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ABSTRACT

We present a study of 27 very UV-bright (-22.0 < Myy < —24.4) star-forming galaxies at z ~ 6 identified in the Subaru High-z Exploration of Low-
Luminosity Quasars (SHELLQs) survey. Stacking their rest-frame UV spectra revealed a prominent N vV 41240 P Cygni feature, consistent with
very young (~6 Myr) stellar populations dominated by massive and hot stars. Ultraviolet-bright galaxies in the reionization epoch are thus powerful
and efficient ionizing sources, with an average ionizing photon production efficiency of log(&i,,/Hzerg™!) = 25.54j8:?§. For one representative
source, J0217-0208 at z = 6.204 (Myy = —23.4), we analyzed available JWST/NIRCam and NIRSpec observations. Its spectral energy distribution
indicates a young (~5Myr) starburst with a stellar mass of 10° M, and a high specific star formation rate (~100 Gyr~'). Together with its very
compact NIRCam-measured size (r, =~ 260 pc), this corresponds to stellar mass and star formation rate surface densities approximately one
hundred times higher than those of typical galaxies at comparable redshifts. NIRSpec spectroscopy further revealed strong nebular emission, for
which we derived a high electron density (1. =~ 10° cm™), a metallicity of 12 +1og(O/H) = 8.20+0.11 (from the direct method), and a super-solar
N/O ratio (log (N/O) =~ —0.30). Furthermore, J0217-0208 shows broad components in several rest-optical emission lines, indicating powerful
ionized outflows. From the Balmer decrement, these outflows appear to be heavily obscured (E(B—V)o, = 0.6), in contrast to the nearly dust-free
stellar continuum (E(B-V), = 0.01 + 0.01) obtained from its steep UV slope, Syyv =~ —2.6. Combined with ALMA detections of a massive
(Mg = 2 % 108 M), extended (~1.4kpc), and cold (Tyus = 25 K) dust reservoir, these findings point to dusty feedback-driven outflows carrying
and pushing dust well beyond the stellar core and likely boosting the observed UV luminosity. Taken together, our results suggest that UV-bright
galaxies at high redshift represent short-lived but extreme phases of rapid stellar mass growth, efficient ionizing photon production, and strong
feedback. The extreme properties of J0217-0208, such as a supersolar N/O, a steep UV slope, a compact size, and very high surface densities,
closely mirror those of the brightest galaxies at z > 10, suggesting a shared evolutionary pathway.
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1. Introduction the UV luminosity function at these redshifts (e.g., Oesch et al.
2016; Morishita et al. 2018; Stefanon et al. 2019; Bowler et al.
2020; Harikane et al. 2022). These trends have now been con-
firmed and extended by JWST to even earlier epochs, firmly estab-
lishing the existence of an overabundant population of UV-bright
systems in the first few hundred megayears of cosmic time.
Several explanations have been put forward to account for
this tension. One possibility is that early galaxies formed stars
with much higher efficiencies than typically assumed and mea-

Ultraviolet-bright star-forming galaxies, sources located at the
bright end of the UV luminosity function, were once consid-
ered extremely rare at any redshift, including during the Epoch
of Reionization (6 < z < 16). However, the advent of the
James Webb Space Telescope (JWST) has dramatically changed
this view by revealing an unexpectedly large number of UV-
luminous sources at z 2 10 (e.g., Arrabal Haro et al. 2023;
Carniani et al. 2024). Some of these systems exhibit properties
rarely observed at lg)wer redshift, inch}llding unusual alz)ulll)dance sured locally, aided by the dense metal-p oor condit.ions at carly
patterns inferred from intense rest-UV [N1V] 11486 and [N 1] epochs (Dekel et al. 20,23; Ceverino ?t ?l' 2024; Liet al: 2024,
A1750 emission lines (Bunker et al. 2023; Castellano et al. 2024, see also: Boylan-Kolchin 2025; Renzini 2025). Alternatively, a

Naidu et al. 2026) as well as compact morphologies and high nonstandard stellar initial mass function (IMF) biased toward
stellar mass and star-formation surface densities (Schaerer et al. (vqry) mas;we stars 160213;1 4P?_;)St the I{Vz(l)glgllngsgy-to-mass
2024). Regardless of their intrinsic properties, their observed ratio (e.g., Trinca et al. 2024; Hiutter et al. ). Ot 1 scenar-
number densities exceed predictions from pre-TWST models of '8 include strong r adlatlon-dr.lven outflows Fhat rapidly expel
galaxy formation by nearly an order of magnitude (Kannan et al. dust, thereby reducing attenuation and enhancing the UV output

2023; Lovell et al. 2023), highlighting a striking tension with (Ferraraetal. 2023; Ziparoetal. 2023) or stochastic star-
theoretical expectations. ermatlon histories and very young stellar ages that can tran-
Hints of this discrepancy were already present before JWST. siently elevate the UV luminosity (e.g., Mason etal. 2023;

Wide-field imaging surveys had uncovered an apparent excess of g(i);ssla e\t)vﬂil 201214; Kfravtsov ST(le.(f)fkur(f)v 5024; Dﬁ)nnalrll et ah
bright galaxies at z > 8 relative to Schechter-function extrapola- )- tle these frameworks differ fundamentally, they a

tions as well as a surprisingly slow evolution of the bright end of invoke extreme conditions rarely observed at lower redshifts.
Crucially, and except for a few sources (e.g., Bunker

* Corresponding author: rui.marquescoelhochaves@unige.ch et al. 2023; Carnianietal. 2024; Castellano etal. 2024,
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Fig. 1. Distribution of Lya luminosity (Liy,), UV absolute magnitude (Myy), and redshift (z) for the SHELLQs-LAEs analyzed in this work
(blue circles). Left panel: plane of Liy,—Myy comparing SHELLQs LAEs with other galaxy populations with spectroscopic redshifts, namely,
SHELLQs-QSOs at z ~ 6 (red crosses; Matsuoka et al. 2016, 2018a,b, 2019, 2022, 2025a), bright LAEs at z ~ 6 (green squares; Ouchi et al. 2009;
Sobral et al. 2015; Matthee et al. 2017; Shibuya et al. 2018; Marconcini et al. 2025), UV-bright star-forming galaxies at z ~ 3 from SDSS/BOSS
(violet diamonds; Marques-Chaves et al. 2020a,b, 2021, 2022; Dessauges-Zavadsky et al. 2025), and more typical LAEs at z ~ 3-6 (gray squares;
Kerutt et al. 2022). Right panel: Myy—z distribution of the SHELLQs LAEs together with UV-bright galaxies from SHELLQs lacking or showing
weak Ly emission (light blue circles; Matsuoka et al. 2016, 2018a,b, 2019, 2022), sources from the REBELS (green; Bouwens et al. 2022) and
BoRG (red; Roberts-Borsani et al. 2025) surveys, and a compilation of spectroscopically confirmed zgpe > 5 objects from the DAWN/DJA archive

(gray).

Fudamoto et al. 2024; Alvarez-Mérquez etal. 2025; Schouws
et al. 2025; Zavala et al. 2025), most z > 10 UV-bright galax-
ies remain too faint for detailed high signal-to-noise multiwave-
length studies. As a result, their stellar populations, interstel-
lar medium conditions, and dust properties remain poorly con-
strained, leaving the physical drivers of their remarkable lumi-
nosities an open question. In this sense, lower-z analogs may
serve as ideal laboratories to investigate and potentially estab-
lish the conditions and properties of these extreme systems. In
particular, identifying the UV-brightest systems at the highest
accessible redshifts is crucial, as the aforementioned mecha-
nisms may be most pronounced there, and the physical condi-
tions may remain closest to those of the early Universe.

In this work, we present a study of a large sample of UV-
bright galaxies (-22.0 < Myy < —24.4) at z ~ 6 identified
in the Subaru High-z Exploration of Low-Luminosity Quasars
(SHELLQs) survey (Matsuoka et al. 2016, 2018b,a, 2019, 2022,
2025a). This work is organized as follows. In Sect. 2 we inves-
tigate the average rest-UV properties of these sources using
ground-based spectroscopic observations. Section 3 presents
JWST observations and corresponding analysis of one UV-bright
galaxy at z = 6.2. Discussion of the results is presented in
Sect. 4, and, finally, we present a summary of our main findings
in Sect. 5. Throughout this work we use a concordance cosmol-
ogy with Q, = 0.274, Qs = 0.726, and Hy = 70km s~ Mpc~!.
Magnitudes are given in the AB system.

2. Average properties of UV-bright Epoch of
Reionization galaxies

2.1. Sample and observations

The SHELLQs survey is a wide-field survey designed to iden-
tify low-luminosity Quasi-stellar Objects (QSOs or quasars) at
6 < z < 7 using ground-based imaging data from the Hyper
Suprime-Cam (HSC) Subaru Strategic Program. As detailed in
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Matsuoka et al. (2022), candidates are selected based on the
dropout technique in the i- or z-bands and their point-like mor-
phologies in HSC images. Their redshifts are confirmed through
optical spectroscopic follow-up observations with the Subaru
and the Gran Telescopio Canarias (GTC) telescopes, using Lya
emission or the Ly« continuum break.

Among more than 160 high-z sources identified so far
within SHELLQs, some exhibit strong (Lpy, > 108 ergs™)
and narrow - full width at half maximum (FWHM) <
1000kms™! — Lya emission. Since similarly high Lya lumi-
nosities are also seen at lower redshifts (e.g., at cosmic
noon) and sometimes associated with active galactic nucleus
(AGN) activity (e.g., Konno et al. 2016), SHELLQs conserva-
tively classifies objects with Liy, > 10" ergs™ as AGNs,
either obscured AGNs or weak broad absorption line QSOs
(Matsuoka et al. 2018b, 2019, 2022). Nonetheless, as shown in
the left panel of Fig. 1, several star-forming galaxies at inter-
mediate and high redshifts also exhibit Lya luminosities well
exceeding Ly, > 10%ergs™ without any evidence of an
AGN (e.g., Ouchi et al. 2009; Sobral et al. 2015; Matthee et al.
2017; Shibuya et al. 2018; Marques-Chaves et al. 2020a,b, 2021,
2022; Marconcini et al. 2025; Torralba-Torregrosa et al. 2024,
Dessauges-Zavadsky et al. 2025, to name a few).

