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ABSTRACT

We study the stellar mass assembly of galaxies via the stellar mass function (SMF) and the coevolution with dark matter halos via abundance
matching in the largest redshift range to date, 0.2 < z < 12. We used the 0.53 deg? imaged by JWST from the COSMOS-Web survey, in
combination with ancillary imaging in over 30 photometric bands, to select highly complete samples (down to log M, /M, = 7.5-8.8) in 15
redshift bins. Our results show that the normalization of the SMF monotonically decreases from z = 0.2 to z = 12 with strong mass-dependent
evolution. At z > 5, we find increased abundances of massive (log M, /My > 10.5) systems compared to predictions from semi-analytical models
and hydrodynamical simulations. These findings challenge traditional galaxy formation models by implying integrated star formation efficiencies
(SFEs) of €, = M, f,;' M} 2 0.5. We find a flattening of the SMF at the high-mass end that is better described by a double power law at z > 5.5,
after correcting for the Eddington bias. At z < 5.5, it transitions to a Schechter law, which coincides with the emergence of the first massive
quiescent galaxies in the Universe, indicating that physical mechanisms that suppress galaxy growth start to take place at z ~ 5.5 on a global scale.
By integrating the SMF, we trace the cosmic stellar mass density and infer the star formation rate density, which at z > 7.5 agrees remarkably
with recent JWST UV luminosity function-derived estimates. This agreement solidifies the emerging picture of rapid galaxy formation leading
to increased abundances of bright and massive galaxies in the first ~0.7 Gyr. However, at z < 3.5, we find significant tension (~0.3 dex) with the
cosmic star formation (SF) history from instantaneous SF measures, the causes of which remain poorly understood. We infer the stellar-to-halo
mass relation (SHMR) and the SFE from abundance matching out to z = 12, finding a non-monotonic evolution. The SFE has the characteristic
strong dependence with mass in the range of 0.02—0.2, and mildly decreases at the low-mass end out to z ~ 3.5. At z ~ 3.5, there is an upturn and
the SFE increases sharply from ~0.1 to approach a high SFE of 0.8—1 by z ~ 10 for log(M,/M;) ~ 11.5, albeit with large uncertainties. Finally,
we use the SHMR to track the SFE and stellar mass growth throughout the halo history and find that they do not grow at the same rate — from the
earliest times up until z ~ 3.5 the halo growth rate outpaces galaxy assembly, but at z > 3.5 halo growth stagnates and accumulated gas reservoirs
keep the SF going and galaxies outpace halos.
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1. Introduction

The galaxy stellar mass function (SMF) is one of the most fun-
damental statistical measurements, quantifying the cosmic stel-
lar mass assembly. It is shaped by all the physical processes
that contribute to the growth of galaxies, and as such it reflects
the cumulative history of star formation, mergers, and feed-
back processes. This is tightly linked to the dark matter halos
in which galaxies form and evolve (White & Rees 1978). They
provide the potential well in which gas can accrete and remain
bounded, driving star formation. By studying the SMF, we can
gain insights into the connection between galaxies and dark mat-
ter halos, which is essential for constraining theoretical models
of galaxy formation and evolution.

Another importance in studying the SMF is that it quantifies
the stellar mass density (SMD) assembled in the Universe at a

* Corresponding author; marko . shuntov@nbi.ku. dk

given epoch. This, in turn, is a result of the integrated instan-
taneous cosmic star formation history (SFH) after correcting
for stellar evolution processes (Madau et al. 1998). Comparisons
between the SMD measured from SMF and the one obtained
from integrating the cosmic SFH have shown a persistent dis-
crepancy (e.g., Hopkins & Beacom 2006; Wilkins et al. 2008,
2019; Leja et al. 2015), with the integrated instantaneous SFH
overpredicting the SMD. The reason for this tension remains
poorly understood, and reconciling the two requires a detailed
understanding of the various assumptions and systematics that
enter the measurement of both quantities.

Historically, the SMF has been studied extensively in numer-
ous works in the literature, from the very local Universe (e.g.,
Cole et al. 2001; Bell et al. 2003), across vast cosmic time inter-
vals (e.g., Fontana et al. 2006; Pozzetti et al. 2007; Muzzin et al.
2013; Ilbertetal. 2013; Davidzonetal. 2017; Wright et al.
2018; McLeod et al. 2021; Weaver et al. 2023), to the earli-
est times that stellar masses could be robustly estimated (e.g.,
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Grazian et al. 2015; Song et al. 2016; Bhatawdekar et al. 2019;
Stefanon et al. 2021). These works rely on rest-frame optical
photometric data either from ground-based imaging that is lim-
ited by resolution and sensitivity in the near-infrared (NIR), from
the Hubble Space Telescope (HST) that is limited in wavelength
coverage to <1.6 um, or from Spitzer that suffers from low res-
olution, source blending, and confusion in the IR. Furthermore,
studies of the SMF in the early Universe (z > 6) have been car-
ried out over very deep but small, pencil-beam surveys. These
can be subject to significant cosmic variance relating to sam-
pling over- and under-dense regions of large-scale structure (e.g.,
Steinhardt et al. 2021; Jespersen et al. 2024), and are unable to
probe significant samples of some of the rarest and most mas-
sive galaxies at different epochs.

The launch of JWST has revolutionized our view of the
early Universe with the unprecedented resolution and sensi-
tivity at 1-5Sum from the Near Infrared Camera (NIRCam;
Rieke et al. 2005). JWST observations confirmed that our z >
4 samples based on optical selection have been consider-
ably incomplete in terms of typically red, dust-obscured, and
massive (logM, /My > 10.5) systems (Barrufet et al. 2023;
Gottumukkala et al. 2024; Weibel et al. 2024). Furthermore,
early studies have revealed surprisingly high abundances of mas-
sive galaxies in the early Universe (Labbé et al. 2023; Xiao et al.
2024; Casey et al. 2024). These have challenged contemporary
galaxy formation theories (Boylan-Kolchin 2023) by approach-
ing the number density limit set by the dark matter halos and the
universal baryonic reservoir.

Using JWST observations, several works have already
investigated the SMF at z > 4 (Navarro-Carrera et al. 2023;
Weibel et al. 2024; Harvey et al. 2025; Wang et al. 2024a) and
agree on the enhanced abundances of massive (log M, /My >
10) systems at z > 6, compared to theory predictions. They
have also revealed a significant contribution in the number
density from sources hosting active galactic nuclei (AGNs),
a subpopulation of which appear to be extremely red and
compact (so-called little red dots (LRDs); Labbe et al. 2025;
Greene et al. 2024; Matthee et al. 2024; Kokorev et al. 2024;
Akins et al. 2024). These can boost the rest-frame optical flux
and bias high the resulting stellar mass if the AGN component is
not taken into account; therefore, they need to be carefully han-
dled to avoid biases in the analysis. However, these works on
the SMF are still limited to small areas and unable to probe the
highest masses with high statistical significance.

The observed overabundance of massive galaxies can have
important implications for baryon-to-star conversion efficiency
in the early Universe, and thus on our galaxy formation
models. Since this is related to the host dark matter halo,
a systematic study of the relation between stellar and halo
mass is necessary and still lacking in order to investigate
the star formation efficiency (SFE) in a large redshift range
and into the very early Universe. Several theories have been
proposed to explain the overabundance of massive galaxies.
For example, feedback-free bursts (FFBs; Torrey et al. 2017,
Grudié et al. 2018; Dekel et al. 2023; Li et al. 2024; Renzini
2023), stochastic star formation (Pallottini & Ferrara 2023;
Sun et al. 2023), and positive feedback from AGNs (Silk et al.
2024) in the early Universe can cause increased SFEs that
can rapidly assemble high stellar masses. On the other hand,
systematic biases and effects such as a nonuniversal initial
mass function (IMF; e.g., Steinhardt et al. 2022) or outshin-
ing (e.g., Giménez-Arteaga et al. 2023; Narayanan et al. 2024)
can lead to erroneously high or low inferred stellar masses,
respectively. Furthermore, even modifications to the standard
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A cold dark matter (ACDM) cosmology have been suggested
(Boylan-Kolchin 2023; Liu et al. 2024).

In this work, we use the largest JWST survey COSMOS-Web
to consistently measure the SMF for the first time in 13.4 Gyr, or
97% of cosmic history. The NIRCam imaging at 1—-5 um allows
us to compile highly complete rest-frame optical selected sam-
ples from z = 0.2 to z ~ 10 (and rest-frame UV selected out to
z = 12), and combined with 30 other photometric bands avail-
able in COSMOS spanning from the UV to the NIR, result-
ing in highly accurate photometric redshifts and stellar masses
(Weaver et al. 2022). The large survey area (0.53 deg?) allows us
to study the assembly of some of the most massive and rarest
systems. The large volume probes a range of environments, and
thus allows us to improve both the sampling statistics and the
cosmic variance biases compared to previous work, especially at
z 2 6. Using abundance matching, we also make the connection
to dark matter halos and study the evolution of the integrated
SFE out to z ~ 12.

This paper is organized as follows. Section 2 presents the
dataset we use to carry out our analysis, while Sect. 3 details
the sample selection for our SMF measurements. In Sect. 4, we
describe the methodology to measure the SMF, its associated
sources of uncertainty, and the functional forms that we adopt to
describe the SMF. The results are presented in Sect. 5 and com-
pared with the literature. We discuss our results in Sect. 6 and
put them into a broader perspective with respect to the cosmic
stellar mass assembly and its connection to dark matter halos.
Section 7 summarizes and concludes this work.

We adopt a standard ACDM cosmology with Hy =
70kms~! Mpc‘1 and Q0 = 0.3, where Qp 9 = 0.04, Qp0 = 0.7,
and og = 0.82. All magnitudes are expressed in the AB system
(Oke & Gunn 1983). Stellar masses were obtained assuming a
Chabrier (2003) IMF and, when comparing to the literature, stel-
lar masses have been rescaled to match the IMF adopted in this

paper.

2. Data
2.1. Space- and ground-based observations of COSMOS

This work relies on space- and ground-based multiband imag-
ing data in the COSMOS field (Scoville et al. 2007). The cor-
nerstone of our dataset is the multiband imaging from the JWST
Cycle 1 program COSMOS-Web (Casey et al. 2023, GO#1727,
PI: Casey & Kartaltepe), which we used to carry out the prin-
cipal scientific analysis in this paper. Additionally, we relied on
imaging in the COSMOS field from the deeper but smaller-area
program PRIMER (Dunlop et al. 2021, GO#1837), mainly for
validation purposes and completeness estimation.
COSMOS-Web is a photometric survey that consists of
imaging in four NIRCam (F115W, F150W, F277W, F444W)
filters and one MIRI (F770W) filter. The NIRCam (MIRI) fil-
ters reach a 50 depth of AB mag 27.2-28.2 (25.7), measured
in empty apertures of 0.15” (0.3"”) radius (Casey et al. 2023).
Data reduction was carried out in the following way. For the
January 2023 observational epoch we used version 1.8.3 of
the JWST Calibration Pipeline (Bushouse et al. 2022), Calibra-
tion Reference Data System (CRDS) pmap-1017 and a NIR-
Cam instrument mapping imap-0233. Subsequent data obtained
in April 2023 were processed with an updated version of the
JWST pipeline, version 1.10.0, alongside CRDS version 1075
(imap 0252). Finally, for data obtained in January 2024, we used
the JWST pipeline 1.12.1 alongside CRDS version 1170 (imap
0273) for the version v0.6 and JWST pipeline 1.14.0 alongside
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CRDS version 1223 (imap 0285). Mosaics are created at 30 mas
for the short wavelength and 60 mas for the long wavelength
and MIRI filters. The NIRCam and MIRI image processing and
mosaic making will be described in detail in Franco et al. (in
prep.) and Santosh et al. (in prep.). This work uses the complete
survey, imaged over three main epochs (January 2023, April
2023, January 2024), with missing visits (~5%) completed in
the April 2024 epoch.

We leveraged the wealth of legacy data in COSMOS by
including the multiband imaging from ground- and space-based
observatories, described in detail in Shuntov et al. (in prep.; see
also Weaver et al. 2022). These data tightly sample the SED of
galaxies from ultraviolet to mid-infrared wavelengths in over 30
photometric bands. The u band imaging comes from the CFHT
Large Area U-band Deep Survey (CLAUDS; Sawicki et al.
2019) at a 5o depth of 27.7 mag as measured from empty aper-
tures of 2” diameter size. For the optical data, we use The
Hyper Suprime-Cam (HSC) Subaru Strategic Program (HSC-
SSP; Aihara et al. 2018) DR3 (Aihara et al. 2022) in the ultra-
deep HSC imaging region. This consists of five broad bands
(g,1,1,2z,y) and three narrow bands, with a sensitivity ranging
26.5-28.1 mag (50, 2” aperture size). In addition, we include
the reprocessed Subaru Suprime-Cam images with 12 medium
bands in optical (Taniguchi et al. 2007, 2015). In the NIR, we
also use the ground-based imaging from the UltraVISTA survey
(McCracken et al. 2012; Dunlop et al. 2023) in four broad bands
Y,J, H, K, and one narrow band (1.18 um, Milvang-Jensen et al.
2013). We use the latest and final UltraVISTA DR6, which pro-
vides homogeneous coverage over the entire field at the depth
of the Ultra Deep stripes. Even though these ground-based data
are at a lower resolution and sensitivity than NIRCam, they are
complementary in terms of wavelength coverage. Crucially, the
UltraVISTA bands fill in the wavelength gaps in the NIR left by
the relatively sparse (4 band) JWST/NIRCam coverage. Finally,
we also include the HST/ACS F814W band (Koekemoer et al.
2007) over the entire COSMOS area that is also covered by NIR-
Cam.

2.2. Galaxy catalogs of photometry and physical parameters

To consistently measure photometry in ground— and space—
based data that have very different resolutions, we used a model-
fitting approach to extract source photometry in all 33 bands. We
used SOURCEXTRACTOR++ (Kiimmel et al. 2020; Bertin et al.
2020) to fit single Sérsic models convolved by the point spread

function (PSF) in each band for all sources detected in a \/P
combination (Szalay et al. 1999; Drlica-Wagner et al. 2018) of
F115W, F150W, F277W, and F444W, PSF-matched to F444W.
The structural parameters of the Sérsic models were fit on all
NIRCam bands simultaneously, while the flux was fit for each
band independently. The details of the photometry extraction
and catalog making in COSMOS-Web are described in detail
in Shuntov et al. (in prep.). We use the model-derived total pho-
tometry throughout the paper, unless stated otherwise.

We used the template-fitting code LEPHARE (Arnouts et al.
2002; Ilbertetal. 2006) to measure photometric redshifts
and physical parameters on the 33 photometric bands span-
ning 0.3-8.0um. We fit a set of templates extracted from
Bruzual & Charlot (2003) models that assume 12 different
SFHs (exponentially declining and delayed), as described in
Ilbert et al. (2015). For each SFH, it generates templates at 43
different ages going from 0.05 to 13.5 Gyr. Dust attenuation was
implemented by varying the E(B — V) in the range of 0—1.2
from three attenuation curves (Calzetti et al. 2000; Arnouts et al.

