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* Most of the matter in the Universe appears to be of exotic origin (dark matter)
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* Most of the matter in the Universe appears to be of exotic origin (dark matter)

* Two very distant (in time, scale, energy) yet remarkably si7727/a7 stages of cosmic evolution

* Inflation:

e A ‘paradigm’ with a large number of practical realisations—need to trim down
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* Most of the matter in the Universe appears to be of exotic origin (dark matter)

* Two very distant (in time, scale, energy) yet remarkably si7727/a7 stages of cosmic evolution

* Inflation:
e A ‘paradigm’ with a large number of practical realisations—need to trim down

* Imprints: B-modes (mainly CMB) and primordial non-Gaussianity (mainly LSS)
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* Most of the matter in the Universe appears to be of exotic origin (dark matter)

* Two very distant (in time, scale, energy) yet remarkably si7727/a7 stages of cosmic evolution

e | nﬂatz’on:
e A ‘paradigm’ with a large number of practical realisations—need to trim down

* Imprints: B-modes (mainly CMB) and primordial non-Gaussianity (mainly LSS)
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* Dark energy:

* Another mysterious scalar field or simply a seemingly fine-tuned A?
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* Most of the matter in the Universe appears to be of exotic origin (dark matter)

* Two very distant (in time, scale, energy) yet remarkably si7727/a7 stages of cosmic evolution

* Inflation:

* A ‘paradigm’ with a large number of practical realisations—need to trim down

* Imprints: B-modes (mainly CMB) and primordial non-Gaussianity (mainly LSS)
* Dark energy:
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* Another mysterious scalar field or simply a seemingly fine-tuned A?

* Or, even, a symptom of an incorrect gravity theory on cosmological scales?
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Dark matter
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R-parity
violating

[Credits: T. Tait]
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Dark matter

- ! . = UNIVERSITA
prim. evolutiona 5
FDM Axions (BEC) SIDM Y % DI TORINO
— ' E)
o 19 .
= °f .
S 5
- g
. —5 Thermal =
S :
= g
= SUSY 5
o Y| E
Q:>) —10 Axion droplets g
i
G T
< E
L —-15¢
s
@)
99
_20 | | |
—20 —15 —-10 -5 0

=
(D)
&
Q0]
@)
@)
(@
48]
gy
(D)
4+
P

Interaction w/ standard model particles [GeV-1]



A/Dark energy

UNIVERSITA
DI TORINO

Satellite
X

MW, ~SMBHE

y 7/

S stars ,’/
o e

/

Last scattering

Curvature [cm~—2]

\CMB peaks

GaIaX|es c >2>Clusters
Lambda
ﬁp(k)l 2=0

107° 107° 10° 10° 10" 10° 10°

Gravitational potential

O
O
D)
Ll
e
=
=
n
&
n
>
i
Q
‘@©
)
(-
)
&
q0)
O
(-
D)
g—
O
(-
@©
>
@)
—
O
(-
)
=
@
O

[Baker, Psaltis & Skordis 2015]

Stefano Camera



A/Dark energy
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The cosmic large-scale structure
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z=20.00

[Credits: F. Villaescusa-Navarro]
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z2=15.03

[Credits: F. Villaescusa-Navarro]



The cosmic large-scale structure
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[Credits: F. Villaescusa-Navarro]



The cosmic large-scale structure
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[Credits: F. Villaescusa-Navarro]
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[Credits: F. Villaescusa-Navarro]
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[Credits: F. Villaescusa-Navarro]
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* Cosmological perturbation

[temperature fluctuations, density perturbations, ... |
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* Cosmological perturbation f(t,x)

[temperature fluctuations, density perturbations, ... |

* 'Two-point correlation function (f(t,x) f(t,y)) = fff(t, r— 1Y)
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* Cosmological perturbation f(t, )
[temperature fluctuations, density perturbations, ... |

* 'Two-point correlation function (f(t,x) f(t,y)) = gff(ta r—y)
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Galaxy clustering
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Galaxy clustering
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WDhDE = WDE (CL)
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Galaxy clustering
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Galaxy clustering
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wpE = wpk(a) = wy + w, (1 — a)

2 [DESI Collaboration: Adame et al. 2024 (DR1)]
B DESI BAO + CMB + Pantheon+
DESI BAO 4+ CMB + Union3

11 mmm DESI BAO + CMB + DES-SN5YR .
O'““““““i """""""""""""""""" 3
- : %
S :
—1- i
~2 i
_9 | . :
—1.0 —0.5 0.0 >
Wy %




