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ABSTRACT

With JWST, new opportunities to study the evolution of galaxies in the early Universe are emerging. Spifzer constraints on
rest-optical properties of z = 7 galaxies demonstrated the power of using galaxy stellar masses and star formation histories
(SFHs) to indirectly infer the cosmic star formation history. However, only the brightest individual z 2 8 objects could be detected
with Spirzer, making it difficult to robustly constrain activity at z 2 10. Here, we leverage the greatly improved rest-optical
sensitivity of JWST at z 2 8 to constrain the ages of seven UV-bright (M,, < —19.5) galaxies selected to lie at z ~ 8.5-11,
then investigate implications for z = 15 star formation. We infer the properties of individual objects with two spectral energy
distribution modelling codes, then infer a distribution of ages for bright z ~ 8.5-11 galaxies. We find a median age of ~20 Myr,
younger than that inferred at z ~ 7 with a similar analysis, consistent with an evolution towards larger specific star formation
rates at early times. The age distribution suggests that only ~3 per cent of bright z ~ 8.5—11 galaxies would be similarly luminous
at z 2 15, implying that the number density of bright galaxies declines by at least an order of magnitude between z ~ 8.5-11
and z ~ 15. This evolution is challenging to reconcile with some early JWST results suggesting the abundance of bright galaxies
does not significantly decrease towards very early times, but we suggest this tension may be eased if young stellar populations

form on top of older stellar components, or if bright z ~ 15 galaxies are observed during a burst of star formation.

Key words: galaxies: evolution — galaxies: formation — galaxies: high-redshift —dark ages, reionization, first stars.

1 INTRODUCTION

Pinpointing the time when the first galaxies formed, cosmic dawn, is
a key goal of modern extragalactic astronomy that JWST is poised to
achieve. Over the past two decades, much effort has been dedicated
to identifying and characterizing large samples of galaxies within a
billion years after the big bang to gain insights into how star formation
progressed in the early Universe — and in particular, how rapidly
it built up. Using deep imaging from the Hubble Space Telescope
(HST), the Spitzer Space Telescope, and ground-based facilities, the
history of star formation in the Universe has been catalogued up to
z ~ 10, a mere ~450 Myr after the big bang (for reviews, see Stark
2016; Brada¢ 2020; Robertson 2022), with individual candidates
identified as high as z ~ 11-12 (e.g. Coe et al. 2013; Harikane et al.
2022b) and one spectroscopically confirmed (Oesch et al. 2016; Jiang
et al. 2021). Now, with JWST, a new window into galaxies even in
the earlier (z 2 12) Universe is opening (e.g. Bradley et al. 2022;
Castellano et al. 2022; Donnan et al. 2022; Finkelstein et al. 2022a;
Furtak et al. 2022; Harikane et al. 2022a; Naidu et al. 2022; Ono
et al. 2022; Roberts-Borsani et al. 2022; Williams et al. 2022).
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One new avenue enabled by JWST is the observation of the rest-
frame UV of large numbers of galaxies at z ~ 10-15, providing direct
insights into the recent star formation activity of galaxies increasingly
near cosmic dawn. Rest-frame UV luminosity functions measured
from HST and ground-based imaging surveys only reach up to z ~
10, often with small sample sizes (e.g. Oesch et al. 2018; Bowler et al.
2020; Bouwens et al. 2021; Finkelstein et al. 2022b). This is largely
due to the limited infrared wavelength coverage of HST preventing
robust identification of z 2 10 candidates, and the limited sensitivity
of ground-based facilities. With the combination of infrared coverage
and sensitivity of JWST, direct observations of much larger samples
of z 2 10 galaxies are now possible (and indeed, the first constraints
on the presence of star-forming galaxies at z 2 12 are now emerging).

In parallel to directly observing large numbers of z 2> 10 galaxies
for the first time, indirect insights into past star formation activity
based on rest-optical properties will also be greatly improved with
JWST. Since stellar mass is the integral of all past star formation
in a galaxy, the total stellar mass content of the Universe measured
at a given redshift can place indirect constraints on the history of
star formation at higher redshifts. In a similar fashion, the ages and
detailed star formation histories (SFHs) of galaxies can provide
information about the time-scales on which past star formation
occurred. Prior to JWST, the efficacy of taking a census of stellar
mass (e.g. Egami et al. 2004; Eyles et al. 2005; Stark et al. 2009;
Gonzialez et al. 2011; Labbé et al. 2013; Duncan et al. 2014; Oesch
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et al. 2014; Grazian et al. 2015; Song et al. 2016; Bhatawdekar et al.
2019; Kikuchihara et al. 2020; Stefanon et al. 2021), and measuring
galaxy ages and SFHs (e.g. Roberts-Borsani, Ellis & Laporte 2020;
Laporte et al. 2021; Tacchella et al. 2022; Whitler et al. 2022) to
constrain the history of star formation in the Universe has been
demonstrated largely by measurements enabled by Spitzer/Infrared
Array Camera (IRAC) imaging.

However, the relatively low sensitivity of Spitzer frequently limited
such studies to only the brightest systems (e.g. Whitler et al.
2022), or required stacking at progressively fainter luminosities and
higher redshifts (e.g. Stefanon et al. 2022a). With the ~100 times
improvement in sensitivity of JWST compared to Spitzer, robust
studies of the rest-optical emission of lower luminosity galaxies
at higher redshifts (z ~ 8-11) are now possible, presenting a new
opportunity to examine the potential presence of mature stellar
populations in early galaxies. Ultimately, this enables better indirect
constraints on the decline of star formation in the Universe at z = 10,
including at redshifts of z > 17, where direct observation will likely
be extremely challenging with current or near-future facilities.

In this work, we now leverage the considerably improved rest-
optical sensitivity of JWST to examine the ages and SFHs of relatively
bright z ~ 8.5-11 galaxies, and assess implications for the formation
of the first galaxies at z = 15. We present the data (new infrared
JWST/NIRCam images and additional optical data from HS7/ACS),
and our sample selection in Section 2. In Section 3, we present the
ages and SFHs of luminous galaxies at z ~ 8.5-11 inferred from
spectral energy distribution (SED) models of individual sources, and
a model for the age distribution of the population. We briefly discuss
the insights into early epochs of galaxy formation that we can gain
from ages and SFHs at z ~ 8.5-11 in Section 4, then close in Section 5
by summarizing our primary results.

Throughout this paper, we adopt a flat ACDM cosmology with
parameters & = 0.7, 2, = 0.3, and 2, = 0.7, and all magnitudes
are provided in the AB system (Oke & Gunn 1983). We quote
the marginalized 68 per cent credible interval for all errors and all
logarithms are base-10 unless stated otherwise.

2 OBSERVATIONS

‘We now discuss a sample of galaxies selected to lie at z ~ 8.5—11 over
the Extended Groth Strip (EGS) field using deep multi-wavelength
imaging from JWST/NIRCam and HST/ACS. We describe the imag-
ing data in Section 2.1 and our photometry and sample selection in
Section 2.2.

2.1 Imaging data and photometry

In this work, we use new JWST/NIRCam imaging over the EGS
field taken as part of the Cosmic Evolution Early Release Science
(CEERS') programme in June 2022. These observations were taken
in six broad-band filters and one medium band filter (F115W, F150W,
F200W, F277W, F356W, F444W, and F410M), covering a total
area of ~40arcmin®. At the redshifts of interest for this work (z
~ 8.5-11), these filters probe the rest-frame UV (A.y = 800 A)
into the rest-optical (A5 = 5400 A). We particularly highlight that
the rest-UV coverage extends to wavelengths blueward of Lyman-
alpha (Ly o) at z > 9, enabling a Ly o break selection with NIRCam
filters (see Section 2.2). The CEERS NIRCam data are reduced
following the methods detailed in Endsley et al. (2022). Briefly,

Uhttps://ceers.github.io/
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we process the uncalibrated (x_rate.fits) NIRCam exposures
through the JWST Science Calibration Pipeline? taking steps to
mitigate 1/fnoise, obtain robust background subtraction, and achieve
precise astrometric alignment to the Gaia frame (see Chen et al. 2022
for more details of astrometry). During this process, we implement
updated photometric calibrations specific to each NIRCam detector
derived by Gabe Brammer?, and shown to produce a reasonable
colour-magnitude diagram for FO90W and F115W from the JWST
Resolved Stellar Populations ERS programme (Boyer et al. 2022).
All co-added mosaics for each filter are sampled onto the same world
coordinate system on a 30 mas pixel ™! grid.

