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Abstract

We present a joint analysis of the galaxy S04590 at z=28.496 based on NIRSpec, NIRCam, and NIRISS
observations obtained as part of the Early Release Observations program of the James Webb Space Telescope
(JWST) and the far-infrared [CII] 158 ym emission line detected by dedicated Atacama Large Millimeter/
submillimeter Array (ALMA) observations. We determine the physical propenies of S04590 from modeling of the
spectral energy distribution (SED) and through the redshifted optical nebular emission lines detected with JWST/
NIRSpec. The best-fit SED model reveals a low-mass (M, = 10’*~10% M) galaxy with a low oxygen abundance
of 12 + log(O/H) = 7.167019 derived from the strong nebular and auroral emission lines. Assuming that [C II]
effectwely traces the interstellar medium, we estimate the total gas mass of the galaxy to be

Mg, = (8.0 £4.0) x 108 M., based on the luminosity and spatial extent of [C1I]. This yields an exceptionally
high gas fraction, fg,s = gas/ (Mg,s +M,) 2 90%, though one still consistent with the range expected for low
metallicity. We further derive the metal mass of the galaxy based on the gas mass and gas-phase metallicity, which
we find to be consistent with the expected metal production from Type II supernovae. Finally, we make the first
constraints on the dust-to-gas (DTG) and dust-to-metal (DTM) ratios of galaxies in the epoch of reionization at
z 2,6, showing overall low mass ratios of logDTG < —3.8 and logDTM < —0.5, though they are consistent with
established scaling relations and in particular with those of the local metal-poor galaxy I Zwicky 18. Our analysis
highlights the synergy between ALMA and JWST in characterizing the gas, metal, and stellar content of the first
generation of galaxies.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Galaxies (573); Interstellar medium (847);
Star formation (1569); Galaxy formation (595); Galaxy evolution (594)

1. Introduction

@ Original content from this work may be used under the terms The first epoch of gala)fy formation is believed to have
. P . occurred at z ~ 15-20 (Hashimoto et al. 2018; Robertson 2022),

of the Creative Commons Attribution 4.0 licence. Any further = X .
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protogalactic halos, which would eventually cool and condense
into H, gas reservoirs and later form stars (Dayal &
Ferrara 2018). Ending their lives as core-collapse supernovae,
the first generation of stars enriched the pristine gas with dust
and metals, providing the material for subsequent star
formation and thus galaxy evolution heralding the epoch of
reionization. It is therefore vital to probe the interstellar
medium (ISM) and dust and metal buildup in galaxies at 7 2> 6
to constrain the star formation histories (SFHs) of the first
galaxies.

The Atacama Large Millimeter/submillimeter Array
(ALMA) has been paramount in providing a clear census of
the rest-frame far-infrared (FIR) emission of galaxies at z 2 6.
The fine-structure 2P3 /2—2P1 »2 [C1] 158 um line transition in
particular, which is one of the major ISM cooling lines
(Hollenbach & Tielens 1999; Wolfire et al. 2003; Carilli &
Walter 2013; Lagache et al. 2018), has been used to infer the
ISM dynamics (Capak et al. 2015; Smit et al. 2018; Matthee
et al. 2019) and overall gas content (Knudsen et al. 2016;
Dessauges-Zavadsky et al. 2020; Heintz et al. 2021, 2022a;
M. Aravena et al. 2023, in preparation) of individual galaxies at
z 2 6. In more local galaxies at z~ 0, [C IT] has been linked to
the star formation rate (SFR) (Stacey et al. 1991; De Looze
et al. 2014; Cormier et al. 2015) and physically associated with
the neutral, atomic gas and photodissociation regions (Madden
et al. 1993, 1997; Hollenbach & Tielens 1999). The relation-
ship between the SFR and the luminosity of [CII], Licyy, has
been shown to be universally valid out to z &~ 8 (Schaerer et al.
2020). Further, the [CII] halos surrounding these -early
galaxies, which typically extend 2-3x beyond their UV
components (e.g., Smit et al. 2018; Fujimoto et al. 2019;
Matthee et al. 2019; Carniani et al. 2020; Fudamoto et al.
2022), are reminiscent of the extended [CII] emission
originating from the neutral, atomic hydrogen (HI) gas phase
in local galaxies (Madden et al. 1993). FIR continuum emission
(Draine & Li 2007; Scoville et al. 2014) has further enabled
strong constraints on the dust mass and temperature of galaxies
at z 2 6 (Bakx et al. 2021; Sommovigo et al. 2021; Algera et al.
2023; Dayal et al. 2022; Ferrara et al. 2022; Inami et al. 2022;
Sommovigo et al. 2022). Thus, we now have a robust census of
the dust and gas properties of galaxies well into the epoch of
reionization.

The final missing ingredient to understand and fully
characterize the ISM is thus the metal abundance and the
overall chemical enrichment of the galaxies at this early epoch.
Strong-line diagnostics of the most prominent nebular emission
lines have been used as viable tools to infer the gas-phase
metallicities (Kewley & Ellison 2008; Kewley et al. 2019;
Maiolino & Mannucci 2019), typically calibrated to the more
direct 7, method. However, these measurements have pre-
viously been limited by the atmospheric cutoff for ground-
based observations and have as a result mostly been possible to
derive robustly only for galaxies up to z ~ 3 (Christensen et al.
2012; Sanders et al. 2021). Chemical abundances have also
been derived for foreground galaxies toward background
sources such as gamma-ray bursts and quasars out to 76
(Hartoog et al. 2015; Simcoe et al. 2020; Saccardi et al. 2022),
which, however, only represent a single line of sight through
the absorbing galaxies.

