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Abstract

We present JWST NIRSpec spectroscopy for 11 galaxy candidates with photometric redshifts of z>~9 — 13 and
Myy € [ -21, —18] newly identified in NIRCam images in the Cosmic Evolution Early Release Science Survey.
We confirm emission line redshifts for 7 galaxies at z=7.762-8.998 using spectra at ~1-5 ym either with the
NIRSpec prism or its three medium-resolution (R ~ 1000) gratings. For z > 9 photometric candidates, we achieve a
high confirmation rate of ~90%, which validates the classical dropout selection from NIRCam photometry. No
robust emission lines are identified in three galaxy candidates at z > 10, where the strong [O 1] and HG lines
would be redshifted beyond the wavelength range observed by NIRSpec, and the Lya continuum break is not
detected with the sensitivity of the current data. Compared with Hubble Space Telescope-selected bright galaxies
(Myy ~ —22) that are similarly spectroscopically confirmed at z =~ 8 9, these NIRCam-selected galaxies are
characterized by lower star format10n rates (SFRs; SFR ~4 M, yr— ) and lower stellar masses (NlO M.,), but
with higher specific SFR (=240 Gyr"), higher [O I]4+H{ equivalent widths (~1100 A), and elevated production
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efficiency of ionizing photons (log(¢

ion
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/Hz erg™!) ~ 25.8) induced by young stellar populations (<10 Myr)

accounting for ~20% of the galaxy mass, highlighting the key contribution of faint galaxies to cosmic reionization.
Taking advantage of the homogeneous selection and sensitivity, we also investigate metallicity and ISM conditions
with empirical calibrations using the [O I]sq03/H/ ratio. We find that galaxies at z ~ 8 — 9 have higher SFRs and
lower metallicities than galaxies at similar stellar masses at z ~2 — 6, which is generally consistent with the current

galaxy formation and evolution models.

Unified Astronomy Thesaurus concepts: Early universe (435); Galaxy formation (595); Galaxy evolution (594);

High-redshift galaxies (734)

1. Introduction

Studying early galaxies is key to understanding fundamental
cosmological questions such as the development of large-scale
structure, dark matter, and the processes that govern cosmic
reionization and early galaxy formation and evolution. In the
last decades, the search for galaxies seen within the epoch of
reionization has been successful at 6 <z < 11. With thousands
of galaxies discovered, deep Hubble Space Telescope (HST)
surveys have provided valuable demographic data for these
galaxies, including an initial characterization of the stellar
component, in terms of unobscured star formation rates (SFRs)
and sizes (e.g., Ellis et al. 2013; Bouwens et al. 2015;
Finkelstein et al. 2015; Oesch et al. 2016; Bhatawdekar et al.
2019).

The start of JWST operations (Rigby et al. 2023) has led to
significant progress in the discovery and investigation of
galaxies at very early cosmic epochs. From the Early Release
Observations (Pontoppidan et al. 2022) and the Early Release
Science (ERS; e.g., Treu et al. 2022; Finkelstein et al. 2023)
programs, multiple NIRCam imaging surveys have been
carried out toward both lensing clusters and blank fields,
where dozens of high-redshift galaxy candidates have been
identified at z >~ 9-17 (e.g., Adams et al. 2023; Atek et al. 2023;
Bouwens et al. 2023b; Bradley et al. 2022; Castellano et al.
2022; Finkelstein et al. 2022, 2023; Labbe et al. 2023;
Morishita & Stiavelli 2023; Naidu et al. 2022¢; Yan et al. 2023;
Donnan et al. 2023a; Harikane et al. 2023b). Their abundance
at the bright-end (Myy < —20) exceeds nearly all theoretical
predictions so far (e.g., Behroozi & Silk 2015; Dayal et al.
2017; Behroozi et al. 2019, 2020; Davé et al. 2019; Yung et al.
2019a, 2020a; Kannan et al. 2022; Mason et al. 2023; Wilkins
et al. 2023, 2022), suggesting several possibilities, including
that the star formation in early systems is dominated by a top-
heavy initial mass function (IMF), complete lack of dust
attenuation, and/or changing star formation physics (e.g.,
Boylan-Kolchin 2023; Ferrara et al. 2023; Lovell et al. 2023;
Menci et al. 2022; Finkelstein et al. 2023; Harikane et al.
2023b).

Deep Atacama Large Millimeter/submillimeter Array
(ALMA) follow-up observations have been immediately
performed through the Director’s Discretionary Time for
several remarkably bright (Myy € [ —22, —21]) JWST galaxy
candidates at z~ 11-17 (e.g., Castellano et al. 2022; Naidu
et al. 2022c; Harikane et al. 2023b), showing no robust dust
continuum detection from any of these candidates (Bakx et al.
2023; Fujimoto et al. 2022a; Yoon et al. 2022). These ALMA
results disfavor the possibility of lower-z dusty interlopers
(Fujimoto et al. 2022a) and show possible [O III] line detection
(Bakx et al. 2023; Fujimoto et al. 2022a; Yoon et al. 2022),
although robust spectroscopic confirmation of these sources is
inevitably required.

In this paper, we present JWST/NIRSpec results of follow-
up observations of z > 8.5 galaxy candidates identified in the
first epoch of the Cosmic Evolution Early Release Science
(CEERS) Survey. This is the first homogeneous, luminosity-
selected follow-up spectroscopy for JWST high-redshift galaxy
candidates at z>8.5 in the UV luminosity range of
Myvy € [ 21, —18]. This sets the benchmark for the spectro-
scopic confirmation of large samples of galaxies, further
allowing detailed investigations into the UV luminosity
function shape at z 2 8.5 and the characterization of the high-
redshift Lyman-break galaxy (LBG) population newly identi-
fied with JWST. This work is complementary to the recent
successful spectroscopic confirmation of the higher redshift,
but much (1-2 mag) fainter galaxies at z=9.51-13.20 in
lensing cluster fields (Roberts-Borsani et al. 2022; Williams
et al. 2023) or very deep observations of the Hubble Ultra Deep
Field (Curtis-Lake et al. 2023; Robertson et al. 2023).

The structure of this paper is as follows. In Section 2, we
describe the observations and the data reduction of CEERS
JWST NIRCam and NIRSpec observations. Section 3 outlines
the methods of redshift determination. In Section 4, we present
and discuss the results of the validity of the redshift
determination and the physical properties for the spectro-
scopically confirmed sources. A summary of this study is
presented in Section 5. Throughout this paper, we assume a flat
universe with Q,,= 0.3, Qu= 0.7, and Hy=70 km s
Mpc ' and the Chabrier (2003) IMF. We adopt vacuum rest-
frame wavelengths for the emission lines. When we show
lensed galaxies taken from the literature for comparison, we
show the intrinsic properties after magnification corrections.

2. Observations and Data Processing

The JWST/NIRCam (Rieke et al. 2003, 2005; Beichman
et al. 2012) and JWST/NIRSpec (Jakobsen et al. 2022) data
employed in this work were taken as part of the Cosmic
Evolution Early Release Science Survey (CEERS; ERS 1345,
PI: S. Finkelstein) in the CANDELS (Grogin et al. 2011;
Koekemoer et al. 2011) Extended Groth Strip (EGS) field. The
complete details of the CEERS program will be presented in S.
Finkelstein et al. (2023, in preparation).

2.1. JWST/NIRCam Data and Target Selection

The galaxies discussed in this work are part of the
photometrically selected z=>8.5 candidate galaxy sample
assembled by Finkelstein et al. (2023). These galaxy candidates
were selected from the CEERS epoch (1) (2022 June) NIRCam
imaging data, which are described in full in Bagley et al.
(2023). The Finkelstein et al. (2023) photometry catalog
includes measurements over the full NIRCam wavelength
range in the F115W, F150W, F200W, F277W, F356W,
F410M, and F444W filters, which have exposures of ~3000
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Figure 1. Top: NIRCam red giant branch (RGB) color (R: F444W, G: F356W, B: F277W) mosaic combining the NIRCam pointing IDs of ID1, ID2, ID3, and ID6
taken in CEERS epochl (2022 June). The white squares show the NIRSpec MSA footprints of the NIRSpec pointing IDs of ID4, IDS, and ID10 taken in CEERS
epoch2 (2022 December). The cyan circles denote the NIRCam-selected high-redshift galaxy candidates at z 2 8.5 presented in Finkelstein et al. (2023). The yellow
squares represent the NIRSpec MSA targets, and their MPT-IDs are labeled. Two candidates in the MSA footprints did not receive slits due to the constraints of the
MSA configuration. Bottom: RGB 3”6 x 3”6 image cutouts around the MSA targets (R: F356W, G: F277W, B: F150W). The rectangles show the 072 x 0746
shutter configuration. We use the standard three-shutter MSA slitlets and perform a three-point nodding. Thus, five shutter positions are presented, including the nod

positions, which is reflected in the 2D spectra in Figure 2.

s per filter (~6000s for F115W); as well as in the existing
HST/CANDELS Advanced Camera for Surveys (ACS) and
WEC3 F606W, F814W, F105W, F125W, F140W, and F160W
bands.