We also utilize optical imaging taken with HS7/ACS in the F435W,
F606W, and F814W bands to aid in robustly identifying z ~ 8.5-11
galaxies, as this imaging probes rest-frame wavelengths of Ay <
1000 A at our redshifts of interest. The ACS mosaics used in this work
were produced as part of the Complete Hubble Archive for Galaxy
Evolution (CHArGE) project (Kokorev (in prep.)), and include
observations obtained from the HST/ACS All-Wavelength Extended
Groth Strip International Survey (AEGIS; Davis et al. 2007), the
Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey
(CANDELS; Grogin et al. 2011; Koekemoer et al. 2011), and the
Ultraviolet Imaging of the Cosmic Assembly Near-infrared Deep
Extragalactic Legacy Survey Fields (UVCANDELS*; PI Teplitz).
HST/WFC3 mosaics over EGS are also available from CHArGE,
and are utilized in companion analyses of the CEERS NIRCam data
(Chen et al. in prep). All CHArGE mosaics are registered to the
Gaia frame with the ACS (WFC3) mosaics sampled onto a 40 (80)
mas pixel ™! grid.

Due to the wide range of angular resolution spanned by the
mosaics introduced above (FWHM = 0.045 arcsec in ACS/F435W
to ~0.18 arcsec in WFC3/F160W), we must account for these
variations to ensure robust colour calculations in our photometric
measurements. We also aim to maximize our photometric sensitivity,
particularly in the ACS and short-wavelength (SW) NIRCam filters,
which bracket the Ly o break used to identify our z ~ 8.5-11 sample.
As acompromise between these two goals, we have opted to convolve
all long-wavelength (LW) NIRCam filters (F277W, F356W, F410M,
FA444W) to the point-spread function (PSF) of WFC3/F160W and all
ACS and SW NIRCam filters (F115W, F150W, F200W) to the PSF
of ACS/F814W. The details of PSF construction and homogenization
are described in detail in Endsley et al. (2022), and a brief overview
is included in Chen et al. (2022).

Sources are identified across the CEERS NIRCam footprint
by running SOURCE EXTRACTOR (Bertin & Arnouts 1996) on an
inverse variance weighted stack of the PSF-homogenized F150W +
F200W mosaics. We then calculate photometry following procedures
previously applied to HST-based analyses of z = 6 galaxies (e.g.
Bouwens et al. 2015, 2021; Finkelstein et al. 2015, 2022b; Endsley
etal. 2021), and detailed in Endsley et al. (2022). Briefly, photometry
are first computed from the PSF-homogenized mosaics in elliptical
apertures adopting a Kron (1980) parameter k = 1.2. Photometric
errors are computed as the standard deviation of flux measured
in nearby randomly-distributed apertures lying in regions free of
objects as determined from a SOURCE EXTRACTOR segmentation
map specific to each band. Aperture corrections are then performed
in two stages, first correcting to the flux in a k = 2.5 aperture, and
finally to the total flux using the measured PSFs and encircled energy

Zhttps://jwst-pipeline.readthedocs.io/en/latest/index.html
3https://github.com/gbrammer/grizli/pull/107
“https://archive.stsci.edu/hlsp/uvcandels
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distributions of ACS/F814W and WFC3/F160W. To account for the
different PSFs of the ACS+SW versus LW images, we multiply the
aperture size used for the LW bands by 1.5 relative to that used by
the ACS+SW bands. This 1.5x factor reflects the typical size ratio
of twelve UV-bright z ~ 6-8 EGS galaxy candidates (see Chen et al.
2022 for details) in the PSF-homogenized F444W versus F200W
mosaics.

2.2 Sample selection

Our goal in this work is to assess the ages of galaxies at redshifts
that were previously very challenging to observe in the rest-optical
with Spitzer/IRAC (z 2 8). Towards this objective, we design a set
of selection criteria to securely identify objects at z = 9-11 with
newly available JWST/NIRCam (F115W, F150W, F277W, F356W,
F410M, and F444W) and ancillary HST/ACS (F435W, F606W, and
F814W) imaging over the EGS field. To enable better statistics, we
also supplement our z ~ 9-11 sample with objects selected to lie at
slightly lower redshifts of z ~ 8.5-9.

At z =9, less than ~30 per cent of the integrated transmission of
the NIRCam/F115W filter contains flux redward of the Ly o break.
By z =11, the Ly « break falls in NIRCam/F150W, and 265 per cent
of the integrated transmission of F150W probes the spectrum redward
of the break. Thus, we generally expect z ~ 9—11 sources to appear as
strong F115W dropouts with relatively flat F150W — F277W colours.
We also note that we limit our sample to candidates with observed
F200W < 28 to minimize the rate of false positive identifications of
z ~ 9-11 objects due to low signal-to-noise.

To determine the exact colour selection criteria for our sample,
we utilize two samples of mock galaxies. We begin by using mock
HST and JWST photometry from the JAdes extraGalactic Ultradeep
Artificial Realizations (JAGUAR; Williams et al. 2018) catalogue
spanning z = 0.2-15, which are designed to reproduce observed
population statistics of both star forming and quiescent galaxies
(mass and luminosity functions, as well as the observed redshift
evolution of the cosmic star formation rate density, galaxy colours,
specific star formation rates, and the mass-metallicity relation).
JAGUAR provides a first look at the photometry of bright, high-
redshift galaxies, and a good opportunity to test our selection against
large samples of potential low-redshift contaminants. However, due
to the requirement that JAGUAR galaxies reproduce the observed
luminosity function, the sample sizes of the bright, high-redshift
galaxies that we wish to select are limited. To better assess our
selection of z ~ 9-11 galaxies, we therefore use the BayEsian
Analysis of GaLaxy sEds tool (BEAGLE; Chevallard & Charlot
2016) to generate mock JWST and HST photometry for a large sample
of galaxies spanning z = 5-12. BEAGLE calculates the stellar and
nebular emission of star forming galaxies using the models of Gutkin,
Charlot & Bruzual (2016), which were in turn derived by combining
the latest stellar population synthesis models of Bruzual & Charlot
(2003) with the photoionization code CLOUDY (Ferland et al. 2013).
For these z = 5-12 mock galaxies, we assume a V-band optical depth
of 7, = 0.01 (consistent with the very blue rest-UV slopes observed
for galaxies at z ~ 7-8; e.g. Bouwens et al. 2014; Endsley et al. 2021),
and adopt a fiducial set of reasonable physical parameters that yield
an [0 111] + H B equivalent width (EW) of ~760 A, the typical EW at
z 2 7 inferred by Endsley et al. (2021). We note that throughout this
process, we have assumed Ly o EWs of 0 A given the extremely large
Ly o opacities due to the significantly neutral intergalactic medium
(IGM) at these high redshifts (Inoue et al. 2014).

Using both the JAGUAR catalogue and our mock BEAGLE-
generated sample of high-redshift galaxies, we find that the following
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analytic selection criteria identify galaxies via their Ly « break at z
~ 9-11 well:

(i) S/N < 2 in ACS/F435W, F606W, and F814W

(ii) F115W — F150W > 1.0

(i) F150W — F277W < 0.4

(iv) F115W — F150W > 0.8 x (F150W — F277W) + 1.5.

We set the flux in the dropout band (i.e. F115W) to its 1o upper
limit in cases of non-detections (S/N < 1), consistent with previous
Lyman-break selections (e.g. Bouwens et al. 2015; Endsley et al.
2021). To ensure that the sources we select are real, we also require
a >7o detection in F200W and a >30 detection in all NIRCam LW
filters.

We supplement this z ~ 9-11 sample by searching for galaxies
at slightly lower redshifts of z ~ 8.5-9. At these redshifts, the Ly «
break falls within NIRCam/F115W (~40 per cent of the integrated
transmission contains flux redward of the break at z = 8.7), so we
expect sources in this redshift range to appear as partial F115W
dropouts. Accordingly, we adopt the following selection criteria:

(i) S/N < 2 in ACS/F435W, F606W, and F814W

(i) F115W — F150W > 0.6

(i) F150W — F277W < 0.4

(iv) F115W — F150W > 1.5 x (F150W — F277W) + 0.6.

For this z ~ 8.5-9 sample, we again set the F115W flux to its lo
upper limit in cases of non-detections and require a >7¢ detection
in F200W, an F200W magnitude <28, as well as >30 detections in
all NIRCam LW filters.

We emphasize that our colour selection is not expected to reject
candidates with intrinsically red slopes therefore minimizing po-
tential biases in our inferred age distribution that would be caused
by preferentially selecting young, blue galaxies. We test relaxing the
required F150W — F277W < 0.4 criteria (corresponding to arest-UV
slope of B < —1.4) to F150W — F277TW < 0.6 (8 < —1.1), and find
only one additional candidate after visual inspection and imposing
photometric redshift criteria (described below). In Section 3.2, we
quantity the impact of including this candidate in our age distribution
inference, and find almost no change from the distribution inferred
using our fiducial sample. Thus, we generally expect our selection
to sample the distribution of ages of moderately bright, rest-UV—
selected galaxies at z ~ 8.5-11 well.

