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ABSTRACT

Identifying Lyman continuum (LyC) leakers at intermediate redshifts is crucial for understanding the properties of cosmic reionizers because the
opacity of the intergalactic medium (IGM) prevents the direct detection of LyC emission from sources during the Epoch of Reionization (EoR).
In this study, we confirm two new LyC candidate leakers at z ~ 3 in the Abell 2744 cluster field, with absolute escape fractions (f.s.) of 0.83’:8:;58
and O.74fg:$(3), respectively. The LyC emission was detected using HST/WFC3/F275W and F336W imaging. These two candidate leakers appear
to be faint (Myy = —17.61 + 0.06 and —18.22 + 0.10), exhibit blue UV continuum slopes (8 = —2.43 + 0.05 and —1.92 + 0.09), have low masses
(M, ~ 10751003 apnd 107-17#0-15 M.y and Lya equivalent widths of 90 + 3 A and 28 + 12 A, respectively. These two LyC candidate leakers were
detected in a catalog of 91 spectroscopically confirmed sources using public spectra from the JWST and/or MUSE. We also analyzed properties
that were proposed as indirect indicators of LyC emission, such as Lya, the O32 ratio, and M, . We created a galaxy subsample that was selected
according to these properties, stacked the LyC observations of this subsample, and assessed the limits of the escape fractions in the stacks. We aim

to enhance our understanding of LyC escape mechanisms and improve our predictions of the LyC f,. during the EoR by analyzing the individual

candidates and the stacks in the context of the currently limited sample of known LyC leakers at z ~ 3.
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1. Introduction

The Epoch of Reionization (EoR) began as galaxies increased
in number and UV brightness and emitted Lyman-continuum
(LyGC; 2 < 912 A) radiation that ionized the surrounding neu-
tral intergalactic medium (IGM). The LyC photons produced by
star-forming galaxies can account for the photon budget required
to complete reionization only if a substantial fraction of them
escapes from the interstellar and circumgalactic media (ISM and
CGM) of the galaxies into the IGM. Recent surveys by the Hub-
ble Space Telescope (HST) and the James Webb Space Telescope
(JWST) have documented the density of star-forming galaxies in
the EoR well. These studies suggested that star-forming galaxies
and not Active Galactic Nuclei (AGNs) probably dominate the
process of cosmic reionization by z ~ 5 (e.g., Finkelstein et al.
2019; Dayal et al. 2020, 2025; Bosman et al. 2022; Jiang et al.
2025; Whitler et al. 2025), and this matches the Thomson opti-
cal depth of electron scattering that is observed in the cosmic
microwave background (CMB, Planck Collaboration VI 2020).

At redshifts z > 4.5, however, it is impossible to detect LyC
photons escaping from galaxies because the IGM opacity is too
high. The IGM absorption means that LyC leakage from galax-
ies at z ~ 4 would only be detected with a likelihood of 20%,
and this likelihood decreases and becomes zero at even higher
redshifts (Inoue & Iwata 2008; Inoue et al. 2014).

Researchers have thus started to study lower-redshift LyC
leakers and identify key ISM properties and physical condi-
tions that facilitate LyC photon escape, and these objects can
be thus considered as indirect tracers of LyC escape (e.g.,
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Yamanaka et al. 2020; Izotov et al. 2018; Marchi et al. 2018;
Verhamme et al. 2017). These properties can then also be identi-
fied in EoR galaxies to understand their role in cosmic reioniza-
tion.

One of the most reliable indicators identified at z < 4
is strong Lya emission (e.g., Pahl et al. 2021; Gazagnes et al.
2020). Verhamme et al. (2017) proposed that a Ly profile with
a double peak and a narrow separation between the peaks might
indicate significant LyC leakage because a smaller peak separa-
tion corresponds to a lower column density of neutral gas, which
allows Lya and LyC to escape (Rivera-Thorsen etal. 2019;
Izotov et al. 2018; Vanzella et al. 2020; Verhamme et al. 2015;
Henry et al. 2015). At z > 6.5, Lye is attenuated by its resonant
nature and the increasingly neutral IGM closer to the EoR, how-
ever (Pentericci et al. 2018; Mason et al. 2019; Jung et al. 2020;
Ouchi et al. 2020; Bolan et al. 2022; Napolitano et al. 2024).
This emission line can therefore not typically be employed to
indicate LyC escape at this high redshift (e.g., Napolitano et al.
2024).

Another useful indicator is the [OII1]A14959,5007/
[Om] 23727 (O32) line ratio. Nakajima & Ouchi (2014) first
found evidence that high O32 values suggest partially incom-
plete HII regions that allow some LyC photons to escape
(Jaskot & Oey 2013; Nakajima & Ouchi 2014; Marchi et al.
2018; Izotov et al. 2018). This correlation is characterized by
significant scatter in low-redshift studies (e.g., Izotov et al.
2018; Nakajima et al. 2020; Flury et al. 2022a). In practice,
while a high O32 flux ratio is necessary for a significant
measurement of fi, it is not sufficient by itself to identify a
LyC leaker because factors such as viewing angles, metallicity,
and ionization parameter variations may also play a role (e.g.,
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Bassett et al. 2019; Katz et al. 2020). Beyond these strong-line
diagnostics, recent low-redshift studies have explored weak
[S1I] emission, which emerged as a promising new indirect
indicator of LyC escape (Wangetal. 2019, 2021; Roy et al.
2025).

Chisholm et al. (2022) recently proposed that the UV S slope
serves as a reliable predictor of LyC fic, with bluer 8 values gen-
erally linked to higher f.i.. Choustikov et al. (2024) predicted
a strong correlation between extremely blue 8 values (<—2.5)
and elevated specific star formation rates (sSFR), which indi-
cates that the young stellar population with a steeper 8 slope
dominates over older stars. While S is sensitive to dust, galax-
ies with very low E(B — V) values are also correlated well
with fis at lower and intermediate redshifts (Reddy et al. 2016;
Saldana-Lopez et al. 2022). Based on these considerations, £ is
likely to be a useful indicator of fi, although it is subject to
significant scatter.

The Low redshift Lyman Continuum Survey (LzLCS+)
analyzed the first statistical sample of 66 galaxies at z =
0.2-0.4 with either a detection or a very stringent limit on
the LyC emission from HST-COS spectra (Flury et al. 2022a,b;
Saldana-Lopez et al. 2022). Based on the complete spectro-
scopic and photometric information for all sources, the authors
tested many promising indirect diagnostics to understand how
they correlate with LyC emission. Using this large low-redshift
sample, several authors (e.g., Chisholm et al. 2022; Mascia et al.
2023, 2024a; Lin et al. 2024; Jaskot et al. 2024a,b) derived mul-
tivariate predictions of LyC fi. based on a particular sub-
set of indirect indicators, with the ultimate goal of applying
these correlations to galaxies at z ~ 6—8 to determine their
contribution to reionization. The main limitation of this exer-
cise is the assumption that the conditions that facilitate LyC
escape at z ~ 0.3 are the same as during the EoR, that
is, 10 Gyr earlier. Moreover, the surveys often do not cover
the same bands of the physical parameters as those of high-z
galaxies.