2013; Salim et al. 2018) (we use dthe high-z analog curve from
Salim et al. 2018). We added emission lines by adopting the
recipe in Saito et al. (2020) and following Schaerer & de Barros
(2009). We fit the normalization of the emission line fluxes
by varying them by a factor of two (using the same ratio
for all lines). Finally, the intergalactic medium absorption was
accounted for by using the analytical correction of Madau
(1995). LEPHARE provides the redshift likelihood distribution
for each object, after a marginalization over the galaxy templates
and the dust attenuation. We used it as the posterior redshift
probability density function (PDF), assuming a flat prior. We
adopted the median of the PDF(z) as our point estimate for the
photometric redshifts. The physical parameters were derived in
a second LEPHARE run. We used the same configuration as the
one used to compute the photometric redshifts, except that we
set the redshift to the point estimate previously established. We
also associated a PDF with the mass by summing all the proba-
bilities at a given mass by marginalizing over the templates and
dust. These mass PDFs do not include the redshift uncertainties.

To calibrate LEPHARE and assess the photo-z perfor-
mance (see Table 1), we used a sample of about 12000
spectroscopic redshifts with a high (>97%) confidence level
out to z = 8. These are compiled from most spectro-
scopic programs in COSMOS (both public and private, e.g.,
Lilly et al. 2009; Kartaltepe et al. 2010, 2015; Silverman et al.
2015; Kashino et al. 2019; Le Fevre et al. 2015; Casey et al.
2012; Capak et al. 2011; Kriek et al. 2015; Hasinger et al. 2018).
The construction of the compilation, the individual surveys, and
the properties and distribution of the galaxies will be presented
in Khostovan et al. (in prep.).

The stellar mass estimate can be significantly affected
by SED modeling assumptions, such as the dust attenuation
law and formation histories (e.g., Michatowski et al. 2012;
Mitchell et al. 2013; Hayward & Smith 2015; Haskell et al.
2023, 2024; Pacifici et al. 2023). To investigate this in our data,
we also ran CIGALE (Boquien et al. 2019) with a nonparametric
SFH modeling and a different dust attenuation law. The CIGALE
SED modeling and comparison with LEPHARE is described and
discussed in more detail in Appendix F.

3. Sample selection
3.1. Selection function

The unprecedented combination of sensitivity and resolution in
the NIR of NIRCam, coupled with wide and deep observations
of COSMOS-Web allow us to compile complete galaxy sam-
ples in a large dynamic range of stellar mass. The deep imag-
ing (~28.0 mag in F444W) in the wavelength range ~1-5um
ensures that galaxies are detected in the rest-frame optical
down to z ~ 10. An advantage of the increase in depth in
the NIR is that it leads to improved stellar mass complete-
ness down to very low masses (see Sect. 3.2), and the detec-
tion of obscured and red populations, especially at the high-
mass end that have likely been missed by previous studies (e.g.,
Weaver et al. 2023 for hints pre-JWST and e.g., Barrufet et al.
2023; Gottumukkala et al. 2024 for explanations using JWST).
The NIR selection function at ~1-5 um can lead to some incom-
pleteness of redshift <2 galaxies, especially those with young
stellar populations and blue SEDs. However, these galaxies
would have a low mass-to-light ratio and lie below our stellar
mass completeness limits (Sect. 3.2) and therefore not bias our
measurements.
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Table 1. Photo-z performance estimated using high-quality spectro-
scopic redshifts with >97% confidence.

Mag range onmap @ Outliers @ Bias ©
17 < mpagaw < 23 0011  144%  0.007
23 < mpgaw < 24 0.014 2.05% 0.005
25 < Mpgaaw < 26 0.020 9.00% 0.005
26 < Mpgaaw < 28 0.030 9.52% 0.009
Color range onmap @ Outliers ® Bias ©
Me77W — MEgaaw < -0.25 0.010 1.47% 0.001
~0.25 < Mpyrw — Mpsasw < 025 0015 1.74%  0.006
Mpa77w — Mpasaw > 0.25 0.035 7.28% 0.014
NUVrJ Quiescent @ 0.008 2.26%  0.006
NUVrJ Star forming @ 0.013 1.95%  0.007

Notes. @onmvap = 1.48 X median[(|Az — median(Az)])/(1 + Zspec); Az =
z;hm — Zspee- POutliers = [Az] > 0.15(1 + zgpec). ©Bias = median(Az).
@Quiescent are selected using the standard NUVrJ diagram (NUV -
r)>3x(r—-J)+land(NUV —r) > 3.1.

The increased depth, coupled with the reduction of source
blending thanks to the high resolution from space and the
tight sampling of the SED by including ground-based bands,
reduces photometric uncertainties and leads to more accurate
estimates of physical parameters from SED fitting. The qual-
ity of the photo-z and physical parameters in our catalog is pre-
sented in detail in Shuntov et al. (in prep.). The photo-z show
excellent performance, for different magnitude, color and type-
selected samples, summarized in Table 1 with the standard met-
rics (0-maD, outlier fraction, bias). We inspected that the spec-z
sample is reasonably well representative of the overall popula-
tion, with no strong differences in the color or type selection
functions. This allows us to select complete samples in 15 red-
shift bins from z = 0.2 to z = 12.

For the stellar mass estimates, we assessed their performance
with respect to different SED modeling assumptions by com-
paring them with the CIGALE results (Appendix F). We find
largely consistent results, albeit with a bias and scatter of about
0.1-0.3 dex toward higher masses by CIGALE.

We selected our sample over a total of ~1926arcmin
(0.534 deg?). We applied bright star masks that are defined in the
HSC images, which in our case are the same as in Weaver et al.
(2022). These masks remove a conservatively large area around
bright stars that contaminate the flux of nearby sources in the
ground-based images. Even though the high-resolution NIRCam
data is the pillar of our work and has a significantly smaller area
affected by the bright stars, these conservative masks are neces-
sary, since we include HSC and UltraVISTA fluxes in our SED
fitting, and these data are unusable within the mask. These allow
us to capture the Lyman break more accurately at z < 5, espe-
cially in COSMOS-Web where HST coverage is limited, and
more tightly sample the SED of galaxies especially in the NIR,
where NIRCam coverage is limited to 4 bands, thanks to the
UltraVISTA bands. Azpplying these masks results in an effective
area of ~1551 arcmin®, or 0.431 deg2.

We applied a cut in F444W magnitude that corresponds to
~80% completeness (mpgqqw = 27.5; see Fig. 1 and Sect. 3.2).
This ensures that the flux in the rest-frame optical is robustly
measured at S/N > 5. Additionally, this cut also ensures that
there is no spatial selection bias due to the small heterogeneity
in depth in COSMOS-Web. This is rather conservative; however,
the main goal of this work is leveraging the relatively large area
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Fig. 1. Magnitude number counts in COSMOS-Web and PRIMER
used for completeness estimation. Top: Total magnitude number counts
as a function of F444W model magnitude in the COSMOS-Web and
PRIMER-COSMOS catalogs. Bottom: Completeness fraction, defined
as the ratio between the number counts of COSMOS-Web vs. PRIMER.

to probe both ends of the typical “knee” of the Schechter form of
the SMF, with a focus on the high-mass end. We also removed
sources (0.13%) with poorly constrained photo-z that have >75%
of their P(z) outside the zno + Az, where Az is the width of the
redshift bin. These are predominantly distributed near the low-
mass completeness limit and their redshift distribution follows
that of the full sample. The former was taken into account by the
completeness correction (Sect. 3.2). Finally, we removed stars
and brown dwarfs using the x2,, of the star and brown dwarf
SED templates fit by LEPHARE, coupled with compactness cri-
teria.

3.2. Completeness limits

Quantifying the completeness of statistical samples is crucial for
unbiased interpretations of the stellar mass assembly throughout
cosmic time. The limited depth of the survey means that faint and
typically low stellar mass galaxies start to be missed beyond a
certain limiting magnitude (my;, ), imposing a completeness limit
in stellar mass, My, which we quantify in this section.

We computed the stellar mass completeness at the low-mass
end following the method of Pozzetti et al. (2010). Briefly, at
each z bin, we took the 30% faintest galaxies as being the most
representative of the population near the limiting stellar mass,
and derived their mass (M es.) by scaling the F444W magnitude
to the magnitude limit of the survey (m1ip,):

ey

Then, we defined the limiting stellar mass as the 95th percentile
of the M. distribution. To compute the limiting magnitude,
we relied on the F444W magnitude number counts. PRIMER-
COSMOS is typically deeper than COSMOS-Web by about half
a magnitude, and as such, PRIMER can serve us to estimate the

log]()(Mresc) = 10310(M*) + 0~4(mF444W - mlim)-
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Fig. 2. Photo-z vs. stellar mass diagram showing the completeness limits
for the COSMOS-Web catalog. The stellar mass completeness limits
were derived by rescaling the stellar masses of the 30% faintest sources
to the limiting magnitude of the survey (Eq. (1)) and taking the 95th
percentile of this distribution.

magnitude limit of the COSMOS-Web catalog. The top panel of
Fig. 1 shows the magnitude number counts in COSMOS-Web
and PRIMER, along with a power law fit in the range 23 <
mpaqqw < 27. We used model total magnitudes for both datasets,
which is the reason why the number counts turn at brighter mag-
nitudes than the image depth typically estimated from fixed-size
apertures. The bottom panel shows the completeness fraction for
COSMOS-Web defined as feompl. = Ncweb/Npriver. We then
defined the limiting magnitude, myy,, the magnitude at which
Seompl. = 80%, which results in my;, = 27.5. We note that this
was derived using the COSMOS-Web sample after applying the
P(2) criterion, and therefore took into account any incomplete-
ness introduced by this.

Using these limiting magnitudes in Eq. (1), we computed
the mass completeness limits for each z bin. Fig. 2 shows the
photo-z versus SMD histogram and the mass completeness lim-
its for COSMOS-Web. We limited our analysis to samples more
massive than these completeness limits.

3.3. Removal of potential AGN contamination

Recent work from JWST has shown a high abundance of galax-
ies at 4 < z < 9 that exhibit active galactic nucleus (AGN)
signatures identified from their broad Ha and/or Hg lines (e.g.,
Kocevski et al. 2023; Maiolino et al. 2024; Fujimoto et al. 2023;
Harikane et al. 2023a; Greene et al. 2024; Matthee et al. 2024).
A fraction of these (~20—-30%) show extremely compact (i.e.,
point-like) morphologies and extremely red colors in the NIR-
Cam long wavelength bands, and have therefore been dubbed
LRDs (Matthee et al. 2024).

The origin of the red rest-frame optical continuum emis-
sion of LRDs is still not solved, and their photometric features
can create important degeneracies during SED fitting. They can
mimic strong Balmer breaks resulting in high stellar masses from
aged stellar populations up to 2 dex, depending on the relative
contribution of the stellar and AGN components (Wang et al.
2024b). Alternatively, they can also be fit by an SED with
heavily dust-obscured components accounting for the rest frame
optical emission, also resulting in high stellar mass. There-
fore, unaccounted, these LRD can lead to biased measure-

ments of high abundances of massive galaxies at high redshifts.
LEPHARE, being the SED fitting code of choice for this work,
does not fit a composite template of stellar and AGN compo-
nents. Therefore, our stellar masses are prone to be biased for
the AGN and LRD population.

We adopted a conservative approach of completely remov-
ing potential AGN and LRDs (in line with other recent works
on massive, z > 4 galaxies, e.g., Chworowsky et al. 2024,
Weibel et al. 2024; Harvey et al. 2025), by applying the follow-
ing criteria at 7 > 3.5.

— AGN-SED as the best fit. LEPHARE also fits AGN SEDs as
part of the template set. However, this template does not dis-
tinguish the light originating from the stellar and AGN com-
ponents and cannot estimate the stellar mass. We used the
corresponding )(iGN to identify sources whose photometry is

best fit by a AGN SED, requiring that y3oy < Xz

— Compact. We used the flux ratio in two different apertures
(following Akins et al. 2024), and the effective radius R.g of
the Sérsic fit for the compactness criterion: R.g < 071 Vv
0.5 < f(072)/f(075) < 0.7. We verify that the latter iso-
lates clearly the locus of point-like sources, and the former
corresponds to the FWHM of the F277W PSF. This is now
possible in COSMOS-Web thanks to the high NIRCam res-
olution, compared to the lower resolution UltraVISTA bands
of the previous COSMOS catalog iteration — COSM0S2020.

— Red. We use the two available NIRCam bands to identify the
red colors of the LRD with the condition mpy77w — MEgaaw >
1.5. This criterion is also described in detail in the systemati-
cal study of LRDs in COSMOS-Web by Akins et al. (2024).
We individually inspected the stamps, photometry, and SED
fits of many sources and verified that combining the three
criteria efficiently identifies LRDs.

— X-ray emission. We also identified sources with an
X-ray counterpart by crossmatching within 1 arcsec with the
Civano et al. (2016) catalog. We removed these regardless of
whether or not they satisfied the previous three conditions.

The final condition to identify and remove sources dominated
by AGN is: [(AGN-SED V Red) A Compact] vV X-ray. The main
difference in our work is the inclusion of the AGN template cri-
terion, whereas the (Red A Compact) is an analogy of LRD con-
dition from the literature (e.g., Labbe et al. 2025).

We note that these conditions still do not capture a poten-
tial AGN-dominated population that has both point-like and
extended components and no X-ray counterparts, which can
still introduce biases. Identifying and dealing with these would
involve a 2D decomposition, which we leave for future work.

Finally, in Fig. B.1 we show the distribution of some of the
properties of the AGN/LRD sample that we exclude from the
analysis, and we discuss how they affect the SMF.

3.4. Summary of the selection criteria

Here, we summarize the criteria that we applied to select our
samples in 15 redshift bins from z = 0.2 to z = 12.0.

— ME444wW < Miim, where Miim = 27.5.
Stellar mass selection above a completeness limit M, >
Miim(2).
At P(2) > 25% within zpno = Az, where Az is the width of the
bin.

- )(éal < thar’ coupled with compactness criteria to remove

stars and brown dwarfs.
Does not satisfy the AGN/LRD criterion (AGN-SED Vv
Red) A Compact, where AGN-SED: /\(iGN < /\(éal,
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Table 2. Number of objects used in the analysis, after applying selection
the criteria.

Criterion No. objects remaining ~ Fraction
Initial @ 471937 100%
ME444wW < 27.5 377435 78.98% ®)
M, > Miim 290823 77.05% ©
P(z) 290209 99.79%
AGN/LRD 289 844 © 99.66%

Notes. @Galaxy sample after applying star masks and removing stars,
and in the redshift interval that we analyze in this paper, 0.2 < z < 12.0.
®Fraction of the initial sample. “Fraction of the magnitude complete
sample. @Fraction of the mass complete sample. “Final number of
sources included in the scientific analysis.