Robust candidate z 2 8.5 galaxies were selected based on a
combination of detection significance and photometric redshift
distribution criteria, designed to select well-measured astro-
physical sources with photometric redshifts highly likely to be
at z 2 8.5. This full sample consists of 26 candidate galaxies,
with the full details available in Finkelstein et al. (2023). The
NIRSpec multiobject spectroscopy (MOS) configurations were
designed to maximize the number of these candidates observed,
resulting in a total of 11 targets at z >~ 9-13. In Figure 1, we
present the source positions of the full 26 candidates and the 11
targets included in the NIRSpec observations. The target
properties are summarized in Table 1.

2.2. JWST/NIRSpec Data

The z 2 8.5 candidates presented in this work are included in
the NIRSpec MOS configurations taken with the Micro Shutter
Array (MSA; Ferruit et al. 2022) during the CEERS epoch2
observations (2022 December). These NIRSpec observations
are split into 6 different MSA pointings, each of them observed
with the G140M/F100LP, G235M/F170LP, and G395M/

F290LP medium-resolution (R = 1000; here denoted by “M”)
gratings plus the prism (R = 30-300), fully covering the ~1-5
pm wavelength range. The MSA was configured to use three-
shutter slitlets, enabling a three-point nodding pattern, shifting
the pointing by a shutter length in each direction for
background subtraction. The total exposure time per disperser
is 3107 s distributed as three integrations (one per nod) of 14
groups each in the NRSIRS2 readout mode. Two prism
observations (NIRSpec pointings 9 and 10) were affected by an
electrical shon,31 and we do not include those data in our
analyses in this paper. Those two prism observations were
rescheduled in CEERS epoch3 (2023 February), for which the
data processing, analyses, and results are presented in Arrabal
Haro et al. (2023a).

The M grating and prism observations have different MSA
configurations, and so not all targets are observed in both
modes. We present spectra of 11 candidates at z 2 8.5 in this
study: 7 were observed with the prism, 5 were observed with
the M gratings, and two were observed with both modes (see
Table 1).

3! Webb Observing Problem Report (WOPR) ID: 88650.
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Table 1
NIRSpec Follow-up High-z Targets Identified with NIRCam in CEERS Epochl

Source ID* MPT-ID R.A. Decl. ME277W Zphot Zspec S/N Mode Other References
(deg) (deg) (mag)
1 @ ©) @ &) ©6) @) ® © (10)
Confirmed
CEERS1_3858 2 214.994402 52.989379 27.2 8.951013 8.807 + 0.003 75 P 1,2,3
CEERS1_3908 3 215.005189 52.996580 27.3 9.047}2° 8.005 + 0.001° 17.5 p 2
CEERS1_3910 4 215.005365 52.996697 28.0 9.55+0% 7.9932 + 0.0006 9.6 M 1,2,4
CEERS1_6059 7 215.011706 52.988303 27.0 9.0175:9¢ 8.876 + 0.002 8.9 PM 2,4
CEERS3_1748 20 214.830685 52.887771 28.5 8.77+0%8 7.769 + 0.003 7.7 P.M 2,3
CEERS6_7603 23 214.901252 52.846997 28.9 11.321939 8.8805 + 0.0005" 9.8 M 2
CEERS6_7641 24 214.897232 52.843854 28.1 8.9570%3 8.9980 + 0.0005" 11.1 M 1,2, 4
Not confirmed
CEERS1_1730 0 215.010022 53.013641 27.7 13.36705¢ P
CEERS6_4012 21 214.888127 52.858987 27.6 8.89103¢ M 2
CEERS6_4407 22 214.869661 52.843646 29.0 10.63798 M
Tentative
CEERS1_8817 9 215.043999 52.994302 28.1 10.6079%2 9.388? or 9.696? 5.7 p 2

Notes. (1) Source ID used in Finkelstein et al. (2023). (2) Source ID in the NIRSpec MSA configurations. (3) Right ascension (J2000). (4) decl. (J2000). (5) Observed
AB total magnitude in the F277W filter. (6) Photometric redshift. (7) Spectroscopic redshift measured from NIRSpec spectroscopy. (8) S/N from the Gaussian
+continuum fit for the [O 11]5008, 4960 lines. For MPT-ID9, we show the single-line S/N integrated over the 3 pixels around the peak. (9) NIRSpec observation
mode (prism (P); medium-resolution gratings (M)). (10) References that also report the source identification as high-redshift (z = 8.5) galaxy candidates (Bouwens
et al. 2023a (1); Donnan et al. 2023a (2); Whitler et al. 2023 (3); Labbe et al. 2023 (4)). (3)-(6) Also taken from Finkelstein et al. (2023).

# These three galaxies have also been reported in Tang et al. (2023).

b From top to bottom, these sources are referred to as CEERS_4702, 4774, 4777, 7078, 23084, 61381, 61419, 2067, 56878, 57400, and 10332 in Arrabal Haro et al.

(2023a).

2.3. NIRSpec Data Reduction

The details of the CEERS NIRSpec data processing will be
presented in P. Arrabal Haro et al. (2023, in preparation). We
summarize the main steps of the reduction here. The NIRSpec
data is processed with the STScI Calibration Pipeline®” version
1.8.5 and the Calibration Reference Data System mapping
1027. We make use of the calwebb_detectorl pipeline
module to subtract the bias and the dark current, correct the 1/f
noise, and generate count-rate maps (CRMs) from the
uncalibrated images. At this stage, the parameters of the jump
step are modified for an improved correction of the “snowball”
events®® associated with high-energy cosmic rays.

The resulting CRMs are then processed with the cal-
webb_spec?2 pipeline module, which creates 2D cutouts of
the slitlets, performs the background subtraction making use of
the three-nod pattern, corrects the flat-fields, implements the
wavelength and photometric calibrations, and resamples the 2D
spectra to correct the distortion of the spectral trace. The
pathloss step accounting for the slit-loss correction is turned
off at this stage of the reduction process. Instead, when required
for the analysis, we introduce slit-loss corrections based on the
morphology of the sources in the NIRCam bands and the
location of the slitlet hosting them.

The images of the three nods are combined at the
calwebb_spec3 pipeline stage, making use of customized
apertures for the extraction of the 1D spectrum. The custom

32 hitps: //jwst-pipeline.readthedocs.io/en/latest/index.html

33 https: / /jwst-docs.stsci.edu /data-artifacts-and-features /snowballs-and-
shower-artifacts

extraction apertures are visually defined for targets presenting
high signal-to-noise ratio (S/N) at the continuum or emission
lines, which are easily recognizable in the 2D spectra. For those
cases where the targets are too faint for a robust visual
identification, a 4 pixel extraction aperture is defined around a
spatial location estimated from the relative position of the target
within its shutter, derived from the MSA configuration.

Finally, the 2D and 1D spectra are simultaneously inspected
with the Mosviz visualization tool** (Developers et al. 2023) to
mask possible remaining hot pixels and other artifacts in the
images, as well as the detector gap (when present). Once
inspected and masked, the three M gratings are combined into a
single spectrum, resampling to a common wavelength array at
the overlapping wavelengths and adopting the mean flux at
each pixel, weighted by the flux errors. No resampling of the
wavelength grid is performed in the prism spectra.

We test the accuracy of the error spectrum by comparing the
normalized median absolute deviation of the science spectrum
(masking out emission lines) to the median of the error
spectrum. We find that the actual data show fluctuations
~1.5-2x larger than the typical error value. Thus, we scale the
error spectrum up by this scale factor on an object-by-object
basis. Our noise correction factor from the above method is
consistent with the estimates presented in Arrabal Haro et al.
(2023a). Although the effect of noise correlation might still
increase the correction factor, any potential impact would likely
be modest (~30%; Arrabal Haro et al. 2023a).

i https: / /jdaviz.readthedocs.io/en/latest/mosviz/index.html
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3. Analysis
3.1. Line Identification

We systematically analyze the reduced 1D and 2D spectra of
the 11 spectroscopically observed targets to identify emission
line and continuum features. From 7 targets (MSA Planning
Tool (MPT)-ID2, ID3, ID4, ID7, ID20, ID23, and 1D24), we
identify at least two emission line features whose wavelength
separations and flux ratios match those of the [O II]5008, 4960
emission lines. These line features have S/N > 7 and S/N 2 3
from the brighter and the fainter doublet line, respectively,
based on the integrated pixel S/N over 3 pixels around the
peak. In Figure 2, we show the 1D and 2D spectra of these
seven targets.

From one additional target (MPT-ID9), a single-line feature
is observed with S/N >5 at 5.20 um, suggesting a potential
identification of [O II]5008 at z =9.388, or HG at z=9.696.
However, no positive signals at the expected wavelengths for
the neighboring lines are confirmed in those potential redshift
solutions with Hp, [O11]5008, or [O111]4960. This suggests
that the neighboring lines are buried in the noise fluctuations or
that the 5.20 pm line feature is just noise. We thus focus on the
first seven sources with at least two significant line features in
the following analyses. From the other three targets (MPT-IDO,
ID21, ID22), we identify no secure line or Ly« break features.
Interestingly, three out of these four potential and nondetected
sources are estimated to have zno > 10 (Finkelstein et al.
2023), suggesting that these sources might be truly located at
z> 10, where the typical strong rest-frame optical emission
lines (HG, [O 11]5008, 4960) would lie beyond the red limit of
NIRSpec wavelength coverage, making the redshift estimate
challenging. The 1D and 2D spectra for these four targets are
shown in the Appendix.

