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A B S T R A C T 

We present a comprehensive study of the star-forming main sequence (SFMS) and its scatter at redshifts 3 ≤ z ≤ 9, using 

Near Infrared Camera (NIRCam) photometry from the JADES ( JWST Advanced Deep Extragalactic Survey) survey in the 
Great Observatories Origins Deep Survey (GOODS) South (GOODS-S) and North (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 time-scale of 10 Myr follows a relation, quantified by the specific star formation rates (sSFR10 ), of sSFR ∝ (1 + z)μ

with μ = 2 . 30+ 0 . 03 
−0 . 01 , in good agreement with theoretical predictions and the specific mass accretion rate of dark matter haloes. 

We find that the SFMS normalization varies in a complex way with the SFR averaging time-scale, 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 time-scales, from σint ≈ 0 . 4 − 0 . 5 dex at 10 Myr to σint ≈ 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 overabundance 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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 I N T RO D U C T I O N  

he cosmic star formation history (SFH) traces the evolution of the 
tar formation rate (SFR) density across cosmic time, capturing the 
ollective star formation activity of all galaxies from a few million 
ears after the big bang to the present, with a peak at redshift
 ≈ 2 (see P. Madau & M. Dickinson 2014 , and references within).
hile this global history provides critical insight into the overall star

ormation process in the Universe, the SFHs of individual galaxies 
eveal the underlying physical mechanisms driving galaxy formation 
nd evolution. These individual histories vary significantly, reflecting 
he complex interplay between gas accretion, star formation, and 
eedback processes (A. Dekel et al. 2013 ; S. Tacchella et al. 2016a ;
. G. Iyer et al. 2020 ; W. McClymont et al. 2025a ). Understanding
ow these diverse SFHs contribute to the cosmic SFR density is key
o unravelling the detailed processes of galaxy assembly over time. 
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An important scaling relation to study SFHs of galaxies is the
tar-forming main sequence (SFMS), which is the tight relation 
etween SFR and stellar mass that has been widely established for
tar-forming galaxies up to z ∼ 3 (including, but not limited to J.
rinchmann et al. 2004 ; N. A. Reddy et al. 2006 ; E. Daddi et al.
007 ; K. G. Noeske et al. 2007 ; S. Salim et al. 2007 ; K. E. Whitaker
t al. 2012 ; J. S. Speagle et al. 2014 ; P. Popesso et al. 2023 ). The
FMS is usually described as a linear relation in logarithmic space
etween SFR (or specific SFR; sSFR ≡SFR/ M� ) and stellar mass
 M� ). On average, studies show that at fixed M� , SFR (and sSFR)
ncrease as a function of redshift, although we note that the specific
hape of this relation highly depends on the sample selection and the
echniques used to estimate SFRs (A. Katsianis, E. Tescari & J. S. B.

yithe 2016 ; L. J. M. Davies et al. 2019 ). With a relatively narrow
FMS scatter of σ ≈ 0 . 3 dex, the increase in SFMS normalization
rom z ≈ 0 to ≈ 3 can be primarily attributed to higher gas fractions
n galaxies, with star formation efficiency and galaxy–galaxy mergers 
laying subdominant roles in driving higher SFRs (N. Bouché et al.
is is an Open Access article distributed under the terms of the Creative
h permits unrestricted reuse, distribution, and reproduction in any medium,
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010 ; E. Daddi et al. 2010 ; G. Rodighiero et al. 2011 ; L. J. Tacconi,
. Genzel & A. Sternberg 2020 ). 
Although several studies have demonstrated the presence of the

FMS extending to the Epoch of Reionization (EoR; z ≈ 5 − 9; E.
addi et al. 2010 ; J. S. Speagle et al. 2014 ; B. Salmon et al. 2015 ;
. Schreiber et al. 2015 ; L. A. M. Tasca et al. 2015 ; P. Santini
t al. 2017 ; P. Popesso et al. 2023 ), until the advent of the James
ebb Space Telescope ( JWST ) its exact shape and scatter remained
ncertain due to the observational limitation of mainly probing the
est-frame ultraviolet (UV) emission at these redshifts. Theoretically,
he SFMS at z = 3 − 9 is predicted by simple models of galaxy
ormation, where the SFRs of galaxies are closely tied to dark matter
ccretion (A. Rodrı́guez-Puebla et al. 2016 ; S. Tacchella et al. 2018 ).
he key insight, however, comes from examining the distribution
f galaxies around the SFMS, characterized by its scatter, as this
ncodes the underlying physical processes driving star formation on
lobal (M. D. Gladders et al. 2013 ; L. E. Abramson et al. 2014 ; D.
. Kelson 2014 ; S. Tacchella et al. 2016a ; N. Caplar & S. Tacchella
019 ; J. Matthee & J. Schaye 2019 ; K. G. Iyer et al. 2020 ; E.
ang & S. J. Lilly 2020 ; J. T. Wan et al. 2025 ; W. McClymont

t al. 2025a ) and spatially resolved scales, giving rise to bulges and
iscs (A. Zolotov et al. 2015 ; S. Tacchella et al. 2016b ; S. Appleby
t al. 2020 ; N. Emami et al. 2021 ; P. F. Hopkins et al. 2023 ; S.
apiner et al. 2023 ; E. Cenci et al. 2024 ; W. McClymont et al.
025b ). 
Burstiness – the variability of the SFR on short time-scales (relative

o the dynamical time-scale of galaxies, e.g. a few tens of Myr)
is predicted to increase toward lower mass galaxies and higher

edshifts. In low-mass ( M� < 109 M �) galaxies, bursty star formation
otentially arises from episodic stellar feedback processes that expel
as from the interstellar medium (ISM; P. F. Hopkins et al. 2014 ; C.
. Hayward & P. F. Hopkins 2017 ; P. F. Hopkins et al. 2023 ; T. Dome
t al. 2024 ), as well as from environmental effects such as galaxy–
alaxy interactions (P. Di Matteo et al. 2007 ; R. Teyssier, D. Chapon
 F. Bournaud 2010 ; Y. Asada et al. 2024 ; Q. Duan et al. 2024 ). At

igher redshifts, burstiness is expected across all galaxy masses and
s likely due to highly variable gas accretion and short equilibrium
ime-scales (D. Anglés-Alcázar et al. 2017 ; C.-A. Faucher-Giguère
018 ; S. Tacchella, J. C. Forbes & N. Caplar 2020 ; T. J. Looser et al.
025 ; W. McClymont et al. 2025a ). 
While burstiness can be easily measured and quantified in theoret-

cal models, where the evolution of individual galaxies can be traced,
bservational studies must rely on proxies to assess this phenomenon,
s SFHs cannot be measured at arbitrarily short time-scales over
arge lookback times. However, two empirical estimates of SFRs are
nown to gauge two specific time-scales. The H α emission line traces
onizing radiation from massive, short-lived stars, therefore probing
FRs on time-scales of ≈ 5 − 10 Myr, while the UV continuum
robes SFRs on time-scales of ≈ 10 − 50 Myr (R. C. Kennicutt &
. J. Evans 2012 ). These tracers have been used to demonstrate that

ower mass galaxies tend to have burstier SFHs (D. R. Weisz et al.
012 ; K. Guo et al. 2015 ; N. Emami et al. 2019 ; K. Boyett et al. 2024 ;
. Langeroodi & J. Hjorth 2024 ; T. J. Looser et al. 2025 ). Burstiness
as also a direct impact on the SFMS: more bursty SFHs lead to an
ncrease of the SFMS normalization (N. Caplar & S. Tacchella 2019 ;

. Donnari et al. 2019a ) and a decrease of the SFMS scatter when
onger time-scale SFR indicators are used (S. Tacchella et al. 2020 ;
. T. Wan et al. 2025 ). Recently, Bayesian hierarchical models have
lso been explored as a way to infer burstiness from individual and
n ensemble of galaxies through spectral energy distribution (SED)
odelling (J. T. Wan et al. 2024 ; C. Carvajal-Bohorquez et al. 2025 ;

. T. Wan et al. 2025 ). 
NRAS 544, 4551–4575 (2025)
Ever since its launch, JWST has given us an unprecedented view
f the early Universe (J. P. Gardner et al. 2023 ). To name a few of
ts advantages that are relevant to this work, it has granted us access
o rest-frame optical wavelengths at z > 6, allowed us to improve
FR indicators through measurements of the Balmer lines (e.g. H α

nd H β), and provided us with data to obtain more accurate stellar
asses, resulting in updated measurements of the SFMS (L. Clarke

t al. 2024 ; J. W. Cole et al. 2025 ; P. Rinaldi et al. 2025 ). Importantly,
WST has unveiled an intriguing population of galaxies at z > 10,
hich are UV-brighter and more numerous than predicted (e.g. R.

. Naidu et al. 2022 ; S. L. Finkelstein et al. 2023 ; B. E. Robertson
t al. 2023 ; S. Carniani et al. 2024 ; K. N. Hainline et al. 2024 ; B.
obertson et al. 2024 ; V. Kokorev et al. 2025 ; R. P. Naidu et al.
025 ; A. Weibel et al. 2025 ; L. Whitler et al. 2025 ). One key avenue
o explore in this context, is how bursty SFHs affect – and possibly
xplain – the observed UV luminosity functions at z > 10 (X. Shen
t al. 2023 ; G. Sun et al. 2023b ; A. Kravtsov & V. Belokurov 2024 ),
pecifically, the overabundance of UV-bright galaxies detected with
WST in the past years. 

In addition to possibly explaining the puzzling observations at z >
0, quantifying the burstiness of SFHs has important astrophysical
mplications at lower redshifts. For example, it can shed light on the
ources responsible for ionizing the Universe during the EoR. This
eriod of time represents the transition between a dark and neutral
GM to a fully ionized one by z ∼ 5 − 6 (L. C. Keating et al. 2020 ; S.
. I. Bosman et al. 2022 ; Y. Zhu et al. 2024 ). Star-forming galaxies are
elieved to have played a crucial role in the ionization of the Universe,
ue to the copious amounts of Lyman continuum radiation (photons
ith λ < 912 Å, or E > 13 . 6 eV) produced by their young massive

tars (S. Hassan et al. 2018 ; J. Rosdahl et al. 2018 ; M. Trebitsch,
. Volonteri & Y. Dubois 2020 ). Moreover, in the context of star-

orming galaxies as main agents of reionization, many studies suggest
ow-mass galaxies with bursty star formation are the dominant source
f ionizing photons (e.g. R. Endsley et al. 2023 ; J. Y. C. Yeh et al.
023 ; P. Rinaldi et al. 2024 ; C. Simmonds et al. 2024a ). However,
t must be noted that recent observations obtained with the JWST
ave reignited the debate regarding the contribution arising from
ctive galactic nuclei (AGNs; see e.g. A. Grazian et al. 2024 ; P.
adau et al. 2024 ; R. Maiolino et al. 2024 ; S. Asthana et al. 2025 ).

herefore, understanding the interplay between stellar mass and star
ormation as a function of redshift can help unveil the sources of
eionization. 

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
overn its emergence and evolution? In this work, we aim to answer
hese questions by measuring the shape, scatter, and normalization
f the SFMS for galaxies at z = 3 − 9 using JWST Near Infrared
amera (NIRCam) photometry from the JWST Advanced Deep
xtragalactic Survey (JADES; D. J. Eisenstein et al. 2023a ; A. J.
unker et al. 2024 ; F. D’Eugenio et al. 2025 ), combined with SED
tting using PROSPECTOR . We focus on galaxies at z = 3 − 9, where
est-frame optical data are accessible in addition to the UV, enabling
obust constraints on stellar masses and SFRs. This is in stark contrast
o studies at z > 9, which typically rely mostly on rest-frame UV
hotometry and may overestimate the intrinsic scatter in SFR due
o larger measurement uncertainties. Moreover, our use of deep
ADES photometry (including medium-band data when available)
voids the selection biases and limited completeness inherent in
pectroscopic samples, which are affected by strong emission-line
ux cuts and complex targeting strategies. The structure of this
ork is the following. In Section 2 , we discuss the data and sample

election used in this work. We then estimate galaxy properties using
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1 We note that these spectroscopically confirmed AGN represent < 10 per cent 
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. 
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he SED-fitting code PROSPECTOR in Section 3 , and analyse the stellar
ass completeness of our sample. In Section 4 , we present our best-
t to the SFMS at 3 < z < 9, and compare it to estimations from

he literature. In Section 5 , we measure the scatter of the SFMS as
 function of redshift, stellar mass, and averaging time-scales. We 
hen use our results to make conclusions about the burstiness of star
ormation in the galaxies here studied. We explore the implications 
f our findings in the context of observations of the early Universe
n Section 6 . Finally, we consider the caveats and limitations of our
ork in Section 7 , ending with concluding remarks in Section 8 .
hroughout this work, we assume �0 = 0 . 315 and H0 = 67 . 4 km
−1 Mpc−1 , following Planck Collaboration VI ( 2020 ). 

