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     tension,     tension, evolving dark energy

We work on them: new models, new measurements

Back of our mind        systematics?

What would it take to truly convince us?

Seeing the same tensions in different data sets?

Seeing deviations at the level of the background and 
the perturbations pointing towards the same theory?

Can we hope for it?
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In modified gravity we could have

Can we realistically hope for this?

Deviations in the background

Change in the growth of structure

Change in potentials       gravitational lensing

Are we right to build new expensive missions 
with that goal?

Beyond   CDM?
<latexit sha1_base64="PcYEkfEoHvl6OaohiP1XsoK61dA=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIrkoiUl0W3bhwUcE+oAllMpm0QycPZiZCCQF/xY0LRdz6He78G6dpFtp6YOBwzj1zZ46XcCaVZX0blZXVtfWN6mZta3tnd8/cP+jKOBWEdkjMY9H3sKScRbSjmOK0nwiKQ4/Tnje5mfm9Ryoki6MHNU2oG+JRxAJGsNLS0Dxyijsyj6c0z5w7nfRxPjTrVsMqgJaJXZI6lGgPzS/Hj0ka0kgRjqUc2Fai3AwLxQinec1JJU0wmeARHWga4ZBKNytW5+hUKz4KYqFPpFCh/k5kOJRyGnp6MsRqLBe9mfifN0hVcOVmLEpSRSMyXxSkHKkYzbpAPhOUKD7VBBPB9FsRGWOBidKN1XQJ9uKXl0n3vGE3G837i3rruqyjCsdwAmdgwyW04Bba0AECGTzDK7wZT8aL8W58zEcrRpk5hD8wPn8AErSWOA==</latexit>

⇤

<latexit sha1_base64="agGPWATEnPOueN/NBtplJwSufs4=">AAAB8HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyK1B6LXjxWsLXSLiWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZemAhurOd9o8La+sbmVnG7tLO7t39QPjxqmzjVlLVoLGLdCYlhgivWstwK1kk0IzIU7CEc38z8hyemDY/VvZ0kLJBkqHjEKbFOeox6hg8l6df75YpX9ebAq8TPSQVyNPvlr94gpqlkylJBjOn6XmKDjGjLqWDTUi81LCF0TIas66gikpkgmx88xWdOGeAo1q6UxXP190RGpDETGbpOSezILHsz8T+vm9qoHmRcJallii4WRanANsaz7/GAa0atmDhCqObuVkxHRBNqXUYlF4K//PIqaV9U/Vq1dndZaVzncRThBE7hHHy4ggbcQhNaQEHCM7zCG9LoBb2jj0VrAeUzx/AH6PMHlryQSQ==</latexit>

f�8



 CosmoFONDUE     Camille Bonvin      p.     /125

The growth rate

2dFGRS
6dFGS
WiggleZ
SDSS
Gamma
2MASS
2MTF
Vipers
FastSound
IRAS
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The growth rate

2dFGRS
6dFGS
WiggleZ
SDSS
Gamma
2MASS
2MTF
Vipers
FastSound
IRAS

We are in a situation where it 
makes sense to redo what we have 

already done, more precisely
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New observables

Until now, we have measurements of

Change in spectrum        velocities

Change in light propagation: cosmic shear, CMB 
lensing, magnification in galaxy clustering

Can we measure something else?
Relativistic effects        gravitational redshift      
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Yoo, Fitzpatrick & Zaldarriaga (2009)

CB & Durrer (2011)

Challinor & Lewis (2011)

Jeong, Schmidt & Hirata (2011)

CB, Hui and Gaztanaga (2014)

McDonald (2009)
Croft (2013)
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Gravitational redshift

Already measured in clusters with SDSS/eBOSS

2.7 sigma detection in the non-linear regime with BOSS

DESI should measure it in the linear regime

Why interesting? 
In   CDM: no interest

Can be used to test gravity and dark forces

Alam, Zhu, Croft et al. (2017)
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CB & Fleury (2018), Saga, Taruya, Rasera & Breton (2021), Castello, Grimm & 
CB (2022), CB & Pogosian (2023), Castello, Zheng, CB & Amendola (2025)

Wojtak, Hansen & Hjorth 
(2011), Sadeh, Feng, Lahav 
(2015), Mpetha et al (2021), 
Rosselli et al (2023)

