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Abstract

Understanding when and how reionization happened is crucial for studying the early structure formation and the
properties of the first galaxies in the Universe. At z > 5.5, the observed intergalactic medium (IGM) optical depth
shows a significant scatter, indicating an inhomogeneous reionization process. However, the nature of the
inhomogeneous reionization remains debated. A SPectroscopic survey of biased halos In the Reionization Era
(ASPIRE) is a JWST Cycle 1 program that has spectroscopically identified >400 [O III] emitters in 25 quasar fields
at z>6.5. Combined with deep ground-based optical spectroscopy of ASPIRE quasars, the ASPIRE program
provides the current largest sample for IGM-galaxy connection studies during cosmic reionization. We present the
first results of IGM effective optical depth measurements around [O II] emitters using 14 ASPIRE quasar fields.
We find the IGM transmission is tightly related to reionization era galaxies to the extent that a significant excess of
Ly« transmission exists around [O III] emitters. We measure the stacked IGM effective optical depth of IGM
patches associated with [O II] emitters and find they reach the same IGM effective optical depth at least dz ~ 0.1
ahead of those IGM patches where no [O III] emitters are detected, supporting earlier reionization around [O III]
emitters. Our results indicate an enhancement in IGM Ly« transmission around [O III] emitters at scales beyond
25 h~' cMpc, consistent with the predicted topology of reionization from fluctuating UV background models.

Unified Astronomy Thesaurus concepts: Reionization (1383); High-redshift galaxies (734); Intergalactic medium
(813); Quasar absorption line spectroscopy (1317)

1. Introduction structure in the early Universe (S. L. Finkelstein et al. 2019;

B. E. Robertson 2022).

Cosmic reionization was the last major phase transition of . L.
Jor p Observations have revealed that reionization ended at z <6

atomic hydrogen from neutral to ionized in the intergalactic
medium (IGM). During cosmic reionization, ionized regions,
created and powered by UV bright sources, gradually grew and
overlapped in the IGM. Understanding when and how
reionization happened not only reveals properties of the first
luminous sources in the Universe, but also provides crucial
information on the early structure formation and large-scale

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

through various astrophysical sources. The Thomson scattering
optical depth observed from cosmic microwave background
observations implies a midpoint of reionization around z~ 7.7
(Planck Collaboration et al. 2020). At z 2 6, IGM Lya damping
wing profiles—strong absorption caused by significantly neutral
gas—are widely observed among luminous quasars (e.g., B. Greig
et al. 2017, 2019, 2022, 2024; E. Bafiados et al. 2018;
F. B. Davies et al. 2018b; F. Wang et al. 2020; J. Yang et al.
2020a; D. Durovéikova et al. 2024), in galaxies (A. J. Bunker
et al. 2023; H. Umeda et al. 2023, but see K. E. Heintz et al. 2023;
L. C. Keating et al. 2023; K. E. Heintz et al. 2024), and in
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gamma-ray burst afterglows (T. Totani et al. 2016, but see
O. E. Hartoog et al. 2015). The discovery of Gunn—Peterson
troughs, where the observed flux in the Ly« forest is consistent
with zero, is smoking gun evidence for an ongoing reionization at
z~6 (J. E. Gunn & B. A. Peterson 1965; R. H. Becker et al.
2001). At z < 6, prominent transmission spikes, as opposed to the
dark absorption troughs, are emergent in the Lyo forest
(I. D. McGreer et al. 2011, 2015; Y. Zhu et al. 2021, 2022; X. Jin
et al. 2023).

Meanwhile, the Ly« visibility of galaxies increases rapidly
from z>6 to z<6 (e.g., D. P. Stark et al. 2010, 2011;
J. Caruana et al. 2014; L. Pentericci et al. 2014; M. A. Schenker
et al. 2014; S. De Barros et al. 2017; C. A. Mason et al.
2018, 2019). Those observations support a rapid evolution in
the IGM neutral fraction at 6 < z < 8. Accumulating observa-
tional evidence shows that reionization might still be ongoing
at z < 6 (for a review, see X. Fan et al. 2023), including recent
ionizing photon mean free path measurements showing a
dramatic evolution at 5 <z<6 (G. D. Becker et al. 2021;
Y. Zhu et al. 2023), the existence of dark regions in both quasar
Ly« and Ly forests at z < 6 (Y. Zhu et al. 2021, 2022; X. Jin
et al. 2023), detections of damping wing absorption in the Lyo
forest at z < 6 (G. D. Becker et al. 2024; B. Spina et al. 2024;
Y. Zhu et al. 2024), and the large scatter in the observed IGM
effective optical depth (7.g) distribution at z > 5.4, which
cannot be explained by homogeneous ionizing background
models (J. Yang et al. 2020b; S. E. I. Bosman et al. 2022).

At z~ 5.5, although 7. measured from Ly forests suggests
the IGM is highly ionized with an average neutral fraction
§1074, the observed T distribution (usually measured in a bin
size of 50 ="' cMpc), displays an increased scatter at z > 5.5
(X. Fan et al. 2006; G. D. Becker et al. 2015; S. E. 1. Bosman
etal. 2018, 2022; A.-C. Eilers et al. 2018; J. Yang et al. 2020b).
The scatter in 7. at z > 5.5 reflects large-scale variations close
to the end of reionization and implies a patchy and
inhomogeneous reionization process. X. Fan et al. (2006)
propose that the large scatter is driven by the fluctuations in the
UV ionizing background (UVB), while A. Lidz et al. (2006)
argue that the scatter could be explained by density field
fluctuations with a uniform ionizing background. A. D’ Aloisio
et al. (2015) suggest that variations in the IGM temperature can
also explain the observed fluctuation in 7. These reionization
models predict distinct topologies of reionization to the extent
of the relation between the density field and large-scale IGM
transmission. In the fluctuating UVB models, overdense
regions of galaxies correspond to enhancement in the IGM
transmission because galaxies enhance the ionizing radiation
field around them (F. B. Davies & S. R. Furlanetto 2016;
F. B. Davies et al. 2018a, 2024). On the other hand, if large-
scale fluctuations are driven by density field or IGM
temperature, overdense regions in the IGM correspond to the
suppression of IGM transmission (e.g., F. B. Davies et al.
2018a).

Previous observational studies have investigated the relation
between galaxies and IGM transmission using ground-based
observations. G. D. Becker et al. (2018), H. M. Christenson
et al. (2021), R. Ishimoto et al. (2022), and H. M. Christenson
et al. (2023) have utilized Hyper-Suprime Cam on the Subaru
Telescope to select Lya emitters (LAEs) at z~ 5.7 and have
investigated the relation between the surface number density of
LAEs and 7.y using a few quasar sightlines. Significant
underdensity of LAEs has been found around a few highly
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opaque IGM patches at z~ 5.7 (G. D. Becker et al. 2018;
H. M. Christenson et al. 2021), consistent with the fluctuating
UVB models. Using broadband selected Lyman-break galaxies
(LBGs), D. Kashino et al. (2020) find an underdensity of LBGs
at 5.5 <z < 5.9 along the long dark trough at z ~ 5.7 exhibited
in the quasar JO148 4 0600, also consistent with fluctuating
UVB models. However, for highly transparent quasar sigh-
tlines, both overdensities (R. Ishimoto et al. 2022) and
underdensities (H. M. Christenson et al. 2023) of LAEs have
been found, which may be in tension with either fluctuating
UVB or IGM temperature models. As addressed in H. M. Chr-
istenson et al. (2023), at lower redshift, LAEs are found to
avoid high-density peaks in the IGM (e.g., N. Kashikawa et al.
2007; R. Momose et al. 2021; Y. Huang et al. 2022) because
Lya emission can be suppressed in high density of neutral gas
(Y. Huang et al. 2022, see also M. Tang et al. 2024), or star
formation activity is quenched by the strong ionizing back-
ground in the high-density regions (N. Kashikawa et al. 2007;
T. S. Lambert et al. 2024). Therefore, other tracers of the
density field are needed. In addition, K. Kakiichi et al. (2018)
and R. A. Meyer et al. (2019, 2020) measure the cross-
correlation function between the quasar Lya forest spectrum
and various galaxy populations, including LBGs, faint galaxies
traced by CIV absorbers, and LAEs identified in the quasar
field, and find excess IGM transmission with ~3¢c at
210 cMpc, suggesting enhanced IGM transmission is asso-
ciated with galaxies. However, selecting high-redshift galaxies
with ground-based observations is expensive and the number of
galaxies identified in the quasar fields is also limited, resulting
in difficulty of detecting significant signals in the IGM-galaxy
cross-correlation function. It is thus preferred to use space-
based observations to select enough high-redshift galaxies in
quasar fields and investigate the relation between IGM
transmission and galaxies in a statistical manner.

