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Abstract

We report the fastest quasar outflow first detected in the ultraviolet, via variable C IV and Si IV absorption at
outflow velocities −77,000 km s−1 to at least −90,000 km s−1, in the radio-quiet quasar SDSS J231854.31+
243954.2 (J2318). J2318 is a weak-lined quasar in the rest-frame ultraviolet, but Gemini GNIRS spectroscopy
reveals an Hα redshift of z = 2.6781 ± 0.0004. A 20 yr photometric time series shows peak-to-peak variability of
0.5 mag in the g band. The C IV outflow strengthened monotonically over three epochs spanning ∼2.2 rest-frame
years. The existence of such a high-velocity outflow implies that models of quasar outflows must be able to either
accelerate gas to 0.3c while still preserving C IV and Si IV ions, or enable the formation of C IV and Si IV ions in
gas, which has been accelerated to 0.3c. Virial estimates reveal a black-hole mass of 1.65 × 109M⊙, which leads
to an Eddington luminosity and Eddington ratio of 2.4 × 1047 erg s−1 and 0.45, respectively. Using very
conservative assumptions, the UV-absorbing outflow alone has an estimated mass loss of >0.82M⊙ yr−1 and a
kinetic luminosity ratio Lkin/Lbol � 0.75%. The lower limit is just above the threshold usually cited for significant
feedback on the host galaxy. Comparison to PDS 456, the only other known quasar with a UV-absorbing outflow
at 0.3c, suggests that the true M and Lkin/Lbol could be up to 2 orders of magnitude larger.

Unified Astronomy Thesaurus concepts: High energy astrophysics (739); Active galactic nuclei (16); Quasars
(1319); Broad-absorption line quasar (183); Radio quiet quasars (1354); Supermassive black holes (1663);
Galactic and extragalactic astronomy (563); Active galaxies (17)

1. Introduction

A quasar is a supermassive black hole (SMBH) located at
the center of a massive galaxy and surrounded by a rapidly
rotating accretion disk. Quasars are extremely luminous,
ultimately powered by the conversion of gravitational potential
energy into thermal and nonthermal radiation as matter spirals
through the disk into the SMBH (e.g., N. I. Shakura &
R. A. Sunyaev 1973). Quasar’s luminosities allow us to
observe active galactic nuclei (AGNs) at large redshifts,
enabling us to study the inner regions of galaxies in the earlier
Universe. Quasars usually have broad emission lines (BELs;
e.g., G. T. Richards et al. 2011) and often broad absorption
lines (BALs; e.g., A. L. Rankine et al. 2020). BAL troughs

arise from material from the accretion disk or the nuclear
environment that is accelerated by radiation pressure (e.g.,
D. Proga 2003), causing the absorbing material to travel
toward us and appear blueshifted in the quasar rest frame.
Connection between the nuclear region and its surrounding
host galaxy is necessary to understand the coevolution of
SMBHs and their host galaxies, as evidenced by the
correlation between the SMBH mass and the stellar spheroids
of the host galaxy (e.g., K. Gebhardt et al. 2000; S. Tremaine
et al. 2002). Furthermore, simulations of galactic evolution
require nuclear feedback from AGN outflows and jets as a
regulating mechanism (e.g., T. Di Matteo et al. 2005;
P. F. Hopkins et al. 2006). Thus, studying outflows can
provide observational tests to quasar-host-galaxy models,
since the outflows will impact their host galaxy and are
thought to provide a key component of the feedback required
for galaxy formation models to match observations (e.g.,
R. Morganti 2017).
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Quasar outflows can show remarkable variations in periods
of time as short as days (e.g., D. M. Capellupo et al. 2013;
C. J. Grier et al. 2015; Z. S. Hemler et al. 2019; W. Yi et al.
2022). These changes are possibly due to absorbing clouds
moving across our line of sight (e.g., M. Vivek et al. 2012;
D. M. Capellupo et al. 2013; W. Yi et al. 2022), or changes in
the ionization of the gas clouds (e.g., N. Filiz Ak
et al. 2012, 2013; C. J. Grier et al. 2015; T. Wang et al. 2015;
D. De Cicco et al. 2018; Z. He et al. 2022), or both (e.g.,
J. A. Rogerson et al. 2016; S. M. McGraw et al. 2017;
Z. S. Hemler et al. 2019). This variability can explicitly be
seen through obvious changes in quasar spectra (e.g.,
M. Vivek et al. 2012; D. M. Capellupo et al. 2013; N. Filiz Ak
et al. 2013; C. J. Grier et al. 2015, 2016; J. A. Rogerson et al.
2016, 2018; S. M. McGraw et al. 2017; D. De Cicco et al.
2018; Z. S. Hemler et al. 2019; Sameer et al. 2019; W. Yi
et al. 2022) or through the appearance or disappearance of
BAL troughs (e.g., M. Vivek et al. 2012; N. Filiz Ak et al.
2012; J. A. Rogerson et al. 2016, 2018; S. M. McGraw et al.
2017; D. De Cicco et al. 2018; Sameer et al. 2019).

Over the past few decades, attempts have been made to
quantify the observed(intrinsic) fraction of C IV BAL quasars
within the total AGN population. The observed fraction is
determined by the amount of BAL quasars identified in the
respective quasar sample, whereas the intrinsic fraction, which
usually results in a higher fraction, takes into account sample
selection effects. The reported fractions vary in the literature,
and we provide two examples for illustrative purposes.
J. T. Allen et al. (2011) reported an observed fraction of
8.0% ± 1.0% and an intrinsic fraction of 40.7% ± 5.4% in
their sample of 68,733 Sloan Digital Sky Survey (SDSS)
QSOs, while M. Bischetti et al. (2023) reported an observed
and intrinsic fraction of ≃20% and ∼47%, respectively, for
their sample of 1935 luminous quasars, and also noted that
there could be an increasing BAL fraction at higher redshift.

BAL quasars were originally defined as systems exhibiting
absorption blueshifted by −3000 km s−1 to −25,000 km s−1

(R. J. Weymann et al. 1991); where the convention is that a
more negative velocity indicates a faster outflow that is
moving away from the quasar and toward the observer along
our sight line. This traditional limit of −25,000 km s−1 was
artificial, established due to possible confusion of high-
velocity C IV absorption with lower-velocity Si IV absorption.
Faster-moving absorption systems observed in both the
ultraviolet (UV; e.g., Rodríguez Hidalgo et al. 2011) and the
X-ray (e.g., G. A. Matzeu et al. 2023) should of course be
considered in studies of quasar feedback, as there is no
fundamental physical difference between BALs and these
higher-velocity outflows (see Appendix A of P. B. Hall et al.
2002). In the X-ray, such systems are referred to as ultra-fast
outflows (UFOs), which have been detected at low redshifts
z < 0.4 (e.g., G. A. Matzeu et al. 2023) and in a few mostly
gravitationally lensed quasars out to z = 4 (G. Chartas
et al. 2021). In the UV, extremely high-velocity outflows
(EHVOs) are defined as broad absorption line troughs at
v < −30,000 km s−1 seen in C IV and sometimes Si IV
(P. Rodríguez Hidalgo et al. 2020), and they have been
detected to the highest redshifts >6 (e.g., F. Wang et al. 2021;
S. Belladitta et al. 2025) with velocities reaching 0.15 <
v < 0.2c. Like traditional BALs, EHVOs are seen to be
variable, but EHVO quasars have properties that are in some
ways distinct from BAL quasars (P. Rodríguez Hidalgo &

A. L. Rankine 2022), suggesting that EHVO quasars and BAL
quasars have different parent populations despite both exhibiting
broad ultraviolet absorption troughs in their spectra. We refer to
the absorption troughs in J2318 as BAL troughs and EHVO
troughs interchangeably in this paper, but it should be kept in
mind that its outflow is not drawn from the traditional BAL
population.

In both BAL and EHVO quasars, how gas accelerates
without overionizing so as to be seen in relatively low-
ionization stages at high outflow velocities remains a
challenge for theoretical models to explain (S. Dyda et al.
2024; A. Mosallanezhad et al. 2025; R. Dannen et al. 2026,
in preparation). N. Murray et al. (1995) put forward a model
in which shielding gas absorbs X-rays and enables UV line
driving to accelerate gas to v c0.2max , with detached line
profiles seen in cases where gas is accelerated before
entering our line of sight to the continuum source. However,
F. Hamann et al. (2013) showed that the amount of shielding
is too weak to control ionization and accelerations in quasars
with weak EHVO absorption. A. Baskin et al. (2014) also
argued against a radiative shield and instead proposed
radiation pressure compression as an explanation for the
observed ionization levels. Slabs of photoionized gas are
compressed and confined along the line of sight by the
incident ionizing radiation, such that the gas becomes dense
enough to prevent overionization, but ionized enough to
produce observed UV absorption lines. The acceleration of
absorbing gas in BAL and EHVO quasars appears to be
governed by the ionizing UV spectrum, with softer spectra
producing more effective radiative acceleration (F. Hamann
et al. 2019). Quasars with higher UV luminosities, and lower
X-ray luminosities, have faster C IV BAL outflow velocities,
larger equivalent widths (EWs), and higher modified
balnicity indices (BIs; R. R. Gibson et al. 2009).

The highest-velocity UV-wavelength EHVO quasar identi-
fied to date is PDS 456, in which absorption was first identi-
fied in the X-ray (E. Nardini et al. 2015) via Fe Kα at
v = (−0.35 ± 0.05)c but is also present in the ultraviolet
(F. Hamann et al. 2018) with C IV at v = (−0.30 ± 0.03)c. The
highest-velocity EHVO quasar first previously identified from
its UV absorption is SDSS J023011.28+005913.6 (J. A. Roger-
son et al. 2016), with C IV in outflow at v = (−0.186 ± 0.015)c.

In this work, we present the identification of the quasar
SDSS J231854.31+243954.2 (hereafter J2318) at z = 2.6781
as an EHVO quasar with C IV and Si IV absorption at speeds
reaching v ∼ −0.3c. J2318 was identified, by visual
inspection, as an EHVO quasar using data from SDSS-V
(J. A. Kollmeier et al. 2025), an all-sky, multiepoch spectro-
scopic survey that provides near-infrared and optical multi-
object fiber spectroscopy of over 6 million objects. The SDSS-
V’s black hole Mapper (BHM; S. Anderson et al. 2026, in
preparation) provides a large sample of spectroscopic data on
quasars that enables analysis of their spectral variability
(J. A. Kollmeier et al. 2017).

In this paper, we outline our observations of J2318 in
Section 2, present our analysis of the data in Section 3, and
discuss our results in Section 4. We summarize our work and
make concluding remarks in Section 5. Where necessary, we
assume a flat cosmology with h = 0.676, ΩM = 0.31, and
ΩΛ = 0.69, as used in the SDSS DR16 quasar catalog
(B. W. Lyke et al. 2020).
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2. Observations

SDSS-V operates multiple telescopes and spectrographs at
two different observatories located in North and South
America. The Apache Point Observatory (APO) in New
Mexico, USA, is home to the 2.5 m Sloan Foundation
Telescope (J. E. Gunn et al. 2006). The Carnegie Observatories’
2.5 m du Pont telescope (I. S. Bowen & A. H. Vaughan 1973) is
located at the Las Campanas Observatory in Chile. Both
observatories have a set of survey instruments for SDSS-V,
which include a near-IR (NIR) APOGEE spectrograph
(J. C. Wilson et al. 2019) for observations of stars and a pair
of optical multiobject fiber spectrographs (S. A. Smee et al.
2013) used to collect spectra with spectral resolution R =
λ/Δλ ≃ 2000 in SDSS-III, SDSS-IV, and now in SDSS-V for
BHM, among other projects.

Through the end of 2023, J2318 had two imaging and three
spectroscopic observations in SDSS. We report spectroscopic
observations of J2318 in Table 1 and photometric observa-
tions in Table 2. For Table 1, note that the SDSS-V
CatalogID changes with the version of the targeting cross-
match database used (J. A. Kollmeier et al. 2025). Each
object considered as a potential SDSS-V target does have a
unique identifier (its SDSS_ID); J2318 has SDSS_ID =
71909218. For completeness, we checked and there is no
spectrum of J2318 in DESI DR1 (DESI Collaboration
et al. 2025).

2.1. Spectroscopic Observations

2.1.1. SDSS Observations

J2318 was first observed spectroscopically by SDSS on MJD
57328 (2015 November 2). During this SDSS-IV phase of the
survey (M. R. Blanton et al. 2017), as in previous phases, the
spectrum was obtained using a fiber-optic cable plugged into a
specially machined metal plate (K. S. Dawson et al. 2016). Its
targeting flags indicate it was a Time Domain Spectroscopic
Survey (TDSS) Single Epoch Spectroscopy (SES) target
(E. Morganson et al. 2015). The TDSS SES sample was
designed to be a probe of general optical variability, using
combined imaging from SDSS and Pan-STARRS1 (H. A. Flew-
elling et al. 2020) to select a highly pure sample of variable
objects unbiased with regard to color or variability pattern.

The MJD 57328 spectrum of J2318 was first released in
SDSS Data Release 14 (DR14; B. Abolfathi et al. 2018),
although we use the final legacy reduction of the spectrum
released in DR17. J2318 was mistakenly not included in the
DR14 quasar catalog (I. Pâris et al. 2018), possibly due to its

incorrect DR14 pipeline redshift of z = 2.469. J2318 was
included in the DR16 quasar catalog (B. W. Lyke et al. 2020),
with a visual inspection redshift of z = 2.67 and an absolute
magnitude of Mi(z = 2) = −28.4. J2318 is also not currently
classified as a quasar within VizieR (F. Ochsenbein
et al. 2000).

J2318 was reobserved spectroscopically by SDSS-V on
MJD 59188 (2020 December 5) as part of the All-Quasar
Multi-Epoch Spectroscopy program AQMES-wide (SDSS
Collaboration et al. 2025). In that initial phase of SDSS-V,
observations were still obtained using plug plates. J2318 was
observed again by SDSS-V on MJD 60251 (2023 November
3). By that time in SDSS-V, spectra were obtained using fiber-
optic cables held in place by fiber positioner robots
(R. W. Pogge et al. 2020). The v6_1_3 spectroscopic reduction
of the MJD 59188 spectrum was publicly released in DR19
(SDSS Collaboration et al. 2025) and the v6_2_1 reductions of
both SDSS-V spectra will be released in DR20 in 2026. The
J2318 spectra used in our analysis are earlier reductions with
slightly higher noise but no systematic offsets.

The Galactic extinction maps of D. J. Schlegel et al. (1998)
indicate a color excess of E(B − V ) = 0.086 along the line of
sight to J2318. We corrected for this Galactic extinction using the
Milky Way extinction curve of J. A. Cardelli et al. (1989) with
RV = 3.1.

Figure 1 displays the Galactic-extinction-corrected SDSS
spectra of J2318, smoothed by a five-pixel weighted average.
The identification of the absorption trough in the second
SDSS-V spectrum (obtained MJD 60251) as an EHVO in C IV
is secure due to the presence of Si IV at the same outflow
velocity (see discussion in Section 3.8). J2318 was brightest
and bluest in the MJD 59188 spectrum, and faintest and
reddest in the MJD 60251 spectrum. The g − i color
synthesized from the spectra is redder for the MJD 60251
spectrum than for the MJD 57328 and MJD 59188 spectra at
3.4σ and 4.8σ significance, respectively (see Table 2).

2.1.2. Gemini Observations

Due to the uncertain systemic redshift from the weak, broad
UV lines, we requested Gemini Director’s Discretionary Time
near-infrared spectroscopy to secure a redshift from the Hα
emission line.

