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Abstract

We present a reconstruction of the large-scale structure, using the James Webb Space Telescope (JWST) COSMOS-
Web program to trace environmentally driven galaxy evolution up to z ∼ 7. We apply a weighted kernel density
estimation method to 164,000 galaxies with robust photometric redshifts. We find that stellar mass has a positive
correlation with density at all redshifts, which is stronger for quiescent galaxies (QGs) at z ≲ 2.5, while at higher
redshifts (2.5 ≲ z ≲ 5.5) this trend is confined to extreme overdense environments, consistent with early mass
assembly in protoclusters. The star formation rate (SFR) shows a negative trend with density for QGs at z ≲ 1.2,
reversing at z ≳ 1.8, while star-forming galaxies (SFGs) show a mild positive correlation up to z ∼ 5.5. The specific
SFR remains nearly flat for SFGs and declines with density for QGs at z ≲ 1.2. Moreover, mass and environmental
quenching efficiencies show that mass-driven processes dominate at z ≳ 2.5, that the two processes act with
comparable strength between 0.8 ≲ z ≲ 2.5, and that environmental quenching becomes stronger for low-mass
galaxies (M� ≲ 1010M⊙) at z ≲ 0.8. These findings reveal that large-scale structure drives galaxy evolution by
enhancing early mass assembly in dense regions and increasingly suppressing star formation in low-mass systems at
later times, establishing the environmental role of the cosmic web across cosmic history. COSMOS-Web, the largest
JWST survey, provides accurate and deep photometric redshifts, reaching 80% mass completeness at
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/M Mlog 8.7 at z ∼ 7, enabling the first view of how environments shaped galaxy evolution from the Epoch of
Reionization to the present day.

Unified Astronomy Thesaurus concepts: Large-scale structure of the universe (902); Galaxy evolution (594); Star
formation (1569); Quenched galaxies (2016)
Materials only available in the online version of record: figure set

1. Introduction

The large-scale structure (LSS) of the Universe consists of
nodes, filaments, sheets, and voids, forming the cosmic web.
These structures grew from small density fluctuations in the
early Universe (Y. B. Zel’dovich 1970; J. R. Bond et al. 1996)
and are reproduced in cosmological simulations such as the
Millennium Simulation (V. Springel et al. 2005) and
IllustrisTNG (D. Nelson et al. 2018), which also provide a
framework for connecting the cosmic web to the formation and
evolution of galaxies (M. L. Balogh 2004; G. Kauffmann et al.
2004; N. Chartab et al. 2025). Observable properties of
galaxies—such as the stellar mass and star formation rate
(SFR)—are known to be affected by their environment
(Y.-j. Peng et al. 2010; N. Scoville et al. 2013; B. Darvish
et al. 2016; N. Chartab et al. 2020; S. Taamoli et al. 2024a).
Although many features of the large-scale distribution of
matter are successfully predicted by the standard ΛCDM
model of cosmology, several observational tensions remain,
including the Hubble tension (see, e.g., E. Di Valentino et al.
2021 for a review) and the σ8 tension (H. Hildebrandt et al.
2017; S. Joudaki et al. 2018). ΛCDM also faces challenges on
smaller, highly nonlinear scales, including discrepancies in
halo structure, galaxy clustering, and subhalo abundance
(J. S. Bullock & M. Boylan-Kolchin 2017; L. Perivolaropou-
los & F. Skara 2022; L. V. Sales et al. 2022; M. Khoshtinat
et al. 2024). These challenges highlight the importance of
studying the cosmic web to understand galaxy evolution and
constrain cosmological parameters.

Early spectroscopic surveys—such as the Two Degree Field
Galaxy Redshift Survey (M. Colless et al. 2003) and the Sloan
Digital Sky Survey (D. G. York et al. 2000)—provided the first
direct maps of the cosmic web on scales of hundreds of
megaparsecs (A. Doroshkevich et al. 2004; M. Tegmark et al.
2004). Deep multiwavelength programs, including COSMOS
(N. Scoville et al. 2007) and CANDELS (N. A. Grogin et al.
2011; A. M. Koekemoer et al. 2011), extended these
measurements to progressively higher redshifts, enabling
statistical studies of how galaxy properties depend on
environment across cosmic time. Pushing such analyses
beyond z ∼ 2 revealed prominent overdense structures at
early epochs, including large galaxy concentrations, such as
the SSA22 field at z ∼ 3 (C. C. Steidel et al. 1998),
demonstrating that significant clustering was already estab-
lished. Since then, numerous high-redshift protocluster
candidates have been identified using different tracers,
including narrowband-selected Lyα emitters, Lyman-break
galaxies, and spectroscopic overdensities (C. M. Casey 2016;
R. A. Overzier 2016; A. B. Newman et al. 2020). Although
these efforts have advanced our understanding of early cluster
assembly, they often rely on specific galaxy populations and
limited survey volumes. As redshift increases, smaller sample
sizes, larger photometric uncertainties, and the incomplete
coverage of low-mass systems further complicate

environmental reconstruction and can bias the identification
and interpretation of overdensity peaks (D. C. Baxter
et al. 2025).

Stellar mass and SFR are the most fundamental quantities for
understanding galaxy growth and quenching, as they directly
trace both the buildup of stellar populations and ongoing star
formation activity. Stellar mass records the cumulative history
of star formation and mergers (C. A. Tremonti et al. 2004;
A. Gallazzi et al. 2005; L. J. Tacconi et al. 2020), correlates with
morphology and quiescence (G. Kauffmann et al. 2003;
Y.-j. Peng et al. 2010) and metallicity (C. A. Tremonti et al.
2004), and connects to structural parameters (such as size and
mass density) and halo properties that regulate star formation
(S. Shen et al. 2003; A. Dekel & Y. Birnboim 2006;
B. P. Moster et al. 2010; P. S. Behroozi et al. 2013; A. van
der Wel et al. 2014; G. Gozaliasl et al. 2025; L. Yang et al.
2025). Because stellar mass reflects the combined effects of
internal physics and environmental processes, it is an essential
parameter for tracing the imprint of these influences and for
bridging galaxy-scale processes with the large-scale cosmic
web. Moreover, SFR measures the current rate of stellar-mass
growth (R. C. Kennicutt 1998; P. Madau & M. Dickinson 2014;
L. J. Tacconi et al. 2020) and reflects feedback processes that
regulate the gas reservoir and suppress subsequent star
formation (P. F. Hopkins et al. 2012; T. Naab & J. P. Ostriker
2017; R. Maiolino & F. Mannucci 2019; Z. Ghaffari et al.
2026). Thus, investigating how SFR evolves across different
environments helps clarify the role that external conditions play
in galaxy evolution.

Part of the observed dependence of SFR on environment is
driven by quenching, rather than changes in the SFR itself
(N. Chartab et al. 2020; S. Taamoli et al. 2024a). Both stellar
mass and environment can control quenching (Y.-j. Peng et al.
2010). Internal mechanisms such as AGN feedback, morpho-
logical stabilization, and shock heating tend to suppress star
formation in massive galaxies (A. Dekel & Y. Birnboim 2006;
M. Martig et al. 2009; K. Schawinski et al. 2014). External
mechanisms including ram pressure stripping, strangulation,
and galaxy interactions act in dense environments to remove or
heat gas and halt star formation (J. E. Gunn & J. R. Gott 1972;
B. Moore et al. 1999; A. R. Wetzel et al. 2013; B. M. Poggianti
et al. 2017). Recent studies show that mass and environmental
quenching efficiencies both increase with stellar mass, with
mass quenching dominating at the high-mass end and
environmental effects becoming more important for low-mass
systems, particularly at low redshift (N. Chartab et al. 2020;
S. Jin et al. 2024; S. Taamoli et al. 2024b). Therefore, stellar-
mass growth, ongoing star formation, and the quenching
processes that shut down star formation are all connected to
each other. Stellar mass traces the cumulative history of star
formation, while the SFR reflects the current level of activity,
and the specific SFR (sSFR ≡ SFR/M*) links the two by
showing the relative pace of growth. Physical mechanisms
behind quenching regulates how and when this growth is
halted, and its strength depends on both internal factors related

2

The Astrophysical Journal, 1002:192 (23pp), 2026 May 10 Hatamnia et al.

http://astrothesaurus.org/uat/902
http://astrothesaurus.org/uat/594
http://astrothesaurus.org/uat/1569
http://astrothesaurus.org/uat/1569
http://astrothesaurus.org/uat/2016
https://doi.org/10.3847/1538-4357/ae5bac


to mass and external influences from the environment.
Understanding how these trends depend on environment is
therefore a multidimensional problem, requiring all of these
parameters to be considered simultaneously.

At high redshift, observational limitations led to mixed
results in previous studies. Some studies find a weakening or
flattening of the SFR relation with density (N. Scoville et al.
2013; B. Darvish et al. 2016), others report no significant
correlation (R. Grützbauch et al. 2011), and some detect
enhanced star formation in dense environments at z ≳ 2
(D. Elbaz et al. 2007; B. C. Lemaux et al. 2022). The release of
COSMOS2020, with its deeper photometry and improved
photometric redshifts, extended such measurements to z ≲ 4
(J. R. Weaver et al. 2022; S. Taamoli et al. 2024a). However,
even with these advances, samples remain highly biased at the
highest redshifts, particularly for low-mass galaxies, where
photometric uncertainties and selection effects influence both
the completeness and reliability of environmental trends
(M. Brinch et al. 2023; S. Taamoli et al. 2024a).

