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ABSTRACT

Strong Ly @ emission observed from galaxies when the Universe is expected to be highly neutral is thought to trace large
ionized regions that facilitate the transmission of Ly« through the intergalactic medium (IGM). In this work, we use
deep JWSTLy « spectroscopy to constrain the size of a candidate ionized bubble at z ~ 8.7 in the Extended Groth Strip
(EGS) field, with a potential radius of Ry, = 2 physical Mpc (pMpc) or larger. We measure a photometric galaxy density
and find that the volume is a factor of ~2.5-3.6 overdense, suggesting that there may be a large population of galaxies
capable of creating an R, ~ 2 pMpc bubble. Then, we infer the Ly « transmission through the IGM for galaxies in the EGS
volume using our deep spectroscopy, finding 7iom = 0.26f8ﬁ. This transmission is consistent with the average at z ~ 9
and is mildly inconsistent with the transmission expected for an Ry, ~ 2 pMpc bubble (Tigm 2 pmpec = 0.53-0.63), implying
that such a large bubble is unlikely to be present. However, the photometric galaxy density in the EGS field is larger
than in several other deep fields. This overdensity and the moderate Ly « transmission may be consistent with smaller,
Ry, ~ 0.5-1 pMpc bubbles in EGS. This additionally motivates the need for future wider area Ly « spectroscopy in EGS and
other fields to obtain a more representative understanding of the sizes of ionized bubbles in the early stages of reionization,

and the properties of the galaxies that create them.
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1 INTRODUCTION

In the first billion years after the big bang, the earliest galaxies
emerged and reionized the Universe. During this time, these
galaxies produced hydrogen-ionizing radiation that escaped their
interstellar and circumgalactic media (ISM and CGM) to ionize
the hydrogen in their surrounding intergalactic medium (IGM),
forming local ‘bubbles’ of ionized hydrogen. Over time, these
ionized bubbles grew and merged until the entire IGM was fully
ionized. Thus, early galaxy evolution is inextricably linked to
the process of reionization, and galaxies can provide important
insights into both the overall timeline and the local topology of
reionization.

Over the last two decades, significant progress has been made
towards observationally measuring the timeline of reionization.
Measurements of the electron scattering optical depth to reion-
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ization from the cosmic microwave background (CMB) suggest
that the mid-point of reionization occurred at z = 7.7 (Planck
Collaboration VI 2020). While the CMB only provides an integral
constraint, measurements based on observational probes sensi-
tive to specific times in the Universe’s history corroborate this
picture. Studies based on quasar spectra at z ~ 5-6 have enabled
constraints on the end of reionization, placing it at z ~ 5-5.5 (e.g.
J. Yang et al. 2020b; Y. Zhu et al. 2021; S. E.I. Bosman et al. 2022; Y.
Zhu et al. 2023), while at higher redshifts, the Ly « damping wing
attenuation signatures observed in a few z > 7 quasars generally
imply that the IGM is still considerably neutral (B. Greig et al.
2017; E. Bariados et al. 2018; F. B. Davies et al. 2018; F. Wang et al.
2020; J. Yang et al. 2020a). Measurements of the neutral hydro-
gen fraction based on galaxies suggest the same overall timeline,
where reionization is actively ongoing at z ~ 7 and complete at
Z < 6(e.g.C. A. Mason et al. 2018, 2025; I. Jung et al. 2020; A. M.
Morales et al. 2021; P. Bolan et al. 2022; M. Tang et al. 2024b; H.
Umeda et al. 2025; also see M. Ouchi, Y. Ono & T. Shibuya 2020 for
areview). However, despite significant progress in understanding
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when reionization occurred, charting the topology has remained
elusive.

Lyman-alpha (Ly«) emission from galaxies in the heart of
reionization is frequently used to measure the reionization time-
line, and recently, attention has turned to leveraging Ly « obser-
vations to probe the reionization topology on the scales of ionized
bubbles (T.-Y. Lu et al. 2024a; 1. Nikoli¢ et al. 2025). As a reso-
nant line of hydrogen, Ly « emitted from high-redshift galaxies is
very likely to be attenuated by neutral hydrogen in the IGM, an
effect that increases as the neutral hydrogen content of the IGM
increases towards higher redshifts (e.g. J. Miralda-Escudé 1998).
However, in spite of the strong attenuation Ly « is expected to face
in the partially neutral IGM during reionization, Ly « has been
observed from galaxies even from galaxies at z 2> 8 (A. J. Bunker
et al. 2023; M. Tang et al. 2023; C. Witten et al. 2024; J. Witstok
et al. 2025a, b), and understanding its cause has been the topic
of significant study. This reionization-era Ly o« may be observable
due to intrinsic galaxy properties such as very hard ionizing radia-
tion fields facilitating the production of very strong Ly o, which is
then significantly attenuated in the IGM, but still observable (e.g.
N. Laporte et al. 2017; D. P. Stark et al. 2017; R. Endsley et al. 2021;
G. Roberts-Borsani et al. 2023; M. Tang et al. 2024b; J. Witstok
et al. 2025a, b). Or, Ly o emission may escape the galaxy already
significantly redshifted from systemic, as is common in bright
galaxies, (D. K. Erb et al. 2014; T. Shibuya et al. 2014; R. Endsley
et al. 2022). However, the visibility of Ly « could also be explained
if Ly o emitters (LAEs) are embedded in large ionized regions.
If LAEs inhabit large ionized bubbles, Ly « photons emitted at
or near line centre can cosmologically redshift into the damping
wing while in an ionized medium before encountering neutral
hydrogen, decreasing their scattering cross-section and increas-
ing the fraction of the line that is transmitted through the IGM
(e.g. S. R. Furlanetto et al. 2005; J. S. B. Wyithe & A. Loeb 2005).
In this picture, LAEs are also likely associated with overdensities
of galaxies that are all collectively contributing ionizing photons
towards reionizing a large volume (e.g. A. Hutter et al. 2017, 2023;
P. Dayal & A. Ferrara 2018; Y. Qin et al. 2022), which also provides
a method by which to identify candidate ionized bubbles.

Before JWST , our knowledge of Ly « emission during reion-
ization was enabled by spectroscopically following up Ly « break
galaxy candidates identified by large ground-based telescopes
(e.g. D. P. Stark et al. 2010; E. Vanzella et al. 2011; Y. Ono et al.
2012; L. Pentericci et al. 2014; I. Jung et al. 2019; C. A. Mason
et al. 2019) and narrowband imaging surveys (e.g. K. Ota et al.
2017; Z.-Y. Zheng et al. 2017; R. Itoh et al. 2018; W. Hu et al. 2019;
H. Goto et al. 2021; I. G. B. Wold et al. 2022). These campaigns
resulted in the discovery of tens of LAEs at z ~ 6-8, but only two
atz > 8 (EGSY8p7, A. Zitrin et al. 2015; EGSY_z910_44164, R.
L. Larson et al. 2022). These z > 8 LAEs are extremely bright
(absolute UV magnitudes of My, ~ —22) at redshifts of z = 8.61
and z = 8.68 and both are in the Extended Groth Strip (EGS)
field with a physical separation of only ~4 physical Mpc (pMpc).
Photometric observations with the Hubble Space Telescope (HST)
in the area revealed an overdensity of galaxy candidates over
the entire EGS field (S. L. Finkelstein et al. 2022; R. L. Larson
et al. 2022; E. Leonova et al. 2022), and L. Whitler et al. (2024)
identified a photometric galaxy overdensity in the vicinity of
EGSY8p7 (within ~ 5 arcmin) with JWST/Near Infrared Camera
(NIRCam; M. J. Rieke, D. Kelly & S. Horner 2005; M. J. Rieke et al.
2023) imaging. Taken together, the proximity of the two LAEs
and the galaxy overdensity suggested that both LAEs may have
inhabited the same very large ionized bubble with a minimum
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radius of R, = 2 pMpc at z = 8.7. However, recent observational
constraints using a sample of z > 6 galaxies with Ly « detections
(including EGSY8p7 and EGSY_z910_44 164 at z = 8.7) inferred
radii of R, < 0.5pMpc for the ionized bubble(s) associated with
these objects (M. J. Hayes & C. Scarlata 2023). Additionally, given
the large neutral hydrogen fraction expected at z ~ 8.7 (Xu ~
0.7-0.9), a bubble with radius R, 2 2 pMpc would be unexpected
by theoretical predictions (T.-Y. Lu et al. 2024b), motivating the
need to carefully quantify the extent of the candidate bubble with
additional Ly o observations.

Ultraviolet (UV)-continuum-faint galaxies are crucial for
building a more complete picture of the reionization topology,
but it was challenging to observe Ly « emission from faint galax-
ies before JWST. Large ground-based facilities could detect Ly
in UV-continuum-bright galaxies, but bright galaxies are rela-
tively rare, making it difficult to observe large samples to map
the reionization process. Bright galaxies also tend to emit Ly
significantly redshifted from systemic (e.g. D. K. Erb et al. 2014; T.
Shibuya et al. 2014), likely due to large neutral hydrogen column
densities through which Ly o must escape, making it challenging
to determine if the galaxy is actually embedded in an ionized
bubble or if it is surrounded by a neutral IGM that would have
attenuated Ly o photons at line centre had they been present.
In contrast, faint galaxies are significantly more abundant than
bright galaxies and tend to emit Ly« closer to systemic than
bright galaxies do (e.g. D. K. Erb et al. 2014; G. Prieto-Lyon
et al. 2023; M. Tang et al. 2024a; A. Saxena et al. 2024b), mak-
ing them better suited for constraining the reionization topology
than bright galaxies, which has been enabled for the first time by
JWST.

In this work, we characterize the transmission of Lyo
from galaxies inside the candidate ionized bubble surround-
ing EGSY8p7 and EGS_z910_44 164 at z = 8.7. We obtain deep
medium- and high-resolution Near Infrared Spectrograph (NIR-
Spec) observations in the rest-frame UV and rest-frame optical
from JWST GO programme 4287 (PIs C. Mason and D. Stark) and
assemble a sample of z = 8.7 galaxies, then combine with mea-
surements from the literature to constrain the Ly « transmission
in the volume. In comparison with measurements in the field
at z ~ 9 and expectations for the Ly« transmission properties
of galaxies inside a very large, R, 2 2 pMpc ionized bubble that
would contain both EGSY8p7 and EGS_z910_4416, this enables
us to examine the probability of existence for such a bubble. In
combination with updated constraints on the galaxy overdensity
in the volume, we can ultimately study the size of the ionized
bubble at z = 8.7 in the EGS field for the first time.

This paper is organized as follows: In Section 2, we describe
the spectroscopic data and analysis techniques for GO 4287 and
provide a brief overview of additional HST and JWST data we
use in this analysis. In Section 3, we describe the properties of
the z = 8.7 galaxies we have observed as part of GO 4287. In
Section 4, we update the analysis of L. Whitler et al. (2024) to
examine the photometric overdensity of galaxies in the z = 8.7
volume probed by EGS and its implications for the presence of a
large ionized bubble, then use measurements of the transmission
of Ly« transmission in this volume to quantify constraints on
the size of the ionized bubble in Section 5. We then place these
measurements in context with photometric overdensities in other
fields in Section 6 and finally, summarize and conclude in Sec-
tion 7. We adopt a flat ACDM cosmology with h = 0.7. Q,, = 0.3,
and ©, = 0.7 and all magnitudes are given in the AB system (J.
B. Oke & J. E. Gunn 1983). We report the median and 68 per cent



credible interval (16th and 84th percentiles) as parameter values
and uncertainties.

2 OBSERVATIONS AND MEASUREMENTS

2.1 NIRSpec observations

The analysis presented in this work is based on JWST/NIRSpec
observations taken as part of JWST GO programme 4287, which
primarily targeted galaxies in EGS thought to trace the candidate
ionized bubble at z ~ 8.7 and includes targets at z ~ 7-8. Spectro-
scopic data were taken with JWST/NIRSpec in multiobject spec-
troscopy mode. We obtained data in three pointings of the NIR-
Spec microshutter array (MSA) using the disperser/filter com-
binations of G140H/F100LP (spectral resolution of R ~ 2700,
targeting the wavelength of Ly« in our primary targets) and
G395M/F290LP (R ~ 1000, targeting [O 111] A14959, 5007 in our
primary targets). For each pointing, G140H/F100LP was ob-
served for a total exposure time of 14005 s and G395M/F290LP
was observed for three integrations of 16 groups for a total expo-
sure time of 3501 s, all using the NRSIRS2 readout mode. Each
MSA slitlet was composed of three shutters and observations
were taken using a three-point nod pattern with one exposure at
each nod position.

After the assignment of the observation position angles, we
used the NIRSpec MSA Planning Tool to optimize the MSA point-
ing centres and shutter configurations in order to maximize the
number of primary targets that potentially inhabited ionized bub-
bles at z > 7. We identified 88 high-priority targets using the
photometrically selected samples of Z. Chen et al. (2024) and L.
Whitler et al. (2024), who searched for overdensities of galaxies
(and therefore candidate ionized bubbles) atz = 7.2, 7.5, and 8.7.
We then required each object to be observed at the possible wave-
lengths of both Ly « and [O 111] A14959, 5007 based on their pho-
tometric redshift probability distributions. After applying these
requirements, we assigned slits to 32 of our highest priority tar-
gets, including seven targets selected by L. Whitler et al. (2024)
to lie at redshifts of z ~ 8.4-9.1, potentially tracing an ionized
bubble at z = 8.7. We then filled the remaining space on the MSA
with 127 Lyman break galaxy candidates primarily selected to be
at z > 5 (F814W dropouts) but down to z > 3 as necessary to fill
the MSA, resulting in a total of 159 objects assigned to shutters.
We then reduce the 2D spectra following the methods described
by M. W. Topping et al. (2024a), which uses the standard jwst
reduction pipeline! (H. Bushouse et al. 2025) in combination with
custom algorithms. To obtain the 1D spectra, we fit the spatial
profile of each 2D spectrum with a Gaussian, then perform a
boxcar extraction centred on the mean of the Gaussian with a
typical width of five pixels (0.5 arcsec) in the spatial direction.

In this work, we primarily present four galaxies at z = 8.7 ob-
served as part of GO 4287 (IDs EGSY8p7, CEERS-1025, 70289,
and 89540). We show the MSA slitlets of these objects overlaid
on F444W/F200W/F115W RGB images in Fig. 1. All of these
objects have been previously observed with the NIRSpec prism
(R ~ 100), G140M, and G395M (R ~ 1000) gratings by the Cos-
mic Evolution Early Release Science (CEERS) programme (PI
S. Finkelstein; S. L. Finkelstein et al. 2025); with the prism and
G395M grating by the Red Unknowns: Bright Infrared Extra-
galactic Survey (RUBIES) programme (PIs A. de Graaff and G.

