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Abstract

The bursty, time-variable nature of star formation in the first billion years, as revealed by JWST, drives phases of
temporary quiescence in low-mass galaxies that quench after starbursts. These galaxies provide unique probes of the
burstiness of early star formation and its underlying physical processes. Using the SERRA cosmological zoom-in
simulations, we analyze over 200 galaxies with Må< 109.5Meat z∼ 6–8, finding that most experience quiescent
phases driven by stellar feedback, with minimal influence from environmental effects. The fraction of temporarily
quiescent galaxies increases with decreasing mass and luminosity, representing the dominant population at
Må< 108Me and MUV>−17. By forward modeling their spectral energy distributions, we show that they are faint
(〈MUV〉=−15.6 for Må= 108Me), have strong Balmer breaks (>0.5), and no emission lines. Comparing our
predicted fractions with JWST results, we find similar luminosity-dependent trends; however, the observed fractions
of temporarily quiescent galaxies at MUV∼−20 to −19 are higher, suggesting that stronger feedback or additional
mechanisms beyond supernovae may be at play. We propose searching for F200W dropouts and satellites in the
proximity (<5″) of massive (>1010Me) galaxies as effective strategies to uncover the hidden majority of faint
(MUV>−17), temporarily quiescent systems, crucial for constraining early feedback processes in low-mass galaxies.

Unified Astronomy Thesaurus concepts: High-redshift galaxies (734); Cosmology (343); Galaxy evolution (594);
Dwarf galaxies (416)

1. Introduction

With its unprecedented depth and sensitivity, the James Webb
Space Telescope (JWST) is enabling us to study the star
formation histories (SFHs) of galaxies in the first billion years of
the Universe in remarkable detail. The way galaxies form their
stars over time is determined by the complex interplay of gas
cooling, accretion, feedback processes, and environmental
factors. Low-mass galaxies, with their shallow gravitational
wells, are especially sensitive to these effects, leading to
stochastic, or “bursty,” SFHs characterized by strong fluctuations
over short timescales (e.g., S. R. Furlanetto & J. Mirocha 2022;
K. G. Iyer et al. 2024). During the first billion years since the Big
Bang, the Universe is largely dominated by such low-mass
galaxies, and bursty star formation is predicted to be common, as
shown by several cosmological simulations (e.g., X. Ma et al.
2018; A. Pallottini et al. 2022; G. Sun et al. 2023a; A. Bhagwat
et al. 2024).

Constraining the level of “burstiness” in high-z galaxies is
important for several reasons. First, understanding the time
variability of the SFHs is key for unveiling the physics
regulating it, as different feedback and accretion processes act
on different timescales (e.g., K. G. Iyer et al. 2020; S. Tacchella
et al. 2020). Second, bursty star formation can have significant
implications on multiple observables: the UV luminosity
functions (C. A. Mason et al. 2023; J. Mirocha &

S. R. Furlanetto 2023; A. Pallottini & A. Ferrara 2023;
X. Shen et al. 2023; G. Sun et al. 2023b; V. Gelli et al.
2024a; A. Kravtsov & V. Belokurov 2024), the ionizing photon
budget (I. Nikolić et al. 2024), the mass–metallicity relation
(A. Pallottini et al. 2024), and even the potential detectability of
Population III galaxies (H. Katz et al. 2023).
JWST results are indeed providing increasing evidence of

bursty star formation in the Epoch of Reionization (EoR).
Galaxies at fixed stellar mass or luminosity exhibit large scatter
in the distributions of properties, such as the star formation rate
(SFR; e.g., L. Ciesla et al. 2024, J. W. Cole et al. 2025), the gas
metallicity (e.g., K. E. Heintz et al. 2023; T. Morishita et al.
2024), stellar ages (e.g., L. Whitler et al. 2023), emission line
strengths (e.g., R. Navarro-Carrera et al. 2024), and ionizing
photon production efficiencies (e.g., R. Endsley et al. 2024b;
G. Prieto-Lyon et al. 2023; R. Begley et al. 2025).
A key implication of bursty star formation is the possibility

that galaxies may be quenched following strong starbursts,
resulting in a population of temporarily quiescent high-z
galaxies7 (e.g., V. Gelli et al. 2020; A. L. Faisst & T. Morishita
2024). JWST has indeed also provided the very first detections
of low-mass post-starburst quiescent galaxies in the EoR
(V. Strait et al. 2023; T. J. Looser et al. 2024; W. M. Baker
et al. 2025). The mechanisms driving this quenching are still
debated: supernova (SN) feedback alone seems insufficient to
abruptly suppress star formation in the short timescales
observed (V. Gelli et al. 2023; T. Dome et al. 2024; V. Gelli
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7 To describe this particular class of galaxies, different definitions have been
adopted: “mini-quenched,” “smoldering,” “napping,” “lulling,” etc. In this
paper, we refer to them as “temporarily quiescent” galaxies.
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et al. 2024b), and the environment may also play a role in some
cases (e.g., Y. Asada et al. 2024).

Reconstructing and interpreting the evolution of individual
galaxies is challenging, as recent starbursts outshine older
stellar populations (e.g., C. Giménez-Arteaga et al. 2024;
D. Narayanan et al. 2024) and a lack of emission lines can be
confused with high escape fractions (e.g., M. W. Topping et al.
2022). To overcome these issues, we can use a statistical
approach. Exploiting large samples of high-z galaxies, we can
probe systems that are experiencing different stages of their star
formation. By looking at these galaxies as an “ensemble” and
quantifying the fraction of quiescent versus starbursting
systems, we can gain insight into early galaxy formation.

In particular, the fraction of galaxies undergoing temporary
quiescence is directly tied to the overall duration of these
phases, encapsulating key information about the duty cycles
and timescales of SFH variability. Observations of large
samples of this new class of temporarily quiescent galaxies
uncovered by JWST offer a unique way to probe bursty star
formation and high-z quenching mechanisms.

