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ERA OF GRAVITATIONAL WAVE ASTRONOMY!

Firm detections of ten binary black holes and a binary neutron star merger
https://www.ligo.caltech.edu/

https://www.ligo.caltech.edu/


BINARY BLACKHOLE DYNAMICS
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MULTIPOLE MOMENTS OF A KERR BLACKHOLE
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• The multipole moments of a Kerr blackhole are completely described by its 
mass and spin:           [Hansen 1974; Carter 1971]

• Deformations due to the spin of a compact object lead to spin-induced 
multipole moments which are unique for a Kerrs blackhole given mass and spin.

!
Mass type moments

Current type moments
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where                ,          

is the total massM
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~�    is the spin parameter
is the spin angular momentum vector



SPIN-INDUCED MULTIPOLE MOMENTS 

• Leading order effect is the spin-induced quadrupole moment,
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• Next higher order effect is the spin-induced octupole moment,

For a non BH compact 
object the value depends 
on the Equation of State.

S3 = ���3 M4, �BH = 1

Q2 = ��2 M3, BH = 1 ~|�| =
~|S|
M2

Neutronstars

Bosonstars

[Laarakkers 1997; Pappas 2012]

 [Ryan; 1997] 

 ⇠ 10� 150

� ⇠ 10� 200
<latexit sha1_base64="XnQkL7P5ar47+bQjlye0o/Cw6BI="></latexit><latexit sha1_base64="XnQkL7P5ar47+bQjlye0o/Cw6BI="></latexit><latexit sha1_base64="XnQkL7P5ar47+bQjlye0o/Cw6BI="></latexit><latexit sha1_base64="XnQkL7P5ar47+bQjlye0o/Cw6BI="></latexit>

 ⇠ 2� 14

� ⇠ 4� 30
<latexit sha1_base64="E+UmI4f6G/sfmV7zCUpLivqUS0k=">AAACC3icdVDLSsNAFJ34rPVVdelmsAhuGpI09LErunFZwdhCE8pkMmmHTh7MTIQS+gFu/BU3LlTc+gPu/BsnbQUVPTBwOOdc7tzjp4wKaRgf2srq2vrGZmmrvL2zu7dfOTi8EUnGMXFwwhLe95EgjMbEkVQy0k85QZHPSM+fXBR+75ZwQZP4Wk5T4kVoFNOQYiSVNKxU3QlKU+QKGkGrZtrQdaHL1Hyw0Oxa3VApQ2+3GpbdgIZuGE3TMgtiNe26DU2lFKiCJbrDyrsbJDiLSCwxQ0IMTCOVXo64pJiRWdnNBEkRnqARGSgao4gIL58fM4OnSglgmHD1Ygnn6veJHEVCTCNfJSMkx+K3V4h/eYNMhi0vp3GaSRLjxaIwY1AmsGgGBpQTLNlUEYQ5VX+FeIw4wlL1V1YlfF0K/yeOpbd188quds6XbZTAMTgBZ8AETdABl6ALHIDBHXgAT+BZu9cetRftdRFd0ZYzR+AHtLdPF02ZTw==</latexit><latexit sha1_base64="E+UmI4f6G/sfmV7zCUpLivqUS0k=">AAACC3icdVDLSsNAFJ34rPVVdelmsAhuGpI09LErunFZwdhCE8pkMmmHTh7MTIQS+gFu/BU3LlTc+gPu/BsnbQUVPTBwOOdc7tzjp4wKaRgf2srq2vrGZmmrvL2zu7dfOTi8EUnGMXFwwhLe95EgjMbEkVQy0k85QZHPSM+fXBR+75ZwQZP4Wk5T4kVoFNOQYiSVNKxU3QlKU+QKGkGrZtrQdaHL1Hyw0Oxa3VApQ2+3GpbdgIZuGE3TMgtiNe26DU2lFKiCJbrDyrsbJDiLSCwxQ0IMTCOVXo64pJiRWdnNBEkRnqARGSgao4gIL58fM4OnSglgmHD1Ygnn6veJHEVCTCNfJSMkx+K3V4h/eYNMhi0vp3GaSRLjxaIwY1AmsGgGBpQTLNlUEYQ5VX+FeIw4wlL1V1YlfF0K/yeOpbd188quds6XbZTAMTgBZ8AETdABl6ALHIDBHXgAT+BZu9cetRftdRFd0ZYzR+AHtLdPF02ZTw==</latexit><latexit sha1_base64="E+UmI4f6G/sfmV7zCUpLivqUS0k=">AAACC3icdVDLSsNAFJ34rPVVdelmsAhuGpI09LErunFZwdhCE8pkMmmHTh7MTIQS+gFu/BU3LlTc+gPu/BsnbQUVPTBwOOdc7tzjp4wKaRgf2srq2vrGZmmrvL2zu7dfOTi8EUnGMXFwwhLe95EgjMbEkVQy0k85QZHPSM+fXBR+75ZwQZP4Wk5T4kVoFNOQYiSVNKxU3QlKU+QKGkGrZtrQdaHL1Hyw0Oxa3VApQ2+3GpbdgIZuGE3TMgtiNe26DU2lFKiCJbrDyrsbJDiLSCwxQ0IMTCOVXo64pJiRWdnNBEkRnqARGSgao4gIL58fM4OnSglgmHD1Ygnn6veJHEVCTCNfJSMkx+K3V4h/eYNMhi0vp3GaSRLjxaIwY1AmsGgGBpQTLNlUEYQ5VX+FeIw4wlL1V1YlfF0K/yeOpbd188quds6XbZTAMTgBZ8AETdABl6ALHIDBHXgAT+BZu9cetRftdRFd0ZYzR+AHtLdPF02ZTw==</latexit><latexit sha1_base64="E+UmI4f6G/sfmV7zCUpLivqUS0k=">AAACC3icdVDLSsNAFJ34rPVVdelmsAhuGpI09LErunFZwdhCE8pkMmmHTh7MTIQS+gFu/BU3LlTc+gPu/BsnbQUVPTBwOOdc7tzjp4wKaRgf2srq2vrGZmmrvL2zu7dfOTi8EUnGMXFwwhLe95EgjMbEkVQy0k85QZHPSM+fXBR+75ZwQZP4Wk5T4kVoFNOQYiSVNKxU3QlKU+QKGkGrZtrQdaHL1Hyw0Oxa3VApQ2+3GpbdgIZuGE3TMgtiNe26DU2lFKiCJbrDyrsbJDiLSCwxQ0IMTCOVXo64pJiRWdnNBEkRnqARGSgao4gIL58fM4OnSglgmHD1Ygnn6veJHEVCTCNfJSMkx+K3V4h/eYNMhi0vp3GaSRLjxaIwY1AmsGgGBpQTLNlUEYQ5VX+FeIw4wlL1V1YlfF0K/yeOpbd188quds6XbZTAMTgBZ8AETdABl6ALHIDBHXgAT+BZu9cetRftdRFd0ZYzR+AHtLdPF02ZTw==</latexit>



We can measure the spin-induced multipole moment parameters

to test the black hole nature of the compact object

6

Alternative: Measure the tidal deformability parameter to distinguish 
black holes from black hole mimickers 

ICTS Group

https://arxiv.org/abs/1804.08026
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SPIN-INDUCED MULTIPOLE MOMENTS IN POST NEWTONIAN 
WAVEFORMS

• Schematic representation of frequency domain gravitational waveform,

    is the PN expansion parameter,         v v2 ⇠ 1PN

✓j includesmasses, spins, source location and orientation
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SPIN-INDUCED MULTIPOLE MOMENTS IN POST-NEWTONIAN 
WAVEFORMS
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 [Poisson; 1998]

• 2 PN phasing coefficient with spin-induced effects,                             , where, spin
4 =  SS

4 + qm
4
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<latexit sha1_base64="L4bNOouu9VBvdumnX6F1Bak0NCI=">AAAB/3icbZBPS8MwGMbT+W/Of1UPHrwUh+BBRjsE9SBMvXicYN1grSXN0i0sSUuSCqP04lfx4kHFq1/Dm9/GdOtBN18I+fE870vyPmFCiVS2/W1UFhaXlleqq7W19Y3NLXN7517GqUDYRTGNRTeEElPCsauIoribCAxZSHEnHF0XfucRC0lifqfGCfYZHHASEQSVlgJzTwbZZX7hoSEpwDtmxfXQDMy63bAnZc2DU0IdlNUOzC+vH6OUYa4QhVL2HDtRfgaFIojivOalEicQjeAA9zRyyLD0s8kCuXWolb4VxUIfrqyJ+nsig0zKMQt1J4NqKGe9QvzP66UqOvMzwpNUYY6mD0UptVRsFWlYfSIwUnSsASJB9F8tNIQCIqUzq+kQnNmV58FtNs4bzu1JvXVVplEF++AAHAEHnIIWuAFt4AIEcvAMXsGb8WS8GO/Gx7S1YpQzu+BPGZ8/k+GV8g==</latexit><latexit sha1_base64="L4bNOouu9VBvdumnX6F1Bak0NCI=">AAAB/3icbZBPS8MwGMbT+W/Of1UPHrwUh+BBRjsE9SBMvXicYN1grSXN0i0sSUuSCqP04lfx4kHFq1/Dm9/GdOtBN18I+fE870vyPmFCiVS2/W1UFhaXlleqq7W19Y3NLXN7517GqUDYRTGNRTeEElPCsauIoribCAxZSHEnHF0XfucRC0lifqfGCfYZHHASEQSVlgJzTwbZZX7hoSEpwDtmxfXQDMy63bAnZc2DU0IdlNUOzC+vH6OUYa4QhVL2HDtRfgaFIojivOalEicQjeAA9zRyyLD0s8kCuXWolb4VxUIfrqyJ+nsig0zKMQt1J4NqKGe9QvzP66UqOvMzwpNUYY6mD0UptVRsFWlYfSIwUnSsASJB9F8tNIQCIqUzq+kQnNmV58FtNs4bzu1JvXVVplEF++AAHAEHnIIWuAFt4AIEcvAMXsGb8WS8GO/Gx7S1YpQzu+BPGZ8/k+GV8g==</latexit><latexit sha1_base64="L4bNOouu9VBvdumnX6F1Bak0NCI=">AAAB/3icbZBPS8MwGMbT+W/Of1UPHrwUh+BBRjsE9SBMvXicYN1grSXN0i0sSUuSCqP04lfx4kHFq1/Dm9/GdOtBN18I+fE870vyPmFCiVS2/W1UFhaXlleqq7W19Y3NLXN7517GqUDYRTGNRTeEElPCsauIoribCAxZSHEnHF0XfucRC0lifqfGCfYZHHASEQSVlgJzTwbZZX7hoSEpwDtmxfXQDMy63bAnZc2DU0IdlNUOzC+vH6OUYa4QhVL2HDtRfgaFIojivOalEicQjeAA9zRyyLD0s8kCuXWolb4VxUIfrqyJ+nsig0zKMQt1J4NqKGe9QvzP66UqOvMzwpNUYY6mD0UptVRsFWlYfSIwUnSsASJB9F8tNIQCIqUzq+kQnNmV58FtNs4bzu1JvXVVplEF++AAHAEHnIIWuAFt4AIEcvAMXsGb8WS8GO/Gx7S1YpQzu+BPGZ8/k+GV8g==</latexit><latexit sha1_base64="L4bNOouu9VBvdumnX6F1Bak0NCI=">AAAB/3icbZBPS8MwGMbT+W/Of1UPHrwUh+BBRjsE9SBMvXicYN1grSXN0i0sSUuSCqP04lfx4kHFq1/Dm9/GdOtBN18I+fE870vyPmFCiVS2/W1UFhaXlleqq7W19Y3NLXN7517GqUDYRTGNRTeEElPCsauIoribCAxZSHEnHF0XfucRC0lifqfGCfYZHHASEQSVlgJzTwbZZX7hoSEpwDtmxfXQDMy63bAnZc2DU0IdlNUOzC+vH6OUYa4QhVL2HDtRfgaFIojivOalEicQjeAA9zRyyLD0s8kCuXWolb4VxUIfrqyJ+nsig0zKMQt1J4NqKGe9QvzP66UqOvMzwpNUYY6mD0UptVRsFWlYfSIwUnSsASJB9F8tNIQCIqUzq+kQnNmV58FtNs4bzu1JvXVVplEF++AAHAEHnIIWuAFt4AIEcvAMXsGb8WS8GO/Gx7S1YpQzu+BPGZ8/k+GV8g==</latexit>

