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ABSTRACT

The increasingly neutral intergalactic gas at z > 6 impacts the Lyman-o (Lya) flux observed from galaxies. One luminous galaxy,
COLAL1, stands out because of its unique double-peaked Ly line at z = 6.6, unseen in any simulation of reionization. Here, we present
JWST/NIRCam wide-field slitless spectroscopy in a 21 arcmin? field centered on COLA1. We find 141 galaxies spectroscopically
selected through the [O 1] doublet at 5.35 < z < 6.95, with 40 of these sources showing HB. For COLA1, we additionally detect
[O 1114363 as well as Hy. We measure a systemic redshift of z = 6.5917 for COLA1, confirming the classical double-peak nature of the
Lya profile. This implies that it resides in a highly ionized bubble and that it is leaking ionizing photons with a high escape fraction
of fusc(LyC) = 20-50%, making it a prime laboratory to study Lyman continuum escape in the Epoch of Reionization. COLA1 shows
all the signs of a prolific ionizer with a Lya escape fraction of 81 + 5%, Balmer decrement indicating no dust, a steep UV slope
(Buv = —3.2 £ 0.4), and a star-formation surface density >10x that of typical galaxies at similar redshift. We detect five galaxies in
COLAT’s close environment (Az < 0.02). Exploiting the high spectroscopic completeness inherent to grism surveys, and using mock
simulations that fully mimic the selection function, we show that the number of detected companions is very typical for a normal
similarly UV-bright (Myy ~ —21.3) galaxy — that is, the ionized bubble around COLA1 is unlikely to be due to an excessively large
over-density. Instead, the measured ionizing properties suggest that COLA1 by itself might be powering the bubble required to explain

its double-peaked Lya profile (R;,, ~ 0.7 pMpc), with only minor contributions from detected neighbors (—19.5 < Myy < —17.5).

Key words. techniques: spectroscopic — galaxies: high-redshift — dark ages, reionization, first stars

1. Introduction

The Epoch of Reionization (EoR) is the last major phase tran-
sition in the Universe. During this period, the bulk of hydrogen
gas in the intergalactic medium (IGM) transitioned from neutral
to fully ionized. The most recent observations of the Lyman-a
(Lya; 4 = 1215.67 A) forest in distant quasar spectra indicate
that this process was complete at z = 5.5 (e.g., Greig & Mesinger
2017; Bosman et al. 2022), whereas the optical depth to the cos-
mic microwave background as measured by the Planck satel-
lite places the average reionization redshift around z ~ 7.8-8.8
(Planck Collaboration Int. XLLVII 2016). The start and duration
of the reionization process are still uncertain (see e.g., Robertson
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2022; Gnedin & Madau 2022), and they are linked to the sources
of ionization (e.g., Sharma et al. 2018; Finkelstein et al. 2019;
Naidu et al. 2020). Star formation in galaxies is the leading can-
didate to have provided the majority of ionizing photons (e.g.,
Bouwens et al. 2015; Dayal et al. 2020), in particular because
ultraviolet (UV) luminous active galactic nuclei (AGN) are very
rare at 7 > 5 (e.g., Kulkarni et al. 2019), while UV-faint AGN are
more common but appear heavily obscured (e.g., Kocevski et al.
2023; Matthee et al. 2024; Greene et al. 2024; Kokorev et al.
2024).

For star formation, the main uncertainty is whether rare
bright or numerous faint galaxies dominated the budget. This
hinges upon the luminosity dependence of the escape fraction
of ionizing photons (LyC, 1 < 912A). Detecting LyC pho-
tons directly from galaxies becomes increasingly challenging
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at higher redshifts, as they are attenuated by the increasingly
denser and more neutral IGM (Inoue et al. 2014, Steidel et al.
2018). Some semiempirical and hydrodynamical models suggest
that faint (Myy 2 —18) galaxies dominate (e.g., Ocvirk et al.
2021; Trebitsch et al. 2021); others point toward a more impor-
tant contribution from late-emerging luminous galaxies (in par-
ticular supported by the seemingly rapid and late timeline of
reionziation; Naidu et al. 2020; Nakane et al. 2024), or toward
a more complex picture in which the mass of the dominant agent
of reionization evolves during the process (Dayal & Giri 2024)
and for most of the time is of intermediate mass (M, ~ 107 M;
Rosdahl et al. 2022, see also e.g., Ma et al. 2018).

As the neutral gas in the IGM absorbs the LyC photons that
escaped from galaxies in the EoR, our knowledge of the amount
of LyC leakage and its dependence on the properties of galaxies
relies on the local and intermediate redshift Universe at z < 3.
The main physical processes that prevent ionizing photon escape
are absorption by dust and neutral hydrogen in the interstellar
medium (ISM). Likewise, in the z = 0-3 Universe, the dust-
sensitive observed UV slope has been recognized as a predictor
of LyC escape (e.g., Chisholm et al. 2022), albeit with signifi-
cant scatter, whereas line ratios that trace the ionization param-
eter (e.g., [OII]/[OII]) have yielded inconclusive results (e.g.,
Izotov et al. 2018; Naidu et al. 2018; Flury et al. 2022). The LyC
escape fraction further appears to correlate with the star forma-
tion rate surface density (e.g., Flury et al. 2022), as this quan-
tity is linked to the presence of large-scale galactic outflows
(e.g., Heckman & Borthakur 2016). Recent studies indicate that
high LyC escape is associated with strong UV emission lines
as CIV and Hell (e.g., Naidu et al. 2022a; Mainali et al. 2022;
Mascia et al. 2023b; Saxena et al. 2022; Schaerer et al. 2022;
Kramarenko et al. 2024). This suggests a link between the stel-
lar populations that lead to these high ionization lines and the
processes that enable LyC escape.

The radiative transfer of Ly photons is sensitive to the
dust attenuation and the neutral gas column density (e.g.,
Verhamme et al. 2015; Kakiichi & Gronke 2021). As these are
the same barriers to LyC escape, the strength and shape, in
particular the peak separation, of the Lya emission line from
galaxies is a powerful indirect tracer of ionizing photon leak-
age (e.g., Izotovetal. 2018; Steidel etal. 2018; Flury et al.
2022; Pahl et al. 2023). However, the main downside is that
measurements of the Lya line-profile as it emerges from the
ISM can generally not be obtained for sources in the EoR.
As neutral intergalactic gas in the EoR impacts the Lya line
(e.g., Haiman 2002; Pentericci et al. 2014; Mason et al. 2018;
Gurung-Lépez et al. 2020), we expect to observe lower EW
Ly emission, with redder velocity offsets as they reside
in increasingly smaller ionized regions beyond z > 6
(e.g., Hayes & Scarlata 2023). Indeed, JWST spectroscopy has
already revealed such systems with relatively faint and redshifted
Lya emission at z > 6 (e.g., Bunker et al. 2023; Jung et al.
2024). This imprint from the neutral gas in the IGM, which par-
ticularly impacts the blue side of the Lya line, tends to hide
the information on the ISM properties (and hence, LyC escape)
encoded in galaxies’ Lya profiles.

An exception to this are galaxies that reside in such large ion-
ized regions where Lya photons could already have redshifted
enough before encountering neutral gas in the IGM such that
their emergent profile is visible. Currently, a handful of such
galaxies are known at z > 5 (Huetal. 2016; Songaila et al.
2018; Bosman et al. 2020; Meyer et al. 2021). COLAL1, located
in the COSMOS field at z = 6.6, is the most luminous galaxy
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among those with double-peaked Ly line known at z > 5.
COLAI1 has a very narrow peak separation of 220kms™! (sug-
gestive of a high LyC escape fraction of ~30%; Verhamme et al.
2017; Izotov et al. 2018) and the only double-peak that has been
confirmed by multiple instruments (Keck/DEIMOS, Hu et al.
2016; VLT/X-shooter, Matthee et al. 2018). However, with only
the Lya line detected, the systemic redshift was uncertain,
allowing alternative explanations for the particular shape of the
Lya profile, such as a merger (see Matthee et al. 2018, for a
discussion).

Besides using these systems to infer their LyC escape frac-
tion from the Ly peak separation, these lines are also suited to
probe the sizes of the ionized regions around these galaxies (e.g.,
Hu et al. 2016; Matthee et al. 2018; Mason & Gronke 2020).
However, sight-lines that allow the detection of double peaks
such as the one observed in COLA1 appear extremely rare in
hydrodynamical radiative transfer reionization simulations, vir-
tually non existent for luminous galaxies at z ~ 7 (Gronke et al.
2021). Therefore, an immediate question that arises is whether
such a galaxy resides in a peculiarly large over-density of galax-
ies, similar to other high-redshift Ly« lines (e.g., Witstok et al.
2024).

To measure the systemic redshift and ionizing output of the
COLAL1 galaxy, together with directly probing galaxies in its
environment, we will present results from a survey of COLAI
and its field with JWST/NIRCam imaging and grism Wide Field
Slitless Spectroscopy (WFSS) based on a Cycle 1 program (PID
1933, PIs Matthee & Naidu). We observe with the F356W fil-
ter, which simultaneously probes the key diagnostic lines Hy,
Hp and the [O11] doublet for the bright COLA1 galaxy, and
(primarily) the strong [O 1] doublet in the ~10 cMpc environ-
ment from z = 5.3-6.9. The sensitive imaging in the short-
wavelength at 1-2 micron probes the rest-frame UV light of
the identified galaxies. The rationale behind our survey design
is that the typical strong rest-frame optical emission lines, indi-
cated from Spitzer/IRAC photometry (e.g., Raiter et al. 2010;
Labbé et al. 2013; de Barros et al. 2014), would facilitate the
direct identification of the galaxies in the environment using the
NIRCam grism data. Indeed, spectroscopic observations of large
samples of distant galaxies confirm that the strong rest-frame
optical lines are common (e.g., Atek et al. 2023; Cameron et al.
2023b; Fujimoto et al. 2023; Matthee et al. 2023; Oesch et al.
2023; Windhorst et al. 2023). The relatively high resolution of
the NIRCam grism, combined with the relatively featureless
observed continuum of the major source of light contamination
from galaxies at z ~ 1-2, can indeed be exploited to obtain large
samples of spectroscopically selected galaxies with redshifts as
accurate as ~50kms™! (e.g., Kashino et al. 2023).

In Sect. 2 we describe the observational data used in this
work. In Sect. 3 we detail the [OIII] emitter selection method,
the procedures used to extract the line fluxes of the sample, the
accuracy of the redshift measurement of COLA1 and we intro-
duce mock catalogs of the field. In Sect. 4 we describe the mea-
sured UV properties and optical emission lines of COLA1 and
we investigate COLAL1 in the context of the full [O 1] sam-
ple, making use of mock observations. In Sect. 6 we discuss the
results, and compare COLAL1 to other LyC leakers in the litera-
ture. Finally, in Sect. 7 we summarize the contents of this work.

Throughout this work we use a ACDM cosmology as
described by Planck18 (Planck Collaboration VI 2020), with
Qp = 0.69, Qy = 0.31, and Hy = 67.7kms ™! Mpc~!. All pho-
tometric magnitudes are given in the AB system (Oke & Gunn
1983).
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Fig. 1. Top: false-color JWST NIRCam image of the COLA1 field (C1F) coverage based on the F115W/F200W/F356W images. The vertical and
horizontal axes represent the angular separation relative to COLA1, which is located in the center of the middle tile. Bottom: slice of the error
cube of the CIF in the horizontal direction of the top panel. This illustrates how the field of view depends on wavelength, and that it is maximal
around 3.8 um, which is the undispersed wavelength of the NIRCam grism. We note that the [O I11] doublet at the COLA1 redshift falls exactly at
this wavelength. The units are relative to the minimum flux error across the field.

2. Data
2.1. JWST/NIRCam

2.1.1. Observations

We use imaging and Wide Field Slitless Spectroscopy (WFSS)
with NIRCam targeting a mosaic centered around COLALI
through JWST program 1933 (PIs Matthee & Naidu). Obser-
vations were performed on January 6 and 7, 2023. The cov-
erage consists of four visits in a 2 X 2 mosaic with a position
angle of 295 deg, which yields three slightly separated regions
of 2.5" x 2.8’. The total area of the COLA1 field (hereafter C1F)
is 21 arcmin?, shown in top panel of Fig. 1.

