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A B S T R A C T 

Strong Ly α 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 α through the intergalactic medium (IGM). In this w ork, w e use 
deep JWST Ly α 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 R b = 2 physical Mpc (pMpc) or larger . W e 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 b ∼ 2 pMpc bubble. Then, we infer the Ly α transmission through the IGM for galaxies in the EGS 
volume using our deep spectroscopy, finding T igm 

= 0 . 26 +0 . 25 −0 . 14 . This transmission is consistent with the average at z ∼ 9 
and is mildly inconsistent with the transmission expected for an R b ∼ 2 pMpc bubble ( T igm , 2 pMpc = 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 α transmission may be consistent with smaller, 
R b ∼ 0 . 5 - 1 pMpc bubbles in EGS. This additionally motivates the need for future wider area Ly α spectroscopy in EGS and 
other fields to obtain a mor e r epr esentative understanding of the sizes of ionized bubbles in the early stages of reionization, 
and the properties of the galaxies that create them. 

Key wor ds: g alaxies: evolution – g alaxies: high-r edshift – intergalactic medium – dark ages, reionization, first stars. 
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 INTRODUCTION  

n the first billion years after the big bang, the earliest galaxies
merged and reionized the Universe. During this time, these 
 alaxies pr oduced hydr ogen-ionizing radiation that escaped their 
nt erst ellar and cir cumg alactic media (ISM and C GM) to ionize
he hydrogen in their surrounding intergalactic medium (IGM), 
orming local ‘bubbles’ of ionized hy drogen. Ov er time, these
onized bubbles grew and merged until the entire IGM was fully
onized. Thus, early galaxy evolution is inextricably linked to 
he process of reionization, and galaxies can provide important 
nsights into both the overall timeline and the local topology of 
eionization. 
Over the last two decades, significant pr ogr ess has been made

ow ards observ ationally measuring the timeline of reionization. 
easurements of the electron scattering optical depth to reion- 
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zation from the cosmic microwave background (CMB) suggest 
hat the mid-point of r eionization occurr ed at z = 7 . 7 (Planck
ollaboration VI 2020 ). While the CMB only provides an integral
onstraint, measurements based on observational probes sensi- 
iv e t o specific times in the Univ erse’s hist ory corroborat e this
icture. Studies based on quasar spectra at z ∼ 5 - 6 have enabled
onstraints on the end of reionization, placing it at z ∼ 5 - 5 . 5 (e.g.
. Yang et al. 2020b ; Y. Zhu et al. 2021 ; S. E. I. Bosman et al. 2022 ; Y.
hu et al. 2023 ), while at higher redshifts, the Ly α damping wing
ttenuation signatures observed in a few z > 7 quasars generally
mply that the IGM is still consider ably neutr al (B. Greig et al.
017 ; E. Bañados et al. 2018 ; F. B. Davies et al. 2018 ; F. Wang et al.
020 ; J. Yang et al. 2020a ). Measurements of the neutral hydro-
en fraction based on galaxies suggest the same overall timeline, 
her e r eionization is activ ely ongoing at z ∼ 7 and complet e at
 < 6 (e.g. C. A. Mason et al. 2018 , 2025 ; I. Jung et al. 2020 ; A. M.
orales et al. 2021 ; P. Bolan et al. 2022 ; M. Tang et al. 2024b ; H.
meda et al. 2025 ; also see M. Ouchi, Y. Ono & T. Shibuya 2020 for
 review). How ev er, despit e significant pr ogr ess in understanding
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B  
hen r eionization occurr ed, charting the topology has remained
lusive. 
L yman-alpha ( L y α) emission fr om g alaxies in the heart of 

 eionization is fr equently used to measur e the r eionization time-
ine, and recently, att ention has turned t o lev er aging L y α obser-
ations to probe the reionization topology on the scales of ionized
ubbles (T .- Y. Lu et al. 2024a ; I. Nikoli ́c et al. 2025 ). As a reso-
ant line of hy drogen, Ly α emitt ed fr om high-r edshift g alaxies is
 ery likely t o be att enuat ed by neutral hy drogen in the IGM, an
ffect that increases as the neutral hydrogen content of the IGM
ncr eases towar ds higher r edshifts (e.g . J. Miralda-Escudé 1998 ).
ow ev er, in spit e of the strong attenuation Ly α is expect ed t o face
n the partially neutral IGM during reionization, Ly α has been
bserved fr om g alaxies even fr om g alaxies at z � 8 (A. J. Bunker
t al. 2023 ; M. Tang et al. 2023 ; C. Witten et al. 2024 ; J. Witstok
t al. 2025a , b ), and understanding its cause has been the topic
f significant study. This reionization-era Ly α may be observable
ue to intrinsic galaxy properties such as very hard ionizing radia-
ion fields facilitating the production of very strong Ly α, which is
hen significantly att enuat ed in the IGM, but still observable (e.g.
. Laporte et al. 2017 ; D. P. Stark et al. 2017 ; R. Endsley et al. 2021 ;
. Roberts-Borsani et al. 2023 ; M. Tang et al. 2024b ; J. Witstok
t al. 2025a , b ). Or, Ly α emission may escape the galaxy already
ignificantly r edshifted fr om systemic, as is common in bright
alaxies, (D. K. Erb et al. 2014 ; T. Shibuya et al. 2014 ; R. Endsley
t al. 2022 ). How ev er, the visibility of Ly α could also be explained
f Ly α emitters (LAEs) are embedded in large ionized regions.
f LAEs inhabit large ionized bubbles, Ly α photons emitted at
r near line centre can cosmologically redshift into the damping
ing while in an ionized medium before encountering neutral
ydr ogen, decr easing their scattering cross-section and increas-
ng the fraction of the line that is tr ansmit ted through the IGM
e.g. S. R. Furlanetto et al. 2005 ; J. S. B. Wyithe & A. Loeb 2005 ).
n this picture, LAEs are also likely associated with overdensities
f galaxies that are all collectively contributing ionizing photons
owar ds r eionizing a large volume (e.g. A. Hutter et al. 2017 , 2023 ;
. Dayal & A. Ferr ar a 2018 ; Y. Qin et al. 2022 ), which also provides
 method by which to identify candidate ionized bubbles. 
Before JWST , our knowledge of Ly α emission during reion-

zation was enabled by spectroscopically following up Ly α break
alaxy candidates identified by large ground-based telescopes
e.g. D. P. Stark et al. 2010 ; E. Vanzella et al. 2011 ; Y. Ono et al.
012 ; L. Pentericci et al. 2014 ; I. Jung et al. 2019 ; C. A. Mason
t al. 2019 ) and narrowband imaging surveys (e.g. K. Ota et al.
017 ; Z.-Y. Zheng et al. 2017 ; R. Itoh et al. 2018 ; W. Hu et al. 2019 ;
. Goto et al. 2021 ; I. G. B. Wold et al. 2022 ). These campaigns
esulted in the discovery of tens of LAEs at z ∼ 6 - 8 , but only two
t z > 8 (EGSY8p7, A. Zitrin et al. 2015 ; EGSY_z910_44164, R.
. Larson et al. 2022 ). These z > 8 LAEs ar e e xtr emely bright
absolute UV magnitudes of M uv ≈ −22 ) at redshifts of z = 8 . 61
nd z = 8 . 68 and both are in the Extended Groth Strip (EGS)
eld with a physical separation of only ∼4 physical Mpc (pMpc).
hotometric observations with the Hubble Space Telescope (HST)
n the area revealed an overdensity of galaxy candidates over
he entire EGS field (S. L. Finkelstein et al. 2022 ; R. L. Larson
t al. 2022 ; E. Leonova et al. 2022 ), and L. Whitler et al. ( 2024 )
dentified a photometric g alaxy over density in the vicinity of 
GSY8p7 (within ∼ 5 arcmin) with JWST /Near Infrared Camera
NIRCam; M. J . Rieke, D . Kelly & S. Horner 2005 ; M. J. Rieke et al.
023 ) imaging. Taken together, the proximity of the two LAEs
nd the galaxy overdensity suggested that both LAEs may have
nhabited the same very large ionized bubble with a minimum
NRAS 548, 1–20 (2026) 
adius of R b = 2 pMpc at z = 8 . 7 . How ev er, recent observational
onstraints using a sample of z > 6 galaxies with Ly α detections
including EGSY8p7 and EGSY_z910_44 164 at z = 8 . 7 ) inferred
adii of R b � 0 . 5 pMpc for the ionized bubble(s) associated with
hese objects (M. J. Hayes & C. Scarlata 2023 ). Additionally, given
he large neutral hydrogen fraction expected at z ∼ 8 . 7 ( x hi ∼
 . 7 - 0 . 9 ), a bubble with radius R b � 2 pMpc would be unexpected
y theor etical pr edictions (T .- Y. Lu et al. 2024b ), motivating the
eed to carefully quantify the extent of the candidate bubble with
dditional Ly α observations. 
Ultraviolet (UV)-continuum–faint galaxies are crucial for
uilding a more complete picture of the reionization topology,
ut it was challenging to observe Ly α emission from faint galax-
es before JWST . Large ground-based facilities could detect Ly α
n UV-continuum–bright galaxies, but bright galaxies are rela-
ively rare, making it difficult to observe large samples to map
he reionization process. Bright galaxies also tend to emit Ly α
ignificantly redshifted from systemic (e.g. D. K. Erb et al. 2014 ; T.
hibuya et al. 2014 ), likely due to large neutral hydrogen column
ensities through which Ly α must escape, making it challenging
 o det ermine if the galaxy is actually embedded in an ionized
ubble or if it is surrounded by a neutral IGM that would have
tt enuat ed Ly α phot ons at line centre had they been present.
n contrast, faint galaxies are significantly more abundant than
right galaxies and tend to emit Ly α closer to systemic than
right galaxies do (e.g. D. K. Erb et al. 2014 ; G. Priet o-Ly on
t al. 2023 ; M. Tang et al. 2024a ; A. Saxena et al. 2024b ), mak-
ng them better suited for constraining the reionization topology
han bright galaxies, which has been enabled for the first time by
WST . 
In this w ork, w e charact erize the tr ansmission of L y α

r om g alaxies inside the candidate ionized bubble surround-
ng EGSY8p7 and EGS_z910_44 164 at z = 8 . 7 . We obtain deep
edium- and high-resolution Near Infrared Spectrograph (NIR-
pec) observations in the rest-frame UV and rest-frame optical
rom JWST GO programme 4287 (PIs C. Mason and D. Stark) and
ssemble a sample of z = 8 . 7 galaxies, then combine with mea-
ur ements fr om the literatur e to constrain the Ly α transmission
n the volume. In comparison with measurements in the field
t z ∼ 9 and expectations for the Ly α transmission properties
f galaxies inside a very large, R b � 2 pMpc ionized bubble that
ould contain both EGSY8p7 and EGS_z910_4416, this enables
s to examine the probability of existence for such a bubble. In
ombination with updated constraints on the galaxy overdensity
n the v olume, w e can ultimat ely study the size of the ionized
ubble at z = 8 . 7 in the EGS field for the first time. 
This paper is organized as follows: In Section 2 , we describe

he spectroscopic data and analysis techniques for GO 4287 and
rovide a brief overview of additional HST and JWST data we
se in this analysis. In Section 3 , we describe the properties of 
he z = 8 . 7 galaxies we have observed as part of GO 4287. In
ection 4 , we update the analysis of L. Whitler et al. ( 2024 ) to
xamine the photometric overdensity of galaxies in the z = 8 . 7
olume probed by EGS and its implications for the presence of a
arge ionized bubble, then use measurements of the transmission
f Ly α transmission in this volume to quantify constraints on
he size of the ionized bubble in Section 5 . We then place these
easurements in context with photometric overdensities in other
elds in Section 6 and finally, summarize and conclude in Sec-
ion 7 . We adopt a flat �CDM cosmology with h = 0 . 7 . �m 

= 0 . 3 ,
nd �� = 0 . 7 and all magnitudes are given in the AB system (J.
. Oke & J. E. Gunn 1983 ). We report the median and 68 per cent
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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 × 2 . 5 arcsec and we show a 1 kpc scale bar at the 
redshift of each object, measured as described in Section 2.3 . 
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redible interval ( 16 th and 84 th percentiles) as par ameter v alues
nd uncertainties. 