 DATA  A N D  SAMPLE  SELECTION  

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

.1 Observations 

e make use of the full JADES (D. J. Eisenstein et al. 2023a ; A. J.
unker et al. 2024 ) photometry set in both the Great Observatories
rigins Deep Survey (GOODS) North (GOODS-N) and South 

GOODS-S) regions (M. Giavalisco et al. 2004 ), including the 
ublicly available NIRCam Deep imaging (M. J. Rieke et al. 2023 ),
nd the JADES Origins Field (JOF; D. J. Eisenstein et al. 2023b ).
hen available, we also use photometry from the JWST Extragalactic 
edium-band Survey (JEMS; C. C. Williams et al. 2023 ), and 

rom the First Reionisation Epoch Spectroscopic Complete Survey 
FRESCO; P. A. Oesch et al. 2023 ). In addition to the photometric
atalogues, we use emission-line fluxes derived from spectroscopic 
bservations to compare to fluxes inferred from SED fitting. Specif- 
cally, in Section 3.1 , we compare our PROSPECTOR -inferred fluxes 
f H α and [O III ]λ5007 to those obtained by JADES using the JWST
icroshutter assembly of NIRSpec (P. Ferruit et al. 2022 ; P. Jakobsen

t al. 2022 ; A. J. Bunker et al. 2024 ; F. D’Eugenio et al. 2025 ). 
For the GOODS-S region, we rely on the same photometric 

atalogues as in C. Simmonds et al. ( 2024a , b ). In this work, however,
e also include catalogues produced in the same fashion for the 
OODS-N region. Briefly, the source detection and photometry was 
erformed on JEMS NIRCam medium-band and JADES NIRCam 

road- and medium-band imaging, using the PHOTUTILS software 
ackage (L. Bradley et al. 2022 ). Sources with five or more
ontiguous pixels of the SNR (signal-to-noise ratio) mosaic with 
ignal > 3 σ were identified. Furthermore, PHOTUTILS was used to 
erform circular aperture photometry with filter-dependent aperture 
orrections based on model point spread functions following the 
ethod presented in Z. Ji et al. ( 2024 ), as described in B. Robertson

t al. ( 2024 ). In addition to the NIRCam observations, Hubble Space
elescope ( HST ) images released through the Hubble Legacy Field 
rogram (G. Illingworth et al. 2016 ; K. E. Whitaker et al. 2019 )
eductions of GOODS-S and GOODS-N (M. Giavalisco et al. 2004 ) 
nd Cosmic Assembly Near-infrared Deep Extragalactic Legacy 
urvey (N. A. Grogin et al. 2011 ; A. M. Koekemoer et al. 2011 )

mages. In this work, we adopt a Kron aperture on images, convolved
o a common resolution, and impose an error floor of 5 per cent in
ach band. 

.2 Sample selection criteria 

or this work, we use PROSPECTOR -inferred properties as described in 
. Simmonds et al. ( 2024b ) for galaxies in GOODS-S, but extended
o include galaxies in GOODS-N. Out of the full JADES photometry
ata set, we only impose the following conditions: (1) sources must
ave an SNR ≥3 in the F 444 W band, (2) a median PROSPECTOR -
erived redshift in the range zphot = 3 − 9, and (3) a reduced χ2 ≤ 10
o remove objects with catastrophically bad fits. Finally, we remove 
he JWST Mid-Infrared Instrument (MIRI) selected AGN from J. Lyu 
t al. ( 2024 ) and the broad-line AGN from I. Juodžbalis et al. ( 2025 ). 1 

his sample selection criteria yields 29 220 galaxies in GOODS-S, 
nd 18 936 galaxies in GOODS-N, resulting in a total sample of
8 156 galaxies. Out of the total sample, 99 per cent (91 per cent)
f the galaxies have medium-band coverage in at least one (two)
hotometric band(s). 

 ESTIMATION  O F  G A L A X Y  PROPERTIES  

his work uses galaxy properties derived from the SED modelling 
ode PROSPECTOR , specifically, we infer stellar masses, SFRs across 
ifferent time-scales, and UV magnitudes. In this section, we outline 
he SED modelling procedure, how SFRs are estimated, and the 
tellar mass completeness of our sample. SED modelling offers 
 more robust estimation of SFRs compared to direct tracers like
V and H α, as it incorporates a galaxy’s full SED, accounting for

ystematic errors that may arise from variations in dust attenuation 
including variations in the dust attenuation law), complex SFHs, 
nd nebular continuum and line emission. While UV and H α tracers
re affected by factors such as dust attenuation and metallicity 
e.g. through their impact on conversion factors), they often provide 
imited insight into the full SFH, especially since they trace specific
ime-scales. For example, H α is insensitive to time-scales larger 
han a few tens of million years, as it is a tracer of instantaneous
tar formation. In contrast, SED modelling with sufficient spectral 
overage, resolution, and sensitivity enables a self-consistent analysis 
hat mitigates systematic biases and yields a more accurate view of
tar formation across time-scales, particularly at high redshift, by 
roperly accounting for parameter degeneracies and uncertainties. 

.1 SED fitting with PROSPECTOR 

n this work, we use the SED-fitting code PROSPECTOR (B. D.
ohnson et al. 2019 , 2021 ) to derive galaxy properties. The fitting
outine used to fit our entire sample is described in C. Simmonds
t al. ( 2024b ). Briefly, we use photometry from the full JADES
hotometric catalogues as input for PROSPECTOR , including data 
rom the UV to the IR from HST and JWST NIRCam (see fig. 1
rom C. Simmonds et al. 2024b ). We adopt the same Kron convolved
perture to extract HST , JADES, and JEMS photometry, and floor the
hotometric errors to 5 per cent to account for systematic errors not
ccounted for by our data reduction pipelines. We use photometric 
edshifts ( zphot ) inferred with the SED template-fitting code EAZY 

G. B. Brammer, P. G. van Dokkum & P. Coppi 2008 ) as priors
n our SED-fitting routine. As shown in M. J. Rieke et al. ( 2023 )
nd K. N. Hainline et al. ( 2024 ), zphot can be accurately determined
hen a rich photometry set is used. The dust attenuation and stellar
opulation properties are varied following S. Tacchella et al. ( 2022b ).
mportantly, we use a two component dust model (S. Charlot & S. M.
all 2000 ; C. Conroy, J. E. Gunn & M. White 2009 ), which accounts
MNRAS 544, 4551–4575 (2025)
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M

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-fitting photometry is shown as orange diamonds, and the best-fitting spectra is shown in grey. We also show the UV 

continuum slope ( β, given by Fλ ∝ λβ D. Calzetti, A. L. Kinney & T. Storchi-Bergmann 1994 ), obtained by fitting a line to the best-fitting spectra in logarithmic 
space at λrest−frame = 1250 − 2500 Å (purple hatched region). The vertical dotted lines show the expected wavelength of selected emission lines. Finally, the 
insets show the SFH 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 III ]λ5007 and a recent burst in star formation. 
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or the differential dust attenuation in young ( < 10 Myr) stars and
ebular emission lines by using different optical depths and a variable
ust index (M. Kriek & C. Conroy 2013 ). We adopt a Chabrier (G.
habrier 2003 ) initial mass function (IMF) with mass cut-offs of
.1 and 100 M�, and allow the stellar metallicity to explore a range
etween 0.01 and 1 Z�. The continuum and emission properties of
he SEDs are provided by the Flexible Stellar Population Synthesis
 FSPS ) code (C. Conroy & J. E. Gunn 2010 ), based on CLOUDY

v13.03; G. J. Ferland et al. 2013 ) using MESA Isochrones & Stellar
racks (J. Choi et al. 2016 ; A. Dotter 2016 ), and the MILES stellar

ibrary (A. Vazdekis et al. 2015 ). The UV extension of the latter is
ased on the Basel Stellar Library (E. Lastennet et al. 2002 ). The use
f this CLOUDY grid results in a limitation of the maximum permitted
onization parameter of log 〈 U 〉max =−1.0, which might not be enough
o reproduce the properties of some high-redshift galaxies (e.g. A.
NRAS 544, 4551–4575 (2025)
. Cameron et al. 2023 ). We set a flexible IGM model based on a
caling of the Madau model (P. Madau 1995 ), where the scaling
s left as a free parameter. Finally, we use a non-parametric SFH
continuity SFH; J. Leja et al. 2019 ). In this model, the SFH is
escribed as eight different SFR bins. The minimum bin is set to a
ookback time of 1 − 5 and 5 − 10 Myr, while the rest are divided
qually in logarithmic space depending on the redshift. The ratios
nd amplitudes of the bins are allowed to vary following a Student’s
 -distribution with a width of 0.3. Importantly, this prior allows (but
oes not impose) a somewhat bursty SFH when the data favour it. 
To showcase the products of our SED-fitting process, in Fig. 1 we

resent two galaxies with significantly different SFHs at the limits of
ur redshift range. These are representative examples that highlight
he power of PROSPECTOR when a comprehensive photometric set is
sed. In particular, they demonstrate how PROSPECTOR is able to fit
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Figure 2. Comparison of PROSPECTOR -inferred H α (circles) and [O III ]λ5007 

(crosses) emission line fluxes to ones measured from JADES using NIRSpec. 
The bottom panel shows the difference between the inferred and mea- 
sured values including their respective errors, given by: E ≡ ( FProspector −
FNIRSpec ) / (

√ 

σ 2 
Prospector + σ 2 

NIRSpec ). The dotted lines denote the 3 σ range, 

measurements outside of these limits are considered outliers. We find an 
outlier fraction of 3.2 per cent for H α and 21.5 per cent for [O III ]. 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). 
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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 per cent. The solid curves 
denote the 100 per cent completeness at each redshift and for each depth, as 
indicated in the legend, following the prescription of L. Pozzetti et al. ( 2010 ). 
We find our sample is stellar mass complete down to log( M� /[M�]) ≈ 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 SFMS (i.e. 
9 . 0 ≤log( M� /M�) ≤ 10 . 3 and 3 ≤ z ≤ 9). 
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he observed SED shapes even in the absence of strong emission lines
see also fig. A.2 of C. Simmonds et al. 2024b ). Moreover, we find
hat PROSPECTOR can reproduce emission-line fluxes reasonably well 
or our sample based on photometry alone. In Fig. 2 , we compare
 α and [O III ]λ5007 fluxes derived by PROSPECTOR to a subsample 
f galaxies with JADES NIRSpec observations (782 H α and 887 
O III ] flux measurements with SNR ≥ 5). Overall, we find good
greement between our SED-inferred fluxes and those measured by 
pectroscopic observations, with values scattering around the 1:1 line 
nd outlier fractions of 3.2 per cent and 21.5 per cent for H α and [O
II ], respectively. Therefore, we confirm that our SED-fitting routine 
an reproduce emission lines to a reasonable extent. 

.2 Stellar mass completeness 

s in C. Simmonds et al. ( 2024b ), we estimate the stellar mass
ompleteness of our sample following the method described in 
ection 5.2 of L. Pozzetti et al. ( 2010 ). To summarize, for every
edshift a minimum mass ( Mmin ) is defined, above which potentially 
ll types of galaxies can be observed (i.e. not only those who have
ad a recent burst in star formation). To calculate Mmin , the limiting
tellar mass ( Mlim 

) must be estimated. Mlim 

represents the stellar mass
 galaxy would have if its apparent magnitude ( m ) were equal to the
imiting magnitude of the survey ( mlim 

). Importantly, Mlim 

depends 
n the stellar mass-to-light ratio, a quantity that can be affected 
y bursty star formation (i.e. by galaxies being upscattered due to a
ecent burst in star formation). In this work, mlim 

is determined by the
 444 W band, since it has the highest effective wavelength, making

t the best tracer of stellar mass available in our data, although we
aution that at z > 5, it is susceptible to strong emission line biases.
or each galaxy, Mlim 

is given by: 

log ( Mlim 

) = log ( M� ) + 0 . 4( m − mlim 

) , (1) 

here M� is stellar mass in units of solar masses. We divide
ur sample into three fields depending on their F 444 W exposure
ime: medium ( Texp < 25 ks), deep (25 ks ≤ Texp < 65 ks), and
ltradeep ( Texp ≥ 65 ks), with 5 σ flux depths of 6, 4.5, and 2.65
Jy, respectively. In order to compute Mmin for each field and at each
edshift bin, we select the faintest 20 per cent of galaxies for each
xposure time. This choice takes into account the colour–luminosity 
elation and therefore includes only galaxies with a typical M/L 

lose to the magnitude limit. 
In C. Simmonds et al. ( 2024b ), we focused on galaxies above

hich 90 per cent of the selected Mlim 

lie, however, in this work
e place a stricter limit of 100 per cent, because even a small in-

ompleteness percentage can significantly bias estimates of average 
FRs (J. Leja et al. 2022 ). The results are shown in Fig. 3 , where

he stellar mass as a function of redshift is shown for our full sample
grey circles), and the Mlim 

of the faintest 20 per cent of galaxies
er Texp are shown as coloured points. We find, on average, that our
ample is stellar mass complete down to log( M� /M�) ≈8.1. We note
hat the method used here to establish the stellar mass completeness
imits of our sample relies on the assumption of a constant mass-to-
ight ratio. If SFHs are bursty, it means that SFRs change on short
ime-scales, which results in a non-constant mass-to-light ratio in the 
onizing (and to a lesser extent in the non-ionizing) continuum (A.
omı́nguez et al. 2015 ). Thus, if the galaxies in our sample have
ursty SFHs, then the limits shown in Fig. 3 should be taken as lower
imits, as will be discussed further in Section 6.2 . 
MNRAS 544, 4551–4575 (2025)
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In the remainder of this work, we focus on galaxies with masses
igher than the stellar mass completeness limit derived above of
og( M� /M�) ≈ 8 . 1, yielding a sample of 18 321 galaxies ( ∼ 38 per
ent of the total sample). However, we also present a more conser-
ative stellar mass completeness limit motivated by the behaviour
f the sSFR as a function of stellar mass (see Section 4 ), with
og( M� /M�) = 9.0–10.3, shown as a blue hatched region in Fig. 3 ,
ontaining 2989 galaxies. 

