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Introduction

In the coming years observational cosmology will reap the benefits
from the investment in large projects to betfter understand the

Universe

Euclid:

e Largest European project

e Exquisite measurements to shed new light

on the dark components

* Different probes are considered

|. Tutusaus ‘ 5th November 2025
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Introduction

Combining different probes is one of the most powerful ways to constrain

a cosmological model.:
* sensitive to different aspects of how gravity acts in the cosmos
* different degeneracies and systematic effects

Example: —0.2

I DESI BAO === Union3
s CMB e DESY5
| PantheonPlus [0 DESI BAO+CMB+PantheonPlus

: / : . [DESI Collaboration:
0.1 0.2 0.3 0.4 0.5 Adame et al. 2025]
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Introduction

Euclid:

 Survey started on Feb 14th, 2024 — 1st stage-IV weak lensing survey in operations
It contains 2 insfruments onboard:

* Visible instrument (VIS) — imaging

* Near Infrared Spectrometer and Photometer (NISP) — imaging and spectroscopy

Produces high
resolution images

NISP

Obtains redshifts
of billions of
galaxies

[ESA/ATG]
I. Tutusaus 5th November 2025
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Introduction

} Euclid alone cannot provide measurements in different optical bands:

* Necessary to combine with ground-based data for photometric

redshifts
e S 8 Atmosphere | [0 JWST NIRCam FO70W, FO90W, F115W, F150W, F200W
1.04|/= Ye —— BGe PWY=1mm
— JE — RGE --- GaiaG
_ 0.8
=
=
e
Z 0.6 1 o
£
w
c 7
S 0.4+ /
[= /
0.2 / . .
,,,,,,, / [Euclid Collaboration:
Mellier et al. 2024]
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} Combination of probes (and data) is a key ingredient in Euclid’s

analysis
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Euclid core science

Galaxy surveys — powerful source of cosmological information

Sensitive to expansion and large-scale structure — dark matter and dark

energy

+ dark matter
- dark energy

+ structure

[Carretero, Tallada, Serrano, Euclid Consortium]
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Euclid core science

Galaxy surveys — powerful source of cosmological information

Main summary statistic: matter/galaxy power spectrum

Planck Collaboration 2018 ]
104k
=~ 3L
._48" 10 /
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-+ Planck EE
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=+ SDSS DR7 LRG
+$+  BOSS DR9 Ly-a forest
~  DES Y1 cosmic shear
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New scales probed by galaxy surveys
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Euclid core science

(Spectroscopic) galaxy clustering (GC)

Baryon acoustic oscillations:

&(s)

e Provide a cosmic ruler

* Sensitive to the expansion history

and the angular-diameter distance T
10

Redshift-space distorfions:

» Sensifive to the growth rate of g
s 1
structures =
» Tests of modified gravity
. [f’ezlzoftlc elf cl.._ ZOII 7].
-40 -20 0 20 40 01
, [h~' Mpc]
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Euclid core science

(Photometric) weak lensing (WL):
* information about mass distribution imprinted on galaxy images

* sensitive to matter density, initial conditions, and growth of structures

e
original ‘
h 2
° Ope; AR,
%
background
galaxies
X
foreground ™= distorted
galaxies shapes (M. Sachs]
@ I. Tutusaus ‘ 5th November 2025
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Euclid core science

Photometric galaxy clustering:
e |oss of radial information
* higher number density & different systematic uncertainties

* source of cosmological information

spectroscopic photometric

galaxy
positions
on the sky
redshift >
[Stothert et al. 2018]
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Euclid core science

Combined 3x2pt analysis from photometric data:

WL Photometric galaxy clustering Galaxy-galaxy lensing
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Euclid core science

Euclid has been designed to perform both a photometric and @

spectroscopic survey

Baseline analysis: 3x2pt from the photometric data + spectroscopic

galaxy clustering (probably negligible cross-covariance)

L=

........................

|. Tutusaus ‘ 5th November 2025
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Euclid core science

Cross-covariance between spectroscopic galaxy clustering and

3x2pt:

* High-redshift spectroscopic sample vs low-redshift weak lensing

kernel

* Different modes probed by spectroscopic vs photometric probes

(Taylor & Markovic 2022)
e Currently estimating the cross-covariance for Euclid DR1

Next step: Cross-correlations as an additional data vectore

I. Tutusaus ‘ 5th November 2025
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Euclid since launch

Launch 1st of July 2023:
e Cape Canaveral, Florida, USA with a Space X Falcon 9

* Destination: 2nd Lagrange point

[Space X; ESA]
Q |. Tutusaus ‘ 5th November 2025
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Euclid since launch

Early Release Observations:
e 24h of observations to allocated targets

* 10 images (new low-mass dwarf galaxies, very distant galaxies,...)