Compact: Reg < 071 v 0.5 < f(072)/f(0”5) < 0.7, Red:
mga77w — Mpsasw > 1.5,
— No X-ray counterpart.
— Outside of bright star masks defined in HSC.
— Finally, we visually inspected sources of log(M,/My) >
10.5 at z > 5, and removed possible artifacts.
Table 2 quantifies the number of sources remaining in our sample
after applying the selection criteria.

4. Measurements
4.1. 1/ Vnax estimator for the SMF

We measured SMFs in each redshift bin using the 1/Vp,x esti-
mator (Schmidt 1968). This estimator essentially corrects the
Malmquist (1922) bias, which refers to the fact that intrinsically
faint galaxies can be observed within a smaller volume. With the
1/Vmax technique, each galaxy is weighted by the maximum vol-
ume in which it would be observed given the redshift range of
the sample and magnitude limit of the survey. For the i-th galaxy,
the Vinax,; is computed as

4 qurvey
3 Qg

max,i — (dc(zmax,i)3 - dc(zmin,i)3) , 2)
where Qqurey = 1520 arcmin® and Qqy = 41253 deg2 are the
surface area of the survey and the full sky, respectively, and
d.(z) is the comoving distance at redshift z. The comoving vol-
ume Vi, was computed between zpi, and zmax, where zpyi, is
the lower redshift limit of the z bin and zZyax = MiN(Zpin,ups Ziim)
where zyin,up is the upper redshift limit of the z bin and zj;y, is the
maximum redshift up to which a galaxy of a given magnitude
can be observed given the magnitude limit of the survey my;y, in
F444W. Finally, the SMF was computed as

NWM.)

O(M,)d(logh) = > ——

Vmax,i fcompl,i

, 3

in the mass range starting from the mass completeness limit of
each z bin, with a bin size of AlogM = 0.25. Additionally, we
corrected for the magnitude incompleteness by applying feompt,i»
which is the same completeness versus magnitude function as is
presented in Sect. 3.2.

4.2. Sources of uncertainty

The SMF measurements are typically affected by three types of
uncertainties of different origins, which need to be properly esti-
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mated. In the following, we describe how we account for these
uncertainties in our measurements.

4.2.1. Poisson noise

Since measuring the SMF is essentially counting galaxies in bins
of stellar mass, it conforms to the Poisson counting statistic. Tak-
ing into account the 1/Vy,,x estimator, the Poisson uncertainty,

Opois, Was computed as />, 1/ V2., where the sum runs over
the number of galaxies in the bin. Fig. 3 shows the contribution
of the different sources of uncertainties to the SMF as a function
of stellar mass. The middle panel shows the Poisson uncertain-
ties that become more important and dominant when the number
counts are low; that is, at the high-mass end.

4.2.2. SED fitting uncertainties

Due to photometric errors and degeneracies in the SED fits, there
are uncertainties in M, and photo-z estimates that propagate to
the SMF. We estimated the effects of stellar mass uncertainties
from SED fitting on the SMF (o) by using the PDF(M,) com-
puted by LEPHARE. We estimated o, by drawing 1000 random
samples from PDF(M,.), computing ®(M,) for each, and taking
the standard deviation for each stellar mass bin. The right panel
of Fig. 3 shows the relative uncertainty due to SED fitting, which
is modest for low-mass galaxies but which becomes dominant at
the high-mass end, mainly an effect of the Eddington bias.

We note that these uncertainties do not capture a wider range
of plausible SFHs and other modeling assumptions than those
we adopt for LEPHARE. In Appendix F we discuss how dif-
ferent SED modeling assumptions in CIGALE (such as nonpara-
metric SFHs and dust attenuation) result in about 0.1-0.3 dex of
scatter toward higher CIGALE masses. We do not propagate these
uncertainties into our SMF measurements and caution that these
should be considered as a lower limit.

Furthermore, uncertainties in the photo-z are also expected
to have an impact on M, and PDF(M,). However, these are
expected to be relatively small and subdominant, given the
high, percent-level, accuracy and sub-percent bias of our photo-z
(Table 1). The effects of different sources of uncertainties in
M, and the SMF are examined in detail in the literature (e.g.,
Sect. 5 and Figs. 6-7 of Marchesini et al. 2009, Appendix A of
Ilbert et al. 2013, Sect. 4 of Grazian et al. 2015, and Sect. 5.2 of
Davidzon et al. 2017).

4.2.3. Cosmic variance

Since galaxies and halos are clustered, observing different fields
implies a field-to-field variance in excess of Poisson noise, usu-
ally denominated cosmic variance (oy, typically given as a frac-
tional uncertainty; see Robertson 2010, Moster et al. 2011 for a
definition). The final uncertainty is then 0, = o3, + 03, + 02,
Cosmic variance is naturally higher for smaller volumes/fields
(Steinhardt et al. 2021; Vujeva et al. 2024), and also scales as
a function of mass and redshift because galaxy bias scales as
a function of mass and redshift (Moster et al. 2011). Although
Moster et al. (2011) provided a cosmic variance calculator cal-
ibrated to observations, it was only calibrated in the low red-
shift regime and does not generalize to higher redshifts, where
it provides significantly too high estimates of the cosmic vari-
ance, as discussed by Jespersen et al. (2024) and Weibel et al.
(2024). Here we instead follow Jespersen et al. (2024) and
recalibrate the cosmic variance to the UniverseMachine
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Fig. 3. Uncertainty budget of the SMF measurements. The three panels show the fractional uncertainty due to cosmic variance (left), Poisson
(center), and SED fitting (right) in solid lines. The dashed lines, common to all panels, show the total uncertainty, obtained summing in quadrature
the three contributions. For clarity, only a subset of our redshift bins are plotted.

simulation suite (Behroozi et al. 2019). This directly incorpo-
rates the scatter in the stellar-to-halo mass relation (SHMR)
ignored by Moster et al. (2011), which is on the order of 0.3 dex
(Jespersen et al. 2022). To fit the cosmic variance, we first sam-
ple the number counts in the same angular size, redshift, and
mass bins as used in this work, and then fit a power law in mass
with a redshift-dependent normalization and slope. The fitting is
done using scipy.optimize, incorporating the additional error
terms identified by Jespersen et al. (2024). The results are shown
in Fig. 3, and are significantly below what would be calculated
with the Moster et al. (2011) calculator.

4.2.4. Eddington bias

The exponential cutoff of the SMF at M, > 10'' M, means
that uncertainties in the stellar mass will tend to upscatter more
galaxies toward the more massive end than vice versa. This
can inflate the number densities of high-mass galaxies, known
as the Eddington bias (Eddington 1913). To account for the
Eddington bias, we adopt the approach common in the literature
(Ilbert et al. 2013; Davidzon et al. 2017; Weaver et al. 2022),
where we infer the intrinsic SMF by fitting a functional form
convolved with a kernel, D(M,), which describes the stellar
mass uncertainty in bins of mass and redshift. Typically, this
kernel takes the functional form of a product of Gaussian and
Lorentzian components. However, in our work we build this ker-
nel from the data itself for each redshift bin, by stacking the
PDF(M,), centered at the median of the distribution, of all galax-
ies in the z bin. We verified that there is no appreciable change
of the width D(M,) in different mass bins, which is the reason
why we use a single kernel per z bin. The resulting D(M,) for
all z bins are shown in Appendix A.

4.3. Functional forms to describe the SMF

The SMF is typically well described by a parametric function
often referred to as the Schechter (1976) function. This function
is a composite of a power law and an exponential cutoff func-
tion that describes the low- and high-mass ends, respectively. We
consider three different functional forms to describe our mea-
surements.

4.3.1. Single Schechter function

We fit our 1/Vy,x measurements with the classical single
Schechter function that is traditionally found to describe well
the SMF at z > 2 (Ilbertetal. 2015; Grazianetal. 2015;
Davidzon et al. 2017; Weaver et al. 2022). Written in terms of
the logarithm of the stellar mass, it has the following form
(Weigel et al. 2016):

O d(logM,)
_ ]n(]o) (I)* e_lologM*kagM* (]OlogM*_]ogM*)d+l d(]ogM*), (4)

where M* is the characteristic stellar mass that marks the so-
called knee of the SMF separating the power law of slope « at
the low-mass end and exponential cutoff at higher mass. @ sets
the overall normalization that corresponds to the number density
at M*.

4.3.2. Double Schechter function

For lower redshifts, however, numerous studies have shown
that a double Schechter function better describes the galaxy
number densities (e.g., Peng et al. 2010; Pozzetti et al. 2010;
Baldry et al. 2012; Ilbert et al. 2013), given by the following
form:

() d(lOgM*) = ln(lo) eflologM*,logM*
X [CDT (lologM*—logM*)mH + (DE (IOIOgM*_lOgM*)aTH] d(]ogM*)
&)

The two components share the same characteristic stellar mass,
M, but have different normalizations, ®} and @7, and low-mass
slopes, a; and ;. In our work, we fit the double Schechter form
out to z ~ 3, finding that it provides a better fit to the observed
SMFE.

4.3.3. Double power law

We also considered a double power law (DPL) functional
form to fit the SMF. The DPL has been increasingly used to
describe the high-z measurements of the UV luminosity function
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Fig. 4. Measurements of the SMF in COSMOS-Web in all 15 redshift
bins. Each color corresponds to a different redshift bin. The solid lines
mark the measurements, while the filled areas envelop the 1o con-
fidence interval including Poisson, cosmic variance, and SED-fitting
errors. The SMF monotonically decreases at all redshifts, with a strong
mass-dependent evolution.

(UVLF) (e.g., Bowler et al. 2014, 2020; Finkelstein & Bagley
2022; Finkelstein et al. 2024, and references therein). Since our
measurements indicate that the high-z SMF also resembles a
DPL (Figs. 4, 5), we carried out these fits and quantified how
well this form describes the data. We adopted the following func-
tional form of the DPL:

@*
[10—(logM*—10gM*)(m+l) + 10—(10gM*—10gM*)(az+1)] ’
(6)
where ®* is the normalization at M*, which is the characteris-

tic stellar mass that separates the two power law components
described by the slopes, @; and a».

O d(logM,) =

4.4. MCMC fits

To fit the functional forms of the SMF, we defined a Gaussian
likelihood and employed the affine-invariant ensemble sampler
implemented in the emcee code (Foreman-Mackey et al. 2013),
using 6 X 7param Walkers. To consider the chains converged, we
used the autocorrelation time, 7, with the requirement that 7 > 60
times the length of the chain and that the change in 7 be less
than 5%. We discarded the first 2 X max(7) points of the chain
as the burn-in phase and thinned the resulting chain by 0.5 x
min(7). We imposed flat priors on all parameters. For the double
Schechter function fits, we required ) < @, and log(®3/®7) >
0. We let all parameters be fit at all z, except the low-mass slope
at z > 5.5 that we set at @ = —2 for both single Schechter and
DPL. We discuss this choice in Sect. 5.4.

5. Results
5.1. Galaxy stellar mass function since z ~ 10

Figures 4 and 5 present our measurements of the SMF in
COSMOS-Web in each of the 15 redshift bins from z = 0.2 to
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z = 12.0'. The low-mass cut is determined by the completeness
limit estimated in Sect. 3.2, and the 1/V,,,x is measured in bins
of AM, = 0.25 M. The downward-pointing arrows in Fig. 5
represent the upper confidence limits of bins with zero galaxies,
estimated as 1.841/V following Gehrels (1986), for the survey
volume of COSMOS-Web.

Our work represents the most comprehensive set of measure-
ments of the SMF in the largest redshift and stellar mass range
to date. From Fig. 4, we can infer the evolution of the SMF since
the first ~360 Myr. As the redshift increases, the overall number
densities of galaxies (the normalization of the SMF) decreases.
The evolution has been slow since cosmic noon, with the normal-
ization and shape staying very similar since z ~ 2, only about
0.3 dex change in the last ~10 Gyr. At earlier times, the evolu-
tion picks up pace and the normalization changes by 1.1-1.4 dex
from z ~ 6 to z ~ 2. This is consistent with the known cosmic
SFH (e.g., Madau & Dickinson 2014).

The evolution of the SMF with redshift can be interpreted
in two extreme scenarios: pure mass evolution and pure den-
sity evolution (e.g., Johnston 2011; Ilbert et al. 2013). In the pure
mass evolution scenario, galaxies grow in mass only by star for-
mation, resulting in a horizontal shift of the SMF toward higher
masses with decreasing redshift. Our results show that this evo-
lutionary scenario is highly mass-dependent — a galaxy of M, ~
10° M, would increase by ~0.9 dex between z ~ 2.7 and z ~ 0.3,
while a M, ~ 10'"" M, would increase by ~0.4 dex in the same
time. This is consistent with the very efficient “mass quench-
ing” of galaxies once they reach the same characteristic M*
(Peng et al. 2010), which does not appear to evolve considerably
with redshift (at least out to z ~ 5, Sect. 5.4). In the pure density
evolution scenario, the number density of galaxies increases due
to the creation of new galaxies, resulting in a vertical shift. Our
results show that this scenario too is highly mass-dependent — the
low-mass end evolves faster than the high-mass end. However,
the improved completeness at the low-mass end (by about 1 dex
in M) compared to previous work in COSMOS, reveals that the
density evolution at masses just below the knee of the SMF is
faster than the low-mass end, with ~3 dex and ~2 dex change in
@ since z ~ 7 for log(M,/Mg) ~ 10.4 and log(M, /My) ~ 9,
respectively. As the redshift increases, the low-mass slope steep-
ens, and the knee flattens. The knee of the SMEF, typically at
log(M. /M) > 10.5 seems to be disappearing at z > 3.5. Our
measurements show that the number densities and their 1o~ con-
fidence intervals at the most massive end (beyond the knee) are
within 1dex since z = 5 and 2dex at all robustly probed red-
shifts. However, due to the rarity of these massive galaxies, the
limited survey volume, and possibly the effect of Eddington bias,
the knee of the SMF and the most massive end becomes difficult
to determine robustly at high-z. Nonetheless, the flattening of the
high mass end at z > 5 indicates that a fraction of the most mas-
sive galaxies assembled very efficiently in the first few gigayears
and have not grown significantly since, because of mass
quenching.

In this work, we can also leverage the large MIRI coverage
(~0.2deg?) and investigate the resulting SMF for sources cov-
ered at ~7.7um. MIRI is important in probing the rest-frame
optical at z > 4 and results in more robust stellar mass esti-
mates (Wang et al. 2024a). In Fig. C1 we show the SMF in six
z bins from z > 4.5 measured in the MIRI-covered area and
compared with the one from the full COSMOS-Web. We find
a very good consistency between the two, which also serves

! We provide our SMF measurements in tabulated form at https://

github.com/mShuntov/SMF_in_COSMOS-Web_Shuntov2024
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Fig. 5. Measurements of the SMF and its evolution with redshift in COSMOS-Web. Each panel shows the SMF in a given redshift bin, along with
measurements in the literature from Weaver et al. (2022), Davidzon et al. (2017), Stefanon et al. (2021), Navarro-Carrera et al. (2023), Weibel et al.
(2024), Harvey et al. (2025). The upper limits for empty bins are shown for the COSMOS-Web volume. In each z bin, we show the functional form
that fits best the data (lowest Bayesian information criterion), while at z > 4.5, we show both the single Schechter and DPL fits for illustration. We
plot the functions convolved with the Eddington bias kernel.
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as a validation of our measurements in the full COSMOS-Web
area. The small differences between the two remain within the
uncertainties and small number statistics near the empty bin lim-
its. This is somehow contrary to the conclusions in Wang et al.
(2024a), but this remains sensitive to the various ingredients
that go into the SED fitting and different codes used in the two
works.