Lhttps://github.com/spacetelescope/jwst

Z = 8.7Ly x emission 3

EGSY8p7

CEERS-1025

Figure 1. F444W/F200W/F115W images of the four z = 8.7 objects ob-
served by GO 4287, with the MSA slitlets from GO 4287 overlaid in white.
Each image is 2.5 arcsec x 2.5 arcsec and we show a 1 kpc scale bar at the
redshift of each object, measured as described in Section 2.3.

Brammer; A. Graaff et al. 2024); and/or the prism with as part
of the CANDELS-Area Prism Epoch of Reionization Survey (CA-
PERS, PI M. Dickinson). To maximize signal-to-noise, we reduce
the G395M spectra from these programmes using the same meth-
ods we use to reduce the GO 4287 observations, then stack the GO
4287 spectra with the spectra from CEERS and/or RUBIES for
EGSY8p7, CEERS-1025, and 70289 weighted by exposure times.
ID 89540 was also observed by RUBIES in G395M, but its RUBIES
spectrum has evidence of an artifact elevating the background
noise, so we use only the GO 4287 spectrum for this object. The
EGS field also has a large amount of prism spectroscopy observed
as part of CEERS. While we do not include these observations
in our Ly« measurements due to the challenges of using low-
resolution prism measurements for Ly « (e.g. Z. Chen et al. 2024;
L. C. Keating et al. 2024), we also reduce and analyze these data
sets in order to identify galaxies that have been spectroscopically
confirmed at our redshifts of interest (z ~ 8.6-8.8).

2.2 NIRCam observations

For each of the three NIRSpec pointings, we also obtained coor-
dinated NIRCam imaging parallels designed to complement and
enhance existing imaging in the EGS field. For two of our three
NIRSpec pointings, the NIRCam parallels did not overlap with
any existing imaging. For these two pointings (a total imaging
area of ~18 arcmin?), we observed in three pairs of short/long
wavelength NIRCam filters: F115W/F444W, F150W/F356W, and
F200W/F277W. For our third pointing, the NIRCam parallel par-
tially overlapped with existing NIRCam imaging from CEERS
in F115W, F150W, F200W, F277W, F356W, F410M, and F444W.
For this pointing, we obtained deep FO90W and F480M imaging
(exposure time of 15 880 s) to expand the wavelength coverage in
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Table 1. The line properties of the four objects at z = 8.7 that have been observed by GO 4287. We report coordinates, systemic redshifts, [O 111]A14959,
5007, and H B rest-frame EWs, rest-UV line detections (besides Ly «), and rest-optical line detections (besides [O 111] and H ) for all objects. We also
report Ly o redshifts, velocity offsets, fluxes, and rest-frame EWs for the two objects with Ly o detections, and report 30 upper limits on Ly o fluxes

and rest-frame EWs for the other two.

EGSY8p7 CEERS-1025 70289 89540
RA (deg) 215.03539 214.96753 214.84477 214.968 69
Dec. (deg) +52.890 67 +52.93296 +52.89211 +52.929 65
Zsys 8.677 & 0.0001 8.716 & 0.0003 8.687 & 0.0002 8.716 & 0.0006
Zya 8.68315, 601 87241500 - -
Aviye (kms™h) 16455 251133 - -
fiye Q107 Bergs™t cm=2) 1.671949 0.547531 <1.52 <1.38
EWo 1ya (A) 7.6 +2.2 3.54+22 <16.9 <289
EWo us (&) 257113 1781733 ggtls 67133
EWo,joiii] (A) 2330153 1065+ 587431 523432
UV lines N1v]11486, C IVA1550 NVA1243 - -
Optical lines [O1]A3727, [Ne111]23869, H ¢+ [O11]A3727, [Ne 1]A3869, H ¢+ [0 1m]A3727, [Ne 1] 13869, -

He 113889, H e+ [Ne111]13967,
HS, Hy, [O11]A4363

He 113889, H €+ [Ne 111]13967,3
H§, Hy, [Om1]A4363

H e+ [Ne111]A3967
Hy, [O11]A4363

the ~3 arcmin? area of overlap. In particular, the F480M filter
contains the strongest rest-optical emission lines accessible by
NIRCam at z ~ 8.7, [O111] and H B . This enables more precise
photometric redshift measurements and characterization of the
rest-frame optical spectral energy distributions (SEDs) of galaxies
atz =8.7.

In addition to the CEERS NIRCam imaging in F115W, F150W,
F200W, F277W, F356W, F410M, F444W, and our own parallel
imaging, we also analyse FO90W imaging from JWST GO pro-
gramme 2234 (PI E. Bafiados). This FO90W imaging covers the
same area as CEERS and provides an additional dropout filter
for our photometric selection of galaxy candidates at z ~ 8.7
(Section 4). We reduce all of these imaging data and combine
all exposures for a given filter into one mosaic per filter, then
perform source detection and photometry on these final mosaics.
For a description of our imaging reduction, detection methods,
and photometric measurements, we refer the reader to R. Endsley
et al. (2023, 2024) (also see L. Whitler et al. 2024).

2.3 Spectroscopic measurements

We now present the spectroscopic redshift and line measure-
ments we perform on the objects observed as part of GO 4287. We
first use strong rest-frame optical emission lines to measure sys-
temic spectroscopic redshifts for z > 4 objects that have multiple
significant line detections (typically H « , H 8, and/or [O111]
AX4959, 5007). We then focus on the subset of galaxies at that
are observed by GO 4287 at z = 8.7 £ 0.1. As we are primarily
interested in using the Ly o emission observed from these objects
to probe a potential ionized bubble in this volume, we focus on
measuring or placing upper limits on the Ly« line fluxes and
equivalent widths (EWs), along with Ly « velocity offsets for the
objects that have Ly« detections. We also measure and briefly
discuss the [O111] and H B fluxes and equivalent widths of each
Z = 8.7 object in Section 3.

To measure spectroscopic redshifts, we begin by visually in-
specting all of our 2D G395M spectra for rest-optical emission
lines and identify 67 objects with multiple rest-optical emission
line detections and an additional 14 objects with only one line
detection. We do not search for Ly « breaks, as we do not expect
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the rest-UV continuum to be significantly detected in our G140H
data. After visually identifying strong lines, we then measure
spectroscopic redshifts by individually fitting Gaussian profiles to
each of the strong lines available in the spectra(H o , H 8, [0 111]
24959, and/or [O111] A5007), then using the mean of the fitted
Gaussian to calculate the redshift. We perform this procedure
1000 times for each line after resampling the spectra 1000 times
assuming Gaussian flux errors, then weight each redshift mea-
surement by the signal-to-noise (S/N) of the integrated emission
line flux and take the weighted average and standard deviation
as the final spectroscopic redshift and uncertainty. We find 30
objects at redshifts of z > 6, 19 at redshifts of 4 <z < 6, and 18
at z < 4. Of the 30 objects at z > 6, seven lie between z = 8-9
and four are at z = 8.6-8.8 with IDs EGSY8p7 (A. Zitrin et al.
2015), CEERS-1025, 70289, and 89540. We will focus on these
four z ~ 8.7 galaxies for the remainder of this work: EGSY8p7,
CEERS-1025, 70289, 89540.

After measuring systemic spectroscopic redshifts, zgs, we
search for Ly« emission lines in the four objects at z ~ 8.7. We
visually identify Ly« in two objects (CEERS-1025 for the first
time, and EGSY8p7), and place 3o upper limits on the remaining
two. All fluxes and EWs are reported in Table 1. For objects with
Ly «, we numerically estimate uncertainties for line fluxes and
EWs. We generate 1000 realizations of the G140H spectrum by
perturbing the fluxes in each wavelength bin by the errors, assum-
ing they are Gaussian and uncorrelated with neighbouring pixels.
We then measure the continuum around Ly « by stacking every
wavelength pixel of the spectrum between rest frame 1250-1300 A
(ensuring that these wavelengths do not overlap the detector gap)
for each of the 1000 realizations, which results in S/N > 2.5 con-
tinuum measurements for each object.

To measure Ly « line fluxes, we subtract the stacked continuum
measurement from the full spectrum, then directly integrate the
continuum-subtracted spectrum, using an integration range from
A =[1215.67 x (1 + Zgys)] A to the first wavelength redward of
[1215.67 x (1 + Zsys)] A where the observed spectrum becomes
negative (resulting in Av ~ 400-600kms~!). We then take the
median, 16th, and 84th percentiles of the integrated line fluxes of
the 1000 resampled spectra as the Ly « line flux and uncertainties.
We adopt a similar method of direct integration to measure EWs,



but now report the mean and standard deviation of the resulting
distribution of Ly « EWs as the value and uncertainty, as symmet-
ric errors are required for our later inference of the transmission
of Ly« through the IGM (Section 5). Finally, we measure Ly«
velocity offsets using the offset between the expected systemic
wavelength of Ly «, and the wavelength of the spectral pixel with
the peak flux of the line.

For objects without Ly« detections, we directly integrate the
1D error spectrum between Av = —1000 and +1000 kms™! rel-
ative to the systemic redshift, where the window is chosen to
ensure that we capture the entire Ly« line profile expected at
Z 2 6(e.g. X. Lin et al. 2024; M. Tang et al. 2024a; A. Saxena et al.
2024b). We then combine the integrated error spectrum with the
stacked continuum measurement to place 3o upper limits on the
fluxes and EWs.

To measure the fluxes of H 8 and both components of the
[O 1] 414959, 5007 doublet, we fit and integrate Gaussian func-
tions for each line for 1000 realizations of the spectrum, with line
centres set by the systemic spectroscopic redshift of the object
under consideration. We note that while two of the objects in
our sample (EGSY8p7 and 70289) have S/N > 3.5 detections of
their rest-optical continuum in our G395M spectra after stacking
the wavelength pixels in the vicinity of [O11I] and H B8, the
remaining two objects are not detected. Thus, rather than using
continuum fluxes measured directly from the spectra to measure
EWs, we rescale the G395M spectrum of each object to match
the normalization of the object’s NIRCam photometry, then com-
bine the rescaled spectra with continuum measurements inferred
from SED models of the photometry. In detail, we renormalize
the spectra by calculating synthetic photometry from the G395M
spectra in relevant NIRCam filters (F356W, F410M, F444W), tak-
ing the ratios in each filter of the observed NIRCam fluxes and
the synthetic fluxes derived from the spectra, then rescaling the
entire G395M spectrum by the average of the ratios.

3 SAMPLE PROPERTIES

The EGS field has long been studied as a potentially unusual
site of intense early star formation activity at z = 8.7, hosting
two bright LAEs (A. Zitrin et al. 2015; R. L. Larson et al. 2022)
along with evidence of a galaxy overdensity and a candidate ion-
ized bubble at z = 8.7 (S. L. Finkelstein et al. 2022; R. L. Larson
et al. 2022; M. Tang et al. 2023; L. Whitler et al. 2024). In the
last few years, JWST imaging and spectroscopy has revealed an
abundance of moderately bright galaxies (Myy < —20) in EGS
at z = 8.7, several of which have detections of high-ionization
emission lines (e.g. R. L. Larson et al. 2023; M. Tang et al. 2025;
M. W. Topping et al. 2025), which may also indicate the presence
of an active galactic nucleus (AGN; R. L. Larson et al. 2023). If
these galaxies are producing copious amounts of ionizing pho-
tons either by star formation and/or AGN activity, they may then
be capable of creating a very large ionized bubble asearlyasz ~ 9,
and in this section, we examine the star-forming and ionizing
properties of the four z = 8.7 galaxies that have been observed as
part of GO 4287 in the context of the formation of an early ionized
bubble and the visibility (or lack thereof) of their Ly o emission.

To infer the physical properties of these galaxies, we model
their NIRCam SEDs with the BayEsian Analysis of GaLaxy sEds
(BEAGLE; J. Chevallard & S. Charlot 2016) code. BEAGLE is un-
derpinned by an updated version of the G. Bruzual & S. Charlot
(2003) stellar population synthesis models (A. Vidal-Garcia et al.
2017) and the nebular emission models (both line and contin-
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uum) of J. Gutkin, S. Charlot & G. Bruzual (2016), which were
in turn modelled with the photoionization code CLOUDY (G. J.
Ferland et al. 2013). We adopt a G. Chabrier (2003) stellar ini-
tial mass function with a mass range of 0.1-300 Mgand a Small
Magellanic Cloud (SMC) dust law (Y. C. Pei 1992), and model the
attenuation by the IGM using the prescription of A. K. Inoue et al.
(2014). For the star formation history, we adopt a two-component
parametrization consisting of a delayed exponential (i.e. delayed-
7) model at early times plus a recent episode of constant star
formation,? as was first introduced by R. Endsley et al. (2024).
We place a log-uniform prior on the maximum stellar age (i.e.
the start time of the star formation history, ty.,) with a range
of 20 Myr to the age of the Universe at the systemic redshift of
the source under consideration, a uniform prior on the e-folding
time of the delayed-t component (7) between 1 Myr-30 Gyr, a log-
uniform prior on the time the delayed-t model ends and the con-
stant component starts (feonst) from 1-20 Myr, and a log-uniform
prior on the specific star formation rate of the constant com-
ponent ranging from 1073-10° Gyr—!. We also model the stellar
mass (M, = 10°-10'2 M), stellar metallicity (Z, = 0.006-0.5Z,
where Z, = 0.01524; E. Caffau et al. 2011), ionization parameter
(U = 0.0001-0.1), and the V-band optical depth due to dust at-
tenuation (7, = 0.001-5), all with log-uniform priors. Finally, we
assume that the total interstellar gas- and dust-phase metallicity
is the same as the stellar metallicity with dust-to-gas mass ratios
allowed to vary with a uniform prior between &; = 0.1-0.5 (noting
that BEAGLE self-consistently models the effects of dust deple-
tion). We show the resulting NIRCam SEDs and model results in
Fig. 2 and use the inferred physical properties from these models
for the remainder of this work, after confirming that the values of
&on We infer from the SED models are consistent with the values
implied by the H B fluxes we directly observe in our spectra
(using the dust optical depths from the SED models and the same
SMC dust extinction curve to apply a dust correction). We provide
a brief overview of the spectroscopic and SED model-inferred
physical properties of the four z = 8.7 galaxies in the following
sections, but refer to Table 1 and to Table 3 for a summary of SED
model-based properties not discussed here.

