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ABSTRACT

Tonized proximity zones around luminous quasars provide a unique laboratory to characterize the
Lya emission lines from z > 6 galaxies without significant attenuation from the intergalactic medium
(IGM). However, Ly« line measurements for galaxies within high-redshift quasars’ proximity zones have
been rare so far. Here we present deep spectroscopic observations obtained with the NIRSpec/MSA
instrument on the James Webb Space Telescope (JWST) of galaxies in two z > 6 quasar fields. We
measure the Lya line fluxes for 50 galaxies at 6 < z < 7 with UV absolute magnitude Myy < —19
(median Myy = —19.97), among which 15 are located near the luminous quasars, i.e. within Av <
2500kms~!. We find that galaxies near the quasars show significant flux bluewards of the systemic
Lya wavelength, and have higher Lya equivalent width compared to galaxies at similar redshifts that
are not located within the quasars’ environment. Our result indicates little or no redshift evolution
for the Lya-emitter fraction from z ~ 6.4 to z ~ 5. Leveraging the low IGM opacity in the quasars’
vicinity, we evaluate the Lya escape fraction (f®) of high-redshift galaxies. Our analysis suggests
that galaxies at ~> ~6.4 have an average f¥® = 0.1440.04. This value is consistent with reionization
models where the Lyman continuum escape fraction is low (fL¥¢ < 0.1) for luminous galaxies, and
where the most luminous galaxies have only a minor contribution to the total ionizing photon budget.

Keywords: Galaxies (573)

1. INTRODUCTION

The Epoch of Reionization (EoR) represents the last
major phase transition of the universe, where the neutral
hydrogen fraction of the intergalactic medium (IGM)
changes from ~ 1 to ~ 0 between redshift z ~ 20 and
z ~ 5.5 (e.g., S. E. I. Bosman et al. 2022; B. E. Robert-
son 2022). The overall history of reionization has been
constrained by various observations, including the Cos-
mic Microwave Background measurements (e.g., Planck
Collaboration et al. 2020), quasar transmission fluxes
and damping wings (e.g., X. Fan et al. 2006; J. Yang
et al. 2020; X. Jin et al. 2023; D. Durovcikové et al.
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2024), and Ly« lines from high-redshift galaxies (e.g.,
C. A. Mason et al. 2018, 2019; I. G. B. Wold et al. 2022;
M. Tang et al. 2024a; Y. Kageura et al. 2025; H. Umeda
et al. 2025). Nonetheless, it is still under debate which
type of sources dominates the ionizing photon produc-
tion. Specifically, several studies have suggested that
luminous galaxies make a major contribution to reion-
ization (e.g., M. Sharma et al. 2016; R. P. Naidu et al.
2020; J. Matthee et al. 2022), while others found that
the ionizing photon production is dominated by faint
galaxies (e.g., R. J. Bouwens et al. 2012; S. L. Finkel-
stein et al. 2019; H. Atek et al. 2024).

One reason for this debate is the highly uncertain Ly-
man continuum (LyC) escape fraction (f2C) for the
EoR galaxies. Due to the high IGM opacity to LyC
photons at z 2 6, it is impossible to directly measure
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the leaking LyC flux from EoR galaxies. Several indi-
rect methods have been employed to infer the escape
fraction of galaxies at z 2 6, including observations for
low-redshift counterparts of z > 6 galaxies (e.g., C. C.
Steidel et al. 2018; R. P. Naidu et al. 2018; Y. L. Izo-
tov et al. 2018), computing the ionizing photon budget
that is needed to produce the observed neutral fraction
evolution (e.g., S. L. Finkelstein et al. 2019; R. P. Naidu
et al. 2020; B. E. Robertson 2022), and adopting predic-
tions from cosmological simulations (e.g., X. Ma et al.
2015, 2016; J. Rosdahl et al. 2022). Nevertheless, the
inferred LyC escape fraction shows large discrepancies,
ranging from fI¥¢ < 5% (e.g., J. Chisholm et al. 2022;
S. Mascia et al. 2023; C. Simmonds et al. 2024; C. Pa-
povich et al. 2025) to fL¥¢ > 20% (e.g., R. P. Naidu
et al. 2020; A. E. Jaskot et al. 2024).

