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ABSTRACT

We present a stacked JWST/NIRSpec spectrum of 104 galaxies at Ayest = 1200-2000 A to study
nebular emission and absorption from the interstellar medium (ISM) and stellar winds. The sample
is drawn from known [O 11I] emitters with mean redshift z = 6.50, absolute UV magnitude Myy =
—20.7, and stellar mass M, = 1039 M. The stacked continuum closely resembles lower-redshift
Lyman Break Galaxy composites, with a few notable differences. Lya has comparable strength and
is redshifted relative to the [O 111] systemic frame, (consistent with production in gaseous outflows:
High-ionization emission lines including O 11] , C 111] , and He 11 are slightly stronger than in lower-
redshift stacks but exhibit narrow widths, disfavoring ionization from a broad-line AGN. Emission-line
ratios slightly favor ionization by a hard stellar continuum, though a contribution from a narrow-
line nuclear source cannot be strictly excluded. Numerous strong absorption lines at both high and
low ionization are blueshifted by ~ 200 km s~!, again indicating outflows driven by stellar winds or
entrained metal-enriched ISM. A simple model suggests that at z ~ 6.5 most star-forming galaxies
are too young for winds at these velocities to propagate beyond ~ 3-9 proper kpc, implying that the
observed [O 111] emitter population alone cannot explain the frequency of heavy-element absorbers
seen in quasar spectra. In this picture, early enrichment of the intergalactic medium likely arises from
undetected low-mass galaxies (M, ~ 105-10% M) clustered around the more massive systems detected
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in JWST/NIRCam WEFSS surveys.

1. INTRODUCTION

The rest-frame UV spectra of galaxies (A =~ 1000-
2000 A) contain a rich set of strong emission and ab-
sorption features that serve as diagnostics of interstellar
heavy-element abundances, ionization conditions, gas
dynamics, and feedback. Early and more recent studies
of Lyman Break Galaxies at z ~ 2 — 3 demonstrated
the utility of stacking low-SNR spectra with R ~ 1000
(Av ~ 300kms™!) into high-SNR composites (A. E.
Shapley et al. 2003; J. R. Rigby et al. 2018; E. Kehoe
et al. 2025; A. J. Pahl et al. 2020). One of the most
striking features of such composites is the systematic
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blueshift of interstellar absorption lines and the corre-
sponding redshift of Ly« relative to the systemic rest
frame. The absorption features in particular have been
interpreted as signatures of galactic outflows, whose
absorbing column must cover a substantial fraction of
the stellar disk to generate large rest-frame equivalent
widths W,..

With the advent of JWST, thousands of galaxies have
now been observed within the reionization epoch at
z = 6-14, and several groups have constructed compos-
ite spectra to study topics ranging from ionized outflows
in emission (S. Carniani et al. 2024), to AGN signatures
(S. Geris et al. 2025), to ISM chemical enrichment (Y.
Isobe et al. 2025; M. J. Hayes et al. 2025; G. Roberts-
Borsani et al. 2026), to trends with Lya emission (N.
Kumari et al. 2024), and general ISM properties (W. Hu
et al. 2024; M. Tang et al. 2025). These initial stacks do
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not have sufficiently high SNR in the rest-UV continuum
to measure interstellar absorption-line equivalent widths
and velocities, nor the spectral resolution required to
determine accurate offsets relative to systemic redshifts.
Initial studies of absorption lines achieved high SNR ei-
ther by focusing on a single transition across cosmic time
(Mg II from 1 < 2z < 10; C. Lyu et al. 2026) or select-
ing individual UV-bright galaxies that independently ex-
hibit high SNR (Y. Zhu et al. 2026). More recently,
K. S. Glazer et al. (2025) constructed a composite spec-
trum at z = 6.0 — 9.4 from galaxies with secure redshifts
and G140M coverage in the JADES (D. J. Eisenstein
et al. 2026), CEERS (S. L. Finkelstein et al. 2025), and
AURORA (A. E. Shapley et al. 2025) surveys. These
early papers span a wide range in redshift and contin-
uum luminosity. They have uncovered evidence of early
metal enrichment in the ISM, as well as outflows in low-
ionization lines. However, K. S. Glazer et al. (2025)
report evidence that low-ionization interstellar absorp-
tion lines, which trace outflows, show reduced equivalent
width and velocity offset from the rest frame compared
to similarly-constructed low redshift composites.

In contrast, the MASQUERADE survey (A.-C. Eilers
et al. 2025) obtained high-SNR NIRSpec observations
with the G140M grating for a sample of > 100 galax-
ies at 5.7 < z < 6.9, for which systemic redshifts had
already been established from rest-frame optical ISM
lines including [O 111] and Hp based on NIRCam wide-
field slitless (WFSS) observations (D. Kashino et al.
2026). The MSA integrations were designed to meet
strict continuum-SNR and spectral-resolution require-
ments for individual objects, enabling robust detection
of intergalactic medium transmission blueward of Ly« in
regions ionized by foreground quasars (A.-C. Eilers et al.
2025; M. Yue et al. 2025). These same qualities make
MASQUERADE spectra especially suitable for stacking
analyses, with the proviso that its sample galaxies are
on average more luminous than composites selected from
other surveys. Asshown below, our stacked mean galaxy
has Myy = —20.7, one magnitude brighter than that of
K. S. Glazer et al. (2025) who report Myy = —19.7
(where My, = —21.15; R. J. Bouwens et al. 2021).

Motivated by the routine detection of intervening
heavy-element absorption in z > 6.5 quasar spectra
(R. L. Davies et al. 2023a; G. D. Becker et al. 2019;
L. Christensen et al. 2023; S.-F. S. Chen et al. 2017),
the frequent signatures of galactic outflows in 2 < z < 4
LBGs (A. E. Shapley et al. 2003; C. C. Steidel et al.
2018, 2010; D. K. Erb et al. 2012; X. Du et al. 2018),
and the emergence of new galaxy populations at z > 6
with comparatively low stellar and inferred halo masses
(J. Matthee et al. 2023), it is natural to consider whether

winds from these galaxies can escape into the inter-
galactic medium (IGM) and drive early intergalactic en-
richment. However, such speculation must be balanced
against the limited cosmic time available for winds to
traverse large distances and the even younger inferred
star-formation ages of these systems.

A stacked spectrum of the galaxies observed in the
MASQUERADE survey offers an opportunity to test
this hypothesis by measuring the strengths and velocity
offsets of interstellar absorption features associated with
galactic winds. Combined with demographic informa-
tion from NIRCam rest-frame optical photometry and
spectroscopy, we can characterize outflows in the epoch
of reionization (EoR) and assess the extent to which the
observed galaxy population contributes to cosmic metal
enrichment inferred from quasar absorption systems.

Throughout this work we adopt the Planck 2018 cos-
mological parameters (N. Aghanim et al. 2020): Hy =
67.4 £ 0.5 kms™! Mpc™! and Qg , = 0.315 & 0.007.

2. METHODS
2.1. Spectroscopy

The input data for our stacks originate from the MAS-
QUERADE survey (A.-C. Eilers et al. 2025, PID 4713),
which observed 104 galaxies at 5.7 < z < 6.9 within
the quasar fields J01004-2802 and J1148+5251 with
JWST/NIRSpec’s G140M grating plus FOTOLP blocking
filter in the MSA configuration. The targets are drawn
from two of the six fields observed by the EIGER survey
(D. Kashino et al. 2023), selected because of galaxy over-
densities identified behind the survey quasars. EIGER
observed these fields with NIRCam in WFSS mode and
the F356W blocking filter, identifying high-redshift ob-
jects based on [O 111] 4960, 5008 and HS emission. While
the sample was selected on emission properties, we fit-
ted Prospector models to three-band galaxy photome-
try and line fluxes (described in more detail below) to
understand its demographics. The sample has a mean
redshift and standard deviation of (z) ~ 6.3169+0.3864,
UV magnitude (Myy) ~ —19.45+1.19, and stellar mass
(log M, /Mg) = 8.33 £ 0.76. The distribution of SFR is
less symmetric; its median, sixteenth and eighty-fourth
percentile are SFRy g ~ 3.4312 Mg yr—t

MASQUERADE’s followup slit mask design priori-
tized brighter targets from the EIGER fields (F115W <
27 mag) with known spectroscopic redshifts (D. Kashino
et al. 2026) located in the background or immediate
environment of the luminous target QSOs. Consistent
with the survey’s primary science goals, each mask was
observed for 7.7hr to detect continuum flux blueward
of Ly, yielding unusually high-SNR individual spectra
for the G140M grating at R ~ 1000 (median ~ 0.85 and
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Figure 1. Stack of 104 MASQUERADE spectra as reduced by the PypelIt (top) and MSAExp (middle) pipelines. The bottom
panel compares our MSAExp reduction with the z = 3 stack of Lyman-break galaxies from A. E. Shapley et al. (2003), illustrating
the similarity of Ly « and also interstellar absorption lines as labeled in green. The semiforbidden C 111] and O 1] lines and
He 11 A1640A are stronger in the high-redshift stack. A higher noise level and several apparent emission features are visible in
the PypeIt stack near to / redward of ~ 1850A that are not seen in the MSAExp stack. These are spurious, and caused by edge
effects from truncation of Pypelt spectra in second-order G140M overlap regions, which reduces the number of contributing

galaxies.

ranging from < 0.05 to & 4 per resolution element in the
continuum) and covering the rest-UV range A ~ 1200—
2000 A.