3.1 EGSY8p7

EGSY8p7 (also CEERS-1019, and ID 69787 in L. Whitler et al.
2024) is an extremely bright (mgsow = 25.1) galaxy at z = 8.677,
which was first photometrically identified by G. W. Roberts-
Borsani et al. (2016) as a bright z ~ 7-9 candidate with a photo-
metric excess in the Spitzer/Infrared Array Camera 4.5 um chan-
nel that implied very strong [O 111]+H B emission. EGSY8p7 was
later spectroscopically confirmed via Keck/MOSFIRE observa-
tions of Ly « (and was the first LAE known atz > 8) at a redshift
of z = 8.683 by A. Zitrin et al. (2015). This object has also been
studied extensively with both imaging and medium-resolution
spectroscopy from JWST as part of CEERS, RUBIES, and CA-
PERS, and in this work, we present the first high-resolution (R ~
2700) spectrum in the rest-frame UV taken as part of GO 4287.
In the rest-UV, EGSY8p7 shows Ly « emission with EWj 1y, =
7.6 + 2.2 A). With our high resolution rest-UV spectrum, we find

2The functional form of this star formation history is

1 t < teonst
SFR(f) o {7 cons!
te t/r, feonst < ¢ < Istart
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Figure 2. The NIRCam SEDs of the four z = 8.7 objects observed by GO 4287. We show the observed photometry as blue circles, the model photometry as
open black diamonds, and the model spectra with uncertainies as solid black lines and grey shaded regions. All four galaxies are moderately to extremely
bright, with absolute UV magnitudes ranging from —22.1 < Myy S —20.7 and are inferred to have moderate to high ionizing photon production

efficiencies of &joy, = 1023238 Hzerg 1.

Table 2. Summary of the spectroscopic observational programmes for objects in our photometric

sample that have spectroscopic redshifts.

1D Zspec Obs. programme(s) Other IDs

24036 8.440 RUBIES RUBIES-18807

23486 8.638 CEERS CEERS-80083

39259 8.677 CEERS, RUBIES, GO 4287 EGSY8p7, CEERS-1019, 69787%
39700 8.687 RUBIES, GO 4287 RUBIES-980841, 70289

49539 8.716 CEERS, GO 4287 CEERS-1025, 878732

50646 8.716  RUBIES, CAPERS, GO 4287 RUBIES-48045, CAPERS-11964, 895402
51525 8.763 CEERS (DD 2750) CEERS-28

40583 8.790 CEERS, CAPERS CEERS-2, CAPERS-4347

57913 8.866 CEERS, CAPERS CEERS-7, CAPERS-6691

33226 8.948 CAPERS, GO 4287 CAPERS-55806

21D in this work and/or L. Whitler et al. (2024).

that Ly« is offset redward of the systemic redshift by Avyy, =
16475 kms~?, a slightly smaller Ly« velocity offset than was
found by M. Tang et al. (2024b). We attribute this difference to
the more precise constraints enabled by the higher resolution
(R ~ 2700) G140H spectrum compared to the previously avail-
able R ~ 1000 G140M spectrum. As shown in Fig. 4, EGSY8p7
also shows the red components of two high-ionization rest-UV

MNRAS 548, 1-20 (2026)

lines, N1v] 211483, 1486 (previously discussed by Y. Isobe et al.
2023; R. L. Larson et al. 2023; M. W. Topping et al. 2025) and
C1v AA1548, 1550 (M. W. Topping et al. 2025), requiring photon
energies of >47 eV and potentially indicate of a very hard ionizing
spectrum.

In the rest-optical, EGSY8p7 has a very large suite of line de-
tections (see Fig. 3): hydrogen Balmer lines from H 8 through H
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Table 3. Observed and inferred physical properties of the photometric sample, ordered by increasing redshift. We report coordinates, redshifts,
apparent magnitudes in F150W (mp1s50w), rest-UV continuum slopes (), absolute UV magnitudes (Myy), dust extinction at rest frame 1500 A (A1s00),
stellar masses (M), mass-weighted ages, and ionizing photon production efficiencies (&jo,). When possible, we report spectroscopic redshifts without
uncertainties (see Table 2 for observational programmes). Rest-UV continuum slopes are measured by fitting a power law of the form f; oc A# to the
observed F150W, F200W, and F277W photometry and ionizing photon production efficiencies are computed considering the intrinsic (i.e. before dust
attenuation) stellar and nebular spectrum. We identify EGSY8p7, CEERS-1025, 70289, and 89540 with footnotes, and also report the properties for the
two objects with spectroscopic confirmations that were not included in our photometric sample (see Section 4.1) at the end of the table.e th

D RA Dec. Redshift MF150W B Myy A1500 log, (&’I—g) Age log;, (%“r‘é,l)
(deg) (deg) (mag) (Myr)
Photometric sample
55861 215.04704  +52.89748 8107097 275701 —21+01 —19.5701 0487013 7.6793 7438 25.6910:95
44302 214.95007  +52.94927 815101  27.7t07  —22402 193701 0.19%077 7.4%03 9t7 25.77+5051
52577 215.08994 45292206 8207015 272t  —214+01 —19.9701 0317333 8.6704 142193 25.8610:95
57935 21512373 +52.98215 834708 278701 —15+02 -19170% 221708 8.8702 1617 24.921029
41077 21495602  +5297191 8387030  27.8%01 —2.0+02 —19471 028703 7.7°94 321102 25.8170:93
45345 21496104  +52.89712 8387014 277t01 24402 196701 0107016 7.9104 19732 25.5310.12
24036 214.94383  +52.84423  8.440 266107 —24+01 —207700 0117309 8.3793 1742 25.5115:99
31896 214.92435  +52.86860 8.587017 281701  —25+03 —192701 0217039 8.379:3 46780 25.1910-27
57213 21512004 45297256  8.6170%  27.0%07  —25+01 —203*00  0.097920 8.2798 21+32 25.47023
56931 21515613 +52.97668  8.63701  27.7t01  —22+02 —19.6707  0.3970%) 8.4704 2517 25.1010-32
27069 214.99640  +52.85415 8.637012 273107 —2.6+02 —19.8701  0.0710%2 8.0704 1613 25.49701
23486 214.96129  +52.84236  8.638 281707 —1.8+02 —19.0701 043732 7.3704 g1se 25.8015:96
50620 21507962  +52.90956  8.65709% 274107 24401 -19.8701  0.0510%8 7.6193 16138 25.7670%
392598 215.03539  +52.89067  8.677 251700 —1.8+00 —221700  01370% 7.9793 16138 25.7810:93
39700° 214.84477  +52.89211  8.687 266709 —18+01 —20.6%00 151705 9.1%93 1541231 25.58102
26571 214.95444  +52.85239  8.70702% 288707 —1.5+03 185707 1.037032 7.8792 1813¢ 25.6217023
49539 © 214.96753  +52.93296  8.716 261709 —24+00 213100 0.0970%8 7.9731 1315 25.3510.29
50646 ¢ 214.96869  +52.92965  8.716 265107 —25+£01  —20.8700  0.6570% 8.1794 3270 25.461517
51525 214.93863  +52.91175  8.763 264700 —24401 —209%00 011103 7.8793 6130 25.6610.95
40583 214.99440  +52.98938  8.790 27.0%00  —25+01  —203700  0.08700° 8.3793 2312 25.47519
57913 21501170  +52.98831  8.866 266700  —25+01 —207%00  0.08752 8.4751 1500 25.451709
35351 214.86694  +52.87808 891701 277101 —28+02 —194701  0.047309 7.9793 20120 25.33701
33226 214.95833  +52.87252  8.948 287102 23403 186701 034702 8.0704 31%37 25.3510.18
12264 214.87219  +52.80588  8.96700: 26310  —1.9+01 —21.2700 0447307 9.0739 1611 24.6870:99
42161 215.02708  +52.98818  9.271077 274101 —25+02  —-19.9707  0.0570%9 9.2731 104139 23.731549
Spectroscopically confirmed, not in photometric sample
RUBIES- 21492415  +52.89096 8774  28.1%07% -1.9403 -19.27)7 0.11%)% 7.6798 12+ 25.9210-14
45438
CAPERS-  214.98511  +52.99047 8799  26.670% —22£01 -207%07 0.1270% 8.6704 32t 25.5219-23
3044
“EGSY8p7.
570289.
°CEERS-1025.
489540.

¢ , both nebular (A14959, 5007) and auroral (A4363) [O 111], neb-
ular [O11] 23727 and [Ne 111] 23869, which have been previously
discussed by R. L. Larson et al. (2023) and M. Tang et al. (2023).
Fitting the strongest lines (H S, [O 111] 14959, and [O 111] A5007)
with Gaussian profiles yields a systemic spectroscopic redshift
of zes = 8.677. Given its observed F150W magnitude, this corre-
sponds to an absolute UV magnitude of My, = —22.1, the bright-
est in our sample. We measure very high H 8 and nebular [O 111]

EWs of EWy 115 = 257712 Aand EW jo 1) = 233075 A, which are
among the most extreme [O111] and H 8 EWs that have been
directly observed at z ~ 6-9 (J. Matthee et al. 2023; R. A. Meyer
et al. 2024; G. Roberts-Borsani et al. 2024) and above the median
of the photometrically inferred [O111]+H B EW distribution
at z ~ 7-9 (R. Endsley et al. 2024; R. Begley et al. 2025). Such
strong nebular line emission is linked to hard ionizing radiation
fields that may be able to contribute significantly to ionizing the
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Figure 3. The G395M spectra, probing the rest-frame optical, of the four objects at z = 8.7 that were observed by GO 4287. All show strong [O 111]
emission, and several have multiple additional Balmer line detections. Of these four objects, two are observed to have Ly « emission (EGSY8p7 and
CEERS-1025, see Figs 4 and 5).

nearby IGM, and is empirically correlated with stronger Ly« From our SED models of the NIRCam photometry of
than in galaxies with weaker [O111] + H 8 emission (e.g. Z. EGSY8p7, we infer properties consistent with a recent, intense
Chen et al. 2024; M. Tang et al. 2024a), which may be helping to burst of star formation that is producing copious amounts of
facilitate the detection of EWq 1y ~ 7.5 A Lya emission in this ionizing photons, but possibly for only a short amount of a time.
object. We infer a large ionizing photon production efficiency of & =
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Figure 4. The rest-frame UV lines detected in the G140H spectrum of
EGSY8p7 from GO 4287. We detect Ly« and the red components of
the N1v]Ar1483, 1486 and C1vAA1548, 1550 doublets. We measure an
equivalent width for Ly o of EWp 134 ~ 8 A and a velocity offset of Av =
164kms~1.

10%>8 Hzerg™!, consistent with the picture implied by the strong
nebular line emission and high-ionization UV lines we observe
in the spectrum, where EGSY8p7 has an intense ionizing radia-
tion field. This suggests that EGSY8p7 may have very strong in-
trinsic Ly «, facilitating its observability. Additionally, EGSY8p7
may be able to contribute significant quantities of ionizing pho-
tons to creating a large ionized region, as well as produce very
strong Ly o. However, we also infer a young mass-weighted age
of ~13Myr. This suggests that though EGSY8p7 is producing
ionizing photons extremely efficiently, the most recent episode
of star formation is short enough such that the observable stellar
population may not have had sufficient time to contribute sig-
nificantly to reionizing a large bubble. However, this does not
necessarily preclude the creation of an ionized bubble by a series
of preceding star formation episodes that are similarly efficient at
producing ionizing photons.

3.2 CEERS-1025

CEERS-1025 is a bright, mp;sow = 26.1 galaxy at a redshift of
z = 8.717, which was first observed and spectroscopically con-
firmed with medium resolution NIRSpec observations (K. Naka-
jima et al. 2023; M. Tang et al. 2023) from the CEERS programme.
CEERS-1025 lies 1.4 pMpc away from EGSY8p7, well within the
confines of a very large, R, = 2 pMpc ionized region. Though
fainter than EGSY8p7, this galaxy shows a similarly large suite
of rest-optical lines, including H 8, H y , nebular and auroral
[O 1], [O11], and [Ne1r]. After fitting [O 111] AA4959, 5007 and
H B, we find a systemic spectroscopic redshift of zy, = 8.716.
This corresponds to an absolute UV magnitude of My, = —21.2,
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Figure 5. The rest-frame UV lines detected in the G140H spectrum of
CEERS-1025 from GO 4287. We detect Ly and the blue component
of the high-ionization N vA11239, 1243 doublet. We measure an equiva-
lent width for Ly o of EWq 1y = 3 A redshifted from systemic by Av =
251kms~!. M. Tang et al. (2025) provides a detailed discussion of the
implications of the N v detection for this object.

making CEERS-1025 the second brightest object in both our spec-
troscopic and photometric (see Section 4) samples. We measure
smaller EWs for H 8 and [O111] in CEERS-1025 than we do in
EGSY8p7 (EWpns = 178733 A and EW, o1 = 1065732 A), but
these EWs still fall at the high end of expected [O 111] + H 8 from
both spectroscopic and photometric observations.

Our rest-UV observations from GO 4287 also cover the wave-
length of Ly « for the first time, and we detect Ly « along with the
red component of the high-ionization N v 111239, 1243 doublet
(Fig. 5). For Ly a, we measure a rest-frame EW of EW, 1y, =
3.5+2.2A and a velocity offset of Avyy, = 251133, We refer to
M. Tang et al. (2025) for a detailed discussion of the N v line and
other high-ionization UV lines; however, we note that, similarly
to EGSY8p7, the presence of NV suggests that CEERS-1025 has
a hard radiation field with the presence of photons with ener-
gies 2>77eV. As for EGSY8p7, we infer a mass-weighted age of
~13 Myr. However, we infer a markedly lower — though still high
- ionizing photon production efficiency of &, = 10?** Hzerg™!
in comparison with EGSY8p7. This suggests that this source may
not contribute as much ionizing flux towards creating an ionized
bubble over the course of its lifetime.

3.3 Galaxies without detected Ly « emission: 70289 and
89540

ID 70289 is a bright galaxy (apparent magnitude of mpsow =
26.6), which has also been previously observed as part of RUBIES
with the ID RUBIES-980841. The SED of 70289 increases towards
rest-optical wavelengths (see bottom left panel of Fig. 2), so that
in the G395M data from GO 4287 that probes the rest-optical,
we detect H B, H y ,H §, [O111] AA4959, 5007, [O 111] 14363,
[O11] 23727, [Ne111] 13967 blended with H ¢, [Ne 111] 13869, and
tentative [O 1] A3727. From these lines, we measure a redshift
of Zgpec = 8.687, which implies an absolute magnitude of My, =
—20.7 (given the observed F150W magnitude of 70289) and plac-
ing this object ~1.9 pMpc away from EGSY8p7. We do not detect
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any rest-UV lines in our G140H observations, but place a 3o
upper limit on the EW of Ly« of EWq 1y, < 17.0 A. However,
we highlight that this object is fainter in the rest-UV continuum
than either EGSY8p7 or CEERS-1025, and we cannot rule out
Ly « of similarly low-EW as the two objects with Ly « detections.
In marked contrast to EGSY8p7 and CEERS-1025, we measure
low to moderate [O111] and H g EWs of (EW|oii = 58773 A
and EWy; = 88*13 A). However, we infer a comparably high-
ionizing photon production efficiency as we find in EGSY8p7
(Eion = 105 Hzerg™?).

