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Abstract

We present a comprehensive analysis of the relationship between galaxies and the intergalactic medium (IGM) during
the late stages of cosmic reionization, based on the complete JWST EIGER dataset. Using deep NIRCam 3.5 ym
slitless spectroscopy, we construct a sample of 948 [O IIJAS008-emitting galaxies with —21.4 < Myy S —17.2
spanning 5.33 < z < 6.97 along six quasar sight lines. We correlate these galaxies with Ly« and Lyg transmission
measured from high-resolution quasar spectra across multiple redshift intervals. We find clear redshift evolution in the
correlation between galaxy density and transmission: it is suppressed in overdense regions at z < 5.50, while enhanced
at 5.70 < z < 6.15. The intermediate range exhibits a transitional behavior. Cross-correlation measurements further
reveal excess absorption within ~8 cMpc of galaxies at low redshifts, and enhanced transmission at intermediate scales
(~5-20 cMpc) at z > 5.70. Statistical tests using mock catalogs with realistic galaxy clustering but no correlation with
the transmission field confirm that the observed correlations are unlikely to arise by chance. The evolving signals can be
explained by stronger absorption in overdense regions, combined with the competing influences of local radiation fields
and the rising background radiation. While local radiation dominates ionization of the surrounding IGM at earlier times,
the background becomes increasingly important, eventually surpassing the impact of nearby galaxies. These results
support an inside-out progression of reionization, with ionized regions originating around clustered, star-forming
galaxies and gradually extending into underdense regions.

Unified Astronomy Thesaurus concepts: Reionization (1383); Intergalactic medium (813); High-redshift galaxies
(734); Galaxy evolution (594); Galaxy formation (595)
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1. Introduction

The Epoch of Reionization (EoR) represents a pivotal phase
in cosmic history, marking the transition of intergalactic
hydrogen from a neutral to an ionized state (e.g., R. Barkana
& A. Loeb 2001; X. Fan et al. 2006a; N. Y. Gnedin &
P. Madau 2022). This epoch represents the last major phase
transition of the Universe, shaping the properties of the
intergalactic medium (IGM) and influencing galaxy formation
and evolution (e.g., J. H. Wise et al. 2012; H. Katz et al. 2020;
J. Borrow et al. 2023). A central goal of modern astrophysics is
to uncover the physical processes driving this transition, with
particular emphasis on identifying the sources of ionizing
radiation and understanding the (related) evolution of the spatial
ionization structure of the IGM (e.g., M. McQuinn et al. 2007;
T. R. Choudhury et al. 2009; A. Hutter et al. 2020, 2021).

Among various potential sources, ultraviolet radiation
from massive stars in star-forming galaxies has long been
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considered the primary ionizing source responsible for
reionization (P. R. Shapiro & M. L. Giroux 1987; P. Madau
et al. 1999; N. Y. Gnedin 2000; S. R. Furlanetto et al. 2004,
I. T. Hliev et al. 2006; C.-A. Faucher-Giguere et al. 2009;
F. Haardt & P. Madau 2012; P. Dayal & A. Ferrara 2018).
However, ongoing debates persist regarding the relative
contributions of low-mass galaxies and active galactic nuclei
(AGNs) in this process (H. Yajima et al. 2014; J. Chardin
et al. 2015, 2017; J.-P. Paardekooper et al. 2015; A. D’ Aloisio
et al. 2017; A. Grazian et al. 2018; S. Parsa et al. 2018;
S. L. Finkelstein et al. 2019; C. Simmonds et al. 2024;
S. Asthana et al. 2025; P. Dayal et al. 2025; D. Jiang et al.
2025). Furthermore, several more exotic mechanisms, such as
dark matter annihilation or decay (M. Mapelli et al. 2006),
primordial globular clusters (M. Ricotti 2002; C. Power et al.
2009; M. Boylan-Kolchin 2018; X. Ma et al. 2021), and mini/
micro-quasars (P. Madau et al. 2004; I. F. Mirabel et al. 2011),
have been discussed as potential contributors.

While these more exotic mechanisms provide intriguing
possibilities, the “galaxy-driven” hypothesis remains the prevail-
ing framework, and has underpinned state-of-the-art cosmological
simulations of the EoR (e.g., J. Rosdahl et al. 2018; P. Ocvirk
et al. 2020; R. Kannan et al. 2022; A. Bhagwat et al. 2024;
L. Conaboy et al. 2025). These models broadly reproduce the
global reionization history within existing constraints (e.g.,
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B. Greig & A. Mesinger 2017). However, many key uncertainties
remain. In particular, simulations often assume simplified
prescriptions for the production and escape of ionizing photons,
making it difficult to assess whether their success reflects correct
physics or the tuning of the parameters of the prescriptions.

Observationally, the galaxy-driven scenario remains inade-
quately tested. An indirect approach has estimated the ionizing
photon budget of galaxies based on insights into the UV
luminosity function, ionizing photon production efficiency (&on),
and the escape fraction (fi) of ionizing photons, and compared
these estimates against the requirements for sustaining reionization.
A consensus has emerged that this photon budget may well be
sufficient—or at least it is not in significant contradiction—
to explain the ionization of hydrogen across the Universe
(R. J. Bouwens et al. 2015; K. Duncan & C. J. Conselice 2015;
B. E. Robertson et al. 2015; R. P. Naidu et al. 2020). However, it is
not well understood how &, and f... vary with galaxy properties
such as Myy, or where the faint-end cutoff of the UV luminosity
function lies. Accounting for galaxies that are too faint to be
detected, or for which standard calibrations of &, and f.;. may not
be applicable, is crucial for accurately assessing the photon budget.
Addressing these issues requires additional observational con-
straints, such as a joint study of galaxies and the IGM.

A crucial step toward testing the reionization scenarios more
directly is the precise characterization of the spatial correlation
between galaxies and the ionized structures of the IGM. This
can be achieved through combining Ly« (and also Lyg) forest
spectra of luminous quasars in the EoR with galaxy surveys
along these sight lines. Before the advent of the JWST,
observations with the Subaru Hyper Suprime-Cam (HSC) had
suggested a large-scale (~40cMpc) positive correlation
between galaxy density and mean Ly« transmitted flux at
z ~ 5.7 (G. D. Becker et al. 2018; D. Kashino et al. 2020;
H. M. Christenson et al. 2021, 2023; R. Ishimoto et al. 2022).
These findings suggest that the ionizing radiation field is
enhanced around galaxies at relatively higher redshifts during
the tail end of the EoR. However, these measurements used
samples of galaxies selected either as narrowband Lyo
emitters (LAEs) or as Lyman-break galaxies, and the
photometric redshift uncertainties and relatively sparse
sampling of bright sources limited the ability to investigate
small-scale correlations. Furthermore, the visibility of LAEs
itself is sensitive to the local opacity of the IGM, which
may bias these conclusions. Recently, a novel approach
called “photometric IGM tomography” has been proposed
(K. Kakiichi et al. 2023). This uses wide-field narrowband
imaging to trace the Ly transmission from background
galaxies (instead of quasars) and detect LAEs at the same
redshift, thereby enabling 2D mapping of IGM-galaxy
correlations. This overcomes the fundamental limitation of
quasars in probing transverse structure. While promising, the
method currently lacks the sensitivity for robust results and
awaits further development.

Spectroscopic surveys enable measuring the cross-correla-
tion between the position of galaxies and the transmitted Ly«
flux down to a few cMpc scales (K. L. Adelberger et al.
2003, 2005). This metric has been particularly valuable for
probing the interplay between galaxies and the surrounding
IGM, providing a direct observational constraint that can be
readily compared with cosmological simulations (E. Garaldi
et al. 2022; L. Conaboy et al. 2025). At z < 4, well after the
completion of reionization, the mean Ly« transmission is
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known to monotonically increase as a function of distance
from galaxies, reaching the background level at ~10 cMpc
(R. Momose et al. 2021, J. Matthee et al. 2024a). In contrast, at
z ~ 5-6, only tentative evidence of excess transmission around
galaxies had been obtained in pre-JWST pioneering studies
based on ground-based facilities (K. Kakiichi et al. 2018;
R. A. Meyer et al. 2020).

The launch of JWST has revolutionized the study of
reionization. Its unprecedented sensitivity and near-infrared
capabilities have enabled the detection of a vast population of
high-redshift galaxies. In the Emission-line galaxies and
Intergalactic Gas in the Epoch of Reionization (EIGER)
project (PID 1243; PI S. J. Lilly), D. Kashino et al. (2023)
revealed strong evidence that star-forming galaxies ionize the
surrounding gas at z ~ 6, by measuring the cross-correlation
between [O III]-emitting galaxies and the Ly« transmission.
However, these results could still be largely affected by cosmic
variance due to the reliance on a single sight line, limiting
their ability to represent the average view of the Universe
(E. Garaldi et al. 2025a). Similarly, using the ASPIRE survey
(PID 2078; F. Wang et al. 2023), X. Jin et al. (2024) analyzed
14 quasar sight lines and reached consistent conclusions.
However, their study was limited by the quality of the quasar
spectra and did not measure the galaxy—-Lya cross-correlation.
K. Kakiichi et al. (2025) used ASPIRE data in five fields with
high-quality quasar spectra to measure the galaxy—Lyo cross-
correlation over 5.4 < z < 6.5, detecting excess transmission
on scales of ~20-40 cMpc. While this supports the presence of
large ionized regions around galaxies, the relatively small
galaxy sample size (49 across five fields) and the use of a
single, broad redshift bin limit its ability to investigate redshift
evolution. As a result, the connection between galaxies and the
IGM, and how it evolves, remains poorly constrained.

In this work, we address these limitations by using the full
dataset across six quasar sight lines from the complete EIGER
survey, increasing the galaxy sample in D. Kashino et al.
(2023) sixfold. Compared to ASPIRE, our observations reach
twice the sensitivity to emission lines, and around each quasar,
provide a contiguous survey area more than twice as large.
EIGER thus provides the most complete galaxy sample along a
set of quasar sight lines to date. Coupled with over 100 hr of
quasar spectroscopy, we conduct a high-precision analysis of
the correlation between galaxies and IGM transmission. This
approach addresses the challenges posed by sparse sampling
and cosmic variance, allowing us to probe the multiscale
transmission structures around galaxies and their redshift
evolution during the late stages of reionization.

This paper is organized as follows. Section 2 provides an
overview of our JWST/NIRCam observations, the identifica-
tion of emission-line galaxies, and the basic characteristics of
the complete galaxy sample. Section 3 describes the ground-
based spectroscopy of the target quasars and measurement of
Lya and Lyg transmission fluxes. Section 4 presents the
results from galaxy—transmission correlation analyses. In
Section 5, we interpret our results and provide a coherent
picture of the evolving connection between galaxies and the
IGM during the final stages of cosmic reionization. Section 6
summarizes our results and their interpretation.

