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ABSTRACT

We present a comprehensive study of the star-forming main sequence (SFMS) and its scatter at redshifts 3 < z < 9, using
NIRCam photometry from the JADES survey in the GOODS-S and GOODS-N fields. Our analysis is based on a sample of
galaxies that is stellar mass complete down to log (M, /M) =~ 8.1. The redshift evolution of the SFMS at an averaging timescale
of 10 Myr follows a relation, quantified by the specific star-formation rates (SSFRjg), of sSSFR o« (1 + z)# with u = 2.30t%‘_%31, in
good agreement with theoretical predictions and the specific mass accretion rate of dark matter halos. We find that the SFMS
normalisation varies in a complex way with the SFR averaging timescale, reflecting the combined effects of bursty star formation
and rising star formation histories (SFHs). We quantify the scatter of the SFMS, revealing that it decreases with longer SFR
averaging timescales, from oy = 0.4 — 0.5 dex at 10 Myr to ojne = 0.2 dex at 100 Myr, indicating that shorter-term fluctuations
dominate the scatter, although long-term variations in star formation activity are also present. Our findings suggest that bursty
SFHs are more pronounced at lower stellar masses. Furthermore, we explore the implications of our results for the observed
over-abundance of UV-bright galaxies at z > 10, concluding that additional mechanisms, such as top-heavy initial mass functions,
increased star-formation efficiencies, or increased burstiness in star formation are needed to explain these observations. Finally,
we emphasize the importance of accurate stellar mass completeness limits when fitting the SFMS, especially for galaxies with
bursty SFHs.
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1 INTRODUCTION forming main sequence (SFMS), which is the tight relation between
SFR and stellar mass that has been widely established for star-forming
galaxies up to z ~ 3 (including, but not limited to Brinchmann et al.
2004; Reddy et al. 2006; Daddi et al. 2007; Noeske et al. 2007;
Salim et al. 2007; Whitaker et al. 2012; Speagle et al. 2014; Popesso
et al. 2023). The SFMS is usually described as a linear relation in
logarithmic space between SFR (or specific SFR; sSSFR=SFR/M)
and stellar mass (My). On average, studies show that at fixed My,
SFR (and sSFR) increase as a function of redshift, although we note
that the specific shape of this relation highly depends on the sample
selection and the techniques used to estimate SFRs (Katsianis et al.
2016; Davies et al. 2019). With a relatively narrow SFMS scatter of
o = 0.3 dex, the increase in SFMS normalisation fromz = Otoz = 3
can be primarily attributed to higher gas fractions in galaxies, with
star-formation efficiency and galaxy-galaxy mergers playing sub-
dominant roles in driving higher SFRs (Bouché et al. 2010; Daddi
et al. 2010; Rodighiero et al. 2011; Tacconi et al. 2020).

Although several studies have demonstrated the presence of the
* E-mail: ¢s2210@cam.ac.uk SFMS extending to the Epoch of Reionisation (EoR; z = 5 — 9;
1 E-mail: st578 @cam.ac.uk Daddi et al. 2010; Speagle et al. 2014; Salmon et al. 2015; Schreiber

The cosmic star formation history (SFH) traces the evolution of the
star formation rate (SFR) density across cosmic time, capturing the
collective star formation activity of all galaxies from a few million
years after the Big Bang to the present, with a peak at redshift z ~ 2
(see Madau & Dickinson 2014, and references within). While this
global history provides critical insight into the overall star forma-
tion process in the Universe, the SFHs of individual galaxies reveal
the underlying physical mechanisms driving galaxy formation and
evolution. These individual histories vary significantly, reflecting the
complex interplay between gas accretion, star formation, and feed-
back processes (Dekel et al. 2013; Tacchella et al. 2016a; Iyer et al.
2020; McClymont et al. 2025a). Understanding how these diverse
SFHs contribute to the cosmic SFR density is key to unravelling the
detailed processes of galaxy assembly over time.

An important scaling relation to study SFHs of galaxies is the star-
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etal. 2015; Tasca et al. 2015; Santini et al. 2017; Popesso et al. 2023),
until the advent of the James Webb Space Telescope (JWST) its exact
shape and scatter remained uncertain due to the observational limi-
tation of mainly probing the rest-frame ultra-violet (UV) emission at
these redshifts. Theoretically, the SEMS at z = 3 — 9 is predicted by
simple models of galaxy formation, where the SFRs of galaxies are
closely tied to dark matter accretion (Rodriguez-Puebla et al. 2016;
Tacchella et al. 2018). The key insight, however, comes from exam-
ining the distribution of galaxies around the SFMS, characterised by
its scatter, as this encodes the underlying physical processes driv-
ing star formation on global (Gladders et al. 2013; Abramson et al.
2014; Kelson 2014; Tacchella et al. 2016a; Caplar & Tacchella 2019;
Matthee & Schaye 2019; Wang & Lilly 2020a; Iyer et al. 2020; Mc-
Clymont et al. 2025a; Wan et al. 2025) and spatially resolved scales,
giving rise to bulges and disks (Zolotov et al. 2015; Tacchella et al.
2016b; Appleby et al. 2020; Emami et al. 2021; Hopkins et al. 2023;
Lapiner et al. 2023; Cenci et al. 2024; McClymont et al. 2025b).

Burstiness — the variability of the SFR on short timescales (rela-
tive to the dynamical timescale of galaxies, e.g. a few tens of Myr) —
is predicted to increase toward lower-mass galaxies and higher red-
shifts. In low-mass (M, < 10° Mg ) galaxies, bursty star formation
potentially arises from episodic stellar feedback processes that expel
gas from the interstellar medium (ISM; Hopkins et al. 2014; Hay-
ward & Hopkins 2017; Hopkins et al. 2023; Dome et al. 2024), as
well as from environmental effects such as galaxy-galaxy interactions
(Di Matteo et al. 2007; Teyssier et al. 2010; Asada et al. 2024; Duan
et al. 2024). At higher redshifts, burstiness is expected across all
galaxy masses and is likely due to highly variable gas accretion and
short equilibrium timescales (Anglés-Alcazar et al. 2017; Faucher-
Giguere 2018; Tacchella et al. 2020; Looser et al. 2025; McClymont
et al. 2025a).

While burstiness can be easily measured and quantified in the-
oretical models, where the evolution of individual galaxies can be
traced, observational studies must rely on proxies to assess this phe-
nomenon, as SFHs cannot be measured at arbitrarily short timescales
over large lookback times. However, two empirical estimates of SFRs
are known to gauge two specific timescales. The Ha emission line
traces ionising radiation from massive, short lived stars, therefore
probing SFRs on timescales of = 5 — 10 Myr, while the UV con-
tinuum probes SFRs on timescales of = 10 — 50 Myr (Kennicutt
& Evans 2012). These tracers have been used to demonstrate that
lower-mass galaxies tend to have burstier SFHs (Weisz et al. 2012;
Guo et al. 2015; Emami et al. 2019; Boyett et al. 2024; Langeroodi &
Hjorth 2024; Looser et al. 2025). Burstiness has also a direct impact
on the SFMS: more bursty SFHs lead to an increase of the SFMS
normalisation (Caplar & Tacchella 2019; Donnari et al. 2019a) and
a decrease of the SFMS scatter when longer-timescale SFR indi-
cators are used (Tacchella et al. 2020; Wan et al. 2025). Recently,
Bayesian hierarchical models have also been explored as a way to
infer burstiness from individual and an ensemble of galaxies through
spectral energy distribution (SED) modelling (Wan et al. 2024, 2025;
Carvajal-Bohorquez et al. 2025).

Ever since its launch, JWST has given us an unprecedented view
of the early Universe (Gardner et al. 2023). To name a few of its
advantages that are relevant to this work, it has granted us access
to rest-frame optical wavelengths at z > 6, allowed us to improve
SFR indicators through measurements of the Balmer lines (e.g., Ha
and Hp), and provided us with data to obtain more accurate stellar
masses, resulting in updated measurements of the SFMS (Clarke
et al. 2024; Cole et al. 2025; Rinaldi et al. 2025). Importantly, JWST
has unveiled an intriguing population of galaxies at z > 10, which
are UV-brighter and more numerous than predicted (e.g., Naidu
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et al. 2022; Finkelstein et al. 2023; Robertson et al. 2023, 2024;
Carniani et al. 2024; Hainline et al. 2024; Kokorev et al. 2025; Naidu
et al. 2025; Weibel et al. 2025; Whitler et al. 2025). One key avenue
to explore in this context, is how bursty SFHs affect — and possibly
explain — the observed UV luminosity functions at z > 10 (Shen et al.
2023; Sun et al. 2023b; Kravtsov & Belokurov 2024), specifically,
the over-abundance of UV bright galaxies detected with JWST in the
past years.

In addition to possibly explaining the puzzling observations at 7 >
10, quantifying the burstiness of SFHs has important astrophysical
implications at lower redshifts. For example, it can shed light on the
sources responsible for ionising the Universe during the EoR. This
period of time represents the transition between a dark and neutral
IGM to a fully ionised one by z ~ 5 —6 (Keating et al. 2020; Bosman
et al. 2022; Zhu et al. 2024). Star-forming galaxies are believed to
have played a crucial role in the ionisation of the Universe, due to
the copious amounts of Lyman Continuum radiation (photons with
A <912 A, or E > 13.6 eV) produced by their young massive
stars (Hassan et al. 2018; Rosdahl et al. 2018; Trebitsch et al. 2020).
Moreover, in the context of star-forming galaxies as main agents of
reionisation, many studies suggest low-mass galaxies with bursty star
formation are the dominant source of ionising photons (e.g., Endsley
et al. 2023; Yeh et al. 2023; Rinaldi et al. 2024; Simmonds et al.
2024a). However, it must be noted that recent observations obtained
with the JWST have reignited the debate regarding the contribution
arising from active galactic nuclei (AGN; see e.g., Asthana et al.
2024; Grazian et al. 2024; Maiolino et al. 2024; Madau et al. 2024).
Therefore, understanding the interplay between stellar mass and star
formation as a function of redshift can help unveil the sources of
reionisation.

Two important questions that arise from the study of the SFMS
are: (1) How universal is the SFMS at early times? and, (2) What
processes govern its emergence and evolution? In this work we aim to
answer these questions by measuring the shape, scatter, and normal-
isation of the SFMS for galaxies at z = 3 — 9 using JWST NIRCam
photometry from the JWST Advanced Deep Extragalactic Survey
(JADES; Eisenstein et al. 2023a; Bunker et al. 2024; D’Eugenio
et al. 2025), combined with SED fitting using Prospector. We
focus on galaxies at z = 3 — 9, where rest-frame optical data are
accessible in addition to the UV, enabling robust constraints on stel-
lar masses and SFRs. This is in stark contrast to studies at z > 9,
which typically rely mostly on rest-frame UV photometry and may
overestimate the intrinsic scatter in SFR due to larger measurement
uncertainties. Moreover, our use of deep JADES photometry (includ-
ing medium-band data when available) avoids the selection biases
and limited completeness inherent in spectroscopic samples, which
are affected by strong emission-line flux cuts and complex targeting
strategies. The structure of this work is the following. In § 2 we
discuss the data and sample selection used in this work. We then
estimate galaxy properties using the SED fitting code Prospector
in § 3, and analyse the stellar mass completeness of our sample. In
§ 4 we present our best-fit to the SEMS at 3 < z < 9, and compare
it to estimations from the literature. In § 5 we measure the scatter
of the SFMS as a function of redshift, stellar mass, and averaging
timescales. We then use our results to make conclusions about the
burstiness of star formation in the galaxies here studied. We explore
the implications of our findings in the context of observations of the
early Universe in § 6. Finally, we consider the caveats and limitations
of our work in § 7, ending with concluding remarks in § 8. Through-
out this work we assume Qg = 0.315 and Hy = 67.4 km s~ Mpc_l,
following Planck Collaboration et al. (2020).
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Figure 1. Representative examples of the products of our SED fitting routine with Prospector. The names and redshifts for each galaxy are indicated in the
titles. The names are composed by the coordinates of each galaxy rounded to the fifth decimal. The observed photometry is shown as open squares (HST) and
circles (JWST NIRCam), while the best-fit photometry is shown as orange diamonds, and the best-fit spectra is shown in grey. We also show the UV continuum
slope (B, given by Fy o« A8 Calzetti et al. 1994), obtained by fitting a line to the best-fit spectra in logarithmic space at Aregi—frame = 1250 — 2500A (purple
hatched region). The vertical dotted lines show the expected wavelength of selected emission lines. Finally, the insets show the star formation history and an
RGB image of the selected galaxy. These examples illustrate the power of Prospector to reproduce the observed SED shapes of galaxies even in the absence
of strong emission lines. Top panel: galaxy at z ~ 3.5 with no evidence of strong emission lines and a declining SFH. Bottom panel: galaxy at z ~ 8.5 with

strong evidence of [O 11] 35007 and a recent burst in star formation.

