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A B S T R A C T 

The variety of star formation histories (SFHs) of z � 6 galaxies provides important insights into early star formation, but has been 

difficult to systematically quantify. Some observations suggest that many z ∼ 6–9 galaxies are dominated by � 200 Myr stellar 
populations, implying significant star formation at z � 9, while others find that most reionization era galaxies are � 10 Myr, 
consistent with little z � 9 star formation. Here, we quantify the distribution of ages of UV-bright ( −22 . 5 � M UV � −21) 
galaxies colour-selected to lie at z � 6.6–6.9, an ideal redshift range to systematically study the SFHs of reionization era galaxies 
with ground-based observatories and Spitzer . We infer galaxy properties with two SED modelling codes and compare results, 
finding that stellar masses are largely insensitive to the model, but the inferred ages can vary by an order of magnitude. We 
infer a distribution of ages assuming a simple, parametric SFH model, finding a median age of ∼30–70 Myr depending on SED 

model. We quantify the fractions of ≤10 and ≥250 Myr galaxies, finding that these systems comprise ∼15–30 per cent and 

∼20–25 per cent of the population, respectively. With a flexible SFH model, the shapes of the SFHs are consistent with those 
implied by the simple model (e.g. young galaxies have rapidly rising SFHs). Ho we ver, stellar masses can dif fer significantly, 
with those of young systems sometimes being more than an order of magnitude larger with the flexible SFH. We quantify the 
implications of these results for z � 9 stellar mass assembly and discuss impro v ements e xpected from JWST . 

K ey words: galaxies: e volution – galaxies: high-redshift – dark ages, reionization, first stars. 
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 I N T RO D U C T I O N  

nderstanding the build up of stellar mass within the first billion 
ears of cosmic time provides crucial insights into the formation of
he first stars and galaxies. Within the last two decades, deep ground-
nd space-based observational campaigns (e.g. Bouwens et al. 2007 ; 
owler et al. 2012 ; McLure et al. 2013 ; Finkelstein et al. 2015 ; Ono
t al. 2018 ) have pushed the redshift frontier back to only a few
undred million years after the big bang. These studies have yielded 
he first observations of galaxies at z � 10 (e.g. Oesch et al. 2016 ;
iang et al. 2021 spectroscopically confirmed a galaxy at z = 10.9)
nd have laid the groundwork for new insights into z � 10 galaxies
hat will shortly be enabled by JWST ; see Robertson ( 2022 ) for a
e vie w. 

Ho we ver, current ef forts to measure the global properties and
volution of the star-forming galaxy population at these early times 
ave painted conflicting pictures. While rest-frame UV luminosity 
unctions (UV LFs) have been measured up to z ∼ 9–10 ( ∼500 Myr
 E-mail: lwhitler@arizona.edu 
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fter the big bang; Oesch et al. 2018 ; Stefanon et al. 2019 ; Bowler
t al. 2020 ; Bouwens et al. 2021 ; Bagley et al. 2022 ; Finkelstein et al.
022 ; Leethochawalit et al. 2022 ) and the first constraints at z ∼ 12–
3 are now emerging (Harikane et al. 2022 ), current UV LFs do not
trongly constrain the cosmic star formation history at z � 9. Some
esults have argued that at z � 9, the UV-luminous ( M UV � −21),
tar-forming galaxy population known to be present at z ∼ 6–9 
isappears rapidly (e.g. Oesch et al. 2018 ), while others suggest a
ore smooth decline (e.g. McLeod, McLure & Dunlop 2016 ). Thus,

ur understanding of the beginning of cosmic reionization and the 
roperties of early galaxies is limited. 
The stellar mass content of the Universe at slightly lower redshifts

ro vides an alternativ e path towards understanding star formation at
arly cosmic times. Specifically, since the stellar mass of a galaxy
epresents the integral of its past star formation, a complete census of
tellar mass at z ∼ 6–9 can constrain earlier ( z ∼ 9–15) epochs of star
ormation where it is challenging to directly observe galaxies with 
urrent facilities. Over the last two decades, this census of stellar
ass at z ∼ 6–9 has been enabled by Spitzer /Infrared Array Camera

IRAC) imaging at 3.6 and 4.5 μm (e.g. Duncan et al. 2014 ; Grazian
t al. 2015 ; Song et al. 2016 ; Bhatawdekar et al. 2019 ; Kikuchihara
t al. 2020 ; Stefanon et al. 2021 ), which probes the rest-frame optical
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tellar continuum that is key to clean measurements of stellar mass.
o we ver , broad-band IRA C photometry can also be contaminated
y strong nebular emission lines, leading to systematic uncertainties
n individual stellar masses (and consequently the total stellar mass
ontent of the Universe) if the exact contribution of nebular lines
o the photometry is unknown (e.g. Schaerer & de Barros 2009 ,
010 ; Gonz ́alez et al. 2012 , 2014 ; Stark et al. 2013 ; de Barros,
chaerer & Stark 2014 ). Thus, it is ideal to focus on galaxies at
edshifts where the strongest nebular lines, notably [O III] and H β

t z � 6.5, transmit through only one IRA C filter , leaving the other
o cleanly probe the rest-optical stellar continuum. This generally
equires precisely characterized photometric redshifts (e.g. Smit et al.
014 , 2015 ; Endsley et al. 2021a selected galaxies within �z � 0.3)
r spectroscopic redshifts (e.g. Zitrin et al. 2015 ; Roberts-Borsani
t al. 2016 ; Stark et al. 2017 ; Hashimoto et al. 2018 ; Laporte et al.
021 ). 
There has been considerable progress towards developing a

omprehensive understanding of the rest-frame optical properties of
alaxies during reionization. Many rest-UV-selected galaxies have
een found to have strong nebular lines ( [O III] + H β equi v alent
idths � 600 Å) and weak underlying rest-optical continuum (Labb ́e

t al. 2013 ; Smit et al. 2014 , 2015 ; Roberts-Borsani et al. 2016 ;
e Barros et al. 2019 ; Endsley et al. 2021a ; Stefanon et al. 2022 ).
hese intense lines are consistent with a recent, rapid increase in
tar formation such that the rest-UV and optical spectral energy
istribution (SED) is dominated by a young ( � 10 Myr) – and
orrespondingly low mass – stellar population (e.g. Tang et al.
019 ). Such systems are found much less frequently among UV-
elected galaxies at z ∼ 2 (Boyett et al. 2022 ), suggesting that young,
ntense line emitters become increasingly common into reionization.
f these galaxies both (1) represent the majority of z ∼ 6–9 galaxies,
nd (2) are truly young and low mass, this suggests that there is
ittle star formation activity at z � 9, possibly consistent with a
apid disappearance of UV-bright, star-forming galaxies. In contrast,
vidence for a very different population of mature ( � 200 Myr)
alaxies (characterized by strong Balmer breaks in their SEDs) as
arly as z ∼ 9 has been growing (e.g. Egami et al. 2005 ; Richard
t al. 2011 ; Zheng et al. 2012 ; Huang et al. 2016 ; Hashimoto et al.
018 ; Hoag et al. 2018 ; Strait et al. 2020 ; Laporte et al. 2021 ). If
hese evolved systems are more common than young line emitters,
his implies that much more stellar mass must be in place by z ∼ 9,
ointing to more vigorous star formation within the first ∼350 Myr
f cosmic time. 
The distribution of ages of UV-selected galaxies at z ∼ 6–9

ro vides ke y insights into star formation at z � 9. Ho we ver, it
s currently unclear how frequently either young line emitters or

ature systems occur among the bright galaxy population. This
mbiguity is largely caused by two sources of uncertainty. First,
t is difficult to photometrically select large samples in sufficiently
recise redshift ranges such that rest-optical stellar continuum and
ebular lines can be unambiguously separated in IRAC photometry.
ith large redshift uncertainties, the IRAC observations could be

eproduced by either strong rest-optical nebular lines that imply
oung ages, or Balmer breaks consistent with old ages (and it has
urther been noted that nebular lines and Balmer breaks may be
egenerate in IRAC photometry at z > 7 even with well-known
edshifts; Roberts-Borsani, Ellis & Laporte 2020 ). Secondly, there
re fundamental limitations in measuring ages and stellar masses of
alaxies that appear young, since young stars dominate the observed
est-UV and optical SED and outshine any older stellar population
hat may exist (e.g. Papovich, Dickinson & Ferguson 2001 ). Thus, the
mount of early star formation, and therefore the age and stellar mass,
NRAS 519, 5859–5881 (2023) 
nferred for an individual system can depend strongly on the SED
odel. 
Endsley et al. ( 2021a , hereafter E21a) pioneered a method to

onfront the first of these shortcomings, leveraging both narrow-
and and o v erlapping broad-band filters to substantially reduce
hotometric redshift uncertainties. Their colour selection precisely
elects galaxies to lie at redshifts of z � 6.6–6.9 (a redshift range
hat was also employed by Smit et al. 2014 , 2015 ), where [O III] and
 β transmit through the IRAC 3.6 μm bandpass, leaving the 4.5 μm
lter free of strong lines. Since the 4.5 μm filter probes only the
est-optical stellar continuum, the physical properties of the sample
an then be robustly measured and statistically characterized. E21a
ocused on quantifying the z ∼ 7 [O III] + H β equi v alent width
istribution with this selection, and here we extend their work to
ssess the distribution of ages of UV-bright galaxies at z � 6.6–6.9.
or our analysis, we use a slightly updated selection to obtain a

arger sample, then infer ages and stellar masses using star formation
istory (SFH) models with varying degrees of flexibility (including a
ighly flexible non-parametric model to investigate the potential for
ld stellar populations in galaxies that appear young). We explore the
ystematics of the stellar population synthesis, photoionization, and
FH models we adopt, and quantify the implications of our inferred
tellar masses, ages, and SFHs (along with their uncertainties) for
he assembly of stellar mass at very early times. 

This paper is organized as follows. We describe the observations
nd our sample selection in Section 2 . We present our SED modelling
pproach with two Bayesian galaxy SED modelling codes, the
ayEsian Analysis of GaLaxy sEds ( BEAGLE ; Che v allard & Charlot
016 ) code and PROSPECTOR (Johnson et al. 2021b ), in Section 3 ,
hen report the physical properties inferred from the SED models
nd compare the results of the two codes in Section 4 . We quantify
he distribution of SED-inferred ages of UV-bright galaxies at z ∼ 7
n Section 5 . In Section 6 , we discuss the implications of our findings
or the build up of stellar mass in the early Universe and present the
uture outlook with upcoming JWST data. Finally, we summarize
nd conclude in Section 7 . 

Throughout this paper, we adopt a flat � CDM cosmology with h =
.7, �M 

= 0.3, and �� 

= 0 . 7. All magnitudes are given in the AB
ystem (Oke & Gunn 1983 ). We quote the marginalized 68 per cent
redible intervals for all errors, and all logarithms are base-10. 

 OBSERVATI ONS  

n this work, we discuss a sample of Lyman break galaxies selected to
ie at z � 6.6–6.9 o v er 1.5 de g 2 in COSMOS. We describe our rest-
V colour selection criteria in Section 2.1 and our Spitzer /IRAC
hotometry in Section 2.2 . We also provide a brief overview of the
bserved properties of our sample in Section 2.3 . We note that though
e provide a summary here, our selection technique was developed
y E21a, where we refer the reader for most details. 

.1 Sample selection 

ur rest-frame UV observations come from Subaru/HSC and the Vis-
ble and Infrared Surv e y Telescope for Astronomy/VISTA InfraRed
AMera (VISTA/VIRCAM) imaging o v er COSMOS. Specifically,
e utilize PDR2 of the Hyper Suprime-Cam Subaru Strategic Pro-
ram (HSC SSP; Aihara et al. 2019 ), PDR1 of the Cosmic HydrOgen
eionization Unveiled with Subaru survey (CHORUS; Inoue et al.
020 ), and DR4 of the UltraVISTA surv e y (McCracken et al. 2012 ).
ogether, these observations constitute a data set spanning 14 optical
nd near-infrared ( λ < 3 μm) filters, and we highlight a set of filters



SFHs of UV-luminous galaxies at z � 6.8 5861 

Figure 1. Transmission curves of Subaru/HSC z, y , NB921, IB945, NB973, 
and VISTA/VIRCAM Y (arbitrarily normalized). Broad-band filters are 
shown as black lines (solid lines denote HSC filters and dashed indicates 
VIRCAM) and HSC intermediate and narro w-band filters are sho wn in colour 
(blue, purple, and green are HSC NB921, IB945, and NB973, respectively). 
The grey shaded region corresponds to the wavelength range of the Ly α break 
at z = 6.6–6.9. Together, these filters sample the wavelength range of the Ly α
break around z � 6.8 very finely, enabling extremely precise determinations 
of photometric redshifts. 
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1 We note that one object, COS-862541, is not within the F 814 W imaging, but 
it is fortunately not strongly confused. Thus, we use the deconfusion algorithm 

described by E21a, which constructs the flux profile of neighbouring sources 
for fitting and subtraction slightly differently. We calculate the square root of 
the χ2 image using the SOURCE EXTRACTOR segmentation map to determine 
source footprints, then convolve with a 2D Gaussian with full width at half- 
maximum (FWHM) equal to the quadrature difference of the IRAC FWHM 

and the median seeing from each band in the detection image. 
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hat finely sample the wavelength range of the Ly α break around 
 � 6.8: three HSC narrow and intermediate band filters, plus two
 v erlapping Y -band filters from HSC and VIRCAM, shown in Fig. 1 .
his unique combination of filters provides an excellent opportunity 

o select galaxies in a narrow redshift range with small photometric 
edshift uncertainties. We specifically utilize the following colour 
uts to select galaxies o v er the small redshift interval of z � 6.6–6.9:

(i) z − y > 1.5 
(ii) z − Y > 1.5 
(iii) NB921 − Y > 1.0 
(iv) y − Y < 0.4. 

We differentiate broad-band HSC and VIRCAM filters by using 
owercase and uppercase letters, respectively. 

As discussed by E21a, flux redward of the Ly α break does 
ot contribute significantly to z and NB921 at z � 6.6, but does
ignificantly contribute to y until z � 6.9. Thus, z � 6.6–6.9 galaxies
ill drop out strongly in z and NB921 b ut ha v e relativ ely flat y − Y

olours. We note that the selection window of z � 6.6–6.9 presented
ere assumes no Ly α emission, but as with any Lyman break 
election using broad-band photometry, the exact range depends 
lightly on the assumed Ly α equi v alent width. We refer the reader to
g. 2 of E21a for an exploration of the impact of Ly α on our redshift
indow. 
We apply these colour cuts to sources identified by running SOURCE 

XTRACTOR on a yYJHK s χ
2 detection image and measuring HSC and 

IRCAM fluxes in 1.2 arcsec diameter apertures. Following E21a, 
e also apply additional signal-to-noise requirements to ensure that 

ll sources are real ( > 3 σ detections in all of y , Y , and J and a > 5 σ
etection in at least one of the three filters) and require that candidates
re undetected ( < 2 σ ) in HSC g and r (both filters are blueward of
he Lyman limit at z ≥ 6.6). We also apply additional colour cuts
n the near-infrared to remo v e T-type brown dwarfs (either Y − J
 0.45, or both J − H > 0 and J − K s > 0). Finally, in order to

pproximately match IRAC sensitivities, all candidates are required 
o have apparent magnitudes of J < 25.7 (or if J < 25.7 is not satisfied,
e also allow sources with K s < 25.5). As in E21a, our colour cuts to

emo v e brown dwarfs and our apparent magnitude requirements are
arefully chosen to retain red galaxies at z � 6.6–6.9 and mitigate
ystematics that could be introduced to our inferred age distribution 
y preferentially selecting young, blue galaxies. Thus, we expect the 
ge distribution that we infer to well sample the ages of UV-bright
alaxies in the redshift range of our selection. 

We emphasize that our colour criteria are designed to restrict 
he redshift range of our selection such that [O III] + H β emission
alls in the IRAC [3.6] bandpass, leaving the [4.5] filter free of
trong nebular lines. This reduces the de generac y between the relative 
ontributions of nebular emission and continuum emission from old 
tellar populations to our broad-band rest-optical fluxes, therefore 
mproving the reliability of our inferred physical properties. 

