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Current status
Mystery to solve: what is causing the acceleration of our Universe

Cosmological constant

Dynamical dark energy

Theory of gravity

Plethora of new data: DESI, Euclid, SKA, LSST

Goal: test the validity of   CDM and of General Relativity<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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Testing General Relativity
What do we want to test?

At late time our Universe is described as:
Homogeneous and isotropic background     fluctuations

Described by 4 fields

Perturbations in the geometry
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gravitational potentials

Perturbations in the universe's content: 

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

+
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Testing General Relativity

General Relativity provides relations between the fields

Ideally, we want to measure the 4 fields and compare them

Currently not possible: we have only 3 measurements
<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

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

V from the distribution of galaxies

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

�+ 

�
<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 

Anisotropic stress 

Poisson Euler

and
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Testing General Relativity

General Relativity provides relations between the fields

Ideally, we want to measure the 4 fields and compare them

Currently not possible: we have only 3 measurements
<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

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

V from the distribution of galaxies

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

�+ 

�
<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

and

<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
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Testing General Relativity

General Relativity provides relations between the fields

Ideally, we want to measure the 4 fields and compare them

Currently not possible: we have only 3 measurements
<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

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

V from the distribution of galaxies

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

�+ 

�
<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

and

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

dark energy
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Testing General Relativity

General Relativity provides relations between the fields

Ideally, we want to measure the 4 fields and compare them

Currently not possible: we have only 3 measurements
<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

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

V from the distribution of galaxies

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

�+ 

�
<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

and

modified gravity

<latexit sha1_base64="NhB0gVkGj5cErltusN8vg/Bomg4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzamZST+Jjv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7rlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAa+45L</latexit>

6=
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Testing General Relativity

General Relativity provides relations between the fields

Ideally, we want to measure the 4 fields and compare them

<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

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

V from the distribution of galaxies

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

�+ 

�
<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

and

modified gravity

<latexit sha1_base64="NhB0gVkGj5cErltusN8vg/Bomg4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N0IJ/QtePCji1T/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzamZST+Jjv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7rlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jgZcIXMiIkllClubyVsRBVlxsZTsiF4yy+vktZF1bus1u5rlfpNHkcRTuAUzsGDK6jDHTSgCQxG8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gAa+45L</latexit>

6=

We cannot test 4 relations with 3 observables
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Current methods
Assume that Euler and continuity equations are valid

Measure

Evolution equation for growth of structure       constrain Poisson 
equation with galaxy clustering

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

V

Results consistent with General Relativity

This is valid only if Euler and continuity eqs. are valid: 
restrictive assumption for dark matter

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

�+ 

�
<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 

Test

Test Euler

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

Euler equation encodes the weak equivalence principle

It tells us that all objects fall in the same way in a 
gravitational potential

It has been precisely tested for standard matter and 
photons, but not for dark matter

If we want to test gravity in a model-independent way, 
we should relax the assumption that dark matter obeys 
the weak equivalence principle
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Equivalence principle

Euler equation encodes the weak equivalence principle

It tells us that all objects fall in the same way in a 
gravitational potential.

It has been precisely tested for standard matter and 
photons, but not for dark matter.

If we want to test gravity in a model-independent way, 
we should relax the assumption that dark matter obeys 
the weak equivalence principle.

We cannot test Poisson equation

We cannot compare    and  <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>
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Outline

Way out: we can measure the distortion of time 
with future galaxy survey

Additional observable to test gravity

Method to measure time distortion with galaxy clustering

Forecasts with SKA

Tests of gravity: weak equivalence principle

<latexit sha1_base64="MraM+jpCPP4HGlcH2eQRu0HxPFE=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptL/abhg2rNq3tz4FXiF6QGBZqD6ld/GNNUMmWpIMb0fC+xQUa05VSwWaWfGpYQOiEj1nNUEclMkM1vneEzpwxxFGtXyuK5+nsiI9KYqQxdpyR2bJa9XPzP66U2ugkyrpLUMkUXi6JUYBvj/HE85JpRK6aOEKq5uxXTMdGEWhdPxYXgL7+8StoXdf+qfvlwWWvcFnGU4QRO4Rx8uIYG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH/ZejjM=</latexit>
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Distortion of time

