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Large-scale structure surveys
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Surveys detect galaxies and measure

the angular position

the redshift      distance
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Surveys detect galaxies and measure

the angular position

the redshift      distance
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Information
The large-scale structure contains information about the 
fundamental properties of our Universe.

The initial conditions

The theory of gravity

The content of the Universe

Galaxies are not randomly distributed. Their distribution 
is sensitive to:
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Outline

Theoretical modelling of the distribution of galaxies

How can we use this to test gravity and dark 
matter with current surveys?

What can we improve with future surveys?
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We count the number of galaxies     per pixel: � =
N � N̄

N̄

Modelling the observed galaxy distribution
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Galaxy distribution
The distribution of galaxies follows the distribution of dark matter.

More dark matter Less dark matter

Dark matter constitutes 85 percent of the matter. It is 
inhomogeneously distributed      gravitational potential wells.
Standard matter falls into them and form galaxies.

� =
�⇢

⇢̄
⌘ � ⇢ dark matter energy density
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Complications

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

Bias: the distribution of galaxies does not trace directly 
the distribution of  dark matter � = b · �

Observer

(x1, x2, x3)

r(z)

z

n

n

we calculate the distance      

In a homogeneous universe:  

r(z)

light propagates on straight lines
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Distortions: radial

The trajectory of the photons emitted by the galaxies is 
distorted by the structures along the way. 

Observer

Redshift distortions

Distortions in our coordinates: example Doppler effect.
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The trajectory of the photons emitted by the galaxies is 
distorted by the structures along the way. 

Distortions in our coordinates: example lensing effect.

Observer

Lensing distortions

Distortions: transverse
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The structures seen on a galaxy map do not reflect 
directly the underlying dark matter structures. The observed 
position of galaxies are shifted radially and transversally.

Galaxy distribution
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To extract information from a galaxy map, we need to 
understand exactly which distortions there are.
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Calculation of the distortions

Galaxy

Observer

nµ We calculate the propagation of photons, i.e. 
the null geodesics and infer :

the change in energy

the change in direction

ds2 = �a2
h�
1 + 2⇥

�
d⇥2 +

�
1� 2�

�
�ijdx

idxj
i

Perturbed Friedmann universe:
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What we really observe

Yoo et al (2010)

CB and Durrer (2011)

Challinor and Lewis (2011)�(z,n) = b · � �

1

H
@r(V · n)

+ (5s� 2)

Z r

0
dr0

r � r0

2rr0
�⌦(�+ )

+

 
1� 5s�

Ḣ
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What we really observe
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Velocities
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What we really observe

Yoo et al (2010)
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Velocities
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What we really observe

Yoo et al (2010)

CB and Durrer (2011)

Challinor and Lewis (2011)

Lensing

Velocities�(z,n) = b · � �
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Potentials
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Ḣ

H2
+

5s� 2

rH

!
V · n+

1

H
V̇ · n+

1

H
@r 

+
2� 5s

r

Z r

0
dr0(�+ ) + 3Hr

�2(rV) + + (5s� 2)�

+
1

H
�̇+

 
Ḣ
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Current surveys

Current spectroscopic surveys

Redshift-space distortion

Quasars surveys
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Current surveys

Current spectroscopic surveys

Redshift-space distortion

Quasars surveys

Future 
surveys
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What can we learn about our Universe

Two main mysteries

What causes the accelerated expansion of the Universe?

What are the properties of dark matter?

Cosmological constant

Dark energy

Modification of gravity

Does it interact with dark energy?

Does it interact with dark radiation?
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What can we learn about our Universe

Four fields describe the Universe at large scales              

�
<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>

density velocity

spatial distortion time distortion
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What can we learn about our Universe

Four fields describe the Universe at large scales              
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General Relativity and non-interacting cold dark matter

density velocity

spatial distortion time distortion

continuity 

EulerPoisson

=
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What can we learn about our Universe

Four fields describe the Universe at large scales              
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<latexit sha1_base64="+AZwEx4h0iZeQzonc8MtAGC6ra0=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0oseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGrQiNqzW3Lo7B1olXkFqUKA1rH4NRjFJBZWGcKx133MT42dYGUY4nVUGqaYJJhM8pn1LJRZU+9n81hk6s8oIhbGyJQ2aq78nMiy0norAdgpsIr3s5eJ/Xj814Y2fMZmkhkqyWBSmHJkY5Y+jEVOUGD61BBPF7K2IRFhhYmw8FRuCt/zyKulc1L3L+tVDo9a8LeIowwmcwjl4cA1NuIcWtIFABM/wCm+OcF6cd+dj0Vpyiplj+APn8wfk/Y4m</latexit>

Modifications of gravity

density velocity

spatial distortion time distortion

continuity 

EulerPoisson

gravitational slip
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What can we learn about our Universe

Four fields describe the Universe at large scales              

�
<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>

Non-standard dark matter

density velocity

spatial distortion time distortion

continuity 

EulerPoisson

=
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What can we learn about our Universe

Four fields describe the Universe at large scales              

 
<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>

Non-standard dark matter

density velocity

spatial distortion time distortion

continuity 

EulerPoisson

=

Can we use maps of galaxies 
to test these equations?
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Current surveys

and     measured through redshift-space distortions      V
<latexit sha1_base64="76sWXXv3OhdBn612sBO23nM+e1I=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV0f6DHoxWMC5gHJEmYnvcmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsrSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobuq3nlBpHssHM07Qj+hA8pAzaqxUb/ZKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8i8pV/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8ftPWM4Q==</latexit>

