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Why do we need dark energy?

We know since 1930 that the universe is expanding

Prediction from General Relativity: the expansion 
should decelerate

deceleration acceleration

Solution: add a cosmological constant

13.8 billion yearsBig Bang
Today

8 billion years

In 1998, observations from distant supernovae 
showed that the universe is accelerating
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Why do we need dark energy?

We know since 1930 that the universe is expanding

Prediction from General Relativity: the expansion 
should decelerate

deceleration acceleration

More general: dark energy 70% of the universe's content

13.8 billion yearsBig Bang
Today

8 billion years

In 1998, observations from distant supernovae 
showed that the universe is accelerating
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What about gravity?
The need for dark energy relies on the use of 
Einstein's equation to compute the expansion rate

disagreement with observations

What if the problem is General Relativity?

Can we get rid of dark energy by modifying 
Einstein's equations? 

Yes: many theories of modified gravity can explain 
the accelerated expansion
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How can we distinguish the solutions?

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 
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2.73K

Galaxies: patterns in the distribution up to very large scales 

These inhomogeneities are sensitive to the 
theory of gravity
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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 
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2.73K

Galaxies: patterns in the distribution up to very large scales 

These inhomogeneities are sensitive to the 
theory of gravity

How can we distinguish the solutions?

Credit: Planck
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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 
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2.73K

Galaxies: patterns in the distribution up to very large scales 

These inhomogeneities are sensitive to the 
theory of gravity

How can we distinguish the solutions?

Credit: SDSS
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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
h�
1 + 2⇥

�
d⇥2 +

�
1� 2�

�
�ijdx

idxj
i

gravitational potentials

Perturbations in the universe's content: 
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V

density fluctuations

peculiar velocity
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scale factor

<latexit sha1_base64="VkTeVHKbPjOmdT274X/VMGNgKeU=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCfWATymQyaYdOZsLMRCihf+HGhSJu/Rt3/o3TNgttPXDhcM693HtPmHKmjet+O6WV1bX1jfJmZWt7Z3evun/Q1jJThLaI5FJ1Q6wpZ4K2DDOcdlNFcRJy2glHt1O/80SVZlI8mHFKgwQPBIsZwcZKj35EucG+Gsp+tebW3RnQMvEKUoMCzX71y48kyRIqDOFY657npibIsTKMcDqp+JmmKSYjPKA9SwVOqA7y2cUTdGKVCMVS2RIGzdTfEzlOtB4noe1MsBnqRW8q/uf1MhNfBzkTaWaoIPNFccaRkWj6PoqYosTwsSWYKGZvRWSIFSbGhlSxIXiLLy+T9lndu6xf3J/XGjdFHGU4gmM4BQ+uoAF30IQWEBDwDK/w5mjnxXl3PuatJaeYOYQ/cD5/ALLJkPM=</latexit>

�⇢



 EDSU-tools 2024     Camille Bonvin      p.     /379

Accounting for inhomogeneities

The evolution of the fields     ,   ,    and     depends on the 
theory of gravity

V
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Modifying gravity changes: 

the way matter accretes

the way galaxies move

the way matter distorts space-time

Which fields can we measure with cosmological surveys?
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We can test gravity by measuring the fields evolution



 EDSU-tools 2024     Camille Bonvin      p.     /3710

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.  

10
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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

This 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

This 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

This distorts the structures in the maps

Without Doppler effect 
isotropic structures

Observer

With Doppler effect
squashed structures

Observer

Kaiser (1987)
Hamilton (1992)



 EDSU-tools 2024     Camille Bonvin      p.     /3719

Which field can we measure?

3D maps: distance measured through the redshift
expansion

Doppler

This distorts the structures in the maps

Observer Observer

Measurable by looking at probability 
of finding two pairs of galaxies at 

given separation   

Kaiser (1987)
Hamilton (1992)
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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?

