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ABSTRACT

Galaxy morphologies and shape orientations are expected to correlate with their large-scale environment, since they grow by accreting matter
from the cosmic web and are subject to interactions with other galaxies. Cosmic filaments are extracted in projection from the Euclid Quick Data
Release 1 (covering 63.1 deg2) at 0.5 < z < 0.9 in tomographic slices of 170 comoving h−1Mpc using photometric redshifts. Galaxy morphologies
are accurately retrieved thanks to the excellent resolution of VIS data. The distribution of massive galaxies (M∗ > 1010 M⊙) in the projected cosmic
web is analysed as a function of morphology measured from VIS data. Specifically, the 2D alignment of galaxy shapes with large-scale filaments
is quantified as a function of Sérsic indices and masses. We find the known trend that more massive galaxies are closer to filament spines. At
fixed stellar masses, morphologies correlate both with densities and distances to large-scale filaments. In addition, the large volume of this data
set allows us to detect a signal indicating that there is a preferential alignment of the major axis of massive early-type galaxies along projected
cosmic filaments. Overall, these results demonstrate our capabilities to carry out detailed studies of galaxy environments with Euclid, which will
be extended to higher redshift and lower stellar masses with the future Euclid Deep Survey.

Key words. Cosmology: observations – Galaxies: structures – Galaxies: evolution – Galaxies: statistics

1. Introduction

Galaxies form from gas collapsing into the centres of dark mat-
ter (DM) halos (see e.g., Benson 2010, for a review), but these
halos are not islands randomly distributed in the Universe.In a
ΛCDM cosmology, it is now well established that the properties
of galaxies are determined to first order by the mass and merger
tree of their host DM halos, which in turn correlate with the am-
plitude of the local density (the “assembly bias", see e.g., Bond
et al. 1991; Wechsler et al. 2006; Alonso et al. 2015). The re-
lation between star-formation rate and density (highlighted first
in Dressler 1980 and abundantly documented afterwards in the
literature, see e.g., Malavasi et al. 2017b, Taamoli et al. 2024
for recent analyses) is a remarkable illustration of such a trend.
On larger scales the distribution of matter forms the cosmic web
(Klypin & Shandarin 1983; Bond et al. 1996), a complex multi-
scale network made of filaments and walls that border regions
of low density, called voids, and intersect in clusters of galaxies
(see Jõeveer et al. 1978 for the report of the first detections and
de Lapparent et al. 1986, Geller & Huchra 1989 for the identifi-
cation of the cosmic web in the large-scale distribution of galax-
ies). Such a web is theoretically and numerically expected to ex-
ist on many scales (from a few tens of kiloparsecs to several tens
of megaparsecs). At large-scale the cosmic web emerges even
from sparse tracers such as massive galaxies.

The large-scale cosmic filaments contain the material neces-
sary to grow virialized structures: up to 40% of the total matter
(Cen & Ostriker 2006; Aragón-Calvo et al. 2010) in the Uni-
verse and most of the gas at high redshift. The thermodynamic
properties of the gas in cosmic filaments and its kinematics is
expected to regulate gas fuelling into galaxies, hence impacting
their observable properties (e.g., Song et al. 2021). In addition,
the cosmic web anisotropy drives tides (Codis et al. 2015; Musso
et al. 2018; Ramakrishnan et al. 2019) and coherently shapes
the angular momentum of large-scale flows (Pichon et al. 2011;
Stewart et al. 2013; Danovich et al. 2015; Laigle et al. 2015) im-
pacting the accretion rate onto virialized structures, the build-up
of galaxy morphologies, and other secondary properties (such

⋆ e-mail: laigle@iap.fr

that the dynamical state of the halos or their velocity anisotropy
profiles, see e.g., Borzyszkowski et al. 2017).

This role of the cosmic web on integrated galaxy proper-
ties, such as mass, star-forming types, or morphology has now
been assessed in observations at low redshift. A growing num-
ber of analyses (e.g., Malavasi et al. 2017a; Kraljic et al. 2018;
Laigle et al. 2018) have provided evidence that the variations of
these properties correlate not only with density, but also with
distance to cosmic web filaments on various scales. In brief,
more massive galaxies are found closer to the filament spines.
However, these results are still challenged, since limited statis-
tics hamper their significance. It is still debated by some whether
this trend can be entirely parametrised by a local density index
(O’Kane et al. 2024), or if there is a second effect of proxim-
ity to the filament on top of the effect of local density (Kuutma
et al. 2017; Kraljic et al. 2018). In addition, it is so far obser-
vationally unclear how this signal evolves with redshift in terms
of star-formation rate (e.g., Darvish et al. 2014, found an en-
hancement of star-forming galaxies in filaments at z ≃ 1) and
morphology, since morphology was out of reach at high redshift
from most past large-volume photometric surveys. The first ob-
jective of this paper is to demonstrate with the Euclid Quick Data
Release 1 (Q1: Euclid Collaboration: Aussel et al. 2025) that the
Euclid survey (Laureijs et al. 2011; Euclid Collaboration: Mel-
lier et al. 2024) will allow us to refine the analysis of the de-
pendency of galaxy properties as a function of their large-scale
environment. The Euclid survey will offer all together excellent
galaxy morphologies, a very wide area, and a large redshift cov-
erage. Although the Q1 data set is a very small fraction of the full
Euclid Wide Survey (EWS), it covers about 30 times the area of
the Cosmic Evolution Survey (COSMOS, Scoville et al. 2007),
where studies on cosmic web were already successfully carried
out (see e.g., Darvish et al. 2017; Laigle et al. 2018; Taamoli
et al. 2024; Ko et al. 2024).

It is theoretically expected that the imprint of the anisotropic
cosmic web should be stronger on galactic alignments than on
masses and star-formation rates. Alignments are indeed related
to the history of angular momentum acquisition, which is di-
rectly shaped by tides (the full tensor of the Hessian of the grav-
itational field), hence the anisotropic geometry of the environ-
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ment. The star-formation rate primarily depends on the host halo
mass and growth (Fu et al. 2025), hence mostly on the amplitude
of the local density (the trace of the Hessian of the gravitational
field). Several theoretical studies have demonstrated that galaxy
angular momenta and shapes are expected to be impacted by the
proximity to their nearest larger-scale environment. These align-
ments are seeded in the initial conditions of the matter density
field (Codis et al. 2015), and arise via tidal torquing (Schäfer
2009, for a review). Later on, matter accreted as secondary in-
fall spins up halos and rotation-dominated galaxies, which are
expected to end up with their spins aligned with cosmic fila-
ments up to a certain mass (log10 M∗/M⊙ < 10.5, see e.g., Codis
et al. 2012, 2015; Laigle et al. 2015; Codis et al. 2018). Mergers
along filaments cause spin flip (Codis et al. 2012; Dubois et al.
2014; Welker et al. 2014; Welker et al. 2016), as orbital momen-
tum is converted into internal momentum. This in turn suggests
that bulge strength, a tracer for merger remnant should correlate
with alignment (Barsanti et al. 2022). As for massive dispersion-
dominated objects, they are expected to be tidally stretched along
the large-scale structure (Schäfer 2009). An alignment of galaxy
spins and shapes is also expected with sheets at the boundary of
voids (d’Assignies D. et al. 2022; Dávila-Kurbán et al. 2023), but
the observational signature of that is still unclear. The overall sig-
nal of alignment with cosmic web filaments has been widely ex-
plored in simulations (e.g., Wang et al. 2018; Ganeshaiah Veena
et al. 2019; Lee 2019; Lee & Moon 2022; Kraljic et al. 2020;
Cadiou et al. 2021, 2022a,b).

