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Abstract

The exceptional spectra of the most luminous z > 10 sources observed so far have challenged our understanding of
early galaxy evolution, requiring a new observational benchmark for meaningful interpretation. As such, we
construct spectroscopic templates representative of high-redshift, star-forming populations, using 482 confirmed
sources at z = 5.0—12.9 with JWST/NIRSpec prism observations, and report on their average properties. We find
7=>5—11 galaxies are dominated by blue UV continuum slopes (3 = —2.3 to —2.7) and reduced Balmer indices,
characteristic of dust-poor and young systems, with a shift towards bluer slopes and younger ages with redshift.
The evolution is mirrored by ubiquitous CIII] detections across all redshifts (rest-frame equivalent widths of
5—14 A), which increase in strength towards early times. Rest-frame optical lines reveal elevated ratios
(032 =7-31, R23=5-8, and Ne302=1-2) and subsolar metallicities (log(O/H)=7.3—7.9), typical of
ionization conditions and metallicities rarely observed in z ~ 0 populations. Within our sample, we identify 57 Ly«
emitters, which we stack and compare to a matched sample of nonemitters. The former are characterized by more
extreme ionizing conditions with enhanced CIi], CIv, and Hell+ [O1I] line emission, younger stellar
populations from Balmer jumps, and a more pristine interstellar medium seen through bluer UV slopes and
elevated rest-frame optical line ratios. The novel comparison illustrates important intrinsic differences between the
two populations, with implications for Lya visibility. The spectral templates derived here represent a new
observational benchmark with which to interpret high-redshift sources, lifting our constraints on their global
properties to unprecedented heights and extending out to the earliest of cosmic times.

Unified Astronomy Thesaurus concepts: Galaxy evolution (594); High-redshift galaxies (734); Reionization

(1383); Metallicity (1031); Stellar ages (1581); Early universe (435)

Materials only available in the online version of record: machine-readable tables

1. Introduction

Determining the properties of sources that emerged in the
early Universe and transformed it into a fully ionized one
represents one of the major milestones of modern extragalactic
astronomy, and a prerequisite toward charting the evolution of
galaxies from Cosmic Dawn to the present day. The most
fundamental of these are the ages, masses, and metallicities of
their stellar populations, the ionizing conditions and metal and
dust contents of their interstellar medium (ISM), and the
presence or otherwise of supermassive black holes. Stellar and
emission-line features at rest-frame optical wavelengths
(A =~ 38006700 A) underpin most of these properties and are
critical in determining if and how they evolve between sources
at the end of the Reionization Era (z < 5.3—5.8; A.-C. Eilers
et al. 2018; S. E. I. Bosman et al. 2022; Y. Zhu et al. 2023) and
those firmly within it (z 2 7.5; T. Treu et al. 2013; C. A. Mason
et al. 2019a). Direct probes of the rest-frame optical spectrum
in representative z>5 sources, therefore, represents a
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necessary step forward in deducing whether Reionization Era
sources reflect distinct populations compared to their lower-
redshift counterparts.

Until recently, inferences of such properties in z~5—13
sources—probing the aftermath, the conclusion, and the
unfolding of the reionization process—have relied primarily
on photometric studies of the rest-frame ultraviolet (UV) with
imaging from the Hubble Space Telescope (HST) and (when
available) the rest-frame optical from the Spitzer Space
Telescope (e.g., I. Labbé et al. 2013; R. Smit et al. 2014;
R. J. Bouwens et al. 2015; V. Strait et al. 2020; G. Roberts-
Borsani et al. 2022; L. Yang et al. 2022; L. Whitler et al.
2023b), revealing properties rarely seen in the local Universe.
Analyses of individual sources at z~ 6—9 have painted a
picture of generally compact (a few kiloparsecs or even
subkiloparsec), young (~1—50 Myr), and star-forming
(~1-100 M, yrfl) sources with subsolar (~0.2-0.8 Z.)
metallicities, low dust contents (Ay < 1 mag), and extreme rest-
frame optical line emission ([OTI] AN960, 5008 +HG
equivalent widths (EWs) in excess of >1000 A) Stacks of
Spitzer photometry (e.g., I. Labbé et al. 2013; M. Stefanon
et al. 2023), yielding higher signal-to-noise ratio (SNR)
measurements out to z~ 10, reaffirmed such a picture and
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provided an early benchmark for the interpretation of high-
redshift sources.

The advent of >2 pum filters from the James Webb Space
Telescope’s (JWST’s) Near Infrared Camera (NIRCam) has
extended the redshift frontier for galaxy formation studies, with
the enhanced sensitivity and narrower bandpasses revealing
bluer, compact, and star-forming sources with intense line
emission out to z~ 11—13 (e.g., M. W. Topping et al. 2022;
F. Cullen et al. 2023; R. Endsley et al. 2023; N. Laporte et al.
2023; N. Leethochawalit et al. 2023; Y. Ono et al. 2023;
P. Santini et al. 2023; M. W. Topping et al. 2024a; S. Withers
et al. 2023). However, such analyses have generally relied on
photometric redshifts, spectral energy distribution (SED)
modeling using synthetic templates, and scaling relations
calibrated to low-redshift samples.

Spectroscopy remains the ultimate tool for confirmation of
galaxy redshifts and the interpretation of their global properties.
While spectroscopic studies over statistical and magnitude-
limited z > 5 Lyman break galaxy (LBG) samples have already
been attempted with ground-based facilities (e.g., T. Treu et al.
2013; 1. Jung et al. 2018; L. Pentericci et al. 2018; C. A. Mason
et al. 2019a; R. Endsley et al. 2021a), these have typically
targeted the rest-frame UV Lya emission line, which is
resonantly scattered from the line of sight in a neutral medium
(with exceptions over smaller samples; e.g., N. Laporte et al.
2017b; D. P. Stark et al. 2017; R. Mainali et al. 2018; or gas
tracers in the far-infrared; e.g., R. J. Bouwens et al. 2022). For
the few luminous sources where spectroscopic redshifts could
be determined, some characterization of their rest-frame optical
properties (e.g., metallicities, specific star formation rates
(SFRs), and [O 1] + HG EW distributions) has been possible
with Spitzer/IRAC photometry (N. Laporte et al. 2017a;
T. Hashimoto et al. 2018; R. Endsley et al. 2021a, 2021b;
G. Roberts-Borsani et al. 2023b). Direct spectroscopic
characterization of the rest-frame optical has however, until
recently, remained beyond the reach of z>5 sources and
achievable only in ground-based surveys of lower-redshift
(z ~ 1—4) populations (e.g., the MOSDEF and VANDELS
surveys; M. Kriek et al. 2015; R. J. McLure et al. 2018). As
such, constraints over the full rest-frame UV to optical of high
redshifts sources remain sparse, and their average spectra and
properties unknown.

JWST’s Near Infrared Spectrograph (NIRSpec) has proven
remarkably efficient at confirming galaxy candidates out to
z~ 14 and affirm their underlying properties across cosmic
time (e.g., H. Williams et al. 2023; P. Arrabal Haro et al.
2023a; M. Curti et al. 2024; E. Curtis-Lake et al. 2023;
Y. Harikane et al. 2023; S. Mascia et al. 2023a; T. Morishita
et al. 2023; K. Nakajima et al. 2023; G. Roberts-Borsani et al.
2023a; R. L. Sanders et al. 2023; M. Tang et al. 2023;
S. Carniani et al. 2024; G. Roberts-Borsani et al. 2024). The
revelation of spectacular and perplexing spectra of GN-z11
(A. J. Bunker et al. 2023) and GHZ2 (M. Castellano et al.
2024), however, has placed our already limited understanding
of galaxy evolution at the earliest of times in doubt. Whether
these sources comprise atypical or somewhat representative
galaxies for their luminosities and epochs remains an open
question, one where comparisons to photoionization models or
low-redshift analogs have proved challenging. Indeed, compar-
isons to observations of high-redshift sources offer a more
direct framework with which to interpret such observations,
however the generally low SNR of individual spectra, relatively
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small samples sizes, and scatter in their inferred properties has
made such comparisons challenging. Determining the “typical”
spectrum of a high-redshift source (e.g., A. E. Shapley et al.
2003) with which to establish a representative benchmark and
template to place individual sources into context, therefore,
represents an ambitious challenge and one which would
significantly enhance our capabilities in the interpretation of
high-z observations.

The primary objectives of this paper are to (i) study the
average spectra of a large number of high-redshift galaxies in
order to understand their properties at a population level, while
(i1) simultaneously providing high-SNR composite templates of
observed galaxy spectra to the community. The paper is
organized as follows. In Section 2 we present the spectroscopic
and photometric data sets used in this study, and present our
sample selection and stacking methods in Section 3. In
Section 4 we present stacks of galaxy spectra as a function
of global properties, and report on their main spectral features
and line ratios. Section 5 presents the derivation of global
galaxy properties from those spectra and places them into
context with comparisons to known objects and literature
studies. Finally, we summarize our findings and present our
conclusions in Section 6. All stacked spectra presented in this
study are available on the GLASS-JWST website,® while
redshifts are listed in Tables 3—4 and line fluxes in Table 5 in
the Appendix.

2. Data Sets
2.1. NIRSpec Prism Spectroscopy

Given its large wavelength coverage, sensitivity to both line
and continuum emission, and the number of observed sources,
this analysis focuses on observations and objects where
NIRSpec prism spectra are available. Our data sets derive
primarily from publicly available programs or data releases (at
the time of writing) using the multishutter array (MSA), and
include observations over the Abell 2744, RXJ2129, and MACS
0647 lensing clusters through the GLASS-JWST Director’s
Discretionary Time (DDT) proposals (PID 2756; see T. Moris-
hita et al. 2023; G. Roberts-Borsani et al. 2023b), GO 3073
(M. Castellano et al. 2024), UNCOVER (PID 2561; see
R. Bezanson et al. 2022), DDT 2767 (see H. Williams et al.
2023), and GO 1433 (see T. Y.-Y. Hsiao 2024), respectively, as
well as the CANDELS-EGS, CANDELS-UDS, GOODS-North,
and GOODS-South blank fields through CEERS (PID 1345; see
M. B. Bagley et al. 2023; S. L. Finkelstein et al. 2023) and its
associated DDT (PID 2750; see P. Arrabal Haro et al. 2023b),
GO 2565, and the JADES survey (GTO 1181 and GTO 1211 for
GOODS-North, GTO 1180, GTO 1210, and GO 3215 for
GOODS-South; A. J. Bunker et al. 2024), respectively. In total,
the data sets amount to 13 programs over seven unique fields,
each affording low resolution (R ~ 30—300) spectroscopy with a
continuous wavelength coverage from ~0.6 to 5.3 um. A list of
the data sets along with their targeted fields is presented in
Table 1.

With the exception of the JADES GTO 1210 program, we
download, reduce, and extract all public NIRSpec/MSA
spectra following the procedure described in T. Morishita
et al. (2023). In short, the count-rate (_rate . fits) exposures
are downloaded from the MAST archive and reduced with the

8 https://glass.astro.ucla.edu/ers/
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Table 1
The JWST/NIRSpec Prism Data Sets Used in This Study and the Number of Confirmed z > 5 Sources Identified Here at the Time of Writing
Prog. Name PI Target Prog. ID tint N5
GLASS Chen Abell 2744 DDT 2756 0.6/1.8 12
GLASS Castellano Abell 2744 GO 3073 1.8/9.7 44
UNCOVER Labbé Abell 2744 GO 2561 4.4/6.6 105
CEERS Finkelstein CANDELS-EGS ERS 1345 0.9/3.4 113
CEERS Arrabal CANDELS-EGS DDT 2750 5.1/0.2 22
GO-Glazebrook Glazebrook CANDELS-UDS GO 2565 0.5/0.5 4
GO-Coe Coe MACS 0647 GO 1433 1.8/3.6 19
GO-Kelly Kelly RXJ2129 GO 2767 1.2/2.4 4
JADES Eisenstein GOODS-S GTO 1180 1.0/3.1 57
JADES Luetzgendorf GOODS-S GTO 1210 9.3/7.8 47
JADES Eisenstein GOODS-S GO 3215 27.7/6.2 38
JADES Eisenstein GOODS-N GTO 1181 0.9/0.9 20
JADES Luetzgendorf GOODS-N GTO 1211 0.7/0.7 5

Note. The integration times refer to the median (left) and maximum (right) integration times (in hours) for the parent sample of z > 5 sources used in this study.

msaexp code, which adopts the official STScl pipeline
modules in addition to custom routines (including flat-fielding,
snowball masking, 1/f removal, and others).” For a given
object, the code then extracts the 2D spectrum from each
exposure, rectifies and drizzles it to a common pixel grid, and
background subtracts it using its associated dithers before
combining these via an inverse-variance-weighted mean with
outlier rejection. Individual exposures affected by catastrophic
events (e.g., transient optical shorts or significant contamina-
tion) are discarded prior to combining. The final, rectified 2D
spectrum is then used together with an optimal extraction
procedure (K. Horne 1986) to extract a 1D spectrum with
associated uncertainties. In the case of the JADES GTO 1210
spectra, we use the data products provided by the collaboration.
All spectra are visually inspected for quality control and the 1D
extraction repeated or optimized if required.

2.2. Uniformly Processed HST and JWST Photometry

We also leverage deep JWST/NIRCam and/or HST/
Advance Camera for Surveys (ACS)+ WFC3 imaging for
spectrophotometric scaling and verification. The images are
downloaded from the Grizli v6 Image Release,'” a set of
publicly available NIRCam and HST images deriving from
public programs that were uniformly reduced over a consistent
astrometric reference frame with the STScl pipelines and the
Grizli code (G. Brammer 2023). The subset of NIRCam
images used here derive from the programs listed in Table 1
and the ERS 1324 program (GLASS-JWST; T. Treu et al.
2022), while the HST data derive from legacy surveys such as
the Frontier Fields (J. M. Lotz et al. 2017), RELICS (D. Coe
et al. 2019), and CANDELS (N. A. Grogin et al. 2011)
programs.