Further details on the data reduction procedures are
provided in the MASQUERADE survey paper. In this
work we employ two independent reductions of the raw
frames into 1D spectra to evaluate consistency and as-
sess the possibility of systematic effects introduced by
the pipelines. The first reduction used a customized ver-
sion of the PypeIt package (J. Prochaska et al. 2020),
while the second employed an automated implementa-
tion of the MSAExp pipeline (v0.3 G. Brammer 2022; A.
de Graaff et al. 2024; K. E. Heintz et al. 2024) as incor-

porated into the Dawn JWST Archive. When quoting
statistics from each different reduction below, we list
values from the MSAExp reduction directly in the body,
and corresponding PypeIt values in parentheses.

2.2. Stacking

To prepare the individual spectra for stacking, we
shifted each galaxy into its rest frame using the [O11]
redshifts measured in NIRCam WFSS spectra from the
EIGER survey (J. Matthee et al. 2023; D. Kashino et al.
2026). Each spectrum and its associated error vector
was then normalized by the median flux (inclusive of
spectral lines) at Aest > 1300 A.
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The error vectors produced by both pipelines appear
to underestimate the empirically measured noise level
in our spectra. We therefore rescaled the quoted errors
over the wavelengths of interest by calculating each spec-
trum’s median absolute deviation and converting this
into a standard deviation under the assumption that
the errors are approximately normally distributed. This
single rescaled median error (one measurement per spec-
trum) is used as the optimal weighting factor for that
object’s contribution to the composite.

Next, we rebinned all spectra onto a common rest-
frame wavelength grid with 1A pixels, which corre-
sponds to ~ 250km s~ at the blue end of our coverage
and ~ 150kms~! at the red end. Finally, the prepared
spectra were stacked by computing an inverse-variance-
weighted mean of all raw pixels from the 104 galaxies in
our sample that fall within each binned pixel (which dif-
fers slightly between PypeIt and MSAExp). We estimate
the error on each stacked pixel as:

Z (1/J§alaxy pix) (1)

galaxy pix

Ostacked pix —

Figure 1 illustrates the two stacked spectra (one for
each reduction). The weighted mean absolute UV
magnitude of the stacked galaxy spectrum is Myy =
—20.7 for the MSAExp reduction (and Myy = —20.8
for PypeIt), and the weighted mean redshift of the
stacked galaxy spectrum is zgacxk = 6.50 for MSAExp
(2zstack = 6.56 for PypeIt). The very slight difference in
mean absolute UV magnitude or mean redshift results
from small disparities in the per-pixel SNR (and hence
stacking weights) for the two extraction codes as well as
pipeline choices about the spectral wavelength bounds.
We measure the continuum signal-to-noise ratio in the
stacks red of 1300 A as 10.25 (7.83).

Rest wavelengths of several strong interstellar absorp-
tion and emission lines are indicated in green. Although
many individual spectra have low SNR, the PypeIt and
MSAExp composites display consistent continuum shapes
and similar emission and absorption features, indicating
that our results are relatively insensitive to systematic
effects introduced by pipeline extraction, wavelength
calibration, or flux calibration.

We caution that, for galaxies at the high end of our
redshift range, the red portion of the stacked spectrum
(Arest = 1800 A) overlaps the second-order footprint of
the same object’s G140M spectrum, making flux mea-
surements in this region potentially susceptible to con-
tamination from blue light in the second order. PypeIt
discards the contaminated spectral regions; MSAExp ex-
tracts these wavelengths but does not attempt to correct
the extracted flux for second-order contamination. The

effect should be modest because of Gunn—Peterson ab-
sorption blueward of Ly, which suppresses object flux
at the blue end of the second order. The C 111] line,
which falls in this part of the spectrum, remains useful
as a consistency check on the systemic redshift of the
stack (i.e., to confirm that there are no systematic red-
shift offsets between the NIRCam [O111] redshifts and
C 1] from NIRSpec; see Section 3.1). Measurements
of C u1] fluxes or equivalent widths should, however, be
interpreted with caution.

An additional related phenomenon causes a drift in
redshift with increasing wavelength at the red extreme
of the composite, because each raw spectrum spans a
different range in rest-frame wavelength depending on
its redshift and slit position. We do not analyze the
stack at rest wavelengths bluer than 1200A, ensuring
that every galaxy contributes to each pixel on the left
of Figure 1, thereby minimizing this effect. On the red
side, some objects terminate at shorter wavelengths than
others, because of detector boundaries and chip gaps
as well as PypeIt’s conservative trim of second-order
regions. Because MSAExp does not perform this trim,
the effect is minimal with variations in per-pixel redshift
of only Az ~ £0.02 from Aest = 1200 to 1950A. For
PypeIt, the effect is more pronounced as fewer galaxies
contribute to the reddest pixels, from a mean of z = 6.4
at Arest = 1600A to 2z = 6.6 at A\jesy = 1950A. This is
also seen in the reduced SNR of PypeIt’s stack at red
wavelengths.

2.3. Comparison to z = 3 Lyman Break Composite

In the bottom panel of Figure 1, we over-plot the z ~ 3
stack of A. E. Shapley et al. (2003) for reference. A. E.
Shapley et al. (2003) stacked 811 Ly-break galaxies with
R ~ 24.6 and dust-corrected SFR ~ 30-50 h=2Mg yr 1.
At z ~ 3, R ~ 24.6 corresponds to Miggg ~ —22.5.
Although this paper does not report its sample’s stel-
lar mass, in A. E. Shapley et al. (2001) the same team
fit SEDs to 74 bright galaxies in the associated parent
sample and found a median log (M,/Mg) ~ 10.1. Their
sample is therefore slightly brighter / more massive than
MASQUERADE on average, but comparable in number
and SNR, and form a reasonable standard for compari-
son.

The two stacks are remarkably similar, particularly
in their interstellar absorption features: the same set
of ions is present, and we will discuss below that both
stacks show a comparable blueshift of most absorption
features relative to the systemic frame. Both also show
continuum absorption redward of Lya at A ~ 1220—
1250 A, which may arise from optically thick HT in the
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Table 1. Selected UV Line Transitions and Measured Quantities

MSAExp Pypelt
Ion Arest Oresel v b o W, v b o W,
A kms™?! kms™?! A kms™?! A
Emission

Lya 1215.7 1962 246.377% 200.775 % 11.0167175  258.873%  203.8729  12.68017 558
CIv 1548.2  154.1 0.0¢ 1541¢  1.258753% 0.0 152.9¢  1.197753%
C1v 1550.8  153.3 0.0¢ 153.3¢  0.929752% 0.0 152.2¢  0.8967032%
He 11 1640.5 145.0 14267551 308.075L%  1.811%0496 987731l 17577535 1.61970:499
O 111) 1660.8  143.2 4.2H1%2 118.6727% 05307010, 2347355 12477352 057970008
O 111) 1666.2  142.7 427152 118.67575  1.058103%0 2347280 124.7%353  1.08770350
C111) 1906.7 1424  —3.27137 1416735 22027015  —-80.1722% 2016793 %  1.232703577
C 111 1908.7 1427 —3.2%127 1416725 23711022 _g0.1t9%8 20167430 3.2151101
Absorption

NV 1238.8  193.1  —445.97523 34581130 1.5657033) —436.27503  371.6%73%  1.4997035)
NV 1242.8 1925 44597523 34587735 101170157 43627508 371.67152 0934707152
cu 13345 178.9  —185.3753%  346.875%% 172170578 —170.175%% 20877905 141515550
Si 1t 1260.4 189.5  —210.6779%  361.67557  1.488T03%)  —213.07500 34741831 1.62870500
Sil 1526.7  156.3  —210.6779%  361.67557  1.04170305  —213.07500 34747537 0.99870530
Si1v 1393.8 170.6  —166.57350  134.27350  1.0267015,  —261.57387  169.8T310  1.01270719%
Si v 1402.8  169.5  —166.57350  134.278¢7 073370150 2615787 169.8753T  0.71710 178
cIv 15482 154.2  —197.4%3292 19171255 180670310 22237408 904.4+390  1.90677340
C1v 1550.8 1539  —197.47392 19177255 1.2077530%  —222.3+858  204.47305  1.39010:312
01 1302.2 1834 —183.7717%2 303.071261  0.60970395 —162.07510 26041542 0.89370252
Fe I 1608.5 147.8 165171723 338171932  .762+0:302  _53.9+2853  162.8+2154  .32010:299

%This column indicates the estimated spectral resolution of the JWST/NIRSpec stack at the fitted wavelength of
interest. In cases where the Gaussian line width ¢ < 0yesel, the line fit is unresolved by the spectrograph.

b Velocities are relative to [O 111] 4960, 5008.

