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The expansion of the universe accelerates

2

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

Evidence at all scales and with different observations

Two mysteries in our universe

deceleration acceleration

13.8 billion yearsBig Bang
Today

8 billion years

Solutions

Cosmological constant
Dark energy
Modification of gravity at large scale
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Cosmological observations

The goal of cosmological surveys is to probe these unknown 
ingredients in the universe

We split our universe into:
Homogeneous and isotropic background     fluctuations<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>
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gravitational potentialsscale factor

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

V

density
velocity

<latexit sha1_base64="i37VaCttjjrPJIpbpwTnHwvM+rg=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFEISSiFQ3QtGNywr2Ak0ok8mkHTqZCTMToYSCG1/FjQtF3PoS7nwbJ20W2vrDwMd/zuHM+YOEUaUd59sqLS2vrK6V1ysbm1vbO/buXluJVGLSwoIJ2Q2QIoxy0tJUM9JNJEFxwEgnGN3k9c4DkYoKfq/HCfFjNOA0ohhpY/XtA08OxZUXIJnlNDn1QsI0yrlvV52aMxVcBLeAKijU7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnFSxVJEB6hAekZ5Cgmys+mN0zgsXFCGAlpHtdw6v6eyFCs1DgOTGeM9FDN13Lzv1ov1dGln1GepJpwPFsUpQxqAfNAYEglwZqNDSAsqfkrxEMkEdYmtooJwZ0/eRHaZzW3XqvfnVcb10UcZXAIjsAJcMEFaIBb0AQtgMEjeAav4M16sl6sd+tj1lqyipl98EfW5w9b5pgA</latexit>

⇢ = ⇢̄+ �⇢
<latexit sha1_base64="F1+jUnA5IXHMqhFy6D1A5xmC4ss=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclUSkuhGKbrqsYB/QhjKZTtqhk0mYuRFCiL/ixoUibv0Qd/6N0zYLbT1w4XDOPcyd48eCa3Ccb2ttfWNza7u0U97d2z84tI+OOzpKFGVtGolI9XyimeCStYGDYL1YMRL6gnX96d3M7z4ypXkkHyCNmReSseQBpwSMNLQrzZtBoAjNBqMIMpLnZoZ21ak5c+BV4hakigq0hvaXSdMkZBKoIFr3XScGLyMKOBUsLw8SzWJCp2TM+oZKEjLtZfPjc3xmlBEOImVGAp6rvxMZCbVOQ99shgQmetmbif95/QSCay/jMk6ASbp4KEgEhgjPmsAjrhgFkRpCqOLmVkwnxHQBpq+yKcFd/vIq6VzU3Hqtfn9ZbdwWdZTQCTpF58hFV6iBmqiF2oiiFD2jV/RmPVkv1rv1sVhds4pMBf2B9fkDVZWVPg==</latexit>

H =
ȧ

a

Hubble rate peculiar velocity

and
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Cosmological observations

The goal of cosmological surveys is to probe these unknown 
ingredients in the universe

We split our universe into:
Homogeneous and isotropic background     fluctuations<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>

+

gravitational potentialsscale factor

The universe's content: density
velocity

<latexit sha1_base64="i37VaCttjjrPJIpbpwTnHwvM+rg=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFEISSiFQ3QtGNywr2Ak0ok8mkHTqZCTMToYSCG1/FjQtF3PoS7nwbJ20W2vrDwMd/zuHM+YOEUaUd59sqLS2vrK6V1ysbm1vbO/buXluJVGLSwoIJ2Q2QIoxy0tJUM9JNJEFxwEgnGN3k9c4DkYoKfq/HCfFjNOA0ohhpY/XtA08OxZUXIJnlNDn1QsI0yrlvV52aMxVcBLeAKijU7NtfXihwGhOuMUNK9Vwn0X6GpKaYkUnFSxVJEB6hAekZ5Cgmys+mN0zgsXFCGAlpHtdw6v6eyFCs1DgOTGeM9FDN13Lzv1ov1dGln1GepJpwPFsUpQxqAfNAYEglwZqNDSAsqfkrxEMkEdYmtooJwZ0/eRHaZzW3XqvfnVcb10UcZXAIjsAJcMEFaIBb0AQtgMEjeAav4M16sl6sd+tj1lqyipl98EfW5w9b5pgA</latexit>

⇢ = ⇢̄+ �⇢
<latexit sha1_base64="F1+jUnA5IXHMqhFy6D1A5xmC4ss=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclUSkuhGKbrqsYB/QhjKZTtqhk0mYuRFCiL/ixoUibv0Qd/6N0zYLbT1w4XDOPcyd48eCa3Ccb2ttfWNza7u0U97d2z84tI+OOzpKFGVtGolI9XyimeCStYGDYL1YMRL6gnX96d3M7z4ypXkkHyCNmReSseQBpwSMNLQrzZtBoAjNBqMIMpLnZoZ21ak5c+BV4hakigq0hvaXSdMkZBKoIFr3XScGLyMKOBUsLw8SzWJCp2TM+oZKEjLtZfPjc3xmlBEOImVGAp6rvxMZCbVOQ99shgQmetmbif95/QSCay/jMk6ASbp4KEgEhgjPmsAjrhgFkRpCqOLmVkwnxHQBpq+yKcFd/vIq6VzU3Hqtfn9ZbdwWdZTQCTpF58hFV6iBmqiF2oiiFD2jV/RmPVkv1rv1sVhds4pMBf2B9fkDVZWVPg==</latexit>

