of the
ROYAL ASTRONOMICAL SOCIETY

MNRAS 536, 2355-2380 (2025)
Advance Access publication 2024 November 30

https://doi.org/10.1093/mnras/stae2670

JADES: measuring reionization properties using Lyman-alpha emission

Gareth C. Jones ,">** Andrew J. Bunker,! Aayush Saxena ”,'* Santiago Arribas,’
Rachana Bhatawdekar,%’ Kristan Boyett ,!%° Alex J. Cameron “,' Stefano Carniani *,
Stephane Charlot *,'' Emma Curtis-Lake *,'?> Kevin Hainline,'*> Benjamin D. Johnson,'*

Nimisha Kumari “,"> Michael V. Maseda ,'¢ Hans-Walter Rix,!” Brant E. Robertson,'®

Sandro Tacchella %3 Hannah Ubler “,%3 Christina C. Williams,'® Chris Willott,2° Joris Witstok 23
and Yongda Zhu '3

Affiliations are listed at the end of the paper

10

Accepted 2024 November 28. Received 2024 November 28; in original form 2024 September 11

ABSTRACT

Lyw is the transition to the ground state from the first excited state of hydrogen (the most common element). Resonant scattering
of this line by neutral hydrogen greatly impedes its emergence from galaxies, so the fraction of galaxies emitting Ly« is a
tracer of the neutral fraction of the intergalactic medium (IGM), and thus the history of reionization. In previous works, we
used early JWST/NIRSpec data from the JWST Advanced Deep Extragalactic Survey (JADES) to classify and characterize Lyx
emitting galaxies (LAEs). This survey is approaching completion, and the current sample is nearly an order of magnitude larger.
From a sample of 795 galaxies in JADES at 4.0 < z < 14.3, we find evidence for Lya emission in 150 sources. We reproduce
the previously found correlation between Lya escape fraction (f %syca) — Lya rest-frame equivalent width (REWr,) and the
negative correlation between Lya velocity offset — J;Z" Both feIgZ‘” and REWy, decrease with redshift (z 2 5.5), indicating
the progression of reionization on a population scale. Our data are used to demonstrate an increasing IGM transmission of
Lya from z ~ 14 — 6. We measure the completeness-corrected fraction of LAEs (X1,,) from z =4 —9.5. An application
of these Xy, values to the results of previously utilized semi-analytical models suggests a high neutral fraction at z =7
(Xmr ~ 0.8 —0.9). Using an updated fit to the intrinsic distribution of REWy, results in a lower value in agreement with current

works (Xyr = 0.6410)3). This sample of LAEs will be paramount for unbiased population studies of galaxies in the EoR.

Key words: galaxies: high-redshift —intergalactic medium — dark ages, reionization, first stars.

1 INTRODUCTION

It has been well established that early after the Big Bang (z ~ 1100,
or ty =360 Myr), the Universe cooled enough to permit the formation
of neutral hydrogen atoms (i.e. the Epoch of Recombination, e.g.
Sunyaev & Zeldovich 1980; Seager, Sasselov & Scott 2000), creating
the surface of last scattering (i.e. the cosmic microwave background;
CMB) and marking the beginning of an epoch during which most
hydrogen in the Universe was neutral (a neutral fraction of hydrogen
of unity [Xyg = 1]). This was followed by ‘Cosmic Dawn’, when
the first stars formed and began to ionize their surrounding gas via
ultraviolet (UV) radiation (z > 10; see review of Klessen & Glover
2023). The time between the formation of the first stars and when
the intergalactic medium (IGM) was fully ionized (X ~ 0) is the
epoch of reionization (EoR). The current general consensus is that
the Universe was mostly ionized again by z ~ 6 (e.g. Fan et al.
2006; McGreer, Mesinger & D’Odorico 2015; Planck Collaboration
XIII 2016); but the discovery of neutral gas ‘islands’ at later epochs
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suggests that the EoR did not conclude until slightly later (e.g. z ~
5.2 — 5.3; Kulkarni et al. 2019; Keating et al. 2020a; Bosman et al.
2022; Becker et al. 2024).

The study of the EoR is one of the major focuses of modern
astrophysics, including investigations of the drivers [e.g. active
galactic nuclei (AGNs), small/massive galaxies, mergers; Hassan
etal. 2018; Naidu et al. 2020; Bosman et al. 2022; Witten, Laporte &
Katz 2023; Grazian et al. 2024; Madau et al. 2024] and topology
of reionization (e.g. Pentericci et al. 2014), as well as the escape
mechanisms of ionizing radiation (e.g. Chisholm et al. 2018). Here,
we focus on characterizing the progression of the EoR through
measurements of Xyp(z).

There are multiple pathways to study the evolution of Xy,
including damping wing (DW) observations of QSOs (e.g. Bafiados
et al. 2018; Durov&ikova et al. 2020; Yang et al. 2020) and galaxies
(e.g. Fausey et al. 2024; Hsiao et al. 2024; Umeda et al. 2024), CMB
studies (e.g. Planck Collaboration VI 2020), and comparisons of
Lyo observations to models (e.g. Mason et al. 2018a; Bhagwat et al.
2024b; Feldmann et al. 2024). This latter path can further be divided
into different methods, including studies of the Lyo luminosity
function (e.g. Konno et al. 2014; Inoue et al. 2018), clustering of
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Lyx-emitting galaxies (LAEs; e.g. Ouchi et al. 2010; Sobacchi &
Mesinger 2015; Ouchi et al. 2018), and Lyman forest dark fractions
(e.g. Keating et al. 2020b; Bosman et al. 2022; Zhu et al. 2022).
Together, these studies suggest an evolution of Xy(z = 13) =1 to
Xui(z ~ 5.3) = 0 with amidpoint of Xy(z ~ 7) = 0.5, although the
exact shape of this evolution is under debate.

An additional method of characterizing Xy (z) is the study of the
evolution of the Lyo emitter fraction (X1y,). Multiple studies have
compared observed and model fractions to place constraints from
z ~ 2 — 8 (e.g. Stark et al. 2010; Stark, Ellis & Ouchi 2011; Curtis-
Lake et al. 2012; Ono et al. 2012; Schenker et al. 2012; Caruana
et al. 2014; Schenker et al. 2014; Cassata et al. 2015; Furusawa et al.
2016; De Barros et al. 2017; Stark et al. 2017; Goovaerts et al. 2023;
Fu et al. 2024). In a previous work (Jones et al. 2024), we utilized
low spectral resolution JWST (Gardner et al. 2023), near infrared
spectrograph (NIRSpec; Jakobsen et al. 2022; Boker et al. 2023) data
(PRISM/CLEAR; with spectral resolving power R ~ 100) from the
first JWST Advanced Deep Extragalactic Survey (JADES; Bunker,
NIRSPEC Instrument Science Team & JAESs Collaboration 2020;
Eisenstein et al. 2023a) data release to estimate Xy, at z = 6 and
z = 7. While the sample size was relatively small (84 galaxies) and
featured a non-standard Myy range (—20.48 < Myy < —16.33), our
completeness-corrected analysis resulted in a good determination of
X1ya, which was used to constrain Xy;(z = 7).

The JADES sample has since been combined with other public
JWST data sets in order to further constrain Xjy,(z) (Nakane et al.
2024; Napolitano et al. 2024), and the results are in agreement
with those of Jones et al. (2024). However, the diverse samples of
these newer works (i.e. JADES, CEERS, and other programmes)
means that the selection function of each sample will be less
homogeneous than a single-programme data set. In addition, nei-
ther of these works investigated the rest-frame Lyo equivalent
width (REWy,,) completeness of their data set, which will result
in skewed Xjy,(z) distributions. Here, we exploit the expanded
JADES data set to characterize Ly« emission in the early Universe
(4.0 < z < 14.3; corresponding to ~ 0.3 — 1.5 Gyr after the Big
Bang).

This work is organized as follows. We discuss our sample in
Section 2 and our spectral fitting procedure in Section 3. The
correlations from this analysis are explored in Section 4. Section 5
contains a completeness-corrected estimation of the Lya fraction,
which is used to constrain Xy and the IGM transmission of Ly«. We
conclude in Section 6.

We assume a standard concordance cosmology throughout:
(R4, 2,,,h) = (0.7,0.3,0.7) and use AB magnitudes.

2 SAMPLE

2.1 Observations overview

For this analysis, we use all observed NIRSpec spectroscopy so far
from the JADES survey, which spans PID 1180 and 1181 (PI D.
Eisenstein), PID 1210, 1286, and 1287 (PI N. Luetzgendorf), and
PID 3215 (PIs D. Eisenstein and R. Maiolino). This survey observed
galaxies in the Great Observatories Origins Deep Survey (GOODS;
Dickinson, Giavalisco & GOODS Team 2003) north (N) and south
(S) fields with the JWST/NIRSpec Multi-Shutter Array (MSA;
Ferruit et al. 2022) in both low (PRISM/CLEAR; spectral resolving
power R ~ 100) and medium spectral resolution (G140M/FO70LP,
G235M/F170LP, G395M/F290LP; R ~ 1000). Some survey tiers
also contain high spectral resolution observations (G395H/F290LP;
R ~ 2700).
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Table 1. JADES tier distribution of the sample analysed in this work. For
each survey tier, we also list a shorthand label.

PID Field Tier Selection Label N;-4

1180 GOODS-S
1180 GOODS-S
1181 GOODS-N
1181 GOODS-N

1180_-MHS 114
1180-MIJS 92
1181_MHN 96
1181_MIN 126

Medium HST
Medium JWST
Medium HST
Medium JWST

1210 GOODS-S Deep HST 1210_DHS 66
1286 GOODS-S  Medium JWST 1286_MIJS 209
1287 GOODS-S Deep JWST 1287_DJS 36
3215 GOODS-S Deep JWST 3215.DJS 56

TOTAL: 795

For each JADES tier (see Table 1), a large list of potential
target galaxies was aggregated. Each galaxy was given a priority
class (PC) dependent on e.g. redshift, HST (or JWST, if available)
colours, and UV brightness (see Bunker et al. 2024; D’Eugenio et al.
2024 for details of PCs), which were used in the construction of
MSA masks. This scheme was designed to ensure observations of
both extraordinary objects (e.g. GN-z11; Bunker et al. 2023) and
a statistically significant number of representative galaxies over the
probed range of redshifts. For more details, see the full description
of the survey (Eisenstein et al. 2023a) and data release papers
(Eisenstein et al. 2023b; Bunker et al. 2024; D’Eugenio et al. 2024).
The resulting spectra were visually inspected (D’Eugenio et al.
2024), resulting in precise spectroscopic redshifts for each galaxy.
For the two highest redshift sources in the sample, we include the
updated redshifts for 183 348 (JADES-GS-z14-0; zsys = 14.32) and
20018044 in 1287_DJS (JADES-GS-z14-1; z4, = 13.90; Carniani
et al. 2024). We also adopt the updated redshift for 20013 731 in
1287_DJS (JADES-GS-z13-1-LA; zys = 13.01) from Witstok et al.
(2024a). Due to the spatially extended nature of Ly emission (e.g.
Jung et al. 2024), we use a wide extraction aperture (5 pixels~
0.5 arcsec; e.g. Bunker et al. 2023; Curti et al. 2024a; Tang et al.
2024b).