All objects satisfying the analytic cuts described above are visually
inspected by LW, RE, and DPS. We remove objects that are impacted
by artifacts (e.g. diffraction spikes or ‘snowballs’) have unreliable
noise estimation (often due to proximity to a detector edge), or appear
to have tentative detections in any of the three ACS bands (which
probe wavelengths blueward of the Ly « break at our desired redshifts
and should suffer high opacity from the intervening IGM; Inoue et al.
2014). A subset of objects passing this first stage of visual inspection
are found to contain moderate levels of flux from neighbouring
objects within their k = 2.5 elliptical apertures. To correct for any
impact these neighbours may have on the photometry, we recalculate
photometric measurements for the z ~ 8.5-11 candidates after per-
forming a neighbour subtraction algorithm detailed in Endsley et al.
(2022). Briefly, this algorithm takes the locations of neighbouring
objects from the SOURCE EXTRACTOR catalogues and fits a Sérsic
profile to each object using the original (non-PSF homogenized)
mosaic in each band, accounting for the intrinsic PSF of that band
during the fit. The best-fitting Sérsic profile parameters are then
used to subtract the neighbouring objects on the corresponding
PSF-homogenized images (appropriately accounting for changes in
PSF). We visually verify that neighbour-subtracted images show

MNRAS 519, 157-171 (2023)
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Table 1. The observed properties of the sample. We report the observed NIRCam F200W and F444W magnitudes, as
these approximately probe the rest-frame UV and optical at z ~ 8.5-11, the rest-UV continuum slope, §, determined
observationally by fitting F,, oc A# 2 to filters expected to be redward of the Ly « break (F150W, F200W, and F277W at
z ~ 8.5-10 and F200W and F277W at z ~ 10-11, with photometric redshifts determined by the BEAGLE SED models
described in Section 2.2), and the probability of being at z > 8.2 based on our BEAGLE photometric redshift fits.

Object ID RA Dec F200W FA44W B P(z > 8.2)
EGS-7860 14:19:00.64  +52:50:1194  27.970! 27.5%§3 —2.2%93 1.00
EGS-9711 14:19:3534  +52:50:37.87 27.8%01 27.2+0 -1.9792 1.00
EGS-14506 14:19:13.72 452:51:44.48 27.5701 27.8%92 —1.8104 0.89
EGS-34362 14:20:03.01  453:00:04.94 27.691 27.4791 -1.8%02 0.94
EGS-36916 14:19:56.43  +52:59:25.65 27.0791 26.5701 —-1.7%92 0.92
EGS-37135 14:19:58.65  +52:59:21.77 272799 27.275] 22101 0.74
EGS-37400 14:20:02.81  +52:59:17.89 267799 268700 24701 1.00
T T T T T
0 L | L
26 27 28 26 27 28 -3.0 -25 -20 -15 -1.0

F200W magnitude

F444W magnitude

rest-UV slope,

Figure 1. The observed properties of the sample. We show the distribution of observed F200W and F444W photometry, approximately probing the rest-UV
and optical of our candidates, respectively. We also show the observationally derived rest-UV continuum slope, . For all quantities, we show the median value

as the vertical dashed line.

very smooth residuals within the k = 2.5 apertures for all z ~ 8.5-
11 candidates. For one of the z ~ 8.5-11 candidates (EGS-36916
in the final sample), we opt not to utilize the neighbour-subtracted
photometry as the SOURCE EXTRACTOR segmentation map splits this
source into multiple components, with each component satisfying
our analytic cuts above. We verify that the final elliptical aperture for
EGS-36916 contains all components satisfying our dropout selection,
and that no flux is evident from other neighbouring objects in the k
= 2.5 aperture for this source.

Once equipped with the neighbour-subtracted photometry, we use
BEAGLE to infer photometric redshifts and remove objects with
non-negligible probabilities of being at z < 8.5. Specifically, we
require P(z > 8.2) > 70 per cent, where we adopt a slightly lower
redshift bound than z = 8.5 to allow for objects with photometric
redshift posteriors centred at z = 8.5. We emphasize that we fit
the sample with a large permitted range of redshifts (zphot = 0-15;
uniform prior), and physical properties in order to allow the models
to search for viable solutions with a variety of physical parameters
across all redshifts. Throughout the modelling process, we assume
a Chabrier (2003) stellar initial mass function with mass range 0.1—
300 Mg, an SMC dust extinction curve (Pei 1992), and the IGM
attenuation model of Inoue et al. (2014). We adopt a log-uniform
prior on age (assuming a constant SFH; CSFH) ranging from 1 Myr
to the age of the Universe at the redshift under consideration. We also
adopt log-uniform priors on stellar mass (5 < log (M./Mg) < 12), V-

MNRAS 519, 157-171 (2023)

band optical depth (—3 < log(z,) < 0.7), ionization parameter (—4
<log (U) < —1), and stellar metallicity (=2 < log (Z/Zy) < 0.24).
The interstellar metallicity (gas and dust-phase) is assumed to be
equal to the stellar metallicity with dust-to-metal mass ratio fixed
to &4 = 0.3. Throughout this fitting process, we remove Ly « from
the templates. After inferring photometric redshifts for our visually
clean sample of z ~ 8.5-11 candidates, we remove galaxies with P(z
< 8.2) > 30 percent.

Our final z ~ 8.5-11 sample consists of seven objects. In Table 1,
we report coordinates, selected observational properties, and the
probability of being at z > 8.2 inferred by our photometric redshift
fits. We also show summary histograms of the observed properties
in Fig. 1. Our sample consists of moderately bright candidates with
observed F200W & 26.7-27.9 (median F200W & 27.5) and F444W
~26.5-27.8 (median F444W ~ 27.2). The rest-frame UV continuum
slopes that we observe® are generally blue, ranging from —2.4 < f8
< —1.7 with median 8 &~ —1.9 (consistent with the blue UV slopes
observed in large samples of z 2 6 galaxies; e.g. Finkelstein et al.
2012; Bouwens et al. 2014). We note that, recently Donnan et al.

SMeasured by fitting F, oc AP *2 to the observed photometry of filters
expected to probe the rest-UV continuum at z ~ 8.5-11: F150W, F200W,
and F277W at z ~ 8.5-10, and F200W and F277W at z ~ 10-11, where we
determine photometric redshifts from the BEAGLE SED models described
in Section 2.2.
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(2022) also conducted a search for z > 8.5 galaxies in the EGS field
with CEERS imaging; we adopt different selection criteria (notably,
we impose a magnitude limit in F200W and colour criteria in filters
expected to probe the rest-UV at z ~ 8.5-11, while Donnan et al.
2022 require a stronger dropout and probe a larger redshift range), but
nevertheless, one object is shared between the samples. We also note
that our colour selection relies on ared F115W — F150W colour due
to the relatively shallow HST imaging in EGS compared to JWST.
One object in our final sample satisfies only the supplementary z
~ 8.5-9 colour selection (which allows a bluer F115W — F150W
colour), and furthermore has the reddest observed rest-UV continuum
slope in the sample. We explore the impact of including this object,
as well as the two candidates with the largest probabilities of lying
at z < 8.5 based on the SED models described in this section, on our
inferred age distribution in Section 3.2.

3 ANALYSIS

3.1 Inferring galaxy properties

We begin by inferring the properties of our sample using two galaxy
SED modelling codes, BEAGLE (Chevallard & Charlot 2016),
and PROSPECTOR (Johnson et al. 2021b). As previously outlined,
BEAGLE computes stellar and nebular emission based on the Gutkin
et al. (2016) models of star forming galaxies, which are in turn
derived by combining updated stellar population synthesis models
of Bruzual & Charlot (2003) with the photoionization code CLOUDY
(Ferland et al. 2013). We also model our sample with PROSPECTOR,
which is based on the Flexible Stellar Population Synthesis code
(Conroy, Gunn & White 2009; Conroy & Gunn 2010) and the nebular
emission models of Byler et al. (2017). Our SED modelling process
largely follows the methods of Whitler et al. (2022, hereafter W22)
with slight modifications to accommodate the lower luminosity, and
higher redshift regime of the sample considered in this work.

