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Abstract

We present JWST /NIRSpec prism spectroscopy of MACS0647—JD, a triply lensed z ~ 11 candidate discovered in
Hubble Space Telescope imaging and spatially resolved by JWST imaging into two components, A and B.
Spectroscopy of component A yields a spectroscopic redshift z=10.17 based on seven detected emission lines:
C ] AA1907, 1909, [O11] A3727, [Ne I11] A3869, [Ne 1] A3968, HO A4101, Hy A4340, and [O 111] A4363. These
are the second-most distant detections of these emission lines to date, in a galaxy observed just 460 million years
after the Big Bang. Based on observed and extrapolated line flux ratios we derive a gas-phase metallicity 12 4 log
(O/H) ~7.5-8.0, or Z~ (0.06-0.2) Z., ionization parameter log(U)=—1.9£0.2, and an ionizing photon
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) =252 + 0.2 erg ' Hz. The spectrum has a softened Lyc break, evidence for a

strong Lya damping wing. The Lya damping wing also suppresses the F150W photometry, explaining the slightly
overestimated photometric redshift z= 10.6 £ 0.3. MACS0647—JD has a stellar mass log(M/M.) =8.1 £ 0.3,
including ~6 x 107 M, in component A, most of which formed recently (within ~20 Myr) with a star formation
rate ~ 2+ 1 M., yr ', all within an effective radius 70 = 24 pc. Spectroscopy of a fainter companion galaxy C
separated by a distance of ~ 3 kpc reveals a Lyman break consistent with z ~ 10.17. MACS0647—]D is likely the

most distant galaxy merger known.

Unified Astronomy Thesaurus concepts: Galaxies (573); High-redshift galaxies (734); Early universe (435); Strong
gravitational lensing (1643); Galaxy spectroscopy (2171); Reionization (1383)

1. Introduction

Spectroscopy using the NIRSpec instrument (Ferruit et al.
2022; Jakobsen et al. 2022; Boker et al. 2023) on board JWST
(Gardner et al. 2023; Rigby et al. 2023) is beginning to confirm
distant galaxy candidates and reveal their properties in the early
Universe (z > 8; e.g., Arrabal Haro et al. 2023a; Bunker et al.
2023; Curtis-Lake et al. 2023; Fujimoto et al. 2023; Roberts-
Borsani et al. 2023; Harikane et al. 2024). With coverage out to
5.3 pum, NIRSpec can detect the strong emission lines [O III]
AM959, 5007 and HS in galaxies as distant as z~9.5,
confirming redshifts and constraining properties such as
metallicity and ionization parameter when combined with
other emission lines (e.g., Cameron et al. 2023b; Nakajima
et al. 2023; Tang et al. 2023; Williams et al. 2023; Boyett et al.
2024; Jung et al. 2024; Sanders et al. 2024).

At z> 10, within the first 500 million years, spectroscopic
confirmations and detailed studies are more challenging
because [O1]+HZ is redshifted out of the NIRSpec
wavelength range, and fainter emission lines are difficult to
detect in low-luminosity z > 10 galaxies. Brighter galaxies or
longer exposure times are required. Curtis-Lake et al. (2023)
presented deep spectra with a spectral resolution of R ~ 100
that impressively confirmed galaxies with redshifts z =104,
11.6, 12.6, and 13.2 based on significant Lyman break
detections and an absence of definitive emission lines in long
exposures of 9-28 hr for these faint candidates (F200W AB
mag 28-29). Similarly, Arrabal Haro et al. (2023a) confirmed
galaxies at z=10.1 and z=11.4 based on Lyman break
detections with no emission lines in 5 hr NIRSpec prism
spectra that also revised the redshift of a z ~ 16 candidate down
to z=4.912.

Over a decade of Hubble Space Telescope (HST) WFC3/IR
observations yielded two z>10 galaxies bright enough
(F200W AB mag 25.8 +0.1) for more detailed study. GN-
z11 was one of the most distant galaxies ever discovered in
HST imaging (Oesch et al. 2016). They noted that given the
search area, it was surprising to discover a galaxy so bright.
JWST NIRCam (Rieke et al. 2023) imaging photometry yields
F200W AB mag of 259+£0.1 and Myy=-21.6, or
My = — 21.8 corrected for dust (Tacchella et al. 2023). JWST
NIRSpec spectroscopy has now confirmed GN-zI11 at
z=10.603 and revealed 12 emission lines (Bunker et al. 2023).

MACS0647—JD was the other similarly bright z~ 11
candidate discovered in HST imaging (Coe et al. 2013),
supported by HST grism observations (Pirzkal et al. 2015),
Spitzer imaging (Lam et al. 2019), and gravitational lens
modeling (Chan et al. 2017). MACS0647-JD is triply lensed
by a massive foreground galaxy cluster, MACSJ0647.7+7015
(z=0.591; Ebeling et al. 2007). Despite lensing magnifications
of ~8, 5, and 2 (Meena et al. 2023), the three lensed images
JD1, JD2, and JD3 were spatially unresolved in HST imaging.

JWST/NIRCam imaging resolved MACS0647—JD as having
two small components in a possible galaxy merger at
z=10.6 £ 0.3 (Hsiao et al. 2023). The brighter component A
has an effective radius r~70+£24 pc and appears bluer,
(6~ —2.6 £ 0.1), likely due to its young stellar population (~50
Myr old) and no dust. The other component, JDB, has a smaller
radius of r ~ 207% pc and appears redder (3~ —2 = 0.2), likely
due to an older stellar population (~100 Myr old) and mild dust
(Ay~ 0.1 mag). The different inferred star formation histories
(SFHs) suggest these two components formed separately and are
in the process of merging. A third triply lensed component C
was also identified 2” away (~3 kpc in the delensed source
plane). With similar colors and a consistent photometric redshift,
C may be destined to merge with A and B.

Compared to GN-z11, MACS0647—JD is intrinsically fainter
(Myy = —20.3), yet observed to be brighter; the brightest lensed
image JDI1 is F200W AB mag 25.0 £ 0.1. The brightest clump
A is Myy = —19.5 and lensed to F200W AB mag of 25.8 £ 0.1
in JD1. This enables detailed study with JWST.

In this paper, we report NIRSpec and NIRCam observations
of MACS0647-JD obtained by JWST observation program GO
1433 (PI: Coe). Most of the NIRCam images were analyzed
previously by Hsiao et al. (2023). This work includes a new
F480M image, deeper F200W data, and updated image
reductions and photometry (Section 2). Based on NIRSpec
prism (R ~ 100) spectroscopy spanning 0.7-5.3 pm, we detect
nebular emission lines, measure the spectroscopic redshift, and
derive physical properties including the ionization parameter
and metallicity using various emission line ratios as well as
photometric spectral energy distribution (SED) fitting
(Section 3). We present conclusions in Section 4.

2. Observations

JWST program GO 1433 (PI: Coe) observed MACS0647
—JD as summarized in Table 1. We also analyze archival HST
imaging from programs GO 9722, 10493, 10793, 12101, and
13317, described in Hsiao et al. (2023). All JWST and HST data
are publicly available in the Mikulski Archive for Space
Telescopes (MAST; doi:10.17909/wpys-ap03). We also provide
reduced data products® along with our data analysis scripts.

2.1. NIRSpec MOS Prism Spectroscopy

There were two separate NIRSpec multiobject spectroscopy
(MOS) observations (Obs 21 and Obs 23) using the
microshutter assembly (MSA). Both used the low-resolution
R ~30-300 prism yielding data from 0.6 to 5.3 um. Obs 23
was performed with standard three slitlet nods used to subtract

40 https: //cosmic-spring.github.io
4 https://github.com/cosmic-spring/MACS0647-JD-NIRSpec
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Table 1
JWST Observations of MACS0647—JD

Observation Date (UT) Mode Exposures Filters / Element Exposure Time®

10 2022-09-23 NIRCam imaging Three filter pairs F115W, F150W, F200W, 2104 s
F277W, F356W, F444W

20 2023-01-08 NIRCam imaging One filter pair F200W, F480M 2104 s

21 2023-01-08 NIRSpec MOS One slitlet; two dithers® prism 6420 s

23 2023-02-20 NIRSpec MOS Three slitlet nods prism 6567 s

Notes.

