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ABSTRACT

Both observations and simulations have shown strong evidence for highly time-variable star formation in low-mass and/or
high-redshift galaxies, which has important observational implications because high-redshift galaxy samples are rest-ultraviolet
(rest-UV) selected and therefore particularly sensitive to the recent star formation. Using a suite of cosmological ‘zoom-in’
simulations at z > 5 from the Feedback in Realistic Environments project, we examine the implications of bursty star formation
histories for observations of high-redshift galaxies with JWST. We characterize how the galaxy observability depends on the star
formation history. We also investigate selection effects due to bursty star formation on the physical properties measured, such as
the gas fraction, specific star formation rate, and metallicity. We find the observability to be highly time-dependent for galaxies
near the survey’s limiting flux due to the star formation rate variability: as the star formation rate fluctuates, the same galaxy
oscillates in and out of the observable sample. The observable fraction f,,, = 50 per cent at z ~ 7 and M, ~ 10%3-10° M, for
a JWST/NIRCam survey reaching a limiting magnitude of m'i ~ 29-30, representative of surveys such as JADES and CEERS.
JWST-detectable galaxies near the survey limit tend to have properties characteristic of galaxies in the bursty phase: on average,
they show approximately 2.5 times higher cold, dense gas fractions and 20 times higher specific star formation rates at a given
stellar mass than galaxies below the rest-UV detection threshold. Our study represents a first step in quantifying selection effects

and the associated biases due to bursty star formation in studying high-redshift galaxy properties.
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1 INTRODUCTION

The picture of when and how the Universe formed its first generation
of galaxies has been revolutionized since the first data release from
the JWST, even only at the dawn of the JWST era. Not only has it
enabled unprecedented measurements of the physical properties of
the high-redshift galaxy population, such as their mass, star formation
rate (SFR), number density, morphology, and chemical evolution
(Ferreira et al. 2022; Finkelstein et al. 2022; Naidu et al. 2022;
Curtis-Lake et al. 2023; Donnan et al. 2023; Harikane et al. 2023;
Labbe et al. 2023; Robertson et al. 2023b; Shapley et al. 2023),
the race is on to answer the many intriguing questions posed by
the early results (Boylan-Kolchin 2023; Ferrara, Pallottini & Dayal
2023; Kohandel et al. 2023; Mason, Trenti & Treu 2023; Mirocha &
Furlanetto 2023).

The search for and identification of high-z galaxy candidates by
JWST rely primarily on the rest-ultraviolet (rest-UV), multiband
photometry in search of the Lyman break. This so-called photometric
‘drop-out’ technique (Steidel et al. 1996) has proven to be extremely
powerful in the hunt of the most distant galaxies over the last three
decades using both ground-based and space telescopes. Several major
JWST observing programmes using this technique are now underway
to push the observational frontier of high-z galaxies to newer limits,
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such as CEERS (Finkelstein et al. 2023), COSMOS-Web (Casey
et al. 2023), GLASS-JWST (Treu et al. 2022), JADES (Williams
et al. 2018; Robertson et al. 2023a), and UNCOVER (Bezanson
et al. 2022). Given that the galaxy spectral energy distribution (SED)
in the rest-UV is highly sensitive to the recent star formation history
(SFH), a good understanding of the SFH is essential to not only the
success of the ‘drop-out’ technique (Furlanetto & Mirocha 2023) but
also the inference of physical information that follows (Endsley et al.
2023a; Tacchella et al. 2023).

While most of the SED fitting codes on the market include
simple parametrization of time-variable SFHs, both observations
and simulations suggest that star formation in high-z galaxies may
have occurred in a highly bursty manner (Dominguez et al. 2015;
Muratov et al. 2015; Guo et al. 2016; Caputi et al. 2017; Sparre et al.
2017; Faucher-Giguere 2018; Faisst et al. 2019; Rinaldi et al. 2022;
Dressler et al. 2023a, b; Endsley et al. 2023b; Looser et al. 2023b)
not well described by simple parametrized models, likely due to the
strong effects of stellar feedback (Stern et al. 2021; Furlanetto &
Mirocha 2022; Hopkins et al. 2023). The burstiness (or duty cycle)
of star formation is therefore an important factor to consider in the
interpretation of the observed galaxy samples at high redshifts.