Some targets were observed in multiple tiers due to a desire
for a deeper integration or a repeated observation due to previous
data being made unusable by an electrical short. To avoid including
these observations, we collect all inspected galaxies that are within
0.25 arcsec of each other and exclude the shallower observation.' In
all cases, the visual spectroscopic redshifts of the repeat observations
agree. Since we wish to analyse the R100 data, we exclude observa-
tions where the R100 data are corrupted (e.g. due to electrical shorts),
resulting in 2992 unique galaxies with good R100 data and precise
redshifts. A redshift cut of z > 4 is placed, so that we can detect
Ly in the wavelength range of the R100 data. With these limits and
exclusions, we find a list of 795 unique galaxies. The distribution of
sources between survey tiers is shown in Table 1.

2.2 Galaxy clustering

The galaxies that we analyse in this work have a similar set of
selection criteria and a uniform calibration pipeline, making a well-
founded statistical analysis possible. The sources are well distributed
across the two GOODS fields (Fig. 1), and some galaxies are closely
clustered. However, due to the size of each field (~ 18 arcmin,
corresponding to ~ 7.5 Mpc at z = 4 or ~ 5.2Mpc at z = 10) and

'While a future data release will include combined spectra from multiple
survey tiers, this is not yet available.
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Figure 1. Spatial distribution of our sample, coloured by redshift. Sources not detected in Lyx emission are represented as circles, while LAEs are red-edged
diamonds (see Section 3 for more details). For reference, we display the footprints of the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS; Grogin et al. 2011) field and the Hubble Ultra Deep Field (HUDF; Beckwith et al. 2006).

the number of targets, this clustering is expected. Indeed, since
observation planning software (e.g. Bonaventura et al. 2023) enables
efficient observations by creating densely packed MSA slit masks
without spectral overlap, we expect a number of galaxies with small
projected spatial separations.

Previous studies of the UV luminosity function (e.g. Donnan et al.
2023; Harikane et al. 2023; Robertson et al. 2024) have shown that
the density of galaxies for a given Myy decreases at higher redshifts.
The sample selection procedure of JADES was designed to maintain
a statistical sample across a wide range of redshifts (Bunker et al.
2024; D’Eugenio et al. 2024), and acts to preferentially observe
more high-redshift galaxies than would be included in a flux-limited
survey (Fig. 2).

Recently, Helton et al. (2024) searched JADES NIRCam (Rieke
et al. 2023) data for galaxy overdensities at 4.9 < zqy, < 8.9, finding
17 overdensities in GOODS-N and GOODS-S. By applying the
same association criteria as Helton et al. (i.e. projected physical
separations of < 0.1 Mpc and velocity offsets of < 500kms™!),
we find that eight of our 795 galaxies (i.e. ~ 1 per cent) fall into
these overdensities (three in JADES-GN-OD-7.144, one in JADES-
GS-0D-6.876, two in JADES-GS-OD-7.954, and two in JADES-
GS-OD-8.220). Thus, our sample is not strongly affected by high
galaxy overdensities. While LAEs have been found in overdensities
or close pairs (e.g. Saxena et al. 2023; Witten et al. 2024; Witstok
et al. 2024c), the study of LAE clustering is deferred to a future
work.

3 SPECTRAL FITTING

Our previous work was focused on REWy,, and only dealt with on
the Ly line (Jones et al. 2024). In this work, we extend our focus to
the Lya escape fraction (fL¥*), which requires flux estimates of at
least one Balmer line (e.g. He or HB). Because of this, we extend our
spectral fitting to encompass the full wavelength range covered by
the PRISM/CLEAR disperser/filter combination (i.e. 0.6 — 5.3 wm).
In addition, we include the higher resolution R1000 data, in order to
verify our fits and study relationships with the velocity offset between

Lyo and the systemic redshift.

3.1 Model description

The wide wavelength coverage, deep continuum sensitivity, and low
spectral resolution of the R100 data mean that an appropriate model
of the line and continuum emission requires careful construction.
Before modelling each galaxy spectrum, we derive an estimate of
Myy by integrating the spectrum between Ay = 1400 — 1500 A.
This range is chosen to overlap with one of the windows of
Calzetti, Kinney & Storchi-Bergmann (1994), and avoid contamina-
tion by possible CIVAL1548, 1551 emission (e.g. Izotov et al. 2024;
Navarro-Carrera et al. 2024). If this Myy estimate has an uncertainty
(based on the error spectrum) of < 0.5 magnitude, then we claim
that Myy is well determined. Otherwise, we determine a 30 lower
limit on Myy based on the RMS noise level of the observed spectrum
(see Appendix A).

The continuum at rest-frame ultraviolet (UV) wavelengths in the
early Universe (i.e. at z 2 5) is commonly fit as a power-law model
with a slope Byy ~ —2 (e.g. Yamanaka & Yamada 2019; Cullen
et al. 2023; Topping et al. 2024). But previous works (e.g. Jones
et al. 2024; Napolitano et al. 2024) suggest that the continuum
just redwards of Ly (Apese ~ 0.12 — 0.15 um) is well-modelled as
a power-law function with a slope that may deviate from that of
Buv. Indeed, Cameron et al. (2024) suggest that this deviation in
one galaxy is a sign of two-photon nebular continuum emission
(e.g. Dijkstra 2009; Katz et al. 2024; but see also Li et al. 2024;
Tacchella et al. 2024; Terp et al. 2024 for alternate interpretations),
as seen in low-redshift galaxies (e.g. Hall et al. 2004; Johnstone et al.
2012). For sources in the epoch of reionization (and to some degree
sources at lower redshift), reservoirs of neutral gas will create DWs
(e.g. Mortlock et al. 2011). While the low spectral resolution of the
R100 spectra results in the appearance of pseudo-DWs (e.g. Jones
et al. 2024), detailed investigations into DWs at high redshift are
ongoing (e.g. Fujimoto et al. 2023; Heintz et al. 2024b; Umeda et al.
2024).

With this in mind, we split each spectrum into two models, with a
pivot wavelength of Ay = 0.145 um. In the following, we refer
to them as the ‘R100-blue’ and ‘R100-red’ models. This pivot
wavelength is chosen as the middle point of the range we use to
derive Myy, and is similar to the turnover wavelength of the nebular

MNRAS 536, 2355-2380 (2025)
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Figure 2. Redshift distribution of sources analysed in this work, coloured by Lyc detection (see Section 3 for more details on fitting procedure).

continuum model of Cameron et al. (2024). The value of each model
at the pivot wavelength is fixed to be the mean spectral value of the
observed spectrum within Ay = 1400 — 1500 A (i.e. R100-red and
R100-blue are required to be continuous), but the models are not
assumed to be differentiable.

We first examine the R100-red model, which covers Apq =
0.145um to Agps = 5.3 um. The continuum of this range is
modelled as two power-law segments: one that extends from
Aobs = (1 4+ 21ye) x 0.145um to the wavelength of Hnp (Ao <
(1 + 24y5)0.3836 um), and another that extends from Aqps > (1 +
Zsys)0.3836 um to the red limit of the spectrum (Aqps = 5.3 um). A
discontinuity between these segments is allowed, in order to capture
a Balmer break or jump. While true Balmer breaks are expected
to be more gradual roll-offs marked by numerous absorption lines
(e.g. Binggeli et al. 2019; Furtak et al. 2024), the coarse spectral
resolution of our data necessitates a simple model. We note that
galaxies with high nebular continuum emission may feature Balmer
jumps rather than breaks and reddened rest-UV continuum slopes
(e.g. Katz et al. 2024; Narayanan et al. 2024; Roberts-Borsani
et al. 2024). However, the resulting rest-UV emission may still be
described as a power law (e.g. Heintz et al. 2024a). Because our
R100-red model contains two segments with separate power-law
slopes with no constraints on the sign of the Balmer discontinuity,
we may still fit spectra of galaxies with bright nebular continuum
emission.

MNRAS 536, 2355-2380 (2025)

The brightest expected emission lines ([O1JAA3726, 3729, HS,
[0 m1]AA4959, 5007, Her, and [N 11]AL6548, 6584)> are included via
Gaussian model components at the expected wavelengths. We predict
the line spread function (LSF) by first taking the fiducial resolving
power curve.> As noted in de Graaff et al. (2024), this curve
was derived assuming that each NIRSpec MSA slit was uniformly
illuminated. Since this is not the case for each JADES galaxy, the
LSF may be underpredicted. To account for this, we define the
width of each Gaussian to be or(A) = FrA/R(X)/2.355, where Fx
represents the deviation from the fiducial LSE* Using the code
PyNeb (Luridiana, Morisset & Shaw 2015) and assuming interstellar
medium (ISM) conditions of T, = 1.5 x 10*K and n. = 300cm™
(e.g. Torralba-Torregrosa et al. 2024), we derive intrinsic ratios
of [O1I]AS007/[O 11]14959= 2.984 and [N 11]A6584/[N 11]16548=
2.942. [O1]Ar3726, 3729 is treated as a single Gaussian line in the
low-resolution R100 data.

2While the rich JADES data set contains significant emission from many
more lines (e.g. Cameron et al. 2024; Laseter et al. 2024; Curti et al. 2024b),
we focus on the dominant emission in each spectrum.

3 As recorded in the JWST documentation; https:/jwst-docs.stsci.edu/jwst-
near-infrared- spectrograph/nirspec- instrumentation/nirspec-dispersers-and-
filters

4While this deviation has been found to be wavelength dependent, we assume
a single average value across the full wavelength range.
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The free parameters are thus: the systemic redshift (zgy), the
power-law slopes of each of the two continuum components, the
normalization of the redder power-law component, the deviation
from the fiducial LSF (Fr), and the integrated line fluxes of
[O1]Ar3726, 3729, HB, [O m]AS5007, [N 11]A6548, and Ho. We use
LMFIT (Newville etal. 2014) in ‘least_squares’ mode to find the best-
fitting model. Each spectrum is weighted by its inverse variance,
measured from its associated error spectrum. If the initial fit is
successful, then the best-fitting line intensities and their uncertainties
are inspected. In some cases, the first fit fails due to a non-detection
of [O11]AA3726, 3729, which is weaker than the other UV/optical
lines. To remedy this, we follow failed fits with runs where the
[O1]Ar3726, 3729 intensity is set to 0. There are some galaxies for
which we do not detect any significant emission from any of our rest-
optical lines, making the measurement of z., from our data alone
impossible. In these cases, we use the visual inspection redshift of
D’Eugenio et al. (2024), who used additional emission lines and
inspected both the R100 and R1000 spectra. The intensities of lines
that are not well detected (< 30) are set to 0, and the fit is repeated
until convergence.

