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Expansion of the Universe

Florian Ruppin  -  JRJC  -  October 2021

Edwin Hubble, 1929
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Going back in time:  
Universe had to be extremely dense and hot at some point (big bang)

Expansion

Galaxy distribution
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A brief history of the Universe

Florian Ruppin  -  JRJC  -  October 2021

Planck collaboration, et al. (2018) 

Cosmic Microwave 
Background

© IllustrisTNG Collaboration
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Era of nucleons Era of nuclei Atomic era

Recombination

Young universe: fully opaque plasma

Recombination: Cosmic Microwave Background (CMB) emission

CMB anisotropies: seeds of the large-scale structures of the universe

Cosmic web: galaxy clusters (nodes), voids, filaments
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Standard model of Cosmology

Florian Ruppin  -  JRJC  -  October 2021

<latexit sha1_base64="Eqb7lXcqqJFbgx+71ygnxQNBqX4=">AAACKnicbVDLSgMxFM3UV62vqks3wSIIQpmRot0IVRd14aJCX9AZh0yaaUMzmSHJCGWY73Hjr7jpQilu/RDTB1hbDwQO59zDzT1exKhUpjk2MmvrG5tb2e3czu7e/kH+8Kgpw1hg0sAhC0XbQ5IwyklDUcVIOxIEBR4jLW9wP/FbL0RIGvK6GkbECVCPU59ipLTk5m+rbmIHMbR5nMILaD/qaBfB3oJ6A21fIJyU7YjCaprg51Ja//XdfMEsmlPAVWLNSQHMUXPzI7sb4jggXGGGpOxYZqScBAlFMSNpzo4liRAeoB7paMpRQKSTTE9N4ZlWutAPhX5cwam6mEhQIOUw8PRkgFRfLnsT8T+vEyu/7CSUR7EiHM8W+TGDKoST3mCXCoIVG2qCsKD6rxD3ke5F6XZzugRr+eRV0rwsWlfF0lOpULmb15EFJ+AUnAMLXIMKeAA10AAYvIJ38AE+jTdjZIyNr9loxphnjsEfGN8//Pmmcg==</latexit>

Gµ⌫ + ⇤gµ⌫ =
8⇡G

c4
Tµ⌫

Einstein field equations

Hubble's constant

(expansion rate measured today)

<latexit sha1_base64="w5eANGiReZVfwiz6nRRMAqerXdM=">AAACB3icbVBNS8NAEN3Ur1q/oh4FWSyCp5LUor0IRQ/2WMG2QhPDZrtpl26yYXcjlJCbF/+KFw+KePUvePPfuG1z0NYHA4/3ZpiZ58eMSmVZ30ZhaXllda24XtrY3NreMXf3OpInApM25oyLOx9JwmhE2ooqRu5iQVDoM9L1R1cTv/tAhKQ8ulXjmLghGkQ0oBgpLXnmoSOG3MPwAjqBQDg9bXrWfTVL605M4XXmmWWrYk0BF4mdkzLI0fLML6fPcRKSSGGGpOzZVqzcFAlFMSNZyUkkiREeoQHpaRqhkEg3nf6RwWOt9GHAha5Iwan6eyJFoZTj0NedIVJDOe9NxP+8XqKCupvSKE4UifBsUZAwqDichAL7VBCs2FgThAXVt0I8RDoPpaMr6RDs+ZcXSadasc8qtZtauXGZx1EEB+AInAAbnIMGaIIWaAMMHsEzeAVvxpPxYrwbH7PWgpHP7IM/MD5/APQzmBo=</latexit>

⇢c =
3H2

0

8⇡G

<latexit sha1_base64="VGONczT90Cpi9CaxCcRPaf2pT/E=">AAACBnicbZDLSgMxFIYz9VbrrepShGAR6sIyU4u6EYpuXFawF2inQyaTaUMzF5IzQildufFV3LhQxK3P4M63MW1noa0/BL785xyS87ux4ApM89vILC2vrK5l13Mbm1vbO/ndvYaKEklZnUYiki2XKCZ4yOrAQbBWLBkJXMGa7uBmUm8+MKl4FN7DMGZ2QHoh9zkloC0nf+ipbhlfYVKEk27ZU86Zvp5iqhm6ZSdfMEvmVHgRrBQKKFXNyX91vIgmAQuBCqJU2zJjsEdEAqeCjXOdRLGY0AHpsbbGkARM2aPpGmN8rB0P+5HUJwQ8dX9PjEig1DBwdWdAoK/maxPzv1o7Af/SHvEwToCFdPaQnwgMEZ5kgj0uGQUx1ECo5PqvmPaJJBR0cjkdgjW/8iI0yiXrvFS5qxSq12kcWXSAjlARWegCVdEtqqE6ougRPaNX9GY8GS/Gu/Exa80Y6cw++iPj8wfYTZYx</latexit>

ds2 = a(t)2ds23 � c2dt2

First Friedmann equation

Universe: spatially homogeneous and isotropic at large scales         metric:

Solve Einstein field equations for a perfect fluid:

with
<latexit sha1_base64="7D2yYlBqNosYZg3OyQeA9igOuBM=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLopssK9gFNKJPppB06mcSZSaGEght/xY0LRdz6E+78G6dtFtp64MLhnHuYuSdIOFPacb6tldW19Y3NwlZxe2d3b98+OGyqOJWENkjMY9kOsKKcCdrQTHPaTiTFUcBpKxjeTv3WiErFYnGvxwn1I9wXLGQEayN17eMa8uhDykbICyUmmdeLdYYnEzNdu+SUnRnQMnFzUoIc9a79ZdIkjajQhGOlOq6TaD/DUjPC6aTopYommAxxn3YMFTiiys9mN0zQmVF6KIylGaHRTP2dyHCk1DgKzGaE9UAtelPxP6+T6vDaz5hIUk0FmT8UphzpGE0LQT0mKdF8bAgmkpm/IjLApgttaiuaEtzFk5dJ86LsXpYrd5VS9SavowAncArn4MIVVKEGdWgAgUd4hld4s56sF+vd+pivrlh55gj+wPr8AWeYmAs=</latexit>

H ⌘ ȧ

a
the Hubble parameter

<latexit sha1_base64="1W6eVNeHIDPVQjNiZ0pS/bdflaE=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrsiaiMEbeyMYB6QDcvsZDYZMo9lZlYIy7Y2/oqNhSK2/oGdf+Mk2UITD1zu4Zx7mbknShjVxvO+ndLS8srqWnm9srG5tb3j7u61tEwVJk0smVSdCGnCqCBNQw0jnUQRxCNG2tHoeuK3H4jSVIp7M05Ij6OBoDHFyFgpdGFwy8kAhRRewiBWCGeBGsqQ5rOO89CtejVvCrhI/IJUQYFG6H4FfYlTToTBDGnd9b3E9DKkDMWM5JUg1SRBeIQGpGupQJzoXja9JIdHVunDWCpbwsCp+nsjQ1zrMY/sJEdmqOe9ifif101NfNHLqEhSQwSePRSnDBoJJ7HAPlUEGza2BGFF7V8hHiKbh7HhVWwI/vzJi6R1UvPPaqd3p9X6VRFHGRyAQ3AMfHAO6uAGNEATYPAInsEreHOenBfn3fmYjZacYmcf/IHz+QN4V5o6</latexit>

⌦i =
⇢i
⇢c

and

<latexit sha1_base64="BsBlRFr6Zr71LO3Hi7emTrLBbTM="></latexit>

H
2 = H

2
0

⇥
⌦ra

�4 + ⌦ma
�3 + (1� ⌦tot)a

�2 + ⌦⇤

⇤

<latexit sha1_base64="qdfp36ZVinD+L0/vZ4harxRbdhY=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqBuh6MadFewDmhIm02k7dCYJMzdCCfkGN/6KGxeKuHXlzr9x2mahrQcGDuecy9x7glhwDY7zbRWWlldW14rrpY3Nre0de3evqaNEUdagkYhUOyCaCR6yBnAQrB0rRmQgWCsYXU/81gNTmkfhPYxj1pVkEPI+pwSM5Nsn3q1kA+KnniQwVDKFCLIMX2JPJ9JPeYbzAPftslNxpsCLxM1JGeWo+/aX14toIlkIVBCtO64TQzclCjgVLCt5iWYxoSMyYB1DQyKZ7qbTkzJ8ZJQe7kfKvBDwVP09kRKp9VgGJjlZXM97E/E/r5NA/6Kb8jBOgIV09lE/ERgiPOkH97hiFMTYEEIVN7tiOiSKUDAtlkwJ7vzJi6R5WnHPKtW7arl2lddRRAfoEB0jF52jGrpBddRAFD2iZ/SK3qwn68V6tz5m0YKVz+yjP7A+fwDcoJ45</latexit>

⌦tot =
X

i

⌦i

Scale factor

Links spacetime curvature (        ) to energy content (        )
<latexit sha1_base64="bpXEbkXxbJuc6IHM4QuJ4YU4iUU=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegBz1GMA/MLmF2MkmGzMwu8xDCkr/w4kERr/6NN//GSbIHTSxoKKq66e6KU8608f1vr7Cyura+UdwsbW3v7O6V9w+aOrGK0AZJeKLaMdaUM0kbhhlO26miWMSctuLRzdRvPVGlWSIfzDilkcADyfqMYOOkx9tuFgobSjvplit+1Z8BLZMgJxXIUe+Wv8JeQqyg0hCOte4EfmqiDCvDCKeTUmg1TTEZ4QHtOCqxoDrKZhdP0IlTeqifKFfSoJn6eyLDQuuxiF2nwGaoF72p+J/XsaZ/FWVMptZQSeaL+pYjk6Dp+6jHFCWGjx3BRDF3KyJDrDAxLqSSCyFYfHmZNM+qwUX1/P68UrvO4yjCERzDKQRwCTW4gzo0gICEZ3iFN097L9679zFvLXj5zCH8gff5A8o+kQI=</latexit>

Gµ⌫
<latexit sha1_base64="OA6cySjS3vFkOv9JJcu3CJRg3Lc=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48R8sLsEmYnk2TIzOwyDyEs+QsvHhTx6t9482+cJHvQxIKGoqqb7q445Uwb3//2CmvrG5tbxe3Szu7e/kH58KilE6sIbZKEJ6oTY005k7RpmOG0kyqKRcxpOx7fzfz2E1WaJbJhJimNBB5KNmAEGyc9NnpZKGwo7bRXrvhVfw60SoKcVCBHvVf+CvsJsYJKQzjWuhv4qYkyrAwjnE5LodU0xWSMh7TrqMSC6iibXzxFZ07po0GiXEmD5urviQwLrScidp0Cm5Fe9mbif17XmsFNlDGZWkMlWSwaWI5Mgmbvoz5TlBg+cQQTxdytiIywwsS4kEouhGD55VXSuqgGV9XLh8tK7TaPowgncArnEMA11OAe6tAEAhKe4RXePO29eO/ex6K14OUzx/AH3ucP3meRDw==</latexit>

Tµ⌫

Spacetime
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<latexit sha1_base64="BsBlRFr6Zr71LO3Hi7emTrLBbTM="></latexit>

H
2 = H

2
0

⇥
⌦ra

�4 + ⌦ma
�3 + (1� ⌦tot)a

�2 + ⌦⇤

⇤

<latexit sha1_base64="w5eANGiReZVfwiz6nRRMAqerXdM=">AAACB3icbVBNS8NAEN3Ur1q/oh4FWSyCp5LUor0IRQ/2WMG2QhPDZrtpl26yYXcjlJCbF/+KFw+KePUvePPfuG1z0NYHA4/3ZpiZ58eMSmVZ30ZhaXllda24XtrY3NreMXf3OpInApM25oyLOx9JwmhE2ooqRu5iQVDoM9L1R1cTv/tAhKQ8ulXjmLghGkQ0oBgpLXnmoSOG3MPwAjqBQDg9bXrWfTVL605M4XXmmWWrYk0BF4mdkzLI0fLML6fPcRKSSGGGpOzZVqzcFAlFMSNZyUkkiREeoQHpaRqhkEg3nf6RwWOt9GHAha5Iwan6eyJFoZTj0NedIVJDOe9NxP+8XqKCupvSKE4UifBsUZAwqDichAL7VBCs2FgThAXVt0I8RDoPpaMr6RDs+ZcXSadasc8qtZtauXGZx1EEB+AInAAbnIMGaIIWaAMMHsEzeAVvxpPxYrwbH7PWgpHP7IM/MD5/APQzmBo=</latexit>