Recently, several efforts have been made toward the
identification of galaxies experiencing temporarily quiescent
phases of star formation (T. J. Looser et al. 2023; R. Endsley
et al. 2024a; J. Trussler et al. 2025), finding that they constitute a
considerable fraction of the high-z low-mass and low-luminosity
galaxy population. However, the physical interpretation of these
results and comparison with theoretical models and simulations
is complex and challenging, as observational samples are not
complete in stellar mass and naturally biased toward the brighter
and more luminous starburst phases of star formation (e.g.,
C. A. Mason et al. 2023; G. Sun et al. 2023a).

JWST is, however, finally enabling us to explore a broader
range of SFRs of galaxies at z> 6, capturing not only the
starbursts but also the fainter phases of the galaxies’ highly
time-variable SFHs.

In this paper, we use results from the SERRA cosmological
simulations (A. Pallottini et al. 2022) combined with accurate
forward modeling of galaxy spectra (V. Gelli et al. 2021) to
predict the expected abundances of observable temporarily
quiescent galaxies at high z. By comparing these predictions
with recent JWST results, we aim to constrain the burstiness of
galaxies in the EoR and infer the physical processes shaping it.

2. Methods

2.1. SERRA Cosmological Simulations

SERRA (A. Pallottini et al. 2022) is a suite of cosmological
zoom-in simulations that follow the evolution of typical Lyman
break galaxies (Må; 1010Me) and their environments in the
EoR. MUSIC (O. Hahn & T. Abel 2011) is adopted to generate
initial conditions at z= 100 in a cosmological volume of
(20Mpc/h)3 by assuming a Planck Collaboration et al. (2014)
cosmology.8 RAMSES (R. Teyssier 2002) is used to follow the
evolution of dark matter, stars, and gas by adopting baryon
mass resolution of 1.2× 104Me and spatial resolution of
;20 pc in the zoom-in regions, i.e., about the mass and size of
molecular clouds. SERRA allows for on-the-fly radiative
transfer via RAMSES-RT (J. Rosdahl et al. 2013) that is

coupled (A. Pallottini et al. 2019) with the photon–gas
interactions handled with KROME (T. Grassi et al. 2014), by
solving for the nonequilibrium chemical network up to
molecular hydrogen (H2) formation (A. Pallottini et al. 2017a).
Stars form following a M. Schmidt (1959)–R. C. Kennicutt

(1998) relation depending on the H2 density, and assuming a
P. Kroupa (2001) initial mass function. Stellar feedback
modeling includes SNe explosions, winds, and an approximate
treatment of radiation pressure (A. Pallottini et al. 2017b).
STARBURST99(C. Leitherer et al. 1999) is used to account for
the mechanical energy injection (SN and winds), photon inputs,
and chemical yields, depending on the stellar age and
metallicity, that are taken from PADOVA stellar tracks
(G. Bertelli et al. 1994), covering a metallicity range of Zå/
Ze= 0.02–1.0. As a 1.2× 104Me resolution does not allow for
following the evolution of the first stars and minihalos, their
effect is accounted for by setting the initial gas metallicity to a
floor value of Zfloor= 10−3Ze (J. H. Wise et al. 2012;
A. Pallottini et al. 2014).
In this work, we analyze multiple SERRA galaxies taken in the

6< z< 8 redshift range. To quantify the importance of
environmental effects on the evolution of low-mass galaxies,
we select and analyze both central galaxies and satellite galaxies
orbiting more massive systems. However, the typical clustering
algorithm for galaxy identification (e.g., S. R. Knollmann &
A. Knebe 2009; P. S. Behroozi et al. 2013) is calibrated for large
cosmological simulations and can experience problems in
pinpointing the satellites located in the highest-density regions,
particularly in the case of zoom-in simulations. Thus, first we use
ROCKSTAR (P. S. Behroozi et al. 2013) to select galaxies
Må< 1010.5Me and then the low-mass satellites sample is
extracted using a stellar-density-based method (V. Gelli et al.
2020), checking a posteriori for the presence of a dark matter
(sub)halo.
The sample used in this paper consists of 78 central and 131

satellite galaxies at 6< z< 8 with stellar masses in the range
Må= 107–109.5Me.

2.2. Spectral Energy Distribution Modeling

To produce synthetic spectral energy distributions (SEDs) of
the simulated galaxies, first, we model the stellar emission
using STARBURST99 (C. Leitherer et al. 1999), ensuring
consistency with the simulation prescriptions. In particular, we
compute the emission from each stellar particle based on its
individual age and metallicity, then sum their contributions to
obtain the total galaxy spectrum.

CLOUDY (G. J. Ferland et al. 2017) is used to compute nebular
line emission from the galaxies’ interstellar medium, taking the
gas density, metallicity, turbulent structure, and radiation field
into account (L. Vallini et al. 2018; A. Pallottini et al. 2019). We
compute the main lines typically contributing to the rest-frame
UV–optical spectrum (i.e., hydrogen Hα, Hβ, Hγ, oxygen [O II]
λλ3726,3729 and [O II]λλ4959,5007, and carbon (C III]1909)
by summing cell-by-cell luminosities from CLOUDY and
assuming a Gaussian profile with a width determined by the
thermal and turbulent motions (see M. Kohandel et al. 2020).
Finally, we take the presence of dust in the galaxies into

account, which can attenuate the intrinsic spectrum (i.e., see
V. Gelli et al. 2021). In particular, we adopt a dust-to-metal
ratio of fd= 0.08 and assume MW-like dust (C. Behrens et al.
2018): we use the extinction curve from J. C. Weingartner &
B. T. Draine (2001) to attenuate the synthetic intrinsic SED of

8 Throughout the paper, we assume a ΛCDM model with vacuum, matter, and
baryon densities in units of the critical density ΩΛ = 0.692, Ωm = 0.308,
Ωb = 0.0481, Hubble constant H0 = 67.8 km s−1 Mpc−1, spectral index
n = 0.967, and σ8 = 0.826.
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each galaxy.9 Note that the assumptions for dust differ from
V. Gelli et al. (2021), where an SMC-like extinction curve and
fd= 0.3 is adopted. This change of assumptions is driven by
more recent ALMA measurements of high-z galaxies
(R. J. Bouwens et al. 2022), which support a MW-like dust
(A. Ferrara et al. 2022) and lower dust-to-metal ratios
(N. Laporte et al. 2017; C. Behrens et al. 2018). However,
the choice of different dust attenuation curves has minimal
impact on the SEDs of the sources analyzed in this work due to
the gas- and dust-poor nature of low-mass, temporarily
quiescent galaxies.