Next, we consider the R100-blue model that extends from A,y =
0.6 pm to Ay = 0.145 pm. An initial high-resolution model grid
with bins of 0.001 um is populated with a single power law. A
Heaviside step function with a transition at Agps = (1 + Zrye) X Arye
is applied to this model to represent the Ly« break. Some observed
spectra feature non-zero emission bluewards of the Lya break, which
may either be incomplete absorption by the intervening Ly« forest
(particularly at lower-z) or an artefact introduced during calibration.
We account for this by allowing a non-zero continuum level that is
constant (in units of Fj) bluewards of the Lyx break. To introduce
Lyo emission, we add flux to the first spectral bin redwards of
the Ly break. The model is then convolved with a Gaussian of
width og.

If the R100-red model returned a well-determined Fy (i.e. > 30),
then we adopt this best-fitting value for this model as well. Otherwise,
we assume that Fr = 1. The free parameters in this model are: zpq,
the power-law slope of the continuum, and the integrated line flux
of Lyo. Again, we use LMFIT in ‘least_squares’ mode to find the
best-fitting model and weigh each spectrum by its inverse variance.
To explore the presence of Lywx, we perform initial fits with a
variable Fiy, (considering the line and continuum) and with Fiy, =0
(continuum-only). If these fits terminate successfully, then the best-
fitting values and reduced x? values are inspected. If the line and
continuum fit returns a better reduced x2, then we present the Ly«
properties. Otherwise, we present upper limits on Lyo.

We also examine the R1000 data for each source. All available
data (i.e. G140M, G235M, and G395M) are combined in order
to create a composite spectrum. The wavelengths ranges around
three line complexes are isolated (Lyc, HB—[O 11]JA14959, 5007,
and [NIJAA6548, 6584—Ha). Each emission line is fit using a 1D
Gaussian profile, where we assume the same [O II]JAA4959, 5007
and [N IJAL6548, 6584 ratios as for the R100 fit.

The Lyo emission is modelled as a symmetric Gaussian in
the R100 and R1000 data. Other works adopt a more complex
asymmetric profile (e.g. Shibuya et al. 2014), due to the relatively
high spectral resolving power (i.e. R > 1000) of their data (e.g. see
works utilizing MUSE, e.g. Kerutt et al. 2022; DEIMOS, e.g. Ono
et al. 2012; and MOSFIRE, e.g. Oesch et al. 2015). Because Ly« in
our sample is shifted to Agps ~ 0.6 — 1.9 um (with a preponderance
of galaxies at the lower edge), our resolving power is R ~ 30 — 100
for the R100 data and R ~ 300 — 800 for the R1000 data, making it
difficult to resolve the true Ly« profile (e.g. Saxena et al. 2024a).
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Many properties of the JADES data are described in greater detail
in other works, so we will not discuss them here. These include
the possibility of Ly DWs (e.g. Jakobsen et al., in preparation),
the presence of damped Lya systems (e.g. Hainline et al. 2024),
UV spectral slopes (Saxena et al. 2024b), and population properties
derived from stacked data (Kumari et al. 2024).

3.2 Further observables

The rest-frame equivalent width of each line is calculated using
its integrated flux (Fjne), redshift (z4), and the continuum model
evaluated at the centroid wavelength (Sc(Ajine)):

Fline
1+ Zsys)SC()‘-]ine).

The best-fitting continuum model is used to directly determine the
Balmer break by taking the ratio of the two best-fitting power-law
components of R100-red at their overlapping point.

Using our best-fitting observed He and Hf integrated fluxes from
the R100 or R1000 data, we may directly determine the Balmer
decrement (e.g. Dominguez et al. 2013):

25 F o,008 F obs
20 g, Fraons/ Frpons | )
k(Aup) — k(Ana) 2.876

where k() is the assumed dust attenuation curve (Calzetti et al.
2000) and we derive an intrinsic Fyo/Fug = 2.876 using PyNeb
and assuming fiducial ISM conditions of T, = 1.5 x 10*K and n, =
300cm~3 (e.g. Torralba-Torregrosa et al. 2024). This is then used to
derive an intrinsic (dust-corrected) He integrated flux:

REWLy, = (1)

E(B —V)gp =

k(Ago)E(B—V 2.5
FHa,im = FHot,obs10 (o) EC Jep/ . (3)

Through PyNeb, our ISM condition assumptions yield intrinsic ratios
of Flye/Fuoe = 8.789 and Fiy,/Fug = 24.487, assuming case B
recombination. These are combined with the result of equation (3) to
derive the intrinsic Fiy,. This is then used to derive the Lyo escape
fraction:

5% = Fiya,obs/ Fiyaint- )

We estimate fL¥* both by de-reddening Ly« and each Balmer line,

and by not correcting for dust (see Section C4).

Due to the wavelength coverage of our R100 observations (i.e.
0.60 — 5.30 um), we may detect Ho for galaxies at z < 7.1, HB up
to 7 9.9, and Lya for z = 3.9. The R1000 observations have a
slightly smaller wavelength coverage (i.e. 0.70 — 5.10 pm), so we
may detect Ho for galaxies at z < 6.8, HB up to z < 9.5, and Ly«
forz 2 4.8.

Our R1000 data allow us to determine the Ly velocity offset with
respect to the redshift based on the rest-optical lines (also derived
from the R1000 data). The redshift of Lye emission is measured
in two ways: from the centroid of the best-fitting Gaussian model
(AvLye,G), and from the wavelength corresponding to the peak flux
within [—500, +1000]kms~' of Lya (Avpye,p). Due to the large
size of our sample, these approaches are simpler than that of Saxena
et al. (2024a), who fit each R1000 spectrum with asymmetric and
symmetric Gaussian models using an MC approach. We will use
Avyy, pin the following analyses (see Appendix C3 for a comparison
of these velocities).

3.3 Spectral fitting results

As discussed in Section 2, our parent sample contained 795 galaxies
with precise spectroscopic redshifts from visual inspection of the
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R100 and R1000 spectra (z = 4.0 — 14.3; D’Eugenio et al. 2024).
Our fitting routine was applied to each galaxy, resulting in estimates
on Lya, rest-optical lines, and continuum emission. There is evidence
for Lyx emission from either the R100 or R1000 spectra at > 3o
in 150 galaxies. The best-fitting Ly flux and REWy, values are
presented in Table B1 for each such source. A set of fit examples
are shown in Fig. 3. The R100- and R1000-based quantities are
compared in Appendix C. In Section 3.4, we compare our recovered
Lya properties to those of other works that studied the GOODS
fields.

3.4 Comparison to previous results

In this work, we present > 100 galaxies at z > 4 with evidence for
Lyo emission from the current JADES data set. Because these objects
are in a well-studied field, some have been previously detected in Lyo
emission. Additionally, a portion of these objects have been included
in detailed studies (e.g. GN-z11; Bunker et al. 2023) or analyses of
populations (e.g. Tang et al. 2024b).

This work is a continuation of a previous study (Jones et al. 2024),
which searched for Ly emission in a sample of 84 galaxies at 5.6 <
z < 11.9 from R100 data in the first JADES data release (1210_DHS,
1180_MHS, and 1286_M1JS). Using a similar model as our R100-blue
model, they found evidence for Ly emission in 17 galaxies. All of
these sources are recovered in our analysis, with REWy, values in
agreement (i.e. within 30).

Similarly, Saxena et al. (2024a) used R1000 data from 1210_DHS
and 1180_MHS to find evidence of Lya emission in a sample of
17 galaxies at 5.8 < z < 8.0. For all of the galaxies in 1210_DHS
and most of the galaxies in 1180_-MHS, our results agree. However,
there are some noteworthy exceptions in the medium-tier data. These
may be due to different pipeline reductions (in some cases using
different calibrations) or different continuum-level assumptions. As
part of our effort to avoid including sources twice, we exclude
one LAE in 1180_.MHS from Saxena et al. (2024a) in favour of
a galaxy in 1286_MJS. The two sources have a projected separation
of 0.07 arcsec(~ 0.4kpc at the mean redshift of z = 6.60) and
Az =0.12 (~ 5000kms~"). This velocity offset is larger than the
threshold used in most merger classification studies (e.g. Ventou et al.
2017; Endsley et al. 2020; Duan et al. 2024), but it is smaller than
the threshold of Gupta et al. (2023) for a companion galaxy. An
examination of the NIRCam data for these objects shows that they
both lie within an extended feature.> Since their separation is less
than the width of the MSA shutter (0.2 arcsec), we only include the
source that was targeted using JWST-based selection and astrometry.

Stanway et al. (2004) detected Lyo emission from a source
at 7 ~ 5.8 (GOOD-S SBMO03#1) with Keck/DEIMOS (REWy =
30+ 10A). This emission is coincident with an LAE in our
sample (JADES-GS+53.16685—27.80413 in 3215_DJS, REWy =
51 £ 11 A). Thus, we identify this LAE as a re-detection of GOOD-S
SBMO3#1 from the candidate list of Stanway, Bunker & McMahon
(2003).

Recently, the highest redshift LAE in our sample (JADES-
GS+53.06475—-27.89024; z = 13.01) was investigated in detail by
Witstok et al. (2024b). By applying more detailed continuum models
(e.g. two-photon continuum, absorption by damped Ly« absorption
systems), they find a larger Ly flux and intrinsic REWy,. This

Shttps://jades.idies jhu.edu/?ra=53.1374139&dec=-27.7652125&zoom = 12,
see Figure D1.

MNRAS 536, 2355-2380 (2025)

highlights the need for advanced modelling for the highest redshift
sources.

Witstok et al. (2025) examine three JADES LAEs that
also lie within our sample: JADES-GN+-189.19774+62.25696 in
1181_MHN (z = 8.2790; called JADES-GN-z8-0-LA), JADES-
GS+53.15891-27.76508 in 3215_DJS (z = 8.4861; JADES-GS-
z8-0-LA), and JADES-GS+53.10900—27.90084 in 1287_DJS (z =
8.7110; JADES-GS-z8-1-LA). For each source, our REWy, values
are in agreement (i.e. within 30). The first of these objects was then
re-examined by Navarro-Carrera et al. (2024), who find a similar
Myv, Buv, and R1000-based Lya flux and velocity offset as our
model, despite using a more detailed asymmetric Gaussian model
for Lya. However, their best-fitting REWyy, value is > 7o higher
than our value due to the use of a best-fitting continuum model
from MSAEXP® that steeply declines, resulting in a lower expected
continuum level and higher REWy,. Tang et al. (2024a) reported
Lyo emission from the z = 8.4861 object from Witstok et al. (2025),
with comparable R1000-based flux as our value.