• Quadrupole moment scalar,                                 QA = �A �2
A M3

A

A = 1For Kerr black holes

https://arxiv.org/pdf/gr-qc/9709032.pdf
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                          Formulating the parameter estimation problem

s =
1

2
(1 + 2)

a =
1

2
(1 � 2)

TESTING THE BINARY BLACKHOLE NATURE OF A COMPACT BINARY 
SYSTEM

Define, 

s = 1, a = 0
<latexit sha1_base64="JdO2sXxAnM3xyvs9nEbrQqf/cK4=">AAACAHicdVBNS0JBFJ1nX2Zfr9oEbYYkaCEyT8x0IUhtWhr0UlCR+8ZRB+d9MDMvELFNf6VNi4q2/Yx2/ZvmqUFFHbhw5px7mXuPFwmuNCEfVmppeWV1Lb2e2djc2t6xd/duVBhLylwailA2PVBM8IC5mmvBmpFk4HuCNbzRReI3bplUPAyu9ThiHR8GAe9zCtpIXfugPYIogq6qOrl2Di9eUCVdO0vylXKJFAuY5AkpF0jJkFPiVJwKdoySIIsWqHft93YvpLHPAk0FKNVySKQ7E5CaU8GmmXasWAR0BAPWMjQAn6nOZHbBFB8bpYf7oTQVaDxTv09MwFdq7Hum0wc9VL+9RPzLa8W6X+5MeBDFmgV0/lE/FliHOIkD97hkVIuxIUAlN7tiOgQJVJvQMiaEr0vx/8Qt5Ct556qYrZ0v0kijQ3SETpCDzlANXaI6chFFd+gBPaFn6956tF6s13lrylrM7KMfsN4+AWWAlcg=</latexit><latexit sha1_base64="JdO2sXxAnM3xyvs9nEbrQqf/cK4=">AAACAHicdVBNS0JBFJ1nX2Zfr9oEbYYkaCEyT8x0IUhtWhr0UlCR+8ZRB+d9MDMvELFNf6VNi4q2/Yx2/ZvmqUFFHbhw5px7mXuPFwmuNCEfVmppeWV1Lb2e2djc2t6xd/duVBhLylwailA2PVBM8IC5mmvBmpFk4HuCNbzRReI3bplUPAyu9ThiHR8GAe9zCtpIXfugPYIogq6qOrl2Di9eUCVdO0vylXKJFAuY5AkpF0jJkFPiVJwKdoySIIsWqHft93YvpLHPAk0FKNVySKQ7E5CaU8GmmXasWAR0BAPWMjQAn6nOZHbBFB8bpYf7oTQVaDxTv09MwFdq7Hum0wc9VL+9RPzLa8W6X+5MeBDFmgV0/lE/FliHOIkD97hkVIuxIUAlN7tiOgQJVJvQMiaEr0vx/8Qt5Ct556qYrZ0v0kijQ3SETpCDzlANXaI6chFFd+gBPaFn6956tF6s13lrylrM7KMfsN4+AWWAlcg=</latexit><latexit sha1_base64="JdO2sXxAnM3xyvs9nEbrQqf/cK4=">AAACAHicdVBNS0JBFJ1nX2Zfr9oEbYYkaCEyT8x0IUhtWhr0UlCR+8ZRB+d9MDMvELFNf6VNi4q2/Yx2/ZvmqUFFHbhw5px7mXuPFwmuNCEfVmppeWV1Lb2e2djc2t6xd/duVBhLylwailA2PVBM8IC5mmvBmpFk4HuCNbzRReI3bplUPAyu9ThiHR8GAe9zCtpIXfugPYIogq6qOrl2Di9eUCVdO0vylXKJFAuY5AkpF0jJkFPiVJwKdoySIIsWqHft93YvpLHPAk0FKNVySKQ7E5CaU8GmmXasWAR0BAPWMjQAn6nOZHbBFB8bpYf7oTQVaDxTv09MwFdq7Hum0wc9VL+9RPzLa8W6X+5MeBDFmgV0/lE/FliHOIkD97hkVIuxIUAlN7tiOgQJVJvQMiaEr0vx/8Qt5Ct556qYrZ0v0kijQ3SETpCDzlANXaI6chFFd+gBPaFn6956tF6s13lrylrM7KMfsN4+AWWAlcg=</latexit><latexit sha1_base64="JdO2sXxAnM3xyvs9nEbrQqf/cK4=">AAACAHicdVBNS0JBFJ1nX2Zfr9oEbYYkaCEyT8x0IUhtWhr0UlCR+8ZRB+d9MDMvELFNf6VNi4q2/Yx2/ZvmqUFFHbhw5px7mXuPFwmuNCEfVmppeWV1Lb2e2djc2t6xd/duVBhLylwailA2PVBM8IC5mmvBmpFk4HuCNbzRReI3bplUPAyu9ThiHR8GAe9zCtpIXfugPYIogq6qOrl2Di9eUCVdO0vylXKJFAuY5AkpF0jJkFPiVJwKdoySIIsWqHft93YvpLHPAk0FKNVySKQ7E5CaU8GmmXasWAR0BAPWMjQAn6nOZHbBFB8bpYf7oTQVaDxTv09MwFdq7Hum0wc9VL+9RPzLa8W6X+5MeBDFmgV0/lE/FliHOIkD97hkVIuxIUAlN7tiOgQJVJvQMiaEr0vx/8Qt5Ct556qYrZ0v0kijQ3SETpCDzlANXaI6chFFd+gBPaFn6956tF6s13lrylrM7KMfsN4+AWWAlcg=</latexit>

For binary black holes
 Measure      keeping s
<latexit sha1_base64="MBDNcC764RUXoApQWTtjii9PGiY=">AAAB7nicdVBNSwMxEM3Wr1q/qh69BIvgacmWWru3ohePFVxbaJeSTbNtaDYbk6xQSv+EFw8qXv093vw3ZtsKKvpg4PHeDDPzIsmZNgh9OIWV1bX1jeJmaWt7Z3evvH9wq9NMERqQlKeqE2FNORM0MMxw2pGK4iTitB2NL3O/fU+VZqm4MRNJwwQPBYsZwcZKnd4YS4n7ul+uINdv1FGtCpGLUKOK6pacIc/3fOhZJUcFLNHql997g5RkCRWGcKx110PShFOsDCOczkq9TFOJyRgPaddSgROqw+n83hk8scoAxqmyJQycq98npjjRepJEtjPBZqR/e7n4l9fNTNwIp0zIzFBBFovijEOTwvx5OGCKEsMnlmCimL0VkhFWmBgbUcmG8PUp/J8EVdd3vetapXmxTKMIjsAxOAUeOAdNcAVaIAAEcPAAnsCzc+c8Oi/O66K14CxnDsEPOG+f9FqQHw==</latexit><latexit sha1_base64="MBDNcC764RUXoApQWTtjii9PGiY=">AAAB7nicdVBNSwMxEM3Wr1q/qh69BIvgacmWWru3ohePFVxbaJeSTbNtaDYbk6xQSv+EFw8qXv093vw3ZtsKKvpg4PHeDDPzIsmZNgh9OIWV1bX1jeJmaWt7Z3evvH9wq9NMERqQlKeqE2FNORM0MMxw2pGK4iTitB2NL3O/fU+VZqm4MRNJwwQPBYsZwcZKnd4YS4n7ul+uINdv1FGtCpGLUKOK6pacIc/3fOhZJUcFLNHql997g5RkCRWGcKx110PShFOsDCOczkq9TFOJyRgPaddSgROqw+n83hk8scoAxqmyJQycq98npjjRepJEtjPBZqR/e7n4l9fNTNwIp0zIzFBBFovijEOTwvx5OGCKEsMnlmCimL0VkhFWmBgbUcmG8PUp/J8EVdd3vetapXmxTKMIjsAxOAUeOAdNcAVaIAAEcPAAnsCzc+c8Oi/O66K14CxnDsEPOG+f9FqQHw==</latexit><latexit sha1_base64="MBDNcC764RUXoApQWTtjii9PGiY=">AAAB7nicdVBNSwMxEM3Wr1q/qh69BIvgacmWWru3ohePFVxbaJeSTbNtaDYbk6xQSv+EFw8qXv093vw3ZtsKKvpg4PHeDDPzIsmZNgh9OIWV1bX1jeJmaWt7Z3evvH9wq9NMERqQlKeqE2FNORM0MMxw2pGK4iTitB2NL3O/fU+VZqm4MRNJwwQPBYsZwcZKnd4YS4n7ul+uINdv1FGtCpGLUKOK6pacIc/3fOhZJUcFLNHql997g5RkCRWGcKx110PShFOsDCOczkq9TFOJyRgPaddSgROqw+n83hk8scoAxqmyJQycq98npjjRepJEtjPBZqR/e7n4l9fNTNwIp0zIzFBBFovijEOTwvx5OGCKEsMnlmCimL0VkhFWmBgbUcmG8PUp/J8EVdd3vetapXmxTKMIjsAxOAUeOAdNcAVaIAAEcPAAnsCzc+c8Oi/O66K14CxnDsEPOG+f9FqQHw==</latexit><latexit sha1_base64="MBDNcC764RUXoApQWTtjii9PGiY=">AAAB7nicdVBNSwMxEM3Wr1q/qh69BIvgacmWWru3ohePFVxbaJeSTbNtaDYbk6xQSv+EFw8qXv093vw3ZtsKKvpg4PHeDDPzIsmZNgh9OIWV1bX1jeJmaWt7Z3evvH9wq9NMERqQlKeqE2FNORM0MMxw2pGK4iTitB2NL3O/fU+VZqm4MRNJwwQPBYsZwcZKnd4YS4n7ul+uINdv1FGtCpGLUKOK6pacIc/3fOhZJUcFLNHql997g5RkCRWGcKx110PShFOsDCOczkq9TFOJyRgPaddSgROqw+n83hk8scoAxqmyJQycq98npjjRepJEtjPBZqR/e7n4l9fNTNwIp0zIzFBBFovijEOTwvx5OGCKEsMnlmCimL0VkhFWmBgbUcmG8PUp/J8EVdd3vetapXmxTKMIjsAxOAUeOAdNcAVaIAAEcPAAnsCzc+c8Oi/O66K14CxnDsEPOG+f9FqQHw==</latexit>

