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Abstract

We present the first James Webb Space Telescope/NIRCam-led determination of 7< z< 9 galaxy properties
based on broadband imaging from 0.8 to 5 μm as part of the GLASS-JWST Early Release Science program. This is
the deepest data set acquired at these wavelengths to date, with an angular resolution 0 14. We robustly identify
13 galaxies with signal-to-noise ratio 8 in F444W from 8 arcmin2 of data at mAB� 28 from a combination of
dropout and photometric redshift selection. From simulated data modeling, we estimate the dropout sample purity
to be 90%. We find that the number density of these F444W-selected sources is broadly consistent with
expectations from the UV luminosity function determined from Hubble Space Telescope data. We characterize
galaxy physical properties using a Bayesian spectral energy distribution fitting method, finding a median stellar
mass of 108.5Me and age 140Myr, indicating they started ionizing their surroundings at redshift z> 9.5. Their star
formation main sequence is consistent with predictions from simulations. Lastly, we introduce an analytical
framework to constrain main-sequence evolution at z> 7 based on galaxy ages and basic assumptions, through
which we find results consistent with expectations from cosmological simulations. While this work only gives a
glimpse of the properties of typical galaxies that are thought to drive the reionization of the universe, it clearly
shows the potential of JWST to unveil unprecedented details of galaxy formation in the first billion years.

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

Supporting material: machine-readable tables

1. Introduction

Redshift z∼ 8–7 is likely the epoch when the universe
undergoes a rapid phase transition. The intergalactic medium
neutral fraction xHI quickly declines from ~x 1HI to ∼0 with
decreasing redshift (e.g., Treu et al. 2013; McGreer et al. 2015;
Greig et al. 2017; Bañados et al. 2018; Mason et al. 2018). For a
full understanding of this complex reionization process, it is
fundamental to characterize the physical properties of the sources,
especially galaxies around and below the characteristic luminosity
L*, as those are thought to contribute the most to the photon
budget due to their high abundance (e.g., Robertson et al. 2015).
Key topics to study include, but are not limited to, their star
formation rates, underlying stellar population properties such as

mass, ages, and metallicities, as well as the morphology and dust
content.
Spectral energy distribution (SED) fitting is a crucial process to

derive galaxy physical parameters (e.g., Maraston et al. 2010;
Roberts-Borsani et al. 2021). So far, the combination of Hubble
and IRAC/Spitzer has been the primary tool for the community to
determine the SED properties of z 7 galaxies. However, IRAC
photometry is limited in terms of both depth and spatial resolution,
which can lead to systematic uncertainties from deblending
procedures (Merlin et al. 2015; Tacchella et al. 2022). The deepest
data set on Spitzer/IRAC have 5σ depths of ∼26–27mag in the
4.5 μm band (e.g., Labbé et al. 2015; Stefanon et al. 2022a),
which limits the current measurements to bright massive galaxies
(stellar masses> 109Me, e.g., Roberts-Borsani et al. 2022). For
lower-mass galaxies, the measurements are mainly based on
stacked SEDs (e.g., Stefanon et al. 2022b) or a handful of
gravitationally lensed sources (e.g., Castellano et al. 2016; Atek
et al. 2018; Bradač et al. 2019; Strait et al. 2021).
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Moreover, given Spitzer’s limited angular resolution, most
of the existing z 7 galaxies are selected via detection in rest-
frame UV bands either from Hubble Space Telescope (HST)
images (e.g., Labbé et al. 2010; Roberts-Borsani et al. 2016) or
from ground-based surveys (e.g., Whitler et al. 2022).
Interestingly, ALMA has recently been playing an important
role in high-z studies, yielding unprecedented observations of
galaxies that are dark in HST bands (Franco et al. 2018; Shu
et al. 2022). These results show that the selection of high-z
galaxies based on rest-frame UV is partially biased and that
redder wavelengths can potentially uncover an undiscovered
population. The selection of z> 7 galaxies from the rest-frame
optical band (i.e., ∼4 μm observer frame) has not been possible
so far, but the situation has now changed with the availability
of James Webb Space Telescope (JWST hereafter) NIR-
Cam data.

In this Letter, we present F444W-selected F090W-dropout
candidates (7 z 9) in the NIRCam parallel pointing from
the JWST GLASS Early Release Science Program (Treu et al.
2022a), the deepest image at these wavelengths obtained so far
from the new observatory. This is effectively approximately a
rest-frame V-band selection. We report the physical properties
of the identified candidates, such as luminosities, stellar
masses, star formation rates (SFRs), and ages. Further, we
use the galaxy properties to constrain the star formation main
sequence at this redshift and above. With the sensitivity of
JWST and depth of the ERS program, we investigate galaxies
with 108M*/Me 109 (F444W 28 mag), approaching a
mass range that likely includes many of the sources that are
responsible for reionization (e.g., Alvarez et al. 2012).