�+ 
<latexit sha1_base64="7cV+/NKYD3VoHWIEmZarcjPC4Mc=">AAAB8HicbVDLSsNAFL3xWeur6tLNYBEEoSQ+0GXRjcsI9iFNKJPppB06MwkzE6GEfoUbF4q49XPc+TdO2yy09cCFwzn3cu89UcqZNq777Swtr6yurZc2yptb2zu7lb39pk4yRWiDJDxR7QhrypmkDcMMp+1UUSwiTlvR8Hbit56o0iyRD2aU0lDgvmQxI9hY6THwB+w08DXrVqpuzZ0CLRKvIFUo4HcrX0EvIZmg0hCOte54bmrCHCvDCKfjcpBpmmIyxH3asVRiQXWYTw8eo2Or9FCcKFvSoKn6eyLHQuuRiGynwGag572J+J/XyUx8HeZMppmhkswWxRlHJkGT71GPKUoMH1mCiWL2VkQGWGFibEZlG4I3//IiaZ7VvPPa5f1FtX5TxFGCQziCE/DgCupwBz40gICAZ3iFN0c5L8678zFrXXKKmQP4A+fzBztvkAs=</latexit>

measured with quasars, cosmic shear or CMB lensing

<latexit sha1_base64="y3DdFTWJk1oRDiWn6N36+o5UwYs=">AAAB83icbVBNS8NAEN3Ur1q/qh69BIvgqSTi17HoxWMFawtNKJvNpF262Q27E6GU/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvygQ36HnfTmlldW19o7xZ2dre2d2r7h88GpVrBi2mhNKdiBoQXEILOQroZBpoGgloR8Pbqd9+Am24kg84yiBMaV/yhDOKVgqigMUKgxgE0l615tW9Gdxl4hekRgo0e9WvIFYsT0EiE9SYru9lGI6pRs4ETCpBbiCjbEj70LVU0hRMOJ7dPHFPrBK7idK2JLoz9ffEmKbGjNLIdqYUB2bRm4r/ed0ck+twzGWWI0g2X5TkwkXlTgNwY66BoRhZQpnm9laXDaimDG1MFRuCv/jyMnk8q/uX9Yv781rjpoijTI7IMTklPrkiDXJHmqRFGMnIM3klb07uvDjvzse8teQUM4fkD5zPHyyTkco=</latexit>

b · �

Techniques to measure them separately

Have been used to constrain

Non-standard dark matter models under the 
assumption that General Relativity is valid

Modifications of gravity under the assumption that 
dark matter obeys Euler and continuity equation
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<latexit sha1_base64="r0cISNJt3sWBhOtYy1SMmy2Ahts=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jGBNIljA7mU2GzGOZmRXCkl/w4kERr/6QN//G2WQPmljQUFR1090VJZwZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVqQltEcaU7ETaUM0lblllOO4mmWESctqPxbe63n6g2TMkHO0loKPBQspgRbHOp1zSsX635dX8GtEyCgtSgQLNf/eoNFEkFlZZwbEw38BMbZlhbRjidVnqpoQkmYzykXUclFtSE2ezWKTpxygDFSruSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxmaSWSjJfFKccWYXyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB+f1y/uLWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifP/W0jjE=</latexit>

Euler

Poisson

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

<latexit sha1_base64="kem+OtUwYG8yEY6lIDb6lG/uRR4=">AAACDnicbVC7TsMwFHV4lvIKMLJYVJVYqJKqPJZKFQwwFok+pCZUjuO0Vp04sh2kKuoXsPArLAwgxMrMxt/gphmg5UiWj8+5V9f3eDGjUlnWt7G0vLK6tl7YKG5ube/smnv7bckTgUkLc8ZF10OSMBqRlqKKkW4sCAo9Rjre6Grqdx6IkJRHd2ocEzdEg4gGFCOlpb5ZHt1Xnaak9ewe0vpJzYkpvIZIv8WQOz5hCvXNklWxMsBFYuekBHI0++aX43OchCRSmCEpe7YVKzdFQlHMyKToJJLECI/QgPQ0jVBIpJtm60xgWSs+DLjQJ1IwU393pCiUchx6ujJEaijnvan4n9dLVHDhpjSKE0UiPBsUJAwqDqfZQJ8KghUba4KwoPqvEA+RQFjpBIs6BHt+5UXSrlbss8rpba3UuMzjKIBDcASOgQ3OQQPcgCZoAQwewTN4BW/Gk/FivBsfs9IlI+85AH9gfP4Ax5OatQ==</latexit>

k2 = k2� = �4⇡Ga2⇢�

Current constraints on modified gravity

gravitational slip

<latexit sha1_base64="eqSWaf5RpMOoBQeekV2W4IRZ/W0="></latexit>

k2(�+ ) = k2(1 + ⌘) = �8⇡Ga2
1

2
(1 + ⌘)µ ⇢�

<latexit sha1_base64="hfd4OqJ199cuRKLvNUDjVBHQQTM=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIvgQkoivjZC0Y3LCPYBTSiTyU07dPJgZiKUkI0bf8WNC0Xc+g/u/BunaRbaeuDC4Zx75849XsKokKb5rVUWFpeWV6qrtbX1jc0tfXunLeKUE2iRmMW862EBjEbQklQy6CYccOgx6Hijm4nfeQAuaBzdy3ECbogHEQ0owVJJfX3fsYf0KnOKlzIOfu6AxLlz7NiC9vW62TALGPPEKkkdlbD7+pfjxyQNIZKEYSF6lplIN8NcUsIgrzmpgASTER5AT9EIhyDcrNidG4dK8Y0g5qoiaRTq74kMh0KMQ091hlgOxaw3Ef/zeqkMLt2MRkkqISLTRUHKDBkbk0gMn3Igko0VwYRT9VeDDDHHRKrgaioEa/bkedI+aVjnjbO703rzuoyjivbQATpCFrpATXSLbNRCBD2iZ/SK3rQn7UV71z6mrRWtnNlFf6B9/gDfGZjT</latexit>

� = ⌘ 

<latexit sha1_base64="AOPkKgRNHQhbKcavvBmn7b6sj6k=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYXEVCWI11jBwlgEfUhNVDmO21q1nch2kKIo/AoLAwix8iFs/A1umgFajnSlo3Pu9fU9Qcyo0o7zbVVWVtfWN6qbta3tnd09e/+gq6JEYtLBEYtkP0CKMCpIR1PNSD+WBPGAkV4wvZn5vUciFY3Eg05j4nM0FnREMdJGGtr1zCseySQJc++ejjnKh3bDaToF4DJxS9IAJdpD+8sLI5xwIjRmSKmB68Taz5DUFDOS17xEkRjhKRqTgaECcaL8rNibw2OjhHAUSVNCw0L9PZEhrlTKA9PJkZ6oRW8m/ucNEj268jMq4kQTgeeLRgmDOoKzJGBIJcGapYYgLKn5K8QTJBHWJq+aCcFdPHmZdE+b7kXz/O6s0bou46iCQ3AEToALLkEL3II26AAMUvAMXsGb9WS9WO/Wx7y1YpUzdfAH1ucPmjeVZg==</latexit>

