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1. GW and cosmology
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Cosmology with GWs

GW from mergers give access to dL:

<latexit sha1_base64="Fwbjs+KsjZY9rJMNzB5NL/dyquY="></latexit>

r = 780 Mpc
1

1023 < h > ⌧

✓
100 Hz

f

◆2

signal amplitude:

time to coalescence:

measuring <h>, 𝛕 (in seconds) and f gives the distance r to the CBC:

in an expanding universe, r is dL and masses are multiplied by (1+z)
3

<latexit sha1_base64="Sauh62DlT3rXCWNe+I/ADP5cGDA=">AAACD3icbVA7T8MwGHTKq5RXgJHFogKxUJIChQGhChYWpCLRh9SmkeM6rVXnIdtBqqL0F7DwV1gYQIiVlY1/g9N2gJaTLJ/uvk/2nRMyKqRhfGuZufmFxaXscm5ldW19Q9/cqokg4phUccAC3nCQIIz6pCqpZKQRcoI8h5G6079O/foD4YIG/r0chMTyUNenLsVIKsnW9y96l7AV8iCUARze2rgdnx4dJ0O3HRfTG/J2fGgmtp43CsYIcJaYE5IHE1Rs/avVCXDkEV9ihoRomkYorRhxSTEjSa4VCRIi3Edd0lTURx4RVjzKk8A9pXSgG3B1fAlH6u+NGHlCDDxHTXpI9sS0l4r/ec1IuudWTP0wksTH44fciEGVPS0HdignWLKBIghzqv4KcQ9xhKWqMKdKMKcjz5JasWCWCqW7k3z5alJHFuyAXXAATHAGyuAGVEAVYPAInsEreNOetBftXfsYj2a0yc42+APt8wf4OJtg</latexit>

< h >/ M5/3
c f2/3 r�1

<latexit sha1_base64="HxQFX8NY5ikT5dsA4EZQw8jIyO4=">AAACCnicbZC7TsMwFIadcivlFmBkMVRILJSES+lYwcKCVCR6kZoQOa7TWnXiyHaQqqhdWXgVFgYQYuUJ2Hgb3DYDFH7J0qf/nKPj8/sxo1JZ1peRm5tfWFzKLxdWVtfWN8zNrYbkicCkjjnjouUjSRiNSF1RxUgrFgSFPiNNv385rjfviZCUR7dqEBM3RN2IBhQjpS3P3HUUSqATCx4rDkfXHr5LD8+OToajQENFg2cWrZI1EfwLdgZFkKnmmZ9Oh+MkJJHCDEnZtq1YuSkSimJGhgUnkSRGuI+6pK0xQiGRbjo5ZQj3tdOBARf6RQpO3J8TKQqlHIS+7gyR6snZ2tj8r9ZOVFBxUxrFiSIRni4KEgb11eNcYIcKghUbaEBYUP1XiHtIIKx0egUdgj178l9oHJfscql8c1qsXmRx5MEO2AMHwAbnoAquQA3UAQYP4Am8gFfj0Xg23oz3aWvOyGa2wS8ZH9+UmZmO</latexit>

⌧ / M�5/3
c f�8/3

so that:
<latexit sha1_base64="bI9GyfRYC8sJsOxf0gOoQPnyghs=">AAACDXicbVBLSwMxGMz6rPW16tFLsApeLLtFqgeRohePFewDumvJptk2NJsNSVYoS/sDvPhXvHhQxKt3b/4b03YP2joQMsx8H8lMIBhV2nG+rYXFpeWV1dxafn1jc2vb3tmtqziRmNRwzGLZDJAijHJS01Qz0hSSoChgpBH0r8d+44FIRWN+pweC+BHqchpSjLSR2vahhJ6QsdAxHF30Lu/TE3c48jRKpiw0V2nYtgtO0ZkAzhM3IwWQodq2v7xOjJOIcI0ZUqrlOkL7KZKaYkaGeS9RRCDcR13SMpSjiCg/naQZwiOjdGAYS3O4hhP190aKIqUGUWAmI6R7atYbi/95rUSH535KuUg04Xj6UJgwaLKPq4EdKgnWbGAIwpKav0LcQxJhbQrMmxLc2cjzpF4quuVi+fa0ULnK6siBfXAAjoELzkAF3IAqqAEMHsEzeAVv1pP1Yr1bH9PRBSvb2QN/YH3+AK6Em1U=</latexit>

r / < h >�1 ⌧�1 f�2 (independent of time)



Cosmology with GWs

In a flat LCDM model, dL is related to cosmology:
<latexit sha1_base64="Ee1sbWVMFEjMBMoKVrQrNd3WTx0="></latexit>

dL =
(1 + z) c

H0

Z z

0

dz0p
⌦m(1 + z0)3 + ⌦⇤

z⌧1⇡ c z

H0

(need large-z events to infer Ωm and ΩΛ)

<latexit sha1_base64="ZyZwzQ+yZJAR87dGqxiZle19hP4=">AAACC3icbVDLSsNAFJ3UV62vqEs3oUWoKCURqW6EohuXFewDmhAmk0k7dCYJMxOhhuzd+CtuXCji1h9w5984aQNq9cCFwzn3cu89XkyJkKb5qZUWFpeWV8qrlbX1jc0tfXunK6KEI9xBEY1434MCUxLijiSS4n7MMWQexT1vfJn7vVvMBYnCGzmJscPgMCQBQVAqydWrzLUZlCPOUh/L7LxuHd4d2EffqshcvWY2zCmMv8QqSA0UaLv6h+1HKGE4lIhCIQaWGUsnhVwSRHFWsROBY4jGcIgHioaQYeGk018yY18pvhFEXFUojan6cyKFTIgJ81RnfqGY93LxP2+QyODMSUkYJxKHaLYoSKghIyMPxvAJx0jSiSIQcaJuNdAIcoikiq+iQrDmX/5LuscNq9loXp/UWhdFHGWwB6qgDixwClrgCrRBByBwDx7BM3jRHrQn7VV7m7WWtGJmF/yC9v4F4R+a+A==</latexit>