We adopt a Chabrier (2003) initial mass function with a mass range
of 0.1-300 Mg, and the intergalactic medium attenuation model of
Inoue et al. (2014). We also adopt an SMC dust prescription (Pei
1992), as it matches the observed IRX-f relation at z ~ 2-3 well
(Bouwens et al. 2016; Reddy et al. 2018). For our SFH model, we
begin by assuming a CSFH for both our BEAGLE and PROSPECTOR
fits, then explore flexible non-parametric SFHs with PROSPECTOR.
Throughout our fitting process, we remove Ly o from our templates,
motivated by the extremely large Ly o optical depths caused by the
significantly neutral IGM at these high redshifts. For all models, we
adopt a uniform prior on redshift from zpp = 6-15, as we have
removed all objects with significant probabilities of being at z < 8
during our selection process. We adopt log-uniform priors on stellar
mass and V-band optical depth (zy) for all models. For our CSFH
models, we also adopt a log-uniform prior on age, defined as the
time since the first star formed (see below for our non-parametric
SFH priors). Finally, we allow stellar mass to range from M, = 10°—
10> Mg, V-band optical depth from 7, = 0.001-5, and age from
1 Myr to the age of the Universe at the redshift under consideration.

We place a log-uniform prior on stellar metallicity and a log-
normal prior on ionization parameter. Motivated by the properties
implied by high-ionization emission lines observed during reion-
ization (e.g. Stark et al. 2017; Hutchison et al. 2019), we restrict
the stellar metallicity to —2.2 < log(Z/Zy) < —0.5, and for our
lognormal prior on ionization parameter, we adopt a mean of (g (1))
= —2.5 and standard deviation of 0,4y = 0.25. We note that we
allow lower metallicities than W22, as we are here probing higher
redshifts and less luminous galaxies. As for our photometric redshift
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BEAGLE models, we assume that the combined gas and dust-phase
metallicity is the same as the stellar metallicity (for PROSPECTOR,
we assume that the interstellar gas-phase metallicity is equal to the
stellar metallicity). We note that BEAGLE self-consistently models
the depletion of metals onto dust grains (Chevallard & Charlot 2016;
Gutkin et al. 2016), regulated in part by the dust-to-metal mass
ratio, which we fix to §4 = 0.3, which decouples the gas-phase
metallicity from the stellar metallicity. Recent studies have suggested
that alpha enhancement may be common at z ~ 2 (e.g. Steidel et al.
2016; Sanders et al. 2020; Cullen et al. 2021), leading to lower
stellar metallicities at fixed gas-phase metallicity. Future studies will
investigate the impact that alpha enhancement may have on SED
models at our redshifts of interest (z ~ 8.5-11).

For our non-parametric SFH models in Prospector, which are
piecewise constant functions in time, we adopt eight age bins
spanning the time of observation to the lookback time corresponding
to a formation redshift of Zzgpm. We adopt a uniform prior on
Zform from Zgom = 15-30. We fix the two most recent time bins
of the SFH to 0-3 and 3-10 Myr, and the remaining six bins are
spaced evenly in logarithmic lookback time. We note that the prior
assumed for non-parametric SFHs can have a significant impact on
the inferred physical parameters, and we direct the reader to Leja
et al. (2019), Tacchella et al. (2022), and the appendix of W22
for more detailed discussions of the impact of the prior on non-
parametric SFH models. In this work, we adopt two priors: the
built in ‘continuity’ prior in PROSPECTOR, and a ‘bursty’ version
of the continuity prior first explored by Tacchella et al. (2022), and
investigated in the appendix of W22. The default continuity prior
tends to weight against large changes in star formation rate (SFR)
between adjacent time bins in the SFH, while the bursty continuity
prior allows much more rapid variation in the SFR over time.

In Table 2, we report a subset of the properties inferred from these
SED models for our entire sample: photometric redshift, absolute
UV magnitude, and V-band optical depth inferred from our BEAGLE
CSFH models, ages from both the BEAGLE and PROSPECTOR CSFH
models, and stellar masses from all models (the BEAGLE and
PROSPECTOR CSFH models and the PROSPECTOR non-parametric
models with both priors). We also report the reduced x> values for
the BEAGLE CSFH models. We infer similar physical properties
from the CSFH models of both BEAGLE and PROSPECTOR. From
BEAGLE, we infer photometric redshifts ranging from zppe = 8.3—
10.7. We find absolute UV magnitudes of —20.8 < M, < —19.4
with median M,, = —20.1, stellar masses ranging from 7.4 <
log (M,/Mg) < 8.3 with median log (M,/My) = 8.1, ages ranging
from 6-49 Myr with median 22 Myr, V-band optical depths of
—2.3 < log(ty) < —0.7 with median log(z,) = —1.4, and metallic-
ities of —2.1 < log(Z/Z;) < —0.6 with median log (Z/Zy) = —1.7.
From our PROSPECTOR CSFH models, we find zpho = 8.4-10.3,
—20.8 < My, < —19.4 (median M,, = —20.1), 7.5 < log (M./M¢g)
< 8.0 (median log (M,./Mg) =7.8),2 < age Myr~! < 19 (median age
= 6Myr), —2.4 < log(t,) < —0.8 (median 7, = —1.0), and —1.9 <
log (ZIZg) < —1.0 (median log (Z/Zy) = —1.6).

We show the SEDs resulting from the BEAGLE models of our
sample in Fig. 2, and examples of the constraints on age that we obtain
for both a young source (EGS-9711; age ~5 Myr), and a slightly older
source (EGS-14506; age ~20-30 Myr depending on SED model) in
our sample in Fig. 3. We note that EGS-9711 has a photometric
redshift of zyne =~ 9, and our selection is generally designed to
include candidates at zph, ~ 8.5-9, where we expect to obtain
reasonably robust age constraints. At these redshifts, [O111] + H 8
fall in the F444W filter, so a strong F444W excess relative to F410M
is indicative of the strong nebular emission lines expected when an

MNRAS 519, 157-171 (2023)

€20z AInf 01 uo Jesn O 1S - SUND Aq 2#8€289/2G1/1/6 1L G/aI01HE/SBIUW/WOD dNO"OlWapede//:sdiy Wolj papeojumoq



162 L. Whitler et al.

Table 2. The physical properties inferred for our sample from our SED models. We report the photometric redshift, absolute UV magnitude, 7y, and reduced x>
values from our BEAGLE SED models, ages from our BEAGLE and PROSPECTOR CSFH models, and stellar masses from both CSFH models and both priors
on our PROSPECTOR nonparametric models. We also report the median values of the entire sample for each parameter.

Object ID 2o M, o Age [Myr]T  Age [Myr]?  log(M/M,)T  log (M/Mg)t  log (Mu/Mo)™*  log (My/Mg)® x2h
EGS-7860 10117589 —19.6701  0.127098 4972 grite 8.310¢ 77793 9.0%93 9.0793 04
EGS-9711 8.95T0 0 —19.4701  0.07%008 673 475 7.4%0% 7.5%07 8.770¢ g2ty 06
EGS-14506 1071703 —202%01 0.02700 30+ 191192 8.1103 7.979¢ 8.7+03 8.6%0¢4 09
EGS-34362  9.16700¢  —19.9%01  0.017003 73 5t 7.5794 77793 8.2+03 78703 16
EGS-36916 8287027 201701 0197003 22782 638 8304 8.0707 9.0703 8703 06
EGS-37135  8.927009 203700 0.0470%3 1871 7 8.0103 7.879¢ 8.8702 81108 11
—+0.05 +0.0 —+0.01 +18 +17 +0.2 +0.3 +0.2 -+0.3
EGS-37400  9.007003  —20.8%00 0.00705) 22718 2H 8.2703 7.9%03 84703 8.0M03 09
Sample median 9.0 ~20.1 0.04 22 6 8.1 7.8 8.7 8.2 —

Notes. 'TBEAGLE CSFH
¥ PROSPECTOR CSFH

** PROSPECTOR continuity
§ PROSPECTOR bursty

SED is dominated by a very young, <10 Myr stellar population (e.g.
Tang et al. 2019). Thus, the presence of the strong F444W excess
in EGS-9711 provides reasonably strong evidence that this source is
relatively young.

Both the BEAGLE and PROSPECTOR models reproduce the ob-
served data well, withreduced x 2 values ranging from x2, = 0.4-1.6
for BEAGLE and x2; = 0.3-1.2 for the PROSPECTOR CSFH models.
In general, we find that the median ages we infer for our sample of
moderately luminous galaxies at z ~ 8.5-11 are typically slightly
younger than the ages of brighter galaxies at z ~ 7 inferred by
W22 (though sometimes with large uncertainties). This may hint at
a continuation of the trend towards larger specific SFRs (sSFRs) at
high redshifts suggested by the observed increase in [O 11I]+H g EWs
from z ~ 2 to z ~ 7 (Endsley et al. 2021; Boyett et al. 2022). We will
examine this possible evolution in the context of the distribution
of ages (which accounts for the uncertainties on individual age
measurements) of the two populations in Section 3.2.

