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Abstract

Deep rest-optical observations are required to accurately constrain the stellar populations of z ~ 8 galaxies. Due to
significant limitations in the availability of such data for statistically complete samples, observational results have
been limited to modest numbers of bright or lensed sources. To revolutionize the present characterization of z ~ 8
galaxies, we exploit the ultradeep (~27 mag, 30) Spltzer/ Infrared Array Camera (IRAC) 3.6 and 4.5 pm data,
probing the rest-frame optical at z~ 8, over ~200 arcmin® of the GOODS fields from the recently completed
GOODS Re-ionization Era wide-Area Treasury from Spitzer program (GREATS), combined with observations in
the Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS)/Ultra Deep Survey (UDS)
and CANDELS/Cosmic Evolution Survey (COSMOS) fields. We stacked 2100 z ~ 8 Lyman-break galaxies in
four bins of UV luminosity (Myy ~ —20.7 to —18.4 mag) and study their H,¢o — [3.6] and [3.6]-[4.5] colors. We
find young ages (<100 Myr) for the three faintest stacks, inferred from their blue Higo — [3.6] ~ 0 mag colors,
consistent with a negative Balmer break. Meanwhile, the redder H,¢y — [3.6] color seen in the brightest stack is
suggestive of slightly older ages. We explored the existence of a correlation between the UV luminosity and age,
and find either no trend or fainter galaxies being younger. The stacked SEDs also exhibit very red [3.6]-
[4.5] ~ 0.5 mag colors, indicative of intense [OTIIT]+H3 nebular emission and star formation rate (SFR). The
correspondingly high specific SFRs, sSFR >10 Gyr™ ', are consistent with recent determinations at similar redshifts
and higher luminosities, and support the coevolution between the sSFR and the specific halo mass accretion rate.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Lyman-break galaxies (979); Galaxy ages

(576); Galaxy colors (586); Galaxy properties (615)

1. Introduction

The star formation rate (SFR) and the stellar mass (M,)
are two of the most fundamental physical parameters
characterizing a galaxy. The SFR measures its recent (few
million to few hundred million years) rate of formation of new
stars, while the stellar mass retains the cumulative effects of
the (possibly varying) SFR over its entire life (i.e., its star
formation history, SFH), combined with its dark matter halo
merger history. Comparing the evolution of the specific SFR
(sSFR = SFR/M,) to that of the specific halo mass accretion
rate (SHMAR; =M, /M,, where M, is the dark matter halo
mass, and the dot represents the time derivative) across cosmic
time thus provides a useful diagnostic for the efficiency of the
baryonic mass assembly, the hierarchical merging of the dark
matter haloes, and the feedback mechanisms regulating the star
formation.

Programs such as Great Ovservatories Origins Deep Survey
(GOODS; Giavalisco et al. 2004), Cosmic Assembly Near-
infrared Deep Extragalactic Legacy Survey (CANDELS;

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

Grogin et al. 2011; Koekemoer et al. 2011), 3D-Hubble Space
Telescope (HST; van Dokkum et al. 2011; Brammer et al.
2012; Skelton et al. 2014; Momcheva et al. 2016), Hubble
Frontier Fields (HFF; Lotz et al. 2017), Cluster Lensing and
Supernovae survey with Hubble (CLASH; Coe et al. 2013),
Reionization Lensing Cluster Survey (RELICS; Coe et al.
2019) and the Hubble Deep, Ultradeep and Extremely deep
field (HDF/HUDF/XDF; Williams et al. 1996; Beckwith et al.
2006; Illingworth et al. 2013) have allowed us to gain insights
on, among other properties, the evolution of the sSFR up to
7 < 8 (Gonzdlez et al. 2010; Labbé et al. 2013; Stark et al.
2013; Gonzalez et al. 2014; Smit et al. 2014; Salmon et al.
2015; Faisst et al. 2016; Davidzon et al. 2018). A growing
number of studies have found that the sSFR monotonically
increases with increasing redshift (e.g., Duncan et al. 2014;
Faisst et al. 2016; Davidzon et al. 2018), with a factor ~10
evolution in the last ~10 Gyr of cosmic history (since z < 5-6).

The situation at higher redshifts is more uncertain. Observa-
tional evidence for a further factor ~5-10 increase in the sSFR
in the ~500 Myr between 5 <z <8 (e.g., Labbé et al. 2013;
Smit et al. 2014; Salmon et al. 2015; Faisst et al. 2016)
contrasts with a quasi-steady value reported by a number of
authors (e.g., Marmol-Queralt6 et al. 2016; Santini et al. 2017;
Davidzon et al. 2018). Furthermore, similarly discrepant results
also exist for the evolution of the stellar-to-halo mass ratio.
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Observational results have ranged from a constant M, /M, (see,
e.g., Durkalec et al. 2015; Stefanon et al. 2017; Harikane et al.
2018a) to an M,/M; ratio evolving with redshift (e.g.,
Finkelstein et al. 2015a; Harikane et al. 2016). Models show
similar variation between an evolving M,/M, ratio (e.g.,
Behroozi et al. 2013, 2019) and modest evolution (e.g.,
Tacchella et al. 2018).

These tensions could arise at least in part from systematic
uncertainties in age estimates. While some recent work seems
to suggest the existence of an age bimodality already at z > 7,
with brighter galaxies characterized by more pronounced
Balmer breaks (e.g., Jiang et al. 2016; Castellano et al.
2017), there is also a recent indication of Balmer breaks in
lower-mass galaxies as well (e.g., Zheng et al. 2012; Hoag et al.
2018; Hashimoto et al. 2018; Roberts-Borsani et al. 2020).
These Balmer breaks perhaps result from more complex
physical processes in place already in the first few hundred
million years of cosmic history. Nevertheless, evidence
indicative of young ages is seen from an increasing number
of studies that point toward very strong emission lines at early
cosmic times, with typical equivalent widths (EWs) for the
most abundant transitions (e.g., Ho, HG, [O11], [O 11], N 1I) in
excess of several hundred angstrom (e.g., Shim et al. 2011;
Labbé et al. 2013; Stark et al. 2013; Smit et al. 2014, 2015;
Faisst et al. 2016; Marmol-Queralté et al. 2016; Reddy et al.
2018; De Barros et al. 2019; Tran et al. 2020; Endsley et al.
2021).

Given the lack of spectra for substantial samples of sources
at z 2, 5-6, current age estimates rely on broadband photometry
bracketing the Balmer/4000 A break (Bruzual 1983; Hamilton
1985; Balogh et al. 1999; Kauffmann et al. 2003), requiring
measurements at these redshifts in the Spitzer/Infrared Array
Camera (IRAC) bands. However, the relatively shallow
coverage available from IRAC has not allowed us so far to
probe the rest-frame optical of individual sources for significant
samples of galaxies at 7 > 6-7.

Some new Spitzer/IRAC observations allow us to revisit
these issues for an HST sample of high-redshift galaxies at
z~ 8. In particular, we study the physical properties of a
sample of star-forming galaxies at z ~ 8 identified as Lyman-
break galaxies (LBGs) over four of the CANDELS fields
(GOODS-N/S, UDS, and COSMOS). The new data set that
enables this study is the recently completed GOODS Re-
ionization Era wide-Area Treasury from Spitzer (GREATS)
program (PI: Labbé - Stefanon et al. 2021a), which provides
coverage in the 3.6 and 4.5 um bands over ~200 arcmin®
distributed over the GOODS-N and GOODS-S fields, to
ultradeep limits of ~27.1, 26.7 mag (AB, 50). This depth
enables simultaneous detection in the 3.6 ym and 4.5 pm bands
for an unprecedented ~40% of the z ~ 8 LBG sample in this
study.

Our main results are based on stacked spectral energy
distributions (SEDs) we construct from the parent sample
of z~ 8 LBGs, which we slice into bins of UV luminosity
and UV slope. We considered galaxies at redshift z ~ 8 for
two main reasons: (1) z~ 8 corresponds to the epoch of
instantaneous re-ionization (Planck Collaboration et al. 2016b),
thus probing the physical conditions of star formation in the
heart of the re-ionization era, and (2) at 7.2 < z < 9.0, the [O 1]
AN959,5007 and HG nebular lines lie within the 4.5 ym
band coverage, while the 3.6 pum band is free from strong
nebular emission ([O ITJA3727 emission enters the 3.6 ym band
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with a smaller contribution to the broadband photometry; see
Section 5). This provides a solid reference for the measure-
ments of the line intensities and, together with the flux in the H
band, for bracketing the ages of the stellar populations.

This paper is organized as follows. In Section 2 we introduce
the sample adopted in the present work, which is based on
Bouwens et al. (2015). In Section 3 we describe the procedure
we followed to generate the stacked SEDs. We present the
stacked SEDs in Section 4, and discuss our results in Section 5.
Finally, Section 6 presents a summary and our conclusions.

Throughout this paper, we adopt £2,,=0.3, 2, =0.7, and
Hy=70km g1 Mpcfl, consistent with the most recent
estimates from Planck (Planck Collaboration et al. 2016a).
Magnitudes are given in the AB system (Oke & Gunn 1983),
while M, and SFR refer to the Salpeter (1955) initial mass
function (IMF). For brevity, we denote the HST F435W,
F606W, F775W, F850LP, F105W, F125W, F140W, and
F160W as Byss, Veos and iz7s, Zgso. Yioss Ji25, JHia0, and
H ep.

2. Data Set and Sample Selection
2.1. The Lyman-break Selection

We adopted the sample of Y dropouts assembled by
Bouwens et al. (2015) identified over the CANDELS (Grogin
et al. 2011; Koekemoer et al. 2011) GOODS-N, GOODS-S
(Giavalisco et al. 2004), EGS (Davis et al. 2007), UDS
(Lawrence et al. 2007), and COSMOS (Scoville et al. 2007)
fields, the ERS field (Windhorst et al. 2011), and the UDF/
XDF (Beckwith et al. 2006; Ellis et al. 2013; Illingworth et al.
2013) with the HUDF09-1 and HUFD09-2 parallels (Bouwens
et al. 201 1).9 The data over the CANDELS UDS and
COSMOS fields, although shallower, provide wide area
coverage critical for sampling L > L* galaxies. Table 1
summarizes the main properties of the adopted data sets.

