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Summary

• Parameter inference for gravitational waves

• High-mass mergers: gold mines tough to exploit

• Practical example: GW190521

• GW190521 as a boson-star merger

• Boson-star mergers

• Further events

• … rather than a black-hole merger?

• … what’s the boson-mass then?
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Final BHRingdownMerger

Estimating the parameters of gravitational-wave sources



What we typically face

Where did this come from?



Fundamentals of Bayesian Parameter Estimation

d(t)

<latexit sha1_base64="E617KpCTiZ0NBb8sLQXUNkhr8YE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkoseiF48V7Ae0oWw2m3bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dtbWNza3tks75d29/YPDytFxR8epIrRNYh6rXoA15UzStmGG016iKBYBp91gcpf73SeqNIvlo5km1Bd4JFnECDa5FNbMxbBSdevuHGiVeAWpQoHWsPI1CGOSCioN4Vjrvucmxs+wMoxwOisPUk0TTCZ4RPuWSiyo9rP5rTN0bpUQRbGyJQ2aq78nMiy0norAdgpsxnrZy8X/vH5qohs/YzJJDZVksShKOTIxyh9HIVOUGD61BBPF7K2IjLHCxNh4yjYEb/nlVdK5rHuN+tVDo9q8LeIowSmcQQ08uIYm3EML2kBgDM/wCm+OcF6cd+dj0brmFDMn8AfO5w9l1Y3T</latexit>

h(t)

<latexit sha1_base64="+ZWKsE5Kx1dX+yMh0LIrdKpbwPc=">AAAB63icbVBNS8NAEN3Ur1q/qh69LC1CRSiJKHosevFYwX5AG8pmu2mWbjZhdyKE0L/gRUERr/4hb/03btoetPXBwOO9GWbmebHgGmx7ahXW1jc2t4rbpZ3dvf2D8uFRW0eJoqxFIxGprkc0E1yyFnAQrBsrRkJPsI43vsv9zhNTmkfyEdKYuSEZSe5zSiCXghqcDcpVu27PgFeJsyDVRqV//jptpM1B+bs/jGgSMglUEK17jh2DmxEFnAo2KfUTzWJCx2TEeoZKEjLtZrNbJ/jUKEPsR8qUBDxTf09kJNQ6DT3TGRII9LKXi/95vQT8GzfjMk6ASTpf5CcCQ4Tzx/GQK0ZBpIYQqri5FdOAKELBxFMyITjLL6+S9kXduaxfPZg0btEcRXSCKqiGHHSNGugeNVELURSgZ/SG3q3QerE+rM95a8FazByjP7C+fgCGmpDi</latexit>

✓

<latexit sha1_base64="GHLDf7c0DySOO1Ni3T7L02KLP2I=">AAAB7XicdZC7SgNBFIZnvcb1FrW0GQyC1bIbE5MUYtDGMoK5QLKE2ckkGTN7YeasEJa8g42FIjYWPoq9jfg2ziYKKvrDwMf/n8Occ7xIcAW2/W7MzS8sLi1nVszVtfWNzezWdkOFsaSsTkMRypZHFBM8YHXgIFgrkoz4nmBNb3SW5s1rJhUPg0sYR8z1ySDgfU4JaKvRgSED0s3mbKtcLuUPizgF264cpVDJFysF7Fj2VLmTF/M4enoza93sa6cX0thnAVBBlGo7dgRuQiRwKtjE7MSKRYSOyIC1NQbEZ8pNptNO8L52ergfSv0CwFP3e0dCfKXGvqcrfQJD9TtLzb+ydgz9spvwIIqBBXT2UT8WGEKcro57XDIKYqyBUMn1rJgOiSQU9IFMfYSvTfH/0MhbTsEqXti56imaKYN20R46QA4qoSo6RzVURxRdoRt0h+6N0Lg1HozHWemc8dmzg37IeP4AmEuS0g==</latexit>

M

<latexit sha1_base64="7GI+Z0VNEnmEx8ZfsbQMwuQKlS8=">AAAB6HicdZDLSgMxFIYz9VbHW9Wlm2ARXA0ZGW03YtGNG6EFe4F2KJk008ZmLiQZoQx9AjcuFHGrD+Pejfg2pjMKKvpD4OP/zyHnHC/mTCqE3o3C3PzC4lJx2VxZXVvfKG1utWSUCEKbJOKR6HhYUs5C2lRMcdqJBcWBx2nbG5/N8vY1FZJF4aWaxNQN8DBkPiNYaatx0S+VkVW1HcepwAyOEMrBsRG0LZSpfPJiHsfPb2a9X3rtDSKSBDRUhGMpuzaKlZtioRjhdGr2EkljTMZ4SLsaQxxQ6abZoFO4p50B9COhX6hg5n7vSHEg5STwdGWA1Uj+zmbmX1k3UX7VTVkYJ4qGJP/ITzhUEZxtDQdMUKL4RAMmgulZIRlhgYnStzH1Eb42hf9D68CyHeuwgcq1U5CrCHbALtgHNqiAGjgHddAEBFBwA+7AvXFl3BoPxmNeWjA+e7bBDxlPH2XOkFc=</latexit>