.3 Star formation rates 

e have shown in Fig. 2 that PROSPECTOR can retrieve emission-
ine fluxes reasonably well. However, we decide against using SFR
racers derived from these lines (e.g. from H α; R. C. Kennicutt
998 ; J. Pflamm-Altenburg, C. Weidner & P. Kroupa 2009 ; R. C.
ennicutt & N. J. Evans 2012 ; S. Tacchella et al. 2022a ; Kramarenko

t al. (in preparation)) or from the UV luminosity due to their
ependence on dust corrections, metallicity, and the parameter
pace on which the relations have been calibrated, both introducing
dditional uncertainties (R. C. Kennicutt & N. J. Evans 2012 ; R. Smit
t al. 2016 ; E. Curtis-Lake et al. 2021 ; A. E. Shapley et al. 2023 ; D.
osa-González, E. Terlevich & R. Terlevich 2002 ). 2 Moreover, SFR
alibrations based on UV and IR luminosities have been shown to
e systematically higher than SFRs inferred through SED fitting at a
iven stellar mass (A. E. Bauer et al. 2011 ), especially if the galaxies
re quiescent (more than ∼ 1 dex; C. C. Hayward et al. 2014 ; D.
tomo et al. 2014 ; J. Leja et al. 2022 ). This could be an indication
f obscured star formation, which can be difficult to detect in the
est-frame UV and optical wavelength range (i.e. ‘outshining’; C.
apovich, M. Dickinson & H. C. Ferguson 2001 ; C. Conroy 2013 ;
. E. Whitaker et al. 2017 ; C. Papovich et al. 2023 ; F. Sun et al. 2024 ;
. C. Williams et al. 2024 ; T. Herard-Demanche et al. 2025 ; N. A.
eddy et al. 2025 ). Quantifying this effect on our sample is beyond

he scope (and limitations) of this work, however, future surveys
ith JWST MIRI are a promising avenue to explore this problem

urther (J. M. Helton et al. 2025a ). In addition to dust corrections
nd conversions between luminosity and SFRs, this discrepancy can
e explained by older stellar populations contributing to the UV and
R regions of galaxy SEDs, and is more significant in the absence
f young stellar populations (i.e. a recent star burst). Therefore, in
his work, we rely on the SFRs provided by PROSPECTOR at different
veraging time-scales, as they offer a more comprehensive estimation
y incorporating a galaxy’s full SED, including dust attenuation,
FHs, and nebular emission. This approach reduces the systematic
iases associated with direct tracers like UV and H α, and allows
or a self-consistent analysis across multiple time-scales, which is
articularly important when studying galaxies at high redshifts where
uch tracers may be affected by additional complexities. 

Specifically, we use the SFRs averaged over the past 10, 20, 30, 40,
0, and 100 Myr (indicated by the subscript of the SFR used). These
FR can be estimated largely independent given the time bins in
ur SFH modelling, e.g. any covariance between these SFRs can be
ttributed physical processes that drive star formation. These values
re obtained by integrating the SFHs and dividing them by the stellar
ass formed at each time-scale. The self-consistency provided by

he PROSPECTOR modelling imposes a natural maximum in sSFR
iven by 1 

taverage 
. Studying different time-scales of star formation
NRAS 544, 4551–4575 (2025)

 We note that SFR10 and SFRH α largely agree for galaxies in our sample, 
oth when PROSPECTOR -inferred and NIRSpec measured H α fluxes are used 
see Appendix A ). 

 

t  

h  

5  

E  
or a given galaxy informs us about the burstiness of its SFH. In
articular, the ratio between the star formation averaged over two
ifferent time-scales (i.e. SFR10 /SFR50 or SFR10 /SFR100 ) contains
nformation about the fluctuations in star formation over time (D. R.

eisz et al. 2012 ; Y. Guo et al. 2016 ; N. Caplar & S. Tacchella 2019 ;
. Clarke et al. 2024 ; J. W. Cole et al. 2025 ). 

 FITTING  T H E  STAR-FORMING  MAI N  

EQU ENCE  

he SFMS describes the relation between SFR (or sSFR) and stellar
ass, and has been extensively studied up to z ∼ 6 (J. Brinchmann

t al. 2004 ; E. Daddi et al. 2007 , 2022 ; D. Elbaz et al. 2007 , 2011 ; S.
alim et al. 2007 ; Y.-M. Chen et al. 2009 ; M. Pannella et al. 2009 ;
. Santini et al. 2009 , 2017 ; G. E. Magdis et al. 2010 ; S. Oliver
t al. 2010 ; A. Karim et al. 2011 ; G. Rodighiero et al. 2011 ; H.
him et al. 2011 ; K.-S. Lee et al. 2012 ; N. Reddy et al. 2012 ; F.
almi et al. 2012 ; K. E. Whitaker et al. 2012 , 2014 ; H. J. Zahid
t al. 2012 ; D. Kashino et al. 2013 ; J. Moustakas et al. 2013 ; D.
obral et al. 2014 ; J. S. Speagle et al. 2014 ; C. L. Steinhardt et al.
014 ; N. Lee et al. 2015 ; C. Schreiber et al. 2015 ; L. A. M. Tasca
t al. 2015 ; I. Shivaei et al. 2015b ; G. Erfanianfar et al. 2016 ; F.
elfiore et al. 2018 ; W. J. Pearson et al. 2018 ; P. Popesso et al.
019a , b ; S. K. Leslie et al. 2020 ; J. E. Thorne et al. 2021 ; J. Leja
t al. 2022 ; P. Rinaldi et al. 2022 ; L. Sandles et al. 2022 ; W. M.
aker et al. 2023 ; P. Popesso et al. 2023 ; L. Clarke et al. 2024 ; J.
. Cole et al. 2025 ; P. Rinaldi et al. 2025 ; L. J. M. Davies et al.

025a , b ). Comparing SFMS measurements from the literature is
on-trivial because of the use of different selection techniques and
avelengths (see e.g. A. Katsianis et al. 2016 ). Therefore, studies

uch as P. Popesso et al. ( 2023 ) and J. S. Speagle et al. ( 2014 ) have
ocused on converting all measurements to a common calibration,
nding a consensus in the shape and normalization of the SFMS.
asically, there are three main factors that must be considered when

tudying the SFMS: (1) the estimation of the SFRs, obtained via
ust-corrected emission line luminosities and/or SED fitting, (2) the
ample selection, and (3) the stellar mass completeness of the sample.
he latter is of utmost importance because the process of fitting the
FMS is highly sensitive to the mass range used (see Section 4.3 ).
hanks to surveys such as JADES, we are now able to construct large
amples of galaxies complete in stellar mass up to z ∼ 9. 

The SFMS has been shown to evolve with redshift, both in
bservations (e.g. J. S. Speagle et al. 2014 ; P. Popesso et al. 2023 )
nd simulations (e.g. S. Tacchella et al. 2016a ; J. C. J. D’Silva et al.
023 ; W. McClymont et al. 2025a ). A convenient way to take this
volution into account when fitting the SFMS is to fit for the sSFR,
dopting the following form: 

SFR MS ( M� , z)[Gyr −1 ] = sb ×
(

M� 

1010 M �

)β

× (1 + z)μ, (2) 

s in S. Tacchella et al. ( 2016a ). In this equation, the sSFR of the
ain sequence is determined by the redshift evolution ( μ) of the
FMS, a stellar mass dependence ( β, not to be confused with the
V continuum slope), and an overall normalization (sb , in units of
yr−1 ). We assume in this work no curvature of the SFMS masses at
igh stellar masses, since we focus on galaxies with stellar masses
elow 1011 M�. 
The same functional form as described by equation ( 2 ) can be used

o describe the specific mass accretion rate (sMAR) of dark matter
aloes. In this case, A. Dekel et al. ( 2013 ) show that μh tends to
 / 2 when a Lambda-cold dark matter ( 	 CDM) cosmology in the
instein–deSitter regime is adopted. The haloes mass dependence,
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Figure 4. Stellar mass range and redshift evolution used to fit the SFMS. Left panel: specific star formation rate (sSFR10 ) using the star formation averaged over 
the past 10 Myr (SFR10 ), as a function of stellar mass for all galaxies in our sample with log( M� /M�) ≥ 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 Fig. 3 (log( M� /M�) ≈ 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� /M�) = 9 . 0, 
which we dub partially complete (‘PC’). The shaded area shows galaxies with 9 . 0 ≤log( M� /M�) ≤ 10 . 3 (also shown as a blue hatched area in Fig. 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 SFMS (i.e. without imposing 
an SFR range). The upper limit of the complete region is motivated by the turnover of the SFMS at log( M� /M�) = 10 . 3. Finally, the hatched horizontal area 
shows the upper limit allowed given the time-scale used. Right panel: median sSFRs for galaxies with 9 . 0 ≤log( M� /M�) ≤ 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, μ10 , which we use as input when fitting the SFMS (see equation 2 ). The redshift evolution for all the remaining 
time-scales analysed in this work are shown as dotted lines. 
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h , is expected to contribute only in a minor way, with βh ≈ 0 . 14
E. Neistein & A. Dekel 2008 ). The normalization of the sMAR,
s measured from simulations, is sh = 0 . 03 Gyr −1 (A. Dekel et al.
013 ). While the sSFRs of SFMS galaxies do not need to track the
MAR of their haloes, the normalization of the SFMS has been shown
o increase with lookback time as sSFR ∝ (1 + z)∼2 . 2 (J. Brinchmann 
t al. 2004 ; E. Daddi et al. 2007 ; D. Elbaz et al. 2007 ; K. G. Noeske
t al. 2007 ; K. E. Whitaker et al. 2012 ; J. S. Speagle et al. 2014 ;
. Schreiber et al. 2015 ; L. A. Boogaard et al. 2018 ; N. Caplar &
. Tacchella 2019 ; M. Donnari et al. 2019b ; L. Sandles et al. 2022 ),
hich is very close to the expected value from the sMAR (N. Bouché

t al. 2010 ; S. J. Lilly et al. 2013 ; S. Tacchella, M. Trenti & C. M.
arollo 2013 ; L. J. Tacconi et al. 2013 ; A. Rodrı́guez-Puebla et al.
016 ; S. Tacchella et al. 2018 ). 
In order to fit equation ( 2 ) to our data, we carefully selected

he parameter space by following two steps, which are now briefly 
xplained and are summarized in Fig. 4 . 

.1 Mass range used in SFMS fitting 

he slope of the SFMS is highly sensitive to the stellar mass range
eing used. This range should reflect the stellar mass completeness of
he sample. In Section 3.2 , we derive this limit following L. Pozzetti
t al. ( 2010 ), and mention that it might be an underestimation of the
tellar mass completeness if star formation is bursty, since it relies on
 constant mass-to-light ratio. As a conservative approach, we decide 
o select the range of stellar mass we use in the SFMS by studying
he behaviour of the sSFR as a function of stellar mass. In the left
anel of Fig. 4 , we show the relation between sSFR and stellar mass
hen using the shortest time-scale presented in this work, SFR10 
comparable to SFRs derived with H α). We find that the median
SFRs steadily decrease with stellar mass up to log( M� /M�) ∼ 8 . 1,
n a region that we define as ‘incomplete’. We note that the median
SFRs increase steadily below this limit. This trend is consistent 
ith an increasing prevalence of rising SFHs at lower stellar masses,
ut it is also expected in biased samples that are incomplete
n stellar mass. Since this trend becomes more pronounced with 
ncreasing incompleteness (e.g. at lower stellar masses) and is not 
eproduced in numerical simulations by increasing SFHs (W. Mc- 
lymont et al. 2025a ), we interpret it as primarily driven by sample 

ncompleteness. 
This behaviour continues up to log( M� /M�) = 9 . 0, albeit with a

hallower slope, suggesting that this region still suffers from stellar 
ass completeness issues. This could be due to a combination of

ROSPECTOR limitations when inferring SFRs at the lower mass end, 
f low-mass galaxies having preferentially increasing SFHs, and of 
FHs being burstier than expected at this mass range, and is discussed
urther in Section 6.2 . We dub this region as ‘partially complete’
‘PC’). Finally, we find that the sSFRs flatten at 9 . 0 ≤log( M� /M�) ≤
0 . 3, where our upper mass limit agrees with the turnover observed
y J. Leja et al. ( 2022 ; but see also N. Lee et al. 2015 , where a
urnover is observed at M� ∼ 1010 M� at z < 1 . 3). We label this
egion as ‘complete’ (‘C’) and use it to fit the SFMS hereafter. 