mdet = (1 + z)ms

<latexit sha1_base64="YeMSFUfoLnR8Rch/nBM9kTBgeKU=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0XQhSURqW6EohuXFewDmhAm00k7dCYJMxOhhnyDG3/FjQtF3Lpy5984abOorQcGzpxzL/fe48eMSmVZP0ZpaXllda28XtnY3NreMXf32jJKBCYtHLFIdH0kCaMhaSmqGOnGgiDuM9LxRze533kgQtIovFfjmLgcDUIaUIyUljzz5BFeQScQCKfcczhSQ8HTPlFZNvOXWXZqe2bVqlkTwEViF6QKCjQ989vpRzjhJFSYISl7thUrN0VCUcxIVnESSWKER2hAepqGiBPpppOTMniklT4MIqFfqOBEne1IEZdyzH1dmS8p571c/M/rJSq4dFMaxokiIZ4OChIGVQTzfGCfCoIVG2uCsKB6V4iHSOejdIoVHYI9f/IiaZ/V7HqtfndebVwXcZTBATgEx8AGF6ABbkETtAAGT+AFvIF349l4NT6Mz2lpySh69sEfGF+/VSmejw==</latexit>

z =
mdet

ms
� 1

<latexit sha1_base64="YcrULZ5v6054R+CybQaEkNagokw=">AAACKnicbVDLSsNAFJ3UV62vqEs3wSK4sSQi1Y1QddOFiwr2AU0Ik8mkHTqThJmJUEK+x42/4qYLpbj1Q5y0AW3rgYFzzr2Xufd4MSVCmuZUK62tb2xulbcrO7t7+wf64VFHRAlHuI0iGvGeBwWmJMRtSSTFvZhjyDyKu97oIa93XzAXJAqf5TjGDoODkAQEQaksV79ruuatHXCIUpSlvvuYzQVzbQblkLPUxzK7+JUiy9IF5epVs2bOYKwSqyBVUKDl6hPbj1DCcCgRhUL0LTOWTgq5JIjirGInAscQjeAA9xUNIcPCSWenZsaZcnwjiLh6oTRm7t+JFDIhxsxTnfmKYrmWm//V+okMbpyUhHEicYjmHwUJNWRk5LkZPuEYSTpWBCJO1K4GGkIVlVTpVlQI1vLJq6RzWbPqtfrTVbVxX8RRBifgFJwDC1yDBmiCFmgDBF7BO/gAn9qbNtGm2te8taQVM8dgAdr3D45gqeE=</latexit>

H0 =
c

dL

mdet �ms

ms

if ms is known!

redshift-mass degeneracy:


any feature in the mass spectrum helps breaking the degeneracy: this 
is the spectral analysis (GW data only)

4

if ms is known!



Cosmology with GWs

there are features in the mass spectrum:

5

GWTC3, assuming

Planck15 cosmology

peaks at 10 and ~31 Mo



Cosmology with GWs
We add another source of information


under the assumption: CBCs are hosted in galaxies


the measured GW signal depends on the sky position:

we compute a sky map of the possible source locations (3D: ra, dec, dL), 

with correlations

6



Cosmology with GWs

add a galaxy catalogue: galaxy-catalogue analysis

7

Schutz, B. Nature 323 (1986) 310

GLADE+: Dalya et al, MNRAS 514, 1403–1411 (2022)

We add another source of information

under the assumption: CBCs are hosted in galaxies


the measured GW signal depends on the sky position:

we compute a sky map of the possible source locations (3D: ra, dec, dL), 

with correlations



2. The model
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Cosmology with GWs
Goal of the analysis:


describe the rates and distributions of mass, distance, spins

<latexit sha1_base64="CPdb4cRHfhBE/wRY9ryCIK56eow="></latexit>

✓ = (m1d,m2d, dL, ◆, ra, dec,�...)

For a single event:

For a set of events:
<latexit sha1_base64="9rVG0hBkCK6kYmIrNZs3wnDxnVE=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoUEJSpLosunHhooJ9QFvCZDJph84kYWYilNC1G3/FjQtF3PoF7vwbJ20W2npguIdz7uXOPV7MqFS2/W0UVlbX1jeKm6Wt7Z3dPXP/oC2jRGDSwhGLRNdDkjAakpaiipFuLAjiHiMdb3yd+Z0HIiSNwns1icmAo2FIA4qR0pJrHscV7qaOP61CXWtZ9d3bKuzjEa1Cy7LOXLNsW/YMcJk4OSmDHE3X/Or7EU44CRVmSMqeY8dqkCKhKGZkWuonksQIj9GQ9DQNESdykM5OmcJTrfgwiIR+oYIz9fdEiriUE+7pTo7USC56mfif10tUcDlIaRgnioR4vihIGFQRzHKBPhUEKzbRBGFB9V8hHiGBsNLplXQIzuLJy6Rds5y6Vb87Lzeu8jiK4AicgApwwAVogBvQBC2AwSN4Bq/gzXgyXox342PeWjDymUPwB8bnD9Xsl80=</latexit>

p(m1d,m2d, dL,�, ...)
<latexit sha1_base64="8HX8cFoRnXQEXd6pis72I4ROBm0=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahQglJkeqy6MZlBfuANoTJdNIOnUnCzESooUs3/oobF4q49RPc+TdO2iy09cBwD+fcy517/JhRqWz72yisrK6tbxQ3S1vbO7t75v5BW0aJwKSFIxaJro8kYTQkLUUVI91YEMR9Rjr++DrzO/dESBqFd2oSE5ejYUgDipHSkmcexxXupY6cVqGutaw+VGEfj2gVWpZ15pll27JngMvEyUkZ5Gh65ld/EOGEk1BhhqTsOXas3BQJRTEj01I/kSRGeIyGpKdpiDiRbjo7ZApPtTKAQST0CxWcqb8nUsSlnHBfd3KkRnLRy8T/vF6igks3pWGcKBLi+aIgYVBFMEsFDqggWLGJJggLqv8K8QgJhJXOrqRDcBZPXibtmuXUrfrteblxlcdRBEfgBFSAAy5AA9yAJmgBDB7BM3gFb8aT8WK8Gx/z1oKRzxyCPzA+fwDFcJdC</latexit>

p(m1s,m2s, z,�, ...)

