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Overview

How relativistic effects contribute to galaxy clustering

How they can help us to test gravity and dark matter

How well can we measure them with DESI and SKA2
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Galaxy clustering

We count the number of galaxies per pixel: � =
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We never observe directly the 
position of galaxies, we observe 
the redshift   and the direction 
of incoming photons   
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Inhomogeneities modify:  
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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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Current standard 
analyses

Lensing: measured with quasars, 
relevant at high redshift
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What we really observe
Yoo et al (2010)
CB and Durrer (2011)
Challinor and Lewis (2011)
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Current standard 
analyses

Redshift-space distortion

Relativistic effects: measured in clusters, 
never detected in linear regime

Lensing: measured with quasars, 
relevant at high redshift
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What we really observe
Yoo et al (2010)
CB and Durrer (2011)
Challinor and Lewis (2011)
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analyses

Redshift-space distortion

Can we detect relativistic effects?

Can we learn something from them?

Lensing: measured with quasars, 
relevant at high redshift

Relativistic effects: measured in clusters, 
never detected in linear regime
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Asymmetric correlation function

shift in position due to gravitational redshift

CB, Hui & Gaztanaga (2014)

They generate asymmetries in the correlation function, 
that can be targeted by cross-correlating two populations

Gravitational redshift

Relativistic effects are negligible in the even multipoles
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By fitting for a 
dipole, we isolate 
relativistic effects
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Number counts

Dipole
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Forecasts for DESI

Theoretical forecasts indicate that the Bright Galaxy 
Sample is optimal to detect the dipole

We build halo catalogues from the numerical simulation 
gevolution      same number density, bias and sky coverage

We reproduce the expected catalogues in 3 bins  

We measure the dipole and compare with theoretical 
predictions in the linear regime: bias and magnification bias 
as input
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CB, Lepori et al (2023)

Mock DESI
catalogues

detection at

consistency check
with RSD
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Isolating gravitational redshift with SKA

The cumulative SNR over redshift reaches 80
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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     for SKA2

Sobral-Blanco and CB (2022)
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Gravitational redshift is large enough to be measured
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Interest of relativistic effects

Crucial to distinguish between modified gravity and 
non-standard dark matter affected by a fifth force
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V̇dm +HVdm + @r = 0

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

� =  

<latexit sha1_base64="u35npl4sud6VD2+aeIneYYiYMpk=">AAACDXicbVDLSsNAFJ34rPUVdelmsApuLEmpj41QdKHLCvYBTRomk0k7dJIJMxOhhP6AG3/FjQtF3Lp35984bbPQ1gMXDufcy733+AmjUlnWt7GwuLS8slpYK65vbG5tmzu7TclTgUkDc8ZF20eSMBqThqKKkXYiCIp8Rlr+4Hrstx6IkJTH92qYEDdCvZiGFCOlJc88PBl0K069Ty+rTkLhDUTdCnREn3uZI6KRExCmkGeWrLI1AZwndk5KIEfdM7+cgOM0IrHCDEnZsa1EuRkSimJGRkUnlSRBeIB6pKNpjCIi3WzyzQgeaSWAIRe6YgUn6u+JDEVSDiNfd0ZI9eWsNxb/8zqpCi/cjMZJqkiMp4vClEHF4TgaGFBBsGJDTRAWVN8KcR8JhJUOsKhDsGdfnifNStk+K5/eVUu1qzyOAtgHB+AY2OAc1MAtqIMGwOARPINX8GY8GS/Gu/ExbV0w8pk98AfG5w98Bpqd</latexit>

�k2� = 4⇡Ga2⇢�

General relativity and cold non-interacting dark matter

Poisson equation

No anisotropic stress

Euler equation for baryons and dark matter

<latexit sha1_base64="rq/Xiutbx7UMhoJq3gHWm2KRIoA=">AAACEnicbVDLSsNAFJ34rPUVdelmsAiKUBLxtRGKbrqsYNNCE8JkOmmHTiZhZiKUkG9w46+4caGIW1fu/BsnbRbaemDg3HMfc+8JEkalsqxvY2FxaXlltbJWXd/Y3No2d3YdGacCkzaOWSy6AZKEUU7aiipGuokgKAoY6QSj2yLfeSBC0pjfq3FCvAgNOA0pRkpLvnns9mOVObkfnLgRUkOMWNbMnSJMkFAUMV+4LUmvLd+sWXVrAjhP7JLUQImWb37p2TiNCFeYISl7tpUoLyumYkbyqptKkiA8QgPS05SjiEgvm5yUw0Ot9GEYC/24ghP1d0eGIinHUaAri7XlbK4Q/8v1UhVeeRnlSaoIx9OPwpRBFcPCH9ingmDFxpogLKjeFeIhEggr7WJVm2DPnjxPnNO6fVE/vzurNW5KOypgHxyAI2CDS9AATdACbYDBI3gGr+DNeDJejHfjY1q6YJQ9e+APjM8fbqSd8w==</latexit>