Finally, ID 89540 is a similarly bright galaxy as 70289 with
Mmr1sow = 26.1, also previously observed by RUBIES (ID 48045).
At its redshift of z = 8.716, 89540 lies 1.4pMpc away from
EGSY8p7 and has an absolute UV magnitude of My, = —21.2.
The faintest of the sample in the rest-optical, we detect [O111]
and weak H B . We do not detect any rest-UV lines in this object
and place a 30 upper limit on the EW of Ly o, EW( 1y < 29 A,
though we again note that due to this object being fainter in the
rest-UV than the two objects with Ly « detections, this upper limit
is fully consistent with the lower-EW Ly « observed in EGSY8p7
and CEERS-1025. Like 70289, we observe relatively weak [O 111]
andH B (EW|oii) = 523732 Aand EWy 4 = 67733 A) with an ion-
izing photon production efficiency of &, = 10*> Hzerg™! and
a moderately young mass-weighted age of ~35Myr, as inferred
from our SED models.

Overall, the four z = 8.7 objects that we have observed show
a variety of properties that may facilitate the growth of a large
ionized bubble within the first ~550 million years after the big
bang, including Ly & emission and signatures of hard ionizing
radiation fields (and/or AGN) that may be effective at creating
a large ionizing bubble at early times. However, the two LAEs
also have indications that they may have strong intrinsic Ly «
emission, decreasing the need for a large ionized bubble to fa-
cilitate the transmission of Ly o through the IGM. The properties
of these objects do not necessarily imply or require an ionized
bubble at early times, but it may nevertheless be possible for a
large population of galaxies in this volume to carve out a large
ionized region if, for example, they are undergoing rapid bursts
of intense star formation and ionizing photon production. Thus,
for the remainder of this paper, we investigate the empirical con-
straints on the presence or lack of a large ionized bubble that are
enabled by our observations.

4 A GALAXY OVERDENSITY AT z=38.7

The EGS field has been observed extensively with targeted JWST
multi-object spectroscopy as part of CEERS, RUBIES, CAPERS,
and GO 4287. Together, these programmes have confirmed the
redshifts of ten galaxies at redshifts between z,s = 8.6-8.8 (span-
ning ~5.3 pMpc along the line of sight; we show the 3D distribu-
tion of these sources in Fig. 6) with UV luminosities ranging from
—22 < Myy S —19. Of these ten galaxies, nine fall within the
~92 arcmin? CEERS imaging area. In comparison, the UV lumi-
nosity function at z ~ 9 (R. J. Bouwens et al. 2021; C. T. Donnan
et al. 2024) implies that the CEERS area is expected to have ~4-6
galaxies of the same luminosity at z = 8.6-8.8. That is, despite the
expected incompleteness of targeted spectroscopic observations,
there are still more galaxies confirmed at these redshifts in the
EGS field than is expected in an average field, consistent with the
presence of a galaxy overdensity in the EGS volume atz = 8.6-8.8
(also see S. L. Finkelstein et al. 2022; R. L. Larson et al. 2022; L.
Whitler et al. 2024).
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Figure 6. The 3D distribution of objects that have been spectroscop-
ically confirmed in the EGS field at z = 8.7 £ 0.1. LAEs are shown as
yellow stars and objects that are spectroscopically confirmed but have no
Ly o detections are shown as black circles. One LAE (EGS_z910_44164)
has been observed with NIRSpec as part of the CEERS programme (ID
CEERS-1029) but does not fall in the CEERS imaging footprint and is
shown as the open yellow star. There are ten objects with UV luminosities
Myy < —19 that lie within the imaging or in the close vicinity in a narrow
redshift range of Az ~ 0.2, corresponding to ~5.3 pMpc along the line of
sight. In comparison, measurements of the z ~ 9 UV luminosity function
suggest that no more than six objects at z = 8.6-8.8 and Myy < —19 are
expected in the CEERS imaging area in an average field, hinting at a
galaxy overdensity at z ~ 8.7 in the volume.

To further explore the possible galaxy overdensity in this vol-
ume, we update the photometric search for z ~ 8.7-9.1 galaxy
candidates that was conducted by L. Whitler et al. (2024). In
particular, we incorporate FO90W imaging from GO 2234 that
enables more robust constraints on nondetections blueward of
the Ly « break than was possible with the HST/Advanced Camera
for Surveys (ACS) imaging alone that was used by L. Whitler et al.
(2024). We describe the updated photometric selection criteria
and details of the photometric sample in Section 4.1, then quan-
tify the implied galaxy overdensity in Section 4.2.

4.1 Photometric sample

We select galaxy candidates with a set of colour criteria designed
to identify partial F115W dropouts at z ~ 8.7, similar to the selec-
tion used by L. Whitler et al. (2024). We note that because we have
a new NIRCam filter where we expect z = 8.7 galaxies to be un-
detected, we do not use ACS/F435W data for our primary colour
selection, as its imaging footprint only partially overlaps with the
CEERS footprint. In detail, we adopt the following criteria:

(i) S/N < 3in F606W and F814W

(i) S/N < 2 in FO90W

(iii) S/N > 5in at least one of F150W and F200W

(iv) S/N > 3in at least two of F277W, F356W, and F444W
(v) F814W-F150W > 1.7 and FO90W-F150W > 1.7

(vi) F115W-F150W > 0.6 and F115W-F150W < 1.7

(vii) F150W-F277W < 0.6, and

(viii) F115W-F150W > 1.5 x (F150W-F277W) + 0.6.

Criteria (i) and (ii) are designed to ensure that objects are not
detected with significance in filters that are expected to be at



shorter wavelengths than the Ly o break, while criteria (iii) and
(iv) ensure detections in filters at longer wavelengths than the
Ly« break. Criterion (v) is designed to select objects that fully
drop out in F814W and F090W, but crucially, in order to iden-
tify z ~ 8.7 objects in a relatively narrow redshift range (for a
wide band selection), criterion (vi) requires that candidates only
partially drop out in F115W. Finally, criteria (vii) and (viii) are
designed to reject low-redshift, dusty contaminants by requiring
that the observed SEDs of the candidates are only moderately
red, while still allowing red objects with a strong Ly« break to
be selected.

After applying these criteria and performing a visual inspec-
tion, which results in the removal of one diffraction spike, we
select 39 objects. Of these 39 candidates, ten are spectroscopically
confirmed at redshifts between z = 8.44-8.95. We note that we do
not select two spectroscopically confirmed objects at z = 8.6-8.8:
One is not identified in our detection catalogue, and the other
is not selected due to a formal S/N = 2.3 detection in FO90OW
(though this object satisfies all of our other selection criteria).
We use a custom aperture to manually perform photometry at the
expected location of the object that is not detected by our standard
detection and photometry methods, and find that this object has
an FO90W-F150W colour of 1.4, slightly too blue to pass criterion
(v) of our selection (though it passes all other criteria).

For the 29 candidates without spectroscopic redshifts, we mea-
sure photometric redshifts by modelling the filters expected to
probe the rest-UV at z ~ 8.7 (ACS F435W, F606W, F814W, and
NIRCam F090W, F115W, F200W, and F277W) with BEAGLE. We
adopt a very similar model setup as we used to infer the prop-
erties of our spectroscopic sample (Section 3), with the addition
of a free redshift parameter ranging uniformly from z = 0-25.
Using the results of these BEAGLE models, we further clean our
sample by requiring that candidates have an integrated z > 8
probability greater than 90 per cent. We obtain a final sample of
25 objects (ten spectroscopically confirmed galaxies and 15 pho-
tometric candidates), distributed across the imaging as shown in
Fig. 7. These 25 objects range from extremely bright to moderately
faint with observed F150W magnitudes of 25.1 < mpisow S 28.8
with median mg;sow = 27.4 (~10-320 nJy, median ~40 nJy). We
also measure rest-UV continuum slopes, 8, by fitting a power
law (f;, oc AP) to the observed F150W, F200W, and F277W fluxes.
We find relatively blue UV slopes ranging from —2.8 < 8 < —1.5
with amedian of 8 = —2.4, consistent with expectations for high-
redshift galaxies (e.g. F. Cullen et al. 2023; T. Nanayakkara et al.
2023; D. Austin et al. 2024; F. Cullen et al. 2024; A. M. Morales
et al. 2024; A. Saxena et al. 2024a; M. W. Topping et al. 2024b).

To infer the physical properties of these 25 objects, we refit their
observed SEDs with BEAGLE models that consider all of their
available photometric data. We also restrict the uniform redshift
prior to z = 6-10, as we assume that our previous models with
a free redshift parameter have identified objects at low redshift.
Otherwise, we keep the same model parameters. We show the
distributions of redshifts, My, mass-weighted ages, and ioniz-
ing photon production efficiencies (§i,n) before the UV flux has
been processed through gas and attenuated by dust in the ISM
in Fig. 8 and report the inferred properties of the entire sample
in Table 3, noting that we carry over the SED model results from
Section 3 for the four objects already discussed. In brief, we infer
photometric redshifts between z = 8.1-9.3 and absolute magni-
tudes of Myy = —22.1 for EGSY8p7 and —21.3 < Myy < —18.5
for the rest of the sample, with a median of My, = —19.8 for
the entire sample. We infer that these objects have high ionizing
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Figure 7. The on-sky distribution of our photometric sample. Photo-
metric candidates are shown as black circles, spectroscopically confirmed
galaxies without Ly o detections are shown as black stars, and LAEs are
shown as yellow stars. As in Fig. 6, one LAE does not fall in the CEERS
imaging footprint and is shown as an open yellow star. Across the entire
field, the surface density of this photometric sample is consistent with
expectations from the z ~ 9 UV luminosity function, but qualitatively, the
candidates tend to lie in the northwestern region of the imaging, close to
the LAEs, leading to a mild overdensity where an ionized bubble may be
expected.

photon production efficiencies (median &, = 10*° Hzerg™!),
though three have values less than 10* Hzerg™! (full range of
&on = 10%37-10%° Hzerg™1). However, we find that the typical
mass-weighted age is only a few tens of Myr (median 18 Myr,
though the sample ranges from ages as young as 6 Myr to as old
as 154 Myr).

Given constraints on these physical properties, we can briefly
assess whether the observed galaxies are sufficient to create a
large, R ~ 2 pMpc ionized bubble. To this end, we follow the
methods of L. Whitler et al. (2024) (their equation 1) to esti-
mate the radius of a spherical H1I region that a galaxy popu-
lation (described by a UV luminosity function) with given ion-
izing photon production efficiencies and escape fractions could
create, if the galaxies were producing ionizing photons at a con-
stant rate over their entire lifetimes. We adopt the redshift evo-
lution of the Schechter parameters found by R. J. Bouwens et al.
(2021) evaluated at z = 8.7 as our UV luminosity function (inte-
grated to Myy = —18.5 for general consistency with the observed
UV magnitudes of our sample), fix &, to the median value of
10?5 Hz erg~! observed for our photometric sample, and assume
that the population has been producing ionizing photons con-
stantly for ~20 Myr, consistent with the median mass-weighted
age of the sample. We adopt a fixed escape fraction of fec = 0.1,
broadly consistent with the escape fraction predicted by the - fesc
relation found by J. Chisholm et al. (2022) for the median UV
slope of our sample. These parameters regulate the photoioniza-
tion rate due to ionizing flux from galaxies in equation (1) of L.
Whitler et al. (2024). For the recombination rate, we assume a
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Figure 8. The properties of the photometric sample in EGS inferred by our high-redshift BEAGLE SED models (Section 4). We show spectroscopically
confirmed objects and photometric candidates as stacked histograms in light purple and dark blue, respectively. From left to right, we show redshift
(spectroscopic redshift if available, median photometric redshift if not), absolute UV magnitude, mass-weighted age, and ionizing photon production
efficiency, computed using the unattenuated stellar and nebular UV spectrum. We select objects with redshifts ranging from z = 8.1-9.3 and highlight
that the distribution of redshifts peaks at z = 8.6-8.8, as would be expected from a galaxy overdensity associated with an ionized bubble at z = 8.7.
The sample ranges from very bright (EGSY8p7 with an absolute UV magnitude of Myy = —22.1 and the next brightest object with My, = —21.3) to
moderately faint (faintest absolute UV magnitude of Myy = —18.5), with a median of Myy = —19.8. The objects in our sample have mass-weighted ages
ranging from 6 to 154 Myr (median 18 Myr), and are generally efficient at producing ionizing photons, though three have ionizing photon production
efficiencies less than 105 Hzerg™! (£jo, ranging between 10%37-10%>% Hzerg ™! for the sample, median 10%>° Hzerg™!).

fixed value for the ‘clumping factor,” which quantifies inhomo-
geneities in the IGM (P. Madau, F. Haardt & M. J. Rees 1999), of
C = 3(e.g. K. Finlator et al. 2012; J. M. Shull et al. 2012; A. Gorce
et al. 2018).

Under these assumptions, we find that the radius of the ion-
ized bubble that can be created by the observed population is
~0.3 pMpc. This suggests either that there is no extremely large,
Ry, Z 2pMpc ionized bubble that contains both EGSY8p7 and
EGS_z910_44164, or the observed population was not producing
ionizing photons long enough to reionize such a large volume. In
the latter case, other, unseen sources of ionizing flux would be re-
quired. For example, there may be large numbers of galaxies that
are fainter than our observational detection limit, as is implied by
UV luminosity functions measured in lensed fields at z 2 9 (e.g.
I. Chemerynska et al. 2026), which may be contributing signifi-
cantly to the ionizing photon budget. We test this by integrating
our assumed luminosity function to the commonly adopted faint
limit of My, = —13 (B. E. Robertson et al. 2015) rather than
My = —18.5, and find an ionized bubble radius of Ry, ~ 0.6, still
markedly smaller than R, ~ 2 pMpc. Alternatively, or addition-
ally, the creation of a large ionized bubble may have also been
facilitated by earlier periods of ionized photon production, poten-
tially during bursts of star formation. If the currently observable
population traces a large population of bursty galaxies, various
members of such a population may have also been extremely star
forming in the past, therefore contributing successive episodes of
ionizing photon production towards carving out a large bubble.
This process would be additionally aided if the galaxy population
in the volume was more abundant than the average.

4.2 Quantifying the overdensity

We now investigate the strength of the galaxy overdensity and
therefore the population of galaxies that could be reionizing the
IGM in this field. We compute the surface density of our sample,
corrected for the incompleteness of our photometric selection,
then compare to the average surface density expected at these
redshifts implied by the UV luminosity function at z ~ 9. We
quantify our selection function by performing source injection
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and recovery simulations, where we place mock sources with
known properties into the real mosaics, then perform detection,
calculate photometry, and do selection using the same methods
that we use to assemble the real sample.