To overcome these depth and completeness limitations,
COSMOS-Web was designed to provide the first wide-area
JWST-based view of the cosmic web, covering 0.54 deg2 of
the COSMOS field with NIRCam imaging and complementary
MIRI observations (C. M. Casey et al. 2023). Its area is
sufficiently wide to capture the full diversity of the cosmic
web, and its near-infrared depth (reaching 5σ depths of
27.2–28.1 AB mag) pushes detections to z ∼ 10 (C. M. Casey
et al. 2023, 2024; M. Shuntov et al. 2025a; M. Franco et al.
2026). COSMOS-Web provides a mass-selected sample,
reaching 80% completeness at ∼109M⊙ at z ∼ 10 (M. Shuntov
et al. 2025a). These advances improve the accuracy of LSS
reconstructions and extend environmental studies to higher
redshifts than previously possible (G. Toni et al. 2025;
D. Scognamiglio et al. 2026).

This paper focuses on the LSSs identified from the
COSMOS-Web survey—the first wide-area, deep, near-infra-
red-selected survey designed to study the cosmic web and the
impact of environment on galaxy properties. This paper is
structured as follows. In Section 2, we describe our dataset and
sample selection. In Section 3, we describe the method we
used to measure density maps. In Section 4, we present the
density map results. In Section 5, we compare our results from
COSMOS-Web with COSMOS2020, then discuss our results
for the evolution of galaxy properties with the cosmic web.
Finally, we summarize our findings in Section 6.

In this work, we adopt a flat ΛCDM cosmology with H0 =
70 km s−1 Mpc−1, Ωm,0 = 0.3, and ΩΛ,0 = 0.7. All magnitudes
are expressed in the AB system (J. B. Oke 1974), and a
Chabrier initial mass function is assumed (G. Chabrier 2003).

2. Data

2.1. COSMOS-Web

The COSMOS-Web survey (C. M. Casey et al. 2023)
provides deep JWST observations in the central 0.54 deg2 of
COSMOS in four NIRCam bands (F115W, F150W, F277W,
and F444W), reaching a 5σ point-source depth of 27.5–28.2
mag. In addition, MIRI F770W covers ∼0.20 deg2, with a 5σ
depth of 25.3–26.0 mag (G. S. Wright et al. 2023). The data
reduction for NIRCam and MIRI are described in M. Franco
et al. (2026) and S. Harish et al. (2025), and the photometric
catalog is presented in M. Shuntov et al. (2025a). The

COSMOS-Web catalog contains about 780,000 galaxies, with
roughly 80% completeness at ( )/M Mlog 9 by z ∼ 10 and

( )/M Mlog 7 by z ∼ 0.2—an improvement of about 1 dex
compared to COSMOS2020. The combination of depth, area,
and full multiwavelength coverage makes COSMOS-Web the
most powerful dataset to study galaxy formation and evolution
up to high redshifts (z ∼ 7).

2.2. COSMOS2020

To directly assess the improvements of COSMOS-Web in LSS
studies relative to previous surveys, we use the COSMOS2020
catalog, which provides multiwavelength photometry over the
full 2 deg2 of the COSMOS field (J. R. Weaver et al. 2022). It
combines imaging from over 30 bands spanning 0.3–8 μm,
coming from a range of ground- and space-based observatories.
The optical imaging includes broadband (g, r, i, z, y) data from
Subaru/Hyper Suprime-Cam (HSC), 11 mediumband and 2
narrowband filters from Subaru/Suprime-Cam that were origin-
ally obtained for COSMOS2015 and subsequently incorporated
into COSMOS2020 (Y. Taniguchi et al. 2007, 2015; C. Laigle
et al. 2016; H. Aihara et al. 2022; J. R. Weaver et al. 2022), and
CFHT/MegaCam u-band imaging from the CLAUDS program
(M. Sawicki et al. 2019). Near-infrared data are provided by
UltraVISTA DR6 from VISTA/VIRCAM (H. J. McCracken
et al. 2012; W. Sutherland et al. 2015). Space-based data include
Hubble Space Telescope/Advanced Camera for Surveys F814W
(A. M. Koekemoer et al. 2007, 2011) and Spitzer/IRAC mid-
infrared imaging (D. B. Sanders et al. 2007; M. L. N. Ashby
et al. 2018).

The COSMOS2020 release provides two complementary
catalogs, the “CLASSIC” catalog, based on aperture photo-
metry, and the Farmer catalog, produced with the Farmer
profile-fitting tool (J. R. Weaver et al. 2022). The Farmer
catalog measures total fluxes without aperture corrections and
models blended sources more effectively, especially in low-
resolution images, such as those from IRAC. In contrast,
CLASSIC aperture photometry tends to underestimate the
total flux and cannot model blended objects simultaneously.
Although the photo-z quality is similar between the two,
Farmer performs better at fainter magnitudes (i� 24), which
mainly correspond to high-redshift galaxies. For our density
estimates, we use photometric redshifts and galaxy properties
derived from the Farmer measurements using LePhare
spectral energy distribution (SED) fitting (J. R. Weaver
et al. 2022).

2.3. Sample Selection

We define selection criteria for the COSMOS-Web and
COSMOS2020 catalogs to construct density maps, ensuring
the samples are as complete as possible and directly
comparable for evaluating JWST’s improvements in LSS
mapping. At low redshift, the catalogs include large numbers
of low-mass galaxies that are not detectable at higher redshift.
Having such galaxies in the density reconstruction only at low
z would change the tracer population with redshift and bias
comparisons of the LSS evolution. For this reason, we adopt a
constant stellar-mass threshold rather than a redshift-depen-
dent one. We estimate the stellar-mass completeness limit
for the COSMOS-Web catalog following the method of
L. Pozzetti et al. (2010) and M. Shuntov et al. (2025b), by
rescaling stellar masses to the total F444W magnitude limit of

3

The Astrophysical Journal, 1002:192 (23pp), 2026 May 10 Hatamnia et al.



the survey (27.5; M. Shuntov et al. 2025a) and taking the 90th
percentile of the resulting distribution in each redshift bin. The
red curve in Figure 1 shows this completeness function, and the
black line illustrates the mass cut. The sample remains complete
down to ( )/M Mlog 8.5 at z ∼ 7. Based on the COSMOS-
Web catalog, we select galaxies with ( )/ =M Mlog 8. This
threshold lies close to the completeness boundary over most of
the redshift range. Lowering the threshold would introduce a
strongly redshift-dependent tracer population, while raising it
would remove a substantial fraction of low-redshift galaxies and
dilute the density field. We quantify the impact of this choice by
comparing the constant cut to a redshift-dependent complete-
ness limit. A threshold of ( )/ =M Mlog 8 excludes only
∼10% of the galaxies that would be retained by a variable
cut at low redshift, whereas increasing the threshold to

( )/ =M Mlog 8.5 would remove ∼30% of the sample. For a
constant threshold of ( )/ =M Mlog 8, the difference between
the stellar-mass limits at low and high redshift is ≲0.5 dex
(Figure 1 and Table 2), whereas adopting a redshift-dependent
threshold leads to a separation of more than 1 dex between the
low- and high-redshift mass limits (Figure 1), making this the
lowest constant threshold that preserves statistics while limiting
redshift-dependent selection effects.

With a magnitude limit of Ks = 24.5 (AB) on the
COSMOS2020 catalog, the sample is complete to i ≈ 24.9
(AB), and ∼32% of the sources lie in the range 24 � i� 24.9
where Farmer performs better. The main limitation of
Farmer is that it cannot model sources near bright objects,
leading to the exclusion of ∼16% of sources in the star-
masked areas. We discard all objects near stars, STAR_HSC
masked regions, to make sure the photometric redshifts are
accurate and reliable (J. Coupon et al. 2018). We also exclude
objects with bad SED fittings (χ2/number of filters used < 3;
C. M. Casey et al. 2024). We set a magnitude limit of 27.35 for
F150W for the COSMOS-Web catalog (G. Toni et al. 2025).
In order to have reliable redshift estimates, we only use
galaxies with σz/(1 + z) < 0.1 for both catalogs (S. Taamoli
et al. 2024a). After applying all these criteria, COSMOS-Web
remains with ∼164,000 galaxies, and COSMOS2020 narrows

down to ∼79,000 galaxies. The sample selection criteria are
summarized in Table 1.

3. Density Estimation Method

In photometric surveys, an appropriate density estimator
must account for redshift uncertainties, incomplete sampling,
and survey geometry, while producing a projected density field
from discrete galaxy tracers. The environmental density can be
estimated using various methods, including weighted kernel
density estimation (wKDE), weighted k-nearest neighbors,
weighted Voronoi tessellation, and weighted Delaunay trian-
gulation. Based on the comparison of these methods by
B. Darvish et al. (2015), wKDE and Voronoi tessellation best
reproduce the density field in simulations, with wKDE
showing higher stability against shot noise and sparse
sampling. We reconstruct the environmental density field
using the wKDE method developed by B. Darvish et al.
(2015), as adapted and applied in recent studies (N. Chartab
et al. 2020; M. Brinch et al. 2023, 2024; S. Taamoli et al.
2024a). This approach uses wKDE over photometric redshift
slices, considering galaxy redshift uncertainties and correcting
for survey geometry and masking. We use the same method for
both catalogs and describe it below.

3.1. Redshift Slicing Based on Physical Scale

We define redshift slices based on a fixed comoving
thickness of Δχ = 35 h−1 Mpc. This physical scale is chosen
to be larger than the characteristic sizes of galaxy groups and
clusters and sufficiently wide to encompass redshift-space
distortions and photometric redshift errors (S. I. Muldrew
et al. 2015).

The redshift width Δz for each slice is computed using

( ) ( ) ( )= + + + ×z
H

c
z z1 1 . 1m

0
,0

3
,0

As a consequence of the redshift dependence of Δz and the
adopted definition of the slice centers, adjacent redshift slices
slightly overlap, typically at the level of Δz ∼ 10−4. This
results in 157 slices spanning z = 0.4 to z = 9.5, with Δz
varying from ∼0.014 at z = 0.4 to ∼0.208 at z = 9.5.
However, density maps of COSMOS-Web can only be reliable
up to z ∼ 7, which we will discuss in detail in Section 4.4. The
remaining slices are only considered as buffers for redshift
probability distribution functions (PDFs), to have more
reliable weights, and for more accurate density estimation at
higher redshifts.