Galaxy clustering

UNIVERSITA
DI TORINO

wpE = wpk(a) = wy + w, (1 — a)

9 [DESI Collaboration: Adame et al. 2024 (DR1)] [DESI Collaboration: Abdul-Karim et al. 2025 (DR2)’
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Galaxy clustering

[Bull et al. D SC 2020]

Dark energy Cosmic acceleration Onset of
domination takes on dark energy
HETDEX
WFIRST
Euclid
DESI
SKA2 HI GRS
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SKA1-MID Band 2 HI GRS

Matter domination
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Galaxy clustering

[Bull et al. D SC 2020]
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domination takes on dark energy
HETDEX
WFIRST
Euclid
DESI ‘
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Weak lensing
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galaxy cluster

\‘ = lensed galaxy images
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Weak lensing
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Weak lensing
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Weak lensing
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Weak lensing
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DARK ENERGY SURVEY

[Credits: N. Jeffrey/DES Collaboration 2021]

KID
The Kilo-Degree Survey
[Credits: A. Wright/KiDS Collaboration 2025]
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Weak lensing
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[DES Collaboration: Abbott et al. 2023 (Y3)]
075 | | | : | ] |
5 ACDM: DES 3x2pt+SR ® Binned os: DES 3x2pt+SR
0.70 - : ACDM: DES 3x2pt+SR ‘ Binned og: DES 3x2pt+SR
§ + Planck+BAO+RSD+SN + Planck+BAO+RSD+SN
0.05 - ; : 5 e
_ 0.60 - ; é %
0 - : : T : E
SR 5 5 1 5 “E;
0.50 - |
0.45 - i‘j
040 B : : I . I i |
0.3 0.4 0.5 0.6 0.7 0.8 0.9
2

S
)
-
O
@)
O
C
©
g—
O
4
(@))



Weak lensing

[DES Collaboration: Abbott et al. 2023 (Y3)] UN |VERS|TA
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[Bull et al. D SC 2020]
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Weak lensing

[Bull et al. D SC 2020]

domination takes on
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Dark energy and fundamental physics with Euclid
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Clustering-lensing complementarity
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Clustering-lensing complementarity
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Clustering-lensing complementarity
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Clustering-lensing complementarity
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The Euclid Satellite
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The Euclid Satellite |

Turin, No/vember 2019 DI TORING
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Euclid specs

[Euclid ‘Red Book’, 2011]

- s
Area (deg2) Description
Wide Survey 15,000 (required) Step and stare with 4 dither pointings per step.
20,000 (goal)
Deep Survey 40 In at least 2 patches of > 10 deg’
2 magnitudes deeper than wide survey
PAYLOAD
Telescope 1.2 m Korsch, 3 mirror anastigmat, {=24.5 m -
Instrument VIS NISP G
Field-of-View 0.787%0.709 deg’ 0.763%0.722 deg”
Capability Visual Imaging NIR Imaging Photometry NIR Spectroscopy £
Wavelength range 550—- 900 nm Y (920- J(1146-1372 | H (1372- 1100-2000 nm %E
1146nm), | nm) 2000nm) ;
Sensitivity 24.5 mag 24 mag 24 mag 24 mag 310"° erg cm-2 s-1 5
106 extended source | 5o point 56 point 56 point 3.56 unresolved line g
source source source flux .
Detector 36 arrays 16 arrays
Technology 4k=x4k CCD 2kx2k NIR sensitive HgCdTe detectors %
Pixel Size 0.1 arcsec 0.3 arcsec 0.3 arcsec S
Spectral resolution R=250 e




Euclid specs

[Euclid ‘Red Book’, 2011]

- e
Area (deg2) Description
Wide Survey 15,000 (required) Step and stare with 4 dither pointings per step.
20,000 (goal)
Deep Survey 40 In at least 2 patches of > 10 deg”
2 magnitudes deeper than wide survey
PAYLOAD
TCIGSCOpC N Ko : nirror.anastiemat. =24 5 n
Instrument VIS
Field-of-View 0.787%0.709 deg”
Capability Visual Imaging

Wavelength range 550—- 900 nm
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Number of redshifts

Euclid specs

[Euclid Collaboration: Mellier et al. D SC 2024]
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Euclid specs

[Euclid ‘Red Book’, 2011]

- e
Area (deg2) Description
Wide Survey 15,000 (required) Step and stare with 4 dither pointings per step.
20,000 (goal)
Deep Survey 40 In at least 2 patches of > 10 deg”
2 magnitudes deeper than wide survey
PAYLOAD