⇢c =
3H2

0

8⇡G

<latexit sha1_base64="7D2yYlBqNosYZg3OyQeA9igOuBM=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLopssK9gFNKJPppB06mcSZSaGEght/xY0LRdz6E+78G6dtFtp64MLhnHuYuSdIOFPacb6tldW19Y3NwlZxe2d3b98+OGyqOJWENkjMY9kOsKKcCdrQTHPaTiTFUcBpKxjeTv3WiErFYnGvxwn1I9wXLGQEayN17eMa8uhDykbICyUmmdeLdYYnEzNdu+SUnRnQMnFzUoIc9a79ZdIkjajQhGOlOq6TaD/DUjPC6aTopYommAxxn3YMFTiiys9mN0zQmVF6KIylGaHRTP2dyHCk1DgKzGaE9UAtelPxP6+T6vDaz5hIUk0FmT8UphzpGE0LQT0mKdF8bAgmkpm/IjLApgttaiuaEtzFk5dJ86LsXpYrd5VS9SavowAncArn4MIVVKEGdWgAgUd4hld4s56sF+vd+pivrlh55gj+wPr8AWeYmAs=</latexit>

H ⌘ ȧ

a

<latexit sha1_base64="1W6eVNeHIDPVQjNiZ0pS/bdflaE=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrsiaiMEbeyMYB6QDcvsZDYZMo9lZlYIy7Y2/oqNhSK2/oGdf+Mk2UITD1zu4Zx7mbknShjVxvO+ndLS8srqWnm9srG5tb3j7u61tEwVJk0smVSdCGnCqCBNQw0jnUQRxCNG2tHoeuK3H4jSVIp7M05Ij6OBoDHFyFgpdGFwy8kAhRRewiBWCGeBGsqQ5rOO89CtejVvCrhI/IJUQYFG6H4FfYlTToTBDGnd9b3E9DKkDMWM5JUg1SRBeIQGpGupQJzoXja9JIdHVunDWCpbwsCp+nsjQ1zrMY/sJEdmqOe9ifif101NfNHLqEhSQwSePRSnDBoJJ7HAPlUEGza2BGFF7V8hHiKbh7HhVWwI/vzJi6R1UvPPaqd3p9X6VRFHGRyAQ3AMfHAO6uAGNEATYPAInsEreHOenBfn3fmYjZacYmcf/IHz+QN4V5o6</latexit>

⌦i =
⇢i
⇢c

<latexit sha1_base64="qdfp36ZVinD+L0/vZ4harxRbdhY=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqBuh6MadFewDmhIm02k7dCYJMzdCCfkGN/6KGxeKuHXlzr9x2mahrQcGDuecy9x7glhwDY7zbRWWlldW14rrpY3Nre0de3evqaNEUdagkYhUOyCaCR6yBnAQrB0rRmQgWCsYXU/81gNTmkfhPYxj1pVkEPI+pwSM5Nsn3q1kA+KnniQwVDKFCLIMX2JPJ9JPeYbzAPftslNxpsCLxM1JGeWo+/aX14toIlkIVBCtO64TQzclCjgVLCt5iWYxoSMyYB1DQyKZ7qbTkzJ8ZJQe7kfKvBDwVP09kRKp9VgGJjlZXM97E/E/r5NA/6Kb8jBOgIV09lE/ERgiPOkH97hiFMTYEEIVN7tiOiSKUDAtlkwJ7vzJi6R5WnHPKtW7arl2lddRRAfoEB0jF52jGrpBddRAFD2iZ/SK3qwn68V6tz5m0YKVz+yjP7A+fwDcoJ45</latexit>

⌦tot =
X

i

⌦i

Evolution of the Universe

Need to estimate        ,          ,        ,           , and         to solve the equation     
<latexit sha1_base64="MsQ3O+Jzp/eYdnvbQRLAjh3N2A4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRizcr2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgkfYMNwIbCcKqQwEtoLRzdRvPaHSPI4ezDhBX9JBxEPOqLFSu3sncUB7qleuuFV3BrJMvJxUIEe9V/7q9mOWSowME1Trjucmxs+oMpwJnJS6qcaEshEdYMfSiErUfja7d0JOrNInYaxsRYbM1N8TGZVaj2VgOyU1Q73oTcX/vE5qwis/41GSGozYfFGYCmJiMn2e9LlCZsTYEsoUt7cSNqSKMmMjKtkQvMWXl0nzrOpdVM/vzyu16zyOIhzBMZyCB5dQg1uoQwMYCHiGV3hzHp0X5935mLcWnHzmEP7A+fwB7bmP6Q==</latexit>

⌦r
<latexit sha1_base64="jNgsvtlT0Izd01FmIdsXnNMhhyg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRizcr2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgkfYMNwIbCcKqQwEtoLRzdRvPaHSPI4ezDhBX9JBxEPOqLFSu3sncUB7sleuuFV3BrJMvJxUIEe9V/7q9mOWSowME1Trjucmxs+oMpwJnJS6qcaEshEdYMfSiErUfja7d0JOrNInYaxsRYbM1N8TGZVaj2VgOyU1Q73oTcX/vE5qwis/41GSGozYfFGYCmJiMn2e9LlCZsTYEsoUt7cSNqSKMmMjKtkQvMWXl0nzrOpdVM/vzyu16zyOIhzBMZyCB5dQg1uoQwMYCHiGV3hzHp0X5935mLcWnHzmEP7A+fwB5iWP5A==</latexit>

⌦m
<latexit sha1_base64="ocvqS6RIgDzAPaugbKYr8nXUm7k=">AAAB/nicbVDLSsNAFJ3UV62vqLhyEyyCq5JIUZdFN+6sYB/QhDCZTtqhM0mYuRFKCPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmQLb/jYqK6tr6xvVzdrW9s7unrl/0FVxKgntkJjHsh9gRTmLaAcYcNpPJMUi4LQXTG4Kv/dIpWJx9ADThHoCjyIWMoJBS7555N4JOsJ+5goMYykyiCHPfbNuN+wZrGXilKSOSrR988sdxiQVNALCsVIDx07Ay7AERjjNa26qaILJBI/oQNMIC6q8bBY/t061MrTCWOoXgTVTf29kWCg1FYGeLEKqRa8Q//MGKYRXXsaiJAUakfmhMOUWxFbRhTVkkhLgU00wkUxntcgYS0xAN1bTJTiLX14m3fOGc9Fo3jfrreuyjio6RifoDDnoErXQLWqjDiIoQ8/oFb0ZT8aL8W58zEcrRrlziP7A+PwBPu+WVg==</latexit>

⌦tot
<latexit sha1_base64="27WN0BUWTmXdoxUj4QygYQQuvNU=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5JIUZdFNy4EK9gHNCFMJpN26MwkzEyEEoIbf8WNC0Xc+hXu/BsnbRbaemDgcM49zL0nSCiRyra/jcrS8srqWnW9trG5tb1j7u51ZZwKhDsoprHoB1BiSjjuKKIo7icCQxZQ3AvGV4Xfe8BCkpjfq0mCPQaHnEQEQaUl3zxwbxkeQj9zGVQjwTL3RodDmOe+Wbcb9hTWInFKUgcl2r755YYxShnmClEo5cCxE+VlUCiCKM5rbipxAtEYDvFAUw4Zll42PSG3jrUSWlEs9OPKmqq/ExlkUk5YoCeLReW8V4j/eYNURRdeRniSKszR7KMopZaKraIPKyQCI0UnmkAkiN7VQiMoIFK6tZouwZk/eZF0TxvOWaN516y3Lss6quAQHIET4IBz0ALXoA06AIFH8AxewZvxZLwY78bHbLRilJl98AfG5w/kpZfE</latexit>

⌦⇤
<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0
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The energy content of the Universe

With type Ia Supernovae (standard candles)

With gravitational waves (standard sirens)

A multi-probe / multi-messenger era

Estimating the Hubble constant
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Cosmological parameters: Matter power spectrum

Florian Ruppin  -  JRJC  -  October 2021

k [hMpc�1]

�2(k) �2(k)primordial

Large 
scales

Small 
scales

�8

Power spectrum of the matter distribution:

Depends on:  
- the expansion of the universe  
- the growth of primordial over-densities

Fourier transform of the two point correlation function:          �2(k) = TF[⇠(r)]
        : probability to find two over-densities in volumes        separated by a distance�V r⇠(r)

0.1 1 10 1000.01

<latexit sha1_base64="CmU4tWjlcEzBjiv3f5nwChJs8wg="></latexit>

�2(k)non�linear

<latexit sha1_base64="FVW0xJlzkm4Iq2x4ZE++kOPb67Y="></latexit>

�2(k)linear

<latexit sha1_base64="bR0H8RnLRm6pOzR6EvGLUoTEYc8=">AAAB73icdVDLSgMxFM34rPVVdekmWARXQ1Lbqe6KbtxZwT6gHUomzbShycyYZIQy9CfcuFDErb/jzr8xfQgqeuDC4Zx7ufeeIBFcG4Q+nKXlldW19dxGfnNre2e3sLff1HGqKGvQWMSqHRDNBI9Yw3AjWDtRjMhAsFYwupz6rXumNI+jWzNOmC/JIOIhp8RYqd29lmxAerJXKCIXVbGHEUQurp56lXNLKhh7JQSxi2YoggXqvcJ7tx/TVLLIUEG07mCUGD8jynAq2CTfTTVLCB2RAetYGhHJtJ/N7p3AY6v0YRgrW5GBM/X7REak1mMZ2E5JzFD/9qbiX14nNeGZn/EoSQ2L6HxRmApoYjh9Hva5YtSIsSWEKm5vhXRIFKHGRpS3IXx9Cv8nzZKLPbd8Uy7WLhZx5MAhOAInAIMqqIErUAcNQIEAD+AJPDt3zqPz4rzOW5ecxcwB+AHn7RM+eZAh</latexit>

⌦m

See Sara’s talk

Perraudin et al. 2020
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<latexit sha1_base64="GmXqJRll2UUSIbUhGa4rHBvhFhI=">AAACKHicbZBNSwMxEIazflu/Vj16CRZBQcquiHoRi148Vmi10i0lm05taLK7JLNCWfpzvPhXvIgo0qu/xPSDYtUXAg/vzDCZN0ykMOh5fWdmdm5+YXFpObeyura+4W5u3Zo41RwqPJaxrobMgBQRVFCghGqigalQwl3YuRrU7x5BGxFHZewmUFfsIRItwRlaq+FelPcDbAOywyBpiwN6TgOTqkYWgJRU9diE7ic0NdBw817BG4r+BX8MeTJWqeG+Bc2Ypwoi5JIZU/O9BOsZ0yi4hF4uSA0kjHfYA9QsRkyBqWfDQ3t0zzpN2oq1fRHSoftzImPKmK4Kbadi2Da/awPzv1otxdZZPRNRkiJEfLSolUqKMR2kRptCA0fZtcC4FvavlLeZZhxttjkbgv/75L9we1TwTwrHN8f54uU4jiWyQ3bJPvHJKSmSa1IiFcLJE3kh7+TDeXZenU+nP2qdccYz22RKztc39lql9Q==</latexit>

T (✓,�) =
X

`m

a`mY`m(✓,�)

<latexit sha1_base64="I7nj5KW/R4Jd5MCzcTU6z1EeQZE="></latexit>

C` =
1

2`+ 1

X

�`<m<`

|a`m|2

<latexit sha1_base64="LS1WhcUjXfsknNjN8Zihobx9hW0=">AAACGnicbVBNS8MwGE79nPOr6tFLcAgTYbRjqBdhOA8eJ7gPWEtJs3QLS9OSpMIo/R1e/CtePCjiTbz4b8y6Cbr5QMKT531e3ryPHzMqlWV9GUvLK6tr64WN4ubW9s6uubffllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/akzqnXsiJI34nRrHxA3RgNOAYqS05Jn2tZc6hLEMXkInEAjnL1jO71Non2Rp1YlpBhs/Ps8sWRUrB1wk9oyUwAxNz/xw+hFOQsIVZkjKnm3Fyk2RUBQzkhWdRJIY4REakJ6mHIVEumm+WgaPtdKHQST04Qrm6u+OFIVSjkNfO0OkhnK+NhH/q/USFVy4KeVxogjH00FBwqCK4CQn2KeCYMXGmiAsqP4rxEOkA1I6zaIOwZ5feZG0qxX7rFK7rZXqV7M4CuAQHIEysME5qIMb0AQtgMEDeAIv4NV4NJ6NN+N9al0yZj0H4A+Mz2+FmZ9Q</latexit>

