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Abstract

Feedback from accreting supermassive black holes may regulate galaxy evolution, but statistical evidence linking
nuclear winds to kiloparsec-scale cold gas outflows remains limited in the early Universe. Here, we report
statistical evidence for such a connection in a sample of luminous quasars at z ~ 5.5. We compare stacked [C II]
158 um emission profiles from Atacama Large Millimeter/submillimeter Array observations, which trace
galactic-scale neutral gas, for quasars with and without broad absorption lines (BALs) that indicate powerful
nuclear winds on subkiloparsec scales. A total of 5 BAL and 11 non-BAL quasar spectra are included in the
stacking analysis. The BAL quasar stack exhibits a potential blueshifted broad component in the [C II] line profile,
with a velocity offset of Av, = —2.1 x 10°km s~ and a full width at half-maximum of 1.18 x 10°km s -t
whereas the non-BAL stack shows no obvious broad component. Using a conservative “clean-stack” selection
that excludes quasars with partial [CII] spectral coverage, the BAL broad residual is reduced to a hint-level
feature. We estimate that up to a few percent to one quarter of the nuclear wind energy may be transferred to cold
neutral gas on kiloparsec scales. Although the sample size is limited, these results suggest a potential link between
BAL winds and cold gas feedback in quasar host galaxies. These results provide empirical motivation for future
tests of how multiphase outflows relate to the diversity of quasar host properties, including Mgy /M.

Unified Astronomy Thesaurus concepts: Quasars (1319); High-redshift galaxies (734); Galaxy winds (626);
Broad-absorption line quasar (183)

1. Introduction The [C1I] 158 pm fine-structure line is one of the strongest
cooling lines of the ISM and serves as a key tracer of both star
formation and gas dynamics (G. J. Stacey et al. 1991;
C. L. Carilli & F. Walter 2013; G. Lagache et al. 2018). It
provides insights into the properties of the cold ISM, typically at
temperatures of 7 ~ 10°-10° K, and has been extensively used
in studies of galaxies across cosmic time (B. Gullberg et al.
2015; G. C. Jones et al. 2017). Broad wings in the [CII] line
profile have been interpreted as signatures of large-scale
outflows driven by AGN or intense star formation (R. Maiolino
et al. 2012; C. Cicone et al. 2015). However, recent reanalyses
using deeper and wider-bandwidth data have questioned the

Quasars are powered by accretion onto supermassive black
holes (SMBHs). Understanding whether and how quasars
impact their host galaxies is crucial for investigating the
coevolution of SMBHs and galaxies (J. Kormendy &
L. C. Ho 2013; Y. Sun et al. 2025b), particularly in the early
Universe. In this context, it is essential to study how physics in
the nuclear region influences the interstellar medium (ISM) on
galactic scales.
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distribution of this work must maintain attribution to the author(s) and the title systems (R. A. Meyer et al. 2022). Moreover, star formation
of the work, journal citation and DOL alone can also drive detectable [C 1] wings, even in the absence
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of AGN activity, as shown in both stacked and individual high-
redshift galaxies (M. Ginolfi et al. 2017, 2020; J. S. Spilker
et al. 2020; R. Herrera-Camus et al. 2021; J. E. Birkin et al.
2025). These findings underscore the complexity of interpreting
broad [CI] profiles and highlight the importance of carefully
distinguishing between active galactic nucleus (AGN)- and star
formation—driven feedback in population-level analyses.

Recent studies have explored whether [CII] outflows
correlate with quasar properties such as luminosity or black
hole accretion rate. Stacking analyses of z > 6 quasars have so
far found limited evidence for outflow features in [CII]
emission (R. Decarli et al. 2018; M. Novak et al. 2020;
M. Sawamura et al. 2025), while other works report more
extended or kinematically disturbed [CII] components in
selected individual quasars (S. Carniani et al. 2018; T. Izumi
et al. 2021a; M. Bischetti et al. 2024). These conflicting results
suggest that detecting outflows using [C II] alone is nontrivial
and may depend sensitively on sample properties, spatial
resolution, and stacking methodology.

An effective tracer of nuclear winds is the presence of broad
absorption line (BAL) features in quasar spectra. BALs are
associated with high-velocity outflows launched near the
accretion disk and are observed in a significant fraction of
luminous quasars (R. J. Weymann et al. 1991; N. Murray et al.
1995; D. Proga et al. 2000). These outflows can reach
velocities of thousands of kilometers per second and are
thought to originate from radiation-driven winds in the nuclear
region (M. Elvis 2000). M. Bischetti et al. (2022) reported that
the fraction of BAL quasars increases toward higher redshift
(e.g., in the XQR-30 program; V. D’Odorico et al. 2023),
implying that nuclear winds may be more prevalent or visible
during the reionization epoch. Investigating whether such
small-scale winds are physically connected to larger-scale gas
dynamics is crucial for understanding early SMBH-galaxy
coevolution. This is particularly relevant given recent evidence
that some luminous quasars deviate from the local Mgy—M
relation (Y. Sun et al. 2025a).

In this work, we investigate this connection using a sample of
17 quasars (16 used for stacking) at z ~ 5.5, near the end of
reionization (S. E. I. Bosman et al. 2022; Y. Zhu et al. 2022). Our
observations, conducted with Atacama Large Millimeter/sub-
millimeter Array (ALMA) and Keck /Echellette Spectrograph and
Imager (ESI), enable a consistent comparison between BAL and
non-BAL quasars. By stacking the [C II] profiles, we find that the
BAL sample exhibits a statistically significant broad wing
component not seen in the non-BAL stack, while the
conservative clean-stack analysis reduces the BAL broad
residual to hint-level significance. While this result suggests
a potential coupling between nuclear and large-scale cold
gas outflows, we interpret it in the context of existing
uncertainties and complementary scenarios, including star
formation—driven winds and orientation effects.