The James Webb Space Telescope (JWST) has revolutio-
nized the identification of high-redshift galaxies by detecting
their rest-optical emission lines. Utilizing JWST NIRCam
Wide-field Slitless Spectroscopy (WFSS) mode, the Emission-
line galaxies and Intergalactic Gas in the Epoch of Reionization
(EIGER) program (PID-1243) targets six quasar fields at
6.0 <z<7.1. D. Kashino et al. (2023) identify 117 [OIII]
emitters in one quasar field at z~ 6.3 from the EIGER
program, and measure the IGM-galaxy cross-correlation
function based on 59 [OII] emitters located within the Ly«
and Ly forests. A SPectroscopic survey of biased halos In the
Reionization Era (ASPIRE; PID-2078) is a program that targets
25 quasar fields at 6.5 <z < 6.8. Along with ground-based
spectroscopy covering the quasar Ly« forest, ASPIRE provides
the current largest sample of quasar fields for studying the
connection between galaxies and IGM during the reionization
era. In this paper, we investigate the relation between galaxies
and IGM transmission in a statistical manner, utilizing 14
ASPIRE quasar fields. This paper is organized as follows: In
Section 2, we introduce the data reduction of JWST WESS
data, the selection of [O III] emitters, and the data reduction of
ground-based optical spectroscopy. In Section 3, we introduce
the method to quantify the IGM transmission around [O III]
emitters. We show the stacked IGM transmission around [O III]
emitters in Section 4. In Section 5, we investigate the Teg
distribution around [O1II] emitters at different redshifts and
on various scales. We summarize the paper in Section 6.
Throughout this paper, we adopt a flat ACDM cosmology
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Table 1
Summary of ASPIRE Quasars Used in This Work
Quasar Name Quasar Redshift No. of O3Es Telescope/Instrument Exposure Time References Tiim,20 (2 = 6.0)
(hr)
@) @ 3 @ () (O] (O]
J0109—-3047 6.7909 23 VLT/X-SHOOTER 6.0 J. Yang et al. (2020b) 4.60
J0218+0007 6.77 31 Gemini/GMOS 4.0 New data 4.72
102244711 6.5222 17 VLT/X-SHOOTER 8.6 V. D’Odorico et al. (2023) 6.32
J0226+-0302 6.5412 34 VLT/X-SHOOTER 6.5 V. D’Odorico et al. (2023) 6.65
J0244—-5008 6.724 32 Magellan/LDSS3 23 New data 5.79
J0305—-3150 6.6145 50 VLT/X-SHOOTER 4.0 J. Yang et al. (2020b) 5.02
J0525-2406 6.5397 14 Gemini/GMOS 2.7 New data 3.70
J1048—-0109 6.6759 18 VLT/X-SHOOTER 1.3 J. Yang et al. (2020b) 4.48
J11044-2134 6.7662 8 Keck/LRIS 2.0 J. Yang et al. (2020b) 5.78
J1129+1846 6.823 5 VLT/X-SHOOTER 4.5 E. Baiiados et al. (2021) 5.48
J1526—-2050 6.5864 20 VLT/X-SHOOTER 12.2 V. D’Odorico et al. (2023) 6.52
J2002—-3013 6.6876 12 Gemini/GMOS 2.3 J. Yang et al. (2020b) 5.49
J2102—1458 6.648 10 Keck/DEIMOS 33 J. Yang et al. (2020b) 491
1223242930 6.666 13 VLT/X-SHOOTER 4.0 J. Yang et al. (2020b) 5.53

Note. (1) Quasar name, in the ascending order of R.A; (2) quasar spectroscopic redshift; (3) number of 5.4 < z < 7.0 [O IlI] emitters identified in the quasar fields;
(4) telescope and instrument of the optical spectroscopy; (5) exposure time in hours (hr); (6) reference of the optical spectroscopy reduction; (7) 20 limiting optical

depth, calculated in a 50 A~ cMpc centered bin at z ~ 6.0.

with cosmological parameters Hoy=70kms 'Mpc ' and
Q,,=0.3.

2. Data Preparation

To probe the connection between galaxies and IGM, we use
data from ASPIRE program (PI: F. Wang) to select galaxies in
the quasar fields through [OTI] doublet emission lines. We
present ground-based optical spectroscopy covering the Ly«
forest of ASPIRE quasars to measure the IGM Ly transmis-
sion. In this section, we summarize the data reduction details of
JWST NIRCam observations and ground-based optical
spectroscopy.

2.1. JWST NIRCam/WFSS Observations from the ASPIRE
Program

ASPIRE is a program that targets 25 quasar fields at
6.5 < z< 6.8 with NIRCam Imaging and WFSS (M. J. Rieke
et al. 2005; T. P. Greene et al. 2017). The WFSS mode enables
efficient identification of reionization era galaxies through their
rest-optical emission lines (e.g., F. Sun et al. 2022). An
overview of the ASPIRE program can be found in F. Wang
et al. (2023) and J. Yang et al. (2023), and we briefly
summarize it below. In each quasar field, the F356W WFSS
observations in the long-wavelength channel were taken
simultaneously with the F200W imaging in the short-
wavelength channel with a total on-source time of 2834.5s.
Imaging (includes direct imaging and out-of-field imaging) in
F115W and F356W were taken in each quasar field with a total
exposure time from 1417.3 s near the quasar to 472.4 s at the
edge of the field. There is a single pointing in each quasar field
and the target quasar is designed to be located at Module A
with an X offset of —60”5 and a Y offset of 7”5. We refer
readers to F. Wang et al. (2023) and J. Yang et al. (2023) for
more details about the data reduction.

Using ASPIRE program, HF and [O1II] emission lines of
7~ 5.4-7.0 galaxies can be identified by F356W WEFSS data
(e.g., F. Wang et al. 2023; J. Yang et al. 2023; Y. Wu et al.
2023; S. Zou et al. 2024; J. Champagne et al. 2024a, 2024b).

We follow the procedure in F. Wang et al. (2023) to search for
[O 1] emitters. We first extract the 1D spectrum from WEFSS
data and place a median filter of 51 pixels on the spectrum. We
perform a peak finding on the extracted spectrum to search the
emission lines with >5¢ detection. To search [O III] emitters,
we then assume the detected emission line is [O II]JAS008 and
search the spectra with [O IIT]M960 with >20 detection. Those
selected line emitters are viewed as [O III] emitter candidates.
We then perform a visual inspection on all [OII] emitter
candidates and remove those that are likely selected due to
source confusion and contaminant line emitters at low redshift.
More details regarding the detection of line emitters and
identification of [O II] emitters can be found in F. Wang et al.
(2024, in preparation).

2.2. Ground-based Optical Spectroscopy

To measure the transmission in quasar Ly« forests, we
utilize existing ground-based optical spectroscopy (J. Yang
et al. 2020b; V. D’Odorico et al. 2023) of ASPIRE quasars, and
collect new optical spectroscopy of ASPIRE quasars. Overall,
we are able to analyze 14 ASPIRE quasar sightlines given by
the currently available data. Broad absorption line quasars are
not included in the analysis. We present details of these optical
spectroscopy in the following subsections, and summarize the
optical observations and number of [O II] emitters identified in
quasar fields in Table 1.

2.2.1. Archival Optical Spectroscopy

J0224—4711 and J1526—2050 are included in the ESO
Large Program the Ultimate X-SHOOTER Legacy Survey
of Quasars at the Reionization Epoch (XQR-30)
(PI: V. D’Odorico) and J0226+4-0302 is included as part of an
enlarged XQR-30 sample (E-XQR-30, V. D’Odorico et al.
2023). X-SHOOTER is an Echelle spectrograph on the Very
Large Telescope (VLT) with a wavelength coverage of
300-2500 nm covered by three arms: UVB, VIS, and near-
IR. In the optical band covered by the VIS arm, X-SHOOTER
achieves a spectral resolution R of ~8800 with a 079 slit
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(J. Vernet et al. 2011). We downloaded the E- XQR—3O reduced
optical spectra from the GitHub repositor?/ The reduced
E-XQR-30 spectra are rebinned to 10km s

In addition, we collect reduced archival optlcal spectroscopy
of J0109-3047, J0305-3150, J0910+1656, J1048—0109,
J1104+2134, J2002—-3013, J2102—1458, and J22324-2930
from J. Yang et al. (2020b), and J1129+4-1846 from E. Bafiados
et al. (2021). J0109—-3047, J0305—3150, J1048—0109, J1129
+1846, and J2232+42930 were observed with VLT/X-
SHOOTER. J1104+2134 was observed with Keck/LRIS
(J. B. Oke et al. 1995; C. Rockosi et al. 2010), with a 600/
10,000 grating and a 1” slit, resulting in a spectral resolution of
R~1900. J2002—3013 was observed with the Gemini/
GMOS-S with the R400 grating and a 0”5 slit (I. M. Hook
et al. 2004; G. Gimeno et al. 2016), with a spectral resolution of
R ~1900. J2102—1458 was observed with Keck/DEIMOS
with the 830G grating and a 1” slit (S. M. Faber et al. 2003),
resulting in a spectral resolution of R ~ 3300. We refer readers
to J. Yang et al. (2020b) for more data reduction details.

