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ABSTRACT

Context. This paper investigates the star formation histories (SFHs) of a sample of massive galaxies (M, > 10'° M,) in the redshift
range 1 <z <4.5.

Methods. We analyzed spectro-photometric data, combining broadband photometry from HST and JWST with low-resolution grism
spectroscopy from JWST/NIRISS, obtained as part of the MIRI Deep Imaging Survey program. SFHs were derived through spectral
energy distribution fitting using two independent codes, BAGPIPES and synthesizer, under various SFH assumptions. This approach
enables a comprehensive assessment of the biases introduced by different modeling choices.

Results. The inclusion of NIRISS spectroscopy, even with its low resolution, significantly improves constraints on key physical
parameters, such as the mass-weighted stellar age (#),) and formation redshift (Zsm), by narrowing their posterior distributions. The
massive galaxies in our sample exhibit rapid stellar mass assembly, forming 50% of their mass between 3 < z < 9. The highest inferred
formation redshifts are compatible with elevated star formation efficiencies (€) at early epochs. Nonparametric SFHs generally imply
an earlier and slower mass assembly compared to parametric forms, highlighting the sensitivity of inferred formation timescales to
the chosen SFH model—particularly for galaxies at z < 2. We find that quiescent galaxies are, on average, older (#); ~ 1.1 Gyr) and
assembled more rapidly at earlier times than their star-forming counterparts. These findings support the “downsizing” scenario, in
which more massive and passive systems form earlier and more efficiently.

Key words. galaxies: evolution — galaxies: formation — galaxies: high-redshift — galaxies: star formation — galaxies: stellar content

1. Introduction

Galaxies are intricate systems typically composed of multi-
ple stellar populations. Observational constraints on their stel-
lar mass assembly provide valuable insights into the physical
processes that shape galaxy formation and evolution. Under-
standing the timescales on which these processes operate is
crucial for addressing long-standing questions in galaxy evolu-
tion, such as when and how galaxies cease forming stars (i.e.,
quench; Schawinski et al. 2014; Schreiber 2016; Carnall et al.

* Corresponding author.

2018), and what drives the observed bimodality in galaxy prop-
erties (e.g., Whitaker et al. 2012b; Muzzin et al. 2013). In con-
trast to the hierarchical growth of dark matter halos predicted
by A cold dark matter models, observations suggest that the
stellar components within these halos (i.e., galaxies) grow in
a manner that is, at least to some extent, anti-hierarchical or
top-down. In particular, the most massive galaxies observed
in the local Universe appear to have assembled the bulk of
their stellar mass rapidly and were already in place at early
cosmic times (Pérez-Gonzailez et al. 2008b; Marchesini et al.
2010, 2014; Forrest et al. 2020).
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The launch of JWST (Gardner 2023) has marked a major
leap forward in infrared astronomy, enabling the detection of
massive galaxies (>10'" M,,) at increasingly earlier epochs (e.g.,
z > 6; Chworowsky et al. 2024; Shapley et al. 2025). While
targeting massive galaxies at high redshift is a powerful way
to investigate their formation, this requires deeper observations
and limits the sample size. A complimentary approach involves
studying such galaxies at lower redshifts and reconstructing their
star formation histories (SFHs) through spectral energy distri-
bution (SED) modeling. This method has been shown to pro-
vide critical information on the timing of major star formation
episodes and the processes that lead to their quenching (e.g.,
Carnall et al. 2018; Iyer et al. 2019; Tacchella et al. 2022).

However, SEDs are subject to significant and interrelated
degeneracies among physical properties such as age, metallicity,
and dust attenuation (e.g., Papovich et al. 2001; Lee et al. 2007;
Conroy 2013). As a result, photometric observations alone are
generally sensitive only to the most recent ~1 Gyr of star for-
mation, whereas the addition of spectroscopic data can extend
sensitivity to earlier epochs (Chaves-Montero & Hearin 2020)
and therefore provide key leverage in breaking these degenera-
cies. This is primarily because spectroscopy offers both emission
line and continuum information, each probing different physical
processes. Emission lines trace recent or ongoing star formation
and nebular conditions (e.g., ionization state and gas metallicity),
while the continuum shape and absorption features are sensitive
to the underlying stellar populations, dust extinction, and stellar
metallicity (e.g., Maraston 2005; Byler et al. 2017). The combi-
nation of these components makes it possible to place more accu-
rate constraints on galaxy properties than photometry alone, espe-
cially when modeling complex SFHs (e.g., Pacifici et al. 2012).

The advent of large spectroscopic surveys in the local Uni-
verse has greatly increased the availability of high signal-
to-noise ratio (S/N) continuum spectra, allowing for tighter
constraints on galaxy properties (e.g., Pacificietal. 2012;
Thomas et al. 2017). At higher redshifts, however, such high-
quality data remained rare prior to JWST. Despite this lim-
itation, several robust trends had been identified. At fixed
redshift, lower-mass galaxies consistently host younger stel-
lar populations compared to more massive systems—a phe-
nomenon known as “downsizing” (e.g., Gallazzi et al. 2005,
2014; Pacifici et al. 2016; Carnall et al. 2018). In addition, at
fixed stellar mass, the average formation redshift—defined as the
redshift at which a galaxy has assembled 50% of its stellar
mass—tends to decrease with decreasing observed redshift. This
trend likely reflects the combined effects of several mechanisms,
including the quenching of newly formed galaxies that join the
red sequence (e.g., Brammer et al. 2011; Muzzin et al. 2013;
Tomczak et al. 2014), galaxy mergers (e.g., Khochfar & Silk
2009; Khochfar et al. 2011; Emsellem et al. 2011), and episodes
of rejuvenated star formation (e.g., Belli et al. 2017). The advent
of JWST has finally enabled spectroscopic surveys targeting
higher-redshift massive galaxies (e.g., Carnall etal. 2024;
Slob et al. 2024).