=

<latexit sha1_base64="f9BNrQxgAqr0OLdjARRyFfrDTek=">AAAB6HicdZDLSsNAFIYnXmu8VV26GSyCq5C02suiWHTjsgV7gTaUyXTSjp1MwsxEKKFP4MaFIm71Ydy7Ed/Gaaqgoj8MfPz/Ocw5x4sYlcq2342FxaXlldXMmrm+sbm1nd3ZbckwFpg0cchC0fGQJIxy0lRUMdKJBEGBx0jbG5/P8vY1EZKG/FJNIuIGaMipTzFS2mpU+9mcbZWKebtQgCk4pWIKTqVSho5lp8qdvpjV6PnNrPezr71BiOOAcIUZkrLr2JFyEyQUxYxMzV4sSYTwGA1JVyNHAZFukg46hYfaGUA/FPpxBVP3e0eCAikngacrA6RG8nc2M//KurHyy25CeRQrwvH8Iz9mUIVwtjUcUEGwYhMNCAuqZ4V4hATCSt/G1Ef42hT+D6285RxbJw07VzsDc2XAPjgAR8ABJVADF6AOmgADAm7AHbg3roxb48F4nJcuGJ89e+CHjKcPcJeQYA==</latexit>

?

<latexit sha1_base64="g6wcmG0LvesRDshIEc+KXcLYQGY=">AAAB6HicdZDLSsNAFIYnXmu8VV26GSyCq5C02stCWnTjsgV7gTaUyXTSjp1MwsxEKKFP4MaFIm71Ydy7Ed/Gaaqgoj8MfPz/Ocw5x4sYlcq2342FxaXlldXMmrm+sbm1nd3ZbckwFpg0cchC0fGQJIxy0lRUMdKJBEGBx0jbG5/P8vY1EZKG/FJNIuIGaMipTzFS2mpU+9mcbZWKebtQgCk4pWIKTqVSho5lp8pVX8zT6PnNrPezr71BiOOAcIUZkrLr2JFyEyQUxYxMzV4sSYTwGA1JVyNHAZFukg46hYfaGUA/FPpxBVP3e0eCAikngacrA6RG8nc2M//KurHyy25CeRQrwvH8Iz9mUIVwtjUcUEGwYhMNCAuqZ4V4hATCSt/G1Ef42hT+D6285RxbJw07VzsDc2XAPjgAR8ABJVADF6AOmgADAm7AHbg3roxb48F4nJcuGJ89e+CHjKcPc5+QYg==</latexit>

+

<latexit sha1_base64="aCtg6N58hg+lQvfw8+6M+ZTLU6I=">AAAB6HicdVDLSsNAFJ3UV1tfVZduBosgCCFptY9d0Y3LFuwD21Am00k7djIJMxOxhH6BGxeKdOsP+C/u/BqdpgoqeuDC4Zx7ufceN2RUKst6M1JLyyura+lMdn1jc2s7t7PbkkEkMGnigAWi4yJJGOWkqahipBMKgnyXkbY7Pp/77RsiJA34pZqExPHRkFOPYqS01Dju5/KWWS4VrGIRJsQulxJiV6sVaJtWgnwtE86uXm7f6/3ca28Q4MgnXGGGpOzaVqicGAlFMSPTbC+SJER4jIakqylHPpFOnBw6hYdaGUAvELq4gon6fSJGvpQT39WdPlIj+dubi3953Uh5FSemPIwU4XixyIsYVAGcfw0HVBCs2EQThAXVt0I8QgJhpbPJ6hC+PoX/k1bBtE/M04ZO4wwskAb74AAcARuUQQ1cgDpoAgwIuAMP4NG4Nu6NJ2O2aE0ZnzN74AeM5w8U+5Df</latexit>