The COSMOS and UDS fields lack coverage in the HST/
WEFC3 Y95 band, key for a robust selection of z ~ 8 sources.
We therefore complemented the HST photometry in these
fields with measurements from the deep ground-based near-IR
(NIR) mosaics of the UltraVISTA DR3 (McCracken et al.
2012) and VIDEO (Jarvis et al. 2013) programs, respectively.
Additionally, these two fields benefit from deep public Subaru/
SuprimeCam imaging in the z band. Overall, these data have So
depths in the Y band ranging from 26.7-27.5 mag (GOODS
fields) to ~26.0 mag (UDS and COSMOS), ~26.8-27.8 in the
J and H bands, and about 27.5 mag in the optical bands.

Photometry on the ground-based data was performed with
MOPHONGO (Labbé et al. 2006, 2010a, 2010b, 2013, 2015),
which uses the brightness profile of each source from a high-
resolution image (a combination of Jy,s, JH 49, and H;gg in our
case) to remove the corresponding neighboring objects before
performing aperture photometry. For the aperture photometry,
we adopted an aperture of 1”2 diameter, and corrected to total
magnitudes using the brightness profile of each source on the
low-resolution image and the point-spread function (PSF)
reconstructed at the specific locations of each source.

The candidate z ~ 8 LBGs were initially selected as Y-band
dropouts, with the additional constraint of non-detection at 20
in each of the bands bluer than Y. Specifically, the following
color criteria were adopted (see Bouwens et al. 2015 for

® We excluded CANDELS JEGS because of the lack of deep data in the Y

band, which makes the selection of candidate z ~ 8 LBGs more uncertain.
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Table 1
Observational Data Used for the SMF Estimates

Field

Area Higo' IRAC Data® 3.6 um® 4.5 pm°
Name (arcminz) S50 (mag) 50 (mag) 50 (mag)
XDF 4.7 294 GREATS ~27.2 ~26.7
HUDF09-1 4.7 28.3 GREATS ~26.3 ~25.8
HUDF09-2 4.7 28.7 GREATS ~27.0 25.5-26.0
ERS 40.5 27.4 GREATS 26.2-27.0 25.6-26.7
CANDELS GOODS-N Deep 62.9 27.5 GREATS 27.0-27.3 26.5-26.8
GOODS-N Wide 60.9 26.7 GREATS 26.3-27.2 25.8-26.8
GOODS-S Deep 64.5 27.5 GREATS ~27.3 26.6-26.9
GOODS-S Wide 342 26.8 GREATS 26.5-27.2 26.2-26.7
COSMOS 151.9 26.8 SEDS+SCANDELS 26.4-26.7 26.0-26.3
UDS 151.2 26.8 SEDS+SCANDELS 25.4-26.3 25.0-25.9
Totals: 580.2
Notes.

% 54 limit from Bouwens et al. (2015), computed from the median of measured uncertainties of sources.

® GREATS: Stefanon et al. (2021a); SEDS: Ashby et al. (2013); SCANDELS: Ashby et al. (2015).

¢ Nominal 5¢ limit for point sources from the SENS-PET exposure time calculator, based on the exposure time maps. Due to inhomogeneities in the coverage, a range
of values is quoted when the depth varies by more than ~0.2 mag across the field. Because of the combined effects of broad Spitzer/IRAC point-spread function
(PSF) and significant exposure times, source blending may reduce the actual depth (see discussion in Labbé et al. 2015).

details):

(Yios — Ji25 > 0.45) A (Ji2s — Hiso < 0.5)
A\

(Mos — Ji25) > 0.75(J125 — Higp) + 0.525 (1)

where A denotes the logical AND operator. These criteria
resulted in an initial sample of 185 sources.

2.2. The Final Sample

To gain information on the rest-frame optical properties of
the bona fide z ~ 8 sources, we incorporated photometry in
the Spitzer/IRAC (Fazio et al. 2004) 3.6 and 4.5 pm bands
from the SEDS (Ashby et al. 2013) and S-CANDELS (Ashby
et al. 2015) programs for the COSMOS and UDS fields,
and from the GOODS Re-ionization Era wide-Area Treasury
from Spitzer (GREATS; Stefanon et al. 2021a) for sources
in the GOODS-N/S fields. GREATS (PI: 1. Labbé) is a
recently completed Spitzer legacy program, which brings
near-homogeneous ~200-250hr depth (corresponding to
50 ~26.8-27.1 mag) in Spitzer/IRAC 3.6 and 4.5 um for
200 arcmin® over the two GOODS fields. Flux densities in
the IRAC bands were derived using the same MOPHONGO
tool, adopting an aperture of 1”8 diameter.

We computed photometric redshifts and rest-frame UV 4
luminosities with EAZY (Brammer et al. 2008), complementing
its default template set with three 2.5 Gyr passively evolving,
Z: (Bruzual & Charlot (2003) templates with extinction
Ay =20, 5.0, and 8.0mag (Calzetti et al. 2000). Recent
studies of high-redshift galaxies have revealed that strong
nebular emission is ubiquitous (e.g., Ha, Hf, [O 1], [O 111], and
N II; Shim et al. 2011; Labbé et al. 2013; Stark et al. 2013; Smit
et al. 2014, 2015; Faisst et al. 2016; Marmol-Queralté et al.
2016; Reddy et al. 2018; De Barros et al. 2019; Tran et al.
2020; Endsley et al. 2021). At z ~ 8, the Spitzer/IRAC 3.6 um
band is potentially contaminated by [O IT], the 4.5 um band by
Hp and [O111], and the 5.8 ym band by Ha and N 11. Therefore,
to minimize potential systematic biases in our z~ 8 sample
selection, and in the average properties of the sample, we
excluded the IRAC bands when computing the photometric

redshifts. For sources to be included in our sample, we then
required that their photometric redshift be 7.3 < zynot < 8.7. We
selected this range to allow for modest redshift errors in
localizing the [O I]4959 5007 lines to the 4.5 ym band. Finally,
we visually inspected the neighbor-cleaned cutouts of each
source in the IRAC 3.6 ym and 4.5 pum bands and excluded
from the sample those with residuals from nearby MOPHONGO-
subtracted IRAC sources overlapping with the nominal position
of the source. We also excluded those where the background
showed gradients, since both issues could introduce systematic
biases during the stacking process.

After applying the above criteria, the final sample of
candidate z ~ 8 LBGs included 102 sources. Their distribution
in absolute magnitude is presented in Figure 1. The hetero-
geneity of our carefully derived data sets allows us to probe a
broad interval in UV luminosities, ranging from > L* to
~0.06L". Remarkably, ~40% of the sources are detected in
the 3.6 pm band with a significance in excess of 20.

2.3. Impact of LBG Criteria on Sample Selection

We evaluated the impact that the LBG criteria have on the
selection of a representative sample of galaxies at z ~ 8 through
Monte Carlo simulations, which we discuss in detail in
Appendix B. Briefly, we generated synthetic flux densities
from a set of SED templates uniformly probing the colors of
dusty and passive galaxies in the LBG plane. Specifically, we
considered star-forming galaxies with 0.0 < Ay < 3.0 mag, and
passively evolving systems that formed in a single burst
at z=20. Finally, we applied the LBG color criteria
(Equation (1)) after scattering the flux densities according to
the noise estimates in each field. Our simulations indicate that
the LBG criteria are not significantly biased against dusty
sources when Ay < 1.5 mag. This supports a scenario where the
observed lack of sources with UV slopes 5> —1.6 (see
Section 4.3) is more likely to be intrinsic, indicating that the
colors from our stacks are not significantly altered. Further-
more, the simulations show that we are able to include ~70%
of the passive sources at z~ 8, resulting in marginal
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Figure 1. Distribution of the rest-frame UV absolute magnitudes of the sample
of z ~ 8 candidate LBGs adopted for this work. The four colored background
regions correspond to the four bins in absolute magnitude we adopted in our
stacking, as labeled at the top. S1 includes galaxies with Myy < —20.4 mag,
S2 galaxies with —20.4 < Myy < —19.9, S3 galaxies with —19.9 < Myy <
—19.1, while S4 includes galaxies Myy > —19.1 mag. This binning scheme
was chosen to evenly distribute the number of sources across the four bins and
enable the study of trends with luminosity. The different shades of blue
correspond to different cuts in IRAC detection significance, as indicated by the
legend, where we also quote each sample size. The break-down of these sizes
in each Myy bin is presented by the three numbers in the column below the
stack labels.

contributions to the colors of our stacks from this class of
sources.

The above conclusions rely on the hypothesis of a uniform
distribution of red sources as a function of dust extinction or
age. Nonetheless, an increasing number of studies are revealing
extremely red sources at z >3-4 (see, e.g., Yan et al. 2004;
Huang et al. 2011; Caputi et al. 2012, 2015; Stefanon et al.
2015; Wang et al. 2016, 2019; Alcalde Pampliega et al. 2019;
Williams et al. 2019; Fudamoto et al. 2021; Gruppioni et al.
2020; Romano et al. 2020; Talia et al. 2021). These sources
remain generally undetected even at the NIR wavelengths
adopted for the construction of high-redshift galaxy samples.
Nevertheless, such samples are still very limited in size,
especially at z > 6. It is thus difficult to estimate the impact of
such sources on the present results, but it would appear to be
limited given the rarity of such sources (see also, e.g., Bouwens
et al. 2020).

Samples detected at rest-frame optical wavelengths can
mitigate potential selection biases against dusty and evolved
sources. While the GREATS IRAC mosaics probe the rest-
frame optical at z ~ 8, the broader PSF of IRAC compared to
that of HST significantly increases the difficulty of selections
made at such wavelengths. Thanks to the unprecedented
sensitivity and resolution of JWST, forthcoming programs like
Public Release IMaging for Extragalactic Research (PRIMER;
Dunlop et al. 2021) and Ultra-deep NIRCam and NIRSpec
Observations Before the Epoch of Reionization (UNCOVER;
Labbe et al. 2021) will provide a more direct and comprehen-
sive evaluation of the efficiency of LBG criteria in selecting
galaxy populations at high redshifts.