We use GrismR, which disperses spectra in the horizon-
tal direction of the detectors, in opposite directions for mod-
ules A and B. This is similar to the strategy employed by the
EIGER survey (Kashino et al. 2023), albeit here maximizing the
area with cross-dispersed coverage at the expense of gaps. The
central 1.5” X 2.6” are covered by four visits. Another area of
11.4 arcmin? is covered by two visits and one of 6.2 arcmin? by
a single visit. Grism spectroscopy inherently obtains a 2D spec-
trum for every source in the field of view, without target prese-
lection. However, due to this extensive coverage, the spectra are
prone to be contaminated due to blending of spectra from differ-
ent sources, and the background is also dispersed, adding noise.

The F356W filter (1 ~ 3.1-4.0 um) is used in combination
with the grism to mainly cover redshifted HB + [O1I1I] lines at
z = 5.5-6.9 and to cover Hy at z > 6.3 (including the redshift
of COLAL1). The spatial limits of the detector in the spectral dis-
persion directions of grism modules A and B define the regions
of the field where it is possible to observe the H5+ [O1II] at a
given redshift (see bottom panel of Fig. 1). The central region
uniquely has grism spectra in both grism modules, facilitating
contamination and confusion removal, in addition to allowing
for deeper WFSS data. In a very similar manner to Kashino et al.
(2023), we use the [O 1] 49605008 doublet for source identi-
fication in the grism data. The fixed peak separation of the
[O111] doublet, in combination with its intrinsic flux ratio of
[O 1] 35008/[O 1] 14960 = 2.98, makes this doublet ideal to per-
form this task. The [O III] doublet often appears as a triplet with
Hp (14863), allowing for an even more secure source identifica-
tion in those cases.

Simultaneously with the deep grism exposures, we obtain
imaging data in the F715W and F200W filters in the same part of
the sky. Direct and out of field images are taken using the F150W
and F356W filters to facilitate the identification of all spectral
traces on the grism data. The total spectroscopic on sky integra-
tion time ranges from 8.5 to 34 ks for the F356W/GrismR data,
depending on the position in the observed field and according to
the number of visits as described above. The F115W and F200W
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imaging was equal to 42 and 58% of the F356W/GrismR expo-
sure time, respectively. Direct and out of field images amount to
1.5-6 ks of exposure time in the F150W and F356W imaging.

For data rate considerations, we chose 3/4 groups/Int
MediumS8 for grism and 3 groups/int Deep8 for direct imaging.
This led to a significant number of cosmic ray hits that are espe-
cially challenging to filter out in regions of the imaging with few
exposures.

2.1.2. Data reduction and quality

The NIRCam imaging and WESS data were reduced using the
jwst pipeline v-1.11.0', using CRDS version 11.16.20 and
the jwst_1097.pmap context, with modifications developed for
the EIGER survey (Kashino et al. 2023).

For the imaging data, we first use the standard Detectorl
and Image2 steps and then align the images to the astrometry
from stars and spherically symmetric objects (i.e., whose cen-
troid is unambiguously defined in our high resolution images)
in the COSMOS2020 catalog (Weaver et al. 2022), which has
been aligned to GAIA. We use this indirect method as only few
GAIA-detected stars are present in our NIRCam images. By cre-
ating source-masked pixel-based median stacks of the imaging in
a specific filter/module/camera combination, we subtract the sky
and stray-light features (so-called wisps). Cosmic-ray related
artefacts (snowballs) are masked following Merlin et al. (2022).
The 1/f read noise in our imaging data is subtracted using the
median sky in quarter rows, columns and in the four amplifiers,
respectively. Finally, images are combined with Image3 to a
common grid with pixel scale of 0.03".

For our full source catalog, we use the F356W image as
detection image. The SW images are convolved (assuming the
point spread functions, PSFs, of webbpsf) to match the F356W
PSF. Aperture-matched photometry is measured with Kron aper-
tures, see Kashino et al. (2023) for details. The method from
Finkelstein et al. (2022) is used to derive errors on the photome-
try. We derive the relation between blank sky variation and local
variance for various aperture sizes, and for each object apply the
derived scaling. We measure a typical (deepest) 5 sigma point-
source sensitivity of 27.7 (28.5), 27.4 (28.1), 28.4 (29.0), 28.2
(28.9) in F115W, FI150W, F200W and F356W, respectively. The
deepest sensitivity by design is in the central region in Fig. 1,
where COLAL1 is located.

For the WFSS data, we also use a combination of the jwst
pipeline (version 1.11.0) and specific modifications developed in
the context of the EIGER project. As detailed in Kashino et al.
(2023), we first process each exposure with the Detectorl step
and assign an initial WCS using Spec2. The images are flat-
fielded using Image2 and we remove the sky background by
subtracting the median value in each column. We then split
this so-called ‘SCI’ image in an emission-line (‘EMLINE’) and
continuum component. The continuum emission in each row is
obtained by calculating a running median in the dispersion direc-
tion. The median is calculated within a kernel that has a hole in
the center not to over-subtract lines themselves. The continuum
image is then used to create the emission-line map. The pro-
cess is run in two iterations. After the first iteration, emission-
lines are detected in the emission-line map with source-extractor,
and then masked in the second iteration to create the continuum
image.

Finally, we obtain relative astrometry offsets between the
astrometry of each grism exposure and the final image stack by

I https://github.com/spacetelescope/jwst
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using the F200W images that are taken simultaneously with each
of the grism images. We carefully selected a combination of stars
and galaxies with low apparent ellipticity, with steep light pro-
files and derived small astrometric corrections for each exposure.
The good alignment of the spectrum of COLA1 (Fig. 2) in the
two modules, each a combination of observations spanning two
independent visits, validates the astrometric corrections. The 50
line-flux sensitivity of the grism data ranges from 0.7-1.5x 1078
ergs~! cm™2, but varies with wavelength and position as illus-
trated in the bottom panel of Fig. 1.

2.2. VLT/X-shooter

We also present an updated VLT/X-shooter spectrum of COLA1
covering the Lyman-« line in the VIS arm. The observations
(from ESO programs 100.A-0213 and 102.A-0652) and data
reduction are described in detail in Matthee et al. (2021). The
total exposure time constitutes 13.2ks, which is a factor 1.8
longer than the data used to obtain the spectrum presented in
Matthee et al. (2018). The spectral resolution is R = 4100.

3. Methods

In this section, first we describe the methods used to identify the
[O 1] emitter sample in the field (Sect. 3.1), and measure line
fluxes and systemic redshifts from the grism data (Sects. 3.2 and
3.3). Secondly, we describe the SED modeling code used to infer
properties of the sample from the photometric and spectroscopic
data (Sect. 3.4). Finally we introduce mock catalogs of the field,
employed to characterize the environment of COLA1 (Sect. 3.5).

3.1. [On] doublet identification

The WFSS technique yields a spectrum for all the objects in the
spectroscopic field of view that is shown in Fig. 1. We extracted
2D spectra from the GrismR (SCI, EMLINE and CONT) images
for the sample of all F356W detected sources (following the so-
called “forward” method outlined in Kashino et al. 2023). This
sample typically contains sources down to a F356W magnitude
of 28 but extends to magnitude of 29.5 in the deepest areas.
We ran SExtractor (Bertin & Arnouts 1996) on each coadded
EMLINE 2D spectrum to identify pairs of emission lines, regard-
less of any photometric preselection apart from detection. Then,
we selected an initial [O1II] doublet candidate sample by iden-
tifying pairs of lines with S/N > 3, with wavelengths that could
be compatible with [O ] 496045008 at 2 = 5.33-6.93, with a
maximum offset of 3 pixels (0.09”) in the spatial centroid (i.e.,
perpendicular to the spectral direction). We required a peak sep-
aration for the [O1I] doublet according to the initial redshift
solution, within a 15 A tolerance. The theoretical line flux ratio
of the [O 1] doublet is fiso0s/ fia960 = 2.98 (Storey & Zeippen
2000), and therefore we conservatively imposed a line flux ratio
of 1.2 < fis5008/ faao60 < 6. This search produced an initial sam-
ple of 3221 candidates.

The parameters used for the search of this preliminary cata-
log are very tolerant to enable the identification of sources with
complex morphologies, for which the centroiding of the multi-
ple lines may be quite uncertain. This leads to a complete yet
highly contaminated sample. The major sources of contamina-
tion are lines that appear in the spectra as false detections (cos-
mic rays, due to the low data rate settings, and diffraction spikes
in the imaging data), pairs of lines from different galaxies that
lay in the same grism spectral axis as the real source of the
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Fig. 2. 2D grism spectrum of COLA1 in the regions where the most luminous lines are visible. The three rows of panels on the left side of the
figure contain the EMLINE fluxes of modules A and B, as well as the average flux of both modules. The x axis shows the rest-frame wavelength
assuming a redshift of z = 6.59165. The right panel displays the false-color NIRCam image of COLA1, oriented with our position angle of
295 deg. We note that the blue extended ‘tail’ is a B-band detected foreground contaminant at z < 2.5 (see Appendix B; see also Matthee et al.

2018).

emission-lines, line doublets other than [OT1] (i.e., HB +
[O111] j4960) that assigned to the wrong object, and residuals from
our continuum filtering in the spectra of stars and very bright
galaxies. We perform visual inspection of all 3221 doublet can-
didates in the catalog to obtain a clean sample of 144 [O 11I] dou-
blets.

Some of our candidates are multiple-component systems that
are sometimes blended into a single catalog entry, sometimes
not (see Fig. C.1 for some examples). Following Matthee et al.
(2023), we define a ‘system’ as a group of two or more galax-
ies with a projected separation smaller than 2" and an absolute
redshift difference of Az < 1000kms~!. In such systems, the
measured line flux of each single component is possibly contam-
inated by their companions. Moreover, whether the components
of systems can disentangled or not is an effect of our arbitrary
line of sight to the system a the spatial resolution of the images.
We find three such systems within our list of galaxies. We define
the main component of each system as the brightest galaxy in
F356W, and add the photometry and line fluxes of their com-
panion to the main component in the catalog. The companions
are then removed from our galaxy catalog, and the systems are
regarded as single objects, leaving a sample of 141 [OIT] emit-
ters. Among this sample, 40 objects (~30%) have a measurement
of HB flux with S/N > 3 (13 with S/N > 5).

A complete list of all the selected sources is found in
Table A.1, and some examples of their grism spectra are shown
in Appendix C. In order to carry out this task, we created inspec-
tion images similar to Fig. 2. Two of the authors (ATT, JM)
agreed on the final sample. In order to visually select our can-
didates, both peaks of the [OIIT] doublet must be present in the
available grism modules. The shape of these emission lines must
not substantially differ from the morphology seen in the detec-
tion image, nor between modules. It has to be taken into account
that, since modules A and B disperse photons in opposite direc-
tions, the transverse spatial component is mirrored between
modules in our extraction method. Also, both peaks of the dou-
blet must not be significantly misaligned in the spatial direction,
nor with the detection image. Additionally, color is another use-
ful indicator for identifying contaminants. In the color represen-

tation we chose, [OTII] emitters present red-purple colors, as a
result of typically blue colors in F115W — F200W (i.e., their UV
continuum), and [O III] -boosted red colors in F200W — F356W.
Sometimes an [O 11T] doublet is assigned to more than one object,
due to the intrinsic degeneracy of the grism wavelength solu-
tion — galaxies that line up along the dispersion direction end up
with emission lines in the same row. In those cases we assign the
correct object matching the morphologies of the grism emission
lines and photometric image.