In this paper, using simulations from the Feedback in Realistic
Environments (FIRE) project,’ we seek to answer the following

I'See the FIRE project website: http://fire.northwestern.edu.

£20Z JaqWaAON /Z U0 Jasn suonisinboy ‘saueiqi] AlsieAlun uisisesmyuoN Aq 959982//5992/2/92S/10ne/seiu/woo dnoolwepese//:sdiy woll papeojumod



2666  G. Sun et al.

questions about bursty star formation and its implications for high-
z galaxy observations with JWST: How does the SFR variability
impact the galaxy observability by JWST? Are there any selection
effects on inferred galaxy properties caused by bursty star formation?
Answers to these questions not only provide key insights to the
interpretation of existing and forthcoming JWST observations, but
also motivate further studies on the role of bursty star formation
in early galaxy formation. In Sun et al. (2023a), for example,
we show that these are the same simulations that match the UV
luminosity functions (UVLFs) measured by JWST at 8 < z < 12,
of which the bright end is substantially affected by bursty star
formation. Throughout this work, we adopt a flat Lambda cold
dark matter cosmology consistent with Planck Collaboration XIII
(2016). All magnitudes are quoted in the AB system (Oke & Gunn
1983).

2 METHODS

2.1 The simulations

We analyse the High-Redshift suite of the FIRE-2 cosmological
zoom-in simulations that were first presented in Ma et al. (2018a, b).
These simulations were generated with an identical version of GIZMO
(Hopkins 2015) in the meshless finite-mass mode for hydrodynamics.
Physical models of the multiphase interstellar medium (ISM), star
formation, and stellar feedback used in the FIRE-2 simulations
are described in detail by Hopkins et al. (2018). A uniform,
redshift-dependent ionizing background is assumed and reionizes
the Universe at z &~ 10.2 Several previous studies from the pre-
JWST era demonstrated that FIRE simulations based on these models
reproduced the observed UVLF and galaxy scaling relations, such as
stellar mass—halo mass relation, the SFR—stellar mass relation, and
the mass—metallicity relation, reasonably well up to z > 5 (Ma et al.
2016, 2018b, 2019).

Throughout our analysis, we focus on the well-resolved, central
galaxies hosted by main haloes (rather than subhaloes) in the zoom-
in region of each simulation. For each central galaxy, we examine
56 consecutive snapshots saved for each simulation, spanning a
redshift range of 5 < z < 12 approximately every 10-20 Myr
apart. To analyse the physical properties of galaxies in the 26
simulations considered (Table 1), we first identify the star and
gas particles in central galaxies hosted by main haloes, which are
found using the spherical overdensity-based AMIGA Halo Finder
(AHF; Knollmann & Knebe 2009). AHF locates the haloes in the
simulation volume and calculates their basic information such as
the centre of mass, virial mass (M,;;), and virial radius (R,;.). The
evolving virial overdensity definition from Bryan & Norman (1998)
is used. The stellar mass (M,) and gas mass (M,,s) contents of the
galaxy are then defined to be the summed masses of star and gas
particles within 0.2R,;; of the halo centre, respectively. The choice
of 0.2R,;; excludes most satellites and is a simple approximation
for properly estimating the stellar and gas properties of central
galaxies.

Besides the total stellar and gas masses, we measure and monitor
a few other galaxy properties from the simulations to understand
their connection with the duty cycle corresponding to the strongly

2The version of the ionizing background that reionizes the Universe at z &
10 is a slight update of the original Faucher-Giguere et al. (2009) model from
December 2011 (see http://galaxies.northwestern.edu/uvb-fg09).
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Table 1. Properties of the most massive (or the ‘primary’) galaxy in each
of the 26 simulations analysed in this work, including the virial mass, stellar
mass, cold and dense gas fraction, specific SFR (sSFR), and gas-phase
metallicity, evaluated at z = 6 (for z5mxx), 8 (for z7mxx), and 10 (for
Z9mMxX).

