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⌦R
<latexit sha1_base64="bjnNcaJwwY/vBNU+BH6S/VLBVDY=">AAAB73icjVDLSgNBEOz1GeMr6tHLYBA8hWwU9BjQgzejmAckS5id9CZDZmbXmVkhLPkJLx4U8ervePNvnDwOKgoWNBRV3XR3hYngxpbLH97C4tLyympuLb++sbm1XdjZbZg41QzrLBaxboXUoOAK65Zbga1EI5WhwGY4PJ/4zXvUhsfq1o4SDCTtKx5xRq2TWp0riX3avekWin6pPAX5mxRhjlq38N7pxSyVqCwT1Ji2X05skFFtORM4zndSgwllQ9rHtqOKSjRBNr13TA6d0iNRrF0pS6bq14mMSmNGMnSdktqB+elNxN+8dmqjsyDjKkktKjZbFKWC2JhMnic9rpFZMXKEMs3drYQNqKbMuojy/wuhUSn5x6XK9UmxejGPIwf7cABH4MMpVOESalAHBgIe4AmevTvv0XvxXmetC958Zg++wXv7BMCYj8k=</latexit>

⌦M
<latexit sha1_base64="sr+UXYc6JiLURsxEKQrkPJFO3Z4=">AAAB73icjVDLSgNBEOz1GeMr6tHLYBA8hWwU9BjQgxcxgnlAsoTZSW8yZGZ2nZkVwpKf8OJBEa/+jjf/xsnjoKJgQUNR1U13V5gIbmy5/OEtLC4tr6zm1vLrG5tb24Wd3YaJU82wzmIR61ZIDQqusG65FdhKNFIZCmyGw/OJ37xHbXisbu0owUDSvuIRZ9Q6qdW5ltin3atuoeiXylOQv0kR5qh1C++dXsxSicoyQY1p++XEBhnVljOB43wnNZhQNqR9bDuqqEQTZNN7x+TQKT0SxdqVsmSqfp3IqDRmJEPXKakdmJ/eRPzNa6c2OgsyrpLUomKzRVEqiI3J5HnS4xqZFSNHKNPc3UrYgGrKrIso/78QGpWSf1yq3JwUqxfzOHKwDwdwBD6cQhUuoQZ1YCDgAZ7g2bvzHr0X73XWuuDNZ/bgG7y3T7kEj8Q=</latexit>

⌦⇤
<latexit sha1_base64="tAI5EelBoqVWWrkM/zHrQ/PYCZM=">AAAB9XicjVDLSgMxFL1TX7W+qi7dBIvgqsxUQZcFXbgQrGAf0BlLJpNpQ5PMkGSUMvQ/3LhQxK3/4s6/MX0sVBQ8cOFwzj3cywlTzrRx3Q+nsLC4tLxSXC2trW9sbpW3d1o6yRShTZLwRHVCrClnkjYNM5x2UkWxCDlth8Ozid++o0qzRN6YUUoDgfuSxYxgY6Vb/0rQPu75lzYR4V654lXdKdDfpAJzNHrldz9KSCaoNIRjrbuem5ogx8owwum45GeappgMcZ92LZVYUB3k06/H6MAqEYoTZUcaNFW/JnIstB6J0G4KbAb6pzcRf/O6mYlPg5zJNDNUktmhOOPIJGhSAYqYosTwkSWYKGZ/RWSAFSbGFlX6XwmtWtU7qtaujyv183kdRdiDfTgED06gDhfQgCYQUPAAT/Ds3DuPzovzOlstOPPMLnyD8/YJL8iSUA==</latexit>

H0
<latexit sha1_base64="P70FhGYMrEIVRJ7zvDj5keu4foY=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCHnqsaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt2kPKgo+GHi8N8PMvCCRwqDrfjiFldW19Y3iZmlre2d3r7x/0DZxqhlvsVjGuhtQw6VQvIUCJe8mmtMokLwTTK7mfueeayNidYfThPsRHSkRCkbRSreNgTsoV7yqm4P8TSqwRHNQfu8PY5ZGXCGT1Jie5yboZ1SjYJLPSv3U8ISyCR3xnqWKRtz4WX7qjJxYZUjCWNtSSHL160RGI2OmUWA7I4pj89Obi795vRTDSz8TKkmRK7ZYFKaSYEzmf5Oh0JyhnFpCmRb2VsLGVFOGNp3S/0Jo16reWbV2c16pXy/jKMIRHMMpeHABdWhAE1rAYAQP8ATPjnQenRfnddFacJYzh/ANztsnx0qNeA==</latexit>