We measure the redshift of photons escaping a 
gravitational potential

First test done with white dwarfs in 1925 

Here: same test but at cosmological distances, ~50 Mpc

Gravitational redshiftObserver

Star

Method: gravitational redshift modifies the observed 
clustering of galaxies
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Distortion of time

We measure the redshift of photons escaping a 
gravitational potential

First test done with white dwarfs in 1925 

Here: same test but at cosmological distances, ~50 Mpc

Method: gravitational redshift modifies the observed 
clustering of galaxies

Gravitational redshiftObserver

 
<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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Galaxy clustering

� =
N � N̄

N̄
Fluctuations in number of galaxies

intrinsic distortions      gravitational redshift

How do we isolate gravitational redshift?

<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

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

+

Observer

Redshift as indicator of distance

Gravitational redshift is present

slight distortion in maps due 
to the gravitational potentials

Distant galaxies more 
affected by expansion
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Galaxy clustering

Redshift as indicator of distance

Gravitational redshift is present

slight distortion in maps due 
to the gravitational potentials

angle

redshift

� =
N � N̄

N̄
Fluctuations in number of galaxies

intrinsic distortions      gravitational redshift

How do we isolate gravitational redshift?

<latexit sha1_base64="LQxUP5vN33bpXHfjKZ3JmROFUHE=">AAAB7XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GNRDx4r2A9oQ9lsJ+3aTTbsToQS+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WV1bX1jeJmaWt7Z3evvH/QNCrVHBpcSaXbATMgRQwNFCihnWhgUSChFYxupn7rCbQRKn7AcQJ+xAaxCAVnaKVm9xYksl654lbdGegy8XJSITnqvfJXt694GkGMXDJjOp6boJ8xjYJLmJS6qYGE8REbQMfSmEVg/Gx27YSeWKVPQ6VtxUhn6u+JjEXGjKPAdkYMh2bRm4r/eZ0Uwys/E3GSIsR8vihMJUVFp6/TvtDAUY4tYVwLeyvlQ6YZRxtQyYbgLb68TJpnVe+ien5/Xqld53EUyRE5JqfEI5ekRu5InTQIJ4/kmbySN0c5L8678zFvLTj5zCH5A+fzB2N6jwU=</latexit>

� <latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=
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Distant galaxies more 
affected by expansion
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Galaxy clustering
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N̄
Fluctuations in number of galaxies

intrinsic distortions      gravitational redshift

How do we isolate gravitational redshift?

angle

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

Redshift as indicator of distance

Gravitational redshift is present

slight distortion in maps due 
to the gravitational potentials

Distant galaxies more 
affected by expansion
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Matter fluctuations 
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<latexit sha1_base64="IGtXGNEwQcDn7/9yzUMLATQ4wvE=">AAACIXicbVDLSgMxFM34rPVVdekmWMS6KTNStMuiLlxWsA/olJJJ77ShmcyQZMQy9Ffc+CtuXCjSnfgzZtpZaOuBwOGce8i9x4s4U9q2v6yV1bX1jc3cVn57Z3dvv3Bw2FRhLCk0aMhD2faIAs4ENDTTHNqRBBJ4HFre6Cb1W48gFQvFgx5H0A3IQDCfUaKN1CtUXU7EgAN2b4FrUkrcgOih5ydPk8n5snZmRDkL9ApFu2zPgJeJk5EiylDvFaZuP6RxAEJTTpTqOHakuwmRmlEOk7wbK4gIHZEBdAwVJADVTWYXTvCpUfrYD6V5QuOZ+juRkECpceCZyXRXteil4n9eJ9Z+tZswEcUaBJ1/5Mcc6xCndeE+k0A1HxtCqGRmV0yHRBKqTal5U4KzePIyaV6Uncty5b5SrF1ndeTQMTpBJeSgK1RDd6iOGoiiZ/SK3tGH9WK9WZ/WdD66YmWZI/QH1vcPksqkaQ==</latexit>
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Correlation function