Simulation Myir M, Seas,cD sSFR Zgas
Mo)  (Mo) G Ze)

z5mlla 1.6e+10  4.0e+7 34e—3 7.4e—10 3.0e—1
z5mllb 23e+10  6.7e+7 1.4e—1 1.1e-9 2.9e—2
z5mllc 6.2e+10  3.6e+8 3.5e—1 1.6e—8 1.le—1
z5mlld 9.5e+10 8.9e+8 2.1e—1 6.0e—9 1.4e—1
z5mlle 1.2e+11 3.4e+8 3.6e—1 9.6e—10  6.3e—2
z5mllf 1.7e+11 6.2e+8 2.8e—1 5.8e—9 1.2e—1
z5mllg 9.1e+10  2.1e+8 6.5e—1  4.4e—9 4.3e—2
z5mllh 7.8e+10  3.8¢+8 5.9e—1 9.7e—9 6.2e—2
z5mlli 2.6e+10  7.2e+7 0.0e+0 14e—12  2.7e40
z5ml2a 2.3e+11 1.4e+9 2.4e—1 1.1e—8 1.5e—1
z5ml2b 4.7e+11 1.0e+10  1.2e—1 9.2e—9 2.4e—1
z5ml2c 4.7e+11 2.7e+9 3.2e—1 2.2e—9 1.6e—1
z5m12d 3.3e+11 1.9e+9 3.6e—1 1.3e—8 1.2e—1
z5ml2e 3.le+11 4.3e+9 2.3e—1 1.9e—8 2.0e—1
z7mlla 2.3e+11 1.8e+9 4.3e—1 3.7e—8 1.0e—1
z7mllb 5.2e+10  5.5e+7 7.3e—1 1.6e—8 3.3e—-2
z7mllc l.le+11 8.0e+8 4.5e—1 2.0e—8 7.2e—2
z7ml2a 2.9e+11 2.6e+9 2.3e—1 8.6e—9 1.6e—1
z7ml2b 3.3e+11 5.8e+9 1.5e—1 9.5e—9 1.9e—1
z7ml2c 2.7e+11 1.9e+9 3.0e—1 8.2e—9 1.2e—1
z9mlla 9.1e+10 2.9e+8 4.8e—1 2.0e—8 6.7e—2
z9mllb 1.2e+11 1.3e+9 22e—2  4.7¢-9 3.2e—1
z9mllc 1.1e+11 1.3e+9 1.5e—1 1.8e—8 2.0e—1
z9mlld 6.8e+10  2.9¢+8 1.5e—3 6.9e—10 3.8e—1
z9mlle 7.8e+10 3.6e+8 2.3e—1 1.5e—8 8.1le—2
z9ml2a 3.1le+11 6.6e+9 1.8e—1 1.3e—8 1.8e—1

Note. Values of fgas.cp, SSFR, and Zg,s can vary strongly in time as the SFR
fluctuates.

time-variable SFH and implications this might have for JWST ob-
servations. Using the ‘archaeological’ approach commonly adopted
for studies of the SFR variability (see e.g. Flores Veldzquez et al.
2021; Gurvich et al. 2023), we estimate the instantaneous SFR
from the distribution of formation times and masses of star particles
evaluated at the snapshot corresponding to the redshift of interest.
In the low-mass limit most pertinent to our investigation, we expect
that the archaeological approach is not significantly affected by ex
situ star formation contributed by mergers (e.g. Fitts et al. 2018).
We have verified this to be a valid approximation for our analysis
by comparing the archaeological method with the SFR estimated by
evaluating the stellar mass difference between consecutive snapshots.
For the gas mass fraction, we define it to be the ratio of the cold and
dense gas mass to the sum of stellar and cold and dense gas masses,
namely fgas 0 = Mgas,cp/(Mgas,cp + M..). For simplicity, we compute
My cp by summing up the masses of gas particles with temperature
T < 300K and density n > 10cm™3. These simple cuts for the gas
fraction are adopted because they were found to provide a good
proxy for the cold and dense molecular gas available for fuelling
star formation in the FIRE simulations (Orr et al. 2018), though we
note that more physically motivated descriptions of the molecular
gas content could be applied (e.g. Krumholz, McKee & Tumlinson
2008, 2009; McKee & Krumholz 2010). More accurate treatments
of ISM chemistry in the cosmic dawn regime should be explored
for detailed comparison with observations. We also consider a basic
measure of the metallicity of simulated galaxies by keeping track of
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the overall gas-phase metallicity Zg,, = M7z/M,,,, based on the mass
fraction of all metals for the gas particles.