⇤CDM
<latexit sha1_base64="PBKfqMSL/kSycAKz6ucnmmQd9Kc=">AAAB/XicjVBLS8NAGPzis9ZXfNy8LBbBU0mroMdCe/CgUME+oAlls9m0SzebsLsRaij+FS8eFPHq//Dmv3HT9qCi4MDCMDMfO4yfcKa043xYC4tLyyurhbXi+sbm1ra9s9tWcSoJbZGYx7LrY0U5E7Slmea0m0iKI5/Tjj+q537nlkrFYnGjxwn1IjwQLGQEayP17X330oQDjNwI66GMsnrjatK3S5WyMwX6m5RgjmbffneDmKQRFZpwrFSv4iTay7DUjHA6KbqpogkmIzygPUMFjqjysmn7CToySoDCWJonNJqqXy8yHCk1jnyTzDuqn14u/ub1Uh2eexkTSaqpILOPwpQjHaN8ChQwSYnmY0Mwkcx0RWSIJSbaDFb83wjtarlyUq5en5ZqjfkcBTiAQziGCpxBDS6gCS0gcAcP8ATP1r31aL1Yr7PogjW/2YNvsN4+AfZAlOo=</latexit>
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{dgwL ,m1z,m2z}
<latexit sha1_base64="pWmIazRHRXixSkf+Z35EviXVEg0=">AAACCnicjVC7TsMwFHV4lvIKMLIYKiQGVDUFCcZKMDAwFIk+pCZEjuO0Vm0nsh1QG2Vm4VdYGECIlS9g429I0g6AQOJIV/fonHvl6+NFjCpdq30YM7Nz8wuLpaXy8srq2rq5sdlWYSwxaeGQhbLrIUUYFaSlqWakG0mCuMdIxxue5n7nhkhFQ3GlRxFxOOoLGlCMdCa55o6d+O7Ftc2RHkie9G/TA+4m1rho9XFqp65Zsaq1AvBvUgFTNF3z3fZDHHMiNGZIqZ5Vi7STIKkpZiQt27EiEcJD1Ce9jArEiXKS4isp3MsUHwahzEpoWKhfNxLElRpxL5vMT1Y/vVz8zevFOjhxEiqiWBOBJw8FMYM6hHku0KeSYM1GGUFY0uxWiAdIIqyz9Mr/C6Fdr1qH1frlUaVxNo2jBLbBLtgHFjgGDXAOmqAFMLgDD+AJPBv3xqPxYrxORmeM6c4W+Abj7RPtiJsN</latexit>
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h / 1/dgwL

[Credit: D. Berry]

Bright sirens
• Redshift from EM counterpart 
• E.g. GW170817 
• Need neutron stars! 
• Bright counterpart at high-z?

[Credit: DES]

Dark sirens
• Statistically infer z from 

galaxies in localization volume 
• E.g. GW170814 
• Need good localization and 

complete galaxy catalogs!
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{z,m1,m2}
<latexit sha1_base64="B8RGWXz5XY94J3GUNGRzn6s+QQM=">AAAB+nicjVBNS8NAEJ34WetXqkcvwSJ4kJJUQY8FPXisYD+gDWGz3bRLdzdhd6PUmJ/ixYMiXv0l3vw3btoeVBR8MMPjvRlmeGHCqNKu+2EtLC4tr6yW1srrG5tb23Zlp63iVGLSwjGLZTdEijAqSEtTzUg3kQTxkJFOOD4v/M4NkYrG4lpPEuJzNBQ0ohhpIwV2pZ/dHfEg8/Ki1/N+HthVr+ZO4fxNqjBHM7Df+4MYp5wIjRlSque5ifYzJDXFjOTlfqpIgvAYDUnPUIE4UX42fT13DowycKJYmhLamapfNzLElZrw0ExypEfqp1eIv3m9VEdnfkZFkmoi8OxQlDJHx06RgzOgkmDNJoYgLKn51cEjJBHWJq3y/0Jo12veca1+dVJtXMzjKMEe7MMheHAKDbiEJrQAwy08wBM8W/fWo/Vivc5GF6z5zi58g/X2Ce6jk8s=</latexit>

gencosm
⌦R

<latexit sha1_base64="bjnNcaJwwY/vBNU+BH6S/VLBVDY=">AAAB73icjVDLSgNBEOz1GeMr6tHLYBA8hWwU9BjQgzejmAckS5id9CZDZmbXmVkhLPkJLx4U8ervePNvnDwOKgoWNBRV3XR3hYngxpbLH97C4tLyympuLb++sbm1XdjZbZg41QzrLBaxboXUoOAK65Zbga1EI5WhwGY4PJ/4zXvUhsfq1o4SDCTtKx5xRq2TWp0riX3avekWin6pPAX5mxRhjlq38N7pxSyVqCwT1Ji2X05skFFtORM4zndSgwllQ9rHtqOKSjRBNr13TA6d0iNRrF0pS6bq14mMSmNGMnSdktqB+elNxN+8dmqjsyDjKkktKjZbFKWC2JhMnic9rpFZMXKEMs3drYQNqKbMuojy/wuhUSn5x6XK9UmxejGPIwf7cABH4MMpVOESalAHBgIe4AmevTvv0XvxXmetC958Zg++wXv7BMCYj8k=</latexit>

