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oxygen(log(N/ O) 0.3§ and carbor(log(N/C) _ 0.5 well in excess of nearly any star-forming galaxy previously
in spite of being very metal-pogl2 log(Q H 7.&; studied at lower redshifts. M. W. Topping et §20243

A. J. Cameron et al20230. This abundance pattern is reported that the various spectral features are consistent with
extremely rare in lower-redshift galaxies, suggesting a chemicabeing powered by a youn¢l.8 Myr) stellar population in a
evolution pathway that is perhaps unique to the reionization 20 pc region with ionized gas that is metal-poor
era, conceivably requiring a population of veor super} (12 IOg(OH) 7.43 and extremely densg6-31 x
massive star¢ 10° 3 M; J. S. Vink 2023 C. Charbonnel ~ 10* cm ®). The RXCJ2248-ID spectrum shows emission from
et al. 2023 R. Marques-Chaves et @024 D. Nandal et al. NIlII] and NIV], revealing a nitrogen-enhanced abundance
20243 or punctuated star formation histor{@&FHs; C. Koba-  pattern(log(N/ O) 0.39 that is similar to that found in
yashi & A. Ferrar&2024. Similar abundance ratios are seen in GNz11. However, in RXCJ2248-ID no spectral signatures
many globular cluster starge.g., R. Gratton et al2004  were found that demand the presence of an AGN, suggesting
P. Senchyna et aR024 E. Carretta et al2005, potentially that the high-ionization lines may likely originate from a low-
indicating a connection between the stars being formed inmetallicity population of massive stars.

GNzl1l and those formed in the second-generation stellar Based on these results, M. W. Topping et @0243
populations of globular clusterde.g., N. Bastian &  suggested that the nitrogen enhancement seen & may be

C. Lardo2018. The GNz11 spectrum also shows evidence Produced in the dense clusters that form during a strong burst of
for very high electron densities 10° cm 3), 2 orders of star formation, a phase that many reionization era galaxies go
magnitude above those seen in star-forming galaxies at lowefrough(S. R. Furlanetto & J. Miroch2023 J. Mirocha &
redshift(e.g., R. L. Sanders et &016, potentially re ecting S. R. Furlanett@023 V. Strait et al2023 T. Dome et al2024

conditions associated with a dense broad-line region or nucleaR- Endsley et al2024. In this framework, the hard ionizing
star cluster surrounding an AG®P. Senchyna et aR024 agents would be produced during the burst, and the high electron
R. Maiolino et al.20243. densities would reect the extreme dense gas conditions

Whether the peculiar abundance pattern of GNz1l isassociated with the burst. If this picture applies universally, we
common in the reionization era is not known. It is also not Should also see nitrogen enhancements and high electron

clear whether the nitrogen-enhancement is somehow linked tcgjelr;%igesd in kt]hez ; 7C(I)\? galaxy Abell 1703-zd(§hereazt:erl
the presence of the hard ionizing sources and high electro -2d§, the other CIV emitting primary target in our Cycle

densities that are also seen in GNz11. But without a larger program. In this paper, we present the Qeep NIRSpec
sample of such galaxies, it is impossible to adequaterObservat'OnS of A1703-zd6. Our MSA design includes many

: . o o additional bright lensed 6 galaxies, which we also describe
understand the physical mechanisms driving the origin of the.n this paper. Our primary goals are twofold. First we seek to

abundance pattern. A natural place to begin investigation of . s .
these questions is the two 6 galaxies with CIV detections understand more about what drives hard radiatieids in a

from ground-based telescopes, both of which are extremelyrs]Ubset of early galaxies. Second, we seek to understand if the

2 ; > . . . ard radiation elds are linked in some way to spectra like
b“ghF In thg CO”“”““.“@— 24'8'25.'9 .a!lowmg high signal- GNz11, with nitrogen enhancements and high electron density.
to-noise ratio(S/ N) views of the ionizing sources and gas

o . To put these results in context, we will additionally present
abundance pattern. While it was clear prior to JWST that bOthconstraints on the fraction of early galaxies with CIV and NIV

systems had a population of hqrd _ionizing sources, it Was NOjinas in a large database of publicly available NIRSpec spectra.
known whether they also had ionized gas that was nitrogen The structure of this paper is as follows. Secgqurovides

enhanced or elevated in density similar to GNz11. In JWST 5, yjine of the observations and data analysis, and discusses
Cycle 1, we obtained NIRSpec=R000 spectroscopy targeting o, measurement methods. In SecBame describe the spectra

both thez = 611(R Mainali et a|2017, K. B. Schmidt et al. of each ObjeCt in our Sample, and we discuss the derived
2017 and thez= 7.05(D. P. Stark et al2015h) CIV emitters  roperties of the sample in SectidnSections discusses the
(program ID: 2478 The observations were designed to extend y-onerties of these sources in the context of the reionization-era
the spectroscopic coverage of these sources into the rest—opt|055|axy population. Finally, we provide a discussion in
for the rst time, providing insight into the metal content of geactione, followed by a summary and brief conclusions in
early galaxies with hard radiatiorlds. We also obtained very  section7. Throughout this paper, we assume a cosmology with
deep rest-UV NIRSpec observations, providing completeq = 0.3, 0, = 0.7, andH, = 70kms *Mpc %, and adopt
coverage of the emission linegand continuuh at solar abundances from M. Asplund et gR2009 i.e.,
; 1200-2000A. This far-UV (FUV) spectral window contains Ze = 0.014,12 log(Q' H)., 8.69. All magnitudes are
a suite of features sensitive to the origin of the radiatieid, provided using the AB Syste\(ﬂ_ B. Oke & J. E. Gunri983.
the electron density, and the level of nitrogen enhancement.

In the rst paper from this program, M. W. Topping et al.

(20243 presented a detailed investigation of the NIRSpec 2. Data and Measurements

observations of RXCJ2248-ID, te= 6.11 CIV emitter. The In this section we provide an overview of the program from
spectrum conrmed the presence of a hard radiatietd with which our data are derive(Section 2.1), along with the
strong emission from numerous highly ionized spe(ies, methods used to measure emission and absorption lines from
CIV 1548, 1550, He 111640. The rest-optical spectrum was the spectra. In Sectich2 we detail the methods used to infer
found to be similarly extreme, with very larg®Ill]+H properties of the stellar populations within each galaxy.

equivalent width EW; 3100A) only seen in the upper 2% of
z; 6 9 galaxies(e.g., J. Matthee et a023 R. Endsley
et al.2024. In spite of the strength ¢OIll] and the hydrogen
recombination lines, tH©I1] doublet is found to be very weak, Spectroscopic data were obtained using JYW8RSpec in
suggesting arfOlll]/[Oll] ux ratio (hereafter O3Rof 184, Multi-Object SpectroscopfMOS) mode targeting two lensing

2.1. Observations and Reduction
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Table 1
Sample of Galaxies Observed with NIRSpec in Abell 1703
ID R.A. Decl. Hiso Zspec
A1703-zd1 .
2= 6.8257 A1703-2d2 A1703-244 A1703-zd1 198.747582 +51.833604 240 3133  6.8257
+ = 6.4267 =TS A1703-zd2 198.777070 +51.821802 249 19973  6.4267
A1703-zd5.1  198.782392 +51.819382 25.7 33.6 139  6.4260
Al1703-zd5.2  198.782206 +51.819568 25.3 33.5118 6.4295
AL7032d5.2 A1703-23 198.755951 +51.807251 23.8 3032  6.0862
5= 64295 A1703-zd4 198.780017 +51.839995 254 20931  7.8727
R AT %irgf;ﬁ& A1703-zd6 198.754233 +51.834663 259 393%  7.0435
2z = 6.4260 z = 7.0435
Note. H-band magnitudes are from L. D. Bradley et (@012, except for
A1703-23, for which we use values from J. Richard e{2009.
e

Figure 1. J;»5 band images/{for each of the objects in our spectroscopic (B. J. Rausche20249 package and the 2D spectrum traced out
sample. Each postage stamp 192 a side and displayed in an orientation such '

that north is up and east is to the left. We overlay the position of the NIRSpecby each _ObJeCt was cut out fr(_)m all of the full-frame exposures.
shutter in the postage stamp of each object. The listed redshifts were measuréd/e applied a at- eld correction, a wavelength solution, and
from the NIRSpec spectrum. an absolute photometric calibration using the updated Calibra-
tion Reference Data System context to the cutout spectra for
each exposure of every object. We subtracted the background
from each exposure following the nodding pattern described
above. The background-subtracted exposures were then inter-
ID 2478 (PI: StarR. In the Abell 1703 eld, we obtained data polated onto a common wavelength grid. Each nodded
using the G140MF100LP and G395WF290LP dispersing exposure of the targets was then background subtracted and
modes with total exposure times of 6653 s and 1576 s,combined including the rejection of pixels that have been
respectively, using the NRSIRS2RAPID readout mode. agged in previous reduction stages. These 2D exposures for
Following the position angléPA) assignment of the observa- each object were then interpolated onto a common wavelength
tions, the MSA pointing centers were ded based on the grid and combined to produce the@al spectrum. Wet the
locations of our highest-priority targets. For the observations inspatial prole of each 2D spectrum, and used thiting
the Abell 1703 eld presented in this analysis, we required that information to perform an optimal extracti¢it. Horne 1986,
a microshutter slit be placed on A1703-zd6, which was yielding the nal 1D spectra.
previously spectroscopically comed to lie atz = 7.045 We corrected the emission from each lensed image for the
based on Ly (M. A. Schenker et al2012, CIV, and OIl[ effects of magnication. Our lens model builds on the model
(D. P. Stark et al20153. We additionally required that the published by A. Zitrin et al(2010, which used the Light-
location of A1703-zd6 on the MSA would enable continuous Traces-Mass approach and included a set of 16 multiply
wavelength coverage from Lyto CIll] 1907, 190997308~ imaged systems to constrain the model, most of which had
155300 in the observed framein G140M, and [Oll] spectroscopic redshifts and were previously knoggee
3727, 3729 to[Olll] 5007 (2998CA—4028R in the J. Richard et al2009 M. Limousin et al.2008. Here we
observed framein G395M. The nal MSA design was rerun the model using a parametric lens modeling code, namely
con gured to t these constraints and maximize the number of g revision of the A. Zitrin et al(2015 parametric pipeline,
additional high-priority targets, which comprise a sample of which has been extensively used in recent JWST re@ulis
andi-drop galaxies selected to lieat 6 (J. Richard et al. M. Pascale et al2022 2025 L. J. Furtak et al.2023
2009 L. D. Bradley et al.2012 R. Smit et al.2014. A K. Meena et al2023. The model consists of two principal
Throughout this paper, we refer to the additional high-priority components: cluster galaxies and larger-scale dark matter
targets as A1703-zd2, A1703-zd5.1, A1703-zd5.2, A1703-zd4,na10s. Cluster galaxies are modeled as double pseudo

and A1703-23see Tablel). Each slit placed upon the targets isothermal ellipsoidgA. Eliasdéttir et al.2007), scaled by
was composed of three microshutter slitlets, and we obtainegpqjr luminosity following common scaling relatiore.g.

data using the standard three-nod pattern, with one exposure fge )i et a12007). Two dark matter haloes are incorporated,

each nod positiofFigure1). each modeled as a pseudo isothermal elliptical mass distribu-

We reduced the spectroscopic data set using a pipelinqion (e P
03 .g., C. R. Keeto2001). One halo is initially centered on
composed of standard STScl to@is Bushouse et ak024 the brightest cluster galax(BCG) but is allowed to roam

'tﬂea?gv';'ggctgliglrj;[gén'madelrog'ge)s'frgllr]ee'snmi:u%rgge:z'igg of around the BCG center, with the exact position optimized in the
and dark current co_rrerzzct:i?)n' als \?vell as ramipng to the minimization procedure. A second halo is set on a second
o ' . png . ._bright cluster galaxy nortmorthwest of the BCG, at
groups yielding the mean count rate in each pixel. During this 13:15:03.1829+ 51:49:56.62R The mass of the BCG and
stage, jumps in consecutive groups resulting from cosmic rayg, .~ " - S .
are identied and masked, including sigeant events such as his second bright galaxy, as well as a third, (_:entral galaxy at
“snowballs and “showers. The resulting full-frame 2D [13:15:07._8290,+ 5_1:48:57.9_55 are modeled independently
images were corrected for flnoise using the NSCLEAN of the scaling relation, allowing for some more freedom. In the
minimization, the redshifts of the photometric-redshift systems,
i.e., those lacking a spectroscopic redshift, are left free to be
optimized as well. The minimization is performed in the source

elds, Abell 1703RA: 198.7636, Dec+51.821, S. W. Allen
et al. 1992 and RXCJ2248-4431RA: 342.17972, Dec:
-44.5330; L. Guzzo et ak009, as part of Cycle 1 program

13 httpst/ github.cont spacetelescoppvst
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Table 2

Derived and Measured Quantities for Galaxies Observed with NIRSpec in Abell 1703
ID Zpec log log Age v [Oll] + HBEW CIVEW

(M/ M) (SFR M yr }) (Myr) A) A)
A1703-zd1 6.8257 9.05 0.22 1.48 938 37 % 0.08 39 1290 + 90 L?
A1703-zd2 6.4267 7.5 0.47 0.25 98 17 18 0.04 388 1579 £ 450 316 7.0
A1703-zd5.1 6.4260 7.74 0.77 0.34 1% 70 &7 0.16 33 443 + 162 < 43
A1703-zd5.2 6.4295 8.1% 0.71 0.67 992 23 ¥ 0.02 & 1137 = 210 10.5+ 1.0
A1703-23 6.0862 9.54t 0.16 1.40 339 150 0.17 3% 584 £ 34 < 19
A1703-zd4 7.8727 8.5& 0.27 1.06 332 23 2% 0.07 3% 1895 + 520 < 49
A1703-zd6 7.0435 7.7 0.24 1.49 332 1.6 §3 0.01 3% 4116 + 690 194+ 14

Notes.Reported stellar population properties are derived from BEAGLE S#ily, and have been corrected for the effects of gravitational le(sgrdSectioR).
& CIV feature displays signtant P-Cygni prole (see Sectior.2).