a = 0
<latexit sha1_base64="ZNUjLGpSep7E5id6+7PHdvWr3UI=">AAAB8HicdVBNSwMxEM3Wr1q/qh69BIvgqWRLre1BKHrxWMG1YlvKbJq2odlsSLJCWfovvHhQ8erP8ea/Mf0QVPTBwOO9GWbmhUpwYwn58DJLyyura9n13Mbm1vZOfnfvxsSJpiygsYj1bQiGCS5ZYLkV7FZpBlEoWDMcXUz95j3Thsfy2o4V60QwkLzPKVgn3bVHoBR04Yx08wVSrFUrpFzCpEhItUQqjpwQv+bXsO+UKQpogUY3/97uxTSJmLRUgDEtnyjbSUFbTgWb5NqJYQroCAas5aiEiJlOOrt4go+c0sP9WLuSFs/U7xMpRMaMo9B1RmCH5rc3Ff/yWontVzsplyqxTNL5on4isI3x9H3c45pRK8aOANXc3YrpEDRQ60LKuRC+PsX/k6BUrBX9q3Khfr5II4sO0CE6Rj46RXV0iRooQBRJ9ICe0LNnvEfvxXudt2a8xcw++gHv7RPObZCO</latexit><latexit sha1_base64="ZNUjLGpSep7E5id6+7PHdvWr3UI=">AAAB8HicdVBNSwMxEM3Wr1q/qh69BIvgqWRLre1BKHrxWMG1YlvKbJq2odlsSLJCWfovvHhQ8erP8ea/Mf0QVPTBwOO9GWbmhUpwYwn58DJLyyura9n13Mbm1vZOfnfvxsSJpiygsYj1bQiGCS5ZYLkV7FZpBlEoWDMcXUz95j3Thsfy2o4V60QwkLzPKVgn3bVHoBR04Yx08wVSrFUrpFzCpEhItUQqjpwQv+bXsO+UKQpogUY3/97uxTSJmLRUgDEtnyjbSUFbTgWb5NqJYQroCAas5aiEiJlOOrt4go+c0sP9WLuSFs/U7xMpRMaMo9B1RmCH5rc3Ff/yWontVzsplyqxTNL5on4isI3x9H3c45pRK8aOANXc3YrpEDRQ60LKuRC+PsX/k6BUrBX9q3Khfr5II4sO0CE6Rj46RXV0iRooQBRJ9ICe0LNnvEfvxXudt2a8xcw++gHv7RPObZCO</latexit><latexit sha1_base64="ZNUjLGpSep7E5id6+7PHdvWr3UI=">AAAB8HicdVBNSwMxEM3Wr1q/qh69BIvgqWRLre1BKHrxWMG1YlvKbJq2odlsSLJCWfovvHhQ8erP8ea/Mf0QVPTBwOO9GWbmhUpwYwn58DJLyyura9n13Mbm1vZOfnfvxsSJpiygsYj1bQiGCS5ZYLkV7FZpBlEoWDMcXUz95j3Thsfy2o4V60QwkLzPKVgn3bVHoBR04Yx08wVSrFUrpFzCpEhItUQqjpwQv+bXsO+UKQpogUY3/97uxTSJmLRUgDEtnyjbSUFbTgWb5NqJYQroCAas5aiEiJlOOrt4go+c0sP9WLuSFs/U7xMpRMaMo9B1RmCH5rc3Ff/yWontVzsplyqxTNL5on4isI3x9H3c45pRK8aOANXc3YrpEDRQ60LKuRC+PsX/k6BUrBX9q3Khfr5II4sO0CE6Rj46RXV0iRooQBRJ9ICe0LNnvEfvxXudt2a8xcw++gHv7RPObZCO</latexit><latexit sha1_base64="ZNUjLGpSep7E5id6+7PHdvWr3UI=">AAAB8HicdVBNSwMxEM3Wr1q/qh69BIvgqWRLre1BKHrxWMG1YlvKbJq2odlsSLJCWfovvHhQ8erP8ea/Mf0QVPTBwOO9GWbmhUpwYwn58DJLyyura9n13Mbm1vZOfnfvxsSJpiygsYj1bQiGCS5ZYLkV7FZpBlEoWDMcXUz95j3Thsfy2o4V60QwkLzPKVgn3bVHoBR04Yx08wVSrFUrpFzCpEhItUQqjpwQv+bXsO+UKQpogUY3/97uxTSJmLRUgDEtnyjbSUFbTgWb5NqJYQroCAas5aiEiJlOOrt4go+c0sP9WLuSFs/U7xMpRMaMo9B1RmCH5rc3Ff/yWontVzsplyqxTNL5on4isI3x9H3c45pRK8aOANXc3YrpEDRQ60LKuRC+PsX/k6BUrBX9q3Khfr5II4sO0CE6Rj46RXV0iRooQBRJ9ICe0LNnvEfvxXudt2a8xcw++gHv7RPObZCO</latexit>

Error bar at a fixed confidence 
interval can be interpreted as 
possible upper bound on the 

parameter value

Error bar at a 
particular 
confidence interval
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How accurately can we  measure      from the observed gravitational wave signal 
and thereby constrain the black hole mimicker parameter space?

s
<latexit sha1_base64="nJ4RjeVI5Vka8EvmkuntFptmWIE=">AAAB7nicdVBNSwMxEM36WetX1aOXYBE8LdnS2u6t6MVjBdcW2qVk02wbms3GJCuU0j/hxYOKV3+PN/+N2baCij4YeLw3w8y8SHKmDUIfzsrq2vrGZmGruL2zu7dfOji81WmmCA1IylPVibCmnAkaGGY47UhFcRJx2o7Gl7nfvqdKs1TcmImkYYKHgsWMYGOlTm+MpcR93S+VkVupIb/egMitIc+vVixBqOGfI+hZkqMMlmj1S++9QUqyhApDONa66yFpwilWhhFOZ8VepqnEZIyHtGupwAnV4XR+7wyeWmUA41TZEgbO1e8TU5xoPUki25lgM9K/vVz8y+tmJm6EUyZkZqggi0VxxqFJYf48HDBFieETSzBRzN4KyQgrTIyNqGhD+PoU/k+Ciuu73nW13LxYplEAx+AEnAEP1EETXIEWCAABHDyAJ/Ds3DmPzovzumhdcZYzR+AHnLdP+5SQJA==</latexit><latexit sha1_base64="nJ4RjeVI5Vka8EvmkuntFptmWIE=">AAAB7nicdVBNSwMxEM36WetX1aOXYBE8LdnS2u6t6MVjBdcW2qVk02wbms3GJCuU0j/hxYOKV3+PN/+N2baCij4YeLw3w8y8SHKmDUIfzsrq2vrGZmGruL2zu7dfOji81WmmCA1IylPVibCmnAkaGGY47UhFcRJx2o7Gl7nfvqdKs1TcmImkYYKHgsWMYGOlTm+MpcR93S+VkVupIb/egMitIc+vVixBqOGfI+hZkqMMlmj1S++9QUqyhApDONa66yFpwilWhhFOZ8VepqnEZIyHtGupwAnV4XR+7wyeWmUA41TZEgbO1e8TU5xoPUki25lgM9K/vVz8y+tmJm6EUyZkZqggi0VxxqFJYf48HDBFieETSzBRzN4KyQgrTIyNqGhD+PoU/k+Ciuu73nW13LxYplEAx+AEnAEP1EETXIEWCAABHDyAJ/Ds3DmPzovzumhdcZYzR+AHnLdP+5SQJA==</latexit><latexit sha1_base64="nJ4RjeVI5Vka8EvmkuntFptmWIE=">AAAB7nicdVBNSwMxEM36WetX1aOXYBE8LdnS2u6t6MVjBdcW2qVk02wbms3GJCuU0j/hxYOKV3+PN/+N2baCij4YeLw3w8y8SHKmDUIfzsrq2vrGZmGruL2zu7dfOji81WmmCA1IylPVibCmnAkaGGY47UhFcRJx2o7Gl7nfvqdKs1TcmImkYYKHgsWMYGOlTm+MpcR93S+VkVupIb/egMitIc+vVixBqOGfI+hZkqMMlmj1S++9QUqyhApDONa66yFpwilWhhFOZ8VepqnEZIyHtGupwAnV4XR+7wyeWmUA41TZEgbO1e8TU5xoPUki25lgM9K/vVz8y+tmJm6EUyZkZqggi0VxxqFJYf48HDBFieETSzBRzN4KyQgrTIyNqGhD+PoU/k+Ciuu73nW13LxYplEAx+AEnAEP1EETXIEWCAABHDyAJ/Ds3DmPzovzumhdcZYzR+AHnLdP+5SQJA==</latexit><latexit sha1_base64="nJ4RjeVI5Vka8EvmkuntFptmWIE=">AAAB7nicdVBNSwMxEM36WetX1aOXYBE8LdnS2u6t6MVjBdcW2qVk02wbms3GJCuU0j/hxYOKV3+PN/+N2baCij4YeLw3w8y8SHKmDUIfzsrq2vrGZmGruL2zu7dfOji81WmmCA1IylPVibCmnAkaGGY47UhFcRJx2o7Gl7nfvqdKs1TcmImkYYKHgsWMYGOlTm+MpcR93S+VkVupIb/egMitIc+vVixBqOGfI+hZkqMMlmj1S++9QUqyhApDONa66yFpwilWhhFOZ8VepqnEZIyHtGupwAnV4XR+7wyeWmUA41TZEgbO1e8TU5xoPUki25lgM9K/vVz8y+tmJm6EUyZkZqggi0VxxqFJYf48HDBFieETSzBRzN4KyQgrTIyNqGhD+PoU/k+Ciuu73nW13LxYplEAx+AEnAEP1EETXIEWCAABHDyAJ/Ds3DmPzovzumhdcZYzR+AHnLdP+5SQJA==</latexit>
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                          Formulating the parameter estimation problem

TESTING THE BINARY BLACKHOLE NATURE OF A COMPACT BINARY 
SYSTEM

 We measure the spin-induced quadrupole moment parameter using,


1. Fisher information matrix analysis:


This semi-analytical parameter estimation technique provides the 1-sigma error 
bars on the spin-induced multipole moment parameter for a given waveform 
family and detector sensitivity.


