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ABSTRACT

We report the discovery of a remarkable Ly emitting galaxy at z = 7.2782, JADES-GS+53.16746—-27.7720 (shortened to JADES-GS-z7-LA),
with rest-frame equivalent width, EW,(Lya) =388.0 + 88.8 A and UV magnitude —17.0. The spectroscopic redshift is confirmed via rest-frame
optical lines [O11], HB and [O 1] in its JWST/NIRSpec Micro-Shutter Assembly (MSA) spectrum. The Lya line is detected in both lower
resolution (R ~ 100) PRISM as well as medium resolution (R ~ 1000) G140M grating spectra. The line spread function-deconvolved Lya full
width at half maximum in the grating is 383.9 + 56.2 kms~! and the Ly« velocity offset compared to the systemic redshift is 113.3 + 80.0kms™!,
indicative of very little neutral gas or dust within the galaxy. We estimate the Lya escape fraction to be >70%. JADES-GS-z7-LA has a [O m1)/[O 11]
ratio (0O32) of 11.1 £ 2.2 and a ([O 111] + [O 11])/HB ratio (R23) of 11.2 + 2.6, consistent with low metallicity and high ionization parameters. Deep
NIRCam imaging also revealed a close companion source (separated by 0.23"), which exhibits similar photometry to that of JADES-GS-z7-LA,
with a photometric excess in the F410M NIRCam image consistent with [O III] + HS emission at the same redshift. The spectral energy distribution
of JADES-GS-z7-LA indicates a “bursty” star formation history, with a low stellar mass of ~10” M. Assuming that the Lya transmission through
the intergalactic medium is the same as its measured escape fraction, an ionized region of size >1.5 pMpc is needed to explain the high Ly EW
and low velocity offset compared to systemic seen in JADES-GS-z7-LA. Owing to its UV-faintness, we show that it is incapable of single-handedly
ionizing a region large enough to explain its Lya emission. Therefore, we suggest that JADES-GS-z7-LA (and possibly the companion source)

may be a part of a larger overdensity, presenting direct evidence of overlapping ionized bubbles at z > 7.

Key words. dark ages, reionization, first stars — galaxies: high-redshift — galaxies: evolution — galaxies: star formation

1. Introduction

Understanding the key drivers of cosmic reionization — an impor-
tant phase transition in the Universe’s lifetime whereby the
intergalactic medium (IGM) transformed from neutral to com-
pletely ionized by z ~ 6 — is an important challenge in obser-
vational astronomy (see Robertson 2022, for a recent review).
This requires good estimates on the rate of the hydrogen ioniz-
ing Lyman continuum (LyC; 4y < 912 A) photons that are pro-
duced within galaxies, as well as the fraction of these that are
able to escape from galaxies, contributing toward reionization of
the IGM (Dayal & Ferrara 2018).

Although early data from the James Webb Space Tele-
scope (JWST) have already provided unprecedented insights
into the interstellar medium (ISM) conditions and ion-
izing photon production in reionization era galaxies at
z > 6 (Arellano-Cordova et al. 2022; Curtis-Lake et al. 2023;
Robertson et al. 2023; Endsley et al. 2023; Curti et al. 2023;
Katz et al. 2023a; Trump et al. 2023; Tacchella et al. 2023a;
Sun etal. 2023; Sandersetal. 2023; Fujimoto et al. 2023;

Cameron et al. 2023), placing direct constraints on the escape
fraction of LyC photons (f.sc) is impossible at z > 6 because
of the increasing neutrality of the IGM that absorbs virtually
all LyC photons along the line of sight (e.g., Inoue et al. 2014).
Even so, there are indirect indicators of LyC f., that could
potentially be used to estimate ionizing photon escape using
JWST data (e.g., Zackrisson et al. 2013; Topping et al. 2022;
Mascia et al. 2023).

However, as individual galaxies or groups of galaxies begin
to reionize their immediate surroundings, the ionized “bubbles”
will eventually grow large enough to allow the Lya photons to
escape along the line of sight without considerable absorption, so
long as they have been sufficiently redshifted out of Lya resonance
(Miralda-Escudé 1998; Furlanetto et al. 2006; Mason & Gronke
2020; Trapp et al. 2023). By then studying the evolution of the
physical properties of Lya-emitting galaxies (LAEs) as a func-
tion of redshift (e.g., Malhotra & Rhoads 2006; Pentericci et al.
2011, 2014; Zitrin et al. 2015; Furusawa et al. 2016; Stark et al.
2017; Masonetal. 2019; Tilvietal. 2020; Jungetal. 2020;
Whitler et al. 2020; Hu et al. 2021; Castellano et al. 2018, 2022;

A68, page 1 of 13

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://doi.org/10.1051/0004-6361/202346245
https://www.aanda.org
http://orcid.org/0000-0001-5333-9970
http://orcid.org/0000-0002-0450-7306
http://orcid.org/0000-0003-3458-2275
http://orcid.org/0000-0003-4770-7516
http://orcid.org/0000-0002-8224-4505
http://orcid.org/0000-0002-7595-121X
http://orcid.org/0000-0002-6719-380X
http://orcid.org/0000-0001-8895-0606
http://orcid.org/0000-0002-6780-2441
http://orcid.org/0000-0001-7997-1640
http://orcid.org/0000-0002-7636-0534
http://orcid.org/0000-0002-2678-2560
http://orcid.org/0000-0003-2388-8172
http://orcid.org/0000-0002-2380-9801
http://orcid.org/0000-0002-0267-9024
http://orcid.org/0000-0003-0695-4414
http://orcid.org/0000-0002-7028-5588
http://orcid.org/0000-0003-4996-9069
http://orcid.org/0000-0001-5171-3930
http://orcid.org/0000-0003-4891-0794
http://orcid.org/0000-0002-2929-3121
http://orcid.org/0000-0002-8543-761X
http://orcid.org/0000-0002-9280-7594
http://orcid.org/0000-0002-7893-6170
http://orcid.org/0000-0003-2919-7495
http://orcid.org/0000-0001-9262-9997
http://orcid.org/0000-0003-0215-1104
http://orcid.org/0000-0003-3917-1678
http://orcid.org/0000-0003-4109-304X
http://orcid.org/0000-0002-0362-5941
http://orcid.org/0000-0001-9276-7062
https://www.edpsciences.org
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

Saxena, A, et al.: A&A 678, A68 (2023)

Endsley & Stark 2022; Ning et al. 2022), accurate constraints can
be placed on the evolution of the neutral fraction of the IGM across
redshifts by carefully modeling Ly emission and comparing it
with models of inhomogeneous reionization (e.g., Mesinger et al.
2015; Mason et al. 2018; Mason & Gronke 2020; Morales et al.
2021; Bolanetal. 2022; Qin et al. 2022; Matthee et al. 2022;
Trapp et al. 2023). The spatial distribution and associations of
these Ly emitting galaxies can give further insights into whether
reionization proceeds uniformly across the Universe or in a patchy
manner (e.g., Larsonetal. 2022; Leonovaetal. 2022; Tang
et al. 2023).

Before JWST, Lya observations were mostly attempted
from the ground (e.g., Vanzellaetal. 2011; Pentericci et al.
2014; Oesch et al. 2015; Furusawa et al. 2016; Stark et al. 2017,
Laporte et al. 2017; Roberts-Borsani et al. 2023; Ning et al.
2022), and as a result, most were restricted to some of the bright-
est known galaxies at z > 6. The bright LAEs at z > 6 are good
beacons of ionized regions in the Universe, as they would have
undergone intense star formation activity that would eventually
have led to the inflation of a bubble large enough for Lya emis-
sion to pass through (e.g., Madau et al. 1999). However, such
galaxies are rare, and according to certain models of reioniza-
tion, the bulk of the photons ionizing the IGM are expected
to come from the more numerous fainter, lower mass galaxies
at z > 6 (e.g., Robertson et al. 2015; Finkelstein et al. 2019).
Therefore, it is vital to begin assembling a picture of Lya emis-
sion and transmission from fainter UV galaxies to better under-
stand their role in driving reionization, and to uncover additional
independent sightlines leading to a more complete picture of the
spatial and temporal evolution of reionization.