Matter fluctuations 
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<latexit sha1_base64="IGtXGNEwQcDn7/9yzUMLATQ4wvE=">AAACIXicbVDLSgMxFM34rPVVdekmWMS6KTNStMuiLlxWsA/olJJJ77ShmcyQZMQy9Ffc+CtuXCjSnfgzZtpZaOuBwOGce8i9x4s4U9q2v6yV1bX1jc3cVn57Z3dvv3Bw2FRhLCk0aMhD2faIAs4ENDTTHNqRBBJ4HFre6Cb1W48gFQvFgx5H0A3IQDCfUaKN1CtUXU7EgAN2b4FrUkrcgOih5ydPk8n5snZmRDkL9ApFu2zPgJeJk5EiylDvFaZuP6RxAEJTTpTqOHakuwmRmlEOk7wbK4gIHZEBdAwVJADVTWYXTvCpUfrYD6V5QuOZ+juRkECpceCZyXRXteil4n9eJ9Z+tZswEcUaBJ1/5Mcc6xCndeE+k0A1HxtCqGRmV0yHRBKqTal5U4KzePIyaV6Uncty5b5SrF1ndeTQMTpBJeSgK1RDd6iOGoiiZ/SK3tGH9WK9WZ/WdD66YmWZI/QH1vcPksqkaQ==</latexit>
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<latexit sha1_base64="IGtXGNEwQcDn7/9yzUMLATQ4wvE=">AAACIXicbVDLSgMxFM34rPVVdekmWMS6KTNStMuiLlxWsA/olJJJ77ShmcyQZMQy9Ffc+CtuXCjSnfgzZtpZaOuBwOGce8i9x4s4U9q2v6yV1bX1jc3cVn57Z3dvv3Bw2FRhLCk0aMhD2faIAs4ENDTTHNqRBBJ4HFre6Cb1W48gFQvFgx5H0A3IQDCfUaKN1CtUXU7EgAN2b4FrUkrcgOih5ydPk8n5snZmRDkL9ApFu2zPgJeJk5EiylDvFaZuP6RxAEJTTpTqOHakuwmRmlEOk7wbK4gIHZEBdAwVJADVTWYXTvCpUfrYD6V5QuOZ+juRkECpceCZyXRXteil4n9eJ9Z+tZswEcUaBJ1/5Mcc6xCndeE+k0A1HxtCqGRmV0yHRBKqTal5U4KzePIyaV6Uncty5b5SrF1ndeTQMTpBJeSgK1RDd6iOGoiiZ/SK3tGH9WK9WZ/WdD66YmWZI/QH1vcPksqkaQ==</latexit>
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<latexit sha1_base64="IGtXGNEwQcDn7/9yzUMLATQ4wvE=">AAACIXicbVDLSgMxFM34rPVVdekmWMS6KTNStMuiLlxWsA/olJJJ77ShmcyQZMQy9Ffc+CtuXCjSnfgzZtpZaOuBwOGce8i9x4s4U9q2v6yV1bX1jc3cVn57Z3dvv3Bw2FRhLCk0aMhD2faIAs4ENDTTHNqRBBJ4HFre6Cb1W48gFQvFgx5H0A3IQDCfUaKN1CtUXU7EgAN2b4FrUkrcgOih5ydPk8n5snZmRDkL9ApFu2zPgJeJk5EiylDvFaZuP6RxAEJTTpTqOHakuwmRmlEOk7wbK4gIHZEBdAwVJADVTWYXTvCpUfrYD6V5QuOZ+juRkECpceCZyXRXteil4n9eJ9Z+tZswEcUaBJ1/5Mcc6xCndeE+k0A1HxtCqGRmV0yHRBKqTal5U4KzePIyaV6Uncty5b5SrF1ndeTQMTpBJeSgK1RDd6iOGoiiZ/SK3tGH9WK9WZ/WdD66YmWZI/QH1vcPksqkaQ==</latexit>
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CB, Hui & Gaztanaga (2014)
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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

