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Relativistic effects

Why are they useful?

Test of gravity

Distinguish between modifications 
of GR and a dark fifth force 

Measuring the relativistic dipole can help 
disentangle relativistic effects from PNG 
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Galaxy number counts

We count the number of galaxies per pixel: � =
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Galaxy number counts

We count the number of galaxies per pixel: � =
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What we really observe
Yoo et al (2010)

CB and Durrer (2011)

Challinor and Lewis (2011)
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What we really observe
Yoo et al (2010)

CB and Durrer (2011)

Challinor and Lewis (2011)
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Redshift-space distortion
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What we really observe
Yoo et al (2010)

CB and Durrer (2011)

Challinor and Lewis (2011)
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Current standard 
analyses
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What we really observe
Yoo et al (2010)

CB and Durrer (2011)

Challinor and Lewis (2011)
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Redshift-space distortion

Lensing: measured with quasars 
and relevant for future surveys

Current standard 
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What we really observe
Yoo et al (2010)

CB and Durrer (2011)

Challinor and Lewis (2011)
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Lensing: measured with quasars 
and relevant for future surveys

Relativistic effects
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Testing gravity

At late time, our Universe is described by 4 fields

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

Currently not possible: we have only 3 measurements
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Testing gravity

At late time, our Universe is described by 4 fields

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

Currently not possible: we have only 3 measurements
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Continuity 

Poisson Euler

and
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In GR
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Testing gravity

At late time, our Universe is described by 4 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 gravity

At late time, our Universe is described by 4 fields

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

We cannot test all relations            
limit ability to discriminate 
between models
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Example

Distinguish between modified gravity and a dark fifth force

Modified gravity

Dark fifth force

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

� = ⌘ 

<latexit sha1_base64="G5bGjmAxGliXYk2cY/avLRFaIFs=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OIxgv2QJpTNdtMu3d2E3Y1QQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pZXVtfaO8Wdna3tndq+4ftHSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORrdTv/1ElWaJfDDjlIYCDySLGcHGSo+BP2TXga9Zr1pz6+4MaJl4BalBAb9X/Qr6CckElYZwrHXXc1MT5lgZRjidVIJM0xSTER7QrqUSC6rDfHbwBJ1YpY/iRNmSBs3U3xM5FlqPRWQ7BTZDvehNxf+8bmbiqzBnMs0MlWS+KM44Mgmafo/6TFFi+NgSTBSztyIyxAoTYzOq2BC8xZeXSeus7l3Uz+/Pa42bIo4yHMExnIIHl9CAO/ChCQQEPMMrvDnKeXHenY95a8kpZg7hD5zPH1epkB8=</latexit>

� =  

<latexit sha1_base64="wStcBJiuGqlRnOSpmGtcct7gwiM=">AAACIHicbVDLSsNAFJ3UV62vqEs3g0UQhJJIsW6EopsuK9i00IQwmU7boTNJmJkIJeRT3Pgrblwoojv9GidtFrX1wMDhnHvn3nuCmFGpLOvbKK2tb2xulbcrO7t7+wfm4ZEjo0Rg0sERi0QvQJIwGpKOooqRXiwI4gEj3WByl/vdRyIkjcIHNY2Jx9EopEOKkdKSbzbcQaRSJ/NTV3A44NmFy5EaY8TSVuYsqDESiiLmC7ct6Y3lm1WrZs0AV4ldkCoo0PbNLz0JJ5yECjMkZd+2YuWl+a+YkaziJpLECE/QiPQ1DREn0ktnB2bwTCsDOIyEfqGCM3WxI0VcyikPdGW+vVz2cvE/r5+o4bWX0jBOFAnxfNAwYVBFME8LDqggWLGpJggLqneFeIwEwkpnWtEh2MsnrxLnsmZf1er39WrztoijDE7AKTgHNmiAJmiBNugADJ7AC3gD78az8Wp8GJ/z0pJR9ByDPzB+fgHdL6QC</latexit>

V̇dm +HVdm + @r = 0

<latexit sha1_base64="qEP/DTQTTRA1RTZHEzJNPLGWQxk="></latexit>

V̇dm +H(1 +⇥)Vdm + (1 + �)@r = 0

<latexit sha1_base64="OSFHrgp2aQDDVeCr0qei1KRPjy4=">AAACHnicbVDLSgMxFM34rPU16tJNsAhuLDOlPjZC0YUuK9gHdGrJZG7b0GRmSDJCGeZL3PgrblwoIrjSvzF9LLT1QODknHs5yfFjzpR2nG9rYXFpeWU1t5Zf39jc2rZ3dusqSiSFGo14JJs+UcBZCDXNNIdmLIEIn0PDH1yN/MYDSMWi8E4PY2gL0gtZl1GijdSxT44H9yWvqthF2YsZvsbEXGU/6qSeFFhkqTfOSCUEmSeSzAuAa9KxC07RGQPPE3dKCmiKasf+9IKIJgJCTTlRquU6sW6nRGpGOWR5L1EQEzogPWgZGhIBqp2OozN8aJQAdyNpTqjxWP29kRKh1FD4ZlIQ3Vez3kj8z2slunveTlkYJxpCOgnqJhzrCI+6wgGTQDUfGkKoZOatmPaJJFSbRvOmBHf2y/OkXiq6p8XybblQuZzWkUP76AAdIRedoQq6QVVUQxQ9omf0it6sJ+vFerc+JqML1nRnD/2B9fUDNPWiog==</latexit>

�k2 = 4⇡Ga2⇢mµ�

<latexit sha1_base64="fMfoHZkyG7I8wpwDgreSSqIvr/Y=">AAACDnicbVDLSgMxFM34rPU16tJNsBTcWGZKUTdC0YUuK9gHdMYhk0nb0CQzJBmhDP0CN/6KGxeKuHXtzr8xbWehrQcunJxzL7n3hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4dXEbz8QqWgs7vQoIT5HfUF7FCNtpMAunwzvq15D0Yual1B4DZF5ykEcZJ7kkI+9iDCNArvkVJwp4CJxc1ICORqB/eVFMU45ERozpFTXdRLtZ0hqihkZF71UkQThIeqTrqECcaL8bHrOGJaNEsFeLE0JDafq74kMcaVGPDSdHOmBmvcm4n9eN9W9cz+jIkk1EXj2US9lUMdwkg2MqCRYs5EhCEtqdoV4gCTC2iRYNCG48ycvkla14p5Ware1Uv0yj6MADsEROAYuOAN1cAMaoAkweATP4BW8WU/Wi/Vufcxal6x85gD8gfX5A2domx4=</latexit>

�k2 = 4⇡Ga2⇢m�

Castello, Grimm and CB (2022)

CB and Pogosian (2022)
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Distinguish between modified gravity and a dark fifth force

Modified gravity

Dark fifth force

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

� = ⌘ 

<latexit sha1_base64="G5bGjmAxGliXYk2cY/avLRFaIFs=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OIxgv2QJpTNdtMu3d2E3Y1QQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pZXVtfaO8Wdna3tndq+4ftHSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORrdTv/1ElWaJfDDjlIYCDySLGcHGSo+BP2TXga9Zr1pz6+4MaJl4BalBAb9X/Qr6CckElYZwrHXXc1MT5lgZRjidVIJM0xSTER7QrqUSC6rDfHbwBJ1YpY/iRNmSBs3U3xM5FlqPRWQ7BTZDvehNxf+8bmbiqzBnMs0MlWS+KM44Mgmafo/6TFFi+NgSTBSztyIyxAoTYzOq2BC8xZeXSeus7l3Uz+/Pa42bIo4yHMExnIIHl9CAO/ChCQQEPMMrvDnKeXHenY95a8kpZg7hD5zPH1epkB8=</latexit>

� =  

<latexit sha1_base64="OSFHrgp2aQDDVeCr0qei1KRPjy4=">AAACHnicbVDLSgMxFM34rPU16tJNsAhuLDOlPjZC0YUuK9gHdGrJZG7b0GRmSDJCGeZL3PgrblwoIrjSvzF9LLT1QODknHs5yfFjzpR2nG9rYXFpeWU1t5Zf39jc2rZ3dusqSiSFGo14JJs+UcBZCDXNNIdmLIEIn0PDH1yN/MYDSMWi8E4PY2gL0gtZl1GijdSxT44H9yWvqthF2YsZvsbEXGU/6qSeFFhkqTfOSCUEmSeSzAuAa9KxC07RGQPPE3dKCmiKasf+9IKIJgJCTTlRquU6sW6nRGpGOWR5L1EQEzogPWgZGhIBqp2OozN8aJQAdyNpTqjxWP29kRKh1FD4ZlIQ3Vez3kj8z2slunveTlkYJxpCOgnqJhzrCI+6wgGTQDUfGkKoZOatmPaJJFSbRvOmBHf2y/OkXiq6p8XybblQuZzWkUP76AAdIRedoQq6QVVUQxQ9omf0it6sJ+vFerc+JqML1nRnD/2B9fUDNPWiog==</latexit>

�k2 = 4⇡Ga2⇢mµ�

<latexit sha1_base64="fMfoHZkyG7I8wpwDgreSSqIvr/Y=">AAACDnicbVDLSgMxFM34rPU16tJNsBTcWGZKUTdC0YUuK9gHdMYhk0nb0CQzJBmhDP0CN/6KGxeKuHXtzr8xbWehrQcunJxzL7n3hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4dXEbz8QqWgs7vQoIT5HfUF7FCNtpMAunwzvq15D0Yual1B4DZF5ykEcZJ7kkI+9iDCNArvkVJwp4CJxc1ICORqB/eVFMU45ERozpFTXdRLtZ0hqihkZF71UkQThIeqTrqECcaL8bHrOGJaNEsFeLE0JDafq74kMcaVGPDSdHOmBmvcm4n9eN9W9cz+jIkk1EXj2US9lUMdwkg2MqCRYs5EhCEtqdoV4gCTC2iRYNCG48ycvkla14p5Ware1Uv0yj6MADsEROAYuOAN1cAMaoAkweATP4BW8WU/Wi/Vufcxal6x85gD8gfX5A2domx4=</latexit>