⌦M
<latexit sha1_base64="sr+UXYc6JiLURsxEKQrkPJFO3Z4=">AAAB73icjVDLSgNBEOz1GeMr6tHLYBA8hWwU9BjQgxcxgnlAsoTZSW8yZGZ2nZkVwpKf8OJBEa/+jjf/xsnjoKJgQUNR1U13V5gIbmy5/OEtLC4tr6zm1vLrG5tb24Wd3YaJU82wzmIR61ZIDQqusG65FdhKNFIZCmyGw/OJ37xHbXisbu0owUDSvuIRZ9Q6qdW5ltin3atuoeiXylOQv0kR5qh1C++dXsxSicoyQY1p++XEBhnVljOB43wnNZhQNqR9bDuqqEQTZNN7x+TQKT0SxdqVsmSqfp3IqDRmJEPXKakdmJ/eRPzNa6c2OgsyrpLUomKzRVEqiI3J5HnS4xqZFSNHKNPc3UrYgGrKrIso/78QGpWSf1yq3JwUqxfzOHKwDwdwBD6cQhUuoQZ1YCDgAZ7g2bvzHr0X73XWuuDNZ/bgG7y3T7kEj8Q=</latexit>

⌦⇤
<latexit sha1_base64="tAI5EelBoqVWWrkM/zHrQ/PYCZM=">AAAB9XicjVDLSgMxFL1TX7W+qi7dBIvgqsxUQZcFXbgQrGAf0BlLJpNpQ5PMkGSUMvQ/3LhQxK3/4s6/MX0sVBQ8cOFwzj3cywlTzrRx3Q+nsLC4tLxSXC2trW9sbpW3d1o6yRShTZLwRHVCrClnkjYNM5x2UkWxCDlth8Ozid++o0qzRN6YUUoDgfuSxYxgY6Vb/0rQPu75lzYR4V654lXdKdDfpAJzNHrldz9KSCaoNIRjrbuem5ogx8owwum45GeappgMcZ92LZVYUB3k06/H6MAqEYoTZUcaNFW/JnIstB6J0G4KbAb6pzcRf/O6mYlPg5zJNDNUktmhOOPIJGhSAYqYosTwkSWYKGZ/RWSAFSbGFlX6XwmtWtU7qtaujyv183kdRdiDfTgED06gDhfQgCYQUPAAT/Ds3DuPzovzOlstOPPMLnyD8/YJL8iSUA==</latexit>

H0
<latexit sha1_base64="P70FhGYMrEIVRJ7zvDj5keu4foY=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCHnqsaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt2kPKgo+GHi8N8PMvCCRwqDrfjiFldW19Y3iZmlre2d3r7x/0DZxqhlvsVjGuhtQw6VQvIUCJe8mmtMokLwTTK7mfueeayNidYfThPsRHSkRCkbRSreNgTsoV7yqm4P8TSqwRHNQfu8PY5ZGXCGT1Jie5yboZ1SjYJLPSv3U8ISyCR3xnqWKRtz4WX7qjJxYZUjCWNtSSHL160RGI2OmUWA7I4pj89Obi795vRTDSz8TKkmRK7ZYFKaSYEzmf5Oh0JyhnFpCmRb2VsLGVFOGNp3S/0Jo16reWbV2c16pXy/jKMIRHMMpeHABdWhAE1rAYAQP8ATPjnQenRfnddFacJYzh/ANztsnx0qNeA==</latexit>

⇤CDM
<latexit sha1_base64="PBKfqMSL/kSycAKz6ucnmmQd9Kc=">AAAB/XicjVBLS8NAGPzis9ZXfNy8LBbBU0mroMdCe/CgUME+oAlls9m0SzebsLsRaij+FS8eFPHq//Dmv3HT9qCi4MDCMDMfO4yfcKa043xYC4tLyyurhbXi+sbm1ra9s9tWcSoJbZGYx7LrY0U5E7Slmea0m0iKI5/Tjj+q537nlkrFYnGjxwn1IjwQLGQEayP17X330oQDjNwI66GMsnrjatK3S5WyMwX6m5RgjmbffneDmKQRFZpwrFSv4iTay7DUjHA6KbqpogkmIzygPUMFjqjysmn7CToySoDCWJonNJqqXy8yHCk1jnyTzDuqn14u/ub1Uh2eexkTSaqpILOPwpQjHaN8ChQwSYnmY0Mwkcx0RWSIJSbaDFb83wjtarlyUq5en5ZqjfkcBTiAQziGCpxBDS6gCS0gcAcP8ATP1r31aL1Yr7PogjW/2YNvsN4+AfZAlOo=</latexit>
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h / 1/dgwL