4 Exposure time per imaging filter; total exposure times for NIRSpec.
® Each dither requires its own microshutter assembly (MSA) configuration.

backgrounds measured near each target. The total exposure
time was 1.8 hr. Obs 21 was performed with single slitlets,
requiring backgrounds to be measured in nearby slitlets
designed to observe “blank” sky and intracluster light. Two
MSA configurations were executed in Obs 21 with a total
exposure time of 1.8 hr. The two configurations were similar
with small dithers between them and most targets included
in both.

The two brightest lensed images of MACS0647—JD (JD1
and JD2) were observed in all exposures of all observations for
a total exposure time of 3.6 hr. The slitlets primarily captured
light from the brightest clump A. The brightest lensed images
of the companion galaxy C (JDIC and JD2C) were also
observed in all exposures. Since JD1 and JD2 are multiple
images of the same object with JD2 magnified ~70% as bright
(. ~5.3) as JD1, the resulting summed spectra have a signal-
to-noise ratio (S/N) similar to 6 hr total effective exposure
times on JD1A and JDIC.

Clump B was observed only in Obs 21 of JD2. Given its
proximity to clump A, it is difficult to spatially resolve its
contribution to the JD2 spectrum. They are separated by only
one or two 0”1 pixels in the cross-dispersion direction (i.e., in
the 2D NIRSpec spectrum). We do perhaps detect some
emission line fluxes (i.e., C 1] AA1907, 1909) from JD2B as
we discuss in Section 3.4 (see also the second row of Figure 1).

We retrieved NIRSpec Level 1 data products from MAST and
processed them with the STScI JWST pipeline*? version 1.9.2
and MSAEXP® version 0.6.0. First, MSAEXP corrects for 1 /f
noise,44 masks snowballs,45 corrects bias levels in individual
exposures, and rescales the noise array RNOISE based on
measurements in blank regions. Next, we run JWST pipeline
Stage 2 routines to perform world coordinate system registra-
tion, flat-fielding, pathloss corrections, and flux calibration.

For the three slitlet data, background subtraction is
performed locally before drizzling the three exposures onto a
common 2D pixel grid. For the single-slitlet data, we drizzle-
combined data from the two exposures (MSA configurations).
Then we subtracted the 2D background spectrum in a nearby
slit (#50981) that observed a relatively blank region of the
image.

To extract each 1D spectrum, MSAEXP uses a Gaussian
profile in the cross-dispersion direction, derived from an
inverse-weighted sum of the 2D spectrum in the dispersion

42 https: //github.com/spacetelescope /jwst

a3 https: //github.com/gbrammer/msaexp

4 While the observations were obtained in IRS2 readout mode to mitigate the
effect of 1/fnoise, NIRSpec data still exhibit this characteristic to some extent,
motivating the correction.

45 Snowballs are now masked by the JWST Level 1 pipeline as well.

direction, based on the optimal extraction described in Horne
(1986). The results are shown in Figure 1 for each observation.
The plots show the numbers for the extraction Gaussian:
offset £ width in pixels. There are no design choices to exclude
any contribution from clumps A and B.

Finally, we sum the 1D spectra, adding flux uncertainties in
quadrature, yielding the spectrum shown in Figure 2. This
spectrum includes the total flux observed in all four exposures
for JDIA and JD2A.

2.2. NIRCam Imaging

NIRCam imaging was obtained first in six filters, F115W,
F150W, F200W, F277W, F365W, and F444W spanning 1-5
pm, and the results were studied and presented in Hsiao et al.
(2023). Additional NIRCam imaging has since been obtained
in F200W and F480M, concurrent with the NIRSpec Obs 21.
The F480M observation was included to observe MACS0647
—JD redward of the Balmer break to better constrain its stellar
age and mass. Each NIRCam image has an exposure time of 35
minutes, split between four INTRAMODULEBOX dithers that
cover the short-wavelength gaps.

We process the NIRCam images using the STScl JWST
pipeline and GRIZLI (Brammer et al. 2022). In Hsiao et al.
(2023), we analyzed the fourth release (v4) of the images
reduced with GRIZLI and then performed zero-point corrections
based on updated calibrations that remain robust today (Boyer
et al. 2022). Those updated zero-points were implemented in
GRIZLI v5. In this work, we analyze GRIZLI v6 image mosaics™®
featuring improved sky flats, bad pixel tables, wisp templates,
and long-wavelength zero-points.

Briefly, in each NIRCam exposure, the GRIZLI pipeline
applies corrections for 1/f noise striping and masks “snow-
balls”*” and “wisps.”*® Then GRIZLI drizzle-combines all
exposures in each filter on to a common pixel grid using
ASTRODRIZZLE (Koekemoer et al. 2003; Hoffmann et al.
2021). The NIRCam short-wavelength images are drizzled to
0”02 pixels, and all other images are drizzled to 0”04 pixels.
All images are aligned with coordinates registered to Gaia Data
Release 3 (Gaia Collaboration et al. 2021). We create color
images using TRILOGY™® (Coe et al. 2012).

We measure JWST photometry of the lensed images JD1
and JD2 using GRIZLI with circular apertures of 0”25 radius.

6 hitps: //github.com/gbrammer/grizli/blob/master/docs /grizli/image-
release-vo.rst

7 hutps: / /jwst-docs.stsci.edu/data-artifacts-and-features /snowballs-and-
shower-artifacts

*® hitps:/ /jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrument-
features-and-caveats /nircam-claws-and-wisps

49 https://github.com/dancoe/trilogy
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https://github.com/dancoe/trilogy
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Figure 1. Individual NIRSpec spectra of MACS0647—JD lensed images JD1 and JD2 (#3593 and #3349, respectively, in the catalog used to prepare NIRSpec
Observations 21 and 23). Left: slitlets in red are overlaid on 2” x 2” NIRCam color images (blue: F115W; cyan: F150W; green: F200W; red: F277W, F356W,
F444W, and F480M). Note that most of the observations target the brighter component A. Right: 2D spectra vs. rest-frame wavelength for z = 10.17 (top) and 1D
spectra F,, (11Jy) vs. observed wavelength in microns (bottom). In each 1D plot, the gray line shows the spectrum, and the red line shows the uncertainty. Faint vertical
colored shaded regions mark wavelengths of common emission lines: Lya A1216 (pink), C III] AA1907, 1909 (green), Mg II A2800 (blue), [O II] A3727 (purple),
[Ne 1] A3869 (yellow), [Ne 1II] A3968 (red), HS (orange), and Hy (gray). Only two of those (C 1] and [O I1]) appear in MACS0647—JD, along with others revealed
in the summed spectrum (Figure 2) and listed in Table 3.
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Figure 2. Spectrum and photometry of MACS0647—JD component A in the sum of both lensed images in both observations (i.e., JD1 Obs 21 4 JD1 Obs 23 + JD2
Obs 21 + JD2 Obs 23), with a total magnification ~26.6 = 8 4+ 8 4+ 5.3 + 5.3. The spectrum is the sum of all four observed spectra. The photometry shown here is
measured within rectangular apertures resembling the NIRSpec slits in the four exposures. The red line is the PIXEDFIT model fit to the spectrum with emission lines
masked out. After subtracting this continuum (bottom panels), detected emission lines are fit with Gaussian functions (blue) to measure fluxes. (Other undetected
emission lines are labeled in gray.) The best-fit model continuum is smoothed with a constant spectral resolution (R) of 100, which corresponds to a velocity resolution
of ~3000 km s~'. We also see a hint of C IV absorption, as we mention in the last paragraph of Section 3.4. Note that at the wavelength of C IV, ~1—2 um, R falls to

~30, which is lower than R in our fitting.

The segmentation process and photometry measurements with
the GRIZLI pipeline were done automatically to all detected
galaxies in the field with circular apertures. We then measure
the photometry of the JD components A and B individually
using PIXEDFIT (Abdurro’uf et al. 2023) within elliptical
apertures as described in Hsiao et al. (2023) centered at the
central pixel (brightest pixel in F444W) of each component.
Both GRIZLI and PIXEDFIT described in Hsiao et al. (2023) v4
of the images while in this letter we analyze v6 images as
described earlier in this section. No significant change is found
in the result from the SED fittings. Additionally, we create
rectangular photometric apertures that match the NIRSpec
slitlets in size, position, and orientation in each of our four
observations for JD1 and JD2 (see Figure 1).>° We find this
photometry is very similar to the photometry of component A,
because the NIRSpec slitlets primarily targeted A with

%0 hittps:/ /github.com /aabdurrouf/JWST-HST_resolvedSEDfits /tree/main /
MACS0647-JD

occasional small contributions from the fainter clump B. All
resulting NIRCam photometry is presented in Table 2 and
plotted along with the NIRSpec spectrum in Figure 3.

