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ABSTRACT

We present a comprehensive spectrophotometric analysis of galaxy GS9422 from the JADES GTO survey located at z = 5.943,
anomalously showing a simultaneous strong Ly emission feature and damped Ly« absorption (DLA), based on JWST NIRSpec and
NIRCam observations. The best-fit modeling of the spectral energy distribution (SED) reveals a young, low-mass (log(M, /My) =
7.80+0.01) galaxy, with a mass-weighted mean age of the stellar population of (10.90f8:‘1);) Myr. The identified strong nebular emission
lines suggest a highly ionized (O3, = 59), low-metallicity (12 + log(O/H) = 7.78 + 0.10) star-forming galaxy with a star-formation
rate (SFR) of (8.2 + 2.8) My yr~! over a compact surface area A, = 1.85kpc?, typical for galaxies at this epoch. This corresponds to
an intense SFR surface density of log(Zger /Mo yr~' kpe™2) = 1.14 + 0.30. We carefully modeled the rest-frame UV NIRSpec Prism
spectrum around the Lya edge, finding that the Lya emission-line redshift is consistent with the longer-wavelength recombination
lines and an escape fraction of fe. 1y = 30% but that the broad DLA feature is not able to converge on the same redshift. Instead, our
modeling suggests z,,s = 5.40 = 0.10, the exact redshift of a newly identified protocluster in nearby projection to the target galaxy.
We argue that most of the HI gas producing the strong Lye damping wing must be unassociated with the galaxy itself, and thus
may indicate that we are probing the cold, dense circumcluster medium of this massive galaxy overdensity. These results provide
an alternative solution to the recent claims of continuum nebular emission or an obscured active galactic nucleus dominating the
rest-frame UV parts of the spectrum, and provide further indications that strong DLLAs might preferentially be associated with galaxy

overdensities.

Key words. galaxies: clusters: general — galaxies: clusters: intracluster medium — galaxies: evolution — galaxies: formation —

galaxies: high-redshift

1. Introduction

The first billion years of cosmic time saw the transition from
primordial, neutral hydrogen and helium atoms into the first
stars and galaxies, the synthesis of heavier elements in stel-
lar cores, and the eventual reionization of the Universe. With
the launch of the James Webb Space Telescope (JWST) and its
powerful near-infrared capabilities, we are now able to study
and constrain these processes within this critical era of the
early Universe (Robertson 2022). Spectroscopic observations
with JWST/NIRSpec (Jakobsen et al. 2022) have in particular
been paramount in spectroscopically identifying the most dis-
tant galaxies to date, at z = 11-13 (Curtis-Lake et al. 2023;
Wang et al. 2023; Fujimoto et al. 2023; Bunker et al. 2023), and
charting the chemical enrichment of galaxies at z > 6 (e.g.,
Schaerer et al. 2022; Arellano-Cdérdova et al. 2022; Taylor et al.
2022; Brinchmann 2023; Curti et al. 2023; Katz et al. 2023;
Rhoads et al. 2023; Trump et al. 2023; Heintz et al. 2023a;
Nakajima et al. 2023; Langeroodi et al. 2023; Sanders et al.
2024). These early observations revealed that galaxies at z > 7
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appear chemically “diluted” based on the negative offset of
their gas-phase metallicities from the otherwise fundamental-
metallicity relation (Heintz et al. 2023b), although the exact red-
shift for this transition is still debated (Nakajima et al. 2023;
Curti et al. 2024). This indicates that JWST is starting to uncover
the formation phase of galaxies at a point when they are still inti-
mately connected to the intergalactic medium (IGM) and expe-
riencing excessive HI gas overflow.

A significant fraction of galaxies at z > 8 have been dis-
covered with extremely strong damped Lyman-a (Lya) absorp-
tion (DLA; Heintz et al. 2024a, see also Umeda et al. 2023;
D’Eugenio et al. 2024), in excess of the damping wings expected
for a largely neutral IGM at these redshifts (Miralda-Escudé
1998; McQuinn et al. 2008; Keating et al. 2023). These obser-
vations imply high H1 gas column densities, Nyg; 2 10?2 cm™2,
and covering fractions, and may be prevalent in 265% of the
galaxy population at z > 8 (Heintz et al. 2024b). At lower red-
shifts, near the end of reionization at z =~ 6, the fraction of
galaxies showing strong integrated DLAs decreases to ~30%
and represents only the youngest star-forming systems that are
yet to substantially ionize their surrounding gas or process
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most of the neutral, atomic hydrogen gas into molecules and
stars. Later, at the peak of cosmic star formation at z ~ 2-3,
DLAs are only observed in rare cases of star-forming galaxies
(Shapley et al. 2003; James et al. 2014; Erb et al. 2019; Lin et al.
2023) and with HT abundances orders of magnitude lower than
those observed at z > 6.