To generate the fluxes of the sources that we inject, we define a
grid of redshifts (7 < z < 12with astep of Az = 0.1) and absolute
UV magnitudes (—24 < My, < —16, AMyy, = 0.2). We generate
mock SEDs for each pair of (z, Myy), assuming that the SEDs are
power laws with rest-UV slopes, 8, determined from the F115W
dropout 8-Myy relation found by M. W. Topping et al. (2024b),
then normalize to My, at rest frame 1500 A. We then redshift each
mock SED, apply the IGM attenuation model of A. K. Inoue et al.
(2014), and calculate ‘true’ photometry in all of the the ACS and
NIRCam filters we use in this work.

To create the images of the mock sources to inject into the
mosaics, we also generate morphological parameters. We assume
Sérsic surface brightness profiles and sample Sérsic indices from
aone-sided truncated normal distribution with a mean of u, = 1,
standard deviation of o, = 1, and minimum of a,, = 0.5. We sam-
ple ellipticities (e = 1 — b/a, where a and b are the semimajor and
semiminor axes, respectively, such that a circle has e = 0) from
a truncated normal distribution with mean u. = 0.2, standard
deviation o, = 0.4, minimum a. = 0, and maximum b, = 1, and
sample position angles between —90° and +90° from a uniform
distribution. Finally, we set the sizes of objects in each bin of
(z, Myy) using the T. Shibuya, M. Ouchi & Y. Harikane (2015)
size-luminosity relation at the appropriate redshift.

Given these fluxes and morphological parameters, we create
mock source images that are normalized such that the total flux
of the image in a given filter sums to the flux in that filter, then
convolve the image with the appropriate point spread function.
We then randomly sample positions across the real image and add
the normalized mock source images to the mosaics. We create
100 mock sources for each bin of (g, Myy), which results in a
total of ~210 000 objects in the mock source catalogue. To ensure
that these sources are not placed at such high densities that they
regularly obstruct one another and artificially lower our com-
pleteness, we create five realizations of the mosaics with mock
sources, each of which has ~42 000 objects (corresponding to a
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Figure 9. Completeness of the photometric selection we use to investi-
gate the photometric galaxy overdensity at z ~ 8.7. The selection is most
efficient at redshifts of z ~ 8.5-9.2 and absolute UV magnitudes brighter
than Myy ~ —19.2. At these redshifts and luminosities, we find a max-
imum completeness of ~60 per cent due to injected objects overlapping
with real objects in the image (quantifying the fraction of the imaging
area that is impacted by projection effects) and photometric scatter that
causes objects to be detected in filters where we expect non-detections
(F606W, F814W, and FO90W).

surface density of ~0.1 arcsec™2). For each of these instances of
the mosaics with mock sources, we run detection and calculate
photometry, then apply the same selection criteria that we used
to select the real sample to the resulting photometric catalogs.

Finally, we quantify the completeness of our selection as a
function of redshift and UV luminosity by calculating Nyecov/Nin
in each bin of (z, Myy). Niecov iS the total number of sources that
were recovered (i.e. detected and selected) over all five realiza-
tions of the mosaics in the (z, Myy) bin under consideration and
Ni, is the total number of objects that were originally injected
in the same bin. The selection function that results from this
calculation is shown in Fig. 9; we find that our selection is most
sensitive to objects with absolute UV magnitudes of Myy < —19.2
at redshifts of z ~ 8.5-9.2, with a maximum completeness of
~60 per cent due to photometric noise causing formal S/N > 2
or S/N > 3detections in filters that are expected to be at shorter
wavelengths than the Ly « break.

Applying this selection function to multiple measurements of
the z ~ 9 luminosity function (S. L. Finkelstein et al. 2023; C. T.
Donnan et al. 2024, and the evolutionary model for the Schechter
parameters found by R. J. Bouwens et al. 2021) suggests that
the expected, average surface density of galaxies that would be
identified by our photometric selection in the area we use in
this work is ~0.11-0.16 arcmin 2, such that 10-15 galaxies are ex-
pected in the field. In comparison, we have photometrically iden-
tified 25 candidates (10 of which have been spectroscopically con-
firmed) across the entire imaging area in EGS, implying a factor
of ~1.7-2.5 overdensity of My, < —19.2 galaxies atz ~ 8.5-9.2in
the area. Furthermore, we note that the on-sky distribution of our
sample qualitatively suggests that the density of z ~ 8.7 galaxies
is highest in the northeastern region of the imaging (see Fig. 7),
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where a bubble may be expected given the proximity to the known
LAESs, and therefore where an overdensity may be expected. Thus,
we also quantify the surface density as a function of projected
distance from the brightest LAE in the field, EGSY8p7, and find
a mild overdensity by a factor of ~2.4-3.6 (depending on the UV
luminosity function model adopted) in the 5arcmin? closest to
EGSY8p7. The surface density then decreases as a function of
increasing distance from EGSY8p7 until the observed sample is
underdense by a factor of ~1.7-2.5 at separations >15 arcmin?.
This overdensity, especially as it is in the region closest to
EGSY8p7, suggests that there may be a slightly larger galaxy pop-
ulation in EGS at z = 8.7 than the average, which may be capable
of creating a large ionized bubble. Indeed, at lower redshifts (z ~
7-8.5), comparably overdense regions have been demonstrated to
host galaxies with strong Ly« emission, which are expected to
trace ionized bubbles (Z. Chen et al. 2025). However, given the
moderately young mass-weighted ages of the currently observ-
able z = 8.7 sample in EGS, this population is unlikely to be capa-
ble of ionizing a very large region alone. Thus, in the next section,
we use Ly « to directly assess the probability of the existence of a
very large, R, 2 2 pMpc ionized region that contains both of the
two bright LAEs, EGSY8p7 and EGS_z910_44164, atz = 8.7.

5 LY« TRANSMISSION THROUGH THE IGM

For galaxies in large ionized bubbles, the transmission of Ly«
emission through the IGM (7;y) is expected to be higher than
the average in the field, as their Ly & photons can cosmologically
redshift into the damping wing while inside the bubble before be-
ing attenuated by intergalactic neutral hydrogen. In this section,
we quantify the Ly « transmission implied by our observations of
Ly« at z = 8.7, then compare with measurements of 7,y in the
field (M. Tang et al. 2024b) to investigate whether this volume has
systematically enhanced Ly« transmission indicative of a very
large, Ry, = 2 pMpc ionized bubble. We note that, in this work,
we primarily focus on the area near EGSY8p7, as current imaging
and spectroscopic datasets only sparsely cover the area between
EGSY8p7 and EGS_z910_44164. We provide a brief overview of
the method we use to measure Ty (Which is, in turn, based
on similar methods from the literature; C. A. Mason et al. 2018,
2019), but refer to M. Tang et al. (2024b) for a detailed description.

We begin by creating a forward model of the Ly« rest-frame
EW distribution as a function of 7gy, which compares the unat-
tenuated Ly« EW distribution to the observed Ly« rest-frame
EWs at z = 8.7 that have been attenuated by the IGM. For the
unattenuated Ly« EW distribution that serves as a baseline, we
adopt the average Ly « EW distribution for Lyman-break galaxies
at z ~ 5 found by M. Tang et al. (2024a), which includes both
Ly « detections and upper limits, and is modelled as a lognormal
distribution® with a mean of u = 2.38 and a standard deviation
of o = 1.64. We adopt the z ~ 5 EW distribution for two primary
reasons. First, reionization is expected to end by z ~ 5(e.g.J. Yang
et al. 2020b; Y. Zhu et al. 2021, 2023; S. E. I. Bosman et al. 2022),
so the dominant red peak of Ly « is not expected to be impacted
by intergalactic Hratz ~ 5, and the z ~ 5 Ly « EW distribution is
expected to capture the distribution without the impact of IGM
attenuation. Secondly, the intrinsic galaxy properties that likely
also regulate Ly« emission are expected to be more similar to

exp [—~(In(EW/A) — 1)?/20?]

3
P(EW) =
EW+V 2702
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our z ~ 9 objects at z ~ 5 than at lower redshifts, though future
measurements of the Ly« EW distribution for subsets of z ~ 5
galaxies with properties matched to z ~ 9 galaxies will further
improve upon this assumption.

We emphasize that the parameters of the z ~ 5 Ly EW dis-
tribution were derived after correcting for the loss of Ly « flux
from the NIRSpec MSA aperture. Ly « emission in galaxies has
been demonstrated to be extended over large haloes (e.g. C. C.
Steidel et al. 2011; F. Leclercq et al. 2017, 2020; A. Saldana-Lopez
et al. 2026), implying that small-aperture observations may miss
diffuse Ly« flux. We refer to M. Tang et al. (2024a, b) for a
detailed description of the NIRSpec MSA aperture correction,
but in brief, the correction is based on a model for the surface
brightness of Ly« informed by the Ly« halo measurements of
F. Leclercq et al. (2017). The fraction of the integrated flux con-
tained in the NIRSpec aperture is then used to correct the pa-
rameters of the EW distribution, which was originally derived
from Very Large Telescope/Multi Unit Spectroscopic Explorer
integral field spectroscopy and Keck/DEep Imaging Multi-Object
Spectrograph slit spectroscopy, to reflect NIRSpec shutters. We
note that applying this correction to our z = 8.7 sample implicitly
assumes that the properties of Ly« haloes do not significantly
evolve between z = 5 and z = 8.7. However, Ly « halo properties
are not well-constrained at z > 7, motivating the need for integral
field spectroscopy or other observations such as slit-stepping with
the MSA (I. Barisi¢ et al. 2025) to fully characterize the spatial
distribution of Ly « at the high redshifts of this work.

As we are interested in the transmission at z = 8.7 relative to
z ~ 5, our forward model for the Ly « EW distribution depends on

Tiom a8 P(EW | Tiom) = Dzvs (%) and the transmission atz ~ 5
is unity. Then, the likelihood of detecting Ly « emission from the
ith galaxy with a rest-frame Ly « equivalent width of EW; and 1o
uncertainty of o; is

_ )2
exp [_ (EWZ:;W‘) ]

/2mo;

For a non-detection of Ly« with a 30 upper limit on the EW of
EW;,; and 1o uncertainty of o; = EW3, ;/3, the likelihood is

EW—-EW3, ;
erfc (7@11-

DPEW, | Trowaer = / PEW | Tron) dEW. (1)
0

- )

P(EW; | Tiomnondet = / PEW | Tigm) dEW. (2)
0

By Bayes’ Theorem, the posterior probability distribution for the

IGM transmission in EGS at z = 8.7 given the set of observed Ly «

EWs, p(Tiem | {EW;}), is then

P(Tiaw | {EW}) o p(Tien) - [ | PEW: | Tron), 3)

where p(EW; | Tiou) is the likelihood for each individual galaxy
with a Ly o detection (equation 1) or non-detection (equation 2)
and p(7iem) is the prior on 7igy, which we take to be uniform
between zero and one.

We sample p(Tiem | {EW;}) with a Markov Chain Monte Carlo
(MCMC) algorithm using the EMCEE (D. Foreman-Mackey et al.
2013) package. We run the MCMC for 10000 steps using 32
walkers, initializing each walker by sampling from a Gaussian
distribution centred at 7igy = 0.5 with a standard deviation of
07 = 0.1. We do not use a burn-in period, and thus produce
a total of 320000 samples with equal weights. We concatenate
the chains from all walkers to obtain the full posterior for 7igu
at z = 8.7 in EGS, shown in Fig. 10, then take the median, 16th
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Figure 10. The posterior probability distribution for the transmission of
Ly o through the IGM, Tigm, atz = 8.7 in EGS. We show our measurement
of Tigm in EGS at z = 8.7, inferred by combining our four Ly « constraints
with Ly« constraints from the literature (solid blue line and shaded re-
gion) compared with the constraint on iy in the field at z = 8-10 found
by M. Tang et al. (2024b) (dashed black line and hatched shaded region).
We also show the the expectation for the transmission of Ly« through
a very large ionized bubble with radius R, = 2 pMpc with and without
attenuation by residual neutral hydrogen in infalling gas (grey shaded
region). Our constraint on the transmission of Ly « is fully consistent with
the field measurement, which is in turn slightly less than the transmission
expected in the presence of an R, = 2 pMpc ionized bubble. This tenta-
tively suggests the Ly o emitters in this volume are not embedded in such
an ionized region, which would be unexpected at this redshift, but it may
still be possible for these objects to inhabit a more typical, slightly smaller
(e.g. Ry ~ 0.5-1 pMpc) ionized bubble.

and 84th percentiles of the posterior to obtain a value of 7oy =
0.26102>. For comparison, we also show the constraint on Tigy
atz = 8-10 (Tion = 0.28701>) obtained using Ly « measurements
from multiple fields (GOODS-N, GOODS-S, EGS, and Abell 2744,
following M. Tang et al. 2024b) in Fig. 10.

Our measurement of 7y in EGS is fully consistent with the
z = 8-10 IGM transmission constraint obtained from Ly « obser-
vations in multiple fields. This suggests that any ionized bubble
that may be present in this field is no larger than the average at
this redshift. However, if the average bubble radius at this redshift
is Ry ~ 2pMpc or larger, this may still imply that such a bubble
does exist in the EGS volume, which could contain all of the LAEs
that have been observed. Thus, we next quantify whether our
constraint is consistent with a bubble with the minimum 2 pMpc
radius necessary to contain the two bright LAEs in this volume
by estimating what the IGM transmission would be for a galaxy
in the centre of a bubble with radius R, = 2pMpc atz = 8.7.

Following M. Tang et al. (2024b), we model the transmission
of Ly o from a galaxy with given absolute magnitude (Myy) and
systemic redshift (z;) embedded inside a bubble with radius Ry
asTieum(Zs, Muv, Xur, Rp)
= [, dvJiya(v) exp[—Tigu(Zss Muv, X, Rp, Aops(V))],Where Xy
is the local neutral hydrogen fraction in the IGM near the bubble,
Jiye(v) is the normalized Ly o velocity profile emerging from the
ISM and CGM of the galaxy before encountering the IGM, and
Tiom(Zs» Muv, Xu1» Rb, Aobs(V)) is the optical depth provided by the
IGM to the Ly « profile. For Jiy,(v), we normalize the composite
Ly« line profile at z ~ 5 measured by M. Tang et al. (2024a),
which is a single-peaked profile that peaks at a velocity offset



of Av ~ 230kms™!, such that j_ooao Jiye(v)dv = 1. This assumes
that any evolution in Ly« transmission at z > 5 is primarily
due to evolution in the IGM. 15y, the total optical depth
provided by the IGM to Ly «, is the sum of two effects: resonant
scattering due to residual intergalactic neutral hydrogen inside
ionized bubbles infalling onto galaxies (tin) and damping wing
attenuation in the neutral IGM outside the ionized bubble (tpw;
J. Miralda-Escudé 1998).