In this study, we reanalyze the spectra and classification of
UV-bright SHELLQs sources with strong and narrow Lya emis-
sion (hereafter SHELLQs-LAEs). To focus on the most UV-
bright sources, we selected objects with Myy < —22 measured
from ground-based images), Liy, > 10* ergs™!, and FWHM <
1000kms~'. This subsample consists of 27 sources, with a mean
and scatter absolute UV magnitude of Myy = —23.03 + 0.58,
7 =06.15+0.22, and log(L1y./erg s71) = 43.57 +0.36.

Fully reduced optical spectra obtained with Subaru/FOCAS
and GTC/OSIRIS are retrieved from the SHELLQs webpage'.

! https://cosmos.phys.sci.ehime-u.ac.jp/~yk.matsuoka/

shellgs.html.
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A detailed description of the observations and data reduction is
provided in the main SHELLQs survey papers (Matsuoka et al.
2016, 2018a,b, 2019, 2022). Briefly, the observations were
conducted between November 2015 and August 2021, with
typical total on-source exposure times of 30-120 min. The
reduced one-dimensional spectra reach 1o depths of ~(4-10) X
107 ergs™'em 2 A~! over the rest-frame wavelength range
Arest = 1250-1400 A. Within this region, the average signal-to-
noise ratio is ~0.8 per pixel (~1.5 ;\pix’l), corresponding to an
integrated S/N of ~20. All the rest-UV spectra used in this work
are presented in the original SHELLQs survey papers.

Appendix A and Table A.1 list their coordinates and gen-
eral properties obtained by the SHELLQs collaboration. The UV
absolute magnitudes of SHELLQs-LAEs are represented as dark
blue circles in Fig. 1. For comparison, the right panel of Fig. 1
also shows other UV-bright LBGs selected from SHELLQs (but
without or weak Lya emission; in light blue; Matsuoka et al.
2019) and other surveys targeting UV-bright star-forming galax-
ies at z > 6 such as REBELS (green; Bouwens et al. 2022;
Rowland et al. 2026) and BoRG (red; Roberts-Borsani et al.
2025), along with a compilation of sources with spectroscopic
redshifts above zgpec > 5 obtained with NIRSpec/JWST (gray,
from DAWN/DJA archive; Heintz et al. 2024; de Graaff et al.
2025).

2.2. Composite spectrum

To investigate the representative spectral properties of the
SHELLQs-LAEs, we construct a composite rest-frame UV spec-
trum by stacking the individual spectra. While Ly« redshifts are
available for all sources, accurate systemic redshifts are cru-
cial for aligning spectra before stacking. However, these are
only known for a few SHELLQs-LAEs from recent JWST spec-
troscopy (Matsuoka et al. 2025b): J0217-0208 (z = 6.204, fur-
ther discussed in Sect. 3), J0853+0139 (z = 6.007), J0905+0300
(z = 6.273), and J1416+0015 (z = 6.027). For the remaining
sources, we estimate the systemic redshifts using the empirical
corrections from Verhamme et al. (2018) using the Lya emission
peak and line width derived from optical spectroscopy, which
account for radiative transfer effects.

Each spectrum is then deredshifted using the estimated sys-
temic redshifts and resampled onto a common spectral grid with
a resolution of A1 = 1.5A. We also rescaled the flux of every
spectrum to a common flux density to match the mean abso-
lute UV magnitude of the sample (Myy =~ —23.0). The compos-
ite spectrum is obtained by taking the median of the resampled
spectra at each wavelength bin, minimizing the contamination in
the final stack from strong sky-line residuals.

For the stacked spectrum error, we first compute the for-
mal per-pixel uncertainty from inverse-variance weighting of the
contributing spectra. However, this estimate does not account
for intrinsic sample variance or correlated noise introduced by
resampling onto a common wavelength grid. We therefore esti-
mated the final uncertainties using bootstrap resampling. We
generated 1000 realizations of the composite spectrum by ran-
domly drawing spectra with replacement and recomputing the
median stack for each realization. The 1o uncertainty at each
wavelength was taken as the standard deviation of the bootstrap
distribution. This approach incorporates both measurement noise
and intrinsic spectral diversity within the population.

Figure 2A presents the median stacked spectrum. It exhibits
strong (EW( = 19+3 A) and narrow (FWHM = 612+56kms™")
Ly emission and a strong P Cygni profile around N v 11240.

Other spectral features are tentatively detected, including the
low-ionization absorption line in Sill 11260. To assess the
robustness of the stack, we also computed the mean composite
spectra, finding consistent results, but with lower S/N.

2.3. Nature of UV-bright galaxies: Very young stellar
populations

The most striking spectral feature observed in the median
stacked spectrum shown in Fig. 2 is the P-Cygni profile around
NV A1240. This feature, characterized by blueshifted absorp-
tion and redshifted emission, is typical of the most massive O-
type stars and originates from their strong stellar winds (cf.,
Roman-Duval et al. 2020). The strength of the N v P-Cygni pro-
file is thus sensitive to the age of the stellar population but, as
highlighted in Chisholm et al. (2019), it is only weakly depen-
dent on stellar metallicity, in contrast to other wind lines such
as Si1v 41400 and C1v 41550 whose strength is more depen-
dent on the metallicity. As such, strong N vV P-Cygni is observed
(and expected) in systems dominated by very young stellar
populations (e.g., Leitherer et al. 2018; Chisholm et al. 2019;
Bergetal. 2022; Smithetal. 2023; Upadhyaya et al. 2024;
Marques-Chaves et al. 2026). For older or more evolved stellar
populations, the NV P-Cygni becomes significantly weaker or
is no longer discernible, as seen in the spectra of more evolved
galaxies (e.g., Shapley et al. 2003; Sugahara et al. 2019).

To investigate the origin of the Nv P-Cygni feature in
our stacked spectrum, we fit its observed profile (from Ay =
1225-1248 A) using predictions from stellar population syn-
thesis models. We used the Binary Population and Spectral
Synthesis (BPASS v2.1; Eldridge et al. 2017) code, assuming a
constant star formation history and a Chabrier (2003) IMFE
Because the composite spectrum combines 27 galaxies that are
unlikely to share identical star formation histories, a constant
star formation history provides a neutral time-averaged descrip-
tion without imposing a specific functional form. We adopted
a stellar metallicity of Z, = 0.006 (or Z = 0.3 Zg, assuming
Zy = 0.02; see also Sect. 3.4). The observed NV profile is
well reproduced by stellar populations with an age of ~6 Myr
(Fig. 2A). Figure 2B1 shows a zoom-in of the observed NV
feature in our stacked spectrum, compared with BPASS mod-
els spanning a wide range of ages (1-100 Myr, color coded).
Despite the relatively low S/N, our data suggest a relatively
well-constrained age of 6.3fg Myr. Ages shorter than ~3 Myr or
longer than ~15 Myr are significantly disfavored, as they either
overpredict or underpredict the observed strength of the NV P-
Cygni feature.

It is noteworthy that similar results have been found for
UV-bright galaxies at intermediate redshifts (z ~ 2—4 and
Myy < —23), which are so far the only star-forming galax-
ies known to be as bright as the SHELLQs-LAEs. Deep
rest-frame UV spectroscopy of these z ~ 2-4 galaxies
has revealed intense stellar wind lines, including prominent
NV P-Cygni, from which ages of <10Myr and high spe-
cific star formation rates (sSFRs; sSFR = SFR/M, ~
100 Gyr’l) were inferred (Marques-Chaves et al. 2020a, 2021,
2022, 2024b; Upadhyaya et al. 2024; Dessauges-Zavadsky et al.
2025). Figure 2B2 compares the NV profile of the SHELLQs-
LAEs with that of the stacked spectrum of similarly UV-bright
galaxies at z ~ 2—4 presented in Upadhyaya et al. (2024), show-
ing a great similarity between the two.

The N v P-Cygni feature in SHELLQs-LAEs was also noted
by Matsuoka et al. (2019), who performed a similar spectral
stacking analysis using a slightly smaller sample (see their
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Fig. 2. Stacked rest-UV spectrum of UV-bright SHELLQs-LAEs. Panel A: median (black) stacked spectrum and 1o error (green) of SHELLQs-
LAESs, which presents strong Lya emission and a well-developed N v 11240 P-Cygni profile (violet-shaded area). The location of low-ionization
ISM absorption lines (Sill, O1, and C1I) are also marked with dashed orange lines. The BPASS stellar population synthesis model that best
reproduces the observed NV profile is shown in violet and is characterized by continuous star formation and an age of 6.3*; Myr, assuming

Z/Zs = 0.3 with the Chabrier (2003) IMF and E(B-V) =

0. Panel B1: zoomed-in view of the N v P-Cygni observed in SHELLQS LAEs (black)

and a comparison with B1: BPASS synthetic models with different ages (1-100 Myr, color coded). Panel B2: UV-bright galaxies at z = 2—4
(violet; Upadhyaya et al. 2024). Panel B3: low- and high-ionization BALQSOs (green and red, respectively; Brotherton et al. 2001). Panel B4:

Type II AGNs (orange; Hainline et al. 2011).

Fig. 9). They attributed the observed NV P-Cygni profile to
a weak broad absorption line quasar (BALQSO), a type of
quasar that shows blueshifted absorption features in its spec-
trum due to outflowing gas from the central supermassive black
hole. While the weak BALQSO scenario cannot be ruled out as
an explanation for the observed NV profile in the SHELLQs-
LAEs, it is unlikely for several reasons. First, the P Cygni-like
features observed in BALQSOs arise from the combination of
broad emission from the accretion disk and absorption by out-
flowing gas along the line of sight, typically spanning a wide
range of velocities from a few hundred kilometers per sec-
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ond to relativistic speeds (see Hamann & Ferland 1999, for a
review). Given this diversity, it is improbable (but not impos-
sible) that stacking the rest-UV spectra of multiple BALQ-
SOs would yield a NV P-Cygni profile that precisely matches
that expected from stellar winds of massive stars. Figure 2B3
shows a comparison between the observed NV profile of the
SHELLQs-LAEs and those obtained from stacks of low- (green)
and high-ionization (red) BALQSOs at z ~ 1 (Brotherton et al.
2001). While these BALQSO composites do exhibit P Cygni-
like N v profiles, they differ significantly from the one observed
in the SHELLQs-LAEs and from BPASS model predictions.
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Furthermore, BALQSOs typically show broad Ly« profiles (with
FWHM > 1000kms™"), in contrast to the narrower Lya line
widths observed in SHELLQs-LAEs (<1000 kms™").