This paper is organized as follows. In Section 2, we describe
the ALMA [C 1] observations and Keck/ESI spectra of our
quasar sample. Section 3 presents the main results of our [CII]
profile analysis. In Section 4, we discuss the implications of
our findings, and we summarize our conclusions in Section 5.
Throughout this paper, we adopt the Planck18 cosmology
(Planck Collaboration et al. 2020), implemented in astropy
(Astropy Collaboration et al. 2018). All distances are quoted in
proper units unless otherwise noted.
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2. Data

We use the brightest quasars in the z band (m, < 20)
selected by J. Yang et al. (2017, 2019), identified through a
systematic search for high-redshift quasars. These quasars fill
the so-called “redshift gap” at z ~ 5.5, a regime that was
historically underrepresented in quasar surveys due to color
degeneracy with brown dwarfs in broadband photometry.
J. Yang et al. (2017, 2019) overcame this challenge by
incorporating additional Y-band imaging to break the degen-
eracy, enabling us to investigate quasar properties in this key
transitional epoch near the end of cosmic reionization.

2.1. ALMA Observations

In Cycle 9 (2022.1.00662.S; PI: Zhu), we conducted ALMA
Band 7 observations targeting 21 quasars at z ~ 5.5 from
J. Yang et al. (2017, 2019), aiming to determine precise
systemic redshifts (Az ~ 10~*) through [C 1] 158:m emission
(details in Y. Zhu et al. 2023). Each observation employed two
overlapping spectral windows fully covering the [C1I] line at
the expected redshift, alongside two additional spectral
windows for dust continuum measurements. The observations
used the C43-(1, 2, and 3) configurations, achieving an angular
resolution of ~1” across the entire sample.

Data calibration and reduction were performed using the
CASA pipeline (version 6.4.1.12; J. P. McMullin et al. 2007;
CASA Team et al. 2022). We generated data cubes and
imaged the [C1I] emission following procedures outlined in
A.-C. Eilers et al. (2020). Continuum subtraction was conducted
in the uv domain using all line-free channels across the four
spectral windows by fitting a first-order polynomial, and all
stacked spectra in this work are therefore based on continuum-
subtracted data. Imaging was performed with tclean,
using natural weighting to optimize sensitivity. The average
rms noise level across the dataset is ~0.25 mJy beam ' per
30 MHz bin.

Spectra were extracted using a single-beam aperture
centered on each source to minimize contamination from
extended [C II] emission and complex host galaxy kinematics.
To evaluate the impact of aperture size, we also tested
extractions using a standard two-beam diameter aperture. For
the BAL quasar stack, the broad wing detection significance
decreased from 4.450 (Section 3) to 3.30, while for the non-
BAL stack, it dropped from <2¢ to below 1.50. Although a
larger aperture introduces increased noise, the decrease in
signal-to-noise ratio (S/N) for the BAL stack exceeds what is
expected from noise alone, suggesting that physical dilution
(via inclusion of unrelated kinematic components) is the
dominant factor. This supports our choice of using the single-
beam aperture for the fiducial analysis.

We include only quasars with successful [CII] detections.
Three quasars—J015743001, J1420-1602, and J1527+40641
—are excluded because the [CII] line may fall outside the
spectral coverage. Additionally, J1133+41603 is excluded due
to its close companion exhibiting a [CII] bridge, suggesting
interaction and complex gas kinematics (Y. Zhu et al. 2024).
The final ALMA sample comprises 17 quasars. The resulting
[CH] images and spectra are presented in Figure Al. We
determined the systemic redshift for each quasar by fitting a
Gaussian profile to the [C II] emission line.
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2.2. ESI Spectra

We acquired the Keck/ESI spectra for most quasars in this
sample, which we use to identify BAL features in the rest-
frame UV. We conducted ESI observations for 13 quasars
between 2021 and 2024 and retrieved archival spectra for one
additional quasar. For the remaining three (J1006, J1048,
and J1614), we used existing confirmation spectra from
J. Yang et al. (2017, 2019), obtained with SSO-2.3 m/WiFeS
(M. Dopita et al. 2007, 2010) and Palomar-200-inch
(P200)/DBSP.

The data were reduced using a custom IDL/GNU Data
Language (GDL; A. Coulais et al. 2010) pipeline, following
procedures described in G. D. Becker et al. (2019) and Y. Zhu
et al. (2023). This pipeline incorporates optimal sky subtrac-
tion techniques (D. D. Kelson 2003), one-dimensional spectral
extraction (K. Horne 1986), and telluric absorption corrections
based on the Cerro Paranal Advanced Sky Model (S. Noll
et al. 2012; A. Jones et al. 2013). The extracted spectra have a
pixel size of 15 kms™', with a typical velocity resolution of
approximately 45 kms™' (FWHM). The S/N per 30 km s
bin is greater than 10 near 1285 A in the rest frame.

In this work, we focus on quasars with BAL outflows,
i.e., classic BAL quasars, defined by a balnicity index
BI; > Okm s! (R. J. Weymann et al. 1991; R. R. Gibson
et al. 2009). The balnicity index is computed using the
equation

_ Vinax _ M
Blo_f (1 0 )C(v)dv, (1

Vmin

where f(v) is the normalized flux as a function of velocity and
C(v) is a continuity function equal to 1 when absorption depth
exceeds 10% over at least 2000kms™' and 0 otherwise. We
adopt vy, = 0 km s and vy = 64500 km s ! (M. Bischetti
et al. 2022).

We set zero velocity at CIV and identify BALs in both SiIv
and C1V. Due to incomplete wavelength coverage, we do not
attempt precise Bl, measurements. A major source of
uncertainty in computing Bl is the power-law continuum
fitting. Three quasars (J1006, J1048, J1650) yield BIy > 0, but
their BAL features are not visually apparent and may be
influenced by telluric absorption or noise near spectral edges.
To ensure robustness, we classify onlly quasars with significant
BAL features (Bl > 1000 kms™ ") as BAL quasars. We
identify five quasars meeting this criterion. Among our sample,
JO012, J2317, and J2325 exhibit the most unambiguous BAL
features (BI, > 2500 km s_l). As a consistency check,
stacking [C1I] emission for these three quasars alone yields
a significant (>30) broad [CII] wing (Section 3).