Noise

<latexit sha1_base64="GyyWEv4+sQssGnHrBp9ipqXsfUU=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBbBU0ha7cet6MWTVLC10Iay2U7apZtN2N0IJfQ3ePGgiFd/kDf/jdu0goo+GHi8N8PMPD/mTGnH+bByK6tr6xv5zcLW9s7uXnH/oKOiRFJo04hHsusTBZwJaGumOXRjCST0Odz5k8u5f3cPUrFI3OppDF5IRoIFjBJtpPZ1xBQMiiXHrlXLTqWCM+LWqhlxG406dm0nQwkt0RoU3/vDiCYhCE05UarnOrH2UiI1oxxmhX6iICZ0QkbQM1SQEJSXZsfO8IlRhjiIpCmhcaZ+n0hJqNQ09E1nSPRY/fbm4l9eL9FB3UuZiBMNgi4WBQnHOsLzz/GQSaCaTw0hVDJzK6ZjIgnVJp+CCeHrU/w/6ZRt98w+vymXmhfLOPLoCB2jU+SiGmqiK9RCbUQRQw/oCT1bwnq0XqzXRWvOWs4coh+w3j4BUIePCg==</latexit>



Fundamentals of Bayesian Parameter Estimation

L(✓|d) : Likelihood (fit)

<latexit sha1_base64="EtWEVnTZcOO56HGWqYMocxJ6LCk="></latexit>

⇡(✓) : Prior Assumptions

<latexit sha1_base64="6H90127p4yHVFn6L52EIHW5Nq/o="></latexit>

Z(✓|d) : Evidence for the model

<latexit sha1_base64="mticD6A9Yns/iVCH5Co8awAZmnM="></latexit>

p(✓|d)M =
⇡(✓)L(hM (✓)|d)
ZM (hM (✓)|d)

<latexit sha1_base64="l9TozbvXw3HalO2KjwPWvRkOX40="></latexit>

d(t)

<latexit sha1_base64="E617KpCTiZ0NBb8sLQXUNkhr8YE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkoseiF48V7Ae0oWw2m3bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dtbWNza3tks75d29/YPDytFxR8epIrRNYh6rXoA15UzStmGG016iKBYBp91gcpf73SeqNIvlo5km1Bd4JFnECDa5FNbMxbBSdevuHGiVeAWpQoHWsPI1CGOSCioN4Vjrvucmxs+wMoxwOisPUk0TTCZ4RPuWSiyo9rP5rTN0bpUQRbGyJQ2aq78nMiy0norAdgpsxnrZy8X/vH5qohs/YzJJDZVksShKOTIxyh9HIVOUGD61BBPF7K2IjLHCxNh4yjYEb/nlVdK5rHuN+tVDo9q8LeIowSmcQQ08uIYm3EML2kBgDM/wCm+OcF6cd+dj0brmFDMn8AfO5w9l1Y3T</latexit>

h(t)

<latexit sha1_base64="+ZWKsE5Kx1dX+yMh0LIrdKpbwPc=">AAAB63icbVBNS8NAEN3Ur1q/qh69LC1CRSiJKHosevFYwX5AG8pmu2mWbjZhdyKE0L/gRUERr/4hb/03btoetPXBwOO9GWbmebHgGmx7ahXW1jc2t4rbpZ3dvf2D8uFRW0eJoqxFIxGprkc0E1yyFnAQrBsrRkJPsI43vsv9zhNTmkfyEdKYuSEZSe5zSiCXghqcDcpVu27PgFeJsyDVRqV//jptpM1B+bs/jGgSMglUEK17jh2DmxEFnAo2KfUTzWJCx2TEeoZKEjLtZrNbJ/jUKEPsR8qUBDxTf09kJNQ6DT3TGRII9LKXi/95vQT8GzfjMk6ASTpf5CcCQ4Tzx/GQK0ZBpIYQqri5FdOAKELBxFMyITjLL6+S9kXduaxfPZg0btEcRXSCKqiGHHSNGugeNVELURSgZ/SG3q3QerE+rM95a8FazByjP7C+fgCGmpDi</latexit>

✓

<latexit sha1_base64="GHLDf7c0DySOO1Ni3T7L02KLP2I=">AAAB7XicdZC7SgNBFIZnvcb1FrW0GQyC1bIbE5MUYtDGMoK5QLKE2ckkGTN7YeasEJa8g42FIjYWPoq9jfg2ziYKKvrDwMf/n8Occ7xIcAW2/W7MzS8sLi1nVszVtfWNzezWdkOFsaSsTkMRypZHFBM8YHXgIFgrkoz4nmBNb3SW5s1rJhUPg0sYR8z1ySDgfU4JaKvRgSED0s3mbKtcLuUPizgF264cpVDJFysF7Fj2VLmTF/M4enoza93sa6cX0thnAVBBlGo7dgRuQiRwKtjE7MSKRYSOyIC1NQbEZ8pNptNO8L52ergfSv0CwFP3e0dCfKXGvqcrfQJD9TtLzb+ydgz9spvwIIqBBXT2UT8WGEKcro57XDIKYqyBUMn1rJgOiSQU9IFMfYSvTfH/0MhbTsEqXti56imaKYN20R46QA4qoSo6RzVURxRdoRt0h+6N0Lg1HozHWemc8dmzg37IeP4AmEuS0g==</latexit>