Finally, we investigated the contribution of an obscured
AGN (e.g., type II). This is more challenging due to the
limited spectral coverage of our stacked spectrum (Aps <
1400 A). However, as shown in Fig. 2B4 (orange), type-II AGNs
typically exhibit narrow and symmetric NV emission, from
NV 1238 A and 1242 A (Hainline et al. 2011; Alexandroff et al.
2013; Mignoli et al. 2019), which contrasts with blueshifted
absorption and redshifted emission observed in SHELLQs-
LAEs. Furthermore, a type-Il AGN, or more generally an
obscured AGN, would not account for the high UV luminosities
observed in the SHELLQs-LAE:s.

In summary, our results suggest that the UV emission of the
UV-bright SHELLQs-LAE:s studied here is likely dominated by
very young stellar populations, with an average age of ~6 Myr
under the assumption of a constant star formation rate (SFR) .
As noted earlier, this does not rule out the presence of AGN-
dominated systems within the sample (see e.g., Onoue et al.
2021), but their overall contribution to the UV or frequency is
likely to be small. Deeper follow-up spectroscopy in the rest-
UV and/or optical is required to determine the nature of these
systems on an individual basis. Such observations are available
for five UV-bright SHELLQs-LAEs (J0217-0208, J0853+0139,
J0905+0300, J1416+0015, and J2232+0012; Matsuoka et al.
2025b), four of which show no evidence of AGN activity, as
indicated by the absence of broad (FWHM > 1000km s7h
components in the Balmer lines, the non-detection of high-
ionization emission lines, and slightly resolved morphologies
(Matsuoka et al. 2025b).

In the following, we present an analysis of JWST observa-
tions of one of these sources, J0217-0208 at z = 6.204. This
galaxy is representative of the SHELLQs-LAE population in
terms of UV and Lye luminosities and is the only object in
the sample with multi-wavelength coverage including ALMA,
which, as we show later, provides crucial constraints for a com-
prehensive understanding of the system.

3. JWST observations of J0217-0208

J0217-0208 (RA: 02:17:21.59; Dec: —02:08:52.6) at z
6.20 and with Myy —-23.3 was first discovered in
Matsuoka et al. (2018b), showing a relatively strong Lya emis-
sion (log[Liyq/erg s71] 43.33) and unresolved profile
(FWHM < 230kms™"). Far-IR ALMA observations of this
source were presented in Harikane et al. (2020b), which reported
significant detections in the [OTI] 88 um and [C1I] 158 um.
Dust continuum emission was also significantly detected in
J0217-0208 at 160 um and 120 pm, for which Harikane et al.
(2020b) derived a total IR luminosity Lig = 1.4 x 10! Ly, and a
dust temperature and mass Tguse = 25 K and Mgyg = 2 X 108 M.
Figure 3 summarizes the JWST observations of J0217-0208.
The properties of J0217—-0208 derived in this section are sum-
marized in Table 1.

3.1. Observations and data reduction

J0217-0208 was observed with JWST in three different GO1
programs: PIDs 1840 (PIs: Alvarez-Marquez and T. Hashimoto;
Hashimoto et al. 2023; Sugahara et al. 2025; Mawatari et al.
2026; Usuietal. 2025), 1967 (PI: M. Onoue; Ding et al.
2025; Matsuoka et al. 2025b), and 1657 (PI: Y. Harikane;
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Harikane et al. 2025). These observations consist of NIRCam
images with eight filters and NIRSpec spectroscopy with Fixed-
Slit (FS) and Integral Field Spectroscopy (IFS) modes that we
now describe.

J0217-0208 was observed with NIRCam with F115W,
F150W, F200W, F250M, F300M, F356W, F410M, and F444W
filters, consisting of relatively short exposure times (343 to 601 s
on source), except for F150W and F356W (3264 s on source).
NIRCam data were calibrated using a custom strategy based on
the JWST calibration pipeline (version 1.17.1; Bushouse et al.
2025) with Calibration Reference Data System (CRDS) con-
text 1321. This procedure includes the removal of snowballs and
wisps following the method described in Bagley et al. (2023), as
well as a superbackground homogenization with 1/f correction,
adopting the approach of Pérez-Gonzalez et al. (2023) and incor-
porating the improvements presented in Pérez-Gonzélez et al.
(2025) and Ostlin et al. (2025). J0217-0208 is well detected in
all NIRcam images, as shown in the top panel of Fig. 3.

NIRSpec observations of J0217—0208 consist of FS and
IFS spectroscopy (Boker et al. 2022; Jakobsen etal. 2022),
obtained using the medium- (FS) and high-resolution (IFS)
grating/filter combination G395/F290LP, delivering a spectral
resolving power of R ~ 1000 and R ~ 2700, and continuous
wavelength coverage from 2.87 to 5.27 um. J0217-0208 was
observed with FS mode with a total on-source exposure time
of 3107 s using the S200A2 slit (0.2” x 3.3 size). Data were
retrieved from MAST and calibrated using the CRDS context
version 11.17.19 and file version 1256. The flux density of
the FS spectrum was matched to that obtained from photome-
try in NIRCam F356W to account for slit-losses. IFS observa-
tions, totaling 1750s exposure time, were calibrated with the
JWST pipeline release 1.18.0 (Bushouse et al. 2025), using
the CRDS context version 12.1.8 and file version 1364. In
addition to the standard three-stage reduction, custom steps
are introduced to optimize data quality (e.g., Marshall et al.
2023; Ubler et al. 2023; Perna et al. 2023). First, we enable the
msa_flagging and outlier_detection modules, which are
skipped by default by the pipeline, while the ipc correction step
is intentionally omitted. Then, we remove the 1/f noise, which
produces vertical striping on the detector images (Perna et al.
2023). Finally, we apply a sigma-clipping routine to the count-
rate images to generate a temporal bad/hot pixel mask, flagging
pixels as “DO_NOT_USE” if identified as outliers in 3 out of 4
dithers. The final spectral cube was produced with the drizzle
algorithm. Figure 3 shows the FS spectra and the collapsed IFS
Hp + [0 111] 114960,5008 image of J0217-0208.

3.2. Emission line measurements

Given the superior S/N of the NIRSpec/FS spectrum com-
pared to the IFS one, we use it to measure the emission
line fluxes of J0217—-0208. The spectrum reveals strong emis-
sion in HB, [O111] 114960,5008, and Ha, as well as in several
other lines that are typically faint, such as [S1I] 116718,6732
and the temperature-sensitive [OIIT] 14363 line (detected with
a 60 significance). The continuum emission is also well
detected across the spectral coverage of the G395M grating,
with a S/N per pixel ranging from ~3 to 9. Using the HB and
[O111] 214960,5008 emission lines, we determine the systemic
redshift of zeys = 6.2038 + 0.0001.

We measured the fluxes, equivalent widths, and line widths
of the emission lines by fitting each line with a single Gaussian
component. As a first step, we modeled and subtracted the under-
lying continuum using spectral windows of Adpy = 50A on

~
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Fig. 3. Summary of the JWST observations of J0217—-0208 at z = 6.20. Top panels: JWST/NIRCam images centered on J0217-0208 at increasing
wavelengths (from F115W to F444W, left to right, each with a 2" X 2" size). Bottom panels: JWST/NIRSpec spectroscopy. Bottom left: integrated
HpB + [0 111] 214960,5008 emission from J0217-0208 obtained with NIRSpec/IFS. Bottom right: two-dimensional (top) and one-dimensional
(bottom) spectra of J0217-0208 obtained with NIRSpec/Fixed-slit. The locations of relevant emission lines are marked with dashed lines.

Table 1. Properties of J0217-0208.

Property Value Uncertainty
RA (J2000) 02:17:21.59 0.1”
Dec (J2000) —02:08:52.6 0.1”
Zsys 6.2038 0.0001
Myv (AB) -23.37 0.08
Teft.x (PC) 266 10
Teff,neb (PC) 550 340
Age (Myr) 5.5 1.5
7 (Myr) 12.6 6.7
12 + log (O/H) 8.20 0.11
log(N/O) -0.30 0.10
E(B_V)stellar,sys 0.01 0.01
E(B=V)uebsys 0.06 0.05
E(B_V)neb,oulﬂow 0.57 0.26
SFR (M, yr™") 142 24
log(M, /M) 9.11 0.07
sSFR (Gyr™) 110 15
log(Z /My pc™2) 343 0.37
log(Zspr /Mo yr~! kpc2) 2.50 0.08

either side of each emission line. The fitting was performed using
the Python package curvefit, where the amplitude and line
width are treated as free parameters. The centroid of each Gaus-
sian was initially set based on the expected observed wavelength,
i.e., Adobs = Arest X (1 + z), with redshift z also included as a free
parameter. To allow for potential uncertainties in line centroids,
we permitted small deviations (up to 10%) in the fit central wave-
lengths. Additionally, the relative flux ratios of the [N1I] and
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[O 1] doublets are fixed to 2.94 and 2.98, respectively. To esti-
mate uncertainties, we repeated the fitting process on 500 sim-
ulated spectra, introducing random noise to the observed spec-
trum. The noise was drawn from a Gaussian distribution with
a standard deviation set by the 1o uncertainty in the observed
spectrum.

We find that a single Gaussian component generally pro-
vides a decent fit to the spectral profiles of most emission lines.
The simultaneous fit of HB, [O1I], Ha, and [NTI] emission
lines assuming a single Gaussian component yields a reduced
x> = 13.0 (with six free parameters). The lines appear only
marginally resolved, with observed line widths approximately
10-20% larger than the expected instrumental widths. Thus, we
conservatively assumed that the lines are not fully resolved, and
we did not correct them for the instrumental broadening. How-
ever, the brightest emission lines, HB, [O 111] 114960,5008, He,
and [N 1] 116549,6585, exhibit prominent broad wings in their
profiles, which are not well reproduced by the best-fit single
Gaussian models (shown in orange in Fig. 4).

To better capture the core and wing components of the Hg,
[O11], Ha, and [NTI] lines, we repeat the fitting process using
a two-component Gaussian model. The widths of the Gaussian
components are constrained to remain consistent across differ-
ent emission lines, although we take in consideration the varia-
tion of the NIRSpec G395M spectral resolution as a function of
wavelength (Rigby et al. 2023). As done before, the relative flux
ratios of the [N 11] and [O 111] doublets are fixed to 2.94 and 2.98,
respectively, for both the narrow and broad components.