.2 Redshift evolution used in SFMS fitting 

n this work, we divide our sample into equally spaced redshift bins
etween z = 3 − 9, and note that as redshift increases, the number of
alaxies decreases. As a result, if we fit equation ( 2 ) directly, leaving
, β, and sb as free parameters, our SFMS fits are dominated by the
MNRAS 544, 4551–4575 (2025)
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Table 1. Best-fitting values to SFMS given in equation ( 2 ) for 9 . 0 ≤log( M� /M�) ≤ 10 . 3 and 3 ≤ z ≤ 9. 

taverage [Myr] sb [Gyr−1 ] β μ η( z = 3) [Gyr−1 ] η( z = 9) [Gyr−1 ] 

10 0 . 05+ 0 . 01 
−0 . 01 0 . 02+ 0 . 08 

−0 . 06 2 . 30+ 0 . 03 
−0 . 01 1 . 21+ 0 . 24 

−0 . 24 9 . 98+ 2 . 00 
−2 . 00 

20 0 . 12+ 0 . 01 
−0 . 01 0 . 03+ 0 . 05 

−0 . 06 1 . 80+ 0 . 05 
−0 . 02 1 . 46+ 0 . 13 

−0 . 12 7 . 57+ 0 . 63 
−0 . 63 

30 0 . 17+ 0 . 02 
−0 . 01 0 . 04+ 0 . 05 

−0 . 05 1 . 59+ 0 . 01 
−0 . 01 1 . 54+ 0 . 18 

−0 . 09 6 . 61+ 0 . 78 
−0 . 39 

40 0 . 21+ 0 . 02 
−0 . 02 0 . 03+ 0 . 05 

−0 . 04 1 . 40+ 0 . 02 
−0 . 01 1 . 46+ 0 . 14 

−0 . 14 5 . 27+ 0 . 50 
−0 . 50 

50 0 . 23+ 0 . 02 
−0 . 02 0 . 02+ 0 . 05 

−0 . 05 1 . 34+ 0 . 01 
−0 . 01 1 . 47+ 0 . 13 

−0 . 13 5 . 03+ 0 . 44 
−0 . 44 

100 0 . 30+ 0 . 02 
−0 . 02 0 . 00+ 0 . 04 

−0 . 04 1 . 06+ 0 . 01 
−0 . 03 1 . 30+ 0 . 09 

−0 . 09 3 . 44+ 0 . 23 
−0 . 23 

Notes . Column 1: averaging time-scale of the SFR in units of Myr. Column 2: normalization in units of Gyr−1 . Column 3: stellar mass dependence. Column 4: 
redshift evolution. Columns 5 and 6: normalization of the SFMS, η( z) = sb ( z) × (1 + z)μ, at a fixed stellar mass of log( M� /M�) = 10.0, calculated at z = 3 and 9, 
respectively. 

Figure 5. sSFR10 , as a function of stellar mass, colour-coded by their ionizing photon production efficiency ( ξion , 0 ), and divided by redshift bins. The thick 
black dashed lines show the best fit to the SFMS given in equation ( 2 ), for galaxies with stellar masses in the range 9 . 0 ≤ log ( M� /M �) ≤ 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-fitting relations, though they are shown separately in the figure for 
consistency with the redshift binning used throughout the paper. The blue filled lines show piecewise fits to the same equation in mass bins of stellar masses 
log( M� /M�) = 8.0–10.0 in steps of 0.5 in logarithmic space. The grey hatched region shows the upper limit in sSFR, given by 1 

taverage 
. For reference, we include 

the stellar mass completeness limits shown in Fig. 3 : from left to right, the vertical dotted lines show the ultradeep, deep, and medium exposure times. We 
note that if we fit the SFMS using these limits instead (log( M� /M�) � 8 . 1), the slope of the fit becomes negative, as indicated by the discrepancy between the 
piecewise fit and the total fit in that stellar mass regime. 
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ulk of the galaxies at z ≤ 5. Therefore, we constrain the redshift
volution of our sample separately (and for each SFR time-scale)
nd fix it as median and boundaries when fitting the SFMS. The right
anel of Fig. 4 shows this exercise for SFR10 , where we have merged
he two highest redshift bins (7 ≤ z ≤ 9), and fit a line in log space
o the median sSFRs for galaxies with 9 . 0 ≤log( M� /M�) ≤ 9 . 5, as
 function of redshift. We choose to use this stellar mass bin since
t contains galaxies at all redshifts here studied. For this averaging
ime-scale of 10 Myr, we find μ = 2 . 30+ 0 . 03 

−0 . 01 , a value that is similar to
thers found in the literature (e.g. L. Sandles et al. 2022 ; P. Popesso
t al. 2023 ; W. McClymont et al. 2025a ). We then extrapolate this
edshift dependence of the SFMS to all stellar masses in our sample,
nd repeat this exercise with all the time-scales analysed in this work
shown as dotted lines and given in Table 1 ). 
NRAS 544, 4551–4575 (2025)

T  
.3 SFMS best-fitting parameters 

ig. 5 shows the results of fitting equation ( 2 ) to our data (see also
able 1 ), after following the previous steps, for SFRs averaged over

he past 10 Myr and per redshift bin. The thick black dashed lines
how the best fits to the SFMS (using galaxies in the ‘complete’
egion, shown as a shaded grey area). For reference, we show the
tellar mass completeness limits derived following L. Pozzetti et al.
 2010 ) as vertical lines. To show how sensitive the SFMS fits are
o the stellar mass limits, we show piecewise fits for stellar masses
f log( M� /M�) = 8 . 0 − 10 . 0 in logarithmic steps of 0.5 (blue filled
ines). It can be seen that there is a discrepancy between the piecewise
ts and the general fit at masses below log( M� /M�) = 9 . 0, which is
 result of this region being only partially complete in stellar mass.
he individual points are colour-coded by their ionizing photon
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Figure 6. Comparison of the SFMS derived in this work to selected ones from the literature for recent star formation (either averaged over the past 10 Myr or 
derived from H α fluxes). All markers and curves are shown for a fixed stellar mass of 1010 M�. The purple filled and dashed curves show the the SFMS 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 (A. Renzini & Y.-j. Peng 2015 ; I. Shivaei et al. 2015b ; J. Leja et al. 2022 ; L. Clarke et al. 2024 ,, as indicated in the legend). The grey curve 
shows the SFMS from P. Popesso et al. ( 2023 ), while the light grey line with vertical markers shows the J. S. Speagle et al. ( 2014 ) relation, both shifted by 
−0.34 dex to account for conversions in SFRs, as in A. E. Shapley et al. ( 2023 ). The green dash–dotted curve shows the parametrization provided by L. Sandles 
et al. ( 2022 ). The grey dash–dotted curve shows the results from S. Tacchella et al. ( 2016a ), where only the normalization sb was left as a free parameter, and 
the black filled line shows the SFMS based on the THESAN-ZOOM simulations from W. 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 H α luminosities to SFRs. The black dotted curve shows the expected specific mass accretion ratio of dark matter haloes from E. 
Neistein & A. Dekel ( 2008 ), using the M� –Mhalo conversion from S. 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 haloes. Finally, a joint fit to the shifted J. S. 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 ( μ ≈ 2 . 08 instead of 2.30). 
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roduction efficiency assuming an escape fraction of zero, ξion , 0 , 
stimated by PROSPECTOR (see e.g. C. Simmonds et al. 2023 , 2024a ).
his quantity is essentially the ratio between recent (averaged over 

he past 10 Myr) star formation, and the one sustained over the
ast 100 Myr (C. Simmonds et al. 2024a ). Although this ratio
irectly probes the recent SFH, its variance for an ensemble of
alaxies measures short-term star formation variability (N. Caplar 
 S. Tacchella 2019 ). As expected, the distance to the SFMS is

elated to ξion , 0 , where the galaxies that are most efficient producers 
f ionizing radiation lie above the relation. 

.4 The normalization of the SFMS 

he best-fitting parameters for all adopted SFR averaging time-scales 
re listed in Table 1 . We find that the normalization sb increases with
veraging time-scale, while the redshift dependence μ decreases with 
veraging time-scale. While sb quantifies the normalization of the 
FMS at a given redshift as per equation ( 2 ), we must also account
or the explicit redshift evolution through the (1 + z)-term (and given
y μ) to compare absolute normalization values across time-scales 
see Figs 4 and 6 ). At z = 3 and log( M� /M�) = 10, we measure an
FMS normalization, which we define as η( z) = sb ( z) × (1 + z)μ,
f 1.2 Gyr−1 for taverage = 10 Myr and 1.5 Gyr−1 for taverage = 50 
yr. At z = 9, we find an SFMS normalization of 10.0 Gyr−1 for

average = 10 Myr and 5.0 Gyr−1 for taverage = 50 Myr (see Table 1 ). 
The interpretation of this trend is not straightforward, as it reflects 

he interplay of two competing effects: bursty star formation and 
he overall rise of SFHs. As shown by N. Caplar & S. Tacchella
 2019 , see also M. Donnari et al. 2019a ; K. G. Iyer et al. 2020 ),
he SFMS normalization depends on both the stochasticity of star 
ormation and the averaging time-scale of the SFR measurement. 
hort-time-scale indicators capture rapid fluctuations, including low- 
FR episodes, whereas long-time-scale indicators smooth over these 
ariations, leading to higher inferred average SFRs and an elevated 
ormalization. An effective tool to understand the power contained 
n SFR fluctuations at a specific time-scale is the power spectral
ensity (PSD). On short time-scales ( < 10 Myr), galaxy growth
s governed by internal processes such as Giant Molecular Cloud 
GMC) formation, star formation, and stellar feedback (C. Leitherer 
t al. 1999 ; J. C. Tan 2000 ; E. J. Tasker 2011 ; C.-A. Faucher-Giguère
018 ; S. M. Benincasa et al. 2020 ). On intermediate time-scales
 < 100 Myr), large-scale feedback and gas cycling dominate (V. A.
emenov, A. V. Kravtsov & N. Y. Gnedin 2017 ; E.-j. Shin et al.
023 ), while on longer time-scales, external drivers such as mergers
ecome important (B. Robertson et al. 2006 ; D. Puskás et al. 2025 ).
rucially, the dependence of SFMS normalization on the averaging 

ime-scale, taverage , encodes information about the stochastic nature 
f galaxy SFHs, e.g. its PSD (N. Caplar & S. Tacchella 2019 ). The
igher SFMS normalization on the 50 Myr relative to the 10 Myr
veraging time-scale at z = 3 is consistent with a break time-scale
f τbreak ≈ 50 Myr and a PSD slope α = 2, in agreement with the
xpectations of bursty star formation and the predictions of N. Caplar
 S. Tacchella ( 2019 , see their fig. 5). However, towards higher

edshifts, the trend reverts and the normalization is higher for shorter
veraging time-scales. 

A second factor affecting the interpretation of the SFMS normal- 
zation is the presence of rising SFHs. For galaxies with rising SFHs,
he SFR averaged over shorter time-scales is systematically higher 
han when averaged over longer time-scales. Consequently, if most 
alaxies follow rising SFHs, the SFMS normalization is expected 
o be higher when measured on short time-scales. We expect, in
articular towards higher redshift, the fraction of galaxies with 
ncreasing SFHs to increase (e.g. S. Tacchella et al. 2018 ). Indeed, for
alaxies in our sample with 8 . 1 � log( M� /M�) ≤ 10 . 3, the fraction
MNRAS 544, 4551–4575 (2025)
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Figure 7. Comparison of the SFMS slope, defined as the slope of the 
logarithmic relation between SFR10 and stellar mass (SFR ∝ Mα

� , where 
α = 1 + β with β from equation 2 ), as a function of redshift for a selection 
of works shown in Fig. 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. 
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f galaxies with SFR10 /SFR100 > 2 increases from 0.31 to 0.55, from
 = 3 to 9. The elevated SFMS normalization measured on shorter
ime-scales at z > 6 is therefore primarily driven by the prevalence
f rising SFHs in early galaxies. While this complicates the use of
ormalization alone as a diagnostic of star formation variability, the
catter around the SFMS provides a more direct probe of burstiness
see Section 5.1 ). In future work (Bevins et al. (in preparation)),
e will build on this analysis by forward modelling the scatter as a

unction of taverage , enabling tighter constraints on the PSD and the
emporal coherence of star formation in the high-redshift Universe. 

.5 Comparison of our SFMS to literature 

e now compare our obtained SFMS (equation 2 and Table 1 , using
SFR10 ) with other studies in the literature, both at the same redshift
nd lower redshifts. In the comparison, we focus on the normalization
f the SFMS (Fig. 6 ) and the slope that describes the stellar mass
ependence (Fig. 7 ). Specifically, we compare our SFMS to z < 7
tudies by A. Renzini & Y.-j. Peng ( 2015 ), I. Shivaei et al. ( 2015b ),
. Leja et al. ( 2022 ), L. Sandles et al. ( 2022 ), and L. Clarke et al.
 2024 ), as well as the results from J. S. Speagle et al. ( 2014 ) and
. Popesso et al. ( 2023 ), which are both based on compilations of
FR measurements 3 up to z = 6. A. Renzini & Y.-j. Peng ( 2015 ) and
. Shivaei et al. ( 2015b ) derived SFRs from H α luminosities using
almer decrement-based dust corrections for local SDSS galaxies
nd Multi-Object Spectrometer for Infrared Exploration (MOSFIRE)
bservations for galaxies at z ∼ 2, respectively. J. Leja et al. ( 2022 )
erived their SFMS from SED fitting with the PROSPECTOR code,
ocusing on galaxies at 0 . 5 < z < 3, while L. Sandles et al. ( 2022 )
sed SED fitting with BEAGLE (J. Chevallard & S. Charlot 2016 )
o derive the SFMS at 1 . 25 < z < 6. Finally, we include the recent
NRAS 544, 4551–4575 (2025)

 Both the J. S. Speagle et al. ( 2014 ) and the P. Popesso et al. ( 2023 ) relations 
ave been shifted by a factor of −0.34 dex, as suggested by A. E. Shapley 
t al. ( 2023 ), to account for SFR conversions. 