3.2. Redshift Probability Weighting

Each galaxy contributes to multiple redshift slices according
to its photometric redshift PDF, P(z). The weight of a galaxy g
in slice s is given by

( ) ( )=w P z dz, 2g
s

z

z

g
s

s

min

max

where the integration is over the bounds of slice s. For galaxies
with unimodal PDFs, P(z) is approximated as a Gaussian
centered at the photo-z, with σz equal to the 68% confidence
interval (C. Laigle et al. 2016). To reduce computation time,
we apply a weight threshold wth = 0.05, recommended by
S. Taamoli et al. (2024a), meaning galaxies contribute to a
slice only if >w 0.05g

s .
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Figure 1. Galaxy stellar mass as a function of redshift. The red curve shows
the stellar-mass completeness limit derived following the method of L. Pozz-
etti et al. (2010), obtained by rescaling stellar masses to the total F444W
magnitude limit of the survey (27.5) and taking the 90th percentile of the
resulting distribution in each redshift bin. The solid red line represents the
best-fit polynomial in (1 + z). The black line marks the stellar-mass threshold
of ( )/ =M Mlog 8 used in our sample selection.
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3.3. KDE with von Mises–Fisher Kernel

We estimate the surface density field σ s(X) in each redshift
slice s using a wKDE:

( ) ( ) ( )=X X Xw K b; , , 3s
i

g
g
s

i g g

where Xi and Xg denote the angular coordinates of the target
and contributing galaxies, wg

s is the redshift weight, and bg is
the adaptive kernel bandwidth. The kernel function is chosen
to be the von Mises–Fisher (vMF) distribution (N. Chartab
et al. 2020), a spherical analog to the Gaussian:

( ) ( ( ) )
( )

( )/

/
=X XK b

b

b b
; ,

exp cos

4 sinh 1
, 4i g

2

2 2

where ψ is the angular separation between Xi, and Xg. b is the
bandwidth of the vMF kernel, which shows how much a
galaxy at Xg can affect the density at Xi. This kernel naturally
handles angular coordinates and becomes equivalent to a
Gaussian for small ψ.

3.4. Bandwidth Selection

To balance the smoothing and spatial resolution, we
determine the optimal global bandwidth bs for each redshift
slice using the leave-one-out likelihood cross-validation
(LCV) method (P. Hall 1982; N. Chartab et al. 2020). This
method tests different bandwidths and selects the one that best
predicts the density at each galaxy’s position when that galaxy
is left out. In practice, this means identifying the smoothing
scale for which the local surface density inferred from
neighboring galaxies most consistently reproduces the
observed galaxy distribution, without being dominated by
shot noise or oversmoothing. LCV is given by

( ) ( ) ( )=
=

XbLCV log , 5
k

N

k
s

k
1

where k
s excludes the galaxy k when computing the density

at Xk. The value of bs that maximizes this expression is chosen
as the global bandwidth for that slice.

After determining the bandwidth of each slice, bs, we assign
each galaxy its own adaptive bandwidth bg, based on the local
density. In dense regions, we reduce the bandwidth to capture
finer structures; in sparse regions, we increase it to reduce
noise:

¯
( )

( )=
X

b b , 6g s s
i

with ¯ being the mean surface density in the slice and α = 0.5,
as recommended in I. S. Abramson (1982). This allows the
smoothing scale to adjust, based on the environment, to

improve the overall quality of the density field by enhancing
the reconstruction of coherent LSSs while suppressing
spurious fluctuations driven by sparse sampling and photo-
metric redshift uncertainties, with small-scale density contrasts
preserved in highly structured regions.

3.5. Correction for Masked Regions

In widefield surveys such as COSMOS, bright stars and
image artifacts contaminate large areas of the field, producing
regions where photometry and SED fits are unreliable. These
regions are masked, and the galaxies within them are excluded
from the catalogs. If left uncorrected, such masks introduce
systematic underdensities in the reconstructed density field,
and large masks can mimic void-like structures that are not
physically real. This effect becomes especially problematic
when tracing LSS, since density fluctuations on scales
comparable to the mask size may be dominated by these
observational artifacts rather than true cosmic variance.

Figure 2 shows the distribution of all sources in the
COSMOS-Web field—one panel including all detected

Table 1
Selection Thresholds and Filtering Criteria Applied to COSMOS-Web and COSMOS2020 Catalogs for Density Field Construction

Selection Criterion COSMOS-Web COSMOS2020

Sky Area COSMOS-Web 0.54 deg2 area Limited to COSMOS-Web area (to avoid edge effects)
Magnitude Limit F150W < 27.35 Ks < 24.5
Redshift Limit z < 9.5 z < 6.0
Stellar-mass Cut (M⊙) 108 108

Photometric Redshift Quality σz/(1 + z) < 0.1 σz/(1 + z) < 0.1
SED Fitting Quality χ2/Nfilters < 3 χ2/Nfilters < 3
Star Mask STAR_HSC excluded STAR_HSC excluded
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Figure 2. Count of COSMOS-Web sources after all selection cuts. The red
dashed circles show HSC masked regions. Top: masked regions excluded.
Bottom: masked regions included. Keeping detections inside the masks still
leaves low number density inside the red circles, which would bias our LSS
analysis.
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galaxies and one excluding those in the HSC mask. Even when
galaxies within masked regions are included, their median
detection rate is about 30% lower, producing underdensities
that resemble physical voids. This demonstrates the need to
exclude sources in these regions and apply a correction to
account for the masked regions.

To mitigate the effect of these regions, we follow the
approach of S. Taamoli et al. (2024a) and fill the masked
regions with a uniform distribution of artificial sources. For
each redshift slice s, we assign a mean number density equal to
the surface density of galaxies in the unmasked area of the
field:

¯ ( )=n

w

A A
, 7s

g
g
s

field masked

where Afield is the total field area and Amasked = 0.127 Afield is
the masked area. This correction ensures that masked regions
contribute neutrally to the density field, preventing spurious
underdensities and yielding smoother and more physically
consistent maps of LSS.

3.6. Edge Correction

Galaxy densities near the boundaries of the observed field
are underestimated, because part of the smoothing kernel
extends outside the region covered by the catalog and therefore
contributes no galaxies. To account for this, we calculate the
effective fraction of the kernel that remains inside the observed
field. For a galaxy at position Xi, this fraction is

( ) ( ) ( )=X X X XK d; , 8i i
field

where the integration is restricted to the observed field area.
Physically, η(Xi) measures how much of the kernel centered at
Xi lies within the data region. Well inside the field, the kernel
is fully contained, and η(Xi) ≈ 1. Near the edges, a portion of
the kernel lies outside the field, giving η(Xi) < 1. Dividing the
raw density by η(Xi) renormalizes the estimate, so that edge
galaxies are treated consistently with those in the interior:

( ) ( )
( )

( )=X
X
X

. 9s
i

s
i

i
corrected

This procedure corrects the systematic underestimation at
field boundaries and yields reliable density estimates across the
entire map (M. C. Jones 1993; N. Chartab et al. 2020).

3.7. Density Contrast Field

We define the dimensionless density contrast as

( ) ¯
¯

( )=
X

, 10
s

i
s

s
corrected

where ¯ s is the mean surface density in the slice. The final
result is a set of 157 angular density fields and corresponding
density contrast maps spanning z = 0.4 to 9.5.

4. Results

In this section, we present the results for each step of our
method. We first show how galaxies are distributed across
redshift slices defined by a fixed width of 35 h−1 Mpc. We then
present the results for the bandwidth selection, edge correction,
and density fields in the COSMOS-Web field. Last, we assess

the highest redshift at which our density measurements remain
reliable for the purpose of our work.

4.1. Redshift Distribution

The distribution of galaxies in different redshift slices and
their normalized photometric redshift uncertainties are shown
in Figure 3. The top panel displays the histogram of galaxies as
a function of redshift. Each redshift bin corresponds to a slice
used for constructing the density maps Galaxies that contribute
to each slice with a weight of >w 0.05g

s based on their redshift
PDF are considered for building the density maps. At higher
redshifts (e.g z > 6), the number of galaxies is lower than later
epochs, due to observational limits.

Normalized redshift uncertainties remain relatively low at
z < 6.5 and gradually increase toward higher redshifts. While
the median σz/(1 + z) remains below typical quality thresholds
across all redshifts, uncertainties grow at high redshift, because
of a lower photometric signal-to-noise ratio and the smaller
number of filters in which galaxies are detected, which limits
the constraints on their SEDs. This naturally impacts the
precision of the density estimates at those epochs.

Nevertheless, our approach incorporates the photometric
redshift uncertainty for each galaxy, ensuring that the density
field reconstruction reflects the underlying redshift uncertain-
ties. This enables the detection of LSS even at high redshift,
though with decreasing spatial resolution and greater
uncertainty.

4.2. Density Field Maps

We visualize the step-by-step construction of the density
field in Figure 4 for one representative redshift slice at z ∼ 3.7.
Each panel demonstrates a component of the wKDE method
explained in Section 3. These intermediate maps allow us to
evaluate the quality of the inputs and better understand the
reliability of the final density construction.

In the top left panel, we show the spatial distribution of
galaxies within the slice, color-coded by their redshift weight
contributions wg

s. The masked regions (STAR_HSC) have been
filled by the average density of the field, to avoid introducing
artificial underdensities near bright stars. These added objects
have a mean weight value of all the galaxies in the slice.

The top right panel shows the spatial variation of the
adaptive kernel bandwidth bi. Smaller bandwidths are assigned
to dense regions, where the tracer sampling supports finer
spatial resolution, while larger bandwidths are used in
underdense regions, to suppress fluctuations caused by sparse
sampling. This adaptivity allows the reconstruction to preserve
compact overdensities while maintaining stable estimates in
more diffuse regions; it is particularly important at higher
redshift, where sparser sampling requires additional smooth-
ing, to suppress shot noise and yield a more reliable
reconstruction of the large-scale density field.

