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Cosmic Microwave Background

• European Planck Satellite view of CMB. 


ESA’s Planck satellite



Cosmic Microwave Background

ESA’s Planck satellite



CMB Polarisation

Planck
Gravitational Waves
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Galaxy Clustering

DESI, 2024

Cold Dark Matter
Simulation image: Diemer & Mansfield



Dark Matter Clustering
Pm,Lin(k) = AsT2(k, θcosmo) kns

σ2
8 ∼ k3Pm,Lin(k)/2π2

Cold Dark Matter

Simulation image: Diemer & Mansfield



Baryonic Acoustic Oscillations (BAO)

DESI, 2024



Supernova Type Ia

Time in billions of 
Lookback time for supernovae based on apparent 



Weak Gravitational Lensing

Dark Energy Survey (DES)

KiDS-1000

HSC-Y3



Sigma-8 ‘Tension’

Amplitude of  
matter clustering

Weak Lensing Science with Euclid

What do we want to measure?

● Correlation function and power spectrum of ellipticity
● Higher-order statistics probing non-Gaussian information
● Cross-correlation of shapes with the galaxy distribution
● Maps of dark matter

What do we learn?

● Cosmological parameters and models that affect 
large-scale structure and the expansion history

● Small-scale structure formation, feedback 
processes, properties of dark matter haloes and 
galaxy formation, etc.

Image credit: NASA/ESA

DES & KiDS: Abbott et al. 2023

PlanckKiDS-1000
DES Y3 + KiDS-1000

HSC-Y3

DES Y3

Figure adapted from  
DES+KiDS Abbott et al 2023,  
HSC-Y3 Miyatake et al 2024 Matter Density Parameter



Hubble Trouble
The Carnegie-Chicago Hubble Program 47

2000 2004 2008 2012 2016 2020 2024
Year of Publication

60

65

70

75

80

H
0

[k
m

s�
1

M
p
c�

1
]

Hubble Constant Over Time

Cepheids CMB TRGB

Cepheids

TRGB

CMB

Figure 17. A plot of H0 values as a function of time. The points and shaded region
in black are those determined from measurements of the CMB; those in blue are Cepheid
calibrations of the local value of H0; and the red points are TRGB calibrations. The red
star is the best-fit value obtained in this paper. Error bars are 1�.

zero point (e.g., Zhang et al. 2017; Feeney et al. 2017). This conclusion highlights

the (simple and obvious) point that can be made without any formal re-analysis: the

values of H0 move in lock step with the adopted zero point of the Leavitt law.

7.6. Comparison of H0 Values for Cepheids, TRGB and Planck

We show in Figure 17 a comparison of local Cepheid (in blue) and TRGB (in

red) determinations of H0, as well as values based on CMB measurements (in black),

plotted as a function of year of publication. The value of H0 determined in this paper

is denoted by a red star, and falls between the values defining the current H0 tension.

It favors neither method, and equally can be used to argue for evidence that there

is no tension (but ignoring the Cepheid results), or that, combining the TRGB and

Cepheid results, it provides low-level additional evidence that there is tension between

the local and CMB values of H0.

8. THE FUTURE

In the next few years, a number of ongoing studies will help to sharpen the

current debate over the early-universe and locally-determined values of H0. We list

five of them here:

1. A major improvement to the parallax measurements from Gaia is expected in

2022. At that time, accurate parallaxes (<< 1%) will become available for both

Freedman et al 2019

Tip of the Red Giant Branch
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Massive Neutrinos

DESI, 2024
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Figure 8. Top left panel : constraints in the ns-
P

m⌫ plane. The blue dashed contours show the 68%
and 95% credible intervals for the fiducial DESI (FS+BAO) dataset, accompanied, as usual, by the
BBN prior on ⌦bh