⌃

continuity 
<latexit sha1_base64="e67TrnX6Y6J2C2Ay/3kU9kUvRg0=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUnE17LoxmUF+4A2lMl0YodOJmFmIpaQX3HjQhG3/og7/8ZJmoW2Hhg4nHNfc/yYM6Ud59uqrKyurW9UN2tb2zu7e/Z+vauiRBLaIRGPZN/HinImaEczzWk/lhSHPqc9f3qT+71HKhWLxL2exdQL8YNgASNYG2lk14fFjNTIVGicpd1sZDecplMALRO3JA0o0R7ZX8NxRJLQDCAcKzVwnVh7KZaaEU6z2jBRNMZkalYMDBU4pMpLi70ZOjbKGAWRNE9oVKi/O1IcKjULfVMZYj1Ri14u/ucNEh1ceSkTcaKpIPNFQcKRjlAeBBozSYnmM0MwkczcisgES0y0iatmQnAXv7xMuqdN96J5fnfWaF2XcVThEI7gBFy4hBbcQhs6QOAJnuEV3qzMerHerY95acUqew7gD6zPH+vnlQc=</latexit>

V

measured

<latexit sha1_base64="fxsadr04dMcG2STm/09+q2oky6c=">AAACA3icbVBJS8NAGP1St1q3qDe9DBZBEEoibseiF48R7AJNKJPpxA6dLMxMhBICXvwrXjwo4tU/4c1/4zTNQVsfDDze+7Z5fsKZVJb1bVQWFpeWV6qrtbX1jc0tc3unLeNUENoiMY9F18eSchbRlmKK024iKA59Tjv+6Hridx6okCyO7tQ4oV6I7yMWMIKVlvrmnlvMyLRMI4XzzHWG7Nh1JMv7Zt1qWAXQPLFLUocSTt/8cgcxSUM9iHAsZc+2EuVlWChGOM1rbippgslIr+ppGuGQSi8r9ufoUCsDFMRCv0ihQv3dkeFQynHo68oQq6Gc9Sbif14vVcGll7EoSRWNyHRRkHKkYjQJBA2YoETxsSaYCKZvRWSIBSZKx1bTIdizX54n7ZOGfd44uz2tN6/KOKqwDwdwBDZcQBNuwIEWEHiEZ3iFN+PJeDHejY9pacUoe3bhD4zPH62bmDE=</latexit>

�+ 

measured

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit> {
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<latexit sha1_base64="r0cISNJt3sWBhOtYy1SMmy2Ahts=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jGBNIljA7mU2GzGOZmRXCkl/w4kERr/6QN//G2WQPmljQUFR1090VJZwZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVqQltEcaU7ETaUM0lblllOO4mmWESctqPxbe63n6g2TMkHO0loKPBQspgRbHOp1zSsX635dX8GtEyCgtSgQLNf/eoNFEkFlZZwbEw38BMbZlhbRjidVnqpoQkmYzykXUclFtSE2ezWKTpxygDFSruSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxmaSWSjJfFKccWYXyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB+f1y/uLWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifP/W0jjE=</latexit>

Euler

Poisson

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

Current constraints on modified gravity

gravitational slip

<latexit sha1_base64="eqSWaf5RpMOoBQeekV2W4IRZ/W0="></latexit>

k2(�+ ) = k2(1 + ⌘) = �8⇡Ga2
1

2
(1 + ⌘)µ ⇢�

<latexit sha1_base64="hfd4OqJ199cuRKLvNUDjVBHQQTM=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIvgQkoivjZC0Y3LCPYBTSiTyU07dPJgZiKUkI0bf8WNC0Xc+g/u/BunaRbaeuDC4Zx75849XsKokKb5rVUWFpeWV6qrtbX1jc0tfXunLeKUE2iRmMW862EBjEbQklQy6CYccOgx6Hijm4nfeQAuaBzdy3ECbogHEQ0owVJJfX3fsYf0KnOKlzIOfu6AxLlz7NiC9vW62TALGPPEKkkdlbD7+pfjxyQNIZKEYSF6lplIN8NcUsIgrzmpgASTER5AT9EIhyDcrNidG4dK8Y0g5qoiaRTq74kMh0KMQ091hlgOxaw3Ef/zeqkMLt2MRkkqISLTRUHKDBkbk0gMn3Igko0VwYRT9VeDDDHHRKrgaioEa/bkedI+aVjnjbO703rzuoyjivbQATpCFrpATXSLbNRCBD2iZ/SK3rQn7UV71z6mrRWtnNlFf6B9/gDfGZjT</latexit>

� = ⌘ 

<latexit sha1_base64="9vhBcausQrA3BTZyLi+wpBCN0VA=">AAACGXicbVDLSgMxFM34rPVVdekmWAQXWmZKfWyEogtdVrAPaNqSydy2oZkHSUYoQ3/Djb/ixoUiLnXl35hOu9DWAxcO59yb3HvcSHClbfvbWlhcWl5Zzaxl1zc2t7ZzO7s1FcaSQZWFIpQNlyoQPICq5lpAI5JAfVdA3R1cj/36A0jFw+BeDyNo+bQX8C5nVBupk7MH7SKpKH55UiIRxzeYtos4IenDiQRvRPx4RI6J7IfEA6FpJ5e3C3YKPE+cKcmjKSqd3CfxQhb7EGgmqFJNx450K6FScyZglCWxgoiyAe1B09CA+qBaSbrACB8axcPdUJoKNE7V3xMJ9ZUa+q7p9Knuq1lvLP7nNWPdvWglPIhiDQGbfNSNBdYhHseEPS6BaTE0hDLJza6Y9amkTJswsyYEZ/bkeVIrFpyzwuldKV++msaRQfvoAB0hB52jMrpFFVRFDD2iZ/SK3qwn68V6tz4mrQvWdGYP/YH19QNdWJ/6</latexit>

k2 = �4⇡Ga2µ ⇢�

<latexit sha1_base64="AOPkKgRNHQhbKcavvBmn7b6sj6k=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYXEVCWI11jBwlgEfUhNVDmO21q1nch2kKIo/AoLAwix8iFs/A1umgFajnSlo3Pu9fU9Qcyo0o7zbVVWVtfWN6qbta3tnd09e/+gq6JEYtLBEYtkP0CKMCpIR1PNSD+WBPGAkV4wvZn5vUciFY3Eg05j4nM0FnREMdJGGtr1zCseySQJc++ejjnKh3bDaToF4DJxS9IAJdpD+8sLI5xwIjRmSKmB68Taz5DUFDOS17xEkRjhKRqTgaECcaL8rNibw2OjhHAUSVNCw0L9PZEhrlTKA9PJkZ6oRW8m/ucNEj268jMq4kQTgeeLRgmDOoKzJGBIJcGapYYgLKn5K8QTJBHWJq+aCcFdPHmZdE+b7kXz/O6s0bou46iCQ3AEToALLkEL3II26AAMUvAMXsGb9WS9WO/Wx7y1YpUzdfAH1ucPmjeVZg==</latexit>

