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ABSTRACT

We present the properties of 17 faint Lyman-α emitting galaxies (LAEs) at z > 5.8 from the JWST Advanced Deep Extragalactic Survey (JADES)
spectroscopic data in the Hubble Ultra Deep Field/GOODS-S. These LAEs span a redshift range z ≈ 5.8−8.0 and a UV magnitude range MUV ≈

−17 to −20.6, with the Lyα equivalent width (EW) in the range ≈ 25−350 Å. The detection of other rest-optical emission lines in the spectra of
these LAEs enables the determination of accurate systemic redshifts and Lyα velocity offsets, as well as the physical and chemical composition of
their stars and interstellar media. These faint LAEs are consistent with metal-poor systems with high ionization parameters, similar to the general
galaxy population at z > 6. We measured an average ionizing photon production efficiency, log(ξion/erg−1 Hz)≈ 25.57 across our LAEs, which does
not evolve strongly with redshift. We report an anti-correlation between the Lyα escape fraction and the velocity offset from systemic redshift,
consistent with model expectations. We further find that the strength and velocity offset of Lyα are neither correlated with galaxy spectroscopic
properties nor with ξion. We find a decrease in Lyα escape fractions with redshift, indicative of decreasing sizes of ionized bubbles around LAEs at
high redshifts. We used a range of galaxy properties to predict Lyman continuum escape fractions for our LAEs, finding that the ionizing photon
output into the intergalactic medium from our LAEs remains roughly constant across the observed Lyα EW, showing a mild increase at fainter
UV magnitudes and at higher redshifts. We derived correlations between the ionizing photon output from LAEs and their UV magnitudes, Lyα
strengths and redshifts, which can be used to constrain the ionizing photon contribution of LAEs at z > 6 towards cosmic reionization.
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1. Introduction

Cosmic reionization is a crucial phase transition in the Universe’s
history, and the understanding of which is an important chal-
lenge in observational astronomy (see recent review by Robertson
2022). The emergence of ionizing UV photons from the first struc-
tures to form in the Universe began interacting with the neutral
intergalactic medium (IGM), gradually ionizing it to near com-
pletion by z ∼ 6 (e.g. Fan et al. 2006), although certain studies
have favoured a later end to reionization (e.g. Weinberger et al.
2019; Keating et al. 2020; Bosman et al. 2022). To quantify the
contribution towards the cosmic reionization budget from ioniz-
ing photon sources in the early Universe, a good understanding is
needed of the space density of sources, the efficiency of hydrogen
ionizing Lyman continuum (LyC; λ0 < 912 Å) photon produc-
tion, and crucially, the fraction of LyC photons that manage to
escape into the IGM (e.g. Dayal & Ferrara 2018).

JWST spectroscopy has offered ground-breaking insights
into the state of the interstellar medium (ISM), chemi-
cal enrichment of the gas and stars as well as ioniz-
ing photon production in galaxies at z> 6, pushing towards
fainter UV magnitudes than were previously possible from
the ground (Arellano-Córdova et al. 2022; Endsley et al. 2023;
Tacchella et al. 2023; Trump et al. 2023; Sun et al. 2023;

Cameron et al. 2023; Curtis-Lake et al. 2023; Curti et al. 2023;
Fujimoto et al. 2023; Katz et al. 2023a; Robertson et al. 2023;
Sanders et al. 2023). However, accurately measuring the escape
fraction of LyC photons ( fesc) becomes hard already at z >
4 mainly due to the increasing neutrality of the IGM (e.g.
Inoue et al. 2014), which efficiently absorbs LyC photons along
the line of sight. A further complication is introduced by the fact
that no clear dependence between fesc(LyC) and galaxy proper-
ties has been observationally established (e.g. Naidu et al. 2018;
Fletcher et al. 2019; Nakajima et al. 2020; Pahl et al. 2021;
Saxena et al. 2022b).

Therefore, in order to constrain the all-important escape frac-
tion of ionizing photons from reionization era galaxies, it is
of the utmost importance to find reliable indirect indicators of
fesc(LyC). The presence of young, actively forming stars as well
as gas and dust-free environments is thought to enable significant
fesc(LyC) from galaxies (e.g. Zackrisson et al. 2013), and spec-
troscopic and/or photometric indicators probing such conditions
can be explored as indirect indicators of LyC photon escape (e.g.
Flury et al. 2022a,b; Topping et al. 2022; Mascia et al. 2023).
Important insights can also be gained from high-resolution sim-
ulations of reionization era galaxies, where a good handle on the
escaping LyC radiation can be correlated with prevalent galaxy
conditions (e.g. Barrow et al. 2020; Maji et al. 2022) that can
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then be converted into observables (e.g. Choustikov et al. 2024)
and used to predict fesc from galaxies.

Uniquely, galaxies at z & 6 that show strong Lyα emission
in their spectra, typically with equivalent widths (EW> 20 Å;
e.g. Ajiki et al. 2003), also known as Lyα emitters (or LAEs)
can be excellent probes of studying how reionization unfolds
over redshifts. The presence of strong Lyα emission at z & 6
often traces the existence of large ionized bubbles in an other-
wise neutral IGM (Miralda-Escudé 1998; Furlanetto et al. 2006;
Roberts-Borsani et al. 2016; Castellano et al. 2022; Trapp et al.
2023; Tang et al. 2023; Jung et al. 2023; Saxena et al. 2023, cf.
Bunker et al. 2023b), offering direct observational insights into
reionized regions of the early Universe. Further, as intrinsic
Lyα luminosities are expected to increase with star formation
rates, the fraction of galaxies that appear to be strong LAEs
can be an important diagnostic of the ionizing photon produc-
tion capabilities of reionization era galaxies (e.g. Smith et al.
2019; Garel et al. 2021; Matthee et al. 2022) as well as the evolv-
ing state of the IGM neutral fraction (e.g. Caruana et al. 2012,
2014; Stark 2016; Pentericci et al. 2018a; Hoag et al. 2019;
Kusakabe et al. 2020; Fuller et al. 2020; Jones et al. 2024).

Considerable information about the neutral gas and dust con-
tent within a galaxy can be gained by the observed strength
and emission line profile of Lyα (e.g. Hayes et al. 2023). The
separation between the blue and red peaks in the emission
as well as the offset from systemic redshift in the absence
of a double-peaked profile can be used to infer neutral gas
densities (Verhamme et al. 2015; Orlitová et al. 2018) and dust
(Hayes et al. 2013), although it has been shown that the neutral
gas distribution may play the more dominant role in controlling
Lyα escape (e.g. Atek et al. 2008). At z > 6, both the num-
ber density of LAEs (Haiman 2002; Malhotra & Rhoads 2006)
and the shape of the Lyα line originating from star-forming
galaxies residing within ionized bubbles can further be used to
estimate the size of those bubbles (e.g. Mason & Gronke 2020;
Hayes & Scarlata 2023; Witstok et al. 2024).

With a plethora of models available to link the observed Lyα
properties to both galaxy properties and the state of the IGM
at z > 6, it is imperative to expand samples of observed LAEs
in the reionization era, pushing to fainter magnitudes. Prob-
ing Lyα emission from UV-faint galaxies has the added advan-
tage of providing much tighter constraints on both bubble sizes
as well as the ionized fraction of the IGM (e.g. Mason et al.
2018; Bolan et al. 2022). Importantly, Lyα emission from fainter
galaxies can provide additional sightlines from which the impact
of galaxy associations on the production efficiency of ionizing
photons (e.g. Witten et al. 2024) and their transmission through
the IGM (e.g. Trapp et al. 2023) can be studied in detail.

Perhaps most importantly, detailed studies of faint LAEs
can inform our understanding of the key drivers of cosmic
reionization, particularly testing whether compact star-forming
galaxies are indeed contributing the bulk of ionizing photons
towards the reionization budget (e.g. Robertson et al. 2015),
which are often expected to produce large intrinsic Lyα lumi-
nosities (e.g. Matthee et al. 2022). LAEs that have their Lyα
emission peaking close to systemic redshifts are also expected
to have high LyC escape fractions (Verhamme et al. 2015;
Dijkstra 2014; Naidu et al. 2022). With signatures of hard radi-
ation fields (Stark et al. 2015; Mainali et al. 2017; Feltre et al.
2020; Saxena et al. 2022a; Roy et al. 2023) and elevated ion-
izing photon production efficiencies (e.g. Matthee et al. 2017a;
Harikane et al. 2018; Ning et al. 2023; Simmonds et al. 2023,
2024) measured from LAEs across redshifts, Lyα emitting
galaxies in the reionization era are exciting laboratories to both

test and constrain reionization models. With access to stellar and
ISM properties of LAEs at high redshifts thanks to JWST, it is
now finally possible to study the potential role of LAEs in driv-
ing cosmic reionization.

In an attempt to quantify the production and escape of both
Lyα and LyC photons from LAEs in the reionization era, in
this study we dramatically increase the number of faint LAEs
detected at z & 6 using exquisitely deep spectra from the JWST
Advanced Deep Extragalactic Survey (JADES; Eisenstein et al.
2023). The main aim of this work is to explore the physical prop-
erties of faint LAEs in the reionization era, while also investi-
gating the physical mechanisms within the galaxy that control
the visibility of Lyα emission. We further assess the impact of
an increasingly neutral IGM on the emergent Lyα emission at
the highest redshifts. Finally, using all available spectroscopic
and photometric information about our faint LAEs, we estimate
their ionizing photon contribution towards the global reioniza-
tion budget. In companion papers, we also measure the LAE
fraction (Jones et al. 2024) as well as the size of ionized bubbles
around our LAEs and their clustering (Witstok et al. 2024).

The layout of this paper is as follows: Section 2 describes
the JWST data used in this study as well as the measurement of
key spectroscopic quantities that are used in this study. Section 3
presents the chemical enrichment and ionization state inferred
from the spectra of our LAEs compared with other reionization
era galaxies in the literature. Section 4 explores the mechanisms
within galaxies that control the escape of Lyα photons along
the line of sight. Section 5 discusses the implications for the
reionization of the Universe from these new LAE observations
and presents quantities that would help build realistic reioniza-
tion models. The main conclusions of this study are presented in
Sect. 6.

