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Figure 1. The walls (colour coded randomly) and filaments (dark colour for
all filaments, light colour for filaments of higher persistence) extracted from
the DM density field of one of the mocks. The purpose of the reconstruction
performed in this study is to recover as accurately as possible the geometry
of this cosmic web, since it defines the metric in which we can constrain
dark energy. In order to assess this accuracy, we focus on the number counts
and clustering properties of the critical points associated with peaks, voids,
filaments and walls of the cosmic web. We also compute the connectivity of
its nodes.

instruments and can be used at intermediate (⇠ 1 Mpc/⌘) to large
(⇠ 200 Mpc/⌘) scales as a tracer of the underlying density field. The
prospect of using tomography of the Ly-U forest for reconstructing
the cosmic web (Bond et al. 1996) has a long history (see e.g. Pichon
et al. 2001; D’Odorico et al. 2006; Caucci et al. 2008; Gallerani
et al. 2011; Kitaura et al. 2012; Cisewski et al. 2014a; Ozbek et al.
2016; Japelj et al. 2019; Horowitz et al. 2019, 2021b) and is now
within reach from current (e.g. CLAMATO: Lee & White 2016;
Krolewski et al. 2018; Lee et al. 2018; Newman et al. 2020, eBOSS-
Stripe 82 Ahumada et al. 2020; Ravoux et al. 2020) and upcoming
quasar or star-forming galaxy surveys (e.g. WEAVE-QSO: Pieri
et al. 2016, Pieri et al. in prep., PFS: Takada et al. 2014 or DESI:
DESI Collaboration et al. 2016). Such reconstruction represents an
unparalleled opportunity, as it gives us access to many large and
intermediate scales (Bernardeau et al. 2002). Its success relies on
the orders-of-magnitude better sensitivity of detection of neutral
hydrogen in absorption (when compared to emission), along Gpc-
long lines-of-sight (Petitjean et al. 1995; Rauch 1998). Hence Ly-U
tomography provides means to characterise the expansion-driven
geometry of the cosmic web in the lead up to the epoch of dark
energy domination.

Depending on the design of the surveys (sampling of back-
ground sources, availability of quasar and/or galaxy spectra, spectral
resolution and signal-to-noise ratio), di�erent scales and volumes
will be accessible, making the tomographic reconstruction either
more suitable for studies focused on co-evolution of galaxies and the
intergalactic-medium (if filaments can be reconstructed at the Mpc-
scale) or for cosmological analysis (if large volumes are available).
Using idealized mocks, the pioneering work of Caucci et al. (2008)
demonstrated that the topology of the cosmic web traced either by

Minkowski functionals, such as the genus (Hamilton et al. 1986), or
the skeleton (Sousbie et al. 2011) could be well-recovered with this
method. In the same vein, Horowitz et al. (2019) showed that cos-
mic web structure classification from eigenvalues and eigenvectors
of the pseudo-deformation tensor could be accurately performed,
while Horowitz et al. (2021b) focused on proto-cluster identifica-
tion (see also e.g. Cisewski et al. 2014b; Ozbek et al. 2016; Japelj
et al. 2019, for complementary mock-based analyses of the quality
of the reconstruction). In particular, several reconstruction methods
have been presented in the literature. Wiener filtering is the classical
approach, but di�erent procedures have also been proposed, either
involving a sophistication of the standard Wiener Filter (e.g. Li et al.
2021), a forward modelling approach (e.g. Porqueres et al. 2020;
Horowitz et al. 2021b), or convolutional neural networks (Harring-
ton et al. 2021).

Encouraged by these theoretical pursuits, three-dimensional
reconstruction of the density field from the Ly-U forest has already
been successfully performed in observational surveys, notably with
the CLAMATO program (see Horowitz et al. 2021a, for the lat-
est release) and eBOSS-Stripe 82 (Ravoux et al. 2020). The Ly-U
forest has proven to be a powerful tracer of the density field, par-
ticularly sensitive to intermediate densities: therefore tomographic
reconstruction should allow us to characterise the geometry of the
weakly over- and under-dense regions of the Universe, i.e. specifi-
cally the walls and filaments of the cosmic web (see Fig. 1 for an
illustration).