Throughout this work, we adopt a flat A cold dark
matter cosmology with Q4 = 0.69, Qy = 0.31, and
Hy = 67.7km s ! Mpcfl (Planck Collaboration et al.
2020). All magnitudes are quoted in the AB system.
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Table 1

Target Quasars and Observations
Identifier 2Qs0 Observing Periods P.A. Abbreviations

(yyyy/mm/dd) (deg)
SDSS J010013.02+-280225.8 6.3270* 2022/08/22-24 236 J0100+-2801, JO100
SDSS J114816.64+-525150.3 6.4189* 2022/12/22-28 280 J11484-5251, J1148
ULAS J014837.63+060020.0 5.99* 2022/12/13, 2023/01/14-15 68 J01484-0600, J0148
SDSS J103027.09+4-052455.0 6.308" 2023/05/03, 05/30-06,/02, 2024 /05 /25 110 J1030+-0524, J1030
PSO J159.2257-02.5438 6.381° 2023/05/03, 06/02-03, 2024/05/31-06/01 108 J159-02, J159
ULAS J112001.48+064124.3 7.0848* 2022/12/16-17, 2023/01/16-17 294 J112040641, J1120

Note. The columns denote the quasar identifiers, their redshifts (determined by means of a: [C 11]158 pm or b: Mg ITAA2796, 2803 emission lines), the periods of the
EIGER observations, the approximate position angle of the survey defined with respect to the telescope V3 axis, and the abbreviations used in this paper.

Unless otherwise specified, distances are expressed in
comoving units, hereafter denoted as cMpc.

2. The EIGER Survey
The EIGER Collaboration observed a total of six z = 6

luminous quasar fields using NIRCam in the WFSS mode.
These six quasars were selected to address a range of science,
based on the properties of the Ly« forest and Gunn—Peterson
troughs, the presence and ionization state of known metal
absorption systems, the characteristics of the quasars them-
selves, and the availability of deep high-resolution spectra
from ground-based observations. Detailed descriptions of the
survey design, observing program, data reduction, and the
identification of [OIll]-emitting galaxies are provided in
D. Kashino et al. (2023) and J. Matthee et al. (2023), which
presented results from the first quasar field (JO100+-2802). We
briefly summarize the program setup and the main steps of
galaxy identification, and then present the newly extended
sample of [O III]-emitters. Table 1 summarizes the six target
quasars, their observing periods, and the corresponding
abbreviations used in this paper. We refer the reader to the
companion papers (A.-C. Eilers et al. 2023, 2024; M. Yue
et al. 2024) for intrinsic quasar properties, R. Bordoloi et al.
(2024) for lower-redshift galaxy populations identified by
different emission lines (Ha Hel, ST, and Pa~), and
J. Matthee et al. (2024b) for broad-line Ha-emitters at z ~ 4-5.

2.1. JWST NIRCam Observations

The NIRCam imaging and WEFSS observations of the six
quasar fields were conducted between 2022 August 22 and
2024 June 2 (see Table 1). The Visit 2 observation of J1030
was truncated due to insufficient storage space on the telescope
data recorder, but was re-conducted in 2024 May. Likewise,
Visits 3 and 4 for J159 were initially skipped due to a failed
guide star acquisition, but were later compensated through
observations conducted in 2024 May—June.

Each quasar field was observed over four visits, forming a
2 x 2 overlapping mosaic. This setup provides a rectangular
coverage of approximately 3’ x 6’ per field, centered on the
quasar, as shown in Figures 1 and 2. Approximately 40” x 40"
around the quasar is covered by all four mosaic tiles, yielding
the longest total exposure time.

The WFSS observations utilized the Grism R in the long-
wavelength channel combined with the F356W filter. This
setup yields spectra covering wavelengths from 3.1-4.0 pm,
dispersed along the detector rows with a spectral resolution of
R =~ 1500. This relatively high spectral resolution significantly

facilitates the identification of emission-line signals in the
WESS data and their source objects in the direct images. The
two NIRCam modules, A and B, disperse the spectra in
opposite directions. In our 2 X 2 mosaic configuration, the
central vertical strip of width ~60” is covered by both
modules, yielding oppositely dispersed spectra for each object
within this region (see also Figure 1 of D. Kashino et al. 2023).
This dual coverage helps associate emission lines, particularly
singlets such as Ha, with their corresponding galaxies without
ambiguity (see R. Bordoloi et al. 2024).

Simultaneous imaging observations were performed during
the WFSS exposures using the short-wavelength (SW)
channels, first with the F115W filter and then with F200W.
Each visit employed a three-point INTRAMODULEX primary
dither and a four-point subpixel dither, yielding a total of 12
exposures per visit and module for the SW images (F115W
and F200W), and 24 WEFSS images. By coadding these
exposures, the nominal total exposure time per visit is 4380 s
per SW filter and 8760 s for WFSS. The combination of small-
scale dithering and the large-scale mosaic pattern results in
spatial variations in the total exposure time across the field,
ranging from 1.5ks in edge regions sampled by a single
primary dither (with four-point subpixel dither) to 13 ks for
SW imaging, and from 2.9 ks to 35 ks for WESS observations.

Following the WFSS observations in each visit, direct and
two displaced “out-of-field” images were taken in the F356W
filter, with F200W in the SW channel. These three images
have an exposure time of 526 s each, yielding a total exposure
time of 1578 s across most of the coverage per visit and a
maximum of 6.3 ks in the overlap regions of the four visits.

The procedure described above is common to all of the
quasar fields. However, after completing the observations in
the first quasar field (J01004+-2802), we noticed that a strip
running along the bottom of the combined WFSS coverage
lacks coverage in the direct images, because the combination
of direct and out-of-field images does not fully cover the
survey field defined by the primary dithers. To address this
issue, we requested additional exposures to ensure complete
direct image coverage for all sources with dispersed NIRCam
WESS grism spectra. This was approved and implemented for
all five remaining quasar fields.

The additional imaging involved two visits, each consisting
of a single exposure in F356W (simultaneously with F200W in
the SW channel) with an exposure time of 526 s (using the
same detector setup as in the direct and out-of-field imaging).
The central positions of these frames were slightly offset
vertically from the originally planned visits in the lower row of
the mosaic pattern. As a result, in addition to the required
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Figure 1. Observations of three quasar fields (JO100, J1148, and J0148) out of the six targets. The left panels show the RGB images constructed from the NIRCam
imaging data (F115W, F200W, and F356W). The axes indicate angular separation from the quasar position. Circles indicate the on-sky positions of the detected
[O 11]-emitters, with color-coded redshift and size-coded relative [O IIT] luminosity. The right panels show the transverse separation of the [O III]-emitters from the
quasar sight line as a function of redshift, with the redshift histogram (Az = 0.02) shown in the upper subpanels. The symbols follow the same color and size coding
as in the left panels. The gray shaded regions define the forbidden region, which accounts for the redshift-dependent maximum field of view and the filter
transmission curve (5.3 < z < 7.0). In the background, the transmission spectrum of each quasar is shown in filled blue (refer to the right-hand y-axis), where the
wavelength is translated into the redshift for Lya. The gold vertical lines mark the redshift of each quasar.

extended coverage (vertically +13” beyond the original
bottom edge), approximately 50% of the entire survey field
received additional exposure time due to these new images.
These supplementary images also proved valuable for
identifying the sources of so-called “tadpole” scattered light
artifacts that severely contaminated the Module B Grism R
data, as these artifacts often mimic emission-line signals albeit
with unphysically high equivalent widths.

The reduction of the NIRCam imaging and WFSS data is
entirely described in D. Kashino et al. (2023). In brief, the
WESS data were processed using the jwst pipeline (version
1.8.2-1.9.4) and additional custom steps. We first applied the
Detectorl stage of the pipeline to the raw exposure files,

and then used Spec?2 solely to assign the WCS solution to
each frame. The grism images were subsequently processed
using ITmage2.'” We then constructed emission-line images
(referred to as the EMLINE images in D. Kashino et al. 2023)
by applying a running median filter along each detector row to
subtract the continuum emission.

2.2. Identification of [O Ili]-emitting Galaxies

The spectral range covered by the F356W filter allows us to
identify [OIll]-emitters within the redshift range of

19 This requires modifying the FITS header to trick the pipeline into treating
the data as images.
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Figure 2. Same as Figure 1, but for the remaining three fields (J1030, J159, and J1120). The green dashed vertical line in the bottom-right panel (J1120) indicates the
position of the Ly( line, below which the transmitted flux is affected by Ly/3 absorption at higher redshifts.

5.33 < z £ 6.97. To construct robust galaxy samples, we
employed two complementary methods, referred to as the
“backward” and “forward” approaches, as described in detail
in D. Kashino et al. (2023). We used grismconf'' with the
NIRCam trace models (V4),'? to which we applied pixel-level
corrections based on our independent analysis of commission-
ing data (PID 1076; PI N. Pirzkal).

The backward approach begins with the coadded emission-
line images of each visit. Using SExtractor, we searched for
combinations of emission features that could plausibly arise
from [O I11] doublets (AA4960, 5008) or triplets including Hf.
We then attempted to associate these detected lines with a
source galaxy in the broadband image. The separation of the
detected lines, assuming an [O III] doublet and HS3, provides a

" hitps: //github.com/npirzkal /GRISMCONF
'2 https: //github.com /npirzkal /GRISM_NIRCAM

preliminary estimate of the redshift and, consequently, their
observed wavelengths. Using the grism trace model, we can
obtain a rough estimate of the location of the source galaxy in
the sky (i.e., in the imaging data). Additionally, the appearance
of the source galaxy—such as its shape and characteristic red
color (high mpgow — M3sew) due to flux excess in F356W—
further aids in source identification. This process therefore
allows us to reliably associate detected emission lines to their
corresponding broadband sources in almost every case.

In contrast, the forward approach starts with a catalog
of broadband sources detected in the imaging observations.
From this catalog, we selected ~20k sources brighter than
mezsew = 29 mag. For each of these broadband objects, we
extracted 2D spectra from the EMLINE (i.e., continuum-
subtracted) grism images of the individual exposures and
coadded them. SExtractor was run on each of these coadded
images to detect emission-line signals. We selected those in
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which a candidate [O1III] doublet was detected at >3o,
spatially close to the spectral trace of the object and with a
self-consistent separation in wavelength.

The two samples of [O III]-emitter candidates derived from
these complementary approaches were then carefully inspected
and reconciled by D.K. and J.M. Notably, our identification
algorithm has been fine-tuned and improved since the
publication of the early results from the EIGER survey
(D. Kashino et al. 2023; J. Matthee et al. 2023). These
refinements have led to an increased number of [O IlT]-emitting
galaxies identified in the first quasar field, JO100.

The reconciled catalog was independently vetted by R.B. by
extracting and measuring redshifts for each galaxy. We
estimate the redshift uncertainty to be about 70kms ™' for
the full sample (~20 km s~ ! for high-confidence detections),
using spectra from the oppositely dispersed grism data (see
also F. Sun et al. 2025).

We have identified a total of 948 [O IlI]-emitting galaxies
within the redshift range 5.33 < z < 6.97 across the six
targeted quasar fields: JO100 (180 galaxies), J1148 (191),
JO148 (153), J1030 (161), J159 (174), and J1120 (89).
Among these, approximately 53% were consistently identi-
fied by both the forward and backward approaches, 42% only
by the forward approach, and 6% only by the backward
approach. It should be noted that, as detailed in J. Matthee
et al. (2023), [O 11I]-emitting clumps located within 2” were
counted as a single ‘“system” using a friends-of-friends
algorithm. For each system, we combined the fluxes of all
components and assign its position to that of the brightest
component. Figures 1 and 2 present the detected [O III]-
emitters in each quasar field. The full catalog of the [O III]-
emitter sample is provided in Table 2.