2 DATA AND SAMPLE SELECTION

In this section we briefly describe the observations used in this work,
as well as the selection criteria for our sample.

2.1 Observations

We make use of the full JADES (Eisenstein et al. 2023a; Bunker
et al. 2024) photometry set in both the GOODS-N and GOODS-
S regions (Giavalisco et al. 2004), including the publicly available
NIRCam Deep imaging (Rieke et al. 2023), and the JADES Ori-
gins Field (JOF; Eisenstein et al. 2023b). When available, we also
use photometry from the JWST Extragalactic Medium-band Survey
(JEMS; Williams et al. 2023), and from the First Reionisation Epoch

Spectroscopic Complete Survey (FRESCO; Oesch et al. 2023). In
addition to the photometric catalogues, we use emission line fluxes
derived from spectroscopic observations to compare to fluxes in-
ferred from SED fitting. Specifically, in Section 3.1 we compare our
Prospector-inferred fluxes of Ha and [O 11] 35007 to those obtained
by JADES using the JWST micro-shutter assembly (MSA) of NIR-
Spec (Ferruit et al. 2022; Jakobsen et al. 2022; Bunker et al. 2024;
D’Eugenio et al. 2025).

For the GOODS-S region, we rely on the same photometric cata-
logues as in Simmonds et al. (2024a) and Simmonds et al. (2024b).
In this work, however, we also include catalogues produced in the
same fashion for the GOODS-N region. Briefly, the source detection
and photometry was performed on JEMS NIRCam medium band
and JADES NIRCam broad and medium band imaging, using the
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Figure 2. Comparison of Prospector-inferred Ha (circles) and [O 111] 35007
(crosses) emission line fluxes to ones measured from JADES using NIR-
Spec. The bottom panel shows the difference between the inferred and mea-
sured values including their respective errors, given by: E = (Fprospector —

2 2 e
FNirspec) / ( Tprospector o-NlRSpec). The dotted lines denote the 3o range,

measurements outside of these limits are considered outliers. We find an
outlier fraction of 3.2% for Ha and 21.5% for [O mi]. Finally, the JADES
measurements might be underestimated in bright galaxies due to slit losses.
Overall, we find good agreement between our fitted values and the observed
ones, as shown by the best fit to the data (shaded area).

photutils software package (Bradley et al. 2022). Sources with
five or more contiguous pixels of the SNR mosaic with signal > 30
were identified. Furthermore, photutils was used to perform cir-
cular aperture photometry with filter-dependent aperture corrections
based on model point-spread functions following the method pre-
sented in Ji et al. (2024), as described in Robertson et al. (2024). In
addition to the NIRCam observations, HST images released through
the Hubble Legacy Field program (Illingworth et al. 2016; Whitaker
et al. 2019) reductions of GOODS-S and GOODS-N Giavalisco
et al. (2004) and Cosmic Assembly Near-infrared Deep Extragalac-
tic Legacy Survey (CANDELS; Grogin et al. 2011; Koekemoer et al.
2011) images. In this work, we adopt a Kron aperture on images, con-
volved to a common resolution, and impose an error floor of 5% in
each band.

2.2 Sample selection criteria

For this work we use Prospector-inferred properties as described
in Simmonds et al. (2024b) for galaxies in GOODS-S, but extended
to include galaxies in GOODS-N. Out of the full JADES photometry
dataset, we only impose the following conditions: (1) sources must
have a signal-to-noise ratio SNR>3 in the F444W band, (2) a median
Prospector-derived redshift in the range zppot = 3 — 9, and (3)
a reduced x> < 10 to remove objects with catastrophically bad
fits. Finally, we remove the JWST Mid-Infrared Instrument (MIRI)
selected AGN from Lyu et al. (2024) and the broad-line AGN from
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Juodzbalis et al. (2025)!. This sample selection criteria yields 29220
galaxies in GOODS-S, and 18936 galaxies in GOODS-N, resulting
in a total sample of 48156 galaxies. Out of the total sample, 99%
(91%) of the galaxies have medium band coverage in at least one
(two) photometric band(s).

3 ESTIMATION OF GALAXY PROPERTIES

This work uses galaxy properties derived from the SED modelling
code Prospector, specifically, we infer stellar masses, SFRs across
different timescales, and UV magnitudes. In this section, we outline
the SED modelling procedure, how SFRs are estimated, and the stel-
lar mass completeness of our sample. SED modelling offers a more
robust estimation of SFRs compared to direct tracers like UV and
Ha, as it incorporates a galaxy’s full SED, accounting for system-
atic errors that may arise from variations in dust attenuation (incl.
variations in the dust attenuation law), complex SFHs, and nebular
continuum and line emission. While UV and He tracers are affected
by factors such as dust attenuation and metallicity (e.g. through their
impact on conversion factors), they often provide limited insight into
the full SFH, especially since they trace specific timescales. For ex-
ample, Ha is insensitive to timescales larger than a few tens of million
years, as it is a tracer of instantaneous star formation. In contrast, SED
modelling with sufficient spectral coverage, resolution, and sensitiv-
ity enables a self-consistent analysis that mitigates systematic biases
and yields a more accurate view of star formation across timescales,
particularly at high redshift, by properly accounting for parameter
degeneracies and uncertainties.

3.1 SED fitting with Prospector

In this work, we use the SED fitting code Prospector (Johnson et al.
2019, 2021) to derive galaxy properties. The fitting routine used to fit
our entire sample is described in Simmonds et al. (2024b). Briefly,
we use photometry from the full JADES photometric catalogues
as input for Prospector, including data from the UV to the IR
from HST and JWST NIRCam (see figure 1 from Simmonds et al.
2024b). We adopt the same Kron convolved aperture to extract HST,
JADES and JEMS photometry, and floor the photometric errors to
5% to account for systematic errors not accounted for by our data
reduction pipelines. We use photometric redshifts (z,pot) inferred
with the SED template fitting code EAzY (Brammer et al. 2008) as
priors in our SED fitting routine. As shown in Rieke et al. (2023) and
Hainline et al. (2024), z,po( can be accurately determined when arich
photometry set is used. The dust attenuation and stellar population
properties are varied following Tacchella et al. (2022b). Importantly,
we use a two component dust model (Charlot & Fall 2000; Conroy
et al. 2009), which accounts for the differential dust attenuation in
young (< 10 Myr) stars and nebular emission lines by using different
optical depths and a variable dust index (Kriek & Conroy 2013). We
adopt a Chabrier (Chabrier 2003) initial mass function (IMF) with
mass cutoffs of 0.1 and 100 Mg, and allow the stellar metallicity to
explore a range between 0.01 and 1 Z¢. The continuum and emission
properties of the SEDs are provided by the Flexible Stellar Population
Synthesis (FSPS) code (Conroy & Gunn 2010), based on Cloudy

1" We note that these spectroscopically confirmed AGN represent < 10% of the
entire sample of galaxies for which we have spectra. Moreover, they are mostly
composed of low-luminosity AGN, where it is likely that the continuum is
dominated by the host galaxy.



(v13.03; Ferland et al. 2013) using MESA Isochrones & Stellar
Tracks (MIST; Choi et al. 2016; Dotter 2016), and the MILES stellar
library (Vazdekis et al. 2015). The UV extension of the latter is
based on the Basel Stellar Library (BaSeL; Lastennet et al. 2002).
The use of this Cloudy grid results in a limitation of the maximum
permitted ionisation parameter of 10g(U)max=-1.0, which might not
be enough to reproduce the properties of some high-redshift galaxies
(e.g., Cameron et al. 2023). We set a flexible IGM model based on a
scaling of the Madau model (Madau 1995), where the scaling is left
as a free parameter. Finally, we use a non-parametric SFH (continuity
SFH; Leja et al. 2019). In this model, the SFH is described as eight
different SFR bins. The minimum bin is set to a look-back time of 1-5
Myr and 5 — 10 Myr, while the rest are divided equally in logarithmic
space depending on the redshift. The ratios and amplitudes of the
bins are allowed to vary following a Student’s t-distribution with a
width of 0.3. Importantly, this prior allows (but does not impose) a
somewhat bursty SFH when the data favour it.

To showcase the products of our SED fitting process, in Figure 1 we
present two galaxies with significantly different SFHs at the limits of
our redshift range. These are representative examples that highlight
the power of Prospector when a comprehensive photometric set is
used. In particular, they demonstrate how Prospector is able to fit
the observed SED shapes even in the absence of strong emission lines
(see also figure A.2 of Simmonds et al. 2024b). Moreover, we find
that Prospector can reproduce emission line fluxes reasonably well
for our sample based on photometry alone. In Figure 2 we compare
Ha and [O 1] 35007 fluxes derived by Prospector to a subsample
of galaxies with JADES NIRSpec observations (782 Ha and 887
[O m] flux measurements with SNR> 5). Overall, we find good
agreement between our SED-inferred fluxes and those measured by
spectroscopic observations, with values scattering around the 1:1
line and outlier fractions of 3.2% and 21.5% for Ha and [O 1],
respectively. Therefore, we confirm that our SED fitting routine can
reproduce emission lines to a reasonable extent.

3.2 Stellar mass completeness

As in Simmonds et al. (2024b), we estimate the stellar mass com-
pleteness of our sample following the method described in Section
5.2 of Pozzetti et al. (2010). To summarise, for every redshift a min-
imum mass (Myy;,) is defined, above which potentially all types of
galaxies can be observed (i.e., not only those who have had a re-
cent burst in star formation). To calculate My, the limiting stellar
mass (Mjjp,) must be estimated. My, represents the stellar mass a
galaxy would have if its apparent magnitude (m) were equal to the
limiting magnitude of the survey (myj,,). Importantly, Mj;,, depends
on the stellar mass-to-light ratio, a quantity that can be affected by
bursty star formation (i.e., by galaxies being up-scattered due to a
recent burst in star formation). In this work my;;, is determined by the
F444W band since it has the highest effective wavelength, making
it the best tracer of stellar mass available in our data, although we
caution that at z > 5 it is susceptible to strong emission line biases.
For each galaxy, My, is given by:

log(Mjip) = log(Mx) + 0.4(m — myjp,), (1

where M, is stellar mass in units of solar masses. We divide our
sample into three fields depending on their F444W exposure time:
medium (Texp < 25 ks), deep (25 ks < Texp < 65 ks) and ultra-
deep (Texp = 65 ks), with 5o flux depths of 6, 4.5, and 2.65 nly,
respectively. In order to compute M,,i, for each field and at each
redshift bin, we select the faintest 20 per cent of galaxies for each
exposure time. This choice takes into account the colour-luminosity
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Figure 3. Stellar mass completeness of the sample, divided into three fields
depending on exposure time (Texp). The larger grey circles show the stellar
mass of each galaxy as a function of redshift, while the smaller coloured
circles show the limiting mass for the faintest 20%. The solid curves denote
the 100% completeness at each redshift and for each depth, as indicated in
the legend, following the prescription of Pozzetti et al. (2010). We find our
sample is stellar mass complete down to log(M4«/[Mg]) = 8.1 on average,
with small variations depending on the depth of the field. The dotted vertical
lines mark the redshift bins used in the mass completeness estimation. The
blue hatched area shows the region used to fit the star-forming main sequence
(i.e. 9.0 <logM4/Mp)< 103 and 3 <z < 9.)

relation and therefore includes only galaxies with a typical M/L
close to the magnitude limit.

