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Abstract

We present the discovery of a unique Lyman-continuum (LyC) emitter at z=3.088. The LyC emission was
detected using the Hubble Space Telescope WFC3 /UVIS F336W filter, covering a rest-frame wavelength range of
760-900 A. The peak signal-to-noise ratio of LyC emission is 3.9 in an r = 0”24 aperture and is spatlally offset by
0729 + 0704 (~2.2 + 0.3 kpc) from the peak of rest-UV emission (F606W). By combining imaging and spec-
troscopic data from the James Webb Space Telescope (JWST) JADES, FRESCO, and JEMS surveys, along with
VLT/MUSE data from the MXDF survey, we estimate that the probability of random alignment with an interloper
galaxy causing the LyC emission is less than 6 x 10~°. The interstellar medium (ISM) conditions in the galaxy are
similar to those in other LyC emitters at high redshift (12 4+ log(O/H) = 7.7970%¢, logU = —3.277%15,
032 =0.63 £ 0.03), although the single-peaked Ly« profile and lack of rest-UV emission lines suggest an opti-
cally thick ISM. Our observations indicate that LyC photons are leaking through a narrow cone of optically thin
neutral ISM, most likely created by a past merger (as evidenced by medium-band F210M and F182M images).
Using the constraints on escape fraction from individual leakers and a simple model, we estimate that the opening
half-angle of ionization cones can be as small as 16° (2% ionized fraction) to reproduce some of the theoretical
constraints on the average escape fraction for galaxies. The narrow opening angle required can explain the low
number density of confirmed LyC leakers.
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galaxies (734); Lyman-alpha galaxies (978)

1. Introduction

Understanding the escape of ionizing photons from the first
galaxies remains one of the biggest challenges for models of
galaxy formation and evolution. The past year of operations by
the James Webb Space Telescope (JWST) has significantly
transformed our understanding of galaxies in the early Uni-
verse. Nevertheless, the high opacity of the intergalactic med-
ium (IGM) prevents us from detecting the ionizing photons
escaping from the first galaxies. Therefore, we need to rely on
analogs of first galaxies to understand the mode of Lyman-
continuum (LyC) escape.

In the past decade, photometric observations revealed ele-
vated emission line equivalent widths (EWs) for z > 6 galaxies
(Labbé et al. 2013; Roberts-Borsani et al. 2016; Barro et al.
2019; Mainali et al. 2019; Endsley et al. 2020). Recent
observations with JWST have confirmed this, demonstrating
that 80%-90% of galaxies within the first billion years of the
Universe have [0 1] 5007 + HB EW > SOOA almost three
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times the EW of a typical star-forming galaxy at z~2
(Cameron et al. 2023; Endsley et al. 2023; Rinaldi et al. 2023;
Tang et al. 2023; Boyett et al. 2024). Consequently, many
observational programs focus on studying the detailed prop-
erties of extreme emission line galaxies (EELGs), where
emission lines from gas contribute almost 40%—50% to the
total flux in certain photometric bands, at both low (Yang et al.
2017b; Izotov et al. 2018; Yuma et al. 2019; Lumbreras-Calle
et al. 2022) and high redshifts (Atek et al. 2011; Maseda et al.
2014; Gupta et al. 2022; Davis et al. 2023; Boyett et al. 2024;
Llerena et al. 2024). EELGs typically exhibit high specific star
formation rates (SFRs) and high ionization parameters (Tang
et al. 2019; Gupta et al. 2022; Boyett et al. 2024) that could be
linked with a high LyC escape fraction (Izotov et al. 2018).
Observations of dwarf star-forming galaxies (SFGs) in the
nearby Universe with Hubble Space Telescope (HST) Cosmic
Origin Spectrograph have built a sizable population of local
LyC leakers (Izotov et al. 2016a, 2016b, 2018; Flury et al.
2022a). The escape fraction shows a weak positive correlation
with [O 1] 5007 /[0 11] 3727 ratio and an inverse correlation
with the velocity separation between the blue and red peaks of
the Lya emission (Izotov et al. 2018; Flury et al. 2022b). These
observations suggest that a harder ionizing field and/or a low
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covering fraction of neutral gas are crucial to facilitate the
leakage of LyC photons.

At z~1-3, the stacking experiments with SFGs yield an
escape fraction of fo,c = 1%—10% (Steidel et al. 2018; Wang
et al. 2023). The individual detection of LyC leakers at high
redshifts is complicated by the higher chance of contamination
from interloper galaxies (Vanzella et al. 2010, 2012) and
attenuation by the partially neutral IGM (Inoue et al. 2014;
Bassett et al. 2021). Deep imaging campaigns with HST and u-
band imaging on ground-based telescopes have created sig-
nificant samples of candidate LyC leakers at cosmic noon (e.g.,
Mestrié et al. 2020; Kerutt et al. 2024). Recently, Wang et al.
(2023) used deep UVIS imaging from the UVCANDELS
survey to report a tentative discovery of five LyC leakers at
redshift 2.4 <z < 3.7, some of them showing f.,. > 60%.
However, follow-up spectroscopy is required to rule out any
possible foreground contaminant.