D` =
`(`+ 1)

2⇡
C`

Spherical harmonic expansionCMB temperature fluctuations

Planck Collaboration et al. 2015
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<latexit sha1_base64="GmXqJRll2UUSIbUhGa4rHBvhFhI=">AAACKHicbZBNSwMxEIazflu/Vj16CRZBQcquiHoRi148Vmi10i0lm05taLK7JLNCWfpzvPhXvIgo0qu/xPSDYtUXAg/vzDCZN0ykMOh5fWdmdm5+YXFpObeyura+4W5u3Zo41RwqPJaxrobMgBQRVFCghGqigalQwl3YuRrU7x5BGxFHZewmUFfsIRItwRlaq+FelPcDbAOywyBpiwN6TgOTqkYWgJRU9diE7ic0NdBw817BG4r+BX8MeTJWqeG+Bc2Ypwoi5JIZU/O9BOsZ0yi4hF4uSA0kjHfYA9QsRkyBqWfDQ3t0zzpN2oq1fRHSoftzImPKmK4Kbadi2Da/awPzv1otxdZZPRNRkiJEfLSolUqKMR2kRptCA0fZtcC4FvavlLeZZhxttjkbgv/75L9we1TwTwrHN8f54uU4jiWyQ3bJPvHJKSmSa1IiFcLJE3kh7+TDeXZenU+nP2qdccYz22RKztc39lql9Q==</latexit>

T (✓,�) =
X

`m

a`mY`m(✓,�)

<latexit sha1_base64="I7nj5KW/R4Jd5MCzcTU6z1EeQZE="></latexit>

C` =
1

2`+ 1

X

�`<m<`

|a`m|2

<latexit sha1_base64="LS1WhcUjXfsknNjN8Zihobx9hW0=">AAACGnicbVBNS8MwGE79nPOr6tFLcAgTYbRjqBdhOA8eJ7gPWEtJs3QLS9OSpMIo/R1e/CtePCjiTbz4b8y6Cbr5QMKT531e3ryPHzMqlWV9GUvLK6tr64WN4ubW9s6uubffllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/akzqnXsiJI34nRrHxA3RgNOAYqS05Jn2tZc6hLEMXkInEAjnL1jO71Non2Rp1YlpBhs/Ps8sWRUrB1wk9oyUwAxNz/xw+hFOQsIVZkjKnm3Fyk2RUBQzkhWdRJIY4REakJ6mHIVEumm+WgaPtdKHQST04Qrm6u+OFIVSjkNfO0OkhnK+NhH/q/USFVy4KeVxogjH00FBwqCK4CQn2KeCYMXGmiAsqP4rxEOkA1I6zaIOwZ5feZG0qxX7rFK7rZXqV7M4CuAQHIEysME5qIMb0AQtgMEDeAIv4NV4NJ6NN+N9al0yZj0H4A+Mz2+FmZ9Q</latexit>

D` =
`(`+ 1)

2⇡
C`

Spherical harmonic expansionCMB temperature fluctuations

<latexit sha1_base64="dc5o2qh/3wT5QwphZrHUhNGJMtA=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIvgqsyIqMtiNy4r2Ae0Q8mkmTY0yQx5FMswv+LGhSJu/RF3/o2ZdhbaeiBwOOde7skJE0aV9rxvp7SxubW9U96t7O0fHB65x9WOio3EpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XDazP3ujEhFY/Go5wkJOBoLGlGMtJWGbnXAkZ5InjaNnCFtJMmGbs2rewvAdeIXpAYKtIbu12AUY8OJ0Jghpfq+l+ggRVJTzEhWGRhFEoSnaEz6lgrEiQrSRfYMnltlBKNY2ic0XKi/N1LElZrz0E7mSdWql4v/eX2jo9sgpSIxmgi8PBQZBnUM8yLgiEqCNZtbgrCkNivEEyQR1rauii3BX/3yOulc1v3r+tXDVa1xV9RRBqfgDFwAH9yABrgHLdAGGDyBZ/AK3pzMeXHenY/laMkpdk7AHzifP+splQY=</latexit>

Curvature
<latexit sha1_base64="8SLpPXx4bBdwQHjEjpjKeZDEiPM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5JIUZdFXbisYB/QhjKZ3rZDJ5MwMxFiqP6KGxeKuPU/3Pk3TtostPXAwOGce7lnjh9xprTjfFuFpeWV1bXiemljc2t7x97da6owlhQaNOShbPtEAWcCGpppDu1IAgl8Di1/fJX5rXuQioXiTicReAEZCjZglGgj9eyDbkD0SAbpNZHjRxAgh8mkZ5edijMFXiRuTsooR71nf3X7IY0DEJpyolTHdSLtpURqRjlMSt1YQUTomAyhY6ggASgvnaaf4GOj9PEglOYJjafq742UBEolgW8ms6xq3svE/7xOrAcXXspEFGsQdHZoEHOsQ5xVgftMAtU8MYRQyUxWTEdEEqpNYSVTgjv/5UXSPK24Z5XqbbVcu8zrKKJDdIROkIvOUQ3doDpqIIoe0DN6RW/Wk/VivVsfs9GCle/soz+wPn8AdOyV4w==</latexit>

Dark energy

<latexit sha1_base64="Lskb4JKeGl+nIXa78QeXFi1EhcM=">AAAB+XicbVDLSgMxFL1TX7W+Rl26CRbBVZkRUZelblxWsA9oh5JJM21okhmSTGEY+iduXCji1j9x59+YtrPQ1gOBwzn3ck9OmHCmjed9O6WNza3tnfJuZW//4PDIPT5p6zhVhLZIzGPVDbGmnEnaMsxw2k0UxSLktBNO7ud+Z0qVZrF8MllCA4FHkkWMYGOlgev2BTZjJfIGVlks9WzgVr2atwBaJ35BqlCgOXC/+sOYpIJKQzjWuud7iQlyrAwjnM4q/VTTBJMJHtGepRILqoN8kXyGLqwyRFGs7JMGLdTfGzkWWmcitJPznHrVm4v/eb3URHdBzmSSGirJ8lCUcmRiNK8BDZmixPDMEkwUs1kRGWOFibFlVWwJ/uqX10n7qubf1K4fr6v1RlFHGc7gHC7Bh1uowwM0oQUEpvAMr/Dm5M6L8+58LEdLTrFzCn/gfP4AOpaUDw==</latexit>

Baryons
<latexit sha1_base64="hKr4WYmGroyaCamEhTGO7R4EJ5Y=">AAAB+HicbVDLSgMxFM3UV62Pjrp0EyyCqzIjRV0W3bgRKtgHtEPJpLdtaJIZkoxQh36JGxeKuPVT3Pk3ZtpZaOuBwOGce7knJ4w508bzvp3C2vrG5lZxu7Szu7dfdg8OWzpKFIUmjXikOiHRwJmEpmGGQydWQETIoR1ObjK//QhKs0g+mGkMgSAjyYaMEmOlvlvuCWLGSqR3xBhQs75b8areHHiV+DmpoByNvvvVG0Q0ESAN5UTrru/FJkiJMoxymJV6iYaY0AkZQddSSQToIJ0Hn+FTqwzwMFL2SYPn6u+NlAitpyK0k1lMvexl4n9eNzHDqyBlMk4MSLo4NEw4NhHOWsADpoAaPrWEUMVsVkzHRBFqO9AlW4K//OVV0jqv+hfV2n2tUr/O6yiiY3SCzpCPLlEd3aIGaiKKEvSMXtGb8+S8OO/Ox2K04OQ7R+gPnM8fZBGTlA==</latexit>

Matter

<latexit sha1_base64="ocvqS6RIgDzAPaugbKYr8nXUm7k=">AAAB/nicbVDLSsNAFJ3UV62vqLhyEyyCq5JIUZdFN+6sYB/QhDCZTtqhM0mYuRFKCPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmQLb/jYqK6tr6xvVzdrW9s7unrl/0FVxKgntkJjHsh9gRTmLaAcYcNpPJMUi4LQXTG4Kv/dIpWJx9ADThHoCjyIWMoJBS7555N4JOsJ+5goMYykyiCHPfbNuN+wZrGXilKSOSrR988sdxiQVNALCsVIDx07Ay7AERjjNa26qaILJBI/oQNMIC6q8bBY/t061MrTCWOoXgTVTf29kWCg1FYGeLEKqRa8Q//MGKYRXXsaiJAUakfmhMOUWxFbRhTVkkhLgU00wkUxntcgYS0xAN1bTJTiLX14m3fOGc9Fo3jfrreuyjio6RifoDDnoErXQLWqjDiIoQ8/oFb0ZT8aL8W58zEcrRrlziP7A+PwBPu+WVg==</latexit>

⌦tot
<latexit sha1_base64="27WN0BUWTmXdoxUj4QygYQQuvNU=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5JIUZdFNy4EK9gHNCFMJpN26MwkzEyEEoIbf8WNC0Xc+hXu/BsnbRbaemDgcM49zL0nSCiRyra/jcrS8srqWnW9trG5tb1j7u51ZZwKhDsoprHoB1BiSjjuKKIo7icCQxZQ3AvGV4Xfe8BCkpjfq0mCPQaHnEQEQaUl3zxwbxkeQj9zGVQjwTL3RodDmOe+Wbcb9hTWInFKUgcl2r755YYxShnmClEo5cCxE+VlUCiCKM5rbipxAtEYDvFAUw4Zll42PSG3jrUSWlEs9OPKmqq/ExlkUk5YoCeLReW8V4j/eYNURRdeRniSKszR7KMopZaKraIPKyQCI0UnmkAkiN7VQiMoIFK6tZouwZk/eZF0TxvOWaN516y3Lss6quAQHIET4IBz0ALXoA06AIFH8AxewZvxZLwY78bHbLRilJl98AfG5w/kpZfE</latexit>

⌦⇤

<latexit sha1_base64="Y/ie7QY/4GIbtuHbO11CMbJ1YHw=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCqzJTirosunFnBfuAzjhk0kwbmmSGJCOUsQt/xY0LRdz6G+78GzPtLLT1QOBwzr3ckxMmjCrtON/W0vLK6tp6aaO8ubW9s2vv7bdVnEpMWjhmseyGSBFGBWlpqhnpJpIgHjLSCUdXud95IFLRWNzpcUJ8jgaCRhQjbaTAPvRuOBmgIPM40kPJs3AyGd7XArviVJ0p4CJxC1IBBZqB/eX1Y5xyIjRmSKme6yTaz5DUFDMyKXupIgnCIzQgPUMF4kT52TT/BJ4YpQ+jWJonNJyqvzcyxJUa89BM5inVvJeL/3m9VEcXfkZFkmoi8OxQlDKoY5iXAftUEqzZ2BCEJTVZIR4iibA2lZVNCe78lxdJu1Z1z6r123qlcVnUUQJH4BicAhecgwa4Bk3QAhg8gmfwCt6sJ+vFerc+ZqNLVrFzAP7A+vwBcSaWYw==</latexit>

⌦bh
2

<latexit sha1_base64="l+8l5V1a9Foxg4N+YZzDQt8F+tA=">AAAB/3icbVDLSgMxFM34rPU1KrhxEyyCqzJTirosunFnBfuAzjhk0kwbmmSGJCOUsQt/xY0LRdz6G+78GzPtLLT1QOBwzr3ckxMmjCrtON/W0vLK6tp6aaO8ubW9s2vv7bdVnEpMWjhmseyGSBFGBWlpqhnpJpIgHjLSCUdXud95IFLRWNzpcUJ8jgaCRhQjbaTAPvRuOBmgIPM40kPJMz6ZDO9rgV1xqs4UcJG4BamAAs3A/vL6MU45ERozpFTPdRLtZ0hqihmZlL1UkQThERqQnqECcaL8bJp/Ak+M0odRLM0TGk7V3xsZ4kqNeWgm85Rq3svF/7xeqqMLP6MiSTUReHYoShnUMczLgH0qCdZsbAjCkpqsEA+RRFibysqmBHf+y4ukXau6Z9X6bb3SuCzqKIEjcAxOgQvOQQNcgyZoAQwewTN4BW/Wk/VivVsfs9Elq9g5AH9gff4AggmWbg==</latexit>