 OBSERVATIONS  AND  MEASUREMENTS  

.1 NIRSpec observations 

he analysis presented in this work is based on JWST /NIRSpec
bservations taken as part of JWST GO programme 4287, which 
rimarily targeted galaxies in EGS thought to trace the candidate 
onized bubble at z ∼ 8 . 7 and includes targets at z ∼ 7 - 8 . Spectro-
copic data were taken with JWST /NIRSpec in multiobject spec- 
roscopy mode. We obtained data in three pointings of the NIR-
pec microshut ter arr a y (MS A) using the disperser/filter com-
inations of G140H/F100LP (spectral resolution of R ∼ 2700 , 
argeting the w avelength of L y α in our primary targets) and 
395M/F290LP ( R ∼ 1000 , targeting [O iii] λλ4959, 5007 in our
rimary targets). For each pointing, G140H/F100LP was ob- 
erved for a total e xposur e time of 14 005 s and G395M/F290LP
as observed for three integrations of 16 groups for a total expo-
ure time of 3501 s, all using the NRSIRS2 readout mode. Each
SA slitlet was composed of three shutters and observations 
ere taken using a three-point nod pattern with one exposure at 
ach nod position. 
After the assignment of the observation position angles, we 
sed the NIRSpec MSA Planning Tool to optimize the MSA point-
ng centres and shut ter configur ations in order to maximize the
umber of primary targets that potentially inhabited ionized bub- 
les at z � 7 . We identified 88 high-priority targets using the
hot ometrically select ed samples of Z. Chen et al. ( 2024 ) and L.
hitler et al. ( 2024 ), who searched for overdensities of galaxies
and ther efor e candidate ionized bubbles) at z = 7 . 2 , 7 . 5 , and 8 . 7 .
e then r equir ed each object to be observed at the possible wave-
engths of both Ly α and [O iii] λλ4959, 5007 based on their pho-
ometric redshift probability distributions. After applying these 
 equir ements, we assigned slits to 32 of our highest priority tar-
ets, including seven targets selected by L. Whitler et al. ( 2024 )
o lie at redshifts of z ∼ 8 . 4 - 9 . 1 , potentially tracing an ionized
ubble at z = 8 . 7 . We then filled the remaining space on the MSA
ith 127 Lyman break galaxy candidates primarily selected to be 
t z ≥ 5 (F814W dropouts) but down to z ≥ 3 as necessary to fill
he MSA, resulting in a total of 159 objects assigned to shutters.
e then reduce the 2D spectra following the methods described 
y M. W. Topping et al. ( 2024a ), which uses the standard jwst
eduction pipeline 1 (H. Bushouse et al. 2025 ) in combination with
ustom algorithms. To obtain the 1D spectra, we fit the spatial
rofile of each 2D spectrum with a Gaussian, then perform a 
o x car e xtraction centr ed on the mean of the Gaussian with a
ypical width of five pixels (0.5 arcsec) in the spatial direction. 
In this w ork, w e primarily present four galaxies at z = 8 . 7 ob-
erved as part of GO 4287 (IDs EGSY8p7, CEERS-1025, 70289, 
nd 89540). We show the MSA slitlets of these objects overlaid 
n F444W /F200W /F115W R GB images in Fig. 1 . All of these
bjects have been previously observed with the NIRSpec prism 

 R ∼ 100 ), G140M, and G395M ( R ∼ 1000 ) gratings by the Cos-
ic Evolution Early Release Science (CEERS) programme (PI 
. Finkelstein; S. L. Finkelstein et al. 2025 ); with the prism and
395M grating by the Red Unknowns: Bright Infrared Extra- 
 alactic Survey (RUBIES) pr ogr amme (PIs A. de Gr aaff and G.
 https://github.com/spacetelescope/jwst 

i
F
(  
r ammer; A. Gr aaff et al. 2024 ); and/or the prism with as part
f the CANDELS-Area Prism Epoch of Reionization Survey (CA- 
ERS, PI M. Dickinson). To maximize signal-t o-noise, w e reduce
he G395M spectra from these programmes using the same meth- 
ds we use to reduce the GO 4287 observations, then stack the GO
287 spectra with the spectra from CEERS and/or RUBIES for 
GSY8p7, CEERS-1025, and 70289 w eight ed by e xposur e times.
D 89540 was also observed by RUBIES in G395M, but its RUBIES
pectrum has evidence of an artifact elevating the back gr ound
oise, so we use only the GO 4287 spectrum for this object. The
GS field also has a large amount of prism spectroscopy observed
s part of CEERS. While we do not include these observations
n our Ly α measurements due to the challenges of using low- 
esolution prism measurements for Ly α (e.g. Z. Chen et al. 2024 ;
. C. Keating et al. 2024 ), we also reduce and analyze these data
ets in order to identify galaxies that have been spectroscopically 
onfirmed at our redshifts of interest ( z ∼ 8 . 6 - 8 . 8 ). 

.2 NIRCam observations 

or each of the three NIRSpec pointings, we also obtained coor-
inated NIRCam imaging parallels designed to complement and 
nhance existing imaging in the EGS field. For two of our three
IRSpec pointings, the NIRCam parallels did not overlap with 
ny existing imaging. For these two pointings (a total imaging 
rea of ∼18 arcmin 2 ), w e observ ed in three pairs of short/long
avelength NIRCam filters: F115W/F444W, F150W/F356W, and 
200W/F277W. For our third pointing, the NIRCam parallel par- 
ially overlapped with existing NIRCam imaging from CEERS 
n F115W, F150W, F200W, F277W, F356W, F410M, and F444W. 
or this pointing, we obtained deep F090W and F480M imaging 
e xposur e time of 15 880 s) to expand the wavelength coverage in
MNRAS 548, 1–20 (2026) 
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M

Table 1. The line properties of the four objects at z = 8 . 7 that have been observed by GO 4287. We report coordinat es, syst emic redshifts, [O iii] λλ4959, 
5007, and H β rest-frame EWs, rest-UV line detections (besides Ly α), and rest-optical line detections (besides [O iii] and H β) for all objects. We also 
r eport Ly α r edshifts, velocity offsets, flux es, and r est-frame EWs for the two objects with Ly α detections, and report 3 σ upper limits on Ly α fluxes 
and rest-frame EWs for the other two. 

EGSY8p7 CEERS-1025 70289 89540 

RA (deg) 215.035 39 214.967 53 214.844 77 214.968 69 
Dec. (deg) + 52.890 67 + 52.932 96 + 52.892 11 + 52.929 65 
z sys 8 . 677 ± 0 . 0001 8 . 716 ± 0 . 0003 8 . 687 ± 0 . 0002 8 . 716 ± 0 . 0006 
z Ly α 8 . 683 +0 . 002 −0 . 001 8 . 724 +0 . 001 −0 . 001 – –
	v Ly α (km s −1 ) 164 +66 −33 251 +33 −33 – –
f Ly α (10 −18 erg s −1 cm 

−2 ) 1 . 67 +0 . 40 −0 . 42 0 . 54 +0 . 31 −0 . 29 < 1 . 52 < 1 . 38 
EW 0 , Ly α ( Å) 7 . 6 ± 2 . 2 3 . 5 ± 2 . 2 < 16 . 9 < 28 . 9 
EW 0 , H β ( Å) 257 +15 −16 178 +35 −33 88 +13 −13 67 +33 −37 
EW 0 , [O iii] ( Å) 2330 +65 −78 1065 +52 −53 587 +31 −28 523 +52 −80 
UV lines N iv] λ1486, C iv λ1550 N v λ1243 – –
Optical lines [O ii] λ3727, [Ne iii] λ3869, H ζ+ [O ii] λ3727, [Ne iii] λ3869, H ζ+ [O ii] λ3727, [Ne iii] λ3869, –

He i λ3889, H ε+ [Ne iii] λ3967, He i λ3889, H ε+ [Ne iii] λ3967,3 H ε+ [Ne iii] λ3967 
H δ, H γ , [O iii] λ4363 H δ, H γ , [O iii] λ4363 H γ , [O iii] λ4363 
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he ∼3 ar cmin 2 ar ea of ov erlap. In particular, the F480M filt er
ontains the strongest rest-optical emission lines accessible by
IRCam at z ∼ 8 . 7 , [O iii] and H β . This enables more precise
hotometric r edshift measur ements and characterization of the
est-fr ame optical spectr al energy distributions (SEDs) of galaxies
t z = 8 . 7 . 
In addition to the CEERS NIRCam imaging in F115W, F150W,
200W , F277W , F356W , F410M, F444W , and our own parallel
maging, we also analyse F090W imaging from JWST GO pro-
ramme 2234 (PI E. Bañados). This F090W imaging covers the
ame area as CEERS and provides an additional dropout filter
or our photometric selection of galaxy candidates at z ∼ 8 . 7
Section 4 ). We reduce all of these imaging data and combine
ll e xposur es for a given filter into one mosaic per filter, then
erform source detection and photometry on these final mosaics.
or a description of our imaging reduction, detection methods,
nd photometric measurements, we refer the reader to R. Endsley
t al. ( 2023 , 2024 ) (also see L. Whitler et al. 2024 ). 

.3 Spectr oscopic measur ements 

e now present the spectroscopic redshift and line measure-
ents we perform on the objects observed as part of GO 4287. We
rst use strong rest-frame optical emission lines to measure sys-
emic spectr oscopic r edshifts for z ≥ 4 objects that have multiple
ignificant line detections (typically H α , H β , and/or [O iii]
λ4959, 5007). We then focus on the subset of galaxies at that
re observed by GO 4287 at z = 8 . 7 ± 0 . 1 . As we are primarily
nt erest ed in using the Ly α emission observed from these objects
o probe a potential ionized bubble in this volume, we focus on
easuring or placing upper limits on the Ly α line fluxes and
quivalent widths (EWs), along with Ly α velocity offsets for the
bjects that hav e Ly α det ections. We also measure and briefly
iscuss the [O iii] and H β fluxes and equivalent widths of each
 = 8 . 7 object in Section 3 . 
To measure spectroscopic redshifts, we begin by visually in-
pecting all of our 2D G395M spectra for rest-optical emission
ines and identify 67 objects with multiple rest-optical emission
ine detections and an additional 14 objects with only one line
etection. We do not search for Ly α breaks, as we do not expect
NRAS 548, 1–20 (2026) 
he rest-UV continuum to be significantly det ect ed in our G140H
ata. After visually identifying strong lines, we then measure
pectr oscopic r edshifts by individually fitting Gaussian profiles to
ach of the strong lines available in the spectra (H α , H β , [O iii]
4959, and/or [O iii] λ5007), then using the mean of the fitted
aussian to calculate the redshift. We perform this procedure
000 times for each line after resampling the spectra 1000 times
ssuming Gaussian flux errors, then weight each redshift mea-
urement by the signal-t o-noise (S/N) of the int egrat ed emission
ine flux and take the w eight ed av erage and standard deviation
s the final spectroscopic redshift and uncertainty. We find 30
bjects at redshifts of z ≥ 6 , 19 at redshifts of 4 ≤ z < 6 , and 18
t z < 4 . Of the 30 objects at z ≥ 6 , seven lie between z = 8 - 9
nd four are at z = 8 . 6 - 8 . 8 with IDs EGSY8p7 (A. Zitrin et al.
015 ), CEERS-1025, 70289, and 89540. We will focus on these
our z ∼ 8 . 7 galaxies for the remainder of this work: EGSY8p7,
EERS-1025, 70289, 89540. 
Aft er measuring syst emic spectr oscopic r edshifts, z sys , we
earch for Ly α emission lines in the four objects at z ∼ 8 . 7 . We
isually identify Ly α in two objects (CEERS-1025 for the first
ime, and EGSY8p7), and place 3 σ upper limits on the remaining
wo. All fluxes and EWs are reported in Table 1 . For objects with
y α, w e numerically estimat e uncertainties for line fluxes and
Ws. We generate 1000 realizations of the G140H spectrum by
erturbing the fluxes in each wavelength bin by the errors, assum-
ng they are Gaussian and uncorrelated with neighbouring pixels.
e then measure the continuum around Ly α by stacking every
avelength pixel of the spectrum between rest frame 1250 - 1300 Å
ensuring that these wavelengths do not overlap the det ect or gap)
or each of the 1000 realizations, which results in S/N � 2 . 5 con-
inuum measurements for each object. 
To measure Ly α line fluxes, we subtract the stacked continuum
easur ement fr om the full spectrum, then directly int egrat e the
ontinuum-subtracted spectrum, using an integration range from
= [1215 . 67 × (1 + z sys )] Å to the first w avelength redw ard of 
1215 . 67 × (1 + z sys )] Å where the observed spectrum becomes
eg ative (r esulting in 	v ∼ 400 - 600 km s −1 ). We then take the
edian, 16 th , and 84 th percentiles of the int egrat ed line fluxes of 
he 1000 resampled spectra as the Ly α line flux and uncertainties.
e adopt a similar method of direct integration to measure EWs,
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2 The functional form of this star formation history is 

SFR (t ) ∝ 

{
1 , t < t const 
t e −t/τ , t const < t < t start 
ut now report the mean and standard deviation of the resulting
istribution of Ly α EWs as the value and uncertainty, as symmet- 
ic errors are required for our later inference of the transmission
f Ly α through the IGM (Section 5 ). Finally, we measure Ly α
elocity offsets using the offset between the expected systemic 
 avelength of L y α, and the w avelength of the spectr al pixel with
he peak flux of the line. 
For objects without Ly α det ections, w e directly int egrat e the
D error spectrum between 	v = −1000 and +1000 km s −1 rel-
tiv e t o the syst emic r edshift, wher e the window is chosen to
nsure that we capture the entire Ly α line profile expected at 
 � 6 (e.g. X. Lin et al. 2024 ; M. Tang et al. 2024a ; A. Saxena et al.
024b ). We then combine the int egrat ed error spectrum with the
tacked continuum measurement to place 3 σ upper limits on the 
uxes and EWs. 
To measure the fluxes of H β and both components of the

O iii] λλ4959, 5007 doublet, we fit and integrate Gaussian func-
ions for each line for 1000 realizations of the spectrum, with line
entres set by the systemic spectroscopic redshift of the object 
nder consideration. We note that while two of the objects in
ur sample (EGSY8p7 and 70289) have S/N � 3 . 5 detections of 
heir rest-optical continuum in our G395M spectra after stacking 
he wavelength pixels in the vicinity of [O iii] and H β , the
emaining two objects are not det ect ed. Thus, rather than using
ontinuum flux es measur ed dir ectly fr om the spectra to measur e
Ws, we rescale the G395M spectrum of each object to match 
he normalization of the object’s NIRCam photometry, then com- 
ine the rescaled spectra with continuum measurements inferred 
rom SED models of the photometry. In detail, we renormalize 
he spectra by calculating synthetic photometry from the G395M 

pectra in relevant NIRCam filters (F356W, F410M, F444W), tak- 
ng the ratios in each filter of the observed NIRCam fluxes and
he synthetic fluxes derived from the spectra, then rescaling the 
ntire G395M spectrum by the average of the ratios. 

