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ABSTRACT

Context. The stellar mass-star formation rate (M, —SFR) plane is an essential diagnostic to separate galaxy populations. However, we still lack a
clear picture of how galaxies move within this plane along cosmic time.

Aims. This study aims to provide an observational description of galaxy migrations in the M, —SFR plane based on the reconstructed star formation
histories (SFH) of a sample of galaxies at redshift z < 4. Ultimately, this study seeks to provide insight into physical processes driving star
formation.

Methods. We used data from the COSMOS field, which provides extensive multi-wavelength coverage. We selected a sample of 299131 galaxies
at z < 4 with the COSMOS-Web NIRCam data at a magnitude of mpgysw < 27 over a large area of 0.54 deg?. We utilized the SED modeling
code CIGALE, which incorporates non-parametric SFHs, to derive the physical properties and reconstruct the SFHs of this galaxy sample. To
characterize the SFHs and interpret the galaxies’ movements on the M, —SFR plane, for each galaxy we also defined a migration vector in order
to track the direction (®4,[deg]) and velocity norm (rx[dex/Gyr]) of the evolutionary path over the M, —SFR plane. We quantified the quality at
which these migration vectors can be reconstructed using the HORIZON-AGN cosmological hydrodynamical simulation.

Results. We find that galaxies within the main sequence exhibit the lowest amplitude in their migration and a large dispersion in the direction
of their movements. We interpret this result as galaxies oscillating within the galaxy main sequence. By using their migration vectors to find the
position of main-sequence progenitors, we obtained that most of the progenitors were already on the main sequence as defined one billion years
earlier. We find that galaxies within the starburst or passive region of the M, —SFR plane have very homogeneous properties in terms of recent SFH
(<1 Gyr). Starburst galaxies assembled half of their stellar mass within the last 350 Myr, and this population originates from the main sequence.
Galaxies in the passive region of the plane show a homogeneous declining SFH over the full considered redshift range. We identified massive
galaxies already in the passive region at 3.5 < z < 4, and their number density increases continuously with cosmic time. The progenitors of passive
galaxies are distributed over a large range of SFRs, with less than 20% of passive galaxies being starburst 1 Gyr earlier, thus shedding light on
rapid quenching channels.

Conclusions. Using reconstructed SFHs up to z < 4, we propose a coherent picture of how galaxies migrate over cosmic time in the M, —SFR
plane, highlighting the connection between major phases in the SFH.

Key words. galaxies: evolution — galaxies: star formation — galaxies: statistics

1. Introduction Deviations from this sequence can indicate different evolution-
C . . ary pathways, such as quenching, where star formation is sig-
The distribution of galaxies on the S tellar mass—star formation nificantly reduced or halted, or starburst (SB) events, where star
rate plane represents the relationship between the star forma- formation is temporarily enhanced (see Rodighiero et al. 2011;
tion rate (SFR) — which quantifies the mass of new stars formed Rinaldi et al. 2022; Ciesla et al. 2023; Shi et al. 2024) ’
. -1 . N . N . .
per year (measured in solar. masses per year, [Mo, yr™]) — and Passive galaxies are located below the MS. They are often
th.e §tellar mass (M), Whlc.h denotes the total mass O.f SIS 51der and more massive and have lower SFRs (e.g., Peng et al.
within a galaxy (measured in solar masses, [Mo]). This rep- (1. [per et al. 2013; Weaver et al. 2022). Conversely, SB
resentation proyldes cruglal 1n51ghts.1nt0 the evglutwnary state galaxies are located above the MS and exhibit intense and short-
of galaxies. This plane is characterized by a tight correlation lived bursts of star formation that can drastically alter their prop-

é‘;ﬁh fa SC; tter (.)f .0’3 d:x in fS FR). betwle en stell'?r masfs ang erties (e.g., Elbaz et al. 2011). The M, —SFR plane also includes
or the majority of star-forming galaxies, often referre regions where galaxies could be transitioning from star-forming

to as the “main sequence” (MS) of star-forming galaxies (e.g., to qui « »
. i . ’ quiescent states, often referred to as the “green valley” (GV,
Brinchmann et al. 2004; Noeske et al. 2007; Elbaz et al. 2007; e.g., Salim 2014; Lin 2023). This intermediate region is critical

Daddi. ctal. 20.0 7), with the normalization of.the MS increas- for understanding the processes that regulate star formation and
ing with redshift (e.g., Popesso et al. 2023; Ciesla et al. 2024). lead to quenching

Star formation histories (SFHs) of galaxies provide a record
* Corresponding author; rafael .arango-toro@lam. fr of the star formation activity over cosmic time. The SFHs can be
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influenced by various mechanisms, including internal processes
such as supernova feedback and active galactic nuclei (AGN)
feedback as well as external processes such as mergers, tidal
interactions, and environmental effects (e.g., ram-pressure strip-
ping in clusters; Schawinski et al. 2014; Tacchella et al. 2016).
For instance, mergers can trigger bursts of star formation and
fuel central AGN activity that lead to SB phases and subse-
quent quenching (Hopkins et al. 2008; Stone 2024). Alterna-
tively, environmental effects can remove gas from galaxies and
prevent the accretion of new incoming gas from the cosmic
web, thus suppressing star formation and accelerating quenching
(Dekel & Birnboim 2008; Peng et al. 2015; Lofaro et al. 2024;
Das & Pandey 2024).

Ideally, SFHs are primarily constrained through spectroscopy
(e.g., Goddard et al. 2017; Chauke et al. 2018; Schreiber et al.
2018; Steel et al. 2024; Iglesias-Navarro et al. 2024). Indeed, the
best indicators allowing for their reconstruction are Balmer emis-
sion and absorption lines. The Ha line is a direct probe of the
star-formation activity in galaxies, and it is sensitive to very short
timescales (~10 Myr). When associated with the Balmer break,
which probes the older stellar component, they strongly constrain
the SFHs of galaxies. However, these measurements are limited
to either large samples of local galaxies or small samples of indi-
vidual galaxies at higher redshifts.

Recent advancements in observational surveys and spectral
energy distribution (SED) modeling have greatly enhanced the
ability to study these processes from photometry. With its exten-
sive multi-wavelength coverage, the COSMOS field provides a
rich dataset for analyzing galaxy properties across different cos-
mic epochs (Scoville et al. 2007; Capak et al. 2007; Laigle et al.
2016). In particular, the recent COSMOS-Web survey, which
leverages the capabilities of the James Webb Space Telescope,
offers unprecedented depth and resolution in the near-infrared
(NIR) over the COSMOS field, facilitating the study of faint and
distant galaxy populations (Casey et al. 2023). The survey field
of view of 0.54 deg2 enables detailed studies of the M,—SFR
plane in different environments.

In parallel, developments of sophisticated SED fitting tech-
niques improve the determination of physical parameters and
SFHs. Early SED fitting codes such as Hyperz (Bolzonella et al.
2000), Z-PEG (Le Borgne & Rocca-Volmerange 2002),
LePHARE (Arnouts et al. 2002; Ilbert et al. 2006), and MAG-
PHYS (daCunhaetal. 2008) laid the groundwork for
multi-wavelength photometric redshift estimation and stel-
lar population analysis. The latest generation of SED fitting
codes, such as BEAGLE (Chevallard & Charlot 2016) or
STARDUST (Kokorev et al. 2021), incorporate far-infrared data
to account for dust attenuation and emission, thus improving
physical parameter estimates and allowing for the reconstruction
of complex SFHs by including recent quenching or burst events
(Ciesla et al. 2017; Schreiber et al. 2018; Aufort et al. 2020).
Moreover, advanced SED fitting codes such as BAGPIPES
(Carnall et al. 2018), PROSPECTOR (Johnson et al. 2021;
Leja et al. 2017), or CIGALE (Boquien et al. 2019) now include
non-parametric SFH modeling approaches (Leja et al. 2019;
Tacchella et al. 2021; Ciesla et al. 2023).

Historically, SFH reconstructions often relied on simple ana-
lytical models, such as exponentially declining models, which
could introduce biases and fail to capture the complexities of
star-formation activities (e.g., Pacifici et al. 2012; Simha et al.
2014). These models often assumed smooth monotonically
decreasing SFHs, which do not accurately reflect the stochas-
tic nature of star formation, particularly in galaxies experienc-
ing bursts or quenching (Papovich et al. 2001; Kauffmann et al.
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2003). Intermediate analytical solutions incorporated more flex-
ibility by allowing for additional parameters to model bursts of
star formation or quenching events, leading to improved fits to
observed data (Dressler et al. 2004; Gladders et al. 2013). How-
ever, these models still imposed constraints that could limit their
ability to accurately represent the true SFH.

The advent of non-parametric SFH models represents a sig-
nificant advancement, as they allow for more detailed and unbi-
ased reconstructions of SFHs. These models do not assume a
specific functional form for the SFH but instead use a series
of time bins with independently determined SFRs, thus provid-
ing a more flexible and realistic depiction of the star-formation
activities over cosmic time (Tojeiro et al. 2009; Iyer et al. 2019).
Studies utilizing non-parametric approaches, such as those by
Leja et al. (2019), Pacifici et al. (2023), and Ciesla et al. (2023),
have demonstrated the ability to recover physical parameters and
complex SFHs, including SFH features such as multiple bursts
and periods of quiescence, that parametric models often miss.
This flexibility allows for a more accurate understanding of the
processes driving galaxy evolution and highlights the importance
of using sophisticated models to interpret the wealth of data from
modern surveys and large statistical samples. Especially impor-
tant in this context is the ability to capture star formation bursti-
ness, which seems to be the most likely explanation for many
JWST high-redshift observed galaxies (e.g., Sun et al. 2023).

The position of a galaxy in the M, —SFR plane is commonly
used to separate galaxy populations based on their observable
properties. However, it is not clear if galaxies at a given position
of the M,—SFR plane represent a homogeneous galaxy popu-
lation in terms of SFHs or if galaxies have experienced a large
variety of histories (e.g., Elbaz et al. 2018; Ciesla et al. 2023).
Furthermore, the characterization of the MS and its evolution
has vastly improved over the past decade (e.g., Popesso et al.
2023, and references therein), providing detailed insights into
galaxy properties at various epochs. It is still difficult to under-
stand how and when galaxies transition from different regions
of the M, —SFR plane. These movements should be encoded in
the SFH of galaxies (e.g., Tacchella et al. 2016). In this work,
we combine state-of-the-art SED modeling methods and the rich
dataset of the COSMOS-Web survey to characterize and analyze
the movement of galaxies with the M,—SFR plane by recon-
structing their SFH.

This work is organized as follows. Section 2 describes the
COSMOS-Web survey and the photometric data employed for
our analysis. Section 3 presents the code investigating galaxy
emission, CIGALE, which has been used to recover the physical
parameters. In Sect. 4, we test the reliability of our SED fitting
approach to recover physical parameters as well as the SFH from
the mock photometry of the HORIZON-AGN (Dubois et al. 2014)
cosmological hydrodynamical simulation. Section 5 outlines the
construction of our observational data set from the COSMOS-
Web survey. We analyze galaxy migration in the M,—SFR plane
in Sect. 6, and this is followed by a discussion in Sect. 7.

We adopted the standard ACDM cosmology with Q,, = 0.3,
Qx = 0.7, and Hy = 70kms™' Mpc™'. We used the initial mass
function (IMF) from Chabrier (2003). The magnitudes are given
in the AB system (Oke 1974).

2. The COSMOS-Web survey
2.1. The imaging data and photometric catalog

The COSMOS-Web survey (PIs: Jeyhan Kartaltepe and Caitlin
Casey Casey et al. 2023) is a 255-hour Cycle 1 observation
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program conducted with the James Webb Space Tele-
scope. This survey covers 0.54deg” in four NIRcam filters
(Rieke et al. 2023) reaching a 50 point-source depth between
~27.5-28.2mag. The field is covered by 152 visits in each
band, which are used to create the NIRCam mosaics centered
at o =10:00:27.92, 6 = +02:12:03.5. The observations were con-
ducted using the F115W, F150W, F277W, and F444W filters (see
Casey et al. 2023 for more details). In parallel, the survey covers
a non-contiguous 0.19 deg? area imaged in a single MIRI filter
(F770W) (Wright et al. 2022) reaching a 5o point source depth
between ~25.3—-26.0 mag.

