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Redshift 

<latexit sha1_base64="gUyDocW3bLCCXtW2Ky/FC9hiM9o=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0UQhJKIr41QdOOygn1AE8JkMmmHTiZhZiLUkLUbf8WNC0Xc+gXu/BunbRBtPTBwOOce7tzjJ4xKZVlfRmlufmFxqbxcWVldW98wN7daMk4FJk0cs1h0fCQJo5w0FVWMdBJBUOQz0vYHVyO/fUeEpDG/VcOEuBHqcRpSjJSWPHPXPryHF9AJBcKZw3QwQF6c/1CZe2bVqlljwFliF6QKCjQ889MJYpxGhCvMkJRd20qUmyGhKGYkrzipJAnCA9QjXU05ioh0s/EpOdzXSgDDWOjHFRyrvxMZiqQcRr6ejJDqy2lvJP7ndVMVnrsZ5UmqCMeTRWHKoIrhqBcYUEGwYkNNEBZU/xXiPtKtKN1eRZdgT588S1pHNfu0dnJzXK1fFnWUwQ7YAwfABmegDq5BAzQBBg/gCbyAV+PReDbejPfJaMkoMtvgD4yPb7UTmlQ=</latexit>

1 + z =
�o

�s

Far away galaxies appear shifted towards the red of the spectrum.

<latexit sha1_base64="b/lVSUaJfqYBjFRcf1P+U5bKjQM=">AAAB9XicbVDLTsMwENyUVymvAkcuFhUSpypBvI4VXDgWiT6kNlSO47RWHSeyHVCJ8h9cOIAQV/6FG3+Dm+YALSOtNJrZ9XrHizlT2ra/rdLS8srqWnm9srG5tb1T3d1rqyiRhLZIxCPZ9bCinAna0kxz2o0lxaHHaccbX0/9zgOVikXiTk9i6oZ4KFjACNZGuu/nL6SS+ln6lA2qNbtu50CLxClIDQo0B9Wvvh+RJKRCE46V6jl2rN0US80Ip1mlnygaYzLGQ9ozVOCQKjfNd2boyCg+CiJpSmiUq78nUhwqNQk90xliPVLz3lT8z+slOrh0UybiRFNBZouChCMdoWkEyGeSEs0nhmAimfkrIiMsMdEmqIoJwZk/eZG0T+rOef3s9rTWuCriKMMBHMIxOHABDbiBJrSAgIRneIU369F6sd6tj1lrySpm9uEPrM8fgyuTMA==</latexit>z

<latexit sha1_base64="Nc8JBoLJwLH74YabXkCw/VqIA9Q=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCtYU2lMlk0g6dTMLMjVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCajhUijeQoGSd1LNaRxI3g5Gt1O//cS1EYl6wHHK/ZgOlIgEo2ildk/aaEj71Zpbd2cgy8QrSA0KNPvVr16YsCzmCpmkxnQ9N0U/pxoFk3xS6WWGp5SN6IB3LVU05sbPZ+tOyIlVQhIl2j6FZKb+nshpbMw4Dmwypjg0i95U/M/rZhhd+7lQaYZcsflHUSYJJmR6OwmF5gzl2BLKtLC7EjakmjK0DVVsCd7iycvk8azuXdYv7s9rjZuijjIcwTGcggdX0IA7aEILGIzgGV7hzUmdF+fd+ZhHS04xcwh/4Hz+AEAFj4c=</latexit>

�

<latexit sha1_base64="OESeqeI4Yljl3oJLZizH+xYliMo=">AAAB8XicbVDLSgMxFL3xWeur6tJNsAh1U2bE17LoRncV7APboWQymTY0kxmSjFCG/oUbF4q49W/c+Tem7Sy09UDgcM655N7jJ4Jr4zjfaGl5ZXVtvbBR3Nza3tkt7e03dZwqyho0FrFq+0QzwSVrGG4EayeKkcgXrOUPbyZ+64kpzWP5YEYJ8yLSlzzklBgrPd5VusKGA3LSK5WdqjMFXiRuTsqQo94rfXWDmKYRk4YKonXHdRLjZUQZTgUbF7upZgmhQ9JnHUsliZj2sunGY3xslQCHsbJPGjxVf09kJNJ6FPk2GREz0PPeRPzP66QmvPIyLpPUMElnH4WpwCbGk/NxwBWjRowsIVRxuyumA6IINbakoi3BnT95kTRPq+5F9fz+rFy7zusowCEcQQVcuIQa3EIdGkBBwjO8whvS6AW9o49ZdAnlMwfwB+jzB57gkD8=</latexit>

I(�)