To derive photometric catalogs we use Grizli’s implemen-
tation of the Python wrapper for SExtractor, SEP (E. Bertin
& S. Armnouts 1996; K. Barbary 2016), in conjunction with an
infrared detection image derived from an inverse-variance-
weighted mean of the NIRCam F115W, F277W and F444W
images, where available. In some cases, the reduced NIRSpec
spectra lie outside of an NIRCam footprint, and in such cases we

° htps: //github.com/gbrammer/msaexp

19 hitps: / /github.com/gbrammer/grizli /blob /master/docs / grizli /image-
release-v6.rst

adopt the photometry from the HST images (using a stacked
WEFC3/F125W + F160W infrared image as reference). For the
Extended Groth Strip (EGS) field, we extend the covered area
with public CANDELS images (ACS/F606W + F814W and
WEFC3/F125W + F160W), since these extend slightly beyond
the Grizli images.'' Although Spitzer/IRAC data also exist
for a large fraction of the total area considered, we opt not to
use them given the comparatively shallower depth and poorer
spatial resolution, which could lead to significant confusion in
crowded fields. For galaxies residing in the JADES-Deep
survey, we utilize the publicly released catalogs from M. Rieke
& the JADES Collaboration (2023) and D. J. Eisenstein et al.
(2023). In all cases we derive and/or utilize aperture
photometry measured in fixed, 0”5 diameter circular apertures.
The choice of aperture size is motivated to encapsulate a
maximum of target flux while minimizing potential contamina-
tion—we find the vast majority of our galaxy sample (see
Section 3) are adequately encompassed without leaving room
for contamination from nearby compact sources or light from
extended objects in, e.g., lensing clusters.

3. Sample Selection and Methods
3.1. Redshift Measurements of z > 5 Sources

We verify the redshifts of all NIRSpec/prism galaxies
identified and extracted in Section 2.1 using the 1D spectrum
and the redshift-fitting module of msaexp, which evaluates a
x° goodness-of-fit as a function of redshift using a series of
EAzY (G. Brammer 2021) galaxy and line templates at the
nominal NIRSpec/prism resolution. We fit each galaxy using a
redshift range between z=0—15 and visually inspect the
resulting solutions. In total, our procedure yields 439 spectra at
z = 5 with secure redshifts, many of which have already been
reported in the literature (e.g., X. Wang et al. 2024; H. Willi-
ams et al. 2023; P. Arrabal Haro et al. 2023a; S. Fujimoto et al.
2023; Y. Harikane et al. 2024; S. Mascia et al. 2023a;
T. Morishita et al. 2023; K. Nakajima et al. 2023; G. Roberts-
Borsani et al. 2023b; M. Tang et al. 2023; L. Napolitano et al.
2024) while a large number (approximately 69%) represent
novel confirmations. We further supplement our sample of
galaxies with a further 48 sources confirmed at z>5 in the

1 https: / /archive.stsci.edu/hlsp/candels
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JADES-Deep survey and listed in A. J. Bunker et al. (2024),
increasing the total to 487 sources. For those sources where
multiple observations or multiple lensed images exist (e.g.,
G. Roberts-Borsani et al. 2023a; T. Y.-Y. Hsiao 2024), we
combine the (magnification-corrected, where applicable)
observations via an inverse-variance-weighted mean, thus
counting them as a single observations or source. In total, this
results in a final sample of 482 confirmed sources.

A requirement of our selection is to be able to scale sources
for an overall slit loss in the rest-frame UV (see Section 3.2
below). A number of objects in our sample suffer from a
significant gap in the relevant portion of their NIRSpec
spectrum, a lack of public photometry, or insufficient
continuum flux to be able to do so. Therefore, those sources
are discarded from our primary analysis and our fiducial sample
is reduced to 454 unique sources. The full list of spectroscopic
redshifts for our fiducial sample is tabulated in Table 3, along
with several key spectrophotometric properties. Finally, in
Table 4 we also report the redshifts for those sources where a
photometric scaling could not be performed, as well as for an
additional 34 objects for which the redshift is not securely
constrained—while the msaexp code favors a high-z solution,
these sources either lack strong spectral features or SNR to
unambiguously confirm their redshifts and are thus not
included in any subsequent analysis.

3.2. Bad Pixel Masking and Quality Control

We consider a number of additional checks for quality
control. First, all (1D and 2D) spectra are visually inspected by
two authors (G.R.B. and T.T.) and pixels corresponding to
clear contamination or artifacts are masked—examples of these
include detector gaps, bad background subtraction, and/or
contamination from nearby objects, among others. Further-
more, we take steps to ensure the spectra are not affected by
any lingering instrumental artifacts not completely accounted
for by the pipeline. The main ones considered here (where
relevant) are (i) the scaling of the spectrum to a rest-frame UV
flux in order to account for the overall slit loss, and (ii)
determining whether wavelength-dependent slit loss effects are
present or significant in the prism observations. One limitation
we do not account for is any potential difference between the
photometry and spectroscopy attributable to spatially varying
galaxy properties. For (i), we utilize the extracted HST or
NIRCam photometry described in Section 2.2 to account for
the overall slit loss by scaling the spectrum to the closest filter
(preferentially NIRCam but also HST if the former is lacking)
corresponding to a rest-frame wavelength of 1750 A, where the
photometry probes the rest-frame UV but is unaffected by Ly«
emission or the Lyman break. For (ii), we use the available
NIRCam photometry longward of the Lyman break to evaluate
whether a wavelength-dependent slit loss is a prevalent effect
in the prism observations. A detailed discussion of this residual
slit loss and the derivation of an average correction function is
presented in the Appendix, from which we find minor losses of
1%—-2% in <2 pm NIRCam bands and up to 10%—-20% losses
(on average) in redder bands. We derive a correction function
from these average slit losses and correct all our composite
spectra with this function prior to any analysis. As with our
composite spectra, we render the correction function publicly
available for community use.

Roberts-Borsani et al.

3.3. Magnification Factors of Lensed Galaxies

A significant fraction (~=37%) of our galaxy sample derives
from lensing cluster fields (see Table 1) and as such require
correction for lensing magnification. For objects behind the
A2744 cluster, we use the magnification maps from P. Berga-
mini et al. (2023), which make use of the recently confirmed
Zspee. = 9.75 triply imaged galaxy by G. Roberts-Borsani et al.
(2023a) and 149 multiple images for which a large number
include spectroscopic redshifts. For objects behind the
RXJ2129 cluster we adopt the magnification maps of
G. B. Caminha et al. (2019), while for objects behind the
MACS 0647 cluster we adopt the magnification maps of
A. K. Meena et al. (2023, private communication). The spectra
and photometry of all lensed sources in our sample of
confirmed galaxies are corrected for their adopted magnifica-
tion factors prior to any analysis, and the Myy values are
derived using the measured flux and standard deviation of the
resulting spectra in a wavelength window A= 1500—
2000 A. The distribution of our fiducial sample in the
z—Myy plane is shown in Figure 1.

3.4. Identification of Active Galactic Nuclei

One of the most surprising findings from early JWST results
has been the revelation of significant numbers of AGN in the
early Universe (e.g., A. D. Goulding et al. 2023; J. E. Greene
et al. 2024; Y. Harikane et al. 2023; D. D. Kocevski et al. 2023;
R. L. Larson et al. 2023; R. Maiolino et al. 2023). While
optimal identification methods and the nature of some objects
has yet to reach consensus, we err on the side of caution and
flag all AGN objects identified in the literature (i.e., objects
identified as AGN in A. D. Goulding et al. 2023; J. E. Greene
et al. 2024; Y. Harikane et al. 2023; D. D. Kocevski et al. 2023;
R. L. Larson et al. 2023; R. Maiolino et al. 2023). Furthermore,
for all objects in our sample not included in those analyses, we
evaluate via visual inspection whether a two-component (i.e.,
broad plus narrow) model is clearly required to reproduce the
Ha profile when the [O TII] AM4960, 5008 profile is well fit by a
single, narrow component (characteristic of Type 1 AGN). We
opt not to extend such an analysis to measurements of other
Balmer lines (e.g., HG, Hy, and H6) since they often lack
sufficient SNR in individual spectra for robust fits. This
amounts to 27 AGN candidates (identified here and in the
literature), which are flagged (also listed in the bottom half of
Table 3) and not utilized in the subsequent analyses. Of course,
such a procedure does not preclude some degree of AGN
(broad- or narrow-line) contamination remaining in our sample,
particularly at redshifts z >7 where Ha moves beyond the
NIRSpec coverage, however these are likely to be weak AGN
whose identifications are beyond the typical (per pixel) SNR
ratios of the individual spectra used here.

3.5. A Representative Sample of z > 5 Galaxies

With our fiducial sample of 427 confirmed star-forming
galaxies in hand, we assess the degree of our targets as a
representative sample of high-redshift sources by evaluating
whether they adequately populate well-known planes of global
galaxy properties. One of the most ubiquitous correlations in
galaxy evolution is the so-called “main sequence”
(K. G. Noeske et al. 2007; J. S. Speagle et al. 2014), i.e.,
that between galaxy SFRs and stellar masses (M), which is
expected to reflect the statistical accumulation of stellar mass
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Figure 1. The sample of spectroscopically confirmed sources at z > 5 compiled in this work (listed in Tables 3—4 in the Appendix), with continuum measurements
available for spectrophotometric scaling in the rest-frame UV. Sources identified in blank fields are shown in blue, while lensed sources (approximately 37% of the
parent sample) are plotted in purple. Sources considered to be AGN in this study are indicated with black squares.

from smooth gas accretion and minor mergers. While
individual sources may temporarily lie above or below the
main sequence through stochastic levels of star formation (e.g.,
from mergers), generally speaking a source’s position on the
SFR-M, diagram dictates whether it represents a “typical”
source at a given epoch.

To illustrate the regions of parameter space populated by our
sample, we derive global galaxy properties following the
procedure outlined by T. Morishita et al. (2024). In short, we
utilize a best-fit continuum model (see Section 3.7 below) at the
redshifts of the photometrically scaled and magnification-
corrected NIRSpec spectra to obtain stellar masses and SFRs,
the latter derived using the rest-frame UV luminosity (Lyv)
measured at ~1600 A from the best-fit SED. To account for dust
attenuation, each Lyv is corrected using the measured UV
continuum slope and the A;g00—0 relation from G. R. Meurer
et al. (1999)—in principle, such a relation is valid only down to
slopes of approximately —2.2, whereas a large number of our
sample display even bluer slopes. In such cases, we assume
negligible dust attenuation and do not correct the UV luminosity.
The attenuation-corrected luminosity is then converted to an
SFR using the R. C. J. Kennicutt (1998) relation, scaled to a
G. Chabrier (2003) initial mass function (IMF):

SFR [M; yr~'] = 8.8 x 1072 Lyy [ergs™'Hz"']. (1)

We plot the resulting values in four redshift intervals
5<z<, 7<z<9, 9<z< 11, and z>11) in Figure 2,
along with a best-fit straight line to the data in the lowest bin
where the numbers dominate. We find the sources in each of
the four redshift intervals populate expected regions of the
parameter space, following a clear trend of increasing SFR with
stellar mass. While the number of available data points declines
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Figure 2. The star-forming main sequence as defined by our sample of
confirmed sources, in four redshift bins. Stellar masses are derived from best-fit
gsf SED models of the stellar continuum, while SFRs are derived from
attenuation-corrected UV luminosities at ~1600 A. A best-fit straight line to
the 5 < z < 7 data is shown in each panel, along with the J. S. Speagle et al.
(2014) relation at z ~ 6 in the top left panel.

rapidly with redshift, the consistency of the data points in each
bin relative to the measured z ~ 5—7 main-sequence line (log
SFR [M. yr '1=0.66log M, [M.]-5.50) suggests little
evolution in the main sequence between the redshifts probed
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here. We also compare our data points to the J. S. Speagle et al.
(2014) z ~ 6 main-sequence relation, finding good consistency
between our points and the slope of their relation, with minor
differences in the normalization (the J. S. Speagle et al. 2014
relation resides approximately +0.35 dex above ours, possibly
due to potential differences in SFR calibrations, magnification
corrections, etc.), which we note are both small and effectively
constant with stellar mass, indicating that our points scatter
symmetrically (across SFR) around the shifted version of the
relation at fixed stellar mass, as expected for a representative
sample of star-forming galaxies. The consistency of our
inferred galaxy properties with the high-z main sequence, as
well as the large range of absolute magnitudes probed in
Figure 1, supports the labeling of this compilation as a
representative galaxy sample.

3.6. A Note Regarding Selection Effects

The goal of the present paper is to construct representative
composite spectra of high-redshift galaxies. Whether a
composite spectrum is considered representative of the general
galaxy population depends heavily on the variety of objects
used in a stack. It is thus important to note that at the time of
writing the selection functions for the NIRSpec programs used
are extremely heterogenous, often unpublished, and therefore
virtually impossible to characterize. This caveat means that one
cannot define precisely in what sense our stacks (e.g.,
especially those at z > 10) are representative of the general
population. They are certainly not flux-limited samples, nor
simple color-selected samples. However, a posteriori charac-
terization (Figures 1 and 2) shows that our individual sources
lie on the main sequence, and span more or less uniformly a
range in Myy between —21 and —17 mag. Furthermore, the
properties of individual sources are in excellent agreement with
independently derived properties from the literature. Therefore,
the stacks presented here should be considered broadly
representative of typical star-forming galaxies in the appro-
priate Myy and redshift ranges, although this caveat should be
kept in mind when using them.

Furthermore, we also acknowledge that not all prism spectra
have sufficient SNR and spectral resolution to separate, e.g.,
AGN and Ly« emitters (LAEs; see Sections 3.4 and 5.3) from
their star formation—-dominated and /or Lya-attenuated counter-
parts. Such separations are limited by the data and some
contamination may still be present in our stacks (although these
are unlikely to be strong AGN or LAEs). Our efforts represent
a first step with JWST /NIRSpec, and our stacks will continue
to improve in SNR, representation, and diversity of galaxy
spectral type as additional data sets become public and
selection methods are better understood.