H =
ȧ

a

Hubble rate peculiar velocity

and

Goal: measure these quantities to 
learn about dark matter and the 

accelerated expansion 

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

V
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Background expansion

The evolution of the expansion is sensitive to dark energy,  to gravity 
and to dark matter

We measure the relation between distances and redshifts

In 1998, supernovae measurements       acceleration, consistent with

Recently, there has been evidence for an evolving dark energy

<latexit sha1_base64="UoX5UKTU1Tf06l1ZPYvYH3t5KLU=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBG8WHZFqheh6MVjBfsB7VKyabYNzSZLkhXK0h/hxYMiXv093vw3pu0etPXBwOO9GWbmhYngxnreN1pZXVvf2CxsFbd3dvf2SweHTaNSTVmDKqF0OySGCS5Zw3IrWDvRjMShYK1wdDf1W09MG67kox0nLIjJQPKIU2Kd1KrfnHf1UPVKZa/izYCXiZ+TMuSo90pf3b6iacykpYIY0/G9xAYZ0ZZTwSbFbmpYQuiIDFjHUUliZoJsdu4EnzqljyOlXUmLZ+rviYzExozj0HXGxA7NojcV//M6qY2ug4zLJLVM0vmiKBXYKjz9Hfe5ZtSKsSOEau5uxXRINKHWJVR0IfiLLy+T5kXFr1aqD5fl2m0eRwGO4QTOwIcrqME91KEBFEbwDK/whhL0gt7Rx7x1BeUzR/AH6PMHr76PKg==</latexit>

P = �⇢
<latexit sha1_base64="Z8hJQy6iad8ZgHaNPagvkgSVwH0=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahXsquSPUiFL14rGA/sF1KNs22odlkSbJKWfovvHhQxKv/xpv/xrTdg7Y+GHi8N8PMvCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKlloghtEMmlagdYU84EbRhmOG3HiuIo4LQVjG6mfuuRKs2kuDfjmPoRHggWMoKNlR7qV09lc9pVQ9krltyKOwNaJl5GSpCh3it+dfuSJBEVhnCsdcdzY+OnWBlGOJ0UuommMSYjPKAdSwWOqPbT2cUTdGKVPgqlsiUMmqm/J1IcaT2OAtsZYTPUi95U/M/rJCa89FMm4sRQQeaLwoQjI9H0fdRnihLDx5Zgopi9FZEhVpgYG1LBhuAtvrxMmmcVr1qp3p2XatdZHHk4gmMogwcXUINbqEMDCAh4hld4c7Tz4rw7H/PWnJPNHMIfOJ8/wXqQVw==</latexit>

P = w(t)⇢

directly learn about
the expansion

Cosmological constant
Evolving dark energy with time-

dependent equation of state

<latexit sha1_base64="GjUI1iDOLixxUMOvDlokG9JQFuA=">AAAB7nicbVC7SgNBFL0bXzG+opY2g0GwCrsi0TJoY2ERwTwgWcLs7N1kyOzsMjMrhJCPsLFQxNbvsfNvnCRbaOKBgcM55zL3niAVXBvX/XYKa+sbm1vF7dLO7t7+QfnwqKWTTDFsskQkqhNQjYJLbBpuBHZShTQOBLaD0e3Mbz+h0jyRj2acoh/TgeQRZ9RYqd27t9GQ9ssVt+rOQVaJl5MK5Gj0y1+9MGFZjNIwQbXuem5q/AlVhjOB01Iv05hSNqID7FoqaYzan8zXnZIzq4QkSpR90pC5+ntiQmOtx3FgkzE1Q73szcT/vG5momt/wmWaGZRs8VGUCWISMrudhFwhM2JsCWWK210JG1JFmbENlWwJ3vLJq6R1UfVq1drDZaV+k9dRhBM4hXPw4ArqcAcNaAKDETzDK7w5qfPivDsfi2jByWeO4Q+czx8PN49o</latexit>

⇤

<latexit sha1_base64="A76Ytd8u2Z6PzC4oYyBcj4Bqjqo=">AAACEHicbVDLSsNAFJ34rPUVdelmsEhbhJKIVDdC0U0XLirYB7Q1TCaTduhkEmYmQhP6CW78FTcuFHHr0p1/4/Sx0NYDFw7n3Mu997gRo1JZ1rextLyyurae2chubm3v7Jp7+w0ZxgKTOg5ZKFoukoRRTuqKKkZakSAocBlpuoPrsd98IELSkN+pYUS6Aepx6lOMlJYcM+85N4WkeFmwT5Jih3LlWPcJ9JJ8xxcIp/YorRaSfHHkmDmrZE0AF4k9IzkwQ80xvzpeiOOAcIUZkrJtW5HqpkgoihkZZTuxJBHCA9QjbU05CojsppOHRvBYKx70Q6GLKzhRf0+kKJByGLi6M0CqL+e9sfif146Vf9FNKY9iRTieLvJjBlUIx+lAjwqCFRtqgrCg+laI+0gnoXSGWR2CPf/yImmcluxyqXx7lqtczeLIgENwBArABuegAqqgBuoAg0fwDF7Bm/FkvBjvxse0dcmYzRyAPzA+fwByupsA</latexit>

dL(z) = (1 + z)