It is therefore of paramount importance to first test the solid-
ity of the indirect diagnostics in z ~ 3-4 galaxies, where a
direct detection of LyC is still possible because these galax-
ies are much closer in cosmic time to the EoR (just ~1 Gyr)
and because they are likely much better analogs of the cosmic
reionizers. Currently, only a handful of galaxies with foc > 0.1
have been identified in this cosmic epoch (z ~ 2—4; e.g., Ion2
in Vanzella et al. 2015, 2018, 2020; Fletcher et al. 2019; Ji et al.
2020; Marques-Chaves et al. 2022), and some of the studies con-
strained the limits from stacks (Grazian et al. 2016; Pahl et al.
2021; Mestric et al. 2021). Recent efforts have continued to
expand this sample: Wang et al. (2025) identified five poten-
tial LyC leakers using WFC3/F275W imaging. Liu et al. (2023)
added five individual LyC leakers with escape fractions rang-
ing from 0.4 to 0.8. Jung et al. (2024) placed upper limits on the
absolute escape fraction (fesc.abs) between 3% and 15% for galax-
ies at 1.3 < z < 3. Despite this progress, the number of con-
firmed leakers remains small, and crucially, we still lack com-
prehensive information on their indirect diagnostics. Apart from
the Ly emission, which is strongly linked to the LyC emission
at z ~ 3 as well (e.g., Izotov et al. 2017; Verhamme et al. 2017;
Marchi et al. 2018; Roy et al. 2023), only a limited number of
sources have a complete census of rest-frame optical diagnos-
tics such as [O 1], [O11], HB and MglIl emission. Although the
near-IR spectroscopy of the JWST has recently enabled access
to these features for an increasing number of sources (Roy et al.
2023; Prieto-Lyon et al. 2023; Llerena et al. 2024), additional
data are still required to establish robust correlations and to cali-
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brate indirect diagnostics at higher redshifts where a direct LyC
detection is not possible.

The aim of this work is to search for and study new
intermediate-redshift LyC leakers in the Abell 2744 field, taking
advantage of deep HST imaging obtained with the WFC3/UVIS
F275W and F336W filters, which capture the redshifted LyC
emission from galaxies at z ~ 3, and of a very rich opti-
cal and near-IR spectroscopic dataset, ranging from ground-
based Multi Unit Spectroscopic Explorer (MUSE) observations
to JWST spectroscopy. This dataset obtained a wide range cover-
age of wavelengths and enabled us to investigate the correlation
between multiple properties and LyC escape at intermediate red-
shifts.

The paper is organized as follows: In Sect. 2 we outline
the sample selection process. Sect. 3 describes the NIRISS
extraction of the sources, the measurement of key emission
lines, and the direct calculation of f.,. values. In Sect. 4 we
present the main properties of the two candidate leakers and
the upper limits for subsamples of the sources; Sect. 5 dis-
cusses the relation between the measured f.. and potential indi-
rect indicators of LyC escape. Section 6 summarizes our key
conclusions. Throughout this work, we assume a flat ACDM
cosmology with Hy = 67.7kms™'Mpc™! and Q, = 0.307
(Planck Collaboration VI 2020) and the Chabrier (2003) initial
mass function. All magnitudes are expressed in the AB system
(Oke & Gunn 1983).

2. Observations and sample selection

The Hubble Frontier Field cluster Abell 2744 (hereafter A2744)
is an ideal field for studying LyC emission. This is partly due to
the lensing magnification of the cluster, which averages a factor
of 3.5 at z = 3 (Prieto-Lyon et al. 2023; Bergamini et al. 2023a).
This magnification enables the detection of fainter galaxies
(Myy =~ —18, Smail et al. 1997), which are considered analogs
of cosmic reionizers.

The field was observed by the HST program 13389
(PI B. Siana), which provided WFC3/UVIS filter observations in
the F336W and F275W bands (8 orbits each, Alavi et al. 2016).
These filters cover LyC emission for galaxies at 3.06 < z < 4 and
2.4 < z < 3.05, respectively. Deep JWST near-IR spectra were
obtained through the GLASS-JWST-ERS program (JWST-ERS-
1324: PI T. Treu) using NIRISS and NIRSpec high-resolution
observations (e.g., Boyett et al. 2022; Prieto-Lyon et al. 2023;
Mascia et al. 2024b; Watson et al. 2025), the UNCOVER pro-
gram (Bezanson et al. 2024; Price et al. 2025), and DDT NIR-
Spec prism observations (PID 2756, PI: W. Chen). Additionally,
VLT-MUSE observations of the region provide UV rest-frame
diagnostics at z ~ 3, including data on the presence, strength,
and shape of Ly« emission (Richard et al. 2021; Bergamini et al.
2023a). In Fig. 1 we present the footprints of the GLASS-
JWST-ERS and DDT programs, along with the MUSE and
WEFC3/UVIS filter pointings.

In the following sections, we provide detailed descriptions of
the available observational dataset.

2.1. HST and JWST imaging

We used images obtained with HST WFC3/UVIS F275W
(2435-3032 A) and F336W (3096-3639 A) from the HST pro-
gram PID13389 (PI: B. Siana), centered at RA = 3.5832679,
Dec = —30.3880082. The observations were carried out over a
total of eight orbits per filter (Alavi et al. 2016). The Lyman limit
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for galaxies at z > 2.4 falls just above the red end of the F275W
filter and above the F336W filter for those at z > 3.06. Thus,
these two filters are ideally suited for observing LyC emission
without contamination from nonionizing photons for galaxies in
the ranges 2.4 < z < 3.06 and 3.06 < z < 4, respectively. This
setup allowed us to observe the LyC emission up to ~29.6 and
~30.2 AB magnitude (S/N ~ 2) for the two filters, respectively.

In addition, this field also has multiple bands of observa-
tions from the HST archive, including HST F435W, F606W,
F775W, F814W, F105W, F125W, F140W, and F160W filters
(Merlin et al. 2016, 2024), and new JWST/NIRCam imaging in
filters F115W, F150W, F200W, F277W, F356W, F410M, and
F444W from GLASS-JWST (ERS 1324, PI: Treu, Treu et al.
2023), and UNCOVER (GO 2561, PI: Labbé, Bezanson et al.
2024; DDT 2756, PI: Chen; and GO 3990, PI: Morishita). These
datasets enabled us to infer accurate physical properties of the
galaxies (e.g., stellar mass, star formation rate (SFR), and 8
slope), and to derive quantities such as f.s.. The analyses of this
work are mainly based on these datasets. We used F606W in
particular as the nonionizing band for a comparison to the ioniz-
ing flux. The images for the photometry were all PSF-matched
to the F444W filter, except for the HST WFC3 bands, which
have a broader FWHM. They were matched to F160W. The
detailed photometry process can be found in Merlin et al. (2022),
Paris et al. (2023), Merlin et al. (2024).