3.2. Redshift and line fluxes measurements

In order to measure the line fluxes and redshifts, we extract the
1D spectra of the candidates. We use the [O IIT] 3500g line to trace
the morphology of each object, as it is the most luminous emis-
sion line in our range. First, we select regions in the grism 2D
EMLINE spectra containing the [OTII] 5003 line, and integrate
them along the wavelength direction, for both modules A and B,
whenever they are available. Then, we fit the spatial profile of
the [OT1II] ;5003 emission with a single Gaussian for most cases,
and double or triple Gaussian components for a few objects that
present multiple clumps compatible with [O III] emission at the
given redshift. Finally, we optimally extract the 2D spectra with
the shape derived from the Gaussian fit to obtain the 1D spec-
trum of each candidate (Horne 1986).

The next step is to obtain precise redshifts for each candidate
from the [O 111] doublets. We use Gaussian profiles to fit the line-
profiles doublets from the 1D spectra. For these fits, we use a flat
prior for the redshift with 6z = +0.02 around the redshift solution
given by the candidate selection pipeline. The fitted function is
a double component Gaussian for which we impose a fixed peak
separation of (5008.24 — 4960.295) x (1 + z) A, corresponding
to the expected observed wavelengths of the [O III] doublet. The
normalization of the 15008 and 14960 Gaussian components is
initialized with a ratio of 2.98:1, with a fudge factor f to allow
uncertainties, for which we use a flat prior, f € [0.5,2]. We
extract the redshift for each candidate from the best fit.

Lastly, we measure the line fluxes. We fit individual Gaus-
sian profiles to [O ] 15008, [O 1] 14960 and HB. We use narrow
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Fig. 3. Gaussian line fits (blue line) to the extracted 1D COLA1 spec-
trum (black line) for [O IIT] 15008, [O IIT] 14960, HgB, [O 111] 14364 and Hy. We
show the results for module A and B separately. The 10 noise level
of the 1D spectrum is represented as the blue shaded region around
the zero level. The dashed red lines represent the average flux between
modules A and B.

flat priors for the observed wavelengths of each line, based on
the redshifts extracted from the [O I1T] doublets. In the particular
case of COLAI1, we also measure fluxes of the [OIII] 4364 and
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Table 1. Measured redshifts, fluxes and S/N of various emission-lines
from COLA1 in our NIRCam WEFSS data.

Line Module A Module B

Redshift Flux® S/N  Redshift Flux® S/N
[OnI] 5008 6.59160 24.60 452 6.59042 26.75 484
[OT] 960 6.59166  8.68 38.2 6.59014 8.29 242
Hp 6.59166 394 195 6.58979 426 164
[O1IM] 14364 - 0.84 2.7 - 0.67 1.8
Hy - 1.79 64 - 2.45 8.0

Notes. ®Flux units are 1078 ergs™ cm™2.

Hy, due to their exceptional S/N, as detailed in Sect. 3.3 below.
Throughout this work, we use the average flux from the mea-
surements of modules A and B (a single measurement is used
for those sources where only one module is available).

3.3. Redshift calibration

In grism 2D spectra, there is an intrinsic degeneracy between
the spatial position and the dispersed wavelength of the emis-
sion lines. Due to that, the accuracy of the astrometric align-
ment and the grism trace model directly affect the redshift mea-
surement. While an absolute verification of the wavelength solu-
tion is not possible without independent redshift measurements,
we compared the redshifts measured in modules A and B, for
all 24 objects in our [OI]-emitter catalog that are detected
in both modules. This subsample presents a median offset of
ZmodA —ZmodB = 0.0016+0.0018, which is comparable to the red-
shift estimates difference of COLA1 between both grism mod-

. _COLA1 _ _COLAl _
ules: Zmodh modB . = 0.0012.

We fit independent Gaussian profiles for all the detected lines
of COLAT: [O 1] 15008, [O IIT] 14960, Hg , [O1T] 34364 and Hy, in
the separate module A and B data. In Fig. 3, we show the fits
for every detected emission line detected in COLAI spectra.
The fluxes and S/N for all these lines in COLA1’s spectrum are
listed in Table 1. Our integration times were planned to ensure
a Hy detection with a S/N ~ 5 (based on the Ly escape frac-
tion estimated following Sobral & Matthee 2019). This goal has
been reached. Remarkably, we also detect [O 1] 14364 With S/N
~ 3, combining grism modules A and B. In Table 1 we also
show the measured redshifts for the three highest S/N lines. In
the case of module A, the measured redshift for both lines of the
[O111] doublet and HB are in great agreement, with an average
of z = 6.59165 (weighted by the inverse squared error of the
line flux). This redshift is in line with the systemic redshift of
the Lya line estimated from the center of the two Ly« peaks in
the VLT/X-shooter data (see Fig. 4, zsys = 6.591; Matthee et al.

2018). In module B we obtain an average redshift of z = 6.58997
for the three high S/N lines. This value is slightly lower to mod-
ule A, which is consistent with the above mentioned systematic
redshift difference between modules. Moreover, the measured
redshift for these three lines in module B decreases with the
wavelength of the emission line (z,5008 > Za4960 > Za4863)- This
can be explained by a small systematic calibration error in the
astrometry or wavelength solution of module B in our grism data.
As a consequence of this, the redshifts measured by module B
might be slightly underestimated. Hereafter, we adopt the aver-
age redshift measured in module A (z = 6.59165) as the fiducial
COLAI1 redshift.



Torralba-Torregrosa, A., et al.: A&A, 689, A44 (2024)

Rest-frame wavelength [A]

1214 1215 1216 1217 1218
st Grism line centroids i : |
'T — [O1II]\s008 ! I :
=T, [OI11] r4960 1|
T 6r— HS o 1
E === Module A I ! 1
© — .= Module B T
| 4r . 1
n 1
o0 1
g I
~ 2 1 J
<5 1
=, 0 e I-I [l
. TF &
E wen I
= ™y
9} S i
R || R

-500 -400 -300 -200 -100 0 100 200 300 400 500 600
Av [kms™!]

Fig. 4. Ly« profile of COLA1 obtained from the VLT/X-shooter UV
spectrum. We assume a systemic redshift of z = 6.59165, the aver-
age redshift measured in the NIRCam grism data in module A. The
dashed (dot-dashed) color lines mark the position of the systemic Lya
wavelength suggested by the redshifts obtained from the centroids of
[O 1] 15008, [OT1T] 14960 and HB lines in module A (module B) of the
WESS data. For module A the variation in the horizontal direction is
lower than the width of the marker lines.

3.4. SED modeling

We performed spectrophotometric SED fitting of all the
[OmI] emitters in our sample using the Prospector code
(Johnson et al. 2021), including nebular emission and nebu-
lar continuum implemented via Cloudy (Ferland et al. 1998,
2013; Byler et al. 2017) and FSPS (Conroy et al. 2009, 2010;
Conroy & Gunn 2010) with the MIST stellar models (Choi et al.
2017). We follow the setup described in Naidu et al. (2022b),
which in turn is adapted from Tacchella et al. (2022). We fit
the F115W, F150W, F200W and F356W photometric fluxes, as
well as HB and [O111] 15008 4960 line-fluxes simultaneously. The
free parameters in the model include seven bins for the non-
parametric star-formation history, with the first two being fixed
to 0-5Myr and 5-10 Myr (e.g., Tacchella et al. 2023), and the
remaining logarithmically spaced out to z = 20. The other
free parameters capture the total stellar mass formed, the stellar
metallicity, the gas-phase metallicity, dust attenuation (a screen
and an additional component for young stars), and the ionization
parameter. We assume a Chabrier (2003) initial mass function,
with a 150 M, cutoff.

Figure 5 shows the best-fit spectrum, the predicted photom-
etry, and draws from the posterior that are compared to the
observed data. The model predicts a best-fitting UV slope of
Buv = —2.23 £ 0.05, which is at odds with the UV photometry
that shows a peculiar “U” shape where the F150W flux lies below
F115W and F200W (see Sect. 4.3). Keeping in mind that signifi-
cant LyC leakage is at play, we fit a model with additional param-
eters that capture the escape fraction (Conroy & Kratter 2012).
In particular, a fraction of OB stars (uniform prior between
0 and 100%) is allowed to shine through the birth-cloud and
dust-screen entirely unimpeded, which mimics “escape through
holes;” in other words, an ionization-bounded nebula (e.g., Fig.
1 in Zackrisson et al. 2013). The predicted escape fraction from
this fit is fesc(LyC) = 33 % 8%. This high of fi.(LyC) is in
agreement with the values obtained through different observa-
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Fig. 5. Best-fit Prospector spectral energy distribution for COLA1
(gray line) and all models allowed within 1o (gray shaded regions).
The errors of the observed photometry are increased by a factor three for
visual clarity. The code fails to reproduce the steep blue slope seen in the
observed F115W-F150W color. The predicted F356W flux is also lower
than observed, causing a slight underestimate the EW of the optical lines

[O 1] +HB.

tional estimators in Sect. 4.5 below. However, due to the sparse
data, we note the quality of our fit is effectively indistinguishable
from a fit assuming f.,c = 0 and we defer investigation of this
issue to future work, in particular when more photometric bands
are available. This exploration highlights how COLA1 provides
a unique test case, directly in the EoR, to hone estimators of LyC
f;:sc-

COLA1 shows an average EW([O11I] + H3) when com-
pared with [OII]-selected galaxies in the EIGER sample
(Matthee et al. 2023). Using the grism fluxes of the [O 1] + HB
lines and subtracting them from the F356W photometry to
get a direct estimation of the continuum we get a value of
EWo([O 1] + HB) = 875+5 A, which is very consistent, with the
Prospector prediction of EWo([O111] + HB) = 87020 A. The

fitted stellar mass is log,((M./My) = 9.93f8:8(7), but we note that
these errors may be underestimated as they are partly bounded by
the range in models that are included in Prospector. For exam-
ple, if we would allow more recent and or exotic models, such as
new implementations of binary star physics (Lecroq et al. 2024)
or a top heavy initial mass function (e.g., Cameron et al. 2023a),
it may well be possible that a somewhat lower stellar mass and

star formation rate is required to reproduce COLA1s spectrum.

3.5. Galaxy mock catalogs in the COLAT1 Field

In order to identify and quantify over-densities of the detected
[OmI] emitters in our data (shown in Fig. 6), we need to
account for the selection function. As illustrated in Fig. 1, the
field of view and sensitivity are both nontrivially dependent
on wavelength. Moreover, another obvious factor in our selec-
tion function is that we targeted JWST to center on the bright
galaxy COLAL1. Because of these complications, we compare
our observed distribution of galaxies to detailed mock observed
samples of [O II1] emitters that are derived by forward-modeling
simulations through our selection function (i.e., the error cube
that is illustrated in bottom panel of Fig. 1). This methodology
has been developed by Mackenzie et al. (in prep.) in the context
of understanding the environments of luminous quasars in the
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EIGER survey (see also Eilers et al. 2024), but is easily applica-
ble to our survey.
As detailed in Mackenzie et al. (in prep.), large N-body

simulations are combined with the UNIVERSEMACHINE model
(Behroozi et al. 2019) to obtain the SFR of each simulated halo.
Then, by matching the rank order of the SFR and the [O1I]
luminosity (the property on which we select galaxies), one
can derive an empirical description to obtain the [OTII] lumi-
nosity of each simulated halo that is calibrated to match the
observed [OTI] luminosity function at z =~ 6. The observed
[O 1] luminosity function is an updated version of the one pre-
sented in Matthee et al. (2023), with minor changes. Since the
clustering strength and the [O 1] to UV luminosity relations
of the simulated galaxies match the observed counterparts, this
method seems to place the right galaxies in the right halos. The
method is applied to the Uchuu (Ishiyama et al. 2021) dark mat-
ter only simulation. The Uchuu simulation is among the largest,
2 Gpc/h)3, and therefore contains the rarest structures and large
samples of halos hosting galaxies like COLA1, at the expense of
resolution (i.e., it only resolves galaxies with [O IIT] luminosity
above 10*? ergs™!, which is well above our sensitivity thresh-
old). The median value of the halo mass for galaxies that are
detected in the mocks is log,y(Mhao/Mo) = 10.8f8§.