Despite their advantages, spectroscopic observations are sig-
nificantly more resource-intensive than photometric ones, partic-
ularly when targeting faint, high-redshift galaxies. As a result,
spectroscopic samples at early cosmic times have historically
been limited in both size and scope. However, in this work,
we demonstrate that even low-resolution spectroscopy from the
JWST Near Infrared Imager and Slitless Spectrograph (NIRISS;
Doyon et al. 2023) provides sufficient spectral coverage and sen-
sitivity to significantly improve constraints on the SFHs of mas-
sive galaxies. The low-resolution (R = 150) continuum and
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emission line information from JWST/NIRISS, together with
broadband photometry, enables the robust recovery of key SFH
parameters, such as mass-weighted ages and formation red-
shifts. We took advantage of these spectro-photometric data from
JWST/NIRISS, in combination with available broadband and
medium-band photometry, to investigate the evolution of mas-
sive galaxies in the redshift range 1 < z < 4.5. To this end, we
employed state-of-the-art modeling codes by exploring multiple
SFHs.

Recent years have seen a significant effort to recover the
“true” SFH of galaxies. Traditionally, simple parametric forms
have been used to describe it. Among the most commonly
used forms is delayed exponentially declining (e.g., Carnall et al.
2019). However, such models often fail to capture the diversity
and complexity of galaxy growth, especially at high redshifts.
To address this, more sophisticated parametric forms have been
introduced. For instance, two-component models, combining an
old population (modeled with an exponentially declining SFH)
and a recent burst (often described with a double power law),
have been successfully employed to model the SFHs of post-
starburst galaxies (e.g., Carnall et al. 2018). Recent years have
also seen an increase in the use of more flexible methods, such
as nonparametric SFHs, which adopt a series of constant star-
formation periods, divided into fixed or flexible time intervals
(e.g., Iyer et al. 2019; Leja et al. 2019).

In this work we used two state-of-the-art codes: BAGPIPES
(Bayesian Analysis of Galaxies for Physical Inference and
Parameter Estimation; Carnall et al. 2018) and synthesizer
(Pérez-Gonzalez et al. 2003a) with different assumptions regard-
ing the SFH to describe the evolution of our massive galax-
ies. The paper is organized as follows: Section 2 describes the
NIRISS observations and data reduction process, Sect. 3 outlines
our sample selection, Sect. 3.1 details our spectro-photometric
modeling approach, and Sect. 4 presents our main results.

Throughout the paper, we assume Qy = 0.3,Q, = 0.7, Hy =
70kms~'Mpc~', and AB magnitudes (Gunn et al. 1987).

2. Data description

The analyses in this paper are based on NIRISS data taken in par-
allel with the MIRI Deep Imaging Survey (MIDIS; Ostlin et al.
2025) of the Hubble ultra-deep field (HUDF) conducted by
the MIRI European Consortium guaranteed time observations
program. Among its many results, MIDIS has played a key
role in the discovery of previously undetected faint galaxies
(e.g., Pérez-Gonzdlez et al. 2023, 2025), the first little red dot
with clear detection of its host galaxy (e.g., lani et al. 2025;
Rinaldi et al. 2025b), and the detailed characterization of the
role of the emitter at the epoch of reionization properties of dis-
tant galaxies (e.g., Rinaldi et al. 2023, 2024). In addition, MIDIS
observations have provided new insights into galaxy morpholo-
gies at high redshift (e.g., Boogaard et al. 2024; Costantin et al.
2025).

The NIRISS observations cover a southern portion of the
GOODS-S field and consist of 20 h (including overheads) of
direct imaging and grism observations in the three bands F115W,
F150W, and F200W. This resulted in 1112s,1112s and 2232s on-
source direct images in F115W, F150W and F200W, and ~5.3h
grism spectra in each band. These data were reduced using the
official JWST pipeline version 1.8.4 (pmap = 1019). In addition
to the default pipeline stages, which include snowball correction,
we also applied a background homogenization algorithm prior to
obtaining the final mosaics, including 1/f- noise removal as in
Bagley et al. (2023).
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Fig. 1. Image of GOODS-S in H;4o from CANDELS. Over-plotted are the regions observed by JWST by different programs, including two of the
three pointings of the MIDIS survey in red (P1 and P3). The red insert shows a color composite RGB image of the MIDIS-P3 field obtained using

the three direct images in F115W, F150W, and F200W.

The images were then registered to the same reference frame
of the World Coordinate System using the Hubble Legacy Field
(HLF) catalog in Whitaker et al. (2019), based on Gaia Data
Release 2 (Gaia Collaboration 2016, 2018). In all three images,
we then find a median offset of Aa —0.001 arcsec and
A6 —0.002 arcsec. We left the pixel scale to the nominal
NIRISS pixel scale (0.065”/pixel). The 30 depth of the direct
images observations (measured in circular apertures of 0.2”
diameter) is ~28.6, 28.7, and 29.1 AB, in F115W, F150W, and
F200W, respectively. The 30 line flux sensitivity of the grism
is ~1.5e—18ergs~!cm™2. The MIDIS parallel observations tar-
get a region (hereafter MIDIS-P3) of the GOODS-S field cov-
ered by the Hubble Space Telescope (HST) ACS and WFC3
from the HLF. In this study we used, in addition to our NIRISS
data, the HLF v2 images for all filters from Whitaker et al.
(2019). A small portion (~1/6th) of P3 overlaps with the NIRISS
parallel observations of the JWST Extragalactic Medium-band
Survey (GO) program JWST Extragalactic (JEMS; PID: 1963;
Williams et al. 2023) in the two medium bands F430M and
F480M. The NIRISS images from JEMS were reduced in the
same way as for the MIDIS images. Figure 1 shows the position
of MIDIS-P3 in the GOODS-S field with respect to other JWST
programs. It also shows a red-green-blue (RGB) color image of
P3 obtained using the three direct images in F115W, F150W, and
F200W.

Spectra extraction was performed using the official JWST
pipeline. We added an extra step between stage 1 and stage 2 for
background removal and homogenization on the 2D grism files.
The 2D spectra in stage 2 were extracted in a region that corre-
sponds to the Kron apertures (Kron 1980) identified in Sect. 3.