The bottom left panel displays the boundary correction
factor η, which accounts for edge effects and ensures that
density values near the boundary regions are not under-
estimated due to truncated kernels. In the center of the field,
where the full kernel fits inside the survey area, η is close to 1.
Near the edges, where only part of the kernel overlaps with the
data, η increases to around 2. In the corners, where most of the
kernel is outside the field, η can approach 4.
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Finally, the bottom right panel presents the output density
field. It is visualized with the dimensionless overdensity 1 + δ.
These maps are generated for all redshift slices, and we use
them to assign a density contrast value to each galaxy in the
field. Figure 5 shows the evolution of these 2D density maps
with redshift in the COSMOS-Web field. Together, these figures
show that the wKDE method recovers coherent structure even at
early times, allowing us to connect galaxy properties to their
environments over most of cosmic history. At the highest
redshifts, extended regions of elevated 1 + δ—such as the
feature spanning ∼0.5° in the z ∼ 6.7 slice—trace large-scale
density gradients in projection rather than physically bound
systems. Such features are expected, given the sparse sampling
and early stage of structure growth at these epochs, and do not
imply the presence of a single massive cluster progenitor. For a
qualitative cross check with known structures, we overlay
protocluster and group candidates from the COSMOS-Web
deep galaxy group catalog of G. Toni et al. (2025), which
extends to redshift z ∼ 3.7. Candidates are selected using the
Adaptive Matched Identifier of Clustered Objects detection
metric S/Nnocl, and we adopt a threshold of S/Nnocl > 7, which
corresponds to a purity of approximately 80% for that catalog

(G. Toni et al. 2025). For each redshift slice, we include only
those candidates whose reported redshift uncertainty interval
overlaps the slice. The pixels associated with these group and
protocluster candidates have mean 1 + δ values that are
typically about 50% higher than the slice average, indicating
that the highest overdensities in our field spatially coincide with
known group and protocluster candidates. Intermediate values
of δ are therefore expected to correspond statistically to
filament-like regions, while the lowest δ values likely trace
galaxies in void-like environments. A quantitative calibration
between δ and a full classification of nodes, filaments, and voids
based on the Hessian of the density field requires a dedicated
analysis and could be explored in future work.

4.3. Density Contrast of Galaxies

After generating overdensity maps for each slice in
COSMOS-Web, we find the overdensity associated with each
galaxy in the field. Figure 6 shows the distribution of

( )+log 1 as a function of redshift. At lower redshifts
(z ≲ 2), galaxies span a wider range of overdensities. They
vary from very low underdensities to strong overdensities.
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Figure 3. Top: redshift distribution of galaxies in the COSMOS-Web sample. Each bin corresponds to a redshift slice used in the density field reconstruction.
Bottom: normalized photometric redshift uncertainty, σz/(1 + z), as a function of redshift. The color map shows the number of galaxies at each redshift uncertainty
bin on a logarithmic scale. The red dashed line shows the median uncertainty in each redshift slice.
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This is expected, as LSS is more evolved at later times, with
well-formed clusters and filaments becoming more prominent.

As the redshift increases, the number of galaxies decreases,
and the overall spread in ( )+log 1 narrows. This is consistent
with both the lower number density of galaxies in the early
Universe and the increased difficulty of resolving the structures.
However, a significant range of density contrast remains
detectable even at higher redshifts, with galaxies present in both
relatively overdense and underdense regions. The decrease in
counts at high redshifts is due to the intrinsic rarity of detectable
galaxies at early epochs. However, our selection criteria ensure
reliable redshifts and SED fits in this range.

At lower redshifts, overdense regions typically correspond to
matured environments, such as clusters and filaments. These are
epochs during which galaxies experience strong environmental
effects. In contrast, at higher redshifts, the same values of

( )+log 1 do not imply the same level of structural maturity. It
is important to note that the interpretation of overdensities and
underdensities changes with cosmic time. At lower redshifts, LSS

overdensities typically correspond to well-defined gravitationally
bound structures, such as clusters, filaments, and walls. At higher
redshifts (z > 1.5), overdense regions are usually associated with
structures that are still in the process of formation, such as
protoclusters or early filaments and walls that have not yet reached
their full structural development (Y.-K. Chiang et al. 2013;
S. I. Muldrew et al. 2015). This context is important for
interpreting how galaxy properties relate to environment across
redshift. For this reason, we do not interpret a given overdensity
percentile at high redshift as the direct physical counterpart of the
same percentile at low redshift. Instead, our analysis is explicitly
within-epoch. In each redshift bin, we measure the dependence of
stellar mass, SFR, sSFR, and quenching with overdensity, see how
the strengths and signs of these within-bin correlations change,
then compare the trends between different redshifts. In our 2D
analysis of the cosmic web, filaments that are elongated in the line
of sight can appear like clusters, and edge-on cosmic walls may
appear as filaments due to projection. Additionally, photometric
redshift estimates can introduce artificial accumulations at certain
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Figure 4. Steps in the construction of the density field for a redshift slice at z ∼ 3.7. Top left: distribution of galaxies and artificial sources colored by their weight.
Top right: adaptive bandwidth assigned to each galaxy. Bottom left: boundary correction factor η applied near survey edges. Bottom right: final density field 1 + δ.
The circles show the HSC masked regions.
(The complete figure set (143 images) is available in the online article.)
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redshifts, leading to spurious enhancements or depletion in the
apparent galaxy number density. Such effects are modest, but
should be kept in mind when interpreting the redshift–overdensity
distribution.

To provide a complementary view, Figure 7 shows a thin
slice of COSMOS-Web in comoving coordinates. This diagram
shows how galaxies trace LSSs over cosmic time, from the
nearby Universe out to the highest redshifts probed. Galaxies in
overdense regions are in filaments, groups, clusters, or
protoclusters, while those in underdense regions populate voids,
providing the framework in which their physical properties
(such as stellar mass, SFR, or sSFR) can be studied as a function

of environment. These overdensity maps in the COSMOS-Web
field thus serve as a powerful tool for investigating how galaxies
evolve across environments and how early LSS may influence
stellar-mass growth and star formation activity, which will be
discussed in detail in Section 5.

4.4. Maximum Reliable Redshift

The maximum reliable redshift depends on the scientific
context. Whether the density fields are sufficient for studying
correlations between galaxy properties and large-scale envir-
onments depends on the intended study. This is inherently a
more qualitative threshold, but the coherence of density maps
with adaptive bandwidth and statistical trends in overdensity
values is important. Also, sample selection can affect the
density fields, especially at higher redshifts.

We evaluate the reliability of the density reconstruction at
high redshift using a combination of quantitative diagnostics
and structural consistency checks. First, we examine the
evolution of the overdensity distribution (Figure 6). In
Figure 6, as the redshift increases, the distribution of

( )+log 1 gradually narrows. Around z ∼ 5, the low-density
tail compresses, and galaxies are found more frequently in
overdense regions. Then, by z ∼ 7, we observe that the high-
density end becomes suppressed, and the detected galaxies in
our sample mostly occupy intermediate-density regions. This
shift may be partially affected by a bias in the sample at higher
redshifts, due to reionization, but it may reflect an early growth
stage of LSS. These trends show that while environmental
structure exists at high redshift, the contrast between over-
dense and underdense regions diminishes, which limits how
precisely we can define a galaxy’s environment.
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Figure 5. Evolution of overdensity maps in the COSMOS-Web field across cosmic time. Each panel shows the overdensity field for a fixed comoving slice; the color
bars are scaled independently in each redshift bin. While absolute overdensity amplitudes cannot be directly compared across panels, the maps illustrate the changing
topology and distribution of LSS with increasing redshift. The circles mark the HSC star-masked regions. The white diamond markers indicate protocluster and
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Figure 6. Distribution of galaxy overdensity, ( )+log 1 , as a function of
redshift in COSMOS-Web. The colors show the number of sources in each
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Second, we consider the decline in the effective tracer
number density with redshift. Although the redshift precision
remains controlled through our selection criteria (σz/(1 + z) <
0.1) and high-quality SED fits, the average value of σz/(1 + z)
and the total number of galaxies per slice decrease toward
higher redshift. This reduced sampling limits the construction
of the density field.

Third, we evaluate the spatial coherence of the reconstructed
density maps. We visually inspect the density fields at high
redshifts, to determine up to what redshift they remain useful
for statistical studies. The visual inspection is performed by
examining each density map for the presence of coherent,
spatially extended structures across multiple kernel scales and
the smoothness of the density field. Even though the number of
galaxies decreases at higher redshifts, the maps still display
structures and smooth variations in density. At z > 7, the
density maps either become flat or exhibit sharp, nonsmooth
variations. While the contrast between dense and sparse
regions is lower than at lower redshifts, the density maps

remain usable up to z ∼ 7 for statistical studies of how galaxy
properties such as mass and SFR relate to environment.

Based on this, we adopt z ∼ 7 as the maximum redshift for
reliable density measurements for the purpose of our study,
which focuses on the connection between environment and
galaxy properties such as stellar mass and SFR.

5. Discussion

Our density construction based on COSMOS-Web provides
a new perspective on how galaxy environments evolve across
cosmic time. In this section, we first discuss how COSMOS-
Web improves measurements in the cosmic web compared to
COSMOS2020. We then investigate how the density contrast
correlates with galaxy properties.

5.1. LSS with COSMOS-Web Compared to COSMOS2020

Accurately measuring the cosmic environment of galaxies
relies heavily on the quality of photometric redshift estimates.