Stefanon et al.

3. Stacking Procedure

Our main results are based on stacking analysis, allowing us
to probe the average physical properties of LBGs at z~ 8,
while self-consistently including in our analysis all of those
sources with limited detection significance in one or more
bands.

In our analysis we segregate sources in bins of luminosity
(irrespective of UV slope) and of UV slope (irrespective of
luminosity). However, in both cases, we applied the same
stacking procedure described below.

For the analysis in bins of luminosity, we chose the
thresholds in UV magnitudes as a trade-off between maximiz-
ing the number of sources in each bin, improving the signal-to-
noise ratio (S/N) in the IRAC 3.6 and 4.5 pm bands, and
enabling inspection of potential correlations of the results with
UV luminosity. Hereafter we will refer to each bin as S1, S2,
S3, and S4 in order of decreasing UV luminosity. Specifically,
S1 includes galaxies more luminous than Myy = —20.4 mag,
S2 galaxies with —20.4 < Myy < —19.9, S3 galaxies with
—19.9 < Myy < —19.1, while S4 includes galaxies fainter than
Myy = —19.1 mag. These luminosity bins were chosen as a
trade-off between maximizing the number of sources in each
bin and having a sufficient number of bins to quantify possible
dependencies on luminosity. The UV magnitude distribution of
sources in the four bins is presented in Figure 1.

For the analysis in bins of UV slope, we divided the sample
into five bins, centered at UV slopes = —2.5, — 2.3, — 2.1,
— 1.9, and —1.7, with a width of Ag=0.2. Since the stacking
procedures were similar for both samples, and the luminosity-
binned stacks are the primary focus of this paper, the discussion
that follows is for the luminosity-selected stacks.

To further mitigate the dependence on the brightness of
individual sources within each bin, before deriving the actual
stacked fluxes, we normalized the flux density in each band and
for each source with the corresponding inverse-variance
weighted average of the J,5 and H,¢o flux densities. The final
values were obtained by taking the median of the measure-
ments. Uncertainties were computed bootstrapping the sample
1000 times, drawing with replacement the same number of
objects in the considered bin, and taking the standard deviation
of the measurements to be the flux uncertainty after perturbing
the fluxes according to their photometric uncertainty (see also,
e.g., Gonzdlez et al. 2011; Stefanon et al. 2017). This procedure
also allows us to naturally account for the intrinsic spread of
colors across individual sources in each bin.

We adopted different stacking procedures for the HST and
for the IRAC bands, due to the different S/Ns available for the
photometric measurements. The higher S/N available for the
HST photometry limits the measurement scatter around the true
value. This allowed stacking of the HST bands to be performed
directly with the photometric measurements. The UDS and
COSMOS fields lack coverage in several HST bands compared
to the two GOODS fields. Therefore, for each stack, we only
derived flux densities for those bands where >90% of sources
had coverage in the four fields. Nonetheless, there is a set of
bands common to all stacks: Ve, J125, and H;e. S2, S3, and
S4 have measurements in the i;75 and zgsg, while S3 and S4
also have Yj¢s. The lack of uniform coverage in the optical
bands does not directly affect our analysis, because at z ~ 8 we
do not expect to register any significant signal in the optical
HST filters. The added bands do add robustness to our z ~ 8
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selections in that they provide stronger discrimination against
dusty lower-redshift sources. JH |49 covers the rest-frame UV at
z~ 8. However, its broad wavelength transmission signifi-
cantly overlaps (250%) with both J,5 and H;¢, making its use
only of marginal value. The Y band is valuable for constraining
the redshift as the Lyman break crosses it over the redshift
range z ~ 6.4-8.7. Nonetheless, the lack of Y-band coverage for
all stacks is not a limitation since it is not used to determine
physical parameters. The Y-band flux density is dependent on
the exact redshift and can not be a reliable determinant of
intrinsic fluxes and slopes. Regardless of filter coverage, all
available bands are used to determine redshifts.

For the IRAC stacks, the lower S/N of the IRAC bands,
instead, could introduce a larger scatter into the stacked
measurements if the HST procedure was used. This potentially
could affect the median estimates. Given this, stacking in the
IRAC bands was performed on the actual data in cutouts
centered at the nominal position of each source and cleaned of
contamination from neighbors using the procedure of Labbé
et al. (2006, 2010a, 2010b, 2013, 2015). The cutouts were
aligned to a common location using two approaches that
depended on the measured S/N of the individual object in the
specific band. For S/N > 5, the location of the source was
determined by fitting a Gaussian profile, re-centering the cutout
to the new position, and repeating this operation a second time.
For S/N < 5, instead, the cutouts were aligned to correspond to
the nominal location of the source on the Hqy mosaic,
assuming no significant offset between the position on the Hg
and that in the IRAC band. To ascertain the robustness of our
results against the statistical estimator, we also repeated our
stacking analysis using an inverse-variance weighted average,
whose main results are presented in Appendix D. Reassuringly,
we do not find any significant difference between the two
methods.

Stacked IRAC flux densities were measured in circular
apertures of 3”6 diameter and aperture-corrected using the
median PSF obtained by combining the PSFs at the location of
each source. Aperture correction factors were ~1.4, 1.4, 1.7,
and 1.8 for the 3.6 um, 4.5 ym, 5.8 pm, and 8.0 pym bands,
respectively. Flux uncertainties in the IRAC bands were
computed by bootstrapping the sample 1000 times, similarly
to what was done for the HST bands.

4. Results
4.1. Stacked SEDs at 7z ~ 8

Figure 2 presents the final image stamps in the four IRAC
bands for the four different bins in absolute magnitudes. To
provide a better visual context for the data involved in our
analysis, we also show median-stacked images in the HST
bands, and remind the reader that the median flux densities in
the HST bands were estimated from the HST photometry (see
Section 3). The stacked photometry of the four SEDs is
presented in Table 2, and it is displayed in Figure 3, while in
Table 3 we list the main color estimates. Thanks to the
increased depth of the GREATS data, the 3.6 ym and 4.5 ym
stacks result in a clear detection in the three most luminous
bins, with an ~40-7¢ significance, and a 220 detection in the
4.5 pum band of S4. Remarkably, the exceptional depth of the
GREATS mosaics enables a ~1.40 measurement in the 3.6 ym
band of S4. However, to provide more robust results, in this
work we consider as non-detections those flux densities
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Figure 2. Image stamps of the IRAC and HST median stacks. Each cutout is
~8”0 x 8”0 in size. The red circle marks the 3”6 diameter aperture adopted
for the photometry of the IRAC stacks. HST stacks are presented to provide a
better visual context of the data involved in our study, as the median flux
densities in the HST bands were estimated from the photometry of individual
sources. Each row refers to a different band, as labeled on the left side; in
particular, the HST optical stack combines all data available in the Byzs, Veos,
i775, and zgso bands. The columns refer to a stack in a specific luminosity bin, as
labeled at the top. The increased coverage offered by the GREATS program
enables detections in the 3.6 and 4.5 pm bands to faint limits (Myy = —19.5
mag). Remarkably, we find a >2¢ detection for the flux density in the 4.5 ym
band for the faintest luminosity bin (S4, Myy = —18.4 mag) and a ~1.40
measurement in the 3.6 ym band. The 5.8 and 8.0 pm band stacks, instead, are
characterized by non-detections ( <20) irrespective of their UV luminosity.

with <20 significance. The stacks in the 5.8 ym and 8.0 ym
bands do not show any significant detection in any luminosity
bin, as expected.

Table 4 summarizes the main properties of the four stacks.
Absolute magnitudes Myy 1600 Were computed with EAZY,
fixing the redshift of each stack to the median redshift of the
LBGs entering each group. As a sanity check, we also ran
EAZY leaving the photometric redshift as a free parameter. The
likelihood distributions of the photometric redshifts (p(z)) are
reproduced as insets in Figure 3. The p(z) present a single peak
centered around z ~ 8§ increasing our confidence on the nature
of galaxies that contribute to the stacks; the broader p(z) of S1
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Figure 3. Median-stacked SEDs resulting from our analysis. Each panel refers to a stack at a different luminosity, as indicated by the label in the top-left corner of
each panel. In each panel, the filled red squares with error bars mark the stacked photometry, while the red arrows represent 20 upper limits. The blue curves
correspond to the best-fitting EAZY template. The insets present the redshift probability distribution computed by EAZY. The top-left corner of each panel also shows
the number of objects entering the specific luminosity bin, the median redshift, and the My computed by EAzY. All SEDs show red [3.6]-[4.5] > 0 colors; strikingly
the SEDs of the three less-luminous stacks show blue H;6p —[3.6] <0 colors, suggesting young stellar populations.

Table 2
Flux Densities for the Four Stacked Luminosity-selected SEDs
Filter S1 S2 S3 S4
(nJy) (nJy) (nJy) (nJy)
Byss 04 +2.6
Veos -03+3.1 00+19 —2.1+1.6 —-03+05
i775 —23+3.1 —08+23 —-02+0.7
2850 -1.0£37 —1.7+23 0.1 £1.1
Y05 143 £33 46£09
Jias 101.4 £6.5 55.7+3.1 351 £1.9 1254+ 0.8
Higo 99.8 + 6.3 50.0 £ 3.8 32.1+£23 10.6 £0.8
IRAC 3.6 pum 1182 £24.2 473497 255+ 6.4 6.7+4.8
IRAC 4.5 pm 174.7 £ 24.9 85.1 £12.8 43.6 £ 8.6 16.0 £ 7.3
IRAC 5.8 um 207.1 £167.3 432+534 126.2 + 67.1 3.1+£61.2
IRAC 8.0 um —8.6 £223.9 —14.8 £ 83.0 139.3 £+ 86.6 —48.7 £ 68.0

Note. Measurements for the ground-based and Spitzer/IRAC bands are 1”2 aperture fluxes from MOPHONGO corrected to total using the PSF and luminosity profile
information; HST/WFC3-band flux densities are measured in 0”6 apertures and converted to total using the PSF growth curves. Measurements involving <90% of
sources have been left blank. We omit JH, 4o because its coverage is available for <90% of sources for any stack.

