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Abstract

We present the first near-IR spectroscopy and joint analyses of multiwavelength observations for SDSS
JO82747.14+425241.1, a dust-reddened, weak broad emission-line quasar (WLQ) undergoing a remarkable broad-
absorption line (BAL) transformation. The systemic redshift is more precisely measured to be z=2.070 &+ 0.001
using HG compared to z =2.040 £ 0.003 using Mg 1I from the literature, signifying an extreme Mg Il blueshift of
2140 + 530 km s~ relative to H@3. Using the HS-based single-epoch scaling relation with a systematic uncertainty
of 0.3 dex, its black hole (BH) mass and Eddington ratio are estimated to be Mgy ~ 6.1 x 10°M, and Aggqq ~ 0.71,
indicative of being in a rapidly accreting phase. Our investigations confirm the WLQ nature and the
LoBAL — HiBAL transformation, along with a factor of 2 increase in the Mg II4+-Fe Il emission strength and a
decrease of 0.1 in E(B — V) over two decades. The kinetic power of this LoOBAL wind at R ~ 15 pc from its BH is
estimated to be ~43% of the Eddington luminosity, sufficient for quasar feedback upon its host galaxy albeit with
an order-of-magnitude uncertainty. This quasar provides a clear example of the long-sought scenario where
LoBAL quasars are surrounded by dust cocoons, and wide-angle nuclear winds play a key role in the transition of
red quasars evolving into the commonly seen blue quasars.

Unified Astronomy Thesaurus concepts: Quasars (1319); Broad-absorption line quasar (183); Supermassive black
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1. Introduction

Broad emission-line (BEL) blueshifts relative to systemic
redshift are often seen in quasars and interpreted as evidence
for quasar winds (e.g., Gaskell 1982; Richards et al. 2011; Xu
et al. 2020; Yi et al. 2020; Zuo et al. 2020). As a comparison,
broad-absorption lines (BALs; Weymann et al. 1991) are
unambiguous evidence for outflows driven by quasars (quasar
winds in short), presumably because of their extreme outflow
properties that cannot be explained by any known stellar
processes. There are two major BAL-type quasars, namely
high-ionization BAL (HiBAL, typically traced by NV, CIv,
and/or SiIV) and low-ionization BAL (LoBAL, typically
traced by Mgl and/or AlTI in addition to HiBAL species at
the same velocity) quasars. The observed HiBAL/LoBAL
fractions are ~15%/~1.5% based on optically identified
quasar samples, but the intrinsic BAL fraction may be up to
~40% after selection corrections (e.g., Allen et al. 2011).

Orientation and evolution are the two most widely accepted
interpretations with respect to BAL phenomena. A growing
Original content from this work may be used under the terms
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number of studies have suggested that HIBAL and non-BAL
quasars could represent different views of the same underlying
quasar population, on the basis of both populations having
many similarities in outflow and physical properties (e.g.,
Rankine et al. 2020; Xu et al. 2020; Yi et al. 2020; Liu et al.
2021). This finding is more consistent with the orientation than
evolution in accounting for the HiBAL phenomena. Con-
versely, BAL (particularly LoBAL) quasars have also been
widely interpreted as being in a special evolutionary phase, in
that high-column-density BALs signify powerful winds
predominantly driven by rapidly accreting SMBHs. Such
powerful winds support the long-sought blowout scenario for
the origin of the observed large population of blue quasars. The
two interpretations of BAL phenomena may be reconciled
when noticing that the orientation and evolution scenarios
have been drawn mostly from HiBAL and LoBAL quasars,
respectively.

There are evident differences between the HiBAL and
LoBAL populations. Previous observations have established
that reddening decreases from LoBAL, HiBAL, to non-BAL
quasars (Richards et al. 2003). While BAL quasars appear to be
a minority of the entire quasar population, the BAL fraction
increases with the increase in reddening (e.g., Richards et al.
2003); in particular, some studies found that the observed BAL
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fraction is strikingly higher in red quasars than in blue quasars
(250% versus ~15%; e.g., Urrutia et al. 2009; Fynbo et al.
2013). Interestingly, Hamann et al. (2019) revealed from a
large sample that LoBAL quasars have on average larger
velocities, higher column densities, and softer ionizing spectral
energy distributions (SEDs) than HiBAL quasars, suggesting
the presence of extremely powerful outflows in the LoBAL
population. In addition, Yi et al. (2019a) discovered a
remarkable time-dependent trend of BAL variability in a
LoBAL sample, such that weakening BALs outnumber
strengthening BALSs on longer sampling timescales (see Figure
9 in that work). In comparison, this trend does not appear to
hold in the HiBAL population (e.g., Filiz Ak et al. 2013; Wang
et al. 2015; De Cicco et al. 2018; Rogerson et al. 2018).

The differences between the HIBAL and LoBAL popula-
tions above suggest an evolutionary path from red to blue
quasars. Combined with BAL-variability studies from the
literature, Yi & Timlin (2021) found an overall LoBAL —
HiBAL/non-BAL transformation sequence along with a
decrease in dust, shedding light on the evolutionary path from
red to blue quasars, i.e., a substantial fraction of LoBAL
quasars could be caught in the act of casting off their dust
cocoons (e.g., Boroson & Meyers 1992; Voit et al. 1993;
Glikman et al. 2012). Furthermore, this scenario lends support
to the argument for dusty winds as the origin of quasar
reddening (Calistro Rivera et al. 2021). However, some recent
studies of luminous type 1 quasars found apparent diverging
evidence: There are no significant differences in emission-line
outflow properties between red and blue quasars that match in
luminosity (e.g., Temple et al. 2019; Villar Martin et al. 2020;
Fawcett et al. 2022).

Given the above statistical evidence for red quasars evolving
into blue quasars and the lack of significant differences in
emission-line outflow properties, it is meaningful to test the
evolution path via individual objects, especially those in a
special phase and/or having unambiguous quasar winds. These
extreme cases can be used to extend the dynamic ranges of
fundamental properties and relationships found in statistical
studies. SDSS J082747.14+425241.1 (hereafter JO827) is one
such example, characterized by remarkable BAL transitions
occurring in Mg II, Al 111, and C IV BAL species, which offers a
unique opportunity to investigate BAL transformations. On the
other hand, J0827 is a weak broad emission-line quasar (WLQ)
whose nature remains poorly understood. A puzzle with WLQs
is that they appear to be normal quasars in nearly every aspect
except for their unusually weak high-ionization BELs and
remarkable X-ray properties (e.g., Fan et al. 1999; Diamond-
Stanic et al. 2009; Wu et al. 2012; Luo et al. 2015; Ni et al.
2018, 2020; Timlin et al. 2020). The coexistence of weak BELs
and transient BALs in J0827 provides a natural laboratory to
explore the underlying link.