Overall, we emphasize that JWST allows significantly more precise
constraints on the ages of bright objects compared to previously
available Spitzer data. In Fig. 4, we compare the posteriors for age
that we obtain for a moderately bright object in our sample with
the constraints we obtain from fitting a luminous source previously
studied with HST and Spitzer photometry (Finkelstein et al. 2022b)
with the models we use in this work. Despite being ~0.4 mag fainter
than the object studied with HST and Spitzer, the age recovery for our
object with NIRCam photometry is nevertheless more precise than
was possible with only Spitzer/IRAC observations in the rest-frame
optical. The 68 per cent credible interval for the source in our sample
ranges over A[log(ageyr~')]gs ~ 0.9, while the same credible
interval for the HST+Spitzer source spans A[log (age yr~")]es ~ 1.7.
Thus, it is apparent that new JWST/NIRCam observations transform
our ability to robustly infer ages of galaxies at z = 8, allowing
individual galaxies to be explored at fainter luminosities, and higher
redshifts than could be studied with Spitzer.

In Fig. 5, we show the stellar masses inferred from our PROSPEC-
TOR CSFH models at z ~ 8.5-11 as a function of absolute UV magni-
tude. The CSFH-inferred stellar masses of our sample identified over
the relatively small area of the CEERS EGS imaging (~40 arcmin?®)
are unsurprisingly small, ranging from 7.5 < log(M./Mg) < 8.0.
We place this sample in the context of previous findings for galaxies
at z ~ 7 and z ~ 8.5 — 11; specifically, we compare to the bright
z ~ 7T objects studied by W22 and z ~ 8.5-11 objects previously
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studied by HST and Spitzer (the z ~ 10 median stacked SED
presented by Stefanon et al. 2022a, and the candidates identified
by Finkelstein et al. 2022b). Using the photometry reported by the
authors, we model the previously studied z ~ 8.5-11 HST+Spitzer
objects with the same SED models as we use for our primary
sample in this work. Our sample generally probes lower luminosities
(—20.8 < M, < —19.4) than the HST and ground-based samples,
and the inferred stellar masses are consistent with an extrapolation
from these higher luminosity objects.

From our PROSPECTOR non-parametric models, we infer generally
similar values as the PROSPECTOR CSFH models for most param-
eters. However, we infer systematically larger stellar masses than
the PROSPECTOR CSFH models for the objects with the youngest
PROSPECTOR CSFH ages in our sample, as expected from results
at z ~ 7 (W22). At z ~ 7-8, the stellar masses inferred for these
young systems from non-parametric SFH models with significantly
extended past SFHs (i.e. the continuity prior models) can sometimes
be much larger (=1 dex) than those inferred from simple parametric
models (e.g. Topping et al. 2022, W22). At z ~ 8.5-11, the stellar
masses inferred from our non-parametric models with continuity
prior are systematically larger than the PROSPECTOR CSFH-inferred
masses by factors of ~4-21 (~10 on average), generally similar
to the differences found at z ~ 7-8, though not reaching the most
extreme factor of ~100 difference.

This difference in stellar mass between CSFH and non-parametric
SFH models is demonstrative of a key degeneracy between stellar
mass and age in our SED models. If the observed rest-UV and
optical SED is dominated by a relatively young (<10 Myr) stellar
population, these stars will outshine any older stellar population
that may be present (e.g. Papovich, Dickinson & Ferguson 2001;
Pforr, Maraston & Tonini 2012; Conroy 2013). Thus, for galaxies
dominated by young stars, our SED models cannot probe the
properties of older stars that may exist. Ultimately, due to the small
mass-to-light ratios of young stellar populations, this leads to lower
inferred stellar masses compared to older systems. To better visualize
this relationship between stellar mass and age, as well as other free
parameters, we show an example of the joint constraints on the
physical parameters in our models, and report all properties inferred
from our SED models in Appendix A. Overall, we expect the most
significant degeneracy in our models to be between age and stellar
mass, with minor degeneracies between dust, age (and mass), and
metallicity.
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Figure 2. The BEAGLE SEDs of our z ~ 8.5-11 sample. We show the observed photometry as teal circles (open symbols denote 2o upper limits), and
the median model photometry marginalized over all model parameters as purple diamonds. The median and 68 per cent credible interval of the model spectra
are shown the black lines and grey shaded regions. The insets show the posterior probability distributions for redshift resulting from the models described
in Section 3.1. In general, both these BEAGLE CSFH models and our PROSPECTOR fits reproduce the observed photometry well, with reduced x? values of
szed ~ 0.4-1.6 (for our PROSPECTOR CSFH models, we find x4 ~ 0.3-1.2 and szed = 0.3 — 1.4 for our two non-parametric models).

In contrast to the CSFH models, non-parametric SFH models with
their extended early histories can form massive, yet relatively faint,
stellar populations at early times, leading to larger stellar masses.
Because these larger stellar masses are driven by the extended past
SFHs, it is valuable to examine the early behaviour of non-parametric
SFHs with various priors. In Fig. 6, we show the SFHs resulting
from our non-parametric SFH models with both the continuity and
bursty priors for an object with a significant difference in mass
between models (though this difference in mass does not appear
for all objects, it is illustrative to examine the behaviour of the SFH
when it does). Qualitatively, both priors tend to find rising SFHs.
However, the bursty SFH tends to have less star formation activity
than the continuity model at early times, leading to inferred stellar
masses that nearly always lie between those found by the CSFH
and continuity prior models. Thus, the CSFH models (as well as

the bursty non-parametric models) and the continuity prior models
can bracket the possible SFHs of galaxies observed at z ~ 8.5-11.
We investigate the implications of both of these limiting cases in
Section 4.

3.2 The ages of UV-bright galaxies at z ~ 8.5-11

Now equipped with the greatly improved rest-optical photometry
from JWST and the results of our SED models, we can now turn to
quantifying the ages of the M,, ~ —20 galaxy population at z ~ 8.5—
11. In particular, we are interested in the insights we can gain into
the possible presence of relatively mature galaxies at z ~ 8.5-11,
as such candidates would represent descendants of the first star-
forming galaxies at z = 15. We follow the methods of the Bayesian
hierarchical model derived and presented by W22, but provide a
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Figure 3. Examples of posteriors for age inferred from our BEAGLE and
PROSPECTOR CSFH models. We show the posterior for a relatively young
(~5Myr) galaxy in the top panel and an older system (~20-30 Myr) in the
bottom panel. Both of these sources are probing a new regime in luminosity,
as they are fainter (F200W ~ 27.5 and 27.8) than were previously able to be
studied with Spitzer/IRAC.

brief description here. We note that in deriving this distribution for
our entire z ~ 8.5-11 sample, we assume that the distribution does
not vary with UV luminosity and is uniformly representative of the
redshifts of our sample. However, in practice, this distribution is
likely dominated by the ages of galaxies at the lower redshifts of our
sample.

We adopt a truncated log-normal age distribution with four free
parameters: mean (i), standard deviation (o), lower bound (a), and
upper bound (b). We adopt a uniform prior on the mean of the
distribution ranging from pu = 6-8.8, corresponding to 1-630 Myr,
where the upper bound is approximately set by the age of the Universe
at z = 8. We adopt Gaussian priors on the standard deviation, lower
bound, and upper bound, centred on o = 0.1, @ = 6, and b = 8.8
with standard deviations of 2, 0.1, and 0.1, respectively.

We use the Markov chain Monte Carlo ensemble sampler EMCEE
(Foreman-Mackey et al. 2013) to sample the posteriors of our four
parameters. We highlight that, due to the hierarchical nature of
our model (we derive the parameters of our truncated log-normal
age distribution from the posterior distributions of the physical
parameters from our SED models rather than directly from the
observed photometry), we employ the method developed by Leja
etal. (2020), used also by Leja et al. (2022) and W22, to approximate
the likelihood of our Bayesian model. For this approximation, we
draw from the posterior distributions for age resulting from our
BEAGLE CSFH SED models, then for each sample, we mitigate
the impact of the original age prior that we adopted for our SED
models with an ‘importance weight’ equal to the inverse of the
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Figure 4. A comparison of the age constraints for one object in our sample
(EGS-36916) with JWST/NIRCam photometry and the constraints obtained
from our models of a source identified by Finkelstein et al. (2022b) using
HST/WFC3+-Spitzer/IRAC photometry (EGS_z910-40898). The SED of
EGS_z910.40898 with WFC3+IRAC photometry is shown in the top left
and EGS-36916 with NIRCam photometry is shown in the top right. In the
bottom panel, the posterior corresponding to the HST+Spitzer photometry
is shown as the filled grey histogram and the posterior using JWST data
is shown as the black line. Despite being fainter than the WFC3+IRAC
source by ~0.4 mag, the signal-to-noise of the NIRCam photometry in the
rest-optical is nevertheless higher than than the IRAC photometry, leading to
higher precision in the recovered age seen in the bottom panel.

value of the SED model age prior evaluated at the age we sampled.
We show the constraints for the parameters of the truncated log-
normal distribution that we infer in Fig. 7, and the final inferred
age distribution in Fig. 8 that we have derived from the BEAGLE
CSFH models. For comparison, we also show the BEAGLE-derived
distribution of ages of bright (M,, < —21) galaxies at z ~ 7 inferred
by W22 in Fig. 8.