A .

[ESA/Euclid’/Eu\clid Consortium/NASA, image processing by J.-C. Cuillandre (CEA Paris-Saclay), G. Anselmi]

) \ I. Tutusaus 5th November 2025
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Euclid since launch

Early Release Observations:

Chris Pattison

- "Eudlid's individual images are big!. -

\

This is a single Hubble
pointing at the same scale.

Ny »
l. Tutusaus 5th November 2025
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Euclid since launch

1% of the wide survey:

e 260 observations taken in 2 weeks

* 132 sg deg, 100M sources, 14M galaxies for cosmology

[ESA/Euclid/Euclid Consortium/NASA, CEA Paris-Saclay, image processing by J.-C. Cuillandre, E. Bertin, G. Anselmi; ESA/Gaia/DPAC; ESA/Planck Collaboration]
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Euclid since launch

Quick datarelease 1 (Q1):

e Public release of the data (and first batch of papers) in March

2025
e 63 sq deg
e 27 science papers + 7 data/technical papers (more in fall 2025)

* Non-cosmological science for the moment: Milky Way, galaxy

morphology, galaxy evolution, proto-clusters, tfransient

objects,...
@ |. Tutusaus ‘ 5th November 2025
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Probe combination in Euclid

Euclid will cover about 14 000 sq. deg. of extragalactic sky in é years

SGOODS:N 60

EDE-North

Dec. (2000)

‘ [Euclid Collaboration:
Mellier et al. 2025]

R.A. (2000) Yearl Year2 Year3 Yeard Year5 Year6
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Probe combination in Euclid

All probes with stage-Ill gal

axy surveys:

_0.4-[DES Collaboratiop

—0.6F
—0.8F
~10}
—-1.2}
—1.4F}
-1.6}

—-1.8f

022] wCDM

o(w) ~ 3%

20157020 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.

Oy

Fid. 3x2pt DES

Planck CMB

Ext. SNe+BAO+RSD
3x2pt+Ext. SNe+BAO+RSD
3x2pt + All Ext.

~3% constraint on the dark energy equation of state parameter (constant)
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Probe combination in Euclid

First spectroscopic stage-IV data: Dark Energy Spectroscopic Instrument DR

---- DESI (BAO) + CMB + PantheonPlus ---- DESI (BAO) + CMB + Union3 ---- DESI (BAO) + CMB + DES-SN5YR
B DESI (FS+BAO) + CMB + PantheonPlus [0 DESI (FS+BAO) + CMB + Union3 I DESI (FS+BAO) + CMB + DES-SN5YR
e I S I oo
S0 N | |
-21 ! N i
~10 —-08 —06 —04 -10 —08 —06 —04 -10 —08 —06 —04
Wy Wy Wo
~6% constraint on wp and ~0.3 uncertainty on wq [DESI Collaboration 2025a]
1
. ' Bl DESI+CMB+Pantheon+
B DESI+CMB+Union3
|mproved WITh DR2 B DESI+CMB+DESY5
1 - DESI+CMB
Sa ~
-2 NS ;‘\\
NN [DESI Collaboration 2025b]
_3 ~ \

Q wo |. Tutusaus ‘ 5th November 2025
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Probe combination in Euclid

()

Spectroscopic galaxy clustering:

* More than 107 spectroscopically-detected galaxies at high

redshift (0.9-1.8)

Number of redshifts

108

107 4

105.

/ >
O S
%@Q b

A
N :

N @ Euclid

@ DESIELG

 @DESIBGS  @ODESIQSO

»
Y

@ DESI LRG

| P @BOSS
SDSS main sample
/! Wigglez @ ©BOSS QSO
®20FCRs @ - @ ©BOSS LRG

@ VIPERS ,
' '@ SDSS LRG

10 1 10 10? 10°

Comoving volume [h'aGpc3]

[Euclid Collaboration:
Mellier et al. 2025]
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Probe combination in Euclid

= = N N

n(z) [arcmin~2]

Weak lensing:

* More than a billion shapes of galaxies up to high redshift

s] 7\ 2« [ KiDS 1000
----- DES Y3

0 ......... HSC Y3

5 —— Euclid

0

5 h

0_,}'—- .;. .....