As part of the JWST/NIRSpec PRImordial gas Mass Assem-
bLy (PRIMAL) survey (JWST-PRIMAL; Heintz et al. 2024b)
targeting galaxies during the reionization epoch at z > 5.5 with
robust spectroscopic redshifts and continuum sensitivity near
Lya, we identified one intriguing source showing strong (Lya)
emission and DLA at z = 5.94. Intuitively, this seems to counter
the general observed trends and strains the physical interpreta-
tion of substantial HI gas producing strong Lye damping wings
while at the same time enabling the escape of Lya photons.
Here, we thus aim to characterize the source in detail and sug-
gest some physical scenarios that might explain these extreme
observables. We note that this particular case has also been stud-
ied by Cameron et al. (2023), who present evidence of the rest-
frame UV shape of this galaxy spectrum being dominated by
nebular two-photon emission. However, the high stellar tem-
peratures required (100000 K), the observed weak rest-optical
emission lines and ionizing photon production efficiency, and
relatively high gas-phase metallicity make this finding ambigu-
ous (Chen et al. 2023). Other studies suggest that this source
hosts an obscured active galactic nucleus (AGN) where the rest-
UV light reflects a central young stellar disk (Tacchella et al.
2024; Li et al. 2024), further motivating a more detailed analysis
of this particular source.

We have structured the paper as follows. In Sect. 2 we
describe the photometric and spectroscopic observations, and
in Sect. 3 we present our analysis and results. In Sect. 4 we
place the characteristics of the source into context, classify the
likely underlying source of emission, and present an alternative
scenario that can resolve this rare conundrum of a simultane-
ous strong (Lya) emission and DLA feature observed in the
integrated galaxy spectrum. Throughout the paper we assume
concordance flat A cold dark matter (CDM) cosmology, with
Hy = 674kms™! Mpc‘l, Q. = 0.315, and Q, = 0.685
(Planck Collaboration VI 2020).

2. JWST observations

The source (hereafter “GS9422”) was observed with
JWST/NIRSpec (Jakobsen et al. 2022) as part of the GTO
JWST Advanced Deep Extragalactic Survey (JADES, prog.
ID: 1210, PI: Luetzendorf) with MSA source ID 13176, as
detailed in Eisenstein et al. (2023) and Bunker et al. (2024).
The observations were separated into 28 hours of integration
in each of the medium-resolution gratings G140M/FO70LP,
G235M/F170LP, and G395M/F290LP. The Prism spectrum
covers the entire wavelength range of NIRSpec from 0.7-5.3 um
at a resolving power R ~ 100. The NIRSpec grating covers
smaller bandwidths but at a spectral resolution of R ~ 1000.
We adopted the reduced and processed spectra delivered by the
DAWN JWST Archive (DJA)', reduced through the custom-
made MSAEXP pipeline (Brammer 2023)2. Further details of
the reduction process are provided in Heintz et al. (2024Db).
Throughout this study, we mainly considered the NIRSpec
Prism observations for the continuum modeling of the spectral

' https://dawn-cph.github.io/dja/index.html
2 Version 0.6.17; https://doi.org/10.5281/zenodo.7299500
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energy distribution (SED) and the medium-resolution grating
spectra for the emission line fluxes and kinematics.

We further included JWST/NIRCam (Rieke et al.
2023) imaging of the source obtained as part of JADES
(Eisenstein et al. 2023) in the seven broadband filters: FO90W,
F115W, F150W, F200W, F277W, F356W, and F444W. We
adopted the photometry listed in DJA for all filters, derived in
a 0”5 circular aperture around the centroid of the source at RA
(J2000) = 03"32™29.2% and Dec (J2000) = —27°47'51.48". The
images were processed using GRIZLI (Brammer et al. 2022)°,
which astrometrically calibrates each field to the Gaia-DR3
reference frame and drizzles the images to a common pixel scale
of 0”704/pixel (see Valentino et al. 2023, for further details). We
further used photometry to rescale the 1D spectra to account for
potential slit losses and improve the absolute flux calibration of
the spectra.