detector frame

source frame (astrophysics)

simplification: separing variables
<latexit sha1_base64="cIgcUjph7Sy5Lv0Dfg1+s2mYRf8=">AAACIXicbVDLSsNAFJ34rPVVdelmsAjtJiRFapel3bisYB/QljCZTtuhM0mYmQg15lfc+CtuXCjSnfgzTtII2nrgwplz7mXuPW7AqFSW9WlsbG5t7+zm9vL7B4dHx4WT0470Q4FJG/vMFz0XScKoR9qKKkZ6gSCIu4x03Vkz8bv3REjqe3dqHpAhRxOPjilGSktOoRaUuBPZMi6npCLjx5+3M+BITQWPmo1mXHrQDUkN8JSWTdN0CkXLtFLAdWJnpAgytJzCYjDycciJpzBDUvZtK1DDCAlFMSNxfhBKEiA8QxPS19RDnMhhlF4Yw0utjODYF7o8BVP190SEuJRz7urOZGm56iXif14/VOPaMKJeECri4eVH45BB5cMkLjiigmDF5pogLKjeFeIpEggrHWpeh2CvnrxOOhXTrprV26tivZHFkQPn4AKUgA2uQR3cgBZoAwyewAt4A+/Gs/FqfBiLZeuGkc2cgT8wvr4BgKiicg==</latexit>

p(m1s)p(m2s|m1s)pCBC(z)p(z)p(�)...

9



Cosmology with GWs

<latexit sha1_base64="eT53o0BHnmt1Zh/Xm/2q8J1e+s0=">AAACIHicbVDLSgMxFM3UV62vUZdugkVwIWWmSCu4KbpxI1SwD+iMQyZN29AkMyQZoQzjn7jxV9y4UER3+jWmj4W2HgicnHMv994Txowq7ThfVm5peWV1Lb9e2Njc2t6xd/eaKkokJg0csUi2Q6QIo4I0NNWMtGNJEA8ZaYXDy7HfuidS0Ujc6lFMfI76gvYoRtpIgV31YhnFOoI8SMsqu/NCotHJw/TnUQE714HHkR5InnIqsnPjuCrzA7volJwJ4CJxZ6QIZqgH9qfXjXDCidCYIaU6rhNrP0VSU8xIVvASRWKEh6hPOoYKxIny08mBGTwyShf2Imme0HCi/u5IEVdqxENTOd5VzXtj8T+vk+jemZ9SESeaCDwd1EsYNIGM04JdKgnWbGQIwpKaXSEeIImwNpkWTAju/MmLpFkuuZVS5ea0WLuYxZEHB+AQHAMXVEENXIE6aAAMHsEzeAVv1pP1Yr1bH9PSnDXr2Qd/YH3/AD/npEk=</latexit>

/ m�
2s, m2s 2 [Mmin;m1s]

<latexit sha1_base64="cIgcUjph7Sy5Lv0Dfg1+s2mYRf8=">AAACIXicbVDLSsNAFJ34rPVVdelmsAjtJiRFapel3bisYB/QljCZTtuhM0mYmQg15lfc+CtuXCjSnfgzTtII2nrgwplz7mXuPW7AqFSW9WlsbG5t7+zm9vL7B4dHx4WT0470Q4FJG/vMFz0XScKoR9qKKkZ6gSCIu4x03Vkz8bv3REjqe3dqHpAhRxOPjilGSktOoRaUuBPZMi6npCLjx5+3M+BITQWPmo1mXHrQDUkN8JSWTdN0CkXLtFLAdWJnpAgytJzCYjDycciJpzBDUvZtK1DDCAlFMSNxfhBKEiA8QxPS19RDnMhhlF4Yw0utjODYF7o8BVP190SEuJRz7urOZGm56iXif14/VOPaMKJeECri4eVH45BB5cMkLjiigmDF5pogLKjeFeIpEggrHWpeh2CvnrxOOhXTrprV26tivZHFkQPn4AKUgA2uQR3cgBZoAwyewAt4A+/Gs/FqfBiLZeuGkc2cgT8wvr4BgKiicg==</latexit>

p(m1s)p(m2s|m1s)pCBC(z)p(z)p(�)...