The two-component fit (shown in blue in Fig. 4) provides
a significantly improved match to the observed line profiles,
particularly in the wings of the lines, with a reduced y? =
3.73 (with 12 free parameters). We also calculated the Akaike
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Fig. 4. NIRSpec/FS spectrum of J0217-0208 (black) around HB + [O 111] 224960,5008 (left) and Har + [N 11] 2126549,6585 (right) emission lines.
Top panels: best-fit model assuming one Gaussian component for each emission line (orange). Bottom panel: best-fit model assuming two Gaussian
components. The total emission is shown as a blue dashed line, while the individual components are shown as dotted lines (green and red for the
narrow and broad components). Note that the vertical axes are in logarithmic scales. The gray area represents the +10 uncertainty spectrum. The
lower subpanels show the residuals of the fits, with yellow and blue points corresponding to the single- and two-component models, respectively.

information criterion (AIC) between the two-component and
single-component fits and found that the two-component fit
is strongly preferred (AAIC 10.6). The narrow compo-
nent appears barely resolved only (Adparow = 19.4 = 3.5 A).
On the other hand, the broad component exhibits a width of
FWHM,,00q = 595 + 124 km s™!'. We also tested whether a broad
component is required to fit the profiles of the fainter emission
lines. In these cases, the broad component is not significantly
detected, suggesting that the bulk of the emission in the faint
lines is well described by a single (narrow) Gaussian component.
The flux measurements for the total, narrow, and broad compo-
nents are listed in Table B.1.

From this point onward, we assumed that the narrow com-
ponent originates from warm gas tracing the systemic veloc-
ity due to virial motions within the galaxy. On the other hand,
the broad component (FWHMyoq = 595 + 124kms™!, Av
—34 + 85kms™!) is identified with outflowing ionized gas, as it

is detected in both Balmer (HB and He) and metal lines ([O 111],
[N11]) and is required to explain their broad wings (Fig. 4).

Finally, we also checked the presence of a broad emis-
sion in Ha that could be associated with a type-I AGN. We
repeated the fitting process but added a broad Ha component
with FWHM > 1000 km s~!, hereafter the AGN component, to
the narrow and outflow components obtained in the previous fit.
We fixed the central wavelengths and line widths of the nar-
row (Av = Okms™!, FWHMurow = 290kms™") and outflow
(Av = =34 kms™!, FWHMjy0aq = 595 kms~!) components while
leaving all the amplitudes and the line width of the AGN compo-
nent as free parameters. Our results indicate that the AGN com-
ponent is not significantly detected, and we obtain an upper limit
of Fagn(He) < 6.9 x 10718 ergscm‘2 (30) assuming an AGN
FWHM = 1000 kms~'. Our results thus support the lack of type-
I AGN activity in J0217-0208 (see also Phillips et al. 2026), or
it is heavily obscured.
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Fig. 5. Location of J0217-0208 (blue) on the classic BPT diagnostic
diagrams: [O 1I]/HB vs. [N 1I]/He (top), [S II]/Ha (middle) and [O 1]/He
(bottom). The dot-dashed curve in the top panel shows the empirical
star-forming/AGN demarcation from Kauffmann et al. (2003), while the
dashed curves indicate the maximum starburst lines from Kewley et al.
(2001, top) and Kewley et al. (2006, middle and bottom). Gray circles
represent local SDSS galaxies for comparison.

3.3. Differential dust attenuation and line diagnostics

Thanks to the high S/N of the FS/G395M spectrum of
J0217-0208, we could constrain the nebular dust attenuation for
the narrow and broad components independently. For the narrow
component, we used the flux measurements of Hy obtained from
the single Gaussian fit, along with the narrow components of H3
and Ha from the two-component fit. For the outflowing gas, we
use the broad components of HS and He.
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We assumed Case B recombination for 7, = 10*K and n. =
1000cm™ (see Sect. 3.4), and we adopted the Cardelli et al.
(1989) extinction law with Ry = 3.1. We found E(B—V)ss =
0.06 £ 0.05 and E(B—V)oy = 0.57 + 0.26 for the systemic
and outflowing components, respectively, which is in excellent
agreement with the values reported by Matsuoka et al. (2025b).
These values are used to deredden the observed fluxes. For emis-
sion lines requiring a two-component fit (HB, [O111], He, and
[N11]), their total dereddened fluxes were obtained by summing
the dust-corrected fluxes of the narrow and broad components,
each corrected using its respective E(B-V).

Using the total dust-corrected line fluxes, we investigate the
nature of the ionizing source in J0217-0208. We first explore
the classical Baldwin, Phillips & Terlevich (BPT) diagnostics
(Baldwin et al. 1981; Veilleux & Osterbrock 1987), employing
the line ratios [O TIT]/HB, [N 11]/He, [S 1T1]/Ha, and [OT1]/Ha. We
obtain log([O111]/HB) = 0.71 + 0.08, log([N11]/Ha) = —0.59 +
0.07, log([S1]/Ha) = —1.59 + 0.05, and log([O1]/He) < -2.14
Bo).

As shown in Fig. 5 and according to Kewley et al. (2006),
the derived [OnI]/HB vs. [S1]/Ha and [OI]/Ha line ratios
are consistent with J0217-0208 being powered by star forma-
tion, placing it far from the locus of low-z AGNs. However,
its position in the [OmIJ/HB vs. [N1IJ/Ha diagram is more
ambiguous, as it lies along the “maximum starburst” curve of
Kewley et al. (2001). This could suggest a hard stellar ionizing
radiation field (see Steidel et al. 2014), shocks contributing to
the line excitation, or a possible non-negligible AGN contribu-
tion. Additionally, it may reflect an elevated nitrogen abundance
in J0217-0208, similar to that observed in some UV-bright high-
z galaxies (Marques-Chaves et al. 2024a; Senchyna et al. 2024,
Schaerer et al. 2024; Topping et al. 2024), which could enhance
the [N II]/He ratio (Stiavelli et al. 2025; Zhang et al. 2026).

From the non-detection of Hell 14686, we derived
log(Hen/HB) < —1.61. According to Shirazi & Brinchmann
(2012), this upper limit is consistent with J0217—-0208 being
powered by star formation, without requiring a hard ionizing
source such as an AGN. Finally, we measured [O 111]14363/Hy =
0.20 + 0.03, which aligns with star formation in all models
presented by Mazzolari et al. (2024). In short, nearly all line
diagnostics examined here indicate that J0217-0208 is a star-
forming galaxy with negligible contribution from an AGN.

3.4. Electron density, temperature, and abundances

For the ISM properties, we did not attempt to derive separate
physical conditions for the systemic and outflow components
and instead focused on the luminosity-weighted properties of
the ionized gas. This is because the temperature-sensitive [O III]
A4363 line and the density-sensitive [S IT] 116716,6731 doublet
are only significantly detected in the narrow component, pre-
venting independent measurements of 7. and n. for the broad
component®. We therefore adopted the electron temperature and
density derived from the narrow component and applied them to
the total dust-corrected line fluxes when deriving abundances.
Within the spectral coverage of G395M, the [S1]
A46716/6731 doublet is the only n.-sensitive spectral
feature detected with high significance. We obtained

2 Recently, Harikane et al. (2025) found evidence of an inhomoge-
neous ISM structure in J0217-0208 from a relatively strong far-IR
[O11] 88 um emission that cannot be explained by uniform electron
density and temperature. However, their results should not significantly
impact our measurements of densities, temperatures, and abundances.
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Fig. 6. Chemical abundance ratio N/O as a function of O/H.
J0217-0208 is shown as a blue circle, while other z > 5 nitrogen emit-
ters are marked by violet squares (compiled by Schaerer et al. 2024; see
also Ji et al. 2026 for a more extensive sample). For comparison, low-
redshift star-forming galaxies and H 11 regions from Izotov et al. (2023)
are plotted in gray. The dashed line shows the average trend in low-z
galaxies, as parameterized by Vila-Costas & Edmunds (1993).

[S11] 16716/16731 = 0.88 + 0.22 and estimated log(n. /cm™>) =

3.06*)3; using the getTemDen task from Pyneb (Luridiana et al.

2015). Assuming log(n./cm~3) = 3.06 and using the observed
[O111] 24363/45008 line ratio of (7.6 +0.1) X 10~>, we measured
T. (O1) = (1.05 + 0.05) x 10* K.

For abundances, we considered O* and O** from [O11]
A43727,3729 and [O 1] 45008, respectively. While [O11] is
not covered by our G395M spectrum, we obtained its flux
using the observed line ratio of [O II]/[O 1] =4.39 + 0.42 from
Harikane et al. (2025), and we rescaled and corrected it for dust
attenuation. Using the empirical relation of Izotov et al. (2006),
we derived an oxygen abundance 12+1log(O/H) = 8.20+0.11, in
excellent agreement with that obtained by Harikane et al. (2025).
We also relied on Izotov et al. (2006) to derive the nitrogen
over oxygen ratio by applying the ionization correction factor
ICF(N*) = 6.91, obtaining 12 + log(N/O) = —0.30. As such,
J0217+0208 has a subsolar O/H (=0.30 Zy) and super-solar N/O
(=3.6x solar), as highlighted in Fig. 6.

It is also worth noting that the broad component of [NTI]
composes a larger fraction of its total flux (~66% or ~86% after
dust correction) than other lines (HB, [O 11], He; see Fig. 4 and
Sect. 3.5). While this may indicate enhanced nitrogen enrich-
ment in the outflowing gas (e.g., Arellano-Cérdova et al. 2025;
Rizzuti et al. 2025), the lack of independent density and temper-
ature measurements for the broad component prevents us from
deriving separate abundances.

3.5. Outflow properties

Section 3.2 shows that the spectral profiles of the HB, [O111],
He, and [N1I] emission lines require a narrow and broad com-
ponents, the latter associated with ionized outflows. This com-
ponent has a line width of FWHMypaq = 595 + 124 km s~ and
is centered at Av = —34 + 85kms~! relative to the systemic
velocity. The observed broad-to-narrow flux ratio varies between
Jout/ foys = 0.25 for [O11] and ~0.49 for Ha. After correcting
for dust attenuation, these values increase by a factor of ~3-5,

reaching fou/ fsys = 1.25—1.64 due to different attenuation levels
between the narrow and broad components.