Mock samples of [O IIT] emitters can be drawn from this sim-
ulation by first translating the error cube to a completeness cube,
which is based on an empirically derived relation between the
input S/N of the [O1I]4960 line and the completeness measured
from injection experiments (Mackenzie et al. in prep). Then, the
center of our observations is placed either in random locations
of the simulations (so called ‘random mocks’), or on specif-
ically chosen locations that center on a galaxy with a similar
UV or [O 1] luminosity as COLA1 (Myy = —21.2 to —21.4, or
Liow = 104202 erg s1) and similar redshift (z = 6.57-6.61),
so called ‘C1F mocks’. The random mocks are useful to under-
stand any structure that we identified in the (independent) fore-
ground or background of COLAI, as it incorporates realistic
galaxy clustering, unlike galaxy samples that are purely ran-
domly distributed following our completeness cube. The C1F
mocks are useful to address whether the over-density around
COLAL1 is particularly special compared to galaxies with sim-
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Fig. 7. Distribution of [O1Il], 5003 luminosity and UV absolute mag-
nitude of the Uchuu mocks and C1F. The black, pink and green his-
tograms represent the distributions in Uchuu with random directions
and centered in objects with similar Loy and Myy to COLAL, respec-
tively. The dashed histograms represent all the objects in the field, and
the solid ones only the detected objects. The bins of the three versions of
the mock are slightly shifted for visual clarity. The solid gray histograms
represent the distributions of the C1F [O11I] emitters. The distributions
of C1F match the ones of the Uchuu mocks, after running the detection
algorithm.

ilar luminosities, which may be the case because of the specific
Lya double-peak selection.

In total, we draw 1000 mock galaxy samples (of each type)
from the Uchuu simulations (stochastically accounting for the
completeness function), which is the maximum number of fully
independent mocks. As a validation of the mocks, we show that
the distributions of [O II] luminosity and UV magnitude of the
objects in the Uchuu mocks match relatively well the observed
distributions in our sample (Fig. 7). This means that the [O 1]
LF and the [O1II]-Myy relation in the mocks, the EIGER and
CI1F data-sets are consistent with each other. Generally, these
distributions appear to be independent of the pointing direction
choice (i.e., whether the mock is centering in a random position
or towards a COLA 1-like object).

We compare the redshift distribution of our sample of 141
[O 1] emitters with the mocks described above. Due to resolu-
tion limitations of the Uchuu simulation, we compare the distri-
bution of objects in our catalog with [OIII] luminosity greater
than 10*? erg s~! with the average number of detected objects in
the mocks. The peaks in the light gray histogram of Fig. 6 that
are higher than the average number of detections in the mocks
are over-densities. There is a peak of galaxies around the redshift
of COLA1: we find 6 objects with z = 6.60 + 0.02 in the sample,
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including COLAL1 itself (4 objects if we limit the sample to
Liom > 10”2 ergs™; 6+ 1 = 1.96)°. Interestingly, we find much
more significant and stronger over-densities at other redshifts in
the C1F (e.g., at z = 6.74, 6.14, 5.86, 5.78, 5.46, 5.38 (+0.02),
with § + 1 = 4.6, 3.2, 4.5, 4.3, 4.5, 11.0, respectively). We
analyze the over-density around COLA1 in detail in Section 5.

4. The properties of COLA1: all signs of a luminous
Lyman Continuum leaker

In this section, we focus on the properties of COLA1 based on
our JWST data, and previous Ly« data that can now be better
interpreted. We confirm the double-peak nature of the Ly« line
from the systemic redshift (Sect. 4.1), study the ISM conditions
from the optical emission line measurements (Sect. 4.2) and the
UV properties (Sect. 4.3); we estimate the star-formation rate
and surface density (Sect. 4.4), and the escape fraction of Lya
and LyC (Sect. 4.5). We also investigate all other [OIII] emit-
ters in our dataset, with the intention to compare COLA1 with
the galaxies in its environment, and quantify how special it is
in comparison with these objects. Table 2 summarizes the main
properties of COLAL.

4.1. Confirmation of the Lya systemic redshift

Cosmological radiation hydrodynamical reionization simula-
tions predict a typical negligible transmission of the Lya blue
peak for z > 6 (e.g., Weinberger et al. 2018; Gronke et al. 2021).
Hence, the presence of a strong blue peak at z ~ 6.6 is very
unlikely. The Lya profile of COLA1 is shown in Fig. 4. The
main hypothesis described in Matthee et al. (2018) suggests that
COLAL is located in a highly ionized region (see also Hu et al.
2016; Mason & Gronke 2020), with a large enough size for the
Lya photons to be redshifted out of resonance before reaching
a relatively neutral IGM that would scatter them. Our measured
systemic redshift using HB and [O1II] unambiguously confirm
that the observed Lya profile is indeed a classic double-peaked
Lya line, with the systemic redshift in between the two peaks
(e.g., Verhamme et al. 2006; Gronke et al. 2015).

4.2. Interstellar medium conditions from optical emission
lines

The detection of the Balmer lines HB and Hy permit to directly
estimate the spectral attenuation due to dust. Assuming an intrin-
sic ratio of Hy/HB = 0.47 (Miller 1974), we measure E(B—-V) =
0.00*005 for COLA1 (Hy/HB = 0.52 + 0.05), whereas the value
for the stack of the EIGER [O1II] emitter sample at z > 6.25
is E(B—V) = 0.147019, for comparison (Matthee et al. 2023).
Following a standard Cardelli et al. (1989) nebular attenuation
curve (see also Reddy et al. 2020) leads to negligible dust atten-
uation in COLAI.

Combining the [OT1I] 4364 fluxes of modules A and B we
obtain a >3c¢ detection of f([O ] 364) = (0.77 £ 0.24) x 1078
ergs~' cm™2. The detection of the [OTI] 4364 line in COLALI
allows for a direct measurement of the electron temperature,
based on the [OIII]4364/[O II] 15008 ratio. For this we use the
PyNeb Python package (Luridiana et al. 2015). For estimating
the temperature, we assume an electron number density of n, =

300cm™ (e.g., Curti et al. 2023). We obtain T, = 1.7f8:‘31 x10*K

2 §+1 = N/(N), where N number of detected objects in C1F in a given
redshift interval, and (N) the average number of detected objects in the
mocks.

Table 2. The physical properties of COLAI.

Property Value

o 6.59165
10g;o(&ion0/Hz erg™)" 25.451004
Jese(Lya)'? 81+ 5%

“ 0.0
Myy ~21.35°007
ALy 32404
o 0004
Te(g) 17t8% X 104 K
EWo([O 1] +HB)" 870+%0
12 + log; (O/H); 7.887033
Riy <0.26 kpc
g A %6y Moyt
SFRo(HB) 10.175% Mo yr™!
log,o(Zsrr /Mo yr~ kpe 2)(UV)™  >1.31

log,o(Zsrr /Mo yr~ kpe H(HB )™ >1.36

Notes. @Redshift, ®ionizing photon production efficiency assuming
fose = 0, ©Lya escape fraction, ©1500 A absolute magnitude, ©power-
law slope at 1500 A, dust attenuation coefficient, @electron tempera-
ture, @[O0 1] + HB rest-frame equivalent width, Pdirect measurement
metallicity, ¥V F200W half-light radius, ®)star-formation rate assuming
Jese = 0 derived from Myy and Hp, respectively; (mmstar formation rate
surface density derived from both SFR indicators.

for COLA1. The measured 7. for COLAL1 is compatible with the
typical values for galaxies at similar redshifts in the literature
(e.g., Izotov et al. 2020; Matthee et al. 2023; Katz et al. 2023;
Nakajima et al. 2023; Hu et al. 2024).

We estimate the gas-phase metallicity of COLA1 from the
[O111] /Hp ratio following Pilyugin et al. (2006). Since there is
no direct measurement of any [OII] line, we assume a ratio
of [Om]/[On] = 8 + 3, based on empirical results (e.g.,
Reddy et al. 2018; Katz et al. 2023) and following Matthee et al.
(2023). We obtain 12 + log,;, (O/H) = 7.88f8§3. The obtained
metallicity is consistent with the average values observed in
galaxies at similar redshifts (e.g., Nakajima et al. 2023). Under
extreme ionization conditions, the [O 1]/[O 11] ratio can be much
higher; however, our metallicity estimation varies only slightly
(<0.1 dex) if assumed ratios as high as ~180 (e.g., Topping et al.
2024b).

4.3. Ultraviolet properties

The UV slope Buy, defined as the power-law slope of the
UV continuum at A, = 1500 A, is often used as a relevant
diagnostic to characterize the UV properties of galaxies (e.g.,
Wilkins et al. 2012, 2013). In our data, the F115W—-F150W
color can be employed to probe Byy using a simple power-law
fit}. This method yields Syv = —3.2 + 0.4 for COLA1, which is
steep compared to the rest of Myy-bright [OTII] emitters in C1F
(Fig. 8), and with the average value for z ~ 6 (Bouwens et al.
2014, further discussion in Sect. 6.1). The UV absolute magni-
tudes shown in Fig. 8 are computed extrapolating the best power-
law fit.

The ionizing photon production efficiency &jono can be
inferred from the measurement of HB as &g o = Lug/(cup - Lév),
with the Hp line coefficient cyg = 4.79 x 1073 erg, assuming

3 Atz =6.6, Ay 5004 = 11400 A,
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Fig. 8. Observed UV slope measured by fitting a power law spectrum
to the F115W and F150W photometry. The shown Myy is computed
from the best-fit used to obtain Syy. COLAI presents a steep slope in
comparison with other bright [O 11T] emitters in C1F. Only objects with
S/N > 5in FI115W and F150W are shown. We also compare with the
estimated average Syy in Bouwens et al. (2014) for LBGs at z ~ 6.
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Fig. 9. Ionizing photon production efficiency obtained from the Hg
fluxes. We compare the C1F [O111] emitters with the EIGER sample.
The blue solid line shows the running median of the C1F+EIGER sam-
ple. COLAL1 presents a significantly larger &no than the C1F+EIGER
median. Only objects with S/N(HB) > 3 are shown. The errors of the

COLA1 measurement are smaller than the marker size and the errors of
the EIGER sample are omitted for visual clarity.

case B recombination, electron temperature of ~10*K and zero
escape fraction of ionizing photons (Schaerer 2003). We obtain
log,(&iono/Hzerg™") = 25.45*995 for COLAI, assuming negli-
gible dust attenuation from the high Hy/Hg ratio. In Fig. 9 we
show that the estimated &, for COLAI is above the median val-

ues for similar UV magnitudes in the C1F+EIGER sample.

4.4. Star-formation rate and Xsgr

The star formation rate (SFR) can be inferred from the rela-
tion between the ionizing photon efficiency and the luminosity
of Ha (or alternatively HB), and from the UV luminosity L, yy.
From Table 2 in Theios et al. (2019) we use conversion factors
of 104178 and 10%! ergs™!/Mg yr~! for Ly, and vL,yv, respec-
tively. which are appropriate for the ionizing photon efficiencies
of the stellar populations in high-redshift galaxies. We obtain
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SFRy(HB) = 10.1’:8:2 My yr~! and SFRy(UV) = 9.6:’('):2 Mgyyr ',
The median SFRy(HS ) and SFRy(UV) of the complete C1F sam-
ple are Sﬁ and 33 My yr~!, respectively (4J:Z and 4’:2 Myyr!
if we limit the sample to S/N(Hg) > 3).

The star-formation rate surface density is usually defined as

YSFR = S;;E/ 2 where Ryy is the effective UV half-light radius
uv

of the galaxy (e.g., Naidu et al. 2020). In order to measure
the effective radius of the C1F objects, we run SExtractor
on the F200W image to obtain fwhm_world. Then, we stack
15 visually selected luminous stars, and fit a 2D Gaussian to
the stack to estimate the average PSF full width at half max-
imum (FWHM). Finally we estimate the intrinsic FWHM as
FHWM;, = FHWMZ, - FHWMZ,,, valid for FHWMZ, >
FHWM?,,. We compute the UV radius as the physical dis-
tance corresponding to FWHM;y, /2*. The median value for the
complete CIF sample is Ryvcip = 0.7°3 kpe. We find that
COLA1 is unresolved in the F200W image, with FWHM,,s =
0.094 arcsec, essentially indistinguishable from a stellar FWHM.
Hence the above approximation is not valid for COLA1. This
result only allows to set an upper bound to the UV size of
COLAL1 based on the stellar PSF, Ryv corar < 0.26 kpc. This
UV size is smaller than the Lya size measured in Matthee et al.
(2018), Rry, = 0.38 kpc, which is common in observed Ly«
emitters across a variety of redshifts (e.g., Leclercq et al. 2017).