We calculate the optical depth provided by infalling gas, Tinfan,
following the methods of C. A. Mason et al. (2018). In this model,
for a galaxy with given Myy, gas from the IGM is assumed to be
infalling at the circular velocity of the host halo of. Assuming a
Navarro-Frenk-White (J. F. Navarro, C. S. Frenk & S. D. M. White
1997) profile, this circular velocity is v, = [10GM;,(Myy)H (zs)]*/3,
where G is the gravitational constant and H(zs) is the Hubble
parameter at z;. We assume that the infalling gas is infinitely
optically thick to photons at velocities less than v, and is optically
thin at velocities greater than v, (i.e. gy = co atv < vc and tyy =
0 atv > v.). We estimate the halo mass, My, from the Myy-M;,
relation at z = 9 from C. A. Mason, M. Trenti & T. Treu (2015)
(the closest redshift for which C. A. Mason et al. 2015 calculated
an Myy-Mjy, relation to our redshift of interest, z; = 8.7), which
leads to brighter galaxies having larger halo masses, and therefore
larger circular velocities. Thus, Ly o photons from bright galaxies
are completely attenuated out to larger velocities on the red side
of Ly « line center than from faint galaxies.

We calculate the optical depth provided by the damp-
ing wing in the IGM, t1,y, by integrating along the line of
sight from z; to the end of reionization, Zin. We evalu-
ate 7oy as a function of observed wavelength, Aghs = Aemit(1 +
Zs), corresponding to a Ly« photon emitted at a wave-
length of Aemit from a galaxy at redshift z;,. Then, following
the prescription of C. A. Mason & M. Gronke (2020), the
damping wing optical depth at Agbs, Tow(Aobs), iSTow(Aobs) =

JEom dze & (@) n (@) oryo (322, T ) where de/dz = —1/[(1 +
Z) - H(z)] relates changes in linear time to changes in redshift,
X (z) and ny(z) are the neutral hydrogen fraction and the proper
volume density of hydrogen at the redshift under consideration,
respectively, and oy (Aops/(1 4 2), T) is the Ly « scattering cross-
section in a gas with kinetic temperature T at a wavelength of
Aobs/(1 + 2) (i.e. the observed wavelength of the emitted photon
in the frame of the absorbing gas at redshift z, which accounts for
the cosmological redshifting of the photon as it travels). The Ly «
scattering cross-section is described well by a Voigt function (for
the full functional form, see equations 15 and 16 in M. Dijkstra
2014).

We note that the z ~ 5 Ly « profile that we assume as the intrin-
sic profile in this work is expected to already include the effects
of infalling gas, as it was measured by M. Tang et al. (2024a) after
Ly« photons emerge from the galaxy into the IGM. That is, to
first order, we expect Tinfa ;=5 = Tinfall z=s.7- 11 this case, because
we are interested in the relative increase in Ly o attenuation be-
tween z = 5 and z = 8.7 due to the neutral IGM, we can assume
that .o = Tpw. However, the density of the IGM increases with
increasing redshift and the average UV luminosity of our photo-
metric sample is brighter than that of the sample used by M. Tang
et al. (2024a) to construct the z ~ 5 composite. Thus, Ting may be
an important factor, though it likely is not infinite as presented
above. Fully quantifying the effect of the redshift and luminosity
dependence of Ting On Tigy is beyond the scope of this work,
but we present two limiting cases of 7qy where we assume that
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Tiom = Tpw and that gy = Tinfan + Tow, With Tinran calculated as
described previously.

Following C. A. Mason & M. Gronke (2020), we evaluate equa-
tion (5) in two steps. First, we integrate from z; to the redshift
of the first neutral hydrogen patch that defines the edge of the
bubble, Zyupble. Then, we integrate from Zpybbie tO Zreion- We assume
that the IGM is entirely ionized inside the bubble (i.e. x5 = 0
from zg to Zpubble), SO in practice, only the integral from zyypble
t0 Zreion 1S NON-zero. We adopt a gas temperature of T = 1000K
outside the bubble, broadly consistent with constraints on X-
ray heating of the IGM from upper limits on the 21 cm power
spectrum during reionization (HERA Collaboration 2023). We
fix xiz(z) = 1, as the optical depth is dominated by attenuation
in the first neutral hydrogen patch outside of the bubble (e.g. A.
Mesinger & S. R. Furlanetto 2008; C. A. Mason et al. 2025); Ly
photons are redshifted to increasingly long wavelengths as they
travel such that the scattering cross-section decreases rapidly at
redshifts increasingly far from zg, so we expect attenuation in
further neutral patches to be less than that in the first neutral
region.

We calculate both limiting cases of 7oy and evaluate equa-
tion (4) for a galaxy at z; = 8.7 with absolute UV magnitude of
Myy = —20.7 (similar to the median UV magnitude of the spec-
troscopic sample confirmed in EGS) that is located at the centre
of an R, = 2pMpc bubble. We find that such a galaxy would
be expected to have a Ly« transmission of 7igy = 0.63 when
Tiem = Tpw and Tigy = 0.53 When Tigy = Tinfan + Tow (grey shaded
region in Fig. 10). In comparison, 91 per cent of the probability
distribution for 7Tgy that we have calculated in this field lies at
Tiom < 0.63 (86 percent at Ty < 0.53). In either case, we con-
clude that this implies that it is moderately unlikely (inconsistent
at ~1-1.5¢) for this region to host a single ionized bubble with
radius R, = 2 pMpc, though we cannot rule out a smaller bubble
(Rp ~ 0.5-1 pMpc) that is expected to be more typical at z ~ 8.7
(e.g. T.-Y. Lu et al. 2024b), and that may be consistent with the
Ry, ~ 0.2-0.5 bubble sizes inferred by M. J. Hayes & C. Scarlata
(2023) at z = 8.7. Furthermore, the Ly« emission observed in
the galaxies in this field may be facilitated significantly by in-
trinsic properties of the galaxies themselves, consistent with the
presence of high-ionization (>47 eV) rest-UV emission lines and
strong [O 111] + H B emission. Further study of the Ly « emission
of the z = 8.7 galaxy population in the EGS field, as well as a
deeper understanding of their physical properties, will be neces-
sary to better constrain the size of any bubble that may exist in
this volume. Additionally, more comprehensive characterization
of galaxy overdensities and LAEs at z ~ 9 will be crucial to place
this region of the Universe in context and gain a more complete
understanding of the overall ionization state of the IGM atz ~ 9.

6 TOWARDS A LARGE SAMPLE OF IONIZED
BUBBLES ATz~9

The simple fact that the only two z = 8 LAEs known before JWST
(A. Zitrin et al. 2015; R. L. Larson et al. 2022) were separated
by only ~4 pMpc prompted significant observational effort in
the EGS field to characterize the volume, as it was potentially
a unique site in which the middle stages of reionization could
be studied. Such studies were challenging from the ground due
to limited sensitivity that made it impossible to observe faint ob-
jects, as would be required to fully characterize the properties of
any ionized bubble present. However, with JWST, observing Ly «
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Figure 11. The on-sky positions (pink points) of the z ~ 8.7 galaxy candidates and the corresponding implied overdensities (colourmap, where light
yellow corresponds to higher density regions and dark purple regions are lower density) in EGS, GOODS-S, GOODS-N, and UDS (from left to right). All
images are on the same angular scale. Overdensities are calculated in circles with radii defined by the angular scale corresponding to 0.5 pMpc atz = 8.7.

emission at z 2> 8 along with any associated galaxy overdensities
and ionized bubbles has become much more accessible.

In this work, we have found a mild photometric galaxy over-
density in the EGS field at z ~ 9 close to EGSY8p7, but current
spectroscopic observations with JWST do not find evidence of a
very large, R, = 2 pMpc ionized bubble. Given that galaxies in
overdensities are thought to be producing copious amounts of
ionizing photons that create large ionized bubbles (e.g. P. Dayal
& A. Ferrara 2018; Y. Qin et al. 2022), an overdensity without an
associated ionized bubble would be unexpected, suggesting that
there may be a smaller ionized region in the EGS volume. This
may also be more consistent with theoretical expectations for the
reionization topology at these redshifts (e.g. T.-Y. Lu et al. 2024b).
However, observational constraints on ionized bubbles are still
highly incomplete. The ionized bubble candidate at z = 8.7 in
EGS is currently the most well characterized of any such bubble
atz > 7, but current NIRCam imaging and spectroscopy in EGS
is largely restricted to the CEERS imaging area that probes the
vicinity of EGSY8p7. Thus, current data largely does not con-
strain the extent and morphology of any ionized region(s) that
may extend towards the other bright LAE in the field. Addition-
ally, this single sightline provides only one view of the reioniza-
tion process. Extending the imaging and spectroscopy in EGS to
probe a larger volume at z = 8.7, and studying galaxy overdensi-
ties and Ly « emission at z ~ 9 in other fields, will be essential to
contextualize the bubble candidate in EGS and obtain a complete
understanding of the early stages of the reionization process.
Thus, we now begin this process by placing the EGS z ~ 8.7
overdensity and candidate bubble in context with other volumes
probed by legacy extragalactic deep fields, primarily focusing on
galaxy overdensities measured from photometric samples identi-
fied in the Great Observatories Origins Deep Survey-North and
-South (GOODS-N and GOODS-S) and Ultra Deep Survey (UDS)
field. Then, we make forecasts for future constraints on ionized
bubble sizes that will be enabled by deep JWST rest-UV spec-
troscopy.

6.1 Galaxy overdensities as ionized bubble tracers

To identify potential overdensities and ionized bubbles in other
volumes, we reduce publicly available imaging data, then per-
form detection, photometry, and selection using the same meth-
ods as we used in EGS. We emphasize that we adopt the same
colour and photometric redshift selection criteria as we used for
our EGS selection (Section 4) to ensure consistency across hetero-
geneous filter coverage in the various fields. We also require that
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all candidates are brighter than m < 28.1 to account for varying
imaging depths (with the magnitude limit set by the depth of the
field with the most shallow imaging). Performing this selection
results in 22 candidates in EGS, 10 candidates in GOODS-N, 17
candidates in GOODS-S, and 31 candidates in UDS. We account
for the selection functions in each field using the same methods as
we used for EGS (Section 4.2), then quantify the overdensities by
calculating observed surface densities and comparing to expected
surface densities implied by measurements of the UV luminos-
ity function (R. J. Bouwens et al. 2021; S. L. Finkelstein et al.
2023; C. T. Donnan et al. 2024). We note that we are interested
in ionized bubbles and overdensities at z ~ 9 when the IGM is
still likely highly neutral (~70-90 per cent; e.g. M. Tang et al.
2024b), implying that such structures would extend over physical
scales smaller than the imaging footprints (R ~ 0.5 pMpc, cor-
responding to R ~ 1.9 arcmin at z = 8.7; T.-Y. Lu et al. 2024b).
Thus, rather than calculating the average overdensity in each
field, we create maps of overdensities over each field. Specifically,
we calculate observed surface densities in circles with 1.9 arcmin
(0.5pMpc) radii projected on the sky at z = 8.7, then compare
the spatially varying observed surface densities to the expected
surface density. We show the resulting overdensity maps in Fig.
11. Of the four fields, we find that EGS and UDS have the largest
overdensities on scales of R ~ 0.5pMpc, with overdensities by
factors of ~3-5 spanning scales of a few arcminutes, and over-
densities up to a factor of ~10 in smaller areas. We also identify a
factor of ~4-5 overdensity in GOODS-N on a smaller scale than
in EGS or UDS; otherwise, we find that the GOODS fields are of
average density. These surface densities suggest that UDS may be
the most likely candidate besides EGS to host ionized bubble(s)
atz ~ 9, while the GOODS fields may largely be probing volumes
that are still largely neutral at z ~ 9.

6.2 Prospects for Ly « constraints on ionized bubble sizes

Quantifying the sizes of ionized bubbles that may exist in any of
these fields will require deep spectroscopy in the rest-frame UV
of a large number of objects. In this work, we have taken the first
steps to compare our observed Ly « transmission to that expected
from an ionized bubble with a given radius to provide insights
into the bubble size. However, such measurements still suffer
from small sample sizes that lead to large uncertainties, making
it challenging to distinguish between ionized bubble radii. For a
galaxy at z = 8.7 with an absolute UV magnitude of My, = —20.7
(i.e. similar properties as the sample we have presented in this
work), a bubble with radius R, = 0.5 pMpc implies a Ly « trans-
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Figure 12. Examples of our forecasted constraints on the IGM transmission from a sample of 25 galaxies with spectroscopic observations at a 5o line flux
depth of ~5.3 x 1072 ergs~! cm~2. From left to right, we show the forecasts for three values of 7igm = 0.21, 0.36, 0.53, approximately corresponding to
ionized bubbles with radii of R, = 0.5, 1, 2 pMpc. We show our forecasts for the recovered constraint on 7y as the solid pink distributions and shaded
regions (where the shaded regions correspond to the 68 per cent credible intervals), and the input values of 7igy as the dotted black lines. We recover the
true value of 7igy Within the 68 per cent credible interval for all three input values of 7;qv and the smallest value of 7igy is recovered with the smallest

uncertainties.

mission of Tigy = 0.21, while a galaxy inside a bubble with radius
Ry, = 1 pMpc is expected to have a Ly« transmission of Ty =
0.36. Thus, distinguishing between bubble radii of R, = 0.5 pMpc
and R, = 1pMpc - either or both of which may be present at
Z ~9 (T.-Y. Lu et al. 2024b) - would require measurements of
the Ly « transmission to a precision of approximately +0.15. For
comparison, in this work, we have measured the transmission
of Ly« with a precision of —0.14/ 4 0.25, suggesting that con-
straining ionized bubble sizes using IGM transmission will soon
be possible with deep JWST Ly « observations.

To quantitatively examine the prospects for JWST spectroscopy
to constrain the transmission of Ly« through the IGM at the
precision necessary to distinguish between ionized bubble sizes,
we forecast the 7,y constraints that we may expect from ob-
servations at a depth known to be attainable with JWST (e.g.
30 h in G140M, comparable to GO program 9214, PIs C. Ma-
son and D. Stark). We draw Lya EWs from the intrinsic Ly«
EW distribution at z ~ 5-6 found by M. Tang et al. (2024a) and
draw UV continuum luminosities from the z ~ 9 UV luminos-
ity function found by C. T. Donnan et al. (2024), then calculate
the intrinsic line fluxes that would be emitted. Next, we attenu-
ate the intrinsic fluxes using the IGM transmissions that corre-
spond to bubbles with radii of R, = 0.5, 1, and 2 pMpc (Tiem =
0.21,0.36, and 0.53, respectively, when including contributions
to the optical depth from both infalling gas and damping wing
attenuation in the IGM) and calculate the observed EWs and un-
certainties assuming the 5o line depth estimated for the G140M
observations of GO 9214 (~5.3 x 107* ergs~! cm~2). From these
mock data, we infer 7sy using the same MCMC as we used for the
real data in EGS (Section 5). We run 1000 realizations of this Ty
recovery test, randomly sampling new values of intrinsic Ly « EW
and Myy for each realization. In Fig. 12, we show examples of
the IGM transmission constraint forecasts if 25 objects have Ly «
observations, but we test multiple sample sizes ranging between
N = 5and N = 50 in steps of five and discuss the constraints on
Tiom as a function of the number of objects observed. We empha-
size that these constraints are not designed to specifically predict
the outcomes of GO 9214, but we have adopted the observational

parameters of a real JWST spectroscopic survey to ensure that
our forecast accurately represents the observational capabilities
of JWST.