©For the emission component of the C IV P-Cygni profile, the velocity centroid is fixed at 0 km s~ 'relative to [O III]
4960, 5008, and the standard deviation is fixed to the width of one resolution element.

same outflowing gas producing the heavy-element ab-
sorption (K. E. Heintz et al. 2024).

In high-redshift quasar spectra, similar damping wings
have been used to measure the neutral fraction of the
IGM (e.g., E. Banados et al. 2018). However, in the
z ~ 3 composite, such absorption is unlikely to reflect a
neutral surrounding IGM because reionization has long
been completed (L. C. Keating et al. 2020; S. E. L
Bosman et al. 2022). Even z ~ 6.5 is lower than the red-
shift at which most quasars begin to show evidence of
strong IGM damping wings (X. Fan et al. 2023), though
it is possible that the higher-redshift contributors to our
stack approaching z = 6.9 could be affected. Measuring

the late-stage chronology of reionization through galax-
ies’” Ly-a damping wings would be challenging because
the damping wings would be indistinguishable from in-
trinsic absorption. (though F. B. Davies et al. (2025)
examine how to distinguish IGM absorption from a fore-
ground DLA, and R. A. Meyer et al. (2025) calculate a
galaxy-based constraint on the IGM’s opacity as reion-
ization ended.) Still, the strong similarity between the
z = 3 and z = 6.5 stacks suggests that on average there
is little evidence for enhanced neutral IGM absorption
in proximity to MASQUERADE’s galaxies.

It is apparent from Figure 1 that UV emission lines
are stronger in the high-redshift MASQUERADE stack,
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Figure 2. Velocity stack of all ions listed in Table 1, with model fit profiles drawn at random from respective posterior
distributions. Vertical gray dashed lines indicate the zero-velocity rest frame. Green and red dashed lines indicate the best-fit

centroids for each ion or transition, with uncertainties shown by shaded regions of the same color.
shown with one green line, and doublets are shown in green and red for the two respective components.

Singlet transitions are
Here we show the

MSAExp-reduced composite spectrum; an equivalent plot showing the PypeIt reduction is presented in the Appendix.

including He 11 A1640, O 111}  AA1660, 1666, and
C 1] A1909 (though, as noted above, the latter may be
affected by second-order contamination). Visual com-
parisons of the spectra could be influenced by differ-
ences in the effective spectral resolution of these stacks.
A. E. Shapley et al. (2003) estimate their LBG compos-
ite resolution at ~ 400-700 km s—! FWHM, whereas our
NIRSpec composite ranges from R ~ 600 near Ly-a to
almost R ~ 1000 near C 111] which could cause emission
lines to appear taller and more narrow. In subsequent

discussions about emission line properties, we focus on
integrated line fluxes and equivalent widths to minimize
the impact of uncertain stack resolution on our conclu-
sions.

2.4. Emission and Absorption Line Fits

The composite spectra in Figure 1 show clear signa-
tures of emission and absorption from multiple species
listed in Table 1. To parameterize these features, we
fit model profiles to each transition using Markov chain
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Monte Carlo (MCMC) walkers implemented in emcee
(D. Foreman-Mackey et al. 2013) to sample the poste-
rior distributions of the model parameters.

Singlet absorption transitions (e.g., C 11 A1334 or
O 1 A1302) were represented by a Gaussian profile
with fit parameters of velocity centroid (v; with zero
point defined by [O 111] 4960, 5008), amplitude (A),
width (o), and a floating constant continuum offset
(a), all with uniform priors (v € [—500,500] km s™';
A € [0,1]; o € [0,500] km s~ a € [0.95,1.05]; four
free parameters). Doublet or multiplet transitions (e.g.,
Si v AA1393,1402 or Si 11 AA1260, 1526) were fit us-
ing multiple Gaussians sharing a common velocity cen-
troid v and width o, but with independent amplitudes
(A1, Ag) and continuum offsets (a1, az) (six free param-
eters). The only exception is Lyc«, which is a single line
but uses two continuum parameters a; and as to account
for the jump across its spectral break.

Doublets possess a prior constraint on the ratio be-
tween their components’ amplitudes A;/A5. In absorp-
tion, the minimum is the ratio of the components’ os-
cillator strengths. In emission, the minimum is the ra-
tio of the components’ weighted transition probabilities,
grAgi. The ratio’s parameter is free between the unsat-
urated minimum and unity as the saturated maximum.

The O 1 A1302 transition is blended with adjacent
Si 1 A1304 absorption and thus required special treat-
ment. To separate the two components, we modeled the
blended Si 11 by fixing its v and ¢ using constraints
from the earlier fit to Si 11 ’s 1260 A and 1526 A compo-
nents and allowed its amplitude A to vary between prior
bounds set by the oscillator-strength ratio (unsaturated
case) and unity (fully saturated case). The O 1 absorp-
tion was then modeled jointly with this range of allowed
Si 11 amplitudes to produce the posteriors quoted in
Table 1.

For C IV 1548, 1550, we applied a P-Cygni profile.
We fit two doublets: one in absorption with free velocity
and width plus another in emission fixed at stationary
velocity and with our stack’s estimated resolution as the
width. Each doublet can freely vary the ratio of its com-
ponents’ amplitudes between the unsaturated minimum
and saturated unity maximum. In Table 1, we list the
C 1V absorption and emission doublets under their re-
spective headings even though we fit both components
together in a single run.

We maximized the log-likelihood by minimizing a
merit function closely resembling the x2 statistic. The
only distinction from a true x? is an additional term
that allows for rescaling of the per-pixel error vector (D.
Foreman-Mackey et al. 2013). We define fitting windows
of £500kms~! for singlet transitions (or for each line

of a widely spaced multiplet); for closely spaced dou-
blets the bounds extend from —500kms~! to the blue
of the blue component to +500kms™! to the red of the
red component. Figure 2 presents velocity plots of each
transition with draws from its fit posteriors.

3. RESULTS
3.1. Emission Line Velocity Structure

Because individual spectra were shifted into the rest
frame using tabulated [O111] redshifts from NIRCam
WFSS spectra (redshift uncertainty Az ~ 100kms™!;
D. Kashino et al. 2026), it is useful to measure velocity
offsets of UV emission lines that should coincide with
the systemic redshift as a consistency check. Any offset
from zero could indicate systematic differences between
instruments or reductions, and would complicate inter-
pretation of absorption-line velocity offsets.

The two most reliable systemic indicators are the
semiforbidden C 11} A1909 and O 11 AA1660, 1666
transitions. As shown in Table 1 and Figure 4, these
fits are consistent with zero velocity offset. Averaging
the fits for both lines, we find Av = (=1 4 19) kms™!
[Av = (3+34)kms™'|. Thus, the systematic offset in
wavelength calibration between the observations from
NIRCam and NIRSpec is negligible.

In contrast, the best-fit centroids for Lya and
He 11 \1640 are redshifted relative to the systemic frame
by roughly 250 and 150 kms~!, respectively. This be-
havior, well documented for Ly« at lower redshifts (e.g.,
R. F. Trainor et al. 2015), is commonly interpreted as a
radiative-transfer effect in the presence of galactic out-
flows: gas at zero velocity or blueshifted relative to the
systemic frame absorbs resonant photons, whereas emis-
sion from receding gas is redshifted out of resonance and
preferentially escapes to the observer.

Recombination emission of He 11 A\1640 is not subject
to resonant foreground absorption to the same degree
as Lya and is an important diagnostic of the ionizing
spectrum hardness. A redshift of He 11 relative to sys-
temic is marginally detected at 2.60 significance in the
MSAExp reduction and 3.2¢ in Pypelt, likely driven by
slight line asymmetry with enhanced wings to the red of
the centroid. While the nearby O 111] lines are narrow
and unresolved in our G140M spectra, the He 11 line is
mildly broadened and slightly resolved with o, ~ 250—
300kms~1.

Narrow He 11 emission can arise in nebulae ionized
by hot stars that produce the required 54 eV photons,
whereas pronounced asymmetry or broadening is often
interpreted as evidence for AGN or strong stellar winds
(e.g., Wolf-Rayet stars; C. Leitherer et al. 2019). At
the SNR of our stack, there is no unambiguous He 11 P
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Figure 3. Stack of JWST/NIRCam WFSS rest-frame optical Hy and [O 1m11] A\4364 lines (left) and the [O 1m1] AA4960, 5008 A
doublet and HS lines (right) for the MASQUERADE sample. Objects and weights used to generate this stack are identical to
what was used for the NIRSpec stacks presented in Figure 1. The HS/H+ ratio indicates low dust extinction (Ay = 0.50J_r(1)1é8;
D. Calzetti et al. (2000)), and the non-detection of 4364 A emission from auroral [O 111] implies a low electron temperature
characteristic of stellar radiation fields (rather than AGN). Here, we show the composite spectrum with weights from MSAExp;

we provide an equivalent plot with weights from PypeIt in the Appendix.