In this work, we present new observational results and
implications from joint analyses of optical /near-IR spectrosc-
opy for this red quasar, which has extreme properties reported
in previous studies. Throughout this work, a flat cosmology
with Hy=71kms 'Mpc™', Q,=027, and Q4 =0.73 is
adopted.

2. Previous and New Observations

As reported in Yi et al. (2019b) and Yi & Timlin (2021), the
four different-epoch spectra of this quasar from the Sloan
Digital Sky Survey (SDSS; York et al. 2000) demonstrated

Yi et al.
Table 1
Spectroscopic Observations of J0827

Instrument AJAN Spectral Exp Observation
Name Coverage Date

(pemm) (hr) MID)
(A)
SDSS 1800 0.38-0.92 2.5 52,266
SDSS 1800 0.38-0.92 1.0 54,524
BOSS 1800 0.36-1.03 1.3 55,513
BOSS 1800 0.36-1.03 1.5 57,063
HET/LRS2 2000 0.36-0.7 0.7 58,212
HET/LRS2 2000 0.36-0.7 0.7 58,428
Gemini/GMOS 1200 0.37-1.03 2.5 58,486
B)
P200/TripleSpec 2700 1.0-2.5 1.5 58,726
Gemini/GNIRS 800 1.0-2.5 2.0 58,920
HET/LRS2 2000 0.36-0.7 0.7 59,140
HET/LRS2 2000 0.36-0.7 0.7 59,498

Note. (A) Previous observations of this quasar (see Yi et al. 2019b; Yi &
Timlin 2021). (B) New observations of this quasar in this work.

gradual BAL disappearance in multiple ions from MJD =
52,266 to 57,063; as a comparison, later observations from
MID = 58,212 to 58,486 by the Low-Resolution Spectro-
graph 2 (LRS2; Chonis et al. 2014) mounted on the Hobby-
Eberly Telescope (HET; Ramsey et al. 1998; Hill et al. 2021)
and the GMOS mounted on the Gemini-North telescope clearly
revealed the rapid emergence of a higher-velocity C IV BAL.

To trace the subsequent variability of this quasar, we
obtained additional optical spectra using HET/LRS2. Unlike
the discovery paper from Yi et al. (2019b), the new HET /LRS2
spectra in this work were processed by the pipeline including
flux calibration (Davis et al. 2018; Indahl et al. 2019), with a
typical uncertainty of ~20% in the absolute flux calibration.

In order to more precisely determine its systemic redshift, we
also performed near-IR spectroscopic observations of J0827
using the Palomar Hale 200 inch telescope (P200/TripleSpec;
Wilson et al. 2004). TripleSpec provides a wavelength
coverage from 1.0 to 2.5 ym at an average spectral resolution
of ~2700, allowing simultaneous observations in the J/H/K
bands. A slit width of 1” and the ABBA dither pattern along the
slit were chosen to improve the sky subtraction.

However, due to difficulties in analyzing the data with a
relatively low signal-to-noise ratio (S/N) obtained from P200/
TripleSpec, we requested additional, higher-S/N near-IR
observations using the Gemini Near-IR Spectrograph (GNIRS)
via the Fast Turnaround program at Gemini Observatory (PI: W.
Yi). Observations of a standard star with coordinates close to the
target were also executed to improve flux calibration and telluric
correction. The Gemini spectra were processed using the Gemini
IRAF package via standard techniques, which have an
uncertainty range of 10%—-20% in flux calibration because they
were taken in a nonphotometric condition. The log of all the
observations for this quasar analyzed in this study is shown in
Table 1.

3. Observational Results

The remarkable optical properties of this quasar have been
reported in Yi et al. (2019b) and partly revisited in Yi & Timlin
(2021), which will be mentioned only in passing in this work.
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Figure 1. Comparisons between the LoBAL and non-BAL quasar composite
spectra (scaled to the W1/W2/W3 fluxes of J0827). The squares are the
photometric data from WISE. Here, only the two-epoch spectra of JO827 are
shown to depict the LoBAL — HiBAL transformation along with a large
decrease in reddening over the two epochs, consistent with the evolutionary
path from red to blue quasars driven by quasar winds.

Here, we mainly focus on delivering new results based on the
joint analyses of optical/near-IR spectroscopy.

3.1. Systemic Redshift

Both near-IR spectra obtained by P200/TripleSpec and
Gemini/GNIRS show strong, broad Ho emission lines;
furthermore, the higher-S/N Gemini/GNIRS spectrum exhib-
ited a narrow HB component, producing a systemic redshift of
z=2.070 £ 0.001, a value that is in excellent agreement with
that determined by the narrow Ha emission peak. Throughout
this work, we use only the Gemini/GNIRS spectrum for the
related analyses and visualization.

Noticeably, the H3-based systemic redshift is much higher
than the Mg II-based systemic redshift z ~ 2.040 + 0.003 that
was determined from optical spectroscopy, implying a large
Mg 1l blueshift (see Section 3.4.2) and higher line-of-sight
(LOS) velocities than previously reported for the two BALs,
i.e., the newly emerged CIV BAL falls into the range of
extremely high-velocity (0.1-0.2c) outflows (Rodriguez
Hidalgo et al. 2020).

3.2. SED Properties

To complete the optical/near-IR spectroscopic data, we
searched for mid-IR photometric detections from the WISE
database (Wright et al. 2010, 2019) and found that JO827 was
significantly detected (>50) in W1, W2, and W3, but only
marginally (<30) in W4.