The relatively lower number of detections in the field of
J1120 reflects cosmic variance, since the background noise
level in the J1120 data is comparable to the average seen in the
other fields. In addition, the quasar redshift is not included in
the redshift coverage for [O II1]: we have found that four out of
the five quasars whose redshifts fall within coverage reside in
strong galaxy overdensities (see A.-C. Eilers et al. 2024;
R. Mackenzie et al. 2025, in preparation for studies of quasar
environments).

2.3. Flux Measurement

We measure total emission-line fluxes of the galaxies based
on an optimal 1D spectral extraction, as detailed in J. Matthee
et al. (2023). The extracted 1D spectral line profile of [O III]
A5008 is fit with 1-3 Gaussian profiles to account for
subcomponents seen in the collapsed profile, arising from
multiple clumps and/or spatially extended galaxy morpholo-
gies. The fitting procedure uses a least-squares algorithm with
the Python package 1mfit. The same spectral profile (with
different amplitudes) is then fit to the HS and [O III]\4960
lines.

Figure 3 shows the distribution of the observed [O TI]A5008
fluxes (Fsog), Which range from log(Fypog/erg s~!cm=2) ~
—18.0 to —16.5 (2.5th-97.5th percentiles), with a median of
—17.42. There are no significant differences in the observed flux
distribution between the survey fields: the median fluxes lie within
log Fsos(erg s~! cm=2) = —17.57 to —17.34. The corresponding
[OM]AS008 luminosities (Lsgos) range from log Lsgos(erg s~
~ 41.6 to 43.1, with a median of 42.21.
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Table 2
[O 11]-emitter Sample®

FIELD ID R.A. Decl. Redshift
JO100 30 15.081560 28.053464 5.94
JO100 70 15.057173 28.085925 5.73
JO100 257 15.076980 28.057597 5.81
JO100 391 15.061417 28.077917 5.98
JO100 421 15.091936 28.036181 6.19
J1148 884 177.123991 52.882304 6.48
J1148 1160 177.124547 52.889755 6.85
J1148 1443 177.112105 52.850369 6.04
J1148 1660 177.111304 52.851583 5.66
J1148 1808 177.114197 52.863445 5.56
J0148 844 27.136666 5.977662 5.43
J0148 1207 27.137072 5.979931 5.82
J0148 1223 27.131826 5.992295 6.89
J0148 1538 27.148854 5.954675 6.01
J0148 1551 27.131086 5.997100 6.00
J1030 1184 157.572617 5.389005 5.80
J1030 1269 157.591242 5.439117 6.09
J1030 1323 157.572733 5.387374 6.65
J1030 1527 157.572781 5.385720 6.88
J1030 1634 157.581731 5.408614 5.82
J159 1740 159.204343 —2.522699 6.17
J159 1838 159.188635 —2.571279 5.43
J159 1982 159.188981 —2.572305 5.39
J159 2014 159.189532 —2.571479 5.39
J159 2066 159.194031 —2.558448 6.66
J1120 1054 170.032857 6.678901 6.07
J1120 1060 170.051666 6.722512 6.52
J1120 1496 170.041429 6.703598 6.90
J1120 1526 170.018668 6.651731 6.51
J1120 1635 170.037739 6.696733 6.03
Note.

% The first five sources in each field are listed here.

(This table is available in its entirety in machine-readable form in the online
article.)

The UV luminosities of our galaxies, estimated from the
observed F115W magnitudes,'” range from Myy ~ —21.5 to
—17.2, with a median —19.16.

2.4. Detection Completeness

The selection function of [O III]-emitters is nontrivial due to
the combination of the four-point mosaic, the dithering pattern,
the different sensitivities of NIRCam modules A and B, and
the wavelength-dependent throughput. Additionally, the effec-
tive field of view per pointing, or the area over which an
emission line can be captured by the detector, varies with the
wavelength of the line. Accurate modeling of completeness
throughout the survey volume is crucial for deriving the
luminosity function and for constructing random and mock
catalogs used in correlation and clustering analyses.

The evaluation of completeness proceeds as follows (see
R. Mackenzie et al. 2025, in preparation for more details). For
each field, we first construct a noise cube that maps the rms
pixel noise as a function of sky position and wavelength. To
achieve this, we create coadded 2D spectra for numerous
random points distributed across the survey field using the
forward spectral extraction method, and measure the noise

13 Myy = mgiisw — 5logo(Dr(2)/10 pc) — 2.5log,(1 4+ z) where Dy is

luminosity distance.
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Figure 3. Distributions of observed [O IIJA5008 fluxes (top panel) and the

corresponding luminosities (bottom panel). The different colors represent the
different quasar fields as shown in the legend.

levels in the coadded 2D spectral images over the wavelength
window. These noise estimates are then combined and
averaged on a 3D linear grid in steps of 12 along the spatial
axis and 9.75 A along the wavelength axis (identical to the
wavelength grid of the science spectra).

Next, artificial emission-line signals mimicking the [O III]
doublet, with various intrinsic fluxes, are injected into the
coadded 2D spectral images, and SExtractor is used to evaluate
the recovery rate. The detection threshold is set at signal-to-
noise ratio (SNR) = 3 for the [O ] A4960 line, consistent with
the real data. Here, SNR is defined as the ratio of FLUX APER
to FLUXERR APER within a 5 pixel (0.3) diameter aperture.

As might be expected, we find that the recovery rate, or
completeness, is tightly correlated with the ratio of the injected
flux to the pixel noise level (F/rms), and this correlation is
largely independent of the pixel noise level itself, wavelength,
and sky position. Thus, a single conversion function from F/
rms to completeness is derived for each field. Using this
conversion, the completeness cube can be constructed from the
noise cube for a given line flux or luminosity.

Figure 4 shows the completeness cube for the J1148+4-5251
field. The three panels display the completeness for [O III]-
emitters with Lsgog = 10 erg s~ ! across the survey area at
different redshifts (z = 5.5, 6.0, and 6.8 from top to bottom).
The maximum width of the survey area increases with redshift
because a larger portion of the dispersed spectra, particularly
on the shorter-wavelength side, falls outside the detector for
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Figure 4. Completeness maps for the field of J1148+5251. The three panels
show the completeness for [O III]-emitters with Lsgog = 10%? erg s~ ! across the
survey area at different redshifts (z = 5.5, 6.0, and 6.8, from top to bottom).
Horizontal trails of lower completeness are caused by the presence of bright
galaxies and stars within the field.

sources located near the field edges. The large-scale complete-
ness pattern reflects the 2 x 2 mosaic configuration (compare
with Figure 1) and the lower throughput of Module B, which
covers roughly the right half of the survey area. The overall
structure of the completeness cube is consistent across the
other quasar fields. Some specific horizontal trails of lower
completeness are caused by the presence of very bright
galaxies and stars within this particular field.

Figure 5 shows the completeness averaged over the entire
survey volume (5.32 < z < 6.97) as a function of [O III]\5008
luminosity for each field. The average completeness is 80% at
2.5 x 10% erg s~ ! but drops to ~40% at Lsgog = 10*? erg s,
with no substantial differences between the quasar fields. The
figure also illustrates the interquartile range (IQR; 25th—75th
percentiles) of the spatial variations in completeness across
each field (shown only for JO100 and JO148 for clarity; results
are consistent across the other fields). At 50% completeness,
the IQR is ~20%. These completeness models are used in the
following analyses.



THE ASTROPHYSICAL JOURNAL, 997:280 (26pp), 2026 February 1

1.0F
0.8F
% J0100+2802
5]
2 0.6F J0100 IQR
z J1148+5251
=04k ——  JO148+0600
3 J0148 IQR
0.2k —— J103040524
' — 15902
—— J1120+0641
0.0F i

1 1 1 1
41.0 41.5 42.0 42.5 43.0 43.5
10819 Lsoos [erg s7']
Figure 5. Completeness over the entire survey volume (5.32 < z < 6.97) as a
function of [O HMIJA5008 luminosity for each field. Solid lines indicate the
average completeness functions. The blue and green shaded regions show the

interquartile range (IQR) of the spatial variations in the JO100 and JO148
fields, respectively.

3. IGM Transmission Measurements along the Sight Lines
to the Quasars

We measure the transmission as a function of redshift in the
Lya and Lyg forests using ground-based spectroscopic
observations of our target quasars. The spectra were obtained
with Folded-point InfraRed Echellette (FIRE; R. A. Simcoe
et al. 2013) on the Magellan Baade Telescope, X-Shooter
(J. Vernet et al. 2011) on Unit Telescope 2 of the Very Large
Telescope (VLT), and the Multi-Object Spectrometer For
Infra-Red Exploration (MOSFIRE; I. S. McLean et al. 2012)
and the Echellette Spectrograph and Imager (EST; A. I. Sheinis
et al. 2002) on the Keck I Telescope. The wavelength range
used in the transmission analysis is covered by the X-Shooter
VIS arm (for all quasars except J1148) or by ESI (for J1148).
Details on the processing of the ground-based quasar spectra
can be found in A.-C. Eilers et al. (2023) and D. ]vDurovgfkové
et al. (2024). The resulting spectral resolution at the
wavelengths used for transmission analysis is R &~ 8000 for
X-Shooter and R = 5000 for ESI. Assuming pure Hubble flow,
these resolutions correspond to a comoving distance interval of
Ad, =~ 0.4-0.6cMpc at 7z ~ 5.5. These resolutions are
sufficiently high to resolve transmission structures along the
sight lines on scales of interest, =1 cMpc.

To measure the Lya and Ly( transmission, the intrinsic
continuum spectrum blueward of 1280 A was estimated for
each quasar based on the shape of its redward spectrum. This
was achieved using a deep neural network trained on a sample
of low-redshift (0.1 < z < 3) quasar spectra (B. Liu &
R. Bordoloi 2021). The resulting intrinsic spectrum, valid
down to a rest-frame wavelength of 1080 A, was extended to
cover the Ly forest region using a power-law fit to the
continuum redward of Lya. The power-law slope y (defined as
fn o« A77) ranges from approximately 0.9-1.7, broadly
consistent with typical values of z ~ 4 luminous quasars
(S. Cristiani et al. 2016). Figure 6 shows the continuum model
for each target quasar. The typical uncertainties in the
continuum models range from 4% to 8%. In the main analysis
below, we neglect these uncertainties (see Section 4 for
justification).

Figures 1 and 2 show the transmission spectra for each
quasar, defined as the flux spectrum normalized by the
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Figure 6. Quasar spectrum (black) and the intrinsic continuum model (red) for
each quasar. The extrapolated portions of the continua are shown in orange.
Light- and dark-gray shaded regions represent the 1o and 20 confidence
intervals of the model, respectively.

predicted intrinsic continuum. The wavelength is translated
into redshift for the Ly« line using its rest-frame wavelength
(A = 1215.67A, ie., 2o = Aops/Aa — D).