A2218-Flanking and the Sunburst Arc are two grav-
itationally lensed LyC leakers at z ~2.5. In A2218-Flanking,
LyC radiation is leaking from a compact dwarf galaxy (Bian
et al. 2017), whereas in the Sunburst Arc, LyC radiation is
leaking from a compact star-forming region that could be a
young massive star cluster (Rivera-Thorsen et al. 2019). Ionl
(Vanzella et al. 2012; Ji et al. 2020), Ion2 (de Barros et al.
2016; Vanzella et al. 2016, 2020), Ion3 (Vanzella et al. 2018,
2020), and Q1549-C25 (Shapley et al. 2016) are a few exam-
ples of nonlensed LyC leakers, each showing a wide array of
interstellar medium (ISM) conditions and escape fractions. For
some of these galaxies, escape fractions can be higher than
50% (de Barros et al. 2016; Vanzella et al. 2016; Marques-
Chaves et al. 2022; Rivera-Thorsen et al. 2022; Saxena et al.
2022). Recently, Kerutt et al. 2024 discovered five new LyC
leakers using the MUSE-Wide survey (Bacon et al. 2023) by
searching for LyC emission within a small aperture (0”35)
spatially coincident with peak rest-UV emission in Lya
emitters.

The Lya emission profile for high-redshift LyC leakers
exhibits a range, contrary to the classic double-peaked Ly«
emission observed in most LyC leakers at z~ 0. A few LyC
emitters show 3—4 peaks in Ly« emission, indicative of mul-
tiple kinematic components in the neutral ISM (Vanzella et al.
2020). Lya emission is only single-peaked in Q1549-C25
(Shapley et al. 2016) and appears in absorption in Ionl
(z=13.78), indicative of a highly optically thick ISM (Ji et al.
2020). For Ionl, the LyC emission is spatially offset by
0”12+ 0”03 from the peak UV emission, suggesting that the
ionizing photons might be leaking from a small part of the
galaxy. Kerutt et al. (2024) find a huge scatter between the
properties of Lya emission and escape fraction for high-red-
shift LyC emitters.

This paper reports the discovery of a new LyC leaker at
z7=13.088 in the Chandra Deep Field South (CDFS, Giacconi
et al. 2002) and analyzes its ISM conditions using the wealth of
ancillary data from the JWST and MUSE spectrograph (Bacon
et al. 2023; Bunker et al. 2023). The paper is organized as
follows. Section 2 describes the photometric and spectroscopic
data analyzed here. In Sections 3.1 and 3.2, we discuss the
spectral energy distribution fitting, the LyC detection, and
measurements of escape fraction. In Sections 3.4 and 3.5, we
report properties of ISM derived from JWST/NIRSpec and
MUSE spectra respectively. We discuss our results in Section 4
and present a simple model to derive the opening angle of the
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ionization cone. The paper uses a flat ACDM cosmology with
Hy=70 kms~"' Mpc™', Oy =0.3, and Q4 =0.7.

2. Data

The galaxy 219863 (R.A.=15371699, decl.=—27°7684)
was identified as an EELG by Forrest et al. (2018) using
photometric data from the FourStar Galaxy Evolution survey
(ZFOURGE; Straatman et al. 2016). It is part of the Multi-
Object Spectroscopy of Emission Line (MOSEL; Tran et al.
2020; Gupta et al. 2022) survey of galaxies, with aims to
analyze the properties of EELGs at 2.5 < z < 4. The galaxy lies
in the Hubble Ultra Deep Field, providing us access to a
multitude of ancillary data from both HST and JWST
(Figure 1).

We combine NIRCam imaging from the JWST Advanced
Deep Extragalactic Survey (JADES, Bunker et al. 2023;
Eisenstein et al. 2023; Hainline et al. 2024; Rieke & the JADES
Collaboration 2023), the FRESCO survey (Oesch et al. 2023),
and the JWST Extragalactic Medium-band Survey (JEMS,
Williams et al. 2023), giving us extensive broadband and
medium-band coverage. Additionally, the FRESCO survey has
released astrometrically aligned mosaics based on the archival
photometry on the Hubble Legacy Fields including the UVIS/
F336W imaging (Illingworth et al. 2016; Whitaker et al. 2019).

The galaxy has a spectroscopic redshift of z=3.088 deter-
mined from the deep NIRSpec spectrum from JADES (Bunker
et al. 2023). We also use the data from the MUSE Extremely
Deep Field (MXDF, Bacon et al. 2023) to rule out interloper
galaxies and analyze the Lya emission profile. At z=3.088,
the UVIS/F336W filter covers rest-frame wavelengths between
760 and 900 A, and therefore should have no contamination
from nonionizing photons.

3. Analysis
3.1. Spectral Energy Distribution

We convolve the images down to a common point-spread
function (PSF) of the NIRCam/F444W filter and use a 30
threshold to create a segmentation map based on the F444W
image. The fluxes are extracted within an aperture defined by
KRON parameters of 2.0. A slightly lower KRON parameter is
used here to minimize the contamination from a nearby back-
ground source at z = 3.4. We estimate errors by taking the rms
of flux at random locations within the same aperture for each
image.

We use the MAGPHYS (da Cunha et al. 2008, 2015)
spectral energy distribution (SED) fitting code with the BC03
stellar population synthesis model (Bruzual & Charlot 2003),
the delayed exponentially declining star formation history
model, and the Charlot & Fall (2000) dust attenuation law to
derive physical properties. We only use filters that are not
contaminated by bright nebular emission lines such as
[O 1] 5007 and He (all except F210M and F277W, Figure 2).
We also do not include an IGM absorption model. Refer to
Table 1 to check the results from the SED fitting.