.2 Spitzer /IRAC photometry 

o measure the rest-frame optical photometry for our sample, we use
id-infrared ( λ > 3 μm) IRAC imaging from the Spitzer Extended
eep Surv e y (Ashby et al. 2013 ), the Spitzer -Cosmic Assembly Deep
ear-infrared Extragalactic Le gac y Surv e y (Ashby et al. 2015 ), Star
ormation at 4 < z < 6 from the Spitzer Large Area Surv e y with
yper-Suprime-Cam (Steinhardt et al. 2014 ), the Spitzer Matching 

urv e y of the UltraVISTA ultra-deep Stripes (Ashby et al. 2018 ),
nd Completing the Le gac y of Spitzer /IRAC o v er COSMOS (P.I. I.
abb ́e). We obtain images from the Spitzer Le gac y Archiv e and
erform background subtraction using SOURCE EXTRACTOR . We 
hen co-add the background subtracted images using the MOPEX 

Makovoz & Marleau 2005 ) software and astrometrically match the 
esulting mosaics to the Gaia reference frame (on which the publicly
eleased HSC SSP, CHORUS, and UltraVISTA images are provided) 
sing the package CCMAP from IRAF . 
Since the PSF of IRAC is considerably larger than that of the

round-based imaging, we measure the IRAC photometry in 2.8 
rcsec diameter apertures and use a deconfusion algorithm similar 
o previous studies (e.g. Labb ́e et al. 2010 , 2013 ; Bouwens et al.
015 ) to remo v e contaminating flux from neighbouring sources.
pecifically, we use the same deconfusion technique as Endsley 
t al. ( 2021b ). First, we convolve the flux profile of each nearby
ource detected in our yYJHK s χ

2 detection image with the local 
RAC PSF measured empirically using unsaturated stars < 3 arcsec 
way from each source, where the flux profiles are constructed using
he high-resolution HST / F 814 W imaging available o v er COSMOS
Scoville et al. 2007 ). 1 We then fit the convolved flux profiles to the
RAC image, leaving the total flux as a free parameter, and subtract
he best-fitting profile of each neighbouring source before measuring 
RAC photometry. 

Our IRAC deconfusion and selection is modified slightly from that 
f E21a, resulting in a slightly different sample than their original list
f COSMOS sources. Compared to the ground-based imaging orig- 
nally used by E21a to construct flux profiles, the higher resolution
 814 W images allow us to obtain smoother neighbour-subtracted 
MNRAS 519, 5859–5881 (2023) 
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Table 1. The observed properties of our sample of 36 UV-luminous galaxies selected to lie at z � 6.6–6.9 o v er COSMOS. We report the J -band apparent 
magnitude, rest-UV slope measured from VIRCAM YJHK s photometry, and IRAC photometry and [3.6]–[4.5] colour for each object in our sample. In 
the case of non-detections, we report the 2 σ upper limit. We also note the spectroscopic redshift of a source when available. 

Object ID RA Dec. J β 3.6 μm 4.5 μm [3.6]–[4.5] Notes 

COS-83688 09:58:49.20 + 01:39:09.55 25 . 6 + 0 . 2 −0 . 2 −2 . 0 + 0 . 4 −0 . 4 24 . 5 + 0 . 2 −0 . 2 25 . 3 + 0 . 5 −0 . 3 −0 . 8 + 0 . 5 −0 . 4 –

COS-87259 09:58:58.27 + 01:39:20.19 25 . 0 + 0 . 2 −0 . 1 −0 . 6 + 0 . 2 −0 . 2 22 . 9 + 0 . 1 −0 . 1 22 . 9 + 0 . 0 −0 . 0 0 . 0 + 0 . 1 −0 . 1 z [C II] = 6 . 853 (Endsley et al. 2022 ) 

COS-160072 09:58:54.96 + 01:42:56.68 25 . 6 + 0 . 2 −0 . 1 −3 . 0 + 0 . 4 −0 . 4 25 . 4 + 0 . 6 −0 . 4 25 . 7 + 0 . 6 −0 . 4 −0 . 3 + 0 . 8 −0 . 5 –

COS-237729 10:00:31.41 + 01:46:51.01 25 . 7 + 0 . 2 −0 . 2 −1 . 9 + 0 . 4 −0 . 4 24 . 9 + 0 . 2 −0 . 2 25 . 4 + 0 . 3 −0 . 2 −0 . 5 + 0 . 3 −0 . 3 –

COS-301652 10:00:54.83 + 01:50:05.18 25 . 7 + 0 . 2 −0 . 2 −2 . 1 + 0 . 4 −0 . 4 24 . 4 + 0 . 1 −0 . 1 24 . 7 + 0 . 2 −0 . 2 −0 . 3 + 0 . 2 −0 . 2 –

COS-312533 10:00:35.52 + 01:50:38.59 25 . 6 + 0 . 2 −0 . 1 −1 . 4 + 0 . 3 −0 . 3 24 . 9 + 0 . 2 −0 . 2 25 . 1 + 0 . 2 −0 . 2 −0 . 2 + 0 . 3 −0 . 3 –

COS-340502 09:59:15.36 + 01:52:00.62 25 . 7 + 0 . 2 −0 . 2 −2 . 1 + 0 . 5 −0 . 5 25 . 3 + 0 . 3 −0 . 2 > 25.6 < −0.3 –

COS-369353 10:01:59.06 + 01:53:27.75 25 . 6 + 0 . 2 −0 . 1 −1 . 6 + 0 . 3 −0 . 3 24 . 0 + 0 . 2 −0 . 1 24 . 8 + 0 . 4 −0 . 3 −0 . 8 + 0 . 4 −0 . 3 z [C II] = 6 . 729 (Bouwens et al. 2022 ) 

COS-378785 09:57:22.16 + 01:53:55.50 25 . 4 + 0 . 1 −0 . 1 −2 . 2 + 0 . 4 −0 . 4 24 . 0 + 0 . 7 −0 . 4 24 . 4 + 0 . 4 −0 . 3 −0 . 4 + 0 . 8 −0 . 5 –

COS-400019 09:59:17.26 + 01:55:03.08 25 . 4 + 0 . 2 −0 . 1 −2 . 3 + 0 . 4 −0 . 4 25 . 0 + 0 . 5 −0 . 3 > 25.6 < −0.6 –

COS-469110 10:00:04.36 + 01:58:35.53 25 . 0 + 0 . 3 −0 . 2 −1 . 7 + 0 . 5 −0 . 5 24 . 3 + 0 . 1 −0 . 1 24 . 7 + 0 . 2 −0 . 2 −0 . 4 + 0 . 2 −0 . 2 z [C II] = 6 . 644 (Bouwens et al. 2022 ) 

COS-486435 10:01:58.71 + 01:59:31.03 26 . 0 + 0 . 2 −0 . 2 −0 . 9 + 0 . 4 −0 . 4 24 . 7 + 0 . 2 −0 . 1 25 . 2 + 0 . 4 −0 . 3 −0 . 6 + 0 . 4 −0 . 3 –

COS-505871 10:00:21.35 + 02:00:30.93 25 . 5 + 0 . 2 −0 . 1 −2 . 2 + 0 . 5 −0 . 5 24 . 4 + 0 . 1 −0 . 1 24 . 6 + 0 . 2 −0 . 1 −0 . 2 + 0 . 2 −0 . 2 –

COS-534584 10:00:42.13 + 02:01:56.87 25 . 0 + 0 . 1 −0 . 1 −1 . 8 + 0 . 2 −0 . 2 24 . 0 + 0 . 1 −0 . 1 24 . 3 + 0 . 1 −0 . 1 −0 . 3 + 0 . 2 −0 . 2 z [C II] = 6 . 598 (Bouwens et al. 2022 ) 

COS-559979 10:00:42.73 + 02:03:15.30 26 . 0 + 0 . 2 −0 . 2 −2 . 3 + 0 . 5 −0 . 5 25 . 9 + 0 . 6 −0 . 4 > 26.0 < −0.1 –

COS-593796 10:01:53.46 + 02:04:59.62 25 . 6 + 0 . 2 −0 . 2 −2 . 7 + 0 . 4 −0 . 4 24 . 8 + 0 . 3 −0 . 3 > 25.5 < −0.6 –

COS-596621 10:02:07.01 + 02:05:10.18 25 . 6 + 0 . 2 −0 . 2 −1 . 9 + 0 . 4 −0 . 4 25 . 4 + 0 . 7 −0 . 4 > 25.6 < −0.2 –

COS-597997 09:57:37.00 + 02:05:11.33 25 . 6 + 0 . 2 −0 . 2 −1 . 6 + 0 . 3 −0 . 3 24 . 4 + 0 . 2 −0 . 2 25 . 3 + 0 . 6 −0 . 4 −0 . 9 + 0 . 7 −0 . 4 z [C II] = 6 . 538 (Bouwens et al. 2022 ) 

COS-627785 10:02:05.96 + 02:06:46.09 25 . 5 + 0 . 2 −0 . 1 −1 . 7 + 0 . 3 −0 . 3 24 . 5 + 0 . 1 −0 . 1 25 . 4 + 0 . 4 −0 . 3 −0 . 9 + 0 . 4 −0 . 3 –

COS-637795 10:00:23.48 + 02:07:17.87 25 . 6 + 0 . 2 −0 . 2 −1 . 9 + 0 . 4 −0 . 4 24 . 9 + 0 . 3 −0 . 2 25 . 3 + 0 . 6 −0 . 4 −0 . 5 + 0 . 6 −0 . 4 –

COS-703599 10:00:34.56 + 02:10:38.01 25 . 7 + 0 . 2 −0 . 2 −2 . 2 + 0 . 5 −0 . 5 24 . 2 + 0 . 1 −0 . 1 24 . 6 + 0 . 2 −0 . 2 −0 . 5 + 0 . 2 −0 . 2 –

COS-705154 10:00:30.81 + 02:10:42.47 25 . 7 + 0 . 2 −0 . 1 −2 . 2 + 0 . 3 −0 . 3 25 . 2 + 0 . 4 −0 . 3 > 25.8 < −0.7 –

COS-759861 10:02:06.47 + 02:13:24.06 24 . 4 + 0 . 1 −0 . 1 −1 . 9 + 0 . 1 −0 . 1 23 . 8 + 0 . 1 −0 . 1 24 . 2 + 0 . 2 −0 . 1 −0 . 4 + 0 . 2 −0 . 2 z [C II] = 6 . 633 (Bouwens et al. 2022 ) 

COS-788571 09:59:21.68 + 02:14:53.02 25 . 3 + 0 . 1 −0 . 1 −2 . 1 + 0 . 3 −0 . 3 24 . 4 + 0 . 1 −0 . 1 25 . 4 + 0 . 3 −0 . 2 −1 . 0 + 0 . 3 −0 . 2 z Ly α = 6.883 (Endsley et al. 2021b ) 

COS-795090 09:57:23.92 + 02:15:13.73 25 . 5 + 0 . 2 −0 . 2 −2 . 5 + 0 . 5 −0 . 5 24 . 6 + 0 . 8 −0 . 4 24 . 6 + 0 . 4 −0 . 3 0 . 0 + 0 . 9 −0 . 5 –

COS-810120 10:00:30.18 + 02:15:59.68 25 . 1 + 0 . 1 −0 . 1 −1 . 7 + 0 . 2 −0 . 2 23 . 8 + 0 . 1 −0 . 1 25 . 3 + 0 . 4 −0 . 3 −1 . 4 + 0 . 4 −0 . 3 z [C II] = 6 . 854 (Smit et al. 2018 ) 

COS-857605 09:59:12.35 + 02:18:28.86 25 . 8 + 0 . 2 −0 . 2 −1 . 4 + 0 . 3 −0 . 3 24 . 5 + 0 . 1 −0 . 1 25 . 0 + 0 . 3 −0 . 3 −0 . 5 + 0 . 3 −0 . 3 –

COS-862541 10:03:05.25 + 02:18:42.75 24 . 5 + 0 . 3 −0 . 2 −1 . 9 + 0 . 3 −0 . 3 23 . 3 + 0 . 1 −0 . 1 24 . 7 + 0 . 3 −0 . 2 −1 . 4 + 0 . 3 −0 . 3 z [C II] = 6 . 846 (Bouwens et al. 2022 ) 

COS-955126 09:59:23.62 + 02:23:32.73 25 . 4 + 0 . 2 −0 . 2 −2 . 4 + 0 . 5 −0 . 5 24 . 2 + 0 . 2 −0 . 2 25 . 2 + 0 . 6 −0 . 4 −1 . 0 + 0 . 6 −0 . 4 z Ly α = 6.813 (Endsley et al. 2021b ) 

COS-1099982 10:00:23.37 + 02:31:14.80 25 . 5 + 0 . 1 −0 . 1 −1 . 8 + 0 . 2 −0 . 2 24 . 2 + 0 . 1 −0 . 1 25 . 6 + 0 . 4 −0 . 3 −1 . 4 + 0 . 5 −0 . 3 –

COS-1136216 10:01:58.50 + 02:33:08.55 24 . 9 + 0 . 1 −0 . 1 −2 . 3 + 0 . 3 −0 . 3 24 . 2 + 0 . 1 −0 . 1 24 . 5 + 0 . 2 −0 . 1 −0 . 3 + 0 . 2 −0 . 2 –

COS-1163765 09:58:49.68 + 02:34:35.86 25 . 6 + 0 . 2 −0 . 1 −1 . 7 + 0 . 4 −0 . 4 24 . 8 + 0 . 2 −0 . 1 > 25.7 < −0.9 –

COS-1224137 10:01:36.86 + 02:37:49.18 24 . 6 + 0 . 1 −0 . 1 −1 . 6 + 0 . 2 −0 . 2 24 . 0 + 0 . 1 −0 . 1 24 . 3 + 0 . 1 −0 . 1 −0 . 3 + 0 . 2 −0 . 1 z [C II] = 6 . 685 (Bouwens et al. 2022 ) 

COS-1235751 10:00:11.58 + 02:38:29.81 25 . 6 + 0 . 2 −0 . 2 −1 . 1 + 0 . 3 −0 . 3 24 . 3 + 0 . 2 −0 . 1 24 . 5 + 0 . 2 −0 . 2 −0 . 2 + 0 . 3 −0 . 2 –

COS-1304254 10:02:54.04 + 02:42:11.94 24 . 6 + 0 . 2 −0 . 2 −1 . 9 + 0 . 4 −0 . 4 23 . 8 + 0 . 1 −0 . 1 23 . 7 + 0 . 1 −0 . 1 0 . 1 + 0 . 2 −0 . 2 z [C II] = 6 . 577 (Bouwens et al. 2022 ) 

COS-1387948 09:59:19.36 + 02:46:41.40 25 . 2 + 0 . 2 −0 . 1 −1 . 5 + 0 . 3 −0 . 3 23 . 4 + 0 . 1 −0 . 1 23 . 1 + 0 . 1 −0 . 1 0 . 3 + 0 . 1 −0 . 1 –
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esidual images for sources in crowded regions. Additionally, we do
ot place any further requirements on measured IRAC photometry
r errors. We only remo v e fiv e sources from our initial sample due
o insufficiently smooth IRAC residuals after deconfusion, which
rise due to these objects lying within the IRAC FWHM of a bright
eighbouring source. 