⌦mh
2
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<latexit sha1_base64="GmXqJRll2UUSIbUhGa4rHBvhFhI=">AAACKHicbZBNSwMxEIazflu/Vj16CRZBQcquiHoRi148Vmi10i0lm05taLK7JLNCWfpzvPhXvIgo0qu/xPSDYtUXAg/vzDCZN0ykMOh5fWdmdm5+YXFpObeyura+4W5u3Zo41RwqPJaxrobMgBQRVFCghGqigalQwl3YuRrU7x5BGxFHZewmUFfsIRItwRlaq+FelPcDbAOywyBpiwN6TgOTqkYWgJRU9diE7ic0NdBw817BG4r+BX8MeTJWqeG+Bc2Ypwoi5JIZU/O9BOsZ0yi4hF4uSA0kjHfYA9QsRkyBqWfDQ3t0zzpN2oq1fRHSoftzImPKmK4Kbadi2Da/awPzv1otxdZZPRNRkiJEfLSolUqKMR2kRptCA0fZtcC4FvavlLeZZhxttjkbgv/75L9we1TwTwrHN8f54uU4jiWyQ3bJPvHJKSmSa1IiFcLJE3kh7+TDeXZenU+nP2qdccYz22RKztc39lql9Q==</latexit>

T (✓,�) =
X

`m

a`mY`m(✓,�)

<latexit sha1_base64="I7nj5KW/R4Jd5MCzcTU6z1EeQZE="></latexit>

C` =
1

2`+ 1

X

�`<m<`

|a`m|2

<latexit sha1_base64="LS1WhcUjXfsknNjN8Zihobx9hW0=">AAACGnicbVBNS8MwGE79nPOr6tFLcAgTYbRjqBdhOA8eJ7gPWEtJs3QLS9OSpMIo/R1e/CtePCjiTbz4b8y6Cbr5QMKT531e3ryPHzMqlWV9GUvLK6tr64WN4ubW9s6uubffllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/akzqnXsiJI34nRrHxA3RgNOAYqS05Jn2tZc6hLEMXkInEAjnL1jO71Non2Rp1YlpBhs/Ps8sWRUrB1wk9oyUwAxNz/xw+hFOQsIVZkjKnm3Fyk2RUBQzkhWdRJIY4REakJ6mHIVEumm+WgaPtdKHQST04Qrm6u+OFIVSjkNfO0OkhnK+NhH/q/USFVy4KeVxogjH00FBwqCK4CQn2KeCYMXGmiAsqP4rxEOkA1I6zaIOwZ5feZG0qxX7rFK7rZXqV7M4CuAQHIEysME5qIMb0AQtgMEDeAIv4NV4NJ6NN+N9al0yZj0H4A+Mz2+FmZ9Q</latexit>

D` =
`(`+ 1)

2⇡
C`

Spherical harmonic expansionCMB temperature fluctuations

Planck Collaboration et al. 2015

Dark 
energy

Dark 
matter

Normal matter

<latexit sha1_base64="sRTBR3z70ljyOcqd1I9QZ8fhbHo=">AAAB63icdVDLSsNAFJ3UV62vqks3g6XgKiTSNsmu6MZlBfuANpTJdNoOnZmEmYlQQn/BjQtF3PpD7vwbJ20FFT1w4XDOvdx7T5QwqrTjfFiFjc2t7Z3ibmlv/+DwqHx80lFxKjFp45jFshchRRgVpK2pZqSXSIJ4xEg3ml3nfveeSEVjcafnCQk5mgg6phjpXGr4g+qwXHHsoO76QR0a4nl1L8hJEPieB13bWaIC1mgNy++DUYxTToTGDCnVd51EhxmSmmJGFqVBqkiC8AxNSN9QgThRYba8dQGrRhnBcSxNCQ2X6veJDHGl5jwynRzpqfrt5eJfXj/VYz/MqEhSTQReLRqnDOoY5o/DEZUEazY3BGFJza0QT5FEWJt4SiaEr0/h/6RzabsNu3ZbqzSv1nEUwRk4BxfABR5oghvQAm2AwRQ8gCfwbHHr0XqxXletBWs9cwp+wHr7BMmEjhw=</latexit>

68%

<latexit sha1_base64="3/H5Zay/YfUC08y4UIfXSfIJ6UQ=">AAAB63icdVDLSsNAFJ3UV62vqks3g6XgKiSlNc2u6MZlBfuANpTJdNIOnZmEmYlQQn/BjQtF3PpD7vwbJ20FFT1w4XDOvdx7T5gwqrTjfFiFjc2t7Z3ibmlv/+DwqHx80lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnF3nfu+eSEVjcafnCQk4mggaUYx0LtW8YXVUrji233CbfgMa4nkNz8+J7zc9D7q2s0QFrNEeld+H4xinnAiNGVJq4DqJDjIkNcWMLErDVJEE4RmakIGhAnGigmx56wJWjTKGUSxNCQ2X6veJDHGl5jw0nRzpqfrt5eJf3iDVUTPIqEhSTQReLYpSBnUM88fhmEqCNZsbgrCk5laIp0girE08JRPC16fwf9Kt2e6lXb+tV1pX6ziK4AycgwvgAg+0wA1ogw7AYAoewBN4trj1aL1Yr6vWgrWeOQU/YL19AsHijhc=</latexit>

27%

<latexit sha1_base64="EZwY2Q2XBRV7f5Q0aQwbZjo9zfE=">AAAB6nicdVDLSsNAFL2pr1pfVZduBkvBVUikMc2u6MZlRfuANpTJdNoOnTyYmQgl9BPcuFDErV/kzr9x0lZQ0QMXDufcy733BAlnUlnWh1FYW9/Y3Cpul3Z29/YPyodHbRmngtAWiXksugGWlLOIthRTnHYTQXEYcNoJple537mnQrI4ulOzhPohHkdsxAhWWrp1+tVBuWKZnmPXPQdp4rqO6+XE8+qui2zTWqACKzQH5ff+MCZpSCNFOJayZ1uJ8jMsFCOczkv9VNIEkyke056mEQ6p9LPFqXNU1coQjWKhK1JooX6fyHAo5SwMdGeI1UT+9nLxL6+XqlHdz1iUpIpGZLlolHKkYpT/jYZMUKL4TBNMBNO3IjLBAhOl0ynpEL4+Rf+T9rlpX5i1m1qlcbmKowgncApnYIMLDbiGJrSAwBge4AmeDW48Gi/G67K1YKxmjuEHjLdPTZCN2Q==</latexit>

5%

<latexit sha1_base64="tenpUJmTC8OZk1cBt6Y/aiF0JQE=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPJVEinoRil68WcF+QFPKZrttl+4mYXcilBC8+Fe8eFDEq7/Cm//GTZuDtj4YeLw3w8w8PxJcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6jBWlDVoKELV9olmggesARwEa0eKEekL1vLH15nfemBK8zC4h0nEupIMAz7glICRevaBdyvZkPQSTxIYKZlACGmKL7Hbs8tOxZkCLxI3J2WUo96zv7x+SGPJAqCCaN1xnQi6CVHAqWBpyYs1iwgdkyHrGBoQyXQ3mb6Q4mOj9PEgVKYCwFP190RCpNYT6ZvO7FA972Xif14nhsFFN+FBFAML6GzRIBYYQpzlgftcMQpiYgihiptbMR0RRSiY1EomBHf+5UXSPK24Z5XqXbVcu8rjKKJDdIROkIvOUQ3doDpqIIoe0TN6RW/Wk/VivVsfs9aClc/soz+wPn8A/6iXLA==</latexit>

⌦tot = 1 (i.e. flat universe)+
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<latexit sha1_base64="GmXqJRll2UUSIbUhGa4rHBvhFhI=">AAACKHicbZBNSwMxEIazflu/Vj16CRZBQcquiHoRi148Vmi10i0lm05taLK7JLNCWfpzvPhXvIgo0qu/xPSDYtUXAg/vzDCZN0ykMOh5fWdmdm5+YXFpObeyura+4W5u3Zo41RwqPJaxrobMgBQRVFCghGqigalQwl3YuRrU7x5BGxFHZewmUFfsIRItwRlaq+FelPcDbAOywyBpiwN6TgOTqkYWgJRU9diE7ic0NdBw817BG4r+BX8MeTJWqeG+Bc2Ypwoi5JIZU/O9BOsZ0yi4hF4uSA0kjHfYA9QsRkyBqWfDQ3t0zzpN2oq1fRHSoftzImPKmK4Kbadi2Da/awPzv1otxdZZPRNRkiJEfLSolUqKMR2kRptCA0fZtcC4FvavlLeZZhxttjkbgv/75L9we1TwTwrHN8f54uU4jiWyQ3bJPvHJKSmSa1IiFcLJE3kh7+TDeXZenU+nP2qdccYz22RKztc39lql9Q==</latexit>
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<latexit sha1_base64="I7nj5KW/R4Jd5MCzcTU6z1EeQZE="></latexit>
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<latexit sha1_base64="LS1WhcUjXfsknNjN8Zihobx9hW0=">AAACGnicbVBNS8MwGE79nPOr6tFLcAgTYbRjqBdhOA8eJ7gPWEtJs3QLS9OSpMIo/R1e/CtePCjiTbz4b8y6Cbr5QMKT531e3ryPHzMqlWV9GUvLK6tr64WN4ubW9s6uubffllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/akzqnXsiJI34nRrHxA3RgNOAYqS05Jn2tZc6hLEMXkInEAjnL1jO71Non2Rp1YlpBhs/Ps8sWRUrB1wk9oyUwAxNz/xw+hFOQsIVZkjKnm3Fyk2RUBQzkhWdRJIY4REakJ6mHIVEumm+WgaPtdKHQST04Qrm6u+OFIVSjkNfO0OkhnK+NhH/q/USFVy4KeVxogjH00FBwqCK4CQn2KeCYMXGmiAsqP4rxEOkA1I6zaIOwZ5feZG0qxX7rFK7rZXqV7M4CuAQHIEysME5qIMb0AQtgMEDeAIv4NV4NJ6NN+N9al0yZj0H4A+Mz2+FmZ9Q</latexit>
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Spherical harmonic expansionCMB temperature fluctuations

Planck Collaboration et al. 2015

Dark 
energy

Dark 
matter

Normal matter

<latexit sha1_base64="sRTBR3z70ljyOcqd1I9QZ8fhbHo=">AAAB63icdVDLSsNAFJ3UV62vqks3g6XgKiTSNsmu6MZlBfuANpTJdNoOnZmEmYlQQn/BjQtF3PpD7vwbJ20FFT1w4XDOvdx7T5QwqrTjfFiFjc2t7Z3ibmlv/+DwqHx80lFxKjFp45jFshchRRgVpK2pZqSXSIJ4xEg3ml3nfveeSEVjcafnCQk5mgg6phjpXGr4g+qwXHHsoO76QR0a4nl1L8hJEPieB13bWaIC1mgNy++DUYxTToTGDCnVd51EhxmSmmJGFqVBqkiC8AxNSN9QgThRYba8dQGrRhnBcSxNCQ2X6veJDHGl5jwynRzpqfrt5eJfXj/VYz/MqEhSTQReLRqnDOoY5o/DEZUEazY3BGFJza0QT5FEWJt4SiaEr0/h/6RzabsNu3ZbqzSv1nEUwRk4BxfABR5oghvQAm2AwRQ8gCfwbHHr0XqxXletBWs9cwp+wHr7BMmEjhw=</latexit>
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<latexit sha1_base64="3/H5Zay/YfUC08y4UIfXSfIJ6UQ=">AAAB63icdVDLSsNAFJ3UV62vqks3g6XgKiSlNc2u6MZlBfuANpTJdNIOnZmEmYlQQn/BjQtF3PpD7vwbJ20FFT1w4XDOvdx7T5gwqrTjfFiFjc2t7Z3ibmlv/+DwqHx80lVxKjHp4JjFsh8iRRgVpKOpZqSfSIJ4yEgvnF3nfu+eSEVjcafnCQk4mggaUYx0LtW8YXVUrji233CbfgMa4nkNz8+J7zc9D7q2s0QFrNEeld+H4xinnAiNGVJq4DqJDjIkNcWMLErDVJEE4RmakIGhAnGigmx56wJWjTKGUSxNCQ2X6veJDHGl5jw0nRzpqfrt5eJf3iDVUTPIqEhSTQReLYpSBnUM88fhmEqCNZsbgrCk5laIp0girE08JRPC16fwf9Kt2e6lXb+tV1pX6ziK4AycgwvgAg+0wA1ogw7AYAoewBN4trj1aL1Yr6vWgrWeOQU/YL19AsHijhc=</latexit>