Although these works agree qualitatively on the pattern of
spin and shape alignments with filaments and sheets of the cos-
mic web, the amplitude of the trend and mass threshold for the
spin transition are expected to depend on the scale of the fil-
aments the galaxies live in (e.g., Codis et al. 2012; Ganesha-
iah Veena et al. 2021). In addition, gas accretion, mergers, and
feedback are highly non linear processes that will play a role
in modifying the galaxy alignments signal. This is noticeable
when comparing the alignment signal of galaxies measured in
different simulations (e.g., comparing the Horizon-AGN simula-
tion by Dubois et al. 2014 and the Illustris-TNG simulation by
Nelson et al. 2018, Pillepich et al. 2018), which assume vari-
ous subgrid recipes (the amplitude of the alignment signal with
the density field can vary by a factor up to 2.4 between differ-
ent state-of-the-art hydrodynamical simulations, see Zhang et al.
2023). In this sense, if correctly understood, intrinsic alignments
of specific populations of galaxies could directly be used as a
constraint for galaxy-formation models.

While intrinsic alignments offer valuable insights into galaxy
formation and evolution, they also pose a significant chal-
lenge for weak gravitational lensing studies. Alignment between
galaxy shapes and the cosmic web also results in pairwise align-
ments between neighbouring galaxies (see e.g., Joachimi et al.
2015 and Lamman et al. 2024 for reviews). This effect must be
carefully quantified and modelled to avoid contamination on cos-
mological analyses based on cosmic shear statistics (Bernstein &
Jarvis 2002; Hirata & Seljak 2004). Based on simulations Chis-
ari et al. (2015) and Tenneti et al. (2016) found that early-type
galaxies tend to align radially (towards other early-type, or over-
densities) while disc galaxies tend to align tangentially (see also,
Samuroff et al. 2021; Euclid Collaboration: Hoffmann et al., in
prep.). For disc galaxies, it is not clear if the alignment signal
persists when measured in projection. Observationally, many de-
tections of pairwise galaxy shape intrinsic alignments were re-
ported for red and early-type galaxies (see e.g., Singh et al. 2015;
Georgiou et al. 2019; Johnston et al. 2019; Fortuna et al. 2021;
Samuroff et al. 2023; Hervas Peters et al. 2024) at low redshift,

in a pattern qualitatively consistent with the simulation results,
and dependent on wavelength and redshift. The detections are
inevitably fewer at high redshift. Tonegawa & Okumura (2022)
reported the first detection of the intrinsic alignment signal at
z > 1 for red galaxies. We emphasise that the present paper is not
focused on measuring the pairwise intrinsic alignment signal for
cosmological studies. We rather aim at demonstrating that quan-
tifying the alignments of galaxy shapes with the cosmic web and
their variations with galaxy masses and morphologies that will
be possible with Euclid, for the purpose of better constraining
galaxy formation models. However, the detection presented in
this paper is promising for future mitigation of intrinsic align-
ment systematics in cosmic shear.

Several observational works already explored galaxy shape
or spin alignments with respect either to cosmic filaments or
large-scale overdensities. First alignment signals were reported
in the Sloan Digital Sky Survey at z < 0.2 (SDSS, e.g,. Jones
et al. 2010; Tempel et al. 2013; Tempel & Libeskind 2013), us-
ing the photometric shape of the galaxies as a proxy to infer the
spin direction. Thanks to spectroscopy kinematics, spin align-
ment with filaments were also measured in the Mapping Nearby
Galaxies at APO survey at z < 0.15 (MaNGA, Kraljic et al.
2021), in SAMI at z < 0.13 (Welker et al. 2020), with the COS-
MOS HI Large Extragalactic Survey at z < 0.1 (Blue Bird et al.
2020). For galaxy shapes (of luminous red galaxies), alignments
were measured in SDSS at z ≲ 0.4 (e.g., Singh et al. 2015; Chen
et al. 2019; Desai & Ryden 2022). Alignment of galaxies with
the cosmic web filaments are in general inevitably restricted to
low redshift, due to the difficulty to reconstruct the cosmic web
environment at high redshift from photometric surveys. These
studies consistently report shape alignments for red, elliptical
galaxies (the galaxy major axes being aligned with cosmic fil-
aments), but the alignment of blue, late-type galaxies is debated.
Recently, Tonegawa et al. (2024) reported a weak deviation from
zero for the alignment of blue galaxies at z ≃ 1.47. We note
that there is a specific interest of exploring galaxy alignments
at higher redshift, because the late-type alignment signal is ex-
pected to strengthen at higher redshift (Codis et al. 2018), while
the alignments of early-type should show the opposite trend.

The Euclid survey will become a game changer in this re-
spect, because it will offer both large volume and excellent imag-
ing quality thanks to data from the VIS instrument (Euclid Col-
laboration: Cropper et al. 2024) carefully processed by the OU-
VIS pipeline (Euclid Collaboration: McCracken et al. 2025). The
second objective of this paper is therefore to demonstrate with
the Q1 data set that the Euclid survey will allow us to place new
constraints on these alignment trends.

Reconstructing the 3D cosmic web is anticipated to be fea-
sible using the Euclid spectroscopic sample in the Euclid Deep
Fields (EDFs) once they reach their full depth (Euclid Collabo-
ration: Kraljic et al., in prep.). The Q1 data set, although cover-
ing the EDFs, is currently limited to the depth of the EWS. The
density of tracers with reliable spectroscopic redshifts is con-
sequently too sparse to provide an accurate view of the cosmic
web at the scale required for galaxy evolution studies. Therefore,
this paper explores an alternative method. Galaxy properties and
orientations in the cosmic web will be studied in projection in
thick tomographic slices using the photometric redshift sample,
following a method sketched by Laigle et al. (2018) for the COS-
MOS field (see also e.g., Sarron et al. 2019; Lazar et al. 2023).

Throughout this paper, we adopt a Planck 2013 cosmology
(Planck Collaboration 2014). The paper is organised as follows.
Section 2 describes the observed and simulated data sets. Sec-
tion 3 presents the tool to extract the galaxy density field and the
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skeleton. Section 4 presents the measurements. Section 5 wraps
up and outlines future directions.

2. Data

2.1. Q1 release

This work relies on the photometric catalogues from the Q1 data
set, which have been extracted from the three EDFs: EDF North
(EDF-N), EDF South (EDF-S) and EDF Fornax (EDF-F). These
are described in Euclid Collaboration: Aussel et al. (2025). Al-
though they span the EDFs, the Q1 data set are representative
of the EWS in terms of photometric depth, namely a 5σ depth
of 26.0, 23.8, 24.0, 24.0 in the IE, YE, JE, and HE filters, respec-
tively (Euclid Collaboration: Tucci et al. 2025). Photometric cat-
alogues have been extracted by the OU-MER pipeline (Euclid
Collaboration: Romelli et al. 2025) from images from the VIS
(IE, Euclid Collaboration: Cropper et al. 2024) and NISP (YE,
JE, HE, Euclid Collaboration: Jahnke et al. 2024) instruments
processed by OU-VIS (Euclid Collaboration: McCracken et al.
2025) and OU-NIR (Euclid Collaboration: Polenta et al. 2025),
together with external companion data from ground-based tele-
scopes. Although the area of the Q1 data is very small with
respect to existing stage-III surveys, such as the Dark Energy
Survey (Flaugher et al. 2015), the Kilo-Degree Survey (de Jong
et al. 2015), and the Hyper Suprime-Cam Subaru Strategic Pro-
gram (Aihara et al. 2018), it is competitive in terms of depth, and
the VIS images have much better resolution (see below), which
is crucial to measure accurate morphologies and shape orienta-
tions.