We note the photometry of clump A (8~ —2.6£0.1) is
slightly redder than the observed spectrum (3~ —2.8). Both
measurements present challenges, including the proximity of
the A and B clumps, and variable slit loss corrections as a
function of wavelength applied by the JWST pipeline to the
NIRSpec spectrum.

3. Results and Discussion

We obtain four spectra of MACS0647—JD component A in
the lensed images JD1 and JD2 (Figure 1). Obs 21 of JD2 also
includes flux from the fainter component B. We have not
attempted to extract signal from component B that might be
isolated from A in the cross-dispersion direction.

The summed spectrum of all four observations (JD1 Obs 21,
JD1 Obs 23, JD2 Obs 21, and JD2 Obs 23) is shown in


https://github.com/aabdurrouf/JWST-HST_resolvedSEDfits/tree/main/MACS0647-JD
https://github.com/aabdurrouf/JWST-HST_resolvedSEDfits/tree/main/MACS0647-JD
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Figure 3. MACS0647—JD NIRSpec summed spectrum (divided by 4; gray) compared with photometry presented in Table 2. Black points show the photometry
measured in rectangular apertures that mimic the observed NIRSpec slits. These synthetic colors match the JD1A and JD2A photometry measured within elliptical
apertures by PIXEDFIT (blue and cyan, respectively). The smaller clump B is redder (JD1B in red, JD2B in pink). Photometry of the entire galaxy MACS0647—JD
lensed images JD1 and JD2 (dark and light green, respectively), including clumps A and B plus additional diffuse light, was measured by GRIZLI with circular

apertures of 0”25 radius.

Table 2
NIRCam Photometry of MACS0647—JD
Object Magnif.* Photometry Aperture FI115W F150W F200W F27TW F356W F444W F480M
D1 ~8 GRIZLI circular 1+8 297 +£17 368 £5 309+ 6 306 £ 6 317 £8 314 £ 18
D2 ~5.3 GRIZLI circular 12+7 178 £ 6 255+4 229+5 205+5 209 £7 185+ 16
JD1A ~8 PIXEDFIT elliptical -8+4 146 +3 169 £ 2 135+2 120 £2 116 £3 124 +£8
JD2A ~5.3 PIXEDFIT elliptical 243 90 +3 125 +2 95 +2 82412 77+3 87+7
JDIB ~8 PIXEDFIT elliptical 1+2 26 +£2 40+2 31+2 39+2 44 £2 45£5
JD2B ~5.3 PIXEDFIT elliptical -3+3 17+£2 31+1 27 +£1 27 £1 28 +£2 29+5
JDA® ~26.6 PIXEDFIT rectangular -35+10 450 + 8 623 £5 509 £ 6 461 =6 441 +9 446 =21

Notes. All flux densities are given in units of nJy, and are not delensed. Photometry is plotted in Figure 3 along with the spectrum.

? Lensing magnification estimates (Meena et al. 2023).

® Photometric apertures designed to match the four observed NIRSpec slitlets that primarily observe JDA. Flux densities include the sum of all four.

Figure 2, with a total magnification of 26.6=8+8+
5.3+ 5.3. We detect the continuum between 1.5 and 5.3 um
with S/N > 10 per spectral resolution element out to ~3 um;
flux decreases and noise increases to longer wavelengths.
Rather than a sharp Lyman_ break, the spectrum rolls off
gradually from 1.5 pm (1343 A rest frame) to the Lyman break
observed at 1.36 ym (1216 A rest frame). In Section 3.7 we
show that this attenuation is consistent with a Lyo damp-
ing wing.

We detect seven emission lines (including unresolved
doublets): C1I] AA1907, 1909, [O11] AA3727, 3729, [Nell]
A3869, [NeI] A3968, HO M101, Hy A4340, and [O 1]
4363, all with S/N > 4. We also marginally detect He I A4473
with S/N ~ 2.8. Based on the observed wavelengths of these
lines, we measure a spectroscopic redshift zgpee=10.17.
Harikane et al. (2024) recently reported the same redshift for
MACS0647—JD based on a fraction of the data: JD1 Obs 23.

The spectroscopic redshift is slightly lower (consistent
within 20) than the photometric redshifts estimated previously:
Zphot = 10.7f8j2 (95% confidence limit) from HST imaging
(Coe et al. 2013) and zpho = 10.6 0.3 from JWST + HST
imaging (Hsiao et al. 2023). This may be explained by the Ly«
damping wing reducing flux between 1.35 and 1.5 pm (in the
JWST F150W and HST F140W filters) more than expected for
a sharp Lyman break, as assumed in the photometric redshift
fitting based on SED modeling.

We measure the emission line fluxes and report them in
Table 3. To measure the fluxes, we fit each line with a Gaussian
after modeling and subtracting the continuum using PIXEDFIT
(Abdurro’uf et al. 2023). The continuum model is fit to the
NIRSpec spectrum while masking out the emission lines. The
unresolved doublets CIII] and [O1I] are each fitted with a
single Gaussian. Flux uncertainties are estimated using the
Monte Carlo method.
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Table 3
Measured Emission Line Fluxes for JDA

Emission Lines Rest Wavelength Observed Wavelength Line Flux® S/N EW

(A) (pem) (10’20 erg s cmfz) (rest frame; A)
c 1907, 1909 2.13 310 £ 60 5.7 14+ 3
[O1] 3726, 3729 4.16 42+5 8.9 134+ 2
[Ne 1] 3869 432 76 £ 6 13.8 25+ 2
[Ne 11] 3968 443 41+6 7.3 15+ 2
Hé 4101 4.58 40+7 6.1 17+ 3
Hy 4340 4.85 74 £ 10 7.7 42+ 6
[O 1] 4363 4.87 25+6 44 14+ 3
Hel 4473 5.00 24+9 2.8 16+ 5

Note.

# As observed in the sum of 4 observations (=2yp; + 2pp2 = 2 X (8 + 5.3)) divided by 2 with a total magnification ~ 13.3 (=pyp; + yp2 = 8 + 5.3), which is not

delensed. The equivalent widths (EWs) are shown in the last column.

Recently, Bunker et al. (2023) presented deeper NIRSpec
spectroscopy”! of GN-z11 at z=10.603 that featured all the
lines above, plus additional lines that are not detected in
MACS0647-JD: Ly A1216, N1v] A1486, C1V A1549, He 1T
A1640, N 1i1] A1748, and Mg 11 A2800. The nitrogen lines N 1V]
and NII] were surprising detections rarely observed in any
galaxy (Cameron et al. 2023a; Charbonnel et al. 2023). The
measured line fluxes were ~10~'® erg s~' cm 2. Nitrogen lines
that strong would have also been detected in our observations
of MACS0647—JD. Note the continuum brightness of GN-z11
is comparable to JDIA (F200W AB mag 25.8 +0.1), so
similar line fluxes would correspond to similar equivalent
widths (EWs; generated by similar physical properties).

3.1. Spectral Modeling

We perform spectrophotometric SED fitting using PIXEDFIT
(Abdurro’uf et al. 2021, 2022, 2023). This code fits the spectral
continuum (with emission lines masked out) and photometry
simultaneously. We use the summed spectrum and the total
photometry measured with rectangular apertures resembling the
NIRspec slits in the four exposures. This code uses Flexible
Stellar Population Synthesis (Conroy et al. 2009; Leja et al.
2017) SED models, which have nebular emission incorporated
using CLOUDY (Ferland et al. 2017). We assume a Chabrier
(2003) initial mass function (IMF), Charlot & Fall (2000) dust
attenuation law, and intergalactic absorption based on the Inoue
et al. (2014) model. The dust optical depth is denoted 7. We
assume a double power-law SFH with rising slope 3, declining
slope «, and timescale 7: star formation rate (SFR
@) =[(t/7)* + (¢/7)"°"\. Please refer to Abdurro’uf et al.
(2023, Table 2 therein) for more information on the definition
of these parameters and associated priors.