Now with the advent of JWST we are able to derive robust,
total gas-phase metallicities through the strong-line diagnostics
of the most prominent nebular emission lines of galaxies during
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the first Gyr of cosmic time (e.g., Curti et al. 2023; Heintz et al.
2022b; Rhoads et al. 2023; Schaerer et al. 2022; Tacchella et al.
2022). Crucially, these observations have also revealed
prominent detections of the auroral [OIII] A363 emission
line, which enables direct 7,-based metallicity measurements,
which is necessary to consider since the typical strong-line
diagnostics have only been calibrated to local z~0 galaxy
samples. JWST and ALMA thus jointly provide a unique and
comprehensive view of the gas, dust, and metal content of the
first galaxies. While the first such combined studies of some of
the highest-redshift galaxy candidates identified by JWST
remain inconclusive (Bakx et al. 2023; Fujimoto et al. 2022a;
Popping 2023; Yoon et al. 2022), it is still not entirely clear
whether this is due to their likely low metallicities or to their
potentially erroneous photometric redshifts.

Here we present a characterization of the stellar, gas, and
metal content of a galaxy at z~ 8.5, from a joint analysis of
observations obtained with JWST and ALMA. Hereafter, we
refer to this galaxy as S04590, based on its ID in JWST/
NIRSPEC mask design. The JWST data, including observa-
tions taken with the Near-infrared Spectrograph (NIRSpec), the
Near-infrared Camera (NIRCam), and the Near Infrared Imager
and Slitless Spectrograph (NIRISS), are from the early-release
science observations (ERO) covering the SMACS J0723.3-
7327 galaxy cluster (see Pontoppidan et al. 2022). The ALMA
observations were presented in detail by Fujimoto et al.
(2022b), who reported the detections of the FIR emission lines
[O 1] 88 um and [CT] 158 um of S04590. This galaxy thus
also presents the most distant detection of the [C IT] 158 pm line
transition feature to date, and greatly highlights the importance
of having robust, spectroscopic redshifts from JWST to
optimize follow-up at FIR wavelengths with ALMA.

We structure the paper as follows. In Section 2 the
observations are detailed and in Section 3 we present and
analyze the results. In Section 4 we infer the gas and metal
content and discuss the implications of this work and in
Section 5 we highlight the great synergy between JWST
and ALMA, and provide some concluding remarks. Through-
out the paper we quote magnitudes in the AB system and
adopt the concordance ACDM cosmological model with
Q,=0.315 Q,=0.685 and Hy=67.4 kms 'Mpc'
(Planck Collaboration et al. 2020). We assume a Chabrier
(2003) initial mass function (IMF) and the solar abundances
from Asplund et al. (2009) with Z., = 0.0134.

2. Observations
2.1. NIRCam and NIRISS Photometry

We include the JWST NIRCam and NIRISS photometric
data of S04590 from the catalog presented by G. Brammer
et al. (2023, in preparation), which provides a compilation of
the JWST ERO photometric data released to date. Briefly, the
raw data entered into this catalog has been reduced using the
public software package grizli (Brammer 2019), which
masks imaging artifacts, provides astrometric calibrations
based on the Gaia Data Release 3 catalog, and shifts images
to a common pixel scale of 0704 pixel ' using astro-
drizzle. Cutouts of the reduced images from NIRCam and
NIRISS used in this analysis are provided on a dedicated
repository.”’ S04590 is detected in the five deep NIRCam

%7 hitps:/ /github.com /keheintz/S04590
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Figure 1. Panel (a): [C I1] line spectrum from the 30 km s~' ALMA data cube (Fujimoto et al. 2022b). Panel (b): False-color RGB JWST/NIRCam image zoomed in
on S04590 (blue: F150W; green: F277W; red: F444W), overlaid with the 20, 30, and 40 contours of the [C II] moment-0 map with the beam size represented by the
white ellipse. Panel (c): JWST/NIRSpec spectrum with the most prominent nebular and auroral emission lines marked. Panel (d): Best-fit SED model (black curve)
and model photometry (red points) based on the derived JWST/NIRCam+NIRISS photometry (blue points) using BAGPIPES (Carnall et al. 2018) and assuming the

dust attenuation curve from Salim et al. (2018).

imaging filters F150W, F200W, F277W, F356W, and F444W,
with an F150W (~H-band) magnitude = 27.3. The nondetec-
tion in the bluest filter FOOOW makes this galaxy a clear
photometric dropout. We also include two shallower images
obtained with NIRISS with the F115W and F200W filters. This
set of photometric measurements is derived using the updated
zero-points, and corrected for Milky Way extinction. Since the
source is extended in the images, we use aperture photometry
derived using a diameter of 075 from the catalog by
G. Brammer et al. (2023, in preparation).

The centroid of the galaxy is localized to R.A., decl.=
7"23™26%24, —73°26/57”0. A zoomed-in image showing the
false RGB color (F1SOW-+F277W+F444W) of S04590 is
shown in Figure 1, together with the spectral energy
distribution (SED) inferred from modeling of the photometric
data points (see also Section 3.2).

2.2. NIRSpec Spectroscopy

The JWST ERO spectroscopic data of S04590 have already
been presented and examined by a number of independent studies
(Arellano-Cérdova et al. 2022; Brinchmann 2022; Carnall et al.
2023; Curti et al. 2023; Katz et al. 2023; Rhoads et al. 2023;
Schaerer et al. 2022; Tacchella et al. 2022; Taylor et al. 2022;
Trump et al. 2022). The NIRSpec spectroscopy is obtained with
the medium-resolution gratings G235M/F170LP (1.75-3.1 um)
and G395M/F290LP (2.9-5.2 ym), with R = A\/AX = 1000
(Jakobsen et al. 2022), for a total exposure time of 8754 s. We use
the JWST pipeline to perform the standard wavelength, flat-field,

and ghotometn'c calibrations to the individual NIRSpec exposure
files.”® We generate the full combined 2D spectra and optimal
(Horne 1986) 1D extractions with scripts that extend the
standard pipeline functionality (Brammer 2022). We further
scale the overall flux density of the spectrum to the derived
photometry to improve the absolute flux calibration by
matching the integrated flux within the F444W passband to
the derived photometry of the same filter. The reduced
spectrum is made available on the dedicated repository.?’
Overall, our extracted version of the spectrum appears
consistent with the publicly available 1D spectrum from Curti
et al. (2023), though we detect a slightly weaker [O 1] AA3726,
3729 doublet and [O 1I1] A4363 line transition (see Section 3.3
for further discussion). We confirm a similar trend in another
up-to-date NIRSpec study in Nakajima et al. (2023). Both of
these spectra were derived from an independent source
extraction and calibration, which alleviated the issues regarding
flux calibration and the inferred line ratios from the Phase 3
MAST products due to an error in the first sO07 exposure. The
spectrum is presented in Figure 1, where the most prominent
nebular emission lines used to determine the redshift and infer
the physical properties of the galaxy are marked as well.