Finally, we also compare with the SMF measured from
CIGALE, as is shown in Fig. F.2. This shows how different SED
modeling assumptions propagate into the SMF and captures the
variance and uncertainty arising from it. Overall, there is very
good consistency between the two. However, the 0.1-0.3 dex
higher masses by CIGALE result in enhanced abundances of more
massive galaxies.

5.2. The10 < z< 12 SMF

At 10 < z < 12, we carried out a more rigorous selection
of galaxy candidates for our SMF measurement. In addition
to the selection criteria outlined in Sect. 3, we required that
P(z > 9) > 68%. Furthermore, we visually inspected the
median HSC grizy stacks of each source and removed sources
that show a counterpart, or are severely blended in this low-
resolution image. This removed 25% of the initial selection, and
resulted in 27 galaxy candidates at 10 < z < 12. We discuss
their properties more in Sect. 6.4. We note that this conserva-
tive selection prioritizes purity, therefore the SMF measurement
in this bin likely suffers from incompleteness. Another reason
for the possible incompleteness is sources that have a photo-
z solution at z < 3 but a secondary peak at z > 10, which
even though they can be selected as z > 10 dropouts have
a preferred SED solution at low redshifts. We do not inves-
tigate these further in this work, but they will be studied in
detail in dedicated papers on the very high redshift popula-
tion (e.g., Casey et al. 2024, Franco et al. 2024, Franco et al.
in prep.).

By virtue of the large area of COSMOS-Web, this number
of 27 objects that are brighter than AB mag 27.5 in F444W
allows us to carry out a statistical measurement such as the
SMF at 10 < z < 12. This results in an SMF that shows a
power law decrease with a slope consistent with @ =~ 2 (see
Sect. 5.4). We caution that this is only a tentative measurement,
since at z > 10 the rest-frame optical is no longer probed by
the F444W filter. In such cases, stellar mass estimates are highly
prone to a number of systematic biases that arise from not prob-
ing the rest-frame optical. Additionally, other systematics can
also be important at these redshifts, including a top-heavy IMF
(Steinhardt et al. 2023). In the MIRI-covered area, ten sources
have a MIRI F770W counterpart at S/N > 2, and the SMF for
these sources remains consistent with the full area (Fig. C.1);
however, the MIRI area remains insufficient to robustly measure
the number densities, and does not significantly help to remove
low-z outliers.

5.3. Comparison with the literature

Figure 5 also compares our measurement with a selection
of recent results from the literature. We present compar-
isons with pre-JWST measurements from Weaver et al. (2022),
Davidzon et al. (2017), Stefanon et al. (2021) and JWST mea-
surements from Navarro-Carrera et al. (2023), Weibel et al.
(2024), Harvey et al. (2025).
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5.3.1. Comparison with previous measurements in COSMOS
(pre-JWST)

In general, there is excellent agreement with previous measure-
ments of the SMF in COSMOS by Davidzon et al. (2017) and
Weaver et al. (2023) at all redshifts. The latter two rely on the
ground-based UltraVISTA and the low-resolution, space-based,
and relatively shallower (compared to NIRCam) Spitzer/IRAC
data to sample the rest frame optical emission from z > 2.
Therefore, given this difference in data and photometry extrac-
tion techniques, the excellent agreement at z < 2.5 attests to
the robustness of the measurements. Thanks to the substantially
deeper selection in the NIR from JWST, our work extends the
z < 3.5 SMF down to ~0.5—1 dex lower masses. However, there
is some discrepancy, especially at the high-mass end between
z ~ 3 and z ~ 5 with our results showing lower number densities
compared to Weaver et al. (2023). By matching the samples in
these z bins used in COSMO0S2020 and in our catalog, we find
that the dominant source of this difference is the M, solutions
in our COSMOS-Web catalog that are lower than those in COS-
MOS2020, especially at the high-mass end. This is likely due to
the considerably improved depth and resolution from NIRCam
which allows superior deblending and more accurate flux mea-
surements. On the other hand, the M, solution in COSM0S2020
is mostly constrained by the confusion-limited IRAC data, which
can introduce uncertainties and biases in the flux measurements,
resulting in biased M, solutions toward higher values.

5.3.2. Comparison with the deepest HST and Spitzer
measurements (pre-JWST)

Stefanon et al. (2021) measure the SMF from z ~ 6 to z ~
10 using the deepest available data from HST and the Spitzer
in the XDF/UDF, parallels and the five CANDELS (total of
731 arcmin?). Their measurements show higher number den-
sities in the z ~ 6 and z ~ 7 bins by about 0.2dex and
0.1 dex, respectively. The z ~ 8 and z ~ 9 bins are consis-
tent with ours within the 1o confidence intervals, albeit slightly
lower at z ~ 9. Their sample consists of exclusively Lyman-
break galaxies, with H{¢un being the reddest detection band.
Given the fact that in our work we are not limited to detect-
ing only Lyman-break galaxies thanks to the 4.4 um detection
band (see e.g., Barrufet et al. 2023), the increased number den-
sities of Stefanon et al. (2021) at z ~ 67 is somehow surprising.
The most likely reason for this difference might be cosmic vari-
ance due to the smaller volume. Indeed, spectroscopic redshift
searches for overdensities in the GOODS fields (cornerstone of
the Stefanon et al. 2021 study) have revealed several significant
overdensities at z ~ 6—7 (Helton et al. 2024), which can explain
this difference in the SMF. Another potential reason is a differ-
ence in the redshift bin size and mean redshift of the sample,
which we do not account for.

5.3.3. Comparison with JWST measurements

Several works have already reported measurements of the SMF
leveraging the unprecedented sensitivity of JWST in the NIR.
In one of the earliest works, Navarro-Carrera et al. (2023) mea-
sured the low-mass end of the SMF at 3.5 < z < 8.5 in the
PRIMER-UDS and the HUDF fields, in a total of ~20 arcmin?.
Harvey et al. (2025), assembled some of the deepest JWST
observations in numerous fields totaling 187 arcmin® and mea-
sured the SMF at 6.5 < z < 13.5. Weibel et al. (2024), assem-
bled the largest area (prior to our work) from JWST programs in
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the CANDELS-EGS, -COSMOS, -UDS and -GOODS-S fields,
totaling 460 arcmin® to study the SMF at z ~ 4-9. All of
these works probe the SMF down to lower masses by about
0.7-0.5 dex, thanks to the deeper observations compared to our
work. However, our work probes more than three times the com-
bined area of the former, and thus more robustly constrains the
massive end of the SMF. In general, there is good agreement
between the different JWST measurements.

In the z ~ 6 and z ~ 7 bins, the JWST results from
Navarro-Carrera et al. (2023) show higher normalization of the
SMEF by about 0.5 dex. A likely explanation for this difference
is cosmic variance, because there are the known overdensities in
the GOODS-South field at these redshifts (Helton et al. 2024),
which is a part of that measurement. Additional culprits might
be uncertainties in the photometry and photometric calibration
(given the relatively early release of that paper and the evolution
of NIRCam calibration files since) and SED fitting systematics.

Atz ~ 8,z ~9and z = 10, our measurements are consistent
with those of Harvey et al. (2025), but ours show abundances of
massive galaxies that are not probed by their ~8 times smaller
volume. At the low mass end, their measurements are consistent
with extrapolating the SMF from our work beyond the complete-
ness limit (at least at z < 10).

Compared to Weibel et al. (2024), our measurements are
fully consistent at all redshifts. At z ~ 9, our SMF is lower
but within the 10~ uncertainties. This difference can be due to
the small number statistics in the smaller field of Weibel et al.
(2024) (54 galaxies at 8.5 < z < 9.5 compared to 209 in our
sample at 8.5 < z < 10.0). Another likely contribution is the
Az = 0.5 difference in the redshift bins. However, at these red-
shifts all measurements should be interpreted cautiously because
of the difficulty of measuring photo-zs and stellar masses with
the wavelength coverage limited to <4.5 wm, especially with the
limited NIRCam coverage of four bands in our work.

5.4. The best-fit model of the SMF

In this section, we present the fit functional forms of the 1/Vp.x
measurements of the SMF. The resulting best-fit functions rep-
resent the intrinsic SMF, with the effect of the Eddington bias
removed. This is because during the fitting, we convolve the
functions with the kernel describing the stellar mass uncertain-
ties D(M,.). We fit the double Schechter out to z = 3.5, single
Schechter at z > 2.5, and DPL at z > 4.5, and used the Bayesian
information criterion (BIC; Schwarz 1978) computed for the
median posterior values to quantify the best-fitting functional
forms. Table G.1 lists the median, 16th, and 84th percentiles
of the Schechter and DPL parameters, along with the BIC for
each fit. In the remainder of this paper, for a given z bin, we use
the functional forms with lower BIC, unless stated otherwise.
Figure 5 shows the fit functions and their 1o~ confidence interval.
The solid line and the shaded regions are obtained by comput-
ing the Schechter and DPL functions for 1000 randomly drawn
samples of the posterior distribution and taking the median, 16th,
and 84th percentiles. In this figure, we show the functions con-
volved with the Eddington bias kernel describing the stellar mass
uncertainties D(M, ) as they best match the data.

At z < 3.5, the data is better fit by a double Schechter func-
tion, which is a higher redshift than previous works that have
done this out to z = 3.0 (e.g., Ilbert et al. 2013; Davidzon et al.
2017). This is likely because our improved depth, resolution, and
wavelength coverage in the rest-frame optical compared to pre-
vious work allow us to 1) be more complete in detecting red
quiescent and dusty systems and 2) more robustly determine the

redshifts, stellar masses and SFR of this population at z > 3.
An upcoming paper will investigate this in detail (Shuntov et al.,
in prep.). Since the double Schechter results from massive pop-
ulations with suppressed SFR? (Peng et al. 2010), this explains
why we find it to be a better fit out to z = 3.5. Additionally,
the effects of the Eddington bias can have significant effect on
the shape of the SMF (e.g., Grazian et al. 2015; Davidzon et al.
2017), so a narrower mass uncertainty kernel (see Sect. 4.2) can
result in revealing the double Schechter. The double Schechter
out to higher redshifts can also be a result of probing a wider
range of environments — Lovell et al. (2021) have shown in the
FLARES simulation that a double Schechter describes the SMF
at all redshifts and becomes increasingly pronounced for denser
environments. However, given the fact that denser environments
do indeed host more evolved galaxies with suppressed SFR, it is
likely that the origin of the double Schechter form remains to be
the rise of massive populations with lower SFR.

At 3.5 < z < 5.5, the best-fitting functional form is the single
Schechter, and at z > 5.5 it is the DPL. However, both mod-
els are virtually indistinguishable visually, and quantitatively
when integrating them to compute the SMD. Furthermore, at
z 2 6 both models fail to robustly capture the high mass end
atlog(M, /M) > 10.5. This is because of several reasons: mass
uncertainties that can upscatter the measured number densities,
but are not accounted for by the Eddington bias kernel; AGN
component that can boost the flux but is unaccounted for in the
SED fitting, and are not classified as AGN/LRD. We note that
the majority of these sources with SED fitting solutions at z > 6
and log(M,/My) > 10.5 are very difficult to constrain because
they are red, highly dust attenuated and some have submillimeter
counterparts; we discuss these further in Sect. 6.3.

5.5. Evolution of the model parameters with redshift

Figure 6 shows the evolution with redshift of the best-fit model
parameters for the double/single Schechter and DPL fits, along
with a compilation of literature results. At z > 5.5, we show the
results from both the Schechter and DPL fits for illustration.

The characteristic mass log(M*/My) is in the range of
~10.6—11 and does not show a significant evolution out to z ~ 4,
in agreement with Weaver et al. (2023). However, the uncer-
tainties are too large to infer an evolution meaningfully, and
all the measurements in the literature are within the confidence
intervals. This is because it is very difficult to constrain the
log(M4/My) > 10.5 regime at z > 6 with limited survey vol-
umes, even with the 0.53 deg2 of COSMOS-Web. Constraints on
this are poised to come from the next-generation Cosmic DAWN
survey — 59 deg? survey of the Euclid deep and auxiliary fields
combining UV-IR data from Euclid, CFHT, HSC, and Spitzer
(Euclid Collaboration 2025).

The normalization of the low-mass Schechter component,
®; (or ®@ for the DPL), shows little evolution out to z ~ 1,
after which it decreases rapidly, in agreement with previous
works (e.g., Weaver et al. 2023). The DPL results show an
increased normalization compared to the Schecher component
by ~0.5dex, but within the uncertainties. At z > 5, there is
about 1dex dispersion compared to the results from the litera-
ture (Weaver et al. 2023; Harvey et al. 2025; Weibel et al. 2024;

2 Which are not necessarily classified as quiescent given a sharp cut
in sSFR or color. Instead, the double Schechter is a result of mixing
populations with intermediate to low SF activity, and therefore can be
observed even for the SMF of active galaxies (e.g., Ilbert et al. 2013;
Davidzon et al. 2017; Weaver et al. 2023).
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Fig. 6. Redshift evolution of the best-fit parameters for the Schechter
(double and single) and DPL, along with a literature comparison. The
different empty symbols correspond to the best-fit function adopted at
a given redshift using the BIC. For illustration, at z > 5.5, we show the
results from both Schechter and DPL fits.

Navarro-Carrera et al. 2023), but a general decreasing trend. The
normalization of the high-mass double Schechter component,
@,, decreases with redshift and shows relatively large uncer-
tainties; compared to Weaver et al. (2023), the normalization is
higher by about 0.3 dex, but the trend is in agreement.
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The low-mass slope, @; (or a for the single Schechter),
remains roughly constant out to z ~ 4, with a slight peak at
z ~ 1, in agreement with Davidzon et al. (2017), Weaver et al.
(2023). At z > 4, the slope drops to -2, and at z > 5.5, we
set it to —2, because our data is not deep enough to constrain it.
The choice of fixing @ = —2 is motivated by the fact that lit-
erature results deep enough to provide meaningful constraints
on « appear to converge at this value (Stefanon et al. 2021;
Navarro-Carrera et al. 2023; Weibel et al. 2024; Harvey et al.
2025). Furthermore, extrapolating our measurements to lower
masses with @ = —2 is consistent with deeper measurements
in the literature. We note that the low mass slope has an impact
on the inferred SMD, which we quantify by sampling @; out
of a normal distribution with a variance of 50%. The low-mass
slope of the high-mass component of the double Schechter func-
tion, a,, remains roughly constant, albeit with a slight increase,
largely consistent with Weaver et al. (2023). Importantly, o, —a;
remains consistent with unity out to z ~ 3.5, confirming the pre-
dictions of the (Peng et al. 2010) phenomenological model. In
Fig. 6, we also plot a; of the high-mass end of the DPL compo-
nent, although it has a different physical meaning. It has values
of ~—4, with large uncertainties that prevent us from identifying
any significant redshift trend.