Of particular interest here is to investigate the SEDs and
emission-line properties between this (red) quasar and normal
(blue) quasars (see Figure 1). We construct the normal quasar
composite spectrum from the literature (at A\.g < 0.3 pm from
Vanden Berk et al. 2001 and at \.g > 0.3 pm from Glikman
et al. 2006). As shown in Figure 1, there are several dramatic
differences: (1) JO827 is heavily reddened compared to the non-
BAL quasar composite at g < 0.3 um, confirming a large
amount of dust in JO827. (2) The continuum of JO827 becomes
bluer at MJD = 58,486 than that at MJD = 52,266, consistent

Yi et al.

with the evolutionary path from red to blue quasars. (3) There
is no significant difference in Ho emission between JO827 and
the normal quasar composite, in agreement with the finding
from Banerji et al. (2015). (4) The SED of JO827 appears to
peak at Ay =7 pm, a feature usually seen in red quasars.
Although the W4-band detection for JO827 is marginal and sets
only an upper limit, the excess emission at A, =7 um likely
exists in JO827 (see Section 4).

Assuming the scaled normal quasar SED (Richards et al.
2006) in Figure 1 is the intrinsic SED of J0827, we perform the
SED fits at 0.13 < A\s < 0.8 um to quantify the change in
continuum reddening over the two epochs. We choose the
unusual reddening curve from Jiang et al. (2013) rather than the
widely adopted Small Magellanic Cloud (SMC) reddening
curve, as it can better reproduce the observed UV /optical
continua (see Section 4). Specifically, we performed the
spectral fit by modeling a reddened quasar SED to the
relatively line-free windows identified by visual inspection,
and the fitting uncertainties were generated by the standard
deviations from the fits of 100 mock spectra via a Monte Carlo
approach for both spectra.

3.3. Measurements from Near-IR Spectroscopy

We choose H/3 as the BH-mass tracer throughout this work,
given that it has been confirmed to be a robust virial BH-mass
estimator in single-epoch scaling relations (Greene & Ho 2005;
Du et al. 2014; Grier et al. 2017). In addition, previous studies
revealed that the spectral region around HS is much less
affected by BEL blueshift, intrinsic reddening, and absorption
than Mg1l or CIV (e.g., Plotkin et al. 2015; Coatman et al.
2019; Yi et al. 2020). Recently, Yi et al. (2020) found
observational evidence for BAL winds influencing the C IV and
Mg 11 BELs more dramatically than the H3 BEL from a small
LoBAL sample at 3 <z < 5. In agreement with this effect, we
find that JO827 shows a striking difference between the Mg II-
and Hpf-based systemic redshifts (z=2.04 versus z=2.07),
confirming our initial concern with using the observed Mgl
BEL as a BH-mass tracer for this quasar (see Yi et al. 2019b).
Therefore, HG is the best-available tracer of BH mass for
JO827. A general equation of the single-epoch scaling relation
can be expressed as

Mgy ALy
lo =a+b X log| ——————
g[ M, ] “ g[1044 ergs~!

FWHM ]

+ 2log | ———
g[ km s~!

ey

There are several parameter configuration sets (a, b) adopted
in the literature to estimate the BH mass, depending on the
specific calibration. To be consistent with previous WLQ
studies (e.g., Luo et al. 2015; Plotkin et al. 2015; Ni et al.
2018), we use the same prescription (a =0.7, b= 0.5 for HB)
as Plotkin et al. (2015) to estimate the BH mass for this quasar.
We first perform a local pseudo-continuum fit with a power-law
function and an iron template from Boroson & Green (1992).
We then subtract the fitted pseudo-continuum from the raw
spectrum to obtain the emission lines of interest. For the
emission-line fits, we adopt a similar prescription from the
literature (Greene & Ho 2005), in which the velocity separation
and dispersion across the narrow emission lines are tied to each
other, and the amplitude ratios are fixed to 2.96 for
[N 1] A6583/X6548 and [O 1] A5007/X4959. We do not
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consider modeling the [S I1] A6716/\6731 emission due to the
apparent lack of such features imprinted on the near-IR
spectrum. The broad-line region (BLR) component for Hj3 or
Ha is modeled with up to two Gaussians; however, unlike the
modeling for narrow emission lines, we do not tie kinematics
when modeling the broad HE and Ha emission.

The simultaneous spectral fit across these emission lines is
shown in Figure 2. The FWHM of the BLR component of H3
is measured to be 3960 + 1090 kms ' (the uncertainties are
measured via a Monte Carlo approach through randomizations
of spectral errors in the line-fitting window). The measurements
may have larger uncertainties due to telluric absorption on the
blue wing, but the total measurement error is still less than the
systematic uncertainty of the scaling relation (typically 0.3 dex
for HB) even considering this uncertainty. Because the above
scaling relation has not been calibrated against reverberation
mapping samples of BAL quasars, we adopt the systematic
uncertainty for conservative purposes. The monochromatic
luminosity (ALy) at 5100 A after correctmg for Galactic
extinction (Schlaﬂy & Finkbeiner 2011) is measured to be
~5.89 x 10* ergs~' for J0827. Because the scaled normal
quasar SED is in good agreement with the observed SED at
0.4 < Aest < 0.8 um, we choose the unusual reddening curve
in Jiang et al. (2013) with E(A—1pum)~0.02 mag at
A=0.51 ym to correct internal extinction, which yields the
5100 A monochromatic luminosity of ~6.0 x 10*° ergs™' for
JO827. Note that there is a degeneracy between the reddening
and intrinsic SED shape. Combining all these pleces the BH
mass is then estimated to be Mgy = (6.1735) x 108M,
according to Equation (1). This result is also consistent with
that derived by Ha (~4.5 x 10°M_) using the prescription
from Greene & Ho (2005). Consequently, the Hp-based
Eddington ratio is A\ggg = 0.717333 with a bolometric correc-
tion factor of 9.26 (see Yi et al. 2020 and references therein),
suggestive of being in a rapid accretion phase. The narrow-core
component of [OII] is weak, perhaps due to shielding
associated with dusty outflows (see Section 4.3).

3.4. New Results from Optical Spectra

The optical spectra of J0827 at MJD < 58,486 were used in
our previous studies for this quasar (Yi et al. 2019b; Yi &
Timlin 2021). In this work, we have obtained two additional
optical spectra from HET/LRS2 and present all the optical
spectra in Figure 3 for an overview. Following Yi et al.
(2019b), all the spectra are normalized using the power-law
model to fit the local spectral regions that are visually identified
to be free of emission and absorption features. For better
visual clarity, we smooth all the optical spectra with a 15 pixel
(~900 km s~ ') Savitzky—Golay filter window. This smoothing
appears optimal for visual inspection.