V̇b +HVb + @r = 0
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Beyond GR and non-interacting CDM

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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Beyond GR and non-interacting CDM

Modified gravity

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

�k2 = 4⇡Ga2⇢m�

Castello, Grimm and CB (2022)
CB and Pogosian (2022)

Can we measure and test 
these two types of 

modifications with LSS?
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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="GCX40/sdmyiDJgpv/KGn6SCEC3w="></latexit>

�̈ +H(1 +⇥)�̇ = 4⇡a2⇢mG(1 + x�)�

growth of structure

growth of structure

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↵

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

Ge↵

growth of structure

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

�̈ +H(1 +⇥)�̇ = 4⇡a2⇢mG(1 + x�)�

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↵

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

Ge↵

growth of structure

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↵

Enhanced growth
Undistinguishable with RSD

<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↵

<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

Anisotropic stress
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

<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

Anisotropic stress
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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

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="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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Comparing     with        : test Euler equation for dark matter

29

Adding gravitational redshift

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

We can distinguish a dark fifth 
force from a modification of gravity

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

�+ 

We have a new variable     which breaks the degeneracy  
<latexit sha1_base64="r0cISNJt3sWBhOtYy1SMmy2Ahts=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKez6QI9BLx4jGBNIljA7mU2GzGOZmRXCkl/w4kERr/6QN//G2WQPmljQUFR1090VJZwZ6/vfXmlldW19o7xZ2dre2d2r7h88GpVqQltEcaU7ETaUM0lblllOO4mmWESctqPxbe63n6g2TMkHO0loKPBQspgRbHOp1zSsX635dX8GtEyCgtSgQLNf/eoNFEkFlZZwbEw38BMbZlhbRjidVnqpoQkmYzykXUclFtSE2ezWKTpxygDFSruSFs3U3xMZFsZMROQ6BbYjs+jl4n9eN7XxdZgxmaSWSjJfFKccWYXyx9GAaUosnziCiWbuVkRGWGNiXTwVF0Kw+PIyeTyrB+f1y/uLWuOmiKMMR3AMpxDAFTTgDprQAgIjeIZXePOE9+K9ex/z1pJXzBzCH3ifP/W0jjE=</latexit>

Comparing       with           : measure true anisotropic stress

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

<latexit sha1_base64="WcYcvGwx3IW2iA7ZM8qDscDxwJQ=">AAAB8XicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCfWAbymQyaYfOTMLMRCghf+HGhSJu/Rt3/o3TNgttPXDhcM693HtPkHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY3079zhNVmsXywUwS6gs8lCxiBBsrPbYHWV8JFIp8UK25dXcGtEy8gtSgQHNQ/eqHMUkFlYZwrHXPcxPjZ1gZRjjNK/1U0wSTMR7SnqUSC6r9bHZxjk6sEqIoVrakQTP190SGhdYTEdhOgc1IL3pT8T+vl5ro2s+YTFJDJZkvilKOTIym76OQKUoMn1iCiWL2VkRGWGFibEgVG4K3+PIyaZ/Vvcv6xf15rXFTxFGGIziGU/DgChpwB01oAQEJz/AKb452Xpx352PeWnKKmUP4A+fzB2Y4kME=</latexit>

Vdm
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Forecasts with LSST and SKA
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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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Conclusion

We can also test the validity of Euler equation: test of 
the weak equivalence principle (Sveva Castello's talk)

It allows us to measure directly the anisotropic 
stress      smoking gun for modified gravity

Among them, gravitational redshift is essential to 
distinguish modified gravity from a dark fifth force 

Relativistic effects will be measurable with DESI 
and SKA2       dipole in cross-correlation
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Backup slides



Annecy 2023    Camille Bonvin      p.   /3133

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

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

�k2 = 4⇡Ga2⇢mµ�

<latexit sha1_base64="xXSbs5i/jqBGvQK12j0N1yFCTrU="></latexit>

�k2(�+ ) = 8⇡Ga2⇢m⌃ �

Exemple from DES and eBOSS

<latexit sha1_base64="2tMw16tmeg61EUl+Dtv/iUiqm4s=">AAACDHicbVDLSgMxFM34rPVVdelmsAgVocyUoi6LblxWsA/oDCWTudOGZh4kGaGE+QA3/oobF4q49QPc+Tem01lo64HA4Zxzk5vjJYwKaVnfxsrq2vrGZmmrvL2zu7dfOTjsijjlBDokZjHve1gAoxF0JJUM+gkHHHoMet7kZub3HoALGkf3cpqAG+JRRANKsNTSsFJVTn6J4uBnTsAxUXamGpkTpjX73AGJzzKdsupWDnOZ2AWpogLtYeXL8WOShhBJwrAQA9tKpKswl5QwyMpOKiDBZIJHMNA0wiEIV+V7ZOapVnwziLk+kTRz9feEwqEQ09DTyRDLsVj0ZuJ/3iCVwZWraJSkEiIyfyhImSljc9aM6VMORLKpJphwqnc1yRjrRqTur6xLsBe/vEy6jbp9UW/eNaut66KOEjpGJ6iGbHSJWugWtVEHEfSIntErejOejBfj3fiYR1eMYuYI/YHx+QPrs5uE</latexit>