Table 3
Main Colors of the Stacked SEDs

Label Ji2s —His0 Hgo —[3.6] [3.6]-[4.5]
(mag) (mag) (mag)
S1 —0.02 £0.10 0.18 £0.23 042 £0.27
S2 —0.12 £ 0.10 —0.06 + 0.24 0.64 +£0.28
S3 —0.09 £0.10 —0.25+£0.28 0.58 £0.35
S4 —0.18 £0.11 <-0.11% >0.56"
Average —0.10 £ 0.05 —0.03 £ 0.14 0.55 +£0.17
Note.
420 limit.

and S2 is likely the result of the lack of Y5 stacked data for
those bins, as discussed in Section 3.

The available filters allow, in principle, for a determination of
the UV-continuum slopes 3. We computed UV slopes by fitting a
power law to the best-fitting SED template from EAZY, in a
similar fashion to the procedures of Finkelstein et al. (2012),
Duncan et al. (2014), and Bhatawdekar & Conselice (2021). In
particular, Duncan et al. (2014) showed that this method is only

marginally affected by bias against slopes bluer than the lower
0 allowed by the templates. The result is that our SEDs have
B < =2, broadly consistent with other recent determinations at
z~7-8 (e.g., Bouwens et al. 2010; Finkelstein et al. 2010;
McLure et al. 2011; Bouwens et al. 2014), with a qualitative
trend to bluer slopes at fainter luminosities. However, the
current data make accurate determinations of the UV slopes
for the stacked SEDs challenging. Indeed, the Lyman break
Al215 A enters the Jyps band at z~ 8.1, decreasing the
flux observed in this band, and therefore mimicking redder
0 values. A simple toy model consisting of 1000 SEDs with
fyoc A7 uniformly distributed between z=7.6 and z=38.6
(i.e., for roughly half of the sample, the flux in the Jj,5 band
is affected by the Lyman break, while for the remaining half,
it is not) generates ( values systematically redder by
AP ~0.2, for —3.0 < <—1.5. Furthermore, recent observa-
tions have shown that Ly« photons may still escape the IGM
even at these high redshifts (see, e.g., Oesch et al. 2015;
Zitrin et al. 2015; Roberts-Borsani et al. 2016). This can
potentially increase the flux in the J;,5 band leading to bluer
UV slopes. Using the same toy model from above, for EW,
of Lya EW~20-40 A (e.g., Oesch et al. 2015; Zitrin et al.
2015; Roberts-Borsani et al. 2016; Stark et al. 2017), the UV



THE ASTROPHYSICAL JOURNAL, 927:48 (18pp), 2022 March 1 Stefanon et al.

MUV,1600 [AB] IVIUV,1600 [AB]
-21 -20 -19 -18 -21 -20 -19 -18
L5F ] 2.0F S1 1
] ] [ S2
- 1.0 [ ] 15F S3
g os 13 .| 4 1
© i @ 1 X S ]
m  0.0¢F |%| 1 O [ T ]
s I 2 B ;
ol -0.5; ] r 1
r 9 0.0 ]
1.0 ] s ]
'1.5 :‘ 1 L L L L 1 L L L L 1 L L L L 1 L ‘: -0l5 j‘ 1 L L L L 1 L L L L 1 L L L L 1 i
26 27 28 29 26 27 28 29
Hygo [AB] H,., [AB]

Figure 4. Color-magnitude diagrams for the stacked (colored squares with error bars) and full sample (colored circles with error bars for measurements >207; arrows
indicate 20 upper or lower limits; we do not show the error bars when S/N <2 in each band). Colors refer to specific absolute magnitude bin adopted for the stack: red,
green, blue, and purple for Myy = —20.9, —20.2, —19.5, and —18.4 mag, respectively (S1, S2, S3, and S4, respectively). The top axis marks UV absolute magnitudes
obtained converting the observed Hiqo flux assuming a redshift z = 8. Stacks S3 and S4 have blue H;¢o —[3.6] <0 mag at the 10—20 level. When all stacks are
considered, we find that the H,¢o — [3.6] colors for lower-luminosity galaxies are either systematically bluer than higher-luminosity galaxies or show similar colors.
This is consistent with the idea that lower-luminosity galaxies have younger stellar populations. All stacks instead have [3.6]-[4.5] colors consistent with [3.6]—
[4.5] ~ 0.5 mag, as expected because of the strong [O II]+H/ line emission. All key numbers are given in Table 3.

Table 4
Main Physical Properties of the Stacked SEDs

Label N.gal®  Zppo! Myy [0 m]+Hp* Ha! log(age/yr) Ay log(M, /M) SFRyy® SFR(G 1415 sSFR®

(mag) (A) (A) (mag) Moyr™! Moyr! Gyr!
S1 23 776  —207+£0.1  768+279 5324193 8.2104 0.37932 9.2103 222+14  356+123  1437Y
S2 25 769 —200+0.1 1369 +389 949 4+ 270 77593 0.1593 8.4792 6.7+05 193 +52 26.5311
S3 28 775  —195+0.1  1184+473 8214328 71598 0.0792 7.8750% 34402 8.7+3.5 60.37213
S4 26 770  —18.4£0.1 >1117" >774" 6.870:¢ 0.0192 71509 12£0.1 >3.1" 83.57%%,

Notes. Stellar population parameters (age, Ay, SFRyy, and sSFR) were computed adopting a constant SFH, 0.2Z, metallicity, and a Salpeter (1955) IMF between 0.1
and 100 M. SFRyy and SFR(q 1113413 incorporate a correction for dust extinction using the values listed in column Ay, assuming a Calzetti et al. (2000) law and the
same dust law for both the stellar continuum and the nebular emission.

4 Number of galaxies in each bin of absolute magnitude.

® Median photometric redshift of the sources in each bin.

¢ Rest-frame equivalent width of [O III] and H/ obtained assuming a flat f, SED redward of the Balmer break and the line ratios in Anders & Fritze-v. Alvensleben
(2003). These values would be ~30% lower if we assumed that the [O II] line emission only marginally contributed to the measured 3.6 ym band flux density.

9 Rest-frame equivalent width of Ho from the H estimate assuming the line ratios in Anders & Fritze-v. Alvensleben (2003) and Ha/HS3 = 2.85 (Hummer &
Storey 1987).

¢ SFR computed from the rest-frame UV continuum.

fSER computed from the Ha luminosity inferred from the [O II]+HQG line EW and assuming line ratios of Anders & Fritze-v. Alvensleben (2003), with
Ho/H( = 2.85.

€ sSFR based on SFRyy.

" 26 lower limit inferred assuming the 20 upper limit in the flux density of the 3.6 ym band.

slope becomes bluer by AG~ 0.1-0.4. Given these systema-
tics, we decided not to highlight the UV slopes of our stacked
SEDs even though we will occasionally present some results
in the context of their Jy,5 —Hiep colors.

(e.g., Schaerer & de Barros 2009; Labbé et al. 2013). Figure 4
shows that this color is approximately unchanged across 2.5
magnitudes in UV luminosity, with the hint of a bluer color for the
most luminous systems. Future higher-S /N observations may well
reveal changes in line ratios with luminosity.

Under the hypothesis that the measured red IRAC color is
mostly the result of [OII] and HF nebular emission
contributing to the flux in the 4.5 ym band, we can estimate

4.2. The [3.6]-[4.5] Color

One of the most notable features evidenced by Figures 3 and 4

is a red [3.6]-[4.5] ~ 0.5 mag color, which, at these redshifts, has
been interpreted as the effect of nebular HG + [O1I] emission
significantly contributing to the flux density in the 4.5 um band

the rest-frame EW, of [O II]+HQ. For this, we assumed the
line ratios of Anders & Fritze-v. Alvensleben (2003) for
subsolar metallicity (Z=0.2Z;), and adopted a flat f,,
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calibrating the f,, continuum flux to that of the 3.6 ym band. At
z>7, [Olll3707 enters the 3.6 pum band. The likely strong
emission by rest-frame optical lines implied by the red IRAC
colors suggests that the contribution of the [O II] line emission
to the 3.6 um band flux density might be non-marginal.
Adopting the line ratios of Anders & Fritze-v. Alvensleben
(2003), we iteratively removed the contribution of the [O1I]
emission from the 3.6 um band flux density. We found
EW(O1]) ~ 180-370 A, corresponding to ~0.1-0.3 mag
contribution to the 3.6 ym band flux density.

The resulting [O IT]+H line strengths, lisged in Table 4, are
consistent with EW, ([O 1] + HB) ~ 1000A found at these
redshifts for galaxies of comparable luminosity (Labbé et al.
2013; Smit et al. 2014, 2015; De Barros et al. 2019; Endsley
et al. 2021). The largest EW, ([O 111] + Hf3) ~ 1200-1300A are
found for S2 and S3 (Lyy ~ 0.2-0.4L") and are consistent with
the measurements for the most extreme sources reported by
Endsley et al. (2021) for Lyy ~ L" systems at z ~ 7.

Although our measurements suffer from large uncertainties, the
values corresponding to S1 and S2 are consistent with the
extrapolation of estimates from the M,-EW([O 1]+Hp) found at
z~ 3.3 by Reddy et al. (2018), in turn supporting the reduced rate
of evolution with redshift of the EWy([O IlI]J+H/(3) observed at
7223 (see, e.g., Khostovan et al. 2016 and their Figure 7).

We estimate that the [OMI|+HBZ EW would be ~30%
smaller if the contribution of [O II] to the 3.6 pm flux density is
negligible. Although our data can not rule out this possibility,
the above discussion would not change in its main conclusions,
and our results would still point to exceptionally strong
emission from [O II]+HG.

4.3. The H;5p — [3.6] Color

At redshift z~ 8, the 3.6 ym band covers the rest-frame
wavelengths just redward of the Balmer/4000 A break, and the
Hi¢o —[3.6] color can then provide a measurement of the
strength of the break and hence an estimate of the age of the
stellar populations.