2.3. ALMA Observations

ALMA Band 5 follow-up observations of [C IT] spectroscopy
were performed as a part of the Cycle 8 DDT program (#2022.

28 Calibration levels 1 and 2 with jwst version 1.8.2.
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A.00022.S, PI: S. Fujimoto). The details of the observations,
data reduction, calibrations, and imaging procedures are
presented in Fujimoto et al. (2022b). Briefly, we reduced and
calibrated the ALMA data with the Common Astronomy
Software Applications package version 6.4.1.12 (CASA;
McMullin et al. 2007) by using the pipeline script in the
standard manner. We adopted the natural weighting, resulting
in an FWHM size of the synthesized beam of 1”35 x 1725
with 1o sensitivities for the continuum map and the line cube
with a 40km s~ channel width of 11.6 zJybeam ™' and 165
pJy beam ™', respectively.

The [C 1] line emission originating from S04590 is detected
at 4.50, but is blueshifted by 90 kms~' from the rest-frame
optical spectrum and with a spatial offset of 0”5 from the rest-
frame UV component (Fujimoto et al. 2022b; see also
Figure 1). The robustness of the detection is substantiated by
the simultaneous detection of the FIR [O III] 88 ym emission
line, which, however, is spatially and spectroscopically
consistent with the UV, star-forming component.

The [C1I] line is detected with a velocity-integrated flux of
Sicmp = 0.09440.027 Jykms~'. This corresponds to an
intrinsic luminosity (following, e.g., Solomon & Vanden
Bout 2005) of L;cy=(1.67=£0.37) x 107 L., corrected for
the magnification factor due to gravitational lensing, which we
here assume to be i = 8.69 from the updated GLAFIC lens model
(Harikane et al. 2022). We note the 10%-30% differences
among the most recent mass models for this cluster (Caminha
et al. 2022; Mahler et al. 2022). To represent this uncertainty and
for internal consistency with Fujimoto et al. (2022b) we adopt
1 =28.69 +2.61 here. Modeling the [CII] emission line in the
1D spectrum extracted from the higher-resolution data cube,
with a resolution of 30kms™', yields an FWHM i obs =
118 =36 kms™! (Fujimoto et al. 2022b), or a line width of
Orciobs = 50 £ 15 km s L Correcting for the instrumental
resolution this corresponds to an intrinsic line width of
FWHMciins = FWHMoyy o — FWHMZ, = 114 £35 kms™', as
reported in Table 1 and used throughout.

3. Results and Analysis
3.1. Morphology and Galaxy Size

We first model the morphology of S04590 in all the
NIRCam images in which it is detected (excluding FO90W)
simultaneously using GALFIT (Peng et al. 2002). We find that a
simple Sersic profile is able to reproduce the observed light
profile, with an effective radius around 1.5-2 pixels depending
on the filter used. In the F150W filter (rest-frame UV ~1600 A)
we derive an effective radius of 7. v = 0”07, corresponding to
reuv =0.33kpc in the image plane at z=8.496 (consistent
with the results of Rhoads et al. 2023). Correcting for the
magnification factor, we estimate a physical size of
teuv//t = 0.11 kpc in the source plane.

3.2. Modeling the SED

To infer the physical properties as well as constrain the SFH
of S04590, we model the integrated SED using the fitting code
BAGPIPES (Carnall et al. 2018). We fix the redshift to the
spectroscopic NIRSpec redshift zgpe. = 8.496 (see Section 3.3).
We include nebular emission via CLOUDY (Ferland et al.
2017), allowing the ionization parameter, U, to vary within
-3 < logy(U) < —1 to account for the typically higher
ionization parameter at z 2> 6 (Sugahara et al. 2022), and the
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Table 1
Measurements and Physical Properties of S04590

R.A. (J2000) 07:23:26.24 (110785933)
Decl. (J2000) —73:26:57.0 (—73°44917)
Zspec 8.4959 + 0.0003
“log(M, /Mo) 7.15+0.15

“Mean stellar age (Myr) 1.359%

‘Ay (mag) 0.20+5:04
“log,o(U) 71.12f8j?§

“Buv -1.81 4+ 0.08

bS[CII] (Jykms™ (1.1+£03) x 1072

°Licm (L) (1.67 + 0.37) x 107
oiem (kms™h) 50+ 15
FWHMcy; (km Sil) 114 + 35
SFRys (M yr ') 29409

T, (K) (2.4+04) x 10*
12 + log(O/H) 7.165019
logZ/Z; —1.5350419
Miyn o0 (M) (9.0 +4.5) x 10®
Mgas (M) (8.0 + 4.0) x 10®
Mzism (M) 32+ 1.6) x 10°
My (M) <12 % 10°

Notes. All values reported here that are affected by magnification due to
gravitational lensing have been corrected by the magnification factor ;1 = 8.69.
# Inferred physical properties from the SED model are based on the integrated
photometry (see text for caveats).