3.7. Stacking Method and Spectral Modeling

We create composite galaxy spectra at high redshift through
a stacking of prism data based on a number of galaxy
properties. To construct a stack, each galaxy spectrum
(already photometrically scaled and magnification corrected)
is first de-redshifted then interpolated over a common
wavelength grid (with 10 A intervals) and added to the stack
after normalization to unity at its rest-frame UV flux (between
Arest = 1500—2000 A) Composite fluxes and associated
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uncertainties are derived from the nonzero median and the
semi-difference of the 16th and 84th percentiles of the
distribution in each wavelength bin (the latter divided by a
square root of N; term, where N; is the number of nonzero
fluxes in the stack at a given wavelength element, i),
respectively, after which the resulting spectrum and uncer-
tainties are shifted and scaled to the median redshift and rest-
frame UV magnitude of the stack. We do not apply any
weighting to the fluxes in a given stack, in order not to bias
toward apparently bright objects or those with longer
integration times. An example composite spectrum (1D and
2D) derived using the full sample of z>35 star-forming
galaxies (and left unscaled) is shown in Figure 3, for
illustration.

Each composite spectrum is then fit with the gsf SED-
fitting code (T. Morishita et al. 2019) to obtain a continuum
model.'> The code fits an assortment of galaxy templates
derived from the simple stellar population models of C. Conroy
et al. (2009), which are convolved to the resolution of the
observed prism spectrum. To ensure a representative set of
templates able to fit a large variety of spectral types, we
generate the templates using a G. Chabrier (2003) IMF, a
metallicity range of log Z/Z. =0.01—1, and stellar ages of
0.001-1.0 Gyr. For the fit itself, we adopt a nonparametric star
formation history and an SMC-like dust attenuation law
(K. D. Gordon et al. 2003; see also N. A. Reddy et al.
2015, 2020), leaving Ay as a free parameter with Ay, =0-—3.
Wavelengths corresponding to emission lines strong enough to
potentially influence the fit (i.e., [OII] AA\3727, 3730, [Ne III]
AA3969, 3870, H6 A4103, [O 1] M364, HG M4863, [O11]
AM960, 5008, Hel A5877, Ha 6565, and [ST] AA6718,
6733) are masked prior to the fit and are measured separately.
IGM absorption is modeled via the prescription in M. Dijkstra
(2014), however we mask wavelengths between Ly« and (rest-
frame) 1500 A given the presence of strong line emission and
damping wing effects identified by a number of recent studies
for sources in our sample (e.g., K. E. Heintz et al. 2024;
A. Saxena et al. 2024; M. Tang et al. 2023). The continuum
spectrum and all gsf-derived parameters are taken from the
50th percentile of the posterior distribution, with the 16th to
84th percentile ranges used for uncertainties.

Emission lines are fit using the emcee code (D. Foreman-Ma-
ckey et al. 2013) after subtraction of the best-fit gsf continuum
model, the latter of which also accounts for stellar absorption.
Given the large wavelength (and thus resolution) range over which
each of the aforementioned lines span, we perform the (stellar and
emission line) fits in separate wavelength groups and model each
of the lines within a group simultaneously, e.g., [O 1] A\3727,
3730+ Nelll AA3969, 3870+ H6 M103 +[Om] M364, HE
M863 + [0 ] AM960, 5008, and Ho A6565 4 [ST] AN671S,
6733. For each emission line in a set, we adopt a simple Gaussian
profile with a line width (0.001 <o <100 A) and derive a
posterior distribution for each of the free parameters (central
wavelength, amplitude, and line width). All fluxes are derived
using the best-fit parameters and their uncertainties, taken as the
50th percentile and semi-difference of the 16th—84th percentiles of
their posterior distributions, respectively. EW measurements are
derived using those fluxes as well as the underlying gsf
continuum model, unless stated otherwise.

12 https://github.com/mtakahiro/gsf
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Figure 3. The composite (unscaled) NIRSpec prism spectrum (2D above, 1D below) of all z > 5 star-forming galaxies from this study, in the rest frame. Several
notable features are seen, from a clear Ly« break at A >~ 1216 A highlighting the neutral intergalactic medium (IGM) within which most of the objects reside (with
some excess UV flux emanating from z < 6 sources where the IGM becomes ionized), to weak UV lines (the blended He II A1640 and [O III] AA1661, 1666 doublet,
as well as C 1] A1909 emission) and both weak and strong optical lines ([O 1I] AA3727, 3730, [Ne 1I1] A\3870, 3969, H6 M4103, blended Hy A4342 and [O 111] \4364,
He1 M472, He Il M687, HB M\863, [O 1] AM960, 5008, He I A5877, [O 1] A6302, Ha \6564, [S 1] AX6718, 6732, and He I A7067), affording a plethora of
emission-line indicators for metallicity, dust, radiation field, and star formation diagnostics. Furthermore, despite the low resolution of the prism, strong hints of Fe II
absorption can be seen in the rest-frame UV. A clear continuum is also seen at all wavelengths longward of the Lyman and Balmer breaks, indicating the presence of
predominantly young, massive stars and longer-lived, lower-mass stars, respectively. The positions of all detected lines are marked by dashed lines (gray for emission

lines, black for absorption lines).

4. Spectral Features of z > 5 Galaxies

4.1. Composite Spectra in Bins of Redshift, Absolute
Magnitude, and Stellar Mass

We have already provided a first look at the median
spectrum of z>5 sources from the composite spectrum in
Figure 3. The spectrum displays a rich variety of features
hinting at a variety of environmental, stellar and nebular
effects: a clear Lyman break arising from the absorption of UV
photons by an increasingly neutral IGM, a blue rest-frame UV
continnum (= -2.424+0.08) dominated by stellar and
nebular light from young OB stars, rest-frame optical emission
governed primarily by a mix of A- and OB-type stars, and a
host of clear line emission from Hell A1640 and [OII]
AA661, 1666 (all blended), C1I] AA1907, 1909, [O1]
AA3727, 3729, [NellI] AA3869, 3968, Hy M\102, H6 M\341
and [O 1] M264 (blended), HG 862, [O 111] A4960, 5008,
He1 A5877, [O1] A6302, Ha A6564 and [N II] A\6549, 6585
(blended), [STI] AN6718, 6732, and Hel A\7067 (as well as a
number of additional marginal lines from, e.g., He I AM4472 and
He1nl )\4687). Additionally, we tentatively detect absorption
features from resonant Fe I AAAA2374, 2382, 2586, 2600 lines
in the rest-frame UV, which in principle allow for determina-
tions of gas outflows along with estimates of gas covering
fraction and column density, among other properties (e.g.,
C. L. Martin et al. 2012).

While remarkably clear, such a spectrum combines galaxies
at different epochs, luminosities, and stellar masses, which
together yield unphysical results. As such, we construct three
sets of more physically motivated stacks, one in bins of redshift
only, a second in bins of redshift and My, and a third in bins
of redshift and stellar mass. The redshift ranges for each set are
z=1[5-6, 6-7, 7-8, 89, 9-10, 10-13], while the absolute
magnitude bins are —22.00 < Myy < —19.25 and —18.75 <
Myvy < —16.00, and the stellar mass bins are log M.,/M,, < 8.4
and log M, /M, > 8.6. The limits of Myy and stellar mass are
chosen to cover comparable parameter ranges and complete-
ness levels either side of the divide, while leaving a gap to
ensure sufficient contrast in average galaxy properties at fixed
redshift (the exact size of the gap is limited by the sample size
at the time of writing). The resulting composite spectra for the
first set of stacks (i.e., redshift only) are shown in their rest
frame in Figure 4 and we adopt these as our fiducial set of
templates. The median redshifts, absolute magnitudes, and
stellar masses for those spectra, as well as the number of
objects in each stack, are listed in Table 2.

4.2. Blue Ultraviolet Continuum Slopes

Similarly to Figure 3, we find overall blue continuum slopes
in each of our high-redshift stacks. Adopting a wavelength
window of 1600-2800 A, masking the region of the CII]
AA1907, 1909 doublet, and binning the continuum by a factor
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Figure 4. Composite NIRSpec spectra (solid lines and filled) and their 1o standard deviations (i.e., dashed line) as a function of spectroscopic redshift. Each composite
spectrum is shifted to the rest frame using the median spectroscopic redshift (indicated) of the stack and normalized to its A ~ 1750 A flux. All spectra are vertically
offset for clarity, and the positions of several rest-frame optical emission lines are indicated by dashed gray lines.

of 10 (making it less sensitive to flux outliers), we use emcee
with a simple power-law parameterization (i.e., F x A% and
measure increasingly blue UV slopes of —2.29 £0.01,
—2.50+£0.10, —2.50+0.04, —2.62+0.02, —2.604+0.01,
—2.66 £0.02 at redshifts z~5.5, z~6.3, z~7.5, z~8.6,
72~9.6, and z~10.7, respectively (from the redshift-binned
stacks). The results and their uncertainties (from the 50th and
semi-difference of the 16-84th percentiles of the posterior
distribution, respectively) are shown as a gray line and shading
in Figure 5, where a clear and steep decline in UV slope at
fixed absolute magnitude is seen for z=~5-—7 sources
(6~ —2.1 to —2.5) before a much more gradual evolution at
redshifts beyond (G~ —2.5 to —2.6). The trend is suggestive of
evolving dust contents and stellar populations, where the
lowest-redshift sources are characterized by the most dust- and
metal-rich ISM and aged stellar populations, while higher-
redshift sources reflect more pristine ISM conditions and
younger stellar populations.

A secondary dependence of 3 on luminosity is well known
(see, e.g., R. J. Bouwens et al. 2014 and F. Cullen et al. 2023),
and we find that our z—Myy stacks display consistent but
systematically offset values compared to the redshift-binned
stacks: the most luminous galaxies harbor redder slopes
compared to their fainter counterparts (approximately
AB=0.1-0.4 redder, with smaller differences at higher
redshifts), likely reflecting more evolved stellar populations
and metal- and dust-rich gas reservoirs for the most luminous
systems.

The UV-luminous and UV-faint stacks are characterized by
trends mirroring the evolution seen in the redshift-binned
stacks, while a similar trend is also found with stellar mass,
particularly for the most massive systems, which display a
virtually identical set of continuum slopes at fixed redshift
compared to the UV-luminous stacks. The trend is less
pronounced for lower-mass galaxies compared to their UV-
faint counterparts, however, suggestive of stellar mass playing
a more dominant role in regulating 8 with redshift, through the
chemical enrichment of the ISM and aging of stellar
populations in the most massive galaxies.

The normalization and evolution of the UV slopes with
redshift can first be compared to HST-derived results, which
generally display redder slopes at comparable redshifts likely
attributable to the modest sampling of near-UV wavelengths
compared to the longer baseline afforded by JWST. For
instance, for sources at Zpnot ~ 5—7. S. M. Wilkins et al. (2011)
report median slopes of 3~ —1.9 to —2.3, S. L. Finkelstein
et al. (2012) report median slopes of 3~ —1.9 to —1.95 at
Zphot ~ 3—38, J. S. Dunlop et al. (2013) report median slopes of
B~-2.1to —1.8 at z,pe~7-9, and R. J. Bouwens et al.
(2014) report median values of f~—-22 to —1.8 at
Zphot ~ 3—9 (for sources at comparable luminosities to here).
The z < 8 values are consistent only with the most luminous of
our stacks and, interestingly, also point to a steepening with
redshift from z~5 to z~7 (S. M. Wilkins et al. 2011;
S. L. Finkelstein et al. 2012; R. J. Bouwens et al. 2014).
However, beyond z >~ 7 where WFC3 photometry samples only
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Table 2
Spectral Properties of the Composite Spectra, for Star-forming Galaxies Stacked by Redshift, Myy, and Stellar Mass

Roberts-Borsani et al.