2.1.1. Galaxy morphologies

VIS images are particularly valuable to derive accurate galaxy
morphologies and orientations on the sky, thanks to the pixel size
of 0 .′′1 and excellent point spread function (PSF, with a full width
at half maximum smaller than 0 .′′16, see Euclid Collaboration:
McCracken et al. 2025). Catalogues from OU-MER contain a
variety of morphological measurements for detected parameters,
including Sérsic parametric fits (Sérsic 1963) measured with the
SourceXtractor++ software (Bertin et al. 2020; Kümmel et al.
2022), and deep-learning-based visual-like morphologies (Eu-
clid Collaboration: Romelli et al. 2025). In this work, we rely
in particular on the Sérsic index measured on the VIS images
through SourceXtractor++ to quantify galaxy morphologies
(see Euclid Collaboration: Quilley et al. 2025, for a compre-
hensive study of galaxy morphologies in Q1 data). We consider
massive galaxies at low redshift, which are mostly very well re-
solved (see Fig. A.1), and therefore have very robust Sérsic in-
dices (with a typical error in nsersic smaller than 0.2).

2.1.2. Photometric redshifts and stellar masses

Photometric redshifts and stellar masses are obtained through the
OU-PHZ pipeline (Euclid Collaboration: Tucci et al. 2025). OU-
PHZ has developed two methods for photometric redshift esti-
mates, one based on template-fitting called Phosphoros, and an-
other one based on machine-learning called Nearest-Neighbour
Photometric Redshifts (NNPZ). As described in Euclid Collab-
oration: Tucci et al. (2025), in the Q1 release, Phosphoros is
used to derive photometric redshifts and return the Bayesian pos-
terior distribution of the redshift for each galaxy. On the other
hand, NNPZ is a supervised-learning algorithm that computes
galaxy properties (redshift, masses, and other properties) based

on the nearest-neighbours method. It therefore requires a cali-
bration sample. The Q1 release of NNPZ properties contains the
mode, median and 68% percentiles of the 30 closest weighted
neighbours in the reference sample, but no Bayesian posteriors.
We note that galaxies are therefore given a redshift both from
the Phosphoros and NNPZ algorithms. In this paper, we need
to rely on the redshift posteriors to build many realisations of
our tomographic slices, as described in Sect. 3.1. We therefore
rely on the Phosphoros output to reconstruct the cosmic web,
since the full posterior from NNPZ is not available. For consis-
tency, we use also the Phosphoros photometric redshifts to as-
sign galaxies to their most likely host slices. However, to quan-
tify the evolution of galaxy masses in the cosmic web, we use
the NNPZ stellar masses, given that masses are not available from
the Phosphoros algorithm. As a consequence, we keep in our
final fiducial sample only galaxies for which the median NNPZ
redshift is included in the smallest interval containing 70% (i.e.,
encompassing ±1σ, this interval is an output of the Q1 release)
of the Phosphoros redshift posterior distribution of a galaxy,
called PDF(z). The percentage of galaxies for which the me-
dian NNPZ redshift does not fall in the 70% interval from the
Phosphoros PDF(z) is higher in EDF-N, with values of 30.7%,
24.3%, and 23.9% in EDF-N, EDF-S and EDF-F, respectively
(all masses, assuming that the mode of the Phosphoros red-
shift and the median NNPZ redshift are both in the range 0.5–
0.9). By comparing to spectroscopic redshifts available through
public surveys, Euclid Collaboration: Tucci et al. (2025) found a
dispersion σNMAD ≃ 0.03 and a fraction of catastrophic outliers
η ≃ 0.1 at IE < 23 in all EDFs. At IE < 24.5, the dispersion
is σNMAD ≃ 0.04 and σNMAD ≃ 0.06 and the fraction of catas-
trophic outliers is η ≃ 0.16 and η ≃ 0.27 in the EDF-N and
EDF-F+EDF-S respectively.

2.1.3. Final sample

The catalogues used in this study were retrieved through the
Euclid science archive system, selecting all galaxies from the
MER catalogue with the mode of the photometric redshift from
Phosphoros z < 1. We then apply a series of cuts to our final
sample to maximise its quality and remove potential artefacts
(see also Euclid Collaboration: Quilley et al. 2025, for a full ex-
planation on these cuts). Figure A.1 presents the properties of
this sample in comparison to the VIS depth and PSF FWHM:

– VIS_DET= 1 (the source must be detected in the IE band)
and flux_vis_Sersic > 0 (the source must have a non-
null flux from the Sersic fit);

– phz_flags = 0 and phys_param_flags= 0 (the source
has been classified as a galaxy by the OU-PHZ pipeline);

– Sersic_Sersic_vis_axis_ratio > 0.05 together with
Sersic_Sersic_vis_radius < 2 semimajor_axis,
which mostly remove residual diffraction spikes of bright
stars or cosmic rays;

– Sersic_Sersic_vis_radius > 0 .′′16, where 0 .′′16 is taken
as the VIS PSF FWHM (Euclid Collaboration: McCracken
et al. 2025), to remove unresolved galaxies.

When analysing galaxy properties, we impose additional
conditions on their redshift, as explained in Sect. 2.1.2. We also
impose conditions on the Sérsic parameters to avoid fits that
reach the limits of the parameter space instead of converging
to a meaningful solution: Sersic_Sersic_vis_axis_ratio
< 1.0 and 0.302 < Sersic_Sersic_vis_index < 5.45.
When measuring galaxy shape orientations with respect to fil-
aments, we select galaxies with a certain elongation, required
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Fig. 1. Galaxy distribution in the plane of Sérsic index versus mass for
all galaxies in our fiducial sample in the EDFs at 0.5 < z < 0.9. The
black dashed line corresponds to the boundary for the early-type galaxy
domain. Density contours are overlaid in white.

to measure an angle with respect to filaments, by imposing
Sersic_Sersic_vis_axis_ratio < 0.9. We also impose the
error on the position angle Sersic_angle_err to remain be-
low 1. Because we rely on the Sérsic index to separate early-type
and late-type galaxies, we also impose the error on the Sérsic in-
dex Sersic_err to be smaller than 1. We discuss in Fig. A.2 to
what extent these cuts bias our fiducial sample. Although these
cuts guarantee a clean sample, we note that relaxing them does
not change our conclusions (see Fig. C.1).

2.1.4. Early-type galaxy population

Figure 1 displays the galaxy distribution in the plane of Sérsic
index versus stellar mass. Only hexagons containing more than
200 galaxies are displayed. The Sérsic index characterises the
steepness of the light profile. Early-type galaxies tend to have
a more concentrated light profile, hence a higher Sérsic index.
Therefore this representation allows us to easily distinguish be-
tween early-type and late-type galaxies (Euclid Collaboration:
Quilley et al. 2025). Early-type galaxies are those located at the
top of the diagram, with mostly log10(M∗/M⊙) > 10.3 and Sérsic
index nsersic > 1.5. We therefore adopt in our analysis the crite-
rion of nsersic > 1.5 for this population, with this Sérsic index
threshold roughly corresponding to a minimum in the isocon-
tours on this diagram (Fig. C.4 highlights how our alignment
result changes when varying this criterion).