3. Analysis and results
3.1. Redshift and line fluxes

Based on the extracted 1D JWST/NIRSpec medium-
resolution grating spectra, we detected and derived the
line fluxes of the following nebular and auroral emission
lines: Lya, [C1V]A11548,1550, [Helr] 11640, [O11] 11666,
[O1] A43727,3729,  HO9, [Ne 111]13869, [He1]13889,
[0O111]24363, 4959, and 5007, as well as the Balmer lines,
Ha and HB (some of these lines are also detected in the Prism
spectrum). We further detected and derived line fluxes for
[01]16300 and Hy in the Prism spectrum. For each separate
grating spectrum, we modeled the continuum with a simple
polynomial and the emission features with Gaussian line
profiles, tying the redshift, zgpec, and the line full width half
maximum (FWHM) across transitions. This assumes that the
emission lines all originate from and trace the same ionized
gas in the star-forming region of the galaxy. We derived a
spectroscopic redshift of zgee = 5.943 £+ 0.001 and a line
FWHM = 218 + 144kms~!. The best-fit line model is shown in
Fig. 1, and the derived line fluxes are summarized in Table 1.

3.2. Star-formation rate and rest-frame UV characteristics

The derived ratios of the three strongest Balmer lines, H3/Hy =
2 + 0.08 and Ha/HB = 2.77 + 0.08, are consistent with the
theoretically predicted values assuming a Case B recombina-
tion scenario with T. = 10*K (Osterbrock & Ferland 2006),
indicating negligible dust attenuation. We caution, however, that
He is not covered by any of the grating spectra, so the ratio
Ha/HB was measured using the Ha line flux derived from the
Prism spectrum. We further integrated the spectral region cov-
ering HB and the [O11I] 114960, 5008 doublet, yielding a joint
equivalent width (EW) of 2266.4 + 71.1 A. This is among the
highest 16th percentile distribution of the full JWST-PRIMAL
sample, revealing an intensely star-forming galaxy.

We derived the star-formation rate (SFR) following
Kennicutt (1998) based on the He line luminosity,

SFRy, (Mo yr™!) = 5.5 x 107 Ly, (ergs™), (D

assuming the initial mass function (IMF) from Kroupa (2001).
This is more top-heavy than the typical adopted Salpeter or
Chabrier IMFs, and thus likely more appropriate for high-
redshift galaxies (e.g., Steinhardt et al. 2023). This yields an

3 https://doi.org/10.5281/zenodo.6672538
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Fig. 1. Zoomed-in views of the regions of medium-resolution gratings
with the main nebular and auroral emission line transitions marked.
The best-fit continuum and Gaussian profiles to each line transition are
shown by the solid red line.

SFR of 820 + 0.15Myyr~!, indicating a significant star
formation activity. Assuming a different IMF introduces an addi-
tional #30% systematic uncertainty on the SFR, which we prop-
agated to the SFR in the following analysis. We further note
that the measured line width (=218kms™') and the derived
[O 1] A5007/HB versus [O1] 46300/HB line flux ratios do not
indicate any robust signatures of an AGN based on the demarca-
tion line from Kewley et al. (2001). This source may thus simply
be a highly ionized star-forming galaxy, as also supported by the
high ionization parameter, O3, =[O T]5008/[O 1] 13728 =59 +
20. We note, however, that this demarcation may not be applica-
ble at high redshifts (Ubler et al. 2023; Calabro et al. 2024), and
indeed, for this particular source, studies suggests an AGN ori-
gin for this source based on the emission line flux and continuum
(Scholtz et al. 2023; Tacchella et al. 2024).

We inferred the absolute UV magnitude of the source by inte-
grating the flux density of the photometrically calibrated spec-
tra in the region around rest frame ~1500 A, finding Myy =
—-19.56 + 0.05mag or Lyy = (3.15 + 0.16) x 10 ergHzs™!.
We derived the equivalent SFR from the UV luminosity again
following Kennicutt (1998),

SFRyy (Me yr 1) = 10728 Lyy (erg Hzs ™), 2)

here assuming 1/10 solar metallicity. This yields SFRyy =
32+1.2M, yr‘l, consistent within 20" of the estimate from the
Ha recombination line. From the spectra, we further derived
the ionizing photon production efficiency of the source, &on
(Bouwens et al. 2016). Following Matthee et al. (2023), we
derived

Lyg (ergs™)
cuplerg) Lyy(ergs~' Hz 1)’

Eon (Hzerg™) = A3)

Table 1. Line flux measurements.