At 4 < z < 5, where the IGM is mostly opaque to LyC
photons but has high transmission to Ly« lines from
galaxies (e.g., R. A. Meyer et al. 2025), the LyC escape
fraction of galaxies can be estimated using the escape
fraction of the Lya emission line (f1¥%; e.g., Y. L. Izotov
et al. 2022; R. Begley et al. 2024). However, this method
is not applicable to most galaxies in the EoR, as the Ly«
line is heavily attenuated by the neutral hydrogen in the
z > 6 IGM. The only viable approach to measure the
unattenuated Lya lines from EoR galaxies is to target
galaxies that reside in ionized bubbles, where the IGM
is transparent to Ly« photons (e.g., J. Matthee et al.
2018; T.-Y. Lu et al. 2024; L. Whitler et al. 2024; A.
Torralba et al. 2024; Z. Chen et al. 2025). Such ionized
bubbles are often produced by galaxy overdensities, and
finding these ionized bubbles requires deep spectroscopy
over wide fields (e.g., I. Nikoli¢ et al. 2025).

In this context, proximity zones of high-redshift
quasars offer a unique opportunity to investigate the
unattenuated Ly« properties of EoR galaxies (e.g.,
S. E. I. Bosman et al. 2020; K. Protusové et al. 2024).
Quasars at z > 6 are expected to produce large ionized
bubbles around them, as implied by radiative transfer
simulations (e.g., F. B. Davies 2020). Deep spectroscopy
for galaxies residing in the proximity of high-redshift
quasars will put direct constraints on the Ly« line prop-
erties of these galaxies.

In this work, we present James Webb Space Telescope
(JWST) NIRSpec/MSA spectroscopy for galaxies near
two z > 6 quasars, i.e. J0100+2802 (z = 6.327) and
J1148+5251 (2 = 6.42). We analyze the Ly« line prop-
erties of these galaxies, and try to answer the following
questions: (1) For galaxies around high-redshift quasars,
can we detect their Lya emission lines without signifi-
cant IGM attenuation? (2) How can we use galaxies

near z > 6 quasars to constrain the Ly« escape fraction
of EoR galaxies?

This paper is organized as follows. Section 2 describes
the NIRCam and NIRSpec observations used in this
study. In Section 3, we describe how we measure the
Lya line properties of the targeted galaxies, and present
evidence of less-attenuated Lya lines from galaxies near
the luminous quasars. In Section 4, we evaluate the es-
cape fraction of galaxies near quasars utilizing the high
IGM transmission around quasars, and discuss the im-
plications for reionization models. We make conclusions
in Section 5. Throughout this paper, we adopt a flat
ACDM cosmology with Hy = 70 km s~ ' and Q,; = 0.3,
and use the AB magnitude system (J. B. Oke & J. E.
Gunn 1983).

2. DATA
2.1. NIRCam Observations

This work focuses on galaxies observed in two high-
redshift quasar fields, namely around the quasars
J0100+2802 (2 = 6.327) and J1148+5251 (2 = 6.42).
These quasar fields were observed as part of the
Emission-line galazies and Intergalactic Gas in the
Epoch of Reionization (EIGER) program (GO-1243, PI:
Lilly), which delivers NIRCam F115W, F200W, and
F356W imaging and F356W grism spectroscopy. Fig-
ure 1 shows the NIRCam images of the two quasar
fields. The images have sizes of 3’ x 6, which corre-
sponds to ~ 1 x 2 proper Mpc at the quasars’ redshifts.
We refer the readers to D. Kashino et al. (2023) and
J. Matthee et al. (2023) for details on the data reduc-
tion of the EIGER observations. The typical 50 depths
of the F115W, F200W, and F356W imaging are 27.8,
28.3, and 28.1 magnitudes, respectively. The sensitivity
of the F356W grism spectra depends on the wavelength
and the source positions, with the best sensitivity reach-
ing 0.6 x 107'8 erg s7! cm™2 at 3.8 micron.

Using the F356W grism spectra, J. Matthee et al.
(2023) and D. Kashino et al. (2025) identified [O 111]-
emitters in the two quasar fields and performed spectral
energy distribution (SED) fitting for these galaxies. In
this work, we use the [O 111] redshifts as the systemic red-
shifts (zsys) of galaxies. We also estimate the absolute
magnitude at rest-frame 1500A (Myv) of all the galaxies
by fitting a power law SED to the F115W and F200W
magnitudes. These galaxy properties can be found in
Table 1.