General Relativity

total matter
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Heymans et al. (2020)
Abbott et al. (2022) & (2023)
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http://www.phy.mtu.edu/
http://www.usra.edu/
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Without GR: 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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Without GR: measuring the sum of potentials

Observer
shape of background 

galaxies

distribution 
of lenses

Tutusaus, CB and Grimm (2024)

<latexit sha1_base64="fdd6l/edhtdHrIJxDKc6kJm/kEs=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5q3mWtfl+vNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADwZkA0=</latexit>

�+ 

slower growth 
of potentials at 
late time

3.5 5 6 7 billion years ago
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Without GR: measuring the sum of potentials

Observer
shape of background 

galaxies

distribution 
of lenses

Tutusaus, CB and Grimm (2024)

<latexit sha1_base64="fdd6l/edhtdHrIJxDKc6kJm/kEs=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5q3mWtfl+vNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADwZkA0=</latexit>

�+ 

slower growth 
of potentials at 
late time

3.5 5 6 7 billion years ago
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Current status
Current data: measurements of the evolution of     and <latexit sha1_base64="fdd6l/edhtdHrIJxDKc6kJm/kEs=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5q3mWtfl+vNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADwZkA0=</latexit>

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

V

Velocities in agreement with General Relativity

Gravitational potentials slightly too small, not 
significant yet

The goal of surveys like DESI, Euclid, Vera Rubin LSST and 
the SKA is to improve the measurements of these fields

What if we see deviations from predictions in    and          ?<latexit sha1_base64="r4s4yN2ZOVvwxu5Osn/35uzzJpY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrtfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftZ+M4w==</latexit>

V
<latexit sha1_base64="fdd6l/edhtdHrIJxDKc6kJm/kEs=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5q3mWtfl+vNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADwZkA0=</latexit>

�+ 

rule out General Relativity?
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Degeneracies

There are degeneracies between modifications of 
gravity and dark matter properties

If dark matter interacts, it changes:

the way dark matter accretes

the way galaxies move

<latexit sha1_base64="fdd6l/edhtdHrIJxDKc6kJm/kEs=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5q3mWtfl+vNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADwZkA0=</latexit>

�+ 

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

V

Measuring     and           is not enough 
to test General Relativity

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

V
<latexit sha1_base64="fdd6l/edhtdHrIJxDKc6kJm/kEs=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5q3mWtfl+vNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADwZkA0=</latexit>

�+ 
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Compare           with

27

New measurement: time distortion

Uniquely test for deviations from General Relativity

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

<latexit sha1_base64="fdd6l/edhtdHrIJxDKc6kJm/kEs=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5q3mWtfl+vNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADwZkA0=</latexit>

�+ 

Uniquely test for dark matter interactions

          in General Relativity, generically 
different in modified gravity

<latexit sha1_base64="2E3wD8mtlE/ikbMrJAP5/rzpdGc=">AAAB8HicbVDLSsNAFL2pr1pfVZduBovgqiTiayMU3biMYB/ShDKZTtqhM5MwMxFK6Fe4caGIWz/HnX/jtM1CqwcuHM65l3vviVLOtHHdL6e0tLyyulZer2xsbm3vVHf3WjrJFKFNkvBEdSKsKWeSNg0znHZSRbGIOG1Ho5up336kSrNE3ptxSkOBB5LFjGBjpYfAH7KrwNesV625dXcG9Jd4BalBAb9X/Qz6CckElYZwrHXXc1MT5lgZRjidVIJM0xSTER7QrqUSC6rDfHbwBB1ZpY/iRNmSBs3UnxM5FlqPRWQ7BTZDvehNxf+8bmbiyzBnMs0MlWS+KM44Mgmafo/6TFFi+NgSTBSztyIyxAoTYzOq2BC8xZf/ktZJ3Tuvn92d1hrXRRxlOIBDOAYPLqABt+BDEwgIeIIXeHWU8+y8Oe/z1pJTzOzDLzgf31f7kCA=</latexit>

� =  

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

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

V

Obeys Euler equation if no interactions
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Measuring the distortion of time

Another effect: gravitational redshift

The effect is typically 100 times smaller than Doppler effect

It can be isolated by using its symmetries

3D maps: distance measured through the redshift
expansion

Doppler

Change in photon frequencyObserver

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

Sensitive to time distortion
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Different symmetries

Doppler effect

Observer

Time distortion

CB, Hui, Gaztanaga (2014)