.3 Obser v ed sample properties 

ur final sample consists of 36 sources selected to lie at z � 6.6–6.9,
dding 16 objects to the original sample of 20 in COSMOS found
y E21a. The selection criteria described in Section 2.1 originally
dentify 41 candidates, five of which are remo v ed from the sample
ue to poor IRAC residuals as described in Section 2.2 . We report
NRAS 519, 5859–5881 (2023) 
he observed J -band magnitudes, rest-UV slopes, IRAC [3.6] and
4.5] mag, and IRAC colours ([3.6]–[4.5]) for our entire sample in
able 1 , but summarize these quantities below. 
Our galaxies have observed J -band magnitudes ranging from J
24.5–26.0 with median of J = 25.5 (left-hand panel of Fig. 2 ).

e observe rest-UV slopes, measured by fitting F ν ∝ λ β+ 2 to our
easured YJHK s photometry, of β ≈ −3.0 to −0.6 with median
= −1.9 (middle panel of Fig. 2 ). These UV slopes are consistent
ith moderately fainter objects found in CANDELS (Bouwens et al.
014 ) and the sample of UV-luminous galaxies at z ∼ 7 identified by
owler et al. ( 2017 ) o v er COSMOS. Finally, we observ e relativ ely
lue IRAC [3.6]–[4.5] colours ranging from approximately −1.5 to
.3 with a median of −0.4 (right-hand panel of Fig. 2 ). As [O III]
nd H β are confined to the [3.6] bandpass, these blue colours are



SFHs of UV-luminous galaxies at z � 6.8 5863 

Figure 2. The distributions of selected observational properties for the 36 galaxies in our sample. Medians are shown as vertical grey dashed lines. Left: 
Observed J -band apparent magnitudes. Our sample is relatively bright with apparent magnitudes that span J ≈ 24.5–26.0 with median J = 25.5. Centre: 
Observed rest-UV slopes, β, determined by fitting F ν ∝ λ β+ 2 to our observ ed YJHK s photometry. We observ e UV slopes of β from −3.0 to −0.6 with a 
median of −1.9, consistent with the UV slopes of moderately fainter objects at z ∼ 7 identified in CANDELS (Bouwens et al. 2014 ) and the sample of more 
UV-luminous sources reported by Bowler et al. ( 2017 ). Right: Observed IRAC [3.6]–[4.5] colours, spanning [3.6]–[4.5] ≈ −1.5–0.3 with median [3.6]–[4.5] = 

−0.4. Light grey histogram bars containing leftward pointing arrows denote where we have adopted a 2 σ upper limit on the [4.5] photometry, leading to an 
upper limit on the IRAC colour. We highlight that many sources in our sample, though not all, have blue IRAC colours ([3.6]–[4.5] < 0), indicative of strong 
nebular emission in the redshift range of our selection. 
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ikely indicative of strong nebular emission lines (Smit et al. 2014 ,
015 ; Endsley et al. 2021a ). We also note that our sample has a
elatively high spectroscopic confirmation rate of 33 per cent with 
edshifts ranging from z = 6.538 to 6.883, generally consistent 
ith our targeted colour selection redshift interval. 10 of our 36 

andidates have been detected in [C II] (Smit et al. 2018 ; Bouwens 
t al. 2022 ; Endsley et al. 2022 ) (with two also having a Ly α
etection; Endsley et al. 2021a , b ), and another two sources have
y α detections only (Endsley et al. 2021b ). Notably, the reddest 
alaxy in our sample (COS-87259) is spectroscopically confirmed 
ia [C II] and likely hosts a heavily obscured active galactic nucleus 
Endsley et al. 2022 ), leading to possible uncertainties on its age and
tellar mass. Ho we ver , we in vestigate the influence of COS-87259
n our inferred age distribution and find that the distribution is only
inimally affected by its inclusion (see Section 6 ). 

 SED  M O D E L L I N G  

e infer the physical properties of the galaxies in our sample by
tting their photometry in the 16 available optical and infrared bands 
ith two galaxy SED modelling codes: BEAGLE (Che v allard & Char-

ot 2016 ) and PROSPECTOR (Johnson et al. 2021b ). Both BEAGLE and
ROSPECTOR self-consistently compute stellar and nebular emission 
nd infer galaxy properties in a Bayesian manner, though they use 
ifferent physical models. BEAGLE is based on an updated version 
f the Bruzual & Charlot ( 2003 ) stellar population synthesis models
hereafter CB16, see description by Gutkin, Charlot & Bruzual 2016 ), 
nd PROSPECTOR utilizes the Flexible Stellar Population Synthesis 
 FSPS ; Conroy, Gunn & White 2009 ; Conroy & Gunn 2010 ) code. We
se BEAGLE and PROSPECTOR with the default stellar evolution models 
f their respective stellar population synthesis codes, which are 
ifferent; the CB16 models are underpinned by isochrones computed 
y the PAdova and TRieste Stellar Evolution Code ( PARSEC ; Bressan
t al. 2012 ; Chen et al. 2015 ), while FSPS is based on tracks calculated
y the MESA Isochrones and Stellar Tracks project ( MIST ; Choi et al.
016 ). Ho we ver, we note that PROSPECTOR , with FSPS , can also use
ther stellar isochrones. 
We begin by adopting a fiducial set of model parameters to make a
ne-to-one comparison of the results from BEAGLE and PROSPECTOR . 
e present the full model as implemented in BEAGLE in Section 3.1

nd describe the modifications required to set up the same model
n PROSPECTOR in Section 3.2 . We also test a non-parametric SFH
odel with PROSPECTOR , described in Section 3.3 , which we use to

xamine the systematics of the SFH model we assume. 

.1 Constant SFH BEAGLE models 

e fit our sample with BEAGLE version 0.20.4, which calculates 
oth stellar and nebular emission using the Gutkin et al. ( 2016 )
hotoionization models of star-forming galaxies. These, in turn, 
ere derived by combining updated Bruzual & Charlot ( 2003 ) stellar
opulation synthesis models (which are based on PARSEC isochrones) 
ith the photoionization code CLOUDY (Ferland et al. 2013 ). BEAGLE

hen uses the Bayesian inference tool MULTINEST (Feroz & Hobson 
008 ; Feroz, Hobson & Bridges 2009 ; Feroz et al. 2019 ) to calculate
he posterior probability distributions of the model parameters. 

Throughout our modelling process, we adopt a fiducial set of 
odel parameters consisting of the intergalactic medium (IGM) 

ttenuation model of Inoue et al. ( 2014 ), a Chabrier ( 2003 ) initial
ass function with a stellar mass range of 0.1–300 M �, fixed dust-

o-metal mass ratio of ξ d = 0.3 (similar to that found when assuming
 total interstellar metallicity equal to solar, see Gutkin et al. 2016 ), a
estricted parameter space for metallicity and ionization parameter, 
nd a less restrictive parameter space for V -band optical depth, stellar
ass, and age. This allows us to primarily focus on our parameters

f interest, stellar mass, and age. 
We place narrow log-normal priors on stellar metallicity and 

onization parameter. Moti v ated by the properties implied by spec-
roscopic observations of high-ionization emission lines during 
eionization (e.g. Stark et al. 2017 ; Hutchison et al. 2019 ), our
riors are centred on μlog ( Z/ Z �) = −0 . 7 and μlog ( U ) = −2.5 with
tandard deviations of σlog ( Z/ Z �) = 0 . 15 and σ log ( U ) = 0.25. The total
nterstellar metallicity (dust and gas-phase) is assumed to be the 
ame as the stellar metallicity, and BEAGLE self-consistently treats 
MNRAS 519, 5859–5881 (2023) 
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he depletion of metals on to dust grains (Che v allard & Charlot
016 ; Gutkin et al. 2016 ). 
For age, V -band optical depth, and stellar mass, we adopt log-

niform priors. We assume a constant SFH (CSFH) with allowed ages
anging from 1 Myr to the age of the Universe at the redshift being
onsidered. We adopt a Small Magellanic Cloud dust prescription
Pei 1992 ), as some studies have found that it matches the IRX–β

elation observed at z ∼ 2–3 well (Bouwens et al. 2016 ; Reddy et al.
018 ), though we note that alternative dust prescriptions may be
a v oured by other studies (e.g. McLure et al. 2018 ). We allow the
 -band optical depth to vary in the range of −3 . 0 ≤ log ( τV ) ≤ 0 . 7.
inally, we allow stellar mass to vary in the range of 5 ≤ log ( M ∗/M �)
12. 
We place a uniform prior on redshift from 6 ≤ z ≤ 8 unless a

pectroscopic redshift is available. When a systemic redshift from
C II] is known, we fix redshift to z [C II] . If only a Ly α detection is
v ailable, we allo w redshift to range uniformly from z Ly α–0.013 ≤
 ≤ z Ly α to account for possible velocity offsets up to 500 km s −1 .
hroughout this fitting process, we remo v e Ly α from the nebular

emplates, moti v ated by the small median Ly α equi v alent width
 ∼10 Å) of bright galaxies at z ∼ 7 found by Endsley et al. ( 2021b ).

We test the validity of this assumption by modelling the 10 objects
n our sample with systemic redshifts measured from [C II] assuming
y α equi v alent widths (EWs) of 0, 5, 10, and 20 Å, leaving redshift
ree to vary in the range of z = 6–8. In many cases, strong Ly α
mission (EW Ly α = 20 Å) is less consistent with the data; for six
bjects, the EW Ly α = 0 Å model reco v ers the systemic redshift more
ccurately (within d z ≤ 0.07) than the model with EW Ly α = 20 Å (d z

0.16). For the remaining four objects, all four models reco v ered
he systemic redshift equally well for one, and two others have been
bserved to emit Ly α (Endsley et al. 2021a , b ). Moreover, the median
nferred ages and stellar masses are relatively insensitive to the
nclusion of Ly α in the SED models, only varying by ∼0.2 dex. We
herefore model our sample with Ly α remo v ed from the templates
or the remainder of this work. 

.2 Constant SFH PROSPECTOR models 

e also fit the photometry of our galaxies using PROSPECTOR version
.1.0 (Johnson et al. 2021b ). PROSPECTOR computes emission from
tellar populations using FSPS and nebular emission from the Byler
t al. ( 2017 ) models derived by combining CLOUDY photoionization
odels with stellar spectra from FSPS . We emphasize that we use the

efault MIST isochrones of FSPS , though other isochrone libraries are
lso available (for a full list, see appendix A of Johnson et al. 2021b ).

We adopt model parameters as similar as possible to those we
sed for our BEAGLE fits with minor modifications. To allow the
pper limit on the age to vary according to the age of the Universe
t the redshift under consideration, we do not fit directly for age, but
ather for the fraction of the age of the Universe, t frac . We adopt a
og-uniform prior on t frac between 1 Myr / age Universe ( z) and 1, then
onvert back to age from t frac and redshift after fitting is complete.
dditionally, FSPS implements the Madau ( 1995 ) prescription for

GM attenuation whereas we have adopted Inoue et al. ( 2014 ) for
ur BEAGLE models. In order to enable a more direct comparison
etween our results from BEAGLE and PROSPECTOR , we include an
 v erall scaling factor of the optical depth to approximately match
he Inoue et al. ( 2014 ) model between L y α and L y β. Finally, we
ighlight that we remo v e Ly α from the PROSPECTOR templates as we
id for the BEAGLE models, which requires at least version 1.1.0 of
ROSPECTOR . 
NRAS 519, 5859–5881 (2023) 

A

.3 Non-parametric PROSPECTOR models 

e also explore the systematic impact of the SFH model we assume
n the physical properties we infer. For our fiducial models, we
ave adopted an SFH parametrization that explicitly disallows any
tar formation prior to the age inferred for the stellar population
hat dominates the SED. Ho we ver, light from young, extremely
uminous, blue stars can co v er up emission from old, faint, red
tars (the ‘outshining’ effect), limiting our ability to extract the full
FH from the SED (e.g. P apo vich et al. 2001 ; Pforr, Maraston &
 onini 2012 ; Conroy 2013 ). W e emphasize that the problem of
utshining is particularly e gre gious during reionization, when a
ignificant number of galaxies have large specific star formation
ates (sSFRs) and strong emission lines (E21a) that suggest they are
ndergoing a rapid upturn of star formation (possibly a burst, or
t least a rapidly rising SFH). We acknowledge that UV selections
referentially identify UV-bright, unobscured star-forming systems,
otentially leading to higher sSFRs than samples at fixed stellar mass.
ev ertheless, sSFRs are observ ed to increase with increasing redshift

t fixed mass (e.g. Khusanova et al. 2021 ; Stefanon et al. 2022 ;
opping et al. 2022 ), consistent with expectations from rising baryon
ccretion rates at earlier times. Thus, our relatively simple fiducial
FH model may be missing early epochs of star formation activity

n the growing fraction of high-redshift galaxies being observed in
his phase. Fortunately, more flexible ‘non-parametric’ models can
ffer additional insights into the SFHs of these systems and may
e able to capture complex features (e.g. rapid bursts or quenching
vents) that cannot be modelled by simple parametric SFHs with
 functional form (for detailed discussions of both parametric and
on-parametric SFH models, see Carnall et al. 2019 ; Leja et al.
019a ; Lower et al. 2020 ; Johnson et al. 2021b ; Tacchella et al.
022 ). In particular, such flexible models may provide constraints
n the amount of early star formation that could be physically
lausible. 
With this goal in mind, we fit our sample with PROSPECTOR ’s non-

arametric SFHs (Leja et al. 2019a ; Johnson et al. 2021b ), leaving
ll other model parameters unchanged. The non-parametric SFHs
mplemented in PROSPECTOR are step functions in time where the

ass formed in each of N bins of lookback time are free parameters
f the model. For our models, we use N = 8 bins spanning the time
f observation to a fixed redshift at which star formation starts; we
dopt z form 

= 20. The two most recent age bins are fixed to range from
–3 to 3–10 Myr and the remainder are spaced evenly in logarithmic
ime. We choose to fix the two recent age bins in order to allow the

odels to fit galaxies with extremely blue IRAC colours, which are
nambiguously linked to very strong nebular emission associated
ith young stars in the redshift range of our selection. 
The inferences from non-parametric SFH models can depend

trongly on the prior assumed (Leja et al. 2019a ; Tacchella et al.
022 ), since the photometry is frequently only minimally informative
bout older, less luminous stellar populations. In this work, we adopt
 prior that distributes the stellar mass formed equally o v er time
nd disfa v ours extremely rapid, potentially unphysical changes in
he SFR; this is the ‘continuity’ prior in PROSPECTOR , which fits
or the logarithm of the ratios of SFRs between adjacent time bins
ith a Student’s t -distribution prior with dispersion σ = 0.2 (for

urther details, see Leja et al. 2019a ). We also reiterate that we
av e fix ed the redshift at which star formation starts to z form 

=
0, which strongly restricts the amount of time available for star
ormation and the build up of a galaxy’s stellar mass. We discuss
lternatives to these priors and the impact on stellar masses in
ppendix A . 
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 INF ERRED  G A L A X Y  PROPERTIES  

n this section, we present the physical properties of our sample 
hat we infer from our two Bayesian galaxy SED modelling tools,
EAGLE and PROSPECTOR . We summarize the results of the fiducial 
odels from both codes in Section 4.1 , then compare their inferred

arameters in Section 4.2 . We also present the results of our
ROSPECTOR non-parametric SFH models in Section 4.3 . 

.1 Fiducial models 

e show the SEDs from BEAGLE and PROSPECTOR for a representative 
ubset of our sample in Fig. 3 , approximately increasing in UV
uminosity from top to bottom row. In the left-hand column, we 
how objects that have very blue observed IRAC colours of [3.6]–
4.5] ≤ −1, indicative of strong nebular emission lines. In the right-
and column, we show sources with very red J − [4.5] ≥ 1 colours,
hich approximately probes the rest-UV–optical colour and suggests 

he possible presence of a Balmer break. Finally, we show more 
ntermediate sources with a variety of rest-UV slopes in the middle 
olumns. 

In Fig. 4 , we show the χ2 statistic for both codes (and both SFH
odels for PROSPECTOR ; see Sections 3.1 and 3.3 for full descriptions

f the SFH models). We calculate χ2 as 
∑ 

( F model − F obs ) 2 /σ 2 
obs ,

here F obs and σ obs are the observed flux and error and F model is the
ux from the best-fitting model. We calculate χ2 with the broad-band 
lters expected to be redward of the Ly α break at z = 7 in order to (1)
inimize the impact of Ly α, which will be most important in narrow

nd intermediate band filters, and (2) only capture differences from 

he stellar and nebular emission models rather than differences in the 
GM attenuation model. Specifically, we calculate χ2 with six filters 
 YJHK s , IRAC [3.6], and IRAC [4.5]), so we expect χ2 ≤ 6 if the
ED models reproduce the observed photometry within uncertainties 
f all filters under consideration. In general, all three models from
oth codes perform comparably well and find acceptable fits to the 
ajority of the sample, though the BEAGLE models have slightly 

o wer χ2 v alues on average and BEAGLE and PROSPECTOR sometimes 
chieve the fits in very different ways; we discuss these differences 
urther in Section 4.2 . 