The Balnicity index (BI; Weymann et al. 1991) is widely
adopted to search for and characterize BALs. The BI, whose
definition is similar to the rest-frame equivalent width (REW),
can be expressed by the following integral:

4 S
BI—fa [1 _ W]ca'v, )

where f(v) is the normalized flux; C is set to zero and only
becomes one when the term in the square bracket is
continuously positive across a velocity interval of the specific
choice, with a flux density less than 90% of the fitted
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Figure 2. Spectral fits for the HZ (left) and Ho (right) emission lines, in which
the thick red lines are the models including the power-law continua (red
dashed), the Fe Il components (green dotted), the narrow-core components
(orange), the broad-wing components (blue), and the BLR components (thin
red). N, in the bottom rows is the model-minus-data residual divided by the
corresponding spectral error. Strong telluric absorption (yellow shaded) regions
were masked during the fits.

continuum. a and b are the velocity integration limits, with
the canonical values (¢ = —3000 and b = —25,000 km sfl) set
to avoid contamination by other ions. However, these limits
should be modified in cases where the scientific goals include
the investigations of intrinsic narrow absorption lines or
extremely high-velocity outflows (e.g., Gibson et al. 2009;
Rodriguez Hidalgo et al. 2020). We adopt a velocity interval of
1000 kms™' to allow the measurements for relatively narrow
but intrinsic absorption features. Based on visual inspection of
the nine-epoch spectra of J0827, a and b are set to be —40,000
and —10,000 km s~ for this quasar, within which we identified
two distinct BALs whose flux-weighted centroid velocities are
measured at vy og=0.098 4 0.003¢ and 0.075 £ 0.002¢ (the
uncertainties are obtained from the minimum and maximum
centroid velocities over the nine epochs; see the dashed and
dotted lines in Figure 4), respectively.

3.4.1. BAL Transformation

The definition of BI mentioned above is easy to understand,
but one cannot use the BI measurements to determine whether
the BALs over different epochs are physically connected.
Although the analysis of BAL-complex troughs based on
multiepoch spectra can alleviate this issue to some extent (e.g.,
Filiz Ak et al. 2013; Yi et al. 2019a), ambiguities cannot be
eliminated without sufficient sampling epochs to trace the
detailed BAL-profile variability over at least a few rest-frame
years. This is particularly true in the case of JO827, where the
BALSs varied dramatically from epoch to epoch (see Figure 4);
specifically, there are three BAL-like troughs meeting BI > 0 at
MIJD = 57,063, making the assessment of whether they arise
from the same region difficult. Fortunately, the well-separated
sampling epochs of JO827 over two decades, along with the
simultaneous BAL disappearance and emergence, provide solid
evidence that the gray and orange shaded BALs are physically
distinct from each other, further in support of transverse motion
dominating the BAL disappearance/emergence. Therefore, we
use the two BAL distances (~0.5 and ~15 pc from the SMBH;
see Yi et al. 2019b) throughout this work.
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shadings refer to the Mg II, Al 1ll, and C IV BALs at the same LOS velocity range while the gray shading depicts the newly emerged C IV BAL at a higher LOS
velocity. The red spectrum is the normal quasar composite from Vanden Berk et al. (2001) reddened by an unusual extinction curve from Jiang et al. (2013) to match
the spectrum at MJD = 58,486; the plus is for telluric absorption. It is clear that the Mg 1I/Al Il LoBALs (cyan/magenta shadings) completely disappeared at
MIJD = 57,063 and never reappeared in later epochs, while a HiBAL (gray shadings) emerged rapidly and is persistent after MJD = 57,063. During the
LoBAL — HiBAL transformation, the quasar continuum becomes progressively bluer in the later epoch while its C IV emission remains weak.

As reported in Yi et al. (2019b), one conspicuous feature is
that the low-velocity CIv, Al 1, and Mg Il BALs at the same
LOS velocity slowly weakened until they completely dis-
appeared after MJD = 57,063, then a stronger C IV BAL (gray
shading) emerges abruptly (<1 rest-frame yr) at a higher
velocity (see Figure 4). The simultaneous BAL disappearance/
emergence along with such a dramatic velocity shift over less
than one rest-frame year robustly rule out BAL acceleration
across the entire trough, although acceleration may occur in
some BAL subunits, a scenario that cannot be assessed using
the data. Our recent two HET/LRS2 observations confirm the
persistence of the newly emerged CIV BAL at v o5~ 0.1c. In
addition, there is a large decrease in BAL-trough width from
MID = 58,486 to 59,140, such that the red-wing (low-velocity)
portion of this BAL trough disappeared (see Figure 4); then, the
BAL strength appears to level off after MJID = 59,140. The
nonzero-flux, flat-bottom portion of BALs is indicative of
patchy /clumpy outflows partially covering its background light
source (e.g., Veilleux et al. 2016; Hamann et al. 2019).

A careful examination of Figure 3 reveals another two
notable variability behaviors. First, the last three-epoch spectra
clearly show that the LoBAL species (AlIl and MgII)
disappeared and never returned after MJD = 57,063, confirm-
ing the LoBAL — HiBAL transformation. The lack of AlII
BALSs seen from the HET /LRS2 spectra is a strong indicator of
the absence of MgII BALs, as both BAL species vary nearly

hand in hand based on investigations of the LoBAL sample
(see Figure 18 in Yi et al. 2019a; also see Figure 4). Second,
the continuum shape becomes progressively bluer in later
epochs, suggesting a rapid decrease of dust along our LOS
during the LoBAL — HiBAL transformation.

We conclude that this quasar provides an excellent example
of BAL transformations fitting the evolutionary path from red
to blue quasars. Such a transformation may occur many times
over the entire quasar lifetime. Longer-timescale monitoring is
required to confirm whether it is an episodic or a permanent
transformation.

3.4.2. Variability in the BELs

In this subsection, we explore the variability of the BELs,
whose behavior may provide useful diagnostics in assessing
subsequent BAL variability after the LoBAL — HiBAL
transformation and shed light on the nature of WLQs (e.g.,
Diamond-Stanic et al. 2009; Plotkin et al. 2015).