3.2. Redshift Measurement

For the seven sources with at least two possible line features,
first, we perform template fitting to the NIRSpec 1D spectra to
obtain initial redshift estimates. A linear combination of three
different CIGALE (Burgarella et al. 2005; Noll et al. 2009;
Boquien et al. 2019) models is fitted to the real spectra at a
redshift interval, with steps matching the spectral resolution of
the grating (or the highest spectral resolution at the red
wavelengths in the case of the prism). The templates employed
are selected to represent a wide range of galaxy spectra, from
emission line galaxies to quiescent and old massive galaxies.
For all the sources spectroscopically confirmed, the best
solution from y* minimization over the explored z=0-13
range is consistent with an [OII]5008 detection at long
wavelengths.

Using the best-matching template redshifts as the starting
estimation, we perform a Gaussian + continuum fitting with a
Markov Chain Monte Carlo (MCMC) approach around the
peak of the brightest emission line to refine the redshift
measurements. Because these prior redshift estimates suggest
that the brightest emission line corresponds to [O III]5008 in all
seven sources, we adopt the vacuum rest-frame wavelengths of
5008.22A and 4960.28 A for the fit to the brightest and
neighboring lines simultaneously by assuming that their line
widths and the underlying continuum are the same and the line
ratio of 3:1. We determine spectroscopic redshifts in the range
Zspee = 71.7621-8.9979. We summarize our final zp.. measure-
ments and 1o uncertainties in Table 1. In the right panel of
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Figure 2, the red line and blue curve show our zg,.. value
compared to the photometric redshift probability distribution P
(z) presented in Finkelstein et al. (2023) based on the
photometric spectral energy distribution (SED) analysis,
respectively. We confirm that the zg. values of all these
seven sources are consistent with the P(z) distribution within
20. We further discuss the difference between zgpe. and zppe in
Section 4.1. We detect the Ly« continuum break only from the
prism spectrum of MPT-ID7, where we confirm the wavelength
of the continuum break is consistent with the redshift
determined by the emission lines. We show the Lya break
observed in MPT-ID7 in the Appendix.

Note that MPT-ID3 and ID4 are separated by less than 3 kpc
in physical scale (see Figure 1), and our zp.. measurements are
7=28.005 £0.001 for ID3, and z="7.9932 &+ 0.0006 for ID4.
Although the line feature is less evident in ID4, these
independent results suggest that ID3 and ID4 are a close pair,
and our zgpe. estimate for ID4 is secure. We also note that the
[O 1m1]5008 line feature in the 2D spectrum of MPT-ID2 is less
clear than those for other sources. However, we confirm that
the S/N increases to 7.5 in the simultaneous fit to both [O 1II]
lines by fixing the wavelength separation and the line ratio. The
Zspee Value also shows an excellent agreement with zphe. We
thus include MPT-ID2 in our zgpe. sample in this paper.

We also run the template fitting for the remaining four
sources in order not to miss the chance that we identify
multiple marginal line detections whose wavelength separation
matches with a specific redshift solution. However, we do not
find any convincing redshift solutions for these sources.

3.3. Line Flux Measurement

We evaluate the fluxes of several key rest-optical emission
lines for the zy,e. sample. We focus on the line fluxes of [O III]
5008, [O11]4960, HB, and [O11]3728 in this paper. We
perform the Gaussian + continuum profile fitting by fixing the
redshift. We fit [OMI]5008, [O1M]4960, and HS3 lines
simultaneously, while we separately fit [O1I1]3727. In the
fitting, we assume the same line width in the velocity frame
among these emission lines. We also assume that the same
underlying continuum among the [O I]5008, [O 11]4960, and
Hg lines and fix the line ratio of 3:1 between [0 11]5008 and
[O 111]4960. We use the rest-frame 4100-5200 A for the fit to
obtain a stable result for the underlying continuum. For MPT-
ID24 the wavelength of the HZ line falls in the detector gap,
while the H+ line is detected at S/N ~ 3. We thus alternatively
evaluate the line flux of Hy and convert it to HS with Hy/Hj3
of 0.471 for the case B recombination with the electron
temperature of 10* K without dust correction (Osterbrock 1989)
due to the negligible dust extinction estimated from our SED
analysis (Section 3.5).

In Table 2, we list the rest-frame equivalent width (EW)
values of [O 111]5008 and H/3 and R3 (=[O 111]5008 /H3). When
we do not securely constrain the H3 flux at more than S/N =2,
we place 30 upper and lower limits for EW(HG) and R3,
respectively. When the continuum is not well constrained (S/
N < 2) from the fit, we estimate the underlying continuum by
correcting the slit-loss for the line emission (see Section 3.4)
and subtracting the line contribution to the F444W photometry.
We confirm that our EW measurements are consistent with the
independent analysis and measurement for MPT-ID3,ID 23,
and ID24 presented in Tang et al. (2023) within the errors.
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Figure 2. NIRSpec 2D (top) and 1D (bottom) spectra in the observed wavelength frame for the sources that are spectroscopically confirmed. MPT-ID20, ID3, ID2,
and ID7 show the prism spectrum, while ID4, ID23, and ID24 show the combined spectra of the G140M, G235M, and G395M gratings. The red horizontal lines on
the 2D spectrum represent the aperture position used for extracting the 1D spectrum. The red vertical dashed lines denote the expected wavelengths of Lyc, [O 11]
3727, Hy, HB, [0 111]4960, and [O 11]5008 from left to right based on our zy,e. measurement. The 2D spectrum is smoothed with a one-pixel (=o) Gaussian kernel.
The middle panel shows the zoom-in spectrum around the brightest line feature. The best-fit Gaussian + continuum fit is overlaid on the 1D spectrum. The right panel
presents the photometric redshift probability distribution P(z) as the blue curve, while the red vertical line represents the zg,e. value. The dark and light red shaded
regions indicate 68% and 95% confidence intervals of P(z), respectively, from the photometric redshift analysis (Finkelstein et al. 2023). For sources observed in both
the prism and medium grating modes, we show here the spectrum with the better S/N in the brightest emission line.

We do not detect [O11] with S/N > 2 from any of the Zypec
sources. We thus place 30 upper limits on the [O IT] line and list
the 30 lower limits of 032 (=[O m]5008/[0 1]3727) in

Table 2. We do not apply the slit-loss corrections for this
calculation. Due to the wavelength dependence of the JWST
point-spread function, the slit-losses should be smaller for
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Table 2
Physical Properties of the NIRCam CEERS Galaxies Confirmed at z~8 — 9
MPT-ID Zspec Myy EB—-V) SFR My Fourst EW([O 111]5008) EW(HS) R3 032 Mode
(mag) (mag) Moy (10°M) (A) (A)

Y] (2) 3) ) ) (6) 7 (®) ©) (10) 1) (12)
2 8807  —2044  0.03'09% 32711 1.2198 0.12+018 372+ 112 <150 >2.5 >8.2 P
3 8.005 —20.47 0.15%303 9.8729 2,057 025702 1022 + 129 163 £ 62 63+23  >8.1 P

79932 —19.44 0335042 16.313° 8.7753 0.105048 430 + 69 <166 >2.6 M
7 8.876 —20.75 0.03+3%3 3.9+ 12432 0.1319% 895 + 436 350+£194  26+08  >55 M
20 7.769 —18.55 0.617592 6437182 3067190 0.08704 109 + 19 50 + 16 22408  >6.1 p
23 8.8805  —18.38 0.0670%4 0.8%97 0.2192 021703 1195 + 200 208+ 121  58+33  >65 M
24 8.998 —19.08 0.097938 27413 0.679% 0.23+032 989 + 131 173+£51° 57417  >50 M

Notes. (1) Source ID. (2) Spectroscopic redshift. (3) Absolute UV luminosity, calculated from the F150W filter. (4) Dust extinction. (5) Average SFR over 10 Myr. (6)
Stellar mass. (7) Fraction of the stellar mass produced by the young (<10 Myr) stellar population. (8) Rest-frame equivalent width of [O 111]5008 line. (9) Rest-frame
equivalent width of H3 line. (10) [O 11]5008 /H/ ratio. (11) [O 11]5008 /[0 11]3727 ratio. (12) NIRSpec observation mode (prism (P); medium resolution (M)). For the
sources observed in both modes, we adopt the results with the better S/N in the brightest emission line. (4)—(7) Values are estimated from the SED analysis with

CIGALE, while (8)—(11) values are derived from the NIRSpec observations.
# The [O 11] line wavelength falls in the detector gap.

® The Hf3 line wavelength falls in the detector gap, while we evaluate the HG flux from the H+y detection (see text).

[O11] compared to those for [O 1], and a slit-loss correction
would increase O32. Thus, the uncorrected lower limit for O32
is a conservative estimate.

Note that there are several other line features that show peak
pixel values with S/N~ 1-3 at the expected wavelength
positions (e.g., [Ne III], N V) in the 1D spectra, while in most of
the cases, the y-axis position of the positive signals within the
extracted aperture is not exactly matched with that of the
brightest [O1I1]5008 line. Although we cannot rule out the
possibility of different spatial distributions for different
emission lines™ or the effect of noise fluctuations in these
low S/N spectra, we do not focus on the other emission lines in
this paper.