2.2 Processing and analysis

2.2.1 Stellar and nebular emission

To assess the observability of our simulated galaxies by JWST
surveys, we need to generate mock observations of them and
compare with the survey depths. We use a modelling approach
similar to Ma et al. (2018a, b) where synthetic, single stellar
population spectra are assigned to star particles so as to compute the
apparent magnitude and therefore the detectability of each simulated
galaxy. Given our interest in comparing against JWST surveys of
high-z galaxies using the photometric, drop-out technique (Steidel
et al. 1996; Robertson 2022), we take into account two additional
factors that are neglected in Ma et al. (2018a, b), namely the
nebular emission and attenuation by the neutral IGM. The IGM
attenuation causes the Lyman break feature, which is the basis of
the drop-out technique. The intrinsic emission spectra of galaxies
are further reddened by a simple empirical prescription for dust
attenuation.

Specifically, we interpolate spectra of binary stars from BPASS
v2.2 (Stanway & Eldridge 2018) to model the rest-frame UV/optical
emission spectrum of galaxies with realistic SFHs extracted from
our high-z simulations, which would be observed at near-infrared
wavelengths by JWST. We adopt the default stellar initial mass
function (IMF), which is described by a broken power law across
0.1Mg <m < 0.5Mg and 0.5 Mg < m < 300 Mg, with low-mass
and high-mass slopes «; = —1.3 and o, = —2.35, respectively
(Kroupa 2001). It is noteworthy that a non-universal IMF that
depends on star-forming environments (e.g. metallicity, interstellar
radiation field, gas temperature) could also induce stochasticity in the
expected galaxy SED (Chruslifiska et al. 2020; Steinhardt et al. 2023).
However, we expect the UV variability of galaxies to be primarily
driven by the time-variable SFH, given the order-of-magnitude
fluctuations in the SFR, and thus postpone the investigation of such
IMF effects to further work. For each star particle, we take the
combination of the stellar age, t,,., and metallicity, Z,, to evaluate
the spectral emissivity (per unit mass of stars formed) required to
scale the star particle’s luminosity by its mass. Namely, the specific
luminosity of the galaxy at a cosmic time ¢ can be written as
STLE (tége, Zi), where 1, =t — SFT; is the stellar age of star
particle i defined as the difference between the cosmic time at the
rest frame of the observed galaxy and the star formation time of the
star particle.

Regarding nebular emission lines, although one might expect these
lines to have only secondary effects on the photometry of galaxies
compared to the stellar continuum, especially for wide-band filters
of JWST considered in this work, it is important to include them for
better understanding e.g. their impact on the apparent magnitudes
relative to effects of the SFR variability and the dependence on as-
sumptions made for stellar populations, such as single versus binary
stars. Similar considerations also apply to the nebular continuum
emission, whose contribution to the net rest-UV/optical flux can
be non-negligible especially at longer wavelengths and for young
stellar populations (Byler et al. 2017). To implement the nebular
emission (both lines and continuum), we use the BPASS data products
from the BPASS v2.2 data release (Stanway & Eldridge 2018; see
also Xiao, Stanway & Eldridge 2018 for an early release of nebular
line predictions based on BPASS v2.1 models), where SED templates

High-z galaxies: JWST’s seen and unseen 2667

with nebular emission included are generated with CLOUDY (Ferland
et al. 2017) and tabulated for grids of 7,4 and Z,, together with ISM
properties including the gas density ny and ionization parameter U.
Assuming ny = 100cm™ and U = 0.01, broadly consistent with the
ionized gas properties inferred for high-z galaxies from recent JWST
observations (Reddy et al. 2023), we use the CLOUDY-processed
SED templates to derive the flux contribution from each star particle.
We stress that these physically motivated but ultimately simplistic
prescriptions for the nebular emission are not intended to create high-
accuracy mock galaxy spectra, but rather to help gauge the impact of
accounting for the nebular emission in general.

2.2.2 IGM attenuation

Due to the opacity of intergalactic neutral hydrogen to UV photons,
the spectra of high-z galaxies are filtered by a blanketing effect caus-
ing increasing absorption blueward of Ly « (1216 A) till the Lyman-
limit wavelength (912 A), beyond which the absorption becomes
complete. Such intergalactic medium (IGM) transmission effects
create the Lyman-break feature in the observed galaxy spectrum,
and we account for them with an analytical model introduced by
Inoue et al. (2014) widely used for the modelling of high-z galaxy
spectra recently observed by JWST.