Beutler & Di Dio (2020), 
CB, Lepori, Schulz, Tutusaus, 
Adamek & Fosalba (2023)

Project: Castello & Mpetha

Project: Lepori

Lahav

WG: Beutler

Euclid

DESI Euclid 
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Gravitational redshift

Current tests of gravity

Measure           from lensing

Measure      from RSD
gravitational slip

What if Euler's equation is not valid?       Wrong

Adding     allows us to discriminate between theories

Compare           with    : test of gravity

Compare     with     : test of dark forces

V
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Other LSS observables

Kinetic dipole: 5 sigma tension (quasars and radio sources)
Truly a shift in paradigm: no isotropic background

Measure it with other sources: galaxies (Euclid), 
SNe, GWs

21cm: 
HIRAX: BAO up to            and new tracer of the LSS

SKA: large scales (non-gaussianities), high redshift (first stars),
high density (relativistic effects)

Rubart & Schwarz (2013); Bengaly, Maartens & Santos (2018); 
Secrest, von Hausegger, Rameez, Mohayaee & Sarkar (2022)

Sorrenti, Durrer & Kunz (2023); Grimm, Pijnenburg, 
Mastrogiovanni, CB, Foffa & Cusin (2023)

Measure                  cross-correlations in galaxy clustering
<latexit sha1_base64="G9YkJ1ptflpPssK9FwZ7PMK2l+4=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoMQEcOuSPQY9OIxgnlAsoTZSW8yZPbhzGwghHyHFw+KePVjvPk3ziZ70GhBN0VVN9NTXiy40rb9ZeVWVtfWN/Kbha3tnd294v5BU0WJZNhgkYhk26MKBQ+xobkW2I4l0sAT2PJGt6nfGqNUPAof9CRGN6CDkPucUW0kt4tCnJfTfuac9oolu2LPQf4SJyMlyFDvFT+7/YglAYaaCapUx7Fj7U6p1JwJnBW6icKYshEdYMfQkAao3On86Bk5MUqf+JE0FWoyV39uTGmg1CTwzGRA9VAte6n4n9dJtH/tTnkYJxpDtnjITwTREUkTIH0ukWkxMYQyyc2thA2ppEybnAomBGf5y39J86LiVCvV+8tS7SaLIw9HcAxlcOAKanAHdWgAg0d4ghd4tcbWs/VmvS9Gc1a2cwi/YH18AyyOkRM=</latexit>

`� (`+ 1)
Lacasa, CB, Dalang & Durrer (2024)

<latexit sha1_base64="BfogqC1w8DbRdXBCAd23Gp+PJes=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0iKrV6EohePFUxbaEPZbDft0s0m7G6EGvobvHhQxKs/yJv/xm2bg7Y+GHi8N8PMvCDhTGnH+bYKa+sbm1vF7dLO7t7+QfnwqKXiVBLqkZjHshNgRTkT1NNMc9pJJMVRwGk7GN/O/PYjlYrF4kFPEupHeChYyAjWRvKerqt2rV+uOLYzB1olbk4qkKPZL3/1BjFJIyo04Viprusk2s+w1IxwOi31UkUTTMZ4SLuGChxR5WfzY6fozCgDFMbSlNBorv6eyHCk1CQKTGeE9UgtezPxP6+b6vDKz5hIUk0FWSwKU450jGafowGTlGg+MQQTycytiIywxESbfEomBHf55VXSqtpu3a7fX1QaN3kcRTiBUzgHFy6hAXfQBA8IMHiGV3izhPVivVsfi9aClc8cwx9Ynz/CBo4D</latexit>

z = 2.5
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Synergies between GWs and LSS

Hubble diagram combining     from GWs and    
from galaxies

Lensing of GWs

Impact of peculiar velocities on GWs

Schutz (1986); Holz & Hughes (2005); Dalal et al. (2006); 
MacLeod & Hogan (2008); Del Pozzo (2012); Nissanke et 
al. (2013); Finke et al. (2021);  Cousins et al (2025)...