Throughout this paper, we use the Planck Collaboration VI
(2020) cosmology. Magnitudes are in the AB system (Oke &
Gunn 1983) and all distances used are proper distances, unless
otherwise stated.

2. Data and measurements

2.1. NIRSpec data

The JWST observations used in this study are part of JADES,
which is a collaboration between the Near-Infrared Camera
(NIRCam; Rieke et al. 2023a) and Near-Infrared Spectrograph
(NIRSpec; Ferruit et al. 2022; Jakobsen et al. 2022) Instrument
Science teams with an aim of using over 750 hours of guaranteed
time observations (GTO) to study the evolution of galaxies in
the Great Observatories Origins Deep Survey (GOODS)-South
and GOODS-North fields (Giavalisco et al. 2004). We describe
the NIRSpec and NIRCam observations and data reduction steps
below.

Spectroscopic data presented in this work was obtained using
the Micro-Shutter Assembly (MSA; Ferruit et al. 2022) on the
NIRSpec instrument on board JWST. Two ‘Tiers’ of JADES data
was utilized in this study: the Deep Tier NIRSpec observations
are part of the GTO program ID: 1210 (PI: Lützgendorf) and in
GOODS-S centred near the Hubble Ultra Deep Field (HUDF),
obtained between 22 October and 25 October 2022 over 3 vis-
its, and the Medium Tier observations are part of GTO program
1180 (PI: Eisenstein) obtained over a larger area in GOODS-S
(see Eisenstein et al. 2023, for an overview of the field layout).

For Deep observations, the PRISM/CLEAR setup, which
gives wavelength coverage in the range 0.6−5.3 µm with
a spectral resolution of R ∼ 100 (Böker et al. 2023),
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and G140M/F070LP, G235M/F170LP, G395M/F290LP, and
G395H/F290LP filter/grating setups were used, whereas for
Medium observations all of the above but the G395H/F290LP
filter/grating setup were used. For the Deep Tier, three sub-
pointings were planned in the same field (although each sub-
pointing had minor pointing differences), with each visit having
a total of 33.613 ks of exposure in PRISM/CLEAR and 8.4 ks of
exposure in each of the gratings. The Medium Tier observations
were carried out in parallel to NIRCam observations, and there-
fore, consisted of several single pointings covering a larger sky
area, with 3.8 ks of exposure time in PRISM/CLEAR and 3.1 ks
of exposure time in the gratings per pointing. We note that as
the sources targeted were generally high-priority targets owing
to their possible high redshift nature, it was possible for one tar-
get to be covered over multiple Medium Tier pointings. We refer
the readers to Bunker et al. (2023a) and Eisenstein et al. (2023)
for further details about the observational setup, strategy and
challenges.

The targets for spectroscopy were selected from existing
deep HST-based catalogueues as well as JADES NIRCam cat-
alogueues (Rieke et al. 2023b). Candidate high redshift galaxies
with photometric redshifts z > 5.7, identified via the classic pho-
tometric ‘drop-out’ technique (e.g. Steidel et al. 1996), whereby
the Lyman break in the spectrum of a galaxy is captured in
adjacent broad-band filters, were assigned higher priorities. Full
details of the target selection and priority classes can be found in
the accompanying paper by Bunker et al. (in prep.).

The data reduction was carried out using pipelines devel-
oped by the ESA NIRSpec Science Operations Team (SOT)
and the NIRSpec GTO Team (Ferruit et al. 2022, Carniani et al.
in prep.). Some of the main data reduction steps implemented
by the pipeline are pixel-level background subtraction, pixel-to-
pixel flat-field correction, absolute flux calibration, slit-loss cor-
rection, and eventually 2-dimensional (2D) and 1-dimensional
(1D) spectra extraction and co-addition. In this version of the
reduction, the final 1D spectra are not extracted from the 2D
spectra, but result from the weighted averaging of 1D spectra
from all integrations (see Curtis-Lake et al. 2023). Due to the
compact size of our LAEs, slit-loss corrections were applied
by modelling it as point-like source. A nominal 3-pixel extrac-
tion aperture was used to produce the co-added 1D spectra. A
detailed description of the data reduction and spectral extrac-
tion methods is given in Bunker et al. (2023a; but see also
Curtis-Lake et al. 2023 and Cameron et al. 2023).

2.2. Identification of Lyman-alpha emitters

Lyα emission in the spectra of galaxies in the parent sample was
identified through a combination of template fitting (Jones et al.
2024) of the R100 spectra as well as visual inspection of both
the R100 and R1000 (G140M) spectra of all confirmed high-
redshift galaxies in the parent sample. Using both these methods,
we identified 9 candidate LAEs in Deep and 7 candidate LAEs
in Medium at z > 5.8. We then measure the Lyα line flux by
fitting a single Gaussian function to the emission in both R100
and R1000 spectra.

The Lyα line in one of the 17 LAEs at z > 5.8 presented in
this work fell in the detector gap in R1000. With the exception of
this galaxy, all visually identified LAEs encouragingly showed
clear Lyα emission both in the PRISM and in G140M spectra.
In Fig. 1 we show the full 1D spectrum from PRISM (R100) as
well as a zoom-in on the Lyα emission identified in the G140M
grating (R1000) from a selection of LAEs in our sample and
the spectra of all LAEs are shown in Appendix A. In Table 1

we list the spectroscopic redshifts, the complete JADES Source
name/ID and the effective exposure times in both PRISM and
Gratings for the LAEs identified in this work.

Overall, we find that the line fluxes we measure from the
medium resolution grating are systematically higher than the
ones measured from PRISM, as can also be seen in Fig. 1, which
is not surprising given the degradation in spectral resolution that
PRISM spectra suffer from at shorter wavelengths. Therefore,
going forward we use Lyα measurements from the G140M grat-
ing, with the exception of one source for which Lyα was in the
detector gap.

2.3. Systemic redshifts

Accurate ‘systemic’ redshifts were measured by identifying
strong emission lines in the higher resolution Grating spectra,
which generally consisted of [O ii], Hβ, [O iii] and Hα. The
redshift was derived by fitting single Gaussian functions to the
strongest emission lines and using a signal to noise ratio (S/N)
weighted combination of the centroids of the fits to obtain the
best redshift solution. For the redshift range of our sources, the
Hβ, [O iii] and Hα lines fell in the G395M grating and the [O ii]
line fell in the G235M grating spectra. Vacuum wavelengths for
all of these strong rest-frame optical lines were used for redshift
determination.

We found that on average, the difference between the red-
shifts derived from R100 and R1000 spectra were of the order
∆z ∼ 0.004, but the redshifts derived from lines in the medium
dispersion gratings were found to be consistent. Therefore, the
redshifts that we derive and use further in the study are from the
medium dispersion gratings, which also have a much narrower
line-spread function (LSF) and are more sensitive to narrow
emission lines. The source IDs, JADES source names, redshifts
and exposure times are given in Table 1. From here on, we use
the IDs to refer to the objects presented in this paper. The refer-
ences for the discovery papers of these targets can be found in
Bunker et al. (2023a).

2.4. UV magnitudes and slopes

UV magnitudes at rest-frame 1500 Å (MUV) were measured
directly from the R100 PRISM spectra. To do this, the spec-
tra were shifted from observed to rest-frame using the spectro-
scopic redshifts and a 50 Å-wide boxcar filter centred on 1500 Å
to measure the median flux and error. The measured fluxes
and errors were then used to calculate absolute magnitudes and
errors. The distribution of the UV magnitudes and Lyα equiva-
lent widths from our sample of LAEs is shown in Fig. 2. The UV-
faint galaxies in our sample show systematically high EW(Lyα),
which is likely due to the flux-limited nature of spectroscopic
observations, only enabling high EW LAEs to be identified at
fainter UV magnitudes.

To put our sample into perspective, we also show mea-
surements from other LAEs at z & 6 identified using JWST
(Tang et al. 2023; Jung et al. 2023) or ground-based observa-
tions (Ning et al. 2023; Endsley et al. 2023) in the Figure. The
LAEs presented in this work have on average fainter UV magni-
tudes compared to the majority of other strong LAEs at z & 6
identified from ground-based telescopes in the literature. We
do note, however, ground-based spectroscopic surveys around
lensing clusters have been able to identify a handful of faint
z > 6 LAEs (e.g. Hoag et al. 2019; Fuller et al. 2020; Bolan et al.
2022), which have comparable UV magnitudes to the galax-
ies in our sample. However, the intrinsic UV magnitudes of
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Fig. 1. Example spectra showing the PRISM (left) and G140M grating zoom-in on Lyα emission (right) of faint LAEs selected from the Deep Tier
spectra in JADES, with 1σ noise shown as green shaded region. The Lyα line sensitivity in the G140M spectra is considerably higher compared
to PRISM, where the decreasing spectral resolution at bluer wavelengths results in diminished emission line sensitivity. Therefore, a combination
of both PRISM and Grating spectra is key to identifying Lyα emission.

lensed galaxies are prone to uncertainties from the lensing
models.

We further compare our faint LAEs to those with similar
UV magnitudes identified at z < 5.7 from the MUSE DEEP
and WIDE surveys (Kerutt et al. 2022), which are also shown
in Fig. 2. Interestingly, we find that the distribution of Lyα EW
is highly comparable to the MUSE LAEs at a given UV magni-
tude. Since the MUSE LAEs shown here were selected to lie at
redshifts where the IGM is not expected to significantly impact
the emergent Lyα emission along the line of sight, the fact that
our sample at z & 6 appears to be homogeneously mixed with the
MUSE sample indicates that IGM attenuation is likely not play-
ing a very strong role on the emergent Lyα line from our galax-
ies. This reinforces the idea that our LAEs must be surrounded
by highly ionized regions/bubbles (e.g. Witstok et al. 2024), and

the shape and strength of the observed Lyα emission is likely
controlled mainly by the ISM/CGM around the galaxies.

UV slopes (β, where fλ ∝ λβ) are also measured directly
from the R100 spectra by fitting a power-law function using
chi-squared minimization to the flux density in the wavelength
range 1340 Å–2600 Å, using the Calzetti et al. (1994) spectral
windows to avoid strong emission and/or absorption features at
rest-UV wavelengths. The redshifts, UV magnitudes at 1500 Å
and observed UV slopes are given in Table 2.