2.2.3 Dust attenuation

Overall, based on empirical models for the dependence of dust
attenuation on the dust content of galaxies, we expect dust at-
tenuation to be small (i.e. A, = 1.0867, < 1) for the low-mass
(M, <108 My,) systems at high-z, for which we find the largest duty
cycle effects of interest to this work (see Section 3). This is further
supported by several recent characterizations of dust attenuation at
high redshifts based on JWST measurements of the Balmer decrement
(Shapley et al. 2023) or fits to the observed galaxy UVLFs and
colours (Mirocha & Furlanetto 2023). For completeness, though,
we include a conservative, empirical description of dust attenuation
following McLure et al. (2018). Combining deep imaging data
from the Atacama Large Millimeter Array at 1.3 mm and other
multiwavelength data available at optical/infrared of the Hubble Ultra
Deep Field, McLure et al. (2018) study the relationship among the
infrared excess, UV spectral slope, and M, for a sizeable sample of
star-forming galaxies at 2 < z < 3 and use it to constrain the amount
of dust attenuation as a function of M,. We adopt their best-fitting
relation between Ajgp0 and M, given by a third-order polynomial in
X = log(M, /10" M), and use it to determine A, as a function of
M,, assuming 7, o< A~! as expected for a Small Magellanic Cloud-
like extinction curve (Weingartner & Draine 2001; Ma et al. 2019).

3 RESULTS

Comparing the set of post-processed simulations with JWST ob-
servations (Section 2), we examine how the time-variable SFH
of individual high-z galaxies impacts their detectability by JWST
and characterize physical properties of the galaxy population re-
vealed or concealed by a given JWST photometric survey. For
the main results that follow, we consider the comparison with
a photometric galaxy survey with depth similar to JADES-Deep
(Williams et al. 2018),’ reaching a limiting magnitude of m!i% ~ 30.6

3JADES-Medium/Deep also utilizes two shallower mid-band filters (Fig. 2),
but for simplicity we only focus on the wide-band filters.
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mfl!°W = 58,2 (z = 8.5)

mfLsW = 28.9 (z=7.5)

mfL5W = 31.9 (2= 6.5)

Figure 1. Noiseless, PSF-convolved JWST/NIRCam mock images of the example galaxy z5m11d at z = 8.5, 7.5, and 6.5 in band F115W with pixel size
0.031 arcsec. The PSF is assumed to be Gaussian, with an FWHM of 2 pixels (Ma et al. 2018b). The contour marks the 1o surface brightness sensitivity
level corresponding to 26.5 mag arcsec ~2, which is converted from the point-source limiting magnitude of a JADES-Deep-like survey. The apparent magnitude,

F115W

myg ", of the galaxy at each redshift is labelled on the top left corner. Note the huge m XB

115W

probes blueward of the Lyman break at z 2> 8.5 and the time variations of the galaxy flux and apparent size as a strong starburst occurs at z ~ 7.5 (see the upper
panel of Fig. 2), which causes the galaxy to oscillate into (out of) the observable regime from z = 8.5 (7.5) to z = 7.5 (6.5).

for 5o point-source detections in the NIRCam wide-band filters.
Besides this fiducial survey, we also inspect how these results
depend on the survey depth by repeating the same analysis for
two additional surveys similar to JADES-Medium and CEERS,
which are approximately 1 and 2 mag shallower than JADES-Deep,
respectively.

3.1 Effects of SFR variations on the galaxy observability

Due to the fact that the rest-UV selection for high-z galaxies is
highly sensitive to the recent SFH, we find a strong coherence
between the SFR and apparent magnitude of the galaxies. Such
a coherence leads to the migration of a given galaxy into, and
out of, the observable regime as the galaxy’s SFR varies, which
is particularly true for galaxies near the detection threshold of the
survey. Fig. 1 shows JWST/NIRCam mock images of the primary
galaxy of z5m11d in band F115W at z = 8.5, 7.5, and 6.5 (from
left to right), generated after convolving high-resolution simulated
images with a Gaussian point spread function (PSF) corresponding
to band F115W. From these mock images, two key features of
the connection between SFR variations and the observability are
apparent: as the SFR of galaxies like z5m11d undergoes strong
variations, there are both up and down movements in flux, as shown
by the colour coding, and fluctuations of the apparent size (above the
surface brightness detection limit) concurrent with flux variations, as
indicated by the contours. We emphasize that these mock images are
shown only for illustration purpose. For the analysis that follows, we
determine the observability of galaxies by comparing the apparent
magnitude against the 5o limiting magnitude of the survey of
interest.