Telescope 1.2 m Korsch, 3 mirror anastigmat, =24.5 m -
Instrument NISP z
Field-of-View 0.763x0.722 deg” :
Capability NIR Imaging Photometry NIR Spectroscopy g
Wavelength range Y (920- J(1146-1372 | H (1372- 1100-2000 nm 3

1146nm), nm) 2000nm) é
Sensitivity 24 mag 24 mag 24 mag 310"'° erg cm-2 s-1 5

56 point 56 point 56 point 3.56 unresolved line g

source source source flux .
Detector 16 arrays
Technology 2kx2k NIR sensitive HgCdTe detectors %
Pixel Size 0.3 arcsec 0.3 arcsec S
Spectral resolution R=250 e




Number of redshifts

Euclid specs
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[Euclid Collaboration: Mellier et al. D SC 2024 ] |Credits: |. Harrison]
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Euclid science
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* Euclid’s main scientific objectives:
* Reach a precision on dark energy parameters (wo, w.) < (2%, 10%)
* Measure the growth index y better than 2%
* Bound the sum of neutrino masses below 0.03 eV

* Constrain primordial non-Gaussianity amplitude /N1 with precision ~2
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Euclid science
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* Euclid’s main probes:
* Spectroscopic galaxy clustering survey
* Photometric weak lensing survey
* Euclid’s ancillary probes:
* Clustering of the photometric galaxy sample (in fact, 3x2pt is a main probe)

* Galaxy clusters (number counts and clustering)
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 Cross-correlation with cosmiic microwave bdckground

* Hubble rate measurements with strong lensing
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Euclid facts
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Euclid facts
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Dark energy and fundamental physics with Euclid
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Euclid forecasts |
UNIVERSITA

Model: wg, ws - non-flat - pessimistic DI TORINO
B GC
s WL

[Euclid Collaboration: Blanchard et al. D SC 2020]
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Euclid forecasts |
UNIVERSITA

Model: wg, ws - non-flat - pessimistic Dl TORINO
B GC GG+ WL
s WL

[Euclid Collaboration: Blanchard et al. D SC 2020]
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Euclid forecasts |
UNIVERSITA

Model: wg, ws - non-flat - pessimistic Dl TORINO
B GC GG+ WL

[Euclid Collaboration: Blanchard et al. D SC 2020]
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Euclid forecasts |
UNIVERSITA

Model: wg, ws - non-flat - pessimistic DI TORINO
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Euclid forecasts
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[DESI Collaboration: Abdul-Karim et al. 2025 (DR2)] [Euclid Collaboration: Cafas-Herrera D SC et al. (under review)]
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Multi-wavelength synergies
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* Cosmological perturbation f(t, )
[temperature fluctuations, density perturbations, ... |

* 'Two-point correlation function (f(t,x) f(t,y)) = fff(ta r—y)

» Fourier-space power spectrum  (f (¢, k) f(t, k")) = (27)* 6(k + k') Py +(t, k)

nd fundamental physics with Euclid

* Harmonic-space power spectrum Frm (2) frrme (27)) = 0117 Gy C’lff(z, 2"
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[temperature fluctuations, density perturbatzbm, ./ Ve
* 'Two-point correlation function 4;@ =53 ’ét r— )
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Multi-wavelength synergies
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* Cosmological perturbation f(t, (x)
[temperature fluctuations, density perturbatzbm, ./ Ve
* 'Two-point correlation function 4;@ =53 ’ét r— )

» Fourier-space power spectrum  ( f (1, k)f/@, k') =2m)°5(k+ k) Pfét’ k)
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nd fundamental physics with Euclid
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Measurements: observational systematics, noise, COsmic variance




Multi-wavelength synergies
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Intensity mapping
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Intensity mapping
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Intensity mapping
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* Comparing the clustering of different tracers of the underlying cosmic LSS

[Seljak 2009; Seljak & McDonald 2009]

* Exploit that on large scales the bias is deterministic despite the LSS being stochastic
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Intensity mapping
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* Comparing the clustering of different tracers of the underlying cosmic LSS

[Seljak 2009; Seljak & McDonald 2009]

* Exploit that on large scales the bias is deterministic despite the LSS being stochastic

[Fonseca, SC, Santos & Maartens 2015]
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Intensity mapping
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* Comparing the clustering of different tracers of the underlying cosmic LSS