We quote magnitudes in the AB system (Oke & Gunn 1983)
and adopt the standard cosmology with Ωm= 0.3, ΩΛ= 0.7,
and H0 = 70 km s−1 Mpc−1.

2. Data and Sample Selection

We use the photometric catalog of the first NIRCam parallel
observations of the GLASS-JWST-ERS program obtained on
2022 June 28–29 (Paper II; Merlin et al. 2022). The
observation was acquired in parallel to the primary NIRISS
observation of cluster Abell 2744. The field is sufficiently far to
avoid significant gravitational-lensing magnification (approxi-
mately one virial radius away from the cluster core). Although
magnification at the ∼30% level is still expected based on
weak-lensing studies (Medezinski et al. 2016), we assume that
all galaxies in this work have magnification μ = 1. The data set
includes seven wide filters: F090W, F115W, F150W, F200W,
F277W, F356W, and F444W. Their 5σ depths in a 0 30
diameter aperture are in the range of 29–29.5 AB mag. We
refer readers to Paper II for the detailed description of the
image reduction, sensitivity, and photometric catalog construc-
tion. The final images are PSF-matched to the F444W band
(coarsest resolution with FWHM≈ 0 14). Objects are detected
with SourceExtractor (Bertin & Arnouts 1996) using F444W as
the detection image. That is, for z∼ 7–8, the galaxies are
detected based on the rest-frame V band. In this work, the
colors refer to magnitudes measured in circular apertures of
size 0 30 in diameter (∼2 FWHM). The total F444W fluxes
are the Kron fluxes measured with A-PHOT (Merlin et al.
2019), taken directly from the catalog in Paper II. For other
bands, the total fluxes are 0 30 diameter aperture fluxes scaled
with the ratios between the total fluxes and the 0 30 diameter
aperture fluxes in the F444W band. Our aperture size choice is

motivated so that it captures most of the fluxes from the
galaxies at these redshifts while minimizing the risk of
contamination from other nearby sources. As measured in
Yang et al. (2022, Paper V), our final galaxy candidates have a
median effective radius of 0.54 kpc in the F444W band, which
corresponds to 0 10 at z= 8). We note if we were to use 0 45
diameter aperture fluxes to scale total flux calculations, our
results would remain substantially unchanged within the limits
of photometric scatter uncertainties.

2.1. Color and Signal-to-noise Ratio Selection Criteria

We optimize the selection criteria by following the frame-
work described in Hainline et al. (2020) based on the JAdes
extraGalactic Ultradeep Artificial Realizations (JAGUAR) mock
catalog (Williams et al. 2018). We aim to obtain a high-purity
F090W dropout sample, which led to the following criteria:

- >
- <
- > ´ - +

<

F090W F115W 0.75
F150W F200W 0.4
F090W F115W 1.5 F150W F200W 1

S N F090W 2.0 1
( )

( ) ( )/

We also require that the signal-to-noise ratio (S/N) be >8 in
the F444W band and >2 in the F115W, F150W, and F200W
bands. We note that if sources satisfy the selection criteria for
F115W dropouts (z> 9) as presented in Castellano et al. (2022,
Paper III), they are included in that sample instead.
A four-band color selection is recommended by Hainline et al.

(2020) as it yields higher completeness and accuracy than a three-
band color selection. Generally, the nondetection criteria are only
applied to bands below the dropout band. However, in our
simulated data analysis, we find that the requirement of S/N
(F090W)< 2 rejects ∼75% of z∼ 2 galaxies that would
otherwise have leaked in as interlopers. In addition, the S/N
(F090W) criterion helps reject ∼70% of 6< z< 7 sources that
would have otherwise been included in the sample. Including the
F090W S/N criterion has a minimal effect on the candidates with
true redshift z> 7.25 and merely shifts the average redshift of the
F090W dropouts from 7.2 to 7.5.
Based on these JAGUAR tests, the color and S/N selections

yield a sample with purity 95% for objects brighter than
F444W� 27.5 mag. Here we define purity as a ratio of the
number of candidates with true redshift z> 7 to the number of
all selected candidates. The purity drops quickly to ∼50% at
F444W = 28.5 mag, where the contamination by z∼ 2 galaxies
is about 30%. The other 20% of the objects that passed the
selection criteria are 5< z< 7 galaxies. Finally, we test the
selection criteria on the mock NIRCam images of the observed
field described in Paper II. We find a similar conclusion in
terms of both purity and completeness.