Curti et al. (2024a) find tentative evidence for Ly emission
(REWLy,= 31 £ 16 A) in the R1000 data of a galaxy (JADES-
GS-7z9-0) that was observed in two tiers of JADES (1210_DHS
and 3215_DJS). This detection was made possible by combining
spectra from both programmes, while our analysis of this object
only used the higher sensitivity spectra of 3215_DJS (JADES-
GS+53.11244—-27.77463) and does not show evidence of Lyo
emission. So while higher quality spectra may be produced by
combining multiple exposures, this process lies beyond the scope
of this work.

The well-studied galaxy GN-z11 also lies within our sample
(JADES-GN+189.10604+4-62.24204 in 1181_MIN). The JADES
spectra of this source were first presented by Bunker et al. (2023),
who find REWp = 18 £ 2 A using the same extraction aperture (5
pixels) as we use in this work. Our analysis finds the same Lyo
flux (i.e. within 1o), but a lower REWy,= 7 £ 2 A. We find that
the Lya break in the R100 spectrum is well fit by a Heaviside
function convolved with the LSF, with no evidence of a strong DW.
Because the LSF-convolved spectrum presents a lower value than the
intrinsic Ly continuum level, this discrepancy in REWyy, is due to
different assumptions on the underlying continuum level in our two
works.

By combining public data sets from CEERS, JADES, GLASS,
and UNCOVER, Tang et al. (2024b) present a set of 210 galaxies at
z > 6.5. Of these, 110 galaxies are from JADES, and 14 are reported
as LAEs. Our independent analysis detects Lyo in 13 of these objects,
including the three new LAESs presented in Tang et al. (2024b) but ex-
cluding JADES-28342 (GN+189.22436+62.27561).” The majority
of our REWyy, values agree (i.e. within 30), with the exception
of two sources where our REWyy, values are higher (JADES-
GN+189.14579+4-62.27332 and JADES-GS+53.14555—27.78380)
and one source where our REWpy, value is lower (JADES-
GS+53.13347-27.76037).

Finally, we note that our REWyy, values were measured with
the JWST/NIRSpec MSA, which uses small observational slits
(0.20 arcsec x 0.46 arcsec, where 0.1 arcsec <0.7 kpc atz >4). This
is vital, as some studies have reported mismatched JWST/NIRSpec
MSA and ground-based estimates of Ly flux (e.g. Jiang et al. 2024;

Ohttps://github.com/gbrammer/msaexp

"The Lya emission of this source was only detected in the R1000 data of
Tang et al. (2024b), but our analysis pipeline did not return an acceptable
R1000 spectrum.

Gz0z Arenuer gz uo Jasn aliyspJiousH 1o Ausieaiun Aq vZey L 6.2/SSEZ/E/9ES/a01E/SeIUW /W00 dno olwapede//:sdiy Woll papeojuMo(]


https://jades.idies.jhu.edu/?ra=53.1374139\&dec=-27.7652125\&zoom=12
https://github.com/gbrammer/msaexp

JADES: Measuring reionization with Lya 2361

JADES-GN +189.20968 +62.20725 (z=5.18256)
|medium _jwst gn_1181: 079349 | EW<11] CFIT
—— CONTINUUM

=
N
N

Aihdi
TR A L Sk

-2

FquIIIO"“ergfs.'cmz,'A)
o
°

Flux (102%rg/s/cm?/A)
°

100 . H

’ . 0 it 0 sy et
0.74 076 0.78 3.0 31 4.00 4.05 4.10
Observed Wavelength [um] Observed Wavelength [um]

JADES-G5+53.16555-27.77267 (z=7.23874) JADES-G5+53.13600-27.79849 (z=5.77764)
‘medium_Jwst_gs_1180: 40000170 | EW=39.6+/-7.2) LT
—_ = a =4~ CONTINUUM
= = {
E < |
5 ) 5 241} f i
g sl . “"‘V"'?‘v’-"r‘v“"--f.*-.-_-¢--—m~.uul T IS )
g vy o 4 ey
i i
2 32
E] | 1 2 4 5
" w
50 i 25 i 10 5
o Jdhssba b e ot v )i
; il L bliad i s . L s s e
40 a1 a2 0.80 0.82 0.84 3.3 3.4 4.40 445 4.50

Observed Wavelength [um] Observed Wavelength [um]

=
<

—4— CONTINUUM

@

1
o

Flux (10~2%rg/s/cm?/A)
o
1
i
1
|
]
!
i
1
Flux (1072%rg/s/cm?/A

° semsetnea) g bemce : el i i L . == ot ;
3.1 3.2 33 . 0.80 0.82 0.84 3.3 3.4 4.40 4.45 4.50
Observed Wavelength [um] Observed Wavelength [um]

7 1.0
medium _jwst_gs_1180: 042905 | EW=32.0+/-9.1 L+C FIT
-~ 4 —— CONTINUUM -
X ( | =<
~ | ' 0.5
E 5 " | E
o el £
B o T Wt qommrcimoport bacannes teniiin] oo lAALE T TVPTRYS
] | ]
i !
g -2 2
e 0.5
] a 5 El
™ ™
20 : 2.5
s b 0.0 -
; [\ PSS WP P/ F— -2.5 T 3 ¥ !
0.82 0.84 0.86 33 3.4 3.5 1.30 1.35 52 53 54
Observed Wavelength [pm] Observed Wavelength [um]

Figure 3. Examples of fitting a line + continuum model to observed JADES data for the full R100 data (upper panel) and portions of the R1000 data (lower
panels). In each, we show the observed 2D and 1D spectra. For the 1D spectra, we plot the observed spectrum (purple line) with an associated 1o error (shaded
region). The best-fitting model, which includes the effects of the LSF, is shown by a yellow line. The continuum value at the redshifted Lyo wavelength in the
R100 data is represented by a brown star. The 2D corresponding spectrum of each spectrum is shown above each 1D spectrum. We show examples of sources
where Ly« is detected in both data sets/neither data set/one data set.
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Figure 4. Distribution of rest-frame Ly equivalent widths as a function of Myy for our sample (orange circles for detections and green triangles for 3o
upper limits) and from literature (purple circles for detections and red triangles for 3o upper limits). Only sources with robust Myy estimates are shown. An
illustrative fit to the JADES detections is shown by the black dashed line, and the best-fitting parameters of this fit are included to the lower right of each panel.
The literature sample (spanning a redshift range of 2.9 < z < 8.7) is taken from a number of works (Cuby et al. 2003; Vanzella et al. 2011; Ono et al. 2012;
Schenker et al. 2012; Willott et al. 2013; Song et al. 2016; Pentericci et al. 2018; Shibuya et al. 2018; Hoag et al. 2019; Fuller et al. 2020; Tilvi et al. 2020;
Endsley et al. 2022; Jung et al. 2022; Kerutt et al. 2022; Tang et al. 2023) as compiled by Jones et al. (2024).

Jung et al. 2024), which are hypothesized to be due to the small
area of the MSA slit, UV-Ly« offset, or the existence of Ly haloes.
Simulations have also confirmed that these effects may result in
inaccurate estimates of Lyx flux and equivalent width from slit-
based observations (Bhagwat et al. 2024a). Future comparison of
our values to ground-based observations should take this effect into
account.

4 SAMPLE CORRELATIONS

4.1 REWpy,—Myy distribution

The resulting distribution in REWy, and Myy is displayed in Fig.
4. As found in other studies (e.g. Fu et al. 2024; Nakane et al. 2024;
Napolitano et al. 2024), there is a correlation between these values
that is present at all redshift bins, implying that UV-faint galaxies
feature higher REWy,. Previous studies have suggested that this
might be due to sensitivity effects (e.g. Jones et al. 2024), as the low
Lyo flux of galaxies in the lower right quadrant would require a deep
blind survey to detect. But UV-bright, high-REWy,, galaxies (upper
right quadrant), which would be easily detected, are not found. This
suggests that the correlation is physical.
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4.2 Myy-z distribution

We also present the Myy—z distribution of our sample in Fig. 5. While
we exclude sources where Myy was not significantly measured from
the R100 spectra, the resulting distribution features a wide range
of Myy values (i.e. from ~ —15.5 to ~ —21.75 with a mean of
~ —18.75) and redshifts (z ~ 4.0 — 14.5). We note the presence of
four extraordinary objects: the UV-bright z ~ 10.6 source GNz-11
(lime green point at centre top of plot; Bunker et al. 2023), a verified
LAE at z ~ 13 (JADES-GS-z13-1-LA; Witstok et al. 2024b), and
two of the highest redshift spectroscopically confirmed galaxies to
date (JADES-GS-z14-0 and JADES-GS-z14-1; Carniani et al. 2024),
which do not exhibit Ly emission.

Compared to the distribution from the previous work analysing
Lyx in JADES (Jones et al. 2024), we can immediately notice
some improvements. First, our sample size is ~ 10x the size of
the previous work, due to the inclusion of data from additional
JADES tiers and a wider redshift limit (z > 4 rather than z > 5.6).
This results in a more symmetric distribution of Myy values around
Myvy~ —19 and a larger number of sources in each redshift bin. The
LAEs (black-outlined markers) are not clustered in a specific region
of the distribution, but include UV-faint and UV-bright galaxies at
nearly all redshifts.
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Figure 5. Myy (from NIRSpec R100 spectra) versus systemic redshift (based on rest-frame optical lines) for our sample. Galaxies observed in different tiers
are coloured differently. Sources detected in Ly« emission (in R100 and/or R1000) are shown as diamonds with black outlines. Horizontal dashed lines show
Muyy values of —21.75, —20.25, and —18.75, while the vertical grey line shows our lower redshift cutoff (zsys > 4.0). The locations of several well-studied
objects are marked: GNz-11 (Bunker et al. 2023), JADES-GS-z13-1-LA (Witstok et al. 2024b), JADES-GS-z14-0, and JADES-GS-z14-1 (Carniani et al. 2024).
For sources where Myy is not robustly measured from the observed R100 spectrum, the 30 lower limit on Myy is shown by a downwards-facing triangle.
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Figure 6. Lya escape fraction (derived by comparing the observed and
intrinsic Lya/HpB flux ratio for the R1000 data, using no dust correction)
as a function of REWyy, (derived using the Lya flux and zgys from R1000
data and the continuum value from R100 data). Each point is coloured by
redshift. More details about the use of these values are given in Appendix C4.