2.2. NIRSpec/MSA Spectroscopy

We obtain the NIRSpec/MSA G140M/FO70LP spec-
troscopy for the two quasar fields as part of the Mapping
Super-luminous Quasars’ Extended Radiative Emission



(MASQUERADE) project (GO-3117 and GO-4713, PI:
Eilers). The spectra cover wavelengths from 8000A <
Aobs < 13000A, with a wavelength-dependent spectral
resolution of R =~ 600 — 1000. At the quasars’ Ly«
wavelengths (Aops = 9000A), the spectral resolution is
R =~ 600. Each quasar field is covered by two MSA
pointings, and we adopt the 3-Shutter dither pattern
for the observations. The total on-source exposure time
on each pointing is 7.7 hours.

The primary targets of the MSA observation are
[O111]-emitters at zes > 5.5 in the quasar fields. In
this study, we focus on galaxies at zsys > 6 and with
Myv < —19, as the MSA observations are not suffi-
ciently deep to detect the continuum of fainter sources.
The circles in Figure 1 show the location of the galaxies
we analyze in this work, and the galaxy coordinates can
be found in Table 1.

We reduce the spectra by running the
DetectoriPipeline using jwst’ version 1.17.1 and
CRDS jwst_1322.pmap to get the rate files, then using
msaexp'’ version 0.9.5.dev8+ge2b237b (G. Brammer
2023) to extract the 2D spectra. As the final step,
we use Pypelt (J. X. Prochaska et al. 2020)'" version
1.17.1 to coadd the 2D spectra for individual objects
and extract their 1D spectra.

3. UNATTENUATED Lya LINES FROM
GALAXIES NEAR QUASARS

Luminous quasars at z > 6 are expected to produce
large ionized bubbles around them, where the IGM has
low opacity to Lya photons. In this section, we test
whether we can measure the Ly« lines from galaxies
near quasars without significant IGM attenuation. We
first fit the galaxy spectra to measure their Lya fluxes,
then compare the Ly« profiles and equivalent widths of
galaxies near quasars to galaxies outside the quasars’
ionized bubbles.

3.1. Fitting the Lyo Lines

We fit the Ly« lines of galaxies targeted by the NIR-
Spec/MSA observation. We exclude five objects that
have their Ly« lines falling in the detector gap, and
three objects that are severely contaminated by nearby
bright sources. For each remaining object, we fit the
spectral window 1200A < Mgt < 1500A, where Aest =
Aobs/ (1 + zsys) is the rest-frame wavelength. We use a
power-law continuum plus a Gaussian profile to model
the spectral region around the Ly« emission, where the

9 https://jwst-pipeline.readthedocs.io/en /stable/
10 https://github.com/gbrammer/msaexp/tree/main /msaexp
1 https://pypeit.readthedocs.io/en/stable/
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continuum flux at Arest < ALya is set to be zero. This
model contains five free parameters, namely an ampli-
tude (A) and a slope (8) of each galaxy’s continuum,
the Lya redshift (z1yq), the Lya flux (Flyqa), and the
line width (orys). We run a nested sampling algorithm
dynesty to determine the posterior probability distri-
bution for each model parameter, where we adopt flat
priors for all the parameters. We estimate the best-fit
from the median and determine their uncertainties from
the 16th and 84th percentile.

Given the spectral resolution of the G140M grating,
which is approximately 500 km s™' at the Lya wave-
length, the Ly« lines are mostly unresolved or only
marginally resolved. Therefore, we use a Gaussian pro-
file to describe the Ly« line without modeling more com-
plex line structures (such as asymmetries and outflows).
This approach is sufficient for measuring the Ly« line
fluxes and equivalent widths, but does not allow us to
identify any double-peak Ly« emitters, as the peak sep-
aration is typically < 500 kms~! (e.g., A. Verhamme
et al. 2018; R. P. Naidu et al. 2022).