 S  AMPLE  PR  OPERTIES  

he EGS field has long been studied as a potentially unusual
it e of int ense early star formation activity at z = 8 . 7 , hosting
wo bright LAEs (A. Zitrin et al. 2015 ; R. L. Larson et al. 2022 )
long with evidence of a g alaxy over density and a candidate ion-
zed bubble at z = 8 . 7 (S. L. Finkelstein et al. 2022 ; R. L. Larson
t al. 2022 ; M. Tang et al. 2023 ; L. Whitler et al. 2024 ). In the
ast few years, JWST imaging and spectroscopy has revealed an 
bundance of moderately bright galaxies ( M uv � −20 ) in EGS
t z = 8 . 7 , several of which have detections of high-ionization
mission lines (e.g. R. L. Larson et al. 2023 ; M. Tang et al. 2025 ;
. W. Topping et al. 2025 ), which may also indicate the presence
f an active galactic nucleus (AGN; R. L. Larson et al. 2023 ). If 
hese g alaxies ar e pr oducing copious amounts of ionizing pho-
ons either by star formation and/or AGN activity, they may then
e capable of creating a very large ionized bubble as early as z ∼ 9 ,
nd in this section, we examine the star-forming and ionizing 
roperties of the four z = 8 . 7 galaxies that have been observed as
art of GO 4287 in the context of the formation of an early ionized
ubble and the visibility (or lack thereof) of their Ly α emission. 
To infer the physical properties of these galaxies, we model 

heir NIRCam SEDs with the BayEsian Analysis of GaLaxy sEds 
 bea gle ; J. Chev allard & S. Charlot 2016 ) code. beagle is un-
erpinned by an updat ed v ersion of the G. Bruzual & S. Charlot
 2003 ) stellar population synthesis models (A. Vidal-García et al. 
017 ) and the nebular emission models (both line and contin-
um) of J. Gutkin, S. Charlot & G. Bruzual ( 2016 ), which were
n turn modelled with the photoionization code Cloudy (G. J. 
erland et al. 2013 ). We adopt a G. Chabrier ( 2003 ) stellar ini-
ial mass function with a mass range of 0 . 1 - 300 M �and a Small
agellanic Cloud (SMC) dust law (Y. C. Pei 1992 ), and model the
ttenuation by the IGM using the prescription of A. K. Inoue et al.
 2014 ). For the star formation hist ory, w e adopt a two - component
arametrization consisting of a delayed exponential (i.e. delayed- 
) model at early times plus a recent episode of constant star
ormation, 2 as was first introduced by R. Endsley et al. ( 2024 ).
e place a log-uniform prior on the maximum stellar age (i.e.
he start time of the star formation history, t start ) with a range
f 20 Myr to the age of the Universe at the systemic redshift of 
he source under consideration, a uniform prior on the e -folding
ime of the delayed- τ component ( τ ) between 1 Myr - 30 Gyr , a log-
niform prior on the time the delayed- τ model ends and the con-
tant component starts ( t const ) from 1 - 20 Myr, and a log-uniform
rior on the specific star formation rate of the constant com-
onent ranging from 10 −5 - 10 3 Gyr −1 . We also model the stellar
ass ( M ∗ = 10 5 - 10 12 M �), stellar metallicity ( Z ∗ = 0 . 006 - 0 . 5 Z �,
here Z � = 0 . 015 24 ; E. Caffau et al. 2011 ), ionization parameter

 U = 0 . 0001 - 0 . 1 ), and the V -band optical depth due to dust at-
enuation ( τv = 0 . 001 - 5 ), all with log-uniform priors. Finally, we
ssume that the total interstellar gas- and dust-phase metallicity 
s the same as the stellar metallicity with dust-to - gas mass ratios
llow ed t o vary with a uniform prior betw een ξd = 0 . 1 - 0 . 5 (noting
hat beagle self-consistently models the effects of dust deple- 
ion). We show the resulting NIRCam SEDs and model results in
ig. 2 and use the inferred physical properties from these models
or the remainder of this w ork, aft er confirming that the values of 
ion we infer from the SED models are consistent with the values
mplied by the H β fluxes we directly observe in our spectra
using the dust optical depths from the SED models and the same
MC dust extinction curv e t o apply a dust correction). We provide
 brief overview of the spectroscopic and SED model-inferred 
hysical properties of the four z = 8 . 7 galaxies in the following
ections, but refer to Table 1 and to Table 3 for a summary of SED
odel-based properties not discussed here. 

.1 EGSY8p7 

GSY8p7 (also CEERS-1019, and ID 69787 in L. Whitler et al.
024 ) is an e xtr emely bright ( m F150W 

= 25 . 1 ) galaxy at z = 8 . 677 ,
hich was first photometrically identified by G. W. Roberts- 
orsani et al. ( 2016 ) as a bright z ∼ 7 - 9 candidate with a photo-
etric e x cess in the Spitzer /Infrar ed Array Camera 4.5 µm chan-
el that implied very strong [O iii] + H β emission. EGSY8p7 was
ater spectroscopically confirmed via Keck/MOSFIRE observa- 
ions of Ly α (and was the first LAE known at z > 8 ) at a redshift
f z = 8 . 683 by A. Zitrin et al. ( 2015 ). This object has also been
tudied ext ensiv ely with both imaging and medium-resolution 
pectr oscopy fr om JWST as part of CEERS, RUBIES, and CA-
ERS, and in this w ork, w e present the first high-resolution ( R ∼
700 ) spectrum in the rest-frame UV taken as part of GO 4287. 
In the rest-UV, EGSY8p7 shows Ly α emission with EW 0 , Ly α = 

 . 6 ± 2 . 2 Å). With our high resolution rest-UV spectrum, we find
MNRAS 548, 1–20 (2026) 
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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 g alaxies ar e moderat ely t o e xtr emely 
bright, with absolute UV magnitudes ranging from −22 . 1 � M uv � −20 . 7 and ar e inferr ed t o hav e moderat e t o high ionizing phot on production 
efficiencies of ξion = 10 25 . 3 −25 . 8 Hz erg −1 . 

Table 2. Summary of the spectroscopic observational programmes for objects in our photometric 
sample that have spectroscopic redshifts. 

ID z spec 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 a 
39700 8.687 RUBIES, GO 4287 RUBIES-980841, 70289 a 
49539 8.716 CEERS, GO 4287 CEERS-1025, 87873 a 
50646 8.716 RUBIES, CAPERS, GO 4287 RUBIES -48045, CAPERS -11964, 89540 a 
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 

a ID in this work and/or L. Whitler et al. ( 2024 ). 
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hat Ly α is offset r edwar d of the systemic redshift by 	v Ly α =
64 +66 −33 km s −1 , a slightly smaller Ly α velocity offset than was
ound by M. Tang et al. ( 2024b ). We attribute this difference to
he more precise constraints enabled by the higher resolution
 R ∼ 2700 ) G140H spectrum compared to the previously avail-
ble R ∼ 1000 G140M spectrum. As shown in Fig. 4 , EGSY8p7
lso shows the red components of two high-ionization rest-UV
NRAS 548, 1–20 (2026) 
ines, N iv] λλ1483, 1486 (previously discussed by Y. Isobe et al.
023 ; R. L. Larson et al. 2023 ; M. W. Topping et al. 2025 ) and
 iv λλ1548, 1550 (M. W. Topping et al. 2025 ), requiring photon
nergies of � 47 eV and pot entially indicat e of a very hard ionizing
pectrum. 
In the rest-optical, EGSY8p7 has a very large suite of line de-

 ections (see Fig. 3 ): hy drogen Balmer lines from H β 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 ( m F150W 

), rest-UV continuum slopes ( β), absolute UV magnitudes ( M uv ), dust extinction at rest frame 1500 Å ( A 1500 ), 
stellar masses ( M ∗), mass-weighted ages, and ionizing photon production efficiencies ( ξion ). When possible, we r eport spectr oscopic r edshifts without 
uncertainties (see Table 2 for observ ational progr ammes). R est-UV continuum slopes are measured by fitting a power law of the form f λ ∝ λβ to the 
observed F150W , F200W , and F277W phot ometry and ionizing phot on pr oduction efficiencies ar e computed considering the intrinsic (i.e. before dust 
att enuation) st ellar and nebular spectrum. We identify EGSY8p7, CEERS-1025, 70289, and 89540 with footnotes, and also r eport the pr operties 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 

ID RA Dec. Redshift m F150W 

β M uv A 1500 log 10 
(
M ∗
M �

)
Age log 10 

(
ξion 

Hz erg −1 
)

(deg) (deg) (mag) (Myr) 

Photometric sample 

55861 215.04704 + 52.89748 8 . 10 +0 . 07 −0 . 10 27 . 5 +0 . 1 −0 . 1 −2 . 1 ± 0 . 1 −19 . 5 +0 . 1 −0 . 1 0 . 48 +0 . 14 −0 . 13 7 . 6 +0 . 5 −0 . 5 7 +58 −4 25 . 69 +0 . 05 −0 . 07 
44302 214.95007 + 52.94927 8 . 15 +0 . 19 −0 . 14 27 . 7 +0 . 1 −0 . 1 −2 . 2 ± 0 . 2 −19 . 3 +0 . 1 −0 . 1 0 . 19 +0 . 17 −0 . 12 7 . 4 +0 . 5 −0 . 4 9 +74 −7 25 . 77 +0 . 07 −0 . 08 
52577 215.08994 + 52.92206 8 . 20 +0 . 19 −0 . 14 27 . 2 +0 . 1 −0 . 1 −2 . 1 ± 0 . 1 −19 . 9 +0 . 1 −0 . 1 0 . 31 +0 . 33 −0 . 21 8 . 6 +0 . 4 −0 . 9 142 +193 −138 25 . 86 +0 . 05 −0 . 09 
57935 215.12373 + 52.98215 8 . 34 +0 . 69 −1 . 58 27 . 8 +0 . 1 −0 . 1 −1 . 5 ± 0 . 2 −19 . 1 +0 . 9 −0 . 4 2 . 21 +0 . 85 −0 . 69 8 . 8 +0 . 2 −0 . 3 16 +7 −4 24 . 92 +0 . 29 −0 . 29 
41077 214.95602 + 52.97191 8 . 38 +0 . 20 −0 . 19 27 . 8 +0 . 1 −0 . 1 −2 . 0 ± 0 . 2 −19 . 4 +0 . 1 −0 . 1 0 . 28 +0 . 21 −0 . 16 7 . 7 +0 . 4 −0 . 4 32 +102 −31 25 . 81 +0 . 05 −0 . 05 
45345 214.96104 + 52.89712 8 . 38 +0 . 14 −0 . 14 27 . 7 +0 . 1 −0 . 1 −2 . 4 ± 0 . 2 −19 . 6 +0 . 1 −0 . 1 0 . 10 +0 . 16 −0 . 07 7 . 9 +0 . 4 −0 . 7 19 +52 −12 25 . 53 +0 . 12 −0 . 18 
24036 214.94383 + 52.84423 8.440 26 . 6 +0 . 1 −0 . 1 −2 . 4 ± 0 . 1 −20 . 7 +0 . 0 −0 . 0 0 . 11 +0 . 09 −0 . 06 8 . 3 +0 . 3 −0 . 3 17 +21 −8 25 . 51 +0 . 09 −0 . 09 
31896 214.92435 + 52.86860 8 . 58 +0 . 17 −0 . 21 28 . 1 +0 . 1 −0 . 1 −2 . 5 ± 0 . 3 −19 . 2 +0 . 1 −0 . 1 0 . 21 +0 . 39 −0 . 16 8 . 3 +0 . 3 −0 . 5 46 +60 −30 25 . 19 +0 . 27 −0 . 65 
57213 215.12004 + 52.97256 8 . 61 +0 . 09 −0 . 10 27 . 0 +0 . 1 −0 . 1 −2 . 5 ± 0 . 1 −20 . 3 +0 . 1 −0 . 0 0 . 09 +0 . 10 −0 . 06 8 . 2 +0 . 6 −0 . 7 21 +52 −14 25 . 47 +0 . 15 −0 . 23 
56931 215.15613 + 52.97668 8 . 63 +0 . 15 −0 . 20 27 . 7 +0 . 1 −0 . 1 −2 . 2 ± 0 . 2 −19 . 6 +0 . 2 −0 . 1 0 . 39 +0 . 60 −0 . 33 8 . 4 +0 . 4 −0 . 4 25 +27 −11 25 . 10 +0 . 32 −0 . 61 
27069 214.99640 + 52.85415 8 . 63 +0 . 12 −0 . 13 27 . 3 +0 . 1 −0 . 1 −2 . 6 ± 0 . 2 −19 . 8 +0 . 1 −0 . 1 0 . 07 +0 . 12 −0 . 05 8 . 0 +0 . 4 −0 . 6 16 +39 −10 25 . 49 +0 . 15 −0 . 17 
23486 214.96129 + 52.84236 8.638 28 . 1 +0 . 1 −0 . 1 −1 . 8 ± 0 . 2 −19 . 0 +0 . 1 −0 . 1 0 . 43 +0 . 21 −0 . 19 7 . 3 +0 . 4 −0 . 4 8 +66 −7 25 . 80 +0 . 06 −0 . 07 
50620 215.07962 + 52.90956 8 . 65 +0 . 05 −0 . 05 27 . 4 +0 . 1 −0 . 1 −2 . 4 ± 0 . 1 −19 . 8 +0 . 1 −0 . 1 0 . 05 +0 . 06 −0 . 03 7 . 6 +0 . 3 −0 . 4 16 +58 −11 25 . 76 +0 . 04 −0 . 18 
39259 a 215.03539 + 52.89067 8.677 25 . 1 +0 . 0 −0 . 0 −1 . 8 ± 0 . 0 −22 . 1 +0 . 0 −0 . 0 0 . 13 +0 . 08 −0 . 07 7 . 9 +0 . 3 −0 . 5 16 +56 −15 25 . 78 +0 . 03 −0 . 04 
39700 b 214.84477 + 52.89211 8.687 26 . 6 +0 . 0 −0 . 0 −1 . 8 ± 0 . 1 −20 . 6 +0 . 0 −0 . 0 1 . 51 +0 . 67 −0 . 78 9 . 1 +0 . 3 −0 . 4 154 +231 −116 25 . 58 +0 . 15 −0 . 20 
26571 214.95444 + 52.85239 8 . 70 +0 . 18 −0 . 24 28 . 8 +0 . 2 −0 . 1 −1 . 5 ± 0 . 3 −18 . 5 +0 . 2 −0 . 1 1 . 03 +0 . 32 −0 . 33 7 . 8 +0 . 5 −0 . 6 18 +56 −13 25 . 62 +0 . 13 −0 . 21 
49539 c 214.96753 + 52.93296 8.716 26 . 1 +0 . 0 −0 . 0 −2 . 4 ± 0 . 0 −21 . 3 +0 . 0 −0 . 0 0 . 09 +0 . 08 −0 . 05 7 . 9 +0 . 1 −0 . 1 13 +4 −2 25 . 35 +0 . 10 −0 . 08 
50646 d 214.96869 + 52.92965 8.716 26 . 5 +0 . 1 −0 . 1 −2 . 5 ± 0 . 1 −20 . 8 +0 . 0 −0 . 0 0 . 65 +0 . 43 −0 . 31 8 . 1 +0 . 4 −0 . 5 32 +70 −21 25 . 46 +0 . 17 −0 . 13 
51525 214.93863 + 52.91175 8.763 26 . 4 +0 . 0 −0 . 0 −2 . 4 ± 0 . 1 −20 . 9 +0 . 0 −0 . 0 0 . 11 +0 . 12 −0 . 07 7 . 8 +0 . 5 −0 . 5 6 +30 −3 25 . 66 +0 . 06 −0 . 09 
40583 214.99440 + 52.98938 8.790 27 . 0 +0 . 0 −0 . 0 −2 . 5 ± 0 . 1 −20 . 3 +0 . 0 −0 . 0 0 . 08 +0 . 15 −0 . 06 8 . 3 +0 . 3 −0 . 2 23 +25 −11 25 . 47 +0 . 10 −0 . 13 
57913 215.01170 + 52.98831 8.866 26 . 6 +0 . 0 −0 . 0 −2 . 5 ± 0 . 1 −20 . 7 +0 . 0 −0 . 0 0 . 08 +0 . 20 −0 . 07 8 . 4 +0 . 1 −0 . 1 15 +10 −4 25 . 45 +0 . 09 −0 . 17 
35351 214.86694 + 52.87808 8 . 91 +0 . 14 −0 . 16 27 . 7 +0 . 1 −0 . 1 −2 . 8 ± 0 . 2 −19 . 4 +0 . 1 −0 . 1 0 . 04 +0 . 10 −0 . 03 7 . 9 +0 . 3 −0 . 2 20 +20 −8 25 . 33 +0 . 15 −0 . 37 
33226 214.95833 + 52.87252 8.948 28 . 7 +0 . 2 −0 . 1 −2 . 3 ± 0 . 3 −18 . 6 +0 . 1 −0 . 1 0 . 34 +0 . 29 −0 . 19 8 . 0 +0 . 4 −0 . 4 31 +57 −19 25 . 35 +0 . 18 −0 . 16 
12264 214.87219 + 52.80588 8 . 96 +0 . 04 −0 . 04 26 . 3 +0 . 0 −0 . 0 −1 . 9 ± 0 . 1 −21 . 2 +0 . 0 −0 . 0 0 . 44 +0 . 07 −0 . 07 9 . 0 +0 . 0 −0 . 0 16 +1 −1 24 . 68 +0 . 09 −0 . 09 
42161 215.02708 + 52.98818 9 . 27 +0 . 17 −0 . 16 27 . 4 +0 . 1 −0 . 1 −2 . 5 ± 0 . 2 −19 . 9 +0 . 1 −0 . 1 0 . 05 +0 . 10 −0 . 04 9 . 2 +0 . 1 −0 . 1 104 +36 −22 23 . 73 +0 . 40 −0 . 10 