4.3 Ly« escape fraction correlations

We may now consider the larger subsample of all galaxies with
measures of Ly and HB in R1000, in order to examine the full
relation between 2% and REWy, for our sample (Fig. 6; see
Appendix C4 for additional details on our fL¥* calculation). The

positive correlation, which has been previously evidenced through
observations and simulations (e.g. Sobral & Matthee 2019; Cassata

et al. 2020; Roy et al. 2023; Begley et al. 2024; Choustikov et al.
2024) is strengthened by this work with the addition of more galaxies.
In addition, it is clear that there is a gradient in redshift, with higher
redshift sources showing lower REWy, values (e.g. Saxena et al.
2024a).

This is shown more clearly in Fig. 7, where we display REWy, and
fLye as functions of redshift. Both quantities decrease with increasing
redshift. One may interpret the increasing Lya escape fraction with
cosmic time as a direct sign of the evolution of reionization between
tg ~ 0.4 — 1.2Gyr (z = 10 — 5), but it is important to rule out the
possibility of selection biases. First, we consider the possibility
that due to sensitivity effects, we may be biased towards more
extreme systems at high redshift. But since the highest redshift
sources have low REW\,, this is not the case. Alternatively, Saxena
et al. (2024a) find that this evolution may be caused by a relation
between REWp,, and Myy, with UV-fainter galaxies exhibiting
higher REWy,. This relation was examined in Section 4.1, where
we are not able to discern if it is true or caused by selection
effects. Our sample does not have a strong dependence of Myy
on redshift (see Fig. 5), and there is no clear gradient in REWy,(z)
or fLy* with respect to Myy (right panels of Fig. 7), so this is
unlikely.

Next, we examine the distribution of £L¥* as a function of the Ly«
velocity offset Avyy,. Past works (e.g. Tang et al. 2023; Saxena et al.
2024a) found a negative correlation between Avyy, and f2¥%, which
is reproduced in our data (Fig. 8). This implies that galaxies with high
Lya escape feature Lyx emission near the systemic redshift, which
may be caused by a large ionized bubble (e.g. Witstok et al. 2024b).
An ionized bubble would enable Ly« to emerge largely unattenuated
even at the core of the line. But in systems with neutral gas around the
galaxy (i.e. small bubbles), this emission from the line core would
be depleted through resonant scattering, with only photons in the red
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Figure 7. Redshift evolution of REWy, (top row) and Lya escape fraction (lower row). In the left column, REWpy, and Lya escape fraction points are
coloured by each other. The right-hand panels instead colour each point by Myy.
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Figure 8. Correlation between Avry, and Lya escape fraction. We plot the
best-fitting linear relation and list the relation and p-value in the legend.

wings of the line emerging (and consequently a suppressed flux and

lower fLyo).

4.4 Dust properties

While not the primary focus of this work, we may also inspect the
dust properties of the LAEs in our sample. To do this, we compare
the rest-UV slope Byy and B-V colour excess E(B — V) from the
R100 fits (Fig. 9). The latter is calculated using the observed Balmer
decrement (see Section 3.2) and represents the reddening of the
nebular lines, which may differ from the reddening of the stellar
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Figure 9. UV spectral slope as a function of BV colour excess (based
on Balmer decrement) for LAEs, where both values are measured from the
R100 spectra. Each point is coloured by spectroscopic redshift (also visually
validated; D’Eugenio et al. 2024). For comparison, we plot the relations from
Reddy et al. (2018) for multiple dust attenuation laws (Meurer, Heckman &
Calzetti 1999; Calzetti et al. 2000; Gordon et al. 2003; Reddy et al. 2015).
Note that the relations of Calzetti et al. (2000) and Reddy et al. (2015) are
very similar, and overlap.

continuum. Our values are in agreement with the stacking analysis
of Kumari et al. (2024).

Redder UV slopes can be associated with increased dust extinction
(e.g. Bhatawdekar & Conselice 2021), decreased LyC escape (e.g.
Chisholm et al. 2022), higher Balmer break (e.g. Langeroodi &
Hjorth 2024), and generally increased dust content (e.g. Austin et al.
2024). On the other hand, E(B — V) is a direct measure of dust
attenuation (e.g. Dominguez et al. 2013; Matthee et al. 2023). Thus,
it is expected that the two parameters should be correlated (e.g.
Chisholm et al. 2022). Indeed, we find a positive correlation (Fig. 9).
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To put this result in context, we also plot the relations from
Reddy et al. (2018) between UV spectral slope and E(B — V) using
several dust attenuation laws. The Calzetti et al. (2000), Gordon
et al. (2003), and Reddy et al. (2015) relations are calculated using
two models: ‘Binary Population and Spectral Synthesis’ (BPASS;
Eldridge & Stanway 2012; Stanway, Eldridge & Becker 2016) with
low metallicity (0.14 solar) and those of Bruzual & Charlot (2003,
BCO03) with 1.4 solar metallicity. The span of these models is shown
by a shaded region for each attenuation law. We also include the
correlation of Meurer et al. (1999).

The relation that we find for our LAEs features a similar slope as
those of Meurer et al. (1999), Calzetti et al. (2000), and Reddy et al.
(2015), but with a lower value of § when E(B — V) = 0. On the other
hand, the SMC curve of Gordon et al. (2003) differs significantly.
Because the calculation of our E(B — V) values included the
assumption of a Calzetti et al. (2000) attenuation law, this agreement
is not surprising. The resulting shift between our correlations and
the others could be caused by differences in galaxy properties [e.g.
Reddy et al. (2015) use galaxies at 1.5 < z < 2.5 while our sample is
4 < z < 14] or model assumptions. Further studies will shine more
light on the dust properties of high-redshift LAEs.

5 DISCUSSION

5.1 IGM transmission

Following other recent studies (Mason et al. 2018a; Nakane et al.
2024; Tang et al. 2024b), we may use our full distribution of
REW/, values and upper limits to constrain the redshift evolution
of a physical tracer of reionization. While other works examine
the neutral hydrogen fraction directly, we will examine the IGM
transmission of Lya (Tigm).

This is possible because of a few basic assumptions that are made
in each of the other works. First, we assume that the continuum
emission underlying Lya emission is not extincted. This allows us
to calculate an observed REW| 4 obs. = TigMREWyq emic. - Next, we
choose the redshift range of 4.9 < z < 6.5 (hereafter denoted as
z ~ 5) as reference® and assume that the distribution of REWLyq emit.
values does not change between 5 < z < 14. Finally, we assume that
this REW[y, obs. distribution only changes because of an evolving
Tigm-

5.1.1 REWLyy, distribution

To begin, we follow a method similar to that of Tang et al. (2024a)
to derive the distribution of REWy emic. Values at z ~ 5. This is
done by isolating all galaxies in our sample that fall into the redshift
range and have a well-determined Myy value (see Appendix A). For
all such galaxies with Ly detections, we calculate the probability
distribution implied by the REWy, value:

L [~(REWiy. — REWL,P
X s
2mo; P 20.i2

where REWy; is the measured REWy, value and o; is the
associated uncertainty. For all galaxies that meet the z and Myy

Pi 4o (REWLy,) = (%)

8This epoch contains the end of the EoR (Tigm = 1.0; e.g. Bosman et al.
2022), but also contains a time range where Tigm < 1.0. Because of this, we
use the REWy, distribution as a reference to see how Tigm evolves with z
rather than exploring the absolute value of Tigm.
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constraints but are non-detected in Lya emission, we find the
probability distribution implied by the upper limit on REWy,:

—REW?
oo Sl } . (©6)

1

Pi,lim (REWLya) = exXp

1
V2mo;

All P;(REWLy,) values are summed and the resulting distribution is
normalized. To ease further computation, we fit the distribution with
a log-normal model:

exp [_(ln(REWLya) -w?
V27 REW o 202
Using the OPTIMIZE.CURVE_FIT task of SciPy (Virtanen et al. 2020),

we find best-fitting values of p =2.44 £0.01 and 1.64 =0.01.

These are comparable to those of Tang et al. (2024b), who used

a similar redshift range’: 1 = 2.3870% and o = 1.6470%3.

P(REWLy,) =

]. @)

5.1.2 IGM transmission calculation

With a REWy, distribution in hand, we employ the Bayesian
framework of Mason et al. (2018a) to constrain Tigy. In the case of
LAEs, we have measured REW{, values (REW;) and uncertainties
(o), which we may use to calculate the likelihood implied by our
measurement (REW; =+ o;):

2 2
P(REWi)del — e*(REW*REwl) /Q2077)

< 1
/0 V2mo;

x P(REW/Tigy) dREW. ®)

For galaxies that are not detected in Lyo emission, we may use
our observational 1o limits on REWy, (07) to find the REWy,
likelihood:

P(REW) /oo 1 R |:REW — 3Ui:|
Dlim = —erfe | ———
! o 2 V20

x P(REW/Tigm) dREW. ©)

All of these distributions are then combined to create a probability
distribution for Tigm:

N
P(Tiow) = [ [ P(REW)), (10)

where P(EW,) is the REWy, probability distribution for each
galaxy.

Our sample is separated into three redshift bins (6.5 < z < 8.0,
8.0 < 7 < 10.0, 10.0 < z < 13.3), and we exclude galaxies where
Myy was not well determined from the R100 data. For each bin,
we calculate P(Tigm) for Tigm = [0.01,0.02,0.03, ..., 1.0] and
calculate the 16th, 50th, and 84th percentiles, which we present in
Fig. 10. This analysis results in similar constraints on Tigm as Tang
et al. (2024b).

5.2 Lya fraction

The large size of our sample allows for new constraints on the Lyo
emitter fraction (Xyy,). This value represents the fraction of galaxies
in an Myy and redshift bin that are detected in Ly emission with an
REWL, value greater than a limit. The standard REWy, limits are
25,50, and 75 A, although some studies use slightly different values
(e.g. 10 A, 55 A; Stark et al. 2011; Ono et al. 2012; Nakane et al.

9The different levels of uncertainty originate from different methods of fitting.
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Figure 10. Redshift evolution of IGM transmission of Lyax (with respect
to its value at z ~ 5), as measured by Tang et al. (2024b) and through our
analysis. Both studies show a strong increase in transmission with cosmic
time.

2024). Here, we determine X1y,(z) of our sample, after accounting
for incompleteness at low REW, values.

5.2.1 Completeness analysis

As in Jones et al. (2024), the galaxies in our sample span a wide
range of redshifts and Myy values. In order to use our measurements
of REWy, to place constraints on the characteristics of galaxy
populations, we must examine the completeness of our sample at
low values of REWy,, where a weak Lyo feature may be washed
out by the strong spectral break at this wavelength at the low spectral
resolution of the R100 data. But since REWy is a function of both
the underlying continuum strength (i.e. Myy) and the Lyo flux (in
the case of a detection) or the error spectrum (for non-detections),
we will use a series of models that take this complexity into account
to determine the completeness.