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

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

�
We can isolate the effect 
by fitting for a dipole

<latexit sha1_base64="QwzLTafJXmI1OAXt45h2AUByQKo=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY+lXjxWsB/QLiWbZtvQJLskWaEs/RFePCji1d/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8LG5tb2TnG3tLd/cHhUPj5pmzjVlLVoLGLdDYlhgivWstwK1k00IzIUrBNO7uZ+54lpw2P1aKcJCyQZKR5xSqyTOllfS9yYDcoVr+otgNeJn5MK5GgOyl/9YUxTyZSlghjT873EBhnRllPBZqV+alhC6ISMWM9RRSQzQbY4d4YvnDLEUaxdKYsX6u+JjEhjpjJ0nZLYsVn15uJ/Xi+10W2QcZWklim6XBSlAtsYz3/HQ64ZtWLqCKGau1sxHRNNqHUJlVwI/urL66R9VfWvq7WHWqXeyOMowhmcwyX4cAN1uIcmtIDCBJ7hFd5Qgl7QO/pYthZQPnMKf4A+fwADG49e</latexit>
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<latexit sha1_base64="Om5/fQ35cjhA1T3MnsJWRzZh+mM=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BQTxGMA9IljA7mU2GzGOZmRXCko/w4kERr36PN//GSbIHTSxoKKq66e6KEs6M9f1vr7C2vrG5Vdwu7ezu7R+UD49aRqWa0CZRXOlOhA3lTNKmZZbTTqIpFhGn7Wh8O/PbT1QbpuSjnSQ0FHgoWcwItk5qZz0t0N20X674VX8OtEqCnFQgR6Nf/uoNFEkFlZZwbEw38BMbZlhbRjidlnqpoQkmYzykXUclFtSE2fzcKTpzygDFSruSFs3V3xMZFsZMROQ6BbYjs+zNxP+8bmrj6zBjMkktlWSxKE45sgrNfkcDpimxfOIIJpq5WxEZYY2JdQmVXAjB8surpHVRDS6rtYdapX6Tx1GEEziFcwjgCupwDw1oAoExPMMrvHmJ9+K9ex+L1oKXzxzDH3ifPwkvj2I=</latexit>
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What we really observe
Yoo et al (2010)
CB and Durrer (2011)
Challinor and Lewis (2011)
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Matter fluctuations

Gravitational redshift
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What we really observe
Yoo et al (2010)
CB and Durrer (2011)
Challinor and Lewis (2011)
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Dipole
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Isolating gravitational redshift

We combine the dipole, with measurements of redshift-space 
distortions (monopole, quadrupole and hexadecapole)

<latexit sha1_base64="r4s4yN2ZOVvwxu5Osn/35uzzJpY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZrtfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8ftZ+M4w==</latexit>
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<latexit sha1_base64="MraM+jpCPP4HGlcH2eQRu0HxPFE=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMeiF48V7Ae0S8mm2TY0yS5JVihL/4IXD4p49Q9589+YbfegrQ8GHu/NMDMvTAQ31vO+UWltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknd7nfeWLa8Fg92mnCAklGikecEptL/abhg2rNq3tz4FXiF6QGBZqD6ld/GNNUMmWpIMb0fC+xQUa05VSwWaWfGpYQOiEj1nNUEclMkM1vneEzpwxxFGtXyuK5+nsiI9KYqQxdpyR2bJa9XPzP66U2ugkyrpLUMkUXi6JUYBvj/HE85JpRK6aOEKq5uxXTMdGEWhdPxYXgL7+8StoXdf+qfvlwWWvcFnGU4QRO4Rx8uIYG3EMTWkBhDM/wCm9Iohf0jj4WrSVUzBzDH6DPH/ZejjM=</latexit>