Figure 7. A slice of COSMOS-Web showing the LSS of galaxies. The plot selects galaxies within a Δdecl ∼ 0°.5 band centered on the field median. The lower and
upper radial coordinates give the comoving distance in Gly and redshift, and the angular extent corresponds to R.A. offsets of ±27 from the field center at R.
A. = 150°.1. Each point is color-coded by local overdensity, expressed as ( )+log 1 .
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Since our density fields are constructed using the redshift
probability distributions of galaxies, more precise redshifts
lead to more localized and reliable weight assignments within
each slice. With COSMOS-Web, the precision of the
photometric redshifts has improved compared to COS-
MOS2020, with COSMOS-Web galaxies having a lower
σNMAD and reduced outlier fractions compared to COS-
MOS2020. These improvements are more significant for
fainter galaxies (M. Shuntov et al. 2025a). In COSMOS2020,
broader and less accurate redshift PDFs cause galaxy weights
to spread to more slices, diluting any potential structure. In
COSMOS-Web, narrower PDFs allow galaxies to contribute
more accurately to the correct slice, resulting in cleaner and
better-resolved density maps.

In addition to better redshift precision, COSMOS-Web
includes more galaxies than COSMOS2020 within the same
area, especially at fainter magnitudes. Given the near-
infrared selection criterion and deeper photometric data of
COSMOS-Web, it contains more galaxies, especially at

fainter limits, and therefore provides a more complete sample
at all redshifts. The lower number of galaxies in COS-
MOS2020 can lead to gaps in coverage and more variation in
the density maps, especially at higher redshifts. We limit the
COSMOS2020 sample to the COSMOS-Web area, therefore
the maps are directly comparable. These differences are
visible in Figure 8, which compares one redshift slice (z ∼ 3)
between the two catalogs. In the top panels, the distribution
of galaxies shows that COSMOS-Web includes far more
galaxies in the slice. The bottom panel shows the density
maps for both catalogs. The COSMOS2020 map appears
smoother and more diffuse, with some structures entirely
missed. This comparison illustrates how increased galaxy
counts and improved redshifts together allow the detection of
LSS features that were not revealed before.

The comparison between the COSMOS-Web and COS-
MOS2020 density contrasts up to z ∼ 4 reveals that the two
catalogs differ systematically in how they represent both
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Figure 8. Comparison of density field reconstructions in a slice at z ∼ 3.0, using COSMOS-Web (left) and COSMOS2020 (right). Top panels: galaxy distributions in
each slice, with points colored by their weights. Bottom panels: corresponding overdensity maps, colored by ( )+log 1 . The COSMOS-Web reconstruction
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COSMOS2020 map appears sparser, more diffuse, and missing some details in the structures. The circles indicate the HSC masked regions.
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overdense and underdense regions. Figure 9 summarizes the
key diagnostics:

1. The top left panel shows the PDFs of ( )+log 1 for all
galaxies that are crossmatched between the two surveys.
COSMOS2020 exhibits a broader high-density tail,
indicating more regions assigned very large overdensi-
ties. COSMOS-Web, while recovering the same LSSs,
produces a more concentrated distribution with fewer
extreme peaks. This suggests that COSMOS2020 is
prone to inflating the contrast in high-density regions.

2. The top right panel compares ( )+log 1 CWEB and
( )+log 1 C2020 for individual galaxies crossmatched

between catalogs, with binned means overplotted. The
relation follows the 1:1 line at intermediate densities but
diverges at both ends. In high-density regions, the
density contrast in COSMOS2020 systematically
exceeds COSMOS-Web, while in low-density regions,
it produces less negative contrasts, making voids appear

shallower compared to COSMOS-Web. The result
remains the same with different binning. The difference
is caused by the differences in sampling, KDE smoothing
(bs), and density normalization (n̄s) between the catalogs.

3. The bottom left panel shows the relative difference in the
optimal global bandwidth b between COSMOS2020 and
COSMOS-Web for each slice, normalized by the slice
mean b̄. In almost all slices, bC2020 is larger, reflecting
the sparser sampling in COSMOS2020. With fewer
tracers, the LCV algorithm selects a broader smoothing
scale, which spreads the galaxy signal into nearby voids
and makes the density contrast less negative in those
regions. COSMOS-Web, with denser sampling, adopts
smaller b values that preserve the amplitude of the
underdensities and finer features in structures. In over-
dense regions, the larger b in COSMOS2020 also spreads
the clustered galaxy signal into surrounding cells,
inflating peak contrasts.
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Figure 9. Comparison of density field diagnostics between COSMOS-Web and COSMOS2020 up to a redshift of 4. Top left: PDF of ( )+log 1 for both surveys.
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4. Finally, the bottom right panel shows the mean number
density n̄s of galaxies per slice for the two surveys.
COSMOS-Web has a consistently higher n̄s across all
redshifts, owing to its deeper flux limit and inclusion of
faint galaxies. Since δ is defined relative to ¯ , a higher
mean surface density reduces the measured (1 + δ) for
any fixed absolute density σ. This normalization effect
compresses the dynamic range of δCWEB compared to
δC2020, even when both are sampling the same underlying
matter peaks. Also, the mean number density drops down
significantly at higher redshifts in the COSMOS2020
sample (z > 3.5).

All these diagnostics show that COSMOS2020 tends to
overestimate densities in the most overdense environments and
to underestimate the depths of underdense regions. This result
demonstrates how improvements in photometric redshift
precision and sample completeness impact the reconstruction
of the large-scale density field and, consequently, the
environmental metrics used for galaxy evolution studies.
COSMOS-Web, with its higher completeness, smaller smooth-
ing bandwidths, and lower tracer bias, produces a more
accurate mapping of the LSS, even if the resulting δ field has a
smaller dynamic range. This shift has direct implications for
environmental studies. Trends measured with δC2020 may
appear artificially steep in the highest-density bins and
artificially shallow in the lowest-density bins, whereas δCWEB

better preserves the true relative contrast across environments.

5.2. Evolution of Mass with Large-Scale Environment Density

Mass is one of the most fundamental properties that reveals
the evolution of galaxies. Understanding the environmental
dependence of stellar mass as a function of cosmic epoch
would give us insight into the role of LSS in driving the
evolution of galaxies. Many previous studies have shown that,

at low redshift, more massive galaxies reside in denser regions,
though the strength and statistical significance tend to decline
with increasing redshift (B. Darvish et al. 2015; N. Chartab
et al. 2020; B. C. Lemaux et al. 2022; S. Taamoli et al. 2024b).
To better understand environmental effects on galaxy evol-
ution, we analyze three samples: one with all galaxies (star-
forming and quiescent), one with only star-forming galaxies
(SFGs), and one with only quiescent galaxies (QGs). We
identify QGs in each bin using the rest-frame color–color
diagram (NUV – r versus r – J) and the classification criteria
from O. Ilbert et al. (2013). Galaxies with NUV − r > 3.1 and
NUV − r > 3(r − J) + 1 are classified as quiescent. Figure 10
shows the distribution of galaxies in the color–color plane,
showing the QG and SFG populations, their SFRs, and the
corresponding quiescent fraction. We do not impose a
threshold for SFR or sSFR when selecting our QG sample,
as doing so could introduce biases into the subsequent analysis
of SFR and sSFR versus density. The QG fraction decreases as
we look at higher redshift, which is expected from the growth
of the quiescent population over cosmic time (O. Ilbert et al.
2013; A. Muzzin et al. 2013). Also at redshifts z > 2.5, the
QG sample is too limited for a robust physical interpretation.

In Figure 11, we show the distribution of stellar mass as a
function of environmental overdensity in eight redshift bins,
from z = 0.4 to z = 7. At lower redshifts, a large number of
galaxies are present across a wide range of environments.
While most galaxies lie in the low-mass regime
( ( )/*M Mlog 8.5–10), there is a population of higher-mass
galaxies extending toward higher overdensities. As redshift
increases, the distribution narrows both in stellar mass and in
environmental density.

To quantify the mass–density relation, we show the average
stellar mass as a function of overdensity in Figure 12. The left
panel shows the results for the full galaxy population, the
middle panel shows SFGs only, and the right panel shows

Figure 10. Rest-frame color–color diagrams (NUV − r versus r − J) in different redshift bins, used to separate SFGs from QGs. The color scale shows ( )log SFR .
Each panel shows one redshift interval, with the black lines indicating the quiescent and star-forming selection criteria. The number of SFGs, QGs, and the quiescent
fraction are reported in each bin.
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QGs. In all cases, we observe a general trend, where stellar
mass increases with overdensity, although the trend is weaker
in the SFG sample. The nature of this positive correlation

between mass and density evolves with time. At lower
redshifts (z < 2.5), the correlation is strong and evident even
at moderate overdensities. Galaxies in overdense regions with
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( )+log 1 0.3 tend to be about 0.3–0.6 dex (a factor of
2–4) more massive than those in average or underdense
environments. This is consistent with expectations from
hierarchical structure formation, where overdense environ-
ments host earlier and more rapid mass assembly. In the star-
forming sample, the trend is still present but weaker, and the
average mass is lower compared to QGs. This shows that
massive galaxies in dense environments are more likely to be
quiescent, which is a consequence of merging at later epochs.

At higher redshifts (z > 2.5), the trend persists but becomes
limited to the highest-density environments and is dominated
by SFGs. The stellar-mass–density correlation is no longer
present across all environments, only at the upper end of the
overdensity distribution (e.g., ( )+log 1 0.4), where the
mass difference remains small (≲0.2 dex). This suggests that
only the most extreme peaks of the matter density field, such
as protoclusters, host galaxies that have grown significantly in
mass by those epochs. The reduced statistical range of
environments at early times may also contribute to the
flattening of the trend in the low- and intermediate-density
regions. This implies that the underlying physical processes—
such as biased halo formation, gas accretion, and merging—
are in place from early times, but their influence is confined to
dense regions in the early Universe. As cosmic structures grow
and evolve, these processes extend to more typical environ-
ments, producing a smoother and more extended mass–density
correlation at later times.