2.2. MUSE spectroscopic observations

Richard et al. (2021) presented integral-field spectroscopic
observations of 12 massive clusters, conducted using the Multi
Unit Spectroscopic Explorer (MUSE). Observations of the
A2744 cluster were carried out as part of the MUSE Guar-
anteed Time Observations (GTO) survey under PIDs 094.A-
0115, 095.A-0181, and 096.A-0496. These observations cover
the wavelength range from 4750 to 9350 A (as rest-frame UV for
z ~ 3), with a resolution varying from 2000 to 4000. The total

~3.6
—3.4
&
5
-3279
o
Fig. 1. LyC emitter candidates in the
30 A2744 field, detected with NIRSpec (stars),
NIRISS (squares), and MUSE (circles). The
blue symbols represent galaxies detectable

in WEFC3/UVIS F275W at LyC wavelengths,
and red indicates galaxies for which the
LyC is redshifted to the WFC3/UVIS F336W
bandpass. We also show the footprints of
HST WFC3/UVIS F275W and F336W point-
ings, the GLASS-JWST-ERS and DDT 2756
observations, and VLIT-MUSE observations
(Richard et al. 2021) in the A2744 cluster field.
They are superimposed on the JWST NIRCam
F150W image from the UNCOVER program.

exposure time for the A2744 cluster is 20 hours. The released
data include a comprehensive redshift catalog of galaxies, con-
firmed by either emission lines, such as Lya, or continuum fea-
tures, spanning a wide redshift range from z = 0 to z = 6. Qual-
ity flags are also provided to assess the reliability of the redshift
determinations.

2.3. JWST spectroscopic observations

The GLASS-JWST ERS program provided high-resolution
NIRSpec spectra in grating mode with a resolution of approx-
imately 2000-3000, covering a wavelength range from 1 to
5.14 um. The total exposure time was 4.9 hours. Additionally,
the JWST-DDT program (PID 2756, PI: W. Chen) obtained
continuous wavelength coverage from 0.6 to 5.3 um using the
prism configuration, which has a resolution of approximately
30-300 (Jakobsen et al. 2022; Treu et al. 2023; Mascia et al.
2024b). The exposure time for the JWST-DDT observation was
1.23 hours. Together, these two programs yielded a total of
approximately 200 unique sources with secure spectroscopic
redshifts ranging from O to 10. Detailed information of the
source selection, data reduction, and analysis can be found in
Treu et al. (2023), Mascia et al. (2024b).

As part of the GLASS-JWST ERS program, additional
observations were carried out using the JWST/NIRISS WEFSS
mode, which enables the detection of strong emission line galax-
ies within the field of view without the need for preselected tar-
gets. These observations provide low-resolution (R ~ 150) spec-
tra covering wavelengths from 1.0 to 2.2 um, obtained using the
F115W, F150W, and F200W blocking filters with a total integra-
tion time of 18 hours. The data reduction process is described in
Treu et al. (2023). Boyett et al. (2022) presented an initial red-
shift catalog of 76 star-forming galaxies at 1 < z < 3.4, where
the [O1II] doublet is observable within the NIRISS wavelength
range. This dataset also overlaps with the MUSE observations
mentioned above. We further incorporated archival data from the
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Fig. 2. Redshift distribution of the 91 spectroscopically confirmed
sources in the A2744 field for which we searched for LyC emission.
The blue distribution represents the sources where LyC is located in
the UVIS/F275W filter, while the red distribution represents those that
might be detectable in the F336W filter.

UNCOVER survey (Bezanson et al. 2024; Price et al. 2025) to
expand the sample of high-redshift sources with robust spectro-
scopic confirmations.

2.4. Sample selection

We assembled our sample by selecting sources in the red-
shift range of 2.4 < zgpee < 4.0 from the combined MUSE,
NIRSpec, and NIRISS spectroscopic catalogs, requiring over-
lap with the field of view of the HST UV observations. A
total of 98 galaxies were identified. We selected 16 galaxies
from the public GLASS-JWST, UNCOVER, and DDT NIR-
Spec observations (Treu et al. 2023), with some sources ana-
lyzed by Roy et al. (2023) and Prieto-Lyon et al. (2023), 8 galax-
ies in the same redshift range were identified from the NIRISS
spectra (Boyett et al. 2022), and the remaining 74 galaxies were
obtained from the compilation of redshifts by the VLT-MUSE
instrument (Richard et al. 2021; Bergamini et al. 2023b). While
all JWST-derived redshifts are assigned high-quality flags, we
restricted the MUSE sample to galaxies with quality flags 2 or 3,
corresponding to ‘solid’ or ‘secure’ sources.

Our final sample consisted of 91 sources with secure spec-
troscopically confirmed redshifts. Of these, 26 lie within the
2.4 < Zgee < 3.06 range (corresponding to LyC flux in the
WEC3/UVIS F275W filter), while 65 fall within the 3.06 <
Zspee < 4.0 range (corresponding to LyC flux in the WFC3/UVIS
F336W filter). The redshift distribution is shown in Fig. 2.

3. Method
3.1. NIRISS spectral reextraction

To enable the measurement of rest-frame optical emission lines,
we reextracted the NIRISS grism spectra for all galaxies in our
spectroscopic sample. The footprints of MUSE and NIRISS are
different (see Fig. 1), and this was therefore only possible for the
71 sources (out of a total of 91) within the NIRISS footprint.
The JWST-NIRISS spectra were reextracted following a sim-
ilar method to that detailed in Roberts-Borsani et al. (2022) and
Boyett et al. (2022). We summarize the differences below. We
used the latest reference files (jwst_1123.pmap, which includes
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in-flight calibrations), and version 1.11 of the software Grism
Redshift & Line (GRIZLI, Brammer 2019) to reduce and process
the raw data. A flux-weighted stack was constructed from the
direct NIRISS images at a 30 mas pixel scale, and it was used to
generate a source segmentation map. For each detected source,
GRIZLI was used to model the dispersion of a simple flat contin-
uum in each of the three filters and two position angles, thereby
generating a contamination model for the full 271 x 2’1 field of
view. Because of the uncertainties associated with modeling the
contamination of nearby sources, we assumed a factor of 0.2 for
down-weighting contaminated pixels (see Roberts-Borsani et al.
2022, for further details).

To extract the galaxies, we modeled all 2D grism expo-
sures for an individual source simultaneously, avoiding any addi-
tional uncertainties from stacking, such as cross-dispersion off-
sets, while maintaining the same signal-to-noise ratio (S/N). We
created a set of templates using the flexible stellar population
synthesis (FSPS) models of Conroy et al. (2018), including a
dedicated set of individual emission line templates, allowing for
varying line ratios. We also used the ancillary data provided by
the dedicated imaging in this field to normalize the dispersed
flux in each of the NIRISS filters and to constrain the overall
shape of the continuum. For each galaxy, we therefore derived
the best-fitting linear combination of templates that matched the
observed data when dispersed onto the sky, through non-negative
least squares. Because the spectral resolution of JWST-NIRISS
is low (R = 150), we allowed the redshift to vary by only 1%
relative to the original zgpe. from the catalogs (see the previous
section) to account for small errors in the wavelength calibration.

The 1D spectrum of each source was then optimally
extracted following Horne (1986), using the position and mor-
phology of the source in the direct image as a reference.