Observer
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Different symmetries

Doppler effect

Observer

Time distortion

CB, Hui, Gaztanaga (2014)

Observer
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Different symmetries

Doppler effect

Observer

Time distortion

CB, Hui, Gaztanaga (2014)

Observer

<latexit sha1_base64="zoA2DEtkXKrp/Sqo4TLss69j6TI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmZnJ8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSvQFo2ilh7Dn9coVt+rOQJaJl5MK5Kj3yl/dMGZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn81OnZATq4SkH2tbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5Ni/9rPhEpS5IrNF/VTSTAm079JKDRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QPwaY2W</latexit>

d1
<latexit sha1_base64="nkdrT6SN84JqGeiEvXbh280HkUc=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNnZ3mTI7OwyMyuEkE/w4kERr36RN//GSbIHTSxoKKq66e4KUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8nfqtJ1SaJ/LRjFL0Y9qXPOKMGis9hL1qr1R2K+4MZJl4OSlDjnqv9NUNE5bFKA0TVOuO56bGH1NlOBM4KXYzjSllQ9rHjqWSxqj98ezUCTm1SkiiRNmShszU3xNjGms9igPbGVMz0IveVPzP62QmuvbHXKaZQcnmi6JMEJOQ6d8k5AqZESNLKFPc3krYgCrKjE2naEPwFl9eJs1qxbusXNyfl2s3eRwFOIYTOAMPrqAGd1CHBjDowzO8wpsjnBfn3fmYt644+cwR/IHz+QPx7Y2X</latexit>

d2<latexit sha1_base64="WaL0tWjltrkuxlqV+KuqJEpv8BI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U395hMqzSP5YMYx+iEdSN7njBor1W66xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuU2iyMPR3AMp+DBFVTgHqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP5ANjMs=</latexit>=

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{
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Different symmetries

Doppler effect

Observer

Time distortion

CB, Hui, Gaztanaga (2014)

Observer

<latexit sha1_base64="zoA2DEtkXKrp/Sqo4TLss69j6TI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmZnJ8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSvQFo2ilh7Dn9coVt+rOQJaJl5MK5Kj3yl/dMGZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn81OnZATq4SkH2tbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5Ni/9rPhEpS5IrNF/VTSTAm079JKDRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QPwaY2W</latexit>

d1
<latexit sha1_base64="nkdrT6SN84JqGeiEvXbh280HkUc=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNnZ3mTI7OwyMyuEkE/w4kERr36RN//GSbIHTSxoKKq66e4KUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8nfqtJ1SaJ/LRjFL0Y9qXPOKMGis9hL1qr1R2K+4MZJl4OSlDjnqv9NUNE5bFKA0TVOuO56bGH1NlOBM4KXYzjSllQ9rHjqWSxqj98ezUCTm1SkiiRNmShszU3xNjGms9igPbGVMz0IveVPzP62QmuvbHXKaZQcnmi6JMEJOQ6d8k5AqZESNLKFPc3krYgCrKjE2naEPwFl9eJs1qxbusXNyfl2s3eRwFOIYTOAMPrqAGd1CHBjDowzO8wpsjnBfn3fmYt644+cwR/IHz+QPx7Y2X</latexit>

d2<latexit sha1_base64="WaL0tWjltrkuxlqV+KuqJEpv8BI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U395hMqzSP5YMYx+iEdSN7njBor1W66xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuU2iyMPR3AMp+DBFVTgHqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP5ANjMs=</latexit>=

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{



 EDSU-tools 2024     Camille Bonvin      p.     /3733

Different symmetries

Doppler effect

Observer

Time distortion

CB, Hui, Gaztanaga (2014)