Z z

0
dz

0 1

H(z0)
<latexit sha1_base64="DeNGajdlyFx+NIdF8/edDOHo1xc=">AAAB63icbVBNSwMxEJ31s9avqkcvwSLUS9kVqR6LXnqsYD+gXUo2zbahSXZJskJd+he8eFDEq3/Im//GbLsHbX0w8Hhvhpl5QcyZNq777aytb2xubRd2irt7+weHpaPjto4SRWiLRDxS3QBrypmkLcMMp91YUSwCTjvB5C7zO49UaRbJBzONqS/wSLKQEWwyqVF5uhiUym7VnQOtEi8nZcjRHJS++sOIJIJKQzjWuue5sfFTrAwjnM6K/UTTGJMJHtGepRILqv10fusMnVtliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGNnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeIo2BG/55VXSvqx6tWrt/qpcv83jKMApnEEFPLiGOjSgCS0gMIZneIU3RzgvzrvzsWhdc/KZE/gD5/MHRSmNwA==</latexit>

H(z)
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Distances from DESI

Strange behaviour: , sign of modified gravity?

°1.0 °0.8 °0.6 °0.4 °0.2 0.0

w0

°3

°2

°1

0

w
a

DESI+CMB+Pantheon+

DESI+CMB+Union3

DESI+CMB+DESY5

DESI+CMB

DESI Collaboration, arXiv:2503.14738, DR2, 2025

<latexit sha1_base64="OhIqN6rdV6dBJHpJAEptjABSFjg=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQxCghh2RaIXIejFYwTzgGRZeiezyZDZBzOzLiHmU7x4UMSrX+LNv3GS7EGjBQ1FVTfdXV7MmVSW9WXkVlbX1jfym4Wt7Z3dPbO435JRIghtkohHouOBpJyFtKmY4rQTCwqBx2nbG93M/PYDFZJF4b0ax9QJYBAynxFQWnLNYlqGylXqWiepC2X7FCquWbKq1hz4L7EzUkIZGq752etHJAloqAgHKbu2FStnAkIxwum00EskjYGMYEC7moYQUOlM5qdP8bFW+tiPhK5Q4bn6c2ICgZTjwNOdAaihXPZm4n9eN1H+pTNhYZwoGpLFIj/hWEV4lgPuM0GJ4mNNgAimb8VkCAKI0mkVdAj28st/SeusateqtbvzUv06iyOPDtERKiMbXaA6ukUN1EQEpegJvaBX49F4Nt6M90VrzshmDtAvGB/fhUySPg==</latexit>

w(a) = w0 + wa(1� a)

<latexit sha1_base64="I/h14vCLC+V5Wl7c701n0flGGRM=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgY7gTiRYWQRvLCOYDkiPsbfaSJbt7x+6eEo78BRsLRWz9Q3b+G/eSKzTxwcDjvRlm5gUxZ9q47rdTWFldW98obpa2tnd298r7By0dJYrQJol4pDoB1pQzSZuGGU47saJYBJy2g/Ft5rcfqdIskg9mElNf4KFkISPYZNLT9ZnXL1fcqjsDWiZeTiqQo9Evf/UGEUkElYZwrHXXc2Pjp1gZRjidlnqJpjEmYzykXUslFlT76ezWKTqxygCFkbIlDZqpvydSLLSeiMB2CmxGetHLxP+8bmLCKz9lMk4MlWS+KEw4MhHKHkcDpigxfGIJJorZWxEZYYWJsfGUbAje4svLpHVe9WrV2v1FpX6Tx1GEIziGU/DgEupwBw1oAoERPMMrvDnCeXHenY95a8HJZw7hD5zPH0KJjb4=</latexit>

w < �1

Evolving equation of state
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Perturbations

The evolution of    ,    ,      and     depends on dark energy, dark matter 
and gravity

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

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

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

Continuity 

Poisson Euler

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

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

⇤

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

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

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

<latexit sha1_base64="8H1kmTRQwhBDd3phhNvdM26KWRo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWw2k3bpZjfsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmKLSp5FL1QqKBMwFtwwyHXqqAJCGHbji+nfndJ1CaSfFgJikECRkKFjNKjJUe/Qi4Ib4ayUG15tbdOfAq8QpSQwVag+qXH0maJSAM5UTrvuemJsiJMoxymFb8TENK6JgMoW+pIAnoIJ9fPMVnVolwLJUtYfBc/T2Rk0TrSRLazoSYkV72ZuJ/Xj8z8XWQM5FmBgRdLIozjo3Es/dxxBRQwyeWEKqYvRXTEVGEGhtSxYbgLb+8SjoXda9Rb9xf1po3RRxldIJO0Tny0BVqojvUQm1EkUDP6BW9Odp5cd6dj0VrySlmjtEfOJ8/sxuQ9A==</latexit>

�⇢

The relations between the fields can discriminate between theories

<latexit sha1_base64="8H1kmTRQwhBDd3phhNvdM26KWRo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWw2k3bpZjfsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmKLSp5FL1QqKBMwFtwwyHXqqAJCGHbji+nfndJ1CaSfFgJikECRkKFjNKjJUe/Qi4Ib4ayUG15tbdOfAq8QpSQwVag+qXH0maJSAM5UTrvuemJsiJMoxymFb8TENK6JgMoW+pIAnoIJ9fPMVnVolwLJUtYfBc/T2Rk0TrSRLazoSYkV72ZuJ/Xj8z8XWQM5FmBgRdLIozjo3Es/dxxBRQwyeWEKqYvRXTEVGEGhtSxYbgLb+8SjoXda9Rb9xf1po3RRxldIJO0Tny0BVqojvUQm1EkUDP6BW9Odp5cd6dj0VrySlmjtEfOJ8/sxuQ9A==</latexit>