⌃

continuity 
<latexit sha1_base64="e67TrnX6Y6J2C2Ay/3kU9kUvRg0=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUnE17LoxmUF+4A2lMl0YodOJmFmIpaQX3HjQhG3/og7/8ZJmoW2Hhg4nHNfc/yYM6Ud59uqrKyurW9UN2tb2zu7e/Z+vauiRBLaIRGPZN/HinImaEczzWk/lhSHPqc9f3qT+71HKhWLxL2exdQL8YNgASNYG2lk14fFjNTIVGicpd1sZDecplMALRO3JA0o0R7ZX8NxRJLQDCAcKzVwnVh7KZaaEU6z2jBRNMZkalYMDBU4pMpLi70ZOjbKGAWRNE9oVKi/O1IcKjULfVMZYj1Ri14u/ucNEh1ceSkTcaKpIPNFQcKRjlAeBBozSYnmM0MwkczcisgES0y0iatmQnAXv7xMuqdN96J5fnfWaF2XcVThEI7gBFy4hBbcQhs6QOAJnuEV3qzMerHerY95acUqew7gD6zPH+vnlQc=</latexit>

V

measured

<latexit sha1_base64="fxsadr04dMcG2STm/09+q2oky6c=">AAACA3icbVBJS8NAGP1St1q3qDe9DBZBEEoibseiF48R7AJNKJPpxA6dLMxMhBICXvwrXjwo4tU/4c1/4zTNQVsfDDze+7Z5fsKZVJb1bVQWFpeWV6qrtbX1jc0tc3unLeNUENoiMY9F18eSchbRlmKK024iKA59Tjv+6Hridx6okCyO7tQ4oV6I7yMWMIKVlvrmnlvMyLRMI4XzzHWG7Nh1JMv7Zt1qWAXQPLFLUocSTt/8cgcxSUM9iHAsZc+2EuVlWChGOM1rbippgslIr+ppGuGQSi8r9ufoUCsDFMRCv0ihQv3dkeFQynHo68oQq6Gc9Sbif14vVcGll7EoSRWNyHRRkHKkYjQJBA2YoETxsSaYCKZvRWSIBSZKx1bTIdizX54n7ZOGfd44uz2tN6/KOKqwDwdwBDZcQBNuwIEWEHiEZ3iFN+PJeDHejY9pacUoe3bhD4zPH62bmDE=</latexit>

�+ 

measured

<latexit sha1_base64="cLQivWeqZO4f7Lgkr8FxahHpZLU=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ66Ga9csWtujOQZeLlpAI56r3yV7cfszRCaZigWnc8NzF+RpXhTOCk1E01JpSN6AA7lkoaofaz2aUTcmKVPgljZUsaMlN/T2Q00nocBbYzomaoF72p+J/XSU147WdcJqlByeaLwlQQE5Pp26TPFTIjxpZQpri9lbAhVZQZG07JhuAtvrxMmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEZ3iFN2fkvDjvzse8teDkM4fwB87nD57EjW8=</latexit> {
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Problem: if dark matter does not obey Euler or 
continuity equation, these constraints are not valid

Constraints from DES and eBOSS
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Current constraints on dark matter

<latexit sha1_base64="l0UpZrGZx5slRSAspZ3B39EzYW4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGrQiNqzW3Lo7B1olXkFqUKA1rH4NRjFJBZWGcKx133MT42dYGUY4nVUGqaYJJhM8pn1LJRZU+9n81hk6s8oIhbGyJQ2aq78nMiy0norAdgpsIr3s5eJ/Xj814Y2fMZmkhkqyWBSmHJkY5Y+jEVOUGD61BBPF7K2IRFhhYmw8FRuCt/zyKulc1L2reuPhsta8LeIowwmcwjl4cA1NuIcWtIFABM/wCm+OcF6cd+dj0Vpyiplj+APn8wfl+Y4p</latexit>

�
<latexit sha1_base64="G8bqSPj9q+UC2B8GxtQyPeKxTLo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnO8mY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9oapkqig0quVTtkGjkTGDDMMOxnSgkccixFY5up37rCZVmUjyYcYJBTAaC9RklxkrNboTckF654lW9Gdxl4uekAjnqvfJXN5I0jVEYyonWHd9LTJARZRjlOCl1U40JoSMywI6lgsSog2x27cQ9sUrk9qWyJYw7U39PZCTWehyHtjMmZqgXvan4n9dJTf86yJhIUoOCzhf1U+4a6U5fdyOmkBo+toRQxeytLh0SRaixAZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+AJTMjyY=</latexit>

�

Continuity equation and/or Euler equation modified to account 
for interaction with baryons, photons, dark radiation, dark energy
Modified evolution equation for <latexit sha1_base64="G8bqSPj9q+UC2B8GxtQyPeKxTLo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnO8mY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9oapkqig0quVTtkGjkTGDDMMOxnSgkccixFY5up37rCZVmUjyYcYJBTAaC9RklxkrNboTckF654lW9Gdxl4uekAjnqvfJXN5I0jVEYyonWHd9LTJARZRjlOCl1U40JoSMywI6lgsSog2x27cQ9sUrk9qWyJYw7U39PZCTWehyHtjMmZqgXvan4n9dJTf86yJhIUoOCzhf1U+4a6U5fdyOmkBo+toRQxeytLh0SRaixAZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+AJTMjyY=</latexit>
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<latexit sha1_base64="fxsadr04dMcG2STm/09+q2oky6c=">AAACA3icbVBJS8NAGP1St1q3qDe9DBZBEEoibseiF48R7AJNKJPpxA6dLMxMhBICXvwrXjwo4tU/4c1/4zTNQVsfDDze+7Z5fsKZVJb1bVQWFpeWV6qrtbX1jc0tc3unLeNUENoiMY9F18eSchbRlmKK024iKA59Tjv+6Hridx6okCyO7tQ4oV6I7yMWMIKVlvrmnlvMyLRMI4XzzHWG7Nh1JMv7Zt1qWAXQPLFLUocSTt/8cgcxSUM9iHAsZc+2EuVlWChGOM1rbippgslIr+ppGuGQSi8r9ufoUCsDFMRCv0ihQv3dkeFQynHo68oQq6Gc9Sbif14vVcGll7EoSRWNyHRRkHKkYjQJBA2YoETxsSaYCKZvRWSIBSZKx1bTIdizX54n7ZOGfd44uz2tN6/KOKqwDwdwBDZcQBNuwIEWEHiEZ3iFN+PJeDHejY9pacUoe3bhD4zPH62bmDE=</latexit>