plane via a long Markov Chain Monte Carlo, and theal parametgr within the range log(Z/Z.) %o 2.24,0.3
model has dlens-plangimage reproduction rms of”0 8. (log(U) %04, 1). Finally, we assume an attenuation law
Emission line uxes, centroids, and widths were measured following that of the SMQY. C. Pei1992, and a xed dust-
by tting Gaussian prdes to the observed features. For to-metal ratio of 4 = 0.3. Throughout this analysis, we adopt
emission lines that are isolated, we a model of a single  galaxy propertiege.g., stellar mass, star formation rate, pFR
feature, while emission lines in close proximity in wavelength that have been corrected for gravitational lensing using the
were t simultaneously. All of the emission-lingting was magni cation factors provided in Tabl2. By assuming a
provided an initial estimate of the redshift, and its centroid wasCSFH, the inferred stellar population parameters are represen-
allowed to vary within one resolution element for emission tative of the most recent episode of star formation, which will
lines that trace the systemic redshift, and within 500 khiar dominate the emission in the rest-frame UV and optical. This
resonance and absorption lines. In the case of multiplemodeling does not account for the possibility that each galaxy
simultaneous linets, the best-t redshift was allowed to vary;  hosts a signicant older stellar population, which could lead to
however, the spacing between the lines waed. In some a signi cant underestimate of properties such as the stellar
cases, such as ffoIl] 3727, 3729 and NI]JI 1750, the lines  mass and SFRe.g., L. Whitler et al.2023. However, this
are signicantly blended, and lineuxes were measured by possibility will not signi cantly impact any of our conclusions.
integrating over the combined ptes. The continuum level for We present the model properties that reproduce the SEDs in
each line was measured byting a linear component to  Table 2 and display the best SEDs in AppendixB. The
spectral windows on either side of the line. We obtained A1703z> 6 sample spans a factor of 170 stellar mass and
uncertainties on each propertyux, centroid, FWHM, and 70 in SFR, ranging fronbog(M/M.) 7.70 9.54and
EW) by rst creating 5000 mock spectra that were derived by log(SFR M, yr %) 0.34  1.49respectively. In Figur@
perturbing the observed spectrum by its corresponding erromwve show the SFRs of our sample as a function of their stellar
spectrum. We repeated the abowing procedure on each of mass along with the larger sample of 6 9 LBGs from
the mock spectra, and assigned uncertainties based on the inn&. Endsley et al(2024). Our sample roughly extends over the
68th percentile of the recovered distributions of each property full range of SFRs spanned by the broazler 6 population at
log(M/ M) = 8. When assuming a CSFH, wend the
youngest galaxy has a CSFH age of just 1.6 Myr, while the
2.2. Stellar Populations from SED Fitting oldest system has an age of 150 Myr. This suggests that our

Before analyzing the emission line properties, we investigateSPectra are sampling galaxies dominated by a very young

the basic physical properties of our sample using synthesizedt€!lar population in addition to those that may have a
broadband photometry from the spectra, following a similar S9N cant contnpunon from more evolved stars. Additionally,
approach to that presented in M. W. Topping et21243. For the best-t SEDs imply that our sample has a low average dust
consistency with previous works, we derive photometry basedcontent, which is consistent with the typically blue UV slopes
on the JWSTNIRCam lter throughputs andt the resuling ~ °Pserved for galaxies during this epdetg., M. W. Topping
broadband uxes using spectral energy distributi¢8ED) et aI.2024b F. _Cullen et al2023. However, the emission of
models. The A1703 sample was observed using the G140MSOMe objects in our sample.g., A1703-zd4, A1703-33s

and G395M gratings, which completely encompass the JWST Pest modeled by SEDs that include a nonzero amount of
NIRCam F115W, F150W, F335M, F356W, F410M, and attenuation. In the foI|0W|ng Section, we describe the spectrum
F444W lters. As such, we utilized synthesized photometry Of €ach galaxy in our sample.

in only these lters for the SED tting, with the redshift of each
object xed to its spectroscopic value. Brig we t the . .
resulting photometry of both objects using BayEsian Analysis 3. Spectroscopic Properties

of GaLaxy sEd§BEAGLE; J. Chevallard & S. Charl@016. In this Section we describe the spectroscopic properties of
These models implement updated models of G. Bruzual &each object in our sample. Our focus will be on emission and
S. Charlot(2003, which include nebular emission using the absorption line measuremeift®., EWSs, line ratigs building
prescription detailed in J. Gutkin et §2016. We assume a  an empirical physical picture for each individual galaxy. We
constant star formation histof SFH with a minimum age of  will then build on and synthesize these results in Sectjon

1 Myr, and adopt a uniform prior on metallicitjonization calculating gas-phase propertidge., electron densities,



The Astrophysical Journal, 980:225(31pp, 2025 February 20 Topping et al.

Endsley + 23 (2 ~ 6) A1703 — zd1 £ A1703—23 NIRSpec observations of RXCJ22488M. W. Topping et al.
== Speagle + 2014 A1703 — zd2 £ AL703 - zdd 20243, the otherz 6 CIV emitting galaxy known prior
GN — 711 A1703 — zd5.1 £ A1703 — zd6 to JWST.

ALTO3 —udo 2 The rest-optical spectruffrigure 3) shows very prominent

Balmer lines(H , H, H, He) and strong[Olll] nebular
( 4959,500Y and auroral( 4363 emission, yielding a
systemic redshift oz = 7.0435. The H EW (423.8A) is

//
_ ,/
1.51 B 7
El . not only at the high end of values seenzat 6 (e.g.,
4
4
; S 00
\ 7
C > ;/ e

@
O RXCJ2248 — ID
2.0 1

10- G. Roberts-Borsani et aR024) but is also larger than that

' found in the vast majority of extreme emission-line galaxies

found at lower redshift§e.g., M. V. Maseda et alR018

7 M. Tang et al2019. The[Olll] 4959, 5007 EW is similarly

% elevated3692A), matched by a small number of known 6

galaxies in existing JWST survey. Tang et al.2023

M. Llerena et al.2023 K. Boyett et al.2024). Indeed, the

[Olll]+H EW (4116A) is in the upper 0.5% of values seen in

the reionization-era populatiold. Matthee et al.2023

R. Endsley et al.2024. The stellar population synthesis

models described in Sectidh2 reproduce the strong optical

7 3 9 10 lines with an[Olll] + H EW of 3930+ 370, provided the
log(M, /M.,) age of the stellar popul_atlc_)n d_ommatmg the I|ght is very young

gL/ Mo (1.6 Myr) and the ionization parameter is very large
Figure 2. Star formation rat§SFR) versus stellar mass for the two primary  (log(U) 1.7 00.3. In this picture, the strong CIV
targets discussed in this wotkiolet and orange pointsnferred from the emission is powered by a hard radiatiogld associated with

BEAGLE SED tting. We compare to the values inferred for GN-ghilack : :
square: A J. Bunker et al2023 and RXCJ2248-ID(orange circle; an extremely young stellar population formed in a recent burst

M. W. Topping et al.20243, in addition to a population of star-forming  Of star formatior(Figure2). o )
galaxies az 6 9 identi ed by R. Endsley et a(2024 gray circley. For In contrast to the strong nebular emission described above,
reference, we display thitmain sequencederived by J. S. Speagle et al.  the A1703-zd6 spectrum does not reveal detection diQHg¢
(2019 calculated az = 6. Our primary targets lie at sigmantly elevated SFR 45 pjet, The lower-ionization state géfspresent appears to
relative to the main sequence and the population of early star-forming galaxies . . L. .
at xed stellar mass. not be intense in its emission. The ratio[6fllI] and [Oll]

uxes in A1703-zd6 is found to be 36 (3 ), well above the

abundance pattefnssing the empirical measurements reported yPical values atz 6 (median O32; 10 in existing
in this Section. spectroscopic samples; M. Tang et 2023 A. J. Cameron

Figure3 presents spectra of the A1703 galaxies in the rest-€t @-20230 R. L. Sanders et a£023. Such a large O32 value
UV and rest-optical, at wavelengths where lines are commonly!S qualitatively consistent with the well-known relationship
detected. Line uxes and EWs measured following the methods Petweer{Olll] EW and O32ZM. Tang et al2019 R. L. Sand-
outlined in Sectior2.1 are provided in Tablé for the G140M  €rs et al2020, whereby extreme ionization conditiofiarge
spectra, and Tablefor the G395M spectra. Multiple emission 932 tend to be found in galaxies with very larffelll] EW.
lines are detected in each galaxy. We also detect absorptiod he large ux ratio of [Ne Ill] and [Oll] (> 3.8; hereafter

lines in the two brightest continuum sour¢@4703-zd1 and ~ Ne30J presents more evidence for extreme ionization
A1703-23. conditions. The lower limits on the 032 and Ne302 ratios in

A1703-zd6 are consistent with those measured in RXCJ2248-
ID (M. W. Topping et al.20243. In RXCJ2248-ID, it was
3.1. A1703-zd6 shown that the extremely large O32 va(a84) was partially

A1703-zd6 was idented as a brigh{H = 25.9 z-band driven by elevated electron densities 10° cm 3), which
dropout, moderately lenseg 3.9 §-3) by the foreground result in collisional de-excitation ofOIl]. At these high
Abell 1703 cluste(L. D. Bradley et al2012. M. A. Schenker ~ densities, we also expect anomalously strong He876
et al.(2012 con rmed the redshifiz= 7.045 via detection of emission, owing to elevated collisional excitation. A1703-zd6
strong Ly emission(EW = 65+ 12A) with Keck/ NIRSpec. presents a strong He B876 line, with a ux 26% that of H.
Motivated by the discovery of high-ionization UV lines in We will demonstrate that the densities of A1703-zd6 are indeed
metal-poorz ; 2 3 galaxies(e.g., D. K. Erb et al201Q very large in Sectiod.l
L. Christensen et aR012 D. P. Stark et al2014, a Keck The UV continuum slope of the synthesized SED of A1703-
MOSFIRE J-band spectrum was subsequently obtained coverzd6 is very blue( = 2.6), comparable to galaxies with
ing rest-frame 1433-1688. The observations revealed very similar luminosities az 6 (M. W. Topping et al.2024h
strong nebular CIV emission at 1.2458n ( 1548 and F. Cullen et al2023 A. M. Morales et al2024. Such blue
1.2474 m ( 1550, indicating the presence of a hard ionizing colors suggest very little reddening from dust, as evidenced by
spectrum rarely seen in lower-redshift star-forming galaxiesthe low optical depth implied by the BEAGLE population
(D. P. Stark et al20153. The R=1000 NIRSpec spectrum synthesis modelsts (y = 0.01 £+ 0.01) described in
presented in this paper covers the rest{g%00-189004) and Section2.2 (see Table?). The Balmer line ux ratios present
rest-optical28700-52700R), providing a new window on the  a similar picture, with valuegH~/H3 = 0.57 + 0.17) con-
ionizing agents and ionized gas in A1703-zd6. Below we will sistent with those expected from case B recombingtione
discuss the lines measured in the spectrum and compare tthe appropriate electron temperature and densities are adopted;

0.51

3
o2

0.0{%

log(SFR/Mgayr1)

|
<
o

|
=
o
N

5



The Astrophysical Journal, 980:225(31pp, 2025 February 20 Topping et al.

| N1v]
N1v]
Crv
Civ
Hel1
O111]
O111]
Alrin
Aliir
-+|Sirn
Sitit
[Cr)
Cril
H3
[O111]
[O111]

A1703-zd6

o
L

IS
o
.

fr [10-Berg /s /em? /A
;
A1703-23 A1703-zd5.2 A1703-zd5.1 A1703-zd2

A1703-zd4

A1703-zd1

T T T T T T EE T T 00- T T
1475 1500 1525 1550 1620 1640 1660 16801850 1875 1900 4800 4900 5000

Rest Wavelength [A]

Figure 3. Presentation of the rest-frame UV and optical spectra for the sangste ®fQalaxies in Abell 1703. Each row corresponds to one object, which is labeled

on the side of the rightmost panel. Each column is a cutout of the rest-UV spectrum around the wavelengths where prominent features are detected. Vacu
wavelengths are indicated by vertical blue dotted lines rising above each spectrum, which are also labeled along the top row of panels. Ficailyitt@es tin
absorption are indicated by vertical red dashed lines below each spectrum. These absorption lines are labeled along the bottom row of panels.

see Sectiod.2). The optical line ratios also indicate the ionized in A1703-zd6 is near unity, with a doublet ratio of
gas is metal poor. We will show in Sectidr? that detection feiv sisad feiv ais50= 0.8+ 0.2 (Tabled). This is well below
of auroral lines suggest a gas-phase metallicitylaf the intrinsic ratia2), as expected when the blue component is
log(O/ H)  7.47 corresponding to 6%Z preferentially scattered by owwing gas. Nonetheless, the
The NIRSpec UV spectrum of A1703-zdép panel in mere presence of the blue component suggests A1703-zd6
Figure3) reveals clear detection of the CIV emission seen with faces less attenuation to the transfer of CIV photons than
Keck, along with several other intense emission fea{iid4], RXCJ2248-ID.
He 11, OIlll], NI, CllI]). The NIRSpec R1000 data reveal The detection of the strong nitrogen line emission in A1703-
more information than was possible with Keck. Both zd6 follows the recently reported detection in RXCJ2248-I1D
components of the CIV doublet are detected and resolved with(M. W. Topping et al2024a see also A. J. Bunker et &023
NIRSpec, with an integrated strengBW=19.4 A) well in Y. Isobe et al2023 M. Castellano et ak024), providing more
excess of what is seen in nearly all lower-redshift star-formingevidence for a connection between hard ionizing sources and
galaxies(P. Senchyna et a2019 Y. I. Izotov et al.2024). As nitrogen enhancement. Both components of the] Nidublet
CIV is a resonant line, we expect the lines to be offset from theare detected in A1703-zd6, revealing a total EW of5@7A.
systemic redshift. We measure centroids of 1.246( 1548 The NIV] line pro le is very similar to that seen in RXCJ2248-
and 1.2484m ( 1550, both indicating the line is shifted by ID, with the red component 2.& stronger than the blue
240 km s' from systemic. The line prée is distinctly component (Figure 4). We will come back to discuss
different from RXCJ2248-ID, where the blue component was implications for the electron density in Sectidnl The
shown to be signicantly attenuated by scattering effects CIV/NIV] ux ratio in A1703-zd@3.1) is slightly greater than
(M. W. Topping et al20243. The ratio of the two components that seen in RXCJ2248-102.1). We additionally detect
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emission from the NI]JI quintuplet(S'N = 3.2 ) with an
integrated EW of 3.% 1.0A. We will use these detections to
constrain the NO ratio of A1703-zd6 in Sectiof.4.

The detection of the auroral QJIll 1660,1666 doublet
(EW = 11.6A) enables an additional constraint on the electron
temperature which we will discuss in Sectib@. The [CIII],
Clll]  1907,1909 doublet is resolved with a total line strength
(EW = 8.8A) that is comparable to what is often seen in metal-
poor star-forming galaxig®. P. Stark et alR017 T. A. Hutc-
hison et al2019 M. Tang et al.2021, 2023. The CIV/ ClIl]

ux ratio is well in excess of unig.3), suggesting a very hard
spectrum. The He 11640 line is also detected at 6,2
indicating a very large EW6.83) rare among nearby star-
forming galaxiegD. A. Berg et al.2016 2019 P. Senchyna

Topping et al.

intrinsic Ly  ux inferred asf"./f,c 24.6 which is
appropriate for the density anJ temperature and assuming
case B recombination. The resulting escape fraction of
fY® 030 0.0 is comparable to typical valuesat 5

6 (Z. Chen et al.2024) implying signi cant transmission
through the IGM. This value is well above typical escape
fractions atz ; 7 (f2®~0.05 Z. Chen et al.2024
G. C. Jones et akR024 M. Nakane et al2024 consistent
with expectations for galaxies situated within ionized sight
lines.