2.  Bayesian inference: 


We obtain the posterior distributions on the spin-induced multipole moment 
parameters using Bayesian inference
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TESTING THE BINARY BLACKHOLE NATURE OF A COMPACT BINARY 
SYSTEM

                      Parameter estimation using Fisher information matrix

• If we assume high signal to noise ratio and the noise in the detector is Gaussian-
stationary, then the errors in estimation of each parameter follow a Gaussian 
distribution,

• We describe a binary black hole system using 9 parameters

P (�✓j) ⇠ e�
1
2�kl✓

k✓l

<latexit sha1_base64="mlDJtYPf67BX6YPU5G5LUmiVrbk="></latexit><latexit sha1_base64="mlDJtYPf67BX6YPU5G5LUmiVrbk="></latexit><latexit sha1_base64="mlDJtYPf67BX6YPU5G5LUmiVrbk="></latexit><latexit sha1_base64="mlDJtYPf67BX6YPU5G5LUmiVrbk="></latexit>
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•           error bars on each parameter is given by,1� � �j =
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is the Fisher information matrix

✓j = {s, Mc, �, �1, �2, tc, �c, cos◆, DL}
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DETECTOR SENSITIVITIES

Super massive black holes

Intermediate mass black holes
Stellar mass BHs
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RESULTS

[N. V. Krishnendu, K. G. Arun, C. K. Mishra, PRL 119,  091101, 2017]

Advanced LIGO design sensitivity

Mass ratio =1.2(�1, �2) = (0.9, 0.8)

Signal to noise ratio is 10

• Nearly equal mass systems with aligned-spin orientation give better constraints
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RESULTS

(�1, �2)

[N. V. Krishnendu, K. G. Arun, C. K. Mishra, PRL 119,  091101, 2017]

Advanced LIGO design sensitivity

Signal to noise ratio is 10

(m1, m2) = (5, 4) M�

• Outermost contour corresponds to the least error region

• Iso-error contours in the                plane for binary with masses
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RESULTS

[Krishnendu, C. K. Mishra, K. G. Arun, arXiv:1811.00317 (under review, PRD)]

Tests of binary black hole nature using third-generation detectors 

(�1, �2) = (0.9, 0.8)

Optimally oriented at 400Mpc

• Analysis I: Measure only 


• Analysis II: Measure both      
and 


• Analysis III: Measure      and 
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2
<latexit sha1_base64="oJospbg97cLw/E5OBm8Ye41jyuM=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8laQI6q3oxWMFYwttKJPtpl262ay7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLJGfaeN63s7K6tr6xWdoqb+/s7u1XDg4fdJopQgOS8lS1I9SUM0EDwwynbakoJhGnrWh0M/VbT1Rplop7M5Y0THAgWMwIGiu1uyOUEnv1XqXq1bwZ3GXiF6QKBZq9yle3n5IsocIQjlp3fE+aMEdlGOF0Uu5mmkokIxzQjqUCE6rDfHbvxD21St+NU2VLGHem/p7IMdF6nES2M0Ez1IveVPzP62QmvgxzJmRmqCDzRXHGXZO60+fdPlOUGD62BIli9laXDFEhMTaisg3BX3x5mQT12lXNvzuvNq6LNEpwDCdwBj5cQANuoQkBEODwDK/w5jw6L8678zFvXXGKmSP4A+fzByzrj5g=</latexit><latexit sha1_base64="oJospbg97cLw/E5OBm8Ye41jyuM=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8laQI6q3oxWMFYwttKJPtpl262ay7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLJGfaeN63s7K6tr6xWdoqb+/s7u1XDg4fdJopQgOS8lS1I9SUM0EDwwynbakoJhGnrWh0M/VbT1Rplop7M5Y0THAgWMwIGiu1uyOUEnv1XqXq1bwZ3GXiF6QKBZq9yle3n5IsocIQjlp3fE+aMEdlGOF0Uu5mmkokIxzQjqUCE6rDfHbvxD21St+NU2VLGHem/p7IMdF6nES2M0Ez1IveVPzP62QmvgxzJmRmqCDzRXHGXZO60+fdPlOUGD62BIli9laXDFEhMTaisg3BX3x5mQT12lXNvzuvNq6LNEpwDCdwBj5cQANuoQkBEODwDK/w5jw6L8678zFvXXGKmSP4A+fzByzrj5g=</latexit><latexit sha1_base64="oJospbg97cLw/E5OBm8Ye41jyuM=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8laQI6q3oxWMFYwttKJPtpl262ay7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLJGfaeN63s7K6tr6xWdoqb+/s7u1XDg4fdJopQgOS8lS1I9SUM0EDwwynbakoJhGnrWh0M/VbT1Rplop7M5Y0THAgWMwIGiu1uyOUEnv1XqXq1bwZ3GXiF6QKBZq9yle3n5IsocIQjlp3fE+aMEdlGOF0Uu5mmkokIxzQjqUCE6rDfHbvxD21St+NU2VLGHem/p7IMdF6nES2M0Ez1IveVPzP62QmvgxzJmRmqCDzRXHGXZO60+fdPlOUGD62BIli9laXDFEhMTaisg3BX3x5mQT12lXNvzuvNq6LNEpwDCdwBj5cQANuoQkBEODwDK/w5jw6L8678zFvXXGKmSP4A+fzByzrj5g=</latexit><latexit sha1_base64="oJospbg97cLw/E5OBm8Ye41jyuM=">AAAB7nicbVBNS8NAEJ34WetX1aOXYBE8laQI6q3oxWMFYwttKJPtpl262ay7G6GE/gkvHlS8+nu8+W/ctjlo64OBx3szzMyLJGfaeN63s7K6tr6xWdoqb+/s7u1XDg4fdJopQgOS8lS1I9SUM0EDwwynbakoJhGnrWh0M/VbT1Rplop7M5Y0THAgWMwIGiu1uyOUEnv1XqXq1bwZ3GXiF6QKBZq9yle3n5IsocIQjlp3fE+aMEdlGOF0Uu5mmkokIxzQjqUCE6rDfHbvxD21St+NU2VLGHem/p7IMdF6nES2M0Ez1IveVPzP62QmvgxzJmRmqCDzRXHGXZO60+fdPlOUGD62BIli9laXDFEhMTaisg3BX3x5mQT12lXNvzuvNq6LNEpwDCdwBj5cQANuoQkBEODwDK/w5jw6L8678zFvXXGKmSP4A+fzByzrj5g=</latexit>

�s
<latexit sha1_base64="bDG6zcwRXQ0V/JxnxPgt/Yjd77E=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWVdinZbLYNTbJLkhXK0l/hxYOKV/+ON/+N2XYP2joQGGbmkfcmTDnTxnW/ncrK6tr6RnWztrW9s7tX3z940EmmCPVJwhPVDbGmnEnqG2Y47aaKYhFy2gnHN4XfeaJKs0Tem0lKA4GHksWMYGOlxz630QgP9KDecJvuDGiZeCVpQIn2oP7VjxKSCSoN4VjrnuemJsixMoxwOq31M01TTMZ4SHuWSiyoDvLZwlN0YpUIxYmyTxo0U39P5FhoPRGhTQpsRnrRK8T/vF5m4ssgZzLNDJVk/lGccWQSVFyPIqYoMXxiCSaK2V0RGWGFibEd1WwJ3uLJy8Q/a141vbvzRuu6bKMKR3AMp+DBBbTgFtrgAwEBz/AKb45yXpx352MerTjlzCH8gfP5AzYekDc=</latexit><latexit sha1_base64="bDG6zcwRXQ0V/JxnxPgt/Yjd77E=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWVdinZbLYNTbJLkhXK0l/hxYOKV/+ON/+N2XYP2joQGGbmkfcmTDnTxnW/ncrK6tr6RnWztrW9s7tX3z940EmmCPVJwhPVDbGmnEnqG2Y47aaKYhFy2gnHN4XfeaJKs0Tem0lKA4GHksWMYGOlxz630QgP9KDecJvuDGiZeCVpQIn2oP7VjxKSCSoN4VjrnuemJsixMoxwOq31M01TTMZ4SHuWSiyoDvLZwlN0YpUIxYmyTxo0U39P5FhoPRGhTQpsRnrRK8T/vF5m4ssgZzLNDJVk/lGccWQSVFyPIqYoMXxiCSaK2V0RGWGFibEd1WwJ3uLJy8Q/a141vbvzRuu6bKMKR3AMp+DBBbTgFtrgAwEBz/AKb45yXpx352MerTjlzCH8gfP5AzYekDc=</latexit><latexit sha1_base64="bDG6zcwRXQ0V/JxnxPgt/Yjd77E=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWVdinZbLYNTbJLkhXK0l/hxYOKV/+ON/+N2XYP2joQGGbmkfcmTDnTxnW/ncrK6tr6RnWztrW9s7tX3z940EmmCPVJwhPVDbGmnEnqG2Y47aaKYhFy2gnHN4XfeaJKs0Tem0lKA4GHksWMYGOlxz630QgP9KDecJvuDGiZeCVpQIn2oP7VjxKSCSoN4VjrnuemJsixMoxwOq31M01TTMZ4SHuWSiyoDvLZwlN0YpUIxYmyTxo0U39P5FhoPRGhTQpsRnrRK8T/vF5m4ssgZzLNDJVk/lGccWQSVFyPIqYoMXxiCSaK2V0RGWGFibEd1WwJ3uLJy8Q/a141vbvzRuu6bKMKR3AMp+DBBbTgFtrgAwEBz/AKb45yXpx352MerTjlzCH8gfP5AzYekDc=</latexit><latexit sha1_base64="bDG6zcwRXQ0V/JxnxPgt/Yjd77E=">AAAB73icbVBNSwMxFHxbv2r9qnr0EiyCp7IrgnorevFYwbWVdinZbLYNTbJLkhXK0l/hxYOKV/+ON/+N2XYP2joQGGbmkfcmTDnTxnW/ncrK6tr6RnWztrW9s7tX3z940EmmCPVJwhPVDbGmnEnqG2Y47aaKYhFy2gnHN4XfeaJKs0Tem0lKA4GHksWMYGOlxz630QgP9KDecJvuDGiZeCVpQIn2oP7VjxKSCSoN4VjrnuemJsixMoxwOq31M01TTMZ4SHuWSiyoDvLZwlN0YpUIxYmyTxo0U39P5FhoPRGhTQpsRnrRK8T/vF5m4ssgZzLNDJVk/lGccWQSVFyPIqYoMXxiCSaK2V0RGWGFibEd1WwJ3uLJy8Q/a141vbvzRuu6bKMKR3AMp+DBBbTgFtrgAwEBz/AKb45yXpx352MerTjlzCH8gfP5AzYekDc=</latexit>