Observations around lensing clusters have already helped
push Lya detections from the ground to fainter UV magnitudes
(e.g., Hoagetal. 2019; Fuller et al. 2020; Bolan et al. 2022).
Spectroscopic follow-up of faint high redshift galaxy candidates
in well-studied extragalactic fields with JWST now offers an
excellent opportunity to investigate the presence of Ly emission
in such sources at z > 6. In this paper, we leverage the power
of the JWST Advanced Deep Extragalactic Survey (JADES;
Eisenstein et al. 2023) and present the discovery of a very faint
galaxy spectroscopically confirmed at z = 7.278. The aim of
this paper is to constrain both the ISM conditions and ionization
properties of the Ly« emitting galaxy as well as characterize the
state of the IGM around it, making inferences on its implications
for the reionization of the Universe.

The layout of this paper is as follows: Sect. 2 describes the
JWST data used in this study. Section 3 presents details about
the observed properties of the remarkable LAE at z = 7.278,
JADES-GS+53.16746-27.77201, shortened to JADES-GS-z7-
LA, which is the main focus of this paper. Section 4 contains
details of modeling the spectral energy distribution (SED), lead-
ing to stronger constraints on the physical parameters of the
galaxy. Section 5 discusses the implications for the reioniza-
tion of the Universe from these observations. The conclusions
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

JADES-GS+53.16746-27.77201 was first reported in McLure
et al. (2013) and Schenker et al. (2013) as a high redshift
galaxy candidate using HST imaging in the HUDF with

A68, page 2 of 13

ID UDF12-4019-6190 and a photometric redshift of Zphor = 6.9.
Being a high redshift candidate, this object was included in
JADES NIRSpec and NIRCam observations that are described
below.

The JWST observations used in this study are part of JADES,
which is a collaboration between the Near-Infrared Camera
(NIRCam; Rieke et al. 2023) and Near-Infrared Spectrograph
(NIRSpec; Ferruit et al. 2022) Instrument Science teams with an
aim of using over 750 h of guaranteed time observations (GTO)
to study the evolution of galaxies in the Great Observatories Ori-
gins Deep Survey (GOODS)-South and GOODS-North fields.
We describe the NIRSpec and NIRCam observations and data
reduction steps that led to the discovery of JADES-GS-z7-LA
below.

2.1. NIRSpec spectroscopy

The NIRSpec observations used here are part of the GTO pro-
gram ID: 1210 (PI: Liitzgendorf) in GOODS-S, using the Micro-
Shutter Assembly (MSA; Jakobsen et al. 2022; Ferruit et al.
2022) centered near the Hubble Ultra Deep Field (HUDF),
obtained between 22 October and 25 October 2022 over
3 visits. Each visit had a total of 33613s of exposure in
the PRISM/CLEAR setup, which gives wavelength cover-
age in the range 0.6—5.3um with a spectral resolution of
R ~ 100 (Boker et al. 2023), and 8403 s integration in each
of G140M/FO70LP, G235M/F170LP, G395M/F290LP, and
G395H/ F290LP filter and grating setups. We refer the readers to
Bunker et al. (2023a) for further details about the observational
setup.

The targets for spectroscopy were selected from existing
deep HST imaging and catalogues in the field. Candidate high
redshift galaxies with photometric redshifts z > 5.7, iden-
tified via the classic photometric ‘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 Bunker et al. (2023a).

As also mentioned in Cameron et al. (2023) and Bunker
et al. (2023a), each of the three visits were slightly offset (<1”)
and had a unique MSA configuration, with target allocation opti-
mized to achieve coverage of the highest priority targets across
multiple visits. JADES-GS-z7-LA was covered in 2 out of the
3 visits, which meant that it had a total exposure time of 18.7h
in PRISM/CLEAR and 4.7 h in each of the mid/high resolution
filter/grating setups. For each visit, a three-point nodding pattern
was used for background subtraction.

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), which are cus-
tomized versions of the official data reduction pipeline supplied
by STScl. 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 2D and 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 Bunker et al.
2023a). Due to the compact size on the sky (~0.1”) of JADES-
GS-z7-LA, slit-loss corrections were applied by modeling it as
point-like source. A nominal 3-pixel extraction aperture was
used to produce the co-added 1D spectra. A detailed description
of the data reduction and spectral extraction methods is given in
Curtis-Lake et al. (2023) and Cameron et al. (2023).
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2.2. NIRCam imaging

The NIRCam data used in this study are part of the GTO pro-
gram ID: 1180 (PI: Eisenstein) in GOODS-S, obtained between
29 September and 5 October 2022. A detailed description of the
observations and data reduction can be found in Robertson et al.
(2023) and Tacchella et al. (2023b), but here we briefly describe
the methodology to obtain NIRCam images.

Four pointings centered at or around the HUDF were used
to produce a 4.4 X 6 arcmin mosaic. The filters used for these
observations were FOOOW, F115W, F150W and F200W in the
short-wavelength (SW) channel, and F277W, F335M, F356W,
F410M and F444W in the long-wavelength (LW) channel. Indi-
vidual exposures of 1375 s were used in a nine-point dither pat-
tern in all four pointings.

The JWST Calibration Pipeline v1.8.1 was used for data
reduction, where the main reduction steps involved in the pro-
duction of Stage-1 products were dark subtraction, distortion
correction, bad-pixel masking, bias subtraction, and ‘snow-
ball’ removal (Birkmann et al. 2022). The Stage-2 processing
included flat-fielding and flux calibration. Astrometric alignment
was then performed using a custom version of JWST TweakReg.
Full details of the NIRCam data reduction and mosaicing will be
presented in a forthcoming paper (Tachella et al., in prep.) and
more details of the basic reduction steps can already be found in
Robertson et al. (2023) and Tacchella et al. (2023b).

3. A strong Lyman-a emitter at z~ 7.3

As mentioned earlier, in this paper we focus on JADES-
GS+53.16746—-27.77201, shortened to JADES-GS-z7-LA. We
show the combined 1D and 2D spectra in Fig. 1, with zoom-
ins around the wavelengths covering Lya and [O 111] + HS lines.
Below we present both spectroscopic as well as photometric
measurements for this remarkable LAE, placing constraints on
dust and the star formation rate based on spectroscopic obser-
vations. We also present the discovery of a previously unknown
Lyman break galaxy very close to JADES-GS-z7-LA.

3.1. Spectroscopic redshift

An accurate spectroscopic redshift of z = 7.2782 + 0.0003 was
derived by obtaining the centroid of the strong [O 1] 45007
emission line seen in the R ~ 1000 G395M grating spec-
trum. This redshift was found to be consistent with the weaker
[O111] 24959 as well as the HB line also seen in the grating
spectrum. We show the robust detection of the [O111] 45007
line in the G395M spectrum along with weaker detections of
[O 1] 24959 and Hp lines, consistent with the spectroscopic red-
shift, in Fig. 2.

As was noted in Bunker et al. (2023a), the redshifts derived
from emission lines across the R ~ 1000 gratings as well as
the R ~ 100 PRISM spectra were found to be consistent, which
means that any comparison between the velocity offset of Lya
emission with respect to the systemic redshift should be reliable
and robust.

3.2. UV magnitude and slope

As is visible from Fig. 1, the S/N of the continuum near the Lya
line in the PRISM spectrum is low. Nonetheless, in this section
we attempt to measure the rest-frame UV magnitude at 1500 A
as well as the rest-UV slope.

To measure the UV magnitude, we place a boxcar filter
centered on 1500 A rest-frame, with a total width of 200 A to
boost S/N for magnitude measurement. We then calculate the
sigma-clipped median (with clipping applied at 30) to calcu-
late the median continuum flux and error in the boxcar filter,
which is then used to calculate the UV magnitude and its asso-
ciated errors. Using this approach, we calculate a UV magni-
tude of Myy = —17.05 with 1o confidence intervals in the range
(—14.60, —17.74), placing JADES-GS-z7-LA at the faint end of
the UV luminosity function at z ~ 7-8 (e.g., Bouwens et al.
2022; Donnan et al. 2023).