The multi-wavelength legacy of the COSMOS field
(Scoville et al. 2007; Capak et al. 2007) offers a wide and deep
coverage from X-rays (Civano et al. 2016; Marchesi et al. 2016)
to radio wavelengths (Schinnerer et al. 2010; Smolcic et al.
2017). In the optical regime, the available photometric mea-
surements of the COSMOS-Web survey include data in the u
band with MegaCam at the Canada-France-Hawaii telescope
(CFHT) reaching a depth of ~27.0 mag (Sawicki et al. 2019);
the Advanced Camera for Surveys (ACS) data from the Hub-
ble Space Telescope (HST) in the F814W band with high-
resolution imaging covering 1.64 deg? of the whole COSMOS
field (Koekemoer et al. 2007) reaching a 5o point-source of
~27.2 mag; the Hyper Suprime-Cam (HSC) imaging in the g,
r, i, z and y bands, deeper than ~26.5mag, including also
imaging in eleven intermediate-bands and two narrow bands
from the Subaru Suprime-Cam between 4266 A and 8243 A
(Taniguchi et al. 2015). In the near-infrared regime, we include
the ground-based UltraVISTA survey (McCracken et al. 2012;
Moneti et al. 2023) in the Y, J, H and K, bands between 1 and
2.2 um to complement the NIRCam and MIRI imaging. We refer
the reader to Table 1, which resumes the different bands used in
this work.

Given the new NIRCam observations, a photometric cat-
alog specific to the COSMOS-Web survey has been devel-
oped, which supersede previous COSMOS photometric catalogs
(Ilbert et al. 2013; Laigle et al. 2016; Weaver et al. 2022). The
sources are detected over a chi-square (y?) detection image com-
bining PSF-homogenized images in the four NIRCam filters.
The high resolution of NIRCam images allows us to separate
sources previously blended when the detection was performed
on ground-based images (Weaver et al. 2022). We detect more
than 784 000 sources over 0.54 deg”. Conventional approaches
to measuring photometry in fixed apertures are impractical due
to the wide range of PSF sizes going from 0705 to 1” in
space and ground-based datasets. We used SourceXtractor++
(Bertin et al. 2022) to model Sersic surface brightness profiles
(Sérsic 1963) in native resolution NIRCam imaging, then extract
photometry using that model in each band considering their own
PSF. When several sources potentially overlap in the ground-
based data, they are grouped and fit simultaneously. We refer the
reader to Shuntov et al. (in prep.) for a detailed description of the
COSMOS-Web photometric catalog.

2.2. Photometric redshifts

The photometric redshifts used for the COSMOS-Web catalog
are extensively described in Shuntov et al. (in prep.) as well as
the accuracy of the photo-z measurements. We summarize the
main features in this section.

The photometric redshifts are computed using the template-
fitting code LePHARE (Arnouts et al. 2002; Ilbert et al. 2006).
Given the deep NIRCam coverage, the survey includes a large
variety of galaxies. The deep and extensive multi-wavelength
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coverage available in COSMOS allows us to enlarge the param-
eter space probed by our template library compared to pre-
vious COSMOS catalogs (e.g., Ilbert et al. 2013; Laigle et al.
2016; Weaver et al. 2022). We based the template library on
12 templates generated with the Bruzual & Charlot (2003, here-
after BCO3) stellar population synthesis models, at 42 differ-
ent ages. These templates are described in Ilbert et al. (2015).
They are created assuming different SFHs (exponentially declin-
ing and delayed) and two different metallicities (Z = 0.008 Z,
0.02 Zy). Emission lines are included following a method sim-
ilar to Schaerer & de Barros (2009), and we allowed the line
intensity to vary by a factor of two. The dust attenuation is
added as a free parameter with E(B — V) varying from O to 1,
considering three possible attenuation laws (Calzetti et al. 2000;
Arnouts et al. 2013; Salim et al. 2018). The energy absorbed in
ultraviolet (UV)-to-optical range is assumed to be fully remitted
in IR by the dust. We model the dust emission by using a tem-
plate library from Béthermin et al. (2012) based on Magdis et al.
(2012); the dust template is rescaled to the expected IR lumi-
nosity using energy balance. Inter-galactic medium absorption
is implemented following the prescription from Madau (1995).

The photometric redshifts are computed on the
SourceXtractor++ model photometry described in the
previous section, and the bands are listed in Table 1. As
described in Shuntov et al. (in prep.), we rejected sources falling
in masked areas (e.g., bright halos close to bright stars) or
classified them as potentially spurious. The photo-z accuracy is
assessed by comparing their values with a compilation of spec-
troscopic redshifts (hereafter spec-z) established by Kostovan
et al. (in prep.). This compilation includes more than 11000
spec-z with a confidence level larger than 97% (Lilly et al.
2007, 2009; Kartaltepe etal. 2010, 2015; Silverman et al.
2015; Kashino et al. 2019; Le Fevre etal. 2015; Casey et al.
2012; Capaketal. 2011; Krieketal. 2015; Hasinger et al.
2018). The precision in the photo-z (z,) depends primarily on
the considered magnitude: o az/14z) < 0.01 at mpauw < 24
and 2% of catastrophic failure (defined as the z, for which
|zp —zs| > 0.15 x (1 + zg) with zg as the spec-z). Thanks to
the extremely deep NIRCam coverage, the photo-z precision
remains lower than 0.03 at 26 < mpsuaw < 27 and z < 4 with
15% of failures, which are the faintest magnitudes and highest
redshifts considered in this study.

As a final note, LePHARE is optimized to derive high-quality
photometric redshifts with several specific options, tested exten-
sively in COSMOS (Ilbert et al. 2009, 2013; Laigle et al. 2016;
Weaver et al. 2022). However, the code does not include non-
parametric SFH explaining the need for using CIGALE in the next
section.

3. SED modeling with CIGALE

In addition to the SED fitting done with LePHARE to get the
photometric redshifts, we also used the SED modeling code
CIGALE' (Boquien et al. 2019) to derive the physical properties
of galaxies and their SFHs. CIGALE builds and fits physical mod-
els spanning from X-ray to radio wavelengths, accounting for
the energy budget between the light absorbed in the UV-optical
range by dust and reemitted in IR. It performs a Bayesian-like
analysis to derive the physical parameters of galaxies. Its ver-
satility is characterized by the multiple modules that model the
galaxy SFH, the stellar, dust, and nebular emission, the AGN
contribution, and the radio emission of galaxies. In particular,

I https://cigale.lam.fr/
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Table 1. Ultraviolet-optical-IR data used in the SED fitting.

Instrument/ Band Central @ Width ® Depth ©
Telescope A[A] [A]  (1.07,0.15”,0.5")
(Survey)
MegaCam u 3858 598 273
J/CFHT
ACS/HST F814W 8333 2511 27.5
HSC g 4847 1383 27.6
/Subaru r 6219 1547 27.2
HSC-SSP i 7699 1471 27.0
PDR3 b4 8894 766 26.6
y 9761 786 26.0
Suprime-Cam 1B427 4266 207 25.7
/Subaru IA484 43851 229 26.2
IB505 5064 231 259
1AS527 5261 243 26.1
IB574 5766 273 253
1B624 6232 300 26.1
1B679 6780 336 253
1B709 7073 316 25.7
1B738 7361 324 25.8
1B767 7694 365 253
1B827 8243 343 253
VIRCAM Y 10216 923 25.8
/VISTA J 12525 1718 25.8
UltraVISTA H 16466 2905 255
DRS K, 21557 3074 253
NIRCam F1I5W 11540 2250 27.2
FI150W 15010 3170 27.4
F277TW 27760 6730 28.1
F444W 44010 10230 28.0
MIRI F770W 76390 19500 252

Notes. “Median of the transmission curve. ®Full width of the trans-
mission curve at half maximum. 50~ depth computed in empty aper-
tures with diameters of 1.0” for the ground-based, 0.15” for the space-
based JWST/NIRCam and HST/ACS and 0.5” for JWST/MIRI images,
averaged over the NIRCam area.

the SFH can be handled through analytic, non-parametric, or
simulated models (Boquien et al. 2014; Ciesla et al. 2015, 2017,
2023). We used the recently added non-parametric SFH module
sfhNlevels (Ciesla et al. 2023), BCO3 stellar population mod-
els, the Dale et al. (2014) dust emission library and a modified
Calzetti et al. (2000) attenuation law, which implements a mod-
ified SB law with the continuum attenuated with a Calzetti et al.
(2000) curve and the lines extinction with a Milky Way or a
Magellanic Cloud attenuation curve. Table 2 lists the parame-
ters used in the CIGALE SED fitting, where a Chabrier IMF was
assumed with two stellar metallicities, sub-solar and solar values
(Z =0.008, 0.02).

A probability distribution function is associated with each
parameter estimated by CIGALE. The flux uncertainties are
included in the estimated /\{2. In addition, a 10% uncertainty is
added in quadrature to the flux to account for model uncertain-
ties, as implemented in CIGALE (see Boquien et al. 2019).

CIGALE is applied to the photometric catalog described in
Sect. 2.1 (i.e. neither X-ray, far-IR, or radio data are considered
in the fit). The redshift is set to the value derived previously by
LePHARE. The comparison between the stellar masses derived by
the two codes shows a dispersion of 0.12 dex with a CIGALE’s
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Table 2. CIGALE Spectral energy distribution fitting models and tem-
plates.

Star formation history

Non-parametric: sfhNlevels (1)
[1578; 13753] Age of the oldest stars in the galaxy in Myr;
100 values linearly sampled.
Duration of the first bin in lookback time.
Number of bins in the SFH.
Number of SFHs drawn for each age value.

age @ [Myr]

13 bin @ [Myr] 10

Nbins © 10

Nspu @ 2000
Simple stellar population: BCO3 (2)

IMF Chabrier Initial Mass Function
z 0.008, 0.02 Metallicity
Attenuation: dust_att_modified_starburst (3)
EB-V)s [0, 1.8] Color excess; 10 values linearly sampled
Dust emission: dale2014 (4)
a 2.0 Far-1R slope

Notes. This module selects an age from a linearly sampled range of
100 values between 1578 and 13753 Myr, which corresponds to the age
of the Universe at the redshift of the galaxy. ®The size of the first
bin is set at 10 Myr. © Ny, — 1 logarithmic spaced time-bins are com-
puted between 10 Myr and the selected age. “For each sampled age
value, 2000 SFHs are drawn, with the SFR amplitudes of each time-bin
computed following a student-t distribution with continuity-burst pri-
ors (Leja et al. 2019; Tacchella et al. 2022). References: (1) Ciesla et al.
(2023); (2) Bruzual & Charlot (2003); (3) Calzetti et al. (2000); (4)
Dale et al. (2014).

systematic bias of +0.17 dex. However, the dispersion between
the SFR derived by the two codes reaches 0.4 dex with a bias
of —0.15dex on CIGALE’s SFR measurements. This difference
could be partially explained by the use of non-parametric SFH
adopted in CIGALE and different attenuation laws.