PRISM Gl140M  G235M  G395M
Lya 928+1.0 525+12 - -
[CIV] 11548 - 82+ 1.0 - -
[CIV]IA1550  33.6+21 43+1.0 - -
[Hell] 11640 - 1.6+1.0 - -
[OIII] 11666 - 14+1.0 - -
[OI1] 143728 - - 1.5+0.3 -

HO - - 1.0+0.3 -
[Nelll[] 13869  18.2+0.8 - 52+03 -
[Hel] 13889 - - 20+03 -

Hy - - - 6.6+0.2
[OI1I] 14363 - - - 24+02
HB 17.5+0.9 - - 132+0.3
[OIII] 14959  32.8+0.1 - - 27.1+0.3
[OI[] 15007  88.7 + 0.4 - - 88.7+0.3
[O1] 16300 0.5+0.2 - - -

Ha 36.6+0.7 - - -

Notes. Line flux measurements reported in units of x10™'? erg s~ cm™.

where cys = 4.86 x 107 erg is the HB line-emission coef-
ficient, assuming a Case B recombination scenario with 7. =
10* K and a zero escape fraction of ionizing Lyman continuum
(LyC) photons, eLsﬁc = 0 (e.g., Schaerer 2003). This yields
log&on = 25.62 £ 0.02, which is among the highest known
efficiency rates of galaxies at z 2 6 (e.g., Matthee et al. 2023;
Atek et al. 2023; Fujimoto et al. 2023; Heintz et al. 2024b) and
slightly above the canonical value on average required to ionize
the IGM (Robertson et al. 2013).

Finally, we measured the spatial size of GS9422 in the
F105W filter (rest-frame UV ~1500A) with a 2D Gaussian
model, which provides a good match to the apparent simple
morphology of the source (see Fig. 2). From the best-fit 2D
Gaussian model, we extracted semimajor and semiminor axes,
a’ and b’, and derived an effective half-light UV radius Re.gyy =
Va’b’ = 078, which corresponds to a projected physical size
of 0.59kpc at z = 5.943. The intense SFR and small physi-
cal size indicate that this source has an SFR surface density,
log(Zspr /Mo yr ' kpe™) = 1.14 + 0.30, among the highest
known of the local galaxy population (e.g., Kennicutt & Evans
2012).

3.3. Gas-phase metallicity

In the R = 1000 grating spectrum, we were able to detect and
resolve the auroral line [O1I1] 14363 from Hy. This enabled us
to determine a temperature-sensitive estimate of the gas-phase
metallicity of this galaxy (the so-called direct T, method) in
combination with the nebular lines [O 111] 114960, 5008 and HB
emission lines. Following the iterations outlined in Izotov et al.
(2006), we inferred an electron temperature 7. = (1.60 +
0.15) x 10*K and oxygen abundance of 12 + log(O/H) =
7.78 + 0.10, for any electron densities n. < 10* cm™3 (com-
mon for most HII regions, see Fig. 3). This corresponds to
a metallicity that is about 10% of the solar metallicity (for
12 + 1og(O/H), = 8.7; Asplund et al. 2009), common for galax-
ies at the same redshift (Langeroodi et al. 2023; Heintz et al.
2023b; Curti et al. 2024) for the given SFR and stellar mass (see
Sect. 3.4 below). Our estimate is, moreover, consistent with that
derived by Cameron et al. (2023).
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Fig. 3. Electron temperature, T, as a function of density, n., based
on the observed nebular and auroral [OT1I], [O11], and HB line fluxes
following the prescription by Izotov et al. (2006). The derived electron
temperature is T, = (1.6+0.15)x10* K, indicating an oxygen abundance
of 12+1og(O/H) = 7.78 +0.10 for any electron densities n, < 10* cm™.

