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ABSTRACT

Investigating the metal enrichment in the early universe helps us constrain theories about the first

stars and study the ages of galaxies. The lensed galaxy MACS0647−JD at z = 10.17 is the brightest

galaxy known at z > 10. Previous work analyzing JWST NIRSpec and MIRI data yielded a direct

metallicity 12 + log(O/H) = 7.79 ± 0.09 (∼0.13 Z⊙) and electron density log(ne/cm
−3) = 2.9 ± 0.5,

the most distant such measurements to date. Here we estimate the direct C/O abundance for the first

time at z > 10, finding a sub-solar log(C/O) = −0.44+0.06
−0.07. This is higher than other z > 6 galaxies

with direct C/O measurements, likely due to higher metallicity. It is also slightly higher than galaxies

in the local universe with similar metallicity. This may suggest a very efficient and rapid burst of

star for- mation, a low effective oxygen abundance yield, or the presence of unusual stellar populations

including supermassive stars. Alternatively, the strong C iii]λλ1907,1909 emission (14±3 Å rest-frame

EW) may originate from just one of the two component star clusters JDB (r ∼ 20 pc). Future NIRSpec

IFU spectroscopic observations of MACS0647−JD will be promising for disentangling C/O in the two

components to constrain the chemistry of individual star clusters just 460 Myr after the Big Bang.

Keywords: Early universe (435), Chemical abundances (224), Metallicity (1031), Galaxies (573), High-

redshift galaxies (734), Galaxy spectroscopy (2171)

1. INTRODUCTION

The first generation of stars (Pop iii) are believed

to contain no elements heavier than helium (dubbed

metals; e.g., Barkana & Loeb 2001; Klessen & Glover

2023). The quest to find Pop iii stars is ongoing and

will help us understand how the first metals were built
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up. Since directly detecting Pop iii stars is challeng-

ing, understanding the chemical abundance of heavy el-

ements in high-redshift galaxies could be key to con-

straining the properties of Pop iii stars. Specifically,

oxygen and carbon are the most abundant metals in the

universe. Oxygen is generated heavily from the death

of massive stars (M > 8M⊙) through core-collapse su-

pernovae (CCSN), soon after the onset of star formation

(e.g., Nomoto et al. 2013). Carbon is enriched not only

via CCSN but also during the asymptotic giant branch

(AGB) phase of intermediate-mass stars which have sig-
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nificantly longer lifetimes than massive stars that un-

dergo CCSN (e.g., Kobayashi et al. 2011; Karakas &

Lattanzio 2014; Kobayashi et al. 2020). Therefore, the

C/O ratio can be diagnostic of galaxy ages, increas-

ing at ages ≳ 100Myr. Other astrophysical processes

also affect C/O. For instance, the C/O ratio is sensitive

to supernova-driven outflows (Berg et al. 2019), star-

fomration history (SFH) (Berg et al. 2020), and the ini-

tial mass function (IMF). High-z galaxies are thought to

have a top-heavy initial mass function (IMF) (Inayoshi

et al. 2022), favoring the formation of more massive stars

and a lower C/O. Meanwhile, the oxygen abundance,

O/H, traces the integrated star formation history. Com-

parisons of the C/O and O/H abundances constrain the

relatively recent star formation history (through C/O)

versus the total star formation in the galaxy (O/H).

The JWST, a groundbreaking space telescope, opens

the window to spectroscopically study the chemical

abundances in high redshift galaxies in high redshift

galaxies (z > 6) thanks to its unique wavelength cov-

erage, unparalleled sensitivity, and spatial resolution

in the rest-frame optical (e.g., Arellano-Córdova et al.

2022; Jones et al. 2023; Isobe et al. 2023; D’Eugenio

et al. 2023; Bunker et al. 2023; Maiolino et al. 2023;

Cameron et al. 2023; Hsiao et al. 2023a; Topping et al.