In Simmonds et al. (2024b) we focused on galaxies above which
90 per cent of the selected My, lie, however, in this work we place
a stricter limit of 100 per cent, because even a small incompleteness
percentage can significantly bias estimates of average SFRs (Leja
et al. 2022). The results are shown in Figure 3, where the stellar mass
as a function of redshift is shown for our full sample (grey circles),
and the Mj;, of the faintest 20 per cent of galaxies per Texp are
shown as coloured points. We find, on average, that our sample is
stellar mass complete down to log(M4/Mg)~8.1. We note that the
method used here to establish the stellar mass completeness limits of
our sample relies on the assumption of a constant mass-to-light ratio.
If SFHs are bursty, it means that SFRs change on short timescales,
which results in a non-constant mass-to-light ratio in the ionising
(and to a lesser extent in the non-ionising) continuum (Dominguez
et al. 2015). Thus, if the galaxies in our sample have bursty SFHs,
then the limits shown in Figure 3 should be taken as lower limits, as
will be discussed further in Section 6.2.

In the remainder of this work, we focus on galaxies with masses
higher than the stellar mass completeness limit derived above of
log(M«/Mgp)~ 8.1, yielding a sample of 18321 galaxies (~ 38% of
the total sample). However, we also present a more conservative stel-
lar mass completeness limit motivated by the behaviour of the sSFR
as a function of stellar mass (see Section 4), with log(Mx/Mg)=9.0-
10.3, shown as a blue hatched region in Figure 3, containing 2989
galaxies.
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Figure 4. Stellar mass range and redshift evolution used to fit the star forming main sequence. Left panel: specific star formation rate (sSFRg) using the
star formation averaged over the past 10 Myr (SFRy), as a function of stellar mass for all galaxies in our sample with log(Mx/Mg)> 7.0, colour-coded by
redshift. The white circles with blue edges show the medians per stellar mass bins (0.2 width in logarithmic space). The vertical lines show different stellar mass
completeness limits, delimiting three regions. The upper limit of the region labelled "incomplete" is given by the mean stellar mass completeness estimated in
Figure 3 (log(M«/Mg)= 8.1). We note that the median sSFRs increase steadily below this limit. This trend is consistent with an increasing prevalence of rising
SFHs at lower stellar masses, but it is also expected in biased samples that are incomplete in stellar mass. Interestingly, this behaviour continues (although less
steeply) up to log(M«/Mgp)= 9.0, which we dub partially complete ("PC"). The shaded area shows galaxies with 9.0 <log(Mx/Mg)< 10.3 (also shown as a
blue hatched area in Figure 3), we note that the sSFR flattens in this mass range, and thus we define this region as being complete ("C"), and use all galaxies in
it to fit the star forming main sequence (i.e., without imposing a SFR range). The upper limit of the complete region is motivated by the turnover of the SFMS
at log(M4/Mgp)= 10.3. Finally, the hatched horizontal area shows the upper limit allowed given the timescale used. Right panel: median sSFRs for galaxies
with 9.0 <log(Mx/Mgp)< 9.5 as a function of redshift, the mass bin was selected because it is populated at all redshift bins. To increase numbers, we merge
the two highest redshift bins (7 < z < 9). We fit a line to all medians to obtain the redshift evolution, zt19, which we use as input when fitting the SFMS (see

Equation 2). The redshift evolution for all the remaining timescales analysed in this work are shown as dotted lines.

3.3 Star formation rates

We have shown in Figure 2 that Prospector can retrieve emis-
sion line fluxes reasonably well. However, we decide against using
SFR tracers derived from these lines (e.g., from He; Kennicutt
1998; Pflamm-Altenburg et al. 2009; Kennicutt & Evans 2012; Tac-
chella et al. 2022a, Kramarenko et al. in prep.) or from the UV
luminosity due to their dependence on dust corrections, metallicity
and the parameter space on which the relations have been calibrated,
both introducing additional uncertainties (Rosa-Gonzélez et al. 2002;
Kennicutt & Evans 2012; Smit et al. 2016; Curtis-Lake et al. 2021;
Shapley et al. 2023). Moreover, SFR calibrations based on UV and
IR luminosities have been shown to be systematically higher than
SFRs inferred through SED fitting at a given stellar mass (Bauer
et al. 2011), especially if the galaxies are quiescent (more than ~ 1
dex; Hayward et al. 2014; Utomo et al. 2014; Leja et al. 2022).
This could be an indication of obscured star formation, which can be
difficult to detect in the rest-frame UV and optical wavelength range
(i.e., "outshining"; Papovich et al. 2001; Conroy 2013; Whitaker
et al. 2017; Papovich et al. 2023; Sun et al. 2024; Williams et al.
2024; Herard-Demanche et al. 2025; Reddy et al. 2025). Quantify-
ing this effect on our sample is beyond the scope (and limitations)
of this work, however, future surveys with JWST MIRI are a promis-
ing avenue to explore this problem further (Helton et al. 2025a). In
addition to dust corrections and conversions between luminosity and
SFRs, this discrepancy can be explained by older stellar populations

2 We note that SFR;( and SFRyy, largely agree for galaxies in our sample,
both when Prospector-inferred and NIRSpec measured He fluxes are used
(see Appendix A).
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contributing to the UV and IR regions of galaxy SEDs, and is more
significant in the absence of young stellar populations (i.e., a recent
star burst). Therefore, in this work, we rely on the SFRs provided by
Prospector at different averaging timescales, as they offer a more
comprehensive estimation by incorporating a galaxy’s full SED, in-
cluding dust attenuation, SFHs, and nebular emission. This approach
reduces the systematic biases associated with direct tracers like UV
and He, and allows for a self-consistent analysis across multiple
timescales, which is particularly important when studying galaxies
at high redshifts where such tracers may be affected by additional
complexities.

Specifically, we use the SFRs averaged over the past 10, 20, 30,
40, 50, and 100 Myr (indicated by the subscript of the SFR used).
These SFR can be estimated largely independent given the time bins
in our SFH modelling, e.g., any covariance between these SFRs can
be attributed physical processes that drive star formation. These val-
ues are obtained by integrating the SFHs and dividing them by the
stellar mass formed at each timescale. The self-consistency provided
by the Prospector modelling imposes a natural maximum in sSFR
given by tave]moe . Studying different timescales of star formation for a
given galaxy informs us about the burstiness of its SFH. In particu-
lar, the ratio between the star formation averaged over two different
timescales (i.e. SFR{o/SFR5q or SFR{3/SFR o) contains informa-
tion about the fluctuations in star formation over time (Weisz et al.
2012; Guo et al. 2016; Caplar & Tacchella 2019; Clarke et al. 2024;
Cole et al. 2025).
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Figure 5. Specific star formation rate, sSFR 0, as a function of stellar mass, colour-coded by their ionising photon production efficiency (&on,0), and divided by
redshift bins. The thick black dashed lines show the best fit to the star-forming main sequence given in Equation 2, for galaxies with stellar masses in the range
9.0 < log(Mx/Mg) < 10.3 (indicated by the grey shaded region bounded by vertical dashed lines), and are extrapolated to all stellar masses in our sample. To
improve the robustness of the fit at high redshift, the two highest redshift bins were grouped together when deriving the best-fit relations, though they are shown
separately in the figure for consistency with the redshift binning used throughout the paper. The blue filled lines show piece-wise fits to the same equation in
mass bins of stellar masses log(Mx/Mg)=8.0-10.0 in steps of 0.5 in logarithmic space. The grey hatched region shows the upper limit in sSFR, given by lavelmge .
For reference, we include the stellar mass completeness limits shown in Figure 3: from left to right, the vertical dotted lines show the ultra-deep, deep, and
medium exposure times. We note that if we fit the SFMS using these limits instead (log(M«/Mgp)Z 8.1), the slope of the fit becomes negative, as indicated by
the discrepancy between the piece-wise fit and the total fit in that stellar mass regime.

Table 1. Best fit values to SFMS given in Equation 2 for 9.0 <log(Mx/Mgp)< 10.3 and 3 < z < 9. Column 1: averaging timescale of the SFR in units of
Myr. Column 2: normalisation in units of Gyr~!. Column 3: stellar mass dependence. Column 4: redshift evolution. Columns 5,6: normalisation of the SFMS,
1n7(z) =sp(z) X (1+z)H, at a fixed stellar mass of log(M/Mg)=10.0, calculated at z = 3 and z = 9, respectively.

taverage [Myr]  sp [Gyr™!] B u 7(z=3) [Gyr"']  #5(z=9) [Gyr™!]
10 0.05*9%1  0.027008 2307003 1.2179:24 9.98+2:%0
20 0.127¢%  0.03700%  1.8070,05 1.46*0:13 7.5770%3
30 0.17+4%  0.047005 159001 1.54*018 6.617078
40 0.217992  0.037005  1.4070,02 1.46*0:1% 5.277930
50 0.23*992  0.027005  1.347001 1474013 5.037944
100 0.307992 0.0010.04  1.06*0:0L 1.307999 3.4440.2

4 FITTING THE STAR FORMING MAIN SEQUENCE et al. 2015; Schreiber et al. 2015; Tasca et al. 2015; Shivaei et al.
2015b; Erfanianfar etal. 2016; Santini et al. 2017; Belfiore etal. 2018;
Pearson et al. 2018; Popesso et al. 2019a,b; Leslie et al. 2020; Thorne
et al. 2021; Daddi et al. 2022; Leja et al. 2022; Rinaldi et al. 2022;
Sandles et al. 2022; Baker et al. 2023; Popesso et al. 2023; Clarke et al.
2024; Davies et al. 2025a,b; Cole et al. 2025; Rinaldi et al. 2025).
Comparing SEMS measurements from the literature is non-trivial
because of the use of different selection techniques and wavelengths
(see, e.g., Katsianis et al. 2016). Therefore, studies such as Popesso
et al. (2023) and Speagle et al. (2014) have focused on converting
all measurements to a common calibration, finding a consensus in

The SFMS describes the relation between SFR (or sSFR) and stellar
mass, and has been extensively studied up to z ~ 6 (Brinchmann
et al. 2004; Daddi et al. 2007; Elbaz et al. 2007; Salim et al. 2007;
Chen et al. 2009; Pannella et al. 2009; Santini et al. 2009; Magdis
et al. 2010; Oliver et al. 2010; Elbaz et al. 2011; Karim et al. 2011;
Rodighiero et al. 2011; Shim et al. 2011; Lee et al. 2012; Reddy
et al. 2012; Salmi et al. 2012; Whitaker et al. 2012; Zahid et al.
2012; Kashino et al. 2013; Moustakas et al. 2013; Sobral et al. 2014;
Speagle et al. 2014; Steinhardt et al. 2014; Whitaker et al. 2014; Lee
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Figure 6. Comparison of the SEMS derived in this work to selected ones from the literature for recent star formation (either averaged over the past 10 Myr or
derived from He fluxes). All markers and curves are shown for a fixed stellar mass of 10!°Mg. The purple filled and dashed curves show the the SEMS fit
to the complete ("C") and partially complete plus complete ("PC+C") samples, extrapolated to z = 0. The markers show the results for studies performed at
redshift bins up to z = 7 (Renzini & Peng 2015; Shivaei et al. 2015b; Leja et al. 2022; Clarke et al. 2024, , as indicated in the legend). The grey curve shows
the SFMS from Popesso et al. (2023), while the light grey line with vertical markers shows the Speagle et al. (2014) relation, both shifted by -0.34 dex to
account for conversions in SFRs, as in Shapley et al. (2023). The green dash-dotted curve shows the parametrisation provided by Sandles et al. (2022). The grey
dash-dotted curve shows the results from Tacchella et al. (2016a), where only the normalisation s, was left as a free parameter, and the black filled line shows
the SFMS based on the THESAN-ZOOM simulations from McClymont et al. (2025a). The discrepancies at z < 3 can be partially explained due to differences
in how the stellar masses were inferred, and how complete the samples are in stellar mass, but mainly arise due to the sample selections and conversions of Ha
luminosities to SFRs. The black dotted curve shows the expected specific mass accretion ratio of dark matter halos from Neistein & Dekel (2008), using the
M -Mpalo conversion from Tacchella et al. (2018). It is important to note that using a different conversion would result in slightly shifting this curve, but that
the redshift evolution of the SFMS found in this work is remarkably similar to the specific mass accretion ratio of dark matter halos. Finally, a joint fit to the
shifted Speagle et al. (2014) up to z = 3 with our fit to the complete sample (z = 3 — 9) is shown as a blue shaded area. Including the lower redshift results from

literature in the fit results in a slightly shallower evolution with redshift (u =~ 2.08 instead of 2.30).

the shape and normalisation of the SFMS. Basically, there are three
main factors that must be considered when studying the SFMS: (1)
the estimation of the SFRs, obtained via dust-corrected emission
line luminosities and/or SED fitting, (2) the sample selection, and
(3) the stellar mass completeness of the sample. The latter is of
utmost importance because the process of fitting the SEMS is highly
sensitive to the mass range used (see Section 4.3). Thanks to surveys
such as JADES, we are now able to construct large samples of galaxies
complete in stellar mass up to z ~ 9.