We also note that several spectra exhibit negative and weak
positive traces distinct from the target positions (e.g., MPT-ID7
and ID23). We do not find any excessively bright background
values that would indicate unknown open shutters in one or
more nods. However, we observe small background variations
in some observations among different nods, which likely cause
the negative and positive traces due to over-subtraction and/or
under-subtraction of the background. We further confirm that
the relative positions of the negative and positive traces are
consistent with cases where the background becomes relatively
high in one nod. The background subtraction and integration
process using the standard three-nod approach in the NIRSpec
MSA observations®® ensures that variations in the background
do not impact the shutters containing the target, and thus our
flux estimate remains unaffected by this effect.

3.4. Slitloss Correction

As mentioned in Section 2.3, we do not apply the default
slitloss correction implemented in the calibration pipeline.
Instead, we evaluate the scaling factor for the slit-loss
correction in the two following approaches. In the first
approach, we convolve and integrate the 1D spectrum with
the NIRCam F444W filter response function. By comparing the

3 For example, spatial offsets between the faint AGNs and the hosts have
been reported in Ding et al. (2022), where highly ionized emission lines might
be observed with spatial offsets.

36 hups: //jwst-docs.stsci.edu/jwst-near-infrared-spectrograph /nirspec-
operations /nirspec-dithers-and-nods /nirspec-mos-dither-and-nod-patterns

resulting value with the actual total galaxy flux measured with
the NIRCam F444W filter, we can assess the flux loss in the 1D
spectrum and derive a scaling factor. In the second approach,
we calculate the flux in the F444W image enclosed within the
0”2 x 0”46 shutter based on the source and MSA shutter
positions and estimate the scaling factor to match it with the
total flux measurement. We find that MPT-ID4 and ID7 show
negative scaling factors in the first approach, indicating that the
integrated F444W spectral fluxes are dominated by noise
fluctuation, even with the inclusion of the strong line emission
in these sources. We thus adopt the second approach for MPT-
ID4 and ID7, while we use the first for the rest of our targets.
When we compare these two approaches using some bright
targets, we find that the scaling factor can be different by
~10%—-40%. This may be due to unknown offsets of targets
within the MSA shutter related to the accuracy of the MSA
alignment or may indicate uncertain relative photometric
calibration between NIRCam and NIRSpec, which cannot be
corrected in the second approach. Diffraction losses within
NIRSpec (Jakobsen et al. 2022), which are not included in the
second approach, could also be a possible reason for the
difference. An extended [OII]4+HF structure has been
identified around a lensed galaxy at z=28.5 (Fujimoto et al.
2022b), and the differential spatial distribution between the
ionized gas and the underlying continuum emission is also
another unknown uncertainty in both approaches. We thus
caution the readers that additional uncertainty might exist in the
measurements due to the slit-loss correction steps.

3.5. SED Analysis

We analyze the physical properties of the seven spectro-
scopically confirmed NIRCam galaxies using CIGALE. The
details will be presented in D. Burgarella et al. (2023, in
preparation), and here we briefly explain our SED model. We
include the HST+JWST/NIRCam photometry as well as the
EW([0O11]5008) in the fit. We use the stellar synthesis
population model of BPASS-v2 (Eldridge et al. 2017) with
the lowest available Z_BPASS =0.0001, where Z. =0.014.
We assume a delayed + final exponential burst (younger than
10 Myr) star formation history (SFH): SFR(r) ot/73 x exp
(—t/70) + k x exp(—t/7;) with the mass fraction from the


https://jwst-docs.stsci.edu/jwst-near-infrared-spectrograph/nirspec-operations/nirspec-dithers-and-nods/nirspec-mos-dither-and-nod-patterns
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Figure 3. Status of spectroscopic confirmation at z 2 8 with JWST. The vertical axis represents the apparent UV magnitude. The red open circles show the 26
candidates at z 2 8.5 in CEERS presented in Finkelstein et al. (2023), and the filled circles indicate the sources spectroscopically confirmed in this study. The open
blue pentagons and squares indicate the observation mode of prism and medium gratings, respectively. Among the 26 candidates, the highest-redshift candidate at
Zphot ~ 17 is spectroscopically determined to have z = 4.9, while two other candidates are confirmed at z = 11.4, and z = 11.0 (Arrabal Haro et al. 2023b; Harikane
et al. 2023a). The color diamonds indicate other zge. confirmed galaxies taken from recent JWST studies from lensing cluster fields (Roberts-Borsani et al. 2022;
Wang et al. 2022; Williams et al. 2023; Mascia et al. 2023) and general fields (Curtis-Lake et al. 2023; Arrabal Haro et al. 2023a, 2023b; Bunker et al. 2023; Harikane
et al. 2023a; Tang et al. 2023). No magnification corrections are applied to the lensed sources. The color of the circles and diamonds corresponds to the exposure time
of the JWST/NIRSpec denoted in the color bar. The gray crosses and open diamonds present photometric high-z candidates from the literature identified with HST
and JWST, respectively. The dashed vertical line presents the redshift limitation to detect the [O II]5008 line with NIRSpec, indicating the potential challenges of the
Zspec determination beyond z ~ 9.6 with a short exposure for faint objects due to the lack of bright emission lines.

recent burst activity of fyuse = 0.0 —0.5. We adopt the dust
attenuation law from Calzetti et al. (2000) for the stellar
continuum and a screen model with an SMC extinction curve
(Pei 1992) for the nebular emission (continuum + lines).
During the SED fitting, we assume the E(B — V )gejjar = 0.5 X
E(B — V)iine- Interested readers are referred to Boquien et al.
(2019) for specific modeling procedures using CIGALE. The
results for the SFR, My, E(B— V), fourse are summarized in
Table 2. From the median values, our NIRCam-selected spec-z
confirmed sources are generally characterized as SFR ~4 M
yr ! My = 108 M yr=', EB — V) ~0.1, and four = 10%.
Note that the SED analysis with the spatially integrated
photometry may systematically underestimate the stellar mass,
especially in the strong emission line systems (Giménez-
Arteaga et al. 2023; Papovich et al. 2022). In our analysis, this
effect is mitigated by constraining the f;, factor to the range
0%-50%, which provides the median of fiu. ~20% in our
sample. The fi,st = 10% is consistent with recent results of the
pixel-based spatially resolved SED analysis for lensed galaxies
at z=35— 8.5 with NIRCam (Giménez-Arteaga et al. 2023).
The consistency and potential differences among different SED
models are further discussed in D. Burgarella et al. (2023, in
preparation).

4. Results and Discussions
4.1. Validity of High-redshift Galaxy Selection

In Figure 3, we present the distribution of UV apparent
magnitudes (myy) versus redshift (spectroscopic where avail-
able; otherwise photometric) for NIRCam-selected galaxies
from CEERS (Finkelstein et al. 2023) and other recent JWST
photometric (Bouwens et al. 2021, 2023a, 2023b; Adams et al.
2023; Atek et al. 2023; Bradley et al. 2022; Castellano et al.

2022; Morishita & Stiavelli 2023; Naidu et al. 2022b; Donnan
et al. 2023a, 2023b; Harikane et al. 2023b; Pérez-Gonzalez
et al. 2023) and spectroscopic studies (Curtis-Lake et al. 2023;
Roberts-Borsani et al. 2022; Wang et al. 2022; Williams et al.
2023; Arrabal Haro et al. 2023a, 2023b; Bunker et al. 2023;
Harikane et al. 2023b; Mascia et al. 2023; Tang et al. 2023).
When necessary, we convert the absolute UV magnitudes
reported in the literature to the apparent magnitudes based on
their Zgpec OT Zphot Values. For the zgpe. sources, the color of the
symbols corresponds to the exposure time of the follow-up
NIRSpec observations. No magnification correction is applied
to the lensed sources.

Among our 11 NIRCam-selected high-redshift galaxy
candidates, we confirm the spectroscopic redshifts of 7 galaxies
at z=7.769 — 8.998. Our CEERS observations demonstrate
the capability of NIRSpec to determine the redshift even with a
~50 min exposure down to myy~29 mag at z~9
(Myy ~ —18 mag). On the other hand, our results suggest that
the Zgpec confirmation at z 2 10 is still challenging due to the
lack of strong emission lines observable at these higher
redshifts within the NIRSpec wavelength coverage. The
successful cases at z 2 10 in the literature are achieved mainly
by the identification of the Ly« break (e.g., Curtis-Lake et al.
2023; Arrabal Haro et al. 2023a, 2023b), which is likely owing
to deep exposures (>5 hr) and/or the brightness of the target
(myy <27.5 mag) even with the similarly short exposure
(~1 hr). The slitloss may also affect the success ratio of the
Zspec determination for a given source flux.