�+ 

measured Poissonno gravitational slip

Problem: if General 
Relativity is not valid, 
these constraints are 
not valid
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Current constraints on dark matter

<latexit sha1_base64="l0UpZrGZx5slRSAspZ3B39EzYW4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0nEqseiF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wucv97hNVmsXy0UwT6gs8lixkBJtcGrQiNqzW3Lo7B1olXkFqUKA1rH4NRjFJBZWGcKx133MT42dYGUY4nVUGqaYJJhM8pn1LJRZU+9n81hk6s8oIhbGyJQ2aq78nMiy0norAdgpsIr3s5eJ/Xj814Y2fMZmkhkqyWBSmHJkY5Y+jEVOUGD61BBPF7K2IRFhhYmw8FRuCt/zyKulc1L2reuPhsta8LeIowwmcwjl4cA1NuIcWtIFABM/wCm+OcF6cd+dj0Vpyiplj+APn8wfl+Y4p</latexit>

�
<latexit sha1_base64="G8bqSPj9q+UC2B8GxtQyPeKxTLo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnO8mY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9oapkqig0quVTtkGjkTGDDMMOxnSgkccixFY5up37rCZVmUjyYcYJBTAaC9RklxkrNboTckF654lW9Gdxl4uekAjnqvfJXN5I0jVEYyonWHd9LTJARZRjlOCl1U40JoSMywI6lgsSog2x27cQ9sUrk9qWyJYw7U39PZCTWehyHtjMmZqgXvan4n9dJTf86yJhIUoOCzhf1U+4a6U5fdyOmkBo+toRQxeytLh0SRaixAZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+AJTMjyY=</latexit>

�

Continuity equation and/or Euler equation modified to account 
for interaction with baryons, photons, dark radiation, dark energy
Modified evolution equation for <latexit sha1_base64="G8bqSPj9q+UC2B8GxtQyPeKxTLo=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmZnO8mY2ZllZlYIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTDjTxvO+ncLK6tr6RnGztLW9s7tX3j9oapkqig0quVTtkGjkTGDDMMOxnSgkccixFY5up37rCZVmUjyYcYJBTAaC9RklxkrNboTckF654lW9Gdxl4uekAjnqvfJXN5I0jVEYyonWHd9LTJARZRjlOCl1U40JoSMywI6lgsSog2x27cQ9sUrk9qWyJYw7U39PZCTWehyHtjMmZqgXvan4n9dJTf86yJhIUoOCzhf1U+4a6U5fdyOmkBo+toRQxeytLh0SRaixAZVsCP7iy8ukeVb1L6sX9+eV2k0eRxGO4BhOwYcrqMEd1KEBFB7hGV7hzZHOi/PufMxbC04+cwh/4Hz+AJTMjyY=</latexit>
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<latexit sha1_base64="fxsadr04dMcG2STm/09+q2oky6c=">AAACA3icbVBJS8NAGP1St1q3qDe9DBZBEEoibseiF48R7AJNKJPpxA6dLMxMhBICXvwrXjwo4tU/4c1/4zTNQVsfDDze+7Z5fsKZVJb1bVQWFpeWV6qrtbX1jc0tc3unLeNUENoiMY9F18eSchbRlmKK024iKA59Tjv+6Hridx6okCyO7tQ4oV6I7yMWMIKVlvrmnlvMyLRMI4XzzHWG7Nh1JMv7Zt1qWAXQPLFLUocSTt/8cgcxSUM9iHAsZc+2EuVlWChGOM1rbippgslIr+ppGuGQSi8r9ufoUCsDFMRCv0ihQv3dkeFQynHo68oQq6Gc9Sbif14vVcGll7EoSRWNyHRRkHKkYjQJBA2YoETxsSaYCKZvRWSIBSZKx1bTIdizX54n7ZOGfd44uz2tN6/KOKqwDwdwBDZcQBNuwIEWEHiEZ3iFN+PJeDHejY9pacUoe3bhD4zPH62bmDE=</latexit>

�+ 

measured Poissonno gravitational slip

Problem: if General 
Relativity is not valid, 
these constraints are 
not valid

All our constraints assume 
that the other sector is 

standard
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Example:            smoking gun for modified gravity

34

What happens if we see a deviation?

It is unlikely to live in a Universe where both General Relativity is 
not valid and dark matter is not a cold non-interacting particle.

If we see a deviation, how do we know which sector is modified?

<latexit sha1_base64="Yr/ngSYhSWV4FKlLtm3XPXsEKqc=">AAAB9HicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68TiCWSAzhJ5OJWnS0zPp7gmEkO/w4kERr36MN//GznLQxAcFj/eqqKoXpYJr47rfTm5tfWNzK79d2Nnd2z8oHh7VdJIphlWWiEQ1IqpRcIlVw43ARqqQxpHAetS/n/r1ISrNE/lkRimGMe1K3uGMGiuFgd/jgcQBCXzNW8WSW3ZnIKvEW5ASLOC3il9BO2FZjNIwQbVuem5qwjFVhjOBk0KQaUwp69MuNi2VNEYdjmdHT8iZVdqkkyhb0pCZ+ntiTGOtR3FkO2NqenrZm4r/ec3MdG7DMZdpZlCy+aJOJohJyDQB0uYKmREjSyhT3N5KWI8qyozNqWBD8JZfXiW1i7J3Xb56vCxV7hZx5OEETuEcPLiBCjyAD1VgMIBneIU3Z+i8OO/Ox7w15yxmjuEPnM8fRoWRyw==</latexit>