Finally, as has been noted previoudly D. Bradley et al.
2012, the HST imaging of A1703-zd6 demonstrates that it is
extremely compactFigure 1). It is unresolved in the image
plane in theJ;>s band, which has a point-spread function
FWHM of 07, 12 (e.g., A. M. Koekemoer et a011). This is
consistent with the angular size of the rest-UV continuum trace
in the 2D NIRSpec spectrum. These constraints yield an
effective radius 0of< 120 pc in the source plane. We constrain
the stellar-mass surface dengitly,«) from this radius and the
stellar mass from the synthesized SED, which demonstrates
that A1703-zd6 has a very high concentration of stellar mass
(> 3x 10°M./ pc). In Figure7 we compare the mass density
of A1703-zd6 to other galaxies and star clusters at high redshift
(A. Adamo et al2024 E. Vanzella et al2023 2022 and the
local UniversgG. Brown & O. Y. Gnedin2021). A1703-zd6
shows similar characteristics to other high-redshift galaxies
sharing several spectroscopic propert{es., GNz11 and
RXCJ2248-ID A. J. Bunker et al2023 M. W. Topping
et al.20244q. Speci cally, all of these systems host very young
stellar populations, and display high-ionization UV lines
including CIV, NIV], and NIII, potentially suggesting that
high stellar densitfand in particular a large density of very
young O starsmay be linked to these properties.

3.2. A1703-zd1

A1703-zd1 is one of the brightgdi=24.0 z-band dropouts
known (L. D. Bradley et al2012, with moderate magnca-
tion (x  3.193) and a blueSpitzet IRAC [3.6-[4.5 color,
suggesting a photometric redshiftaf; 6.6 7.0 (R. Smit
et al. 2019). In spite of its brightness, ground-based rest-UV
spectroscopy failed to corm its redshift, likely indicating

et al.2017. Nevertheless, the UV line ratios appear consistenta1703-2d1 is characterized by weak LYM. A. Schenker

with expectations for stellar photoionizatigRigure 5). We

will discuss these comparisons in more detail in Plat et al.

(2025, in preparation but here we mostly note that the hard
spectrum is not clearly indicative of an underlying AGN in
A1703-zd6.

The deep NIRSpec spectrum coms the strong Ly line
detected from the ground by M. A. Schenker e{2012. The
R 1000 grating combined with the sensitivity of NIRSpec

et al.2012 and fairly weak UV metal lineD. P. Stark et al.
2015a R. Mainali et al.2018. The redshift of A1703-zd1 was
eventually conrmed (z = 6.82% in the far-IR (FIR), via
detection of [CIl] 158 m with the Northern Extended
Millimeter Array (NOEMA) (S. J. Molyneux et al2022.
However no FIR dust continuum was detected with NOEMA
(see also D. Schaerer et 2015.

The NIRSpec observations of A1703-zd1 reveal a suite of

yields a precise systemic redshift and enables the shape of theirong rest-optical emission ling©I], [Nelll], [Ol], H ,

Ly emission line to be accurately characterized. The Ly
detection in A1703-zd6 is presented in Figewr@he Ly peak
velocity offset measured from the 1000 spectrum is
180 + 80 kms . This offset is consistent with the median
peak velocities observed for strong line emitterz at 6.5,

H , H, H), indicating a systemic redshifz = 6.8257
consistent with that derived from NOEMA. We do not detect
[Olll] 4363 in this spectrum. The combinglll]+H EW is
very large(1290A), placing A1703-zd1 among the upper 25%
of the[Olll]l+H EW distribution az; 6 9 (e.g., J. Matthee

re ecting the attenuation at line center from the increasinglyet al. 2023 R. Endsley et al2024. Reproducing such large

neutral intergalactic mediu@tGM) at these redshifts. The Ly
EW (61.2 + 9.0R) is larger than what has been seen for a
majority of moderately luminous> 7 galaxies characterized
by NIRSpede.g., A. Saxena et @023 M. Tang et al2023.

We derive the Ly escape fraction for A1703-zd6 from the

7

EW optical lines with the synthesized SED requires relatively
young stellar population§37 Myr). The best t suggests a
moderate stellar mageg(M/ M) 9.05 0.2), one of the
largest in our sample. At such young stellar population ages,
ionization-sensitive ratios are usually somewhat elevated
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Figure 6. Ly pro les of A1703-zd6(top; Section3.1) and A1703-zd4 Figure 7. Stellar mass surface density versus effective radius. We display
(bottom; Sectior3.7). The vacuum wavelength of Lyis displayed as a vertical ~ 9alaxies az > 6 with NIV] detections including A1703-zd6range diamond;

blue line, and the Ly EW, systemic velocity offset, and escape fraction for this work, RXCJ2248-ID(orange circle; M. W. Topping et a20243, and
each source are presented at the top right. GN-z11(black square; A. J. Bunker et @023, in addition to individual star-

forming clumps from the Cosmic Gerfd. Adamo et al.2024), Sunrise arc
. (E. Vanzella et al2023, and the Sunburst af&. Vanzella et al2022. The
(M. Tang et al2019, and indeed wend large values of O32  pink points provide measurements of individual young star clusters in the local

(8.0 28 and Ne3070.62 313 in A1703-zd1. The Balmer-line  Universe(G. Brown & O. Y. Gnedir2021). These NI\-emitting systems have

ratios are consistent with the intrinsic vaIue(H / signi cantly higher4y, at xed radius compared to local young clusters, and

H3 2.6 02 H /HB 0.48 0.07. T bl 3) . Vi L are even elevated compared to individual star-forming clusters at high redshift.
.6 03, A48 g7 Table 3), implying mini-

mal dust attenuation, in agreement with the upper limits on the

FIR dust continuun{D. Schaerer et ak015 S. J. Molyneux gap falls at rest-frame wavelengths of 1:88®0A negating

et al.2022. our ability to constrain CIJI Within the observed wavelength
The rest-frame UV spectrum reveals cdent detection of  coverage, the typical EW limit§8 ) on the UV lines range

the continuun{S/ N = 5 per resolution elementithout strong  from 0.7-2.2A, indicating much weaker emission than the

line emission, consistent with expectations from earlier ground-relatively intense optical lines. One example is [Olll

based observations. The nondetections place stringent upper 1660, 1666. The implied total EW limi2.7 A at 3)

limits on the rest-UV emission lineuxes(see Tables). At the indicates weaker UV lines than are often seen in galaxies with

spectroscopic redshift of A1703-zd1, the G140M spectrumsuch larggOlll]l+H EWs(X. Du et al.202Q M. Tang et al.

covers 125624004 in the rest frame. In addition, the detector 2021). This emphasizes that not all strong optical line emitters

8
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Table 3
Rest-optical Emission-line Ratios Measured for the A1703 Sample

ID Ho/H3  H~/HB 03 032 Ne302 12 log(Of H)srong 12 loo(Q H)greer  Jiomi ! fany ndem 3
A1703-zd1 2692 0483% 813% 8098 062931 7.88 £ 0.30 > 7.57 - -
A1703-zd2 - 0633% 527932 - - 7.35+ 0.30 > 7.27 1.10 33} 2.0+ 1.2 x 10
A1703-zd5.1 3.4 }9 < 1.0 3192 - - 719+ 0.43 - - -
A1703-zd5.2 28932 05731 447903 - - 7.26 = 0.28 7.20+ 0.28 > 1.48 < 1500
A1703-23 369 02538 7698 - - 7.92 £ 0.32 7.84% 0.27 - -
A1703-zd4 - 0393% 769 5635 < o021 7.98+ 0.31 > 7.53 - -
A1703-zd6 - 057317 6452 > 36 > 36 7.60+ 0.30 7.47+ 0.19 0.49 312 9.4+ 4.2 x 10

Note. Limits are provided at the 3level, and“-" symbols indicate that at least one line in the line ratio lacks wavelength coverage in the spectrum. Strong-line
metallicities were derived using calibrations of R. L. Sanders €G24 from the O32 ratio if detected, and the low-metallicity branch of the O3 ratio calibration
otherwise.

should be expected to power strong UV lines. The presence okt al. 201Q T. Jones et al2012 A. J. Pahl et al.202Q
weak UV lines in galaxies with very young stellar populations A. Saldana-Lopez et aR023. The spectrum highlights that
is often a signature of relatively elevated gas-phase metalli-moderately massive galaxieszat 7 do present signcant
cities, given the sensitivity of the UV transitions to electron absorption lines with EWs approaching those seen i3 4
temperature. Strong line calibratiofsee Sectiod.2) provide composites.
some support for this picture, indicating a gas-phase metallicity While most of the UV absorption lines are relatively narrow
at the upper end of this samp{&2+log(O/ H)=7.89. But with characteristic velocity offsets of 200 kms*, a much
detection of auroral lines in the UV or optical will be required broader kinematic prde is evident in the CIV complex. The
to con rm this de nitively. absorption in CIV for this object extends t®€000 km s *, and
The well-detected UV continuum in the A1703-zdl is accompanied by prominent redshifted emission. Rather than
spectrum is ideal for recovery of absorption lines. We detectinterstellar gas, a P-Cygni pre of this shape and character is
both low-ionization(LIS) and high-ionizationHIS) species. suggestive of formation in the hot stellar winds of massive OB
Figure8 presents a zoomed in view of each detected absorptiorstars. While some high-redshift AGNs exhibit CIV absorption
feature in our spectrum, including Sill260, Ok Sill 1303, at similar velocitiege.g., J. T. Allen et ak017), such systems
SilvV 1393, 1402, CIV 1548, 1550, and Allll 1854, 1862. with absorption velocities matching those of A1703-zd1
We discuss the CIV prde in more detall later in this Section, typically show much stronger CIV and other rest-UV line
as it also includes a stellar wind component. We measureemission than what is observed héfe L. Rankine et al.
EWs of the LIS features in absorption that range from 2020. Nevertheless, we cannot rule out the possibility of AGN
0.5 to 2.0A, and have an averag®lueshiftedl velocity contributions to the spectrum of A1703-zd1l. Assuming this
offset of 220 + 80kms* relative to systemic. The HIS pro le is indeed stellar, we compare it to models for simple
SilV 1393, 1402 line has a lower total EW than each of the stellar populations(SSP$ from the Charlot & Bruzual
LIS lines. However, it is blueshifted from systemic by a similar population synthesis gridsee Sectior?.2, and descriptions
velocity ( 238 + 129 kms?). These features signify the in J. Gutkin et al2016 A. Plat et al.2019 P. Senchyna et al.
presence of oubws in both phases, similar to those commonly 2022. We compare against SSP ad@s4 Myr) that span a
seenaz 1 5(e.g., A. E. Shapley et a2003 C. C. Steidel range of H EWs similar to that measured for A1703-zd1, and
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(2 = 0.00) models(Z/ Zo = 5%) substantially underestimate

—— 2=0.001, 2 Myr the observed P-Cygni prte. Slightly older SSP ages at
2.0 7=0.004, 3 Myr this low metallicity would predict even shallower ples
—— 7=0.008, 4 Myr (A. Vidal-Garcia et al2017), even more inconsistent with the

observations. At moderately low metalliciti¢g = 0.004
0.008, a range of individual SSP models at different ages are
able to match both the absorption and emission lpro
reasonably wel{underscoring the challenge of using resonant
wind lines as a robust age and metallicity tracer in isolation
more complicated SFH will suppress the strength of this
P-Cygni pro le relative to the SSPs where it is most prominent
(P. Senchyna et a2022. Thus, in the context of these model
predictions, this comparison suggests that a massive star
population with metallicities of 20% solar or above is
present. However, the strengths of these modeled stellar wind
lines are highly sensitive to the uncertain treatment of winds for
A1703-zd1 very luminous metal-poor massive stars, and to the uncertain
15'30 15'40 15'50 proportion of such luminous stars in stellar populations. Indeed,
observations of FUMoptical spectra of metal-poor dwarf
I"GSt )\/A galaxies in the local Universe hosting young bursts of star
formation have revealed markedly stronger C IV wind [@®
—— 7=0.001, 2 Myr in comparison to models constrained in detail by other
7-0.004, 3 Myr observablegboth nebular line emission and FUV photospheric
B absorption lines; P. Senchyna et2421, 2022. One proposed
— 7=0.008, 4 Myr solution is that these metal-poor young galaxies have an
— 7=0.02, 4 Myr overabundance of luminous massive stars near the Eddington
‘ limit (and thus driving strong windisnot captured in the
models, perhaps from a high rate of binary mass transfer and
mergers occurring on very short timescales. These very
massive stars may contribute to stronger wind lines than are
captured in the existing models, allowing the wind s to
be t at somewhat lower metallicities than shown in Figtire
A deeper FUV spectrum would reveal or place limits on
additional wind features with different sensitivity to burst age,
initial mass function (IMF), abundances, and other key
propertiege.g., A. Vidal-Garcia et aR017 L. J. Smith et al.
~ 2010, allowing for a more robust investigation of the stellar
A.1703 23 population in A1703-zd1.

— 7=0.02, 4 Myr

o

normalized F

b
o

1530 1540 1550

rest \ / A 3.3. A1703-zd2

Figure 9. Prominent broad absorption in the resonant CIV 1548,1550 doublet A17.03 2d2 is a b”%hl(H = 24.9 z-band dropout highly

is detected in A1703-zd1 and A1703-@pectra in grayscaleComparisonto ~ magnied  (u  19.9 759 by the foreground cluster
stellar wind proles for SSP models from Charlot & Bruzuablored curves (L. D. Bradley et al2012). No previous spectroscopy of this
reveal reasonable agreement with the P-Cygnileria A1703-zd1, provided a system has been presented in the literature. The NIRSpec

fairly high model stellar metallicit¢y ~ 0.004(Z/ Z.  20%). This suggests rest-optical spectrum is dominated by promine{ﬁtlll]
we may be viewing a relatively metal-rich galgggnsistent with the weakness el .
of the UV nebular emission lingsor one in which very luminous stars driving 4959, 5007 and Balme(H and H ) emission lines,

prominent winds are overrepresented. The absorption in A1703-23 is of similarimplyi_ng a systemic redshift afpec= 6.4267. At this systemic
magnitude, but with minimal emission near systemic, in contrast to the stellarredshift, the G395M spectrum covers wavelengths of

wind pro les. Deeper FUV spectroscopy of such galaxies probing other wind 3900-65008 in the rest frame such that strong lines such
lines at similar or higher resolution promises a clearer view of the massivestarsas [Nelll], [Oll], and H are not observed. The auroral
populating these systems. [OllI] 4363 line is not detected at the curretNSof the
spectrum. The[Olll] 5007 (EW = 1096 + 412A) and

for which these stellar wind contributions are most prominentH (EW = 209+ 81,&2 lines are narrow, with FWHMSs of 295
at a given metallicity. These models include both stellar light kms * and 320 km s”, respectively, which is consistent with
and the contribution from nebular continuum in the FUV. Since the instrumental resolution Bt  1000. The total EW of the
CIV is the only line with a signicant potential stellar [OIll] + H line complex is 1588, which is nearly twice the
contribution at the observed/IS (consistent with model average value for > 6 galaxies of a similar UV luminosity
expectations rather than detailedtting, we adopt a simple  (R. Endsley et al2024 but not as large as in A1703-zd6.
approach of qualitative comparison with the observedlpro  Driven by the moderately large rest-optical line EWSs, the
normalized to the mediarux level at 15761580A. synthesized photometry is best by an SED model(see

The resulting comparison is displayed in Fig@e(top Section2.2) with a (CSFH stellar population age of just
pane). It is clear that the young very-low-metallicity 17 18 Myr.