Composite Name Ngars Zspee RANEE (Zmed) Myv log M, 5] E(B — V)sgp Optical Break
(mag) M) (mag) Fya200/ Fu 3500
1 (@) 3) C)) (5) (6) @) ®)
Zspee Stacks
z5_All 228 5.00-5.99 (5.49 +0.31) —18.44 £ 0.03 843 +0.11 —2.29 4+ 0.01 0.10 £+ 0.01 1.05 + 0.01
z6_All 107 6.00-6.99 (6.33 +0.27) —18.64 £ 0.05 7.99 £0.10 —2.50 £ 0.10 0.07 £ 0.01 0.93 £ 0.01
Z7_All 54 7.00-7.98 (7.47 + 0.29) —19.03 £ 0.07 7.72 £ 0.11 —2.50 £ 0.04 0.07 £ 0.01 0.87 £ 0.01
z8_All 16 8.01-8.92 (8.56 £+ 0.27) —19.30 £ 0.11 7.89 £+ 0.09 —2.62 +0.02 0.03 £ 0.01 0.80 £+ 0.02
79_All 10 9.31-9.80 (9.55 £ 0.17) —19.07 £0.12 8.00 +0.11 —2.60 £ 0.01 0.04 £+ 0.01 0.77 £ 0.02
z10_All 20 10.01-12.93 (10.66 +£ 1.00) —19.40 £+ 0.09 8.98 £0.17 —2.66 + 0.02 0.03 £ 0.01
Zspec—Muyv stacks
z5_MU Vfaint 126 5.02-5.99 (5.55 + 0.30) —17.94 £ 0.04 8.16 +£0.10 —2.46 +0.01 0.08 £+ 0.01 1.03 £ 0.01
z6_MU Vfaint 51 6.02-6.87 (6.33 +0.22) —18.06 £ 0.08 7.79 £ 0.04 —2.60 £ 0.01 0.07 £ 0.01 0.99 £ 0.01
Z7_MUVfaint 16 7.00-7.88 (7.27 +0.22) —18.39 £ 0.11 743 +£0.03 —2.56 + 0.01 0.08 £+ 0.01 0.64 + 0.02
z8_MU Vfaint 5 8.28-8.92 (8.75 £ 0.22) —18.03 £ 0.18 7.86 £ 0.09 —2.60 £+ 0.01 0.03 £ 0.01 0.85 £0.03
z9_MU Vfaint 5 9.34-9.80 (9.53 £ 0.15) —17.98 £0.21 7.63 £0.12 —2.62 £0.02 0.07 £ 0.01 0.69 + 0.03
z5_MUVbright 60 5.00-5.99 (5.31 £0.32) —19.80 £ 0.04 9.26 +0.12 —2.08 £0.01 0.11 £ 0.01 1.10 £ 0.01
z6_MUVbright 37 6.00-6.99 (6.31 +0.33) —19.68 £+ 0.05 8.17 £0.05 —2.40 £ 0.01 0.08 £+ 0.01 0.89 £+ 0.01
Z7_MUVbright 18 7.12-7.89 (7.53 +0.27) —20.04 £+ 0.08 8.28 +£0.11 —2.48 +£0.01 0.09 £+ 0.01 1.00 £+ 0.02
z8_MUVbright 8.16-8.76 (8.50 £ 0.22) —20.36 £ 0.11 8.23 +0.08 —2.50 £0.01 0.03 £ 0.01 0.86 + 0.01
z9_MUVbright 5 9.31-9.77 (9.69 + 0.19) —20.07 £0.12 8.20+£0.12 —2.47 £0.01 0.02 £ 0.01 0.87 £0.03
Zspec—M 4 stacks
z5_lowMstar 55 5.00-5.99 (5.44 +0.31) —18.53 £ 0.04 7.50 £+ 0.04 —2.63 £0.01 0.11 £ 0.01 1.02 +0.01
z6_lowMstar 36 6.02-6.99 (6.23 +0.29) —18.63 £ 0.06 7.30 £ 0.07 —2.70 £ 0.01 0.07 £ 0.01 1.01 £0.02
Z7_lowMstar 19 7.03-7.98 (7.45 +0.27) —18.82 £ 0.09 7.42 £0.02 —2.63 +£0.02 0.07 £ 0.01 1.03 £0.03
z8_lowMstar 8 8.30-8.92 (8.70 £ 0.22) —18.61 £0.14 7.45 £ 0.03 —2.60 £+ 0.01 0.01 £0.01 0.84 £ 0.03
79_lowMstar 2 9.53-9.77 (9.65 + 0.12) —19.38 £0.29 8.41 +0.28 —2.67 £0.03 <0.01 291 +£0.02
z5_highMstar 111 5.02-5.99 (5.54 +£0.31) —18.37 £ 0.04 9.12 £0.11 —2.09 £ 0.01 0.10 £ 0.01 1.07 £ 0.01
z6_highMstar 52 6.00-6.96 (6.37 + 0.25) —18.40 £+ 0.06 8.30 +0.08 —2.40 £+ 0.04 0.09 £+ 0.01 0.89 £+ 0.01
z7_highMstar 22 7.00-7.91 (7.47 £ 0.31) —18.82 £0.08 8.84 +0.09 —239£0.11 0.07 £ 0.01 0.74 + 0.02
z8_highMstar 9 8.01-8.76 (8.28 £+ 0.25) —19.15£0.13 8.11 £0.09 —2.50 £0.01 0.06 £+ 0.01 0.74 £ 0.02
z9_highMstar 4 9.31-9.76 (9.51 + 0.20) —19.75 £ 0.12 8.69 £0.12 —2.48 +£0.02 0.07 £ 0.01 0.99 £+ 0.02
Lya versus Non-Lyo
7z6_LAE 52 5.00-7.51 (5.92 4+ 0.60) —18.50 £ 0.08 7.54 £+ 0.06 —2.61 £0.06 0.07 £ 0.01 0.76 + 0.01
z6_nonLAE 249 5.02-7.98 (5.92 + 0.74) —18.66 + 0.03 8.36 £ 0.07 —2.39 +0.02 0.08 £+ 0.01 1.03 £ 0.01

Note. All quoted uncertainties represent 1o values. Those quoted for the median redshift refer to the standard deviation of the values in the stack, those for Myy
represent the standard deviation of the spectral fluxes within the selected wavelength window, while all others derive from the semi-difference of the 16th and 84th
percentiles of the posterior distribution from emcee parameter fitting. All values are corrected for magnification when necessary.

up to Apeg = 1600 A, the HST photometry lacks the wavelength
coverage necessary for accurate constraints, as is evident from
the markedly shallower reported slopes (ASB=~0.2—0.7)
compared to our spectroscopic results.

The extended baseline afforded by the NIRCam imaging
alleviates some of the tension, yielding trends and a range of
UV slopes similar to those reported here. For instance,
T. Nanayakkara et al. (2023) report median slopes of
B~ —2.1to —2.4 at Zphee~ 5.1—6.5, while M. W. Topping
et al. (2024a) report median values of §~ —2.3 to —2.5 at
Zphot ~ 6—12, and F. Cullen et al. (2023) report a median value
of 3—2.32 for sources at Zphoi~6—12 (with comparable
luminosities to our stacks).

Those NIRCam studies all report trends of declining UV
slopes with redshift that are similar to what we report here, with
some differences in slope and normalization likely reflecting
selection effects and possible sample contamination.
For instance, a straight-line fit to the redshift trend produced
by our fiducial stacks in Figure 5 yields a slope of

dB/dz=—0.06 + 0.01, which is moderately steeper than (but
consistent with) a fit to the M. W. Topping et al. (2024a)
median points (d3/dz = —0.03 £ 0.01) over the same redshift
range. Conversely, a similar comparison at redshifts of z 2> 8
with median values from the F. Cullen et al. (2023) NIRCam
points yields slopes of dB/dz=—0.114+0.04 and dg/
dz=—0.02 £ 0.02 for our stacks and their photometric data
points, respectively. For the comparisons above, we also find y-
axis intercepts of —2.04+0.12 (these stacks) versus
—2.06 = 0.05 (fit to the M. W. Topping et al. 2024a points)
and —2.45 %+ 0.20 (these stacks, z > 8) and —1.36 = 0.41 (fit to
the derived median F. Cullen et al. 2023 points).

Of particular interest are redshifts beyond which galaxies are
deemed to become “dust-free,” facilitating the transmission of
UV photons from massive stars and enhancing their observed
UV luminosities perhaps beyond first-order expectations (e.g.,
M. Castellano et al. 2022; R. P. Naidu et al. 2022b;
C. M. Casey et al. 2023; A. Ferrara et al. 2023; C. A. Mason
et al. 2023). While this analysis and the studies discussed above
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Figure 5. The UV continuum slopes of z > 5 galaxies from individual sources (points) and composite JWST/NIRSpec prism spectra, the latter binned as a function of
redshift only (gray line and gray shaded uncertainties in both panels), z—Myy (navy and orange points for sources with —22.00 < Myy < —19.25 mag and
—18.75 < Myy < —16.00 mag, respectively, in the left panel), and z—M,. (navy and orange points for sources with log M, /M. > 8.6 and log M, /M. < 8.4,
respectively, in the right panel). Individual points (color-coded to their Myy and log M, values, with UV-luminous and/or higher-mass sources in bluer colors and the
opposite in redder colors) display a large scatter of values (generally between 3 ~ —1.8 to 3 ~ —2.8, with a mean 1o uncertainty of ~0.22) and an overall declining
slope with redshift. Composite points confirm the trend, with clear differences between faint/low-mass systems and their bright/high-mass counterparts and a
particularly strong redshift evolution with absolute magnitude but shallower evolution with stellar mass.

all associate the bluest slopes to sources at the highest redshifts,
none consistently measure dust-free slopes of 5~ —3 or bluer.
A small minority of individual sources within these samples are
reported to show slopes bluer than the canonical 5~ —2.7 limit
set by nebular continuum contributions (F. Cullen et al. 2023;
M. W. Topping et al. 2024a), however single-source measure-
ments from photometry or low SNR spectroscopy are prone to
large scatter and uncertainties. Median values consistently
measure values redder than or close to this limit and the z > 10
values presented here confirm the lack of 3 < —3 slopes, at
least on average.

While a direct comparison with photometric results is
challenging, the secure redshifts and high-SNR measurements
of our NIRSpec composite spectra confirm a clear steepening in
UV slopes (i.e., toward bluer values) from lower redshifts to
z~ 7 across the general galaxy population, and a probable
flattening out beyond. The measurements point primarily to a
declining dust content, possibly arriving close to relatively
pristine systems (on average) by redshifts z >~ 8—9. While this
does not preclude some exceptionally luminous sources to have
accelerated their dust buildup compared to the general
population (e.g., A. Ferrara et al. 2022), such examples are
rarely seen at redshifts beyond z >~ 8—9 and likely represent the
exception rather than the rule.

4.3. Continuum Breaks Indicative of Evolving Stellar
Populations

One of the primary discontinuities in the rest-frame optical
spectra of galaxies are the so-called Balmer and 4000 A breaks,
both of which serve as indirect tracers for the ages of the
underlying stellar populations. While both derive from
absorption within the atmospheres of stars and are often
treated as a siggle feature, their origins differ—the Balmer
break at 3646 A represents the limit of the Balmer series and
occurs in stellar populations younger than 1 Gyr, while the
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4000 A break derives from the absorption of stellar continuum
by ionized metals in the atmospheres of stars (including Call H
and K) and as such increases monotonically with age
(G. Kauffmann et al. 2003), with some dependence also on
metallicity.

Until recently, for z>5 sources these diagnostics were
accessible only through Spitzer/IRAC photometry (T. Hashi-
moto et al. 2018; N. Laporte et al. 2021; G. Roberts-Borsani
et al. 2022). However, in near-identical fashion to wide JWST/
NIRCam bands, the wide coverage of photometric bands can
lead to significant degeneracies (see, e.g., G. Roberts-Borsani
et al. 2022; G. Desprez et al. 2024). Thanks to the extensive
wavelength coverage of the NIRSpec prism, the Balmer break
is covered in each of our stacks, allowing for a direct and
consistent measurement of the continuum across ~600 Myr of
cosmic time. A number of definitions have been utilized for
sources in the local Universe, differing primarily in the central
wavelengths and widths of the pseudobandpasses where the red
and blue portions of the continuum are measured. Given the
smearing of emission-line fluxes across the stellar continuum,
traditional definitions using 40504250 A and 3750-3950 A
(A. Bruzual 1983) or narrower 3850-3950 A and 4000-4100 A
(M. L. Balogh et al. 1999) windows would result in emission-
line-contaminated measurements. For a consistent and clean set
of measurements, therefore, we take care to define spectral
windows available across our entire redshift range that are free
of line emission. We adopt wavelength ranges of
Arest = 3500—3630 A and 4160—4290 A and, to mitigate the
impact of noise or lingering features, determine the average
fluxes from straight-line fits to the fluxes in each of those
windows. We refer to the measurements as Balmer “indices”
and plot the results for our redshift-binned stacks in Figure 6,
where uncertainties are defined as the 1o error on the best-fit
normalization parameter.
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Figure 6. The Balmer break as measured directly from our fiducial composite
spectra  (Foa205/F,3565), as a function of redshift (red squares and
uncertainties). For comparison, the expected range of values for low-metallicity
(0.01-0.2 Z..)) and young (5-20 Myr) sources (D. Schaerer 2003) are shown as
the gray region. Median values for comparable sources in the SPHINX
(H. Katz et al. 2023) and FLARES (S. M. Wilkins et al. 2024) simulations are
also shown as solid and dashed navy lines, respectively, and the model of
A. Ferrara et al. (2023) as a dotted line. All comparisons show agreement with
the range of values measured here, as well as the observed trend with redshift.

We find a steadily declining Balmer index with redshift.
The largest index is found in our z~5.5 stack, with
F,4205/F, 3565 = 1.054+0.06, which rapidly shifts to
F, 4225/ F, 3565 < 1 by z~ 6.5 and declines further with redshift
to 0.75+0.26 by z~9.6. For our highest-redshift stack at
z2210.7, the red continuum is too noisy to determine a reliable
break, while for our z—Myy and z—M, stacks the SNR is
insufficient to verify whether differences between subsamples
exist (however the general decline toward reduced values with
redshift remains).

The small values we observe here are unlike those found for
the bulk of the general population at z ~ 0, which show indices
of ~1—2 and include effects from both the Balmer and 4000 A
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breaks (G. Kauffmann et al. 2003). For those sources, even the
youngest galaxies are limited to values of ~1. Local analogs,
however, typically associated with extremely metal-poor ISM,
young stellar ages, and enhanced nebular continuum (all of
which are conducive to Balmer jumps; A. K. Inoue 2011;
M. Mingozzi et al. 2022), show greater consistency with the
results shown here (e.g., Y. L. Izotov et al. 2021). Atz > 5, only
a handful of sources have been studied with spectroscopic
measurements, and these show significant scatter in the
reported indices (e.g., A. J. Cameron et al. 2024; T. J. Looser
et al. 2024; A. Vikaeus et al. 2024; C. Witten et al. 2024),
likely reflective of stochastic star formation histories.

The trend observed here is reminiscent of the declining UV
continuum slopes found in the previous section, and is also
matched by decreasing mass-weighted stellar ages inferred
from our gsf continuum fitting. Those ages begin at values of
~95 Myr for our z ~ 5.5 stack, decrease to ~18 Myr at z ~ 6.5,
and steady out to ages of <10 Myr at redshifts beyond. The
inferred breaks and ages are in line with photometric
expectations (e.g., M. Stefanon et al. 2023; L. Whitler et al.
2023a) and recent spectroscopic measurements of some
individual sources (A. J. Cameron et al. 2024; A. Vikaeus
et al. 2024), which all require young stellar ages, low quantities
of metals and dust, and significant contributions from the
nebular continuum to explain the observations.

To verify whether our observations agree with expectations
from theory and simulations, we overplot in Figure 6 the
expected break index ranges measured in identical fashion on
the spectral models of D. Schaerer (2003), for a variety of
metallicities (0.01—0.2 Z.) and stellar ages (5-20 Myr), all of
which include contributions from the nebular continuum. The
models are in excellent agreement with the values measured
here. We also overplot (as navy lines) the median values from
the SPHINX?? (H. Katz et al. 2023) and FLARES (C. C. Lovell
et al. 2020; A. P. Vijayan et al. 2020) hydrodynamical
simulations, limiting the comparison to sources with metalli-
cities of <0.01 Z., stellar masses of <103 M, and stellar
ages comparable to those inferred by our gs £ modeling at each
redshift interval. For the former, we measure the indices in
identical fashion using the simulated spectra, while the later are
derived directly from the FLARES code output using the
formalism of S. M. Wilkins et al. (2024). Both simulations are
able to match the range of our measured values, and moreover
show excellent agreement with the trend toward reduced values
at higher redshift (see A. Vikaeus et al. 2024 and their
comparison to the FLARES and DELPHI simulations with a
smaller number of confirmed JWST sources). Similar conclu-
sions can be derived when comparing with the model of
A. Ferrara et al. (2023), which also shows agreement with the
range of values we probe and a decline in the Balmer break
index with redshift.