2.2.2. New Optical Spectroscopy

Apart from archival data, we also include new optical
spectroscopy from 6 to 10m telescopes. J021840007 and
J0525—-2406 were observed in the Gemini/GMOS-S queues
with R400 with a central wavelength of 855 nm and 860 nm in
2019 with the R400 grating and a spectral resolution of

~ 1900 (PL: J. Yang). J0244—5008 was observed with
Magellan Clay /LDSS3 with VPH-Red (grism) with a 1” slit
(PI: M. Yue). The central wavelength is 8000 A and the
spectral resolution is R ~ 1800.

For the new optical spectroscopy, we use PypeIt v.1.14.0
(J. Prochaska et al. 2020a; J. X. Prochaska et al. 2020b) to
perform data reduction for bias subtracting, flat- ﬁeldlng, and
flux calibration, following the standard procedure.!

For each quasar sightline, following J. Yang et al. (2020b),
we exclude a rest-frame wavelength range <1040 A in the Ly«
forest to remove the contamination from Ly3 and O VI
emission lines. We also exclude the Lya forest spectrum at
rest wavelength >1176 A to avoid possible emission from the
quasar proximity zone. The redshift distribution of ASPIRE
quasars used in this work and the redshift coverage of their Ly«
forest are shown in Figure 1. Following J. Yang et al. (2020b)
and X. Jin et al. (2023), we use the least-squares method to fit
the spectrum within the rest frame 1245-1285 A and
1310- 1380A by assuming a broken power law with a break
at 1000 A (J. M. Shull et al. 2012). The quasar intrinsic
continuum flux is calculated using the best-fit power-law
continuum. Transmitted flux in the Ly« forest (Tiy,) is then
calculated as the normalized flux 77y, = Fops/Feont Where Fopg
is the observed flux in the Ly« forest and F,,, is the flux of the
best-fit power-law continuum at the same wavelength. To
remove the contamination from strong sky emission lines to
IGM transmission, following X. Jin et al. (2023), we mask
pixels likely influenced by strong sky emission lines.

As the depth of the optical spectroscopy varies by quasar
sightlines, we measure the 2¢ limiting optical depth 7jip >, of
each quasar sightline to quantify the depth of the optical
spectroscopy. A higher Ty 2, indicates the quasar spectrum can
detect weaker IGM transmission. We adopt the formula

20 hitps: //github.com/XQR-30/Spectra
2! https: //pypeit.readthedocs.io/en/release /cookbook.html
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Figure 1. The redshift distribution (yellow) of ASPIRE quasars used in this
work, in the ascending order of redshift, and the redshift range of the Ly«
forest used in the analysis is denoted by the red horizontal line. We exclude the
Lya forest spectrum at >1176 A rest frame to exclude the possible emission
from the quasar proximity zone and exclude the rest A < 1040 A Lyc forest to
exclude the contamination from O VIA 1033 emission and the Ly( forest. The
redshift range of ASPIRE quasars used in this work is from z ~ 6.5 to z ~ 6.8
and the corresponding Ly« absorption redshift range is from z~ 5.4 up
to z ~ 6.6.

Tim2o = —IN(20/Fone) to calculate 7y, Where o is the
spectral uncertainty, and F_ o, is the continuum flux calculated
from the best-fit power-law contlnuum described above. The
Tiim,20 1S measured within a 50! cMpc bin centered at
7=06.0, and the Tjim 2, at z~ 6 of 14 quasar sightlines used in
this work is ~3.7-6.7. Out of 14 ASPIRE quasars, one-third of
the quasar sightlines with the highest signal-to-noise ratio
(S/N) and the corresponding IGM-galaxy cross-correlation
function will be presented in K. Kakiichi et al. (2024, in
preparation).

3. Methods
3.1. IGM Ly 7 Measurements

Because the spectral resolution and the exposure time of
optical spectroscopy vary, we use a large bin size to measure
the IGM transmission through 7. measurements. We first
measure T.pr of each individual quasar sightline, defined as
Tett = —In(Tiyq), Where Ty, is the transmitted flux in the Ly
forest mentioned in Section 2. We follow G. D. Becker et al.
(2015), A.-C. Eilers et al. (2018), S. E. 1. Bosman et al.
(2018 2022), and J. Yang et al. (2020b), adopting a bin size of
50k~ cMpc, and measure Tegr in S0/ 'cMpc bins, _starting
from the rest frame 1040 A up to the rest frame 1176 A. If the
transmitted flux is not detected in a 50/ ' cMpc bin (i.e.,
(TLya) < (20/Fcontinuum))- in this case, we use Tjim 2, as the 20
lower limit of 7.


https://github.com/XQR-30/Spectra
https://pypeit.readthedocs.io/en/release/cookbook.html
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Figure 2. Top—The stacked Ly« forest spectrum (black) of 14 ASPIRE quasar sightlines used in our analysis, adopting a redshift grid of dz = 0.001 from z = 5.435
to z = 6.568. The spectral uncertainty of the stacked spectrum is shown in gray. Bottom—The number of quasar lines of sight (LOSs) available in each pixel of the
redshift grid. Nearly all quasars used in this work cover the z ~ 5.70—6.27 Lya forest (the green-shaded region). Some pixels are strongly influenced by sky OH
emission lines, therefore, they have been removed in the analysis, resulting in troughs shown in the number of quasar LOSs.

To examine the overall 7. distribution of 14 ASPIRE quasar
sightlines, we stack their Lya forest spectrum. As the spectral
resolution of different instruments varies, we use a common
redshift grid with dz =0.001 to stack the Ly« forest spectrum,
adopting inverse variance weighting to avoid contamination
from sky emission-line residuals. The spectral uncertainty of
the stacked spectrum is also calculated using the inverse
variance weighting. The inverse variance used for weighting
has been normalized by the quasar continuum flux at the
corresponding rest wavelength. The stacked Lya forest
spectrum is shown in the top panel of Figure 2. The bottom
panel of Figure 2 shows the number of quasar sightlines
available at each redshift grid. Nearly all quasar sightlines used
in this work cover a Lya absorption redshift range of
7~5.70-6.27. We then measure the 7.4 of the stacked Ly«
forest spectrum in 50 2~ ' cMpc bins, starting from z ~ 5.47 up
to z~ 6.48.

Figure 3 shows 7. of 14 individual quasar sightlines and 7.
of the stacked Ly« forest spectrum (i.e., Figure 2). The 7.
measurements for the single sightlines show a rapid increase
and a large scatter as the trend observed in the previous works
at z>5.5 (X. Fan et al. 2006; G. D. Becker et al. 2015;
S. E. . Bosman et al. 2018, 2022; A.-C. Eilers et al. 2018;
J. Yang et al. 2020b). We show the best-fit 7. redshift
evolution from J. Yang et al. (2020b) and S. E. I. Bosman et al.
(2022). The best-fit T.g redshift evolution from J. Yang et al.
(2020b) displays a higher 7. than S. E. I. Bosman et al. (2022)
at the same redshift. S. E. I. Bosman et al. (2022) argue that this
difference could be attributed to the cosmic variance of the
different quasar samples as well as to the different quasar
continuum reconstruction methods. J. Yang et al. (2020b) adopt

a broken power law to calculate the quasar continuum flux,
while S. E. I. Bosman et al. (2022) use principal component
analysis. S. E. I. Bosman et al. (2021) suggest the power-law
continuum reconstruction has a mean bias of 9.58% over the
Ly« forest because it does not fit broad emission lines, but it
can accurately recover the continuum emission between broad
emission lines. In this work, we analyze the quasar rest-frame
wavelength range of 1040-1176 A, which does not include
broad emission lines such as Ly and O VI. Therefore, the
power-law continuum should not introduce significant biases to
the 7. calculation. The 7. of the stacked Lya forest
transmission of 14 ASPIRE quasars falls between the best-fit
Tesr T€dshift evolution derived from J. Yang et al. (2020b) and
S. E. 1. Bosman et al. (2022) at z < 6.1, and at z > 6.1, the
stacked 7.¢ are lower limits. The 7.4 distribution shown in
Figure 3 provides a baseline for IGM Ly« transmission, against
which the IGM Ly« transmission around [O III] emitters will be
evaluated.

3.2. Measuring the IGM Lyo. Transmission around [O 1]
Emitters

With [O1] emitters selected by JWST NIRCam WEFSS
observations, it is now possible to study the connection
between IGM transmission and galaxies. The top panel of
Figure 4 shows the transmitted spectrum of an ASPIRE quasar
J0226+4-0302, together with the spatial location of all [O1II]
emitters identified in the same quasar field. The transmitted
spectrum of all 14 ASPIRE quasars used in this work can be
found in Appendix A. The spatial locations of [O II] emitters
are denoted by the [O III] redshift z;o yyy of the identified [O 1I1]
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Figure 3. Top—The IGM Ly« effective optical depth 7.¢ of 14 ASPIRE
quasar sightlines used in this work and the 7.5 of the stacked Lya forest
spectrum in a bin size of 50 h! cMpc. All the lower limits in the 7.g are shown
by upward arrows. As a comparison, we show the best-fit 7. redshift evolution
from J. Yang et al. (2020b, orange) and S. E. I. Bosman et al. (2022, purple),
derived from larger samples of 32 quasars and 67 quasars. Bottom—The
fraction of 20 lower limits in the 7.y measurements within a redshift bin of
dz =0.1. Beyond z ~ 6.1, more than 75% of measurements are 20 lower
limits.

emitter and the transverse distance r; between the [OIII]
emitter and the quasar.