Note that we aim to test whether galaxies near quasars
show less attenuated Ly« lines compared to galaxies out-
side the quasars’ ionized bubble. Therefore, we need
to exclude possible AGNs from our sample, as AGNs
may also produce their own ionized bubbles and show
unattenuated Ly« lines. We identify possible AGNs by
measuring the C1v line fluxes (e.g., K. Nakajima et al.
2018; A. Saxena et al. 2022). For each galaxy in our sam-
ple, we fit its spectrum at 1500A < Arest < 1600A as a
power-law continuum plus a Gaussian emission line. We
find five galaxies with rest-frame C1v EW higher than
12A; according to K. Nakajima et al. (2018), these ob-
jects are likely AGNs, and we exclude them from the
rest of this Section. We present more information about
these C1v emitters in the Appendix.

The final sample consists of 50 galaxies at 6 < z <
7 with Myv < —19, including 28 galaxies in the
J0100+2802 field and 22 galaxies in the J1148+5251
field. The median Myv of this sample is —19.97. Of
these, 14 galaxies have a Ly« line detection with > 3o
significance. Table 1 summarizes the properties of the
galaxies in our sample.

3.2. The Lya Profile of Galaxies Near Quasars

We now investigate the Ly« line profiles for galaxies
near the quasars. Due to the IGM’s absorption, most
z > 6 galaxies have no flux bluer than the systemic Ly«
wavelengths. In contrast, for galaxies residing within
ionized bubbles generated by luminous quasars, the blue
wing of their Ly lines is expected to be visible due to
the low IGM opacity. To investigate this effect, we stack
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Figure 1. The two quasar fields targeted by this work, J0100+2802 (left) and J1148+5251 (right). We compose the RGB images
using the NIRCam F115W, F200W, and F356W images from the EIGER project (e.g., D. Kashino et al. 2023). The quasars
are at the field centers, marked by the squares. The circles mark the galaxy sample of this study, with the colors representing
their systemic redshifts. There are 28 targets and 22 targets in the J01004-2802 and J11484-5251 fields, respectively.

Table 1. Properties of galaxies in our sample

1D) RA Dec Zsys  Muv ZLya Frya EWiSh o
(deg) (deg) (mag) (107 "Berg s™tem™2) (A)
J1148.2637 | 177.112276  52.869027 6.037 —20.45 < 2.76 <12.19 <0.03
J1148.3391 | 177.117208 52.902130 6.075 -20.07 <0.59 < 2.48 <0.02
J1148.3461 | 177.109067 52.873590 6.039 ~20.24 <0.70 < 3.59 <0.08
J1148.3608 | 177.117109 52.906070 6.042 -19.19 6.04573:9%1 3.101555 34.34725%%  0.304+0.25
J1148.3822 | 177.096543 52.834714 6.375 ~19.97 <1.71 < 90.55 < 0.60
J1148.4246 | 177.111852 52.896855 6.485 —19.63 < 2.50 < 27.07 <0.27

NoTE—The entire table will be available online upon the acceptance of this paper.

the spectra of galaxies in our sample, as the spectra of
individual galaxies do not have sufficient signal-to-noise
ratio (S/N). Specifically, we consider three subsets of the
galaxies:

1 A max
1. |z — 2q| < %, where we take Avpax =

2500 km s~ ! in this work, and zq is the quasar’s
redshift. This sample is referred to as “galaxies
near quasars”;

(14+2Q) Avmax
C

2.6 <z < zq— , referred to as “fore-

ground galaxies”;
(14-2Q) Avmax
ground galaxies”.

< z < 7, referred to as “back-

We note here that all the targeted galaxies have trans-
verse distances to the quasars of r; < 1 proper Mpec.

~

The expected sizes of the ionized bubble around z > 6

luminous quasars is 2 1 Mpc, given the typical quasar
lifetimes (= 10° yr; e.g., A.-C. Eilers et al. 2017, also
see Eilers et al. submitted). Therefore, we do not apply
a cut on r; when selecting the “galaxies near quasars”
sample.

For each subset, we select galaxies with at least 20 de-
tection for the Ly« flux. We subtract the best-fit contin-
uum model (from Section 3.1) from the spectrum of each
galaxy and shift the spectrum to the rest-frame accord-
ing to its systemic redshift. We then regrid the spectra
to a common wavelength grid and stack the spectra us-
ing inverse-variance weighting. The uncertainties of the
stacked spectra are derived by propagating the errors of
the individual objects’ spectra.