D  

s  

t  

w  

t  
easurements by L. Clarke et al. ( 2024 ), based on ∼ 150 galaxies at
 . 4 < z ≤ 7, who used Balmer line luminosity, SED fitting, and UV
uminosity to derive SFRs. 

Fig. 6 compares the normalization of the SFMS from this work
sing sSFR10 at fixed stellar mass of log( M� /M�) = 10 . 0 (for both the
complete’ and ‘complete + partially complete’ samples, extrapolated
o z = 0) to other selected results from the literature. We provide an
pdated SFMS prescription (indicated with the thick blue line) from
 = 0 to 9, which slightly flattens the redshift evolution, particularly
t z > 3 (with μ ≈ 2 . 08). We find overall good agreement between
ur and the literature values, with offsets of less than 0.3 dex, which
an be attributed to varying stellar mass and SFR measurement
ethods. In particular, L. Sandles et al. ( 2022 ) find a redshift

volution of μ = 2 . 40 ± 0 . 18, which is consistent with our work.
e also compare our results to simulations by W. McClymont et al.

 2025a ) and S. Tacchella et al. ( 2016a ), and find that our SFMS
atches the predictions from these models. Moreover, we find that

he normalization of the SFMS follows the specific dark matter
ccretion rate from E. Neistein & A. Dekel ( 2008 ; see also S. J.
illy et al. 2013 ), in agreement with the conclusions from L. Sandles
t al. ( 2022 ). 

Fig. 7 shows the slope of the SFMS as a function of redshift from
ur work and estimates from the literature. We define SFMS slope as
he slope of the logarithmic relation between SFR10 and stellar mass
e.g. SFR ∝ Mα

� , where α = 1 + β with β from equation 2 ). Since
he SFMS slope is significantly more affected by sample selection
nd completeness than the SFMS normalization, it is not surprising
hat we find a larger scatter in values from the literature. Specifically,
e note that many observational studies derive a slope to the M� –SFR

elation that is less than 1 (e.g. α ≈ 0 . 7 − 0 . 9; J. S. Speagle et al.
014 ; L. Sandles et al. 2022 ; P. Popesso et al. 2023 ; L. Clarke et al.
024 ), which would be negative in M� –sSFR (e.g. β < 0). We define
ur conservative completeness cut based on where the slope in M� –
SFR starts to become negative. Indeed, mass incompleteness leads
o a shallower derived slope of M� –SFR: discrepancies in the SFMS
hape at z < 6 can be explained by stellar mass incompleteness and
ample biases, with lower mass galaxies being under-represented
as demonstrated in W. McClymont et al. 2025a ). We demonstrate
he difference in the derived slopes if we push to 108 M� into the
partially complete’ regime, which yields a slope of 0.85 (compared
o 1.03 in the complete regime). 

 SCATTER  O F  T H E  SFMS  

eyond the average relation between SFR and stellar mass, the scatter
round the SFMS encodes valuable information about the diversity of
alaxy growth histories and the stochasticity of mass assembly across
osmic time. Previous studies have found intrinsic scatter values
hat slightly vary with redshift and stellar mass, with σint ≤ 0 . 5 dex
P. S. Behroozi, R. H. Wechsler & C. Conroy 2013 ; P. Kurczynski
t al. 2016 ; L. Sandles et al. 2022 ), while others report little-to-no
ependence on stellar mass ( σint ∼ 0 . 2 − 0 . 3 dex; D. Elbaz et al.
007 ; K. G. Noeske et al. 2007 ; C. Schreiber et al. 2015 ). We stress
hat these studies mostly focused on massive galaxies, above 109 M�.
urstiness of star formation tends to be associated with low stellar
asses (D. R. Weisz et al. 2012 ; K. Guo et al. 2015 ) due to the

elative importance of stellar feedback (G. S. Stinson et al. 2007 ; T.
ome et al. 2024 ). In low-mass galaxies, this has been attributed to

hallow gravitational potentials being unable to retain their ISM after
he onset of stellar (e.g. SNe) feedback (P. F. Hopkins et al. 2023 ), as
ell as to the inherently stochastic nature of star formation driven by

he finite lifetimes of GMCs and their discrete sampling (S. Tacchella
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Figure 8. Histograms showing the distance to the SFMS, 
MS , using the star formation averaged in the past 10 Myr (shown as thick black dashed lines in Fig. 
5 ), as function of redshift bin up to z = 8. We define four stellar mass bins, at log( M� /M�) = 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 
MS at each redshift, 
for log( M� /M�) = 8.0. Although composed of very few galaxies ( < 100 in total), the histograms tend to have a tail towards the lower values and thus cannot be 
described appropriately by a Gaussian distribution. 

Figure 9. Intrinsic scatter of the SFMS, σint , as a function of redshift and stellar mass, as indicated in the legend, where σint =
√ 

σ 2 
obs − σ 2 

SED . Only bins with 

at least 30 galaxies are shown. The intrinsic scatter decreases as averaging time-scales increase for every mass and redshift bin studied, from σint ≈ 0 . 4 − 0 . 5 
at 10 Myr down to σint ≈ 0 . 2 at 100 Myr. This behaviour is expected when star formation is bursty, as averaging over longer time-scales smooths out episodic 
bursts and (mini-)quenching events, reducing the scatter in the SFRs. 
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t al. 2020 ). The increase of burstiness with redshift has been
ttributed to increasingly stochastic IGM inflow (W. McClymont 
t al. 2025a ), but also may be due to the shorter dynamical time-
cales of high-redshift galaxies (C.-A. Faucher-Giguère 2018 ; S. 
acchella et al. 2020 ). In support of the relation between bursty star
ormation and scatter of the SFMS, several works have found the
MNRAS 544, 4551–4575 (2025)
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Figure 10. Intrinsic scatter of the SFMS, σint , as a function of redshift, for three selected averaging time-scales, from left to right: 10, 50, and 100 Myr. Only 
bins containing at least 30 galaxies are shown. As expected, σint decreases as time-scales increase. Interestingly, we observe no strong dependence of σint on 
redshift. 
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catter to be higher for low-mass galaxies, both in observations (G.
auffmann 2014 ; D. R. Weisz et al. 2014 ; P. Santini et al. 2017 ;
. A. Boogaard et al. 2018 ; H. Atek et al. 2022 ; Y. Asada et al.
024 ; J. W. Cole et al. 2025 ) and simulations (S. Shen et al. 2014 ; A.
omı́nguez et al. 2015 ; K. G. Iyer et al. 2020 ; W. McClymont et al.
025a ). We note that this mass dependence is not always observed.
or example, P. Kurczynski et al. ( 2016 ), focusing on z ∼ 0 . 5 − 3,
o not find a significant dependence of the intrinsic scatter on stellar
ass. However, they cannot rule out this behaviour since the smallest

veraging time-scale they study is ∼ 100 Myr, which would smooth
ut bursty star formation on shorter time-scales. Interestingly, some
tudies argue for an increase of the scatter as a function of stellar mass
or galaxies with log( M� /M�) = 10 . 0 − 11 . 5 (K. Guo, X. Z. Zheng
 H. Fu 2013 ; P. Popesso et al. 2019a , b ; S. Sherman et al. 2021 ; J.
. Cole et al. 2025 ), but we caution that low-number statistics and

hat quenching of star formation in massive galaxies could contribute
o boosting the scatter (K. E. Whitaker et al. 2014 ; N. Lee et al. 2015 ;
. R. Tomczak et al. 2016 ; W. M. Baker et al. 2025b ). This mass

ange is outside of the scope of this work, since we do not have the
tatistics to study this stellar mass bin at all redshifts. 

.1 Estimating the scatter of the SFMS 

o estimate the scatter of the SFMS as a function of redshift and
tellar mass, we define four stellar mass bins as follows: 

(i) A: 8 . 0 ≤log( M� /M�) ≤ 8 . 5. 
(ii) B: 8 . 5 < log( M� /M�) ≤ 9 . 0. 
(iii) C: 9 . 0 < log( M� /M�) ≤ 9 . 5. 
(iv) D: 9 . 5 < log( M� /M�) ≤ 10 . 0. 

Since we do not have any galaxies in bin D at z > 8, we only focus
n redshift bins up to z = 8. We calculate the logarithmic distance
o the SFMS fits, 
MS , for each time-scale (given by inserting the
est-fitting parameters in Table 1 into equation 2 ), as a function of
edshift and stellar mass bins. The resulting histograms for sSFR10 

re shown in Fig. 8 , where the hatched grey area shows the time-
cale-dependent maximum SFR limit (SFRmax = M� /taverage ). The
umber of galaxies in each stellar mass bin is shown per redshift bin.
s can be seen, the distributions tend to have a tail towards lower
MS values. Moreover, we are likely missing galaxies in this region

R. Feldmann 2017 ). Although the number of galaxies that compose
hese tails is small ( < 100 galaxies in total), they have the effect
f making the distributions non-Gaussian. Therefore, in order to
btain the observed scatter of the SFMS, we mirror these distributions
round zero (which has been shown to be a good estimation by
NRAS 544, 4551–4575 (2025)
. McClymont et al. 2025a ) and define the observed scatter, σobs ,
s the standard deviation of the now Gaussian distributions (see
ppendix B ). 
After obtaining σobs , we estimate the intrinsic scatter, σint , by

ubtracting the uncertainties on stellar mass and SFR from SED
odelling in quadrature, and obtain errors by bootstrapping the

istributions 100 times each. The SED errors, which are obtained
y averaging the uncertainties inferred by PROSPECTOR per stellar
ass and redshift bin, vary between ≈ 0 . 1 − 0 . 3 dex: they decrease

s a function of averaging time-scale and increase as a function of
edshift. We note that these errors do not account for systematics such
s outshining. In Fig. 9 , we show the intrinsic scatter obtained after
ollowing the steps described above, for bins where we have at least
0 galaxies. As expected, the intrinsic scatter decreases as a function
f averaging time-scale from σint ≈ 0 . 4 − 0 . 5 at 10 Myr to σint ≈ 0 . 2
t 100 Myr, for all bins studied, with slight variations depending on
he stellar mass analysed, in agreement with previous studies (e.g.
. Elbaz et al. 2007 ; J. W. Cole et al. 2025 ). Fig. 10 shows σint for

hree different lookback times as a function of redshift, from left to
ight: 10, 50, and 100 Myr for bins containing at least 30 galaxies. As
xpected, the scatter decreases as the averaging time-scales increase,
rom ∼ 0 . 4 to ∼ 0 . 2. Our measurements provide a robust constraints
n the intrinsic scatter of the SFMS across a wide stellar mass range
t z = 3 − 8, based on homogeneous, high-quality photometry. We
nd no strong trend in the scatter with redshift, indicating a relatively
table level of variability in star formation over this epoch. However,
e do observe a weak mass dependence, with slightly larger scatter at

ower stellar masses at shorter time-scales. These findings are broadly
onsistent with theoretical expectations (e.g. W. McClymont et al.
025a ). 

.2 Constraint on star formation burstiness 

e estimate short-term burstiness, σST , by measuring the difference
n the intrinsic scatter of the SFMS between averaging time-scales of
0 and 50 Myr, thereby isolating the contribution from rapid, short-
erm processes on time-scales of 10 Myr to the ones on time-scales
f 50 Myr: 

ST =
√ 

σ 2 
10 , int − σ 2 

50 , int , (3) 

s in W. McClymont et al. ( 2025a ). 
Fig. 11 shows the short-term burstiness, σST , as a function of

edshift for the four stellar mass bins defined above. This quantity
epresents the first robust measurement of burstiness imprinted onto
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Figure 11. Short-term burstiness, σST , defined as the difference between the 
intrinsic scatter of the SFMS between a lookback 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 σST decreases between 
z = 3 and 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 lookback times of 10 
and 100 Myr instead. 

S
t  

a
a
(  

o  

s  

T
o
s

 

p
2  

σ

e
b
s
p
–
p
s
m
U

5

I  

i  

m  

l
t

g  

M  

2  

o  

W  

b  

t
 

i
s
i
t  

s
P  

D  

u

t

g  

h
&  

H  

fi  

l  

t  

T
w  

s  

i
 

t  

m  

c
t
c
q

 

g  

t
t  

s
o

6
F

W  

t  

e
k
a  

w
t
t

6

S  

a  

C  

e  

C  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/4/4551/8316131 by guest on 24 February 2026
FMS scatter, specifically isolating the contribution from rapid fluc- 
uations in star formation. We find that σST ≈ 0 . 2 − 0 . 4 dex across
ll redshifts and mass bins, indicating that short-term variability is 
 significant and persistent feature of galaxy growth during EoR 

 z = 3 − 8). While there is no strong trend with stellar mass, we
bserve that the lowest mass bin (8 . 0 ≤log( M� /M�) ≤ 8 . 5) shows
ystematically higher short-term burstiness, with a dip at z = 6 − 7.
he significance and origin of this feature remain uncertain due to 
bservational limitations, and we caution that its interpretation is 
peculative. 