In Table 2 , we report the following properties inferred by our
EA GLE and PR OSPECTOR models: photometric redshift ( z phot ), ab-
olute UV magnitude ( M UV , calculated by integrating the median 
odel spectrum o v er a tophat with value unity and width 100 Å

entred on rest-frame 1500 Å), stellar mass ( M ∗), and age (defined
s the time since the first star formed). With BEAGLE , we infer
hotometric redshifts ranging from 6.61 ≤ z phot ≤ 6.91, consistent 
ith our expectations from our colour selection. Our inferred UV 

agnitudes vary from −22 . 5 ≤ M UV ≤ −20 . 8 with median M UV =
21 . 4, corresponding to ∼ 1 − 5 M 

∗
UV with median of ∼ 2 M 

∗
UV . 

2 The
nferred stellar masses span 8.4 ≤ log ( M ∗/M �) ≤ 10.8 with median
og ( M ∗/M �) = 9.1, and the inferred ages range from ∼2–670 Myr
ith median age ∼64 Myr. Our PROSPECTOR results are similar: 
e infer photometric redshifts of 6.58 ≤ z phot ≤ 6.92, absolute 
V magnitudes of −22 . 4 ≤ M UV ≤ −20 . 9 (median M UV = −21 . 4),

tellar masses of 8.1 ≤ log ( M ∗/M �) ≤ 10.9 (median log ( M ∗/M �) =
.7), and ages spanning ∼2–752 Myr (median age ∼20 Myr). 
In Fig. 5 , we show the posterior probability distributions for age

nferred from our fiducial BEAGLE and PROSPECTOR models for the 
ame objects whose SEDs we show in Fig. 3 . For the objects with
 We assume M 

∗
UV = −20 . 6 from the double power law UV LF at z ∼ 7 from 

owler et al. ( 2017 ). 

0  

t  

r  

a

lue IRAC colours, we infer ages � 10 Myr with both BEAGLE and
ROSPECTOR , and for the objects with red rest-UV–optical colours, 
e infer ages � 200 Myr, if not older. For the more intermediate
bjects, our models frequently find broad age posteriors that span 
he allowed parameter space of 1 Myr to nearly 1 Gyr. 

In general, the ages inferred for the objects with the most extreme
3.6]–[4.5] and J –[4.5] colours are more tightly constrained than for
he rest of the sample. By the design of our selection, we expect [O III]
nd H β to be confined to IRAC [3.6]. Therefore, a very blue [3.6]–
4.5] colour is a clear indicator of intense [O III] + H β emission
roduced when the UV and optical spectrum is dominated by light
rom young stellar populations (left-hand columns of Figs. 3 and 
 ). Con versely, since IRA C [4.5] probes the rest-optical continuum
hile the observed near-infrared photometry corresponds to the rest- 
V, a very red J –[4.5] colour combined with a relatively flat (or blue)

est-UV slope suggests the presence of a prominent Balmer break 
reated when the UV and optical spectrum is dominated by light
rom an old stellar population (right-hand columns of Figs. 3 and 5 ).
o we ver, in the absence of these extreme colours, the low signal-

o-noise of the observed photometry makes the degeneracy between 
ebular emission lines and stellar continuum in the rest-optical more 
ifficult to break, leading to much larger ranges of allowed ages
middle columns of Figs. 3 and 5 ). 

.2 Comparison of BEAGLE and PROSPECTOR 

hough both codes generally fit the data well and yield similar
esults, they can differ significantly in some instances, which we now
xplore in further detail. Most strikingly, BEAGLE and PROSPECTOR 

nd dramatically different ages for about 20 per cent of our sample,
hough they still infer similar stellar masses. For these sources, 
ROSPECTOR infers ages of 1–10 Myr while BEAGLE finds solutions 
ith ages 10–100 Myr. The SED morphologies produced by these 

ges are very different, especially in the rest-optical, and therefore 
mply markedly different interpretations of the observations. For 
 xample, an e xtremely young age requires that significant [3.6] flux
s produced solely by very strong nebular emission lines, while an
lder age allows for a larger contribution from continuum flux from
n old stellar population. 

To illustrate the similarities and differences between the codes, we 
ompare our inferred stellar masses and ages from our fiducial BEA-
LE and PROSPECTOR models in Fig. 6 . The 1–1 relation ( ±0.5 dex)

s shown as the dotted line (grey shaded region). For the majority of
he sample, both models tend to reco v er similar stellar masses with
catter on the order of ∼0.2 dex. As seen in the bottom panel of Fig. 6 ,
oth models also generally reco v er similar ages, with the notable
xception of the 20 per cent of our sample for which PROSPECTOR ,
ith FSPS using MIST isochrones, infers ages up to ∼10 times younger

han BEAGLE , with CB16 using PARSEC isochrones (though we note
hat some of these are still consistent within the uncertainties). These
bjects are frequently observed to have [3.6] excesses but relatively 
at rest-UV–optical colours (we show an example in Fig. 7 ). The
ROSPECTOR models tend to match both the rest-UV photometry and 
he [3.6] excesses within errors but sometimes underpredict the [4.5] 
ux. 
We investigate the source of these differences by generating CSFH 

EAGLE and PROSPECTOR models with ages from 1 to 900 Myr. We
ormalize to an SFR of SFR = 10 M � yr −1 and fix τV = 0, Z =
.2 Z �, and log ( U ) = −2.5. The rest-UV is very similar between
he two models, but we identify two important differences in the
est-optical. Compared to PR OSPECTOR , BEA GLE has (1) larger [O III]
nd H β luminosities at young ages, and larger [O III] luminosities at 
MNRAS 519, 5859–5881 (2023) 
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Figure 3. BEAGLE (top) and PROSPECTOR (bottom) SEDs for a representative subset of our sample. We show increasingly UV-luminous objects from top to 
bottom. The left-hand column corresponds to objects with the bluest observed IRAC colours ([3.6]–[4.5] ≤ −1) and the right-hand column shows objects with 
the reddest J –[4.5] ≥ 1 colours (approximately capturing the rest-UV–optical colour). We show objects with a variety of rest-UV slopes in the middle columns. 
We plot the observed photometry as teal circles, with open symbols denoting 2 σ upper limits for non-detections. We show the median model photometry as 
purple diamonds, and the median model spectrum and inner 68 per cent credible interval from the posterior distribution of the SED as the black line and grey 
shaded region in each panel. 
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Figure 4. The χ2 values for the BEAGLE and PROSPECTOR CSFH models (black circles and red diamonds, respectively), and the PROSPECTOR non-parametric 
models (blue squares). Using the best-fitting model photometry, we calculate the χ2 statistic as χ2 = 

∑ 

( F model − F obs ) 2 /σ 2 
obs , where F model and F obs are the 

observed and model fluxes, respectively, and σ obs is the observed photometric error. We use only the six broad-band filters expected to be redward of the Ly α
break at z = 7, YJHK s , IRAC [3.6], and IRAC [4.5] (i.e. we expect χ2 = 6 if the model reproduces the observed photometry exactly within uncertainties of all 
six filters), and find that all three models generally fit the data well though the BEAGLE models have slightly lower χ2 values on average. 
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ll ages (top panel of Fig. 8 ), and (2) stronger rest-optical continuum
t all ages, but particularly at the youngest ones (bottom panel of
ig. 8 ). Specifically, the rest-optical continuum flux at λrest = 4500 Å
rom BEAGLE is nearly twice that of PROSPECTOR at ∼3 Myr, after
hich the difference decreases steadily to a factor of ∼1.2 at 10 Myr

nd asymptotes to a factor of ∼1.1 brighter than PROSPECTOR at ages
 20 Myr. 
Deeper investigation into the models reveals that the difference in 

est-optical continuum fluxes is at least partially due to the different 
tellar evolution tracks used by BEAGLE and PROSPECTOR . The MIST 

sochrones used by default by FSPS (Choi et al. 2016 ; Choi, Conroy &
yler 2017 ), which we adopt in this work, produce stellar spectra

hat are both less luminous and have significantly bluer slopes in the
est-optical compared to the PARSEC isochrones used by the CB16 
odels (Bressan et al. 2012 ; Chen et al. 2015 ), especially from ∼3 to

0 Myr in the context of a CSFH. In this age range, the BEAGLE rest-
ptical continuum fluxes based on CB16 with PARSEC isochrones can 
e more than twice those of PROSPECTOR underpinned by FSPS with 
IST . 
These differences in the rest-optical nebular emission lines and 

tellar continuum allow us to understand the divergent ages inferred 
y PROSPECTOR and BEAGLE for ∼20 per cent of our sample. As
reviously outlined, the PROSPECTOR models tend to match the 
ear-infrared and IRAC [3.6] photometry but underpredict [4.5] 
or these sources, while the BEAGLE models match both [3.6] and 
4.5] (Fig. 7 ). The BEAGLE models, with their stronger lines and
ontinuum, can achieve an IRAC excess at intermediate CSFH ages 
 ∼10–100 Myr), reproducing the observed SEDs well. Ho we ver, at
hose same intermediate ages, our PROSPECTOR models cannot model 
he [3.6] excess with their weaker lines, requiring much younger ages 
 � 10 Myr) at the expense of modelling the continuum in [4.5]. We
ote that these emission line strengths are subject to systematics in 
he coupling of the stellar and interstellar properties in the models, 
nd accounting for effects such as alpha enhancement may bring the 
olutions into closer agreement. 

We emphasize that the particular combination of a strong [3.6] 
xcess combined with flat or red rest-UV–optical colour that leads 
o younger PROSPECTOR -inferred ages only occurs in a subset of
ur sample. The differences are important to note, as these objects 
omprise about 20 per cent of our sample, and the physical picture im- 
lied by the two model solutions are very different (extremely strong
 b
ebular emission lines coming from a very young stellar population 
s opposed to a more mature population producing weaker emission 
ines and stronger continuum emission in the rest-optical), moti v ating 
he need for deeper investigations of the differences in the physical

odels that lead to these diverse solutions. However, we highlight 
hat despite the differences in age, the inferred stellar masses (and V -
and optical depths) of these systems are nevertheless largely similar. 
urthermore, barring this particular observational subset of objects, 

he fiducial models of both BEAGLE and PROSPECTOR find generally 
omparable ages as well as stellar masses. 

.3 Non-parametric SFH models 

hus far, we have focused on the results from our fiducial models,
hich assume a CSFH with a variable age. However, a known

imitation of this modelling is the problem of outshining: when 
resent, young stellar populations dominate the light in the rest- 
V and optical, possibly hiding an old stellar population that is
nly moderately luminous. Accordingly, our CSFH models are 
otentially missing significant contributions from earlier epochs of 
tar formation, (the possibility and implications of which has recently 
een under consideration at a variety of redshifts; Roberts-Borsani 
t al. 2020 ; Tacchella et al. 2022 ; Tang, Stark & Ellis 2022 ; Topping
t al. 2022 ). 

For sources that appear to be dominated by stars formed in a
ecent uptick of star formation and are subsequently inferred to 
av e e xtremely young ages of � 10 Myr, this issue is especially
roublesome. Our CSFH models for these objects are entirely insen- 
itiv e to an y earlier episodes of star formation, potentially leading to
nderpredicted stellar masses and o v erpredicted sSFRs. Moreo v er,
t the early cosmic times under consideration ( z � 7), these objects
omprise a much more significant fraction of the galaxy population 
han at lower redshifts (Endsley et al. 2021a ; Boyett et al. 2022 ), so
ystematics in modelling such an important subset of the population 
ould impact quantities such as the stellar mass function and the
tar-forming main sequence. 

Given that our fiducial CSFH models are possibly missing con- 
iderable early star formation, we now use a non-parametric SFH 

odel to investigate the impact of the assumed SFH on the inferred
hysical parameters. We fit our galaxies with one of PROSPECTOR ’s
uilt-in non-parametric SFH models, choosing a prior that weights 
MNRAS 519, 5859–5881 (2023) 
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Table 2. The physical properties inferred for our sample. We model the observed photometry with the Bayesian SED modelling codes BEAGLE 

(Che v allard & Charlot 2016 ) and PROSPECTOR (Johnson et al. 2021b ), adopting a CSFH as our fiducial model. We report the median values and 
marginalized 68 per cent credible intervals for the inferred photometric redshift (or the spectroscopic redshift without errors, if available) and absolute 
UV magnitude from the BEAGLE models, as the results from PROSPECTOR are not significantly different. We also report the inferred stellar mass, age, 
and V -band optical depth from both models. 

Object ID Redshift M UV log ( M ∗/M �) log ( M ∗/M �) Age (Myr) Age (Myr) τV τV 

( BEAGLE ) ( PROSPECTOR ) ( BEAGLE ) ( PROSPECTOR ) ( BEAGLE ) ( PROSPECTOR ) 

