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Dark matter: we feel more matter gravitationally that we 
can see with our telescopes

Evidence at all scales and with different observations

Rotation of stars around galactic center

Motion of galaxies inside clusters

Deviation of light by matter : gravitational lensing

Temperature fluctuations in Cosmic Microwave Background

80% of dark matter versus 20% of normal matter

Our Universe: two mysteries
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Our Universe: two mysteries

The expansion of the Universe accelerates

We known since 1930 that the Universe is expanding

Prediction from General Relativity: the expansion 
should decelerate

deceleration acceleration

Solutions

Cosmological constant
Dark energy
Modification of gravity at large scale

13.8 billion yearsBig Bang
Today

8 billion years
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Standard LCDM model

Dark matter is a cold non-interacting particle

The acceleration is due to a cosmological constant

Our goal: use cosmological data to test this model 
and search for deviations

<latexit sha1_base64="czBxziAoqChpX+oAJwD/LQCrNYs=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfUuq7WHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8Ok49m</latexit>

⇤

Current status: compatible with most observations, 
but some tensions have appeared in the past years
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How can we test the LCDM model?

It is not sufficient to measure the expansion rate

We need to look at structures in our Universe

CMB: fluctuations of the order of         around 
<latexit sha1_base64="3Xk0PNiX7kFvzADhQzmcgdoy03g=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbArRj0GvXiMYB6QrGF20kmGzM4uM7NCWPIRXjwo4tXv8ebfOEn2oIkFDUVVN91dQSy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUK6AaBZdYN9wIbMUKaRgIbAaj26nffEKleSQfzDhGP6QDyfucUWOlpuc+pmeVSbdYcsvuDGSZeBkpQYZat/jV6UUsCVEaJqjWbc+NjZ9SZTgTOCl0Eo0xZSM6wLalkoao/XR27oScWKVH+pGyJQ2Zqb8nUhpqPQ4D2xlSM9SL3lT8z2snpn/tp1zGiUHJ5ov6iSAmItPfSY8rZEaMLaFMcXsrYUOqKDM2oYINwVt8eZk0zsveZblyf1Gq3mRx5OEIjuEUPLiCKtxBDerAYATP8ApvTuy8OO/Ox7w152Qzh/AHzucPRL2O4w==</latexit>

10�5 <latexit sha1_base64="7nd3FUIAjCmAiVp0AyWw8MAjZPc=">AAAB9XicbVDLSsNAFL2pr1pfVZduBovgQkJSH3VZdCO4qWAf0MQymU7boZNJmJkoJfQ/3LhQxK3/4s6/cdpmoa0HLhzOuZd77wlizpR2nG8rt7S8srqWXy9sbG5t7xR39xoqSiShdRLxSLYCrChngtY105y2YklxGHDaDIbXE7/5SKVikbjXo5j6Ie4L1mMEayM9lO3KqXeCUk+G6HbcKZYc25kCLRI3IyXIUOsUv7xuRJKQCk04VqrtOrH2Uyw1I5yOC16iaIzJEPdp21CBQ6r8dHr1GB0ZpYt6kTQlNJqqvydSHCo1CgPTGWI9UPPeRPzPaye6d+mnTMSJpoLMFvUSjnSEJhGgLpOUaD4yBBPJzK2IDLDERJugCiYEd/7lRdIo2+6FfX53VqpeZXHk4QAO4RhcqEAVbqAGdSAg4Rle4c16sl6sd+tj1pqzspl9+APr8wdTUpEg</latexit>

2.73K

Galaxies: patterns in the distribution up to very large scales 

These inhomogeneities are sensitive to the dark 
matter properties and to the theory of gravity
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Accounting for inhomogeneities

Our Universe is split into:
Homogeneous and isotropic background     fluctuations

Fluctuations encoded into four fields

Perturbations in the geometry

ds2 = −a2
��
1 + 2Ψ

�
dη2 +

�
1− 2Φ

�
δijdx

idxj
�

gravitational potentials

Perturbations in the universe's content: 