10

LVK, Astrophys.J. 949 (2023) 2, 76

GWTC3, assuming

Planck15 cosmology



Cosmology with GWs

Model for redshift distribution of CBCs: 
the binary black holes distribution 

follows the star formation rate

<latexit sha1_base64="AP4CYu+P8zfih2XskIJ1oefUtp4="></latexit>

R0f(z) = R0

⇣
1 + 1

(1+zp)�+

⌘
(1 + z)�

1 +
⇣

1+z
1+zp

⌘�+ Gpc�3 yr�1

Madau-Dickinson

<latexit sha1_base64="nEfw0BnjD0eu+Ym7GA5aaHD8y5M=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahIpRdkeqx6MVjBfsB3bVk07QNTbJLkhXq0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0c3Ubz1SpVkk7804poHAA8n6jGBjJb/snT2dPvgDLATuFktuxZ0BLRMvIyXIUO8Wv/xeRBJBpSEca93x3NgEKVaGEU4nBT/RNMZkhAe0Y6nEguognd08QSdW6aF+pGxJg2bq74kUC63HIrSdApuhXvSm4n9eJzH9qyBlMk4MlWS+qJ9wZCI0DQD1mKLE8LElmChmb0VkiBUmxsZUsCF4iy8vk+Z5xatWqncXpdp1FkcejuAYyuDBJdTgFurQAAIxPMMrvDmJ8+K8Ox/z1pyTzRzCHzifP8I4kOE=</latexit>

(1 + z)�

<latexit sha1_base64="sT9N7qe5LsKY6vHDxj9v2rwTxsg=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGi/YA2lM120i7dbMLuRqihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtR1Sax/LBjBP0IzqQPOSMGivdP/WSXqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPIzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AFxyo3s</latexit>zp

<latexit sha1_base64="CF38UHkFSqq8eDpwydif7R/MAqg=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEilgSkeqx6MVjBfsBbSyT7aZdutksuxuhDf0lXjwo4tWf4s1/47bNQasPBh7vzTAzLxCMKu26X1ZuZXVtfSO/Wdja3tkt2nv7TRUnEpMGjlks2wEowignDU01I20hCUQBI61gdDPzW49EKhrzez0WxI9gwGlIMWgj9exi2TudnDykZ90RCAHTnl1yK+4czl/iZaSEMtR79me3H+MkIlxjBkp1PFdoPwWpKWZkWugmigjAIxiQjqEcIqL8dH741Dk2St8JY2mKa2eu/pxIIVJqHAWmMwI9VMveTPzP6yQ6vPJTykWiCceLRWHCHB07sxScPpUEazY2BLCk5lYHD0EC1iarggnBW375L2meV7xqpXp3UapdZ3Hk0SE6QmXkoUtUQ7eojhoIowQ9oRf0ak2sZ+vNel+05qxs5gD9gvXxDYBukl8=</latexit>

(1 + z)�

<latexit sha1_base64="cIgcUjph7Sy5Lv0Dfg1+s2mYRf8=">AAACIXicbVDLSsNAFJ34rPVVdelmsAjtJiRFapel3bisYB/QljCZTtuhM0mYmQg15lfc+CtuXCjSnfgzTtII2nrgwplz7mXuPW7AqFSW9WlsbG5t7+zm9vL7B4dHx4WT0470Q4FJG/vMFz0XScKoR9qKKkZ6gSCIu4x03Vkz8bv3REjqe3dqHpAhRxOPjilGSktOoRaUuBPZMi6npCLjx5+3M+BITQWPmo1mXHrQDUkN8JSWTdN0CkXLtFLAdWJnpAgytJzCYjDycciJpzBDUvZtK1DDCAlFMSNxfhBKEiA8QxPS19RDnMhhlF4Yw0utjODYF7o8BVP190SEuJRz7urOZGm56iXif14/VOPaMKJeECri4eVH45BB5cMkLjiigmDF5pogLKjeFeIpEggrHWpeh2CvnrxOOhXTrprV26tivZHFkQPn4AKUgA2uQR3cgBZoAwyewAt4A+/Gs/FqfBiLZeuGkc2cgT8wvr4BgKiicg==</latexit>

p(m1s)p(m2s|m1s)pCBC(z)p(z)p(�)...

11



Cosmology with GWs

Model for redshift distribution of CBCs: 
the binary black holes distribution 

follows the star formation rate

<latexit sha1_base64="AP4CYu+P8zfih2XskIJ1oefUtp4="></latexit>

R0f(z) = R0

⇣
1 + 1

(1+zp)�+

⌘
(1 + z)�

1 +
⇣

1+z
1+zp

⌘�+ Gpc�3 yr�1

<latexit sha1_base64="cIgcUjph7Sy5Lv0Dfg1+s2mYRf8=">AAACIXicbVDLSsNAFJ34rPVVdelmsAjtJiRFapel3bisYB/QljCZTtuhM0mYmQg15lfc+CtuXCjSnfgzTtII2nrgwplz7mXuPW7AqFSW9WlsbG5t7+zm9vL7B4dHx4WT0470Q4FJG/vMFz0XScKoR9qKKkZ6gSCIu4x03Vkz8bv3REjqe3dqHpAhRxOPjilGSktOoRaUuBPZMi6npCLjx5+3M+BITQWPmo1mXHrQDUkN8JSWTdN0CkXLtFLAdWJnpAgytJzCYjDycciJpzBDUvZtK1DDCAlFMSNxfhBKEiA8QxPS19RDnMhhlF4Yw0utjODYF7o8BVP190SEuJRz7urOZGm56iXif14/VOPaMKJeECri4eVH45BB5cMkLjiigmDF5pogLKjeFeIpEggrHWpeh2CvnrxOOhXTrprV26tivZHFkQPn4AKUgA2uQR3cgBZoAwyewAt4A+/Gs/FqfBiLZeuGkc2cgT8wvr4BgKiicg==</latexit>

p(m1s)p(m2s|m1s)pCBC(z)p(z)p(�)...

either uninformative prior:

uniform in comoving volume (spectral analysis)