Interestingly, a similar dip in σST at z ∼ 6 − 7 has been re-
orted in the THESAN-ZOOM simulations (W. McClymont et al. 
025a ), where it arises despite a decrease in the overall scatter
int, 10 with redshift. Thanks to the ability to disentangle differ- 
nt sources of variability, these simulations show that short-term 

urstiness is primarily driven by internal processes (e.g. feedback, 
tochastic star formation), but that externally driven variability –
articularly fluctuations in inflow from the circumgalactic medium 

becomes increasingly important at higher redshift. This sup- 
orts the interpretation that while internal processes dominate 
hort-term variability, the slight increase in σST at early times 
ay reflect more rapid and stochastic gas accretion in the early 
niverse. 

.3 Investigating the long-term variability of the SFMS 

n the previous analysis of the SFMS scatter, we have assumed that
ndividual galaxies evolve about the same SFMS and the scatter is

ainly caused by fluctuations on time-scales of tens of Myr. We now
ook into whether galaxies evolve about the SFMS on even longer 
ime-scales (e.g. 100s of Myr), which basically would imply that 
alaxies do not evolve around a single SFMS (S. G. Patel et al. 2009 ;
. D. Gladders et al. 2013 ; D. D. Kelson 2014 ; L. E. Abramson et al.

016 ; A. Paulino-Afonso et al. 2020 ; E. Wang & S. J. Lilly 2020 ). In
rder to assess this, we follow L. E. Abramson et al. ( 2016 ), and J. T.
an et al. ( 2024 , 2025 ) and plot the inferred stellar age, as measured

y the half-mass assembly time, t50 , as a function of the distance of
he SFMS, 
MS , in Fig. 12 . 

The left panel of Fig. 12 shows the relation between t50 and 
MS for
ndividual galaxies in our sample, with colours indicating different 
tellar mass bins. Before interpreting these trends, we caution that t50 

s a particularly challenging quantity to constrain. This is especially 
rue for galaxies with rising SFHs, where the light from younger
tellar populations can outshine the contribution of older stars (C. 
apovich et al. 2023 ; S. Tacchella et al. 2023 ; R. Endsley et al. 2024 ;
. Narayanan et al. 2024 ; C. Witten et al. 2025 ), leading to large
ncertainties in the inferred stellar ages. 
We identify two tentative trends in the t50 − 
MS plane. First, 

50 appears to be anticorrelated with 
MS , such that, on average, 
alaxies lying above the SFMS tend to be younger. Similar be-
aviour has been reported in previous studies (e.g. D. Langeroodi 
 J. Hjorth 2024 ; P. Rinaldi et al. 2025 ; J. T. Wan et al. 2025 ).
owever, this correlation is very weak, as indicated by the best-
t relation shown in the right panel of Fig. 12 . For galaxies with

og( M� /M�) > 8 . 0, the median stellar age changes by less than a fac-
or of two when moving from 1 dex below to 1 dex above the SFMS.
he trend becomes significant only for the lowest mass galaxies, 
here the age differences are more pronounced, but note that the

teepness of the lower mass bin is potentially due to stellar mass
ncompleteness. 

Secondly, when dividing our sample into stellar mass bins, we find
hat more massive galaxies tend to have older stellar populations. The

edian ages of each mass bin, shown in Fig. 12 , further support the
onclusion that higher mass galaxies are typically older. In addition, 
he fraction of galaxies with low 
MS increases with stellar mass, 
onsistent with a larger proportion of massive systems undergoing 
uenching. 
In summary, we find a broadly consistent picture in which younger

alaxies tend, on average, to lie above the SFMS, likely reflecting
he impact of recent starburst episodes in these systems. However, 
he overall correlation between stellar age and SFMS offset is weak,
uggesting that short-term fluctuations in star formation dominate 
ver longer term evolutionary trends. 

 CONSEQUENCES  O F  BURSTY  STAR  

O R M AT I O N  AC RO SS  COSMI C  TI ME  

e have shown that the SFMS can be parametrized up to z = 9, and
hat SFHs are in general bursty across cosmic time. In this section, we
xplore the consequences and implications of this result on three 
ey points: (1) the observed overabundance of UV-bright galaxies 
t z > 10, (2) the considerations that should be taken into account
hen estimating the mass completeness limits of samples, and (3) 

he connection between bursty star formation and the reionization of 
he Universe. 

.1 Implications at z > 10 

ince the launch of the JWST , several galaxies have been observed
t z > 10 (M. Castellano et al. 2022 ; R. P. Naidu et al. 2022 ; E.
urtis-Lake et al. 2023 ; C. T. Donnan et al. 2023 ; S. L. Finkelstein
t al. 2023 ; Y. Harikane et al. 2023 ; B. E. Robertson et al. 2023 ;
. M. Casey et al. 2024 ; F. D’Eugenio et al. 2024 ; K. N. Hainline
MNRAS 544, 4551–4575 (2025)
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Figure 12. Relation between stellar age (e.g. half-mass assembly time, t50 ) and distance from the SFMS, 
MS , using sSFR10 . Left panel: scatter plots for 
different stellar mass bins, as indicated in the legend. The lower cut-off in t50 is due to the minimum lookback time in the SFH (5 Myr). The vertical dashed line 
shows 
MS = 0, while the vertical filled lines delimit the region where −1 ≤ 
MS ≤ 1. The horizontal dotted lines show the age of the Universe at z = 3 and 
9. There are two tentative trends that arise in this figure. First, a relation between the position of the galaxies on the SFMS and their age, suggesting that (on 
average) younger galaxies lie above the SFMS. Secondly, as stellar mass increases, galaxies are typically older and can reach lower 
MS values (possibly due to 
quenching). Right panel: best-fitting 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 
MS . 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( M� /M�) = 7 . 0 − 8 . 0 
is potentially due to stellar mass incompleteness in that bin. Finally, the markers show the median t50 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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t al. 2024 ; Y. Harikane et al. 2024 ; D. J. McLeod et al. 2024 ; B.
ang et al. 2024 ; V. Kokorev et al. 2025 ; R. P. Naidu et al. 2025 ;

. M. Helton et al. 2025b ). These observations have challenged our
nderstanding of galaxy evolution, since measurements of the UV
uminosity function (e.g. S. L. Finkelstein et al. 2023 ; N. J. Adams
t al. 2024 ; C. T. Donnan et al. 2024 ; B. Robertson et al. 2024 ;
. Whitler et al. 2025 ) have revealed a potential overabundance of
V-bright galaxies in the early Universe, when compared to model
redictions. Some ways to reconcile theory with observations are to
nvoke significantly increased burstiness in galaxies at z > 9, high
tar formation efficiencies and suppressed feedback in these galaxies
A. Dekel et al. 2023 ; Z. Li et al. 2024 ), low dust attenuation as
edshift increases (A. Ferrara, A. Pallottini & P. Dayal 2023 ), AGN
ctivity (which has been detected at z > 10, see e.g, R. Maiolino
t al. 2024 ; J. Scholtz et al. 2024 ), or a top-heavy IMF (A. Trinca
t al. 2024 ; V. Mauerhofer et al. 2025 ). Our focus here is variations in
FRs that arise from bursty SFHs can lead to strong UV variability
hich could, in turn, explain the observed overabundance of UV-
right galaxies at z > 10. In brief, high-redshift galaxies could be
pscattered due to a recent burst in star formation, making them bright
nough to dominate the bright end of the UV luminosity function
K. Ren, M. Trenti & C. A. Mason 2019 ; C. A. Mason, M. Trenti &
. Treu 2023 ; J. Mirocha & S. R. Furlanetto 2023 ; J. B. Mu˜ noz et al.
023 ; X. Shen et al. 2023 ). 
At z < 9, galaxies have SFHs that are consistent with being bursty

e.g. R. Endsley et al. 2023 ; Y. Asada et al. 2024 ; C. Simmonds
t al. 2024a ; T. J. Looser et al. 2025 ; J. W. Cole et al. 2025 ; W.
. Baker et al. 2025a ). In this work, we explicitly demonstrate

hat galaxies at z = 3 − 9 exhibit bursty SFHs, as evidenced by
xcess star formation variability on 10 Myr time-scales compared
NRAS 544, 4551–4575 (2025)
o 50 Myr. Furthermore, we provide a quantitative measurement of
his variability, as shown in Fig. 11 . In order to assess whether our
nferred star formation variability is enough to explain the abundance
f UV-bright galaxies at z > 10, we perform a comparison with the
odel by A. Kravtsov & V. Belokurov ( 2024 ), where stochasticity of

tar formation is introduced in order to reproduce the observed UV
uminosity functions at z ≈ 11 − 13 and ≈ 16. They find that their
odel can successfully reproduce stellar masses and UV luminosities

t those redshifts, after adopting only a modest lever of stochasticity
f SFRs. Importantly, their models predict that the ratio between
he SFRs averaged over 10 and 100 Myr ( R ≡ SFR10 /SFR100 ) should
ncrease with redshift. This increase can be interpreted as galaxies
ecoming more bursty in the early Universe, and having on average
ising SFHs. Fig. 13 shows the predictions from A. Kravtsov & V.
elokurov ( 2024 ), computed at z = 5 and 7, along with galaxies

n redshift bins around these values, as indicated in the title of each
anel. The grey circles show our PROSPECTOR -inferred measurements
or all the galaxies in our original sample (i.e. without making a cut
n stellar mass). The white points and error bars show the medians
er UV magnitude bin (from MUV = −16 to −24), plotted at the
edian MUV of each bin. The errors reflect the number of galaxies

ontained in each bin. Finally, the blue curve and the shaded areas
epresent the extrapolated models with their corresponding 68 and
5 percentiles. As can be seen in the figure, our median PROSPECTOR -
nferred measurements per MUV bin are within the range of the model
redictions. Moreover, the models predict an increase in R from z = 5
o 7 by a factor of ≈ 1 . 2 ± 0 . 2, while our measurements of R increase
y a factor of ≈ 1 . 6 ± 0 . 5. Therefore, we find that the predictions
rom A. Kravtsov & V. Belokurov ( 2024 ) are consistent with this
ork at z < 9. 
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Figure 13. Ratio of SFRs averaged over 10 and 100 Myr, respectively ( R ≡ SFR10 /SFR100 ), 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 time-scale ( 1 
taverage 

). 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 SFR10 /SFR100 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 A. Kravtsov & V. Belokurov ( 2024 ), with their 68 and 98 
percentiles, computed at z = 5 and 7, respectively. We find that the models are able to reproduce our PROSPECTOR -inferred values. 
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We investigate the UV variability by measuring σUV , which 
escribes the scatter in MUV at fixed stellar mass. It should be 
mphasized that σUV can encapsulate information beyond burstiness 
f star formation. For example, it includes the scatter in the M� –
halo conversion (since in some models σUV is defined at fixed 

alo mass), the long-time-scale diversity of SFHs at a fixed stellar
ass, and the translation from SFHs to UV luminosities. The latter 

ontains possible scatter from metallicity, nebular contribution, IMF 

ariations, SFH assumptions, and, importantly, dust attenuation. 
herefore, a large σUV does not necessarily mean burstier SFHs, 
ince it can arise from several other factors. 

Fig. 14 shows the dust-corrected σUV as a function of stellar mass
or two redshift bins, 3 ≤ z ≤ 6 and 6 < z ≤ 9. The grey shaded area
epresents the minimum σUV from X. Shen et al. ( 2023 ), needed to
atch observational constraints at z ∼ 9, and the lower and upper 

oundaries show σUV with and without dust corrections, respectively. 
or comparison, and motivated by the agreement of the A. Kravtsov 
 V. Belokurov ( 2024 ) models with our galaxy properties, we

nclude the σUV needed in their work in order to reproduce the 
bserved UV luminosity functions at 5 < z < 10 ( σUV ≈ 0 . 75), and
t 11 < z < 13 ( σUV ≈ 1 − 1 . 3), as blue dotted lines and shaded
rea. We find σUV ≈ 0 . 75 for our dust-corrected measurements in 
oth redshift bins, with little-to-no dependence on stellar mass. This 
esult agrees remarkably well with the minimum σUV from X. Shen 
t al. ( 2023 ) and the predictions including stochastic star formation
rom A. Kravtsov & V. Belokurov ( 2024 ), as well as the simulation-
ased studies from A. Pallottini & A. Ferrara ( 2023 ) and V. A.
emenov, C. Conroy & L. Hernquist ( 2025 ), in our redshift range
for a compilation of simulation results for high-redshift galaxies as a 
unction of halo mass, see fig. 4 of X. Shen et al. 2024 ). Moreover, W.

cClymont et al. ( 2025a ) use THESAN-ZOOM simulated galaxies 
o measure the UV variability up to z = 15 (without accounting
or dust attenuation), and find that at z > 6 their σUV converges to

0 . 75. Importantly, if we combine our estimations at 3 < z < 9
ith their measurements at 9 < z < 15, we find a consistent picture
f σUV ≈ 0 . 75, with virtually no redshift evolution (a result that
s also in agreement with other studies, e.g. L. Ciesla et al. 2024 ;

. Shuntov et al. 2025 ). W. McClymont et al. ( 2025a ) explain this
ehaviour due to the UV tracing long-term scatter, which is only
ntroduced as cosmic time increases. 