3.1. Non-parametric SFH: The sfhNlevels module

The CIGALE non-parametric “sfhNlevels” module models the
SFH using a given number of bins with a constant SFR, where
the SFRs of two consecutive bins are compelled by a given
prior. In this work, we infer the piece-wise constant SFH with
a Bayesian analysis of the photometry using a continuity-burst
prior that penalizes sharp variations of the SFH with a Student-t
distribution (Leja et al. 2019; Tacchella et al. 2022). The num-
ber of bins describing the SFHs (Npiys) and the age of the
first bin in lookback time (1% bin) are set as fixed parame-
ters as well (see Table 2 for details). The SFH covers the age
of the Universe at the redshift of the considered galaxy. The
choice of 2000 SFHs drawn from the prior (Nspy), after fixing
the redshift, ensures sufficient coverage of the posterior while
balancing computational efficiency. To confirm this choice, we
conducted a dedicated test using the SED fitting framework
by varying the number of SFH draws: 100, 500, 1000, 2000,
4000, and 5000. We examined the coverage of the NUV—r—K
color-color space for each case and found that with SFH draws
>2000, the color-color space is well sampled, indicating ade-
quate posterior coverage. Furthermore, this configuration gen-
erates over 400 million models when combined with other free
parameters, ensuring the feasibility of the SED fitting procedure
within a computationally intensive workflow. The choice of the
continuity-burst priors for our galaxy dataset is motivated by sev-
eral key factors. Galaxies at redshifts higher than 2 often expe-
rience significant episodic star formation events, such as bursts
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triggered by mergers or interactions (Haskell et al. 2024). The
continuity-burst prior allows for low to moderate sharp changes
in the SFR which are not well-represented by smoother con-
tinuity priors (Park et al. 2024). This flexibility is crucial for
accurately capturing the SFHs of dynamically evolving galax-
ies undergoing various phases, including SB periods followed by
quiescent phases (Rowlands et al. 2018). This behavior is partic-
ularly prevalent in the early universe due to the higher interaction
rates and the availability of cold gas (Madau & Dickinson 2014).
The continuity-burst priors model these phases more effectively,
proving a more realistic reconstruction of SFHs across a broad
range of redshifts (Tosi 2009).

For this particular work, we have included the computation
of a vector that characterizes the migration of a galaxy over the
M, —SFR plane in a lookback time interval At = t, — t;, with #;
being the lookback time at the redshift of the considered galaxy
and 7, being a lookback time with #, > ¢;. Hereafter, this vec-
tor is called migration vector and denoted 7, We character-
ize this vector by its angle, measured from the projected x-axis
(noted @,,) and its velocity norm (noted ra,). These quantities
are defined as

Alog,(,SFR,
Dy, = arctan | ——— )
Alog oM 4
5 (AlogIOSFR,)2 + (Al()glOM,k,)2
ar = AR ' 2

They measure the direction (in degrees) and the velocity norm
(in dex/Gyr) in a given lookback time interval At in which the
SFR changes by Alog,,SFR; and the stellar mass by Alog,,M;
(without taking in account the returning fraction for this mea-
surement?, see Leitner & Kravtsov 201 1). We refer the reader to
Fig. 1 for a schematic illustration of the migration vector. With
this definition, galaxies with —90° < ®,, < 0° will roughly
present a declining star formation activity, and galaxies with
0° < @y, < 90° have an enhanced star formation activity over
the last time interval At. For a constant SFR, ®,; = 0. As
an illustration, we show in Fig. 2 examples of SFHs selected
from our COSMOS-Web sample, set by different values of
@y, and rp; over At = 500 Myr (we adopt this value arbitrar-
ily for illustration purposes within the considered time range
explored in this paper). This modified module of CIGALE and
the M,—SFR migration velocity vector constitutes an updated
version of the CIGALE sfhNlevels module already defined and
tested in Ciesla et al. (2023), and Arango-Toro et al. (2023).

3.2. Mock analysis

To assess the reliability of the parameters derived with CIGALE,
given the noise in the observations, we built a mock catalog mim-
icking the COSMOS-Web data sample, following the approach
of Noll et al. (2009), Buat et al. (2014), Ciesla et al. (2015), and
Boquien et al. (2019). For each galaxy of this COSMOS-Web
sample at z < 4, we integrate the best-fit template obtained from

2 In this work, we adopt the term stellar mass to refer specifically to
the mass currently residing in living stars and stellar remnants. In con-
trast, total mass formed refers to the total mass of stars that have formed
throughout the galaxy’s history, including both the currently existing
stars and those that have already evolved into stellar remnants. It is
important to make this distinction to avoid any potential confusion, as
the term stellar mass is sometimes used in the literature to refer solely to
the present-day mass in stars, without accounting for the mass formed
earlier in the galaxy’s evolutionary timeline.
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log10M, (¢2) logioM. (1)

Fig. 1. Illustration of the migration vector definition @A,). The out-
put SFH from CIGALE provides the SFRs and stellar masses (M)
of the galaxy between the times #, and #,, allowing its placement on
the M,—SFR plane at that epoch. The migration vector is defined by
the angle @4, (Eq. 1) between the line connecting the galaxy’s posi-
tion and the horizontal line representing a constant SFR. The quantity
rar X At (Eq. 2) represents the norm of the vector connecting the galaxy’s
position, where r,, is the rate of change of the galaxy’s position on the
M, —SFR plane over time interval At.

-90° < <I> 0o <-60° -60° < <I> oo <-10°
T T

1 —_ Iy > )dn x/Gyr L 1
500 < 2 dex/Gyr ]

|
o

Logjg Normalized SFH [Gyr~!]

2. 3.0 L0 1 2.0 2.5 3.0
LugmL ook-Back time [Myz]

Fig. 2. Posterior mean SFHs derived for the COSMOS-Web galaxies via
SED modeling. Galaxies are classified based on their migration angle
(®y,) over the last 500 Myr. Galaxies with ®@,, between —90° and —60°
exhibit fast-declining SFH, while those with ®,, ranging from —60° to
—10° show slow decline. Star-forming galaxies with relatively recent
flattening of their SFH fall within ®,, between —10° and 60°. In con-
trast, those with constantly rising recent SFH are categorized with @y,
between 60° and 90°. These classifications highlight diverse evolution-
ary trajectories among galaxies. The red and black lines correspond to
selected galaxies with higher and lower migration vector norms to the
median values (rsop = 2 dex/Gyr), respectively. Shaded regions present
the confidence intervals.

a first CIGALE run on the same set of filters as the original cat-
alog. Then, these mock flux densities are perturbed by adding
a randomly selected noise from a Gaussian distribution, with
the Gaussian standard deviation o corresponding to the observed
photometric error associated with the studied galaxy in this fil-
ter. We then run the code on this synthetic sample where all the
parameters are known to compare the true and estimated syn-
thetic values of the properties. We stress that we applied the same
CIGALE configuration as used for the data, including the 10%
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uncertainties in the simulated photometry. Figure 3 shows the
results of the mock analysis for our COSMOS-Web galaxy sam-
ple. We find a good agreement for both the stellar mass and the
SFR. The absolute bias on the instantaneous SFR (here defined
as the SFH in the first bin of 10 Myr) and the stellar mass is lower
than 0.14 and 0.04 dex, respectively. The dispersion (measured
via the median absolute deviation o\ap) is relatively low for the
stellar mass (~0.06 dex) and remains lower than ~0.18 dex on
the SFR indicator.

For this study, we analyze the results of mock analyses of
several parameters directly measured from the SFHs. Specifi-
cally, the @), and rp, for several Ar values. We find a omap
between 16° and 20° for ®,, measured with Ar 1000 and
300 Myr, respectively. We find an absolute bias lower than 1°,
but this is likely due to the sign of the bias changing through-
out the distribution. The bias is positive for negative @4, values
and negative for positive @4, values, leading to a vanishing effect
when the bias is measured over the full angle range. When mea-
suring the bias as a function of ®,,, the bias remains confined
to the range of —20° < bias(®,,) < 20°. Therefore, a mea-
sured negative (positive) @4, could be even more negative (pos-
itive) if this bias were corrected. We note a bimodality in the
values of ®,,, but this bimodality is present by construction in
the COSMOS-Web data with a low fraction of SFH with a con-
stant SFR or slowly declining SFR. r,, presents an absolute bias
lower than 0.3 dex/Gyr and relatively low omap going from 1
to 0.4 dex/Gyr for At measured with 300 and 1000 Myr, respec-
tively. This observed variation on the oyap for the 5, parameter
may be attributed to the inherent stochasticity of recent SFHs
or even the time resolution, given the broad-band photometric
coverage of our data set (Zibetti et al. 2024).

Furthermore, to examine the robustness of the derived SFHs,
we compare different mass formation times, defined here as the
lookback time at which a galaxy has formed a given percent-
age of a galaxy’s total stellar mass (e.g., 0 Gyr for 100%). This
comparison allows us to evaluate the performance of CIGALE
in recovering both the shapes and amplitudes of galaxy SFHs,
considering the uncertainty in the photometric measurements of
the COSMOS-Web dataset. This analysis is illustrated in Fig. 3,
where the panels labeled true and estimates logo7Ti%[Myr], with
i ranging from 90% to 40% of the total formed mass along
the SFH of galaxies, and present an absolute bias lower than
~0.11dex and a opmap ~ 0.14 dex. Based on the results of this
mock analysis, we have obtained reliable measurements of sev-
eral key parameters, including SFR, M., and @, and r,,, for At
ranging from 300 to 1000 Myr. Additionally, the inferred SFHs
provide evidence of star formation accounting for at least 240%
of the total mass. However, it is important to note that these find-
ings depend on the assumption that our models perfectly reflect
the true universe. The next section partially alleviates such an
assumption by using a more complex mock catalog based on
cosmological simulations.

4. Validating derived galaxy parameters through
SED fitting and the Horizon-AGN simulation

To rigorously assess the accuracy and reliability of the param-
eters measured by CIGALE, we include an additional test based
on a hydrodynamic simulation. The HORIZON-AGN (Hz-AGN)
simulation (Dubois et al. 2014; Laigle et al. 2019) is a state-
of-the-art cosmological simulation that incorporates detailed
models of galaxy formation and evolution, generating a large
diversity of complex SFHs making it a robust framework for
comparing derived parameters against true values. The advan-
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tage of this simulation is that the template library included in
CIGALE is established independently from Hz-AGN, and doesn’t
share the same complexity in terms of SFH, metallicity, or dust
attenuation.

4.1. The Horizon-AGN mock catalog

The Hz-AGN simulation is based on the adaptive mesh refine-
ment code RAMSES (Teyssier 2002) and incorporates a compre-
hensive suite of physical processes including gas cooling down
to a temperature 10*K following from H and He collisions
including metals contributions (Sutherland & Dopita 1993), gas
heating from a uniform UV background (Haardt & Madau 1996)
for a reionization redshift at z 10. Star formation is
modeled following a Kennicutt-Schmidt law (Schmidt 1959;
Kennicutt 1998) with a constant star formation efficiency of
0.02. Stellar feedback is implemented via the mechanical energy
(Dubois & Teyssier 2008) coming from stellar winds and super-
novae type II from the STARBURST99 model (Leitherer et al.
1999), as well as the contribution of supernova type I explosion
rate following Greggio & Renzini (1983). The feedback process
from AGNSs is implemented on the Hz-AGN simulation as mod-
eled in Dubois et al. (2012), counting for the radio and quasar
AGN modes, depending on the Eddington-limited Bondi-Hoyle-
Lyttleton gas accretion rate onto massive black holes. This step
is necessary to properly represent the AGN-driven early-type
galaxies and the morphological diversity on cosmological simu-
lations (Dubois et al. 2013a, 2016).

It has been shown that the Hz-AGN simulation repro-
duces reasonably well basic statistics on galaxy popula-
tion (mass and HI mass function, cosmic SFR density and
morphology) (see Kavirajetal. 2017; Kokorev et al. 2021,
Margalef-Bentabol et al. 2020), providing a wealth of informa-
tion on various galaxy properties, such as stellar mass and SFR,
formation ages, and redshift for galaxies between 0 < z < 4.
Simple stellar populations (SSP) from the Bruzual & Charlot
(2003) model, the IMF as well as the metallicity of stellar par-
ticles in the Hz-AGN have been calibrated to match the obser-
vational signatures of the COSMOS2015 catalog (Laigle et al.
2016). For each galaxy, the dust column density (in front of each
stellar particle which is part of it) is computed using the gas
metallicity as a proxy for the dust distribution, and assuming a
constant dust-to-metal mass ratio and a Milky Way dust extinc-
tion curve. Dust attenuation is therefore dependent on the geom-
etry and metal content of the galaxy, while nebular lines were
not included in the flux contamination over mock photometry.
More details are provided in Laigle et al. (2019). In Hz-AGN,
the true SFR and stellar mass are available at every age of each
simulated galaxy. It is worth noting that these ‘true’ SFHs have
a time resolution of 1 Myr. Moreover, each stellar particle in the
simulation represents 2 X 10° My, which sets the mass resolution
of the SFH.