J2318 was observed on MJD 60291 (2023 December 13),
using the GNIRS instrument (J. H. Elias et al. 2006a, 2006b)
on the Gemini North telescope. A total of eight 3 minute
exposures were obtained with the short camera in cross-
dispersed mode, with spectral coverage from 0.824–2.523 μm

Table 1
Spectroscopic Observations of J2318 (SDSS J231854.31+243954.2; R.A. = 349.72629, Decl. = + 24.66506)

MJDObs UT DateObs Rest Day Rest Δt Origin Plate/Field FiberID/CatalogID Pipeline SN1μm

57328.08 2015–11–02 0.00 0.00 SDSS-IV 7670 918 v5_13_2 20.1
59188.09 2020–12–05 505.70 505.70 SDSS-V 015036 4384421494 (v0) v6_2_0 21.7
60251.11 2023–11–03 794.71 289.01 SDSS-V 104623 63050395075696130 (v1) v6_1_1 9.9
60291.25 2023–12–13 805.63 10.91 GNIRS ⋯ ⋯ ⋯ 10.5

Note. Rest Day is the cumulative rest-frame days elapsed since the first observation. Rest Δt is the rest-frame time (at z = 2.6781) in days elapsed since the previous
spectroscopic observation. SDSS-IV spectra are tracked using Plate, MJD, and FiberID. SDSS-V spectra are tracked using Field, MJD, and CatalogID, but
CatalogID changes with each targeting crossmatch version; see the text. For SDSS spectra, we give the version of the spectroscopic pipeline used to reduce each
spectrum (A. S. Bolton et al. 2012; S. Morrison et al. 2026, in preparation). SN1 μm is the signal-to-noise ratio per 69 km s−1 pixel, calculated as the average of the
flux divided by the error in the flux over all pixels at wavelengths common to all three spectra: 8239.483–10325.231 Å.
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Table 2
Photometry of J2318

MJDObs UT DateObs Type g − i u g r i z W1 W2

53265.22 2004–09–17 SDSS Imaging(primary) 0.793 ± 0.028 19.717
±0.049

18.878 ± 0.019 18.365 ± 0.016 18.085 ± 0.021 17.956 ± 0.027 n/a n/a

54740.38 2008–10–01 SDSS Imaging
(secondary)

0.730 ± 0.024 19.639
±0.057

18.713 ± 0.018 18.220 ± 0.016 17.983 ± 0.016 17.791 ± 0.024 n/a n/a

55203 to
55414

2010–01–07 to
2010–08–06

WISE Imaging(forced
photometry)

n/a n/a n/a n/a n/a n/a 18.172 ± 0.025 17.953 ± 0.041

57328.08 2015–11–02 SDSS-IV Spectrum 0.794 ± 0.016 n/a 18.798 ± 0.014 18.264 ± 0.010 18.004 ± 0.008 n/a n/a n/a
58301 to

58311
2018–07–02 to
2018–07–12

ZTF Imaging 0.719 ± 0.057 n/a 18.644 ± 0.047 18.162 ± 0.033 17.925 ± 0.033 n/a n/a n/a

59188.09 2020–12–05 SDSS-V Spectrum #1 0.670 ± 0.040 n/a 18.670 ± 0.037 18.210 ± 0.020 18.000 ± 0.015 n/a n/a n/a
59750 to

59760
2022–06–20 to
2022–06–30

ZTF Imaging 0.938 ± 0.067 n/a 18.944 ± 0.058 18.295 ± 0.038 18.006 ± 0.035 n/a n/a n/a

60251.11 2023–11–03 SDSS-V Spectrum #2 0.936 ± 0.039 n/a 19.009 ± 0.033 18.367 ± 0.141 18.073 ± 0.020 n/a n/a n/a

Note. All magnitudes are on the AB magnitude scale and have been corrected for Galactic extinction. SDSS imaging magnitudes are PSFMAG values. For SDSS spectra, magnitudes are calculated from the
SPECTROFLUX values (total fluxes for point sources). The g − i color can be compared directly across all epochs. Only two of the numerous ZTF Imaging epochs are listed, as examples. The Wide-field Infrared
Survey Explorer (WISE) magnitudes are from unWISE forced photometry; see Section 2.2.
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and a 0.45 wide slit yielding resolution R = λ/Δλ ≃ 1130
(instrumental FWHM ≃ 265 km s−1).

Data were reduced using standard methods in IRAF (M. Fitzp-
atrick et al. 2024).17 Due to an issue with the GNIRS detector,
every eighth column was replaced with the average of adjacent
columns in one detector quadrant onto which parts of some
shorter-wavelength orders of the spectrum were dispersed.
This interpolation should not affect the extracted spectrum
significantly, as the dispersed spectra are oriented ∼3° away
from lying along columns and the spatial FWHM of the trace
of the target is 4–5 pixels on the detector. Telluric lines were
removed using the ratio of a spectrum of the star HIP 116478
(obtained immediately after the target spectrum) to a black-
body with the star’s temperature of 5620 K.

The target spectra from the six cross-dispersed orders were
scaled to match the next-longest-wavelength order using a
weighted average in each overlap region. These scaled spectra
were shifted to a vacuum wavelength scale, giving us a spectral
coverage between 2245 and 6874 Å, and combined using a
weighted average and interpolation onto a continuation of the
logarithmically spaced SDSS vacuum wavelength scale with
fiducial λ0 = 104 Å and log 10 4= . The combined spectrum
has a mean signal-to-noise ratio (S/N) of 7 per 69 km s−1 pixel.

Flux calibration adjustment. The initial combined GNIRS
spectrum was found to be extremely blue, bluer than any SDSS
quasar in the sample of S. W. Davis et al. (2007). For comparison,
as measured by the UKIRT Hemisphere Survey (Section 2.2.2),
J2318 had an observed color (J−K )AB =−0.126 ± 0.003,
corresponding to f f 1.123 0.003J K, , UHS( )/ = ± . However,
using those same bandpasses (P. C. Hewett et al. 2006), the
initial combined GNIRS spectrum yielded (J−K )AB =
−0.400 ± 0.005, corresponding to f f 1.446 0.007J K, , GNIRS( )/ = ± .
We are unsure of the origin of this discrepancy. Differential
atmospheric refraction between 1 μm and 2.5 μm is unlikely to
have been responsible; using the formulas of A. V. Filippenko
(1982), we calculate that at the airmass range of observation
(1.08–1.13), the differential atmospheric refraction would have
been only 0.12, considerably smaller than the slit width of 0.45.
To be conservative, we assume that the flux calibration of the
initial combined GNIRS spectrum is in error, and we recalibrate
that spectrum to match the UHS observed J − K color.18 We
recalibrate the GNIRS spectrum before matching it to optical
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Figure 1. SDSS Spectra. The SDSS-IV spectrum, MJD 57328, is shown in blue, and the two SDSS-V spectra, MJD 59188 and 60251, in green and red, respectively.
The continuum is highest in MJD 59188 and lowest in MJD 60251. Emission features along the top are marked at a redshift of z = 2.6781, and along the bottom
Si IV and C IV are marked where seen in absorption.

17 IRAF is distributed by the Community Science and Data Center at NSF’s
NOIRLab, which is managed by the Association of Universities for Research
in Astronomy (AURA) under a cooperative agreement with the National
Science Foundation.

18 The UHS measurements were made 1.7–3 rest-frame years prior to the
Gemini spectroscopy, so variability in J − K is a possibility. J-band variability
for this object is poorly constrained; it was found to be −0.12 ± 0.22
magnitudes in the ∼4 rest-frame years prior to the UHS epoch (Section 2.2.2).
However, the Δ(J − K ) = −0.275 ± 0.006 required for the Gemini
measurement to be a real color change since the UHS epoch would have
happened at approximately the same time as an observed change of Δ
(g − i) = + 0.217 ± 0.069 between ZTF imaging and SDSS-V spectroscopy.
A quasar getting unprecedentedly blue in the rest optical while getting redder
in the rest UV is unlikely.
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spectra by multiplying it by the power-law λX required to create
a spectrum with that synthesized color. The predicted value of X
is found by solving f f f f .K J

X
J K J K, , GNIRS , , UHS( ) ( ) ( )/ / /=

The predicted value is X= 0.46, which is close to the empirical
value we adopt of X = 0.44. The difference is likely due to the
interplay between features in the quasar spectrum and the UHS
filter response curves.

2.1.3. Matching the SDSS Spectra Continuum Shapes

The rest-frame UV spectrum changed in flux level and
spectral shape between observations. This spectral variability
is likely to be real; quasars are known to be variable, and
SDSS spectra are well calibrated. Using calibration star
observations, SDSS spectra obtained with fibers plugged into
plates have been shown to have a spectrophotometric accuracy
of ±5% with only 0.56% of observations having flux �50%
below that expected for the object’s magnitude (Y. Shen et al.
2015). These anomalies are suspected to be due to dropping of
the fiber during science exposures. In SDSS-V spectra taken
with fiber positioner robots, that failure mode will be absent
and—while new failure modes may be present—anecdotally,
no dramatic increase in cases of spurious spectral variability
has been noticed in SDSS-V.

As one option to investigate how absorption-trough
measurements are affected by the flux and spectral shape
changes, we undertook to “morph” the MJD 57328 and 59188
SDSS spectra to match the MJD 60251 SDSS spectrum. For
this process, we used wavelength regions outside the obvious
Si IV and C IV absorption troughs at 3755–3930 Å and
4160–4350 Å, respectively. The MJD 57328 spectrum is only
moderately well matched to the MJD 60251 spectrum by
correcting the MJD 57328 spectrum for a change in power-law
normalization and slope between the two epochs ( 1.1452 = ,
dof = 4137). A better match is found by multiplying the
SDSS-IV spectrum by a parabolic function in log
( 1.062 = , dof = 4136). The same trends as above are seen
in matching the MJD 59188 spectrum to the MJD 60251
spectrum. A change in power-law normalization and slope
yields 1.472 = , dof = 4129. Multiplying by a parabolic
function in log yields 1.352 = , dof = 4128. We note that
larger average χ2 values are seen at the shortest and longest
wavelengths even when higher-order fits are tested, possibly
due to larger systematic spectrophotometric calibration
uncertainties at those wavelengths (Y. Shen et al. 2015;
D. Margala et al. 2016) not being reflected in the uncertainties
in the spectra. These “morphed” versions of the MJD 57328
and MJD 59188 spectra multiplied by their best-fit parabolic
functions were then normalized and used to study systematic
uncertainties in broad absorption-trough measurements; see
Sections 3.5, 3.9, and 3.10.

2.1.4. Combining Optical and Near-infrared Spectra

The combined GNIRS spectrum was corrected for Galactic
extinction using the same extinction curve used for the SDSS
spectra. The GNIRS spectrum was then scaled to match the
MJD 60251 SDSS spectrum using a simple multiplicative
scaling by the ratio of the weighted-average fluxes in the
wavelength overlap region (8239.483–10325.231 Å). For
purposes requiring the full wavelength coverage of our
spectra, we use a combined spectrum consisting of the MJD
60251 SDSS spectrum (smoothed by a 5-pixel boxcar) at

wavelengths <9700 Å and the scaled but unsmoothed GNIRS
spectrum at longer wavelengths (see Figure 2).

We also produce combined SDSS+GNIRS spectra for MJD
57328 and MJD 59188 by scaling the GNIRS spectrum to
match the relevant SDSS spectrum using the same procedure
as above. We do this for both the Galactic-extinction-corrected
SDSS spectra and the spectra that have had their continuum
shapes matched to that of MJD 60251. For the latter, the same
scaling as for MJD 60251 is used for the GNIRS spectrum at
>9700 Å. We caution that only the MJD 60251+60291 SDSS
+GNIRS spectrum is quasi-simultaneous.

2.2. Observations in Other Surveys and at Other Wavelengths

Photometric data on J2318 (Table 2) were collected from
various archives to study the variability of the quasar.

2.2.1. Optical Photometry

Using data from several different surveys, observed-frame
optical variability on timescales of months to decades can be
observed in Figure 3. Although Pan-STARRS (H. A. Flewell-
ing et al. 2020) data were used to select this quasar as a TDSS
target, we found those data too sparse and noisy for inclusion
in Figure 3. The earliest data in Figure 3 are from the two
SDSS imaging epochs that exist for J2318.

From 2008–2014, photometric data of J2318 were obtained
by the Palomar Transit Factory (PTF), a multiepochal robotic
survey that acquired photometric data of transient and variable
astronomical phenomena in the northern sky (R. R. Laher
et al. 2014; PTF Team 2025). The PTF photometric data were
taken in the g and Mould R bands. A conversion from Mould R
to r magnitude was done using Equation (4) in E. O. Ofek et al.
(2012) using their average αc,R and an average value for r − i
for J2318 calculated using the photometric data from the
Zwicky Transient Facility (ZTF).

ZTF is a wide-field optical time-domain survey that uses the
Palomar 48 inch Schmidt Telescope (E. C. Bellm et al. 2019).
Photometry in the g, r, and i bands was acquired from ZTF
DR20 (ZTF Team 2025).

J2318 does not have time-series photometry in Gaia DR3
(Gaia Collaboration et al. 2023).

J2318 is observed to have photometric variability of a few
tenths of a magnitude, as is typical for quasars over a time span
of, e.g., over 15 yr. J2318 increased in brightness from the
SDSS imaging epochs into the PTF and ZTF epochs, followed
by a dimming and reddening from approximately MJD 59000
to 59750, followed by a slight recovery in brightness up to the
second SDSS-V spectroscopic epoch. There appears to be a
small offset causing the SDSS synthesized spectroscopic
magnitudes to be ∼0.1 ± 0.1 mag fainter than the ZTF
imaging magnitudes; this could represent a difference in
photometric systems.

J2318 was detected in Palomar Observatory Sky Survey
photographic plates from POSS-I (in 1953) and POSS-II (in
1991, 1992, and 1995), as digitized and compiled into the
USNO B-1 photometric catalog (D. G. Monet et al. 2003). We
calculated its expected photographic magnitudes in the
absence of variability from its 2004 SDSS magnitudes using
the conversions of B. Sesar et al. (2006). The rms scatter
between observed and predicted photographic magnitudes is
0.42 mag, about a factor of 2 larger than the scatter found by
B. Sesar et al. (2006). This scatter could arise from intrinsic
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variability in J2318 of a few tenths of a magnitude, or from
one anomalous measurement: the scatter is dominated by a
POSS-I red magnitude fainter than expected by 0.86 mag,
despite the POSS-I blue magnitude being 0.07 mag brighter
than expected. In any event, optical photometry of J2318 on
several-decade timescales finds variability < 1 mag.

2.2.2. Infrared Photometry

J2318 does not have a photometric detection in the Two
Micron All sky Survey (2MASS; M. F. Skrutskie et al. 2006),
but is nonetheless faintly visible in 2MASS Atlas images
(M. F. Skrutskie et al. 2003) taken on MJD 51087 (1998
October 1). We downloaded these images and performed
aperture photometry on J2318 and on an unresolved object 8.5
to the east–southeast of J2318 (SDSS J231854.87+243950.4,
likely a star). We used the star to set the zero-point of this
photometry, which used the same 4″ radius aperture as the
2MASS magnitudes, and converted to AB magnitudes. For the
J2318 magnitude uncertainties, in each band we adopted the
star’s magnitude uncertainty times the flux ratio of the star to
J2318. Including the correction for Galactic extinction, the
resulting 2MASS photometry for J2318 is JAB = 18.00 ± 0.22,
HAB = 17.87 ± 0.26, and Ks,AB = 18.07 ± 0.42.

J2318 was observed twice in both the J and K bands in the
UKIRT Hemisphere Survey (UHS; S. Dye et al. 2018;
A. C. Schneider et al. 2025). The measurements were taken
within 13 rest-frame days of each other and are consistent
within the uncertainties, so we combined them. After converting
to AB magnitude following P. C. Hewett et al. (2006) and
accounting for Galactic extinction, we find JAB = 17.884 ±
0.014 (MJD 56211+56260) and KAB = 18.055 ± 0.029 (MJD
57992+58013). The J photometry from 2MASS and UHS

differs by only 0.12 ± 0.22 magnitudes over ∼4 rest-frame
years.

Both J2318 and the nearby star were detected by the Wide-
field Infrared Survey Explorer (WISE) space telescope
(E. L. Wright et al. 2010; WISE Team 2020a). The WISE
photometry of J2318 in Table 2 in the W1 and W2 bands (3.4
and 4.6 μm) is unWISE (UnWISE Team 2021; A. M. Meisner
et al. 2024) forced photometry (DR13 version) from D. Lang
et al. (2016).