�k2 = 4⇡Ga2⇢m�

<latexit sha1_base64="WjIK/BUh4TPhlKYyaXJtxMS4UDQ="></latexit>

�̈ +H�̇ = 4⇡a2⇢mGµ�

<latexit sha1_base64="GCX40/sdmyiDJgpv/KGn6SCEC3w="></latexit>

�̈ +H(1 +⇥)�̇ = 4⇡a2⇢mG(1 + x�)�

Example
Castello, Grimm and CB (2022)

CB and Pogosian (2022)

growth of structure

growth of structure
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Distinguish between modified gravity and a dark fifth force

Modified gravity

Dark fifth force

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

� = ⌘ 

<latexit sha1_base64="G5bGjmAxGliXYk2cY/avLRFaIFs=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OIxgv2QJpTNdtMu3d2E3Y1QQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pZXVtfaO8Wdna3tndq+4ftHSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORrdTv/1ElWaJfDDjlIYCDySLGcHGSo+BP2TXga9Zr1pz6+4MaJl4BalBAb9X/Qr6CckElYZwrHXXc1MT5lgZRjidVIJM0xSTER7QrqUSC6rDfHbwBJ1YpY/iRNmSBs3U3xM5FlqPRWQ7BTZDvehNxf+8bmbiqzBnMs0MlWS+KM44Mgmafo/6TFFi+NgSTBSztyIyxAoTYzOq2BC8xZeXSeus7l3Uz+/Pa42bIo4yHMExnIIHl9CAO/ChCQQEPMMrvDnKeXHenY95a8kpZg7hD5zPH1epkB8=</latexit>

� =  

<latexit sha1_base64="OSFHrgp2aQDDVeCr0qei1KRPjy4=">AAACHnicbVDLSgMxFM34rPU16tJNsAhuLDOlPjZC0YUuK9gHdGrJZG7b0GRmSDJCGeZL3PgrblwoIrjSvzF9LLT1QODknHs5yfFjzpR2nG9rYXFpeWU1t5Zf39jc2rZ3dusqSiSFGo14JJs+UcBZCDXNNIdmLIEIn0PDH1yN/MYDSMWi8E4PY2gL0gtZl1GijdSxT44H9yWvqthF2YsZvsbEXGU/6qSeFFhkqTfOSCUEmSeSzAuAa9KxC07RGQPPE3dKCmiKasf+9IKIJgJCTTlRquU6sW6nRGpGOWR5L1EQEzogPWgZGhIBqp2OozN8aJQAdyNpTqjxWP29kRKh1FD4ZlIQ3Vez3kj8z2slunveTlkYJxpCOgnqJhzrCI+6wgGTQDUfGkKoZOatmPaJJFSbRvOmBHf2y/OkXiq6p8XybblQuZzWkUP76AAdIRedoQq6QVVUQxQ9omf0it6sJ+vFerc+JqML1nRnD/2B9fUDNPWiog==</latexit>

�k2 = 4⇡Ga2⇢mµ�

<latexit sha1_base64="fMfoHZkyG7I8wpwDgreSSqIvr/Y=">AAACDnicbVDLSgMxFM34rPU16tJNsBTcWGZKUTdC0YUuK9gHdMYhk0nb0CQzJBmhDP0CN/6KGxeKuHXtzr8xbWehrQcunJxzL7n3hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4dXEbz8QqWgs7vQoIT5HfUF7FCNtpMAunwzvq15D0Yual1B4DZF5ykEcZJ7kkI+9iDCNArvkVJwp4CJxc1ICORqB/eVFMU45ERozpFTXdRLtZ0hqihkZF71UkQThIeqTrqECcaL8bHrOGJaNEsFeLE0JDafq74kMcaVGPDSdHOmBmvcm4n9eN9W9cz+jIkk1EXj2US9lUMdwkg2MqCRYs5EhCEtqdoV4gCTC2iRYNCG48ycvkla14p5Ware1Uv0yj6MADsEROAYuOAN1cAMaoAkweATP4BW8WU/Wi/Vufcxal6x85gD8gfX5A2domx4=</latexit>

�k2 = 4⇡Ga2⇢m�

<latexit sha1_base64="WjIK/BUh4TPhlKYyaXJtxMS4UDQ="></latexit>

�̈ +H�̇ = 4⇡a2⇢mGµ�
<latexit sha1_base64="3FiKUDGVUEjroirOritS5Nd5uDE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BD3qMYB6wCWF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD49aVqeGsibVQptORCwTXLEmcBCskxhGZCRYOxrfzvz2EzOWa/UIk4T1JBkqHnNKwEnhXT/rGolZHE/75Ypf9efAqyTISQXlaPTLX92BpqlkCqgg1oaBn0AvIwY4FWxa6qaWJYSOyZCFjioime1l85On+MwpAxxr40oBnqu/JzIirZ3IyHVKAiO77M3E/7wwhfi6l3GVpMAUXSyKU4FB49n/eMANoyAmjhBquLsV0xExhIJLqeRCCJZfXiWti2pwWa091Cr1mzyOIjpBp+gcBegK1dE9aqAmokijZ/SK3jzwXrx372PRWvDymWP0B97nDwjQkRs=</latexit>

Ge↵

<latexit sha1_base64="3FiKUDGVUEjroirOritS5Nd5uDE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BD3qMYB6wCWF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD49aVqeGsibVQptORCwTXLEmcBCskxhGZCRYOxrfzvz2EzOWa/UIk4T1JBkqHnNKwEnhXT/rGolZHE/75Ypf9efAqyTISQXlaPTLX92BpqlkCqgg1oaBn0AvIwY4FWxa6qaWJYSOyZCFjioime1l85On+MwpAxxr40oBnqu/JzIirZ3IyHVKAiO77M3E/7wwhfi6l3GVpMAUXSyKU4FB49n/eMANoyAmjhBquLsV0xExhIJLqeRCCJZfXiWti2pwWa091Cr1mzyOIjpBp+gcBegK1dE9aqAmokijZ/SK3jzwXrx372PRWvDymWP0B97nDwjQkRs=</latexit>

Ge↵

Example
Castello, Grimm and CB (2022)

CB and Pogosian (2022)

growth of structure

growth of structure
<latexit sha1_base64="GCX40/sdmyiDJgpv/KGn6SCEC3w="></latexit>

�̈ +H(1 +⇥)�̇ = 4⇡a2⇢mG(1 + x�)�
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Distinguish between modified gravity and a dark fifth force

Modified gravity

Dark fifth force

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

� = ⌘ 

<latexit sha1_base64="G5bGjmAxGliXYk2cY/avLRFaIFs=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OIxgv2QJpTNdtMu3d2E3Y1QQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pZXVtfaO8Wdna3tndq+4ftHSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORrdTv/1ElWaJfDDjlIYCDySLGcHGSo+BP2TXga9Zr1pz6+4MaJl4BalBAb9X/Qr6CckElYZwrHXXc1MT5lgZRjidVIJM0xSTER7QrqUSC6rDfHbwBJ1YpY/iRNmSBs3U3xM5FlqPRWQ7BTZDvehNxf+8bmbiqzBnMs0MlWS+KM44Mgmafo/6TFFi+NgSTBSztyIyxAoTYzOq2BC8xZeXSeus7l3Uz+/Pa42bIo4yHMExnIIHl9CAO/ChCQQEPMMrvDnKeXHenY95a8kpZg7hD5zPH1epkB8=</latexit>

� =  

<latexit sha1_base64="OSFHrgp2aQDDVeCr0qei1KRPjy4=">AAACHnicbVDLSgMxFM34rPU16tJNsAhuLDOlPjZC0YUuK9gHdGrJZG7b0GRmSDJCGeZL3PgrblwoIrjSvzF9LLT1QODknHs5yfFjzpR2nG9rYXFpeWU1t5Zf39jc2rZ3dusqSiSFGo14JJs+UcBZCDXNNIdmLIEIn0PDH1yN/MYDSMWi8E4PY2gL0gtZl1GijdSxT44H9yWvqthF2YsZvsbEXGU/6qSeFFhkqTfOSCUEmSeSzAuAa9KxC07RGQPPE3dKCmiKasf+9IKIJgJCTTlRquU6sW6nRGpGOWR5L1EQEzogPWgZGhIBqp2OozN8aJQAdyNpTqjxWP29kRKh1FD4ZlIQ3Vez3kj8z2slunveTlkYJxpCOgnqJhzrCI+6wgGTQDUfGkKoZOatmPaJJFSbRvOmBHf2y/OkXiq6p8XybblQuZzWkUP76AAdIRedoQq6QVVUQxQ9omf0it6sJ+vFerc+JqML1nRnD/2B9fUDNPWiog==</latexit>

�k2 = 4⇡Ga2⇢mµ�

<latexit sha1_base64="fMfoHZkyG7I8wpwDgreSSqIvr/Y=">AAACDnicbVDLSgMxFM34rPU16tJNsBTcWGZKUTdC0YUuK9gHdMYhk0nb0CQzJBmhDP0CN/6KGxeKuHXtzr8xbWehrQcunJxzL7n3hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4dXEbz8QqWgs7vQoIT5HfUF7FCNtpMAunwzvq15D0Yual1B4DZF5ykEcZJ7kkI+9iDCNArvkVJwp4CJxc1ICORqB/eVFMU45ERozpFTXdRLtZ0hqihkZF71UkQThIeqTrqECcaL8bHrOGJaNEsFeLE0JDafq74kMcaVGPDSdHOmBmvcm4n9eN9W9cz+jIkk1EXj2US9lUMdwkg2MqCRYs5EhCEtqdoV4gCTC2iRYNCG48ycvkla14p5Ware1Uv0yj6MADsEROAYuOAN1cAMaoAkweATP4BW8WU/Wi/Vufcxal6x85gD8gfX5A2domx4=</latexit>