<latexit sha1_base64="Vk2FtA9Hv5axtE25Cwrw9feFwps=">AAACA3icbVDLSsQwFE19juOr6k43wUFwNbTiayOMunE5gvOAaSlpms6ESZOSpOJQCm78FTcuFHHrT7jzb8w8FjrjgcDhnHO5uSdMGVXacb6tufmFxaXl0kp5dW19Y9Pe2m4qkUlMGlgwIdshUoRRThqaakbaqSQoCRlphf3rod+6J1JRwe/0ICV+grqcxhQjbaTA3vWYCUcoUPACutDrheIh92R+WRSBXXGqzghwlrgTUgET1AP7y4sEzhLCNWZIqY7rpNrPkdQUM1KUvUyRFOE+6pKOoRwlRPn56IYCHhglgrGQ5nENR+rviRwlSg2S0CQTpHtq2huK/3mdTMfnfk55mmnC8XhRnDGoBRwWAiMqCdZsYAjCkpq/QtxDEmFtaiubEtzpk2dJ86jqnlZPbo8rtatJHSWwB/bBIXDBGaiBG1AHDYDBI3gGr+DNerJerHfrYxydsyYzO+APrM8f/myXIg==</latexit>

�s = 1Å
<latexit sha1_base64="u/lTEX4pDOjdPVfA/k36zbrFMws=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBVUmKr41QdeOygn1AE8JkMmmHTjJhZiKWEHDjr7hxoYhbf8Kdf+O0zUJbDwwczjmXO/f4CaNSWda3UVpYXFpeKa9W1tY3NrfM7Z225KnApIU546LrI0kYjUlLUcVINxEERT4jHX94PfY790RIyuM7NUqIG6F+TEOKkdKSZ+45TIcD5HF4AevQGfj8IXNEdpnnnlm1atYEcJ7YBamCAk3P/HICjtOIxAozJGXPthLlZkgoihnJK04qSYLwEPVJT9MYRUS62eSGHB5qJYAhF/rFCk7U3xMZiqQcRb5ORkgN5Kw3Fv/zeqkKz92MxkmqSIyni8KUQcXhuBAYUEGwYiNNEBZU/xXiARIIK11bRZdgz548T9r1mn1aO7k9rjauijrKYB8cgCNggzPQADegCVoAg0fwDF7Bm/FkvBjvxsc0WjKKmV3wB8bnD/mplx8=</latexit>

�o = 2Å

<latexit sha1_base64="Nc8JBoLJwLH74YabXkCw/VqIA9Q=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiTia1l047KCtYU2lMlk0g6dTMLMjVBCP8KNC0Xc+j3u/BunbRbaemDgcM65zL0nSKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjLdYIhPdCajhUijeQoGSd1LNaRxI3g5Gt1O//cS1EYl6wHHK/ZgOlIgEo2ildk/aaEj71Zpbd2cgy8QrSA0KNPvVr16YsCzmCpmkxnQ9N0U/pxoFk3xS6WWGp5SN6IB3LVU05sbPZ+tOyIlVQhIl2j6FZKb+nshpbMw4Dmwypjg0i95U/M/rZhhd+7lQaYZcsflHUSYJJmR6OwmF5gzl2BLKtLC7EjakmjK0DVVsCd7iycvk8azuXdYv7s9rjZuijjIcwTGcggdX0IA7aEILGIzgGV7hzUmdF+fd+ZhHS04xcwh/4Hz+AEAFj4c=</latexit>

�

<latexit sha1_base64="OESeqeI4Yljl3oJLZizH+xYliMo=">AAAB8XicbVDLSgMxFL3xWeur6tJNsAh1U2bE17LoRncV7APboWQymTY0kxmSjFCG/oUbF4q49W/c+Tem7Sy09UDgcM655N7jJ4Jr4zjfaGl5ZXVtvbBR3Nza3tkt7e03dZwqyho0FrFq+0QzwSVrGG4EayeKkcgXrOUPbyZ+64kpzWP5YEYJ8yLSlzzklBgrPd5VusKGA3LSK5WdqjMFXiRuTsqQo94rfXWDmKYRk4YKonXHdRLjZUQZTgUbF7upZgmhQ9JnHUsliZj2sunGY3xslQCHsbJPGjxVf09kJNJ6FPk2GREz0PPeRPzP66QmvPIyLpPUMElnH4WpwCbGk/NxwBWjRowsIVRxuyumA6IINbakoi3BnT95kTRPq+5F9fz+rFy7zusowCEcQQVcuIQa3EIdGkBBwjO8whvS6AW9o49ZdAnlMwfwB+jzB57gkD8=</latexit>

I(�)

Observer

<latexit sha1_base64="XSbwQOHpHDdqzfBcnU7XTW28IfI=">AAAB+XicbVC7TsMwFL0pr1JeAUaWiAqJqUoQr7GChbFI9CG1UeQ4TmvVsSPbqVRF/RMWBhBi5U/Y+BucNgO0HMny0Tn3yscnTBlV2nW/rcra+sbmVnW7trO7t39gHx51lMgkJm0smJC9ECnCKCdtTTUjvVQSlISMdMPxfeF3J0QqKviTnqbET9CQ05hipI0U2PYgFCxS08Rc+WQWiMCuuw13DmeVeCWpQ4lWYH8NIoGzhHCNGVKq77mp9nMkNcWMzGqDTJEU4TEakr6hHCVE+fk8+cw5M0rkxEKaw7UzV39v5ChRRTgzmSA9UsteIf7n9TMd3/o55WmmCceLh+KMOVo4RQ1ORCXBmk0NQVhSk9XBIyQR1qasminBW/7yKulcNLzrxtXjZb15V9ZRhRM4hXPw4Aaa8AAtaAOGCTzDK7xZufVivVsfi9GKVe4cwx9Ynz9aC5Qk</latexit>vo