To probe the connection between IGM transmission and
galaxies, we put a sphere centered at the detected [OIII]
emitters with a certain radius (hereafter “influence radius”). If
the sphere intersects the Ly« forest, we then measure 7.¢ over
the path length enclosed by the sphere (the bottom panel of
Figure 4). For [O III] emitters whose sphere does not intersect
the Lya forest, we then regard that those [O IIT] emitters are too
distant to influence the quasar Ly« forest. For [O III] emitters
close to the boundary of the Lya forest included in our
analysis, we only use the path length enclosed by the sphere
and within the Ly« forest to measure 7.4 By measuring 7o
around [O 1] emitters, we sample the IGM transmission
around them. As such, the resulting 7.¢ distribution will be a
biased distribution, including the galaxy proximity effect.

We first adopt an influence radius of 254~ ' cMpc and then
measure the 7.g around [O III] emitters (hereafter Teg (g mm). In
this case, twice the influence radius is equal to 50 &' cMpc,
which is the bin size used for 7. measurements in Figure 3.
We show the dependence of Tegr (o urj integrated length on the
transverse distance r, in the left panel of Figure 5. Because all
detected [OIII] emitters in ASPIRE fields have r; <
50 " cMpc, for most Tetf,jo m] Measurements, by adopting
an influence radius of 25k 'cMpc, the corresponding
integrated path length is ~49—50 A" cMpc, except for those
[O 1] emitters close to the boundary of the Lya forest (i.e.,

Jin et al.

Ziom<5.7 or zjo u>6.3). This ensures that most Tefr (o my 1S
measured with a nearly uniform integrated length of
~50h7" cMpc as 7. measurements in Figure 3. We show
Tefr,;o i as a function of the [O IIT] emitter redshift zjo 1 in the
right panel of Figure 5. If the IGM Lya transmission is not
detected (<20)around an [O III] emitter, we then use Tjim 2o as
the 20 lower limit of 7¢f¢ [ . Similar to the redshift evolution
of 7egr shown in Figure 3, Tefrjoun around individual [O 1]
emitters also shows an increasing trend as the redshift increases
and displays a large scatter. Because the integrated length is
shorter for z 5.7 Teprjonnp Mmeasurements, the scatter in
Tettjomn 1S larger at z <5.7 than at z 2 5.7, reflecting small-
scale variations in IGM transmission. At z 2 5.7, the redshift
evolution of Teg [0 m; displays a slightly flatter trend than the
redshift evolution of 7.¢ denoted by the orange line in the right
panel of Figure 5. At z> 6, most T [0 my Measurements are
lower limits due to the depth of the current data.

4. IGM Patches Are More Transparent around [O III]
Emitters

We first investigate T.g of the stacked Ly« forest spectrum
centered at [OII] emitters using an influence radius of
25 h~ ' cMpc used in Figure 5. By adopting a certain influence
radius, for the Ly« forest spectrum of each quasar sightline, we
split the Ly« forest spectrum into two parts: (1) the Ly« forest
spectrum centered at [O III] emitters (i.e., the part of Ly« forest
spectrum that intersects the sphere of [O III] emitters); and (2)
the Ly« forest spectrum away from [O III] emitters, where no
[O1] emitters are detected (i.e., the part of Lya forest
spectrum that does not intersect the sphere of any detected
[OmI] emitters). We then stack the Lya forest spectrum
centered at [O 1] emitters and the Ly« forest spectrum away
from [OII] emitters separately, using the inverse variance
weighting and the same redshift grid as Figure 2. The top panel
of Figure 6 shows the stacked spectrum of the Ly« forest
spectrum around [O 1II] emitters and away from [O III] emitters,
and the bottom panel of Figure 6 shows the number of quasar
sightlines in each pixel.

By comparing the stacked entire Lya forest spectrum
(Figure 2) and stacked Ly« forest spectrum centered at [O III]
emitters (the red line in the top panel of Figure 6), the majority
of the Lya transmission in the stacked entire Lya forest
spectrum is around [O II] emitters (within an influence radius
of 25h 'cMpc). Compared with the stacked Lya forest
spectrum away from [OIII] emitters, the stacked Lya forest
spectrum centered at [O III] emitters displays more prominent
IGM transmission at z>5.7. To test whether the result is
mainly caused by the bias toward high S/N quasar sightlines,
we generate the stacked Lya transmission spectrum using the
unweighted average transmission. The unweighted average
Lya transmission centered at [OIII] emitters and away from
[Om] emitters is shown in the middle panel of Figure 6.
Compared with the stacked Ly« transmission calculated by the
inverse variance weighting, the unweighted average Ly«
transmission shows more pixel-to-pixel variations, but a
smoother evolution in redshift. The unweighted average Ly«
transmission around [O III] emitters is still more prominent than
the unweighted average Ly« transmission away from [O III]
emitters at the same redshift. This suggests that regions traced
by [O III] emitters are playing important roles in contributing to
the local ionizing background and producing the observed
transmission in the Ly« forest.
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Figure 4. Top—The transmitted spectrum of an ASPIRE quasar J0226+0302. The redshift range of the Ly used in the analysis is displayed in the red-shaded region.
The location of the Ly emission line is marked by the blue downward arrow. The spatial locations of the [O III] emitters identified in each quasar field are denoted by
the yellow-green-filled circles in terms of the [O IIT] emitter redshift zjo 1y and the transverse distance | between the [O IIT] emitter and the central quasar. Bottom—
An illustrative figure for measuring the IGM transmission around the [O 1] emitters within the Ly« forest of J0226+0302. For each [O 1] emitter identified in the
quasar field, we put a sphere of a certain radius (“influence radius”) centered at the [O I1I] emitter. For better visualization, we only show the spheres of three [O III]
emitters and the size of the sphere is only for illustrative purposes, not to scale. For an [O IIT] emitter of which the sphere intersects the Ly« forest, we assume that the

[O 1] emitter is able to “influence” the Ly« forest.
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Figure 5. Left—The integrated path length for 7. o iy measurements as a function of the transverse distance (7, ), adopting an influence radius of 25 ! cMpc.
Each point is color-coded by the redshift of the [O III] emitter z;o ;. Except for those [O III] emitters at the boundary of the Lyc forest, for most [O III] emitters, the
integrated length for 7. (o 1y measurements is ~50 ht cMpc. Right—The 7c¢ around the [O II] emitters (e, (o nry) adopting an influence radius of 25 ht cMpc,
as the function of the [O IIT] emitter redshift zj ). The integrated path length for each 7., (o 1y measurement is color-coded. The best-fit 7. redshift evolution from
J. Yang et al. (2020b) and S. E. I. Bosman et al. (2022) is denoted by the orange and purple lines, respectively.

We then measure the 7. of stacked Lya transmission
spectra centered at and away from [O IIT] emitters (the top panel
of Figure 6). We show the 7.¢ measurements in Figure 7 by the
red hollow square markers (centered at [O III] emitters) and the
blue hollow hexagon markers (away from [O III] emitters). The
Terr Of the stacked Lya forest spectrum centered at [O III]
emitters is significantly (>50) lower than the 7. of the stacked
Lya forest spectrum away from [OIII] emitters. At the same

redshift, the IGM patches away from [O III] emitters have an
average T of 0.5 higher than the 7.g of the IGM patches
around [O III] emitters, suggesting that near [O III] emitters, the
IGM patches are more transparent than those regions in the
IGM where no [OIII] emitters are detected. This indicates a
higher IGM transmission near [O 1II] emitters and suggests that
[O 1] emitters can enhance the ionizing radiation field around
them, resulting in a higher local ionizing background. This
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Figure 6. Top—The stacked transmission of the Ly« forest around [O 111] emitters (red) and away from [O I11] emitters (blue), adopting the inverse variance weighting
and an influence radius of 25 h~' cMpc; see the text for details. Middle—The stacked transmission of the Lyc forest around [O TII] emitters (red) and away from
[O 11] emitters (blue), where the stacked transmission is the unweighted average transmission. Bottom—The number of quasar LOSs available in each pixel of the
stacked Ly« forest transmission around [O I1I] emitters (red) and the stacked Ly« forest transmission away from [O 1] emitters (blue).
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Figure 7. The 7.¢ measurements of the stacked Ly« forest spectrum centered at
[O 111] emitters (the red line in the top panel of Figure 6) are denoted by red
open squares, and the 7T.g measurements of the stacked Lya forest spectrum
away from [O III] emitters (the blue line in the top panel of Figure 6) are
marked by blue open hexagons. Individual measurements of IGM optical depth
around [O HI] emitters Tefr o my are shown in filled gray squares, adopting an
influence radius of 25 h~' cMpc. The best-fit redshift evolutions of 7. from
J. Yang et al. (2020b) and S. E. I. Bosman et al. (2022) are denoted by the
orange and the purple lines, respectively.

implies the scatter in the observed 7. at z>5.5 is tightly
associated with the fluctuations in the ionizing background
(X. Fan et al. 2006; F. B. Davies et al. 2024). By comparing the
same optical depth around [O III] emitters and away from [O III]
emitters, we find the IGM patches around [O III] emitters reach

the same 7.¢ around dz ~ 0.1 earlier than IGM patches where
no [OII] emitters are detected, suggesting reionization
processes faster (=23 Myr ahead) around [O III] emitters before
the end of reionization (z ~ 5.3) (S. E. I. Bosman et al. 2022).