There are a few key points that must be included. First, the
sensitivity to Lyx is dependent on both the observed wavelength
of the line and the redshift, as the error spectrum for any given
NIRSpec observation is not flat. More importantly, the scaling of
these error spectra vary from tier to tier, with nearly an order of
magnitude difference between the error spectrum of 1180-MHS and
3215_DJS at Agbs ~ 1 pm. In addition, our sample covers a range of
AMyy > 5mag, strongly affecting our ability to detect low REW{
emission.

An added complexity arises from the fact that we wish to
examine the completeness of our sample for all REWy, values
beyond a lower limit, rather than the completeness at a single
value. Thus, if we wish to evaluate the completeness value for
a single galaxy at a given limit (e.g. > 25A), we must create a
series of models with a range of REWy, values and calculate the
fraction of models with an intrinsic REWyy, larger than the limit
that are well-fit. Assuming a single value (e.g. the REW, limit;
Jones et al. 2024) will result in an unrealistically low completeness
value. Similarly, assuming a uniform REWyy, distribution is non-
physical, as there are fewer extreme LAEs (e.g. Tang et al. 2024a).
We choose to use a physically motivated distribution of REWy,
models.
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Figure 11. Expected REWLy, distribution of galaxies at z = 5 — 6, based
on models of Tang et al. (2024a). The top row shows the normal-
ized distribution of galaxies as a function of REWpy,, while the mid-
dle row shows the CDFE. The bottom row shows the same distributions
as the top row, but normalized by their value at REWpy,= 25 A. For
each panel, we show three Myy values (Myy=[—19.5, —18.5, —17.5])
with different colours, and mark three REWry, values of interest
(REWpy,= [25, 50, 751 A).

The redshift range z = 5 — 6, which lies below the expected mid-
point of reionization, can be used to get a handle on the intrinsic
distribution of REWy, at high redshift without much impact from
IGM absorption. The REW|, distribution of galaxies in this epoch
was recently determined by Tang et al. (2024a) for three bins of Myy
= [—17.5, —18.5, —19.5]. Because their analysis already accounts
for completeness, it is suitable for this analysis. This distribution
(reproduced in the top panel of Fig. 11) shows a moderate dependence
on Myy, with the UV-faint population containing a larger proportion
of higher REWy, galaxies. This is shown in an alternate way in
the middle panel, which shows the cumulative distribution function
(CDF) of these distributions. The CDF of the UV-bright population
rises to unity quickly, representing a wealth of low-REW|, galaxies.
Since we only wish to examine galaxies with REWy, > 25 A, we
examine the REWy, distribution as normalized by the 25 A value
(bottom panel of Fig. 11). These normalized distributions are quite
similar, with differences of < 10 per cent. Based on this similarity
across Myy values, we adopt the Myy= —18.5 distribution when
constructing our models.

To begin, we derive mean error spectra for each tier. For each
observed galaxy, we create 30 high-resolution mock spectra using
the R100-blue model from Section 3.1 with different realizations of
the appropriate noise spectrum. Each model has the same Myy and
redshift as the observed galaxy, but with a variable REW , (sampled
from the REWy, distribution described previously, with limits of
25A <REWp,,< 500 A), B (sampled from a uniform distribution
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Figure 12. Completeness of galaxies in our sample for three REWLy, limits, divided into bins of redshift (columns, increasing from left to right) and Myv
(rows, decreasing in brightness from top to bottom). Darker points indicate higher completeness. The lower row and rightmost column show the completeness
with no limits on Myy and redshift, respectively. Thus, the lower right panel is the completeness of the full sample. The number of galaxies in each bin is shown

the lower right of each panel.

between [—2.5, 2.5]),!1° and deviation from the fiducial LSF (Fg;
sampled from a uniform distribution between [0.5, 1.0]). For this
analysis, we exclude all galaxies from each tier whose Myy value
cannot be measured directly from the R100 data due to high noise
levels, as their REWy, is poorly constrained. Since we are able to
constrain REWy, across a wide range of Myy values (Fig. 4), this
does not strongly affect our analysis.

Each model is fit using the R100-blue model of Section 3.1, and
we record the best-fitting REW1y, (REW) and the associated
uncertainty (SREW,ys). The completeness for an observed galaxy
at the given REWy, limit (hereafter Cj(> REWyy,)) is derived
by dividing the number of models that meet the REWyy, limit
with successful Lya detections (REWops > 36REWp,s and < 30
difference between REW s and REW;p,,) by the number of such
simulations. As an example, consider the galaxy with ID 1655 in
1181,MH°N (zeys = 4.474), which yields 9(> 25A) ~ 60 per cent,
Ci(> 50A) ~ 89 per cent, and Cj(> 75A) ~ 93 per cent.

This analysis allows us to examine the completeness of our sample
and technique as a function of galaxy properties. We calculate the
average completeness for our sample in bins of redshift and Myy,
excluding galaxies for which our completeness analysis returned

10Note that this slope is different from By v, see Section 3.1.

Ci(> 25 A) = 0. As shown in Fig. 12, the completeness increases
with REW, for nearly all bins. The completeness decreases
strongly with Myy, with C < 50 per cent for the UV-faint bin. Since
the majority of our sources lie in the —20.25 < Myy < —18.75 bin,
our average completeness is ~ 50 — 80 per cent.

5.2.2 Lya fraction determination

The Lya fraction for each redshift bin (z;, e.g. 4.5 < z < 5.5) and
REWy, bin (e.g. REW;,, =25 A) is then evaluated as:

Nget(> REWji)
S0 C(> REWji)

Xiya(zi, REW > REWjip,) = 1)

where Nge((> REW)iy,) is the subset of these galaxies with a detected
REWy, greater than REWj;, and Ny, is the total number of
observed galaxies that meet the z and Myy requirements. Because
the completeness factor is bound between zero and unity, this form
of Xiy, will always be equal to or greater than the form lacking a
completeness correction. For this calculation, we exclude galaxies
where Myy was not measurable from the R100 spectra, as well as
galaxies with Cj(> REWj;,,) = 0.

The resulting evolution of Lyw fraction with redshift is shown
in Fig. 13, along with values from literature (Stark et al. 2010;
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Figure 13. Fraction of observed galaxies detected in Lya emission with REW 4 > 25 A (left), REW o > 50A (centre), and REW o > 75 A (right). Our
derived fractions are shown as red stars, while fractions from literature are shown by coloured markers (Stark et al. 2010; Stark et al. 2011; Ono et al. 2012;
Schenker et al. 2012; Pentericci et al. 2014, 2018; Schenker et al. 2014; De Barros et al. 2017; Mason et al. 2018a, 2019; Jones et al. 2024; Nakane et al. 2024;
Napolitano et al. 2024; Tang et al. 2024a, b). Points are shifted in redshift for clarity. The REWpy,> 25 A points of Jones et al. (2024) were affected by low
completeness, so we display them with low opacity. For the central panel, note that Stark et al. (2011) and Ono et al. (2012) used a REWy, limit of > 55 A.
The Ly« fractions calculated by excluding the eight galaxies in possible galaxy overdensities (see Section 2.2) are depicted by low-opacity red stars.

Stark et al. 2011; Ono et al. 2012; Schenker et al. 2012; Pentericci
et al. 2014; Schenker et al. 2014; De Barros et al. 2017; Mason
et al. 2018a, 2019; Pentericci et al. 2018; Jones et al. 2024; Nakane
et al. 2024; Napolitano et al. 2024; Tang et al. 2024a, b). For this
comparison, we exclude some Lyw fractions derived only using UV-
bright galaxies (Myy< —20.25; Curtis-Lake et al. 2012; Cassata
et al. 2015; Furusawa et al. 2016; Stark et al. 2017; Yoshioka
et al. 2022; Fu et al. 2024), as these are found to have systematic
differences (e.g. Stark et al. 2011; Pentericci et al. 2014, 2018). To
avoid overcrowding of the figure, we also do not include all available
studies (e.g. Mallery et al. 2012; Treu et al. 2013; Caruana et al. 2014;
Tilvi et al. 2014; Fuller et al. 2020; Kusakabe et al. 2020; Goovaerts
et al. 2023). The fractions for Tang et al. (2024a, b) are derived
by integrating their best-fitting REWy, distributions. We note that
Napolitano et al. (2024) presents Ly« fractions derived using multiple
data sets (i.e. JADES and CEERS). For each redshift bin, we include
their result with the largest sample size with overdensity correction, if
available.

For most data sets, there is a clear increase in Xy, from z =4 to
z = 6 and a decrease for z > 6, due presumably to enhanced IGM
absorption. However, a clear spread in values is present for each
redshift bin (likely due to changes in stellar populations and ISM
properties). Our X1y, values for 4 < z < 6.5 are lower than those of
archival studies that used DEIMOS on Keck (i.e. Stark et al. 2010;
Stark et al. 2011), but are comparable to other JWST studies (i.e.
Napolitano et al. 2024; Tang et al. 2024a) as well as a study that used
the FOcal Reducer/low dispersion Spectrograph 2 (FORS2) on the
Very Large Telescope (VLT; De Barros et al. 2017).

As one of the first redshift bins containing galaxies in the EoR,
the Lyw fraction at 6.5 < z < 7.5 has been very well explored. Our
fractions are in agreement with the other results. We previously found
that some of the Ly emitting galaxies in the 7.5 < z < 8.5 bin may
lie in galaxy overdensities (see Section 2.2). Since these may trace
regions of increased Lyo transmission (e.g. Ouchi et al. 2010), we
also estimate the Ly« fraction when these galaxies are excluded (see
faint red stars in Fig. 13). This results in lower Xy, values, but not
significantly (i.e. < lo). The highest redshift bin (8.5 < z < 9.5)
has not yet been well explored, but our low fraction agrees with the
findings of Tang et al. (2024b).
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To summarize, our derived Ly« fractions imply a similar evolution
as previous studies: an increase from early times (z ~ 9.5) to the end
of the EoR (between 5.5 < z < 6.5), followed by adecreasetoz ~ 4.
We briefly note that proper constraints on Xjy, require knowledge
of the effects of cosmic variance, selection effects, and observational
biases. The JADES survey is well-suited to the discovery of LAEs,
but due to its relatively small survey area (i.e. the GOODS fields) and
the pre-selection of sources to be observed with the NIRSpec MSA,
we may be affected by these effects. Future studies including more
fields will correct this effect, but they must also take completeness
into account.