We derive an outflow velocity, defined as vy, = |Av| +
FWHMoyraa/2, of voyr = 331 + 135kms™! (e.g., Arribas et al.
2014). To estimate the total mass of ionized gas in the out-
flow, M,,, we use the Ha luminosity as a tracer of the ion-
izing photon production rate (Qy), given that My, o« Qg/n.,
thus My, o« L(Ha)/n, (e.g., Colina et al. 1991). Using the dust-
corrected luminosity of the outflowing component, L(Ha) =
(3.02+0.4)x10% erg s~!, and assuming a constant ISM density of
ne. = 103 cm™3 (Sect. 3.4), we derive log(Myy /M) = 8.07+0.07.
The ionized gas mass in the outflow constitutes approximately
62% of the total (systemic + outflowing) ionized gas mass traced
by Ha.

To determine the spatial extent of the outflow, regou, We
use NIRSpec/IFU observations of J0217-0208. Since the IFU
data around He is noisier and has lower spatial resolution than
that around HB + [O 111], we collapse the 2D emission of HB and
[O111] 114960,5008 using narrow spectral windows of ddeg =
+6 A centered on these lines. To remove the underlying con-
tinuum, we subtract a collapsed IFU spectrum on both sides
of the HB + [O1] lines, covering Arest = 4400-4800 A and
Adrest = 50505450 A. The resulting NIRSpec/IFU 2D image of
Hp + [O 111] emission is shown in Fig. 3.

We fit a 2D Gaussian profile to the HB +[O III] emission
while masking the region around the faint component ~0.38”
SW of J0217-0208. We found a circularized FWHM = 0.25” +
0.11”. To correct for the instrumental PSF, we used the empir-
ical NIRSpec PSF measurements as a function of wavelength
provided by D’Eugenio et al. (2024). At 4 = 3.5-3.6 um, the
NIRSpec/IFU PSF is around ~0.11”"—-0.14" (depending on each
method; see D’Eugenio et al. 2024), and we assumed the inter-
mediate value FWHM(PSF) = 0.125”. Thus, the PSF corrected
size of the HB + [O 1] emission is 1.1 = 0.7 kpc (FWHM), or
Feff.out = 0.55+0.34 kpc assuming a Gaussian profile. This is con-
sistent with the size derived using the NIRCam/F356W image of
J0217-0208, which predominantly traces the HB + [O IIT] emis-
sion (Sect. 3.6). We thus assumed a regon = 0.55 = 0.34kpc
for the extension of the outflow. We emphasize, however, that
this value should be regarded as an assumption rather than a
robust measurement, given the uncertainties in the NIRSpec PSF
and the contribution of the narrow component to the ionized gas
emission. Considering this size, we obtained an outflowing gas
rate, Moy = Moy X Uout X 7 = 72 + 49 My yr~!, defined as

eff,out
the amount of gas expelled due to the outflow per unit time.

3.6. Morphology and photometry

J0217-0208 shows a compact morphology in the NIRCam
images, tracing the rest-UV to optical (top panels of Fig. 3).
Additionally, it has a much fainter companion located ~0.38"”
southwest of J0217-0208 (or ~2.1 kpc proper). A close inspec-
tion of the IFS data confirms the same redshift as J0217—-0208,
suggesting that this faint companion is likely a minor merger.
However, we exclude the faint component in this morphological
analysis.

We first investigate the light distribution of J0217-0208
using PySersic (Pasha & Miller 2023). PySersic fits the mor-
phology of a source using 2D Sérsic models convolved with a
given point-spread function (PSF) and uses a Bayesian frame-
work to understand the degeneracies between different param-
eters. We generate PSFs for all eight NIRCam filters (F115W
to F444W) using WebbPSF. We assume 2D Sérsic profiles with
a Sérsic index varying from 0.5 to 6.0, while other parameters
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such as total flux, ellipticity, and orientation are left free. The fit
is performed on a 60 X 60 px cutout centered on J0217-0208,
masking the emission from the fainter companion (using a 0.2"-
radius aperture).

For the F150W image (e resc = 2000 A), we obtain an effec-
tive radius regpisow = 266 = 10pc and a Sérsic index n =
1.12+0.10. On the other hand, the morphology in F356W, which
traces predominantly the combined emission from HG + [O III]
lines, shows a more extended profile, with e p3sew = 575+29 pc
and a Sérsic index n = 1.78 £ 0.11, which is in excellent agree-
ment with the size of the HB + [O I11] emission derived from the
NIRSpec/IFU observations (Sect. 3.5).

For the remaining NIRCam bands, the measured sizes are
consistent with previous estimates. J0217-0208 exhibits a rel-
atively resolved morphology in bands tracing the stellar con-
tinuum, with sizes comparable to those obtained in FI150W,
albeit with larger uncertainties. In the F444W image, which
probes Ha + [N 11] emission, J0217—-0208 shows a spatial extent
similar to that in F356W, with regpaaw = 646 + 107 pc. In
summary, J0217-0208 shows a compact stellar emission with
Teix = 266 = 10pc, while its nebular emission appears more
extended, with reg pen = 575—-650 pc.

Finally, we perform aperture photometry on all NIRCam
images. We use relatively large apertures, varying from 0.45”
at shorter wavelengths (F115W) to 0.58” at longer wavelengths
(F444W), to account for the total emission of J0217—0208 and
PSF variations across the NIRCam filters. Errors were derived
using a circular annulus around the source to estimate the
local background noise but include the propagated uncertainties
within the photometric aperture. Overall, J02017-0208 shows
a steep rest-UV spectral energy distribution (SED), as shown
in Fig. 7, with f,(F115W) = 1.42 + 0.05u)y, f,(FI50W) =
1.24 + 0.03 wly, and f,(F200W) = 1.02 + 0.06 wWJy, covering
the spectral range Ay = 1600—-2800 A. A linear fit to these
measurements yields a UV slope of Byy = —2.58 + 0.07. At
longer wavelengths, J0217-0208 presents a relatively flat SED,
except in NIRCam bands containing bright optical emission
lines, HB + [O 1] (f,(F356W) = 1.78+0.06 WJy) and Ha + [N 11]
(f,(F444W) = 1.44 + 0.05 wJy). The aperture photometry agrees
well with the fluxes obtained from the PySersic best-fit mod-
els, with differences all within <1.5¢ for all filters (and with a
mean of ~0.90).

3.7. Global properties from SED analysis

We performed SED fitting using the CIGALE code (V.2022.1;
Burgarella et al. 2005; Boquien et al. 2019), incorporating pho-
tometry from F115W to F444W. The star formation history
(SFH) is modeled with two components: one describing the
young stellar populations responsible for the observed steep UV
slope (Byy = —2.58 + 0.07), and another accounting for a poten-
tial underlying mature stellar population that could contribute
to the emission at longer wavelengths. The young stellar com-
ponent follows an exponentially declining SFH, with 7 and age
varying from 1 to 20 Myr in 1 Myr steps. The older component
assumes a single-burst model with ages from 100 to 500 Myr in
100 Myr steps.

We adopt stellar population models from Bruzual & Charlot
(2003), assuming a Chabrier (2003) IMF and metallicities of
Z = 0.2-0.4Z, based on our analysis in Sect. 3.4. The ion-
ization parameter ranges from log(U) = —4 to —1 in 1 dex steps.
Given the expected differential attenuation between the stellar
continuum (Byy =~ —2.6) and nebular emission, particularly from
the outflowing component (E(B—V)q, =~ 0.6), we allowed vari-
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Fig. 7. Best-fit SED model (black line) of J0217—-0208 using NIRCam
photometry (blue squares). The SED is dominated by the emission of
a young stellar population characterized by an exponentially declin-
ing SFH with an age of 5.5 + 1.5Myr (7 = 12.6 = 6.7 Myr), SFR =
142 + 24 My yr™!, and a stellar mass log(M3™""¢ /My) = 9.11 + 0.07.
The nebular emission and the underlying old stellar population are rep-
resented by green and pink lines, respectively.

ations in the ratio of the color excess of the stellar continuum
to that of the nebular gas, with E(B—V)x/E(B—V)pepular rang-
ing from 0.1 to 1.0 in 0.1 steps. We adopted the Milky Way
dust extinction law from Cardelli et al. (1989) with Ry = 3.1
as the dust attenuation law for the nebular emission and the
Calzetti et al. (2000) attenuation law for the stellar emission.
Figure 7 shows the best-fit model (black). The emission
of J0217-0208 is dominated by a young stellar population in
the whole spectral range covered by the NIRCam imaging data
(dashed blue line), and it has an age of 5.5 + 1.5Myr and
T = 12.6 £ 6.7Myr. It has a 10 Myr-weighted SFR = 142 +
24 Mo yr~!' and a stellar mass log(M%™""¢ /M) = 9.11 + 0.07.
We find a stellar color excess of E(B—V), = 0.05 + 0.02 with
a E(B-V)+/E(B—V)pepular = 0.6 + 0.3. On the other hand, the
old stellar population is not significantly detected, and its mass
should be less than log(M/M,) < 9.5 (307; magenta in Fig. 7).
From these results, we obtained a SSFR = 110+15 Gyr~! assum-
ing only the starburst mass, or sSSFR > 32 Gyr™! (30") when the
stellar mass of the young and old stellar components are con-
sidered. Finally, using the size of reg 4« derived from the F150W
image, we obtain a stellar mass and SFR surface densities of
log(Zy, /Mo pc?) = 3.43 +0.37 and log(Zsgr /Mo yr~' kpe™2) =
2.50 = 0.08, respectively, which are ~100x higher than that of
typical galaxies at similar redshift (e.g., Calabro et al. 2024).

4. Discussion

4.1. UV-bright galaxies as young, powerful starbursts with
enhanced production of ionizing photons

The young age inferred from the Nv P-Cygni profile in the
stacked SHELLQs-LAE spectrum, 6.3f§ Myr under the assump-
tion of constant star formation (Sect. 2.3), implies that the bulk
of star formation in these systems has taken place within the past
<15 Myr. This effectively rules out a dominant contribution to
the UV luminosity from more extended (>15 Myr) star forma-
tion episodes, indicating that SHELLQs-LAEs are undergoing
recent and powerful bursts of star formation. The high specific
SFR of one of the SHELLQs-LAEs studied here, J0217-0208
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with sSFR = 110 + 15Gyr™! (or sSFR > 32Gyr™! if the
total mass is considered), corroborates this picture. Furthermore,
JWST observations of the few other SHELLQs-LAEs reveal
blue UV slopes, Buy ~ —3.0 (Matsuoka et al. 2025b), indicative
of very young (<5 Myr) star-bursting phases.