3. The Physics of Bursty Galaxies

We here present the simulations’ results for the sample of
6< z< 8, Må< 109.5Me galaxies, analyzing their bursty
evolution and its impact on the SFR–Må relation and on the
fraction of temporarily quiescent galaxies.

3.1. Stellar Mass Buildup

To understand how galaxies form and evolve in the
simulations, in the main panel of Figure 1, we show the
fraction of stellar mass formed as a function of the time elapsed
from the first star formation event in the galaxy. The colors
correspond to the final stellar mass Må of each galaxy. Low-
mass systems (Må< 108Me) preferentially form all their stars

in a few tens of Myr, whereas the stellar mass buildup is much
longer (up to ∼500Myr) in more massive systems.
The rise in the mass of the galaxies is not always regular and

smooth. Rather, most SFHs are characterized by both rapid
rises due to starburst events and prolonged phases in which the
galaxies are rendered temporarily quiescent by feedback
processes (horizontal tracks).
Most galaxies, even those with a final mass Må> 109Me,

experience periods of quiescence during the early stages of
their evolution, typically within the first 200Myr of their
lifetimes, when they are less massive, i.e., when Må 10% of
their final stellar mass. Lower-mass systems are, in fact, more
sensitive to feedback and more easily quenched, being less
efficient in retaining gas in their shallow potential wells after
H2 photoevaporation and SN explosions.
The time variability of galaxies alternating between

starbursting and quiescent phases can be quantified through
their duty cycle, fduty, defined as the ratio of time spent in
activity (SFR> 0) and the overall time since the formation of
the galaxy (see Equation (1) in V. Gelli et al. 2023). As shown
in the inset, the average duty cycle increases with the stellar
mass, indicating that it is more likely for lower-mass galaxies to
undergo a period of temporary quiescence.
In the top panel, we show as an example the SFH of two

typical galaxies of different masses, highlighting their bursty
time-variable evolution. The higher-mass galaxy undergoes a
phase of temporary quiescence after its first main burst of star
formation. As it builds up its mass, its average star formation
rate increases. While its evolution remains bursty, marked by
peaks and downturns, the galaxy becomes more stable against
feedback processes, preventing further quiescent phases. The
lower-mass system is quiescent by the end of the simulation

Figure 1. The top panel shows the SFH of two typical galaxies, one with high mass and high duty cycle, the other with low mass and low duty cycle, and undergoing a
quiescent phase at the end of the simulation (z ∼ 6, indicated by the dashed vertical line). The bottom panel shows the fraction of stellar mass formed with respect to
the final stellar mass (Må) of each galaxy as a function of the time elapsed from its first star formation event. The colors indicate the final stellar mass of the galaxies.
Most galaxies experience periods of quiescence during their early evolutionary stages. The inset shows the mean trend of the duty cycle, i.e., the fraction of time spent
in activity, that increases as a function of the stellar mass.

9 As a test of the method, the continuum spectra of galaxies at z = 7.7 in the
present sample have been compared with the SEDs resulting from 3D
continuum radiative transfer post-processing done via SKIRT (M. Baes &
P. Camps 2015) with the setup adopted in A. Pallottini et al. (2022). The SEDs
obtained with the two methods are consistent.
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(z∼ 6, marked by the dashed vertical line). Its previous
evolution is similar to the first phases of the more massive
galaxy, indicating that it may resume star formation again
later on.

As we detect galaxies at specific times during their
evolution, we want to study how their burstiness is expected
to affect the observed SFR–Må relation.

3.2. SFR–Stellar Mass Relation

In Figure 2, we show the SFR–Må relation for the entire
sample of Må 109.5Me galaxies at z∼ 6–8. Their SFRs are in
the range SFR= 0–50Me yr−1, the average increasing with
stellar mass, with the relation being characterized by a
significant scatter, especially toward lower masses. This scatter
is the direct result of the bursty evolution that galaxies
experience in their lifetimes, characterized by peaks of SFR (up
to ∼20Me yr−1 for galaxies with Må∼ 108Me) and downturns
in which the star formation is suppressed and can render some
of them temporarily quiescent (SFR= 0, shown in orange). To
quantify the burstiness phase that each galaxy is experiencing,
we color code them according to the ratio between the
instantaneous SFR3, averaged over the last 3 Myr, and SFR50,
averaged over the last 50Myr, similarly10 to R. Endsley et al.
(2024a). When SFR3/SFR50> 1, the galaxy is undergoing a

starbursting phase, while when the ratio is <1, the system is
experiencing a downturn in star formation.
At fixed stellar mass, galaxies with higher SFR values are

typically in starburst phases, reaching SFR3/SFR50∼ 5, whereas
galaxies with lower SFR are more likely to be experiencing
downturns in star formation. Among these downturn galaxies,
we note that only those with Må< 109Me experience strong
suppression of star formation and can also undergo temporarily
quiescent states. This is a direct consequence of how burstiness
affects galaxies at different masses, with low-mass galaxies more
susceptible to feedback.
The histogram in the right-hand panel displays the wide

range of SFR covered by our sample of Må= 107–109.5Me

galaxies. Interestingly, we see that systems undergoing a
temporarily quiescent phase constitute a significant fraction of
z∼ 6–8 galaxies, representing the fQ= 25% of the population.
To assess the potential impact of different environments on

the bursty evolution of high-z galaxies, in Figure 2, we
distinguish central galaxies from satellite galaxies living in
close proximity to a more massive galaxy. Comparing their
distribution in the SFR–Må relation, we find no large
differences, with both types of galaxies roughly covering the
same ranges of Må and SFR. In regions of high star formation
(SFR > 10Meyr