<latexit sha1_base64="ESa20JmgsyqBw/pYa3hZjcTNRLk=">AAACB3icbVDLSgMxFM34rPU16lKQYBFclRkp6kYounFZwT6gM5RMJtOGZjJDckcoQ3du/BU3LhRx6y+4829M21lo64GEk3Pu5eaeIBVcg+N8W0vLK6tr66WN8ubW9s6uvbff0kmmKGvSRCSqExDNBJesCRwE66SKkTgQrB0MbyZ++4EpzRN5D6OU+THpSx5xSsBIPfvIC5kAcuVFitB89vDUIBnn07tnV5yqMwVeJG5BKqhAo2d/eWFCs5hJoIJo3XWdFPycKOBUsHHZyzRLCR2SPusaKknMtJ9P9xjjE6OEOEqUORLwVP3dkZNY61EcmMqYwEDPexPxP6+bQXTp51ymGTBJZ4OiTGBI8CQUHHLFKIiRIYQqbv6K6YCYRMBEVzYhuPMrL5LWWdU9r9buapX6dRFHCR2iY3SKXHSB6ugWNVATUfSIntErerOerBfr3fqYlS5ZRc8B+gPr8wcUe5ob</latexit>

� =
�⇢

⇢
<latexit sha1_base64="r4s4yN2ZOVvwxu5Osn/35uzzJpY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrtfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftZ+M4w==</latexit>

V

density fluctuations

peculiar velocity

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

scale factor
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Relations

General Relativity and conservation equations 
provide relations between the fields

By measuring the 4 fields and comparing them we 
can test the validity of the   CDM model

�
<latexit sha1_base64="mRjdPHcR5fkFzD7kQz6YL6ySYZ8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKez6QI9BLx4jmAckS5id7SRjZmeWmVkhLPkHLx4U8er/ePNvnCR70MSChqKqm+6uMOFMG8/7dgorq2vrG8XN0tb2zu5eef+gqWWqKDao5FK1Q6KRM4ENwwzHdqKQxCHHVji6nfqtJ1SaSfFgxgkGMRkI1meUGCs1uxFyQ3rlilf1ZnCXiZ+TCuSo98pf3UjSNEZhKCdad3wvMUFGlGGU46TUTTUmhI7IADuWChKjDrLZtRP3xCqR25fKljDuTP09kZFY63Ec2s6YmKFe9Kbif14nNf3rIGMiSQ0KOl/UT7lrpDt93Y2YQmr42BJCFbO3unRIFKHGBlSyIfiLLy+T5lnVP69e3l9Uajd5HEU4gmM4BR+uoAZ3UIcGUHiEZ3iFN0c6L8678zFvLTj5zCH8gfP5A5PQjyM=</latexit>

V
<latexit sha1_base64="76sWXXv3OhdBn612sBO23nM+e1I=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV0f6DHoxWMC5gHJEmYnvcmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobuq3nlBpHssHM07Qj+hA8pAzaqxUb/ZKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8i8pV/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8ftPWM4Q==</latexit>

 
<latexit sha1_base64="r0cISNJt3sWBhOtYy1SMmy2Ahts=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jGBNIljA7mU2GzGOZmRXCkl/w4kERr/6QN//G2WQPmljQUFR1090VJZwZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVqQltEcaU7ETaUM0lblllOO4mmWESctqPxbe63n6g2TMkHO0loKPBQspgRbHOp1zSsX635dX8GtEyCgtSgQLNf/eoNFEkFlZZwbEw38BMbZlhbRjidVnqpoQkmYzykXUclFtSE2ezWKTpxygDFSruSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxmaSWSjJfFKccWYXyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB+f1y/uLWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifP/W0jjE=</latexit>