27%

<latexit sha1_base64="EZwY2Q2XBRV7f5Q0aQwbZjo9zfE=">AAAB6nicdVDLSsNAFL2pr1pfVZduBkvBVUikMc2u6MZlRfuANpTJdNoOnTyYmQgl9BPcuFDErV/kzr9x0lZQ0QMXDufcy733BAlnUlnWh1FYW9/Y3Cpul3Z29/YPyodHbRmngtAWiXksugGWlLOIthRTnHYTQXEYcNoJple537mnQrI4ulOzhPohHkdsxAhWWrp1+tVBuWKZnmPXPQdp4rqO6+XE8+qui2zTWqACKzQH5ff+MCZpSCNFOJayZ1uJ8jMsFCOczkv9VNIEkyke056mEQ6p9LPFqXNU1coQjWKhK1JooX6fyHAo5SwMdGeI1UT+9nLxL6+XqlHdz1iUpIpGZLlolHKkYpT/jYZMUKL4TBNMBNO3IjLBAhOl0ynpEL4+Rf+T9rlpX5i1m1qlcbmKowgncApnYIMLDbiGJrSAwBge4AmeDW48Gi/G67K1YKxmjuEHjLdPTZCN2Q==</latexit>

5%

<latexit sha1_base64="tenpUJmTC8OZk1cBt6Y/aiF0JQE=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPJVEinoRil68WcF+QFPKZrttl+4mYXcilBC8+Fe8eFDEq7/Cm//GTZuDtj4YeLw3w8w8PxJcg+N8W4Wl5ZXVteJ6aWNza3vH3t1r6jBWlDVoKELV9olmggesARwEa0eKEekL1vLH15nfemBK8zC4h0nEupIMAz7glICRevaBdyvZkPQSTxIYKZlACGmKL7Hbs8tOxZkCLxI3J2WUo96zv7x+SGPJAqCCaN1xnQi6CVHAqWBpyYs1iwgdkyHrGBoQyXQ3mb6Q4mOj9PEgVKYCwFP190RCpNYT6ZvO7FA972Xif14nhsFFN+FBFAML6GzRIBYYQpzlgftcMQpiYgihiptbMR0RRSiY1EomBHf+5UXSPK24Z5XqXbVcu8rjKKJDdIROkIvOUQ3doDpqIIoe0TN6RW/Wk/VivVsfs9aClc/soz+wPn8A/6iXLA==</latexit>

⌦tot = 1 (i.e. flat universe)+

See Alexis’ talk
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<latexit sha1_base64="BsBlRFr6Zr71LO3Hi7emTrLBbTM="></latexit>
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<latexit sha1_base64="w5eANGiReZVfwiz6nRRMAqerXdM=">AAACB3icbVBNS8NAEN3Ur1q/oh4FWSyCp5LUor0IRQ/2WMG2QhPDZrtpl26yYXcjlJCbF/+KFw+KePUvePPfuG1z0NYHA4/3ZpiZ58eMSmVZ30ZhaXllda24XtrY3NreMXf3OpInApM25oyLOx9JwmhE2ooqRu5iQVDoM9L1R1cTv/tAhKQ8ulXjmLghGkQ0oBgpLXnmoSOG3MPwAjqBQDg9bXrWfTVL605M4XXmmWWrYk0BF4mdkzLI0fLML6fPcRKSSGGGpOzZVqzcFAlFMSNZyUkkiREeoQHpaRqhkEg3nf6RwWOt9GHAha5Iwan6eyJFoZTj0NedIVJDOe9NxP+8XqKCupvSKE4UifBsUZAwqDichAL7VBCs2FgThAXVt0I8RDoPpaMr6RDs+ZcXSadasc8qtZtauXGZx1EEB+AInAAbnIMGaIIWaAMMHsEzeAVvxpPxYrwbH7PWgpHP7IM/MD5/APQzmBo=</latexit>
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<latexit sha1_base64="7D2yYlBqNosYZg3OyQeA9igOuBM=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRIp6rLopssK9gFNKJPppB06mcSZSaGEght/xY0LRdz6E+78G6dtFtp64MLhnHuYuSdIOFPacb6tldW19Y3NwlZxe2d3b98+OGyqOJWENkjMY9kOsKKcCdrQTHPaTiTFUcBpKxjeTv3WiErFYnGvxwn1I9wXLGQEayN17eMa8uhDykbICyUmmdeLdYYnEzNdu+SUnRnQMnFzUoIc9a79ZdIkjajQhGOlOq6TaD/DUjPC6aTopYommAxxn3YMFTiiys9mN0zQmVF6KIylGaHRTP2dyHCk1DgKzGaE9UAtelPxP6+T6vDaz5hIUk0FmT8UphzpGE0LQT0mKdF8bAgmkpm/IjLApgttaiuaEtzFk5dJ86LsXpYrd5VS9SavowAncArn4MIVVKEGdWgAgUd4hld4s56sF+vd+pivrlh55gj+wPr8AWeYmAs=</latexit>
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<latexit sha1_base64="1W6eVNeHIDPVQjNiZ0pS/bdflaE=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GwCrsiaiMEbeyMYB6QDcvsZDYZMo9lZlYIy7Y2/oqNhSK2/oGdf+Mk2UITD1zu4Zx7mbknShjVxvO+ndLS8srqWnm9srG5tb3j7u61tEwVJk0smVSdCGnCqCBNQw0jnUQRxCNG2tHoeuK3H4jSVIp7M05Ij6OBoDHFyFgpdGFwy8kAhRRewiBWCGeBGsqQ5rOO89CtejVvCrhI/IJUQYFG6H4FfYlTToTBDGnd9b3E9DKkDMWM5JUg1SRBeIQGpGupQJzoXja9JIdHVunDWCpbwsCp+nsjQ1zrMY/sJEdmqOe9ifif101NfNHLqEhSQwSePRSnDBoJJ7HAPlUEGza2BGFF7V8hHiKbh7HhVWwI/vzJi6R1UvPPaqd3p9X6VRFHGRyAQ3AMfHAO6uAGNEATYPAInsEreHOenBfn3fmYjZacYmcf/IHz+QN4V5o6</latexit>
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<latexit sha1_base64="qdfp36ZVinD+L0/vZ4harxRbdhY=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQTUmkqBuh6MadFewDmhIm02k7dCYJMzdCCfkGN/6KGxeKuHXlzr9x2mahrQcGDuecy9x7glhwDY7zbRWWlldW14rrpY3Nre0de3evqaNEUdagkYhUOyCaCR6yBnAQrB0rRmQgWCsYXU/81gNTmkfhPYxj1pVkEPI+pwSM5Nsn3q1kA+KnniQwVDKFCLIMX2JPJ9JPeYbzAPftslNxpsCLxM1JGeWo+/aX14toIlkIVBCtO64TQzclCjgVLCt5iWYxoSMyYB1DQyKZ7qbTkzJ8ZJQe7kfKvBDwVP09kRKp9VgGJjlZXM97E/E/r5NA/6Kb8jBOgIV09lE/ERgiPOkH97hiFMTYEEIVN7tiOiSKUDAtlkwJ7vzJi6R5WnHPKtW7arl2lddRRAfoEB0jF52jGrpBddRAFD2iZ/SK3qwn68V6tz5m0YKVz+yjP7A+fwDcoJ45</latexit>

⌦tot =
X

i

⌦i

Evolution of the Universe

Need to estimate        ,          ,        ,           , and         to solve the equation     
<latexit sha1_base64="MsQ3O+Jzp/eYdnvbQRLAjh3N2A4=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRizcr2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgkfYMNwIbCcKqQwEtoLRzdRvPaHSPI4ezDhBX9JBxEPOqLFSu3sncUB7qleuuFV3BrJMvJxUIEe9V/7q9mOWSowME1Trjucmxs+oMpwJnJS6qcaEshEdYMfSiErUfja7d0JOrNInYaxsRYbM1N8TGZVaj2VgOyU1Q73oTcX/vE5qwis/41GSGozYfFGYCmJiMn2e9LlCZsTYEsoUt7cSNqSKMmMjKtkQvMWXl0nzrOpdVM/vzyu16zyOIhzBMZyCB5dQg1uoQwMYCHiGV3hzHp0X5935mLcWnHzmEP7A+fwB7bmP6Q==</latexit>
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<latexit sha1_base64="jNgsvtlT0Izd01FmIdsXnNMhhyg=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRizcr2A9oQ9lsJ+3S3STuboQS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgorq2vrG8XN0tb2zu5eef+gqeNUMWywWMSqHVCNgkfYMNwIbCcKqQwEtoLRzdRvPaHSPI4ezDhBX9JBxEPOqLFSu3sncUB7sleuuFV3BrJMvJxUIEe9V/7q9mOWSowME1Trjucmxs+oMpwJnJS6qcaEshEdYMfSiErUfja7d0JOrNInYaxsRYbM1N8TGZVaj2VgOyU1Q73oTcX/vE5qwis/41GSGozYfFGYCmJiMn2e9LlCZsTYEsoUt7cSNqSKMmMjKtkQvMWXl0nzrOpdVM/vzyu16zyOIhzBMZyCB5dQg1uoQwMYCHiGV3hzHp0X5935mLcWnHzmEP7A+fwB5iWP5A==</latexit>

⌦m
<latexit sha1_base64="ocvqS6RIgDzAPaugbKYr8nXUm7k=">AAAB/nicbVDLSsNAFJ3UV62vqLhyEyyCq5JIUZdFN+6sYB/QhDCZTtqhM0mYuRFKCPgrblwo4tbvcOffOGmz0NYDA4dz7uWeOUHCmQLb/jYqK6tr6xvVzdrW9s7unrl/0FVxKgntkJjHsh9gRTmLaAcYcNpPJMUi4LQXTG4Kv/dIpWJx9ADThHoCjyIWMoJBS7555N4JOsJ+5goMYykyiCHPfbNuN+wZrGXilKSOSrR988sdxiQVNALCsVIDx07Ay7AERjjNa26qaILJBI/oQNMIC6q8bBY/t061MrTCWOoXgTVTf29kWCg1FYGeLEKqRa8Q//MGKYRXXsaiJAUakfmhMOUWxFbRhTVkkhLgU00wkUxntcgYS0xAN1bTJTiLX14m3fOGc9Fo3jfrreuyjio6RifoDDnoErXQLWqjDiIoQ8/oFb0ZT8aL8W58zEcrRrlziP7A+PwBPu+WVg==</latexit>

⌦tot
<latexit sha1_base64="27WN0BUWTmXdoxUj4QygYQQuvNU=">AAACAnicbVDLSsNAFJ3UV62vqCtxEyyCq5JIUZdFNy4EK9gHNCFMJpN26MwkzEyEEoIbf8WNC0Xc+hXu/BsnbRbaemDgcM49zL0nSCiRyra/jcrS8srqWnW9trG5tb1j7u51ZZwKhDsoprHoB1BiSjjuKKIo7icCQxZQ3AvGV4Xfe8BCkpjfq0mCPQaHnEQEQaUl3zxwbxkeQj9zGVQjwTL3RodDmOe+Wbcb9hTWInFKUgcl2r755YYxShnmClEo5cCxE+VlUCiCKM5rbipxAtEYDvFAUw4Zll42PSG3jrUSWlEs9OPKmqq/ExlkUk5YoCeLReW8V4j/eYNURRdeRniSKszR7KMopZaKraIPKyQCI0UnmkAkiN7VQiMoIFK6tZouwZk/eZF0TxvOWaN516y3Lss6quAQHIET4IBz0ALXoA06AIFH8AxewZvxZLwY78bHbLRilJl98AfG5w/kpZfE</latexit>

⌦⇤
<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0



Introduction to Cosmology
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The energy content of the Universe

With type Ia Supernovae (standard candles)

With gravitational waves (standard sirens)

A multi-probe / multi-messenger era

Estimating the Hubble constant
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The redshift as an expansion tracer