�k2 = 4⇡Ga2⇢m�

<latexit sha1_base64="WjIK/BUh4TPhlKYyaXJtxMS4UDQ="></latexit>

�̈ +H�̇ = 4⇡a2⇢mGµ�
<latexit sha1_base64="3FiKUDGVUEjroirOritS5Nd5uDE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BD3qMYB6wCWF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD49aVqeGsibVQptORCwTXLEmcBCskxhGZCRYOxrfzvz2EzOWa/UIk4T1JBkqHnNKwEnhXT/rGolZHE/75Ypf9efAqyTISQXlaPTLX92BpqlkCqgg1oaBn0AvIwY4FWxa6qaWJYSOyZCFjioime1l85On+MwpAxxr40oBnqu/JzIirZ3IyHVKAiO77M3E/7wwhfi6l3GVpMAUXSyKU4FB49n/eMANoyAmjhBquLsV0xExhIJLqeRCCJZfXiWti2pwWa091Cr1mzyOIjpBp+gcBegK1dE9aqAmokijZ/SK3jzwXrx372PRWvDymWP0B97nDwjQkRs=</latexit>

Ge↵

<latexit sha1_base64="3FiKUDGVUEjroirOritS5Nd5uDE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BD3qMYB6wCWF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD49aVqeGsibVQptORCwTXLEmcBCskxhGZCRYOxrfzvz2EzOWa/UIk4T1JBkqHnNKwEnhXT/rGolZHE/75Ypf9efAqyTISQXlaPTLX92BpqlkCqgg1oaBn0AvIwY4FWxa6qaWJYSOyZCFjioime1l85On+MwpAxxr40oBnqu/JzIirZ3IyHVKAiO77M3E/7wwhfi6l3GVpMAUXSyKU4FB49n/eMANoyAmjhBquLsV0xExhIJLqeRCCJZfXiWti2pwWa091Cr1mzyOIjpBp+gcBegK1dE9aqAmokijZ/SK3jzwXrx372PRWvDymWP0B97nDwjQkRs=</latexit>

Ge↵

Example
Castello, Grimm and CB (2022)

CB and Pogosian (2022)

growth of structure

growth of structure
<latexit sha1_base64="GCX40/sdmyiDJgpv/KGn6SCEC3w="></latexit>

�̈ +H(1 +⇥)�̇ = 4⇡a2⇢mG(1 + x�)�

negligible
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Modified gravity

Dark fifth force

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

� = ⌘ 

<latexit sha1_base64="G5bGjmAxGliXYk2cY/avLRFaIFs=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OIxgv2QJpTNdtMu3d2E3Y1QQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pZXVtfaO8Wdna3tndq+4ftHSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORrdTv/1ElWaJfDDjlIYCDySLGcHGSo+BP2TXga9Zr1pz6+4MaJl4BalBAb9X/Qr6CckElYZwrHXXc1MT5lgZRjidVIJM0xSTER7QrqUSC6rDfHbwBJ1YpY/iRNmSBs3U3xM5FlqPRWQ7BTZDvehNxf+8bmbiqzBnMs0MlWS+KM44Mgmafo/6TFFi+NgSTBSztyIyxAoTYzOq2BC8xZeXSeus7l3Uz+/Pa42bIo4yHMExnIIHl9CAO/ChCQQEPMMrvDnKeXHenY95a8kpZg7hD5zPH1epkB8=</latexit>

� =  

<latexit sha1_base64="OSFHrgp2aQDDVeCr0qei1KRPjy4=">AAACHnicbVDLSgMxFM34rPU16tJNsAhuLDOlPjZC0YUuK9gHdGrJZG7b0GRmSDJCGeZL3PgrblwoIrjSvzF9LLT1QODknHs5yfFjzpR2nG9rYXFpeWU1t5Zf39jc2rZ3dusqSiSFGo14JJs+UcBZCDXNNIdmLIEIn0PDH1yN/MYDSMWi8E4PY2gL0gtZl1GijdSxT44H9yWvqthF2YsZvsbEXGU/6qSeFFhkqTfOSCUEmSeSzAuAa9KxC07RGQPPE3dKCmiKasf+9IKIJgJCTTlRquU6sW6nRGpGOWR5L1EQEzogPWgZGhIBqp2OozN8aJQAdyNpTqjxWP29kRKh1FD4ZlIQ3Vez3kj8z2slunveTlkYJxpCOgnqJhzrCI+6wgGTQDUfGkKoZOatmPaJJFSbRvOmBHf2y/OkXiq6p8XybblQuZzWkUP76AAdIRedoQq6QVVUQxQ9omf0it6sJ+vFerc+JqML1nRnD/2B9fUDNPWiog==</latexit>

�k2 = 4⇡Ga2⇢mµ�

<latexit sha1_base64="fMfoHZkyG7I8wpwDgreSSqIvr/Y=">AAACDnicbVDLSgMxFM34rPU16tJNsBTcWGZKUTdC0YUuK9gHdMYhk0nb0CQzJBmhDP0CN/6KGxeKuHXtzr8xbWehrQcunJxzL7n3hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4dXEbz8QqWgs7vQoIT5HfUF7FCNtpMAunwzvq15D0Yual1B4DZF5ykEcZJ7kkI+9iDCNArvkVJwp4CJxc1ICORqB/eVFMU45ERozpFTXdRLtZ0hqihkZF71UkQThIeqTrqECcaL8bHrOGJaNEsFeLE0JDafq74kMcaVGPDSdHOmBmvcm4n9eN9W9cz+jIkk1EXj2US9lUMdwkg2MqCRYs5EhCEtqdoV4gCTC2iRYNCG48ycvkla14p5Ware1Uv0yj6MADsEROAYuOAN1cAMaoAkweATP4BW8WU/Wi/Vufcxal6x85gD8gfX5A2domx4=</latexit>

�k2 = 4⇡Ga2⇢m�

<latexit sha1_base64="WjIK/BUh4TPhlKYyaXJtxMS4UDQ="></latexit>

�̈ +H�̇ = 4⇡a2⇢mGµ�
<latexit sha1_base64="3FiKUDGVUEjroirOritS5Nd5uDE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BD3qMYB6wCWF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD49aVqeGsibVQptORCwTXLEmcBCskxhGZCRYOxrfzvz2EzOWa/UIk4T1JBkqHnNKwEnhXT/rGolZHE/75Ypf9efAqyTISQXlaPTLX92BpqlkCqgg1oaBn0AvIwY4FWxa6qaWJYSOyZCFjioime1l85On+MwpAxxr40oBnqu/JzIirZ3IyHVKAiO77M3E/7wwhfi6l3GVpMAUXSyKU4FB49n/eMANoyAmjhBquLsV0xExhIJLqeRCCJZfXiWti2pwWa091Cr1mzyOIjpBp+gcBegK1dE9aqAmokijZ/SK3jzwXrx372PRWvDymWP0B97nDwjQkRs=</latexit>

Ge↵

Enhanced growth

Undistinguishable with RSD

Example
Castello, Grimm and CB (2022)

CB and Pogosian (2022)

<latexit sha1_base64="3FiKUDGVUEjroirOritS5Nd5uDE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BD3qMYB6wCWF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD49aVqeGsibVQptORCwTXLEmcBCskxhGZCRYOxrfzvz2EzOWa/UIk4T1JBkqHnNKwEnhXT/rGolZHE/75Ypf9efAqyTISQXlaPTLX92BpqlkCqgg1oaBn0AvIwY4FWxa6qaWJYSOyZCFjioime1l85On+MwpAxxr40oBnqu/JzIirZ3IyHVKAiO77M3E/7wwhfi6l3GVpMAUXSyKU4FB49n/eMANoyAmjhBquLsV0xExhIJLqeRCCJZfXiWti2pwWa091Cr1mzyOIjpBp+gcBegK1dE9aqAmokijZ/SK3jzwXrx372PRWvDymWP0B97nDwjQkRs=</latexit>

Ge↵

growth of structure
<latexit sha1_base64="GCX40/sdmyiDJgpv/KGn6SCEC3w="></latexit>

�̈ +H(1 +⇥)�̇ = 4⇡a2⇢mG(1 + x�)�

negligible

growth of structure
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Modified gravity

Dark fifth force

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

� = ⌘ 

<latexit sha1_base64="G5bGjmAxGliXYk2cY/avLRFaIFs=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OIxgv2QJpTNdtMu3d2E3Y1QQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pZXVtfaO8Wdna3tndq+4ftHSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORrdTv/1ElWaJfDDjlIYCDySLGcHGSo+BP2TXga9Zr1pz6+4MaJl4BalBAb9X/Qr6CckElYZwrHXXc1MT5lgZRjidVIJM0xSTER7QrqUSC6rDfHbwBJ1YpY/iRNmSBs3U3xM5FlqPRWQ7BTZDvehNxf+8bmbiqzBnMs0MlWS+KM44Mgmafo/6TFFi+NgSTBSztyIyxAoTYzOq2BC8xZeXSeus7l3Uz+/Pa42bIo4yHMExnIIHl9CAO/ChCQQEPMMrvDnKeXHenY95a8kpZg7hD5zPH1epkB8=</latexit>

