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ABSTRACT

Compact, star-forming galaxies with high star formation rate surface densities (Zsgg ) are often efficient Lyman continuum (LyC) emitters at z < 4.5,
likely because intense stellar feedback creates low-density channels that allow photons to escape. Irregular or disturbed morphologies, such as
those resulting from mergers, can also facilitate LyC escape by creating anisotropic gas distributions. We investigated the influence of galaxy
morphology on LyC production and escape at redshifts 5 < z < 7 using observations from various James Webb Space Telescope (JWST) surveys.
Our sample consists of 436 sources, which are predominantly low-mass (~10%!> M,), star-forming galaxies with ionizing photon efficiency (&ion)
values consistent with canonical expectations. Since direct measurements of f., are not possible during the Epoch of Reionization (EoR), we
predicted f. for high-redshift galaxies by applying survival analysis to a subsample of LyC emitters from the Low-Redshift Lyman Continuum
Survey (LzLCS), selected to be direct analogs of reionization-era galaxies. We find that these galaxies exhibit, on average, modest predicted escape
fractions (~0.04). In addition, we evaluated the correlation between morphological features and LyC emission. Our findings indicate that neither
&ion NoOr the predicted f.. values show a significant correlation with the presence of merger signatures. This suggests that in low-mass galaxies
at z > 5, strong morphological disturbances are not the primary mechanism driving LyC emission and leakage. Instead, compactness and star

formation activity likely play a more pivotal role in regulating LyC escape.
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1. Introduction

The Epoch of Reionization (EoR) marks a crucial phase in
the Universe’s history, beginning with the formation of the
first stars at z ~ 20-30 (e.g., Barkana & Loeb 2001) and
concluding around z ~ 5.5, when reionization was complete
(e.g., Bosman et al. 2022). During this period, the first lumi-
nous sources, such as active galactic nuclei (AGNs) and massive
stars in the early galaxies, emitted ionizing photons that reion-
ized the neutral hydrogen in the intergalactic medium (IGM).
While AGNs have been proposed as potential contributors
to reionization (e.g., Madau & Haardt 2015; Finkelstein et al.
2019; Madau et al. 2024; Dayal et al. 2025), the consensus is
that young, hot stars in star-forming galaxies were the pri-
mary drivers (Robertson & Schneider 2013; Atek et al. 2024;
Asthana et al. 2024). These stars produced ultraviolet (UV) radi-
ation, specifically in the Lyman continuum (LyC, A < 912 A),
which ionized surrounding hydrogen and played a key role in
transforming the early Universe.

The ability of these galaxies to provide the necessary num-
ber of ionizing photons to reionize the Universe depends on
the escape fraction (fes.) of the LyC photons, the percentage of
LyC photons that successfully escape the galaxies’ interstellar
medium (ISM) and circumgalactic medium (CGM) to reach the
IGM. An average f.s of around 0.1 across all galaxies is esti-
mated to be necessary to match the reionization history, as pre-
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dicted by independent constraints including cosmic microwave
background (CMB) data (Planck Collaboration VI 2020) and
high-redshift galaxy luminosity functions (e.g., Robertson et al.
2015; Yung et al. 2020a,b; Finkelstein et al. 2019). However,
directly measuring f. at z > 4.5, where reionization occurred,
is impossible due to the increasing IGM opacity at that epoch
(Inoue et al. 2014).

One avenue to address this challenge is to study low-redshift
galaxies with measurable LyC leakage, to search for proper-
ties that are analogous to those of galaxies in the EoR. These
lower-redshift galaxies, known as Lyman continuum emitters
(LCEs), allow astronomers to measure LyC escape fractions
and explore the conditions in the ISM that facilitate LyC pho-
ton escape (Izotov et al. 2016a, 2020; Verhamme et al. 2017,
Schaerer et al. 2022; Saxena et al. 2022; Flury et al. 2022a,b;
Chisholm et al. 2022; Saldana-Lopez et al. 2022). These mea-
surements are then used to infer the average f.. of cosmic reion-
izers (e.g., Jung et al. 2024a; Mascia et al. 2023, 2024; Roy et al.
2023; Saxena et al. 2024; Li et al. 2023), consistently finding an
average fesc lower than 0.1.

Among the many programs analyzing the properties of
low-redshift LyC leakers, the most comprehensive is the Low-
Redshift Lyman Continuum Survey (LzLCS, GO 15626, PI
Jaskot) (Flury et al. 2022a,b; Saldana-Lopez et al. 2022). The
LzL.CS sample was supplemented with archival COS obser-
vations from Izotov et al. (2016b, 2018a,b, 2021), Wang et al.
(2019). The combined dataset, referred to as the LzLCS+ sam-
ple, includes 88 low-redshift galaxies with either detections or
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stringent limits on LyC emission. The survey tested various
indirect diagnostics to understand their correlation with LyC
emission and found that indicators based on Lya emission are
particularly effective: LyC emitters tend to have a high Lya
escape fraction and a small velocity peak separation. Addition-
ally, properties such as high [O111]144960, 5008/[O11] 13727
(032) flux ratio, high specific star formation rate surface den-
sity (Zsspr), and a blue UV slope S (Chisholm et al. 2022) also
correlate with a high LyC escape (Flury et al. 2022a).

Although many properties correlate with fes, such rela-
tions are extremely scattered; for this reason, several authors
have refined methods to predict LyC emission using a combi-
nation properties, called multivariate diagnostics. Initial stud-
ies (Mascia et al. 2023, 2024; Lin et al. 2024) employ traditional
regression methods. However, these models often struggle with
censored data, datasets that include upper limits rather than exact
measurements. Furthermore, these methods assume a linear rela-
tionship between the variables and fi, a condition that may
not always be met. Recently, Jaskot et al. (2024a,b) have pro-
posed survival analysis techniques, which are better suited to
the nature of the LzLC+ dataset, with its broad range of fus
values and numerous upper limits. Ignoring these upper lim-
its could lead to biased predictions and inaccurate insights into
what differentiates galaxies that emit LyC radiation from those
that do not (e.g., Isobe et al. 1986). One of the most promis-
ing models is the TopThree (Jaskot et al. 2024b), which incor-
porates three key predictors: the star formation rate surface den-
sity (Zsgr = SFR/(2772), where r, is the UV half-light radius),
the O32 ratio, and the UV slope (8). It has been noted that
a high Xggr correlates with efficient LyC photon escape (e.g.,
Heckman et al. 2001; Naidu et al. 2020; Flury et al. 2022a), par-
ticularly in compact galaxies where intense star formation feed-
back creates low-density channels in the ISM. These channels
facilitate LyC photon escape, resulting in a higher f.,. For
instance, J1316+2614, a galaxy at z = 3.613, is noted as
one of the brightest LyC emitters known, with an escape frac-
tion of approximately 0.9. This galaxy’s compact morphology,
characterized by a half-light radius of r, ~ 0.22 kpc and an
extremely high log,,Zsrr = 3.47Muyr 'kpc?, suggests that
intense star formation efficiency plays a critical role in driving
LyC escape (Marques-Chaves et al. 2022, 2024). This is a pre-
diction from multiple generations of models (e.g., Wise & Cen
2009; Bhagwat et al. 2024).

Although compactness and high Xgpr are common in many
LCE:s, they are not universally present. Some LCEs exhibit more
extended or irregular structures, likely shaped by processes such
as galaxy mergers or interactions (e.g., Bergvall et al. 2013). A
notable merging system with detected LyC flux is Haro 11 at
z = 0.02, which, however, has only a modest escape fraction.
Another source that shows both LyC emission and evidence of
mergers is 19863 at z = 3.088 (e.g., Rivera-Thorsen et al. 2017,
Gupta et al. 2024). Finally, Maulick et al. (2024) report LyC
emission from a merging system at z = 1.097. Indeed, mergers
can lead to inhomogeneous gas distributions, where tidal inter-
actions strip gas and stars, resulting in complex morphologies
(Toomre & Toomre 1972; Cox et al. 2008; Pearson et al. 2019;
Spilker et al. 2022). These irregularities can result in anisotropic
gas distributions, with pockets of optically thin neutral hydro-
gen allowing LyC photons to escape. In Haro 11, deep 21 cm
observations have revealed reduced gas density pockets, likely
due to recent merger activity, facilitating LyC photon escape
(Le Reste et al. 2024). Further supporting the link between
mergers and LyC escape observed by Yuan et al. (2024), are the
spatial offsets between the ionizing and non-ionizing radiation
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observed in several sources such as the famous Sunburst arc
(z = 2.4, Rivera-Thorsen et al. 2017, 2019; Mainali et al. 2022)
where LyC emission originates from a leaking star-forming knot
distinct from the rest of its host galaxy. Other examples are
reported by Yuan et al. (2024) and Ji et al. (2020).