[Seljak 2009; Seljak & McDonald 2009]

* Exploit that on large scales the bias is deterministic despite the LSS being stochastic

[Fonseca, SC, Santos & Maartens 2015]
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[Bull et al. D SC 2020]
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Intensity mapping

[Bull et al. D SC 2020]
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Intensity mapping

[Bull et al. D SC 2020]
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Dark energy and fundamental physics with Euclid
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Clustering/lensing & y rays
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Clustering/lensing & y rays
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Clustering/lensing & y rays
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Clustermg/ Iensmg & y rays
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Velocity-averaged cross-section [10-2¢ cm3]
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- [De Angelis, SC et al. 2018]
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Clustering & UHECRs

>

Rapporto segnale-rumore per /

- cut — 40 EeV AC

— E... = 63 EeV *

— E... = 100 EeV )
101 102 10°

Multipolo angolare, /

[Urban, SC & Alonso 2020, 2022]
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Clustering & UHECRs

Rapporto segnale-rumore per /
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[Urban, SC & Alonso 2020, 2022
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Dark matter indirect searches

Gamma-ray energy spectrum |[MeV/cm?2/s/sr
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Dark matter indirect searches |
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Star-forming galaxies (Tamborra et al. 2014)

—
<
N

__l_CJO I IIIIIII‘ ||
/%
1

812025

Millisecond pulsars (Calore et al. 2014)

_ =

1045— = £

B - :

5 s

107 E i 3

— = 5

— _ O

— =

- — :

o

10° &= | 2
10-7 | | l

Gamma-ray energy spectrum |[MeV/cm?2/s/sr

Stefano Camera



Dark matter indirect
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| [SC et al. (ApJL 2013)] UN IVERSlTA
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Dark matter indirect searches
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 Bounds from non-detections:

* Clustering of galaxies [SDSS L

* Cosmic shear | CFHTLenS+

RCS

Dark matter indirect searches

RGs| x UGRB |Fermi (76 mth)|

enS| x UGRB [Fermi (/6 mt

* Cosmic shear |Subaru HSC| x UGRB [ P8 (85 mth)]

* Cosmic shear | CFHTLenS+

RCSLenS+K|

|Shirasaki et al. 2015]

N, 85 Mt

‘Shirasaki et a

[Shirasaki et al. 2018]

DS| x UGRB [Fermi P8 (84 mth)]

| Troster, SC et al. 2017]
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Dark matter mdlrect searches

Velocity-averaged cross-section [10-2¢ cm3]
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Dark matter indirect searches |
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| [Ammazalorso, SC et al. (PL 2020)] DI TORI NO
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* Bounds from detection (@5.30)

* Cosmic shear |[DES Y1

* UGRB [Fermi (9 vyr)]

Dark matter indirect search

- ,/\: [Ammazzalorso, SC et al. (PRL 2020)]
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* Bounds from detection (@5.30)

* Cosmic shear |[DES Y1
* UGRB [Fermi (9 vyr)]

* Bounds from detection (@??20)

[Thakore et al. D SC (internal review)]

* Cosmic shear |DES Y3

* UGRB [Fermi (12 yr)]

Dark matter indirect search

€S

- ,/\: [Ammazzalorso, SC et al. (PRL 2020)]
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Radio-optical cosmic shear
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Radio-optical cosmic shear

[Brown, SC et al. (2015)]
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Cosmic shear angular power spectrum, C;
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Radio-optical cosmic shear
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Dark-energy EoS evolution parameter, w;

[SC et al. (2015); Bacon, SC et al. (2020)]

Radio-optical cosmic shear
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Radio-optical cosmic shear
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Radio-optical cosmic shear

[Ingrao, SC et al. (in prep.)

UNIVERSITA
DI TORINO

812025

I
|
l
|
|
|
|
|
|
|
] l
|
|
i |
I
|
_ | :
| £
! 2
_ : S
: 3
crossonly - +- :
! 5
total - * 2
I @p)
auto-euclid - -*-
|
l
auto-skao - -@-

' I I I I I I I I I I
0.20 0.27 0.28 0.29 0.30 0.31 0.32 0.33 0.34 0.35 0.36 0.37 0.38

Dark matter abundance, (Qowm

Stefano Camera



Radio-optical cosmic shear

[Ingrao, SC et al. (in prep.)]
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Radio-optical cosmic shear

total selfcalibration -
euclid selfcalibration -

SKAO selfcalibration -

crossonly +mulsys
total + mulsys
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[Ingrao, SC et al. (in prep.)]
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Radio-optical cosmic shear