Source

Charles Dalang

Doppler shifted
 spectrum
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Hubble diagram

<latexit sha1_base64="I6lx7kJ3J2ctPwbk+TFgr5/RVcU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZk1wwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOyBjQg=</latexit>z

<latexit sha1_base64="0LJlmNLhaCFjKhxM82YAsIYbTYU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoMQL2FXfB2DevDgIYJ5QLKE2clsMmZ2ZpmZFeKSf/DiQRGv/o83/8ZJsgeNFjQUVd10dwUxZ9q47peTW1hcWl7JrxbW1jc2t4rbOw0tE0VonUguVSvAmnImaN0ww2krVhRHAafNYHg58ZsPVGkmxZ0ZxdSPcF+wkBFsrNS46t6UHw+7xZJbcadAf4mXkRJkqHWLn52eJElEhSEca9323Nj4KVaGEU7HhU6iaYzJEPdp21KBI6r9dHrtGB1YpYdCqWwJg6bqz4kUR1qPosB2RtgM9Lw3Ef/z2okJz/2UiTgxVJDZojDhyEg0eR31mKLE8JElmChmb0VkgBUmxgZUsCF48y//JY2jindaObk9LlUvsjjysAf7UAYPzqAK11CDOhC4hyd4gVdHOs/Om/M+a8052cwu/ILz8Q2OtI56</latexit>

DL(z)

<latexit sha1_base64="85st1DAi5cy1BTnxGf+yjNvOxeE="></latexit>

DL(z) =
c(1 + z)

H0

Z z

0

dz0

E(z0)
'

cz

H0
+O(z2)

<latexit sha1_base64="85st1DAi5cy1BTnxGf+yjNvOxeE="></latexit>

DL(z) =
c(1 + z)

H0

Z z

0

dz0

E(z0)
'

cz

H0
+O(z2)

<latexit sha1_base64="LHkuTgElvViJO47wOwRJjDl/Hxw=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VZJSHxuhqIiLLirYBzQxTKaTdujkwcxEKCGf4MZfceNCEbcu3fk3TtostPXAhcM593LvPW7EqJCG8a0VFhaXlleKq6W19Y3NLX17py3CmGPSwiELeddFgjAakJakkpFuxAnyXUY67ugy8zsPhAsaBndyHBHbR4OAehQjqSRHP7x2QngOLY8jnFg+kkOMWNJIHZEmNWhFFF45jftq6uhlo2JMAOeJmZMyyNF09C+rH+LYJ4HEDAnRM41I2gnikmJG0pIVCxIhPEID0lM0QD4RdjJ5KIUHSulDL+SqAgkn6u+JBPlCjH1XdWYni1kvE//zerH0zuyEBlEsSYCni7yYQRnCLB3Yp5xgycaKIMypuhXiIVLZSJVhSYVgzr48T9rVinlSOb6tlesXeRxFsAf2wREwwSmogxvQBC2AwSN4Bq/gTXvSXrR37WPaWtDymV3wB9rnD1LUnCg=</latexit>

Fo =
Ls

4⇡D2
L

Energy content of the Universe

D
is

ta
nc

e

Recession speed

Hubble constant

Described by the details of 
<latexit sha1_base64="d9ovzopBT3Dq4OxbwbexMcwEliQ=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2NQBI8RzAOSJcxOZpMhM7PLzKwQl/yCFw+KePWHvPk3ziZ70MSChqKqm+6uIOZMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+U0eJIrRBIh6pdoA15UzShmGG03asKBYBp61gdJP5rUeqNIvkgxnH1Bd4IFnICDaZdFt5OumVym7VnQItEi8nZchR75W+uv2IJIJKQzjWuuO5sfFTrAwjnE6K3UTTGJMRHtCOpRILqv10eusEHVulj8JI2ZIGTdXfEykWWo9FYDsFNkM972Xif14nMeGVnzIZJ4ZKMlsUJhyZCGWPoz5TlBg+tgQTxeytiAyxwsTYeIo2BG/+5UXSPK16F9Xz+7Ny7TqPowCHcAQV8OASanAHdWgAgSE8wyu8OcJ5cd6dj1nrkpPPHMAfOJ8/QEKNvA==</latexit>

E(z)

Described by 
<latexit sha1_base64="pVq+6uqH8Mu831vrn0StxNYoUdU=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQS44RzQOSJcxOZpMhs7PLTK8QlnyCFw+KePWLvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x+0TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuTaiFg94CThfkSHSoSCUbTSfb3v9ssVt+rOQf4SLycVyNHolz97g5ilEVfIJDWm67kJ+hnVKJjk01IvNTyhbEyHvGupohE3fjY/dUpOrDIgYaxtKSRz9edERiNjJlFgOyOKI7PszcT/vG6K4bWfCZWkyBVbLApTSTAms7/JQGjOUE4soUwLeythI6opQ5tOyYbgLb/8l7TOqt5l9eLuvFK7yeMowhEcwyl4cAU1qEMDmsBgCE/wAq+OdJ6dN+d90Vpw8plD+AXn4xvEPY15</latexit>