� 6=  

If Euler is modified: <latexit sha1_base64="Mdq8YLM5ZIlRd2sXRYACf+ZTM2U=">AAAB+XicbVDLSgNBEOyNrxhfqx69DAbBU9gVX8egF48RzAOya5idTJIhszPLzGwkLPkTLx4U8eqfePNvnCR70MSChqKqm+6uKOFMG8/7dgorq2vrG8XN0tb2zu6eu3/Q0DJVhNaJ5FK1IqwpZ4LWDTOcthJFcRxx2oyGt1O/OaJKMykezDihYYz7gvUYwcZKHdcNapo9ZoGK0ZOSoj/puGWv4s2AlomfkzLkqHXcr6ArSRpTYQjHWrd9LzFhhpVhhNNJKUg1TTAZ4j5tWypwTHWYzS6foBOrdFFPKlvCoJn6eyLDsdbjOLKdMTYDvehNxf+8dmp612HGRJIaKsh8US/lyEg0jQF1maLE8LElmChmb0VkgBUmxoZVsiH4iy8vk8ZZxb+sXNyfl6s3eRxFOIJjOAUfrqAKd1CDOhAYwTO8wpuTOS/Ou/Mxby04+cwh/IHz+QO3eJO7</latexit>

 wrong

We compare with: <latexit sha1_base64="YV87S/xGSK1000vx6h5idzeYfkw=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5KIr2XRjcsI9gFNLJPptB06jzgzUUqoG3/FjQtF3PoX7vwbp20W2nrgwuGce7n3njhhVBvP+3bm5hcWl5YLK8XVtfWNTXdru6ZlqjCpYsmkasRIE0YFqRpqGGkkiiAeM1KP+5cjv35PlKZS3JhBQiKOuoJ2KEbGSi13Nwx6NBTkLgw0vc1CxeGDkqI7bLklr+yNAWeJn5MSyBG03K+wLXHKiTCYIa2bvpeYKEPKUMzIsBimmiQI91GXNC0ViBMdZeMPhvDAKm3YkcqWMHCs/p7IENd6wGPbyZHp6WlvJP7nNVPTOY8yKpLUEIEnizopg0bCURywTRXBhg0sQVhReyvEPaQQNja0og3Bn355ltSOyv5p+eT6uFS5yOMogD2wDw6BD85ABVyBAFQBBo/gGbyCN+fJeXHenY9J65yTz+yAP3A+fwDVO5co</latexit>

� 6=  wrong

Claim a breaking of General Relativity, whereas in reality it is due 
to an interaction of dark matter.

<latexit sha1_base64="fxsadr04dMcG2STm/09+q2oky6c=">AAACA3icbVBJS8NAGP1St1q3qDe9DBZBEEoibseiF48R7AJNKJPpxA6dLMxMhBICXvwrXjwo4tU/4c1/4zTNQVsfDDze+7Z5fsKZVJb1bVQWFpeWV6qrtbX1jc0tc3unLeNUENoiMY9F18eSchbRlmKK024iKA59Tjv+6Hridx6okCyO7tQ4oV6I7yMWMIKVlvrmnlvMyLRMI4XzzHWG7Nh1JMv7Zt1qWAXQPLFLUocSTt/8cgcxSUM9iHAsZc+2EuVlWChGOM1rbippgslIr+ppGuGQSi8r9ufoUCsDFMRCv0ihQv3dkeFQynHo68oQq6Gc9Sbif14vVcGll7EoSRWNyHRRkHKkYjQJBA2YoETxsSaYCKZvRWSIBSZKx1bTIdizX54n7ZOGfd44uz2tN6/KOKqwDwdwBDZcQBNuwIEWEHiEZ3iFN+PJeDHejY9pacUoe3bhD4zPH62bmDE=</latexit>

�+ 

<latexit sha1_base64="e67TrnX6Y6J2C2Ay/3kU9kUvRg0=">AAAB+3icbVDLSsNAFL2pr1pfsS7dDBbBVUnE17LoxmUF+4A2lMl0YodOJmFmIpaQX3HjQhG3/og7/8ZJmoW2Hhg4nHNfc/yYM6Ud59uqrKyurW9UN2tb2zu7e/Z+vauiRBLaIRGPZN/HinImaEczzWk/lhSHPqc9f3qT+71HKhWLxL2exdQL8YNgASNYG2lk14fFjNTIVGicpd1sZDecplMALRO3JA0o0R7ZX8NxRJLQDCAcKzVwnVh7KZaaEU6z2jBRNMZkalYMDBU4pMpLi70ZOjbKGAWRNE9oVKi/O1IcKjULfVMZYj1Ri14u/ucNEh1ceSkTcaKpIPNFQcKRjlAeBBozSYnmM0MwkczcisgES0y0iatmQnAXv7xMuqdN96J5fnfWaF2XcVThEI7gBFy4hBbcQhs6QOAJnuEV3qzMerHerY95acUqew7gD6zPH+vnlQc=</latexit>

V
Euler

CB and Pogosian (2022)
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Ḣ

H2
+

5s� 2

rH

!
V · n+

1

H
V̇ · n+

1

H
@r 

+
2� 5s

r

Z r

0
dr0(�+ ) + 3Hr

�2(rV) + + (5s� 2)�

+
1

H
�̇+

 
Ḣ
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Future surveys

gravitational 
redshift

Observer
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Isolating gravitational redshift
CB, Hui & Gaztanaga (2014)

shift in redshift due to gravitational redshift

By measuring the breaking of symmetry, we measure <latexit sha1_base64="rrKZtvKMVr5NhxLLGAkGiwncS2c=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMh81hmZoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRqWa0BZRXOlOhA3lTNKWZZbTTqIpFhGn7Wh8m/vtJ6oNU/LBThIaCjyULGYE21zqNQ3rV2t+3Z8BLZOgIDUo0OxXv3oDRVJBpSUcG9MN/MSGGdaWEU6nlV5qaILJGA9p11GJBTVhNrt1ik6cMkCx0q6kRTP190SGhTETEblOge3ILHq5+J/XTW18HWZMJqmlkswXxSlHVqH8cTRgmhLLJ45gopm7FZER1phYF0/FhRAsvrxMHs/qwWX94v681rgp4ijDERzDKQRwBQ24gya0gMAInuEV3jzhvXjv3se8teQVM4fwB97nD/awjjQ=</latexit>

 

We split the galaxies into two populations: bright and faint
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Isolating gravitational redshift
CB, Hui & Gaztanaga (2014)