For all quasars except J1120+0641, the redshift of Ly« at
the observed wavelength of the Ly( line (A3 = 1025.72 A) of
the quasar is below the lower boundary of the redshift window
for detecting [O III]-emitters in the grism survey. Therefore,
the transmission within the window is purely due to Ly«
opacity. For J1120, with zoso = 7.085, however, the portion of
the spectrum below z, < 5.82 is affected by the LyS
absorption at higher redshifts. Indeed, the spectrum of J1120
shows significantly reduced transmission at these redshifts
compared to the other quasars (see Figure 2). We exclude this
portion of the J1120 spectrum from our analysis.

The top panel of Figure 7 shows the Lya transmission
measured in 20 cMpc bins along the sight lines (Ta,zom). The
uncertainties in continuum modeling (4%—8%) are negligible
for the purpose of this figure. For reference, the corresponding
effective optical depth (7 = —InT) is shown on the right-hand
y-axis. However, our analyses are performed using transmis-
sion, rather than optical depth, to rigorously account for flux
errors in the quasar spectra. The figure also includes the
cosmic mean transmission as a function of redshift derived by
A.-C. Eilers et al. (2018) for comparison. The overall trend,
declining with increasing redshift, is consistent with the
cosmic mean. Additionally, the scatter in transmission (in log-

% This is defined as To2o = fzo eMpeTo(De) dD./(20 cMpc) where D, is
comoving distance along the sight line, and the integration is performed over
each 20 cMpc interval.
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Figure 7. Top panel: Ly« transmission measured in 20 cMpc bins along the
sight lines toward our six target quasars. Different symbols represent different
quasars. Down arrows indicate 2¢ upper limits for nondetections (<1c). The
star symbols indicate the mean transmission in four bins of redshifts. The
right-hand y-axis shows the corresponding effective optical depth. The red
curve represents the cosmic volume-averaged trend from A.-C. Eilers et al.
(2018). Bottom panel: similar to the top panel, but showing Ly# transmission
measured in the same bin size, statistically corrected for foreground Lyo
absorption. The red curve is converted to Ly3 from the same result shown
above (see the text).

scale) increases significantly from o(7) ~ 04 atz < 55to o
(1) ~ 0.7 at z > 5.5, as reported by early studies compiling
many quasar sight lines (S. E. I. Bosman et al. 2018, 2022;
A.-C. Eilers et al. 2018). The deep Gunn—Peterson trough of
the JO148 sight line (G. D. Becker et al. 2015b) is clearly
visible as a series of persistently low transmission values
(green triangles) over the redshift range 5.5 < z < 5.9.

To observe the trend, the mean transmission levels within
four approximately equal redshift bins (z = [5.32, 5.50],
[5.50, 5.70], [5.70, 5.90], and [5.90, 6.15]) are shown in the
figure. These mean values are consistent with the cosmic mean
in all but the third bin, where a sharp drop from the second bin
results in a mean transmission that remains nearly constant
across the redshift range 5.70 < z < 6.15. It might be worth
noting that a constant mean transmission across different
redshifts does not imply that the average neutral fraction
remains unchanged with redshift, because the effective optical
depth approximately scales as 7egr o< {xgp)(l + 2>
(G. D. Becker et al. 2015a). However, the difference in the
1+ z)3/2 factor between z = 5.70 and 6.15 is only about 10%),
which is indeed much smaller than the nearly fourfold change
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in transmission between this bin and the adjacent intermediate-
redshift bin. Therefore, this trend in the large-scale mean
transmission motivates us to conduct a galaxy—transmission
correlation analysis within three redshift regimes, divided at
z = 5.5 and z = 5.7 (see Section 4).

We also measure Ly/ transmission using the Ly forest
region of the spectra. This region is affected by foreground Ly«
absorption at lower redshifts, z, fe =(zz+ D(Aa/Ag) — 1. To
statistically correct for this foreground absorption, we assume
the cosmic mean transmission at the corresponding absorption
redshift. However, it is important to note that spatial variations
in the foreground Ly« absorption are not negligible. According
to S. E. I. Bosman et al. (2022; see their supplementary data), the
optical depth measured over a scale of 30 4~ ' cMpc has a scatter
of ~0.32, corresponding to a factor of ~1.4 in transmission,
around z, iz ~ 4.9 (corresponding to z =~ 6). Consequently, Ly3
transmission measurements may be significantly distorted by
Ly absorption in the lower-redshift foreground IGM. It should
be noted that while the presence of a transmission spike in this
wavelength range requires that the region be ionized (transmit-
ting) at both z5 and z,, (since photons must have successfully
passed through both redshifts), the absence of a transmission
spike does not necessarily imply Ly absorption at zs, as the
photons could instead have been subsequently absorbed by Ly«
at Z,.

The bottom panel of Figure 7 shows the Ly( transmission,
corrected for foreground Lya absorption, measured in
20 cMpc bins along five quasar sight lines (excluding J1120
+0640). For a given neutral hydrogen density, the optical
depth of Ly@ is smaller than that of Ly by a factor of 6.2."
However, in reality, the neutral hydrogen density may not be
homogeneous, and the ratio of effective optical depths can
deviate from this nominal value (~2-3; S. P. Oh & S. R. Fur-
lanetto 2005). We adopt 7, /75 = 2.25, which was empirically
derived by X. Fan et al. (2006b), and convert the cosmic Ly«
transmlsswn trend to its corresponding Ly3 trend
(Ts = ) The evolution of Ly{ transition within our
survey ﬁelds is less clear compared to Lya, due to the limited
redshift coverage of the Ly( forests and possibly the
contamination from foreground Lya absorption. The deep
trough in the J0148 sight line is again clearly visible, with the
green triangles falling well below the cosmic mean.

4. Results

Here we present our statistical measurements regarding the
relationship between the detected [O IlI]-emitting galaxies and
the IGM transmission measured along the sight lines to the
quasars. Figure 8 shows the redshift intervals of the Ly« and
Ly[3 forests that are used in our analysis. We set the maximum
redshift for our analysis to be zy,x = 6.15, as Ly« absorption
becomes almost completely saturated above this redshift.
Quasar spectra generally do not exhibit significant transmis-
sion spikes beyond this redshift. The minimum redshift is set
to Zmin = 5.32, which corresponds to the lower boundary of
our [O IlI]-emitter sample, limited by the spectral window of
the F356W filter.

With the sight lines of six quasars, our dataset encompasses
a total Lya forest spectral length of 1891 cMpc. In the
following analyses, we divide the entire redshift range into

'3 This factor 6.2 is given as 7o/75 = (faha)/(fsAg), Where f, = 0.4164 and
f3 = 0.0791 are the oscillator strengths.
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Figure 8. Redshift intervals of the Lya (blue bars) and Ly (green bars)
forests for the target quasars. Star symbols indicate the redshifts of the quasars,
while red bars correspond to their near-zones. The vertical dashed line marks
the upper limit of the redshift range used for the galaxy—transmission analysis
in this paper. The gray shaded regions at the left and right edges denote ranges
outside the spectral coverage for detecting [O IlI]-emitters.

three subranges, 5.32 < z < 5.50, 5.50 < z < 5.70, and
5.70 < z < 6.15, in order to investigate the redshift evolution
of the galaxy—IGM connection. The path-length-weighted
mean redshifts of these subranges are (z) = 5.41, 5.60, and
5.92, respectively. The corresponding lengths of the Ly« forest
spectra are 438, 466, and 986 cMpc, respectively. As noted in
Section 3, this binning is motivated by the trend of the mean
transmission measured along our six sight lines (see Figure 7).
In D. Kashino et al. (2023), we previously divided the Ly«
forest region into two redshift bins at z = 5.7, based on the
observation that the incidence frequency of transmission
spikes changes dramatically across this redshift. With the
increased number of sight lines now available, we are able to
further subdivide the lower range (z < 5.7) by introducing an
additional boundary at z = 5.50, near the midpoint of that
range. The Lyg3 forest analysis is conducted only for the
highest redshift range (5.70 < z < 6.15), yielding a total path
length of 573 cMpc.

Recently, the level of scatter caused by cosmic variance in
Galaxy-Lyo cross-correlation measurements based on limited
Lya forest path lengths was assessed using the THESAN
simulation (E. Garaldi et al. 2025a). The study found that
although measurements derived from these limited path
lengths cannot fully eliminate the effects of cosmic variance,
they can suppress it to a degree sufficient for statistically
detecting meaningful signals, as shown below (Sections 4.3).

Figures 9-14 provide a detailed view of the distribution of
detected [O IIT]-emitting galaxies along the line of sight to each
quasar. The x-axis represents the comoving distance from the
quasar, with the corresponding redshift indicated on the upper
axis, while the y-axis shows the transverse comoving distance.
To ensure an undistorted representation of the galaxy distribu-
tion, equal scaling is applied to both the axes. The distribution of
galaxies is compared against the Lya and Ly transmission,
depicted in blue and green, respectively, in the background.

4.1. Sight-line-to-sight-line Large-scale Correlation between
Galaxy Density and IGM Transmission

As a starting point, we present in Figure 15 the mean Ly«
transmission as a function of the total number density of
galaxies across different fields and different redshift bins.
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These values represent averages of both transmission and
galaxy number density over very large (albeit essentially 1D)
scales, up to 100-200 cMpc. Here, the number density is
calculated as follows:

1

=y — )
7 Verr (Ls008,1)

where Ve(Lsoos;) is the effective volume for the ith object,
computed by integrating the completeness for its Lsgog over the
relevant field and redshift range. Even when the number
density is computed without considering the Lsog-dependence
of completeness, the qualitative trend remains unchanged.
Table 3 summarizes the plotted data and the results of the
Spearman rank correlation analysis. Log-log space linear fits to
the data are shown in the figure.

Interestingly, at z < 5.5, the number density and transmis-
sion appear to be anticorrelated, although the statistical
significance is marginal. In contrast, an opposite, positive
correlation is seen at z > 5.7.

In the intermediate-redshift bin, the situation is complicated
by a notable sight line (green triangle) exhibiting both very
low galaxy density and very low mean transmission. This data
point corresponds to the long Gunn-Petersen trough along the
JO148 sight line (G. D. Becker et al. 2018), and deviates
significantly from the trend defined by the other sight lines.
Rather than being a mere outlier, it likely reflects a physically
meaningful coincidence of low galaxy density and low
transmission (G. D. Becker et al. 2018; D. Kashino et al.
2020). This may suggest that in such extremely underdense
regimes, a positive correlation—similar to that seen in the
highest-z bin—could emerge. We revisit this possibility in
Section 5.1, in the context of additional results presented later.

Overall, these observed trends suggest a correlation between
the galaxy distribution and the ionization state of the IGM on
very large scales (2100cMpc). In particular, the strong
correlation between the overall number density of galaxies
and the mean IGM transmission at z > 5.7 already provides
compelling evidence that star-forming galaxies, or something
with a similar spatial distribution, played an important role in
cosmic reionization.

In the following sections, we investigate the connection
between galaxies and the IGM transmission in more detail
using various statistical metrics.