{dgwL ,m1z,m2z}
<latexit sha1_base64="pWmIazRHRXixSkf+Z35EviXVEg0=">AAACCnicjVC7TsMwFHV4lvIKMLIYKiQGVDUFCcZKMDAwFIk+pCZEjuO0Vm0nsh1QG2Vm4VdYGECIlS9g429I0g6AQOJIV/fonHvl6+NFjCpdq30YM7Nz8wuLpaXy8srq2rq5sdlWYSwxaeGQhbLrIUUYFaSlqWakG0mCuMdIxxue5n7nhkhFQ3GlRxFxOOoLGlCMdCa55o6d+O7Ftc2RHkie9G/TA+4m1rho9XFqp65Zsaq1AvBvUgFTNF3z3fZDHHMiNGZIqZ5Vi7STIKkpZiQt27EiEcJD1Ce9jArEiXKS4isp3MsUHwahzEpoWKhfNxLElRpxL5vMT1Y/vVz8zevFOjhxEiqiWBOBJw8FMYM6hHku0KeSYM1GGUFY0uxWiAdIIqyz9Mr/C6Fdr1qH1frlUaVxNo2jBLbBLtgHFjgGDXAOmqAFMLgDD+AJPBv3xqPxYrxORmeM6c4W+Abj7RPtiJsN</latexit>
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[see GWTC-2 astro pop]
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{z,m1,m2}
<latexit sha1_base64="B8RGWXz5XY94J3GUNGRzn6s+QQM=">AAAB+nicjVBNS8NAEJ34WetXqkcvwSJ4kJJUQY8FPXisYD+gDWGz3bRLdzdhd6PUmJ/ixYMiXv0l3vw3btoeVBR8MMPjvRlmeGHCqNKu+2EtLC4tr6yW1srrG5tb23Zlp63iVGLSwjGLZTdEijAqSEtTzUg3kQTxkJFOOD4v/M4NkYrG4lpPEuJzNBQ0ohhpIwV2pZ/dHfEg8/Ki1/N+HthVr+ZO4fxNqjBHM7Df+4MYp5wIjRlSque5ifYzJDXFjOTlfqpIgvAYDUnPUIE4UX42fT13DowycKJYmhLamapfNzLElZrw0ExypEfqp1eIv3m9VEdnfkZFkmoi8OxQlDJHx06RgzOgkmDNJoYgLKn51cEjJBHWJq3y/0Jo12veca1+dVJtXMzjKMEe7MMheHAKDbiEJrQAwy08wBM8W/fWo/Vivc5GF6z5zi58g/X2Ce6jk8s=</latexit>

gencosm
⌦R

<latexit sha1_base64="bjnNcaJwwY/vBNU+BH6S/VLBVDY=">AAAB73icjVDLSgNBEOz1GeMr6tHLYBA8hWwU9BjQgzejmAckS5id9CZDZmbXmVkhLPkJLx4U8ervePNvnDwOKgoWNBRV3XR3hYngxpbLH97C4tLyympuLb++sbm1XdjZbZg41QzrLBaxboXUoOAK65Zbga1EI5WhwGY4PJ/4zXvUhsfq1o4SDCTtKx5xRq2TWp0riX3avekWin6pPAX5mxRhjlq38N7pxSyVqCwT1Ji2X05skFFtORM4zndSgwllQ9rHtqOKSjRBNr13TA6d0iNRrF0pS6bq14mMSmNGMnSdktqB+elNxN+8dmqjsyDjKkktKjZbFKWC2JhMnic9rpFZMXKEMs3drYQNqKbMuojy/wuhUSn5x6XK9UmxejGPIwf7cABH4MMpVOESalAHBgIe4AmevTvv0XvxXmetC958Zg++wXv7BMCYj8k=</latexit>