By measuring the breaking of symmetry, we measure <latexit sha1_base64="rrKZtvKMVr5NhxLLGAkGiwncS2c=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMh81hmZoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRqWa0BZRXOlOhA3lTNKWZZbTTqIpFhGn7Wh8m/vtJ6oNU/LBThIaCjyULGYE21zqNQ3rV2t+3Z8BLZOgIDUo0OxXv3oDRVJBpSUcG9MN/MSGGdaWEU6nlV5qaILJGA9p11GJBTVhNrt1ik6cMkCx0q6kRTP190SGhTETEblOge3ILHq5+J/XTW18HWZMJqmlkswXxSlHVqH8cTRgmhLLJ45gopm7FZER1phYF0/FhRAsvrxMHs/qwWX94v681rgp4ijDERzDKQRwBQ24gya0gMAInuEV3jzhvXjv3se8teQVM4fwB97nD/awjjQ=</latexit>

 

We split the galaxies into two populations: bright and faint

<latexit sha1_base64="z3fSZhQd0ElA8KAp0OAq6CESVzc=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0nEr2PRi8cKxhbaUDbbSbt0swm7G6GE/gYvHhTx6g/y5r9x2+agrQ8GHu/NMDMvTAXXxnW/ndLK6tr6RnmzsrW9s7tX3T941EmmGPosEYlqh1Sj4BJ9w43AdqqQxqHAVji6nfqtJ1SaJ/LBjFMMYjqQPOKMGiv53RAN7VVrbt2dgSwTryA1KNDsVb+6/YRlMUrDBNW647mpCXKqDGcCJ5VupjGlbEQH2LFU0hh1kM+OnZATq/RJlChb0pCZ+nsip7HW4zi0nTE1Q73oTcX/vE5mousg5zLNDEo2XxRlgpiETD8nfa6QGTG2hDLF7a2EDamizNh8KjYEb/HlZfJ4Vvcu6xf357XGTRFHGY7gGE7BgytowB00wQcGHJ7hFd4c6bw4787HvLXkFDOH8AfO5w/HFo6u</latexit>
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We measure     and           and compare

39
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Restore     as smoking gun for modified gravity<latexit sha1_base64="GVNo8m7/g9yOIZnX4KRu5RJSRDs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnU50gH1Zpbd+cgq8QrSA0KNAfVr/4wYoniGpmk1vY8N0Y/pQYFk3xW6SeWx5RN6Ij3Mqqp4tZP57fOyFmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPJQvCWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c5L86787FoLTnFzDH8gfP5AwvQjkE=</latexit>⌘

<latexit sha1_base64="rrKZtvKMVr5NhxLLGAkGiwncS2c=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMh81hmZoWw5Be8eFDEqz/kzb9xNtmDJhY0FFXddHdFCWfG+v63V1pZXVvfKG9WtrZ3dveq+wePRqWa0BZRXOlOhA3lTNKWZZbTTqIpFhGn7Wh8m/vtJ6oNU/LBThIaCjyULGYE21zqNQ3rV2t+3Z8BLZOgIDUo0OxXv3oDRVJBpSUcG9MN/MSGGdaWEU6nlV5qaILJGA9p11GJBTVhNrt1ik6cMkCx0q6kRTP190SGhTETEblOge3ILHq5+J/XTW18HWZMJqmlkswXxSlHVqH8cTRgmhLLJ45gopm7FZER1phYF0/FhRAsvrxMHs/qwWX94v681rgp4ijDERzDKQRwBQ24gya0gMAInuEV3jzhvXjv3se8teQVM4fwB97nD/awjjQ=</latexit>

 
<latexit sha1_base64="1JmH3qQag/VQKgJPQeeMi4OKDME=">AAAB8HicbVDLSsNAFL3xWeur6tLNYBEEoSTia1l04zKCfUgTymQ6aYfOTMLMRCihX+HGhSJu/Rx3/o3TNgttPXDhcM693HtPlHKmjet+O0vLK6tr66WN8ubW9s5uZW+/qZNMEdogCU9UO8KaciZpwzDDaTtVFIuI01Y0vJ34rSeqNEvkgxmlNBS4L1nMCDZWegz8ATsNfM26lapbc6dAi8QrSBUK+N3KV9BLSCaoNIRjrTuem5owx8owwum4HGSappgMcZ92LJVYUB3m04PH6NgqPRQnypY0aKr+nsix0HokItspsBnoeW8i/ud1MhNfhzmTaWaoJLNFccaRSdDke9RjihLDR5Zgopi9FZEBVpgYm1HZhuDNv7xImmc177J2cX9erd8UcZTgEI7gBDy4gjrcgQ8NICDgGV7hzVHOi/PufMxal5xi5gD+wPn8ATxrkA4=</latexit>

�+ 

Measure gravitational slip
<latexit sha1_base64="hfd4OqJ199cuRKLvNUDjVBHQQTM=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIvgQkoivjZC0Y3LCPYBTSiTyU07dPJgZiKUkI0bf8WNC0Xc+g/u/BunaRbaeuDC4Zx75849XsKokKb5rVUWFpeWV6qrtbX1jc0tfXunLeKUE2iRmMW862EBjEbQklQy6CYccOgx6Hijm4nfeQAuaBzdy3ECbogHEQ0owVJJfX3fsYf0KnOKlzIOfu6AxLlz7NiC9vW62TALGPPEKkkdlbD7+pfjxyQNIZKEYSF6lplIN8NcUsIgrzmpgASTER5AT9EIhyDcrNidG4dK8Y0g5qoiaRTq74kMh0KMQ091hlgOxaw3Ef/zeqkMLt2MRkkqISLTRUHKDBkbk0gMn3Igko0VwYRT9VeDDDHHRKrgaioEa/bkedI+aVjnjbO703rzuoyjivbQATpCFrpATXSLbNRCBD2iZ/SK3rQn7UV71z6mrRWtnNlFf6B9/gDfGZjT</latexit>

� = ⌘ 

SKA and LSST

Tutusaus, Sobral Blanco and CB (2022)
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Test Euler equation

How well can we constrain     and <latexit sha1_base64="CmKbTLyhRRuQUXMvb/os5kytrS8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V2lpoQ9lsN+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNirVjLeYkkp3Amq4FDFvoUDJO4nmNAokfwjGtzP/4YlrI1TcxEnC/YgOYxEKRtFK7V5zxJH2yxW36s5BVomXkwrkaPTLX72BYmnEY2SSGtP13AT9jGoUTPJpqZcanlA2pkPetTSmETd+Nr92Ss6sMiCh0rZiJHP190RGI2MmUWA7I4ojs+zNxP+8borhtZ+JOEmRx2yxKEwlQUVmr5OB0JyhnFhCmRb2VsJGVFOGNqCSDcFbfnmVtC+q3mW1dl+r1G/yOIpwAqdwDh5cQR3uoAEtYPAIz/AKb45yXpx352PRWnDymWP4A+fzB3XljxE=</latexit>