Overall, we find that our inference for 7,y generally recovers
the true value of Ty successfully and without significant bias
(the true value of T\, falls within the 68 per cent credible interval
of the recovered 7y distribution for >70 per cent of our real-
izations). As expected, the uncertainties on the recovered value
of Tiem become smaller as the number of objects that have Ly «
constraints (both detections and upper limits) increases. Addi-
tionally, as seen in Fig. 12, the recovered constraint on 7y is
more precise for smaller values of true 7y due to the likelihood
function (the 7u-dependent Ly« EW distribution) becoming
more sharply peaked, and therefore more sensitive to small vari-
ations in 7Ty, as Tigm decreases. For the smallest value of 7o
that we test, 7o = 0.21 (corresponding to a bubble radius of
Ry, = 0.5 pMpc), we find that a spectroscopic sample of 25 objects
is sufficient to constrain Tigy t0 Tiom = 0.217315, the minimum
precision necessary to distinguish between 7y = 0.21 (R, =
0.5pMpc) and Tigu = 0.36 (R, = 1 pMpc). For larger values of
Tiom = 0.36 and Ty = 0.53, we find that samples of ~40 and
~50 objects with Ly o spectroscopy are required to reach similar
precision. While these sample sizes are reasonably large, existing
spectroscopic observations have already placed Ly « constraints
on 10-20 objects per field at z = 8-10 in the EGS and GOODS
fields (e.g. M. Tang et al. 2024b), suggesting that the requisite
sample sizes will be in reach of future Ly « follow up of photo-
metric candidates with JWST. We also note that with these large
sample sizes, the uncertainties introduced by aperture effects of
the NIRSpec MSA (Section 5) may be reduced, as the effects are
significantly more likely to average out over a sample of >20
objects than the four we present in this work.

In this work, we have taken the first steps towards using Ly «
emission from galaxies to constrain the reionization topology. In
the near future, new theoretical methods that leverage the spatial
distribution of Ly« transmission from galaxies within ionized
bubbles (T.-Y. Lu et al. 2024a; I. Nikoli¢ et al. 2025) will become
increasingly informative. The transmission of Ly « is expected to
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be highest when the line-of-sight distance to the nearest patch
of neutral hydrogen is longest, and thus is expected to vary spa-
tially within a given ionized bubble. These spatial variations of
Ly « transmission can be used to empirically detect the edges of
ionized bubbles (T.-Y. Lu et al. 2024a), where edges are identified
by a decline in the transmission. Additionally, forward models of
the spatial distribution of observed Ly « properties as a function
of bubble position and size can be developed (I. Nikoli¢ et al.
2025), which can then be compared with observations to infer
ionized bubble properties. As the number of objects with Ly«
constraints continue to grow, applying these methods will enable
robust constraints on ionized bubble sizes that will significantly
increase our understanding of the reionization process.

7 SUMMARY

In this work, we have presented rest-frame UV and optical NIR-
Spec observations targeting Ly « emission of galaxies tracing a
possible ionized bubble at z = 8.7 in the EGS field, taken as part
of JWST GO programme 4287. We have characterized the z ~ 8.7
galaxy population in the field and measured the transmission of
Ly « implied by these observations. We have then examined the
implications of both of these measurements for the presence of
a very large (R, 2 2 pMpc) ionized bubble in the z ~ 8.7 volume
probed by EGS. We summarize our key conclusions below.

(i) We have spectroscopically observed four galaxies at sys-
temic redshifts of zgs = 8.7+ 0.02 with physical separations
ranging from 0.05 to 1.9 pMpc. If there is an ionized bubble large
enough to contain the two bright LAEs in the volume (R, =
2pMpc), all of these galaxies could lie within it.

(ii) We visually identify Lyo emission from two of the
four galaxies (EGSY8p7 with EW, 1y, = 7.6 = 2.2A, CEERS-
1025 with EWj 1yq = 3.5+£2.2 A) and place 30 upper limits
on the Ly« flux and EW of the remaining two objects (70289
with EWy 1y < 16.9 A, 89540 with EW( 1y, < 28.9 A). The two
LAEs have very strong [O111] + H 8 (EWq joiiij+u s 2 1200 A),
with EWs among the most extreme known in z ~ 9 galaxies, sug-
gesting that these galaxies have very hard ionizing radiation fields
that may facilitate the production of intrinsically strong Ly «. In
contrast, the two galaxies not emitting Ly« have significantly
weaker [O111] + H B emission (EWq [oiiij+u g ~ 600-700 A), hint-
ing at weaker ionizing radiation fields.

(iii) We find a factor of ~2.4-3.6 overdensity within the
5arcmin (~1.4 pMpc in projection at z = 8.7) radius of EGSY8p7
(an update to the original measurement by L. Whitler et al. 2024),
hinting at the presence of a galaxy population that may be able to
contribute significant amounts of ionizing flux towards creating
a large ionized bubble.

(iv) We combine our new measurements of Ly « in four galax-
ies with Ly« measurements and upper limits reported by M.
Tang et al. (2024b) at redshifts of z = 8.6-8.8 (spanning a line-of-
sight separation of ~5.3 pMpc) to infer the transmission of Ly «
through the IGM, Tigy, in this volume. We find Tigy = 0.2670%,
which is fully consistent with the average IGM transmission of
Tiem = 0.28%01 in four independent fields at z = 8-10 measured
by M. Tang et al. (2024b). This transmission is in mild tension
with the IGM transmission of Tigy ~ 0.53-0.63 that would be ex-
pected inside an ionized bubble with radius R, = 2 pMpc, imply-
ing that it is moderately unlikely for an ionized bubble of this size
to exist in this volume (consistent with theoretical expectations
for the reionization topology at z ~ 9; e.g. T.-Y. Lu et al. 2024b).
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(v) We search other large extragalactic imaging data sets for
overdensities that may hint at ionized bubbles. We find that
though EGS does not have evidence of an extremely large, R, 2
2 pMpc ionized bubble, it is still more overdense on the projected
scales of ionized bubbles expected atz ~ 8.7 than two of the three
other fields we investigate. This may imply that an ionized bubble
with a radius <2 pMpc may still be present.

(vi) Confirming the presence of a smaller bubble will require
deep Ly« spectroscopy, so we forecast the constraints on the
IGM transmission that will be accessible with future JWSTLy o
observations. We find that distinguishing between a particularly
large Ry, ~ 2 pMpc bubble and more typical, R, ~ 1 pMpcor Ry, ~
0.5 pMpc bubbles using Ly « transmission measurements will be
possible with sample sizes of 225 objects with observations at
a depth comparable to GO programme 9214 (30 h in G140M,
corresponding to an estimated 50 line flux depth of ~5.3 x
107Y ergs~! cm~2). We emphasize that new methods that take
advantage of the spatial variations of Ly « transmission (T.-Y. Lu
et al. 2024a; 1. Nikoli¢ et al. 2025) will be able to extend this
measurement of the average Ly« transmission to robustly map
ionized bubbles and constrain the reionization topology.

ACKNOWLEDGEMENTS

We thank the anonymous referee for their constructive com-
ments that helped to improve this paper. LW acknowledges sup-
port from the Gavin Boyle Fellowship at the Kavli Institute for
Cosmology, Cambridge and from the Kavli Foundation. DPS ac-
knowledges support by the National Science Foundation under
Grant No. AST-2109066. CAM acknowledges support by the Eu-
ropean Union ERC grant RISES (101163035), Carlsberg Foun-
dation (CF22-1322), and VILLUM FONDEN (37459). Views and
opinions expressed are those of the author(s) only and do not
necessarily reflect those of the European Union or the European
Research Council. Neither the European Union nor the granting
authority can be held responsible for them. ZC, T-YL, GP-L, and
AH acknowledge support by VILLUM FONDEN (37459). The
Cosmic Dawn Center (DAWN) is funded by the Danish National
Research Foundation under grant DNRF140.

This work is based on observations made with the
NASA/ESA/CSA JWST. The data were obtained from the
Mikulski Archive for Space Telescopes (MAST) at the Space
Telescope Science Institute, which is operated by the Association
of Universities for Research in Astronomy, Inc., under NASA
contract NAS 5-03127 for JWST. These observations are
associated with programme 4287, support for which was
provided by NASA through a grant from the Space Telescope
Science Institute, which is operated by the Association of
Universities for Research in Astronomy, Inc., under NASA
contract NAS 5-03127. The authors acknowledge the CEERS
team led by Steven Finkelstein and the RUBIES team led by
Anna de Graaff and Gabriel Brammer for developing their
observing programmes with zero-exclusive-access periods. The
data used in this work can be found on MAST at the following
DOI: 10.17909/19rp-r511.

This project made use of High Performance Computing (HPC)
resources supported by the University of Arizona TRIF, UITS,
and Research, Innovation, and Impact (RII) and maintained by
the UArizona Research Technologies department. We respect-
fully acknowledge that the University of Arizona is on the land
and territories of Indigenous peoples. Today, Arizona is home
to 22 federally recognized tribes, with Tucson being home to


https://doi.org/10.17909/19rp-r511

the O'odham and the Yaqui. Committed to diversity and inclu-
sion, the University strives to build sustainable relationships with
sovereign Native Nations and Indigenous communities through
education offerings, partnerships, and community service.

This work made use of the following software: NUMPY (C. R.
Harris et al. 2020); scIPy (P. Virtanen et al. 2020); ASTROPY,* a
community-developed core Python package and an ecosystem of
tools and resources for astronomy (Astropy Collaboration 2013,
2018, 2022); PANDAS (T. P. D. Team 2024); MATPLOTLIB (J. D.
Hunter 2007); SHAPELY (S. Gillies et al. 2024); Source Ex-
tractor (E.Bertin & S. Arnouts 1996) via SEP (K. Barbary 2016);
PHOTUTILS, an Astropy package for detection and photometry of
astronomical sources (L. Bradley et al. 2025); BEAGLE J. Cheval-
lard & S. Charlot (2016); MULTINEST (F. Feroz & M. P. Hobson
2008; F. Feroz, M. P. Hobson & M. Bridges 2009; F. Feroz et al.
2019); EMCEE (D. Foreman-Mackey et al. 2013); SEDPY (B. D.
Johnson 2021).

DATA AVAILABILITY

The JWST/NIRSpec observations from JWST GO programme
4287, the ancillary RUBIES (GO programme 4233), and CEERS
(ERS programme 1345) spectra, and the NIRCam imaging from
CEERS and GO programme 2234 are all available through the
Mikulski Archive for Space Telescopes (https://mast.stsci.edu/)
under their respective proposal IDs. Reduced data and analysis
products will be made available upon reasonable request to the
corresponding author.

REFERENCES

Astropy Collaboration, 2013, A&A, 558, A33

Astropy Collaboration, 2018, AJ, 156, 123

Astropy Collaboration, 2022, ApJ, 935, 167

Austin D. et al., 2024, ApJ, 995, 43

Bafiados E. et al., 2018, Nature, 553, 473

Barbary K., 2016, J. Open Source Softw., 1, 58

Barisic I. et al., 2025, ApJ, 983, 139

Begley R. et al., 2025, MNRAS, 537, 3245

Bertin E., Arnouts S., 1996, A&AS, 117, 393

Bolan P. et al., 2022, MNRAS, 517, 3263

Bosman S. E. L. et al., 2022, MNRAS, 514, 55

Bouwens R. J. et al., 2021, AJ, 162, 47

Bradley L. et al., 2025, astropy/photutils: 2.2.0, Zenodo, https://doi.org/
10.5281/zenodo.14889440,

Bruzual G., Charlot S., 2003, MNRAS, 344, 1000

Bunker A. J. et al., 2023, A&A, 677, A88

Bushouse H. et al., 2025, JWST Calibration Pipeline, Zenodo

Caffau E., Ludwig H. G., Steffen M., Freytag B., Bonifacio P., 2011, Sol.
Phys., 268, 255

Chabrier G., 2003, PASP, 115, 763

Chemerynska I. et al., 2026, MNRAS, 546, staf2267

Chen Z., Stark D. P., Mason C., Topping M. W., Whitler L., Tang M.,
Endsley R., Charlot S., 2024, MNRAS, 528, 7052

Chen Z., Stark D. P., Mason C. A., Tang M., Whitler L., Lu T.-Y., Topping
M. W,, 2025, preprint (arXiv:2505.24080)

Chevallard J., Charlot S., 2016, MNRAS, 462, 1415

Chisholm J. et al., 2022, MNRAS, 517, 5104

Cullen F. et al., 2023, MNRAS, 520, 14

Cullen F. et al., 2024, MNRAS, 531, 997

Davies F. B. et al., 2018, ApJ, 864, 142

Dayal P., Ferrara A., 2018, Phys. Rep., 780-782, 1

“http://www.astropy.org

zZ = 8.7Ly @ emission 19

Dijkstra M., 2014, Publ. Astron. Soc. Aust., 31, e040

Donnan C. T. et al., 2024, MNRAS, 533, 3222

Endsley R., Stark D. P., Charlot S., Chevallard J., Robertson B., Bouwens
R. ], Stefanon M., 2021, MNRAS, 502, 6044

Endsley R. et al., 2022, MNRAS, 517, 5642

Endsley R., Stark D. P., Whitler L., Topping M. W., Chen Z., Plat A.,
Chisholm J., Charlot S., 2023, MNRAS, 524, 2312

Endsley R. et al., 2024, MNRAS, 533, 1111

Erb D. K. et al., 2014, ApJ, 795, 33

Ferland G. J. et al., 2013, Rev. Mex. Astron. Astrofis., 49, 137

Feroz F., Hobson M. P., 2008, MNRAS, 384, 449

Feroz F., Hobson M. P., Bridges M., 2009, MNRAS, 398, 1601

Feroz F., Hobson M. P., Cameron E., Pettitt A. N., 2019, Open J. Astro-
phys., 2, 10

Finkelstein S. L. et al., 2022, ApJ, 928, 52

Finkelstein S. L. et al., 2023, ApJ, 946, L13

Finkelstein S. L. et al., 2025, ApJ, 983, L4

Finlator K., Oh S. P., Ozel F., Davé R., 2012, MNRAS, 427, 2464

Foreman-Mackey D., Hogg D. W., Lang D., Goodman J., 2013, PASP, 125,
306

Furlanetto S. R., Schaye J., Springel V., Hernquist L., 2005, ApJ, 622, 7

Gillies S. et al., 2024, Shapely, Zenodo, https://doi.org/10.5281/zenodo.1
2737127