The SFMS has been shown to evolve with redshift, both in observa-
tions (e.g., Speagle et al. 2014; Popesso et al. 2023) and simulations
(e.g., Tacchella et al. 2016a; D’Silva et al. 2023; McClymont et al.
2025a). A convenient way to take this evolution into account when
fitting the SFMS is to fit for the sSFR, adopting the following form:

B
o) xason o
as in Tacchella et al. (2016a). In this equation, the sSFR of the
main sequence is determined by the redshift evolution () of the
SFMS, a stellar mass dependence (8, not to be confused with the
UV continuum slope), and an overall normalisation (s, in units of
Gyr~1). We assume in this work no curvature of the SFMS masses
at high stellar masses, since we focus on galaxies with stellar masses
below 10! M.

The same functional form as described by Eq. 2 can be used
to describe the specific mass accretion rate (SMAR) of dark matter
halos. In this case, Dekel et al. (2013) show that yuy, tends to 5/2 when
a ACDM cosmology in the Einstein-deSitter regime is adopted. The
halos mass dependence, By, is expected to contribute only in a minor
way, with B, = 0.14 (Neistein & Dekel 2008). The normalisation
of the SMAR, as measured from simulations, is s, = 0.03 Gyr~!

sSFRys (M, 2) [Gyr™ 1] = sy, x (
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(Dekel et al. 2013). While the sSFRs of SFMS galaxies do not need
to track the SMAR of their halos, the normalisation of the SFMS has
been shown to increase with look-back time as sSFR o« (1 + z)~22
(Brinchmann et al. 2004; Daddi et al. 2007; Elbaz et al. 2007; Noeske
et al. 2007; Whitaker et al. 2012; Speagle et al. 2014; Schreiber et al.
2015; Boogaard et al. 2018; Caplar & Tacchella 2019; Donnari et al.
2019b; Sandles et al. 2022), which is very close to the expected value
from the sSMAR (Bouché et al. 2010; Lilly et al. 2013; Tacchella et al.
2013; Tacconi et al. 2013; Rodriguez-Puebla et al. 2016; Tacchella
etal. 2018).

In order to fit Equation 2 to our data, we carefully selected the
parameter space by following two steps, which are now briefly ex-
plained and are summarised in Figure 4.

4.1 Mass range used in SFMS fitting

The slope of the SFMS is highly sensitive to the stellar mass range
being used. This range should reflect the stellar mass completeness
of the sample. In Section 3.2, we derive this limit following Pozzetti
et al. (2010), and mention that it might be an underestimation of the
stellar mass completeness if star formation is bursty, since it relies on
a constant mass-to-light ratio. As a conservative approach, we decide
to select the range of stellar mass we use in the SEMS by studying the
behaviour of the sSFR as a function of stellar mass. In the left panel
of Figure 4 we show the relation between sSFR and stellar mass
when using the shortest timescale presented in this work, SFRq
(comparable to SFRs derived with Ha). We find that the median
sSFRs steadily decrease with stellar mass up to log(Mx/Mg)~ 8.1,
in a region that we define as "incomplete". We note that the median
sSFRs increase steadily below this limit. This trend is consistent with
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Figure 7. Comparison of the SFMS slope, defined as the slope of the logarith-
mic relation between SFR ¢ and stellar mass (SFR o« MY, where @ = 1+
with 8 from Eq. 2), as a function of redshift for a selection of works shown
in Figure 6. As can be seen, the slope when considering the complete ("C")
sample approaches 1, while for the partially complete plus complete sample
("PC+C") the slope is shallower. This discrepancy is potentially driven by
stellar mass completeness.

an increasing prevalence of rising SFHs at lower stellar masses, but
it is also expected in biased samples that are incomplete in stellar
mass. Since this trend becomes more pronounced with increasing
incompleteness (e.g., at lower stellar masses) and is not reproduced in
numerical simulations by increasing SFHs (McClymont et al. 2025a),
we interpret it as primarily driven by sample incompleteness.

This behaviour continues up to log(Mx/Mg)= 9.0, albeit with a
shallower slope, suggesting that this region still suffers from stellar
mass completeness issues. This could be due to a combination of
Prospector limitations when inferring SFRs at the lower mass end,
of low-mass galaxies having preferentially increasing SFHs, and of
SFHs being burstier than expected at this mass range, and is discussed
further in Section 6.2. We dub this region as "partially complete"
("PC"). Finally, we find that the sSFRs flatten at 9.0 <log(M«/Mg)<
10.3, where our upper mass limit agrees with the turnover observed
by Leja et al. (2022) (but see also Lee et al. 2015, where a turnover
is observed at My~ 1019 Mg at z < 1.3). We label this region as
"complete" ("C") and use it to fit the SFMS hereafter.

4.2 Redshift evolution used in SFMS fitting

In this work we divide our sample into equally spaced redshift bins
between z = 3 — 9, and note that as redshift increases, the number of
galaxies decreases. As aresult, if we fit Equation 2 directly, leaving p,
3, and sy, as free parameters, our SEMS fits are dominated by the bulk
of the galaxies at z < 5. Therefore, we constrain the redshift evolution
of our sample separately (and for each SFR timescale) and fix it as
median and boundaries when fitting the SFMS. The right panel of
Figure 4 shows this exercise for SFR |y, where we have merged the
two highest redshift bins (7 < z < 9), and fit a line in log space
to the median sSFRs for galaxies with 9.0 <log(Mx/Mg)< 9.5, as
a function of redshift. We choose to use this stellar mass bin since
it contains galaxies at all redshifts here studied. For this averaging
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timescale of 10 Myr we find u = 2.30’:%%31, a value that is similar to

others found in the literature (e.g., Sandles et al. 2022; Popesso et al.
2023; McClymont et al. 2025a). We then extrapolate this redshift
dependence of the SFMS to all stellar masses in our sample, and
repeat this exercise with all the timescales analysed in this work
(shown as dotted lines and given in Table 1).

4.3 SFMS best-fit parameters

Figure 5 shows the results of fitting Equation 2 to our data (see also
Table 1), after following the previous steps, for SFRs averaged over
the past 10 Myr and per redshift bin. The thick black dashed lines
show the best fits to the SFMS (using galaxies in the “complete”
region, shown as a shaded grey area). For reference, we show the
stellar mass completeness limits derived following Pozzetti et al.
(2010) as vertical lines. To show how sensitive the SEMS fits are
to the stellar mass limits, we show piece-wise fits for stellar masses
of log(M«/Mg)= 8.0 — 10.0 in logarithmic steps of 0.5 (blue filled
lines). It can be seen that there is a discrepancy between the piece-
wise fits and the general fit at masses below log(M«/Mg)= 9.0,
which is a result of this region being only partially complete in stellar
mass. The individual points are colour-coded by their ionising photon
production efficiency assuming an escape fraction of zero, &jon,0,
estimated by Prospector (see e.g., Simmonds et al. 2023, 2024a).
This quantity is essentially the ratio between recent (averaged over
the past 10 Myr) star formation, and the one sustained over the past
100 Myr (Simmonds et al. 2024a). Although this ratio directly probes
the recent SFH, its variance for an ensemble of galaxies measures
short-term star formation variability (Caplar & Tacchella 2019). As
expected, the distance to the SFMS is related to &;op,0, Where the
galaxies that are most efficient producers of ionising radiation lie
above the relation.

4.4 The normalisation of the SFMS

The best-fitting parameters for all adopted SFR averaging timescales
are listed in Table 1. We find that the normalisation s, increases
with averaging timescale, while the redshift dependence u decreases
with averaging timescale. While s, quantifies the normalisation of
the SFMS at a given redshift as per Equation 2, we must also account
for the explicit redshift evolution through the (1 +z)-term (and given
by w) to compare absolute normalisation values across timescales
(see Figures 4 and 6). At z = 3 and log(M4/Mg )= 10, we measure a
SFMS normalisation, which we define as 17(z) = sp(z) X (1 +z)#, of
1.2 Gyr‘1 for taverage = 10 Myr and 1.5 Gyr‘1 for taverage = 50 Myr.
At z =9, we find a SEMS normalisation of 10.0 Gyr‘1 for taverage =
10 Myr and 5.0 Gyr_l for faverage = 50 Myr (see Table 1).

The interpretation of this trend is not straightforward, as it reflects
the interplay of two competing effects: bursty star formation and
the overall rise of SFHs. As shown by Caplar & Tacchella (2019,
see also Donnari et al. 2019a; Iyer et al. 2020), the SEMS nor-
malisation depends on both the stochasticity of star formation and
the averaging timescale of the SFR measurement. Short-timescale
indicators capture rapid fluctuations, including low-SFR episodes,
whereas long-timescale indicators smooth over these variations, lead-
ing to higher inferred average SFRs and an elevated normalisation.
An effective tool to understand the power contained in SFR fluctua-
tions at a specific timescale is the power spectral density (PSD). On
short timescales (< 10 Myr), galaxy growth is governed by internal
processes such as GMC formation, star formation, and stellar feed-
back (Leitherer et al. 1999; Tan 2000; Tasker 2011; Faucher-Giguere
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Figure 8. Histograms showing the distance to the SFMS, Ays, using the star formation averaged in the past 10 Myr (shown as thick black dashed lines in
Figure 5), as function of redshift bin up to z = 8. We define four stellar mass bins, at log(M«/Mg)=8.0-10.0, as indicated in the legend. For each panel, the
number of galaxies in each mass bin is shown, as well as the median of each distribution. The grey hatched region shows the maximum permitted Ayjs at each
redshift, for log(M«/Mg)=_8.0. Although composed of very few galaxies (< 100 in total), the histograms tend to have a tail towards the lower values and thus
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Figure 9. Intrinsic scatter of the SFMS, oy, as a function of redshift and stellar mass, as indicated in the legend, where oy = 4/ 0'§bs - o-éED. Only bins with

at least 30 galaxies are shown. The intrinsic scatter decreases as averaging timescales increase for every mass and redshift bin studied, from oy = 0.4 — 0.5
at 10 Myr down to ojp¢ & 0.2 at 100 Myr. This behaviour is expected when star formation is bursty, as averaging over longer timescales smooths out episodic
bursts and (mini-)quenching events, reducing the scatter in the SFRs.
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2018; Benincasa et al. 2020). On intermediate timescales (< 100
Myr), large-scale feedback and gas cycling dominate (Semenov et al.
2017; Shin et al. 2023), while on longer timescales, external drivers
such as mergers become important (Robertson et al. 2006; Puskds
etal. 2025). Crucially, the dependence of SFMS normalisation on the
averaging timescale, taverage, €ncodes information about the stochas-
tic nature of galaxy SFHs, e.g. its PSD (Caplar & Tacchella 2019).
The higher SFMS normalisation on the 50 Myr relative to the 10 Myr
averaging timescale at z = 3 is consistent with a break timescale of
Threak ~ 50 Myr and a PSD slope @ = 2, in agreement with the
expectations of bursty star formation and the predictions of Caplar
& Tacchella (2019, see their figure 5). However, towards higher red-
shifts, the trend reverts and the normalisation is higher for shorter
averaging timescales.

A second factor affecting the interpretation of the SFMS normali-
sation is the presence of rising SFHs. For galaxies with rising SFHs,
the SFR averaged over shorter timescales is systematically higher
than when averaged over longer timescales. Consequently, if most
galaxies follow rising SFHs, the SFMS normalisation is expected to
be higher when measured on short timescales. We expect, in partic-
ular towards higher redshift, the fraction of galaxies with increasing
SFHs to increase (e.g., Tacchella et al. 2018). Indeed, for galaxies in
our sample with 8.1 <log(Mx/Mg)< 10.3, the fraction of galaxies
with SFRog/SFR g9 > 2 increases from 0.31 to 0.55, from z = 3
to z = 9. The elevated SFMS normalisation measured on shorter
timescales at z > 6 is therefore primarily driven by the prevalence
of rising SFHs in early galaxies. While this complicates the use of
normalisation alone as a diagnostic of star-formation variability, the
scatter around the SEMS provides a more direct probe of burstiness
(see Section 5.1). In future work (Bevins et al., in prep.), we will
build on this analysis by forward-modelling the scatter as a function
of faverage, €nabling tighter constraints on the PSD and the temporal
coherence of star formation in the high-redshift Universe.