M

<latexit sha1_base64="7GI+Z0VNEnmEx8ZfsbQMwuQKlS8=">AAAB6HicdZDLSgMxFIYz9VbHW9Wlm2ARXA0ZGW03YtGNG6EFe4F2KJk008ZmLiQZoQx9AjcuFHGrD+Pejfg2pjMKKvpD4OP/zyHnHC/mTCqE3o3C3PzC4lJx2VxZXVvfKG1utWSUCEKbJOKR6HhYUs5C2lRMcdqJBcWBx2nbG5/N8vY1FZJF4aWaxNQN8DBkPiNYaatx0S+VkVW1HcepwAyOEMrBsRG0LZSpfPJiHsfPb2a9X3rtDSKSBDRUhGMpuzaKlZtioRjhdGr2EkljTMZ4SLsaQxxQ6abZoFO4p50B9COhX6hg5n7vSHEg5STwdGWA1Uj+zmbmX1k3UX7VTVkYJ4qGJP/ITzhUEZxtDQdMUKL4RAMmgulZIRlhgYnStzH1Eb42hf9D68CyHeuwgcq1U5CrCHbALtgHNqiAGjgHddAEBFBwA+7AvXFl3BoPxmNeWjA+e7bBDxlPH2XOkFc=</latexit>



Fundamentals of Bayesian Parameter Estimation

L(✓|d) : Likelihood (fit)

<latexit sha1_base64="EtWEVnTZcOO56HGWqYMocxJ6LCk="></latexit>

⇡(✓) : Prior Assumptions

<latexit sha1_base64="6H90127p4yHVFn6L52EIHW5Nq/o="></latexit>

Z(✓|d) : Evidence for the model

<latexit sha1_base64="mticD6A9Yns/iVCH5Co8awAZmnM="></latexit>

Z(✓|d) =
Z

⇡(✓)L(✓|d)d✓

<latexit sha1_base64="va1lsC6pJIUdOTsB/6y0e3Xn+38="></latexit>

": Large likelihood

<latexit sha1_base64="uvZScaXSNq5Gy0ZClhGB5OCp1ws="></latexit>

#: Useless parameters (Occam’s Razor)

<latexit sha1_base64="bteq2frliEmTutVHrK3MVWm+m4Q="></latexit>

"#: Choice of priors

<latexit sha1_base64="XWCBEQZrry28FFH2F48lKjhr0ng="></latexit>

p(✓|d)M =
⇡(✓)L(hM (✓)|d)
ZM (hM (✓)|d)

<latexit sha1_base64="l9TozbvXw3HalO2KjwPWvRkOX40="></latexit>

d(t)

<latexit sha1_base64="E617KpCTiZ0NBb8sLQXUNkhr8YE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkoseiF48V7Ae0oWw2m3bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dtbWNza3tks75d29/YPDytFxR8epIrRNYh6rXoA15UzStmGG016iKBYBp91gcpf73SeqNIvlo5km1Bd4JFnECDa5FNbMxbBSdevuHGiVeAWpQoHWsPI1CGOSCioN4Vjrvucmxs+wMoxwOisPUk0TTCZ4RPuWSiyo9rP5rTN0bpUQRbGyJQ2aq78nMiy0norAdgpsxnrZy8X/vH5qohs/YzJJDZVksShKOTIxyh9HIVOUGD61BBPF7K2IjLHCxNh4yjYEb/nlVdK5rHuN+tVDo9q8LeIowSmcQQ08uIYm3EML2kBgDM/wCm+OcF6cd+dj0brmFDMn8AfO5w9l1Y3T</latexit>

h(t)

<latexit sha1_base64="+ZWKsE5Kx1dX+yMh0LIrdKpbwPc=">AAAB63icbVBNS8NAEN3Ur1q/qh69LC1CRSiJKHosevFYwX5AG8pmu2mWbjZhdyKE0L/gRUERr/4hb/03btoetPXBwOO9GWbmebHgGmx7ahXW1jc2t4rbpZ3dvf2D8uFRW0eJoqxFIxGprkc0E1yyFnAQrBsrRkJPsI43vsv9zhNTmkfyEdKYuSEZSe5zSiCXghqcDcpVu27PgFeJsyDVRqV//jptpM1B+bs/jGgSMglUEK17jh2DmxEFnAo2KfUTzWJCx2TEeoZKEjLtZrNbJ/jUKEPsR8qUBDxTf09kJNQ6DT3TGRII9LKXi/95vQT8GzfjMk6ASTpf5CcCQ4Tzx/GQK0ZBpIYQqri5FdOAKELBxFMyITjLL6+S9kXduaxfPZg0btEcRXSCKqiGHHSNGugeNVELURSgZ/SG3q3QerE+rM95a8FazByjP7C+fgCGmpDi</latexit>