Observer

<latexit sha1_base64="zoA2DEtkXKrp/Sqo4TLss69j6TI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmZnJ8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSvQFo2ilh7Dn9coVt+rOQJaJl5MK5Kj3yl/dMGZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn81OnZATq4SkH2tbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5Ni/9rPhEpS5IrNF/VTSTAm079JKDRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QPwaY2W</latexit>

d1
<latexit sha1_base64="nkdrT6SN84JqGeiEvXbh280HkUc=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNnZ3mTI7OwyMyuEkE/w4kERr36RN//GSbIHTSxoKKq66e4KUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8nfqtJ1SaJ/LRjFL0Y9qXPOKMGis9hL1qr1R2K+4MZJl4OSlDjnqv9NUNE5bFKA0TVOuO56bGH1NlOBM4KXYzjSllQ9rHjqWSxqj98ezUCTm1SkiiRNmShszU3xNjGms9igPbGVMz0IveVPzP62QmuvbHXKaZQcnmi6JMEJOQ6d8k5AqZESNLKFPc3krYgCrKjE2naEPwFl9eJs1qxbusXNyfl2s3eRwFOIYTOAMPrqAGd1CHBjDowzO8wpsjnBfn3fmYt644+cwR/IHz+QPx7Y2X</latexit>

d2<latexit sha1_base64="WaL0tWjltrkuxlqV+KuqJEpv8BI=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr4sQ9OIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U395hMqzSP5YMYx+iEdSN7njBor1W66xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuU2iyMPR3AMp+DBFVTgHqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP5ANjMs=</latexit>=

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{
<latexit sha1_base64="zoA2DEtkXKrp/Sqo4TLss69j6TI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmZnJ8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSvQFo2ilh7Dn9coVt+rOQJaJl5MK5Kj3yl/dMGZpxBUySY3peG6CfkY1Cib5pNRNDU8oG9EB71iqaMSNn81OnZATq4SkH2tbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5Ni/9rPhEpS5IrNF/VTSTAm079JKDRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QPwaY2W</latexit>

d1
<latexit sha1_base64="nkdrT6SN84JqGeiEvXbh280HkUc=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd3g6xj04jGieUCyhNnZ3mTI7OwyMyuEkE/w4kERr36RN//GSbIHTSxoKKq66e4KUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8nfqtJ1SaJ/LRjFL0Y9qXPOKMGis9hL1qr1R2K+4MZJl4OSlDjnqv9NUNE5bFKA0TVOuO56bGH1NlOBM4KXYzjSllQ9rHjqWSxqj98ezUCTm1SkiiRNmShszU3xNjGms9igPbGVMz0IveVPzP62QmuvbHXKaZQcnmi6JMEJOQ6d8k5AqZESNLKFPc3krYgCrKjE2naEPwFl9eJs1qxbusXNyfl2s3eRwFOIYTOAMPrqAGd1CHBjDowzO8wpsjnBfn3fmYt644+cwR/IHz+QPx7Y2X</latexit>

d2

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit>

{<latexit sha1_base64="WxRC5H9J/NGzm7Fn2SzeVE0B7dU=">AAAB63icbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmYnnWTIzOw6MyuEJb/gxYMiXv0hb/6Ns8keNLGgoajqprsrjDnTxvO+ncLK6tr6RnGztLW9s7tX3j9o6ihRFBs04pFqh0QjZxIbhhmO7VghESHHVji+zfzWEyrNIvlgJjEGggwlGzBKTCZ1JT72yhWv6s3gLhM/JxXIUe+Vv7r9iCYCpaGcaN3xvdgEKVGGUY7TUjfRGBM6JkPsWCqJQB2ks1un7olV+u4gUrakcWfq74mUCK0nIrSdgpiRXvQy8T+vk5jBdZAyGScGJZ0vGiTcNZGbPe72mUJq+MQSQhWzt7p0RBShxsZTsiH4iy8vk+ZZ1b+sXtyfV2o3eRxFOIJjOAUfrqAGd1CHBlAYwTO8wpsjnBfn3fmYtxacfOYQ/sD5/AEbTY5M</latexit>

6=
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In practice

We split the galaxies into two populations: bright and faint

We measure the probability distribution of finding faint 
galaxies around bright ones      dipolar modulation