5. Discussion

In this section, we examine the distribution of 7.4 around
[O 1] emitters (i.e., Tefrjomn) at different redshifts and on
various scales, and investigate whether IGM patches around
[O 1] emitters are biased toward more transparent or more
opaque IGM patches, thereby constraining the topology of
reionization.

5.1. IGM Effective Optical Depth Distribution around z <6.1
[O 11] Emitters

Although all ASPIRE quasars used in this work cover a Ly«
absorption redshift at z > 6.1, given the depth of the current
data, >75% of measurements are 20 lower limits if we include
7> 6.1 T measurements (see Figure 3). Therefore, we only
investigate the distribution of 7e¢r (o my at z < 6.1.

By adopting an influence radius of 25h ' cMpc, most
integrated lengths are close to the bin size (50 4~ ' cMpc) used
in previous IGM 7. studies (see G. D. Becker et al. 2015;
S. E. 1. Bosman et al. 2018; A.-C. Eilers et al. 2018; J. Yang
et al. 2020b). We show the distribution of 7.0 my around
7<6.1 [Om] emitters in a histogram in Figure 8(a). To
compare the Teponun distribution with the 7. distribution
measured in Section 3.1, we generate a random Tesr[o my
distribution. We utilize the spatial location of z < 6.1 [OIII]
emitters detected in the other 13 quasar fields and recompute
Tetr,jo my for each quasar field, based on the methods described
in Section 3. We show the random T (o i distribution in a
brown line in Figure 8(b). The random Tt oy distribution
provides a control sample to compare with the e [omy
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Figure 8. (a) The distribution of 7. around the [O IIT] emitters (et o my) by adopting an influence radius of 25 ! cMpc. (b) The random distribution of Teft (o m by
adopting an influence radius of 25 A~' cMpc. The distributions of 2¢ lower limits of T are shown in red in (a) and (b). (c) The CDFs of the Tetr,jo my (yellow-green)
and the random distribution (brown). For 2o lower limits of 7., we plot them as actual measurements (solid line) or infinity (dashed line) in CDF.

distribution. Ideally, the random distribution can well represent
the original 7. distribution of IGM patches measured in
Section 3.1. We compare the random Tegs [0 nry distribution with
the original 7 distribution of IGM patches in Appendix B,
and find the random T7¢¢, o ) distribution is consistent with the
original 7. distribution of IGM patches.

In Figures 8(a) and (b), the distribution of 20 lower limits of
Tettjo ur 18 shown in red. The distribution of Teg [0 my displays a
more significant peak at a 7. of ~3 than the random
distribution. In Figure 8(c), we show the cumulative distribu-
tion functions (CDFs) of the Tefrjoun distribution and the
random Tegr [0 nr distribution. Because there are lower limits in
both distributions, following S. E. 1. Bosman et al
(2018, 2022), we treat the lower limits as either (1) the
“optimistic” case: the transmitted flux is just below the 20
detection limit (i.e., Teff = Tiim,20) OF (2) the “pessimistic” case:
the intrinsic transmitted flux is zero (i.e., 7. = 00 ). The CDFs
of these two different cases are plotted in solid lines
(Teff = Tiim,20) and dashed lines (7er=o00) in Figure 8(c),
respectively. The optimistic and pessimistic cases set the upper
and lower bounds of the CDFs. The distribution of Tefr[om
displays a higher cumulative probability than the random
distribution of 7t nry for both the optimistic and pessimistic
cases.

In previous studies, the optimistic CDF is often adopted
when examining whether two distributions are consistent (e.g.,
G. D. Becker et al. 2015; J. Yang et al. 2020b; S. E. I. Bosman
et al. 2022), especially when comparing with those CDFs
derived from simulations assuming homogeneous UVB models
(e.g., S. E. 1. Bosman et al. 2022). Because there are a number
of lower limits (i.e., right-censored data) in the Tesr[omy
distribution, we use the 1ifelines package (C. Davidson-
-Pilon 2019) to perform the log-rank test between the Teg [0 my

distribution and the random distribution to examine whether
they are drawn from the same parent distribution. The p-value
for the null hypothesis is 0.0198, suggesting that the CDFs of
Tettromy and random Tep oy are different (>20) when
adopting an influence radius of 25 4~ cMpc.

Furthermore, we measure Terom oOf all z< 6.1 [OII]
emitters and corresponding random T o m; distributions by
adopting different influence radii. We then investigate whether
these two distributions will be significantly different at certain
scales. Figure 9 shows the optimistic and pessimistic CDFs of
Tett,jo my and the random distribution using influence radii from
5h 'cMpc to 50k 'cMpc to demonstrate two distinct
methods for handling lower limits in the distribution function.
When the data set includes censored data (i.e., lower limits or
upper limits), survival analysis can be used to reconstruct the
distribution function (E. D. Feigelson & P. I. Nelson 1985). For
each distribution containing 20 lower limits of Teg [0 ), We use
the Kaplan—Meier (KM) estimator, included in the 1ife-
lines package (C. Davidson-Pilon 2019), to fit the survival
function. The 1o confidence interval from the KM estimator of
the fitted CDF is plotted as the shaded region in Figure 9. The
null hypothesis p-value from the log-rank test is shown in the
bottom right corner of each subpanel. With influence radii
<20 ! cMpc, the CDF of Tt [0 nry distribution is consistent
with the random Tt o distribution with a p-value >0.05.
When the influence radius is 225 B! cMpc, the CDF of
Tetrromy 18 significantly higher than the random Tegr[omy
distribution at the same Tefr (o 1, With a null hypothesis p-value
<0.05, indicating that around z < 6.1 [O IIT] emitters, the IGM
patches are more transparent around [OIII] emitters than
elsewhere in the IGM on scales greater than 254 ' cMpc,
consistent with the topology of reionization predicted by the
fluctuating UVB models.
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the bottom right corner of each subpanel. See the text for more details.

5.2. Redshift Evolution of IGM Effective Optical Depth
Distribution around [O 1lI] Emitters

To further investigate whether the 7.¢ distribution around
[O 1] emitters evolves with redshift, by adopting different
influence radii, we study the CDFs of T o my in two different
redshift bins: 5.7 <z < 6.1 and 5.4 <z < 5.7 in Figures 10 and
11. The selection of the redshift bins is motivated by: (1)
D. Kashino et al. (2023) show the IGM-galaxy cross-
correlation function signal can change with redshift from
z>5.7 to z<5.7. An enhancement in IGM transmission than
the average IGM transmission is observed at 5cMpc from
5.7<z<6.14 [OII] emitters, while around 5.3 <z<5.7
[OmI] emitters, the IGM transmission is monotonically
increasing with distance, up to the average IGM transmission;
and (2) as shown in Figure 5, 7e¢f[0 mj measurements at z > 5.7
have nearly the same integrated length when measuring the

Teff

Figure 9. The first and the third rows show the CDFs of the 7.¢ around [O 11I] emitters at 5.4 < z < 6.1 (yellow-green), adopting influence radii from 5 ht cMpc to
50 h " cMpc. The random cumulative distribution function of the 7.¢ around [O 11I] emitters is shown in brown, representing the 7.¢ distribution of IGM patches. The
optimistic and the pessimistic CDFs are plotted in dashed and dotted lines, respectively. The second and the fourth rows show the fitted CDFs from the KM estimator
and the 1o confidence interval of the CDF is shown in the shaded regions of the corresponding color. The null hypothesis p-value from the log-rank test is shown in
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effective optical depth around [OTI] emitters. The nearly
uniform integrated length will ensure a consistent scale when
we compare the IGM transmission around [O III] emitters with
the control sample.

5.2.1. CDFs at 5.7 <z <6.1

Figure 10 shows the optimistic and pessimistic CDFs of
Teiyo mr) around 5.7 <z < 6.1 [O III] emitters. We also use the
KM estimator to fit the survival function of each distribution.
The fitted CDF and the corresponding 1o confidence interval
are shown as the shaded region in Figure 10. Similar to the
trend observed among all z < 6.1 Tefr [0 Measurements, the
fitted CDF of Te [0 uy is higher than the fitted random CDF at
the same Tegr (o ), suggesting the 7. around [O III] emitters is
generally lower. The most noticeable difference between the
fitted CDFs appears at the right tail (7eg0u>4) of the



THE ASTROPHYSICAL JOURNAL, 976:93 (23pp), 2024 November 20

Jin et al.