Spectroscopically confirmed, not in photometric sample 

RUBIES- 214.92415 + 52.89096 8.774 28 . 1 +0 . 18 −0 . 15 −1 . 9 ± 0 . 3 −19 . 2 +0 . 1 −0 . 1 0 . 11 +0 . 27 −0 . 10 7 . 6 +0 . 6 −0 . 6 12 +71 −9 25 . 92 +0 . 14 −0 . 14 
45438 
CAPERS- 214.98511 + 52.99047 8.799 26 . 6 +0 . 06 −0 . 12 −2 . 2 ± 0 . 1 −20 . 7 +0 . 1 −0 . 1 0 . 12 +0 . 21 −0 . 10 8 . 6 +0 . 4 −0 . 9 32 +49 −27 25 . 52 +0 . 23 −0 . 25 
3044 

a EGSY8p7. 
b 70289. 
c CEERS-1025. 
d 89540. 
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, both nebular ( λλ4959, 5007) and auroral ( λ4363) [O iii] , neb-
lar [O ii] λ3727 and [Ne iii] λ3869, which have been previously
iscussed by R. L. Larson et al. ( 2023 ) and M. Tang et al. ( 2023 ).
itting the strongest lines (H β , [O iii] λ4959, and [O iii] λ5007)
ith Gaussian profiles yields a systemic spectroscopic redshift 
f z sys = 8 . 677 . Given its observed F150W magnitude, this corre-
ponds to an absolute UV magnitude of M uv = −22 . 1 , the bright-
st in our sample. We measure very high H β and nebular [O iii]
Ws of EW 0 , H β = 257 +15 −16 Åand EW 0 , [O iii] = 2330 +65 −78 Å, which are 
mong the most e xtr eme [O iii] and H β EWs that have been
irectly observed at z ∼ 6 - 9 (J. Matthee et al. 2023 ; R. A. Meyer
t al. 2024 ; G. Roberts-Borsani et al. 2024 ) and above the median
f the photometrically inferred [O iii] + H β EW distribution
t z ∼ 7 - 9 (R. Endsley et al. 2024 ; R. Begley et al. 2025 ). Such
trong nebular line emission is linked to hard ionizing radiation 
elds that may be able to contribute significantly to ionizing the
MNRAS 548, 1–20 (2026) 
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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 iii] 
emission, and sev eral hav e multiple additional Balmer line det ections. Of these four objects, tw o are observ ed t o hav e Ly α emission (EGSY8p7 and 
CEERS-1025, see Figs 4 and 5 ). 
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earby IGM, and is empirically correlated with stronger Ly α
han in galaxies with weaker [O iii] + H β emission (e.g. Z.
hen et al. 2024 ; M. Tang et al. 2024a ), which may be helping to
acilitate the detection of EW 0 , Ly α ∼ 7 . 5 Å Ly α emission in this
bject. 
NRAS 548, 1–20 (2026) 
From our SED models of the NIRCam photometry of 
GSY8p7, we infer properties consistent with a recent, intense
urst of star formation that is producing copious amounts of 
onizing photons, but possibly for only a short amount of a time.
e infer a large ionizing photon production efficiency of ξion =
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Figur e 4. The r est-frame UV lines det ect ed in the G140H spectrum of 
EGSY8p7 from GO 4287. We detect Ly α and the red components of 
the N iv] λλ1483, 1486 and C iv λλ1548, 1550 doublets. We measure an 
equivalent width for Ly α of EW 0 , Ly α ∼ 8 Å and a velocity offset of 	v = 

164 km s −1 . 
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Figur e 5. The r est-frame UV lines det ect ed in the G140H spectrum of 
CEERS-1025 from GO 4287. We detect Ly α and the blue component 
of the high-ionization N v λλ1239, 1243 doublet. We measure an equiva- 
lent width for Ly α of EW 0 , Ly α = 3 Å redshifted from systemic by 	v = 

251 km s −1 . M. Tang et al. ( 2025 ) provides a detailed discussion of the 
implications of the N v detection for this object. 
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0 25 . 8 Hz erg −1 , consistent with the picture implied by the strong
ebular line emission and high-ionization UV lines we observe 
n the spectrum, where EGSY8p7 has an intense ionizing radia- 
ion field. This suggests that EGSY8p7 may have very strong in-
rinsic Ly α, facilitating its observability . Additionally , EGSY8p7 
ay be able to contribute significant quantities of ionizing pho- 

 ons t o cr eating a large ionized r egion, as well as pr oduce very
trong Ly α. How ev er, w e also infer a young mass-weighted age
f ∼13 Myr. This suggests that though EGSY8p7 is producing 
onizing photons e xtr emely efficiently, the most r ecent episode 
f star formation is short enough such that the observable stellar
opulation may not have had sufficient time to contribute sig- 
ificantly to reionizing a large bubble. However, this does not 
ecessarily preclude the creation of an ionized bubble by a series
f preceding star formation episodes that are similarly efficient at 
roducing ionizing photons. 

.2 CEERS-1025 

EERS-1025 is a bright, m F150W 

= 26 . 1 galaxy at a redshift of 
 = 8 . 717 , which was first observed and spectroscopically con-
rmed with medium resolution NIRSpec observations (K. Naka- 
ima et al. 2023 ; M. Tang et al. 2023 ) from the CEERS programme.
EERS-1025 lies 1.4 pMpc away from EGSY8p7, well within the 
onfines of a very large, R b = 2 pMpc ionized region. Though
ainter than EGSY8p7, this galaxy shows a similarly large suite 
f rest-optical lines, including H β , H γ , nebular and auroral
O iii] , [O ii] , and [Ne iii] . After fitting [O iii] λλ4959, 5007 and
 β , we find a systemic spectroscopic redshift of z sys = 8 . 716 .
his corresponds to an absolute UV magnitude of M uv = −21 . 2 ,
aking CEERS-1025 the second brightest object in both our spec- 
roscopic and photometric (see Section 4 ) samples. We measure 
maller EWs for H β and [O iii] in CEERS-1025 than we do in
GSY8p7 ( EW 0 , H β = 178 +35 −33 Å and EW 0 , [O iii] = 1065 +52 −53 Å), but 
hese EWs still fall at the high end of expected [O iii] + H β from
oth spectroscopic and photometric observations. 
Our rest-UV observations from GO 4287 also cover the wave- 

ength of Ly α for the first time, and w e det ect Ly α along with the
ed component of the high-ionization N v λλ1239, 1243 doublet 
Fig. 5 ). For Ly α, we measure a rest-frame EW of EW 0 , Ly α =
 . 5 ± 2 . 2 Å and a velocity offset of 	v Ly α = 251 +33 −33 . We refer to
. Tang et al. ( 2025 ) for a detailed discussion of the N v line and
ther high-ionization UV lines; how ev er, w e not e that, similarly
o EGSY8p7, the presence of N v suggests that CEERS-1025 has
 hard radiation field with the presence of photons with ener-
ies � 77 eV. As for EGSY8p7, we infer a mass-w eight ed age of 
13 Myr. How ev er, w e infer a markedly lower – though still high
ionizing photon production efficiency of ξion = 10 25 . 3 Hz erg −1 
n comparison with EGSY8p7. This suggests that this source may 
ot contribute as much ionizing flux towards creating an ionized 
ubble over the course of its lifetime. 

.3 Galaxies without det ect ed Ly α emission: 70289 and 
9540 

D 70289 is a bright galaxy (apparent magnitude of m F150W 

=
6 . 6 ), which has also been previously observed as part of RUBIES
ith the ID RUBIES-980841. The SED of 70289 increases towards 
est -optical wa v elengths (see bott om left panel of Fig. 2 ), so that
n the G395M data fr om GO 4287 that pr obes the r est-optical,
 e det ect H β , H γ , H δ , [O iii] λλ4959, 5007, [O iii] λ4363,
O ii] λ3727, [Ne iii] λ3967 blended with H ε , [Ne iii] λ3869, and
 entativ e [O ii] λ3727. From these lines, we measure a redshift
f z spec = 8 . 687 , which implies an absolute magnitude of M uv =
20 . 7 (given the observed F150W magnitude of 70289) and plac-
ng this object ∼1 . 9 pMpc away from EGSY8p7. We do not detect
MNRAS 548, 1–20 (2026) 
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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 α 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 
M uv � −19 that lie within the imaging or in the close vicinity in a narrow 

r edshift range of 	z ∼ 0 . 2 , corr esponding 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 M uv � −19 are 
expected in the CEERS imaging area in an average field, hinting at a 
g alaxy over density at z ∼ 8 . 7 in the volume. 
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ny rest-UV lines in our G140H observations, but place a 3 σ
pper limit on the EW of Ly α of EW 0 , Ly α < 17 . 0 Å. How ev er,
e highlight that this object is fainter in the rest-UV continuum
han either EGSY8p7 or CEERS-1025, and we cannot rule out
y α of similarly low-EW as the two objects with Ly α detections.
n marked contrast to EGSY8p7 and CEERS-1025, we measure
ow t o moderat e [O iii] and H β EWs of ( EW [O iii] = 587 +31 −28 Å
nd EW H β = 88 +13 −13 Å). How ev er, w e infer a comparably high-
onizing photon production efficiency as we find in EGSY8p7
 ξion = 10 25 . 6 Hz erg −1 ). 
Finally, ID 89540 is a similarly bright galaxy as 70289 with
 F150W 

= 26 . 1 , also previously observed by RUBIES (ID 48045).
t its redshift of z = 8 . 716 , 89540 lies 1.4 pMpc away from
GSY8p7 and has an absolute UV magnitude of M uv = −21 . 2 .
he faintest of the sample in the rest-optical, we detect [O iii]
nd weak H β . We do not detect any rest-UV lines in this object
nd place a 3 σ upper limit on the EW of Ly α, EW 0 , Ly α < 29 Å,
hough we again note that due to this object being fainter in the
est-UV than the two objects with Ly α detections, this upper limit
s fully consistent with the low er-EW Ly α observ ed in EGSY8p7
nd CEERS-1025. Like 70289, we observe relatively weak [O iii]
nd H β ( EW [O iii] = 523 +52 −80 Åand EW H β = 67 +33 −37 Å) with an ion-
zing photon production efficiency of ξion = 10 25 . 5 Hz erg −1 and
 moderately young mass -weighted ag e of ∼35 Myr, as inferred
rom our SED models. 
Overall, the four z = 8 . 7 objects that we have observed show

 variety of properties that may facilitate the growth of a large
onized bubble within the first ∼550 million years after the big
ang, including Ly α emission and signatures of hard ionizing
adiation fields (and/or AGN) that may be effective at creating
 large ionizing bubble at early times. How ev er, the tw o LAEs
lso have indications that they may have strong intrinsic Ly α
mission, decreasing the need for a large ionized bubble to fa-
ilitate the tr ansmission of L y α through the IGM. The properties
f these objects do not necessarily imply or r equir e an ionized
ubble at early times, but it may nevertheless be possible for a
arge population of galaxies in this v olume t o carv e out a large
onized region if, for example, they are undergoing rapid bursts
f intense star formation and ionizing photon production. Thus,
or the remainder of this paper, w e inv estigat e the empirical con-
traints on the presence or lack of a large ionized bubble that are
nabled by our observations. 