To search for time variability in these bands, data from
ALLWISE19 (WISE Team 2020b) and NEOWISE (A. Mainzer
et al. 2011, 2014; NEOWISE Team 2020) are presented in
Figure 4, cleaned of occasional epochs of photometry of the
nearby star being reported as photometry of J2318. The
apparent dimming in the W2 band between ALLWISE and
NEOWISE is not statistically significant, given the reported
uncertainties (which are consistent with the rms scatter in that
band’s observations). There is a possible marginal decrease in
flux in the W1 band between the ALLWISE and NEOWISE
epochs, which is significant at the 2.6σ level, accounting for
the scatter in the NEOWISE photometry.

ALLWISE photometry in the W3 and W4 bands was
reported for MJDs 55368 to 55370. The resulting average AB
magnitudes were W3 = 16.22 ± 0.37 and W4 = 14.33 ± 0.46.
These values are in agreement within the uncertainties with the
unWISE values based on the same data of W3 = 16.37 ± 0.13
and W4 = 16.5 ± 1.2.

2.2.3. Observations at Other Wavelengths

At radio wavelengths, J2318 was not in the sky area covered
by FIRST (R. L. White et al. 1997) and was not detected by the

Figure 2. Optical-NIR Spectrum. The combined MJD 60251 SDSS-V and MJD 60291 Gemini spectrum created as described in Section 2.1.4, displayed on a log
observed flux and log wavelength scale. The black line is the spectrum, and the red envelope is the ±1σ uncertainty range. The bottom axis shows the observed-
frame wavelengths, while the top axis shows the rest-frame wavelengths at z = 2.6781. Emission lines common in quasar spectra are marked with dotted vertical
lines; not all are obvious in J2318. The extremely high-velocity C IV and Si IV troughs are marked with dashed vertical lines and with arrows showing their shifts
from their rest wavelengths.

19 https://wise2.ipac.caltech.edu/docs/release/allwise/expsup/index.html
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NVSS (J. J. Condon et al. 1998). J2318 was observed by the
Very Large Array Sky Survey (VLASS; M. Lacy et al. 2020)
but was not detected in data release 1.2 or 3.2.20

We assume a single-pass 5σ upper limit of 0.6 mJy
(M. Lacy et al. 2020), which corresponds to νLν � 6 × 1041

erg s−1 at 3 GHz and a radio-to-i-band logarithmic flux ratio
Ri � 0.5 (Ž. Ivezić et al. 2002), below the traditional boundary
for radio-quiet quasars of Ri = 1.

At X-ray wavelengths, from the Chandra Source Catalog
version 2.0 (I. N. Evans et al. 2010), we find that J2318 was
not detected in shallow observations with the ACIS instrument
on Chandra, with a corresponding luminosity limit of
L(0.5–7 keV) < 1.73 × 1045 erg s−1 to rule out a marginal
detection (a confidence limit of 97.7%, yielding on average
one false detection per pointing). This limit makes J2318 either
X-ray normal or X-ray weak (see Section 3.6). There are no
previous X-ray observations of J2318 from XMM-Newton
(F. Jansen et al. 2001). J2318 is not located in the sky coverage
of eROSITA DR1 (A. Merloni et al. 2024).

Low-resolution near- to mid-infrared spectrophotometry of
J2318 was obtained throughout MJD 60839–60875 (midpoint
MJD 60857), by the Spectro-Photometer for the History of the
Universe, Epoch of Reionization, and Ices Explorer
(SPHEREx) mission (J. J. Bock et al. 2025; SPHEREx
Team 2025), covering observed-frame wavelengths of
approximately 0.75–5.0 μm (rest-frame ∼2000–14,000Å at
z = 2.678). Although the spectral resolution is modest
(R ∼ 41–130) with moderate ∼6″ angular resolution,

prominent rest-frame optical emission features such as Hα
and Mg II are identifiable, and the overall continuum shape
provides additional constraints on the spectral energy distribu-
tion (SED) beyond SDSS-V and WISE photometry. Given the
limited spectral resolution and S/N at the longest wavelengths,
we primarily view the SPHEREx spectrum as a qualitative
extension of the SED rather than a tool for detailed line
measurements. We therefore defer discussion of it to
Section 3.6.

No data at other wavelengths are listed for J2318 in NED,
the NASA Extragalactic Database (e.g., J2318 was not in the
sky area that was observed by GALEX).

3. Analysis

3.1. Redshift Determination

Due to the weakness of the [O III] emission and the noise in
the region, this line was not used to determine the redshift of
the quasar, and instead, the Hα emission line was used. The
Gemini spectrum was fit at >2.05 μm with a power-law
continuum, a single Gaussian for Na I λλ5891,5897, and
several options for Hα: either two Gaussians, three Gaussians,
or two Gaussians plus relatively narrow emission in Hα and
either the [N II] λλ6549, 6585 doublet or the [S II]
λλ6718, 6732 doublet. To model the narrow emission, we
use a set of three Gaussians constrained to have the
wavelength ratios of Hα and the chosen doublet, identical
linewidths, and a line ratio of 3.05 for the [N II] doublet (I.
Dojčinović et al. 2023) or 0.44 for the [S II] doublet (the high-
density limit; M. Revalski et al. 2018).

Figure 3. Photometric time series. The earliest observations are the primary and secondary SDSS imaging epochs. Dates of spectroscopic observations obtained by
SDSS-IV and SDSS-V are represented by the dashed vertical lines. The photometry at those epochs is synthesized from the spectroscopy. The PTF and ZTF
observations are averaged over 11-day periods to reduce scatter. In this figure, magnitudes have not been corrected for Galactic extinction.

20 https://science.nrao.edu/science/surveys/vlass
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The best-fit amplitudes for both [N II] and [S II] are
vanishingly small, so we exclude models including them from
further consideration. A significant improvement in χ2 is
achieved when fitting three Gaussians rather than two to the
Hα emission. For our large number of degrees of freedom
ν = 887, the F-test (P. R. Bevington & D. K. Robinson 1992)
requires that a model with Δp = 3 additional parameters
resulting in an improvement of 2

old
2

new
2= must have

F p 5.52
,new

2( )/ /= > to have a <0.1% chance of
showing that improvement by chance. As compared to a two-
Gaussian model, Fχ = 16 for the three-Gaussian model
( dof 646 887new

2 / /= ; i.e., 0.729,new
2 = ). Therefore, we

adopt the three-Gaussian model.
The fit to the Hα region is shown in Figure 5, and the results

are in Table 3. The overall fit to the Hα line has rest-frame EW of
201 ± 16 Å (consistent with the average value of 194.5 ± 0.6 Å
found for low-redshift SDSS quasars by D. E. Vanden Berk et al.
2001) and FWHM = 3000 ± 140 km s−1.

We take the redshift of the narrowest Hα component as the
redshift of the quasar: z = 2.6781 ± 0.0004. As a check of the
Hα redshift, we perform Gaussian fitting of the narrowest
component of the Hβ (λ = 4862.68 Å) and Mg II
(λ = 2798.75 Å) emission features in the GNIRS spectrum
with PyQSOfit (H. Guo et al. 2018; Y. Shen et al. 2019), which
yield redshift measurements of z = 2.5990 ± 0.0017 and
z = 2.6647 ± 0.0010, respectively. We then visually inspected
the SDSS rest-frame wavelengths using these redshifts and
found that they cause the emission features of Lyα, N V, Si IV,
C IV, and Mg II to appear blueshifted with respect to their
vacuum wavelengths. The C IV and Si IV rest-frame emission

features are slightly blueshifted with respect to their
vacuum wavelengths when using z = 2.6781, but that is to
be expected, as these ions are being absorbed at extreme
velocities and C IV emission is found to be blueshifted in
BALQSOs (A. L. Rankine et al. 2020). Furthermore, the Lyα,
Mg II, and N V rest-frame emission features lie at their
respective vacuum wavelengths when using z = 2.6781.

3.2. Intervening Absorption

We visually inspected the spectrum of J2318 for narrow
absorption lines. The spectrum exhibits two strong narrow
absorption lines at wavelengths 4403.9 and 4430.9 Å, visible in
Figures 1 and 2 between the broad C IV absorption trough and
the Lyα emission wavelength. We identify these lines as Lyα
absorption at z = 2.6219 ± 0.0004 and z = 2.6448 ± 0.0002.
The z= 2.6219 system also features weak, unsaturated C IV
doublet absorption (rest-frame EW = 0.55 ± 0.05 Å). Inter-
vening C IV doublet absorption is also seen at z = 1.959 ±
0.001 and possibly at z = 2.263 ± 0.001.

3.3. Weak-lined Quasar

The spectrum of J2318 identifies it as a candidate weak-
lined quasar (WLQ), and its underlying continuum will be
discussed in Section 3.4 and Figures 6, 7, and 8. In B. Luo
et al. (2015), a WLQ is defined as a quasar whose C IV
emission line has rest-frame EW <10 Å. A weak C IV
emission line is apparent in the MJD 57328 spectrum, with
its peak blueshifted by about −2700 km s−1. We measure C IV
emission-line EWs in our SDSS spectra by establishing a
linear continuum between windows at 1465–1475 Å and

Figure 4. NEOWISE and ALLWISE mid-infrared photometric data on J2318. W1-band magnitudes are shown as stars, and W2-band magnitudes are shown as
squares. All values were converted from Vega magnitude to AB magnitude.
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1574–1584 Å, integrating the flux between 1475 and 1574 Å,
and accounting for the flux lost to the narrow C IV absorption
in that wavelength range. The resulting C IV EW was
5.0 ± 0.4 Å on MJD 57328, 5.3 ± 0.6 Å on MJD 59188,
and 4.2 ± 1.8 Å on MJD 60251, confirming that J2318 is a
WLQ. The C IV emission-line blueshift is 3760 ± 150 km s−1

using the definition of A. L. Rankine et al. (2020); i.e., the
blueshift of the wavelength at which half the total cumulative
line flux is reached. (For comparison, the Hα blueshift is
420 ± 50 km s−1.) This C IV blueshift is larger than average
for WLQs but within the range of 0–8000 km s−1 seen in
them; see Figure 8 of R. M. Plotkin et al. (2015) and Figure 3
of T. Ha et al. (2023).

As for rest-frame optical lines, we measure the Hβ EW for
J2318 by establishing a linear continuum between windows at

4750–4790 Å and 4960–5000 Å and integrating the flux
between 4790 and 4960 Å. The Hβ EW is 32.4 ± 8.7 Å, with
the uncertainty dominated by the uncertain continuum level. In
their studies of WLQs, R. M. Plotkin et al. (2015) found Hβ
EWs in the range 15–40 Å and Y. Chen et al. (2024) reported
an average Hβ EW of 52 ± 2 Å, as compared to 64 ± 8 Å for
non-WLQ SDSS quasars (see their Figure 3). J2318 fits the
pattern that Hβ EWs in WLQs are biased toward the low end
of the distribution seen in normal quasars.

At the rest wavelengths of [O III], the GNIRS spectrum is
very noisy due to poor atmospheric transmission. Integrating
over the [O III] wavelength regions used by D. E. Vanden Berk
et al. (2001), we do not formally detect [O III] emission above
the noise. We find EWs of (1.4 ± 2.6 Å, 2.3 ± 3.4 Å) for
λ4960, 5008. This is consistent with the finding that WLQs

Figure 5. Hα Region. Fit to the Hα region of J2318 including the best-fit three-Gaussian model for the Hα line. The data are from the GNIRS spectrograph on the
Gemini North Telescope.

Table 3
Emission-line Fitting Parameters of the J2318 Hα Region

Component Redshift Δv FWHM A EW
(km s−1) (km s−1) (10−17erg s−1cm−2Å−1) (Å)

Very broad Hα 2.6435 ± 0.0093 −2850 ± 760 14010 ± 1980 0.186 ± 0.043 43 ± 12
Broad Hα 2.6715 ± 0.0012 −570 ± 100 5360 ± 340 1.092 ± 0.096 97 ± 10
Narrow Hα 2.6781 ± 0.0004 0 ± 30 2120 ± 110 0.172 ± 0.106 61 ± 5
Na I 2.678 ± 0.0012 0 ± 90 1840 ± 230 0.219 ± 0.024 6 ± 1

Note. The emission lines are in addition to a power-law continuum f (λ) = A(λ/6500)α with A = 1.410 ± 0.012 × 10−17 erg s−1cm−2 Å−1, λ in rest-frame Å, and
α = − 0.73 ± 0.04. The values of Δv are relative to the adopted rest frame of z = 2.6781, with negative velocities indicating a blueshift. The EW values are in rest-
frame Å.
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have, on average, weaker [O III] than normal quasars of similar
redshifts and luminosities (see Figure 3 of Y. Chen
et al. 2024).

The Hα EW of J2318 was measured to be 201 ± 16 Å
(Section 3.1). This is consistent with the average found for
low-redshift SDSS quasars by D. E. Vanden Berk et al. (2001)
and falls within the range of Hα EWs of 150–250 Å found for
WLQs in the study of R. M. Plotkin et al. (2015). Thus, the Hα
EW of J2318 is unremarkable.

3.4. Continuum Fitting

The fitting and normalization of quasar continua is not an
exact science and can be performed in a multitude of ways
(e.g., J. R. Trump et al. 2006; J. T. Allen et al. 2011;
K. M. Leighly et al. 2014; Z. S. Hemler et al. 2019; Q. Wu &
Y. Shen 2022). This process introduces some systematic
uncertainty associated with each fitting routine and subsequent
normalization (e.g., M. Bischetti et al. 2023). Having multiple
continuum models allows for approximation of those uncer-
tainties in the fitting process, normalization, and spectral
analysis (e.g., black hole mass and broad absorption measure-
ments). We emphasize that the continuum models explored
here are not intended to represent unique or fully physical
descriptions of the intrinsic quasar spectrum or dust geometry.
Instead, they are used as empirical tools to establish a stable
local continuum for accurate normalization of absorption
features. While some best-fit parameters may not be physically
meaningful in isolation, the derived absorption measurements
and outflow properties are robust to the choice of continuum
model.

For the proper measurement and comparison of the changing
absorption features, we model the underlying continuum of the
quasar for each SDSS spectrum combined with the GNIRS
spectrum (Section 2.1.4). We converted the observed wave-
lengths into the rest frame of z= 2.6781 (Section 3.1). We adopt
the rest-frame wavelength relatively line free (RLF) regions
outlined by R. R. Gibson et al. (2009), and adjust them
accordingly to avoid any strong emission or absorption features.
The RLF regions we used were 1070–1100 Å, 1260–1300 Å,
1425–1475 Å, 2227 Å–2252 Å†, 3010 Å–3060 Å†, 3300 Å–3425
Å†, 3820–4020 Å, 4100–4125 Å, 4660–4760 Å, 5553–5628 Å,
6018–6083 Å, and 6705–6805 Å, where the regions marked with
a dagger are Fe II RLFs that lie within Fe II emission complexes.
We found that fitting the continuum using the Fe II RLFs
produced poorer power-law continuum fits for most of the
models that we tested.

To account statistically for Lyα forest absorption in the
fitting, the fluxes for all pixels in the RLF region shortward of
1216 Å in the rest frame were multiplied by e eff , where τeff is

the effective optical depth of the Lyα forest at the redshift
z = 2.39 of our Lyα forest RLF region (e F1eff /= in
Equation (2) of T. S. Kim et al. 2021, in which 〈F〉 is the mean
transmitted flux in the Lyα forest). Our adopted correction
factor of 1.112 arises from adopting a value of 〈F〉, which is
4σ〈F〉 above the average value of the three fits presented in
T. S. Kim et al. (2021) as the red, orange, and black curves in
their Figure 10; our correction factor for the error values was
increased by 1.9% to 1.134 to reflect the scatter among these
fits. Our adopted value of 〈F〉 yields a smaller correction factor
than the mean for this redshift. Simply put, visual inspection
shows that the mean correction factor is not appropriate for the
RLF region in this quasar. T. S. Kim et al. (2021) noted that
due to the considerable cosmic variance in the Lyα forest, the
quantity σ〈F〉 is not a Gaussian sigma. We estimate that 5/37
sight lines at z > 1.85 in their sample deviate from the mean
〈F〉 by �4σ〈F〉.