The clustering properties of maxima of 3D density fields were
predicted for Gaussian random field by Regos & Szalay (1995) and
revisited more recently by Baldauf et al. (2021). Such predictions
provide insight on their dependency over cosmological parameters.
More recently, Shim et al. (2021) systematically investigated the
statistical properties of all critical points (i.e. the loci of zero gradi-
ent) of the cosmic field of ⇤CDM simulations, and in particular the
number counts and clustering properties of wall-like and filament-
like saddle points1. As they trace the relative position of walls and
filaments (beyond the more standard peaks and voids), these sad-
dle points help characterise the global geometry and evolution of
the cosmic web (Cadiou et al. 2020). They define the underlying
topology, which makes them robust to most systematics (e.g. bias-
ing). Wall-saddle clustering encodes the typical size of voids (Stark
et al. 2015), while the cross-correlation of peaks and filament-type
saddles is sensitive to the typical length of filaments. These sets of
points probe less biased regions than galaxy surveys (Desjacques
et al. 2018), hence their dynamics are better captured by perturba-
tion theory (Gay et al. 2012). Shim et al. (2021) showed that the
statistical properties of the set of critical points such as the size of
the exclusion zones are weakly dependent on redshift, hence could
in principle be used as standard rulers (Lazkoz et al. 2008; Appleby
et al. 2021) to constrain alternative cosmology models (e.g. Bamba
et al. 2012).

The WEAVE-QSO survey, as part of the wider WHT Extended
Aperture Velocity Explorer (WEAVE, Dalton et al. 2012) survey,
is potentially well-suited to deriving cosmologically meaningful
statistics with critical points. Its large volume will make it possible
to probe the large-scale structure over several thousands of square
degrees allowing us to characterise the geometry of weakly over-
and under-dense regions of the Universe, while its high density will
allow to reach scales as small as ⇠ 16 Mpc/⌘. Could the Ly-U

1 Recall that a saddle point is a point where the gradient is null, but that is
neither a minimum nor a maximum.
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LSST main 2023

LSST extension 2025

LSST extension 2026

DES

Context: large spectroscopic and photometric surveys
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Euclid

Credit: JC Cuillandre, 2020

Credit: C Blake, 2019

Spectroscopic survey footprint Photometric survey footprint

● DESI 14,000 deg2 based on BASS, MzLS, DECaLS, DES imaging
● PFS 1,400 deg2 in the 3 HSC footprints
● WEAVE-QSO will observe 400,000 spectra in 6,000 deg2 in the SDSS footprint
● GOYA survey will observe high-redshift galaxies behind galaxy clusters

● Euclid will observe 15,000 deg2

● LSST will observe 12,000 deg2



Large scale surveys roadmap

● eBOSS: Final cosmological papers published eBOSS collaboration et al. , Press Release July 2020.

● EMIR: Technical issues. New detectors planned end of 2021. Survey starting 2022 (degraded mode) and ending in 2023.
● DESI: 47h SV observations in Dec 2021 (>50k redshifts). Lensing+clustering+void mock challenge.
● HSC-CLAUDS: Data acquired. Analysis on bright and faint galaxy evolution measurements up to z = 3.
● WEAVE-QSO: Science observations starting in 2022.