� =  

<latexit sha1_base64="OSFHrgp2aQDDVeCr0qei1KRPjy4=">AAACHnicbVDLSgMxFM34rPU16tJNsAhuLDOlPjZC0YUuK9gHdGrJZG7b0GRmSDJCGeZL3PgrblwoIrjSvzF9LLT1QODknHs5yfFjzpR2nG9rYXFpeWU1t5Zf39jc2rZ3dusqSiSFGo14JJs+UcBZCDXNNIdmLIEIn0PDH1yN/MYDSMWi8E4PY2gL0gtZl1GijdSxT44H9yWvqthF2YsZvsbEXGU/6qSeFFhkqTfOSCUEmSeSzAuAa9KxC07RGQPPE3dKCmiKasf+9IKIJgJCTTlRquU6sW6nRGpGOWR5L1EQEzogPWgZGhIBqp2OozN8aJQAdyNpTqjxWP29kRKh1FD4ZlIQ3Vez3kj8z2slunveTlkYJxpCOgnqJhzrCI+6wgGTQDUfGkKoZOatmPaJJFSbRvOmBHf2y/OkXiq6p8XybblQuZzWkUP76AAdIRedoQq6QVVUQxQ9omf0it6sJ+vFerc+JqML1nRnD/2B9fUDNPWiog==</latexit>

�k2 = 4⇡Ga2⇢mµ�

<latexit sha1_base64="fMfoHZkyG7I8wpwDgreSSqIvr/Y=">AAACDnicbVDLSgMxFM34rPU16tJNsBTcWGZKUTdC0YUuK9gHdMYhk0nb0CQzJBmhDP0CN/6KGxeKuHXtzr8xbWehrQcunJxzL7n3hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4dXEbz8QqWgs7vQoIT5HfUF7FCNtpMAunwzvq15D0Yual1B4DZF5ykEcZJ7kkI+9iDCNArvkVJwp4CJxc1ICORqB/eVFMU45ERozpFTXdRLtZ0hqihkZF71UkQThIeqTrqECcaL8bHrOGJaNEsFeLE0JDafq74kMcaVGPDSdHOmBmvcm4n9eN9W9cz+jIkk1EXj2US9lUMdwkg2MqCRYs5EhCEtqdoV4gCTC2iRYNCG48ycvkla14p5Ware1Uv0yj6MADsEROAYuOAN1cAMaoAkweATP4BW8WU/Wi/Vufcxal6x85gD8gfX5A2domx4=</latexit>

�k2 = 4⇡Ga2⇢m�

<latexit sha1_base64="WjIK/BUh4TPhlKYyaXJtxMS4UDQ="></latexit>

�̈ +H�̇ = 4⇡a2⇢mGµ�
<latexit sha1_base64="3FiKUDGVUEjroirOritS5Nd5uDE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BD3qMYB6wCWF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD49aVqeGsibVQptORCwTXLEmcBCskxhGZCRYOxrfzvz2EzOWa/UIk4T1JBkqHnNKwEnhXT/rGolZHE/75Ypf9efAqyTISQXlaPTLX92BpqlkCqgg1oaBn0AvIwY4FWxa6qaWJYSOyZCFjioime1l85On+MwpAxxr40oBnqu/JzIirZ3IyHVKAiO77M3E/7wwhfi6l3GVpMAUXSyKU4FB49n/eMANoyAmjhBquLsV0xExhIJLqeRCCJZfXiWti2pwWa091Cr1mzyOIjpBp+gcBegK1dE9aqAmokijZ/SK3jzwXrx372PRWvDymWP0B97nDwjQkRs=</latexit>

Ge↵

Measure anisotropic stress

Example

<latexit sha1_base64="3FiKUDGVUEjroirOritS5Nd5uDE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BD3qMYB6wCWF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD49aVqeGsibVQptORCwTXLEmcBCskxhGZCRYOxrfzvz2EzOWa/UIk4T1JBkqHnNKwEnhXT/rGolZHE/75Ypf9efAqyTISQXlaPTLX92BpqlkCqgg1oaBn0AvIwY4FWxa6qaWJYSOyZCFjioime1l85On+MwpAxxr40oBnqu/JzIirZ3IyHVKAiO77M3E/7wwhfi6l3GVpMAUXSyKU4FB49n/eMANoyAmjhBquLsV0xExhIJLqeRCCJZfXiWti2pwWa091Cr1mzyOIjpBp+gcBegK1dE9aqAmokijZ/SK3jzwXrx372PRWvDymWP0B97nDwjQkRs=</latexit>

Ge↵

growth of structure
<latexit sha1_base64="GCX40/sdmyiDJgpv/KGn6SCEC3w="></latexit>

�̈ +H(1 +⇥)�̇ = 4⇡a2⇢mG(1 + x�)�

negligible

growth of structure

Castello, Grimm and CB (2022)

CB and Pogosian (2022)
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Modified gravity

Dark fifth force

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

� = ⌘ 

<latexit sha1_base64="G5bGjmAxGliXYk2cY/avLRFaIFs=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OIxgv2QJpTNdtMu3d2E3Y1QQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pZXVtfaO8Wdna3tndq+4ftHSSKUKbJOGJ6kRYU84kbRpmOO2kimIRcdqORrdTv/1ElWaJfDDjlIYCDySLGcHGSo+BP2TXga9Zr1pz6+4MaJl4BalBAb9X/Qr6CckElYZwrHXXc1MT5lgZRjidVIJM0xSTER7QrqUSC6rDfHbwBJ1YpY/iRNmSBs3U3xM5FlqPRWQ7BTZDvehNxf+8bmbiqzBnMs0MlWS+KM44Mgmafo/6TFFi+NgSTBSztyIyxAoTYzOq2BC8xZeXSeus7l3Uz+/Pa42bIo4yHMExnIIHl9CAO/ChCQQEPMMrvDnKeXHenY95a8kpZg7hD5zPH1epkB8=</latexit>

� =  

<latexit sha1_base64="OSFHrgp2aQDDVeCr0qei1KRPjy4=">AAACHnicbVDLSgMxFM34rPU16tJNsAhuLDOlPjZC0YUuK9gHdGrJZG7b0GRmSDJCGeZL3PgrblwoIrjSvzF9LLT1QODknHs5yfFjzpR2nG9rYXFpeWU1t5Zf39jc2rZ3dusqSiSFGo14JJs+UcBZCDXNNIdmLIEIn0PDH1yN/MYDSMWi8E4PY2gL0gtZl1GijdSxT44H9yWvqthF2YsZvsbEXGU/6qSeFFhkqTfOSCUEmSeSzAuAa9KxC07RGQPPE3dKCmiKasf+9IKIJgJCTTlRquU6sW6nRGpGOWR5L1EQEzogPWgZGhIBqp2OozN8aJQAdyNpTqjxWP29kRKh1FD4ZlIQ3Vez3kj8z2slunveTlkYJxpCOgnqJhzrCI+6wgGTQDUfGkKoZOatmPaJJFSbRvOmBHf2y/OkXiq6p8XybblQuZzWkUP76AAdIRedoQq6QVVUQxQ9omf0it6sJ+vFerc+JqML1nRnD/2B9fUDNPWiog==</latexit>

�k2 = 4⇡Ga2⇢mµ�

<latexit sha1_base64="fMfoHZkyG7I8wpwDgreSSqIvr/Y=">AAACDnicbVDLSgMxFM34rPU16tJNsBTcWGZKUTdC0YUuK9gHdMYhk0nb0CQzJBmhDP0CN/6KGxeKuHXtzr8xbWehrQcunJxzL7n3hAmjSjvOt7W0vLK6tl7YKG5ube/s2nv7LRWnEpMmjlksOyFShFFBmppqRjqJJIiHjLTD4dXEbz8QqWgs7vQoIT5HfUF7FCNtpMAunwzvq15D0Yual1B4DZF5ykEcZJ7kkI+9iDCNArvkVJwp4CJxc1ICORqB/eVFMU45ERozpFTXdRLtZ0hqihkZF71UkQThIeqTrqECcaL8bHrOGJaNEsFeLE0JDafq74kMcaVGPDSdHOmBmvcm4n9eN9W9cz+jIkk1EXj2US9lUMdwkg2MqCRYs5EhCEtqdoV4gCTC2iRYNCG48ycvkla14p5Ware1Uv0yj6MADsEROAYuOAN1cAMaoAkweATP4BW8WU/Wi/Vufcxal6x85gD8gfX5A2domx4=</latexit>

�k2 = 4⇡Ga2⇢m�

<latexit sha1_base64="WjIK/BUh4TPhlKYyaXJtxMS4UDQ="></latexit>

�̈ +H�̇ = 4⇡a2⇢mGµ�
<latexit sha1_base64="3FiKUDGVUEjroirOritS5Nd5uDE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BD3qMYB6wCWF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD49aVqeGsibVQptORCwTXLEmcBCskxhGZCRYOxrfzvz2EzOWa/UIk4T1JBkqHnNKwEnhXT/rGolZHE/75Ypf9efAqyTISQXlaPTLX92BpqlkCqgg1oaBn0AvIwY4FWxa6qaWJYSOyZCFjioime1l85On+MwpAxxr40oBnqu/JzIirZ3IyHVKAiO77M3E/7wwhfi6l3GVpMAUXSyKU4FB49n/eMANoyAmjhBquLsV0xExhIJLqeRCCJZfXiWti2pwWa091Cr1mzyOIjpBp+gcBegK1dE9aqAmokijZ/SK3jzwXrx372PRWvDymWP0B97nDwjQkRs=</latexit>