The H,¢9 — [3.6] colors are presented in the left panel of
Figure 4, as a function of the H,gp-band magnitude (where
Higop can be taken as a proxy for Myy at z~8), for the
individual objects in the sample and from stacking. Our
stacking results show that while H;gy —[3.6] ~ +0.2 mag for
the most luminous stack, it becomes negative, i.e.,
Hi6o —[3.6] < 0mag for S2, S3, and S4, indicative of very
young stellar populations (more discussion about this is
presented in Section 5.2). Furthermore, our stacking results
suggest a trend of redder H —[3.6] with increasing luminos-
ity, consistent with the picture of more luminous (i.e., likely
more massive) systems having more evolved stellar popula-
tions. Fitting the Hgp —[3.6] stack results versus Higg
magnitudes to a line, we find:

Higo — [3.6] = —0.01 & 0.14 — (0.32 £ 0.24)(Hy60 — 27)
2

where the adopted H,qp =27 mag pivot point approximately
corresponds to the median of the H¢, flux density for the entire
sample.

The trend is significant at ~80% confidence, and it is
qualitatively consistent with results at lower redshifts (e.g.,
Gonzélez et al. 2012), where more luminous galaxies show
larger Balmer breaks than lower-luminosity sources.

Stefanon et al.

A number of studies have shown that the UV slope (3)
correlates with the UV luminosity of LBGs at z>4 (e.g.,
Bouwens et al. 2012, 2014; Finkelstein et al. 2012; Duncan
et al. 2014; Bhatawdekar & Conselice 2021). In Figure 5 we
explore in more detail the dependence of the H —[3.6] color on
0, for the ( stacks and for individual sources. As noted earlier,
the B-binned stacks were generated similarly to the luminosity-
binned stacks (the 3~ —1.7 bin is not shown here).

The distribution of measurements in Figure 5 does not show
any significant accumulation at the blue end, suggesting that our 8
estimates have same validity. Our individual measurements
indicate a prevalence of 3 <—2, qualitatively consistent with the
blue values of the rest-frame UV found for S2, S3, and S4.

The stacked H;go —[3.6] colors present a clear trend,
becoming bluer for sources with bluer UV slopes. A simple
fit results in the following relationship:

H — [3.6] = (0.23 £ 0.08) 4+ (1.78 £ 0.36)(3 + 2.2) (3)

valid for —2.6 < < —1.9. In the same figure, we also present the
linear relation found by Oesch et al. (2013) between ( and the
J125 —[4.5] color, from a sample of z ~4 LBGs in the GOODS
fields. We converted the Jip5 —[4.5] color into an Higy —[3.6]
color assuming a flat f,, continuum redward of the Balmer break,
and a power law with slope 3 for the rest-frame UV. Our linear
relation (Equation (3)) is a little steeper than that of Oesch et al.
(2013), indicative of potential evolution toward redder
Hygo —[3.6] colors between z~8 and z~4, qualitatively
consistent with an aging of the stellar populations with cosmic
time. However, a closer inspection suggests that the steeper slope
we observe at z~8 is also likely driven by the very blue
Higp —[3.6] ~ —0.5 mag for G~ —2.5, as the measurements for
B> —2.3 are consistent at > 1o with the z ~ 4 relation.

Accounting for a ~0.2mag contribution from [O1I] line
emission to the 3.6 pum band, as we derived in Section 4.2,
would bring our stacked measurements for the H —[3.6] color
as a function of 3 into even better agreement with those of
Oesch et al. (2013) for 3 >—2.3, if we assume that the z~4
relationship is only marginally affected by nebular line
emission. Nonetheless, at z~ 4, Faisst et al. (2016) found
EW(Ha) ~ 300 A, resulting in <0.1 mag contribution from
[O 1], supporting our initial assumptions.

5. Discussion
5.1. Stellar Population Parameters

We estimated stellar masses (M,), stellar population ages, and
dust extinction (Ay) running FAST (Kriek et al. 2009) on SED
templates based on the Bruzual & Charlot (2003) set, with a
Salpeter (1955) IMF between 0.1 and 100 M., constant SFH,
metallicity Z=0.2Z,, and a Calzetti et al. (2000) dust-extinction
law. Prior to our use of these templates for the SED fitting, the
templates were processed through CLOUDY version 17.02 (Fer-
land et al. 2017), assuming a spherical constant-density nebula
with n(H)=100cm >, the same gas metallicity as the stellar
component, an ionization parameter log U = —2.5, consistent
with recent results at similar redshifts (e.g., Stark et al. 2017; De
Barros et al. 2019), and a negligible escape fraction.

To reduce a potential bias toward extremely young ages, the
fitting for S1, S2, and S3 was performed on the photometry
cleaned of the emission line contribution, using the information
on the EW we obtained in Section 4.2. For consistency,
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Figure 5. Top panels: image stamps (~7”2 per side) of the 3.6 um stacks in
the four bins of UV slope as indicated by the label at the top of each stamp. The
number of sources in each bin is shown in parentheses. Bottom panel: the small
filled circles and arrows correspond to the individual measurements of the
H —[3.6] color and 20 upper limits, respectively, as a function of the rest-frame
UV slope 3 for the sample adopted for this work. The filled blue circles mark
the color measured from the stacking of sources in bins of UV slope as
indicated by the horizontal error bars. The best-fitting linear relation for the
stacked 3 values is shown by the solid blue line, while the dashed orange line
represents the correlation between J5 —[4.5] and (§ found by Oesch et al.
(2013) at z ~ 4 and converted to Heo —[3.6] assuming a flat f;, at rest-optical.
The vectors at the bottom-right corner indicate the effect of a AAy = 0.1 mag
dust extinction for an SMC law (Pei 1992) and a AAy = 0.2 mag for a Calzetti
et al. (2000) model.

emission lines were also removed from the SED templates.
Physical parameters for S4 were determined by adopting the
pristine photometry with templates including emission lines,
given the 1.40 detection in the 3.6 um band.

We computed SFRs following the relation between rest-frame
UV luminosity and the SFR of Madau & Dickinson (2014), which
is based on a constant SFH, consistent with the SFH we set in
FAST. Moreover, to maintain consistency with the configuration
used in estimating M,, we adopted parameters corresponding to a
Z=0.2Z., metallicity (after log-linear interpolating the values
tabulated in Madau & Dickinson 2014).

Using the results on the EW,, of [OTII]4+HG we derived in
Section 4.2, we also estimated the SFRs from the nebular
emission, which we denote with SFR ¢ 43 We converted
the measured equivalent width of [OTI]+HS3 into Ha line
intensity assuming Case B recombination, the line ratios of
Anders & Fritze-v. Alvensleben (2003) for Z=0.2Z., (speci-
fically [O 1]A4959 /H5 = 1.6 and [O 11]A5007 /HB = 4.7), and
Ho/HB=2.85 (Hummer & Storey 1987). The SFRo mj1ms
were computed from the Ha luminosities using the Kennicutt
& Evans (2012) relation.

Finally, all SFR estimates were corrected for dust extinction
using the Ay values previously estimated from FAST and
assuming a Calzetti et al. (2000) dust-extinction law for both
the stellar continuum and the nebular emission, and converted
from a Kroupa (2001) to a Salpeter (1955) IMF by multiplying
the results by a factor of 1.7.
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The estimated stellar population parameters for the four
stacks are listed in Table 4.

5.2. Age and M,/Lyy Ratio of the Stacked SEDs

The SED fitting results show that stacks have mean stellar masses
per source in the range M, ~ 10" M., to 10°2 M_,, implying mass-
to-light ratios M, /Lyyy ~ 0.003M, /L, to ~0.04M,/L.,, consistent
with values found at similar redshifts for L ~ 1.4-3.6L" sources
(e.g., Stefanon et al. 2019). Interestingly, the recovered ages range
between ~8 and ~300 Myr.

To provide us a better sense of the uncertainties on the estimated
ages, in Figure 6 we compare the observed color [3.6]-[4.5] versus
H60 —[3.6] to the synthetic colors extracted from the library of
SED templates adopted to run FAST (see Section 5.1).

The blue Higp —[3.6] <Omag of S2, S3, and S4 indicate
ages younger than ~100 Myr, while the redder color for S1
suggests ages ~100-300 Myr. These young ages are also
supported by the extreme red [3.6]-[4.5] ~ 0.5 mag colors,
indicative of strong line intensities.

It is well established (e.g., Renzini & Buzzoni 1986) that the
broadband SED of a young, metal-rich system can mimic an
older, metal-poor one, and vice versa. Specifically, in our case,
metallicities lower than Z=0.2Z. could imply stellar ages
older than ~100 Myr. To explore this scenario, in Figure 6 we
also present synthetic tracks for Z= 0.02Z, and logU = —2.5.
The lower metal abundances result in decreased intensity of the
optical emission lines. The corresponding bluer [3.6]-[4.5]
colors are inconsistent with our measurements. Addition
of 0.4 mag dust extinction would bring the track closer to
our measurements, but with ages <100 Myr. Finally, because
the ionization parameter can affect the intensity of emission
lines, we also consider the effects of an exceptionally intense
logU = —1.0 ionizing field. The corresponding track is
consistent with our estimates for very young ages (less than a
few million years), while the addition of dust extinction would
result in ages younger than ~100 Myr.

The observed trend toward redder Hy¢o — [3.6] colors at higher
luminosities suggests that we could be witnessing the develop-
ment of a more evolved stellar population at just ~650 Myr of
cosmic time, indicative that the ages of the stellar populations
could depend on mass already at such early epochs. The degree of
such evolution is hard to establish though, since bright young stars
could be outshining any underlying older stellar populations (e.g.,
Papovich et al. 2001). Recent work suggests the existence of
evolved stellar populations in L <1-0.4L" individual galaxies
identified at z ~ 8-10 (e.g., Hashimoto et al. 2018; Hoag et al.
2018; Salmon et al. 2018; Roberts-Borsani et al. 2020; Strait et al.
2020). Indeed, our data also show Hgg —[3.6] >0 mag for some
of the sources, supporting the existence of a more evolved stellar
population even for L <L". Our stacking results, however, indicate
that these more evolved populations do not constitute the bulk of
the galaxy population at these redshifts, likely implying large duty
cycles of star formation. Better quantifying the duty cycle would
require the direct detection of a higher fraction of sources in the
3.6 pm band. For this, we await JWST.