Our mass–environment trends are consistent with other
studies. In the CANDELS field, N. Chartab et al. (2020) found

that more massive galaxies preferentially reside in overdense
regions, but the strength of the correlation declines toward
higher redshifts. They also found that the correlation is
stronger with QGs and weaker for SFGs. With the
COSMOS2020 data, S. Taamoli et al. (2024b) reported a
similar positive mass–density relation up to z ∼ 4, with a
gradual weakening at earlier epochs. They also note that at
z > 2, where the peak of star formation activity takes place,
only the most extreme overdensities host galaxies that have
already assembled significant stellar mass, consistent with our
observation that the correlation at early times is limited to the
upper tail of the density distribution. Compared to other works,
COSMOS-Web’s depth provides better mass completeness at
high redshift, allowing us to trace the mass–density relation
into regimes (low-mass, high-z) that were inaccessible in
previous surveys. This combination of completeness and more
accurate environment detection strengthens the statistical
significance of the trends observed for COSMOS-Web,
particularly at higher redshifts.

The positive correlation between the stellar mass and
environment at low redshift can be explained within the
hierarchical structure formation framework, where the highest
peaks in the density field collapse earlier, leading to
accelerated mass assembly (S. D. M. White &
M. J. Rees 1978; H. J. Mo & S. D. M. White 1996). In these
regions, the higher frequency of galaxy mergers (O. Fakhouri
et al. 2010; J. M. Lotz et al. 2011; F. Giddings et al. 2026)
contributes to the buildup of massive systems, particularly
QGs at later times. Once dark matter halos reach ∼1012M⊙,
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infalling gas is shock heated and the accretion mode changes
from cold to hot (Y. Birnboim & A. Dekel 2003; A. Dekel &
Y. Birnboim 2006), reducing the supply of fresh gas.
Combined with feedback from active galactic nuclei
(D. J. Croton et al. 2006; A. C. Fabian 2012), this leads to
quenching while preserving high stellar mass. A significant
fraction of galaxies are also affected by preprocessing in group
environments before entering clusters, where tidal interactions
and mergers increase their stellar mass (A. R. Wetzel et al.
2013). At higher redshift, dense filaments feeding protoclusters
can sustain high cold-gas accretion rates (D. Kereš et al. 2005;
A. Dekel et al. 2009; E. Daddi et al. 2022). This allows
galaxies in the most overdense regions to assemble large
stellar masses earlier than those in lower-density environ-
ments, consistent with our z > 2.5 results.

The mass–density relation can also be influenced by star
formation activity and the efficiency of mass and environment
quenching processes. Since both SFR and quenching affect the
rate at which galaxies build up stellar mass, differences in
these processes with density can shape parts of the observed
trends. These connections are explored further in Sections 5.3
and 5.4.

5.3. Evolution of SFR and sSFR with Large-scale Environment
Density

Studying how the SFR and sSFR vary with LSS density
helps us understand whether galaxies form stars differently
depending on their surrounding environment. Figure 13 shows
the distribution of SFR as a function of overdensity across
redshift bins for our three samples. For the full sample at low
redshift (z < 1.8), there is a clear tendency for galaxies with
higher SFR to occupy lower-density regions, while high-
density environments host fewer galaxies with strong SFR.
This trend is more pronounced at lower redshift and gradually
weakens with increasing redshift. The star-forming sample

exhibits a much flatter distribution across environments in the
same redshift range, which suggest environments have a mild
effect on the SFR of active SFGs. Meanwhile, the quiescent
population shows a negative correlation with density at
z < 0.8. This correlation diminishes at higher redshifts.
Therefore, the trend seen in the full sample is primarily driven
by the growing quiescent population in overdense regions at
lower redshifts, which suppresses the average SFR in the total
sample.

Figure 14 shows the average trend of SFR with LSS density.
For the full sample (left panels), the trend is negative at
z < 1.2, with SFR decreasing steadily toward higher densities.
In the 1.2 < z < 1.8 bin, this decline flattens, and by z > 1.8
the trend reverses and galaxies in overdense environments tend
to have higher SFRs than those in underdense regions.
Breaking the sample into galaxy types reveals the cause of
the evolution in the full-sample trend. In the star-forming
sample (middle panels), SFR shows a mild positive correlation
with density up to z < 5.5, with galaxies in denser regions
forming stars at rates up to 0.5 dex higher, with the trend
diminishing in the early epoch. In contrast, the quiescent
population (right panels) displays a negative environmental
dependence for z < 0.8. In the 0.8 < z < 1.2 epoch, SFR
decreases by about 1 dex with density up to ( )+ <log 1 0.6,
but SFR increases again at the highest-density regions. This
upturn in SFR is likely due to a greater gas reservoir in the
densest region. Also, these dense environments may host
recently quenched galaxies with residual star formation or
galaxies with brief rejuvenation due to minor mergers or tidal
interactions (V. Wild et al. 2016; M. J. Rutkowski et al. 2025).
Moreover, there is no clear evolution for QGs at higher
redshifts. So, the decline in SFR with density for the full
sample is just coming from QGs having lower SFR values in
general.

Figure 15 shows how sSFR changes with overdensity for
different redshift bins and galaxy types. For the star-forming
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Figure 14. Average SFR as a function of environmental overdensity in COSMOS-Web. The columns show all galaxies (left), SFGs (middle), and QGs (right). The
top row corresponds to redshift bins in the range 0.4 < z < 2.5 and the bottom row to 2.5 < z < 7.0. For the full population, SFR decreases with overdensity at
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sample, the sSFR stays nearly constant across all environments
and redshifts. This is expected, since both the SFR and stellar
mass of these galaxies increase with density, keeping the ratio
roughly the same. Similar flat trends have been reported in
other studies, showing that the environment does not have a
significant effect on sSFR for SFGs (N. Scoville et al. 2013;
B. Darvish et al. 2016; S. Taamoli et al. 2024a).

At low redshifts (z < 1.2), the sSFR for QGs decreases with
increasing density, which is consistent with a drop in SFR and
an increase in mass. This trend supports the idea that
environmental quenching—such as gas stripping or starva-
tion—suppresses residual star formation in dense environ-
ments (Y.-j. Peng et al. 2010; J. Woo et al. 2013). In the
0.8 < z < 1.2 bin, the sSFR increases again at the highest
densities. This may be due to recently quenched galaxies with
low-level star formation or temporary rejuvenation events
triggered by interactions or mergers (V. Wild et al. 2016;
M. J. Rutkowski et al. 2025). Above z > 1.2, there is no clear
trend, suggesting that the effect of environment on sSFR
becomes weaker at early times (S. Taamoli et al.
2024a, 2024b). In the full sample, we see a negative trend
for sSFR and overdensities up to z < 1.2, but it is largely
caused by the evolution of QGs.

Our findings broadly agree with recent studies. At low
redshift (z ≲ 1.2), our negative correlation between SFR and
overdensity is consistent with the results of N. Chartab et al.
(2020) and S. Taamoli et al. (2024a), who both report
significant suppression of SFR in denser regions out to
z ∼ 1.1. The flattening we observe at 1.2 < z < 1.8 matches
the transitional regime identified by S. Taamoli et al. (2024a),
where the correlation weakens and becomes statistically
insignificant. Beyond z ≳ 1.8, we find a clear reversal in
correlations. Galaxies in overdense regions exhibit enhanced
SFR, which is in agreement with B. C. Lemaux et al. (2022)
and S. Taamoli et al. (2024a), who both report a monotonic
increase in SFR (and sSFR) with density at z > 2. However,

the amplitude of our reversal appears somewhat smaller than
in B. C. Lemaux et al. (2022), who find up to an order-of-
magnitude enhancement between the lowest and highest
densities. This may reflect differences in sample selection or
the range of probed environments. Compared to N. Chartab
et al. (2020), who report no statistically significant reversal up
to z ∼ 3.5, our detection likely benefits from deeper near-
infrared data and improved photometric redshift precision in
COSMOS-Web, and larger sky-area coverage compared to
CANDELS, enabling more reliable density estimation at
higher redshifts.

The negative correlation between SFR and LSS density at
low redshifts (z ≲ 1.2) is consistent with environmentally
driven quenching processes that are more effective in dense
regions (S. Taamoli et al. 2024b). We will discuss how
quenching efficiencies can replicate SFR trends with density in
Section 5.4. Mechanisms such as ram pressure stripping can
rapidly remove the cold-gas reservoir from galaxies moving
through cluster environments (J. E. Gunn & J. R. Gott 1972;
A. Boselli & G. Gavazzi 2006). This process can shut down
star formation on short timescales (∼1 Gyr). Strangulation or
starvation (B. Moore et al. 1999; Y. Peng et al. 2015) suppress
star formation more gradually, by cutting off the supply of
fresh cold gas from the cosmic web, leading to quenching over
∼1−3 Gyr. Moreover, tidal harassment from repeated high-
speed encounters can both strip gas and dynamically heat the
stellar disk, indirectly reducing star formation efficiency
(B. Moore et al. 1996). In addition, AGN feedback—which
is more prevalent in massive galaxies in dense environments—
can heat or expel the interstellar medium, thereby suppressing
star formation and reinforcing quenching in these regions
(A. C. Fabian 2012; B. A. Terrazas et al. 2020).