Gorce A., Douspis M., Aghanim N., Langer M., 2018, A&A, 616, A113

Goto H. et al., 2021, ApJ, 923, 229

de Graaff A. et al., 2024, A&A, 697, A189

Greig B., Mesinger A., Haiman Z., Simcoe R. A., 2017, MNRAS, 466, 4239

Gutkin J., Charlot S., Bruzual G., 2016, MNRAS, 462, 1757

HERA Collaboration, 2023, ApJ, 945, 124

Harris C. R. et al., 2020, Nature, 585, 357

Hayes M. J., Scarlata C., 2023, ApJ, 954, L14

Hu W. et al., 2019, ApJ, 886, 90

Hunter J. D., 2007, Comput. Sci. Eng., 9, 90

Hutter A., Dayal P., Miiller V., Trott C. M., 2017, ApJ, 836, 176

Hutter A., Trebitsch M., Dayal P., Gottlober S., Yepes G., Legrand L., 2023,
MNRAS, 524, 6124

Inoue A. K., Shimizu 1., Iwata 1., Tanaka M., 2014, MINRAS, 442, 1805

Isobe Y. et al., 2023, ApJ, 959, 100

Itoh R. et al., 2018, ApJ, 867, 46

Johnson B. D., 2021, bd-j/sedpy: sedpy v0.2.0, Zenodo, https://doi.org/10
.5281/zenodo0.4582723

JungI. et al., 2019, AplJ, 877, 146

Jung I. et al., 2020, ApJ, 904, 144

Keating L. C., Puchwein E., Bolton J. S., Haehnelt M. G., Kulkarni G.,
2024, MNRAS, 531, L34

Laporte N., Nakajima K., Ellis R. S., Zitrin A., Stark D. P., Mainali R,
Roberts-Borsani G. W., 2017, ApJ, 851, 40

Larson R. L. et al., 2022, ApJ, 930, 104

Larson R. L. et al., 2023, ApJ, 953, L29

Leclercq F. et al., 2017, A&A, 608, A8

Leclercq F. et al., 2020, A&A, 635, A82

Leonova E. et al., 2022, MNRAS, 515, 5790

Lin X. et al., 2024, ApJS, 272, 33

Lu T.-Y. et al., 2024a, A&A, 697, A69

Lu T.-Y., Mason C. A., Hutter A., Mesinger A., Qin Y., Stark D. P., Endsley
R., 2024b, MNRAS, 528, 4872

Madau P., Haardt F., Rees M. J., 1999, ApJ, 514, 648

Mason C. A., Gronke M., 2020, MNRAS, 499, 1395

Mason C. A., Trenti M., Treu T., 2015, ApJ, 813, 21

Mason C. A., Treu T., Dijkstra M., Mesinger A., Trenti M., Pentericci L.,
de Barros S., Vanzella E., 2018, ApJ, 856, 2

Mason C. A. et al., 2019, MNRAS, 485, 3947

Mason C. A., Chen Z,, Stark D. P., Lu T.-Y., Topping M., Tang M., 2025,
A&A, 705, A114

Matthee J., Mackenzie R., Simcoe R. A., Kashino D., Lilly S. J., Bordoloi
R., Eilers A.-C., 2023, ApJ, 950, 67

Mesinger A., Furlanetto S. R., 2008, MNRAS, 385, 1348

Meyer R. A. et al., 2024, MNRAS, 535, 1067

MNRAS 548, 1-20 (2026)


https://mast.stsci.edu/
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201322068
http://dx.doi.org/10.3847/1538-3881\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aabc4f
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ac7c74
http://dx.doi.org/10.48550/arXiv.2404.10751
http://dx.doi.org/10.1038/nature25180
http://dx.doi.org/10.21105/joss.00058
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ada617
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ staf211
http://dx.doi.org/10.1051/aas:1996164
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stac1963
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stac1046
http://dx.doi.org/10.3847/1538-3881\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ abf83e
http://dx.doi.org/10.5281/zenodo.14889440
https://doi.org/10.5281/zenodo.14889440
http://dx.doi.org/10.1046/j.1365-8711.2003.06897.x
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202346159
http://dx.doi.org/10.5281/zenodo.6984365
http://dx.doi.org/10.1007/s11207-010-9541-4
http://dx.doi.org/10.1086/376392
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ staf2267
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae455
http://arxiv.org/abs/2505.24080
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stw1756
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stac2874
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stad073
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae1211
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aad6dc
http://dx.doi.org/10.1016/j.physrep.2018.10.002
http://www.astropy.org
http://dx.doi.org/10.1017/pasa.2014.33
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae2037
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stab432
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stac3064
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stad1919
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae1857
http://dx.doi.org/10.1088/0004-637X\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 795\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 1\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 33
http://dx.doi.org/10.48550/arXiv.1302.4485
http://dx.doi.org/10.1111/j.1365-2966.2007.12353.x
http://dx.doi.org/10.1111/j.1365-2966.2009.14548.x
http://dx.doi.org/10.21105/astro.1306.2144
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ac3aed
http://dx.doi.org/10.3847/2041-8213\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ acade4showing
http://dx.doi.org/10.48550/arXiv.2501.04085
http://dx.doi.org/10.1111/j.1365-2966.2012.22114.x
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.1086/426808
http://dx.doi.org/ 10.5281\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ zenodo.12737127
https://doi.org/10.5281/zenodo.12737127
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201629661
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ac308b
http://dx.doi.org/10.48550/arXiv.2409.05948
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stw3351
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stw1716
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ acaf50
http://dx.doi.org/10.1038/s41586-020-2649-2
http://dx.doi.org/10.3847/2041-8213\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ acee6a
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ab4cf4
http://dx.doi.org/10.1109/MCSE.2007.55
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 836\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 2\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 176
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stad2230
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stu936
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ad09be
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aadfe4
http://dx.doi.org/10.5281/zenodo.4582723
https://doi.org/10.5281/zenodo.4582723
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ab1bde
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ abbd44
http://dx.doi.org/10.1093/mnrasl\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ slae022
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aa96a8
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ac5dbd
http://dx.doi.org/10.3847/2041-8213\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ace619
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201731480
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201937339
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stac1908
http://dx.doi.org/10.3847/1538-4365\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ad3e7d
http://dx.doi.org/10.48550/arXiv.2411.04176
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae266
http://dx.doi.org/10.1086/306975
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ staa2910
http://dx.doi.org/10.1088/0004-637X\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 813\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 1\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 21
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aab0a7
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stz632
http://dx.doi.org/10.48550/arXiv.2501.11702
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ acc846
http://dx.doi.org/10.1111/j.1365-2966.2007.12836.x
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae2353

20 L. Whitler et al.

Miralda-Escudé J., 1998, ApJ, 501, 15

Morales A. M., Mason C. A., Bruton S., Gronke M., Haardt F., Scarlata C.,
2021, ApJ, 919, 120

Morales A. M. et al., 2024, ApJ, 964, L24

Nakajima K., Ouchi M., Isobe Y., Harikane Y., Zhang Y., Ono Y., Umeda
H., Oguri M., 2023, ApJS, 269, 33

Nanayakkara T. et al., 2023, ApJ, 947, L26

Navarro J. F., Frenk C. S., White S. D. M., 1997, ApJ, 490, 493

Nikoli¢ I., Mesinger A., Mason C. A., Lu T.-Y., Tang M., Prelogovi¢ D.,
Gagnon-Hartman S., Stark D. P., 2025, A&A, 699, A323

Oke J. B., Gunn J. E., 1983, ApJ, 266, 713

Ono Y. et al., 2012, ApJ, 744, 83

Ota K. et al., 2017, ApJ, 844, 85

Ouchi M., Ono Y., Shibuya T., 2020, ARA&A, 58, 617

PeiY. C., 1992, ApJ, 395,130

Pentericci L. et al., 2014, ApJ, 793, 113

Planck Collaboration VI, 2020, A&A, 641, A6

Prieto-Lyon G. et al., 2023, ApJ, 956, 136

Qin Y., Wyithe J. S. B., Oesch P. A., Illingworth G. D., Leonova E., Mutch
S.J., Naidu R. P, 2022, MNRAS, 510, 3858

Rieke M. J,, Kelly D., Horner S., 2005, in Heaney J. B., Burriesci L. G.
eds, Proc. SPIE Conf. Ser. Vol. 5904, Cryogenic Optical Systems and
Instruments XI. SPIE, Bellingham, p. 1

Rieke M. J. et al., 2023, PASP, 135, 028001

Roberts-Borsani G. et al., 2023, ApJ, 948, 54

Roberts-Borsani G. et al., 2024, ApJ, 976, 193

Roberts-Borsani G. W. et al., 2016, ApJ, 823, 143

Robertson B. E., Ellis R. S., Furlanetto S. R., Dunlop J. S., 2015, ApJ, 802,
L19

Saldana-Lopez A. et al., 2026, ApJ, 999, 71

Saxena A. et al., 2024a, preprint (arXiv:2411.14532)

Saxena A. et al., 2024b, A&A, 684, A84

Shibuya T. et al., 2014, ApJ, 788, 74

Shibuya T., Ouchi M., Harikane Y., 2015, ApJS, 219, 15

Shull J. M., Harness A., Trenti M., Smith B. D., 2012, ApJ, 747, 100

Stark D. P, Ellis R. S., Chiu K., Ouchi M., Bunker A., 2010, MNRAS, 408,
1628

Stark D. P. et al., 2017, MNRAS, 464, 469

Steidel C. C., Bogosavljevi¢ M., Shapley A. E., Kollmeier J. A., Reddy N.
A., Erb D. K., Pettini M., 2011, ApJ, 736, 160

Tang M. et al., 2023, MNRAS, 526, 1657

Tang M. et al., 2024a, MNRAS, 531, 2701

Tang M., Stark D. P., Topping M. W., Mason C., Ellis R. S., 2024b, ApJ, 975,
208

Tang M. et al., 2025, ApJ, 991, 217

Team T. P. D., 2024, pandas-dev/pandas: Pandas, https://doi.org/10.5281/
zenodo.13819579

Topping M. W. et al., 2024a, MNRAS, 529, 3301

Topping M. W. et al., 2024b, MNRAS, 529, 4087

Topping M. W. et al., 2025, ApJ, 980, 225

Umeda H. et al., 2025, ApJS, 277, 37

Vanzella E. et al., 2011, ApJ, 730, L35

Vidal-Garcia A., Charlot S., Bruzual G., Hubeny 1., 2017, MNRAS, 470,
3532

Virtanen P. et al., 2020, Nat. Methods, 17, 261

Wang F. et al., 2020, ApJ, 896, 23

Whitler L., Stark D. P., Endsley R., Chen Z., Mason C., Topping M. W.,
Charlot S., 2024, MNRAS, 529, 855

Witstok J. et al., 2025a, MNRAS, 536, 27

Witstok J. et al., 2025b, Nature, 639, 897

Witten C. et al., 2024, Nat. Astron., 8, 384

Wold I. G. B. et al., 2022, ApJ, 927, 36

Wyithe J. S. B., Loeb A., 2005, ApJ, 625, 1

Yang J. et al., 2020a, ApJ, 897, L14

Yang J. et al., 2020b, ApJ, 904, 26

Zheng Z.-Y. et al., 2017, ApJ, 842, L22

ZhuY. et al., 2021, ApJ, 923, 223

Zhu'Y. et al., 2023, ApJ, 955, 115

Zitrin A. et al., 2015, ApJ, 810, L12

This paper has been typeset from a TgX/ETgX file prepared by the author.

© The Author(s) 2026.

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

MNRAS 548, 1-20 (2026)


http://dx.doi.org/10.1086/305799
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ac1104
http://dx.doi.org/10.3847/2041-8213\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ad2de4
http://dx.doi.org/10.3847/1538-4365\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ acd556
http://dx.doi.org/10.3847/2041-8213\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ acbfb9
http://dx.doi.org/10.1086/304888
http://dx.doi.org/10.48550/arXiv.2501.07980
http://dx.doi.org/10.1086/160817
http://dx.doi.org/10.1088/0004-637X\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 744\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 2\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 83
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aa7a0a
http://dx.doi.org/10.1146/annurev-astro-032620-021859
http://dx.doi.org/10.1086/171637
http://dx.doi.org/10.1088/0004-637X\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 793\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 2\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 113
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 201833910
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ acf715
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stab3733
http://dx.doi.org/10.1088/1538-3873\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ acac53
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ acc798
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ad85d3
http://dx.doi.org/10.3847/0004-637X\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 823\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 2\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 143
http://dx.doi.org/10.1088/2041-8205\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 802\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 2\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ L19
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ae36a8
http://arxiv.org/abs/2411.14532
http://dx.doi.org/10.1051/0004-6361\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 202347132
http://dx.doi.org/10.1088/0004-637X\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 788\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 1\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 74
http://dx.doi.org/10.1088/0067-0049\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 219\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 2\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 15
http://dx.doi.org/10.1088/0004-637X\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 747\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 2\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 100
http://dx.doi.org/10.1111/j.1365-2966.2010.17227.x
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stw2233
http://dx.doi.org/10.1088/0004-637X\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 736\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 2\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 160
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stad2763
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae1338
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ad7eb7
http://dx.doi.org/10.48550/arXiv.2505.06359
http://dx.doi.org/10.5281/zenodo.13819579
https://doi.org/10.5281/zenodo.13819579
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae682
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae800
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ada95c
http://dx.doi.org/10.3847/1538-4365\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ adb1c0
http://dx.doi.org/10.1088/2041-8205\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 730\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 2\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ L35
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stx1324
http://dx.doi.org/10.1038/s41592-019-0686-2
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ab8c45
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae516
http://dx.doi.org/10.1093/mnras\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ stae2535
http://dx.doi.org/10.1038/s41586-025-08779-5
http://dx.doi.org/10.1038/s41550-023-02179-3
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ac4997
http://dx.doi.org/10.1086/429529
http://dx.doi.org/10.3847/2041-8213\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ab9c26
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ abbc1b
http://dx.doi.org/10.3847/2041-8213\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aa794f
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ ac26c2
http://dx.doi.org/10.3847/1538-4357\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ aceef4
http://dx.doi.org/10.1088/2041-8205\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 810\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ 1\begingroup \count@ "002F\relax \relax \uccode `\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {\count@ \global \mathchardef \accent@spacefactor \spacefactor }\accent 126 \count@ \egroup \spacefactor \accent@spacefactor \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ L12
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 OBSERVATIONS AND MEASUREMENTS
	3 SAMPLE PROPERTIES
	4 A GALAXY OVERDENSITY AT  8.7
	5 Ly TRANSMISSION THROUGH THE IGM
	6 TOWARDS A LARGE SAMPLE OF IONIZED BUBBLES AT 
	7 SUMMARY
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