If we examine the success ratio based on each redshift range
according to the original z,,o estimates of our targets, we
achieve the spectroscopic confirmation in six out of seven
(~90%) targets with 8.8 < Zphot S 9.5. Owing to the homo-
geneous sample selection and sensitivity in the follow-up
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Figure 4. Photometric vs. spectroscopic redshift for the NIRCam-selected
galaxies with zpno 2 8.5. Six out of seven sources show zZgpec < Zphots though,
all are consistent within 2.

spectroscopy, our results indicate that the classical zpho
technique assures at least ~90% of the high-redshift galaxy
selection at z~9. This is helpful to interpret the recent and
future UVLF results out to z~9 that are also measured via
similar dropout or z,no techniques with NIRCam (e.g.,
Bouwens et al. 2023a, 2023b; Donnan et al. 2023a; Harikane
et al. 2023b). Importantly, CEERS does not include an
NIRCam-based dropout filter for the z~9 galaxy selection
(e.g., FO90OW), and instead, it relies on the HST/ACS F814W
filter with a 5o limiting AB magnitude for a point source of
28.3 mag (Finkelstein et al. 2023). Therefore, a reliable high-
redshift galaxy selection could be further improved by the
addition of a deeper NIRCam dropout filter.>”

Interestingly, the majority of our zge. sample has a Zzgpec
value smaller than the P(z) peak. In Figure 4, we compare the
Zphot And Zgpec values for our zgpe. sample. Although all zg,e.
values fall within the 95% confidence range of P(z) (see
Figure 2), three out of seven sources show Zspec < Zpnot beyond
the 68% confidence interval. The z,p,o value and the entire P(z)
shape largely depend on the galaxy models used in the SED
fitting. In our original target selection (Section 2.1), the high-
redshift galaxy candidates are selected by using the SED fitting
code EAZY (Brammer et al. 2008) based on the FSPS-based
(Conroy & Gunn 2010) default 12 template sets in EAZY and 6
additional templates presented in Larson et al. (2022). These
six additional templates are created by combining stellar
population spectra from BPASS (Eldridge & Stanway 2009)
and CLOUDY (Ferland et al. 2017) to recover the rest-frame UV
blue color space of young galaxies, which significantly
recovers the color space of simulated early galaxies in a
semianalytic galaxy model (Yung et al. 2022). However, the
high fraction of Zgpec < Zphot Observed in our sample might
indicate that the SED templates generally used in the high-
redshift galaxy studies are still insufficient to recover the rest-

37 For example, the GLASS-JWST (Treu et al. 2022) survey includes the
FO90W filter, where robust z =11 — 13 candidates have been reported (e.g.,
Castellano et al. 2022; Naidu et al. 2022a).
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frame UV color space of z 2 8.5 galaxies, or that the modeling
of the IGM is incomplete in some way (though likely not due to
the damping wing effect discussed in Curtis-Lake et al. 2023,
which would lead to redshift differences much smaller than we
observe here). This could also show the possible limitations
inherent in using a single photo-z code (e.g., Dahlen et al.
2013). Another reason might be the difficulty of determining
the redshift at z = 9.5 due to the lack of strong emission lines in
the NIRSpec wavelength coverage. Then, while the true
redshifts are distributed on both sides of the peak of P(z)
according to uncertainties in the broadband photometry, the
spec-z confirmation may be biased to z<9.5 when the
sensitivity is not deep enough to capture the Lya break
(Curtis-Lake et al. 2023; Roberts-Borsani et al. 2022;
Robertson et al. 2023) and has to rely on the line identification
to determine Zgpec. The absence of the NIRCam-based dropout
filter may also at least partially contribute to the >1¢ difference
between Zphor and Zgpee for these sources. For further discussion
on this topic, readers are referred to Arrabal Haro et al. (2023a;
see Section 4.2).

Of the other four targets with zph > 10, one target turns out
to have zg,e. = 8.8802 (MPT-ID23), while no robust lines are
identified in the other three targets. The lack of lines might be
because [ONI]+HA is redshifted beyond the NIRSpec
wavelength range at z > 10. Given that one out of four has
been confirmed at zgpe. < 10, this would imply that 75% (=3/
4) candidates might be truly at z > 10, although we cannot rule
out the alternative possibility that the remaining three
candidates have entirely incorrect redshifts at z < 10, and
their emission lines are fainter than the current NIRSpec
sensitivity. Once the success rate of the high-redshift galaxy
selection is also confirmed at zpno; 2 10, again, it will be widely
helpful to interpret the photometric-based UVLF measure-
ments, which are now explored out to z~ 17 with NIRCam
(e.g., Bouwens et al. 2023a, 2023b; Donnan et al
2023a, 2023b; Finkelstein et al. 2023; Harikane et al. 2023b).
This will enable us to verify the recent arguments of the high
abundance of bright galaxies at these early epochs of the
universe, which may challenge the current galaxy formation
and evolution models.

4.2. Properties of Galaxies at z = 8-9

The high zy.. confirmation rate (~90%) for the
Zphot = 8.5 — 9.6 targets from the homogeneous LBG selection
indicates that our spec-z sample is representative of the
majority of the NIRCam-selected LBG population at this
redshift. Moreover, recent UVLF studies suggest that the
characteristic UV luminosity is Mgy ~ —21 mag in the
Schechter function form (e.g., Finkelstein et al. 2015; Bouwens
et al. 2021b; Harikane et al. 2023b). Therefore, our NIRCam-
selected zgpee sources, ranging in the UV luminosity range
Myy e[ —21, —18], are sub-L* populations down to
~0.06 x L*, which is helpful to understand the typical physical
properties of the abundant faint population without gravita-
tional lensing uncertainties. In the following subsections, we
thus carry out the first census of the physical properties of
spectroscopically confirmed sub-L* galaxies at this redshift
range and investigate the potential difference from bright
galaxies (Myy ~ —22) identified in previous HST studies and
also spectroscopically confirmed at similar redshifts (R. Larson
et al. 2023, in preparation).
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Figure 5. SFR vs. M. The filled and open symbols represent the spec-z and
photometric samples, respectively. The filled red circles show our zgpe. sample.
The magenta and green squares are recent JWST results for lensed galaxies at
z~7—10 (Heintz et al. 2022; Roberts-Borsani et al. 2022; Tacchella
et al. 2023; Williams et al. 2023) and for general field galaxies at z ~ 10 — 13
(Curtis-Lake et al. 2023; Robertson et al. 2023), respectively. The red
pentagons show recent HST-+IRAC results for bright galaxies at z ~ 8 — 9 in
the EGS field (Tacchella et al. 2022). The black and gray lines denote the best-
fit relations at z =2, and z = 6 (Iyer et al. 2018). The color-shaded regions
present the 16th—-84th percentile of simulated galaxies (Behroozi
et al. 2019, 2020; Yung et al. 2019b, 2022; Wilkins et al. 2023, 2022). Our
NIRCam-selected zgp. galaxies show high sSFR (~40 Gyr ') compared to the
z =2 — 6 main sequence.

4.2.1. SFR versus Mg,

Figure 5 presents the SFR—My,, relation. For comparison,
we show the main sequence estimated at z =2, and z = 6 (Iyer
et al. 2018), recent JWST results for the sources spectro-
scopically confirmed at z=7 — 13 (Curtis-Lake et al. 2023;
Heintz et al. 2022; Roberts-Borsani et al. 2022; Robertson et al.

2023; Tacchella et al. 2023; Williams et al. 2023), the HST-
selected, brighter LBGs (Myy~ —21.5) spectrosopically
confirmed at z=8 — 9 in CEERS (R. Larson et al. 2023, in
preparation), and the 16th—84th percentile of the distribution of
simulated galaxies at z="7 — 8 (Behroozi et al. 2019, 2020;
Nelson et al. 2019; Yung et al. 2019b, 2022; Wilkins et al.
2023, 2022). Note that we use the SED-based SFR estimate
(Section 3.5), instead of using the H( line. This is because of
the potential uncertainty in the slit-loss correction (Section 3.4).
Also, an extended [OTI]4+HG structure has been recently
reported around a lensed galaxy at z = 8.5, which might make
the HB-based SFR measurement be overestimated by counting
the Hf emission caused by other physical mechanisms such as
powerful outflows (Fujimoto et al. 2022b).

In Figure 5, we find that our NIRCam-selected sample (red-
filled circles) has a SFR—M,, relation generally consistent with
the recent JWST results for lensed galaxies at z=7-10
(magenta squares) down to ~7 x 10" M. These galaxies from
our and recent JWST studies are generally less star-forming
and less massive than the HST-selected bright galaxies at
similar redshifts (red open pentagons). We also find that most
of our zg,.. sample and the lensed galaxies in the literature fall
above the z =6 main sequence by ~0.5 dex scale beyond the
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errors at a given M, showing a relatively high specific SFR
(sSSFR =SFR/My,) of ~40 Gyrfl. In comparison, two out of
five CEERS HST-selected galaxies fall close to the z =6 main
sequence. This finding is in line with recent JWST results that
less luminous LBGs at z ~ 7 — 8 have similarly high sSFR of
~80 Gyr ' (Endsley et al. 2023). As discussed in Endsley et al.
(2023), the high sSFR in the less luminous LBGs, highlighted
by our zgpe. sample and the lensed galaxies, is likely caused by
young stellar populations. This is consistent with our SED
results showing the presence of the young stellar populations
(<10 Myr) accounting for the total mass of ~20% of the
galaxy mass (Table 2). The increasing sSFR trend as a function
of redshift has been observed at lower redshifts (e.g., Tacconi
et al. 2013; Speagle et al. 2014; Tasca et al. 2015; Khusanova
et al. 2020). Our results may indicate that this increasing trend
continues at least out to z =28 — 9, which is predicted from the
simulations due to the increased gas accretion rate onto dark
matter halos at higher redshifts (e.g., Behroozi et al. 2013). In
fact, we also confirm the general agreement with predictions
from the simulations within the errors.