2024; Castellano et al. 2024; Hsiao et al. 2024). Most of

these galaxies have low metallicity (Z < 0.2Z⊙) and low

C/O ratios (log(C/O) < −0.6) as expected for low-mass

galaxies that are heavily impacted by stellar feedback

from relatively recent star formation (Arellano-Córdova

et al. 2022; Jones et al. 2023; Isobe et al. 2023; Top-

ping et al. 2024). Surprisingly, a high C/O ratio of

log(C/O) > −0.08 was discovered in galaxy GS-z12 at

z = 12.5, and was interpreted as the heritage of Pop iii

stars (D’Eugenio et al. 2023), since supermassive stars

(e.g. Pop iii stars) could have different abundance pat-

terns than the typical massive stars. Regarding other

z > 10 galaxies, GHZ2 (z = 12.34) has a subsolar car-

bon abundance of log(C/O) ∼ −0.94 to −0.53 (Castel-

lano et al. 2024), and log(C/O)> −0.78 is estimated

in GN-z11 (z = 10.6; Cameron et al. 2023). How-

ever, all previous C/O measurements at z > 10 were

derived from assumed electron temperature (Te) and/or

assumed electron density (ne) due to the lack of resolved

temperature-sensitive and density-sensitive line ratios.

To reduce the uncertainty, direct C/O measurements

are needed to truly understand how carbon is enriched.

MACS0647−JD, a lensed galaxy at z = 10.17, pro-

vides a promising laboratory for the C/O abundance in

the early universe. It is triply lensed to three images:

JD1, JD2, and JD3, with magnifications of 8, 5.3, and

2.2, respectively. Given its high magnification (F200W

AB mag 25.0), Hsiao et al. (2023b) studied JWST NIR-

Cam imaging, which resolved MACS0647−JD into two

small components JDA and JDB, suspected to be a

possible galaxy merger, plus a possible third compan-

ion C (∼3 kpc away). JDA is larger (delensed radius

of r = 70 ± 24 pc), brighter, and bluer, likely due to

its young stellar population (∼ 50Myr old) and lack

of dust. In contrast, JDB, is smaller (delensed effec-

tive radius of r = 20+8
−5 pc), and is redder, likely due to

an older stellar population (∼100 Myr old) and mild

dust (AV ∼ 0.1mag). An additional possible com-

panion JDC is nearby, 3 kpc away. Later, Hsiao et al.

(2023a) and Hsiao et al. (2024) reported JWST Cycle 1

NIRSpec prism spectroscopy and JWST Cycle 2 MIRI

IFU spectroscopy. The auroral line [O iii]λ4363 and

[O iii]λ5008 were detected in NIRSpec prism and MIRI

IFU spectroscopy, respectively, yielding the first direct

metallicity measurement at z > 10 of 12 + log(O/H) =

7.79 ± 0.09 (Hsiao et al. 2024). Here, we combine the

C iii]λλ1907,1909 detections from NIRSpec prism data

with the [O iii]λ4363 and [O iii]λ5008 observations from

NIRSpec and MIRI to provide the first direct C/O mea-

surement at z > 10. These data explore the enrichment

of stellar populations within galaxies in the first few hun-

dred Myr of cosmic time.

Throughout this article, we adopt solar abundance ra-

tios 12+log(O/H) = 8.69 and log(C/O) = −0.23 (As-

plund et al. 2021). Lensing magnifications of 8.0 and 5.3

are adopted for JD1 and JD2, respectively (Hsiao et al.

2023b). Magnification uncertainties (∼15%) do not af-

fect line flux ratios or derived abundance ratios. Where

needed, we adopt the Planck 2018 flat ΛCDM cosmol-

ogy (Planck Collaboration et al. 2020) with H0 = 67.7

km s−1 Mpc−1, ΩM = 0.31, and ΩΛ = 0.69, for which

the universe is 13.8 billion years old and z = 10.17 is

460 Myr after the Big Bang.

2. DATA AND MEASUREMENT

This article makes use of the NIRCam (Rieke et al.

2005, 2023) and NIRSpec (Jakobsen et al. 2022; Ferruit

et al. 2022; Böker et al. 2023) observations of JWST

Cycle 1 program GO 1433 (PI Coe) and MIRI (Rieke

et al. 2015; Wright et al. 2015, 2023) observations of

JWST Cycle 2 program GO 4246 (PI Abdurro’uf). Both

GO 1433 and GO 4246 observed MACS0647−JD. The

data are publicly available on MAST.1

2.1. NIRCam, NIRSpec, and MIRI

1 https://mast.stsci.edu/search/ui/#/jwst
DOI:10.17909/wpys-ap03, DOI:10.17909/re1k-jt10