We used the mock catalog created by Laigle et al. (2019).
The integrated galaxy spectra are computed by adding all the
dust-attenuated SSPs of each galaxy stellar particle. The flux
is obtained by integrating the redshifted galaxy spectra through
the filter transmission curves. In addition to the COSMOS fil-
ters already produced by Laigle et al. (2019), the COSMOS-Web
NIRCam filters were added to the mock catalog. Noise is added
to the predicted flux according to the behavior of the flux uncer-
tainties as a function of flux in the real data. In addition to the
true redshift from virtual sources on the Hz-AGN simulation,
photometric redshift was computed using the code LePHARE
(Arnouts et al. 2002; Ilbert et al. 2006). We note that we used the
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Fig. 3. Results of the mock analysis on the SED modeling using the non-parametric SFH model. The input parameters used to build the mock
catalog are shown on the x-axis, and the results from fitting the mock catalogs are shown on the y-axis. From left to right, the upper panels present
the instantaneous SFR (here defined as the SFH in the first bin of 10 Myr), and the stellar mass M,. The ®,, values are presented as defined on
Eq. (1) and computed over the last 300 to 1000 Myr, on the uppermost right panel and over the second-row panels. The third row and the left panel
of the fourth row count for r,, (i.e., the norm of the migration vector) computed over the same timescales as ®,,. The two rightmost panels on
the fourth row and bottom panels present the mass formation times (noted 7i%[Myr] and defined as the time taken to form the {i} percentage of a
galaxy’s total stellar mass) for the 90 to the 40%. The solid black lines indicate the one-to-one relation. The bias and precision estimated for the

parameters are indicated in each panel.

photometric redshifts already computed in Laigle et al. (2019), metallicity ranges, ensuring the validation covered a represen-
without available NIRCam bands at that time.

4.2. CIGALE derived parameters versus Horizon-AGN

simulated data

tative galaxy sample. This comparison tests the impact of pho-
tometric noise on the physical parameter recovery, but also the
effect of complex SFHs, continuous metallicity enrichment, and
inhomogeneity in the dust distribution. Since we adopt the same
IMF and the same BC03 SSP within CIGALE and Hz-AGN, we

We systematically compare the SED-fitting results from CIGALE ~ do not test the impact of such a choice in the modeling. The
with the true parameters extracted from the Hz-AGN simulation. ~ method to extract the photometry, observational limitations (e.g.,
We focus on quantities describing the star-formation activity ~PSF variation), as well as the impact of nebular emission is not

stellar masses, SFRs, formation epoch, and r—n>A, components).
p p

tested. A modified Calzetti et al. (2000) attenuation law is imple-

We run CIGALE applying the same configuration as described in  mented as well, with a UV bump at 2175 A.

Sect. 3 and Table 2. We set the Hz-AGN redshifts to the photo- Figure 4 shows the comparison between the parameters
metric redshifts computed with LePHARE. The nebular emission derived with CIGALE and the true parameters extracted from the
module is disabled in this CIGALE run to be consistent with the Hz-AGN simulation. We adopt the same parameters and defini-

Hz-AGN mock photometry which does not include them.

tions as in Sect. 3.2. The physical parameters describing the cur-

As described above, the simulation encompasses many rent state of a galaxy, such as the SFR and the stellar mass, show
galaxy populations spanning different mass, SFR, and stellar an excellent agreement between the estimated and true values.

A159, page 7 of 24



Arango-Toro, R. C., et al.:

A&A, 696, A159 (2025)

15 T T T T — 11.0 T T T T G T T T T T T T T
Bias = 0.115582 dei Bias = -0.022244 F- Bias = -7.207057
B of owan = 0200302 >3 E oaap = 0.038235 . oaap = 18.559659 g
< —105F = 1 50k k.
=, 05F 1= > o
o = 100F B y: 58
n 0.0 - S ok 2
<0 e
2951 1 -
1! 1 v} s
b | 31 O aof ] —50/g e
_15 oL I ! L g5ke” L L | I L L L L L | L !
215 —1.0 —05 0.0 0.5 L0 L5 85 9.0 9.5 10.0 105 11.0 —80 —60 -40 -20 0 20 40 60 &0
Hz-AGN log;y SFR[My /y1] Hz-AGN log;y M.[Me] Hz-AGN ®g9[deg]
T T T T T T T T T T T T T T T T T T T T T T T T
as = -0.605191 Bias = 3.334325 Bias = 3312746
14.647250 Oaap = 14.876352 Oaap = 12.860900
50 - A e 50 e 50
oo i) e b
- = e A
5 = z E-
of 1% 1 & o ik e of oy
50 e g —50 g 4~ sof -
41 1 1 1 1 1 Il 1 1 A1 1 1 L | Il | 1 | 1 1 1 L 1 1 | 1
—80 —60 —40 -20 0 20 10 60 80 —80 60 -40 -20 0 20 10 60 80 —80 —60 —40 -20 0 20 1060 80
Hz-AGN <I>r,“u[dvg Hz-AGN <I>7|.(.[rl(‘;.>,] Hz-AGN (Dm[m[dvg

5 T T T 5 T T T T G 5 T T T T T
Bias = -0.038879 T Bias = -0.014769 el Bias = -0.009026 el

b onap = 038179 23T oaap = 0223110 - b onap = 0154713

z. Lo & o
@) S &) L
s 1 g3k
B B >
= =, Y
S = %
22 B Faof
t"
ey ey
7 7
= b S
1 n n 1 1 n 1 n P — n 1
09 1 2 3 5 0 1 2 3 1 5 O 1 2 3 1
True r3po[dex/Gyr] True 7300 [dex/Gyr] True rqpo[dex/Gyr]

5 T T T b T T T T " T T T T 2
Bias = -0.008425 L Bias = -0.086445 - Bias = -0.074565 e
oaap = 0.123308 L B35 oaap = 0149914 e 1 =8sf oaan = o1sscor -

g - = o =
S - X 3.0F 41 X30
73 e - =3 =)
£ o s =
= - = 5!
g Yy cask ] o
SoF i 1 529 525
S ' Q 5 d
X > s 3 . 2
27 . . -7
Ak J ©2op 4 w20 e
o} () L
| ! | el 1 1 1 1 y o L 1 1 1
09 1 2 3 5 L5 2.0 2.5 3.0 3.5 L35 2.0 2.5 3.0 35
True ryo[dex/Gyr] Hz-AGN Logio T90% [Myr] HzAGN Logyo T70% [Myr]
T T T T "3 T T T g - T T T T
Bias = -0.062403 ; Bias = -0.047002 Bias = -0.029327
TEBSF oaap = 0131901 4 E35F owan = 0121603 1 E35[ owap = 0110082
E) E) E)
XX 3.0p 4 =30 41 =30
=3 =3 =3
= i) =t
= = = o
2251 » 1 S25p - b 225 -
20 - 20 ¢ b 20 -
Q sad S} P 1S} e
s .- 2 L o -
U 20F e 4 o20F 7 1 w20 e
[$) L ) [$) L
i 1 1 L Il 2 1 1 1 1 i 1 1 L 1
L5 2.0 2.5 3.0 35 L5 2.0 2.5 3.0 35 15 2.0 2.5 3.0 35

v Hz-AGN Logyo T60% [Myr]

Fig. 4. Results of the comparison between the intrinsic physical parameters from the HORIZON-AGN simulation and the CIGALE SED modeling
using the non-parametric SFH model. The reference values established from the simulation are shown on the x-axis, and the results from fitting

Hz-AGN Logyo T50% [Myr]
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the HORIZON-AGN catalogs are shown on the y-axis. The description of the different panels is the same as in Fig. 3.

Specifically, the stellar masses recovered from the SED-fitting
show a precision better than 0.04 dex. Then, we compare M,
quantities related to the SFH, such as the lookback time at which
a galaxy formed a given percentage of its final stellar mass, at the
considered redshift. This time depends on the recovery of the
SFH shape and age. In the two bottom rows of Fig. 4, we com-
pare the true and estimated times 7i%[Myr] (in log scale), with
i ranging from 40% to 90%. We obtain a remarkable agreement
between the true and the SED-fitting derived values for the for-
mation epoch, considering a cumulative stellar mass higher than
40% of the total stellar mass. The bias on the lookback time (in
log) at which a galaxy has assembled between 40% to 90% of its
stellar mass is 0.03 and 0.07 dex respectively, and opap varying
between 0.11 and 0.15 dex. We stress that for all percentiles, at
values of logj7Ti% < 2.5 (=300 Myr), there is a non-negligible
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bias of approximately 0.1 dex. This bias can be attributed to the
effects of positive-only inference, where the inferred parameter
is constrained to be non-negative. As a result, the posterior prob-
ability distribution is skewed, often with a long tail extending
toward higher values. The mean of the distribution is system-
atically biased due to the asymmetry in the posterior, particu-
larly when the true value is near the lower bound. This reflects
the sensitivity of the mean to the distribution’s shape, leading to
an overestimation of the inferred parameter. Nevertheless, to be
conservative, we limited our analysis to timescales greater than

300 Myr to mitigate the impact of this bias.

As the main analysis of this work relies on the measure-
ment of the galaxy migration within the M, —SFR plane, we also
. . . —_
quantified the precision on the recovery of the ni,, components,
@y, and rp, (see the definition in Sect. 3.1). We computed this
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Table 3. Stellar mass completeness limits.

Redshift logioM'™ [Mo)]
95% Completeness  85% Completeness

0<z<05 7.59 7.44
05<z<1 7.98 7.86
l<z<15 8.15 8.05
1.5<z<?2 8.35 8.22
2<z<25 8.57 8.41
25<z<3 8.72 8.58
3<z<35 8.86 8.74
35<z<4 8.95 8.76

parameter over the last 300, 500, 700, and 1000 Myr using the
true Hz-AGN SFHs and compared it with the values retrieved by
CIGALE on reconstructed SFHs. We note that the choice of the
timescales at which the migration vector is computed is based on
the time intervals between a set of consecutive redshift bins (see
Sect. 6.3 and Figs. 17, 18, 19).

Our comparison reveals that the migration vector parameters
r700 and ¢y are well-recovered across the full range of stellar
mass, SFR, and redshift. However, the recovery of ,,, becomes
more challenging at higher redshifts (z > 1.5) and for galaxies
with lower SFRs, particularly those around the MS. This is con-
sistent with the increased uncertainties in SFR and stellar mass
estimates in these regimes, which are inherently more difficult to
constrain. These findings highlight the robustness of our method
in recovering the main trends in galaxy migration, while also
identifying specific regimes where the reconstruction of o, is
less reliable.

We also find that the bias on the migration angle depends
on the angle itself, as already shown and discussed in Sect. 3.2.
Consequently, the ®,, values indicative of a declining SFH (ris-
ing) could be even more declining (rising) in reality. We note
that the distribution of ®,, presents a bimodality, as the one
found in the mock catalog based on COSMOS-Web data (see
Sect. 3.2). We interpret this bimodality as the combination of
galaxies that are quenching with rapidly declining SFH, and star-
forming galaxies with a significant @, > 30° which is necessary
to maintain them on the MS (see Sect. 7.1).

The tests presented in this section already integrate the
impact of uncertainties associated with photometric redshifts
(photo-z). We compared migration vectors derived from true red-
shifts and photometric redshifts to measure how they impact
the reconstruction of the SFHs. Our findings revealed that while
photo-z estimates introduced some scatter in the migration vec-
tors, the overall trends remained consistent with those measured
based on true redshifts. We checked that 10% of catastrophic
failures in the faintest magnitude bins is sufficiently small to pre-
serve the main conclusions in our paper.