⌦M
<latexit sha1_base64="sr+UXYc6JiLURsxEKQrkPJFO3Z4=">AAAB73icjVDLSgNBEOz1GeMr6tHLYBA8hWwU9BjQgxcxgnlAsoTZSW8yZGZ2nZkVwpKf8OJBEa/+jjf/xsnjoKJgQUNR1U13V5gIbmy5/OEtLC4tr6zm1vLrG5tb24Wd3YaJU82wzmIR61ZIDQqusG65FdhKNFIZCmyGw/OJ37xHbXisbu0owUDSvuIRZ9Q6qdW5ltin3atuoeiXylOQv0kR5qh1C++dXsxSicoyQY1p++XEBhnVljOB43wnNZhQNqR9bDuqqEQTZNN7x+TQKT0SxdqVsmSqfp3IqDRmJEPXKakdmJ/eRPzNa6c2OgsyrpLUomKzRVEqiI3J5HnS4xqZFSNHKNPc3UrYgGrKrIso/78QGpWSf1yq3JwUqxfzOHKwDwdwBD6cQhUuoQZ1YCDgAZ7g2bvzHr0X73XWuuDNZ/bgG7y3T7kEj8Q=</latexit>

⌦⇤
<latexit sha1_base64="tAI5EelBoqVWWrkM/zHrQ/PYCZM=">AAAB9XicjVDLSgMxFL1TX7W+qi7dBIvgqsxUQZcFXbgQrGAf0BlLJpNpQ5PMkGSUMvQ/3LhQxK3/4s6/MX0sVBQ8cOFwzj3cywlTzrRx3Q+nsLC4tLxSXC2trW9sbpW3d1o6yRShTZLwRHVCrClnkjYNM5x2UkWxCDlth8Ozid++o0qzRN6YUUoDgfuSxYxgY6Vb/0rQPu75lzYR4V654lXdKdDfpAJzNHrldz9KSCaoNIRjrbuem5ogx8owwum45GeappgMcZ92LZVYUB3k06/H6MAqEYoTZUcaNFW/JnIstB6J0G4KbAb6pzcRf/O6mYlPg5zJNDNUktmhOOPIJGhSAYqYosTwkSWYKGZ/RWSAFSbGFlX6XwmtWtU7qtaujyv183kdRdiDfTgED06gDhfQgCYQUPAAT/Ds3DuPzovzOlstOPPMLnyD8/YJL8iSUA==</latexit>

H0
<latexit sha1_base64="P70FhGYMrEIVRJ7zvDj5keu4foY=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCHnqsaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt2kPKgo+GHi8N8PMvCCRwqDrfjiFldW19Y3iZmlre2d3r7x/0DZxqhlvsVjGuhtQw6VQvIUCJe8mmtMokLwTTK7mfueeayNidYfThPsRHSkRCkbRSreNgTsoV7yqm4P8TSqwRHNQfu8PY5ZGXCGT1Jie5yboZ1SjYJLPSv3U8ISyCR3xnqWKRtz4WX7qjJxYZUjCWNtSSHL160RGI2OmUWA7I4pj89Obi795vRTDSz8TKkmRK7ZYFKaSYEzmf5Oh0JyhnFpCmRb2VsLGVFOGNp3S/0Jo16reWbV2c16pXy/jKMIRHMMpeHABdWhAE1rAYAQP8ATPjnQenRfnddFacJYzh/ANztsnx0qNeA==</latexit>

⇤CDM
<latexit sha1_base64="PBKfqMSL/kSycAKz6ucnmmQd9Kc=">AAAB/XicjVBLS8NAGPzis9ZXfNy8LBbBU0mroMdCe/CgUME+oAlls9m0SzebsLsRaij+FS8eFPHq//Dmv3HT9qCi4MDCMDMfO4yfcKa043xYC4tLyyurhbXi+sbm1ra9s9tWcSoJbZGYx7LrY0U5E7Slmea0m0iKI5/Tjj+q537nlkrFYnGjxwn1IjwQLGQEayP17X330oQDjNwI66GMsnrjatK3S5WyMwX6m5RgjmbffneDmKQRFZpwrFSv4iTay7DUjHA6KbqpogkmIzygPUMFjqjysmn7CToySoDCWJonNJqqXy8yHCk1jnyTzDuqn14u/ub1Uh2eexkTSaqpILOPwpQjHaN8ChQwSYnmY0Mwkcx0RWSIJSbaDFb83wjtarlyUq5en5ZqjfkcBTiAQziGCpxBDS6gCS0gcAcP8ATP1r31aL1Yr7PogjW/2YNvsN4+AfZAlOo=</latexit>
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h / 1/dgwL