Cygni velocity signature indicating strong stellar winds, We considered the effect of systematic redshift un-
although a modest absorption component could produce certainties in the NIRCam data when constructing this
the slight asymmetry seen here and would be clarified stack, as differences have been reported between values
by data with higher-SNR, or higher spectral resolution. for the same object measured from Module A vs Mod-
At 0, ~ 250kms™! the He 11 width is far narrower ule B (J. Higginson et al. 2025). These are at the level
than typical broad-line AGN (= 2000 kms~!; A. Saxena of A(za — z5) = +0.0028 or +112 km s~! (system-
et al. 2020) or Wolf-Rayet winds (~ 1000-3000kms~!; atic), £0.0073 or 292 km s~! (random), likely caused
J. Brinchmann et al. 2008). It could potentially reflect by uncertainty in the source position centroid on the
a contribution from low-luminosity narrow-line AGN, sky. In our stack, 40 galaxies are observed in both mod-
though we will argue below that this is slightly disfa- ules, so we average these as a reference zero-velocity
vored based on emission line ratios. rest-frame. Additionally, 24 galaxies are observed exclu-
Our archival rest-frame optical EIGER spectra sively in Module A, and 40 exclusively in Module B; we
provide additional information via coverage of the can estimate the magnitude of any bias in the stacked
[O 1] AM960,5008A doublet, the associated 4364A velocity centroids from this imbalance by noting that
temperature-sensitive auroral line, and Hf as well as H~. each individual module is offset by ~ 56 km s~! (half
Figure 3 shows a stack of these transitions as observed by the systematic difference), and that the stack’s total off-
NIRCam/WEFSS for the MASQUERADE sample galax- set is therefore of order 56 x (24 — 40)/104 = —8.6 km
ies. The stack was constructed using the same numer- s~ toward Module B’s zero point with an uncertainty
ical values as the rest-UV spectra in Figure 1 to nor- of 3.6 km s~'. We do not attempt to correct for this
malize the raw data and weight before averaging. This offset, as it is smaller than the stack’s individual pixels,
ensures that each object contributes to the UV and op- and will be even smaller when considering the inverse
tical stacks in the same proportion. Then, we fit the variance weighting scheme used, which will (on average)
transitions following a comparable procedure to that for favor the galaxies observed in both modules.
the absorption lines (Table 2). In the NIRCam stack, we observe tentative evidence

in the [O u1| profile of velocity wings that are distinct
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Figure 4. (Left) Summary plot showing individual emission line centroids and the velocity uncertainty on the centroid mea-
surement. We use O 111] and C 111] , which should closely track the ISM systemic rest frame, to cross-validate the wavelength
solutions for our NIRSpec (MASQUERADE) and NIRCam (EIGER) data reductions. These lines are consistent with zero
velocity offset relative to the rest frame, which we define by convention using the [O 111] doublet wavelength. The vertical solid
shaded regions show the inverse-variance weighted average of these line centroids. Ly-a and He 11 are redshifted relative to
the rest frame. In the case of Ly-« , this is interpreted as back-scattered emission from a receding shell behind the galaxy.
He 11 does not share this behavior but may be affected by foreground resonant absorption. We therefore exclude Ly o and
He II from the average velocity and indicate so by shading them gray. (Right) This plot shows a summary of fit centroids for
absorption lines as labeled. The vertical colored lines and regions show respectively the mean and standard error on the mean
for all absorption lines, which is blueshifted by 180-200 km s~ 'relative to the rest frame. N v exhibits a larger blueshift but we
view it as unreliable because of continuum absorption in the same spectral region. It is therefore shaded gray and not included

in the average outflow velocity calculation.

from the central core of the emission line. A two-
component Gaussian model converges on a line core with
o= (128 £ 7)kms~! and a weaker component captur-
ing broad wings with o = 35133 kms~!. Broad wings
in the [O 111 profile have been previously interpreted
as a signature of galactic outflows (R. A. Cooper et al.
2025; Y. Xu et al. 2025). Again, these velocities could
be characteristic of star-formation driven outflows or
weak narrow-line AGN. However, we are mindful that
the data processing in EIGER includes a step of high-
pass filtering that can affect the detailed profiles of emis-
sion lines in NIRCam spectra (D. Kashino et al. 2023).
Furthermore, any spatial extent along the dispersion’s
direction will also extend the lines. We examined a sep-
arate set of NIRCam reductions designed to mitigate fil-
tering artifacts (G. Kotiwale et al. 2026) without finding
any qualitative difference or strengthened evidence. We
therefore state conservatively that the emission profile

is consistent with emission from winds, but the evidence
on this alone is not as strong as what is described below
based on absorption signatures.

3.2. Emassion Line Ionization Diagnostics

The combined UV and optical spectral coverage in
these stacks yields a number of line ratios that can be
used to study ionization conditions.

First, a clear detection of strong [O 111] AA4960, 5008A
and H~y without associated O 111] M364A provides evi-
dence that the stack is dominated by an ISM with low
to moderate electron temperature T,. While J. Matthee
et al. (2023) report a 5.30 detection of [O 111] \4364A in a
stack of all 117 galaxies in the J0100 field, the full MAS-
QUERADE sample—which has 104 objects; spans a sec-
ond field; normalizes by UV f, rather than f around
[O 1I1] 4960, 5008; and is selected for higher continuum
luminosity—shows no evidence of auroral line emission.
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Table 2. Selected Optical Line Transitions and Measured Quantities

Ion Arest ~ Component v o AN at vso W,
A kms™! kms™! kms™! A
HpB  4862.7 Single —19.871%7 188.2715¢ 825 30.1739
Hy 43417 Single —19.87137  188.2715¢  86.8 13.37%%
[O1m] 50082  Narrow 03755 127.671% 816 1611777
[O11]  5008.2 Wide —44.871%5  351.0731% 816 135.47150
(O]  4960.3  Narrow 0335 1276715 818 55.47%°
[O11]  4960.3 Wide —44.87135 35107371 818 46.872
[O1]  4364.4 Single 0.3 127.6 86.5 1.771%

NOTE—We rounded vacuum wavelengths, velocities, and equivalent widths to one

decimal place. For [O III] 4364, we fixed the velocity and standard deviation to

match the narrow components of [O III] 4960, 5008.

This is reflected in the ratio of Hy/[O 111] 4364, which
Matthee et al. report as 2.125, but we measure at = 3
(30 lower limit). More directly, using a measured upper
limit on I4364, we find a 3o lower limit on the ratio:

For these reasons, several alternative rest-UV ratios
have been proposed as AGN/star-formation discrimi-
nants for high redshift (A. Feltre et al. 2016). We derive
the following values from the MSAExp measurements in
Table 1:

1(4960 + 5008A
Riomy = ( ) 2 89. (2)
I(4364A) O 111, 446/He 1640 = 0.58 £ 0.18 (4)
Together with a low dust reddening and attenuation in- C 11 ggg/He Tgg0 = 1.31 £ 0.33 (5)
ferred from the ratio I(HgB)/I(H~vy) = 2.27+0.32 (consis- C 1vy548/He 111640 = 0.67 £ 0.22 (6)

tent with the Case B expectation of 2.14), Rjo ) 2 89
implies an excitation temperature T, < 13, 600K, which
disfavors a dominant ionization contribution from AGN.

On the other hand, the same ionization conditions
can be produced by very young stellar populations with
hard ionizing continua (e.g., Wolf-Rayet stars, stripped-
envelope binaries, X-ray binaries, or hot, massive low-
metallicity stars). These scenarios are all plausible in
the early universe and are not easily distinguished from
narrow-line AGN at our spectral resolution. The Ha re-
gion of the classic optical BPT diagram lies outside of
our NIRSpec/NIRCam spectral coverage, but we mea-
sure a stacked value of

[O 15008 /HB = 9.9 £ 1.2, (3)

which is near the maximum value expected of either star
forming galaxies or AGN (L. J. Kewley et al. 2001),
and = 3x higher than typical low-redshift star forming
galaxies. However at z ~ 6 our spectra do not cover [N
IT] or Hey, and the locally-derived BPT diagram becomes
a less discriminating diagnostic as lower-metallicity star
forming galaxies approach the AGN locus, and metal-
poor narrow-line regions also move into the star-forming
locus (H. Ubler et al. 2023; Y. Harikane et al. 2023; J.
Scholtz et al. 2025).

Comparing these ratios to star-forming and AGN pho-
toionization models places the stack in a region compati-
ble with highly ionized outliers among young starbursts,
while still lying near the overlap with low-ionization
AGN. The observed C 111] /He 11 ratio in particular is
difficult to reproduce with AGN models (A. Feltre et al.
2016), but this diagnostic should be treated cautiously
given the potential second-order contamination in the
C 1] spectral region.