2.2. Photometric Redshift Refinement

To further refine the sample selection, we follow Kauffmann
et al. (2020), who found that adding a photometric redshift
(photo-z) selection to a color cut yields higher purity with
minimal loss of completeness. Thus, we refine the color–S/N-
selected sample with the photometric redshift code EAzY
(Brammer et al. 2008) with the default V1.3 spectral template
and a flat prior.
Based on the output photometric redshifts, we restrict the

selection to candidates (1) with the most probable redshift at
high z and (2) with an integrated probability under the peaks of
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the distribution that is largest at high z, i.e., zpeak> 6 and zp> 6
in EAzY nomenclature. In the test on the JAGUAR mock
catalog, this procedure reduces the interloper contamination
from ∼30% to 10% at F444W= 28.5 mag. The completeness
drops by an additional few percent for sources with F444W
brighter than 27 mag, by ∼20% at 28 mag, and by ∼40% at
28.5 mag.

As for candidates from the actual JWST images, we have a
total of 55 candidates from the color and S/N cut alone. We
plot the color selection diagram of these galaxies in Figure 1.
The photo-z refinement rejects 41 objects. Among those that
fail the photo-z criterion, 25 are either artifacts, partially fall
into gaps, or blobs with visible sizes larger than 1″. For the rest,
most have fluxes in the F090W band with S/N> 1 and are
fainter than F444W> 27 mag, except for three sources that
could well be at z> 7 based on colors and visual inspection but
are still excluded from further analysis for consistency of the
selection criteria. As a result, we have 14 candidates for further
refinement. We call this type of candidates the LBG+photo-z
sample. They are our primary sample.

2.3. Additional Photometric Candidates

In addition to the LBG+photo-z sample above, we perform a
second independent selection to capture additional high-z
candidates that fail to enter into the strict LBG selection
window. This additional sample may include the sources within
the color–color region copopulated by high-redshift sources
and passive intermediate-redshift interlopers, and the sources
that may be faint in the F115W–F200W bands. To do so, we
carry out a photometric redshift analysis of all objects in the
source catalog and select galaxies that have best-fit photometric
redshifts in the range of 7< z< 9 assessed by two photometric
redshift codes: EAzY and zphot (Fontana et al. 2000). We
refer readers to Santini et al. (2022, Paper XI) for further details

of the zphot fitting procedure. Furthermore, we require that
their 0 1 central regions must not fall in gaps in at least six out
of the seven bands, including both F090W and F115W, which
we deem critical as those bands encompass the Lyman break.
Lastly, at least three of the bands from F115W to F356W must
have S/N> 2, and F444W must have S/N 8. Based on
mock-catalog analysis, having photometric redshift confirmed
by two independent codes increases the purity of the sample.
Based on simulated NIRCam images of the observed field, we
estimate a sample purity of >70% for this additional
photometric selection.
We find 14 candidates, 9 of which are already included in the

LBG+photo-z candidates. Therefore, we have five remaining
objects for further refinement. We identify these objects as the
photo-z sample.

2.4. Contamination by Cool Dwarfs

Although the expected number of ultracool dwarfs is only a
few per field (Ryan & Reid 2016), we take a precautionary step
to remove possible contamination from late L and T dwarfs in
our sample. One effective solution to mitigate this contamina-
tion, without resorting to the characterization of the light profile
of the sources to determine whether they are spatially resolved
or point sources, is to exclude objects with F356W −
F444W<−0.3 (Hainline et al. 2020). With this criterion, we
reject two additional objects from the LBG+photo-z sample
and none from the photo-z sample.

2.5. Visual Inspection

Finally, two authors (N.L. and M.T.) visually reviewed all
candidates. The objective of this process is strictly limited to
eliminating defects and artifacts that could escape automatic
flagging, such as spikes of foreground stars, scattered light, and
objects that fall into gaps. Such a sanity check is especially
important for a new camera and telescope. To be conservative,
we only include objects that both reviewers independently
approved. Here we remove three objects from the LBG+photo-
z sample. One is an artifact known as “dragon’s breath” in the
JWST artifact nomenclature (Rigby et al. 2022). One partially
falls in a gap in F090W, and one is a large faint blob next to
bright objects. We remove one object from the photo-z sample
that partially falls in the gap in the F090W image.

3. Results and Discussion

We obtain nine final LBG+photo-z candidates and four final
photo-z candidates at 8σ detection in F444W. Their image
stamps are shown in Figures A1 and A2. We discuss their
photometric properties in the Appendix. The F444W magni-
tude range of the candidates is 26.3–28.0 with a median of 27.6
mag. We discuss their SED-inferred physical properties in the
sections below. Other properties such as mass-to-light ratios,
morphology, and sizes are discussed in detail in Paper XI, Treu
et al. (2022b, Paper XII), and Paper V, respectively.
The total area where the bands required for candidate

selections (F090W, F115W, F150W, F200W, and F444W)
overlap is 7.7 arcmin2. Based on the segmentation map, 87%
are not covered by foreground objects. Our preliminary test on
mock catalogs suggests that the completeness of the LBG
+photo-z selection is ∼40%. Using the existing UV luminosity
functions (Bouwens et al. 2015; Bowler et al. 2020), we expect
∼10 LBG+photo-z candidates at 7< z< 9 in the field, which