�⇢
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Perturbations

The evolution of    ,    ,      and     depends on dark energy, dark matter 
and gravity

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

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

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

Continuity 

Poisson Euler

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

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

⇤

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

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

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

<latexit sha1_base64="8H1kmTRQwhBDd3phhNvdM26KWRo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWw2k3bpZjfsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmKLSp5FL1QqKBMwFtwwyHXqqAJCGHbji+nfndJ1CaSfFgJikECRkKFjNKjJUe/Qi4Ib4ayUG15tbdOfAq8QpSQwVag+qXH0maJSAM5UTrvuemJsiJMoxymFb8TENK6JgMoW+pIAnoIJ9fPMVnVolwLJUtYfBc/T2Rk0TrSRLazoSYkV72ZuJ/Xj8z8XWQM5FmBgRdLIozjo3Es/dxxBRQwyeWEKqYvRXTEVGEGhtSxYbgLb+8SjoXda9Rb9xf1po3RRxldIJO0Tny0BVqojvUQm1EkUDP6BW9Odp5cd6dj0VrySlmjtEfOJ8/sxuQ9A==</latexit>

�⇢

The relations between the fields can discriminate between theories

<latexit sha1_base64="8H1kmTRQwhBDd3phhNvdM26KWRo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWw2k3bpZjfsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmKLSp5FL1QqKBMwFtwwyHXqqAJCGHbji+nfndJ1CaSfFgJikECRkKFjNKjJUe/Qi4Ib4ayUG15tbdOfAq8QpSQwVag+qXH0maJSAM5UTrvuemJsiJMoxymFb8TENK6JgMoW+pIAnoIJ9fPMVnVolwLJUtYfBc/T2Rk0TrSRLazoSYkV72ZuJ/Xj8z8XWQM5FmBgRdLIozjo3Es/dxxBRQwyeWEKqYvRXTEVGEGhtSxYbgLb+8SjoXda9Rb9xf1po3RRxldIJO0Tny0BVqojvUQm1EkUDP6BW9Odp5cd6dj0VrySlmjtEfOJ8/sxuQ9A==</latexit>

�⇢

different background evolution: evolving dark energy
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Modified Poisson

Gravitational slip

Modified gravity

9

Perturbations

The evolution of    ,    ,      and     depends on dark energy, dark matter 
and gravity

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 

Euler

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

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

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

<latexit sha1_base64="8H1kmTRQwhBDd3phhNvdM26KWRo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWw2k3bpZjfsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmKLSp5FL1QqKBMwFtwwyHXqqAJCGHbji+nfndJ1CaSfFgJikECRkKFjNKjJUe/Qi4Ib4ayUG15tbdOfAq8QpSQwVag+qXH0maJSAM5UTrvuemJsiJMoxymFb8TENK6JgMoW+pIAnoIJ9fPMVnVolwLJUtYfBc/T2Rk0TrSRLazoSYkV72ZuJ/Xj8z8XWQM5FmBgRdLIozjo3Es/dxxBRQwyeWEKqYvRXTEVGEGhtSxYbgLb+8SjoXda9Rb9xf1po3RRxldIJO0Tny0BVqojvUQm1EkUDP6BW9Odp5cd6dj0VrySlmjtEfOJ8/sxuQ9A==</latexit>

�⇢

The relations between the fields can discriminate between theories

<latexit sha1_base64="8H1kmTRQwhBDd3phhNvdM26KWRo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWw2k3bpZjfsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmKLSp5FL1QqKBMwFtwwyHXqqAJCGHbji+nfndJ1CaSfFgJikECRkKFjNKjJUe/Qi4Ib4ayUG15tbdOfAq8QpSQwVag+qXH0maJSAM5UTrvuemJsiJMoxymFb8TENK6JgMoW+pIAnoIJ9fPMVnVolwLJUtYfBc/T2Rk0TrSRLazoSYkV72ZuJ/Xj8z8XWQM5FmBgRdLIozjo3Es/dxxBRQwyeWEKqYvRXTEVGEGhtSxYbgLb+8SjoXda9Rb9xf1po3RRxldIJO0Tny0BVqojvUQm1EkUDP6BW9Odp5cd6dj0VrySlmjtEfOJ8/sxuQ9A==</latexit>
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Perturbations

The evolution of    ,    ,      and     depends on dark energy, dark matter 
and gravity

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>

Poisson

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

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

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

<latexit sha1_base64="8H1kmTRQwhBDd3phhNvdM26KWRo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWw2k3bpZjfsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmKLSp5FL1QqKBMwFtwwyHXqqAJCGHbji+nfndJ1CaSfFgJikECRkKFjNKjJUe/Qi4Ib4ayUG15tbdOfAq8QpSQwVag+qXH0maJSAM5UTrvuemJsiJMoxymFb8TENK6JgMoW+pIAnoIJ9fPMVnVolwLJUtYfBc/T2Rk0TrSRLazoSYkV72ZuJ/Xj8z8XWQM5FmBgRdLIozjo3Es/dxxBRQwyeWEKqYvRXTEVGEGhtSxYbgLb+8SjoXda9Rb9xf1po3RRxldIJO0Tny0BVqojvUQm1EkUDP6BW9Odp5cd6dj0VrySlmjtEfOJ8/sxuQ9A==</latexit>