{dgwL ,m1z,m2z}
<latexit sha1_base64="pWmIazRHRXixSkf+Z35EviXVEg0=">AAACCnicjVC7TsMwFHV4lvIKMLIYKiQGVDUFCcZKMDAwFIk+pCZEjuO0Vm0nsh1QG2Vm4VdYGECIlS9g429I0g6AQOJIV/fonHvl6+NFjCpdq30YM7Nz8wuLpaXy8srq2rq5sdlWYSwxaeGQhbLrIUUYFaSlqWakG0mCuMdIxxue5n7nhkhFQ3GlRxFxOOoLGlCMdCa55o6d+O7Ftc2RHkie9G/TA+4m1rho9XFqp65Zsaq1AvBvUgFTNF3z3fZDHHMiNGZIqZ5Vi7STIKkpZiQt27EiEcJD1Ce9jArEiXKS4isp3MsUHwahzEpoWKhfNxLElRpxL5vMT1Y/vVz8zevFOjhxEiqiWBOBJw8FMYM6hHku0KeSYM1GGUFY0uxWiAdIIqyz9Mr/C6Fdr1qH1frlUaVxNo2jBLbBLtgHFjgGDXAOmqAFMLgDD+AJPBv3xqPxYrxORmeM6c4W+Abj7RPtiJsN</latexit>
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[see GWTC-2 astro pop]Test gravity!
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Astrophysical BBH population

R(z) / (1 + z)↵
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1+z
1+zp

⌘↵+�

<latexit sha1_base64="hNXWAyOs0/T0gG6I7QcjgbxwT5c="></latexit> [Callister+’20]

Pair Instability SuperNova (PISN)

[Fishbach+’19 ]

[Mastrogiovanni+’21]

[Ezquiaga&Holz’20]

https://arxiv.org/pdf/1908.09084.pdf
https://arxiv.org/pdf/2103.14663.pdf
https://arxiv.org/pdf/2006.02211.pdf
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Modified GW propagation
dgwL
demL

= exp


1

2

Z z

0

⌫

1 + z0
dz0
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<latexit sha1_base64="E2OIVJ0j+zTXFpsIFXltY9M/1tU="></latexit>
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⌦DE (z)

⌦DE (0)
<latexit sha1_base64="a3DIaEU2lVtEjG8AwXnvg0HiCeg=">AAACIXicjZBNS8MwHMbT+TbnW9Wjl+AQtstop+BAhIEKXsQJbg7WUtIs3cLStCSpMEu/ihe/ihcPiuwmfhmzl4MOBR8IPPye/58kjx8zKpVlfRi5hcWl5ZX8amFtfWNzy9zeackoEZg0ccQi0faRJIxy0lRUMdKOBUGhz8idPzgb53f3REga8Vs1jIkboh6nAcVIaeSZNYcnpYfyKfZS7ypzAoFw6lyHpIc0SM8vskyn2TyyyplnFu2KNRH82xTBTA3PHDndCCch4QozJGXHtmLlpkgoihnJCk4iSYzwAPVIR1uOQiLddPLDDB5o0oVBJPThCk7o940UhVIOQ19Phkj15Xw2hr9lnUQFNTelPE4U4Xh6UZAwqCI4rgt2qSBYsaE2CAuq3wpxH+mWlC618L8SWtWKfVip3hwV6yezOvJgD+yDErDBMaiDS9AATYDBI3gGr+DNeDJejHdjNB3NGbOdXfBDxucXhoSjtA==</latexit>

• Parametrizing friction with DE:

• Bounded by GW170817 

cM = �9+21
�28

<latexit sha1_base64="YkHckoIe1BZJXbtbG5GZFKTgS2Q=">AAAB/nicjVDLSgMxFM3UV62vUXHlJlgEQVo6o2BFhIIbN0IF+4B2HDJppg3NZIYkI5Qw4K+4caGIW7/DnX9j+lioKHjgwuGce7mHEySMSlWpfFi5ufmFxaX8cmFldW19w97caso4FZg0cMxi0Q6QJIxy0lBUMdJOBEFRwEgrGF6M/dYdEZLG/EaNEuJFqM9pSDFSRvLtHexr/yo7L53e6kPXyXxdcquZbxedcmUC+Dcpghnqvv3e7cU4jQhXmCEpO04lUZ5GQlHMSFboppIkCA9Rn3QM5Sgi0tOT+BncN0oPhrEwwxWcqF8vNIqkHEWB2YyQGsif3lj8zeukKqx6mvIkVYTj6aMwZVDFcNwF7FFBsGIjQxAW1GSFeIAEwso0VvhfCU237ByV3evjYu1sVkce7II9cAAccAJq4BLUQQNgoMEDeALP1r31aL1Yr9PVnDW72QbfYL19AjuwlFg=</latexit>

[Lagos+’19 ]

https://arxiv.org/pdf/1901.03321.pdf
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How far can we hear BBHs?