3.2. HST/UVIS photometry

We performed photometric measurements on the F275W and
F336W images for sources at redshifts lower and higher than
3.06, respectively, centering on the positions retrieved from the
redshift catalog for each object. The zeropoints were obtained
from the HST WFC3/UVIS photometric documentation'. We
smoothed the images to match the point-spread function (PSF) of
F444W filter according to Paris et al. (2023). We applied a larger
aperture size (r = 0728) to measure the global flux for the LyC
candidates, which allowed us to estimate the global escape frac-
tion when the exact location of the LyC-leaking path was unclear
(Grazian et al. 2016). The local background was subtracted for
each source using a median background map constructed with
PHOTUTILS.BACKGROUND2D. Then we selected sources with an
S/N greater than 2 in our sample. To ensure a reliable S/N, we
analyzed the noise level on a 2”7 X 2’/ cutout image around each
target by masking the central region and nearby bright sources,
then randomly placed 300 apertures of the same size in the cut.
Subsequently, we visually inspected the thumbnails of these
sources for any possible small offsets in the LyC images. Our
focus was (fesc), which is a key parameter for assessing LyC
leakage in early galaxies, and it was therefore also important to
measure the nonionizing flux using the F606W filter for compar-
ison. The F275W and F336W bands lack bright point sources,
and we therefore used the enriched energy circle aperture correc-

I https://hst-docs.stsci.edu/wfc3dhb/
chapter-9-wfc3-data-analysis/9-1-photometry
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Table 1. Photometric results and the physical properties parameters estimated by the best-fit SED model of the two candidates.

ID RA Dec Zspec LyC F606W  E(B-V) Mis00 B M. Jese JSesc,SED
[deg] [deg] [AB mag] [AB mag] [log M)

0.4 0.16 0.04 0.06 0.05 0.03 0.15 0.04

4010 3.57519 -30.40735 2.998 28.78f0_4; 28.37f0j6 0.24f0.04 —17.61f0~06 —2.43J_r0'05 7.51f0‘03 0.83f0_éo 0’91t0404

11806 3.60033 -30.38675 3.236 29.44f8:§8 28.57f8:{§ 0.141’8:8% —18.22f8:%8 —1.92f8:83 7.17f8:}§ 0.74f8% 0.67f81%8

Notes. The aperture size of the two filters was r = 0728. The S/N of the two sources was 2.3 and 2.2. f.;c was calculated by the intrinsic model,
and fes sep Was derived from the SED fitting. M;sn, 8, and M, were corrected for the lensing effect.

tion for WFC32. For the F606W filter, we followed the method
of Merlin et al. (2022). The final photometric results are listed in
Table 1.

3.3. UV stacking

Since most of our objects showed no detection in the band prob-
ing the LyC, we performed stacks to impose more stringent con-
straints on the upper limit of the LyC escape fraction. The stack-
ing procedure averages and smooths out the LyC emission from
all individuals in each subgroup. To do this, we created 3”7 x 3’
image stamps for each object in either the F275W or F336W
bands, depending on the redshift of the source. The central posi-
tions were determined by the centers of the spectroscopic obser-
vations.

We separated the sources into several subgroups based on
different criteria. Initially, we divided the sample into two groups
simply according to their redshifts and availability of appropriate
filter coverage for LyC detection. The objects with 2.4 < z <
3.06 belong to the lower-redshift group, where LyC falls within
the F275W filter, while the higher-redshift group (3.06 < z <
4.0) would have LyC detected by the F336W filter. Additionally,
we subdivided the sources based on other properties, such as the
strength of Ly« emission and the O32 ratio. The details of these
additional criteria are discussed in Sect. 5.

To create the stacks, we proceeded as follows: After adopt-
ing the local background correction on the cutout images, we
summed the image stamps for all objects in each subgroup. The
flux of each stack was then divided by the number of stamps
in the subgroup to normalize it to the average flux level of an
individual image. To reduce the impact of outliers, we applied
a 30 clipping to exclude the brightest and faintest pixels during
the stacking process. We also tested the stacking process without
clipping and found that the results did not change significantly,
indicating that we did not miss any potential detections. These
steps were performed for the F275W, F336W, and F606W bands.

We then measured the flux, analyzed the noise levels (see
Sect. 3.2), and calculated the value at the 20 dispersion level as
the upper limit of the stacked images. The results are discussed
in Sect. 4.3.

3.4. The escape fraction (fesc) measurement

To estimate the escape fraction, f.s., we calculated the ratio of
the flux of nonionizing photons at wavelengths 4 < 912 A to the

2 https://www.stsci.edu/files/live/sites/www/
files/home/hst/instrumentation/wfc3/documentation/
instrument-science-reports-isrs/_documents/2017/
WFC3-2017-14.pdf

flux at A = 1500 A rest frame. The escape fraction is defined as

fLyC,obs LUV,intr 10*0-4Auv o7 ’

fesc =

1
fUV,obs LLyC,intr ( )
where fiycobs/ fuv,obs 18 the observed flux ratio of ionizing and
nonionizing radiation, and Lyy int/Liyc,ine 1S the intrinsic lumi-
nosity ratio. The parameter Ayy represents the dust attenuation
in the nonionizing continuum, calculated using the Calzetti et al.
(2000) law, while Tigy is the IGM transmission, which is typi-
cally evaluated to be about 800-900 A.

We employed two methods to estimate fs.. The first method
assumes fixed values for the intrinsic luminosity ratio and dust
attenuation across a sample of galaxies, while the observed
flux ratio is directly calculated from photometric measurements
in the appropriate filters for LyC and the nonionizing contin-
uum. The intrinsic luminosity ratio, Ly int/Liyc intr> 18 derived
from standard stellar population models (Bruzual & Charlot
2003; Grazian et al. 2017; Rivera-Thorsen et al. 2022). Depend-
ing on different assumptions about burst ages, initial mass
functions (IMF), and metallicities, this ratio generally ranges
from 3 to 7 (e.g., Sianaet al. 2007, 2010; Naidu et al. 2018;
Rivera-Thorsen et al. 2022). In this first approach, we applied
a fixed intrinsic ratio of Lyy ine/Liycine = 3 and a dust atten-
uation value of Ayy = 0.2, which are often considered valid
for young low-mass galaxies (Steidel et al. 2001; Grazian et al.
2016; Marchi et al. 2018).

We used the model from Inoue et al. (2014) to calculate the
IGM transmission (T = ¢ 7M) at the wavelengths where LyC
flux was detected for specific redshifts. The CGM absorption
might be low because of a low density or potential gaps in the
CGM when LyC escape occurs. We therefore treated the trans-
mission as a combined effect of the IGM and CGM.

The second method estimates f.s. by directly modeling the
spectral energy distribution (SED) of each source, taking into
account the observed LyC flux. This approach is described in
detail in Sect. 4.2.

4. Results
4.1. Two new candidate LyC leakers

Out of 91 sources in the sample, the S/N is greater than 2 for only
2 sources in either of the UV bands: MUSE4010 at z = 2.999 in
the F275W filter, and MUSE11806 at z = 3.236 in the F336W
filter. We visually inspected the multiband HST and JWST
images and cross-referenced the redshifts with MUSE obser-
vations to exclude lower-redshift interlopers. We also matched
sources with S/N > 2 detected in F444W (Merlin et al. 2024),
but found no contaminant within a radius of 0”728, correspond-
ing to our photometric aperture.