The upper bound in UV radius of COLAIl leads to
a lower bound in the star-formation rate surface density,
log,o(Zsrr /Mo yr‘1 kpc’z) > 1.36 and >1.31, using SFRy(HpB)
and SFR((UV) conversions, respectively. These lower bounds
are considerably high compared to the respective median val-
ues for the C1F [OmI] emitters with with S/N(HB) > 3:
log,o(Zsrr/Mo yr~ kpc™) = 0.3*24 and 0.1794.

In Fig. 10 we show the star-formation surface density lower
bound measurements for COLA1 in comparison with the values
for the C1F [O111] emitters with S/N(HS) > 3. We compare our
measurements with the observed Xgpr in Shibuya et al. (2015).
For the other C1F objects we have used SFR scaling factors in
Theios et al. (2019) assuming a typical log,,&on = 25.3, and
dust attenuation correction corresponding to Hy/HS = 0.416 +
0.075, as observed in the EIGER [O 1] sample. COLA1 presents
a significantly higher Zgpgr than the rest of C1F objects albeit its
high &on 0 and negligible dust attenuation, both of those features
implying lower Myy or HB to SFR conversions.

4.5. Escape fraction of Lya and LyC photons

The Lyman-alpha escape fraction, fe.(Lya ) is defined as the
ratio between the observed Lya flux of a galaxy and the total Ly
produced. We estimate the f.i.(Lya) from the flux measurement
of HB. Assuming case B recombination and an electron temper-
ature of 10*K, Lya/Ha = 8.7, and Ha/HB = 2.86 (Osterbrock
1989). Hence, considering the measured average flux of HB in
grism modules A and B, and the Lya flux from Matthee et al.
(2018), we obtain fi.(Lya) = 81 + 5%. Here we have assumed
negligible dust attenuation (see Sect. 4.2). However, based on
simulations, Choustikov et al. (2024) argue that the Ly« escape
fractions estimated following this method are biased due to the
assumptions of dust attenuation law, fixed, constant Lya/Ha
ratio and ignoring collisional Ly« radiation. In particular, if con-
sidered that collisional emissivity contributes to ~25% of the

4 Here we assume that the light profile of COLAL is described by a
Gaussian (Sérsic profile with n = 1/2). However, the measurement of
the effective radius could vary under the assumption of different Sérsic
indices.
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Fig. 10. Star-formation rate surface density Zgpg of the CIF [O 1]
emitter sample. We show the values obtained by from SFR(UV) and
SFR(Hp) for every C1F object with S/N(HB) > 3. The points of C1F’s
SFR(Hp) are slightly shifted in the horizontal axis for clarity. We com-
pare our results with the best-fit in Shibuya et al. (2015), which assumes
SFR = 10 M, yr~' and a re-scaled version of the curve in Shibuya et al.
(2015) that corresponds to an average of SFR = 4 M, yr™!, as observed
in the C1F+EIGER sample. We also show Zggg for known LyC leakers
in the literature (Izotov et al. 2016; Vanzella et al. 2016, 2018, 2022;
Kerutt et al. 2024), for which we have estimated SFR(UV) with the
same calibration used for COLA1. For COLA1, we show lower limits
based on the upper limit of the UV half-light radius.

Lya radiation, the estimate of fis.(Ly ) is biased 0.1 dex (see
Choustikov et al. 2024, and references therein). Correcting for
this effect would lead to fesc(Lya) = 64 + 4%.

Several observational surveys and hydrodynamical simula-
tions in the literature have investigated the correlation between
the escape fraction of Lya and that of LyC photons (e.g.,
Verhamme et al. 2017). In Begley et al. (2024), a sample of 152
star forming galaxies with z = 4-5 is used to obtain a linear
dependence between fo.(LyC) and fisc(Lya) inferred from Ha
measurements assuming a Lya/Ha = 8.7 ratio. Using this rela-
tion we estimate, for COLA1, fesc(LyC) = 12+4%. In Maji et al.
(2022), hydrodynamical and radiative transfer simulations are
used to calibrate the same relation, suggesting fesc(LyC) =
56 + 7% (39 £ 5% if we correct for collisional Lya emission)
for COLAI. Similarly, Kimm et al. (2022) fitted a power-law
dependence from giant molecular cloud simulations, implying
Jese(LyC) =45 £ 10% (19 + 5% if we correct for collisional Lya
emission) for COLAI.

Empirically, the LyC escape fraction is correlated with the
peak separation of the Lya line (e.g., Izotov et al. 2018). The
peak separation of Av = 220 + 20kms~! observed in the
VLT/X-shooter spectrum suggests fec(LyC) = ZSféO% (see
Matthee et al. 2018). Furthermore, Naidu et al. (2020) used a
bayesian inference model to fit a power-law relation between the
LyC escape fraction and the star formation rate surface density,
Xser, from observational constrains of the reionization timeline
and the galaxy size evolution. Following this relation, we obtain
Jese(LyC) > 44%. Lastly, Chisholm et al. (2022) found a relation
between the UV slope and the LyC escape fraction, for a sample
of SFGs at z ~ 0.3 with Syy up to —2.5. We extrapolate their

Table 3. Indirect estimates of the LyC escape fraction of COLA1
derived from various empirical and theoretical methods.

Jese(LyC) Method Reference

28*1%% Ly« peak separation  Izotov et al. (2018)

12 + 4% fosc(Lya) Begley et al. (2024)
56 +7% Jese(Ly@) Maji et al. (2022)

45 + 10% Jese(Ly@) Kimm et al. (2022)

> 20% Jfeen(Lya@) Naidu et al. (2022a)

> 44% YSFR Naidu et al. (2020)
847217 %™ Buv Chisholm et al. (2022)

Notes. ("These estimates are subject to significant extrapolation from
the parent samples used to obtain the corresponding relations.

best fit to get fesc(LyC) = 84fég7%, hence a lower 1o limit of
Jese(LyC) > 20%.

The Lya central escape fraction (fen) is introduced in
Naidu et al. (2022a) as a diagnostic of LyC leakage, defined as
the fraction of Lya flux emitted within £100 kms™' from the
systemic Lya velocity. The Ly« central fraction traces the pres-
ence of low opacity channels that allow the direct escape of
Lya. From the Ly« spectrum of COLAL1 (see Fig. 4) we obtain
Jeen ® 25%. Recent radiative-transfer simulations have found
that sources with f., = 10% are more likely to be LyC leak-
ers (Choustikov et al. 2024). Direct comparison with the “High
Escape” stack in Naidu et al. (2022a) suggests fosc(LyC) > 20%.

All the f..(LyC) estimations for COLA1 are summarized in
Table 3. Apart from the calibration to the Lya escape fraction
from Begley et al. (2024)3, all estimates that are tied to COLA s
Ly emission indicate that it has a very high escape fraction of
ionizing photons.

5. The environment of COLA1: a normal
over-density for its UV and [O u] luminosity

During the EoR, galaxy over-densities are associated with
an increased Ly transmission (e.g., Endsley & Stark 2022;
Leonova et al. 2022; Kashino et al. 2023; Witstok et al. 2024),
as these over-densities are more likely to form ionized bub-
bles, according to simulations (Ocvirk et al. 2020; Hutter et al.
2021; Qin et al. 2022; Lu et al. 2023). As sight-lines that allow
for the detection of blue Lya photons at z > 6 are expected to
be extremely rare (e.g., Gronke et al. 2021), one could therefore
expect that galaxies that show a double-peaked Ly line are sur-
rounded by an unusually high over-density.

To address exactly this question, we analyzed the over-
density around COLA1 and compared it with results from mock
observations of a simulation, with the methodology we described
in Sect. 3.5. We identify five [OIII] emitters in our sample that
are close to COLA1 in redshift space (Az < 0.02; three of which
have Liony > 10* ergs™!). These galaxies are all considerably
fainter than COLA1, spanning UV luminosities Myy = —17.4 to
Myy = —19.3. Notably, as is shown in Fig. 11 the sky position
of all those objects fall within COLA1’s inferred ionized bub-
ble radius (Matthee et al. 2018; Mason & Gronke 2020), assum-
ing a spherically symmetrical bubble, meaning that they could
potentially be located within the spatial extent of the bubble. By

5 We note, however, that almost every object in the sample of
Begley et al. (2024) has fesc(Lya) < 50%, so our estimated LyC escape
fraction based on this calibration is subject to a significant extrapolation.
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Fig. 11. Projected sky positions of COLA1 and the other [O 1] emitters with z = zcoLa1 £ 0.02 in our sample (red circles). The size of the marker
is proportional to the total [O 1] flux of each source. The dashed line marks the estimated ionized bubble size (Mason & Gronke 2020), assuming
a spherically symmetric bubble. All the sources found in the environment of COLA1 have projected distances smaller than the bubble radius,
suggesting that they could be located inside the bubble. We show the 1D spectra of all the sources, in the observed wavelength range of the [O III]
doublet and HB. The blue shaded regions mark the 10~ confidence interval of the spectroscopic fluxes. False-color images and 2D grism spectra of

these sources can be found in Appendix C.

comparing the number of identified sources with the expecta-
tion from pure random mocks (Sect. 3.5), we find that COLA1
is located in a mild over-density (6 + 1 = 1.96). The typical halo
mass for galaxies in our mocks that are surrounded by a similar
number of galaxies as COLA1 is log,(Mhao/Mo) = 11.3.

In Fig. 12 we compare the number count in the C1F [O1II]
emitter sample at 6.58 < z < 6.62 (£0.02 around the redshift
of COLA1) with the number count probability distribution in
the mocks specifically designed to mimic our observing strat-
egy of centering on a UV-luminous galaxies. While the number
count of the C1F sample in this narrow redshift interval is at the
84th percentile of the pure random Uchuu mocks, the number of
detected galaxies in C1F around the redshift of COLAL1 is very
typical when comparing it to those in mocks centered around
galaxies with COLA1’s UV and [O IIT] luminosity.

This analysis shows that, while we do identify an over-
density around COLAL, its amplitude is typical for any galaxy
that is similarly UV bright at z ~ 6.5. Thus, there is no strong
indication that the detection of the double-peaked Ly« emission
is due to an exceptionally large over-density of galaxies. Also,
we remark that Fig. 12 shows that the possible number of neigh-
bors that one could detected around a similarly UV bright galaxy
with a similar emission-line survey on a field of ~21 arcmin?
has a wide distribution. This displays the wide variety of envi-
ronments that could host similarly UV bright (~1.5L*; see e.g.,
Bouwens et al. 2015) galaxies, and therefore stressing the impor-
tance of taking cosmic variance of the large scale structure into
account when interpreting Lya observations of galaxies in the
context of reionization.

6. Discussion

In this section, we discuss the results presented in Sections 4
and 5. We comment the measured properties of COLA1 in
comparison with other SFGs and LyC leakers in the literature
(Sect. 6.1). Our results confirm the systemic redshift of COLAI,
which means it must reside inside an ionized bubble (Sect. 6.2).

A44, page 12 of 20

1.00¢ : Uchuu (6.58 < z < 6.62) b
. 1 Random direction
B 1 Centered on COLA1-like [OIII] emitter
:_c.:i 0.75+ : mem - Ceentered on COLA1-like UV source E
% 1 == N objects in C1F
= 1
~ I
2 0.50f 1 _
N 1
s
< 1
= 1
50.251 1 i
Z ==
Il =i
il Bta.s ¥, ¥
0.00 - T
0 10 20 30

Number of objects

Fig. 12. Normalized relative probabilities of detecting a given number
of objects with 6.58 < z < 6.62 in the Uchuu mocks, compared to the
number of galaxies found in the COLAL1 field. We show the probability
distributions for the Uchuu mocks with random pointings (solid teal
histogram) and those centered in objects with similar Lo and Myy to
COLAL1 (pink and green, respectively).