● PFS: Integration of 2nd & 3rd spectrographs at LAM. Science observations starting possibly in 2023.
● Euclid: NISP & VIS being integrated on spacecraft. Scientific preparatory work & papers on-going.
● LSST: 3200 megapixels camera took first image in Sept. 2020. Scientific preparatory work & papers on-going.
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Surveys Start [- End] Surveys Expected start

eBOSS 2015 - 2019 PFS 2024

GOYA/EMIR 2018 - 2023 LSST 2024

DESI 2020 - 2025

HSC-CLAUDS 2016 - 2021

WEAVE 2023 -

Euclid 2023 -

https://ui.adsabs.harvard.edu/public-libraries/zjBkevkvQoCBUhWbnd38qg
https://www.sdss.org/press-releases/no-need-to-mind-the-gap/


Project organisation
● Objectives: Understanding (1) cosmology (DE, gravity, expansion rate, geometry…) and 

(2) the build-up of the cosmic web and first galaxies with the large-scale structure

● Organisation
○ 3 labs involved: LAM, CPPM, CPT
○ 40 members in 2022
○ Duration: 2020-2024
○ Budget used in 2022: 9.8 k€
○ Wiki page: https://projets.lam.fr/projects/class/wiki

● CLASS meetings
○ Planning of a meeting for the 1st semester 2023
○ Recurrent sub-projects meetings between CPPM, LAM and CPT
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Project human resources
New PhD:
● Lucas Saunière at CPPM, Performance verification of the Euclid NISP instrument
● Simone Sartori at CPPM, Cross-correlation between cosmic voids and CMB

New members:
● Elena Sarpa, postdoc at CPPM
● Corentin Ravoux , postdoc at CPPM

Departures:
● Katarina Kraljic (LAM), 
● Sylvain Gouyou Beauchamps (CPPM)
● Philippe Baratta (CPPM)
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Theoretical developments on cosmological models
Cosmological models beyond homogeneity, isotropy, and flatness

• Study of spatial curvature modelling in galaxy clustering
and using the clustering ratio
• New CMB-independent constraints on curvature

(Omega_k=0.004+/-0.050) from the clustering ratio

J. Bel, … , C. Marinoni and L. Perenon 2022

Figure 3. As in Figure 2, but for odd multipoles. Top: Odd multipoles at z = 0.5. Bottom: Ratio with the
monopole at z = 0.5 (in colours) and at z = 1 (in grey).

Figure 4. Left: Fractional di↵erence with the plane-parallel limit for even multipoles at z = 0.5. Right: Ratio
of odd multipoles to monopole at z = 0.5.

function monopole by up to 0.5% on scales above 80h�1Mpc at low redshift (z ⇠ 0.5). Since we will
consider measurements of the Clustering Ratio which involve scales of about this range, we need to
assess how much wide-angle e↵ects can alter it.

– 11 –

Figure 9. As in Figure 8, with di↵erent data sets and K⇤CDM parameters.

at 68% CL. Note that this evidence in favour of a flat-space Universe is stable and does not change if
SNIa data are not included in the likelihood analysis: in this last case we obtain ⌦K,0 = 0.0484+0.0748

�0.0756.
Our finding confirms and strengthen the results of [7], which uses similar external information (BBN
prior, SNIa+BAO data), but a di↵erent clustering probe (full-shape analysis of the BOSS power
spectrum) to obtain ⌦K,0 = �0.043+0.036

�0.036 (68% CL).
We also obtain, at 68% CL,

⌦m,0 = 0.3210± 0.0121 , H0 = 67.55+1.60
�1.63 km/s/Mpc

(K⇤CDM: CR + RSD + BBN + BAO +SNIa), (4.5)

which are fully compatible with constraints obtained by fitting the flat ⇤CDM six-parameter baseline
model to clustering+BAO+BBN data [74] (H0 = 66.0+2.0

�1.7 km/s/Mpc) – despite the fact that curva-
ture is treated in our analysis as a free fitting parameter. Our results are also compatible with fitting
the concordance model to Planck CMB power spectra (TT, TE, EE+lowE): ⌦m,0 = 0.3166± 0.0084

– 22 –

2.4 Clustering Ratio

We have shown how wide-angle and curvature e↵ects have a non-trivial impact on the galaxy 2-point
correlation function in redshift space. We now apply the analysis to study how they a↵ect a di↵erent,
though related, clustering statistic, namely the Clustering Ratio of matter, defined as [44, 53, 54]:

⌘R(r) ⌘
⇠
(0)
R (r)