<latexit sha1_base64="mGJQy9KMhxMnnrj1LTpuN6zKpPA=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuSiJSXRbduJIK9gFNCJPJpB06mQwzE6GEbt34K25cKOLWP3Dn3zhps6itBwYO59zL3HNCwajSjvNjrayurW9sVraq2zu7e/v2wWFHpZnEpI1TlspeiBRhlJO2ppqRnpAEJSEj3XB0U/jdRyIVTfmDHgviJ2jAaUwx0kYKbOglSA9lkkeTO0/IVOh0TuoEOLBrTt2ZAi4TtyQ1UKIV2N9elOIsIVxjhpTqu47Qfo6kppiRSdXLFBEIj9CA9A3lKCHKz6dJJvDUKBGMU2ke13Cqzm/kKFFqnIRmsjhSLXqF+J/Xz3R85eeUi0wTjmcfxRmDJm5RC4yoJFizsSEIS2puhXiIJMLalFc1JbiLkZdJ57zuNuqN+4ta87qsowKOwQk4Ay64BE1wC1qgDTB4Ai/gDbxbz9ar9WF9zkZXrHLnCPyB9fULtZea/g==</latexit>

dN / dVc

<latexit sha1_base64="PywO8rIHgCb8lz+/HOvQorrux+w=">AAACMXicbVDLSsNAFJ3UV62vqEs3wSK4KolIdVl005VUsA9oQphMJu3QmUmYmQg15Jfc+CfipgtF3PoTTtss+vDAwJlzz+Xee4KEEqlse2KUNja3tnfKu5W9/YPDI/P4pCPjVCDcRjGNRS+AElPCcVsRRXEvERiygOJuMLqf1rvPWEgS8yc1TrDH4ICTiCCotOSbTTcSEGUug2ooWBbmD/nC5yV3ExEnKrZWbR0fLRt9s2rX7BmsdeIUpAoKtHzz3Q1jlDLMFaJQyr5jJ8rLoFAEUZxX3FTiBKIRHOC+phwyLL1sdnFuXWgltKJY6MeVNVMXOzLIpByzQDunO8rV2lT8r9ZPVXTrZYQnqcIczQdFKbV0BNP4rJAIjBQdawKRIHpXCw2hzkbpkCs6BGf15HXSuao59Vr98brauCviKIMzcA4ugQNuQAM0QQu0AQKv4AN8gi/jzZgY38bP3Foyip5TsATj9w8etq3U</latexit>

dN

dz
/ dVc

dz
:

or use a galaxy catalogue as an 
informative prior for the host galaxies:

12



<latexit sha1_base64="PywO8rIHgCb8lz+/HOvQorrux+w=">AAACMXicbVDLSsNAFJ3UV62vqEs3wSK4KolIdVl005VUsA9oQphMJu3QmUmYmQg15Jfc+CfipgtF3PoTTtss+vDAwJlzz+Xee4KEEqlse2KUNja3tnfKu5W9/YPDI/P4pCPjVCDcRjGNRS+AElPCcVsRRXEvERiygOJuMLqf1rvPWEgS8yc1TrDH4ICTiCCotOSbTTcSEGUug2ooWBbmD/nC5yV3ExEnKrZWbR0fLRt9s2rX7BmsdeIUpAoKtHzz3Q1jlDLMFaJQyr5jJ8rLoFAEUZxX3FTiBKIRHOC+phwyLL1sdnFuXWgltKJY6MeVNVMXOzLIpByzQDunO8rV2lT8r9ZPVXTrZYQnqcIczQdFKbV0BNP4rJAIjBQdawKRIHpXCw2hzkbpkCs6BGf15HXSuao59Vr98brauCviKIMzcA4ugQNuQAM0QQu0AQKv4AN8gi/jzZgY38bP3Foyip5TsATj9w8etq3U</latexit>

dN

dz
/ dVc

dz
:

13

Cosmology with GWs



Cosmology with GWs

:
uniform in comoving volume line

14

spectral analysis corresponds to an 
"empty" catalogue, i.e. with unobserved 

galaxies following a uniform-in-
comoving volume distribution

ratio > 1: overdensities

ratio<1: underdensities



Model for redshift distribution of CBCs: 
the binary black holes distribution 

follows the star formation rate

<latexit sha1_base64="AP4CYu+P8zfih2XskIJ1oefUtp4="></latexit>

R0f(z) = R0

⇣
1 + 1

(1+zp)�+

⌘
(1 + z)�

1 +
⇣

1+z
1+zp

⌘�+ Gpc�3 yr�1

either uninformative:

uniform in comoving volume (spectral analysis)

<latexit sha1_base64="mGJQy9KMhxMnnrj1LTpuN6zKpPA=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuSiJSXRbduJIK9gFNCJPJpB06mQwzE6GEbt34K25cKOLWP3Dn3zhps6itBwYO59zL3HNCwajSjvNjrayurW9sVraq2zu7e/v2wWFHpZnEpI1TlspeiBRhlJO2ppqRnpAEJSEj3XB0U/jdRyIVTfmDHgviJ2jAaUwx0kYKbOglSA9lkkeTO0/IVOh0TuoEOLBrTt2ZAi4TtyQ1UKIV2N9elOIsIVxjhpTqu47Qfo6kppiRSdXLFBEIj9CA9A3lKCHKz6dJJvDUKBGMU2ke13Cqzm/kKFFqnIRmsjhSLXqF+J/Xz3R85eeUi0wTjmcfxRmDJm5RC4yoJFizsSEIS2puhXiIJMLalFc1JbiLkZdJ57zuNuqN+4ta87qsowKOwQk4Ay64BE1wC1qgDTB4Ai/gDbxbz9ar9WF9zkZXrHLnCPyB9fULtZea/g==</latexit>

dN / dVc

<latexit sha1_base64="PywO8rIHgCb8lz+/HOvQorrux+w=">AAACMXicbVDLSsNAFJ3UV62vqEs3wSK4KolIdVl005VUsA9oQphMJu3QmUmYmQg15Jfc+CfipgtF3PoTTtss+vDAwJlzz+Xee4KEEqlse2KUNja3tnfKu5W9/YPDI/P4pCPjVCDcRjGNRS+AElPCcVsRRXEvERiygOJuMLqf1rvPWEgS8yc1TrDH4ICTiCCotOSbTTcSEGUug2ooWBbmD/nC5yV3ExEnKrZWbR0fLRt9s2rX7BmsdeIUpAoKtHzz3Q1jlDLMFaJQyr5jJ8rLoFAEUZxX3FTiBKIRHOC+phwyLL1sdnFuXWgltKJY6MeVNVMXOzLIpByzQDunO8rV2lT8r9ZPVXTrZYQnqcIczQdFKbV0BNP4rJAIjBQdawKRIHpXCw2hzkbpkCs6BGf15HXSuao59Vr98brauCviKIMzcA4ugQNuQAM0QQu0AQKv4AN8gi/jzZgY38bP3Foyip5TsATj9w8etq3U</latexit>

dN

dz
/ dVc

dz
:

or use a galaxy catalogue as an 
informative prior for the host galaxies:

Cosmology with GWs
<latexit sha1_base64="cIgcUjph7Sy5Lv0Dfg1+s2mYRf8=">AAACIXicbVDLSsNAFJ34rPVVdelmsAjtJiRFapel3bisYB/QljCZTtuhM0mYmQg15lfc+CtuXCjSnfgzTtII2nrgwplz7mXuPW7AqFSW9WlsbG5t7+zm9vL7B4dHx4WT0470Q4FJG/vMFz0XScKoR9qKKkZ6gSCIu4x03Vkz8bv3REjqe3dqHpAhRxOPjilGSktOoRaUuBPZMi6npCLjx5+3M+BITQWPmo1mXHrQDUkN8JSWTdN0CkXLtFLAdWJnpAgytJzCYjDycciJpzBDUvZtK1DDCAlFMSNxfhBKEiA8QxPS19RDnMhhlF4Yw0utjODYF7o8BVP190SEuJRz7urOZGm56iXif14/VOPaMKJeECri4eVH45BB5cMkLjiigmDF5pogLKjeFeIpEggrHWpeh2CvnrxOOhXTrprV26tivZHFkQPn4AKUgA2uQR3cgBZoAwyewAt4A+/Gs/FqfBiLZeuGkc2cgT8wvr4BgKiicg==</latexit>

p(m1s)p(m2s|m1s)pCBC(z)p(z)p(�)...

15

all hyper-parameters 
(common to all GW events) 

are in a random vector:
<latexit sha1_base64="hvEhbh0cyNqeZswGY91/g9epLzg="></latexit>

⇤ = (H0,↵,�, µg,�g,�g,Mmin,Mmax, zp, �,...)
mass distribution rates


Madau-Dickinson
cosmology



Cosmological Analysis Pipelines in LVK

Two (public) independent codes are available for cosmology:


1) icarogw: 


2) gwcosmo: 

Historically:

icarogw = spectral analysis


gwcosmo = galaxy catalogue analysis


since ~ 1 year, both codes can infer jointly all hyper-parameters

with/without a galaxy catalogue

<latexit sha1_base64="hvEhbh0cyNqeZswGY91/g9epLzg="></latexit>

⇤ = (H0,↵,�, µg,�g,�g,Mmin,Mmax, zp, �,...)

16

S.Mastrogiovanni et al (Astron.Astrophys. 682 (2024) A16, Phys. Rev. D, 104, 062009 (2021), Phys. Rev. D, 
108, 042002 (2023)

R. Gray et al (JCAP 12 (2023) 023, MNRAS 512 (2022) 1127, Phys. Rev. D 101 (2020) 122001)



3. Bayesian analysis
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Statistical framework

gives the events rate

single event

GW likelihood

astrophysical

distributions

selection bias correction

e.g. SNR>11

hyper-

parameters

<latexit sha1_base64="LtUXoWyVieh4o3Dwpjmxpu2y1To=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBHqpiQi1WXRjQsXFewDmlAmk0k7dPJg5kYIsf6KGxeKuPVD3Pk3TtsstPXAwOGce7h3jpcIrsCyvo2V1bX1jc3SVnl7Z3dv3zw47Kg4lZS1aSxi2fOIYoJHrA0cBOslkpHQE6zrja+nfveBScXj6B6yhLkhGUY84JSAlgZmxUl4zYERA/Lo3OqcT04HZtWqWzPgZWIXpIoKtAbml+PHNA1ZBFQQpfq2lYCbEwmcCjYpO6liCaFjMmR9TSMSMuXms+Mn+EQrPg5iqV8EeKb+TuQkVCoLPT0ZEhipRW8q/uf1Uwgu3ZxHSQosovNFQSowxHjaBPa5ZBREpgmhkutbMR0RSSjovsq6BHvxy8ukc1a3G/XG3Xm1eVXUUUJH6BjVkI0uUBPdoBZqI4oy9Ixe0ZvxZLwY78bHfHTFKDIV9AfG5w885JSF</latexit>

⇡(✓|⇤): proba for a CBC to have individual parameters θ given Λ

single event likelihood:
<latexit sha1_base64="m3e1mSjBLwNWfC3LA5PDtvsqEDw="></latexit>

L(xi|✓,⇤) =
L(✓|xi,⇤)p(xi|⇤)

pPE(✓|⇤)
/ L(✓|xi,⇤)

pPE(✓|⇤)

<latexit sha1_base64="5bCyd0gYv8CeZMXZW/avxKBuZUk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDbbTbt2sxt2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uH4dua3n5g2XMkHnCQsiMlQ8ohTglZq9XDEkPTLFa/qzeGuEj8nFcjR6Je/egNF05hJpIIY0/W9BIOMaORUsGmplxqWEDomQ9a1VJKYmSCbXzt1z6wycCOlbUl05+rviYzExkzi0HbGBEdm2ZuJ/3ndFKPrIOMySZFJulgUpcJF5c5edwdcM4piYgmhmttbXToimlC0AZVsCP7yy6ukdVH1a9Xa/WWlfpPHUYQTOIVz8OEK6nAHDWgChUd4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/p4mPMw==</latexit>

✓:  individual event parameters
<latexit sha1_base64="864+/IEv5MRaHE1PPN0DgZ3s0hc="></latexit>

✓ = (m1s,m2s, dL, ◆, ra, dec,�...)