COS-83688 6 . 70 + 0 . 04 
−0 . 04 −21 . 6 + 0 . 1 −0 . 1 9 . 2 + 0 . 5 −0 . 7 8 . 8 + 0 . 8 −0 . 6 98 + 237 

−86 35 + 350 
−31 0 . 01 + 0 . 04 

−0 . 01 0 . 02 + 0 . 04 
−0 . 02 

COS-87259 6.853 −21 . 6 + 0 . 2 −0 . 1 10 . 8 + 0 . 1 −0 . 1 10 . 9 + 0 . 0 −0 . 1 569 + 133 
−196 700 + 71 

−151 0 . 48 + 0 . 05 
−0 . 04 0 . 47 + 0 . 04 

−0 . 03 

COS-160072 6 . 63 + 0 . 02 
−0 . 02 −21 . 4 + 0 . 1 −0 . 1 8 . 7 + 0 . 3 −0 . 2 8 . 5 + 0 . 4 −0 . 3 44 + 52 

−22 20 + 44 
−15 0 . 00 + 0 . 01 

−0 . 00 0 . 00 + 0 . 01 
−0 . 00 

COS-237729 6 . 89 + 0 . 14 
−0 . 09 −21 . 1 + 0 . 2 −0 . 2 9 . 4 + 0 . 3 −0 . 7 9 . 5 + 0 . 3 −0 . 5 251 + 319 

−220 270 + 310 
−215 0 . 04 + 0 . 10 

−0 . 04 0 . 08 + 0 . 09 
−0 . 07 

COS-301652 6 . 62 + 0 . 05 
−0 . 02 −21 . 2 + 0 . 1 −0 . 1 9 . 6 + 0 . 3 −0 . 9 8 . 5 + 1 . 3 −0 . 2 282 + 320 

−263 9 + 387 
−7 0 . 12 + 0 . 06 

−0 . 06 0 . 16 + 0 . 04 
−0 . 04 

COS-312533 6 . 73 + 0 . 06 
−0 . 06 −21 . 1 + 0 . 1 −0 . 1 9 . 5 + 0 . 3 −0 . 5 9 . 4 + 0 . 3 −0 . 5 260 + 309 

−200 171 + 303 
−129 0 . 08 + 0 . 06 

−0 . 07 0 . 14 + 0 . 05 
−0 . 05 

COS-340502 6 . 68 + 0 . 04 
−0 . 03 −21 . 0 + 0 . 2 −0 . 1 8 . 5 + 0 . 5 −0 . 4 8 . 2 + 0 . 7 −0 . 3 34 + 96 

−25 15 + 97 
−12 0 . 01 + 0 . 02 

−0 . 01 0 . 01 + 0 . 03 
−0 . 01 

COS-369353 6.729 −21 . 2 + 0 . 2 −0 . 2 9 . 3 + 0 . 6 −0 . 8 8 . 7 + 1 . 0 −0 . 2 61 + 307 
−54 8 + 184 

−6 0 . 21 + 0 . 06 
−0 . 07 0 . 23 + 0 . 06 

−0 . 05 

COS-378785 6 . 83 + 0 . 07 
−0 . 06 −21 . 4 + 0 . 1 −0 . 1 9 . 4 + 0 . 4 −0 . 9 8 . 8 + 0 . 8 −0 . 7 212 + 345 

−196 49 + 397 
−46 0 . 01 + 0 . 05 

−0 . 01 0 . 02 + 0 . 05 
−0 . 01 

COS-400019 6 . 84 + 0 . 04 
−0 . 04 −21 . 4 + 0 . 2 −0 . 1 8 . 5 + 0 . 7 −0 . 4 8 . 6 + 0 . 7 −0 . 4 23 + 120 

−17 23 + 143 
−19 0 . 01 + 0 . 03 

−0 . 01 0 . 01 + 0 . 04 
−0 . 01 

COS-469110 6.644 −21 . 6 + 0 . 2 −0 . 2 9 . 6 + 0 . 3 −0 . 8 9 . 5 + 0 . 4 −0 . 6 222 + 330 
−197 147 + 341 

−124 0 . 05 + 0 . 07 
−0 . 04 0 . 12 + 0 . 06 

−0 . 06 

COS-486435 6 . 76 + 0 . 06 
−0 . 06 −20 . 8 + 0 . 2 −0 . 2 9 . 2 + 0 . 5 −0 . 7 9 . 1 + 0 . 6 −0 . 6 71 + 232 

−60 47 + 226 
−38 0 . 22 + 0 . 06 

−0 . 07 0 . 24 + 0 . 05 
−0 . 05 

COS-505871 6 . 62 + 0 . 06 
−0 . 03 −21 . 1 + 0 . 2 −0 . 2 9 . 8 + 0 . 2 −0 . 6 8 . 6 + 1 . 3 −0 . 3 390 + 268 

−323 11 + 517 
−9 0 . 16 + 0 . 06 

−0 . 06 0 . 20 + 0 . 05 
−0 . 05 

COS-534584 6.598 −21 . 9 + 0 . 1 −0 . 1 9 . 6 + 0 . 4 −0 . 5 9 . 8 + 0 . 3 −0 . 4 143 + 315 
−107 219 + 296 

−158 0 . 12 + 0 . 04 
−0 . 06 0 . 14 + 0 . 04 

−0 . 04 

COS-559979 6 . 88 + 0 . 03 
−0 . 03 −21 . 3 + 0 . 2 −0 . 1 8 . 6 + 0 . 3 −0 . 2 8 . 3 + 0 . 4 −0 . 3 33 + 36 

−16 16 + 34 
−14 0 . 00 + 0 . 01 

−0 . 00 0 . 00 + 0 . 01 
−0 . 00 

COS-593796 6 . 76 + 0 . 03 
−0 . 03 −21 . 5 + 0 . 1 −0 . 1 8 . 7 + 0 . 4 −0 . 3 8 . 2 + 0 . 0 −0 . 0 34 + 55 

−21 2 + 3 −1 0 . 00 + 0 . 01 
−0 . 00 0 . 00 + 0 . 01 

−0 . 00 

COS-596621 6 . 76 + 0 . 04 
−0 . 04 −21 . 2 + 0 . 1 −0 . 1 8 . 6 + 0 . 5 −0 . 4 8 . 2 + 0 . 5 −0 . 2 34 + 96 

−24 11 + 40 
−9 0 . 01 + 0 . 02 

−0 . 00 0 . 01 + 0 . 02 
−0 . 01 

COS-597997 6.538 −21 . 2 + 0 . 1 −0 . 1 8 . 6 + 0 . 8 −0 . 6 8 . 4 + 0 . 7 −0 . 2 18 + 135 
−14 8 + 57 

−6 0 . 08 + 0 . 06 
−0 . 07 0 . 13 + 0 . 05 

−0 . 04 

COS-627785 6 . 78 + 0 . 02 
−0 . 02 −21 . 7 + 0 . 1 −0 . 1 8 . 9 + 0 . 4 −0 . 4 8 . 3 + 0 . 0 −0 . 0 46 + 67 

−29 2 + 1 −1 0 . 01 + 0 . 02 
−0 . 00 0 . 01 + 0 . 01 

−0 . 00 

COS-637795 6 . 72 + 0 . 03 
−0 . 03 −21 . 3 + 0 . 1 −0 . 1 9 . 2 + 0 . 4 −0 . 7 9 . 0 + 0 . 6 −0 . 7 118 + 234 

−98 74 + 323 
−65 0 . 01 + 0 . 03 

−0 . 01 0 . 02 + 0 . 05 
−0 . 02 

COS-703599 6 . 64 + 0 . 06 
−0 . 03 −21 . 0 + 0 . 1 −0 . 1 9 . 7 + 0 . 3 −1 . 2 8 . 4 + 0 . 1 −0 . 1 232 + 370 

−224 2 + 3 −1 0 . 22 + 0 . 06 
−0 . 05 0 . 23 + 0 . 03 

−0 . 04 

COS-705154 6 . 65 + 0 . 01 
−0 . 01 −21 . 4 + 0 . 1 −0 . 1 8 . 7 + 0 . 4 −0 . 3 8 . 4 + 0 . 4 −0 . 3 40 + 64 

−21 21 + 50 
−15 0 . 00 + 0 . 01 

−0 . 00 0 . 01 + 0 . 01 
−0 . 00 

COS-759861 6.633 −22 . 4 + 0 . 1 −0 . 1 9 . 5 + 0 . 3 −0 . 4 9 . 4 + 0 . 5 −0 . 7 81 + 151 
−57 67 + 214 

−61 0 . 06 + 0 . 03 
−0 . 04 0 . 08 + 0 . 02 

−0 . 03 

COS-788571 6.883 −21 . 5 + 0 . 1 −0 . 1 8 . 4 + 0 . 7 −0 . 1 8 . 6 + 0 . 1 −0 . 1 4 + 37 
−3 3 + 3 −1 0 . 11 + 0 . 04 

−0 . 04 0 . 22 + 0 . 03 
−0 . 03 

COS-795090 6 . 61 + 0 . 01 
−0 . 01 −21 . 6 + 0 . 1 −0 . 1 8 . 9 + 0 . 4 −0 . 3 8 . 2 + 0 . 5 −0 . 1 52 + 78 

−29 3 + 30 
−2 0 . 00 + 0 . 01 

−0 . 00 0 . 00 + 0 . 01 
−0 . 00 

COS-810120 6.854 −21 . 9 + 0 . 1 −0 . 1 8 . 5 + 0 . 0 −0 . 0 8 . 8 + 0 . 0 −0 . 0 2 + 1 −0 2 + 1 −1 0 . 14 + 0 . 04 
−0 . 04 0 . 23 + 0 . 02 

−0 . 02 

COS-857605 6 . 73 + 0 . 05 
−0 . 04 −21 . 3 + 0 . 1 −0 . 1 9 . 4 + 0 . 3 −0 . 6 9 . 4 + 0 . 4 −0 . 6 146 + 290 

−116 110 + 310 
−92 0 . 14 + 0 . 05 

−0 . 06 0 . 17 + 0 . 04 
−0 . 04 

COS-862541 6.846 −22 . 5 + 0 . 1 −0 . 1 8 . 7 + 0 . 1 −0 . 1 8 . 9 + 0 . 1 −0 . 1 2 + 1 −0 2 + 1 −1 0 . 09 + 0 . 05 
−0 . 07 0 . 20 + 0 . 03 

−0 . 03 

COS-955126 6.813 −21 . 5 + 0 . 2 −0 . 2 8 . 4 + 1 . 2 −0 . 3 8 . 4 + 1 . 0 −0 . 2 9 + 293 
−6 5 + 144 

−3 0 . 05 + 0 . 08 
−0 . 04 0 . 11 + 0 . 06 

−0 . 07 

COS-1099982 6 . 65 + 0 . 01 
−0 . 01 −21 . 6 + 0 . 1 −0 . 1 8 . 4 + 0 . 4 −0 . 3 8 . 2 + 0 . 1 −0 . 0 11 + 22 

−6 2 + 2 −1 0 . 01 + 0 . 03 
−0 . 01 0 . 01 + 0 . 03 

−0 . 01 

COS-1136216 6 . 63 + 0 . 02 
−0 . 01 −21 . 9 + 0 . 1 −0 . 1 9 . 8 + 0 . 2 −0 . 5 9 . 5 + 0 . 5 −1 . 1 376 + 230 

−280 140 + 530 
−137 0 . 01 + 0 . 04 

−0 . 01 0 . 05 + 0 . 04 
−0 . 04 

COS-1163765 6 . 61 + 0 . 03 
−0 . 02 −21 . 2 + 0 . 1 −0 . 1 8 . 6 + 0 . 7 −0 . 5 8 . 1 + 0 . 3 −0 . 1 33 + 162 

−25 4 + 11 
−2 0 . 01 + 0 . 03 

−0 . 01 0 . 02 + 0 . 04 
−0 . 02 

COS-1224137 6.685 −22 . 1 + 0 . 1 −0 . 1 9 . 7 + 0 . 3 −0 . 3 9 . 9 + 0 . 2 −0 . 3 131 + 183 
−84 201 + 205 

−110 0 . 12 + 0 . 04 
−0 . 06 0 . 12 + 0 . 03 

−0 . 03 

COS-1235751 6 . 75 + 0 . 08 
−0 . 06 −21 . 2 + 0 . 1 −0 . 1 9 . 7 + 0 . 3 −0 . 4 9 . 9 + 0 . 2 −0 . 5 199 + 273 

−145 262 + 324 
−196 0 . 24 + 0 . 05 

−0 . 05 0 . 23 + 0 . 05 
−0 . 05 

COS-1304254 6.577 −22 . 0 + 0 . 1 −0 . 1 10 . 0 + 0 . 2 −0 . 5 10 . 1 + 0 . 2 −0 . 6 316 + 305 
−250 376 + 311 

−318 0 . 16 + 0 . 06 
−0 . 05 0 . 17 + 0 . 05 

−0 . 04 

COS-1387948 6 . 61 + 0 . 01 
−0 . 01 −21 . 7 + 0 . 1 −0 . 1 10 . 5 + 0 . 1 −0 . 1 10 . 6 + 0 . 0 −0 . 1 714 + 69 

−146 776 + 45 
−97 0 . 26 + 0 . 03 

−0 . 03 0 . 25 + 0 . 02 
−0 . 02 
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g ainst rapid, potentially unph ysical, changes in the SFR o v er time
for further details on our non-parametric modelling technique,
ee Section 3.3 ). This prior generally provides insights into the
argest amount of early star formation activity and most massive
tellar populations that can be accommodated by the data, since the
esulting SFHs tend to e volve relati vely slo wly o v er time and hav e
n expectation value of a constant SFH in the absence of informative
ata. As seen in Fig. 4 , the non-parametric models generally achieve
imilar goodness of fit to the observations as the CSFH models from
oth BEAGLE and PROSPECTOR . Ho we ver, the physical properties
NRAS 519, 5859–5881 (2023) 
nferred from the non-parametric models are dramatically different
rom those inferred by the CSFH models. In Fig. 9 , we compare
he sSFRs inferred by the PROSPECTOR CSFH models with those
nferred by the non-parametric models as a function of the CSFH-
nferred age. We show sSFRs averaged over the most recent 10 and
00 Myr for the non-parametric models. In Fig. 10 , we compare the
tellar masses inferred by the two SFH models. 

We focus on the galaxies in our sample for which the CSFH models
nferred the youngest ages. As previously outlined, these objects are
ikely dominated by light from stars formed in a recent burst of



SFHs of UV-luminous galaxies at z � 6.8 5869 

Figure 5. Posterior probability distributions for age derived from our CSFH models for a representative subset of our sample (the same as in Fig. 3 ). Rows 
correspond to our two SED modelling codes, BEAGLE in the top row and PROSPECTOR in the bottom row. We show sources with the most blue IRAC colours 
(indicative of strong [O III] + H β in the redshift range of our selection) in the left column, and sources with the most red J − [4.5] colours (which we expect 
to approximately probe the rest-UV–optical colour, since the 4.5 μm bandpass is largely free of strong nebular emission) in the right-hand column. Finally, 
we show examples of more typical objects (selected to display a range of J -band magnitudes, observed rest-UV slopes, and IRAC colours) in the centre. We 
generally infer young ages of � 10 Myr for the objects with blue IRAC colours and older ages � 200 Myr for the galaxies with the most red J − [4.5] colours. 
Meanwhile, the more intermediate objects have less well-constrained ages that span a wide range of the parameter space. We note that, while BEAGLE and 
PROSPECTOR generally infer similar ages, PROSPECTOR finds a very young age ( ∼2 Myr) for COS-1099982 while BEAGLE infers an older age of ∼11 Myr. This 
object e x emplifies a difference between BEAGLE and PR OSPECTOR , where PR OSPECTOR infers significantly younger ages than BEAGLE for a subset of objects in 
our sample, discussed in detail in Section 4.2 . 
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tar formation and are therefore the most susceptible to systematic 
ncertainties due to outshining. It is also possible that a CSFH may
nfer an e xcessiv ely old age for evolved systems, as it is constantly
roducing young, blue stars, requiring longer for a mature stellar 
omponent to build up the distinctive Balmer break. In contrast, 
n SFH that evolves with time allows a decrease in SFR at recent
imes, producing fewer young stars and allowing an evolved stellar 
opulation to become significant in less time. Ho we ver, we find
hat our CSFH and non-parametric models generally infer similar 
tellar masses for these mature systems. As seen in Figs. 9 and
0 , while the non-parametric sSFRs and stellar masses are generally 
ystematically offset from the same parameters inferred by the CSFH 

odels, the difference decreases with CSFH-inferred age and is most 
ignificant for the youngest sources. Notably, the sSFRs inferred by 
he non-parametric models are frequently more than a factor of 10, 
nd sometimes a factor of a 100, lower than the sSFRs inferred
y the CSFH models for sources with CSFH-inferred ages � 10 Myr.
imilarly, the stellar masses inferred from the non-parametric models 
an be a factor of 10 larger than the CSFH-inferred stellar masses
or the same young population. 

Because our photometry cannot strongly constrain early star 
ormation, the specifics of the mass formed at early times is highly
ependent on the prior we choose. In our non-parametric models, 
e have required an early start to star formation ( z form 

= 20) and
ur fiducial non-parametric prior tends towards a relatively smooth, 
lo w e volution of the SFH o v er time. In contrast, the CSFH models
epresent the other e xtreme, since the y hav e no star formation activity
efore the inferred age. Thus, for galaxies that appear young, neither
odel is capturing other possible, potentially less extreme, behaviour 

or the SFH before the recent, intense episode of star formation. 
To investigate this possibility, we explore a variety of non- 

arametric priors in Appendix A , and alternative functional 
arametrizations in Appendix B . In general, we find that some
riors allow a significant, rapid decrease in SFR from recent to early
imes (qualitatively similar to the behaviour of a CSFH that drops
nstantaneously to an SFR of zero at early times) and infer smaller
tellar masses than our fiducial non-parametric models. Meanwhile, 
ther priors can find extended, early periods of large SFRs and
nfer correspondingly large stellar masses. The alternative parametric 

odels we explore can also introduce variations of 2–3 on average,
ith larger stellar masses found for models with extended periods of

arly star formation. In general, we find that the qualitative tendency
f a prior to enforce a prolonged period of early star formation can
roduce factor of ∼10 larger stellar masses, bracketing the range of
tellar masses allowed by the data, as is suggested by our findings
rom our fiducial CSFH and non-parametric models. 