4.2. Galaxy-Transmission Correlation

We investigate the correlation between the local galaxy
abundance and Lya transmission in more detail. The former is
represented by the galaxy number density, ny, measured within
narrow redshift slices of a length X cMpc across the entire
survey area in each quasar sight line. For fiducial analysis, we
limit the sample to those above [OTIJAS008 luminosity
L5008>1042 erg s~!, at which the average completeness is
~40%, to reduce statistical uncertainties arising from the
inclusion of fainter, low-completeness sources. Due to the
small number of galaxies in each bin, the number density is
estimated by dividing the count by the nominal survey volume
of each sight-line slice, rather than applying Equation (1),
which becomes unstable in such small volumes. Still, we
verified that using the 1/V.g estimator yields consistent
correlations and significance levels with the fiducial results.
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Figure 9. The distribution of [O III]-emitting galaxies, and the Lya(blue) and Ly/(green) transmission along the line of sight to QSO J0100+2802. The error
spectrum, corresponding to Lyc transmission, is shown in brown. The red circles show the comoving transverse distances, r,, to the detected [O III]-emitters from
the quasar sight line, with different sizes coded according to the [O 11I] luminosity. The vertical dashed line indicates the lower-redshift limit of the Ly/3 forest used in

our analysis.

The corresponding mean Ly« transmission within the X-cMpc
slices is denoted in T, x.

This correlation analysis treats all sight-line slices equally
and thus represents a “volume-centric” approach, in contrast to
the “galactocentric” cross-correlation analysis presented in the
next subsection.

We perform this analysis in three different redshifts ranges,
z=1[5.32,5.5], [5.50, 5.70], and [5.7, 6.15], using varying bin
sizes from 5-20cMpc. This division is motivated by the
evolution of the average transmission across our six sight lines
(see Figure 7). It was also found to strike a balance between
achieving sufficient statistical precision and preserving varia-
tions between the redshift bins, thereby allowing us to clearly
capture redshift evolution clearly.

Figure 16 shows the results. The individual data points
correspond to measurements in the individual (non-over-
lapping) sight-line slices. To clarify the trends, we calculate
the mean Ly« transmission in four bins of number density. We
also fit the data points with a simple functional form that
assumes a linear relation between In T, x and density. The 1o
confidence intervals are evaluated based on the nominal
covariance matrix of the fitting parameters, assuming a
Gaussian distribution. In these procedures, we did not account
for the uncertainties in the T,, measurements arising from noise
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in the spectral data of the quasars. This choice avoids potential
biases due to varying data quality across different quasars.
Notably, the conclusions remain unchanged even if the data
points are weighted by their associated uncertainties.

It is clear that the Ly« transmission significantly anticorrelates
with galaxy density at 5.32 < z < 5.50, similar to results from
z ~ 2-4 studies (S. Mukae et al. 2017; R. Momose et al. 2021;
J. Matthee et al. 2024a). The Spearman rank correlation
coefficient is found to be p ~ — 0.4 to —0.6, depending on the
binning scale, but consistently associated with very small p-values
(<0.0053). The correlation becomes weaker or disappears in the
intermediate-redshift bin, and then turns positive in the highest-
redshift bin, with p ~ 0.2-0.4 with p-values < 0.003. This trend is
robust across different binning scales.

We also analyze the same correlation using the Ly(
transmission within the highest redshift range. Figure 17
shows the results for the three slice lengths. A positive
correlation is evident at high significance for binning
scales <10 cMpc. The 20 cMpc binning yields a consistent
trend, though with reduced statistical significant. These
results are fully consistent with the trend of Ly«
transmission in the highest-redshift bin and further
strengthen the identification of a positive correlation
between galaxy density and transmission.
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Figure 10. Same as Figure 9, but for QSO J1148+5251.

4.3. Galaxy-Transmission Cross-correlation Analysis

We measure the cross-correlation between the transmitted
flux and the positions of galaxies along the sight lines. This
represents the average IGM transmission as a function of
distance from the galaxies, and was called the mean
transmission curve in D. Kashino et al. (2023). This is
inherently a galactocentric analysis, in which galaxy positions
serve as the reference points for measuring IGM transmission.
As a result, environments with higher galaxy densities
contribute more strongly to the average, in contrast to the
volume-centric approach discussed earlier.

4.3.1. Transmission-curve Measurement

We denote the transmission curve as (T(r)) where r is the
3D comoving distance from galaxies, and angle brackets
indicate averaging over the galaxies of interest. The formal
definition is:

Zi’jﬂ,j(r)li,j(r)
Zi’jli,j(’")

where i indexes the quasar field, and j indexes individual
galaxies in each field. T;;(r) is the mean transmission in a
radial bin at distance r + Ar/2 from galaxy j in field i, and
l;j(r) is the corresponding path length of the Lya forest
segment contributing to that radial bin. Note that /; (r) is not

; @)

(T() =
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constant but varies depending on the relative geometry
between the galaxy and the Lya forest segment.'®

Figure 18 presents the Ly« transmission curves in the three
redshift bins used in Section 4.2. We restrict our analysis to
r < 30 cMpc, which corresponds to ~4 times the maximum
transverse distance covered by our data (~7 cMpc at z ~ 6).
Note that at small radii (<7 cMpc), only galaxies located near
the sight lines contribute to the measurement. Figure 19 shows
the number of contributing galaxies (top panel) and the
cumulative total Ly« forest path length (bottom panel) within
each radial bin. This indicates that more than 10 galaxies
contribute to the smallest radial bin, and all galaxies can
contribute above r =~ 7cMpc, which corresponds to the
maximum transverse distance from the center of the survey
fields.

Note that uncertainties in the quasar continuum models
(Section 3) are not explicitly included this analysis. However,
their impact on the absolute transmission curves is estimated to
be 2%-3%, assuming constant (random) systematic offsets in
the continuum within each redshift bin. For the normalized
transmission curves (see below), the impact is even smaller
(only 1%-2%), since both the observed curves and the mean
transmission shift in a similar manner under a given realization

16 practice, (7(r)) is computed as the mean transmission (i.e., flux divided
by the continuum) averaged over all spectral pixels (which are linearly spaced
in comoving distance scale) that fall within each radial bin, considering all
galaxies within a given redshift bin across all quasar fields.
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Figure 11. Same as Figure 9, but for QSO J1030+0524.

of continuum model errors. We also confirmed that the
uncertainties in the transmission-curve measurements coming
from the noise in the quasar spectra are negligible.'”

In this study, we adopt these latest measurements, while the
comparison with our previous results based on the JO100 sight
line alone (D. Kashino et al. 2023) is presented in Appendix A.

4.3.2. Uncertainties and Cosmic Variance

The limited number of quasar sight lines hampers our ability
to measure the underlying ensemble signal of the Universe.
E. Garaldi et al. (2025a) demonstrated that the relative
uncertainties in the transmission curve are ~20%-30% when
the total pass length of the Ly« forest is ~500 cMpc. Here we
estimate the errors on the measure transmission curves as the
expected uncertainties relative to the true signal, accounting
for cosmic variance.

For this purpose, we adopt a jackknife resampling method.
We divide each quasar sight line within the redshift range of
interest into intervals of >44-66 cMpc, which exceeds the
scales we focus on (<30 cMpc). For the lowest-redshift bin
(5.32 < 7 < 5.50), we split each sight line into two subranges
at z = 5.409, yielding 10 segments of 44 cMpc length across
five quasars (excluding J1120). In the intermediate bin
(5.50 < z < 5.70), a division at z = 5.599 gives 10 segments

7 These uncertainties are computed by taking the square root of the quadratic
sum of (noise/continuum) over the same pixels used to calculate (7(r)), and
then dividing it by the total number of pixels.
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of 47 cMpc. At the highest redshift (0.570 < z < 6.15), we
divide the sight lines of J1148, J1030, and J159 into three
66 cMpc intervals at z = 5.845 and 5.995. For JO100, the
separations are slightly shifted to z = 5.842 and 5.989 due to
its slightly different higher endpoint (z = 6.14). For J0148, we
adopt the entire usable range (5.70 < z < 5.87; 76 cMpc) as
a single segment, and for J1120, we divide the analysis range
(5.84 < 7 < 6.15) into two at z = 5.992. In total, this yields 15
segments of 66-76 cMpc: we ignore small differences in
segment length.

In each of the three redshift bin, we then perform jackknife
resampling by omitting one segment at a time. Compared to
field-to-field resampling, this provides a more reliable estimate
of the uncertainties at the scales of interest because of the
larger number of segments and their uniform lengths. In each
resampling step, we exclude both the galaxies and the
transmission information associated with the omitted segment.
The same procedure is applied to estimate the uncertainties of
the Ly transmission curves (see Section 4.3.5).

The left panel of Figure 18 shows the absolute transmission
curves with the associated errors estimated using this method.
Across all redshift bins, the relative errors are typically
~30%-50%. These are comparable to, or slightly larger than,
the theoretical estimates of E. Garaldi et al. (2025a). It should
be noted that when the sample size (in this case, the number of
segments) is small, the jackknife resampling method can
become unstable and tends to overestimate the errors
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Figure 12. Same as Figure 9, but for QSO J159—-02.

(P. Norberg et al. 2009). In addition, adjacent data points are
not independent but are instead strongly correlated.

Given these uncertainties, the enhanced absorption toward
r = 0 observed in the two lower-redshift regimes remains
statistically significant. The statistical significance of the
signals—and their physical interpretation—will be further
evaluated through comparison with the scatter expected under
the null hypothesis, as described in the next section.

4.3.3. Scatter Estimation under the Null Hypothesis

To assess the significance of features in the observed
transmission curves, we compare them to expectations under
the null hypothesis that the IGM transmission is completely
independent of the galaxy positions. To do this, we construct
mock galaxy catalogs and cross-correlate them with the actual
transmission data, following the detailed procedure described
below. Under this null hypothesis, the mock transmission
curves should be flat at the mean transmission level within
each redshift bin.

By using many different mock galaxy catalogs, we can also
evaluate the scatter in the null hypothesis output, which
provides a reasonable estimate of the statistical uncertainty of
the actual measurement and, thus, of the significance of any
deviation from the null hypothesis. Prior work has often
estimated uncertainties assuming that galaxies are randomly
distributed and spatially uncorrelated (e.g., K. L. Adelberger
et al. 2003, 2005; R. A. Meyer et al. 2020; R. Momose et al.
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2021). For example, errors have been approximated by
dividing the standard deviation of the transmission values by
VN, or by applying resampling techniques such as galaxy-by-
galaxy bootstrap or jackknife. However, such approaches do
not account for the spatial clustering of galaxies, which
reduces the effective number of independent measurements
and can therefore lead to an overestimation of the significance.

To properly account for galaxy clustering, we construct
realistic mock galaxy samples based on lightcone catalogs
from the UniverseMachine Data Release 1 (P. Behroozi et al.
2019). We convert the star formation rates (SFRs) in the
catalog to [O1II] luminosities using abundance matching to
reproduce the observed [O IIT] luminosity function (J. Matthee
et al. 2023), assuming that the rank-orderings of SFR and
[O1I] luminosity are the same. While this conversion is
certainly an oversimplification, it is sufficiently reasonable for
our purposes, as it produces a sample with the consistent
number density, by construction, and at least approximately
the consistent spatial clustering.

We generate 48 independent narrower lightcones, each
matching the survey area of our NIRCam observations. From
these, six are randomly selected and assigned to the six quasar
sight lines. For each lightcone, we simulate grism observations
using the corresponding completeness map (see Section 2.4),
which determines the detection probability for each mock
galaxy. This yields six mock catalogs of detected mock
galaxies, which are then cross-correlated with the actual
Lya forest spectra (which must, by design, be completely
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Figure 13. Same as Figure 9, but for QSO J0148+0600.

uncorrelated with the mock catalogs). This random association
is repeated 10* times (out of almost 10'* possible combina-
tions), and the distribution of the resulting 10* transmission
curves therefore allows for an assessment of whether our
observed curve could have been produced by chance under the
null hypothesis.