−1), satellites are more prevalent, but this is a
statistical effect, as they constitute the majority of the sample
(131 satellites to 78 central). However, when comparing the
fraction of temporarily quiescent galaxies in the two
subsamples, we find that for satellites the fraction is fQ,
sat= 32%, and for central systems it is fQ,isol= 13%. As shown

Figure 2. Stellar mass (Må)—SFR, averaged over 3 Myr, relation for a sample of 208 galaxies at z = 6–8 from the SERRA simulations (A. Pallottini et al. 2022). The
galaxies are color coded with the ratio between SFR averaged over 3 Myr (SFR3) and 50 Myr (SFR50), which is an indicator of whether the galaxies are experiencing
bursts (>1) or downturns (<1) of star formation. Galaxies undergoing phases of quiescence are shown in orange. Different markers distinguish satellite galaxies
orbiting more massive companions (squares, 131) from central galaxies (circles, 78). We also show JWST results of z ∼ 4–9 galaxies spectra from M. Curti et al.
(2024), K. Nakajima et al. (2023), S. Fujimoto et al. (2023), T. J. Looser et al. (2024), V. Strait et al. (2023), W. M. Baker et al. (2025) and the z ∼ 6 star-forming main
sequence parameterization by P. Popesso et al. (2023), showing that JWST observations seem biased toward starbursting and high-SFR systems.

10 While different definitions of burstiness can be adopted (J. Leja et al. 2019;
J. Chaves-Montero & A. Hearin 2021; A. Pallottini & A. Ferrara 2023;
D. Langeroodi & J. Hjorth 2024), the physical interpretation of the result is
qualitatively similar.
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by V. Gelli et al. (2023), both satellite and central galaxies
undergo similar bursty feedback-regulated evolution, where the
quenching is dominated by internal stellar feedback. Indeed,
V. Gelli et al. (2023) find that SNe feedback is the principal
physical mechanism responsible for suppressing star formation
in Må< 108.5Me galaxies, typically acting on ∼30Myr
timescales (see also A. Pallottini & A. Ferrara 2023, in
particular Figure 4 therein). This SN quenching is therefore
independent of the environment in which they dwell. The slight
difference in the fractions of quiescent galaxies between the
two samples is instead related to their ability to resume star
formation after being quenched, which can depend on the
environment. In particular, we find that satellite galaxies are
less likely to replenish their gas reservoirs, as most
circumgalactic gas is accreted onto the nearby, more massive
galaxy with its deeper gravitational potential. Given the only
minor differences between the two classes of galaxies, from
now on we will not distinguish between the two and treat the
sample of low-mass galaxies all together.

In Figure 2, we also show spectroscopic samples for JWST
studies at similar redshifts (S. Fujimoto et al. 2023;
K. Nakajima et al. 2023; M. Curti et al. 2024). While the
mass range covered by the observations and our simulations is
comparable, the observed SFR range predominantly overlaps
with the region of the highest star-forming simulated galaxies.
Our simulated galaxies are, on average, well aligned with the
main sequence parameterization from P. Popesso et al. (2023),
but seem to struggle to reach the very-high-SFR regime
(SFR> 50Me yr−1) covered by most spectroscopic observa-
tions. These extreme values occur in the simulation only during
short-lived luminous bursts of their SFH (20Myr; see
A. Pallottini & A. Ferrara 2023), making them statistically
less likely to appear in our randomly selected limited sample,
but very easy to detect. Conversely, observations of low star-

forming galaxies (SFR 1Me yr−1) or undergoing downturns
in star formation(SFR3/SFR50 1Me yr−1) are rare. This
scarcity arises because time variability in the SFR causes
fluctuations in galaxy luminosities, making galaxies in phases
of declining star formation fainter and thus harder to detect (see
Section 4.2). As a result, observations, especially those relying
on nebular line selection, are generally biased toward the
highly star-forming tail of the galaxy population, and this
intrinsic limitation should be carefully considered when
inferring galaxy population properties in the EoR.

3.3. Quiescent Fractions

The fraction of galaxies found in a quiescent phase at any
given time is expected to be proportional to the overall duration
of these periods and inversely proportional to their duty cycle.
Therefore, measuring the fraction of temporarily quiescent
galaxies is crucial for estimating the duty cycles of high-z
galaxies, understanding the timescales of their star formation
histories, and gaining insights into the physical processes that
regulate them.
We study the mass dependency of the duty cycle of galaxies,

by showing in Figure 3 the fraction of quiescent (SFR= 0) and
downturn (SFR3/SFR50< 1) galaxies per stellar mass bin. The
fractions strongly increase with decreasing stellar mass. For
Må> 5× 108Me, quiescent systems represent <10% of the
satellite population; at Må≈ 107.5Me, the fraction becomes
70%. Similarly, the overall fraction of galaxies with recent SFR
downturn follows a decreasing trend with mass, going from
80% at Må≈ 108Me to ∼30% at Må≈ 109Me. The shaded
regions show the 1σ Poisson error in each bin, which can reach
unphysical values of 100% in the low-mass regime due to
low number counts.

Figure 3. Fraction of SERRA galaxies that are quiescent (SFR = 0) and that are experiencing a downturn in star formation (SFR3/SFR50 < 1) galaxies per stellar mass
bin. Shown are the 1σ Poisson errors in each bin. The inset shows the same fractions as a function of the average duty cycle in each bin, defined as the fraction of a
galaxy’s lifetime spent in activity ( )= D >

-
f t

t tduty
SFR 0

obs form
, and highlights that lower massive galaxies are more likely quenched and, on average, spend less time in active

phase.
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To highlight how these fractions are tightly linked to the
bursty nature of the SFH, the inset shows the same fractions as
a function of fduty in each bin. At fixed stellar mass, higher
fractions of quiescent galaxies reflect lower duty cycles, i.e.,
less time spent in activity. This strong mass dependency once
again reflects the fact that lower-mass systems, typically
residing in lower-mass dark matter haloes, are especially
sensitive to feedback processes, and their star formation can be
more easily suppressed by stellar feedback through SN
explosions and photoevaporation of H2.