s
<latexit sha1_base64="kmUfvaE0eanwfZiFiY3Mp2wkT5w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oUy2m3bpZrPuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvkpxp43nfTmlldW19o7xZ2dre2d2r7h886DRThAYk5alqR6gpZ4IGhhlO21JRTCJOW9HoZuq3nqjSLBX3ZixpmOBAsJgRNFZqd0coJfZ0r1rz6t4M7jLxC1KDAs1e9avbT0mWUGEIR607vidNmKMyjHA6qXQzTSWSEQ5ox1KBCdVhPrt34p5Ype/GqbIljDtTf0/kmGg9TiLbmaAZ6kVvKv7ndTITX4Y5EzIzVJD5ojjjrknd6fNunylKDB9bgkQxe6tLhqiQGBtRxYbgL768TIKz+lXdvzuvNa6LNMpwBMdwCj5cQANuoQkBEODwDK/w5jw6L8678zFvLTnFzCH8gfP5A48uj9k=</latexit><latexit sha1_base64="kmUfvaE0eanwfZiFiY3Mp2wkT5w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oUy2m3bpZrPuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvkpxp43nfTmlldW19o7xZ2dre2d2r7h886DRThAYk5alqR6gpZ4IGhhlO21JRTCJOW9HoZuq3nqjSLBX3ZixpmOBAsJgRNFZqd0coJfZ0r1rz6t4M7jLxC1KDAs1e9avbT0mWUGEIR607vidNmKMyjHA6qXQzTSWSEQ5ox1KBCdVhPrt34p5Ype/GqbIljDtTf0/kmGg9TiLbmaAZ6kVvKv7ndTITX4Y5EzIzVJD5ojjjrknd6fNunylKDB9bgkQxe6tLhqiQGBtRxYbgL768TIKz+lXdvzuvNa6LNMpwBMdwCj5cQANuoQkBEODwDK/w5jw6L8678zFvLTnFzCH8gfP5A48uj9k=</latexit><latexit sha1_base64="kmUfvaE0eanwfZiFiY3Mp2wkT5w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oUy2m3bpZrPuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvkpxp43nfTmlldW19o7xZ2dre2d2r7h886DRThAYk5alqR6gpZ4IGhhlO21JRTCJOW9HoZuq3nqjSLBX3ZixpmOBAsJgRNFZqd0coJfZ0r1rz6t4M7jLxC1KDAs1e9avbT0mWUGEIR607vidNmKMyjHA6qXQzTSWSEQ5ox1KBCdVhPrt34p5Ype/GqbIljDtTf0/kmGg9TiLbmaAZ6kVvKv7ndTITX4Y5EzIzVJD5ojjjrknd6fNunylKDB9bgkQxe6tLhqiQGBtRxYbgL768TIKz+lXdvzuvNa6LNMpwBMdwCj5cQANuoQkBEODwDK/w5jw6L8678zFvLTnFzCH8gfP5A48uj9k=</latexit><latexit sha1_base64="kmUfvaE0eanwfZiFiY3Mp2wkT5w=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQiqLeiF48VjC20oUy2m3bpZrPuboQS+ie8eFDx6u/x5r9x2+agrQ8GHu/NMDMvkpxp43nfTmlldW19o7xZ2dre2d2r7h886DRThAYk5alqR6gpZ4IGhhlO21JRTCJOW9HoZuq3nqjSLBX3ZixpmOBAsJgRNFZqd0coJfZ0r1rz6t4M7jLxC1KDAs1e9avbT0mWUGEIR607vidNmKMyjHA6qXQzTSWSEQ5ox1KBCdVhPrt34p5Ype/GqbIljDtTf0/kmGg9TiLbmaAZ6kVvKv7ndTITX4Y5EzIzVJD5ojjjrknd6fNunylKDB9bgkQxe6tLhqiQGBtRxYbgL768TIKz+lXdvzuvNa6LNMpwBMdwCj5cQANuoQkBEODwDK/w5jw6L8678zFvLTnFzCH8gfP5A48uj9k=</latexit>

https://arxiv.org/abs/1811.00317
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RESULTS

[Krishnendu, C. K. Mishra, K. G. Arun, arXiv:1811.00317]

Astrophysical population of binary systems detectable by third-
generation detectors

• Sources distributed with constant 
co-moving number density upto a 
redshi︎ft of 1 with isotropic 
orientations

• We consider two models: 

1. Component masses from 

uniform distribution (M1)

2. Primary mass from power-law 

distribution, index             (M2)↵ = 2.3
<latexit sha1_base64="5sAKCkWvYAnhoYVnHwa7gTJ/Yio=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8haQK6kEoevFYwdhiG8pku2mXbjZhdyOU0H/hxYOKV3+ON/+N2zYHbX0w8Hhvhpl5YcqZ0q77bS0tr6yurZc2yptb2zu7lb39B5VkklCfJDyRrRAV5UxQXzPNaSuVFOOQ02Y4vJn4zScqFUvEvR6lNIixL1jECGojPXaQpwO8qjmn3UrVddwp7EXiFaQKBRrdylenl5AspkITjkq1PTfVQY5SM8LpuNzJFE2RDLFP24YKjKkK8unFY/vYKD07SqQpoe2p+nsix1ipURyazhj1QM17E/E/r53p6CLImUgzTQWZLYoybuvEnrxv95ikRPORIUgkM7faZIASiTYhlU0I3vzLi8SvOZeOd3dWrV8XaZTgEI7gBDw4hzrcQgN8ICDgGV7hzVLWi/Vufcxal6xi5gD+wPr8AdEIj+Q=</latexit><latexit sha1_base64="5sAKCkWvYAnhoYVnHwa7gTJ/Yio=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8haQK6kEoevFYwdhiG8pku2mXbjZhdyOU0H/hxYOKV3+ON/+N2zYHbX0w8Hhvhpl5YcqZ0q77bS0tr6yurZc2yptb2zu7lb39B5VkklCfJDyRrRAV5UxQXzPNaSuVFOOQ02Y4vJn4zScqFUvEvR6lNIixL1jECGojPXaQpwO8qjmn3UrVddwp7EXiFaQKBRrdylenl5AspkITjkq1PTfVQY5SM8LpuNzJFE2RDLFP24YKjKkK8unFY/vYKD07SqQpoe2p+nsix1ipURyazhj1QM17E/E/r53p6CLImUgzTQWZLYoybuvEnrxv95ikRPORIUgkM7faZIASiTYhlU0I3vzLi8SvOZeOd3dWrV8XaZTgEI7gBDw4hzrcQgN8ICDgGV7hzVLWi/Vufcxal6xi5gD+wPr8AdEIj+Q=</latexit><latexit sha1_base64="5sAKCkWvYAnhoYVnHwa7gTJ/Yio=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8haQK6kEoevFYwdhiG8pku2mXbjZhdyOU0H/hxYOKV3+ON/+N2zYHbX0w8Hhvhpl5YcqZ0q77bS0tr6yurZc2yptb2zu7lb39B5VkklCfJDyRrRAV5UxQXzPNaSuVFOOQ02Y4vJn4zScqFUvEvR6lNIixL1jECGojPXaQpwO8qjmn3UrVddwp7EXiFaQKBRrdylenl5AspkITjkq1PTfVQY5SM8LpuNzJFE2RDLFP24YKjKkK8unFY/vYKD07SqQpoe2p+nsix1ipURyazhj1QM17E/E/r53p6CLImUgzTQWZLYoybuvEnrxv95ikRPORIUgkM7faZIASiTYhlU0I3vzLi8SvOZeOd3dWrV8XaZTgEI7gBDw4hzrcQgN8ICDgGV7hzVLWi/Vufcxal6xi5gD+wPr8AdEIj+Q=</latexit><latexit sha1_base64="5sAKCkWvYAnhoYVnHwa7gTJ/Yio=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8haQK6kEoevFYwdhiG8pku2mXbjZhdyOU0H/hxYOKV3+ON/+N2zYHbX0w8Hhvhpl5YcqZ0q77bS0tr6yurZc2yptb2zu7lb39B5VkklCfJDyRrRAV5UxQXzPNaSuVFOOQ02Y4vJn4zScqFUvEvR6lNIixL1jECGojPXaQpwO8qjmn3UrVddwp7EXiFaQKBRrdylenl5AspkITjkq1PTfVQY5SM8LpuNzJFE2RDLFP24YKjKkK8unFY/vYKD07SqQpoe2p+nsix1ipURyazhj1QM17E/E/r53p6CLImUgzTQWZLYoybuvEnrxv95ikRPORIUgkM7faZIASiTYhlU0I3vzLi8SvOZeOd3dWrV8XaZTgEI7gBDw4hzrcQgN8ICDgGV7hzVLWi/Vufcxal6xi5gD+wPr8AdEIj+Q=</latexit>