https://mast.stsci.edu/search/ui/#/jwst
https://archive.stsci.edu/doi/resolve/resolve.html?doi=10.17909/wpys-ap03
https://archive.stsci.edu/doi/resolve/resolve.html?doi=10.17909/re1k-jt10
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Figure 1. Emission lines used in this paper, including
C iii]λλ1907,1909 (top panel), [O iii]λ4363 (middle panel),
and [O iii]λ5008 (bottom panel). C iii]λλ1907,1909 and
[O iii]λ4363 shown are stacked NIRSpec spectra with total
magnification µ = 26.6, while [O iii]λ5008 is the MIRI obser-
vation of JD1 with µ = 8. The black lines show the observed
spectrum and the red lines indicate the fit to the spectra and
emission lines.

Table 1. Emission lines, lines ratios, and physical
properties estimated for MACS0647−JD.

Emission Line Fluxes (10−19 erg/s/cm2)

C iii]λλ1907,1909a 25± 2

[O iii]λ4363a 5.6± 0.5

[O iii]λ5008b 226± 21

Emission Line Ratios

[O iii]λ5008 / λ4363b 40± 5

O32b = [O iii]λ5008 / [O ii]λ3727 17± 2

Hα / Hγb 5.5± 0.7

R3b = [O iii]λ5008 / Hβ 6.9± 1.0

C iii]λλ1907,1909 / [O iii]λ5008 0.11± 0.01

Physical Properties

12+log(O/H)b 7.79± 0.09

log(U)b −1.9± 0.1

Te([OIII])(K)b 17000± 1000

log(ne)
c 2.9± 0.5

C ICF 1.10± 0.04

C2+/O2+ 0.33± 0.05

log(C/O) −0.44+0.06
−0.07

aCorrected for flux losses to match MIRI IFU.

bHsiao et al. (2024)

cAbdurro’uf et al. (2024).

NIRCam imaging was obtained in 7 filters, including

6 wide-band filters, F115W, F150W, F200W, F277W,

F356W, and F444W, and a medium band, F480M, span-

ning 1–5µm. Exposure times were 2104 s in each filter

and twice that in F200W. All NIRCam data were re-

duced using the STScI JWST pipeline2 (Bushouse et al.

2023) and grizli (Brammer et al. 2022). In short,

the pipeline performs corrections for 1/f noise striping

and masks “snowballs”3 and “wisps”4 in each NIRCam

exposure and then drizzle-combines all exposures to a

common 0.′′02 pixel grid. Details on the NIRCam ob-

servations, data reduction, and photometric analysis of

MACS0647−JD, including properties of the two individ-

ual components JDA and JDB, may be found in Hsiao

2 https://github.com/spacetelescope/jwst
3 https://jwst-docs.stsci.edu/data-artifacts-and-features/
snowballs-and-shower-artifacts

4 https://jwst-docs.stsci.edu/jwst-near-infrared-camera/
nircam-instrument-features-and-caveats/
nircam-claws-and-wisps

https://github.com/spacetelescope/jwst
https://jwst-docs.stsci.edu/data-artifacts-and-features/snowballs-and-shower-artifacts
https://jwst-docs.stsci.edu/data-artifacts-and-features/snowballs-and-shower-artifacts
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrument-features-and-caveats/nircam-claws-and-wisps
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrument-features-and-caveats/nircam-claws-and-wisps
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-instrument-features-and-caveats/nircam-claws-and-wisps
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et al. (2023b). Updated photometry was presented in

Hsiao et al. (2023a). In this article, we use the measured

flux densities of F200W 368 nJy and F444W 317 nJy

for MACS0647−JD1 to correct the flux losses between

NIRSpec MSA prism spectroscopy and MIRI IFU spec-

troscopy (see §2.2).
NIRSpec multi-object spectroscopy (MOS) was per-

formed using the microshutter assembly (MSA; Kutyrev

et al. 2008; Rawle et al. 2022) to observe MACS0647−JD

with the low-resolution prism (R ∼ 30 − 300; 0.6 –

5.3µm) with 3.6 hours exposure time split between two

visits (Hsiao et al. 2023a). Obs 23 performed standard

3-slitlet nods, while Obs 21 obtained data in single slilets

with two dithers. Briefly, NIRSpec Level 1 data prod-

ucts were retrieved from MAST and were processed with

the STScI JWST pipeline version 1.9.2 and msaexp5

version 0.6.0, to correct for 1/f noise and mask snow-

balls. For the single-slitlet data, we subtract 2D back-

ground spectra from a nearby slit that observed a rel-

atively blank region of the image. Full details of NIR-

Spec data reduction and background subtraction can be

found in Hsiao et al. (2023a).