2.5. Lyman-alpha velocity offsets

Using accurate systemic redshifts from the medium resolution
grating spectra, we then use the peak of the Lyα line detected
in the G140M grating spectra of our LAEs to calculate velocity
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Table 1. IDs, redshifts, and exposure times for the Lyα emitting galaxies identified in this study.

ID JADES source name zspec T PRISM
exp T Grating

exp
(ks) (ks)

Deep Tier
21842 JADES-GS+53.15682−27.76716 7.982 100.0 25.0
10013682* JADES-GS+53.16746−27.77201 7.276 66.6 16.7
4297 JADES-GS+53.15579−27.81520 6.712 33.3 8.3
16625 JADES-GS+53.16904−27.77884 6.631 100.0 25.0
18846 JADES-GS+53.13492−27.77271 6.336 100.0 25.0
19342 JADES-GS+53.16062−27.77161 5.974 100.0 25.0
9422 JADES-GS+53.12175−27.79763 5.937 100.0 25.0
6002 JADES-GS+53.11041−27.80892 5.937 100.0 25.0
19606 JADES-GS+53.17655−27.77111 5.889 33.3 8.3
10056849 JADES-GS+53.11351−27.77284 5.814 100.0 8.3
Medium Tier
12637 JADES-GS+53.13347−27.76037 7.660 19.0 15.5
15362 JADES-GS+53.11634−27.76194 6.794 15.2 12.4
13607 JADES-GS+53.13743−27.76519 6.622 7.6 6.2
14123 JADES-GS+53.17836−27.80098 6.327 7.6 6.2
58850 JADES-GS+53.09517−27.76061 6.263 3.8 3.1
17138 JADES-GS+53.08604−27.74760 6.204 3.8 3.1
9365 JADES-GS+53.16280−27.76084 5.917 7.6 6.2

Fig. 2. Distribution of EW(Lyα) and MUV (left) and redshift (right) of galaxies from our Deep and Medium observations. Also shown for compari-
son are measurements from the literature of LAEs at z & 6 from Tang et al. (2023), Jung et al. (2023), Ning et al. (2023) and Endsley et al. (2023),
as well as from GNz11 at z = 10.603 (Bunker et al. 2023b) (see Sect. 2.10 for a brief explanation about each of these data sets). In the left panel,
we additionally show measurements from LAEs identified from the MUSE WIDE and DEEP surveys (Kerutt et al. 2022) at z < 5.7, which serve
as a relevant ‘reference’ sample at redshifts where the IGM is not expected to impact the emergent Lyα emission significantly. We note here that
several lensed LAEs also overlap with the UV magnitude distribution of our JADES sample (e.g. Hoag et al. 2019; Fuller et al. 2020; Bolan et al.
2022), which we do not show here. Our new LAE sample appears to be homogeneously mixed with the lower redshift LAE sample, indicating
that the IGM may not be playing a significant role in affecting the Lyα emission reported in this paper, further stressing the presence of highly
ionized regions surrounding these LAEs (see Witstok et al. 2024). The LAEs presented in this work are clearly much fainter in the UV than those
that have been previously analysed in the literature at z & 6. Our sample also includes the extremely high EW LAE with MUV ∼ −17.0 that was
recently reported by Saxena et al. (2023).

offsets from the expected Lyα emission (vacuum wavelength) at
systemic redshift. As mentioned earlier, the wavelength calibra-
tions between the different gratings were compared against the
lower resolution PRISM spectra were noted to be slightly incon-
sistent, but the wavelengths across the grating spectra were all
consistent with each other (see Bunker et al. 2023a). Therefore,

inferring the observed velocity offset of Lyα from G140M spec-
tra should not be affected by systematic offsets.

The Lyα velocity offsets were measured as follows: we
implemented a Monte Carlo (MC) based approach to deter-
mine both the peak of the emission line using 100 trials, where
the emission line was fitted by either a singly symmetric or
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Table 2. Observed rest-frame UV magnitude (MUV) and slope (β) mea-
sured for LAEs in this study.

ID zspec MUV β

Deep Tier
21842 7.982 −18.75−0.05

+0.05 −2.52 ± 0.03
10013682* 7.276 −17.00−0.66

+1.93 −2.17 ± 0.60
4297 6.712 −18.49−0.06

+0.06 −2.39 ± 0.09
16625 6.631 −18.79−0.10

+0.10 −2.59 ± 0.02
18846 6.336 −20.15−0.05

+0.05 −2.43 ± 0.01
19342 5.974 −18.67−0.03

+0.03 −2.75 ± 0.04
9422 5.937 −19.72−0.04

+0.04 −2.33 ± 0.04
6002 5.937 −18.84−0.07

+0.07 −2.59 ± 0.01
19606 5.889 −18.61−0.17

+0.15 −2.70 ± 0.06
10056849 5.814 −17.95−0.07

+0.06 −2.49 ± 0.04
Medium Tier
12637 7.660 −20.59−0.07

+0.07 −2.20 ± 0.02
15362 6.794 −18.86−0.23

+0.29 −2.14 ± 0.15
13607 6.622 −18.77−0.88

+0.48 −1.79 ± 0.29
14123 6.327 −18.83−1.04

+0.52 −2.26 ± 0.21
58850 6.263 −19.96−0.42

+0.30 −1.93 ± 0.06
17138 6.204 −18.97−0.47

+0.33 −2.26 ± 0.54
9365 5.917 −19.76−0.24

+0.19 −2.52 ± 0.09

asymmetric Gaussian, depending on whichever function yielded
a lower chi-squared statistic and hence, a better fit to the data.
The spectral resolution of our R ∼ 1000 spectra is unfortunately
not high enough to properly characterize the line shape, there-
fore we do not enforce a symmetric or asymmetric Gaussian fit,
but simply pick the model that returns a better fit.

For each MC trial, we perturbed the line fluxes by randomly
sampling from the error spectrum. The line fitting was performed
for each trial, with the median of the Gaussian centre then used to
measure the velocity offset, and one sigma dispersion on the line
centre distribution used to derive the error on this measurement.
Due to the nature of this method, emission lines with high S/N
naturally have lower errors on the velocity offsets.

2.6. Other emission line measurements

The rest-frame optical emission line fluxes for all LAEs are mea-
sured from the higher spectral resolution grating spectra, unless
the lines are not clearly detected in the grating. In that case
we measure and report the line fluxes from the PRISM spec-
tra. The main emission lines that we measure for our sample of
LAEs are [O ii] λλ3726, 3729 (which appear to be blended), Hβ,
[O iii] λλ4959, 5007 and Hα.

We once again fit single Gaussian functions to all of these
lines, measuring the local continuum from a wavelength region
adjacent to the emission line. Using these line fluxes we also cal-
culate line ratios such as [O iii] λ5007/[O ii] λλ3726, 3729 (O32)
and ([O ii] λλ3726, 3729 + [O iii] λλ4959, 5007)/Hβ (R23).

2.7. Dust measurements from Balmer decrements

Here we use the Balmer emission line decrements calculated
from Hα/Hβ (or Hβ/Hγ when Hα is not within the spectral cov-

erage). We calculate the intrinsic ratio of these lines using Pyneb
(Luridiana et al. 2015), assuming a temperature of 104 K and
electron density of 100 cm−3. This gives an intrinsic Hα/Hβ ratio
of 2.863. We assume the dust attenuation curve for the Small
Magellanic Cloud (SMC; Gordon et al. 2003), which has been
shown to be the most appropriate for high redshift galaxies (e.g.
Shivaei et al. 2020).

Dust attenuation, E(B − V) is then calculated by compar-
ing the observed Balmer line ratios with the intrinsic. We note
that the Hα line is detected for all but one galaxy in our
sample, and therefore, we primarily use the observed Hα/Hβ
ratios to calculate dust attenuation across our sample, but for
z > 7 LAEs, where Hα moves out of NIRSpec coverage, we
use Hβ/Hγ.

2.8. Ionizing photon production efficiency

We use the Hα flux (or Hβ when Hα is not within the spectral
coverage, using an intrinsic ratio of 2.863 under the assumptions
that were mentioned in the previous section) and the monochro-
matic luminosity at 1500 Å to calculate the ionizing photon pro-
duction efficiency, or ξion, given by(
ξion

erg−1 Hz
)

=
N(H0)
L1500,int

(1)

where N(H0) is the intrinsic hydrogen ionizing photon pro-
duction rate in units of s−1 and L1500,int is the intrinsic (dust-
corrected) luminosity density at rest-frame 1500 Å in units of
erg s−1 Hz−1.

The Hα line (or other Balmer lines) luminosity can be used to
calculate the intrinsic ionizing photon production rate. Assuming
the same physical conditions as before of Te = 104 K and ne =
100 cm−3,

N(H0) × (1 − fesc) = 7.3 × 1011L(Hα) (2)

where fesc is the escape fraction of LyC photons out of the galaxy
(e.g. Maseda et al. 2020; Simmonds et al. 2023). To calculate
ξion for our LAEs, we assume Case-B recombination, that is
fesc(LyC) = 0 (see Sect. 5, however, for a discussion about non-
zero fesc(LyC)).

2.9. Lyman-alpha escape fractions

We now use the strength of Balmer emission lines seen in
the spectrum together with the inferred dust attenuation to
derive a Lyα escape fraction for all LAEs in our sample.
Assuming Case-B recombination, ne = 100 cm−3 and Te =
10 000 K, the intrinsic Lyα/Hα ratio is 8.2 (e.g. Osterbrock
1989). We then calculate fesc(Lyα) as the ratio of the
observed (dust-corrected) Lyα to Balmer line emission to the
intrinsic ratio, which for the Hα emission line looks like:
fesc(Lyα) = L(Lyα)/(8.2 × L(Hα)).

The observed Lyα properties, which include line fluxes,
equivalent widths, velocity offset from systemic redshift and the
Lyα escape fraction ( fesc) are given in Table 3.

2.10. Comparison samples from the literature

To put our results into a more global context while also increas-
ing the baseline of several physical parameters that were also
measured from our sample of faint LAEs, we describe here a
selection of literature samples of LAEs at z & 6 with which
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Table 3. Observed Lyα emission properties of LAEs in this study.