To understand if the JWST observations at z > 10 can be explained
y the UV variability, we show the analytic scatter estimated by V.
elli, C. Mason & C. C. Hayward ( 2024 , grey dot–dashed line),
hich is needed to reproduce UV luminosity functions up to z = 14
hen adopting the THESAN-ZOOM star formation efficiency, as 

hown in X. Shen et al. ( 2025 ). A comparison between our estimated
UV and the measurements from W. McClymont et al. ( 2025a ), with

he X. Shen et al. ( 2025 ) limit, suggests that additional scatter is
eeded at lower stellar masses to explain the overabundance of 
bserved UV-bright galaxies at z > 10. Thus, we find that the UV
ariability we measure at z = 3 − 9 is not enough to explain the UV
uminosity functions at z > 10 (see also C. Carvajal-Bohorquez et al.
025 ). Possible ways to address this issue include, for example, to
nvoke a top-heavy IMF (X. Shen et al. 2023 ; V. Mauerhofer et al.
025 ), variable star formation efficiencies (A. Dekel et al. 2023 ; R.
. Somerville et al. 2025 ), or a UV variability that evolves strongly
ith redshift (A. Kravtsov & V. Belokurov 2024 ). Additionally, our
easurements at the lowest stellar masses may underestimate the 

rue effect due to sample incompleteness. 

.2 Implications on stellar mass completeness 

n Section 3.2 , we estimate the stellar mass completeness of our
ample assuming constant mass-to-light ratios for a fixed F 444 W
agnitude. We argue that this is a lower limit, and define partially

omplete and complete regions based on the shape of the sSFR
s a function of stellar mass (see Fig. 4 ). By analysing the scatter
f the SFMS, we find that SFHs are bursty on average, but more
o at low stellar masses. Therefore, in this section, we explore the
MNRAS 544, 4551–4575 (2025)
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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 time-scales, 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 

X. Shen et al. ( 2023 ), its lower (upper) bound represents dust corrected 
(uncorrected) values. The blue dotted horizontal lines and region show 

the σUV needed to reproduce UV luminosity functions at 5 < z < 10 and 
11 < z < 13 from A. Kravtsov & V. Belokurov ( 2024 ), when a moderate 
amount of stochasticity in star formation is introduced. The diamonds and 
pentagon show the σUV values for 9 < z < 15 from W. McClymont et al. 
( 2025a ). Finally, the dot–dashed grey line shows the analytic scatter estimated 
by V. Gelli et al. ( 2024 ), that was shown to reproduce the JWST observations 
up to z = 14, when THESAN-ZOOM star formation efficiencies are adopted 
(X. Shen et al. 2025 ). We find that our dust corrected UV variability converges 
at ≈ 0 . 75, in tight agreement with the σmin 

UV from X. Shen et al. ( 2023 ) and 
the models from A. Kravtsov & V. Belokurov ( 2024 ). However, more UV 

variability is required at lower stellar masses in order to explain the observed 
overabundance of UV-bright galaxies at z > 10. 
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mplications that bursty star formation has on estimations of stellar
ass completeness. 
We have shown in Fig. 2 that PROSPECTOR can predict H α and

O III ]λ5007 emission line fluxes for a subsample of galaxies with
WST NIRSpec measurements from JADES, which means that recent
FRs can also be reliably estimated for these galaxies. Although
romising, this result is based on a subsample composed of galaxies
ith detectable emission lines, and as such, is not representative
f the entire galaxy population. Before making conclusions about
tellar mass completeness methods, we first investigate if the partially
omplete region is due to PROSPECTOR limitations. Specifically, we
onsider if the code struggles with retrieving SFHs (and therefore,
FRs) when stellar masses and SFRs are low. In order to test this, we
roduce mock observations for two galaxies with log( M� /M�) ≈ 7 . 5,
ith no recent star formation, and at the extremes of our redshift

ange. We decide to select a stellar mass below our derived stellar
ass completeness limits to ensure the reliability of our method. The

esults are shown in Appendix C , and demonstrate that PROSPECTOR

an indeed recover declining SFHs for low-mass galaxies even in
he absence of medium-band photometry. Therefore, the partially
omplete region cannot be explained by limitations in our SED
odelling routine. 
NRAS 544, 4551–4575 (2025)
After demonstrating that PROSPECTOR can retrieve galaxy proper-
ies remarkably well at the masses and redshifts used in this work, we
ow focus on the behaviour of the mass-to-light ratio of the galaxies
n our sample, for a given stellar mass. Fig. 15 shows this ratio for
alaxies with log( M� /M�) = 8 . 0 − 8 . 5, which is well represented at
ll redshifts studied here. For each redshift, we divide galaxies into
hree bins depending on their distance to the SFMS. In particular,
e show galaxies above ( 
MS ≥ 0 . 5), on ( −0 . 5 < 
MS < 0 . 5), and
elow ( 
MS ≤ −0 . 5) this relation. We find that the mass-to-light ratio
aries as a function of 
MS for a given stellar mass, and thus, that the
ssumption that the galaxies at the magnitude limit have the same
ass-to-light ratio as the galaxies below it might be too simplistic

Section 3.2 ). As a consequence, the stellar mass completeness limits
erived under this assumption are optimistic and should be used with
aution, especially when star formation is bursty in nature (G. Sun
t al. 2023a ). 

The process of fitting the SFMS is highly sensitive to the stellar
ass completeness of the sample. If low-mass galaxies with low
FRs are missed, then the overall effect is that sSFRs depend
egatively on stellar mass, since the relation becomes dominated
y low-mass galaxies with recent star formation. This is illustrated
y the piecewise fits in Fig. 5 , which show that the slope of the
elation between sSFR and stellar mass becomes negative when
dopting the stellar mass limits derived following L. Pozzetti et al.
 2010 ). W. McClymont et al. ( 2025a ) study the implications that
his observational bias has on the shape and evolution of the SFMS.
nterestingly, they find that when the stellar mass completeness is
ot properly assessed, the SFMS evolution with redshift is less steep,
imicking the flattening seen in z < 6 observational studies such as

. S. Speagle et al. ( 2014 ) and P. Popesso et al. ( 2023 ). 
In this work, we fit the SFMS in the stellar mass range where the

SFR for each time-scale is flat (see Fig. 4 ). Presenting an alternative
ass completeness estimation method is outside of the scope of

his study, however, we caution future observational studies to look
arefully into this subject when fitting the SFMS. Thanks to facilities
uch as the JWST , and large surveys like JADES, having statistical
amples of galaxies in the early Universe is now possible. 

.3 Implications for reionization 

ne of the major ongoing debates in cosmology is pinpointing which
ources are mainly responsible for ionizing the Universe by z ∼ 5 −
: star-forming galaxies or AGN. Before the launch of the JWST , the
ommunity widely agreed on young stars in star-forming galaxies as
eing the dominant source of ionizing photons in the early Universe
e.g. S. Hassan et al. 2018 ; J. Rosdahl et al. 2018 ; M. Trebitsch et al.
020 ; J. Chisholm et al. 2022 ). However, ever since the launch of this
elescope, a population of low luminosity AGN has been unveiled
I. Juodžbalis et al. 2023 ; R. Maiolino et al. 2024 ; H. Übler et al.
024 ), reigniting this debate. Although most works find that AGN
re subdominant to the reionization process (P. Dayal et al. 2025 ; D.
iang et al. 2025 ; S. Asthana et al. 2025 ), some find the opposite (see
.g. A. Grazian et al. 2024 ; P. Madau et al. 2024 ). In the context of
tar-forming galaxies as the main agents of reionisation, faint low-
ass galaxies with bursty SFHs have been proposed to be key agents

uring the EoR (e.g. L. T. C. Seeyave et al. 2023 ; P. Rinaldi et al.
024 ; C. Simmonds et al. 2024a , b ; N. Choustikov et al. 2025 ), but
ee also R. P. Naidu et al. ( 2020 ). It is important to highlight that for
alaxies to be able to ionise the Universe, the LyC radiation produced
n their interiors must escape the ISM to reach the IGM. High LyC
scape fractions ( fesc ) have been directly observed (e.g. S. Borthakur
t al. 2014 ; E. Vanzella et al. 2018 ; Y. I. Izotov et al. 2021 ; J. Kerutt
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Figure 15. Mass-to-light ratio for galaxies with log( M� /M�) = 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 ( 
MS ≥ 0 . 5, orange), on ( −0 . 5 < 
MS < 0 . 5, purple filled), and below ( 
MS ≤ −0 . 5, red hatched) the 
relation, respectively. We find a clear dependence of the mass-to-light ratio on 
MS , 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� /M�) ≈ 8 . 1 − 9 . 0 is only partially complete. 
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t al. 2024 ), but usually not in large samples (E. Leitet et al. 2013 ;
. Leitherer et al. 2016 ; C. C. Steidel et al. 2018 ; S. R. Flury et al.
022 ). Moreover, this radiation can only be measured up to z ∼ 5 due
o the increasingly neutral IGM (P. Madau 1995 ; A. K. Inoue et al.
014 ), making fesc the most elusive ingredient in studies regarding 
he sources responsible for the EoR. 

A common way to investigate which galaxies are responsible 
or the reionization of the Universe is through the ionizing photon 
roduction efficiency, ξion , given by the ratio between the ionizing 
hoton flux and the non-ionizing UV continuum luminosity. Given 
he challenges in measuring ionizing photons in galaxies, ξion is 
sually estimated by assuming Case-B recombination (i.e. no escape 
f ionizing radiation, ξion , 0 ). This property has been thoroughly 
nvestigated in the literature (e.g. R. J. Bouwens et al. 2016 ; A.
. Faisst et al. 2019 ; M. Stefanon et al. 2022 ; R. Endsley et al. 2023 ;
. Prieto-Lyon et al. 2023 ). Not surprisingly, ξion , 0 correlates with 
FR10 /SFR100 (C. Simmonds et al. 2023 ). In Fig. 5 , we show the
est fit to the SFMS using the SFR averaged over the past 10 Myr,
nd colour-coded by ξion , 0 . The resulting colour gradient that can be 
een indicates that this property also correlates with the distance to 
he SFMS, 
MS , where the galaxies that are more efficient producers 
f ionizing radiation are also the ones that lie above the SFMS,
nd are likely the type of galaxy dominating the ionization of the
niverse. 
Tying this work to the results from C. Simmonds et al. ( 2023 ,

024b ), through our study of the SFMS, we confirm that galaxies with
tellar masses log( M� /M�) = 8 . 0 − 10 . 0 have bursty star formation.

oreover, we find that galaxies with 8 . 0 ≤log( M� /M�) ≤ 8 . 5 have
 higher short-term scatter, indicating increased burstiness. There- 
ore, our work supports the scenario of low-mass galaxies with 
s
ursty star formation being responsible for the bulk of the ionizing
hoton budget in the early Universe. We expect our results can
e extrapolated to lower stellar masses, however, we caution that 
e are not complete below log( M� /M�) ∼ 8 . 0. Finally, in light of
ur new insights into stellar mass completeness, we re-fit the ξion 

elations from C. Simmonds et al. ( 2024b ) using only galaxies with
og( M� /M�) ≥ 9 . 0 and find that the main conclusions of the work
emain unchanged within errors, where ξion depends on redshift and 

UV as: 

log ( ξion ( z, M UV )) = ( −0 . 003 ± 0 . 015) z 

+ ( −0 . 019 ± 0 . 015)M UV + (24 . 882 ± 0 . 310) . 

his indicates that even though the SFMS is extremely sensitive to
he stellar mass completeness of the sample, studies on the ionizsing
roperties of galaxies can be performed using less conservative stellar 
ass completeness estimates. 

 C AV E ATS  A N D  LI MI TATI ONS  

he first and most important source of uncertainty in this work comes
rom the use of SED modelling, and the properties that are derived
rom this process. Importantly, it is challenging to measure individual 
FHs, since to do so it is necessary to break degeneracies between

ndicators of burstiness (such as SFR10 /SFR100 ) from parameters 
ike dust attenuation, metallicity, and ionisation parameter (B. D. 
ohnson et al. 2013 ; A. Broussard et al. 2019 ). Although, we note that
id-infrared observations obtained with MIRI can aid in estimating 

hysical properties of galaxies at high-redshift star-forming galaxies 
J. M. Helton et al. 2025a ). In a recent work, B. Wang et al. ( 2025 )
tudy the recovery of SFRs when adopting different SFH priors, 
MNRAS 544, 4551–4575 (2025)