We used the metallicity derived from the direct 7. method
to evaluate the various strong-line ratios inferred for galaxies at
Z > 6 (e.g., Nakajima et al. 2023; Sanders et al. 2024). Specifi-
cally, we tested the more conservative approach by Heintz et al.
(2024b), deriving the joint posterior distribution function (PDF)
from each applicable strong-line diagnostic inversely weighted
by the scatter for each relation, and represented the final metal-
licity as the median and 16th to 84th percentiles of the joint PDF.
We assumed the single set of calibrations from Sanders et al.
(2024) and show the individual and joint PDFs in Fig. 4. The
width of these PDFs includes both the statistical uncertainties
from the measured line flux ratios and the systematic uncer-
tainties from the particular line calibration used. Based on this
approach, we find a median 12 + log(O/H) = 7.58 of the dis-
tribution, with 16th to 84th percentiles of 7.54 to 7.63. This is
consistent within 1o~ with the measurement from the direct T,
method. We note that the Os calibration shows the best qual-
itative agreement with the direct 7. method for this particular
case, likely due to the high ionization parameter of the source.
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Assuming instead the R23 calibration, for instance, would under-
estimate the actual metallicity at more than 3¢-. This more con-
servative approach thus seems to optimally take into account the
uncertainties related to each individual calibrator.

3.4. Spectrophotometric SED modeling

We performed joint spectrophotometric modeling of the
JWST/NIRSpec and NIRCam data to derive the SED of
the source and extracted additional physical parameters using
BAGPIPES (Carnall et al. 2018). We modified the default
BAGPIPES framework to incorporate an additional Lya absorp-
tion component that allowed us to additionally constrain the H1
column density in the SED model of the galaxy. This is partic-
ularly important for this galaxy as the DLA feature dominates
the continuum flux at rest-frame UV wavelengths near the Lya
emission line profile. The Lya optical depth from local inter-
stellar medium (ISM) HT gas is described through the Voigt-
Hjerting absorption profile following the analytical approxima-
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tion derived by Tepper-Garcia (2006) as shown in Eq. (4):
Tism(4) = Ca H(a, x) Nui. 4)

Here, C is the photon absorption constant, a is the damping
parameter, and H(a, x) is the Voigt-Hjerting function. We further
modeled the optical depth due to the Gunn-Peterson effect from
an increasingly neutral IGM, given by Miralda-Escude et al.
(2000) with

Quoh\[(1+z 312
= 1.8 x 10° 17 (Qppo) 2 mO— == .
76p(2) 8 x10° h™ (Qpm,) xHI( 0.02 7 5

We modified this following the formalism of Totani et al. (2006)

xuiReTGp(2 1+ zas |2
TIGM(/LZ): Hilva GP( spec)( Zabs)

I+ Zspec

y I(l+ZIGM,u)_I(1+ZIGM,1)}’ ©)

1 + Zaps 1 + Zaps

where Zz,s 1S the observed redshift of the neutral gas, xy; is the
average neutral to total hydrogen fraction of the IGM (assumed
to be 0.01), and R, = AyArye/(4nc) = 2.02 X 1078 is a dimen-
sionless quantity that includes the damping constant of the Ly«
resonance (A,) and the Lya wavelength (Ary,). This correction
assumes that the IGM is uniformly distributed within the red-
shift range zigm; to zicmu. We set the upper bound at the galaxy
redshift, zigMu = Zspee, and the lower bound to zigm; = 5. We
fixed the BAGPIPES model’s spectroscopic redshift to zgpec (i.€.,
the redshift of the galaxy) while keeping z,ps as a free parameter.
We further assumed a double-power-law star formation history
and Calzetti dust attenuation.

First, we attempted to model the DLA assuming an
absorption redshift, zyps = Zspec. The result is presented in
Appendix B.1. Fixing z,s to the spectroscopic redshift did not
satisfactorily fit the data. Consequently, we retained the absorp-
tion redshift as a free parameter (see Table 2).

The best-fit SED model matched to the available spec-
troscopic and photometric data, with z,,, as a free param-
eter, is shown in Fig. 5. From the fit, we derived a stel-
lar mass log(Ms/My) = 7.80 + 0.01, ionization parameter

logU = —2.001f8:88%, and mass-weighted age of Ty =

(10.90f8:%) Myr. The uncertainties represent the statistical errors
from the posterior distribution of each quantity. Adopting differ-
ent star-formation history or dust attenuation parametrizations
induced an approximate systematic uncertainty of 0.3 dex on the
stellar mass (see also Carnall et al. 2018).