In the final reduced and stacked spectrum of

MACS0647−JD, seven emission features were detected,

including C iii]λλ1907,1909, [O ii]λ3727, [Ne iii]λ3869,

[Ne iii]λ3968, Hδ λ4101, Hγ λ4340, and the auroral

line [O iii]λ4363 (Hsiao et al. 2023a). In this article,

we use emission line fluxes of the unresolved doublet

C iii]λλ1907,1909 of (428+34
−35)×10−20 erg s−1 cm−2 and

[O iii]λ4363 of (62 ± 5)×10−20 erg s−1 cm−2 measured

from the stacked spectrum of four prism observations

(including two on JD1 (µJD1 = 8) and two on JD2

(µJD2 = 5.3)), with a total magnification of µ = 26.6

(Hsiao et al. 2023a; Abdurro’uf et al. 2024). We show

the emission lines in Figure 1. Note that Hsiao et al.

(2023a) did not detect O iii]λ1666, which is the auro-

ral line usually used to derive C/O. The small bump

seen at this wavelength is within the noise, while we

also speculate the bump can include contributions from

both O iii]λ1666 and HeIIλ1640, which are blended in

the prism data. Future NIRSpec grating spectroscopy

could detect and resolve these features.

MIRI Medium Resolution Spectrograph (MRS)

(Wells et al. 2015; Argyriou et al. 2023) observed

MACS0647−JD1 using integral field units (IFU) spec-

troscopy, covering all A, B and C components. The

observations were conducted with two MRS bands, in-

cluding SHORT and LONG, spanning 4.90–5.74µm and

6.53–7.65µm for channel 1, respectively. Exposure times

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

were 4.2 hours in each band. MIRI spectroscopic data

are processed with JWST pipeline version 1.13.4 and

context 1215 of the Calibration Reference Data Sys-

tem (CRDS). Details of the MIRI data reduction can

be found in Hsiao et al. (2024). [O iii]λ4960,λ5008

was detected in the SHORT band with a line flux of

(226 ± 21)×10−19 erg s−1 cm−2, and Hα was detected

in the LONG band with a line flux of (90 ± 10)×10−19

erg s−1 cm−2 (Hsiao et al. 2024). Note that Hβ was not

detected given the short exposure time. Throughout this

article, assuming no dust, we adopt Hβ= Hα/2.76 for

Case B recombination, consistent with the measurement

of Hα / Hγ = 5.5±0.7 in Hsiao et al. (2024). Hsiao et al.

(2024) and Abdurro’uf et al. (2024) estimate Te([O iii])

= 17000 ± 1000K and log(ne)= 2.9 ± 0.5 (see also §3),
respectively, leading to a theoretical ratio of Hα/Hγ =

5.84, which is also within the uncertainties of the mea-

sured value of 5.5±0.7.

2.2. NIRSpec spectroscopy normalized to MIRI MRS

In the MIRI MRS, JD1 A+B are both covered by

the IFU, and the line flux measurements are integrated

over a 0.′′25 aperture, with a correction for the aper-

ture losses (see §3.1.1 in Hsiao et al. 2024). However,

for the slitlet spectroscopy NIRSpec MSA, the slits did

not fully cover JD1 A+B. In order to account for the

line ratios between MIRI ([O iii]λ5008) and NIRSpec

(C iii]λλ1907,1909 and [O iii]λ4363), we follow a simi-

lar approach as in Hsiao et al. (2024) to correct for the

flux losses.

Hsiao et al. (2023a) measured NIRCam photometry of

MACS0647−JD within apertures of r = 0.25′′, including

aperture corrections. We integrate the NIRSpec stacked

spectra over both F200W and F444W filters, which are

the filters that cover C iii]λλ1907,1909 and [O iii]λ4363,

respectively. We measure 189 nJy and 105 nJy for the

stacked spectrum in the bandpass of F200W and F444W

(with JD1 magnification µ = 8), respectively. The

different correction factors for C iii]λλ1907,1909 and

[O iii]λ4363 might be due to the blue and red nature

of the spectrum for JDA and JDB. Then the correction

between the fluxes integrated with the NIRSpec prism

is multiplied to match the NIRCam aperture photome-

try to correct for slit losses and apply other factors as

needed to correct for magnification.