Figure 2 presents the stacked spectra. The stacked
spectra of galaxies near quasars show significant flux
bluer than the systemic Lya wavelength. In con-
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Figure 2. The stacked Lya line profile for galaxies near quasars (left), foreground galaxies (middle), and background galaxies
(right). The text in each panel marks the number of galaxies and the average redshift for the stacked spectra. The dashed
lines mark the systemic Lya wavelength and the level of zero flux. Galaxies near quasars show significant flux bluer than the
systemic Lya wavelength, indicating low IGM opacity around quasars. In contrast, the foreground and background galaxies do

not have significant flux bluer than the Ly« wavelength.

trast, the stacked spectra for foreground and background
galaxies do not have significant flux blueward of the sys-
temic Lya wavelength. This result supports the scenario
where quasars enhance the Ly« transmission of their
surrounding IGM, enabling the detection of Lya blue
wings for galaxies near quasars. Again, we note that
the G140M grating does not have sufficient resolution
to unveil the complex line structures (e.g., the double
peaks) of the Ly« lines.

3.3. The Lya Equivalent Width Distribution

We then evaluate the rest-frame Lya equivalent width
(EWrLe;;) of the targeted galaxies. If the IGM around
quasars has low opacity to Lya photons, galaxies near
high-redshift quasars should show higher EWie;g com-
pared to other galaxies at similar redshifts.

The top panel of Figure 3 shows the EWiC;& of in-
dividual galaxies in our sample. The red dashed line
marks the quasars’ redshifts, and the shaded region
represents the region around the quasars (i.e., Av <
2500 km s_l). Among the 15 galaxies near quasars,
six (40%) of them have Lya lines detected at higher
than 3o significance. In contrast, this fraction is only
8/35 = 22.9% for foreground and background galax-
ies. The fractions of galaxies with EWjS,> 10A are
5/15 = 33.3% and 7/35 = 20.0% for galaxies near
quasars and foreground/background galaxies, respec-
tively. This comparison already hints that galaxies
around quasars have less attenuated Lya emissions, due
to the low IGM opacity in the quasar’s proximity zone.

To further quantify the difference in Lya emissions
between galaxies inside and outside the quasars’ ion-

ized bubbles, we estimate the distribution of EWie;g for

galaxies in our sample. Following the method in M.
Tang et al. (2024b), we assume a log-normal distribu-

: rest ,
tion for EWLya.

A Inz — p)?
p(l‘luva):mmxeXp [—(%zu)] (1)

where z is the random variable (EWie;g in this case), p

and o are the mean and standard deviation of the log-
normal distribution, and A is the normalization. We
derive the posterior distribution of (u,0) according to
Bayes’ theorem:

p(u, olobs) o< p(obs|u, o)p(p, o) (2)

where p(u, o) is the prior, and we adopt flat priors for
w and o. p(obs|u, o) is the probability of getting the
observed EVVie;‘t for the galaxies. Specifically,

«

plobs|u, o) = [ [ p(obs, ilu, o)

+oo
- H/O P(T)obs,i - p(z|p,0)dzr (3)

where ¢ goes through all galaxies in the sample, and
p(2)obs,i i the posterior distribution of the galaxies’
EWie;fl For galaxies with > 30 Ly« line detection,
we assume a Gaussian error for the detection, i.e.,

1 (LC — Tobs i)2
T)obsi — —F— * €X _ 4
p( ) b Vv 271—Uobs,i P [ 2U§bs,i ( )

For upper limits, we have

lim

p(obs, ilp,0) = p(x < x37; |1, 0) (5)
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We run Markov Chain Monte Carlo (MCMC) to sample
the posterior of (p, o).

Using this method, we model the EW{5y, distribu-
tions for galaxies near quasars, foreground galaxies, and
background galaxies. For comparison, we also fit the
distributions for NIRSpec-observed 6 < z < 7 galaxies
compiled by Y. Kageura et al. (2025). When fitting the
galaxies from Y. Kageura et al. (2025), we apply a cut
of Myv < —19 to match the absolute magnitude of our
sample.