The diversity in LCE morphologies highlights the impor-
tance of galaxy structure and gas distribution in determining LyC
escape. In particular, the anisotropic coverage of neutral gas,
rather than relying solely on simplified one-dimensional indi-
cators such as the O32 ratio — which can also be influenced
by variations in metallicity and ionization parameters (e.g.,
Bassett et al. 2019; Katz et al. 2020) — may play a crucial role in
regulating the escape of LyC photons. Studies have shown that
LCEs with disturbed morphologies often exhibit weaker correla-
tions between the O32 ratio and fe, suggesting that gas geome-
try and distribution are critical factors (Bassett et al. 2019).

With the advent of the James Webb Space Telescope (JWST,
Gardner et al. 2023), we now have the capability to probe indi-
rect indicators at unprecedented depths, enabling the measure-
ment of f, for a large and diverse sample of galaxies during
the EoR. Thanks to JWST’s Near-Infrared Camera (NIRCam),
we are also refining our understanding of the morphology of
these early sources (e.g., Treu et al. 2023; Dalmasso et al. 2024).
Current findings indicate that signatures of mergers and interac-
tions are detected in approximately 30% of the galaxies studied
at z > 5.5. Recent work by Calabro et al. (2024) shows that, in
the GLASS-JWST and the Cosmic Evolution Early Release Sci-
ence (CEERS) spectroscopic surveys, Zspr at z > 7 correlates
with the 032 ratio and therefore with indirect estimates of the
LyC escape fraction.

Recent findings by Simmonds et al. (2024) demonstrate that
galaxies during the EoR that are characterized by low stellar
masses and bursty star formation histories (SFHs) exhibit the
highest values of &gy, driven by the dominance of younger stel-
lar populations. This bursty star formation scenario is consistent
with recent results from stacking analyses of the LzLCS sample
(Flury et al. 2025), which suggest that such SFHs provide the
optimal feedback and geometric conditions necessary for effi-
cient LyC escape.

The aim of this study is to systematically explore the impact
of galaxy morphology, star formation activity, and gas distri-
bution on the physical processes driving LyC production and
escape in galaxies during the EoR.

The paper is structured as follows. In Sect. 2, we describe the
sample selection. In Sect. 3, we present the methodology for line
measurements, the SED fitting process, the general properties
of the sources, and the mergers identification criteria. In Sect.
4 we introduce a revised survival analysis to predict the f, for
our sample. In Sect. 5, we report the predicted f.., analyze the
correlation of the presence of merger signatures with f.s. and
&ion, and interpret our results. In Sect. 6, we summarize our key
findings. Throughout this work, we assume a flat A cold dark
matter cosmology with Hy = 67.7 km s™! 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. Data
2.1. EIGER data

We selected 133 sources from the Emission-line Galaxies and
Intergalactic Gas in the Epoch of Reionization (EIGER) survey
(GTO 1243, PI: Lilly, Kashino et al. 2023). This study leverages
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Table 1. Summary of JWST datasets and number of confirmed sources with redshifts 5 < z < 7 included in this study.

Prog. name PI Target Prog ID Nsources

EIGER Lilly SDSS J010013.02+280225.8 GTO 1243 133

CEERS Finkelstein CANDELS-EGS ERS 1345 28

DD-2750 Arrabal Haro CANDELS-EGS DDT 2750 15

JADES Eisenstein GOODS-S GTO 1180 90

JADES Eisenstein GOODS-N GTO 1181 108

JADES Eisenstein GOODS-S GO 3215 24

JADES Luetzgendorf GOODS-S GTO 1210 30

JADES Luetzgendorf GOODS-S GTO 1286 8
the first deep 3.5 um JWST/NIRCam Wide Field Slitless Spec- 164 "
troscopy (WFSS) observations from the EIGER program, focus- + CEERS
. X . . DD-2750
ing on spectroscopically confirmed [OIII] emitters at redshifts 174 ° ¢ JADES
z = 5.33 — 6.93. These sources are located in the field of the EIGER
bright quasar SDSS J010013.02+280225.8, though the major- 184 4 ° .
ity are not directly associated with the quasar. A comprehensive ¢ # p ¢ +
list of identified sources and detection methods is available 19 .++ o® 4 ':.'o . °
in Kashino et al. (2023), Matthee et al. (2023). The dataset is § + . .+ K T s "‘ ¢ e
further complemented by EIGER NIRCam imaging in three 5 _,, | A PR SO b i ° et
broadband filters (F115W, F200W, and F356W). Further details E”H‘ ° .* o4 % “, S o {‘ '*ﬁ_ ¢ f' ‘
on the imaging data reduction and analysis are presented in 1] e é‘ ..0.0 & ol § SRS ‘*
Kashino et al. (2023) and Matthee et al. (2023). i AP po 2 ,‘i we ¥ ;"

Our focus is on sources in the redshift range 5 < z < 7, oo * *+. ¢ f P o ?
which were identified using NIRCam WEFSS in the F356W filter, o * %%, s ©
where the [O11I] and HB emission lines are detectable. For point o34 o ¢8 ¢ .
sources, the spectral resolution is approximately R ~ 1500 at 3.5 ¥ °
um, with a dispersion of about 1 nm per pixel. o4 . , , ¢ , , , , .
Emission lines were detected with a minimum signal-to- 500 525 550 575 g.oo 625 650 675 7.00
spec

noise ratio (S/N) of 3, with a 30 limiting sensitivity varying
across the field and with wavelength (by a factor of approxi-
mately two), reaching 0.6 x 107!8 erg s7! cm™2 at 3.8 um. After
visual inspection and parameter refinement, 133 resolved [O111]-
emitting components within the redshift range z = 5.33 — 6.93
were identified, each with at least two detected emission lines at
S/N > 3. The typical S/N for the [O11]A5008 line is 14 (ranging
from 6 to 70), while Hp is detected with S/N > 3 in 68 objects,
with 31 of these reaching S/N > 5. Only three of the 133 objects
were primarily identified via HB, where [O111]14960 had S/N <
3.

2.2. CEERS and Director’s Discretionary Program
(DD-2750) data

We selected sources from CEERS (ERS 1345, PI: Finkelstein)
in the Extended Groth Strip (EGS) field of the Cosmic Assem-
bly Near-infrared Deep Extragalactic Legacy Survey (CAN-
DELS, Grogin et al. 2011; Koekemoer et al. 2011). In partic-
ular, we selected all sources with 5 < zge < 7 from
Napolitano et al. (2024), Mascia et al. (2024) that have a NIR-
Spec spectrum obtained either with the three medium-resolution
(R =~ 1000) grating spectral configurations (G140M/F100LP,
G235M/F170LP and G395M/F290LP), which together cover
wavelengths between 0.7-5.1 wm, or with the PRISM/CLEAR
configuration, which provides continuous wavelength coverage
of 0.6-5.3 um with spectral resolution ranging from R ~ 30 to
300. The total number of sources is 28.

All sources have available photometry with JWST/NIRCam
filters (F115W, F150W, F200W, F277W, F356W, F444W, and
F410M), as well as HST/ACS filters (F606W, F814W) and
HST/WEC3 filters (F105W, F125W, F140W, and F160W)

Fig. 1. M50 — z distribution for the 436 sources with 5 < Zgpee
analyzed in this work.