Florian Ruppin  -  JRJC  -  October 2021

Space

Time

Photon wavelength stretched by the expansion of the Universe:

<latexit sha1_base64="VlmOwyx0SWrKDm5gc6k6i/WW9PI=">AAACJ3icbVDLSsNAFJ34rPUVdelmsAiCUBIp6kYpunFZwT6gCWEymbRDZ5IwMxFqyN+48VfcCCqiS//ESZuFth4YOJxzD3Pv8RNGpbKsL2NhcWl5ZbWyVl3f2NzaNnd2OzJOBSZtHLNY9HwkCaMRaSuqGOklgiDuM9L1R9eF370nQtI4ulPjhLgcDSIaUoyUljzz0obH8AFeQCcUCGcO09EAeZnDkRoKnsW+zPN8XiecKm14Zs2qWxPAeWKXpAZKtDzz1QlinHISKcyQlH3bSpSbIaEoZiSvOqkkCcIjNCB9TSPEiXSzyZ05PNRKAMNY6BcpOFF/JzLEpRxzX08Wa8pZrxD/8/qpCs/djEZJqkiEpx+FKYMqhkVpMKCCYMXGmiAsqN4V4iHShSldbVWXYM+ePE86J3X7tN64bdSaV2UdFbAPDsARsMEZaIIb0AJtgMEjeAZv4N14Ml6MD+NzOrpglJk98AfG9w8PVKdw</latexit>

1 + z =
�obs

�emit
Redshift definition: (what we measure)

Doppler shift due to peculiar motion:

<latexit sha1_base64="YpuYUbvHjYhy40llkOonpn6wOXs=">AAACCnicbVDLSgMxFM3UV62vUZduokWoiGVGiroRim5cVrAPaMeSSdMamkyGJCPUYdZu/BU3LhRx6xe482/MtLPQ1gMXDufcy733+CGjSjvOt5Wbm19YXMovF1ZW19Y37M2thhKRxKSOBROy5SNFGA1IXVPNSCuUBHGfkaY/vEz95j2RiorgRo9C4nE0CGifYqSN1LV3ETyHJRcewodu3OFI30keY6G4SJKD2/jITbp20Sk7Y8BZ4makCDLUuvZXpydwxEmgMUNKtV0n1F6MpKaYkaTQiRQJER6iAWkbGiBOlBePX0ngvlF6sC+kqUDDsfp7IkZcqRH3TWd6rJr2UvE/rx3p/pkX0yCMNAnwZFE/YlALmOYCe1QSrNnIEIQlNbdCfIckwtqkVzAhuNMvz5LGcdk9KVeuK8XqRRZHHuyAPVACLjgFVXAFaqAOMHgEz+AVvFlP1ov1bn1MWnNWNrMN/sD6/AEUFJlM</latexit>

a = (1 + zcosmo)
�1

<latexit sha1_base64="6I+A7VUqFl7tJIQtZWkGvwC9cfs="></latexit>

1 + zpec = �
⇣
1 +

vpec,k
c

⌘
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Type Ia supernovae: standard candles

Florian Ruppin  -  JRJC  -  October 2021

Type Ia Supernova (SNIa)

White dwarf: stellar core remnant
Perturbation induced by unknown astrophysical process
Initiation of carbon fusion in the core
Runaway reaction             supernova explosion

Peak luminosity      can be standardized

What we measure

<latexit sha1_base64="oCotOP5yUSpzKCi1XY6JBOEiYp8=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkFHUjFAVx0UUF+4Amhslk0g6dTMLMRCghbvwVNy4UcetfuPNvnD4W2nrgwuGce7n3Hj9hVCrL+jYKS8srq2vF9dLG5tb2jrm715ZxKjBp4ZjFousjSRjlpKWoYqSbCIIin5GOP7wa+50HIiSN+Z0aJcSNUJ/TkGKktOSZB9fwAjqhQDhr5FnNSSgMvMZ9NffMslWxJoCLxJ6RMpih6ZlfThDjNCJcYYak7NlWotwMCUUxI3nJSSVJEB6iPulpylFEpJtNPsjhsVYCGMZCF1dwov6eyFAk5SjydWeE1EDOe2PxP6+XqvDczShPUkU4ni4KUwZVDMdxwIAKghUbaYKwoPpWiAdIx6F0aCUdgj3/8iJpVyv2aaV2WyvXL2dxFMEhOAInwAZnoA5uQBO0AAaP4Bm8gjfjyXgx3o2PaWvBmM3sgz8wPn8Ap8+Vww==</latexit>

F =
L

4⇡d2L
SNIa flux:

<latexit sha1_base64="DihPeJetfjrOkwl8lswpWPLXje0=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3bpZhN2J0IN/RFePCji1d/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//ci1EbF6wEnC/YgOlQgFo2il9hPpSUm8frniVt05yCrxclKBHI1++as3iFkacYVMUmO6npugn1GNgkk+LfVSwxPKxnTIu5YqGnHjZ/Nzp+TMKgMSxtqWQjJXf09kNDJmEgW2M6I4MsveTPzP66YYXvuZUEmKXLHFojCVBGMy+50MhOYM5cQSyrSwtxI2opoytAmVbAje8surpHVR9S6rtftapX6Tx1GEEziFc/DgCupwBw1oAoMxPMMrvDmJ8+K8Ox+L1oKTzxzDHzifP08djug=</latexit>

z ⌧ 1with for

SNIa redshift:
<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z

<latexit sha1_base64="EsUXQCVtBq4y73jg2L4sJIh3P3Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmd4zZ</latexit>

L

Knowing     ,     , and      we can estimate          at low redshift
<latexit sha1_base64="EsUXQCVtBq4y73jg2L4sJIh3P3Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmd4zZ</latexit>

L
<latexit sha1_base64="UOUV/CpYy4PgVNs6bkvy1VPdoN4=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUI9BQTwmYB6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/a5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU147U+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3mW5Uq+UqjdZHHk4gVM4Bw+uoAr3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AZ1fjNM=</latexit>

F
<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z <latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0

See Mélissa’s talk

(Affected by peculiar motions)
<latexit sha1_base64="XLd1HsK6CHWlQlV15NU4hZI7GHQ=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEVyWRoi6LbrpwUcE+oAlhMpm0QyeTODMRaghu/BU3LhRx61e482+ctllo64ELh3Pu5d57/IRRqSzr2ygtLa+srpXXKxubW9s75u5eR8apwKSNYxaLno8kYZSTtqKKkV4iCIp8Rrr+6Grid++JkDTmt2qcEDdCA05DipHSkmceBN41dCSNyB10QoFwhh/yrOlZuWdWrZo1BVwkdkGqoEDLM7+cIMZpRLjCDEnZt61EuRkSimJG8oqTSpIgPEID0teUo4hIN5u+kMNjrQQwjIUuruBU/T2RoUjKceTrzgipoZz3JuJ/Xj9V4YWbUZ6kinA8WxSmDKoYTvKAARUEKzbWBGFB9a0QD5EOQunUKjoEe/7lRdI5rdlntfpNvdq4LOIog0NwBE6ADc5BAzRBC7QBBo/gGbyCN+PJeDHejY9Za8koZvbBHxifP9CjlxQ=</latexit>

dL ' cz

H0
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<latexit sha1_base64="hdBXe4Z6FO9hDU9So22rD/Loyhw="></latexit> D
is
ta
n
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M
od

u
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s

Betoule et al. 2014

Redder Photons D
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m
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e

Florian Ruppin  -  JRJC  -  October 2021

Constraining H0 with SNIa

Hubble constant: overall amplitude of the relation (complete degeneracy with SNIa luminosity)
<latexit sha1_base64="Wqks2loaAoU5eTRTuAOVHNsvkp8="></latexit>

H0 = (73.2± 1.3) km s�1 Mpc�1 Riess et al. 2021

Deviation at high redshift: acceleration of the expansion of the Universe (dark energy)

<latexit sha1_base64="+v9wgFUIqE8XocDIU4d7/Eo0vWA=">AAACEHicbVDLSgMxFM3UV62vUZdugkVsoQwzWqwboejGhWAF+4DOUDJp2oYmM0OSEcrQT3Djr7hxoYhbl+78G9N2Ftp6IHA45x5u7vEjRqWy7W8js7S8srqWXc9tbG5t75i7ew0ZxgKTOg5ZKFo+koTRgNQVVYy0IkEQ9xlp+sOrid98IELSMLhXo4h4HPUD2qMYKS11zOOCe8tJH3V4KSWJe6PjXTQuwgtYsK3Tkm1Vih0zb1v2FHCROCnJgxS1jvnldkMccxIozJCUbceOlJcgoShmZJxzY0kihIeoT9qaBogT6SXTg8bwSCtd2AuFfoGCU/V3IkFcyhH39SRHaiDnvYn4n9eOVe/cS2gQxYoEeLaoFzOoQjhpB3apIFixkSYIC6r/CvEACYSV7jCnS3DmT14kjRPLObPKd+V89TKtIwsOwCEoAAdUQBVcgxqoAwwewTN4BW/Gk/FivBsfs9GMkWb2wR8Ynz813poh</latexit>

(⌦m,⌦⇤) = (0.3, 0.7)
<latexit sha1_base64="cb1WqYU6GcR22AR7zX4hadxSGvI=">AAACEHicbVDNS8MwHE3n15xfVY9egkPcYJRWhnoRhl48CE5wH7CWkWbpFpa0JUmFUfYnePFf8eJBEa8evfnfmG096OaDkMd7v0fye37MqFS2/W3klpZXVtfy64WNza3tHXN3rymjRGDSwBGLRNtHkjAakoaiipF2LAjiPiMtf3g18VsPREgahfdqFBOPo35IA4qR0lLXPC65t5z0UZdXMpK6NzreQ+MyvIAlx7IrtmWXu2ZRX1PAReJkpAgy1Lvml9uLcMJJqDBDUnYcO1ZeioSimJFxwU0kiREeoj7paBoiTqSXThcawyOt9GAQCX1CBafq70SKuJQj7utJjtRAznsT8T+vk6jg3EtpGCeKhHj2UJAwqCI4aQf2qCBYsZEmCAuq/wrxAAmEle6woEtw5ldeJM0Tyzm1qnfVYu0yqyMPDsAhKAEHnIEauAZ10AAYPIJn8ArejCfjxXg3PmajOSPL7IM/MD5/ACgrmhg=</latexit>

(⌦m,⌦⇤) = (1.0, 0.0)



Introduction to Cosmology

Florian Ruppin  -  JRJC  -  October 2021

The energy content of the Universe

Estimating the Hubble constant
With type Ia Supernovae (standard candles)

With gravitational waves (standard sirens)

A multi-probe / multi-messenger era



20

Gravitational waves: origin

Florian Ruppin  -  JRJC  -  October 2021

688 Sitzung der physikalisch-mathematischen Klasse vom 22. Juni 1916

Näherungsweise Integration der Feldgleichungen

der Gravitation.

Von A. Einstein.

Oei der Behandlung der meisten speziellen (nicht prinzipiellen) Probleme
auf dem Gebiete der Gravitationstheorie kann man sich damit begnügen,
die guv in erster Näherung zu berechnen. Dabei bedient man sich mit
Vorteil der imaginären Zeitvariable x

4
= it aus denselben Gründen wie

in der speziellen Relativitätstheorie. Unter »erster Näherung" ist dabei

verstanden, daß die durch die Gleichung

&.. = -*„.+ ?,. (0

definierten Größen y,x „, welche linearen orthogonalen Transformationen
gegenüber Tensorcharakter besitzen, gegen i als kleine Größen be-

handelt werden können, deren Quadrate und Produkte gegen die ersten

Potenzen vernachlässigt werden dürfen. Dabei ist £„„ = i bzw. Ä„, = o
,

je nachdem \x = v oder \x z}z v .

Wir werden zeigen, daß diese yu„ in analoger Weise berechnet
werden können wie die retardierten Potentiale der Elektrodynamik.
Daraus folgt dann zunächst, daß sich die Gravitationsfelder mit Licht-

geschwindigkeit ausbreiten. Wir werden im Anschluß an diese all-

gemeine Lösung die Gravitationswellen und deren Entstehungsweise
untersuchen. Es hat sich gezeigt, daß die von mir vorgeschlagene
Wahl des Bezugssystems gemäß der Bedingung y = | </„„ |

= — i für

die Berechnung der Felder in erster Näherung nicht vorteilhaft ist.