3.3. Emission Lines’ Summary

Summarizing our results on the velocity profiles and
ratios of stacked emission-lines, we find:

e The semiforbidden lines are narrow and agree
well with the emission-line redshifts obtained by
EIGER using NIRCam slitless spectroscopy, val-
idating cross-instrument wavelength and redshift
calibration.

e The Lya profile has similar strength to z ~ 3
stacks and is redshifted by ~ 250kms~! relative
to the systemic frame. Likewise there is tentative
evidence of broadening in the [O 111] profile. We
interpret these as velocity signatures of outflows.
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e The presence of He 11, O 111] , and C 111] , together
with high [O11]/HB and non-detection of [O111]
364, indicates an enhanced ionization condition
but a low electron temperature in the composite
spectrum of the ISM. The high-ionization lines ap-
pear stronger than in z ~ 3 stacks.

e The narrow emission line widths favor ioniza-
tion driven by young, hot stars. The linewidths
rule out a dominant contribution from broad-line
AGN, but cannot strictly exclude narrow-line nu-
clear emission.

Together, these diagnostics paint a picture of an ISM
that is highly ionized by sources that have significant
flux at the He 11 edge but are not energetic enough to
drive heating that would produce auroral emission or
generate large velocity widths. The required stars have
Togr =~ 60,000 — 100, 000K (hotter than the O sequence,
which is opaque at the He+ edge) and could include bi-
nary stripped Helium stars (Y. Gotberg et al. 2023), or
low-metallicity massive stars in binary population mod-
els (E. R. Stanway & J. J. Eldridge 2019; D. Schaerer
2002).

The evidence therefore favors an interpretation where
ionization in the composite is driven by similar hot stars
rather than AGN, to the extent that these can be dis-
ambiguated given our SNR and spectral resolution plus
the reliability of model diagnostics.

3.4. Absorption Line Properties

With the rest frame cross-validated between NIRSpec
and NIRCam, we now turn to absorption lines, many of
which show clear evidence for a blueshift relative to the
systemic rest frame.

Figure 4 provides a visual summary of the centroid
measurements in Table 1, showing broad agreement
around a Av ~ —200kms~! velocity offset for Si 11 ,
Cu,0O01,S1v,and C1v. The N v doublet ex-
hibits an even larger blueshift, but we discard it from
subsequent analysis because the continuum level in that
region is compromised by proximity to Ly« in emission
and absorption. Fe 11 is the weakest line detection and
is slightly offset from the mean value for the MSAExp
reduction, but not at a statistically significant level. In-
cluding all lines except N v ;| we find a weighted-average
velocity offset of (—178 4 36) kms~! at 4.9¢ significance
[(—204 £ 35) kms~! at 5.80 significance].

Although the C 1v and Si 1V lines are among our clean-
est absorption fits, they are also more likely to reflect
stellar wind signatures distinct from any outflows from
the bulk ISM (e.g. J. R. Rigby et al. 2018). The detailed
C 1v profile in Figure 2 in particular shows evidence of

residual absorption at larger Av not captured by our
simple Gaussian fit, at velocities up to ~ 1000 kms~!
that are characteristic of stellar winds. If one excludes
these transitions from the average to focus only on low-
ionization ISM lines, the resulting outflow velocities are
reduced to —166 + 49 km s~ 1[—178 + 46 km s71].

4. DISCUSSION
4.1. Outflow Trajectories

Our blueshifted absorption-line measurements provide
statistically significant evidence for outflows that trans-
port enriched gas out of star-forming regions, qualita-
tively similar to winds observed in starburst galaxies at
lower redshift. Given that heavy-element absorption is
routinely seen in quasar spectra even at these redshifts
(R. L. Davies et al. 2023a), and that galaxies in the first
Gyr are typically less massive than their later counter-
parts, it is tempting to link these outflows to intergalac-
tic and circumgalactic chemical enrichment. However,
this connection must be balanced against the short Hub-
ble time and the still-shorter star-formation ages of these
systems, which may limit the distances winds can tra-
verse.

To assess wind propagation we integrate a toy model
in which a wind particle moves under the exclusive in-
fluence of the galaxy’s gravity (i.e., neglecting hydrody-
namical interaction with the IGM or nearby compan-
ions). Expressed in comoving distance x, the equation
of motion is:

G (7)

where H = H(z) is the Hubble parameter, a is the scale
factor, and M is the enclosed mass (assumed to be dark-
matter dominated). The second term on the right-hand
side is the galaxy’s gravitational acceleration, while the
first term captures Hubble drag on peculiar velocities;
this drag is larger at high redshift [e.g., H(z = 6.5) =~
778 km s~ Mpc 1], but still a smaller effect than gravity
because winds start deep within the halo potential.

We integrate Equation 7 for every galaxy in the sample
over the age of its stellar population, assuming a fixed
initial outflow velocity voutgow = 200kms~! that we
found in Subsection 3.4 plus initial positions and masses
derived from NIRCam photometry (described below).
This represents the maximum distance a cosmological
and free-falling wind could travel if launched at the onset
of star formation.

We set the initial position of each wind particle at the
galaxy’s Kron radius converted to physical units, mea-
sured from F356W photometry using SExtractor (J.
Matthee et al. 2023) and the angular diameter distance
appropriate to that object’s z. This choice implicitly as-

¥ =—2HX - —
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Figure 5. Summary of wind trajectories for the sample
galaxies (see text). Solid blue lines indicate outflowing por-
tions of the trajectories, while dashed lines depict turnaround
and infall where applicable. The solid blue dot on each tra-
jectory marks its maximum achieved wind distance. For
young winds this is bounded by the integrated distance over
travel time, but for old gravitationally bound winds the max-
imum is the turnaround radius. With a dashed black line,
we demarcate the average (Rzo()) for our halos according to
MSAExp’s weights. (Raoo) for PypeIt is similar: 33.7 pkpc.

sumes order-unity covering factors for the absorbing ma-
terial. Galaxies at these redshifts are compact; for our
sample, the median Kron radius is 0//376, corresponding
to 2.18 proper kpc. Depending on morphology, the Kron
radius is typically 2-3x larger than the half-light radius
R, ~ 1lkpc. Launching winds from the Kron radius
rather than from R., and also using an initial velocity
of —200 km s~! for all ions rather than —170 km s~!
for the low-ions alone, yields larger final wind bubbles
and therefore provides a conservative upper bound on
enrichment radii.

Prospector fits to the NIRCam data (which incor-
porate photometry in F115W, F200W, and F356W as
well as line fluxes for [O 111] AA4960,5008 and Hf) also
provide a posterior on each galaxy’s age too (the time
at which 20% of each galaxy’s total stellar mass was in
place). We set the wind launch time for each galaxy to
this epoch, effectively integrating for 80% of its inferred
star-formation history.

The Prospector fits consist of a composite SED with
a stellar population plus nebular emission lines calcu-
lated using CLOUDY model grids. FExplicit inclusion of
[O 111] and HP line fluxes in the fits was essential to ob-
tain meaningful results, as these lines sometimes domi-
nate the total flux in broadband photometric filters. We
experimented with delayed-r and non-parametric mod-
els of the star formation history (SFH). Because most

galaxies are young by construction at z ~ 6, the delayed-
7 model was a less useful representation of its SFH: es-
sentially every galaxy is in a quasi-linear rising phase
of the SFH. We therefore quote model fits based on
Prospector’s non-parametric SFH fits. Given our small
compliment of filters, the derived stellar mass is the most
robust output parameter, with SFR and galaxy age car-
rying larger uncertainty (these parameters are coupled
for a given stellar mass). We do not use the derived
SFR for analysis, but ¢y is an important input to wind
models. The posterior distribution of Prospector’s ty
quantitatively encodes this age uncertainty, which we
propagate into the wind model and consider carefully
when interpreting model results.

For the halo mass in Equation 7, we apply a time-
evolving NFW profile. From Prospector’s inferred
stellar mass, we derive the halo mass via abundance-
matching according to UniverseMachine (P. Behroozi
et al. 2019). Setting this as the halo mass at the epoch of
observation, we backtrack the prior halo mass at earlier
times using fitting formulae for the median halo growth
in the Millennium simulation (O. Fakhouri et al. 2010).

We then integrate Equation 7, evaluating the scale
factor, Hubble parameter, and the evolving halo mass
at each time/redshift step. Given the redshift and halo
mass, we query COLOSSUS (B. Diemer 2018) for the NFW
profile’s concentration at each step. Only the mass
interior to the instantaneous wind-particle radius con-
tributes to the gravitational term.

To gauge how uncertainties in 99 and the halo mass
affect our radii of enrichment, we run three scenarios. In
the first “median” scenario, we set tog and the halo mass
at their posterior distributions’ medians. We then run
a “maximal” or conservative wind scenario that maxi-
mizes the radius of enrichment by employing the eighty-
fourth percentile of t5g to extend the outflow’s time and
the halo mass matching the inferred stellar mass’s six-
teenth percentile to minimize gravitational deceleration
by the wind. Our third run is a Monte Carlo simula-
tion. For every galaxy, we draw and integrate 100 ran-
dom samples from posterior distributions of 59 and the
halo mass.