(Bagley et al. 2023; Finkelstein et al. 2022a,b). To maintain con-
sistency with the EIGER sample, we applied a cut in the F115W
magnitude at 28.5 AB during the selection process.

In addition, we also considered sources from a DDT program
in the same field (DDT 2750, PI: Arrabal Haro). These sources
were observed using the PRISM/CLEAR configuration and pos-
sess the same photometric information as the sources from the
CEERS sample. We determined the redshifts of the galaxies by
analyzing the 1D spectrum with the redshift-fitting module of
MSAEXP!. This module assesses the goodness of fit across a
redshift range of 0 to 15, employing a series of EAzY (Brammer
2021) galaxy and line templates at the nominal NIRSpec/PRISM
resolution. Each galaxy was fitted individually, and the result-
ing solutions were visually inspected. Similar to the CEERS
sources, during the selection phase we implemented a cutoff for
the F115W magnitude at 28.5 AB. In total we added 15 sources
from this sample, in the redshift range of interest.

2.3. JADES data

We selected sources from the JWST Advanced Deep Extra-
galactic Survey (JADES, GTO 1180, GTO 1210, GTO 1286
and GO 3215, Eisenstein et al. 2023) in the Great Observa-
tories Origins Deep Survey (GOODS, Giavalisco et al. 2004)
South and in North fields. All sources have available photometry

! https://github.com/gbrammer/msaexp
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Fig. 2. Stellar mass, log,,(M,); UV magnitude, M,sy; 8 slope; E(B—V); and log,,(sSFR) for 436 sources in our sample, derived using Prospector.

The ionizing photon production efficiency, log,, &on, Was calculated for

all sources with detectable He or HB using the relations proposed by

Leitherer & Heckman (1995), Schaerer et al. (2016). The figure shows the median values along with their standard deviations (16th and 84th

percentiles) for each distribution.

with JWST/NIRCam filters (F115W, F150W, F200W, F277W,
F356W, F444W, and F410M), as well as HST/ACS filters
(F606W, F814W) and HST/WFC3 filters (F105W, F125W,
F140W, and F160W) (Merlin et al. 2024).

We restricted the sample to sources with spectroscopic red-
shifts 5 < z < 7 from Data Release 3 (D’Eugenio et al.
2025). The sources have NIRSpec spectra obtained either with
the three medium-resolution grating spectral configurations
(G140M/F100LP, G235M/F170LP, and G395M/F290LP), or
with the PRISM/CLEAR configuration. We included all sources
within the specified redshift range flagged as “A”, “B”, or “C”,
indicating emission lines detected in the grism or prism config-
uration, respectively, or secure redshifts visually identified from
spectral breaks and/or low S/N emission lines. The final number
of sources selected was 152 in the GOODS-S field and 108 in
the GOODS-N field.

The list of datasets and their targeted fields is presented in
Table 1. When combined with the other samples, our final dataset
comprises a total of 436 sources observed during the EoR. Fig. 1
illustrates the distribution of our total sample across the z—M|sgo
plane. All M5y values were computed using Prospector (see
Sect. 3).

3. Methods
3.1. SED fitting

The physical properties of the EIGER sources, presented
in Matthee et al. (2023), have been estimated using the
Prospector code (Johnson et al. 2021). To ensure consistency
in the derivation of physical properties across our entire sample,
we used the same code, incorporating a nebular treatment based
on Cloudy version 13.03 (Ferland et al. 1998; Byler et al. 2017),
to fit the spectral energy distributions (SEDs) of sources from the
other public programs. This approach allowed us to uniformly fit
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the available multiband JWST and HST photometry across the
dataset.

Consistent with the methodology outlined by Matthee et al.
(2023), the free parameters in our modeling included the total
formed stellar mass, stellar metallicity, star formation history,
dust attenuation, gas-phase metallicity, and ionization parameter.
The redshift was fixed based on the spectroscopic measurement,
and we assumed a Chabrier (2003) initial mass function along
with MIST isochrones (Dotter 2016; Choi et al. 2016). The star
formation history followed a delayed-r model, y/(t) = yote™/™".
Both stellar and nebular emissions were attenuated by dust using
a simple screen model with a Calzetti et al. (2000) law.

We employed uniform and broad priors in our model: the
stellar mass was allowed to vary between 10° and 10" Mo, stel-
lar metallicity between [Z/H] = —2.0 and +0.2, dust optical
depth 7 between 0 and 2, stellar age between 1 Myr and the age
of the Universe at the galaxy’s redshift, and the star formation
timescale 77 between 100 Myr and 20 Gyr. Gas-phase metal-
licity was modeled in the range 12 + log(O/H) = 6.7 to 9.2,
while the ionization parameter U spanned from —3 to +1 on a
logarithmic scale, allowing for higher values to provide greater
flexibility in the fits.

The distributions of the main properties of the sources in this
sample are presented in Fig. 2. The resulting SED fits suggest
that dust attenuation in our galaxies is minimal, with a median
E(B—V) = 0.07. The galaxies’ observed UV magnitudes range
from Myy = —16.1 to —24.6 (with a typical Myy = —20.46),
and their stellar masses span three orders of magnitude, from
log,o(M/Mo) = 6.76 to 10.9, with a median mass of 101> M.

3.2. Line measurements and &, estimation

The catalog of emission lines that were detected in the EIGER
sample is available (Kashino et al. 2023), providing fluxes and
equivalent widths (EW) for the HB and [O111] doublet lines.
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For the remaining samples, we measured emission lines
using LIME? (Ferndndez et al. 2024), a versatile tool for ana-
lyzing medium-resolution and PRISM/CLEAR 1D spectra. The
tool requires the source’s 1D spectrum, spectroscopic redshift,
and a predefined list of lines to fit. Our analysis focused on key
emission lines, including [O11], HB, [O11], and Ha. We used
LIME to estimate the continuum and compute direct integration
and Gaussian fluxes for lines with a S/N above 3, as well as their
EWs.

Before any quantitative analysis, we corrected the line fluxes
for dust reddening. Since Ha is not observed for most sources,
we used stellar E(B-V) values derived from SED fitting to cal-
culate the dust attenuation for each emission line, applying the
Calzetti et al. (2000) extinction law. The total attenuation in
magnitudes was given by Ay = 0.44 x E(B-V) X «, where « is
the wavelength-dependent attenuation coefficient for each line.
The corrected fluxes were obtained by multiplying the observed
fluxes by 1047, with kup = 4.60, kjom = 4.46, and kjon = 5.86
(Calzetti et al. 1997). We then computed O32 line ratios and rest-
frame EWs for the [O111] doublet and/or HS.

Following Leitherer & Heckman (1995) and Schaerer et al.
(2016), we inferred log &;on— under the assumption of zero LyC
escape — from the dust-corrected Ha or HB luminosity, as these
lines are clearly detected in 413 out of 436 sources (95% of the
sample). The distribution of log &0y is shown in Fig. 2, with a
median log &, of 25.21.

Fig. 3 presents &, as a function of Myy. We note that
some sources exhibit extremely high log(&o,) values (>27).
Although these tend to be among the brighter objects, we can-
not exclude that they are affected by measurement uncertain-
ties or, in rare cases, by AGN contamination. However, due to
the limited spectral coverage of our dataset—particularly for the
EIGER subsample, where only [O 1] and HS are available — we
are currently unable to robustly identify or exclude AGN using
standard diagnostics. We observe that &, increases with Myy,
consistent with the predictions at z ~ 6 from Simmonds et al.
(2024), Prieto-Lyon et al. (2023), Llerena et al. (2025). In our
sample, fainter galaxies tend to have higher &, values compared
to brighter galaxies, although there is considerable scatter. This
finding is in contrast to recent results by Pahl et al. (2025), which
suggest that fainter galaxies are less efficient at producing ioniz-
ing photons than their brighter counterparts.