3. Sample selection

For this work, we selected galaxies previously detected in Cos-
mic Assembly Near-infrared Deep Extragalactic Legacy Survey

(CANDELS Grogin et al. 2011; Koekemoer et al. 2011) with
redshift z > 1, and stellar masses from Santini et al. 2015
log(M/Mg) > 10.0. Figure 3 shows the mass and redshift dis-
tribution of our targets. Some of the selected galaxies (~10%)
have secure spectroscopic redshift from different works (e.g.,
Bacon et al. 2023; Santini et al. 2015, and references therein).
As P3 is part of the larger Chandra Deep Field South (CDFS),
we also checked whether for these galaxies there were any spec-
tra available from the A deen VIMOS survey of the CANDELS
UDS and CDES fields collaboration (VANDELS Garilli et al.
2021); however, this was not the case. Our final sample consists
of 47 galaxies.

After we identified our galaxy sample, we measured their
photometry in the NIRISS images and remeasured their fluxes
in the HST ones from HLF by fixing centers, shapes, and sizes
to those of the Kron apertures derived for NIRISS. Finally, we
cross-matched this catalog to the multi-wavelength catalog from
CANDELS in the GOODS-S field (from the Rainbow database’
Pérez-Gonzdlez et al. 2008a; Barro et al. 2011) to obtain pho-
tometry in the IRAC and MIPS filter (Barro et al. 2011). The
final catalog contains photometry in more than 20 filters.

Figure 2 shows the RGB images and NIRISS JHK spectra
for a selection of sources in our sample. From both the pho-
tometry and the final 1D spectra in the three NIRISS filters,
we derived the spectro-photometric redshifts using the eazy-py
code (Brammer 2021). As shown in Fig. 3, we have a lim-
ited number of objects with independent and secure spectro-
scopic redshift measurements in our sample (12). With respect
to these objects, we obtain a onmap = 0.0012 and no outliers
(i.e., objects with Az/(1 + z) > 0.15). Of the objects in our
sample without previous redshift measurements, five galaxies

' http://arcoirix.cab.inta-csic.es/Rainbow_navigator_
public/.

2 oamap = 1.48 X median(2medianéa)y

1 +Zspec
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Fig. 2. Top left: RGB cutout of P3, centered on one of the galaxies in the sample. The three squares highlight three massive galaxies in the sample.
Right: Single GRISM exposure containing the same objects, in the three filters and for one (GR150C) rotation. Bottom left: Extracted spectra with

30 errors (shaded areas) of the three galaxies.

have strong, identifiable emission lines (e.g., the top and mid-
dle galaxies in Fig. 2). Notably, the most distant galaxy in
our redshift sample (z = 4.564 + 0.001) has been identified
through the [0 2]43727 line. Our redshifts agree very well with
the photometric redshifts previously determined from the CAN-
DELS photometry. With respect to previous photometric red-
shifts, CANDELS redshifts have an outlier fraction (i.e., the
fraction of objects with Az/(1 + z) > 0.15) of 15%.

The galaxies in our sample span the redshift range
1.0 < z <4.5. Figure 4 shows the distribution of our galaxies
in the rest-frame U — V versus V — J diagram, hereafter UV]J,
as obtained by eazy-py. Most (81%) of our galaxies lies in the
star-forming region of the diagram, 19% of them are quiescent.

3.1. Spectro-photometric modeling

After we obtained the spectro-photometric redshifts from eazy-
py, we derived galaxy properties through SED-fitting of both
photometry and spectroscopy. We decided to use two differ-
ent codes: BAGPIPES (Carnall et al. 2018) and synthesizer
(Pérez-Gonzalez et al. 2003a). BAGPIPES is a stellar popula-
tion synthesis modeling package built on the updated BCO3
Bruzual & Charlot (2003) spectral library with the 2016 version
of the MILES library (Sdnchez-Bldzquez et al. 2006). It is built
on a Kroupa initial mass function (Kroupa 2001) assumption and
uses a Multi-Nest nested sampling algorithm (Feroz et al. 2019)
to produce posterior distributions of physical parameters. In our
run, we also took the resolution NIRISS grism into account. The
attenuation law is modeled with Calzetti et al. (2000). For this
code, we assumed three different SFHs: a single stellar popula-
tion described by a delayed-exponential function, a nonparamet-
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Fig. 3. Distribution in mass and redshift from the CANDELS cata-
log of all galaxies previously detected in P3. Black points are galax-
ies with photometric redshifts and black crosses galaxies with spectro-
scopic redshifts. Our selected galaxy sample is shown in purple, with
hexagons representing galaxies with photometric redshifts and stars
marking galaxies with spectroscopic ones.

ric SFH and two stellar populations. The two-population model
is characterized by an exponential declining model for the old



Annunziatella, M., et al.: A&A, 702, A224 (2025)

2.25 4.5
2.00 40
1.75

35
1.50

> 1.25 3.0

| (¥

— 1.00 2.5
0.75 -
0.50
0.25 ok
0.0 | | | | 10

085 0.5 1.0 1.5 2.0 25
V-]

Fig. 4. UV] diagram for the galaxies in our sample color-coded accord-
ing to their redshift. The size of the points is proportional to the stel-
lar mass. The symbols have the same meaning as in Fig. 3. The line
divides the quiescent (top) and star-forming (bottom) parts of the dia-
gram (Whitaker et al. 2012a).

stellar population plus a double power law that describes the
more recent bursts of star formation. For the nonparametric SFH
we used the continuity model from Leja et al. (2019), which fits
directly for Alog(SFR) between adjacent time bins. This prior
explicitly weights against sharp transitions in the star formation
rate (SFR) as a function of time. We assumed bins logarithmi-
cally spaced from O to the age of the Universe at the redshift
we observed the object. In the case of two stellar populations,
the older component is characterized by a delayed exponential
function, while the SFH of the younger component is a burst
characterized as a double power law.

The synthesizer code (Pérez-Gonzilez etal. 2003b,
2008a) assumes a Chabrier initial mass function (Chabrier 2003)
with mass limits between 0.1 and 100 M. The attenuation law is
modeled with Calzetti et al. (2000). For synthesizer we con-
sidered a single stellar population characterized by a delayed
exponential SFH, and two stellar populations, characterized by
two delayed exponentials.