The strength of the break is sensitive to a number of physical
properties, including stellar age, dust attenuation, metallicity,
the escape fraction of ionizing Lyman continuum photons, and
the shape of the star formation history (S. M. Wilkins et al.
2024). Determining the precise contributions of each to the
breaks measured here is beyond the scope of the present work,
however we note that the overall blue UV slopes seen in
Section 4.2 disfavor significant dust contributions and the
consistency between the gsf ages and the age-limited
simulations suggest stellar age is the main driver.
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as a function of spectroscopic redshift, as measured from our redshift-binned
composite spectra. The trend of increasing EW with redshift is well
parameterized by a straight-line fit (dashed purple line with pink uncertainties).
Measurements from the literature (D. P. Stark et al. 2015, 2017; A. J. Bunker
et al. 2023; F. D’Eugenio et al. 2024; R. L. Larson et al. 2023; M. Castellano
et al. 2024; S. Carniani et al. 2024) are added as gray points, for comparison.
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4.4. Prominent C 1] Emission in Early Galaxies

C1i] AA1907, 1909 emission is a useful indicator for the
metal enrichment and electron density of the ISM (e.g.,
A. E. Jaskot & S. Ravindranath 2016; F. D’Eugenio et al.
2024), the hardness of the ionizing spectrum (e.g., D. P. Stark
et al. 2017), and emission-line diagnostics to distinguish
between star formation and AGN activity (e.g., N. Laporte
et al. 2017b; K. Nakajima et al. 2018). Characterizing the
presence and evolution of CIII] thus represents an important
step toward understanding the ISM conditions of galaxies out
to the earliest times. Our composite spectra reveal significant
C 1] emission at all redshifts, with measured rest-frame EWs
(EW0)0f46j:07A 74j:16A 78+09A, 112+12A,
128+ 1.0 A, and 13.7 4 0.9 A for the redshift-binned stacks at
z~5.5, z~6.3, z~7.5, z~8.6, 7z~9.6, and z~10.7,
respectively, marking an increase of a factor of ~3 from
z~51t0 z~ 11 and a median value of 9.5 & 0.7 across the full
sample. The values are plotted in Figure 7 and showcase a very
clear trend of increasing emission with redshift, with an
evolution best described by a straight-line fit of
EWy(C 1)) = 1.84(£0.19)z - 5.38(£1.53) (indicated by a
dashed line and 1o uncertainty fill). Furthermore, we find no
clear evidence for varying CIII] strength in our z—Myy stacks,
but do find tentative evidence for some enhanced emission in
the least massive sources of our z—M,, stacks compared to their
higher-mass counterparts.

The implied prevalence of C III] and the observed correlation
are consistent with extrapolations of measurements from lower
redshift. High resolution spectroscopy over statistical samples
of z~2—4 sources find a high incidence of C III] emission in
both individual sources (e.g., ~24%—29%; D. P. Stark et al.
2014; O. Le Fevre et al. 2019; M. Llerena et al. 2022) and
stacked spectra (e.g., A. E. Shapley et al. 2003; R. Amorin et al.
2017; O. Le Fevre et al. 2019; M. Llerena et al. 2022).
Reported EWgs for typical sources generally range between a
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few to 10 A although most studies also report a small tail in the
distribution toward larger values, generally attributed to
extreme radiation fields from very metal-poor galaxies or
AGN (A. E. Jaskot & S. Ravindranath 2016; K. Nakajima et al.
2018); for instance, for a statistical sample of 3899 (O. Le
Fevre et al. 2019; see also D. K. Erb et al. 2010; D. P. Stark
et al. 2014; R. Amorin et al. 2017; M. Llerena et al. 2022)
report EWs of 3-10 A for 20% of their sample and find higher
values of >10 A for only ~4% of the sample. The same
authors find median values of 2.0 A and 2.2 A for sources at
2 <z<3and 3 <z <4, respectively, while A. E. Shapley et al.
(2003) find a marginally smaller but consistent value of 1.7 A
in stacked spectra of UV-selected z ~ 3 LBGs. Each of these
are in good agreement with the trend we observe in Figure 7,
which if extrapolated suggests EWs of 0.1-2.0 A at z=3—4.
At even lower redshifts of z~ 1, X. Du et al. (2017) find a
detection rate of ~22% and a median EW of 1.3 A, consistent
with the decline seen in Figure 7. The ubiquity of our (stacked)
detections suggests C IIT] is likely to be at least as prominent in
z>5 sources as in z ~ 1—4 sources, while a well-established
link between CII] EW and metallicity (A. E. Jaskot &
S. Ravindranath 2016; K. Nakajima et al. 2018; M. Llerena
et al. 2022) suggests the latter is the main driver of our trend.

For comparisons at high redshift, in Figure 7 we also plot a
number of reported values for known CII] emitters in the
Epoch of Reionization (D. P. Stark et al. 2015, 2017;
A. J. Bunker et al. 2023; F. D’Eugenio et al. 2024; R. L. Larson
et al. 2023; M. Castellano et al. 2024). We find a large scatter
of individual objects around the relation (albeit with significant
uncertainties), where a number of objects (A383-5.2, EGS-zs8-
1, GS-z12, and GHZ?2) fall above the relation and by this metric
alone could indicate extreme ISM conditions—e.g., EGS-zs8-1
is a known z=7.7 LAE with extreme [OII]+ H@3 line
emission (P. A. Oesch et al. 2015; G. W. Roberts-Borsani
et al. 2016), while GHZ2 displays remarkably luminous rest-
frame UV lines possibly indicative of AGN activity (M. Cast-
ellano et al. 2024). For the sources instead lying close to the
range probed by the general high-z population, these include
apparently extreme sources such as GN-z11 and CEERS_1019,
two Lya-emitting sources with atypical UV line emission and
nitrogen enhancement (A. J. Bunker et al. 2023; R. Marques-
-Chaves et al. 2024; P. Senchyna et al. 2024). In the case of
GN-z11, we note the source exhibits a measured EW(C 111]) of
125+1.1 A (A. J. Bunker et al. 2023), compared to a
predicted value of 14.1+2.5 A. Our results imply the
classification of “extreme” systems for these particular objects
are not reflected in their C III] emission, based on a comparison
to the range of values characteristic of the general galaxy
population.

At even higher redshifts of z~ 14, JADES-GS-z14-0
appears well below the extrapolation of the trend, suggestive
of an exceptionally low metallicity (S. Carniani et al. 2024).
Should other sources at similarly high redshifts reveal
comparable CIII] EWs, this might imply a turnover in the
trend somewhere around z ~ 13, which is not captured by the
extrapolation of the evolution from z < 11, where sources begin
to reveal virtually pristine ISM conditions.

Lastly, although the presence of CIII] in our stacks is
unambiguous, the presence or otherwise of additional rest-
frame UV lines is less clear. For instance, although we find
detections of Hell 4 [O 1] rest-frame UV line emission in
Figures 3 and 4, those detections are lower SNR and do not
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Figure 8. The distribution of rest-frame equivalent widths for the rest-frame
optical emission lines observed in our redshift-stacked spectra, as measured
from the Gaussian fits described in Section 3.7.
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translate to the smaller samples in any of our z—Myy or z—M,
stacks. Similar conclusions can be derived for other rest-frame
UV lines such as NV \1243, NIV A1486, and CIV A\1548,
1550, all of which are seen in individual Lyman break or C III]-
emitting galaxies at z~2—3 (e.g., A. E. Shapley et al. 2003;
D. P. Stark et al. 2014) and out to higher redshifts of z > 6 (e.g.,
A. J. Bunker et al. 2023; M. W. Topping et al. 2024b), but not
in our stacks.

4.5. Rest-frame Optical Line Emission

By far the most common features found in our stacked
spectra are signatures of strong rest-frame optical line emission
at virtually all redshifts, UV magnitudes, and/or stellar masses,
highlighting the nature by which most of our z > 5 sample were
selected. These include clear signatures of line emission from
[O 1] AN3727, 3729, [Ne I11] A3869, [Ne 111] A3968, H6 \4102,
Hy M341 4 [O111] M364, HB M862, [O111] AAN4960, 5008,
Hel A5877, Ha A\6564 4 [N1I] A6584, and [ST] AM671S,
6732. Due to the wavelength resolution and limits of the
NIRSpec prism, most line doublets and closely spaced pairs
(e.g., Hy+ [O11]) are blended, while emission from He I, Ha,
and [S 1I] are detectable only out to z ~ 7—7.5 and strong lines
of [OTI] + Hf out to z~9.6.

The weakest lines across the ..o~ 3750-4500 A wave-
length range are generally the [Ne II] A3968 and H¢ lines, with
rest-frame EWs in the range EWo >~ 11-30 A for the former
and EW,~ 16-22 A for the latter. Next in strength are the
[O11] )\)\3727 3729 doublet and Hy+[O1], with
EW, =~ 14-39 A and EW, =~ 48-76 A, respectively.

Prominent [O1IT] + HQG lines are found across all redshifts
(except the highest redshift of z~ 10.66 where the lines fall
beyond the red limit of the prism) with combined EWps of
752+ 10 A 1031 +31 A, 1292+68 A, 1214 +54 A, and
910 4 18 A for redshifts z7~55,7>~63,z7>~175, z>~8.6, and
7229.6. An increase of ~1.7 is found between the lowest and
highest values, which reflect some possible redshift evolution
at least between z ~ 5.5—8.5. The range of values reported here
illustrate the strong line nature of the underlying sample.

13

Roberts-Borsani et al.

The median value of the sample is 1031 + 31 A, which is in
excellent agreement with values reported in the literature from
JWST photometry at comparable redshifts (e.g., R. Endsley
et al. 2021b). Similarly to observations of the CII] line, we
find no significant evidence for stronger line emission in UV-
faint galaxies compared to their UV-bright counterparts, but do
find evidence for such a trend with stellar mass. This is
comparable to the trend found by N. A. Reddy et al. (2018),
who show a clear decrease in virtually all rest-frame optical line
EWSs at higher stellar masses. Prominent He 1 A5877 and Ha
emission are also seen in the lowest-redshift stacks (at redshifts
of z~5.5-7.5 for the former and z~5.5—6.3 for the latter)
before moving beyond the prism coverage. Their EWs are
reported to be 16-32 A for Hel at redshifts z~5.5—7.5, and
559-922 A for Ha at 7~ 5.5—6.3. The EWs of each of the rest-
optical lines are shown in Figure 8, and we list these along with
their HG-normalized fluxes in Table 5 in the Appendix.

5. Inferred Properties of High-redshift Sources

5.1. Dust Attenuation from Spectral Energy Distribution
Fitting and Balmer Decrements

Constraints on the prevalence and evolution of dust at high
redshift have yielded mixed results. Until recently, constraints
in Reionization Era galaxies have come from SED fitting of
(primarily) rest-frame UV photometry (e.g., V. Strait et al.
2020; G. Roberts-Borsani et al. 2022), or NIR continuum
measurements from Atacama Large Millimeter/submillimeter
Array (ALMA,; e.g., N. Laporte et al. 2017a; Y. Tamura et al.
2019; T. J. L. C. Bakx et al. 2021; R. J. Bouwens et al. 2022;
A. Ferrara et al. 2022). Although the vast majority of objects
have yielded apparently low to negligible dust contents, some
marked exceptions from ALMA have challenged expectations
with large dust quantities by z ~ 7—8 (N. Laporte et al. 2017a;
A. Ferrara et al. 2022). More direct constraints of nebular dust
attenuation with JWST spectroscopy of the Balmer decrement
(i.e., the ratio of Balmer lines to HB) have indicated ISM
approaching “dust-free” states by z > 6, with a clear correlation
of enhanced color excesses (E(B — V),e,) With stellar mass
(above log M, /M 2 9.5) that appears invariant at z~2—6
(A. E. Shapley et al. 2022, 2023). Importantly, however, the
scatter and uncertainties on both individual measurements and
small sample sizes remain large, making general conclusions
challenging.

We evaluate the potential contributions of dust to the
attenuation of our composite spectra, via both continuum and
nebular measurements. The evolution of the UV continuum
slope presented in Section 4.2 already provides strong
indication of declining dust obscuration toward higher redshift.
This interpretation is mirrored by our SED-fitting results,
which, assuming the SMC-like dust curve of K. D. Gordon
et al. (2003) and assuming Ry, =2.74, yield negligible
E(B — V)g values of 0.03-0.10 and a clear decline in values
from lower to higher redshift.

A consistent assessment of the nebular color excess with
redshift is more challenging: Ha is covered only in our two
lowest-redshift stacks and blended with [NII] A6585, Hy is
blended with [OIII] A\4364, and the faintness of H6 makes its
measurements extremely sensitive to small fluctuations in the
underlying continuum fit. Assuming the Milky Way extinction
law of J. A. Cardelli et al. (1989; see N. A. Reddy et al. 2020
for its appropriateness to high-z nebular spectra), we derive
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Figure 9. Gas-phase oxygen metallicities as a function of redshift for the stacks
derived in this work (blue squares), as estimated from the strong line O32
prescription of R. L. Sanders et al. (2024). Literature points from R. L. Sanders
et al. (2024), M. Curti et al. (2024), and K. Nakajima et al. (2023) are plotted as
gray symbols. The dashed lines mark levels of constant metallicity in solar
units, assuming 12 + log(O/H),, = 8.69 (M. Asplund et al. 2009). A clear
trend of decreasing metallicity toward higher redshifts is evident, likely
reflecting larger H 1 gas fractions of high-z sources.
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upper limits on the Ha/HS decrement (intrinsic ratio
Ha/HB=2.860) of 2.65 and 3.38 for our z~5.5 and
722 6.3 spectra, which are consistent with no and low
(E(B — V)peb =2 0.17) dust scenarios, respectively. Given those
values are derived from our lowest-redshift stacks, they can be
considered upper limits on the dust attenuation for our higher-
redshift stacks as well. The low E(B — V) values inferred
from our SED fitting and lowest-redshift spectra suggest little
to no dust in our stacks, and thus we do not make additional
corrections to our spectra in forthcoming sections.

5.2. Metallicities and Ionization States

The plethora of emission lines in our stacks allows us to
constrain the chemical enrichment of galaxies to high
significance and out to the earliest times.