3.3. Mergers identification

In this study, we aim to determine whether galaxy mergers create
channels that facilitate the production and escape of LyC pho-
tons during reionization. To investigate this, we analyzed NIR-
Cam F115W images, available for all the surveys utilized in this
work. These images trace the rest-frame UV at Apean ~ 1916
A for galaxies at z = 5 and Apyean ~ 1438 A for galaxies at
z =7, thus providing a direct view of the ionizing stellar popu-
lations most relevant for LyC escape. While rest-optical imaging
(e.g., F356W) traces the overall stellar distribution, we focused
on the ionizing sources and their immediate environment, which
are best captured in the UV. Furthermore, the F356W filter has
lower spatial resolution and, depending on the redshift, can be
significantly affected by strong nebular emission lines such as [O
1] and HB, complicating morphological interpretation. Previ-
ous studies (e.g., Pawlik et al. 2016; Treu et al. 2023) show that
merger signatures and clumpy star formation can be effectively

2 https://lime-stable.readthedocs.io/en/latest/
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Fig. 3. Relation between log &, and Myy. Each data point corresponds
to an individual galaxy in our sample, with different symbols represent-
ing the various surveys. We include the curves from Simmonds et al.
(2024), Pahl et al. (2025), as well as the relation from Llerena et al.
(2025) atz ~ 6.

identified in rest-frame UV images, supporting the use of this
approach.

Following Treu et al. (2023), we created a segmentation
map for each object to reduce noise and enhance low surface-
brightness regions, which is particularly useful for galaxies with
low S/N (Pawlik et al. 2016). We applied a 6 X 6 uniform fil-
ter to the images and used the photutils package to gener-
ate the map, requiring at least five connected pixels with flux
20 above the background. The binary detection mask (MD)
is defined as the segmentation area corresponding to the tar-
get, excluding neighbors. From the MD, we derived the galaxy
radius Ry, given by the maximum pixel distance from the
centroid (the brightest pixel in MD), which is more effective
than the Petrosian radius for disturbed or low S/N morphologies
(Pawlik et al. 2016). We set a lower limit of 0.025"for spatial
resolution; structures below this scale are considered unresolved.

We also measured a set of morphological parameters, includ-
ing the Gini coefficient (G, Abraham et al. 2003), which quan-
tifies the distribution of light in a galaxy and indicates how
concentrated or dispersed the light is; the second-order moment
of brightness (M>g, Lotz et al. 2004), which measures the spatial
concentration of the brightest 20% of a galaxy’s light; and asym-
metry (A, Abraham et al. 1996; Conselice et al. 2000), which
assesses how the light distribution of a galaxy deviates from
a perfectly symmetric shape. We successfully performed these
measurements for 420 of the 436 sources (96% of the sample).

To identify mergers during the EoR, we applied two com-
monly used criteria from Conselice et al. (2003) and Lotz et al.
(2008):

f(G, Mzo) =G+ 0.14M20 > 033, (1)
A > 0.35. @
These criteria, initially developed for galaxies at z < 1.2

(Conselice et al. 2009), have been shown to work well at
higher redshifts (e.g., Conselice & Arnold 2009; Treu et al.
2023; Vulcani et al. 2023; Dalmasso et al. 2024; Costantin et al.
2025). It is worth noting that these criteria are effective for iden-
tifying galaxies in the early stages of a merger but might be less
suited to detect low surface-brightness features associated with
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Fig. 4. Visual representation of our classification results in the A vs
f(G, Myy) diagram. Symbols are the same as in Fig. 3. The two dashed
lines indicate the threshold values determined from Eqs. (1) and (2).

post-merger stages (Pawlik et al. 2016). It is not clear whether
the creation of low-density channels in the ISM is associated
with specific phases of the mergers; it might well be that such
channels do not form in the early stages. This will discussed in
more detail in the results section.

In accordance with Dalmasso et al. (2024), we defined the
Silver sample as galaxies satisfying the Gini-My, criterion
(Eq. (1)), and the Gold sample as the subset of galaxies that
also meet the asymmetry criterion (Eq. (2)). The Gold sam-
ple identifies mergers with more pronounced asymmetry, indi-
cating more disruptive events, while the Silver sample captures
mergers based primarily on light concentration. The results of
this classification are illustrated in Fig. 4, with the two dashed
lines indicating the threshold values calculated from Eqgs. (1)
and (2). A visual comparison between merger and non-merger
candidates in our sample is provided in Fig. 5, where the associ-
ated f(G, M) and A are also listed for reference. To ensure the
accuracy of the classifications, we conducted a thorough visual
inspection of all sources in both the Gold and Silver samples,
which revealed no ambiguities.

The distribution of merger and non-merger signatures in our
sample offers important insights into the nature of galaxies dur-
ing the EoR. Quantitatively, only 13 of the 436 galaxies are part
of the Gold sample (merger fraction f,, = 0.03 £ 0.01), and 78
belong to the Silver sample (merger fraction f,, = 0.17 + 0.01).
Notably, there are also 18 galaxies that exhibit highly asymmet-
ric shapes, but are not selected as mergers. The vast majority —
311 galaxies — are compact systems. This distribution indicates
that during the EoR, galaxies tend to be more compact rather
than exhibiting major morphological disturbances.

Our findings are consistent with previous studies. For
instance, Dalmasso et al. (2024) report a merger fraction for
sources brighter than Myy = —20.1 for the Gold sample at z ~ 6
of f,, = 0.06+0.03 and for the Silver sample of f,, = 0.22+0.04.
These values were derived using high-resolution NIRCam JWST
data in the low-to-moderate magnification (u < 2) regions of the
Abell 2744 cluster field. Additionally, their analysis reveals no
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significant differences in specific star formation rates between
merger and non-merger signatures, reinforcing the notion that
interactions may not play a major role in regulating star for-
mation during this period. While our morphological approach
is supported by both high-redshift JWST applications and low-
redshift validations, we caution that alternative classifications
may yield different outcomes. This underscores the need for a
more systematic comparison, particularly with the LzLCS+ sam-
ple, in future studies.

4. A revised model to infer fo,. using low-redshift
analogs

4.1. Identifying LzLCS+ analogs of EoR sources

The LyC emitters from the LzLCS+ survey exhibit a wide
range of physical properties, making them a diverse sample to
study LyC escape (Flury et al. 2022b). Their stellar masses range
from approximately 1072 M to 10°3 M, and their Myy range
from —21.3 to —18.3. The sample also exhibits considerable
variability in dust content, reflected by S slopes ranging from
—2.7 to —1.6 and reddening values, E(B-V), between 0.013 and
0.206. Because the LzZLCS+ galaxies were selected to encom-
pass diverse properties and test f. diagnostics, they span a
much wider (and in some cases different) range of properties
than those observed during the EoR. Therefore, only a fraction
of these can be considered true analogs of the sources currently
detected by JWST in that era.

To account for these differences, we refined our predictions
for fis during reionization by comparing our sample of galax-
ies at 5 < z < 7 with the LzZLCS+ sample, aiming to cali-
brate the low-redshift models using only true analogs of EoR
galaxies. Fig. 6 presents the comparison between various prop-
erties of the galaxies, including 8 slope versus stellar mass, 8
versus Myy, and B versus dust reddening E(B-V). The gray-
shaded area represents the density distribution of the sources in
our EoR sample, with the contours in each panel indicating the
99% interval of the distributions, while individual points cor-
respond to the LzLLCS+ sources Based on the four properties
shown in the figure, we find that only 51 galaxies in the LzLCS+
sample match the properties of EoR sources, as they consis-
tently fall within the 99% distribution in each panel. Hereafter,
we refer to this subsample as “analogs”. The mean properties
indicate that the analogs are dust-poor (E(B-V) = 0.1), have a
blue spectral slope (8 = —2.1), a high O32 (~ 9), a low stellar
mass (log M, = 8.6 My), a Myy of approximately —19.65, and
are compact in the UV (r, ~ 0.559 kpc). Additionally, the plots
include known LyC leakers at z ~ 3 from the literature (e.g.,
Vanzella et al. 2012, 2015, 2016, 2018; de Barros et al. 2016;
Fletcher et al. 2019; Yuanetal. 2021; Marques-Chaves et al.
2022; Kerutt et al. 2024; Jung et al. 2024b), highlighting that
even at this redshift, these galaxies exhibit a wide range of prop-
erties, not all of which make them analogs of EoR.