H0

<latexit sha1_base64="XC9E7WYPsR0XkyuCWxRtWljiVI4="></latexit>

E(z) =
p

⌦m(1 + z)3 + ⌦DE(z)

Charles Dalang

Standard candles, 

Ex: supernovae type 1a
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 tension E. Di Valentino et. Al., 2021

<latexit sha1_base64="HuV3Plg8JOMyctX2ZvSFQOhYgQY=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclUR8LYtuuqxgH9CGMJlO2qGTSZiZKCHmU9y4UMStX+LOv3GaZqGtBy4czrl37tzjx4xKZdvfxsrq2vrGZmWrur2zu7dv1g66MkoEJh0csUj0fSQJo5x0FFWM9GNBUOgz0vOntzO/90CEpBG/V2lM3BCNOQ0oRkpLnlkbFm9kOEU8z1qenXtm3W7YBaxl4pSkDiXanvk1HEU4CQlXmCEpB44dKzdDQlHMSF4dJpLECE/RmAw05Sgk0s2Ktbl1opWRFURCF1dWof6eyFAoZRr6ujNEaiIXvZn4nzdIVHDtZpTHiSIczxcFCbNUZM1ysEZUEKxYqgnCguq/WniCBMJKp1XVITiLJy+T7lnDuWxc3J3XmzdlHBU4gmM4BQeuoAktaEMHMDzCM7zCm/FkvBjvxse8dcUoZw7hD4zPH7NXlEw=</latexit>

H0

la
la
la
la
la
la
la

|
{z

}
la
la
la
la
la
la
la

|
{z

}
Direct, 

late Universe measurements

Indirect, 
early Universe measurement

Charles Dalang
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DESI DR2, 2025 

Evolving dark energy…or alternative 
theory of gravity ?

<latexit sha1_base64="oveepzqSgpzGUS03vNoAyei6fcI=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0WoFEoivjZC8QEuK9gHNCFMppN26OTBzMTShvyCG3/FjQtF3Lpz5984bbPQ1gP3cjjnXmbucSNGhTSMby23sLi0vJJfLaytb2xu6ds7DRHGHJM6DlnIWy4ShNGA1CWVjLQiTpDvMtJ0+1djv/lAuKBhcC+HEbF91A2oRzGSSnL00sBJLO4n1zdpWhodwgs4cEJYVh1By+MIJ6M0Mcuj1NGLRsWYAM4TMyNFkKHm6F9WJ8SxTwKJGRKibRqRtBPEJcWMpAUrFiRCuI+6pK1ogHwi7GRyUQoPlNKBXshVBRJO1N8bCfKFGPqumvSR7IlZbyz+57Vj6Z3bCQ2iWJIATx/yYgZlCMfxwA7lBEs2VARhTtVfIe4hlYNUIRZUCObsyfOkcVQxTysnd8fF6mUWRx7sgX1QAiY4A1VwC2qgDjB4BM/gFbxpT9qL9q59TEdzWrazC/5A+/wBt7CcVg==</latexit>

wDE(z) = wo + wa
z

1 + z

GR with a cosmological constant

Charles Dalang

<latexit sha1_base64="INjv975sHIn/6QGyDRJlUStl7e0=">AAAB8XicbVDLSgNBEOyNrxhfqx69DAbBU9gVXxch6MVjBPPAZAmzk9lkyOzMMjOrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFSacaeN5305haXllda24XtrY3NrecXf3GlqmitA6kVyqVog15UzQumGG01aiKI5DTpvh8GbiNx+p0kyKezNKaBDjvmARI9hY6SFBV+gJddRAdt2yV/GmQIvEz0kZctS67lenJ0kaU2EIx1q3fS8xQYaVYYTTcamTappgMsR92rZU4JjqIJtePEZHVumhSCpbwqCp+nsiw7HWozi0nTE2Az3vTcT/vHZqossgYyJJDRVktihKOTISTd5HPaYoMXxkCSaK2VsRGWCFibEhlWwI/vzLi6RxUvHPK2d3p+XqdR5HEQ7gEI7Bhwuowi3UoA4EBDzDK7w52nlx3p2PWWvByWf24Q+czx9W8ZAR</latexit>p = w⇢pressure energy 
density
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Gravitational waves in General Relativity

time

x̂

ŷ

ẑ

a)

b)

c)

d)

(x̂� ŷ)plane

ẑ

x̂

e)

ẑf)
ŷ

x̂

ŷ

x̂

ŷ
Sp

in
-2 GR

Rotation 2⇡/s

They propagate at the speed of lights.