<latexit sha1_base64="er/pQeVkDTAv0BYeDQoRkMDPQSw="></latexit>

L(x|⇤, N) = e�Nexp(⇤)Nexp
Nobs

NobsY

i=1

R
L(xi|✓,⇤)⇡(✓|⇤) d✓

Nexp

N (⇤)
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Mandel et al. 1809.02063, 
Thrane and Talbot 1809.02293 

Vitale et al. 2007.05579



4. Results
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GWTC3 results: BBHs only, spectral

<latexit sha1_base64="hvEhbh0cyNqeZswGY91/g9epLzg="></latexit>

⇤ = (H0,↵,�, µg,�g,�g,Mmin,Mmax, zp, �,...)

posterior distribution of the 12 hyper-parameters

 Gray et al JCAP12(2023)023
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GWTC3 results: BBHs only, spectral

 Gray et al JCAP12(2023)023
<latexit sha1_base64="7aNk3I4Q2O4eiD0tW+87XxFYSmk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseilx4rWltoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSfaPv9ssVt+rOQVaJl5MK5Gj2y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKnm8qHq1au3uslK/yeMowgmcwjl4cAV1aEATWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfEj416</latexit>

H0

21

LVK, Astrophys.J. 949 (2023) 2, 76
but results in 2021



 Gray et al JCAP12(2023)023

<latexit sha1_base64="DhreXPg2mjcYH0rQZnpLn6sGPJA=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4juEkgWcLsZDYZMjO7zEMIS77BiwdFvPpB3vwbJ8keNFrQUFR1090VZ5xp4/tfXmltfWNzq7xd2dnd2z+oHh61dWoVoSFJeaq6MdaUM0lDwwyn3UxRLGJOO/Hkdu53HqnSLJUPZprRSOCRZAkj2Dgp7As7GA2qNb/uL4D+kqAgNSjQGlQ/+8OUWEGlIRxr3Qv8zEQ5VoYRTmeVvtU0w2SCR7TnqMSC6ihfHDtDZ04ZoiRVrqRBC/XnRI6F1lMRu06BzVivenPxP69nTXId5Uxm1lBJlosSy5FJ0fxzNGSKEsOnjmCimLsVkTFWmBiXT8WFEKy+/Je0L+pBo964v6w1b4o4ynACp3AOAVxBE+6gBSEQYPAEL/DqSe/Ze/Pel60lr5g5hl/wPr4B2cSOuw==</latexit>µg

22

GWTC3 results: BBHs only, spectral

position of the gaussian peak

31 Mo

LVK, Astrophys.J. 949 (2023) 2, 76
but results in 2021



 Gray et al JCAP12(2023)023

23

GWTC3 results: BBHs only, spectral

merger rate
<latexit sha1_base64="nEfw0BnjD0eu+Ym7GA5aaHD8y5M=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRahIpRdkeqx6MVjBfsB3bVk07QNTbJLkhXq0r/hxYMiXv0z3vw3pu0etPXBwOO9GWbmhTFn2rjut5NbWV1b38hvFra2d3b3ivsHTR0litAGiXik2iHWlDNJG4YZTtuxoliEnLbC0c3Ubz1SpVkk7804poHAA8n6jGBjJb/snT2dPvgDLATuFktuxZ0BLRMvIyXIUO8Wv/xeRBJBpSEca93x3NgEKVaGEU4nBT/RNMZkhAe0Y6nEguognd08QSdW6aF+pGxJg2bq74kUC63HIrSdApuhXvSm4n9eJzH9qyBlMk4MlWS+qJ9wZCI0DQD1mKLE8LElmChmb0VkiBUmxsZUsCF4iy8vk+Z5xatWqncXpdp1FkcejuAYyuDBJdTgFurQAAIxPMMrvDmJ8+K8Ox/z1pyTzRzCHzifP8I4kOE=</latexit>

(1 + z)�

LVK, Astrophys.J. 949 (2023) 2, 76
but results in 2021



 Gray et al JCAP12(2023)023

<latexit sha1_base64="W78dVysBFegejarO2PcKAytzEfQ=">AAAB9XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxo1QwT6gHUsmzbShSWZIMmoZ+h9uXCji1n9x59+YaWehrQcCh3Pu5Z6cIOZMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+U0eJIrRBIh6pdoA15UzShmGG03asKBYBp61gdJX5rQeqNIvknRnH1Bd4IFnICDZWur/pdQU2QyVSgZ8mvVLZrbhToEXi5aQMOeq90le3H5FEUGkIx1p3PDc2foqVYYTTSbGbaBpjMsID2rFUYkG1n05TT9CxVfoojJR90qCp+nsjxULrsQjsZJZRz3uZ+J/XSUx44adMxomhkswOhQlHJkJZBajPFCWGjy3BRDGbFZEhVpgYW1TRluDNf3mRNE8rXrVSvT0r1y7zOgpwCEdwAh6cQw2uoQ4NIKDgGV7hzXl0Xpx352M2uuTkOwfwB87nDwYqkuA=</latexit>

Mmax

24

GWTC3 results: BBHs only, spectral
LVK, Astrophys.J. 949 (2023) 2, 76
but results in 2021