5.6. Cosmic evolution of the stellar mass density

The cosmic SMD describes the total stellar mass content in a
volume of the Universe at a given epoch. Since the stellar mass
growth in the Universe is directly related to the star formation
activity, galaxy formation models need to link the observations
of both consistently. Therefore, accurate measurements of SMD
as a function of cosmic time are essential.

We derived the cosmic evolution of the SMD p, by integrat-
ing our SMF presented in Sect. 5 in each redshift bin:

103
px(2) = fs dM, My O(M,, 2). @)
10

We used the best-fit models described in Sect. 4.3 by taking the
models with the lower BIC (double Schechter at z < 3.5, single
Schechter at 3.5 < z < 5.5 and DPL at z > 5.5). We took 10® M,
as the lower integration limit, which is the most commonly used
in the literature, facilitating comparisons. At z > 2, our limit-
ing mass is greater than 108 My, so we relied on the extrapola-
tions of the best-fit functions. The 10 uncertainty was derived by
integrating the 16th and 84th percentiles of the best-fit functions
presented in Sect. 5.4.

The left panel of Fig. 7 shows the SMD from our work,
along with a compilation of some recent measurements in the
literature. Our results are shown in the solid orange line and the
shaded region marking the 1o~ confidence interval. Our measure-
ments show a constant increase in p, with cosmic time, with a
flattening at z < 1, consistent with the peak and downturn of the
cosmic SFH. At z > 1, p, shows no significant change of slope
within the uncertainties, at least out to z ~ 9, indicating a steady
buildup of the SMD with time.

We compare our results with the literature, including
Moutard et al. (2016), Wright et al. (2018), Leja et al. (2020),
Bhatawdekar et al. (2019), Stefanon et al. (2021), Weaver et al.
(2023), Navarro-Carrera et al. (2023), Weibel et al. (2024) and
Harvey et al. (2025). Compared with the literature, generally,
there is good agreement with our work, most notably with
Weaver et al. (2023) at all redshifts. Compared to Weibel et al.
(2024), there is a good agreement within the uncertainties at
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Fig. 7. Cosmic evolution of the stellar mass and star formation rate density. Left: Evolution of the SMD, showing a steady increase with time, with
no significant change in slope at 1 < z < 9. Results from our work are shown in the orange line (median) and envelope (10 uncertainty) in both pan-
els. This is computed by integrating best-fit SMF at a given redshift from a common lower limit of 103 M. The comparison with some of the most
recent literature results includes Moutard et al. (2016), Wright et al. (2018), Bhatawdekar et al. (2019), Leja et al. (2020), Stefanon et al. (2021),
Weaver et al. (2023), Navarro-Carrera et al. (2023), Weibel et al. (2024) and Harvey et al. (2025). The dashed green line shows the p, obtained by
integrating the Madau & Dickinson (2014) SFRD function multiplied by a time-dependent return fraction based on Chabrier IMF (see Sect. 5.6).
The gray lines show the theoretical limits imposed by the HMF, scaled by the baryonic fraction f;, and different integrated SFEs ¢, integrated
from the same 10® M, limit. Right: Inferred cosmic evolution of the SFRD. Comparison with the literature includes measurements of pspg from
UVLF from Harikane et al. (2022, 2023b), Donnan et al. (2023, 2024), Willott et al. (2024), Pérez-Gonzalez et al. (2023), Bouwens et al. (2023a)
and Bouwens et al. (2023b) or from IRLF by Zavala et al. (2021), as well as the compilation in Madau & Dickinson (2014). All are obtained using
a common lower integration limit of the UVLF of Myy = —17, including Bouwens et al. (2023a,b) that we rescale using a factor of 0.5 dex. All
points are converted to a Chabrier IMF. The pspr inferred from SMF measurements is also shown for a compilation of the most recent literature
works (Ilbert et al. 2013; Stefanon et al. 2021; Weibel et al. 2024; Harvey et al. 2025) shown only for the best-fit function, without confidence
intervals for clarity. The solid lines turn to transparent at lower z that are not probed in the corresponding work. The solid (dashed) black line and
shaded region show the true (observed) SFRD from Behroozi et al. (2019). Our results indicate lower inferred SFRD at z < 3.5, in tension with

instantaneous SFR indicators, while at z > 7.5 we find remarkable consistency with recent JWST UVLEF results.

all redshifts, albeit with a ~0.1 dex difference toward lower p,
from our measurements. Harvey et al. (2025) shows a steeper
drop going from +0.5dex at z ~ 7 to —0.1dex z ~ 9, and flat
trend to the z ~ 11 bin. At the highest redshifts, the biggest dif-
ference is with the precipitous drop of the p, by Stefanon et al.
(2021); this can be because in the last two z bins they fix both
log(M* /M) = 9.5 (which is lower than values fit with our SMF)
and @« = -2. Lejaetal. (2020) measure a higher p, by about
0.1 dex, a difference that comes from their stellar masses being
derived from nonparametric SFH modeling.

We also compare with the integrated SFRD function of
Madau & Dickinson (2014), assuming a return fraction that
depends on cosmic time f.(r — ) = 0.048 log(1 + (¢ —
')/0.88 Myr) (see Sect. 6.2 for justification), based on a Chabrier
(2003) IMF, shown in the solid gray line. There is relatively
good agreement in the general trend at z < 5, while at
z > 5 our measurements are consistently lower with a slightly
steeper slope. One reason for the discrepancy in this regime
could be the fact that the SFRD by Madau & Dickinson (2014)
at z > 5 is constrained with limited data from only two
surveys (Bouwens et al. 2012a,b; Bowler et al. 2012) and is
an extrapolation at higher redshifts. However, at all redshifts
the Madau & Dickinson (2014) SFRD integration is constantly
higher than the direct measurements from our work. This con-
stant difference toward higher p, obtained from integrating the
SFRD compared to direct SMD measurements is persisting since
the first comparisons between the two (e.g., Hopkins & Beacom
2006; Wilkins et al. 2008). Some of the reasons discussed in the
literature to reconcile this discrepancy are overestimated instan-
taneous SFR measurements due to overestimated dust attenua-

tion, uncertain UV luminosity to SFR conversion factor, which
in turn can be due to an evolving IMF. We discuss this further in
Sect. 6.2.

Finally, we also compare with the theoretical limits imposed
by the dark matter halo evolution (Behroozi & Silk 2018). We
scaled® the halo mass function (HMF) (by Watson et al. 2013)
with the universal baryonic fraction f, = 0.16 and with different
values for the integrated SFE, €, = [0.05, 0.1, 0.3, 0.6, 1] and
integrate it from the same 10% My mass limit. This comparison
indicates relatively low cosmic SFEs below 5% at z > 1.5, with
a trend toward increasing efficiencies at z < 4 and z > 7. This
suggests that the assembly of halo and stellar mass has not hap-
pened at the same rate throughout cosmic history. This can be
qualitatively explained by stagnating halo growth rate at z < 5
and a gas reservoir that can keep the SFE increasing (Lilly et al.
2013). We study in closer detail €, and its evolution with both
mass and redshift in Sect. 6.6, where we discuss this trend.

6. Discussion

6.1. Abundance of massive galaxies and transition from
Schechter to a double power law

The form of the SMF and its evolution with redshift provide
valuable constraints on physical models. The exponential cut-
off of the Schechter function is thought to be a result of mass
quenching (Peng et al. 2010), where AGN feedback in massive
galaxies efficiently suppresses star formation and prevents the
growth of more massive galaxies (Gabor & Davé 2015). The

3 Op (M, f;l 6;1,2).

A20, page 13 of 25



Shuntov, M, et al.: A&A, 695, A20 (2025)

mass scale at which this happens is marked by the characteristic
mass M* of the exponential cutoff. Therefore, robustly measur-
ing the high-mass end of the SMF is important to shed light on
the onset and efficiency of the AGN feedback in the early Uni-
verse.

Our results show a transition from the Schechter form to
a DPL at z > 5.5. In the DPL, the SMF decreases following
a power law with increasing mass, in contrast to the exponen-
tial cutoff of the Schechter. Although both functional forms do
not fully fit the observed SMF points at log(M./My) > 10.5,
the DPL providing a lower BIC also qualitatively confirms the
observation of overabundance of massive galaxies at z > 5.
The existence of such massive galaxies in excess of predic-
tions from a Schechter law suggests very efficient growth at
early times. This is likely due to efficient cooling, gas accretion,
and higher merger rates, which are shown to increase at earlier
times (Duan et al. 2024). The transition to a Schechter law at
7 $ 5.5 also coincides with the rise of the first quiescent galaxies
in the Universe (e.g., Carnall et al. 2023; Valentino et al. 2023).
This indicates that the physical mechanisms that suppress galaxy
growth start to take place at z ~ 5.5 on a global scale, at least
out to masses that we can probe in the COSMOS-Web volume.
This is likely due to the onset of negative AGN feedback at these
redshifts. However, we note that this remains only a tentative
interpretation, since the relatively large uncertainties and poten-
tial systematics in photo-z and mass estimates at the high-mass,
high-z end prevent us from drawing robust conclusions. Next-
generation wide-area and deep NIR surveys from Euclid (e.g.,
Euclid Collaboration 2025) and Roman will be crucial in pro-
viding robust constrains on the evolution of the high mass end,
log(M, /M) 2 10.2, at z > 5.

6.2. Implied cosmic star formation history

The total stellar mass assembled at a given epoch in a volume of
the Universe is a result of the integrated star formation activity
until that epoch, times a factor accounting for the stellar mass
loss due to material returned to the ISM via stellar winds and
supernovae (Renzini & Buzzoni 1986). Therefore, the SMD can
be related to the star formation rate density (SFRD), psgr, as
(Wilkins et al. 2008)

px(t) = j(; dr’ pser(?) (1 = f(t = 1)), (8)

where f, is the stellar mass loss that depends on the age of the
stellar populations, but also on metallicity.

The interest in comparing the implied SFH from SMD mea-
surements to the one derived from star formation measurements
is that a solid understanding of the physical processes that affect
galaxy evolution will yield a consistent picture with both mea-
surements in agreement. This is because both are affected by
complementary systematic uncertainties. The SFRD is typically
inferred from instantaneous indicators of star formation, such as
rest-frame integrated UV emission, emission lines and IR lumi-
nosities, typically coming from young stellar populations (e.g.,
Kennicutt 1998; Calzetti et al. 2007; Madau & Dickinson 2014).
These instantaneous indicators can be subject to greater uncer-
tainty due to dust attenuation, and due to various assumptions in
the stellar population synthesis models in deriving luminosity-
to-SFR calibration factors. On the other hand, stellar masses are
inferred from the light of more evolved stellar populations and
are subject to different uncertainties (e.g., the assumed SFH in
SED fitting). In this section we infer the cosmic SFH from our
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SMD measurements and compare to a range of literature results
on the pspr, typically inferred from the instantaneous probe of
SF — the UV luminosity function (UVLF).

We adopted a parametrized relation for the stellar mass
loss that was calibrated using the computations in Dubois et al.
(2024, Sect. 2.4 and Appendix A in their paper), and assuming a
Chabrier (2003) IMF: f.(r —¢') = 0.048 In(1 + (r—#')/0.88 Myr).
We adopted a log-normal parametrization of pspr and fit our
observed p, using Eq. (8), finding

C))

The inferred pspr from p, depends on the functional form
assumed for the former. We also tested the parametrization of
Madau & Dickinson (2014), Behroozi et al. (2013), as well as a
double log-normal, but we found that Eq. (9) provides the best
fit with lower )(fe 4 and Bayesian information criterion.

The right panel of Fig. 7 shows the inferred cosmic SFH from
our work (Eq. (9) with a solid orange line and a 10~ confidence
interval). We show the SFH extrapolated to the highest redshifts
probed by some of the work in the literature. The z > 12 part can
be reasonably well constrained with this approach because after
integration it has to result in the measured SMD at z < 12 from
our work.

1 (log(1 + ) — log(1 + 1.95*017
psrr(z) = 0.05f8:8} exp [—— ( 503 :
2 047503

6.2.1. Comparison with the SFRD inferred from UVLF
measurements

We compare the SFRD inferred from SMD measurements
of our work to the one from instantaneous star forma-
tion measurements. These include the compilation from
Madau & Dickinson (2014) out to z ~ 7 using various trac-
ers from UV to IR, Harikane et al. (2022, 2023b), Donnan et al.
(2023, 2024), Willott et al. (2024), Pérez-Gonzalez et al. (2023),
Bouwens et al. (2023a,b) that are based on the UVLF, and
Zavala et al. (2021) based on the IRLF. We rescale the results
of Bouwens et al. (2023a,b) by a factor of 0.5 dex to bring them
to a common lower integration limit of the UVLF Myy = —17.
We also convert all measurements to a Chabrier IMF using a
conversion factor of 0.63. We verify that the integration limits
of Myy = —17 and M, = 10% M, are consistent for this com-
parison by using observed M, — Myy relations (e.g., Song et al.
2016). We tested this further by reintegrating the SFRF by con-
sidering galaxies with M, > 10% M, and finding a negligible
difference.

At z < 3.5, we find that the SFRD inferred from our SMD is
~0.3 dex lower than the SFRD from instantaneous SFR measure-
ments by Madau & Dickinson (2014), with the largest difference
around the peak of the cosmic SFH z ~ 2. One reason for the
lower SFRD inferred from the SMD can be in the assumed stellar
mass loss function that has stronger effect at lower redshift (due
to the integrated effect over time, Eq. (8)). We tested different
mass loss functions (e.g, Conroy & Wechsler 2009; Ilbert et al.
2013) and found that although it can lower the difference and
reconcile them z < 1.5, it cannot fully account for the difference
over a wider redshift range.

We compare our findings with Behroozietal. (2019)
UNIVERSEMACHINE model, which infers both the “true” and
the “observed” SFRD (shown in solid and dashed black lines,
respectively, in Fig. 7). The latter is obtained by applying cor-
rection that accounts for redshift-dependent observational sys-
tematic offsets. The true SFRD is consistently lower than the
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observed one, with the biggest difference (~0.4 dex) around the
peak of the SFRD (z ~ 2). This is consistent with our results
from the SMD, albeit with a difference of about 0.1-0.2 dex
at z < 2.5. The observational systematic offset applied in
Behroozi et al. (2019) is calibrated exactly against this ten-
sion between the integrated SFRD and the SMD, which has
been repeatedly reported and studied in the literature (e.g,
Hopkins & Beacom 2006; Wilkins et al. 2008, 2019; Leja et al.
2015). Our results corroborate this tension, the cause of which
remains poorly understood, with several possible culprits (aside
the stellar mass loss assumption). These include uncertain effects
of dust attenuation on both stellar mass and SFR estimates,
uncertain calibration for SFR indicators, IMF assumptions, and
SFH and other modeling assumptions in SED fitting-derived
stellar masses.