Although the S/N at rest-frame ~1500 A in the PRISM spec-
trum is not high, we also attempt to infer the rest-frame UV
slope (8) using a Monte Carlo approach. Briefly, the observed
flux in the PRISM spectrum in the rest-frame wavelength range
1340-3000 A is perturbed by noise that is randomly drawn from
the observed variance of the spectrum. A simple power-law is
then fitted to this perturbed spectrum and the best-fitting UV
slope is recorded. This process is repeated 500 times, where each
time the noise added to the signal is randomly drawn from the
variance. The median of these 500 best-fitting power law slopes
gives us the UV slope measurement, whereas the standard devi-
ation (which contains the error propagation from the variance)
gives us the error on the UV slope measurement. Using this
Monte Carlo approach, we measure § = —2.06 + 0.14, which
is consistent with what was reported by Cullen et al. (2023) for
faint galaxies at similar redshifts. We also find this UV slope
measurement to be highly consistent with that measured from
SED fitting of NIRCam photometry (details in Sect. 4). The
UV slope we measure is consistent with a relatively dust-free
environment.

3.3. Lyman-a emission

As discussed in the previous subsection and seen in Fig. 1, the
continuum is not well detected in the PRISM R100 spectrum.
However, the Lya emission line is clearly detected both in 1D
and 2D spectra. The Ly line is also clearly detected in the
G140M grating spectrum, which corresponds to a spectral res-
olution of R ~ 1000 (Fig. 3). In this paper, we use the Ly« line
flux measured from the R1000 spectrum, as the spectral reso-
lution in the lower resolution PRISM spectrum is dramatically
reduced at shorter wavelengths.

To measure the emission line properties, we fit a single
Gaussian to the emission line in the R1000 spectrum. The contin-
uum around the Lye line is not detected in the R1000 spectrum,
but is detected with low S/N in the PRISM spectrum. Therefore,
we measured the local continuum level from the PRISM spectrum
in the wavelength range of rest-frame 1270—~1380 A. We note that
no N V emission is seen in the spectrum and therefore, should not
impact the continuum measurement. Owing to the low S/N of the
continuum even in the PRISM spectrum, we additionally opted
to use a linear extrapolation of fluxes in the F115W, F150W and
F200W bands from NIRCam to estimate the continuum around
the line, which we found to be highly consistent (within 307) with
the continuum measured from the PRISM spectrum.

Given the higher continuum S/N of NIRCam photometry
compared to the PRISM spectrum, we opt to use the continuum
inferred from extrapolation of NIRCam fluxes. We also note here
that given the filter response curve of F'115W and the redshift of
our source, the Ly line lies at the blue edge of the filter, which
means that it is likely not contaminating the broad-band filter
tremendously, and explains the consistent continuum derived by
simple linear extrapolation of NIRCam fluxes and SED fitting.
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Fig. 1. NIRSpec PRISM (R100) spectrum of JADES-GS-z7-LA at z = 7.278, showing both 1D and 2D spectra. The error spectrum has been shown
as the orange-shaded region. We additionally show zoom-ins around the Lye line (top left) and the HG, [O I1T] 14959 and [O 111] 25007 lines (top
right). At least in the PRISM spectrum, the Lya emission appears at the systemic redshift, indicative of the presence of Ly« (and potentially LyC)
escape channels. We caution, however, that at the bluest end of the spectrograph the spectral resolution is much lower than the nominal R ~ 100,

degrading all the way down to R ~ 30 (Jakobsen et al. 2022).

Using the single Gaussian fit, we measure a Ly« line flux of
2.29 +0.25 x 1078 ergs™! cm™2, giving a rest-frame equivalent
width of EW, = 388.0 + 88.8 A, making it one of the high-
est EW Ly« emitting galaxies currently known in the epoch of
reionization (see Saxena et al. 2023, for a comparison). The Ly«
redshift (using a rest-frame wavelength of 1215.67 A) is found
to be 71y, = 7.2822 + 0.0004.

The Ly« line has an observed — line spread function (LSF)-
convolved — full-width at half maximum (FWHM) of 436.7 +
56.2kms~!. For a point source in the center of the shutter,
the LSF at ~1.0 micron is ~208 kms~! (de Graaff et al. 2023),
which gives a LSF-deconvolved FWHM of 383.9 + 56.2kms™".
Perhaps the most striking feature is that the velocity shift of
Ly emission compared to systemic redshift is low, with Av =
113.3 + 80.0kms™! (where 80kms™! is the width of the spec-
tral pixel) as shown in Fig. 3. We note that this observed Lya
velocity offset is lower than the LSF at these wavelengths.

We further investigate the implication of high Lye EW and
low velocity offset in Fig. 4, where we show the distribution of
the Lya EW and the observed offset from the systemic redshift
for JADES-GS-z7-LA, compared with the recently discovered
Lya emission from GN-z11 (Bunker et al. 2023b) and measure-
ments from other z> 7 galaxies (Tang et al. 2023; Endsley et al.
2022). The points have been color-coded by their absolute
UV magnitudes. The distribution is in line with an observed
anti-correlation between Lya EW and velocity offset from the
systemic redshift, whereby UV-brighter galaxies also tend to
show larger velocity offsets (see Tang et al. 2023, for exam-
ple). Figure 4 also demonstrates the extremely high Lya EW as
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well as faint continuum of JADES-GS-z7-LA compared to other
known LAEs atz > 7.

Such high Lya line strengths and narrow Lya profiles peak-
ing close to the systemic redshift are often indicative of the
presence of low column density channels in the neutral gas sur-
rounding H1I regions, or very little neutral gas, which enables
the escape of Lya photons without considerable absorption and
scattering out of the line-of-sight (see Verhamme et al. 2017, for
example). We discuss this further in Sect. 5.

3.4. Other strong emission lines

In the R100 PRISM spectrum, [O11]43727, HB and
[O111] 214959, 5007 A lines are clearly detected. Since no
continuum is detected near these rest-optical emission lines, the
continuum level is estimated by using linear extrapolations from
NIRCam photometry corresponding to the bands closest to the
lines. By fitting single Gaussian functions, we measure rest-
frame equivalent widths of EW([O11] 13727)=69.9 + 14.4 A,
EW,o(HB) = 113.0+23.1 A, EW, ([0 111] 24959) = 330.3 £ 62.9 A
and EW,([O 111] 15007) = 854.8 + 58.0 A, which are typical of
what is observed in z ~ 7 galaxies (e.g., Endsley et al. 2021,
2022).

As previously noted, the [O11] A5007line is also clearly
detected in the G395M spectrum. Using the same continuum
level as for the PRISM line measurements, the [O 1] 15007
line flux measured from the G395M spectrum is 7.2 + 0.6 X
10 erg s~ em™2, with EW, = 1028.1 + 165.5 A. The Hp line
is weaker, but it is possible to fit a single Gaussian to the line,
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Fig. 2. Robust detection of the [OTII] 15007 emission line in the R ~
1000 G395M grating spectrum, which was used to derive an accurate
systemic redshift of z = 7.2782 + 0.0003. This redshift is consistent
with the weaker detections of the [O11I] 144959 and Hf lines that are
also marked in the spectrum.

which gives a line flux of 1.4 + 0.6 x 107" ergs™' cm~2, with

EW, = 204.9 + 62.5A. Since the higher resolution grating is
more sensitive to narrow line emission, the flux measured from
the grating is higher than that measured from the lower resolu-
tion PRISM spectrum. The [O 111] 45007 line appears to be nar-
row, with FWHM = 254.8 + 23.7kms™" and no obvious broad
wings. The emission line measurements are given in Table 1.