00 05 10 15 20 25 3.0
Z

[Euclid Collaboration:

Mellier et al. 2025]
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Probe combination in Euclid

Very precise constraints on the nature of dark energy

wow,CDM (GCsp)
e wow,CDM (3x2pt)
— wow,CDM (3x2pt + GCsp)

e Dark energy equation of

state parameter:

2] FoM = 35
Z j BN FoM = 380
w() =wo +w, —— 1. —— FoM = 500
1+ Z !
o S [ e x --------------------------------
* X2 more precise than = :
. -1 ’
combined current
_2 4 |
constraints with Euclid main ; :
-1.5 -1.0 -0.5
[Euclid Collaboration:
probes alone WO Jeiier et ol 2025]
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Probe combination in Euclid

Also very precise constraints on the other parameters of the

standard model

i wow,CDM (GCsp)
A e wow,CDM (3x2pt)

— wow,CDM (3x2pt + GCsp)

<
0.06 Y \
& oos -1

vl . ‘ A
£ 0,96 ‘ ............ 9 ,,,,, g ........ E -1.5 -1.0 -0.5
0.92 wo

0.88 i i
& 0.84 S e S e - 6
0.80 : i
-0.5
g H H f
= -10 @ N # i
-15 : :

1 $ H
s o L 2 @ # * : [Euclid Collaboration:
-2 Mellier et al. 2025]
062 070 03 04 0035 0058 065100 075 085 080085 o003 = o
h Qn Qy ng Iy Ss wo W ‘ 5th November 2025
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Going beyond the standard model

Euclid will allow us to constrain simple modified gravity models

ACDM + y, (GCsp)
. ACDM + y, (3x2pt)
—— ACDM + y, (3x2pt + GCsp)

‘ o(yy)=0.12 :

e Linear growth rate of matter () =0015 n
—— (7)) =0.014 .

perturbations:
ding,

f = 35D < (o, o j |

02 03 04 05 06 07 08
e

[Euclid Collaboration:
Mellier et al. 2025]
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Going beyond the standard model

Using the latest DR3 specifications [Euclid Collaboration:

Canas-Herrera et al. 2025]

0.90F w[,quD'M (non-flat) 1 - wow,CDM (nlon-ﬂat)
wow,CDM + y, (flat) 0.83} i wow,CDM + 7, (flat) |
wow,CDM (flat) s v, CDM (flat)
ACDM (non-flat) (C® ACDM + y, (flat)
0.85+ ACDM + y, (flat) e f ACDM (non-flat)
ACDM (flat) 0.82 | ACDM (flat)
& &
0.80+ -
0.81+
0.75+ ] 0.80
. 3x2pt |
0.25 0.30 0.35 0.40 0.30 0.31 0.32 0.33 0.34
Qm Qm
- I. Tutusaus ‘ 5th November 2025
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Going beyond the standard model

Using the latest DR3 specifications

2x2pt, £1max(GCph) = £max(XC) = 750
[ B 3X2pt, £ (WL) = 5000, Z1ux(GCPh) = £,ux(XC) = 750
B 3X2pt, £ (WL) = 5000, £max(GCPh) = £max (XC) = 3000

0.86
0.84

& 0.82}

0.80

0.78} [WOWaCDM (ﬂat)]

0.28 0.30 0.34

0.36

In(10'°A,)

[Euclid Collaboration:
Canas-Herrera et al. 2025]

3.3}
3.2}
3.1 \
ol
2 gl ¥ wow,COM (non-fiat)

wow,CDM + 7, (flat)
20 =
27 ) rcoM ey -

0.55 0.60 0.65 0.70 0.75
h
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Going beyond the standard model

Using the latest DR3 specifications [Euclid Collaboration:

Canas-Herrera et al. 2025]

— wow,CDM (non-lﬂat)
0.83+ wow,CDM + 7, (flat)
W()WaCDM (ﬂat)
ACDM + y, (flat)
ACDM (non-flat)
CDM (flat
0.82/ e
Y P .
0.81+}
3x2pt+GCs
0.80| (3X2PHGCsp]
0.30 0.31 0.32 0.33 0.34
m
Q I. Tutusaus ‘ 5th November 2025
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Going beyond the standard model

Euclid will also allow us to test even more general dark energy and

modified gravity models
mu-Sigma parametrization:
e Perturbed FLRW metric: ds* = —=(1 + 2¥) c*df* + a*(t) (1 — 2®) 6;; dx’ dx/

* Link between gravitational potentials and matter perturbations:

47rG
Y = = @ pimg(a, k) [pA +3 (p + p/c )0']
8 G
—K* (D + V) = i 2{ mg (@, k) [pA+3(p+p/c )0']
3
2/~‘mg(a k) (p + plc ) }
‘/3]\ I. Tutusaus ‘ 5th November 2025
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Going beyond the standard model