2.2. The DAWN catalogues

For the purpose of understanding the impact of photometric red-
shift uncertainties on the reconstructed cosmic filaments, we
rely on the DR1 catalogues (Euclid Collaboration: Zalesky et al.
2024) from the Cosmic Dawn Survey (DAWN, Euclid Collab-
oration: McPartland et al. 2024), which are made available for
part of two EDFs: Euclid Deep Field North and Euclid Deep
Field Fornax. These catalogues (photometry extraction and com-
putation of galaxy properties) were derived independently of
Euclid: therefore we do not use them to derive the main re-
sults presented in this work. However, in particular thanks to the
deep optical imaging from Hyper Suprime Camera on Subaru
(Miyazaki et al. 2018) and the IR photometry from Spitzer/IRAC
data (Euclid Collaboration: Moneti et al. 2022), this data set
reaches higher photometric redshift accuracy than the Q1 cat-
alogues, especially concerning the fraction of catastrophic out-
liers (with a dispersion σNMAD ≃ 0.05 and a fraction of catas-
trophic outliers η < 0.08 at i < 25, for photometric redshifts
derived with the LePhare software, Ilbert et al. 2006; Arnouts
& Ilbert 2011). They can be used to validate our cosmic-web
extraction. This quality assessment is provided in Appendix B.
In addition, Fig. C.2 shows the alignment results derived using
these catalogues.

3. Methods

3.1. Designing tomographic slices

We rely on photometric redshifts derived with Phosphoros to
estimate the position of galaxies along the line of sight. The
smallest redshift interval encompassing 70% of the PDF(z) of
galaxies more massive than 1010M⊙ is of the order of 0.1 at z < 1
(see Fig. 2), which makes a 3D-reconstruction of the cosmic web
network impossible. Therefore, cosmic filaments are extracted
in 2D tomographic slices, the thickness of which is calibrated
on the typical redshift uncertainties (see e.g., Laigle et al. 2018).
The top panels of Fig. 2 presents the redshift uncertainties up
to z = 1 in the three EDFs for different mass thresholds. The
smallest redshift interval encompassing 70% of the PDF(z) were
derived from the Phosphoros output, as a function of redshift
and galaxy masses. In each redshift bin, the markers indicate the
mean of the redshift interval, and the error bars indicate the 16th
and 84th percentiles of the galaxy distribution in this bin. A 5σ
clipping is applied before computing these statistics. The bot-
tom panel translates this uncertainty in terms of the equivalent
confusion length in comoving h−1Mpc. At 0.5 < z < 0.9, the
corresponding comoving length is of the order of 170 h−1Mpc
for galaxies more massive than 1010.3M⊙. We exclude the range
z < 0.5 where the lack of blue optical photometry does not allow
us to precisely constrain precisely the Balmer break for these
galaxies, hence limiting the redshift accuracy (see e.g., Laigle
et al. 2019). We therefore extract the cosmic web in slices of
thickness 170 h−1Mpc using only galaxies more massive than
1010.3M⊙, with an overlap thickness of 90 h−1Mpc. We have 10
overlapping slices over 0.5 < z < 0.9.

Given their photometric redshift uncertainties, galaxies only
have a certain probability to be present in a given tomographic
slice. To account for this uncertainty in the reconstruction, we
perform 100 realisations of each slice by drawing redshifts under
the PDF(z) of each galaxy. We note that the density of galaxies
used as tracers of the cosmic web varies slightly over the redshift
range, owing both to the evolution of the galaxy number density
above this mass threshold, and to the widening of the galaxy red-
shift posterior distribution towards higher redshift. We choose
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Fig. 2. Top panels: smallest redshift interval containing 70% of the probability derived from the Phosphoros PDF(z) as a function of redshift and
masses for galaxies in EDF-N (left), EDF-S (middle), and EDF-F (right), as described in Sect. 2.1. In each redshift bin, the markers indicate the
mean of the 70% z-interval, and the error bars indicate the 16th and 84th percentiles. A 5σ clipping is applied before computing these statistics.
Because we rely on the NNPZ stellar masses to select galaxies, we also impose for consistency that the NNPZ median redshift fall in the 70%
z-interval. Bottom panels: the corresponding uncertainty in h−1Mpc, which characterises the typical confusion length of galaxies along the line
of sight. The black dashed line indicates the thickness for tomographic slices that we consider in this study, calibrated to encompass photometric
redshift errors of galaxies more massive than 1010.3 M⊙ at 0.5 < z < 0.9. The grey shaded area indicates the redshift range considered in this study.

Fig. 3. Zoom into the slice from the EDF-F at z = 0.55 with three selected galaxy cutouts from the MER mosaic (left subpanels), with their
positions in the slice marked with coloured squares. In the top right corner of each cutout, we displayed the orientation of the closest segment
in each of the realisations (the distance to the galaxy on the stamp is not representative of the real distance). The coordinates of the galaxies are
indicated in the bottom of the cutout. The slice thickness is 170 h−1Mpc. One hundred realisations from the DisPerSE skeleton extracted in 2D
are overplotted, color-coded by log10 [⟨dtfe⟩/σdtfe], which is the density estimation from the Delaunay tesselation (in one of the realisations) in
the background (normalised by the standard deviation). Dots represent galaxies in one realisation of the slice, with their size scaling with galaxy
masses. The subpanels in the two middle columns display the distribution of galaxy projected angles and distances between the galaxy main axis
and the closest filament in each of the 100 realisations. We made use of the ESA Datalabs resources (ESA Datalabs 2021) to extract galaxy stamps
shown here.
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not to correct for this evolving density, since disentangling the
underlying causes is not straightforward. Given the minimal evo-
lution of the massive end of the mass function over this redshift
range (see e.g., Shuntov et al. 2022), this choice is reasonable.
However, this approach will need to be revisited when extending
the redshift range with future Euclid releases.

3.2. Filament identifications

The cosmic web is extracted using the DisPerSE algorithm
(Sousbie 2011; Sousbie et al. 2011). The density field is first
estimated in each realisation of each slice by computing a Delau-
nay tessellation (Delaunay 1934) on the discrete distribution of
galaxies. The angular sky coordinates of galaxies were converted
to their stereographic projection prior to this computation.1 Cos-
mic filaments are then identified in 2D in each realisation of each
slice as the special lines connecting topologically robust pairs of
saddle-peak critical points. Therefore, the extraction is non-local
in the sense that what determines the presence of a filament at a
given location is not only the amplitude of the overdensity with
respect to the local background, but also the distribution of mat-
ter on a larger scale. The set of segments that compose the ex-
tracted cosmic web is called the “skeleton" in the following.

3.3. Persistence

In DisPerSE, the extraction of cosmic structures is parame-
terised by the persistence threshold. Persistence measures the
significance of critical pairs within the Delaunay tessellation
built on a random discrete Poisson distribution, and is expressed
in numbers of σ. Thus, the filtering of low-persistence structures
ensures that the extraction is robust with respect to noise. Previ-
ous studies calibrated the persistence threshold relying on com-
parisons with mocks extracted from cosmological simulations.
In the context of Euclid, Euclid Collaboration: Malavasi et al., in
prep. investigated with mocks mimicking the noise level of the
EWS that such a low persistence threshold (of the order of 2σ)
is required in 2D to guarantee the retrieval of cosmic structures
that are at a persistence of the order of 5σ in 3D (i.e., that are
very significant with respect to noise). The main results of this
work are based on a persistent threshold of 1.5σ to maximise
the number of detected structures. We show in Appendix C that
choosing a 2σ persistence threshold does not change our con-
clusions. Notably our approach inherently filters out unreliable
filaments by performing multiple realizations of the cosmic web
extraction through sampling the PDF(z) of galaxies. Robust fil-
aments are those that consistently emerge from the noise across
many realisations, as illustrated in Fig. 3.

3.4. Smoothing

Filaments extracted by DisPerSE are composed of segments
that follow the edges of triangles in the Delaunay tessellation.