Gas-phase metallicity Zy,s and stellar metallicity Z, are
modeled independently. To reduce the number of free
parameters, we fix the ionization parameter log(U) = —2.0
and the gas-phase metallicity Z,,, to 12 +log(O/H)=7.5
based on our estimate from the emission lines (see Sections 3.6
and 3.5). Varying these values within the uncertainties does not
significantly change the results that follow.

First, we use PIXEDFIT to fit the spectral continuum after
masking out the emission lines. Then we subtract this best-fit

51 Exposure times of 6.9 hr with the low-resolution (R ~ 100) prism and 3.45
hr in each of three medium resolution (R ~ 1000) gratings: G140M/F070LP,
G235M/F170LP, and G395M/F290LP.

continuum and fit Gaussians to the emission lines to measure
their fluxes and EWs, reported in Table 3. .

The spectrum has no Balmer break with F,(4200 A)/
F,(3500 A)~0.77 £0.06, measured as in Binggeli et al.
(2019), suggesting a young age. Spectral continuum fitting
suggests a very young mass-weighted age of 873 Myr for
component A. However, these spectral models do not account
for the Lya damping wing. SED fitting to the photometry
(Section 3.2) yields a similarly young age until we omit the
F150W flux measurement affected by the Lyman damping. Our
measured photometry is also slightly redder than the spectrum,
contributing to slightly older age measurements, though still
young as we discuss next in Section 3.2.

3.2. Photometric Spectral Energy Distribution Modeling

We perform SED fitting to the NIRCam photometry of the
brightest lensed image JD1 (magnified by =8+ 1) for the
full galaxy and then for the individual clumps A and B, as
reported in Table 2. We exclude the F150W photometry
because our spectral models do not include Lya damping wing.
(Including the F150W photometry results in artificially low
ages.) We perform SED modeling using three methods:
PIXEDFIT (Abdurro’uf et al. 2021; Abdurro’uf et al. 2022;
Abdurro’uf et al. 2023), BAGPIPES>® (Carnall et al. 2018,
2019), and BEAGLE (Chevallard & Charlot 2016). We describe
our methods in Section 3.1 for PIXEDFIT and below for
BAGPIPES and BEAGLE. We summarize our results in Table 4.

Our BAGPIPES (Carnall et al. 2018, 2019) method is
described in detail in Hsiao et al. (2023). Briefly, we use
Binary Population and Stellar Synthesis (BPASS) v2.2.1
templates (Stanway & Eldridge 2018) including binary
evolution, with a Kroupa (2001) IMF and upper mass cutoff
of 300 M. Nebular emission is included by processing these
stellar models through the photoionization code CLOUDY
(Ferland et al. 2017). Dust attenuation is modeled with the
Salim et al. (2018) flexible parameterization, including a
variable slope and additional dust within star-forming regions
<10 Myr old. Based on our spectroscopic results below, we fix
gas metallicity to Zgs=0.1 Z; and ionization parameter
log(U) = —2 (see Section 3.5). Varying these values within
their uncertainties does not significantly affect our derived
physical parameters.

52 https: / /bagpipes.readthedocs.io
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Table 4
Physical Properties of JD1, JD1A, and JD1B from Spectral Energy Distribution Fitting Using Various Methods
Age* Stellar Mass SFR sSFR Dust
Component Code SFH (Myr) log(M /M) (M, /yr) (Gyr™h (Ay mag)
D1 BAGPIPES constant 8+3 8.1+03 10+3 -7.1+£0.3 0.09 + 0.02
BAGPIPES nonparametric 6712 8.0+0.1 101 -7.0+0.1 0.09 £+ 0.01
BAGPIPES delayed T 343 77482 55108 7.0+ 0.1 0.02:0%
BEAGLE delayed T 40782 82+0.1 10+1 -72+0.1 0.11 £ 0.03
PIXEDFIT double power law 3013 84403 44723 —7.7101 0.05 % 0.04
JD1A BAGPIPES constant 8+3 7.6+0.1 3+1 -70+03 <0.01
BAGPIPES delayed 542 75+0.1 24+0.1 -7.0+0.1 <0.01
BEAGLE delayed 7 1448 79 +£0.1 33+0.1 -73+£0.1 0.05 + 0.01
PIXEDFIT double power law 38+28 8.14+0.3 13406 -8.040.1 0.03+0%4
JDIB BAGPIPES delayed 7 50*89 7.7+03 1.0£+0.3 -7.7+03 0.13 £+ 0.07
PIXEDFIT double power law 1540 73403 0.793 —7.4701 0.06 + 0.04

Notes. The stellar mass and SFR estimates are delensed by a magnification ¢ =8 = 1 (Meena et al. 2023). Magnification uncertainties are not included in the
uncertainties quoted in the table for stellar mass and SFR. Most of these SED fitting methods assume a Chabrier (2003) IMF. BAGPIPES assumes Kroupa et al. (1993);
to renormalize those results, we multiplied the stellar masses by 0.94 (Madau & Dickinson 2014). Component JD1 is measured with GRIZLI while JD1A and JD1B are
measured using PIXEDFIT (see Table 2). The summed SFR of JD1A and JD1B is of order an order of magnitude lower than the combined JD1, which is likely due to
lost fluxes among various apertures (see also Table 2). The seventh column shows the specific SFR (sSFR).

? Ages are mass-weighted. This equals half the formation age for a constant SFH.

We explore various SFHs: constant, “delayed 7,” and
nonparametric. The delayed 7 SFH allows for a linear rise
followed by an exponential decline: SFR(¢) ot exp(—t/7).
Most of our fits only have the linear rise with 7> 1 Gyr. We
explore nonparametric SFHs with constant SFR in four time
bins (e.g., 0-10-50-150-300 Myr). With these models, we find
almost all the SFR ends up in our youngest bin 0—10 Myr, with
negligible older populations.

We also use BEAGLE (Chevallard & Charlot 2016) to derive
an independent fit to both the photometry and the measured
emission line EWs (see Table 3). BEAGLE assumes a Chabrier
(2003) IMF and also uses CLOUDY to account for nebular
emission. We further assume a delayed 7 SFH with an ongoing
starburst over the last 10 Myr, an SMC dust attenuation law,
and the Inoue et al. (2014) intergalactic medium (IGM)
attenuation models. We apply a similar setup and and
parameter space as in Furtak et al. (2023), though without
the external priors and fixing the redshift to the measured
spectroscopic value. Here we also leverage the additional
information provided by the numerous emission lines to leave
the gas-phase metallicity and the dust-to-metal ratio as free
parameters. These are modeled with uniform priors
log(Zgas/Zw) € [—2.2, —0.3] and & € [0.1, 0.5] as in Gutkin
et al. (2016) and Chevallard & Charlot (2016).

Based on these various methods, we obtain the results
summarized in Table 4. We find MACS0647—JD has a stellar
mass log(My/M.)=8.14+0.3, SFR=10+3 M. yr ', and a
high sSFR ~ 80 Gyr ', where sSFR = SFR /stellar mass.

The clump A photometry can be well fit by constant star
formation for 1773 Myr, corresponding to a mass-weighted age
8%3 Myr, according to BAGPIPES. Age estimates from the
various methods range between 1 and 50 Myr, consistent with
the results from Hsiao et al. (2023). We estimate clump A
contains about one-third of the stellar mass of MACS0647—JD.

The smaller redder component B photometry is best fit by a
linearly rising SFR for 40-300 Myr, with a mass-weighted age
of 10-110 Myr, stellar mass log(M,./M) =7.9 £+ 0.3, and dust

Ay =0.10 + 0.05 mag. Based on similar age estimates in Hsiao
et al. (2023), they suggested clump B may have formed
separately and merged with the younger clump A, though
different SFHs in situ are also possible.

MACS0647—JD has an absolute UV magnitude Myy =
—20.3 £ 0.2, including Myy = —19.5 +0.2 for clump A and
Myy =—17.9+£0.2 for clump B. These are based on the JD1
F200W photometry in Table 2 delensed by a magnifica-
tion p =8+ 1.