We also estimate line ratios of C iii]λλ1907,1909 /

[O iii]λ5008 = 0.11 ± 0.01 and [O iii]λ5008 /λ4363 =

40 ± 5. The measurements and the properties used are

organized in Table 1.

3. METHOD AND RESULT

In order to obtain C/O, we first assume that the car-

bon abundance can be inferred from the higher excita-

https://github.com/gbrammer/msaexp
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Figure 2. Abundance ratios [C/O] (relative to solar) and 12+log(O/H) for MACS0647−JD compared to other galaxies. We
include low-z galaxies (Berg et al. 2016; Senchyna et al. 2017; Berg et al. 2019), Milky Way Stars (Nicholls et al. 2017), as well
as high-z galaxies recently studied spectroscopically with JWST: GS-z12 (z = 12.5; the green hexagon; D’Eugenio et al. 2023),
GN-z11 (z = 10.6; the magenta petagon; Cameron et al. 2023), GHZ2 (z = 12.34; the orange square; Castellano et al. 2024),
RXCJ2248−ID (z = 6.11; the brown circle; Topping et al. 2024), GLASS−150008 (z = 6.23; the cyan and the yellow diamonds;
Jones et al. 2023; Isobe et al. 2023), and s04590 (z = 8.495; the steelblue cross; Arellano-Córdova et al. 2022). Note that
galaxies at z > 10 in this plot, except MACS0647−JD, are derived either assuming electron temperature (Cameron et al. 2023;
Castellano et al. 2024) or through SED modelling (D’Eugenio et al. 2023), displayed with partial transparency. For GS-z12,
D’Eugenio et al. (2023) presented DLA metallicity for 12 + log(O/H); we also show their 12 + log(O/H) from their BEAGLE

SED fitting of 7.9± 0.2.

tion C2+/O2+ with an ionization correction factor (ICF;

e.g., Berg et al. 2019; Castellano et al. 2024):

C

O
=

C2+

O2+
× ICF. (1)

With the detected line fluxes of [O iii]λ5008 from MIRI

MRS and the auroral line [O iii]λ4363 from NIRSpec,

we obtain an electron temperature of Te([O iii]) =

17000± 1000K using the pyneb (Luridiana et al. 2015)

task getTemDen (Hsiao et al. 2024). We then assume

C iii]λλ1907,1909 has the same electron temperature as

[O iii]λ5008.

For the electron density, we adopt log(ne)= 2.9 ± 0.5

derived by Abdurro’uf et al. (2024) based on resolved

[O ii]λλ3727,3729 assuming a uniform density model.

(See §4.2 for future prospects on measuring electron

densities in higher-ionization zones from different lines.)

Note that the electron density does not significantly af-

fect our result, with log(C/O) changing by < 0.01 when

varying log(ne) between 2.9 ± 0.5. As a result, ionic

abundances of O2+/H2+ and C2+/H2+ can be obtained

using the task getIonAbundance.



6 Hsiao et al.

For the ICF, we follow the calibration from Berg

et al. (2019). With a log(U) = −1.9 from

[O iii]λ5008/[O ii]λ3727 and metallicity Z = 0.1Z⊙
(Hsiao et al. 2024), we estimate an ICF of 1.10 ±
0.04. Therefore, after the ICF correction, we obtain

log(C/O) = −0.44+0.06
−0.07. These measurements are pre-

sented in Table 1.

4. DISCUSSION

4.1. A high C/O in the first 500Myr of cosmic time?

We find a sub-solar relative carbon abundance in

MACS0647−JD. Figure 2 shows the relation between

carbon abundance relative to solar [C/O] and metallicity

12 + log(O/H). We compare MACS0647−JD with pre-

vious low-z measurements and high-z galaxies recently

observed with JWST. More metal-rich galaxies generally

have higher C/O ratios, as in the case with stellar abun-

dances in the Milky Way (Nicholls et al. 2017), shown

in the black-dotted line.