Figure 1. Observed color selection diagram for F090W dropouts. Green
squares indicate the LBG+photo-z candidates in this paper (see Section 2.1).
Orange crosses are objects that pass the color and S/N selection criteria but
failed the photo-z criterion. The gray dots show all objects in the photometric
catalog that pass the minimum S/N criteria (i.e., S/N(F444W) > 10 and S/N
(F115W, F150W, F200W) > 2). The gray dots that are in the color selection
box are those with S/N(F090W) > 2 and do not pass the S/N(F090W)
criterion. Blue squares are photo-z candidates (see Section 2.3).

3

The Astrophysical Journal Letters, 942:L26 (10pp), 2023 January 10 Leethochawalit et al.



is in agreement with the number of candidates found here.
Since previous UV luminosity functions were mainly based on
rest-frame UV-selected galaxies, our results suggest that the
population of LBG galaxies that are selected from the rest-
frame V band are similar to those selected from the rest-frame
UV band. Nonetheless, this comparison is only qualitative
because we do not have detailed source recovery and
completeness simulations available for this preliminary version
of the image reduction.

3.1. SED Modeling

We use the Bayesian SED-fitting code Bagpipes (Carnall
et al. 2018) to infer the physical properties of the galaxies in our
sample. The code is based on the 2016 version of the Bruzual &
Charlot (2003) stellar population models, the CLOUDY photo-
ionization code (Ferland et al. 2017), the Inoue et al. (2014) IGM
attenuation model, and the Kroupa & Boily (2002) IMF. We
assume the Calzetti et al. (2000) dust attenuation law. The free
parameters and their prior ranges that are not related to SFH are
stellar mass ( < <*M M6 log 13( ) ), attenuation in the V band
(0<AV< 3), ionization parameter (- < < -U4 log 2), and
metallicity (0< Z/Ze< 1).

While parameters derived from SED fitting are relatively
independent of model templates (Whitler et al. 2022), fitting
codes, and assumed dust attenuation law (Topping et al. 2022),
they are dependent on the assumed SFH (Carnall et al. 2019;
Leja et al. 2019; Topping et al. 2022; Whitler et al. 2022). The
dependence is stronger for the age and weaker for the stellar
mass and SFR (Santini et al. 2015; Tacchella et al. 2022). For
this reason, we adopt a log-normal SFH, which allows a wide
range of SFH shapes, ranging from rising to declining over
time, despite its parametric nature. Moreover, this functional
form matches well the overall shapes of the majority of SFHs in
cosmological hydrodynamic simulations (e.g., Gladders et al.
2013; Diemer et al. 2017). The free parameters under this
assumption are the age of the universe at the peak of star
formation tpeak and the FWHM of the SFH duration. We set
both to vary between 1Myr and 13 Gyr.

For each object, we run Bagpipes twice. First, with a
redshift fixed to the zpeak redshift from EAZY. The best-fit
values of the inferred physical properties quoted in this paper
are from this step. The redshift is fixed to the EAZY best-fit
values because (1) EAZY is a common photometric redshift
SED-fitting tool that has been used and validated in multiple
deep surveys (e.g., Skelton et al. 2014; Straatman et al. 2016)
and (2) for consistency with other papers in the series that use
EAZY output as the reference photometric redshifts, e.g.,
Glazebrook et al. (2022, Paper XV) and Nanayakkara et al.
(2022, Paper XVI). For the second run of Bagpipes, we
allow the redshift to vary within 3σ of zpeak. The uncertainties
reported in this paper account for redshift uncertainties from
this step. The best-fit SEDs at zpeak are shown in Figure 2. We
list the inferred physical properties in Table 1.

The stellar mass of our candidates ranges from 108.0 to
109.3Me with a median of 108.5Me. The mass-weighted age
ranges from 35 to 220Myr with a median of 140Myr. The ages
correspond to a formation redshift (the redshift at which half of
the current stars in each galaxy have formed) of z = 10.6 to
z = 7.8, with a median of z = 9.5. This suggests that the
majority of these galaxies started forming stars before redshift
9.5. For the more massive galaxies with ages close to 200Myr,
we infer substantial star formation happening at z 11, which

is consistent with the z> 11 objects found in the same data set
(Paper III; Naidu et al. 2022). The inferred dust extinction (AV)
has an average of -

+0.2 0.1
0.2 mag, which is consistent with

AV∼ 0.5 mag of the z = 8.38 A2744_YD4 lensed galaxy
(Laporte et al. 2017), as modeled by Behrens et al. (2018). This
average extinction is a few times lower than typical values at
z∼ 2–3 (e.g., Theios et al. 2019).
Our best-fit SFHs all show SFRs that increase with time, in

approximate agreement with what is found in cosmological
simulations at similar mass and redshift without burstiness
features (e.g., Ma et al. 2018). As a cautionary note, based on
Whitler et al. (2022), about 10% of the z∼ 7 galaxies undergo
an intense burst of star formation. For these galaxies, the assumed
smooth SFH would be skewed toward the recent burst, likely
resulting in an underestimation of mass and age.