The galaxy falls slightly above the star-forming main
sequence (SFMS) of galaxies at z = 6 (Thorne et al. 2021;
Heintz et al. 2023b). However, the stellar mass may be under-
estimated by 0.5dex in our SED modeling due to “outshin-
ing” effects (Whitler et al. 2023; Giménez-Arteaga et al. 2023;
Narayanan et al. 2024) concealing the more massive, older stel-
lar population, which would place it consistently on the SFMS.
As is clear from Fig. 5, we were not able to accurately con-
strain the damping as the large HI column density implied
by the width of the damping wings is inconsistent with the
rollover and absorption trough redshift. This was also noted
by Cameron et al. (2023), motivating their modeling of the Lya
rollover as produced by two-photon emission. Here, we instead
examined the parameter space, first assuming the simplest DLA
scenario as outlined in Sect. 3.5.

Table 2. Physical properties of GS9422.

RA (J2000) 03h32m29.28
Dec (J2000) —27°47'51.48"
Zspec 5.943 +0.001
R. [kpc] 0.59
Ae [kpe?] 1.85
Myv [mag] -19.56 = 0.05
Lyy [ergs™' Hz™'] (3.15 £ 0.16) x 10?8
Buv ~236+0.10
[Om] + HBEW [A] 2266.4 +71.1
SFRyq [Mo yr™'] 82+28
log &on [Hzerg™'] 25.62 + 0.02
@12 + log(O/H) 7.58+005
log(Z/Z5) -1.13+0.05
T, [K] (1.6 £0.15) x 10*
fesc,Ly(I 03+0.2
©Nog(M, /M) 7.80 + 0.01
(C)Tmass [Myr] 109t807
“@log U ~2.001:0083
©Ay [mag] 0.041 +0.013
®) Zans 5.396 + 0.098
®log(Nyy) [em™2] 23.68 +0.10
log Zspr [Mo yr~! kpe™] 1.14 £ 0.30
log Zas [Mo pc?] 3.01 £ 0.01
Dlog(Nyy) [em™] 22.94 +0.01
D My, [Mo] (1.27 +0.03) x 10°
Dty 1 gep. [Gyr] 1.55+0.53

Notes. Determined and measured physical properties of GS9422 (with-
out values measured with BAGPIPES). “Derived following the proce-
dure in Sanders et al. (2024). ¥’ From MCMC sampling. *Derived from
the SED modeling with BAGPIPES. “Based on the Kennicutt-Schmidt
law.

3.5. Lya emission and DLA modeling

To model the continuum near the Ly edge for an accurate mea-
sure of the DLA and Lya emission feature, we described the
rest-frame UV spectral shape with the model

F(Q) = Fo’ x 1ism(2) + Tigm(4, 2)
o —(A = Ay peak)’
% fLy exp( ( Ly2 ,peak) )
\/ﬂo—Lya 20

We found Byy = —2.36 = 0.10 and assumed this as the intrin-
sic continuum spectrum of the source. We superimposed the
DLA feature and Lya emission line described by a Gaussian
on this model, assuming a prior on Zrygem = Zspec, and left the
DLA redshift, zaps, as a free parameter. In the fit, we masked out
the two strongest identified UV emission lines from [C1V] and
[Cu]. We used Markov chain Monte Carlo (MCMC) through
the emcee package to sample the posterior distribution of the
modeled parameters. Corner plots of the full set of posterior
distributions are shown in Figs. A.1 and A.2. We find that the
redshift inferred for the Lya emission is consistent with that
derived from the longer-wavelength Balmer recombination lines,
and fixed ziyo,em = Zspec in the next iteration. The model parame-
ter for the DLA redshift converges well on z,ps = 5.396 = 0.098,
with the full posterior distribution shown in Fig. 6. If this lower
redshift solution for the DLA is robust, this would naturally

@)
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Fig. 5. Best-fit spectrophotometric SED and Ly model of the JWST
data. The black solid curve shows the JWST/NIRSpec Prism spectrum
and the dark blue dots the corresponding JWST/NIRCam photometry.
The best-fit SED model from BAGPIPES is shown as the orange curve,
here modified to include the DLA, with z,,s as a free parameter. The
best-fit MCMC stellar continuum and Lya model is shown as the red
dashed line, with a best-fit Lya emission line redshift consistent with
Zepec DUL Zaps = 5.396 + 0.098.

explain the simultaneous presence of a DLA feature and strong
Ly emission, which would be sufficiently outside the resonance
frequency to not be entirely absorbed. We discuss the potential
implications and provide a physical scenario in support of the
lower-z solution in Sect. 4.