Note that a different SFH assumption may impact our SED
estimates. For example, our parametric (delayed + final burst
<10 Myr) approach might miss an extended tail of older star-
forming activity in the SFH. However, we confirm that the
mass estimate increases by a factor of ~2 at most in our sample
by using the Dense Basis (Iyer et al. 2019) fitting code with
a nonparametric SFH assumption, which is still insufficient to
match the distribution with the main sequence at z=2 — 6. The
general agreement with measurements from a variety of
literature sources for lensed galaxies also suggests that the
impact from different SFH assumptions and SED modelings is
likely small. It should also be noted that the slight excess of the
observational results compared to the distribution of the
simulated galaxies at z=7 —8 might be caused by the
observation bias, which is not counted in the simulated
galaxies due to the difficulty of quantifying the spec-z
confirmation process in the observation. However, the main
sequence at z=2 — 6 is also measured by observations that
should include a similar bias. Therefore, the relatively high
sSFR of the z=8 —9 galaxies, compared to that of the
z=2 — 6 galaxies, is unlikely explained by the observa-
tion bias.

4.2.2. [0 m]+HB EW

In the previous subsections, the sSFR values determined for
our Zgpe. sources are higher than those for z ~ 6 main-sequence
galaxies, which is likely because of the young stellar
populations at higher redshifts. From a photometric-based
SED analysis, high EW([O 1II]+Hg) values (>1000A) have
been inferred for galaxies at z >~ 6-9 in previous HST4+IRAC
studies (e.g., Labbé et al. 2013; De Barros et al. 2019; Endsley
et al. 2021), where the high EW([O 1lI]+Hp) is thought to be
caused by the light from very young (1-10Myr) stellar
populations (e.g., Amorin et al. 2017; Tang et al. 2019;
Vanzella et al. 2020). To have an independent insight into the
stellar population and ISM properties of our galaxies, we thus
compare the EW([O 1I]+H/) values of our NIRCam-selected
galaxies with those of other galaxy populations in this
subsection.

In Figure 6, we show the median (red line) and 16th—84th
percentile (red bar) of the rest-frame [O II]+HG EW measure-
ment for our zgpe. sample. In the same manner, we also measure
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TT poor systems, the [O III] emission should be suppressed due to
i the low oxygen abundance, and the EW([O II]+H/3) value
should be significantly smaller for a given value of the
ionization parameter. Therefore, the slight increase of
EW([O1I]+Hp3) observed in our NIRCam-selected galaxies
at z=28 — 9 would indicate that these less luminous galaxies
are more metal-poor systems than the luminous galaxies, but
1 not extremely metal-poor systems. The high EW([O 1II]4+-Hp)
value might also indicate a higher ionization parameter. Recent
studies report the detection of the intense nebular emission
from highly ionized carbon in the rest-frame UV from z>7
galaxies (Stark et al. 2015, 2017; Laporte et al. 2017; Schmidt
et al. 2017; Mainali et al. 2018; Hutchison et al. 2019). From a
deep IRAC 5.8 yum band stacking for z~8 LBGs, Stefanon
et al. (2022) report a large Ha+-[NIJEW and subsequently
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Figure 6. Rest-frame EW distribution of [O II]4+HQ. The red and blue lines
and error bars present the median and 16th—-84th percentiles of fainter
(NIRCam-selected) and brighter (HST-selected; R. Larson et al. 2023, in
preparation) LBGs with spectroscopic redshifts z = 8 — 9, where the red and
blue vertical bars at the top show the individual measurements. The black solid
and dashed curves show the best-fit log-normal distribution estimated from
SED analysis for photometric samples of 36 luminous LBGs at z >~ 6.6 — 6.9
identified in the COSMOS field (Myy ~ 21.5 mag) and 118 less luminous
LBGs at z ~ 6.5-8 in CEERS (Endsley et al. 2023).

and show the median and 16th—84th percentile of [O II]4+HS
EW values for a sample of brighter HST-selected LBGs in
CEERS (blue line and bar), also spectroscopically confirmed at
z=28 — 9 (R. Larson et al. 2023, in preparation). The 16th—84th
percentile is estimated by assuming a log-normal probability
distribution for the EW measurements of each source and
summing them to define the entire probability distribution. The
upper limits of H3 EW (MPT-ID2, ID4) are also included in
this calculation, assuming that zero and the 3¢ error correspond
to its center and standard deviation of the log-normal
distribution. For comparison, we also present the EW
distribution estimated from the photometric-based SED
analysis for LBGs at z~7 with similar UV luminosity
(Myy ~ —19.5; solid line) with JWST data and brighter LBGs
(Myy ~ —21.5; dashed line) at z ~ 7 (Endsley et al. 2023).

We obtain median EW([O II]4+H}) values of 1100*3$)A and
5707309A for the spec-z confirmed, NIRCam-selected, and
HST-selected luminous galaxies, respectively. These measure-
ments are generally much higher than z =1 — 4 galaxies with
similar SFR (~100-200 A; Reddy et al. 2018), but consistent
with the previous photometric-based measurements for
z="T — 8 galaxies (~600-800 A; e.g., Labbé et al. 2013; De
Barros et al. 2019; Endsley et al. 2021). We find that less
luminous galaxies have higher EW([O II]+H() values, while
the difference is still consistent within the 1o ranges. The slight
increase of EW([O II]+H/) in less luminous galaxies agrees
with the trend observed in the recent photometric-based results
(solid and dashed curves). The increasing trend of EW([O III]
+HpB) with decreasing metallicity has been observed at
z=1—4 (Reddy et al. 2018). However, in extremely metal-

derive a very high ionizing photon production efficiency of

log(&on/Hz erg ") =25.97753%. The redshift evolution of the

electron density has also been reported, reaching n. 2 300
cm > at z ~ 9 (Isobe et al. 2023). These results suggest that the
ISM in higher-redshift, younger galaxies is more highly ionized
than that in lower-z galaxies, which may lead to maintaining
the high EW([O III]+Hp) distribution even in our NIRCam-
selected less luminous galaxies at z=8 — 9. We caution that
our results might be biased toward the high EW systems, given
the fact that the spec-z of high EW systems is easily confirmed
via bright emission lines, although our z,. sample represents
~90% of the less luminous LBGs at zpho = 8.6 — 9.6 from the
homogeneous selection (Section 4.1). The presence or absence
of the increasing trend of EW([O m]+Hp) distribution as a
function of UV luminosity and redshift will be further
investigated with larger spectroscopic samples in a separate

paper.

4.2.3. lonizing Photon Production Efficiency

To place our zge. sample in the context of cosmic
reionization, we also estimate the production efficiency of
ionizing photons, &,,. We measure the &, values via the
Balmer recombination line approach (e.g., Bouwens et al.
2016) based on the HZ line in the same manner as Matthee
et al. (2022a) by assuming a zero escape fraction of ionizing
photons. A correction for dust attenuation is applied based on
our SED fitting results (Section 3.5). For comparison, we
measure &jon also for the zge. confirmed HST-selected,
luminous LBGs (R. Larson et al. 2023, in preparation) in the
same manner.
In Figure 7, we show our &, estimates with recent
spectroscopic results in different galaxy populations at high
redshifts (Stark et al. 2015, 2017; Matthee et al. 2017, 2022a;
Tang et al. 2019; Maseda et al. 2020; Atek et al. 2023; Naidu
et al. 2022a; Prieto-Lyon et al. 2023) and the canonical value
that has been used when modeling the contributions of galaxies
to the cosmic reionization (e.g., Robertson et al. 2013). To
perform a statistical comparison, we present the median and
16th—84th percentile as the error bar for our &, estimates of
our Zg,ec sample by assuming a log-normal probability
distribution for the &, measurement of each source. Upper
limits for HG line fluxes (MPT-ID2, ID4) are also included by
assuming that the canonical value and 0.1 correspond to its
center and standard deviation of the log-normal distribution,
respectively. We obtain log(&,,/Hz erg ) = 25.77f8;§2 and
25.47%033 for the NIRCam- and HST-selected sources,
respectively. We find that these median &,,values in our
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Figure 7. Redshift evolution of the ionizing photon production efficiency &;qp-
The red-filled circle and pentagon with error bars present the median and 16th—
84th percentiles of the spec-z-confirmed, less luminous, and luminous LBGs at
z=8 —9 selected by NIRCam and HST (R. Larson et al. 2023, in
preparation), respectively, where the small, light red open symbols show the
individual measurements. Other color symbols are taken or calculated from the
literature based on spectroscopy, showing the median or average values for a
variety of populations: [OII] emitters at z~ 6 (green squares; Matthee
et al. 2022a), Lya emitters (LAEs) at z~7 (blue triangle; Stark
et al. 2015, 2017), Ha emitters at z ~ 1 — 2 (HAEs, cyan circles; Matthee
et al. 2017; Atek et al. 2023; Prieto-Lyon et al. 2023), and LAEs and [O 111]
emitters with high EWs (deep yellow squares; Tang et al. 2019; Maseda
et al. 2020; Naidu et al. 2022a). The gray shade shows the canonical value
(e.g., Robertson et al. 2013), and the dashed and solid curves are predictions
from empirical models based on Ha EW (black curves; Faisst et al. 2016;
Matthee et al. 2017) and UV luminosity (orange curve; Finkelstein et al. 2019).

sample are much higher than the measurements at z ~ 1-2 and
the canonical value, but consistent with the recent result for the
[O 1] emitters (green square) and Ly« emitters (blue triangle)
at z~ 6 — 7, and the strong line-emitting galaxies at z~2 —4
(yellow squares). Our results are also consistent with the deep
IRAC 5.8 im band stacking results for z ~ 8 LBGs (25.977915:
Stefanon et al. 2022). We also find that the less luminous,
NIRCam-selected galaxies have higher &, than that of HST-
selected galaxies. Although these two measurements are
consistent within the lo ranges, this trend also aligns with
the empirical redshift evolution models, which show increasing
&on With increasing mass (black curves; Faisst et al. 2016;
Matthee et al. 2017) and UV luminosity (orange curves;
Finkelstein et al. 2019), suggesting that faint galaxies play a
key role in cosmic reionization.