<latexit sha1_base64="eZ1moTitpN+S/i2uk1saLDj2q5M=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiovmA5Ah7e3PJkr29Y3dPCCE/wcZCEVt/kZ3/xk1yhUYfDDzem2FmXpAKro3rfjmFldW19Y3iZmlre2d3r7x/0NJJphg2WSIS1QmoRsElNg03AjupQhoHAtvB6Hrmtx9RaZ7IBzNO0Y/pQPKIM2qsdB/2b/vlilt15yB/iZeTCuRo9MufvTBhWYzSMEG17npuavwJVYYzgdNSL9OYUjaiA+xaKmmM2p/MT52SE6uEJEqULWnIXP05MaGx1uM4sJ0xNUO97M3E/7xuZqJLf8JlmhmUbLEoygQxCZn9TUKukBkxtoQyxe2thA2poszYdEo2BG/55b+kdVb1atXa3XmlfpXHUYQjOIZT8OAC6nADDWgCgwE8wQu8OsJ5dt6c90VrwclnDuEXnI9vGbaNsg==</latexit>

dL
<latexit sha1_base64="Pt2VBvY3gT2Tsw9FvvB6PwNcwFQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOzTjQk=</latexit>z

Cutler & Holz (2009); Camera & Nishizawa (2013); 
Balaudo, Garoffolo, Martinelli, Mukherjee & Silvestri 
(2023); Beltrame, Bonici & Carbone (2024), ...

CB, Caprini, Sturani & Tamanini (2016); Inayoshi, 
Tamanini, Caprini & Haiman (2017);  Tamanini, Klein, 
CB, Barausse & Caprini (2019); CB, Cusin, Pitrou, 
Mastrogiovanni, Congedo & Gair (2023)
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CMB

Primordial GWs through B-modes

Delensing will give us a factor 3 improvement 
for BICEP/Keck

Neutrino masses through gravitational lensing

Simon Observatory 

Synergy with LSS: DESI and Euclid

<latexit sha1_base64="ET6FUCbMDRrS317kpD7LMXWUwWY=">AAAB/HicbVC7TsMwFHV4lvIKdGSxqJDKUiWACmMFC2OR6ENqospxndaq7QTbQYqi8issDCDEyoew8Tc4bQZoOdLVPTrnXvn6BDGjSjvOt7Wyura+sVnaKm/v7O7t2weHHRUlEpM2jlgkewFShFFB2ppqRnqxJIgHjHSDyU3udx+JVDQS9zqNic/RSNCQYqSNNLArnqIjjmry1GPkATp1xzkf2NW854DLxC1IFRRoDewvbxjhhBOhMUNK9V0n1n6GpKaYkWnZSxSJEZ6gEekbKhAnys9mx0/hiVGGMIykKaHhTP29kSGuVMoDM8mRHqtFLxf/8/qJDq/8jIo40UTg+UNhwqCOYJ4EHFJJsGapIQhLam6FeIwkwtrkVTYhuItfXiads7rbqDfuLqrN6yKOEjgCx6AGXHAJmuAWtEAbYJCCZ/AK3qwn68V6tz7moytWsVMBf2B9/gBofJNT</latexit>

�(r)  0.003

CMB-S4
<latexit sha1_base64="aE92XPDbEtDmlr9OveZjSaIGHRU=">AAACBHicbVC7SgNBFJ31GeNr1TLNYBBiYdiVGG2EoI1lBPOA7BpmJ7PJkJnZZWZWCEsKG3/FxkIRWz/Czr9xkmyhiQcuHM65l3vvCWJGlXacb2tpeWV1bT23kd/c2t7Ztff2mypKJCYNHLFItgOkCKOCNDTVjLRjSRAPGGkFw+uJ33ogUtFI3OlRTHyO+oKGFCNtpK5d8BTtc1SSx/ASnnmacqKg69ynJ5Vx1y46ZWcKuEjcjBRBhnrX/vJ6EU44ERozpFTHdWLtp0hqihkZ571EkRjhIeqTjqECmWV+On1iDI+M0oNhJE0JDafq74kUcaVGPDCdHOmBmvcm4n9eJ9HhhZ9SESeaCDxbFCYM6ghOEoE9KgnWbGQIwpKaWyEeIImwNrnlTQju/MuLpHladqvl6m2lWLvK4siBAjgEJeCCc1ADN6AOGgCDR/AMXsGb9WS9WO/Wx6x1ycpmDsAfWJ8/6MWWXA==</latexit>

�(r) = 5⇥ 10�4