3.3. Star Formation Rate and History

Hydrogen Balmer line strengths yield robust estimates of
recent SFH within the past <10 Myr. These measurements
commonly utilize the strongest Balmer line Ha or the second
strongest HG (e.g., Glazebrook et al. 1999; Erb et al. 2003;
Reddy et al. 2008; Madau & Dickinson 2014; Shapley et al.
2023). Both of these are redshifted beyond our observed
wavelength range, however we detect both Hy and Ho.

Intrinsic Balmer line strength ratios are dictated by atomic
physics. For Case B recombination at 7= 10,000 K, we expect
H~/H6=1.81 (e.g., Dopita & Sutherland 2003; Groves et al.
2012). In MACS0647—JD, we measure Hy/Hé ~ 1.88 £ 0.43,
consistent with expectations (Hy/HS=1.81) within the
uncertainties. Dust reddening may artificially increase observed
Balmer line ratios. We cannot place meaningful constraints on
the dust extinction, given the large uncertainties in the flux ratio
and the similar wavelengths of Hy and Hé. Note that Balmer
line stellar absorption might affect our measurements of Hv and
Hé by 0-5 A, which are within our uncertainty of 6 A. We
assume no dust, consistent with the result Ay < 0.02 mag from
SED fitting to the photometry of component A in Hsiao et al.
(2023) and similarly in our updated analysis of the latest
photometry Section 3.2. Finally, we note the measured Hry rest-
frame EW =42+ 6 A may be slightly suppressed by photo-
spheric absorption lines with EW < 5 A, but that is within our
measurement uncertainty.
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Table 5
Derived Emission Line Ratios and Expected Values

Line or Line Ratio Equation/Derivation Flux or Flux Ratio®

Hp 2.14 Hy (160 £20) x 107 ergs ' cm 2
Ha 6.11 Hy (460 £ 60) x 107 ergs™' cm?
Ne302 [Ne 1] A3869/0 11] \3727 1.8+02

032 from Ne302°; [O 1m1] A5007/0 11] 30+6

[O 1] A5007 032 x [01] (1300 +300) x 107 erg s~' cm™
auroral line ratio [O 1] A5007/10 1] M363 50+ 16

[O 1] AM959, 5007 1.34 x [O ] A5007 (1700 + 400) x 107 erg s~' cm
R23 ([0 1] + [O 1] AN4959, 5007)/H3 11+3

Notes.

# Measured fluxes in the stacked spectra are magnified by ~13.3.

® We estimate 032 based on our measured Ne302. The two line ratios are strongly correlated at these high values.

Assuming no dust, we estimate the HG and Ha line fluxes
using the expected line ratios H3 =2.14 Hy and Ha = 6.11 Hy
(see Table 5). Converting our inferred Ha line flux to
luminosity, including a delensing correction for magnification,
we estimate Ly, = (4.5£0.2) x 10 erg s ! Adopting an
SFR conversion factor of 3.2 x 10~*? suitable for high-redshift
galaxies (Reddy et al. 2018), we estimate SFR =1.4 +0.2 M,
yr~'. Note that the SFR will be higher if there is dust, and the
conversion factor is sensitive to the IMF, SFH, and metallicity
assuming that the escape fraction is zero (e.g., Wilkins et al.
2019). Also, the SFR derived from the emission lines is smaller
than the estimates from the photometry of JDI, but it is
consistent with the SFR estimated from the photometry of
JD1A. This is likely because the slitlets of four observations
mainly targeted JDA (see Figure 1).

Similarly, [O 1] A3727 can also be used to estimate the SFR
for distant galaxies (e.g., Kennlcutt 1998). This yields a slightly
lower SFRo ;=0.6 0.2 M, yr— ! However, we note that this
empirical calibration was derived for low-redshift galaxies and
depends on metallicity and dust, which are lower for high-
redshift galaxies like MACS0647—JD.

3.4. Strong C 1] \X1907, 1909 Emission

We detect strong emission of C III] )\)\1907 1909 (blended)
with a line flux of (3.1 =0.6) x 10~ 18 erg s "em™2 and rest-
frame EW = 14 £ 3 A. Such high EW C 1] AA1907, 1909 is
associated with low metallicity galaxies experiencing an
intense burst of star formation (Rigby et al. 2015); it is
predicted for BPASS models (Stanway & Eldridge 2018) only
when they include very recent star formation within the past
megayear (Jaskot & Ravindranath 2016), consistent with our
young age estimates in Section 3.2. We use the measured EW
as a metallicity diagnostic in Section 3.6.

We note additional C III] emission appears to come from the
B component, which is marginally spatially resolved in the 2D
spectrum of JD2 in Obs 21 (Figure 1). This would suggest a
young age for B, or at least very recent star formation within
the past megayear perhaps in addition to the older star
formation and age (~100 Myr) estimated from the photometry.

Strong C III] emission with high rest-frame EWs of 10-20 A
or more has been observed in z ~ 0-8 galaxies, often associated
with high observed or inferred [O 1] + H3 EWs ~ 1000-2000
A (e.g., Stark et al. 2017; Berg et al. 2019; Hutchison et al.
2019; Mainali et al. 2020; Vanzella et al. 2020; Tang et al.
2021; Mingozzi et al. 2022; Vanzella et al. 2023) or even
hlgher than 2000 A (Tang et al. 2023). This is consistent with

our expectation based on our extrapolated [O 1]+ HS flux
(Table 5), which roughly corresponds to an EW ~ 1000 A,
assuming the continuum flux at rest frame ~5000 A is similar
to what we measure out to ~4500 A.

We do not detect the higher ionization species C IV \1549.
This combined with the strong C III] emission suggests that an
active galactic nucleus (AGN) is likely not the driving ionizing
source in this galaxy. Detections of strong CIV are often
associated with AGN activity (e.g., Baskin & Laor 2005; Le
Fevre et al. 2019). However, young stellar populations can also
drive strong C IV emission (e.g., Mainali et al. 2017).

If anything, we see a hint of C IV absorption, as also predicted
by our PIXEDFIT best-fit model. Such CIV absorption is
observed (and modeled) for young stellar populations with
ages < 10 Myr (e.g., Leitherer et al. 1999; Chisholm et al. 2019)
and can constrain stellar age and metallicity when detected at
high S/N and resolution. The interstellar medium can also
absorb C 1V due to internal gas kinematics and/or a high column
density (Jaskot & Ravindranath 2016; Steidel et al. 2016).

3.5. Ionization log(U) and log(&;,,)

The line ratio 032 =[O0 11] A5007/[011] A3727 has long
been used (e.g., Hicks et al. 2002) as a diagnostic for the
ionization parameter log(U). At high redshifts, when [O III]
A5007 is unavailable (for example, for galaxies at z2> 9.6,
[O 1] A5007 shifts beyond the wavelength coverage of 5.3 um
in NIRSpec), the line ratio Ne302 = [NeIll] A3869/0 1]
A3727 has been proposed as an alternative diagnostic (Pérez-
Montero et al. 2007; Levesque & Richardson 2014; Maiolino
& Mannucci 2019; Witstok et al. 2021). Strong correlations are
observed between Ne3O2 and O32 in nearby galaxies when all
lines are detected with strong significance (Jaskot & Oey 2013;
Izotov et al. 2018; Flury et al. 2022), especially the case for
higher ionization (i.e., similar to the properties of galaxies
expected and found at z > 6). More distant galaxies at z ~ 27
exhibit similar trends (Christensen et al. 2012; Tang et al. 2019;
Vanzella et al. 2020; Tang et al. 2023).

In MACS0647—-JD, we measure a high value for
Ne302 = 1.8 £ 0.2. According to Witstok et al. (2021, Equations
(1)-(3)), this Ne302 ratio corresponds to O32=30+6 and
ionization parameter log(U) = —1.84 +0.06, using log(U) =
0.80 x log(032) — 3.02 from Diaz et al. (2000).

We also used HIL-CHI-MISTRY version 5.22%° (Pérez-
Montero 2014) to estimate log(U) using the observed and

3 https: //home.iaa.csic.es/~epm/HII-CHI-mistry-opt.html
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Table 6
Metallicity Estimates

Method Emission Line(s) 12 + log(O/H) V4
PYNEB [O 11], [O 1] \4363; extrapolated® HS, [O TI1] A5007 8.0402 0.2010:43 Z,
HII-CHI-MISTRY [O 11], [Ne I] A3869, [O TII] M4363; extrapolated® H3 75402 0.06759% 7,
Ne302 [O ], [Ne ] A3869 7.6+03 0.087008 Z,
R23 [O 11]; extrapolated® H/3, [O 1] A5007 8.0+£03 020792 7.,
R23 and 032 [O 11]; extrapolated® H/3, [O 1] A5007 77402 0.1075% z.,
EW(C 1)) C ) 78+02 0.135%7 z,,
Note.