In Fig. 7, we present the results of a Kendall 7 rank correla-
tion analysis conducted to evaluate the relationship between vari-
ous indirect indicators identified by Jaskot et al. (2024b) and f.sc
values from the LzZL.CS+ sample. We followed the approach out-
lined by Flury et al. (2022a)*, computing the Kendall  rank cor-
relation coefficient using the Akritas & Siebert (1996) method,
which accounts for censored data. We performed this anal-
ysis for both the entire sample of 88 LzLCS+ sources and
for the 51 analogs. The correlation between f.,c and most

3 https://github.com/sflury/kendall
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Fig. 5. Non-merger and merger candidates from the various surveys considered in this study, separated into Silver and Gold samples. Each row
shows two representative sources for each category: non-merging systems; Silver sample mergers (selected based on the f(G, My) criterion, Eq.
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UV at the redshift of each galaxy. The source ID, redshift, asymmetry (A), and Gini-Myy (f(G, M»)) values are provided for each stamp.

properties shows only very minor variations, suggesting that
their predictive power remains relatively stable between both
samples. However, the correlation with Myy becomes stronger,
and that involving the Ly EW shows the greatest variation;
when considering only the 51 analogs, Lya EW and f.,. show no
correlation.

We first examined whether the reduction in sample size could
explain the changes in Kendall 7 rank correlation. To this end, we
generated 200 random subsamples, each containing 51 sources
(the same size as our subsample), and calculated the correlation
coefficients for each. We found that, for most indirect indicators,
the small decrease in correlation strength observed in the 51-
source subsample can be attributed to the reduced sample size,
suggesting that the weakening of these correlations is primarily
a statistical effect. However, the observed change in correlation
strength for Lye EW is significantly larger than expected from
sample size reduction alone. Furthermore, the small increase in
correlation with Myy cannot be explained by the reduced sam-
ple size. Therefore, the variations in Myy and Lya EW correla-
tions likely reflect real physical differences, rather than merely
the impact of a smaller sample size.

The absence of correlation with Lya EW is surprising, as it
has traditionally been considered one of the most solid indirect
indicators. However, this view has recently been challenged. For
example Citro et al. (2025), explored the connection between
LyC leakage and Ly« emission in seven gravitationally lensed
Lya emitters at z ~ 2. Their galaxies have similar properties to
the LzLCS+ sample, and exhibit high Lya f... Based on the
relation calibrated on Lya properties using the LzZLCS+ sam-
ple, at least half of these sources should be classified as LCEs.
In practice, none of them is detected in LyC with f.c < 0.065.
These findings suggest that the mechanisms governing LyC leak-
age may differ at high redshift, emphasizing the need for caution
when applying low-redshift estimators to high-redshift sources.
Indirect f.. estimators, such as Lya EW, may have com-
plex dependencies beyond the escape of LyC alone. It remains
uncertain how changes in galaxy properties, which evolve with
redshift, impact the diagnostic reliability for fes.

4.2. A revised Cox model to predict f.,. during the EoR

Having identified the subset of LzZLCS+ galaxies that exhibit
properties similar to high-redshift sources, we recalibrate the
Cox proportional hazards model — a semi-parametric method
that estimates the probability of an event (the detection of fis.)
as a function of multiple variables (the various galaxy proper-

ties) (Jaskot et al. 2024a,b) — to more accurately predict fes. dur-
ing the EoR. This selection provides a more reliable predictive
framework, improving our ability to model the LyC escape prop-
erties of galaxies in the early Universe. In Appendix A, we out-
line the methodology presented by Jaskot et al. (2024a).

The concordance index, defined as a measure to assess
goodness-of-fit, ranges from 0 (perfect disagreement) to
0.5 (perfectly random) to 1.0 (perfect concordance) (e.g.,
Davidson-Pilon 2019). From the models with a concordance
coefficient C > 0.7 identified by Jaskot et al. (2024b), we
selected those applicable to reionization-era sources. Specifi-
cally, we focused on two models that: (a) could be applied to
all sources in our sample, and (b) did not include a morphology-
dependent term. The exclusion of a morphology term aligns with
the goal of the present study, which is to investigate whether
LyC escape is influenced by the morphology of galaxies and
the presence of mergers with high f... Since all the models in
Jaskot et al. (2024b), including those with a morphology term,
are statistically equivalent, this selection did not introduce any
significant bias. Thus, we chose the ELG-EW and ELG-032
models, which rely on key galaxy properties such as E(B-V),
Myv, stellar mass, and, respectively, log,,([O1I]+HB) EWs and
log,,(032).

The ELG-032 model is our fiducial model, while the ELG-
EW model is useful for sources where O32 cannot be computed
due to the absence of one of the oxygen lines. Following the
methodology outlined in Appendix A, we computed the base-
line hazard function Hp,(fas) and the survival function S (faps),
which allowed us to estimate the median f,,s (and consequently
the median f.), along with the 16th and 84th percentiles to
establish confidence intervals for our predictions.

In Appendix A, we provide two tables (Tables A.1 and A.2),
one for each model, which, following Jaskot et al. (2024b), pro-
vide the goodness-of-fit statistics for the subsample of LzZLCS+
analogs, the fitted coefficients (8;) for each included variable,
and the reference values X;, which are the mean of the analogs
x; values, where x; represents the input variable (Myy, E(B—
V), log,((M./Ms), and loglo(EW([OIII]+Hﬁ)/1°%) or log,,(032)).
Finally, the tables list the baseline cumulative hazard function,
Hp,, calculated by the lifelines Cox model fitting routine
(Davidson-Pilon 2019) for each of the observed fs. values for
LCEs in the LzZLCS+ subsample.

Fig. 8 illustrates the comparison between the predicted feqc
values using the full LzZLCS+ sample and the analogs alone.
Both predictions are consistent, with residuals showing similar
trends across the two samples.
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Fig. 6. Comparison of galaxy properties between z ~ 0.3 LyC emit-
ters from the LzLCS+ (Flury et al. 2022b) and high-redshift sources,
shown as a density plot. Panels show log M, vs. 8 slope (top), Myy
vs. B (middle), and E(B-V) vs. 8 (bottom). Of the 88 LyC emit-
ters, 51 galaxies are identified as analogs to high-redshift sources,
falling within the 99% confidence interval in all panels. Known
LyC leakers at z ~ 3 are also included from the literature: Ionl
(Vanzella et al. 2012), Ion2 (Vanzella et al. 2015, 2016; de Barros et al.
2016), Ion3 (Vanzella et al. 2018), J1316+2614 (Marques-Chaves et al.
2022), CDFS-6664 (Yuan et al. 2021), LACES (Fletcher et al. 2019),
and samples from Kerutt et al. (2024) and Jung et al. (2024b). All the
known leakers are color-coded by their log;o(fesc)-

4.3. Applying the model to known leakers atz = 3

We further tested our model to assess its ability to predict fec
for galaxies at intermediate redshift by applying it to known
LyC leakers at z ~ 3. We compiled samples of z ~ 3 leakers
with reported detections of global absolute LyC values fes that
include all relevant variables: E(B-V), stellar mass, Myy, and
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Fig. 7. Results of the Kendall 7 rank correlation analysis between vari-
ous predictors identified by Jaskot et al. (2024b) and f. values for both
the entire LzZLCS+ sample (88 sources) and the subsample of 51 galax-
ies. The hatched bar represents the refined subsample, while the other
corresponds to the full sample.

either O32 or [Omn1]+HB EWs. This results in two distinct sets at
z~3:

— ELG-EW sample: This sample includes Ion2 (z = 3.2,
fese = 0.5-0.9, Vanzella et al. 2015, 2016; de Barros et al.
2016) and J131642614 (z = 3.6130, foie = 0.9,
Marques-Chaves et al. 2022, 2024).

— ELG-032 sample: This sample includes Ion2, J1316+2614,
two sources from Kerutt et al. (2024) observed in the JADES
program (z = 3.46, fo,e = 0.23 £ 0.05 and z = 4.43,
Jfese = 0.69 + 0.10, respectively), and one source (z = 3.67,
Jese = 0.31 £ 0.03) from the Lyman Continuum Escape Sur-
vey (LACES, Fletcher et al. 2019).