To shed some light on this tension, Wilkins et al. (2019) have
investigated the effects of different (and more realistic) stellar
population synthesis models on the luminosity-to-SFR calibra-
tion factors and on the resulting SFRD. They find that the recal-
ibrated factors can lower the Madau & Dickinson (2014) SFRD
by ~0.2dex. This would alleviate part of the tension that we
report in our work, and is one likely explanation.

Furthermore, Leja et al. (2020) have found that nonparamet-
ric SFH modeling with PROSPECTOR can produce older stellar
populations and higher stellar masses, resulting in higher p, by
up to a ~50% compared to the literature. These measurements
are shown in brown line in Fig. 7 (left) and are in good agree-
ment with the Madau & Dickinson (2014) SFH. We also inves-
tigate the impact on nonparametric SFH modeled with CIGALE
(Appendix F), which indeed yields ~0.1-0.3 dex higher masses
(Fig. F.1, Fig. F.2). We do not propagate these measurements
to p, but they are unlikely to fully account for the discrep-
ancy. Nonetheless, older stellar populations from nonparametric
SFH modeling is another likely explanation for this tension with
the SFRD. Further investigation with a consistent dataset and
methodology from both the SFR and stellar mass side, which is
now possible with JWST, is necessary in order to reconcile the
two fundamental cosmic observables.

At z > 7.5, the latest literature measurements from
the UVLF, mostly from JWST data (Harikane et al. 2022,
2023b; Donnanetal. 2023, 2024; Willottetal. 2024;
Pérez-Gonzalez et al. 2023; Bouwens et al. 2023a,b), show
a good agreement with the SFH inferred from our work, albeit
with a large scatter and uncertainties. This remarkable agree-
ment in the SFH from two parallel approaches solidifies the
emerging picture of rapid galaxy formation leading to increased
abundances of bright and massive galaxies very early in the
Universe.

6.2.2. Comparison with the SFRD inferred from SMF
measurements

We also infer pspr from some of the latest literature measure-
ments of the p, using the same procedure. These are shown in
dashed, dotted, and dash-dotted lines from Weibel et al. (2024),
Stefanon et al. (2021), Harvey et al. (2025). The lines turn to
transparent at the lowest z range probed in the corresponding
work. There are varying degrees of differences between these
works, ours, and the pspg from instantaneous SF tracers, with
none in very good agreement in a large redshift range at z > 6.
This is mainly because these works do not measure the SMD
at z < 5, and the lower z measurements are essential in con-
straining the full z behavior. This is also shown by the result in
Ilbert et al. (2013) that constrains the SFH from SMD measure-

ments at 0.2 < z < 4.0, although in this case the lower maximum
z limit likely creates the difference at z > 3.

6.3. The most massive galaxies in COSMOS

In this work, we leverage the ~4 x 10° Mpc® volume observed
with COSMOS-Web to reveal some of the rarest and most
massive objects in the Universe. Massive galaxies in the early
Universe provide stringent constraints on the galaxy forma-
tion models and on the ACDM cosmology (Steinhardt et al.
2016; Behroozi & Silk 2018; Boylan-Kolchin 2023). A num-
ber of prior studies based on JWST have reported increased
abundances of massive galaxies at z > 5 (Labbéetal.
2023; Furtak et al. 2023; Xiao et al. 2024; Akins et al. 2023;
Chworowsky et al. 2024; Casey et al. 2024) that have posed
challenges to our models of galaxy formation and cosmology
(Boylan-Kolchin 2023; Lovell et al. 2023).

We interpret the most massive galaxies observed in
COSMOS-Web within the extreme value statistics (EVS;
Lovell et al. 2023) formalism. EVS is a probabilistic approach to
estimating the PDF(My,.x) of observing the most massive object
at a given redshift and given cosmological volume. The EVS
PDF(Mpax) is first derived for halos using theoretical HMFs,
and the conversion to the PDF of the most massive galaxy is
done using the universal baryon fraction f;,, and stellar fraction
f«- The latter is equivalent to the integrated SFE ¢, that we use
in this work: M, = M f; €.. The stellar fraction is modeled
as a lognormal distribution PDF(e,) = InN(u = e 2,0 = 1),
truncated between 0 and 1. This distribution is centered at 0.14
and incorporates the range of values found in the literature
for €,, as well as capturing a potential intrinsic scatter (e.g.,
Wechsler & Tinker 2018). However, it assumes no dependence
on redshift and halo mass, the latter of which is well-known to
exist, and the former is increasingly hinted at by recent studies.

Figure 8 shows the distribution of stellar masses and red-
shifts of our COSMOS-Web sample, along with the EVS confi-
dence intervals for observing the most massive objects. We cor-
rected the observed stellar masses for the effect of Eddington
bias following Lovell et al. (2023)

1
In M*,Edd =In M*,obs + = )’0'12‘4*, (10)

2

where 7y is the slope of the HMF at My, = M,/ f,, and 0'%,,*
are the uncertainties on the stellar mass. This correction lowers
the observed stellar mass because the slope is negative. The col-
ored regions show the EVS 10, 20 and 30 confidence intervals
that assume the lognormal distribution for €,, while the dashed
line shows the 30 upper limit assuming €, = 1. Exceeding this
limit would mean that there is more stellar mass than available
baryons (under the assumption of a universal f,) and represents
a 30 tension with the underlying ACDM cosmology. Above the
median M7**, we mark individual galaxies with points in Fig. 8.

None of the most extreme objects in our sample exceed the
30 limit of €, = 1. However, a handful of objects approach
the 30 limit of the lognormal e, distribution centered at 0.14.
In Fig. 8, we also mark the sources having MIRI photome-
try that in principle results in more robust stellar mass esti-
mates (Wang et al. 2024a), but do not see a significantly pre-
ferred distribution in the M, —z plane above the med(M}**) line.
In Fig. D.1 we show the F277W — F444W color versus F444W
magnitude distribution of the extreme sample, color coded by
E(B - V). A significant fraction (>50%) of our extreme sample
is very red (mpy;7w = mpaaaw > 1) and dust attenuated with
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E(B—V) > 0.5. The red colors and potentially high dust attenu-
ation can make the derived photo-z and stellar masses uncertain
due to degeneracies in the SED fitting. This is captured in Fig. 8
by the large redshift error bars of some of the candidates, making
their nature uncertain.

We checked if our extreme sample, defined as M, >
med(M}*), have submillimeter counterparts by crossmatching
with the SCUBA-2 selected sample of submillimeter galax-
ies (SMGs) by McKinney et al. (2024). This sample is one of
the most comprehensive and up-to-date compilation that com-
bines all archival photometric data from optical through radio
in COSMOS. About 12% of our extreme sample are SMGs in
the SCUBADive (McKinney et al. 2024) catalog. Given their
extreme red colors (mpy77w —mpgaaw > 1.2), these are highly dust
attenuated and difficult cases to fit for our SED modeling that is
configured to yield accurate results over all redshifts and popu-
lations (e.g., E(B — V) limited to 1.2). Indeed, SMGs are known
to be difficult cases for SED fitting that, depending on modeling
assumptions and available data, can have mass estimates varying
up to 1dex (Hainline et al. 2011; Michatowski et al. 2012). We
find a relatively large scatter between our photo—z solutions and
those by McKinney et al. (2024) that include FIR-to-radio data
and more tailored SED modeling, which prefer lower redshift
solutions by about Az = 1-2. Figure D.1 shows that some of
these sources are fit with low E(B — V) in our catalog, likely due
to the dust attenuation-stellar mass degeneracy, and likely have
overestimated stellar masses. We mark in yellow these sources
in Fig. 8, and caution their interpretation.

We also crossmatched our extreme sample with spectroscop-
ically confirmed SMGs and found two matches. One source has
Zspee = 3.051 from Jin et al. (2019), consistent with our zphor =

5.683%. This source has also been studied in Gentile et al.

(2024) with the name ERD-1 and has a consistent stellar mass
solution as ours (log(M,/My) = 11.28). The second is found
at Zphot = 5.38705% and log(M, /M) = 11.61*)3] in our cata-
log, but has zgpec = 3.68 and log(M, /My) = 11.09 derived from
spectroscopy (Liu et al. 2019). We do not exclude this source
from our SMF which is in a M, bin that has count one and is
within the empty-bin confidence interval (Gehrels 1986, see also
Sect. 5.1).

In Fig. D.2, we show one of the most extreme sources in our
sample. The source ID = 762429 is found at zphoy = 7.11703]

-0.75
and log(M, /My) = 11.43f8:(1)(7), with several modes in the P(z)
down to z ~ 3.5 as plausible solutions (with P(z < 5) = 5%). It
has rising flux densities out to F770W and is highly dust atten-
uated. The system shows an extended morphology and possibly
clumpy as indicated by the residual of the smooth Sérsic model.
The rising flux densities can also be fit with the AGN template
but resulting in overall worse /\(iGN. However, from the clumpy
morphology indicated by the residual images, it is possible that
this is a merging system and therefore with components with
significantly lower masses.

In summary, we find about 40 galaxies with masses that
approach the 30 limits imposed from halo abundances and local-
Universe baryon-to-star conversion factors. These massive sys-
tems at high redshifts tend to be red and highly dust-attenuated,
with 12% of them being detected at submillimeter and/or FIR.
As such, they are very difficult cases for SED fitting and their
photo-z and stellar mass solution are uncertain. These sources
are certainly very interesting and warrant further in-depth inves-
tigation, since their extreme nature is a powerful probe of the
galaxy formation theory. This would need to involve NIR spec-
troscopy and further submillimeter observations.
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Fig. 8. Theoretical limits imposed from halo abundances of the most
massive plausible galaxies at a given epoch and volume within the
extreme value statistics (EVS) formalism. The colored regions indi-
cate the EVS confidence intervals for the COSMOS-Web survey area
of 0.43 deg®. The dotted line marks the median of the EVS distribution
of the maximum plausible stellar mass, assuming a log-normal distribu-
tion of the SFE centered at ~0.14, while the dashed line shows the 30
upper limit assuming a SFE of unity. The grayscale hex bin histogram
shows the M, — zpno distribution of the full sample. Above the median
M, the points mark individual galaxies in blue; those that have MIRI
photometry are colored orange, and submillimeter detected sources are
marked with yellow. The observed M, are corrected for the Eddington
bias using Eq. (10). We find several candidates that are within the 2 and
30 upper limits from the EVS as exceptionally massive for their epoch
and volume. We mark submillimeter detected galaxies that are highly
dust-attenuated with discrepant zn,e and M, solutions when including
FIR-to-radio data in the SED fitting.

6.4. Galaxy candidates at 10 < z < 12

We selected 27 galaxy candidates at 10 < z < 12, as is described
in Sect. 5.2; Fig. E.1 shows the distribution of some of their
properties. Given the relatively shallow depth but distribution
over a large area (0.53 deg®), these candidates are brighter than
27.5 AB mag and have a median of 26.7 AB mag in F444W. They
have median F277W—-F444W colors of ~0.08 and are bluer than
0.4, with one candidate having mgy77w — mpaaaw ~ 0.7. Their
median redshift is 10.3, and have 60% of their stacked P(z) at
z > 10. Several candidates show a secondary peak at z ~ 2.5
that has <32% of the P(z < 9), while the stacked P(z) has
2.5% at z < 5. In this paper, we only analyze these candidates
within the statistical context of the SMF (and quantities derived
from it). We do not find that their number densities are in ten-
sion with limits from ACDM (see also Sect. 6.5 and Sect. 6.6),
with the caution that they might suffer from incompleteness (cf.
Sect. 5.2). However, these candidates are certainly interesting on
their own, and warrant spectroscopic confirmation and in depth
investigation.

Finally, we note that in Casey et al. (2024) we report nine
exceptionally luminous and massive galaxy candidates at 10 <
z < 12 in COSMOS-Web over half of the survey foot-
print of this paper (0.25deg®). These were selected such that
they have consistent zppo solutions with three different codes:
LEPHARE, EAZY, and BAGPIPES, as well as with different pho-
tometry measurements (e.g., model fitting from SE++, aperture


https://zenodo.org/records/14723773
https://zenodo.org/records/14723773
https://zenodo.org/records/14723773

Shuntov, M., et al.: A&A, 695, A20 (2025)

photometry). We find that only one source from our 10 < z < 12
sample is in common (source name COS-z10-4 in Casey et al.
2024). However, from the rest, all but one have broad and mul-
timodal P(z) that encompasses a z > 9 solution. This differ-
ence is likely from the different LEPHARE configuration in this
work, tuned to yield robust results for all redshifts and popu-
lations (e.g., high allowed attenuation and strong emission lines
that can prefer a lower-z solution). Therefore, we take our results
cautiously at z > 10 and the true redshift and nature of these can-
didates remains to be confirmed with spectroscopy.

6.5. Comparison to theoretical models

In this section, we compare to theoretical models and sim-
ulations to interpret some of the possible physical mech-
anisms behind our observations. Figure 9 compares the
SMF from our work to a compilation of semi-analytical
(ASTRAEUS, Hutter et al. 2021; Cueto et al. 2024; SANTA CRUZ
SAM, Yungetal. 2019; DREAM, Drakos et al. 2022; GAEA
De Lucia et al. 2024), hydrodynamical simulations (BLUETIDES,
Feng et al. 2016; Wilkins et al. 2017; FLARES, Lovell et al.
2021; Vijayanetal. 2022; Wilkinsetal. 2023; TNGI100,
Springel et al. 2018; Nelson et al. 2018; Pillepich et al. 2018;
Marinacci et al. 2018; Naiman et al. 2018), the analytical
feedback-free starbursts (FFB) (Dekel et al. 2023; Lietal.
2024), and the early dark energy (EDE) model (Liu et al. 2024).
For brevity, we focus only on the SMF at z > 5. We show our
measurements of the SMF in the orange circles and the 1o con-
fidence region of the fit parametric forms. The latter take into
account the Eddington bias and therefore represent a more just
comparison to the simulations. We note that for this compilation,
we compare the SMFs at the median redshift that falls in the red-
shift bins from our work. This neglects potential differences in
the redshift distributions. We note this caveat and do not attempt
to correct for it.

6.5.1. Comparison with simulations

In Fig. 9, we make a comparison with an inexhaustive list of
semi-analytical and hydrodynamical simulations. Overall, there
is a relatively good agreement between SMFs from our work
and the simulations, especially out to z ~ 7. At z > 7.5 our
measurements are consistently above the simulations. The best
agreement out to the highest z ~ 11 is with the FLARES simula-
tion (Lovell et al. 2021; Vijayan et al. 2022; Wilkins et al. 2023).
This is perhaps unsurprising because FLARES consists of a suite
of zoom-in hydrodynamical simulations within larger cosmolog-
ical volumes to study rare, massive structures at z > 5. The
fact that FLARES probes the widest range of environments, from
extremely underdense voids, to the most overdense high red-
shift structures, can explain their higher SMF and the closest
agreement to ours. Lovell et al. (2021) show a strong depen-
dence of the SMF on the environment and suggest that the
higher SMF compared to other observations and simulations at
M, 2 10'° M, is due to small volume probed by the latter, which
does not probe extreme environments that can have a strong
impact on the SMF.