We measured the Ly« escape fraction as

F obs,Lya

—_— 8
8.7 % Fobs,Ha ( )

fesc,Lyoz =

assuming an intrinsic Lye/Ha ratio of 8.7 from the Case B
recombination model and the inferred negligible dust compo-
nent. This yields fesc1ye = 0.3 £ 0.2, i.e., 30%, consistent with
the general trend for faint (Myy < —19.5 mag) galaxies at similar
redshifts Saxena et al. (2024). This particular source thus likely
represents the galaxy population that drives the large-scale reion-
ization.

4. Interpreting the strong Lyman-« absorption and
emission

To disentangle the potential contributions to the strong observed
Lye damping wings, we first considered multiple scenar-
ios. First, the two-photon emission model presented by
Cameron et al. (2023) appears to match the rest-frame UV data
well and naturally explains the strong Ly@ emission line as well.
However, given that the derived electron temperatures and gas-
phase metallicities are an order of magnitude lower or higher,
respectively, than required by this model, we argue that this sce-
nario is unlikely (as also argued by Chen et al. 2023). Second, an
AGN can produce large UV-ionized proximity zones and thereby
allow a substantial fraction of Lya photons to escape, but since
all our measurements are consistent with a typical star-forming
galaxy at z ~ 6, we instead pursued the foreground DLA solu-
tion.

To disentangle the potential contributions to the observed
Ly damping wing, we first considered the SFR surface den-
sity, which we measured to be log(Zspr/Moyr'pc?) =
1.14 + 0.30. This corresponds to a gas surface density of
log(Zeus/Mope™) = 3.01 = 0.30, assuming the locally
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derived Kennicutt—Schmidt (KS) relation (Kennicutt 1998;
Heiderman et al. 2010; Kennicutt & Evans 2012). Converting
this into a gas mass and assuming that My, = 2/3 Mg, (Where
the molecular gas mass constitutes My, = 1/3 Mg,) at z = 6
(Heintz et al. 2022), this yields My, = 2/3ZgAe = (1.27 £
0.03) x 10° M. This corresponds to an integrated HT column
density of Ny; = My /(mgAe) = (8.58 £ 0.02) x 102 cm™2,
where my;j is the mass the hydrogen atom. This is an order of
magnitude lower than the HI column density inferred from the
strength of the Lye damping wing and implies a HI gas mass
fraction of My;/M, = 0.20 £ 0.01 and a gas depletion time of
tdeptH1 = Mu1/SFRy, = 1.55 £ 0.53 Gyr. This supports the idea
that there is an additional contribution to the integrated HI col-
umn density or potentially that the typical gas masses are under-
estimated by a factor of ~10 in galaxies at z = 6 for a given SFR
density compared to the locally calibrated KS relation. We argue
that this is unlikely since this relation has been robustly validated
up to z > 2 (e.g., Danielson et al. 2011) and would imply a HI
gas mass fraction of My /M, = 20 for this particular source.

Instead, the most viable solution is that the DLA traces
a dense HT gas reservoir in the foreground of the galaxy at
z = 5.40 + 0.10. Naturally, this would also allow for substantial
escaping Lya emission as the resonance frequency of the tran-
sition is equally shifted to higher frequencies. Serendipitously,
we note research reporting a massive galaxy overdensity at
exactly z = 5.4 in nearby projection to the source presented here
(Helton et al. 2023). The impact parameter to the center of the
proposed galaxy protocluster corresponds to =0.9 pMpc at the
cluster redshift, as illustrated in Fig. 6. This is well within typi-
cal galaxy clusters observed in the local Universe, such as Coma
and Virgo, and indeed includes most of the cluster members at
z = 5.4 (Helton et al. 2023). At lower redshifts, that is, z ~ 2—3,
IGM H1 overdensities have been revealed through Lya absorp-
tion on background galaxy spectra and used to trace massive pro-
toclusters (Frye et al. 2008; Cai et al. 2017), albeit at much lower
column densities than inferred here. Intriguingly, this may imply
that we are probing a dense, large-scale neutral gas reservoir con-
nected to and feeding the formation of the galaxy protocluster
members at z = 5.4, after the end of reionization. At higher red-
shifts, Chen et al. (2023) present circumstantial evidence for a
similar scenario based on the presence of strong DLAs in a small
set of galaxies near a galaxy overdensity at z ~ 7.8. However, the
implied gas column and total HI gas mass for such a structure at
z = 5.4 observed here is immense, since typically the intracluster
medium is observed to be comprised of more diffuse gas and the
large-scale IGM is expected to be fully ionized at this epoch. An
alternative scenario could be that the measured HI column den-
sity is the cumulative representation of multiple DLAs along the
line of sight from the galaxy redshift to the foreground absorber
(see e.g., Witstok et al. 2024). To fully corroborate this scenario
and potentially measure the covering fraction and total CCM H1
mass, we need larger statistical samples and sight lines at differ-
ent impact parameters through these clusters.