2 and a loose prior on ns. The filled blue contours illustrate the improvement when
the ns prior is tightened to be that from Planck (rather than 10 times weaker). The dashed orange
contours show the results from CMB without the lensing reconstruction, while the filled orange con-
tours show the constraints from CMB with lensing. Finally, the green contours show the DESI+CMB
combination. Top right panel : constraints in the H0-

P
m⌫ plane for the same data combinations as

in the top left panel, illustrating that the DESI+CMB combination breaks the geometric degeneracy
between H0 and

P
m⌫ . Bottom left panel : one-dimensional posteriors on the sum of the neutrino

masses. We show constraints from DESI (FS+BAO) alone, CMB alone, and DESI+CMB for three
alternative choices of the CMB likelihood. The minimal masses for the normal or inverted mass or-
dering scenarios, corresponding respectively to

P
m⌫ � 0.059 eV and

P
m⌫ � 0.10 eV, are shown by

the vertical dashed lines and the shaded regions. Bottom right panel : same as for the bottom left
panel, but for the w0waCDM background and showing constraints from the combination of DESI,
CMB, and SN Ia as labelled.
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● Massive neutrinos damp smaller-scale clustering. 

● But data seems to prefer negative values - enhanced compare to LCDM?



Gravitational Waves
● Speed of GWs changes in many Modified Gravity models. 
● Measure GW speed relative to EM from Neutron Star / Neutron Star merger. 

Neutron Star - Neutron Star mergerGW and EM wave detection from GW170817

● Difference of  rules out many Mod Grav models.(vGW − c)/c ≤ 10−15

ANT & Lombriser, 2016



Dynamical Dark Energy

�1.0 �0.5 0.0

w0

�3

�2

�1

0

1

2

w
a

DESI BAO

DESI BAO + CMB

DESI BAO + PantheonPlus

DESI BAO + Union3

DESI BAO + DESY5

�1.0 �0.8 �0.6 �0.4

w0

�3

�2

�1

0

w
a

DESI BAO + CMB + PantheonPlus

DESI BAO + CMB + Union3

DESI BAO + CMB + DESY5

Figure 6. Left panel : 68% and 95% marginalized posterior constraints in the w0–wa plane for the
flat w0waCDM model, from DESI BAO alone (black dashed), DESI + CMB (pink), and DESI +
SN Ia, for the PantheonPlus [24], Union3 [25] and DESY5 [26] SNIa datasets in blue, orange and
green respectively. Each of these combinations favours w0 > �1, wa < 0, with several of them
exhibiting mild discrepancies with ⇤CDMat the & 2� level. However, the full constraining power is
not realised without combining all three probes. Right panel : the 68% and 95% marginalized posterior
constraints from DESI BAO combined with CMB and each of the PantheonPlus, Union3 and DESY5
SN Ia datasets. The significance of the tension with ⇤CDM (w0 = �1, wa = 0) estimated from the
��

2

MAP
values is 2.5�, 3.5� and 3.9� for these three cases respectively.

from DESI alone, while combining DESI BAO with BBN and ✓⇤ significantly tightens the
constraint on w to w = �1.002+0.091

�0.080
. Adding CMB data shifts the contours slightly along

the CMB degeneracy direction, giving

⌦m = 0.281 ± 0.013,

w = �1.122+0.062

�0.054
,

)

DESI BAO+CMB. (5.2)

Finally, the tightest constraints are obtained from the combination of these data with SN Ia.
For example for the PantheonPlus SN Ia dataset:

⌦m = 0.3095 ± 0.0069,

w = �0.997 ± 0.025,

)
DESI+CMB
+PantheonPlus.

(5.3)

Similar constraints are obtained when substituting PantheonPlus SN Ia for DESY5 or Union3
(though with slightly larger uncertainties in the latter case). These results are summarised
in Table 3. In summary, DESI data, both alone and in combination with other cosmological
probes, do not show any evidence for a constant equation of state parameter di↵erent from
�1 when a flat wCDM model is assumed.