3.2. LyC Detection

We use the HST UVIS/F336W mosaics released by the
FRESCO survey (Oesch et al. 2023), which were created using
the Hubble Legacy Fields photometry (Teplitz et al. 2013;
Rafelski et al. 2015; Tllingworth et al. 2016; Whitaker et al. 2019),
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Figure 1. Multiband imaging of galaxy 219863 from HST and JWST in increasing order of wavelength. Each panel is 1”5 x 1”5 across. The top two panels
correspond to the original and PSF-smoothed images from the HST F336W filter (LyC). The red plus, salmon plus, and green cross mark the positions of the
nonionizing rest-UV (F606W), Ly« emission, and ionizing rest-UV (F336W) peaks, respectively. The black plus marks the location of the z = 3.4 Ly« emitter

detected in the MXDF survey (see Section 3.5) for more details.

to visually search for LyC emission around MOSEL targets.
The mosaic relies on the archival HST imaging and hence has
nonuniform coverage and depth across the FRESCO field of
view (FOV). Out of 76 EELGs identified by Forrest et al.
(2018) in the CDFS, 54 fall within the FRESCO FOV. We
only found significant emission around one EELGs that
happened to fall in the deepest region in the F336W image.
Figure 1 shows the multiband imaging for z19863, along with
the unconvolved and PSF-convolved F336W imaging, clearly
indicating the possible LyC emission toward the NE side of
the galaxy.

We estimate the signal-to-noise ratio (SNR) of LyC emis-
sion by placing an aperture of variable size at the pixel
corresponding the peak emission in both the unconvolved and
PSF-convolved F336W images (Figure 3). In the unconvolved
image, we reach a maximum SNR of 4.0 within an aperture of
r=0"12, corresponding to mp3ew = 28.7703. The SNR
drops marginally to 3.95 at r=0."24, corresponding to
meszew = 27.959°, a slightly larger aperture size than the
FWHM (0717) of the F336W filter. The SNR drops to 2.4 at
r=07"32 and results in a marginal drop in flux
(Mmp3zew = 28.01’8_"3‘). In the PSF-convolved image, the SNR
reaches a maximum of 3.3 within an aperture of » = 0”2. The
PSF-convolved image does indicated some weak evidence of
extended LyC emission. Using an elliptical aperture
(@=0"28, b/a=0.7, 6 =120°), results in only a marginal
increase in the SNR; therefore, significant flux is not lost by
the choice of a circular aperture.

3.2.1. Detection Reliability Test

To test the reliability of our detection, we check for the
growth curve at random locations in the 1’ x 1’ region cover-
ing the deepest F336W data. We use the F160W segmentation
map to mask out all bright targets in the F336W image. We
then place two circular apertures of r=0712 and 0724 at
20,000 random locations. We only measured the growth curve
if the percentage of unmasked pixels within the largest aperture
was greater than 90%. Only one random location out of nearly
16,470 possible locations had SNR > 4.0 within aperture
r=07"12 and SNR > 3.9 within aperture r =0724. There is
clear emission in the F606W image at the same random loca-
tion, indicating that the false detection is an interloper galaxy.
We do not detect any signature of any interlopers in either HST
or JWST imaging or in the MUSE data cube coincident with
the LyC detection. Thus the probability of randomly detecting a
similar source is p < 6 x 107>,

3.2.2. Spatial Offset of lonizing Emission

The peak nonionizing UV emission (F606W) and ionizing
emission have a spatial offset of 0”29 + 0704 or 2.2 + 0.3 kpc
at z=3.088. We checked for astrometric alignment between
the F336W and F606W images by estimating the difference in
the centroids of the 20 brightest sources in the deepest 1’ x 1/
FOV F336W image. The average difference in x-centroid [y-
centroid] is 0 £ 1 [0 % 1] pixels, significantly smaller than the
peak separation (~7 pixels) between ionizing and nonionizing
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Figure 2. The best-fit SED model using MAGPHYS before (blue curve) and after (black curve) correcting for dust attenuation. The red dots and open black circles
correspond to the observed flux and derived flux from the best-fit SED respectively. The cyan dots represents the two filters (F210M and F277W) that are excluded
while modeling the SED to minimize contamination by bright [O III] 5007 and Ho emission lines.
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Figure 3. The SNR as a function of the aperture radius for the unconvolved

(open circles) and PSF-convolved (filled circles) F336W images. Each aperture
is positioned at the peak LyC flux (green cross in Figure 1).

emission from our target. Therefore, the astrometric inaccura-
cies cannot account for the spatial offset.

3.2.3. LyC Escape Fraction

The escape fraction is defined as the ratio of ionizing (fLyc at
A<912 A) and nonionizing flux density (fyLyc typically at
1500 A, Steidel et al. 2001). We use the standard procedure to
calculate escape fraction (e.g., Siana et al. 2007; Ji et al. 2020).
As mentioned earlier, we use the F606W filter (rest frame
~1500 A) to measure nonionizing photon flux density. The
ionizing photons can sometimes escape from certain parts of
the galaxy (Verhamme et al. 2015), therefore we use the same
aperture to estimate flux for both ionizing and nonionizing UV
components. Using an aperture of radius = 0”12 centered at
the peak LyC emission for both ionizing and nonionizing UV
emission, we estimate ( Jiycdobs = 125 £ 3.1 nly and
(JaLyc)obs = 11.7 £ 1.2 nJy. If we use an aperture of r = 0724,
then (fiyclobs = 24.5 £ 6.2 nly and (f clobs = 89.9 = 2.5
nJy. Thus, (ﬁlLyc/fLyc)obs = 0.9 + 0.3 within the r=0712
aperture and (fypyc /fiyc)obs = 3.7 &+ 0.9 within the r=0724
aperture. This estimate is done after convolving the F336W and
F606W images to a common PSF of F606W.