10
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Table 4
Properties of the CIV Emission Line for Three Objects in Our Sample with a Prominent Nebular Component

Line A1703-zd2 A1703-zd5.2 A1703-zd6
CIV 1548 Flu® 109+ 2.2 39.0+ 3.2 235+ 2.5
CIV 1550 Flu® 7.0+ 15 19.9+ 3.0 30.0+ 2.8
CIV 1548 EW 17.1+ 4.5 7.8+ 1.4A 8.0+ 1.8
CIV 1550 EW 11.0+ 3.4A 39+ 1.3 10.2+ 1.98
CIV 1548Vset 157+ 48kms? 67+ 24kms? 220+ 26kms?
CIV 1550/ftset 127+ 62kms? 94+ 32kms? 259+ 40kms?
Note.

@ Flux measurements are given in units of ¥erg s * cm 2

The H/H ratio (0.63 J1& Table3) implies the emission  with models driven by star formation or AGN activifyee
from A1703-zd2 is subject to minimal dust attenuation. The Figure5; A. Feltre et al2016 J. Gutkin et al2016. Finally,
relatively blue UV continuung = 2.2) provides a consistent  the ClII (total EW= 13.08) and Ol (total EW< 12.1A) lines
picture of minimal dust content and Iowband optical depth  are found to be weaker than both He Il and CIV. The UV line
( v = 0.04. Of the available lines in the optical spectrum, the ratios implied by these featur@Sigure5) are also consistent
[ONI]/H ratio (5.2 39) is the best probe of the gas-phase with both stellar and AGN photoionization. Whereas other
conditions. The measured valueSo2 J5 is below the typical ~ sources analyzed in this paper are more dently in the
ratios observed az 6 (6-8; R. L. Sanders et aR023 regime of stellar photoionization, a deeper spectrum of A1703-
M. Tang et al.2023 A. J. Cameron et al2023D), likely zd2 is required to put more robust constraints on the powering
suggesting low gas-phase metallicities. Using existing strongMechanism of the radiatioreld.
line calibrationgSection4.2), this suggests2 log(Q H)

7.4, just ¥ 20Z, . We infer a stellar mass for A1703-zd2 of only
log(M/ M.) 7.52 0.47 whizh is the lowest value in the 3.4. A1703-zd5.1

sample'. A Iow. mass is co.nsistent with .the optical line  A1703-zd5.1 is one of the faintgét = 25.7) galaxies in our
properties described above, given the empirical trends betweegample and is also the most maged (1~ 33.6 129 of the
both attenuatlor(e.g._, A. E. Shaple_y et a120_23 and metal z> 6 systems idented by L. D. Bradley et al(2013. As
content(e.g., M. Curti et al2023 derived at high redshift. We  gcpy it has the lowest luminosity of all high-redshift galaxies
return to interpret the oxygen abundance combined with theyye ohserved in the Abell 1703eld. The galaxy is a close

other galaxy properties in Sectidr?. , _ neighbor of A1703-zd5.4see Sectior8.5 below), situated
The rest-frame UV spectrum displays prominent detec’uonsomy 0”5 away from its companion in the image plane.
of the high-ionization CIV and He Il lines in emission. | p Bradley et al(2012 interpreted their close separation as

Emission features commonly used to probe higher energieg, signature of separate clumps within a single galaxy; however,
(i,e., NV and Nely are not covered within the wavelength jt s also possible that they are different galaxies currently in the
range of the spectru@300-23508). The presence of CIV and  process of merging. Despite the two star-forming components
He Il in emission along with the large optical line EWs in falling within the same slit, we leverage the high spatial
A1703-zd2 is qualitatively similar to trends observed in low- resolution of JWS/NIRSpec to extract separate spectra for
metallicity low-mass galaxies in the local Univeré®g.,  each system. Here we present the our observations of A1703-
P. Senchyna et a2017). However, the observed CIV EW of  7d5.1, while A1703-zd5.2 is described in Sectif Despite
31.6+ 7.0A is considerably larger than nearly all such local the apparent faintness of A1703-zd5.1, NIRSpec ©us
systemge.g., P. Senchyna et @019 Y. |. Izotov et al.2024), detections in H, [Olll] 5007, and H at a spectroscopic
and even exceeds the majority of objectsat6. This clearly  redshift ofz = 6.4260. We take this as the systemic redshift.
indicates this low-mass galaxy is associated with a hard A1703-zd5.1 notably has very low optical-ine EWs of
radiation eld. [Oll] 5007 (267A) and H (157A). The synthesized SED is
We resolve the CIV doublet prte (Figure 3) into two relatively at (in f) across the rest-UV and rest-optical,
unresolved emission lines at observed wavelengths ofsuggesting a relatively young stellar population. This source
1.1504 m and 1.1521 m. Relative to the systemic redshift, appears to be a spectroscopic example of the weak-line
these two doublet members are offset by 142kms* population identied photometrically in R. Endsley et al.
(Table4). We nd that the CIV 1548 ux is nearly twice that  (2024. It is challenging to explain these SEDs with simple
of CIV 1550, consistent with the intrinsic doublet ratio. This CSFH models, as young ages generally are accompanied by
indicates a low amount of scattering and relatively clearlarge EW rest-optical lines. R. Endsley et &R023
channels for CIV to propagate through the interstellar mediumdemonstrated that such systems can be readily explained as
(ISM). This is likely to contribute to the elevated CIV EW having recently experienced a sudden decrease in their star
measured in this system. The Hel640 line also exhibits a  formation activity. To address these complications in A1703-
very large EW(14.0+ 6.1A) that exceeds values measured for zd5.1, we employ a two-component star formation history
even the most extreme CIV emitters locdNy I. Izotov et al. (TcSFH; R. Endsley et a2024) with the additional exibility
2024 and at high redshifiM. W. Topping et al.2024a required to t the observed emission. These models parallel our
M. Castellano et ak024. These two prominent emission lines setup described in Secti@?2 except with an SFH composed
characterize the hardness of the ionizing spectrum fromof a delayed-tau modéSFR t - e Y ) combined with a
48-54 eV, and their rati@CIV/He Il = 3.1+ 1.0)is consistent  decoupled CSFH episode over the most recent 20 Myr.
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The TcSFH model provides a much bettér( ? = 1.6) EW (651+ 227A) is over 4x that of A1703-zd5.1, while the
when compared to the CSFH modef = 9.4). Furthermore, [Olll] 5007 EW(749+ 188A) is a factor of 2.7 larger. The
the best-t TcSFH SED model imf?liesalight—weighted age of observed SED is well t by models with CSFH stellar
70 Myr, and stellar mass of just 20M,. The relatively low population ages a3 15 Myr. Each of the Balmer line ratios
instantaneous sped star formation rat¢sSFR; 3.3Gyr 1) is consistent with the absence of attenuation from dust, with
underscores the recent downturn in star formation. The O3 lineH /H (2.8 $3) being the most constraining. We draw a
ratio (3.1 -9 is the lowest value in our sample, indicative of a similar conclusion from the relatively blue UV-continuum
very low oxygen abundandq@.04Z. ; see Sectiod.2 below). slope( = 2.4). The only strong rest-optical line ratio probed
This is perhaps not surprising given the very low luminosity of by NIRSpec is O3. We measure a low value %4 33,
this galaxy. We note that while low metallicity will contribute which suggests the strength §Dlll] is being weakened
to the weaKOlll], it should boost the strength of Hand other by the low gas-phase metallicity. The strong line calibration

Balmer lineqsee discussion in R. Endsley et2024). Hence, of R. L. Sanders et al(2023 suggests this value of O3
low metallicity on its own cannot explain the weak emission corresponds td2 log(Q H) 7.26 0.28Table3).
lines in this galaxyas evidenced by the poof for the CSFH The rest-UV spectrum reveals sigeant CIV emission

model3. The recent downturn in the SFH allowed in the (Figure3). We additionally achieve detections at5 in Olll]
TcSFH models is key for explaining the weakness of both H = 1666 andCllI] 1907 within the observed wavelength range
and[OlIl]. of 1300-2400R. CIV is the strongest of the rest-UV lines in
We note that models with ionizing photon escape can alsoA1703-zd5.2, comprising a total EW of 1at51.0A. While
explain the weakness of the emission lines in such SEDsnot as extreme as the CIV emission observed in some other
Following the approach taken in M. W. Topping et(2D22), z> 6 galaxieqe.g., A1703-zd6, RXCJ2248-ID, GHELXIV
we tthe SED using the density-boundegtfodels of A. Plat  EWs approaching 0 are rare locallye.g., Y. I. Izotov et al.
et al.(2019. In short, these models self-consistently compute 20165 2024 P. Senchyna et al.2017). Furthermore,
the impact of density-bounded HIl regions on the continuum we resolve the CIV emission into two narrow components
and lines for different escape fractidsse A. Plat et aR019 (1.1504 m and 1.1524m) that are redshifted by 80 kms*
and implementation in M. W. Topping et @022. The results  relative to systemi¢Table4). The relative uxes of the two
indicate that reasonable solutions can be achieved for moderateomponent$ 1548 1550= 2.0) and the small velocity offset
escape fractions, although the reducéd3.3) is not quite as  (from systemiglikely indicates the resonant CIV line may face
low as for the TcSFH models. minimal attenuation. This may suggest the observed emission
The rest-frame UV spectrum of A1703-zd5.1 is relatively is close to the intrinsic value produced in the HIl regions. We
featureless, with no detections in the commonly observed linesuse the OI} 1666 ([CllI] 1907 detections to infer the direct
(e.g., CIV, He II, Clll). We place tight upper limits on the gas-phase oxygen abundanasctron densiyin Section4.2
EWs of these features ranging from68 (Table 6). The (Section4.1) below. Here, we use the Ci¥e Il ratio (>5.6)
absence of rest-UV emission lines is consistent with the lowto demonstrate a sigréant decrease in the ionizing radiation
sSFR inferred from the best-TcSFH model described above,  eld at energies above 47 eV. Other rest-UV line ratios provide
which implies that the massive stars that power these lines hava similar picture, with the CIMCIII] (>3.2) and Oll/ He I
begun to disappear following the recent downturn in SFR. We (> 2.7) line ratios(Figure5) suggesting a stellar origin for the
do observe a tentative He 11640 emission lingS/N = 2.5 ionizing radiation. It is striking how different A1703-zd5.2 is
that appears slightly broadengWHM = 450 kms?) from its closg; 450 pQ neighbor A1703-zd5.1. While A1703-
relative to the instrumental line-spread functidsee zd5.2 is in the midst of a signiant episode of star formation
Figure3). If con rmed, this would potentially indicate a broad with intense nebular emission, A1703-zd5.1 appears to have
stellar He Il prole. This would be more challenging to explain very weak emission lines, potentially following a recent
in the TcSFH models, where recent star formation is downturn in star formation.
subdominant, but it could be explained by the leakage models,

as signi cant massive star populations would still be present. 3.6. A1703-23
Ultimately, deeper spectroscopy will be required to constrain ) ) _ )
the ux and shape of He Il in order to discern its origin. A1703-23 was rst identi ed as a brigh{H=23.8) i-band

dropout(W. Zheng et al2009 J. Richard et aR009, in which
subsequent follow-up reported Lyemission atz ; 5.8
3.5. A1703-zd5.2 (J. Richard et al2009. Further spectroscopy obtained by
A1703-zd5.2 is the brightdH = 25.3 neighbor to A1703- D. P. Stark et al(20153 targeted the CI]I 1.907, 1909 line
zd5.1, is situated only (B, and is magnied by a factor of  using Keck MOSFIRE based on the Lyredshift; however, no
p 33518 The rest-optical spectrum reveals sigaint strong emission was detected. The strongest rest-optical lines
detection in mu|t|p|e Balmer |ineé—| , H,H,H )’ in detected with JWS'INIRSpeC ar¢0|“] 5007, H ,andH ,at
addition to[OIll] 4959, 5007. These lines indicate a systemic Wavelengths of 3.548®n, 4.6518m, and 3.4456m, respec-
redshift of zspec= 6.4295, which is very similar to its close tively. Based on these strong lines, we measure a redshift of
neighbor, A1703-zd5.1. The full extent of the optical spectrum Zspec= 6.0862, slightly different from the single-line measure-
spans from 385@6808 in the rest frame, thus lacking ment_presented in J. Richard et 61009_. Unllk_e the other
constraints on the low-ionizatid®Il] and[SII] lines. All of galaxies in our sample, the Balmer-line ratigsy/ Hf
the emission lines detected in the rest optical are narrow, witt-4 9:3) imply a modest dust attenuation, which is consistent
an average FWHM310 kms?') that is consistent with the  Wwith the moderately red UV sloge = 1.5) and optical depth
instrumental resolution. inferred from the SEOn,  0.17 339. The EWs of[Olll]
Despite the close proximity between A1703-zd5.1 and (415+ 22A), H (46+ 4A), and H (193+ 61A) are lower
zd5.2, the rest-optical spectra differ sigrdntly. The H than typical galaxies a; 6 (R. Endsley et al2024. The
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synthesized SEDt implies a moderate age stellar population et al.2018. These observations did not yield detections of any

50 gf Myr) and a relatively large stellar ma(lkxg(M/ M) emission lines; however, the EW lim{gs6 20A at 5 ) were
9.54 0 0.1§. The implied SFR(25M yr ©) is broadly suf cient to distinguish A1703-zd4 from extreme UV-line
consistent with the star-forming main sequencez at 6 emitters such as A1703-zd6. The JWSIRSpec spectrum

(J. S. Speagle et a2014. This is in contrast to most of the provides the rst spectroscopic cormation at a redshift of
other galaxies we targeted in Abell 1703, which sit above thez,e.= 7.8727 based on tH©IIl] 5007 and H lines. For this
main sequence with much younger stellar populafiéns. spectroscopic redshift, the H-band magnit@de 25.4 and
The rest-frame UV spectrum reveals Cl#mission in modest magnication(x 2.0 33 correspond to an absolute
addition to a signicantly detected continuui@.5 per resolu- UV magnitude of My = 20.7 (i.e., ~L},; R. J. Bouwens
tion element As a result, we detect several features in et al.2021). At the stellar masog(M/M.) 850 0.27 o
absorptior(Figure8). Si Il 1526 is the most strongly detected and SFR(log(SFR/ M.yr 1)  1.0632) inferred from the
absorption line, and traces low-ionization along with neutral SEp t, we nd that A1703-zd4 is elevated above the star-
gas(e.g., A. E. Shapley et &003. The Sill 1526 absorption  forming main sequence by 0.4 dgk S. Speagle et &014.
(EwW= 2.0 + 0.6A) is moderately stronger than lines The best-t SED implies a nonzero impact from dust
measured from stacks of typical 3 7 galaxies(e.g.,  attenuationry 0.07 539, which is consistent with the UV
T. Jones et al2012); however, the strongest absorption lines sjope measured using NIRSpec= 2.0) and relative uxes
are observed in systems with the largest attenuation from dusgs the strongest observed Balmer lirey/ H3  0.39 392
and highest metallicityT. Jones et ak012 X. Du et al.202]). Table3). '
These features are qualitatively similar to the properties of \we "measure large[Olll] 5007 and H EWSs of
A1703-23, indicating that reasonable strong absorption linesy317+ 4328 and 148+ 46A, respectively, which are both
should be present in a subserof 6 galaxies. The Sill1526 consistent with the high SSFR of the SED. A1703-zd4 is one of
line center is blueshifted from the systemic redshift the two objects in our sample with §@lI] detection enabling
(Av = 130+ 29kms”), indicative of outowing gas. I the 032 ratio to be calculated. As the beisBED and Balmer-
contrast, the high-ionization HIS Sil\t393, 1402 gbsorpthn line ratios imply the presence of dust, we correc{@i#l] and
line is detectedtotal I%VV: 12+ _0.4&) at the systemic redshift  [0)|] uxes for attenuation using the J. A. Cardelli e{z889
(Av = 4+ 97kms ). The difference in velocity structure agtenuation curve and assuming an intrinsid H = 0.47.