�
<latexit sha1_base64="+AZwEx4h0iZeQzonc8MtAGC6ra0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGrQiNqzW3Lo7B1olXkFqUKA1rH4NRjFJBZWGcKx133MT42dYGUY4nVUGqaYJJhM8pn1LJRZU+9n81hk6s8oIhbGyJQ2aq78nMiy0norAdgpsIr3s5eJ/Xj814Y2fMZmkhkqyWBSmHJkY5Y+jEVOUGD61BBPF7K2IRFhhYmw8FRuCt/zyKulc1L3L+tVDo9a8LeIowwmcwjl4cA1NuIcWtIFABM/wCm+OcF6cd+dj0Vpyiplj+APn8wfk/Y4m</latexit>

Continuity 

Poisson Euler

<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=

<latexit sha1_base64="czBxziAoqChpX+oAJwD/LQCrNYs=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfUuq7WHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8Ok49m</latexit>

⇤

CDM model<latexit sha1_base64="czBxziAoqChpX+oAJwD/LQCrNYs=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsS1DJoY2ERwTwgWcLd2dlkyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTFHWpIlIVCdAzQSXrGm4EayTKoZxIFg7GN3O/PYTU5on8tGMU+bHOJA84hSNldq9exsNsV+uuFV3DrJKvJxUIEejX/7qhQnNYiYNFah113NT409QGU4Fm5Z6mWYp0hEOWNdSiTHT/mS+7pScWSUkUaLsk4bM1d8TE4y1HseBTcZohnrZm4n/ed3MRNf+hMs0M0zSxUdRJohJyOx2EnLFqBFjS5AqbncldIgKqbENlWwJ3vLJq6R1UfUuq7WHWqV+k9dRhBM4hXPw4ArqcAcNaAKFETzDK7w5qfPivDsfi2jByWeO4Q+czx8Ok49m</latexit>

⇤
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Relations

General Relativity and conservation equations 
provide relations between the fields

By measuring the 4 fields and comparing them we 
can test the validity of the   CDM model

�
<latexit sha1_base64="mRjdPHcR5fkFzD7kQz6YL6ySYZ8=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKez6QI9BLx4jmAckS5id7SRjZmeWmVkhLPkHLx4U8er/ePNvnCR70MSChqKqm+6uMOFMG8/7dgorq2vrG8XN0tb2zu5eef+gqWWqKDao5FK1Q6KRM4ENwwzHdqKQxCHHVji6nfqtJ1SaSfFgxgkGMRkI1meUGCs1uxFyQ3rlilf1ZnCXiZ+TCuSo98pf3UjSNEZhKCdad3wvMUFGlGGU46TUTTUmhI7IADuWChKjDrLZtRP3xCqR25fKljDuTP09kZFY63Ec2s6YmKFe9Kbif14nNf3rIGMiSQ0KOl/UT7lrpDt93Y2YQmr42BJCFbO3unRIFKHGBlSyIfiLLy+T5lnVP69e3l9Uajd5HEU4gmM4BR+uoAZ3UIcGUHiEZ3iFN0c6L8678zFvLTj5zCH8gfP5A5PQjyM=</latexit>
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Modified EulerModified Poisson

gravitational slip
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Cosmological observations

Surveys detect galaxies and measure

the angular position

the redshift

the shape and luminosity

'

✓

Some surveys are dedicated to redshift measurements, 
whereas other are specialised in imaging.  

15
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Surveys detect galaxies and measure

the angular position

the redshift

the shape and luminosity

galaxy spectrum

Some surveys are dedicated to redshift measurements, 
whereas other are specialised in imaging.  

Cosmological observations
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Surveys detect galaxies and measure

the angular position

the redshift      distance

the shape and luminosity

galaxy spectrum

Some surveys are dedicated to redshift measurements, 
whereas other are specialised in imaging.  

redshift

Cosmological observations
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Surveys detect galaxies and measure

the angular position

the redshift      distance

the shape and luminosity

Some surveys are dedicated to redshift measurements, 
whereas other are specialised in imaging.  