Measuring these fractions would provide a direct probe of
high-z bursty evolution, but it remains highly challenging for
several reasons. First, accurate measurements of stellar mass at
high redshift are challenging due to the bursty nature of galaxies’
SFH, which are difficult to capture with commonly used SED
fitting codes (e.g., V. Markov et al. 2023; L. Whitler et al. 2023;
E. Rusta et al. 2024), as well as the outshining of older stellar
populations by recent star formation (e.g., D. Narayanan et al.
2024). Second, galaxies undergoing downturns or temporary
quiescence are, on average, fainter than their star-forming
counterparts of the same mass (see Section 4), making it
challenging to achieve the stellar mass completeness required to
measure quiescent fractions, particularly at the low-mass end.

For these reasons, for a more reliable comparison between
simulations and observations, we will compare fractions of
quiescent galaxies at fixed luminosity rather than stellar mass.

In the following sections, we present the results of the forward
modeling of the SEDs of SERRA galaxies, allowing us to predict
the detectability of temporarily quiescent systems, compare with
recent JWST observations, and explore the best observational
strategies to better capture this elusive population.

4. Constraining High-z Burstiness with JWST Observations

Having analyzed the bursty evolution of galaxies that leads
to the emergence of temporarily quiescent low-mass systems at
z> 6, we now turn to investigating the impact of this evolution
on their emission. In this section, we present the results of
forward modeling the galaxies’ emission, analyzing the SEDs
of both star-forming and quiescent systems, and comparing
them with observations.

4.1. Bursty Evolution Shaping the SEDs

In Figure 4, we show the synthetic SEDs of the star-forming
(left) and temporarily quiescent (right) galaxies (see Section 2.2
for the model). The flux density is plotted as a function of the
observed wavelength in the range 0.6< λ/μm< 5, covered by
the NIRCam and NIRSpec instruments on board JWST.11

The SEDs of star-forming galaxies, which are on average
more massive than quiescent ones (Figure 3), are characterized
by higher flux at all wavelengths and by the presence of
prominent emission lines associated with ongoing star
formation. Their SEDs are color coded according to their
SFR3/SFR50, highlighting how galaxies undergoing suppres-
sions/downturns in star formation tend to be less luminous and
have weaker emission lines than those experiencing bursts. By
contrast, spectra of temporarily quiescent galaxies are not only
fainter, but they also show strong Balmer breaks produced by
the presence of older stellar populations and the lack of young
stars contributing to the emission. They are characterized by
redder colors, with the emission peaking at λ 3 μm. Among
these temporarily quiescent systems, brighter galaxies are
characterized by higher duty cycles, i.e., they have been only
recently quenched and have spent the least time in the
quiescent phase.
The effect of dust extinction is relevant in some of the star-

forming systems with Må 108.5Me, where column densities
can reach NH∼ 1022cm−2. Conversely, it is less important in
quiescent galaxies where the amount of gas and dust is
negligible, having been mostly evacuated or heated by SN
explosions.
It is now evident how galaxies experiencing a starbursting

phase are more luminous in all filters and easier to detect in
large surveys, while only very deep observations can allow for
the detection of the less massive quiescent galaxies. Typical
NIRCam sensitivity limits for point sources with a signal-to-
noise ratio of S/N∼ 3 and an exposure time of ∼20 hrs are

Figure 4. SEDs of the star-forming and temporarily quiescent SERRA galaxies at redshift 6 < z < 8 in the observed wavelength range covered by JWST/NIRCam and
NIRSpec. Horizontal lines are the expected sensitivity limits for NIRCam imaging for a 20 hr exposure observation with S/N ∼ 3.

11 The displayed SEDs show the emission without the intergalactic medium
absorption, which for galaxies at z ∼ 6–8 is expected to heavily affect the
observed flux in the JWST/NIRCam F090W filter.
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also shown.12 The fact that many temporarily quiescent
galaxies’ SEDs are below these values, especially at
wavelengths below λ< 3 μm, highlights how unveiling this
population represents a challenge even for the deepest JWST
surveys.

4.2. Comparison with JWST Observations

We can now use the synthetic SEDs to translate our
predictions for the fractions of temporarily quiescent and
downturn galaxies analyzed in Section 3.3 into observable
properties. In temporarily quiescent galaxy spectra, a key
feature is a strong Balmer break, which strength we can define
as the difference between the flux in the filters F277W and
F444W.

In Figure 5, we show the strength of the Balmer break as a
function of the stellar mass, colored with the UV magnitude. The
filled points identify the SERRA galaxies that would be above
observational limits for ∼20 hr imaging. We compare with
observations from J. Trussler et al. (2025) that identified
temporarily quiescent galaxies in JADES from medium and
wideband imaging using their lack of emission lines.
Interestingly, the observations cover the same Balmer break—
Må regions as our predicted detectable temporarily quiescent
galaxies, implying that detected galaxies are indeed sources
undergoing drops of star formation due to burstiness. Figure 5
also highlights how temporarily quiescent galaxies with similar
stellar mass can exhibit a wide range of luminosities and Balmer
breaks, and not all of them exceed the detection limits. For this
reason, when comparing fractions of temporarily quiescent
galaxies with observations, it is crucial to consider mass
incompleteness. To address this issue, we can leverage our
forward modeling to explore whether and how the stellar mass
dependence of burstiness (see Figure 3) translates into a
corresponding luminosity dependence (e.g., G. Sun et al. 2024).