Measurements from Fujimoto et al. (2022b).

derived electron temperature (see, e.g., Arellano-Cérdova et al.
2022; Curti et al. 2023; Katz et al. 2023; Trump et al. 2022; and
the section below). We assume a Salim et al. (2018) attenuation
curve, which is notably steeper than the typically adopted
Calzetti extinction curve (Calzetti et al. 2000). The steeper
Salim et al. (2018) curve better represents low-mass, low-
metallicity galaxies (Reddy et al. 2018) and effectively outputs
a lower Ay. We use a constant SFH model, which mimics a
bursty SFH on short timescales, expected for young galaxies at
this redshift. A more detailed description of the priors used in
the modeling, together with the resulting posterior distribu-
tions, is provided in Appendix A.

The best-fit SED model based on the integrated photometry
shown in Figure 1 yields a stellar mass log,(M,/M.) =
7.15 £ 0.15, a young stellar population with a mean stellar age
of 1.3'0% Myr, a relatively blue UV continuum slope
f=—1.81+0.08, and a low dust attenuation A, = 0.20%00%
mag for S04590, as summarized in Table 1. This is overall
consistent with the results from Carnall et al. (2023). We note that
Giménez-Arteaga et al. (2022) found a substantially higher stellar
mass of M, ~ 10® M, based on a resolved SED study of a set of
galaxies at z2>5 (including S04590), which has also been
recovered assuming a burstier SFH (Tacchella et al. 2022). To
take into account any potential systematic uncertainties on the
stellar mass estimates from varying SFH models (Whitler et al.
2023) or in general across SED fitting codes (Pacifici et al. 2022),
we assume a more conservative stellar mass of M, = 1072-
10%° M., in the following analysis.

3.3. Rest-frame Nebular Line Emission and Metallicity

Based on the extracted 1D NIRSpec spectrum, we derive the
line fluxes of the following nebular and auroral emission lines:
[O 11] AAN4363, 4959, 5007; the doublet [O 11] AA3726, 3729;
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and the Balmer lines Ho, H~, and HS (as also highlighted in
Figure 1). We note that Hel and [Nelll] have also been
detected in the spectrum of S04590 (e.g., Carnall et al. 2023;
Schaerer et al. 2022), but we focus on the above transitions,
which are used in the primary analysis to infer the physical
properties of S04590. For each line we derive the fluxes by
modeling them with Gaussian profiles, keeping each flux as a
free parameter but tying the redshift and the FWHM broad-
ening together across transitions. This effectively assumes that
all the nebular lines originate from the same H II region within
the galaxy. In the following, however, we only consider the
line ratios of transitions close together in wavelength space to
minimize the propagation of any potential offsets in flux
calibration in the derived results. The regions of the spectrum
zoomed in on for these particular transitions with the best-fit
models included are provided in Appendix B.

From the joint fit, we measure a redshift of
7=28.4959 +0.0003. The derived Balmer line ratio, H~y/
HB =0.54 £ 0.04, which is consistent with the theoretically
predicted ratio for a Case B recombination scenario (Osterbrock
& Ferland 2006), further implies a low dust attenuation in
S04590 as revealed by the best-fit SED model. We infer the
SFR based on the HF flux measurements as

SFRus(M yr=Y) = 5.5 x 1072Lyg(erg s™") X fiyo g, (1)

assuming a Kroupa (2001) IMF and the predicted fiin/1s = 2.76
from the Case B recombination scenario (at 7, = 20,000 K).
We derive an intrinsic SFR of SFRy3=2.9 + 0.9 M, yr~ ! based
on the photometrically calibrated spectrum and taking into
account the magnification factor. The derived SFR and stellar
mass are consistent with the star-forming main sequence implied
by the parameterization of Speagle et al. (2014) when
extrapolated to z= 8.5, in addition to recent results presenting
the SFR—M,, main sequence of galaxies at z ~ 7—10 (Heintz et al.
2022b). Additionally, the specific SFR (sSFR = SFR/M,) of log
sSFR = —6.7 £ 0.4 yr ' is consistent with recent estimates of
galaxies at z 2> 7 (Stefanon et al. 2022; Topping et al. 2022) and
the observed redshift evolution of sSFR(z) out to z ~ 8.5.

To determine the electron temperature 7, and the gas-phase
metallicity through the oxygen abundance 12 + log(O/H) we
follow the prescriptions by Izotov et al. (2006). We derive
T,=(2.440.4) x 10* K and 12 + log(O/H) = 7.167519 (i.e.,
logZ/Z. = —1.53, assuming 12 + log(O/H); = 8.69;
Asplund et al. 2009) for all n, <10* cm™>, which is well
beyond the inferred electron densities of HII regions in local
galaxies (Hunt & Hirashita 2009) and of galaxies at higher
redshifts (n, ~ 10? cm™>; Gillman et al. 2022). Fujimoto et al.
(2022b) also found n, = 2207170 cm™> for S04590 directly
from the [OTI] 88 um/A5007 line ratio. Our results are
generally consistent with previous estimates (Arellano-Cérdova
et al. 2022; Brinchmann 2022; Curti et al. 2023; Rhoads et al.
2023; Schaerer et al. 2022; Trump et al. 2022), though we note
the slightly lower 7, and higher 12 + log(O/H), which
represent the weaker [OII] AA3726, 3729 and [O 1] M363
line transitions detected in our extracted version of the
spectrum. The oxygen abundance is found to be dominated by
O”, with only a small contribution from O*. We further note
that the ratio [O I11] A5007 /HS3 = 3.65 £ 0.11 places S04590 in
the upper region of the Baldwin—Phillips—Terlevich diagram
(Baldwin et al. 1981), suggesting high ionization parameters
from harder ionization fields or potential active galactic nucleus
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Figure 2. MZ relation of S04590. For comparison, we show the various
preexisting MZ estimates for S04590 from the literature, which highlights the
uncertainties from the various methods used. We also show various MZ
relations either observed for galaxies at z~ 0 and z ~ 3.3 (black and green,
respectively; Sanders et al. 2021) and at z =~ 7-10 (Heintz et al. 2022b) or
predicted from the Astraeus (Ucci et al. 2023) and FIRE (Ma et al. 2016)
simulations, extrapolated to z ~ 8. The local, metal-poor galaxy 1Zw 18 is
marked by a gray star symbol, showing an MZ relation consistent with that of
S04590. Both are consistent with the predictions for high-z MZ relations.

contributions. The narrow emission lines seem to exclude the
latter, however. Our results thus mainly point to S04590 being
a dense, highly ionized star-forming galaxy.