[Ingrao, SC et al. (in prep.)]
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The SKA Observatory

* The SKA Observatory (formerly known as ‘Square Kilometre Array’) will be the largest

radio-telescope on Earth and will be built in two locations

Location: Australia

Location:
South Africa
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The SKA Observatory
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50 MHz 15 GHz

SKA1 LOW - the SKAs low-frequency instrument

The Square Kilometre Array (SKA) will be the world’s largest radio telescope, revolutionising
our understanding of the Universe. The SKA will be built in two phases - SKA1 and SKA2 -
starting in 2018, with SKA1 representing a fraction of the full SKA. SKA1 will include two
instruments - SKA1 MID and SKA1 LOW - observing the Universe at different frequencies.
SAQUARE KILOMETRE ARIH!V

Frequency range:

50 MHz . | ~130,000 i |
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The SKA Observatory
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50 MHz 15 GHz

)

SKA1-m|d the SKAs mid- fr‘equency mstr‘ument

[SKA] is a8 nex auon radio
: .1t will hav

SKA1 LOW - the SKAs low-frequency instrument

The Square Kilometre Array (SKA) will be the world’s largest radio telescope, revolutionising
our understanding of the Universe. The SKA will be built in two phases - SKA1 and SKA2 -
starting in 2018, with SKA1 representing a fraction of the full SKA. SKA1 will include two
instruments - SKA1 MID and SKA1 LOW - observing the Universe at different frequencies.

SQUARE KILOMETRE ARRAY -

JIAVAYAVAVAVAVAVAN

Frequency range:

0 MHz . | ~130,000
350 MHZ antennas spr‘eaE‘J between

Location: Australia 500 stations

Frequency range

350 MHz ..
15.3 GHz | 197 dishes

: o o~ (Inchuding 54 MeariCAT dishas)
with a goal of 24 GHz

Total
collecting
area:

Total
collecting
area: | | -
33,000m2 | — &
1 26 Maximum distance
between dishes:

e | 150km

&
D)
=
O
(D)
Qo
wn
(D)
e
)
wn
wn
@)
ek
@)
qV)
>
o
9
O
-
n
@)
O
QO
o
O
(-
>
w
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Compared to LOFAR Netherlands, the current
best similar instrument in the world

25% 8x 135x

better more the survey
resolution  sensitive speed

Compared to the JVLA, the current best
similar instrument in the world:
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Towards the SKAO

———————————————————————————————————————————————————————————————————————————————————————————————————————————————— - UNIVERSITA
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Located at future SKA sites
(South Africa and Australia)

- Xl - 2024
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Pathfinders

Engaged in SKA related
technology and science
studies
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Towards the

- [Courtesy of A. Bonaldi]
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Correlators
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* Cosmological perturbation f(t, )
[temperature fluctuations, density perturbations, ... |

* 'Two-point correlation function St x) f(ty)) =&t x —y)
(f(t. k) f(t,K)) = (27)° 6(k + k') Pys(t, k)
(Fim(2) fom (2')) = 8w S G (2,2")

o Fourier-space power spectrum
o Harmonic-space power spectrum

. Example: harmonic-space power spectrum of cosmic microwave background

f(t, ) — AT(R) = T(to, n) — T(to)




Correlators

[Planck Collaboration 2018] UNIVERSITA
DI TORINO
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Baryon acoustic oscillations

O | 004 [DESI Collaboration 2024] Bll\ljr\gglslll'ré
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Baryon acoustic oscillations
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[DESI Collaboration 2024] &
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Redshift-space distortions
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Redshift-space distortions
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Redshift-space distortions‘
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Redshift-space distortions
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Redshift-space distortions
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Intensity mapping challenges

, UNIVERSITA
21cm Signal DI TORINO

&
D)
=
O
(D)
Qo
wn
(D)
e
)
wn
wn
@)
ek
@)
@©
>
o
9
O
-
n
@)
O
QO
o
O
(-
>
w

[Credits: R. Shaw]

Stefano Camera



Intensity mapping challenges |

Unpolarised Foreground 21cm Signal DI TORINO
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Intensity mapping challenges |

Unpolarised Foreground Polarised Foreground (Q) 21cm Signal DI TORINO
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Intensity mapping challenges |

Unpolarised Foreground Polarised Foreground (Q) 21cm Signal DI TORINO
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Intensity mapping challenges |

[MeerKLASS Collaboration D SC 2024] DI TORINO
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