ID zspec FLyα
R100 EWLyα

R100 FLyα
R1000 EWLyα

R1000 ∆v
Lyα
sys fesc(Lyα)

(×10−18 cgs) (Å) (×10−18 cgs) (Å) (km s−1)

Deep Tier
21842 7.982 0.3 ± 0.2 14.1 ± 5.7 0.7 ± 0.1 29.2 ± 3.3 166.5 ± 30.5 0.09 ± 0.01
10013682* 7.276 1.5 ± 0.2 258.5 ± 43.0 2.2 ± 0.5 337.2 ± 175.5 178.4 ± 21.1 0.93 ± 0.12
4297 6.712 0.9 ± 0.3 35.3 ± 10.5 2.7 ± 0.3 106.2 ± 22.5 153.0 ± 76.1 0.55 ± 0.04
16625 6.631 13.7 ± 2.0 32.0 ± 4.8 21.8 ± 4.8 51.0 ± 7.4 244.2 ± 25.8 0.14 ± 0.02
18846 6.336 4.2 ± 2.1 24.1 ± 0.9 7.7 ± 1.3 44.5 ± 1.7 139.4 ± 5.1 0.31 ± 0.01
19342 5.974 2.4 ± 0.2 55.1 ± 6.3 2.2 ± 0.5 49.9 ± 9.6 257.0 ± 21.2 0.24 ± 0.04
9422 5.937 9.3 ± 2.7 109.2 ± 14.7 10.6 ± 0.9 124.4 ± 17.2 147.6 ± 15.1 0.26 ± 0.01
6002 5.937 2.0 ± 0.2 35.3 ± 2.8 2.9 ± 0.6 50.5 ± 5.8 181.0 ± 42.1 0.43 ± 0.04
19606 5.889 6.3 ± 0.4 111.2 ± 26.3 − − − 0.50 ± 0.03
10056849 5.814 4.9 ± 0.3 127.0 ± 10.5 3.8 ± 0.5 97.2 ± 15.2 233.0 ± 36.3 0.42 ± 0.06
Medium Tier
12637 7.660 0.6 ± 0.2 3.5 ± 0.9 4.2 ± 0.3 24.0 ± 1.9 277.2 ± 34.4 0.13 ± 0.01
15362 6.794 − − 1.5 ± 0.7 50.0 ± 28.2 27.0 ± 124.6 0.20 ± 0.07
13607 6.622 0.2 ± 0.2 2.9 ± 2.1 2.4 ± 0.9 29.4 ± 9.0 116.8 ± 61.1 0.26 ± 0.08
14123 6.327 7.0 ± 2.0 241.2 ± 160.8 4.3 ± 1.2 150.1 ± 99.6 194.2 ± 43.4 0.35 ± 0.07
58850 6.263 9.1 ± 0.8 4.8 ± 2.9 3.1 ± 0.8 16.3 ± 3.9 254.6 ± 43.1 0.06 ± 0.01
17138 6.204 3.0 ± 1.1 65.0 ± 22.8 4.6 ± 2.1 93.6 ± 40.9 0.0 ± 71.9 0.40 ± 0.10
9365 5.917 12.2 ± 1.4 109.5 ± 16.6 11.2 ± 1.9 118.4 ± 27.6 256.7 ± 60.9 0.28 ± 0.04

Notes. The flux units are erg s−1 cm−2 (cgs).

we compare our results. Perhaps the most immediate com-
parison is offered by LAEs identified by Tang et al. (2023)
using JWST spectroscopy through the CEERS survey (see also
Fujimoto et al. 2023). We also include CEERS results from
Jung et al. (2023) in this study. Since CEERS is shallower
and wider than JADES, it more efficiently selects the rarer
UV-bright galaxies by probing a much larger volume at high
redshifts.

We also use the compilation of z & 6 LAEs from
Endsley et al. (2022) that have ALMA emission line measure-
ments, enabling robust measurements of the Lyα velocity offsets.
This compilation includes LAEs from the ALMA REBELS sur-
vey (Bouwens et al. 2022) as well as other LAEs at z > 6: CLM1
(Cuby et al. 2003; Willott et al. 2015), WMH5 (Willott et al.
2015), B14-65666 (Furusawa et al. 2016; Hashimoto et al. 2019),
EGS-zs8-1 (Oesch et al. 2015; Stark et al. 2017), COS-z7-1
(Pentericci et al. 2016; Laporte et al. 2017; Stark et al. 2017),
COSMOS24108 (Pentericci et al. 2016, 2018b), NTTDF6345
(Pentericci et al. 2011, 2016), UDS16291 (Pentericci et al. 2016,
2018b), BDF-3299 (Vanzella et al. 2011; Maiolino et al. 2015;
Carniani et al. 2017), RXJ2248-ID3 (Mainali et al. 2017), A383-
5.2 (Stark et al. 2015; Knudsen et al. 2016), VR7 (Matthee et al.
2019, 2020), CR7 (Sobral et al. 2015; Matthee et al. 2017b)
and Himiko (Ouchi et al. 2013; Carniani et al. 2018).

We also include Lyα and Hα based measurements from
Ning et al. (2023) as well as Simmonds et al. (2023), which
use narrow/medium band photometry to infer Hα strengths
in spectroscopically confirmed LAEs at z ∼ 6 identified
from MUSE data, enabling the determination of fesc(Lyα)
and ξion.

Finally, we also use the Lyα emission measurements from
GNz-11, spectroscopically confirmed to lie at z = 10.60 with
weak Lyα emission detected in the medium band NIRSpec grat-
ings (Bunker et al. 2023b).

3. Spectroscopic properties of Lyman-alpha
emitters at z & 5.8

In this section we explore the general spectroscopic properties of
LAEs identified in the JADES Deep and Medium Tier surveys,
with the aim of comparing the ionization and chemical enrich-
ment of LAEs with the general galaxy population at z & 6 as
well as evaluating the ionizing photon production efficiencies of
LAEs across cosmic time.

3.1. Chemical enrichment and dust

In Fig. 3, we show R23 vs. O32 line ratios for our Deep- and
Medium-Tier samples of LAEs. These line ratios are widely used
tracers of metallicity and ionization parameter respectively, with
the former forming a two-valued relation with metallicity. For
comparison, we show z < 0.1 galaxies from the SDSS MPA-JHU
catalogues (Aihara et al. 2011)1, as well as non-Lyman-alpha-
emitting galaxies at z > 5.5 from JADES Deep (Cameron et al.
2023), and measurements from individual and stacked galax-
ies at z & 5 not selected on presence or otherwise of Lyα
(Mascia et al. 2023; Nakajima et al. 2023; Sanders et al. 2023;
Tang et al. 2023). Our LAEs on average appear to be metal poor
with high ionization parameters, lying away from the locus of
typical star-forming galaxies at z < 0.1 from SDSS towards high
O32 and R23. Instead, they are more similar to what has been
reported for the general galaxy population at z > 6.

We do note that LAEs from our Deep Tier survey, which tend
to have fainter UV magnitudes (.−20.1), show slightly higher
O32 ratios and lower R23 ratios compared to LAEs found in the
Medium Tier survey as well as other brighter LAEs at z > 6.
This is consistent with the finding in Cameron et al. (2023) that
z ∼ 6 galaxies from deep JADES observations show much higher

1 https://www.sdss3.org/dr10/spectro/galaxy_mpajhu.php
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Fig. 3. Comparison of R23 and O32 ratios of LAEs with the gen-
eral galaxy populations inferred from NIRSpec observations at z &
6. Orange circles show JADES Deep galaxies from Cameron et al.
(2023) which are not LAEs. Diamonds and pentagons show mea-
surements from individual lensed galaxies at z & 5 (Mascia et al.
2023; Nakajima et al. 2023). Measurements from stacked galaxies at
z ∼ 5.6−7.7 are shown as hollow purple markers (Sanders et al.
2023; Tang et al. 2023). Also shown are measurements from SDSS
for z < 0.1 star-forming galaxies (Aihara et al. 2011). Overall, we
find that our faint LAEs occupy a similar parameter to that occupied
by the general star-forming galaxy population at z & 6. This also
highlights that the observed presence of Lyα emission in reioniza-
tion era galaxies is driven by external factors, and not necessarily by
the ISM/stellar properties of the galaxies. Interestingly, UV-faint LAEs
from our sample tend to show higher O32 and lower R23 ratios than the
UV-bright ones.

O32, and lower R23 than those measured from stacks of CEERS
galaxies (Sanders et al. 2023), which are typically brighter. This
is indicative of higher ionization parameters and lower chemical
enrichment in fainter, less massive galaxies at z > 6.

Overall we find that the parameter space on this plot occu-
pied by LAEs at z & 6 is roughly the same as the general galaxy
population at these redshifts. This suggests that the detection
of Lyα emission from a galaxy in the EoR may not necessar-
ily depend on the chemical or ionization state that is in, but may
be more driven by opportune sight-lines probing sufficiently ion-
ized regions of the Universe.

We do not measure any presence of dust from Balmer decre-
ments derived from Hα/Hβ ratios for our LAEs (in agreement
with Sandles et al. 2023), which suggests that such systems are
relatively dust-free, which is also a prerequisite for the leakage of
significant fractions of Lyman continuum photons from a galaxy
into the IGM.

3.2. Ionizing photon production

The average ionizing photon production efficiency across our
sample of faint LAEs is ξion = 25.57 Hz erg−1 shown as a dashed
line in Fig. 4, which is 0.3−0.4 dex higher than the canonical
value of 25.2−25.3 typically assumed in reionization models
(e.g. Kuhlen & Faucher-Giguère 2012; Robertson et al. 2013).
The higher ξion values may also be indicative of elevated ion-
izing photon production due to non-thermal processes such as
X-ray binary stars, whose impact is expected to increase with
decreasing metallicities (e.g. Saxena et al. 2021).

When comparing with other measurements for LAEs at the
highest redshifts in the literature, we do not see significant evo-
lution in ξion as a function of redshift at z > 6. Our measure-
ments are higher than ξion = 25.33 Hz erg−1 that was reported for
a sample of UV faint galaxies in the redshift range 3 < z < 7
by Prieto-Lyon et al. (2023b), where they reported a ∼0.1 dex
higher measurement for LAEs.