5.2 Flat w0waCDM model

Taking into account the physical dynamics of dark energy, the parametrization w(a) = w0 +
wa (1 � a) was derived and has been demonstrated to match the background evolution of
distances arising from exact dark energy equations of motion to an accuracy of ⇠ 0.1%

– 27 –

Adapted from DESI, Paper VI, 2024

Phantom Dark Energy 

w(a) = − 1 +
1
3

d ln ρDE

d ln a
≈ w0 + wa(1 − a)

DESI BAOs
1 − a0 1

w(a)

−1

Λ



�1.0 �0.5 0.0

w0

�3

�2

�1

0

1

2

w
a

DESI BAO

DESI BAO + CMB

DESI BAO + PantheonPlus

DESI BAO + Union3

DESI BAO + DESY5

�1.0 �0.8 �0.6 �0.4

w0

�3

�2

�1

0

w
a

DESI BAO + CMB + PantheonPlus

DESI BAO + CMB + Union3

DESI BAO + CMB + DESY5

Figure 6. Left panel : 68% and 95% marginalized posterior constraints in the w0–wa plane for the
flat w0waCDM model, from DESI BAO alone (black dashed), DESI + CMB (pink), and DESI +
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green respectively. Each of these combinations favours w0 > �1, wa < 0, with several of them
exhibiting mild discrepancies with ⇤CDMat the & 2� level. However, the full constraining power is
not realised without combining all three probes. Right panel : the 68% and 95% marginalized posterior
constraints from DESI BAO combined with CMB and each of the PantheonPlus, Union3 and DESY5
SN Ia datasets. The significance of the tension with ⇤CDM (w0 = �1, wa = 0) estimated from the
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Adapted from DESI, Paper VI, 2024
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flat w0waCDM model, from DESI BAO alone (black dashed), DESI + CMB (pink), and DESI +
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Euclid’s Mission

• Measure the properties of Dark Energy.


• Probe Dark Matter and measure the mass of neutrinos.


• Test Einstein’s Theory of Gravity on the largest scales.


• Probe the very earliest moments of the Universe.



Sending  
Euclid  

on its way

Credits: Thales-Alenia



Euclid’s Instruments

Euclid Consortium Meeting 26 May 2021

CU
(Calibration Unit)

PMCU (Power & Mechanism 
Control Unit) &
CDPU (Control, Data 
Processing Unit)

Reminder: VIS Instrument

RSU
(Readout 
Shutter 
Unit)

FPA
(Focal Plane Assembly)

Payload 
Module

Service Module (warm)
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Euclid Integration Activities     

  

 

 
 

 

STM IN CANNES 

UK-led Optical Camera (VIS) Italy-led Near Infrared Camera (NISP)



 

Launch and Journey to L2



Euclid’s Dark Energy Survey
● 1/3rd of the sky mapped over 6 years. 
● 1.5 Billion galaxies with high-quality optical images & 8 colours. 
● 35 Million galaxies with spectroscopic redshifts.



Euclid Images



Euclid’s Data Processing Challange
● Euclid’s Science Ground Segment will process 100s Pbs of VIS and 

NISP photometric and spectroscopic data, along with ground-based data.

● Output shear, photo-z, spec-z catalogues, calibration parameters, 
maps, 2-point statistics, noise covariances and visibility masks. 



Euclid Maps the Universe
- The distribution of galaxies

- Dark Matter with Weak 
Gravitational Lensing



Euclid’s Shear Power
• Weak Lensing shear-shear power spectra for 10 redshift bins.
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+ SDSS+ SN

• >330 shear-shear, position-position, 
shear-position power spectra.

+ Spectroscopic Redshift Survey 
power spectra.

Euclid Data Release 3 predictions

Shear-Shear Power Spectra

Figure: Hall & ANT 2024



Matter Density and Clustering

Weak Lensing Science with Euclid

What do we want to measure?

● Correlation function and power spectrum of ellipticity
● Higher-order statistics probing non-Gaussian information
● Cross-correlation of shapes with the galaxy distribution
● Maps of dark matter

What do we learn?