Using these lines we measure rest-optical line ratios
that trace the ionization state as well as metal content of
the ISM. For consistency, we calculate the line ratios by
using all the line fluxes measured from the PRISM spec-
trum. We find a [O1] A5007/[0O11] 13727 ratio (O32) of
11.1 £ 2.2, ([O111] 214959, 5007 + [O 11] 43727/HB) (R23) ratio
of 11.2 = 2.6 and [O111] A5007/HB (R3) ratio of 7.6 + 1.5,
which are all consistent with low metallicities and high ioniza-
tion parameters in the ISM (Trump et al. 2023; Curti et al. 2023;
Katz et al. 2023a; Sanders et al. 2023; Cameron et al. 2023;
Nakajima et al. 2023). However, we find that the O32 ratio we
measure is on the lower end of the range of ratios reported in
much brighter LAEs at z > 7 by Tang et al. (2023), although a
few of those were derived from photometry alone. The line ratios
are also summarized in Table 1.

3.5. Balmer lines, dust and UV slope

Although the Hg line is clearly detected in the spectrum, the Ha
line is redshifted out of the observed wavelengths in the R100
spectrum and Hy is not detected. We derive a 1o upper limit
of Hy/HB < 0.49, which is consistent with expectations from
Case B recombination for an electron density, n, = 100 cm™3
and temperatures of up to 20 000 K (Dopita & Sutherland 2003;
Osterbrock & Ferland 2006). However, we note that Case B
recombination may not be the most appropriate approximation
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Fig. 3. Velocity shift of the Lya emission line in the G140M NIRSpec
spectrum with a resolution of R ~ 1000 compared to the systemic red-
shift (Av = Okms™") traced by the [O 1] and Hp lines. The emission
line appears to be symmetric, centered very close to the systemic red-
shift with an offset of 113.3 + 80.0kms~!, with flux blueward of the
peak. The observed line profile is indicative of significant Lye photon
escape thanks to virtually no neutral gas along the line-of-sight in the
galaxy.

10150

for galaxies that may be leaking LyC photons, which we expand
upon further in Sect. 5.1.

This limit, unfortunately, is not useful to place constraints on
the dust attenuation in the galaxy spectrum. However, given the
extremely high equivalent width of the Ly« line combined with
the narrow profile peaking close to the systemic redshift, one
might expect there to be little to no dust in the system, which
enables Lya photons to escape along the line of sight evading
dust absorption.

We note that any correction due to dust in the neutral ISM
will boost the Lya flux. However, it has been shown that due
to the complex radiative transfer involved in the propagation of
Lya photons and the geometry of the ISM, dust may not play a
huge role in Lya escape (e.g., Atek et al. 2008; Finkelstein et al.
2011). Owing to a lack of robust spectroscopic indicators of dust
attenuation as well as the strong Lya emission seen from this
galaxy, we assume dust-free conditions going forward.

3.6. Photometric measurements and the presence
of a companion source

We report the measured fluxes and errors from the NIRCam
images in Table 2. Due to the presence of strong [O 1] and HB
emission, JADES-GS-z7-LA is brightest in the F410M medium
band and the flux in the F115W band appears to be boosted due
to Ly, even though Lya is close to the blue edge of the filter
transmission profile.

We also note that there is a companion source next to
JADES-GS-z7-LA visible in the NIRCam imaging, separated
on the sky by 0.23”. This source unfortunately fell outside the
MSA shutter targeting JADES-GS-z7-LA. To our knowledge,

A68, page 5 of 13
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Fig. 4. Distribution of Lye EW and its velocity offset from the sys-
temic redshift for JADES-GS-z7-LA (star), compared with GN-z11
(Bunker et al. 2023b) (diamond), z > 7 LAEs identified from CEERS
by Tang et al. (2023) (circles) and other known z > 7 LAEs from
the Endsley et al. (2022) compilation (squares), which include sources
from the ALMA REBELS survey amongst others such as B14-65666
at z = 7.15 (Furusawa et al. 2016; Hashimoto et al. 2019), EGS-zs8-
1 at z = 7.72 (Oesch et al. 2015; Stark et al. 2017), COS-zs7-1 at
z = 7.15 (Pentericci et al. 2016; Laporte et al. 2017; Stark et al. 2017)
and BDF-3299 at z = 7.11 (Vanzella et al. 2011; Maiolino et al. 2015;
Carniani et al. 2017). We also include the z = 7.68 galaxy Y002
(Valentino et al. 2022). JADES-GS-z7-LA lines up well with the previ-
ously observed strong anti-correlation between the strength of the Ly«
emission line and its velocity offset compared to systemic redshift (e.g.,
Tang et al. 2023), and its faint UV magnitude and high Ly EW com-
pared to other z > 7 LAEs stand out.

this source has not appeared in any previous HST selected cat-
alogues. The presence of this companion meant that careful de-
blending of the two sources in the NIRCam images was needed
to isolate the fluxes of each of these two galaxies. The two
sources were de-blended using the DEBLEND_SOURCES function
of PHOTUTILS with a detection threshold of 20~ and deblending
parameters nlevels = 32 and contrast =0.001. Aperture photom-
etry was then performed centered on the respective centroid of
the de-blended sources.

From Fig. 5, it is clear that the companion source also drops
out in FO90W, with potential contribution from Lya emission in
F115W (although the line falls close to the edge of the transmis-
sion) and appears to be bright in F410M (F356W—-F410M =
0.81), which may be explained by contribution of [O III] and HB
if the companion source also lies at a similar redshift to that
of JADES-GS-z7-LA. We note that both sources appear to be
fainter than expected in the F'150W band, which we attribute to
issues with local background subtraction.

The companion, if considered to be at the same redshift, has
a fainter absolute UV magnitude at 1500 A, Mispo = —16.5
and a shallower UV slope, § = —1.8 = 0.2. To accurately
infer the physical properties of both the LAE and the compan-
ion source, we employ spectral energy distribution (SED) fit-
ting using fluxes measured from aperture photometry, which we
describe in Sect. 4.

3.7. Star formation rate derived from Balmer emission

We can estimate the Ha line flux using the observed Hg line
flux in a Case B recombination scenario. Assuming no dust,
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Table 1. Observed spectroscopic properties of JADES-GS+53.16746
—27.7720 (or JADES-GS-z7-LA).

Parameter Measurement
Zsys 7.2782 + 0.0003
ZLyoz 72822 + 00004
R100 line fluxes [x1072 ergs™' cm™2]

F([O11] A3727) 54+14
F(HpB) 79+22
F([O111] 14959) 23.1+6.0
F([O 111] 25007) 59.9 +4.0
R100 equivalent widths [A]

EW,([O11] 13727) 69.9 + 14.4
EWo(HB) 113.0 +23.1
EW,([O 111] 14959) 330.3 +62.9
EW,([O 111] A5007) 854.8 + 58.0
R1000 line fluxes [x107% ergs~' cm™2]

F(Lya) 229.2 +259
F(HpB) 143 +5.9
F([O 111] 25007) 64.6 + 6.2
R1000 equivalent widths [A]

EW(Lya) 388.0 + 88.8
EW,(HB) 204.9 + 62.5
EW, ([0 111] 215007) 1028.1 + 165.5

Line ratios (from PRISM)

[0 11] 25007/[0 1], 23727 (032) 11.1+22
([0 111] 214959, 5007 + [0 T1])/HB (R23) 112+26
[0 111] 15007/HB (R3) 76+1.5
Hy/HB <0.49

Table 2. JWST/NIRCam background subtracted fluxes and errors (in
nanoJanskys) of JADES-GS-z7-LA and the companion source.

Filter JADES-GS-z7-LA  Companion
[nJy] [nJy]
FO90W 0.34 £ 0.90 1.00 = 0.91
F115W 3.17 £0.63 3.22+£0.63
F150W ) 1.43 £0.76 222 +0.76
F200W 2.99 +0.64 3.76 £ 0.64
F27TW 3.33+£0.31 3.37+£0.31
F356W 2.44 +0.31 4.24 +0.31
F410M 11.52 + 0.60 8.99 £ 0.59
F444wW 7.28 £ 0.56 7.52 +0.56

Notes. The F150W image suffers from local background subtraction
issues, making the measured fluxes lower than expected.

ne = 100cm= and T, = 15000 K, which is typical of high red-
shift galaxies (e.g. Curti et al. 2023) and adopting an intrinsic
Ha/HB ~ 2.788 from PYNEB (Luridiana et al. 2015). As noted
previously, the HB flux is higher in the G395M grating spectrum
compared to the PRISM spectrum. Therefore, we estimate an
Ha line flux of 2.9 x 107" ergs~! cm™2 using the HB flux from
PRISM corresponding to He luminosity of 1.4 x 10* ergs™,
and He flux of 4.0 x 107" erg s™! cm™2 and luminosity of 2.6 x
10*! erg s~! from the grating spectrum.