According to the large difference in systemic redshift
measured by Mgl and HG3 (see Section 3.1), the Mgl BEL
appears to be blueshifted by as much as 2930 km s~ ' relative to
HQ. However, the previous Mg II-based systemic redshift was
determined by the relatively low-S/N SDSS spectra. With the
aid of a higher-quality spectrum from Gemini/GMOS, we are
now able to more precisely locate the peak of the Mg II BEL at
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Figure 4. Left panel: Time-variability of different-velocity, different-ion
BALs, in which the C IV (gray squares and orange triangles), Al Il (magenta
triangles), and Mg 1I (cyan triangles) BALs are indicated. Right panel: The
corresponding BAL-profile variability over the sampling epochs. Mg Il and
Al 111 BAL profiles are not displayed here to avoid overcrowding (see the color
shadings in Figure 3). The filled orange/gray colors depict the BAL
disappearance /emergence processes in time series (left) and velocity space
(right). The LoBAL and HiBAL absorbers are located at ~15 and ~0.5 pc from
its SMBH (see Yi et al. 2019b), with the characteristic velocities marked by the
gray dotted and dashed lines. This quasar can serve as an excellent example of
the LoBAL — HiBAL transformation.

Arest = 2780 £ 5 A, which corresponds to 2140 4530 km s !
in blueshift relative to HG, one of the largest Mg II blueshifts
known to date (e.g., Luo et al. 2015; Plotkin et al. 2015; Rafiee
et al. 2016; Venemans et al. 2016; Vito et al. 2021). This value
is lower than that derived from the SDSS spectra, partly due to
the strengthening in the red wing of the Mg II4+-Fe II complex
emission (see Figure 5). In addition, the CIV BEL remains
barely visible, consistent with being classified as a bona fide
WLQ. The relatively low-S /N spectra and the small gap at
1500 < Ao < 1520 A from the HET/LRS2 spectroscopy
make our variability analysis of the CIvV BEL in J0827
somewhat uncertain (see Figure 3). Finally, the Lya+NV
emission appears to become stronger in later epochs, despite
the inability to quantify the variability due to its low S/N on
the CCD blue edge. Nevertheless, the variability of BEL
highlights the importance of a joint analysis of near-IR and
multiepoch optical spectroscopy for JO827.

Another important issue is the underlying link between the
BAL and BEL variability. As demonstrated in Figure 4, the
low-velocity BALs gradually disappeared from MJD = 52,266
to 58,212, and the high-velocity C1V BAL emerged rapidly
after MJID = 57,063. In contrast, the Mg 1I BEL and the light
curve in the W1 band remain generally unchanged from
MIJD = 57,063 to 58,212, suggesting no significant changes in
intrinsic quasar luminosity during this time. Due to the lack of
W1 data at MJD > 58,212, we cannot rule out that changes in
the incident ionizing flux, a scenario that is hinted at by the
decrease of the CIV-BAL BI from MJD = 58,486 to 59,140,
play a (secondary) role in the strengthening of the complex
emission from MJD =57,063 to 58,486, despite transverse
motion dominating the BAL transformation. The true situation,
however, could be much more complicated given the following
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Figure 5. Top: The Mg II4+Fe Il complex emission over the five different
epochs, in which each spectrum is scaled to an average flux of the relatively
line-free region at 2515 < Mg < 2540 A, and the first one is used as a
benchmark to guide the eye for variability. The complex emission strengthened
substantially from MJD = 57,063 to 58,486. Bottom: The light curve of W1
(NEOWISE Team 2020) shows no significant variability; dashed lines
correspond to the above three spectroscopic epochs. The complex emission
strengthened by a factor of ~2 in REW from MJD = 52,266 to 58,486,

supportive of an ongoing removal of the dust cocoon.

reasons: (1) the observed LoBAL disappearance along with a
large decrease in continuum reddening strongly supports an
ongoing removal of its dust cocoon; (2) BELs and BALSs signal
the bulk and single-LOS effects, respectively, therefore
changes in BAL may not necessarily accompany changes in
BEL, particularly when considering patchy/dusty LoBAL
winds; and (3) the composition and distribution of dust in
JO827 remain largely unknown.

4. Discussion

We now discuss the implications from joint analyses of the
multiepoch optical spectra sampled over two decades and near-
IR spectroscopy, as well as mid-IR photometry for JO827.

4.1. Implications from the BAL Winds

Because BAL winds are believed to be launched from a
rotating accretion disk and then accelerated by radiation
pressure (e.g., Proga et al. 2000; Grier et al. 2016), it is
reasonable to assume that the observed LoBAL disappearance
is caused by transverse motion with a velocity comparable to
the Keplerian velocity. As reported in Yi et al. (2019b), the
LoBAL/HIiBAL distances in J0827 were estimated to be
R~15/~0.5 pc from its SMBH, with roughly an order-of-
magnitude uncertainty. The LoBAL distance is consistent with
interferometric observations of local active galactic nuclei (e.g.,
Honig et al. 2013) and the finding from Ricci et al. (2017).
Therefore, the kinetic power (B = ZWRQumpNva) for the
LoBAL wind is estimated to be 3.45 x 10%® ergs™' (~43% of
the Eddington 1um1n051ty) when adopting a hydrogen column
density Ny = 10*? cm ™2 and a global covering factor Q =0.5
(both are the lower limits for LoOBAL quasars; e.g., Boroson &
Meyers 1992; Gallagher et al. 2006; Gibson et al. 2009;
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Urrutia et al. 2009; Hamann et al. 2019) and a characteristic
velocity of 2.25 x 10° cms™' (see Figure 4). Such a powerful
wind, in principle, is capable of expelling circumnuclear
material to galactic/circumgalactic scales. Even if the BAL-
wind kinetic power is an order of magnitude lower (~5% of the
Eddington luminosity), its host galaxy could still be substan-
tially affected by the BAL wind, if provided with a coupling
efficiency of >10% between the BAL wind and interstellar
medium (ISM; see Hopkins & Elvis 2010).