Both candidates show slight offsets between the center of the
LyC and nonionizing radiation measuring 0”707 for MUSE4010
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and 0710 for MUSE11806. Similar findings have been dis-
cussed in previous studies of low and high redshifts (e.g.,
Micheva et al. 2017; Liu et al. 2023; Komarova et al. 2024) and
suggest that clumpy and asymmetric structures in the galax-
ies might facilitate LyC escape by creating channels or low-
density regions (Heckman et al. 2011; Borthakur et al. 2014;
Saldana-Lopez et al. 2022).

For MUSEA4010, LyC is detected in the F275W filter, corre-
sponding to a rest-frame wavelength of approximately 800 A at
its redshift. Using the IGM absorption model from Inoue et al.
(2014), we averaged the transmission over the 800-900 A rest-
frame range and found the IGM transmission to be Tigm =
0.36 + 0.3. Under the fixed assumption model, we estimated the
escape fraction to be fo,e = 0.83*04°. indicating a significant
case of LyC leakage, similar to the cases reported in previous
studies at z ~ 3 (e.g., Vanzella et al. 2012; Saxena et al. 2024).
The errors were propagated through standard linear propagation,
assuming uncorrelated variables. The detection of LyC flux at
high redshift might indicate low-density conditions or voids in
the ISM that facilitate LyC escape. The IGM conditions at z ~ 3
are highly stochastic, however, and vary depending on the line
of sight. In the case of MUSEA4010, it is possible that the galaxy
encountered an exceptionally transparent pathway, thus signifi-
cantly reducing the impact of IGM absorption.

MUSE11806 shows a more compact morphology. Its IGM
transmission was calculated using the 880-910 A rest-frame
range, resulting in a transmission value of Tigy = 0.45 + 0.33.
This wavelength range selection accounts for the fact that the
F336W filter used for MUSE11806 is located closer to the
Lyman limit than the F275W filter employed for MUSE4010.
The estimated escape fraction for this galaxy is fee = 0_744:8.%(3)‘
It is worth noting that the intrinsic luminosity ratio can vary
depending on the stellar population model used, typically falling
below 7 for high-redshift star-forming galaxies (Vanzella et al.
2010). For example, when we assume an intrinsic luminosity
ratio of Lis00/Looo = 5, the escape fraction increases to fese ~ 1.

The results of our f,,c measurements are summarized in
Table 1. The uncertainties in fi. account for the photometric
errors and variations in IGM absorption, while other parameters
in Eq. (1) are adopted from models without additional error con-
tributions (see Fig. 3).

4.2. LyC f.s. and physical properties from the SED fitting

To determine the physical properties of LyC candidate leak-
ers and obtain a second estimate of their f.,., we employed
SED modeling. We combined photometric data from various
optical and near-infrared bands, including HST filters F435W,
F444W, F606W, F775W, and F814W, along with the JWST
filters F105W, F115W, F150W, F200W, F277W, F356W, and
F410W.

For the SED fitting, we used the program Code Inves-
tigating GALaxy Emission (CIGALE; Boquienetal. 2019;
Burgarella et al. 2005) with a double exponential star forma-
tion history. The dust attenuation law in CIGALE follows
Calzetti et al. (2000), incorporating a power-law attenuation
curve and a UV bump to modify the slope. We used the BCO3
model (Bruzual & Charlot 2003), with the Salpeter IMF and set-
ting the metallicity to a low value of Z = 0.004. Additionally, we
included the IGM absorption model from Inoue et al. (2014), as
described in Sect. 3.4. When integrating LyC observations into
SED models, it is essential to consider that the distribution of
neutral hydrogen and dust in the IGM and ISM is spatially com-
plex and highly dependent on the line of sight. As a result, the
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Fig. 3. Smoothed ionizing images (F275W or F336W) and nonionizing
images (F606W) of the two LyC candidates. The red circles indicate the
apertures with r = 07728 used for photometry of all bands. The insets in
the left panel present the Lya emission profile of each corresponding
candidate. The Ly spectral quality flags are 2 for MUSE4010 and 3
for MUSE11806.
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Fig. 4. SED fitting results of the two objects. The purple circles show
the observed flux, and the red dots show the model fluxes. The black
curve shows the best-fit spectrum. The unattenuated and attenuated stel-
lar spectra are also shown with the solid green and dashed blue line,
respectively.

sources from which we detected escaping LyC photons might
reside in an overionized environment with higher IGM transmis-
sion (as discussed in Sect. 4.1). These conditions also increase
the likelihood of a reduced dust density, facilitating the passage
of LyC photons. In Fig. 4 we present the best-fit model spec-
tra for the two LyC candidate leakers, while Table 1 lists their



Liu, Y, et al.: A&A, 704, A328 (2025)

Table 2. Photometric results and f... upper limits of the stacks.

Group Number LyC F606W Jese
[AB mag] [AB mag]

F275W stack 26 >29.92 26.57 £0.004 <0.06

F336W stack 65 >31.39 27.56 £0.01  <0.04

LAE stack 13 >30.46 28.13+£0.02 <0.16

032 stack 14 >29.96 26.52+0.01 <0.06

Notes. The second column represents the number of galaxies we
stacked in the process. The 20~ upper limit magnitudes for the stack
of different subgroups are constrained by an aperture with r = 0728
to avoid the omission of flux due to the potential offsets. The f. of
the stacks are under the assumption of an average IGM transmission
TIGM = 033, dust attenuation E(B - V) = 02, and LlSOO,imr/L‘)OO,imr =3.

estimated physical properties. The SED analysis revealed that
both LyC candidates are low-mass galaxies, with stellar masses
(M,) below 108 My, and their UV slope is relatively blue (8 ~
-2).

From the SED fitting, we derived alternative measurements
of the escape fractions (fesc sep) of 0.91 + 0.04 for MUSE4010
and 0.67+0.1 for MUSE11806, which are consistent with the fuq.
estimates derived using the general assumptions, as discussed in
Sect. 3.4. It is important to mention that the SED fitting partially
relies on the assumption of star formation history, dust extinc-
tion law, and other parameters, which may not fully describe the
complexity of the galaxy. It can lead to uncertainties and lim-
itations of the fi, estimation. For example, the average IGM
model can underpredict the true transmission probability along
the lines of sight with lower neutral hydrogen column densities;
this effect might partially explain why the modeled LyC flux for
the two sources is systematically lower than the observed value
(see Table 2).

4.3. Constraint on the LyC emission from stacks

In addition to the two individual candidate LyC emitters (LCEs),
the other sources in our sample show no significant signal (with
S/N < 2) in the LyC bands. To better understand the ionizing
contribution of the general galaxy population, we established
a global estimate for f.s. from the entire sample of undetected
sources. We applied the stacking method (described in Sect. 3.3)
to two subgroups: the lower-redshift sources (for which the LyC
emission would fall in the F275W band) and the higher-redshift
sources (for which the LyC emission would fall in the F336W
band).