As discussed in previous studies (e.g., Finkelstein et al.
2019; Matthee et al. 2022a; Stefanon et al. 2022), the &,
estimates higher than the canonical values require the modest
(«20%) escape fractions of ionizing photons (e.g., Davies
et al. 2021) or that the contribution from faint galaxies
(Myy > —17; e.g., Matthee et al. 2022b) is minor. Albeit the
small statistics, our Zzge. sample represents the majority
(~90%) of the LBGs at z,po = 8.6 — 9.6 (Section 4.1), which
may support the arguments of the modest escape fraction or the
negligible contribution from further faint galaxies. However,
the high &, measurements observed in galaxies z2> 6 are
challenging to the current physics-based galaxy formation
models (e.g., Wilkins et al. 2016; Yung et al. 2020b) with
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standard model components (e.g., power-law IMFs and simple
stellar population SEDs). A top-heavy IMF and metal-free star
SED in galaxies at these epochs are potential explanations to
account for this discrepancy (e.g., Zackrisson et al. 2011;
Trussler et al. 2022). Together with the faint-end measurements
of the UVLFs at z > 8, the contribution of the faint LBG
populations to the cosmic reionization, and relevant physical
mechanisms, will also be further investigated in separate
papers.

4.2.4. Chemical Evolution

The rest-frame optical emission lines have been the most
intensively calibrated and widely exploited to constrain the
metallicity in distant galaxies (see Maiolino & Mannucci 2019 for
a recent review). Our NIRSpec observations cover the wavelength
of the key optical emission lines of [OI]5008, HB, and [O 1]
3727. However, we do not securely detect any [O1I] lines from
our Zge sample. We thus focus on the R3 ([Om] JHB)
measurement to examine the oxygen abundance in the following
analysis, assuming a negligible contribution from [OI]. The
general agreement in the metallicity measurement between the
R3-based method and the direct electron temperature method has
been confirmed even at z =5 — 8 galaxies in recent JWST studies
based on the successful aural [O 111]4363 line detection (e.g., Curti
et al. 2023; Matthee et al. 2022a).

In the left panel of Figure 8, we show our R3 measurements as
a function of M,,. We also measure and show the HST-selected,
luminous LBGs (R. Larson et al. 2023, in preparation) in the same
manner.”® These NIRCam- and HST-selected samples enlarge
the Mg, parameter space and provide a unique opportunity to
examine the mass—metallicity relation in a fair manner, owing
to the homogeneous sample selection and follow-up sensitivity.
For comparison, we also present the recent results for field
galaxies at z=2 —3 (Sanders et al. 2020; Papovich et al.
2022), and z=5—7 (Matthee et al. 2022a), and lensed
galaxies at z="7.5 — 9.5 (Heintz et al. 2022; Trump et al. 2023;
Williams et al. 2023; Mascia et al. 2023). By implication, the
R3-Mg,, relation at z =2 is extrapolated, by converting the
z="2 mass—metallicity relation (Sanders et al. 2020) based on
the R3-metallicity calibration presented in Nakajima et al.
(2022). We also show predictions from cosmological galaxy
evolution models, incorporating the nebular emission line
(Nelson et al. 2019; Yung et al. 2019b, 2022; Hirschmann et al.

2022; Wilkins et al. 2023, 2022).

First, we find in our NIRCam- and HST-selected samples
that there is a potential increasing trend in R3 with increasing
M, This trend is different from the results at z ~ 2 — 3 (black
squares) but generally consistent with the model predictions
(color-shaded regions), where the increasing trend is explained
by the high ionization parameter in early galaxies (Hirschmann
et al. 2022; M. Hirschmann et al. 2023, in preparation). High
032 values of =10 have been reported from the composite
spectrum for z~7.5-8.0 galaxies (Cameron et al. 2023;
Sanders et al. 2023; Tang et al. 2023), which also suggests
the highly ionized ISM state in early galaxies. Second, we
compare our measurements with recent JWST results and find
that our NIRCam-selected galaxies show the R3-Mg,,
distribution similar to the lensed galaxies at z=7.5—9.5,

3 One of the CEERS HST-selected galaxies, MPT-ID (1019), shows several
possible AGN features (Larson et al. 2023), and thus we do not include MPT-
ID (1019) in this analysis.
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Figure 8. Left: R3 vs. M, relation. The red circles and pentagons present our NIRCam- and HST-selected galaxies at z =8 — 9 in CEERS, respectively, including
lower limits. The magenta and green squares denote the recent JWST results for lensed galaxies at z = 7.5-9.5 (Heintz et al. 2022; Trump et al. 2023; Williams
et al. 2023; Mascia et al. 2023), and general field galaxies at z =15 — 7 (Matthee et al. 2022a). The black squares show the results for general field galaxies at
z~2 — 3 (Sanders et al. 2020; Papovich et al. 2022), where its R3—-M,, relation is extrapolated by converting the mass—metallicity relation based on the R3
calibration of Nakajima et al. (2022). The color-shaded area indicates the 16th—84th percentile of simulated galaxies at z =7 — 8 in TNG50 and TNG100 (e.g., Nelson
et al. 2019) and Santa Cruz SAM (e.g., Yung et al. 2019b, 2022), incorporating the nebular emission line calculations (Hirschmann et al. 2022), and FLARE (Wilkins
et al. 2023, 2022). Right: metallicity vs. M, relation. Our and other R3 measurements at z > 7 are shown in the left panel, converted using the R3—metallicity
calibration, where the typical error scale from different calibrations is represented by the black bar in the lower right corner (see text). The black lines are the best-fit
relation at z =0 (solid), and z =3 (dashed; Sanders et al. 2021), while the other color lines denote the predictions from simulations (Schaye et al. 2015; Ma
et al. 2016; Pallottini et al. 2022; Ucci et al. 2023). The magenta circles are the measurements based on the [O 111]4363 line for three lensed galaxies at z = 7.7-8.5
(e.g., Curti et al. 2023; Schaerer et al. 2022; Trump et al. 2023). The mass—metallicity relation at z = 8 — 9 is likely placed below the relations at z = 0 — 3 which is

generally consistent with the predictions from simulations.

ranging over the R3 values of ~2-6 that are generally
comparable or lower than those of the field galaxies, at
z=>5—"7. Below 12+log(O/H) ~ 8, the R3 values generally
decrease toward low metallicity because the [O III] emission is
suppressed in the low oxygen abundance (e.g., Maiolino et al.
2008; Curti et al. 2017; Bian et al. 2018; Nakajima et al. 2022).
Thus, the lower R3 values in galaxies from CEERS and lensing
samples at z 2> 8 with respect to the z=5—7 field galaxies
might indicate a decreasing metallicity trend at a given Mg,
toward high redshifts. Although a few sources are placed much
below the other sources and the model predictions at
log(Myr/ M) 2 8.5, this might indicate that the pristine gas
inflow might be taking place in these exceptional galaxies,
which maintains the oxygen abundance low and makes their
[O 1] line emissivity very low.