 A  GALAXY  OVERDENSITY  AT  z = 8 .7  

he EGS field has been observ ed ext ensiv ely with targeted JWST
ulti-object spectroscopy as part of CEERS, RUBIES, CAPERS,
nd GO 4287. Together, these programmes have confirmed the
edshifts of ten galaxies at redshifts between z sys = 8 . 6 - 8 . 8 (span-
ing ∼5 . 3 pMpc along the line of sight; we show the 3D distribu-
ion of these sources in Fig. 6 ) with UV luminosities ranging from
22 � M uv � −19 . Of these ten galaxies, nine fall within the
92 ar cmin 2 CEERS imaging ar ea. In comparison, the UV lumi-
osity function at z ∼ 9 (R. J. Bouwens et al. 2021 ; C. T. Donnan
t al. 2024 ) implies that the CEERS area is expected to have ∼4 - 6
alaxies of the same luminosity at z = 8 . 6 - 8 . 8 . That is, despite the
xpect ed incomplet eness of target ed spectroscopic observations,
her e ar e still mor e g alaxies confirmed at these r edshifts in the
GS field than is expected in an average field, consistent with the
resence of a galaxy overdensity in the EGS volume at z = 8 . 6 - 8 . 8
also see S. L. Finkelstein et al. 2022 ; R. L. Larson et al. 2022 ; L.
hitler et al. 2024 ). 
NRAS 548, 1–20 (2026) 
To further e xplor e the possible galaxy overdensity in this vol-
me, w e updat e the phot ometric sear ch for z ∼ 8 . 7 - 9 . 1 g alaxy
andidates that was conducted by L. Whitler et al. ( 2024 ). In
articular, w e incorporat e F090W imaging from GO 2234 that
nables mor e r obust constraints on nondetections blueward of 
he Ly α break than was possible with the HST /Advanced Camera
or Surveys (ACS) imaging alone that was used by L. Whitler et al.
 2024 ). We describe the updated photometric selection criteria
nd details of the photometric sample in Section 4.1 , then quan-
ify the implied galaxy overdensity in Section 4.2 . 

.1 Photometric sample 

e select galaxy candidates with a set of colour criteria designed
o identify partial F115W dropouts at z ∼ 8 . 7 , similar to the selec-
ion used by L. Whitler et al. ( 2024 ). We note that because we have
 new NIRCam filter where we expect z = 8 . 7 galaxies to be un-
et ect ed, w e do not use ACS/F435W data for our primary colour
election, as its imaging footprint only partially overlaps with the
EERS footprint. In detail, we adopt the following criteria: 

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

(ii) S/N < 2 in F090W 

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

(iv) S/N > 3 in at least two of F277W, F356W, and F444W 

(v) F814W - F150W > 1 . 7 and F090W - F150W > 1 . 7 
(vi) F115W - F150W > 0 . 6 and F115W - F150W < 1 . 7 
(vii) F150W - F277W < 0 . 6 , and 
(viii) F115W - F150W > 1 . 5 × ( F150W - F277W ) + 0 . 6 . 

Criteria (i) and (ii) are designed to ensure that objects are not
et ect ed with significance in filters that are expected to be at
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Figure 7. The on-sky distribution of our photometric sample. Photo- 
metric candidates are shown as black cir cles, spectr oscopically confirmed 
galaxies without Ly α 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. A cr oss the entir e 
field, the surface density of this photometric sample is consistent with 
e xpectations fr om the z ∼ 9 UV luminosity function, but qualitatively, the 
candidat es t end t o lie in the northw est ern region of the imaging, close t o 
the LAEs, leading to a mild overdensity where an ionized bubble may be 
expected. 
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hort er wav elengths than the Ly α break, while criteria (iii) and 
iv) ensure detections in filters at longer wavelengths than the 
y α break. Criterion (v) is designed to select objects that fully 
rop out in F814W and F090W, but crucially, in order to iden-
ify z ∼ 8 . 7 objects in a r elatively narr ow r edshift range (for a
ide band selection), criterion (vi) r equir es that candidates only 
artially drop out in F115W. Finally, criteria (vii) and (viii) are 
esigned to reject low-redshift, dusty contaminants by requiring 
hat the observed SEDs of the candidates are only moderately 
ed, while still allowing red objects with a strong Ly α break to
e selected. 
After applying these criteria and performing a visual inspec- 

ion, which results in the removal of one diffraction spike, we 
elect 39 objects. Of these 39 candidat es, t en are spectroscopically
onfirmed at redshifts between z = 8 . 44 - 8 . 95 . We note that we do
ot select two spectroscopically confirmed objects at z = 8 . 6 - 8 . 8 :
ne is not identified in our detection catalogue, and the other
s not selected due to a formal S/N = 2 . 3 detection in F090W
though this object satisfies all of our other selection criteria). 
e use a custom aperture to manually perform photometry at the
xpected location of the object that is not det ect ed by our standard
etection and photometry methods, and find that this object has 
n F090W - 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- 
ur e photometric r edshifts by modelling the filters expected to
robe the rest-UV at z ∼ 8 . 7 (ACS F435W, F606W, F814W, and
IRCam F090W, F115W, F200W, and F277W) with beagle . We 
dopt a very similar model setup as we used to infer the prop-
rties of our spectroscopic sample (Section 3 ), with the addition
f a free redshift parameter ranging uniformly from z = 0 - 25 .
sing the results of these beagle models, we further clean our
ample by requiring that candidat es hav e an int egrat ed z > 8
r obability gr eater than 90 per cent. We obtain a final sample of 
5 objects (ten spectroscopically confirmed galaxies and 15 pho- 
 ometric candidat es), distribut ed across the imaging as shown in
ig. 7 . These 25 objects range from extremely bright to moderately
aint with observed F150W magnitudes of 25 . 1 � m F150W 

� 28 . 8
ith median m F150W 

= 27 . 4 ( ∼10 - 320 nJy, median ∼40 nJy). We
lso measur e r est-UV continuum slopes, β, by fitting a power
aw ( f λ ∝ λβ ) to the observed F150W, F200W, and F277W fluxes.
e find relatively blue UV slopes ranging from −2 . 8 � β � −1 . 5
ith a median of β = −2 . 4 , consistent with expectations for high-
 edshift g alaxies (e.g . F. Cullen et al. 2023 ; T. Nanay akkar a et al.
023 ; D. Austin et al. 2024 ; F. Cullen et al. 2024 ; A. M. Morales
t 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
bserved SEDs with beagle models that consider all of their 
vailable photometric data. We also restrict the uniform redshift 
rior to z = 6 - 10 , as we assume that our previous models with
 free redshift parameter have identified objects at low redshift. 
therwise, we keep the same model parameters. We show the 
istributions of redshifts, M uv , mass-w eight ed ages, and ioniz-
ng photon production efficiencies ( ξion ) before the UV flux has
een pr ocessed thr ough g as and att enuat ed by dust in the ISM
n Fig. 8 and report the inferred properties of the entire sample
n Table 3 , noting that we carry over the SED model r esults fr om
ection 3 for the four objects already discussed. In brief, we infer
hotometric redshifts between z = 8 . 1 - 9 . 3 and absolute magni-
udes of M uv = −22 . 1 for EGSY8p7 and −21 . 3 ≤ M uv ≤ −18 . 5
or the rest of the sample, with a median of M uv = −19 . 8 for
he entire sample. We infer that these objects have high ionizing 
hoton production efficiencies (median ξion = 10 25 . 5 Hz erg −1 ), 
hough three have values less than 10 25 Hz erg −1 (full range of 
ion = 10 23 . 7 - 10 25 . 9 Hz erg −1 ). How ev er, w e find that the typical
ass-w eight ed age is only a few tens of Myr (median 18 Myr,
hough the sample ranges from ages as young as 6 Myr to as old
s 154 Myr). 
Given constraints on these physical properties, we can briefly 
ssess whether the observed g alaxies ar e sufficient to create a
arge, R ∼ 2 pMpc ionized bubble. To this end, we follow the
ethods of L. Whitler et al. ( 2024 ) (their equation 1) to esti-
ate the radius of a spherical H ii region that a galaxy popu-
ation (described by a UV luminosity function) with given ion- 
zing photon production efficiencies and escape fractions could 
r eate, if the g alaxies wer e pr oducing ionizing photons at a con-
tant rate over their entire lifetimes. We adopt the redshift evo-
ution of the Schechter parameters found by R. J. Bouwens et al.
 2021 ) evaluated at z = 8 . 7 as our UV luminosity function (inte-
rat ed t o M uv = −18 . 5 for general consistency with the observed
V magnitudes of our sample), fix ξion to the median value of 
0 25 . 5 Hz erg −1 observed for our photometric sample, and assume 
hat the population has been producing ionizing photons con- 
tantly for ∼20 Myr, consistent with the median mass-w eight ed
ge of the sample. We adopt a fixed escape fraction of f esc = 0 . 1 ,
roadly consistent with the escape fraction predicted by the β- f esc 
elation found by J. Chisholm et al. ( 2022 ) for the median UV
lope of our sample. These parameters regulate the photoioniza- 
ion rate due to ionizing flux from galaxies in equation (1) of L.
hitler et al. ( 2024 ). For the recombination rat e, w e assume a
MNRAS 548, 1–20 (2026) 
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M

Figur e 8. The pr operties 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, r espectively. Fr om left to right, we show redshift 
(spectr oscopic r edshift if available, median photometric r edshift if not), absolut e UV magnitude, mass-w eight ed age, and ionizing phot on 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 e xpected fr om 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 M uv = −22 . 1 and the next brightest object with M uv = −21 . 3 ) to 
moderat ely faint (faint est absolut e UV magnitude of M uv = −18 . 5 ), with a median of M uv = −19 . 8 . The objects in our sample have mass -weighted ag es 
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 10 25 Hz erg −1 ( ξion ranging between 10 23 . 7 - 10 25 . 9 Hz erg −1 for the sample, median 10 25 . 5 Hz erg −1 ). 
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xed value for the ‘clumping factor,’ which quantifies inhomo-
eneities in the IGM (P. Madau, F. Haardt & M. J. Rees 1999 ), of 
 = 3 (e.g. K. Finlator et al. 2012 ; J. M. Shull et al. 2012 ; A. Gorce
t al. 2018 ). 
Under these assumptions, we find that the radius of the ion-

zed bubble that can be created by the observed population is
0 . 3 pMpc. This suggests either that there is no e xtr emely large,
 b � 2 pMpc ionized bubble that contains both EGSY8p7 and
GS_z910_44164, or the observed population was not producing
onizing photons long enough to reionize such a large volume. In
he latter case, other, unseen sources of ionizing flux would be re-
uir ed. For e xample, ther e may be large numbers of g alaxies that
re fainter than our observational detection limit, as is implied by
V luminosity functions measured in lensed fields at z � 9 (e.g.
. Chemerynska et al. 2026 ), which may be contributing signifi-
antly to the ionizing photon budget. We test this by integrating
ur assumed luminosity function to the commonly adopted faint
imit of M uv = −13 (B. E. Robertson et al. 2015 ) rather than
 uv = −18 . 5 , and find an ionized bubble radius of R b ∼ 0 . 6 , still
arkedly smaller than R b ∼ 2 pMpc. Alt ernativ ely, or addition-
lly, the creation of a large ionized bubble may have also been
acilitated by earlier periods of ionized photon production, poten-
ially during bursts of star formation. If the currently observable
opulation traces a large population of bursty galaxies, various
embers of such a population may have also been e xtr emely star
orming in the past, ther efor e contributing successive episodes of 
onizing photon production towards carving out a large bubble.
his process would be additionally aided if the galaxy population
n the volume was more abundant than the average. 