These findings imply that UV-bright SHELLQs-LAEs are
prolific producers of ionizing photons. We estimated their aver-
age ionizing photon production efficiency, defined as &, =
Qion/LYY, by integrating the ionizing emission (Qjon; i.e., pho-
tons with energies >13.6eV) from the best-fit BPASS synthetic
spectrum and comparing it to the corresponding monochromatic
UV luminosity (L},JV, evaluated at 1600 A and assumed to be
dust-free). We find log(&ion/Hzerg™") = 25.54709 for the aver-
aged population of SHELLQs-LAEs. For J0217-0208, we used
its Ha dust-corrected luminosity, Ly, = 3.67 X 104 erg s~L
as a proxy for Qjon, and we measured log(&ionHe/Hz erg’!) =
25.53 + 0.04, assuming zero escape fraction of ionizing photons
(Fig. 8, but see also Sect. 4.2). For comparison, the best-fit SED
of J0217-0208 predicts a log(&ion.sep/Hz erg™!) = 25.64 + 0.06,
i.e., only slightly higher (=~0.11 dex) than that derived using Ha
luminosity.

Figure 8 shows the average &;,, obtained for the SHELLQs-
LAE:s (square), which is approximately 0.34 dex higher than the
pre-JWST canonical value reported by Robertson et al. (2015).
For comparison, we also include in Fig. 8 measurements of &y
and its relationship with Myy, derived for fainter star-forming
galaxies at z ~ 3—9 from recent JWST studies (Simmonds et al.
2024a,b; Llerena et al. 2025, and Pahl et al. 2025; shown in red,
blue, green, and orange, respectively, in Fig. 8). While these
studies have established &,, — Myy relations for UV-fainter
galaxies (solid lines in Fig. 8), we extrapolate those trends
to the higher UV luminosities characteristic of the SHELLQs-
LAE:s (dashed lines). Overall, these extrapolated relations do not
fully account for the elevated &, observed in UV-bright sys-
tems such as the SHELLQs-LAEs. That said, the extrapolations
from Simmonds et al. (2024b) and Pahl et al. (2025) yield values
only slightly lower, around log(&i,n/Hzerg™!) ~ 25.4, but are
consistent within our 1o uncertainties. In contrast, the extrap-
olated relation from Llerena et al. (2025) predicts significantly
lower values, with log(&on/Hz,erg™!) < 24.7 at Myy < -23,
corresponding to a factor of ~7 lower than what we infer for
the SHELLQs-LAEs. For comparison, Fig. 8 also shows the
&ion measurements of UV-bright galaxies at z ~ 6—7 from the
REBELS survey (green squares; Komarova et al. 2026).

However, potential biases should be considered and dis-
cussed. SHELLQs-LAEs are selected for relatively strong Lya
emission (Liy, > 1043 erg s7!: see Sect. 2.1), which may bias
the sample toward younger stellar populations with higher &op.
SHELLQs has also identified similarly UV-bright galaxies with
weaker Lya emission (shown in light blue in Fig. 1), whose
stacked spectra have been analyzed in previous works (e.g.,
Harikane et al. 2020a; Matsuoka et al. 2022). However, these
spectra show strong damped Ly absorption that extends into
the N v 41240 region, preventing reliable estimates of stellar age
and &on. Whether these Lya-faint counterparts exhibit similarly
high &, remains uncertain and requires further observations.
Another source of uncertainty is the stellar metallicity, which
remains unconstrained. However, its impact on &,, is expected
to be minor: at fixed stellar age, reducing metallicity from
0.5 Z to0 0.05 Zg, increases &jon by only ~0.1 dex (Chisholm et al.
2019). Finally, our best-fit BPASS models assume a standard
IMF. Recent evidence (Upadhyaya et al. 2024) suggests that
UV-bright galaxies at intermediate redshifts may host very
massive stars (VMS; M, > 100 M), via strong and broad
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Fig. 8. Tonizing photon production efficiency (&on = Qion/LVY) as
a function of Myy. SHELLQs-LAEs (square; the horizontal error
bar represents the Myy coverage) show an elevated &, compared to
the measurements (solid lines) and extrapolations (dashed lines) from
Simmonds et al. (20244a,b), Llerena et al. (2025), and Pahl et al. (2025).
The &ion of J0217-0208 derived from the He luminosity and from the
best-fit SED (all assuming foc = 0) are respectively shown as dark
and light blue circles. Green squares represent the measurements of the
z = 6-7 REBELS UV-bright galaxies (Komarova et al. 2026).

He1 11640 emission in their spectra (Crowther et al. 2016;
Martins & Palacios 2022; Martins et al. 2025). This could sug-
gest an extended IMF upper mass cutoff M" > 100 Mo in
SHELLQs-LAEs, and their &,, could be boosted by factors of
~1.5-2.0 (Schaerer et al. 2025).

4.2. Strong dusty outflows in J0217-0208

There is compelling evidence of strong, dusty outflows in
J0217-0208. First, our analysis of the HB, [O111] 114960,5008,
Hea, and [N11] 2416549,6585 emission line profiles (Sect. 3.2)
clearly reveals a broad component with FWHM = 595 =+
124kms~! indicative of high-velocity outflowing gas. Despite
known degeneracies in multi-component line fitting, which
are accounted for in the uncertainties, the broad compo-
nent shows a high level of obscuration, with E(B—V)qy =
0.57 + 0.26, significantly higher than that inferred for the
systemic narrow-line component, E(B-V)ss = 0.06 = 0.05
(see also: Rodriguez Del Pino et al. 2024; Crespo Gomez et al.
2025; Parlanti et al. 2025). Furthermore, the stellar continuum
of J0217-0208 appears nearly dust-free. Using the UV slope
Buv = —2.58 £ 0.07 measured from NIRCam photometry and
adopting the Calzetti et al. (2000) extinction law with an intrin-
sic (dust-free) slope of Byvo = —2.616 (Reddy et al. 2018), we
estimate a stellar reddening of E(B-V), = 0.01 + 0.01.

Further support for dusty outflows comes from ALMA
observations presented by Harikane et al. (2020b), who detected
dust continuum emission at 120 um and 160 um. From these
measurements, they inferred a dust mass My, =~ 1.8 X 108 M,
and a dust temperature Tg, =~ 25K (but see Algera et al.
2024). If all dust were confined within the stellar component
of J0217-0208 (rer« = 266pc), the optical depth at 1500 A
would be extreme, of the order of 7i599 = 5000 following
Ziparo et al. (2023), and no detectable UV and optical emis-
sion from J0217-0208 would be expected. This contradicts
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Fig. 9. Collapsed HB and [O 111] 124960,5008 map of J0217-0208 from
NIRSpec/IFU (50, dashed blue contour). The dust continuum emission
from ALMA Band 7 is overlaid in red contours (20, 307, 50). The
ALMA beam and the NIRSpec/IFU PSF are shown in the lower-left
corner.

observations. Therefore, dust must be physically decoupled from
the UV-bright stellar component.

Altogether, our results strongly suggest the presence of
strong outflows, carrying and pushing out dust well beyond
the stellar emission. Our reanalysis of the ALMA data (Band
7; Fig. 9) shows that the dust emission in J0217-0208 is spa-
tially resolved, with an observed major and minor axis of
(1.29” £0.12") % (0.87” £ 0.06"") and a beam size 1.10” x 0.78"”
(FWHM). We derive an effective dust radius of ref qust = 1.37 £
0.44 kpc, which is substantially more extended than the starlight
distribution. This could also explain the relatively low dust tem-
perature measured in J0217-0208 (Tgyse =~ 25 K, Harikane et al.
2020b), which is considerably lower than that for galaxies at
similar redshifts (T4, = 40K; e.g., Sommovigo et al. 2022;
Mitsuhashi et al. 2024) and could result from dust being pushed
to the outskirts where the radiation field is weaker. In the fol-
lowing, we investigate possible mechanisms and implications for
such dusty outflows.

Radiative outflows have been recently proposed to explain
the overabundance of UV-bright galaxies at z > 10 and their
observed steep UV slopes (Ferrara et al. 2023, 2025; Fiore et al.
2023; Ferrara 2024; Nakazato & Ferrara 2025). In this so-called
“Attenuation-Free Model” (AFM), strong outflows are driven by
radiation pressure onto dust and gas through super-Eddington
phases expected in the early phases of a starburst. Specifi-
cally, Fiore et al. (2023) and Ferrara et al. (2023) suggest that
radiation-driven outflows are efficiently triggered once the sSFR
exceeds a critical threshold of sSFR > 25Gyr~! (or sSFR >
12 Gyr~! following Nakazato & Ferrara 2025). This condition is
clearly satisfied in J0217-0208 (sSFR > 32Gyr™! at 30 see
Sect. 3.7 for details). However, given the rather extreme com-
pactness and high surface densities of J0217-0208, additional
conditions may be required to effectively drive a radiative out-
flow (e.g., Menon et al. 2023). Following Ziparo et al. (2023),
and given the log(Zspr/Mo yr‘1 kpc_z) ~ 2.50 measured for
J0217-0208, radiation pressure exceeds gravitational pressure
when the burstiness parameter ks > 12, which quantifies the
deviation from the canonical Kennicutt—Schmidt relation (such

that Xger oc kZ30). This translates to an upper limit on the gas
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surface density of 10g(Ze.s/Mo pc™?) < 3.58. Assuming gas and
stars have the same size, this implies a high star-formation effi-
ciency of esp > 0.43 (assuming esp = My /[M, + Mgys]) for
an efficient radiation-driven outflow. This is somewhat consis-
tent with the numerical radiation hydrodynamic simulations of
Menon et al. (2023), who find super-Eddington phases in sim-
ilarly compact systems once high esp are reached (see also:
Menon et al. 2025). The extreme starbursting nature of J0217-
0208, able to form M, =~ 10°M, in just ~6 Myr, and its
elevated surface densities further suggests that enhanced/high
star formation efficiencies are likely at play (Dekel et al. 2023).
Therefore, high star formation efficiencies and radiation-driven
outflows are likely causally linked, as suggested by recent works
(Dessauges-Zavadsky et al. 2025; Somerville et al. 2025).