It is at least qualitatively clear that stellar masses have the potential
o be enormously underpredicted if a galaxy contains a significant 
uantity of very young, extremely luminous stars that dominate 
he rest-UV and optical emission. We emphasize that these young, 
ossibly burst-dominated systems are not an inconsequential fraction 
f the UV-luminous galaxy population during reionization; galaxies 
MNRAS 519, 5859–5881 (2023) 
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M

Figure 6. Comparison of the inferred stellar masses (top) and ages (bottom) 
from our fiducial CSFH BEAGLE and PROSPECTOR models. We show the 1–
1 relation ( ±0.5 dex) as the dotted line (grey shaded region). Both codes 
broadly infer similar stellar masses with scatter on the order of ∼0.2 dex. 
Despite general agreement for stellar mass, PROSPECTOR , with FSPS using 
MIST isochrones, finds slightly younger ages on average, and we specifically 
highlight a subset of sources for which PROSPECTOR infers ages up to a factor 
of 10 younger than the ages BEAGLE infers with CB16 underpinned by PARSEC . 
We discuss these objects in detail in Section 4.2 . 
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Figure 7. Comparison of the BEAGLE (blue plus signs) and PROSPECTOR 

(purple diamonds) fits of an object for which BEAGLE inferred a significantly 
older age than PROSPECTOR . Both codes generally have similar spectra in the 
rest-UV and reproduce the observed IRAC [3.6] excess well, but PROSPECTOR 

underpredicts the IRAC [4.5] flux significantly while BEAGLE matches it well. 
We attribute this difference to slightly fainter rest-optical stellar continuum 

and emission lines in the FSPS models used by PROSPECTOR compared to the 
CB16 models used by BEAGLE , which requires PROSPECTOR to go to younger 
ages with weaker rest-optical continuum to reproduce the strong emission 
lines. 

Figure 8. The ratio of line luminosities (top) and of the rest-optical ( λrest = 

4500 Å) continuum flux (bottom) from BEAGLE and PROSPECTOR CSFH 

models as a function of age. We adopt SFR = 10 M � yr −1 , τV = 0, Z = 

0.2 Z �, and log ( U ) = −2.5. BEAGLE has brighter lines at all ages, both H β

and [O III] at young ages � 5 Myr and just [O III] at older ages. BEAGLE also has 
brighter rest-optical continuum, particularly at ages � 10 Myr. The difference 
between the total rest-optical continuum between the two codes as a function 
of age is qualitatively similar to the difference in the stellar continuum, hence 
we attribute the difference to variations between the stellar evolution tracks we 
adopt in the stellar population synthesis models for BEAGLE and PROSPECTOR 

(CB16 with PARSEC , and FSPS with MIST , respectively). 
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ith CSFH ages � 10 Myr constitute ∼10–30 per cent of our sample
epending on the SED model used (though we acknowledge that our
V-selected sample may be additionally biased towards young, UV-
right systems with large amounts of unobscured star formation), and
imilar systems powering extreme emission lines are thought to be
elatively ubiquitous at z � 7 (e.g. Smit et al. 2014 , 2015 ; Roberts-
orsani et al. 2016 ; De Barros et al. 2019 ; Endsley et al. 2021a ;
tefanon et al. 2022 ). In other words, a large number of reionization
ra galaxies exist in the regime where the stellar masses may be
nderestimated, and sSFRs o v erestimated, by an order of magnitude
r more. Thus, systematics in the measured SFHs could influence
ot only inferences of individual galaxy properties, but also have
rofound impacts on measurements of population properties such as
NRAS 519, 5859–5881 (2023) 
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Figure 9. The sSFRs for each object inferred by the CSFH and non- 
parametric SFH models with continuity prior as a function of PROSPECTOR 

CSFH-inferred age. We show the CSFH sSFRs as purple circles and non- 
parametric sSFRs with SFR averaged over the most recent 10 and 100 Myr 
as blue diamonds and green squares, respectively. The non-parametric sSFRs 
are systematically lower than the sSFRs inferred by the CSFH models, most 
significantly at the youngest ages where the non-parametric sSFR for a given 
object can be more than two orders of magnitude smaller than the CSFH 

models suggest. 

Figure 10. The offset between the stellar masses of our sample inferred by 
the PROSPECTOR constant and non-parametric SFH models with continuity 
prior as a function of the PROSPECTOR CSFH age. The horizontal dashed line 
shows where the CSFH- and non-parametric-inferred masses are equal. At 
young ages ( � 10 Myr), the non-parametric masses are ∼0.5–1.8 dex larger 
than the CSFH masses ( ∼1 dex on average). This difference decreases as 
the CSFH ages increase, until the two models agree within ∼0.3 dex on 
average at ages � 250 Myr, comparable to the scatter between the BEAGLE 

and PROSPECTOR CSFH models. 
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he stellar mass function, the star-forming main sequence, and the 
osmic SFR density. To identify the SFH model that best represents
hese systems, independent measurements such as dynamical masses 
rom JWST and the Atacama Large Millimeter/submillimeter Array 
ALMA) will be important. 

 AG ES  A N D  STAR  F O R M AT I O N  HISTORI ES  

T  z � 6 . 6 – 6 . 9  

s previously introduced, galaxies at z ∼ 6–9 have been found to 
ave a wide variety of SFHs. However, while individual examples of
oth young, line-emitting galaxies and more evolved systems have 
een observed, the relative frequencies with which they occur is not 
ell understood. Therefore, we now undertake a systematic study of 

he ages and SFHs of our sample of 36 UV-bright galaxies at z � 6.6–
.9 in order to quantify the incidence rates of these two populations in
he context of the full UV-luminous galaxy population. We derive the
odel we use to quantify the ages of the population in Section 5.1

nd discuss the implications of the results implied by our fiducial
ED models in Section 5.2 . We then extend the discussion to include
dditional insights provided by our non-parametric SFH models in 
ection 5.3 . 

.1 Ages of the population: deriving the model 

e are particularly interested in quantifying the fraction of galaxies 
bserved during an upturn in star formation and the fraction of
hose that have more steady past star formation. Fortunately, the 
ges inferred by our fiducial CSFH models are useful metrics for
his measurement. Though quantitatively interpreting the CSFH- 
nferred ages for individual sources is subject to complications from 

utshining, they are signposts of distinctive types of objects. Galaxies 
hat are inferred to be close to the youngest limit of the ages we
llow during SED modelling are likely being observed during a rapid
ptick in star formation that is driving the CSFH model. Meanwhile,
alaxies at the oldest extreme of the CSFH-inferred ages imply that
here was early star formation and little vigorous later activity to
utshine the light from the older population. Thus, we can use the
raction of the population inferred to be young as a proxy for the
urst-dominated population, while the old fraction corresponds to 
he sources with more steady past activity. 

To characterize these two extremes in age, we first quantify how
he ages of the entire UV-luminous z � 6.6–6.9 galaxy population
re distributed, assuming no luminosity dependence in the relatively 
mall luminosity range of our sample ( −22 . 5 � M UV � −21). We
dopt a truncated normal distribution in logarithmic age, which has 
our parameters (mean, μ; standard de viation, σ ; lo wer bound, a ;
nd upper bound, b ). The probability density function is given by 

 ( x; μ, σ, a, b ) = 

⎧ ⎨ 

⎩ 

1 
σ

φ
(

x−μ
σ

)

� 

(
b−μ
σ

)
−� 

(
a−μ

σ

) a ≤ x ≤ b 

0 otherwise 
, (1) 

here φ ( ξ ) = 

1 √ 

2 π
exp 

(− 1 
2 ξ

2 
)

and � ( ξ ) = 

1 
2 

(
1 + erf 

(
ξ/ 

√ 

2 
))

re the probability density function and the cumulative distribution 
unction of the standard normal distribution, respectively, and x = 

og (age/yr). 
We want to obtain the posterior probability distribution of 

ur model parameters of interest given our observed data D , 
 ( μ, σ, a, b | D ) . By Bayes’ Theorem, we have 

 ( μ, σ, a, b | D ) ∝ P ( D | μ, σ, a, b ) P ( μ, σ, a, b ) , (2) 

here P ( D | μ, σ, a, b ) is the likelihood of observing our data given 
he model with parameters μ, σ , a , and b , and P ( μ, σ , a , b ) are the
riors. We adopt a uniform prior on μ from 6–9 (corresponding to
 Myr − 1 Gyr ), and Gaussian priors on σ (centred at σ = 0.1 with
tandard deviation of 2), a (centred at a = 6 with standard deviation
f 0.1), and b (centred at b = 9 with standard deviation of 0.1). 
Since we do not infer the age distribution directly from the

bserved data (i.e. the photometry), but instead model the SEDs of
ach galaxy individually to infer their age along with other physical
roperties, our model is better viewed as similar to a Bayesian
ierarchical model (Kelly et al. 2012 ; Galliano 2018 ; Leja et al.
020 , 2022 ; Nagaraj et al. 2022 ). The likelihood for one galaxy, i ,
ith observed photometry D i is 

 ( D i | μ, σ, a, b ) = 

∫ 
P ( D i | x i ) P ( x i | μ, σ, a, b ) d x i , (3) 
MNRAS 519, 5859–5881 (2023) 
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Figure 11. Constraints on the parameters of the truncated normal distribution 
age distribution. The panels on the diagonal show the one dimensional 
posteriors for each parameter marginalized o v er all other parameters, and 
the remaining panels show the two dimensional posteriors for each pair of 
parameters. We place a lower limit on the mean of the distribution of μ ≥ 8.5 
and infer a standard deviation of σ = 1 . 4 + 0 . 8 −0 . 4 . The lower bound is relatively 

unconstrained and closely reflects its prior with value of a = 6 . 0 + 0 . 1 −0 . 1 , and we 

infer an upper bound of b = 8 . 9 + 0 . 1 −0 . 1 . 
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here x i = log (age i /yr) as before. 
Because each object in our sample was modelled independently,

he full likelihood is simply the product of each individual object’s
ikelihood: 

 ( D | μ, σ, a, b ) = 

N gals ∏ 

i= 1 

∫ 
P ( D i | x i ) P ( x i | μ, σ, a, b ) d x i . (4) 

he first term in the integral is the likelihood of observing the
hotometry of a galaxy for a given age and the second term is simply
he age distribution (equation 1 ). We approximate the value of the
ntegral following the method described by Leja et al. ( 2020 ) and Leja
t al. ( 2022 ). F or each object i , we dra w a set of samples from the
osterior for age from the SED models marginalized o v er all other
arameters. We then assign each sampled age, x i , j , an importance
eight, w i , j , to mitigate the impact of the prior we placed on age in
ur SED models; we take the importance weight to be the inverse
f the value of the original age prior we placed on the SED models
 v aluated at x i , j . Then, equation ( 4 ) can be approximated as 

∏ N gals 
i= 1 

∫ 
P ( D i | x i ) P ( x i | μ, σ, a, b ) d x i 

≈
N gals ∏ 

i= 1 

∑ 

j w i,j P 

(
x i,j | μ, σ, a, b 

)
∑ 

j w i,j 

. 

n practice, the weights w i , j are constant because we placed a log-
niform prior on age in our SED models. This approximation is
he likelihood in equation ( 2 ) to determine the posterior probability
istribution of our model parameters. 
We use the Markov chain Monte Carlo sampling package EMCEE

F oreman-Macke y et al. 2013 ) to sample the posteriors of the model
arameters μ, σ , a , and b and sho w the parameters deri ved from the
EAGLE SED models in Fig. 11 . Ne xt, we deriv e the age distribution
f the UV-luminous galaxy population at z � 6.6–6.9, and finally use
he distribution to quantify the proportions of the population that are
oung and old. 

.2 Ages of the population: results 

ltimately, we obtain age distributions based on our fiducial SED
odels from both BEAGLE and PROSPECTOR , from which we derive

he fractions of the population at the two extremes in age. We quantify
he subset of the population that is young (which we take to be
ges ≤10 Myr) and the subset that is old (which we define as ages
250 Myr, corresponding to z � 9 for objects at z � 6.8). We report

he inferred parameters in Table 3 and show the final age distribution
nferred from our fiducial BEAGLE SED models in Fig. 12 . We plot
he distribution corresponding to the median values for μ, σ , a , and
 in black and random draws from the parameters’ posteriors in grey.
As seen in Fig. 12 , the age distribution inferred from the BEAGLE

odels is weighted significantly more towards older ages of �
00 Myr. That is, at z � 6.6–6.9, there is a larger population of
ld galaxies with ages of a few hundred million years than young
nes with ages of only a few million years. This distribution further
mplies that the median age of the UV-bright z � 6.6–6.9 galaxy
opulation is at least ∼70 Myr, 3 consistent with the average ages of
ainter z ∼ 8 galaxies found by Labb ́e et al. ( 2013 ), though towards
he older end of the ages found by Stefanon et al. ( 2022 ). We note that
NRAS 519, 5859–5881 (2023) 

 This median age is younger than the parameter μ we infer for the age 
istribution since our parametrization of the age distribution allows for skew 

in this case, towards young ages). 
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ince we only place a lower limit on the parameter μ of the truncated
ormal age distribution, this median age depends somewhat on the
riors we adopt for μ and σ , though further testing in which we vary
hese priors suggests that the median is no larger than ∼250 Myr. 

As expected from the qualitative behaviour of the BEAGLE -derived
ge distribution, the fraction of galaxies inferred to have ages of a
ew million years does not dominate the population. Taking ages
10 Myr, we find a young fraction of ≤ 0 . 16 + 0 . 10 

−0 . 07 , slightly more than
he actual three out of 36 galaxies in our sample with BEAGLE ages
10 Myr inferred by our SED models. We attribute the larger fraction

f young ages inferred from the age distribution to the fact that our
ED models can find significant probabilities of ages ≤10 Myr even
or objects that have slightly older median ages. Since we expect these
oung ages to roughly correlate with a recent burst of star formation,
his suggests that we expect ∼1–2 in every 10 UV-luminous galaxies
bserved at z � 6.6–6.9 to be in a phase of extremely rapid star
ormation. This is broadly consistent with the ∼1 in 5 galaxies found
y E21a to have intense nebular emission ( [O III] + H β equi v alent
idths > 1200 Å), also indicative of bursts of star formation, but we

mphasize that this mapping is not one-to-one. 
In comparison, we find that the proportion of old objects with ages
250 Myr is ≥ 0 . 26 + 0 . 06 

−0 . 05 . This implies that we expect our BEAGLE

ED models to infer ages ≥250 Myr for ∼9 galaxies in our sample,
ore than the four we actually find. As for the young sources,

he larger fraction of old ages inferred from the age distribution
s likely due to the many objects in our sample that have significant
robabilities of ages ≥250 Myr, even if their median age is slightly
ounger. We also note that this fraction is consistent within 2 σ
ith the fraction of sources with evidence for strong Balmer breaks

 � 36 per cent) found by Laporte et al. ( 2021 ) at z ∼ 9, though
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Table 3. Inferred values for the parameters of the truncated normal distribution we adopt to characterize the distribution of ages of UV-selected galaxies at 
z ∼ 7. We also report the median age, fraction of young sources, and fraction of sources with mature stellar populations we derive from the age distribution. 
We report the values inferred from both the BEAGLE and PROSPECTOR SED models, and highlight that the PROSPECTOR -derived age distribution is weighted 
more towards younger ages, as expected from the systematically younger ages the PROSPECTOR models tend to infer for individual sources. 

Model Mean ( μ) Standard deviation ( σ ) Lower bound ( a ) Upper bound ( b ) Median age ≤10 Myr ≥250 Myr 
[log (age/yr)] [log (age/yr)] [log (age/yr)] [log (age/yr)] [Myr] fraction fraction 

BEAGLE ≥ 8 . 5 + 0 . 3 −0 . 5 1 . 4 + 0 . 8 −0 . 4 6 . 0 + 0 . 1 −0 . 1 8 . 9 + 0 . 1 −0 . 1 ∼70 − 250 a ≤ 0 . 16 + 0 . 10 
−0 . 07 ≥ 0 . 26 + 0 . 06 

−0 . 05 

PROSPECTOR 7 . 2 + 1 . 1 −0 . 8 3 . 0 + 1 . 3 −1 . 0 6 . 0 + 0 . 1 −0 . 1 9 . 0 + 0 . 1 −0 . 1 29 + 7 −7 0 . 34 + 0 . 04 
−0 . 04 0 . 17 + 0 . 03 

−0 . 03 

Note. a Since we place a lower limit on the parameter μ of the truncated normal age distribution, we also place a lower limit on the implied median age. 
Ho we ver, allo wing μ to range to arbitrarily high, but possibly physically unreasonable, v alues gi ves an upper limit on the median age of ∼250 Myr. 