Table 1
Physical Properties of 219863
R.A. [deg] 53.1699
Decl. [deg] —27.7684
z 3.088
log(My/M) 92+0.1
SFRy, [Mo yr '] 4.3 £0.09
SFRgep [Mo yr '] 52402
EB — V)gas 0.09 + 0.02
12 + log(O/H) 7791508
logl —3274014
L1500/L900 = 666, MAGPHYS
ot 28407
1 12403
Lis00/Logo = 1.25, lower limit
s 0.5+0.1
e 0.24 + 0.06

We need precise measurements of the ratio of intrinsic
nonionizing to ionizing photon luminosity (L;s00/Looo), accu-
rate IGM attenuation (Tigy) at the redshift of our galaxy, and
the dust attenuation (A;sqp) to estimate relative and absolute
escape fractions. We use the IGM transmission of Tigy = 0.66
at z=3.08 calculated by Kerutt et al. (2024), which uses the
mean transmission from the brightest 5% of sightlines based on
the model of Inoue et al. (2014). The adopted Tigym sits com-
fortably in the range calculated for z=3.1 Ly« emitters by
Bassett et al. (2021, see their Figure 6), taking into account the
bias of detected LyC emitters along clean lines in the IGM.

Using E(B—V)=0.09 +0.02 (see Section 3.4.1) and the
extinction curve for the Small Magellanic Cloud from Gordon
et al. (2003), we obtain A;509 = 1.2 +0.3. We note that the
NIRSpec spectra do not cover the region where LyC emission
is detected. The region occupied by the bulk of gas emitting Ha
and HS emission lines can be different from the region with
bright OB-type stars, as has been postulated by other studies
(Vanzella et al. 2020, 2022; Mestri¢ et al. 2023). Therefore, the
extinction toward the LyC region could be significantly
different.

Finally, the intrinsic luminosity ratio L;sqg/Logo can vary
between 1.25and7 depending on the assumptions in the
stellar population model (Leitherer et al. 1999; Eldridge et al.
2017). The best-fit SED model from MAGPHYS (Section 3.1)
gives Lisoo/Logo = 6.66, resulting in fI& = 2.8 &+ 0.7 and
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Figure 4. JWST medium-band F210M (left: stars + gas), F182M (middle: stars), and F210M — F182M (right: gas) images for the galaxy 219863 at z = 3.088. The

overplotted symbols follow the same scheme as Figure 1.

f;:f =13 £ 0.3. An escape fraction >1 is unphysical
because it implies the LyC-leaking region of the galaxy is
leaking more than the ionizing photons produced in this
ionization cone. Note that the properties of the stellar popu-
lation might not be the same throughout the galaxy: for
example, the LyC-leaking region could have a significantly
younger stellar population than the rest of the galaxy. Even
assuming a more typically used Lisoo/Logp =3, we get
¥ =12=+03and f* = 0.6 + 0.1. Using the lower limit
on Lysoo/Looo = 1.25 gives us the most conservative estimate
of the relative escape fraction of f;fcl =0.5+0.1 and a

corresponding feas}zs = 0.24 £ 0.06. A future paper will ana-
lyze the properties of the resolved stellar population of z19863
and test the impact that different stellar population models

have on the measurements of escape fraction.

3.3. Merger Activity

We use medium-band filters F210M and F182M to analyze
the merger activity of our source. At z=3.088, the medium-
band filter F210M would contain emission from stars and the
[O 1] 5007 + HB emission lines, whereas filter F182M would
only have stellar emission. Therefore, the difference image
between the two filters provides a spatially resolved distribu-
tion of gas emission ([O1]5007 + HfS) from the target
(Figure 4). We use StatMorph (Rodriguez-Gomez et al. 2019)
to estimate nonparametric quantities for all three filters (more
details in A. Gupta et al. 2024, in preparation) .

The Gini-M20 statistics (Lotz et al. 2008) classify 219863 as
a merger based on the stellar emission (F182M) but a non-
merger based on the gas emission (F210M — F182M). The peak
gas emission (F210M - F182M) is coincident with the peak
nonionizing UV emission (F606W), whereas the peak stellar
emission (F182M) is 0”18 SW of the nonionizing UV emission
(F606W). The lack of merger signs in the gas emission could
be because hydrodynamical cooling results in faster settling for
the gas than the stars after a merger event (see A. Gupta et al.
2024, in preparation for more discussion). We detect significant
gas emission (F210M — F182M) coincident with the LyC peak,
indicating ongoing star formation activity. However, the lack of
a defined peak in gas emission suggest that LyC photons are
more likely to be leaking due to an optically thin ISM rather
than a peak in star formation activity at this location. A detailed

analysis of spatially resolved spectral properties of z19863 is
beyond the scope of this paper and will be part of future
analysis

3.4. JADES/NIRSpec Observations

Figure 5 shows the JWST/NIRSpec spectrum for z19863
from JADES (NIRSpec ID =21150, NIRCam ID =211968;
Bunker et al. 2023) spanning all the way from 1to5 yum and
showing multiple bright emission lines. Note that the 0746
microshutter only partially covers the galaxy and only on the
side opposite to the LyC detection. We cannot use the NIRSpec
spectra to rule out the emission in the F336W image being due
to an interloper galaxy. Even with this partial coverage, we are
able to detect a whole suite of emission lines to estimate the
gas-phase metallicity and ionization conditions in the galaxy.

The emission line fluxes in the JADES catalogs have been
aperture-corrected using the location of the microshutter on the
NIRCam imaging. The analysis in the following subsections
assumes that the gas has similar properties across the entire
galaxy, which might not be correct. Neither [N II] 6583 nor
[Sm] 6717, 6731 is detected at SNR >5 with the grism,
therefore we rely on the JADES prism catalogs to estimate ISM
conditions.