At higher redshifts (z ≳ 1.8), the reversal of the SFR–
density relation suggests that dense environments may instead
enhance star formation activity. One of the contributing factors
for this reversal is SFGs dominating the sample at higher
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Figure 15. Average sSFR as a function of environmental overdensity in COSMOS-Web. The columns show all galaxies (left), SFGs (middle), and QGs (right). The
top row corresponds to redshift bins in the range 0.4 < z < 2.5 and the bottom row to 2.5 < z < 5.0. At low redshift, sSFR declines in overdense regions due to QGs,
while SFGs maintain nearly flat sSFR across environments. At higher redshifts, the dependence on environment largely disappears for both populations. Standard
uncertainties are shown with the shaded areas.
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redshifts. Another key factor behind this is galaxies at early
times containing a much larger reservoir of cold gas.
L. J. Tacconi et al. (2010) found that the cold gas made up
roughly 44% of the baryonic mass in galaxies at z ∼ 2.3, and
about 34% at z ∼ 1.2, which is higher than in the local
Universe. These large gas supplies provided abundant fuel for
star formation. Another is the supply of cold gas from LSS
filaments feeding protoclusters, which can sustain high SFRs
(A. Dekel et al. 2009). Dense environments at these epochs
also tend to have higher rates of galaxy–galaxy interactions
and mergers, which can sometimes trigger starbursts
(G. F. Snyder et al. 2017; E. Ventou et al. 2019; F. Giddings
et al. 2026). Moreover, the rapidly evolving gravitational
potential in assembling structures can tidally compress gas,
further inducing bursts of star formation (K. Bekki 1999).
Also, the cosmic web is not mature enough to quench galaxies
as efficiently as at lower redshifts (S. Taamoli et al. 2024b).
QGs are responsible for the SFR–density trend in general at
low redshifts. Therefore, with galaxies being mostly starburst
at higher redshifts, the SFR–density trend becomes dominated
by SFGs, which have a positive correlation with density.

The nearly flat sSFR–density relation for SFGs across most
redshifts implies that the environmental dependence of their
SFR is closely coupled to their stellar-mass growth. In denser
regions, both SFR and M* increase in parallel, keeping sSFR
roughly constant. This is consistent with scenarios where the
same processes that enhance gas supply—e.g., cold-gas
accretion along filaments and merger-driven inflows—also
drive faster stellar-mass assembly (A. Dekel et al. 2009;
J. S. Speagle et al. 2014; R. Genzel et al. 2015). For QGs, the
negative sSFR–density trend at low z reflects both suppressed
SFR and higher masses in denser regions, consistent with
environmental quenching acting more strongly where galaxy
interactions are prevalent (N. Chartab et al. 2020; S. Taamoli
et al. 2024b). Since sSFR measures the relative growth rate of
stellar mass, its environmental dependence directly links the
SFR trends discussed here to the mass–density relation in
Section 5.2. These variations in sSFR indicate differences in
how efficiently QGs and SFGs build mass in different
environments, helping to explain part of the mass–environ-
ment correlation. We explore this relation in Section 5.4, to
quantify the effects of mass and environment.

To assess whether the enhanced stellar mass of galaxies in
overdense regions can be explained by secular star formation,
we compare the median stellar mass and SFR of SFGs in the
lowest and highest quartiles of the overdensity distribution
within each redshift bin. For z > 2, the stellar-mass excess

Mlog 0.10 to 0.11 dex matches the SFR enhancement

logSFR 0.10 to 0.11 dex, and the corresponding sSFR
offsets are consistent with zero logsSFR 0.00 to 0.03 dex.
This indicates that SFGs in dense environments grow at similar
mass-normalized rates but with higher absolute SFR, showing
that in situ star formation can account for the environmental
mass dependence at early times. For z < 1, the stellar-mass
excess remains significant Mlog 0.23 to 0.25 dex, while
the SFR enhancement is weaker logSFR 0.16 dex, and the
sSFR is suppressed logsSFR 0.06 dex. In this regime,
secular star formation alone cannot build the observed mass
excess within the available cosmic time, so additional processes
—such as gas-rich mergers at earlier times and dry mergers at
later times—likely contribute to the accelerated mass assembly
in dense environments prior to quenching.

Table 2 presents Pearson correlation coefficients between
( )+log 1 and stellar mass, SFR, and sSFR. In each redshift

interval, galaxies are binned by ( )+log 1 using the same
density bins as in Figures 12, 14, and 15. For each density bin
and for each sample (All, SFGs, and QGs), we compute the
mean of the corresponding quantity, and we then evaluate the
correlation between those binned means and ( )+log 1 . The
table lists the coefficients, together with the sample size N and
the 10th percentile stellar mass ( )/M Mlog 10% . The results are
consistent with the trends shown in Figures 12, 14, and 15. The
highest-redshift bin (5.5 < z < 7.0) has a small sample size,
and the scatter plots of physical parameters (e.g., stellar mass,
SFR, and sSFR) do not show strong correlations with density.
Therefore, the correlation coefficients should be interpreted
with caution, even though the p-values are small (P < 0.01) for
this bin.

5.4. The Roles of Environment and Mass in Galaxy Quenching

The trends in QG physical parameters with overdensity
presented in the previous subsections suggest that both stellar
mass and large-scale environment play a role in shutting down
star formation. To examine how galaxies are distributed across
different environments, we divide the density field into three
regimes, based on their overdensity. Galaxies are sorted by
their density contrast, and the P25 and P75 percentiles are
computed, and we find low-, medium-, and high-density
regions in each redshift bin:

1. Low density: δ � P25;
2. Medium density: P25 < δ � P75; and
3. High density: δ > P75.

Table 2
Correlation Coefficients versus Density (Binned by ( )+log 1 )

Correlation Mass versus
Density Correlation SFR versus Density

Correlation sSFR versus
Density

Redshift Range N ( )/M Mlog 10% All SFG QG All SFG QG All SFG QG

0.4 < z < 0.8 21,535 8.11 0.89 0.89 0.81 −0.90 0.90 −0.98 −0.90 −0.84 −0.96
0.8 < z < 1.2 33,075 8.22 0.86 0.85 0.90 −0.98 0.80 0.13 −0.92 −0.71 −0.72
1.2 < z < 1.8 34,254 8.29 0.65 0.58 0.49 0.12 0.58 −0.15 −0.97 0.31 −0.86
1.8 < z < 2.5 33,990 8.24 0.84 0.87 0.81 0.82 0.76 0.70 0.51 0.55 0.07
2.5 < z < 3.5 20,163 8.37 0.82 0.80 0.33 0.81 0.82 0.74 0.48 0.85 0.74
3.5 < z < 4.5 6473 8.49 0.71 0.69 −0.13 0.90 0.90 0.32 0.86 0.85 0.27
4.5 < z < 5.5 3243 8.39 0.79 0.79 ⋯ 0.74 0.74 ⋯ 0.26 0.26 ⋯
5.5 < z < 7.0 1121 8.58 −0.70 −0.70 ⋯ −0.58 −0.58 ⋯ 0.83 0.83 ⋯
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As shown in Figure 16, the quiescent fraction increases with
time, and at later epochs high-density regions have a higher
quiescent fraction compared to other environments. However, to
disentangle these effects, we follow the framework introduced by
Y.-j. Peng et al. (2010), where galaxy quenching is described as
the combination of two independent processes: mass quenching
and environmental quenching. In this picture, the probability that
a galaxy is quenched can be factorized into contributions from
each process (Y.-j. Peng et al. 2010, 2012; B. Darvish et al. 2016;
L. Kawinwanichakij et al. 2017; N. Chartab et al. 2020;
B. C. Lemaux et al. 2022; S. Taamoli et al. 2024b).

Mass quenching is generally associated with internal processes
that scale with stellar mass or halo potential, such as virial shock
heating in massive halos (A. Dekel & Y. Birnboim 2006),
feedback from active galactic nuclei (D. J. Croton et al. 2006;
A. C. Fabian 2012), morphological quenching (M. Martig et al.
2009), or the exhaustion of cold-gas reservoirs. Environmental
quenching is instead linked to processes induced by the
surrounding LSS, including ram pressure stripping (J. E. Gunn
& J. R. Gott 1972), harassment and tidal interactions,
strangulation, and the suppression of cold-gas accretion in dense
regions (B. Moore et al. 1996; A. Dekel et al. 2009).

To quantify these processes, we measure the quenching
efficiencies following Y.-j. Peng et al. (2010), N. Chartab et al.
(2020), and S. Taamoli et al. (2024b). The environmental
quenching efficiency is defined as

( ) ( )
( )

( )=M z
f P M z

f P M z
, 1

, ,

, ,
, 11env

SF 75

SF 25

where fSF = 1 − fQG is the star-forming fraction. This
measures the fraction of galaxies that would be star-forming in
low-density regions but are quenched in denser environments.

Similarly, the mass-quenching efficiency is defined as

( ) ( )
( )

( )=M z P
f M P z

f M P z
, 1

, ,

, ,
, 12mass 75

SF 75

SF 0 75

where M0 is the lowest-stellar-mass bin in the same redshift
slice. This measures the fraction of galaxies that would be

star-forming at low mass but are quenched at higher mass, at
fixed environment. We also define a normalized difference
between the two effects, to see which one is more dominant,
as follows:

( ) ( )=
+

M z, . 13norm
env mass

env mass

The quenching efficiencies and the normalized difference
between the two effects are presented in Figure 17. The earliest
redshift bin showing nonzero values for both εmass and εenv is
3.5 < z < 4.5. However, due to the limited number of QGs at
this epoch, it is not possible to determine which channel is
dominant. At early times, quenching appears first at higher
masses, and as galaxies evolve, at later times, quenched
galaxies become more common at lower masses as well. This
is consistent with the downsizing scenario, where galaxy
quenching proceeds from high- to low-mass systems as the
Universe evolves (L. L. Cowie et al. 1996; F. Fontanot et al.
2009). This trend may be partly influenced by sample
limitations and selection effects, since detecting low-mass
QGs at high redshift is challenging. At all redshifts, εmass

increases with stellar mass, as expected if more massive
galaxies are more strongly affected by mass-dependent
quenching mechanisms. The first epoch in which mass
quenching shows a dominant effect is 2.5 < z < 3.5, where
the mass efficiency exceeds environmental quenching effects.
Environmental quenching efficiencies also rise with stellar
mass, but generally with smaller amplitude. Comparing
different epochs, both εmass and εenv increase toward lower
redshift, reflecting the growing impact of quenching over
cosmic time. At high redshift, quenching is dominated by the
mass channel, with environment playing only a minor role. For
the normalized efficiencies, we show only bins with relative
uncertainty (∂Δnorm/Δnorm) less than 3. Above z ∼ 1.8, mass
quenching dominates across the full stellar-mass range. Even
low-mass galaxies in this regime are more strongly affected by
mass-related processes than by environmental factors. In the
0.8 < z < 1.2 bin, the environmental quenching strength
becomes comparable to the mass-quenching efficiency for
low-mass galaxies, but mass quenching becomes dominant at
higher masses. Below z ∼ 0.8, however, the balance shifts.
Environmental quenching becomes more effective than mass
quenching at the low-mass end (M� < 1010M⊙), indicating that
dense environments are increasingly capable of shutting down
star formation in relatively small systems, through mechan-
isms such as ram pressure stripping or strangulation. With the
increasing stellar mass in this low-redshift epoch, the
efficiency of environmental quenching also rises, eventually
reaching values comparable to mass quenching at the highest
masses. By the present epoch, the most massive galaxies in
dense regions appear to be shaped by a combination of both
processes operating at similar strengths.