Figure 5 shows individual wind trajectories in our me-
dian scenario. The majority of the sample is very young
(t20.med =~ 38Myr), so a 200kms~! wind launched at
the onset of star formation will have traveled only a few
proper kpc and not yet reached any terminal radius. For
some older systems, the wind stalls at < 10kpc and ma-
terial falls back; this simple model does not include later
episodes of star formation and recurrent outflows that
can cycle material between the ISM and the emerging
CGM. For the 12 galaxies with implied formation red-
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Figure 6. Histogram of maximum wind distances Dmax for
our median scenario. Dmax 1S either the turnaround radius
for stalled winds or the propagation-limited radius at the
observation epoch. For compactness, this histogram excludes
the four longest-distance winds: 13.7kpc, 15.2kpc, 26.4 kpc,
and 37.2kpc.

shifts z > 8, a 200kms~! wind launched from < 2kpc
in a 10'° M, halo remains bound, reaching a maximum
distance Dp.x ~ 5-15kpc before stalling, though two
galaxies do approach the virial radius. The large ma-
jority begin forming stars at z =~ 6.5-7.0 and have ages
< 100 Myr; for all but the most massive halos, their
winds have not yet stalled but also have not had time
to propagate more than D ~ 5-10 proper kpc.

These results are summarized in the histogram of
Dax in Figure 6. The largest wind bubble, not shown
in Figure 6 for compactness, implied by this exercise is
~ 37kpc, comparable to the virial radius Rogg for our
average sample galaxy. Most objects yield Dpyax &~ 3—
9kpc, meaning they can lie well outside the stellar com-
ponent but may not yet have escaped their dark-matter
halos into the IGM.

Figure 7 depicts cumulative distribution functions for
our conservative and Monte Carlo scenarios. We also
marked each distribution’s medians and fit a lognor-
mal distribution to the Monte Carlo scenario. The
Monte Carlo scenario’s median of 4.3 pkpc approxi-
mately matches that of the median scenario. While
the conservative scenario boosts the median distance by
around 55%, the distances remain small, as only about
20% reach 10pkpc. Altogether, the scenarios convey
that our finding of short-distance winds from the onset
of star formation until the epoch of observation is robust
to inferential uncertainties.
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Figure 7. Empirical cumulative distribution functions for
our conservative and Monte Carlo scenarios. We overlaid a
lognormal fit to the Monte Carlo distribution.

4.2. Implications for Production of Metal Absorption
in Quasar Sightlines

Early JWST observations of galaxies in quasar fields
have yielded several examples of galaxy/metal-absorber
pairs at nearly coincident redshift (J. Higginson et al.
2025; R. Bordoloi et al. 2024; S. Zou et al. 2024; Y. Wu
et al. 2023). Here we examine whether the winds ob-
served in MASQUERADE’s [O111] emitters could con-
tribute meaningfully to the total cross section of ran-
domly intervening heavy-element absorption systems.

In the EIGER quasar fields, J. Higginson et al. (2025)
report five groups of [O 111] emitters near neutral O1 ab-
sorbers, with the nearest galaxy to the sightline having
impact parameters b = 25, 41, 120, 148, and 158 pkpc,
respectively. Likewise, R. Bordoloi et al. (2024) exam-
ined Mg 11 absorbers in one of the observed EIGER fields
over a wide redshift range. If we consider galaxies at
z > 5.7 from that sample (i.e., matched in redshift to the
MASQUERADE stack), the nearest object to the sight-
line is at b = 82 pkpc (excluding a galaxy—absorber pair
at 17pkpc at the redshift of the background quasar),
and the remaining objects lie at 120 < b < 250 pkpc.

The maximum wind radii derived from our toy
model—which assumes an initial 200 kms~! outflow ve-
locity launched at the Kron radius and ages inferred
from stellar population fits—are too small to reach these
impact parameters. This suggests that the metals ob-
served as absorption in the quasar spectra may not nor-
mally originate from the nearest observed galaxy and
therefore cannot be immediately interpreted as its own
circumgalactic matter.
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The principal caveat to this conclusion is that MAS-
QUERADE survey galaxies are brighter (by design)
than randomly selected counterparts from blind sur-
veys like EIGER. The average object in J. Higginson
et al. (2025) or R. Bordoloi et al. (2024) has an order-
of-magnitude lower stellar mass which corresponds to
a ~ 3x reduction in halo mass decelerating the wind.
Integrating Equation 7 with a 3x lower halo mass re-
veals that the final radius in an NFW halo depends on
My, to a greater degree than a point mass but still with
a fairly shallow slope. The maximum radius increases
by 50%, which is significant but not sufficient to bridge
the gap between inferred and observed impact parame-
ters. While a reduction in mass alone is not sufficient
to launch winds to large distance for any single halo,
a combination of slightly larger wind bubbles and in-
creased number density of fainter galaxies can increase
the probability of coincident identifications.

We can interrogate this hypothesis statistically by es-
timating the number density of absorption systems that
observed [O111] emitters could plausibly produce in a
survey like EIGER or MASQUERADE (as MASQUER-
ADE is a subset of EIGER). Assuming winds from [O 111]
emitters are metal enriched and contribute to the in-
tervening metal lines seen in QSO spectra, the absorp-
tion frequency can be estimated via the cross section
o = wR2__ (in physical units) and the comoving num-
ber density of host galaxies n. derived by integrating
the luminosity function:

% = Hio Neo. (8)
Integrating the luminosity function from J. Matthee
et al. (2023) — the parent sample for MASQUER-
ADE — over log [L[O )/ (erg s_l)] = [42.0,43.4] with
a = —2.0 yields n, = 0.00152cMpc~3. We can then
simplify Equation 8:

dN Rinax )2
— = 0.00095 | ——— | . 9
dX (O 1] (6.7 pkpc 9)

emitters

where the reference value of 6.7 pkpc reflects the median
of the conservative (in the sense of large wind distances)
distribution in Figure 7. If we instead use the Monte
Carlo distributions, we find dN/dX = 6.2739 x 1074
There are numerous surveys of heavy-element ab-
sorbers in high-redshift quasar spectra that report
dN/dX values much larger than these values. For ex-
ample, R. L. Davies et al. (2023b) find dN/dXcrv =
0.16 (0.79) for absorbers with 13.8 < log(Ncrv) < 15.0
(13.2 < log(Ncrv) < 15.0). G. D. Becker et al
(2019) studied OT1 absorbers with sensitive equivalent-
width limits (W > 0.05A) and reported dN/dXor =

0.4211099%. S-F. S. Chen et al. (2017) surveyed 100
sightlines for Mg1I at similar redshifts and W > 0.3 A,
finding dN/dXnerr = 0.324 £0.042, and L. Christensen
et al. (2023) report comparable values for Mg11, C11, and
Sitt (with differing equivalent-width thresholds across
surveys).

It is neither straightforward nor particularly infor-
mative to attempt a detailed reconciliation of differ-
ing ion-specific dN/dX measurements and equivalent-
width cutoffs here. Instead, we emphasize that our
toy-model wind bubbles under-produce the observed
heavy-element QSO absorption frequencies by a factor
of ~ 160-4500 for plausible choices of ion and sensitivity
threshold.

The key implication is that the galaxies represented
in MASQUERADE’s stack are generally too young, and
their winds are too slow, to pollute enough volume to
produce most of the metal lines seen in the IGM. Recon-
ciling this discrepancy requires either (1) substantially
larger wind bubbles, or (2) enrichment driven by fainter
galaxies clustered near the observed [O111] emitters, or
both. The fainter EIGER sample, however, has uncov-
ered very few [O 111] emitters at impact parameters ap-
proaching our bubble radii, nor even fainter photometric
candidates.

Matching intervening absorber observations via bub-
ble cross section alone would require winds to travel a
larger distance, by a factor equal to the square root of
the observed-to-inferred dN/dX ratio. If this ratio is
~ 160—4500, then bubble radii would need to be ~ 13—
67x larger. Factors that influence the propagation dis-
tance in our toy model are galaxy age and mass (derived
from stellar-population synthesis and halo abundance
matching), as well as initial wind velocity; we consider
each in turn below.

Age: From Figure 5, it is clear that most wind bub-
bles are limited by finite propagation time more than by
gravitational deceleration, indicating that galaxy age is
a key determinant of bubble size. In our Prospector fits
based on only three photometric bands and two inde-
pendent line fluxes (see Section 4.1), stellar mass is the
most robust parameter, while age and SFR are some-
what more uncertain. The median Prospector tog for
our sample and integration time for the wind model is
38 Myr. For our median galaxy with M, = 1033% M,
the expected SFR on the main sequence or starburst
track is ~1-10 Mgy yr~—!; we find a median SFR of
3.8 Mg yr~! averaged over 10 Myr from Prospector,
and a consistent 3.6 Mg yr~! when scaled from the HB3
flux. Dividing stellar mass by SFR yields an order-of-
magnitude age consistent with the Prospector outputs.
Thus, while older galaxies could produce larger bub-
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bles, doing so would typically require SFRs below ex-
pectations for the main sequence and weaken the winds.
Errors in ages or bubble cross sections are unlikely to
resolve the orders-of-magnitude discrepancy.