<latexit sha1_base64="OXlXMf6juRUABrcI2zq2FFhHPDE=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRKp1Y1Q6kKXFfqCJpbJdNIOnUzCzEQsIb/hxl9x40IRl7ryb5y2QbT1wMDhnHO5c48XMSqVZX0ZuaXlldW1/HphY3Nre8fc3WvJMBaYNHHIQtHxkCSMctJUVDHSiQRBgcdI2xtdTvz2HRGShryhxhFxAzTg1KcYKS31TMuphfdw2EucIHZ4nMIL6PgC4cSuOBGFV2mCb8spbPwEembRKllTwEViZ6QIMtR75ofTD3EcEK4wQ1J2bStSboKEopiRtODEkkQIj9CAdDXlKCDSTaaXpfBIK33oh0I/ruBU/T2RoEDKceDpZIDUUM57E/E/rxsr/9xNKI9iRTieLfJjBlUIJzXBPhUEKzbWBGFB9V8hHiJdjNJlFnQJ9vzJi6R1UrIrpdObcrFay+rIgwNwCI6BDc5AFVyDOmgCDB7AE3gBr8aj8Wy8Ge+zaM7IZvbBHxif36MwoBs=</latexit>

⇤hµ⌫ =
16⇡G

c4
Tµ⌫

<latexit sha1_base64="XQxe2AnP/mzTYH5+Dqs609l6anM=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBAEIeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfztLyyuraemGjuLm1vbNb2ttvmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGtxO/+cS1EbF6xFHC/Yj2lQgFo2ilh0H3tFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn01DE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophtd+JlSSIldstihMJcGYTP4mPaE5QzmyhDIt7K2EDaimDG06RRuCN//yImmcVbzLysX9ebl6k8dRgEM4ghPw4AqqcAc1qAODPjzDK7w50nlx3p2PWeuSk88cwB84nz/taY2U</latexit>

h+

<latexit sha1_base64="Uzy/g7Sd1udK2jFO9gwZSnlwPh4=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYns8mQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94DjhfkQHSoSCUbRSe9jrooi46ZUrbtWdgSwTLycVyFHvlb+6/ZilEVfIJDWm47kJ+hnVKJjkk1I3NTyhbEQHvGOponaJn83unZATq/RJGGtbCslM/T2R0ciYcRTYzoji0Cx6U/E/r5NieO1nQiUpcsXmi8JUEozJ9HnSF5ozlGNLKNPC3krYkGrK0EZUsiF4iy8vk+ZZ1busXtyfV2o3eRxFOIJjOAUPrqAGd1CHBjCQ8Ayv8OY8Oi/Ou/Mxby04+cwh/IHz+QM2FZAZ</latexit>

h⇥

Charles Dalang



8

Standard sirens

<latexit sha1_base64="JpUaV+0oTyAnwZ0s8jx1w25vuuE="></latexit>

Mz = (1 + z)
(m1m2)3/5

(m1 +m2)1/5

<latexit sha1_base64="hKXU7WrJHgY5J+3pYZmGge01nkE="></latexit>

dfo
dt

=
96

5
⇡8/3M5/3

z f11/3
o

<latexit sha1_base64="pLokzVeZAHczIMEFdSfAHMYSUjs="></latexit>

h / (GNMz)5/3f
2/3
o

DL

LIGO

Virgo

KAGRA

B. Schutz, 1986

D. Holz, S. Hughes 2005

Charles Dalang



9

Bright sirens

<latexit sha1_base64="NCkLDLLbBM2JokUwaldqb2ykq18=">AAACHXicbVDLSgMxFM34rPU16tJNsAiCtMyUarsRim66ESrYB7TTIZNm2tDMgyQjlmF+xI2/4saFIi7ciH9j2o6grQcunJxzL7n3OCGjQhrGl7a0vLK6tp7ZyG5ube/s6nv7TRFEHJMGDljA2w4ShFGfNCSVjLRDTpDnMNJyRlcTv3VHuKCBfyvHIbE8NPCpSzGSSrL1Us024AUsG7341CwmdpyvJLA7dIL7eORBkfTivPkjXId49rb1nFEwpoCLxExJDqSo2/pHtx/gyCO+xAwJ0TGNUFox4pJiRpJsNxIkRHiEBqSjqI88Iqx4el0Cj5XSh27AVfkSTtXfEzHyhBh7jur0kByKeW8i/ud1IulWrJj6YSSJj2cfuRGDMoCTqGCfcoIlGyuCMKdqV4iHiCMsVaBZFYI5f/IiaRYL5nnh7KaUq16mcWTAITgCJ8AEZVAFNVAHDYDBA3gCL+BVe9SetTftfda6pKUzB+APtM9vXl6gVQ==</latexit>

H0 = 70+12
�8 km s�1Mpc�1

LIGO & Virgo collaboration et al., 2017

Charles Dalang



Statistics?
C.D., R. Durrer, F. Lacasa 2022

Dark sirens LIGO, 2016

B. Schutz, 1986

MICECAT v2

C.D., T. Baker,  in prep.