1 The stereographic projection does not change the triangulation (the
way galaxies are connected either on the sphere surface or in the projec-
tion is the same), but does change the area of triangles. In DisPerSE,
the density is taken as inversely proportional to the area of a triangle
in the tessellation. Given that the extents of the fields are small (a few
degrees at most), the ratio between the area of the triangles computed
on the sphere (in 3D cartesian coordinates) and computed on the pro-
jection varies very little across the field. We checked that whether or not
we replace the area of the triangle in the tessellation by the one it would
have on the sphere has no impact on the resulting filament catalogue.

Their direction is therefore stochastic at very small scales due
to the discretisation of the particle distribution that traces the
density field. To capture the main direction of filaments and ac-
curately measure the alignment of galaxy shapes, the skeleton
is smoothed over 10 segments. Smoothing averages the position
of the segments which are part of the filaments over a smooth-
ing length, but does not modify the position of the critical points
nor the number of segments per filament. Varying the smooth-
ing strength has been tested and does not significantly affect the
results (see Appendix C).

Figure 3 presents a zoom into the cosmic web reconstruction
in the EDF-F, with a few galaxy cutouts to present the method.
The closer the different realisations of a cosmic filament are, the
more likely this filament is a real projected filament. Note that
Euclid Collaboration: Gouin et al. (2025) presented a match of
the cosmic filaments extracted in a similar way with external
cluster catalogues, which is another way to assess the robustness
of the extraction. For consistency, a quality assessment of the
reconstruction is also provided in Appendix B, which presents
results on the DAWN catalogues for comparison.

In Appendix B, we present an estimate of the typical confu-
sion on the filament positions based on the multiple realisations
of the cosmic web in the same slice. We note little variation as a
function of redshift and across fields. The median uncertainties
∆skl are 0.76, 0.68, and 0.70 h−1Mpc at 0.5 < z < 0.7 and 0.85,
0.80, and 0.85 h−1Mpc at 0.5 < z < 0.9 in the EDF-N, EDF-S,
and EDF-F respectively.

3.4.1. Density

Finally, we also estimate the local density ΣN , following Baldry
et al. (2006), from the distance to the Nth closest galaxy dN (see
also e.g, Bluck et al. 2020; McDonough et al. 2025). In each
realisation of the slice, we compute

ΣN =
N
πd2

N

, (1)

using all the galaxies with a stellar mass log10(M∗/M⊙) > 10.3
in the 170 h−1Mpc thick slices. We principally explored Σ5 and
Σ10, but the results presented in Fig. 5 are not strongly dependent
on N, so we only displayed the measurement for Σ5. Typically,
Σ5 varies from 0.1 (h−1Mpc)−2 (low density) to 250 (h−1Mpc)−2

(high density).

3.5. Measuring distances to filaments and galaxy orientation

Galaxy isophotal position angles are measured with the
SourceXtractor++ software (Bertin et al. 2020; Kümmel et al.
2022) from the VIS images by the MER pipeline (Euclid Col-
laboration: Romelli et al. 2025). An elliptically symmetric 2-
dimensional Sérsic profile is fitted from the VIS images (see e.g.,
Euclid Collaboration: Quilley et al. 2025, for a quality assess-
ment of the angles). The fitting procedure takes the PSF model
as an input file and the Sérsic profile is convolved with the PSF
prior to the fit, which minimises the contamination of position
angles by the PSF. In addition, since the galaxies considered
in this study are particularly well resolved, spurious alignment
signal driven by PSF ellipticity is unlikely, which Appendix C
confirms through additional validation tests. Finally, we do not
detect any signal when reshuffling galaxy position angles with
respect to filaments (see Sect. 4.3), which further confirms the
absence of spurious signal driven by systematics in the posi-
tion angles themselves. This reshuffling was performed indepen-
dently for early-type and late-type galaxies in order to make sure
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that there are no morphology-dependent systematic effect in the
galaxy position angles.

Only galaxies with their median NNPZ falling in the small-
est z-interval encompassing 70% of the Phosphorus PDF(z)
are kept in the sample. For the measurements presented below,
we rely jointly on galaxy NNPZ masses and redshifts. Because
the joint probability of masses and redshifts are not released as
part of the Q1 sample, we cannot perform a fully probabilis-
tic assignment of galaxies to tomographic slices. Therefore, we
only associate galaxies with their most likely tomographic slice
based on the mode of their Phosphorus redshift phz_mode_1.
For each realisation of the filament extraction, the distance to
the closest filament and the position angles between the galaxy
major axis and the closest filament segment are measured. The
distance to the closest filament is then converted into comoving
h−1Mpc using the mean redshift of the tomographic slice. In the

following, we call θfil the position angle on the sky between the
galaxy major axis and the closest filament, and dfil the distance
of the galaxy to its closest filament. Through this approach, we
build for each galaxy a distribution of distances and angles with
respect to cosmic filaments, as displayed in the sub-panels of
Fig. 3. Galaxy shapes and filaments are non-oriented angles and
therefore the angles vary from 0◦ to 90◦. The expected averaged
angle in the case of random alignment is therefore 45◦.

4. Results

4.1. Statistics of galaxies in the cosmic web

In order to check the homogeneity of the measurement quality
across the three EDFs, we present in Fig. 4 the distribution of
galaxies around filaments in bins of mass for each of the three
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EDFs. For each galaxy, we compute the distance to the clos-
est filament in all realisations of the skeleton, building a PDF
of distances to filament for each galaxy. To build Fig. 4, the
PDF of distances to filaments for all galaxies were stacked to-
gether. There is no significant evolution of these distributions
when splitting into different redshift bins. We also indicate with
a black vertical dashed line the typical uncertainty on filament
position (see Appendix B). Unsurprisingly, more massive galax-
ies lie closer to the filament spines, as was highlighted in many
previous works (e.g., Malavasi et al. 2017a; Kraljic et al. 2018;
Laigle et al. 2018; O’Kane et al. 2024). This effect is at first
order driven by the fact that filaments are large-scale overdensi-
ties. They induce a density boost, allowing the proto-halo to pass
the critical threshold of collapse earlier (Kaiser 1984). Besides
the basic effect of the amplitude of the local density, the cosmic
web imposes tides, which will modulate the halo accretion rate
as a function of distance to saddles and nodes of the filaments
(Musso et al. 2018). As a consequence of these two effects, the
halo mass function is expected to be biased in the vicinity of
the large-scale cosmic filaments (e.g., Alonso et al. 2015). Since
galaxy mass is mainly driven by halo mass, the natural conse-
quence is to find more massive galaxies closer to the filament
spines, which is also noticeable from the large-scale clustering
of galaxies as a function of mass (e.g., Alam et al. 2019).

4.2. Galaxy morphologies in the cosmic web

Figure 5 presents the distribution of Sérsic index versus mass
for galaxies in the selected sample, colour-coded by mean dis-
tance of galaxies to filaments and local density, Σ5, measured
from the inverse distance to the 5th neighbour. To build this
figure, the distributions of distances and densities obtained for
each galaxy from the different slice realisations are stacked. Each
hexagon is coloured by the median of the stacked distribution in
the hexagon. The measurements of all EDFs are combined here.
The median distance to filaments smoothly varies across this di-
agram as a function of both stellar mass and Sérsic index, early
type galaxies being on average closer to filaments than late-type
galaxies. This is still true at fixed stellar mass: at a given stellar
mass, galaxies that have a late-type morphology are more likely
to lie further away from the cosmic filament spines. We note
that the gradients in distance to filaments and density are simi-
lar, but not completely equivalent, suggesting that distance to fil-
aments and density are not completely interchangeable. This is
further illustrated on the right panel of this figure, which displays
the correlation between density and distance to filament, colour-
coded by the median stellar mass of galaxies falling into each
hexagon. Stellar mass gradients are neither horizontal nor verti-
cal, suggesting that both environmental estimators play a role in
shaping mass assembly.