⇥
<latexit sha1_base64="/lAqvFPcF4/IPCEDiHMyBtzhJ3U=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegBz1GMA9IljA7mU3GzGOZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEs6M9f1vr7Cyura+UdwsbW3v7O6V9w+aRqWa0AZRXOl2hA3lTNKGZZbTdqIpFhGnrWh0M/VbT1QbpuSDHSc0FHggWcwItk5qdm+xELhXrvhVfwa0TIKcVCBHvVf+6vYVSQWVlnBsTCfwExtmWFtGOJ2UuqmhCSYjPKAdRyUW1ITZ7NoJOnFKH8VKu5IWzdTfExkWxoxF5DoFtkOz6E3F/7xOauOrMGMySS2VZL4oTjmyCk1fR32mKbF87AgmmrlbERlijYl1AZVcCMHiy8ukeVYNLqrn9+eV2nUeRxGO4BhOIYBLqMEd1KEBBB7hGV7hzVPei/fufcxbC14+cwh/4H3+AFjZjv4=</latexit>

�

Can we distinguish this from a modification of gravity?

<latexit sha1_base64="vNjA7Rh2/wtnSD3+eu0iUgasfOY="></latexit>

�̈ +H(1 +⇥)�̇ = 4⇡a2⇢mG(1 + x�)µ�

<latexit sha1_base64="NhNWBUQIW3KCzqbizplszHrNU7o=">AAACJXicbVDLSgMxFM34tr6qLt0Ei6AgZUZEXSgU3bgQVLAqdMpwJ73ThmYeJBmhDvMzbvwVNy4sIrjyV0zbEXwdCDmcc+9N7vETwZW27XdrbHxicmp6ZrY0N7+wuFReXrlWcSoZ1lksYnnrg0LBI6xrrgXeJhIh9AXe+N2TgX9zh1LxOLrSvQSbIbQjHnAG2khe+dC96qCGo9Hl2dQNJLDMPQ+xDZ57Zia1YPN+K/+SskLbtvPcK1fsqj0E/UucglRIgQuv3HdbMUtDjDQToFTDsRPdzEBqzgTmJTdVmADrQhsbhkYQompmwy1zumGUFg1iaU6k6VD93pFBqFQv9E1lCLqjfnsD8T+vkergoJnxKEk1Rmz0UJAKqmM6iIy2uESmRc8QYJKbv1LWAROTNsGWTAjO75X/kuudqrNX3b3crdSOizhmyBpZJ5vEIfukRk7JBakTRh7IE3khfevRerZerbdR6ZhV9KySH7A+PgFHYqUl</latexit>

⇥ = ⇥0
⌦⇤(z)

⌦⇤,0

<latexit sha1_base64="Vn3ZjSa3XphMXsJhOny0+5FFG0w=">AAACJXicbVDLSgMxFM34rPVVdekmWAQFKTMi6kKh6EIXggq2FTpluJNm2mAyMyQZoQ7zM278FTcuFBFc+Sum7QjaeiDkcM69N7nHjzlT2rY/rYnJqemZ2cJccX5hcWm5tLJaV1EiCa2RiEfy1gdFOQtpTTPN6W0sKQif04Z/d9r3G/dUKhaFN7oX05aATsgCRkAbySsduWcgBBwPL8/GbiCBpO6loB3w3AszqQ1bD9vZj5Tm2o6dZV6pbFfsAfA4cXJSRjmuvNKb245IImioCQelmo4d61YKUjPCaVZ0E0VjIHfQoU1DQxBUtdLBlhneNEobB5E0J9R4oP7uSEEo1RO+qRSgu2rU64v/ec1EB4etlIVxomlIhg8FCcc6wv3IcJtJSjTvGQJEMvNXTLpgYtIm2KIJwRldeZzUdyvOfmXveq9cPcnjKKB1tIG2kIMOUBWdoytUQwQ9omf0it6sJ+vFerc+hqUTVt6zhv7A+voGBcuk/w==</latexit>

� = �0
⌦⇤(z)

⌦⇤,0

<latexit sha1_base64="sMOdh5TZem98Qn2gDT/Fu6pbQp0=">AAACIXicbVDLSgMxFM3UV62vUZdugkWoKGVGinYjFN24EKxgH9ApQybNtKHJzJBkhDrMr7jxV9y4UKQ78WdM2xG0eiDhcM69N7nHixiVyrI+jNzC4tLySn61sLa+sbllbu80ZRgLTBo4ZKFoe0gSRgPSUFQx0o4EQdxjpOUNLyd+654IScPgTo0i0uWoH1CfYqS05JpVh8fn9pG+XQs6vkA4cW446SPXudZTeqj0cJh+S0mmHVtp6ppFq2xNAf8SOyNFkKHummOnF+KYk0BhhqTs2FakugkSimJG0oITSxIhPER90tE0QJzIbjLdMIUHWulBPxT6BApO1Z8dCeJSjrinKzlSAznvTcT/vE6s/Go3oUEUKxLg2UN+zKAK4SQu2KOCYMVGmiAsqP4rxAOkY1I61IIOwZ5f+S9pnpTt03LltlKsXWRx5MEe2AclYIMzUANXoA4aAINH8AxewZvxZLwY78Z4Vpozsp5d8AvG5xeTFqMx</latexit>

µ = 1 + µ0
⌦⇤(z)

⌦⇤,0

Castello, Grimm and CB (2022)

gravitational-like forcefriction

<latexit sha1_base64="PclOLtz9Ih9+SomMID57i0hILpU="></latexit>

V̇ +H(1 +⇥)V + (1 + �)@r = 0
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Only redshift-space distortions
Castello, Grimm and CB (2022)

SKA2



Rencontres de Blois    Camille Bonvin      p.   /4342

With gravitational redshift
Castello, Grimm and CB (2022)SKA2
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Conclusion

The large-scale structure contains information about 
the fundamental ingredients in the universe.

With current surveys we can either test gravity or test 
dark matter, but not both at the same time.

The coming generation of surveys will provide extra 
information.

We will be able to test

Gravitational slip

Euler equation