�⇢

The relations between the fields can discriminate between theories

<latexit sha1_base64="8H1kmTRQwhBDd3phhNvdM26KWRo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWw2k3bpZjfsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmKLSp5FL1QqKBMwFtwwyHXqqAJCGHbji+nfndJ1CaSfFgJikECRkKFjNKjJUe/Qi4Ib4ayUG15tbdOfAq8QpSQwVag+qXH0maJSAM5UTrvuemJsiJMoxymFb8TENK6JgMoW+pIAnoIJ9fPMVnVolwLJUtYfBc/T2Rk0TrSRLazoSYkV72ZuJ/Xj8z8XWQM5FmBgRdLIozjo3Es/dxxBRQwyeWEKqYvRXTEVGEGhtSxYbgLb+8SjoXda9Rb9xf1po3RRxldIJO0Tny0BVqojvUQm1EkUDP6BW9Odp5cd6dj0VrySlmjtEfOJ8/sxuQ9A==</latexit>

�⇢

Dark matter interactions

Exchange 
of energy 

Modified Euler
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Cosmological observations

Surveys detect galaxies and measure

the angular position

the redshift

the shape

'
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Cosmological observations

Surveys detect galaxies and measure

the shape

galaxy spectrum

the angular position

the redshift
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Cosmological observations

Surveys detect galaxies and measure

the shape

galaxy spectrum

the angular position
redshift

the redshift        distance
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Cosmological observations

Surveys detect galaxies and measure

the shape

the angular position

the redshift        distance

3-dimensional map

C
re

di
t: 

M
. B

la
nt

on
, S

D
SS



Camille Bonvin      EPS-HEP 2025       p.     /3415

Cosmological observations

Surveys detect galaxies and measure

the shape

the angular position

the redshift        distance

Credit: ESO/INAF-VST
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Cosmological observations

Surveys detect galaxies and measure

the shape

the angular position

the redshift        distance

Credit: ESO/INAF-VST

ellipticity

size
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Which field can we measure?

3D maps: distance measured through the redshift
expansion

Doppler

The Doppler effect distorts the structures in the maps

Without Doppler effect 
isotropic structures

Observer

<latexit sha1_base64="FC06GaTf0KYgTE/NlLBYB5Rd37E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtkOM5Q==</latexit>

V

Kaiser 1987
Hamilton 1992
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Which field can we measure?

3D maps: distance measured through the redshift
expansion

Doppler

Without Doppler effect 
isotropic structures

Observer

<latexit sha1_base64="FC06GaTf0KYgTE/NlLBYB5Rd37E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtkOM5Q==</latexit>

V

Kaiser 1987
Hamilton 1992

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

3D maps: distance measured through the redshift
expansion

Doppler

Without Doppler effect 
isotropic structures

Observer

With Doppler effect
squashed structures

Observer

<latexit sha1_base64="FC06GaTf0KYgTE/NlLBYB5Rd37E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtkOM5Q==</latexit>

V

Kaiser 1987
Hamilton 1992

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

3D maps: distance measured through the redshift
expansion

Doppler

Without Doppler effect 
isotropic structures

Observer

With Doppler effect
squashed structures

Observer

<latexit sha1_base64="FC06GaTf0KYgTE/NlLBYB5Rd37E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtkOM5Q==</latexit>

V

Kaiser 1987
Hamilton 1992

Measurable by looking at the 
probability of finding two pairs of 

galaxies at a given separation   

The Doppler effect distorts the structures in the maps
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Velocity evolution

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

It generates correlations between shapes 
affected by the same structures

Detected by various surveys: 
CFHT, KiDS, DES

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

Which field can we measure?

using General Relativity

total matter

<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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Heymans et al. 2020
Abbott et al. 2022 & 2023

<latexit sha1_base64="8H1kmTRQwhBDd3phhNvdM26KWRo=">AAAB8XicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqseiF48V7Ac2oWw2k3bpZjfsboQS+i+8eFDEq//Gm//GbZuDtj4YeLw3w8y8MOVMG9f9dkpr6xubW+Xtys7u3v5B9fCoo2WmKLSp5FL1QqKBMwFtwwyHXqqAJCGHbji+nfndJ1CaSfFgJikECRkKFjNKjJUe/Qi4Ib4ayUG15tbdOfAq8QpSQwVag+qXH0maJSAM5UTrvuemJsiJMoxymFb8TENK6JgMoW+pIAnoIJ9fPMVnVolwLJUtYfBc/T2Rk0TrSRLazoSYkV72ZuJ/Xj8z8XWQM5FmBgRdLIozjo3Es/dxxBRQwyeWEKqYvRXTEVGEGhtSxYbgLb+8SjoXda9Rb9xf1po3RRxldIJO0Tny0BVqojvUQm1EkUDP6BW9Odp5cd6dj0VrySlmjtEfOJ8/sxuQ9A==</latexit>

�⇢

http://www.phy.mtu.edu/
http://www.usra.edu/
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Measuring the sum of potentials