For BAGPIPES, a summary of the free parameters and their
allowed ranges in the SED-fitting procedure for all SED-fitting
codes and for the different choice of SFHs is reported in Table 1.
For synthesizer, we adopted the same ranges whenever pos-
sible. Figure 5 shows the full spectro-photometric modeling of
one of the galaxy in our sample.

In this work we are interested in when massive galaxies start
to assemble their stellar mass, how rapidly they do it, and how
rapidly they quench, i.e., their star formation is halted. For this
reason, we focused on a subsample of parameters that can be
derived from the SED-fitting. These parameters are: stellar mass,
SFR, mass-weighted age, the redshift at which the galaxies form
50% of their stellar mass (i.e., formation redshift), and the time
and redshifts at which galaxies form a fixed stellar mass (10% —
10°M,,).

We adopted the surviving mass as the stellar mass throughout
this work. We defined the mass-weighted age as follows:

~ [ SFR(t) x tdt

_ 1
M [SFR(dr )

where SFR(?) is the SFR as a function of time. We use the term
“formation redshift” (zfm) to refer to the redshift correspond-
ing to the mass-weighted age of the galaxy. In particular, first
we translated the mass-weighted age to age of the Universe, and
from this we identified the formation redshift. This parameter
corresponds to the redshift at which a galaxy has assembled 50%
of its stellar mass.

To understand how rapidly these galaxies assemble their stel-
lar mass, we used, as an indicator of formation timescale, the
time and the redshift at which galaxies have assembled their first
10 and 10° My, respectively (1(10% M), 1(10° M), z(10% M),
and z(10° M)). The parameters defined above depend on a priori
assumptions on SFHs and possibly on the peculiarities of differ-
ent codes. Table 2 shows the distributions (50th3¢™) of the prop-
erties discussed in the paper for different classes of galaxies and
with all codes. The same convention (50th{¢!) is used through-
out the paper. In Appendix A we show how all these parameters
compare for the two codes and different SFH assumptions men-
tioned above.

3.2. The fiducial model and the importance of NIRISS
low-resolution spectroscopy

To assess which model best matches our data, we began by visu-
ally examining the stacked SEDs of quiescent and star-forming
galaxies (Fig. 6). Individual SEDs were shifted to the rest-frame
before stacking, and the resulting median stack was redshifted to
the sample’s average redshift. For quiescent galaxies, the avail-
able data do not allow us to clearly distinguish between the dif-
ferent models, as the overall SED shapes and continuum levels
are similar across all runs. However, in the case of star-forming
galaxies, the right panel of Fig. 6 reveals that neither of the
synthesizer runs adequately reproduces the Ha emission lines
observed in the NIRISS spectra of a subset of the star-forming
sample. This is also evident for the star-forming galaxy in the
bottom panels of Fig. 5. These discrepancies suggest that the
emission line modeling and/or SFHs implemented in the synthe-
sizer runs are insufficient to capture all spectroscopic features
of these galaxies. Consequently, we selected our fiducial models
from the BAGPIPES runs, which also allow more flexibility in
modeling complex SFHs.

We computed the reduced y? values consistently across all
model configurations by including both photometric and spec-
troscopic data in the fits. Among the various runs, the configu-
ration that yields the lowest median reduced y? is the BAGPIPES
run with two stellar populations. To quantify the relative per-
formance of each model, we computed the median y? ratio
between each alternative run and the BAGPIPES 2-POP model.
The resulting median ratios are 1.04, 2.28, 1.28, and 1.29 for the
BAGPIPES 1-POP, BAGPIPES with a nonparametric SFH, synthe-
sizer 1-POP, and synthesizer 2-POP runs, respectively. Based on
these results, we adopted the BAGPIPES — 2POP configuration
as our fiducial model throughout the remainder of this analysis.
For completeness, we also report the results obtained from the
BAGPIPES — 1POP and BAGPIPES — nonparametric configura-
tions in the following sections, enabling comparisons and illus-
trating the impact of model assumptions on the inferred galaxy
properties.

To evaluate the specific contribution of the NIRISS spec-
troscopy to constraining the physical properties of individual
galaxies, we performed an additional BAGPIPES — 2POP run
using only the photometric data. By comparing these results
with those from our fiducial run, we aimed to quantify the
added value of the NIRISS spectra. Given our primary interest
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Table 1. Free parameters and their allowed ranges used in the SED-fitting

procedure for all choices of SFH.

Parameter 1 POP Nonparametric 2 POP Units
Timescale (1) (100, 1000 ) (100, 1000)  Myr
Dust attenuation (Ay) 0, 8) (0, 8) (0, 8) mag
Metallicity (Z) (0.01, 2.5) (0.01, 2.5) (0.01,2.5) Zs
Logo of the Nebular ionization parameter (logU) (-4, -2) (-4, -2) (-4, -2)
Number of age bins in log-space 10
Burst strength O, 1
;{'re'.w ~frlam¢’ [‘U ! "]
- Fre— 2 —
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Fig. 5. Spectro-photometric SED-fitting of two galaxies (a quiescent and a star-forming one) in our sample. The lines are the best-fit SEDs from
different codes and SFH choice. Photometric data are shown as white diamonds. The error bars are smaller than the size of the points. The 1D
spectra in F115W, F150W, and F200W are shown in black. The right panels show a zoomed-in view of the spectra in linear scale. The 30 errors
are plotted as shaded grey areas. We report the median S/N of the 1D spectra.

in understanding the assembly history of stellar mass in galax-
ies, we focused on the distributions of 7y, and z,:m as a func-
tion of total formed stellar mass. These distributions, derived
from the Bayesian posterior samples provided by BAGPIPES,
are shown for two representative galaxies in Fig. 7, which corre-
spond to those previously presented in Fig. 5. Across the entire
sample, we find that including the NIRISS spectra results in
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significantly tighter constraints on the derived parameters, as
evidenced by narrower posterior distributions in the #y—mass
and zgorm—mass planes. This tightening of the parameter space
reflects the additional information content provided by the spec-
tral data, particularly in terms of emission and absorption line
features that are sensitive to recent and intermediate-age star for-
mation. The improvement is clearly visible for the two example
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Table 2. Average SED-fitting properties of the galaxies in our sample for different codes.