We discuss the role of COLAL and the galaxies in its prox-
imity in ionizing their environment (Sect. 6.3) and we address
the possible contribution of an AGN to COLA1’s luminosity
(Sect. 6.4). Finally, we comment on some directions that can
be followed in future works to further investigate the nature of
COLAL1 (Sect. 6.5).

6.1. COLAT1 as an ionizing photon leaker

COLALI1 presents an extremely blue UV slope (see Table 2), far
bluer than the typical values of the C1F+EIGER sample and the
best fit in Bouwens et al. (2014) for Lyman-break galaxies at z ~
6 (see Fig. 8). Topping et al. (2024a) presented a sample of 44
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galaxies with steep UV slopes (Byy < —2.8), and found that the
SEDs of such galaxies could be explained with density-bounded
models with high escape fractions (fesc(LyC) ~ 50%) (see also
Topping et al. 2022). Further, Kim et al. (2023) found a relation
between very steep Syy and LyC leaking regions of a z = 2.37
lensed galaxy. Indeed, our estimation based on Chisholm et al.
(2022) using Byy suggests a very high f..(LyC) (see Table 3).

The rest-frame [O 11T] + HB EW of COLA1 is comparable to
the typical values for galaxies with similar magnitudes in UV-
selected (e.g., Endsley et al. 2023a) and [OmI] selected sam-
ples (e.g., Matthee et al. 2023). The intrinsic [O1I] and HS
luminosities are remarkably high, log,(Lys/ergs™!) = 42.33 +
0.02 and log;(Liomjas00s/erg sT) = 43.124 + 0.007. The
high [O 1] luminosity can be related to an elevated star for-
mation (Villa-Vélez et al. 2021), as well as the high ratio of
log,,([O 11]/HB) = 0.91 (Dickey et al. 2016).

COLAL1 presents significantly higher &jono than the aver-
age CIF+EIGER values (see Fig. 9), consistent with the mea-
surements for high-z SFGs in the literature (e.g., Bouwens et al.
2016; Nakajima et al. 2018; Saxena et al. 2024; Simmonds et al.
2023,2024) and also known low-z LyC leakers (e.g., Izotov et al.
2016). Izotov et al. (2021) showed that low-z compact SFGs are
likely analogs of high-z SFGs. More recently, compact SFGs
have been found at z > 6 with similar sizes to COLA1, pre-
senting signs of LyC leakage (Mascia et al. 2024, 2023a).

As stated in Sect. 4.5, the direct measurement of HB allows
for an estimation of the Lya escape fraction, yielding a signifi-
cantly high value of f.s.(Lya) = 81 + 5%. This Ly« escape frac-
tion is high in comparison with the typical values found in high
redshift surveys (e.g., fesc(Ly@) = 11%, for Lya selected sample
at z ~ 4.5, Roy et al. 2023; foc(Lya) = 7.3%, z ~ 7.5, mean
Myv = -20.25, Tang et al. 2023), although other objects with
similarly high Lya escape fractions have recently been found
for fainter systems (fec(Lya) > 50%, Myy ~ —19.5, z ~ 5-
7, Chen et al. 2024; foc(Lya) > 70%, Myy ~ —17,z = 7.3
Saxena et al. 2023). Moreover, as already discussed in Sect. 4.5,
COLAL shows a relatively high feen(Lya) = 25%, also sugges-
tive of high LyC escape fraction.

Almost every observed LyC leaker in the literature presents
higher Xgpr than the average at similar redshifts (e.g, Naidu et al.
2020). This is also the case of COLA1. Comparably, the galaxies
Ion2 and Ion3 show fairly higher Zggr than the average at their
respective redshifts, also presenting complex, multi-peaked Lya
profiles (Vanzella et al. 2016, 2018).

All the measured properties convey to COLA1 being a pro-
lific LyC leaking source, despite its very high UV luminosity. All
the considered indirect methods suggest high LyC escape frac-
tion (fesc(LyC) ~ 20-50%; see Sect. 4.5).

6.2. Size of the ionized bubble

The size of the implied ionized region in the line of sight to
COLAL1 can be derived by the cutoff in the blue wing of the
Lya line at Av ~ —250kms™! (see Fig. 4). This cutoff is partic-
ularly abrupt compared to the red peak, and defines the line-of-
sight extent in which the IGM is optically thin to Lya photons
(so-called proximity zone; Mason & Gronke 2020). The blue-
peak cutoff seen in the Ly« profile of COLA1 yields a proxim-
ity zone of ~0.3 pMpc (Matthee et al. 2018). Mason & Gronke
(2020) argue that the total size of the ionized region extends
beyond the proximity zone as there may be significant damp-
ing wing absorption. They find that a bubble with a radius of
at least ~0.7 pMpc is needed in order to explain the observed
velocity offset of COLA1’s blue Ly peak, assuming a residual
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Fig. 13. Radius of spherical bubbles hypothetically ionized by COLA1
as a function of the age parameter ¢, for different values of the LyC
escape fraction. The dashed lines account for the contribution from
the 4 galaxies at z = 6.6 with measured sizes, in addition to COLAI.
The shaded area limits the required bubble size necessary to explain
COLAL1’s Lya profile, as predicted by Mason & Gronke (2020).

neutral fraction of xg; ~ 107 and defining the minimum observ-
able velocity offset where the IGM transmission of Lya photons
drops to 10%.

As is discussed in Mason & Gronke (2020), for a central
source to be able to ionize a bubble with the required size
~0.7 pMpc, it needs a steep UV slope (8 < —1.79), large escape

fraction of ionizing photons ( felgzc > 50%) and an under-dense
line-of-sight gas. Our results show that COLAT1 aligns with the
first two conditions, but we do not find a strong indication for a
specifically under-dense line-of-sight (see Sect. 5). However, the
estimated UV slope of COLA1 is steeper than the values con-
sidered in Mason & Gronke (2020), and its extreme value could
explain this discrepancy as it implies a higher ionizing photon
production efficiency. A more detailed analysis of the ioniza-
tion conditions of the bubble is needed in order to address this
topic, for example using Lya line measurements from multiple
neighboring galaxies and by detailed comparisons to radiative
hydrodynamical simulations (e.g. Gronke et al. 2021), which is
beyond the scope of this work. In Sect. 6.3 below we discuss the
role of COLA1 in ionizing such bubble.

6.3. COLAT1 ionizing its surroundings

We investigate the contribution from COLA1 and the surround-
ing galaxies in the z = 6.6 CIF group to the ionization of a
~0.7 pMpc bubble needed to explain COLA1’s Lya profile (see
Sect. 6.2). The capability of galaxies of ionizing their medium
directly depends on their LyC escape fraction. We estimate
Jese(LyC) for our z =~ 6.6 sample with F200W detection (4 out of
those 5 objects are detected in this band) using the relation with
Zser(UV) in Naidu et al. (2020), as is described in Sect. 4.5, for
which we get fuo(LyC) = 12+2, 9%1°, 17%* and 11*}?%. For
these estimates we have assumed the average dust correction
introduced in Sect. 6.1.

Equation (6) in Mason & Gronke (2020) predicts the radius
of an ionized bubble powered by a central source as a func-
tion of an age parameter t, for a simple spherical geometry
around the ionizing source. Using this equation, and following
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Witstok et al. (2024), we compute the radius of an ionized
bubble powered by COLAI1 for different values of the LyC
escape fraction (Fig. 13). We have assumed an average hydro-
gen density 7ig = 1.88 X 1077 - (1 + z)* cm™ (Mason & Gronke
2020) and an ionizing photon production of Nion = 2.1 %
10'2. (1 - fesc(LyC))‘1 - (Lyg/erg s s7! (Schaerer et al. 2016).
For accounting the contribution from the other galaxies, in
Fig. 13 we have conservatively assumed a high fiducial value
of fue(LyC) = 10%°. According to this estimate, COLAI
alone could ionize a 0.7 pMpc bubble in a reasonable span of
time (<100 Myr; see Witstok et al. 2024; Whitler et al. 2024) for
escape fractions as low as fec ~ 20%, assuming it maintained
the observed star-formation activity. The other four detected
galaxies at z ~ 6.6 make only a minor contribution in ioniz-
ing the bubble when combined with COLA1, specially for high
COLAL1 escape fractions (dotted lines in Fig. 13). For instance,
for COLA1 LyC escape fraction of 40% (30%, 20%), the time
required to ionize the bubble is 38 Myr (58, 100 Myr), with
COLA1 contributing to 92% (87%, 80%) of the total ionizing
photon budget of the z = 6.6 system detected in C1F.

Nevertheless, systems with extremely high Zggr such as
COLAL1 are rare, and this might indicate that these are a prod-
uct of short-lived star-formation bursts which many galaxies
undergo during the EoR (e.g., Endsley et al. 2023b). In that case,
COLA1 would have likely needed the ionizing photon input
from other sources to carve the bubble, specially for f..(LyC) «
50%. Depending on the star-formation burstiness, the contribu-
tion from numerous undetected faint sources (Myy = —17.5)
might be needed (see e.g., Witstok et al. 2024). In turn, if bursty
star-forming episodes are common, they could account for a sig-
nificant part of the ionizing photon budget during reionization.
It was found in simulations that the ionizing photon escape frac-
tion of individual galaxies can rapidly fluctuate in Myr scales
(e.g., Rosdahl et al. 2022; see also Matthee et al. 2022). In such
scenarios, a relatively small fraction of relatively bright galaxies
are responsible of the bulk of the ionizing emissivity.

6.4. Is COLA1 powered by an AGN?

While the properties of COLA1 display particular similari-
ties with some of the most extreme compact starbursts (e.g.
Vanzella et al. 2022; Marques-Chaves et al. 2022; Ferrara 2024;
Topping et al. 2024b), the extreme ionizing conditions and the
compact size could also indicate that COLA1ls ionizing radi-
ation originates from an AGN instead. The narrowness of the
Lye line suggests that COLA1 is not powered by an AGN (see
Matthee et al. 2018). We also look for hints of an AGN in the HB
line measured in our grism data. First, we fit a Gaussian profile
to the nebular [OIIT] ;5003 line. Next, we fit a double component
Gaussian to the Hg line in order to capture possible broad and
narrow line components (see Matthee et al. 2024, for a similar
procedure). The FWHM of one of the components is fixed to be
the same as the fitted FWHM for [O 1I1] 15003, and the same value
is used as lower limit for the other component. The best-fit for
the broad component is FWHM =750 + 500 km/s, with a con-
tribution of 7*1% from the broad component to the total flux
(S/Nbroad ~ 1). The best fitting parameters lead to an AGN bolo-
metric luminosity of log;y(Lyo1/erg s71) = 44.3, which would be
able to explain only ~30% of the UV luminosity for a typical

% For the computation of Nie, for the galaxies other than COLA1 we
adopted Nign = &on * Luv (Eion = 107 Hzerg™!; Saxena et al. 2024),
since a detection of HS is not available for some of the objects.
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AGN spectrum (Shen et al. 2020). This result points towards a
subdominant contribution to the UV luminosity.

The measured ratios [O1I]364/Hy = 0.36 + 0.12 and
[O1M] 15008 / [OM] 4364 = 34 = 11 of COLA1 are typically
seen in low-z star-forming galaxies, whilst AGNs present higher
[O110] 14364 /Hy for a given electron temperature (Ubler et al.
2024). Hence, this is further evidence that an AGN is not the
main driver of the ISM conditions in COLAL.