To compute f(v), we normalized observed fluxes by fitting a
power-law continuum to each quasar spectrum in the rest-
frame wavelength range of 1285-1450 A, masking strong
emission or absorption lines. Figure A2 displays all ESI
spectra, continuum fits, and BAL identifications. The detailed
properties of our quasar sample are summarized in Table Al.

3. Stacked [C II] Spectra

We create stacked [CII] spectra for the 5 strong BAL
quasars and 11 non-BAL quasars, respectively. The quasar
J0056+-2241 is excluded from both stacks due to its
independently identified strong and extended [C II] feature in
the emission line map. To construct the stacks, we normalize
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each spectrum by its peak flux, shift the [C II] emission line to
the systemic redshift, and compute the mean stack in velocity
space (Av—the velocity offset relative to the systemic
redshift) using bins of 60 kms~'. The spectra are weighted
by their inverse variance, although we verified that not
weighting by inverse variance does not change the results,
given the relatively consistent rms level across the entire
quasar sample. We perform 1000 bootstrap resamplings (with
replacement) of 5 spectra from the BAL sample and 11 spectra
from the non-BAL sample, respectively, to estimate the
variance in the stacked profiles. Throughout this paper, we
classify a stacked feature as a significant detection if its mean
S/N is >30, as a hint if 20 < S/N < 30, and as no obvious
feature if S/N < 20.

For the stacked spectra, we find that a single Gaussian
profile centered at Av = 0 cannot adequately describe the
signal, especially for the BAL stack. Therefore, we fit a
two-component Gaussian model: a narrow component with
velocity dispersion o < 500 km s~ ' and a broad component
with o > 500 km s~ '. The narrow component’s line center is
fixed at Av = 0, while the broad component’s center is
allowed to vary. We derive uncertainties in the fit
parameters based on the stacked fluxes across the bootstrap
realizations.

Figure 1 panels (a) and (b) present the stacked [CII]
profiles for the BAL and non-BAL samples, respectively. In
the BAL stack, a single narrow Gaussian cannot fully
explain the observed profile due to the presence of a
blueshifted broad component. The residual broad emission
is detected with a mean S/N of 4.45 within its FWHM
(4.45(7).19 The best-fit Gaussian for the broad component
yields a line center at Av, = —2.173 x 102km s~! and an
FWHM of 1.18%932 x 103km s~!. We revisit the individual
spectra in Figure A1 and notice that some BAL quasars show a
slight gradual decrease in the flux toward the bottom of their
single Gaussian fit; however, these features are too noisy to
make robust measurements individually (e.g., JOO12 and
J2325). Nevertheless, these features become prominent in the
stacked spectrum.

In contrast, the non-BAL stack does not exhibit a significant
broad component, and the broad residual has a detection
significance below 20. The Gaussian fit for the broad
component is unconstrained. We note that the noise level in
the non-BAL stack is lower than in the BAL stack due to the
larger sample size. This implies that the non-BAL stack shows
no obvious broad residual based on our S/N classification.

Additionally, we note that the narrow component of the
BAL stack is narrower (FWHM = 3.2 x 10°km s ') than that
of the non-BAL case (FWHM = 4.3 x 10°kms~'). This
difference might be attributed to viewing angle effects (see
Section 4).

We further construct “clean” stacks by excluding quasars
with only partial spectral coverage of the [CII] line (JOO12
in the BAL sample; J1006 and J1016 in the non-BAL
sample). The resulting clean BAL and non-BAL stacks
are shown in Figure 1 panels (c) and (d), respectively. In
the clean BAL stack, the broad residual is reduced to
S/N = 2.85, corresponding to a hint-level feature under our

19 However, the o value quoted here represents the signal detection level
rather than a strict statistical significance, as there remains a <2% probability
that a stack of five non-BAL quasars could yield a similar broad component
detection (see Section 4 and Figure 3).
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Figure 1. Stacked [C 1I] spectra. (a) Stacked [C 1I] profile for the BAL quasar sample. The top panel shows the number of spectra contributing to the stack at each
velocity bin (Av). The second panel displays the normalized [C 11] flux, with the best-fit narrow (green) and broad (cyan) Gaussian components. The combined
model is shown in black, with a broad component centered at Ay, = —2.1 x 10 km s~' and an FWHM of 1.18 x 10° km s~ . The residuals between the total flux
and the narrow component are shown in the third panel, highlighting the significance of the broad residual (mean S/N = 4.45 within the FWHM). The bottom panel
shows the overall residuals after subtracting the total model. (b) Stacked [C 1] profile for the non-BAL quasar sample. The profile shows no obvious broad residual,
with residuals below 2¢. Panels (c) and (d) provide a conservative “clean-stack” check excluding quasars with partial [C II] spectral coverage.

S/N classification, while the clean non-BAL stack shows no
obvious broad residual with S/N = 1.93. We use these
clean-stack results as a conservative check on the robust-
ness of the broad component and to guide the interpretation
in the remainder of the paper.