In general, at z ~ 8.5-11, we infer that the galaxy population has
significantly larger probabilities of younger ages than at z ~ 7 (W22).
Our z ~ 8.5-11 age distribution is symmetric with a median age of
19:1;3 Myr, in contrast to the z ~ 7 age distribution, which is weighted
towards older ages and has an older median. This is consistent
with the picture implied by the individual objects in our sample,
which tend to have younger inferred ages than the bright objects
previously studied at z ~ 7. Because all objects in our sample are
relatively young, the distribution of ages we derive for the population
is not driven strongly by any subset of objects in our sample. We re-
derive the age distribution excluding (1) the object with the lowest
photometric redshift and bluest F115W — F150W colour, as well as
the reddest rest-UV slope (EGS-36916), and (2) the two objects with
the largest probabilities of being at z < 8.5 from the photometric
redshift fits described in Section 2.2 (EGS-14506 and EGS-37135).
In both of these cases, we find very little change in the median age
(22 and 20 Myr for cases (1) and (2), respectively), though the age
distributions are slightly broader (i.e. the inferred standard deviations
for the truncated log-normal distribution are larger, ~1.2—1.4 dex).
We also note that the inclusion of the object identified when allowing
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Figure 5. Stellar mass as a function of M,y atz ~7 and z ~ 8.5 — 11. We
show the properties of bright z ~ 7 galaxies as grey circles found by W22, the
properties we infer from the stacked photometry of Stefanon et al. (2022a) at z
~ 10 as the dark blue square, and the properties we infer from the photometry
of individual z ~ 8.5-11 objects reported by Finkelstein et al. (2022b) as
the purple plus signs. Finally, we show our z ~ 8.5—11 results in this work
as red diamonds. All parameters shown are those inferred from PROSPECTOR
CSFH fits. In general, our sample probes a lower luminosity range than these
previous studies with ground based facilities, HST and Spitzer with lower
stellar masses, which are consistent with an extrapolation from the brighter
systems.
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Figure 6. The non-parametric SFHs with our two priors (continuity and
bursty continuity) for a galaxy that was found to be significantly more massive
by the continuity model than the CSFH model. Qualitatively, both SFHs infer
a generally rising SFH towards recent times, but the bursty prior increases
much more rapidly, continues to rise up to the time of observation, and has
negligible early SFR. In contrast, the continuity prior evolves more gently
towards recent times and has an extended history of non-zero SFR (though
with significant uncertainties).

a slightly redder UV slope than our fiducial sample, as introduced
in Section 2.2, has minimal effect on the inferred age distribution
(median age of 18 Myr).

Altogether, the young ages we infer may suggest that at increas-
ingly early cosmic times, there is a growing population of galaxies
dominated by relatively young stars formed in an upturn of star
formation within a few tens of Myr of observation. However, we
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Figure 8. The distribution of ages we infer for the bright galaxy population
at z ~ 8.5-11. We show the distribution inferred after marginalizing over
all parameters of the truncated log-normal age distribution as the solid black
line, with the grey shaded region corresponding to the 68 percent credible
interval. We also compare to the z ~ 7 age distribution inferred by W22,
shown as the dashed blue line. We infer a median age of 19:153 Myr for z ~
8.5-11 galaxies, younger than the median age we inferred at z ~ 7, as well
as a larger fraction of <10 Myr objects. However, we also note the presence
of non-negligible probabilities of older (= 250 Myr) ages.

do note that while the distribution suggests that bright galaxies are
generally younger at z ~ 8.5-11 compared to z ~ 7, there are still
significant probabilities of older (=150 Myr) ages, likely driven by
the uncertainties on the ages inferred for individual objects. Thus,
while our distribution is consistent with the presence of the very
young sources (~5 Myr) identified by Stefanon et al. (2022a), it can
also accommodate older (150 Myr) ages such as those proposed by
Laporte et al. (2021), with the median that we infer (~20 Myr) lying
in between these two extremes.
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4 DISCUSSION

In this work, we have investigated the ages and SFHs of galaxies at z
~ 8.5-11, which provides indirect insights into the properties of their
progenitors at z = 12. We have leveraged deep observations from
JWST in the rest-frame UV and optical to obtain much more precise
constraints on the ages and SFHs of galaxies to fainter luminosities
(Myy < —19.5) and higher redshifts (z 2 8) than was previously
possible. Compared to the more luminous, M,, < —20.8 galaxies,
we previously studied at z ~ 7 (W22), we have found that the
moderately bright galaxies at z ~ 8.5-11 that we study here are
more frequently dominated by stellar populations with ages of tens
of Myr, which has implications for the properties of UV-bright star
forming galaxies at z 2 15.

The median age of the relatively UV-bright z ~ 8.5-11 galaxy
population we infer from our BEAGLE CSFH models is ~20 Myr,
younger than the median age of luminous galaxies we previously
inferred at z ~ 7 (~75Myr; W22). Similarly, the fraction of
UV-luminous z ~ 9 galaxies expected to have young, <10Myr
stellar populations is larger than at z ~ 7 (~37percent at z ~
9 versus ~17percent at z ~ 7), and the fraction with older ages
is correspondingly smaller. This preponderance of young ages is
consistent with the observed trend towards larger sSFRs at fixed
stellar mass at z 2 4 (e.g. Stark et al. 2013; Gonzélez et al. 2014,
Duncan et al. 2014; Smit et al. 2014; Salmon et al. 2015; Tasca
et al. 2015; Faisst et al. 2016; Santini et al. 2017; Davidzon et al.
2018; Khusanova et al. 2021; Stefanon et al. 2022b; Topping et al.
2022) leading to young ages being more common at higher redshifts.
This evolution is also reflected in the rapid increase in [O11]+H B
line strengths observed from z ~ 2 (average EW ~ 170 A; Boyett
et al. 2022) to z ~ 7 (average EW ~ 760 A, Endsley et al. 2021,
2022). In turn, this trend towards higher sSFRs at increasingly early
cosmic times is consistent with the evolution implied by the increase
in baryon accretion rates of dark matter haloes with redshift (e.g.
Weinmann, Neistein & Dekel 2011; Dekel et al. 2013). In short, we
expect the increasing frequency of young ages in the bright z ~ 9
galaxy population compared to z ~ 7 to be a direct consequence
of the evolution towards large sSFRs (sSFR > 30 Gyr~'), and more
galaxies being observed during a burst of star formation at earlier
cosmic times.

This apparent shift towards younger ages at z ~ 9 may be challeng-
ing to reconcile with the rapidly growing number of proposed bright
z 2 12 galaxy candidates now being identified with JWST (Atek
et al. 2022; Castellano et al. 2022; Donnan et al. 2022; Naidu et al.
2022; Yan et al. 2022; Finkelstein et al. 2022a). Initial insights into
the number densities of these systems could be consistent with little
to no decrease in the abundance of bright galaxies between z ~ 9 and
z 2, 12 (factors of a few at most; e.g. Castellano et al. 2022; Naidu
et al. 2022), but other findings suggest a more significant decline
(closer to a factor of ~10; e.g. Donnan et al. 2022; Finkelstein et al.
2022a). These two evolutionary scenarios would imply very different
characteristic ages for the z ~ 9 galaxy population. If most bright
galaxies at z ~ 9 were (1) already in place at z ~ 15, as would be
the case if the volume density evolves relatively little with redshift,
and (2) formed stars relatively steadily between z ~ 15 and z ~ 9
(At ~ 260 Myr), we would expect to observe a large number of old,
2260 Myr z ~ 9 galaxies. However, if most bright galaxies seen at
z ~ 9 were not already established at z ~ 15, as would be true if the
bright population declines toward early times, we would expect to
observe younger ages of <260 Myr in the z ~ 9 population.