3.2. SFR of 7< z< 9 Galaxies

We plot the star formation main sequence in the left panel of
Figure 3. Our measurements are shown in colors. Gray data
points show the measurements in literature based on SED
modeling with nebular emission lines. We fit our measurements
with a linear relation in log scale using a least-squares method
and Monte Carlo sampling (repeated 1000 times):

a b= +
-

*
M

M

M
log

SFR

yr
log

10
, 210 1 10 8

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

( )
 

where α and β are free parameters. The best-fit slope and
normalization at 108Me are -

+0.76 0.14
0.15 and - -

+0.08 0.14
0.10, with an

average scatter of 0.1 dex.
We follow the method in Santini et al. (2017) to correct the

fitted linear equation for Eddington bias. In short, we replicate the
observed mass 20 times to increase the statistics and consider
these as “true” masses. We then create a grid of true αʼs and βʼs.
For each “true” α and β, we calculate each galaxy’s “true” main-
sequence SFR with the observed scatter. We then add Gaussian
noise based on each object’s measurement uncertainties to obtain
the “observed” mass and SFR. We calculate the “observed” best-
fit linear fit for that “true” α and β. The Eddington-bias corrected
parameters are the range of these true α and β that match the
observed slope and normalization and their uncertainty ranges.
We find that the Eddington-bias corrected parameters are
a = -

+0.95 0.23
0.17 and b = - -

+0.15 0.12
0.13.

The obtained main-sequence slope α is consistent with lower
redshifts (Santini et al. 2017). Both hydrodynamical simula-
tions and semianalytical models predict α that is close to unity,
e.g., α= 1.03 in Ma et al. (2018) and α= 0.95 in Yung et al.
(2019). Both are consistent with our measurement.

3.3. SFR Evolution Insight from Galaxy Ages

Age as a function of stellar mass provides additional
information to constrain the relation between star formation
and mass at even higher redshifts, where it might be difficult to
obtain large-enough samples from direct observations, even
with JWST. Here we present a method to constrain the time-
dependent component in the main-sequence evolution. We
assume that SFR (M ) is a power-law function of both stellar
mass and redshift:

µ + µa g a g ¢M M z M t1 . 3( ) ( ) ( )

M and t are the stellar mass and time since the big bang. In
the matter-dominated universe (which is relevant to the
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calculation here), g g¢ = - 2

3
. Since the mass-weighted age

can be approximated as

ò

ò
»

-
t

M t t dt

Mdt
age , 4

t

t0
0 0

0

0

0
( )

( )
( )





where t0 is the age of the universe at the observed redshift, we
can use Equation (3) to show that

µ
a
g

-
+ ¢M Mage . 5

1
1( ) ( )

Here we predict a linear relation between the log mass-
weighted age and log stellar mass. With this formalism, we can

Figure 2. Best-fit SEDs of 7  z  9 candidates, derived with the most probable redshift (zpeak) determined by EAzY. Observed total fluxes are shown in blue. The
first nine objects with IDs in green are the LBG+photo-z candidates. The last four objects with IDs in blue are the photo-z candidates.