As in D. Kashino et al. (2023), by normalizing the observed
transmission curve by an estimate of the mean transmission,
we can obtain the normalized transmission curve, which, in the
null hypothesis, would be unity at all radii. The significance of
deviations from unity can then be easily assessed using the set
of null-hypothesis mock catalogs. However, some care needs
to be taken in constructing the appropriate baseline 7', as
follows.

We can first easily determine a baseline, T, using the
ensemble of mock catalogs and Equation (2). For practical
simplicity, however, we instead use a sufficiently large set of
uniformly distributed random source catalogs. These random
catalogs are constructed similarly to the mock catalogs,
modeling the luminosity probability distribution and comple-
teness for each field. Using a single large radial bin
(r = 0-15cMpc),'® this approach yields a baseline 7 that
closely matches the simple mean over all sight lines, while
properly accounting for field-to-field small variation in
completeness and effective area.

The baselines T obtained in this way for the three redshift
bins are shown as the horizontal dotted lines in the left panel of
Figure 18. A difficulty that arises is that, because (T(r)) is a
galactocentric measurement, it inherently gives greater weight
to fields with more detected galaxies. However, as has been
clearly shown above, it is clear that the galaxy density

8 1r adopting smaller fiducial bin size Ar = 2 cMpc, the transmission curve is
quite flat.
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correlates with the IGM transmission on large scales
(Figures 15 and 16). The sign of this correlation reverses
between the lowest- and highest-redshift bins, and essentially
vanishes in the intermediate bin. This observed correlation
means that the average transmission of the set of observed
EIGER galaxies will be slightly different from the estimate T
obtained from the mock catalog (or randomly distributed
galaxies), because these galaxies are, by construction,
uncorrelated with IGM transmission at any scale.

This mismatch will introduce a bias in the overall normal-
ization of the observed and mock curves, potentially introdu-
cing an apparent correlation signal on small scales that could
conceivably be only a manifestation of these identified
correlations evident on much larger scales. In examining the
shape of the transmission curves, our interest is primarily in
identifying possible small-scale features, and the effects of the
previously identified large-scale correlations must therefore be
removed. To address this, we therefore modify the estimator of
the mean transmission obtained from the mock galaxy catalogs
by applying a field-to-field weighting:

>, Tl (N

3)
2 g (NS

<T(r)>wht -

where the summation is over all combinations of mock sources
and sight lines, and N°® is the number of real galaxies (not
artificial sources) in quasar field i within the redshift range.
This weighting ensures that the mock transmission curves have
exactly the same average transmission as the observed ones.
The corresponding field-weighted baselines, Ty, are shown in
Figure 18 as the dashed lines. As expected, this is lower,
relative to T, in the lowest-redshift bin, where there was an
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region used in the analysis is limited to 5.84 < z < 6.15 (see Figure 8).
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Figure 15. Mean transmission vs. galaxy number density measured along
individual sight lines within three redshift ranges: 532 < z < 5.50,
550 < z < 570, and 5.70 < z < 6.15, as labeled. Different symbols
represent different sight lines, as indicated in the legend. Vertical error bars
reflect uncertainties in the quasar spectra and continuum modeling (4%—8%;
see Section 3). Solid lines and shaded regions indicate the best-fit linear
relations (in log-log space) and their 1o uncertainties for each redshift range.

inverse correlation between galaxy number and mean
transmission, but higher in the highest-redshift bin, where
the correlation reversed. It is indistinguishable in the middle
redshift bin where there was little overall correlation.

4.3.4. Observed Deviations from Null Predictions

We are now in a position to fairly compare the observed
transmission curves with those derived from the mock
catalogs. The right panel of Figure 18 shows the observed
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Table 3
Mean Transmission and Galaxy Number Densities over the Lines of Sight
Field 532 <z<550 5.50 <2< 5.70 570 <z<6.15
Transmission (%)
JO100 11.529 £+ 0.013 05.294 £+ 0.011 0.183 £ 0.008
J1148 05.189 £ 0.027 02.100 £ 0.021 0.494 £ 0.020
J0148 08.739 £ 0.038 00.140 £ 0.033 0.024 + 0.027
J1030 12.022 £ 0.064 04.637 £+ 0.062 0.865 £ 0.043
J159 05919 £ 0.223 01.303 £+ 0.218 0.373 £+ 0.140
J1120 0.454 £ 0.049
Number densities (cMpc )
JO100 0.0022 0.0038 0.0039
J1148 0.0067 0.0083 0.0056
J0148 0.0024 0.0018 0.0032
J1030 0.0065 0.0054 0.0061
J159 0.0132 0.0050 0.0031
J1120 0.0042
Spearman rank correlation coefficients
p —0.6 0.3 0.83

p-value 0.285 0.624 0.041
Note.

# This table summarizes the data plotted in Figure 15, along with the results of
the Spearman rank correlation analysis.

curves normalized by these field-to-field weighted Ty, in each
redshift range. The shaded regions represent the 16th—84th
percentile range of the 10* mock realizations, providing the
expected scatter under the null hypothesis. As expected, these
are centered on unity.

For comparison, we also performed the same analysis using
uniformly distributed random catalogs, while still accounting
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" and the Lya transmission, for three redshift

ranges. The three rows correspond to three different binning scales along the sight lines (5, 10, and 20 cMpc from top to bottom). Different symbols are used for
different quasars. The blue-rimmed circles indicate the mean values in four bins of galaxy number density, with the vertical error bars indicating the errors on the
means and the horizontal error bars indicating the bin sizes. The blue curves are the best fits (a linear relation between N and In T') to the individual data points, with
the shaded region indicating the uncertainties corresponding to the 16th—84th percentiles. In each panel, the Spearman rank correlation coefficient p and

corresponding p-value are provided.

for inhomogeneous completeness. The hatched regions in
Figure 18 indicate the scatter expected from these random
catalogs, using the same total number of sources as in the
observed data. As shown, this approach significantly under-
estimates the true scatter, as it neglects the spatial clustering of
galaxies.

Even with this improved scatter estimate from the lightcone-
based mock catalogs, the observed curves exhibit deviations
that appear statistically significant. Specifically, we find (i) a
clear excess absorption at small distances (r < 8 cMpc) in the
lowest-redshift bin (5.32 < z < 5.50) and less significantly at
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5.50 < z < 5.70; and (ii) a marked excess in transmission at
intermediate distances (~6-20cMpc) in the highest-redshift
bin (5.70 < z < 6.15). These features suggest the presence of
physical processes that shape the IGM ionization conditions in
different ways at different epochs.

These features certainly make astrophysical sense, as will be
discussed below. However, a quantitative assessment of their
statistical significance is nontrivial because adjacent radial bins
are not independent, as the same transmission elements
contribute at different radii for different galaxies. This effect
is present in both the real data and the mock analyses. To
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Figure 17. Correlation between galaxy number density and Ly( transmission
within 5.70 < z < 6.15, shown for different binning scales (5, 10, and
20 cMpc, from top to bottom). The symbols follow the same convention as in
Figure 16.

address this, we combine the transmission values across broader
radial ranges—specifically, »r = 0-6 cMpc, 6-20cMpc, and
r > 20 cMpc—and compute the average transmission in each
radial bin. Figure 20 shows the distribution of these averaged
transmission values of the 10* mock realizations.

Notably, in several specific cases, the observed values fall in
the tails of the distributions: (i) the excess absorption at the
small radii is found in only <1% of the mock realizations for
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the lowest-redshift bin, and <5% for the intermediate bins; and
(i) the excess transmission at the intermediate radii in the
highest-redshift bin occurs in just <4% of the mocks. These
values provide empirical p-values for testing the null
hypothesis, and support our claim that the observed transmis-
sion curves reflect genuine physical correlations between
galaxies and the surrounding IGM transmission properties.

We also note that, if the field-to-field weighting had not
been applied when computing the mock transmission curves,
the deviations become even more pronounced, incorporating
large-scale galaxy—IGM correlations. For example, the p-value
improves to 0.04% for the small-scale absorption in the
lowest-redshift bin, and to 1.05% for the intermediate-scale
transmission excess in the highest-redshift bin.

4.3.5. LyB Transmission Curve

We perform the same analysis using the Ly (3 forest region of
the spectra. Figure 21 shows the Lyg@ transmission curve,
(T4(r)), for the redshift range 5.70 < z < 6.15 (the same as the
highest-redshift bin for Lya), based on a sample of 146
galaxies. Unlike the Lya measurements, the Ly transmission
curve does not exhibit a prominent excess transmission. This is
likely due to its reduced statistical power, stemming from a
shorter total path length and contamination from foreground
Ly« absorption at lower redshifts, which is more difficult to
average out given the current sample size. Nevertheless, the
LyS curve shows a mild excess above the mean at
r < 25 cMpc, qualitatively consistent with the trend seen in
the Ly« curve.

We perform the same analysis using the Ly(3 forest region of
the spectra. Figure 21 shows the Ly transmission curve, (T(r)),
and the associated errors estimated from jackknife sampling (see
Section 4.3.2) for the redshift range 5.70 < z < 6.15 (the same as
the highest-redshift bin for Lya), based on a sample of 146
galaxies. The relative uncertainties are typically ~30%. Unlike
the Lyc measurements, the Ly[ transmission curve does not
exhibit a prominent transmission excess. This is likely due to its
reduced statistical power, stemming from a shorter total path
length and contamination from foreground Ly« absorption at
lower redshifts, which is more difficult to average out given the
current sample size.

5. Discussion

5.1. Interpreting the Evolving Galaxy—Transmission
Correlation

Our analysis reveals a clear redshift evolution in the
correlation between galaxies and Ly« transmission, based on
both the ‘“volume-centric” and ‘“galactocentric” metrics
(Sections 4.2 and 4.3). This evolution reflects a shift in the
dominant physical processes that shape the IGM during the
late stages of reionization. Here, we interpret how density and
radiation effects combine and compete across redshift, in
shaping the observed signals, and construct a unified picture of
the galaxy—IGM connection. Figure 22 presents a schematic
summary.

At earlier times, i.e., in the highest redshifts (5.7 < z < 6.15),
regions of higher galaxy densities exhibit stronger Ly« transmis-
sion (Figure 16). This positive correlation is most clearly seen
with 20 cMpc binning and remains evident even in the across-
sight-line comparison (Figure 15). The transmission curve
consistently shows a significant excess over r ~ 5-25cMpc.
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Figure 18. Left panel: Ly« transmission curves measured in three redshift bins along the sight lines of our six quasars (symbols connected by solid lines). Horizontal
error bars indicate the bin size (2 cMpc) of the measurements, while vertical error bars represent the uncertainties due to cosmic variance estimated via jackknife
resampling. The horizontal dotted and dashed lines indicate the uniformly weighted mean transmission, T.,, and the field-to-field weighted value, Tn,whh respectively.
Right panel: similar to the left panel, but with transmission curves normalized by the mean value, Ty,. To assess the significance of deviations from a flat trend, the
scatter (16th—84th percentiles) from mock measurements under the null hypothesis is shown by the shaded regions. For comparison, hatched regions show the same
scatters but assuming a simplified case where galaxies are uniformly distributed at random.
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Figure 19. Top panel: number of galaxies contributing to the transmission-
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panel: cumulative total path length of the Ly« forest, /., that contributes to
each radial bin in the transmission-curve measurement.