The balance between mass- and environment-driven
quenching evolves with stellar mass and redshift, marking a
transition in galaxy evolution pathways. At earlier times,
internal processes tied to mass constitute the primary driver of
star formation suppression in galaxy populations, even though
mass has not been fully assembled. However, at later times, the
environment exerts a stronger influence, making environmen-
tal quenching more dominant for low-mass systems and
eventually matching the mass quenching in the most massive
galaxies in the densest regions.
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Figure 16. Quiescent fraction as a function of redshift in different
environments. The curves show fQG,env = NQG,env/Nenv measured within each
redshift bin for low-density (δ � P25), medium-density (P25 < δ � P75), and
high-density (δ � P75) regions. NQG,env is the number of QGs in a given
environment, and Nenv is the number of galaxies in that environment. Density
percentiles (P25, P75) are computed separately in each redshift bin from the
overdensity distribution. The fraction of QGs in dense environments is higher
at all redshifts.
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Compared to previous work, our COSMOS-Web measure-
ments push the study of quenching to higher redshifts and
lower masses. For instance, the COSMOS2020 sample was
very limited by its mass completeness, and for the redshift bin
of 1.1 < z < 2 COSMOS2020 is missing masses lower than
109.5M⊙, while for 2 < z < 4 masses lower than 1010M⊙ are
missing (S. Taamoli et al. 2024b). This is also the case for the
CANDELS field. Although the samples are not exactly
comparable, the final outcome is mostly consistent. S. Taamoli
et al. (2024b) reported that for COSMOS2020 at 2 < z < 4,
mass quenching dominates, while environmental quenching
efficiencies become negative, meaning overdense regions
enhance star formation, due to the abundant cold gas and
frequent mergers. In contrast, we have already measured
nonzero values for both quenching efficiencies at z ∼ 4,
although the limited statistics at these redshifts prevent a
robust ranking between them. This suggests that environ-
mental effects may set in earlier than inferred from
COSMOS2020, but both studies agree that mass quenching
remains the stronger process in general at higher redshifts.
Similar conclusions were found by N. Chartab et al. (2020),
who found that in the CANDELS field environmental
quenching is negligible above z ∼ 1.5 and mass quenching
dominates across all stellar masses. Moving into intermediate
redshifts (1 ≲ z ≲ 2), all studies converge on the continued
dominance of mass quenching, with environmental effects still
weak or marginal (N. Chartab et al. 2020; S. Taamoli et al.
2024b). In the ZFOURGE survey performed to z ∼ 2,
L. Kawinwanichakij et al. (2017) found that environmental and
mass-quenching strengths are comparable for M� > 1010.5M⊙
at all redshifts. At lower redshifts (z ≲ 1), however, we
observe a rise in the environmental quenching efficiency at the

low-mass end, which dominates the mass-quenching processes
even for galaxies with M� ≲ 1010M⊙. This is in line with the
low-redshift behavior reported by Y.-j. Peng et al. (2010),
L. Kawinwanichakij et al. (2017), N. Chartab et al. (2020), and
S. Taamoli et al. (2024b), who all found that environmental
quenching becomes increasingly important at late times,
particularly for low-mass systems likely to be satellites in
dense environments (Y.-j. Peng et al. 2012). Also, G. Toni
et al. (2026) found that the QG fraction increases strongly with
group richness below z ∼ 1, highlighting the growing
importance of dense environments in shutting down star
formation at late times.

The observed interplay between mass, star formation,
environment, and quenching shows a tightly connected,
multidimensional framework of galaxy evolution. The mass–
density relation (Figure 12) shows that, over time, galaxies in
denser environments tend to build up more stellar mass,
particularly in quiescent systems. At low redshifts, the
suppression of star formation in dense environments leads to
a higher abundance of quenched galaxies. In contrast, at higher
redshifts, galaxies in overdense regions exhibit elevated SFRs,
likely fueled by abundant cold gas. These environmental
effects are reflected in the quenching efficiencies. At high
redshift, mass quenching dominates across all environments,
consistent with internal mechanisms regulating star formation
as galaxies grow in mass. Toward lower redshifts, environ-
mental quenching rises in importance, especially for low-mass
systems. This shows the impact of dense surroundings on gas
removal and accretion suppression. Taken together, our results
suggest that the pathways by which galaxies grow and shut
down star formation are fundamentally shaped by a combina-
tion of intrinsic properties (mass and gas content) and extrinsic
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Figure 17. Quenching efficiencies as a function of stellar mass in different redshift bins. The top panels show redshift bins in the range 0.4 < z < 1.8, and the bottom
panels show 1.8 < z < 4.5. The left panels show the environmental quenching efficiency, comparing the fraction of quenched galaxies in high- versus low-density
environments. The middle panels present the mass-quenching efficiency, showing how quenching depends on stellar mass within dense regions. The right panels
show the normalized strength, which quantifies whether quenching is primarily driven by environment (positive values) or by stellar mass (negative values). The
shaded regions represent the uncertainties, which are binomial errors. For the normalized difference, the errors are propagated from mass and environment
efficiencies, and only bins with relative uncertainty (∂Δnorm/Δnorm) < 3 are shown. Mass quenching dominates at most redshifts and masses, while environmental
quenching becomes stronger at z < 0.8 for low-mass galaxies.
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conditions (environment), with their relative importance
evolving over cosmic time. This integrated view connects
the physical processes driving the trends seen in stellar-mass
buildup, star formation activity, and quenching, offering a
comprehensive picture of how galaxies transition from star-
forming to quiescent and evolve across environments and
epochs.

6. Summary

We reconstruct the cosmic web density field in the
COSMOS-Web field up to redshift of 9.5. Our selection
criteria are summarized in Table 1. We choose a fixed
comoving width of 35 h−1 Mpc for our slices, giving 157 slices
in our sample. By assigning weights to each galaxy for each
slice based on the redshift PDF, we generate density maps for
each slice using the wKDE method, taking into account edge
effects, adaptive bandwidths, and corrections for star-masked
regions. This approach allows us to study the evolution of
galaxies within different environments up to z ∼ 7.

Compared to COSMOS2020, COSMOS-Web provides
better mass completeness and improved, deeper photometric
redshift precision. These advances lead to cleaner and more
reliable reconstructions of LSS, with overdense regions no
longer artificially inflated, underdense regions better pre-
served, and small-scale features more accurately recovered.
COSMOS-Web also includes a larger number of faint, high-
redshift galaxies, improving environmental statistics. While
COSMOS2020 density maps were limited to about z ∼ 4,
COSMOS-Web allows us to extend the reconstruction reliably
up to z ∼ 7, offering a more accurate and deeper view of
galaxy properties in environments.

We explore the relations between mass, SFR, sSFR, and
quenching efficiencies with LSS densities at different epochs
to see how environment shapes the characteristics of galaxies.
Our results are summarized as follows:

1. The relation between stellar mass and environment
shows that massive galaxies preferentially occupy over-
dense regions. This correlation is strongest at z ≲ 2.5,
particularly for QGs, while star-forming systems show a
weaker dependence. At higher redshifts, the trend
persists only in the most extreme overdensities, suggest-
ing that the densest regions (e.g., protocluster environ-
ments) are the main sites of early mass assembly.

2. For the full population, SFR decreases with overdensity
at z ≲ 1.2, flattens at 1.2 < z < 1.8, and reverses beyond
z ≳ 1.8, where galaxies in dense regions show enhanced
star formation. This overall trend is driven by QGs,
which suppress the mean SFR in dense regions at low
redshift (z < 1.2), while SFGs instead show a weak
positive correlation with density up to z ∼ 5.5. sSFR
stays nearly flat for star-forming systems across all
redshifts, but declines with density for QGs at z ≲ 1.2 as
SFR decreases and mass increases, consistent with
environmental quenching. At higher redshift, the envir-
onmental dependence of both SFR and sSFR largely
weakens, though overdense regions continue to host the
most active SFGs.

3. Quenching efficiencies measured with COSMOS-Web
show that both stellar mass and environment contribute

to shutting down star formation, but their relative
importance evolves with redshift. At high redshift
(z ≳ 2.5), quenching is dominated by mass-related
processes, with environment playing only a minor role.
As redshift decreases, both efficiencies increase, and by
z < 0.8 environmental quenching becomes stronger than
mass quenching for low-mass galaxies (M� ≲ 1010M⊙).
In dense regions at low redshift, massive galaxies are
governed by a combination of mass and environmental
processes acting with comparable strength. These results
indicate that internal mechanisms tied to mass dominate
early quenching, while environmental effects grow at
later times, especially for low-mass systems.

The observed correlations between stellar mass, star
formation activity, quenching processes, and LSS density
indicate that galaxy evolution has been shaped by both
intrinsic and extrinsic factors across cosmic time. These
observed links between galaxy properties and environment are
made more reliable by the depth and precision of COSMOS-
Web, which sets a new benchmark for LSS studies.
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