5.7T< z2<6.1

Toft around O3Es

gt around O3Es (random)

5 h~tcMpc 10 A~ cMpc 15 h~tcMpc 20 h~!cMpc 25 h~tcMpc
1.0 o |10 7 ]1.01 7 1.0 - ]1.01 s
e . el = g __/ ’._’
0.8 optmistic 0.81 e 0.81 7 0.8 1 g 0.81 i
, -
0.6 % 0.6 a 0.6 % 0.6 i/ 0.6 i
0.4 5 0.4 / 0.41 Vo[04 S (049 i
BT, [T | e ] i | 7"
0.2 /,'.-'p'essimistic 0.2 ’,"",- 0.2 o 0.2 ’/. 0.2 "./..
X ot e+ ¢ X
001 =" _ oo+~ _looi - __l0.01 == 00i___ -=¢
2 4 6 2 4 6 2 4 6 2 4 6 2 4 6
1.0 KM 1.0 1.0 1.0 1.0
0.8 estimator 0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4 0.4
[ 021 p-value|( 7 | p-value|( 7 | p-value|( 7 | p-value| () 7 | p-value
0.3936 0.1868 0.1045 0.0314 0.0542
A 00+—= , =2 10.0 = , 2 10.0 = ‘ 2 10.0 = , 0.0 = , ,
Q 2 4 6 2 4 6 2 4 6 2 4 6 2 4 6
30 h~cMpe 35 h~tcMpc 40 h ! cMpc 45 h 1 cMpc 50 h~!cMpe
1.0 = 1.0 771101 2]1.0 1.0 7
0.{ optimistic 177 o g I o8 I |0 I Josy .
0.6 /' 0.6 ; 0.6 i 0.6 ',' 0.6 ','
[} !
0.4 ,'l e 0.4 /.,". ....... 0.4 "‘,'.4 ........ 0.4 ,,’.’-' ........ 0.4 ,.,.I" .........
0.2 J#Pessimistic 0.21 P 0.21 A 021 A 021 A
001 =*" _looi =" _looi =% _looi__ =" oot -7
2 4 6 2 4 6 2 4 6 2 4 6 2 4 6
1.0 KM 1.0 1.0 1.0 1.0
0.8 estimator 0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4 0.4
0.2 p-value|( 7 - p-value|( 2 4 p-value|( 2 p-value|( 2 p-value
0.0106 0.0132 0.0885 0.0343 0.0108
0.0 — , —10.0+— , 710.0+— ‘ —10.0+— , —10.0+— , ,
2 4 6 2 4 6 2 4 6 2 4 6 2 4 6
Teff

Figure 10. Similar to Figure 9, but for [O III] emitters at 5.7 < z < 6.1.

distribution. The significant difference appears at a smaller
scale (with an influence radius >20 /' cMpc) with a p-value
<0.05 from the log-rank test and is not smeared out at large
scales (an influence radius ~50 i~ ' cMpc). This suggests that
IGM patches are more transparent around [O III] emitters on
scales >20 "' cMpc, implying ionizing photon contribution
from [O II] emitters to the local ionizing background. Similar
excess IGM transmission around z~ 6 galaxies has been
observed in K. Kakiichi et al. (2018), R. A. Meyer et al.
(2019, 2020), and D. Kashino et al. (2023) by analyzing the
IGM-galaxy cross-correlation function. K. Kakiichi et al.
(2018) find an excess IGM transmission at ~20 cMpc from
LBGs. R. A. Meyer et al. (2019) find an excess IGM
transmission at >10/4"' cMpc for faint galaxies traced by
C 1V absorbers and R. A. Meyer et al. (2020) report an excess
IGM transmission at >10cMpc around LBGs and LAEs.
Using 5.7 < z < 6.14 [O 1] emitters, D. Kashino et al. (2023)
find a peak of IGM transmission at ~5 cMpc. As these studies
use various galaxy populations when measuring the IGM-
galaxy cross-correlation function, the scales where the excess
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IGM transmission can be different due to different galaxy
populations residing in different IGM environments
(R. Momose et al. 2021). In addition, K. Kakiichi et al.
(2018) and D. Kashino et al. (2023) measures the IGM-galaxy
cross-correlation function in a single quasar field, therefore, the
results can be subject to cosmic variance.

5.2.2. CDFs at 5.4 <z <5.7

Figure 11 shows the CDFs of 7e¢f o mj around 5.4 <z < 5.7
[O 1] emitters. With an influence radius of 5/ ! cMpc, the
optimistic CDF of T7egom; shows a lower cumulative
probability at the same Tegr o nrj than the random distribution,
indicating the IGM is more opaque close to z < 5.7 [O1I]
emitters within a scale of 54~ cMpc. However, from the KM
estimator, the 1o confidence intervals of two fitted CDFs
overlap, and the p-value from the log-rank test is 0.33,
indicating Ly« absorption near [OII] emitters is not
significant, based on the current CDFs of Tegr o). This can
be caused by the large uncertainties in the fitted CDF, likely
associated with the limited number of z<5.7 Terjomy



THE ASTROPHYSICAL JOURNAL, 976:93 (23pp), 2024 November 20

Jin et al.

5.4<z<H.T

Toft around O3Es

gt around O3Es (random)

5 h~tcMpc 10 A~ cMpc 15 h~tcMpc 20 h~!cMpc 25 h~tcMpc
1.0 - 1.0 = |10 ~r 1.0 1.0 pos
s g -
0.8{ optimistic 0.8 Vg 0.8 P 0.8 o 0.8 o
/2 I e (S A A e
0.6 S 0.6 1 ’/ 061 ,/' 0.6 ,{?. 061 t’-'l'“
0.4 i 0.4 pa 0.4+ & 0.4 r 0.4+ i
S Fa ¢
021 & pessimistic|02] £ 021 ¢ 021 0.2 ;
0.0 =~ , —10.01==2 , —10.04==" ‘ — 100 t==* , —1004=="" :
2 4 6 2 4 6 2 4 6 2 4 6 2 4 6
1.0 KM 1.0 1.0 1.0 1.0
0.8 { estimator 0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4 0.4
[ 0.2 p-value|( 7 - p-value|( 2 4 p-value|( 2 p-value|( 2 p-value
0.3273 0.9486 0.9609 0.8496 0.0313
O oo0= , oo+ , 2 l0.0== ‘ 0.0+ , 10,0 = , :
Q 2 4 6 2 4 6 2 4 6 2 4 6 2 4 6
30 h~cMpe 35 h~tcMpc 40 h ! cMpc 45 h 1 cMpc 50 h~!cMpe
1.0 — 1.0 s 1.0 —=]1.0 = 1.0 pos
0.1 optimistic,”  Jog- e |08 S |08 S 08 s
L.t YA 700" "
0.61 Fo 0.6 ;"' 0.6 e 0.6 & 0.6 &
041 £ 041 i 041 - 041 £ 041 I
] ¢ i ! i ! ] / i ’
02 ! pessimistic |02 K 0.2 /! 0.2 i/ 0.2 v
0.01==" —100+=="" —10.04==2" _oot===r —100t=—r” ,
2 4 6 2 4 6 2 4 6 2 4 6 2 4 6
1.0 KM 1.0 1.0 1.0 1.0
0.8 { estimator 0.8 0.8 0.8 0.8
0.6 0.6 0.6 0.6 0.6
0.4 0.4 0.4 0.4 0.4
021 p-value| (7 | p-value|( 7 | p-value|( 7 | p-value| ()7 | p-value
001 <0.0001 " 0.0001 | "] <0.0001 " 0.0002 | " 0.0004
2 4 6 > 4 6 2 4 6 2 4 6 2 4 6
Teff

Figure 11. Similar to Figure 10, but for [O III] emitters at 5.4 < z < 5.7.

measurements. Lya absorption near galaxies has been observed
in previous studies. By cross-correlating C IV absorbers at
4.5 <z<6.2 and Lya forest, R. A. Meyer et al. (2019) find
Lya absorption within 54 'cMpc from CIV absorbers,
indicating highly opaque regions surrounding faint galaxies
traced by C IV absorbers. D. Kashino et al. (2023) measure the
IGM-galaxy cross-correlation function through [O III] emitters
and Lya forest, and find IGM Ly« absorption within 8 cMpc
from 5.3 <z < 5.7 [O 1] emitters. M. Tang et al. (2024) find
that the Ly« profile of z~5—6 strongest LAEs displays a
typical redshifted Ly velocity of 230 kms™' compared with
Ha emission line, and the Lya profile does not show the blue
Lya peak as observed among z ~2—3 LAEs, suggesting the
existence of residual HI around galaxies in the IGM absorbs
the blue component of Ly« emission. At z ~ 2—3, similar Ly«
forest absorption has also been found around several galaxy
populations potentially due to HI overdensity around galaxies
(e.g., R. Momose et al. 2021) or galaxy clusters (e.g., Z. Cai
et al. 2017). At z~2-3, S. Mukae et al. (2017) find a weak
anticorrelation between the IGM transmission and galaxy
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overdensity within 2.5 proper Mpc. From the current CDFs of
Tett,fo mr, LYo absorption within 5 h! cMpc from z ~5.4—5.7
[OmI] emitters is not significant. More z<5.7 Teg[0my
measurements will be needed to reconstruct the Tegromm
distribution and to verify the existence of Ly« absorption near
[O 1] emitters within 54! cMpc.