Ge↵

Smoking gun for 
modified gravity

Example

<latexit sha1_base64="3FiKUDGVUEjroirOritS5Nd5uDE=">AAAB8nicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BD3qMYB6wCWF2MpsMmccy0yuEJZ/hxYMiXv0ab/6Nk2QPmljQUFR1090VJYJb8P1vr7C2vrG5Vdwu7ezu7R+UD49aVqeGsibVQptORCwTXLEmcBCskxhGZCRYOxrfzvz2EzOWa/UIk4T1JBkqHnNKwEnhXT/rGolZHE/75Ypf9efAqyTISQXlaPTLX92BpqlkCqgg1oaBn0AvIwY4FWxa6qaWJYSOyZCFjioime1l85On+MwpAxxr40oBnqu/JzIirZ3IyHVKAiO77M3E/7wwhfi6l3GVpMAUXSyKU4FB49n/eMANoyAmjhBquLsV0xExhIJLqeRCCJZfXiWti2pwWa091Cr1mzyOIjpBp+gcBegK1dE9aqAmokijZ/SK3jzwXrx372PRWvDymWP0B97nDwjQkRs=</latexit>

Ge↵

growth of structure
<latexit sha1_base64="GCX40/sdmyiDJgpv/KGn6SCEC3w="></latexit>

�̈ +H(1 +⇥)�̇ = 4⇡a2⇢mG(1 + x�)�

negligible

growth of structure

<latexit sha1_base64="ifZIwLyUJ+M9KfLNJ3omDx77FVE=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9gObUDbbSbt0s4m7E6GU/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZJpDg2eyES3Q2ZACgUNFCihnWpgcSihFQ5vpn7rCbQRibrHUQpBzPpKRIIztNKDD8h8BY/U65YrbtWdgS4TLycVkqPeLX/5vYRnMSjkkhnT8dwUgzHTKLiEScnPDKSMD1kfOpYqFoMJxrOLJ/TEKj0aJdqWQjpTf0+MWWzMKA5tZ8xwYBa9qfif18kwugrGQqUZguLzRVEmKSZ0+j7tCQ0c5cgSxrWwt1I+YJpxtCGVbAje4svLpHlW9S6q53fnldp1HkeRHJFjcko8cklq5JbUSYNwosgzeSVvjnFenHfnY95acPKZQ/IHzucP6hSQbg==</latexit>

⌘ 6= 1

Castello, Grimm and CB (2022)

CB and Pogosian (2022)



Madrid 2022    Camille Bonvin      p.   /4621

Measurements

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

�+ 

Redshift-space distortion
<latexit sha1_base64="LF2IuLbihXNNzvLgIbInk7jfViQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae2oWw2m3bp7ibsboQS+i+8eFDEq//Gm//GbZqDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wuZ373SeqNIvlg5km1Bd4JFnECDZWeuwMs4ESKBSzYbXm1t0caJV4BalBgdaw+jUIY5IKKg3hWOu+5ybGz7AyjHA6qwxSTRNMJnhE+5ZKLKj2s/ziGTqzSoiiWNmSBuXq74kMC62nIrCdApuxXvbm4n9ePzXRtZ8xmaSGSrJYFKUcmRjN30chU5QYPrUEE8XsrYiMscLE2JAqNgRv+eVV0rmoe5f1xn2j1rwp4ijDCZzCOXhwBU24gxa0gYCEZ3iFN0c7L86787FoLTnFzDH8gfP5A2XmkMA=</latexit>

Vdm

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

 

Modified gravity
<latexit sha1_base64="PPcSdoFQalKVRHWfaFs2QEZEtgI=">AAACH3icbVDLSsNAFJ34rPVVdelmsAhuWhIp1Y1QdNNlBZsWmhImk0k7dCYJMxOhhPyJG3/FjQtFxF3/xkkbRFsPDBzOuXfuvceLGZXKNGfG2vrG5tZ2aae8u7d/cFg5OrZllAhMujhikeh7SBJGQ9JVVDHSjwVB3GOk503ucr/3SISkUfigpjEZcjQKaUAxUlpyK00nRkJRxFzhdCS9qTl+pFI7c1NHcOjzrOZwpMYYsbSd2T+qW6madXMOuEqsglRBgY5b+dIf44STUGGGpBxYZqyGaT4bM5KVnUSSGOEJGpGBpiHiRA7T+X0ZPNeKD4NI6BcqOFd/d6SISznlnq7Ml5XLXi7+5w0SFVwPUxrGiSIhXgwKEgZVBPOwoE8FwYpNNUFYUL0rxGMkEFY60rIOwVo+eZXYl3WrWW/cN6qt2yKOEjgFZ+ACWOAKtEAbdEAXYPAEXsAbeDeejVfjw/hclK4ZRc8J+ANj9g1ahqPM</latexit>

@r = �V̇dm �HVdm

<latexit sha1_base64="ndp/lMSCJLXbdzEphFKsNdEVHiE=">AAACDHicbVDLSgMxFM3UV62vqks3wSIIhTJTiroRim5cjmAf0BlKJr3ThmYyY5IRytAPcOOvuHGhiFs/wJ1/Y/pYaOuBhMM555LcEyScKW3b31ZuZXVtfSO/Wdja3tndK+4fNFWcSgoNGvNYtgOigDMBDc00h3YigUQBh1YwvJ74rQeQisXiTo8S8CPSFyxklGgjdYslL5SEZp47YGXPVWycTe9Lp+yBJp6Ae1w1KbtiT4GXiTMnJTSH2y1+eb2YphEITTlRquPYifYzIjWjHMYFL1WQEDokfegYKkgEys+my4zxiVF6OIylOULjqfp7IiORUqMoMMmI6IFa9Cbif14n1eGFnzGRpBoEnT0UphzrGE+awT0mgWo+MoRQycxfMR0Q0442/RVMCc7iysukWa04Z5Xaba1Uv5rXkUdH6BidIgedozq6QS5qIIoe0TN6RW/Wk/VivVsfs2jOms8coj+wPn8AzyCa0w==</latexit>

�+ 

 
= 1 + ⌘ 6= 2

Dark fifth force
<latexit sha1_base64="hjdAf6UZrDbHCCHd9g0ys8BVtVw="></latexit>

@r(1 + �) = �V̇dm �HVdm

<latexit sha1_base64="vHab3sTNQXhbTuvNyEQ4nSsNTWg="></latexit>

�+ 

 e↵
= 1 + ⌘e↵ 6= 2 =

�+ 

 

Castello, Grimm and CB (2022)

CB and Pogosian (2022)

<latexit sha1_base64="3F35zjygXRrVbrDrDscx3cGxe/w=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi6kqKblxWsA9oYplMb9qhk0mYmQgl1F9x40IRt36IO//GSZuFth64cOace5l7T5BwprTjfFulldW19Y3yZmVre2d3z94/aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfJP7nUeQisXiXk8S8CMyFCxklGgj9e2q11TsIfNkhCEMp1f5s2/XnLozA14mbkFqqECzb395g5imEQhNOVGq5zqJ9jMiNaMcphUvVZAQOiZD6BkqSATKz2bLT/GxUQY4jKUpofFM/T2RkUipSRSYzojokVr0cvE/r5fq8NLPmEhSDYLOPwpTjnWM8yTwgEmgmk8MIVQysyumIyIJ1SavignBXTx5mbRP6+55/ezurNa4LuIoo0N0hE6Qiy5QA92iJmohiiboGb2iN+vJerHerY95a8kqZqroD6zPH2tElKI=</latexit>

 e↵ >  
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Measurements

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

�+ 

Redshift-space distortion
<latexit sha1_base64="LF2IuLbihXNNzvLgIbInk7jfViQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae2oWw2m3bp7ibsboQS+i+8eFDEq//Gm//GbZqDtj4YeLw3w8y8IOFMG9f9dkpr6xubW+Xtys7u3v5B9fCoo+NUEdomMY9VL8CaciZp2zDDaS9RFIuA024wuZ373SeqNIvlg5km1Bd4JFnECDZWeuwMs4ESKBSzYbXm1t0caJV4BalBgdaw+jUIY5IKKg3hWOu+5ybGz7AyjHA6qwxSTRNMJnhE+5ZKLKj2s/ziGTqzSoiiWNmSBuXq74kMC62nIrCdApuxXvbm4n9ePzXRtZ8xmaSGSrJYFKUcmRjN30chU5QYPrUEE8XsrYiMscLE2JAqNgRv+eVV0rmoe5f1xn2j1rwp4ijDCZzCOXhwBU24gxa0gYCEZ3iFN0c7L86787FoLTnFzDH8gfP5A2XmkMA=</latexit>

Vdm

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

 

Modified gravity
<latexit sha1_base64="PPcSdoFQalKVRHWfaFs2QEZEtgI=">AAACH3icbVDLSsNAFJ34rPVVdelmsAhuWhIp1Y1QdNNlBZsWmhImk0k7dCYJMxOhhPyJG3/FjQtFxF3/xkkbRFsPDBzOuXfuvceLGZXKNGfG2vrG5tZ2aae8u7d/cFg5OrZllAhMujhikeh7SBJGQ9JVVDHSjwVB3GOk503ucr/3SISkUfigpjEZcjQKaUAxUlpyK00nRkJRxFzhdCS9qTl+pFI7c1NHcOjzrOZwpMYYsbSd2T+qW6madXMOuEqsglRBgY5b+dIf44STUGGGpBxYZqyGaT4bM5KVnUSSGOEJGpGBpiHiRA7T+X0ZPNeKD4NI6BcqOFd/d6SISznlnq7Ml5XLXi7+5w0SFVwPUxrGiSIhXgwKEgZVBPOwoE8FwYpNNUFYUL0rxGMkEFY60rIOwVo+eZXYl3WrWW/cN6qt2yKOEjgFZ+ACWOAKtEAbdEAXYPAEXsAbeDeejVfjw/hclK4ZRc8J+ANj9g1ahqPM</latexit>