As described below, we tested six functional continuum
fitting models to these RLF regions (Figures 6, 7, and 8).
Three of the models use all RLFs, and three of them exclude
the Fe II RLFs. Although the fitting was done for each SDSS
MJD combined with the GNIRS spectrum, Figures 6, 7, and
8 only show the results for the quasi-simultaneous MJD
60251+60291 spectrum. We are interested in each model’s
accuracy at longer wavelengths (Figure 8) since we require
luminosity values and the FWHM of Hα to estimate the
black hole mass, and Eddington luminosity and ratio
(Section 3.7).

Quasar continua are commonly fit to a power law (PL;
e.g., C. J. Grier et al. 2015; J. A. Rogerson et al. 2016).
J. Selsing et al. (2016) found that a composite spectrum of
bright (r < 17) quasars from 0.1–1 μm was well fit by a PL
with αλ = −1.71 ± 0.01 and negligible reddening. The PL
model used in this analysis excludes the Fe II RLFs and has
the form

F A
2000

, 1PL( ) ( )=

where A and αλ are the amplitude and slope parameters. The
PL (first panel in Figure 6) does not fit the underlying
continuum of J2318 and has 6.082, dof 9152 = = , which is

the highest 2 of our continuum models. It underestimates the
continuum at shorter wavelengths, while overestimating it at
longer wavelengths (first panel in Figure 8).

Dust reddening can cause quasar continua to deviate from a
pure power law. We adopt two separate dust-reddened power
laws that also exclude the Fe II RLFs in their continuum fitting;
the Small Magellanic Cloud (SMC) and the circumstellar (CS)

Table 4
SMC and CS Continuum Fitting Parameter and 2 Results

SMC Reddening Model CS Reddening Model

Spectra A αλ EB−V
2 A αλ a p AV

2

57328 16.031 −1.847 0.056 3.15 183.09 −4.0 18.594 −0.26 0.479 2.386
59188 17.901 −2.003 0.062 2.543 174.489 −4.0 15.261 −0.287 0.494 2.075
60251 26.337 −2.31 0.115 1.609 147.013 −4.0 13.652 −0.415 0.365 1.44

57328 23.672 −2.786 0.123 2.67 77.313 −4.0 7.639 −0.581 0.342 2.06
59188 26.898 −2.891 0.136 2.489 74.868 −4.0 7.229 −0.63 0.32 2.059

Note. The best-fit parameters for the unsmoothed spectra of all epochs (first three rows) and the spectra matched to MJD 60251+60291 (last two rows).
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reddened PLs. Table 4 lists the fitting parameter and the 2

results of both reddened PL models for every spectrum that
was fit.

The SMC reddened power law has been used to fit reddened
BALQSO spectra (e.g., N. Filiz Ak et al. 2012, 2013;
C. J. Grier et al. 2016; Z. S. Hemler et al. 2019) and has the
form

F A
2000

10 , 2R E
SMC

0.4 1 V B V( ) ( )( )( )= +

where EB−V is the reddening, RV = 2.93 is the ratio of total-to-
selective extinction in the V band, and ξ(λ) is the SMC
extinction curve of Y. C. Pei (1992). When fitting, we forced
the reddening to be positive, EB−V�0, while both amplitude A
and power-law index αλ were left as free parameters. The
SMC is the third-best fit with 1.609, dof 9152 = = .

Although the SMC extinction curve (solid curve in the second
panel of Figure 6) is a decent fit at all wavelengths, with
A = 26.3 and αλ = − 2.31, the intrinsic spectrum before
reddening (dashed curve) is very luminous and is as blue as the
N. I. Shakura & R. A. Sunyaev (1973) prediction for a thin
disk (and quasars that blue are rare).

To account for the extra reddening at shorter wavelengths, we
adopt a CS reddening model used by K. M. Leighly et al. (2014)
to model the unusual near-UV to optical continuum of the BAL
quasar Mrk 231, which has low reddening in the optical spectrum
and much higher reddening in the near-UV. The authors used a
dust extinction model developed by A. Goobar (2008) to explain
the wavelength-dependent reddening observed in Type Ia
supernovae (SNe Ia). A thorough explanation of the physics
and motivation for CS reddening can be found in A. Goobar
(2008) or L. Wang (2005).
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Figure 6. MJD 60251+60291 Continuum Fitting. The raw continuum (black) has been fit to various models (colored). The flux errors are plotted in magenta, the
relatively line free (RLF) regions used for the fitting are shown in vertical cyan bands (with their 2 values listed), and the 2 and best-fit parameter values for each
model are displayed in their respective colors. Dashed curves represent the power law before reddening, and comparison to the CSb A parameter in other models
should be done using A A 2665 20002665 ( )/= . Top panel: a simple power law. Second panel: a power law reddened with the SMC extinction curve of Y. C. Pei
(1992). Third panel: a power law reddened with the three-parameter power-law extinction curve of A. Goobar (2008). Fourth panel: a broken power law (BPL)
reddened with the three-parameter power-law extinction curve of A. Goobar (2008). Fifth panel: a broken power law with no reddening. Sixth panel: the continuum
estimate generated by PyQSOFit. Due to the lower 2 values, the SMC and CS reddening models are used for analysis.
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The CS reddened power-law model used in fitting J2318’s
spectra excludes the Fe II RLFs and has the form

F A
2000

10 , 3a a A
CS

0.4 1 V
p

V( ) ( )[ ( ) ]/= +

where the form of this three-parameter power law extinction
curve is taken from A. Goobar (2008), and λV = 0.55 μm is the
V band’s central wavelength. Table 4 lists the CS best-fit
parameters and 2 results for the fitting of each spectrum. We
recognize that the best-fit value of αλ = − 4.0 is unphysical,
but it becomes more negative, and the 2 becomes higher,
when left as a free parameter. Thus, −4.0 was set as the
limiting possible value since it is the long-wavelength slope of
a single-temperature blackbody. However, the model allows
for good fitting of the continuum to aid in measurements of the
absorption troughs (third panel in Figure 6). Furthermore, the
CS model’s fitting of the red-end of the spectrum (third panel
in Figure 8) is comparable to that of the SMC model, and with

1.44, dof 9152 = = , it is the best model of those tested.
When all parameters were left free, K. M. Leighly et al. (2014)
found the reddening parameters to be AV = 1.54, a = 0.78, and
p = −1.72 for their single BAL quasar Mrk 231. Our analysis
produced smaller values of AV, larger values of a, and less
negative values of p.

D. M. Capellupo et al. (2016) fit thin accretion disk models
to optical-near-infrared quasar spectra and found some
curvature relative to pure power-law fits, such that the flux
at short wavelengths is smaller than expected from an
extrapolation from long wavelengths. Furthermore, Z. Shang
et al. (2007) reported that different power-law exponents were
often needed shortward and longward of ∼5600 Å, which they

referred to as αUVOO and αOred, respectively. They found that
the flux at long wavelengths (RLFs 5600–5648 Å, 6198–6215
Å, and 6820–6920 Å) was larger than expected from an
extrapolation from short wavelengths (RLFs 1348–1358 Å and
5600–5648 Å). As a simple approximation to these results, we
fit a broken power-law (BPL) model. The circumstellar
reddened broken (CSb) power law uses the entire RLF set
and has the following form:

4F
A

A

10 when

10 when
.

a a A

a a A
CSb

0.4 1
break

0.4 1
break

V
p

V

V
p

V

break

,1

break

,2

( )
( ) ( )

[ ( ) ]

[ ( ) ]

/

/
=

<+

+

Here, the reddening parameters a, p, and AV and the power-law
amplitude, A, are the same for all wavelengths; thus, it is only
the power-law slope, αλ,i, that is different between the short
λ < λbreak and long λ � λbreak wavelengths. A broken power-
law continuum could in principle arise from emission from an
accretion disk whose temperature profile is a broken power
law. Such a model helps fit at rest-frame ultraviolet and optical
wavelengths simultaneously. The output of the accretion disk
is greater than that of the host galaxy’s contribution in the
optical for a quasar as luminous as J2318. The fourth panel of
Figure 6 shows that the broken power-law spectrum with the
CS reddening curve (power-law reddening) applied to it is the
second-best fit of the models considered, with

1.586 dof 11962 = = , and has reasonable parameters for
the amplitude and power-law slopes of the unreddened
spectrum. Unfortunately, this model underestimates the
continuum at the extreme red-end of the spectrum (fourth
panel in Figure 8). Due to λbreak, the CSb model’s A parameter
is not easily comparable to other models. Thus, we introduce
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Figure 7. MJD 60251 PyQSOFit fitting. The unsmoothed spectrum (black) has been fit using PyQSOFit (top panel) to determine the flux at 5100 Å (left panel) and
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an additional parameter, A 2665 20002665 ( )/= , to the other
models to aid in comparison.

We also construct a BPL without any reddening to test how
well such a model can fit without any reddening. Like the CSb
model, it is only the power slopes αλ,i, that are different
between the short and longer wavelengths separated by λbreak.

F A 5BPL
break break

,1 ,2

( )= +

The BPL model (fifth panel in Figure 6) has
1.671, dof 11962 = = , which is the third worst.

Finally, we employ PyQSOFit (PQF; H. Guo et al. 2018;
Y. Shen et al. 2019) to fit quasar spectra. The underlying
continuum is fit using a power law and a polynomial, while
three separate templates are used to model spectral emission
features. Two of these templates model Fe emission in the UV

and optical regimes, while the third models the Balmer series
emission.

Fe emission in the UV region, 1200–3500 Å, is modeled
using the template of M. Vestergaard & B. J. Wilkes (2001)
modified using three free parameters: a normalization factor,
Un, an FWHM, UΔλ, and a wavelength shift, Uλ. Fe emission
in the optical region, 3686–7484 Å, is modeled using the
template of T. A. Boroson & R. F. Green (1992) and three
similar parameters: a normalization factor, On, an FWHM,
OΔλ, and a wavelength shift, Oλ. A Balmer continuum
template failed to accurately model the combined SDSS
+GNIRS spectra of J2318, presumably due to the weak
emission of the Balmer series, and thus, we left it out of the
PQF model. Q. Wu & Y. Shen (2022) also found the Balmer
template to be unfavorable for the fitting of their SDSS DR16
(B. W. Lyke et al. 2020) quasar sample; however, this was due
to limited S/N and spectral coverage.
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Figure 8. J2318 MJD 60251+60291 where λ > 3700 Å. The dereddened quasar flux density (black) of J2318 where the continuum is estimated by the RLF regions
(vertical cyan bands) such that it is fit to various models (colored). The flux errors are indicated in magenta, and the 2 and best-fit parameter values for each model
are displayed in their respective colors. Dashed curves represent the power-law before reddening, and comparison to the CSb A parameter in other models should be
done using A A 2665 20002665 ( )/= . Only wavelengths >3700 Å are displayed. Top panel: a simple power law. Second panel: a power law reddened with the SMC
extinction curve of Y. C. Pei (1992). Third panel: a power law reddened with the three-parameter power-law extinction curve of A. Goobar (2008). Fourth panel: a
broken power law reddened with the three-parameter power-law extinction curve of A. Goobar (2008). Fifth panel: a broken power law with no reddening. Sixth
panel: the continuum estimate generated by PyQSOFit. Due to the lower 2 values, the SMC and CS reddening models are used for analysis.
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Our PQF model uses all RLFs and has the following form:

F A C C C

U U U O O O
3000

Fe , , Fe , , , 6n n

PQF 0 1 2
2

UV opt

( )

( ) ( ) ( )

= + + +

+ +

where A and αλ are the amplitude and slope of the power law,
and C0, C1, and C2 are the polynomial coefficients. The
underlying continuum is modeled using only the first two
terms, while the emission complexes are modeled using the
last two terms. Monte Carlo resampling of the spectrum based
on the initial flux density uncertainties is performed to estimate
the errors in the parameters. The PQF model (sixth panel in
Figure 6) has 1.812, dof 11962 = = , which is the second-
highest of all models tested. The model overestimates the
continuum at low wavelengths, similar to that of the PL but
shifted blueward, and does reasonably well at longer

wavelengths (sixth panel in Figure 8). Figure 7 displays the
PQF continuum fit for the unsmoothed spectrum of MJD
60251 along with a Gaussian fit of the Hα emission.

3.5. Continuum Normalization

To extract information and perform quantitative measure-
ments pertaining to J2318, we must normalize each spectrum
by dividing their flux values by their respective continuum
fitting flux values to get a continuum value equal to ∼1. We
normalize the SDSS+GNIRS spectrum for all three epochs,
and Figure 9 displays the normalization using each fit model
tested. We expect the underlying continuum level to be at a
normalized flux density of unity and traditional BAL troughs
to be any broad absorption that consistently dips below 0.9 for
a velocity width of �2000 km s−1 (R. J. Weymann
et al. 1991).
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Figure 9. J2318-MJD 60251+60291 Normalized Continuum. The dereddened quasar flux density of J2318 where the continuum is estimated by the RLF regions
(vertical cyan bands) such that it is fit and normalized by various models (colored). The flux errors are indicated in magenta, and the 2 for each model are displayed
in their respective colors. Top panel: a simple power law. Second panel: a power law reddened with the SMC extinction curve of Y. C. Pei (1992). Third panel: a
power law reddened with the three-parameter power-law extinction curve of A. Goobar (2008). Fourth panel: a broken power law reddened with the three-parameter
power-law extinction curve of A. Goobar (2008). Fifth panel: a broken power law with no reddening. Sixth panel: the continuum estimate generated by PyQSOFit.
Due to the lower 2 values, the SMC and CS reddening models are used for analysis.
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For the PL model (first panel in Figure 9), the Lyα forest
and wavelengths longer than 4600 Å dip below the expected
continuum level, excluding emission features (e.g., Hα and
Hβ). The C IV and Si IV BALs lie within the Lyα forest, but
these are the only broad absorption troughs present in J2318.
Rest-frame 5350–6450 Å is a continuum region and shows no
evidence of an outflow. In the CSb model (fourth panel in
Figure 9), the complex emission of Fe II is suppressed, and
wavelengths longer than 5100 Å rise above the expected
continuum level. The former is due to the Fe II RLFs being
used in the fitting. The BPL model (fifth panel in Figure 9)
exhibits a similar suppression for the complex emission of
Fe II, and wavelengths longer than 6100 Å are above the
expected continuum level. Due to these anomalies, the PL,
CSb, and BPL models are used in the testing of different fit
models and normalization of separate spectra, but are excluded
from any subsequent analysis.

The CS model (third panel in Figure 9) resulted in the best
2 and reasonably represented the continuum at all wave-

lengths. Although the αλ = −4.0 value is unphysical in this
model, the other parameters are reasonable, and the continuum
is best normalized for the analysis of its characteristics. The
SMC model (second panel in Figure 9) is the third-best fit; its
different reddening law may offer a contrasting normalization
of the Lyα forest region. Thus, the SMC and CS models are
used to measure the broad absorption properties of the C IV
and Si IV BALs.

For an additional estimate of systematic uncertainties, we
used the MJD 57328 and 59188 spectra “morphed” to match
the MJD 60251 spectrum using the fit discussed in
Section 2.1.3. We normalized these matched spectra with the
same SMC and CS continuum fits used for MJD 60251
+60291.

3.6. Quasar Luminosity and Spectral Energy Distribution

For comparison with other quasars’ SEDs (e.g.,
D. M. Capellupo et al. 2015, 2016), we convert the spectra
and the photometric data points to luminosity values using

L d f4 , 7r L o
2 ( )=

where λrLλ is the rest-frame wavelength times rest-frame
luminosity density, dL is the luminosity distance, λofλ is the
observed wavelength times observed flux density, and
λo = λr(1 + z). With our adopted cosmological parameters,
the luminosity distance to an object at z = 2.6781 is
dL = 2.27 × 1010 pc = 7.02 × 1028 cm. Figure 10 displays
the luminosity of the spectra, dereddened from Galactic
extinction, for MJD 60251+60291 and MJD 59188 as a
function of frequency.