Some recent galaxies at 6 < z < 10 observed

with JWST also present a similar trend, including

s04590 at z = 8.495 (Arellano-Córdova et al. 2022),

RXCJ2248−ID at z = 6.11 (Topping et al. 2024), and

even lower C/O galaxies such as GLASS−150008 at

z = 6.23 (Jones et al. 2023; Isobe et al. 2023). All of

these galaxies are metal-poor (Z < 0.1Z⊙) and C/O-

poor (log(C/O)< −0.75) at 6 < z < 10, with direct Te

measurements.

However, in the z > 10 regime, [O iii]λ4363 and

[O iii]λ5008 are difficult to detect due to faintness and

redshift, respectively. With assumed Te, Castellano

et al. (2024) estimate GHZ2 (z = 12.34) having a C/O

as low as the 6 < z < 10 galaxies mentioned above.

For GN-z11 (z = 10.6), Cameron et al. (2023) esti-

mated a lower limit suggesting higher C/O. However,

GS-z12 (z = 12.5) hosts a significantly super-solar car-

bon abundance (D’Eugenio et al. 2023). They inter-

preted that such a high C/O ratio can be explained by

the heritage of supernovae from the previous genera-

tion of first stars given the extremely low metallicity of

12+log(O/H)< 6.7 (see also Maiolino & Mannucci 2019;

Vanni et al. 2023).

A caveat of the z > 10 results is that none of those

galaxies have direct metallicity or direct C/O measure-

ments. Especially in GS-z12, the lack of Balmer lines

and [O iii]λ5008 makes the O/H and C/O uncertain.

D’Eugenio et al. (2023) estimated C/O based on a strong

CIII] detection (30 ± 7 Å EW) and upper limits on

O iii]λ1666, [O ii], and [NeIII]. The lines [O iii]λ4363

and [O iii]λ5008, plus most of the Balmer lines (Hα,

Hβ, Hγ, Hδ), are all redshifted beyond NIRSpec’s cov-

erage, and they lack MIRI data. They estimate the gas

metallicity O/H two ways: using the properties of the lo-

cal DLA (column density and dust reddening) and from

BEAGLE SED fitting; we include both measurements in

Fig. 2.

In this work, MACS0647−JD shows a slightly higher

C/O compared with most other high-z galaxies ob-

served with JWST, probably due to its higher metal-

licity of 12+log(O/H)= 7.79 ± 0.09. We note the C/O

in MACS0647−JD is higher than the local trend found

in Nicholls et al. (2017), but may be within the scatter.

We emphasize that our measurement marks a milestone

and the first-ever direct C/O at z > 10, including direct

metallicity via Te and electron density ne, which is the

most precise way to estimate the chemical abundance.

MACS0647−JD, as a whole, has a mass-weighted age

of ∼ 50Myr (Hsiao et al. 2023b). A higher C/O should

not be expected, if long-lived intermediate mass stars are

the main source of carbon. We reckon that higher C/O

might be due to a longer quiescent phase followed by a

recent SFR burst. With the formation age of ∼ 150Myr

(Hsiao et al. 2023b), the first AGB stars start releasing

carbon in the ISM as early as 50Myr after the onset of

star formation (although the bulk of carbon is produced

on timescales of several 100Myr). Thus, the higher C/O

observed, shows metal enrichment just 400Myr after the

Big Bang. There are also a few local galaxies with sim-

ilar C/O and O/H studied by Berg et al. (2019), sug-

gesting that MACS0647−JD may have undergone a very

efficient and rapid burst of star formation, or has a low

effective oxygen abundance yield (see Berg et al. 2019

Figure 12 therein) and could hint that very bursty star

formation is important for star formation in the first few

million years. Such higher C/O ratio can also originate

from exotic stellar populations, including the super mas-

sive stars in proto globular clusters (Charbonnel et al.

2023) or possibly Pop iii heritage if extremely low metal-

licity (Vanni et al. 2023; D’Eugenio et al. 2023).

In the analysis, we ignore the fact that

MACS0647−JD consists of two components, JDA and

JDB. We suspect that a slightly higher C/O may orig-

inate from JDB. The 2D prism spectra in Hsiao et al.