�
2
R

, (2.43)

where R is the smoothing scale for the matter density contrast:

�R(x) =

Z
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0). (2.44)

Here WR is a spherical top-hat filter and the smoothed 2-point correlation function is

⇠R(x1,x2) =
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3y2WR(y2 � x2)WR(y1 � x1) ⇠m(y1,y2). (2.45)

Without additional assumptions on the properties of the 2-point correlation in redshift space,
it is not possible to further simplify the integral (2.45). Therefore, in order to evaluate it, we
use a Monte Carlo integration method: we draw a uniform distribution of y1 and y2 within their
respective integration domain. Then at fixed x1 it is possible to evaluate ⇠R(r, µ), where r is the
comoving distance between x1 and x2 and µ = cos �1 (see subsection 2.3). We can finally estimate the

amplitude of the multipoles ⇠(l)R (r), up to order 4, from (2.42), using a Gauss-Legendre quadrature.
As a result, if ⇠R(r, µ) is well described by a polynomial of order 9 (its first nine multipoles), then the
function that needs to be integrated is a polynomial of order 13 (because we will focus on multipoles
of order  4). Thus the result of the quadrature is exact if we choose a Gauss-Legendre quadrature
of order 7 (N = (n + 1)/2). In this case, the only source of error in the integration process will be
the Monte Carlo error. This is why we evaluate the integral 80 times to estimate the error on our
Monte Carlo integration.

On the other hand, if the plane-parallel approximation is adopted, the integral (2.45) can be
simplified. This leads to the same formal expression as for the 2-point correlation function, given in
(2.39)–(2.41):

⇠
(0)
ppR(r) = b

2
D

2

✓
1 +

2

3
� +

1

5
�
2)

◆
⌅(0,0)
R (�), (2.46)

⇠
(2)
ppR(r) = b

2
D

2

✓
4

3
� +

4

7
�
2

◆
⌅(1,2)
R (�), (2.47)

⇠
(4)
ppR(r) =

8

35
b
2
D

2
�
2 ⌅(2,4)

R (�), (2.48)

where

⌅(n,l)
R (�) ⌘ 4⇡(�1)n

Z
d⌫

(⌫2 � 4K)n
⌫
2S(⌫)

h
W

(K)(⌫, R/a0)
i2

X
(K)
l (⌫,�). (2.49)

The function W
(K) can be computed from (2.44):

W
(K)(⌫,�) =

4⇡

V (K)(�)

1

⌫(⌫2 �K)

⇥
CK(�) sin(⌫�)� ⌫SK(�) cos(⌫�)

⇤
, (2.50)

where
V

(K)(�) = K⇡a
3
0

⇥
2�� SK(2�)

⇤
, (2.51)

– 12 –

Clustering ratio



Theoretical developments on cosmological models
Cosmological models beyond homogeneity, isotropy, and flatness

• Study of the expansion rate fluctuation to characterize
deviations from the linear reaction between redshift and 
distance in the local Universe

• Useful to better understand H0 tension with model where
global uniformity is violated

B. Kalbouneh, C. Marinoni, J. Bel 2022
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centered on zero. Also the spherical harmonic analysis of the
residual expansion rate fluctuation field ⌘(pantheon)�⌘(CF3g)
shows that the axial anisotropy is now e↵ectively removed:
the residual dipolar modulation points in the direction (l ⇠
40, b ⇠ 15)) and the power locked in this component is
Ĉ1 = 0.8 ⇥ 10�4, about twice as small than the residual signal
obtained after correcting redshifts with the peculiar velocity
field model.

The advantages of this debiasing scheme are not insignif-
icant. First, we achieve better anisotropy subtraction with a
three-parameter model (cf. eq. 33) than using corrected dis-
tance modules using numerical grids of peculiar velocities. In
addition, correcting for ⌘ fluctuations has a significant impact
on the estimate of H0. The Hubble parameter that best fits
the Pantheon sample (in the range 0.01 < z < 0.05) is larger
by 2� than that determined on the basis of observed redshifts
alone (�H0 = 0.7 km/s/Mpc). Also the normalized �2 (for 157
degrees of freedom) improves in a statistically significant way
(from 1.03 to 0.96), signaling that data are better described by
a linear redshift-distance relation.