In theory, the presence of the [O II] A4364 and [O 1] A\5008
lines in our spectra also enables us to determine direct 7,-based
oxygen abundances out to z ~ 9.7. However, the prism’s spectral
resolution blends the [O ] M364 line with Hv, preventing us
from modeling it with high confidence (see W. Hu et al. 2024).
We thus derive gas-phase oxygen abundances using the JWST-
derived calibrations in R. L. Sanders et al. (2024), specifically
using the so-called 032, R23, and Ne3O2 ratios, which yield
metallicities of 12 + log(O/H) ~ 7.3-7.9, 7.1-7.5, and 7.3-7.6,
respectively  (approximately 0.03-0.16 solar, assuming
12 4+ 1og(O/H), = 8.69; M. Asplund et al. 2009). The most
obvious trend comes from the O32 metallicities, plotted in
Figure 9, which at face value appears to show a well-defined but
small evolution of decreasing metallicity with redshift that is in
agreement with single-object and average derivations in the
literature (M. Curti et al. 2024; K. Nakajima et al. 2023;
R. L. Sanders et al. 2024; W. Hu et al. 2024). We verify the
significance of the evolution by comparing the difference
between stacked points and the uncertainties on those
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differences. We find the decrease between points to be larger
than the associated uncertainties by 2-50 (except for the
decrease between the z~7.5 and z~ 8.6 points), adding
statistical robustness to the trend. Despite the agreement,
suggestive of some evolution in the mass—metallicity relation
within the redshift range probed, we consider whether moderate
stellar mass differences between our stacks could induce some
artificial evolution if one assumes an invariant mass—metallicity
relation across those redshifts. In such a case, based on the stellar
mass differences between our stacks alone, we would infer a
metallicity difference of only 0.09 dex (K. Nakajima et al. 2023).
This is significantly smaller than the metallicity difference we
observe between our z ~ 5.5 and z ~ 9.5 stacks, which amounts
to 0.58 dex. Furthermore, were the metallicity evolution we
observe driven by differences in the stellar masses sampled in
each redshift stack, the redshift-metallicity trend would then
have to mirror the redshift-M, evolution between our stacks,
which it does not, i.e., the metallicity would have to scatter in the
same fashion as the stellar mass between our stacks. As such,
while the uncertainties mean we cannot rule out some modest
influence by stellar mass variations, the overall trend of
decreasing metallicities with redshift appears most consistent
with some small evolution in the mass—metallicity relation
between z ~ 5 and 10.

Ionization versus excitation diagrams also provide a means
of interpreting the underlying conditions of the ISM. We show
two variations of such a diagram in Figure 10, in similar
fashion to Figure 8 of A. J. Bunker et al. (2023). In the left
panel we show the R23—032 line ratios, where R23 is used as
a proxy for gas-phase metallicity while O32 is invoked as a
proxy for ionization parameter (e.g., L. J. Kewley et al. 2019).
Low-redshift (z < 0.3) points from the Sloan Digital Sky
Survey (SDSS) MPA-JHU catalogs (H. Aihara et al. 2011) are
added to the plots (in black), for reference.'> A clear trend
appears from these diagnostics, whereby the lowest R23 and
032 values are found in local galaxies and the highest values in
the highest-redshift sources, indicating an evolution toward
more extreme and ionized ISM with decreased gas-phase
metallicities at higher redshift, i.e., the harder ionizing
spectrum (traced by an ionization parameter, U) associated
with high-z sources drags the R23 ratio to higher values at fixed
032 (C. C. Steidel et al. 2016). Our points, shown as color-
coded stars, are in excellent agreement with the single-source
measurements at comparable redshifts by R. L. Sanders et al.
(2023), S. Mascia et al. (2023a), A. J. Cameron et al. (2023),
and K. Nakajima et al. (2023).

The evolution is seen not only between the locus of SDSS
sources and locus of stacked (and literature) high-z points, but
possibly between the stacked points themselves, where the
spectrum at z~ 5.5 displays the lowest values of R23 =
6.3+0.2 and 032=6.8+0.1 and increases to R23 =
84+1.1 and O32=13.0+£13 by z~8.6 (our redshift
z~9.5 point appears to be somewhat scattered off the main
locus of points with R23=5.54+0.9 and 032=31.1 £5.3,
possibly due to the comparatively small numbers in the stack).
Despite the limited range in parameter space probed by the
stacks, the z ~ 5.5—8.6 spectra hint at nonnegligible evolution
in the ISM conditions of star-forming galaxies within the first
~1 Gyr of the Universe (or ~500 Myr within the redshift
range). For comparison, we plot the updated line ratios for star-

13 https: //www.sdss3.org/dr10/spectro/galaxy_mpajhu.php
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forming sources from J. Gutkin et al. (2016), as a function of
metallicity and ionization parameter, log U. Our points are
consistent, as expected, with subsolar metallicity tracks and are
characterized by large log U values (—2.5 to —1.5) compared
to z ~ 0 sources. Lastly, the two loci of low- and high-redshift
sources are also well connected by measurements at inter-
mediate redshifts, namely those of R. L. Sanders et al. (2023) at
z~3.0—7.5 and K. Nakajima et al. (2023) at z ~ 4—10, which
sit firmly between the SDSS points and ours.

Analogous to the R23—032 diagram is the Ne3O2 line ratio
paired with ([Ne IIT] A3869 + [O 11] AA3726, 3729)/HS, neither
of which make use of strong [O I1I] and H{ lines and thus allow
for an inspection of ISM conditions with NIRSpec in principle
out to z~ 13.2. In this case the ([Nell]+ [O11])/Hé ratio
traces the gas-phase metallicity of galaxies while the Ne302
ratio traces their ionization strengths. We plot our values and a
number of literature values (A. J. Cameron et al. 2023;
K. Nakajima et al. 2023; R. L. Sanders et al. 2023) in the right
panel of Figure 10. Similarly to above, we also plot the MPA-
JHU values for z < 0.3 SDSS star-forming galaxies, as well as
the photoionization models of J. Gutkin et al. (2016). For
reference, we also show the reported values for GN-zll
(A. J. Bunker et al. 2023). Again, we find a clear separation
between sources at low redshift, which dominate regions of
parameter space associated with low-ionization and high-
metallicity systems, and high redshift, which shift toward high
values of Ne302 and low values of ([Nei]+ [O11])/Hé
where high-ionization and low-metallicity sources dominate.
Interestingly, the ratios presented by A. J. Bunker et al. (2023)
for GN-z11 are in excellent agreement with those found for our
7~ 9.5 stack, reflecting ISM conditions comparable to those of
“typical” sources at higher redshift and a conclusion those
authors found when comparing to the individual measurements
in z~5.5-9.5 sources by A. J. Cameron et al. (2023). A
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similar conclusion can be derived for GHZ2, whose Ne302
value (see A. Calabro et al. 2024) places it at the extreme end
of the distribution but within the locus of high-redshift sources
clearly distinct from the ISM conditions of z~ 0 galaxies.
Given its proximity to the measurements of other individual
sources at high redshift (e.g., R. L. Sanders et al. 2024,
K. Nakajima et al. 2023) and our stacked spectra, the result
suggests GHZ2 may too be reflective of somewhat typical ISM
conditions above z > 5.

To conclude, the modest change in the O32 and R23 values
from the stacked and literature results shown in the left panel of
Figure 10 point to some possible (albeit modest) evolution in
the ionization state and gas-phase metallicities from redshifts
7~9—-10 to z~3—5. The combination of both panels clearly
indicate a far more drastic change in the ionization state and
excitation conditions of galaxies from redshifts z>~3—5 to
7~ 0, suggesting the bulk of metal and dust buildup in galaxies
occurs between the latter two populations.

5.3. Do Extreme Properties Lead To Extreme Lyo.?

A significant number of individual sources in our star-
forming sample display strong (=30 A) Lya emission.
Characterizing the properties of such populations and deter-
mining whether they exhibit enhanced intrinsic ionizing
capabilities compared to their Lya-attenuated counterparts
represents a key goal of JWST. Moreover, a thorough
understanding of their intrinsic properties is a prerequisite
toward using them as tracers of Cosmic Reionization (e.g.,
through the opacity of Lyc; C. A. Mason et al. 2019b).

We identify a sample of 54 LAEs (12% of our fiducial
sample) via a combination of previous works (specifically
A. Saxena et al. 2024, 2023; M. Tang et al. 2023; L. Napolitano
et al. 2024) and visual inspection of our compiled spectra. For
reference, 10/54 of the LAEs (~17%) fall in the Abell 2744
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Figure 11. Left: the distribution of Ly« rest-frame equivalent widths as a function of spectroscopic redshift for the objects in our fiducial sample. Objects with
confirmed Lya emission from prism observations are highlighted as maroon circles, while undetected sources are represented by 20 gray upper limits. Dashed lines
represent the EW limits used for the construction of the composite spectra. Middle: the same EW measurements from the left panel for Lya-detected sources only, as a
function of absolute magnitude. Similar measurements from P. A. Oesch et al. (2015), M. Tang et al. (2023), and A. Saxena et al. (2024) are plotted for comparison.
Right: the same as the middle plot but as a function of O32 parameter. Results for both low- and high-redshift studies using measurements from M. Tang et al. (2021),
S. R. Flury et al. (2022), M. Tang et al. (2023), and A. Saxena et al. (2024) are plotted for comparison.

field, 16/54 (~32%) fall in the CANDELS-EGS field, 1/54
(~2%) fall in the GOODS-North field, 23/54 (~42%) fall in
the GOODS-South field, 3/54 (~5%) fall in the MACS 0647
field, and 1/54 (~2%) fall in the RXJ2129 field. While the
main driver of Ly« visibility in each of these fields remains
subject to debate, the variability is likely linked to a mixture of
intrinsic galaxy properties, large-scale ionized bubbles, and
cosmic variance. While the sample of LAEs used here is not
sufficiently large to perform stacks in bins of global properties,
it is large enough for a comparison to a stacked sample of
redshift- and Myvy-matched non-LAEs.

To separate the two populations, we first derive Lyar EWs
for each of our LAEs using a Gaussian profile and the median
prism continuum flux within a wavelength range Mg ™
1250—1750 A. A straight-line fit is included in the Gaussian
fit to account for underlying continuum emission (when
present). The resulting range of values span EWqp,, >~
11-919 A (with a median value EWyy y, > 155 A), consistent
with ranges derived by previous works. For all other objects,
where the line remains undetected in the prism spectra, we
derive 20 upper limits using instead the flux measured within a
200 A window centered at the redshifted position of Lya. The
resulting distribution of values, along with the redshifts of
their respective hosts, is shown in Figure 11 where we highlight
in maroon our LAE sample and in gray the upper limits,
which unsurprisingly span a lower range of values,
E\V(),nonfLAE ~1-86 A.

For comparison, we also include in the middle and right
plots of Figure 11 the Ly EWs for the line-detected z >~ 6—9
sources in P. A. Oesch et al. (2015), M. Tang et al. (2023), and
A. Saxena et al. (2024) and examine potential trends. First, in
the middle plot of Figure 11 we see a clear trend of increasing
EW with decreasing luminosity. This is expected for UV-
selected sources (see D. Schaerer et al. 2011; M. A. Schenker
et al. 2014; S. De Barros et al. 2017; D. P. Stark et al. 2017)
where Ly is (in general) more easily attenuated in luminous
sources dominated by enhanced H1 column densities and dust
obscuration. However, important selection effects apply: our
measurements naturally probe the strongest Lyar EWs (which
correspond to moderately and extremely faint sources with
Myv > —20 mag) and R 21000 spectroscopy from the
literature probe the weaker emission from more luminous
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sources, however weak Lya (EWgjpy, <10 A) from the
intrinsically faint populations (Myy > —18 mag) probed by
flux-limited samples are beyond the sensitivity of the data sets
considered here. Second, we verify whether at fixed O32 ratio
LAEs at higher redshifts display lower EWs. Although the
dynamical range where such comparisons are viable is limited,
we do not find any significant evidence for decreasing Lya EW
at fixed O32 ratio across the combined samples plotted in the
figure (i.e., this work; M. Tang et al. 2021; A. Saxena et al.
2024; M. Tang et al. 2023; S. R. Flury et al. 2022), which
together span a redshift range z~0.3-9.0. We caution,
however, that such an interpretation is sensitive to selection
effects, where our prism sample probes only the strongest
LAEs and the higher resolution spectroscopy (sensitive to
lower EW measurements) is limited in sample size. An
enlarged sample of R > 1000 measurements at z > 6 is needed
for a more complete comparison with which to derive
conclusive results.

For our composite spectra we perform two stacks, one of all
sources with EWgpy,>30 A (which corresponds to the
approximate lower limit seen in the LAEs in Figure 11) and
Zspee < 8, and one with EWy o < 10 A and zgpe. < 8. In total,
this results in 53 sources for the LAE stack and 249 sources for
the non-LAE stack. The composites, which we plot in
Figure 12, are an excellent match in redshift (Zspec, LAE=
592+£0.60 and Zgpec, non—Lag = 35.92£0.74, respectively)
and MUV (MUV,LAE =—18.50£0.08 and MUV,nonfLAE =
—18.70 £0.03, respectively). Furthermore, while approxi-
mately 75% of compiled LAEs fall in either the GOODS-
North or CANDELS-EGS field (where the presence of large-
scale ionized bubbles are suspected; V. Tilvi et al. 2020;
R. Endsley & D. P. Stark 2022; R. L. Larson et al. 2022), the
sampling of sources from six independent fields should, to a
degree, mitigate cosmic variance biases (see G. Roberts-Bors-
ani et al. 2024 for examples of spectroscopy over independent
sight lines). The combination of the matched redshifts and
Myys, as well as the sampling from independent fields, allows
for a close comparison of the populations’ intrinsic properties
independently of clustering effects or IGM opacity (see
G. Roberts-Borsani et al. 2023b).