.2 Quantifying the overdensity 

e now inv estigat e the strength of the galaxy overdensity and
her efor e the population of galaxies that could be reionizing the
GM in this field. We compute the surface density of our sample,
orrected for the incompleteness of our photometric selection,
hen compare to the average surface density expected at these
edshifts implied by the UV luminosity function at z ∼ 9 . We
uantify our selection function by performing source injection
NRAS 548, 1–20 (2026) 
nd r ecovery simulations, wher e we place mock sources with
nown properties into the real mosaics, then perform detection,
alculat e phot ometry, and do selection using the same methods
hat we use to assemble the real sample. 
To generate the fluxes of the sources that w e inject, w e define a
rid of redshifts ( 7 ≤ z ≤ 12 with a step of 	z = 0 . 1 ) and absolute
V magnitudes ( −24 ≤ M uv ≤ −16 , 	M uv = 0 . 2 ). We generate
ock SEDs for each pair of ( z , M uv ) , assuming that the SEDs are
ower laws with rest-UV slopes, β, determined from the F115W
r opout β- M uv r elation found by M. W. Topping et al. ( 2024b ),
hen normalize to M uv at rest frame 1500 Å. We then redshift each
ock SED, apply the IGM attenuation model of A. K. Inoue et al.

 2014 ), and calculate ‘true’ photometry in all of the the ACS and
IRCam filters we use in this work. 
To create the images of the mock sources to inject into the
osaics, w e also generat e morphological paramet ers. We assume
érsic surface brightness profiles and sample Sérsic indices from
 one-sided truncated normal distribution with a mean of μn = 1 ,
tandard deviation of σn = 1 , and minimum of a n = 0 . 5 . We sam-
le ellipticities ( e = 1 − b/a , where a and b are the semimajor and
emiminor ax es, r espectively, such that a circle has e = 0 ) from
 truncated normal distribution with mean μe = 0 . 2 , standard
eviation σe = 0 . 4 , minimum a e = 0 , and maximum b e = 1 , and
ample position angles between −90 ◦ and +90 ◦ from a uniform
istribution. Finally, we set the sizes of objects in each bin of 
( z , M uv ) using the T. Shibuya, M. Ouchi & Y. Harikane ( 2015 )
ize–luminosity relation at the appropriate redshift. 
Given these fluxes and morphological parameters, we create
ock source images that are normalized such that the total flux
f the image in a given filter sums to the flux in that filter, then
onv olv e the image with the appropriate point spread function.
e then randomly sample positions across the real image and add
he normalized mock source images to the mosaics. We create
00 mock sources for each bin of ( z , M uv ) , which results in a
otal of ∼210 000 objects in the mock source catalogue. To ensure
hat these sources are not placed at such high densities that they
egularly obstruct one another and artificially lower our com-
let eness, w e creat e fiv e realizations of the mosaics with mock
ources, 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- 
gat e the phot ometric galaxy ov erdensity at z ∼ 8 . 7 . The selection is most 
efficient at redshifts of z ∼ 8 . 5 - 9 . 2 and absolute UV magnitudes brighter 
than M uv ∼ −19 . 2 . At these redshifts and luminosities, we find a max- 
imum completeness of ∼60 per cent due t o inject ed objects ov erlapping 
with real objects in the image (quantifying the fraction of the imaging 
area that is impacted by projection effects) and phot ometric scatt er that 
causes objects to be det ect ed in filters where we expect non-detections 
(F606W , F814W , and F090W). 
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3 p( EW ) = 

exp 
[−( ln ( EW / Å) − μ) 2 / 2 σ 2 ]

√ 

2 
urface density of ∼0 . 1 arcsec −2 ). For each of these instances of 
he mosaics with mock sources, we run detection and calculate 
hotometry, then apply the same selection criteria that we used 
o select the real sample to the resulting photometric catalogs. 
Finally, we quantify the completeness of our selection as a 

unction of redshift and UV luminosity by calculating N recov /N in 
n each bin of ( z , M uv ) . N recov is the total number of sources that
er e r ecover ed (i.e. detected and selected) over all five realiza-
ions of the mosaics in the ( z , M uv ) bin under consideration and
 in is the total number of objects that were originally injected 
n the same bin. The selection function that r esults fr om this
alculation is shown in Fig. 9 ; we find that our selection is most
ensitiv e t o objects with absolut e UV magnitudes of M uv � −19 . 2
t redshifts of z ∼ 8 . 5 - 9 . 2 , with a maximum completeness of 
60 per cent due to photometric noise causing formal S/N > 2 
r S/N > 3 detections in filters that are expected to be at shorter
avelengths than the Ly α break. 
Applying this selection function to multiple measurements of 

he z ∼ 9 luminosity function (S. L. Finkelstein et al. 2023 ; C. T.
onnan et al. 2024 , and the evolutionary model for the Schechter
arameters found by R. J. Bouwens et al. 2021 ) suggests that
he expect ed, av erage surface density of galaxies that would be
dentified by our photometric selection in the area we use in
his work is ∼0 . 11 - 0 . 16 arcmin −2 , such that 10 - 15 g alaxies ar e e x-
ected in the field. In comparison, we have photometrically iden- 
ified 25 candidates (10 of which have been spectroscopically con- 
rmed) across the entire imaging area in EGS, implying a factor
f ∼1 . 7 - 2 . 5 overdensity of M uv � −19 . 2 galaxies at z ∼ 8 . 5 - 9 . 2 in
he ar ea. Furthermor e, w e not e that the on-sky distribution of our
ample qualitatively suggests that the density of z ∼ 8 . 7 galaxies
s highest in the northeastern region of the imaging (see Fig. 7 ),
here a bubble may be expected given the pr o ximity to the known
AEs, and ther efor e wher e an over density may be e xpected. Thus,
e also quantify the surface density as a function of projected
istance from the brightest LAE in the field, EGSY8p7, and find
 mild overdensity by a factor of ∼2 . 4 - 3 . 6 (depending on the UV
uminosity function model adopted) in the 5 arcmin 2 closest to 
GSY8p7. The surface density then decreases as a function of 
ncr easing distance fr om EGSY8p7 until the observed sample is
nderdense by a factor of ∼1 . 7 - 2 . 5 at separations � 15 arcmin 2 . 
This overdensity, especially as it is in the region closest to
GSY8p7, suggests that there may be a slightly larger galaxy pop-
lation in EGS at z = 8 . 7 than the average, which may be capable
f creating a large ionized bubble. Indeed, at lower redshifts ( z ∼
 - 8 . 5 ), comparably over dense r egions hav e been demonstrat ed t o
ost galaxies with strong Ly α emission, which are expected to 
race ionized bubbles (Z. Chen et al. 2025 ). How ev er, giv en the
oderat ely y oung mass-w eight ed ages of the currently observ-
ble z = 8 . 7 sample in EGS, this population is unlikely to be capa-
le of ionizing a very large region alone. Thus, in the next section,
e use Ly α to directly assess the probability of the existence of a
ery large, R b � 2 pMpc ionized region that contains both of the
wo bright LAEs, EGSY8p7 and EGS_z910_44164, at z = 8 . 7 . 

 LY  α TRANSMISSION  THROUGH  THE  IGM  

or galaxies in large ionized bubbles, the transmission of Ly α
mission through the IGM ( T igm ) is expected to be higher than
he average in the field, as their Ly α photons can cosmologically 
edshift into the damping wing while inside the bubble before be-
ng att enuat ed by int ergalactic neutral hy drogen. In this section,
e quantify the Ly α transmission implied by our observations of 
y α at z = 8 . 7 , then compare with measurements of T igm in the
eld (M. Tang et al. 2024b ) to investigate whether this volume has
ystematically enhanced Ly α transmission indicative of a very 
arge, R b � 2 pMpc ionized bubble. We note that, in this work,
e primarily focus on the area near EGSY8p7, as current imaging
nd spectroscopic datasets only sparsely cover the area between 
 GSY8p7 and E GS_z910_44164. We provide a brief overview of 
he method we use to measure T igm (which is, in turn, based
n similar methods from the literature; C. A. Mason et al. 2018 ,
019 ), but refer to M. Tang et al. ( 2024b ) for a detailed description.
We begin by creating a forward model of the Ly α rest-frame 
W distribution as a function of T igm , which compares the unat-
 enuat ed Ly α EW distribution t o the observ ed Ly α rest-frame
Ws at z = 8 . 7 that have been att enuat ed by the IGM. For the
natt enuat ed Ly α EW distribution that serves as a baseline, we
dopt the average Ly α EW distribution for Lyman-break galaxies 
t z ∼ 5 found by M. Tang et al. ( 2024a ), which includes both
y α detections and upper limits, and is modelled as a lognormal 
istribution 3 with a mean of μ = 2 . 38 and a standard deviation
f σ = 1 . 64 . We adopt the z ∼ 5 EW distribution for two primary
 easons. First, r eionization is e xpect ed t o end by z ∼ 5 (e.g. J. Yang
t al. 2020b ; Y. Zhu et al. 2021 , 2023 ; S. E. I. Bosman et al. 2022 ),
o the dominant red peak of Ly α is not expect ed t o be impacted
y intergalactic H i at z ∼ 5 , and the z ∼ 5 Ly α EW distribution is
xpect ed t o capture the distribution without the impact of IGM
ttenuation. Secondly, the intrinsic galaxy properties that likely 
lso regulate Ly α emission are expect ed t o be more similar to
MNRAS 548, 1–20 (2026) 
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Figure 10. The posterior probability distribution for the transmission of 
Ly α through the IGM, T igm , at z = 8 . 7 in EGS. We show our measurement 
of T igm in EGS at z = 8 . 7 , inferred by combining our four Ly α constraints 
with Ly α constraints from the literature (solid blue line and shaded re- 
gion) compared with the constraint on T igm 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 α through 
a very large ionized bubble with radius R b = 2 pMpc with and without 
attenuation by residual neutral hydrogen in infalling gas (grey shaded 
region). Our constraint on the transmission of Ly α is fully consistent with 
the field measurement, which is in turn slightly less than the transmission 
expected in the presence of an R b = 2 pMpc ionized bubble. This tenta- 
tively suggests the Ly α 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. R b ∼ 0 . 5 - 1 pMpc) ionized bubble. 
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ur z ∼ 9 objects at z ∼ 5 than at lower redshifts, though future
easurements of the Ly α EW distribution for subsets of z ∼ 5
alaxies with properties matched to z ∼ 9 galaxies will further
mprove upon this assumption. 
We emphasize that the parameters of the z ∼ 5 Ly α EW dis-

ribution were derived after correcting for the loss of Ly α flux
rom the NIRSpec MSA aperture. Ly α emission in galaxies has
een demonstrat ed t o be ext ended ov er large haloes (e.g. C. C.
teidel et al. 2011 ; F. Leclercq et al. 2017 , 2020 ; A. Saldana-Lopez
t al. 2026 ), implying that small-aperture observations may miss
iffuse Ly α flux. We refer to M. Tang et al. ( 2024a , b ) for a
etailed description of the NIRSpec MSA apertur e corr ection,
ut in brief, the correction is based on a model for the surface
rightness of Ly α informed by the Ly α halo measurements of 
. Leclercq et al. ( 2017 ). The fraction of the int egrat ed flux con-
ained in the NIRSpec aperture is then used to correct the pa-
ameters of the EW distribution, which was originally derived
rom Very Large Telescope/Multi Unit Spectroscopic Explorer
ntegral field spectroscopy and Keck/DEep Imaging Multi-Object
pectr ograph slit spectr oscopy, to r eflect NIRSpec shutters. We
ote that applying this correction to our z = 8 . 7 sample implicitly
ssumes that the properties of Ly α haloes do not significantly
v olv e betw een z = 5 and z = 8 . 7 . How ev er, Ly α halo properties
re not well-constrained at z � 7 , motivating the need for integral
eld spectroscopy or other observations such as slit-stepping with
he MSA (I. Bariši ́c et al. 2025 ) to fully characterize the spatial
istribution of Ly α at the high redshifts of this work. 
As we are interested in the transmission at z = 8 . 7 relative to

 ∼ 5 , our forward model for the Ly α EW distribution depends on
 igm as p( EW | T igm ) = p z∼5 

(
EW 

T igm 

)
and the transmission at z ∼ 5

s unity. Then, the likelihood of detecting Ly α emission from the
 th galaxy with a rest-frame Ly α equivalent width of EW i and 1 σ
ncertainty of σi is 

p ( EW i | T igm ) det = 

∫ ∞ 

0 
p ( EW | T igm ) 

exp 
[ 
− ( EW −EW i ) 2 

2 σ 2 i 

] 
√ 

2 πσi 
d EW . (1) 

or a non-detection of Ly α with a 3 σ upper limit on the EW of 
W 3 σ,i and 1 σ uncertainty of σi = EW 3 σ,i / 3 , the likelihood is 

p ( EW i | T igm ) nondet = 

∫ ∞ 

0 
p ( EW | T igm ) 

erfc 
(
EW −EW 3 σ,i √ 

2 σi 

)
2 

d EW . (2) 

y Bayes’ Theorem, the posterior probability distribution for the
GM transmission in EGS at z = 8 . 7 given the set of observed Ly α
Ws, p(T igm | { EW i } ) , is then 
p(T igm | { EW i } ) ∝ p(T igm ) ·

∏ 

i 

p( EW i | T igm ) , (3) 

here p( EW i | T igm ) is the likelihood for each individual galaxy
ith a Ly α detection (equation 1 ) or non-detection (equation 2 )
nd p(T igm ) is the prior on T igm , which we take to be uniform
etween zero and one. 
We sample p(T igm | { EW i } ) with a Markov Chain Monte Carlo