1.9% 1.3%

23% 46%
53% 68%

P (�s < 0.5)
<latexit sha1_base64="XOVB/JuU7ybJcebg2GFSBqhvWkI=">AAAB/XicbVBNS8NAEN3Ur1q/ouLJy2IR6iUkoqjgoagHjxWMLTQhTLbbdunmg92NUELBv+LFg4pX/4c3/43bNgdtfTDweG+GmXlhyplUtv1tlBYWl5ZXyquVtfWNzS1ze+dBJpkg1CUJT0QrBEk5i6mrmOK0lQoKUchpMxxcj/3mIxWSJfG9GqbUj6AXsy4joLQUmHuNmndDuQJvAGkKgby0rdOjwKzalj0BnidOQaqoQCMwv7xOQrKIxopwkLLt2KnycxCKEU5HFS+TNAUygB5taxpDRKWfT84f4UOtdHA3EbpihSfq74kcIimHUag7I1B9OeuNxf+8dqa6537O4jRTNCbTRd2MY5XgcRa4wwQlig81ASKYvhWTPgggSidW0SE4sy/PE/fYurCcu5Nq/apIo4z20QGqIQedoTq6RQ3kIoJy9Ixe0ZvxZLwY78bHtLVkFDO76A+Mzx/DRpRC</latexit><latexit sha1_base64="XOVB/JuU7ybJcebg2GFSBqhvWkI=">AAAB/XicbVBNS8NAEN3Ur1q/ouLJy2IR6iUkoqjgoagHjxWMLTQhTLbbdunmg92NUELBv+LFg4pX/4c3/43bNgdtfTDweG+GmXlhyplUtv1tlBYWl5ZXyquVtfWNzS1ze+dBJpkg1CUJT0QrBEk5i6mrmOK0lQoKUchpMxxcj/3mIxWSJfG9GqbUj6AXsy4joLQUmHuNmndDuQJvAGkKgby0rdOjwKzalj0BnidOQaqoQCMwv7xOQrKIxopwkLLt2KnycxCKEU5HFS+TNAUygB5taxpDRKWfT84f4UOtdHA3EbpihSfq74kcIimHUag7I1B9OeuNxf+8dqa6537O4jRTNCbTRd2MY5XgcRa4wwQlig81ASKYvhWTPgggSidW0SE4sy/PE/fYurCcu5Nq/apIo4z20QGqIQedoTq6RQ3kIoJy9Ixe0ZvxZLwY78bHtLVkFDO76A+Mzx/DRpRC</latexit><latexit sha1_base64="XOVB/JuU7ybJcebg2GFSBqhvWkI=">AAAB/XicbVBNS8NAEN3Ur1q/ouLJy2IR6iUkoqjgoagHjxWMLTQhTLbbdunmg92NUELBv+LFg4pX/4c3/43bNgdtfTDweG+GmXlhyplUtv1tlBYWl5ZXyquVtfWNzS1ze+dBJpkg1CUJT0QrBEk5i6mrmOK0lQoKUchpMxxcj/3mIxWSJfG9GqbUj6AXsy4joLQUmHuNmndDuQJvAGkKgby0rdOjwKzalj0BnidOQaqoQCMwv7xOQrKIxopwkLLt2KnycxCKEU5HFS+TNAUygB5taxpDRKWfT84f4UOtdHA3EbpihSfq74kcIimHUag7I1B9OeuNxf+8dqa6537O4jRTNCbTRd2MY5XgcRa4wwQlig81ASKYvhWTPgggSidW0SE4sy/PE/fYurCcu5Nq/apIo4z20QGqIQedoTq6RQ3kIoJy9Ixe0ZvxZLwY78bHtLVkFDO76A+Mzx/DRpRC</latexit><latexit sha1_base64="XOVB/JuU7ybJcebg2GFSBqhvWkI=">AAAB/XicbVBNS8NAEN3Ur1q/ouLJy2IR6iUkoqjgoagHjxWMLTQhTLbbdunmg92NUELBv+LFg4pX/4c3/43bNgdtfTDweG+GmXlhyplUtv1tlBYWl5ZXyquVtfWNzS1ze+dBJpkg1CUJT0QrBEk5i6mrmOK0lQoKUchpMxxcj/3mIxWSJfG9GqbUj6AXsy4joLQUmHuNmndDuQJvAGkKgby0rdOjwKzalj0BnidOQaqoQCMwv7xOQrKIxopwkLLt2KnycxCKEU5HFS+TNAUygB5taxpDRKWfT84f4UOtdHA3EbpihSfq74kcIimHUag7I1B9OeuNxf+8dqa6537O4jRTNCbTRd2MY5XgcRa4wwQlig81ASKYvhWTPgggSidW0SE4sy/PE/fYurCcu5Nq/apIo4z20QGqIQedoTq6RQ3kIoJy9Ixe0ZvxZLwY78bHtLVkFDO76A+Mzx/DRpRC</latexit>

P (�s < 5)
<latexit sha1_base64="ayNDh0P/vusF+WZdK0in65qbek4=">AAAB+3icbVBNS8NAEN3Ur1q/oj16CRahXkoiigoeinrwWMHYQhPCZLtpl26SZXcjlFD/ihcPKl79I978N27bHLT1wcDjvRlm5oWcUals+9soLS2vrK6V1ysbm1vbO+bu3oNMM4GJi1OWik4IkjCaEFdRxUiHCwJxyEg7HF5P/PYjEZKmyb0aceLH0E9oRDEoLQVmtVX3bghT4A2Bcwjk5elRYNbshj2FtUicgtRQgVZgfnm9FGcxSRRmIGXXsbnycxCKYkbGFS+ThAMeQp90NU0gJtLPp8ePrUOt9KwoFboSZU3V3xM5xFKO4lB3xqAGct6biP953UxF535OE54pkuDZoihjlkqtSRJWjwqCFRtpAlhQfauFByAAK51XRYfgzL+8SNzjxkXDuTupNa+KNMpoHx2gOnLQGWqiW9RCLsJohJ7RK3oznowX4934mLWWjGKmiv7A+PwB3XmT0A==</latexit><latexit sha1_base64="ayNDh0P/vusF+WZdK0in65qbek4=">AAAB+3icbVBNS8NAEN3Ur1q/oj16CRahXkoiigoeinrwWMHYQhPCZLtpl26SZXcjlFD/ihcPKl79I978N27bHLT1wcDjvRlm5oWcUals+9soLS2vrK6V1ysbm1vbO+bu3oNMM4GJi1OWik4IkjCaEFdRxUiHCwJxyEg7HF5P/PYjEZKmyb0aceLH0E9oRDEoLQVmtVX3bghT4A2Bcwjk5elRYNbshj2FtUicgtRQgVZgfnm9FGcxSRRmIGXXsbnycxCKYkbGFS+ThAMeQp90NU0gJtLPp8ePrUOt9KwoFboSZU3V3xM5xFKO4lB3xqAGct6biP953UxF535OE54pkuDZoihjlkqtSRJWjwqCFRtpAlhQfauFByAAK51XRYfgzL+8SNzjxkXDuTupNa+KNMpoHx2gOnLQGWqiW9RCLsJohJ7RK3oznowX4934mLWWjGKmiv7A+PwB3XmT0A==</latexit><latexit sha1_base64="ayNDh0P/vusF+WZdK0in65qbek4=">AAAB+3icbVBNS8NAEN3Ur1q/oj16CRahXkoiigoeinrwWMHYQhPCZLtpl26SZXcjlFD/ihcPKl79I978N27bHLT1wcDjvRlm5oWcUals+9soLS2vrK6V1ysbm1vbO+bu3oNMM4GJi1OWik4IkjCaEFdRxUiHCwJxyEg7HF5P/PYjEZKmyb0aceLH0E9oRDEoLQVmtVX3bghT4A2Bcwjk5elRYNbshj2FtUicgtRQgVZgfnm9FGcxSRRmIGXXsbnycxCKYkbGFS+ThAMeQp90NU0gJtLPp8ePrUOt9KwoFboSZU3V3xM5xFKO4lB3xqAGct6biP953UxF535OE54pkuDZoihjlkqtSRJWjwqCFRtpAlhQfauFByAAK51XRYfgzL+8SNzjxkXDuTupNa+KNMpoHx2gOnLQGWqiW9RCLsJohJ7RK3oznowX4934mLWWjGKmiv7A+PwB3XmT0A==</latexit><latexit sha1_base64="ayNDh0P/vusF+WZdK0in65qbek4=">AAAB+3icbVBNS8NAEN3Ur1q/oj16CRahXkoiigoeinrwWMHYQhPCZLtpl26SZXcjlFD/ihcPKl79I978N27bHLT1wcDjvRlm5oWcUals+9soLS2vrK6V1ysbm1vbO+bu3oNMM4GJi1OWik4IkjCaEFdRxUiHCwJxyEg7HF5P/PYjEZKmyb0aceLH0E9oRDEoLQVmtVX3bghT4A2Bcwjk5elRYNbshj2FtUicgtRQgVZgfnm9FGcxSRRmIGXXsbnycxCKYkbGFS+ThAMeQp90NU0gJtLPp8ePrUOt9KwoFboSZU3V3xM5xFKO4lB3xqAGct6biP953UxF535OE54pkuDZoihjlkqtSRJWjwqCFRtpAlhQfauFByAAK51XRYfgzL+8SNzjxkXDuTupNa+KNMpoHx2gOnLQGWqiW9RCLsJohJ7RK3oznowX4934mLWWjGKmiv7A+PwB3XmT0A==</latexit>

P (�s < 10)
<latexit sha1_base64="jVZkl267MpfbNmRly30atE92wCc=">AAAB/HicbVBNS8NAEN3Ur1q/4sfNS7AI9VISEVTwUNSDxwrGFpoQJttNu3SzCbsboYbiX/HiQcWrP8Sb/8Ztm4O2Phh4vDfDzLwwZVQq2/42SguLS8sr5dXK2vrG5pa5vXMvk0xg4uKEJaIdgiSMcuIqqhhpp4JAHDLSCgdXY7/1QISkCb9Tw5T4MfQ4jSgGpaXA3GvWvGvCFHgDSFMI5IVjHwVm1a7bE1jzxClIFRVoBuaX101wFhOuMAMpO46dKj8HoShmZFTxMklSwAPokY6mHGIi/Xxy/cg61ErXihKhiytrov6eyCGWchiHujMG1Zez3lj8z+tkKjrzc8rTTBGOp4uijFkqscZRWF0qCFZsqAlgQfWtFu6DAKx0YBUdgjP78jxxj+vndef2pNq4LNIoo310gGrIQaeogW5QE7kIo0f0jF7Rm/FkvBjvxse0tWQUM7voD4zPH0vElAY=</latexit><latexit sha1_base64="jVZkl267MpfbNmRly30atE92wCc=">AAAB/HicbVBNS8NAEN3Ur1q/4sfNS7AI9VISEVTwUNSDxwrGFpoQJttNu3SzCbsboYbiX/HiQcWrP8Sb/8Ztm4O2Phh4vDfDzLwwZVQq2/42SguLS8sr5dXK2vrG5pa5vXMvk0xg4uKEJaIdgiSMcuIqqhhpp4JAHDLSCgdXY7/1QISkCb9Tw5T4MfQ4jSgGpaXA3GvWvGvCFHgDSFMI5IVjHwVm1a7bE1jzxClIFRVoBuaX101wFhOuMAMpO46dKj8HoShmZFTxMklSwAPokY6mHGIi/Xxy/cg61ErXihKhiytrov6eyCGWchiHujMG1Zez3lj8z+tkKjrzc8rTTBGOp4uijFkqscZRWF0qCFZsqAlgQfWtFu6DAKx0YBUdgjP78jxxj+vndef2pNq4LNIoo310gGrIQaeogW5QE7kIo0f0jF7Rm/FkvBjvxse0tWQUM7voD4zPH0vElAY=</latexit><latexit sha1_base64="jVZkl267MpfbNmRly30atE92wCc=">AAAB/HicbVBNS8NAEN3Ur1q/4sfNS7AI9VISEVTwUNSDxwrGFpoQJttNu3SzCbsboYbiX/HiQcWrP8Sb/8Ztm4O2Phh4vDfDzLwwZVQq2/42SguLS8sr5dXK2vrG5pa5vXMvk0xg4uKEJaIdgiSMcuIqqhhpp4JAHDLSCgdXY7/1QISkCb9Tw5T4MfQ4jSgGpaXA3GvWvGvCFHgDSFMI5IVjHwVm1a7bE1jzxClIFRVoBuaX101wFhOuMAMpO46dKj8HoShmZFTxMklSwAPokY6mHGIi/Xxy/cg61ErXihKhiytrov6eyCGWchiHujMG1Zez3lj8z+tkKjrzc8rTTBGOp4uijFkqscZRWF0qCFZsqAlgQfWtFu6DAKx0YBUdgjP78jxxj+vndef2pNq4LNIoo310gGrIQaeogW5QE7kIo0f0jF7Rm/FkvBjvxse0tWQUM7voD4zPH0vElAY=</latexit><latexit sha1_base64="jVZkl267MpfbNmRly30atE92wCc=">AAAB/HicbVBNS8NAEN3Ur1q/4sfNS7AI9VISEVTwUNSDxwrGFpoQJttNu3SzCbsboYbiX/HiQcWrP8Sb/8Ztm4O2Phh4vDfDzLwwZVQq2/42SguLS8sr5dXK2vrG5pa5vXMvk0xg4uKEJaIdgiSMcuIqqhhpp4JAHDLSCgdXY7/1QISkCb9Tw5T4MfQ4jSgGpaXA3GvWvGvCFHgDSFMI5IVjHwVm1a7bE1jzxClIFRVoBuaX101wFhOuMAMpO46dKj8HoShmZFTxMklSwAPokY6mHGIi/Xxy/cg61ErXihKhiytrov6eyCGWchiHujMG1Zez3lj8z+tkKjrzc8rTTBGOp4uijFkqscZRWF0qCFZsqAlgQfWtFu6DAKx0YBUdgjP78jxxj+vndef2pNq4LNIoo310gGrIQaeogW5QE7kIo0f0jF7Rm/FkvBjvxse0tWQUM7voD4zPH0vElAY=</latexit>