5.3. Star Formation Rate

Application of the procedures outlined in Section 5.1 results in
SFRyy ~ 1-22 M., /yr and SFRo my4#5~ 3-36 M, /yr. The two
estimates are compared for the stacks individually in Figure 7.
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Figure 6. Comparison of the stacked results to models using the [3.6]-[4.5] vs. Higo —[3.6] plane. Each panel refers to one of the stacks, as indicated by the labels at
the top-right corners. In each panel we also present tracks from the synthetic SEDs with a constant SFH: solid curves mark tracks for a Z = 0.2Z. metallicity (adopted
as reference value in our study), while the dotted curves explore the colors for Z = 0.02Z.,. We also distinguish between two different ionization parameters, with the
black curves marking log U = —2.5, while the gray curves correspond to log U = —1. The colored filled circles mark ages on approximately a logarithmic scale, as
indicated by the legend at the top-left corner in the leftmost panel, while the black arrow shows the effect of increasing the extinction by 0.3 mag. Other plotting
conventions are the same as in Figure 4. Ages younger than ~100 Myr are preferred for all but the most luminous stack. Older ages from lower metallicities are ruled
out by the implied bluer [3.6]-[4.5] colors resulting from lower EW [O IIl]4959 5007 €mission.

While for S1 the two measurements are consistent at 2> 1o, the
SFR|o my+#p for S2 and S3 are ~3-5x higher than the SFRyy. A
similar result (SFRy,/SFRyy ~6) was found by Shim et al.
(2011) from analyzing the observed blue IRAC [3.6]-[4.5] color
for a spectroscopically confirmed sample of LBGs at 3.8 <z <5.0
over the GOODS fields (see also Shivaei et al. 2015; Smit et al.
2015). These studies analyzed different mechanisms to explain
such discrepancy, such as dust attenuation, top-heavy IMFs, or
increasing ionization parameter, even though no dominant process
has been identified so far. In the following paragraphs, we discuss
three potential factors that could explain or at least in part
contribute to the systematic difference in the SFR estimates from
the UV continuum and Hoa emission: SFH, dust extinction, and
line ratios evolving with time. However, the relative contribution
of each of these three scenarios is difficult to ascertain, and roughly
comparable contributions may also constitute a plausible scenario.

Based on our results in the previous section, the stacked SEDs
are likely characterized by very young ages (<30-100 Myr). The
UV stellar continuum is mostly generated by O and B stars with
typical lifetimes of ~100-200 Myr (Kennicutt & Evans 2012). A
constant SFR equal to the estimated SFRyy implies that those
stellar masses could be generated in just ~15-50 Myr, i.e., we
might still be witnessing the first burst of star formation, started at
z~9. However, because the Ho, emission will be the result of
more recent star formation (<10Myr; e.g., Kennicutt &
Evans 2012), the higher SFRo yjnp values we inferred may
indicate an SFR increasing with time. This arises because the
stacking analysis, by construction, lessens the variation between
individual measurements.

Systematic differences in SFR measurements could be
introduced by the differential nature of dust extinction with
wavelength. Assuming a Calzetti et al. (2000) extinction curve
and assuming that the extinction curve of the nebular emission is
the same for the stellar continuum (E(B —V )pep = E(B —V )conts
e.g., Erb et al. 2006; Reddy et al. 2012; but see, e.g., Calzetti et al.
2000; Steidel et al. 2014; Reddy et al. 2020 for different results),
we find that an extinction of Ay ~ 0.4-0.5 mag is required in order
to match the two SFR estimates. This extinction would result in
UV slopes redder by AG~ 0.7, or 3~ —2 (when assuming the
bluest intrinsic slope value to be 3= —2.6, as we measure for the
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Figure 7. Comparison between SFRyy and SFRio mpms. The former is
computed on the basis of the UV luminosities of galaxies, and the latter is
computed converting the [O II]4+Hf luminosity measured from the IRAC
photometry into Ha luminosity assuming the line ratios of Anders & Fritze-v.
Alvensleben (2003) and Ha/H(3=12.85. The Ha luminosity is finally
converted into SFR using the relation of Kennicutt & Evans (2012). The
colored points with error bars or lower limits refer to the four stacks as
indicated by the legend. The gray dashed line marks the identity, SFRq -
+HpB = sFruv- The vectors at the top-left corner show the impact of increasing
the [O 111]/HQ ratio by three times, and correcting for a Calzetti et al. (2000)
dust extinction of AAy, = 0.4 mag.

youngest template), qualitatively only marginally consistent with
the upper limit of the UV slopes of our stacks.

A third possibility for explaining the systematic offset
between the SFR|o nij+ms and SFRyy is if the nebular line
ratios are evolving with cosmic time. Indeed, an increase in the
ionization parameter (e.g., harder spectrum) has been suggested
by recent work (e.g., Maseda et al. 2020). This can result in an
increase of the [OII]/HQG ratio (see, e.g., discussions in
Brinchmann et al. 2008 and Steidel et al. 2014).

The [O ] AS007 /HB = 4.7 adopted in our estimates (Anders &
Fritze-v. Alvensleben 2003) is consistent with recent determinations
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5/2

as expected from cold gas inflow that follows the hierarchical merging of the dark matter halos. The filled gray region marks the Dekel et al. (2013) model

renormalized to M, = 10’-108

M., using the Reddy et al. (2018) stellar mass scaling for Ha and assuming the Dekel et al. (2013) relationship to be representative of

M, = 10°° M, galaxies. The overall good match of the curves to the observations suggests there is no strong evolution in the star formation efficiency of galaxies with

cosmic time.

from spectroscopic measurements of LBGs at z~2-4 (e.g.,
Dickey et al. 2016; Holden et al. 2016). Forcing the relation
SFR[O +HB = SFRU\I, and keeping [O HI] )\5007/[0 H] = 3,
the red [3.6]-[4.5] color implies [O MI]JA5007 /H3 = 17 + 8 and
13 £ 8, for S2 and S3, respectively. This is approximately three
times the ratio we initially adopted (see Figure 7).

Even though estimates of the [OII]A5007/H/ ratio are still
very uncertain at high redshifts, a number of studies suggest the
existence of a trend of increasing [OII]/HS with redshift (e.g.,
Brinchmann et al. 2008; Steidel et al. 2014; Kewley et al. 2015;
Faisst et al. 2016; Harikane et al. 2018b). In particular, Faisst et al.
(2016) found that at z =5, the [O1I]/HG ratio could be larger,
[Om1]/H (G 23, with values potentially as high as [O11]/H 5~ 15
and with a lower limit of [O 1] /H 8 ~ 2. On the other hand, using
a spectroscopically confirmed sample of Ly« emitters at z~ 5.7,
6.6, and 7.0, Harikane et al. (2018b) found that the ratio [O 1] /H3
depends on the Lyow EW, but it is roughly independent from
redshift (see their Figure 15). Specifically, at z~ 5.7, which
provided the widest coverage in terms of EWyy,, they measured
a maximum value of [Om]/H [~ 10, for EWpy,~90 A,
consistent with our estimates for S2 and S3. However, their
measurement at z ~ 7 results in an upper limit ([O ]/H 3 <2.8)
somewhat in tension with our results.

5.4. Specific Star Formation Rate and Halo Mass Growth

Combining our results from the previous sections, we can
now estimate the sSFR at z ~ 8. The resulting values are listed
in Table 4 and shown in Figure 8, segregated according to the
UV luminosity (which can roughly be taken as a stellar mass
proxy). These values are consistent with the young ages we
previously recovered, as for a constant SFH, the sSSFR~1/ age
~6-160 Gyr~'. It is perhaps noteworthy that the sSFRs we
derive at different stellar masses are consistent with each other.
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While recent observations indicate that the sSFR marginally
depends on stellar mass to z ~ 6 for log(M, /M) < 10 (e.g.,
Fumagalli et al. 2012; Whitaker et al. 2014; Salmon et al. 2015;
Schreiber et al. 2015; Reddy et al. 2018), current models still
provide contrasting predictions for a mass-dependent sSFR
(see, e.g., Behroozi et al. 2013) or for a mass-independent sSSFR
(see, e.g., Sparre et al. 2015; Ceverino et al. 2018). The
agreement between measurements at different stellar masses
could be interpreted as the existence of a main sequence of star-
forming galaxies across 1.5 orders of magnitude already at
~650 Myr of cosmic time.

In Figure 8 we also compare our sSFR estimates to recent
determinations at high redshifts from Labbé et al. (2013), Smit
et al. (2014), Duncan et al. (2014), Salmon et al. (2015),
Marmol-Queralté et al. (2016), Santini et al. (2017), Davidzon
et al. (2018), Khusanova et al. (2021), Strait et al. (2020), and
Endsley et al. (2021; median of the sample and 68% range),
together with the measurements at 0 <z <6 of Faisst et al.
(2016), and at 0.2 <z <2.7 of Leja et al. (2021), segregated by
stellar mass and/or Myy. Most of theses measurements
correspond to stellar masses >10° M, and show large systema-
tic differences for z >4, spreading over ~1 order of magnitude,
with sSFR ranging from ~3 Gyr ' (see also Endsley et al.
2021) to ~20 Gyr ™!

Our estimates are consistent with those of z~ 7-8 LBGs
from broadband photometry (Labbé et al. 2013; Smit et al.
2014; Jiang et al. 2016; Castellano et al. 2017) and with the
extrapolation that Faisst et al. (2016) propose to z ~ 8. They
indicate an increasing sSFR with redshift out to z~8,
irrespective of the stellar mass bin.

The solid black curve in Figure 8 marks the evolution of the
sSFR from the toy model of Dekel et al. (2013). In this model, the
specific dark matter halo accretion rate (SHMAR) evolves
asoc (1422 1t is interesting to note that the exponent 5/2
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was obtained analytically from simple theoretical considerations on
the Extended Press-Schechter formalism describing the evolution
of the dark matter halo assembly (see also Neistein & Dekel 2008;
Weinmann et al. 2011; Genel et al. 2014). The SHMAR was then
converted into sSSFR assuming that the baryonic accretion involved
exclusively cold gas. The resulting form is simply a re-normal-
ization of the SHMAR, which maintains the dependence
of x (1 +2)”/% Similarly, an sSFR increasing with redshifts out
to z ~ 8 was also predicted by Tacchella et al. (2013) assuming the
SFH closely follows the halo assembly time, by Ceverino et al.
(2018), with which our measurements are consistent to within a
factor of two, and by Park et al. (2019), who assumed a non-
evolving star formation efficiency.