indicates the LIS and HIS lines are kinematically distinct. \ye gerive a resulting 032 ratio 40 22 while we calculate a
Notably, this is different than what is observed in A1703-zd1, . . prior to thS dust correétiooh9,5f6 05 Star-forming

where the two phases are kinematically more similar. C o : :
. i e , . galaxies in this epoch commonly have O32 in excess of the
A1A7\%)3|[12::3A l\/(/(;gcf)%,afgstﬁirs t;%nsolp t%rY pll?otglfr?edsiltricetiitm AL703-zd4 valugO32; 10; M. Tang et al2023 R. L. San-
' P P ders et al2023 A. J. Cameron et a023h, with a clear trend

of stellar models as described in Secti® in Figure 9.
i o . betweer[Olll] EW and O32M. Tang et al2023. A1703-zd4
Interestingly, the absorption in A1703-23 is almost absentappears broadly consistent with this relation.

accompanying emission near the rest wavelengths of the In the rest-frame UV. we detect clear Lemissi
L9 . . - , gmission as well
doublet. Th|s is in strong contrast wuh the ﬂe:; typical of as [CIII] 1907 at $N > 3. The [CIll] 1907 EW is just
the spherical oubws driven by massive star winds and thus 3.6+ 0.7A which is easilv matched by EELGszt 2 with
the predictions of the SSP models we compare with. Thiscbm_ ar.ablye ontical line )r/o ertifes K/I Tang et al2019
morphology is closer to that observed in broad absorption-line P P Propertigsg., M. 9 A '
quasar spectr@.g., J. T. Allen et aR011), though with fairly  hile no other rest-UV metal line is detec@Vs< 3 6A4),
' ’ we compute limits on the CACIII] (<0.3) and CII/He I

modest 2000 kms? velocity for such systems. While >48 lne ratios. Both of th  etraint t
limited by S N, a pure absorption prée would be suggestive 48 line ratios. Both of these constraints support a
population of massive stars as the source of ionizing radiation

of interstellar gas entrained in some manner of @mutrather ! : ; .
; . : . in A1703-zd4(Figure5). We also detect a weak Lyline with
than stellar wind absorption; but this would stand in contrast toan EW of 3.4+ 098 We calculate a velocity offset of

the near-systemic absorption in Si IV. It is also possible that the + 240kms L for Ly relative to the systemic redshift set by

peculiar prole is a result of a relatively weak stellar wind Y . ; ;
pro le combined with particularly strong interstellar absorption the optical I]nes. The LYEW in A1703-zd4 is rellatlv_ely small,
in CIV near-systemic. Higher‘8l and potentially higher- and the typical EWSs of galaxies at lower redshift with the same
resolution data would help separate these contributions anc?ﬁt'fal Ilfne E,H?o%uggfs\t/va S|gnar:t t?]ttenuatlon fOf I;y
enable clearer constraints to be placed on the putative stell otons from -z04. We compute the Lgscape fraction
component directly ollowing the same method outlined in Secti, and recover

' a value of justfY® 0.03 0.01 indeed suggesting the

observed line is a small portion of the intrinsic emission.
3.7. A1703-zd4

A1703-zd4 is az-band dropout idented by L. D. Bradley L
et al. (2012 to have a photometric redshift gfr 8.4 3. 4. Sample Properties in Abell 1703
Multiple spectroscopic campaigns have observed A1703-zd4 In the previous Section, we presented the spectroscopic
using Keck MOSFIRE targeting the Ly, CIV, He II, Oll], properties of ourz 6 sample in the Abell 1703 eld,
and CII| emission linegD. P. Stark et al2015a R. Mainali describing each source individually. Here we describe the
electron densitie€Section4.1), gas-phase oxygen abundances
4 Given the weak lines, we alsa the synthesized photometry with SED (Section 4.2, and carbon and nitrogen abundances

models assuming a TcSHBee Sectio.4), which yielded a consistent stellar ; ; ; ot ;
mass[Ol] + H_EW, and minimum 2 to that of the bestt CSFH model. (SectionsA.3 and4.4). Finally, we discuss existing constraints

This suggests that additionagxibility in the SFH is not required to describe ~ ON ?‘!Uminum enhancements, with the goql of identifying an
A1703-23, and a CSFH is an appropriate assumption given current constraintsadditional anomalous abundance pattern in globular clusters

13



The Astrophysical Journal, 980:225(31pp, 2025 February 20 Topping et al.

(Sectiond.5). In all subsections below, our broad goal is using 106
the new data to improve our understanding of the properties of
galaxies with hard ionizing sources and nitrogen-enhanced
ionized gas.

=== fx1vjus3/ fxrviiase

— fictmor/ formieoy

4.1. High Electron Densities in lonized Gas 10° -

Recent work has revealed ionized gas with extremely high .
electron densitie@, ; 10° cm 3) in a subset of reionization i
era galaxies, several orders of magnitude larger than typical %
densities at lower redshift¢A. J. Bunker et al.2023 .
P. Senchyna et aR024 M. W. Topping et al.20243. This = 10%
was rst inferred for GNz11 based on the Nidoublet ratio

(A. J. Bunker et al2023 R. Maiolino et al20243 P. Senchyna K> RXCJ2248 — ID

et al.2024 and was then demonstrated in RXCJ2248-ID based K A1703 — zd6

on three density-sensitive doublets in the (4 W. Topping O A1703 — 2d2

et al. 20243. In GNz11, it has been suggested the densities 1031 D A1T03 — 2d5.2

may be related to the broad-line region of an AN Maiol- ‘

ino et al.20243, but in RXCJ2248-ID, the high ionized gas 0'0 0'5 1'0 1'5
densities appear likely related to dense conditions during a : ’ Line Ratio. '

strong burst of star formatigiM. W. Topping et al20243.
A1703-zd6 has a similar spectrum as RXCJ2248-ID, with Figure 10.Electron densities inferred from the Cléind NIV] doublet ratios.

icci _Anti Theoretical CIl} and NIV] line ratios calculated for different densities and
strong CIV emission and extremely powerful rest-optical assuming I = 20000K are displayed as the solid and dashed lines,

emission “nei[OI“]"'H EW = 4116'&)' SqueSting a V(_-:‘I’y respectively. Measured line ratios and inferred densities for the high-redshift
young stellar populatiorfl.6 Myr). We detect two density-  galaxies are shown as colored markers. Densities inferred from tde ClIl
sensitive doublets in the NIRSpec observations presented imloublet are placed along the solid line, while densities inferred fron &t/
Section 3.1 We infer densities using the GETTEMDEN plqtted on the_ dashe_d line. A1703-zd2 and A1703-zd5.2 are onIy_detected
procedure from the PYNEB software packe(g’e Luridiana Zzlg\?\l}(\ae Cll] line, while A1703-zd6 and RXCJ2248-ID are detected in]ClII

et al.2015. The NIV] doublet ratio(f148%/ £ 1485 0.47 §3

suggests the ionized gas is very de(k®3° q 10'/ cm®),

cor_nparalg)(l)g tolgtogat seen 1n RXCJ2248-1D. The]AiBublet 5 19071909 ux ratio (1.10 %2} indicating moderately large
ratio (f1 f o 0.49 o3¢ reveals a similar picture  yongitieq2 x 10 cm ). Taking these results together with the
(9.4t 4.2x 1 cm )- _Gl\_/en th_e_hlgher lonization Po.ter!“?" spectra of A1703-zd6 and RXCJ2248-ID, wed that the UV-

of NIV] (47.4 e\, its emission originates nearer to the ionizing based densities do increase with HEW (albeit in small

source when compared to the Clémission(24.4 e\). The sampley as would be expected if densities are elevated in the
electron density follows a similar trend and increases toward P P . 3
strongest bursts. The highest densiles10® cm ) appear

the inner regions of the H Il regions, leading higher-ionization %" . ) ; oA
probes to yield higher densiti¢s.g., R. C. J. Kennicutt984 limited to a subset of galaxies with HEWSs in excess of 304,

L. J. Kewley et al2019 D. A. Berg et al.202)). corresponding to extremely young stellar populat{orisMyr)
There are several potential physical explanations for theformed in a recent upturn of star formation.
elevated densities. We may expect high ionized gas densities Signatures of very high densities are not limited to the rest-
(; 10° cm 3) to arise in a short window after a strong burst of UV. In galaxies with ionized densities of°lém °, we expect
star formation, when gas surface densities arecgrftly high the[Oll] emission line to be collisionally de-excited, leading to
to create an over-pressurized environment for the HIl regionshigh O32 indice§184 and> 36 in RXCJ2248-ID and A1703-
(e.g., M. D. Lehnert et aR009. In this picture, we would only  zd6, respectively We also expect to see strong H&876
observe very dense gas in the subset of galaxies with the largegimission owing to enhanced collisional excitation of this
sSFRs(and hence the largest optical line EWSn the other  transition(see, e.g., H. Yanagisawa et2024). In RXCJ2248-
hand, the UV-based tracers of electron dens{@8], NIV]) ID, He | 5876 was found to be 21% as strong as Foughly
have long been known to probe denser gas than the more x |arger than is typically found in local star-forming galaxies
typically used doublets in the optid@Dll], [SI1]; B. L. James (k. N. Abazajian et a2009. The enhancement in the line ratio
etal.2014 2018 R. Mainali et al2023. Itis thus_ posab_le_that can be fully explained by the elevated gas densities
the UV lines may reveal glevateq Qen§|t|es S|m|lar. 0 M. w. Topping et al20243. We nd similarly enhanced He |
RXCJ2248-ID and A1703-zd6 in all reionization era galaxies, 5g76 amission in A1703-zd6, with a lineix that is 26% that

not just those undergomg_ strong bursts. . of H . The other galaxies in our sample are not detected in He |
We can attempt to distinguish between these two scenarios . A iy
5876, as expected given the lower ionized gas densities. The

using our Abell 1703 sample. In addition to A1703-zd6, we S

detect the density-sensitive Glidoublet in A1703-zd2 and upper _I|m|ts we are able to place on the_H5876{H ux
2d5.2, both with lower H EWs than A1703-zd6. The spectra atios in these systengs 0.10-0.13 are typically 2x lower

of the three galaxies reveal distinctly different doublex ~ than that found in A1703-zd6 and RXCJ2248{f)gure 11),

ratios and hence different densiti@gure 10). A1703-zd5.2 consistent with ux ratios found in nearby galaxies. These
has the lowest HEW (170A) and has a 1902909 uxratio ~ results suggest that deep rest-optical spectroscopy may be able
(>1.48, implying moderately low ionized gas densities to identify high-density sources via elevated He 3876
(<1500cm ®). A1703-zd2 has a larger HEW (209 A) and emission(see also H. Yanagisawa et 2024).
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0.35 galaxies in this epocfe.g., H. Katz et al2023 I. H. Laseter
Al703 = zdl et al.2024 For this electron temperature and fell] 5007
ALT03 — 22 and H uxes, we derive an oxygen abundance of
0.30 1 ALT03 = 2d5.2 12 log(Q H) 7.47 0.19This value represents oxygen
A1703 — zd6 . L. X .
RXC.J9245 — 1D only in the doubly ionized state, which we expect to dominate
o the abundance in this system given the very large O32 ratio

A1703 — 23 X .. I . "
SDSS (> 36). While collisional de-excitations from the high densities

% may contribute to the weafOll], the ionization conditions

(010

L Relole;

implied by the additional optical line ratiqe.g., O3 and

strong rest-UV lines suggest that a majority of the oxygen has
I been excited beyond the singly ionized state. We derive a

<
)
S

HeI\5877/Hj3

consistent metallicity when considering the O3 réid J-3),
which yields an abundancet? log(Q H) 7.60 0.30
using the R. L. Sanders et §024) calibrations. Calibrations
using the 032 and Ne302 ratios indicate much lower
metallicities; however, these line ratios are likely severely
impacted by the density of the systefsee Sectiord.l).
_9 1 0 1 B Overall, these resul_ts suggest the gas in A;703—zd6 is metal-

A MS [dex] poor (6%Z.), consistent with lower-redshift resul{g.g.,

P. Senchyna et al2017 2022 A. Wofford et al. 2023

Figure 11.Relative Hel 5877 H  ux as a function of distance from the star- D. Schaerer et aR022 and as would be expected if there is a
forming main sequence. Galaxieszat 6 are displayed as colored symbols, low-metallicity stellar population contributing to the hard

while the locus traced by Sloan Digital Sky Survey galaxies is shown as the ot _
gray histogram. Typical galaxies in the local Universe have an averagd Hel radiation eld. However, what stands out most about A1703

line ux of 0.12, regardless of their location in the SFR versupMne. While ?d6 in our sample is nOt. its metalli%it)’a but rather its very young
the objects in our sample within 1 dex of the main sequence are consistent witinferred stellar population ag&.6 33 Myr) and correspond-

this line ratio, A1703-zd6 and RXCJ2248-ID are sigaintly He | enhanced, — jngly |arge H EW (424+ 112A). Both are at the extremes of

resulting from the high densities preferentially boosting He | relative to H .

from collisional effects. what has been seen by JWST in the 6 8 galaxy
population. Presumably, the coupling of the extremely young
stellar population and low gas phase metallicity are mutually

4.2. Gas-phase Oxygen Abundances required for strong CIV emissiote.g., P. Senchyna et al.

One of the primary explanations of nebular CIV emission at 2019. L )
z 6 is hard radiation from a population of very metal-poor ~ We have also detected strong CIV emisgferil0A) in two
massive stars. In this case, we would expect the CIV emitting@dditional galaxies in the Abell 1703eld (A1703-zd2 and
galaxies to be linked to metal-poor gas, as is often found inA1703-2d5.2. As expected, the new CIV emitters are among
nearby galaxie¢P. Senchyna et aR017, 2022 A. Wofford the most met%l—spoor in the Osample. The O3 ratios of these two
et al.2021 D. Schaerer et a2022. Photoionization modeling ~ Systems (5.2 §3 and 4.4 g3) are well below average
in D. P. Stark et al(20153 suggested that reproducing the (03=7-10)atz; 6 8(e.g., M. Tang et ak023 R. L. Sand-
strong CIV emission in A1703-zd6 may require metallicities €rs et al.2023 A. J. Cameron et al2023). Using the
approaching 2% of the solar val( log(Q H)  7.05, callbra_\tl_o_ns described above, these likely point to low
but these inferences were based on very limited informationmetallicities: 12 log(Q’'H)  7.35 0.30 (A1703-zd2
available from ground-based observations. With the NIRSpecand 7.26+ 0.28 (A1703-zd5.2 We additionally detect the
observations presented in this paper, we can now derive a dired!ll] UV-based auroral line in A1703-zd5.2, suggesting a
gas-phase metallicity for A1703-zd6, while also investigating direct method metallicity(12 log(Q'H) 7.20 0.2
implications for the metal content in the other lensed systems irconsistent with the O3-based value described above. This
our sample. direct metallicity only reects the doubly ionized oxygen