Our predictions, shown in Fig. 8, reveal a strong positive cor-
relation with measured values at this intermediate redshift, with
Pearson’s = 0.812, indicating that our model effectively reflects
the observed data. Although the p-value of 0.095 suggests
marginal significance, this result reinforces the validity of our
predictions. A primary limitation of our assessment is that we
tested our model exclusively on strong leakers at z ~ 3 (with
Jfese = 0.2), as these are the only detections available with the
complete dataset of indirect indicators required. Consequently,
expanding the number of confirmed LyC leakers (or upper lim-
its) at intermediate redshifts is essential to further refine of our
model.

5. Results
5.1. The predicted f.s. values

Using the revised ELG-032 or ELG-EW models, we predicted
the f.s. values for most sources in our sample, successfully pre-
dicting all but nine of a total of 436 sources. The nine sources
for which predictions were not made lack both the O32 ratio
and the [Om1] + HB EW. To obtain the most accurate estimates,
we applied the revised ELG-O32 model (which has a concor-
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Fig. 9. Predicted f. distribution for the analyzed sources at 5 <z < 7.
The mean f, of the sample, shown in red, is equal to 0.138:(2)(5)2, where
the errors denote the 16-84th percentiles. The median f.,c = 0.04 is

shown in orange.

dance value of C = 0.83) whenever possible. For sources with-
out detectable [OII] or [O111] lines, such as those of the EIGER
sample, we applied the ELG-EW model (C = 0.79). Specifically,
from the total sample of 427 sources with predicted f ., we used
the ELG-032 model for 206 sources and the ELG-EW models
for the remaining 221 sources. To ensure consistency between
the two methods, we tested the correlation between the predicted
Jese values from both models using the Spearman rank coeffi-
cient. We find a strong agreement (r = 0.86, p-value = 0.003).
The distribution of predicted f.s. values is shown in Fig. 9. Most
of our galaxies exhibit modest inferred f.,. values, generally
around 0.10 or below. The average f.;. for the sample, includ-
ing the standard deviation as the 16th and 84th percentile values

of the distribution, is 0.13).2> . This mean is skewed by the rel-

atively high f, values (>0.4) inferred for a modest fraction (53
out of 427) of our sources. As a result, the median provides a
more representative statistic, with a value of 0.04.

The results align well with previous findings (Mascia et al.
2023, 2024), both in terms of the shape of the distribution, the
mean, and the median values. The models used in those studies
were derived through linear regression, incorporating key pre-
dictors such as the O32 ratio, the H3 EW, the S slope, and the
UV half-light radius r,. Our findings are also broadly consistent
with Lin et al. (2024), who applied a logistic regression model
to estimate the probability of a galaxy with Myy < —18 being an
LCE, using Myy and B, and O32. They report that at z = 8§, the
average fes varies with Myy, peaking at intermediate luminosi-
ties (—19 < Myy < —16) and reaching approximately 0.04 for
brighter galaxies (Myy < —19). Similarly, Saxena et al. (2024)
observed a comparable trend in a smaller sample of Lye emit-
ters, where a few sources exhibit a high f.;. while the majority
have foc < 0.10. Their model, based on the SpHINX? simula-
tion (Choustikov et al. 2024), used six parameters (3, E(B-V),
HpB luminosity, Myy, R23, and O32) to predict LyC escape.
It is important to note that all these methods are subject to
their own caveats — whether in the treatment of upper limits,
assumptions in simulations, or the handling of non-detections
as non-LCEs. We note that the Choustikov et al. (2024) model,
derived from simulated galaxies, substantially disagrees with the
LzLCS+ sample, as shown by Jaskot et al. (2024b), and also
diverges from Cox’s predictions for z > 6 galaxies. Therefore,
while these methods may yield similar population averages, they
differ in their predictions for individual galaxies. Despite these
differences, the methods demonstrate the strength of multivari-
ate predictions and the value of combining different diagnostics
to achieve a more robust understanding of LyC escape.

5.2. Merger fraction versus fes.

We examined the presence of merger and their connection to the
predicted LyC escape fraction f.. for our sample of galaxies
at z = 5 — 7. In Fig. 10 we color-coded the sources by the
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Fig. 10. Galaxies in our sample, color-coded by their predicted fes.
values in three ranges: fi,c < 0.02 (pale violet), 0.02 < fiic < 0.05
(magenta), and f,sc > 0.05 (dark red). Point size corresponds to the
predicted f.., with larger points indicating higher values.

predicted fisc and find that high fi. sources are equally dis-
tributed between mergers and non-mergers. Specifically, we
focus on fs values exceeding 0.05, which is considered a reli-
able threshold for identifying strong LCEs, as suggested by
Flury et al. (2022a). This threshold is further supported by our
previous studies (Mascia et al. 2023, 2024), which demonstrate
that although there are uncertainties associated with these fesc
values, those within this range are more reliable. Specifically,
four of the 13 mergers in the Gold sample (31 = 13%), 34 of
78 mergers in the Silver sample (44 + 6%) and 107 of the 329
non-mergers (31 + 3%) exhibit high LyC leakage. The fractions
are all consistent across all groups, although the larger uncertain-
ties in some subsets, particularly those with lower populations,
prevent us from drawing firm conclusions. Notably, our conclu-
sions remain unchanged even if we consider 0.1 as a threshold.
In Fig. 11, we observe a potential connection between galaxy
asymmetry (A) and fes, with a Pearson correlation coefficient
of r = —0.08 and a corresponding p-value of 0.17. Lower fes
values are associated with the full range of A values, whereas
higher f.s. values appear to be exclusively linked to galaxies with
low asymmetry. It is important to note that the predictions for
fese in the two models we used are independent of any morpho-
logical terms, in contrast to other models previously employed
(Mascia et al. 2023, 2024; Jaskot et al. 2024a). Our results do
not point to an increased fraction of high leakers in the merging
systems, but rather indicate that the strongest leakers are prefer-
entially compact.

Recently, Bhagwatetal. (2024) investigated the link
between morphology and LyC escape in the SPICE simula-
tions. Their results support the idea that internal processes,
rather than interactions, play a more critical role in driving
LyC escape. Their simulations show that bursty stellar feedback
can create low-density channels within galaxies that allow LyC
photons to escape, regardless of whether the galaxy is under-
going a merger. This feedback-driven morphology, especially
in dispersion-dominated systems, enhances LyC escape by pro-
ducing irregular structures through internal processes rather than
external interactions. This scenario is consistent with Flury et al.
(2025) who present direct evidence for bursty star forma-
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Fig. 11. Predicted f. as a function of the A parameter.

tion as a mechanism that enhances f.c in LCEs compared to
non-LCEs.

These findings align with our results, which reveal that there
is no relation between mergers and the predicted LyC escape.
They support the view that LyC escape at these redshifts is pre-
dominantly governed by intrinsic factors such as the compact-
ness of the star formation region. This observation is consistent
with results from the LzZLCS+ survey, where Flury et al. (2022a)
and Jaskot et al. (2024a) identified compactness as a strong pre-
dictor of fs., emphasizing its role as a key driver of the strong
dependence of f.c on Xgpr. Moreover, in a study of a leaker at
z = 3.088, Gupta et al. (2024) discussed how optically thin chan-
nels, potentially created by merger-driven outflows, enable LyC
escape. However, they caution that the complex outflow dynam-
ics typical of high-redshift systems limits the likelihood that star-
formation-driven feedback alone can create such channels.

Despite the strengths of our morphological classification,
some limitations must be acknowledged. First, our classification
is based on rest-frame UV imaging, which may not adequately
capture the presence of merger signatures at z ~ 7. Applying
our classification to optical rest-frame morphology might have
resulted in a different outcome, although Treu et al. (2023) report
that the morphologies of the galaxy remain consistent across
wavelengths from the optical rest-frame to UV. Another limi-
tation arises from the uncertainty in classifying merger versus
non-merger sources based solely on parametric classification.
Although we conducted careful visual inspections of the sources
in the Gold and Silver samples, this method may introduce bias
and overlook small morphological features indicative of ongoing
interactions or mergers.