Finally, we stress that the Hz-AGN catalog may not fully
replicate the complexity of real galaxies. First, the Hz-AGN cat-
alog is limited to stellar masses above 10° Mg. Secondly, we
find notable differences when we compare the M,—SFR plane
obtained using the intrinsic physical parameters from the sim-
ulation and the plane obtained with the COSMOS-Web obser-
vations. This comparison reveals notable differences in galaxy
distributions, especially the lack of passive sources in the Hz-
AGN simulation at high redshifts (z > 2) (see Appendix A,
Fig. A.1). While Horizon-AGN serves as a powerful tool for vali-
dating our method and assessing observational uncertainties, the
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discrepancies with observed populations indicate that the sim-
ulation’s treatment of galaxy evolution physics, particularly in
regimes such as high-redshift quenching, may not fully replicate
the complexity of real galaxies. This highlights the complemen-
tary role of observations in refining galaxy formation models
while reaffirming the importance of cosmological simulations
as a robust validation framework. These differences emphasize
the importance of the migration vector formalism, as a galaxy’s
position in the M, —SFR plane alone does not fully constrain its
evolutionary history in the last billion years. We note that our
conclusions are similar if we use the physical parameters recov-
ered with CIGALE rather than the intrinsic values to establish
the Hz-AGN M, —SFR plane.

5. Galaxy sample
5.1. Selection

We selected a galaxy sample from the COSMOS-Web survey,
spanning the redshift range from O to 4. We choose this redshift
range to include a significant portion of cosmic history which
encompasses the peak in the cosmic SFR density. We limit our-
selves to z < 4 to reach a mass completeness limit sufficient to
define the MS and be able to produce a robust statistical analysis.
We implemented a selection criterion based on the reduced
x* obtained from SED modeling with CIGALE to include only
galaxies whose observed properties closely align with our theo-
retical expectations, ensuring well-constrained physical param-
eters. We used a percentile-based selection at the 98th quan-
tile, retaining galaxies with szed values below this threshold
rze aiim ~ 50). This approach mitigates potential sources of sys-
tematic error and ensures that our analysis is based on robust and
reliable data. To ensure robust measurement of the flux in the
rest-frame optical with a signal-to-noise ratio (S/N) greater than
five, a magnitude cut is applied in the F444W filter. This corre-
sponds to approximately 95% completeness (see Shuntov et al.
2025), resulting in a limiting magnitude of mgﬁmw = 27. The
S/N > 5 threshold was chosen to ensure that the detected flux
is statistically significant, reducing the impact of noise on the
measurements. This magnitude cut also helps eliminate spatial
selection biases caused by small variations in depth across the
COSMOS-Web survey area.

5.2. Mass completeness limits

We adopt the method outlined by Pozzetti et al. (2010) to deter-
mine mass completeness limits for our galaxy sample across dis-
tinct redshift intervals. For each galaxy, we compute the stellar
mass limit as the mass that a galaxy would have if its appar-
ent magnitude was the limiting magnitude of the survey in the
NIRCam F444W band, i.e., mg&w = 27. We then consider the
20% faintest galaxies and calculate the 85 and 95" percentile
of the stellar mass limit distributions. By adopting these com-
pleteness limits, we minimize biases that could arise from losing
specific populations at low stellar masses. The resulting mass
completeness limits across different redshift intervals are shown
in Table 3.

5.3. Impact of photometric redshift uncertainties

Uncertainties in the photo-z estimate are a critical factor in
the SFH reconstruction. The comparison between spectroscopic
and photometric redshifts in COSMOS-Web shows an excellent
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agreement between both estimates, with less than 10% of fail-
ures for the faint sample mpqqqw > 25 mag. This result is consis-
tent with the known photo-z uncertainties in the COSMOS-Web
dataset (Shuntov et al., in prep.), even lower because we limit
our comparison to the mass-complete sample. The failure rate is
similar to the one seen in the simulation, with the same kind of
patterns (true high-z put at lower z). To further investigate the
impact of photo-z uncertainties on our results, we recomputed
the SFHs after having set the redshifts to the spec-z values. While
the agreement between @4, and r, measured with both photo-
z and spec-z is remarkable, the scatter in the inferred migration
vector angles (0(®y,)) is reduced by a factor of four when using
spec-z. This reduction in scatter highlights the impact of photo-z
uncertainties on the inferred angles. We still find a population
of outliers. Less than 10% of sources have ®,, which differs by
more than +30° with the reference angle measured using spec-z.
These galaxies are distributed along the MS and do not create
a spurious population of SB or passive galaxies region where
we found a small impact from photo-z uncertainties, as the frac-
tion of @y, outliers is statistically insignificant for this popula-
tion. This is likely due to the uniform colors of passive galaxies,
which are easier to characterize with photometric redshifts, thus
minimizing discrepancies.

While these catastrophic failures could contribute to the
reported dispersion in the migration vector angle in the MS, their
effect is not expected to be statistically significant since they rep-
resent less than 7% of the MS galaxies. The significant reduction
in scatter and outliers when using spec-z suggests that photo-
Z uncertainties are indeed an important source of uncertainty
in this analysis, particularly for the inferred angles and likely
for the magnitudes as well. Despite uncertainties in the photo-
z regarding the migration vector, we showed with the Hz-AGN
simulation that we reached the precision necessary to extract the
overall trends presented in this paper. Additionally, when consid-
ering a z-spec data set, even with significantly reduced uncertain-
ties, the results may still be non-representative due to the lack of
diverse sources, such as faint passive galaxies (Khostovan et al.
2025).

6. Results

In this section we first describe the distribution of the galaxies
of the COSMOS-Web sample in the M, —SFR plane. Then, we
study the migration of these galaxies within this plane based on
their SFHs, investigating possible coherent patterns in their evo-
lution.

6.1. The COSMOS-Web M, —SFR plane

In Fig. 5, we show how galaxies are distributed over the
M, —SFR plane at different redshift bins. The MS is seen up
to z = 4, our earliest redshift bin. We test four different
MS models from the recent works of Speagle et al. (2014),
Schreiber et al. (2015), Lejaetal. (2022), and Popesso et al.
(2023). The Schreiber et al. (2015) parametrization is the most
consistent with the observed MS (MSyps) across different red-
shift ranges (the only one shown for clarity). To quantify the
difference between the Schreiber et al. (2015) parametrization
(MSsch) and the MSq,s, we select star-forming galaxies over
the rest-frame (NUV-r) vs. (r—Ks) color-color diagram as
described in Moutard et al. (2016). We fit the distribution of
SFRs at different stellar mass and redshift bins using a log-
normal distribution. We analyze the deviation by looking at the
MSsch — MS,ps difference. For galaxies at 0 < z < 2, we find no
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significant deviation, with [MSgc, — MSops| < 0.10dex. At high
redshift 2 < z < 4, the difference can reach |Mse, — MSqps| <
0.15 dex for the most massive galaxies. Given this analysis, the
relatively low differences between MSg,, and our observed MS,
and a non-negligible bias (>0.2dex at z > 2 at the high-mass
end) from the others aforementioned parametrizations, we set
the model from Schreiber et al. (2015) as a reference to define
different regions on the M, —SFR plane.

We now consider the SB population, defining them as galax-
ies with an SFR which is 0.6 dex (a factor 5 in SFR) or more
above the MS relation at a given stellar mass and redshift, an
arbitrary limit as in Rodighiero et al. (2011). As seen in Fig. 5,
the occupation of the SB region of the M,—SFR plane varies
with redshift. To quantify this we show in Fig. 6 the relative frac-
tion (to the total number of galaxies) of galaxies more massive
than M, > 10°° My, in the SB region as a function of redshift.
Using our definition, the fraction of SB galaxies is less than 10%
at0 <z < 1.5. At 1.5 < z < 2.5, the SB fraction increases up to
30%, and eventually decreases at z > 3 down to approximately
10%.

We now consider galaxies with an sSFR (defined as the ratio
between the SFR and the M) below 107! yr~! as passive (e.g.,
Ilbert et al. 2010). In Fig. 5, we see how this population increases
with cosmic time, which is particularly visible at M, > 10° M.
As shown in Fig. 6, from redshifts O to 4, the fraction of passive
galaxies rapidly increases with cosmic time, reaching more than
35% at 0 < z < 0.5. At higher redshifts, this fraction decreases to
11%at1.5 < z<2,downto5% at 2.5 < z < 3. Atredshifts z > 3
a significant portion of the galaxies (3%) can already be consid-
ered passive based on the sSFR criteria. This result indicates a
gradual quenching of star formation activity in these galaxies
as they evolve, starting already above z > 4. We will quantify
the increase of this population by measuring the evolution of the
galaxy’s stellar mass function by type in Shuntov et al. (in prep.).
In the next section, we study how these galaxies migrate in this
part of the M, —SFR plane based on their reconstructed SFH.

6.2. Detailed analysis of the SFHs at0 < z < 0.5

As introduced in Sect. 3.1, the migration velocity vector 77,
describes the past trajectory of a galaxy in the M, —SFR plane.
By examining its mean value depending on the position in the
plane, we expect to gain insight into the processes that have
led galaxies to their current position with respect to the MS and
quantify when galaxies transition from and into the SB and pas-
sive regions.

For the sake of clarity, we first focus on a specific red-
shift bin (0 < z < 0.5) to present our results. This analysis is
extended to the full redshift range in the next section. We ana-
lyze the median angle ®,,, its scatter, and the velocity norm
ry; for several timescales between 300 and 1000 Myr. Figure 7
shows the M,—SFR plane binned in hexagonal 2D cells (with
the number of sources by cell >10) and color coded accord-
ing to the three parameters, with Az = 300 and 1000 Myr, for
the upper and lower panels respectively. We selected these two
timescale values as the most extreme among the ones we inves-
tigated in this analysis. We first investigate the degree of coher-
ence in the recent SFH in a given position of the M, —SFR plane.
The cells in the left panels in Fig. 7 are color coded accord-
ing to the ®,, median values. We obtain a remarkable correla-
tion between the positions of galaxies in the M, —SFR plane and
their migration angles. This representation of the plane shows
a well-defined stratified distribution of ®,;, with a continuous
decrease of its median value from the SB region toward the
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Fig. 6. Fraction of galaxies categorized as SB and passive as a func-
tion of redshift. The fractions are computed with respect to the entire
(z < 4) dataset of galaxies (in a given redshift bin), with stellar masses
>10%3 M,. SB are galaxies that lie at more than 0.6dex above the
MS (Rodighiero et al. 2011) and passive galaxies have an sSFR <
107" yr~!. Candle sticks represent the statistical errors in the fractions,
while the overlaid error bars account for systematic uncertainties due to
the adopted MS definition (obtained by changing our MS reference by
+0.2 dex). Colors are magenta for SB and red for passive galaxies.

passive one. The cells within the same ®,, range are well aligned
with the slope of the MS. For instance, cells with a value between
—50° < @y, < —20° overlap with the star-forming MS estab-
lished in Sect. 6.1. The cells in the middle panels of Fig. 7 are
color coded according to the dispersion of the migration angle,
0 (®py). It quantifies the degree of coherence in the orientation of
. In this representation, we find a low dispersion value for SB
and passive regions, while the dispersion increases significantly
toward the high mass end of the MS. We stress that one needs
to be careful in analyzing the dispersion. By definition, extreme
values on @, must be associated with lower o-(®,,) as by con-
struction —90° < ®,, < 90°. In the right panels, the cells are

color coded with the median value of the velocity norm, ry,, i.e.,
the norm of 7 Ar normalized by Az (Egs. (1) and (2)). We also find
a high degree of homogeneity when considering the cells paral-
lel to the MS. Galaxies positioned along the MS demonstrate
markedly low levels of velocity norm 7, (<4 and 2 dex/Gyr at
300 and 1000 Myr on At, respectively). Therefore, the first con-
clusion of our work indicates a high degree of homogeneity of
the median migration vector, with its properties depending on
the distance perpendicular to the MS. Therefore, the bulk of the

A159, page 11 of 24



Arango-Toro, R. C., et al.: A&A, 696, A159 (2025)

. Day Ldeg]

4

o(Day )Jd eg]
25 50

ra¢[dex/Gyr]
4

[ &

LI I LN I B | I LI B | LI L
At = 300Myr T 0.0<z<0.5

.