Sample Parameter Codes
BP- 1 POP BP-2 POP BP-Nonparametric sy-1 POP sy- 2 POP
10.7 10.9 10.8 10.7 10.7
lf)g(M/Mo) 10.511(1_1 10.521(1_1 10.521(%‘2 10.411%0 10.411%O
ty-w [Gyr] 0.42:é 0.8(6):% 0.62:‘% 0.22:(3) 0.7(5):g
All galaxies (z = 2.4) Zform 2817 3936 3755 281 3934
ZM.=10% My 3.87¢ 6.6, 9.557 3.173 6.03%5
IM.=10° M, 3.873 S 6.853 3.173 575,
SFR [Moyr~'] 20%47 62(5)21 18%42 295591 236%48
0. 038 038 0.6 0.6
log(M/My,) 10.4{0; 10.4%0'3 10.5}0'3 10.4{0_1 10.4{0.1
tv-w [Gyr] 0.95% 2.0?:2 2.2%:3 0.6(1)} 1.4&2
, Zform 1.8%7 3.4572 3.639 1.7%8 2.6%4
Lower-z (1 <z<2)(Z=1.6) 18 29 3 139 P2
IM.=108 M, 1.9y7 4.754 9.8¢¢ 1.8y 3.577
IM.=10° My, 1.8?:5 4.52:2 9.22:8 I.Sié 3.4%
SFR [Moyr™'] 67! 55 424 360 2383
10.7 1.0 10.8 10.7 10.7
lf)g(M/Mo) 10.66%1 10.66%1 10.5]1%2 10.3‘(}%O 10.3»11(}O
th—w [Gyr] 0.22:} 052% 0.2% 0.12:%) O.Sg:g
Higher-: 2 2) (:= 3.1) il s i erd
M, =108 M, 4.23, 1345 8.833 3753 6.7,¢
IM.=10° M, 4.2% 6.63:; 4.43:3 3.72:3 6.22:;
SFR [Moyr~'] 30%97 90325 34?54 106%267 589%35
06 106 0. 10.6 10.6
l?g(M/M@) 10.51{%3 10.521%3 10.52%%1 10.411%1 10.3»11%1
fyv—w [Gyr] 1.1%? 1.1(7):‘51 LOQ? 0.8(5):g 1.122?
. - Zform 4.8 4.1% 4.2 3.9 4.25
Quiescent (Z = 2.9) 2.4 35 3.8 24 25
M. =108 M, 5.9% 6.8%% 9.8§:§ 4.2% 5.7%225
M. =109 M, 5.87% 574 9.273 4.1,7 5455
SFR [Myyr~'] 1% Og 0(1) 3% 17%567
log(M/My) 10410 10.5}59 10.510 103104 10410
Fu—w [Gyr] 0.307 0.729 0.2 0.193 0.747
39 6.0 4. 38 5.6
Star-forming (% = 2.4) Zform 2.741(; 3.8%g 3.63.5 2'6}1'2 3.9ég
M. =108 M, 3.1‘1‘:551 6.63:g 9.0g:£ 3.0}122 6.0%:g
Gwetow S0 30 et s
SFR [Mpyr] 305 1025 32; 99 254,

Notes. The fiducial model is highlighted in purple.

galaxies shown in Fig. 7, where the inclusion of spectra leads to
a marked reduction in the uncertainty of both stellar mass and
formation timescales. The bottom panels of Fig. 7 show that, the
best-fit values for stellar mass, ty7, and Zgorm shift slightly when
spectroscopy is included, although they remain consistent within
1o~ with the values derived from the photometry-only runs. This
indicates that the spectroscopic data not only improve precision
but also validate the overall robustness of the photometric esti-
mates. As a result, we conclude that the addition of NIRISS spec-
troscopy, even with its low-resolution, enhances our ability to
constrain the SFHs of high-redshift galaxies.

4. Results
4.1. Early mass buildup of massive galaxies

According to the fiducial model, the galaxies in our sample
have a median stellar mass (and 16th and 84th percentiles) of

log(M/My) = 10.5%(1):‘1), a median redshift of z = 2.4?:2, a median

mass-weighted age of 7y = 0.7,5 Gyr, and a formation redshift

of Zorm = 3.955. Moreover, they have assembled 10° M, by red-
shift zg = 6.72:8 and 10° M, at redshift zo = 5.82:;.

Figure 8 shows the formation, quenching, and observed
times of the galaxies sample as a function of their stellar mass,
according to our fiducial model. We observe a clear downsizing
trend, wherein more massive galaxies tend to form and quench
earlier in cosmic history. At fixed stellar mass, formation times
shift toward higher redshift as stellar mass increases. The only
galaxy with mass above 10'! M that is quenched does so by
z ~ 4. This is consistent with the well-established picture in
which massive galaxies undergo rapid early star formation and
subsequently quench earlier than their lower-mass counterparts
(Carnall et al. 2018; Forrest et al. 2020). Our results align also
with the scenario described by Rinaldi et al. (2025a), wherein
massive galaxies rapidly establish a self-regulated, steady state
of star formation along the main sequence.

In Fig. 8 we also plot the maximum observed stellar mass
that would be expected for a given star formation efficiency
€. We derived the maximum stellar mass as a function of the
redshift for a given € in the NIRISS footprint using the hmf

A224, page 7 of 15
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Fig. 6. Left: Median SEDs of quiescent galaxies obtained from the different runs, with the shaded regions indicating the 84th—16th percentile
range. Overplotted are the stacked low-resolution spectra from NIRISS. Right: Same as the left panel but for star-forming galaxies. All SEDs and
spectra are redshifted to the median redshift of the corresponding sample.
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python package (Murray et al. 2013) assuming an SMT fitting
function (Sheth et al. 2001). The more reasonable upper limit
on the observed stellar mass would use € = (.2, the maximum
inferred from the peak of the stellar mass to halo mass relation
across a range of redshifts (Akins et al. 2024). At fixed stellar
mass, galaxies that formed at higher redshifts are more compat-
ible with a higher star formation efficiency. This is in agreement
with the emerging picture that the assembly of halo and stellar
mass has proceeded at different rates throughout cosmic history
(e.g., Shuntov et al. 2025).