We find that the combined mass and metallicity of S04590 is
consistent with those predicted from the Astraeus (Ucci et al.
2023) and Feedback in Realistic Environments (FIRE) (Ma
et al. 2016) simulations, extrapolated to z ~ 8 (see Figure 2),
but slightly lower than the recently observed mass—metallicity
(MZ) relation of galaxies at z ~ 7-10 (Heintz et al. 2022b). We
note that none of the empirical calibrations of the fundamental
SFR-Z-M, plane relation derived for galaxies at z ~ 0-3 (e.g.,
Curti et al. 2020; Sanders et al. 2021; Li et al. 2022) are able to
recover the derived low metallicity of S04590 (see, e.g., Curti
et al. 2023). Our SFR and M, measurements for instance
predict 12 4 log(O/H) = 7.76, about 0.6 dex higher than that
derived from the strong-line diagnostics. This offset appears to
be ubiquitous in high-z galaxies at z > 5 (Heintz et al. 2022b),
likely indicating substantial infall of neutral, pristine gas
diluting the metallicity at z 2 5. Intriguingly, S04590 shows a
pair of mass and metallicity measurements similar to those of
the local, extremely metal-poor galaxy I Zwicky 18 (I1Zw 18),
which is characterized by an oxygen abundance of
12 + log(O/H) = 7.14 and M, =2 x 10’ M., (Madden et al.
2013).

Determining the gas-phase metallicity from the description
by Jones et al. (2020, their Equation (2)) relying on the FIR
[O1m] 88 um transition yields 12 + log(O/H) = 7.82. This
method thus overpredicts the metallicity by 0.65 dex as
compared to the results based on the direct 7, method derived
from the redshifted optical nebular and auroral emission lines
here. Comparing this metallicity to other strong-line diagnos-
tics defined for local “analogs” of high-redshift galaxies (Bian
et al. 2018) yields offsets of —0.2, 0.4, and —0.3 dex for the
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R23, 032, and O3Hg calibrations, respectively. The most
accurate calibration for this particular galaxy seems to be the
032 calibration from the Sloan Digital Sky Survey reference
sample in Bian et al. (2018), similar to the O32 diagnostics
derived by Curti et al. (2020), which seems to be consistent
with the direct metallicity within 0.1 dex (as is also evident
from the galaxy at z=9.5 presented by Heintz et al. 2022b).

3.4. The Total Dynamical Mass

Assuming that [CTI] traces the ISM of S04590 we can
further derive the total dynamical mass My, of this galaxy. We
caution, however, that the spectroscopic blueshift and the ~2¢
spatial offset of [C II] relative to the UV component and [O III]
emission (Fujimoto et al. 2022b) indicate that the origin of the
[C1] emission is not fully co-spatial with the most intense,
star-forming region of the galaxy. Such extended, blueshifted
[C 11] emission has been observed in other high-z galaxies, and
may hint at an offset an abundant gas reservoir, a shock-heated
outflowing gas, or minor mergers (e.g., Maiolino et al. 2015;
Kohandel et al. 2019; Arata et al. 2020; Akins et al. 2022; Katz
et al. 2022). The latter scenario would typically produce much
broader (>1000 kms™") [C1I] line profiles (Appleton et al.
2013), whereas the observed narrow-line feature is consistent
with the low stellar mass of S04590. We also caution that we
are not able to firmly exclude the presence of a merging system
due to the limited spatial resolution of our ALMA observations
(Rizzo et al. 2022). However, given that the [C 1] line width
and luminosity are consistent with predictions based on the
stellar mass and SFR of S04590, we assume in the following
that the [C IT] emission is physically associated with the ISM of
the galaxy.

We infer Mgy, based on the measured FWHM of the [C1I]
emission line corrected by the instrumental resolution,
FWHM ¢y = 114 £35 kms ™', as

Myyn = 1.16 x 103, Dicy (2)

following, e.g., Wang et al. (2013) and Willott et al. (2015).
Here we approximate the circular velocity to v~ 0.52 %
FWHM|cyy;, appropriate for velocities dominated by nonor-
dered rotation (Decarli et al. 2018; Neeleman et al. 2021).
Fujimoto et al. (2022b) measured a circularized [C II] effective
radius of 0769 + 0”42 in the image plane, which corresponds
to 0723 £ 0”14 in the source plane or to a physical size of
Teqcy = 1.1 £0.7kpe at z=8.496. Such extended [C 1I] halos
reaching beyond the UV components of the galaxies are
typically observed at z 2 6, with 7. [ciy &~ 2—3 X reyy (Smit
et al. 2018; Fujimoto et al. 2019; Matthee et al. 2019; Carniani
et al. 2020; Akins et al. 2022; Fudamoto et al. 2022), though
S04590 presents one of the most notable cases with 7. jcy =
10 X reyy. Assuming the “disk” diameter is Dicy=2 X
Teici)» We infer D= 2.2 & 1.4 kpc. This yields a dynamical
mass of Mgy, = (9.0 £4.5) x 108M®. We note that if we
assume ordered, rotation-dominated motion and an average
inclination angle of 45°, the dynamical mass increases by
~50%. However, since there is no strong evidence of ordered
motion in S04590, we adopt the above-derivedvalue for the
dynamical mass.
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4. The Gas, Dust, and Metal Content
4.1. Disentangling the Baryonic Matter Budget