In the lower-redshift stack, we combined data from 26 galax-
ies, but found no significant flux in the stack, measuring a magni-
tude limit of 29.92 (S/N ~ 2). For the higher-redshift subgroup,
we stacked 65 galaxies, but still found no significant detection
that would allow us to establish an even more constraining upper
limit of 31.39 because of the larger sample size. The estimated
20 upper limits of the escape fractions for the two subgroups are
0.06 and 0.04, respectively.

These results indicate that most of our galaxies exhibit sig-
nificantly low fs (<0.1), which is consistent with previous find-
ings. For instance, Steidel et al. (2018) reported an f.;. lower
than 0.09, derived from the composite spectra of a sample of star-
forming galaxies observed through long-exposure spectroscopy
with the Keck telescope. Wang et al. (2025) estimated fic ~
0.03 as 20 limit for sample of 28 galaxies in 2.5 < z < 3.0. Tight
constrains on large samples were also derived by Grazian et al.

(2017), who measured a stringent upper limit of <0.02 for the
relative escape fraction from bright galaxies (L > L,), while for
the faint population (L = 0.2L,), the limit to the escape fraction
is <0.1 (see also Boutsia et al. 2011). These findings suggest that
star-forming galaxies have low escape fractions on average.

The tight constraints we obtained from stacks thus indicate
that most of our galaxies have low f., with the detection of just
two possible individual candidate LyC emitters with high fi.
This implies that only a small fraction of star-forming galaxies
at most meet the conditions for a very high escape fraction. In
previous works, a bimodal distribution of the f.s. values has been
suggested (Nakajima et al. 2020; Kreilgaard et al. 2024), that is,
a (large) fraction of galaxies have a zero or a very low escape
fraction, while a (small) fraction of galaxies have higher escape
fractions. This might also correspond to line-of-sight effects:
When the line of sight coincides with a low-density channel
in the surrounding hydrogen, the galaxy is observed as a high
LyC leaker, while in most cases, galaxies are observed through
an unfavorable line of sight. In this sense, the bimodal distribu-
tion might be the result of an ionization-bounded scenario with
a small number of highly ionized low-density channels through
which the LyC photons can escape (Gazagnes et al. 2020). Alter-
natively, the same bimodality might be the result of variabil-
ity in the LyC production and escape that is present in many
simulations (Mauerhofer et al. 2021; Trebitsch et al. 2017). All
the above issues highlight the complexity of LyC escape mech-
anisms and the potential impact of this small number of star-
forming galaxies on cosmic reionization.

5. Discussion

To deepen our understanding of the conditions enabling LyC
emission during the EoR, it is crucial to investigate the depen-
dences of the LyC escape fraction on the other galaxy properties
that might serve as indirect tracers.

Studies such as those by Flury et al. (2022b) have demon-
strated the effectiveness of these indirect indicators at low red-
shift (z ~ 0.3) for a galaxy sample of almost 100 sources. By
examining similar correlations at z ~ 3, we aim to understand if
the well-tested diagnostics at low redshift are still valid also at
cosmic noon. We remark that the validity of the same diagnos-
tics at cosmic noon would endorse their suitability in the EoR
as well. The primary obstacle arises from increased intergalactic
medium (IGM) absorption at z ~ 2—4, which complicates the
interpretation of intermediate-strength leakers and limits detec-
tions to strong leakers (fesc = 0.2).

The next sections explore the relations between f. and
promising indicators such as the Lya emission, the O32 emission
line ratio, and other physical properties of our galaxy sample.

5.1. Lya emission and O32 ratio as predictors of high fesc

As mentioned in the introduction, among the best indirect indica-
tors of LyC leakage, the Lya recombination emission line stands
out due to its high sensitivity to the environmental conditions of
the ISM inside the galaxy along the line of sight.

Many models (Verhamme et al. 2015, 2017; Dijkstra et al.
2014) predict a tight connection between the escape of Lya
and LyC photons: For example, the characteristic Lya asym-
metric profile (e.g., double peak) is related to low optical depth
regions in the ISM, which permit the escape of Lya and LyC
photons. Observations of Lya emissions in some LyC emit-
ters have indeed confirmed the presence of these double-peak
profiles (or even triple peak) and demonstrated the connection
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with LyC leakage (Vanzella et al. 2018; Rivera-Thorsen et al.
2019). A broad relation between Lya strength and LyC emission
has also been observed by several authors using stacked spec-
troscopy (e.g., Pahl et al. 2021; Marchi et al. 2017). We note,
however, that Citro et al. (2025) recently challenged previous
studies based on local samples by suggesting that the LyC — Ly«
relation might evolve with redshift.

In the majority of our sources (59 out of 91), including
our two candidate leakers, Lya is in emission according to
the catalog of Richard et al. (2021), and 14 of them exhibit
high EW (EW > 40 A). We therefore analyzed the correlation
between Lya EW and the measured fs. values for the two can-
didate leakers in our sample and by producing stacks of strong
LAE.

The two candidate leakers have Lya EWs of 90 + 3 A and
28 + 12/0%, respectively, and in particular, MUSE4010, which
has the highest f., also has a very high Lya EW, thus align-
ing with the tight link between the two quantities. We then pro-
duced a stack of the 13 remaining strong LAEs (i.e., without
MUSE4010), having a median Lya EW of 64 A. The stack was
performed in only one band because all these LAEs are at z > 3.1
and their LyC emission would fall in the F336W filter. The stack
showed no signal of LyC flux, and we place a 20~ upper limit on
Jese < 0.16.

We compared these results with other known LyC leakers
from z = 0 to z = 4 with measured Lye EWs. Figure 5 illus-
trates the relation between Lya EW and fs. for our two can-
didate leakers and our stack together with the results in the
literature for individual detections (Vanzella et al. 2018, 2020;
Marques-Chaves et al. 2021; Flury et al. 2022a; Liu et al. 2023;
Kerutt et al. 2024). The EW and f, derived for our two can-
didate leakers and for the stack of strong LAEs are similar to
other confirmed LyC leakers at intermediate redshift. When we
consider the median fs of the LzZLCS+ sources within our Lya
range (approximately between 40 and 250 A), we would antici-
pate that our sources should have an average fesc ~ 0.11. This
is slightly below our measured limit of 0.15, meaning that we
would need somewhat deeper UV data to detect the mean LyC
emission.

In general, we note that a high Lya EW always corresponds
to a moderate or high f.; on the other hand, objects with low
Lya EW can exhibit a broad range of fs. properties.