When adopting a larger influence radius than 54 ' cMpc,
the fitted CDF of Te o ur from the KM estimator first tends to
be consistent with the fitted random CDF. However, with an
influence radius 225 ! cMpc, the fitted CDF of Tegr o my 18
higher than the fitted random CDF at the same Test 0 m,
displaying a significant enhancement of IGM transmission
around [O1I] emitters on a larger scale >25h ' cMpc. The
fitted CDF of Tetr[o my shows substantial divergence from the
fitted random CDF at 7egom~3. We further search the
evidence of excess IGM transmission at z < 5.7 using existing
WESS programs in quasar fields, which fully cover a
54 <z<5.7 Lya forest. In D. Kashino et al. (2023), the
IGM-galaxy cross-correlation function beyond 15 cMpc is not
available. By utilizing the published [O 1II] emitter catalog in
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Figure 12. Average transmitted flux around [O IIT] emitters (filled yellow-green stars), weighted by the integrated length of each T o nj measurement, as a function
of influence radii at 5.4 < z < 6.1, 5.7 < z< 6.1, and 5.4 < z < 5.7. The 1o uncertainty is calculated using bootstrapping. The random values are denoted by filled

brown stars.

D. Kashino et al. (2023) and the optical spectrum of SDSS
J0100+4-2802 from the XQR-30 GitHub repository, we compute
the IGM-galaxy cross-correlation function of 5.3 <z<5.7
[O 1] emitters to a larger scale and find at ~20 cMpc from
5.3 <z< 5.7 [O1] emitters, there is also an enhanced IGM
transmission compared with the average IGM transmission.
However, since there is only one single quasar field, the result
is greatly affected by cosmic variance.

For both the 5.7<z<6.1 and 54 <z<5.7 bins, IGM
transmission is observed to be higher around [O III] emitters on
large scales. The significantly enhanced IGM transmission
starts to appear at >20 4~ ' cMpc around z > 5.7 [O IlI] emitters
compared to the 225 h~'cMpe scales of z<5.7 [O1]
emitters. The scales where the excess IGM transmission
emerges are similar for both z>5.7 and z<5.7 [O1I]
emitters; however, the distinction between the fitted CDF of
Tetrjo my and the fitted random CDF appears at Teg o m>4 for
z>5.7 [O 1] emitters, while for z < 5.7 [O1II] emitters, the
fitted CDF of 7. [0 m already deviates from the fitted random
CDF in the most transparent regime (TefjouS3). This is
related to the rapid redshift evolution of 7.« and a significant
portion of z> 5.7 Tegr oy are lower limits, resulting in large
uncertainty in the fitted CDF. To better probe the excess IGM
transmission around [OIII] emitters at z > 5.7 and to further
investigate whether the excess IGM transmission around [O III]
emitters evolves with redshift, deep optical spectroscopy is
needed (see also the discussion in Section 5.3).

It is worth noting that the scales around [OIII] emitters
where excess IGM transmission emerges should not be
interpreted as the size of ionized bubbles directly (e.g., V. Tilvi
et al. 2020; R. Endsley & D. P. Stark 2022; M. Tang et al.
2023; H. Umeda et al. 2023; L. Napolitano et al. 2024;
M. Neyer et al. 2024; L. Whitler et al. 2024). Because z ~ 6 is
close to the end of reionization, the majority of ionized regions
in the IGM have largely overlapped in lieu of individually
expanding in the significantly neutral IGM in the early stage of
reionization. Beyond the scales around [O IIT] emitters where
excess IGM transmission exhibits, the IGM is already ionized,
not significantly neutral. Excess IGM transmission around
[O1I] emitters indicates the enhancement in the ionizing
photons close to [O III] emitters within certain scales, compared
with the average ionizing background (see also the discussion
in X. Fan et al. 2006).
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Because the field of view (FoV) of JWST NIRCam is small, it
is plausible that our identification of IGM patches where no
[O 1] emitters are detected is not complete. Further [OIII]
emitters located at a transverse distance of >6 A" cMpc will not
be covered by the existing single NIRCam pointing. In addition,
the current depth of the ASPIRE program can only detect [O IIT]
emitters down to a luminosity at ~10**erg s~ . It is also likely
that IGM patches where no [O III] emitters are detected can still
have fainter, undetected [O III] emitters around them within the
FoV of a single NIRCam pointing. A follow-up JWST program
(PID: 3325, PIs: F. Wang and J. Yang) targets two ASPIRE
quasars with a bigger mosaic (~4."4 x 7.3, corresponding to
741" cMpe x 1225 " cMpc at z ~ 6) and a deeper exposure
around the quasar with NIRCam WEFSS. We will use [O11]
emitters selected from ASPIRE follow-up programs to test the
influence of both the FoV and depth on our results.

5.3. Average Transmitted Flux around [O Ill] Emitters

In each distribution of Tef o my, @ subset of measurements
are 20 lower limits. In Sections 5.1 and 5.2, we adopt the KM
estimator to fit the CDF of 7¢¢t o ur and perform the log-rank
test to investigate whether the IGM patches around [O 1]
emitters tend to be more transparent or more opaque than
average IGM transmission. To verify whether the results are
subject to the fact that 20 lower limits of Teg [0 m are included
in the distribution, we calculate the average transmitted flux in
the distribution, and explore whether there is excess IGM
transmission compared with the random distribution, which
represents a baseline of IGM transmission. For each distribu-
tion in Figures 9, 10, and 11, we calculate its average
transmitted flux when adopting a certain influence radius,
weighted by the integrated length for each measurement, and
derive the 1o uncertainty in the average transmitted flux by
bootstrapping. Figure 12 shows the average transmitted flux
around [O II] emitters as a function of influence radii in three
redshift ranges: 5.4 <7<6.1,57<z<6.1,and 54 <z<5.7.
It is important to note that Figure 12 is different than the
average transmitted flux as a function of distance to galaxies
(i.e., T(r), see K. Kakiichi et al. 2018; R. A. Meyer et al.
2019, 2020; D. Kashino et al. 2023) because we calculate the
average transmitted flux over the integrated length by adopting
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an influence radius, instead of at a certain distance from
galaxies.

At 5.4 < z< 6.1, the transmitted flux around [O III] emitters
tends to be lower than the random distribution with an
influence radius of 54 ' cMpc. Compared with the random
distribution, the excess in transmitted flux around [O II]
emitters starts to appear with influence radii =25 h~" cMpc,
and the excess in transmitted flux becomes more significant
(~20) adopting an influence radius >30/4 'cMpc. The
25 h~ ' cMpc influence radius where the excess IGM transmis-
sion appears is consistent with the influence radius where the
fitted CDF of Tepromn is significantly different from the
random distribution shown in Figure 9.

As for the 5.7 < z< 6.1 bin, with an influence radius of
<20 h~'cMpc, the average transmitted flux around [OTII]
emitters and the random transmitted flux overlap with each
other within 1o uncertainty. Excess in transmitted flux around
[Omm] emitters exists when adopting influence radii
>25h~' cMpc. Such excess is most evident when adopting
an influence radius of ~30—35 A~ cMpc, but the significance
of the excess in transmitted flux is less than 20. Because the
transmitted flux in the Lya forest is low at z~6, it is
challenging to constrain the transmitted flux precisely,
especially using shallow spectroscopy. Therefore, the signifi-
cance of excess transmission can be underestimated because
noisy spectra can dilute the signal of excess transmission.

For the 5.4 <z<5.7 bin, with an influence radius of
5h~" cMpc, the average transmitted flux around [O III] emitters
is significantly lower (~4.70) than the random value. However,
the fitted CDF of Teg (o from the KM estimator does not
differ significantly from the random CDF when adopting an
influence radius of 5 4~ cMpc because of the large uncertainty
in the fitted CDF. When increasing the influence radii to
225 h~'cMpc, the average transmitted flux around [O ]
emitters becomes higher than the random average transmitted
flux. The excess in transmitted flux around [O III] emitters is
most significant (~3.10) when adopting an influence radii of
~30—50h""' cMpc. The scales showing Lya excess Lya
transmission are consistent with the scales where the fitted CDF
of Terrjom is significantly different than the random distribu-
tion in Figure 11.