6.5. Future directions

Further in-depth analysis of COLA1 and its surrounding envi-
ronment is needed to determine the properties of the system
and its ionized bubble with precision. The particular shape of
the rest-frame UV SED of COLA and its extreme UV slope are
a challenge for the SED fitting models employed in this work
(Sect. 3.4). Deeper, extended UV spectroscopy would be useful,
in particular to confirm the particular SED of COLA1 and to test
other indirect indicators of fes.(LyC). These include coverage of
[O11] (e.g., Mascia et al. 2023a; Choustikov et al. 2024), Mg
(e.g., Chisholm et al. 2020; Leclercq et al. 2024) or the rest-
frame UV (e.g., CIV; Naidu et al. 2022a; Schaerer et al. 2022).
It would be particularly intruiging to identify possible strong
emission-lines such as NIV or CIV (e.g. Bunker et al. 2023;
Calabro et al. 2024,; Topping et al. 2024b) that could boost and
impact the rest-frame UV photometry.

On the other hand, the study of the other detected galax-
ies in COLA1’s over-density could yield valuable information
about the size, morphology and optical depth of the ionized bub-
ble. A natural future step is to follow-up these sources spectro-
scopically, aiming for the Lya line. If some of these galaxies
are Lya emitters and they are located inside the bounds of the
ionized bubble, their Lya line profiles and luminosities could
be extremely valuable to determine the bubble properties. The
enhanced Ly transmission of the ionized bubble would allow
us to see the blue wings of the Ly« lines and therefore estimate
Lya and LyC escape fractions (e.g. Bosman et al. 2022).

7. Summary

The galaxy COLAL1 is a luminous Lye emitter at redshift z =
6.5917 with an unusual double-peaked profile discovered by
Hu et al. (2016) based on wide-field narrow-band imaging on
the Subaru telescope. The detection of the blue Lya peak hints
at the existence of an ionized bubble with a well determined size
(Rion ~ 0.7 pMpc; Matthee et al. 2018; Mason & Gronke 2020),
whereas the peak separation probes the detailed ISM conditions
that are conducive to Lyman Continuum photon escape. This
makes COLAL1 a unique laboratory for studying the progress of
reionization. However, the unknown systemic redshift made the
interpretation of the Lya profile ambiguous. In this work, we
presented results from a new JWST program that took WFSS
and photometric data of the COLAI field, in combination with
VLT/X-shooter spectroscopy. The aim of this program was to
describe the UV and optical properties of the galaxy COLAI,
and to simultaneously characterise its over-density, traced by
[O111] emitters that are part of the sample of 141 [O1II] emit-
ters at 5.35 < z < 6.9 that were selected through [O1IT] doublet
identification in the grism data. Below, we summarize our main
findings.

— We confirmed the systemic redshift of COLA1 to be z =
6.5917, as measured using the [O1I1] doublet and Hg line
centroids. This redshift agrees with the systemic redshift
that was previously estimated based on the double-peaked
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Lye line observed in the VLT/X-shooter spectrum: our rest-
frame optical data therefore confirms that COLA1’s Lya line
shows the classical double-peaked profile shaped by resonant
scattering in the ISM, as typically observed in low-redshift
galaxies, and not strongly impacted by an IGM damping
wing (Sect. 3.2, Figs. 3 and 4).

— COLAT1 has a fairly high UV luminosity Myy = —21.35*00,
a very steep UV slope Byy = —3.2 + 0.4 and we infer
negligible dust attenuation from the Balmer decrement. The
observed SED of COLAT1 is unusual and the models used,
despite being fairly flexible, are only marginally consistent
with the measured UV properties. The metallicity (12 +

log, (O/H)7, = 7.88703) and electron temperature (T, =

1704 x 10* K) can be directly estimated thanks to the Hy
(S/N =~ 10) and [O111] 34363 (S/N = 3) measurements; both
appearing as typical values for galaxies at similar redshifts
in the literature (Sects. 4.2, 4.3 and 3.4, Table 2).

— The detection of HB (S/N =~ 25) in combination with the
measured log; (L. /erg s71) = 43.61+0.02 in Matthee et al.
(2018), lead us to measure a remarkably large Lya escape
fraction, fec(Lya ) = 81 = 5%. This result is in line with
the expected little impact of the IGM on the Ly« line, as an
effect of an ionized bubble of radius ~0.7 pMpc (Sect. 4.5).

— Making use of different indirect methods, we estimate a con-
siderable LyC escape fraction for COLA1, fe.(LyC) = 20-
50%. These estimates, along with the above described UV
properties, reasonably point out COLA1 as a bona fide UV-
luminous agent of reionization. Its star formation-rate is
high (=10 My yr~!) in comparison with the typical values
of the other C1F [O III] emitters (3f? Mg yr!). COLALI also
presents a compact morphology (Ryy < 0.26 kpc) and emi-
nently higher star-formation rate surface density than the
average at similar redshifts, in line with known LyC leakers
in the literature (e.g., Vanzella et al. 2016, 2018) (Sects. 4.5
and 4.4, Fig. 10, Table 3).

— We detect several galaxy over-densities in the field at z =
5.3-6.9 with 6 + 1 ~ 3-11. Five galaxies are detected
to reside within the estimated size of the ionized region
around COLA1 (3 with Liompsoos > 10% ergs™'). A
detailed comparison to mock observations from large N-
body simulations, yields an over-density of 6 + 1 = 1.96.
We show that this over-density is very common for a typi-
cal galaxy with COLA1’s UV or [O 11] luminosity (Sect. 5,
Fig. 11).

— An analysis of the ionizing efficiency of all identified galax-
ies suggests that COLA1 could have significantly contributed
to ionizing the R;,, ~ 0.7 pMpc bubble needed to explain
its peculiar Ly double-peaked profile, with minor contribu-
tion from the rest of detected galaxies at z ~ 6.6, the latter
contributing to only $20% of the ionizing photon budget.
Further follow-up and analysis of these sources could bring
more detailed insights about the extent and properties of the
sources that ionized the bubble around COLA1 (Sect. 6.3,
Fig. 13).

The observations presented in this work simultaneously probed
the properties of the unusual COLA1 galaxy (morphology, UV
slope and optical lines) and those of galaxies within its envi-
ronment. We have shown evidence of a luminous galaxy that
is actively ionizing its surroundings by showcasing the main
characteristics that are common in LyC leakers, in particular
the strong Lya emission with a narrow peak separation and a
high SFR surface density. Simultaneously, we have shown that
COLAL1 resides in an over-density of galaxies and that these
galaxies are located within the estimated size of the ionized

bubble. However, the over-density is very common for normal
galaxies that have similar UV or [O 1I1] luminosities as COLA1.
This suggests that the detection of the blue peak of the Lya
line in COLA1 is not due to an unusually large over-density
of galaxies that could have led to an unusually large ionized
bubble that facilitated the observability of these blue Lya pho-
tons. An implication is that care should be taken when inter-
preting over-densities around galaxies with detected Ly lines
in connection with reionization models. Now, the key next step
in determining the impact of similarly luminous galaxies for
cosmic reionization is to evaluate how common galaxies with
Lya profiles like COLA1 are and what is the range in their
over-densities.
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Appendix A: C1F [O ] emitter sample catalog

In Table A.1 we list the C1F sample, composed of 141 [O 1]
emitters, selected as is described in Sect. 3.1. We tabulate the
IDs, sky coordinates of the F356W detection in the J2000 sys-
tem, [OIII] doublet redshifts (see Sect. 3.2), Prospector UV
magnitudes (see Sect. 3.4) and [O1T]A5008 luminosities mea-
sured from the grism data.

Table A.1. Catalog of the C1F [O 111] emitter sample.

D RA DEC z Myv log10(Liomaso0s /ergs™")
1628 10:02:40.92s 02°12'27.17” 5353 -19.47+0.07 42.05 £ 0.06
9199 10:02:37.01s  02°13710.64” 5362 -17.52+0.28 42.01 £0.07
2756 10:02:37.43s  02°10’55.89”" 5363 -18.34 +0.29 42.22 +£0.03

14494 10:02:32.98s 02°13’17.66” 5.364 —18.53 +0.39 41.92 +£0.07
8985 10:02:37.47s 02°13721.03” 5365 -18.29+0.28 42.11 £0.05
5587 10:02:39.37s  02°13700.41” 5368 -18.42+0.12 42.10 £ 0.07
9060 10:02:36.30s  02°12'41.41” 5.369 —20.42 +0.07 4291 +£0.01

12554 10:02:31.21s  02°12747.95” 5369 -19.91+0.10 42.47 £0.02

12017 10:02:30.38s  02°12729.70” 5.370 -19.86+0.13 42.80 £ 0.02

18147 10:02:35.15s 02°12’53.17” 5371 -17.71+0.38 41.96 £ 0.10
9165 10:02:37.41s  02°13/21.45” 5.372 -19.91+0.10 4230 +0.03

17602 10:02:34.32s  02°12746.06” 5373 -17.95+0.24 41.91 £+ 0.06
9161 10:02:36.20s 02°12/42.01” 5373 -19.20+0.11 42.39 £ 0.03

17961 10:02:35.30s  02°13709.72” 5.375 -19.10+0.11 42.30 £ 0.02
7921 10:02:37.64s  02°13/01.13” 5.375 —17.44+0.46 41.84 +£0.05

12966 10:02:30.38s  02°12’11.41” 5376 -19.23+0.18 42.05 +0.08
5888 10:02:33.48s 02°09’53.88”" 5376 -18.66+0.16 42.01 £0.03
6212 10:02:35.36s 02°11703.78” 5376 -18.65+0.16 42.21 £0.03

19319 10:02:36.30s  02°13703.88” 5.377 —20.46 +0.09 42.20 £ 0.06

15579 10:02:31.24s  02°12701.95” 5.378 -19.32+0.07 42.50 £ 0.01

11580 10:02:29.23s  02°12706.52” 5379 -19.34+0.11 42.31+0.03
7152 10:02:39.81s  02°13/54.07” 5.380 —19.87 +0.06 42.19 £ 0.04
7375 10:02:40.17s  02°14’11.42” 5414 -19.53 +0.11 42.25+0.03
6611 10:02:41.50s 02°14’34.35"” 5415 -19.72+0.11 42.51£0.02

14699 10:02:31.21s  02°12708.06” 5.439 —17.68 +0.41 41.93 £ 0.06
2140 10:02:38.11s  02°11706.21” 5.440 -18.21+0.23 42.07 £ 0.04

16304 10:02:34.43s  02°13717.27” 5.447 -19.84 +0.09 42.56 +0.02
3563 10:02:37.19s  02°11702.24”" 5448 -19.56 +0.12 42.47 £0.04
4355 10:02:42.18s  02°14/01.98” 5.449 —20.57 + 0.06 42.75 £0.02
5466 10:02:41.72s 02°14715.21” 5452 -18.55+0.07 41.88 +0.06
1257 10:02:44.06s 02°14’04.98"" 5452 -18.99 +0.27 42.34 £0.07

485 10:02:44.52s 02°13759.56"" 5452 -19.51+0.12 42.19 £ 0.05
803 10:02:44.28s 02°14700.56” 5.453 -20.26 +0.08 42.66 +0.01
1272 10:02:44.29s  02°14'10.56” 5.453 -19.17 +0.22 42.46 +0.04
2294 10:02:42.92s 02°13’47.68"” 5470 -17.07 +0.29 41.81+£0.12
3988 10:02:33.83s  02°09’21.29” 5.487 -19.52+0.09 42.22 +£0.03

13704 10:02:36.47s 02°13708.53” 5.500 —19.02 +0.05 42.10 £ 0.05
1180 10:02:43.97s 02°13759.09”” 5.500 -19.09 +0.14 42.53 £0.03
1450 10:02:35.75s  02°09’35.84” 5524 -17.73+0.19 41.80 +0.07
6489 10:02:33.24s  02°10°01.89” 5.541 -17.20+0.34 41.84 £0.07
5864 10:02:41.67s 02°14’21.91” 5548 -17.67 £0.15 41.92 +£0.03
5267 10:02:41.44s 02°14/01.36” 5.549 -17.49+0.24 41.61 +£0.07
9276 10:02:30.67s  02°09'42.83”” 5.559 —18.58 +0.38 41.96 +0.04
4631 10:02:41.91s  02°14/00.10” 5.575 -18.61+0.14 42.04 £ 0.05
6510 10:02:41.89s 02°14746.99” 5.629 -17.82+0.17 41.83 £0.10