When determining the luminosity of the photometric data
points, the magnitudes are first converted to AB magnitudes,
(mAB; J. B. Oke & J. E. Gunn 1983), before they can be
represented as flux densities. The SDSS photometry
(M. Fukugita et al. 1996) is already provided in the AB
magnitude system, while the ALLWISE, NEOWISE
(A. Mainzer et al. 2011, 2014), and unWISE photometry is
converted to AB magnitudes by adding a correction factor to
their Vega magnitudes. The correction factors for bands 1, 2,
3, and 4 are 2.699, 3.339, 5.174, and 6.620, respectively.
Furthermore, the 2MASS, UKIRT, and SDSS photometry are
corrected for Galactic extinction, while the WISE photometry

is not corrected for Galactic extinction, which is a <1.5%
effect at W1 and <1% at longer wavelengths (H. B. Yuan
et al. 2013). We compute the weighted average of each band’s
magnitude, 〈mAB〉, and use it to calculate the average flux
density, 〈fλ〉, per unit wavelength using the following formula,

f f
c

10 , 8m
2

48.6 2.5AB ( )( )/= = +

where c is the speed of light, and λ is taken as the effective
observed-wavelength of each bandpass. Table 5 lists the
calculated average AB magnitude, flux density, and luminosity
values for each bandpass in the observed frame, while a visual
representation is provided in Figure 10.

R. A. Lane et al. (2011) created composite WLQ SEDs from
their sample of 17 SDSS WLQs and binned them into six rest-
frame UV, two near-IR, and seven near-to-mid-IR flux bins.
The fluxes of these SED bins were unnormalized by
multiplying them by the mean flux density of the quasar
sample at rest-wavelength 1445 Å, before shifting them to the
observed-frame at z = 2.6781 and converting them into
luminosities. A linear interpolation was done between the
WLQ SED bins bounding the UKIRT-J band to determine the
luminosity at that wavelength. This value was then scaled to
match J2318’s UKIRT-J band luminosity, and all other WLQ
SED bins were scaled by that same factor. G. T. Richards et al.
(2006) created composite SEDs of 259 quasars using SDSS
and Spitzer photometry when studying the mid-infrared and
optical properties of broad-line quasars. C. M. Krawczyk et al.
(2013) provided a composite SED for 119,652 luminous
broad-line quasars. These composite SEDs have been included
in Figure 10 and have been scaled so that they intersect with
J2318’s UKIRT-J band luminosity.

The later spectrum obtained by SPHEREx is brighter than
the earlier observations made by GNIRS and SDSS. The
brightness could be explained by the quasar’s variability or
SPHEREx’s lower resolution and larger aperture allowing the
nearby star’s light to contribute to the brighter spectrum. To
account for the brighter spectrum, and to match to the UKIRT
J-band luminosity, we scaled the luminosity at all wavelengths
by 0.7 (Figure 10). Once scaled, the SPHEREx spectrum is in
good agreement with the W1 and W2 photometry, and
conforms well with the NIR+V spectrum. Thus, this confirms
our choice of recalibrating the GNIRS spectrum to match the
UHS observed J − K color before merging it with the SDSS
spectrum.

Figure 10 shows that J2318 is less luminous in the mid-
infrared (rest-frame 7–70 μm) relative to the near-infrared than
are the typical quasar SEDs of G. T. Richards et al. (2006),
C. M. Krawczyk et al. (2013) and R. A. Lane et al. (2011)

Figure 10 also shows that in the rest-frame optical, J2318 is
bluer than the typical quasar SEDs of G. T. Richards et al.
(2006), C. M. Krawczyk et al. (2013), and R. A. Lane et al.
(2011), even after adjusting the GNIRS spectrum to match the
UHS J − K color (Section 2.1.2). The best-fit power-law slope
(without reddening) for the GNIRS spectrum is αλ = −2.095,
equivalent to αν = 0.095 (F ). For comparison,
S. W. Davis et al. (2007) measured αν between 2200 and
4000 Å for a large sample of SDSS quasars and found an
average of −0.37 and a maximum of ≃0.5; a value of 0.095
places J2318 among the bluest ∼15% of quasars. J2318 is
nonetheless not quite as blue at optical wavelengths as
predicted for a standard thin disk (αλ = −2.33, αν = 0.33).
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The apparent peak in the SED near rest-frame 2000–3000 Å
or (1–1.5)× 1015 Hz occurs at a factor of ∼2 longer
wavelength than the “big blue bump” seen in typical quasars
or WLQs. This offset may be due to dust reddening shifting
the peak of a normal big blue bump to longer wavelengths.
However, the fact that our best-fit models of the optical+NIR
spectrum including reddening are physically implausible
(Sections 3.4 and 3.5) casts some doubt on that possibility.
This offset may instead (or also) reflect a relatively high black
hole mass (e.g., S. Lai et al. 2023) or mass-loss rate from disk
winds (O. Slone & H. Netzer 2012), though the effects of
black hole spin and deviations from idealized thin disks are
also important (e.g., D. M. Capellupo et al. 2016).

Q. Ni et al. (2018) studied 32 WLQs with C IV EW ≲15 Å
to investigate the nature of X-ray weakness. They split their
sample into an “extreme subsample” where C IV EW <7.0 Å
and a “bridge subsample” where C IV EW = 7.0–15.5 Å.
Comparison with their Figure 6 reveals that J2318 appears to
be like their “bridge” subsample, in which the luminosity
drops off in the optical and UV. B. Luo et al. (2015) conducted
an X-ray multiwavelength study of 32 WLQs and 18 quasar
analogs of the extreme WLQ, PHL 1811. The 32 WLQs were
split into a subsample of 14 X-ray weak quasars and a

subsample of 17 X-ray normal quasars. Their Figure 8
compares the two subsamples to the SEDs of R. A. Lane
et al. (2011) and G. T. Richards et al. (2006), and the
ultraviolet luminosity of the X-ray weak subsample (their
Figure 18(a)) lies below the WLQ SEDs of R. A. Lane et al.
(2011), similar to that of J2318. This suggests that J2318 is
likely to be X-ray-weak.

The current X-ray upper limit for J2318, however, does not
distinguish between it being an X-ray normal or an X-ray weak
WLQ (Q. Ni et al. 2022).

3.7. Black Hole Mass Estimate

To estimate the mass of the black hole (BH), we follow two
approaches: Y. Shen & X. Liu (2012, their Equation (3);
hereafter SL12) and R. J. Assef et al. (2011, their Equation (5);
hereafter A11). We provide a generalized formula for the two
methods:

M A
L

v10 erg s

FWHM
, 9BH

b
H

c
5100

44 1
norm

( )=

where A, b, c, and vnorm are parameters specific to each method
(see Table 6), L5100 is the continuum luminosity at 5100 Å, and
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Figure 10. J2318 Average Photometric, Spectroscopic, and SED: Luminosity vs. Frequency. J2318’s log-scaled rest-frame luminosity for the mean WISE
photometry data points (colored squares, stars, and triangles), mean SDSS photometry (blue diamonds), 2MASS and UKIRT photometry (black pentagons), Chandra
X-ray luminosity (black circle), SEDs and UV/optical+NIR spectrum (colored curves) as a function of rest-frame frequency. All photometric data points lie at their
effective rest-wavelength, with colored horizontal lines indicating the band’s wavelength interval. The downward pointing arrow indicates that the Chandra X-ray
luminosity is an upper limit. The MJD 60291 NIR spectrum is matched with the optical spectrum of MJD 60251 (red curve), while only an optical spectrum is
available for MJD 59188 (green curve), and the NIR spectrum from SPHEREx (orange curve) is smoothed for λr � 12,000 Å and scaled by 0.7 at all wavelengths.
The comparison SEDs are from G. T. Richards et al. (2006; cyan), C. M. Krawczyk et al. (2013; violet), and R. A. Lane et al. (2011; black), and have been scaled to
lie at the 〈UKIRT − J〉 band’s luminosity for visual comparison.
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FWHMHα is the FWHM of the Hα emission feature. Each
estimate of BH mass has a statistical error propagated from the
uncertainty in the FWHMHα measurement and the uncertainty
in L5100,

M b
L

L
c M

FWHM

FWHM
. 10BH,vir

5100

5100

2 2

BH,vir ( )= +

The NIR spectrum covering the 5100Å region is quite noisy,
so we extract the 5100Å flux values of the fitted models that
adequately represent the continuum at this wavelength, convert
them to luminosity values, and calculate the average. The SMC
reddened power law, the CS reddened power law, and PQF
model match the continuum best around 5100Å and yield L5100

values of 2.52 × 1046 erg s−1, 2.49 × 1046 erg s−1, and
2.30 × 1046 erg s−1, respectively, with a systematic rms
uncertainty of ±0.25 × 1046 erg s−1. For comparison, we

compute the average luminosity of the unreddened versions of the
SMC and CS models along with the reddened PQF model. The
results for the reddened and unreddened luminosity averages of
MJD 60251 are L 2.51 0.01 10 erg s5100

46 1( )= ± × and
L 3.82 0.01 10 erg s5100

46 1( )= ± × , respectively.
One of PyQSOFit’s features is the ability to determine

various properties of emission or absorption features, by fitting
these features with Gaussian distributions. In our case, we are
interested in the Hα emission feature, which we assume can be
fit by two broad Gaussians and one narrow Gaussian, all
centered at 6564.61 Å. The PQF measurement of FWHMHα is
determined to be 3084 ± 91 Å, and the weighed average is
3059 ± 76 Å when including the previous fit discussed in
Section 3.1 of 3000 ± 140 km s−1. We adopt the mean of the
two measurements as our value of FWHMHα.

Table 7 lists our results for MJD 60251, where we calculate
the BH measurements of MSL12 = (17.47 ± 0.94) × 108M⊙
and MA11 = (15.66 ± 0.86) × 108M⊙, with intrinsic scatter of
±0.12 dex and ±0.14 dex, respectively. We adopt their
weighted average of 〈MBH〉 = (16.52 ± 0.65) × 108M⊙ as our
MBH value. When SMC and CS reddening is removed, MBH is
+14.84% larger, thus providing an upper estimate for
the mass.

3.7.1. Eddington Luminosity

The Eddington luminosity, LEdd, of an accreting BH can be
calculated given its mass and the mean number of protons and
neutrons for every electron in the ionized matter, μ, that is

Table 6
Parameter Values for Black Hole Mass Estimates

Model A b c vnorm (km s−1)

MSL12 101.39 ≃ 24.55 0.555 1.873 1
MA11 8.9856 × 106 0.520 2.060 103

Note. The model subscripts SL12 and A11 refer to the work done by Y. Shen
& X. Liu (2012) and R. J. Assef et al. (2011), respectively.

Table 5
Weighted-average AB Magnitude, Observed-frame Flux Density, and Observed-frame Luminosity for the Bandpasses of the WISE Photometry Data Points, the

SDSS, the 2MASS, and the UHS

Survey Filter λo 〈mAB〉 〈fλ〉 〈λLλ〉
(abbr.) (μm) (10−13 erg s−1 cm−2 μm−1) (1045 erg s−1)

unWISE W1 (uW1) 3.4 18.17 ± 0.03 0.51 ± 0.01 10.66 ± 0.25
unWISE W2 (uW2) 4.6 17.95 ± 0.04 0.34 ± 0.01 9.64 ± 0.36
unWISE W3 (uW3) 12.0 16.37 ± 0.13 0.21 ± 0.03 15.89 ± 1.90
unWISE W4 (uW4) 22.0 16.5 ± 1.2 0.06 ± 0.06 7.69 ± 8.50

ALLWISE W1 (AW1) 3.4 17.43 ± 0.06 1.01 ± 0.06 21.14 ± 1.19
ALLWISE W2 (AW2) 4.6 17.97 ± 0.17 0.33 ± 0.05 9.51 ± 1.51
ALLWISE W3 (AW3) 12.0 16.22 ± 0.37 0.25 ± 0.08 18.24 ± 6.25
ALLWISE W4 (AW4) 22.0 14.33 ± 0.46 0.42 ± 0.18 56.62 ± 24.02

NEOWISE W1 (NW1) 3.4 18.22 ± 0.04 0.48 ± 0.02 10.17 ± 0.36
NEOWISE W2 (NW2) 4.6 17.79 ± 0.06 0.39 ± 0.02 11.18 ± 0.60

SDSS u (SDSSu) 0.3551 19.684 ± 0.037 11.55 ± 0.40 25.37 ± 0.87
SDSS g (SDSSg) 0.4686 18.803 ± 0.009 14.93 ± 0.12 43.28 ± 0.36
SDSS r (SDSSr) 0.6165 18.269 ± 0.007 14.11 ± 0.09 53.81 ± 0.35
SDSS i (SDSSi) 0.7481 18.014 ± 0.006 12.12 ± 0.07 56.09 ± 0.30
SDSS z (SDSSz) 0.8931 17.864 ± 0.018 9.76 ± 0.16 53.92 ± 0.89

2MASS J (2MASS-J) 1.25 17.99 ± 0.22 4.42 ± 0.90 34.17 ± 6.92
2MASS H (2MASS-H) 1.65 17.87 ± 0.26 2.85 ± 0.68 29.10 ± 6.97
2MASS Ks (2MASS-Ks) 2.16 18.07 ± 0.42 1.38 ± 0.53 18.46 ± 7.14

UKIRT J (UKIRT-J) 1.25 17.88 ± 0.01 4.89 ± 0.06 37.82 ± 0.49
UKIRT K (UKIRT-K) 2.16 18.06 ± 0.03 1.40 ± 0.04 18.70 ± 0.50

Note. uW1 through uW4 represent unWISE coadd forced photometry (DR13 version), bands AW1 through AW4 correspond to observations before MJD 55545, and
bands NW1 and NW2 were observed after MJD 56645. The SDSS observations were conducted between MJD 53265–60251. 2MASS observations are from MJD
51087, while the UHS observations were between MJD 56211 and 58013.
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falling onto its event horizon,

L
cG M4 m

, 11
T

Edd
p BH ( )

µ
=

where G is the gravitational constant, σT is the Thompson
cross section, and mp is the proton mass. The standard
uncertainty of LEdd is calculated via an rms of the uncertainties
associated with G, mp, MBH, and σT. We assume that the
infalling gas has a metallicity similar to that of our Sun,
making μ = 1.17 (H. Netzer 2013). Table 7 lists LEdd results
for MJD 60251, calculated using the weighted average of MBH.

The Eddington ratio, λEdd, can be estimated from LEdd and
the bolometric luminosity, Lbol, of the quasar:

L

L

L

L
BC. 12Edd

bol

Edd

5100

Edd
( )=

Here, Lbol can be determined by applying a correction
factor, BC, to the average optical luminosity, 〈L5100〉. We use
the bolometric correction estimate of BC = 4.33 ± 1.29 from
C. M. Krawczyk et al. (2013) to calculate Lbol =
(1.09 ± 0.32) × 1047 erg s−1. Table 7 lists the Eddington ratios
for MJD 60251, after applying the bolometric correction to
〈L5100〉. Using the weighted average of MBH yields
LEdd = (2.430 ± 0.096) × 1047 erg s−1, which corresponds to
an Eddington ratio of λEdd = 0.447 ± 0.134. Here, the resultant
systematic uncertainty of δλEdd = ± 0.04 from the rms
uncertainty of L5100 is dwarfed by the uncertainty of the
bolometric correction. When SMC and CS reddening is removed,
LEdd and λEdd are +15% and +23% larger and thus provide
upper estimates of these values.

3.8. Identification of Absorption Troughs

Figure 11 shows the Lyα forest region of J2318, with BAL
troughs indicated.

We identify the two troughs in the Lyα forest as troughs of
Si IV and C IV in the same outflow from the quasar. The trough
wavelengths matching C IV and Si IV at the same redshift
support our identification. Those ions are commonly seen
together in quasar outflows, with Si IV weaker (as in this case)
or at most as strong as C IV; the only unusual factor in this case
is the speed of the outflow. Also, the fact that both troughs
strengthened from 2015–2023 is most easily explained if they
both arise in the same outflow.

Other possible identifications can be excluded. As discussed
in F. Hamann et al. (2018), for the troughs to be identified as
two independent Lyα troughs without accompanying metal-
line absorption would require very low-ionization parameter

and column density values not seen among other BAL
outflows and would make it difficult to explain the observed
variability. Moreover, this identification would require two
unprecedented outflows along the same line of sight.