M2M1

https://arxiv.org/abs/1811.00317
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RESULTS

Source is assumed to be located at 3Gpc


Errors on  spin-induced quadrupole moment parameter, using LISA

A detailed study using space-
based detectors is in progress

m1 = 5⇥ 106M�, m2 = 106M�
<latexit sha1_base64="uAqBHycfteTUs0tL6yIcUBqWbec=">AAACHXicbVDLSgNBEJyNrxhfUY9eBoPgIYTdYHwcAkEvXoQIxgjZuMxOJsmQ2Z1lplcIy36JF3/FiwcVD17Ev3HyOGhiQUNR1U13lx8JrsG2v63MwuLS8kp2Nbe2vrG5ld/eudUyVpQ1qBRS3flEM8FD1gAOgt1FipHAF6zpDy5GfvOBKc1leAPDiLUD0gt5l1MCRvLylcBLnLRacYEHTGPHvk+O0ysvcWVHQlp0i8Yvp9UZ3csX7JI9Bp4nzpQU0BR1L//pdiSNAxYCFUTrlmNH0E6IAk4FS3NurFlE6ID0WMvQkJhj2sn4vRQfGKWDu1KZCgGP1d8TCQm0Hga+6QwI9PWsNxL/81oxdE/bCQ+jGFhIJ4u6scAg8Sgr3OGKURBDQwhV3NyKaZ8oQsEkmjMhOLMvz5NGuXRWcq6PCrXzaRpZtIf20SFy0AmqoUtURw1E0SN6Rq/ozXqyXqx362PSmrGmM7voD6yvH5QUocM=</latexit><latexit sha1_base64="uAqBHycfteTUs0tL6yIcUBqWbec=">AAACHXicbVDLSgNBEJyNrxhfUY9eBoPgIYTdYHwcAkEvXoQIxgjZuMxOJsmQ2Z1lplcIy36JF3/FiwcVD17Ev3HyOGhiQUNR1U13lx8JrsG2v63MwuLS8kp2Nbe2vrG5ld/eudUyVpQ1qBRS3flEM8FD1gAOgt1FipHAF6zpDy5GfvOBKc1leAPDiLUD0gt5l1MCRvLylcBLnLRacYEHTGPHvk+O0ysvcWVHQlp0i8Yvp9UZ3csX7JI9Bp4nzpQU0BR1L//pdiSNAxYCFUTrlmNH0E6IAk4FS3NurFlE6ID0WMvQkJhj2sn4vRQfGKWDu1KZCgGP1d8TCQm0Hga+6QwI9PWsNxL/81oxdE/bCQ+jGFhIJ4u6scAg8Sgr3OGKURBDQwhV3NyKaZ8oQsEkmjMhOLMvz5NGuXRWcq6PCrXzaRpZtIf20SFy0AmqoUtURw1E0SN6Rq/ozXqyXqx362PSmrGmM7voD6yvH5QUocM=</latexit><latexit sha1_base64="uAqBHycfteTUs0tL6yIcUBqWbec=">AAACHXicbVDLSgNBEJyNrxhfUY9eBoPgIYTdYHwcAkEvXoQIxgjZuMxOJsmQ2Z1lplcIy36JF3/FiwcVD17Ev3HyOGhiQUNR1U13lx8JrsG2v63MwuLS8kp2Nbe2vrG5ld/eudUyVpQ1qBRS3flEM8FD1gAOgt1FipHAF6zpDy5GfvOBKc1leAPDiLUD0gt5l1MCRvLylcBLnLRacYEHTGPHvk+O0ysvcWVHQlp0i8Yvp9UZ3csX7JI9Bp4nzpQU0BR1L//pdiSNAxYCFUTrlmNH0E6IAk4FS3NurFlE6ID0WMvQkJhj2sn4vRQfGKWDu1KZCgGP1d8TCQm0Hga+6QwI9PWsNxL/81oxdE/bCQ+jGFhIJ4u6scAg8Sgr3OGKURBDQwhV3NyKaZ8oQsEkmjMhOLMvz5NGuXRWcq6PCrXzaRpZtIf20SFy0AmqoUtURw1E0SN6Rq/ozXqyXqx362PSmrGmM7voD6yvH5QUocM=</latexit><latexit sha1_base64="uAqBHycfteTUs0tL6yIcUBqWbec=">AAACHXicbVDLSgNBEJyNrxhfUY9eBoPgIYTdYHwcAkEvXoQIxgjZuMxOJsmQ2Z1lplcIy36JF3/FiwcVD17Ev3HyOGhiQUNR1U13lx8JrsG2v63MwuLS8kp2Nbe2vrG5ld/eudUyVpQ1qBRS3flEM8FD1gAOgt1FipHAF6zpDy5GfvOBKc1leAPDiLUD0gt5l1MCRvLylcBLnLRacYEHTGPHvk+O0ysvcWVHQlp0i8Yvp9UZ3csX7JI9Bp4nzpQU0BR1L//pdiSNAxYCFUTrlmNH0E6IAk4FS3NurFlE6ID0WMvQkJhj2sn4vRQfGKWDu1KZCgGP1d8TCQm0Hga+6QwI9PWsNxL/81oxdE/bCQ+jGFhIJ4u6scAg8Sgr3OGKURBDQwhV3NyKaZ8oQsEkmjMhOLMvz5NGuXRWcq6PCrXzaRpZtIf20SFy0AmqoUtURw1E0SN6Rq/ozXqyXqx362PSmrGmM7voD6yvH5QUocM=</latexit>

[N. V. Krishnendu, K. G. Arun, C. K. Mishra, PRL 119,  091101, 2017]
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Bayesian implementation is needed for a more robust analysis and the method 
can be applied to real gravitational wave signals
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TESTING THE BINARY BLACKHOLE NATURE OF A COMPACT BINARY 
SYSTEM - BAYESIAN FRAME WORK

                          Bayesian implementation: using LALInference 
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Posterior probability 

distribution!

Likelihood distribution! !Prior distribution

!
Evidence

• Parameter estimation using Bayesian inference

• Compare the evidence between two models: Bayes factor

• LALInference is a toolkit which performs parameter estimation and model 
selection using Bayesian inference

P (✓j |H, d) =
P (d|H, ✓j )P (✓j |H)

P (d|H)
<latexit sha1_base64="ZD8IZ7kc3V0ZaRSF+JQlr6vV6n0="></latexit><latexit sha1_base64="ZD8IZ7kc3V0ZaRSF+JQlr6vV6n0="></latexit><latexit sha1_base64="ZD8IZ7kc3V0ZaRSF+JQlr6vV6n0="></latexit><latexit sha1_base64="ZD8IZ7kc3V0ZaRSF+JQlr6vV6n0="></latexit>

B
1
2 =

P (d|H1)

P (d|H2)
<latexit sha1_base64="w4i222B6m/EiiRPYmGDJSsEVaE8=">AAACLXicbZDLSsNAFIYnXmu9RV26CRahbkpSBHUhlIrQZQVjC20Mk8mkHTqZhJmJUGKeyI2vogvBC259DSdtEG09MPDz/ecw5/xeTImQpvmqLSwuLa+sltbK6xubW9v6zu6NiBKOsI0iGvGuBwWmhGFbEklxN+YYhh7FHW90kfudO8wFidi1HMfYCeGAkYAgKBVy9ct+COUQQZo2MzetZ7eplZ33Aw5R2q769z9uS7lWdpTN07qirl4xa+akjHlhFaICimq7+nPfj1ASYiYRhUL0LDOWTgq5JIjirNxPBI4hGsEB7inJYIiFk07OzYxDRXwjiLh6TBoT+nsihaEQ49BTnfmiYtbL4X9eL5HBqZMSFicSMzT9KEioISMjz87wCcdI0rESEHGidjXQEKqspEq4rEKwZk+eF3a9dlazro4rjWaRRgnsgwNQBRY4AQ3QAm1gAwQewBN4A+/ao/aifWif09YFrZjZA39K+/oG0cWp1Q==</latexit><latexit sha1_base64="w4i222B6m/EiiRPYmGDJSsEVaE8=">AAACLXicbZDLSsNAFIYnXmu9RV26CRahbkpSBHUhlIrQZQVjC20Mk8mkHTqZhJmJUGKeyI2vogvBC259DSdtEG09MPDz/ecw5/xeTImQpvmqLSwuLa+sltbK6xubW9v6zu6NiBKOsI0iGvGuBwWmhGFbEklxN+YYhh7FHW90kfudO8wFidi1HMfYCeGAkYAgKBVy9ct+COUQQZo2MzetZ7eplZ33Aw5R2q769z9uS7lWdpTN07qirl4xa+akjHlhFaICimq7+nPfj1ASYiYRhUL0LDOWTgq5JIjirNxPBI4hGsEB7inJYIiFk07OzYxDRXwjiLh6TBoT+nsihaEQ49BTnfmiYtbL4X9eL5HBqZMSFicSMzT9KEioISMjz87wCcdI0rESEHGidjXQEKqspEq4rEKwZk+eF3a9dlazro4rjWaRRgnsgwNQBRY4AQ3QAm1gAwQewBN4A+/ao/aifWif09YFrZjZA39K+/oG0cWp1Q==</latexit><latexit sha1_base64="w4i222B6m/EiiRPYmGDJSsEVaE8=">AAACLXicbZDLSsNAFIYnXmu9RV26CRahbkpSBHUhlIrQZQVjC20Mk8mkHTqZhJmJUGKeyI2vogvBC259DSdtEG09MPDz/ecw5/xeTImQpvmqLSwuLa+sltbK6xubW9v6zu6NiBKOsI0iGvGuBwWmhGFbEklxN+YYhh7FHW90kfudO8wFidi1HMfYCeGAkYAgKBVy9ct+COUQQZo2MzetZ7eplZ33Aw5R2q769z9uS7lWdpTN07qirl4xa+akjHlhFaICimq7+nPfj1ASYiYRhUL0LDOWTgq5JIjirNxPBI4hGsEB7inJYIiFk07OzYxDRXwjiLh6TBoT+nsihaEQ49BTnfmiYtbL4X9eL5HBqZMSFicSMzT9KEioISMjz87wCcdI0rESEHGidjXQEKqspEq4rEKwZk+eF3a9dlazro4rjWaRRgnsgwNQBRY4AQ3QAm1gAwQewBN4A+/ao/aifWif09YFrZjZA39K+/oG0cWp1Q==</latexit><latexit sha1_base64="w4i222B6m/EiiRPYmGDJSsEVaE8=">AAACLXicbZDLSsNAFIYnXmu9RV26CRahbkpSBHUhlIrQZQVjC20Mk8mkHTqZhJmJUGKeyI2vogvBC259DSdtEG09MPDz/ecw5/xeTImQpvmqLSwuLa+sltbK6xubW9v6zu6NiBKOsI0iGvGuBwWmhGFbEklxN+YYhh7FHW90kfudO8wFidi1HMfYCeGAkYAgKBVy9ct+COUQQZo2MzetZ7eplZ33Aw5R2q769z9uS7lWdpTN07qirl4xa+akjHlhFaICimq7+nPfj1ASYiYRhUL0LDOWTgq5JIjirNxPBI4hGsEB7inJYIiFk07OzYxDRXwjiLh6TBoT+nsihaEQ49BTnfmiYtbL4X9eL5HBqZMSFicSMzT9KEioISMjz87wCcdI0rESEHGidjXQEKqspEq4rEKwZk+eF3a9dlazro4rjWaRRgnsgwNQBRY4AQ3QAm1gAwQewBN4A+/ao/aifWif09YFrZjZA39K+/oG0cWp1Q==</latexit>
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TESTING THE BINARY BLACKHOLE NATURE OF A COMPACT BINARY 
SYSTEM - BAYESIAN FRAME WORK