D. The scale of anisotropies

How far does this anisotropic pattern extend? For galaxy
samples, the determination of redshift-independent distances
becomes problematic at high redshift. Only SN data give ac-
cess to the deep regions of the Universe. However, the SN
sample is very incomplete in its coverage of the sky, a fact
that prevents the extension of the study of angular anisotropies
beyond the z = 0.05 limit.

Many studies seem to agree that the expansion rate is
slightly higher in the direction of the generic CMB dipole
(see [83] for a review) even at redshifts much higher than
those we investigated. However, the reported magnitude of
this anisotropy depends on the sample analyzed and, for the
same sample, seems to depend on the technique used to mea-
sure it (e.g., [17]). The statistical significance of deviations
from uniformity is also at stake. For example, with regard
to studies of supernovae samples, some papers either indicate
their significance, and thus the potential biasing e↵ect on the
inference of cosmological parameters ([36]), or refute them as
pure statistical fluctuation ([19, 84]).

Fig 12 shows the di↵erence between the best fitting H0 in
the apex and antiapex direction also including all objects in
the CF3 sample (also those beyond the z = 0.05 cut imposed
for our analysis, i.e. N = 739 objects in the apex direction
and N = 159 in the antiapex direction). It is fair to say that
the problem of characterising the extent of the radial scale of
the local anisotropy remains unanswered by current data.

It is clear that, from the point of view of the Standard
Model, the anisotropy of the Hubble diagram should be sup-
pressed as a function of distance if the amplitude of the pecu-
liar motions has an upper limit. Therefore, it would be surpris-
ing if the anisotropy of the expansion rate fluctuation extended
consistently beyond z ⇠ 0.1. However, as detailed above, even
if the contribution of the peculiar velocities is modeled and
subtracted, the structure of the residual anisotropy in the ex-
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FIG. 12: Di↵erence between the best fitting antipodal values of H0
for CF3 objects. The Hubble diagram is constructed using objects
within 60� from the apex (l = 285, b = 11) and antiapex directions.
Points represent estimates in the cumulative intervals 0.01 < z < zmax

(upper panel) and in di↵erential intervals (lower panel).

pansion rate fluctuations remains unchanged. This is a fact
that should not be overlooked, as it could be an indication of
possible shortcomings of the standard gravitational paradigm.

VI. CONCLUSION

The failure to converge on a consensus value of the Hub-
ble’s constant triggered investigations into the reliability of
geometric descriptions of the local spacetime that deviate
from the standard cosmological metric. The question that
arises is whether metrics with lower symmetries, while still
simple, provide a reliable description of the data in the local
patch of the Universe where global uniformity is violated.

We address this problem, from a new angle, trying to go
beyond the standard perturbative approaches by which non-
uniformities in the local expansion rate are accounted for in
the standard model. To this end, we have designed an observ-
able that captures, in a statistically unbiased way, the average
angular fluctuations in the local expansion rate. The observ-
able ⌘ is fully model independent not requiring any knowledge

8

FIG. 4: Upper panel: the angular ⌘ field traced by the CF3. From left to right are shown di↵erent resolution maps corresponding to the
tessellation of the sky with 192, 48 and 12 HEALPix cells. The dipole ⌘1 (second panel from the top), quadrupole ⌘2 (third panel from the
top), and octupole ⌘3 (bottom panel) components are also shown.

We remark that this direction is not far away from that of the
Shapley Concentration which also roughly coincides with that
of the Great Attractor [71]. We will further develop the physi-
cal implications of this preferential axis when we discuss bulk
flows in section V B.