Similarly to Ly, the O32 emission line ratio has been exten-
sively studied as an indicator of LyC fs. because it is associ-
ated with density-bounded HII regions in galaxies, which might
facilitate LyC leakage (Izotov et al. 2018; Jaskot & Oey 2013;
Nakajima & Ouchi 2014; Marchi et al. 2018; Rutkowski et al.
2017). For instance, Ion2 stands out as one of the strongest
known high-redshift leakers with f.,c > 0.5 and 032 > 10
(de Barros et al. 2016; Vanzella et al. 2016, 2020). A high 032
ratio appears to be a necessary but not sufficient condition
for significant LyC radiation to escape the galaxy, however
(Nakajima et al. 2020). Naidu et al. (2018) identified a sample
of strong [O III] emitters with an average fe,c < 0.1, highlighting
uncertainties in using 032 as an indirect indicator. The uncer-
tainty of 032 is primarily caused by its sensitivity to metallic-
ity and ionization parameter (Sawant et al. 2021; Bassett et al.
2019; Katz et al. 2020). Flury et al. (2022a) proposed O32 > 5
as a threshold to identify potential LyC leakers. Their findings
included sources with high O32 ratios that only exhibit upper
limits in fu, suggesting once again that O32 alone probably
does not reliably predict LyC escape because the escape condi-
tions vary. This aligns with findings at z ~ 3.5 by Naidu et al.
(2018) that galaxies with high O32 do not always leak LyC
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Fig. 5. Lya EW vs. f.. The red stars represent the two candidate
leakers in our sample. Additionally, we show the fe limits/values for
the stacks of all the LAEs. For comparison, known leakers with Lya
emission at z ~ O (Flury et al. 2022a) are shown in light gray, while
those at z > 2 (Vanzella et al. 2018, 2020; Marques-Chaves et al. 2021,
2022; Liu et al. 2023; Kerutt et al. 2024) are presented in dark gray. Two
limits constrained by stacks are presented as blue and yellow arrows
(Marchi et al. 2018; Pahl et al. 2021).

photons. An evolutionary sequence of f. is therefore sug-
gested to meet the requirements that star-forming galaxies drive
reionization.

We attempted to measure the O32 ratio for all the galaxies
in our sample. Of the 16 sources with available NIRSpec spec-
tra, one source lacked the [O 111] and [O II] emission lines, and in
two others, the lines fell outside the observed wavelength range,
resulting in 13 galaxies for which O32 measurements were pos-
sible. From the NIRISS data (see also Sect. 3.1), we reextracted
spectra for 71 sources, but only 12 of them showed at least one
of the two emission lines with S/N > 5. This is primarily because
the majority of our sources are located in the central portion
of the field, where spectra are heavily contaminated by cluster
galaxies (see Fig. 1). Unfortunately, our two candidate leakers
are also located in a region that is heavily contaminated by clus-
ter galaxies. This prevented us from obtaining reliable NIRISS
spectra.

In total, we obtained reliable measurements (or limits) of
032 for 25 galaxies. At least one line is detected in all these
galaxies, typically the strongest [O TIIJWe employed a Gaussian
profile fitting to determine the flux of each measurable emission
line. The errors of the line flux were propagated from the initial
photon statistics and fitting process to determine O32.

In Fig. 6 we show the O32 ratio for our 25 sources, plotted
versus their Myy, corrected for magnification using the model
from Bergamini et al. (2023a).

Additionally, we show individual detections of LyC leakers
from the literature covering redshifts from z = 0 to z = 3, illus-
trating the range of O32 ratios as a function of Myy, with col-
ors indicating their respective f.s. values. The O32 values of our
sample agree well with the distribution of previous data.

Adopting the threshold from Flury et al. (2022a), we selected
the 14 sources showing O32 > 5, and we then stacked the UV
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Fig. 6. O32 line ratio vs. Myy. The candidates in our sample with JWST
spectra showing detectable emission lines are represented by black stars
when both lines are detected, and they are represented with arrows when
we have the [OIII] measurement and [O11] is just an upper limit. The
known leakers at z ~ 0 and z ~ 3 (Flury et al. 2022b; Vanzella et al.
2020; Marques-Chaves et al. 2022) are shown color-coded as a function
of their measured f.s.. The gray line (O32 = 5) indicates the threshold
for LCEs proposed by Flury et al. (2022b). The typical error is shown
below the legend.

data following the method detailed in Sect. 3.3 to detect or set
a limit on their LyC emission. Since the LyC of these sources
fall within either the F275W or F336W filters, we performed a
two-step stacking. We first computed the median flux in each
filter separately and then combined the results. We obtained a
nondetection of the LyC flux, corresponding to an upper limit of
Jese < 0.06, assuming again L, (1500)/L,(900) = 3 (Steidel et al.
2001; Grazian et al. 2016), and an average E(B— V) value of 0.2.
We repeated the same exercise performed for the Lya EWs by
considering the median f.s of the LzLCS+ sources within our
032 range (approximately between 5 and 20; see Fig. 6). We pre-
dict an average foc ~ 0.08 for our sources. Thus, the expected
LyC magnitude is again consistent with the upper limit obtained
directly from the stack of sources with high O32, implying that
our UV data are currently not deep enough to probe LyC flux in
these small samples. Atz ~ 3, only two known leakers with mea-
sured O32 values are currently known (Marques-Chaves et al.
2022; Vanzella et al. 2020). The O32 ratio of these systems is
similar to that of our 14 strong O32 galaxies, but their fe is
far higher. One reason might be that they are both significantly
brighter in terms of Myy or in low-transparency sight lines,
which limits the significance of our comparison.

5.2. Physical properties of the candidate LyC leakers

It is crucial to investigate the physical properties of LyC emitters
for understanding the mechanisms enabling the escape of ioniz-
ing radiation from galaxies and their role in the reionization of
the universe.

The debate over which galaxy mass regime primarily drives
reionization is ongoing. Low-mass galaxies (M, ~ 10° M),
with their weaker gravitational potentials, are more prone to
removal of obscuring material by stellar winds and supernovae
(SNe), thereby enhancing the escape fraction of LyC pho-
tons (e.g., Razoumov & Sommer-Larsen 2010; Wise et al. 2014;
Paardekooper et al. 2015; Robertson 2022). In contrast, more

massive galaxies possess the gas reservoirs necessary to sus-
tain high star formation rate (SFR) densities. These galaxies
experience less negative feedback from stellar winds and SNe,
allowing for more substantial star formation and, consequently,
greater LyC photon production (Wyithe & Loeb 2013).

Observations of local LyC emission (e.g., Izotov et al. 2018;
Flury et al. 2022a,b) tend to support the dwarf-galaxy sce-
nario indicated by radiation hydrodynamical simulations (e.g.,
Trebitsch et al. 2017), as do some comprehensive models that
include massive galaxies, active galactic nuclei (AGNs), and
dwarf galaxies (e.g., Dayal et al. 2020).

In the LzLCS+ sample (Flury et al. 2022a,b), the strongest
leakers have the lowest stellar masses, but still span a rather wide
range from M, = 107 to almost 10'° M; they tend to be the
most compact sources, with UV half-light radii r, ranging from
0.3 to 2kpc. finally, their Xggr and sSFR values suggest highly
concentrated star formation regions. Chisholm et al. (2022) also
identified the slope 8 as one of the properties that is highly cor-
related with fs. because it is linked with dust and metallicity in
the environment.

Specifically, galaxies with 8 = —2.11,-2.35, -2.60 show a
population-averaged f.c = 0.05,0.10,0.20, respectively. Cur-
rently, with few and sparse detections of LCEs at z ~ 3 compared
to the LzZLCS+ sample, it is unclear whether the same trends are
also valid at intermediate redshift.