Observer
shape of 

background 
galaxies

distribution 
of lenses

3.5 5 6 7 billion years ago

Tutusaus, Bonvin and Grimm 2024
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potentials at late time
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<latexit sha1_base64="fdd6l/edhtdHrIJxDKc6kJm/kEs=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQkmkqMeiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5q3mWtfl+vNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADwZkA0=</latexit>

�+ 

24

Measuring the sum of potentials

Observer
shape of 

background 
galaxies

slower growth of 
potentials at late time

distribution 
of lenses

3.5 5 6 7 billion years ago

Tutusaus, Bonvin and Grimm 2024
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Measuring the sum of potentials

Observer
shape of 

background 
galaxies

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

�+ 

distribution 
of lenses

3.5 5 6 7 billion years ago

Tutusaus, Bonvin and Grimm 2024
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slower growth of 
potentials at late time
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Testing the relations between fields

We have two measurements:     and 

Not enough to test all relations without assumption

Test 1: assume that dark matter interacts only 
gravitationally and obeys the weak equivalence principle

Test 2: assume the validity of General Relativity

<latexit sha1_base64="FC06GaTf0KYgTE/NlLBYB5Rd37E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtkOM5Q==</latexit>

V
<latexit sha1_base64="UPQgNr8fJa+peR1+GBIvKo4ErIk=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5qXr1Wv7+sNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADy9kA8=</latexit>

�+ 

Test the theory of gravity

Test for the presence of additional 
forces acting on dark matter
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Abbott et al.
DES Collaboration 2023

Test 1: modified gravity from DES and eBOSS

Measure

from lensing

<latexit sha1_base64="FC06GaTf0KYgTE/NlLBYB5Rd37E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtkOM5Q==</latexit>

V

Euler equation & continuity equation

<latexit sha1_base64="UPQgNr8fJa+peR1+GBIvKo4ErIk=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5qXr1Wv7+sNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADy9kA8=</latexit>

�+ 

infer <latexit sha1_base64="oZBV4eOBJ+uIX/fyi9Xt61PsQh4=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmgckS5idzCZD5rHMzAphySd48aCIV7/Im3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LRThIaCjyULGYEWyc99ETaL1f8qj8HWiVBTiqQo9Evf/UGiqSCSks4NqYb+IkNM6wtI5xOS73U0ASTMR7SrqMSC2rCbH7qFJ05ZYBipV1Ji+bq74kMC2MmInKdAtuRWfZm4n9eN7XxdZgxmaSWSrJYFKccWYVmf6MB05RYPnEEE83crYiMsMbEunRKLoRg+eVV0rqoBrVq7f6yUr/J4yjCCZzCOQRwBXW4gwY0gcAQnuEV3jzuvXjv3seiteDlM8fwB97nD2DwjeE=</latexit>µ

<latexit sha1_base64="FNeX3Gb4yH2UiCX13EDmUknOy3c=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWNE84BkCbOT2WTMPJaZWSEs+QcvHhTx6v9482+cJHvQxIKGoqqb7q4o4cxY3//2VlbX1jc2C1vF7Z3dvf3SwWHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1upn7riWrDlHyw44SGAg8kixnB1knN7j0bCNwrlf2KPwNaJkFOypCj3it9dfuKpIJKSzg2phP4iQ0zrC0jnE6K3dTQBJMRHtCOoxILasJsdu0EnTqlj2KlXUmLZurviQwLY8Yicp0C26FZ9Kbif14ntfFVmDGZpJZKMl8UpxxZhaavoz7TlFg+dgQTzdytiAyxxsS6gIouhGDx5WXSPK8E1Ur17qJcu87jKMAxnMAZBHAJNbiFOjSAwCM8wyu8ecp78d69j3nripfPHMEfeJ8/bvGPDg==</latexit>

⌃infer

<latexit sha1_base64="QI8c+elcgMvEleDS9C0Kv53g6jI=">AAACFXicbVC7SgNBFJ31GeNr1dJmMAgWGnZDiDZC0ELLCOYB2U2Ynb2bDJl9MDMrhCU/YeOv2FgoYivY+TdOHoUmHrhwOOfeuXOPl3AmlWV9G0vLK6tr67mN/ObW9s6uubffkHEqKNRpzGPR8ogEziKoK6Y4tBIBJPQ4NL3B9dhvPoCQLI7u1TABNyS9iAWMEqWlrnl6NuiUnJpkl2UnYfiGdEqZM3k2E+CPnDAdOT5wRRzRj7tmwSpaE+BFYs9IAc1Q65pfjh/TNIRIUU6kbNtWotyMCMUoh1HeSSUkhA5ID9qaRiQE6WaT9SN8rBUfB7HQFSk8UX9PZCSUchh6ujMkqi/nvbH4n9dOVXDhZixKUgURnS4KUo5VjMcRYZ8JoIoPNSFUMP1XTPtEEKp0kHkdgj1/8iJplIp2pVi5KxeqV7M4cugQHaETZKNzVEW3qIbqiKJH9Ixe0ZvxZLwY78bHtHXJmM0coD8wPn8AZqOfCw==</latexit>

�k2 = 4⇡Ga2µ�⇢

<latexit sha1_base64="SGUvGqEgj8ACoajCHRiTcpigXPQ="></latexit>

�k2(�+ ) = 4⇡Ga2⌃�⇢
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Test 2: fifth force acting on dark matter