To summarize, we find that the scales exhibiting lower or
higher transmitted flux around [OTI] emitters are mostly
consistent with those where the fitted 7. |0 mry distribution from
the KM estimator deviates significantly from the fitted random
distribution. When investigating the transmission around [O III]
emitters, both the average transmitted flux and the Tet[o my
distribution exhibit their own advantages and limitations. Using
the average transmitted flux around [OII] emitters, it is
straightforward to determine whether the transmission is
enhanced or suppressed around [O III] emitters, compared with
the average IGM transmission. On the other hand, for Tes [0 my
measurements, a substantial sample size is required to
reconstruct the distribution and thus to investigate transmission
around [O III] emitters. However, average transmitted flux can
be biased toward high transmitted flux. Because the average
IGM transmitted flux decreases substantially as the redshift
increases (G. D. Becker et al. 2015; S. E. 1. Bosman et al.
2018, 2022; A.-C. Eilers et al. 2018; J. Yang et al. 2020b), the
average transmitted flux within a broad redshift range will be
naturally biased toward lower redshift, while Tefomr mea-
surements can demonstrate the entire distribution of IGM
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transmission. Nevertheless, both methods can be limited by
noisy spectra. Using noisy data, it is difficult to measure the
transmitted flux precisely, and there are also more lower limits
in the Tegr[o my distribution, resulting in a large uncertainty in
the fitted CDF.

Recent ionizing photon mean free path (\n¢,) measurements

show the rapid evolution of Ay = 0.817372 pMpc at z=5.93

oAy, = 3.31777% pMpc at z=15.65 (Y. Zhu et al. 2023, see
also G. D. Becker et al. 2018; P. Gaikwad et al. 2023;
F. B. Davies et al. 2024). In the scenario where the scatter in
Tefr 1S primarily driven by ionizing background fluctuations, the
fluctuations in the Ly forest are stronger with a shorter App,
(F. B. Davies et al. 2024). As such, the excess transmission
around [O 1] emitters might show a redshift evolution when
the scatter in 7. iS dominated by the ionizing background
fluctuations. However, due to the moderate depth of data,
currently, we do not find conclusive evidence of the redshift
evolution of excess transmission around [O III] emitters.

This emphasizes the necessity for deeper exposure and more
quasar sightlines for quasar optical spectroscopy, especially to
detect weak transmission at z~ 6, in order to investigate the
redshift evolution of the excess IGM transmission around
[O 1] emitters.

6. Summary

In this paper, we present the first 7. measurements around
[O 1] emitters at 5.4 < z < 6.1 identified in 14 fields of the
ASPIRE program centered on z ~ 6.5—6.8 quasars for which
we have a good quality spectrum. We find:

1. By stacking the Ly« transmission around [O III] emitters
with an influence radius of 254! cMpc, we find at the
same redshift, IGM patches around [OIII] emitters are
significantly more transparent (d7eg > 0.5) than those
IGM patches where no [OIII] emitters are detected. At
z>5.7, most IGM transmission is within 25/ ' cMpc
from [OII] emitters, reinforcing the important roles of
galaxies in producing IGM transmission as observed in
the Ly forest.

2. Stacked IGM patches around [OIII] emitters reach the
same optical depth at least dz ~ 0.1 ahead of stacked IGM
patches away from [OTI] emitters, supporting earlier
reionization around [O III] emitters.

3. With an influence radius >25 h~' cMpc, we find that the
Tege distribution around 5.4 <z < 6.1 [OI] emitters is
significantly different from the IGM T distribution, and
the average transmitted flux around [OIII] emitters is
higher than the average IGM transmitted flux, supporting
that the scatter in the observed z>5.5 7.4 is tightly
associated with the large-scale fluctuations in the ionizing
background. By splitting all [O1I] emitters into two
redshift bins, 5.4 < z< 5.7 and 5.7 < z< 6.1, we find the
scales where the excess IGM transmission emerges
are similar for 5.4 <z <5.7 (Z25h ' cMpc) and 5.7 <
z<6.1 (>20h ' cMpc) bins. Deeper optical spectrosc-
opy will be needed to further investigate the redshift
evolution of excess transmission around [O III] emitters.

We have ongoing programs on 6-10m ground-based
telescopes to collect the optical spectroscopy of ASPIRE
quasars to complete the ASPIRE sample and also to increase
the S/N of the existing optical quasar spectroscopy. The IGM-
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galaxy connection studies of the full ASPIRE quasar sample
will be presented in later works.
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Appendix A
Quasar Sightline Plots

In this appendix, we show the transmitted spectrum of all
ASPIRE quasar sightlines used in this work and the spatial
location of [OII] emitters identified in the quasar fields in
Figures 13-16.
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Figure 13. The transmitted spectrum of all quasars used in this work, in the ascending order of R.A. The transmitted spectrum (black) has been smoothed with a
median filter for better visualization. The spectral uncertainty is shown in gray. The redshift range of the Ly« used in the analysis is displayed in the red-shaded region.
The location of the Ly emission line is marked by the blue downward arrow. The spatial locations of the [O III] emitters identified in each quasar field are denoted by
the yellow-green circles in terms of the [O IIT] emitter redshift zjo iy and the transverse distance r, between the [O III] emitter and the central quasar.
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Figure 14. (continued.) The transmitted spectrum of ASPIRE quasars J0244+5008, J0305—3150, J0525—2406, and J1048—0109, together with [O 1I] emitters
detected in the quasar fields.
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Figure 16. (continued.) The LOS plot of ASPIRE quasars J2102—1458 and J2232+2930, together with [O III] emitters detected in the quasar fields.

Appendix B
Consistency Check between the Random Te,[0 1y
Distribution and the IGM Effective Optical Depth
Distribution

In this appendix, we investigate whether the random
distribution of 7. around [OII] emitters (Teprjom)) can
recover the 7o distribution 7. of IGM patches at the
corresponding redshifts. For the Lya forest spectrum of each
quasar, we use the spatial locations (redshift and transverse
distance) of [OIII] emitters detected in the other 13 quasar
fields to compute the random Tt [0 1y, following the method
described in Section 3. For each influence radius, we use twice
the influence radius as the bin size to calculate the 7. of IGM
patches, starting from the rest frame 1040 A up to the rest frame
1176 A in the quasar Ly« forest.

We plot the optimistic CDFs of random 7o nry distribution
and the 7. distribution of IGM patches in brown and black
dashed lines. The corresponding pessimistic CDFs are denoted
by the dotted lines. We then use the KM estimator to fit the
survival function of each distribution. We show the fitted CDFs
and lo confidence intervals of random Teg oy distribution
and 7 distribution of IGM patches by brown and black solid
lines and shaded regions in Figure 17 (5.4 < z < 6.1), Figure 18
(5.7 < z<6.1), and Figure 19 (5.4 < z < 5.7), respectively. We
perform the log-rank test between these two distributions, and
the p-values for the null hypothesis are greater than 0.05 for

19

any influence radius in all three redshift bins, indicating the
random Tegom distribution is consistent with the T
distribution of IGM patches. As such, the random Teg (o
distribution can well represent the 7.q distribution of IGM
patches at the corresponding redshifts.

At Teer S 3 in both 5.4 <7< 6.1 and 5.4 <7< 5.7 bins, the
random Tegr o my distribution tends to have a more extended
low T tail than the 7. distribution of IGM patches. This is
due to the fact that our method for measuring the 7. o ny can
include [O 1] emitters with redshift less than the low-redshift
cut of the Ly« forest, as long as the [O III] emitters can enclose
part of the Ly« forest spectrum within the influence radius.
Equivalently, Tefrjoun include the spectrum close to the
boundary of the Ly« forest, while the 7. distribution of
IGM patches is calculated within a large bin size with a
midpoint redshift slightly higher than the low-redshift bound-
ary of the Ly« forest. As the 7. increases with redshift, the
Tesr < 3 cannot be well sampled by the 7.4 distribution of IGM
patches.

Furthermore, because the number of quasar sightlines is only
14, the number of IGM patches is very limited when adopting a
large bin size to calculate 7.p. This effect becomes more
obvious at 5.4 < z< 5.7 than at 5.7 < 7 < 6.1 since not every
quasar sightline fully covers the Lya forest at 5.4 <z <5.7.
Therefore, we use the random Tegonr distribution as the
control sample for the IGM transmission to compare with the
Teff,[O m] distribution.
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Figure 17. The first and the third rows show the CDFs of the random 7.g around [O III] emitters (brown) and 7.¢ of IGM patches (black) at 5.4 < z < 6.1. The
influence radius is from 5 2~' cMpc to 50 A~ cMpc for Teft,jo my Measurements and 7. are measured using the bin size of twice the corresponding influence radius.
The optimistic and the pessimistic CDFs are plotted in dashed and dotted lines, respectively. The second and the fourth rows show the fitted CDFs from the KM
estimator and the 1o confidence interval of the CDF is shown in the shaded regions of the corresponding color. The null hypothesis p-value from the log-rank test is
shown in the bottom right corner of each subpanel. With all influence radii, the random 7, ;o 1y distribution is consistent with the 7 distribution of IGM patches.
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Figure 18. The CDF of the random Teg o my (brown) and 7.¢ of IGM patches (black) at 5.7 < z < 6.1.
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Figure 19. The CDF of the random Teg o my (brown) and 7.e of IGM patches (black) at 5.4 <z < 5.7.
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