Time (s)

<latexit sha1_base64="JpUaV+0oTyAnwZ0s8jx1w25vuuE="></latexit>

Mz = (1 + z)
(m1m2)3/5

(m1 +m2)1/5

<latexit sha1_base64="hKXU7WrJHgY5J+3pYZmGge01nkE="></latexit>

dfo
dt

=
96

5
⇡8/3M5/3

z f11/3
o

10

<latexit sha1_base64="I6lx7kJ3J2ctPwbk+TFgr5/RVcU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZk1wwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOyBjQg=</latexit>zGalaxy catalogue for redshift 

Charles Dalang

Potential 
hosting 
volume<latexit sha1_base64="pLokzVeZAHczIMEFdSfAHMYSUjs="></latexit>

h / (GNMz)5/3f
2/3
o

DL



<latexit sha1_base64="07wOOGCJ4HjrPP6hYTkHPGs58I0=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjPia1l0484K9gHToWTSTBuaSYbkjlCGfoYbF4q49Wvc+Tdm2llo64HA4Zx7ybknTAQ34LrfTmlldW19o7xZ2dre2d2r7h+0jUo1ZS2qhNLdkBgmuGQt4CBYN9GMxKFgnXB8m/udJ6YNV/IRJgkLYjKUPOKUgJX8XkxgRInI7qf9as2tuzPgZeIVpIYKNPvVr95A0TRmEqggxviem0CQEQ2cCjat9FLDEkLHZMh8SyWJmQmyWeQpPrHKAEdK2ycBz9TfGxmJjZnEoZ3MI5pFLxf/8/wUousg4zJJgUk6/yhKBQaF8/vxgGtGQUwsIVRzmxXTEdGEgm2pYkvwFk9eJu2zundZv3g4rzVuijrK6Agdo1PkoSvUQHeoiVqIIoWe0St6c8B5cd6dj/loySl2DtEfOJ8/iNSRbw==</latexit>

O

11

Cross-correlation

Charles Dalang 11Charles Dalang

I. S. Matos, C.D. et al, 2025
Animation credit: Charles Dalang

<latexit sha1_base64="WtIXUVvXagODldXmOadg4IpXJNI=">AAACAnicbVDLSsNAFJ34rPUVdSVuBovgqiTia1nURRcuKtgHNCFMppN26MwkzkyEGoIbf8WNC0Xc+hXu/Bunj4W2HrhwOOde7r0nTBhV2nG+rbn5hcWl5cJKcXVtfWPT3tpuqDiVmNRxzGLZCpEijApS11Qz0kokQTxkpBn2L4d+855IRWNxqwcJ8TnqChpRjLSRAnu3GjjQU5STO+hFEuEMP+TZVXCdB3bJKTsjwFniTkgJTFAL7C+vE+OUE6ExQ0q1XSfRfoakppiRvOiliiQI91GXtA0ViBPlZ6MXcnhglA6MYmlKaDhSf09kiCs14KHp5Ej31LQ3FP/z2qmOzv2MiiTVRODxoihlUMdwmAfsUEmwZgNDEJbU3ApxD5kgtEmtaEJwp1+eJY2jsntaPrk5LlUuJnEUwB7YB4fABWegAqqgBuoAg0fwDF7Bm/VkvVjv1se4dc6azOyAP7A+fwCbfZb1</latexit>

H0 ' cz

DL

<latexit sha1_base64="I6lx7kJ3J2ctPwbk+TFgr5/RVcU=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPRi0dI5JHAhswODYzMzm5mZk1wwxd48aAxXv0kb/6NA+xBwUo6qVR1p7sriAXXxnW/ndzK6tr6Rn6zsLW9s7tX3D9o6ChRDOssEpFqBVSj4BLrhhuBrVghDQOBzWB0O/Wbj6g0j+S9Gcfoh3QgeZ8zaqxUe+oWS27ZnYEsEy8jJchQ7Ra/Or2IJSFKwwTVuu25sfFTqgxnAieFTqIxpmxEB9i2VNIQtZ/ODp2QE6v0SD9StqQhM/X3REpDrcdhYDtDaoZ60ZuK/3ntxPSv/ZTLODEo2XxRPxHERGT6NelxhcyIsSWUKW5vJWxIFWXGZlOwIXiLLy+TxlnZuyxf1M5LlZssjjwcwTGcggdXUIE7qEIdGCA8wyu8OQ/Oi/PufMxbc042cwh/4Hz+AOyBjQg=</latexit>z

<latexit sha1_base64="RuNZ41Y+zZKDgYDmJa7f+YhsBPk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQDx48RDQPSJYwO+kkQ2Znl5lZISz5BC8eFPHqF3nzb5wke9DEgoaiqpvuriAWXBvX/XZyS8srq2v59cLG5tb2TnF3r66jRDGssUhEqhlQjYJLrBluBDZjhTQMBDaC4fXEbzyh0jySj2YUox/SvuQ9zqix0sNN565TLLlldwqySLyMlCBDtVP8ancjloQoDRNU65bnxsZPqTKcCRwX2onGmLIh7WPLUklD1H46PXVMjqzSJb1I2ZKGTNXfEykNtR6Fge0MqRnoeW8i/ue1EtO79FMu48SgZLNFvUQQE5HJ36TLFTIjRpZQpri9lbABVZQZm07BhuDNv7xI6idl77x8dn9aqlxlceThAA7hGDy4gArcQhVqwKAPz/AKb45wXpx352PWmnOymX34A+fzB+iVjZE=</latexit>