Interestingly, there does not seem to be any strong depen-
dence of ξion on the equivalent width of Lyα emission either.
Assuming Case B recombination and fesc(Lyα) of unity, ξion may
be expected to increase linearly with EW(Lyα). The fact that
there is no clear correlation between these two quantities across
a wider sample of known LAEs at z > 6 spanning orders of
magnitude in brightness suggests that the mechanisms that are
responsible for the production of ionizing photons in a galaxy are
not the ones that also control the escape of Lyα photons from the
galaxy. In other words, the neutral gas and dust content, which
preferentially affects the transmission of Lyα photons, does not
seem to closely depend on properties such as stellar metallicities
or ages that control the production of ionizing photons.

Combined with the lack of redshift evolution in ξion, the pic-
ture that emerges is that the ionizing photon production is not
closely linked to the strength of the emergent Lyα line emis-
sion, as it is likely more dependent on the physical and chemi-
cal properties of star-forming regions that do not seem to evolve
strongly between z = 6−8.5. This may have important conse-
quences for modelling the production and escape of ionizing
photons from galaxies within the reionization epoch, which we
revisit in Sect. 5. The chemical enrichment and ionizing proper-
ties of LAEs in this study are given in Table 4.

4. The escape of Lyman-alpha photons

In this section we explore which galaxy property best traces
the Lyα velocity offset from the systemic redshift as well as
the escape fraction of Lyα photons, fesc(Lyα), which are widely
regarded to be tracing escape channels for hydrogen ionizing
LyC photons. The goal of this section is to determine the best
tracer for LyC leakage when Lyα emission may not be visible
from galaxies in the reionization era.

4.1. High Lyman-alpha escape fraction implies more
Lyman-alpha photons escape closer to systemic velocity

We begin by demonstrating that the escape fraction of Lyα
photons appears to be anti-correlated with the velocity offset
of the Lyα emission compared to the systemic redshift of a
galaxy, as shown in Fig. 5. The anti-correlation is not as strong
when considering only our magnitude limited JADES sample
(p-value = 0.39), but when expanding the dynamic range by
including other known strong LAEs at z > 6 with Lyα veloc-
ity offset and escape fraction measurements, we recover an anti-
correlation with a very high significance (p-value = 8.7 × 10−5).

This anti-correlation can be explained using neutral gas col-
umn densities – a low column density of neutral gas will lead to
less resonant scattering of Lyα photons out of the line of sight,
thereby resulting in both a high observed fesc(Lyα) as well as low
velocity offsets from systemic as has been predicted by theoreti-
cal models (Neufeld 1990; Dijkstra et al. 2006; Verhamme et al.
2006; Laursen et al. 2009). Low neutral gas density environ-
ments are also though to be conducive to the escape of LyC pho-
tons from a galaxy (at least along the same line of sight as Lyα).
Therefore, both Lyα velocity offsets and/or escape fractions can
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Fig. 4. Dependence of the ionizing photon production efficiency (ξion) from LAEs at z & 6 on redshift (left) and EW(Lyα) (right). The dashed
line indicates the average ξion value (log(ξion/erg−1 Hz) = 25.57) measured across the new LAEs reported in this study. The shaded region marks
the canonical value of log(ξion/erg−1 Hz) = 25.2–25.3 from Kuhlen & Faucher-Giguère (2012), Robertson et al. (2013, 2015). Overall, we do not
find a significant evolution in the ξion of LAEs across redshifts particularly at z > 6, indicating that the ionizing properties do not seem to evolve
strongly between z = 6−8.5. There is also no strong correlation between ξion and the strength of Lyα emission across LAEs at z > 6, which
one would naively expect from simple Case B recombination in the absence of significant absorption/scattering of Lyα photons. This lack of
correlation indicates that the processes that control the escape of Lyα photons may not necessarily be dependent on the processes that produce
ionizing photons.

be important to ascertain the escape of ionizing photons from
galaxies that drive reionization.

In the following sections we explore correlations between
various galaxy properties and each of Lyα velocity offset and
fesc(Lyα) to establish dependencies and/or observational biases
that impact the Lyα strength and line profile in LAEs at z & 6.

4.2. Insights from Lyman-alpha velocity offsets

In Fig. 6 we compare the Lyα velocity offsets observed for our
sample of galaxies with other observables that trace both the
underlying stellar populations as well as the state of the ISM. We
also include measurements of brighter LAEs in the EoR from the
literature to increase the baseline of any trends that may become
apparent.

When comparing Lyα velocity offsets with EW(Lyα), we
find that our JADES sample shows a very weak anti-correlation
(p-value = 0.59), whereas the extended z > 6 sample shows a
strong anti-correlation (p-value = 4.3 × 10−4), albeit with con-
siderable scatter, as shown in Fig. 6 (top left). Such an anti-
correlation has previously been reported in the literature across
redshifts (e.g. Izotov et al. 2021) and mainly stems from the res-
onant scattering of Lyα photons by the neutral gas within the
galaxies – a higher velocity offset compared to the systemic red-
shift is indicative of more resonant scattering of the emergent
Lyα photons, which results in decreased Lyα flux observed along
the line-of-sight. Therefore, the same scattering mechanism is
responsible for increased offset from systemic velocity as well
as the reduction of EW(Lyα) across galaxies. With high EW Lyα
emission that peaks close to the systemic redshift likely tracing
low covering fractions of neutral gas, galaxies that exhibit such
Lyα profiles and strengths are also likely to be leaking significant
amounts of LyC photons (Verhamme et al. 2015, 2017).

For the sample of UV-faint LAEs probed by the JADES
sample presented in this paper, we find the equivalent widths

to be higher and the velocity offsets to be lower compared to
UV-bright LAEs in the literature (Fig. 6, top right), which may
indicate that UV-fainter LAEs could be more likely to host con-
ditions required for efficient Lyα as well as LyC escape (see
also Prieto-Lyon et al. 2023a), which we subsequently explore
in detail in the later sections. For our JADES sample, do not
find any correlation between the Lyα velocity offset and the
UV magnitude (p-value = 0.96). However, when looking at the
extended LAE sample with a larger dynamic range in UV mag-
nitude, we find that the Lyα velocity offsets appear to be reduc-
ing at fainter UV magnitudes (p-value = 0.001). There have been
suggestions in the literature that the Lyα velocity offset increases
with stellar mass (e.g. Erb et al. 2014; Hayes et al. 2023), which
may explain the trends that we see with UV magnitude for the
full sample.

Particularly within the context of ionized bubbles within
which LAEs in the EoR must reside to be able to freely trans-
mit Lyα photons along the line of sight, smaller velocity off-
sets are also expected to trace large ionized bubble sizes (see
Mason & Gronke 2020; Saxena et al. 2023, for example), which
would lead to considerably less attenuation by the intervening
IGM and therefore, higher transmission of Lyα leading to high
equivalent width measurements.

Next we compare the Lyα offset with spectroscopic indicators
of the ionization parameter (that is the ratio of ionizing photons
to the hydrogen density) probed by indicators such as the O32
ratio (Fig. 6, bottom left). Interestingly, we observe a mild posi-
tive correlation between O32 and Lyα velocity offset, but there is
considerable scatter on this relation and the relation becomes less
significant when we also include LAEs from Tang et al. (2023). A
high O32 ratio has been proposed as an indicator for both high Lyα
and LyC escape (e.g. Izotov et al. 2021) and we do find that our
UV-faint LAEs with small velocity offsets on average show high
O32 ratios. However, given a lack of strong correlation between
O32 and Lyαvelocity offset we conclude that high O32 ratios are a
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Table 4. Chemical enrichment, ionization properties, and Lyman continuum escape fractions of Lyα emitters presented in this study.

ID zspec FHβ FHα log(ξion/Hz erg−1) [O iii]/[O ii] ([O ii]+[O iii])/Hβ fesc(LyC)
(×10−19 cgs) (×10−19 cgs) (O32) (R23)

Deep Tier
21842 7.982 3.2 ± 0.5 − 25.59+0.05

−0.05 11.5 ± 1.6 8.8 ± 1.1 0.08 ± 0.01
10013682 7.276 0.8 ± 0.2 − 25.66+0.11

−0.14 12.0 ± 2.6 9.5 ± 1.7 0.03 ± 0.01
4297 6.712 5.3 ± 0.6 16.2 ± 0.04 25.78+0.02

−0.02 19.8 ± 4.7 7.5 ± 1.4 0.02 ± 0.01
16625 6.631 5.9 ± 0.3 16.5 ± 0.2 25.69+0.03

−0.04 24.5 ± 3.0 4.9 ± 0.5 0.04 ± 0.01
18846 6.336 11.4 ± 0.2 30.3 ± 0.3 25.32+0.01

−0.01 25.8 ± 1.3 6.3 ± 0.2 0.07 ± 0.01
19342 5.974 4.1 ± 0.2 10.8 ± 0.3 25.42+0.01

−0.01 29.5 ± 1.8 6.4 ± 0.4 0.06 ± 0.01
9422 5.937 18.4 ± 0.1 50.0 ± 0.7 25.65+0.01

−0.01 70.6 ± 4.1 7.7 ± 0.3 0.01 ± 0.001
6002 5.937 2.8 ± 0.1 8.1 ± 0.2 25.19+0.02

−0.02 10.9 ± 1.1 7.6 ± 0.6 0.06 ± 0.01
19606 5.889 4.6 ± 0.4 13.5 ± 0.5 25.51+0.04

−0.05 21.9 ± 2.5 7.5 ± 0.7 0.06 ± 0.01
10056849 5.814 4.0 ± 0.4 10.9 ± 0.3 25.65+0.02

−0.02 17.22 ± 1.3 4.6 ± 0.3 0.03 ± 0.01
Medium Tier
12637 7.660 13.9 ± 0.5 − 25.45+0.02

−0.02 9.4 ± 0.6 9.7 ± 0.5 0.10 ± 0.01
15362 6.794 4.3 ± 0.4 11.8 ± 1.2 25.49+0.07

−0.09 2.7 ± 0.3 6.2 ± 0.6 0.16 ± 0.02
13607 6.622 3.6 ± 0.5 11.9 ± 0.9 25.51+0.14

−0.22 1.6 ± 0.1 11.5 ± 1.1 0.80 ± 0.11
14123 6.327 5.6 ± 0.9 15.1 ± 1.2 25.61+0.16

−0.25 12.2 ± 2.6 8.9 ± 2.4 0.04 ± 0.01
58850 6.263 26.0 ± 1.7 65.9 ± 2.0 25.83+0.09

−0.11 23.6 ± 4.7 11.2 ± 1.6 0.02 ± 0.01
17138 6.204 3.6 ± 3.0 (†) 10.4 ± 1.9 25.31+0.10

−0.13 1.8 ± 0.3 8.1 ± 1.2 0.38 ± 0.10
9365 5.917 11.1 ± 1.8 30.8 ± 1.3 25.40+0.07

−0.08 12.3 ± 1.7 10.1 ± 1.2 0.14 ± 0.02

Notes. The flux units are erg s−1 cm−2 (cgs). (†)The Hβ line was affected by a possible cosmic ray in the spectrum, and therefore, Hα flux was used
to estimate Hβ flux assuming no dust.