Table 1
The Physical Properties Inferred from the F090W Dropout Galaxies

ID R.A. Decl. z(EAzY)
*M Mlog( ) SFR (Me/yr) Age (Myr) MUV

a AV

LBG+photo-z candidates
1470 3.5137326 −30.3628201 -

+7.6 0.5
0.5

-
+8.4 0.1

0.2
-
+1.4 0.2

0.4
-
+160 55

76 - -
+18.7 0.3

0.2
-
+0.2 0.1

0.2

2236 3.4898570 −30.3544532 -
+8.0 0.7

0.6
-
+8.0 0.7

0.3
-
+0.9 0.6

0.3
-
+72 67

88 - -
+18.7 0.1

0.3
-
+0.1 0.1

0.2

2574 3.4954699 −30.3507722 -
+7.4 0.3

0.3
-
+8.4 0.3

0.1
-
+1.6 0.3

0.3
-
+140 95

48 - -
+19.2 0.2

0.1
-
+0.1 0.1

0.1

2911 3.5118088 −30.3468413 -
+6.9 0.2

0.2
-
+9.3 0.1

0.2
-
+9.1 1.9

3.6
-
+180 69

81 - -
+19.5 0.2

0.1
-
+0.7 0.1

0.1

2936 3.5119322 −30.3466618 -
+7.2 5.0

0.6
-
+9.1 0.2

0.1
-
+4.2 0.9

1.5
-
+230 120

74 - -
+19.4 0.5

0.1
-
+0.4 0.2

0.2

3120 3.5202581 −30.3439199 -
+7.4 0.3

0.3
-
+8.5 0.2

0.3
-
+3.2 1.3

1.3
-
+35 22

71 - -
+20.1 0.3

0.1
-
+0.2 0.2

0.1

4542 3.4879853 −30.3254241 -
+9.0 0.6

0.7
-
+8.5 0.3

0.2
-
+2.0 0.5

0.4
-
+110 63

42 - -
+19.5 0.1

0.2
-
+0.1 0.1

0.1

4863 3.4866961 −30.3272162 -
+8.1 0.5

0.4
-
+8.1 0.3

0.3
-
+1.4 0.7

0.4
-
+52 35

64 - -
+19.3 0.1

0.1
-
+0.1 0.0

0.1

5001 3.4997064 −30.3177257 -
+8.1 0.8

0.7
-
+8.3 0.4

0.2
-
+1.6 0.7

0.4
-
+74 52

67 - -
+19.4 0.1

0.2
-
+0.1 0.0

0.1

photo-z candidates
1708 3.4905553 −30.3603869 -

+7.8 0.6
0.4

-
+8.8 0.2

0.2
-
+3.3 0.7

0.8
-
+150 79

68 - -
+19.5 0.3

0.1
-
+0.3 0.2

0.1

4397 3.4746591 −30.3226226 -
+8.1 0.6

0.6
-
+8.8 0.2

0.2
-
+2.6 0.5

1.3
-
+160 82

74 - -
+19.4 0.2

0.3
-
+0.2 0.1

0.3

6116 3.5045910 −30.3079217 -
+8.2 0.6

0.6
-
+8.7 0.7

0.2
-
+2.6 1.4

1.4
-
+140 120

96 - -
+18.8 0.2

0.4
-
+0.5 0.2

0.3

6263 3.4696869 −30.3090295 -
+8.2 5.7

0.5
-
+8.5 0.4

0.2
-
+2.1 1.9

0.7
-
+130 74

630 - -
+19.3 0.2

3.6
-
+0.1 0.1

0.3

Notes.We model the observed photometry with BAGPIPES assuming a log-normal SFH. The values are the median of the posterior distribution when redshift is fixed
to zpeak from EAZY. The uncertainties include the marginalized 1σ interval when the redshift is free to vary (see text). The age displayed is the mass-weighted age. All
galaxies are assumed to have magnification μ = 1.
a MUV magnitudes are measured by sampling best-fit SEDs from the posterior distributions of the best-fit parameters. They are magnitudes corresponding to the
average flux in the 100Å range centering at the 1500 Å wavelength.

(This table is available in its entirety in machine-readable form.)
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constrain the time-dependent term of the star formation rate g¢
from its slope and the α term obtained in the above section. We
note that this approach is approximate under the assumption
that the galaxies have not started their quenching process and
have been, on average, residing on the main sequence, i.e., no
significant burst that produced a substantial fraction of
stellar mass.

We plot log age versus log stellar mass in the right panel of
Figure 3. We obtained a slope of -

+0.42 0.25
0.25, a normalization of

-
+1.81 0.21

0.18, and a scatter of 0.2 dex. Using the same method to
correct for the Eddington bias, we infer an intrinsic slope and
normalization of -

+0.50 0.29
0.33 and -

+1.82 0.20
0.21. This indicates that the

redshift-dependent term for the SFR evolution function is
g = -

+1.4 0.8
0.7. Our result is roughly consistent within 1σ with the

predicted value of γ= 2.01 based on the FIRE-II simulation
(Ma et al. 2018).

We note that ages measured on star-forming galaxies should
always be treated as estimates only. Age is sensitive to multiple
parameters such as the assumed SFH, metallicities, and binary
fractions (e.g., Steidel et al. 2016; Leethochawalit et al. 2019).
This is particularly true in galaxies with high specific star
formation rate (Whitler et al. 2022). Such galaxies may include
those with red F444W − F356W color, e.g., ID 4863 and ID
6116 in our sample, which are potentially due to high-
equivalent-width nebular emission lines (Roberts-Borsani et al.
2016), indicating highly active star-forming activities.