The similarity between the evolution of the sSFR and of the
SHMAR at z 23 suggests that at high redshifts, galaxy formation
could be dominated by the assembly of cold gas, driven by the
hierarchical formation of the dark matter halos, with marginal
dependence on an evolving star formation efficiency. This result is
qualitatively consistent with a marginal evolution with redshift of
the M,/M,, ratio recently observed at z >4 (Stefanon et al.
2017, 2021b) and with such models providing a natural
explanation for the evolution in the UV LF at z >4 (Tacchella
et al. 2013, 2018; Bouwens et al. 2015, 2021; Mason et al. 2015;
Harikane et al. 2018a; Park et al. 2019).

Because feedback mechanisms could influence the star
formation differently depending on the stellar and halo mass, in
the right panel of Figure 8, we also present (gray filled region) a
speculative curve for the sSFR with a dependence on stellar
mass. Specifically, we assumed that the Dekel et al. (2013)
relationship well represents galaxies with a stellar mass of
M, =10°°M,. This was then rescaled for M, =10"-10* M,
with the M, %3¢ dependence of Ho luminosity of Reddy et al.
(2018; but see, e.g., Ceverino et al. 2018, who found a marginal
dependence of the sSFR on stellar mass).

6. Summary and Conclusions

Through the analysis of the deepest available Spitzer IRAC and
Hubble data for a significant sample of star-forming galaxies at
7z~ 8, we have been able to gain striking new insights into the
SFH of galaxies just 650 Myr after the Big Bang. These insights
are derived on the basis of deep stacked SEDs of z ~8 LBGs
identified over the CANDELS/GOODS-N/S, ERS, XDF,
CANDELS/UDS, and CANDELS /COSMOS fields. These fields
are characterized by deep coverage with HST in the HST/ACS
V606 and 18145 HST/WFC3 YIOSa J125, JH140, and H160 bands, and
by Spitzer/IRAC in the 3.6 yum and 4.5 pm bands. In particular,
the GOODS fields benefit from ultradeep IRAC 3.6 pm and
4.5 pm mosaics, combining all of the observations from the
recently completed GREATS (Stefanon et al. 2021a). This
program brings near-homogeneous ~200-250 hr depth (corresp-
onding to 50 ~26.8-27.1 mag) in Spitzer/IRAC 3.6 and 4.5 ym
in 200 arcmin® over the two GOODS fields.

The full sample was segregated into four UV luminosity bins
(S1, S2, S3, and S4, in order of decreasing luminosity). Stacking
in the HST bands was performed directly on the flux
measurements, while for the IRAC bands, we carried out aperture
photometry on the stacked image cutouts, after each source was
cleaned of neighboring sources. We excluded those cutouts with
neighboring residuals that remained from the MOPHONGO image
processing that overlapped with the nominal location of a source.
To account for the overall shape of each SED, stacking was
performed after normalizing the fluxes and cutouts of each source
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to the weighted mean of the measurements in the Jj»5 and Hg
bands.

Our main observational results can be summarized as
follows:

1. The stacked SEDs are characterized by Hjgy — [3.6]
colors ranging between ~—0.3 mag and ~+0.2 mag. The
blue Hyg9 —[3.6] <0 mag colors we measure for the three
faintest stacks imply very young stellar ages (<10° yr).

2. We explored the dependence of the Hqy —[3.6] color on
the rest-frame UV luminosity. We find that our measure-
ments are consistent with either no trend or for fainter
galaxies to have younger ages (Figure 4). This suggests
that the stellar population ages of galaxies may be mass-
dependent ~650 Myr after the Big Bang.

3. The stacks are characterized by red [3.6]-[4.5] 20.5 mag
colors. Given the plausible assumption that the red [3.6]-
[4.5] color results from the [OTI] and H emission lines
entering the 4.5 um band at z 7.5, these colors correspond
to EWo([O ]+HpG) ~ 800-1300A (Table 4).

The above results lead to the following conclusions:

1. The SFRs we infer from the measured [O IlI]4+HB EWs are
factors ~3 higher than the SFR derived from the UV
luminosity. Possible explanations include either an increas-
ing SFR with time or an [OIIA5007]/HS ratio evolving
with time as a result of an evolving ionizing radiation field
(Figure 7). A dust extinction of Ay~ 0.4mag is less
effective as an explanation, given that it would imply UV
slopes 3 redder by AG~ 0.7, only marginally consistent
with our current and other earlier observations. An older
stellar population also is not effective as an explanation,
given the clear discrepancy with the measured blue
Higo —[3.6] <0 mag colors.

2. The high SFRs inferred from the UV light imply sSFRs
of >10 Gyr . When these new sSFR values at 7 ~ 8 are
compared to the sSFRs at lower redshifts, they suggest a
very similar evolution in the sSFRs of galaxies and the
specific halo mass accretion rate, and, ultimately, a
marginally evolving M, /M, ratio for z 3. However, the
sSFR for the two fainter luminosity bins are also
consistent with a scenario where the sSFR weakly
depends on stellar mass (Figure 8).

The results presented in this paper are based on broadband
photometry probing rest-frame wavelengths up to ~0.6 pm.
More accurate estimates of the stellar continuum redward of the
Balmer break will benefit by probing the continuum SED of
galaxies at >6 ym. Upcoming facilities like JWST will be
pivotal in placing these results on a more robust observational
footing. Specifically, the increased sensitivity at redder
wavelengths will allow us to probe the contribution of lower-
mass evolved stars that dominate the stellar mass. Observations
with higher spectral resolution will, on the other hand, allow us
to further assess the ionization state of these systems and
their SFHs.
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Appendix A
Candidate Passive Galaxies

One significant aim of this paper was to characterize the
stellar population ages of galaxies at z ~ 8. While a significant
focus of this effort is on the mean/median age, and our overall
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results suggest a very young age in the typical source, it is also
interesting to ask whether any of the z~ 8 sources in our
selection show evidence for a significantly older age. The
purpose of this Appendix is to investigate this issue.

In Figure 9 we show the colors of a passively evolving
galaxy formed in a burst at z =20 (e.g., Mawatari et al. 2020)
over both the redshift range of interest z = 7.3—8.7 (solid line)
and z = 1.1-10.0. The passively evolving template is computed
from the Bruzual & Charlot (2003) code, assuming a Z = 0.2Z,
metallicity, a Salpeter (1955) IMF, and that it is processed
through CLOUDY (see Section 5.1). Over the redshift range of
interest, these sources should show red H;gy —[3.6] >1.1 mag
colors (see also Roberts-Borsani et al. 2020).

The application of an H;¢) —[3.6] >1.1 mag selection criterion
to our sample results in the selection of two sources (ID GNDY-
6469616570, R.A. = 12:36:46.965, decl. =62:16:57.04, and ID
GSDY-2431346284, R.A. = 03:32:43.135, decl. = —27:46:28.46).
. In both cases, their [3.6]-[4.5] colors are consistent with that
predicted by the template. Despite the tantalizing nature of these
candidates, both candidates show relatively blue (/1,5 —H;g0 <O
mag) colors, bluer than expected for a passively evolving galaxy at
z~ 8 and thus potentially calling into question the robustness.
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Figure 9. The two panels present synthetic tracks of a passively evolving template formed at zp,,c = 20 in two distinct color—color planes (dotted curve). The pink
solid segments correspond to the colors of the template in the redshift range 7.5 < z < 8.5. Passive systems at 7.5 < z < 8.5 are expected to have red
Hieo — [3.6] >1.1 mag colors. Also presented are the two sources in our sample that satisfy this criterion (pink filled circles with error bars). While their [3.6]-[4.5]
color is still consistent with those of the template, they are characterized by bluer J,,5 — H 60 < 0 mag than expected from the template, casting some doubts on their

genuine nature of passively evolving sources at z ~ 8.
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Appendix B extracted from the set of observed uncertainties in each field.
Impact of Potential Selection Bias This process was repeated 100 times for each source in our
sample. The central panel of Figure 10 presents the results of
applying the LBG criteria to the simulated sources at three
specific redshifts. At z <8, the selection efficiency remains
around 275% over the entire range 0 <Ay < 1.5mag. At
z~ 8.5, however, the selection efficiency shows a greater
dependence on Ay, decreasing rapidly for Ay 20.5 mag.

One long-standing concern with LBG selections is the
possible exclusion of very red sources, like passively evolving
or dust-obscured star-forming galaxies. In the left panel of
Figure 10, we present, together with the selected sample of
7z~ 8 galaxies, tracks of dust-attenuated star-forming galaxies

and passively evolving systems, extracted from the templates Because of photometric scatter, sources with intrinsically
we adopt to estimate the main physical parameters of the redder UV slopes can still satisfy the Jy,5s —H;go < 0.5 mag
stacked SEDs (see Section 5.2). These indicate that our LBG LBG criterion (see Equation (1)), potentially inflating the
selection would fully include the colors of Ay=1mag star- selection efficiencies for sources with intrinsic Ay >0 mag. We
forming galaxies at z >7, while significantly sampling passive therefore estimated the selection efficiency by also requiring
galaxies to z~ 8. This suggests that our selection should that the measured UV slopes'® do not differ by more than 30%
reasonably sample such sources, if they were common at z ~ 8. from the values of the corresponding unperturbed template.