As a final remark, it is important to consider the timing
of mergers: what we identify in our sample could represent
pre-merger conditions, or early stages of mergers, rather than
fully merging systems. The formation of low-density chan-
nels that facilitate LyC escape may occur at later stages of
the mergers, e.g., specifically during the coalescence phase
(e.g., Conselice et al. 2000; Lotz et al. 2004; Pawlik et al. 2016),
which are not captured by our classification scheme.
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Fig. 12. Morphological parameters for galaxies in our sample, color-
coded according to their measured log &, values in three ranges: 23.5 <
log &on < 24.5 (pale violet), 24.5 < logé&,, < 25.5 (magenta), and
log&on > 25.5 (dark red). Point size reflects the log &, with larger
points indicating higher values.

5.3. Merger fraction versus &y

We also investigated the relationship between mergers and
the ionizing photon production efficiency, &on. Mergers are
typically thought to temporarily increase star formation rates
(SFRs) by compressing gas and triggering starbursts, which in
turn could increase the production of ionizing photons (e.g.,
Barnes & Hernquist 1991; Mihos & Hernquist 1996). Higher
SFRs typically correspond to younger, massive stellar popula-
tions, which emit more ionizing photons because of their high
luminosity in both the UV and ionizing continua. A strong cor-
relation between specific star formation rate (sSFR) and &g,
has been observed (Castellano et al. 2023), making sSFR one of
the most reliable tracers of a galaxy’s ionizing efficiency, espe-
cially in the context of cosmic reionization (Llerena et al. 2025;
Castellano et al. 2023, e.g.,). Witten et al. (2024), studying a
sample of Ly emitters at z > 7, further support this connection,
demonstrating that mergers can trigger episodic bursts of star
formation, which create low-density channels in the ISM, facil-
itating the escape of both Ly and ionizing photons, and poten-
tially enhancing &, during merging events. However, compact
low-mass galaxies with relatively high SFRs also exhibit ele-
vated &ion (Castellano et al. 2023), regardless of whether they are
undergoing mergers.

Our results are presented in Fig. 12, where we plot the
morphological parameters of our galaxies and color-code them
according to their &,,. Galaxies with elevated &, values are dis-
tributed across both merging and non-merging systems. Apply-
ing a threshold of logé&,, = 25.5, we find that four of the
13 mergers in the Gold sample (31 = 13%), 28 of 78 merg-
ers in the Silver sample (36 + 6%), and 133 of the 329
non-mergers (39 + 3%) exhibit elevated ionizing emissivity.
Although errors are large for samples exhibiting merger char-
acteristics, the results suggest that elevated values of log &ion
might be more common in compact, symmetric sources. These
conclusions remain unchanged even if a threshold of 25.6 is
considered.

Additionally, the few sources with very high logé&,, all
exhibit very compact and symmetric morphologies in the rest-

frame UV, reinforcing the idea that the production and escape of
LyC radiation during the EoR are more closely related to com-
pactness than to galaxy interactions or mergers.

6. Summary and conclusions

In this work, we assembled a sample of 436 spectroscopically
confirmed sources at redshifts 5 < z < 7 from various JWST sur-
veys, including EIGER, CEERS, DD-2750, and JADES. Using
SED fitting with Prospector (Johnson et al. 2021), we derived
their physical properties such as stellar mass (M.), UV magni-
tude (Myv), UV B slope, dust reddening (E(B—V)), and specific
star formation rate (sSSFR). Emission line measurements enabled
the determination of log &;,, and other key properties, such as
the O32 emission line ratio and the EW(HB) and EW([O111]).
Finally, we classified the morphology of all systems using a well-
tested morphological scheme according (Dalmasso et al. 2024),
which employ a combination of Asymmetry (A), Gini coefficient
(G), and My, parameters.

We compared the properties of these high-redshift sources
to the LzLLCS+ sample, and found that low- and intermediate-
redshift LyC emitters are not always analogs for cosmic reion-
izers, exhibiting a diverse range of properties that only partially
overlap with galaxies in the EoR. For this reason, we identified a
subsample of the LzLCS+ survey sources, comprising 51 galax-
ies out of the original 88, which serve as the best analogs for the
sources characterized during the EoR.

Although we restricted the LzZLCS+ sample and created the
subsample of “best analogs”, it is important to recognize that
the definitive proof that this subsample truly represents the LyC
emissivity of EoR galaxies and its correlation with other galaxies
properties does not yet exist. The gaseous environments, in par-
ticular the ISM and the CGM, of low-z galaxies are most likely
profoundly different from those of galaxies during the EoR. For
example, even at cosmic noon, i.e., z ~ 2 — 3, as reviewed by
Tacconi et al. (2018), the gas fraction in star-forming disks is
much higher — up to 80% — than in the local Universe, which can
potentially have profound consequences for fs.. Figure 8 shows
good agreement between the observed properties of galaxies at
z ~ 3 and those inferred from Cox models based on the LzLCS+,
providing some reassurance that our sample of “best analogs”
captures key features of the correlation between fesc and galaxy
properties. However, it is important to remember that a final ver-
ification remains outstanding.

Assuming that the analogy holds, we use this subsample
of analogs to propose two refined Cox models for predicting
fese during the EoR. These models are based on Myy, E(B-V),
log,((M.), and log,,(EW([O11] + HpB)) or log,,(032).The new
models perform as well as, and in one case better than, the mod-
els originally proposed by Jaskot et al. (2024b), as demonstrated
by the concordance index (C). To further test the robustness of
our new models, we applied them to a small sample of confirmed
LyC leakers at z ~ 3 (the only ones with all necessary properties
measured) and found that the models successfully predict their
escape fractions.

We applied the revised Cox models to infer fs. for our EoR
galaxies. Combining these predictions with the identification of
merging systems, we analyzed of the correlation between the
presence of merger features and the production and escape of
ionizing photons in galaxies during the EoR. Our main findings
are as follows:

— When applied to the large sample of galaxies observed dur-
ing the EoR, our models confirm that the majority exhibit
modest escape fractions, with a median of fsc ~ 0.04 and

A122, page 11 of 15



Mascia, S., et al.: A&A, 701, A122 (2025)

an average fee ~ 0.13. The distribution of predicted escape

fractions is highly skewed, with most objects showing small

escape fractions and a tail extending to very high values.

This finding reinforces previous conclusions by Mascia et al.

(2024), suggesting that the galaxies currently probed (with

Myy as faint as —18) contributed less than one third of

the overall reionization budget. Further exploration of the

fainter, low-mass galaxy population at high redshift is essen-
tial to fully understand their role in cosmic reionization.

— Our analysis reveals no correlation between the predicted
fese and the presence of merger signatures. Most galaxies in
the sample exhibit compact, symmetric morphologies rather
than disturbed or irregular structures typically associated
with mergers.

— We find an increase of log &, at fainter Myy, consistent
with recent spectroscopic and photometric studies in liter-
ature (e.g., Simmonds et al. 2024; Prieto-Lyon et al. 2023;
Llerena et al. 2025). We do not find any indication of an
increased fraction of systems with high photon production
efficiency among mergers. In contrast, there are indications
that the most compact systems exhibit higher &, values,
suggesting a potential link between compactness and ioniz-
ing photon production.

Unfortunately, there are currently no systematic studies of
the galaxy morphology of LyC leakers at low and intermedi-
ate redshifts, where direct detection of ionizing flux is feasi-
ble. Existing samples at low redshifts (e.g., the LzZLCS+) may
suffer from biases, as many sources were traditionally selected
based on their compactness, which was thought to be related to
the escape of LyC photons Izotov et al. (2018a). As noted in the
Introduction, high LyC escape fractions have been reported for
some merging systems at z = 1 (Maulick et al. 2024) and at z = 3
(Gupta et al. 2024; Yuan et al. 2024). Recently, Zhu et al. (2025)
claimed that at z = 3, the majority of LyC leakers exhibit merg-
ing signatures. Such a result would be in stark contrast to our
findings during the EoR. However, their sample includes only
a few confirmed leakers, as many of the sources analyzed in
their work are tentative detections. The few, solid LyC leakers
at z = 3, such as Ion2, exhibit very compact morphology with
no indication of merging activity. Additionally, their merging
classification differs from those employed in our analysis, which
could affect the outcome. We must also consider that at z ~ 3,
the transmission of the IGM becomes highly stochastic, allowing
the detection of only the strongest LyC leakers.