# Extrapolated line fluxes correspond to those derived from either the theoretical line ratios (e.g., H3/H7) or empirical calibrations (e.g., Ne302 vs. 0302).

Table 7
Physical Properties of MACS0647—JD (Entire Galaxy) and Individual Clumps A and B, Estimated Based on Observed and Estimated Line Fluxes and Spectral
Energy Distribution Fitting to the Photometry

Parameter Variable MACS0647-JD Clump A Clump B
Emission Lines

Metallicity (gas phase) 12 + log(O/H) 7.5-8.0

Zoas/Zs 0.06-0.2
ITonization parameter log(U) -1.9+02
Tonizing photon production efficiency log(&ion /er{{1 Hz) 252+0.2
SFR SFR (M, yr'") 1.4+0.2

SED Fitting

Absolute UV magnitude Myv (AB mag) -20.3 £0.2 -195+£0.2 -17.9£0.2
SFR SFR (M., yr'") 8§+3 2+1 09+0.3
Stellar mass log(M /M) 8.1£0.3 7.8+0.3 75+03
sSFR log(sSFR/Gyr’l) -7.1+£03 -72+£03 -75+£03
Mass-weighted age agem (Myr) 20 £20 10430 40 £+ 30
Dust Ay (mag) 0.07 = 0.06 <0.06 0.10 +0.05

Notes. The SFR (average within the past 10 Myr) and stellar mass are corrected for lensing magnification. BAGPIPES assumes Kroupa et al. (1993); to renormalize

those results, we multiplied the stellar masses by 0.94 (Madau & Dickinson 2014).

extrapolated line flux ratios discussed in Section 3.6 and listed
in Table 6. Our inputs were measured line fluxes for [O 1]
3727, [Ne 1lI] A3869, and [O 111] A4363, all normalized to our
extrapolated HS3 flux based on H+y. Here we did not use the
extrapolated [OII] A5007 flux. We obtain an ionization
parameter of log(U) = —2.09 £0.02, similar to but slightly
lower than the value estimated above from Ne3O2.

Kewley et al. (2019) noted the line ratio C 1IT1] AA1907, 1909/
[C1] A2325 (blend) could be an excellent diagnostic for
ionization parameter log(U) at low metallicities 12 + log(O/
H) < 8.5 (see their Figure 7). Our nondetection of [CII] with
flux < 0.55 x 107"® erg s™' cm ™2 (1o limit), yielding a line
ratio CII)/[C1]>5.7, corresponds to log(U) > —2.8 for
12 4+ log(O/H) ~ 7.6.

We conclude log(U)=—-1.94+0.2 based on the three
estimates (see also Table 7). This is comparable to the value
log(U) ~ —2 obtained for GN-z11 (Bunker et al. 2023).

Our Ho luminosity measurement (delensed and assuming no
dust) yields an estimate for the production rate of hydrogen-
ionizing photons: Nign = (3.3 £0.1) x 10 s7' (log(Lya) =
log(Nion/s) — 11.87). Assuming the escape fraction is zero,
combined with our measured and demagnified UV luminosity
for clump A (corresponding to Myy=—19.5+0.2), we
estimate an ionizing photon production efficiency &

Nign/LYY =16 £ 03 x 10 erg! Hz, or

ion —

log(gion) =

10

25.2 +0.2. This is consistent with predictions for high-redshift
galaxies (z>8), with higher values expected for younger
(<10% yr), lower-metallicity galaxies (Z<Z.; e.g., Schaerer
2003; Robertson et al. 2013; Wilkins et al. 2016). Observa-
tionally, recent JWST studies reported higher values
log(&,,,) ~ 25.7 — 26.0 erg” " Hz for high-redshift (7 <z <
11) galaxies (e.g., Bunker et al. 2023; Fujimoto et al. 2023;
Tang et al. 2023). Our Nion estimate should be treated as a
lower limit that could increase due to dust and/or escape
fraction fi.

3.6. Metallicity

We use various methods and line ratio diagnostics to
estimate MACS0647—JD’s gas-phase metallicity 12 + log(O/
H)=7.5-8.0, or (0.06-0.2) Z., where we adopt a solar
metallicity 12 + log(O/H) =8.69 (Asplund et al. 2021).
Table 6 summarizes our results, and we describe our methods
below.

The auroral line [OTI] M363 can provide a “direct”
metallicity measurement via the electron temperature when
detected and measured along with other lines including [O II1]
AM959, 5007 (e.g., Peimbert 1967; Osterbrock 1989; Sanders
et al. 2024). Given our estimate O32 =304 6 (Section 3.5)
and observed line flux for [O II], we can estimate the expected
[O 1] A5007 line flux as (1.3+0.3) x 107" erg s™' ecm ™2,
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assuming no dust, or ~50 times stronger than [O III] A\4363.
Note the [OTI] A5007 line is 2.98 times stronger than [O III]
M959 (Storey & Zeippen 2000), so our extrapolated combined
[O 1] AM959, 5007 flux is 1.34 times the [O1II] A5007 flux.

We use PYNEB (Luridiana et al. 2015) to analyze the
observed and extrapolated emission line ratios. For the entire
procedure, we assumed no dust and an electron density
n. = 100 cm . First, we use the task getCrossTemDen,
taking into account the [O 1] A\5007/X\4363 ~ 50 with a 20%
uncertainty. In this way, we obtain the electron temperature of
the high-ionization zone T.([O 11]) = 15,000 £ 1400 K. The T,
uncertainty is estimated by running the task 1000 times and
taking the standard deviation of all the values. Then, we use the
Garnett (1989) relation to estimate the low-ionization gas
temperature T.([N 1I]) = 13,600 £ 1000 K. Finally, we calcu-
lated the O"" and O" ionic abundances with the task
getCrossTemDen, using as input [O IIT] A5007/H3 ~ 8 and
T.([O 1)), and [O 1] A\3727/HB ~ 0.26 and T.([N 11]), respec-
tively, with the same method to estimate the uncertainties. The
total of both species yields 12+ log(O/H)=38.0+0.2, or
~20% Z (0.13-0.32 Z..).

We also utilize HII-CHI-MISTRY version 5.22 to analyze our
observed line ratios, as described in Section 3.5. We obtain
12 +1og(O/H) ~ 7.5 £ 0.2, corresponding to ~0.06100 Z..

Next, we turn to line ratio diagnostics, beginning with
Ne302. Previous reviews find no strong correlation between
Ne302 and metallicity, as seen, for example, in local metal-
poor galaxies (Z < 0.6 Z.) analyzed by Nakajima et al. (2022,
Figure 9 therein). But the few galaxies with high Ne302 ~ 2 in
that study were clustered between roughly 12+ log(O/
H)=7.6+0.2, or 0.05-0.13 Z.. It is unclear if that low-
redshift result (z<0.1) can be extended to high-redshift
galaxies.

Another metallicity diagnostic is the line ratio R23 = ([O II]
AM959, 5007 + [O 1] A3727)/H (e.g., Nakajima et al. 2022;
Sanders et al. 2024). Based on our observed [O II], extrapolated
[O 1], and HE inferred from H~, we extrapolate R23 = 11 £ 3.
This is among the highest values measured for local metal-poor
galaxies by Nakajima et al. (2022). That puts R23 ~ 11 in the
zone of confusion in the bimodal R23-metallicity relation,
severely limiting its usefulness as a metallicity diagnostic,
though it can still provide a rough estimate. We note in
Nakajima et al. (2022, Figure 3), that galaxies with
R23=11+3 have metallicities 12+ log(O/H)=8.0+10.3,
or between ~0.1 and 0.4 Z.. We note some of the scatter in
the R23 versus Z is due to ionization, with higher ionization
yielding higher R23 values for a fixed metallicity (e.g., Pérez-
Montero 2014, Figure 5).