Figure 9 presents the distribution of SFHs for the full galaxy
sample for the three BAGPIPES runs. The median formation red-
shift results of the the nonparametric run and the fiducial model

A224, page 8 of 15

versus stellar mass.

are very similar (see Table 2). The nonparametric SFH exhibit an
earlier onset of stellar mass assembly, with significant star for-
mation already in place by z ~ 9.6, corresponding to a cosmic
time of ~0.52 Gyr. In contrast, the median SFRs in both the one-
population and two-population parametric models remain low
until z ~ 7.1, or ~0.75 Gyr after the Big Bang, implying a delay
of approximately 230 Myr in the onset of star formation relative
to the nonparametric case.

We derived the redshifts at which each galaxy reaches a
stellar mass of 10% and 10° My, as these quantities are inde-
pendent of both the redshift of observation and the observed
stellar mass. This approach enables a direct comparison with
high-redshift studies of the galaxy stellar mass function (e.g.,
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Fig. 8. Formation and quenching redshift for our sample as
parametrized by BAGPIPES - 2POP. Blueish stars on the y-axis rep-
resent the age (and redshift) at which the galaxies form ~50% of their
stellar mass, with the corresponding 50% observed stellar mass on the
x-axis. The stars are color-coded according to the redshift of the obser-
vation. Red stars indicate the time of quenching and the observed stel-
lar mass. Black circles denote the age of the Universe at the time of
the observation for each galaxy (and the corresponding observed stel-
lar mass). These points are connected by solid lines for each galaxy.
We also over-plot the maximum observed stellar mass that would be
expected for a given star formation efficiency ().

Weibel et al. 2024; Shuntov et al. 2025; Harvey et al. 2025).
Using our fiducial model, we computed the comoving number
densities of galaxies that have assembled at least 10® M, and
10° M, in stellar mass within the redshift interval 8.5 < z <
9.5. We find number densities of (8.2 + 2.1) x 10 Mpc~> and
(5.8 + 2.1) x 10~*Mpc =, respectively. These values are con-
sistent within 1o~ with the stellar mass function estimates at
z ~ 9 from Weibel et al. (2024), who report a number density
of ~10~*Mpc = at M, ~ 10° M. Our results also agree with the
findings of Harvey et al. (2025), who infer similarly high number
densities for galaxies at 10% M, at z > 8.5, suggesting that effi-
cient stellar mass assembly was already underway in a substan-
tial fraction of the population at these early epochs. Furthermore,
our inferred densities are in agreement with the abundance of 103
and 10° M, galaxies predicted from clustering and luminosity
function modeling in Shuntov et al. (2025). These elevated num-
ber densities at high redshift also support the scenario of high
star formation efficiencies at z > 9, in agreement with results
from recent numerical simulations (Ceverino et al. 2024).

4.2. Trends with redshift

Our galaxy sample spans a wide redshift range, which could
potentially dilute some of the observed trends due to evolution-
ary effects. To mitigate this, we divided the sample into two red-
shift bins, 1 < z < 2 and z > 2, which approximately corre-
spond to similar intervals in cosmic time. Figure 10 shows the
distribution of SFHs for galaxies in each redshift bin, while the
median physical properties of the two subsamples are summa-
rized in Table 2.
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Fig. 9. Average SFHs of galaxies in our sample. The shaded areas cor-
respond to the 16"-84" percentile interval computed from the scatter
of the SFHs of all galaxies in our sample. The three points on top show
the median formation redshifts; the boxes extend to the 16® and 84"
percentiles. Solid vertical lines show the median redshift at which these
types of galaxies form 10% My, according to the different models, while
dashed vertical lines show the median redshift at which these types of
galaxies form 10° M,

On average, lower-redshift galaxies have a higher median
mass-weighted age of 7y = 2.0;% Gyr and a formation redshift

of Zform = 3.457. At these lower redshifts, the difference between
nonparametric and parametric SFHs becomes particularly pro-
nounced. Nonparametric SFHs predict that the galaxies reach
10% and 10° My, at higher redshifts. The difference between zg
and zg is also much higher (see Table 2 for nonparametric mod-
els, implying a slower mass assembly.

At higher redshifts, galaxies have a median mass-weighted
age of Ty = 0.5)7 Gyr and a formation redshift of zgomm = 4.053.
Interestingly, the differences between nonparametric and para-
metric SFHs are less pronounced in this redshift regime. The
offset in the onset of star formation is smaller, with zg 1.2Xx
larger than the fiducial model. A detailed comparison of all codes
and SFH assumptions is presented in Appendix A. Atz = 0.8,
Kaushal et al. (2024) found that nonparametric models derived
with Prospector (Lejaetal. 2019) generally exhibit more
extended SFHs than parametric ones generated with BAGPIPES.
A similar trend was reported in Leja et al. (2019) at z = 0.07,
where nonparametric models consistently produced older stellar
ages compared to parametric models from BAGPIPES and other
fitting codes. This discrepancy is likely due to differences in how
star formation onset is treated: parametric models typically allow
the onset time to vary freely, whereas nonparametric models usu-
ally assume that star formation begins at t = 0. While previous
works have identified similar trends, this is the first time that a
consistent comparison is performed using the same fitting code
but with different SFH assumptions. Furthermore, we present
here the first evidence of a redshift-dependent trend in the diver-
gence between parametric and nonparametric SFHs.
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Fig. 10. Left: Average SFHs at the lowest redshifts (z < 2). The shaded areas, points, and lines have the same meaning as in Fig. 9. Right: Same

as the left panel but for galaxies at higher redshifts (z > 2).
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Fig. 11. SFHs of quenched galaxies according to different codes and
SFHs. The shaded areas, points, and lines have the same meanings as in
Fig. 9.

4.3. Trends with star formation activity

We divided our sample into star-forming galaxies and quies-
cent galaxies on the basis of the SFH of our fiducial model. All
galaxies in the quiescent sample are also quiescent according
to the UVJ diagram described in Sect. 3. Moreover, they
have very low SFRs (averaged over the last 100Myr) accord-
ing to all the models. Quiescent galaxies have stellar mass of
log(M/Mg) = 10.5}8:§,mass—weighted age of fy_, = 1.1(2):2 Gyr
and formed at Zgorm = 4.17%. Table 2 shows that quiescent galax-
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ies are older with respect to the total and star-forming sample
regardless of the choice of SFH or the code used.