✓

<latexit sha1_base64="GHLDf7c0DySOO1Ni3T7L02KLP2I=">AAAB7XicdZC7SgNBFIZnvcb1FrW0GQyC1bIbE5MUYtDGMoK5QLKE2ckkGTN7YeasEJa8g42FIjYWPoq9jfg2ziYKKvrDwMf/n8Occ7xIcAW2/W7MzS8sLi1nVszVtfWNzezWdkOFsaSsTkMRypZHFBM8YHXgIFgrkoz4nmBNb3SW5s1rJhUPg0sYR8z1ySDgfU4JaKvRgSED0s3mbKtcLuUPizgF264cpVDJFysF7Fj2VLmTF/M4enoza93sa6cX0thnAVBBlGo7dgRuQiRwKtjE7MSKRYSOyIC1NQbEZ8pNptNO8L52ergfSv0CwFP3e0dCfKXGvqcrfQJD9TtLzb+ydgz9spvwIIqBBXT2UT8WGEKcro57XDIKYqyBUMn1rJgOiSQU9IFMfYSvTfH/0MhbTsEqXti56imaKYN20R46QA4qoSo6RzVURxRdoRt0h+6N0Lg1HozHWemc8dmzg37IeP4AmEuS0g==</latexit>

M

<latexit sha1_base64="7GI+Z0VNEnmEx8ZfsbQMwuQKlS8=">AAAB6HicdZDLSgMxFIYz9VbHW9Wlm2ARXA0ZGW03YtGNG6EFe4F2KJk008ZmLiQZoQx9AjcuFHGrD+Pejfg2pjMKKvpD4OP/zyHnHC/mTCqE3o3C3PzC4lJx2VxZXVvfKG1utWSUCEKbJOKR6HhYUs5C2lRMcdqJBcWBx2nbG5/N8vY1FZJF4aWaxNQN8DBkPiNYaatx0S+VkVW1HcepwAyOEMrBsRG0LZSpfPJiHsfPb2a9X3rtDSKSBDRUhGMpuzaKlZtioRjhdGr2EkljTMZ4SLsaQxxQ6abZoFO4p50B9COhX6hg5n7vSHEg5STwdGWA1Uj+zmbmX1k3UX7VTVkYJ4qGJP/ITzhUEZxtDQdMUKL4RAMmgulZIRlhgYnStzH1Eb42hf9D68CyHeuwgcq1U5CrCHbALtgHNqiAGjgHddAEBFBwA+7AvXFl3BoPxmNeWjA+e7bBDxlPH2XOkFc=</latexit>



Fundamentals of Bayesian Parameter Estimation

L(✓|d) : Likelihood (fit)

<latexit sha1_base64="EtWEVnTZcOO56HGWqYMocxJ6LCk="></latexit>

⇡(✓) : Prior Assumptions

<latexit sha1_base64="6H90127p4yHVFn6L52EIHW5Nq/o="></latexit>

Z(✓|d) : Evidence for the model

<latexit sha1_base64="mticD6A9Yns/iVCH5Co8awAZmnM="></latexit>

Z(✓|d) =
Z

⇡(✓)L(✓|d)d✓

<latexit sha1_base64="va1lsC6pJIUdOTsB/6y0e3Xn+38="></latexit>

": Large likelihood

<latexit sha1_base64="uvZScaXSNq5Gy0ZClhGB5OCp1ws="></latexit>

#: Useless parameters (Occam’s Razor)

<latexit sha1_base64="bteq2frliEmTutVHrK3MVWm+m4Q="></latexit>

"#: Choice of priors

<latexit sha1_base64="XWCBEQZrry28FFH2F48lKjhr0ng="></latexit>

P (Model A)

P (Model B)
=

ZA

ZB

<latexit sha1_base64="a3532Z12cqUh3+C+I8az3tXOL/s="></latexit>

p(✓|d)M =
⇡(✓)L(hM (✓)|d)
ZM (hM (✓)|d)

<latexit sha1_base64="l9TozbvXw3HalO2KjwPWvRkOX40="></latexit>

d(t)