It has been shown that lower metallicity galaxies at high red-
shifts are capable of achieving high ionizing photon production
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Fig. 5. NIRCam cutouts (1.5 X 1.5”) showing the location of the Ly« emitting galaxy and the companion source. Also shown in red in the bottom-
left panel is the location of the NIRSpec MSA shutters that led to the discovery of Lya emission from JADES-GS-z7-LA, but did not include the
companion source. Both galaxies drop out in the FO90W filter and qualitatively show similar colors across the broadband filters, suggesting that
the companion source likely has a photometric redshift comparable to JADES-GS-z7-LA. The F115W filter is contaminated by Lya emission at
z ~ 7.3, which explains the relatively bright flux from JADES-GS-z7-LA and may also explain emission from the companion if it is at the same

redshift.

efficiencies at the same star formation rates when compared
to lower redshift, more chemically evolved galaxies (e.g.,
Charlot & Longhetti 2001). Therefore, using the conversion
factor derived from stellar population synthesis models with
~5% solar metallicity, by Reddy et al. (2022), we multiply
the Ha luminosity with 2.12 x 107** My yr~'ergs™!, giving
SFR(Ha) = 0.29-0.56 M, yr~!. This SFR is lower when com-
pared to the standard Kennicutt (1998) relation, which assumes
a Salpeter (1955) IMF and gives SFR = 0.75—1.43 Mg yr~!.

The measured SFR(Ha) of ~0.3-0.6 M, yr~!, which given
the extremely faint M,s09 = —17.0 places the galaxy comfortably
above the star-forming main sequence at z > 6 (Shapley et al.
2023), consistent with expectations from a galaxy with strong
emission lines including Lya.

3.8. lonizing photon production efficiency

Using the observed Balmer line emission and the monochro-
matic UV luminosity at 1500 A, we can also infer the ioniz-
ing photon production efficiency (&jon). The number of ionizing
photons produced is closely linked to the (dust-corrected) Ha
luminosity. Assuming Case B recombination and under the same
assumptions of the electron density and temperature as in the
above section, this relation is given by N(H®) = L(Ha) x 7.37 x
10'! (Osterbrock & Ferland 2006). The &ion 1s then calculated as
&on = N(H)/Lis00.

Using the L;spp measured directly from the PRISM spec-
trum and estimating the Ha line luminosity using HB with
the assumptions outlined in the previous subsection, we infer
a log(&on/ergHz™!) = 25.66 + 0.14 when using the HB flux
measured from the PRISM spectrum, and log(&;o,/erg Hz™!) =
25.82 + 0.15 when using the HB flux from the medium resolu-
tion grating spectrum, which is theoretically more sensitive to
line emission. This &, value is higher than the canonical values

of 25.2-25.3 assumed by simple reionization models (e.g.,
Robertson et al. 2013), and consistent with what is typically seen
for LAEs at z > 6 (e.g., Tang et al. 2023; Simmonds et al. 2023;
Saxena et al. 2023).

In the following section we fit SED models to both JADES-
GS-z7-LA and the companion source and derive other physical
properties of these sources.

4. Insights from spectral energy distribution fitting

Fitting SED models to spectra, photometry, or both simulta-
neously is crucial to gain valuable insights about the nature
of distant galaxies. Our aim is to find best-fitting SEDs for
both JADES-GS-z7-LA and its close companion to determine
whether the redshift of the companion source is consistent with
that of JADES-GS-z7-LA, and then infer their physical proper-
ties. We start our analysis by simultaneously fitting the spectrum
and photometry of JADES-GS-z7-LA to derive accurate con-
straints on the star formation history as well as the ISM prop-
erties of this galaxy. Such spectro-photometric fitting can lead
to more robust estimates on the posterior distributions of key
galaxy physical properties, primarily driven by constraints pro-
vided by the emission lines.

We use the PYTHON code BAGPIPES, which stands for
Bayesian Analysis of Galaxies for Physical Inference and
Parameter Estimation (Carnall et al. 2018) to perform SED fit-
ting. We use templates that include both stellar emission, based
on Bruzual & Charlot (2003) stellar population synthesis models
constructed using the Kroupa (2001) initial mass function (IMF)
with initial masses in the range 0.6—120 M, as well as nebular
continuum and line emission. The nebular emission is computed
using the photoionization code Cloudy (Ferland et al. 2013). We
note here that the metallicity of the line-emitting gas and stars is
assumed to be the same.
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Fig. 6. NIRSpec/PRISM spectrum of JADES-GS-z7-LA (excluding the Lya region) with the best-fitting spectrum from BAGPIPES. We fit the entire
spectrum, but only highlight the strongest emission lines in the figure that have the most constraining power. The fits to the observed emission
lines suggest that a high ionization parameter, log(U) = —0.72 + 0.14 and low metallicities of Z,s = 0.31 + 0.26 Z, are needed to explain the
observed emission lines. The best-fit SED also favors a bursty star formation history (see text). The constraints derived from fitting the spectrum
are useful to then fit the photometry of the galaxy as well, as shown in Fig. 7.

We use a two-component star formation history: the first is
an exponentially declining (7-model) star formation history, and
the second is a recent burst of star formation. For the exponen-
tially declining model, we let the age of the stars formed vary
from 0.5 Myr to the age of the Universe at the redshift of the
source, let the T vary from 300 Myr to 10 Gyr, with a total stel-
lar mass formed in the range 10°~10'! M, with permitted stellar
metallicities in the range 0.01-1.2 Z;,.

For the burst component, we allow the age of the burst to vary
between 1 and 20 Myr and the mass formed during the burst to
vary between 10% and 10'! M. We include the dust attenuation
following the Salim et al. (2018) law, which is very close to the
SMC extinction curve (Gordon et al. 2003) and is a good approx-
imation for high redshift galaxies (e.g., Shivaei et al. 2020). For
nebular emission, we allow the dimensionless ionization param-
eter, log(U), to vary between —0.5 and —3.

We note here that under normal circumstances the increas-
ingly neutral IGM beyond redshift 6 would suppress nearly
all Ly emission blueward of the peak. However, we know
from spectroscopy that JADES-GS-z7-LA is a strong Ly« emit-
ter, suggesting that it likely is situated in an ionized bubble
within a generally neutral Universe at z ~ 7.3. Additionally,
the complex radiative transfer calculations required to accurately
model Lya emission are not currently included in BAGPIPES.
Therefore, when fitting the observed spectrum, we mask the
region containing Lye. Additionally, when fitting the photom-
etry, we turn off the IGM attenuation, mimicking conditions
inside an ionized bubble with little to no neutral hydrogen. This
results in the best-fitting galaxy physical parameters predicting
a Lya flux that can then be matched to the observed F115W
photometry.

The PRISM spectrum and NIRCam photometry of JADES-
GS-z7-LA are best-fit with a “bursty” star formation history,
with ~53.2% of the total current stellar mass of 10%° My (with
16th and 84th percentile confidence interval [10%8, 107! M)
with a recent burst with agepyss = 2.2([1.3, 10.3]) Myr and
metallicity Zpyse = 0.39([0.11, 0.70]) Zo. The median age of
stars formed via exponentially declining history is higher, with
ageexp = 8.8([2.0, 61.9]) Myr with a broad range, and metallic-
ity Zexp = 0.29([0.06, 0.68]) Zo.

As expected, a high log(U) of —0.94 ([-1.24, —0.67]) is
needed to explain the observed emission lines in the spec-
trum. The best-fitting SED also requires a small dust attenuation
of Ay = 0.24([0.17, 0.30]) mag, which may be incompatible
with the observed strong Lya emission seen in the spectrum.
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The best-fitting SED to the PRISM/CLEAR spectrum of
JADES-GS-z7-LA is shown in Fig. 6.