 Gray et al JCAP12(2023)023

LVK, Astrophys.J. 949 (2023) 2, 76
but results in 2021
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<latexit sha1_base64="HL7Malsw4ovpSHAm6WBdB3m0Xmw=">AAAB83icbVDLSgMxFM34rPVVdekmWIQKUmZEqsuimy4r2Ad0hiGTpm1okgl5CGXob7hxoYhbf8adf2PazkJbD1w4nHMv996TSEa18f1vb219Y3Nru7BT3N3bPzgsHR23dWoVJi2cslR1E6QJo4K0DDWMdKUiiCeMdJLx/czvPBGlaSoezUSSiKOhoAOKkXFSKCuN2L8MuY2HF3Gp7Ff9OeAqCXJSBjmacekr7KfYciIMZkjrXuBLE2VIGYoZmRZDq4lEeIyGpOeoQJzoKJvfPIXnTunDQapcCQPn6u+JDHGtJzxxnRyZkV72ZuJ/Xs+awW2UUSGtIQIvFg0sgyaFswBgnyqCDZs4grCi7laIR0ghbFxMRRdCsPzyKmlfVYNatfZwXa7f5XEUwCk4AxUQgBtQBw3QBC2AgQTP4BW8edZ78d69j0XrmpfPnIA/8D5/AJnqkMU=</latexit>

p(H0, µg)

<latexit sha1_base64="hbCCqCSKTXZPrjvZy6GVOm2pxO0=">AAAB/nicbVDLSgMxFM3UV62vUXHlJliEClJmRKrLoptuhAr2Ae0wZNJMG5pkhiQjlqHgr7hxoYhbv8Odf2OmnYVWDwQO59zLPTlBzKjSjvNlFZaWV1bXiuuljc2t7R17d6+tokRi0sIRi2Q3QIowKkhLU81IN5YE8YCRTjC+zvzOPZGKRuJOT2LicTQUNKQYaSP59kFcafjO6Y3f50iPJE85epie+HbZqTozwL/EzUkZ5Gj69md/EOGEE6ExQ0r1XCfWXoqkppiRaamfKBIjPEZD0jNUIE6Ul87iT+GxUQYwjKR5QsOZ+nMjRVypCQ/MZBZSLXqZ+J/XS3R46aVUxIkmAs8PhQmDOoJZF3BAJcGaTQxBWFKTFeIRkghr01jJlOAufvkvaZ9V3Vq1dnterl/ldRTBITgCFeCCC1AHDdAELYBBCp7AC3i1Hq1n6816n48WrHxnH/yC9fENUXuVGw==</latexit>

p(H0,Mmax)

GWTC3 results: BBHs only, spectral



GWTC3 - BBHs, NSBHs, BNS - H0

<latexit sha1_base64="F2Rtv87bKvPI8/kS4zy6MF3foMo=">AAACKHicbVDLSsNAFJ3UV62vqEs3wSII0pIUaXUhFt10I1SwD2jTMJlO26EzSZiZCCXEv3Hjr7gRUaRbv8RJW6i2Hhg4c8693HuPG1AipGmOtdTK6tr6Rnozs7W9s7un7x/UhR9yhGvIpz5vulBgSjxck0RS3Aw4hsyluOEObxO/8Yi5IL73IEcBthnse6RHEJRKcvTrimNeFS870ZlViJ0oV4qf2gzKAWfRkM25iDtRzpr/7wI0VRw9a+bNCYxlYs1IFsxQdfT3dtdHIcOeRBQK0bLMQNoR5JIgiuNMOxQ4gGgI+7ilqAcZFnY0OTQ2TpTSNXo+V8+TxkT93RFBJsSIuaoyWVQseon4n9cKZe/CjogXhBJ7aDqoF1JD+kaSmtElHCNJR4pAxIna1UADyCGSKtuMCsFaPHmZ1At5q5gv3p9nyzezONLgCByDU2CBEiiDCqiCGkDgGbyCD/CpvWhv2pc2npamtFnPIfgD7fsH4q2nMg==</latexit>

H0 = 69+12
�7 km s�1 Mpc�1

<latexit sha1_base64="9MiTrVz13U9LbUpadWimHUwTE+U=">AAACJ3icbVDLSgMxFM3UV62vqks3g0UQpGVGpHajFN10I1SwD2inQybNtKHJzJBkhBLGr3Hjr7gRVESX/onpA6qtBwIn59zLvfd4ESVCWtaXkVpaXlldS69nNja3tneyu3t1EcYc4RoKacibHhSYkgDXJJEUNyOOIfMobniD65HfuMdckDC4k8MIOwz2AuITBKWW3OxlxbUuiqWOOiklrsoXk4c2g7LPmRqwGRdJR+Xt2f8mQhPFzeasgjWGuUjsKcmBKapu9rXdDVHMcCARhUK0bCuSjoJcEkRxkmnHAkcQDWAPtzQNIMPCUeM7E/NIK13TD7l+gTTH6u8OBZkQQ+bpytGiYt4bif95rVj6JUeRIIolDtBkkB9TU4bmKDSzSzhGkg41gYgTvauJ+pBDJHW0GR2CPX/yIqmfFuxioXh7litfTeNIgwNwCI6BDc5BGVRAFdQAAo/gGbyBd+PJeDE+jM9JacqY9uyDPzC+fwBtIab7</latexit>

H0 = 68+8
�6 km s�1 Mpc�1

current result: (Gray et al JCAP12(2023)023) previous result: (LVK, Astrophys.J. 949 (2023) 2, 76)

26



Conclusion

• cosmology results with the O4a events are currently being produced


• other mass models are available + use a single mass model for all 
CBCs (done in icarogw)


• probably the most important: use a deeper galaxy catalogue

• currently GLADE+ (Dalya et al, MNRAS 514, 1403–1411 (2022)), 22 million of galaxies

• upcoming: UpGLADE, 2 billion of galaxies, much more complete


• allow mass models evolving with redshift


•Mock Data Challenge: study of systematics, for instance using a Mock 
catalogue with mass-z dependence
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