Based on the assumption that the dynamical mass is
dominated by the baryonic matter content within the [C II]-
emitting region (which is confirmed to be the case for dusty,
massive galaxies at z ~ 4-5; Rizzo et al. 2020, 2021), the total
dynamical mass of S04590 subtracted by its stellar mass should
represent the total gas content of this galaxy (in molecular and/
or neutral, atomic form); Mg,s = Mgy, — M,. For S04590, the
stellar mass derived from the SED fitting only constitutes
~1%-2% of the total dynamical mass, such that Mg, ~ Mgy.
However, using more conservative estimates of M, ~ 10° M.,
derived from more complex SFHs or spatially resolved
analyses (Giménez-Arteaga et al. 2022; Tacchella et al.
2022), we estimate a total gas mass of Mg=(8.0%
4.0) x 108 M. This yields a gas mass excess and gas fraction
of log(Mgus/M,) = 0.9-1.7 and foas = Mgas/(Mgas +M.,)
2> 90%. This gas mass excess is substantial but not too
surprising given the overall increase of M,,/M, with
increasing redshift (Geach et al. 2011; Carilli & Walter 2013;
Tacconi et al. 2013; Scoville et al. 2017; Tacconi et al. 2018;
Heintz et al. 2021, 2022a) and decreasing metallicity (Catinella
et al. 2018; Heintz et al. 2021; Stark et al. 2021).

In Figure 3 we show the total gas mass excess and gas
depletion of S04590 together with a set of literature data as a
function of redshift. We include the local sample of galaxies at
z~0 by Leroy et al. (2008), for which we estimate
Myas = My + My,. At high z (z24), we compile galaxy
samples for which the dynamical mass and the [C II]-emitting
size can be inferred, which include the ALMA-ALPINE survey
(z ~ 4-6; Béthermin et al. 2020; Faisst et al. 2020; Le Fevre
et al. 2020), the sample from Capak et al. (2015; z ~ 5-6), and
ALMA-REBELS (z ~ 6-8; Bouwens et al. 2022). These all
target “regular” star-forming galaxies at the respective survey
redshifts. To estimate My, for the high-z sample compilation,
we again assume My, = My, — M, with My, estimated using
Equation (2) and M, as provided in the catalogs. If they are not
reported, we assume inclination angles of 45° for the [CII]-
emitting galaxy compilation. We observe a strong increase in
the gas mass excess as a function of redshift, with averages of
log(Myas /M, )= —0.3 at z~0 and log(Mg/M,) = 0.7 at
7~ 6-8. Similarly, we compute the gas depletion times for
the compiled galaxy samples and find averages of t4ep =7 Gyr
at 7~ 0, declining to t4ep =0.2 Gyr at z 2 4. In both cases,
S04590 is a clear outlier owing to its large inferred gas mass.
However, this can naturally be explained by its low metallicity
and stellar mass, for which a large gas fraction is expected, as
shown in Figure 4, which are consistent with the properties of
1Zw 18.

We now attempt to further disentangle the baryonic mass
components of S04590 by estimating the contributions from
the cold molecular and neutral atomic gas phases to the total
gas mass. Recently, Zanella et al. (2018) calibrated the [C1I]
luminosity to the total molecular gas mass M,,, for a set of
galaxies at lower redshifts (z ~ 0-2). They found a conversion
factor of oy = [C II]-t0-My,01 = 30 M, /L, with a scatter of
0.3 dex (see also Madden et al. 2020), independent of the
metallicity. Simulations of galaxies at z ~ 6 suggest a slightly
lower but consistent average conversion of ajci = 18 M, /Ls
(Vizgan et al. 2022b). Applying these calibrations to
Licy yields My = (3.0-5.0) x 10° M, (depending on the
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Figure 3. (Top panel) Total gas mass excess, Mgs/M,, as a function of
redshift. For the local galaxy sample at z~0 (Leroy et al. 2008),
Mgy = Myur + Mpy,. For the high-z galaxy sample compilation (see main text
for references), we assume that the total gas mass can be estimated as
Mo = Mayn or — M., With Mayy, o estimated from the [C 1] line width and
spatial extent. Gray boxes indicate the redshift distributions and standard
deviations for each sample. Overall, M, /M., increases with redshift by a factor
of ~10 from z ~ 0 to z ~ 7, and log(Myas /M,) = 0.9-1.7 for S04590. (Bottom
panel) Total gas depletion time, fgepi :Mga;/SFR, as a function of redshift;
taepl is Observed to decrease by a factor of ~10 on average from z ~ 0 toz ~ 7.

conversion used), with a combined uncertainty of ~40% taking
into account the statistical uncertainty and scatter in the
calibration. The molecular gas content thus comprises ~30%—
50% of My, by mass.

However, [C1I] can also be used as a proxy for the neutral
atomic HI gas mass (Heintz et al. 2021, 2022a; Vizgan et al.
2022a) since it has been shown observationally to predominantly
originate from the neutral gas phase in the Milky Way and nearby
galaxies (Madden et al. 1993, 1997; Pineda et al. 2014; Croxall
et al. 2017), with supporting evidence from high-redshift galaxy
observations (e.g., Novak et al. 2019; Meyer et al. 2022) and
simulations (Katz et al. 2017; Ramos Padilla et al. 2022) as well.
We adopt the [C II]-to-H I calibration from Heintz et al. (2021),
prescribed as

log Bicmy = log My /Liciy = (—0.87 £+ 0.09)
x log(Z/Z.) + (1.48 £ 0.12) 3)