We then ask whether this long-range dipole correlation
found in each data sample is statistically significant. To an-
swer the question we compare our hypothesis (occurrence of
a truly physical anisotropic dipole) against the probability of
the occurrence of a dipole, as a statistical fluctuation, in a
model where the fluctuations in H0 are uncorrelated. To this
end, we perform Monte Carlo simulations to reconstruct the
p-value statistics to invalidate our null-hypothesis against ob-
served data. Specifically, we consider a model of the expan-
sion rate fluctuation ⌘ that contains only the monopole and no
higher order terms and generate 10000 Monte Carlo mock cat-
alogs simulating each data set. This is done by replacing the

model distances with a fictitious one randomly drawn from a
Gaussian distribution G(⌘,�⌘), where �⌘ is the observational
error quoted for each object in the various data samples. For
each simulation, we calculate the power in the resulting dipole
(Ĉsim

1 ) and compare it with the observed one Ĉ
obs

1 . We then
estimate the frequency p with which Ĉ

sim

1 > Ĉ
obs

1 . A stan-
dard rule of thumb consists in rejecting the null hypothesis,
i.e. refute the statistical significance of the signal we observe,
if p > 5%. On the contrary, we find that p is virtually zero, i.e.

p < 10�4 for CF3g and also critically low p = 0.3% and 4.4%
for CF3sn and the Pantheon sample respectively (see TABLE
I), thus confirming the non-accidental nature of the dipolar
anisotropy.

We further note that the dipole in the expansion rate fluctua-
tions is consistently tracked by the various samples of galaxies
and supernovae. Its intensity and direction agree fairly well
and fluctuations from one catalog to the next are within what



Development of methods for analysing the LSS

• Study joint analysis of BAO in configuration and
Fourier spaces in eBOSS LRG

• Being extended to RSD

• Will be applied on first DESI data in 2023

Joint space fits - CS, FS and JS analysis

Baryon Acoustic Oscillations modelling

Dummerchat & Bautista et al. 2022



Development of methods for analysing the LSS

• Use Fast Action Method to reconstruct past cosmic
web and quantify the intergrated evolution of the
large-scale environments (T-WEB, voids, filaments,
nodes, walls)

• Very promising for application the real data from
future redshift surveys

Reconstructed environments with eFAM

Cosmic web reconstruction

Tracing the environmental history of observed galaxies via eFAM reconstruction 5

Figure 1. Visual comparison of cosmic web patterns as detected in the reconstructed (top row) and simulated (bottom row) galaxy catalogues at three di�erent
redshifts. Each panel illustrates the segmentation of structures in a 1.68⌘�1Mpc thick slice. Di�erent colours correspond to voids (dark-blue), sheets (light-blue),
filaments (yellow), and clusters (red). Units are in ⌘�1Mpc.

Section 4.2.1, this particular behaviour of reconstructed clusters does
not impact the study of cluster galaxies properties since it occurs at
I > 1 where only a few galaxies belong to clusters. Finally, Figure 1,
clearly shows that the reconstructed cosmic web fairly reproduces the
spatial distribution of the di�erent structures in the simulated field.

4.1.2 Volume filling fraction

We quantify the global agreement between the reconstructed and
simulated cosmic webs by means of the Volume Filling Fraction
(VFF) of di�erent structures types. For grid-based classifiers, the
VFF is defined as +��8 = #i/# , where the index 8 = V, S, F,C
refers to voids, sheets, filaments, and clusters, respectively, #8 is the
number of cells of type 8, and # is the total number of cells cover-
ing the volume. Having imposed that a homogeneous distribution is
described solely by voids, we expect +��V to increase with redshift
and +��S, +��F, and +��C to decrease.

The top panel of Figure 2 shows the evolution of the reconstructed
(thick lines) and simulated (shaded lines) VFFs as a function of
redshift. The colour code is the same as in Figure 1. At each redshift,
error bars represent the standard deviations obtained by rescaling
the eigenvalues in the T-web classification by 100 values of the bias
drawn from a Gaussian distribution with mean and variance set by
modelling the galaxy two-point correlation function (see Equation 3).