<latexit sha1_base64="E617KpCTiZ0NBb8sLQXUNkhr8YE=">AAAB63icbVBNS8NAEJ34WetX1aOXxSLUS0mkoseiF48V7Ae0oWw2m3bp7ibsboQS+he8eFDEq3/Im//GTZuDtj4YeLw3w8y8IOFMG9f9dtbWNza3tks75d29/YPDytFxR8epIrRNYh6rXoA15UzStmGG016iKBYBp91gcpf73SeqNIvlo5km1Bd4JFnECDa5FNbMxbBSdevuHGiVeAWpQoHWsPI1CGOSCioN4Vjrvucmxs+wMoxwOisPUk0TTCZ4RPuWSiyo9rP5rTN0bpUQRbGyJQ2aq78nMiy0norAdgpsxnrZy8X/vH5qohs/YzJJDZVksShKOTIxyh9HIVOUGD61BBPF7K2IjLHCxNh4yjYEb/nlVdK5rHuN+tVDo9q8LeIowSmcQQ08uIYm3EML2kBgDM/wCm+OcF6cd+dj0brmFDMn8AfO5w9l1Y3T</latexit>
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First Challenge: The Model

Many models for BBH mergers:

Computed in different ways  (EOB, Phenom, NRSurrogate, NR…)

“Calibrated” to different regions of the parameter space

Include different levels of refinement: Higher-harmonics, Memory, calibration to numerical relativity…

Models for different “types” of BBHs:

Quasi-circular binaries 

Eccentric binaries

Dynamical captures

And even different types of CBCs:

Boson-star mergers

BBHs + scalar fields



Inspiral Merger Ringdown

Safe to assume a “vanilla” quasi-circular inspiral process

Standard Assumption



Inspiral Merger Ringdown

Safe tu assume a “vanilla” quasi-circular inspiral process

Typical LIGO-Virgo observation

Romero-Shaw+ (2019)

Eccentricity 90% level upper bounds



Final BHRingdownMerger

High-mass mergers



GW190521

LIGO-Virgo (LVC) 2020May 21st 2019



High-mass mergers

Romero-Shaw+ (2019)

Eccentricity 90% level upper bounds

• Pros:

• Strong-field gravity at its best

• Tests of General Relativity e.g., No-Hair Theorem: 
Isi+19, Giesler+19, JCB+21, Capano+21, Carullo+19

• Strong-field phenomena: kicks, memory, lensing.. 
Varma+20, JCB+18, Huebner+20 …

• Higher GW harmonics: Varma+14,17, JCB+16,17, Pekowski+13,Graff+15
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High-mass mergers

Romero-Shaw+ (2019)

Eccentricity 90% level upper bounds

• Pros:

• Strong-field gravity at its best

• Tests of General Relativity e.g., No-Hair Theorem: 
Isi+19, Giesler+19, JCB+21, Capano+21, Carullo+19

• Strong-field phenomena: kicks, memory, lensing.. 
Varma+20, JCB+18, Huebner+20 …

• Higher GW harmonics: Varma+14,17, JCB+16,17, Pekowski+13,Graff+15

Isi+ 2019
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• Strong-field gravity at its best

• Tests of General Relativity e.g., No-Hair Theorem: 
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High-mass mergers

Romero-Shaw+ (2019)

Eccentricity 90% level upper bounds

• Pros:• Pros:

• Strong-field gravity at its best

• Tests of General Relativity e.g., No-Hair Theorem: 
Isi+19, Giesler+19, JCB+21, Capano+21, Carullo+19

• Strong-field phenomena: kicks, memory, lensing.. 
Varma+20, JCB+18, Huebner+20 …

• Higher GW harmonics: Varma+14,17, JCB+16,17, Pekowski+13,Graff+15

• Involve objects in the PISN gap Woosley & Heger +21, DiCarlo+20..



High-mass mergers

Romero-Shaw+ (2019)

Eccentricity 90% level upper bounds

• Pros:• Pros:

• Strong-field gravity at its best

• Tests of General Relativity e.g., No-Hair Theorem: 
Isi+19, Giesler+19, JCB+21, Capano+21, Carullo+19

• Strong-field phenomena: kicks, memory, lensing.. 
Varma+20, JCB+18, Huebner+20 …

• Higher GW harmonics: Varma+14,17, JCB+16,17, Pekowski+13,Graff+15

• Involve objects in the PISN gap Woosley & Heger +21, DiCarlo+20..