 

<latexit sha1_base64="8MUQ0zF675PA7px2Jog6pO5ZH3w=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gPaUDabTbt2sxt2J0Ip/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemApu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVpyppUCaU7ITFMcMmayFGwTqoZSULB2uHodua3n5g2XMkHHKcsSMhA8phTglZq9SImkPTLFa/qzeGuEj8nFcjR6Je/epGiWcIkUkGM6fpeisGEaORUsGmplxmWEjoiA9a1VJKEmWAyv3bqnlklcmOlbUl05+rviQlJjBknoe1MCA7NsjcT//O6GcbXwYTLNEMm6WJRnAkXlTt73Y24ZhTF2BJCNbe3unRINKFoAyrZEPzll1dJ66LqX1Zr97VK/SaPowgncArn4MMV1OEOGtAECo/wDK/w5ijnxXl3PhatBSefOYY/cD5/AJR6jyU=</latexit>

�

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

V

Redshift-space distortions

Dipole

Redshift 0.35 0.45 0.55 0.65 0.75 0.85 0.95

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

and

and

Forecasts for SKA2

Sobral-Blanco and CB (2022)
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Testing gravity

Test of the weak equivalence principle

�
<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="Ee50hlZ7J0lCwsZ3uPP11Z9KRI4="></latexit>

k2 = �
3

2
H

2µ �

<latexit sha1_base64="+tvHfvN2Eloxe9X68a2AILpdfAY=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIvgQkoiRd0IRTcuI9gHNKFMJjft0MmDmYlQQjZu/BU3LhRx6z+482+cpllo64ELh3PunTv3eAmjQprmt1ZZWl5ZXauu1zY2t7Z39N29johTTqBNYhbznocFMBpBW1LJoJdwwKHHoOuNb6Z+9wG4oHF0LycJuCEeRjSgBEslDfRDxx7Rq8wpXso4+LkDEufOqWMLOtDrZsMsYCwSqyR1VMIe6F+OH5M0hEgShoXoW2Yi3QxzSQmDvOakAhJMxngIfUUjHIJws2J3bhwrxTeCmKuKpFGovycyHAoxCT3VGWI5EvPeVPzP66cyuHQzGiWphIjMFgUpM2RsTCMxfMqBSDZRBBNO1V8NMsIcE6mCq6kQrPmTF0nnrGGdN5p3zXrruoyjig7QETpBFrpALXSLbNRGBD2iZ/SK3rQn7UV71z5mrRWtnNlHf6B9/gDex5jS</latexit>

� = ⌘ 

Modified Poisson

Non-zero anisotropic stress

standard

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

�+ 

From RSD

From lensing

<latexit sha1_base64="EmYb2STu4Mg8yNGIuFguE8oM41g=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBZREEsiRb0IRS89VrBpoQlls920SzebsLsRSsjVi3/FiwdFvPoPvPlv3LQ5aOuDgcd7M8zM82NGpbKsb6O0tLyyulZer2xsbm3vmLt7jowSgUkbRywSXR9JwignbUUVI91YEBT6jHT88W3udx6IkDTi92oSEy9EQ04DipHSUt+EzvGpc+YGAuF0nKVuiNQII5Y2s8xtSXpt9c2qVbOmgIvELkgVFGj1zS93EOEkJFxhhqTs2VasvBQJRTEjWcVNJIkRHqMh6WnKUUikl04/yeCRVgYwiIQuruBU/T2RolDKSejrzvxSOe/l4n9eL1HBlZdSHieKcDxbFCQMqgjmscABFQQrNtEEYUH1rRCPkE5F6fAqOgR7/uVF4pzX7Ita/a5ebdwUcZTBATgEJ8AGl6ABmqAF2gCDR/AMXsGb8WS8GO/Gx6y1ZBQz++APjM8f6gGZ3Q==</latexit>