In Fig. 2, we illustrate the modulation of the galaxy’s detectability
by JWST due to the strong time variability of the SFR. As highlighted
in the top panel, the two example galaxies, z5m11d and z5m12b,
experience a major outburst of star formation at z ~ 7.5 and z ~
10.5, respectively. The rapid and substantial rise and fall of the
SFR associated with the starburst can temporarily brighten these
originally too-faint-to-detect galaxies by several magnitudes, making
them detectable for a period of time before fading off again as
the massive, young stars formed in the starburst die. Throughout,
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Figure 2. Impactof bursty SFH on the observability of two example galaxies,
z5mlldand z5ml2b, from our simulations. 7op: Time variability of the SFR
evaluated for an averaging time-scale of 10 Myr. Highlighted segments show
the redshift intervals inspected below for the observability. Middle: Apparent
magnitudes of z5m11d in JWST/NIRCam filters (FO7T0W, FOOOW, F115W,
F150W, F200W, F277W, F356W, F444W), with (filled symbols/solid lines) or
without (empty symbols/dashed lines) including the nebular emission. Lines
are colour-coded by redshift for five snapshots of the galaxy. The triangles
indicate 5o limiting magnitudes of the JADES-Deep survey (Williams et al.
2018). Bottom: Same as the middle panel but for z5m12b and the JADES-
Medium survey.

we consider a galaxy to be detectable if and only if there are (1)
at least two >50 detections redward of the Lyman break and (2)
no detections blueward of it (i.e. the ‘drop-out’ can be detected at
high significance). Also noteworthy from the comparison between
cases with and without the nebular emission is that changes in

value caused by strong IGM absorption when band F115W
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Figure 3. The observable fraction, fobs = Nobs/Niot, defined as the ratio of detectable and total numbers of galaxies in each bin, of galaxies at z = 6-12 for the
three example JWST survey depths considered (left: CEERS, middle: JADES-Medium, and right: JADES-Deep). Bursty star formation affects the observability
the most at mass scales where fops & 50 per cent, which increase with decreasing depth or increasing redshift and roughly correspond to M, ~ 108°-10° Mg,

for the surveys and redshift ranges displayed.

the observability induced by bursty star formation become more
significant when the nebular emission tracing recent star formation
is taken into account.

While only two examples are shown in Fig. 2, the non-monotonic
evolution of a galaxy’s observability imprinted by its bursty SFH is
ubiquitous in our simulations, especially in the mass and redshift
range where galaxies are marginally detectable/non-detectable. To
demonstrate and identify in what mass and redshift ranges galaxies
are near the detection threshold and thus subject to a strong influence
by bursty star formation, we show in Fig. 3 the observable fraction,
Jobs, together with the raw numbers of snapshots (Nobs/Nyor) used to
evaluate fops, of galaxies in different M, bins in three redshift ranges
and for three example survey depths. Overall, f,s increases towards
higher masses in a given redshift range, whereas at a given mass fops
declines with increasing redshift. For the survey depths considered,
across the redshift ranges examined, fops ~ 50 per cent for galaxies
with M, ~ 108°-10° M. This can be viewed as a characteristic
mass at which bursty star formation affects observability the most.
The fobs ~ 50 per cent mass scale increases for a shallower survey
(e.g. CEERS) and decreases for a deeper survey (e.g. JADES-Deep),
but broadly falls within the range of 10%° < M,/Mg < 10° for the
surveys considered. For a given survey, the mass scale increases
slightly with redshift. We note that other galaxy properties and their
evolution with mass and redshift may also impact their observability.