• Search for ultralight-boson effects: Chung+21, Baumann+19, Ng+20 …



High-mass mergers

Romero-Shaw+ (2019)

Eccentricity 90% level upper bounds

• Con 1: Detection

• Short signals: confused with glitches

• Strong higher harmonics: not targeted by searches

• Con 2: Interpretation

• Little information on pre-merger

• Waveform models not fully reliable

• Results strongly influenced by priors

• Ongoing searches including higher modes

• Non-modelled searches
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High-mass mergers

Romero-Shaw+ (2019)

Eccentricity 90% level upper bounds

• Con 1: Detection

• Short signals: confused with glitches

• Strong higher harmonics: not targeted by searches

• Con 2: Interpretation

• Little information on pre-merger

• Waveform models hitting their limits

• Results strongly influenced by priors

• Ongoing searches including higher modes

• Non-modelled searches



Final BHRingdownMerger

GW190521: “Canonical interpretations”



GW190521 as a quasi-circular merger

• Barely any (visible) pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

LVC 2020

Final BHRingdownMerger



What produced GW190521?

• Barely any (visible) pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

LVC 2020

Final BHRingdownMerger¿¿¿???



• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

What produced GW190521?

LVC 2020

No 
IMBH 
remnant

Waveform Model NRSur7dq4 (Varma+ ’19)



• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

What produced GW190521?

• Mild precession signature

PISN 
Gap



• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

What produced GW190521?

• Mild precession signature

P (precession|qBBH) 10 : 1
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• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

What produced GW190521?

• Mild precession signature

Extremely detailed study: Estellés et. al. 2021

P (precession|qBBH) 10 : 1
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• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

What produced GW190521?

• Mild precession signature

Extremely detailed study: Estellés et. al. 2021

• But: Precession can mimic eccentricity!

M1
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• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

• Alternative interpretations

What produced GW190521?

• Small eccentricity (Romero-Shaw+)

• High Eccentricity (Gayahtri+)

• Boson-star merger (this talk)

• Head-on merger (JCB+)
Romero-Shaw+ APjL 901, 1 (2020)



• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

• Alternative interpretations

What produced GW190521?

• Small eccentricity (Romero-Shaw+)

• High Eccentricity (Gayahtri+)

• Boson-star merger (this talk)

• Head-on merger (JCB+)
Nat Astron (2022). https://doi.org/10.1038/s41550-021-01568-w



• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

• Alternative interpretations

What produced GW190521?

• Small eccentricity (Romero-Shaw+)

• High Eccentricity (Gayahtri+)

• Boson-star merger (this talk)

• Head-on merger (JCB+)

See also: Gamba et al (dynamical capture)

Gamba arXiv:2106.05575 (2021)



• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

• Alternative interpretations

What produced GW190521?

• Small eccentricity (Romero-Shaw+)

• High Eccentricity (Gayahtri+)

• Boson-star merger (this talk)

• Head-on merger (JCB+)



• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

• Alternative interpretations

What produced GW190521?

• Small eccentricity (Romero-Shaw+)

• High Eccentricity (Gayahtri+)

• Boson-star merger (this talk)

• Head-on merger (JCB+) Lack of pre-merger 
signal



What produced GW190521?

Final Spin is too low

Head-on 
final spins

Lack of orbital angular momentum
Cosmic Censorship aBH < 1
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Final BHRingdownMerger

Boson-star mergers



• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black 
hole.

• Alternative interpretations

What produced GW190521?

• Small eccentricity (Romero-Shaw+)

• High Eccentricity (Gayahtri+)

• Boson-star merger (this talk)

• Head-on merger (JCB+) Credit: Nicolás Sanchis-Gual, Rocío García-Souto

?



Boson stars, Proca stars and ultralight bosons

Self-gravitating Bose Einstein condensates of ultralight bosons

Compact objects with no event horizon (black hole mimickers)

Two “new physics” parameters

• Oscillation frequency of the field: !
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• Boson mass: µ
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Determines the “compactness” of the star

Determines the maximum mass of the star 
(before collapsing to a black hole)

• Can have spins larger than 1!!!

• Can produce highly spinning remnant black holes!

• Dark-Matter candidates



Boson stars, Proca stars and ultralight bosons

Self-gravitating Bose Einstein condensates of ultralight bosons

Compact objects with no event horizon (black hole mimickers)

Two “new physics” parameters

• Oscillation frequency of the field: !
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• Boson mass: µ
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Self-gravitating Bose Einstein condensates of ultralight bosons

Compact objects with no event horizon (black hole mimickers)

Two “new physics” parameters

• Oscillation frequency of the field: 

• Boson mass: 

Determines the “compactness” of the star

Determines the maximum mass of the star 
(before collapsing to a black hole)

• Can have spins larger than 1!!!

• Can produce highly spinning remnant black holes!
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Boson stars, Proca stars and ultralight bosons

Self-gravitating Bose Einstein condensates of ultralight bosons

Compact objects with no event horizon (black hole mimickers)

Two “new physics” parameters

• Oscillation frequency of the field: 

• Boson mass: 

Determines the “compactness” of the star

Determines the maximum mass of the star 
(before collapsing to a black hole)

• Can have spins larger than 1!!!