Fig. 5. Lyα velocity offset vs. fesc(Lyα), where a strong anti-correlation
between these quantities is observed both in the JADES-only sample
(thick dashed line) as well as when looking at the full high redshift Lyα
emitter sample (thin dashed line). High fesc(Lyα) and small velocity
offsets likely trace relatively dust and gas-free conditions, which neither
leads to considerable resonant scattering of Lyα photons as they travel
along a sight line, nor does it attenuate Lyα emission via absorption and
scattering.

necessary but not a sufficient condition for efficient ionizing pho-
ton escape (see also Choustikov et al. 2024).

Looking at the dependence of Lyα velocity offset on
EW(Hβ), which is a good tracer for star formation rates and

consequently the production rates of Hydrogen ionizing pho-
tons, only for our JADES sample, we do not find any strong
correlation (Fig. 6, bottom right). EW(Hβ) has also been pro-
posed as a robust indicator of fesc(LyC) (e.g. Zackrisson et al.
2013; Flury et al. 2022b). The requirement of a relatively high
EW(Hβ) is perhaps similar in nature to the requirement of high
O32 from LyC leaking galaxies, necessary but insufficient on its
own to enable efficient Lyα/LyC escape.

4.3. Insights from the Lyman-alpha escape fraction

We now explore the dependence of fesc(Lyα) measured directly
from the spectra with other galaxy properties and show the
dependence of fesc(Lyα) on EW(Lyα), MUV, O32 and EW(Hβ)
in Fig. 7.

We find a strong correlation at high significance levels
between fesc(Lyα) and EW(Lyα) for both our JADES LAEs
(p-value = 4.6 × 10−5) as well as the extended sample (p-
value = 3.1× 10−7) (Fig. 7, top left) Since fesc(Lyα) is calculated
using the observed ratio of Lyα to Hα (or Hβ) emission, this
strong correlation suggests that the Hα (or Hβ) line fluxes do not
scale in proportion with the Lyα escape fractions in LAEs with
higher EW Lyα emission.

We also find that the observed fesc(Lyα) (just like EW(Lyα))
increases consistently with decreasing UV magnitudes (Fig. 7,
top right), with strong correlations seen both for the JADES sam-
ple (p-value = 4.3 × 10−2) and the full sample (p-value = 1.3 ×
10−2). This may be indicative of decreasing neutral gas covering
fractions that potentially play a more important role in dictat-
ing the strength of the observed Lyα emission than the intrinsic
production of ionizing photons.
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Fig. 6. Dependence of the Lyα velocity offset on EW(Lyα) (top left), MUV (top right), [O iii]/[O ii] ratio (O32) (bottom left) and EW(Hβ) (bottom
right). In these plots, we show the correlations between quantities derived using only our JADES sample as the thicker, darker dashed line, and
those derived using the extended LAE sample with the thinner, lighter dashed line, with p-values given for both. We find an anti-correlation
between Lyα velocity offset and EW(Lyα), which is likely driven by the neutral gas content in the galaxy, whereby a larger reservoir of neutral
gas both attenuates Lyα flux close to the systemic velocity as well as moves the apparent peak of the emission line away from systemic velocity
due to resonant scattering of Lyα photons. Lyα emission from UV-fainter LAEs also peaks closer to the systemic redshift, which is indicative of
decreasing neutral gas content at fainter luminosities/galaxy masses. No strong correlations exist between Lyα offset and O32 ratios or EW(Hβ),
interestingly with three low Lyα velocity offset sources showing low (<3) O32 ratios.

However, We note that the lack of low fesc(Lyα) (or low
EW(Lyα)) detections from the faintest galaxies may also be a
consequence of the flux limited nature of the spectroscopic data
used in this study. It is also worth noting that the lack of high
fesc(Lyα) observations from the UV-brightest galaxies is once
again indicative of increasing neutral gas fractions in more lumi-
nous/massive systems, which likely attenuates and/or scatters the
Lyα flux along the line-of-sight.

Comparing with O32 and EW(Hβ), we find that neither of
these quantities correlates strongly with fesc(Lyα) across both the
JADES-only sample as well as when including other LAEs (p-
values> 0.4). Several studies at lower redshifts have found that
O32 correlates with fesc(Lyα) (e.g. Yang et al. 2017; Flury et al.
2022b), whereas Izotov et al. (2020) reported no correlation
between O32 and fesc(Lyα) for their sample of extreme [O iii]

emitters at low redshifts. We note that high O32 ratios and/or
EW(Hβ) are perhaps needed to have a higher chance of observ-
ing high fesc(Lyα) as was also noted by Flury et al. (2022b), but
there is considerable scatter in the O32 ratios that we measure
for our LAEs, with some LAEs showing O32< 3. Therefore, the
O32 ratio may not be a good predictor of the expected fesc(Lyα)
(and consequently LyC) from galaxies in the reionization era.

4.4. Role of the IGM in attenuating Lyman-alpha emission at
z > 6

Finally in this section, we look at the evolution of fesc(Lyα)
with redshift, focusing particularly on z & 6 where the IGM
is expected to play a dominant role in attenuating Lyα emis-
sion, unless the LAEs live in large ionized bubbles. In Fig. 8 we

A84, page 11 of 24



Saxena, A., et al.: A&A, 684, A84 (2024)

Fig. 7. Dependence of the Lyα escape fraction on EW(Lyα) (top left), MUV (top right), [O iii]/[O ii] ratio (O32) (bottom left) and EW(Hβ) (bottom
right). The correlations follow the same convention as in Fig. 6. Unsurprisingly, we find that fesc(Lyα) correlates strongly with EW(Lyα). We also
note that UV-faint galaxies show higher fesc(Lyα), although this could be attributed purely to the flux limited nature of our spectroscopic survey.
We do not find strong correlations between fesc(Lyα) and O32 or Hβ strength, although as previously noted we do find that our faint LAEs on
average show high O32 ratios and Hβ line strengths.

show fesc(Lyα) as a function of redshift, colour-coded by MUV
for our LAEs along with others known at z & 5.8. A decrease
in the fesc(Lyα) is apparent: the decrease in fesc(Lyα) for only
the JADES LAEs is less significant with p-value = 0.25, however
when including all the LAEs in the redshift of interest from the
literature, the decrease is highly significant with p-value = 0.003.
Admittedly, the high significance may be driven by the UV mag-
nitude limited nature of these surveys, where Lyα detections
from rarer galaxies at the highest redshifts is challenging purely
from an observational point of view.

It is also interesting to note that at any given redshift, UV-
fainter galaxies exhibit higher fesc(Lyα), as we had previously
noted. The question that arises from this is, what is truly driv-
ing the decrease of fesc(Lyα) with redshift? Is the increasing
neutrality of the IGM with redshift more dominant than the
observational biases associated with being able to only observe
UV-bright galaxies at high redshifts from flux limited studies?

To explore this effect, in Fig. 9 we show the fesc(Lyα) as
a function of redshift for only the UV-brightest galaxies with
MUV < −19.5 (arbitrarily chosen) to study the evolution in a
more flux complete sample of LAEs across a large redshift base-
line. This time around, we colour code the data points with Lyα
velocity offset, which is a good proxy for the size of the ionized
bubble around the LAE.

Figure 9 clearly shows that for UV-bright galaxies at z > 6,
the decrease in fesc(Lyα) is accompanied by an increasing Lyα
velocity offset at the highest redshifts, indicating that the decline
of EW(Lyα) seen with redshift in UV-bright LAEs is likely
driven by the reduction in the sizes of the ionized bubbles traced
by the Lyα velocity offset from systemic redshift. This demon-
strates that increased IGM attenuation at the highest redshifts is
playing an important role in the observed evolution of EW(Lyα),
at least within the UV-brightest sample, by attenuating the emer-
gent Lyα flux and the measured fesc. The increasing neutral
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Fig. 8. Evolution of fesc(Lyα) with redshift, colour-coded by the UV magnitude, with significance of the correlations following the convention
from Fig. 6. We see a gradual decrease of fesc(Lyα) at increasing redshifts, and at the same redshifts we see a decreasing fesc(Lyα) with increasing
UV luminosity as was previously noted. The decrease of fesc(Lyα) with redshift could be driven by both selection biases as well as increasing IGM
neutral fraction, and we explore the redshift evolution of only the UV-bright LAEs in Fig. 9.

Fig. 9. fesc(Lyα) as a function of redshift for galaxies brighter than MUV < −19.5, colour-coded by Lyα velocity offsets. The symbols are the same
as in Fig. 8. We find that the Lyα escape fraction also seems to decrease with redshift for brighter galaxies, which is likely driven by the size of
the ionized bubbles surrounding each galaxy indicated by the increasing ∆vLyα at the highest redshifts, indicating more neutral bubbles around the
LAEs. However, increased neutral gas column densities at brighter UV magnitudes may also play a role in redshifting the emergent Lyα emission.

fraction of the IGM from our sample is also clearly seen in the
companion paper by Jones et al. (2024).