Table 2 lists the best-fit parameters for these galaxy
subsets. Using the posterior of (p,0), we also compute
the Lyoa-emitter (LAE) fractions (defined as galaxies
with EWi5y, > 10A) for the subsets of galaxies, which
are shown in the bottom panel of Figure 3. The fore-
ground and background galaxy samples have LAE frac-
tions close to the 6 < z < 7 galaxy sample from Y.
Kageura et al. (2025). In contrast, in both quasar fields,
galaxies near quasars show higher LAE fractions. This
comparison again indicates that galaxies near quasars
have less-attenuated Lya lines compared to other z > 6
galaxies, due to the low IGM opacity around quasars.
Note that the UV slope and UV magnitude distribu-
tions of galaxies near quasars are very similar to those
of foreground and background galaxies; therefore, the
difference in EWie;fl can only be attributed to the dif-
ference in IGM opacity, i.e., the influence of the quasars’
ionizing radiation fields.

We notice that galaxies near quasars have LAE frac-
tions similar to z ~ 5 galaxies measured by M. Tang
et al. (2024b). Our result indicates that the unatten-
uated Lya line EW of Myy < —19 galaxies has little
evolution from z ~ 6.4 to z ~ 5.

Finally, we note that including C1v emitters into the
EWieysfx distribution has a negligible impact on the de-
rived LAE fractions. By including the C1v emitters, the
EWie;g> 10A fraction of galaxies near quasars changes
to xLag(EW > 10A) = 0.444_-8:%2, and that of fore-
ground + background galaxies changes to xpag(EW >
10A) = 0.247007.

4. IMPLICATION FOR THE ESCAPE FRACTION
OF REIONIZATION-EPOCH GALAXIES

The enhanced EW[Sy, and the detection of the Ly«
blue wing for galaxies near quasars indicate that we can
detect the Ly« emission line from these galaxies without
significant IGM attenuation. These galaxies provide a
rare opportunity to directly constrain the Lya emission
lines properties of z > 6 galaxies, which is usually impos-
sible due to the high IGM neutral fraction (zy; 2 0.1,
e.g., X. Jin et al. 2023; D. Durovéikova et al. 2024). As

an example, in this section, we use galaxies near quasars

in our sample to put direct constraints on the Ly« es-
cape fraction (fl¥) of 2 > 6 galaxies.

To evaluate f.7*, for each galaxy, we adopt the HfS
flux from the [O11] emitter catalog presented in J.
Matthee et al. (2023) and D. Kashino et al. (2025). We
note that one galaxy does not have HS measurement
and is excluded from the escape fraction analysis. We
obtain the dust attenuation (Ay ) from the catalog and
correct the HB fluxes for dust attenuation. The me-
dian attenuation of the sample is 0.22. We also estimate
the continuum flux at Apest = 1215.67A (denoted by
F12156TA) by fitting its F115W and F200W magnitudes
using a power law SED. We then compute the escape
fraction as

Ly«

rest 1215.67A
fLya _ EVVLya X Fcont (6)

ese 25 x Fug

where EW?;& comes from fitting the MSA spectra, and

the coefficient 25 corresponds to case B recombination
with temperature 7' = 10*K (e.g., M. Tang et al. 2024a;
Y. Kageura et al. 2025). This approach avoids possible
impacts due to the slitloss of the MSA slitlets.

With the fL¥¢ of individual galaxies, we compute the

distribution of fL¥* following the same method we use

for evaluating the EW{%,, distribution as described in
Section 3.3. Specifically, we assume a lognormal distri-

bution for fL¥® and use Equations 1 to 5 to evaluate

the posterior of (u, o) for the distribution. For galaxies
near quasars, we get u = —2.787115 and o = 3.4117°9.
These numbers indicate an average escape fraction of

fLye = (0.14 £ 0.04, consistent with the measurements

for z < 5 galaxies (e.g., X. Lin et al. 2024).

The LyC escape fraction is positively correlated with
the Lya escape fraction, and most galaxies have fL7C <
fLye (e.g., M. Dijkstra et al. 2016; A. Verhamme et al.

2017). We estimate the average LyC escape fraction
for galaxies near quasars using the relation in R. Begley

et al. (2024), who suggested that fL¥C = 0.15 x fLye.
This relation gives fC ~ 0.02 + 0.01. We note that
the fL¥C — flye relation has large scatter and might

depend on the properties of galaxies; therefore, we take

€ < fLye ~0.14 as a conservative upper limit. Due

to the small sample size (15 galaxies in total, where 6
galaxies have Lya detections), we are not able to further

explore the correlation between fL¥® and other galaxy

properties (like Myy and UV-slope; e.g., L. Anderson
et al. 2017; J. Chisholm et al. 2022).