DL

<latexit sha1_base64="QNbT5HBDpdlSZ2OPxti5393R7OA=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKjxyDXjxGMQ9IljA76U2GzM4uM7NCWPIHXjwo4tU/8ubfOEn2oNGChqKqm+6uIBFcG9f9cgorq2vrG8XN0tb2zu5eef+gpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxzcxvP6LSPJYPZpKgH9Gh5CFn1Fjpvub2yxW36s5B/hIvJxXI0eiXP3uDmKURSsME1brruYnxM6oMZwKnpV6qMaFsTIfYtVTSCLWfzS+dkhOrDEgYK1vSkLn6cyKjkdaTKLCdETUjvezNxP+8bmrCmp9xmaQGJVssClNBTExmb5MBV8iMmFhCmeL2VsJGVFFmbDglG4K3/PJf0jqrepfVi7vzSv06j6MIR3AMp+DBFdThFhrQBAYhPMELvDpj59l5c94XrQUnnzmEX3A+vgH2VY0A</latexit>

80

<latexit sha1_base64="hKqbDItn2ZabF3CI/7vzcBA7WZQ=">AAACD3icbVC7TsMwFHV4lvIKMLJYVCAWqgTxGitYuiAViT6kNESO67RWnTiyHUQV5Q9Y+BUWBhBiZWXjb3CbDNBypCsdn3OvfO/xY0alsqxvY25+YXFpubRSXl1b39g0t7ZbkicCkybmjIuOjyRhNCJNRRUjnVgQFPqMtP3h1dhv3xMhKY9u1Sgmboj6EQ0oRkpLnnlQ9yzodAc+f0iHIZTZXXpkZzAXrmOcv13PrFhVawI4S+yCVECBhmd+dXscJyGJFGZISse2YuWmSCiKGcnK3USSGOEh6hNH0wiFRLrp5J4M7mulBwMudEUKTtTfEykKpRyFvu4MkRrIaW8s/uc5iQou3JRGcaJIhPOPgoRBxeE4HNijgmDFRpogLKjeFeIBEggrHWFZh2BPnzxLWsdV+6x6enNSqV0WcZTALtgDh8AG56AG6qABmgCDR/AMXsGb8WS8GO/GR946ZxQzO+APjM8f68mb/Q==</latexit>

H0[km s�1Mpc�1]

<latexit sha1_base64="HurqohqUfz7S3sxITPqOrlCfdXw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lErceiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/Pbj6g0j+WDmSToR3QoecgZNVa6r7n9csWtunOQv8TLSQVyNPrlz94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MQqAxLGypY0ZK7+nMhopPUkCmxnRM1IL3sz8T+vm5rwys+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfvkvaZ1Vvcvqxd15pX6dx1GEIziGU/CgBnW4hQY0gUEIT/ACr87YeXbenPdFa8HJZw7hF5yPb/TQjP8=</latexit>

70

<latexit sha1_base64="7oOwIEspYU01uTVpimlfOoTZTCY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEq8eiF49V7Ae0oWy2k3bpZhN2N0IJ/QdePCji1X/kzX/jts1Bqw8GHu/NMDMvSATXxnW/nMLK6tr6RnGztLW9s7tX3j9o6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/Pbj6g0j+WDmSToR3QoecgZNVa6r7n9csWtunOQv8TLSQVyNPrlz94gZmmE0jBBte56bmL8jCrDmcBpqZdqTCgb0yF2LZU0Qu1n80un5MQqAxLGypY0ZK7+nMhopPUkCmxnRM1IL3sz8T+vm5rwys+4TFKDki0WhakgJiazt8mAK2RGTCyhTHF7K2EjqigzNpySDcFbfvkvaZ1VvVr14u68Ur/O4yjCERzDKXhwCXW4hQY0gUEIT/ACr87YeXbenPdFa8HJZw7hF5yPb/NLjP4=</latexit>

60

<latexit sha1_base64="ZCIUNRDflwWIvn5Ub7H+2ebS+hA=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNoEeiF49o5JHAhswOvTBhdnYzM2tCCH/gxYPGePWPvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJaPZpygH9GB5CFn1FjpoVrpFUtu2Z2DrBIvIyXIUO8Vv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/Mr90Ss6s0idhrGxJQ+bq74kJjbQeR4HtjKgZ6mVvJv7ndVITXvsTLpPUoGSLRWEqiInJ7G3S5wqZEWNLKFPc3krYkCrKjA2nYEPwll9eJc2LslctV+4vS7WbLI48nMApnIMHV1CDO6hDAxiE8Ayv8OaMnBfn3flYtOacbOYY/sD5/AH6340D</latexit>