10�2 10�1 100 101

z

10�3

10�2

10�1

100

101

p(
z

|d
et

ec
te

d
)

GR (cM = 0)

Beyond GR (cM 6= 0)

BBH

�10.0

�7.5

�5.0

�2.5

0.0

2.5

5.0

7.5

10.0

c
M



J.M. Ezquiaga  9

How is the PISN gap affected?
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Results from GWTC-2
cM = �3.2+3.4

�2.0

�5

0

5

10

15

↵

↵ = 1.1+3.8
�6.4

�8 �4 0 4 8

cM

30

45

60

75

90

m
99

%
/M

�

�5 0 5 10 15

↵

30 45 60 75 90

m99%/M�

m99%/M� = 46.2+11.5
�9.0

cM = �3.2+3.4
�2.0

<latexit sha1_base64="4SxyVFXRlLM8UIxrEeutZZ/vDC4=">AAACAnicjZBLS8NAFIVvfNb6iroSN8EiCNKQtAUFEQpu3AgV7APaGCbTaTt0MgkzE6GE4Ma/4saFIm79Fe78N04fCxUFDwwczrmXmfmCmFGpHOfDmJtfWFxazq3kV9fWNzbNre2GjBKBSR1HLBKtAEnCKCd1RRUjrVgQFAaMNIPh+bhv3hIhacSv1SgmXoj6nPYoRkpHvrmL/dS/zM6KZbt0kx6V7Urmp8WS7WS+WXBtZyLrb1OAmWq++d7pRjgJCVeYISnbrhMrL0VCUcxIlu8kksQID1GftLXlKCTSSydfyKwDnXStXiT04cqapF83UhRKOQoDPRkiNZA/u3H4W9dOVO/ESymPE0U4nl7US5ilImvMw+pSQbBiI20QFlS/1cIDJBBWmlr+fxAaJdvV/K4qherpDEcO9mAfDsGFY6jCBdSgDhju4AGe4Nm4Nx6NF+N1OjpnzHZ24JuMt0/12JUy</latexit>

• More constraining than GW170817 
• Shifts           to lower values   
• GW data only!

m99%
<latexit sha1_base64="UkNcvZvQ7pE5SwhKJLnkLjnwyy4=">AAAB73icjVDLSgMxFL2pr1pfVZdugqXgqsxUQYubghuXFewD2qFk0kwbmmTGJCOUoT/hxoUibv0dd/6N6WOhouCBC4dz7uXee8JEcGM97wPlVlbX1jfym4Wt7Z3dveL+QcvEqaasSWMR605IDBNcsablVrBOohmRoWDtcHw189v3TBseq1s7SVggyVDxiFNindSR/axW65Wn/WLJr3hz4L9JCZZo9IvvvUFMU8mUpYIY0/W9xAYZ0ZZTwaaFXmpYQuiYDFnXUUUkM0E2v3eKy04Z4CjWrpTFc/XrREakMRMZuk5J7Mj89Gbib143tdFFkHGVpJYpulgUpQLbGM+exwOuGbVi4gihmrtbMR0RTah1ERX+F0KrWvFPK9Wbs1L9chlHHo7gGE7Ah3OowzU0oAkUBDzAEzyjO/SIXtDrojWHljOH8A3o7RNeBo+B</latexit>
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Conclusions

• Binary black hole mergers alone can probe gravity at cosmological scales

• Hierarchical Bayesian analysis of GWTC-2  leads to stronger constraints 
than GW170817. Results consistent with GR.

• This is a guaranteed test for any present or future GW catalog!

gencosm
⌦R

<latexit sha1_base64="bjnNcaJwwY/vBNU+BH6S/VLBVDY=">AAAB73icjVDLSgNBEOz1GeMr6tHLYBA8hWwU9BjQgzejmAckS5id9CZDZmbXmVkhLPkJLx4U8ervePNvnDwOKgoWNBRV3XR3hYngxpbLH97C4tLyympuLb++sbm1XdjZbZg41QzrLBaxboXUoOAK65Zbga1EI5WhwGY4PJ/4zXvUhsfq1o4SDCTtKx5xRq2TWp0riX3avekWin6pPAX5mxRhjlq38N7pxSyVqCwT1Ji2X05skFFtORM4zndSgwllQ9rHtqOKSjRBNr13TA6d0iNRrF0pS6bq14mMSmNGMnSdktqB+elNxN+8dmqjsyDjKkktKjZbFKWC2JhMnic9rpFZMXKEMs3drYQNqKbMuojy/wuhUSn5x6XK9UmxejGPIwf7cABH4MMpVOESalAHBgIe4AmevTvv0XvxXmetC958Zg++wXv7BMCYj8k=</latexit>