3-dimensional map

Cosmological observations
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Surveys detect galaxies and measure

the angular position

the redshift      distance

the shape and luminosity

Some surveys are dedicated to redshift measurements, 
whereas other are specialised in imaging.  

Credit: ESO/INAF-VST

Cosmological observations
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Surveys detect galaxies and measure

the angular position

the redshift      distance

the shape and luminosity

Some surveys are dedicated to redshift measurements, 
whereas other are specialised in imaging.  

Credit: ESO/INAF-VST

Cosmological observations

ellipticity

size
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Which field can we measure?

3D maps: distance measured through the redshift
expansion

Doppler

The Doppler effect distorts the structures in the maps

Without Doppler effect 
isotropic structures

Observer

Kaiser (1987)
Hamilton (1992)
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Which field can we measure?

3D maps: distance measured through the redshift
expansion

Doppler

Without Doppler effect 
isotropic structures

Observer

Kaiser (1987)
Hamilton (1992)

The Doppler effect distorts the structures in the maps
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Which field can we measure?

3D maps: distance measured through the redshift
expansion

Doppler

Without Doppler effect 
isotropic structures

Observer

With Doppler effect
squashed structures

Observer

Kaiser (1987)
Hamilton (1992)

The Doppler effect distorts the structures in the maps
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Which field can we measure?

3D maps: distance measured through the redshift
expansion

Doppler

Observer Observer

Measurable by looking at probability 
of finding a pair of galaxies at a 
given separation   

Kaiser (1987)
Hamilton (1992)

The Doppler effect distorts the structures in the maps
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Measuring the evolution of velocities

10.5 billion years agoToday
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2dFGRS
6dFGS
WiggleZ
SDSS
Gamma
2MASS
2MTF
Vipers
FastSound
IRAS
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The shape of galaxies is distorted by 
gravitational lensing

It generates correlations between 
shapes affected by the same structures

Detected by various surveys: 
CFHT, KiDS, DES

less clustered than predicted in   CDM (2-3 sigma tension)

Which field can we measure?
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Poisson equation

total matter
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Heymans et al. (2020)
Abbott et al. (2022)&(2023)

http://www.phy.mtu.edu/
http://www.usra.edu/
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Can we improve on current techniques?

Use gravitational lensing to measure the evolution of  

Use 3D maps of galaxies to measure the evolution of  

Test the relation between    and    : test of General Relativity

Test the relation between    and    : test of Euler equation for 
dark matter
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Measuring the sum of potentials

Observer
shape of background 

galaxies

slower growth 
of potentials at 
late time

distribution 
of lenses

Tutusaus, CB and Grimm (2024)

3.5 5 6 7 billion years ago
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Measuring the sum of potentials

Observer
shape of background 

galaxies
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slower growth 
of potentials at 
late time

distribution 
of lenses

Tutusaus, CB and Grimm (2024)

3.5 5 6 7 billion years ago
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Measuring the sum of potentials

Observer
shape of background 

galaxies
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slower growth 
of potentials at 
late time

distribution 
of lenses

Tutusaus, CB and Grimm (2024)

3.5 5 6 7 billion years ago
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Measuring the sum of potentials

Observer
shape of background 

galaxies
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�+ 

slower growth 
of potentials at 
late time

distribution 
of lenses

Tutusaus, CB and Grimm (2024)

3.5 5 6 7 billion years ago

If the deviations persist: are they due 
to modified gravity, dark matter 
interactions or evolving dark energy?



Camille Bonvin      p.     /4731

Measuring the distortion of time

Another effect: gravitational redshift

Change in photon frequencyObserver
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Sensitive to time distortion

The effect is typically 100 times smaller than Doppler effect

Can we use 3D maps to isolate it?