However, we also note that very high stellar masses for
some of the UV-brightest galaxies in the literature sample (e.g.
Endsley et al. 2022), accompanied by high neutral gas densities
and dust may also attenuate Lyα emission close to the systemic
redshift, leading to the same decrease in fesc(Lyα) and increase
in the observed Lyα velocity offset. This is similar to the degen-
eracies between the effect of the ISM vs. the IGM in shaping
Lyα properties that was discussed earlier.

Therefore, a combination of selection effects as well as
increasingly neutral IGM, which manifests itself as smaller ion-
ized bubbles around LAEs at the highest redshifts play an impor-
tant role in regulating fesc(Lyα). Estimates on the sizes of ionized
regions around JADES LAEs have been presented in a compan-
ion paper (Witstok et al. 2024) and offer a powerful probe of the
spatial as well as temporal evolution of the IGM neutral fraction
in this field.

The comparisons we have presented in this section demon-
strate that to use Lyα emission to infer significant LyC photon
leakage from galaxies in the reionization era, both high fesc(Lyα)

and low Lyα velocity offsets compared to systemic redshift are
required. We have found that the dependence of both quanti-
ties on other spectroscopic and photometric galaxy properties
are filled with complexity and are impacted by observational
biases (most importantly the flux limited nature of spectroscopic
observations in a field). However, the detection of Lyα emission
from a z > 6 galaxy is a powerful probe nonetheless at iden-
tifying LyC leakage, as has also been noted at lower redshifts
(Verhamme et al. 2017; Izotov et al. 2021; Saxena et al. 2022a).

In the next section we attempt to move beyond a simple
fesc(Lyα) and use all of the available spectroscopic and photo-
metric indicators to estimate fesc(LyC), which is the quantity that
is needed to capture the contribution of galaxies to the reioniza-
tion budget of the Universe at z & 6.

5. Implications for LyC photon production, escape
and reionization

Although the presence of strong Lyα emission peaking close to
the systemic velocity has been used to infer high LyC escape
fractions (Verhamme et al. 2015; Izotov et al. 2021; Naidu et al.
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Fig. 10. Comparison of the calculated fesc(LyC) using the relation from Choustikov et al. (2024) with the observed fesc(Lyα) (left, with the one-
to-one relation shown as the dashed line) and Lyα velocity offset (right) for LAEs. With the exception of two LAEs from Tang et al. (2023), the
fesc(LyC) we infer is always lower than fesc(Lyα), consistent with model predictions (e.g. Maji et al. 2022). Interestingly, one of our faint LAEs
has fesc(LyC)> 0.2. We find that qualitatively, fesc(LyC) and Lyα velocity offset anti-correlate, but a low Lyα velocity offset does not necessarily
guarantee high fesc(LyC). Similar trends were reported for low redshift LyC leaking galaxies by Izotov et al. (2021).

2022), the physics that control the escape of LyC photons
from star-forming galaxies are much more complicated (e.g.
Dijkstra 2014; Barrow et al. 2020; Katz et al. 2020; Garel et al.
2021; Maji et al. 2022; Choustikov et al. 2024). The neutral gas
content within a galaxy, in particular, can affect the Lyα and
LyC photons differently, which combined with the line-of-sight
dependence of both Lyα and LyC photon escape can often com-
plicate the inference of LyC photon escape from Lyα alone.
For example, one of the most well-studied LyC leakers, Ion1
at z ≈ 3.8 (Vanzella et al. 2012; Ji et al. 2020) actually does not
show any Lyα emission, which demonstrates the complex rela-
tionship between Lyα and LyC photons.

Therefore, in this section we fold in other photometric and
spectroscopic properties of our faint LAEs to make a more
informed inference on the LyC escape fractions. Several obser-
vational studies as well as simulations have attempted to connect
the leakage of LyC photons to spectroscopic properties. Some
of the most exciting observational results linking LyC leakage
to galaxy properties are being delivered by the Low-z Lyman
Continuum Survey (LzLCS; Flury et al. 2022a,b). State-of-the-
art high-resolution cosmological simulations such as Sphinx20

are also now being used to study the dependence of LyC photon
escape on galaxy properties (e.g. Rosdahl et al. 2022; Katz et al.
2023b; Choustikov et al. 2024), which offers much more control
on the sample sizes and selection functions when attempting to
use observations of galaxy properties to predict fesc(LyC).

Using the Sphinx20 simulation, Choustikov et al. (2024)
specifically focused on observables that trace conditions within
galaxies that enable both the production as well as escape of LyC
photons. Briefly, these conditions mainly require the galaxies to
have (i) relatively high star formation rates (sSFR > 10−9 yr−1);
(ii) stellar ages in the range 3.5−10 Myr, a time long enough for
the first generation of supernovae to have cleared out channels
in the ISM for LyC escape, while short enough that UV photons
are still being produced in abundance by the stellar population,
and (iii) low dust and neutral gas content. Using these criteria,
Choustikov et al. (2024) report a six-parameter equation to pre-

dict the angle-averaged (and not sight-line dependent) fesc(LyC)
based on observed galaxy properties. These parameters include
the UV slope, β, dust attenuation E(B − V) (typically measured
from the Balmer line decrement), Hβ line luminosity, MUV, R23
and O32.

The predicted fesc(LyC) from Choustikov et al. (2024) have
been validated against comprehensive observational efforts to
measure fesc(LyC) from low redshift galaxies such as LzLCS
(Flury et al. 2022a,b). Each of the individual diagnostics for LyC
leakage analysed by Choustikov et al. (2024) agree with what
was reported for a handful of candidate LyC leaking galaxies
by LzLCS. Further, dependence of fesc(LyC) on one of the most
promising indicators, the UV slope (β), was also found to agree
with observed trends reported by Chisholm et al. (2022). This val-
idation lends credibility to the LyC leakage predictions and the
multi-variate fits derived by Choustikov et al. (2024) to estimate
fesc(LyC) for galaxies with good spectroscopic measurements.

Therefore, we use the relationship between fesc(LyC) and
galaxy properties derived by Choustikov et al. (2024) to predict
fesc(LyC) for our sample of LAEs. The choice of using LyC leak-
age predictors from Choustikov et al. (2024) over other obser-
vational predictors has been made for two main reasons: As
Choustikov et al. (2024) demonstrated, single diagnostic based
LyC leakage predictors often suffer from scatter, where many
ISM/dust/stellar conditions often being necessary but not suffi-
cient for high LyC fesc. These observations may also suffer from
sample selection biases, which can be easily overcome when
using data from simulations. Secondly, using a multi-variate
fesc(LyC) predictor helps encapsulate several competing physi-
cal processes within galaxies that eventually result in LyC leak-
age. With our JWST spectra, these multi-variate measurements
are now possible, thereby maximizing the information that can
be derived about LyC leakage from our galaxies.

All of the input parameters required to predict fesc(LyC)
have been observed for our faint LAEs from JADES, which
makes predicting fesc(LyC) using Eq. (4) from Choustikov et al.
(2024) relatively straightforward. We note that to predict the
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angle-averaged fesc(LyC), the properties of the Lyα emission
line, which can often be highly sight-line dependent, are not
taken into account by Choustikov et al. (2024) when estimating
fesc(LyC) (cf. Maji et al. 2022). The calculated fesc(LyC) for our
LAEs are given in Table 4.

In Fig. 10 we show fesc(LyC) calculated using observed
galaxy properties compared with fesc(Lyα) measured directly
from the spectra (left) and the Lyα velocity offset from the sys-
temic (right) from our faint LAEs as well as those that we cal-
culate using observed quantities from Tang et al. (2023). We
find that the predicted fesc(LyC) remains below fesc(Lyα) for
all our LAEs, but one LAE from Tang et al. (2023) have higher
fesc(LyC) compared to fesc(Lyα).

In general we do not find any strong correlation between
fesc(LyC) and fesc(Lyα). We do find that fesc(LyC) significantly
anti-correlates with Lyα velocity offset for both our JADES
LAEs as well as when brighter LAEs from Tang et al. (2023) are
included (Fig. 10, right), but we note that a low (.200 km s−1)
Lyα velocity offset does not guarantee a high fesc(LyC) and
that there is considerable scatter in the plot. From a sample of
low redshift LyC leakers, Izotov et al. (2021) also found that
fesc(LyC) tends to always be lower than fesc(Lyα), and that
fesc(LyC) weakly anti-correlates with Lyα velocity offset from
systemic, consistent with our findings.

We do, however, note the lack of any LAE with high veloc-
ity offsets showing high fesc(LyC), which seems to suggest that
low Lyα velocity offsets are a necessary but not a sufficient con-
dition to enable high LyC photon escape, mainly tracing the
absence of high column density neutral gas, and that galaxies
that show large Lyα velocity offsets compared to systemic likely
trace highly dense neutral gas conditions, which may not be con-
ducive for significant LyC escape fractions.

Before assessing the co-dependence of ionizing photon pro-
duction and escape from our faint LAEs, we note that when cal-
culating ξion for our LAEs using Eq. (2) in Sect. 2.8 we assumed
fesc(LyC) to be zero. However, with fesc(LyC) predictions for our
LAEs, we now calculate ξcorr

ion , which is corrected for the frac-
tion of ionizing photons that escape out of the galaxy, thereby
not contributing towards line emission. In this section going for-
ward, we use the corrected ξion value, ξcorr

ion .
We now explore the dependence of fesc(LyC) on the cor-

rected ionizing photon production efficiencies in Fig. 11. We find
that sources with the highest fesc(LyC) do not necessarily show
high values of ξcorr

ion . Interestingly, there is am anti-correlation
between the two quantities that seems significant based on the
p-values, which may be not be entirely unexpected. When non-
negligible fractions of ionizing photons begin escaping from the
galaxy, there are fewer photons available to produce the Balmer
line (as well as strong nebular line) emission (e.g. Topping et al.
2022). This would lead to low ξcorr

ion values inferred when simply
assuming Case-B recombination, which can consistently explain
this observed mild anti-correlation.