Besides the powerful LoBAL wind at R ~ 15 pc from the
SMBH, there is a HIBAL wind arising at a region whose size
(R ~ 0.5 pc) is comparable to that of the BLR (e.g., Grier et al.
2017 and references therein), which may ultimately clear out
the remnant circumnuclear dust/gas and speed the transition of
a red quasar into a blue quasar. This scenario, of course, cannot
be directly tested by the optical spectra of J0827 spanning only
two decades, but we do see some evidence from its parent
sample, which can be summarized as follows: (1) Yi et al.
(2019a) discovered that weakening BALs outnumber strength-
ening BALs on longer sampling timescales in the LoBAL
sample; (2) Yi & Timlin (2021) further revealed that the
remarkable time-dependent variability in LoBALs described
above occurs in the regime where quasars become bluer in later
epochs (see Figure 4 in that work); and (3) all six LoBAL
quasars undergoing LoBAL — HiBAL/non-BAL transforma-
tions in Yi & Timlin (2021) became bluer in later epochs.
Together with the broad range of striking properties observed
in JO827, we suggest that LoOBAL quasars such as J0827 could
be caught in the act of casting off their dust cocoons, given that
LoBALSs have high column densities and are almost certainly
associated with dust and that the inclination is likely
intermediate or possibly closer to its polar axis due to the type
1 quasar nature.

There are interesting implications of the two different-scale
BAL winds located at R~ 0.5 and R ~ 15 pc from the quasar
center. Recent observational studies based on large samples
suggest that the majority of BAL winds are distributed in a
wide distance range, i.e., at R ~ 10—1000 pc from their SMBHs
(e.g., Arav et al. 2018; He et al. 2019). Such a wide distribution
of BAL-wind scales can be better understood in the
evolutionary path from red to blue quasars, given that JO827
is a LoBAL quasar surrounded by a heavy dust cocoon while
these samples mainly consist of HIBAL quasars whose dust
cocoons have been mostly dispersed by previous winds. This
path is supported by (1) the overall LoBAL — HiBAL
transformation sequence along with a decrease in reddening
observed from the LoBAL sample (Yi & Timlin 2021), and (2)
the larger-distance BAL wind having a lower LOS velocity
observed in JO827 (see Figure 4), although we did not detect
evident acceleration signatures in this quasar. However,
nondetection of BAL-acceleration signatures over the nine
epochs could be due to the saturation effect indicated by the
nonzero-flux, flat-bottom portions of the BALSs, the blending of
numerous subunits across a BAL trough, the short time span (7
rest-frame yr) compared to a typical BAL lifetime of at least
hundreds of years (e.g., Filiz Ak et al. 2013; Yi & Timlin 2021),
and/or the insufficient spectral quality.

Indeed, we find evidence of BAL acceleration in a few
brighter quasars accompanying a conspicuous decrease or even
complete disappearance of LoBAL species in an ongoing
study. Observations of these quasars may offer valuable clues
for the open, extremely challenging question—how do quasar
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winds travel from nuclear to galactic scales? Given the near-
Eddington accretion and dusty/patchy LoBAL wind observed
in JO827, radiation pressure on dust likely plays an important
role in the feedback of momentum and energy from nuclear to
galactic scales for this process, in agreement with the
predictions from some theoretical works (e.g., Fabian et al.
2008; Costa et al. 2014; Giustini & Proga 2019) and
observational studies (e.g., Ricci et al. 2017; Coatman et al.
2019; Leftley et al. 2019; Yi et al. 2020). We also aim to
explore the BAL-ISM coupling process from an excellent
later-phase analog of J0827, another brighter/bluer WLQ at
z~2 showing BAL deceleration, weak radio emission at
1.4 GHz, excess emission at Mg = 7.5 um, and multiscale/
multiphase outflows, in a future study. Such investigations may
help to reveal the origin of quasar reddening and shed light on
the lack of significant differences in emission-line outflows
between red and blue quasars (see below).

4.2. Implications from the SED

The most dramatic feature seen from Figure 1 is that the
observed SED of J0827 is in good agreement with the scaled
normal quasar SED only at A, > 0.4 pum but deviates
increasingly at Ay < 0.3 pm. Although the SMC extinction
curve has been widely adopted in the literature for studies of
quasar dust properties, it cannot explain such behavior in
JO827, unless with a break at \.q ~ 0.3 um. In contrast, the
anomalous extinction curve from Jiang et al. (2013) can
satisfactorily reproduce this behavior without the need to
invoke two extinction curves at Ao 0.3 pum and A 2
0.3 yum. From a physical perspective, quasar activities can
cause the destruction of large dust grains or in situ formation of
dust grains may occur in quasar winds. The extinction curve
from Jiang et al. (2013) is an optimal choice to fit the entire
SED for JO827, provided that its intrinsic SED is closely
similar to the normal quasar SED.

A number of observational studies have reported significant
correlations between C IV BEL/BAL properties (i.e., blueshift
and EW) and dust properties traced by rest-frame 2-6 um
emission and UV /NIR spectral slopes (e.g., Zhang et al. 2014;
Baron & Netzer 2019; Rankine et al. 2020; Yi et al. 2020;
Temple et al. 2021), suggestive of an underlying link between
quasar wind and dust across 1-1000 pc scales. However, these
studies suffered from large uncertainties in distance for both
wind and dust, making robust assessments difficult. For
example, Yi et al. (2020) found significant differences in the
narrow-line region and BLR kinematics between the BAL and
non-BAL samples matched in redshift and luminosity, such
that BAL quasars tend to have larger C IV and [O 1II] blueshifts.
Similarly, Calistro Rivera et al. (2021) discovered a higher
incidence of outflow signatures traced by large CIV-BEL
blueshifts and broad [O III] wings in red quasars compared to
their control sample, implicating pc- and kpc-scale dusty winds
as a potential key ingredient for red quasars. In contrast, some
studies found no significant differences in outflow properties
between red and blue quasars matched in luminosity (e.g.,
Temple et al. 2019; Villar Martin et al. 2020; Fawcett et al.
2022). The apparent discrepancy could be due primarily to the
difference in sample size and/or the specific fitting methods,
such as the difficulties in decomposing robust [O III] kinematics
from type 1 quasar spectra (e.g., Coatman et al. 2019; Villar
Martin et al. 2020). Therefore, unambiguous quasar winds like
BALs, particularly those with a good constraint on the wind
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distance, provide valuable diagnostics to study the underlying
link between wind and dust.