An alternative explanation is mechanical feedback from
supernova (SNe) explosions. Unlike radiative-driven outflows,
SNe-driven feedback is inherently delayed by a certain amount
of time after the burst of star formation (~3—-10 Myr), depend-
ing on the upper mass limit for SNe, which is still unconstrained
(e.g., Smartt 2015). If all O-type stars explode as SNe, we expect
significant mechanical feedback right after the explosion of the
most massive stars (~100 My), i.e., ~3 Myr after the onset of
star formation. Considering the age derived for J0217-0208
(5.5 = 1.5Myr), this would allow a window of ~1-4 Myr for
significant SN feedback. On the other hand, if only lower-mass
O-type stars (<20 M) explode as SNe (Sukhbold et al. 2016),
the onset of mechanical feedback could be delayed by >7 Myr,
making significant SNe-driven outflows unlikely at the current
evolutionary stage of J0217-0208. However, these estimates are
simplified and do not account for cumulative SNe from previous
(>>10Myr) episodes of star formation, which are likely required
to explain the large dust mass observed in J0217-0208.

Whether mechanically or radiatively driven, the strong and
heavily obscured outflow observed in J0217-0208 appears
essential for clearing dust along its line of sight. Because
gas and dust are the main sources of LyC opacity, these out-
flows may also facilitate the escape of a significant fraction
of ionizing photons in J0217-0208, given its steep UV slope
(Buv = —2.58; Chisholm et al. 2022), but relatively weak
nebular emission (EWy (HB) ~ 57 A; Zackrisson et al. 2013),
the small Lya offset relative to the systemic velocity (Av =
250kms~!; Izotov et al. 2018), and the high SFR surface density
(log(Zspr /Mo yr~! kpc’2) ~ 2.50; Naidu et al. 2020), all point-
ing to a LyC escape fraction between feI;{C ~ 18% and =75%
depending on each indicator.

4.3. Comparison with literature and final remarks on
UV-bright systems

Ultraviolet-bright systems such as SHELLQs-LAEs (Myy <
—22.0) are rare at any redshift. Here, we compare the prop-
erties of SHELLQs-LAEs with other UV-bright sources dis-
covered in wide-area surveys. However, a direct quantitative
comparison is challenging because the available datasets differ in
several aspects, including wavelength coverage, depth, and spec-
tral resolution, which can bias the inferred physical properties.
The BoRG survey (e.g., Trenti et al. 2011) targeted lumi-
nous (Myy ~ —21) galaxies at z ~ 8 identified from HST
pure-parallel observations. Follow-up JWST observations of a
subset of these sources (marked in red in Fig. 1) have revealed
steep UV slopes, with all (20) but three showing Syy < -2.0,
consistent with negligible dust extinction (Roberts-Borsani et al.
2025). Some BoRG sources, including the brightest ones
(Myy < —22.0), exhibit Lya emission in their NIRSpec/PRISM
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Fig. 10. Ultraviolet slope (Byv) as a function of Myy for SHELLQs-
LAEs at z ~ 6 (circles; this work and Matsuoka et al. 2025b), BORG
galaxies at z ~ 8 (pentagons; Roberts-Borsani et al. 2025), REBELS
sources at z ~ 6.5-8.5 (squares; Bouwens et al. 2022; Fisher et al.
2025), UV-bright systems from SDSS/BOSS at z ~ 2—4 (diamonds;
Dessauges-Zavadsky et al. 2025), and z > 10 sources confirmed with
JWST. Sources with detected dust emission are shown with solid sym-
bols, while sources without dust detection or with no dust observa-
tions are shown with empty symbols. The dashed line represents the
Buv — Myy relationship of Cullen et al. (2023) derived from fainter
sources.
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spectra (Roberts-Borsani et al. 2025), although no quantitative
measurements on Lya properties are available so far. Further-
more, the star-formation histories derived by Rojas-Ruiz et al.
(2026) suggest that BORG galaxies are undergoing major bursts
of star formation, consistent with the results obtained for
SHELLQs-LAEs.

Another well-studied population of UV-bright galaxies is
provided by the REBELS survey (Bouwens et al. 2022, with
-21.5 < Myy < -23.0; green in Fig. 1), which identified
relatively massive systems (log(M,/My) =~ 8.5 — 10.0) with
short light-weighted ages and high sSFRs, particularly among
the UV-brightest members (sSFR =~ 30 Gyr~! for Myy < —22.0
systems; Topping et al. 2022). While REBELS galaxies also
show relatively steep UV slopes (Byy ~ —2.0; Bouwens et al.
2022; Bowler et al. 2024; Fisher et al. 2025), they contain, on
average, substantial dust reservoirs (log(Mgust/Ms) =~ 7.0-7.5;
Dayal et al. 2022), suggesting that UV- and far-IR—emitting
regions of, at least, some of these sources are not cospa-
tial (Ferrara et al. 2022), a scenario that is also seen in the
SHELLQs-LAE J0217-0208 (see Sect. 4.2). Whether this seg-
regation is a consequence of strong feedback, as indicated for
J0217-0208, remains unclear, but it could partly explain the rel-
atively strong and redshifted Lya emission detected in several
REBELS UV-bright sources (Endsley et al. 2022).

At lower redshifts, UV-bright systems with comparable or
even higher luminosities have been discovered in the wide-
area SDSS/BOSS survey (Marques-Chaves et al. 2020a, 2021,
2022, 2024b; Upadhyaya et al. 2024; Dessauges-Zavadsky et al.
2025). These systems at z ~ 2—4 are even brighter (-23.0 <
Myy < -24.5) than their higher-z counterparts and are char-
acterized by powerful starbursts with young ages (<10 Myr)
and high specific SFRs (~100Gyr™!), as revealed by strong
stellar winds in rest-frame UV spectra (Fig. 2B2). Similar to

REBELS sources and J0217-0208, these z ~ 2—4 UV-bright
galaxies also contain large dust masses, log(Mgust/Mo) =
7.0-8.0 (Dessauges-Zavadsky et al. 2025). In many cases, dust
emission appears more extended (by factors of ~2-5) than
the UV-optical distribution, which itself shows negligible dust
obscuration (Byy ranging from —1.84 to —3.50). Evidence of
strong outflows is, however, scarce, being detected in only a
few cases (Alvarez-Miérquez et al. 2021; Marques-Chaves et al.
2021). Moreover, ALMA observations of their molecular gas
reveal short depletion timescales (fgepr =~ 10—70 Myr) and high
star-formation efficiencies (esg = 8% to >40%), indicating
that these starbursts are caught at the very beginning of stellar
mass build-up, during a phase of efficient gas-to-stars conversion
(Dessauges-Zavadsky et al. 2025).

Figure 10 compares the UV slopes and Myy of sev-
eral SHELLQs-LAEs (circles) with those of BoRG (pen-
tagons), REBELS (squares), and lower-redshift UV-bright
galaxies selected from SDSS/BOSS (diamonds). Some
of these sources have detections of dust emission (solid
symbols), with dust-to-stellar mass ratios ranging from
logég~ — 2.8 to ~ — 0.9 (Harikane et al. 2020b; Dayal et al.
2022; Dessauges-Zavadsky etal. 2025). Despite this, many
exhibit steep UV slopes, consistent with little (Byy ~ —2.0, or
Ayy ~ 1.0 mag) to negligible (Byy < — 2.5, or Ayy ~ O mag) dust
obscuration, as also seen for some of the UV-brightest systems
at z > 10 (gray in Fig. 10). This behavior resembles the scenario
proposed by Ferraraetal. (2023), in which strong outflows
clear dust along the line of sight, a feature that is observed in
J0217-0208 through its powerful and heavily obscured ionized
outflow.

Taken together, these populations of UV-bright galaxies sug-
gest a common physical picture in which UV-luminous systems
trace short-lived but intense starburst phases, characterized by
rapid stellar mass assembly, efficient ionizing photon produc-
tion, and complex dust—gas geometries. In light of recent JWST
discoveries of unexpectedly UV-luminous galaxies at z > 10,
our results emphasize the interplay between very young stel-
lar populations (e.g., Roberts-Borsani et al. 2026), powerful out-
flows, and likely elevated star formation efficiencies, all of which
act to boost the UV luminosities. As a final remark, some of
the extreme properties inferred for J0217-0208, such as its
steep UV slope, high SFR and stellar mass surface densities,
and nitrogen enhancement, closely resemble those of the most
UV-luminous systems at z > 10, suggesting a shared mode of
star formation and chemical enrichment. Future detailed studies
of larger samples of UV-bright galaxies, including SHELLQs-
LAEs and sources to be identified in upcoming wide-field sur-
veys such as Euclid and Roman (e.g., Weaver et al. 2025), will
be crucial to firmly establishing these connections.

5. Conclusions

In this work, we have investigated the properties of 27 very
UV-bright (-22.0 < Myy < -24.4)Lya emitters (Lry, >
10%%ergs™!) at z ~ 6 drawn from the SHELLQs survey. In
the first part of this study, we focused on the average rest-
frame UV properties of these sources, referred to as SHELLQs-
LAEs. By stacking individual optical spectra from ground-based
observations, we constructed a composite rest-UV spectrum and
obtained the following key results.

The stacked UV spectrum of SHELLQs-LAEs (Fig. 1)
exhibits a narrow Lya emission line (=600kms~' FWHM)
and a prominent NV 11240 P-Cygni profile, characterized by
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blueshifted absorption and redshifted emission. Comparison
with BPASS stellar population synthesis models suggests that
this feature is well reproduced by a very young stellar population
with an age of 6.3f§ Myr under the assumption of constant star
formation. We investigated whether AGN activity could explain
the observed spectral signatures but concluded that their contri-
bution to the UV luminosity or frequency in the sample is likely
small.

These findings imply that the strong UV luminosity of these
sources arises from the emission of a large number of massive
and hot stars, making SHELLQs-LAEs highly efficient ionizing
sources. We derived an average ionizing photon production effi-
ciency of log(&ion/Hzerg™) = 25.54*049, which is significantly
higher than canonical pre-JWST values and extrapolations from
UV-fainter galaxies observed with JWST. Ultraviolet-bright sys-
tems such as SHELLQs-LAEs are therefore intense starbursts
capable of forming at least ~10° M, of stars within <15 Myr,
modulo dust attenuation.