D
-

0
—
|r _9
L -2
- —4p
=,
g
S
[P
&
L0
S

T r 1 [ rrr 1 rrrq
At = 300

0.0<z<0.5

At = 300My

.
AT

A

0.0<z<05 At =1Gyr

S0
LAY

&

-
Schreiber et al. (2015)
=== MS+0.6 dex

o R — = sSFR=10-t4n™!
-6 P I TR T R Q'I I | s vy 1, e, PR T T T N T I, . I AN N Y T S |
8 9 10 11 8 10 11 8 9 10 11

logy

I\'I* [hl L]
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MS will remain unchanged as it evolves around this redshift, but
its normalization will not.

Secondly, we investigate the SB region as defined in
Sect. 6.1. This region presents highly positive ®gpp median
values (260°), low dispersion ($20°) and high values of 7
(>3 dex/Gyr).

These values are characteristic of strongly rising SFHs, as
shown in Fig. 2. This high homogeneity of the SFHs indicates
that most of the galaxies do not stay in this SB state since the
fraction of galaxies with @, < 0° remains below 2% in this
region. The direction and high-velocity norm of 71, suggest
that these galaxies may have even originated from the MS at
higher redshifts and have moved toward the SB region at the
current redshift, as we discuss and quantify in Sect. 7. Third, we
study galaxies within the MS, within +0.3 dex from the MS of
Schreiber et al. (2015). The dispersion of @, inside this region
suggests that these galaxies exhibit more SFHs diversity than
galaxies outside the MS. However, there is a low-velocity norm
of the migration vector which implies a coherent evolution of
the bulk of star-forming galaxies. In other words, galaxies from
the MS may have originated from different positions within the
M, —SFR plane, but they did not move with a velocity higher
than rigo90 ~ 1dex/Gyr. We interpret this result as oscillations
of the galaxies within the MS. It results in the bulk of galaxies
moving coherently, preserving the MS.
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Figures 7 and 8 show that the general tendency on the dis-
persion (0(®y,)), increases as At decreases in the MS. This
is expected due to the star-formation stochasticity probed by
lower timescales. Additionally, regardless of the timescale, the
dispersion within the MS increases with stellar mass. There-
fore, the diversity of SFH increases significantly with a stel-
lar mass within the MS given the considered timescale, we do
not probe short-term star-formation stochasticity but long-term
(>300 Myr) trend in the SFH.

We find that galaxies located in the passive region have
migration angles with negative values, indicating a decrease in
their star formation within the considered timescales, i.e., At
from 300 to 1000 Myr. Massive galaxies (M, > 10'"M,), show
angles @5, < —50°, with associated dispersion below 20° and
velocity norms going from 2 to 4 dex/Gyr, this meaning that
this massive sample is dominated by galaxies that have rapidly
quenched in the last Gyr, by having moved by more than 2 dex
in the M, —SFR plane. We discuss the origin of this population
in Sect. 7.2. Finally, we notice that passive galaxies with stellar
masses between 107 to 10° M, present a larger o-(®,,) than the
most massive galaxies, showing more diversity in their SFH. We
quantify this trend in Fig. 9, with a clear drop in o(®,,) above
M, > 10'"M,.

Our conclusions do not vary significantly when considering
different timescales Af, from 300 to 1000 Myr. We find a hint
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Fig. 9. Dispersion of the migration angle as a function of stellar mass in
the passive galaxies region.

of lower o(®,,) when increasing the timescale, which suggests
that the position of galaxies over the M, —SFR plane is driven by
long-term variations in the SFH.

6.3. SFHs across the redshift range 0 < z < 4

The results presented so far were focused on the specific red-
shift range 0 < z < 0.5, testing several lookback time periods
from 300 to 1000 Myr. Since the results do not depend signifi-
cantly on the considered timescale (as illustrated in Sect. 6.2),
we set At = 700 Myr for 71, and extend our analysis over the
full redshift range 0 < z < 4. Figures 10, 11, and 12 shows the
median value of the migration angle ®,,, its dispersion, and the
velocity norm, ry, respectively, in various redshift bins. Several
trends observed at low redshift (0 < z < 0.5) can be generalized
across the full redshift range (0 < z < 4). We can generalize the
coherent patterns on @y seen at 0 < z < 0.5 to the full redshift
range. In every redshift bin, we find well-stratified values of the
median ®7(, with an orientation parallel to the MS slope. At any
redshift, the median value of @7 decreases continuously from
the SB region to the passive one. The dispersion of the migra-
tion angles is the lowest within the most extreme regions (SB
and passive galaxies), while the norm is the largest. In the fol-
lowing, we analyze in detail each region of the M, —SFR plane
starting from the highest sSFR.

Starburst galaxies: We first obtained that galaxies in the SB
region have strongly rising SFHs with @79 > 60° and low dis-
persion on these measurements (<10°). This population is dom-
inated by galaxies having formed 50% of their stars recently (in
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the last 300 Myr, see Fig. 13), indicating that most of their stellar
mass has been formed in a recent burst. They also present high-
velocity norms over the M,—SFR plane with rypy > 2 dex/Gyr.
Such conclusions remain valid across all redshift bins. How-
ever, as noted in Sect. 6.1, the fraction of massive galaxies in
the SB region increases with redshift only until z 2.2. In
this population, the value of r;o0 is even larger than the val-
ues found at lower redshifts. Figure 14 illustrates this result,
showing that the most massive galaxies reach a displacement
up to r00 = 4.20 = 0.50dex/Gyr at z > 3, while low red-
shift z < 0.5 massive galaxies show low displacement around
r700 = 2.90 £ 0.70 dex/Gyr.

Main sequence galaxies: We analyzed the galaxies encom-
passed within the MS region (+0.3dex around the MS of
Schreiber et al. 2015). We observe a consistent trend as the one
found at 0 < z < 0.5: MS galaxies exhibit low to moderate
median r;oo values (Fig. 12). This indicates that galaxies within
the MS experience limited movements in the M,—SFR plane
as cosmic time progresses. This is true over the full consid-
ered redshift range 0 < z < 4. This finding explains why this
densely populated region undergoes minimal evolution over the
M, —SFR plane. Such stability is essential for maintaining the
structural integrity of the MS, as discussed in Sect. 7.1. Another
interesting trend of the MS galaxies is the continuous change of
the median value of @7y, along cosmic time. Measurements of
the angle @7y inside the MS show a shift from declining SFHs
at low redshifts to rising ones at high redshifts (see Fig. 10).
Figure 15 summarizes the evolution with cosmic time of @7
for both, low mass (log;y M4 1im(2)/Me < log;y M, /Mg < 9.5)
and more massive MS galaxies (9.5 < log,s M«/Mo < 11.5),
with error bars illustrating the dispersion on the migration angle,
o (D7gp). At redshift between 0 < z < 1, the MS region is
populated by galaxies showing a migration angle within the
range —70° < @799 < 4°, characteristic of galaxies present-
ing a declining recent star-formation activity. As we rewind
in cosmic time, the distribution of angles inside the MS shifts
continuously toward higher @y, values. At redshift between
2 < z < 4, the angle values reach a plateau and are relatively
constant (30° < @799 < 70°) corresponding to a rising SFH.

Green valley galaxies: The galaxies selected in the region
below the MS (AMS < -0.3dex) but not passive (sSFR >
107" yr1) are located in the region of the M, —SFR plane gen-
erally called the GV (Salim et al. 2007; Whitaker et al. 2012;
Quilley & de Lapparent 2022). Although the GV is considered
to be a transition region from the star-forming region to the
passive one, some studies suggest that it could also be a place
where we can find galaxy rejuvenation (Schawinski et al. 2014;
Chauke et al. 2019; Belli et al. 2019). We observe in Fig. 11 that
massive GV galaxies present the highest dispersion in @7 at
all redshifts. They are also characterized by a low-velocity norm
r700- We show in Fig. 16 the fraction of GV galaxies depending
on their migration angle. The GV area is dominated by galaxies
with a declining SFH, consistent with starting their transition
toward the passive region. Still, we find a significant popula-
tion of galaxies with rising SFHs (magenta-connected circles) at
intermediate redshifts, representing up to ~20% at intermediate
redshifts 1.5 < z < 2.5 and in the mass range 10" < M, /M, <
10", which could be associated with rejuvenation.

Passive galaxies: As pointed out in Sect. 6.1, there is a
notable increase with cosmic time in the density of galaxies
transitioning into the passive phase. We find a population at
3.5 < z < 4 with strongly declining SFH (®79p < —60°) and
rapid migration within the M,—SFR plane (r7990 > 3 dex/Gyr).
Therefore, the quenching process initiates early in the age of
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Fig. 10. Plane of M, —SFR in different redshift bins from z = 0 to z = 4. The color code indicates the median value on ®,, with At = 700 Myr and
binned in hexagonal 2D cells. The black solid line presents the MS from the model of Schreiber et al. (2015) at each redshift. In each panel, the
gray solid line shows the MS model at z = 0.25. The dot-dashed and dashed lines indicate the limit to select passive and SB galaxies.

the Universe and occurs first in the most massive galaxies with
M, 2 10'°M,. This population grows in density with cosmic
time, indicating a continuous quenching of the massive galaxies.
We discuss in detail in Sect. 7.2 what could be the progenitors of
this passive population. While the quenching occurs first within
the massive galaxies, we find an increase of passive galaxies with
108 < M, /My < 10° which appears at z < 1. As discussed in
Sect. 6.2, this population presents similar SFH characteristics as
other passive galaxies (D799 < —60°, 790 > 3 dex/Gyr), but a
higher dispersion of @7 than their massive counterparts.
Finally, we discuss a general trend in the galaxy ages across
the M,—SFR plane. Figure 13 presents the M,—SFR plane
colored by the parameter Tsgq, which represents the look-
back time at which 50% of a galaxy’s total stellar mass was
formed. We find that the most massive galaxies tend to have
higher Tsgq values than low-mass galaxies, with an abrupt
change above 10'°My, and z > 1.5. This indicates that mas-
sive galaxies formed their stellar mass earlier in the cosmic
timeline. This pattern aligns with the downsizing phenomenon
described by Cowie et al. (1996), where more massive galax-
ies form their stars earlier and faster than less massive ones.
This result is also consistent with Aufort et al. (2024) who show
that star-forming galaxies present clear mass-dependent SFH-
based machine-learning techniques applied to COSMOS2020
(Weaver et al. 2022). This phenomenon suggests that massive
galaxies experience intense and frequent star formation episodes
at higher redshifts followed by a drop in star formation, lead-
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ing to higher T5yq values. Mergers could play a role in building
the mass and in the quenching process, which cannot be tested
with our dataset. In contrast, low-mass galaxies generally form
their stars over more extended periods, resulting in lower T'sgq,
values. This highlights the differences in SFHs between massive
and less massive galaxies.

7. Discussion

For two decades, the position of the galaxies in the M,—SFR
plane has been commonly used to select galaxies with sim-
ilar properties (e.g., Noeske etal. 2007; Pengetal. 2010;
Popesso et al. 2023). This classification is based on the instan-
taneous state of the galaxies in terms of SFR and stellar mass.
In this paper, we use the reconstructed SFH of individual galax-
ies to study their migration over the M, —SFR plane. Thanks to
the migration vector, we can directly estimate the positions of
the galaxy progenitors at earlier times and quantify how galaxies
move within the M, —SFR plane.

7.1. Maintaining the galaxy main sequence over cosmic time

As shown in Sect. 6.1, we find a well established MS out to
z = 4, well described by the Schreiber et al. (2015) parametriza-
tion. The position of the MS evolves with redshift, as found in
many studies (e.g., Brinchmann et al. 2004; Elbaz et al. 2007,
Whitaker et al. 2012; Popesso et al. 2023). In Sects. 6.2 and 6.3,
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Fig. 11. Same as Fig. 10 except that the color code indicates the median value of the dispersion on ®@,,.

we show that galaxies within the MS share a similar median
angle ®,,, meaning that MS galaxies have moved in the same
direction over the M,—SFR plane in the last billion years. Such
a condition seems necessary to explain how the slope of the MS
remains constant over cosmic time (e.g., Speagle et al. 2014).