We quantified the impact of the LBG criteria in the selection The results of this procedure are presented as solid curves in the
of dusty galaxies at z ~ 8 through a Monte Carlo simulation as central panel of Figure 10. For Ay~ 0.2 mag (5~ —2.0), the
follows. We computed the synthetic flux densities in the Yqs, efficiency is ~10% lower than that at Ay =0mag, and for
Ji»s, and H o bands for a set of templates with constant SFH Ay~0.5mag (B~ —1.6), it is <15% lower for all redshifts,
and ages ranging between 10° and 10*® yr, after redshifting indicating a marginal dependence of the selection efficiency on
them to values uniformly distributed between z=7.3 and the dust extinction. Qualitatively, the smooth decrease of the
z=8.7. We then included the effects of dust extinction density of sources within the LBG color—color box (left panel
assuming a Calzetti et al. (2000) dust law, with values between of Figure 10) toward redder Ji»5 —Hyg colors suggests an
Ay=0.0 and Ay =3.0mag, in steps of 0.2 mag. Each of the intrinsic lack of dusty sources at z ~ 8. This is quantitatively

supported by the analysis we perform in Section 4.3 (see
Figure 5), which shows that only ~13% of the sources have
UV slopes redder than 8= —2, and only ~4% have 3 >—1.8.
Our simulation therefore indicates that we are likely missing at

resulting templates was then rescaled to have H gy flux
densities, such as are present in our selection of sources in
each field. Finally we randomly scattered the flux density
according to a normal distribution whose o was randomly
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Figure 10. Illustration of the effectiveness of the adopted Lyman-break criteria in sampling the bulk of the galaxy population at z ~ 8. In the left panel, we present the
sample of candidate z ~ 8 LBG galaxies selected for this study together with the LBG color criteria of Equation (1) (blue filled area). We replaced Y;s-band flux
density measurements with S/N < 1 with the corresponding 1o uncertainties. We also present synthetic tracks of a 100 Myr-old template with constant SFH and no
dust (black line), after adding Ay = 1 and 2 mag Calzetti et al. (2000) dust extinction (thick and thin purple lines, respectively) and of a system passively evolving
since its formation burst at z = 20 (yellow). For reference, the gray ellipsoids enclose ~50% and ~80% of all of the sources in the multiwavelength photometric
catalog of Whitaker et al. (2019). In the central panel, we present the recovery efficiency of our LBG criteria for star-forming galaxies as a function of dust extinction,
inferred from a Monte Carlo simulation (see the text for details). The dashed curves refer to the results of applying the LBG criteria only, while the solid curves also
require that the measured UV slope does not differ by more than 30% from that of the unperturbed template. The top axis presents approximate values for the UV
slope measured on our templates after adding the dust extinction, parameterized by the Ay values. The pink region marks the range in UV slopes we measure for our
sample (discussed in Section 4.3). Finally, the panel on the right presents the efficiency of our LBG criteria in recovering passively evolving systems, inferred from the
Monte Carlo simulation described in the main text. The adopted LBG criteria allow for the inclusion of passive and moderately dusty sources at z ~ 8. In particular no
significant (S15%) selection effects are introduced by the LBG criteria on the recovery of dusty star-forming sources for 3 <—1.6. Therefore, the smooth decrease of
the density of sources within the color—color box toward redder Jj,5 —H¢0 colors (equivalent to redder (3’s) suggests an intrinsic lack of passive and dusty sources at
z ~ 8, increasing our confidence that our z ~ 8 sample is reasonably representative.

10 we computed UV slopes by fitting a power law for wavelengths redder than
the Ly« at the nominal redshift.
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most approximately only one source with —2 <3 <—1.8 and
another source with 3~ —1.6, resulting in negligible systema-
tics in the colors measured from the stacking.

While at lower redshifts the red colors of passively evolved
systems escape the Lyman-break selections, the still quite short
cosmic time corresponding to z ~ 8 (~650 Myr) could suggest
that even maximally old stellar populations at these epochs
would still emit sufficient rest-frame UV radiation to enable
their identification through Lyman-break criteria (assuming
negligible dust content). We therefore tested the above
hypothesis and the impact of the LBG color—color criteria on
the selection of passively evolving sources at z ~ 8 through a
distinct Monte Carlo simulation as follows.

We extracted simple stellar population templates with
ages <10'® yr from the set of Bruzual & Charlot (2003)
models, and processed them through CLOUDY (see
Section 5.1). We then computed the flux densities in the
Veos> 13145 Y150, J125, and Higo bands assuming the galaxies
could have formed during a burst at zy, = 20. Such an early
formation epoch (~180Myr of cosmic time) still plausibly
allows for the creation of galaxies with stellar masses
~10%? M., comparable to the stellar mass estimates we
obtained for our stacks, from initial bursts lasting <100 Myr
and SFR ~I1-10M yrfl. Moreover, the existence of
significant star formation at z ~ 15-30 has been inferred by
recent studies on individual galaxies at z >6 selected to show
prominent Balmer breaks, indicative of evolved stellar
populations (e.g., Hashimoto et al. 2018; Mawatari et al.
2020). Nevertheless, considering even earlier formation epochs
(e.g., 7~ 30-40) would not significantly impact our conclu-
sions. Indeed, the age of the corresponding stellar population
would be just ~60-120 Myr older than that obtained with a
z=20 burst, resulting in very similar predicted colors (the
largest difference is observed for the Ji»5 —Hgo color, with
A(les _Hl60) §02 mag, while the H160 —[36] and [36]—
[4.5] colors would differ by <0.1 mag). Because of the early
formation scenario, we assumed dust extinction to be
negligible, consistent with recent results (e.g., Bouwens et al.
2016, 2020; Dunlop et al. 2017; Casey et al. 2021).

Successively, we renormalized the SEDs such that their H¢q
flux densities probed the observed range of values in the H;gq
band, and introduced photometric scatter in a fashion similar to
what was done to recover the selection efficiency of the dusty
galaxies. Finally, we selected the simulated sources applying
the LBG color—color criteria. The results of this procedure are
summarized in the right panel of Figure 10. The plot shows that
the LBG criteria allow us to include ~70% of passively
evolving systems at z ~ 8.

The synthetic tracks of passive galaxies (see Figure 9 in
Appendix A) indicate these sources at z~ 8 typically have
Hio —[3.6] ~ 1.1-1.5 mag. Applying the H,¢, —[3.6] >1.1 mag
criterion to our sample results in the identification of two
candidate passive galaxies (see Appendix A). Our simulation
then suggests that the intrinsic number of passive sources in the
fields considered for our study should be ~3. Assuming both
these additional sources were in the same luminosity bin,
their contribution to the H;go—[3.6] color measured from
stacking would be A(H;eo —[3.6]) < 0.06 mag for any of the
four luminosity bins. However, the two sources have Jip5 —
Hy 60 < 0 mag colors (see Appendix A), consistent with a more
active star formation phase. We therefore consider those color
corrections to be upper limits. We finally stress here that the
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identification of robust passive galaxy candidates requires a more
detailed analysis, which, even though very interesting, we defer
to a future study.

In summary, our simulations combined with the observed
properties of our sample, indicate that our color measurements
are not significantly affected by the LBG selection criteria.

Appendix C
Comparison to Previous SEDs at z ~ 8

Given the challengingly low S/N in the IRAC bands for
7z~ 8 LBGs available so far, only a limited number of studies
have been undertaken that investigate the average stellar
population properties of z ~ 8 LBGs.

Labbé et al. (2013) leveraged deep IRAC 3.6 um and 4.5 pm
imaging from the IUDF program (Labbé et al. 2015) to explore
7z~ 8 LBGs with a sample of 76 Y —dropouts. Their sample has
luminosities that correspond to our S1 and, in part, S2. The Labbé
et al. (2013) stacked colors for Higy —[3.6] ~ 0.4-0.5 mag
suggest more evolved stellar populations than our results
indicate. Reassuringly, the median of our H;eg —[3.6] measure-
ments in our work for sources in common between the two
studies is Hjgo —[3.6] ~ 0.3 mag. Our HST photometry was
calibrated to be statistically consistent with the 3D-HST values.
Comparison to matching sources in the 3D-HST catalog (Skelton
et al. 2014; Momcheva et al. 2016) also showed that the
Higp-band fluxes of Labbé et al. (2013) are fainter by
approximately 0.15mag. Complicating the comparison, we
found that the sources in common between the two samples in
our analysis are split into two distinct magnitude bins, and that
our sample also includes sources with bluer H;¢0 —[3.6] colors
than those found by Labbé et al. (2013) for the same range of
magnitudes.

Song et al. (2016) discussed z~ 8 median SEDs from
stacking the photometry of 77 sources at 7.5 <zppo <8.5 from
the Finkelstein et al. (2015b) sample over the CANDELS
GOODS fields. Their brightest bin (Myy ~ —20.95 mag)
exhibits a moderately red color H;gy —[3.6] ~ 0.3 mag, con-
sistent with our estimate for S1. However, the lack of detection
in the 4.5 pm band, and in the other IRAC bands for lower-
luminosity bins, is likely the result of the shallower depth of the
IRAC data available at that time (before GREATS), making
further comparisons more difficult.

Appendix D
Comparison between Median and Inverse-variance
Weighted Average Stacked SEDs

We tested the robustness of the stacked SEDs for the IRAC
stacks against the adopted statistical estimator by repeating our
analysis with the inverse-variance weighted average instead of
the median, adopting the value of the exposure time in the
relevant IRAC band for the weight.

The weighted mean stacked cutouts in the four IRAC
bands are shown in Figure 11, while the resulting SEDs are
presented in Figure 12. The corresponding H;eo —[3.6] and
[3.6]-[4.5] colors are represented in Figure 13, while in
Figure 14 we compare the main colors from the inverse-
variance weighted average to those from the median analysis.
Figure 14 shows that there is no significant difference
between the two analyses. The limit shown in the [3.6]-[4.5]
versus Higo plot for S4 in Figures 13 and 14 results from
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Figure 11. Stacked IRAC cutouts using the inverse-variance weighted average estimator in the four bands and for the four absolute magnitude segregations, as
indicated at the top of the figure. Other plotting conventions are the same as in Figure 2.
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Figure 12. Full stacked SEDs in the four absolute magnitude bins for the inverse-variance weighted average stacking procedure. Other plotting conventions are the

same as in Figure 3.
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Figure 13. Color-magnitude plots for the inverse-variance weighted average stacks. The two panels shown here adopt the same plotting conventions as in Figure 4.
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Figure 14. Comparison of the colors from the inverse-variance weighted average (filled yellow squares) to those from the median (filled purple circles). The median is
our primary approach in the paper. No systematic difference is observed for any of the four bins.

a <20 detection in the 4.5 pm band when the inverse-
variance mean is adopted.
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