(2023a) and Abdurro’uf et al. (2024) showed JDB may

contribute significantly to C iii]λλ1907,1909. If JDB

is indeed the culprit of high C/O, suggesting JDB is

older (> 100Myr), that would align with SED fitting

findings that JDA is younger (< 50Myr) and JDB is

older (∼ 100Myr) (Hsiao et al. 2023b). Younger JDA is

not expected to emit strong carbon relative to oxygen,

since the long-lived intermediate mass stars should not

dump carbon into the ISM yet. Therefore, CCSN could

enrich oxygen shortly after the onset of star formation

resulting in lower C/O instead. On the other hand,
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the intermediate-mass stars may have gone through

the AGB phase and released carbon into the ISM of

JDB. We also refer readers to Figure 13 of Hsiao et al.

(2023b), showing the extended star-formation history

(SFH) in JDB, and recent bursty SFH in JDA. However,

we note that it is rather difficult to model two compo-

nents and disentangle them in the slit spectrum without

integral field unit (IFU) spectroscopy (see §4.2), as we

mentioned in §2.2.

4.2. Future Spectroscopic Observations

As discussed in §4.1, MACS0647−JD has two com-

ponents A and B that are hard to disentangle as they

were observed in different modes with NIRSpec MSA

and MIRI MRS IFU. Therefore, NIRSpec IFU spectro-

scopic observations are required to further identify the

origins of C iii]λλ1907,1909 and other oxygen and hy-

drogen lines. JWST Cycle 3 program GTO 4528 (PI

Isaak) will observe MACS0647−JD with NIRSpec IFU

G395M, which will detect rest-frame optical lines (2570

– 4565Å) in JDA and JDB individually. It can also po-

tentially detect [O iii]λ4363 in JDA and JDB and pro-

vide the direct metallicity in each clump, combined with

careful modeling of A+B in the MIRI IFU spectrum.

Future NIRSpec IFU observations with G235M/H (cov-

ering 1490 – 2750Å) are essential and required to study

C/O in the two components separately. G235H would

resolve C iii]λλ1907,1909, delivering a more precise den-

sity in that regime rather than assuming the density

derived from [O ii]λλ3727,3729 (e.g., Acharyya et al.

2019; Mingozzi et al. 2022; Topping et al. 2024). While

log(C/O) ∼ −0.44 only changes by 0.01 when varying

log(ne/cm
−3) = 2.9 ± 0.5 within the uncertainties, it

could change more at significantly higher densities, for

example log(C/O) = −0.65 for log(ne/cm
−3) = 5.

Not only for MACS0647−JD, but also other z > 10

galaxies mentioned are worth follow-up observations.

For instance, MIRI would detect [O iii]λ5008 in GS-

z12, which will enable more precise C/O (and also O/H)

measurements. MIRI MRS observations have been ob-

tained for GN-z11 (GO 2926; PI Colina). Deeper NIR-

Spec spectroscopic observations on these galaxies could

deliver auroral lines and Balmer lines, leading to more

accurate “direct” metallicity and C/O measurements.

More generally, more galaxies at z > 6, or even z > 3

with spectroscopic data, would help answer whether

C/O has a similar redshift evolution between 0 < z < 3

as in the mass-metallicity relation and help us under-

stand how carbon is enriched through different processes

in the early universe.

5. CONCLUSIONS

In this article, we estimate the C/O abundance in

a triply-lensed galaxy MACS0647−JD at z = 10.17.

MACS0647−JD showed a bright C iii]λλ1907,1909

feature in the NIRSpec prism spectrum while no

O iii]λ1666 is detected. We estimate log(C/O) =

−0.44+0.06
−0.07 using the direct electron temperature

method for the first time at z > 10. MACS0647−JD

is also the only z > 10 galaxy with a direct metallic-

ity measurement. In low-z galaxies, C/O increases with

metallicity 12+log(O/H). MACS0647−JD has a higher

C/O ratio than local galaxies of similar metallicity, pos-

sibly due to a very efficient and rapid burst of star for-

mation, a low effective oxygen abundance yield, or even

exotic stellar populations.

We also suspect JDB, one of the component star clus-

ters, may be the culprit of higher C/O. JDB is older,

as revealed from NIRCam photometry SED fitting, sug-

gesting it might host relatively abundant carbon since

the intermediate-mass stars have started injecting car-

bon into the ISM. Future NIRSpec IFU observations,

especially G235M/H, are essential to separate two com-

ponents JDA and JDB. Additional deep spectroscopic

observations of other galaxies are required to determine

statistically whether a higher carbon abundance trend

exists in the early universe and possibly constrain when

the first stars formed.
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