We quantify gas-phase oxygen abundances for each object igbundance, as the emission lines sensitive to the singly ionized
our sample using the available emission-line constraints. Thedbundance are not covered by our spectrum. The inferred
11 [OIll] 4363 detection in A1703-zd6 provides the bestilO  stellar populations ages of A1703-z(Z Myr) and A1703-
constraint in our sample, while A1703-zd5.2 and A1703-23 arezd5.2(23 Myr) are the next two youngest in our sample after
detected in the aurorfDIll] 1666 line. For these systems, we A1703-zd6.
derive direct metallicities following the methods described in ~ We note that galaxies in Abell 1703 with metal-poor gas but
M. W. Topping et al(20243 see also Y. |. Izotov et a200§. without young stellar populations do not show strong CIV
For the remaining galaxies in our sample, we infer the oxygenémission. A1703-zd5.1 provides the best example of such a
abundance using the O3 and 032 strong-line calibrationssource, with ionized gas that appears metal poor
derived from high-redshift galaxié®. L. Sanders et a2024). @2 log(Q'H) 7.19 0.4Bbut has comparatively weak
Results are listed in Tabl8. Gas-phase oxygen oxygen CIV emission(<4.3 A). As pointed out in Sectio.5, this
abundances are generally found to be low, ranging fromsource appears best by a recent downturn in star formation
12 log(Q H) 7.20to 7.98. (or ionizing photon leakaggeresulting in a spectrum without

We start with our primary target, the strong CIV emitting strong CIV emission in spite of the low metallicity. In contrast,
galaxy A1703-zd6. Adopting the density found in Secdoh A1703-zd4 has a relatively young stellar population age
we recover an electron temperature of(Or") = (23 Myrn) but gas-phase metallicity at the upper end of our
23000 £ 3200K, which is consistent with low-metallicity sample 12 log(Q' H) 7.98 0.3). Here we see no o0

.:
—_
(@]
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Curti+2023 z = 6 — 10 8 2> 6 CIV emitters () 2= 6— 10 stacks emitters and the local reference sample. Future work is required
— Curti+2020 2~ 0 2 =0 CIV emitters to investigate whether these differences lead to distinctly
50 different spectra atxed metallicity.
8.5 1 4.3. GO Abundances

The abundance of carbofrelative to oxygeh encodes

= insights into the past SFHR. B. C. Henry et al.200Q

. C. Esteban et al2014 D. A. Berg et al.2016 2019 and

5 integrated yields of earlier generations of starg., D. R. Gar-

= nett et al.1995 J. Yin et al.201% D. A. Berg et al.2019.

O Early JWST spectra have constrained carbon-to-ox¢@eD)
ratios in a small number of early galaxies with deep UV
constraints on emission from carbon and oxygen lines
(K. Z. Arellano-Cordova et ak022a T. Jones et alR023 F.
D’Eugenio et al.2024 M. W. Topping et al.20243. The
detections(and upper limits of the UV carbon and oxygen

4 6 Q 10 lines in our sample allow us to build on these studies. Here, we
log(M, /M) focus on galaxies in the Abell 1703Id with detections in

Figure 12. Inferred oxygen abundance as a function of stellar mass for CIV CIV, Clll], and Oll] (A1703-2d6 and A1703-zd§,2which

emitters az > 6 (diamondyfrom the A1703 eld in addition to RXCJ2248-ID will prowde the most robust constraints _OflCQ? .

(M. W. Topping et al.20243, compared to local CIV emittergquares; Brie y, we infer the CO abundance ratio byrst computing

Y. I. Izotov et al.2016a 2016h 20183 2018h P. Senchyna et a2017, 2022 C*™" /O™ from the observed Cllland Olll emission lines

A. Wof_ford etal.202% D _Schaerer et a022). Objects are c_olor—codeq based using PYNEB(V_ Luridiana et a|_2013_ In calculating this

on their CIV EWs as indicated by the color bar on the right. We display the 5pndance ratio, we assume an electron temperature and

massmetallicity relation derived locallfblack line; M. Curti et al2020. The L
dotted black line represents an extrapolation of the local MZR from M. Curti density inferred from OIl]l 1666 [Olll] 5007 and the CI]I

et al. (2020 below the mass range probed by their sample. The green line anddoublet, respectivelysee Table3). The CII doublet in
white pentagons are the bestMZR and composite measurementszof 6 A1703-zd5.2 is in the low-density regime, providing only an
s o .t L a3, 1 ol splems scatr sbout e Upper lmit o the electron density. For this object, we assume a
wi i , Vi W ; i . X . ”
MZR: respectively. All of thezg> 6 CIV emitteré ﬁave below-average density of .10000”‘ » Which is consistent with typical densities
metallicities for their stellar mass. observed in this epocte.g., H. Katz et al2023 |. H. Laseter
etal.2024 R. L. Sanders et a024). We note that the inferred
abundance ratios vary minimally if a different assumption on
Jflensity is imposed. These emission lines viegfC /O )
abundance ratios of 1.20 + 0.12 and 1.13 + 0.15 for
A1703-zd6 and A1703-zd5.2, respectively.

Both systems show strong CIV emissic®.4+ 1.4 A in

12 + log(O/H)

strong CIV emission(<4.9 A). Collectively, these results
emphasize that the presence of strong CIV emission is limite
to sources that show both young stellar populat{ors Myr)

and low-metallicity ga§ 0.1 Z,), consistent with trends seen

at lower redshift(e.g., P. Senchyna et aPOl7 2022 ;705 45"nd 105 1.0 A in A1703-2d5.2, implying a

A. Woford et al.2021, D. Schaerer et a023. We wil signi cant amount of the carbon budget exists in the tripl
come back to discuss the demographics of the CIV population; 9 9 Py

through investigating the full public spectroscopic database inlonized state. The CIV emission is subject to resonant
SectignS gating P P P scattering, and the observed lineixes may underestimate

To place thez 6 CIV-emitting galaxies in context. we the true values. As discussed in Sectipithe line proles of
considper their position with respgecq[ to the aIIic}ty both galaxies give indications of modest scattering. Here we
relationship(MZR: M. Curti et al. 2023, as derived from consider two bounding cases. On one hand, we compute ionic

: A ratios assuming the observed CIV EWs are the intrinsic values.
JWST spectroscopy @, 6 10 galaxiegFigure12). We also For the other limiting case, we assume that 50% of the QKW

include several additional strong 6 CIV emitters has been scattered out of the line of si e

X . ght, providing a
(M. W. Topping et al.20243 as well the local star-forming  ;onservative bound on the fraction of carbon in the triply
galaxies with CIV detection§y'. |. Izotov et al.20163 2016h ionized state. We obtain® C*™* ionization fractions using

20183 2018h P. Senchyna et a017, 2022 A. Wofford et al. PYNEB by computing the € and C* emissivities at the
2021 D. Schaerer et a023). Itis clear in Figurel2that the  gensities and temperatures ded above. Using the observed
galaxies with strong CIV emissionat 6 typically fall below ¢y emission as intrinsic, we obtain lower-bound values of
the MZR, implying that they are both younger and more metal c3*/c** of 0.08 + 0.07 (A1703-zd§ and 0.06+ 0.08
poor than the parent sample of early galaxies. The low-redshif{a1703-zd5.2 and upper-bound values of 0.38 0.12
galaxies tend to have much weaker CIV E{vd 3 A; see  (A1703-zd§ and 0.36¢ 0.14 (A1703-zd5.2. These give the
Y. I. Izotov et al.2024 and lower stellar massés 10° M.) likely range of ionization fractions. To select a value within this
than existing detections at 6. The mismatch in the mass of range to use for our calculations, we consider an approach used
the CIV emitters at low and high redshift arises because the lowin G. C. Jones et a{2024. Given that the redder component of
metallicities required to power hard radiaticelds( 0.1 Z,) the CIV doublet is less susceptible to attenuatiam that both
are possible in moderately massive galaxies in the reionizatiorpro les appear to show only modest signs of scattgring
era(; 10° M.). In the local Universe, these low metallicities can adopt its ux as intrinsic and compute the total Cl\ix

are only found in much lower-mass galaxies. As a result, thereusing the theoretical doublet ratio1548 1550=2). This

is potentially a signicant difference between tlze 6 CIV suggests &/C™ values of 0.27+ 0.08 (A1703-zd§ and
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0.13+ 0.11(A1703-zd5.2, between the two boundary cases @ Local HII Regions @ Senchyna+23(zas) @ GHZ2
quoted above. We will use these values in our calculations ~ © NGCo28tus & Senchyna+23(tor) KM Navarro — Carrera + 24

belOW Cameron + 23 8 RX(CJ2248 — ID o Isobe + 23
" O Halo Stars 3 — zd6
Using the ionic abundances computed above, we derive a 1.0 i
total abundance ratio ofog(C/ O) 0.74 00.18 and o%
log(C/ 0) 0.79 00.17for A1703-zd6 and A1703-zd5.2, A

respectively. Both suggest ionized gas that is not substantially 0.51
enriched in carbon relative to oxygen, well belowt x ) the

solar value(log(C/ 0), 0.23 M. Asplund et al.2009. 0.0
Similarly low T O ratios are commonly inferred for metal-poor '
galaxies locallD. A. Berg et al2016 D. A. Berg et al2018

00

log(N/O)

D. A. Berg et al.202Q S. Ravindranath et aR02Q see, —0.51
R. J. Dufour et al1988 and atz; 2 (D. K. Erb et al.201Q
L. Christensen et aR012 D. P. Stark et al2014 D. A. Berg Lo

et al. 2019. Similarly, many systems in the reionization era
have signicantly subsolar O (e.g., T. Jones et aR023

K. Z. Arellano-Cordova et aR022a M. Stiavelli et al.2023 15
W. Hu et al.2024), consistent with our results in this paper.
The low QO observed in these systems is consistent with : : : ,
enrichment from supernovae, without sigrdnt pollution from 7.0 7.5 8.0 8.5

asymptotic giant branch starg.g., J. Yin et al.201] 12 +log(O/H)

D. A. B_erg ?t aI.20_19. The. absence of such evolved S.te”ar Figure 13. N/ O as a function of OH for stars and HII regions in the local
populations is consistent with the young ages and massive stafgiverse and galaxies at high redshift. Local Hil regions trace out a tight locus
implied by the rest-UV and optical spectra described in that asymptotes atog(N/0) ~ 14 at low metallicites. We display
Section3. We note that €O ratios approaching the solar value measurements from a sample of N-enriched high-redshift galaxies including
are also expected at extremely low metalicities, possibly [ e R e ared by Incividualatars i the
re ecting yields from .POpUIatlon. lll stage.g., C. J. Akerman glgbular cluster NGC 6752, indicatingpthat both types zf objects may undergo
et al. 2004 L. Carigi & M. Peimbert2011). We nd no common formation processes.

evidence of these in the JWST spectra analyzed above.

4.4. NO Abundances R. L. Sanders et aR024. We stress that adopting different

) densities does not have a large systematic effect on our
In M. W. Topping et al.(20243, we demonstrated that the gy ndance estimates.

strong CIV emitting galaxy RXCJ2248-ID has an anomalously e nd that the NIV, NIll], and Ollf line uxes in A1703-
large N O ratio, similar to that reported by A. J. Bunker et al. ,qg imply a supersolar nitrogen abundance, with a relative
2023in GNz11(see also Y. Isobe et @023 R. Marques-Chaves  gpundance oflog(N/ 0) 0.6 003. Figure 13 demon-
et al. 2024 R. Navarro-Carrera et alR024. We detect  girates that this is moderately higher than the solar value
similar nitrogen line emissionNIV] and [NIIl]) in the (log(N/ 0),, 0.89; M. Asplund et al.2009 and nearly
CIV emitting galaxy A1703-zd6 presented in this paper. 10'x higher than typical values seen in Hil regions at the
We have showed that this galaxy has metal-poor gasmetallicity of A1703-zd6. For A1703-zd5.2 and A1703-23, we
(12 log(Q'H) 747 0.1p and a subsolar KO raiio  follow the methodology described above using theupper
(log(C/ 0) 0.74. Here we rst constrain the ND ratio in limits on NIV] and NI and nd constraints of
A1703-zd6, before commenting brieon the relative nitrogen log(N/ 0) 0.9andlog(N/ 0) 0.8 respectively. While
abundances in the other systems in our sample. As we also detegfe cannot rule out the possibility that these two systems have a
CIVin two additional galaxies, our measurements allow Us t0 minor nitrogen enhancement relative to the local HIl regions,
further explore the potential link between galaxies with hard thejr N O constraints are consistent with the local locus.
radiation elds and signicant nitrogen enhancements. _ These measurements offer new insight into the nature of the
Our methodology is similar to that discussed in oetqn IN nitrogen-emitting galaxies that have been found in the
M. W. Topping et al(2024a and largely parallels our derivation rejonization era with JWST. Our Cycle 1 program has now
of C/O described aboyeWe will expand on our abundance ¢on rmed nitrogen-enhanced gas in both of our primary targets
calculations in Plat et a(l2.02_5, in preparationWe mferlN Oin (A1703-zd6 and RXCJ2248-)Deach originally selected only
A1703-zd6 and place limits on/R for systems with Ol on strong CIV emission in ground-based UV spectroscopy.
detections and nitrogen line nondetectio®1703-2d5.2,  This potentially hints at a connection between the processes
A1703-23 using the=_-—— line ratio(see, e.g., A. J. Came-  |eading to the formation of hard ionizing sources and those

ron et al.2023h P. Senchyna et a024. Brie vy, in deriving leading to the overabundance of nitrogen. We have shown that
the N O abundances, we assume the electron temperaturéoth galaxies are likely in the midst of strong bursts of star
inferred using the highest-8 auroral emission ling[Olll] formation with spectra dominated by the light from very young

4363 or Qll] 1666. For A1703-zd6 and A1703-zd5.2, wg stellar populations( 2 Myr). This results in rest-optical
the electron density to the value inferred from the]Nihd Cll|] emission lines that are among the most promigaoper 1%

doublets, respectively. Lacking a density-sensitive measuremertf [Olll]+H EW) seen in existing samples of reionization era
in A1703-23, we assume a value of 1000 érim our abundance  galaxies(e.g., J. Matthee et a2023 R. Endsley et al2024).
calculations, motivated by typical densities in similar sources atBoth galaxies also appear to host compact star clusters with
these redshiftée.g., H. Katz et aR023 I. H. Laseter et ak024 very dense star formation conditions, the latter revealed by very
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A1703-zd5.2 and A1703-zd2 are dominated by relatively
young stellar population@3 15 and17 18 Myr, respectively,

£ A1703 — zd2

0.5 -
g iizggfzjg'g they are not as young as A1703-zd6.6 §3 Myr) or
o RXCJQ;ZS_ID RXCJ2248-ID (1.8 §; Myr). Similarly, the ionized gas
0.4 densities appear elevateg 1 2 x 10* cm 3) but are
5-10 x lower than the densities in A1703-zd6 and

RXCJ2248-ID. It is plausible that these new systems

correspond to a slightly later evolutionary state, or that they

simply experienced less intense bursts where densities were not
elevated sufciently to initiate the conditions required for
seeding the ISM with the nitrogen enhancement. Larger

¢ /I\ l samples will be required to comm this picture in greater

<
w

<
)

detail. We will come back to this in Sectidpinvestigating the
nitrogen line emission in a large public spectroscopic sample.