⌦M
<latexit sha1_base64="sr+UXYc6JiLURsxEKQrkPJFO3Z4=">AAAB73icjVDLSgNBEOz1GeMr6tHLYBA8hWwU9BjQgxcxgnlAsoTZSW8yZGZ2nZkVwpKf8OJBEa/+jjf/xsnjoKJgQUNR1U13V5gIbmy5/OEtLC4tr6zm1vLrG5tb24Wd3YaJU82wzmIR61ZIDQqusG65FdhKNFIZCmyGw/OJ37xHbXisbu0owUDSvuIRZ9Q6qdW5ltin3atuoeiXylOQv0kR5qh1C++dXsxSicoyQY1p++XEBhnVljOB43wnNZhQNqR9bDuqqEQTZNN7x+TQKT0SxdqVsmSqfp3IqDRmJEPXKakdmJ/eRPzNa6c2OgsyrpLUomKzRVEqiI3J5HnS4xqZFSNHKNPc3UrYgGrKrIso/78QGpWSf1yq3JwUqxfzOHKwDwdwBD6cQhUuoQZ1YCDgAZ7g2bvzHr0X73XWuuDNZ/bgG7y3T7kEj8Q=</latexit>

⌦⇤
<latexit sha1_base64="tAI5EelBoqVWWrkM/zHrQ/PYCZM=">AAAB9XicjVDLSgMxFL1TX7W+qi7dBIvgqsxUQZcFXbgQrGAf0BlLJpNpQ5PMkGSUMvQ/3LhQxK3/4s6/MX0sVBQ8cOFwzj3cywlTzrRx3Q+nsLC4tLxSXC2trW9sbpW3d1o6yRShTZLwRHVCrClnkjYNM5x2UkWxCDlth8Ozid++o0qzRN6YUUoDgfuSxYxgY6Vb/0rQPu75lzYR4V654lXdKdDfpAJzNHrldz9KSCaoNIRjrbuem5ogx8owwum45GeappgMcZ92LZVYUB3k06/H6MAqEYoTZUcaNFW/JnIstB6J0G4KbAb6pzcRf/O6mYlPg5zJNDNUktmhOOPIJGhSAYqYosTwkSWYKGZ/RWSAFSbGFlX6XwmtWtU7qtaujyv183kdRdiDfTgED06gDhfQgCYQUPAAT/Ds3DuPzovzOlstOPPMLnyD8/YJL8iSUA==</latexit>
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<latexit sha1_base64="P70FhGYMrEIVRJ7zvDj5keu4foY=">AAAB6nicjVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeCHnqsaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt2kPKgo+GHi8N8PMvCCRwqDrfjiFldW19Y3iZmlre2d3r7x/0DZxqhlvsVjGuhtQw6VQvIUCJe8mmtMokLwTTK7mfueeayNidYfThPsRHSkRCkbRSreNgTsoV7yqm4P8TSqwRHNQfu8PY5ZGXCGT1Jie5yboZ1SjYJLPSv3U8ISyCR3xnqWKRtz4WX7qjJxYZUjCWNtSSHL160RGI2OmUWA7I4pj89Obi795vRTDSz8TKkmRK7ZYFKaSYEzmf5Oh0JyhnFpCmRb2VsLGVFOGNp3S/0Jo16reWbV2c16pXy/jKMIRHMMpeHABdWhAE1rAYAQP8ATPjnQenRfnddFacJYzh/ANztsnx0qNeA==</latexit>

⇤CDM
<latexit sha1_base64="PBKfqMSL/kSycAKz6ucnmmQd9Kc=">AAAB/XicjVBLS8NAGPzis9ZXfNy8LBbBU0mroMdCe/CgUME+oAlls9m0SzebsLsRaij+FS8eFPHq//Dmv3HT9qCi4MDCMDMfO4yfcKa043xYC4tLyyurhbXi+sbm1ra9s9tWcSoJbZGYx7LrY0U5E7Slmea0m0iKI5/Tjj+q537nlkrFYnGjxwn1IjwQLGQEayP17X330oQDjNwI66GMsnrjatK3S5WyMwX6m5RgjmbffneDmKQRFZpwrFSv4iTay7DUjHA6KbqpogkmIzygPUMFjqjysmn7CToySoDCWJonNJqqXy8yHCk1jnyTzDuqn14u/ub1Uh2eexkTSaqpILOPwpQjHaN8ChQwSYnmY0Mwkcx0RWSIJSbaDFb83wjtarlyUq5en5ZqjfkcBTiAQziGCpxBDS6gCS0gcAcP8ATP1r31aL1Yr7PogjW/2YNvsN4+AfZAlOo=</latexit>

Hearing gravity from the cosmos: 
GWTC-2 probes general relativity at cosmological scales  

(arXiv 2104.05139)

https://arxiv.org/pdf/2104.05139.pdf