This situation highlights the importance of building a statisti-
cally larger sample of leakers at z ~ 3, with a broad range of fs
measurements (or upper limits). One example is the Parallel Ion-
izing Emissivity Survey (HST program 17147, PI C. Scarlata),
conducted with HST to identify new LyC leakers at 3.1 < z < 3.5
among a sample of approximately 700 galaxies. An alternative
approach will be employed by the LyC22 JWST program (GO
1869, PI D. Schaerer), which has obtained NIRSpec observa-
tions of known LCE. This program will provide the properties of
the first robust sample of LCEs at the highest redshift where LyC
can still be directly detected, offering a unique opportunity to
systematically study their morphological properties. Crucially,
the same dataset will enable the recalibration of Cox models at
z ~ 3. By bridging the gap between z = 0.3 and the EoR, this
program will significantly enhance our understanding of the role
of mergers and other processes in driving LyC escape, thereby
improving the predictive power of f.,. during reionization.
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Appendix A: Revised Cox models

The LzLCS+ results indicate that f.,. correlates with various
galaxy properties, including line-of-sight factors like HI cover-
ing fraction, dust attenuation, and Ly« escape fraction, as well
as global properties such as O32 ratio and star formation rate
surface density Xgpr (e.g., Flury et al. 2022b; Chisholm et al.
2022; Saldana-Lopez et al. 2022; Xu et al. 2023). These corre-
lations suggest that mechanical or radiative feedback may help
create low optical depth sight lines that allow ionizing pho-
tons to escape. Nonetheless, the observed relationships between
fese and various galaxy properties show considerable scat-
ter (Wang et al. 2021; Flury et al. 2022b; Chisholm et al. 2022;
Saldana-Lopez et al. 2022; Xu et al. 2023). This suggests that no
single property can reliably predict fis. on its own, and a more
accurate approach likely involves combining multiple factors.

Traditional methods like linear regression often fall short in
handling censored data, which contain upper limits rather than
precise measurements (Mascia et al. 2023; Lin et al. 2024). To
overcome these limitations, Jaskot et al. (2024a,b) applied sur-
vival analysis techniques, particularly the Cox proportional haz-
ards model (Cox 1972), which is well suited for datasets with
censored data.

In the Cox Model, the hazard function is expressed as:

h(tlx) = ho(t) exp (Z,Bi(xi - )_Ci)], (A.1)
=1

where A(#]x) is the hazard of detecting LyC, hg(?) is the baseline
hazard function, and §; are the coeflicients for the galaxy prop-
erties x;.

Using the absorbed fraction of LyC (fys = 1 — fesc), the
survival function S (fahs), representing the probability that fops
exceeds a given threshold, is:

S(fabs) = exp [_HFg(fabs) . Ph(x)] ,

where Hp,(fabs) is the baseline cumulative hazard function:

(A2)

He(ha) = [ b1 (A3)

and ph(x) is the partial hazard function:

ph(x) = exp (Z Bi(x; - xi)] : (A4)
i=1

The best-fit coefficients §; in the Cox proportional hazards
model are determined by maximizing the partial likelihood,
which compares ph(x) for each detection with the sum of ph(x)
for all galaxies with higher f,,s values (Breslow 1974). The base-
line cumulative hazard function Hp,( fabs) i derived using Bres-
low’s estimator (Breslow 1974), accounting for both detections
and non-detections.

The median fys is found when the survival function S (faps)
reaches 0.5, giving a 50% probability that the true f, is above
or below this value. Thus, the median predicted f.s is calcu-
lated as 1 — median fy,s. The survival function also provides 1o
confidence intervals (where S (fyps) 15 0.159 and 0.841), reflect-
ing uncertainties in f.s. due to observational scatter and intrinsic
variability in the galaxy population.

The Cox model’s performance is evaluated using the con-
cordance index (C) (Harrell et al. 1982), which ranges from 0
(perfect disagreement) to 1 (perfect concordance):

n. + 0.5n,

C=———, (A.5)
Ne +ng + n,
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where n., ny, and n, represent concordant, discordant, and tied
pairs of observed and predicted values, respectively.

In Tables A.1 and A.2, we provide the information necessary
to predict fs using the models discussed in this paper.

Table A.1. Revised ELG-EW Model.

Cc=0.79
Model parameters
Variable b; X;
M 500 -0.69 -19.649
log,o(M./Mo) -0.31 8.559
E(B-V)uv -13.25 0.103
loglo(EW([OIII]+Hﬁ)/A) 3.28 2.941
Baseline Cumulative Hazard
Jfabs HFo(fabs) fabs (cont.)  HF, (cont.)
0.111 0.011825 0.9732 0.72714
0.3753 0.025212 0.9736 0.790193
0.4162 0.039181 0.9752 0.790193
0.5089 0.053583 0.9769 0.855688
0.5667 0.069132 0.978 0.926178
0.6948 0.085736 0.9795 0.926178
0.7341 0.102827 0.9802 1.004294
0.8079 0.120801 0.981 1.004294
0.8223 0.141086 0.9812 1.110345
0.8719 0.16315 0.9837 1.221632
0.8803 0.185655 0.984 1.221632
0.8815 0.209659 0.9849 1.221632
0.8947 0.234525 0.986 1.221632
0.9083 0.260956 0.9867 1.221632
0.9102 0.288869 0.9868 1.444606
0.9411 0.288869 0.9876 1.688703
0.9471 0.288869 0.9886 1.688703
0.9481 0.322321 0.9893 1.688703
0.9507 0.356882 0.9906 1.688703
0.9527 0.392632 0.9911 1.688703
0.9569 0.430956 0.9931 1.688703
0.9579 0.472974 0.9955 1.688703
0.9624 0.517262 0.9956 3.460356
0.9667 0.564117 0.9975 3.460356
0.9691 0.614575
0.9693 0.668437
0.9709 0.668437




Table A.2. Revised ELG-O32 Model.

Mascia, S., et al.: A&A, 701, A122 (2025)

C=0283
Model parameters
Variable b; X
M50 -1.63 -19.649
log,o(M./Ms) -0.76 8.559
E(B-V)uy -13.87 0.104
log,,(032) 6.55 0.843
Baseline cumulative hazard
JSabs HFo(fabs)  fabs (cont.)  HFy (cont.)
0.111 0.003188 0.9732 0.732829
0.3753 0.009485 0.9736 0.832722
04162 0.016245 0.9752 0.832722
0.5089 0.024456 0.9769 0.939902
0.5667 0.033316 0.978 1.057705
0.6948 0.042431 0.9795 1.057705
0.7341 0.051797 0.9802 1.188196
0.8079 0.061708 0.981 1.188196
0.8223 0.0772 0.9812 1.381873
0.8719 0.096801 0.9837 1.590329
0.8803 0.116622 0.984 1.590329
0.8815 0.137886 0.9849 1.590329
0.8947 0.159401 0.986 1.590329
0.9083 0.182399 0.9867 1.590329
0.9102 0.206052 0.9868 1.913137
09411 0.206052 0.9876 2.32817
0.9471 0.206052 0.9886 2.32817
0.9481 0.238704 0.9893 2.32817
0.9507 0.273793  0.9906 2.32817
0.9527 0.315661 0.9911 2.32817
0.9569 0.359126 0.9931 2.32817
0.9579 0.406118 0.9955 2.32817
0.9624 0.455871 0.9956 4.960163
0.9667 0.51674 0.9975 4.960163
0.9691 0.58189
0.9693 0.648165
0.9709 0.648165
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