4. Conclusion

We present 13 sources at 7< z< 9, photometrically selected
from the NIRCam observation in the GLASS-JWST-ERS
program. The galaxies have been identified based on rest-frame
V-band detection, the first time that this has been possible for a
sample of L L* sources. Based on simulated data modeling,
we expect our sample to have 10% contamination. We

measured their stellar mass, SFRs, and mass-weighted ages
using the Bagpipes SED-fitting code. The galaxies have
stellar masses ranging from 108.0 to 109.3Me. The key results
from this work are:

1. Overall, the number density of these sources is broadly
consistent with expectations from the UV luminosity
function at this redshift determined from HST data.
However, a detailed comparison is beyond the scope of
this work as it requires exhaustive completeness and
source recovery simulations.

2. The galaxies span a wide range in mass-weighted ages,
from 30Myr in the least massive galaxy to 100–200Myr
in the more massive 109Me galaxies. This suggests a
significant amount of star formation in typical objects in
our sample at redshift z 11. A caveat to note is that
these conclusions are based on an assumed log-normal
functional form for the SFH.

3. We present a preliminary determination of the star
formation main sequence at z∼ 8. The Eddington-bias-
corrected slope is -

+0.95 0.23
0.17, consistent within 1σ with

predictions from Ma et al. (2018) and Yung et al. (2019).
4. We present a method to constrain the star formation

main-sequence evolution using inferred ages. We find
that the redshift-dependent power-law slope term
is -

+1.4 0.8
0.7.

We note that the galaxies in this work may be affected by
systematic uncertainties due to the preliminary NIRCam
calibrations available at the time of writing. The fluxes were
obtained at face values from the catalog in Paper II, where the
uncertainties in the zero-points (∼0.1 mag) are not included in
the photometry calculations. Also, the field is affected by some
modest amount of gravitational lensing, which would impact
both mass and SFR measurements, but not age. The effect
should be relatively minor for the star formation main sequence

Figure 3. Left: star formation main sequence (log SFR vs. log stellar mass). Right: log mass-weighted age vs. log stellar mass. Green and blue squares show our LBG
+photo-z and photo-z candidates in this paper, respectively. The best-fit observed linear relation is plotted in red in each panel, while the Eddington-bias corrected
slope and normalization at 108Me are listed at the lower right corners. The gray data points show literature values. Circles—rest-frame UV-selected z ∼ 7 galaxies
with ALMA FIR data (assumed nonparametric SFHs) from Topping et al. (2022). Diamond—z ∼ 8.5 galaxies in CANDELS fields with Spitzer/IRAC data (assumed
nonparametric SFHs) from Tacchella et al. (2022). Pentagons—stacked z ∼ 8 galaxies in the HST legacy fields with deep Spitzer/IRAC data (assumed constant
SFHs) from Stefanon et al. (2022b). Stars and filled cross—z ∼ 8 galaxies with IRAC detections from SuperBoRG (assumed delayed-tau and nonparametric SFHs,
respectively) (Morishita et al. 2020; Roberts-Borsani et al. 2022). Triangles—z ∼ 6.8 galaxies in the COSMOS field with Spitzer/IRAC data (assumed constant SFHs)
from Whitler et al. (2022). The gray dashed line indicates the theoretical prediction at z = 8 from Yung et al. (2019).
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since our inference is presented in a log scale. We will consider
the lensing magnification in future work after the full data
acquisition of the GLASS-ERS program.

Overall, this paper provides a first robust look at the
properties of typical galaxies in the epoch of reionization from
19 hr of observations. It highlights the transformational
capabilities of JWST infrared imaging to characterize the first
light sources in the universe once both deeper and wider data
sets become available.

This work is based on observations made with the NASA/
ESA/CSA James Webb Space Telescope. The data were
obtained from the Mikulski Archive for Space Telescopes at
the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc.,
under NASA contract NAS 5-03127 for JWST. These
observations are associated with program JWST-ERS-1324.
We acknowledge financial support from NASA through grants
JWST-ERS-1324. This research is supported in part by the
Australian Research Council Centre of Excellence for All Sky
Astrophysics in 3 Dimensions (ASTRO 3D), through project
number CE170100013. K.G. and T.N. acknowledge support
from the Australian Research Council Laureate Fellowship
FL180100060. M.B. acknowledges support from the Slovenian
national research agency ARRS through grant N1-0238.

Facility: JWST(NIRCam).

Software: astropy (Astropy Collaboration et al. 2018),
Bagpipes (Carnall et al. 2018).

Data Availability

We provide tables in this paper in machine-readable format.
Further images, plots, and the routines used in this work are
available upon reasonable request.