4. Discussion
4.1. Nuclear Winds and the Origin of the [C 1i] Wing

The observed association between [C II] outflows and BAL
quasars may be consistent with coupling between parsec-scale



THE ASTROPHYSICAL JOURNAL, 1000:312 (14pp), 2026 April 1

nuclear winds and galactic-scale cold gas. Multiphase simula-
tions predict such coupling (R. Tanner & K. A. Weaver 2022),
and our stacking analysis provides suggestive, statistical
evidence for a link at high redshift. Figure 1(c) shows the
clean BAL stack, which exhibits a hint-level blueshifted broad
residual. If the BAL outflow axis aligns with our line of sight,
we observe blueshifted broad absorption features in high-
ionization UV lines (e.g., CIv, SiIV) and may also
preferentially detect blueshifted [C II] emission on kiloparsec
scales tracing disturbed or outflowing neutral gas. In contrast,
non-BAL quasars, either lacking strong nuclear winds or
viewed from different sightlines, may show narrower or no
significant blueshifted [C IT] wings. The narrower width of the
[C1I] narrow comiponent in the BAL stack (FWHM =
32 x 10°kms~ ) com;l)ared to the non-BAL stack
(FWHM =43 x 10°kms™~ ) is consistent with a more face-
on orientation, while broader [CII] lines in non-BALs likely
reflect complex rotational and dynamical structures viewed
closer to edge-on.

Alternative interpretations must be considered. First, galaxy
mergers or unresolved companion galaxies may broaden [CII]
profiles or introduce asymmetric wings. Although our sample
excludes obvious companions in the ALMA cubes, higher-
resolution observations would be needed to fully rule out
blended structures. Second, star formation—driven outflows are
known to contribute to [C IT] wings, even in non-AGN systems
(M. Ginolfi et al. 2017, 2020; J. S. Spilker et al. 2020;
R. Herrera-Camus et al. 2021; J. E. Birkin et al. 2025). Since
quasars often reside in star-forming galaxies, some [C II] broad
emission may arise from stellar feedback rather than AGN
winds. However, if star formation were the dominant cause,
we would expect similarly significant [C II] wings in the non-
BAL sample, which are not observed at comparable sig-
nificance. Still, we caution that our stacking analysis cannot
unambiguously disentangle AGN- and star formation—driven
outflows. The energetics discussed below therefore represent
illustrative upper limits on AGN coupling efficiency, assuming
the [CII] broad component is primarily AGN driven.

Third, orientation effects likely play a significant role. BALSs
are preferentially observed along sight lines aligned with the
nuclear wind axis (M. Elvis 2000), as they are detected along
the line of sight to the quasar nucleus. By contrast, the [CII]
emission associated with large-scale outflows arises from
potentially offset, spatially extended gas in the host galaxy and
is not confined to the nuclear sight line. Large-scale outflows,
whether AGN- or star formation—driven, are expected to
emerge perpendicular to the galactic plane. This implies a
potential geometric alignment bias: face-on systems are more
likely to show both BAL features and outflow signatures in
integrated spectra. The narrower [C II] profiles in BAL quasars
further support this orientation scenario. However, disk—-AGN
alignment is not guaranteed and may vary across systems
(F. Stanley et al. 2019). The observed trend could also arise
from structural alignment between the quasar outflow axis and
the host disk normal. A more complete treatment of orientation
and multiphase outflows will require spatially resolved data,
ideally combining [CII], ionized gas, and stellar continuum
mapping.

While our results may support a connection between BAL
winds and kiloparsec-scale cold gas outflows, we stress that
other mechanisms—including star formation feedback, minor
mergers, and viewing angle—likely contribute. A definitive
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causal link between nuclear winds and [C II] broad wings will
require larger samples and spatially resolved observations to
isolate these effects.

4.2. Energetics and Coupling Efficiency between BAL and
Cold Gas Outflows

To quantify the potential coupling between nuclear and cold
gas outflows, we estimate the kinetic power of each phase. For
the BAL outflows, we adopt a hydrogen column density of
Ny = 10*"7?*%cm ™2 (X. Xu et al. 2019) and outflow radii
log,,(Rout/pc) = 0 ~ 2 (W. Liu et al. 2022; S. Veilleux et al.
2022; M. Bischetti et al. 2024). With a mean velocity offset of
the broad absorption troughs of vgar = 2.5 X 10*kms ! and
assuming covering fraction of f.,, = 0.2 (P. C. Hewett &
C. B. Foltz 2003), the mass outflow rate is

Mgar, = 47TRou Ny pimy £, VBAL 2

where p = 1.4 accounts for helium. The corresponding kinetic
power is

EgaL = EMBALV}%AL ~ 1044'3’46'3erg s, 3)

For the [C 11] outflow, we adopt an outflow radius of 3.0 kpc,
matching the mean ALMA beam size and consistent with the
measurements in M. Bischetti et al. (2019). The fraction of the
flux in the broad component over the total stacked flux is
Fioroad/ Frotal = 0.32 = 0.11. The outflow velocity is computed
in the standard way following, e.g., M. Bischetti et al. (2019):

FWHMboud _ (8.0 + 2.1) x 102 kms .

“)

Following S. Hailey—Dunsheath et al. (2010), the outflow
mass is given by

0.7L, . —4
Mout/M&) == 077 (1 1 4 X 10
L Xc*

" 1+ 2¢2%/T 4 pow/n
2o 9IK/T )

vicm = |Avy| +

®)

where Licy is the [CII] luminosity of the broad component

determined by Firoad/ Frotals Rerit ~ 3 X 10°cm 2 is the critical

density, and Xc+ = 10~* is the assumed abundance of C"

(R. Maiolino et al. 2012; M. Bischetti et al. 2019). Assuming

n > ngq and a temperature range of 7 ~ 100-1000 K, we

obtain a mean outflow mass of M, = (9.3 £ 0.2) x 108M@.
The time-averaged mass outflow rate is then given by

vict) X Mow

Mout = ~ 102'372.4M{~) yfl (6)

out

and the kinetic power by

Eou = %Mm > V[ZCII] ~ 104698 grg g1, )
Finally, the coupling efficiency between the BAL and [C II]
outflows is

0= 2o _ 0,0054933, . ®)

BAL
Interpreting the stacked broad component as an outflow, the
inferred coupling efficiency is of order 7 ~ 102 but should be
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Figure 2. UV magnitude (M 450) versus redshift for the quasars used in this
work. The five quasars with strong BAL features (BI, > 1000 kms™') are
used to create the stacked [C II] profile shown in Figure 1(a).

regarded as an illustrative, order-of-magnitude estimate. The
BAL-wind energetics depend on uncertain parameters (e.g.,
Ny, Rouw, and f.oy), and the relevant physical scales differ
substantially between the nuclear BAL region and the
kiloparsec-scale gas traced by [CII] (F. Fiore et al. 2017;
S. Veilleux et al. 2020). In addition, the [C1I] broad
component traces only one phase of a potentially multiphase
outflow and may reflect time-averaged or past activity rather
than being strictly contemporaneous with the current BAL
phase. Moreover, since the conservative clean-stack analysis
yields a weaker broad residual, the energetics and 7 inferred
from the full-stack broad component should be regarded as
approximate upper limits.