• Can produce highly spinning remnant black holes!
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Self-gravitating Bose Einstein condensates of ultralight bosons

Compact objects with no event horizon (black hole mimickers)

Two “new physics” parameters

• Oscillation frequency of the field: 

• Boson mass: 

Determines the “compactness” of the star

Determines the maximum mass of the star 
(before collapsing to a black hole)

• Can have spins larger than 1!!!

• Can produce highly spinning remnant black holes!
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A zoo of boson stars: Proca Stars

Spinning Proca star

Spinning Scalar star  
(Unstable)
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Boson stars, Proca stars and ultralight bosons



Boson stars, Proca stars and ultralight bosons



Building a catalogue of Proca-star mergers

We include (2,0), (2,2), (3,2) modes

Initial separation = 100M

Equal-mass, equal field frequency (equal spin)



Building a catalogue of Proca-star mergers

Credit: Nicolás Sanchis-Gual 



Final BHRingdownMerger

GW190521 as a boson-star merger
Phys.Rev.Lett. 126, 081101 (2021)  



Is GW190521 a Proca-star merger?
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Results

GW190521 Parameters (Proca-star merger)
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GW190521 Parameters (Proca-star merger)

LVC (BBH)
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Circular mergers are louder 
Larger initial mass needed to get same final BH

5300+2600
�2400Mpc
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Much closer than a BBH

150+29
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Much heavier than the BBH estimation

Results



Model selection: BBH or Proca-star merger?

• Compare to ~500 simulations, add 33 mode

Distance prior: Uniform in-comoving volume



Impact of prior choices

• Compare to ~500 simulations, add 33 mode

Distance prior: Uniform in-comoving volume

P (Proca q=1)

P (BBH)
= e(80.9�80.0) ' 2.5
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P (Proca q 6=1)

P (BBH)
' 6.7
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Impact of prior choices

• Compare to ~500 simulations, add 33 mode

Distance prior:  Uniform in luminosity distance

P (Proca q 6=1)

P (BBH)
' 70
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P (Proca q=1)

P (BBH)
' 30
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New Physics: the ultralight boson and its field

Bosonic field frequency Boson mass

µGW190521, q=1
V = 8.67+0.73

�0.82 ⇥ 10�13eV

<latexit sha1_base64="rCbQsjAGnGiKbp+iqw37zOGwyVU="></latexit>



Can previous events be Proca-star mergers?

Mmax

M�
= 1.125⇥ 1.34⇥ 10�10eV

µV
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Too massive Proca star: collapse to black hole

Final Proca star less massive: no collapse, no ringdown

Previous LVC events discarded as head-on Proca star 
mergers (with same boson mass)
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Can previous events be Proca-star mergers?

Mmax

M�
= 1.125⇥ 1.34⇥ 10�10eV

µV
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Too massive Proca star: collapse to black hole

Final Proca star less massive: no collapse, no ringdown

Previous LVC events discarded as head-on Proca star 
mergers (with same boson mass)

MProca
max = 174+15

�14M�
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Final BHRingdownMerger

GW190521 as a boson-star merger (Updated)



Updated Result

Extended to 759 numerical simulations
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Updated Result



Updated Result

Results essentially un-altered

Mild evidence in favour of Proca-star merger

All parameters consistent with initial study

µGW190521
B = 8.73+0.65

�0.78 ⇥ 10�13eV
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Extending to further events

Third Advanced LIGO -Virgo run has delivered more events like GW190521

GW190426 (heaviest event to date)

GW200220

Also, interesting trigger from the second observing run: S200114f

Could these be also consistent with Proca-star mergers?



Final BHRingdownMerger

More events!



Placing the focus on S200114f



S200114f



S200114f

Room for improvement



Other events

• Only for GW190521 Proca-star mergers beat (marginally) vanilla BBHs

• GW190426 completely ruled out as a Proca-star merger with our current catalogue





Other events

• GW190521 and S200114f do “strongly” the Proca-star merger model. GW200220 does marginally.

• GW190426 completely ruled out as a Proca-star merger with our current catalogue

Removing intrinsic loudness



Comparing boson masses

• No pair of masses is completely inconsistent

• GW190521 and GW200220 consistent at the ~85% level.



Conclusions

GW190521 has brought us in the realm of ¿what are we observing?

Origin unclear, strong influence of priors

The future:

Simulations for less eccentric configurations: large room for improvement!!!!

Targeted search for boson-star mergers

Mass consistency across events: population studies. How many ultralight bosons are there, if any?

µ190521
B = 8.70+0.75

�0.69 ⇥ 10�13eV
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Waveforms models very limited!

Consistent with a Proca-star merger