Our analysis demonstrates the unique power of high-
redshift quasar fields in measuring the escape fraction of
EoR galaxies. The estimated fL¥C disfavors the “high

esc

escape fraction” scenario with fI¥¢ > 0.2 (e.g., R. P.

Naidu et al. 2020), at least for galaxies with Myy < —19



Table 2. The EWie;; distribution of galaxies

Sample (z)  pEWSL) o(EWESE) xvas(EW > 10A)  ypap(EW > 254)
(A) (A)
Galaxies near Quasars  6.37  2.077933  1.7079:%9 0.4570-14 0.2470-3%

Foreground Galaxies 6.14 —0.897152
0.0379°9%
0.0079-%5

Background Galaxies 6.71
Foreground + Background 6.53

3.14%1 65
2.8615 %
2.6170%2

0.1670 00
0.21%5707
0.197098

0.0970:0%
0.1275:63
0.1070:0%

Y. Kageura et al. (2025) T 642

0.7670 93

g . .
1.96707% 0.221507 0.1115:0%

1 Galaxies observed by NIRSpec at 6 < z < 7, as compiled by Y. Kageura et al. (2025).

NoTE—AIl samples are selected to have Myy < —19.

at z ~ 6.4. Given the UV luminosity functions of z > 6
galaxies (e.g., R. J. Bouwens et al. 2022), a low es-
cape fraction of f¥¢ ~ 2% indicates that luminous
galaxies (e.g., those with Myy < —18) cannot make
a major contribution to the ionizing photon produc-
tion. In a recent study, C. Simmonds et al. (2024) mea-
sured the ionizing photon production efficiency (&on) for
3 < z < 9 galaxies using NIRCam imaging. With the
&ion(Myv, 2) they presented, we only need a low escape
fraction fL¥C < 0.05 to reionize the universe. This pic-
ture is consistent with our measurement. The estimated
fLYC is also consistent with the finding of C. Papovich
et al. (2025), who performed stellar population and neb-
ular emission modeling for 4.5 < z < 9.0 observed using
JWST imaging and prism spectroscopy and found an

average escape fraction of fL¥C =0.03 +0.01.

esc

4.1. Systematic Uncertainties

In order to measure the fLyo

2o for galaxies near quasars,
we need to assume that these galaxies have negligible
IGM attenuation for their Ly« lines. Here we discuss
the systemic uncertainties introduced by this assump-
tion. The Ly« blue wing in the stacked spectra (Figure
2) indicates that the IGM opacity around the quasars
is similar to that of z ~ 5 IGM (e.g., M. J. Hayes
et al. 2021). This similarity is further supported by
the recent transverse proximity effect measurement for
J0100+-2802 (Eilers et al. submitted). In short, Eil-
ers et al. (submitted) measured the transmission flux
for background galaxies (z > zg +0.1) and found a Ly«
transmission of 7 2 0.5 for the IGM near the quasar. In
comparison, IGM at z < 5 has transmission of 7 2 0.1
(e.g., R. Thomas et al. 2021; R. A. Meyer et al. 2025).
We also notice that the IGM attenuation for Ly« line
fluxes is < 10% at z < 5 (e.g., M. J. Hayes et al. 2021;
J. Matthee et al. 2022). We thus expect the uncertainty
introduced by our assumption to be smaller than 10%.

This uncertainty does not influence our main result, i.e.,
the average Ly« escape fraction is about 0.14.

Another major uncertainty is from the limited sample
size, as the “galaxies near quasars” sample only con-
tains 15 galaxies. Future NIRSpec/MSA observations
for more high-redshift quasars will reduce the survey
variance and provide tighter constraints on the escape
fraction of z > 6 galaxies.