Izotov et al. (2021) propose a metallicity indicator combin-
ing R23 and O32 (their Equation (5)) for improved accuracy at
low metallicities < 6% Z, or 12 + log(O/H) < 7.5. Nakajima
et al. (2023) show this relation works up to 12+ log(O/
H) ~ 7.8 for z=4-8.5 galaxies with direct metallicity mea-
surements from NIRSpec. For MACS0647-JD, this relation
yields 12 +log(O/H) ~ 7.7 £ 0.2, or 0.06-0.16 Z.,.

Finally, we use the rest-frame UV line C 1] AA1907, 1909
as a metallicity diagnostic. Mingozzi et al. (2022) analyzed 45
local (z < 0.2) high-redshift analogs observed by the CLASSY
survey (Berg et al. 2022), measuring a relation between C III]
EW and metallicity with 0.18 dex intrinsic scatter for galaxies
with EW >5 A. Using their Equation (7) and our observed
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Ciil EW of 142425 A (discussed in Section 3.4), we
estimate 12 + log(O/H) =7.84 £+ 0.18, or 0.09-0.21 Z..

We find broad general agreement among our six metallicity
indicators with best-fit estimates ranging between 12 + log(O/
H) =7.5-8.0, or (0.06-0.2) Z., as summarized in Table 6,
which is also consistent with the metallicity of 12 + log(O/
H) =7-7.8 expected from Astraeus simulations for galaxies at
z~ 10 with a stellar mass of 103! M, (Ucci et al. 2023). This is
promising for future studies that only have one or more of these
diagnostics available either in the rest-frame optical or rest-
frame UV. On the other hand, greater precision will be
achieved by generally improving these diagnostics and in our
specific case by obtaining additional spectra of MACS0647
—JD covering longer wavelengths including [O III] AA4959,
5007, HB, and Ha.

3.7. Lyaw Damping Wing

The Lya photon scattering cross section as a function of
wavelength is given by the Voigt profile, which combines a
Gaussian core and Lorentzian wings (Tasitsiomi 2006). Reso-
nant scattering of Ly« photons by the neutral IGM suppresses
line and continuum fluxes at wavelengths bluer than the rest-
frame Lya at 1216 A. Additionally, the Lorentzian wing cross
section contributes attenuation to the redward continuum,
softening the shape of the Ly« break. This is known as Ly«
damping wing attenuation (Miralda-Escudé 1998). Features like
these have been observed in quasars (e.g., Mortlock et al. 2011;
Baiados et al. 2018; Davies et al. 2018; Wang et al. 2020; Yang
et al. 2020), and they have been utilized to investigate not only
the average neutral fraction but also specific regions along
different sight lines in the IGM at z > 7. Recently, this effect has
been observed in NIRSpec prism observations of high-redshift
galaxies (z > 8; Arrabal Haro et al. 2023a, 2023b; Bunker et al.
2023; Curtis-Lake et al. 2023; Boyett et al. 2024).

We model the Lya damping wing optical depth following
Equation (30) in Dijkstra (2014), as done in Arrabal Haro et al.
(2023a, 2023b). The Ly« damping wing description has two
free parameters (with redshift held fixed at our measured
z=10.17): (1) the neutral hydrogen fraction in the IGM (Xy ;)
and (2) the size of the ionized bubble (Ryy), or Stromgren
sphere. In short, a higher neutral fraction in the IGM makes the
break cutoff become smoother, and a larger ionized bubble size
shifts the break blueward allowing the escape of photons at
wavelengths shorter than the rest-frame Lya. To reproduce the
observed continuum spectrum, the galaxy model SEDs are
convolved with the IGM transmission (Tigy < e~ ~, where 7 is
the damping wing optical depth). We then smooth the model
spectra with prism spectral resolution and apply an additional
5% of systemic errors in the y* estimation.

We perform fitting using the Markov Chain Monte Carlo
(MCMC) sampler package described in Jung et al. (2017). We
use flat linear priors for the free parameters Xy, and Ry . In
each MCMC chain step, we take a random model spectrum
from the range of models generated by PIXEDFIT (see
Section 3.2) to accommodate the uncertainties in the galaxy
SED modeling. The wavelength range of the spectrum fitted by
PIXEDFIT is between 1.5 and 5.2 um and the fitting does not
include modeling of the absorption by damped Lya (DLA).
The inclusion of the additional attenuation by an immediate
DLA can reproduce the observed spectra well as in Heintz et al.
(2024).
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Figure 4. Top: Lya damping wing analysis of MACS0647-JD without a DLA contribution. The left panel shows the PIXEDFIT SED model (blue) convolved with the
IGM transmission and NIRSpec prism spectral resolution, resulting in the transmitted model spectrum (red). The vertical dotted line denotes the systemic wavelength
of Ly« at z = 10.17. The right panel displays 1o, 20, and 30 contours of the probability distributions of Xy ; and Ry .- The best fit suggests a highly neutral IGM
(Xu1>0.9 at a 1o lower limit) with a small (Ry < 0.2 pMpc) ionized bubble around MACS0647—JD, although the modeled spectra show a still considerably
steeper break than observed (black). Bottom: Lya damping wing analysis with a DLA system. The inclusion of a DLA contribution better reproduces the observed
Lya break shape (left panel). However, the H I column density of the DLA (ny ;) is highly degenerate with the neutral IGM fraction, making it highly unconstrained.

Figure 4 shows our results suggesting a small-sized ionized
bubble (Ry ; < 1 pMpc) with a highly neutral IGM (X, > 0.9
at a 1o lower limit). We experiment with different priors on
Xy 1, including simply assuming a completely neutral IGM
Xu1=1) as inferred from other works (e.g., Barkana &
Loeb 2001; Treu et al. 2013; Mason et al. 2018; Bruton et al.
2023), and a logarithmic prior. These priors do not significantly
affect our bubble size estimates.

The Ry estimate appears reliable in the sense that the
observed spectra show no positive signals blueward of the
systemic wavelength of Lya. However, the interpretation of the
Xy measurement is rather complicated. The modeled spectra
present a Ly« break still considerably steeper than the observed
spectrum. As the modeled spectra already include Lyo
damping wing opacity with an almost fully neutral IGM, such
discrepancies cannot be explained with the IGM attenuation
alone. In fact, the total Ly« optical depth combines the IGM
damping wing optical depth (71Gy) and the optical depth due to
resonant scattering within the circumgalactic medium
(CGM. Dijkstra 2014). However, the latter part is missed in
our simple description of the damping wing opacity. To
mitigate the differences between the modeled spectra and the
observed, it is necessary to carefully model the CGM
contribution (Sadoun et al. 2017; Weinberger et al. 2018;
Mason & Gronke 2020). Including the CGM contribution
would result in additional softening of the Ly« break closer to
the observed spectrum, which possibly requires less contrib-
ution from IGM attenuation and could allow for a slightly more
ionized IGM.
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We attempt to model the spectra with a DLA system, following
the approach in Heintz et al. (2024). The results with the DLA
contribution are shown at the bottom of Figure 4. The inclusion of
a DLA better reproduces the observed spectrum, with a DLA HI
column density of log(ny;, cm™2) = 21.9 4 0.2, comparable to
Heintz et al. (2024). This analysis reveals that the IGM damping
wing attenuation is highly degenerate with the effect of DLA
systems. Consequently, including DLAs makes the neutral
hydrogen fraction highly unconstrained (bottom right in
Figure 4). However, this improved fit underscores the complexity
of disentangling the contributions from DLAs and the IGM in
such high-redshift observations. However, detailed modeling of
Ly« attenuation of the CGM requires knowledge of the density
profiles of HI gas and radiation field from a host galaxy
(Weinberger et al. 2018; Mason & Gronke 2020), which is
beyond the scope of this study. Also, the relation between IGM
attenuation and bubble size can deviate from the theoretical model
of Dijkstra (2014) due to the stochasticity of individual sight lines,
such as fluctuations in density or velocity and random encounters
of self-shielded systems (Hutter et al. 2014; Park et al. 2021;
Smith et al. 2022). Ideally, one needs to average over a large
number of observations to suppress such uncertainties. Addition-
ally, the uncertainties in modeling intrinsic rest-frame UV spectra
make the interpretation more complicated.

3.8. Ionized Bubble Size

We also estimate the radius of the ionized bubble around
MACS0647—JD by integrating the total ionizing photon
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Figure 5. NIRSpec prism spectra of two lensed images of the candidate companion galaxy C. The panels show the slitlet coverage, 2D spectra, and 1D extractions,
similar to Figure 1 for MACS0647—JD. Redshift is fixed to the same value z = 10.17.