The evolution of the VFF confirms the results presented in Figure 1.
In both datasets, voids and sheets dominate the web, with the former
increasingly permeating the space as the distribution becomes more
homogeneous. Simultaneously, sheets, filaments, and clusters occupy
a lower fraction of volume with increasing redshift. The reconstructed
and simulated VFF agree within 1f across the redshift range 0.07 <
I < 1.2 as shown in the bottom panel of Figure 2 where we plot the
residuals between the two curves. At I > 1.2, eFAM reconstructions
underestimates the volume occupied by filaments in favour of sheets.

4.1.3 Purity of structures

The standard approach to assess the quality of a structure finder
is to measure the purity of the identified structures with respect to
a reference catalogue (e.g. Farrens et al. 2011; Laigle et al. 2018;
Sarron et al. 2019). Here, we quantify the local accuracy of the
reconstructed cosmic web at di�erent redshifts by direct comparison
with the simulated snapshots. For each redshift, we select all the
grid cells of type 8 = {V, S, F,C} in the reconstructed catalogue and
compute the Euclidean distance between each cell and its nearest
neighbour of the same kind in the simulated volume. Then, we count
as matched all the cells whose nearest neighbour is closer than a
fixed distance 38 . Finally, we estimate the purity of the cells of type
8 as %8 = #8,match/#8 , where #8,match is the number of matches and
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vidual galaxies through di�erent cosmic structures. In Section 4.2.1,
we show how eFAM allows us to study the variety of environmental
histories among galaxies belonging to the same structure type at Iobs.
In Section 4.2.2, we exploit this information to investigate whether
the observed gas content of cluster members shows the imprint of
the time a galaxy spent within a cluster. Finally, in Section 4.2.3, we
extend the analysis to filament galaxies.

4.2.1 Galaxy transport among di�erent environments

We consider the set of galaxies belonging to di�erent environments at
Iobs = 0.07 and determine their environmental history, i.e. their host
environment as a function of redshift, I, by tracing their trajectories
back-in-time through the reconstructed cosmic web as detailed in
Section 4.1.

Figure 4 shows the variety of environmental histories among galax-
ies observed in voids, sheets, filaments, and clusters (top to bottom).
Di�erent curves represent the fraction of galaxies, 58, 9 (Iobs, I), de-
tected in the environment of type 8 at Iobs and belonging to the
structure of type 9 at I � Iobs. The colour code is the same as in
Figure 3. Reconstruction suggests that the galaxies observed in voids
at Iobs = 0.07 have not changed their host environment in the redshift
range 0.07 < I < 2.3. Conversely, about 40% of objects detected
in sheets have always resided in the same environment, while the
remaining 60% have slowly drifted from voids to sheets in the con-
sidered redshift range. Filaments show a more complex formation
history. At the highest targeted redshift, i.e., I = 2.3, future fila-
ments’ members are almost equally distributed among sheets and
voids. Later, up to I = 1.2, galaxies originally in voids stream out
to sheets at a higher rate than galaxies moving out from sheets to
filaments, causing an increase in the fraction of galaxies in sheets be-
tween 1.2 < I < 2.3. Finally, at I > 1.2, almost all galaxies have left
the voids, with the majority of them entering filaments from sheets
prior to I  0.7. Clusters members (bottom panel) show the largest
variety of environmental histories. Similarly to objects in filaments,
at I = 2.3 future clusters’ members are equally distributed among
sheets and voids. At later epochs, down to I = 1, they are gradually
poured into filaments after crossing sheets; almost no galaxy have
reached a cluster at this time. At I < 1, galaxies begin to fall into
clusters at increasing rate reaching and overtaking the fraction of
objects in filaments by I  0.3.