Ich wurde hierauf aufmerksam durch eine briefliche Mitteilung des

Astronomen de Sitter, der fand, daß mau durch eine andere Wahl
des Bezugssystems zu einem einfacheren Ausdruck des Gravitations-

feldes eines ruhenden Massenpunktes gelangen kann, als ich ihn früher

gegeben hatte 1
. Ich stütze mich daher im folgenden auf die allge-

mein invarianten ]Vldt>leichuni>en.

1 Sitzungsber. XLVII, 1915. S. 833.

Approximate integration of the field equations of gravitation

<latexit sha1_base64="Eqb7lXcqqJFbgx+71ygnxQNBqX4=">AAACKnicbVDLSgMxFM3UV62vqks3wSIIQpmRot0IVRd14aJCX9AZh0yaaUMzmSHJCGWY73Hjr7jpQilu/RDTB1hbDwQO59zDzT1exKhUpjk2MmvrG5tb2e3czu7e/kH+8Kgpw1hg0sAhC0XbQ5IwyklDUcVIOxIEBR4jLW9wP/FbL0RIGvK6GkbECVCPU59ipLTk5m+rbmIHMbR5nMILaD/qaBfB3oJ6A21fIJyU7YjCaprg51Ja//XdfMEsmlPAVWLNSQHMUXPzI7sb4jggXGGGpOxYZqScBAlFMSNpzo4liRAeoB7paMpRQKSTTE9N4ZlWutAPhX5cwam6mEhQIOUw8PRkgFRfLnsT8T+vEyu/7CSUR7EiHM8W+TGDKoST3mCXCoIVG2qCsKD6rxD3ke5F6XZzugRr+eRV0rwsWlfF0lOpULmb15EFJ+AUnAMLXIMKeAA10AAYvIJ38AE+jTdjZIyNr9loxphnjsEfGN8//Pmmcg==</latexit>

Gµ⌫ + ⇤gµ⌫ =
8⇡G

c4
Tµ⌫

<latexit sha1_base64="E5eLsBbqB3eJOxUxComSejlNM3A=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaWDbbSbt0swm7G6WU/g8vHhTx6n/x5r9x2+agrQ8GHu/NMDMvTAXXxnW/ncLK6tr6RnGztLW9s7tX3j9o6iRTDBssEYlqh1Sj4BIbhhuB7VQhjUOBrXB4M/Vbj6g0T+S9GaUYxLQvecQZNVZ68DHVXCSS+EIQr1uuuFV3BrJMvJxUIEe9W/7yewnLYpSGCap1x3NTE4ypMpwJnJT8TGNK2ZD2sWOppDHqYDy7ekJOrNIjUaJsSUNm6u+JMY21HsWh7YypGehFbyr+53UyE10FYy7TzKBk80VRJohJyDQC0uMKmREjSyhT3N5K2IAqyowNqmRD8BZfXibNs6p3UT2/O6/UrvM4inAEx3AKHlxCDW6hDg1goOAZXuHNeXJenHfnY95acPKZQ/gD5/MHxBqSCg==</latexit>

✏ ⌧ 1with

In the vacuum (where               )
<latexit sha1_base64="5zeHlmHk3HEqSyFNbfd6yWoH/18=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBch6MVjhLwgu4bZyWwyZHZ2mYcSlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXdXmHKmtOt+O4WV1bX1jeJmaWt7Z3evvH/QUomRhDZJwhPZCbGinAna1Exz2kklxXHIaTsc3U799iOViiWioccpDWI8ECxiBGsrPTR6mR8bX5gJukZur1xxq+4MaJl4OalAjnqv/OX3E2JiKjThWKmu56Y6yLDUjHA6KflG0RSTER7QrqUCx1QF2ezqCTqxSh9FibQlNJqpvycyHCs1jkPbGWM9VIveVPzP6xodXQUZE6nRVJD5oshwpBM0jQD1maRE87ElmEhmb0VkiCUm2gZVsiF4iy8vk9ZZ1buont+fV2o3eRxFOIJjOAUPLqEGd1CHJhCQ8Ayv8OY8OS/Ou/Mxby04+cwh/IHz+QOKN5Hk</latexit>

Tµ⌫ = 0
<latexit sha1_base64="PvKnouXUP3XewcrYH/ElmicxpDc=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEiroRim5cVrAPaEKZTCft0JlJnIdQYhf+ihsXirj1N9z5N07bLLT1wIXDOfdy7z1RyqjSnvftFJaWV1bXiuuljc2t7R13d6+pEiMxaeCEJbIdIUUYFaShqWaknUqCeMRIKxpeT/zWA5GKJuJOj1ISctQXNKYYaSt13YNA3RskCRx0s4CbQJgxvIRe1y17FW8KuEj8nJRBjnrX/Qp6CTacCI0ZUqrje6kOMyQ1xYyMS4FRJEV4iPqkY6lAnKgwm94/hsdW6cE4kbaEhlP190SGuFIjHtlOjvRAzXsT8T+vY3R8EWZUpEYTgWeLYsOgTuAkDNijkmDNRpYgLKm9FeIBkghrG1nJhuDPv7xImqcV/6xSva2Wa1d5HEVwCI7ACfDBOaiBG1AHDYDBI3gGr+DNeXJenHfnY9ZacPKZffAHzucPIL+Vhg==</latexit>⇤hµ⌫ = 0

System of decoupled wave equations!

<latexit sha1_base64="Xxr0wtBcTIDWT0YX678XWMmobkc=">AAACGXicbVDLSgMxFM34rPU16tJNsAiCUGakqBuh6MZlBfuAzjBk0rQNzSRDHkIZ+htu/BU3LhRxqSv/xrQdfLQeCJx7zr3c3BOnjCrteZ/OwuLS8spqYa24vrG5te3u7DaUMBKTOhZMyFaMFGGUk7qmmpFWKglKYkaa8eBq7DfviFRU8Fs9TEmYoB6nXYqRtlLker0oCxITcDOCFzAgGv3Ux7ZOFWWCw/63Grklr+xNAOeJn5MSyFGL3PegI7BJCNeYIaXavpfqMENSU8zIqBgYRVKEB6hH2pZylBAVZpPLRvDQKh3YFdI+ruFE/T2RoUSpYRLbzgTpvpr1xuJ/Xtvo7nmYUZ4aTTieLuoaBrWA45hgh0qCNRtagrCk9q8Q95FEWNswizYEf/bkedI4Kfun5cpNpVS9zOMogH1wAI6AD85AFVyDGqgDDO7BI3gGL86D8+S8Om/T1gUnn9kDf+B8fAHOZaDT</latexit>

gµ⌫ = ⌘µ⌫ + ✏hµ⌫

Origin: acceleration of masses

Propagation: speed of light

Effect: modifies the proper distance between objects

A. Einstein, 1916



© N. Fischer, H. Pfeiffer, A. Buonanno (Max-Planck-Institut für Gravitationsphysik)

Binary Black Hole Merger
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Detecting gravitational waves

Florian Ruppin  -  JRJC  -  October 2021

© NICOLLE RAGER FULLER

LIGO Hanford

LIGO Livingston

See Elisa’s and 
Vincent’s talks

VIRGO KAGRA

<latexit sha1_base64="Q3ZFHU8Hsd5v0kzobS0LsgWpHuE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtC6q3mW1dl+r1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB55yjW4=</latexit>{

<latexit sha1_base64="Q3ZFHU8Hsd5v0kzobS0LsgWpHuE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh17WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtC6q3mW1dl+r1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB55yjW4=</latexit>

{ Fabry-Perot cavities4 km 4 km

Michelson interferometers with km-scale arms

Fabry-Perot cavities: - increase distance by 300
- build up the light

Destructive interference if no GW (no fringe)

If GW passes: space stretched in one arm and compressed in the other one

First detection in 2015: GW150914 binary black hole merger Abbott et al. 2016
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Gravitational waves: standard sirens
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<latexit sha1_base64="uSVSa2wctQEJvw7FtLy62VoaZ/k=">AAACIHicbZDLSsNAFIYn9VbrrerSzWARKkJNarVuhKIbN0IFe4G2hsl00g6dScLMRCghj+LGV3HjQhHd6dM4abPQ1h8Gfr5zDmfO7wSMSmWaX0ZmYXFpeSW7mltb39jcym/vNKUfCkwa2Ge+aDtIEkY90lBUMdIOBEHcYaTljK6SeuuBCEl9706NA9LjaOBRl2KkNLLz1S5HaogRi25ieAG7rkA4KnLbgtwuH95HJ8encTwFRymyEmTnC2bJnAjOGys1BZCqbuc/u30fh5x4CjMkZccyA9WLkFAUMxLnuqEkAcIjNCAdbT3EiexFkwNjeKBJH7q+0M9TcEJ/T0SISznmju5MzpGztQT+V+uEyj3vRdQLQkU8PF3khgwqHyZpwT4VBCs21gZhQfVfIR4inZHSmeZ0CNbsyfOmWS5ZZ6XKbaVQu0zjyII9sA+KwAJVUAPXoA4aAINH8AxewZvxZLwY78bHtDVjpDO74I+M7x+OyKC1</latexit>

M =
(m1m2)3/5

(m1 +m2)1/5

<latexit sha1_base64="lVAMC9SLXjNIYYa+csQQt3paNdI=">AAACG3icbZDLSsNAFIYn9VbrLerSzWARXGhNar0si25cKFSwF2jSMJlO2qGTCzMToYS8hxtfxY0LRVwJLnwbJ20WWv1h4OM/5zDn/G7EqJCG8aUV5uYXFpeKy6WV1bX1DX1zqyXCmGPSxCELecdFgjAakKakkpFOxAnyXUba7ugyq7fvCRc0DO7kOCK2jwYB9ShGUlmOXh1CK+JhJENo+UgOMWLJTdpLTo6OU2gdQK+XVHPsO9e95NBMHb1sVIyJ4F8wcyiDXA1H/7D6IY59EkjMkBBd04iknSAuKWYkLVmxIBHCIzQgXYUB8omwk8ltKdxTTh96IVcvkHDi/pxIkC/E2HdVZ7a/mK1l5n+1biy9czuhQRRLEuDpR17MoEoiCwr2KSdYsrEChDlVu0I8RBxhqeIsqRDM2ZP/QqtaMU8rtdtauX6Rx1EEO2AX7AMTnIE6uAIN0AQYPIAn8AJetUftWXvT3qetBS2f2Qa/pH1+A8nKn1s=</latexit>

h / M5/3 f2/3 d�1
L

<latexit sha1_base64="z8cAHpVBVna5oL0dvTwABtZqcoA=">AAACFnicbVC7TsMwFHXKq5RXgJHFokJigJJAeYwVLCxIRaIPqUkrx3Vaq05i2Q5SFeUrWPgVFgYQYkVs/A1OmwEKR7J0dM691/cejzMqlWV9GYW5+YXFpeJyaWV1bX3D3NxqyigWmDRwxCLR9pAkjIakoahipM0FQYHHSMsbXWV+654ISaPwTo05cQM0CKlPMVJa6pmHTj9SiZ9Ch4uIqwg6AVJDjFhyk3aT06MT7RxAv5vYtuY9s2xVrAngX2LnpAxy1Hvmp56P44CECjMkZce2uHITJBTFjKQlJ5aEIzxCA9LRNEQBkW4yOSuFe1rpQz8S+oUKTtSfHQkKpBwHnq7MlpazXib+53Vi5V+4CQ15rEiIpx/5MYP6/Cwj2KeCYMXGmiAsqN4V4iESCCudZEmHYM+e/Jc0jyv2WaV6Wy3XLvM4imAH7IJ9YINzUAPXoA4aAIMH8ARewKvxaDwbb8b7tLRg5D3b4BeMj2+xnZ5n</latexit>

ḟ / M5/3 f11/3

with

By measuring    ,   , and     we can estimate       and
<latexit sha1_base64="AwzJZfjwd/DduSxYVcEf6ZCysD4=">AAAB7nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIqS6LblxWsA9oh5JJM21oJjMkd4Qy9CPcuFDErd/jzr8xbWehrQcCh3PuIfeeIJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnf4wxiycDcoVt+ouQNaJl5MK5GgOyl82ydKIK2SSGtPz3AT9jGoUTPJZqZ8anlA2oSPes1TRiBs/W6w7IxdWGZIw1vYpJAv1dyKjkTHTKLCTEcWxWfXm4n9eL8Xwxs+ESlLkii0/ClNJMCbz28lQaM5QTi2hTAu7K2FjqilD21DJluCtnrxO2ldVr16tPdQqjdu8jiKcwTlcggfX0IB7aEILGEzgGV7hzUmcF+fd+ViOFpw8cwp/4Hz+AKccj8o=</latexit>