Figure 11 shows the average SFH of quiescent galaxies in
our sample. According to our fiducial SED model, BAGPIPES
- 2 POP, these galaxies assemble the first 10%M and 10° M,
very early in the Universe, with zg = 6.82:2 and z9 = 5.72:0
respectively. They also assemble very rapidly, as shown by the
small difference between zg and z9. Our galaxies exhibit differ-
ent quenching redshifts, i.e., the redshift at which the SFR falls
below 10% of the average SFR throughout the galaxy’s history
Carnall et al. (2018) as shown in Fig. 8.

Unfortunately, we did not have enough quiescent galaxies
in our sample to derive their mean properties in different red-
shift bins. However, in Fig. 12 we plot the formation redshift of
our quiescent galaxies as a function of stellar mass and with the
points color-coded according to redshift. In the plot, we also show
some of the most recent results on the assembly histories of mas-
sive quiescent galaxies (e.g., Belli et al. 2019; Carnall et al. 2018;
Beverage et al. 2025; Park et al. 2024; Nanayakkara et al. 2025;
Slob et al. 2024). The higher redshift galaxies in our sample have
a formation redshift of 5 < zfrm < 9 and a quenching redshift of
Zquench ~ 4. The early onset of star formation observed in high-
redshift quiescent galaxies indicates that the assembly of massive
galaxies in the early Universe occurred at a significantly faster
pace compared to their counterparts in the local Universe. More-
over, observations of quiescent galaxies at redshiftsuptoz ~ 4-5
(e.g., Forrest et al. 2020; Carnall et al. 2023; Setton et al. 2024)
indicate that the evolution of the star formation timescale extends
to significantly earlier epochs. We do not see any trend between
formation redshift and stellar mass in our sample, although with
a very limited number of galaxies.

Star-forming galaxies constitute the dominant population
within the studied sample. Figure 13 shows their average SFHs
for to different runs. According to our fiducial model, star-

forming galaxies have stellar masses of log(M/My) = 10.5%(1):(1),
0

mass-weighted ages of fj,_, = 0.73:3 Gyr. This makes them sig-
nificantly younger on average compared to quiescent galaxies
and form at a slightly later epochs, with zgorm = 3.82:2.
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Z
9 6 4 3 2 1
70 T I
| | 1 1 I ———BAGPIPES - Non-par
60 = BAGPIPES - 1 POP |
———=BAGPIPES - 2 POP
50— _|
T
s 40 -
©
=
& 30— _
[a
wn
20— _|
10— _|
! | . |
) 1 2 3 4 5

Age of Universe [Gyr]

Fig. 13. SFHs of star-forming galaxies according to different codes and
SFHs. The shaded areas, points, and lines have the same meanings as in
Fig. 9.

5. Conclusions

In this paper we have presented a comprehensive analysis of
the SFHs of a mass-complete sample of galaxies with stel-
lar masses >10'" My spanning the redshift range 1 < z <
4.5. Our analysis leveraged a rich set of spectro-photometric
data, including broadband photometry and low-resolution grism
spectroscopy from JWST/NIRISS, which enabled us to probe
the stellar populations of galaxies across cosmic time with

improved accuracy. By performing SED-fitting with two mod-
eling codes —BAGPIPES and synthesizer— and employing
multiple SFH assumptions (parametric, two-component, and
nonparametric forms), we critically assessed how different
methodological choices impact the derived formation timescales
and assembly histories of massive galaxies. The complete com-
parison of these modeling approaches is presented in the main
text and Appendix A, while in the following we adopt as
our fiducial model the results from BAGPIPES using a two-
population SFH (see Sect. 3.2). Our main results include:

— Given the wide redshift range of our sample, we observe
substantial diversity in stellar population ages. On average,
galaxies in our sample have mass-weighted stellar ages of
ty-w ~ 0.8 Gyr and median formation redshifts of zfm ~
3.9. These values reflect the fact that even at relatively early
cosmic times, massive galaxies had already assembled a sub-
stantial portion of their stellar mass.

— Galaxies assemble rapidly: they formed 103M, and 10° M,
by zg = 5.9 and z9 = 5.4, respectively.

— We divided the sample into two redshift bins, 1 < z < 2 and
2 < z £ 4.5, and find notable differences in the stellar pop-
ulation properties between the two subsets. Despite having
similar stellar masses, the two redshift subsamples trace dif-
ferent evolutionary stages. Galaxies observed at 1 < z < 2
have mass-weighted ages of #y—, =~ 2.0 Gyr and formed
half of their present-day stellar mass by zgorm = 3.4; this
means that several gigayears had therefore elapsed between
their main buildup and the epoch of observation. In con-
trast, galaxies observed earlier, at 2 < z < 4.5, are only
ty-» = 0.5 Gyr old, even though their formation redshifts are
slightly higher (zform =~ 4.0). The younger ages simply reflect
the much shorter interval (less than a gigayear) between for-
mation and observation. Thus, the apparent age gap arises
naturally from look-back time: the farther back we look, the
closer each galaxy lies to its own formation epoch.

— Our analysis highlights that nonparametric SFHs tend to
favor earlier formation epochs compared to parametric ones.
This is particularly pronounced in the lower-redshift sub-
sample, where the nonparametric model implemented in
BAGPIPES predicts that galaxies reach 10% and 10°M, by
zg = 9.8 and zg = 9.2, respectively—much earlier than in
parametric models. These findings emphasize that the choice
of SFH parameterization can significantly influence derived
formation timescales.

— Although our sample includes a limited number of quiescent
galaxies across the full redshift range, they exhibit systemat-
ically older stellar populations (¢3—, ~ 1.1 Gyr) and higher
formation redshifts (zform ~ 4.1) than the star-forming pop-
ulation. While the small number of quiescent systems pre-
cludes a detailed statistical analysis, we do observe a ten-
tative trend whereby quiescent galaxies at higher redshifts
formed earlier, with formation redshifts reaching as high as
Ztorm ~ 9. These results are qualitatively consistent with the
downsizing scenario, in which the most massive and passive
systems formed earlier and more rapidly.