Under the assumption that the companion source is at the
same redshift as JADES-GS-z7-LA, we use the same set of
priors to find the best-fitting SED for the companion. Since
there is no spectrum available, we only use the NIRCam pho-
tometry for the fitting. For the companion, we find that the
fraction of stellar mass formed in a recent burst of ~5Myr is
only ~13.8% of the total stellar mass of 1072 ([107, 107]) M,
suggesting a less “bursty” star formation history compared
to JADES-GS-z7-LA. The median age of stars in the burst
is agepurst = 3.5([1.5, 12.3]) Myr, with metallicity Zy,s =
0.13 ([0.03, 0.55]) Z. The age of stars formed following expo-
nential decline is ageey, = 33.6([8.0, 111.0]) Myr, with metal-
licity Zeyp, = 0.16 ([0.04, 0.29]) Zo.

The best-fitting SED prefers a relatively lower ioniza-
tion parameter of log(U) = -1.29([-1.85, —0.81]), but it is
difficult to place accurate constraints on this without spec-
troscopy and requires slightly more dust attenuation, with Ay =
0.28 ([0.23, 0.35]) mag compared to the LAE. The best-fitting
SEDs of both JADES-GS-z7-LA and the companion source are
shown in Fig. 7 with a summary of their inferred physical prop-
erties given in Table 3.

Based on SED fitting, and particularly the photometric
excess in the F410M band as well as possible emission line
contribution in the F115W band due to Lya, it is likely that the
companion source is at the same redshift as that of JADES-GS-
z7-LA. It may also be possible that these two individual sources
represent star-forming regions of the same larger system. It is
also possible that the two sources are merging, but there is no
spectroscopic evidence for this currently. The SED of JADES-
GS-z7-LA clearly suggests that it is a bursty, actively forming
galaxy whereas the companion seems to have formed the bulk of
its stars earlier than JADES-GS-z7-LA.

In light of the high EW Ly« emission seen from JADES-GS-
z7-LA, questions naturally arise about the contribution of these
two nearby sources in creating a bubble of ionized gas surrounding
them. Any enhancement in the escape of ionizing photons due to
association/interaction may have implications on the mechanisms
via which Ly and potentially LyC ionizing photons can escape
from galaxies in the reionization era. In the following section,
we explore the spectroscopic indicators of Lya and LyC escape
from JADES-GS-z7-LA, and investigate whether the LAE and its
companion would be capable of inflating an ionized bubble large
enough to explain the observed Lya emission.
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Fig. 7. Best-fitting SEDs of JADES-GS-z7-LA and its companion
source, fixing the redshift to be at z = 7.278 for both objects. We find
that a good fit is obtained for the companion source at the same redshift
as JADES-GS-z7-LA, which in particular can explain the photometric
excess observed in the F410M band (dashed oval). Overall, JADES-
GS-z7-LA has a ‘bluer’ SED, which is reflected in the preference for a
bursty star formation history when compared to the companion source.

Table 3. Physical properties derived from SED fitting for JADES-GS-
z7-LA and the companion source, assuming an exponentially declining
star formation history with a recent burst of star formation.

Property JADES-GS-z7-LA  Companion
Myv -17.0+1.0 -169+1.0
B slope -2.0+02 -1.7+02
log(M©% /M) 6.9f8:% 7.2f83
MBuTst pptotl 53.2% 13.8%
Agepurst [Myr] 2.2f8:g 3.1’:?:2
Zourst [ Zo] 0.31*930 0.13*049
Ageexp [Myr] 4.1 3294371
Zexp [ Zo] 0.29+030 0.12+0:18
log(U) —0.94f8:}§ -1 .29f8z‘7‘g

5. Implications for ionizing photon escape
and reionization

In this section we explore the implications of the observations
presented in this paper on the state of the IGM surrounding
JADES-GS-z7-LA and its companion. The clear presence of Lya
emission from JADES-GS-z7-LA at z = 7.3 offers a unique
opportunity to investigate the IGM conditions within its vicin-
ity as well as the production and escape of ionizing photons in
an LAE at z > 6, and we begin our analysis by first constraining
the escape fraction of Lya photons from this galaxy.

5.1. Lyman-a escape fraction

Using Balmer emission lines, it is possible to derive an
escape fraction for Lya under certain assumptions. For exam-
ple, assuming Case B recombination, that is no LyC photon
escape from the galaxy, and a dust free environment, n, =
100cm™ and T, = 15000K, the intrinsic Lya/Hp ratio is 23.3
(Osterbrock 1989). The f.c(Lya) can then be calculated as:

Jese(Lya) = L(Lya)/(23.3 X L(HB)).

As was previously noted, the HS line flux measured from
the G395M grating spectrum is higher than that measured from
PRISM. The Hg line flux from the PRISM spectrum results in
Jese(Lya) = 1.24 £ 0.25, whereas that from the grating results in
Jfese(Lya) =0.68 + 0.20. Therefore, we find that under Case B
recombination the Ly« escape fraction for JADES-GS-z7-LA is
realistically in the range f.s.(Lya) ~ 0.7—1.0, which is consistent
with expectations from LAEs in a dust-free environment (e.g.,
Dijkstra et al. 2016).

A very high (~100%) Lya escape fraction was also
reported for a LyC leaking galaxy in the local Universe by
Izotov et al. (2018), which also had a LyC escape fraction of
Jese(LyC) = 0.46. This implies that Case B recombination may
not necessarily be valid for galaxies that may be leaking a sig-
nificant amount of LyC photons through an optically thin ISM,
where Case A recombination is more appropriate. In Case A, it is
possible to achieve ~1.5x higher Lya/Hp ratios, due to the effec-
tive recombination coefficient of Balmer series transitions being
~1.5 times higher compared to Case B. Using a 1.5X intrinsic
ratio following Case A, we would infer f..(Lya)~ 0.45-0.83.

We also note that the intrinsic Lya/Hg ratio is more sensi-
tive to the assumed electron density than temperature. For exam-
ple, assuming 1, = 5000 cm™ (using PYNEB) can increase the
intrinsic ratio to ~30, leading to even lower f.,.(Lya). We also
note that the inclusion of any dust correction in this calculation
will actually increase the observed Lya/Hg ratio, leading to even
higher f..(Lya).

Several studies in the literature, both using theory and obser-
vations, have attempted to link the leakage of LyC photons
to Lya escape (e.g., Marchi et al. 2018; Gazagnes et al. 2020;
Izotov et al. 2021), Ly luminosities (e.g., Maji et al. 2022) and
Lye line profiles (e.g., Verhamme et al. 2017; Naidu et al. 2022).
Based on the high f.s.(Lya) and its line profile, it is not unrea-
sonable to expect that JADES-GS-z7-LA is leaking a significant
amount of LyC radiation. In the following section, we investi-
gate indications of LyC leakage using other spectroscopic and
photometric indicators.

5.2. Lyman continuum leakage from JADES-GS-z7-LA

Although JWST imaging and spectroscopy has now made it rel-
atively easy to measure the distribution of UV luminosities and
&ion Of galaxies in the reionization era, placing accurate con-
straints on fsc remains a big challenge as direct measurements
of LyC emission are extremely unlikely at z > 4 (Inoue et al.
2014). The shape and the strength of Lya emission from galax-
ies can help trace Lyman continuum leakage — in particular,
a double peaked Lya profile with transmission of flux blue-
ward of the systemic redshift can trace physical conditions rep-
resentative of low column density of neutral gas in the ISM,
which is also conducive to LyC photon leakage (Verhamme et al.
2015). After processing through the IGM, a resulting small shift
(v < 150kms™") in the peak of a single Lya emission line com-
pared to the systemic redshift can then be indicative of the pres-
ence of an ionized region surrounding the galaxy, likely driven
by significant LyC leakage (e.g., Maseda et al. 2020).

There are several other spectroscopic indicators of LyC
fese proposed in the literature, including high O32 ratios
(e.g., Faisst 2016), low covering fractions of low ionization
interstellar absorption features (Heckman et al. 2001; see e.g.
Saldana-Lopez et al. 2023 and references therein for more recent
works) and the presence of high ionization emission lines
(e.g., Schaerer et al. 2022; Saxena et al. 2022a). Steep rest-frame
UV slopes as well as reduced strengths of rest-frame nebular
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emission lines have also been suggested as tracers of significant
LyC leakage (e.g., Topping et al. 2022).