250

2001
— NIRSpec spectrum

150
Cl11
100 1

90 1

Flux density (nJy)

—100 1

Lya

—1501

[O17]

—200

1 2

3

4

Observed Wavelength (pum)

Figure 6. Sum of the spectra shown in Figure 5 for two lensed images of the candidate companion galaxy C. No emission lines are confidently detected; their expected
wavelengths are labeled assuming a redshift z = 10.17 as derived for MACS0647—JD.

production over the galaxy’s lifetime as in Shapiro & Giroux
(1987):

4 3 Mon S t*
EWRHH ~

ey

X1 ny

We estimate Nig, ~ 3.3 x 10% s~! based on SFR ~ 1.4 M
yr ' for clump A (Section 3.5) with stars having formed
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continuously for perhaps 7, ~ 20 Myr (Section 3.2). The average
density of hydrogen particles in the universe at z=10.17 is
ny ~7 x 10%° Mpc 2, where ny = (1 — Yigo) pyy Q61 + 2)° myg!
And here we assume a neutral IGM (X, =1).

We do not estimate f,. for MACS0647—JD in this work.
Here, it suffices to explore possible values. For example,
Jfese=10% yields Ryp~0.09 pMpc. A more extreme
Jesc = 50% would only increase that to Ry ~ 0.15 pMpc.
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Above, we use the SFR for clump A. The entire galaxy has
SFR ~ 10 M, yr ', or ~7x higher. We might expect that most
of the ionizing radiation comes from the blue clump A. But
even generously assuming the same ionizing photon production
efficiency &, for the entire galaxy and increasing Ny, by 4,
Ry 11 only increases by a factor of ~1.6 to Ry~ 0.24 pMpc,
again assuming a very high f... = 50%.

We note these are only rough estimates subject to significant
uncertainties. Dense neutral gas clouds in the IGM may impede
expansion of the reionized bubble. Some of the reionized gas
may recombine, further reducing the bubble size, especially if
the ionizing flux wavers due to variations in SFR or f..

On the other hand, the total ionizing flux might be much
stronger than we have estimated here due to fainter undetected
companions, especially given that MACS0647—JD is a merger.

3.9. Candidate Companion Galaxy C

As discovered in Hsiao et al. (2023), a nearby triply lensed J-
band dropout galaxy is suspected to be a companion of
MACS0647—-JD ~3 kpc away. The photometric redshift and
geometric lens model redshift of this companion “C” are
consistent with MACS0647—JD of 10.17; the observed lensed
positions require a similar or identical redshift. Here we show
the NIRSpec spectra of the candidate companion C in Figure 5
and the 1D sum in Figure 6. The Obs 21 spectrum shows a
clear Lyman break consistent with z=10.17. The Obs 23
spectrum is noisier but also consistent with the redshift of
MACS0647-JD (z = 10.17). This supports our conclusion from
Hsiao et al. (2023) that MACS0647—JD is likely the most
distant galaxy merger known at z=10.17, including two
merging components A and B plus a third component C
nearby, where component C may indeed be a companion of A
and B components.

Given the lower S/N spectrum of companion C, we do not
detect emission lines, nor do we detect the Lya damping wing
expected due to the proximity to A.

4. Conclusions

In this study, we report NIRSpec prism observations of
MACS0647-JD, primarily targeting its small component A
with delensed radius r~ 70 pc. We measure a spectroscopic
redshift z=10.17 based on detections of seven emission lines:
ci] AA1907, 1909, [O1] A3727, [Ned] A3869, [Ne ]
A3968, Ho, Hv, and [O 111] \4363.

This redshift is slightly lower than the photometric redshift
7~ 10.6 estimated previously based on HST and JWST + HST
imaging. This may be explained by a Lya damping wing
revealed by NIRSpec that suppresses the photometry at ~1.5 um
more than expected for a sharp Lyman break. Based on observed
and extrapolated line ratios of JDA, we estimate an ionization
parameter log(U) = —1.9 0.2, and ionizing photon production
efficiency log(&ion) =25.24+0.2 for clump A. This log(&on)
value is similar to values measured in sub-L* z ~4-5 galaxies
(Bouwens et al. 2016) but lower than measured in z~ 7-8
galaxies: log(&;on) = 25.7-26.0 (Tang et al. 2023).

Based on the observed and extrapolated line ratios of JDA,
we also estimate a gas-phase metallicity 12+ log(O/
H)=7.5-8.0, or (0.06-0.2) Z. derived using six different
methods, including optical line diagnostics as well as one
diagnostic based on the rest-frame UV line C 1] (Mingozzi
et al. 2022). The derived metallicities are consistent across the
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different methods. The overall agreement is encouraging,
supporting the use of each individual method in galaxies with
fewer detected emission lines. Additional MIRI spectroscopy
covering [O 1] AXM959, 5007, HB, and Ha would enable a
more precise “direct” metallicity measurement when combined
with the other lines presented here, including the auroral line
[O 1] M363.

The total stellar mass of MACS0647—JD is log(M/M,) =
8.1 0.3 based on SED fitting to the photometry of the entire
galaxy including both clumps A and B. This is toward the low
end of stellar masses for z=4-10 galaxies with direct
metallicity estimates from JWST NIRSpec spectroscopy
(Nakajima et al. 2023). The metallicity of MACS0647—JD at
z=10.17 (f we assume the metallicity of clump A is
representative of the whole galaxy) is consistent with the
metallicities measured for 4 <z <10 galaxies of similar
stellar mass.

MACS0647—JD has a delensed absolute UV magnitude
Myy = —20.3 £ 0.2, including Myy = —19.5 £0.2 for clump
A and Myy=—-179+£0.2 for clump B. SED fitting to the
observed photometry of clump A yields a stellar mass
log(M/M,)=17.8+0.3, likely all produced within the most
recent 20 Myr. This young age estimate is supported by the
observed strong cm] AMN907, 1909 with rest-frame
EW=14+2 A. The SFR of clump A based on Hvy and
assuming no dust is 1.4 & 0.2 M., yr ' over the past 10 Myr.
This is similar to the estimate 2+ 1 M. yr ' based on SED
fitting to clump A’s photometry.

Clump B is likely older with a rising SFH over ~50 Myr or
more, stellar mass log(M/M,)=7.8+0.3, and 0.13 +0.07
mag of dust. The older age of clump B suggests it may have
merged with clump A rather than the two clumps forming
together in the same galaxy (Hsiao et al. 2023). Spectroscopy
of a nearby galaxy C ~3 kpc away (delensed) reveals a Lyman
break consistent with MACS0647—JD’s redshift z=10.17.
This companion C may be destined to merge with A and B.
MACS0647—JD is likely the most distant galaxy merger yet
known.

Emission line spectroscopy is possible for the triply lensed
galaxy MACS0647—JD thanks to its three images magnified
by factors ~ 8, 5, and 2. The brightest lensed image JDI1 is
F200W AB mag 25.0 £ 0.1, including AB mag 25.8 £0.1 for
clump A. Of all known z>10 galaxies, only GN-z11 at
z7=10.603 (Bunker et al. 2023) is similarly bright (F200W AB
mag 26.0 £ 0.1; Tacchella et al. 2023), while most others are
AB mag 28-29 (Arrabal Haro et al. 2023a; Curtis-Lake et al.
2023). MACS0647—JD and GN-z11 offer unique opportunities
for detailed studies of galaxies within the first 500 Myr.

Many of the physical properties presented in this work rely
on extrapolations for [O III] A5007, H{, and/or Ha line fluxes.
With our granted JWST time in Cycle 2, we will obtain MIRI
MRS spectroscopy covering ~5-7.7 pum of observed wave-
length (rest frame of 0.45-0.7 pm), which will reveal those
emission lines (though Hg is likely too faint for detection) and
enable a more robust analysis of this galaxy. The observation
will give spatially resolved spectra that cover both clumps A
and B as well as component C of the JD1 system, which gives
an opportunity to further confirm the merging nature of this
system. In addition to this, we will also obtain high-resolution
NIRSpec spectroscopy to better resolve the emission lines
currently detected in our prism spectrum, enabling a better
measurement of the EW.
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