Euclid will also allow us to test even more general dark energy and

modified gravity models

—— GG,
— 3x2pt-US
—— GCy,+3x2pt-US
. 0.054
¢ 0.046 /@/
Wz
3
0.6 Qpe(2)
1 D=1+—2¢ ,
_1.00 \w\ ﬁ Hmg(2) Qpg(z =0) Ho
=
Q
0.92/ Tme@) =1+ _Qpe@@) %,
0.84 d@% @ @ Qpe(z = 0)
€ 0.80 1 v
\ E_/ Q
0.5 ‘,
@@
-0.5 \ >—"1
oS = db
[Euclid Collaboration: ,?_,\, 963 Q‘jo N Qﬁb Q Q
Albuguerque et al. 2025] QQ 3 \ .
m. () b, N oy Ho 0
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Going beyond the standard model

Euclid will also allow us to test even more general dark energy and

. . GCy, HS6 Opt
modified gravity models ” WL HS6 Opt
GC, + WL HS6 Opt
GCsp + WL + GCyp, + XC,yn HS6 Opt
f(R) gravity:
& |
A o
S
S = f dxV=g[R+ fR)]
1671'GN [ f ]
69%-
. . . < qb'
e Hu-Sawicki model: o]
i~
2 D2 _ —_\
R) = ~6Qpg0 2 K s A
J(R) = —6QpEgo— + | frol - =/
R e, 9
c ) (,)
=/ ~—_ |
b.g
S
€ &
Q%bp "
[Casas et al. 2023; ' @ >0 D O O o O
Euclid Collaboration: &\'o"’wo"’q' oF 8 PP 5 F oF
Koyama et al. 2025] Q.o h ns logio kol oy
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Going beyond the standard model

Euclid will help us test neutrinos and other particles beyond the

standard model

N
2, P FBuclid+ Planck
A . .
° Neu.l.rlno sens'.l.lv”.y Of E B Fuclid+CMB-S4+LiteBIRD
A
Euclid alone: 56 meV (in £ 0.2
2 ol
LCDM)
[ 1 1 1
—0.9 — 1 !
e Euclid + Planck: 23 meV ~ § —1.0 P - ;
—1.1 f 3 1 1 - . i
« Evidence for a non-zero 0.3 } R 2 '\ EE 2N
5 oo s e e SN
neutrino mass at 2.6 sigma —0.3 F + : 4 : :
S HA [ R SN IV D S B B | P | ]
: : 0.05 0.15 0.1 0.2 —1.07 —0.92 —0.2 0.2
(4 sigma with future data)
> m,[eV] A Ngs wo We

[Euclid Collaboration:
Archidiacono et al. 2025]
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Going beyond the standard model

Euclid will help us test neutrinos and other particles beyond the

standard model

Bl Inverted Ordering|
Ml Normal Ordering |

e |f the tfrue sum of neutrino 0.3
. S 7 R A
masses is 0.06 eV (normall 2
g
ordering), Euclid + future : 0 Planck text.
. E
cosMmic microwave =
o
g
n

background data will rule out

: : : 0.03} Buclid+CMB-S4+LiteBIRD
inverted ordering at 2.5 sigma

Fuclid+ Planck

0.001 0.01 0.1 0.3
Lightest neutrino mass [eV]

[Euclid Collaboration:
Archidiacono et al. 2025]
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Going beyond the standard model

Euclid will help us test neutrinos and other particles beyond the

standard model

* Adding Euclid improves
the current limit on the
presence of new light
particles by more than

a factor 2

Annihilation
Me my, my my My A/ temperature
[ ' 1 : : ] ’ i '
5 Z g —— Goldstone boson (spin 0)
N < —— Weyl Fermion (spin 1/2)
—— Massless Gauge boson (spin 1)
NNH( O S N Buckd]
0.5t
e ——— N Planck+BAO|
2 0ol
402 BN M | | BuclidtPlanck
0.1t
uclid+CMB-S4+LiteBIRD
__________________ —_— T 0.054
0.051 0.047
0.027
0.02f y
0.01}

10°10%410°102 01 1 10
Decoupling _, Ty [GeV]

temperature

[Euclid Collaboration:

102 105 108 10° 10°

Archidiacono et al. 2025]
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Conclusions

Euclid will provide exquisite measurements to perform galaxy clustering and

weak lensing analyses

Probe combination is key to get the most amount of information from the data

— spectroscopic GC and photometric 3x2pt

Additional cosmological probes are also being considered (galaxy clusters,

correlations with the cosmic microwave background,...)
Euclid will help us shed light on the dark sectors of the Universe and test gravity

A lot of non-cosmological science is planned (Milky Way, galaxy morphology,

galaxy evolution, proto-clusters, tfransient objects,...)

The first data release will be public on 21st October 2026

Q |. Tutusaus ‘ 5th November 2025
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