In General Relativity
<latexit sha1_base64="RRzj6zQJ9pLamh3PC8vP6xyRqlo=">AAACBnicbZDLSsNAFIZPvNZ6i7oUIVgEQShJkepGKLpxGcFeoCllMp20QyeTMDMRSsjKja/ixoUibn0Gd76NkzYLbT0ww8f/n8PM+f2YUals+9tYWl5ZXVsvbZQ3t7Z3ds29/ZaMEoFJE0csEh0fScIoJ01FFSOdWBAU+oy0/fFN7rcfiJA04vdqEpNeiIacBhQjpaW+eeS5kl557khfgUA4zfEsF7O0lvXNil21p2UtglNABYpy++aXN4hwEhKuMENSdh07Vr0UCUUxI1nZSySJER6jIelq5CgkspdO18isE60MrCAS+nBlTdXfEykKpZyEvu4MkRrJeS8X//O6iQoueynlcaIIx7OHgoRZKrLyTKwBFQQrNtGAsKD6rxYeIZ2G0smVdQjO/MqL0KpVnXq1fndeaVwXcZTgEI7hFBy4gAbcggtNwPAIz/AKb8aT8WK8Gx+z1iWjmDmAP2V8/gCnGJih</latexit>

 = � =
�+ 

2

Grimm, Bonvin and Tutusaus, 2025

<latexit sha1_base64="Uv58FMgaPHPC4HBSuC6W1KwIji8="></latexit>

V̇ · n+HV · n+ @r = 0

Constrained to be within -21% 
and 7% of the gravitational 
interaction strength
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Test 2: fifth force acting on dark matter

In General Relativity

Constrained to be within -21% 
and 7% of the gravitational 
interaction strength

<latexit sha1_base64="RRzj6zQJ9pLamh3PC8vP6xyRqlo=">AAACBnicbZDLSsNAFIZPvNZ6i7oUIVgEQShJkepGKLpxGcFeoCllMp20QyeTMDMRSsjKja/ixoUibn0Gd76NkzYLbT0ww8f/n8PM+f2YUals+9tYWl5ZXVsvbZQ3t7Z3ds29/ZaMEoFJE0csEh0fScIoJ01FFSOdWBAU+oy0/fFN7rcfiJA04vdqEpNeiIacBhQjpaW+eeS5kl557khfgUA4zfEsF7O0lvXNil21p2UtglNABYpy++aXN4hwEhKuMENSdh07Vr0UCUUxI1nZSySJER6jIelq5CgkspdO18isE60MrCAS+nBlTdXfEykKpZyEvu4MkRrJeS8X//O6iQoueynlcaIIx7OHgoRZKrLyTKwBFQQrNtGAsKD6rxYeIZ2G0smVdQjO/MqL0KpVnXq1fndeaVwXcZTgEI7hFBy4gAbcggtNwPAIz/AKb8aT8WK8Gx+z1iWjmDmAP2V8/gCnGJih</latexit>

 = � =
�+ 

2

Grimm, Bonvin and Tutusaus, 2025

<latexit sha1_base64="hCWjgMmDs4LDcG3RnD4EXAArh3c="></latexit>

V̇ · n+HV · n+
⇥
1 + �(z)

⇤
@r = 0
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In the future: measure the distortion of time

Another contribution: gravitational redshift

The effect is typically 100 times smaller than the Doppler effect

It can be isolated by using its symmetries

The redshift is not only affected by the expansion and by Doppler effects

Change in photon frequency
observer

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

Sensitive to the time distortion

observerblueshift redshift
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In the future: measure the distortion of time

Another contribution: gravitational redshift

The effect is typically 100 times smaller than the Doppler effect

It can be isolated by using its symmetries

The redshift is not only affected by the expansion and by Doppler effects

Change in photon frequency
observer

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

Sensitive to the time distortion

observerredshift redshift
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Distortion of time

Already measured in clusters with SDSS/eBOSS Wojtak, Hansen & Hjorth 2011; 
Sadeh, Feng & Lahav 2015; 
Mpetha et al 2021; 
Rosselli et al 2023Measurements planed with DESI & Euclid 

At large scale, first measurements expected from DESI and Euclid, at 
5-10 sigma

Measurements from SKA (2030) with 10-30% precision

Beutler & Di Dio 2020; Saga et al. 2022; Bonvin et al. 2023; Lepori et al. 2024 

Sobral Blanco & Bonvin 2023
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Test the relations without assumption

Test the relation between     and    , independently of what 
dark matter is doing

Test for the presence of a fifth force, independently of the 
theory of gravity

Compare           with

<latexit sha1_base64="KajrhwIOmwcLtIR2MonFm5crqVQ=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLg5bhw2rNq3sL4L/EL0gNCrSG1c/BKKapZMpSQYzp+15ig4xoy6lg88ogNSwhdErGrO+oIpKZIFvcOsdnThnhKNaulMUL9edERqQxMxm6TknsxKx6ufif109tdB1kXCWpZYouF0WpwDbG+eN4xDWjVswcIVRzdyumE6IJtS6eigvBX335L+lc1P1GvXF/WWveFHGU4QRO4Rx8uIIm3EEL2kBhAk/wAq9Iomf0ht6XrSVUzBzDL6CPb/cCjjU=</latexit>