1

2
µ(1 + ⌘)

<latexit sha1_base64="5a3jtcUqnyUp6j2FJhbbgZl2/AM=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh960X664VXcOskq8nFQgR6Nf/uoNYpZGXCGT1Jiu5yboZ1SjYJJPS73U8ISyMR3yrqWKRtz42fzSKTmzyoCEsbalkMzV3xMZjYyZRIHtjCiOzLI3E//zuimG134mVJIiV2yxKEwlwZjM3iYDoTlDObGEMi3srYSNqKYMbTglG4K3/PIqaV1Uvctq7b5Wqd/kcRThBE7hHDy4gjrcQQOawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD6F6jXA=</latexit>

}
<latexit sha1_base64="r8ORZ4Ris30l1lyQlvNuLE7TJ04=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ie0oWy2k3bpbhJ2N0IJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSNsGm4EdhKFVAYC28H4dua3n1BpHkcPZpKgL+kw4iFn1FjpMespSTAMp/1yxa26c5BV4uWkAjka/fJXbxCzVGJkmKBadz03MX5GleFM4LTUSzUmlI3pELuWRlSi9rP5wVNyZpUBCWNlKzJkrv6eyKjUeiID2ympGellbyb+53VTE177GY+S1GDEFovCVBATk9n3ZMAVMiMmllCmuL2VsBFVlBmbUcmG4C2/vEpaF1Xvslq7r1XqN3kcRTiBUzgHD66gDnfQgCYwkPAMr/DmKOfFeXc+Fq0FJ585hj9wPn8AvROQYQ==</latexit> e↵

Fifth force
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<latexit sha1_base64="ksYGOixn5nn5f1o2hYitBH6ZWuE=">AAACCHicbVDLSsNAFJ3UV62vqEsXBotQEUtSiropFN24rGAf0IQwmU7q0JlJmJkIJWTpxl9x40IRt36CO//GaZuFth64cDjnXu69J4gpkcq2v43C0vLK6lpxvbSxubW9Y+7udWSUCITbKKKR6AVQYko4biuiKO7FAkMWUNwNRtcTv/uAhSQRv1PjGHsMDjkJCYJKS7552HBDAVHqZGktqzinLlbQt09clvj2mdOwfbNsV+0prEXi5KQMcrR888sdRChhmCtEoZR9x46Vl0KhCKI4K7mJxDFEIzjEfU05ZFh66fSRzDrWysAKI6GLK2uq/p5IIZNyzALdyaC6l/PeRPzP6ycqvPRSwuNEYY5mi8KEWiqyJqlYAyIwUnSsCUSC6FstdA91MEpnV9IhOPMvL5JOreqcV+u39XLzKo+jCA7AEagAB1yAJrgBLdAGCDyCZ/AK3own48V4Nz5mrQUjn9kHf2B8/gC3EZfc</latexit>

=
1

2
(1 + ⌘0)µ0 � 1 = 0

<latexit sha1_base64="JTyTIZMwXdUWvIFrQjFoZ7wAdPc=">AAAB+XicbVBNSwMxEM3Wr1q/Vj16CRbBU9mVol6Eogc9VrAf0C0lm07b0CS7JtliWfpPvHhQxKv/xJv/xrTdg7Y+GHi8N8PMvDDmTBvP+3ZyK6tr6xv5zcLW9s7unrt/UNdRoijUaMQj1QyJBs4k1AwzHJqxAiJCDo1weDP1GyNQmkXywYxjaAvSl6zHKDFW6rju1VNwS4QgHS+Q8Ii9jlv0St4MeJn4GSmiDNWO+xV0I5oIkIZyonXL92LTTokyjHKYFIJEQ0zokPShZakkAnQ7nV0+wSdW6eJepGxJg2fq74mUCK3HIrSdgpiBXvSm4n9eKzG9y3bKZJwYkHS+qJdwbCI8jQF3mQJq+NgSQhWzt2I6IIpQY8Mq2BD8xZeXSf2s5J+XyvflYuU6iyOPjtAxOkU+ukAVdIeqqIYoGqFn9IrenNR5cd6dj3lrzslmDtEfOJ8/QxWSxw==</latexit> =
x
�
0
6=

0



Annecy 2023    Camille Bonvin      p.   /31

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

�+ 

34

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>

�+ 

Tutusaus, Sobral-Blanco 
and CB (2022)

Measurements with DES (preliminary)

Measure the evolution of           in four redshift bins with 
a precision of 4 to 9 percent

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

�+ 

Tutusaus, CB and 
Grimm-Thieme (in prep)
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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 two different scale cuts
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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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<latexit sha1_base64="YvIoDEG6H499/XCYZshXSTCfsb0="></latexit>