An identification of the stronger trough (C IV at
λcent ≃ 1165 Å) with N V at v = −19,000 km s−1 would
place P V at the wavelength of the weaker trough (Si IV at
λcent ≃ 1050 Å). However, P V is found in the same ionization
conditions as C IV and is about 1000 times less abundant
(B. C. J. Borguet et al. 2012). Therefore, the absence of C IV at
v = −19,000 km s−1 rules out this possibility. Even the very
high ionization outflow noted by R. C. Telfer et al. (1998) has
just as strong C IV absorption as N V.

We searched for other typical ions in these outflows (see
Rodríguez Hidalgo et al. 2011; N. Arav et al. 2020; X. Xu
et al. 2020) and did not confidently find any. N V and O VI
would appear outside of our wavelength range, as would even
higher-ionization lines, such as are seen in X-ray UFOs with
similar velocities. Mg II and Al III, if present, would lie on top
of the Fe II complex emission and the C IV emission line,
respectively, and we do not detect them unambiguously: when
we compare the wavelength regions of these absorbing ions,
we can confidently say that they are not showing as strong
absorption or large variability as the C IV absorption does.

Finally, strong Lyα forest features outside the two troughs
are consistent through the two observations, indicating that
there is not a problem with the normalization of the entire Lyα
forest region of the spectra that might give rise to spurious
absorption troughs.

There is some apparent variability in the Lyα and N V
emission-line region over the three epochs of observation. It is
unclear if the cause is variable lower-velocity absorption,
variable emission, or both. We defer study of these potential
changes until further SDSS-V spectra of J2318 are analyzed.

3.9. Absorption Trough Measurements through Direct
Integration

We first measured absorption rest-frame EWs through direct
integration (Table 8), although this approach will be
contaminated by Lyα forest absorption, which we attempt to
correct for in an average sense in Section 3.10. Our reported
EWs are from spectra normalized by the CS fits, as those fits
have the smallest 2 values. To estimate systematic errors at
each epoch, we used the rms scatter among those measure-
ments, measurements from the spectra normalized by the SMC
fits, and (for MJD 57328 and 59188) measurements from both
the CS and SMC normalizations of those MJDs’ spectra

Table 7
Eddington Luminosity Calculations for the Unsmoothed MJD 60251+60291 Spectra

Continuum 〈FWHMHα〉 〈L5100〉 MSL12 MA11 〈MBH〉 LEdd λEdd

Model (km s−1) (1046 erg s−1) (108M⊙) (108M⊙) (108M⊙) (1046 erg s−1) (n/a)

red 3059 ± 76 2.51 ± 0.01 17.47 ± 0.94 15.66 ± 0.86 16.52 ± 0.65 24.30 ± 0.96 0.45 ± 0.13

non-red 3059 ± 76 3.82 ± 0.01 20.63 ± 1.05 18.29 ± 0.93 19.40 ± 0.72 28.54 ± 1.06 0.58 ± 0.17

Note. The first column is the version of the SMC and CS continuum fitting models used to determine 〈L5100〉, where “red” and “non-red” refer to the inclusion and
exclusion of the reddening factor in each model. The second column is the weighted-average FWHMHα, determined from the NIR spectrum and IR+V spectrum
measurements. The third column is the weighted-average luminosity at 5100 Å determined from the SMC, CS, and PQF fitting models. The fourth, fifth, and sixth
columns are the BH mass estimates using our two methods and their weighted average. The seventh and eighth columns are the calculated Eddington Luminosity and
ratio.
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Figure 11. J2318 EHVO Zoom-in. J2318’s C IV and Si IV BAL regions for the SMC (top panel) and CS (bottom panel) normalized spectra of MJD 57328 (blue),
MJD 59188 (green), and MJD 60251 (red), with errors (dotted lines) provided in their respective colors. All spectra have been smoothed by a 5-pixel boxcar. The
emission wavelengths of Lyα and N V at the quasar redshift are marked by the vertical lines. The velocity ranges used for direct integration of the Si IV and C IV
BAL troughs are shown with the gray background. The full velocity range spanned by C IV is shown for Si IV by the light-gray background. Outflow velocities for
the short-wavelength members of the C IV (orange) and Si IV (purple) doublets are marked along the upper axis every 5000 km s−1 from 70,000 km s−1 to 95,000 km
s−1. The flux of the normalized continuum is at 1.0, and flux levels that are <0.9 are typically where BAL troughs are defined.
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morphed to match the shape of the MJD 60251 spectrum
(Section 2.1.3).

We defined the edges of the C IV trough as the wavelengths in
the MJD 60251 epoch at which the CS-normalized flux in the
5-pixel-boxcar-smoothed spectrum crossed 0.9 in the C IV
outflow region, excluding 5.5 Å at the long-wavelength end
of this region due to a strong narrow Lyα absorber. This trough
extends from 1195.16–1134.56 Å, or −76,370 km s−1 (seen in
C IVλ1550.774) to −90,300 km s−1 (seen in C IVλ1548.202),
both uncertain by ±40 km s−1. Thus, the outflow had a velocity
width of at least 13,930 km s−1 at MJD 60251. (Note that in the
rest frame of C IVλ1548.202, used for plotting purposes, this
trough extends from −75,900 km s−1 to −90,300 km s−1.)
These velocity limits exclude a possible higher-outflow-velocity
component reaching v ≃ −96,000 km s−1; see the next section.

For the Si IV trough, we adopted two approaches. First, we
measured the EW in the same velocity range as seen in C IV on
MJD 60251. Second, we measured the EW between the Si IV
trough edges: the wavelengths at which the CS-normalized
flux in the 5-pixel-boxcar-smoothed spectrum crossed 0.9 in
the Si IV outflow region. Given the wavelengths of both
members of the Si IV doublet, that corresponds to
1038.8–1060.1 Å, respectively.

For each trough at each epoch, we summed the difference
between unity and the normalized flux in the unsmoothed
spectrum times the pixel width (69 km s−1) between the
appropriate wavelengths, then corrected for Lyα forest
absorption. The average Lyα forest absorption in J2318,
measured between 1096 and 1134Å in the quasar rest frame, is
18.5% ± 3.8% of our adopted continuum. This number and its
uncertainty are the average and rms scatter of all SMC- and
CS-normalized spectra at all epochs in that wavelength
range.21 Therefore, our C IV EW measurements are estimated
to include 2885 ± 593 km s−1 of Lyα forest absorption, and

our Si IV measurements include 3166 ± 650 km s−1 or
1149 ± 236 km s−1 for our first and second approaches,
respectively. We also recorded the average trough depth
dBAL = EWcorrected/(vstart − vend) and measured the centroid
velocity vcent for each trough, defined as the weighted-average
velocity within the trough limits, with the weight given by the
depth below the normalized continuum (J. A. Rogerson
et al. 2018).

Our direct-integration results are given in Table 8. The
corrected direct-integration C IV EWs, including first the
statistical and second the systematic error estimates, are
660 ± 50 ± 690 km s−1, 1680 ± 50 ± 870 km s−1, and
3730 ± 120 ± 620 km s−1 for MJD 57328, 59188, and 60251,
respectively. Measuring the Si IV trough within the C IV trough
velocity limits has significantly larger uncertainties. The Si IV
EWs measured using the Si IV trough velocity limits:
−580 ± 60 ± 330 km s−1, 230 ± 60 ± 490 km s−1, and
1100 ± 140 ± 240 km s−1 for MJD 57328, 59188, and 60251,
respectively. The Si IV trough was not formally detected on
MJD 57328; the absorption in the Si IV trough wavelength
range in that epoch is consistent with Lyα forest absorption
only. There is a decrease in vcent for C IV in the MJD 60251
epoch, consistent with the observed trough depth increasing
more at the lower-velocity end of the trough than at the higher-
velocity end.

3.10. Absorption Trough Measurements through Gaussian
Fitting

We next performed Gaussian fitting of the C IV and Si IV
doublets to measure the broad absorption at each epoch. We fit
both the SMC- and CS-normalized spectra. To exclude Lyα
forest lines from the fitting, a sigma-clipping function
developed by Joseph Choi is used (for more information, see
Appendix A of P. Rodríguez Hidalgo et al. 2025). This
function follows an iterative process of (1) smoothing the
spectra using a fixed Gaussian kernel width, (2) flagging and
removing points that are at a specified σ below the smoothed
spectra, and (3) repeating the process after interpolating
between non-flagged points. The settings for sigma-clipping
are kept consistent across all observations and spectral
versions, but whenever visual inspection suggested the

Table 8
Results of Direct Integration Absorption Measurements

MJD Trough Adopted vstart Adopted vend vcent EW EWcorrected σEW, stat σEW, sys dBAL

(km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

57328 C IV −76,370 −90,300 −84,900 3550 660 50 690 0.048
59188 C IV −76,370 −90,300 −85,200 4570 1680 50 870 0.121
60251 C IV −76,370 −90,300 −84,000 6610 3730 120 620 0.267

57328 Si IV −76,370 −90,300 ⋯ 980 −2180 100 990 ⋯
59188 Si IV −76,370 −90,300 ⋯ 2230 −940 90 1400 ⋯
60251 Si IV −76,370 −90,300 ⋯ 4640 1470 230 650 0.106

57328 Si IV −81,850 −85,670 −83,600 570 −580 60 330 ⋯
59188 Si IV −81,850 −85,670 −83,100 1380 230 60 490 0.060
60251 Si IV −81,850 −85,670 −83,400 2250 1100 140 240 0.289

Note. The first three entries for each ion use the MJD 60251 C IV trough velocity limits. The second three entries for Si IV use the MJD 60251 Si IV trough velocity
limits. The adopted vstart is in the rest frame of the short-wavelength member of the relevant doublet, the adopted vend is in the rest frame of the long-wavelength
member, and vcent is in the rest frame of the oscillator-strength-weighted-average wavelength. For C IV, the statistical uncertainties on vcent are between 50 km s−1

and 100 km s−1, and the systematic uncertainties are about 150 km s−1. For Si IV, the systematic uncertainties are similar, but the statistical uncertainties are about
twice as large.

21 We estimate the true Lyα forest absorption in the trough regions by
dividing each overall Gaussian fit from Section 3.10 into its normalized
spectrum. In these divided spectra, we measure the average Lyα forest
absorption in the same velocity ranges used in Table 8. We find 15.3% ± 2.9%
for the C IV region, 12.7% ± 7.2% for the matching Si IV region, and
16.3% ± 9.1% for the narrower Si IV region. Thus, our adopted correction of
18.5% ± 3.8% is conservative in the sense that it may underestimate the
absorption (although it may also underestimate the systematic uncertainty
for Si IV).
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omission of some additional regions, they are excluded
manually and uniquely for each spectrum. We minimized the
number of Gaussian doublets used, only adding a new doublet
when the fit was improved significantly. We performed an F-
test using the same method described in Section 3.1. We found
that two, three, and two doublets were the most ideal fits for
C IV absorption in observations MJD 57328, 59188, and
60251, respectively: these fittings resulted in Fχ in the range
18–30, higher than the critical values ∼5.7 (indicating a
probability <0.01% that the doublets improved the fit by
chance). An additional doublet resulted in Fχ values lower
than the critical values.

Figure 12 shows the fits to the CS-normalized spectra and
Table 9 shows the integrated absorption measurements
performed, including BI (BIEHVO), maximum velocity (vmax),
minimum velocity (vmin), and EW. We measured the BI
(R. J. Weymann et al. 1991) modified for EHVO troughs
(BIEHVO) by setting the integral limits to account for
absorption between 70,000 km s−1 and 100,000 km s−1, but
keeping the parameter C to account for absorption larger than
2000 km s−1 (see P. Rodríguez Hidalgo et al. 2020 for more
details). Velocity limits vmin,0.9 and vmax,0.9 were measured at
the start and end of the absorption troughs where the
absorption is below 90% the normalized flux. We also
calculated the velocity limits at 99% of the normalized flux
level (vmin,99 and vmax,99). EW values represent the integrated
absorption using the full range of velocities at either the 90%
or 99% threshold. Errors were measured by shifting the
spectrum up and down by 50% of the error array values,
refitting the absorption, and comparing to original-fit measure-
ments. In Table 9, the top errors come from shifting the
spectrum downward, and the bottom errors come from shifting
upward. When shifting the spectra upwards and using the
original BI, we used a value of 450 km s−1 instead of the
regular 2000 km s−1 to avoid absorption being undetected;
some derived errors are quite large due to a whole absorption
trough not being detected anymore. Two exceptions to this
methodology include: (1) at MJD 57328 the Si IV absorption is
undetected in the fit (see Figure 12), so only upper-limit
measurements are provided for vmin,99, vmax,99, and EW at the
99% threshold, and (2) at MJD 60251, the Si IV absorption
bottom errors reflect that the absorption is undetected when the
spectrum is shifted upwards: the errors are the measured
values for BI and EW and are NaN for the velocities.

4. Discussion

We have detected C IV and Si IV absorption with large EWs
at outflow speeds up to v ∼ −0.3c in the z = 2.678 quasar
J2318. This is the fastest Si IV outflow ever detected, and the
second-fastest C IV outflow after PDS 456. An important open
question is whether the extreme properties of J2318 arise
primarily from orientation effects or from a distinct physical
state of the accretion flow. While orientation alone cannot be
excluded, the combination of weak UV emission lines,
pronounced spectral and photometric variability, and the
presence of an EHVO suggests that J2318 may represent a
peculiar accretion state rather than a purely geometrical
viewing effect.

It is difficult for current simulations to reproduce how
outflows accelerate such relatively low-ionization gas to highly
supersonic speeds (e.g., W. E. Banda-Barragán et al. 2020, and
references therein) or entrain and accelerate it to the wind

velocity (e.g., M. Zeilig-Hess et al. 2020). Formation of low-
ionization gas in situ in outflows via cooling and shielding is
one explanation for the observations (e.g., T. Waters et al.
2022; P. B. Hall et al. 2024). Another is that the gas avoids
overionization during acceleration by being highly clumped
and dense (e.g., A. Mosallanezhad et al. 2025; see also
Section 4.5 below), although how the clumps would maintain
their integrity is unclear.

Independent of how the gas is accelerated, in Section 4.1 we
estimate the mass outflow rate in the observed high-velocity
outflow and its potential feedback on the surrounding host
galaxy. Then, in Section 4.2 we explore likely drivers of the
outflow and compare J2318 to other quasars with broad
absorption in Section 4.3.

4.1. Constraints on Absorbing Column Density, Mass Outflow
Rate, Kinetic Luminosity, and Distance

From the observed UV troughs of C IV and Si IV, we cannot
precisely determine the mass in the outflow. However, we can
place a firm lower limit on the outflow mass by conservatively
assuming unsaturated absorption and 100% covering of the
continuum source by the outflow; doing so yields the
minimum optical depth in the outflow. We note that
the absorption may instead be highly saturated, in which case
the actual outflow mass will be much higher than our lower
limit (e.g., B. C. J. Borguet et al. 2012; N. Arav et al. 2018).

A given transition’s column density in cm−2 is N =
V

f

3.7679 1014× where ΔV is the width of the absorption

trough, 〈τ〉 is the average optical depth in the trough, λ is the
wavelength in angstroms of the absorption line, and f is the
dimensionless oscillator strength of the line. We treat doublet
transitions as a single transition using the sum of the oscillator
strengths and the oscillator-strength-weighted-average wave-
length. For C IV, λ = 1549.06 and f = 0.286. For Si IV,
λ = 1396.75 and f = 0.768. We adopt ΔV = 13,930 km s−1 as
measured via direct integration on MJD 60251 (Section 3.9).
Assuming unsaturated absorption, our MJD 60251 average
trough depth measurements dBAL become 〈τ〉 = 0.311 for C IV
and 〈τ〉 = 0.112 for Si IV.

Our estimate of the hydrogen column density of the outflow,
NH, is given by N N f A N f Amax ,C SiH CIV CIV SiIV SiIV( )/ /= ,
where fCIV is the fraction of C in ionization stage IV in the
outflow, AC is the fractional abundance of C relative to H, and
similarly for Si. We adopt solar abundances of AC = 10−3.57

and ASi = 10−4.49 (M. Asplund et al. 2009). To ensure a lower
limit on NH, we adopt fCIV = fSiIV = 0.5, the largest values
seen in the calculations of F. Hamann (1997).22

This approach produces NCIV = 3.68 × 1015 cm−2 and
NSiIV = 5.48 × 1014 cm−2, corresponding to NH � 2.73 × 1019

cm−2 and NH � 3.39 × 1019 cm−2, respectively. The latter is
our lower limit on NH.