In Fig. 7 we show various physical properties of our two
new z = 3 candidate LyC leakers compared to the LzL.CS+
sample and to the known leakers at intermediate redshifts for
which we have measured properties (Vanzella et al. 2016, 2018,
2020; Marques-Chaves et al. 2022; Kerutt et al. 2024; Jung et al.
2024). The properties of the two new candidates are compa-
rable to those of known LyC leakers with similar f. at low
and intermediate redshifts. Specifically, they have blue UV g
slopes, low stellar masses, and faint Myy. The intrinsic UV
half-light radii of the sources, measured in the JWST/NIRCam
FO90W, corrected for lensing magnification (¢ = 2.38 and 2.15,
Bergamini et al. 2023a), are 1.00 kpc and 0.62 kpc, respectively.
These values confirm the compact nature of the systems, con-
sistent with expectations for LyC emitting galaxies (Flury et al.
2022b).

We note again that the scatter shown between LyC emis-
sion and physical properties (as also noted when discussing
Lye and O32) is large and underscores the complexity and
diversity of the LyC escape process across different epochs.
For this reason, several studies have employed a multivariate
approach to model the relation between f.,. and the physi-
cal properties of the sources, in order to effectively infer fus
for sources during the EoR where the direct detection of LyC
flux is impossible (e.g., Jaskot et al. 2024a,b; Mascia et al. 2023,
2024a; Choustikov et al. 2024; Lin et al. 2024). Currently, these
predictions are essentially calibrated using the LzLCS+ sam-
ple since, as evident from Fig. 7, confirmed LyC leakers at
z = 3 are scarce, and most of them exhibit higher f. than
their low-redshift counterparts (see also Fig. 5, where the off-
set between low- and high-redshift leakers is apparent). The rea-
son is the higher IGM opacity at high redshift, which implies
that the strong leakers alone are easily detectable. It might also
be explained by a redshift-dependent evolution in LyC escape
physics. Models suggest that the specific star formation rate
(sSFR) increases with redshift, and so does fes., while outflows
may play a key role in the decrease in the 8 slope with red-
shift (Ferrara et al. 2025). Substantial scatter in the data limits
our ability to robustly quantify these differences or extrapolate
low-z trends, however. Additional observations and confirmed

A328, page 9 of 12



Liu, Y, et al.: A&A, 704, A328 (2025)

13 0.0
LzLCs @ J1316+2614
& CDFS-6664 [ Kerutt+24 '
12 # lonl Jung+24
© lon2 This work | _
© lon3 0.5
114 v
- vV V y v
= 10- OV v F-1.0 ﬁ
—_— |y
. 0?® 8 v Yy v <
= 1" ° OV Yy A N
2 vV ool o v F-152
o B v
v
8 ¢m
v ¢
* 890 -—2.0
47 % |
6 T T T T T T T i‘—2.5
-30 -25 -20 -15 -1.0 =05 0.0
B

Y 0.0
—244
° -—-0.5
-22 °
m vV -
v
— e w " % 7 L 10~
m —-20- v o, -1.03
= v wHiY = o3
v
- vyYy® v <
2 A AR / v s
3] =] o <)
s -18pg * F-1.52
_16_
o 0 -—2.0
—_—
° i
T T T T T T T -2.5
-3.0 -25 -20 -15 -1.0 -05 0.0
B

Fig. 7. Location of our two LyC candidate leakers (stars) in the 8 vs. stellar mass (left) and B vs. Myy (right) diagrams, compared to known leakers
at z ~ 0.3 (Flury et al. 2022b) and z > 2 (Vanzella et al. 2016, 2018, 2020; Marques-Chaves et al. 2022; Kerutt et al. 2024; Jung et al. 2024). The
sources are color-coded based on their log,, fesc Values. A typical error bar is shown in the bottom right corner of each figure.

LyC emitters at cosmic noon are thus essential to establish robust
conclusions through a comparison with low-redshift samples.

6. Summary and conclusions

We searched for new LyC candidate leakers in a sample of 91
spectroscopically confirmed star-forming galaxies in the A2744
cluster field. The sample includes galaxies with spectra obtained
from JWST/NIRSpec, JIWST/NIRISS WFSS, and VLT/MUSE
observations. We searched for LyC flux in the HST/F275W and
HST/F336W filters, corresponding to the rest-frame 800-900 A
for galaxies at 2.4 < z < 3.06 and 3.06 < z < 4, respec-
tively. Additionally, we performed an SED fitting using multi-
band observations from HST and JWST/NIRCam to estimate the
physical properties of these galaxies.

We identified two new z ~ 3 candidate LyC leakers, with
LyC flux showing S/N > 2, and we derived their fi, using
two approaches: the direct calculation and SED model fitting.
The escape fractions of the two identified candidate leakers are
greater than 0.2, with MUSE4010 showing an especially high
escape fraction of approximately 0.9, consistently between the
two methods. For the rest of the nondetections (i.e., 89 objects
with S/N < 2 in the UV bands), we employed a stacking of the
UV bands, but found no significant signal, thereby constrain-
ing the upper limit of LyC escape for the lower- and higher-
redshift groups to be fisc < 0.058. These results are consistent
with previous findings in the literature from stacking analy-
sises (e.g., Vanzella et al. 2015; Rutkowski et al. 2017; Liu et al.
2023; Kerutt et al. 2024), which suggests that only a small frac-
tion of star-forming galaxies have conditions leading to a con-
spicuous escape of ionizing photons, whereas the general popu-
lation has much lower f.s. values. Precise f.s. estimates remain
sensitive to assumptions about stellar population, dust attenua-
tion, and IGM absorption. This highlights the uncertainties in
these calculations, especially at intermediate redshift.

We also explored the properties that were proposed to be the
best indirect tracers of LyC escape. Particularly, we investigated
the relation between fesc, Lya EW, O32 ratio, stellar mass, Myv,
and . The two new candidate leakers are indeed Lya emitters,
have blue UV slopes, have low masses, and are faint sources, and
they are very compact in the UV. Unfortunately, we were unable
to measure their O32 ratio from the NIRISS spectra because the
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sensitivity was limited. We also analyzed the spectral stacks of
the strong Lya emitters and the sources with a high O32 ratio,
but only obtained a nondetection, with less stringent upper lim-
its on the fes. This is probably due to the current observational
limitations of our UV data.

The question of which specific types of galaxies drove reion-
ization remains an open topic of debate. Our observations, com-
bined with those of existing LCEs at z ~ 3 and lower redshifts,
reinforce the evidence that properties such as stellar mass, S,
and Myvy show consistent correlations with fe. at different red-
shifts. These relations are very scattered, however, because LyC
escape is a complex process, with multiple pathways and mech-
anisms enabling ionizing photon leakage at different epochs and
for diverse galaxy populations (Jaskot et al. 2019; Flury et al.
2022b), and it might be strongly affected by the geometric distri-
bution and line-of-sight effects. To further refine our understand-
ing of LyC escape mechanisms and determine any possible evo-
lution with cosmic time, deeper observations and larger samples
at cosmic noon (z = 2—4) are required that also probe different
fields to mitigate the IGM transmission variations. We remark
that it would also be extremely important to detect galaxies with
more modest LyC escape fractions at this intermediate redshift.
This is essential to confirm potential correlations between LyC
escape and galaxy properties. In this way, we would be able
to construct robust predictions of LyC escape from multivari-
ate diagnostics and apply them confidently during the epoch of
reionization.
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