(see also Heintz et al. 2022a). In this previous work, the My of
[C n]-emitting galaxies at z ~ 6-8 from REBELS (e.g., Bouwens
et al. 2022) could only be inferred based on uncertain metallicity
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Figure 4. Gas mass fraction, fyos = Mgas/(Mgas + M,), as a function of stellar
mass. The symbol notation follows Figure 3. We observe an overall
anticorrelation of fy,s with stellar mass for both the low- and high-z galaxy
samples, though with an offset due to the redshift evolution of Myas/M,.
S04590 and 1Zw 18 are both clear outliers, with low stellar masses
M, = 1-2 x 10’ M, and high gas fractions feas 2 90%, but seem to follow
the overall trend.

estimates assuming an SFR-Z-M, fundamental plane relation
(e.g., Curti et al. 2020). With the accurate gas-phase metallicity
from the NIRSpec analysis performed here, we obtain the first
robust high-z My estimate of My ~ IOIOM@. This is ~10x more
massive than the inferred dynamical mass. This can be explained
by (i) the [CII]-to-HI relation being less robust at these high
redshifts or low metallicities; (ii) the existence of a much
larger H1 gas component situated at larger radii than assumed for
the [C II]-emitting disk, which then causes the total dynamical
mass of the system to be underestimated; or (iii) an increased
excitation of Licy;. However, the derived ratio Ljcy/SFR =
10" L., /(M. yr") (see also Fujimoto et al. 2022b) appears
consistent with the ubiquitously observed SFR—Lqyy; relation
(e.g., De Looze et al. 2014; Schaerer et al. 2020). We also note
that I Zw 18 again has remarkably comparable properties in terms
of the metallicity (12 + log(O/H) = 7.14), and with an estimated
HI gas mass of My=10M, and [CI luminosity
Licm=1.1x 10°L., (e.g., Rémy-Ruyer et al. 2014; Cormier
et al. 2015), yielding an equally high [CII]-to-HI ratio of
log Bicm = log(Mpr /Licmy) = 2.95M,/L,. In any case,
since M, and M,,, only constitute 2%—10% and 30%-50% of
the total dynamical mass of S04590, respectively, we surmise that
the largest baryonic mass component is likely in the form of
neutral atomic HT gas.

4.2. The Dust and Metal Yield

With the first high-z combination of the gas-phase metallicity
and the total gas mass, we can now infer the ISM metal mass,
Mzism, of S04590 at an unprecedented redshift of z=38.5
(previously only possible up to z ~ 3; Sanders et al. 2023). We
determine this as

My tsn = My x 1012H0O/D-869 5 7, 4)

where Z., = 0.0134 is the solar metallicity by mass. This yields
Myism= (324 1.5) x 10° M. The expected total Type II
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supernova metal production estimated by Peeples et al. (2014),
assuming the prescribed SFHs by Leitner (2012) and a
nucleosynthetic yield of y=0.033, is Mz sy = (7.6 £ 1.9) x
10° M, marginally consistent with our estimate. Assuming a
briefer SFH following Sanders et al. (2023), which is likely
more appropriate for S04590 given its high redshift, we obtain
consistent results. This indicates that the majority of the
produced metals from core-collapse supernovae in S04590 are
retained in the ISM. This is in contrast with star-forming
galaxies at z ~ 2-3, which only retain ~20% of the produced
metals in the ISM (Sanders et al. 2023), and even more so with
local galaxies, which have most of their metals captured in
stars. Further, this puts strong constraints on the possibility of
significant outflows in S04590, as most of the produced metals
appear to still be confined to the ISM.

In combination with the constraints placed on the dust mass
of My;<12x10° M., utilizing the FIR continuum coverage
provided by ALMA from Fujimoto et al. (2022b), we further
determine upper bounds on the mass ratios of the dust-to-gas
(DTG, M,/Mg,) and dust-to-metal (DTM, M,/M) content of
S04590. We find logDTG < —3.8 and logDTM < —0.5, as also
shown in Figure 5. These DTG and DTM mass ratios are
substantially lower than the Milky Way average of
DTG ~ 10~2 and DTM ~0.5. However, this is likely due to
the metallicity dependence of the DTG and DTM ratios
predicted from simulations (Popping et al. 2017; Hou et al.
2019; Li et al. 2019; Vijayan et al. 2019; Graziani et al. 2020;
Triani et al. 2020) and those observed in local galaxies (Rémy-
Ruyer et al. 2014; De Vis et al. 2019) and high-z sightlines in
absorption (De Cia et al. 2016; Wiseman et al. 2017; Péroux &
Howk 2020; Popping & Péroux 2022). Comparing our
measurements to those on the DUSTPEDIA®® sample of local
galaxies at z ~ 0 (De Vis et al. 2019) and to absorption-derived
ratios from quasar absorption line systems (DLAs) at z ~ 1-4
(Péroux & Howk 2020; Popping & Péroux 2022) in Figure 5,
we find that they are indeed consistent with the expected
evolution with metallicity that appears universal across
redshifts. Moreover, these results are again in good agreement
with the mass ratios derived for I Zw 18, with an estimated dust
mass of My ~2 % 10° M, (Cannon et al. 2002), yielding a
DTG ratio of 2 x 10~ and a DTM ratio ~ 5%. These results
highlight the strong deviation of the DTG and DTM mass ratios
from the Milky Way average at high redshifts and low
metallicities.

