km s−1 . 

CIV EW The C IV emission line EW in angstroms. 
CIV blue The C IV emission line blueshift in km s−1 . 
ERO ID eRASS:1 source ID. 
eFEDS ERO ID eFEDS source ID. 
CSC21P ID Chandra source ID. 
XMM ID The IAU name associated with the 4XMM source. 
Swift ID Swift source ID (2SXPS ID). 
L0.2-2.3keV Logarithm of rest frame 0.2–2.3 keV X-ray luminosity [log 10 (erg s −1 )]. 
L2keV Logarithm of monochromatic X-ray luminosity at 2 keV [log 10 (erg s −1 )]. 
L2500 Logarithm of monochromatic optical luminosity at 2500 Å [log 10 (erg s −1 )]. 
alpha ox The X-ray-to-optical spectral index, see equation ( 5 ). 
Daox The �αox determined using equation ( 8 ). 
eddratio The Eddington ratio determined using black hole mass estimates from the Mg II emission line. 
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PPEN D IX  B:  BI  BA L  A N D  A I  > 0  

EPRESEN TATIVE  SPECTRA  

e present six representative spectra for the BI BALs and AI quasars
dentified in our X-ray-selected sample. Fig. B1 shows the rest frame 
pectra in black and the reconstructions in red for quasars with BI-
nd AI-defined absorption systems using the definitions in equations 
 1 ) and ( 2 ). The C IV distance of the sources increases as we move
ertically downwards and the troughs highlighted using horizontal 
lue lines indicate the absorption troughs classified and used to 
etermine the BI or AI values (km s−1 ) for these quasars. 
The left panel of Fig. B1 shows the representative spectra at 

ifferent C IV distances for the X-ray-selected BI BAL quasars. The 
orizontal blue lines in this panel highlight the 3000 km s−1 threshold 
et for the BI definition in equation ( 1 ) as many of the troughs extend
o lower velocities which are not captured in the BI metric. As noted
or the composites in Fig. 4 , the absorption troughs blueward of the
 IV line become wider and deeper with increasing C IV distance, as
xpected and previously observed for the optically selected BALs 
tudied by R20 . 

The AI quasars in the right panel show the presence of NALs
as previously seen in composite spectra, see Fig. 7 ) as well as
arrow troughs that may be associated with mini-BALs (velocity 
idths of ∼1000–2000 km s−1 ; Trump et al. 2006 ). For example,

he middle trough of the fifth AI spectrum has a trough with
 velocity width of 1173 km s−1 . Studies such as Knigge et al.
 2008 ) and R20 have previously noted the sub-populations that
rise in the AI-defined quasar population. In detail, the AI def-
nition overestimates the number of BAL quasars in the sample 
y the inclusion of NALs. The NALs have absorption troughs 
hat are narrow enough ( ≥450 km s−1 ) to be included in the AI
efinition while excluded in the BI; therefore resulting in classi- 
ally defined non-BALs with NAL signatures being categorized 
s AI quasars. As discussed in Section 4 , the NAL absorbers
ave very different internal kinematics relative to the BI-defined 
bsorbers. 

The contrast in the absorption troughs in the left and right panels
f Fig. B1 , suggests that the AI quasars are not representative of
he ‘classical’ BAL quasars with strong and broad absorption lines, 
s also noted by Knigge et al. ( 2008 ). We reiterate from previous
tudies that while the BI definition may lead to mild underestimation
f BAL quasars, it is better at identifying characteristic BAL troughs
nd limiting contamination from other absorbers with different 
roperties, e.g. NALs. 
MNRAS 542, 2105–2127 (2025)
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M

Figure B1. Six representative spectra for the X-ray selected quasars identified as BI BALs ( left panel ) and AI quasars ( right panel ) in our sample. The rest-frame 
spectra are in black, their ICA reconstructions in red and the blue horizontal lines show where the absorption troughs were identified [see equations ( 1 ) and 
( 2 )]. The dashed vertical line is at the C IV λ1549 rest-frame wavelength, and the C IV distance of the sources increases downwards in the panels. The BI BAL 

spectra show the expected broader and deeper absorption troughs as you move downwards in the plot. The AI quasar spectra show the presence of NALs and 
mini-BALs. 
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PPENDIX  C : NH 

A N D  E D D I N G TO N  RATIO  

ITH  C H A N G I N G  C  IV  DISTANCE  

ig. C1 shows the observed trends for NH (left panel) and Eddington
atio (right panel) with C IV distance. While noting the caveats
resented in the main text, we observe that NH does not change
ith the increasing C IV distance. 
The Eddington ratios, calculated using black hole mass estimates

ia the Mg II emission line, are observed to increase with C IV

istance. These trends in Fig. C1 are seen for all populations in
ur X-ray selected sample regardless of categorization as BAL or
on-BAL, AI quasar or otherwise. 
NRAS 542, 2105–2127 (2025)

16 O
ctober 2025



X-ray selected BAL quasars 2127

MNRAS 542, 2105–2127 (2025)

Figure C1. NH versus C IV distance ( left panel ) and the Eddington ratio versus C IV distance ( right panel ) for all the subpopulations in our X-ray selected 
sample, with each point showing the median NH value/Eddington ratio in different C IV distance bins. The dashed error bars indicate the standard deviation, 
and the capped error bars are the standard errors in the medians. As noted in Fig. 14 , the BI BALs are not found in the last bin with the highest C IV distance. 
For the smaller eFEDS sample in our paper we find that there is no trend for NH with C IV distance, suggesting that the intrinsic X-ray properties do not change 
with C IV distance. The Eddington ratio increases with C IV distance as also previously observed in optically selected studies. These trends are observed for all 
the subpopulations independent of their categorization. 
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