5. CONCLUSION

We present JWST NIRSpec/MSA observations for
galaxies in two high-redshift quasar fields, namely
J0100+2802 (z = 6.327) and J1148+5251 (2 = 6.42).
We analyze 50 galaxies at 6 < z < 7 with Myy < —19,
among which 15 are located near the quasars (with
Av < 2500 km sfl). We measure the Lya fluxes, pro-
files, and rest-frame equivalent widths of these galax-
ies. Leveraging the low IGM opacity around quasars,
we are able to measure the Ly« lines from galaxies near
quasars without significant IGM attenuation. This al-
lows us to put direct constraints on the Ly« escape frac-
tion of z > 6 galaxies. Our main findings include

1. The stacked Lya spectrum for galaxies near
quasars clearly shows a significant emission bluer
than the systemic Lya wavelength, while fore-
ground and background galaxies show no signif-
icant emission bluer than the systemic Lya wave-
length in their stacked spectra. This result indi-
cates that the Lya lines from galaxies near high-
redshift quasars are less attenuated compared to
other galaxies at similar redshifts.

2. The LAE fraction of galaxies near quasars is
xLap(EW > 10A) = 0.457011, higher than that
of foreground and background galaxies (0.1975-0%).

This result confirms that galaxies near quasars
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Figure 3. Top Panels: redshift and EW}t

Ly«

panel, respectively. The red shaded region marks the quasar’s vicinity |Av| < 2500 km s
with EWiSE > 10A. This fraction is estimated by fitting the galaxy EW%s

distribution of galaxies in the J0100 field and the J1148 field, in the left and right

~1. Bottom: The fraction of galaxies

Iye With a log-normal distribution (see text for details).

We also include the NIRSpec-observed galaxies at 6 < z < 7 from Y. Kageura et al. (2025) for comparison. In both quasar
fields, galaxies in the quasar’s vicinity show higher LAE fractions than foreground and background galaxies and the general
galaxy population. This comparison indicates that IGM around luminous quasars has high transmission to Lya photons.

have less attenuated Ly« lines. The EWie;fl distri-
bution of galaxies near quasars is similar to z ~ 5

galaxies.

3. We estimate a median Lya escape fraction of
flya= 0.14 4+ 0.04 for galaxies near quasars.
Adopting the scaling relation of fL¥¢ = 0.15 x

Lye from R. Begley et al. (2024), we estimate

LyC = 0.02 £ 0.01 for galaxies near quasars.

This result favors the low escape fraction scenario

(fy€ < 0.1) for z > 6 galaxies.

The ionized bubbles surrounding luminous quasars
serve as unique laboratories for studying galaxy evo-
lution and reionization in the early universe. High-
resolution spectroscopy with NIRSpec’s high-resolution
grating or future extremely large telescopes will be able

to resolve the Ly« line profiles of galaxies near high-
redshift quasars (e.g., R. P. Naidu et al. 2022). Such ob-
servations will enable key measurements for EoR galax-
ies, such as outflow properties and interstellar medium
conditions. These experiments will offer valuable in-
sights into the physical properties of EoR galaxies.

The JWST data used in this paper can be found in
MAST: 10.17909/wmOb-51n06. All the code and data
used in this work will be available online upon the ac-
ceptance of this paper.
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APPENDIX

A. Civ EMITTERS IN OUR SAMPLE

In addition to the 50 galaxies in the main sample, we also identified five C 1v emitters with EW((C1v) > 12A. These
galaxies are possible AGNs. Three C1v emitters show Ly« emissions at > 3o levels, two of which have EWie;f1> 100A.
We highlight object J0100-10287 at z = 6.77, which has EW{5y,= 152750 A and is the strongest Lya emitter in the
MASQUERADE sample with Myy < —19. The properties of the C1v emitters are also included in Table 1.

Following the method in Section 3.2, we produce the stacked Lya profile for the C1v emitters at the quasars’
foreground and background. Although these galaxies are outside the quasars’ ionized bubbles, the stacked Ly«
spectrum shows a significant Lya blue wing. This result indicates that these C1v emitters can produce their own
ionized bubbles. Our finding is consistent with previous studies that suggest C1v emitters might be strong Ly« leakers
(e.g., R. P. Naidu et al. 2022; D. Schaerer et al. 2022; S. Mascia et al. 2023).

We also note that only one C1v emitter is located in the ionized bubbles around quasars. Including this object in
the “galaxies near quasars” sample has a negligible impact on the estimated EWiGy, and f5¥* distributions.
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