In the second part of this work, we analyzed JWST obser-
vations of a representative SHELLQs-LAE, J0217-0208, at z =
6.204 with Myy = —23.4. The dataset comprises deep imaging
in eight NIRCam filters (from F115W to F444W) as well as NIR-
Spec integral field and fixed-slit spectroscopy with the G395M
grating (4 = 2.8-5.2um, R ~ 1000). From these observations,
we derived the following results:

— Based on NIRCam photometry, we obtained a best-fit
SED characterized by a young starburst with an age of
5.5 + 1.5Myr (with an e-folding timescale T 12.6 +
6.7 Myr), an SFR of 142 + 24 M, yr‘l, and a stellar mass
of log(M>*"™¢ /M) = 9.11 + 0.07. The total stellar mass of
J0217-0208 can be as high as log(M'*@ /M) < 9.65 30),
owing to the presence of a significant old stellar population
that is outshined by the powerful starburst. J0217-0208 thus
presents a high sSFR of 110+ 15Gyr™!, or sSFR > 32 Gyr™!
(30) when the total stellar mass is considered.

J0217-0208 exhibits a compact morphology in the NIRCam
bands tracing the rest-frame UV continuum, with an effective
radius of reg = 266 + 10 pc. However, it appears moderately
more extended in the F356W and F444W bands, where nebu-
lar emission from HB+[O 111] and Her + [N 11] contributes sig-
nificantly, respectively. We measured a high stellar mass and
SFR surface densities of log(Zy, /Mo pc™2) = 3.43 + 0.37
and log(Zsrr /Mo yr~' kpe™2) = 2.50 + 0.08, respectively.

The NIRSpec spectrum revealed a high S/N detection of
both the stellar continuum and several optical emission lines.
Several line diagnostics suggest that J0217-0208 is pow-
ered by star formation without any strong evidence of a
dominant AGN. Using the [STI] 4116716/6731 doublet, we
measured a relatively high electron density, log(n./cm™) =

3.06f8:§(3). From the T,-sensitive [O III] 24363 line, we mea-

sured T (O 1) = (1.05+0.05)x 10* K, for which we obtained
log(O/H) = 8.20+0.11.J0217-0208 also shows a supersolar
nitrogen abundance of log(N/O) = —0.30.

The brightest rest-optical lines (HB, [O111], and He, [N1I])
require a broad kinematic component with FWHM = 595 +
124kms~!, which is indicative of high-velocity outflow-
ing gas. This broad component is heavily obscured, with
E(B—V)ou = 0.57 + 0.26, in contrast to the nearly dust-free
systemic narrow component, E(B—V)ss = 0.06 + 0.05, and
stellar continuum, E(B-V), = 0.01 £ 0.01), which shows a
steep UV slope of Byy = —2.58 + 0.07.

Our results suggest that powerful dusty outflows are key to
simultaneously explaining several (a priori inconsistent) proper-
ties of J0217-0208, including its nearly dust-free stellar emis-
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sion and the large dust mass (log(Mqyus/Mo) = 8.3), spatial
extension (ref aust = 1.4 kpc), and low temperature (7qys =~ 25 K)
inferred from ALMA observations. Whether mechanically or
radiatively driven, these outflows appear capable of expelling
dust and gas well beyond the stellar core, enabling J0217-0208
to appear exceptionally UV bright. Such strong feedback may
also have important implications, including a non-negligible
escape of ionizing photons ( J;ZC ~ 18-75%).

In short, our results indicate that UV-luminous SHELLQs-
LAEs, and likely other similar UV-bright sources, represent
intense starburst phases characterized by efficient ionizing pho-
ton production and rapid stellar mass growth within only a few
megayears. The case of J0217-0208 illustrates how young stel-
lar populations with high sSFRs, feedback-driven outflows, and
potentially enhanced star-formation efficiencies can act together
to amplify the observed UV luminosities. Moreover, some of
the most extreme properties derived for J0217—-0208, including
supersolar N/O at low O/H, a steep UV slope, compact mor-
phologies, and very high SFR and stellar mass surface den-
sities, closely resemble those of the UV-brightest galaxies at
z > 10, suggesting a shared chemical enrichment and galaxy
formation pathway. Systematic studies of larger samples of UV-
bright galaxies, such as SHELLQs-LAEs and future discoveries
from next-generation wide-field surveys with Euclid and Roman,
will be essential to establishing whether these mechanisms are
ubiquitous among such extreme systems and to evaluating their
broader role in early galaxy formation, evolution, and cosmic
reionization.
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Appendix A: SHELLQs-LAEs sample

Table A.1. Summary of SHELLQs-LAEs.

ID Ra Dec z Muyy FWHM (Lya) EW, (Lya) L(Lya) Notes
(J2000) (J2000) [AB] [kms™"] IA] [ergs™!]

J0204+0015  02:04:15.74  +00:15:34.5  6.043  -24.16+0.03 610 + 80 16 £2 43.76 + 0.05 1
J0217-0208  02:17:21.59  -02:08:52.6  6.204  -23.37+0.03 <230 15+1 4333+0.04 2,345
J0220-0432  02:20:29.71 —04:32:03.9 5898  -22.17+0.10 <230 29+2 43.15+0.03 6
J0235-0532  02:35:42.42  -05:32:41.6  6.089  -23.01 £0.05 270 + 30 41+2 43.68 + 0.02 2
JO853+0139  08:53:48.84  +01:39:11.0  6.007  -22.51+0.14 <230 79+6 43.80 +0.01 2,3
JO857+0056  08:57:38.53 +00:56:12.7 6343  -23.01 £0.07 620 + 90 57+5 43.85 +0.02 2
J0905+0300  09:05:44.65  +03:00:58.9  6.273  -2255+0.11 250 + 40 82+6 43.89 +0.02 2,3
J0938+0154  09:38:30.24  +01:54:05.8 6304  -2291+0.15 300 + 360 70+ 12 43.90 +0.05 1
J0947+0349  09:47:13.88  +03:49:39.8  6.241 -22.77+0.14 750 + 350 150 + 20 44.19 +0.01 1
J1044+0102 10:44:29.18  +01:02:07.1 6.200  -23.29+0.07 370 + 420 11+2 43.16 £ 0.08 1
J1107+0411 11:07:46.24  +04:11:01.2 5984  -23.18+0.10 400 + 60 15+2 43.20 £ 0.04 1
J1132+0038 11:32:18.15  +00:38:00.1 5.654  -23.18 £0.05 650 + 130 24 +4 43.34 +0.04 7
J1159+0200 11:59:24.01 +02:00:41.8  6.130  -22.31+0.12 810 + 460 57+7 43.58 +0.02 1
J1202+0256 12:02:53.13 +02:56:30.8  6.021 -22.78 +0.14 240 + 180 28 +4 43.56 +0.03 1
J1207-0005 12:07:54.14  -00:05:53.3  6.010  —22.77 +0.08 420 + 120 9+2 42.92 +0.03 8
J1209-0006 12:09:24.01 -00:06:46.5  5.848  -22.51+0.05 580 + 50 26+5 43.01 £ 0.04 6
J1258-0047 12:58:45.66  —00:47:57.5  6.220  -22.99+0.11 220 + 150 34+7 43.70 + 0.03 1
J1350-0027 13:50:12.04  -00:27:05.2 6474  -24.38+0.19 620 + 200 56+ 11 4439 + 0.04 7
J1400-0011 14:00:28.80  —00:11:51.4  6.029  -22.95+0.11 620 + 60 56+3 43.84 +0.01 6
J1416+0015 14:16:12.71 +00:15:46.2  6.027  -22.39+0.10 230 +20 98 +5 43.86 +0.01 2,3
J1417+0117 14:17:28.67  +01:17:12.4  6.020  -22.83 +0.05 420+ 70 11+1 43.06 + 0.03 2
J1440-0107 14:40:01.30  -01:07:02.2  6.121 -22.59+0.10 440 + 260 21+2 43.27 £ 0.03 2
J1450-0144 14:50:05.39  -01:44:389  6.611 —23.73 £ 0.09 900 + 300 12+1 43.48 +0.04 1
J2201+0155  22:01:32.07  +01:55:29.0  6.157 -22.97 +0.04 320 +70 24+ 1 4346 +0.01 2
J2228+0128  22:28:27.83  +01:28:09.5  6.011 —22.65+0.12 280 + 70 26 +4 43.34 +0.03 8
J2232+0012  22:32:12.03  +00:12:384  6.181 -22.81+0.34 300 + 120 120+ 16 44.04 +0.02 83
J2252+0402  22:52:09.17  +04:02:43.8  6.672  -24.02+0.09 <230 12+1 43.48 +0.03 1
J2304+0045  23:04:22.97  +00:45:054 6342  -24.28 +0.03 710 + 40 15+1 43.79 +0.03 6

References. 1: Matsuoka et al. (2022); 2: Matsuoka et al. (2018b); 3: Matsuoka et al. (2025b); 4: Harikane et al. (2025); 5: this work; 6:

Matsuoka et al. (2018a); 7: Matsuoka et al. (2019); 8: Matsuoka et al. (2016).

Appendix B: Emission line measurements

Table B.1. Emission line measurements of J0217-0208.

Line Observed Flux EW,y
[x10718 erg s em™2) [A]

Ho 14102 3.05+0.35 104+ 1.4

Hy 14341 5.35+0.23 20.8 + 1.1

[O 1ii] 14363 1.08 £ 0.17 42 +0.7

He 11 14686 <0.69 30) <2.1 30)

HpB 14862 12.89 + 1.08 56.8 +5.4

[O 111] 24960 27.74 +£2.53 1242 +12.2

[O 1] 25008 82.11 £ 3.64 380.3 +18.4

He1 15877 2.03+0.18 22.04 £ 2.1

[O1] 16302 <0.66 (30) <3.0 3o0)

[N 1] 16550 323+0.41 448 +£6.2

Ha 16564 52.82 +3.63 473.7 £33.7

[N 1] 16585 9.49 +1.25 96.2 + 13.3

[S1] 26718 1.12+0.19 9.7+1.8

[S11] 26732 1.27 +0.23 11.0+2.1

Hp 14862 (narrow) 9.37 +0.73 -

Hp 24862 (broad) 3.52+0.79 -

[O 11] A5008 (narrow) 65.94 +2.73 -

[O 11] 25008 (broad) 16.17 +£2.42 -

Ha 16564 (narrow) 35.21 £ 2.54 -

Ha 16564 (broad) 17.62 £ 2.59 -

[N1I] 16585 (narrow) 3.19+£0.80 -

[N 11] 216585 (outflow) 6.32+0.97 -
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