4.3. Shape alignment with cosmic filaments

Figure 6 presents the 2D distribution of galaxies in the plane de-
fined by Sérsic index and masses, but colour-coded by their an-
gle between galaxy major axis and their closest filaments (θfil).
To build this figure, the distributions of distances and densi-
ties obtained for each galaxy from the different slice realisations
are stacked. In addition, to account for uncertainties on galaxy
masses and Sérsic indices, 16 realisations of masses and Sérsic
indices are drawn for each galaxy by assuming for each quan-
tity (either mass or Sérsic index) a normal distribution with a
standard deviation matching its 1σ-uncertainty. Each hexagon is
coloured by the median of the stacked distributions of galaxies
falling in the hexagon. Figure 6 presents the result after keeping
only galaxies with a median distance to filament smaller than
twice ∆skl (where ∆skl is the typical uncertainty on filament po-
sitions, which is of the order of 0.8 h−1Mpc, see Sect. 3 and
Fig. B.1). For early-type galaxies, we notice by eye a trend for θfil
to systematically depart from random orientation (which would
be characterised by ⟨θfil⟩ ≃ 45◦ since the angles are in the range
0◦–90◦). A weak signal for late-type galaxies to have θfil smaller
than 45◦ seems noticeable. In Fig. C.6, we present the standard
error on the mean in each hexagon.

To further quantify this trend, we then separate the popula-
tion of early-type and late-type galaxies, using the boundary line
defined in Sect. 2.1.3. The stacked normalised distribution of an-
gles for the early-type population on the one hand, and for the
rest of the population on the other hand, is displayed in Fig. 7, as
a function of stellar mass threshold. The grey area corresponds
to random position angles, obtained by reshuffling galaxy posi-
tion angles (across each field independently) within a population
(early-type or late-type above log10(M/M⊙) > 10) while keeping
fixed the rest of their properties (position and mass). To build
this figure, we add up the contribution of all angle measure-
ments in all realisations, so as to account for the spread of the
angle probability distribution function in the measurement. Er-
ror bars are obtained by bootstrapping the distribution of galax-
ies 100 times. The alignment signal between galaxy major axes
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and cosmic web filaments increases as we isolate more mas-
sive galaxies. Given the error bars, the signal is significant at
all masses. No significant perpendicular alignment is detected
for late-type galaxies given the error bars, except at the stellar
mass threshold log10(M∗/M⊙) > 10.4. We note however that our
cut on stellar mass does not allow us to explore the perpendic-
ular alignment signal of late-type galaxies at low-mass, where
it is potentially stronger. In addition, the cut at nsersic = 1.5 to
distinguish between early-type and late-type galaxies might be
too coarse and not optimal. We also expect the alignment signal
to be much stronger for early-type galaxies, especially at mod-
erate redshift (see Codis et al. 2018, on the Horizon-AGN simu-
lation). In Appendix C, we present the result for the three differ-
ent fields independently, with different selection cuts, variations
of the skeleton extraction parametrisation, and two methods to
estimate the uncertainties (bootstrap or jackknife resampling).
The alignment signal of early-type galaxies remains robust to
all these changes, as well as the perpendicular alignment signal
of late-type galaxies with stellar mass log10(M∗/M⊙) > 10.4 (al-
though no signal is found when isolating the most massive galax-
ies in this mass range). We also note that increasing the nsersic
threshold to select early-type galaxies strengthen their alignment
signal.

5. Discussion

Using the Q1 data set, we have investigated the correlation be-
tween galaxy shapes and their surrounding cosmic web fila-
ments. We have extracted the distribution of projected cosmic
filaments in 170 h−1Mpc-thick tomographic slices over the red-
shift range 0.5 < z < 0.9, using about 100 000 galaxies more
massive than 1010M⊙ in our more conservative sample. The main
findings of this study are as follows:

– We recover projected cosmic filaments (Fig. 3), with a posi-
tional uncertainty driven by photometric redshifts of the or-
der of ≃ 0.8 h−1Mpc. The comparison to external data sets
supports the reliability of the extraction (Appendix B).

– We find in each of the three EDFs that massive galaxies
are more clustered around projected filament spines (Fig. 4).
To first order, this can be attributed to the biased halo mass

function within filaments, driven by the increased probabil-
ity of collapse in overdense regions on the one hand, and to
the modulation of halo accretion rates (anisotropic assem-
bly bias) influenced by the tidal forces exerted by the cosmic
web on the other hand. At this stage, we cannot distinguish
between the different possible causes for this trend and we
specifically cannot claim evidences for assembly bias.

– The average distances of galaxies to filaments vary with their
Sérsic indices and masses (Fig. 5). This trend is not entirely
equivalent to changes in local density. Early-type galaxies
are observed to lie closer to the filament spines than late-
type galaxies, suggesting that they are more prone to envi-
ronmental interactions within cosmic filaments, which can
drive morphological transformations.

– When analysing the orientation between the projected major
axis of galaxies and the direction of projected filaments for
increasing mass thresholds, we observe an increased proba-
bility for early-type galaxies to align with the projected fila-
ments (Fig. 7). There is a weak signal for late-type galaxies
with log10(M∗/M⊙) > 10.4 to depart from random orienta-
tions (in the sense of a perpendicular alignment).

This work confirms the trend that early-type galaxy ma-
jor axes tend to align with cosmic web filaments in a mass-
dependent fashion, a result which was already highlighted in
previous results, but at lower redshifts (e.g., Singh et al. 2015;
Chen et al. 2019; Desai & Ryden 2022). Alignment of late-type
and low-mass galaxies, if it exists, is expected to be more subtle
(see e.g., Codis et al. 2018). The lack of significant detection in
our work except at log10(M∗/M⊙) > 10.4 could be the conse-
quence of projection effects due to the large slice thickness, as
well as the photometric redshift and stellar mass uncertainties, or
a combination of both. A proper investigation of the alignment
of low-mass galaxies still needs to be carried out, since we re-
stricted our measurements here to log10(M∗/M⊙) > 10. Further-
more, the separation between early-type and late-type galaxies
could be refined by optimising the cut on the Sérsic index.

In addition, we note that the effect of projection, especially in
thick slices, has inevitably a non-negligible impact on the cosmic
web reconstruction and on the alignment signal. In thick slices,
filaments cannot be disentangled from matter sheets seen in pro-
jection, and nodes, which in 3D are maxima of the density field
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in the direction towards which filaments are converging, can sim-
ply in 2D be overlapping projected filaments, that are not neces-
sarily connected in the 3D volume. Moreover, physically unre-
lated peaks of the density field in 3D may appear close in 2D,
which can drive the detection of filaments linking them. As for
the alignment signal with filaments, it can also be strongly re-
duced depending on the orientation of the filament with respect
to the viewing angle (Zhang et al. 2023). Such blurring effects
of the signal could be at least partially overcome with the large
statistics that the EWS will offer us. Additional analyses on sim-
ulations should be carried out to further optimise the cosmic web
extraction method and its parametrisation.