In this work, we have found that most of the individual z ~ 8.5-11
galaxies in our sample have inferred ages of ~5-50 Myr, and the
median age of our population distribution is ~20 Myr. Given that
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the length of time between z ~ 9-15 is ~260 Myr, these ages are
at least factors of five, and up to factors of 50, younger than would
be required for their dominant stellar population to have formed
at z 2 15. In the context of the simple CSFH models we used
to derive these ages, which assume no star formation before the
emergence of the dominant stellar population, this suggests that the
vast majority of bright galaxies at z ~ 9 were not forming stars at
all at z ~ 15. In the context of SFHs that follow the time evolution
of SFR in more detail, these ages would imply that much of the
UV-bright galaxy population was at least much fainter in the past.
In either case, the observed young ages of our sample qualitatively
suggest that the bright star forming galaxy population at z ~ 9
becomes markedly fainter in the past, consistent with a decline in
the number density of bright star forming galaxies towards higher
redshift.

A more quantitative prediction of this evolution using the SFHs
and distribution of ages we have inferred indicates that most UV-
luminous galaxies at z ~ 8.5—11 are indeed much less luminous in
the past. Because the CSFH models used to derive our ages and age
distribution assume that galaxies are forming stars at a fixed rate (and
thus exhibit similar UV luminosities) with time, we can estimate
the fraction of galaxies expected to be observed as relatively UV-
luminous at earlier times. Adopting the median photometric redshift
of our sample, zyne = 9.0, we predict that ~3 per cent of UV-bright
(M, ~ —20) z ~9 galaxies would be at similarly bright luminosities
at z ~ 15 (i.e. only ~3 per cent of the age distribution is at ages old
enough to exist at z ~ 15, 2 270 Myr). Our non-parametric SFHs
with a bursty prior® also predict this large decline in the UV luminous
population towards z ~ 15. These SFH models tend to infer a ~2—
10 mag decrease in luminosity from z ~ 8.5-11 to z ~ 15, which
results in no z ~ 15 objects being predicted at the relatively bright
(Myy < —19) luminosities we probe at z ~ 8.5—11 (see Fig. 9). Thus,
these ages and SFHs altogether suggest a large, upwards of a factor of
thirty, decrease in the number density of M,, ~ —20 galaxies from
z~85-11and z ~ 15.

This predicted decline in the volume density of bright galaxies
from z ~ 9 to ~15 is clearly in some tension with the lack of
evolution in the abundance of bright galaxies that has been proposed
(Castellano et al. 2022; Naidu et al. 2022). It is instead much
more consistent with a factor of ~10 decrease (Donnan et al. 2022;
Finkelstein et al. 2022a). However, it may nevertheless be possible
to somewhat alleviate the tension if there is significantly more early
star formation activity than we have so far considered in this section.
We have previously found that the non-parametric continuity prior
models we investigate in this work can accommodate significantly
larger SFRs at early times while still remaining consistent with
the data (see Section 3.1 and W22). Compared to the CSFH and
bursty non-parametric models, these continuity models paint a very
different picture for the growth of young z ~ 8.5-11 galaxies,
suggesting that the young stellar populations in galaxies at z ~
8.5-11 formed on top of an existing older stellar population that may
have been established at z 2 15. The young stars outshine the older
population, but the older population may still be relatively luminous,
consistent with larger number densities of bright galaxies at early
times.

Indeed, when we use our continuity SFH models to predict the
z ~ 15 UV luminosities of bright galaxies at z ~ 8.5-11, we find
they are only fainter by ~1 mag on average. This leads to a predicted

OThis prior tends to infer very minimal early star formation, qualitatively
similar to the CSFH models.
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Figure9. The redshiftevolution from z ~8.5-11toz ~ 15 of the distribution
of UV luminosities of our sample, derived from our non-parametric SFH
models. We show the distribution of absolute UV magnitudes at the time of
observation as the histogram outlined in black, predictions from our continuity
non-parametric models as the filled light blue histogram, and predictions from
our bursty models as the hatch-filled dark blue histogram. While our sample
is relatively luminous (Myy < —19.5) at the time of observation, z ~ 8.5-11,
the population is expected to be fainter in the past. The bursty models predict
arather large decline in the UV luminosity of ~2-10 mag, leading to only one
object being predicted at —19 < M,y < —18 at z ~ 15, while the continuity
models predict a decrease in luminosity by ~1 mag, leading to more objects
expected to be at —19 < My, < —18atz ~ 15.

decrease of a factor of ~seven in the abundance of M,, < —19
galaxies from z ~ 8.5-11 to z ~ 15, and a factor of ~two of M, <
—18 galaxies. Compared to either the CSFH or bursty models, this is
a notably less rapid decline that can accommodate less evolution in
the bright galaxy population at z 2> 8. We highlight that, as previously
introduced in Section 3.1, the larger early SFR of the continuity prior
SFHs compared to the bursty and CSFH models leads to larger stellar
masses (by factors of ~4-21 relative to the CSFH models). Thus, it
will be important to obtain independent measurements of dynamical
masses to distinguish these two possibilities for the early SFH of
these galaxies.

The large number of bright galaxies being proposed at z = 12
may also be explained if such systems are frequently being observed
during a burst of star formation. We have thus far assumed that the
past SFH evolves smoothly with time, which implies that if a galaxy
only recently began actively forming stars (i.e. is inferred to have a
young age), then it did not have any significant episodes of vigorous
star formation in its past. This requires that young, bright galaxies at
z ~ 9 were universally fainter at earlier times. However, if galaxies
at z ~ 15 are observed during a burst of star formation, the bright
galaxies observed at z ~ 9 and ~15 may be successive generations of
bursts rather than one steadily growing population of galaxies with
fainter luminosities at z ~ 15. This would allow large numbers of z
~ 15 galaxies to be bright without also requiring their descendants
at z ~ 9 to be old. This picture of bright z 2 12 galaxies becoming
increasingly likely to be observed during bursts of star formation is
consistent with the evolution towards younger ages we have observed
between z ~ 7 and z ~ 9, as well as the theoretical picture proposed
by Mason, Trenti & Treu (2022). Alternatively, if z ~ 15 galaxies
become significantly dust reddened or quench between z ~ 15 and
z ~ 8.5 — 11, this may have a similar effect on the UV luminosity
evolution (bright at early times, followed by periods of being at lower
luminosities), perhaps even leading to z ~ 9 descendants that do not
even enter our sample.
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Future observations with JWST will continue to improve measure-
ments of galaxy ages and SFHs during reionization, enabling deeper
insights into the histories of these systems and stronger constraints
on the nature of star forming galaxies at z = 12. We have used seven
galaxies selected over a small area (R40 arcmin?) to investigate star
formation activity at z ~ 15, but statistical constraints on the ages of
the population are limited with such a small sample (especially at the
extreme ages, which are important for constraining star formation in
the distant past). Surveys over larger areas will not only deliver larger
samples of early galaxies, but also enable observations of brighter
systems where the properties of individual objects can be more
precisely measured. Future studies will also benefit from increased
observational leverage further into the rest-frame optical, which can
be achieved by moving to slightly lower redshifts (z ~ 7), using
stacks of longer wavelength JWST/MIRI observations, or both. In
tandem with increased samples of direct observations at z = 12,
as well as spectroscopic confirmations of candidate galaxies, these
increasingly robust constraints on the rest-frame optical properties of
reionization-era galaxies will provide two complementary windows
into the properties of z = 12 systems. Ultimately, this will enable
unprecedented insights into the build up of star formation in the very
early Universe.

5 SUMMARY

In this work, we have combined new JWST/NIRCam observations
with deep HST/ACS imaging of the EGS field to characterize the
physical properties of z ~ 8.5-11 galaxies, with a particular interest
in examining the rate of decline of star formation in the z > 12
Universe towards early cosmic times. We have inferred the properties
of our sample using Bayesian galaxy SED models, characterized the
distribution of ages of the bright z ~ 8.5-11 population to which
they belong, and examined the implications of our findings for early
epochs of galaxy formation. Our key results are as follows:

(i) We infer the properties of seven M,,, < —19.5 galaxies selected
to lie at z ~ 8.5-11 using BEAGLE and PROSPECTOR. Using a simple
CSFH model with BEAGLE, we find ages of 649 Myr with median
22 Myr (2-19 Myr and median 6 Myr with PROSPECTOR), and stellar
masses of M, ~ 1074-10%3 Mg, with median ~10%! Mg, (M, ~ 107
1039 Mg with median ~107® My with PROSPECTOR). We probe a
lower luminosity regime than previous results on bright galaxies at z
~Tand z ~ 8.5 — 11, and our lower stellar masses (as are expected
from the relatively small area we search) are consistent with an
extrapolation from the stellar masses of these brighter systems.