16499 10:02:36.27s 02°1416.58” 5.697 —18.55+0.21 42.11 £0.03

16205 10:02:36.31s  02°14’21.48” 5.698 -20.62+0.07 43.10 £0.01
7826 10:02:39.98s 02°14/15.56” 5.703 —18.49 + 0.09 42.14 £ 0.03

16463  10:02:37.72s 02°1504.38” 5.724 -18.31+0.33 42.04 £ 0.05
3570 10:02:36.99s 02°10’58.08” 5.731 —18.00 +0.28 42.04 £0.07
3932 10:02:40.23s  02°1250.47"” 5.737 -19.67 +0.10 42.39 +0.03
6408 10:02:38.87s 02°13704.30” 5.765 -18.36+0.17 41.83 £ 0.06
6135 10:02:38.99s 02°13’01.70"” 5.768 —17.04 +0.42 41.79 £0.11

12951 10:02:35.13s  02°14749.33”  5.772 -20.05 + 0.06 42.73 £0.01

18558 10:02:35.62s 02°12759.77” 5.773 -17.82+0.20 42.13 £0.04

17085 10:02:29.67s 02°10722.02” 5.773 -17.68 +0.20 41.75 £ 0.09
7037 10:02:36.32s  02°11’55.88”” 5.775 -18.79+0.17 42.06 + 0.05

16724 10:02:29.27s  02°10718.72” 5.775 -19.73 +0.06 4243 +0.02
6384 10:02:35.74s 02°11'20.44” 5777 -18.30+0.14 42.12+0.03

18752 10:02:29.34s  02°09715.90” 5.792 -21.10+0.12 43.26 +£0.01
9709 10:02:29.61s  02°09'15.12” 5.795 -21.68 + 0.06 42.78 £0.03

17097 10:02:28.40s  02°09739.26”" 5.800 —19.94 +0.09 42.24 £ 0.06

19268 10:02:35.33s  02°12734.03” 5.802 -18.79+0.11 41.94 £ 0.04
9876 10:02:35.60s 02°12/29.33”” 5.803 —17.43+0.18 41.89 +0.04
9741 10:02:36.27s  02°12/54.03”” 5.847 -18.85+0.12 41.69 +0.09

Table A.1. Continued.
D RA DEC z Myy log o (Ljo maso0s /ergs™h)

9289 10:02:30.07s 02°09'24.14” 5848 —18.89+0.17 42.81 +0.02
16805 10:02:33.23s  02°12/32.95” 5.850 -—18.78 +0.27 41.99 +0.04
17335 10:02:38.44s 02°15703.18” 5.854 —17.88+0.23 4174 +0.10
8125 10:02:39.92s 02°14/20.68” 5.856 —17.40 +0.45 4174 +0.13
9640 10:02:40.52s 02°15'15.93” 5.856 ~—18.44+0.25 42.03 +0.04
5196 10:02:41.44s 02°13/58.97” 5.866 —19.65+0.05 42.00 +0.05
6556 10:02:33.77s 02°10/20.68” 5.873 —17.73+0.63 42.07 +0.07
7699 10:02:34.83s 02°1172324” 5874 —-17.99+0.34 41.68 +0.04
6613 10:02:36.02s 02°11734.89” 5.876 —19.68+0.04 4223 +0.04
9275 10:02:34.71s 02°11’54.54” 5876 —20.12+0.04 4270 +0.01
12710 10:02:26.94s 02°10'23.96” 5876 —-20.59 +0.11 4238 +0.03
9085 10:02:34.37s 02°11’39.81” 5877 —19.69 +0.05 4232+0.02
7754 10:02:34.86s 02°11725.97” 5.879 —18.35+0.10 41.92 +£0.07
6123 10:02:32.70s 02°09/30.20” 5.881 —21.31+0.04 43.14 £0.01
7198 10:02:32.53s 02°09'55.64” 5.884 - 42.44 +0.03
1195 10:02:37.82s 02°10736.99” 5.893 —20.33 %027 42.26 +0.06
4382 10:02:33.95s 02°09'33.06” 5910 —-18.87+0.19 42.15+0.08
3500 10:02:38.43s 02°1174333” 5929 —20.39 +0.06 42.46 +0.02
18345 10:02:38.17s 02°14/28.14” 5946 —18.99 +0.18 4175 +0.08
3136 10:02:35.37s 02°09/56.64” 5984 —18.42+0.25 4221 +0.07
7059 10:02:33.37s  02°10/2043” 6.021 —17.47 +0.28 42.40 +0.09
17816 10:02:38.09s 02°14’38.43” 6.025 —18.44 %028 41.90+0.11
602 10:02:44.55s 02°14°04.16” 6.074 —18.23+0.18 42.18 +0.03
4935 10:02:42.47s 02°14°27.46” 6.084 —17.99 +0.20 41.90 +0.10
6763 10:02:31.91s 02°0925.24” 6.104 —18.21+0.18 4170 + 0.09
11833 10:02:30.61s 02°12/42.76” 6.110 —18.71+0.27 41.80 +0.08
11538 10:02:27.27s  02°10/59.74” 6.134 —19.38 +0.17 4238 +0.06
11651 10:02:29.60s 02°12/13.48” 6.134 —18.72+0.12 42.08 +0.03
8082 10:02:35.78s 02°12/0324” 6.136 —19.13 +0.07 4235 +0.02
6033 10:02:39.50s 02°13/15.23” 6.138 —18.92+0.16 4218 +0.05
7245 10:02:39.70s 02°13/52.82” 6.140 —19.91 +0.09 4237 +0.02
6028 10:02:37.79s 02°12'18.86” 6.144 —18.07+0.13 41.85+0.05
492 10:02:42.16s 02°12/42.18” 6.159 —18.69+0.23 4220 +0.04
1551 10:02:40.11s 02°11’59.52” 6.165 —19.44+0.11 42.09 +0.03
13523 10:02:34.99s 02°14’31.95” 6.167 —19.17 +0.12 4221 +0.03
12026 10:02:30.54s 02°12/36.04” 6.177 —18.17 +0.15 4241 +0.02
8942 10:02:31.13s  02°09/50.46” 6.259 —19.77 +0.12 4258 +0.03
6388 02°10°14.30” 6265 —19.63 +0.08 4245 +0.03
6012 02°14720.38” 6305 —18.63 +0.09 4164 +0.11
1979 10:02:34.24s  02°08/56.31” 6351 —18.77+0.13 4221 +0.06
14368 10:02:37.94s 02°15'58.13” 6473 —19.36+0.13 4201 +0.05
4077 10:02:42.085 02°13/54.90” 6506 —17.79+0.21 41.91 +0.09
7206 10:02:42.00s 02°15'07.62” 6.509 - 42.19 +£0.04
17093 10:02:28.47s 02°0941.99” 6.518 —19.62+0.15 4228 +0.04
5338 10:02:36.31s 02°1171426” 6522 —18.71+025 41.84 +0.07
8364 10:02:32.84s 02°10/3320” 6.523 -18.810.18 42.00 +0.08
6985 02°1135.30” 6526 —19.64 +0.08 4214 +0.03
9607 02°11712.51” 6527 —18.74+0.38 4231 +0.03
5630 02°11713.50” 6574 —19.06 +0.08 41.92+0.05
17640 02°1132.18” 6582 —19.30 +0.08 4228 +0.02
9269 02°12'13.93” 6591 —-21.21+0.04 43.12+0.01
18837 10:02:37.51s 02°13/56.81” 6.594 —19.10+0.14 42.06 +0.05
9336 10:02:36.01s 02°12/4039” 6.596 ~—17.56+0.18 41.76 +0.08
4669 10:02:40.21s 02°13°06.56” 6.604 —17.42+0.34 42.06 +0.10
16172 10:02:27.76s  02°09'42.85” 6701 —19.12+0.11 42.11+0.05
4301 10:02:41.66s 02°13'45.09” 6709 —19.52+0.10 41.63 +0.09
5901 10:02:37.28s 02°11759.23” 6721 —18.90+0.14 42.12+0.05
8502 10:02:34.26s 02°11723.06” 6728 —19.06+0.13 42.00 +0.07
17133 10:02:31.74s  02°11728.47” 6737 —18.44+0.16 42.08 +0.07
16747 10:02:29.73s  02°10/32.94” 6738 —20.16 + 0.05 4235+0.04
7217 10:02:33.69s 02°10'34.72” 6742 - 42.46 +0.05
16154 10:02:31.81s 02°11”59.51” 6750 —18.79 +0.15 42.09 +0.03
17228 10:02:34.56s 02°13/00.52” 6.758 —18.85+0.16 4245 +0.03
12655 10:02:29.36s  02°11’43.82” 6758 —19.30+0.15 4227 +0.06
16065 10:02:34.20s 02°13/17.65” 6760 —17.37+0.24 4219 +0.03
13825 10:02:26.37s 02°09'45.11”  6.767 —19.34 +0.10 4228 +0.03
3018 10:02:33.47s  02°08'51.47” 6771 —18.81+0.12 42.17 +£0.09
3079 10:02:35.35s 02°09/54.19” 6795 —19.78 +0.05 4224 +0.06
2167 10:02:33.12s 02°08'23.16” 6.816 ~—17.64+0.25 4191 +0.10
8365 10:02:31.35s 02°09'44.38” 6.840 —18.80+0.35 4219 +0.08
126 10:02:45.22s 02°14'12.33” 6.873 —18.78+0.17 42.19+0.11
17174 10:02:38.71s  02°15/20.92” 6.897 —18.42+0.18 41.87 +£0.12
6133 10:02:36.59s 02°11’42.18” 6911 ~—18.36+0.12 42.07 +0.06
9912 10:02:39.80s 02°14’46.64” 6916 —17.71+0.12 42.00 +0.08
13835 10:02:32.35s  02°13/00.89” 6.933 —19.37 +0.09 4229 +0.04
5843 10:02:36.85s 02°11743.19” 6937 —19.08 +0.05 4231 +0.03
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Appendix B: Foreground galaxy removal

Original After removal

F356W F200W F150W F1156W

Composite

Fig. B.1. Broad band images in the four photometric filters of the
COLAL1 survey, and the composite color image of COLA1. We show
the images before (left column) and after (right column) the foreground
galaxy contaminant removal.

A blue ‘tail’ can be seen in the composite image of COLA1
(Fig. 2). No emission lines are detected in our grism data from
this source. Given the extended shape and colors of this source,
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and particularly a detection in the B band in the ground based
data it is very likely a foreground source. The contamination
from this source must be removed from COLA1’s photometric
fluxes. We model this object with a four component 2D Gaus-
sian model, independently in each filter. Three Gaussians with
fixed centroid are used to model COLA1 and the wings of the
PSF. Two of these three Gaussians are allowed to be asymmetric,
whilst one of them is fixed to be symmetric. The fourth Gaussian
is used to fit the ‘tail’. Once the Gaussians are fitted to our data,
we subtract the object component and re-do the photometry. We
conservatively increase the errors of the photometry by 20% of
the change in the fluxes due to this process, in quadrature. Figure
B.1 shows broad-band images before and after applying this
procedure.

Appendix C: Examples of spectra

In Fig. C.1 we show examples of inspection images of selected
[OmI] emitters in this work. The first five objects shown in
Fig. C.1 correspond to those in the environment of COLA1
(z = zcora1 £ 0.02). The object with ID NUMBER 1272 illus-
trates how the morphology of sources is captured in the emission
lines of 2D grism spectra, in many cases allowing a secure match
with the imaging. On the other hand, the object with ID NUM-
BER 18752 has a prominent extended morphology as well, and
its [O 11I] doublet is only seen in module B. Since modules A and
B disperse light in opposite directions, the spatial information is
mirrored in the spectral direction for module B.
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Fig. C.1. Examples of [O1IT] emitter grism 2D spectra.
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