Under the same assumptions, the implied cold gas mass
outflow rate is Moy ~ 10> M., yr~!, comparable to the star
formation rates inferred for luminous quasar hosts at these
redshifts. However, translating this into long-term quenching
requires additional constraints on the host potential, gas
recycling, and the quasar duty cycle.

The BAL fraction among luminous quasars at z = 5.5 is
high (approximately 50%; M. Bischetti et al. 2022). Some
high-redshift quasars also exhibit elevated Mgy/M, ratios
relative to the local Magorrian relation, though these
deviations can be explained by rapid black hole growth,
delayed stellar mass assembly, or selection biases (Y. Sun
et al. 2025a). The role of BAL-driven feedback remains
uncertain, and recent observations suggest that star forma-
tion can be enhanced in some quasar hosts (J. Molina et al.
2023). Overall, our stacking results are consistent with a
scenario in which nuclear winds and large-scale cold gas
kinematics are linked in at least a subset of luminous
quasars, but the current evidence remains statistical and
does not establish a causal connection. An additional caveat
is that stacked spectra can be affected by companion
galaxies or merging components within the ALMA beam,
which could mimic a distinct velocity component in
unresolved [CII] profiles. Future spatially resolved obser-
vations, together with larger and more uniform samples,
will be essential for separating outflows from companions
and for assessing whether any coupling between BAL winds
and host-scale cold gas is generic.
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Figure 3. Cumulative distribution of the S/N of the broad component based
on random stacks of five non-BAL quasars. The probability of reproducing an
S/N = 4.4 detection of the broad [C II] component in non-BAL quasars is less
than 0.02. This null test disfavors pure-noise explanations for the full-stack
BAL broad residual, although the conservative clean-stack analysis yields only
a hint-level feature. Systematic effects related to data reduction or continuum
subtraction are not an obvious explanation for the full-stack residual.

4.3. Intrinsic Properties of Quasars and Sample Size

Here, we discuss potential systematics and caveats that
could influence our results. Previous studies have found a
positive correlation between the incidence of [C1I] outflows
and quasar bolometric luminosity, suggesting that more
luminous quasars are more likely to drive large-scale outflows
(R. Maiolino et al. 2012; M. Bischetti et al. 2019). Since direct
measurements of bolometric luminosity are not available for
our sample, we use Mj4s50 as a proxy, assuming a typical
bolometric correction for high-redshift quasars. Figure 2
shows the distribution of our quasar sample in the M50
versus redshift plane. Our sample spans a narrow redshift
range, and both BAL and non-BAL quasars exhibit similar
distributions in M450. This similarity reduces the likelihood
that luminosity-related biases are responsible for the observed
differences in [C II] profiles between the two samples.

To test whether the observed broad [C IT] wing is driven by
brighter quasars that preferentially exhibit BAL features, we
divide the sample into two subgroups based on M450: quasars
brighter than M4 = —27 and those fainter than
Mi450 = —27. We stack the [C1I] spectra separately for each
subgroup and find no significant (greater than 20) detection of
a broad residual or a systematically blueshifted [CII] line in
either stack. This result suggests that quasar brightness is
unlikely to be the primary factor driving the broad [CII]
outflows in BAL quasars, at least within our sample.

Due to the absence of spectral coverage for MgII or rest-
frame optical emission lines, we cannot reliably constrain
black hole masses or Eddington ratios for our sample.
However, previous studies have shown that the occurrence
of BAL features is not strongly correlated with these properties
(M. Bischetti et al. 2023), mitigating potential concerns about
their influence on our findings.

A significant remaining caveat is the lack of precise
constraints on the host galaxy masses, as differences in host
properties could affect the interpretation of our results. We
note that the mean Gaussian FWHMs of individual quasars are
similar between the BAL (4.3 x 10°kms~ ') and non-BAL
(4.6 x 10°km s~ ") samples, suggesting no strong difference in
dynamical masses. Additionally, without Mg Il coverage, we
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Figure 4. [C 1I] emission from the stacked image cubes of BAL (left panel) and non-BAL (right panel) quasars. The black curves represent the normalized flux
(arbitrary units), while the blue shaded regions show the residual flux after subtracting the narrow component. The gray shaded regions indicate the +10 noise level.
The fitting parameter uncertainties shown in this plot are derived from a single stack, rather than the bootstrap approach used in Figure 1. When stacking image cubes
instead of 1D spectra, the BAL sample still exhibits a significant broad component at 4.48¢, whereas the non-BAL sample remains below the 2o detection threshold.