We note modest differences in the UV continuum slopes of
the two stacks, with 3= —2.59 4+ 0.05 for the LAE spectrum
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Figure 12. A comparison between the median spectrum of sources with EW; 1y, > 30 A (LAEs; blue) and those with EW( 1y, < 10 A (non-LAEs; black). The two
spectra are well matched in median redshift and absolute magnitude, allowing for a close comparison of intrinsic properties: the two spectra reveal modest differences
in UV slope, but significant differences in line intensity and ratios (e.g., the presence or otherwise of C Iv, C 1], and He 11 4 [O II] in the rest-frame UV), as well as in
the rest-frame optical continuum. Overall, the LAE stack appears to represent sources with more extreme ionizing fields, lower metallicities and stellar masses, and
young stellar populations, suggesting intrinsic properties—in addition to environmental effects—play some role in regulating the visibility of strong Lya.

and 0= —2.40 4+ 0.02 for the non-LAE spectrum, both within
the range of values probed by the stacks in Figure 5 and
suggestive of dust-poor systems. Remarkably, we find striking
differences in the presence and intensity of rest-frame UV line
emission. Our LAE spectrum displays a host of line emission
from CIV AM548, 1550 (EW,=24+0.1 A), Hell
A1640 + [0 IT] AA1660, 1666 (EW(=3.8 £0.1 A), and C111]
AA1907, 1909 (EW,=6.9+0.1 A), while the non-LAE
spectrum displays only reduced C 1] AA1907, 1909 emission
(EWy=4.54+0.1 A) and a hint of Hell A1640 + [O 1]
AA660, 1666 (EW, < 1.2 A at 20), without any obvious
C 1V emission (EW, < 1.8 A at 20). The C 111] EWs of the two
stacks are consistent with the upper and lower limits of the
relation presented in Figure 7 for their respective redshifts,
while the enhanced CIII] emission in the LAE composite
relative to the non-LAE composite is not unexpected given
results from individual and stacked spectra at z ~2—4 almost
always show larger CHI] EWs with larger Ly EWs
(A. E. Shapley et al. 2003; R. Amorin et al. 2017; D. P. Stark
et al. 2017; F. Marchi et al. 2018). The presence of C 1V in our
LAE spectrum alone is also suggestive of particularly extreme
ionizing properties, requiring 48 eV to convert CIII] to CIV
and most typically seen in extremely metal-poor systems or
AGN (A. Feltre et al. 2016; P. Senchyna et al. 2019). C1V has
already been identified in a number of objects in the
Reionization Era (e.g., A. J. Bunker et al. 2023; M. W. Topping
et al. 2024b) and their lower-redshift analogs (e.g., D. K. Erb
et al. 2010; D. P. Stark et al. 2014; J. R. Rigby et al. 2015;
D. A. Berg et al. 2019; X. Du et al. 2020), with a significant
fraction of those also displaying Lya emission
(e.g., M. A. Schenker et al. 2012; R. Amorin et al. 2017;
K. B. Schmidt et al. 2017; R. P. Naidu et al. 2022a;
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A. J. Bunker et al. 2023), which hints at a possible link
between CIV and high Lya escape. This latter consideration
has been indirectly proposed in a number of recent studies,
which link high C1v/C 1] ratios to a nonzero escape fraction
of Lyman continuum photons (D. A. Berg et al. 2019;
D. Schaerer et al. 2022; S. Mascia et al. 2023b; I. G. Kramare-
nko et al. 2024) and thus by extension Lya. Whether such
systems are representative of the global population at z>6
remains unclear, although our stacked results suggest they
likely are, at least in Lya-emitting systems.

We also find notable difference in the strengths of the rest-
frame optical line emission, which we list (fluxes and EWs) in
Table 6 in the Appendix. The LAE spectrum displays line
strengths x1.4—1.7 larger than its non-LAE counterpart for
[Ne 1] AA3969, 3870, Hé, and Hy + [O111], and moderately
higher factors of ~2 in its He1 M473, [O111] + HS, and Ha
emission. The largest difference is seen in the [O 1] + Hf line
strength, with EWs of 1573 434 A and 734+ 11 A for the
LAE and non-LAE stacks, respectively. The two measurements
are in excellent agreement with the differences observed by
M. Castellano et al. (2017) for LAEs and non-LAEs through
stacked Spitzer/IRAC photometry, as well as more general
measurements inferred from both SED fitting (e.g., G. W. Rob-
erts-Borsani et al. 2016; R. Endsley et al. 2021b, 2023;
N. Laporte et al. 2023) or NIRSpec spectroscopy (e.g.,
H. Williams et al. 2023; A. Saxena et al. 2024; M. Tang
et al. 2023). The more extreme environments inferred from
enhanced [O IIT] + HG EWs are reflected in the R23-032 ratios
of the two stacks, with R23; o,g =6.12 +0.23 and O32; g =
21.00 £0.57 compared to R23,,,pag=06.54+0.22 and
032, 0n-1.aE = 6.69 +0.30. While the R23 ratios of the two
stacks are consistent with each other, the LAE stack displays a
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032 ratio more than 3x that of its non-LAE counterpart and
~1.6—3.0 larger than our redshift-binned stacks, clearly
indicating a higher ionization parameter likely paired with
lower metallicity. The inferred metallicities for the two stacks
using the O32 prescription of R. L. Sanders et al. (2024)
are log(O/H)ag = 7.48 £ 0.01 and 1og(O/H)yonLag =7-91 +
0.02, supporting the interpretation (see F. Cullen et al. 2020).

Finally, we also observe significant differences in the rest-
frame optical continuum. Our LAE spectrum displays a Balmer
index of Freq/Fpre=0.79 £0.07, similar to the values
observed at z~8.5 in our redshift-binned stacks (see
Figure 6), which suggests young stellar ages and enhanced
contributions from the nebular continuum. Our non-LAE stack
instead displays a larger Balmer index of Fieq/Fole=
1.03 £ 0.04, more typical of aged stars and enhanced stellar
contributions to the spectrum. The interpretation is corrobo-
rated by contrasting stellar mass and mass-weighted ages,
where gsf-derived estimates point to log M 1 ag/Ms ~ 7.54
and ~4 Myr for the LAE composite, and log
My non1.aE/ Mo~ 836 with ~110 Myr for the non-LAE
composite. The significant contrast in line and continuum
features between the two stacks is demonstrative of intrinsic
properties playing some role in regulating the visibility of Lya,
and possibly the recent star formation histories of the hosts.
This is likely in combination with the presence of overdense
regions and/or large ionized bubbles in sources at z > 6 (see
G. Roberts-Borsani et al. 2023b), and/or with effects from a
largely neutral medium for sources at 7 <5.3—5.8 (see A.-
C. Eilers et al. 2018; S. E. I. Bosman et al. 2022; Y. Zhu et al.
2023, for discussions on the end of reionization).

The SED fitting of the LAE composite also indicates an
effectively dust-free system (E(B — V)~ 0.07), therefore as a
final inspection we can use the measured HB, Ha, and rest-
frame UV continuum fluxes to infer a number of fundamental
quantities related to the Ly« visibility. One of the most
informative is the production rate of ionizing continuum
photons, &.n. Given &, is related to Ha via

N H()
gion = ( )

Lys00
Ll 1 o 10t ere s HZY,
(1 — fiie) L1500
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where N(HO) is the production rate of ionizing continuum
photons, L(Ha) is the luminosity of He, L;5q0 is the continuum
luminosity at approximately A.s = 1500 A, and fosc 18 the
escape fraction of ionizing continuum photons (assumed to be
zero here). From the measured Ha flux (f(Ha)=1.1 x
10718 erg g ! cmfz), we derive 10g &onap =25.49 £ 0.01 Hz
ergfl, which is consistent with canonical values derived from
SED fitting of high-redshift sources and/or low-redshift
populations (e.g., R. J. Bouwens et al. 2016; J. Matthee et al.
2017; 1. Shivaei et al. 2018; C. Simmonds et al. 2024).
Applying the same procedure to the non-LAE stack, we derive
a similarly consistent value of 102 &ionnon-LaE = 25.30 £0.01
Hz erg~'. We note those values increase by only 0.04 dex for
modest escape fractions of 10%.

Additionally, we evaluate the Ly« escape fraction, felgcy“ of
our composite LAE spectrum. From Case B recombination
theory, we adopt an Ly« /H( ratio of 24.273 (assuming Lya/
Ha=8.7 and Ha/HG=2.790) and, multiplied by our
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measured HS flux, f(HB) =4.0 x 107" erg s~ cm ™2, derive
an intrinsic Ly flux of £ = 9.8 x 107'% erg s~' cm™™.
From a simple Gaussian fit to the continuum-subtracted Ly«
profile, we derive an observed Lya flux of foliga =3.5x
1018 erg s=' ecm™2, which equates to an escape fraction of
approximately fegg“ ~ 36%, on the high end of but consistent
with measurements of individual objects at z > 5 reported in the
literature (see A. Saxena et al. 2024; L. Napolitano et al. 2024).

A more in-depth interpretation of such values and their
implications for the contributions of galaxies to the reionization
process requires a thorough investigation into the underlying
properties of the sample going into our stack (which in this case
probes the strongest LAEs), which we leave to future papers.
Nevertheless, our comparison of the average spectra of LAEs
and non-LAEs very clearly illustrates important intrinsic
differences between the two populations. Considering the
identical median redshifts of the stacks (z~5.9), those
differences are likely related to the physics within the galaxies
themselves and their immediate surroundings as opposed to the
neutrality of the intervening IGM. These differences will have
to be taken into account when using, e.g., galaxies and their
Ly« emission as a probe of the neutral density of the Universe.
For example, the high Lya detection fraction in z > 7 samples
selected for their extreme optical emission lines (G. W. Rober-
ts-Borsani et al. 2016) is easier to reproduce if they have
intrinsically higher Ly« emission than UV-continuum-selected
galaxies (G. Roberts-Borsani et al. 2023b). In order to further
characterize these differences, higher spectral resolution spectra
are needed, so as to increase the sensitivity to Lya and
determine its velocity profile in comparison to the rest-frame
optical Balmer lines. Our stacks, and average line ratios, are
therefore intended as an initial benchmark for reference in
future studies.

6. Summary and Conclusions

We have performed the largest compilation to date of z > 5
sources from public JWST/NIRSpec prism spectra. We
identify 482 sources with secure redshifts primarily from the
[O 1] + HQB emission-line complex at z ~ 5.0—9.7 and the Ly«
break at higher redshifts, with 356 of those sources represent-
ing novel confirmations. After removal of candidate unobs-
cured AGN sources, we verify that our sample is
commensurate with the star-forming main sequence at
comparable redshifts, and use our statistical sample to construct
representative and high-SNR composite spectra as a function of
redshift, absolute magnitude, stellar mass, and Lya EW. We
report on their average properties while making those templates
available to the community. Our main findings can be
summarized as follows.

1. We provide the tightest constraints yet on the UV
continuum slopes of high-redshift galaxies and their
evolution between z~5-11, finding blue slopes of
(B~ —2.3 to —2.7, indicative of overall dust-poor ISM
and young stellar populations. Sources at z ~ 5.5 display
the reddest slopes, followed by a steep decline to bluer
slopes for sources at z ~ 6-7, and a flattening off in the
evolution between z~ 7—11. UV-luminous and higher-
mass sources display systematically redder UV slopes
compared to their UV-fainter and lower-mass counter-
parts, likely reflecting more evolved ISM conditions. On
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average, sources at z>10 do not display slopes of
8 < —2.7 indicative of dust-free systems.

2. We report a steadily declining rest-frame optical
continuum break with redshift, indicative of declining
stellar ages and metallicities. The largest breaks
(Fy.4200/F.3500 > 1) are attributed to our lowest-redshift
(z ~5.5) stack, while our higher-redshift composites are
characterized by optical jumps of F, 4200/F, 3500 < 1
attributable to extremely young and metal-poor stellar
populations, and a possible enhancement of the nebular
continuum.

3. All of our composite spectra display unambiguous
detections of Cmm] 1907, 1909 A emission, with
EW,~5—14 A and a clear increase of the line strength
with redshift. The evolving EW of the line is consistent
with an extrapolation of results at z~ 0—3, while its
prevalence and strength in our stacks suggests a high
cadence among individual spectra. A comparison to
confirmed objects in the literature suggests a large
number classified as “extreme” in fact reside close to or
on the relation, reflecting CIIT] strengths comparable to
the general star-forming population. Prominent
He 11 4+ [O ITT] line emission is also consistently detected,
but at comparatively low strengths.

4. Ratios of strong rest-optical line emission (032, R23,
NE302, and (Ne III + [O 111])/H¥) indicate subsolar gas-
phase metallicities (log(O/H) ~7.2-7.9, ~0.03-0.16 Z..)
which decline with redshift. Comparisons to photoioniza-
tion models further reveal that z > 5 galaxies populate
regions of ionization versus excitation diagrams typically
associated with especially strong ionization parameters,
indicative of extreme ionizing radiation fields not
observed at z ~ 0.

5. Lastly, a direct comparison between the average (redshift-
and Myy-matched) spectra of LAEs and non-LAEs
reveals important differences in their intrinsic properties.
The spectrum of the former displays enhanced UV
emission (from C 111], C1v, and He 11 + [O I11]), bluer UV
continuum slopes, an inverse Balmer jump, and stronger
line emission with enhanced ratios compared to the latter.
Inferences from Ho and Lya emission in the LAE stack
suggest a production rate of ionizing continuum photons
of 10g &on=25.494+0.01 Hz erg ' and Lya escape
fraction of £, ];z“ ~ 35%, consistent with canonical values
and measurements of individual high-z sources in the
literature. The observed intrinsic differences suggest
LAEs are governed by more extreme ionizing fields,
young stellar populations, dust-poor ISM, and low
metallicities, the combination of which—combined with
environmental effects—may be more conducive to higher
escape fractions of Lya photons compared to non-LAEs
regardless of environmental effects.