V 0 + V �
k

H
 = 0
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Testing gravity

Test of the weak equivalence principle

�
<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="Ee50hlZ7J0lCwsZ3uPP11Z9KRI4="></latexit>

k2 = �
3

2
H

2µ �

<latexit sha1_base64="+tvHfvN2Eloxe9X68a2AILpdfAY=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIvgQkoiRd0IRTcuI9gHNKFMJjft0MmDmYlQQjZu/BU3LhRx6z+482+cpllo64ELh3PunTv3eAmjQprmt1ZZWl5ZXauu1zY2t7Z39N29johTTqBNYhbznocFMBpBW1LJoJdwwKHHoOuNb6Z+9wG4oHF0LycJuCEeRjSgBEslDfRDxx7Rq8wpXso4+LkDEufOqWMLOtDrZsMsYCwSqyR1VMIe6F+OH5M0hEgShoXoW2Yi3QxzSQmDvOakAhJMxngIfUUjHIJws2J3bhwrxTeCmKuKpFGovycyHAoxCT3VGWI5EvPeVPzP66cyuHQzGiWphIjMFgUpM2RsTCMxfMqBSDZRBBNO1V8NMsIcE6mCq6kQrPmTF0nnrGGdN5p3zXrruoyjig7QETpBFrpALXSLbNRGBD2iZ/SK3rQn7UV71z5mrRWtnNlHf6B9/gDex5jS</latexit>

� = ⌘ 

Modified Poisson

Non-zero anisotropic stress

standard

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

�+ 

From RSD

From lensing From the dipole

<latexit sha1_base64="EmYb2STu4Mg8yNGIuFguE8oM41g=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBZREEsiRb0IRS89VrBpoQlls920SzebsLsRSsjVi3/FiwdFvPoPvPlv3LQ5aOuDgcd7M8zM82NGpbKsb6O0tLyyulZer2xsbm3vmLt7jowSgUkbRywSXR9JwignbUUVI91YEBT6jHT88W3udx6IkDTi92oSEy9EQ04DipHSUt+EzvGpc+YGAuF0nKVuiNQII5Y2s8xtSXpt9c2qVbOmgIvELkgVFGj1zS93EOEkJFxhhqTs2VasvBQJRTEjWcVNJIkRHqMh6WnKUUikl04/yeCRVgYwiIQuruBU/T2RolDKSejrzvxSOe/l4n9eL1HBlZdSHieKcDxbFCQMqgjmscABFQQrNtEEYUH1rRCPkE5F6fAqOgR7/uVF4pzX7Ita/a5ebdwUcZTBATgEJ8AGl6ABmqAF2gCDR/AMXsGb8WS8GO/Gx6y1ZBQz++APjM8f6gGZ3Q==</latexit>

V 0 + V �
k

H
 = 0
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Testing gravity

Test of the weak equivalence principle

�
<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="Ee50hlZ7J0lCwsZ3uPP11Z9KRI4="></latexit>