cannot determine whether any BAL quasars in our sample
belong to the low-ionization BAL (LoBAL) subclass, which
may be intrinsically distinct (M. Bischetti et al. 2024).
Therefore, we cannot assess whether intrinsic physical
differences between BAL and non-BAL host galaxies
contribute to the observed differences in [CII] profiles.
Nevertheless, we conduct an additional robustness check to
verify that the broad [C1I] component detected in the BAL
quasar stack is not simply due to statistical fluctuations arising
from the small sample size or potential systematics from data
reduction. We randomly select five quasars from the non-BAL
group, stack their spectra, and measure the significance of any
broad [CII] wing. Repeating this process 1000 times, we find
that the cumulative probability of randomly obtaining a broad
wing with a significance equal to or greater than S/N = 4.4 is
less than 2% (Figure 3). This disfavors the possibility that the
full-stack BAL broad residual arises purely from chance
alignments of noise in a five-object stack. However, the
evidence remains statistical, and the conservative clean-stack
analysis yields only a hint-level broad residual. We therefore
treat the broad [CII] wing as suggestive and avoid drawing a
definitive causal connection based on the present sample.
While it would be valuable to expand the analysis to
additional quasar samples in the literature (e.g., WISSH at
z < 5, M. Bischetti et al. 2018; or XQR-30 at z = 6,
M. Neeleman et al. 2026, in preparation), combining datasets
from multiple ALMA programs would introduce heterogeneity
in redshift, sensitivity, spectral resolution, and angular
resolution, which can complicate continuum treatment and
bias stacked line profiles. We therefore focus our primary
analysis on a homogeneous ALMA sample at z ~ 5.5 to
minimize these systematics and enable a controlled compar-
ison between BAL and non-BAL subsamples. Complementary
high-redshift stacking analyses are being presented in
S. Shanbhog et al. (2026, in preparation) using the XQR-30

quasars at z 2 6, who also find a blueshifted broad component
in stacked [CII] profiles.

4.4. Robustness of Stacking Methods and Interpretation

We note that M. Novak et al. (2020) reported no clear
evidence of [C1I] outflows in quasar host galaxies at z > 6
although their high-resolution observations were not optimized
for detecting outflows on kiloparsec scales (see also R. Decarli
et al. 2018; M. Sawamura et al. 2025). In their analysis,
M. Novak et al. (2020) employed UV-plane stacking (in
addition to image-plane stacking) to enhance sensitivity and
control for systematics arising from variable observing times
and array configurations. In contrast, our dataset was collected
using a uniform observational setup and consistent ALMA
configurations, which already minimize these systematic
concerns. Therefore, UV-plane stacking was unnecessary for
our study. Nevertheless, as a consistency check, we performed
image-plane stacking, as shown in Figure 4, confirming that
our main conclusions remain unaffected by this stacking
method. When directly stacking image cubes, the BAL sample
still exhibits a broad [CII] component with a significance of
4480, while the non-BAL stack remains below the 2o
detection threshold.

We caution that the method of continuum subtraction might
still influence the visibility of the broad [C II] wing. However,
as described in Section 2, we subtract the dust continuum in
the uv domain using line-free channels prior to imaging and
spectral extraction. We verified that adopting an alternative
continuum subtraction using a zeroth-order polynomial
restricted to the emission line spectral window in the uv
domain does not change our results. Additionally, based on
random stacking tests of non-BAL quasars (Figure 3), our
continuum subtraction method is unlikely to introduce the
observed blueshifted broad wing systematically. Any residual
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Figure 5. Jackknife tests of the [C II] stacked spectrum for the BAL QSO sample. Each panel shows the stack of four out of five BAL quasars, with one excluded.
The broad component remains visible across all tests, but its S/N decreases when excluding J0012, indicating that the result is not solely driven by a single source.

continuum offset would be approximately velocity indepen-
dent over the fitted window and would not naturally produce a
localized, blueshifted broad residual relative to the narrow-line
model. We also verified that allowing an additional constant
offset term in the stacked line fitting does not change the
inferred broad component S/N or centroid. Throughout data
reduction, we had no prior expectation of a broad [CII]
component and consistently followed the same procedures
across the sample, further reducing the risk of systematic

biases.

To examine the influence of individual quasars on our
results, we conducted multiple tests:

1.

The quasar J1513 exhibits a double-peaked [C 1] profile,
indicative of a rotating disk. Excluding this quasar does
not affect our conclusions regarding the nondetection of
a blueshifted broad component in the non-BAL stack.

. Some ALMA spectra exhibit incomplete spectral cover-

age of the [C1I] line (BAL: JOO12; non-BAL: J1006 and
J1016). Adopting the conservative clean-stack selection

(excluding these quasars), the BAL broad residual
decreases to a hint-level feature with S/N = 2.85, while
the non-BAL stack remains consistent with no obvious
broad residual (S/N = 1.93). Because the clean BAL
stack removes JOO12, this provides a direct check that
partial coverage in a single spectrum does not by itself
drive the full-stack wing. JO012 contributes noticeably in
the full stack, and its missing redside channels could in
principle bias the fitted wing strength. However, J0012
also shows an intrinsically broad [CII] profile in the
individual spectrum (Figure A1), and the BAL jackknife
tests (Figure 5) show that the broad residual remains
visible when any other BAL quasar is removed, with the
lowest S/N occurring when excluding J0012. We
therefore treat the full-stack wing amplitude and the
associated energetics as approximate upper limits.

. To directly test the influence of individual sources, we

performed jackknife tests by excluding one BAL quasar
at a time and restacking the remaining four. The results
are shown in Figure 5. In all five cases, the broad
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Figure 6. Velocity-normalized stacking of [C II] spectra for the BAL (panel (a)) and non-BAL (panel ((b) quasar samples. Each individual profile has been
normalized by its FWHM before stacking. A broad component remains visible in the BAL stack, while the non-BAL stack shows no significant excess. This is
consistent with the BAL broad residual not being driven solely by differences in intrinsic narrow-line widths.

component remains visible, with measured significance
values greater than 2.80, corresponding to hint-level
features under our adopted S/N classification. The
lowest value (2.850) occurs when JOO12 is excluded,
consistent with its individually broad profile but
incomplete spectral coverage. These tests suggest that
the broad [CII] wing is not solely driven by a single
source although its significance is reduced when
excluding JOO12.