@r = �V̇dm �HVdm

<latexit sha1_base64="ndp/lMSCJLXbdzEphFKsNdEVHiE=">AAACDHicbVDLSgMxFM3UV62vqks3wSIIhTJTiroRim5cjmAf0BlKJr3ThmYyY5IRytAPcOOvuHGhiFs/wJ1/Y/pYaOuBhMM555LcEyScKW3b31ZuZXVtfSO/Wdja3tndK+4fNFWcSgoNGvNYtgOigDMBDc00h3YigUQBh1YwvJ74rQeQisXiTo8S8CPSFyxklGgjdYslL5SEZp47YGXPVWycTe9Lp+yBJp6Ae1w1KbtiT4GXiTMnJTSH2y1+eb2YphEITTlRquPYifYzIjWjHMYFL1WQEDokfegYKkgEys+my4zxiVF6OIylOULjqfp7IiORUqMoMMmI6IFa9Cbif14n1eGFnzGRpBoEnT0UphzrGE+awT0mgWo+MoRQycxfMR0Q0442/RVMCc7iysukWa04Z5Xaba1Uv5rXkUdH6BidIgedozq6QS5qIIoe0TN6RW/Wk/VivVsfs2jOms8coj+wPn8AzyCa0w==</latexit>

�+ 

 
= 1 + ⌘ 6= 2

Dark fifth force
<latexit sha1_base64="hjdAf6UZrDbHCCHd9g0ys8BVtVw="></latexit>

@r(1 + �) = �V̇dm �HVdm
<latexit sha1_base64="DGUgPZIK5qZ+GpwcGMUrpesEY8U=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRS1JUU3bisYB/QhDKZ3rRDZ5IwMxFKqL/ixoUibv0Qd/6N0zQLbT1w4cw59zL3niDhTGnH+bZKa+sbm1vl7crO7t7+gX141FFxKim0acxj2QuIAs4iaGumOfQSCUQEHLrB5Hbudx9BKhZHD3qagC/IKGIho0QbaWBXvZZig8yTAkMYzq7zp11z6k4OvErcgtRQgdbA/vKGMU0FRJpyolTfdRLtZ0RqRjnMKl6qICF0QkbQNzQiApSf5cvP8KlRhjiMpalI41z9PZERodRUBKZTED1Wy95c/M/rpzq88jMWJamGiC4+ClOOdYznSeAhk0A1nxpCqGRmV0zHRBKqTV4VE4K7fPIq6ZzX3Yt6475Ra94UcZTRMTpBZ8hFl6iJ7lALtRFFU/SMXtGb9WS9WO/Wx6K1ZBUzVfQH1ucPbNaUow==</latexit>

 e↵ >  
<latexit sha1_base64="vHab3sTNQXhbTuvNyEQ4nSsNTWg="></latexit>

�+ 

 e↵
= 1 + ⌘e↵ 6= 2 =

�+ 

 

Castello, Grimm and CB (2022)

CB and Pogosian (2022)

Not a smoking gun!
<latexit sha1_base64="ifZIwLyUJ+M9KfLNJ3omDx77FVE=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE1GPRi8cK9gObUDbbSbt0s4m7E6GU/gsvHhTx6r/x5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmFldW19o7hZ2tre2d0r7x80TZJpDg2eyES3Q2ZACgUNFCihnWpgcSihFQ5vpn7rCbQRibrHUQpBzPpKRIIztNKDD8h8BY/U65YrbtWdgS4TLycVkqPeLX/5vYRnMSjkkhnT8dwUgzHTKLiEScnPDKSMD1kfOpYqFoMJxrOLJ/TEKj0aJdqWQjpTf0+MWWzMKA5tZ8xwYBa9qfif18kwugrGQqUZguLzRVEmKSZ0+j7tCQ0c5cgSxrWwt1I+YJpxtCGVbAje4svLpHlW9S6q53fnldp1HkeRHJFjcko8cklq5JbUSYNwosgzeSVvjnFenHfnY95acPKZQ/IHzucP6hSQbg==</latexit>

⌘ 6= 1
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Relativistic effects save the game

Gravitational 
redshift

<latexit sha1_base64="DtaFsIgXBirAahbmxUAyXAlx0Lc=">AAAEj3iclVNdjxIxFJ1dUFdcXdBHXxqJC2SEMLjrmvgRoj6sT2Ii7CYUJp3SgWY7H2nLJtj05/iHfPPf2PlgHVhMtMmQm9tz7j3nhHoxo0J2u7/29kvlO3fvHdyvPDh8+OioWns8EtGSYzLEEYv4pYcEYTQkQ0klI5cxJyjwGLnwrj4m9xfXhAsahd/kKiaTAM1D6lOMpGm5tf0f8BNhEjW/vwAwQHLh+SrUreN3HsSzSAI4S2 </latexit>

�(z,n) = b · � �
1

H
@r(V · n)

+ (5s� 2)

Z r

0
dr0

r � r0

2rr0
�⌦(�+ )

+

 
1�

Ḣ
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�
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Relativistic effects save the game

<latexit sha1_base64="DtaFsIgXBirAahbmxUAyXAlx0Lc=">AAAEj3iclVNdjxIxFJ1dUFdcXdBHXxqJC2SEMLjrmvgRoj6sT2Ii7CYUJp3SgWY7H2nLJtj05/iHfPPf2PlgHVhMtMmQm9tz7j3nhHoxo0J2u7/29kvlO3fvHdyvPDh8+OioWns8EtGSYzLEEYv4pYcEYTQkQ0klI5cxJyjwGLnwrj4m9xfXhAsahd/kKiaTAM1D6lOMpGm5tf0f8BNhEjW/vwAwQHLh+SrUreN3HsSzSAI4S2 </latexit>

�(z,n) = b · � �
1

H
@r(V · n)

+ (5s� 2)

Z r

0
dr0

r � r0

2rr0
�⌦(�+ )

+

 
1�

Ḣ
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H
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+
1

H
�̇+
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H2
+

2� 5s

rH
+ 5s� f evol

!
 +

Z r

0
dr0(�̇+  ̇)

�

Measure the 
true

<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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Relativistic effects save the game

<latexit sha1_base64="DtaFsIgXBirAahbmxUAyXAlx0Lc=">AAAEj3iclVNdjxIxFJ1dUFdcXdBHXxqJC2SEMLjrmvgRoj6sT2Ii7CYUJp3SgWY7H2nLJtj05/iHfPPf2PlgHVhMtMmQm9tz7j3nhHoxo0J2u7/29kvlO3fvHdyvPDh8+OioWns8EtGSYzLEEYv4pYcEYTQkQ0klI5cxJyjwGLnwrj4m9xfXhAsahd/kKiaTAM1D6lOMpGm5tf0f8BNhEjW/vwAwQHLh+SrUreN3HsSzSAI4S2 </latexit>

�(z,n) = b · � �
1

H
@r(V · n)

+ (5s� 2)

Z r

0
dr0

r � r0

2rr0
�⌦(�+ )

+
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+ 5s� f evol
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 +

Z r
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dr0(�̇+  ̇)

�

Measure the 
true

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

 

How do we isolate 
this effect?
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Correlation function

⇠ = h�(x)�(x0)i

Observer

The dar k matter 
fluctuations generate 
isotropic correlations

� = b · �

⇠(d) = C0(d)

d d
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Redshift-space distortions break the isotropy of   .

Observer

Longitudinal change
� = �

1

H
@r(V · n)

⇠ =C0(d) + C2(d)P2(cos�)

+ C4(d)P4(cos�)

n

Redshift-space distortions
⇠

Changes the redshift 
separation but not the 
angular separation.

Kaiser (1987)

Hamilton (1992)
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� = �
1

H
@r(V · n)

⇠ =C0(d) + C2(d)P2(cos�)

+ C4(d)P4(cos�)

Redshift-space distortions
⇠

Observer n

No transverse change

Changes the redshift 
separation but not the 
angular separation.

Redshift-space distortions break the isotropy of   .

Kaiser (1987)

Hamilton (1992)
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� = �
1

H
@r(V · n)

Kaiser (1987)

Hamilton (1992)Redshift-space distortions

⇠

Observer n

�

d

Legendre polynomials

⇠ =C0(d) + C2(d)P2(cos�)

+ C4(d)P4(cos�)

Changes the redshift 
separation but not the 
angular separation.

Redshift-space distortions break the isotropy of   .
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Changes the redshift 
separation but not the 
angular separation.

⇠ =C0(d) + C2(d)P2(cos�)

+ C4(d)P4(cos�)

30

� = �
1

H
@r(V · n)

Redshift-space distortions
⇠
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Redshift-space distortions break the isotropy of   .
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Changes the redshift 
separation but not the 
angular separation.