Appendix
Observed Photometric Properties of the F090W Dropouts

Figures A1 and A2 show the image stamps of our 7 < z < 9
candidates in this work (the LBG+photo-z candidates and the
photo-z candidates respectively). We list their photometric
properties in Table A1. Their F444W magnitudes range from
26.3 to 28.0 with an average of -

+27.4 0.5
0.4, while the F150W

magnitudes range from 27.2 to 28.0 with an average of
27.6± 0.4 mag. At 7< z< 8.5, the F277W band is generally
free of strong emission lines and can be used to probe the
continuum below the 4000 Å break. However, Hβ+ [O III]
lines fall in the observed F444W band while the 4000Å break
generally falls in the 356W band. There is no emission line-free
band above the 4000Å break. The average F277W − F444W
of our sample is -

+0.5 0.3
0.2 mag, suggesting either the presence of

the 4000Å break (and thus the presence of intermediate-
age >0.3 Gyr stars) or strong Hβ+ [O III] emission lines.

Table A1
Summary of Photometry of the F090W Dropout Galaxies

ID F090W F115W F150W F200W F277W F356W F444W mF444W Color1a Color2b

LBG+photo-z candidates
1470 0.0 ± 1.8 14.8 ± 4.1 27.0 ± 6.0 16.5 ± 4.8 13.1 ± 3.2 23.8 ± 2.8 23.7 ± 2.9 28.0 −0.5 >1.2
2236 0.0 ± 1.8 14.6 ± 3.5 17.1 ± 4.3 15.3 ± 4.3 12.8 ± 3.5 10.3 ± 2.3 22.3 ± 2.4 28.0 −0.1 >1.5
2574 0.0 ± 1.8 26.8 ± 3.5 24.2 ± 3.7 31.6 ± 3.7 22.0 ± 2.5 29.6 ± 2.2 26.8 ± 3.2 27.8 0.3 >2.2
2911 6.2 ± 3.8 35.5 ± 3.5 46.9 ± 4.1 57.8 ± 4.9 65.6 ± 2.8 109.4 ± 2.4 112.6 ± 4.3 26.3 0.2 1.9
2936 6.9 ± 5.0 29.4 ± 4.5 44.7 ± 6.1 40.2 ± 5.0 45.0 ± 3.2 64.2 ± 2.8 64.6 ± 4.1 26.9 −0.1 1.6
3120 0.0 ± 1.9 52.2 ± 7.0 63.4 ± 8.6 75.6 ± 8.3 62.6 ± 5.2 64.6 ± 4.6 63.5 ± 4.2 26.9 0.2 >2.1
4542 0.0 ± 1.8 13.6 ± 4.6 31.3 ± 5.0 27.9 ± 4.7 27.6 ± 3.4 17.7 ± 3.0 30.2 ± 3.4 27.7 −0.1 >1.1
4863 0.0 ± 2.0 19.5 ± 3.5 26.3 ± 3.7 30.6 ± 3.4 21.8 ± 2.7 20.3 ± 2.3 30.4 ± 3.2 27.7 0.2 >1.7
5001 0.0 ± 1.9 26.5 ± 7.9 34.8 ± 5.8 31.6 ± 5.9 21.7 ± 4.7 21.9 ± 3.6 29.8 ± 3.7 27.7 −0.1 >1.6

photo-z candidates
1708 3.4 ± 3.6 24.1 ± 3.3 32.6 ± 21.4 35.6 ± 3.9 32.8 ± 2.6 27.4 ± 12.0 52.0 ± 4.1 27.1 0.1 >2.1
4397 0.0 ± 1.9 21.6 ± 7.0 47.6 ± 28.3 33.6 ± 5.4 22.8 ± 3.8 19.8 ± 14.4 50.6 ± 6.4 27.1 −0.4 >1.5
6116 0.0 ± 1.9 13.9 ± 4.2 19.2 ± 4.8 nan 17.0 ± 3.8 21.0 ± 3.0 42.4 ± 3.4 27.3 45.4 >1.1
6263 0.8 ± 4.4 14.7 ± 5.5 38.1 ± 24.4 29.1 ± 4.0 23.3 ± 3.5 28.4 ± 11.8 32.3 ± 4.1 27.6 −0.3 >1.3

Notes. The fluxes are total fluxes in nanojanskys. When the total flux is negative, we set the flux to zero in the SED-fitting procedure and set the uncertainty to the flux
of the 1σ limiting magnitude. Colors are based on aperture magnitudes. For color calculation, the F090W aperture magnitudes are set to 1σ limiting magnitudes if the
S/N is less than one and thus the F090W – F115W colors appear as lower limits. The IDs match those in Paper II.
a F150W − F200W UV continuum color.
b F090W − F115W Lyman drop color.

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

7

The Astrophysical Journal Letters, 942:L26 (10pp), 2023 January 10 Leethochawalit et al.



Figure A1. Image stamps of 7 < z < 9 LBG+photo-z candidates found in the GLASS-JWST-ERS NIRCam parallel observation at S/N(F444W) > 10. The columns
from left to right are the images in F090W, F115W, F150W, F200W, F277W, F356W, F444W, and RGB composite based on the F444W, F277W, and F115W bands.
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