MCMC) algorithm using the emcee (D. Foreman-Mackey et al.
013 ) package. We run the MCMC for 10 000 steps using 32
alkers, initializing each walker by sampling from a Gaussian
istribution centred at T igm = 0 . 5 with a standard deviation of 
T igm = 0 . 1 . We do not use a burn-in period, and thus produce
 total of 320 000 samples with equal w eights. We concat enat e
he chains from all walkers to obtain the full posterior for T igm 
t z = 8 . 7 in EGS, shown in Fig. 10 , then take the median, 16 th
NRAS 548, 1–20 (2026) 
nd 84 th percentiles of the post erior t o obtain a value of T igm =
 . 26 +0 . 25 −0 . 14 . For comparison, we also show the constraint on T igm 
t z = 8 - 10 ( T igm = 0 . 28 +0 . 15 −0 . 10 ) obtained using Ly α measurements
rom multiple fields (GOODS -N, GOODS -S, EGS, and Abell 2744,
ollowing M. Tang et al. 2024b ) in Fig. 10 . 
Our measurement of T igm in EGS is fully consistent with the

 = 8 - 10 IGM transmission constraint obtained from Ly α obser-
ations in multiple fields. This suggests that any ionized bubble
hat may be present in this field is no larger than the average at
his redshift. How ev er, if the av er age bubble r adius at this redshift
s R b ∼ 2 pMpc or larger, this may still imply that such a bubble
oes exist in the EGS volume, which could contain all of the LAEs
hat have been observed. Thus, we next quantify whether our
onstraint is consistent with a bubble with the minimum 2 pMpc
adius necessary to contain the two bright LAEs in this volume
y estimating what the IGM transmission would be for a galaxy
n the centre of a bubble with radius R b = 2 pMpc at z = 8 . 7 . 
Following M. Tang et al. ( 2024b ), we model the transmission
f Ly α fr om a g alaxy with giv en absolut e magnitude ( M uv ) and
ystemic redshift ( z s ) embedded inside a bubble with radius R b 
sT igm (z s , M uv , x hi , R b ) 
 

∫ ∞ 

−∞ 

d v J Ly α (v ) exp [ −τigm (z s , M uv , x hi , R b , λobs (v ))] , where x hi 
s the local neutral hydrogen fraction in the IGM near the bubble,
 Ly α (v ) is the normalized Ly α velocity profile emerging from the
SM and CGM of the galaxy before encountering the IGM, and
igm (z s , M uv , x hi , R b , λobs (v )) is the optical depth provided by the
GM to the Ly α profile. For J Ly α (v ) , we normalize the composite
y α line profile at z ∼ 5 measured by M. Tang et al. ( 2024a ),
hich is a single-peaked profile that peaks at a velocity offset
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f 	v ∼ 230 km s −1 , such that 
∫ ∞ 

−∞ 

J Ly α (v ) d v = 1 . This assumes
hat any evolution in Ly α transmission at z > 5 is primarily
ue t o ev olution in the IGM. τigm , the t otal optical depth
rovided by the IGM to Ly α, is the sum of two effects: resonant
catt ering due t o residual int ergalactic neutral hy drogen inside
onized bubbles infalling onto galaxies ( τinfall ) and damping wing 
ttenuation in the neutral IGM outside the ionized bubble ( τdw ; 
. Miralda-Escudé 1998 ). 
We calculate the optical depth provided by infalling gas, τinfall , 

ollowing the methods of C. A. Mason et al. ( 2018 ). In this model,
or a galaxy with given M uv , gas from the IGM is assumed to be
nfalling at the circular velocity of the host halo of. Assuming a
 avarr o–Fr enk–White (J. F. N avarr o, C. S. Fr enk & S. D. M. White
997 ) profile, this circular velocity is v c = [10 G M h ( M uv ) H( z s )] 1 / 3 ,
here G is the gravitational constant and H(z s ) is the Hubble
arameter at z s . We assume that the infalling gas is infinitely
ptically thick to photons at velocities less than v c and is optically
hin at v elocities great er than v c (i.e. τhii = ∞ at v ≤ v c and τhii =
 at v > v c ). We estimate the halo mass, M h , from the M uv - M h 
elation at z = 9 from C. A. Mason, M. Trenti & T. Treu ( 2015 )
the closest redshift for which C. A. Mason et al. 2015 calculated
n M uv - M h relation to our redshift of interest, z s = 8 . 7 ), which
eads to brighter galaxies having larger halo masses, and therefore 
arger circular v elocities. Thus, Ly α phot ons fr om bright g alaxies
re complet ely att enuat ed out t o larger v elocities on the red side
f Ly α line center than from faint galaxies. 
We calculate the optical depth provided by the damp- 

ng wing in the IGM, τdw , by integrating along the line of 
ight from z s to the end of reionization, z reion . We evalu-
te τdw as a function of observed wavelength, λobs = λemit (1 + 

 s ) , corresponding to a Ly α photon emitted at a wave- 
ength of λemit from a galaxy at redshift z s . Then, following 
he prescription of C. A. Mason & M. Gronke ( 2020 ), the
amping wing optical depth at λobs , τdw (λobs ) , is τdw (λobs ) = 

 z reion 
z s d z c d t d z x hi ( z ) n h ( z ) σLy α

(
λobs 
1+ z , T 

)
, where d t/ d z = −1 / [( 1 +

) ·H(z)] relates changes in linear time to changes in redshift,
 hi ( z ) and n h ( z ) are the neutral hydrogen fraction and the proper
 olume density of hy dr ogen at the r edshift under consideration,
espectively, and σLy α ( λobs / ( 1 + z) , T ) is the Ly α scattering cross-
ection in a gas with kinetic temperature T at a wavelength of 
obs / (1 + z) (i.e. the observ ed wav elength of the emitt ed phot on
n the frame of the absorbing gas at redshift z, which accounts for
he cosmological redshifting of the photon as it travels). The Ly α
cattering cross-section is described well by a Voigt function (for 
he full functional form, see equations 15 and 16 in M. Dijkstra
014 ). 
We note that the z ∼ 5 Ly α profile that we assume as the intrin-
ic profile in this work is expected to already include the effects
f infalling gas, as it was measured by M. Tang et al. ( 2024a ) after
y α photons emerge from the galaxy into the IGM. That is, to
rst order, we expect τinfall ,z=5 = τinfall ,z=8 . 7 . In this case, because 
 e are int erest ed in the relative increase in Ly α attenuation be-
ween z = 5 and z = 8 . 7 due to the neutral IGM, we can assume
hat τigm = τdw . How ev er, the density of the IGM increases with
ncr easing r edshift and the av erage UV luminosity of our phot o-
etric sample is brighter than that of the sample used by M. Tang
t al. ( 2024a ) to construct the z ∼ 5 composite. Thus, τinfall may be
n important factor, though it likely is not infinite as presented
bove. Fully quantifying the effect of the redshift and luminosity 
ependence of τinfall on T igm is beyond the scope of this work,
ut we present two limiting cases of T igm where we assume that
igm = τdw and that τigm = τinfall + τdw , with τinfall calculated as 
escribed previously. 
Following C. A. Mason & M. Gronke ( 2020 ), we evaluate equa-

ion ( 5 ) in tw o st eps. First, w e int egrat e from z s t o the redshift
f the first neutral hydrogen patch that defines the edge of the
ubble, z bubble . Then, w e int egrat e from z bubble t o z reion . We assume
hat the IGM is entirely ionized inside the bubble (i.e. x hi = 0
rom z s to z bubble ), so in practice, only the integral from z bubble 
o z reion is non-zero. We adopt a gas temperature of T = 1000 K
utside the bubble, broadly consistent with constraints on X- 
ay heating of the IGM from upper limits on the 21 cm power
pectrum during reionization (HERA Collaboration 2023 ). We 
x x hi ( z ) = 1 , as the optical depth is dominated by attenuation
n the first neutral hy drogen pat ch outside of the bubble (e.g. A.
esinger & S. R. Furlanetto 2008 ; C. A. Mason et al. 2025 ); Ly α
hotons ar e r edshifted to increasingly long wavelengths as they
ravel such that the scattering cross-section decreases rapidly at 
 edshifts incr easingly far fr om z s , so we e xpect attenuation in
urther neutral patches to be less than that in the first neutral
egion. 
We calculate both limiting cases of τigm and evaluate equa- 

ion ( 4 ) for a galaxy at z s = 8 . 7 with absolute UV magnitude of 
 uv = −20 . 7 (similar to the median UV magnitude of the spec-
roscopic sample confirmed in EGS) that is located at the centre
f an R b = 2 pMpc bubble. We find that such a galaxy would
e expected to have a Ly α transmission of T igm = 0 . 63 when
igm = τdw and T igm = 0 . 53 when τigm = τinfall + τdw (grey shaded
egion in Fig. 10 ). In comparison, 91 per cent of the probability
istribution for T igm that w e hav e calculat ed in this field lies at
 igm < 0 . 63 (86 per cent at T igm < 0 . 53 ). In either case, we con-
lude that this implies that it is moderately unlikely (inconsistent
t ∼1 - 1 . 5 σ ) for this region to host a single ionized bubble with
adius R b = 2 pMpc, though we cannot rule out a smaller bubble
 R b ∼ 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
 b ∼ 0 . 2 - 0 . 5 bubble sizes inferred by M. J. Hayes & C. Scarlata
 2023 ) at z = 8 . 7 . Furthermore, the Ly α emission observed in
he galaxies in this field may be facilitated significantly by in-
rinsic properties of the galaxies themselv es, consist ent with the
resence of high-ionization ( ≥47 eV) rest-UV emission lines and 
trong [O iii] + H β emission. Further study of the Ly α emission
f the z = 8 . 7 galaxy population in the EGS field, as well as a
eeper understanding of their physical properties, will be neces- 
ary t o bett er constrain the size of any bubble that may exist in
his volume. A dditionally, mor e compr ehensiv e charact erization
f g alaxy over densities and LAEs at z ∼ 9 will be crucial to place
his region of the Universe in context and gain a more complete
nderstanding of the overall ionization state of the IGM at z ∼ 9 .

 TOWARDS  A  LARGE  SAMPLE  OF  IONIZED  

UBBLES  AT  z ∼ 9 

he 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
y only ∼4 pMpc prompted significant observational effort in 
he EGS field to characterize the volume, as it was potentially
 unique site in which the middle stages of reionization could
e studied. Such studies were challenging from the ground due 
 o limit ed sensitivity that made it impossible t o observ e faint ob-
ects, as would be r equir ed to fully characterize the properties of 
ny ionized bubble present. How ev er, with JWST , observing Ly α
MNRAS 548, 1–20 (2026) 
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M

Figure 11. The on-sky positions (pink points) of the z ∼ 8 . 7 galaxy candidates and the corresponding implied overdensities (colourmap, where light 
y ellow corresponds t o 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 at z = 8 . 7 . 
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mission at z � 8 along with any associated galaxy overdensities
nd ionized bubbles has become much more accessible. 
In this w ork, w e hav e found a mild photometric galaxy over-
ensity in the EGS field at z ∼ 9 close to EGSY8p7, but current
pectroscopic observations with JWST do not find evidence of a
ery large, R b � 2 pMpc ionized bubble. Given that galaxies in
ver densities ar e thought to be pr oducing copious amounts of 
onizing photons that create large ionized bubbles (e.g. P. Dayal
 A. Ferr ar a 2018 ; Y. Qin et al. 2022 ), an overdensity without an
ssociated ionized bubble would be unexpected, suggesting that
here may be a smaller ionized region in the EGS volume. This
ay also be more consistent with theoretical expectations for the
eionization topology at these redshifts (e.g. T .- Y. Lu et al. 2024b ).
ow ev er, observ ational constr aints on ionized bubbles are still
ighly incomplete. The ionized bubble candidate at z = 8 . 7 in
GS is currently the most w ell charact erized of any such bubble
t z > 7 , but current NIRCam imaging and spectroscopy in EGS
s largely restricted to the CEERS imaging area that probes the
icinity of EGSY8p7. Thus, current data largely does not con-
train the extent and morphology of any ionized region(s) that
ay extend towards the other bright LAE in the field. Addition-
lly, this single sightline provides only one view of the reioniza-
ion process. Extending the imaging and spectroscopy in EGS to
robe a larger volume at z = 8 . 7 , and studying galaxy overdensi-
ies and Ly α emission at z ∼ 9 in other fields, will be essential to
ontextualize the bubble candidate in EGS and obtain a complete
nderstanding of the early stages of the reionization process.
hus, we now begin this process by placing the EGS z ∼ 8 . 7
v erdensity and candidat e bubble in cont ext with other v olumes
robed by legacy extragalactic deep fields, primarily focusing on
 alaxy over densities measur ed fr om photometric samples identi-
ed in the Great Observatories Origins Deep Survey-North and
South (GOODS-N and GOODS-S) and Ultra Deep Survey (UDS)
eld. Then, we make forecasts for future constraints on ionized
ubble sizes that will be enabled by deep JWS T rest -UV spec-
roscopy. 