31
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Redshift-space distortions
⇠

�

d

X

ij

�i�j C0

X

ij

�i�jP2(cos�ij) C2

X

ij

�i�jP4(cos�ij) C4

monopole

quadrupole

hexadecapole

Redshift-space distortions break the isotropy of   .
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<latexit sha1_base64="kHI74kuuQLJPLGU9bZjjdUMhMeg=">AAAB8HicbVBNS8NAEN34WetX1aOXxSJ4kJJIUY9FLx4r2A9pQtlsJu3S3U3Y3Qgl9Fd48aCIV3+ON/+N2zYHbX0w8Hhvhpl5YcqZNq777aysrq1vbJa2yts7u3v7lYPDtk4yRaFFE56obkg0cCahZZjh0E0VEBFy6ISj26nfeQKlWSIfzDiFQJCBZDGjxFjpMfTP/Qi4If1K1a25M+Bl4hWkigo0+5UvP0poJkAayonWPc9NTZATZRjlMCn7mYaU0BEZQM9SSQToIJ8dPMGnVolwnChb0uCZ+nsiJ0LrsQhtpyBmqBe9qfif18tMfB3kTKaZAUnni+KMY5Pg6fc4Ygqo4WNLCFXM3orpkChCjc2obEPwFl9eJu2LmndZq9/Xq42bIo4SOkYn6Ax56Ao10B1qohaiSKBn9IreHOW8OO/Ox7x1xSlmjtAfOJ8/bKyQLQ==</latexit>

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

Vand

SDSS, BOSS, 
Wigglez, eBOSS
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Relativistic effects

Relativistic effects break the symmetry of

Observer n

CB, Hui & Gaztanaga (2014)
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Observer n

Relativistic effects

� =
1

H
@r 

⇠

Gravitational redshift

Relativistic effects break the symmetry of

CB, Hui & Gaztanaga (2014)
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Observer n

Relativistic effects
CB, Hui & Gaztanaga (2014)

� =
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Relativistic effects break the symmetry of

Gravitational redshift
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Observer n

F

F

Relativistic effects
CB, Hui & Gaztanaga (2014)

� =
1
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Relativistic effects break the symmetry of

Gravitational redshift
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Breaking of symmetry from gravitational redshift

shift in position due to gravitational redshift

CB, Hui & Gaztanaga (2014)

Taking all pairs of galaxies into account: dipolar modulation

<latexit sha1_base64="ZmkdG7gbrSUHLGm1jdaPBuBessc=">AAACBXicbVDLSsNAFJ34rPUVdamLYBFakJJIUTdCsRuXFewDmhAmk0k7dDITZiZiCd248VfcuFDErf/gzr9xmnahrQcuHM65l3vvCRJKpLLtb2NpeWV1bb2wUdzc2t7ZNff225KnAuEW4pSLbgAlpoThliKK4m4iMIwDijvBsDHxO/dYSMLZnRol2Ithn5GIIKi05JtH7gMph6dugBWsXDV8pxxWXMRlLvhmya7aOaxF4sxICczQ9M0vN+QojTFTiEIpe46dKC+DQhFE8bjophInEA1hH/c0ZTDG0svyL8bWiVZCK+JCF1NWrv6eyGAs5SgOdGcM1UDOexPxP6+XqujSywhLUoUZmi6KUmopbk0isUIiMFJ0pAlEguhbLTSAAiKlgyvqEJz5lxdJ+6zqnFdrt7VS/XoWRwEcgmNQBg64AHVwA5qgBRB4BM/gFbwZT8aL8W58TFuXjNnMAfgD4/MHZHqXQA==</latexit>

⇠(d,�) = C1(d) cos�

Observer

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

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

B

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

F
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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>

B

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

F X

ij

�B
i �

F
j cos�ij

<latexit sha1_base64="dzwfgrsmvcCJ/j4WN+vnyZPj050=">AAACIHicbVDLSgMxFM34rPVVdekmWARXZcYHdVmqiMsK9gGdOmTS2zZtMjMkGaEM/RQ3/oobF4roTr/GtB1BWw8Ezj3nXm7u8SPOlLbtT2thcWl5ZTWzll3f2Nzazu3s1lQYSwpVGvJQNnyigLMAqpppDo1IAhE+h7o/uBj79XuQioXBrR5G0BKkG7AOo0QbycsVXRULL2H9kXsJXBOP3SWuFLj8U/en9dXIpaFyfTDSuNvL5e2CPQGeJ05K8ihFxct9uO2QxgICTTlRqunYkW4lRGpGOYyybqwgInRAutA0NCACVCuZHDjCh0Zp404ozQs0nqi/JxIilBoK33QKontq1huL/3nNWHfOWwkLolhDQKeLOjHHOsTjtHCbSaCaDw0hVDLzV0x7RBKqTaZZE4Ize/I8qR0XnJPC2c1pvlRO48igfXSAjpCDiqiErlEFVRFFD+gJvaBX69F6tt6s92nrgpXO7KE/sL6+AZtcpH0=</latexit>
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Number counts

Dipole

<latexit sha1_base64="DtaFsIgXBirAahbmxUAyXAlx0Lc=">AAAEj3iclVNdjxIxFJ1dUFdcXdBHXxqJC2SEMLjrmvgRoj6sT2Ii7CYUJp3SgWY7H2nLJtj05/iHfPPf2PlgHVhMtMmQm9tz7j3nhHoxo0J2u7/29kvlO3fvHdyvPDh8+OioWns8EtGSYzLEEYv4pYcEYTQkQ0klI5cxJyjwGLnwrj4m9xfXhAsahd/kKiaTAM1D6lOMpGm5tf0f8BNhEjW/vwAwQHLh+SrUreN3HsSzSAI4S2 </latexit>
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Ḣ

H2
+

2� 5s

rH
+ 5s� f evol

!
 +

Z r

0
dr0(�̇+  ̇)

�



Madrid 2022    Camille Bonvin      p.   /4639

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>

V

<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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Combine with lensing

Galaxy-galaxy lensing allows us to measure directly

Observer

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

�
cosmic shear

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>�

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

�+ 

Redshift

<latexit sha1_base64="8zr4QMrJpWmocvWy3jgcr6lZP8U=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVX8egF48RzQOSJcxOepMhs7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrTAXXxvO+ncLK6tr6RnGztLW9s7tX3j9o6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SjGaUYxLQvecQZNVZ68NyLbrniud4MZJn4OalAjlq3/NXpJSyLURomqNZt30tNMKbKcCZwUupkGlPKhrSPbUsljVEH49mpE3JilR6JEmVLGjJTf0+Maaz1KA5tZ0zNQC96U/E/r52Z6DoYc5lmBiWbL4oyQUxCpn+THlfIjBhZQpni9lbCBlRRZmw6JRuCv/jyMmmcuf6le35/Xqne5HEU4QiO4RR8uIIq3EEN6sCgD8/wCm+OcF6cd+dj3lpw8plD+APn8wdceo00</latexit>

0.5
<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1
<latexit sha1_base64="jQaosVPNqeQrQ0x3q9XnSIkww6s=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVX8egF48RzQOSJcxOepMhs7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrTAXXxvO+ncLK6tr6RnGztLW9s7tX3j9o6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SjGaUYxLQvecQZNVZ68N2Lbrniud4MZJn4OalAjlq3/NXpJSyLURomqNZt30tNMKbKcCZwUupkGlPKhrSPbUsljVEH49mpE3JilR6JEmVLGjJTf0+Maaz1KA5tZ0zNQC96U/E/r52Z6DoYc5lmBiWbL4oyQUxCpn+THlfIjBhZQpni9lbCBlRRZmw6JRuCv/jyMmmcuf6le35/Xqne5HEU4QiO4RR8uIIq3EEN6sCgD8/wCm+OcF6cd+dj3lpw8plD+APn8wdeAI01</latexit>

1.5
<latexit sha1_base64="YMsxORc1qROyZt/Sshecb25Lu40=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNqql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH8PjL8=</latexit>

2

Tutusaus, Sobral-Blanco 
and CB (2022)

<latexit sha1_base64="y9RQ5U3n0l/J3ZhUqyALYDA329E=">AAACFnicbVDLSsNAFJ34rPUVdelmsAgtYk2kqMuiG5cR7AOaECbTaTt0ZhJmJkIJ/Qo3/oobF4q4FXf+jUkbfLQeGDiccy537gkiRpW2rE9jYXFpeWW1sFZc39jc2jZ3dpsqjCUmDRyyULYDpAijgjQ01Yy0I0kQDxhpBcOrzG/dEaloKG71KCIeR31BexQjnUq+eVx2nQE9ch1F3Yi7ivY58pNvbVw5+QlUir5ZsqrWBHCe2DkpgRyOb3643RDHnAiNGVKqY1uR9hIkNcWMjIturEiE8BD1SSelAnGivGRy1hgepkoX9kKZPqHhRP09kSCu1IgHaZIjPVCzXib+53Vi3bvwEiqiWBOBp4t6MYM6hFlHsEslwZqNUoKwpOlfIR4gibBOm8xKsGdPnifN06p9Vq3d1Er1y7yOAtgHB6AMbHAO6uAaOKABMLgHj+AZvBgPxpPxarxNowtGPrMH/sB4/wLJmp3e</latexit> (�
+
 

±
�
�
+
 
)/
(�

+
 
)

<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1

<latexit sha1_base64="aJ7/YSIUWfwyRuNXpDRP3Cb0j9c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hK/TgWvXisYGqhDWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmRSln2njet1NaW9/Y3CpvV3Z29/YPqodHbZ1kitCAJDxRnQhrypmkgWGG006qKBYRp4/R+HbmPz5RpVkiH8wkpaHAQ8liRrCxUuC7Xv2iX615rjcHWiV+QWpQoNWvfvUGCckElYZwrHXX91IT5lgZRjidVnqZpikmYzykXUslFlSH+fzYKTqzygDFibIlDZqrvydyLLSeiMh2CmxGetmbif953czE12HOZJoZKsliUZxxZBI0+xwNmKLE8IklmChmb0VkhBUmxuZTsSH4yy+vknbd9S/dxn2j1rwp4ijDCZzCOfhwBU24gxYEQIDBM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AT25jas=</latexit>