Overall, eFAM traces the hierarchical paradigm of structure for-
mation (Zel’dovich 1970), predicting the flow of galaxies from low to
high-density regions. The bottom-up formation scenario of clusters
and filaments has been already assessed using the same statistics,
i.e. 58, 9 (Iobs, I), in Cautun et al. (2014) by applying the Nexus+
(Cautun et al. 2013) cosmic web classifier on a series of simulated
snapshots extracted from an #-body cosmological simulations. In
contrast, Nexus+ suggests the up-to-bottom formations of voids and
sheets tracing the 20 per cent of the mass belonging to voids and
sheets at I = 0 back to sheets and filaments, respectively, at higher
redshifts. We attribute this discrepancy to the di�erent choice of the
threshold `th used in the web classification, which plays a crucial
role in discriminating between non-collapsing structures.

4.2.2 Gas fraction and environmental history in cluster galaxies

It is well established that galaxies belonging to dense environments
such as clusters or groups of galaxies have on average a lower gas
content than their counterparts in the field (e.g. see Boselli et al.
2021, for a reiew). However, it is yet unclear whether for observed
galaxies we can detect any dependence of the measured gas con-
tent of cluster members on the time they have spent in a cluster, or
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Figure 5. Gas fraction at Iobs = 0.07 of cluster galaxies as a function of their
redshift of accretion. On the y-axis, 5gas (Iobs; Iaccr) represents the median
gas fraction estimated at Iobs averaged over all cluster members accreting at
I = Iaccr. Red-solid lines mark the results of eFAM reconstruction, while grey
dashed lines are predictions based on M��������� simulation. Error bars are
the standard deviation of the measurements. From top to bottom, the relation
is shown for increasing bins of stellar mass. The agreement between the
reconstructed and simulated trends is evaluated by means of the j2 distance.

equivalently on their redshift of accretion to the cluster, Iaccr. In this
Section, we will show that via eFAM we can successfully address
this question by reconstructing the environmental histories of cluster
galaxies. We proceed as follows: for each uncompressed object (see
Section 3.2 for details on compression) detected in a cluster at Iobs,
i) we estimate Iaccr as the lowest redshift at which its reconstructed
trajectory intersects a filament, a sheet, or a void, and ii) we compute
its gas fraction as 5gas (Iobs) = "gas/("¢ + "gas), where "¢ and
"gas are the galaxy stellar mass and total gas content (hot and cold),
respectively and iii) we evaluate the dependence of the measured
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Evolution of the gas fraction in clusters as 
function of time of accretionSarpa et al 2022



Cosmological constraints from the large-scale structure

• Euclid forecast for different cosmological probes using voids
• New forecasts for combined AP and redshift-space distortions analysis of voids

Hamaus, Aubert et al. 2022Bonici, Carbone, Vielzeuf et al 2022

Euclid forecasts RSD+AP

Cosmic voids cosmology

Euclid forecasts RSD+AP



From first galaxies to late-time cosmic web

● Blind selection of Lyα Emitters (LAE) at 2.9 < z < 6.7 with MUSE/VLT
behind A2744 Complete census of Star Forming galaxies at the epoch
of the reionization

● New developments initiated on estimating the total budget of ionizing
sources at 3<z<7 detected behind lensing clusters
• GOYA project (Galaxy Origins and Young Assembly) with EMIR: a multi-

object NIR spectrograph mounted on the 10m telescope GTC (Canary 
Islands). 
• GTO observations delayed, possibly starting in 2022

I. Goovearts, T. Thai, R. Pello

First structures and reionization



From first galaxies to late-time cosmic web

● First light of WEAVE in december 2022
Cosmic web reconstruction and IGM tomography

LIFU observations in the Stephan's Quintet 
Pieri, Kraljic, Arnouts et al.

William Herschel Telescope



Summary
• Significant activity within in CLASS in 2022:

• Theoretical works on non-homogenous universe models
and curvature

• New methods developed for survey analysis to account for 
systematic errors and new physical effects

• Prospects for 2023:
• DESI observations have been observing for one year, first 

cosmological analyses expected for 2023 with early dataset
• Cosmic web mapping has a growing impact on cosmological

studies, new results expected with WEAVE in 2023, which
will start scientific observations in 2023

• Euclid should be launched in 2023, a lot of activity in the 
team for its preparation

15

Euclid

DESI