The combination of JWST/NIRSpec’s unprecedented sensi-
tivity and wavelength coverage is opening a new window with
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which to characterize galaxies over the first ~1.2 Gyr of the
Universe. The plethora of available spectroscopic data sets
from only ~1.5 yr of operations now allow us to move from
single-object characterizations to statistical analyses generally
attributed to photometric studies, placing novel and direct
constraints on the evolution of galaxy properties across entire
populations and out to the earliest times. This study represents
one of the first (and largest) examples to do so, mirroring
spectroscopic studies at z~2—4 and extending them to star-
forming sources representative of the populations dominating
the aftermath, the conclusion, and the thick of the reionization
process. The findings and templates derived in this study
represent a new and observational benchmark for future studies
of high-redshift galaxies, allowing for a more direct compar-
ison of galaxy evolution across cosmic time and acting as a
spectroscopic reference point for the interpretation of indivi-
dual sources out to the highest redshifts.
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Appendix A
Redshift Confirmations of z > 5 Sources

Here we tabulate the spectroscopic redshifts and a number of
spectrophotometric properties associated with our parent
sample of confirmed z > 5 sources. In Table 3, we present all
sources (star-forming sources and those flagged as potential
AGN, see Section 3) with secure redshifts and where sufficient
photometric and spectroscopic coverage existed for a scaling of
the spectrum in the rest-frame UV. In Table 4, we adopt the
same format as Table 3 but list sources where either the redshift
was uncertain (e.g., where the msaexp-derived redshift was
z 2 5 but the spectrum lacked clearly identifiable features) and/
or where UV coverage necessary for a scaling of the spectrum
was lacking.
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Table 3
The List of Spectroscopically Confirmed Sources Reduced and Compiled in This Study, along with Several Spectrophotometric Properties
Prog. ID MPT ID R.A. Decl. Field Zspec myy Myv 53 n flagy
(32000) (J2000) (AB) (AB)

Star-forming galaxies

1210, 3215 17400, 20128771 53.14988 —27.77650 GOODS-S 12.926 29.222 —18.677 —2.703 1.000 0
2561 13077 3.57087 —30.40159 A2744 12.908 28.363 —18.259 —2.385 2.422 0
1210, 3215 2773, 20096216 53.16634 —27.82156 GOODS-S 12.516 28.792 —19.061 —2.238 1.000 0
2561 38766 3.51356 —30.35680 A2744 12.393 28.408 —18.824 —2.634 1.790 0
3073 22600 3.49898 —30.32475 A2744 12.338 26.846 —20.500 —2.327 1.308 0
1210, 3215 10014220, 20130158 53.16477 —27.77463 GOODS-S 11.552 28.107 —19.630 —2.458 1.000 0
2750 1 214.94315 52.94244 CANDELS-EGS 11.400 27.864 —19.895 —2.778 1.000 0
2750 10 214.90663 52.94550 CANDELS-EGS 11.040 27.387 —20.241 —1.810 1.000 0
1345 80073 214.93206 52.84187 CANDELS-EGS 10.810 27.770 —19.911 —3.096 1.000 1
3073 16115 3.51374 —30.35157 A2744 10.660 28.771 —18.358 —2.023 1.662 0
Active galactic nucleus (AGN) candidates
2561 26185 3.56707 —30.37786 A2744 10.061 26.760 —19.345 —2.124 3.710 0
1345 1019 215.03539 52.89066 CANDELS-EGS 8.679 25.512 —21.772 —2.116 1.000 1
2561 20466 3.64041 —30.38644 A2744 8.503 29.418 —17.495 —1.696 1.396 1
2561 16594 3.59720 —30.39433 A2744 7.040 29.019 —16.311 —1.121 3.172 1
2561 13123 3.57983 —30.40157 A2744 7.038 28.503 —16.410 —1.669 5.897 1
2561 15383 3.58353 —30.39668 A2744 7.038 26.767 —17.721 —1.757 10.222 1
2561 28876 3.56960 —30.37322 A2744 7.037 30.183 —15.475 —2.040 3.650 0
1345 717 215.08141 5297218 CANDELS-EGS 6.934 25.929 —21.016 —2.478 1.000 0
2561 11254 3.58045 —30.40502 A2744 6.871 27.028 —18.356 —2.323 4.498 0
2561 41225 3.53400 —30.35331 A2744 6.770 27.465 —18.928 —1.857 1.853 0

Note. Star-forming sources are listed in the top half of the table, while AGN candidates (identified here and in other works) are listed in the bottom half. Only the first
10 sources from each classification are shown here, while the table is available in its entirety online. All apparent magnitudes remain uncorrected for gravitational
lensing, however absolute magnitudes are corrected for such effects. Objects for which coordinates are absent represent multiply imaged sources where the apparent
and absolute magnitudes are derived by demagnifying the photometry of the individual images and taking the median value.

(This table is available in its entirety in machine-readable form in the online article.)

Table 4
Same as Table 3 but for Sources with Uncertain Redshifts and/or Where Rest-frame Ultraviolet Photometry or Prism Fluxes Were Not Available for Normalization
Purposes
Prog. ID MPT ID R.A. Decl. Field Zspec myy Myv 153 " flag;
(J2000) (J2000) (AB) (AB)

Star-forming galaxies

3073 14033 3.49371 —30.36017 A2744 9.294 28.585 —18.894 -3.120 1.465 0
1345 7 215.01171 52.98830 CANDELS-EGS 8.876 B B e 1.000

1345 2 214.99440 52.98938 CANDELS-EGS 8.809 1.000

3215 97586 53.15084 —27.82014 GOODS-S 8.696 29.453 —17.722 —2.010 1.000 0
1181 54165 189.27184 62.19518 GOODS-N 8.660 1.000

3073 14495 3.49417 —30.35797 A2744 8.372 28.505 —18.644 —3.064 1.469 0
3215 129731 53.13603 —27.77523 GOODS-S 8.355 29.050 —18.451 —2.115 1.000 0
3073 15840 3.51882 —30.35288 A2744 8.273 29.981 —16.610 —3.910 1.744 0
3073 21322 3.46106 —30.31290 A2744 8.161 27.837 —19.321 —1.564 1.195 0
3215 281814 53.16155 —27.77017 GOODS-S 8.147 29.135 —17.970 —2.678 1.000 0

AGN candidates

1210 10013704 53.12653 —27.81809 GOODS-S 5.920 27.690 —19.037 —2.592 1.000 0
1181 38147 189.27068 62.14842 GOODS-N 5.878 1.000
1433 1742 101.89250 70.21018 MACS 0647 5.808 1.216
2565 13610 34.31482 —5.23012 MACS 0647 5.402 1.000
1181 68797 189.22914 62.14619 GOODS-N 5.037 1.000

(This table is available in its entirety in machine-readable form in the online article.)

Appendix B

. . A obtaining accurate measurements. As mentioned in Section 3.2,
Average Slit Loss Correction Function

residual wavelength-dependent slit losses are found to be
The correction of wavelength-dependent slit losses (when present in a number of our reduced spectra that are not fully
present) in galaxy spectra represents a crucial step toward accounted for in the path loss step of the data reduction
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Figure 13. The percentage slit loss of sources observed with NIRSpec prism compared to NIRCam photometry. The slit loss is defined as the NIRCam photometry
minus the NIRSpec pseudophotometry, divided by the NIRCam photometry, and multiplied by 100. Measurements for individual sources are plotted as gray points,
while Gaussian fits to the density distribution in each filter are plotted as solid lines with normalized amplitudes. The centroid of each Gaussian is shown as a colored
square, shifted by +0.2 um for clarity. A best-fit exponential function to the squares is shown as a turquoise line. We note that the distributions of single-object points
for virtually all bands are Gaussian in shape, except the F115W and F150W bands, which are less well defined and thus appear slightly up- or down-scattered

compared to their redder counterparts.

pipeline. Here we expand on the determination of those slit
losses and the derivation of an average correction function.
For each photometric band redward of the adopted UV-
scaling filter, we evaluate the percentage difference between
the extracted photometry and prism pseudophotometry gener-
ated directly from the spectrum with the relevant filter response
curves (i.e., NIRCam photometry minus prism photometry,
divided by NIRCam photometry times 100). The results are
plotted in Figure 13, where for each source and photometric
band the percentage of slit loss is plotted as a gray point. The
distribution of points for each filter are approximately
Gaussian, and thus to highlight their centroids and spread, we
fit each density profile with a Gaussian function and plot the
best fit as colored lines (out to their So width limits), along with
a marker (shifted in wavelength for clarity) indicating the
centroid and its lo uncertainty. We note a nonnegligible
amount of wavelength-dependent slit loss, starting at approxi-
mately 1%—-2% (absolute values) on average in the blue
(<2 pm) bands (albeit with some scatter in the F115W and
F150W bands) and increasing to 10%—-20% on average in the
red bands, undoubtedly reflecting loss of light from an
increasing point-spread function width with wavelength. We
note that the apparently larger deviations in the F115W and
F150W centroids are due to poorly constrained density profiles,
which begin to deviate from a well-defined Gaussian. The
average wavelength-dependent slit loss is well fit by an
exponential function (plotted as a turquoise line), which begins
at 10%—-20% slit loss in the reddest bands and progressively
decreases to subpercent levels by ~3 pm and shorter-
wavelength bands. We use this parameterization to correct all
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composite spectra derived in this analysis (although we do not
propagate uncertainties on the slit loss correction into our
spectral measurements) and render the correction function
publicly available for community use.

We also note there is nonnegligible scatter among individual
sources, some of which is not uniquely attributable to loss of
light due to the NIRSpec MSA shutter. These include, in a few
cases, some possible oversubtraction of the sky background or
overcorrection of the path loss by the data reduction pipeline, in
which case the spectrum would lie below and above the
photometric data points, respectively, and result in values
beyond £100%. Accurate corrections on an object-by-object
basis are not trivial, requiring knowledge of the object size and
position in the NIRSpec MSA shutter as well as a robust
photometric baseline, which is not always the case in low SNR
regimes where even HST and NIRCam photometry can display
significant scatter. However, an average correction for stacked
spectra is both possible and required: the high SNR of
composite spectra ensures a more robust parameterization of
the trend which is less sensitive to outliers (e.g., apparently
faint galaxies or low SNR spectra) and encapsulating of various
degrees of slit loss deriving from, e.g., size and morphology
and/or position in the slit.

Appendix C
Line Fluxes and Equivalent Widths

We list here the HB-normalized integrated line fluxes and
EWgs, calculated as described in Section 3.7 and discussed
throughout the various sections of the paper.
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Table 5
Emission-line Ratios Relative to H{ and Rest-frame Equivalent Widths for the z ~ 5.5—9.5 Redshift-binned and Lya Emitter Composite Spectra Listed in Table 2
z5_SF 26_SF z7_SF z8_SF 7z9_SF
FLine FLine FLine FLine FLine

Line Fug EW, Fug EW, Fug EW, Fug EW, Fug EW,
C 1] AA1907, 1909 04 +£0.1 4.6 £0.6 05+0.1 74+£1.6 0.6 £0.1 7.8£09 0.7+0.1 112+£1.2 0.6 £0.1 128 £1.0
[O 1] AN3727, 3729 0.6 £0.1 35.1+0.1 0.6+£0.1 39.1£0.1 04 £0.1 293 +£0.1 05+0.1 306 £0.1 0.1 £0.1 143 £0.1
[Ne 1m1] A3869 0.7+£0.1 42.1£0.2 0.6+0.1 47.1 £0.1 0.7£0.1 50.1£0.2 04+0.1 329+£02 03+£0.1 335+£02
[Ne 1] A3968 02+£0.1 16.0 £ 0.1 03+0.1 248 £0.1 03+£0.1 259+0.1 04+0.1 29.7+£0.2 02+£0.1 227+£0.2
Hé M4102 02+£0.1 16.8 £0.1 02+£0.1 17.8 £0.1 02=£0.1 164 £0.1 02+£0.1 224+£02 0.1 £0.1 18.8 £0.1
Hy M\341 + [O 11] M364 0.6 £0.1 48.0£0.1 0.6+0.1 61.7+£0.2 0.5£0.1 57.1£0.3 0.7+0.1 76.3 £0.6 0.3+£0.1 554 +£0.7
HpB 2863 1.00 1162 +£4.2 1.00 136.9 £4.5 1.00 153.1 £ 6.9 1.00 1395 £ 144 1.00 157.1 £ 16.6
[O 1m1] A4960 1.6+0.1 181.1 £5.3 1.6 £0.1 226.1 £8.4 1.9+0.1 2995 £ 11.1 2.1+£03 2953 £31.0 1.4+03 2153 £36.7
[O 1m1] A5008 4.140.1 464.8 +9.3 4.8+02 685.5 +19.5 53403 837.6 £24.5 59408 858.2 + 87.7 404038 603.9 £+ 103.1
Ha 26564 + [N 1] \6585 27+0.1 546.2 £ 8.4 34+£0.1 912.3 £394 —-

Note. The H3 fluxes are 3.3(£0.1) x 107", 3.1(20.1) x 107'°,2.9(£0.1) x 10™"°, and 2.7(£0.3) x 107", and 2.8(%0.3) x 10~'? erg s cm ™~ for the z5_SF, z6_SF, z7_SF, z8_SF, and z9_SF stacks, respectively. All

EWs are quoted in the rest frame and have units of A

[ 1queod +20¢ “(ddyg) €61:9L6 “TYNINOf TYOISAHAOULSY AH],

‘[® 19 1UBSIOg-S1aqOY
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Table 6
Same as Table 5 but for the Lya Emitter and Non-Lyo Emitter Stacks from Table 2
LAE Non-LAE
Fline Fline
Line Fup EW, Fug EW,
C1IV AA1548, 1550 02+£0.1 24+0.1
He 11 A\1640 + [O 1] AA1660, 1666 03+0.1 3.8+0.1
[C ] AX1907, 1909 04 £0.0 69+0.1 04+£0.1 45+£0.1
[O 1] AN3727, 3729 02+£0.1 21.0+£0.1 0.6+£0.1 323 +£0.1
[Ne 1] A3869 0.6 £0.0 62.9+£0.2 0.7 £0.0 37.6 £0.2
[Ne 1] A3968 0.2+£0.1 25.8£0.1 0.3+£0.0 17.4 £0.1
Hé M102 02+£0.1 254 £0.1 02+£0.1 145 £0.1
Hy M341 + [O 1] 364 0.6+ 0.1 86.7 £ 0.4 0.6+£0.1 46.1 £0.2
Hp M4863 1.00 2158 +£7.3 1.00 118.7 £ 3.0
[O 1] A960 1.5+0.1 3420+ 135 1.7£0.1 168.0 £ 4.5
[O 1] A5008 44+£02 1014.9 £ 30.3 43£0.1 4469 £9.4
Ha A6564 + [N 1I] 6585 28+0.1 1080.9 £ 52.7 27+0.1 469.0 £ 8.4

Note. The H/3 fluxes are 4.0(30.1) x 107" erg s~ em™2 for the LAE stack and 3.0(£6.0) x 107" erg s~ em™2 for the non-LAE stack. All EWs are quoted in the

rest frame and have units of A.
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