Observer

<latexit sha1_base64="UIyWLvTcQwdqoWRJIFfC4DrvEUg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKpi20oWy2m3bpZhN2J0IJ/Q1ePCji1R/kzX/jts1BWx8MPN6bYWZemEph0HW/ndLa+sbmVnm7srO7t39QPTxqmSTTjPsskYnuhNRwKRT3UaDknVRzGoeSt8Px3cxvP3FtRKIecZLyIKZDJSLBKFrJ74Ucab9ac+vuHGSVeAWpQYFmv/rVGyQsi7lCJqkxXc9NMcipRsEkn1Z6meEpZWM65F1LFY25CfL5sVNyZpUBiRJtSyGZq78nchobM4lD2xlTHJllbyb+53UzjG6CXKg0Q67YYlGUSYIJmX1OBkJzhnJiCWVa2FsJG1FNGdp8KjYEb/nlVdK6qHtX9cuHy1rjtoijDCdwCufgwTU04B6a4AMDAc/wCm+Ocl6cd+dj0Vpyiplj+APn8wfGxI6t</latexit>

�
<latexit sha1_base64="QwzLTafJXmI1OAXt45h2AUByQKo=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY+lXjxWsB/QLiWbZtvQJLskWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7uZ+54lpw2P1aKcJCyQZKR5xSqyTOllfS9yYDcoVr+otgNeJn5MK5GgOyl/9YUxTyZSlghjT873EBhnRllPBZqV+alhC6ISMWM9RRSQzQbY4d4YvnDLEUaxdKYsX6u+JjEhjpjJ0nZLYsVn15uJ/Xi+10W2QcZWklim6XBSlAtsYz3/HQ64ZtWLqCKGau1sxHRNNqHUJlVwI/urL66R9VfWvq7WHWqXeyOMowhmcwyX4cAN1uIcmtIDCBJ7hFd5Qgl7QO/pYthZQPnMKf4A+fwADG49e</latexit>

B

<latexit sha1_base64="Om5/fQ35cjhA1T3MnsJWRzZh+mM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BQTxGMA9IljA7mU2GzGOZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8O/PbT1QbpuSjnSQ0FHgoWcwItk5qZz0t0N20X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzcKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtYdapX6Tx1GEEziFcwjgCupwDw1oAoExPMMrvHmJ9+K9ex+L1oKXzxzDH3ifPwkvj2I=</latexit>

F

We can isolate gravitational 
redshift by fitting for a dipole

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 (2028)

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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Tests

Euler equation: precision 10-20%
Never tested for dark matter

Modified gravity: compare time distortion with spatial 
distortion: precision 10-20%

CB, Fleury (2018)
Castella, Grimm, CB (2022)

Sobral-Blanco, CB (2023)
Tutusaus, Sobral-Blanco, CB (2023)
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Conclusion

We want to determine if the accelerated expansion is 
due to modified gravity or dark energy

We can currently test gravity by measuring

Galaxy velocities from 3D maps

Space-time distortions via gravitational lensing

Problem: degeneracies with dark matter interactions

New tool: measurement of the distortion of time
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<latexit sha1_base64="DtaFsIgXBirAahbmxUAyXAlx0Lc="></latexit>
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Extracting a dipole

Dipolar modulation

CB, Hui & Gaztanaga (2014)
CB & Durrer (2011)
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modified gravity

dark matter 
interactions

Degeneracies



 EDSU-tools 2024     Camille Bonvin      p.     /3740

Modified gravity versus dark matter interaction

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)

true model
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Testing Euler equation

V̇ · n+H
⇥
1 +⇥(z)

⇤
V · n+

⇥
1 + �(z)

⇤
@r = 0

<latexit sha1_base64="uWvfvPqjQ+RdFhyYc649XYT4E3s="></latexit>

V̇ · n+HV · n+ @r = 0
<latexit sha1_base64="FZ9YlRUBzzctJLcsn46Ldl3pMhQ="></latexit>