The ASTRAEUS semi-analytical model (Hutter et al. 2021)
provides an insight into how the IMF assumption impacts the
resulting SMF. Cueto et al. (2024) computed the SMF using both
a universal IMF and one that evolves toward an increasingly
top-heavy IMF at higher redshifts. This results in lower mass-to-
light ratios and a slower buildup of stellar mass, as shown by the

~1 dex lower SMF for the evolving IMF compared to the univer-
sal IMF (solid and dashed yellow lines in Fig. 9). In our work, we
assume a universal Chabrier (2003) IMF, so applying an evolv-
ing top-heavy IMF would result in lower stellar masses and num-
ber densities. However, the SMF from ASTRAEUS shows steeper
slopes and increased number densities at the low-mass at all red-
shifts.

One aspect that these comparisons with simulations highlight
is the overabundance of massive galaxies, especially at z > 7,
measured in our work, but also in recent work from JWST (e.g.,
Weibel et al. 2024, cf. Sect. 6.3). The surprising abundances of
such systems stretch our current theories of galaxy formation
and potentially the ACDM model. As a consequence, they can
be powerful probes of our theory. In the following, we discuss
possible scenarios that can explain these observations.

6.5.2. Possible physical mechanisms that can produce an
overabundance of massive galaxies

The FFB model by Dekel et al. (2023), Li et al. (2024) postu-
lates that at early times, the most massive dark matter halos can
have a very high SFE (~100%) due to starbursts that are free
of feedback. These feedback-free bursts can happen in dense
star-forming clouds (~3 x 10° cm™), when the free fall time
is <1 Myr, shorter than the time for massive stars to develop
winds and supernovae feedback (Torrey et al. 2017; Grudi¢ et al.
2018). The bursts can last a few million years and reoccur
during a phase of about 100 Myr. The FFB regime is acti-
vated above a halo mass threshold, dependent on the redshift
MFFB ~ 108 [(1 + 2)/10]7%% (Dekel et al. 2023), in which the
SFE reaches a maximum €-LE. In the Li et al. (2024) implemen-
tation of the FFB, the mean SFR of a galaxy in the FFB regime
is modulated by the maximum SFE: (SFRprp) = €518 f, My,
where M, is the halo growth rate. Then stellar masses (and con-
sequently SMF) are obtained by adding the time-integrated SFR
contribution from the FFB mode on top of the nominal SFR
based on the Behroozi et al. (2019) UNIVERSEMACHINE empir-
ical model (see Li et al. 2024, for details). In Fig. 9 we show
the predictions from the FFB model for different €-L5, includ-

max °
ing the no FFB regime of €f2 = 0, which is essentially the

max
UNIVERSEMACHINE model. Out to z ~ 7 our results agree with
the no FFB regime; while at higher redshifts our SMF would be
consistent with an evolving €/F8 of ~0.1 at z ~ 8 to ~0.2-0.5 at
z > 8.5. Additionally, our measurements also suggest a possible
mass dependence of the €-L2 — the most massive end of our SMF
moves toward higher FFB efficiencies. This is not excluded by
the FFB model, since the halo mass is a key ingredient and the
€-FB can, in principle, depend on mass. Therefore, these obser-
vations can serve to properly tune the parameters of the FFB
model, something that we do not attempt and leave for future
work. However, given the uncertainties in the SMF (and M,) at
these redshifts, it is difficult to provide robust constraints from
such photometric surveys alone.

Stochastic bursts of star formation in the early phases of
high-z galaxies can produce rapid stellar mass growth. These
bursts can happen on a scale of about 5Myr and can reoc-
cur in a time span of about 100 Myr, leading to an increased
integrated SFE (e, ), qualitatively consistent with our observa-
tions of the SMF. This hypothesis has been studied theoretically
Pallottini & Ferrara (2023), and is found to explain the observed
abundances of bright galaxies at z > 10 (Shen etal. 2023;
Sun et al. 2023). The stochastic and bursty SFH is also consis-

tent with the FFB model (Dekel et al. 2023; Li et al. 2024). The
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Fig. 9. Comparison of the COSMOS-Web SMF to theoretical models. Measurements and best fits from this work are shown in the orange
circles and filled region. We compare with the predictions from the FFB model by Dekel et al. (2023), Li et al. (2024), which are based of
UNIVERSEMACHINE (Behroozi et al. 2019) corresponding to different maximum SFEs (e, ) in the FFB regime, shown with the solid lines. We also
show the SMF from a number of semi-analytical (ASTRAEUS, Hutter et al. 2021; Cueto et al. 2024; SANTA CRUZ SAM, Yung et al. 2019; DREAM,
Drakos et al. 2022; GAEA De Lucia et al. 2024) and hydrodynamical simulations (BLUETIDES, Feng et al. 2016; Wilkins et al. 2017; FLARES,
Lovell et al. 2021; Vijayan et al. 2022; Wilkins et al. 2023; TNG100, Springel et al. 2018; Nelson et al. 2018; Pillepich et al. 2018; Marinacci et al.
2018; Naiman et al. 2018), and the predictions of the Early Dark Energy model by Liu et al. (2024).

transition to stochastic star formation around z = 9 has also been
identified observationally by Ciesla et al. (2024), showing that at
z > 9 there is evidence for about 87% of massive galaxies having
had stochastic star formation in the last 100 Myr.

Bursty SFHs can produce a scatter in galaxy UV luminosi-
ties at a given halo mass, leading to a dispersion in the Myy — My,
relation that is found to increase with decreasing halo mass
(Sun et al. 2023). According to this model, the Myy — M}, scatter
can reproduce increased abundances of luminous galaxies with-
out the need of enhanced SFEs. Gelli et al. (2024) implement
such a model and find that it can successfully match the obser-
vations of the UVLF and pspr up to z ~ 12, using a constant
SFE, while it still falls short at z ~ 14. Their prediction on the
Pskr 18 shown in the purple curve in Fig. 7. However, this model
remains to be extended to stellar masses and compared against
SMF. Clustering analysis in COSMOS-Web by Paquereau et al.
(2025) measures galaxy bias that tends to disfavor a scenario
with high shochasticity and scatter.

Positive feedback from supermassive black hole (SMBH)-
driven AGNs in the very early Universe can considerably
increase the SFE, as is argued by Silk et al. (2024). In this
hypothesis, star-forming galaxies at z ~ 10 can host an AGN
that enhances gas accretion onto both star-forming regions and
the central SMBH. This, in turn, causes momentum-conserving
AGN outflows and radiatively cooled turbulence, which, cou-
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pled with efficient cooling of the shocked gas due to the ultra-
compact galaxy, leads to a dense and cool phase with increased
star formation. This positive feedback from AGN causes the first
episodes of vigorous star formation at z > 10, which then tran-
sitions to negative feedback and quenching due to gas depletion
by energy-conserving AGN outflows at z < 6. The positive feed-
back phase could be active in compact galaxies that have their
central AGN obscured (Silk et al. 2024). Therefore, this scenario
is also consistently linked to the emerging abundant popula-
tion of compact AGN-dominated sources at z > 5 with mas-
sive (10"=10° M) black holes (Labbe et al. 2025; Greene et al.
2024; Matthee et al. 2024; Kokorev et al. 2024).

Qualitatively, our measurements are consistent with the posi-
tive feedback scenario. The transition from the Schecter function
to the DPL, as well as the monotonic increase with mass of the
integrated SFE close to 100% (discussed in Sect. 6.6) at z ~ 6,
all coincide with the transition from negative to positive AGN
feedback. However, adequate data to constrain the parameters
of this unified theory of the coevolution of SMBH and galaxies
is still lacking, and details on how the positive feedback sce-
nario would reflect on galaxy and AGN abundances (the former
being the scope of this paper) are not yet developed. One way
to detect the hidden momentum-driven positive AGN feedback
according to Silk et al. (2024) is indirectly by searching for very
high specific star formation rates. This would require follow-up
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spectroscopy of the most massive high-z candidates in this
work.

Modifications of the ACDM cosmology are another alter-
native explanation. One proponent is the EDE model that can
produce higher abundance of massive halos (Klypin et al. 2021).
This excess number of massive halos can host galaxies assem-
bled with a more modest €, than the higher one implied by our
measurements within the standard cosmology. This can explain
the observed abundance of massive galaxies without consider-
able modification to the galaxy physics that regulates the SFE.
Liu et al. (2024) have studied the implications of the EDE model
on the SMF, showing that it indeed predicts increased abun-
dances. These predictions are shown in the gray lines and square
symbols in Fig. 9. This model largely overpredicts the SMF
out to z ~ 9 but agrees at z > 10. However, in their applica-
tion, Liu et al. (2024) assume a SHMR calibrated on pre-JWST
data (by Stefanon et al. 2021, obtained from abundance match-
ing), which as we show in the next section can be very uncer-
tain (see also Shuntov et al. 2022). Accurately constraining the
SHMR requires the implementation of halo occupation distribu-
tion (HOD) models that need to predict both galaxy abundance
and clustering. Therefore, coupling clustering measurements to
the abundances is necessary to provide more meaningful con-
straints on the EDE model.

6.6. Connection to dark matter halos and the inferred star
formation efficiency

In this section, we use the SMF measurements to explore the
connection between galaxies and dark matter. Galaxies grow in
dark matter halos through star formation by converting the avail-
able baryonic gas, given by the cosmic baryon fraction f;, ~ 0.16,
and through merging. This results in a relation between the
stellar and the halo mass M, = e fy My, referred to as the
SHMR (see Wechsler & Tinker 2018, for a review). Correspond-
ingly, this establishes a relation between the cumulative number
densities of galaxies and halos @, (M.,z) = Op(M, fy 1 6;1,z)
(Behroozi & Silk 2018). €, is the SFE integrated over the life-
time of the halo*. In this paper, we provide some of the first
systematic quantification of the integrated SFE from JWST,
down to the earliest ages of the Universe. Additionally, a study
by Paquereau et al. (2025) provides complementary constraints
from HOD modeling of galaxy clustering in COSMOS-Web.
We inferred the SHMR by carrying out nonparametric abun-
dance matching (AM; Marinoni & Hudson 2002; Kravtsov et al.
2004; Vale & Ostriker 2004; Tasitsiomi et al. 2004). For each z
bin, we matched the cumulative forms of best-fit SMFs (pre-
sented in Sect. 5.4) and the Watson et al. (2013) HMFs to assign
My, to each M. We note that this is a very simplistic and only
first-order implementation of AM directly using the HMF and
does not consider any stochasticity in matching galaxies and
halos. In principle, other halo properties, such as the maximal
halo mass (M} max) over the halo’s lifetime, the peak maximum
velocity of the particles in the halo across its formation history
(Vpeak), or the maximum circular velocity at the time of accre-
tion, v,ec, correlate better with the total baryonic content of halos
and better reproduce clustering properties (e.g., Reddick et al.
2013). This is because (sub)halos can be subject of significant

4 Here, it is important to make the distinction between the integrated
SFE €, = M, /(M f,) that we use in this work, instantaneous SFE
e = SFR/(fy M), and the SFE in the context of gas depletion €z, =
SFR/Mg,s. Given the fact that SHMR = M, /M, = €, f,, we use the
SMHR and ¢, interchangeably to refer to the integrated SFE.

— 02<2<05 3.5< z <45

g ------ 0.5< 2 <0.8 reoee 4.5< z <b.5
9 === 08<z<ll === 55<2<6.5
10 —— ll<z<L5 6.5< z <7.5
— 15<2<20 7.5< 2z <85
NI 7 A8 2.0< 2z <25 8.5< 2 <10.0 T
10 --= 25<2 <30 10.0< z <12.0' 3
—-= 3.0<z<35 3
100::::::::I T
B —10°
107'E 3
F ]
g [ i
~ i — 1U_IE
E* 1072 E %)
4102
1073 :
1011 1012 101$ 1014
My, [Mg)

Fig. 10. SHMR for each of the redshift bins in this work. This was
obtained by doing abundance matching using the best-fit functional
forms of the SMF and the HMF by Watson et al. (2013). The top panel
shows stellar mass as a function of the inferred halo mass, while the bot-
tom panel shows the ratio between the two as a function of halo mass.
The right axis indicates the SFE, €, = M, M;' f;!, and the shaded gray
region marks €, > 100%. The lines and their confidence intervals are
shown only in the M, range probed by our SMF measurements.

stripping, while the galaxy inside can retain the stellar mass.
However, this should have an increasing impact on lower red-
shift, which is not so much the focus of this work, since the
SMHR has been robustly constrained at lower z by numerous
other works. Moreover, Stefanon et al. (2021), for example, have
shown that at high z, the inferred halo masses from AM of the
SMF to the HMF directly, differ only by <0.04 dex from those
inferred from matching to v,... Therefore, we adopt this sim-
plistic procedure for this paper. A more detailed analysis of
the SHMR using clustering and HOD modeling is presented in
Paquereau et al. (2025).

The SHMR resulting from our work is shown in Fig. 10 for
each of the 15 z bins. The top panel shows the relation between
M, and M, while the bottom shows the ratio between the two
masses M, /M, as a function of halo mass. The right y-axis of
the bottom panel shows the integrated SFE, €, = M, /(M}y, fp).
We limit the mass range to the minimum and maximum M,
probed by our survey. Fig. 10 shows the characteristic strong
dependence of the SHMR on My, with the SFE remaining in the
range of 0.02—-0.2 for all masses and out to z ~ 7. The peak of

the SHMR is reached at MP*** ~ 10'2 Mo, MY™ ~ 2 x 10'° Mo,
and € ~ 02 at z < 2. The SHMR decreases at low (due
to stellar and SNe feedback) and high masses (due to AGN
feedback, Silk & Mamon 2012), with the slopes at both ends
remain roughly constant with z. The SHMR, including the peak,
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Fig. 11. SHMR and the implied SFE in different redshift bins. The right axis indicates the SFE, € = M, M, fh’1 , and the shaded gray region marks
€ = 100%. Each panel shows the SHMR in several redshift bins from our work (solid lines with a 1o~ uncertainty envelope), and literature works
from Shuntov et al. (2022, dashed), Behroozi et al. (2019, dotted), and Stefanon et al. (2021, points). The FFB predictions from Li et al. (2024)
are shown in the solid line envelope that encloses maximum SFE in the FFB regime in the 0.1-1.0 range.

shifts to lower maximum SFE and higher halo masses out to
z ~ 3.5, after which the limit in maximum stellar mass and
sample size prevent us from robustly establishing the peak; this
is consistent with previous studies in COSMOS (Legrand et al.
2019; Shuntov et al. 2022). After z > 3.5, there is an upturn,
and the SHMR sharply increases and monotonically approaches
€x ~ 0.8—1 at the highest masses and redshifts, albeit with
large uncertainties. Within the uncertainties, none of our mea-
surements enter the regime of €, > 1 that signifies more stellar
mass than available baryons. Therefore, these results do not sug-
gest any significant tension with ACDM.