4.5 Comparison of our SFMS to literature

We now compare our obtained SFMS (Eq. 2 and Table 1, using
sSFR ) with other studies in the literature, both at the same redshift
and lower redshifts. In the comparison, we focus on the normalisation
of the SFMS (Figure 6) and the slope that describes the stellar mass
dependence (Figure 7). Specifically, we compare our SEMS to z < 7
studies by Renzini & Peng (2015), Shivaei et al. (2015b), Leja et al.
(2022), Sandles et al. (2022), and Clarke et al. (2024), as well as
the results from Speagle et al. (2014) and Popesso et al. (2023),
which are both based on compilations of SFR measurements> up to
z = 6. Renzini & Peng (2015) and Shivaei et al. (2015b) derived
SFRs from Ha luminosities using Balmer decrement-based dust
corrections for local SDSS galaxies and MOSFIRE observations
for galaxies at z ~ 2, respectively. Leja et al. (2022) derived their
SFMS from SED fitting with the Prospector code, focusing on
galaxies at 0.5 < z < 3, while Sandles et al. (2022) used SED fitting
with BEAGLE (Chevallard & Charlot 2016) to derive the SEMS at
1.25 < z < 6. Finally, we include the recent measurements by Clarke
et al. (2024), based on ~ 150 galaxies at 1.4 < z < 7, who used
Balmer line luminosity, SED fitting, and UV luminosity to derive
SFRs.

Figure 6 compares the normalisation of the SFMS from this work

3 Both the Speagle et al. (2014) and the Popesso et al. (2023) relations have
been shifted by a factor of -0.34 dex, as suggested by Shapley et al. (2023),
to account for SFR conversions.
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using sSFR g at fixed stellar mass of log(Mx/Mg)= 10.0 (for both
the "complete" and "complete+partially complete" samples, extrap-
olated to z = 0) to other selected results from the literature. We
provide an updated SEMS prescription (indicated with the thick blue
line) from z = 0 to z = 9, which slightly flattens the redshift evo-
lution, particularly at z > 3 (with g =~ 2.08). We find overall good
agreement between our and the literature values, with offsets of less
than 0.3 dex,, which can be attributed to varying stellar mass and
SFR measurement methods. In particular, Sandles et al. (2022) find
a redshift evolution of u = 2.40 + 0.18, which is consistent with our
work. We also compare our results to simulations by McClymont
et al. (2025a) and Tacchella et al. (2016a), and find that our SFMS
matches the predictions from these models. Moreover, we find that
the normalisation of the SEMS follows the specific dark matter ac-
cretion rate from Neistein & Dekel (2008) (see also Lilly et al. 2013),
in agreement with the conclusions from Sandles et al. (2022).

Figure 7 shows the slope of the SEMS as a function of redshift from
our work and estimates from the literature. We define SFMS slope
as the slope of the logarithmic relation between SFR|g and stellar
mass (e.g., SFR «« M, where @ = 1 + 8 with 8 from Eq. 2). Since
the SFMS slope is significantly more affected by sample selection
and completeness than the SFMS normalisation, it is not surprising
that we find a larger scatter in values from the literature. Specifi-
cally, we note that many observational studies derive a slope to the
M, -SFR relation that is less than 1 (e.g., @ = 0.7 — 0.9; Speagle
et al. 2014; Sandles et al. 2022; Popesso et al. 2023; Clarke et al.
2024), which would be negative in M -sSFR (e.g., 8 < 0). We define
our conservative completeness cut based on where the slope in M-
sSFR starts to become negative. Indeed, mass incompleteness leads
to a shallower derived slope of M4-SFR: discrepancies in the SFMS
shape at z < 6 can be explained by stellar mass incompleteness and
sample biases, with lower mass galaxies being underrepresented (as
demonstrated in McClymont et al. 2025a). We demonstrate the dif-
ference in the derived slopes if we push to 108 M into the "partially
complete" regime, which yields a slope of 0.85 (compared to 1.03 in
the complete regime).

5 SCATTER OF THE SFMS

Beyond the average relation between SFR and stellar mass, the scatter
around the SFMS encodes valuable information about the diversity of
galaxy growth histories and the stochasticity of mass assembly across
cosmic time. Previous studies have found intrinsic scatter values
that slightly vary with redshift and stellar mass, with o, < 0.5
dex (Behroozi et al. 2013; Kurczynski et al. 2016; Sandles et al.
2022), while others report little-to-no dependence on stellar mass
(Tint ~ 0.2-0.3 dex; Elbazetal. 2007; Noeske et al. 2007; Schreiber
et al. 2015). We stress that these studies mostly focused on massive
galaxies, above 10° My. Burstiness of star formation tends to be
associated with low stellar masses (Weisz et al. 2012; Guo et al. 2015)
due to the relative importance of stellar feedback (Stinson et al. 2007;
Dome et al. 2024). In low-mass galaxies, this has been attributed to
shallow gravitational potentials being unable to retain their ISM after
the onset of stellar (e.g., SNe) feedback (Hopkins et al. 2023), as well
as to the inherently stochastic nature of star formation driven by the
finite lifetimes of GMCs and their discrete sampling (Tacchella et al.
2020). The increase of burstiness with redshift has been attributed
to increasingly stochastic IGM inflow (McClymont et al. 2025a),
but also may be due to the shorter dynamical timescales of high-
redshift galaxies (Faucher-Giguere 2018; Tacchella et al. 2020). In
support of the relation between bursty star formation and scatter of
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Figure 10. Intrinsic scatter of the SFMS, oy, as a function of redshift, for three selected averaging timescales, from left to right: 10, 50, and 100 Myr. Only
bins containing at least 30 galaxies are shown. As expected, oy decreases as timescales increase. Interestingly, we observe no strong dependence of oj,; on
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Figure 11. Short-term burstiness, ogt, defined as the difference between the
intrinsic scatter of the SFMS between a look-back time of 10 and 50 Myr, as a
function of redshift. Our findings suggest SFHs are bursty for all of the stellar
mass bins here considered. We draw attention to the lowest mass bin ("A"),
which contains the largest amount of galaxies, and has indications of being
slightly burstier. In this mass bin, we see that ogt decreases between z = 3
and z = 6, and increases at z > 7. This can be interpreted as an indication
of two different mechanisms dominating the short-term scatter of the SFMS:
environmental effects at z > 8, and internal processes at z < 8. We note that
the trends persist if we look at the difference between look-back times of 10
and 100 Myr instead.

the SFMS, several works have found the scatter to be higher for low-
mass galaxies, both in observations (Kauffmann 2014; Weisz et al.
2014; Santini et al. 2017; Boogaard et al. 2018; Atek et al. 2022;
Asada et al. 2024; Cole et al. 2025) and simulations (Shen et al.
2014; Dominguez et al. 2015; Iyer et al. 2020; McClymont et al.
2025a). We note that this mass dependence is not always observed.
For example, Kurczynski et al. (2016), focusing on z ~ 0.5 — 3,
do not find a significant dependence of the intrinsic scatter on stellar
mass. However, they cannot rule out this behaviour since the smallest
averaging timescale they study is ~ 100 Myr, which would smooth
out bursty star formation on shorter timescales. Interestingly, some
studies argue for an increase of the scatter as a function of stellar
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mass for galaxies with log(M«/Mg) = 10.0 — 11.5 (Guo et al. 2013;
Popesso et al. 2019a,b; Sherman et al. 2021; Cole et al. 2025), but
we caution that low-number statistics and that quenching of star
formation in massive galaxies could contribute to boosting the scatter
(Whitaker et al. 2014; Lee et al. 2015; Tomczak et al. 2016; Baker
et al. 2025b). This mass range is outside of the scope of this work,
since we do not have the statistics to study this stellar mass bin at all
redshifts.

5.1 Estimating the scatter of the SFMS

To estimate the scatter of the SEMS as a function of redshift and
stellar mass, we define four stellar mass bins as follows:

A: 8.0 <log(M4x/Mp)< 8.5
B: 8.5 <log(M«/Mg)< 9.0
C: 9.0 <logMx/Mgp)< 9.5
D: 9.5 <log(M4/Mg)< 10.0

Since we do not have any galaxies in bin D at z > 8, we only focus on
redshift bins up to z = 8. We calculate the logarithmic distance to the
SEMS fits, Ays, for each timescale (given by inserting the best-fit
parameters in Table 1 into Equation 2), as a function of redshift and
stellar mass bins. The resulting histograms for sSFR( are shown in
Figure 8, where the hatched grey area shows the timescale-dependent
maximum SFR limit (SFRmax = M /taverage). The number of galax-
ies in each stellar mass bin is shown per redshift bin. As can be seen,
the distributions tend to have a tail towards lower Aysg values. More-
over, we are likely missing galaxies in this region (Feldmann 2017).
Although the number of galaxies that compose these tails is small
(< 100 galaxies in total), they have the effect of making the distribu-
tions non-Gaussian. Therefore, in order to obtain the observed scatter
of the SFMS, we mirror these distributions around zero (which has
been shown to be a good estimation by McClymont et al. 2025a)
and define the observed scatter, o, as the standard deviation of the
now Gaussian distributions (see Appendix B).

After obtaining o, We estimate the intrinsic scatter, oy, by
subtracting the uncertainties on stellar mass and SFR from SED
modelling in quadrature, and obtain errors by bootstrapping the dis-
tributions 100 times each. The SED errors, which are obtained by
averaging the uncertainties inferred by Prospector per stellar mass
and redshift bin, vary between =~ 0.1 — 0.3 dex: they decrease as a
function of averaging timescale and increase as a function of red-
shift. We note that these errors do not account for systematics such
as outshining. In Figure 9 we show the intrinsic scatter obtained after



following the steps described above, for bins where we have at least
30 galaxies. As expected, the intrinsic scatter decreases as a function
of averaging timescale from oy, ~ 0.4 — 0.5 at 10 Myr to o, = 0.2
at 100 Myr, for all bins studied, with slight variations depending on
the stellar mass analysed, in agreement with previous studies (e.g.,
Elbaz et al. 2007; Cole et al. 2025). Figure 10 shows o, for three
different look-back times as a function of redshift, from left to right:
10, 50, and 100 Myr for bins containing at least 30 galaxies. As
expected, the scatter decreases as the averaging timescales increase,
from ~ 0.4 to ~ 0.2. Our measurements provide a robust constraints
on the intrinsic scatter of the SEFMS across a wide stellar mass range
at z = 3 — 8, based on homogeneous, high-quality photometry. We
find no strong trend in the scatter with redshift, indicating a relatively
stable level of variability in star formation over this epoch. However,
we do observe a weak mass dependence, with slightly larger scat-
ter at lower stellar masses at shorter timescales. These findings are
broadly consistent with theoretical expectations (e.g., McClymont
et al. 2025a).

5.2 Constraint on star-formation burstiness

We estimate short-term burstiness, o, by measuring the difference
in the intrinsic scatter of the SFMS between averaging timescales of
10 and 50 Myr, thereby isolating the contribution from rapid, short-
term processes on timescales of 10 Myr to the ones on timescales of
50 Myr:

_ 2 _ 2
IST = 4/910,int ~ 950,int’ 3

as in McClymont et al. (2025a).

Figure 11 shows the short-term burstiness, og, as a function of
redshift for the four stellar mass bins defined above. This quantity
represents the first robust measurement of burstiness imprinted onto
SFMS scatter, specifically isolating the contribution from rapid fluc-
tuations in star formation. We find that o ~ 0.2 — 0.4 dex across
all redshifts and mass bins, indicating that short-term variability is
a significant and persistent feature of galaxy growth during EoR
(z = 3 — 8). While there is no strong trend with stellar mass, we
observe that the lowest-mass bin (8.0 <log(Mx/Mg)< 8.5) shows
systematically higher short-term burstiness, with a dip at z = 6 — 7.
The significance and origin of this feature remain uncertain due to
observational limitations, and we caution that its interpretation is
speculative.