3.4.1. Dust Extinction and Star Formation

We use the Gordon et al. (2003) extinction curve for the Small
Magellanic Cloud to correct for dust extinction, following a
similar approach used in previous studies of high-redshift
galaxies (Cameron et al. 2023; Reddy et al. 2023). We use the
Balmer decrement based on the ratio of Ha and H3 emission
lines to estimate the color excess using the equation

2.5 (Hor/HB)o ) 0

EB-V)=— =2
( ) x(HB) — r(Ha) Og“’( 2.98

The Balmer decrement for 219863 is f(Ha/HB)ops = 3.26 +
0.07, which results in E(B — V) =0.09 £+ 0.02.

The dust-corrected SFR based on Ha and using the
Kennicutt & Evans (2012) relation is 4.3 4+ 0.09 M. yr ' for
this galaxy, placing it within the main sequence at z=3
(Popesso et al. 2022). It is important to note that the Ha
luminosity used for this calculation is rescaled based on the
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represents the Kauffmann et al. (2003) relation for star-forming galaxies. Our galaxy falls in the star-forming region occupied by metal-poor galaxies, similar to z > 6
galaxies and other extreme galaxies in the local Universe.

1o Cameron+2023 (z> 6)

position of the microshutter on the NIRCam image of the

LyC emitter samples and galaxies at z > 6, where
galaxy. However, the pseudo [O III] 5007 emission map reveals

that the microshutter misses the most star-forming part of the R23 = log,o(([O m] 5007, 4959 + [0 T1] 3727)/HB),
galaxy (Figure 4). Therefore, the total Ho luminosity and the 032 = log;(([O 1] 5007/[0 1] 3727).
instantaneous SFR of 219863 may differ significantly from the o )

value estimated here. To correct for dust extinction for low-redshift samples, we

apply the CCM89 extinction curve (Ry = 3.1, Cardelli et al.
1989). The 032 (0.63 +0.03) and R23 (1.01 £ 0.03) ratios of
219863 are higher than those of typical star-forming galaxies
The left panel in Figure 6 displays the extinction-corrected both in the local Universe (Aihara et al. 2011) and at z~2
R23 versus 032 relation of 219863 compared to those of other (Shapley et al. 2014; Kriek et al. 2015). The emission line

3.4.2. lonization Conditions



THE ASTROPHYSICAL JOURNAL, 973:169 (11pp), 2024 October 1 Gupta et al.
wavelength rest (A)
< . 1200 1300 1400 1500 1600 1700 1800 1900 2000
(\l\ 00 H * H * H H ‘: * H H * H B * * = i
5 g! '
g 801 g g g | g o of o 250
o = = =S =T 5
o 601 = = E: =% S =
Q ik @ S8 o G 5 0 :
1 H i H I H H HECRH -
S 409 i i 4 ok P 121p lT 1220
x ‘
S Dbl i * =
E I “[H il m . : ﬂllMlW *h‘“ﬂlllwwmlW“IL.WH.IHMH T AT L
E 5000 5500 6000 6500 7000 7500 8000

wavelength obs (A)

Figure 7. The black and red curves show the rest-UV 1D spectrum extracted from the MXDF mosaic (12 hr integration) before and after convolving with a Gaussian
kernel of o = 1 respectively. The inset image shows the zoomed-in spectrum at the location of the Ly« emission line. The dashed vertical lines mark the location of
various absorption features. The dashed orange curve is the corresponding error spectrum. The gray shaded region highlights the Ly« emission from the nearby

z = 3.4 galaxy.

ratios of z19863 resemble those of other extreme galaxy
populations such as green peas and blueberries in the local
Universe. However, its O32 ratio is not as high as that of other
LyC emitters at z ~0.3. z19863 also exhibits a low S2, where

S2 = log;,(([S 1] 6717, 6731)/Ha),

compared to typical star-forming galaxies at z ~ 2, which has
also been indicated as a marker for LyC leakers (Ramambason
et al. 2020).

Interestingly, we have detections of both [S IIT] 9069, 9531
and [S1] 6717, 6731 in the prism spectrum of z19863.
Therefore, we can use the S32 ratio defined as

S32 = log,,([S 1] 9069, 9531 /[S 1] 6717, 6731)

to estimate the ionization parameter; it is a metallicity- and
pressure-independent ionization parameter diagnostic. Tradi-
tionally, the O32 ratio is used to estimate the ionization para-
meter because [S III] 9069, 9531 redshifts either into the near-
infrared at z>0.05 or beyond 2.4 ym at z > 1.5, making it
difficult to observe. However, ionization parameters based on
032 are highly dependent on the choice of stellar template
(Sanders et al. 2015). Sanders et al. (2019) used stacked
measurements of [S 1] 9069, 9531 in z~ 1.5 galaxies and
confirmed its weaker dependence on metallicity compared to
032. Recent observations have started to use [S IIT] 9069, 9531
to estimate the ionization conditions in galaxies (Mingozzi
et al. 2020; Kumari et al. 2021).