In a recent study, R. Endsley et al. (2024a) analyzed the SFH
of over 300 Lyman break galaxies at z∼ 6 down toMUV<−16,

finding a large diversity in LHα/LUV, index of recent changes in
SFR, among galaxies at the same magnitude. In Figure 6, we
compare our predictions for the fractions of bursty galaxies with
R. Endsley et al. (2024a) observations. The left panel shows the
fractions of galaxies with SFR3/SFR50> 1, i.e., that are
experiencing recent bursts of star formation, and those with
SFR3/SFR50< 0.2, i.e., that are experiencing extremely strong
downturns and that in our sample correspond to temporarily
quiescent galaxies. SERRA predicts the fraction of quiescent
galaxies to increase for faint galaxies, reflecting the stellar mass
dependency (see Figure 3), and to be the dominant (>50%)
population above MUV>−17. On the other hand, galaxies with
a recent increase in star formation are predicted to be more
abundant at higher luminosities.
When comparing our predictions to the observations of

R. Endsley et al. (2024a), we find that the simulated trends for
both types of galaxies align remarkably well with the observed
fractions. However, while the increasing abundance of
quiescent (starbursting) galaxies toward lower (higher)
luminosities is well reproduced, their overall fraction is from
0.01 to 0.15 dex higher in observations compared to the
simulation.
The fact that observed “extreme” galaxies, both starbursting

and quiescent, are more abundant than the simulations indicates
that high-z galaxies have a more bursty evolution than
predicted, with shorter duty cycles.
The right panel of Figure 6 shows the cumulative fractions of

galaxies in three MUV bins as a function of their burstiness
quantified through the ratio SFR3/SFR50. The fractions follow
similar general trends, with fainter galaxies being dominated by
downturn and quiescent population (SFR3/SFR50< 1), and
brighter galaxies exhibit a steeper rise toward higher ratios. The
observed trends, especially for the fainter galaxies, rise more
slowly than the simulation, hinting once again at the somewhat
stronger burstiness encountered in observations, causing higher
fractions of galaxies to populate the low SFR3/SFR50 tail at all
luminosities.13

In Figure 7, we provide further predictions for the fractions
of quiescent (SFR= 0) and downturn galaxies (SFR3/
SFR50< 1) as a function of the MUV and AB magnitudes in
two JWST/NIRCam filters (F150W and F356W, blueward and
redward of the Balmer break, respectively). As expected, the
fraction of both low star-forming and quiescent galaxies
increases toward fainter sources. However, we notice that at
fixed mAB, the fraction of quiescent galaxies detected in
F356W is significantly larger than in F150W. This effect is due
to the prominent Balmer break that characterizes these galaxies,
making most of them appear only in the redder filters in
imaging surveys. In Section 5.2, we explore how this may be
exploited to unveil the faintest quiescent galaxies.

5. Discussion

5.1. Interpretation of JWST Observations

We have seen how observations by R. Endsley et al. (2024b)
suggest a slightly burstier star formation in observed z∼ 6
galaxies than what was predicted in SERRA. Since the evolution

Figure 5. Balmer break strength as a function of the stellar mass for
temporarily quiescent galaxies in SERRA. The colors show the UV magnitude,
and filled scatter points mark those galaxies that are above typical deep (20 hrs)
NIRCam detection limits in at least four wideband filters. Datapoints show
observations from temporarily quiescent galaxies in JADES by J. Trussler
et al. (2025).

12 Flux limits for a 10 ks integration are retrieved from Table 1 of https://jwst-
docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-
sensitivity (last updated on 2022 November 25th), based on the Exposure Time
Calculator v2.0, assuming photometric apertures 2.5 pixels in radius and a
benchmark background (1.2 × minimum zodiacal light).

13 We also note that part of the mismatch is to be attributed to the different
overall sample analyzed in simulations and observations: while we selected
galaxies with Må < 109.5Me from SERRA, observed galaxies can reach higher
masses and luminosities, the reason why the curves do not reach unity in
the plot.
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and quenching of the simulated low-mass galaxies are largely
dominated by internal stellar feedback from H2 photoevapora-
tion and SN explosions, the similar observed trends indicate
that these are indeed the main factors driving bursty evolution,
but that stronger feedback or additional processes may be at
play to boost the burstiness and quenching of galaxies.

One possibility is that the additional required feedback is
provided by the action of stronger radiation pressure from
young stars (as suggested in A. Ferrara et al. 2023; A. Ferrara
2024) also required to explain the observed spectra of the
currently observed quiescent galaxies (V. Strait et al. 2023;
T. J. Looser et al. 2024), as shown in V. Gelli et al. (2023),
V. Gelli et al. (2024b).

Moreover, R. Endsley et al. (2024b) also report the
observation of galaxies undergoing extreme bursts of star
formation with SFR3/SFR50> 5, which are not encountered in
our sample. This discrepancy is likely primarily due to the
stellar mass selection of the galaxies in our sample
(Må< 109.5Me), but may also partially reflect a higher degree
of burstiness in the observed galaxies.

Here, we have focused on galaxies in the final stages of the
EoR, as this is the optimal regime where the fluxes of quiescent
low-mass systems are high enough to be observed. However,
the high level of burstiness inferred is also likely present at very
high redshifts z> 10, where extreme star formation

stochasticity is expected to play a role in enhancing the
observed UV luminosities (e.g., C. A. Mason et al. 2023;
A. Pallottini & A. Ferrara 2023; V. Gelli et al. 2024a;
V. Kokorev et al. 2024).
Our predictions also show how the fractions of temporarily

quiescent galaxies are expected to increase even more at lower
luminosities, reaching 80% at MUV−16. Pushing observa-
tions to fainter limits, e.g., with deeper observations or
gravitational lensing, would therefore provide crucial insights
into the feedback processes regulating bursty star formation.
For instance, detecting higher fractions than predicted in this
low-luminosity regime would suggest that SN feedback, acting
in all galaxies after starbursts, needs to be stronger. Conversely,
if the observed trends align with our predictions atMUV>−16,
it would indicate that the currently observed discrepancy is
related to higher-mass galaxies, where different feedback
mechanisms, such as AGN, may play a role.
Interestingly, JWST has also been revealing more massive

quiescent galaxies at surprisingly high redshifts (e.g.,
A. C. Carnall et al. 2023; A. de Graaff et al. 2025;
V. Kokorev et al. 2024; A. Weibel et al. 2025). Explaining
their nature is beyond the scope of this work, as their
quiescence is likely not temporary and not linked to bursty
star formation, but rather to a stronger feedback mechanism
such as AGN feedback. As black hole feedback is not included

Figure 6. Comparison between SERRA and observations by R. Endsley et al. (2024a). Left: fractions of temporarily quiescent galaxies SFR3/SFR50 < 0.2 and
starburst galaxies SFR3/SFR50 > 1 as a function of the UV magnitude. Right: cumulative fractions of galaxies in three MUV bins as a function of the SFR ratio. The
trends confirm the mass dependence of bursty evolution, with low-mass, fainter galaxies more likely to experience quiescence. The slightly higher observed fraction of
bursty galaxies suggests shorter duty cycles and enhanced burstiness in high-z galaxies compared to the simulation.