(NIV] + NIII)/(CIV + CIII))

e
[

4.5. Signatures of Additional Abundance Anomalies

0.0 : : The z 6 nitrogen line emitters may provide ourst
104 10° opportunity to directly study the nature of the polluters
log(n,/cm?) responsible for the anomalous abundances in globular clusters
’ (see, e.g., N. Bastian & C. Lar@®18 for a recent revie If
function of electron densiy. We dispiay all objects fiom our sample for which 1,1\ O 8 N C ratios are truly related fo those found in
unci . i it
the density can be const?lained frc?m {he ]Clﬂjitio. The two gala)r:ies with globular clusters, We. should als_o see e\{ldence of the addmo_nal
nitrogen line detectionénd thus higher RC line ratiog have the highest ~ abundance anomalies associated with hydrogen burning.
densities, while the galaxies with more typical C#lectron densities have ~ R. Marques-Chaves et §2024) have suggested that aluminum
(NIVI+ NI/ (CIV+Clll) ratios that are< 0.2. enhancement§rom the MgAl cyclé are likely to be the most
readily detectable in early galaxies. The most accessible probes
of aluminum in these galaxies are the AIllB70 and
high electron densitie; 10° cm °) associated with the Al 1854, 1862 lines. These features are most commonly
density-sensitive emission line doublets in the UV. These highobserved in absorption in high-redshift star-forming galaxies
densities might correspond to a short pefiod 3 Myr) after (e.g., C. C. Steidel et a2016, but are occasionally seen in
strong bursts where HIl regions remain coed by very high  emission toward some AGNR. Alexandroff et al2013. If
gas densities that led to the strong burst. At later evolutionaryaluminum is overabundant in the ISM of the nitrogen line
stages, a variety of feedback processes will disperse the birtiemitters, we may expect to see the Al Ill lines in emission.
cloud gas, and the HIl regions will acquire more typically In RXCJ2248-ID, we presented an upper limit on the
observed densitigs 10° 3 cm 3). strength of the Allll 1854, 1862 doublet, with each
In this picture, the observed link between nitrogen enrich- individual component likely having an EW below A0 Here
ment and hard ionizing sourcébe latter responsible for CIV  we extend this analysis to A1703-zd6. We search for Al llI
or He Il emissioj may have its origin in the extremely dense emission near the expected observed wavelengths of the
conditions that arise in a brief windaw 1-3 Myr) following doublet. The spectrum of A1703-zd6 displays an emission
strong bursts in the reionization era. The high stellar densitiefeature at the expected wavelengths of the AliB62 emission
(> 3.6x 10",/ pc® in RXCJ2248-ID; M. W. Topping et al.  line. We closely inspect the spectrum surrounding this feature
20244 that arise in the clusters formed during these bursts willand nd that one exposure suffers from a large residual
enhance dynamical interactiofi®., runaway collisions, binary  resulting from the subtraction from a snowball evésge
mass transf@ithat may lead to the formation of very massive Section 2). To remedy this, we repeat our data reduction
stars and hot stripped stars, boosting the population of hardrocedures while removing the affected exposures. The
ionizing sources relative to less dense environments. Suchesulting spectrum still exhibits an emission feature
dynamical processes may also help explain how the ISM(EW = 2.7 A) at the expected wavelength of the AlllB54
is polluted with its overabundance of nitrogen relative to line. As the $N is low (2.6), we consider this feature to be

oxygen (e.g., M. Gieles et al2018 F. Martins et al.202Q tentative. We do not detect any emission at the location of the

C. Charbonnel et ak023. Allll 1862 line, consistent with expectations given the
Our observations also unveiled two new CIV emitting predicted ux ratio( 1854 1862 1.5) of the doublet.

galaxies(A1703-zd5.2, A1703-zg2with CIV EWs similar to To quantify the Al abundance irigd by this tentative feature

A1703-zd6. According to the picture described above, we mayin A1703-zd6, we consider the AlllL854 Olll] 1666 line ratio,
expect to show both nitrogen lines, but our observations reveafor which we measurfy/ fou; = 0.36. For the metallicity and

no NI or NIV] emission in either galaxy. In Figufel, we ionization parameter that we infer for A1703-zd6, the observed
plot the upper limit on the ux ratio of nitrogen(NIV] and fami/ fomy indicates an aluminum enhancement that 160 x

NIIl) and carbon linegClll] and CIV) for A1703-zd5.2 the solar valuglog(Al/ O0). 2.24 M. Asplund et al2009.
(<0.17) and A1703-zd2<0.19. The ux limits con rm that A more detailed treatment of the abundance ratios will be
these two CIV emitters are sigoantly weaker nitrogen line  presented by Plat et 42025, in preparatignHowever, we note
emitters than RXCJ2248-ID and A1703-zd6, where this ratio that this level of aluminum enhancement is consistent with the
was found to be 1:2.0 x greater. Clearly, the nitrogen line abundance pattern seen in a subset of individual globular cluster
emission is not present in all strong CIV emitters. While both stars(e.g., E. Carretta et &018 M. Carlos et al2023. Deeper
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spectroscopy of A1703-zd6 willtimately be required to verify
this tentative feature.

5. Demographics o > 4 UV Line Emitters

The discovery of enhanced/® and NC ratios in early
galaxies has been one of the more surprising eartings of
JWST (A. J. Bunker et al2023 Y. Isobe et al2023 R. Marg-
ues-Chaves et @024 M. W. Topping et al2024a M. Castell-
ano et al.2024), potentially providing a signpost of globular
clusters in formatiofC. Charbonnel et a023 J. S. Vink2023
P. Senchyna et a024. In this paper, we have presented more
evidence suggesting that the nitrogen emitters also tend to have
population of hard ionizing sates and very dense ionized gas
(see Sectiod.3 and M. W. Topping et ak0243.

In this Section, we attempt to place the strong nitrogen and

Topping et al.

GOODS-N eld (for GTO-118), and the UNCOVER DR2
catalog from J. R. Weaver et §2024.

We follow the procedure outlined in M. Tang et@023 to
identify spectroscopic redshifts based on the(fér z  6.7)
in addition to[Olll] + H (forz 9.4) emission lines. For the
small number of systems at yet higher redshift, we utilized the
strongest emission lin@ypically [Nelll], [Oll], or CIII) if
present; otherwise, we adopted the redshift implied by the Ly
continuum break. Break redshifts typically have larger
uncertaintiey ,  0.1) than those measured from emission
lines(e.g., G. C. Jones et @024 K. N. Hainline et al2024);

wever, this does not sigrantly impact our results. In total,
these efforts yield a parent sample of 737 galaxies with
spectroscopic redshifts spanning= 3.90 to 13.36(median
5.29. This sample does not include the CIV emitter targeted in

carbon line emitters in a broader context, establishing howRXCJ2248-ID(M. W. Topping et al.20243 or any of the

common these systems are at very high redshift and comparin
their basic properties to that of the full galaxy population. To
achieve this goal in a self-consistent manner, we assemble
large spectroscopic sample of 4 galaxies with NIRSpec

@bell 1703 sources presented in this paper. We will comment

on how the detections in these samples compare to the overall
gopulation trends.
Following the methods outlined in M. Tang et(@023 2029

observations and characterize the incidence of strong UV linedhd Z. Chen et a(2024, we t the HSTACS+ JWST NIRCam
emission. While the nitrogen emitters observed as part of thisPhotometry of each of the 737 galaxies usiEAGLE following

program(i.e., A1703-zd6 and RXCJ2248-J0vere observed
due to their strong CIV emission, this large spectroscopic

the model setup described in SectPwith the redshifts xed to
the spectroscopic value. We utilize the béssEDs to dene the

sample was not constructed with the same prerequisite. Th@bsolute UV magnitudegMyy) as well as to infer stellar
data reduction and construction of the NIRSpec spectroscopi@opulation properties including stellar mass, SFR, and age from

catalog are briey described in Sectiob.1. We then discuss the
statistics and properties of the CIV-emitters in Sedi@and
that of the nitrogen emitters in Sectibrs.

5.1. Public JIWSNIRSpec Spectra at > 4

We assemble the NIRSpec MOS observations from the
Cosmic Evolution Early Release Scien@@EERS!® ERS-
1345, PI: S. Finkelstein; S. Finkelstein et al. 2025,
preparation; also see S. L. Finkelstein et28123a 20230,
the Director's Discretionary Tim@®DT) observation§DDT-
2750, PI: P. Arrabal Haro; P. Arrabal Haro et2412352023h
in the CEERS eld, the JWST Advanced Deep Extragalactic
Survey(JADES?® GTO-1180, GTO-1181, and GTO-1210, PI:
Eisenstein; D. J. Eisenstein et 20233, the JADES Origins
Field (GO-3215, Pl:Eisenstein; D. J. Eisenstein e28R3h
M. Rieke et al.20233, and the Ultradeep NIRSpec and
NIRCam ObserVations before the Epoch of Reionization
(UNCOVER!" GO-2561, PIs: |. Labbé & R. Bezanson;
R. Bezanson et ak024 and GO-4287(Pl: Mason. A full

in

description of the sample selection and analysis methodd©!ll] + H

their best-t SEDs. In addition, we measu@IIl] 5007 and H
EWs for each galaxy in the sample. In systems where the rest-
optical continuum is detected at 3 , the optical-line EWs are
measured directly from the spreen. For these objects, we
compare the measured EWs to the values inferred from thetbest-
SED and achieve an excellent agreement. In the absence of a
signi cant rest-optical continuumetéction in the spectrum, we
adopt thgOlll] 5007 and H EWSs derived from the best-SED.
Figure 16 presents the M, and combinedOIIl] + H
EWs for the 737 galaxies comprising the spectroscopic sample.
The absolute UV magnitudes of the spectroscopic sample range
from Myy = 22.6 to 16.1, with a median value o0f19.6.
This Myy distribution is consistent with the UV-bright end of
the UV luminosity distribution of photometrically selected
objects(e.g., R. Endsley et a024), the latter also including
fainter systemé@own to My, = 16.0 and having a luminous
median M)y ( 18.0. Both the photometric and spectroscopic
samples span the similar ranges [6flll] + H EW of
150-60008 and 4583003, respectively, and the median
of the spectroscopic sampl@10) is well

applied to these public spectroscopic samples will be providednatched to that of the photometric samplesad Myy .

in Tang et al.(2025, in preparation however, we provide a
brief description in this Section. We obtainahl 2D and 1D
spectra following the reduction procedure described in
Section2.1. We also collect the H3ACS+ JWST NIRCam
photometry available from R. Endsley et &023 in the
CEERS eld, the JADES DR2 photometric catalog in the
GOODS-S eld (corresponding to sources observed in
programs GTO-1180 and 1210, and GO-3215; M. J. Rieke
et al. 2023a 2023, photometry from the DAWN JWST
Archive (G. Brammer2023 F. Valentino et al2023 in the

15 https!/ ceers.github.ib
16 httpst/ jades-survey.githubfo
e httpsi/ jwst-uncover.github.io

19

We select galaxies from the spectroscopic sample displaying
CIV or NIV] emission lines using a combination of visual
inspection and AN criteria. First, we measure emission-line

uxes by shifting the PRISM and grating spectrum into the rest
frame, and tting Gaussian prdes at the vacuum wavelength
of each line. The centroids of the ptes were allowed to vary
by one resolution element in the PRISM spedtrd 0000
kms 1), and 1000 kms' in the grating spectra to allow for
small variations in the wavelength solution in addition to
ensure capturing of resonance lines that do not necessarily trace
the systemic redshife.g., CI\). Uncertainties are set by width
of the ux distribution derived by repeatedIiyting pro les to
1000 instances of the spectrum perturbed by its error. Each
> 5 CIV and NIV] emission line was visually inspected to
remove artifacts and poots to the data, and we ve&d that


https://ceers.github.io/
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each emission line yielded consistenkes when covered by

Topping et al.

this source in more detail below. One additional source

multiple observing modes. The resulting robust sample (JADES-5897%was listed in the narrow-line AGN sample of

comprises 11 galaxies detected in either Q10 galaxies;
Section5.2) or NIV] (three galaxies; Sectioh.3) spanning
from z= 5.449 up to 10.621, which are presented in T&ble

J. Scholtz et al2023. We nd that this spectrum has UV lines
that are plausibly consistent with a stellar orig@lll]/
Hell = 1.4, [Ne IV] EW < 30A), but this does not

The spectroscopic redshifts for each of these systems arsigni cantly impact our demographic investigation belgee
measured from rest-optical emission lines, rather than thealso, M. Curti et al2024).

continuum break. Among the nine galaxies detected in CIV, the

measured equivalent widths range from A.Qp to 47.6A
with a median of 25.4A, comparable to what is observed in
A1703-zd2 and A1703-zd6. When present, the Ndxhission
lines have EWs that span a smaller ra(§d-8.38), which

5.2. The Demographics of CIV Emitterszat 4

We have presented new evidence in this paper that links
nitrogen line emitters to those with strong CIV emisdieee
also M. W. Topping et aR024a M. Castellano et ak024. In

may contribute to their smaller sample size. Finally, we yig subsection, we attempt to quantify the fractiorz of 4

additionally select two(four) galaxies with tentative NIV
(CIV) detections, which satisfy only one of ourNsand visual
inspection criteria(Table 5). The spectra of several of our

galaxies with strong CIV emission, establishing how com-
monly hard ionizing sources are present in early galaxies. This
builds on earlier efforts to establish the CIV emitting fraction in

robust sources have been preViOUSly presented in the ”teratUrQhe ga|axy popu|ation with ground-based Spectroscopy

as indicated in Tabl&. Additionally, we identify two new
galaxies(JADES-202208 and 2100p3vith either a CIV or
NIV] detection(Figure 15).

In addition, we present a deep, high-resolugign; 2700
NIRSpec spectrum of CEERS-101%., EGSY8p7; A. Zitrin
et al.2015 G. W. Roberts-Borsani et &016 in the rest-frame
UV that reveals CIV emissionfWhitler et al. 2025, in
preparation Previous spectroscopy using tRe 1000 grating
from CEERS was not sufiently deep to detect the CIV feature
(e.g., R. L. Larson et a2023 M. Tang et al.2023.'® We
measure a total EW for the CIV emission in EGSY8p7 of
4.6 32 . The CIV pro le of EGSY8p7 is asymmetric with no

(R. Mainali et al.2018.