— In contrast, the star-forming galaxies in our sample are typ-
ically younger (¢y;—, ~ 0.7 Gyr) and formed more recently,
with median formation redshifts of zgom ~ 3.8.
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Appendix A: Dependence of results on a priori
assumptions and fitting techniques

In this section we describe the robustness of the different param-
eters that can be obtained from the SED-fitting analysis. To
understand better the differences shown in Table 2, we com-
pare the parameters obtained in the different runs against the
value of the "fiducial" model. Throughout this work, we used
the BAGPIPES - 2 POP run as our fiducial model.

A.1. Stellar masses

The mass differences of log(M. /M., fiqucia), With respect to the
fiducial mass, are shown in Fig. A.1. Over the entire mass range,
the median differences between the mass obtained with differ-
ent codes and the fiducial mass is up to ~0.1 dex for all runs.
This is consistent with previous comparisons between different
codes (e.g., Leja et al. 2019; Pacifici et al. 2023). As expected,
stellar mass is a well-constrained parameter that can be recov-
ered by different codes and different assumptions. There are not
any observable trends, either with stellar masses or with different
codes.

L I L B B B L ELNY R U
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Fig. A.1. Stellar mass differences (in log) for the different SFH models
and the different codes with respect to the fiducial one. Smaller points
are individual galaxies, and bigger points with the error bars are the
median obtained in each bin. The bins have been chosen to contain the
same number of galaxies. Shaded regions represent 1o~ errors.

A.2. Mass-weighted ages and formation redshifts

Figure A.2 shows the comparison between the mass-weighted
ages and formation redshifts of the different codes and assump-
tions against the fiducial model. Over the entire sample, both
BAGPIPES and synthesizer with a delayed—7 model, predicts
smaller mass-weighted ages than the fiducial model. This differ-
ence is on the order of ~ 47% forBAGPIPES - 1 POP and ~65%
for synthesizer - 1 POP. This is consistent with the fact that
single population models might be biased toward the youngest
stars, which can overshine the more evolved stellar population.
Synthesizer - 2 POP predicts a difference in mass weighted
ages of 12% with respect to the fiducial model, the lowest differ-
ence between our runs. As our fiducial model is the BAGPIPES
with two populations, this suggest that the assumptions on the
SFH are more important than the intrinsic differences from dif-
ferent codes. BAGPIPES - nonparametric also agrees very well
with the fiducial model, with an average difference of 26%.

L A&A, 702, A224 (2025)

Formation redshifts take into account the different redshifts
at which our galaxies are observed. From Fig. A.2, we observe
similar trends as for the mass-weighted ages. However, this
parameter is better constrained. BAGPIPES - 1 POP gives
AzZgorm/(1 + Zform) Of ~ 11%, while synthesizer - 1 POP of
~ 13%. Synthesizer - 2 POP has the better agreement with
the fiducial model, with Azfp, /(1 + Zform Of ~ of 3% over the
whole sample. A good agreement (AzZ o /(1 + Zform ~ -5%) is
found also for BAGPIPES - nonparametric.

A.3. Formation timescales

In order to compare how rapidly our galaxies form stars, we
derived the times at which the galaxies formed their first 105M,
and 10°M,,. Figure A.3 shows the comparison between #(108 M)
and #(10°M,) versus the fiducial model. Also in this case, the
best agreement is between synthesizer - 2 POP and the fidu-
cial model with a median difference of 9% and 1% for tg and
t9. A 15% difference in fg is found for BAGPIPES - nonparamet-
ric, but with a much larger scatter. The two single population
models from BAGPIPES and synthesizer consistently predicts
lower tg and t9, with a difference of ~ 60% for BAGPIPES and
~ 70% synthesizer. Figure A.4 shows the same results as in
Fig. A.3 but in terms of redshift. While the formation redshift
of the galaxy is mostly independent on the choice of SFH and
for different codes, A.4 shows that when a nonparametric SFH is
considered, galaxies start to assemble their stellar mass at earlier
epochs. The discrepancy between nonparametric SFHs and the
parametric models is particularly evident at low zg and z9. On
average, BAGPIPES- nonparametric has Azg/(1 + zg) of ~ 40%
and Az /(1 + z9) of 34% with respect to the fiducial model.

A.4. Star formation rate

We derived the SFR averaged over the last 100 Myrs with the
different prescriptions for the SED-fitting. Figure A.5, shows
the comparison between all models and the SFR derived from
UV and mid-IR data (Barro et al. 2019), in this case the “true”
SFR. BAGPIPES - 1 POP and BAGPIPES - 2 POP underestimate
the true SFR by a factor of 40%. BAGPIPES - nonparametric
underestimates the true SFR by a factor of 13%. Synthesizer
- 1 POP underestimates the true SFR by a factor of 10%.
Synthesizer - 2 POP is the only model that overestimates the
true SFR by a factor of 49%.
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Fig. A.2. Left: Relative difference between the mass-weighted ages derived by the different codes with respect to the fiducial one. Right: Same
as the left panel but for the formation redshift. In both panels, smaller points are individual galaxies, and bigger points with the error bars are the
median obtained in each bin. The bins have been chosen to contain the same number of galaxies.
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Fig. A.3. Left: Relative difference between the time at which the galaxy assembles its first 108M,, with respect to the fiducial one (synthesizer - 2
POP). Right : same as left panel but for #(10°M). In both panels, smaller points are individual galaxies, bigger points with the error bars are the
median obtained in each bin. The bins have been chosen to contain the same number of galaxies.
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Fig. A.4. Left panel: Relative difference between the redshift at which the galaxy assemble 108M,, with respect to the fiducial one (synthesizer -
composite). Right panel: Same as the left panel but for z9. In both panels, smaller points are individual galaxies, and bigger points with the error
bars are the median obtained in each bin. The bins have been chosen to contain the same number of galaxies.
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Fig. A.5. SFR differences (in log) for the different SFH models and that
estimated from the combination of UV and mid-IR data. Smaller points
are individual galaxies, and bigger points with the error bars are the
median obtained in each bin. The bins have been chosen to contain the
same number of galaxies.
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