k2 = �
3

2
H

2µ �

<latexit sha1_base64="+tvHfvN2Eloxe9X68a2AILpdfAY=">AAACBXicbVDLSsNAFJ3UV62vqEtdBIvgQkoiRd0IRTcuI9gHNKFMJjft0MmDmYlQQjZu/BU3LhRx6z+482+cpllo64ELh3PunTv3eAmjQprmt1ZZWl5ZXauu1zY2t7Z39N29johTTqBNYhbznocFMBpBW1LJoJdwwKHHoOuNb6Z+9wG4oHF0LycJuCEeRjSgBEslDfRDxx7Rq8wpXso4+LkDEufOqWMLOtDrZsMsYCwSqyR1VMIe6F+OH5M0hEgShoXoW2Yi3QxzSQmDvOakAhJMxngIfUUjHIJws2J3bhwrxTeCmKuKpFGovycyHAoxCT3VGWI5EvPeVPzP66cyuHQzGiWphIjMFgUpM2RsTCMxfMqBSDZRBBNO1V8NMsIcE6mCq6kQrPmTF0nnrGGdN5p3zXrruoyjig7QETpBFrpALXSLbNRGBD2iZ/SK3rQn7UV71z5mrRWtnNlHf6B9/gDex5jS</latexit>

� = ⌘ 

Modified Poisson

Non-zero anisotropic stress

standard

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

�+ 

From RSD

From lensing From the dipole

<latexit sha1_base64="xodEMySxMfTKOUT7msAZ2iZ59i0=">AAACGnicbVBNSwMxFMzWr1q/Vj16CRZREMuuiHoUvfRYwVahu5Rs+lZDs9k1yQol7O/w4l/x4kERb+LFf2O29qDWgcAw8x7zMlHGmdKe9+lUpqZnZueq87WFxaXlFXd1raPSXFJo05Sn8ioiCjgT0NZMc7jKJJAk4nAZDc5K//IOpGKpuNDDDMKEXAsWM0q0lXqu39ne7ewFsSTUDAoTJETfUMJNsyiClmImGEUYCf0iEHCLvaLn1r2GNwKeJP6Y1NEYrZ77HvRTmicgNOVEqa7vZTo0RGpGORS1IFeQETog19C1VJAEVGhGuQXeskofx6m0T2g8Un9uGJIoNUwiO1merv56pfif1811fBwaJrJcg6DfQXHOsU5x2RPuMwlU86ElhEpmb8X0htiatG2zZkvw/355knT2G/5h4+D8oH5yOq6jijbQJtpBPjpCJ6iJWqiNKLpHj+gZvTgPzpPz6rx9j1ac8c46+gXn4wtKNqGw</latexit>

V 0 + V �
k

H
 6= 0



Planck 2022    Camille Bonvin      p.   /3531

Testing gravity

Test of the weak equivalence principle

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

standard
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From RSD

From lensing From the dipole

CB and Fleury (2018)
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Current constraints from SDSS
Castello, Grimm and CB (2022)

With redshift-space distortion only, we cannot test 
the weak equivalence principle        degeneracies

WEP valid 
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Current constraints from SDSS
Castello, Grimm and CB (2022)

With redshift-space distortion only, we cannot test 
the weak equivalence principle        degeneracies

WEP valid 

no assumption 
on WEP 
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Forecasts with dipole with SKA2

The dipole breaks degeneracies 
because it probes the way photons 
escape from a gravitational potential

Castello, Grimm and CB (2022)
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Conclusion

Mapping the distribution of galaxies allows us to 
measure time distortion at cosmological distance

The isolate the effect, we look for a dipole in the 
cross-correlation of bright and faint galaxies 

Comparing this with redshift-space distor tion 
provides a way of testing the validity of the weak 
equivalence principle
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Backup slides
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Forecasts
DESI Bright Galaxy Sample: 10 million galaxies at 

Cumulative signal-to-noise: 33

CB, Tutusaus, Adamek, Lepori, Fosalba, Schulz, in progress
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Forecasts
DESI Bright Galaxy Sample: 10 million galaxies at 

Cumulative signal-to-noise: 33
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Signal-to-noise of 118 for SKA2 (2030)

CB, Tutusaus, Adamek, Lepori, Fosalba, Schulz, in progress



Planck 2022    Camille Bonvin      p.   /3540

Breaking of symmetry from gravitational redshift
CB, Hui & Gaztanaga (2014)

shift in position due to gravitational redshift
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