1.025

<latexit sha1_base64="En1oAzhgXu+j3jx80swXUPPBCUM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikWr0VvXisYNpCG8pmu2mXbjZhdyOE0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YPqodHbRWnklCPxDyW3QArypmgnmaa024iKY4CTjvB5G7md56oVCwWjzpLqB/hkWAhI1gbyXPsm8bloFpzbGcOtErcgtSgQGtQ/eoPY5JGVGjCsVI910m0n2OpGeF0WumniiaYTPCI9gwVOKLKz+fHTtGZUYYojKUpodFc/T2R40ipLApMZ4T1WC17M/E/r5fq8NrPmUhSTQVZLApTjnSMZp+jIZOUaJ4Zgolk5lZExlhiok0+FROCu/zyKmlf2O6VXX+o15q3RRxlOIFTOAcXGtCEe2iBBwQYPMMrvFnCerHerY9Fa8kqZo7hD6zPH1GAjbg=</latexit>

0.975

LSST
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Combine with lensing

Galaxy-galaxy lensing allows us to measure directly

Observer

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

�
cosmic shear

<latexit sha1_base64="wplLSeZG7rOgHUVcPa+dCJtP3Xo=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS+idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnAkM5k7RpmeW0k2gKIuK0HY1vZ377iWrDlHywk4SGAoaSxYyAdVKrNwQhoF+u+FV/DrxKgpxUUI5Gv/zVGyiSCiot4WBMN/ATG2agLSOcTku91NAEyBiGtOuoBEFNmM2vneIzpwxwrLQrafFc/T2RgTBmIiLXKcCOzLI3E//zuqmNr8OMySS1VJLFojjl2Co8ex0PmKbE8okjQDRzt2IyAg3EuoBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKCHtEzekVvnvJevHfvY9Fa8PKZY/QH3ucPidmPHg==</latexit>�

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

�+ 

Redshift

<latexit sha1_base64="8zr4QMrJpWmocvWy3jgcr6lZP8U=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVX8egF48RzQOSJcxOepMhs7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrTAXXxvO+ncLK6tr6RnGztLW9s7tX3j9o6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SjGaUYxLQvecQZNVZ68NyLbrniud4MZJn4OalAjlq3/NXpJSyLURomqNZt30tNMKbKcCZwUupkGlPKhrSPbUsljVEH49mpE3JilR6JEmVLGjJTf0+Maaz1KA5tZ0zNQC96U/E/r52Z6DoYc5lmBiWbL4oyQUxCpn+THlfIjBhZQpni9lbCBlRRZmw6JRuCv/jyMmmcuf6le35/Xqne5HEU4QiO4RR8uIIq3EEN6sCgD8/wCm+OcF6cd+dj3lpw8plD+APn8wdceo00</latexit>

0.5
<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1
<latexit sha1_base64="jQaosVPNqeQrQ0x3q9XnSIkww6s=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgadkVX8egF48RzQOSJcxOepMhs7PLzKwQQj7BiwdFvPpF3vwbJ8keNLGgoajqprsrTAXXxvO+ncLK6tr6RnGztLW9s7tX3j9o6CRTDOssEYlqhVSj4BLrhhuBrVQhjUOBzXB4O/WbT6g0T+SjGaUYxLQvecQZNVZ68N2Lbrniud4MZJn4OalAjlq3/NXpJSyLURomqNZt30tNMKbKcCZwUupkGlPKhrSPbUsljVEH49mpE3JilR6JEmVLGjJTf0+Maaz1KA5tZ0zNQC96U/E/r52Z6DoYc5lmBiWbL4oyQUxCpn+THlfIjBhZQpni9lbCBlRRZmw6JRuCv/jyMmmcuf6le35/Xqne5HEU4QiO4RR8uIIq3EEN6sCgD8/wCm+OcF6cd+dj3lpw8plD+APn8wdeAI01</latexit>

1.5
<latexit sha1_base64="YMsxORc1qROyZt/Sshecb25Lu40=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9IvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNqql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AH8PjL8=</latexit>

2

Tutusaus, Sobral-Blanco 
and CB (2022)

<latexit sha1_base64="y9RQ5U3n0l/J3ZhUqyALYDA329E=">AAACFnicbVDLSsNAFJ34rPUVdelmsAgtYk2kqMuiG5cR7AOaECbTaTt0ZhJmJkIJ/Qo3/oobF4q4FXf+jUkbfLQeGDiccy537gkiRpW2rE9jYXFpeWW1sFZc39jc2jZ3dpsqjCUmDRyyULYDpAijgjQ01Yy0I0kQDxhpBcOrzG/dEaloKG71KCIeR31BexQjnUq+eVx2nQE9ch1F3Yi7ivY58pNvbVw5+QlUir5ZsqrWBHCe2DkpgRyOb3643RDHnAiNGVKqY1uR9hIkNcWMjIturEiE8BD1SSelAnGivGRy1hgepkoX9kKZPqHhRP09kSCu1IgHaZIjPVCzXib+53Vi3bvwEiqiWBOBp4t6MYM6hFlHsEslwZqNUoKwpOlfIR4gibBOm8xKsGdPnifN06p9Vq3d1Er1y7yOAtgHB6AMbHAO6uAaOKABMLgHj+AZvBgPxpPxarxNowtGPrMH/sB4/wLJmp3e</latexit> (�
+
 

±
�
�
+
 
)/
(�

+
 
)

<latexit sha1_base64="DSs/otLGM3tGcbw7Y+b2owP1uy4=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptcvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPfYuMvg==</latexit>

1

<latexit sha1_base64="aJ7/YSIUWfwyRuNXpDRP3Cb0j9c=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0hK/TgWvXisYGqhDWWz3bRLdzdhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmRSln2njet1NaW9/Y3CpvV3Z29/YPqodHbZ1kitCAJDxRnQhrypmkgWGG006qKBYRp4/R+HbmPz5RpVkiH8wkpaHAQ8liRrCxUuC7Xv2iX615rjcHWiV+QWpQoNWvfvUGCckElYZwrHXX91IT5lgZRjidVnqZpikmYzykXUslFlSH+fzYKTqzygDFibIlDZqrvydyLLSeiMh2CmxGetmbif953czE12HOZJoZKsliUZxxZBI0+xwNmKLE8IklmChmb0VkhBUmxuZTsSH4yy+vknbd9S/dxn2j1rwp4ijDCZzCOfhwBU24gxYEQIDBM7zCmyOdF+fd+Vi0lpxi5hj+wPn8AT25jas=</latexit>

1.025

<latexit sha1_base64="En1oAzhgXu+j3jx80swXUPPBCUM=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0ikWr0VvXisYNpCG8pmu2mXbjZhdyOE0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YPqodHbRWnklCPxDyW3QArypmgnmaa024iKY4CTjvB5G7md56oVCwWjzpLqB/hkWAhI1gbyXPsm8bloFpzbGcOtErcgtSgQGtQ/eoPY5JGVGjCsVI910m0n2OpGeF0WumniiaYTPCI9gwVOKLKz+fHTtGZUYYojKUpodFc/T2R40ipLApMZ4T1WC17M/E/r5fq8NrPmUhSTQVZLApTjnSMZp+jIZOUaJ4Zgolk5lZExlhiok0+FROCu/zyKmlf2O6VXX+o15q3RRxlOIFTOAcXGtCEe2iBBwQYPMMrvFnCerHerY9Fa8kqZo7hD6zPH1GAjbg=</latexit>

0.975

LSST

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

�+ 
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Anisotropic stress
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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>⌘

Tutusaus, Sobral-Blanco 
and CB (2022)
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Dipole for PNG

PNG generate scale-dependent corrections in the 
monopole and quadrupole scaling as       and

<latexit sha1_base64="PLD4MMK3bGMUnP/fF2fRbWvnJTo=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2W3lOqx6MVjBfsB7VqyabaNzSZLkhXK0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDPz209UaSbFvZnE1I/wULCQEWys1Bo/pBeVab9YcsvuHGiVeBkpQYZGv/jVG0iSRFQYwrHWXc+NjZ9iZRjhdFroJZrGmIzxkHYtFTii2k/n107RmVUGKJTKljBorv6eSHGk9SQKbGeEzUgvezPxP6+bmPDKT5mIE0MFWSwKE46MRLPX0YApSgyfWIKJYvZWREZYYWJsQAUbgrf88ippVcperVy9q5bq11kceTiBUzgHDy6hDrfQgCYQeIRneIU3RzovzrvzsWjNOdnMMfyB8/kDKheO3w==</latexit>

k�2
<latexit sha1_base64="K4jxESkXn67nZqL7CKMDuox22Tw=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBi2VXFvVY9OKxgv2Adi3ZNNvGZpMlyQpl6X/w4kERr/4fb/4b03YP2vpg4PHeDDPzwoQzbVz32ymsrK6tbxQ3S1vbO7t75f2DppapIrRBJJeqHWJNORO0YZjhtJ0oiuOQ01Y4upn6rSeqNJPi3owTGsR4IFjECDZWao4esjN/0itX3Ko7A1omXk4qkKPeK391+5KkMRWGcKx1x3MTE2RYGUY4nZS6qaYJJiM8oB1LBY6pDrLZtRN0YpU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroKMiaS1FBB5ouilCMj0fR11GeKEsPHlmCimL0VkSFWmBgbUMmG4C2+vEya51Xvourf+ZXadR5HEY7gGE7Bg0uowS3UoQEEHuEZXuHNkc6L8+58zFsLTj5zCH/gfP4ALSGO4Q==</latexit>

k�4

Relativistic corrections also generate contributions of 
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Dipole for PNG
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Conclusion

Relativistic effects in galaxy clustering are very useful 
to test gravity in a model-independent way

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

Measuring the dipole can also help modelling the 
contaminations from relativistic effects to PNG

In particular, gravitational redshift is essential to 
distinguish modified gravity from a dark fifth force 
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Backup slides
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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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Breaking of symmetry from gravitational redshift
CB, Hui & Gaztanaga (2014)

shift in position due to gravitational redshift
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