5.3 Neutral hydrogen fraction

The evolution of the neutral hydrogen fraction is key to the study
of the EoR, as it directly traces the process of reionization. A
number of studies have constrained this evolution using different
techniques, including DW modelling (e.g. Durov&ikovi et al. 2024;
Spina et al. 2024; Umeda et al. 2024), detailed reionization sim-
ulations (e.g. Morales et al. 2021; Asthana et al. 2024; Bhagwat
et al. 2024b; Mukherjee, Dey & Pal 2024), and analysis of Ly
fractions (e.g. Ono et al. 2012; Furusawa et al. 2016; Mason et al.
2018b; Jones et al. 2024). While a general evolution from Xy = 1
at 7 29 to Xy~ 0 at z ~ 6 is observed, the exact evolution of
this fraction for z ~ 6 — 9 is not yet well constrained. Here, we
combine our Lyo fractions with the model outputs of Dijkstra,
Mesinger & Wyithe (2011) to place constraints on the neutral fraction
atz ~ 7.

The model originally created in Dijkstra et al. (2011) was built on
the assumption that the evolution of the Ly« fraction between z = 7
and z = 6 (a period of ~ 170 Myr) is predominately dictated by a
changing neutral fraction (Xy). While the intrinsic distribution of
REW\,, may also evolve due to changes in galaxy population prop-
erties (e.g. metallicity, ISM conditions), the small time-scale between
these redshifts makes this assumption reasonable. In addition, they
assume that the REW|, distribution at z = 6 may be described by
an exponential with scale length REWy, . = 50 A. Further studies
using additional observations (e.g. Pentericci et al. 2018; Nakane
et al. 2024) determined that REWy, . was lower (~ 30 — 40 A).
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Figure 14. Cumulative distribution for REWy, at z ~ 7 using galaxies with
—20.25 < Myvy < —18.75. Each solid line shows the expected distribution
for a model with Ny = 102 cm™2, a wind speed of 200 km sl and an
assumed intrinsic REWpy, distribution scale length of 30 A, but with a
different neutral fraction (Nakane et al. 2024). Estimates from the literature
(Ono et al. 2012; Schenker et al. 2012; Pentericci et al. 2014, 2018; Mason
et al. 2018a; Nakane et al. 2024; Napolitano et al. 2024) are shifted by 1A
for visibility.

This model was recently utilized by Nakane et al. (2024), who
assumed Ny = 10* cm™2 and outflow speed vying = 200kms™!
and restricted the galaxy sample to those with —20.25 < Myy <
—18.75. As part of their results, they include a set of REWp,
distributions for different values of REWyy, . and Xui(z = 7).

In order to investigate the neutral fraction at z ~ 7, we isolate
all galaxies between 6.5 < z < 7.5 and enforce the same Myy
cut as other works (—20.25 < Myy < —18.75). Using the Myy-
dependent parametrization of Mason et al. (2018a),'! this Myy range
corresponds to REWpy . ~ 31 — 32 A. We convert the REWLy,
PDFs of Nakane et al. (2024) for REWyy, . = 30A to CDFs,
and compare our completeness-corrected X;,,(z = 7) cumulative
distribution with these model outputs and a set of literature values
in Fig. 14. The values of our sample are in agreement (i.e. < 20
discrepancy) with the other values, as previously seen in Fig. 13.

Next, we estimate Xy using the sets of measurements in Fig.
14. Each Xy, value and its uncertainties represents a probability
distribution of P(> REWyyq jim) for REWyyq iim € [25, 50, 75] A,
while the model grid of Nakane et al. (2024) may be used to convert
P(> REWyy, 1im) into a distribution of Xy for each REWp 4 jim
value. The combination of these distributions for our data results in
an estimate of Xy = 0.64103% for our —20.25 < Myy < —18.75
sample. If we instead use the model outputs of Pentericci et al.
(2014), which assumes REWpy, . = 50 A, then we find a higher
value (Xgr = 0.8975:0¢; see Appendix E).

To put this result in context, we compare our best-fitting Xy
value to those of literature in Fig. 15. While there are a multitude
of estimates that have been made over the last decades, there are a

UREW|yq,c = 31 + 12 tanh [4(Myy + 20.25)] A
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few illustrative boundaries. The first is composed of the conservative
upper limits at 5.5 < z < 6.7 based on studies of dark pixels in Ly«
and Lyp forests (e.g. McGreer et al. 2015; Jin et al. 2023), which
constrain the end of the EoR. We may also consider the constraints of
two different models (Finkelstein et al. 2019; Naidu et al. 2020). The
former charts the progress of reionization if the budget of reionising
photons is primarily supplied by UV-faint (Myy> —15) galaxies,
while reionisation in the latter model is dominated by UV-bright
objects (Myy< —18; ‘oligarchs’). Regardless of the method used,
most observations result in Xpy; estimates that fall between these
two models. Our value of Xiy(z =7) = 0.641’8:;‘? is in agreement
with those of other studies, which predict a value of ~0.5atz =7
(e.g. Mason et al. 2018a; Greig et al. 2022; Durov&ikova et al. 2024;
Nakane et al. 2024; Tang et al. 2024b).

6 CONCLUSIONS

Using the rich JWST/NIRSpec data set of the full JADES survey,
we have searched for Lya emission in a sample of 795 galaxies at
4.0 < z < 14.3, resulting in the detection of 150 LAEs spanning the
end of the EoR to nearly cosmic dawn (4.0 < z < 13.1). Due to
the construction of the JADES survey, galaxies in our sample are
distributed across the GOODS-N and GOODS-S fields, with LAEs
detected over a wide range of Myy (from —16 to —21).

The low-resolution R100 data allowed for estimates of the un-
derlying continuum emission, while the wide wavelength coverage
(Aobs = 0.6 — 5.3 um) permitted the detection of rest-optical lines
(e.g. [O1I]AX4959, 5007, Ha). Most galaxies also benefit from
higher resolution R1000 data, which open a more detailed window
into the fluxes of each line and the velocity offset of Lyw. The
resulting line and continuum properties were analysed to characterize
this unique sample of galaxies.

Similarly to previous works, our data show a positive relation
between REWy, and Myy across a range of redshifts. While this
correlation was proposed to be the result of sensitivity effects (i.e. a
lack of galaxies with faint Ly and continuum emission; Jones et al.
2024), we still find a strong correlation in each redshift bin using our
large sample that includes deep observations. Thus, the correlation
is likely physical.

We calculate the Ly« escape fraction of our sample using R1000
data and calculating the intrinsic Lye flux using the observed HB
flux (see Appendix C4 for discussion of this assumption). This value
shows a strong positive correlation with REWy, (in agreement with
e.g. Roy et al. 2023). There is a strong negative correlation between
fLye and redshift (z ~ 5.5 — 9.5), which may reflect IGM evolution
during the EoR.

To explore the reionizing properties of individual galaxies, we
examine the relation between Lya velocity offset and f2*, which
shows a negative correlation. For galaxies in the EoR, Lya near
the systemic redshift will be absorbed or scattered from the line of
sight, and only Lyw at high relative velocities will be able to escape.
As the galaxies ionize their surroundings, a lower velocity offset
is required. Thus, this negative correlation also represents a direct
tracer of reionisation on the galaxy scale.

All REW|, measurements (both detections and upper limits) are
then combined with the Bayesian framework of Mason et al. (2018a)
to constrain the IGM transmission of Ly« (7igym) betweenz = 6 — 14
as a function of Tigm(z ~ 5). We find a similar evolution as Tang
et al. (2024b): a decrease of ~ 50 per cent between z =5 — 7, and
a further decrease of ~ 20 per cent between z =7 — 12.

Using the observed properties of our galaxies, and a set of mock
spectra, we determine the REWy,, completeness of our sample and
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Figure 15. Comparison of Xy values derived through diverse methods. Our value, as derived through a comparison of the observed Xy, distribution to the
model grid of Pentericci et al. (2014), is shown as a large black star. We include the results of two reionization models (Finkelstein et al. 2019; Naidu et al. 2020),
a detailed CMB study (Planck Collaboration VI 2020), Ly and Ly g forest observations (McGreer et al. 2015; Zhu et al. 2022; Jin et al. 2023; Spina et al. 2024;
Zhu et al. 2024), LAE observations (Schenker et al. 2014; Mason et al. 2018a; Hoag et al. 2019; Mason et al. 2019; Bolan et al. 2022; Jones et al. 2024; Nakane
et al. 2024; Tang et al. 2024b), Ly damping wings of star forming galaxies (Curtis-Lake et al. 2023; Fausey et al. 2024; Hsiao et al. 2024; Umeda et al. 2024)
and QSOs (Greig et al. 2017; Banados et al. 2018; Davies et al. 2018; Greig, Mesinger & Banados 2019; Durov&ikovd et al. 2020; Wang et al. 2020; Yang et al.
2020; Greig et al. 2022; Durov&ikovi et al. 2024), Lya luminosity functions (Ouchi et al. 2010; Konno et al. 2014; Zheng et al. 2017; Inoue et al. 2018; Konno
et al. 2018; Goto et al. 2021; Morales et al. 2021; Ning et al. 2022), and LAE clustering (Ouchi et al. 2010; Sobacchi & Mesinger 2015; Ouchi et al. 2018).

analysis technique. Instead of completeness at a given REWp,
value, we are interested instead in the completeness for all values
above a REWp, limit, and thus adopt a previously found REWy,
distribution (Tang et al. 2024a) in our derivation. This analysis
reveals that our completeness increases from ~ 50 per cent for
REW > 25 Ato~70 per cent for REWy > 75 A across most
redshift and Myy bins. We strongly recommend implementing
completeness analyses for future works investigating Ly emission
in large JWST data sets, as its exclusion introduces a non-trivial bias
in the results.

A completeness correction is applied to the sample to create Lyo
fraction distributions: Xy, (z). We find that X{, increases between
7z = 4 — 6 and decreases at higher redshifts, in line with other works.
A non-zero Xy,,(z ~ 8) is found, which we verify is not biased by
observing galaxy overdensities.

The X1y, (z = 7) values are combined with the model of Nakane
et al. (2024) to place a constraint on Xy(z = 7) = 0.647013.
Applying the same method to Lyw fractions from other works
results in similar Xy; values. This is placed in context with other
Xui(z ~ 5.3 — 13.5) values, where it is made clear that our hydrogen
neutral fraction is comparable to most values derived in other works.