Although this study was conducted using the Q1 data set
– a very small subset of the final Euclid survey – it already
highlights our future ability to precisely characterise the cosmic
web environment of galaxies with the future EDS. Future Eu-
clid releases will enhance these measurements further, extend-
ing the redshift and mass ranges explored in this study. This
will be made possible thanks to the excellent quality of the pho-
tometric redshifts that is expected in the EDFs when they will
reach their full depth and will be combined with data from the
DAWN survey. Reducing the uncertainties on photometric red-
shifts will also allow us to reduce the thickness of the tomo-
graphic slices and therefore to minimise the associated projec-
tion effects, hence enhancing the quality of the cosmic web re-
construction. We can therefore expect that we will be able to con-
duct finer analyses of the impact of the cosmic web environment
on galaxy properties including their morphologies (see e.g., Eu-
clid Collaboration: Quilley et al. 2025) and star-formation state
(see e.g., Euclid Collaboration: Enia et al. 2025; Euclid Collab-
oration: Corcho-Caballero et al. 2025), on an unparalleled large
survey area. In particular, future work will analyse these trends
not only in terms of stellar masses and Sérsic indices, but also
as a function of galaxy bulge existence and prominence, which
are parameters related to the galaxy quenching state (Lang et al.
2014; Bremer et al. 2018; Bluck et al. 2020, 2022; Dimauro et al.
2022; Quilley & de Lapparent 2022). These parameters can be
quantified based on the excellent photometry from VIS (Euclid
Collaboration: Cropper et al. 2024; Euclid Collaboration: Mc-
Cracken et al. 2025) and powerful tools developed by the Euclid
Consortium to characterise galaxy morphologies (Euclid Col-
laboration: Romelli et al. 2025; Euclid Collaboration: Walms-
ley et al. 2025). Finally, when the Euclid spectroscopic sample
produced thanks to the NISP instrument (Euclid Collaboration:
Jahnke et al. 2024) will reach it full depth in the EDFs, we an-
ticipate that the 3D-reconstruction of the cosmic network will be
possible (Euclid Collaboration: Kraljic et al., in prep.). This will
open new possibilities for analysing correlations between galaxy
orientations and the cosmic web without suffering projection ef-
fects.
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Fig. A.1. Properties of our fiducial sample. Left: Distribution of stellar mass versus VIS magnitude. The vertical dashed line indicates the depth at
10σ for extended objects: all galaxies above our stellar mass limit of 1010 M⊙ have a signal-to-noise ratio larger than 10. Middle: Distribution of
stellar mass versus the effective diameter estimated from the Sérsic fit. The vertical lines indicate twice the PSF FWHM. By selection, all galaxies
in our fiducial sample have a diameter larger than twice the PSF FWHM, so they can be considered as resolved. Right: Stellar mass versus redshift.
The stellar mass cut at 1010 M⊙ ensures a complete sample in the redshift range 0.5 < z < 1.
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Fig. A.2. Properties of our fiducial sample. Left: Distribution of Sérsic ratio and uncertainties on the position angle. Our fiducial sample contains
only galaxies with a Sérsic ratio smaller than 0.9 and an error on the position angle smaller then one. The grey transparent area indicates galaxies
that are rejected by our selection. Their properties are displayed in the middle and right panels. Middle: Fraction of rejected galaxies Ngal out/Ngal
as a function of Sérsic index and stellar masses. Right: Distribution of rejected galaxies in terms of distances to filaments dfil and alignment angles
θfil.

Appendix A: Properties of the fiducial sample

Figure A.1 presents the properties of our fiducial sample, in comparison to the depth and FWHM of the VIS images. More specif-
ically, the figure highlights that our selected galaxies have a signal-to-noise ratio larger than 10 (left panel), are resolved (their
diameters are larger than twice the VIS PSF FWHM, middle panel) and our cut at log10(M∗/M⊙) > 10 for the main sample analysed
in this work is well above the stellar mass completeness.

To further characterise the fiducial catalogue, we quantify how the cut at 0.9 in SERSIC_RATIO and at 1 in SERSIC_ANGLE_ERR
potentially biases the sample. Figure A.2 shows the selection on the left panel, the Sérsic index and mass distribution of the rejected
galaxies (those which fall on the shaded area in the left panel) in the middle panel, and the distribution of θfil and dfil on the
right panel. Galaxies with SERSIC_RATIO close to 1 and large SERSIC_ANGLE_ERR are distributed everywhere, but they are more
numerous at very high Sérsic indexes and low masses. They do not occupy specific locations in the diagram of θfil versus dfil.
However excluding them or not does not significantly change the alignment signal (see Fig. C.1).
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Fig. B.2. Similar to Fig. 2, but for galaxies in the DAWN catalogues. Top panels: Redshift interval encompassing 68% of the PDF(z) around the
median redshift (derived with LePhare) as a function of redshifts and stellar masses in the two fields covered by the DAWN survey. Bottom panels:
Corresponding uncertainty in h−1Mpc on galaxy positions along the line of sight.

Appendix B: Quality assessment of the cosmic web reconstruction

Appendix B.1: Uncertainties on filament positions

Figure B.1 presents an estimate of the typical confusion on the filament positions. For a given segment, we measure the mean of
the distances to the closest counterparts in all other realisations of the cosmic web in the same tomographic slice. We note little
variation as a function of redshift, but the confusion is slightly higher at low redshift in the EDF-N than in the two other fields. The
median of these distributions are 0.76, 0.68 and 0.70 h−1Mpc at 0.5 < z < 0.7 and 0.85, 0.80, and 0.85 h−1Mpc at 0.5 < z < 0.9 in
the EDF-N, EDF-S, and EDF-F respectively.

Appendix B.2: Comparison to the Cosmic Dawn Survey

We rely on the DAWN catalogues described in Sect. 2 (covering part of the EDF-F and EDF-N) to perform a quality assessment
of the cosmic web extraction, because the photometric redshifts are significantly better than in the Q1 release. In order to remove
possible artefacts and filter only galaxies with reliable photometric redshifts, we apply the following cut:
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Fig. B.3. Visualisation of the cosmic web reconstruction based on the Q1 data set with a persistence threshold of σ = 1.5 (left) and the DAWN
catalogues with a persistence threshold of σ = 1.5 (middle) and σ = 2.5 at z = 0.71 in the EDF-N (top panels) and EDF-F (bottom panels).

– MODEL_FLAG = 0, the TRACTOR model has converged;
– SOLUTION_MODEL is a galaxy;
– lp_NbFilt > 5, more than five photometric filters have been used to derive galaxy parameters;
– HSC_X_VALID the photometry is trustworthy in at least one of the HSC filters.

Figure B.2 presents the photometric redshift uncertainties in this data set, estimated from the interval containing 68% of the
PDF(z) around the median redshift. This estimator is comparable to the one presented in Fig. 2. In the EDF-N, the typical pho-
tometric redshift uncertainty at z = 0.6 is 0.04 in the DAWN catalogues, while it is 0.08 in the Q1 sample for galaxies with
log10(M∗/M⊙) > 10.3. In EDF-F, the improvement is noticeable with the DAWN catalogues, but less substantial. With much better
photometric redshifts, the 2D cosmic web extracted in tomographic slices will be closer to the true projected cosmic structures
and can be used as a reference. Figure B.3 presents a visualisation of the tomographic slice at z = 0.71 in the DAWN and in the
Q1 data sets, in both the EDF-F and the EDF-N. Visually, the agreement is good. In particular, we note that the cosmic filaments
reconstructed in the Q1 data set have in general a counterpart in the DAWN filament data sets, but these filaments are not necessarily
the most significant ones, even when comparing to a skeleton extracted with a higher persistence (σ = 2.5). Many filaments in the
DAWN skeleton do not have a counterpart in the Q1 skeleton.