3.2 Global properties of galaxies seen and unseen by JWST

Given the strong oscillations in the observability of a galaxy that are
induced by its SFR variability, a natural question is whether such
a modulation introduces significant selection effects. To address
this question, we perform a simple classification of our simulated
galaxies, after combining all the available snapshots to increase the
sample size, according to their observability by our fiducial example
survey (JADES-Deep). We then examine several global properties
of the detectable (D) and non-detectable (ND) galaxies separately,
including fyas.cp, the specific SFR (sSFR), and Z,,;. Motivated by the
distribution of f,,s shown in Fig. 3, we focus on the fiducial survey
(JADES-Deep) and consider a narrow mass bin centred around

M, = 1033 Mg, to minimize the influence on our analysis of mass
dependence of these properties.

For a narrow mass range of 8.2 < log (M,/Mg) < 8.8 where there
is a mixture of detectable and non-detectable galaxies at roughly
the same M,, Fig. 4 shows the distributions of the three physical
properties of interest estimated from our galaxies classified by their
observability. As indicated by both the histograms and Gaussian
kernel density estimations (KDEs), different levels of offset between
the detectable and non-detectable populations are observed, which
we quantify using the median value of either sample in the narrow
mass bin considered.

For fg.s and sSFR, clear systematic offsets exist, which suggest
that detectable galaxies have preferentially more abundant cold and
dense gas, as well as higher sSFRs. This is qualitatively in line
with our expectations for galaxies having an ongoing burst of star
formation — a large mass of cold, dense molecular gas is present as
fuel for star formation while many young stars are actively forming.
Therefore, it is likely that galaxies being observable thanks to an
ongoing starburst can lead to a significant selection bias for higher
Jfeas and sSFR, characteristic of galaxies in the starburst phase. Based
on the galaxy samples displayed in Fig. 4, we estimate the systematic
difference in the median fyscp and sSFR of the detectable and
non-detectable populations to be Afycp A~ 0.4dex and AsSFR
~ 1.2dex. In terms of the offset between median properties of
observable galaxies and all galaxies in the mass bin considered,
we find the fractional differences to be | g"abstD - ;JIS,CD| / gaeg,CD ~
40 per cent and |sSFR®® — sSFR¥|/sSFR™! a2 300 per cent, re-
spectively. These values reflect how representative the observable
sample might be for quantifying the relation between median galaxy
properties and M,,.

On the other hand, we do not observe an as clear offset for
Zgqs, Which arguably relates to the SFR variability less directly.
Nevertheless, we note that a lower Z, for the detectable population
(e.g. at z = 10-12) could be associated with the plausible scenario
where bursty galaxies ‘up-scattered’ into the observable regime tend
to have a higher supply of pristine, star-forming gas that reduces
Zgas. While such a picture is essentially what the gas-regulator model
(Lilly et al. 2013) suggests as a potential explanation for the so-
called fundamental metallicity relation, more detailed analysis of
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Figure 4. Distributions of physical properties (fgas, SSFR, Zg,s) of galaxies at 6 < z < 8 (top), 8 < z < 10 (middle), and 10 < z < 12 (bottom) detectable (‘D’,
blue) and non-detectable (‘ND’, orange) by a JADES-Deep-like survey with JWST. The narrow stellar mass interval, 8.2 < log (M,/Mg) < 8.8, represents a
mass regime where there is a mixture of detectable and non-detectable galaxies and therefore close to the detectable threshold of the survey. Median values of
each property measured from a Gaussian KDE are specified on the panels for the detectable versus non-detectable samples.

the simulations is required to reach a conclusive answer, which we
postpone to future work.

In addition to the distributions shown in Fig. 4 for a narrow mass
bin near the detection threshold, we are also interested in quantifying
how much the burstiness-induced selection effect could bias the
measured galaxy properties as far as a real galaxy population is
concerned. To do this, we calculate the average of each galaxy
property, weighted by the halo mass function (HMF),* dn/dM.,
evaluated at the galaxy’s halo mass and redshift, for all galaxies with
M, > 1032 My, in the detectable or non-detectable sample for the
same redshift ranges shown in Fig. 4. As expected, since lower
mass galaxies are more numerous, similar offsets (~0.4dex for
Seas,cp» ~1.2dex for sSFR, and insignificant for Zg,) are observed
between the HMF-weighted average properties of detectable and
non-detectable galaxies when considering a narrow mass bin near
the detection threshold. Therefore, the offsets in galaxy properties
shown in Fig. 4 are broadly representative of biases expected when
galaxy properties are averaged over an entire survey.