4568 C. Simmonds et al.

M

a  

b  

t  

t  

c  

z  

f  

E  

2
 

a  

2  

b  

a  

b  

g  

2  

p  

u  

a  

w  

2  

i  

I  

w  

p  

m  

r  

i  

i  

A  

a
 

l  

a  

M  

J  

f  

e  

i  

l  

B  

r  

F  

m  

e
 

u  

f  

s  

a  

p  

S  

r  

o  

o  

s  

m
 

t  

t  

g

8

I  

i  

c  

P  

b
8  

r  

s  

w  

t

 

e  

S
 

s  

c  

E  

w  

2
 

S  

s  

r
 

(  

t  

m  

i  

Z  

fl  

z

 

i  

I  

i
 

w  

m  

g  

t  

S
 

o  

g  

i  

a  

f  

s
 

c  

a  

t  

a

 

c  

I  

u  

i  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/544/4/4551/8316131 by guest on 24 February 2026
nd find that although SFRs averaged over the past 30 Myr can
e reasonable well recovered (with a median offset of ∼ 0 . 1 dex),
hat fluctuations at shorter time-scales are not well captured, and
hat bursty star formation must be taken into account. Besides these
omplications, SED-fitting codes struggle to find reliable SFHs at
 > 7 when older stellar populations are outshone by recent star
ormation (C. Papovich et al. 2023 ; S. Tacchella et al. 2023 ; R.
ndsley et al. 2024 ; D. Narayanan et al. 2024 ; C. Witten et al.
025 ). 
In addition to these difficulties, a prior for the SFH must be

ssumed. We adopt a non-parametric continuity prior (J. Leja et al.
019 ), consisting of eight bins of star formation, where the ratio
etween these bins is fit with a Student’s t -distribution prior with
 scale of 0.3. The latter means that some burstiness is allowed
etween adjacent bins, and that both star-forming and quenched
alaxies can be reproduced (J. Leja et al. 2019 ; B. D. Johnson et al.
021 ; P. Haskell et al. 2023 ), but that extreme solutions are not
referred. As a result, the burstiness found in this work might be
nderestimated, although the exact implications of using this SFH
re not here explored. Promisingly, the continuity SFH used in this
ork has been shown to be less prone to outshining (B. Wang et al.
025 ). Besides all the caveats introduced by the SED-fitting process
tself, as in C. Simmonds et al. ( 2024b ), we assume a Chabrier
MF, with a maximum stellar mass of 100 M�. This choice of IMF
as motivated by the size of the sample, in the hope of selecting a
rescription that represents the whole data set. However, this IMF
ight not be the best option if more extreme stellar populations are

equired (e.g. a top-heavy IMF, as in A. J. Cameron et al. 2024 ),
f the IMF depends on the physical properties of the gas in each
ndividual galaxy (M. Haslbauer et al. 2024 ; P. Kroupa et al. 2026 ;
. H. Zonoozi, H. Haghi & P. Kroupa 2025 ), or if the IMF evolves

s a function of cosmic time. 
Secondly, as mentioned in the previous section, ever since the

aunch of the JWST , a significant population of low-luminosity AGN
t high redshifts has been discovered (I. Juodžbalis et al. 2023 ; P.
adau et al. 2024 ; R. Maiolino et al. 2024 ; H. Übler et al. 2024 ;

. Scholtz et al. 2025 ). We removed the JWST MIRI selected AGN
rom J. Lyu et al. ( 2024 ) and the broad-line AGN from I. Juodžbalis
t al. ( 2025 ) to avoid contamination from these sources, however,
t is possible that our sample contains other AGN, which would
ead to our stellar masses being overestimated in these cases (J.
uchner et al. 2024 ). Unfortunately, it is virtually impossible to

eliably identify AGN with photometry alone (E. J. Wasleske & V.
. Baldassare 2024 ). As such, we caution the reader that our sample
ight contain AGN when their emission can be mimicked by stellar

mission. 
Finally, our work relies on photometric redshifts. In particular, we

se EAZY redshifts as priors for our PROSPECTOR fitting routine. The
ormer has been proven to yield accurate results for large JADES
amples using photometry as input (M. J. Rieke et al. 2023 ). In
ddition, the PROSPECTOR -inferred redshifts are in good (but not
erfect) agreement with spectroscopic redshifts from literature (C.
immonds et al. 2024b ). This indicates that overall our photometric
edshifts are reliable, but that some outliers are inevitably part
f this work. We stress that this outlier fraction is small (of the
rder of at most a few percent). Moreover, our imposed χ2 cut
hould ensure that the data are well reproduced by our best-fitting
odels. 
As a summary, although there are limitations to our methods since

hey rely on photometry, photometric redshifts, and SED modelling,
hey are – as much as possible – accurate and representative of the
alaxy population at 3 ≤ z ≤ 9. 
NRAS 544, 4551–4575 (2025)
 SUMMARY  A N D  C O N C L U S I O N S  

n this work, we have utilized NIRCam photometry of galaxies
n the GOODS-N and GOODS-S fields at redshifts 3 < z < 9,
ombined with galaxy properties inferred using the SED-fitting code
ROSPECTOR , to study the SFMS and its scatter. We define two regions
ased on stellar mass: a partially complete region (log( M� /M�) ≈
 . 1 − 10 . 3, with 18 344 galaxies) and a more conservative complete
egion (log( M� /M�) = 9 . 0 − 10 . 3, with 2989 galaxies). Given the
ensitivity of the SFMS shape to the stellar mass completeness limit,
e focus on fitting the SFMS in the complete region, extrapolating

o lower masses when considering scatter. 
Our main findings can be summarized briefly as: 

(i) The SED modelling code PROSPECTOR is able to retrieve
mission-line fluxes and SFHs reliably when adopting the continuity
FH prior, even in the absence of medium-band photometry. 
(ii) The redshift dependence of the SFMS at an averaging time-

cale of 10 Myr (sSFR10 ) is (1 + z)μ with μ = 2 . 30+ 0 . 03 
−0 . 01 , which is

lose to the sMAR onto dark matter for a 	 CDM cosmology in the
instein–deSitter regime (A. Dekel et al. 2013 ) and overall consistent
ith predictions from numerical simulations (e.g. S. Tacchella et al.
016a ; W. McClymont et al. 2025a ). 
(iii) The SFMS normalization varies in a complex way with the

FR averaging time-scale, reflecting the combined effects of bursty
tar formation and increased prevalence of rising SFHs toward higher
edshifts. 

(iv) We find that the sSFR is nearly independent of stellar mass
e.g. SFR ∝ Mα

� with α ≈ 1) when completeness of the sample is
aken into account, suggesting that galaxies with a variety of stellar

asses double their mass on a similar time-scale. Our SFMS agrees
n shape and behaviour with the one inferred using the THESAN-
OOM simulation (W. McClymont et al. 2025a ), suggesting that the
attening of the SFMS (e.g. α < 1) found in previous studies up to
 ≈ 6 is likely due to incompleteness in stellar mass. 

(v) Our analysis of the SFMS scatter indicates that galaxies
n the mass range log( M� /M�) = 8 . 0 − 10 . 0 have bursty SFHs.
mportantly, the short-term variability indicates that the burstiness
s higher at lower stellar masses. 

(vi) We observe no significant trend of stellar age and stellar mass
ith distance to the SFMS. On average, we find that massive (low-
ass) galaxies are slightly older (younger), and that older (younger)

alaxies tend to lie below (above) the SFMS, consistent with short-
erm fluctuations in star formation dominating the scatter of the
FMS. 
(vii) We estimate the UV variability ( σUV ) to analyse the impact

f bursty SFHs on the observed over-abundance of UV-bright
alaxies at z > 10. We conclude that additional scatter must be
ntroduced in order to explain these observations. This could be
chieved by, for example, invoking a top-heavy IMF, variable star
ormation efficiencies, or significantly increasing the burstiness of
tar formation at z > 9. 

(viii) We caution future studies about estimating stellar mass
ompleteness limits that assume a constant mass-to-light ratio for
 given stellar mass. We show that this ratio depends on the distance
o the SFMS. Therefore, a conservative approach, such as the one
dopted in this work, is suggested when studying the SFMS. 

Overall, we confirm in this work that SFHs are bursty across
osmic time, with lower mass galaxies showing increased burstiness.
n this work we aimed to answer two overarching questions: (1) how
niversal is the SFMS at early times? and, (2) what processes govern
ts emergence and evolution? We find that the SFMS is well in place
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p to z = 9. Therefore, the emergence of the SFMS probably takes
lace at z > 9. In order to push into this redshift regime, we would
eed a stellar-mass complete sample of galaxies at z ≈ 9 − 14. It
s unclear if this will feasible in the near future, however, deeper
maging – especially including MIRI coverage – is needed (J. M. 
elton et al. 2025b ). 
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Figure A1. SFRH α versus SFR10 for all galaxies in our sample with 8 . 0 ≤
log ( M� /M �) ≤ 10 . 3 (grey crosses, using PROSPECTOR -inferred H α fluxes), 
and for the subsample with NIRSpec measurements (purple circles). The 
dashed black line shows the 1:1 relation, and confirms that SFR10 traces 
recent star formation, as seen by H α emission. 
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PPENDIX  A :  C O M PA R I N G  STAR  F O R M AT I O N  

ATES  

omparison of the SFRs averaged over the past 10 Myr (SFR10 )
ith those derived from the H α dust-corrected luminosities using
NRAS 544, 4551–4575 (2025)
he dust-corrected H α luminosity conversion from I. Shivaei et al.
 2015a ). This SFR conversion was estimated based on the E. E.
alpeter ( 1955 ) IMF, therefore, we apply a multiplicative factor
f 0.64 to convert it to the G. Chabrier ( 2003 ) IMF used in this
ork. Fig. A1 shows this comparison using the PROSPECTOR -inferred
 α fluxes for galaxies with 8 . 0 ≤ log ( M� /M �) ≤ 10 . 3 (grey), and
sing the fluxes measured with NIRSpec (purple, as seen in Fig. 2 ).
s can be see, there is an overall agreement between SFR10 and
FRH α . 

PPENDI X  B:  M I R RO R I N G  DI STRI BU TI O NS  

igure B1 shows the process of mirroring non-Gaussian distributions
f 
MS for sSFR10 , described in Section 5.1 . 

http://dx.doi.org/10.1051/0004-6361/201425379
http://dx.doi.org/10.1088/0004-637X/730/1/11
http://dx.doi.org/10.1088/2041-8205/720/2/L149
http://dx.doi.org/10.1093/mnras/stab1294
http://dx.doi.org/10.3847/0004-637X/817/2/118
http://dx.doi.org/10.1093/mnras/staa1012
http://dx.doi.org/10.1093/mnras/stae651
http://dx.doi.org/10.1093/mnras/stae943
http://dx.doi.org/10.1088/2041-8205/783/2/L30
http://dx.doi.org/10.1093/mnrasl/sly023
http://dx.doi.org/10.1093/mnras/stv151
http://dx.doi.org/10.1093/mnras/staf657
http://dx.doi.org/10.1093/mnras/stae1734
http://dx.doi.org/10.3847/1538-4357/ad187c
http://dx.doi.org/ 10.3847/1538-4357/adddb8
http://dx.doi.org/10.3847/1538-4357/ab8b5e
http://dx.doi.org/10.3847/1538-4357/ad5442
http://arxiv.org/abs/2507.06292
http://dx.doi.org/10.1088/0004-637X/744/1/44
http://dx.doi.org/10.1088/0004-637X/789/2/147
http://dx.doi.org/10.1088/0004-637X/795/2/104
http://dx.doi.org/10.3847/1538-4365/ab3853
http://dx.doi.org/10.3847/1538-4357/aa94ce
http://dx.doi.org/10.1088/2041-8205/754/2/L29
http://dx.doi.org/ 10.3847/1538-4357/adfddc
http://dx.doi.org/10.3847/1538-4365/acf130
http://dx.doi.org/10.3847/1538-4357/ad3f17
http://dx.doi.org/10.1093/mnras/staf001
http://dx.doi.org/10.1093/mnras/stad210
http://dx.doi.org/10.1088/0004-637X/750/2/120
http://dx.doi.org/10.1093/mnrasl/slae061
http://dx.doi.org/10.1093/mnras/stv740
http://dx.doi.org/10.1093/mnras/staf091
http://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/staf1950#supplementary-data


Scatter of the SFMS 4573

Figure B1. Same as in Fig. 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 (in each panel, the number of galaxies decreases as stellar mass increasesThis scatter represents 
the median observed scatter, σobs (i.e. includes scatter introduced by the SED-fitting routine). We note that for a given mass bin, σobs does not show a strong 
evolution with redshift. 
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PPEN D IX  C :  STAR  F O R M AT I O N  HISTORI ES  

ETR IEVAL  TESTS  

o assess the limitations of PROSPECTOR when retrieving SFHs, and 
onsequently, SFRs, we use as input the best-fitting photometry 
f two galaxies in our sample with no recent star formation, low
tellar mass (log( M� /M�) ≈7.5), and at the extremes of our redshift
ange ( z = 3 . 00 and 8.35). The input photometry and SFHs used
re shown in Fig. C1 . The objective of this test is to confirm
hat PROSPECTOR can retrieve SFHs and SFRs reliably at low 

tellar masses (below the stellar mass completeness limit derived in 
ection 3.2 ). 
We define three cases for each galaxy, depending on the number of

hotometric bands used in the fitting routine: (a) all HST and JWST
ands potentially available in our data, (b) all JWST bands that are
otentially available, including both medium and wide bands, and 
c) only JWST wide bands. 

In Figs C2 and C3 , we show the output SFHs for the cases
escribed above, for z = 3 . 00 and 8.35, respectively. It can be
een that at both redshifts, the output SFHs reproduce the shape
f the input SFHs. In turn, this means that the stellar masses and
FR10 are also well retrieved. Importantly, this behaviour remains 

rue as we reduce the number of photometric bands used as input.
lthough, as expected, the error bars increase when less information 

s available. With this simple test, we conclude that PROSPECTOR can
ndeed retrieve low SFRs at all the redshifts studied in this work, for
alaxies with low stellar masses. Moreover, it can retrieve them rea-
onable well even in cases where no medium-band observations are 
vailable. 
MNRAS 544, 4551–4575 (2025)
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M

Figure C1. Input photometry and SFHs for two galaxies with log( M� /M�) ≈ 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 α for reference as a vertical dotted line. 

Figure C2. Retrieved SFHs for a galaxy with no recent star formation, at z = 3, and stellar mass of log( M� /M�) = 7 . 5. The output SFR10 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 Fig. C2 , but for a galaxy at z = 8 . 35. 
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