The S32 ratio of 219863 is 0.27 £0.09. Assuming
12 4 log(O/H) = 7.8, we estimate an ionization parameter of
logU = —3.25 £ 0.10, similar to the ionization parameter of
typical SFGs at z ~ 2-3 (Sanders et al. 2015), and significantly
lower than for galaxies at z > 6. In contrast, using O32 ratio of
=0.63 £0.03 gives logU = —2.44 £ 0.03 at the same metal-
licity. We suspect the difference in the ionization parameters is
due to the lack of independent constraints on the gas temper-
ature. Pérez-Montero et al. (2019) show that without accurate
measurements of gas temperature, O32 alone can produce as
much as 1 dex variation in the ionization parameter. Moreover,
the emissions lines associated with the respective indicators
originate from different parts of the nebula, and hence might be
susceptible to inherent inhomogeneities.

Again, we note that NIRSpec observations only cover a
small portion of the galaxy. Spatially resolved observations of
star-bursting galaxies find significant variations in metallicity

and ionization parameter (del Valle-Espinosa et al. 2023),
indicating that NIRSpec spectra might not be representative of
the average gas conditions in the galaxy.

3.4.3. Gas-phase Metallicity

The [N 11] 6583 emission line is not detected in either the
grism or prism spectrum, indicative of very low metallicity. We
use the grism spectra to estimate an upper limit on [N II] 6583
because [N II] 6583 is blended with Ha in the prism spectrum.
The [N 11] 6583 /Ha versus [O 111] 5007 /HS diagram (Figure 6)
places the galaxy well within the region occupied by low-
metallicity star-forming galaxies in both the low- and high-
redshift Universe.

We use the S23 diagnostic from Kewley et al. (2019) to
estimate the gas-phase metallicity, where

S23 = log,,(([S ] 6717, 6731 + [S 111] 9069, 9531)/Ha),

due to its sensitivity at lower metallicity and the lack of
[N 11] 6583 detection. Using an S23 ratio of —0.75 4 0.05 and
logU = —3.25, we estimate the gas-phase metallicity at
12 + log(O/H) = 7.79709¢ (Z=0.13+0.01 Z.). Thus, the
gas-phase metallicity of our galaxy is fairly consistent with gas-
poor galaxies detected at higher redshifts (Tang et al. 2023;
Boyett et al. 2024).

3.5. Rest-UV Spectrum

We extract the rest-UV spectrum of our target using the
mosaic data cube from the MXDF survey (Bacon et al. 2023).
The mosaic data cube reaches a total integration time of 12 hr at
the position of our target (peak flux in F606W filter). We search
for emission around the expected Ly wavelength at z = 3.088,
and identify the peak wavelength. We sum over flux within
+10 A around the peak Lya wavelength to create a line map
and add spaxels above 2 x rmsq to extract the 1D spectrum
(Figure 7).

The Lyo emission coincides with the nonionizing UV
emission (F606W, <0”1), and is highly asymmetric with an
undetected blue side, similar to other high-redshift Lya emit-
ters (Gronke & Dijkstra 2016). The red peak of the Ly«
emission has a marginal velocity offset from the systematic
redshift of the galaxy (approximately 100 kms™'). There is
significant contamination in the rest-UV spectrum from another
Lya emitter at z= 3.4, which is only 0”65 from the F6O6W
peak (indicated as a black plus in Figure 1). The high spatial
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resolution of HST and JWST ensures negligible contamination
in the photometry of z19863 from this source at any wave-
lengths including the F336W image. We have clear detections
of many low-ionization (Sill A1190, Sill A1260, C1I A\1334,
Sill A1526) and high-ionization (SiIv AA1393, 1402, C1v
AA1548, 1550) metal absorption features. Interestingly, we do
not detect any high-ionization emission lines such as
[O 1] 1660, 1666, Hell 1640, [C1I] 1907, 1909, which are
commonly detected in other LyC emitters (Vanzella et al.
2020). Ji et al. (2020) also report a tentative detection of
He 11 1640 (SNR ~ 2) in Ionl1, indicating the need for a deeper
rest-UV spectrum.

4. Discussion
4.1. Curious Case of z19863

This paper presents the discovery of a new LyC emitter
candidate, 219863 at redshift z =3.088, combining archival
data from deep imaging campaigns conducted on the HST
and JWST (Figure 1). Detailed information about the source
is provided in Table 1. Using the deep NIRSpec spectrum
from JADES we find that 219863 has characteristics similar to
other LyC emitters across different redshift ranges (see
Figure 6), including a moderate ionization parameter (log U =
—3.25 £ 0.1), a low gas-phase metallicity (12 + log(O/
H)=7.76 + 0.06), and a high O32 ratio (0.63 = 0.03). Nota-
bly, the LyC emission is spatially offset by 0729 + 0704
(equivalent to 7 £ 1 pixels or approximately 2.2 kpc) from the
peak rest-UV (nonionizing) emission (Figure 1). The astro-
metric misalignment is insufficient to account for the spatial
offset (dx = %1 pixel). We do not detect any interloper galaxy
coincident with the LyC detection in extremely deep
spectroscopy from the MXDF survey (Figure 7). We estimate
the probability of randomly detecting a similar source within a
similar aperture (0724) in the F336W image is p < 6 x 10°.

Most observations focused on detecting LyC photons typi-
cally search for emission at Mg <912 A cospatial with the
nonionizing UV emission. For example, Kerutt et al. (2024)
look for LyC emission within 0”35 aperture around the non-
ionizing rest-UV emission, and therefore would miss a source
similar to 219863 with about 0”29 offset between the peaks of
ionizing and nonionizing emission. Ionl (z=3.7) is another
known LyC emitter that exhibits a spatial offset between
the peak rest-UV and LyC emission (0”12~ 0.85kpc, Ji
et al. 2020).