We further quantify the similarity between both cosmic-web filament data sets, following an approach outlined in Euclid Col-
laboration: Malavasi et al., in prep. For each segment in the Q1 skeleton that overlap with the DAWN area, we look for its closer
counterparts in the DAWN realisations of the skeleton. We then trace the distribution of the distances to DAWN filaments and the
distribution of angles between both skeleton segments. We also compare the distance of galaxies to filaments in both skeletons, as
well as their orientations with respect to filaments, for galaxies in our fiducial sample. When related to the DAWN skeleton, the Q1
galaxies were first matched with the DAWN catalogues based on their sky position, and we attribute to them the photometric redshift
from the DAWN catalogue. The results are presented in Fig. B.4. We find that the median best-match distances are 0.6 h−1Mpc and
0.7 h−1Mpc at 0.5 < z < 0.7 and 0.7 h−1Mpc and 0.8 h−1Mpc at 0.7 < z < 0.9 in EDF-F and EDF-N, respectively, while the median
angles between skeleton sets are 38 degrees and 37 degrees at 0.5 < z < 0.7 in EDF-F and EDF-N, respectively. Remarkably,
we note that although the quality of the reconstruction is poorer in Q1 data compared to DAWN in EDF-N, there is still a similar
agreement (in terms of distance to skeleton and orientations) with the DAWN skeleton than in EDF-F. In other words, many DAWN
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Fig. B.4. Quality assessment of the skeleton extracted in Q1, from the comparison with the DAWN skeletons in the EDF-F (top) and EDF-N
(bottom). The left and middle left panels show the distribution of distances and angles between both skeleton sets. The middle right and right panel
show how distances and angle of galaxies with respect to the DAWN skeleton compare with those measured with respect to the Q1 skeleton. The
correlation coefficient is given in the bottom right corner of each subpanel. When related to the DAWN skeleton, galaxies from the Q1 release
were positionally matched with the DAWN catalogues, and got assigned the redshift of the DAWN catalogue.

filaments are missed in the EDF-N Q1 skeleton (as seen in Fig. B.3), but those filaments that are reconstructed are robust in the
sense that they are present in the DAWN data set. Obviously, it should be acknowledged that the DAWN catalogues cannot replace
a simulation to conduct dedicated tests on the quality of the extracted cosmic web skeleton.

Finally, we also compute the alignment of galaxy shapes with respect to the DAWN skeleton. The result is presented in Fig. C.2.

Appendix C: Quality assessment of the measurements of angles with respect to filaments

Appendix C.1: Impact of the selection and skeleton parameterisation

To assess the robustness of our measurement with respect to field cosmic variance, sample selection and skeleton parametrisation,
we recomputed the mean alignment signal at the same mass thresholds as presented in Fig. 7 for various selections and skeleton
extractions.

In Fig. C.1, we progressively relax the different criterion on Sersic_index, Sersic_ratio and Sersic_angle_err, and
median distance of galaxies to filaments. The latter has the largest effect on reducing the alignment signal, but overall the signal
remains robust for early-type galaxies, and for late-type galaxies at the mass threshold of log10(M∗/M⊙) > 10.4. In addition, we
compute both bootstrap uncertainties (drawing 100 samples) and jackknife uncertainties. To do so, we divide each field on the sky
in squares of 1 deg2, and we re-compute the mean angles while excluding one square at a time. In general jackknife and bootstrap
statistics are comparable, with two exceptions: in the highest mass bin for late-type galaxies(log10 M∗/M⊙ > 10.8) and for early-
type galaxies (log10 M∗/M⊙ > 11), where the jackknife errors are much larger and make the signal consistent with zero. As a matter
of fact, high-mass galaxies are rarer and much more sensitive to sampling variance, which is partly encapsulated in the jackknife
estimate. In addition, the high clustering and strong alignment signal of high mass galaxies both make them more sensitive to
erroneous cosmic web filament extraction: nearby massive galaxies aligning together with the true underlying dark matter filament
could display a strong and systematic mis-alignment if this filament is incorrectly extracted. In turn, this will increase the variance
on the sky of the signal. Such variance is not captured by the bootstrap resampling.

In Fig. C.2 we present the alignment for various flavours of the skeleton extraction. We also display the signal of alignment
measured with respect to the skeleton extracted from the DAWN catalogue. To measure it, galaxies in the DAWN and Q1 catalogues
are positionally matched, and galaxies are assigned to the closest tomographic slices based on their redshifts from the DAWN
catalogue. We note that the result on the DAWN catalogues are consistent with the Q1 data set or the early-type galaxies, but the
error bars are much larger, owing to the smaller area covered by DAWN.
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Fig. C.1. Box plots displaying the alignment angle θfil of early-type (red) and late-type (blue) galaxies at different mass thresholds for various
selections of the sample, with uncertainties estimated from bootstrap (left) or jackknife (right) methods. While the cuts on Sersic_index (middle
left), Sersic_ratio and Sersic_angle_err (middle right) have little effect, relaxing the criterion on the median distance of galaxies to filament
(right) reduces the signal for both late-type and early-type galaxies.
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Fig. C.2. Box plots displaying the alignment angle θfil of early-type (red) and late-type (blue) galaxies at different mass thresholds for various
parametrisations of the skeleton extraction (the persistence threshold σ and the smoothing length of filaments sm), with uncertainties estimated
from bootstrap (left) or jackknife (right) methods, while keeping fixed the selection of galaxies. The right marker corresponds to the signal
measured in the DAWN skeleton (with a persistence σ = 1.5 and filament smoothing length of 10 segments).

Figure C.3 presents the alignment signal in the three EDFs independently. The consistency of the signal across fields is an
additional guarantee of its robustness. Boxes corresponding to selections with less than 2000 galaxies are shown in transparency.
They generally follow the trend but show larger variability.

Finally, Fig. C.4 presents the alignment measurement when selecting early-type and late-type galaxies by varying the cut on
the Sérsic index. In particular, we highlight that the alignment is more significant for galaxies at higher Sérsic index. For late-type
galaxies, the same seems to apply for the alignment of galaxies with log10(M∗/M⊙) > 10.4: a more stringent selection (cutting at
nsersic < 1 instead of nsersic < 1.5) isolate more galaxies which tend to present the opposite alignment. This is not true for the most
massive late-type galaxies (log10(M∗/M⊙) > 10.8).
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Fig. C.4. Box plots displaying the alignment angles θfil of early-type (red) and late-type (blue) galaxies at different mass thresholds based on
different selections of early-type and late-type galaxies than chosen in Fig. 7 (where a threshold nsersic = 1.5 was used distinguish between both
populations).

Appendix C.2: Variations of position angles across the VIS FPA

In order to explore possible systematics in the measurement of galaxy position angles, Fig. C.5 displays the variation of position
angles across the VIS Focal Plane Array (FPA), to investigate if residuals from the VIS processing could be the cause for the detected
signal. In particular, we want to investigate systematic variations of the galaxy position angles across the FPA, which could in this
case be driven by PSF variations or astrometric distortion residuals. Figure C.5 does not show any obvious trend at the scale of the
FPA, although the mean galaxy position angle on some VIS Charged Coupled Devices (CCD) depart from 0 by more than 1σ. The
right panel shows the absence of correlation between the mean galaxy position angle per CCD and the mean θfil per CCD.
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gives the mean value per CCD, and the middle panel the associated standard deviation, both computed from bootstrap resampling of the galaxy
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Fig. C.6. Standard error on the mean angle θfil in each hexagon. The mean angle is presented in Fig. 6.

Appendix C.3: Standard error on the results presented in Fig. 6

Figure C.6 presents the standard error on the mean position angle between galaxy major axes and cosmic web filaments in the plane
of Sérsic index versus mass.
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