By exploiting the large data set of JADES, we have unveiled a
number of new LAEs spanning a wide range of intrinsic properties
and cosmic epochs. Ongoing and future investigations will detail
individual LAEs, and this sample will be combined with other large
surveys to shine light on the remaining mysteries of the EoR.
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APPENDIX A: Myy LIMIT DISTRIBUTION

Throughout this work, the rest-UV magnitude Myy is estimated
directly from our JWST/NIRSpec R100 spectra. While these data are
sensitive to the strength and shape of the rest-UV continuum (e.g.
Topping et al. 2024), our sample features two types of diversity that
hinder Myy measurement: intrinsic UV brightness and observation
depth. As seen in Fig. 5, our measured Myy values extend over
a range of § Myy~ 5 magnitudes, including both UV-luminous and
faint galaxies (e.g. Stark et al. 2017). In addition, the JADES data
set may be separated into a deep and medium tier (see Table 1), with
a ~ 1 magnitude difference in sensitivity between the deepest and
shallowest observations.

With this sample properties in mind, we consider the possibility
that our Myy measurement technique introduces a bias towards UV-
bright galaxies. The distribution of our Myy values (separated into
measurements and upper limits) as a function of systemic redshift is
shown in Fig. A1. Itis clear that majority of the galaxies have reliable
Myy estimates (~ 85 per cent of the sample). Most of the upper
limits are fainter than Myy= —18.75, but we are able to measure
Myy for some galaxies below this threshold. This demonstrates that
for the primary Myy range of interest (—20.25< Myy <—18.75),
we are able to measure Myy well for most of our galaxies.

APPENDIX C: FIT QUALITY VERIFICATION

C1 R100-R1000 comparison

Because the R100 and R1000 fits were performed separately, we
may directly compare the best-fitting integrated line flux for multiple
strong emission lines (Fig. C1). For [O 11]14959 and Hp, the R1000-
based fluxes are ~ 10 per cent larger. This agrees with the findings
of Bunker et al. (2024), who used NIRCam comparisons to suggest
that the R100-based fluxes may be more accurate.

In a curious reversal, we find that the R100-based estimates
of [NI]A6548 flux (of which there are not many 3o detections)
are lower than the R1000-based estimates. When comparing the
R100- and R1000-based fluxes for Ha alone, excellent agreement
(<1 percent deviation) is found. However, when the combined
[N1]-He flux of the R1000 fit is compared to the Hoa flux of the
R100 fit, we find a similar ~ 14 per cent deviation in slope as in the
other strong lines. This suggests that [NII]A6548 and [N 11]16584 are
blended with Hee in the R100 spectra, and our R100-based Hor flux
encompasses the full [N 11]-Ho complex.
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Figure Al. Myy (from NIRSpec R100 spectra) versus systemic redshift
(based on rest-frame optical lines) for our sample. Sources where Myy is
robustly measured from the observed R100 spectrum are shown by purple
diamonds, while sources where Myy is not well determined are shown by
orange triangles.

The upper right panel of Fig. C1 instead presents the difference in
spectroscopic redshift as derived from the R100 and R1000 spectra.
We find a best-fitting offset of Az ~ 0.005, which is consistent with
the median offset presented by Bunker et al. (2024; 0.00388) and
D’Eugenio et al. (2024; 0.0042). Thus, while the R100 and R1000
results are in approximate agreement, the disagreements in flux and
wavelength suggest that they should be analysed separately.

C2 Grating redshift reliability

For each galaxy, we perform up to four separate fits: the full R100
spectrum, the R1000 data around Ly, the R1000 data around the
[O1I]AA4959, 5007-HB complex, and the R1000 data around the
Ho—[N11]AA6548, 6584 complex. These fits reveal that the resulting
line fluxes and redshifts are in agreement (with the exception of
calibration-level offsets, see Section C1).

However, it is also possible that the results from each of the
three R1000 gratings may yield different results. To inspect this,
we consider the redshifts derived from the [O11]A14959, 5007—
HpB complex (G235M) and the Ha—[N1]JAr6548, 6584 complex
(G395M). As shown in Fig. C2, these redshifts are in great agreement,
with an average deviation of only |8z = 0.00005, or < 5kms~!.
Thus, we do not find significant differences in redshifts from different
R1000 gratings.

C3 Lya velocity offset measurement

As discussed in Section 3.2, we measure the velocity offset of Ly
with respect to the redshift of the rest-optical lines in two ways:
the centroid wavelength of a best-fitting Gaussian model (Aviyq,G)
and the brightest pixel within [—500,1000] km s~ of Lyo (Avpye,p).
In Fig. C3, we show the difference between these velocities as a
function of Avyyy p.

Ideally, these two velocities would always agree, resulting in a
line of slope 0. But we find that Avyye g > Avpyep for the bulk of
the galaxies. This is expected from simulations of how Ly emission
profiles are affected by IGM absorption (e.g. Mason et al. 2018a).
Ly« is intrinsically shifted to the red, and the blue edge is preferably
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absorbed, resulting in red wings. A symmetric Gaussian fit to these
profiles returns a more positive centroid velocity than the peak-
finding approach, and this difference correlates with asymmetry.
Because lines with lower Av have more absorption and feature
higher asymmetry, it is expected that Aviy, g > Avpy,p for sources
with low Awvyy, p, and that this difference decreases with increasing
Avyy, p. This is what we observe.

C4 Lya escape fraction calculation

By fitting the R100 and R1000 spectra, we have up to two estimates
of the fluxes of Lya, Ho, and Hp (i.e. from the R100 and R1000 fits),
as well as a single estimate of the flux of the continuum underlying
the Ly« line (i.e. from the R100 fit). These may be used to determine
two estimates of REWpy,: REWyy, ri00 and REW{, ri000, Where
both use the same R100-based continuum value. In addition, we may
calculate eight versions of £1: using the Lya/Ho or Lya/Hp ratio
(see Section 3.2), including a dust correction based on the measured
E(B — V) or not (denoted DC or No_DC, respectively), and using
values from the R100 or R1000 fits.

To examine these quantities further, we isolate a subsample of
galaxies with both measures of REWy, and all eight measures of
fLe (ie. detections of Ly, He, and HB in R100 and R1000) and
plot fL* as a function of REWy,, in Fig. C4. This comparison
immediately yields several useful findings. First, the application of
a dust correction (which is assumed to be identical for the Balmer
lines and Lya) shifts some escape fractions to high values. Some of
these fractions are shifted to non-physical values of >100 per cent,
suggesting that an incorrect dust correction was applied. Some
studies have found that Lyo and Ho are extincted differently due
to the resonant nature of Ly (e.g. Roy et al. 2023; Begley et al.
2024; Choustikov et al. 2024), implying that different corrections
are needed. This may also be an effect of our assumptions of case
B recombination rather than case A, or our use of the Calzetti et al.
(2000) law rather than others (e.g. Salim, Boquien & Lee 2018;
Reddy et al. 2020).

The most crucial finding here is that all four non-dust corrected
escape fractions show the same positive correlation. Throughout the
analysis of the main text we consider the £ value derived from
the R1000 data using the Lya/Hp ratio with no dust correction, and
the associated R1000-based REWy,. This is driven by our ability
to detect HB in our data out to higher redshifts, uncertainty in the
applicability of our applied dust correction, and the higher spectral
resolution of the R1000 data.

APPENDIX D: FITSMAP EXTRACT

APPENDIX E: ALTERNATE Xy ESTIMATE

In Section 5.3, we combined our observed REWy, distribution at
6.5 < z < 7.5 with the model outputs presented by Nakane et al.
(2024) to place an estimate on Xy;(z ~ 7). This model was chosen
for its assumption of a physically motivated intrinsic REWyy,
distribution with REW{, . = 30 A. Here, we demonstrate that the
use of a model with a more top-heavy REW|, distribution results
in a higher estimated Xgi(z ~ 7).

In Fig. E1, we plot our REWyy, CDF at z ~ 7, but include the
model grid of Pentericci et al. (2014). This model is nearly identical
to that of Nakane et al. (2024), but features an intrinsic REWpy,
distribution with REWy, . = 50 A. This yields a best-fitting Xy =
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Figure C2. Comparison of redshifts derived from the [O 1]A24959, 5007—
Hp complex (G235M) and the Ho—[N 11]JA16548, 6584 complex (G395M).
LAEs and non-LAEs are shown with red and blue outlines, respectively. The
average deviation is listed.
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Figure C1. Comparison of line fluxes and spectroscopic redshifts for fits to R100 and R1000 data. We compare fluxes for Lye, HB, [O 11[]A4959, He, and
[N 1]16548. In addition, we compare the flux of Ha from the R100 data to the combined [N 11]-Ho flux of the R1000 fit. The upper right panel shows the

0.89700¢, which is ~ 2 higher than the estimate using the Nakane
et al. (2024) model grid.
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Figure C3. Comparison of Lyx velocity offset derived using two methods:
from the centroid of the best-fit Gaussian model (AvLye,G), and from the
highest-flux wavelength within [—500, 4+1000] km s of Lya (AvLye,p).
The best-fitting correlation is shown by a dashed line.
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JADES: Measuring reionization with Lyx 2379

8 Department of Astronomy and Astrophysics, University of California, Santa
Cruz, 1156 High Street, Santa Cruz, CA 95064, USA

YYNSF’s National Optical-Infrared Astronomy Research Laboratory, 950
North Cherry Avenue, Tucson, AZ 85719, USA

20NRC Herzberg, 5071 West Saanich Rd, Victoria, BC V9E 2E7, Canada

This paper has been typeset from a TEX/I&TEX file prepared by the author.

Figure D1. RGB image (> 3 um, 2 — 3 pum, < 2 pm, respectively) created
using JWST/NIRCam data from JADES observations. The map is centred at
RA =53.1374136°, Dec =-27.7652120°, and a 0.15 arcsec scale bar is shown
to the lower left corner. Retrieved from FitsMap (Hausen & Robertson 2022):
https://jades.idies.jhu.edu/?ra=53.1374139&dec=-27.7652125&zoom = 12.
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Figure C4. Lya escape fraction as a function of REWyy, for a single sample. The upper row shows results from the R100 data, while the lower row shows

the R1000 results. In the left four plots, fe';ﬁ‘* is derived by comparing the observed and intrinsic Lya/He flux ratio, while the right four plots use the intrinsic
Lya/Hp flux ratio. The first and third include dust correction, while the second and fourth do not. Points are coloured by redshift.
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Figure E1. Cumulative distribution for REWy, atz ~ 7 using galaxies with
—20.25 < Myy < —18.75, as in Fig. 14. Each solid line shows the expected
distribution for a model with Ny = 102° cm=2, a wind speed of 200 km s~
and an assumed intrinsic REWpy, distribution scale length of 50 A, but witha
different neutral fraction (Pentericci et al. 2014). Estimates from the literature
(Ono et al. 2012; Schenker et al. 2012; Pentericci et al. 2014, 2018; Mason
et al. 2018a; Nakane et al. 2024; Napolitano et al. 2024) are shifted by 1 A
for visibility.
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