Fortunately, the remarkable BAL transitions of JO827 allow
us to constrain its LOBAL wind distance at R ~ 15 pc from the
quasar center (see Yi et al. 2019b). In combination with the
estimated kinetic power (~43% of the Eddington luminosity)
of the LoBAL wind, the strengthening in MgIl emission
suggestive of dust removal, and a large decrease of reddening
after the LoOBAL — HiBAL transformation, it is likely that this
quasar is caught in the act of casting off its dust cocoon located
at R~ 15 pc, with an outermost shell perhaps extending to
R ~ 1000 pc. We conclude that JO827 offers a clear example of
dusty winds as the origin of quasar reddening, which, in turn,
supports the excess emission at Ay = 7.0 um (e.g., Baron &
Netzer 2019; Calistro Rivera et al. 2021).

4.3. A Potential Link between WLQs and BAL Quasars

The majority of WLQs known to date have been identified
from single-epoch spectroscopy; in addition, the current WLQ
samples targeted at X-ray wavelengths exclude quasars with
apparent absorption features (e.g., Wu et al. 2012; Luo et al.
2015; Ni et al. 2018), making the link to outflows unclear.
While Plotkin et al. (2015) proposed a ‘“wind-dominated”
scenario for typical non-BAL WLQs on the basis of their BEL
properties, there is some debate if winds are traced by emission
lines (e.g., Gaskell 1982; Richards et al. 2011; Villar Martin
et al. 2020; Zuo et al. 2020). Recently, Ni et al. (2018) invoked
a thick disk+outflow model for WLQs, but they implicitly
considered both components as the shield material and did not
consider the impact of disk winds on the circumnuclear or
larger-scale environment. Therefore, the connection between
WLQs and outflow properties remains largely unexplored in
these studies. In this context, searching for unambiguous quasar
winds like BALs among WLQs is particularly valuable.

Rogerson et al. (2016) reported a dramatic non-
BAL — HiBAL transformation in a quasar J0230, which was
considered to be a WLQ due to the persistence of extremely
weak CIV emission over one decade. Similarly, from our
ongoing spectroscopic campaign on quasars showing BAL
transitions, we discovered a more surprising phenomenon: a
WLQ is undergoing multiple HIBAL = non-BAL transforma-
tions over two decades in an ongoing study. In addition, Jiang
et al. (2013) demonstrated that the C1V BEL of their LoBAL
quasar remains weak after the correction for internal reddening
(see Figure 5 in their work). Likewise, the C IV BEL in J0827 is
much weaker than that from the quasar composite reddened by
the same reddening curve from Jiang et al. (2013) to match the
continuum level of JO827 (see Figure 3). Moreover, JO827 is
undergoing a LoBAL — HiBAL transformation and its CIV
BEL appears barely visible over all the spectroscopic epochs; in
particular, the optical spectrum at MJD = 57,063 did not show
conventional BAL features and remained barely visible in the
C1v BEL, making it a bona fide WLQ. The nearest quasar, Mrk
231 (Veilleux et al. 2016), resembles JO827 in many aspects,
such as weak high-ionization BELs compared to normal Ha
emission, LoOBAL winds at R ~ 2-20 pc, large BEL blueshift,
weak or absent [O III] emission, near-Eddington-ratio accretion,
a sudden spectral turning point at A ~ 0.3 um, a peak of the
SED at A\ ~ 7 pm, and a time-variability pattern characterized
by a rapid rise and a slow decline in BAL strength (Lipari et al.
2005). Intriguingly, Leighly et al. (2014) reported tentative
evidence for BAL deceleration in Mrk 231, a telltale sign of the
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BAL-ISM coupling in action. These results indicate WLQs
having BAL and dust features are an important population to
bridge the gap between red and blue WLQs, presumably because
BAL winds play a role in shedding dust cocoons (see
Section 4.1). In agreement with Yi & Timlin (2021), the above
five WLQs, among which three are LoBAL quasars that are
much redder than the other two HiBAL quasars, together fit
the predominant LoBAL — HiBAL/non-BAL transformation
sequence along with a decrease in the amount of dust, further
supporting the evolutionary path of red quasars transitioning
into blue quasars. Weak, narrow absorption lines (NALs) may
be more prevalent in WLQs than previously thought (Paul et al.
2022), but we do not discuss this issue due to the difficulty of
identifying quasar outflows traced by NALs.

Almost all WLQ studies have not explored the time-
variability of BELs. Through visual inspection of objects with
multiepoch SDSS spectra in two previous WLQ studies, we
found that the “pristine” WLQs from Luo et al. (2015) vary
more frequently and dramatically than the “bridge” population
of WLQs from Ni et al. (2018) with respect to emission,
absorption, and/or continuum properties, i.e., 4 out of 17
quasars with multiepoch spectra from Luo et al. (2015) show
appreciable variability of the C IV BEL in REW as opposed to
non-such cases in the bridge quasars from Ni et al. (2018). In
contrast, the multiepoch optical spectroscopy of JO827 reveals
that both the Mg 1l and C1vV BELs strengthened along with a
decrease of the Mg II blueshift in later epochs. Thus, our initial
investigation of variability in BEL between WLQs and bridge
quasars suggests a one-way direction, such that bona fide
WLQs transition into the bridge population (similar to the
LoBAL — HiBAL/non-BAL sequence mentioned above),
hinting that WLQs may be at an earlier phase than the bridge
quasars. However, we caution about a potential (though
unlikely) bias due to the lack of a thorough examination for
normal quasars transitioning into WLQs. Such a transition, to
our knowledge, has not been reported but might occur, i.e.,
Ross et al. (2020) found 3 out of 64,774 quasars exhibit
dramatic changes in the CIV BEL, although none of them has
C1v REWs less than 15 A at any sampling epochs. Never-
theless, the persistence of a large MgIl blueshift (see
Section 3.4.2) and weak CIV emission (see Figure 3) in
JO827 suggests that this quasar may still have to spend a
considerable time (perhaps a few million years) before evolving
into a normal, blue quasar.