Figure 12. The distribution of ages inferred from our CSFH BEAGLE models 
for the UV-bright galaxy population at z ∼ 7. We show the distribution 
corresponding to the median model parameters as the thick black line and 
distributions generated from random draws from the posterior as thin grey 
lines. We find a median age of at least ∼70 Myr and no more than ∼250 Myr 
for UV-luminous galaxies at z ∼ 7. We also infer that ∼16 per cent of 
the population has ages ≤10 Myr, which we argue are likely young, burst- 
dominated sources, and that ∼26 per cent of the population has a significant 
population of old stars with ages ≥250 Myr. 
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 more rigorous comparison would require a full inference of the 
ges of z ∼ 9 Balmer break galaxies with our same modelling 
pproach. 

Though we have so far focused on the age distribution derived from 

ur BEAGLE SED models, we have also derived an age distribution
ased on our fiducial PROSPECTOR SED models. We stress that we 
o not expect exactly the same results, since the PROSPECTOR models 
ometimes infer ages up to an order of magnitude younger than 
EAGLE , as discussed in detail in Section 4.2 . Thus, we expect the
ROSPECTOR -derived distribution to have a lower median age and 
arger probabilities of younger ages. Indeed, we find a median age 
f ∼30 Myr from the PROSPECTOR age distribution compared to the 
edian of ∼70 Myr from the BEAGLE -inferred distribution. We also 
nd that the PROSPECTOR age distribution is considerably more flat 

han the BEAGLE age distribution, leading to larger probabilities of 
oung ages. 
Together, these two differences lead to an larger young fraction 

nd a smaller old fraction inferred from the PROSPECTOR -derived 
ge distribution compared to the distribution based on the BEAGLE 

odels. We find that 34 + 4 
−4 per cent of the PROSPECTOR distribution

alls at ages ≤10 Myr, a factor of two larger than the fraction
rom BEAGLE , reflecting the additional objects that our PROSPECTOR 

ED models inferred to have young ages. The proportion of the 
ROSPECTOR -based distribution at ages ≥250 Myr is 17 + 3 

−3 per cent, 
hich is also in mild tension with the old fraction from BEAGLE .
o we ver, this is again expected from the differences in the ages
nferred from the SED models. 

.3 Insights from non-parametric star formation histories 

n Section 4 , we found evidence for a large variety of SFHs in a
ample of UV-bright, star-forming galaxies at z ∼ 7 using the ages
nferred from a CSFH model. We have now used the distribution of
SFH ages to infer that there is a large population of galaxies with

elatively steady past star formation, as well as a smaller subset of
ounger, burst-like systems. Ho we ver, while the ages inferred by the
SFH models are useful for identifying particular types of extreme 
bjects, the y e xplicitly do not allow for any star formation prior to
he age of the population that dominates the SED. Instead, we turn
o our non-parametric SFHs to better understand the possible past 
tar formation activity of the population. We again stress that the
uantitative details of the earliest epochs of star formation are prior-
ependent. Here, we present results derived from the ‘continuity’ 
rior in PROSPECTOR , which weights against large changes in SFR
 v er short time-scales and produces a constant SFH in the absence
f informative data, and we have set the onset of star formation to
 form 

= 20. Ho we ver, the qualitati ve e volution of the SFH o v er time
s nevertheless instructive. 

In Fig. 13 , we show examples of the SFHs we infer from the non-
arametric models. We include one galaxy that was inferred to have a
ery young age (2 Myr) by both the BEAGLE and PROSPECTOR CSFH
odels, one inferred to have a very old age ( ∼750 Myr), and one
ith a more intermediate age ( ∼100 Myr). We expect these objects

o be broadly representative of the variety of SFHs present in our
ample. 

We first highlight that galaxies with very young CSFH-inferred 
ges of only a few million years have extremely rapidly rising
FHs (see COS-862541 in the left-hand panel of Fig. 13 ). The
FRs inferred by our non-parametric models increase by an order of
agnitude within as little as 10 Myr, a factor of ∼30–40 in 20 Myr,

nd a factor of nearly 100 within 100 Myr. Though the exact increase
n SFR depends on the prior on the SFH, it is apparent that these
bjects undergo an extraordinarily large burst of star formation within 
 few tens of millions of years, increasing greatly in UV luminosity
n a very short amount of time. 

Secondly, we examine the SFHs of objects that were inferred to
ave old ages of ≥250 Myr by the CSFH models. We show COS-
387948 as an example in the right-hand panel of Fig. 13 . These
bjects are best described by either constant or declining SFHs (more
enerally, SFHs that do not increase) in the context of the non-
arametric models. For example, the two objects in our sample with
he oldest CSFH ages are both modelled by declining SFHs with
 decrease in SFR by factors of ∼30–40 from the oldest age bin
o the most recent 10 Myr. Thus, in counterpoint to the objects that
MNRAS 519, 5859–5881 (2023) 
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Figure 13. Examples of SFHs inferred by our non-parametric models. We show sources for which the CSFH models inferred a variety of ages (the youngest 
age in the left-hand panel, an intermediate age in the middle, and the oldest age on the right). The galaxy with the youngest CSFH age has an extremely rapidly 
rising SFH, with SFR increasing by more than a factor of 10 within a few tens of millions of years, while the galaxy with the oldest age has a declining SFH. 
The SFR of the more typical source changes much less o v er time, though we emphasize that we observe a variety of SFH morphologies for these objects with 
more intermediate ages. 
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ere inferred to be young, which were likely faint at early times
nd increased rapidly in luminosity right before observation at z

7, these objects likely comprise the population of UV-luminous
alaxies at high redshifts of z � 9. Based on the fraction of galaxies
nferred to be at ages ≥250 Myr from the age distribution, we expect
he number of bright galaxies at z � 9 to be approximately 30 per cent
f the number at z � 6.8. We will examine this forecast in the context
f the UV LF in the following section. 

 DISCUSSION  

n this work, we have systematically studied the stellar masses, ages,
nd SFHs of galaxies in the narrow redshift window of z � 6.6–
.9, where nebular emission lines can be cleanly separated from
est-optical stellar continuum in IRAC photometry. This enables the
hysical properties of our sample to be robustly characterized. Now,
e investigate the indirect constraints that the ages, SFHs, and stellar
asses that we have measured at z ∼ 7 can place on earlier star

ormation activity. We begin by exploring the implications of our
esults for the evolution of the UV LF up to z ∼ 9, then turn to
uantifying the evolution of the stellar mass assembly history of the
niverse to gain insights into the cosmic SFH at z � 9. 
If all z ∼ 7 galaxies are dominated by an old stellar population,

e would not expect a significant decrease in the number density
f the UV-luminous, star-forming galaxy population between z ∼
 and z ∼ 9. Thus, the ages and SFHs we have inferred can
rovide insights into the evolution of the UV LF. In particular,
ince we have characterized our sample with SFH models of varying
exibility (a simple, single-parameter CSFH and a very flexible non-
arametric model), we can place limits on the expected evolution.
sing the distribution of CSFH-based ages we have inferred, which

ncapsulates the uncertainties in the ages of individual systems, we
ave e v aluated the fraction of UV-bright galaxies at z ∼ 7 with ages
250 Myr, corresponding approximately the length of time between
 ∼ 7 and z ∼ 9. We note that this strategy assumes that the population
f bright galaxies only changes with time as new UV-bright systems
re formed (i.e. that bright galaxies at z ∼ 9 did not quench or become
bscured, resulting in UV-faint systems at z ∼ 7, and that no galaxies
hat are faint at z ∼ 9 undergo increases in star formation that make
hem brighter with time). Fortunately, our non-parametric models
lace constraints on the SFRs of our sample at z ∼ 9, providing
NRAS 519, 5859–5881 (2023) 
ome insights into the evolution of the UV luminosities o v er time of
nown bright galaxies at z ∼ 7. 
Our ages and SFHs imply that a large enough fraction of the z ∼

 population is sufficiently young such that the number density of
V-bright galaxies decreases from z ∼ 7 to z ∼ 9. As an illustration
f the scale of the evolution we find, we multiply the observed z

7 UV LF of Bowler et al. ( 2017 ) and Bouwens et al. ( 2021 ) by
he decrease we infer from the CSFH models and show the resulting
 ∼ 9 projection in Fig. 14 . We also show examples of z ∼ 9 UV
Fs from the literature (Bowler et al. 2020 ; Bouwens et al. 2021 ).
ur age distribution suggests that only a fraction (26 + 6 

−5 per cent) of
he galaxy population at z ∼ 7 is old enough to exist at z � 9. This
eads to a projected decrease by a factor of 3–5 in the number density
rom z ∼ 7 to z ∼ 9, though we note that since the old fraction is a
ower limit (see results in Section 5.2 ), this is an upper limit on the
ossible UV LF e volution. Similarly, the redshift e volution of the
V luminosities predicted by our non-parametric models suggest

hat only 17 galaxies in our sample are brighter than M UV = −21 at
 ∼ 9, compared to 35 at z ∼ 7, suggesting a factor of ∼2 decrease in
he number density. This is broadly consistent with the factor of 2–5
ecrease in the luminosity range of our sample measured by Bowler
t al. ( 2017 , 2020 ), though smaller than the factor of 10–15 decrease
mplied by the Bouwens et al. ( 2021 ) UV LFs. We note that this
volution is not driven by the sources most likely to be very evolved
i.e. the systems with the reddest UV slopes), but rather by the full
ge posteriors of the entire sample, which often have non-negligible
robabilities of old ages. We re-derive the age distribution excluding
bjects with UV slopes of β > −1 (including COS-87259, which
ay have a slightly uncertain age due to possible contamination by

n active galactic nucleus) and find a marginally larger fraction of
he distribution with ages ≥250 Myr (33 + 8 

−7 per cent). This implies a
arginally smaller decrease in number density from z ∼ 7 to z ∼ 9

a factor of 2.5–4). 
While the evolution of the UV LF gives insights into recent star

ormation in z ∼ 9 galaxies, the full history of stellar mass assembly
ro vides independent, inte gral constraints on star formation activity
t very early times. In particular, because the fraction of the stellar
ass that exists at z ∼ 7 that is in place by z = 9 depends strongly on

he evolution of the cosmic SFH, the full SFHs of our z ∼ 7 galaxies
an provide insights into this evolution (Roberts-Borsani et al. 2020 ;
aporte et al. 2021 ; Tacchella et al. 2022 ; Tang et al. 2022 ). If the
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Figure 14. The evolution of the UV LF from z ∼ 7 to z ∼ 9 that we estimate from our distribution of the ages of galaxies at z ∼ 7. We calculate the z ∼ 9 UV 

LF by scaling the observed z ∼ 7 luminosity function by the fraction of galaxies dominated by stellar populations with ages ≥250 Myr (and therefore expected 
to exist at z ∼ 9 with the same SFR and similar UV luminosity as observed in the context of a CSFH). We show the projections based on Bowler et al. ( 2017 ) 
in the left-hand panel and Bouwens et al. ( 2021 ) in the right-hand panel. The thick black lines denote the observed z ∼ 7 UV LFs that we scale to project the 
z ∼ 9 UV LF and instances of the resulting projection are shown as the grey lines. We also show the observed z ∼ 9 luminosity functions from Bowler et al. 
( 2020 ) and Bouwens et al. ( 2021 ) as the dashed red lines (left-hand and right-hand panels, respectively) and the luminosity range of our sample as the vertical 
grey dotted lines. Each of our predicted luminosity functions corresponds to a different realization of the projected z ∼ 9 UV LF implied by random draws of 
the parameters of the age distribution (Section 5 ) from their posteriors. We expect a decrease in the number density of UV-luminous galaxies by a factor of 3–5, 
broadly consistent with the decline observed by Bowler et al. ( 2017 , 2020 ), though smaller than that found by Bouwens et al. ( 2021 ). 
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Figure 15. The redshift evolution of the stellar mass assembly history 
predicted by our models. We average the assembly histories of the 36 galaxies 
in our sample implied by the CSFH models ( BEAGLE is shown as the dashed 
black line, PROSPECTOR as the dotted black line) and the PROSPECTOR non- 
parametric SFHs with continuity prior (solid black line) and normalize at z = 

9. We compare with a smooth evolution of ρUV ∝ ( 1 + z ) −3 . 6 (purple dashed 
line; McLeod et al. 2016 ), a rapid evolution of ρUV ∝ ( 1 + z ) −10 . 9 (blue dot–
dashed line; Oesch et al. 2018 ). The rapid evolution implies that ∼10 per cent 
of the stellar mass at z ∼ 7 is in place by z = 9, while the smooth evolution 
implies a larger fraction of ∼45 per cent. Both CSFH models suggest that 
only ∼6 per cent of z ∼ 7 stellar mass has formed by z = 9; ho we ver, when 
earlier star formation is allowed with the non-parametric models, the fraction 
increases to ∼50 per cent. 
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ecline is rapid [ ∝ (1 + z) −10.9 ; Oesch et al. 2018 ], this suggests that
nly ∼10 per cent of stellar mass in place at z ∼ 7 is formed by z =
, whereas a smooth evolution [ ∝ (1 + z) −3.6 ; McLeod et al. 2016 ]
mplies that a larger fraction of ∼45 per cent is in place. 

Averaging the SFHs implied by the CSFH models, we find that 
nly ∼6 per cent of the stellar mass at z ∼ 7 is established at z

9. Ho we ver, these models allo w no star formation prior to the
ormation time of the population that dominates the SED, essentially 
roviding a lower limit on early stellar mass assembly; that is, a z 

7 galaxy must be dominated by a sufficiently old ( � 250 Myr)
tellar population to form any mass at z � 9. Realistically, even
alaxies dominated by younger stellar populations may have had 
arlier episodes of star formation. When earlier star formation is 
llowed (most importantly for systems with young CSFH-inferred 
ges that form no stellar mass at z � 9), as in the non-parametric
odels with the continuity prior, a much larger fraction of stellar
ass of ∼50 per cent is in place by z = 9. In Fig. 15 , we show

he full redshift evolution of the stellar mass assembly history we 
erive from both the CSFH and non-parametric models. We find that 
he lower limit provided by the CSFH models are more consistent 
ith a rapid decline while the less restrictive limit provided by 

he non-parametric models fa v ours a smooth decline. That is, a
arge range of possibilities for the evolution of the cosmic SFH are
onsistent with the SFHs we infer for our galaxies with a variety of
riors (qualitatively consistent with the findings of Tacchella et al. 
022 ), highlighting the growing need for independent constraints 
o provide a new window into burst-dominated galaxies with early 
FHs that are only weakly constrained by rest-UV and optical 
hotometry. F or e xample, recent measurements of large dynamical 
asses at z ∼ 7 are beginning to hint that massive, old stellar

opulations, such as the extended early SFHs inferred by our non- 
arametric models, can at least be accommodated (Topping et al. 
022 ). 
Despite these uncertainties, we note that a rapid decline in the 

osmic SFH requires that the true ages and SFHs of reionization 
ra galaxies closely follows the lower limit provided by our CSFH
odels. That is, a rapid decline requires that these objects do not
ave significant star formation activity before the formation of the 
tellar populations that dominate the rest-UV and optical SEDs. Any 
mount of early star formation in these systems (e.g. if early galaxies
MNRAS 519, 5859–5881 (2023) 
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Figure 16. A comparison of the young ( ≤10 Myr) and old ( ≥250 Myr) 
solutions from the BEAGLE CSFH model for COS-83688. The observed 
photometry is shown as black circles, the median young solution is shown as 
purple stars, and the median old solution is shown as blue squares. Both ages 
agree well in the rest-UV, but diverge significantly in rest-optical, especially in 
the IRAC [4.5] filter. The young solution has a fainter rest-optical continuum 

and reaches the observed [3.6] flux with strong nebular emission lines (leading 
to a blue IRAC colour), whereas the old solution has a brighter rest-optical 
continuum and a redder IRAC colour. Ho we ver, both are still consistent within 
the large uncertainties of the IRAC photometry. 
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ave rising SFHs with low, but non-zero SFR, at early times) would
mply a less steep evolution in the cosmic SFH, ultimately suggesting
hat a rapid, ∝ (1 + z) −10.9 evolution in the cosmic SFH is unlikely. 