65

<latexit sha1_base64="Kvd15ErBCR36xqrLbnk7QAM877M=">AAAB6XicbVDLTgJBEOzFF+IL9ehlIjHxRHaNiEeiF49o5JHAhswOszBhdnYz02tCCH/gxYPGePWPvPk3DrAHBSvppFLVne6uIJHCoOt+O7m19Y3Nrfx2YWd3b/+geHjUNHGqGW+wWMa6HVDDpVC8gQIlbyea0yiQvBWMbmd+64lrI2L1iOOE+xEdKBEKRtFKD9VKr1hyy+4cZJV4GSlBhnqv+NXtxyyNuEImqTEdz03Qn1CNgkk+LXRTwxPKRnTAO5YqGnHjT+aXTsmZVfokjLUthWSu/p6Y0MiYcRTYzoji0Cx7M/E/r5NieO1PhEpS5IotFoWpJBiT2dukLzRnKMeWUKaFvZWwIdWUoQ2nYEPwll9eJc2LsndVrtxflmo3WRx5OIFTOAcPqlCDO6hDAxiE8Ayv8OaMnBfn3flYtOacbOYY/sD5/AH8ZI0E</latexit>

75



12Charles Dalang 12Charles Dalang

J. Ferri et al. 2025

Peak Sirens,  
3G simulations Einstein Telescope
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Two well localised events

Charles Dalang 13Charles Dalang

I. S. Matos, C.D. et al, 2025
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Results

Charles Dalang 14Charles Dalang

I. S. Matos, C.D. et al, 2025
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(x̂� ŷ)plane

ẑ
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ŷ

Sp
in

-2
Sp

in
-0

Sp
in

-1

GR

Rotation 2⇡/s

Absent in GR

15

GW extra polarization modes are a smoking 
gun signature of beyond GR physics.

Charles Dalang
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GW propagation

observer

GW source

Can we probe deviations from GR? 

What is the gravitational distance 

Are there extra polarization modes?


DG = DL ?
Do GWs decay into spin-0 waves?

Are there polarization interactions?

Is the propagation speed of GWs the 

same as the speed of light ?


�

DG = DL ?

Charles Dalang
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Conclusion

Charles DalangCharles Dalang

- We applied for the first time the Peak sirens method to real data.

- We measured        with this innovative method. 

- We measure for the first time the GW bias.

- Tight constraints can be applied to the GW velocity using dispersion induced friction.

17

I. S. Matos, C.D. et al, in prep.
C. D., M. Williams, T. Baker, in prep.

<latexit sha1_base64="HuV3Plg8JOMyctX2ZvSFQOhYgQY=">AAAB+nicbVDLSsNAFL3xWesr1aWbYBFclUR8LYtuuqxgH9CGMJlO2qGTSZiZKCHmU9y4UMStX+LOv3GaZqGtBy4czrl37tzjx4xKZdvfxsrq2vrGZmWrur2zu7dv1g66MkoEJh0csUj0fSQJo5x0FFWM9GNBUOgz0vOntzO/90CEpBG/V2lM3BCNOQ0oRkpLnlkbFm9kOEU8z1qenXtm3W7YBaxl4pSkDiXanvk1HEU4CQlXmCEpB44dKzdDQlHMSF4dJpLECE/RmAw05Sgk0s2Ktbl1opWRFURCF1dWof6eyFAoZRr6ujNEaiIXvZn4nzdIVHDtZpTHiSIczxcFCbNUZM1ysEZUEKxYqgnCguq/WniCBMJKp1XVITiLJy+T7lnDuWxc3J3XmzdlHBU4gmM4BQeuoAktaEMHMDzCM7zCm/FkvBjvxse8dcUoZw7hD4zPH7NXlEw=</latexit>

H0

“The Universe is under no obligation to make sense to you.”
Neil  deGrasse Tyson
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Thank you

Charles Dalang

Questions? 

Charles Dalang 18
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Population mass hyperparameters

Charles Dalang

<latexit sha1_base64="LVBS+MUqX+Zy8DAQVq9utyH7KZA=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1iEilAS8bURim5cVrAPaEOYTKft0JkkzEyENvRL3LhQxK2f4s6/cdpmoa0HLhzOuZd77wlizpR2nG8rt7K6tr6R3yxsbe/sFu29/YaKEklonUQ8kq0AK8pZSOuaaU5bsaRYBJw2g+Hd1G8+UalYFD7qUUw9gfsh6zGCtZF8uyj8MbpBZfd0fIKEr3y75FScGdAycTNSggw13/7qdCOSCBpqwrFSbdeJtZdiqRnhdFLoJIrGmAxxn7YNDbGgyktnh0/QsVG6qBdJU6FGM/X3RIqFUiMRmE6B9UAtelPxP6+d6N61l7IwTjQNyXxRL+FIR2iaAuoySYnmI0MwkczcisgAS0y0yapgQnAXX14mjbOKe1m5eDgvVW+zOPJwCEdQBheuoAr3UIM6EEjgGV7hzRpbL9a79TFvzVnZzAH8gfX5A01CkZQ=</latexit>

mz = (1 + z)msOne measures

J. M. Ezquiaga, D. Holz, 2020, 2022

R. Gray et al. 2023

Up to 25 parameters !