Further support for young star formation ages comes
from independent beagle modeling of UV-bright galax-
ies like those in MASQUERADE but with many more
photometric bands (R. Endsley et al. 2025). For objects
at Myy ~ —20, the majority of their inferred stellar
mass is generated in recent bursts with ages of tens of
Myr and rising SFR.

Initial Velocity: Galactic wind turnaround radii are
sensitive to the initial wind speed in our toy model,
which we set to —200 km s~! to match our fits to ab-
sorption velocity centroids (~ 35 km s~! uncertainty).
The absorption fits are well converged, and it is unlikely
that these Gaussian profiles (essentially an optical-depth
weighted velocity) are incorrectly fitting material that is
moving faster by the factor of 13 — 67 necessary to ex-
plain the metal-line dN/dX.

However, in many lower redshift outflows, one ob-
serves an asymmetric absorption profile characterized by
a higher velocity tail extending to the blue of the line
center, particularly in high-ionization species. We see
tentative evidence of this in a broadening of the C 1v pro-
file, but, as noted elsewhere (e.g., J. R. Rigby et al. 2018;
A. Shaban et al. 2023; R. Bordoloi et al. 2016), C 1v ab-
sorption can arise from fast stellar winds that can be
difficult to disentangle from the outflowing ISM. We do
not observe high-velocity tails in other ions. Although
we acknowledge the possibility of fast winds not visible
at the SNR of our stack, the present data do not show
compelling evidence of asymmetry in the low-ionization
lines that are most clearly associated with galactic out-
flows.

Galazy Mass: We explained above that uncertain-
ties in stellar mass estimates have only a weak effect
on outflow distance for any individual galaxy and can-
not explain the discrepancy in dN/dX. However, when
considering the collective galaxy population, an alterna-
tive route is enrichment from fainter, undetected galax-
ies that are more numerous by 2-3 orders of magnitude.
For a faint-end slope o = —2 of the UV luminosity func-
tion (R. J. Bouwens et al. 2021; H. Atek et al. 2026), the
number density increases by one dex for each dex fainter
in luminosity. Hence, it would be feasible to reproduce
the observed dN/dX if winds of similar radius originate
from objects 2.2-3.7 dex fainter than those in our MAS-
QUERADE stack (i.e., M, ~ 10°-10% Mg). R. Endsley
et al. (2025) found that these lower mass galaxies of-
ten formed more of their stellar mass at earlier times,
thereby providing more time for winds to propagate.

On the other hand, K. S. Glazer et al. (2025) measure
weaker outflow velocities in their stack of lower-mass
galaxies than we do for MASQUERADE.

A detailed quantitative analysis of these interacting
effects is beyond the scope of this paper; most likely a
combination of all the above is at play. While bright
galaxies like those in our MASQUERADE stack almost
certainly do not produce the majority of QSO metal
absorbers, they may account for a few percent of the
total and are likely to cluster with satellites that have
10-100x lower stellar mass. These smaller objects are
10—-100x more numerous and can provide a larger aggre-
gate cross section. The absorber—[O 111] emitter pairings
seen at b > Raogg in R. Bordoloi et al. (2024) and J.
Higginson et al. (2025) may reflect clustering on group
or larger scales (Simcoe, in prep.), with dynamical in-
teractions helping to distribute mass and metals in ways
not captured by the simple models considered here.

5. CONCLUSIONS

We present a stack of 104 galaxies with 5.7 < z < 6.9
and F1156W < 27, observed with JWST/NIRSpec’s
G140M grating and covering rest-frame UV wavelengths
from Lya through C 111] A1909 A at R ~ 1000. The sam-
ple has a weighted mean redshift of z = 6.50 and mean
stellar mass M, = 10893 Mg. The stack has continuum
SNR of 10.25 (7.83), which enables detailed comparison
of emission and absorption line properties with other
composite spectra in the literature at varying redshifts.
Our main findings are:

1. Qualitatively, the normalized stack is extremely
similar to the z ~ 3 composite of Lyman-break
galaxies by A. E. Shapley et al. (2003) in contin-
uum shape, emission, and absorption line proper-
ties, despite differences in selection (blind [O111]
grism survey versus Lyman break selection).

2. We observe strong, unresolved emission from
O 111} AA1660,1666, C 111] A1909, and marginally
resolved He 11 A1640; all but He 11 are at sys-
temic velocities consistent with the [O111] rest
frame. These three lines are stronger in our stack
than the stack by A. E. Shapley et al. (2003) at
z ~ 3, implying higher ionization at earlier times.
At NIRSpec G140M resolution, we can exclude
a dominant contribution from broad-line AGN;
narrow-line AGN remain challenging to rule out
for the narrowest features, and higher-resolution
data would help distinguish between an ISM dom-
inated by ionizing radiation from starbursts, and

one influenced by a low-luminosity, narrow line
AGN.
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3. If the UV emission lines are excited by stellar pop-
ulations, those populations must include young,
hot stars capable of producing photons that ionize
Het. The observed equivalent-width ratios in this
interpretation are challenging to reproduce using
standard stellar populations.

4. We detect clear blueshifted absorption lines from
low- and high-ionization tracers of stellar and/or
galactic winds. MCMC fits yield mean velocity
offsets of ~ 170-200 km s~! relative to systemic.

5. A simple kinematic model indicates that a
200kms~! wind propagating for a typical inte-
gration time tog ~ 38 Myr will reach Ryax ~ 3—
9 pkpc. Most galaxies have Ry ax limited by travel
time; a few reach a terminal radius and remain
bound, falling back toward the center.

6. We estimate the contribution of [O111] emitters
to the absorber incidence dN/dX and find that
Rpnax ~ Hkpce wind bubbles from these galaxies
can account for less than a percent of observed
absorption systems in quasar spectra.

7. While uncertainties in ages and propagation times
could increase some galaxies’ cross sections, the
combination of large observed absorber—galaxy im-
pact parameters and our modeled underproduc-
tion of absorbers suggests that most metal enrich-
ment arises from undetected objects with M, ~
10°-10% M, clustered around observed galaxies.

Overall, the composite spectrum shows remarkably lit-
tle evolution between z ~ 3 and z ~ 6.5, aside from
stronger high-ionization emission lines in the higher-
redshift stack. Higher spectral-resolution observations
of these lines could more decisively rule out narrow-line

AGN if the lines remain unresolved. Our results add to
mounting evidence that, while emission-line galaxies ob-
served with JWST are correlated with the sites of early
enrichment, the bulk of intergalactic metals at these red-
shifts likely originate in fainter, more numerous systems
clustered around the objects we detect.
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Figure 8. Equivalent plot to Figure 2, except for PypeIt reductions of the MASQUERADE data.
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Figure 9. Equivalent plot to Figure 3, except for weights from PypeIt.
B. TABLE OF GALAXIES
Table 3. Our Galaxies
Field Number z TKron Muyv log M, /Mg log Myw/Mg  ta20 SNR
mas mag(AB) Myr Pypelt MSAExp

J0100+-2802 30 5.9436 395 —20.26 8.35 11.41 33 1.68 1.98
J0100+-2802 452 6.6782 350 —18.81 7.61 11.14 8 0.25 0.55
J0100+-2802 812 6.7684 300 —20.23 9.36 11.88 139  1.45 1.54
J0100+-2802 1228 6.3328 328 —20.73 9.45 11.92 38 1.66 1.70
J0100+2802 2007 6.7696 293 —19.71 8.08 11.31 4 0.19 0.33
J0100+-2802 2084 6.7677 275 —19.99 8.62 11.54 36  1.27 1.46
J0100+-2802 2159 6.0079 336 —20.20 8.41 11.44 19 1.02 1.00
J01004-2802 2355 6.1824 342 —19.71 8.69 11.56 59 0.37 0.34
J0100+-2802 3783 6.1826 351 —20.26 9.09 11.75 19  0.67 0.69
J0100+-2802 4080 5.9421 360 —19.64 8.99 11.70 188  0.81 1.07
J0100+2802 4184 6.1866 322 —18.91 7.93 11.25 14 0.32 0.03

Table 3 continued
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Table 3 (continued)

Field Number z TKron Muyv log M, /Mg log Myw/Mg  ta20 SNR
mas mag(AB) Myr Pypelt MSAExp