3D maps: distance measured through the redshift
expansion

Doppler



Camille Bonvin      p.     /4732

What do we measure?
We count the number of galaxies per pixel: � =

N � N̄

N̄

C
re

di
t: 

M
. B

la
nt

on
, S

D
SS

Galaxies follow the distribution 
of matter ∆ = b · δ

We never observe directly the 
position of galaxies, we observe 
the redshift   and the direction 
of incoming photons   

z
n

Observer

(x1, x2, x3)

r(z)

n

we calculate the distance      
In a homogeneous universe:  

r(z)

light propagates on straight lines

Source

CB and Durrer (2011)
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We count the number of galaxies per pixel: � =
N � N̄

N̄

C
re

di
t: 

M
. B

la
nt

on
, S

D
SS

Galaxies follow the distribution 
of matter ∆ = b · δ

We never observe directly the 
position of galaxies, we observe 
the redshift   and the direction 
of incoming photons   

z
n

Observer

(x1, x2, x3)

r(z)

n

distance-redshift relation      
Inhomogeneities modify:  

angular position of the image

Image

Source

What do we measure? CB and Durrer (2011)
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We count the number of galaxies per pixel: � =
N � N̄

N̄

C
re

di
t: 
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nt

on
, S

D
SS

Galaxies follow the distribution 
of matter ∆ = b · δ

We never observe directly the 
position of galaxies, we observe 
the redshift   and the direction 
of incoming photons   

z
n

Observer

(x1, x2, x3)

r(z)

n

Light propagation

Image

Source
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What do we measure? CB and Durrer (2011)
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What do we measure?
Yoo et al (2010)
CB and Durrer (2011)
Challinor and Lewis (2011)
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What do we measure?
Yoo et al (2010)
CB and Durrer (2011)
Challinor and Lewis (2011)

Matter fluctuations
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What do we measure?
Yoo et al (2010)
CB and Durrer (2011)
Challinor and Lewis (2011)

Doppler
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What do we measure?
Yoo et al (2010)
CB and Durrer (2011)
Challinor and Lewis (2011)

Gravitational lensing
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What do we measure?
Yoo et al (2010)
CB and Durrer (2011)
Challinor and Lewis (2011)

Gravitational redshift
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Breaking of symmetry from gravitational redshift

shift in position due to gravitational redshift

CB, Hui & Gaztanaga (2014)

Taking all pairs of galaxies into account: dipolar modulation

Observer
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Breaking of symmetry from gravitational redshift

shift in position due to gravitational redshift

CB, Hui & Gaztanaga (2014)

Taking all pairs of galaxies into account: dipolar modulation

Observer
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We can isolate the effect 
by fitting for a dipole
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Extracting a dipole

Dipolar modulation

CB, Hui & Gaztanaga (2014)
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Isolating gravitational redshift

Redshift 0.35 0.45 0.55 0.65 0.75 0.85 0.95

Constraints 23% 24% 28% 33% 40% 48% 60%

Forecasts for SKA2

Sobral-Blanco and CB (2022)

Square Kilometer Array (2030)

First detection expected with DESI (this year?), but low SNR

10 millions galaxies, 14'000 square degrees

one billion galaxies, 30'000 square degrees
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Testing for a gravitational slip

Detecting a gravitational slip would be 
a smoking gun for modified gravity

Tutusaus, Sobral-Blanco 
and CB (2022)
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redshift
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Testing Euler equation
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We modify it with two scale-independent parameters 

additional forcefriction

CB & Fleury (2018)

With the SKA we can detect: change of 8% in friction and 16%
in additional force
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Distinguish between Euler and modified gravity

We simulate data in a model where dark matter interacts 
with dark energy and gravity is given by General Relativity

dark matter
interactions

modification of 
gravity

Castello, Wang, Dam, CB and Pogosian (2024)
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Conclusion

Current data are mostly in agreement with   CDM

Future survey will allow us to measure

Evolution of 

Evolution of 

We can test for      gravitational slip (modified gravity)

dark matter interactions

We can distinguish the two scenarios
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