4. To investigate the potential impact of host galaxy
kinematics, we separated quasars into high- and low-
FWHM groups (divided at 450 kms ™', close to the mean
or median FWHM). Neither group individually yields
>30 detection of a broad component (low FWHM:
2.610, high FWHM: 2.170), indicating that host galaxy
kinematics alone do not explain the observed differences.
The non-BAL group shows a broader range of line
widths yet does not show evidence for a broad wing,
further arguing against FWHM-driven effects.

5. We tested normalization of spectra by their FWHM and
amplitude, following procedures adopted by previous
studies such as M. Novak et al. (2020). This normal-
ization is intended to account for variation in intrinsic
[C1] line width across the sample and mitigates biases
due to particularly broad or narrow systems. The
resulting velocity-normalized stacks are shown in
Figure 6. While this normalization slightly reduces the
broad component significance in the BAL group to 2.80,
the broad wing remains visible. The non-BAL group
continues to show no obvious broad component (1.00).
This is consistent with the BAL broad residual not being
solely driven by a subset of intrinsically broader narrow-
line systems. However, we caution that this normal-
ization might dilute weak broad wings, especially if the
wing and the line core have different physical origins.
Thus, the lower significance in this test may reflect an
underestimation of true broad wing strength.

6. For ESI spectra, due to limited wavelength coverage and
uncertainties from telluric absorption, weak BAL
features might be ambiguous. To address this, we
separately stacked only the most robust BAL quasars

(BI, > 2500 kms™'; J2317, J2325) against definitive
non-BAL quasars (BIp = 0; J0120, J0231, J0306, J1500,
J1513, J1614), normalizing by both amplitude and
FWHM. We still detect a broad component at 2.38¢
for the robust BAL subgroup versus 1.15¢0 for definitive
non-BAL quasars, reinforcing the robustness of our
conclusion despite smaller samples.

Collectively, these tests show that the presence of a broad
residual in the full-stack BAL spectrum is not an obvious
artifact of continuum subtraction, normalization choices, or a
single-object anomaly. However, the inferred significance
depends on sample definition, and the conservative clean-stack
analysis yields only a hint-level broad residual. We emphasize
that our BAL sample, while modest, already represents the
largest high-redshift BAL quasar sample with uniform [C1I]
observations currently available, built up over the past 5 yr.
Larger and more uniform samples, together with spatially
resolved follow-up, will be required to establish the prevalence
and physical origin of [C1I] wings and to test any connection
between nuclear and galactic-scale outflows during the
reionization epoch.

4.5. Individual Quasar: J0056+2241

Among our quasar sample, the non-BAL quasar JO056
42241 exhibits an exceptionally extended morphology in its
[C11] emission map, with a tail extending over 2.5 (corresp-
onding to ~15 kpc) toward the southwest from the quasar
center. The moment 1 map (Figure 7) reveals blueshifted
emission within the extended [CII] structure, with a velocity
offset of ~—100-150km s, although this velocity remains
within the width of its emission line profile (FWHM = 570 km
s~'; Figure Al). This large-scale structure may indicate a
significant outflow of cold gas on galactic scales, possibly
driven by strong AGN activity. However, such an extended
structure could also result from other processes, such as a
merger (E. Bafiados et al. 2019; T. Izumi et al. 2021b).

Interestingly, despite this potential morphological evidence
of outflows, the ESI spectrum of J0056+2241 does not show
strong BAL features. However, there is a notable flux
discontinuity redward of the Lya + [N V] emission complex.
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Additionally, the Lya line itself is associated with strong
absorption features, as also noted in Y. Zhu et al. (2023).
These absorbers may indicate the presence of intervening gas
clouds or infalling material along the line of sight.

One potential explanation for the lack of BAL features is
that the outflows in JO056+2241 may not be well aligned with
our line of sight. Indeed, we do not see strong blueshifted [C II]
emission, suggesting that the [C II] outflow is also not aligned
along our line of sight. In this scenario, the outflow may be
oriented at an angle where high-velocity winds do not produce
strong absorption features in the rest-frame UV spectrum.
Alternatively, the outflow may be dominated by dense, neutral
gas phases that are less effective at producing BAL signatures
in high-ionization species such as CIV and SilV.

Another possibility is a difference in timescales between
nuclear and galactic-scale outflows. If the large-scale outflow
observed in [CII] is a remnant of past AGN activity, the
current nuclear wind may no longer be strong enough to
produce detectable BAL features in the UV. Alternatively,
JO056+-2241 may be in an early stage of outflow development,
where neutral gas has already been accelerated to large scales,
but the ionized phase has not yet fully developed. Further
spatially resolved spectroscopic observations, particularly in
ionized and molecular gas tracers, could help disentangle the
structure and dynamics of the outflow in J0056+2241,
providing additional insight into the feedback mechanisms in
this system.

Finally, as a sanity check, including J0056+42241 in our
non-BAL quasar stack increases the significance of the broad
component only from 1.72¢ to 1.770, which is slightly higher
than when excluding J0056+4-2241. This suggests that its
extended [CII] emission may contribute modestly to the
overall broad wing detected in the stacked profile.

5. Summary

We present evidence for a potential connection between
nuclear winds and large-scale cold gas outflows in high-
redshift (z ~ 5.5) quasars, based on a stacking analysis of
ALMA [C1I] 158 um emission line profiles in BAL and non-
BAL subsamples. Our main findings are the following:
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1. The stacked [CII] spectrum for BAL quasars reveals a
blueshifted broad component, with a velocity offset of
Avy, = —21 x 10°kms™! and an FWHM of
1.18 x 10°kms ™', consistent with large-scale cold gas
outflows, although the conservative clean-stack analysis
yields a hint-level broad residual. The non-BAL stack
shows no statistically significant broad component, and
the clean non-BAL stack shows no obvious broad
residual. While this difference may reflect a physical
link between BAL winds and cold gas outflows,
alternative explanations such as galaxy orientation or
differing host properties cannot be excluded.