Additionally, z19863 has a single-peaked Ly« emission
profile (Figure 7), which is atypical for LyC emitters in the
local Universe, where a double-peaked profile with a narrow
velocity separation is common (Izotov et al. 2018, 2022; Flury
et al. 2022b). Models of LyC and Ly« escape suggest that a
narrow velocity separation is indicative of an optically thin
neutral ISM, which, in turn, facilitates the escape of ionizing
photons (Izotov et al. 2018). The green pea galaxies with high
032 ratios (which are more likely to leak LyC photons) have
lower HI gas mass, suggesting they are more likely to be
optically thin (Kanekar et al. 2021). However, LyC emitters at
high redshift exhibit a range of Ly« profiles, including 3—4
peaks (Izotov et al. 2022), single-peaked for Q1549-C25
(Shapley et al. 2016), and absorption rather than emission for
Ionl (Ji et al. 2020). Kerutt et al. (2024) use a larger sample of
LyC emitters at 3 < z <4 and find no correlation between the
Lya emission and the escape fraction. It is possible that at
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higher redshifts most ionizing photons escape because of the
inhomogeneities in the ISM rather than an optically thin ISM.

4.2. Mergers Driving the LyC Escape

We currently have two models explaining LyC escape:
through an optically thin ISM and the picket-fence model
(Zackrisson et al. 2013). In the picket-fence model, LyC pho-
tons escape through a few optically thin channels in an other-
wise optically thick ISM. These channels are typically created
by star formation-triggered outflows capable of blowing out
neutral gas. LyC emitters in the local Universe often show a
significant correlation between the escape fraction and the
strength of ionized gas outflows, suggesting that feedback from
star formation is responsible for creating these ionized gas
channels (Amorin et al. 2024).

However, the mass loading factors for most high-redshift
galaxies are similar to those of local dwarf galaxies, even if
their SFRs are ten times higher (Concas et al. 2022; Gupta et al.
2022; Carniani et al. 2024; Llerena et al. 2023). Some semi-
analytic models of star formation-driven galactic winds suggest
that outflowing gas in super star-forming conditions might start
radiatively cooling on a relatively short timescale (<1 Gyr,
Lochhaas et al. 2018). This rapid cooling might hinder the
creation of large-scale channels of optically thin neutral gas
solely from star formation alone.

Mergers and galaxy—galaxy interactions are known to tidally
strip gas and stars, leading to the formation of highly inho-
mogeneous galaxies (Toomre & Toomre 1972; Cox et al. 2008;
Spilker et al. 2022). Very few LyC emitters in the local Uni-
verse are close enough to spatially map their neutral gas den-
sity. Deep 21 cm observations on Haro 11, a local LyC emitter,
revealed pockets of optically thin neutral hydrogen most likely
created by a recent merger event (Le Reste et al. 2024). The
large spatial offset (6 kpc) between the peak neutral gas density
and the LyC-emitting clump suggests that LyC photons are
most likely leaking through these optically thin channels (Le
Reste et al. 2024). On the other hand, two other local LyC
leakers with 21 cm observations exhibit either only an upper
limit on HI mass (Puschnig et al. 2017) or very high gas mass
(Haynes et al. 2018), indicating a wide range in the properties
of LyC emitters in the local Universe.

Recent work by Gupta et al. (2023) finds that EELGs at
z~3.5, analogs of galaxies at z>6, are more likely to
encounter major mergers and/or strong interactions than typi-
cal star-forming galaxies at the same redshift. Other observa-
tions (e.g..Duncan et al. 2019) also find increased merger
activity at higher redshifts. For 219863, medium-band images
from the FRESCO survey indicate that the galaxy might have
experienced a merger recently (Figure 4). Bassett et al. (2018)
suggest that the lack of correlation between the O32 ratio and
escape fraction could be due to anisotropic neutral gas cover-
age. In fact, all of their LyC candidates with the lowest 032
ratios showed evidence of disturbed morphology. The peak of
Lya emission for the candidate LyC emitters in Kerutt et al.
(2024) is spatially offset by 073-0”5 from the peak LyC
emission, indicating a mismatch between the peak neutral gas
density and ionizing stars. We suspect that inhomogeneities
created by a merger event in the neutral ISM might have played
a significant role in aiding LyC photons to escape at higher
redshifts.

Our observations indicate that in z19863, the ISM is neither
optically thin everywhere nor has a complete picket-fence
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structure with many optically thin ionization cones. Here the
ISM most likely has a single optically thin ionization cone of
neutral ISM created by a recent merger event. The ionizing
photons are leaking through this single channel, and by hap-
penstance, its alignment along our line of sight ensures that we
can detect the faint signature of ionizing radiation leaking from
this single ionization cone.

4.3. Modeling the Opening Angle of Ionizing Channels

If LyC radiation leaks through a few optically thin ionization
cones in most galaxies, as it does in z19832, then their random
alignment along the line of sight will dictate the number of
confirmed detections of LyC emitters. Estimating the total
covering fraction of optically thin ISM in high-redshift galaxies
is extremely challenging. Ly« photons get fluorescently scat-
tered by neutral hydrogen, and thus a Lya emission profile
provides some hints about the neutral gas density. A small
velocity separation and a large ratio of total flux between the
blue and red peaks usually indicate an optically thin ISM (Erb
et al. 2018; Blaizot et al. 2023; Mukherjee et al. 2023). How-
ever, spatially resolving Ly« emission is only possible for a
small number of Lyo emitters at z >3, until future spectro-
graphs such as MAVIS (McDermid et al. 2020) become
available.