If we approximate the outflow as a shell of solid angle 4πΩ
and uniform hydrogen density nH at radius R with thickness
ΔR ≪ R and volume filling factor fvol, then
M = fvolnHμmp4πΩR2ΔR where μ = 1.4 is the mean atomic
mass per hydrogen nucleus. We assume fvol = 1 because we are

22 As noted by A. Luminari et al. (2020), special relativitistic deboosting
reduces the ionizing luminosity seen by outflowing gas and therefore its
ionization level, thus increasing the column density NH needed to produce an
observed level of ionized absorption. From their Figure 3, we estimate that this
could increase the minimum NH by a factor of 2 in J2318.

22
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ignorant of the internal structure of the outflow, but see the
discussion in Sections 4.4 and 4.6. Since NH = nHΔR, we can
write M = NHμmp4πΩR2. To convert this approach to an average
outflow mass-loss rate, we assume the outflow has traveled at
constant observed velocity v for time t to reach a distance R = vt
and therefore that M M t N m Rv4pH/ µ= = . We adopt

Ω = 0.2 for consistency with previous work (e.g., J. P. Dunn
et al. 2010). However, in the similar radio-quiet EHVO quasar
PDS 456 (z= 0.184), analysis of the P-Cygni profile of the Fe K
region indicates that the X-ray-absorbing outflow covers the
entire source (Xrism Collaboration et al. 2025). We write
R = Rpc/(1 pc), where Rpc is the outflow distance in units of

Figure 12. Fits to the absorption trough in CS-normalized, smoothed spectra, with C IV in the left column and Si IV in the right column. MJDs run from top to
bottom. The horizontal axis is the outflow velocity for the short-wavelength member of each doublet transition. Fits are performed using doublets: two Gaussian
curves represented by blue and red dashed/dotted lines.
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parsecs, so that our results can be easily scaled for different
distances. We adopt v= 84,000 km s−1 (Table 8).

For the above values, we have M 2.42(= ×
N R10 0.221

H pc)( )/ M⊙ yr−1 for NH in units of cm−2. With
our lower limit NH = 3.39 × 1019 cm−2, the mass-loss rate will
be M M0.82 yr 1> for Rpc = 10 (an outflow distance of 10
pc). The corresponding kinetic luminosity lower limit is
L Mv 1.82 10K

1

2
2 45= > × erg s−1, as compared to an

estimated LEdd = 2.43 × 1047 erg s−1 for J2318. The ratio
of the two luminosities LK/LEdd is >0.75%, above the 0.5%
threshold for significant feedback found by P. F. Hopkins &
M. Elvis (2010). We conclude that the outflow in J2318 will
have significant feedback effects on the host galaxy. We
discuss this topic further in Section 4.6.

The study of EHVOs is relatively new, with at least 40
quasars exhibiting UV/optical EHVOs (P. Rodríguez Hidalgo
et al. 2020) traveling at speeds 0.1c < v < 0.2c, and 97 more
found in SDSS DR16 (R. Candelaria-Stoner 2026, in
preparation). We do not have any direct measurements for
J2318 beyond the UV, making our calculated values, by
necessity, uncertain. For the following distance measurements,
we contrast J2318 to J1646, which has an UV/optical EHVO
that was extensively analyzed by P. Rodríguez Hidalgo
et al. (2025).

To estimate constraints on the distance of the outflow from
the central SMBH, we adopt two methods. First, to determine
the minimum distance R, we use the definition of the ionization
parameter, U = Q/4πcR2nH, where the number of photoioniz-
ing photons per second emitted from the central engine, Q, is
estimated through analysis of the quasar’s bolometric
luminosity, while the density of the gas and the ionization
parameter U are determined from spectral analysis, following
P. Rodríguez Hidalgo et al. (2025). We scale the bolometric
luminosity of J2318 to that of J1646 to estimate a value of

Qlog 56.99= (photon s−1), and assume Ulog 0.7= (P.
Rodríguez Hidalgo et al. 2025). Previously, the hydrogen
density was nlog 8.43H = for our assumed Ulog 2= and

Rlog 10= pc, so with our new value of U, we assume a larger
hydrogen density of nlog 9.73H = . Using the new values
yields a minimum outflow distance of R ≳ 0.5 pc.

For the maximum distance, we assume that an energy-
driven BAL outflow, which may be radiatively driven, cannot
transport energy greater than the quasar’s radiative power.
With this assumption, we follow the approach outlined in
M. Bischetti et al. (2024), where we equate the kinetic
luminosity to the bolometric luminosity and isolate for the
radius, Rpc = 2Lbol/4πμmpv

3ΩNH. Since we assume that all of

the bolometric luminosity is converted into kinetic luminosity,
for the maximum distance estimate, we adopt a covering
fraction of Ω = 1. Inputting all of our values yields a maximal
outflow distance of R ≲ 120 pc. Thus, we constrain the
outflow’s distance to lie between 0.5 ≲ R ≲ 120 pc.

4.2. Outflow Variability Drivers

The spectra of J2318 reveal an outflow seen in two ions,
C IV and Si IV, traveling along our line of sight at v ≲ 0.3c.
Both troughs are measured to have similar velocity ranges and
relative redshifts to their host quasar. C IV absorption in BAL
quasars is common, and due to its larger abundance and higher
ionization levels, it can be the only observed ion within the
absorbing gas (e.g., N. Filiz Ak et al. 2014). However, the
lower abundances and ionization levels of Si IV prevent it from
being solely observed; when found, it is seen at similar
velocities of the C IV absorber (e.g., F. Hamann 1997; N. Filiz
Ak et al. 2014). Thus, the Si IV absorption must arise from the
same gas producing the C IV outflow.

The C IV trough is easily distinguishable in all three spectra,
whereas the Si IV trough is not distinguishable from the noise
of the Lyα forest in MJD 57328, but is distinct in MJD 59188
and MJD 60251 (Figure 11). As seen in Figures 1 and 3, the
continuum flux increases (most notably for rest wavelengths of
≲1900 Å) from MJD 57328 to MJD 59188 at which time the
Si IV trough appears in the spectrum and the already present
C IV trough becomes stronger. Between MJD 59188 and
60251, the continuum flux decreases to lower than its first
epoch (though the ZTF photometry shows less of a flux
decrease than the SDSS spectrophotometry) and both troughs
have ΔEW > 0. In the same time span, both troughs undergo
an increase in their width to include lower velocities, while the
higher-velocity portion of their troughs deepens (Figure 12).
This coordinated variability across the troughs, along with a
changing continuum flux density, can be attributed to changes
in the ionizing continuum flux (e.g., N. Filiz Ak et al.
2012, 2013; C. J. Grier et al. 2015; T. Wang et al. 2015; D. De
Cicco et al. 2018; Z. He et al. 2022). When the ionizing flux
that can create or destroy C IV increases, it is expected that the
C IV BAL troughs will get weaker. However, since the
ionizing flux doesn’t vary identically to the rest-frame
1000–2000 Å continuum, the C IV BAL troughs are not
always seen to get weaker when the continuum gets stronger
within this rest-wavelength interval (e.g., Figure 7 of T. Wang
et al. 2015). Ionization simulations are beyond the scope of
this paper due to the limitations of our data. These simulations

Table 9
Results of Gaussian Fitting C IV and Si IV Absorption Measurements on Unsmoothed CS-normalized Spectra

MJD Trough BIEHV O vmax,0.9 vmin,0.9 EW, 0.9 vmax,0.99 vmin,0.99 EW, 0.99
(km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1) (km s−1)

57328 C IV 160 140
160+ 91000 6000

800
+ 81200 500

500+ 330 140
190+ 93600 1200

1200
+ 79000 700

700+ 1300 500
400+

... Si IV ⋯ ⋯ ⋯ ⋯ > − 84814 < − 81884 < 29
59188 C IV 1800 400

400+ 95400 600
400

+ 80840 130
130+ 2300 400

400+ 97400 600
500

+ 79620 190
190+ 3600 500

500+

... Si IV 200 200
200+ 84700 400

500
+ 82300 600

400+ 300 200
200+ 90000 4000

1400
+ 80350 190

190+ 800 300
500+

60251 C IV 3000 900
1000+ 89300 800

900
+ 75000 800

1000+ 4000 900
1000+ 92100 1000

1100
+ 73000 1000

1400+ 4700 1000
1100+

... Si IV 200 200
1400+ 86000 NaN

1800
+ 82000 NaN

7000+ 300 300
1400+ 90200 NaN

900
+ 73600 NaN

700+ 1300 1300
1700+

Note. Balnicity index (BI), maximum velocity (vmax), minimum velocity (vmin), and equivalent width (EW) are given for all three observations of J2318 measured at
90% and 99% of the normalized flux. vmax is calculated using the long-wavelength reference while vmin uses the short-wavelength reference. See Section 3.10 for
error constraining method and exceptions.
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are more useful for other objects that have more ions available
for absorption studies. As stated earlier (Section 3.8), higher-
ionization transitions appear in the far-/extreme-UV, which
requires new-generation X-ray observations for J2318.

4.2.1. Transverse Motion

Variability in BAL troughs could also be driven by
transverse motion across our line of sight of outflows that
block all or some portion of the continuum emitting region
(e.g., M. Vivek et al. 2012; D. M. Capellupo et al. 2013; W. Yi
et al. 2022). The transverse velocity of an outflow across our
line of sight can be determined by dividing the distance
traveled by the time elapsed, Δtrest. To calculate the distance,
we need to determine the relative size of the continuum
emitting region at 1100 Å and the outflow. Following the
method of J. A. Rogerson et al. (2016), we find that a diameter
of Dc = 10.9 light-days includes 95% of the emission at that
wavelength. If we assume that the variability in a BAL is due
entirely to an optically thick cloud traversing our line of sight,
then the change in covering fraction, ΔC, is equal to the
change in the depth of the trough, Δdbal, during the time
between observations.

We consider the time elapsed between successive observations,
and the first and last epoch, since it shows the most dramatic
change. This is especially true for Si IV, which shows no
absorption in the first epoch. Here, we assume that the absorbing
cloud showed up between the first two observations and fully
established itself by the third epoch. The minimum and maximum
distances and velocities of the outflow are estimated by assuming
the cloud has occulted more of the disk or it has traversed the
entire disk. Minimum distance and velocity are calculated via
d CDmin c= and v c C D tmin c rest/= , respectively, and
their maximum counterparts are calculated as dmax = ΔCDc and
vmax = cΔCDc/Δtrest, respectively. Table 10 lists our results for
the C IV and Si IV BALs.

If we assume that the absorber is much larger than the
continuum region, the distance traveled by the outflow is
dmin = ΔCDc, and the minimum velocity is lowered due to the
cloud requiring slower speeds to achieve the same change in
trough depth (Table 10).

The absorption troughs deepen across our spectroscopic
observations, so if a moving cloud is responsible, it is
occulting more of the disk and has not moved out of our line of
sight. If the flux is inhomogeneous and akin to that of a SS 73
accretion disk, where the greater concentration of flux is near
the center, then changes in the trough depth could help
determine the cloud’s relative size. A larger cloud would
increase its covering fraction over time, resulting in the
deepening of the BALs, until it moves out of our line of sight,
thereby weakening the troughs. A smaller cloud would occult
more of the flux as it approaches the disk’s center,
strengthening the troughs, and cover less of the flux as it
moves away from the disk’s center, weakening the troughs.

For J2318, both scenarios are plausible. A larger cloud
would explain the observed BAL variability, whereas a smaller
cloud would be partially through its journey, since there is no
evidence of the troughs weakening. Newer observations,
coupled with their respective velocity and trough depth
changes, would help in understanding the relative size of the
cloud. For similar velocities, if the troughs were to weaken, we
could conclude that the cloud was smaller and moving away
from the disk’s center; if the troughs were to further

strengthen, then we could conclude that the cloud was bigger.
If the troughs were to further strengthen and then weaken, the
smaller cloud would be traversing the center of the disk before
traveling toward the disk’s edge.

Since Si IV is always seen with C IV, a possible explanation
is that a flowtube of infinite extent (e.g., J. A. Rogerson et al.
2016) travels across our line of sight, with a spatially
dependent column density profile, due to changes in the
cloud’s extent along the line of sight, or density, or
combination of the two. Here, the inferred column density in
the part of the flowtube along our line of sight increases with
time, resulting in more absorption in C IV and new absorption
in Si IV. This flowtube would be similar to that of a relatively
larger cloud: the troughs would strengthen until the flowtube
fully established itself, after which time the depth of the
troughs would remain constant. With only three spectroscopic
observations, our dataset is too small to adequately simulate
this scenario. A simulation would be needed to determine what
flowtube velocities, widths, and distances from the BH are
required to match the depth of the BALs for each successive
observation. However, since the BALs observed in J2318 are
still deepening, we can say that a flowtube would be in the
beginning stages of establishing itself.

The variability seen in the BAL troughs could also be
explained by a combination of ionization changes and
tangential motion of the gas (e.g., J. A. Rogerson et al.
2016; S. M. McGraw et al. 2017; Z. S. Hemler et al. 2019).
With future observations and subsequent analysis of BAL
variability, we hope to narrow down what the most likely
driver is.

4.3. Comparison to Similar Quasars

It is instructive to compare J2318 and its outflow to
previously studied BAL and EVHO quasars and their outflows.

N. Filiz Ak et al. (2014) studied the properties of BAL
quasar outflows in which absorption is seen in only C IV
(denoted C IV00), in both C IV and Si IV (C IVS0), and in those
transitions plus Al IIIλλ1854, 1862 (C IVSA). As mentioned in
Section 3.8, J2318 has no obvious Al III absorption trough. In
comparison to the C IVS0 subsample’s average BAL-trough
value properties of N. Filiz Ak et al. (2014), J2318 has a
∼50% larger EW and trough width, but a 43% smaller average
depth (see their Table 8). J2318 is also an outlier in terms of its
two-epoch ΔEW/〈EW〉 (their Figures 10 and 11). For C IV,
measured in (rest-frame) Å for comparison, J2318 had ΔEW/

Table 10
Calculated Transverse Velocities for an Outflow That Appears (a) Smaller

than the Emitting Region or (b) Larger than the Emitting Region

Ion Epochs Δtrest Δdbal vmax
a b,( ) vmin

a( ) vmin
b( )

(days) (km s−1) (km s−1) (km s−1)

C IV 1 to 2 506 0.073 6480 1750 473
C IV 2 to 3 289 0.146 11300 4330 1650
C IV 1 to 3 795 0.219 4120 1930 902

Si IV 1 to 2 506 0.060 6480 1590 389
Si IV 2 to 3 289 0.229 11300 5420 2600
Si IV 1 to 3 795 0.289 4120 2220 1190

Note. This assumes that the change in trough depth, dbal, over the elapsed rest-
frame time, Δtrest, is due to a circular cloud occulting the continuum region
with a diameter of Dc.
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〈EW〉 = 14.8/17.0 = 0.87 between MJD 57328 and 59188,
and ΔEW/〈EW〉 = 29.6/39.2 = 0.76 between MJD 59188
and 60251; for Si IV, J2318 had ΔEW/〈EW〉 = 12.7/
9.7 = 1.31 between MJD 59188 and 60251. These 〈EW〉
values are larger than any values in N. Filiz Ak et al. (2014),
and the latter ΔEW/〈EW〉 value is larger than any for
〈EW〉 > 20Å. Nonetheless, J2318 falls on the trend line seen in
their Figure 14(b) relating variations in C IV and Si IV, with
ΔEW/〈EW〉 = 0.76 for C IV and 1.31 for Si IV.