● Cosmological parameters and models that affect 
large-scale structure and the expansion history

● Small-scale structure formation, feedback 
processes, properties of dark matter haloes and 
galaxy formation, etc.

Image credit: NASA/ESA

DES & KiDS: Abbott et al. 2023

Euclid Collabn: Blanchard et al 2020

Copeland, ANT & Hall, 2020

Amplitude of  
mass clustering

PlanckKiDS-1000
DES Y3 + KiDS-1000

HSC-Y3

DES Y3

Adapted from  
DES+KiDS Abbott et al 2023,  
HSC-Y3 Miyatake et al 2024

Euclid DR3

Matter Density Parameter
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Figure 6. Left panel : 68% and 95% marginalized posterior constraints in the w0–wa plane for the
flat w0waCDM model, from DESI BAO alone (black dashed), DESI + CMB (pink), and DESI +
SN Ia, for the PantheonPlus [24], Union3 [25] and DESY5 [26] SNIa datasets in blue, orange and
green respectively. Each of these combinations favours w0 > �1, wa < 0, with several of them
exhibiting mild discrepancies with ⇤CDMat the & 2� level. However, the full constraining power is
not realised without combining all three probes. Right panel : the 68% and 95% marginalized posterior
constraints from DESI BAO combined with CMB and each of the PantheonPlus, Union3 and DESY5
SN Ia datasets. The significance of the tension with ⇤CDM (w0 = �1, wa = 0) estimated from the
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from DESI alone, while combining DESI BAO with BBN and ✓⇤ significantly tightens the
constraint on w to w = �1.002+0.091

�0.080
. Adding CMB data shifts the contours slightly along

the CMB degeneracy direction, giving

⌦m = 0.281 ± 0.013,

w = �1.122+0.062

�0.054
,

)

DESI BAO+CMB. (5.2)

Finally, the tightest constraints are obtained from the combination of these data with SN Ia.
For example for the PantheonPlus SN Ia dataset:

⌦m = 0.3095 ± 0.0069,

w = �0.997 ± 0.025,

)
DESI+CMB
+PantheonPlus.

(5.3)

Similar constraints are obtained when substituting PantheonPlus SN Ia for DESY5 or Union3
(though with slightly larger uncertainties in the latter case). These results are summarised
in Table 3. In summary, DESI data, both alone and in combination with other cosmological
probes, do not show any evidence for a constant equation of state parameter di↵erent from
�1 when a flat wCDM model is assumed.

5.2 Flat w0waCDM model

Taking into account the physical dynamics of dark energy, the parametrization w(a) = w0 +
wa (1 � a) was derived and has been demonstrated to match the background evolution of
distances arising from exact dark energy equations of motion to an accuracy of ⇠ 0.1%
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DESI Collaboration, Paper VI, 2024

w(a) = − 1 +
1
3

d ln ρDE

d ln a
≈ w0 + wa(1 − a)

Dynamical Dark Energy

1 − a0 1

w(a)

−1

Λ
Phantom Dark Energy Euclid DR3

Euclid Collabn: Blanchard et al 2020

Copeland, ANT & Hall, 2020



Challenges: Modelling Baryon Feedback

Simulation Credit: lllustris Collaboration

Modelling baryons is even harder

�/��Alex Maraio, Euclid:UK Dec-��meeting

•Gas Temperature changes due to AGN feedback

•Change in matter power spectrum



Summary
● A Golden Age for Cosmology with DESI, Euclid, Rubin, and 

more, turning the Universe into a vast laboratory. 

● Exciting indications that the Standard Cosmological Model is 
breaking down, leading to new physics ! 

● Expect major scientific breakthroughs in Cosmology over the 
next few years - Euclid is well placed.

● First ‘Quick-Look’ Science Results from Euclid released 
on 19th March 2025, internal DR1 Oct 2025 !!
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CMB Lensing

Planck 2015