Another important effect that may be driving the scat-
ter between fesc(LyC) and ξcorr

ion could be the expected time
delays between significant production of ionizing photons and
the emergence of escape channels that facilitate the escape of
those photons. As noted in Choustikov et al. (2024; but see also
Barrow et al. 2020; Katz et al. 2020), for a burst of star forma-
tion it is not up until ∼3.5 Myr since the starburst is triggered that
supernovae begin to clear channels in the ISM to allow signifi-
cant LyC photon escape. Very early on in the starburst, there is a
very high production rate of ionizing photons, but these photons
are unable to escape out of the H ii regions. Therefore, the age of
starburst and the time delay between the peak of ionizing photon

Fig. 11. Corrected ξion vs. fesc(LyC) calculated using the multi-
parameter fit as described in the text. We find that LAEs that show
higher fesc(LyC) have lower measured ξion compared to the sample
average, which implies that a significant fraction of escaping ionizing
photons will lead to decreased Balmer (and potentially nebular) line
strengths at a given star formation rate (e.g. Topping et al. 2022). Addi-
tionally, this lack of correlation may also arise due to a time delay
between the production and escape of ionizing photons from galax-
ies, whereby intense star formation activity that produces ionizing pho-
tons needs time to clear out channels to also facilitate LyC escape,
as has been reported from several high-resolution simulations (e.g.
Barrow et al. 2020; Katz et al. 2020; Choustikov et al. 2024).

production and the emergence of escape channels may lead to
the observed scatter.

Finally, we explore the dependence of the product of the
ionizing photon production efficiency and the ionizing photon
escape fraction ( fesc(LyC)× ξcorr

ion ), which is an important quan-
tity needed to assess the contribution of individual star-forming
galaxies to the reionization budget of the Universe, with UV
magnitude, EW of Lyα emission and its evolution with red-
shift. To overcome any potential sample selection biases, we
restrict our analysis only to the JADES LAEs here, for which the
selection functions and completeness is fairly well understood.
The average ionizing photon output from our JADES LAEs is
log( fesc(LyC)× ξcorr

ion /erg−1 Hz) = 24.49+0.29
−0.39. This measurement is

in agreement with that reported by Meyer et al. (2019) for faint
galaxy populations in the redshift range 4.5 < z < 6.2. The corre-
lations between fesc(LyC)× ξcorr

ion and the above-mentioned quan-
tities are shown in Fig. 12 and are discussed below.

We begin by assessing the dependence of log( fesc(LyC)×
ξcorr

ion ) on UV magnitude, finding that it increases very mildly with
decreasing MUV as shown in Fig. 12 (top left), following the linear
relation:

log
(

fesc × ξ
corr
ion

erg−1 Hz

)
= 0.047 (±0.014) MUV + 25.27 (±5.16). (3)

This lack of strong correlation for LAEs clearly disfavours
enhanced ionizing photon output from UV-fainter LAEs, and
may have important consequences for models of reionization.

We further find that the ionizing photon output from LAEs
also remains roughly constant over a range of EW(Lyα), best fit

A84, page 15 of 24



Saxena, A., et al.: A&A, 684, A84 (2024)

Fig. 12. Dependence of the ionizing photon output from galaxies (that is fesc(LyC)× ξion) as a function of UV magnitude (left) and Lyα equivalent
width (right). The best-fitting linear relations are shown as blue lines (with considerable scatter in the relation, which is not shown to preserve
clarity). Overall, we do not find any strong dependence of the ionizing photon output on either the UV magnitude of the Lyα strength. The ionizing
photon output is key to quantifying the role of star-forming galaxies in contributing towards the reionization budget at z > 6.

with the linear relation:

log
(

fesc × ξ
corr
ion

erg−1 Hz

)
= −2.5 × 10−4 (±1.9 × 10−6)

(
EW(Lyα)

Å

)
+ 24.39 (±0.02). (4)

The little to no dependence of log( fesc × ξion) on the equivalent
width of Lyα emission is shown in Fig. 12 (top right; note that
the x-axis is in log scale), implying that purely the observed Lyα
line strength is not a good independent indicator of the ioniz-
ing photon output from LAEs in the epoch of reionization. The
added attenuation by the neutral IGM along the line of sight at
z > 6 and the inherent difficulty in disentangling the effects of
the IGM and ISM/CGM at these redshifts likely contributes to
the Lyα line strength not being a robust tracer of the ionizing
photon output.

Finally, we derive the dependence of the ionizing photon out-
put of our LAEs with redshift, finding the best-fitting relation:

log
(

fesc × ξion

erg−1 Hz

)
= 0.053 (±0.025) z + 24.027 (±1.050). (5)

We find that the ionizing photon output of LAEs shows a mild
increase with redshift as shown in Fig. 12 (bottom). This is
consistent with a picture whereby younger galaxies may be
able to achieve higher ionizing photon production efficiencies,
but the relatively mild evolution is also consistent with a pic-
ture whereby the production and escape of ionizing photons
is dictated by physical processes that operate on much-shorter
timescales (that is intense star formation or SNe activity), which
cannot be captured via a strong trend with redshift.

The best-fitting relations of ionizing photon output with UV
magnitude Lyα EW and redshift can be used to estimate the total
number of ionizing photons contributed by LAEs at a given red-
shift, depending on the space density of LAEs. Since the increas-
ing neutrality of the IGM makes it impossible to obtain a com-
plete Lyα luminosity function at z > 6, certain assumptions
about the evolution of the Lyα luminosity function may need
to be made (see Matthee et al. 2022, for example).

Alternatively, if a good handle on the Lyα emitter fraction
(unaffected by the IGM attenuation) can be obtained at z > 6
by extrapolating from fractions measured at lower redshifts (e.g.
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Santos et al. 2020), then our best-fitting relations can also be
used to estimate the total ionizing photon contribution towards
the reionization budget from LAEs at z > 6. Any dependence
of the LAE fraction on UV magnitude must also be taken into
account for this calculation (see Jones et al. 2024).

6. Conclusions

In this study we have presented detailed properties of 17 faint
Lyα emitting galaxies at z > 5.8 from the JWST Advanced Deep
Extragalactic Survey (JADES) Deep and Medium Tier NIRSpec
MSA surveys. These new Lyα emitters, spanning absolute UV
magnitudes of −17.0 to −20.6, are generally fainter compared to
LAEs that were previously known in or near the epoch of reion-
ization, opening up a new window into studying the properties
of faint galaxies that reside within ionized bubbles in the reion-
ization era.

Using measurements directly from the low resolution (R100)
PRISM as well as medium resolution (R1000) grating spectra, we
report the detection of other rest-frame optical emission lines such
as [O ii], Hβ, [O iii] and Hα. The detection of these lines enables
a reliable measure of their spectroscopic redshift against which
the velocity offsets of Lyα emission can be accurately measured.
In general, these LAEs have blue rest-UV spectral slopes (−2.1 to
−2.7) and little to no dust measured from Balmer decrements.

Using rest-optical line ratios, we find that our LAEs appear
to be metal poor with high ionization parameters, properties that
are typical of JWST-detected faint star-forming galaxies at z > 6.
These properties combined with steep UV slopes and no dust
indicate that all of our LAEs are young, star-forming systems.
We further measure the ionizing photon production efficiencies
(ξion) directly from Balmer line emission and find that our LAEs
on average have log(ξion/Hz erg−1) ≈ 25.56, which does not seem
to evolve strongly with redshift. We also do not find a strong
dependence of ξion on the strength of Lyα emission.

Using the Lyα escape fraction (calculated using Balmer line
emission) and the velocity offset of the peak of the Lyα line com-
pared to systemic redshift, we study the galaxy properties that
govern the escape of Lyα photons from reionization era galaxies.
We note that the escape fraction of Lyα photons is anti-correlated
with its velocity offset from systemic, and is strongly correlated
with Lyα equivalent width, consistent with expectations from Lyα
emission models as well as high-resolution galaxy simulations
employing radiative transfer to track the escape of Lyα emission.

We also find that LAEs that are fainter in the UV show higher
Lyα escape fractions, although this could be attributed to the
flux limited nature of our spectroscopic surveys. We do not find
strong correlations between Lyα escape fraction or velocity off-
set with key ISM indicators such as [O iii]/[O ii] ratios or Hβ
equivalent widths. We conclude that the escape of Lyα emis-
sion is a complicated process, and may not necessarily depend
strongly on the state of the ISM and stellar populations at any
given time, especially at z > 6 when the IGM attenuation also
plays an important role.

We find a gradual decrease in Lyα escape fractions with red-
shift, indicative of increasing IGM attenuation in diminishing
Lyα strengths at the highest redshifts. By making a UV cut to
remove selection effects, we find that the Lyα escape fraction
still evolves weakly with redshift, but the escaping Lyα emis-
sion is considerably more offset compared to systemic velocity
at the highest redshifts, indicative of decreasing ionized fractions
and sizes of the bubbles that must surround these LAEs.

Making use of several photometric and spectroscopic indica-
tors for our LAEs, we then predict escape fractions of hydrogen
ionizing Lyman continuum photons. We find that with the excep-
tion of one LAE in our sample, the LyC escape fraction is always

lower than the Lyα escape fraction, with no significant correla-
tions between the two. We also do not find any significant cor-
relation between LyC escape fraction and ξion, which can likely
explained by the reduced Balmer line emission in the presence
of significant ionizing photon escape or by time delays between
the production and escape of ionizing photons.

By combining the production and escape of LyC photons
(that is fesc × ξion), we find that the quantity that is actually
responsible for delivering ionizing photons from the galaxies
to the IGM remains relatively consistent across UV magnitudes
and EW(Lyα), but increases gradually with redshift. Using these
dependencies and assumptions about the Lyα emitter fraction at
any given redshift, more realistic models of reionization can be
constructed.

Deeper and wider spectroscopic surveys in the future will
help expand the samples of known LAEs in the reionization
era. The availability of other spectroscopic indicators tracing the
nature of stellar populations, ISM ionization and chemical con-
ditions would be key to assess the role of Lyα emitting galaxies
in driving cosmic reionization, helping build more realistic mod-
els charting the reionization history of the Universe.
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Appendix A: 1D spectra of LAEs

Fig. A.1. 1D spectra of LAEs from PRISM (R100) with a zoom-in on Lyα emission from G140M (R1000).
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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Fig. A.1. continued.
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