 
<latexit sha1_base64="B0Ra3sErCq/e9EQvIiL9Gu3gJtM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NGxHbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwhs/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuNeuPhuta6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QPmS44q</latexit>

�

<latexit sha1_base64="UPQgNr8fJa+peR1+GBIvKo4ErIk=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5qXr1Wv7+sNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADy9kA8=</latexit>

�+ 
<latexit sha1_base64="KajrhwIOmwcLtIR2MonFm5crqVQ=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLg5bhw2rNq3sL4L/EL0gNCrSG1c/BKKapZMpSQYzp+15ig4xoy6lg88ogNSwhdErGrO+oIpKZIFvcOsdnThnhKNaulMUL9edERqQxMxm6TknsxKx6ufif109tdB1kXCWpZYouF0WpwDbG+eN4xDWjVswcIVRzdyumE6IJtS6eigvBX335L+lc1P1GvXF/WWveFHGU4QRO4Rx8uIIm3EEL2kBhAk/wAq9Iomf0ht6XrSVUzBzDL6CPb/cCjjU=</latexit>

 

Compare      with <latexit sha1_base64="KajrhwIOmwcLtIR2MonFm5crqVQ=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLg5bhw2rNq3sL4L/EL0gNCrSG1c/BKKapZMpSQYzp+15ig4xoy6lg88ogNSwhdErGrO+oIpKZIFvcOsdnThnhKNaulMUL9edERqQxMxm6TknsxKx6ufif109tdB1kXCWpZYouF0WpwDbG+eN4xDWjVswcIVRzdyumE6IJtS6eigvBX335L+lc1P1GvXF/WWveFHGU4QRO4Rx8uIIm3EEL2kBhAk/wAq9Iomf0ht6XrSVUzBzDL6CPb/cCjjU=</latexit>

 
<latexit sha1_base64="FC06GaTf0KYgTE/NlLBYB5Rd37E=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqtPqlsltx5yCrxMtJGXLU+6Wv3iBmaYTSMEG17npuYvyMKsOZwGmxl2pMKBvTIXYtlTRC7WfzQ6fk3CoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m6INwVt+eZW0LitetVJtXJVrt3kcBTiFM7gAD66hBvdQhyYwQHiGV3hzHp0X5935WLSuOfnMCfyB8/kDtkOM5Q==</latexit>

V

<latexit sha1_base64="2rFk9hOvItc/lZgpyZP5/qboeaA="></latexit>

V̇ · n+HV · n+
⇥
1 + �(z)

⇤
@r = 0
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Conclusion
Until recently: excellent agreement with the   CDM model

DESI: evidence for an evolving dark energy   (plus H0 & kinematic dipole tensions)

DESI, Euclid and SKA will measure a new quantity: 
gravitational redshift  

test for dark matter interactions

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

⇤

No deviations from the   CDM model in velocities

Small deviations from the   CDM model  in

DESI, Euclid and LSST will reduce the uncertainties

test for modifications of gravity

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

⇤

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

⇤
<latexit sha1_base64="UPQgNr8fJa+peR1+GBIvKo4ErIk=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSIIQklEqseiF48R7Ic0oWy2m3bp7ibsboQS+iu8eFDEqz/Hm//GbZuDtj4YeLw3w8y8KOVMG9f9dlZW19Y3Nktb5e2d3b39ysFhSyeZIrRJEp6oToQ15UzSpmGG006qKBYRp+1odDv1209UaZbIBzNOaSjwQLKYEWys9Bj4Q3Ye+Jr1KlW35s6AlolXkCoU8HuVr6CfkExQaQjHWnc9NzVhjpVhhNNJOcg0TTEZ4QHtWiqxoDrMZwdP0KlV+ihOlC1p0Ez9PZFjofVYRLZTYDPUi95U/M/rZia+DnMm08xQSeaL4owjk6Dp96jPFCWGjy3BRDF7KyJDrDAxNqOyDcFbfHmZtC5qXr1Wv7+sNm6KOEpwDCdwBh5cQQPuwIcmEBDwDK/w5ijnxXl3PuatK04xcwR/4Hz+ADy9kA8=</latexit>

�+ 
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Backup slides
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<latexit sha1_base64="DtaFsIgXBirAahbmxUAyXAlx0Lc="></latexit>

�(z,n) = b · � �
1

H
@r(V · n)

+ (5s� 2)

Z r

0
dr0

r � r0

2rr0
�⌦(�+ )

+

 
1�

Ḣ

H2
+

5s� 2

rH
� 5s+ f evol

!
V · n+

1

H
V̇ · n+

1

H
@r 

+
2� 5s

r

Z r

0
dr0(�+ ) + 3Hr

�2(rV) + + (5s� 2)�

+
1

H
�̇+

 
Ḣ

H2
+

2� 5s

rH
+ 5s� f evol

!
 +

Z r

0
dr0(�̇+  ̇)

�

What do we measure?
Yoo et al 2010
Bonvin and Durrer 2011
Challinor and Lewis 2011
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Distinguish between Euler and modified gravity

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

dark matter
interactions

modification of gravity

Castello, Wang, Dam, Bonvin and Pogosian 2024
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In practice

We split the galaxies into two populations: bright and faint

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

Observer

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

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

B

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

F

We can isolate gravitational 
redshift by fitting for a dipole

Bonvin, Hui, Gaztanaga 2014
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