In the right panel of Figure 8, we present the metallicity
measurements at z =0 — 9. We estimate the metallicities of our
sample using the R3 calibration of Nakajima et al. (2022) that
takes HF EW (=vionization state) into account and expands the
calibration down to 12 + log(O/H) ~ 6.9 by analyzing the
local extremely metal-poor  galaxies.’ We  obtain

3 For the sources with EW(HS) > 150 A and_the other, we use the R3-
metallicity conversion calibrated for high (2200 A) and low (<100 A) H3 EW
sources in Nakajima et al. (2022), respectively. In this conversion, we assume
that our NIRCam-selected samg)le has 12 + log(O/H) < 8.2, because of their
less massive properties (S10°M..; see Figure 5) and lower limit of O32
(Table 2) that correspond to a low oxygen abundance of 12 + log(O/H) < 8.2
based on the 032 calibration (e.g., Maiolino et al. 2008; Curti et al. 2017; Bian
et al. 2018; Pérez-Montero et al. 2021; Casey et al. 2022; Nakajima et al.
2022).
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12 + log(O/H) ~ 7.2 — 7.8 for the NIRCam-selected
galaxies at z=8 — 9. These estimates typically change by
~0.4, if we use another calibration of Bian et al. (2018). Some
HST-selected galaxies exhibit high R3 values (>6) that surpass
the possible range in the calibration mentioned above. In such
cases, we employ an alternative calibration for simulated
galaxies at z=4 — 8 (Hirschmann et al. 2022; M. Hirschmann
et al. 2023, in preparation)*” that reproduces the increasing R3
trend with increasing M, in the left panel. This yields
12 + log(O/H) ~ 7.6 — 8.2 for the HST-selected galaxies.
Based on these calibrations, we find that the galaxies at
z=_8 — 9 fall below the mass—metallicity relations, at z=0—3
(e.g., Sanders et al. 2021) extrapolated down to M, ~ 107 M.
This is generally consistent with the model predictions (e.g.,
Schaye et al. 2015; Ma et al. 2016; Pallottini et al. 2022; Ucci
et al. 2023) and the recent JWST results of the mass—metallicity
measurements at z=35 — 9.5 (Heintz et al. 2022; Langeroodi
et al. 2022; Matthee et al. 2022a), but with different
calibrations (e.g., Bian et al. 2018; Curti et al. 2020). By
applying the R3 calibrations to these recent JWST results in the
same manner as above, we obtain 12 + log(O/H) ~ 7.7 — 8.1
and ~7.5 — 7.8 for the z =15 — 7 field galaxies, and the lensed
galaxies at z=16.9 — 8.1, respectively. This implies that the
metallicity of our NIRCam-selected galaxies at z=8 —9 is
consistent with the recent JWST results within the large scatter.
Combined with our SFR—M,, results (Section 4.2.1), we find
that galaxies at log(M../My) >~ 8 — 9 have a trend of an

40 R3 = PO+ Plxx+P2xx%,  where
P2=—0.199, and x = 12 + log(O/H).

PO = — 14424, P1=3.521,
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increasing SFR and decreasing metallicity from z~2 —6
toz~8—09.

5. Summary

In this paper, we present JWST NIRSpec MOS results for 11
high-redshift galaxy candidates at z > 8.5 selected from deep
NIRCam data taken in 2022 June in the Cosmic Evolution
Early Release Science (CEERS) field. All targets are observed
with the prism or medium-resolution G140M/F100LP,
G235M/F170LP, and G395M/F290LP gratings, both of which
continuously cover ~1-5 ym wavelengths in the observed
frame, maximizing the chance of spectroscopic confirmation by
either emission lines or the Lya break. This is the first
homogeneous, luminosity-selected follow-up JWST spectrosc-
opy for high-redshift galaxy candidates selected with NIRCam
in the UV luminosity range of Myy € [ —21, —18], setting the
benchmark for future high-redshift galaxy selection at z = 8.5
with NIRCam. Comparing with the HST-selected luminous
(Myy ~ —22) galaxies that are also spectroscopically con-
firmed at similar redshifts (R. Larson et al. 2023, in
preparation), we also investigate the characteristics of these
NIRCam-selected galaxies. The main findings of this paper are
summarized as follows:

1. We systematically analyze 1D and 2D spectra and
spectroscopically confirm 7 out of 11 targets with
[O 11]5008, 4960 lines at z =7.762 — 8.998. One of the
candidates shows a potential single-line detection at 5.20
pm, which may indicate the galaxy redshift at z = 9.386,
or z=9.697, depending on whether the line is [O I1]5008
or HG. We do not detect emission lines or Ly« continuum
breaks in the other three candidates.

2. Based on the original z,p estimate, the success ratio of
the spec-z confirmation for zpho = 8.5 — 9.6 candidates
reaches ~90% (=6/7). The absence of robust multiple-
line identifications in three out of four zphe > 10
candidates might indicate that strong optical emission
lines (e.g., [OMI]5008, HP) in these galaxies are
redshifted beyond the NIRSpec wavelength range, and
may support a high purity also in the z,, > 10 candidate
selection. The spec-z confirmation results from the
homogeneous sample selection and follow-up observa-
tions are widely useful to interpret the UV luminosity
function studies now explored out to z ~ 17 with JWST/
NIRCam.

3. Although all z,. values fall within the 95% confidence
interval of the original z,no estimates, we find the
majority of the sources Show Zgpec < Zphor» Where almost
half exceed the 68% confidence interval. This may
indicate that the galaxy templates generally used for high-
redshift galaxy selection at z 2> 8.5 are still insufficient to
recover their rest-frame UV color space. This could also
be caused by the possible limitations inherent in using a
single photo-z code, the lack of a deep NIRCam dropout
filter (e.g., FOOOW), or the potential bias due to the fact
that the strong line identification is limited to z <9.5.

4. We perform the SED fitting to the HST+NIRCam
photometry and [O II]5008 EW and evaluate the SFR
and stellar mass (M, relation for the seven spec-z
confirmed sources. The typical SFR and M, are
estimated to be ~4 M, yr~ ! and ~10® M,,. This yields

14

Fujimoto et al.

a relatively high specific SFR of ~40 Gyr~' compared to
the main sequence at z=2 — 6.

5. We measure the rest-frame [O II]+HG EW and obtain
median values of 1100733 A and 570735 A for our
NIRCam- and HST-selected galaxies spectroscopically
confirmed at z =8 — 9, respectively. This is much higher
than typical star-forming galaxies at z~1—2 but
consistent with previous photometric-based results at
z~7 in a similar UV luminosity range. The potential
larger EW([O1I]+HS) value in the NIRCam-selected
galaxies may indicate these less luminous galaxies are not
extremely metal-poor, but less metal-enriched systems
with more ionizing photons maintaining the EW([O III]
+Hp) slightly higher than the UV-luminous HST-
selected galaxies.

6. We also evaluate &, and find that our NIRCam- and
HST-selected galaxies have median values of
log(&ion/Hzerg ") = 25.77703% and 25.477033, respec-
tively, at zZgpec = 8 — 9. These median estimates are much
higher than those from typical star-forming galaxies at
z~ 1 — 2 but consistent with the recent measurements for
the [O 1] emitters and Ly« emitters at z=5 — 7. The
potential trend toward higher &, in less luminous
galaxies indicates the important contributions from faint
galaxies to the cosmic reionization, which is consistent
with the empirical model predictions based on Hae EW
and UV luminosity.

7. We analyze the [O 1] /H line ratio = R3 as a function
of My, for the NIRCam- and HST-selected galaxies. We
find an increasing trend of R3 toward high Mg, This
trend is opposite to the z~2 —3 results, while it is
consistent with the predictions from the simulations
because of the high ionization parameter in the early
galaxies. With an empirical calibration of the R3 method,
we evaluate the oxygen abundance and find that these
7=28 —9 galaxies have lower metallicity, than that of
z=0—3 galaxies at a given M, This is generally
consistent with the current galaxy formation and evol-
ution models.
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the Space Telescope Science Institute. The specific observa- Appendix A
tions analyzed can be accessed via doi:10.17909/z7p0-848]1. Sources without Spectroscopic Redshift Confirmation
Software: Astropy (Astropy Collaboration et al. 2013),

In Fi 9 and 10, how the 1D+2D tra for th
CIGALE (Boquien et al. 2019), Mosviz (Developers et al. 1l Figures 7 an we show the D42 spectra for the

sources that are not spectroscopically confirmed in this study.
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Figure 9. Same as Figure 2, but for MPT-ID9 with the potential single-line detection at 5.20 pm. The red and blue vertical lines indicate the expected wavelengths for
the [O 11]5008, [O 111]4969, Hf3, H~, and [O 11]3727, from right to left when the 5.20 pm line feature corresponds to [O 11]5008 and Hf3, respectively. For the potential
line, we rule out the possibility of [O 111]4960, because the 3 x more bright [O 111]5008 line should be detected at the edge of the spectrum in this case. The [O 11]3727
at z = 12.95 is also unlikely based on the photometric redshift P(z).
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Appendix B
Continuum Break

In Figure 11, we show the 1D+-2D prism spectrum for MPT-
ID7 in the spectral region around 1 pm. We detect continuum
emission at A 2 1.2 um consistent with expectations for the
Ly« break at the redshift determined from the [O 111] and Hf3
emission lines.

=)
I&‘ -
S - e
—~10 CEERS1 6059 (MPT-ID7)
g Zspec = 8876 i
g 0.5 |
o : Lyo
1.0 1.2 1.4 16
Aobs (1m)

Figure 11. Same as Figure 2, but zoomed at around ~1 gym of MPT-
ID7 whose Ly« continuum break is identified in the 1D and 2D spectra. The
wavelength of the continuum break is consistent with the emission-line-
determined spectroscopic redshift.

Appendix C
Best-fit SED

In Figure 12, we show our best-fit SED model for MPT-ID2
by using CIGALE as an example. A comprehensive list and
further details of the SED models will be provided in D.
Burgarella et al. (in preparation).
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Figure 12. Best-fit SED for MPT-ID2 modeled with CIGALE. Colored curves
represent the emission from the various components described in the label, with
the black curve representing their sum. Magenta and red circles indicate the
observed and model-predicted fluxes in the NIRCam broadband filters,
respectively.
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