As shown in Fig. 15, the average value of ®,, within the
MS has declined continuously over time. Star-forming galax-
ies that belong to the MS (£0.3 dex) exhibit a rising SFH at
1.5 < z < 4 which reverts to a declining SFH at z < 1.5. Such a
result is consistent with Pacifici et al. (2013) who found that the
SFHs of star-forming galaxies selected at z < 1.4 rise and fall
in a bell-shaped manner. Our sample spans a larger time range
and the galaxies observed at z > 1.5 probe the rising part of
this bell-shaped SFH. While we could be tempted to link this
shape with the evolution of the comoving SFR density (e.g.,
Madau & Dickinson 2014), such analysis would require consid-
ering the comoving number density of each star-forming popu-
lation contributing to the SFR density.

When studying the MS galaxies in more detail, we find that
the dispersion of ®@,, increases toward massive galaxies (Fig. 8).
This means that galaxies could come from various directions in
the M, —SFR plane, which could fight against the existence of
the MS at high masses. Ilbert et al. (2015) find an increase of the
MS scatter at high masses in agreement with our analysis. How-
ever, this increase of o(®y,) is compensated by the low norm
of the migration vector seen in Fig. 12. Even though massive
MS galaxies move in a broader range of directions than lower-
mass galaxies, they cross lower distances in the M, —SFR plane,
which preserves the MS at high mass. Indeed, considering that

the dispersion of ®,, within the MS is relatively high and can
reach up to 50 degrees, the MS would not persist over cosmic
time if galaxies were experiencing large movements (i.e., high
values of the nom ry,). Therefore, a low norm is needed to pre-
serve the MS. Indeed, the test described below shows that our
reconstructed SFH are consistent with the observed MS evolu-
tion.

To go one step further, we can use the migration vectors
to understand from where MS galaxies originate. We select
galaxies within +0.3 dex around the MS in a given redshift bin
71 < z; < zp. Based on the migration vector of individual galax-
ies, we can reconstruct the expected position of their progenitors
at earlier epochs corresponding to a redshift noted z,. We used
the following relation Alog;, SFR = ra, X dT X sin(®,,) and
Alog g M, = ra X dT X cos(®@p,), where dT is the cosmic time
elapsed between the redshift of the galaxy (z;) and z,,. We choose
2Zp to be the mean of the nearest redshift bin z, < z, < z3. We also
choose Ar (within the range 300 to 1000 Myr) to be the closest
as possible to dT to minimize extrapolation. Therefore, we can
compare the expected positions of the progenitors of MS galax-
ies at z; < z; < zp with the MS position at z, expected from
the Schreiber et al. (2015) parametrization. Figure 17 illustrates
this method at several contiguous redshift bins. For instance,
black dots on the upper left panel of Fig. 17, show MS galax-
ies selected at 1 < z < 1.5 (with z; = 1.25). Then, their expected
positions on the M,—SFR plane at z, = 1.75 were recovered
via the individual migration vectors, showing the expected dis-
tribution of these progenitors (color-coded dots) respectively to
the MS from Schreiber et al. (2015), at z, = 1.75. We find that
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~70% of MS galaxies’ progenitors were already in the MS. Only
5% came from the SB region and none from the passive region.
The inset panel in Fig. 17 shows the observed (mass complete)
galaxies at 1 < z < 1.5 showing good agreement with the
Schreiber et al. (2015) parametrization. A significant population
of the MS (~5%) originates from the massive end of the GV.
Such results corroborate the possible rejuvenation discussed in
Sect. 6.3 and/or a larger diversity of SFH in massive MS galax-
ies. We note that the positions of the progenitors can be recon-
structed well below the mass completeness limit of observed
galaxies.

We extend this analysis at all redshifts when the cosmic time
elapsed between two redshift bins remains below 1 Gyr to allow
for a robust reconstruction, i.e., above z > 1. Over the consid-
ered range of redshifts, we find that the fraction of MS galaxies
that already belonged to the MS in the previous redshift bin is
encompassed between 64% and 83%. A maximum of 5% origi-
nates from the SB region and none from the passive region. So,
we conclude that most of the MS galaxies remain within the
MS as time evolves, while a small fraction of them (5%) expe-
rienced an SB phase. We also conclude that the migration vec-
tor which describes the movement of galaxies in the M,—SFR
plane, can explain coherently the observed evolution of the MS
from Schreiber et al. (2015).

As an additional test, we extended the previous analysis for
all galaxy populations, i.e., not limiting ourselves to the MS
galaxies. We select galaxies at z; and infer their position in the
M, —SFR plane at an earlier time (z, with z, > z;). A correlation
between stellar mass and SFR is clearly visible in the recon-
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structed plane, which corresponds well to the observed MS at
Zp. The offsets between the reconstructed and observed MS are
lower than 0.2 dex in the mass-complete regime. The figure is
not shown in this paper since the results are very similar to the
one shown in Fig. 17. Thus, we can conclude that the observed
evolution of the MS matches well the expected evolution from
the individual SFH, supporting the robustness of the migration
vectors when used to derive average trends.

7.2. The buildup of the passive population

We found 110 galaxies in the passive region of the M,—SFR
plane at 3.5 < z < 4 (Sect. 6.1). Their stellar masses are within
the range 10'% < M, /M, < 10", which corresponds to the
most massive galaxies at this epoch (see Fig. 5). As expected,
these galaxies present a declining SFH with @, < —60° and
among the highest norm in the migration vector (see Fig. 12).
Their SFH indicates that they have formed in a burst which could
be fitted by an exponentially declining function with e-folding
time 7 ~ 200 Myr. According to their 7’504, we find half of these
passive galaxies already assembled 50% of their stellar mass
1200 Myr after the Big Bang (800 Myr for three of them). There-
fore, these galaxies would have formed and quenched between
5 < z < 7. Recent results from several JWST surveys discov-
ered the presence of galaxy candidates potentially as massive
as M, > 100 Mg at z 2 10 (e.g Labbé et al. 2023; Casey et al.
2024). Shuntov et al. (2025) find evidence for a significant popu-
lation of galaxies more massive than M, > 10> Mg atz > 5in
the same field. Given their density, these galaxies are potentially
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the progenitors of our passive sample. Our sample indicates
that quenching already occurs at z > 5. While still extremely
unclear, physical processes such as AGN feedback could be able
to quench massive galaxies as early as 1.5 Gyr in cosmic time
(Dubois et al. 2013b; Saxena et al. 2024; Xie et al. 2024).

The number density of passive galaxies increases contin-
uously from z = 4 to z = 1 for stellar masses above
10'°M, (Fig. 5). Such evolution is expected from the evo-
lution of the galaxy stellar mass functions (e.g., Ilbert et al.
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Fig. 15. Median migration angle as a function of redshift for
MS +0.3dex galaxies. Pink-connected circles indicate galaxies with
stellar masses between Mﬁm(z) < log,y M, < 9.5, while blue-connected
dots indicate galaxies with stellar masses between 9.5 < log,, M, <
11.0. Error bars show the dispersion on the migration angle.

2010; Weaver et al. 2022; Valentino et al. 2023) showing a rapid
increase in the number density of this population. One question
is the origin of these massive galaxies which quench rapidly
between z = 4 to z = 1. For instance, a critical question
is whether passive galaxies transition directly from the MS or
undergo an SB followed by rapid quenching (Hopkins et al.
2008). The rise in massive galaxies in the passive region coin-
cides with the decline of massive SB galaxies seen in Fig. 6,
notably around z = 2, which suggests a potential link. We fol-
low the same method as described in Sect. 7.1 to study the
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progenitors of passive galaxies. The top-left panel of Fig. 18
shows the passive galaxies at 1 < z < 1.5 (black shaded dots)
and the expected position of their progenitors at z = 1.75 rela-
tive to the MS of Schreiber et al. (2015). Most of the progenitors
are massive galaxies above M, > 10'°M,, but they are scat-
tered over a wide range of SFR. Around 16% of the progenitors
of the passive galaxies at z = 1.25 come directly from the SB
region at z = 1.75, with stellar masses above 100 M. It corre-
sponds to the most massive SB seen in Fig. 5, which implies that
part of the massive SB appears to move into the passive region.
So, these SB can quench in less than 1.1 Gyr, in agreement with
a rapid quenching achieved by AGN feedback in bright mode
(Hopkins et al. 2008). Still, the majority of the progenitors of
passive galaxies originate from the MS (23%) and the GV (44%).
Therefore, the main channel for the formation of these passives is
probably smoother (see Wang et al. 2019; Williams et al. 2019;
Valentino et al. 2020; Long et al. 2023; Manning 2024). Results
are similar in all the considered redshift bins, while we empha-
size that the time interval in the two highest redshift bins is only
300 Myr. The GV region at M, > 10'° M, contains a mix of MS
galaxies, galaxies undergoing rejuvenation, and galaxies in tran-
sition due to quenching. It explains the high dispersion seen in
@y, (see Fig. 11), with star-forming galaxies mixed with galaxies
in transition to the passive region. A more detailed study of this
region of the M,—SFR plane would be crucial to understanding
physical processes leading to quenching.

The passive galaxies at M, > 10'°Mg are dominated by
declining SFH, with a low dispersion in @, values (see Figs. 10
and 11). Such homogeneity means that when galaxies start to
quench, the process does not stop and the quenching continues
to act. The most massive galaxies at 0 < z < 0.5 with the low-
est sSFR are supposed to have quenched among the earliest in
the Universe, as confirmed by their Tsoq ages above 10 Gyr.
Even these galaxies are dominated by declining SFH. There-
fore, a physical process is needed to prevent the rejuvenation
of star formation in these already passive systems. This behav-
ior could indicate quenching processes linked to the halo mass,
where quenching in massive halos is maintained by virial shocks
and radio-mode AGN feedback preventing gas from being
accreted onto galaxies (e.g., Croton et al. 2006; Bower et al.
2006; Cattaneo et al. 2006; Dubois et al. 2010; Beckmann et al.
2017). Given the continuous growth of dark matter halo, this
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quenching mode is maintained for several Gyr which could
explain the continuous decrease of star formation.

Finally, it would seem counter-intuitive that the passive
galaxies do not originate from the passive region. Similarly,
the value of the norm ry, is higher than expected in the pas-
sive region given that these galaxies are supposed to not move
anymore (see Fig. 12). We interpret this result as an indication
that the passive population is dominated by galaxies that have
recently fallen into this region. The comoving number density
of passive galaxies has increased by more than a factor of 10
between z = 3 and z 1 (e.g., Weaver et al. 2022). There-
fore, the contribution to the overall trend is likely outweighed
by the more numerous star-forming galaxies which continuously
quench and fall into the passive region. We conclude that new-
comers to the passive region dominate the main trends at z > 1.
At lower redshift, newcomers are predominantly galaxies with a
mass of M, < 10'° Mg, which corresponds well to the galaxies
with higher rar values.

7.3. The starburst sequence

Our analysis reveals significant insights into galaxy movements
within the extreme regions of the M, —SFR plane. The SB pop-
ulation, characterized by recent bursts in their SFHs, forms a
homogeneous group. These galaxies show coherent trajecto-
ries, suggesting that similar physical processes drive them. Star-
burst galaxies experience rapid increases in SFR, which could
be triggered by interactions or mergers and/or gas-rich inflows
(Rodighiero et al. 2011; Elbaz et al. 2018). In Sect. 6.1, we find
a fraction increase of this massive SB population with a peak at
z ~ 2. Such an increase is consistent with the increase of the
gas fraction (Genzel et al. 2015) which is primarily constrained
through MS galaxies, (Tacconi et al. 2020) and the merger rate
(Luo et al. 2014; Rodriguez Montero et al. 2019; Forrest et al.
2024; Stumbaugh et al. 2024).

Galaxies with flat or declining SFHs are absent in the SB
region, indicating that they do not stay in a high sSFR state for
long. If they did, we would find some with lower velocity dis-
placements or flat angles based on their SFH trends. Our results
suggest that SB galaxies rapidly fall back to the MS or transition
quickly into the passive population.