Taken together, these observations suggest that enhanced local
radiation fields around galaxies dominate and effectively boost
the IGM transmission, especially at intermediate scales. The lack
of a significant excess at smaller scales (r < 5 cMpc) implies that
the effects of local radiation and increased absorption due to
higher densities (coupled with elevated recombination rates)
cancel each other out in the immediate vicinity of galaxies.
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At intermediate redshifts (5.5 < z < 5.7), the IGM enters a
transitional phase. Both density and radiation effects are at
play: the transmission curve shows strong absorption at small
scales and moderate excess at r ~ 10-20 cMpc. While the
volume-centric correlation becomes weak across the entire
range of density, a peak-like trend emerges at large scales
(220 cMpc), with a positive correlation in low-density regions
and a negative correlation in high-density regions. This can be
interpreted as a competition between local radiation dominat-
ing in low-density regions and density-driven absorption
dominating in overdense ones. During this transitional period,
the mean free path of ionizing photons increases dramatically,
establishing a nearly uniform radiation field across the
Universe. As this transition progresses, the density effect
becomes more dominant, and the “knee” in the density—
transmission relation is expected to shift toward lower
densities (see Figure 22).

Then, at z < 5.5, a strong negative correlation between
galaxy number density and transmission (Figure 16) indicates
enhanced absorption in overdense regions. The transmission
curve shows a consistent signal, with excess absorption
concentrated within ~8 cMpc of galaxies (Figure 18). The
monotonic trend of the transmission curve implies that, at this
stage, ionizing photons have largely filled the Universe, and
the variation in transmission is governed primarily by density
fluctuations under a nearly uniform background radiation field.

Our evolutionary scenario illustrated in Figure 22 implies a
rapid increase in transparency within low-density regions,
aligning with the expectation in a late-reionization scenario
(L. C. Keating et al. 2020). The transitional phase, which
might have lasted for ~50-100 Myr (Az ~ 0.2-0.4), marks the
end of the “patchy” phase of reionization and the onset of a
more uniform ionized state of the IGM. This is consistent with
the widely discussed “inside-out” scenario of cosmic reioniza-
tion, where high-density regions reionize first, and ionization
gradually fills the voids.
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Figure 21. Similar to Figure 18, but showing the Ly transmission curve,
measured within 5.70 < z < 6.15.

Our interpretation also aligns with previous studies based on
Subaru HSC observations, which show that regions of high 7
(on ~70cMpc scales) tend to coincide with galaxy under-
densities (G. D. Becker et al. 2018; D. Kashino et al. 2020;
H. M. Christenson et al. 2021), and that 7.¢ and galaxy density
are negatively correlated (R. Ishimoto et al. 2022). A more
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recent study identified two low-7.¢ regions but with low
galaxy densities at z ~ 5.7, suggesting substantial diversity
among highly transmissive regions rather than a tight
correlation (H. M. Christenson et al. 2023). This is consistent
with the predictions from cosmological hydrodynamic simula-
tions (N. Gangolli et al. 2025; E. Garaldi et al. 2025b). This
behavior may reflect two aspects seen in the transmission
curves: transmission tends to rise at some distances from
galaxies (as the immediate surroundings are denser and more
absorbing), and the transparency of low-density regions likely
evolves rapidly, as discussed above.

These findings—particularly the clear positive correlation
between galaxy density and transmission, and the excess in the
transmission curve at high redshifts—provide strong evidence
that star-forming galaxies played a central role in reionization,
supporting a “galaxy-driven” scenario. However, quantifying
the fractional contributions of different galaxy populations—
such as numerous faint galaxies versus rare, luminous ones,
which likely share similar spatial distributions—cannot be
determined with the current analysis. While the contribution
from AGNSs is considered minor, with an estimated AGN
fraction of ~1% (J. Matthee et al. 2024b) at z ~ 5, accurately
assessing their role will require uncovering hidden populations.

5.2. Qualitative Discussion of Some Specific Galaxy—
Transmission Structures

Following the statistical analyses presented above, we now
provide several illustrative examples that highlight the
connection between galaxy distribution and IGM transmission
structures.

Along the sight line toward QSO J0100+2802, as previously
reported by D. Kashino et al. (2023), prominent transmission
spikes in both Ly« and Ly( at z & 5.99 coincide with a group of
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galaxies (see Figure 9). Figure 23 presents the sky positions of
these galaxies relative to the quasar sight line. The clustering of
Lyf transmission spikes implies an ionized region extending
over ~5cMpc (~700 pkpc) or more, assuming pure Hubble
flow. This scale is comparable to the transverse distance to the
galaxy group—particularly the brightest member, suggesting
that these galaxies likely created localized ionized regions
giving rise to these transmission spikes. However, our
quantitative estimate indicates that the contribution of the
detected galaxies to the photoionization rate at the location of
the spikes accounts for only <10% of the rate required to
maintain ionized region, giving rise to the observed transmission
spikes (see Appendix B). This implies that additional, fainter
galaxies below our detection limit (and possible systems without
strong [OTII] emission) must also be present and contribute
significantly to maintaining the local ionized environment.
Looking at the J1030+0524 sight line (Figure 11), we find
no significant transmission spikes between z &~ 5.72 and 5.76,
even though a relatively high number of galaxies are detected,
including some very close to the sight line (r; < 1cMpc). In
contrast, spikes emerge at z ~ 5.77-5.81, where we also
identified a number of galaxies. The difference between these
two situations is that in the higher-redshift interval, the
detected galaxies are located somewhat farther from the sight
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line (r; 2 3cMpc). This suggests that the transmission is
enhanced by a stronger ionizing radiation field around galaxies
or galaxy groups, whereas it is suppressed in the immediate
vicinity of galaxies because of the higher density. This is
consistent with the behavior of the transmission curve.

QSO J0148+0600 is known for its deep Lya trough,
spanning approximately 160cMpc from z = 5.52-5.81
(G. D. Becker et al. 2015b; see Figure 13). While no Ly«
transmission spikes are present within this long trough, several
Ly spikes have been identified, indicating that, at least, in
those regions, the gas is ionized enough to allow for
transmission of Ly (L. C. Keating et al. 2020). Consistent
with previous reports (G. D. Becker et al. 2018; D. Kashino
et al. 2020; H. M. Christenson et al. 2021), we detect relatively
few [OIII]-emitters across the trough, serving as important
observational support for our interpretation. Moreover, and
even more intriguingly, these few detected galaxies tend to be
located near these LyQ spikes. This provides another piece of
evidence for local reionization driven by galaxies within
predominantly neutral regions of the IGM.

Another noteworthy feature is a galaxy overdensity
identified at z ~ 5.92 within the proximity zone of J0148
(this redshift portion is not included in our analysis presented
in Section 4). This coincides with a strong Lya absorption.
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Figure 23. Locations of the detected [O IlI]-emitters coincide with the strong
Lyaand Ly/ transmission spikes at z & 5.99 along the sight line toward QSO
JO100 (gold star) within the survey field. The symbol sizes represent [O II1]
luminosities, and colors indicate redshift. The inset panel shows a zoomed-in
area of the Ly« and Ly transmission spectra around this redshift (excerpted
from Figure 9).

Upon close inspection, a transmission spike is present at the
center of this strong absorption feature, accompanied by Ly(
transmission. This suggests a scenario in which the strong Ly«
absorption is primarily driven by the high density in this region,
while the nearest galaxy, and/or undetected companions, carve
out a small pocket of highly ionized gas that permits the
transmission of both Ly« and Ly(. This implies that the
ionization state of the IGM can vary significantly over small
distances around galaxies, and that average transmission-curve
measurements alone may be insufficient to fully capture the
complexity of the galaxy—IGM connection on such scales.

These examples are individual, noteworthy relationships
between galaxies and the structures of the IGM transmission
that truly exist in the Universe. They provide us with
consistent insights into the role of galaxies in cosmic
reionization, reinforcing the picture we developed based on
our statistical analyses using the full dataset. However, not all
situations observed across the quasar sight lines can be
interpreted as clearly as these particular examples. For
example, while not every galaxy can be unambiguously
associated with a specific transmission spike, some discrete
spikes lack identified galaxies in their vicinity, for instance,
strong Ly« spikes at z ~ 5.85-5.86 in the J1030 field, and at
z &~ 5.86 in J1120. The latter cases may suggest that the
ionizing sources are galaxies located outside the field coverage
or nearby faint galaxies below the detection limit.

5.3. Comparison with the THESAN Simulation

To gain further insights, we compare our measurements to
the THESAN simulation (E. Garaldi et al. 2022; R. Kannan
et al. 2022; A. Smith et al. 2022)," a large-volume
(Lvox = 95.5 cMpc) radiation-magnetohydrodynamic simula-
tion that precisely captures the interactions between ionizing
photons and intergalactic gas. It adopts the well-tested
MlustrisTNG galaxy formation model (A. Pillepich et al.
2018). THESAN models the escape of ionizing photons from
individual galaxies, incorporating a subgrid, birth-cloud escape
fraction, which was tuned to a constant value to reproduce a
realistic reionization history (Y.-C. Yeh et al. 2023), consistent
with the observed evolution of neutral fraction (B. Greig &
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A. Mesinger 2017). The transmission curve for the THESAN
simulation is computed for each snapshot at different redshifts.
Therefore, lightcone effects are not accounted for in this
comparison.

Here we focus on the local effects of galaxies on their
surrounding IGM, as captured by the behavior of transmission
curves normalized by the field-to-field weighted average
(Equation (3)). It is important to note that, in order to facilitate
a fair comparison, we select simulation snapshots whose
volume-averaged transmission most closely matches the
observed field-to-field weighted mean in each redshift bin,
rather than simply using the snapshots closest in redshift. The
simulation cannot reproduce the large-scale galaxy—transmis-
sion correlations seen in the observational data (Figure 15) due
to its finite box size, but this approach appropriately restricts
the comparison to spatial scales that are accessible within the
simulation volume. It also helps avoid uncertainties related to
differences in the reionization history between the simulation
and the real Universe, as well as potential biases caused by our
limited set of sight lines.

Figure 24 presents the normalized Ly« transmission curves
obtained from our observations (the same as in the right panel
of Figure 16), compared with those predicted in the fiducial
THESAN-1 run (E. Garaldi et al. 2022, private communica-
tion). The vertical error bars indicate the uncertainties arising
from cosmic variance, estimated via jackknife resampling (see
Section 4.3.2). For these normalized transmission curves, the
normalization factor T, wn is also recalculated for each
jackknife realization. The THESAN predictions are based on
a sample of galaxies with stellar masses above >10% M. This
stellar mass range broadly agrees with our sample (J. Matthee
et al. 2023). Note that comparisons with samples with
>10° M., and >10" M., show no significant differences in
the conclusions.