The comparison between ΔEWC IV and ΔEWSi IV can only be
made between MJD 59188 and 60251. The point of (12.7, 29.6)
is above the trend line seen in their Figure 14(a); however, the
scatter of their ΔEWC IV also tends to fall above the trend line
for ΔEWSi IV > 2. Using their Bayesian linear-regression
model (their Equation (2)), we calculate expected values of
ΔEWC IV = 15.29 ± 1.06 for ΔEWSi IV = 12.7 and ΔEWSi IV =
24.62 ± 1.69 for ΔEWC IV = 29.6. Our measured values are
∼50% larger and are not in agreement, within errors, of the
model’s results nor the intrinsic scatter of σIS = 3.4. For MJD
57328 to 59188, we take a similar approach to find an expected
value of ΔEWSi IV = 12.29 ± 0.86 for ΔEWC IV = 14.8.

We can place J2318 in the C IV emission-line blueshift/EW
space studied by P. Rodríguez Hidalgo & A. L. Rankine
(2022) using our measurements from Section 3.3. J2318 is an
outlier at low emission-line EW (log10(C IV EW = 0.7) relative
to both BAL and EHVO quasars. Its C IV emission-line
blueshift (3760 ± 150 km s−1) is large for BAL quasars but is
unremarkable for EHVO quasars.

In terms of outflow comparisons, first is the SDSS sample of
J. A. Rogerson et al. (2018), which includes outflows at velocities
reaching −60,000 km s−1 (see their Figures 4–7). Despite
J2318’s larger centroid velocity of −84,000 km s−1, its average
corrected trough depth of dBAL = 0.267 on MJD 60251 rivals the
highest dBAL values in that sample at v < − 30,000 km s−1. Its
maximum trough width of at least 13,930 km s−1 (and possibly
as high as 15,500 km s−1) and maximum BI of 3000 km s−1 are
both among the top ≃3% in that sample,23 and the highest at
v < − 30,000 km s−1. The highest-velocity trough in that
sample is in the WLQ J0230, with vcent = −56,200 km s−1

(J. A. Rogerson et al. 2016). That trough is less remarkable
than that of J2318, having width 7400 km s−1, dBAL = 0.194,
and maximum EW = 1450 ± 120 km s−1.

Second, from the information given in F. Hamann et al.
(2018), the C IV trough in PDS 456 has vcent = −90,000
km s−1, width 11,250 km s−1, dBAL = 0.213, and EW =
2400 ± 130 km s−1 (no Lyα forest correction being needed
due to its low redshift). These quantities are all similar to those
in J2318. For PDS 456, Si IV cannot be detected, because its
expected wavelength is the same as that of Galactic Lyα.

Finally, J2318 also has a maximum C IV EWcorrected and
BIEHVO, which are equaled or exceeded by only one quasar in
the EHVO sample of P. Rodríguez Hidalgo et al. (2020). That
quasar is SDSS J164653.72+243942.2 (J1646), which has an
EHVO 16,100 km s−1 wide at vcent ≃ − 43,000 km s−1 with
EW ranging from 3900–6800 km s−1 and BIEHVO from
3700–6400 km s−1 (P. Rodríguez Hidalgo et al. 2025).

Thus J2318 joins J1646 and PDS 456 in hosting exceptional
UV-absorbing outflows. The outflow in J2318 is weaker and
somewhat narrower than that in J1646 but at almost double its

vcent, and stronger and deeper than that in PDS 456 but at a
slightly lower vcent.

These three quasars, J2318, J1646, and PDS 456, have high
luminosities, black hole masses, and Eddington ratios,
spanning a range of only ∼4 in each quantity. PDS 456 has
an estimated black hole mass of 5 × 108M⊙ and an estimated
Eddington ratio of 1.7 (Xrism Collaboration et al. 2025), as
compared to our estimates of 2 × 109M⊙ and 0.4−0.6
for J2318 and to 3 × 109M⊙ and 0.4 for J1646
(P. Rodríguez Hidalgo et al. 2025). Again, we caution that
such high Eddington ratios may be lower limits and the
corresponding black hole masses upper limits (see
Section 3.7.1).

4.4. Potential Implications from X-ray Studies of PDS 456

PDS 456 has been observed recently with the XRISM
satellite, revealing five discrete velocity components seen in
absorption in hard X-rays, and a sixth seen in soft X-rays, in an
outflow spanning v = − 0.22c to v = − 0.33c (Xrism
Collaboration et al. 2025; Y. Xu et al. 2025). The X-ray
observations can be explained by a clumpy and stratified wind.
The UV detection of C IV in PDS 456 at v = − (0.30 ± 0.03)c
could be part of this outflow if the column density in at least
some clumps is large enough to enable such relatively low-
ionization ions to exist in them.

In the model of Xrism Collaboration et al. (2025), the
clumps are of comparable size to the X-ray emitting region
(R ≃ 8GMBH/c

2). Because the size of the UV-emitting region
is larger than that (R ≃ 100GMBH/c

2), the coverage of the
UV-emitting region will depend on the volume filling factor of
the clumps, estimated to be fvol = 0.1 − 0.3 (Xrism
Collaboration et al. 2025). That filling factor range corre-
sponds to a projected areal covering factor range of
f 0.22 0.45vol

2 3/ = . The maximum depth of C IV absorption
in PDS 456 is ≃30%, consistent with that range if most clumps
contain both X-ray and UV-absorbing gas. Alternatively, the
physical structure of the UV-absorbing outflow might yield
high covering of the UV-emitting region but low covering of
the X-ray-emitting region, complicating the extrapolation of
results from one wavelength range to the other.

In any case, it would be useful to conduct X-ray studies of
J2318 and J1646 (which has no existing X-ray observations) to
determine how similar their overall outflows are to that of PDS
456. Such observations will require next-generation X-ray
facilities such as NewAthena (M. Cruise et al. 2025).

4.5. Comparison to the Galactic Microquasar SS 433

The Galactic microquasar SS 433 (B. Margon 1984)
exhibits emission from excited neutral hydrogen and helium
traveling outward from an accretion disk at 0.24 c < v < 0.28c
(K. M. Blundell & M. G. Bowler 2004, 2005) in two
oppositely directed, precessing jets. Line emission from H I in
the jets is seen close enough to the central source from which
the jets are launched (GRAVITY Collaboration et al. 2017)
that the neutral gas must have survived rapid acceleration in
the outflow. The outflowing neutral gas in SS 433 must be
highly clumped to be dense enough for recombination to
counteract ionization: M. C. Begelman et al. (1980) found a
volume filling factor f ≲ 3 × 10−5 from general considerations
(their Equation (14)) and M. Pekarevich et al. (1984) found
f ≲ 10−7 from the density contrast n n 107¯/ required for an

23 Our BIEHV O measurements required 2000 km s−1 of contiguous
absorption and are thus more conservative than the BI

*
measurements of

J. A. Rogerson et al. (2018), which only required 1000 km s−1.
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He II-driven line-locking model, and f ≲ 10−8 for an H I-driven
line-locking model. Intriguingly, these values are comparable
to the EHVO dense gas filling factor f ≲ 10−6 inferred by
F. Hamann et al. (2013).

The line-locking model for the outward jet velocities of
0.24 c < v < 0.28c in SS 433 is potentially relevant to J2318
(outward velocities 0.25c < v < 0.32c) and PDS 456 (outward
velocities 0.27c < v < 0.33c in the UV and 0.22c < v < 0.33c
in the X-ray). The line-locking model was proposed for SS 433
based on the fact that the Doppler shift between Lyα and the
Lyman limit for hydrogenic ions corresponds to v = 0.28c. If
gas is accelerated by scattering and absorption of Lyα photons
in such transitions, and the accelerating continuum is sharply
reduced at the relevant Lyman limit, the acceleration of the gas
will terminate at 0.26c < v < 0.28c depending on the strength
of Lyman series absorption (P. R. Shapiro et al. 1986). As
B. Margon (1984) states, it is also possible that this line-
locking mechanism serves only to stabilize the velocity once it
is reached via some other process. Nonetheless, the similar
velocities of the absorbers in SS 433, PDS 456, and J2318 may
have their origin in this line-locking mechanism, which is
related to but distinct from lower-velocity line-doublet line-
locking mechanisms known to occur in quasar outflows (e.g.,
R. A. A. Bowler et al. 2014).

PDS 456 and J2318 have no spectral coverage down to the
Lyman limit (λobs of 1080 Å and 3354 Å, respectively). But
composite spectra of samples of BAL quasars show that they
are not uniformly absorbed below the Lyman limit (A. Baskin
et al. 2015). If this line-locking mechanism is at work in J2318
and PDS 456, the somewhat larger outward velocities reached
in them could correspond to a gradual reduction in flux down
to λrest ≃ 863–873 Å rather than a sharp cutoff at the Lyman
limit. Conversely, the presence of flux in these objects below
those rest-frame wavelengths would argue against H I Lyα/
Lyman-limit line-locking as an explanation for their observed
UV outflow speeds. The relevant λobs of 1019 Å for PDS 456
and 3207 Å for J2318 mean such observations are challenging
but possible. Alternatively, SDSS-V, DESI (DESI Collabora-
tion et al. 2025) and other such spectroscopic surveys
eventually may provide large enough samples of EHVOs to
determine if there is a significant overabundance of outflows at
outward velocities v 0.3c, which would potentially be a
signature of Lyα/Lyman-limit line-locking at work.

4.6. Feedback

In Section 4.1, we used conservative assumptions to show
that at minimum, the J2318 UV-absorbing outflow is about a
factor of 2 below the threshold to have significant feedback, as
quantified by the ratio of kinetic to bolometric luminosities.
The only parameter that could decrease our assumed feedback
level is the volume filling factor of the outflow. We assumed
fvol = 1, but if the outflow in J2318 is accompanied by an
X-ray-absorbing outflow like that in PDS 456 and if the X-ray
and UV-absorbing gas is cospatial, a value fvol = 0.1 − 0.3
would be more appropriate. Otherwise, the feedback will be
larger if the UV absorption is saturated: it could be up to 5
times higher if the outflow fully covers the source, it will
increase linearly with distances larger than 10 pc, and it could
be 1 or 2 orders of magnitude larger if the absorbing column is
dominated by higher-ionization stages than C IV and Si IV,
which is often the case in lower-velocity BAL outflows
(B. C. J. Borguet et al. 2012; T. R. Miller et al. 2020).

If rapid trough variability is observed in the future, it might
usefully constrain the distance and density of the UV-
absorbing outflow (e.g., T. Wang et al. 2015; Z. S. Hemler
et al. 2019). If J2318 is found to have a normal X-ray
luminosity, as some WLQs do, that would constrain the
column density of higher-ionization absorption. Studies of
EHVOs at similar redshifts with lower-velocity outflows
(v = −30,000 km s−1 to −60,000 km s−1) will have better
prospects for observing transitions useful for constraining UV-
absorbing outflow properties, such as S IVλ1062 and
C IIIλ1175 (B. C. J. Borguet et al. 2012).

For example, we can compare the C IV absorption in PDS 456
to the absorbing column inferred from its X-ray absorption.
Using the same methods as above with τ = 0.24 and R= 10 pc,
we find NCIV = 3.44 × 1015 cm−2, NH > 1.3 × 1019 cm−2,
M M0.3 yr 1> , and Lkin = 7.5 × 1044 erg s−1 = 0.6% of
LEdd. The distance assumed above is 103 times larger than the
distance R= 0.01 pc inferred for the X-ray absorbing gas in PDS
456 by Xrism Collaboration et al. (2025). In contrast, the total
absorbing column in the X-ray UFO in PDS 456 is ≃4 × 1023

cm−2 (Y. Xu et al. 2025), the inferred M M60 170 yr 1,
and the inferred Lkin ≃ 1047 erg s−1≃LEdd (Xrism Collaboration
et al. 2025). Furthermore, PDS 456 has a molecular outflow
reaching −1000 km s−1 detected in CO, which dominates the
feedback in terms of mass outflow rate (∼290M⊙ yr−1) but not
kinetic luminosity (M. Bischetti et al. 2019).

The above shows the stark contrast between the lower limit
on feedback calculable in EHVOs from UV absorption only
and the comprehensive view of feedback obtainable from
studying outflowing gas in all ionization phases.

5. Conclusions

We have reported the discovery and analysis of an
extremely high-velocity C IV and Si IV outflow in the WLQ
SDSS J231854.31+243954.2 (J2318). With a centroid velo-
city of −84,000 km s−1, this is the highest-velocity quasar
outflow first discovered in the ultraviolet, the fastest Si IV
outflow known, and the second-fastest C IV outflow known.

(1) The spectra reveal a C IV and Si IV BAL trough
outflowing from J2318 at velocities of ∼84,700 km s−1 and
∼83,400 km s−1, respectively. The CIV trough is easily
distinguishable in all three spectra, whereas the Si IV trough is
only observed in MJD 59188 and 60251 (see Figure 11). Both
of these absorption features are assumed to be part of the same
outflow, due to their similar velocities and coordinated
variability, which could likely be driven by the transverse
motion of the outflows crossing our line of sight that block all,
or some portion, of the continuum emitting region, changes in
the ionization parameter of the outflow, or a combination of
the two (see Section 4.2). Transverse velocity calculations (see
Section 4.2.1) of the C IV and Si IV BALs across all epochs
yield 473 < v (km s−1) < 11,300 and 389 < v (km
s−1) < 11,300, respectively, while ionization parameter
changes are beyond the scope of this paper. Thus, future
observations and subsequent BAL variability analysis are
necessary to determine what the most likely driver is.

(2) Photometry of J2318 highlights that the quasar’s
brightness increased from SDSS imaging epochs into the
PTF and ZTF observations, before a faintening and reddening
between MJD 59000 − 59750, followed by a small recovery in
brightness through the second SDSS-V observation (see
Figure 3).
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(3) Various continuum models were used to fit the spectrum;
the CS and SMC models have the lowest and third-lowest 2

values, respectively. The αλ best-fit parameter of the CS model
was nonphysical, but the overall model adequately normalized
the spectrum for trough and continuum measurements (see
Figure 6).

(4) The CS, SMC, and PQF continuum model’s reasonable
fitting of the longer wavelengths in the spectra, along with
PyQSOFit’s built-in emission-line fitting, enabled a measure-
ment of the flux at 5100 Å and the FWHM of the Hα feature.
The measurements for MJD 60251 were used to estimate a
virial black hole mass of MBH = 1.65 ± 0.06 × 109 M⊙, an
Eddington luminosity of (2.43 ± 0.10) × 1047 erg s−1, and an
Eddington ratio of 0.45 ± 0.13 (see Table 7).

(5) We compared the luminosity of J2138 to SEDs of larger
quasar samples, to find that J2138 is more luminous and bluer
than typical SDSS quasar SEDs (see Figure 10).

(6) Using the CS-normalized spectra, the EW and BI were
measured for the BAL troughs via direct integration and Gaussian
fitting. The EW of the EHVO increased over the three epochs,
MJD 57328 to 60251, spanning ∼2.2 rest-frame years total.
Direct integration reveals that C IV increased from an EW of 660
to 3740 km s−1, and Si IV increased from consistent with zero to
1100 km s−1. While Gaussian fitting reveals that C IV increased
from and EW of 510 to 4000 km s−1, and Si IV increased from
consistent with zero to 250 km s−1. Maximum velocity ranges of
(−76,360 to −90,300) km s−1 and (−81,850 to −85,670) km s−1

were measured for C IV and Si IV, respectively, where their initial
centroid velocities of ∼ − 84,900 km s−1 and ∼ − 83,600
km s−1 have little variation across epochs. See Tables 8 and 9 for
the results of direct integration and Gaussian fitting, respectively.

(7) Under the assumption that 100% of the continuum
source is covered by the outflow, the lower limit of the
outflow’s column density is NH � 3.39 × 1019 cm−2. This
result leads to a mass-loss rate of M M0.82 yr 1> for an
outflow distance of 10 pc and a kinetic luminosity of
LK > 1.82 × 1045 erg s−1. The outflow in J2318 is expected
to have significant feedback on its host galaxy since its kinetic
luminosity to Eddington luminosity ratio is 0.75%, above the
0.5% threshold for significant feedback found by P. F. Hopkins
& M. Elvis (2010). With assumptions about the outflow’s
physical and energetic properties, the radius from the central
SMBH was determined to be 0.5 ≲ R ≲ 120 pc (see
Section 4.1).
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