5. Conclusions

We have presented a comprehensive characterization of the
gas, metal, and stellar content of a galaxy at zge. = 8.496
(dubbed S04590), providing the most detailed view to date of a
galaxy well into the epoch of reionization. These results were
enabled by the first joint analysis of the exquisite photometric
and spectroscopic observations obtained with the NIRCam,
NIRISS, and NIRSpec instruments on board JWST from the
early-release science observations (Pontoppidan et al. 2022)
and follow-up ALMA observations of the [CII] 158 um line
transition (through the DDT program 2021.A.00022.S, PIL: S.
Fujimoto). We derived the physical properties of S04590 by
modeling the SED of the galaxy and through the strong nebular
and auroral emission lines detected in the spectrum. We found

2 http:/ /dustpedia.astro.noa.gr/
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Figure 5. DTG (top) and DTM (bottom) mass ratios as a function of the gas-
phase metallicity, 12 + log(O/H). The red and gray star symbols highlight
S04590 and 1Zw 18, respectively. The gray dots represent the local z~ 0
DUSTPEDIA galaxy sample from De Vis et al. (2019), with their best-fit DTG—
metallicity relation shown by the dashed line. The colored filled circles show
line-of-sight measurements through quasar absorbers at z ~ 1-4 (Péroux &
Howk 2020), color-coded as a function of redshift. Both S04590 and I Zw 18
are among the most dust-poor galaxies known, but are consistent with the
overall evolution with metallicity.

that it is a low-mass (M, = 10"*-10*° M_.), low-metallicity (12
+10g(O/H):7.16f8_‘i(2)) galaxy, which appears to be overall
consistent with predictions for the MZ relation and the
SFR—M, main sequence at the observed redshift and previous
literature estimates, but not with those for the SFR-M,—Z
relation at lower redshifts.

With the simultaneous detection of [CII], we further
constrained the dynamics and gas content of the ISM in
S04590. First, we determined a total dynamical mass of
Myyn = (9.0 4.5) x 108 M, based on the [CII] line width.
Subtracting the inferred stellar mass, contributing only ~~2%—
10% to the total dynamical mass, we determined a total gas
mass of Mg, =(8.0£4.0) x 108M@. S04590 was thus
observed to have a gas mass excess and gas fraction of
log(Mgas /M) = 0.9-1.7 and fyas = Mgas/ (Mgas + M,) 2 90%,
respectively. While these results indicate that S04590 contains
one of the most extreme gas fractions derived for high-z
galaxies to date, we demonstrated that they are in perfect
agreement with the inferred low stellar mass and gas-phase
metallicity. We then attempted to disentangle the various gas-
phase components through established conversion factors
relying on the [CII] line luminosity, for which we inferred
Mo = (3.0-5.0) x 10* M., (i.e., 30%-50% of Mg,s). We
surmised that the largest contributing factor to the gas mass
and the overall baryonic matter budget is thus in the form of
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neutral, atomic HI, as supported by recent [C II]-to-H I scaling
relations.

With the joint estimates of the gas-phase metallicity and the
gas mass, we further estimated the total mass of metals in the
ISM of S04590, finding M5\ = (3.2 + 1.6) x 10° M. This is
consistent with the expected Type II core-collapse supernova
metal yield for the inferred stellar mass buildup. With the
independent estimate of the dust mass from the FIR continuum,
M;<12x10° M, (Fujimoto et al. 2022b), we constrained the
mass ratios of the DTG and DTM abundance finding
logDTG < —3.8 and logDTM < —0.5. This places S04590 as
one of the most dust-poor galaxies known to date relative to its
inferred gas and metal mass and demonstrates a strong
deviation from the typical Milky Way averages in the high-
redshift and low-metallicity regimes.

The overall physical properties of S04590 were also found to
show remarkable similarity to those of the local, metal-poor
galaxy I Zw 18 in terms of the MZ relation, gas fraction, and
overall gas, dust, and metal abundance. Generally, this
highlights the overall resemblance of the emission line
properties of these high-z metal-poor galaxies to local analogs
(as also showcased by, e.g., Arellano-Cérdova et al. 2022; Katz
et al. 2023; Schaerer et al. 2022), and suggests that galaxy
properties and their overall evolution are governed by the same
fundamental physical processes. With the advent of JWST and
in synergy with ALMA, we are now in a position to
characterize the stellar, gas, and metal content and constrain
how these processes govern the formation and evolution of the
first generation of galaxies, as demonstrated by this work.
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Data Availability Statement

Source codes for the figures and tables presented in this
manuscript are available from the corresponding author upon
reasonable request. The reduced and calibrated JWST spectro-
scopic and imaging data are made available on the dedicated
repository at https://github.com/keheintz/S04590. The over-
all JWST data products are available via the Mikulski Archive
for Space Telescopes (https://mast.stsci.edu). The specific
observations analyzed in this work can be accessed via
DOI:10.17909/67ft-nb86.

Appendix A
Best-fit SED Model

As briefly described in the main text, we model the SED of
S04590 using BAGPIPES based on the measured JWST/
NIRCam+NIRISS photometry. Specifically, we assume a
Salim et al. (2018) dust model, allowing the slope (0) to vary
within —0.9 < § < 0.1, and the 2175 A bump strength (B) to
vary within 0 < B <3. We assume Gaussian priors on the
various dust parameters. The visual extinction, which we allow
to vary in a linear grid between O and 2, has the prior centered
at 0.1, with a sigma of 0.5, which is the same prior as that for B.
For 6, we impose a Gaussian prior centered at —0.5, with a
0.10. We also allow the metallicity to vary within 0 <Z < 1,
with a prior centered at 0.2 with a 0.10. We assume a Kroupa
(2001) IMF. For the constant SFH model, we set the maximum
age in a grid from 1 Myr to 10 Myr. Finally, we set the lifetime
of birth clouds to 10 Myr. Increasing the maximum age allowed
in the prior to 100 Myr we still find the code to infer a mass-
weighted age <10 Myr (2.2 £ 0.8 Myr), and the stellar mass
remains consistent with the result presented in the main text.
We also note that other studies have found consistently young
ages, using a similarly constant SFH (Carnall et al. 2023) or a
nonparametric SFH (Tacchella et al. 2022). The resulting
posterior distributions of the best fit are shown in Figure 6, and
summarized in Table 1.
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Appendix B

Line Flux Estimates Balmer and oxygen line transitions. Overplotted are the best-

In Figure 7 we show regions of our extracted NIRSpec fit continuum models and Gaussian profiles used to extract the
spectrum zoomed in on the relevant nebular and auroral line fluxes that the main analysis is based on.
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