We have identied 11 galaxies with robust CIV detections
among the 737 systems in omr> 4 spectroscopic sample.
Table5 presents the properties @fah of these systems. Seven of
these CIV detections have beereypously reported, including
CEERS-1019EGSY8p7; R. L. Larson et #2023 Y. Isobe et al.
2023 M. Tang et al.2023 R. Marques-Chaves et &024),
JADES-3991GNz11; A. J. Bunker et a023 R. Maiolino et al.
20243, CEERS-397(Y. Harikane et al.2024, JADES-954
(R. Maiolino et al.2024b, JADES-1899M. Tang et al.2024
J. Witstok et al.2025, JADES-13176(A. J. Cameron et al.
20233, JADES-58975(J. Scholtz et al2023 M. Curti et al.

sign of the blue doublet component. This is reminiscent of the2024, and UNCOVER-10646 and UNCOVER-222€3. Fuji-
line pro le of RXCJ2248-ID and easily explained by resonant moto et al.2024. The CIV emission in JADES-210003 and

scattering effectsee M. W. Topping et a0243. It is well- t
by a skewed Gaussian pte redshifted from the systemic
wavelength. The properties of thé are also similar to the
RXCJ2248-ID line; we measure an FWHM of 310 km after
correcting for the instrumental resolutipn 100 kms %), and
a velocity offset from CIV1550 of the emission peak of
+ 190 kms ™. Finally, the emission extends to yet higher
velocities, with the bestt pro le extending above the error
spectrum up to velocities 6f800 km's ™.

In the following subsections, our primary goal is quantifying
the incidence of CIV and NIV independent of the powering
mechanism of the lines. We do brieconsider whether any of

JADES-202208 has not been previously reported, and we present
their spectra in Figuréb.

The detection rate of CIV emitting galaxiésl among 737
systemg is extremely low, as would be expected if the hard
ionizing sources required to power strong CIV are only present in
a small subset of the parent population. Of course, not all 737
galaxies have sutiently deep spectra to place a meaningful limit
on the CIV EW. To achieve a n®robust CIV emitter fraction,
we identify spectra with the depth to detect CIV with an
EW > 10A atthe > 5 level. Of the 737z 4 galaxies with
spectra described in Sectiéil, we identify 99 systems with
suf cient CIV sensitivity. With this more reed sample, we still

our sources clearly stand out as having lines powered by AGN nd that a very small fractia8%) of z> 4 galaxies show robust
photoionization. Here we use the UV diagnostics discussed inCIV emission with an EW in excess of A0

Section3.1(e.g., A. Feltre et ak016 M. Mingozzi et al.2022
J. Scholtz et al2023. Our measurements reveal CHNe Il
ratios( 1) and CII|/ He Il ratios(  2) that are consistent

with stellar photoionization, as we also found for RXCJ2248-

To understand the low success rate in detecting CIV
emission, we compare thegvl and[OIll] + H EWSs of the
CIV emitters to the full spectroscopic sample, as well as to a
larger NIRCam-based photometric sample of6 9 galaxies

ID and A1703-zd6. We will discuss these in more detail in Plat from R. Endsley et al(2024 in Figure 16. The eight CIV

et al. (2025, in preparatign Of course, very-high-redshift

emitters span a fairly broad range of UV luminosi{ids,, of

AGNs may have different spectra than those predicted in these 21.6 to  17.7), with a median absolute UV magnitude of
models, and some level of mixing between AGN and stellar Muv = 19.6. In contrast, thdOlll]+H EWSs of the CIV

photoionization is also plausible. We therefore do not rule out
the contribution from AGN photoionization in these sources.

We note that one sour¢@ADES-9524 has been commed as a
broad-line AGN in R. Maiolino et a{2024. We will discuss

18 CEERS observations targeting EGSY8p7 using the NIRSpec PRISM

suffered from an electrical short resulting in sigaint excess emission
throughout the detector. However, R. Marques-Chaves 04 noted the

emitters are far from typical. Nearly all of the CIV emitters
have very larggOlll] + H EWSs (median 3008), indicatin
they are on the tail of the full distribution of galaxfés.
According to thez ; 6 9 [Olll]l+H EW distribution in
R. Endsley et al(2024), the mediarffOlll]+H EW exhibited

1% One of the CIV emitter§UNCOVER-22223 lacks an[Olll] + H EW

presence of a feature at the expected wavelength of CIV in the contaminatedneasurement as the lines are redshifted out of the NIRSpec wavelength

spectrum

20

coverage.
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Table 5 g
Additional CIV and NI\ Emitters az 4 Identi ed from Public NIRSpec Data Sets 2
@,
Program Object ID RA DEC Zspec Myy [Ol]+ H EW CIV EW NIV] EW NRS Mode Ref. S
(AB Mag) A) *) A) s
Galaxies selected on N])\émission %
CEERS1345,4287 1019 215.0353910  +52.8906620 8.678 22.4 %1 2599 §22 46 92 10.1 5% R1000,R2700 [11,[21.[31.14]
JADES11817) 3991 189.1060540 +62.2420490 10.621 21591 - 54 %3 5117 PRISM,R1000 [51,[6] §
JADES3215 202208 53.1640684 -27.7997202 5.449 20.6 91 3268 132 51 3¢ 5.6 39 PRISM,R1000 L N
a1
Galaxies selected on CIV emission without a robust]Ni&tection }:o
i)
CEER$1349 397 214.8361970 +52.8826930 6.000 21.4 31 2396 7.7 32 L PRISM,R1000 [51.[7] ©
JADES118]) 954 189.1519660 +62.2596350 6.761 19.9 §1 679 23338 L PRISM,R1000 [51,[8] §
JADES1181) 1899 189.1977400 +62.2569640 8.279 19.5 $1 5039 ;22 44,7 221 *27.5 218 PRISM,R1000 [5] [91,[101,[11 ‘_n"
JADES1210 13176 53.1217573 -27.7976379 5.941 19.6 31 4127 488 39.5 32 L PRISM,R1000 [51.[12] o
JADES1210 58975 53.1124340 -27.7746090 9.436 20.2 9% 957 124 921 L PRISM,R1000 [51013[14 §
JADES3219 210003 53.1318414 -27.7737748 5.780 18.8 1 3037 3% 26.3 38 L PRISM,R1000 [5] i
UNCOVER(2561) 10646 3.6369600 -30.4063620 8.511 21.6 91 3733 33t 11.5 12 L PRISM [5],[15] o
UNCOVER2561) 22223 3.5681150 -30.3830520 9.570 17.7 31 L 22.8 {2 L PRISM [5],[15]
Tentative NIJ-Emitters
JADES1181) 3990 189.0169950 +62.2415820 9.374 20.7 31 L - *12.4 190 PRISM,R1000 [51,[16]
UNCOVER2561) 34265 3.6071810 -30.3648170 6.354 18.7 §1 1115 22 L *10.0 32 PRISM [5]
Tentative CIV-Emitters
JADES1210 5173 53.1568262 -27.7671606 7.980 18.9 §2 1021 383 *27.1 49 L PRISM,R1000 [5]
JADES1210 9903 53.1690468 -27.7788335 6.631 18.6 01 2564 337 *19.5 22 L PRISM,R1000 [5]
UNCOVER2561) 10155 3.5822060 -30.4071140 5.660 16.4 31 2671 1232 *73.7 233 L PRISM [5]
UNCOVER2561) 23604 3.6052470 -30.3805840 7.882 18.3 91 668 333 *36.8 L8 L PRISM [5],[17]

Note. We list the JWST program where the NIRSpec observation is taken, their IDs, coordinates, spectroscopic redshifts, absolute UV(Mgghif@#d$+ H equivalent widths, the CIV and N]\équivalent

widths, the mode of the NIRSpec observatifres, prism olR 1000 medium gratifgand literature references when available. HeréVithefor UNCOVER sources in the Abell 2744 cluster have been corrected for
gravitational lensing with the L. J. Furtak et@023 lensing map. FoiOlll]+ H EWSs, we adopt the values derived directly from the prism spectra when the rest-optical continuum is detected, and values inferred from
NIRCam SED tting in other cases. Emission-line EWs marked witti drare designated as tentative.

@ Broad-line AGNSs reported in Y. Harikane et é2023 and R. Maiolino et al(2024h.

References[1] R. L. Larson et al(2023; [2] Y. Isobe et al(2023; [3] M. Tang et al2023 [4] R. Marques-Chaves et §2024); [5] K. E. Heintz et al(2025; [6] A. J. Bunker et al(2023; [7] Y. Harikane et al.

(2023; [8] R. Maiolino et al2024h [9] J. Witstok et al2025 [10] M. Tang et al2024 [11] R. Navarro-Carrera et §2024); [12] A. J. Cameron et a{2024); [13] J. Scholtz et aR023 [14] M. Curti et al.2024 [15]

S. Fujimoto et al2024 [16] D. Schaerer et ak024 [17] Z. Chen et al2024

‘e 1@ Buiddo



The Astrophysical Journal, 980:225(31pp, 2025 February 20 Topping et al.
10

associated with strong CIV emission. If we consider only those
objects in the parent spectroscopic sample yithl] + H
EWs larger than 2000 (and spectra sutiently deep to detect
CIV with EW > 10A), we nd that 409%5 of 12 show strong
CIV emission (> 10 A). This suggests that hard ionizing
sources capable of powering CIV are likely fairly common in
galaxies in a brieffew megayeajswvindow following a strong
burst of star formation. By selecting galaxies with very high
[OllI]+H EWSs (via photometric ux excesses or spectrosc-
opy), it should be possible to build a larger sample of systems
with high-ionization lines in the rest-UV.
We compare the CIV EWSs of tlze 4 galaxies to local star-
forming systems(e.g., D. A. Berg et al.201§ 2019
Y. I. Izotov et al.2016a 2016h 20183 2018h 2024 P. Sen-
. chyna et al.2017, 2019 with similar H EW in Figurel17.
1500 ‘ These two quantities provide insight into how the hard
: radiation eld varies with the stellar population age. We see
2 that local metal-poor galaxies often power relatively weak CIV
N 7 emission(1-10 A) at H EW = 100-300A. In contrast, the
- = early galaxies with CIV detections extend to much higher CIV
| e l AL s :mj EWs( 2050 A) than are seen locally at similar HEWSs.
U (A L Ll ST R While several newly discovered local systems are beginning to
e - ' = - ! approach the intense CIV EWSs found in the reionization era
1450 1475 1500 1525 1550 1575 1600 (e.g., Y. I. Izotov et al2029), it appears that these very large
Arest [A] CIV EWs are not the norm in strong bursts of star formation at
Figure 15. Spectra for galaxies with previously unreported CIV or NIV low redshift. This may indicate that the stellar populations in
detections presented in the rest frame. The top, center, and bottom panelseionization era galaxies host harder ionizing sources, or it
shows the spectra for JADES-202208, JADES-210003, and CEERS-1019.could hint at some contribution from AGN photoionization.

respectively, as indicated by their labels on the r{gbe also Tabl&). The ; : e
spectra of JADES-202208 and JADES-210003 were obtained using theAItemathEly’ a Iarger fraction of the resonant CIV_emission

R 1000 G140M grating, and CEERS-1019 was obtained using th&€700 may be escaping from very-high-redshift galaXsee P. Sen-
G140H grating. The spectrum of JADES-210003 between IS8R is chyna et al.2022, with observed EWs approaching the
covered by the NIRSpec detector gap. The wavelength range of the CEERSmaximum CIV EW achievable by stellar photoionization
1019 spectrum is narrowed to better show the emission lines at high resolutionmqodels (Plat et al. 2025, in preparatiprDeeper spectra of

and none of the redder rest-UV ling<., He 1l 1640, Oll] 1660, 1666, : ; ; ;
NIlI] 1750 are detected at 3 . Vacuum wavelengths of emission lines in the CIV emitters should reveal which of these is most Ilkely to

the rest-UV are indicated by vertical blue lines that are labeled at the top ofP€ driving the stronger high-ionization line emission seen
each panel. Emission lines that are detected have thheads shaded blue. A5 atz 4.

detection of NIV 1486 in CEERS-1019 was previously reported by
R. L. Larson et al(2023 and Y. Isobe et al2023, now detected at 17in
theR 2700 spectrum. This spectrum also presents ithiedetection of CIV

in CEERS-1019 using the NIRSpec grating.

N1t

E =
= e}

C1v

JADES(3215) — 202208

JADES(3215) — 210003

N1v

Niv]
Crv
Cryj

5.3. The Demographics of NIEmitters az 4

We now quantify the prevalence of the NI®mitters in the
, spectroscopic sample. As described in Sedidnwe recover
by the CIV emitters corresponds to the upper 2% of the inree systems with sigréant NIV] detections (Table 5)
population. There is one CIV emitter in our sam@ADES  jncluding GN-z11(A. J. Bunker et al.2023 and CEERS-
1181-954 that shows relatively smallOlll] + H EW  1019(R. L. Larson et al2023 Y. Isobe et al2023 R. Mar-
(679 A)z dlstlngmshlng it from the rest of the_sample._ This ques-Chaves et 8024, as well as one new sour(dSA ID:
source is a broad-line AGN with a very red optical continuum JADES-202208 We display the spectrum of JADES-202208
(R. Maiolino et al.2024h). It is likely that the AGN is (7= 5449 in Figure15. The NIV] emission is detected at S
contributing signicantly to the continuumux density inthe N = 5,0, along with CIV(S/ N=5.1), He Il (' N = 4.4), and a
rest-optical, decreasing th@Ill] + H EW from what would  strong detection of the OJllauroral line(S'N = 4.9). The
have been observed from the host galaxy. NIV] EW (5.1 3§ A) and CIV EW(5.6 28 A) are comparable,

The large optical-line EWs are consistent with expectationswh”e the[Olll]+H EW (3268) is among the largest in the
for extremely young stellar populations, formed in a recent parent catalog.

strong burst of star formation. Indeed, the BEAGLE SEDs that™ .o recovery of only three NIMines in a redshift catalog of

describe these systems show a median constant star formatiofy7 galaxies highlights the challenges in blindly increasing the
age of just 5 Myr. These results are consistent with adings nitrogen line sample with nontargeted spectroscopy. One
for A1703-zd6 and RXCJ2248-ID, whej@lll]+H EWs are  reason for the low detection rate is that the nitrogen lines are
large (4120 and 31004, respectively and stellar population typically weak(EW; 5 10A), requiring extremely deep rest-
ages are youn@..6 97and1.8 §; Myr, respectively. Based on  (Jv spectroscopy for meaningful limits in fainter sources. To
these results, we suggest that the rarity of strong CIV emissiomyuantify the fraction of nitrogen line emitters in the> 4

is likely due to thgOlll]+ H EW (or agg threshold required  galaxy sample, we only consider spectra where ar] ¢

to power the high-ionization lines. Only a small fraction of the with an EW larger than/ can be constrained a¢ 5 . This
galaxy population is found with the extremely young stellar limiting EW is stricter than the one imposed for CIV in
population ages that are linked to the laf@gdll]+H EWSs Section5.2 re ecting the typically weaker N[Mine. Of the

22
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