5. Conclusion

We have presented a comprehensive characterization of the stel-
lar and gas-phase content of a galaxy near the end of the reion-
ization era showing an anomalous superposition of both a strong
Lya emission line and a broadened DLA wing. This particu-
lar source was observed as part of the JADES GTO survey, for
which medium-resolution (R ~ 1000) JWST/NIRSpec grating
and Prism-mode spectra and multi-band NIRCam imaging have
been obtained. From the multitude of detected nebular emission
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lines, we measured the redshift to be zgpee = 5.943 + 0.001 and
find the source to be actively forming stars at SFR = (8.20 =
2.8) M, yr~! with a Ly escape fraction of JeseLye = 30%. Based
on the detection of the auroral [O111] 14363 emission line, we
further determined the electron temperature of the HII region to
be T. = (1.60 + 0.15) x 10* K, which allowed us to accurately
measure the oxygen gas-phase abundance to be 12 +1og(O/H) =
7.78 + 0.10 via the direct 7. method. This source thus appears
as a typical, albeit highly intense, star-forming galaxy at
7= 6.

To model the observed SED and Lya emission and broad
DLA trough, we modified the default capabilities of the SED
fitting tool BAGPIPES (Carnall et al. 2018) in order to include a
prescription for the Lya transmission for a given H1 column den-
sity, Nygr. This yields a dust-poor (Ay = (0.041 £+ 0.013) mag),
young (age ~ 11 Myr) star-forming galaxy with a stellar mass of
log(M, /M) = 7.80 = 0.01. The posterior distributions suggest
an abundant HT column density with Ny > 10} cm~2, although
this did not correlate well with the data. Instead, we modeled
the Lya region independently using an MCMC to sample the
posterior distribution of the absorber. We found a lower-redshift
solution zys = 5.40 = 0.10, inconsistent with the galaxy redshift
at >30 confidence, that qualitatively provided a much better fit
to the data.

We demonstrated via the KS relation and based on the mea-
sured SFR surface density, log(Zsrr /Mo yr—" kpc™?) = 1.14
0.30, that the galaxy itself is likely only contributing to <10%
of the integrated HI gas column along the line of sight. This
was further evidence that the majority of the HT gas is located
in the foreground and not physically associated with the galaxy.
Intriguingly, a recent study by Helton et al. (2023) reports a mas-
sive galaxy overdensity located at z = 5.387 within a nearby
(=1 Mpc) projected distance to the galaxy studied here. This sce-
nario would also naturally resolve the simultaneous detection of
strong Lya emission and abundant, self-shielding HI columns
probed via the DLA feature. While larger statistical samples
and sight lines are needed to validate this scenario, this inter-
pretation is intriguing and introduces some ambiguity into the
interpretations that two-photon nebular emission (Cameron et al.
2023) or the AGN+young stellar disk interpretations are
the dominant contributions to the rest-frame UV spectral
continuum.

—27.78
—27.80

g’ Fig. 6. 3D illustration of the proposed sce-

~27.82 = nario with GS9244 at z = 5.943 being in the

84 a background of a galaxy-cluster overdensity at

z = 5.4. The estimated center and mean redshift

L 27.86 of the cluster is marked by the small blue dot

(Helton et al. 2023), and the blue sphere with

6.0 radius r = 0.87 pMpc shows the impact param-
eter to the galaxy sight line. The smoothed
probability density function from the MCMC
analysis (Fig. A.2) is shown at the top, dis-
tributed around the cluster redshift with median
z=54.
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Appendix A: Posterior distributions
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Fig. A.1. Cornerplot for MCMC fit with no fixed parameters.
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Fig. A.2. Cornerplot for MCMC fit with zyygem = Zspec (fixed) and zus as a free parameter.
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Appendix B: SED fitting with zaps = Zspec
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Fig. B.1. Best-fit SED model matched to both spectroscopic and photometric data with Zups = Zgpec-
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