Interestingly, a similar dip in ogT at z ~ 6 — 7 has been reported in
the THESAN-ZOOM simulations (McClymont et al. 2025a), where
it arises despite a decrease in the overall scatter oy, 19 With redshift.
Thanks to the ability to disentangle different sources of variability,
these simulations show that short-term burstiness is primarily driven
by internal processes (e.g., feedback, stochastic star formation), but
that externally driven variability — particularly fluctuations in inflow
from the circumgalactic medium — becomes increasingly important
at higher redshift. This supports the interpretation that while internal
processes dominate short-term variability, the slight increase in ot
at early times may reflect more rapid and stochastic gas accretion in
the early Universe.

5.3 Investigating the long-term variability of the SFMS

In the previous analysis of the SFMS scatter, we have assumed that
individual galaxies evolve about the same SFMS and the scatter is
mainly caused by fluctuations on timescales of 10s of Myr. We now
look into whether galaxies evolve about the SFMS on even longer
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timescales (e.g., 100s of Myr), which basically would imply that
galaxies do not evolve around a single SFMS (Patel et al. 2009;
Gladders et al. 2013; Kelson 2014; Abramson et al. 2016; Paulino-
Afonso et al. 2020; Wang & Lilly 2020b). In order to assess this,
we follow Abramson et al. (2016), Wan et al. (2024) and Wan et al.
(2025) and plot the inferred stellar age, as measured by the half-mass
assembly time, 75, as a function of the distance of the SEMS, Ays,
in Figure 12.

The left panel of Figure 12 shows the relation between t5 and
Ays for individual galaxies in our sample, with colours indicating
different stellar mass bins. Before interpreting these trends, we cau-
tion that 75 is a particularly challenging quantity to constrain. This
is especially true for galaxies with rising SFHs, where the light from
younger stellar populations can outshine the contribution of older
stars (Papovich et al. 2023; Tacchella et al. 2023; Endsley et al.
2024; Narayanan et al. 2024; Witten et al. 2025), leading to large
uncertainties in the inferred stellar ages.

We identify two tentative trends in the 759 — Aps plane. First, 5
appears to be anticorrelated with Ayg, such that, on average, galaxies
lying above the SFMS tend to be younger. Similar behaviour has
been reported in previous studies (e.g. Langeroodi & Hjorth 2024;
Rinaldi et al. 2025; Wan et al. 2025). However, this correlation is very
weak, as indicated by the best-fit relation shown in the right panel of
Figure 12. For galaxies with log(M«/Mg)> 8.0, the median stellar
age changes by less than a factor of two when moving from 1 dex
below to 1 dex above the SFMS. The trend becomes significant only
for the lowest-mass galaxies, where the age differences are more
pronounced, but note that the steepness of the lower-mass bin is
potentially due to stellar mass incompleteness.

Secondly, when dividing our sample into stellar mass bins, we find
that more massive galaxies tend to have older stellar populations. The
median ages of each mass bin, shown in Figure 12, further support the
conclusion that higher-mass galaxies are typically older. In addition,
the fraction of galaxies with low Ays increases with stellar mass,
consistent with a larger proportion of massive systems undergoing
quenching.

In summary, we find a broadly consistent picture in which younger
galaxies tend, on average, to lie above the SEMS, likely reflecting
the impact of recent starburst episodes in these systems. However,
the overall correlation between stellar age and SFMS offset is weak,
suggesting that short-term fluctuations in star formation dominate
over longer-term evolutionary trends.

6 CONSEQUENCES OF BURSTY STAR FORMATION
ACROSS COSMIC TIME

We have shown that the SFMS can be parametrised up to z = 9, and
that SFHs are in general bursty across cosmic time. In this section
we explore the consequences and implications of this result on three
key points: (1) the observed over-abundance of UV-bright galaxies
at z > 10, (2) the considerations that should be taken into account
when estimating the mass completeness limits of samples, and (3)
the connection between bursty star formation and the reionisation of
the Universe.

6.1 Implications at z>10

Since the launch of the JWST, several galaxies have been observed
at z > 10 (Naidu et al. 2022; Castellano et al. 2022; Curtis-Lake
et al. 2023; Donnan et al. 2023; Finkelstein et al. 2023; Harikane
etal. 2023; Robertson et al. 2023; Casey et al. 2024; D’Eugenio et al.
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Figure 12. Relation between stellar age (e.g., half-mass assembly time, tsg) and distance from the SFMS, Ay, using sSFRyq. Left panel: scatter plots for
different stellar mass bins, as indicated in the legend. The lower cut-off in ts( is due to the minimum look-back time in the SFH (5 Myr). The vertical dashed
line shows Ayis = 0, while the vertical filled lines delimit the region where —1 < Aymgs < 1. The horizontal dotted lines show the age of the Universe at
z =3 and z = 9. There are two tentative trends that arise in this figure. Firstly, a relation between the position of the galaxies on the SFMS and their age,
suggesting that (on average) younger galaxies lie above the SEMS. Secondly, as stellar mass increases, galaxies are typically older and can reach lower Ayg
values (possibly due to quenching). Right panel: best fit lines to each stellar mass bin considered, for galaxies within the vertical filled black lines in the left
panel, to illustrate the trend between age, stellar mass, and Ays. For each stellar mass bin, we provide in brackets the Spearman’s rank coefficients in the format
[correlation, p-value]. For reference, the correlation coefficient can adopt values between -1 and 1, where 0 represents no association between parameters, and
a p-value close to zero indicates that the correlation — even if weak— is unlikely to be due to chance. We note that the steepness of the slope for galaxies with
log(Mx/Mp)= 7.0 — 8.0 is potentially due to stellar mass incompleteness in that bin. Finally, the markers show the median t5y value per mass bin, confirming
that, on average, galaxies become more massive as they age. Importantly, the overall correlation between stellar age and SFMS offset is weak, as indicated by
the Spearman’s rank coefficients, suggesting that short-term fluctuations in star formation dominate over longer-term evolutionary trends.
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Figure 13. Ratio of star formation rates averaged over 10 and 100 Myr, respectively (R=SFRo/SFR1qp), as a function of intrinsic UV magnitude. The scatter
plots show the median measurements for galaxies in our sample, the upper limit of R=10 is given by the maximum SFR per each timescale (m). The white
circles with black edges show the median values for each UV magnitude bin (delimited by vertical dotted lines), the error bars reflect the number of galaxies in
each bin and are obtained via bootstrapping. The median SFRo/SFRgo values increase as a function of redshift, as highlighted by the horizontal dashed lines
(and corresponding values of the ratio). The blue filled curves and shaded areas represent the models from Kravtsov & Belokurov (2024), with their 68 and 98
percentiles , computed at z = 5 and z = 7, respectively. We find that the models are able to reproduce our Prospector-inferred values.
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Figure 14. UV variability as a function of stellar mass for two redshift
bins: 3 < z < 6 (purple dashed) and 6 < z < 9 (purple filled). Our
measurements have been corrected for dust attenuation and the SED errors
have been subtracted in quadrature. The UV traces longer timescales, and
as such, is less sensitive to the stellar mass limits used. The grey shaded
area shows the minimum UV variability needed to reproduce observations
at z & 9 from Shen et al. (2023), its lower (upper) bound represents dust
corrected (uncorrected) values. The blue dotted horizontal lines and region
show the oyy needed to reproduce UV luminosity functions at 5 < z < 10
and 11 < z < 13 from Kravtsov & Belokurov (2024), when a moderate
amount of stochasticity in star formation is introduced. The diamonds and
pentagon show the oyy values for 9 < z < 15 from McClymont et al.
(2025a). Finally, the dot-dashed grey line shows the analytic scatter estimated
by Gelli et al. (2024), that was shown to reproduce the JWST observations
up to z = 14, when THESAN-ZOOM star formation efficiencies are adopted
(Shen et al. 2025). We find that our dust corrected UV variability converges
at ~ 0.75, in tight agreement with the o-l'}'\’," from Shen et al. (2023) and the
models from Kravtsov & Belokurov (2024). However, more UV variability
is required at lower stellar masses in order to explain the observed over-
abundance of UV-bright galaxies at z > 10.

2024; Hainline et al. 2024; Harikane et al. 2024; McLeod et al. 2024;
Wang et al. 2024; Helton et al. 2025b; Kokorev et al. 2025; Naidu
etal. 2025). These observations have challenged our understanding of
galaxy evolution, since measurements of the UV luminosity function
(e.g., Finkelstein et al. 2023; Adams et al. 2024; Donnan et al.
2024; Robertson et al. 2024; Whitler et al. 2025) have revealed a
potential over-abundance of UV bright galaxies in the early Universe,
when compared to model predictions. Some ways to reconcile theory
with observations are to invoke significantly increased burstiness in
galaxies at z > 9, high star formation efficiencies and suppressed
feedback in these galaxies (Dekel et al. 2023; Li et al. 2024), low
dust attenuation as redshift increases (Ferrara et al. 2023), AGN
activity (which has been detected at z > 10, see e.g, Maiolino et al.
2024; Scholtz et al. 2024), or a top-heavy IMF (Trinca et al. 2024;
Mauerhofer et al. 2025). Our focus here is variations in SFRs that
arise from bursty SFHs can lead to strong UV variability which could,
in turn, explain the observed over-abundance of UV-bright galaxies
at z > 10. In brief, high-redshift galaxies could be up-scattered due
to a recent burst in star formation, making them bright enough to
dominate the bright-end of the UV luminosity function (Ren et al.
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2019; Mason et al. 2023; Mirocha & Furlanetto 2023; Muioz et al.
2023; Shen et al. 2023).

At z < 9, galaxies have SFHs that are consistent with being bursty
(e.g., Looser et al. 2023; Endsley et al. 2023; Asada et al. 2024;
Simmonds et al. 2024a; Baker et al. 2025a; Cole et al. 2025). In this
work, we explicitly demonstrate that galaxies at z = 3 — 9 exhibit
bursty SFHs, as evidenced by excess star formation variability on
10 Myr timescales compared to 50 Myr. Furthermore, we provide a
quantitative measurement of this variability, as shown in Figure 11.
In order to assess whether our inferred star-formation variability is
enough to explain the abundance of UV bright galaxies at z > 10,
we perform a comparison with the model by Kravtsov & Belokurov
(2024), where stochasticity of star formation is introduced in order
to reproduce the observed UV luminosity functions at z ~ 11 — 13
and z ~ 16. They find that their model can successfully reproduce
stellar masses and UV luminosities at those redshifts, after adopt-
ing only a modest lever of stochasticity of SFRs. Importantly, their
models predict that the ratio between the SFRs averaged over 10
and 100 Myr (R=SFR/SFR ) should increase with redshift. This
increase can be interpreted as galaxies becoming more bursty in the
early Universe, and having on average rising SFHs. Figure 13 shows
the predictions from Kravtsov & Belokurov (2024), computed at
z =5 and z = 7, along with galaxies in redshift bins around these
values, as indicated in the title of each panel. The grey circles show
our Prospector-inferred measurements for all the galaxies in our
original sample (i.e. without making a cut in stellar mass). The white
points and error bars show the medians per UV magnitude bin (from
Myvy = —16 to —24), plotted at the median Myy of each bin. The
errors reflect the number of galaxies contained in each bin. Finally,
the blue curve and the shaded areas represent the extrapolated mod-
els with their corresponding 68 and 95 percentiles. As can be seen
in the figure, our median Prospector-inferred measurements per
Myy bin are within the range of the model predictions. Moreover,
the models predict an increase in R from z = 5 to z = 7 by a factor
of ~ 1.2 + 0.2, while our measurements of R increase by a factor of
~ 1.6 £0.5. Therefore, we find that the predictions from Kravtsov &
Belokurov (2024) are consistent with this work at z < 9.

We investigate the UV variability by measuring oy, which de-
scribes the scatter in Myy at fixed stellar mass. It should be em-
phasised that oyy can encapsulate information beyond burstiness of
star formation. For example, it includes the scatter in the Mx-Mpa1o
conversion (since in some models oyy is defined at fixed halo mass),
the long-timescale diversity of SFHs at a fixed stellar mass, and the
translation from SFHs to UV luminosities. The latter contains pos-
sible scatter from metallicity, nebular contribution, IMF variations,
SFH assumptions, and, importantly, dust attenuation. Therefore, a
large oyy does not necessarily mean burstier SFHs, since it can
arise from several other factors.