JADES-GS-z7-LA is one of the highest EW LAEs cur-
rently known in the reionization epoch with rest-frame EW
of =388.0 + 88.8 10\, and a narrow (unresolved) emission line
profile, which is only offset from its systemic redshift by
113.3kms™! (Fig. 3) suggesting the presence of channels of ion-
ized gas through which LyC photons could readily escape. Based
on the empirical correlations between Lya properties and LyC
leakage derived by Verhamme et al. (2017), we note that hav-
ing EW(Lya) =388 A with fi(Lya) ~ 0.7-1.0 would imply
Jese(LyC) > 0.05 (see Fig. 2 of Verhamme et al. 2017; see also
Maji et al. 2022). We do note here, however, that there is consid-
erable scatter in the relations between Ly« properties and LyC
escape, in part driven by the resonant nature of the Ly« line
which readily undergoes scattering and can be easily removed
from the line of sight (see Dijkstra et al. 2016, for example), pos-
sibly making Lya an unreliable probe of LyC leakage.

Other diagnositics that are not as line of sight dependent as
Ly may be more reliable to infer LyC escape fractions (e.g.,
Choustikov et al. 2023). Significant LyC escape may also be
inferred from the high EW([O 111] + HB) and O32 measured from
the spectrum of JADES-GS-z7-LA (see Saxena et al. 2022b, and
references therein), where the mild correlation observed between
Jese(LyC) and the strength of [O111] + HB emission would sug-
gest fesc (LyC) > 0.2. However, the relationship between these two
quantities also has considerable scatter, and studies have shown
that high [O TI1] + HB line strengths may also be achieved without
significant LyC leakage (e.g., Paalvast et al. 2018).

Zackrisson et al. (2013) also showed that the escape of LyC
photons either from ionization-bounded H1I regions with holes
blown across them by star formation and/or supernovae, or a
density-bounded HII region photo-ionized by sources of hard
radiation fields (e.g. low metallicity young stars) can be probed
by using a combination of the UV slope and strength of the HB
line. Zackrisson et al. (2013) showed that the strength of the HB
EW actually decreases with increasing f...(LyC). The H3 EW
can be used in combination with the steepness of the UV slope
to infer fe(LyC), where UV slopes of § < —2.4 required for
most assumed star formation histories.

JADES-GS-z7-LA shows a strong HB emission (EW, =
113-205 A), but does not show a particularly steep UV slope
(8 = —2.0). Using the parameter space probed by the mod-
els of Zackrisson et al. (2013), no significant f..(LyC) can be
inferred from a galaxy with 8 = —-2.0 and EWy(HB) =~ 150
(see also Chisholm et al. 2022). Topping et al. (2022) recently
showed that even the inclusion of dust requires the observed UV
slopes to be steeper than —2.4 to be able to infer LyC leakage
from a system. A redder UV slope likely traces the presence
of nebular continuum emission, meaning that a large fraction of
LyC photons are being reprocessed within the galaxy to produce
nebular continuum and line emission. The presence of dust can
also redden the UV slope, which is also detrimental to LyC leak-
age. Although, the detection of strong Lya emission can help
rule out the presence of dust (at least along the line of sight), the
presence of strong nebular emission lines points towards nebular
contribution being the likely reason for a relatively shallow UV
slope that is observed.

By exploring multiple indicators of LyC leakage, we find that
although certain spectroscopic indicators, most importantly the
Lya escape fraction, strength and line profile, are consistent with
expectations for LyC leakage from JADES-GS-z7-LA, its mea-
sured UV slope is not indicative of LyC leakage. In light of these
findings, we conclude that the current LyC fi. from JADES-
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GS-z7-LA is not necessarily substantially high. JADES-GS-z7-
LA could have had significant LyC leakage in its past (e.g. a
‘remnant’ leaker from Katz et al. 2023b), but based on currently
available data there is no reliable way to infer this. The current
or past LyC leakage from JADES-GS-z7-LA has bearing on its
ability to inflate an ionized bubble large enough to explain the
observed Lya emission, and in the next section we investigate
this in more detail.

5.3. The nature of the ionized bubble surrounding
JADES-GS-z7-LA

To be able to observe bright Lya line emission (with high
Jese(Lya)) from a galaxy situated deep within the epoch of reion-
ization, very close to the systemic redshift (e.g. Av < 150 kms™!),
the presence of a large ionized bubble surrounding the line-
emitting source is required (e.g., Miralda-Escudé 1998). The
size of the ionized bubble that a high-redshift galaxy is capa-
ble of ionizing depends on both the galaxy properties as well
as the global state of the IGM at that epoch (Haiman & Loeb
1997; Furlanetto et al. 2006). The main parameters responsible
for controlling the size of this bubble are a galaxy’s UV lumi-
nosity, its average ionizing photon production efficiency, &, and
the average fraction of LyC photons that manage to escape out
of the galaxy, f.s. (see Endsley & Stark 2022; Castellano et al.
2022; Tang et al. 2023, for recent examples). External factors that
impact the size of the bubble are the average neutral hydrogen (H 1)
density and the Hubble parameter at the redshift in question, the
H1 clumping factor and the recombination coefficient.

The presence of a close companion source next to JADES-
GS-z7-LA, which seemingly lies at the same redshift, may fur-
ther help with the ionizing photon budget required to inflate a
bubble of ionized gas large enough to let Lya emission through.
Therefore, in this section we use simplified assumptions on the
ionizing photon production histories of both JADES-GS-z7-LA
and the companion to estimate whether one or both of these
sources is/are capable of creating an ionized bubble large enough
to explain the transmission of Lya emission.

To calculate the size of an ionized bubble that JADES-GS-z7-
LA and/or its companion source could be capable of inflating, we
mainly use the prescriptions laid out by Mason & Gronke (2020),
which are primarily geared towards the earlier, pre-overlap phase
of reionization when ionized bubbles grew around individual
sources. Mason & Gronke (2020) note that their calculations will
effectively help establish lower limits on the size of the ionized
bubbles around sources. To estimate the size of the ionized region
needed to explain the observed Lya emission from the prescrip-
tion above, a measurement of the observed velocity offset between
Lya and the systemic redshift is needed, in addition to an esti-
mate on the Lya transmission through the IGM at the source red-
shift. Althoughitis not possible to independently measure the Ly«
transmission for JADES-GS-z7-LA, the Lya escape fraction can
provide valuable insights into the Lya transmission through the
IGM under certain assumptions about the ISM.

The Ly« transmission through the IGM will be equal to the
Lya escape fraction if all of Ly« emission produced along the line
of sight also manages to escape from the ISM/CGM of the galaxy.
In other words, any observed attenuation in the Ly« flux is solely
being caused by the IGM in this scenario. Owing to the faint (and
consequently low-mass) nature of the LAE, it is not unreasonable
to expect little to no gas in the surrounding CGM that could poten-
tially attenuate Lya coming out of the galaxy. Further, the narrow
line profile and the small velocity offset between the peak of Lya
and the systemic redshift is indicative of low column densities
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of the neutral gas in the ISM of the LAE (e.g., Verhamme et al.
2015), which may result in minimal attenuation of Lya photons
from the ISM. Therefore, it may not be unreasonable to assume
that the Lya transmission through the IGM is the observed Lya
escape fraction for JADES-GS-z7-LA.

Given the measured fu(Lya) of 0.45—-1.00 from a host of
assumptions about the conditions in the HII regions, Fig. 1 of
Mason & Gronke (2020) suggests that an observed Lya velocity
offset of ~113kms~! at z ~ 7 will require an ionized bubble or
sightline of size ~1.5—-5 pMpc, or at least >1.5 pMpc.