Figure 7. Fractions of temporarily quiescent (red) and downturn (green) galaxies in the SERRA simulations as a function of the absolute magnitude MUV (left panel),
and the AB magnitude in two NIRCam filters F150W (central panel) and F356W (right panel), respectively, blueward and redward of the Balmer break.
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in SERRA, this interpretation would also be consistent with the
fact that we do not find any massive quenched galaxy in our
sample. In fact, if AGN feedback is indeed at play at z> 6, we
expect the fractions of quiescent galaxies shown in Figure 3 to
increase once again in the high-mass regime, i.e., above
Må> 1010Me.

5.2. Prospects: F200W Dropouts and Satellites

Our predictions show that current observations are typically
limited to the more luminous (MUV<−17) among the
temporarily quiescent galaxies, i.e., the ones that have only
been recently quenched. This is expected to be the tip of the
iceberg, as our analysis suggests the presence of a large
population of hidden quiescent galaxies dominating at lower
masses and fainter regimes (Må< 108Me, MUV>−17).

To understand whether and how the faintest end of the
population of temporarily quenched galaxies may appear in
JWST observations, we produce mock NIRCam images for all
our simulated systems. In Figure 8, synthetic images of a z∼ 6
group of galaxies are shown in different NIRCam filters. Pixels
are colored with increasing flux when the signal-to-noise ratio
exceeds S/N> 5 (black elsewhere), for an exposure time of
20 hrs.

The image, of size 5″× 5″, corresponding to 30 kpc× 30 kpc,
is centered on a massive Må∼ 1010Me star-forming galaxy that
is surrounded by three lower-mass satellites: two actively star-
forming galaxies and one in temporary quiescence. This typical
high-z dense environment allows us to understand how different
sources may appear in deep JWST imaging surveys. All the low-
mass bursty galaxies (Må< 109.5Me) appear as compact point
sources, while the central, more massive galaxy is more
extended and resolved.

The temporarily quiescent galaxy, currently not forming
stars and therefore dominated by old stellar populations,
appears only in long wavelength filters, as a F200W dropout
source. As typical temporarily quiescent SEDs (see Figure 4)
are characterized by strong Balmer breaks, the observed flux
drops drastically below ∼3 μm, where only upper limits can be
placed, even in a ∼20 hr observation. The vast majority of
temporarily quiescent galaxies in our sample are predicted to
appear as F200W dropouts in typical deep surveys. In
particular, mimicking a ∼20 hr exposure, we expect that out
of 51 temporarily quenched galaxies, only 25 are bright enough
to be observable in at least three NIRCam filters, and 21 of
them, i.e., 84%, appear as F200W dropouts. This high fraction
suggests that current observations may be overlooking the
majority of quiescent galaxies, not identified with current
selection methods. Instead, these currently primarily select the
brightest among the quiescent galaxies, with emission spanning

multiple filters, and whose star formation was only recently
suppressed.
Moreover, the predicted fraction of temporarily quiescent

sources could be even larger if the star formation is more bursty
than expected, as hinted by the results from R. Endsley et al.
(2024a) and L. Ciesla et al. (2024). Identifying F200W dropout
candidates in deep JWST fields may be the key to exploiting
the full potential of current galaxy surveys and uncovering the
hidden population of temporarily quiescent galaxies at high
redshift.
Relying on photometry of F200W dropout sources to

identify temporarily quiescent galaxy candidates is a challen-
ging task given that redshift estimates are inevitably
characterized by large uncertainties, up to Δzphot∼ 3 (see the
Appendix, where we test the synthetic photometry with
BAGPIPES). However, this issue may be mitigated by exploiting
high-z galaxy overdensities, like the one shown in the example
in Figure 8. We can in fact show that, despite the large photo-z
uncertainty, if a quiescent galaxy candidate is found at a close
angular distance (5″) from a massive spectroscopically
confirmed galaxy, then the probability of it being a satellite
is as high as ∼95% (see the Appendix for details), allowing to
confirm its redshift as the same of the host massive galaxy.
As we have seen in Section 3.2, the physical processes

driving the quenching of low-mass galaxies are the same for
satellite and central dwarf galaxies (i.e., internal feedback
processes). However, low-mass quenched galaxies in such
dense environments may more likely experience “starvation,”
as most of the fresh gas from the circumgalactic medium is
funneled toward their more massive companions. Conse-
quently, the environment may affect the ability of quenched
galaxies to resume star formation and undergo “rejuvenation”
(e.g., C. Witten et al. 2025), a scenario we predict to be more
likely for central galaxies. Thus, detecting candidates in z> 6
galaxy overdensities would allow us to both robustly identify a
population of quiescent galaxies and assess potential environ-
mental effects.

6. Summary and Conclusions

Using the SERRA suite of cosmological simulations, we have
shown that, as a result of a highly bursty star formation,
temporarily quiescent low-mass galaxies are expected to be
common in the EoR. We built a sample of >200 galaxies
(Må< 109.5Me), between 6 z 8; by analyzing their
physical and evolutionary properties, we find that:

1. Bursty star formation leads to a large scatter in the SFR–
Må relation, increasing toward lower masses, with

/s ~á ñ 0.4SFRlog SFR for Må∼ 108Me.

Figure 8. Synthetic image of a group of galaxies at z ∼ 6 as they would appear in different JWST/NIRCam filters. The colored pixels are those with expected flux at
S/N > 5 in a typical 20 hr observation. The displayed field of view has a side of 5″ and is centered on a massive (Må ∼ 1010Me) galaxy. One out of its three satellites
is a temporarily quiescent F200W dropout galaxy, as pinpointed by the white arrow.
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2. Low-stellar-mass galaxies are easily quenched due to
their shallow gravitational potentials, and the fraction of
temporarily quiescent galaxies increases with decreasing
mass, reaching 50% of the population for Må< 108Me.