Figure 14 shows the dust-corrected oyy as a function of stellar
mass for two redshift bins, 3 < z < 6 and 6 < z < 9. The grey
shaded area represents the minimum oyy from Shen et al. (2023),
needed to match observational constraints at z ~ 9, and the lower
and upper boundaries show oy with and without dust corrections,
respectively. For comparison, and motivated by the agreement of the
Kravtsov & Belokurov (2024) models with our galaxy properties,
we include the oyy needed in their work in order to reproduce the
observed UV luminosity functions at 5 < z < 10 (oyy = 0.75), and
at 11 < z < 13 (oyv = 1 — 1.3), as blue dotted lines and shaded
area. We find oyy = 0.75 for our dust-corrected measurements in
both redshift bins, with little-to-no dependence on stellar mass. This
result agrees remarkably well with the minimum oyy from Shen
et al. (2023) and the predictions including stochastic star formation
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from Kravtsov & Belokurov (2024), as well as the simulation-based
studies from Pallottini & Ferrara (2023) and Semenov et al. (2024),
in our redshift range (for a compilation of simulation results for high-
redshift galaxies as a function of halo mass, see Figure 4 of Shen
et al. 2024). Moreover, McClymont et al. (2025a) use THESAN-
Z0OOM simulated galaxies to measure the UV variability up to z = 15
(without accounting for dust attenuation), and find that at z > 6
their oyy converges to ~ 0.75. Importantly, if we combine our
estimations at 3 < z < 9 with their measurements at 9 < z < 15, we
find a consistent picture of oyy =~ 0.75, with virtually no redshift
evolution (a result that is also in agreement with other studies, e.g.,
Ciesla et al. 2024; Shuntov et al. 2025). McClymont et al. (2025a)
explain this behaviour due to the UV tracing long-term scatter, which
is only introduced as cosmic time increases.

To understand if the JWST observations at z > 10 can be explained
by the UV variability, we show the analytic scatter estimated by Gelli
et al. (2024) (grey dot-dashed line), which is needed to reproduce
UV luminosity functions up to z = 14 when adopting the THESAN-
ZOOM star formation efficiency, as shown in Shen et al. (2025) . A
comparison between our estimated oyy and the measurements from
McClymont et al. (2025a), with the Shen et al. (2025) limit, suggests
that additional scatter is needed at lower stellar masses to explain
the over-abundance of observed UV-bright galaxies at z > 10. Thus,
we find that the UV variability we measure at z = 3 — 9 is not
enough to explain the UV luminosity functions at z > 10 (see also
Carvajal-Bohorquez et al. 2025). Possible ways to address this issue
include, for example, to invoke a top-heavy IMF (Shen et al. 2023;
Mauerhofer et al. 2025), variable star formation efficiencies (Dekel
et al. 2023; Somerville et al. 2025), or a UV variability that evolves
strongly with redshift (Kravtsov & Belokurov 2024). Additionally,
our measurements at the lowest stellar masses may underestimate the
true effect due to sample incompleteness.

6.2 Implications on stellar mass completeness

In Section 3.2, we estimate the stellar mass completeness of our
sample assuming constant mass-to-light ratios for a fixed F444W
magnitude. We argue that this is a lower limit, and define partially
complete and complete regions based on the shape of the sSFR as
a function of stellar mass (see Figure 4). By analysing the scatter
of the SFMS, we find that SFHs are bursty on average, but more
so at low stellar masses. Therefore, in this section, we explore the
implications that bursty star formation has on estimations of stellar
mass completeness.

We have shown in Figure 2 that Prospector can predict Ho and
[O 1] 45007 emission line fluxes for a subsample of galaxies with
JWST NIRSpec measurements from JADES, which means that re-
cent SFRs can also be reliably estimated for these galaxies. Although
promising, this result is based on a subsample composed of galaxies
with detectable emission lines, and as such, is not representative of
the entire galaxy population. Before making conclusions about stel-
lar mass completeness methods, we first investigate if the partially
complete region is due to Prospector limitations. Specifically, we
consider if the code struggles with retrieving SFHs (and therefore,
SFRs) when stellar masses and SFRs are low. In order to test this, we
produce mock observations for two galaxies with log(Mx/Mg)~ 7.5,
with no recent star formation, and at the extremes of our redshift
range. We decide to select a stellar mass below our derived stellar
mass completeness limits to ensure the reliability of our method. The
results are shown in Appendix C, and demonstrate that Prospector
can indeed recover declining SFHs for low-mass galaxies even in the
absence of medium band photometry. Therefore, the partially com-
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plete region cannot be explained by limitations in our SED modelling
routine.

After demonstrating that Prospector can retrieve galaxy proper-
ties remarkably well at the masses and redshifts used in this work, we
now focus on the behaviour of the mass-to-light ratio of the galaxies
in our sample, for a given stellar mass. Figure 15 shows this ratio for
galaxies with log(Mx/Mg)= 8.0 — 8.5, which is well represented at
all redshifts studied here. For each redshift, we divide galaxies into
three bins depending on their distance to the SFMS. In particular, we
show galaxies above (Apg > 0.5), on (0.5 < Ays < 0.5), and be-
low (Apms < —0.5) this relation. We find that the mass-to-light ratio
varies as a function of Aygg for a given stellar mass, and thus, that
the assumption that the galaxies at the magnitude limit have the same
mass-to-light ratio as the galaxies below it might be too simplistic
(Section 3.2). As a consequence, the stellar mass completeness limits
derived under this assumption are optimistic and should be used with
caution, especially when star formation is bursty in nature (Sun et al.
2023a).

The process of fitting the SFMS is highly sensitive to the stellar
mass completeness of the sample. If low-mass galaxies with low
SFRs are missed, then the overall effect is that sSSFRs depend neg-
atively on stellar mass, since the relation becomes dominated by
low-mass galaxies with recent star formation. This is illustrated by
the piece-wise fits in Figure 5, which show that the slope of the rela-
tion between sSFR and stellar mass becomes negative when adopting
the stellar mass limits derived following Pozzetti et al. (2010). Mc-
Clymont et al. (2025a) study the implications that this observational
bias has on the shape and evolution of the SFMS. Interestingly, they
find that when the stellar mass completeness is not properly assessed,
the SFMS evolution with redshift is less steep, mimicking the flatten-
ing seen in z < 6 observational studies such as Speagle et al. (2014)
and Popesso et al. (2023).

In this work, we fit the SFMS in the stellar mass range where
the sSFR for each timescale is flat (see Figure 4). Presenting an
alternative mass completeness estimation method is outside of the
scope of this study, however, we caution future observational studies
to look carefully into this subject when fitting the SEFMS. Thanks to
facilities such as the JWST, and large surveys like JADES, having
statistical samples of galaxies in the early Universe is now possible.

6.3 Implications for reionisation

One of the major ongoing debates in cosmology is pinpointing which
sources are mainly responsible for ionising the Universe by z ~ 5—6:
star-forming galaxies or AGN. Before the launch of the JWST, the
community widely agreed on young stars in star-forming galaxies
as being the dominant source of ionising photons in the early Uni-
verse (e.g., Hassan et al. 2018; Rosdahl et al. 2018; Trebitsch et al.
2020; Chisholm et al. 2022). However, ever since the launch of this
telescope, a population of low luminosity AGN has been unveiled
(Juodzbalis et al. 2023; Maiolino et al. 2024; Ubler et al. 2024),
reigniting this debate. Although most works find that AGN are sub-
dominant to the reionisation process (Asthana et al. 2024; Dayal et al.
2024; Jiang et al. 2025), some find the opposite (see for example,
Grazian et al. 2024; Madau et al. 2024). In the context of star-forming
galaxies as the main agents of reionisation, faint low-mass galaxies
with bursty SFHs have been proposed to be key agents during the
EoR (e.g., Seeyave et al. 2023; Rinaldi et al. 2024; Simmonds et al.
2024a,b; Choustikov et al. 2025), but see also Naidu et al. (2020).
It is important to highlight that for galaxies to be able to ionise the
Universe, the LyC radiation produced in their interiors must escape
the interstellar medium to reach the IGM. High LyC escape frac-



Scatter of the SFMS 17

3=<z=4 4<z=<5 5<z=6
25001 1000
1500 A
2000 1250 8001
15001 1000+ 600
=
750
1000 4001
500
5001 2504 200
0- 0- 0——I
18.5 19.0 19.5 20.0 18.5 19.0 19.5 20.0 18.5 19.0 19.5
|Og(M,)+0.4mF444W |09(M.)+0.4m|:444w |Og(M,)+0.4mF444W
6<z=s7 7<z=<8 8<z=9
231 1 Aus=0.5
3001 604 201 m -0.5<Apns<0.5
3 AMS =-0.5
15
= 200 = 40+ =
10
100 204
5 4
0+ 0+
18.5 19.0 19.5 20.0 19.0 19.5 18.5 19.0 19.5

Iog(M,)+0.4mF444W

Iog(M.)+0.4mF444W

Iog(M,)+0.4mF444W

Figure 15. Mass-to-light ratio for galaxies with log(M4/Mg)= 8.0 — 8.5, per redshift bin. In each panel we divide galaxies into three bins depending on
their location respective to the SFMS: above (Ams > 0.5, orange), on (—0.5 < Ays < 0.5, purple filled), and below (Ays < —0.5, red hatched) the
relation, respectively. We find a clear dependence of the mass-to-light ratio on Ays, where galaxies above the SFMS are brighter. Therefore, the assumption
that the galaxies at the magnitude limit have the same mass-to-light ratio as the galaxies below it might be too simplistic, explaining why the region with

log(M«/Mgp)~ 8.1 — 9.0 is only partially complete.

tions (fesc) have been directly observed (e.g., Borthakur et al. 2014;
Vanzella et al. 2018; Izotov et al. 2021; Kerutt et al. 2024), but usually
not in large samples (Leitet et al. 2013; Leitherer et al. 2016; Steidel
et al. 2018; Flury et al. 2022). Moreover, this radiation can only be
measured up to z ~ 5 due to the increasingly neutral IGM (Madau
1995; Inoue et al. 2014), making fes. the most elusive ingredient in
studies regarding the sources responsible for the EoR.

A common way to investigate which galaxies are responsible for
the reionisation of the Universe is through the ionising photon pro-
duction efficiency, &y, given by the ratio between the ionising pho-
ton flux and the non-ionising UV continuum luminosity. Given the
challenges in measuring ionising photons in galaxies, &jo, 1S usu-
ally estimated by assuming Case-B recombination (i.e. no escape of
ionising radiation, &jon,0). This property has been thoroughly inves-
tigated in the literature (e.g., Bouwens et al. 2016; Faisst et al. 2019;
Endsley et al. 2023; Stefanon et al. 2022; Prieto-Lyon et al. 2023).
Not surprisingly, &on ¢ correlates with SFR1o/SFRgp (Simmonds
et al. 2023). In Figure 5, we show the best fit to the SFMS using the
SFR averaged over the past 10 Myr, and colour-coded by &4y 0. The
resulting colour gradient that can be seen indicates that this property
also correlates with the distance to the SFMS, Ayjg, where the galax-
ies that are more efficient producers of ionising radiation are also
the ones that lie above the SFMS, and are likely the type of galaxy
dominating the ionisation of the Universe.

Tying this work to the results from Simmonds et al. (2023) and
Simmonds et al. (2024b), through our study of the SFMS, we con-
firm that galaxies with stellar masses log(Mx/Mg)= 8.0 — 10.0
have bursty star formation. Moreover, we find that galaxies with
8.0 <log(Mx/Mgp)< 8.5 have a higher short-term scatter, indicating
increased burstiness. Therefore, our work supports the scenario of
low-mass galaxies with bursty star formation being responsible for

the bulk of the ionising photon budget in the early Universe. We
expect our results can be extrapolated to lower stellar masses, how-
ever, we caution that we are not complete below log(Mx/Mg)~ 8.0.
Finally, in light of our new insights into stellar mass completeness,
we re-fit the &jo, relations from Simmonds et al. (2024b) using only
galaxies with log(Mx/Mg)> 9.0 and find that the main conclusions
of the work remain unchanged within errors, where &;,, depends on
redshift and Myy as:

log(&jon(z, Muv)) =
(=0.003 + 0.015)z + (=0.019 + 0.015)Myy + (24.882 + 0.310).

This indicates that even though the SFMS is extremely sensitive to
the stellar mass completeness of the sample, studies on the ionising
properties of galaxies can be performed using less conservative stellar
mass completeness estimates.