ḟ
<latexit sha1_base64="mXTTqJLVGzQHkYptyoikscqKUlE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZtgvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukfVH1Lqu1Zq1Sv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPzd+M8w==</latexit>

f
<latexit sha1_base64="rTY8A/41fKd2STNcY2eiXTDuu2Y=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qhfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f0OeM9Q==</latexit>

h
<latexit sha1_base64="Hm56z2EOyBt8mwyWD0x9icCm4QE=">AAAB8nicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN26ECvYB06Fk0kwbmkmGJCOUoZ/hxoUibv0ad/6NmXYW2nogcDjnXnLuCRPOtHHdb6e0tr6xuVXeruzs7u0fVA+POlqmitA2kVyqXog15UzQtmGG016iKI5DTrvh5Db3u09UaSbFo5kmNIjxSLCIEWys5PdjbMYE8+x+NqjW3Lo7B1olXkFqUKA1qH71h5KkMRWGcKy177mJCTKsDCOczir9VNMEkwkeUd9SgWOqg2weeYbOrDJEkVT2CYPm6u+NDMdaT+PQTuYR9bKXi/95fmqi6yBjIkkNFWTxUZRyZCTK70dDpigxfGoJJorZrIiMscLE2JYqtgRv+eRV0rmoe5f1xkOj1rwp6ijDCZzCOXhwBU24gxa0gYCEZ3iFN8c4L86787EYLTnFzjH8gfP5A4V4kWw=</latexit>

M
<latexit sha1_base64="jMFWojKIkLgZhwp8Lc4Mv3QojZA=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GiZtp9Nl0Y0LFxXtA9qhZDKZNjSTGZKMUEo/wY0LRdz6Re78G9OHoKIHLhzOuZd77wlSzpR2nA8rt7a+sbmV3y7s7O7tHxQPj9oqySShLZLwRHYDrChngrY005x2U0lxHHDaCcaXc79zT6ViibjTk5T6MR4KFjGCtZFuw8H1oFhybM/1PFSDjo2Q61ZcQyrlMvLqENnOAiWwQnNQfO+HCcliKjThWKkeclLtT7HUjHA6K/QzRVNMxnhIe4YKHFPlTxenzuCZUUIYJdKU0HChfp+Y4lipSRyYzhjrkfrtzcW/vF6mo7o/ZSLNNBVkuSjKONQJnP8NQyYp0XxiCCaSmVshGWGJiTbpFEwIX5/C/0m7bKOaXb2plhoXqzjy4AScgnOAgAca4Ao0QQsQMAQP4Ak8W9x6tF6s12VrzlrNHIMfsN4+AYdSjfw=</latexit>

dL

What we measure from GW

Amplitude:

Frequency variations:

Redshift estimate

Electromagnetic counterpart to neutron star mergers (short gamma-ray burst) Redshift of host galaxy

Precise event triangulation Use galaxy surveys

Knowing       and     we can estimate        
<latexit sha1_base64="VcduhImtG31xtIwCRH/3qEwy95Y=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOwvjQc=</latexit>z <latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0
<latexit sha1_base64="1vbvW/gSv3ugMBnVhHXUWt/B6V4=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoY2ER0XxAcoS9vblkyd7esbsnhJCfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAKro3rfjuFldW19Y3iZmlre2d3r7x/0NRJphg2WCIS1Q6oRsElNgw3AtupQhoHAlvB8Gbqt55QaZ7IRzNK0Y9pX/KIM2qs9BD27nrlilt1ZyDLxMtJBXLUe+WvbpiwLEZpmKBadzw3Nf6YKsOZwEmpm2lMKRvSPnYslTRG7Y9np07IiVVCEiXKljRkpv6eGNNY61Ec2M6YmoFe9Kbif14nM9GVP+YyzQxKNl8UZYKYhEz/JiFXyIwYWUKZ4vZWwgZUUWZsOiUbgrf48jJpnlW9i+r5/Xmldp3HUYQjOIZT8OASanALdWgAgz48wyu8OcJ5cd6dj3lrwclnDuEPnM8fGRKNsA==</latexit>

dL

© NASA/CXC/M.Weiss — artist impression of jet emission after neutron star merger
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Constraining H0 with gravitational waves

Abbott et al. 2021

Florian Ruppin  -  JRJC  -  October 2021

First constraint of        with one GW event + gamma-ray counterpart:
<latexit sha1_base64="gZeJ8VmKhlE+q1sPW3Qe6X6caeg="></latexit>

H0 = 70.0+12.0
�8.0 km s�1 Mpc�1<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0
Abbott et al. 2017

Addition of 6 BBH events + galaxy survey: improves the constraint on        by 4%
<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0

Perspectives: relative uncertainty on        of 1% with              events
<latexit sha1_base64="ZZNgryjgPljzZcq34H9Nd1Ke+Ho=">AAAB+XicbVDLSsNAFL2pr1pfUZduBotQNyWRUl0W3bizgn1AG8pkOmmHTiZhZlIooX/ixoUibv0Td/6NkzYLbT0wcDjnXu6Z48ecKe0431ZhY3Nre6e4W9rbPzg8so9P2ipKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ3eZ35lSqVgknvQspl6IR4IFjGBtpIFt90OsxwTz9GFecR3ncmCXnaqzAFonbk7KkKM5sL/6w4gkIRWacKxUz3Vi7aVYakY4nZf6iaIxJhM8oj1DBQ6p8tJF8jm6MMoQBZE0T2i0UH9vpDhUahb6ZjLLqVa9TPzP6yU6uPFSJuJEU0GWh4KEIx2hrAY0ZJISzWeGYCKZyYrIGEtMtCmrZEpwV7+8TtpXVbderT3Wyo3bvI4inME5VMCFa2jAPTShBQSm8Ayv8Gal1ov1bn0sRwtWvnMKf2B9/gAoK5Kz</latexit>

O(100)
<latexit sha1_base64="18phKAQHXG3TBu8EFpvzbsC3x/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRS48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHstHM0nQj+hQ8pAzaqz0UO+7/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mpU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2d9kwBUyIyaWUKa4vZWwEVWUGZtOyYbgLb+8SloXVe+qenl/Wand5nEU4QRO4Rw8uIYa1KEBTWAwhGd4hTdHOC/Ou/OxaC04+cwx/IHz+QPD6414</latexit>

H0



Introduction to Cosmology

Florian Ruppin  -  JRJC  -  October 2021

The energy content of the Universe

With type Ia Supernovae (standard candles)

With gravitational waves (standard sirens)

A multi-probe / multi-messenger era

Estimating the Hubble constant
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Current tension between H0 constraints

Ezquiaga & Zumalacárregui et al. 2018

<latexit sha1_base64="6kALrUD0tOWpJhMTjAi5gwj+ZJQ="></latexit> H
0
[k
m
/
s/
M
p
c]

<latexit sha1_base64="CXexDjAwZAFQv7sINqK7B3c33+A="></latexit>year

Florian Ruppin  -  JRJC  -  October 2021

Tension of            between direct measurements and extrapolation from               model (CMB - BAO - Clusters)
<latexit sha1_base64="qagiv4OWa8jCcKn60RGUkyDkifI=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbB07JbSvVY9OKxgv3AdinZNNuGJtklyQpl6b/w4kERr/4bb/4b03YP2vpg4PHeDDPzwoQzbTzv2ylsbG5t7xR3S3v7B4dH5eOTto5TRWiLxDxW3RBrypmkLcMMp91EUSxCTjvh5Hbud56o0iyWD2aa0EDgkWQRI9hY6bHmVlFfs5HAg3LFc70F0Drxc1KBHM1B+as/jEkqqDSEY617vpeYIMPKMMLprNRPNU0wmeAR7VkqsaA6yBYXz9CFVYYoipUtadBC/T2RYaH1VIS2U2Az1qveXPzP66Umug4yJpPUUEmWi6KUIxOj+ftoyBQlhk8twUQxeysiY6wwMTakkg3BX315nbSrrl93a/e1SuMmj6MIZ3AOl+DDFTTgDprQAgISnuEV3hztvDjvzseyteDkM6fwB87nD0lhkAg=</latexit>

4.2�
<latexit sha1_base64="gSaEta88HaeiplxXaXx99KShX1c=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCqzIjRV0W68KFQgX7gM5QMpm0DU0yQ5IR6lD8FTcuFHHrf7jzb8y0s9DWA4HDufdwT04QM6q043xbhaXlldW14nppY3Nre8fe3WupKJGYNHHEItkJkCKMCtLUVDPSiSVBPGCkHYzq2bz9QKSikbjX45j4HA0E7VOMtJF69oHHkR5Knno3xhQiWL+6nfTsslNxpoCLxM1JGeRo9OwvL4xwwonQmCGluq4Taz9FUlPMyKTkJYrECI/QgHQNFYgT5afT9BN4bJQQ9iNpntBwqv52pIgrNeaB2cyyqvlZJv436ya6f+GnVMSJJgLPDvUTBnUEsypgSCXBmo0NQVhSkxXiIZIIa1NYyZTgzn95kbROK+5ZpXpXLdcu8zqK4BAcgRPggnNQA9egAZoAg0fwDF7Bm/VkvVjv1sdstWDlnn3wB9bnD/f5lOo=</latexit>

⇤CDM

Hint of new physics or systematic effects?              Need better understanding of astrophysical processes

GW: new cosmological probe that will help solving the tension



27

Conclusions / Perspectives

Florian Ruppin  -  JRJC  -  October 2021

Understanding systematic effects from instrument / analysis / astrophysics is crucial

… but currently all hints of new physics can be explained by underestimated systematic effects

Cosmology enters a multi-messenger era

With more precision comes new discrepancies Potential weaknesses of our standard models

The future is bright on the statistical side…
Cumulative number of GW events

<latexit sha1_base64="swYsGXu0WR5KSR38azEszNC4QgI=">AAAB+nicbVDLSgMxFL3js9bXVJdugkWomzIjxceu6MadFewD2rFk0rQNzWSGJKOUsZ/ixoUibv0Sd/6NmXYW2nogcDjnXu7J8SPOlHacb2tpeWV1bT23kd/c2t7ZtQt7DRXGktA6CXkoWz5WlDNB65ppTluRpDjwOW36o6vUbz5QqVgo7vQ4ol6AB4L1GcHaSF270AmwHhLMk5tJyXXuL467dtEpO1OgReJmpAgZal37q9MLSRxQoQnHSrVdJ9JegqVmhNNJvhMrGmEywgPaNlTggCovmUafoCOj9FA/lOYJjabq740EB0qNA99MpkHVvJeK/3ntWPfPvYSJKNZUkNmhfsyRDlHaA+oxSYnmY0MwkcxkRWSIJSbatJU3JbjzX14kjZOye1qu3FaK1cusjhwcwCGUwIUzqMI11KAOBB7hGV7hzXqyXqx362M2umRlO/vwB9bnD+8zkyQ=</latexit>

O(109)
<latexit sha1_base64="lkosh3P7sNfUD30HY9LP+6iyQLM=">AAAB+nicbVC7TsMwFL3hWcorhZHFokIqS5Wg8hgrWNgoEn1Ibagc122tOk5kO6Aq9FNYGECIlS9h429w2gzQciRLR+fcq3t8/IgzpR3n21paXlldW89t5De3tnd27cJeQ4WxJLROQh7Klo8V5UzQumaa01YkKQ58Tpv+6Cr1mw9UKhaKOz2OqBfggWB9RrA2UtcudAKshwTz5GZScp370+OuXXTKzhRokbgZKUKGWtf+6vRCEgdUaMKxUm3XibSXYKkZ4XSS78SKRpiM8IC2DRU4oMpLptEn6MgoPdQPpXlCo6n6eyPBgVLjwDeTaVA176Xif1471v0LL2EiijUVZHaoH3OkQ5T2gHpMUqL52BBMJDNZERliiYk2beVNCe78lxdJ46TsnpUrt5Vi9TKrIwcHcAglcOEcqnANNagDgUd4hld4s56sF+vd+piNLlnZzj78gfX5A+kfkyA=</latexit>

O(105)Galaxies Clusters
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