Euler equation projected in the direction n<latexit sha1_base64="BMNqe0l+uey023JSIFbUCZQaQHw=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsz4QJdFNy4r2Ae2pWTSTBuayQzJHaEM/Qs3LhRx69+482/MtLPQ1gOBwzn3knOPH0th0HW/ncLK6tr6RnGztLW9s7tX3j9omijRjDdYJCPd9qnhUijeQIGSt2PNaehL3vLHt5nfeuLaiEg94CTmvZAOlQgEo2ilx25IceQHqZr2yxW36s5AlomXkwrkqPfLX91BxJKQK2SSGtPx3Bh7KdUomOTTUjcxPKZsTIe8Y6miITe9dJZ4Sk6sMiBBpO1TSGbq742UhsZMQt9OZgnNopeJ/3mdBIPrXipUnCBXbP5RkEiCEcnOJwOhOUM5sYQyLWxWwkZUU4a2pJItwVs8eZk0z6reefXy/qJSu8nrKMIRHMMpeHAFNbiDOjSAgYJneIU3xzgvzrvzMR8tOPnOIfyB8/kD8EuRGQ==</latexit>

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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Solution: measure the distortion of time

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>

Beyond 

The relations between the fields are modified in a 
different way when gravity is modified or when dark 
matter has additional interactions

Measuring    directly would provide the missing piece 
<latexit sha1_base64="r0cISNJt3sWBhOtYy1SMmy2Ahts=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jGBNIljA7mU2GzGOZmRXCkl/w4kERr/6QN//G2WQPmljQUFR1090VJZwZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVqQltEcaU7ETaUM0lblllOO4mmWESctqPxbe63n6g2TMkHO0loKPBQspgRbHOp1zSsX635dX8GtEyCgtSgQLNf/eoNFEkFlZZwbEw38BMbZlhbRjidVnqpoQkmYzykXUclFtSE2ezWKTpxygDFSruSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxmaSWSjJfFKccWYXyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB+f1y/uLWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifP/W0jjE=</latexit>

Exchange 
of energy 

Modified EulerModified Poisson

gravitational slip

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

⇤

<latexit sha1_base64="VkTeVHKbPjOmdT274X/VMGNgKeU=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCfWATymQyaYdOZsLMRCihf+HGhSJu/Rt3/o3TNgttPXDhcM693HtPmHKmjet+O6WV1bX1jfJmZWt7Z3evun/Q1jJThLaI5FJ1Q6wpZ4K2DDOcdlNFcRJy2glHt1O/80SVZlI8mHFKgwQPBIsZwcZKj35EucG+Gsp+tebW3RnQMvEKUoMCzX71y48kyRIqDOFY657npibIsTKMcDqp+JmmKSYjPKA9SwVOqA7y2cUTdGKVCMVS2RIGzdTfEzlOtB4noe1MsBnqRW8q/uf1MhNfBzkTaWaoIPNFccaRkWj6PoqYosTwsSWYKGZvRWSIFSbGhlSxIXiLLy+T9lndu6xf3J/XGjdFHGU4gmM4BQ+uoAF30IQWEBDwDK/w5mjnxXl3PuatJaeYOYQ/cD5/ALLJkPM=</latexit>

�⇢
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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)

0.2 0.4 0.6 0.8 1.0
redshift

°1

0

1

2
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2
1+

¥(
z)

Optimistic

Pessimistic

<latexit sha1_base64="Ny9zpc+rTmB25w/tfM4ILvYFg0w=">AAACAHicbZDLSsNAFIZPvNZ6i7pw4SZYBEEoSfG2LLpxGcFeoAllMp20QyeTMDMRSsjGV3HjQhG3PoY738ZpmoW2/jDw8Z9zOHP+IGFUKtv+NpaWV1bX1isb1c2t7Z1dc2+/LeNUYNLCMYtFN0CSMMpJS1HFSDcRBEUBI51gfDutdx6JkDTmD2qSED9CQ05DipHSVt889EKBcNbwXEnzzHNH9KzAvlmz63YhaxGcEmpQyu2bX94gxmlEuMIMSdlz7ET5GRKKYkbyqpdKkiA8RkPS08hRRKSfFQfk1ol2BlYYC/24sgr390SGIiknUaA7I6RGcr42Nf+r9VIVXvsZ5UmqCMezRWHKLBVb0zSsARUEKzbRgLCg+q8WHiGdiNKZVXUIzvzJi9Bu1J3L+sX9ea15U8ZRgSM4hlNw4AqacAcutABDDs/wCm/Gk/FivBsfs9Ylo5w5gD8yPn8AmdmWbQ==</latexit>

2 

�+ 

sensitive to
20% difference
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