7 CAVEATS AND LIMITATIONS

The first and most important source of uncertainty in this work comes
from the use of SED modelling, and the properties that are derived
from this process. Importantly, it is challenging to measure indi-
vidual SFHs, since to do so it is necessary to break degeneracies
between indicators of burstiness (such as SFRo/SFRgg) from pa-
rameters like dust attenuation, metallicity, and ionisation parameter
(Johnson et al. 2013; Broussard et al. 2019). Although, we note that
mid-infrared observations obtained with MIRI can aid in estimating
physical properties of galaxies at high-redshift star-forming galaxies
(Helton et al. 2025a). In a recent work, Wang et al. (2025) study the
recovery of SFRs when adopting different SFH priors, and find that
although SFRs averaged over the past 30 Myr can be reasonable well
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recovered (with a median offset of ~ 0.1 dex), that fluctuations at
shorter timescales are not well captured, and that bursty star forma-
tion must be taken into account. Besides these complications, SED
fitting codes struggle to find reliable SFHs at z > 7 when older stel-
lar populations are outshone by recent star formation (Papovich et al.
2023; Tacchella et al. 2023; Endsley et al. 2024; Narayanan et al.
2024; Witten et al. 2025).

In addition to these difficulties, a prior for the SFH must be as-
sumed. We adopt a non-parametric continuity prior (Lejaetal. 2019),
consisting of 8 bins of star formation, where the ratio between these
bins is fit with a Student’s t-distribution prior with a scale of 0.3.
The latter means that some burstiness is allowed between adjacent
bins, and that both star-forming and quenched galaxies can be repro-
duced (Leja et al. 2019; Johnson et al. 2021; Haskell et al. 2023), but
that extreme solutions are not preferred. As a result, the burstiness
found in this work might be underestimated, although the exact im-
plications of using this SFH are not here explored. Promisingly, the
continuity SFH used in this work has been shown to be less prone
to outshining (Wang et al. 2025). Besides all the caveats introduced
by the SED fitting process itself, as in Simmonds et al. (2024b), we
assume a Chabrier IMF, with a maximum stellar mass of 100 Mg.
This choice of IMF was motivated by the size of the sample, in the
hope of selecting a prescription that represents the whole dataset.
However, this IMF might not be the best option if more extreme
stellar populations are required (for example, a top heavy IMF, as in
Cameron et al. 2024), if the IMF depends on the physical properties
of the gas in each individual galaxy (Haslbauer et al. 2024; Kroupa
et al. 2024; Zonoozi et al. 2025), or if the IMF evolves as a function
of cosmic time.

Secondly, as mentioned in the previous section, ever since the
launch of the JWST, a significant population of low-luminosity AGN
at high redshifts has been discovered (JuodZbalis et al. 2023; Madau
et al. 2024; Maiolino et al. 2024; Ubler et al. 2024; Scholtz et al.
2025). We removed the JWST MIRI selected AGN from Lyu et al.
(2024) and the broad-line AGN from Juodzbalis et al. (2025) to
avoid contamination from these sources, however, it is possible that
our sample contains other AGN, which would lead to our stellar
masses being overestimated in these cases (Buchner et al. 2024).
Unfortunately, it is virtually impossible to reliably identify AGN
with photometry alone (Wasleske & Baldassare 2024). As such, we
caution the reader that our sample might contain AGN when their
emission can be mimicked by stellar emission.

Finally, our work relies on photometric redshifts. In particular, we
use EAZzY redshifts as priors for our Prospector fitting routine. The
former has been proven to yield accurate results for large JADES
samples using photometry as input (Rieke et al. 2023). In addi-
tion, the Prospector-inferred redshifts are in good (but not perfect)
agreement with spectroscopic redshifts from literature (Simmonds
et al. 2024b). This indicates that overall our photometric redshifts
are reliable, but that some outliers are inevitably part of this work.
We stress that this outlier fraction is small (of the order of at most a
few percent). Moreover, our imposed y2 cut should ensure that the
data is well reproduced by our best-fitting models.

As a summary, although there are limitations to our methods since
they rely on photometry, photometric redshifts, and SED modelling,
they are — as much as possible — accurate and representative of the
galaxy population at 3 < 7 < 9.
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8 SUMMARY AND CONCLUSIONS

In this work, we have utilized NIRCam photometry of galaxies in
the GOODS-N and GOODS-S fields at redshifts 3 < z < 9, com-
bined with galaxy properties inferred using the SED fitting code
Prospector, to study the star-forming main sequence (SFMS) and
its scatter. We define two regions based on stellar mass: a partially
complete region (log(Mx/Mg)~ 8.1 — 10.3, with 18,344 galaxies)
and a more conservative complete region (log(M«/Mg)=9.0-10.3,
with 2989 galaxies). Given the sensitivity of the SEMS shape to the
stellar mass completeness limit, we focus on fitting the SFMS in the
complete region, extrapolating to lower masses when considering
scatter.
Our main findings can be summarised briefly as:

e The SED modelling code Prospector is able to retrieve emis-
sion line fluxes and SFHs reliably when adopting the continuity SFH
prior, even in the absence of medium-band photometry.

o The redshift dependence of the SFMS at an averaging timescale
of 10 Myr (sSFRp) is (1 + z)* with u = 2.30*_’%'%31, which is close
to the specific mass accretion rate onto dark matter for a ACDM
cosmology in the Einstein-deSitter regime (Dekel et al. 2013) and
overall consistent with predictions from numerical simulations (e.g.,
Tacchella et al. 2016a; McClymont et al. 2025a).

e The SFMS normalisation varies in a complex way with the SFR
averaging timescale, reflecting the combined effects of bursty star
formation and increased prevalence of rising SFHs toward higher
redshifts.

e We find that the sSFR is nearly independent of stellar mass
(e.g., SFR o« MY with @ ~ 1) when completeness of the sample is
taken into account, suggesting that galaxies with a variety of stellar
masses double their mass on a similar timescale. Our SFMS agrees
in shape and behaviour with the one inferred using the THESAN-
ZOOM simulation (McClymont et al. 2025a), suggesting that the
flattening of the SFMS (e.g., @ < 1) found in previous studies up to
z = 6 is likely due to incompleteness in stellar mass.

e Our analysis of the SEMS scatter indicates that galaxies in the
mass range log(M«/Mg )= 8.0—10.0 have bursty SFHs. Importantly,
the short-term variability indicates that the burstiness is higher at
lower stellar masses.

e We observe no significant trend of stellar age and stellar mass
with distance to the SFMS. On average, we find that massive (low-
mass) galaxies are slightly older (younger), and that older (younger)
galaxies tend to lie below (above) the SEMS, consistent with short-
term fluctuations in star formation dominating the scatter of the
SEMS.

e We estimate the UV variability (oyy) to analyse the impact of
bursty SFHs on the observed over-abundance of UV-bright galaxies
at z > 10. We conclude that additional scatter must be introduced
in order to explain these observations. This could be achieved by,
for example, invoking a top-heavy IMF, variable star formation effi-
ciencies, or significantly increasing the burstiness of star formation
atz > 9.

e We caution future studies about estimating stellar mass com-
pleteness limits that assume a constant mass-to-light ratio for a given
stellar mass. We show that this ratio depends on the distance to the
SEMS. Therefore, a conservative approach, such as the one adopted
in this work, is suggested when studying the SEMS,

Overall, we confirm in this work that SFHs are bursty across
cosmic time, with lower-mass galaxies showing increased burstiness.
In this work we aimed to answer two overarching questions: (1) How
universal is the SFMS at early times? and, (2) What processes govern



its emergence and evolution? We find that the SEMS is well in place
up to z = 9. Therefore, the emergence of the SFMS probably takes
place at z > 9. In order to push into this redshift regime, we would
need a stellar-mass complete sample of galaxies at z = 9 — 14. It
is unclear if this will feasible in the near future, however, deeper
imaging — especially including MIRI coverage — is needed (Helton
et al. 2025b).

DATA AVAILABILITY

The data underlying this article will be shared on reason-
able request to the corresponding author. Fully reduced NIR-
Cam images and NIRSpec spectra are publicly available on
MAST (https://archive.stsci.edu/hlsp/jades), with doi:
10.17909/8tdj-8n28, doi:10.17909/z2gw-mk31, and doi:
10.17909/fsc4-dt61 (Rieke et al. 2023; Eisenstein et al. 2023a;
Bunker et al. 2024; D’Eugenio et al. 2025).
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APPENDIX A: COMPARING STAR FORMATION RATES

Comparison of the star formation rates averaged over the past 10 Myr
(SFR ) with those derived from the He dust-corrected luminosities
using the dust-corrected Ha luminosity conversion from Shivaei et al.
(2015a). This SFR conversion was estimated based on the Salpeter
(1955) IMF, therefore, we apply a multiplicative factor of 0.64 to
convert it to the Chabrier (2003) IMF used in this work. Figure A1l
shows this comparison using the Prospector-inferred He fluxes
for galaxies with 8.0 < log(Mx/Mp) < 10.3 (grey), and using the
fluxes measured with NIRSpec (purple, as seen in Figure 2). As can
be see, there is an overall agreement between SFR | and SFRyy, .
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Figure Al. SFRy, versus SFR( for all galaxies in our sample with 8.0 <
log(Mx/Mg) < 10.3 (grey, using Prospector-inferred Ha fluxes), and for
the subsample with NIRSpec measurements (purple). The dashed black line
shows the 1:1 relation, and confirms that SFR( traces recent star formation,
as seen by Ha emission.

APPENDIX B: MIRRORING DISTRIBUTIONS

Process of mirroring non-Gaussian distributions of Ayg for sSSFRyg,
described in Section 5.1.

APPENDIX C: STAR FORMATION HISTORIES
RETRIEVAL TESTS

To assess the limitations of Prospector when retrieving SFHs, and
consequently, SFRs, we use as input the best-fit photometry of two
galaxies in our sample with no recent star formation, low stellar mass
(log(M«/Mg)=7.5) and at the extremes of our redshift range (z =
3.00 and z = 8.35). The input photometry and SFHs used are shown
in Figure C1. The objective of this test is to confirm that Prospector
can retrieve SFHs and SFRs reliably at low stellar masses (below the
stellar mass completeness limit derived in Section 3.2).

We define three cases for each galaxy, depending on the number of
photometric bands used in the fitting routine: (A) all HST and JWST
bands potentially available in our data, (B) all JWST bands that are
potentially available, including both medium and wide bands, and
(C) only JWST wide bands.

In Figures C2 and C3 we show the output SFHs for the cases
described above, for z = 3.00 and z = 8.35, respectively. It can
be seen that at both redshifts, the output SFHs reproduce the shape
of the input SFHs. In turn, this means that the stellar masses and
SFR1( are also well retrieved. Importantly, this behaviour remains
true as we reduce the number of photometric bands used as input.
Although, as expected, the error bars increase when less information
is available. With this simple test, we conclude that Prospector can
indeed retrieve low SFRs at all the redshifts studied in this work,
for galaxies with low stellar masses. Moreover, it can retrieve them
reasonable well even in cases where no medium band observations
are available.
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Figure B1. Same as in Figure 8 but mirrored around zero, in order for them to be described by Gaussian distributions. The standard deviation for each mass bin
is shown for each panel, labelled according to the legend. This scatter represents the median observed scatter, oops (i.€., includes scatter introduced by the SED
fitting routine). We note that for a given mass bin, o does not show a strong evolution with redshift.
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Figure C1. Input photometry and star formation histories for two galaxies with log(M«/Mg)= 7.5, with no recent star formation, at z = 3.00 (top) and z = 8.35
(bottom), respectively. The different markers show photometry from HST (squares) and JWST wide (larger open circles) and medium (smaller filled circles)
bands. We include the redshifted wavelength of Ly « for reference as a vertical dotted line.
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Figure C2. Retrieved star formation histories for a galaxy with no recent star formation, at z = 3, and stellar mass of log(M«/Mg)= 7.5. The output SFR is
given in the title of each panel. From left to right, the panels show cases with decreasing amount of photometric information: (A) all JWST and HST bands, (B)
JWST medium and wide bands, and (C) JWST wide bands only. In all cases, Prospector is able to reliably retrieve the shape of declining input SFH, albeit
with increasing error bars, which reflect the amount of input information.
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Figure C3. Same as Figure C2 but for a galaxy at z = 8.35.
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