.1 Galaxy overdensities as ionized bubble tracers 

o identify potential overdensities and ionized bubbles in other
 olumes, w e reduce publicly available imaging data, then per-
orm det ection, phot ometry, and selection using the same meth-
ds as we used in EGS. We emphasize that we adopt the same
olour and photometric redshift selection criteria as we used for
ur EGS selection (Section 4 ) to ensure consistency across hetero-
eneous filter coverage in the various fields. We also r equir e that
NRAS 548, 1–20 (2026) 
ll candidates are brighter than m ≤ 28 . 1 to account for varying
maging depths (with the magnitude limit set by the depth of the
eld with the most shallow imaging). Performing this selection
esults in 22 candidates in EGS, 10 candidates in GOODS-N, 17
andidates in GOODS-S, and 31 candidates in UDS. We account
or the selection functions in each field using the same methods as
e used for EGS (Section 4.2 ), then quantify the overdensities by
alculating observed surface densities and comparing to expected
urface densities implied by measurements of the UV luminos-
ty function (R. J. Bouwens et al. 2021 ; S. L. Finkelstein et al.
023 ; C. T. Donnan et al. 2024 ). We note that we ar e inter ested
n ionized bubbles and overdensities at z ∼ 9 when the IGM is
till likely highly neutral ( ∼70 - 90 per cent; e.g. M. Tang et al.
024b ), implying that such structures would extend over physical
cales smaller than the imaging footprints ( R ∼ 0 . 5 pMpc, cor-
esponding to R ∼ 1 . 9 arcmin at z = 8 . 7 ; T .- Y. Lu et al. 2024b ).
hus, rather than calculating the average overdensity in each
eld, w e creat e maps of ov erdensities ov er each field. Specifically,
 e calculat e observ ed surface densities in circles with 1.9 arcmin
0.5 pMpc) radii projected on the sky at z = 8 . 7 , then compare
he spatially varying observed surface densities to the expected
urface density. We show the resulting overdensity maps in Fig.
1 . Of the four fields, we find that EGS and UDS have the largest
verdensities on scales of R ∼ 0 . 5 pMpc, with overdensities by
actors of ∼3 - 5 spanning scales of a few arcminutes, and over-
ensities up to a factor of ∼10 in smaller areas. We also identify a
actor of ∼4 - 5 overdensity in GOODS-N on a smaller scale than
n EGS or UDS; otherwise, we find that the GOODS fields are of 
verage density. These surface densities suggest that UDS may be
he most likely candidate besides EGS to host ionized bubble(s)
t z ∼ 9 , while the GOODS fields may largely be probing volumes
hat are still largely neutral at z ∼ 9 . 

.2 Prospects for Ly α constraints on ionized bubble sizes 

uantifying the sizes of ionized bubbles that may exist in any of 
hese fields will r equir e deep spectroscopy in the rest-frame UV
f a large number of objects. In this w ork, w e hav e taken the first
t eps t o compare our observ ed Ly α transmission t o that expect ed
rom an ionized bubble with a given radius to provide insights
nto the bubble size. However, such measurements still suffer
rom small sample sizes that lead to large uncertainties, making
t challenging to distinguish between ionized bubble radii. For a
alaxy at z = 8 . 7 with an absolute UV magnitude of M uv = −20 . 7
i.e. similar properties as the sample we have presented in this
ork), a bubble with radius R b = 0 . 5 pMpc implies a Ly α trans-
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Figure 12. Examples of our forecasted constraints on the IGM transmission from a sample of 25 g alaxies with spectr oscopic observations at a 5 σ line flux 
depth of ∼5 . 3 × 10 −19 erg s −1 cm 

−2 . From left t o right, w e show the forecasts for three values of T igm = 0 . 21 , 0 . 36 , 0 . 53 , appr o ximately corr esponding to 
ionized bubbles with radii of R b = 0 . 5 , 1 , 2 pMpc. We show our forecasts for the r ecover ed constraint on T igm as the solid pink distributions and shaded 
r egions (wher e the shaded r egions corr espond to the 68 per cent credible intervals), and the input values of T igm as the dotted black lines. We recover the 
true value of T igm within the 68 per cent credible interval for all three input values of T igm and the smallest value of T igm is r ecover ed with the smallest 
uncertainties. 
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ission of T igm = 0 . 21 , while a galaxy inside a bubble with radius
 b = 1 pMpc is expected to have a Ly α transmission of T igm =
 . 36 . Thus, distinguishing between bubble radii of R b = 0 . 5 pMpc
nd R b = 1 pMpc – either or both of which may be present at
 ∼ 9 (T .- Y. Lu et al. 2024b ) – would r equir e measur ements of 
he Ly α transmission to a precision of approximately ±0 . 15 . For
omparison, in this work, we have measured the transmission 
f Ly α with a precision of −0 . 14 / + 0 . 25 , suggesting that con-
training ionized bubble sizes using IGM transmission will soon 
e possible with deep JWST Ly α observations. 
To quantitatively examine the prospects for JWST spectroscopy 

o constrain the transmission of Ly α through the IGM at the 
recision necessary to distinguish between ionized bubble sizes, 
e forecast the T igm constraints that we may e xpect fr om ob-
ervations at a depth known to be attainable with JWST (e.g. 
0 h in G140M, comparable to GO program 9214, PIs C. Ma-
on and D. Stark). We dr aw L y α EWs from the intrinsic Ly α
W distribution at z ∼ 5 - 6 found by M. Tang et al. ( 2024a ) and
raw UV continuum luminosities from the z ∼ 9 UV luminos- 
ty function found by C. T. Donnan et al. ( 2024 ), then calculate
he intrinsic line fluxes that would be emitted. N e xt, we attenu-
te the intrinsic fluxes using the IGM transmissions that corre- 
pond to bubbles with radii of R b = 0 . 5 , 1 , and 2 pMpc ( T igm =
 . 21 , 0 . 36 , and 0 . 53 , respectively, when including contributions
o the optical depth from both infalling gas and damping wing 
ttenuation in the IGM) and calculate the observed EWs and un-
ertainties assuming the 5 σ line depth estimated for the G140M 

bservations of GO 9214 ( ∼5 . 3 × 10 −19 erg s −1 cm 

−2 ). From these
ock data, we infer T igm using the same MCMC as we used for the
eal data in EGS (Section 5 ). We run 1000 realizations of this T igm 
ecov ery t est, r andomly sampling new v alues of intrinsic L y α EW
nd M uv for each realization. In Fig. 12 , we show examples of 
he IGM transmission constraint forecasts if 25 objects have Ly α
bservations, but w e t est multiple sample sizes ranging betw een
 = 5 and N = 50 in steps of five and discuss the constraints on
 igm as a function of the number of objects observed. We empha-
ize that these constraints are not designed to specifically predict 
he outcomes of GO 9214, but we have adopted the observational
arameters of a real JWST spectroscopic survey to ensure that 
ur forecast accurately represents the observational capabilities 
f JWST . 
Ov erall, w e find that our inference for T igm generally recovers

he true value of T igm successfully and without significant bias 
the true value of T igm falls within the 68 per cent credible interval
f the r ecover ed T igm distribution for ≥70 per cent of our real-
zations). As expected, the uncertainties on the r ecover ed value
f T igm become smaller as the number of objects that have Ly α
onstraints (both detections and upper limits) incr eases. A ddi- 
ionally, as seen in Fig. 12 , the r ecover ed constraint on T igm is
or e pr ecise for smaller values of true T igm due to the likelihood
unction (the T igm -dependent Ly α EW distribution) becoming 
ore sharply peaked, and therefore more sensitive to small vari- 
tions in T igm , as T igm decreases. For the smallest value of T igm 
hat w e t est, T igm = 0 . 21 (corresponding t o a bubble radius of 
 b = 0 . 5 pMpc), we find that a spectroscopic sample of 25 objects
s sufficient to constrain T igm to T igm = 0 . 21 +0 . 15 −0 . 10 , the minimum
recision necessary to distinguish between T igm = 0 . 21 ( R b =
 . 5 pMpc) and T igm = 0 . 36 ( R b = 1 pMpc). For larger values of 
 igm = 0 . 36 and T igm = 0 . 53 , we find that samples of ∼40 and
50 objects with Ly α spectr oscopy ar e r equir ed to r each similar
recision. While these sample sizes ar e r easonably large, e xisting
pectroscopic observations have already placed Ly α constraints 
n 10 - 20 objects per field at z = 8 - 10 in the EGS and GOODS
elds (e.g. M. Tang et al. 2024b ), suggesting that the requisite
ample sizes will be in reach of future Ly α follow up of photo-
etric candidates with JWST . We also note that with these large
ample sizes, the uncertainties introduced by aperture effects of 
he NIRSpec MSA (Section 5 ) may be reduced, as the effects are
ignificantly more likely t o av erage out over a sample of ≥20
bjects than the four we present in this work. 
In this w ork, w e hav e taken the first st eps t ow ards using L y α
mission fr om g alaxies to constrain the r eionization topology. In
he near future, new theoretical methods that leverage the spatial 
istribution of Ly α transmission from galaxies within ionized 
ubbles (T .- Y. Lu et al. 2024a ; I. Nikoli ́c et al. 2025 ) will become
ncreasingly informative. The transmission of Ly α is expected to 
MNRAS 548, 1–20 (2026) 
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e highest when the line- of- sight distance to the nearest patch
f neutral hydrogen is longest, and thus is expected to vary spa-
ially within a given ionized bubble. These spatial variations of 
y α transmission can be used to empirically detect the edges of 
onized bubbles (T .- Y. Lu et al. 2024a ), wher e edges ar e identified
y a decline in the tr ansmission. Additionally, forw ard models of 
he spatial distribution of observed Ly α properties as a function
f bubble position and size can be developed (I. Nikoli ́c et al.
025 ), which can then be compared with observations to infer
onized bubble properties. As the number of objects with Ly α
onstraints continue to grow, applying these methods will enable
obust constraints on ionized bubble sizes that will significantly
ncrease our understanding of the reionization process. 

 SUMMARY  

n this w ork, w e hav e present ed rest-frame UV and optical NIR-
pec observations targeting Ly α emission of galaxies tracing a
ossible ionized bubble at z = 8 . 7 in the EGS field, taken as part
f JWST GO programme 4287. We hav e charact erized the z ∼ 8 . 7
alaxy population in the field and measured the transmission of 
y α implied by these observations. We have then examined the
mplications of both of these measurements for the presence of 
 very large ( R b � 2 pMpc) ionized bubble in the z ∼ 8 . 7 volume
robed by EGS. We summarize our key conclusions below. 

(i) We have spectroscopically observed four galaxies at sys-
emic redshifts of z sys = 8 . 7 ± 0 . 02 with physical separations
anging from 0.05 to 1.9 pMpc. If there is an ionized bubble large
nough to contain the two bright LAEs in the volume ( R b �
 pMpc), all of these galaxies could lie within it. 
(ii) We visually identify Ly α emission from two of the

our galaxies (EGSY8p7 with EW 0 , Ly α = 7 . 6 ± 2 . 2 Å, CEERS-
025 with EW 0 , Ly α = 3 . 5 ± 2 . 2 Å) and place 3 σ upper limits
n the Ly α flux and EW of the remaining two objects (70289
ith EW 0 , Ly α < 16 . 9 Å, 89540 with EW 0 , Ly α < 28 . 9 Å). The two
AEs have very strong [O iii] + H β ( EW 0 , [O iii] +H β � 1200 Å),
ith EWs among the most e xtr eme known in z ∼ 9 g alaxies, sug -
esting that these galaxies have very hard ionizing radiation fields
hat may facilitate the production of intrinsically strong Ly α. In
ontrast, the two galaxies not emitting Ly α have significantly
eaker [O iii] + H β emission ( EW 0 , [O iii] +H β ∼ 600 - 700 Å), hint-
ng at weaker ionizing radiation fields. 
(iii) We find a factor of ∼2 . 4 - 3 . 6 overdensity within the

 arcmin ( ∼1 . 4 pMpc in projection at z = 8 . 7 ) radius of EGSY8p7
an updat e t o the original measurement by L. Whitler et al. 2024 ),
inting at the pr esence of a g alaxy population that may be able to
ontribute significant amounts of ionizing flux towards creating
 large ionized bubble. 
(iv) We combine our new measurements of Ly α in four galax-

es with Ly α measurements and upper limits reported by M.
ang et al. ( 2024b ) at redshifts of z = 8 . 6 - 8 . 8 (spanning a line-of-
ight separation of ∼5 . 3 pMpc) to infer the transmission of Ly α
hrough the IGM, T igm , in this volume. We find T igm = 0 . 26 +0 . 25 −0 . 14 ,
hich is fully consistent with the average IGM transmission of 
 igm = 0 . 28 +0 . 15 −0 . 10 in four independent fields at z = 8 - 10 measured
y M. Tang et al. ( 2024b ). This transmission is in mild tension
ith the IGM transmission of T igm ∼ 0 . 53 - 0 . 63 that would be ex-
ected inside an ionized bubble with radius R b = 2 pMpc, imply-
ng that it is moderately unlikely for an ionized bubble of this size
o exist in this volume (consistent with theor etical e xpectations
or the reionization topology at z ∼ 9 ; e.g. T .- Y. Lu et al. 2024b ). 
NRAS 548, 1–20 (2026) 
(v) We search other large e xtrag alactic imaging data sets for
verdensities that may hint at ionized bubbles. We find that
hough EGS does not have evidence of an e xtr emely large, R b �
 pMpc ionized bubble, it is still mor e over dense on the projected
cales of ionized bubbles expected at z ∼ 8 . 7 than two of the three
ther fields w e inv estigat e. This may imply that an ionized bubble
ith a radius < 2 pMpc may still be present. 
(vi) Confirming the presence of a smaller bubble will require
eep Ly α spectr oscopy, so we for ecast the constraints on the
GM transmission that will be accessible with future JWST Ly α
bservations. We find that distinguishing between a particularly
arge R b ∼ 2 pMpc bubble and more typical, R b ∼ 1 pMpc or R b ∼
 . 5 pMpc bubbles using Ly α transmission measurements will be
ossible with sample sizes of � 25 objects with observations at
 depth comparable to GO programme 9214 (30 h in G140M,
orresponding to an estimated 5 σ line flux depth of ∼5 . 3 ×
0 −19 erg s −1 cm 

−2 ). We emphasize that new methods that take
dvantage of the spatial variations of Ly α transmission (T .- Y. Lu
t al. 2024a ; I. Nikoli ́c et al. 2025 ) will be able to extend this
easurement of the average Ly α transmission to robustly map
onized bubbles and constrain the reionization topology. 
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EERS and GO pr ogramme 2234 ar e all available through the
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roducts will be made available upon reasonable request to the 
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