Building on this, we now perform our calculations on the
size of the ionized bubble that JADES-GS-z7-LA is capable of
inflating. To do this, we fix the source redshift to z; = 7.278
and we assume the IGM outside the ionized bubble to be neutral
with a density equal to the expected density of neutral gas at
zs = 7.278 from the calculations of Madau et al. (1999). In the
simplest case, assuming a constant ionizing photon output from
the sources, the size of the ionized bubble can be estimated using
Eq. (6) from Mason & Gronke (2020). Other variables involved
in this calculation are the escape fraction of ionizing photons and
the time since the ionizing source has been switched on.

To estimate the ionizing photon output, we use Eq. (9) from
Mason & Gronke (2020), which uses the absolute UV magnitude
measured at 1500 A and the UV slope of the spectral energy dis-
tribution of the ionizing sources. Here we use the measured UV
slope (B) for the value redward of the Lyman limit, and use a fidu-
cial value of @ = -2 for the slope blueward of the Lyman limit.

In Fig. 8 we show the expected size of the bubble that
JADES-GS-z7-LA (solid lines) and its companion (dashed lines)
would be capable of inflating for a range of LyC escape frac-
tions over a total switched on time of 30 Myr, which is close
to the maximum age of star formation activity that occurred in
both galaxies based on best-fitting SEDs. We find that neither
JADES-GS-z7-LA nor its companion source seem to be able to
inflate a bubble of radius >3 pMpc on their own, required for
Lya emission to redshift out of resonance within ~110km s~ of
the systemic redshift at z ~ 7, fully accounting for the observed
Lya emission seen from JADES-GS-z7-LA. Even with a con-
stant fesc = 1.0 over ~100 Myr, the estimated bubble size would
fall substantially short of the >1.5 pMpc requirement. This is
perhaps not surprising, as the sources reported in this study
are several orders of magnitude fainter than those reported by
Endsley & Stark (2022) and Castellano et al. (2022) for exam-
ple, that are capable of ionizing larger bubbles themselves.

Qualitatively speaking, given the relative faintness of both
sources, both of them working in combination to ionize their
immediate surroundings would also not be enough to inflate a
bubble of radius >1.5 pMpc. Such a calculation would require
careful radiative transfer modeling of the impact of ionizing pho-
tons produced by two nearby sources in a neutral medium, which
is beyond the scope of this work.

Therefore, given the extreme continuum faintness of JADES-
GS-z7-LA and the high EW of Ly emission, it is unlikely that
either it or the companion source would be able to produce an
ionized bubble that is large enough to explain the observed Ly«
emission. We note here that assuming that a single ionized bub-
ble is responsible for the transmission of the observed Lya emis-
sion may lead to overestimates on the size required. Instead, an
ionized line of sight towards an LAE at z > 6 can also achieve
the required ionization of the IGM along the given line of sight,
without requiring a single large ionized bubble.

A possible explanation to explain the decreased neutral frac-
tion around JADES-GS-z7-LA and its companion source could
be that these galaxies may be part of a larger overdensity of
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with a Lya velocity offset of 113 km/s compared to systemic

=
T

lonized bubble radius (pMpc)

0.3}
= JADES-GS-Z7-LA == 0.4 1.0
= == Companion — (.6
0.1, . . . . .
0 20 40 60 80 100

Time since switched on (Myr)

Fig. 8. Predicted sized of an ionized bubble that JADES-GS-z7-LA
(solid lines) and its companion source (dashed lines) as a function of
time since star formation began for different LyC f.... We use very sim-
plistic assumptions here, where the ionizing photon production rates
are considered to be constant over the entire lifetime of the sources, set
to the currently inferred value from the UV magnitude. We find that
neither JADES-GS-z7-LA nor the companion are capable of inflating
an ionized bubble of size >1.5 pMpc (shaded region), even if they had
Jese(LyC) = 1.0 over the past 100 Myr of their lifetime. The visibility
of Lya from JADES-GS-z7-LA, therefore, suggests that these galaxies
may be part of an ionized bubble inflated by other galaxies in the field,
or be situated in an opportunistic sightline cleared of neutral hydrogen
by intervening sources.

galaxies at z ~ 7.3 in the GOODS-S field, as a result of
which the IGM neutral fraction may be lower than average (e.g.,
Trapp et al. 2023). This would indicate that the ionized bubbles
from sources in the field at z ~ 7.3 have already begun to overlap
(e.g., Witstok et al. 2023).

6. Conclusions

In this paper, we have presented the discovery of extremely
high equivalent width Lya emission (Lya EW =388 A) from a
continuum-faint galaxy (Myy ~ —17.0) at z = 7.278, called
JADES-GS-z7-LA, using JWST/NIRSpec. The Ly« emission is
clearly detected both in low resolution (R ~ 100) PRISM as well
as medium resolution (R ~ 1000) G140M grating spectra. Rest-
frame optical emission lines such as [O11], HB and [O111] are
also well-detected in the PRISM spectrum, leading to an accu-
rate spectroscopic redshift.

The Lya emission is remarkably bright and narrow (LSF-
deconvolved FWHM = 383.9+56.2kms~!). The velocity offset
of the peak of the Ly« line compared to the systemic velocity is
only 113.3 + 80.0kms™', suggesting the existence of low col-
umn density channels in the neutral gas as well as an ionized
bubble around the galaxy. The high EW Ly emission suggests
a fairly dust-free environment along the line of sight, which is
consistent with the limits on the Balmer decrements placed using
Hp and the non-detection of Hy.

Deep NIRCam imaging has additionally revealed the pres-
ence of a nearby (~0.23" away) companion source, which was
not covered in the MSA shutter placement that led to the spec-
trum of JADES-GS-z7-LA. The photometric properties of the
companion source, however, are consistent with that of JADES-
GS-z7-LA, with a strong excess seen in the F410M NIRCam
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medium band tracing [OmI] +HB at z = 7.3. This excess is
understandably also seen in JADES-GS-z7-LA. There is also an
excess in the F115W broad band from the companion source,
consistent with Ly emission at the same redshift.

Considering the evidence that the companion also lies at
z =~ 7.3, we find that the best-fitting SED is able to reproduce
the photometry of the companion reasonably well when the red-
shift is fixed to that of JADES-GS-z7-LA. The best-fitting SED
parameters indicate that JADES-GS-z7-LA has had a “bursty”
star formation history, with ~53% of its stellar mass formed in a
recent burst 2.2 Myr long. The companion source on the other
hand has only assembled ~14% of its stellar mass over a recent
burst lasting ~3 Myr, with the bulk of its stellar mass formed
over a longer period.

We report that under assumptions of no dust and Case B
recombination, the inferred escape fraction of Lya photons from
JADES-GS-z7-LA is in the range 0.7-1.0. This suggests that
in addition to a lack of substantial neutral gas and dust within
JADES-GS-z7-LA, it must also exist in a fairly ionized bub-
ble in an otherwise neutral intergalactic medium. We investigate
signs of significant Lyman continuum (LyC) photon escape from
JADES-GS-z7-LA based on its spectroscopic and photometric
properties and find that although certain spectroscopic indicators
are consistent with known LyC leakers at lower redshifts, its rel-
atively shallow UV slope (8 ~ —2.0) is incompatible with mod-
els suggestive of significant LyC leakage. A shallow UV slope
may trace significant nebular continuum emission, resulting in a
large fraction of LyC photons being absorbed by the gas instead
of escaping out of the galaxy.

Using simple assumptions on the history of ionizing pho-
ton production and escape, we find that JADES-GS-z7-LA and
its companion source would not be able to individually inflate
an ionized bubble large enough (>1.5 pMpc) that is needed to
explain the observed Lya emission strength and velocity off-
set, even if they have had a ionizing photon escape fraction,
Jese(LyC) = 1.0 continuously over a period of 100 Myr. Based on
this we argue that both JADES-GS-z7-LA and its companion,
if confirmed to lie at the same redshift, may be part of a larger
overdensity in the field at z ~ 7.3, tracing an epoch when the
ionized bubbles have already begun to overlap in the field.

These observations demonstrate the incredibly transforma-
tive power of JWST NIRSpec and NIRCam observations in dis-
covering strong emission lines from distant galaxies, leading
to an increased understanding of the relatively poorly under-
stood contribution of fainter star-forming galaxies towards cos-
mic reionization.
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