An evolving SFE and the upturn at z ~ 3.5 is an important
feature our analysis reveals (Paquereau et al. 2025), because it
provides an observational imprint of all the processes involved in
regulating galaxy growth. It suggests that the SFE is not constant
and that galaxies and halos do not grow at the same rate over
cosmic history. A relatively simple explanation can be given in
the framework of the gas-regulated model of galaxies, closely
coupled with halo evolution (Lilly et al. 2013). The cosmic SFE
is tightly linked to the interplay between the halo growth rate
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(that quantifies the growth through accretion of dark matter) and
the star formation rate (that quantifies the conversion of the gas
reservoir into stars).

Our results indicate that from the earliest times until z ~ 3.5,
the halo growth rate My, outpaces the SFR of the residing galax-
ies, causing the decrease in SFE with time. The halo growth rate
slows down, while the gas reservoirs built over time in the halo
can keep the SFR going and at z < 3.5, galaxies outpace halo
growth, resulting in the increase in the SFE. This is especially the
case at My, < 10'> M, in the regime where halo mass quench-
ing has not occurred. Indeed, Paquereau et al. (2025) analyze the
ratio SFR/M;, in UNIVERSEMACHINE and find that it decreases
from 0 < z < 3.8 turns at z ~ 3.8 and increases at higher red-
shifts — consistent with our observations and interpretations.

Figure 11 shows another rendering of our SHMR measure-
ments, where redshift bins are separated in different panels for
clarity, and where we compare with Shuntov et al. (2022), and
the UNIVERSEMACHINE and FFB models. In general, there is
very good agreement at lower redshifts, with a notable excep-
tion in the first three bins at z < 1.1. Our SHMR is consistently
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Fig. 12. Evolution of the SFE and stellar mass in dark matter halos, tracing the halo growth with cosmic time. Left: Evolution of the SFE for three
different halos of the same initial mass, M}, = 2 x 10'! M, starting their evolution at z = 9.3, z = 6.0, and z = 2.25, respectively. The halo mass
growth follows Dekel et al. (2013) parametrization, and the SFE is computed from the SHMR at the corresponding redshift and halo mass. The
size of the points corresponds to the halo mass, also annotated above each point (in log scale). Right: Stellar mass growth in the same halos as
the left panel, where M, = M, €, f,. The envelope corresponds to the 1o~ confidence interval propagated from the uncertainty in the SHMR. The

dashed lines are computed in the same way, using the resulting SHMR from the FFB model at €

FFB — (0.2, while the transparent envelope encloses

between no FFB and maximum efficiency 0.0 < €fF® < 1.0 (Liu et al. 2024). This shows that halos of 10'' My, starting their growth at z > 3.5
would be more efficient in assembling stellar mass by the time they reach 102 M.

higher by ~0.4 dex at the low mass end, and the peak is at lower
halo mass compared to UNIVERSEMACHINE and Shuntov et al.
(2022). This can be a systematic from the simplistic AM using
the My, as opposed to other more tightly correlated halo proper-
ties. At higher redshifts (out to z ~ 7) the low mass end remains
in good agreement, with the high mass end being increasingly
higher compared to UNIVERSEMACHINE, but in agreement with
Shuntov et al. (2022) within the uncertainties. The sharp rise of
the SHMR after z > 4 in our work is in striking contrast to the
UNIVERSEMACHINE model that shows a decrease. The FFB pre-
dictions are shown in the transparent envelope that enclose max-
imum SFE in the range of 0.1 < €f® < 1.0. The FFB regime
becomes important at the very high masses at lower redshifts and
moves toward affecting lower masses at high redshifts, where
it can reach maximum SFE at M;, ~ 10" M, at z ~ 6 and
M, ~ 10'' My by z ~ 10. In all cases, our measurements are
enclosed by the 0.1 < €f'® < 1.0 FFB predictions. However, the
increase in our SHMR toward larger values and potentially its
steepening with redshift indicates that e'® should be increasing
with both redshift and halo mass.

6.7. Tracing the SFE and stellar mass growth throughout the
halo history

We used our results on the SHMR coupled with evolutionary
tracks of the halo growth to study the evolution of the SFE
and stellar mass within a given halo throughout cosmic history.
For this purpose, we used the Dekel et al. (2013) halo growth
parametrization to compute the evolution of M} with redshift.
We chose three halos of the same initial mass, M}, = 2x 10! Mo,
starting their evolution at z = 9.3, z = 6.0, and z = 2.25, respec-
tively. Then, at the median of each redshift bin, we computed
the My (z) and took the SFE at that My from our SHMR mea-
surements. We chose M, = 2 X 10'" M, because it is the only
mass probed at all redshifts (Fig. 10).

In Fig. 12 (left), we plot the evolution of the SFE in the
three halos as a function of their mass and redshift. The M;, =

2 x 10" M, halo starting at z = 9.3 is massive for its epoch and
has a very high SFE ~0.8, meaning is efficiently converting most
of the available baryons to stars. Since the halo growth is propor-
tional to its mass, it grows rapidly, reaches M;, ~ 10'>> M and
enters into the hot halo mode already at z ~ 5. This results in a
sharp decline in the SFE down to 0.001 at z ~ 0.3 in a super-
cluster halo of M, ~ 5 x 10" M. A halo of the same initial
mass starting its growth at z ~ 6, has a lower starting SFE that
remains roughly constant, with only a mild increase of about
0.5 dex until cosmic noon, reaching €, ~ 0.1, and then decreases
by about the same amount since. In both scenarios the downturn
in SFE happens after the halo has reached a similar mass-scale of
~10'23 M, consistent with hot halo powered by AGN feedback
(Gabor & Davé 2015). This is somehow higher than the charac-
teristic ~10'> M, (Cattaneo et al. 2006), but consistent with the
cold stream paradigm — at higher redshifts, cold streams can effi-
ciently penetrate massive hot halos and fuel an increased SFE
(Dekel et al. 2009). In the third case, the halo of the same ini-
tial mass at z ~ 2.3 has the lowest starting SFE ~0.02, which
increases steadily to €, ~ 0.2, a result of the slow halo growth of
only about 0.6 dex in ~5.3 Gyr.

In Fig. 12 (right), we show the stellar mass growth in the
three halos, which we obtained in the same way as in the left
panel, using M, = My €, fy. The high SFE at z ~ 9 means high
stellar content (~2 x 10'9 M) that sharply increases by about
1.5dex in ~3 Gyr after which it stagnates and reaches a maxi-
mum of ~10'> M. This would mean that in such an early and
massive halo, a galaxy as massive as some of the brightest clus-
ter galaxies (BCG) in the local Universe (Bellstedt et al. 2016)
would be assembled by z ~ 3.5. However, in these massive halos,
new stellar mass likely accumulates in satellite galaxies, which
is not reflected in the SHMR from AM that only considers cen-
tral galaxies. The more moderate but constant SFE of the z ~ 6
halo shows a longer and steadier stellar mass buildup of almost
2 dex until z ~ 2 and a slower growth of about 0.2 dex since, to
reach 10'> M, at z ~ 0.3. In this case, the galaxy and its host halo
grow at the same rate. Finally, in the halo starting at z ~ 2.2, the
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stellar growth outpaces the halo, thanks to the increasing SFE,
with a 0.6 versus 1.5 dex increase in the halo and stellar mass,
respectively. These trends are a signature of the downsizing sce-
nario (De Lucia et al. 2006; Thomas et al. 2010) — the massive
and early-type galaxies today have stellar populations that are
formed earlier in a short period of high SFE in some of the most
massive halos for its epoch.

The shape evolutionary tracks we obtain in this analysis are
a result of the evolving SFE, the upturn at z ~ 3.5 and galaxies
not closely following halo growth. We can see that the SFE of a
10'2 M, halo decreases from the z = 10 to the z = 6 track, but
then increases again for the z = 2 track. Consequently, a halo
starting its growth at z > 3.5 would assemble the most stellar
mass by the time it reaches My, ~ 10'>3 M, compared to sim-
ilar halos that start their growth earlier. This can be explained
within the same gas-regulated model coupled with halo evolu-
tion framework that we discussed in the previous subsection,
where after z ~ 3.5 the stagnating halo growth and the available
gas reservoir keep the SFE high.

In Fig. 12, we also compare with the predictions from the
FFB model, obtained in the same way. The transparent envelope
encloses between the no FFB regime and maximum FFB effi-
ciency 0.0 < €™ < 1.0. The FFB, as expected, has the most
impact in the halo that starts its growth early. Our results for
the earliest are in best agreement with e'® = (.2. For the halos
at lower redshifts, the FFB has no impact and the underlying
UNIVERSEMACHINE model is consistently lower by 0.1-0.3 dex.
However, as discussed previously, the highest redshift points do
suggest an increasing €X' 5.

We have to note that beyond My ~ 10'4, these results are
based on extrapolations of the SHMR at high masses. Further-
more, the SHMR from our simple AM application relates only
the mass of the (sub)halo to the mass of the central galaxy.
It has been shown that beyond the cluster scale halo mass of
M, > 10 M, satellite galaxies dominate the stellar mass
budget of the halo (Leauthaud et al. 2012; Coupon et al. 2015;
Shuntov et al. 2022). Therefore, the resulting SFE would be
higher at the high-mass end if satellites were considered in the
analysis.

7. Conclusions

In this paper, we have presented measurements of the SMF from
JWST in 97% of cosmic history (0.2 < z < 12.0). We have
leveraged the largest contiguous JWST imaging survey over
~0.5 deg?, COSMOS-Web, along with the wealth of ground-
and space-based data in COSMOS, to construct complete
samples that probe a very large dynamic range in stellar mass.
The large area has allowed us to study the evolution of some
of the most massive and rare galaxies in the Universe. We
summarize our main findings as follows.

7.1. Evolution of the SMF

— The normalization of the GSMF monotonically decreases
from z = 0.2 to z = 12, with a strong mass-dependent evo-
lution. The density evolution at masses just below the knee
(logM, /My ~ 10.4) is faster than the low-mass density evo-
lution (logM, /My ~ T7), with ~3dex and ~2dex change
since z ~ 7, respectively. Beyond the knee (logM, /My 2
11), the number densities are within 1.5 dex, since z ~ 5.

— Our measurements show an excellent agreement with pre-
JWST results at low and intermediate redshifts, and good
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agreement with the latest JWST results from deeper but
smaller surveys. Our results corroborate the findings of
increased abundances of massive galaxies at high redshifts.

— The double Schechter function provides the best fit out to
z = 3.5, the single Schechter the best fit out to z = 5.5, and
the DPL the best fit at z > 5.5, due to a flattening of the high-
mass end. This flattening indicates that the most massive
galaxies assembled very efficiently in the first few gigayears
and did not grow significantly after that, suggesting an onset
of negative feedback in massive galaxies at z ~ 5.5.

7.2. Evolution of the SMD and the inferred SFRD

— The cosmic SMD shows a steady increase with redshift at
1 < z <9, with no significant change in slope, indicating that
stellar mass has assembled at a constant rate as a function of
redshift, throughout most of cosmic history.

— We inferred the cosmic SFRD by integrating and fitting a
parametric form to the SMD measurements. At z < 3.5,
we find lower values of the SFRD inferred from the SMD
compared to instantaneous SFR indicators, corroborating the
tension between the two repeatedly reported in the past.
The causes remain poorly understood, the most likely being
uncertain SFR calibration factors, effects of dust attenuation,
and SED modeling systematics on stellar mass and SFR mea-
surements.

- At z > 7.5, we find good agreement with recent JWST
UVLF measurements. This remarkable consistency solidi-
fies the emerging picture of rapid galaxy formation leading
to increased abundances of bright and massive galaxies in
the first ~0.7 Gyr.

7.3. The most massive galaxies in COSMOS

— We applied the EVS to search for the most extreme sources
for their epoch, and found about 40 galaxies with masses that
exceed the limits from halo abundances and local-Universe
SFE factors. These are red, extended, and likely highly dust-
attenuated, with properties that are difficult to estimate from
optical-NIR SED fitting, and as such warrant further investi-
gation. However, we do not report any tension with ACDM
within the confidence intervals.

7.4. Stellar-to-halo mass relation and the integrated star
formation efficiency

— Using abundance matching, we inferred the SHMR in 15 red-
shift bins from z = 0.2 to z ~ 12, finding a non-monotonic
evolution, suggesting that galaxies and halos do not grow
at the same rate throughout cosmic history. The integrated
SFE has the characteristic strong dependence with mass and
mildly decreasing trend at the low-mass end out to z ~ 3.5 in
the range of 0.02 < €, < 0.2.

— After z > 3.5, the SFE increases sharply, going from €, ~ 0.1
to €, ~ 0.8—1 at z ~ 10 for log(My/My) =~ 11.5, albeit
with large uncertainties. The upturn at z ~ 3.5 indicates
that halo growth rate dominates over the SFR until z ~ 3.5,
when it slows down, but accumulated gas reservoirs can
keep the SFR high until the present day, resulting in a rising
SFE.

— The SHMR, coupled with halo growth curves, shows that
a halo of initial mass M, = 10'' M, starting its growth at
z < 3.5 would assemble the most stellar mass by the time
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it reaches M, = 10'>3 M. This suggests that the stagnat-
ing halo growth after z ~ 3.5 and the available gas reservoir
result in efficient SF for longer periods.

7.5. Implications for galaxy formation models

— The comparison of the SMF with the simulation shows a
good agreement out to z ~ 6—7; at higher redshifts, our mea-
surements show increasingly higher abundances with both
mass and redshift.

— We investigated several proposed theoretical models that
explain the increased abundances at high redshift. We find
that the FFB model can successfully reproduce our obser-
vations, but requires increasing maximum FFB efficiency
with both redshift (from z > 6) and mass. Furthermore,
qualitatively, our results are also consistent with the positive
feedback scenario, as is indicated by the Schechter to DPL
transition at z ~ 6 and the monotonic increase in the SFE
close to 80—100% with mass.

7.6. Future prospects

Confirmation of the high-redshift candidates from spectroscopy
will be crucial to accurately measure abundances of massive
galaxies and put robust constraints on the emerging theoretical
models. We identify that the way forward is a complete spectro-
scopic survey of massive galaxies at high redshift in the COS-
MOS, which will also allow for robust clustering measurements
deep into epoch of reionization. Halo occupation distribution
analysis of the clustering and abundance measurements will put
robust constrains on the host halo mass and galaxy bias at these
redshifts, and unveil the true nature of the increased abundance
of massive galaxies.

Data availability

To make our results transparent and facilitate compari-
son we provide all our measurements in tabulated form
at https://github.com/mShuntov/SMF_in_COSMOS-Web_
Shuntov2024, as well as at https://zenodo.org/records/
14712538.

Appendices A-G are available at https://zenodo.org/
records/14723773.
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