Finally, by repeating the same analysis for the other two example
survey depths (JADES-Medium and CEERS), we find comparable
offsets as for the fiducial case of a JADES-Deep-like depth. The main

4We compute the HMF using the HMF code (Murray, Power & Robotham
2013), assuming the fitting function from Behroozi, Wechsler & Conroy
(2013) optimized for high redshifts.
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difference is that the sample size of the detectables and the mass range
where the bias will have greatest impact ( fobs ~ 50 per cent) depend
on survey depth (see Fig. 3).

4 CONCLUSIONS

In summary, the ubiquitous presence of bursty star formation in low-
mass/high-z galaxies predicted by the state-of-the-art simulations
of galaxy formation calls for a careful examination of its impact
on existing and forthcoming observations. By analysing the High-
Redshift suite of FIRE-2 simulations for the observability of galaxies
with bursty SFHs by JWST, we approach this problem in the context
of recent JWST observing programmes for studying galaxy formation
at high redshift. We have reached the following main conclusions:

(1) The strong time variability of the SFR in high-z galaxies
introduces a modulation of their brightness (and apparent size) by
up to several apparent magnitudes, resulting in non-monotonic time
evolution in the observability of galaxies close to the limiting depth
of the survey. This effect is enhanced when the nebular emission
tracing recent star formation is considered. The time-variable SFRs
imply that, at a given M,, some galaxies will be detectable while
others not in rest-UV-selected samples. The stellar mass scale of
fobs ~ 50 per cent observability depends on survey depth and is M,
~ 1085-10° Mg, at z ~ 7 for a JWST/NIRCam survey reaching a
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limiting magnitude of mi% ~ 29-30, representative of surveys such
as JADES and CEERS.

(ii) Systematic offsets in galaxy properties are predicted between
galaxy samples detectable and non-detectable by JWST. This implies
that non-trivial selection effects from bursty SFHs may exist in flux-
limited surveys, especially for physical properties closely related to
the duty cycle, such as the mass fraction of cold and dense gas and the
sSFR. On mass scales where galaxies are marginally detectable/non-
detectable, we estimate the selection effect to cause the fgscp t0
be higher by a factor of 2.5 (or 0.4 dex) and the sSFR to be higher
by up to order of 20 (or 1.2 dex) for detectable galaxies relative to
non-detectable galaxies in the same stellar mass bin. Since low-mass
galaxies are the most abundant, the biases predicted for galaxies
near the survey limit are representative of biases in galaxy properties
averaged over entire surveys.

The observational implications of bursty star formation extend
beyond what has been examined in this work. The assumed SFH,
if incorrectly neglecting burstiness, can greatly bias stellar masses
inferred from SED modelling (e.g. Endsley et al. 2023a). Moreover,
as demonstrated in Sun et al. (2023a), bursty SFHs can substantially
affect the UV luminosity function especially at the bright end, which
in turn impacts analyses based on the widely used halo abundance
matching technique (Dekel et al. 2023; Furlanetto & Mirocha 2023;
Mason et al. 2023; Muiioz et al. 2023; Shen et al. 2023). Another
implication of time-variable SFHs is that low-mass galaxies may
appear quiescent between bursts of star formation (Gelli et al. 2023;
Looser et al. 2023a). We will explore these aspects, along with
effects on other key physical properties such as galaxy size and
kinematics, with better statistics in future work. Meanwhile, the
impact on observability and selection effects on inferred galaxy
properties due to bursty star formation explored here are unlikely
to be unique to the study of galaxies at z > 5. Observations at lower
redshift, such as at cosmic noon (z ~ 2-3) where survey selection
is also frequently done in the rest-UV (e.g. Steidel et al. 2014), may
also be subject to similar effects. It will be interesting for future work
to characterize the effects of bursty star formation in other contexts.
Finally, our analysis also motivates explorations of ways to probe
bursty star formation observationally and characterize its mass and
redshift dependence (see e.g. Muiioz et al. 2023; Sun et al. 2023b),
which are essential for revealing the origin of stochasticity in the
SFH of galaxies.
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