2. We estimate a coupling efficiency of 7 = 0.025793,
between the kinetic power of BAL outflows and that of
the [C 11]-traced outflows. This suggests that BAL winds
may transfer a nonnegligible fraction of their energy into
neutral gas on kiloparsec scales, but the inferred
energetics should be regarded as illustrative and as
approximate upper limits given the hint-level clean-stack
result and other uncertainties. However, this estimate
assumes that the [C II] broad component is AGN driven;
contributions from star formation—driven winds would
reduce the inferred efficiency.

3. The non-BAL quasar J0056+-2241 displays an extended
[C1] tail spanning ~15 kpc with blueshifted emission,
suggestive of an outflow or merger-induced disturbance.
Despite lacking strong BAL features, its morphology
implies that orientation, feedback history, or merging
activity may play a role in shaping large-scale gas
dynamics.

Taken together, our results support a scenario in which
nuclear outflows may contribute to cold gas removal in quasar
host galaxies during the reionization epoch, but the con-
servative clean-stack analysis indicates that the -current
evidence is at the hint level. We caution that the interpretation
is limited by sample size, uncertainties in star formation
contributions, and potential orientation biases. Further spa-
tially resolved, multiphase observations will be essential to
robustly constrain the physical origin of [CII] wings and the
role of BAL winds in early feedback processes. If confirmed
with a larger sample, given the high BAL incidence at z > 5
(M. Bischetti et al. 2022), such winds may be a key component
of AGN-host coevolution at the end of reionization.
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Appendix
The Quasar Sample

Table Al lists the properties of the quasars used in this
work. Figure Al shows the ALMA observations, and
Figure A2 presents the Keck/ESI spectra. The reduced
Keck/ESI spectra used for BAL classification are available
at doi:10.5281/zenodo.18677316.

Table Al
Quasar Sample Used in This Work
No. Quasar R.A. (J2000) Decl. (J2000) Zic m M4s0 Bl ESI
(kms™Y)
1) @) (3) ) 5 (6) @) ®)
1 J0012+3632 00:12:32.88 +36:32:16.10 5.485 + 0.001 —27.2 5650.9 2021-10
2 J0056+2241* 00:56:56.04 +22:41:12.16 5.5218 + 0.0002 —26.8 0.0 2022-09
3 JO120+2147 01:20:53.92 +21:47:06.20 5.4305 £ 0.0001 —26.5 0.0 2023-09
4 J0231-0728 02:31:37.64 —07:28:54.44 5.4227 £ 0.0005 —26.6 0.0 2013-01
5 J0306+1853 03:06:42.51 +18:53:15.85 5.3808 £ 0.0001 —28.9 0.0 2021-10
6 J1006—0310" 10:06:14.61 —03:10:30.49 5.5149 £ 0.0004 -27.0 0.0
7 J1016+2541 10:16:37.70 +25:41:31.98 5.6797 £ 0.0004 —27.7 471.8 2024-06
8 J1022+2252 10:22:10.04 +22:52:25.44 5.4787 + 0.0005 —27.3 1501.9 2016-03
9 J1048+-3339°¢ 10:48:36.72 +33:39:47.66 5.6219 £ 0.0002 —-27.0 0.0
10 J1335-0328 13:35:56.23 —03:28:38.20 5.699 + 0.004 —27.8 304.8 2024-05
11 J1500+2816 15:00:36.83 +28:16:03.03 5.5727 £ 0.0006 —27.6 0.0 2024-06
12 J1513+0854 15:13:39.64 +08:54:06.58 5.4805 £ 0.0003 —26.8 0.0 2021-05
13 J1614+40114° 16:14:35.35 +01:14:44.79 5.7945 + 0.0004 —26.9 0.0
14 J1650+1617 16:50:42.25 +16:17:21.50 5.5769 £ 0.0001 —27.2 4711 2021-05
15 J2207—-0416 22:07:10.12 —04:16:56.28 5.5297 £ 0.0003 —27.8 2447.0 2021-10
16 1231742244 23:17:38.25 +22:44:09.63 5.558 + 0.0002 274 4329.0 2022-09
17 J2325+2628 23:25:14.24 +26:28:47.61 5.7514 £ 0.0001 —-27.0 2676.2 2021-10

Notes. Column (1): index. Column (2): quasar name. Columns (3) and (4): quasar coordinates (J2000). Column (5): [C 1] redshift. Column (6): absolute magnitude
at rest-frame 1450 ;X, based on quasar luminosities from J. Yang et al. (2017, 2019) and Y. Zhu et al. (2023). Column (7): balnicity, where strong BAL quasars
(BI > 1000 km s™'; see text for details) are marked in bold. Column (8): date of the most recent Keck/ESI observation.

# Outflow signature shown in the [C II] image.
® See J. Yang et al. (2017) for spectra.
© See J. Yang et al. (2019) for spectra.
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Figure Al. [C1I] 158um emission maps and spectra of the quasar sample observed with ALMA. Contours show (20, 30, 40, 60, 80, and 100) levels. The
synthesized beam is shown in the lower-left corner of each map. Measured redshifts are labeled for each quasar, and red curves show the best Gaussian fits. Observed
frequency and FWHM of the [C II] emission are also provided for reference. Quasars with significant BAL features are labeled, while those without ESI spectra are
marked as “no ESI.” Since JO056 exhibits very extended [C II] emission in the image, it has been excluded from the stacking analysis.
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Figure A2. Keck/ ESI rest-frame UV spectra of the quasar sample. Black and red colors plot the flux and corresponding error array, respectively. BAL quasars
(BIp > 1000 km s~ ') are labeled with orange text, and regions shaded in orange highlight prominent BAL absorption troughs. The dashed curves indicate the power-
law continuum fits used to normalize the spectra. The spectra are available in CSV format at doi:10.5281/zenodo.18677316.
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