3. Both central and satellite galaxies experience temporary
quiescence due to internal feedback, indicating that the
environment does not play a key role in their quenching.
However, the higher fraction of quiescent satellites (32%)
compared to centrals (13%) suggests that nearby massive
companions may inhibit the efficient re-accretion of fresh
gas, favoring starvation (rejuvenation) in satellite
(central) galaxies.

We derived the synthetic SEDs of the simulated galaxies,
taking both continuum and line emission into account, as
attenuated by dust, to compare with JWST observations and
make future predictions. The main results are:

1. Temporary quiescent galaxies are typically faint
(〈MUV〉=−15.6 for Må∼ 108Me) with a broad range
of UV luminosities at fixed stellar mass, and their spectra
lack emission lines but exhibit strong Balmer breaks (0–2
for Må∼ 108.5Me), consistent with observations by
J. Trussler et al. (2025).

2. The fraction of temporarily quiescent (starburst) galaxies
rapidly increases (decreases) toward faint luminosities,
becoming the dominant population above MUV>−17.

3. Predicted fractions for temporarily quiescent galaxies
follow similar trends to those observed by R. Endsley
et al. (2024a), but are slightly lower (between 1% and
15%) at −20<MUV<−19. The high abundance of
extremely starbursting and quiescent galaxies observed
means that z∼ 6 galaxies undergo an even burstier star
formation than in our simulations, suggesting that, on top
of the dominant SNe, stronger feedback or additional
processes may be at play (e.g., V. Gelli et al. 2023).

4. Most temporarily quiescent galaxies at z∼ 6–8 are
predicted to be detectable as F200W dropouts in current
deep surveys, with galaxy overdensities offering promis-
ing environments to locate them as satellites of massive
sources, enabling high-confidence photometric identifica-
tion (95%).

Our results convincingly show that stellar feedback plays a
vital role in shaping the SFHs of galaxies during the EoR.
Bursty star formation significantly influences the observability
of early galaxies over time, introducing a bias in our view of
the early Universe toward the more luminous starbursting
sources at high redshifts. Accurate predictions of these effects
are crucial to be able to effectively interpret observations of
galaxy populations at the highest redshifts. JWST has begun to
reveal the tip of the iceberg of the vast population of faint, less
star-forming galaxies at the edge of reionization. As our models
predict these galaxies to be the majority at lower luminosities,
upcoming unprecedentedly deep surveys (e.g., GLIMPSE;
H. Atek et al. 2023) and specific strategies to target temporary
quiescent galaxies will be fundamental to unveil this extremely
faint population and expand our knowledge on early galaxy
evolution.
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Appendix

Based on our results, a promising strategy to find temporarily
quiescent galaxies is based on broadband photometry to
identify F200W dropout sources. First, we test the expected
typical photo-z uncertainties by performing BAGPIPES
(A. C. Carnall et al. 2018) SED fitting to mock photometry
of our quiescent sources. Figure 9 shows the resulting
probability distribution for the redshift of a typical F200W
dropout at z= 7. The distribution is peaked at the correct
redshift but is very broad, leading to large uncertainties of
Δzphot∼ 3.
However, relying on dense environments in close proximity

(<5″) of spectroscopically confirmed massive galaxies would
put stronger constraints on the actual redshift of the F200W
dropouts. In fact, confirming that a photodetected source is a
satellite of a known massive galaxy would confirm its redshift
as the same as the host galaxy’s. We need to address the
question: what is the probability of a source in the proximity of
a massive high-z galaxy to be a satellite galaxy and not a
foreground or background interloper?
We can give an answer to this question using a simple

probabilistic argument. Given a certain photometric redshift
error Δzphot compatible with that of a target high-z
Lyman break galaxy (LBG), we want to evaluate the
probability of a certain source detected in its vicinity (within
<Rvir) to be one of its satellites and not an interloper field
galaxy within the same redshift range. This can be quantified
as ( ) = á ñ

á ñ +
P sat N

N N
sat

sat field
, where 〈Nsat〉 is the average number of

expected detectable14 satellites per LBG system, and Nfield is
the number of expected detectable field galaxies within the
same redshift range. To evaluate the latter, we consider the
number of galaxies at redshift z in a given magnitude range and
cosmic volume V as

( ) ( )ò f= ´N M dM V , 1
M

M

zfield
min

max

where fz(M) is the Schechter luminosity function at redshift z
in units mag−1 Mpc−3 (R. J. Bouwens et al. 2021). As Mmin

14 We assume a typical deep observation of 20 hr reached in, e.g., JADES, as
done in Section 4.
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and Mmax, we consider, respectively, the magnitude of the most
luminous of our simulated satellites and the magnitude
corresponding to the typical expected sensitivity limit of
JWST/NIRCam. The redshift uncertainty enters through the
considered cosmic volume V (see the simple illustrative sketch
in Figure 10), given by the two-dimensional area of the field of
view encompassed within the virial radius, times a depth along

the line of sight due to the photometric redshift expected error:
( ( ) ( ))/ /p= + D - - DV R D z z D z z2 2L Lvir

2
phot phot , where

Δzphot is taken from our BAGPIPES estimates.
Considering the “worst case scenario” (i.e., maximizing the

possible number of interlopers) with: maximum virial radius
(Rvir= 25 kpc), the detectability limit of the deepest JWST
surveys in the wide filter F200W at S/N= 3, Δzphot as derived
by using NIRCam broad bands only, we get Nsat= 2.5 and
Nfield= 0.13. We, therefore, obtain that the probability of a
source with a compatible photometric redshift and located near a
high-z LBG in the plane of the sky to be a satellite dwarf galaxy
is 95%. This confirms that the one proposed is a solid method to
identify satellite candidates and infer their properties. Moreover,
this argument should be kept in mind, especially when
identifying passive dwarf satellites: given their red colors, they
could be easily mistaken for higher redshift (z> 15) galaxies.
Hence, particular attention needs to be paid to such systems
located at small angular distances from LBGs.
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