J01004-2802 4222 6.3300 321 —21.53 9.33 11.86 37 1.56 1.66
J0100+-2802 5378 5.5682 555 —19.29 8.54 11.49 467  0.20 0.26
J0100+4-2802 5581 5.5095 490 —19.22 7.96 11.26 8§ 037 0.42
J01004-2802 5595 5.9897 294 —19.92 8.00 11.28 15 0.60 0.33
J0100+-2802 5671 5.9863 355 —18.92 8.64 11.54 690 0.81 0.96
J0100+4-2802 6733 6.7681 275 —21.90 9.39 11.90 52 5.24 5.24
J01004-2802 7194 6.1884 0.09 0.21
J0100+-2802 7230 6.8300 540 —19.40 8.12 11.33 34 0.06 0.23
J01004-2802 7430 6.6630 328 —19.18 7.97 11.27 18  0.50 0.56
J01004-2802 8514 6.1819 289 —18.22 7.01 10.94 5 0.35 0.54
J0100+-2802 9273 6.1866 345 —20.51 8.67 11.55 19 034 0.41
J01004-2802 9970 6.3244 477 —19.39 8.44 11.46 54  0.83 0.67
J0100+-2802 10116 5.7808 393 —20.85 8.85 11.63 42 1.04 1.30
J0100+2802 10235 6.3441 0.46 0.61
J01004-2802 10287 6.7696 367 —19.76 7.85 11.23 26 1.23 0.48
J01004-2802 10683 6.3278 329 —19.06 8.01 11.28 128  0.70 0.98
J0100+2802 10998 6.3259 402 —21.73 9.29 11.85 38 1.30 1.56
J01004-2802 11362 6.3282 376 —19.82 7.51 11.10 4 045 0.54
J0100+4-2802 11743 6.8112 289 —21.27 9.61 12.01 558 1.97 a

J0100+4-2802 11981 6.8218 3.14 3.10
J01004-2802 12217 6.7731 1.81 2.04
J0100+4-2802 12285 6.2028 421 —20.20 8.42 11.45 35 1.41 1.76
J01004-2802 12643 6.5890 324 —18.99 8.45 11.46 555  0.32 0.30
J0100+-2802 12754 6.3272 370 —20.14 8.80 11.61 39 0.22 0.02
J0100+2802 12817 5.9065 297 —17.27 6.92 10.90 4 0.16 0.20
J01004-2802 13590 6.1878 372 —18.95 8.19 11.35 39 047 0.47
J0100+-2802 13753 6.1804 357 —20.19 9.02 11.71 39 1.04 0.78
J0100+2802 13864 6.2763 359 —-17.67 6.86 10.89 4 032 0.32
J01004-2802 15162 6.1935 341 —19.89 8.82 11.62 41  0.43 0.54
J0100+2802 15437 6.7679 555 —19.45 7.84 11.22 17 0.32 0.32
J0100+2802 15612 6.7639 0.71 0.86
J01004-2802 15627 6.2040 421 —17.58 7.21 11.00 19  0.23 0.13
J0100+2802 16184 5.7690 508 —18.64 7.64 11.14 33 0.24 0.33
J01004-2802 16322 6.3230 323 —19.45 8.42 11.45 83  0.80 0.86
J0100+-2802 16479 6.3338 370 —20.20 8.35 11.42 18 1.18 1.32
J0100+2802 16759 6.3785 301 —20.60 8.29 11.39 36  1.39 1.17
J01004-2802 17352 6.1842 508 —18.50 8.28 11.39 135  0.09 0.09
J0100+-2802 17385 6.7707 2.72 2.97
J0100+-2802 17435 6.7532 306 —18.75 7.55 11.12 5 054 0.31
J01004-2802 17492 6.7277 419 —19.12 7.71 11.18 24 0.64 0.67

Table 3 continued
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Table 3 (continued)

Field Number z TKron Muyv log M, /Mg log Myw/Mg  ta20 SNR
mas mag(AB) Myr Pypelt MSAExp
J01004-2802 17577 6.7702 334 —22.09 9.86 12.12 36  1.85 1.40
J0100+-2802 18057 6.1932 368 —20.05 8.82 11.62 38 0.51 0.63
J0100+2802 18061 6.3309 369 —20.16 8.44 11.46 37 1.39 1.54
J01004-2802 18268 6.6357 348 —20.23 8.24 11.38 18 1.50 1.52
J11484-5251 2429 5.5802 332 —17.66 7.99 11.27 63  0.38 0.38
J1148+5251 2637 6.0372 333 —-21.17 9.49 11.94 401 1.46 1.86
J1148+5251 3052 6.4898 313 —18.90 7.85 11.23 536  0.37 0.59
J11484-5251 3391 6.0751 370 —20.07 8.83 11.62 91 1.74 1.88
J1148+5251 3461 6.0386 293 —20.30 8.70 11.56 40  1.36 1.60
J11484-5251 3607 5.4492 310 —18.80 8.11 11.31 153  0.59 1.07
J11484-5251 3608 6.0418 403 —19.15 8.29 11.39 77 045 0.43
J1148+5251 3609 6.9081 571 —17.77 .77 11.20 65 0.11 0.17
J11484-5251 3781 5.9236 376 —20.37 9.44 11.91 112 1.00 1.90
J1148+5251 3822 6.3749 0.11 0.24
J1148+5251 4246 6.4846 427 —19.69 8.47 11.47 36 0.45 0.54
J11484-5251 4376 6.4881 362 —20.86 9.51 11.95 414 0.79 0.99
J1148+5251 5123 6.4792 558 —18.74 8.02 11.29 35 0.34 0.41
J1148+5251 6406 6.4851 407 —18.40 7.38 11.06 9 0.72 0.42
J11484-5251 6584 6.5805 376 —18.87 7.51 11.11 18 0.19 0.39
J1148+5251 7217 6.4223 429 —18.67 7.96 11.27 56  0.31 0.50
J11484-5251 8234 6.2564 287 —17.09 8.51 11.48 276 0.27 0.26
J11484-5251 8871 6.3881 334 —-17.91 7.67 11.16 39 031 0.18
J1148+5251 9232 6.0662 414 —16.68 6.96 10.92 7 019 0.23
J11484-5251 9314 6.1561 328 —19.82 8.82 11.62 548  0.82 1.32
J1148+5251 9428 6.7687 318 —18.36 7.26 11.02 61 0.35 0.37
J1148+5251 9799 6.4772 329 —18.15 8.18 11.35 79 0.04 0.19
J11484-5251 10290 6.4211 389 —20.13 8.77 11.60 30 1.02 1.87
J11484-5251 10586 5.8172 490 —18.78 7.85 11.22 344 047 0.80
J1148+5251 10727 5.7030 302 —18.91 7.98 11.27 42 0.92 0.53
J11484-5251 11709 6.5031 303 —20.81 8.94 11.68 33 194 2.23
J1148+5251 11725 6.2062 373 —19.77 8.71 11.57 149  0.62 0.75
J11484-5251 12115 6.9037 465 —19.28 8.04 11.30 36  0.88 0.79
J11484-5251 12277 6.4141 283 —20.88 9.63 12.01 149 1.71 2.34
J11484-5251 13418 5.4283 487 —18.74 7.25 11.01 4 028 0.61
J11484-5251 14101 6.8895 367 —19.86 8.09 11.32 17 097 1.08
J1148+5251 14236 6.4198 406 —19.29 7.47 11.09 9 037 0.77
J1148+5251 14780 6.8873 332 —20.75 8.79 11.61 76 1.12 1.50
J11484-5251 15411 6.9112 283 —21.59 9.61 12.01 65 2.42 2.42
J1148+5251 16089 6.3793 284 —18.73 8.44 11.46 32 0.53 0.38
J1148+5251 16651 6.9033 371 —20.49 8.76 11.60 46 0.59 0.61

Table 3 continued
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Table 3 (continued)

Field Number z TKron Muyv log M, /Mg log Myw/Mg  ta20 SNR
mas mag(AB) Myr Pypelt MSAExp
J1148+5251 16736 6.9072 271 —20.56 8.96 11.69 68 1.40 1.31
J1148+-5251 16802 6.3949 339 —20.87 9.01 11.71 37 0.59 1.26
J1148+-5251 16972 6.9049 449 —20.14 8.43 11.46 35 1.07 1.14
J1148+5251 17076 6.4532 501 —19.49 7.75 11.19 17 0.08 1.41
J1148+-5251 17242 6.7945 0.71 0.82
J1148+-5251 17433 6.2556 521 —16.41 7.65 11.15 49 0.16 0.15
J1148+5251 17783 5.9258 417 —17.59 7.7 10.98 38 0.24 0.30
J1148+-5251 18178 5.7293 367 —17.23 7.06 10.95 16 1.35 1.31
J1148+5251 18852 5.4387 382 —16.88 6.92 10.90 5 0.13 0.09
J1148+5251 18887 6.0107 339 —18.79 8.37 11.42 695 0.08 0.09
J1148+-5251 19229 6.7494 412 —19.10 7.75 11.19 17 0.49 0.65
J1148+5251 19514 5.6863 303 —18.06 11.06 12.53 701 0.40 0.81
J1148+-5251 19692 6.9016 336 —20.18 8.62 11.54 36 1.54 1.49

@MsAExp did not extract this galaxy because it shares a slit with the brighter galaxy 11981.
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