(i) Compared to previously available data from HST and Spitzer,
we can obtain significantly better constraints on the properties of
bright z ~ 8.5-11 galaxies with JWST. For one of the more luminous
galaxies probed by our current sample, which is ~0.4 mag fainter
than the faintest objects accessible with HST and Spitzer, NIRCam
observations still reduce age uncertainties by more than a factor of
~two. Thus, we can also now explore the properties of galaxies at
fainter luminosities and higher redshifts than was previously possible
with Spitzer.

(iii) Non-parametric SFH models can allow relatively large SFRs
for extended periods at early times. This leads to larger stellar masses
compared to the CSFH models and, depending on the assumed
prior, brighter luminosities at z 2 15, which has implications for
the properties of the z ~ 15 population from which our z ~ 8.5-11
systems may have evolved.

(iv) We infer a distribution of ages for the population of UV-
luminous z ~ 8.5-11 galaxies, finding a median age of ~20 Myr.
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We particularly note that there are significant probabilities of young
ages (~37 per cent of the distribution lies at ages <10 Myr), more
than our previous findings at z ~ 7 (W22). This suggests a growing
population of objects being observed during a recent, rapid upturn in
SFR, consistent with an evolution towards increasingly large sSFRs
at early cosmic times.

(v) The young ages we observe at z ~ 8.5-11 suggest that many
of the z ~ 15 progenitors of these objects would have been relatively
faint at earlier times. From our age distribution and bursty non-
parametric SFH model with little early star formation, we predict
that only ~3 per cent of the M,, ~ —20 population is dominated by
a sufficiently old (=270 Myr) stellar population to have existed at
similar UV luminosities at z ~ 15. This implies a factor of ~30
decline in the number density of bright galaxies between z ~ 8.5-11
and z ~ 15, suggesting a somewhat rapid decline in the abundance
of bright galaxies towards early cosmic times.

(vi) The large decrease in the number densities of bright galaxies
at z 2 15 that we predict may be challenging to reconcile with
some early JWST results suggesting that the number density of bright
galaxies does not significantly evolve towards early times (Castellano
et al. 2022; Naidu et al. 2022). The evolution we infer is more
consistent with a factor of ~10 decline in the abundance of bright
galaxies from z ~ 9 to z ~ 15 (Donnan et al. 2022; Finkelstein
et al. 2022a). However, this tension may be eased if young stellar
populations are built on top of an older stellar component that formed
at z = 15. Alternatively, the large numbers of z = 12 candidates
may be explained if they are being observed during a burst of star
formation.

(vii) JWST observations will continue to deliver larger samples
of rest-optical observations of galaxies at z ~ 8.5-11 at fainter
luminosities, enabling further progress understanding the properties
of these galaxies. Furthermore, future work at longer wavelengths
or lower redshifts will allow us to place stronger constraints on the
rest-optical properties of these systems. This will enable us to gain
even deeper, increasingly robust insights into the ages and SFHs of
galaxies during reionization and carefully quantify their implications
for the earlier, z 2 15 star forming galaxy population. Combined with
larger samples of direct observations of galaxies at z 2 12, this will
provide increasingly more precise constraints on the history of star
formation in the Universe.
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APPENDIX A: SED MODEL PROPERTIES

To facilitate investigation of possible parameter degeneracies and
prior-dependencies, we report all properties inferred from our four
SED models described in full in Section 3.1. We report the parameters
from our BEAGLE and PROSPECTOR models with constant SFHs and
PROSPECTOR with two non-parametric SFH priors (‘continuity’ and
‘bursty continuity’) in Tables A1, A2, A3, and A4, respectively. To
visualize parameter degeneracies, we also show an example of a
corner plot (the BEAGLE CSFH model for EGS-14506) in Fig. A1,
which shows the posterior probability distributions for all of free
parameters in the model as well as the covariances between these
parameters.
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Table Al. The properties inferred from our BEAGLE CSFH SED models for our sample.

Object ID Zphot Myy log (M./M..) Age [Myr] Ty log (ZIZs) log (U) szed
+0.60 +0.1 +0.6 +231 +0.08 +0.4 +0.2
EGS-7860 10.11756 ~19.6101 8.370¢ 4917 0.12798 11794 25792 0.4
EGS-9711 8.9570:0 —19.475 74703 673! 0.0715:0¢ -0.8703 -2.5702 0.6
EGS-14506 1071753 —20.2+01 8.1%03 30150 0.02700 —1.7+04 —2.5102 0.9
EGS-34362 9.1679:0¢ —~19.9%01 7.5704 78 0.017903 —0.6%0) —2.9%02 1.6
+0.27 +0.1 +0.4 +42 +0.05 —+0.3 +0.3
EGS-36916 8.28702 —20.1791 8.3+04 22+42 0.1910:9 20703 -2.6703 0.6
EGS-37135 8.9210:09 203100 8.0703 1871 0.047903 —2.0%03 —2.7%92 1.1
EGS-37400 9.007005 —20.8+00 §.2102 2+8 0.00700! —2.1#01 ~2.6%02 0.9

Table A2. Same as Table Al for our PROSPECTOR CSFH models.

Object ID Zphot Myy log (M/M.) Age [Myr] Ty log (ZIZ) log (U) szed
EGS-7860 1031754 ~19.6%02 77793 grite 0.1075:97 —1.0%03 —2.5%02 0.4
EGS-9711 8.83701) ~19.4%0] 7.550% 4% 0.11+005 —1.0%03 ~2.3%33 0.6
EGS-14506 10.22+9:63 201101 7.979¢ 191192 0.0375:97 —1.7+04 —2.5103 0.8
EGS-34362 8.9810-¢ 19970 77793 5t 0.0975-08 13703 —2.8%03 12
EGS-36916 8.39+02) 202101 8.0107 6138 0.1875: ~1.6%03 —2.5%02 0.3
EGS-37135 8.8010:09 —20.2%00 7.879¢ 72 0.0575:03 —1.8%04 —2.6%03 0.5
EGS-37400 8.961004 —20.8%0%0 7.9793 2+ 0.0075-08 —1.9%03 —2.4%02 0.8

Table A3. Same as Table Al for our PROSPECTOR non-parametric models with ‘continuity’ prior.

Object ID Zphot My log (M,/M.,) Age [Myr]* Ty log (ZIZ) log (U) x24
EGS-7860 10134048 ~19.6+01 9,003 1574 0.047009 ~1.0%03 -2.5%03 0.4
EGS-9711 8.93133 ~19.6%01 8.7107 15773 0.0679:08 —-1.0%03 —2.5103 0.7
EGS-14506 10.3479033 —20.2702 8.7403 109438 0.02+007 —1.8404 -2.5%0% 0.8
EGS-34362 8.967018 —19.9701 8.2703 106752 0.087907 —1.2%03 —2.8%92 1.4
EGS-36916 8.34702) —20.240] 9.0703 1778 0.1579% —1.5%03 -2.5%33 04
EGS-37135 8.8270.% —20.2%0%0 8.8702 15573 0.03790 —1.6%03 -2.6%93 0.6
EGS-37400 8.95+0.04 —20.7+00 8.4102 8673 0.00739 —-1.8+02 —2.4%02 0.9

Notes. TMass-weighted

Table A4. Same as Table Al for our PROSPECTOR non-parametric models with ‘bursty continuity’ prior.

Object ID Zphot My log (M./M,) Age [Myr] Ty log (ZIZ) log (U) %24
EGS-7860 10.07+036 ~19.5%01 9.0793 115788 0.041010 ~1.2%03 ~2.592 04
EGS-9711 8.901;2¢ 19770 8.2%5 1007524 0.0575:08 —0.9%03 —2.5%02 0.6
EGS-14506 9.72+10 —20.1102 8.6104 39132 0.061512 —1.7+04 —2.5102 0.8
EGS-34362 8.9410:16 ~19.9701 7.8793 gt 0.1075:98 13103 -2.8%02 12
EGS-36916 8.371022 202101 8.7+03 107+53* 0.17+0:03 —~1.6103 —2.6102 0.3
EGS-37135 8.807000 -20.2%0% 8.1%0% 18733 0.0675:3 —1.7%04 —-2.6%02 0.5
EGS-37400 8.9570.04 ~20.7%99 8.0103 103 0.00799) ~1.8%03 —2.5+02 08
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Note. tMass-weighted
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Figure A1. Constraints on the physical properties inferred for EGS-14506 from the BEAGLE CSFH SED model (left) and PROSPECTOR non-parametric model
with continuity prior (right) described in Section 2.1. The marginalized 1D posteriors for each free parameter are shown on the diagonal and the joint constraints
for each pair of parameters are shown in the remaining panels. We note that the age for the continuity non-parametric model is mass-weighted.
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