Stacking experiments with large samples of SFGs at z ~ 3
have provided some constraints on the average f... = 1%—10%
(Steidel et al. 2018; Wang et al. 2023). Theoretical models
using various observations about the reionization history of the
Universe, such as neutral gas density, UV luminosity function,
etc., constrain the average f... required (Naidu et al. 2020; Bera
et al. 2023; Mutch et al. 2024). However, some individual LyC

emitters can have escape fraction as high as 100% (Rivera-
Thorsen et al. 2022; Kerutt et al. 2024).

We can use individual f;. measurements to develop a simple
model for the total covering fraction or the opening angle of the
ionization cone required to reach global f.,. values. We assume
that all galaxies in the Universe have on average an ionization
cone with solid angle €2 and escape fraction fiing.- The fol-
lowing equation balances the total ionization flux from a single
ionization cone with the average escape fraction expected over

the entire galaxy (fesc.global)

fesc, global

Q X fooing = 47 X £, = O =41 x 2)

sc,ind sc,global »

esc,ind

For a cone with apex half-angle of 6, the total solid angle is
.50
Q = 47 sin® —. 3)
2
Therefore, the half-angle of the ionization cone would be

fesc, global

f[rad] = 2 x sin~! 4)

esc,ind

Figure 8 shows the average half-angle estimated using
Equation (4) based on fusing of 219863 and various measure-
ments of fosc olobal from observations (Steidel et al. 2018; Wang
et al. 2023) and theory (Naidu et al. 2020; Bera et al. 2023;
Mutch et al. 2024). By definition the escape fraction cannot be
greater than 1, therefore we assume an absolute escape fraction
of 1.00 & 0.3 rather than the value of f;‘f = 1.25 £ 0.3 esti-
mated in Section 3.2. Additionally, the opening half-angle is
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estimated using f.sc.ina based on the average escape fraction for
the five gold LyC emitter candidates from Kerutt et al. (2024).

Our simple model can help distinguish between more likely
measurements of global escape fraction. For instance, if the
global escape fraction is constrained to be very low, such as
0.02f8j8‘11 (Bera et al. 2023), an ionization cone with an opening
half-angle of approximately ~16° may be sufficient to account
for this small escape fraction. Even if only 50% of ionizing
photons leak from the ionization cone of most galaxies, the
opening half-angle would only need to increase to approxi-
mately 23°. This scenario could provide an explanation for the
limited number of detections of LyC emitters at higher red-
shifts. On the other hand, to achieve a global escape fraction
of 0.2 (Naidu et al. 2020), ionization cones with fescing = 1.0
[fesc.ina = 0.5] will need to have an opening half-angle of ~53°
[78°]. Such large opening angles imply that a significant frac-
tion (20%-50%) of the galaxy would need to be leaking
ionizing radiation. However, if this were the case, one might
expect a larger success rate in building a larger sample of
confirmed LyC leakers.

We only need an opening half-angle of ~37° for a fully
ionized cone and ~53° for an ionization cone with 50% escape
fraction to explain the f.,. typically observed (Steidel et al.
2018; Wang et al. 2023). As mentioned earlier, observationally
determining the opening angle of an ionization cone is very
challenging. However, we have some evidence of highly col-
limated gas outflows in blue compact dwarf galaxies in the
local Universe (Herenz et al. 2023). It is worth noting that even
at z=23 a partially neutral IGM can absorb a considerable
fraction of the ionizing radiation (Bassett et al. 2021), further
complicating the detection of LyC emission. Altering the
median opening angle of escaping ionizing photons would have
an impact on the topology of reionization, and a more
sophisticated model would explore the effects of this change on
the progress of reionization.

5. Summary

This paper presents discovery of a new candidate LyC
emitter (z19863) at z =3.088, where LyC emission is detected
using the F336W /UVIS filter on the HST. The galaxy is part of
the EELG sample in the MOSEL survey (Tran et al. 2020;
Gupta et al. 2022). The LyC emission is spatially offset by
0729 + 0704 ~ 2.2 + 0.3 kpc from the peak rest-UV emission
(F606W). Based on the NIRSpec spectra from JADES, we
estimate that the galaxy has low metallicity, high ionization
parameter, and low dust attenuation (see Table 1), similar to
other LyC emitters at both low and high redshifts.

The deep rest-UV spectrum of the galaxy from the MXDF
survey (12 hr integration) exhibit a single-peaked Ly« emis-
sion profile and a range of low- and high-ionization absorption
features (Figure 7). The lack of rest-UV emission lines such as
[O1] 1660, 1666, C1v 1550, [CI] 1907, 1909, etc., which
are typically used as proxies for LyC emission (Schaerer et al.
2022), suggests that ISM conditions in this galaxy are dis-
similar to those in a typical LyC emitter in the local Universe.
Further analyses of the absorption profiles of various species
and their correlation with LyC emission (Mauerhofer et al.
2021) is beyond the scope of this paper and will be part of
future work.

We hypothesize that LyC photons in z19863 are leaking
through a narrow cone of optically thin ISM, likely created by a
recent merger event, as indicated by the disturbed morphology
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in the medium-band imaging (see Section 3.3). The ionization
cone is spatially offset by ~0”3 from the nonionizing UV
emission and its chance alignment along the line of sight
ensures its detection by us. A source similar to 219863 would
be missed by studies looking for LyC emission coincident with
peak UV emission (e.g., Kerutt et al. 2024). Using a simple toy
model, we estimate that the opening half-angle of ionization
cones can be as small as 16° to explain some of the global
measurements of escape fraction, indicating that a very small
fraction of the galaxy needs to be leaking ionizing radiation.
Such a small opening angle would also explain the relatively
low number of confirmed LyC emitters at high redshifts.
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