Low Tspq values indicate that most of their stars were
formed recently. When using the migration vector to trace back
the position of the progenitors back in time, exactly as done
in Sect. 7.1, we find that the vast majority originates from the
MS at much lower masses. Between two redshift bins, the SB
galaxies gain almost 2 dex in stellar mass (for any bin between
1 <z < 15and 3.5 < z < 4). Less than 1% originate from the
SB region and none from the passive. In the previous section,
we show that part of the SB quench is directly within the passive
region. The rise in massive galaxies in the passive region coin-
cides with the decline of SB galaxies, notably around z = 2, this
correlation suggests a potential link.

8. Conclusions

In this paper, we have studied the migration of the galaxies using
the M, —SFR plane in the redshift range 0 < z < 4. We based our
analysis on the COSMOS-Web survey, and our sample contained
394602 galaxies over 0.54 deg? including flux measurements in
33 bands from the visible to mid-IR. Galaxies were selected in
the NIRCam bands with mpqqqw < 27. The associated photo-
metric redshifts are as precise as o"a,/(1+z) = 0.01 for a sample
selected at mpsqaw < 24, which degrades to oaz/(1+,) = 0.025 at



Arango-Toro, R. C., et al.: A&A, 696, A159 (2025)

lllllllllll
|||||||||I||

L—‘ 1 LI I L I
8 2 T 3
=) T
= f-1H , ]
= 9. T 8.5 9.0 9.5 .
1 | | 1 | T 1 1 | 1 1 1 1 M
4 B ' | | 1 | ' 1 L
) - 2,=3.25, 2;=2.75 + T 2,=3.75, 2;=3.25 + &
o 1F - —
— 5 -+ -
o0 -
= ) S——— _‘__‘ ________ -t o ___= § _________ ] —— Observed MS at z,
E ‘ =2 = sSFR=10""NM yr*
[ I ] === A MS=0dex
_]. __ 1 '_ T T [ rrrr] ____ 1 I_I LI B N B B B R __ — AMS=0.6 dex
[ = I . 3 ] —— AMS=—0.3 dex
L 0 2 1 0 i
—2F = ] 1 o T T
:_ PR EET E A E A I o B T N A T T T J ) 9r 0 50 Wi i
-1 55 5 -1 55 - 0.25 050 075 1.00

9.5

] Normalized progenitors density

8

1 I 1
10

|
oo

(=]
(=]

8
logyp M, [Mg]
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represents the normalized progenitor density over the plane at z,,. The evolution in time of galaxies over the M,—SFR plane is predicted via the
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Table 4. Main sequence and passive galaxy progenitors fraction over the M, —SFR plane.

Progenitors of the observed MS Progenitors of the observed Passive

Zi» Zp, AT [Myr] SB% SF% GV% Passive SB% SF% GV% Passive%
1.25,1.75, 1218 124 3.3 499+25 37457 0.3+0.1 7520 23.0=x1.1 494+7.6 149+1.8
1.75, 2.25,790 18.5+4.8 53.1+£2.8 28.0+4.6 0.5+0.2 6.7+2.1 20.1+1.1 51.0+7.9 17.2+2.1
2.25,2.75,545 13.0+34 52.8+2.7 33.8+54 0.3+0.1 45+1.2 22.8+1.5 52.0+8 134+1.8
2.75,3.25,393 16.8 £4.3 48.1+2.6 346+3.5 0.5+0.2 1.2+04 10.3+£2.3 624+94 242+2.3
3.25,3.75,294 26.6 6.7 49.0+2.6 239+3.8 0.4+0.1 43+1.6 18.5+3.1 60.8+9.2 11.1+£3.1

Notes. Regions of origin (at z,,) of galaxies identified as MS at z; (left part of the table) and passive galaxies at z; (right part) from Figs. 17 and 18.
The table presents the percentage of galaxies coming from each region of the M, —SFR plane—SB, star forming (SF), GV, and passive—alongside
their associated uncertainties. Uncertainties were computed as the quadrature sum of bootstrap errors and systematic uncertainties due to deviations
of the MS definition (+0.2 dex). Bootstrap errors were derived from 100 repetitions, where 80% of the total data set was sampled at each iteration,
with the observed SFR, M, , and migration vector randomly computed from a normal distribution with central values and standard deviations based
on the CIGALE Bayesian-like analysis. Systematic uncertainties account for reclassification due to MS adopted and the typical bias with respect
to the observed distribution (see Sect. 6.1), including the definition of progenitor populations on the reconstructed M, —SFR plane. dT reports the
cosmic time elapsed between z,, and z;.

26 < mpaaaw < 27. We limited our analysis to a mass-complete
sample at z < 4.

By employing sophisticated SED-fitting techniques with the
code CIGALE, we reconstructed the SFH of individual galaxies.
Based on the SFHs, we defined a quantity named migration vec-
tor that characterizes the velocity and the direction of the galaxy
movements within the M, —SFR for a given lookback time. We
tested the robustness of the SFH reconstruction by relying on
mock catalogs, especially one created with the Hz-AGN hydro-

dynamic simulation including complex SFHs. This comparison
with simulations showed that the migration vector can be trusted
for the considered lookback times between 300 and 1000 Myr.
We also found that we can reconstruct the lookback time at
which galaxies assembled more than 50% of their total stellar
mass.

The galaxy distribution in the M,—SFR plane presents
a clear MS that is consistent with the MS derived by
Schreiber et al. (2015). We also found a continuous increase in
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Fig. 18. Distance to the MS (AMS) as a function of the stellar mass (in log scales). Shaded black dots represent the observed passive galaxies
at z; = {1.25,1.75,2.25,2.75,3.25}, while color-coded dots (by density over the plane) show the progenitors predicted MS distance at z, =
{1.75,2.25,2.75,3.25,3.57}. Progenitors’ SFR and M, were obtained by computing the expected change in SFR and M, of galaxies at z;. The
evolution in time from z; to z; over the M, —SFR plane was predicted as in Fig. 17. Cyan solid lines indicate the MS =+ 0.3 dex, the magenta solid
line the MS + 0.6 dex, and red solid line the sSFR = 10~'! yr™! limit for passive galaxies. The color bar represents the normalized progenitor’s
density over the plane at z,,, while the gray color bar shows the normalized observed density of sources at z;.

the comoving density of passive galaxies with cosmic time. The
SB fraction of galaxies more massive than 10°° M, increases
with redshift and peaks at z ~ 2.

We used the migration vector to describe the past trajectory
of galaxies in the M,—SFR plane. Figure 19 summarizes our
results by presenting a schematic view of how galaxies migrate
from and toward different regions of the M,—SFR plane. We
report our conclusions as follows:

— Galaxies selected in the same location of the plane share very
homogeneous properties in terms of recent SFH (considering
a lookback time between 300 Myr and 1 Gyr).

We find a downsizing pattern, with massive galaxies form-
ing their stars at an earlier time and an abrupt change in the
median ages above 10'° M.

Galaxies within the MS present a low migration veloc-
ity within the plane, which preserves the existence of the
MS. The largest fraction of the galaxies identified as MS
galaxies in a given redshift bin were already within the
MS in the previous redshift bin (>95% if we include the
GV). Still, we find a large dispersion of ®,, that increases
with stellar mass, showing that galaxies oscillate within
the MS.

We find a population of SB galaxies (0.6dex above the
MS) that assembled half of their stellar mass within the last
350 Myr. This population originates from the MS, but their
stellar masses were lower by more than 2 dex in the previous
redshift bin.
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— The GV region at M, > 10'M, presents the largest vari-
ety of SFHs, and this region probably includes a mix of MS
galaxies, galaxies experiencing rejuvenation, and galaxies in
transition due to quenching.

A population of passive galaxies is identified at 3.5 < z < 4.
Based on their SFH, they are expected to form half of their
mass and quench within the redshift range 5 <z < 7.

The quenching occurs first at masses above 10'° Mg, with
a rapid increase of this population with cosmic time. We
find these galaxies originate from massive regions of the
M, —SFR plane but over a large range of SFR. A fraction as
high as 15% moves directly from the SB to the passive region
in less than 1 Gyr, showing that rapid quenching is effective.
Still, the majority of passive progenitors have moved from
the GV to the passive area between two redshift bins, thus
showing more gradual quenching.

Galaxies in the passive region of the plane show a homo-
geneous declining SFH over the entire considered redshift
range, indicating the necessity of a physical mechanism able
to quench star formation over timescales of several billion
years.

This study demonstrates the potential of multi-color photome-
try for estimating individual galaxy SFHs. However, the qual-
ity of SFH reconstruction depends on the considered lookback
time. Our tests show that we can reconstruct the bulk of evo-
lutionary trends when considering timescales between 300 and
1000 Myr. However, our SFH reconstruction is not sensitive
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Fig. 19. Schematic view of galaxy migrations across different redshift bins in the M, —SFR plane. The hexagonal bins represent the galaxy number
density at redshift z;. The arrows represent how galaxies move from a redshift z,, to a redshift z;. For each redshift z;, we trace back the progenitors

of galaxies to their positions at earlier redshifts z,,, using migration vector () that indicates the direction and velocity of galaxy evolution over
the time interval elapsed between z,, and z;. The arrows are color coded by the progenitor population: SB, star forming, GV, and passive. The width
of the arrows is modulated by the relative fraction of sources originating from the respective regions. The head of each arrow corresponds to the
galaxy positions at z;, while the tail represents their positions in different regions at z,. The head’s arrow position in each panel is calculated for
stellar mass bins equally spaced over the mass range considered at z;. The solid black line shows the MS at z,,, with the magenta, blue, and red
dashed lines indicating the boundaries for the SB, star-forming, and passive regions, respectively. Each column focuses on galaxies in different
populations at z; (SB, star forming, GV, and passive), while the rows illustrate changes for different redshift pairs (z;, z,). The arrows highlight the

quantifiable moves in the M, —SFR.

to shorter timescale variations, which would require additional
observational diagnostics (e.g., emission lines). The upcom-
ing compilation of spectra from over 100 surveys (Khostovan
et al., in prep.) and the COSMOS-3D survey’s observation of
over 10000 NIRCam spectra (Kakiichi et al. 2024) will sig-
nificantly enrich this analysis by allowing lower timescales to
be probed and burstiness to be studied. An upgraded version
of CIGALE that includes spectroscopy (Seillé et al. 2024) will
further refine our understanding of galaxy migration along the
M, —SFR plane.

The impact of mergers was not considered in our analy-
sis. The SFHs derived from SED fitting provide a composite

view of progenitor populations, resulting in an average migration
history rather than the trajectory of individual systems. Model-
ing the impact of mergers in an SED-fitting approach is out of
reach with current methods. Still, mergers are modeled in the
Hz-AGN simulation. Our tests show that we are still able to
reconstruct the SFHs when we consider lookback times below
1 Gyr. Still, merger is a fundamental aspect of galaxy growth,
and future studies will focus on integrating galaxy morphology
and SFHs to enhance our understanding of how mergers shape
galaxy evolution and their impact on migration patterns within
the M, —SFR plane. Finally, we plan to release the CIGALE phys-
ical parameters, including the migration vectors, together with
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the public release of the COSMOS-Web photometric catalog
(Shuntov et al., in prep.).
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Appendix A: M, —SFR plane constructed from the Hz-AGN intrinsic values and the COSMOS-Web
observed photometry
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Fig. A.1. Plane of M, — SFR in different redshift bins (0 < z < 4) comparing intrinsic physical parameters from the Horizon-AGN simulation
(left panels) and the COSMOS-Web observed values derived using CIGALE (right panels). The top row shows the migration vector angle across
the M, — SFR plane at different redshifts. The middle row presents the migration vector magnitude, while the bottom row displays the dispersion
of migration vectors. The left panels are based on true SFR, stellar mass, redshift, and analytically computed migration vectors from Horizon-
AGN, whereas the right panels use values derived from COSMOS-Web photometric data processed with CIGALE. The color code represents the
median values of migration vector components at At = 700 Myr, binned in hexagonal 2D cells. The black solid line represents the MS model from
Schreiber et al. (2015) at each redshift. The gray solid line in the right panels shows the MS model at z = 0.25. The dot-dashed and dashed lines
indicate the limits for selecting passive and SB galaxies. White-shaded regions indicate the mass completeness limits.
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