The chosen snapshots’ redshifts are z = 5.69, 5.94, and 6.40
for the three redshift bins from lowest to highest. The
corresponding volume-weighted neutral hydrogen fractions
(X¥gr) in these snapshots are 0.016, 0.060, and 0.20,
respectively. These estimates are in broad agreement with
up-to-date constraints based on modeling inhomogeneous
radiation field using a post-processing method (P. Gaikwad
et al. 2023; see also Y. Qin et al. 2025). While necessarily
model-dependent, these estimates offer useful insight into the
ionization state of the regions probed by our six sight lines. In
particular, the high Xy value in the highest-redshift bin implies
that a substantial fraction of the volume remains neutral (i.e.,
locally xy; ~ 1), consistent with the patchy view of
reionization.

At all redshifts, the transmission curve predicted in the
simulation aligns remarkably well with the observation. In our
lowest-redshift bin, the decline toward r = 0 is closely
matched in THESAN, including its scale. This consistency is
also evident in the intermediate-redshift bin, where the
simulation also reproduces the modest excess transmission at
larger r with reasonable accuracy. In the highest-redshift bin,
the magnitude of the transmission excess predicted by the
simulation is in excellent agreement with the observations.

Our analysis, based on six sight lines, enables one of the
most precise comparisons currently achievable between
observations and simulations. This demonstrates that observa-
tions of the galaxy—IGM interplay are now reaching a stage
where they can be quantitatively compared with state-of-the-
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Figure 24. Similar to the right panel of Figure 18, but comparing with the
predictions from the THESAN simulation for the sample of galaxies at
M, > 10® M, (purple solid lines). From top to bottom, the redshift range is
z =[5.32, 5.50], [5.50, 5.70] and [5.70, 6.15], respectively. The vertical error
bars indicate the uncertainties estimated via jackknife resampling (see
Section 4.3.2).

art reionization simulations. As future observations expand the
statistical sample, more precise comparisons will become
feasible, allowing for tighter constraints on galaxy evolution
models and the physical processes governing the escape of
ionizing photons into the IGM.

6. Summary

We presented a comprehensive analysis of the interplay
between galaxies and the IGM during the tail end of the
reionization, utilizing the complete dataset from the EIGER
survey. Using JWST NIRCam grism spectroscopy, we
constructed a sample of 948 spectroscopically confirmed
[O 11]-emitting galaxies spanning 5.33 < z < 6.97 within six
quasar sight lines. This study particularly focused on the
correlation between galaxy density and transmission, as well
as the so-called galaxy—transmission cross-correlation, across
three redshift ranges (5.32 < z < 5.50, 5.50 < z < 5.70, and
5.70 < 7 < 6.15).

We observed significant redshift evolution in the galaxy
density—transmission correlation (Section 4). At the lowest-
redshift range, we found a negative correlation between galaxy
density and Ly« transmission. Consistently, the transmission
curve exhibits strong Lya absorption within r < 8 cMpc of
galaxies. These findings can be attributed to the elevated
neutral hydrogen density in overdense environments.

At the highest-redshift range, the correlation reverses, with
Lya transmission increasing in high-density regions. The
transmission curve revealed coherent transmission excess over
r ~ 5-25 cMpc, indicating an enhanced local radiation field
generated by galaxies.
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The intermediate-redshift range marks a transitional period,
where the effects of overdensities and radiation field cancel
each other out, leading to the absence of significant correlation
between galaxy density and transmission. This represents the
conclusion of the patchy phase of reionization and the
achievement of a uniform ionization state of the IGM.

Overall, these results clearly demonstrate that local ionizing
radiation from galaxies is responsible for transmission of the
IGM at z > 5.7, and thus, they provide convincing evidence
for galaxy-driven reionization. This study underscores the
importance of spectroscopic galaxy surveys with quasar sight-
line observations for probing the reionization process. Future
investigations combining even deeper and multiwavelength
galaxy surveys along a large number of sight lines will be
pivotal for mitigating cosmic variance and refining our
understanding of the fractional contributions of different
galaxy populations to reionization.
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Appendix A
Comparison to Our Previous Results

We compare the current findings with those presented in
D. Kashino et al. (2023), which were based solely on the single
quasar field JO100. That earlier study performed a cross-
correlation analysis in three redshift intervals: 5.32 < 5.70,
570 < z < 6.14, and 6.15 < z < 6.26. The highest bin
corresponds to the near zone of the quasar and is excluded
from the present comparison, as the current study does not
include near-zone regions. For consistency, we remeasure the
transmission curves in the same two lower-redshift bins, using
both the full set of six quasar fields and only the JO100 field,
now based on the updated galaxy catalog. The results are
shown in Figure 25.

We note that the methodology for deriving transmission
curves differs between the two studies. In particular, the
previous analysis applied Gaussian smoothing with
o = 2 cMpc to the transmission spectra and normalized the
transmission by the cosmic mean as a function of redshift
(A.-C. Eilers et al. 2018), prior to computing the correlation.
Given these differences, we focus on qualitative comparisons
of the overall trends, rather than attempting a detailed
quantitative comparison.

In the lower-redshift bin, D. Kashino et al. (2023)
reported strong absorption at r < 8cMpc, which is
consistent with our current results, whether using all six
fields or only the JO100 field, in both amplitude and the
radial extent of the signal.

In the higher-redshift bin, the earlier study identified a
prominent transmission peak at r ~ 6 cMpc, reaching up to
4 times the mean transmission level. This was interpreted as
strong evidence for local ionization of the IGM by nearby
galaxies. The reanalysis using the JO100 field and updated
catalog still shows a peak at similar scales, though with
reduced amplitude. In addition, this updated JO100-only
result shows excess transmission at the smallest radial bin, a
feature not seen in the original study. These differences are
likely due to changes in normalization method and
improved detection of fainter galaxies in the revised
analysis.

In contrast, our new measurements based on multiple sight
lines do not reveal strong peaks at specific scales. Instead,
they exhibit a more gradual and extended transmission excess
over a broad range of distances, which may reflect a more
representative average over cosmic variance.

It is important to recognize that transmission curves
derived from a single sight line, such as JO100, are
sensitive to cosmic variance (see E. Garaldi et al. 2025a).
Indeed, the strong peak seen in the earlier result is largely
driven by a specific group of galaxies and a concentration
of transmission spikes at z = 5.99 along this sight line (see
Figure 9). While this does not represent the cosmic
average, it provides direct evidence for the spatial
coincidence of galaxies and locally ionized regions,
offering strong support for the scenario in which galaxies
drive reionization. Rather than contradicting the earlier
results, the addition of new sight lines and refined
measurements in this study allows us to better characterize
the ensemble-average signal of the galaxy—IGM connec-
tion during reionization.

24

Kashino et al.

—W- 5.32< <570 (N =174)
+-m- JO100 only (N = 25)
=®— J0100 only (Kashino+23)

—- 570 < z < 6.14 (N = 226)

4 [ Y
+-m- JO100 only (N = 39)
sl =®— J0100 only (Kashino+23)

} ¢ o -~ ’. ..
oot ‘w’

Il Il Il Il Il
0 3

0 5 10 15 20 25 30
r [cMpc]

Figure 25. Comparison between the early results from D. Kashino et al.
(2023), based solely on the JO100 field, and the latest measurements.
Normalized transmission curves are shown for two redshift intervals: the top
panel for 5.32 < z < 5.70, and the bottom panel for 5.70 < z < 6.14. Larger
squares connected by solid lines show current measurements using all six
quasar fields (five for the lower-redshift bin, excluding J1120). Smaller
squares connected by dotted lines represent updated measurements using only
the JO100 field. Gray squares indicate the previous version of the JO100-only
result, where the methodology for computing the curves differs slightly.

Appendix B
Galaxy-Transmission Association at z = 5.99 in the J0100
Field: Ionizing Contribution from Detected Galaxies

We evaluate whether the ionizing contribution from the
detected galaxies is sufficient to maintain the observed
transmission spikes at z = 5.99 along the JO100 sight line.
Our calculations largely follow the framework described in
K. Kakiichi et al. (2025).

The neutral hydrogen fraction xy; at the location where the
Ly« transmission T, is observed is estimated as

_ —In(T,) H(2)

, B1
O Ciig(2) Ay B

XHI

where H(z) is the Hubble parameter, o, = 4.48 X 1078 em? s
the Lya cross section, ny(z) is the cosmic mean hydrogen
number density,20 and Ay is the baryon overdensity (ny/7iy).
In ionization equilibrium, the photoionization rate satisfies
nurlar = nenunan(7), (B2)

where nyy, nym, and n. are the number densities of neutral
hydrogen, ionized hydrogen, and free electrons, respectively,
and ayp(7T) is the recombination coefficient. We adopt
the case-A recombination rate oapn(T) = 4.063 x 10~13
(T/10*K) %72 cm3s—! (G. D. Becker et al. 2015a). If
the hydrogen is highly ionized (xy; < 1; which holds
where transmission spikes appear), then ny; =~ ny and

20 (@) = P (1 — V(A + 2)3/my where peq = 8.60 x 1073 g cm 3 is

the critical density at z = 0, €, = 0.30966, Y ~ 0.24 is the primordial helium
mass fraction, and my is the hydrogen atom mass.
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ne =~ ny(l + xpe), and the Equation (B2) becomes
T = amn(T) (z) (1 + xpe) Av/ X1

where yg. = Y/[4(1 — Y)] accounts for electrons released by
singly ionized helium.

Using Equations (B1) and (B3), we calculate the photoionization
rate to sustain the observed transmission. To estimate the plausible
range of 'y, we adopt the probability distribution function of Ay
obtained by K. Kakiichi et al. (2025) at z = 6, based on a large-
volume cosmological simulation. For the z = 5.99 spike toward
J0100 (T, =~ 0.14), we find TIM = 21139 x 10712571
(median and 16th—84th percentiles).

Next, we calculate the local ionizing radiation field
generated by the detected galaxies. Assuming spherical
symmetry, the contribution to the photoionization rate from a
galaxy at distance r is given by (K. Kakiichi et al. 2018)

(B3)

Qg OLL fe‘:sc {ionLUVa,r/)\
g +3 2

mfp

Li(r) = (B4)

47r

where 077 = 6.35 x 10~ 8 cm? is the H1 photoionization cross
section at the Lyman limit, v, is the EUV spectral slope, feqc is
the ionizing photon escape fraction, &, is the ionizing
production efficiency, and Lyy is the UV magnitude (which is
here converted from the F115W magnitudes; see Section 2.3).

For seven [OIll]-emitters detected within 5.980 <
7z < 5.995, the total contribution to the photoionization rate
at the location of the z = 5.99 spike is

fz;sc ) 'gion
0.10 )\ 10® erg ! Hz

rig ~ 7.5 x 1014( )sl, (B5)

assuming o, = 3 and Ape, = 1 pMpc (Y. Zhu et al. 2023). This
corresponds to only TIOM/TISM 3 6% (increasing by a
factor of ~1.5 for App — o00) of the photoionization rate
required to maintain the spikes.

These results imply that, unless both f. and &, are
significantly higher than typically observed, the ionizing
photons produced by the detected galaxies alone are
insufficient to maintain the highly ionized conditions implied
by the transmission spikes; thus, additional, fainter galaxies
below our current detection limit must be present to provide
the dominant contribution to the local ionization rate.
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