Abo v e, we hav e demonstrated the potential for using the ages
nd SFHs of galaxies at z ∼ 7 as indirect probes of earlier epochs
f star formation in the Uni verse. Ho we ver, current conclusions are
imited by (1) the low signal-to-noise of the observed SEDs in the
est-optical, which is important to constrain the age and mass of the
tellar population that dominates the SED, and (2) the difficulty of
onstraining early epochs of star formation when a young, luminous
tellar population is present. With current rest-optical photometric
ncertainties, many systems can be reasonably modelled with ages
panning from a few Myr to a few hundred Myr – nearly two
rders of magnitude. Fig. 16 shows both ≤10 and ≥250 Myr model
pectra from the BEAGLE CSFH model for one object in our sample,
NRAS 519, 5859–5881 (2023) 

igure 17. A demonstration of the impro v ed constraints on age expected from JW
imulated photometry analogous to current data (filled histograms) and from simula
dvanced Deep Extragalactic Surv e y (solid lines). We use simulated BEAGLE spe
anel. Vertical dotted lines indicate the input age. The constraints obtained by JWST
urrent data, with a reduction in error by ∼80 per cent. 
emonstrating the huge variety of ages that can provide satisfactory
olutions for a single galaxy. Thus, with current data, we can only
nambiguously constrain the ages of objects with the most extreme
est-optical observational signatures (either a strong [3.6] excess,
ndicative of intense nebular emission lines powered by young stars,
r a [4.5] flux e xcess o v er the near-infrared, pointing to a strong
almer break from an old stellar population when combined with a

elatively flat or blue rest-UV slope). 
In contrast, the unprecedented sensitivity of JWST will not require

uch strong observational signatures in the rest-optical and allow us
o place significantly better constraints on the ages of less extreme
bjects. To estimate the impro v ement that might be expected from
WST , we use BEAGLE to simulate galaxy SEDs at z = 6.8 for a
ange of ages, normalize to m = 26 in JWST /NIRCam F200W, and
enerate mock JWST photometry (adopting the depth and filters of the
edium depth subsurv e y of the JWST Advanced Deep Extragalactic
urv e y, a joint program of the NIRCam and NIRSpec Guaranteed
ime Observations teams) and mock HSC + VIRCAM + IRAC
bservations analogous to this work. We re-fit the mock photometry
ith BEAGLE and show the impro v ement in the age posteriors

xpected from JWST observations in Fig. 17 . The mock JWST
hotometry produces considerably more narrow posteriors than the
ock HSC + VIRCAM + IRAC photometry, with errors reduced by
80 per cent on average (while the smallest improvement is still a
60 per cent error reduction). These impro v ed measurements of the

ges of individual systems will propagate forward to much more
recise inferences of the population age distribution. Combined
ith independent insights into the stellar populations of reionization

ra galaxies, such a dynamical masses, to provide benchmarks for
ontinuously improving the accuracy of models, much more precise
easurements of the total stellar mass content of the Universe will

ecome possible in the era of JWST . 

 SUMMARY  

e present the results of a systematic study of the SFHs of UV-
uminous galaxies at z ∼ 7, which we use to gain insights into the
ssembly of stellar mass at z � 9. We utilize the colour selection
ioneered by Endsley et al. ( 2021a ) to select a sample of 36 UV-
uminous galaxies at z � 6.6–6.9 where [O III] and H β transmit
ST observations. We compare posterior distributions for age derived from 

ted photometry similar to that expected from the medium depth of the JWST 
ctra as input to the models and show three different true ages, one in each 
 -like photometry are significantly more precise than the measurements from 

R
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hrough the IRAC 3.6 μm bandpass and the de generac y between
ebular and stellar emission can be broken photometrically. Thus, we 
an obtain robust constraints on the ages, SFHs, and stellar masses
hat we measure. We use this sample to characterize the distribution
f SFHs expected for UV-bright galaxies at z ∼ 7, with a particular
ocus on quantifying the incidence rates of two distinct subsets of the
V-bright galaxy population: sources with strong nebular emission 

ines powered by young stellar populations, and systems with strong 
almer breaks consistent with mature stellar populations. Our key 
onclusions are as follows: 

(i) We infer the physical properties of our sample with two 
ayesian galaxy SED modelling tools, BEAGLE and PROSPECTOR , 
nd conduct an e xtensiv e comparison of their results. We adopt
 single-parameter, constant SFH model and find that both codes 
enerally infer similar stellar masses. Ho we ver, PROSPECTOR finds 
ystematically younger ages than BEAGLE for about ∼20 per cent of
ur sample, by up to an order of magnitude. We ascribe this difference 
o weaker rest-optical nebular emission lines and stellar continuum 

n PROSPECTOR , using FSPS with MIST stellar isochrones, relative 
o BEAGLE , using CB16 with PARSEC isochrones, and emphasize 
he need for further investigation into the differences between the 
hysical models that lead to these disparate solutions. 
(ii) We demonstrate that the physical parameters we infer changes 

ignificantly in the context of non-parametric SFH models with 
he built-in continuity prior of PROSPECTOR , especially for objects 
nferred to have the youngest ages. These non-parametric models 
ith continuity prior find systematically larger stellar masses and 

ower sSFRs than the parametric models at all ages, but most notably,
an infer stellar masses up to an order of magnitude larger (and
herefore order of magnitude smaller sSFRs) than the CSFH models 
t the youngest ages of � 10 Myr. At such young ages, the rest-UV
nd optical emission is likely dominated by light from young stars
ormed in a recent uptick in star formation, potentially outshining 
 massive, but faint, population of old stars. Our CSFH models do
ot probe the possible properties of this more mature population, but 
ur more flexible non-parametric models provide some insights into 
hese possible earlier episodes of star formation. 

(iii) We connect the CSFH-inferred ages to the non-parametric 
FH shapes with continuity prior. Our CSFH and non-parametric 
FH models both strongly imply a subset of galaxies undergoing an 
pturn in star formation and a subset of galaxies with a significant
opulation of old stars. For objects inferred to be young ( � 10 Myr) by
ur CSFH models, the non-parametric SFH models suggest a rapidly 
ising SFH with SFR increasing by a factor of 30–40 within 20 Myr.
or the objects with the oldest CSFH-inferred ages ( � 250 Myr), the
on-parametric SFHs display a decline in SFR by a similar factor 
rom the earliest times to the most recent 10 Myr. 

(iv) We infer a median age of UV-selected galaxies at z ∼ 7 
f at least ∼70 Myr (and no more than ∼250 Myr) in the context
f our CSFH models. We consider the full posterior probability 
istributions for the age of each individual object in order to quantify
he distribution of ages for the entire sample, which we parametrize as
 truncated log-normal distribution. We find a distribution weighted 
owards older ages of � 100 Myr but with a tail towards younger
ges. We then use this distribution to measure the median age of
70–250 Myr. 
(v) We quantify the fraction of UV-luminous galaxies at z � 6.8 

ith young ages (which we interpret as being observed during a 
ecent burst of star formation) and the fraction being dominated by 
n old stellar population. In the context of our BEAGLE CSFH models,
e find that the rest-UV and optical SED is dominated by light
rom ≤10 Myr stars, which may have been produced in a recent,
ntense burst of star formation, in ≤16 per cent of the UV-bright
opulation. Meanwhile, we expect ≥26 per cent of the population 
o be dominated by an old stellar population with age ≥250 Myr.
rom our PROSPECTOR CSFH models, we find that ∼30 per cent of

he population has ages ≤10 Myr and ∼20 per cent are ≥250 Myr
ld. 
(vi) We examine the integral constraints that our measurements 

f stellar populations of z ∼ 7 galaxies can place on the build up
f stellar mass in the early Universe. We expect ∼25 per cent of
V-luminous galaxies at z ∼ 7 to have an old stellar component,

uggesting that the number density of UV-luminous galaxies at z ∼
 is a factor of 3–5 lower than at z ∼ 7. This estimate is broadly
onsistent with some observational constraints on the high redshift 
V LF e volution, though lo wer than others. Ho we ver, we note that
ur analysis currently has large uncertainties due to low signal-to- 
oise data. We also examine the stellar mass assembly history implied 
y our results, and find that the rate of decline with increasing redshift
s model dependent and moti v ates the need for additional constraints
n earlier star formation in addition to the rest-UV and optical SEDs.
o we ver, despite these uncertainties, we find that a rapid decline in

he cosmic SFH requires a close adherence to the lower limit implied
y our CSFH models, suggesting that such a rapid decline is unlikely.
(vii) We expect significantly improved constraints on the ages of 

V-bright reionization era galaxies with JWST , with reductions in 
rror of ∼80 per cent, which will lead to more precise constraints on
he distribution of ages of the population. 

(viii) We highlight the importance of independent mass mea- 
urements, such as dynamical masses from ALMA and shortly 
WST , to enable verification of model results, which will allow us
o fully quantify the masses, ages, and SFHs of reionization era
alaxies and understand their implications for early stellar mass 
ssembly. 
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Figure A1. Comparison of the stellar masses inferred when varying the 
redshift at which star formation begins, z form 

, in our non-parametric models. 
We show the masses inferred from models with alternative formation redshifts 
of z form 

= 10 (teal circles) and z form 

= 30 (purple squares) as a function of the 
stellar mass of our original non-parametric models with z form 

= 20. Models 
with a later formation time ( z form 

= 10) generally find slightly smaller stellar 
masses by a factor of ∼1.25, on average, and at most a factor of ∼3, while 
models with an earlier start time ( z form 

= 30) are slightly larger by similar 
factors. We thus conclude that the exact time at which star formation begins is 
much less important than simply requiring an early period of star formation. 
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PPENDI X  A :  P R I O R  D E P E N D E N C E  O F  T H E  

TELLAR  MASS  FORMED  AT  E A R LY  TIMES  

n Section 4.3 , we emphasized that for galaxies with SEDs dominated
y stars formed during a recent, rapid increase in star formation, the
ata can only very weakly constrain early epochs of star formation,
t best. Therefore, the stellar mass formed at early times (and so
he total stellar mass) we infer from our models can be highly
rior-dependent (e.g. Leja et al. 2019a ). Understanding this prior- 
ependence is particularly important at the redshifts of reionization, 
hen a significant subset of the population is being observed during
 period of vigorous star formation, the light from which could be
utshining light from an older stellar population. 
We mak e tw o assumptions for our non-parametric SFH models

hat may impact the stellar masses we infer. First, we require that star
ormation begins at z form 

= 20, which strongly restricts the amount
f time available for star formation. Second, we adopt a prior on
he SFH that fa v ours a relatively smooth, slowly evolving SFH (i.e.
eights against sharp changes in the SFH in adjacent time bins). 
To investigate the impact of the assumption we make for the time at

hich star formation begins, we model our sample with two different
ormation redshifts, z form 

= 10 and z form 

= 30. In Fig. A1 , we show
he impact of these alternative values for z form 

on the inferred stellar
asses. In general, we find that while the time at which star formation

egins impacts the inferred stellar masses slightly (later formation 
imes lead to smaller stellar masses and earlier times yield larger
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Figure A2. Comparison of the stellar masses inferred from non-parametric 
models with different priors and fixed z form 

= 20. The ‘bursty’ prior (yellow 

circles) infers smaller stellar masses that differ by a factor of ∼2 on average, 
and up to a factor of ∼10, from the non-parametric models described in the 
main text. The Dirichlet prior (red squares) can infer larger stellar masses by 
similar factors ( ∼1.5 on average, up to a factor of ∼8 at low stellar masses). 
Thus, the general qualitative tendency of a prior to disallow a significant 
decrease in SFR at early times compared to the recent SFH can introduce 
order of magnitude differences at young ages, consistent with our findings 
from our fiducial CSFH and non-parametric models with standard continuity 
prior in the main text. 
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Figure B1. Comparison of the stellar masses inferred from two alternative 
functional SFH parametrizations. We show the delayed model with a burst 
as green circles, and the masses from the constant model with a burst that 
starts early as dark grey squares. The delayed plus burst model tends to find 
smaller stellar masses than the fiducial CSFH model by a factor of ∼3 on 
average. In contrast, the constant plus burst model with an old component 
find systematically larger stellar masses, also by an average of a factor of ∼3. 
We conclude that the combination of requiring an early formation time and 
prolonged periods of large SFRs drives the models to larger stellar masses, 
as they cannot rule out lo w-le vel early star formation activity. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/519/4/5859/6972384 by C
N

R
S user on 10 July 2023
asses), the difference is not significant; the stellar masses differ by
 factor of ∼3 at most ( ∼1.25 on average). 

We also test two alternative non-parametric priors, both with
 form 

= 20: a ‘bursty’ prior that allows for larger changes in SFR
etween adjacent time bins while still enforcing a relatively smooth
volution, and a prior that permits much sharper features in the SFH
e.g. rapid bursts and quenching ev ents). F or the bursty model, we
dopt the same continuity prior that fits for the logarithm of the ratios
etween SFR in adjacent time bins with Student’s t -distribution as
he prior, and choose σ = 1 for the dispersion, as was adopted by
acchella et al. ( 2022 ). For the prior that allows sharper features, we
dopt the Dirichlet prior in PROSPECTOR , which fits for the fractional
ass formed in each time bin. The Dirichlet distribution requires
 concentration parameter that regulates the tendency to distribute
ass equally among all bins; we choose a concentration parameter

f one, which weights towards smooth SFHs. For more details about
he non-parametric priors, see Leja et al. ( 2019b ). 

In Fig. A2 , we compare the stellar masses inferred by the
lternative priors to the masses from our original non-parametric
odel. Compared to the non-parametric models in the text, the bursty

rior finds very similar stellar masses at large stellar masses, but up
o a factor of 10 smaller masses for lower mass systems. As expected
rom the construction of the prior, the bursty models tend to find
 larger increase in SFR from early to recent times, qualitatively
ore similar to a CSFH with zero early star formation than our main

ext non-parametric models. Meanwhile, the Dirichlet prior infers
arger stellar masses than the original non-parametric models for less

assive sources, up to a factor of eight larger. In general, we find
hat the tendency of a prior to infer large SFRs at early times (i.e.
isfa v our a large decrease in SFR from recent to early times) can
roduce stellar masses more than an order of magnitude larger than
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riors that allow negligible early star formation, thus bracketing the
ange of stellar masses that are consistent with the data. 

PPENDI X  B:  ALTERNATI VE  PA R A M E T R I C  

FH  M O D E L S  

n the main text, we adopted a simple CSFH as our fiducial model.
e now test other functional parametrizations of the SFH: one that

llows more complex behaviour as a function of time (a delayed-tau
odel with a recent, ongoing burst), and one that enforces an old

omponent of the SFH (a constant extended component and a burst;
n essence, this is a ‘non-parametric’ model with two time bins). 

We adopt the following priors for these SFHs. For the delayed-tau
SFR( t ) ∝ t e −t / τ ) SFH model with a recent ongoing burst, we fit
or the time-scale for exponential decline ( τ ) and the time when the
urst begins (age burst ) with log-uniform priors. Specifically, we fit for
on the interval 7 ≤ log ( τ /yr) ≤ 10.5, and the starting time of the

urst from 1 ≤ age burst /Myr ≤ 10. For the constant SFH with a burst,
e fit for the formation redshift with a uniform prior from z form 

=
5–30. The priors on all other parameters are the same as presented
n Section 3 . 

In Fig. B1 , we show the stellar masses inferred from both models,
sing BEAGLE , as a function of the CSFH stellar mass. The delayed
lus burst models infer similar stellar masses at the smallest stellar
asses, but smaller stellar masses for objects with CSFH masses

f M ∗, CSFH � 10 9 M �. On average, the delayed plus burst stellar
asses are a factor of ∼3 smaller, but can up to a factor of ∼10–20

maller at large stellar masses, since these objects are generally fit
y significantly declining SFHs. In contrast, the constant plus burst
odels with an early start time infer systematically larger stellar
asses, also by a factor of ∼3 on average. 
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In general, we find that the enforcement of an early formation time
s the primary driver of systematically larger stellar masses, even with 
ess flexible SFH models. Since the time between z = 20 and z = 7
s ∼600 Myr, the difference in stellar mass between the constant and
onstant plus burst models suggests that in some cases, the models 
annot rule out star formation on the order of SFR � 5 M � yr for
 prolonged amount of time in the past, broadly consistent with the
nferences from our full non-parametric models (see Fig. 13 ). 
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