Our spectral fitting for JO827 reveals a rapid accretion state
(Agqa ~ 0.71), supporting the argument that WLQs may be in
an exceptionally high accreting phase, i.e., near- or super-
Eddington accretors (e.g., Luo et al. 2015; Veilleux et al. 2016;
Ni et al. 2018). This interpretation is supported by the potential
excess emission at A~ 7 pum as justified in Section 4.2,
which may lead to an underestimation of the bolometric
luminosity, although the excess could be contributed predomi-
nantly by dusty outflows (e.g., Honig et al. 2013; Zakamska &
Greene 2014; Baron & Netzer 2019). Combined with all
the HB-based Eddington ratios larger than 0.3 found in a non-
BAL WLQ sample from Plotkin et al. (2015), makes it
tempting to conclude that WLQs have near- or super-Eddington
ratios with accompanying thick disks (e.g., Wang et al.
2014; Luo et al. 2015; Veilleux et al. 2016; Ni et al. 2018;
Giustini & Proga 2019). Likewise, high-z BAL quasars tend to
possess near- or super-Eddington ratios estimated by HS
and Mgl (e.g., Wang et al. 2018; Yi et al. 2020). Therefore, a
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high-Eddington ratio (0.3) may be a fundamental quantity in
connecting both the WLQ and BAL populations. We briefly
outline this argument below.

Previous studies of WLQs, mainly from an X-ray perspective,
suggest a “shielding” scenario (e.g., Wu et al. 2012; Luo et al.
2015; Ni et al. 2018). Similarly, some BAL models also require a
“shielding” mechanism by which high-energy photons are
blocked from reaching the UV absorbers (e.g., Proga et al.
2000). From an observational view, both WLQs and BAL
quasars with weak BELSs favor a soft ionizing SED (e.g., Plotkin
et al. 2015; Hamann et al. 2019; Rankine et al. 2020; Paul et al.
2022), consistent with the prediction from shielding. Such
shielding would naturally produce high-velocity outflows, which
is supported by the prevalence of large C IV BEL blueshifts seen
in WLQs and subrelativistic winds observed in BAL quasars
(e.g., Luo et al. 2015; Yi et al. 2019a; Rankine et al. 2020).
Additionally, weak narrow-core [O III] emission is often seen in
LoBAL quasars and WLQs (e.g., Boroson & Green 1992; Wu
etal. 2011; Plotkin et al. 2015; Yi et al. 2020), in agreement with
shielding. Indeed, shielding lends support to the argument that
BEL blueshift, BAL, and perhaps broad [O III] emission could be
different manifestations of the same quasar-driven outflow
system (e.g., Rankine et al. 2020; Xu et al. 2020; Yi et al.
2020; Liu et al. 2021), presumably because shielding plays a key
role in producing powerful disk winds that can travel out to large
scales. In contrast, the LoOBAL wind and weak BELSs/narrow-
core [O 1] emission are indicative of shielding. Therefore, in the
context of shielding resulting from high-Eddington accretion, the
WLQ, BAL, and weak narrow-core [O1II] emission may be
unified for JO827. However, realistic shielding could be much
more complicated than the discussion here (e.g., Nenkova et al.
2008; Ricci et al. 2017; Ni et al. 2020), as the nature of the
shielding material remains unknown.

5. Summary and Future Work

The main results and implications from joint analyses of the
multiwavelength data are concluded as follows.

1. The systemic redshift of J0827 is measured to be
7=2.070 £0.001 using HQ, significantly larger than
the Mg II-based one (z =2.040 £ 0.003) reported in the
literature. Our measurements yield an extreme MgII
blueshift of 21404530 kms ' relative to H3 (see
Section 3.1).

2. Based upon the single-epoch scaling relation, the BH
mass and Eddington ratio are estimated to be
Mgy =6.1 x 108M_ and Apgq=0.71, with a typical
uncertainty of 0.3 dex (see Section 3.3).

3. The LoBAL wind is thought to be located at R ~ 15 pc
from its BH. Combined with the type 1 quasar nature,
JO827 fits better to a dust cocoon than the conventional
torus. Adopting typical values of the global covering
factor (0.5) and hydrogen column density (10*2 cm™2) in
LoBAL quasars, the wind kinetic power is estimated to
be 43% of the Eddington luminosity with an order-of-
magnitude uncertainty. J0827 provides an excellent
laboratory to test the evolutionary path from red to blue
quasars, given the (episodic) LoBAL — HiBAL transfor-
mation along with a rapid decrease in reddening
characteristic of the blowout phase (see Section 4.1).

4. Our analyses support the presence of excess emission at
rest-frame 7 pym for JO827 compared to normal quasars,
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on the basis of dusty outflows traced by the powerful
LoBAL wind (see Section 4.2).

5. Based upon a visual inspection of variability among the
five WLQs with BALs, typical WLQs without BALs, and
bridge quasars, WLQs tend to vary more frequently and
dramatically than the bridge quasars in emission,
absorption, and continuum (see Section 4.3).

6. Our investigations of JO827 complement the “wind-
dominated” scenario invoked for WLQs and suggest that
both WLQs and BAL (particularly LoBAL) quasars favor
soft ionizing SEDs and high-Eddington ratios and that the
WLQ, BAL, and weak narrow-core [OIII] emission
phenomena may be unified in the broad context of
shielding for this quasar (see Section 4.3).

It is well established that LoBAL quasars are considerably
redder than HIBAL /non-BAL quasars and that the BAL fraction
is much higher in red quasars than in blue quasars. While leading
models of galaxy formation predict an evolutionary path from
red to blue quasars, solid observational evidence remains
lacking, perhaps due to the short-lived nature of red quasars.
As a case study, the observed LoBAL — HiBAL transformation
in J0827, along with the LoBAL wind at R ~ 15 pc and a large
decrease in reddening over two decades, provides a unique
opportunity to demonstrate that BAL winds play a critical role in
transforming red quasars into blue quasars via the rapid removal
of their dust cocoons. Therefore, JO827 can serve as an excellent
example of BAL winds destroying dust/gas cocoons, a scenario
that has long been invoked by observational and theoretical
studies. Furthermore, we will test this scenario in detail in
combination with other quasars showing BAL transformations
and acceleration signatures in the future.

In addition, longer time baseline and wider wavelength
coverage observations of JO827 can trace its time evolution,
constrain the star formation rate, explore the radio emission,
study the dust properties, and further assess whether this quasar
is at the end of the blowout phase toward unveiling a blue
quasar or just reflects an episodic ignition of quasar activities
from a dusty environment.
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