                          LALInference studies: Simulation details 

�21

• The waveform model used for this study is IMRPhenomPv2 which incorporates 
spin-induced quadrupole moment terms upto 3PN order in the phase

 [P. Ajith+, S. Khan+]

A = 1 + �A
<latexit sha1_base64="itJkwzibkv/kiDNuiV/yhW5yjR0=">AAACD3icbVBNS8NAEN34WetX1KOXxSIKQklEUA9C1YvHCsYWmhAmm227dPPB7kYoIT/Bi3/FiwcVr169+W/ctjlo64OBx3szzMwLUs6ksqxvY25+YXFpubJSXV1b39g0t7bvZZIJQh2S8ES0A5CUs5g6iilO26mgEAWctoLB9chvPVAhWRLfqWFKvQh6MesyAkpLvnngDiBNwc9dEeWXRXFhH7kh5QqmdN+sWXVrDDxL7JLUUImmb365YUKyiMaKcJCyY1up8nIQihFOi6qbSZoCGUCPdjSNIaLSy8cPFXhfKyHuJkJXrPBY/T2RQyTlMAp0ZwSqL6e9kfif18lU98zLWZxmisZksqibcawSPEoHh0xQovhQEyCC6Vsx6YMAonSGVR2CPf3yLHGO6+d1+/ak1rgq06igXbSHDpGNTlED3aAmchBBj+gZvaI348l4Md6Nj0nrnFHO7KA/MD5/AAQznWw=</latexit><latexit sha1_base64="itJkwzibkv/kiDNuiV/yhW5yjR0=">AAACD3icbVBNS8NAEN34WetX1KOXxSIKQklEUA9C1YvHCsYWmhAmm227dPPB7kYoIT/Bi3/FiwcVr169+W/ctjlo64OBx3szzMwLUs6ksqxvY25+YXFpubJSXV1b39g0t7bvZZIJQh2S8ES0A5CUs5g6iilO26mgEAWctoLB9chvPVAhWRLfqWFKvQh6MesyAkpLvnngDiBNwc9dEeWXRXFhH7kh5QqmdN+sWXVrDDxL7JLUUImmb365YUKyiMaKcJCyY1up8nIQihFOi6qbSZoCGUCPdjSNIaLSy8cPFXhfKyHuJkJXrPBY/T2RQyTlMAp0ZwSqL6e9kfif18lU98zLWZxmisZksqibcawSPEoHh0xQovhQEyCC6Vsx6YMAonSGVR2CPf3yLHGO6+d1+/ak1rgq06igXbSHDpGNTlED3aAmchBBj+gZvaI348l4Md6Nj0nrnFHO7KA/MD5/AAQznWw=</latexit><latexit sha1_base64="itJkwzibkv/kiDNuiV/yhW5yjR0=">AAACD3icbVBNS8NAEN34WetX1KOXxSIKQklEUA9C1YvHCsYWmhAmm227dPPB7kYoIT/Bi3/FiwcVr169+W/ctjlo64OBx3szzMwLUs6ksqxvY25+YXFpubJSXV1b39g0t7bvZZIJQh2S8ES0A5CUs5g6iilO26mgEAWctoLB9chvPVAhWRLfqWFKvQh6MesyAkpLvnngDiBNwc9dEeWXRXFhH7kh5QqmdN+sWXVrDDxL7JLUUImmb365YUKyiMaKcJCyY1up8nIQihFOi6qbSZoCGUCPdjSNIaLSy8cPFXhfKyHuJkJXrPBY/T2RQyTlMAp0ZwSqL6e9kfif18lU98zLWZxmisZksqibcawSPEoHh0xQovhQEyCC6Vsx6YMAonSGVR2CPf3yLHGO6+d1+/ak1rgq06igXbSHDpGNTlED3aAmchBBj+gZvaI348l4Md6Nj0nrnFHO7KA/MD5/AAQznWw=</latexit><latexit sha1_base64="itJkwzibkv/kiDNuiV/yhW5yjR0=">AAACD3icbVBNS8NAEN34WetX1KOXxSIKQklEUA9C1YvHCsYWmhAmm227dPPB7kYoIT/Bi3/FiwcVr169+W/ctjlo64OBx3szzMwLUs6ksqxvY25+YXFpubJSXV1b39g0t7bvZZIJQh2S8ES0A5CUs5g6iilO26mgEAWctoLB9chvPVAhWRLfqWFKvQh6MesyAkpLvnngDiBNwc9dEeWXRXFhH7kh5QqmdN+sWXVrDDxL7JLUUImmb365YUKyiMaKcJCyY1up8nIQihFOi6qbSZoCGUCPdjSNIaLSy8cPFXhfKyHuJkJXrPBY/T2RQyTlMAp0ZwSqL6e9kfif18lU98zLWZxmisZksqibcawSPEoHh0xQovhQEyCC6Vsx6YMAonSGVR2CPf3yLHGO6+d1+/ak1rgq06igXbSHDpGNTlED3aAmchBBj+gZvaI348l4Md6Nj0nrnFHO7KA/MD5/AAQznWw=</latexit>

• We define the deviation parameter as,

�A = 0
<latexit sha1_base64="LwJsqOnmgcH1WO7n+cVpgDfBl7E=">AAAB/3icbVBNS8NAEN34WetX1IMHL8EieCqJCOpBqHrxWMHYQhPCZLNpl26SZXcjlJCLf8WLBxWv/g1v/hu3bQ7a+mDg8d4MM/NCzqhUtv1tLCwuLa+s1tbq6xubW9vmzu6DzHKBiYszloluCJIwmhJXUcVIlwsCSchIJxzejP3OIxGSZum9GnHiJ9BPaUwxKC0F5r4XEabAGwLnEBSeSIqrsry0A7NhN+0JrHniVKSBKrQD88uLMpwnJFWYgZQ9x+bKL0Aoihkp614uCQc8hD7paZpCQqRfTB4orSOtRFacCV2psibq74kCEilHSag7E1ADOeuNxf+8Xq7ic7+gKc8VSfF0UZwzS2XWOA0rooJgxUaaABZU32rhAQjASmdW1yE4sy/PE/ekedF07k4bresqjRo6QIfoGDnoDLXQLWojF2FUomf0it6MJ+PFeDc+pq0LRjWzh/7A+PwBUWKWbA==</latexit><latexit sha1_base64="LwJsqOnmgcH1WO7n+cVpgDfBl7E=">AAAB/3icbVBNS8NAEN34WetX1IMHL8EieCqJCOpBqHrxWMHYQhPCZLNpl26SZXcjlJCLf8WLBxWv/g1v/hu3bQ7a+mDg8d4MM/NCzqhUtv1tLCwuLa+s1tbq6xubW9vmzu6DzHKBiYszloluCJIwmhJXUcVIlwsCSchIJxzejP3OIxGSZum9GnHiJ9BPaUwxKC0F5r4XEabAGwLnEBSeSIqrsry0A7NhN+0JrHniVKSBKrQD88uLMpwnJFWYgZQ9x+bKL0Aoihkp614uCQc8hD7paZpCQqRfTB4orSOtRFacCV2psibq74kCEilHSag7E1ADOeuNxf+8Xq7ic7+gKc8VSfF0UZwzS2XWOA0rooJgxUaaABZU32rhAQjASmdW1yE4sy/PE/ekedF07k4bresqjRo6QIfoGDnoDLXQLWojF2FUomf0it6MJ+PFeDc+pq0LRjWzh/7A+PwBUWKWbA==</latexit><latexit sha1_base64="LwJsqOnmgcH1WO7n+cVpgDfBl7E=">AAAB/3icbVBNS8NAEN34WetX1IMHL8EieCqJCOpBqHrxWMHYQhPCZLNpl26SZXcjlJCLf8WLBxWv/g1v/hu3bQ7a+mDg8d4MM/NCzqhUtv1tLCwuLa+s1tbq6xubW9vmzu6DzHKBiYszloluCJIwmhJXUcVIlwsCSchIJxzejP3OIxGSZum9GnHiJ9BPaUwxKC0F5r4XEabAGwLnEBSeSIqrsry0A7NhN+0JrHniVKSBKrQD88uLMpwnJFWYgZQ9x+bKL0Aoihkp614uCQc8hD7paZpCQqRfTB4orSOtRFacCV2psibq74kCEilHSag7E1ADOeuNxf+8Xq7ic7+gKc8VSfF0UZwzS2XWOA0rooJgxUaaABZU32rhAQjASmdW1yE4sy/PE/ekedF07k4bresqjRo6QIfoGDnoDLXQLWojF2FUomf0it6MJ+PFeDc+pq0LRjWzh/7A+PwBUWKWbA==</latexit><latexit sha1_base64="LwJsqOnmgcH1WO7n+cVpgDfBl7E=">AAAB/3icbVBNS8NAEN34WetX1IMHL8EieCqJCOpBqHrxWMHYQhPCZLNpl26SZXcjlJCLf8WLBxWv/g1v/hu3bQ7a+mDg8d4MM/NCzqhUtv1tLCwuLa+s1tbq6xubW9vmzu6DzHKBiYszloluCJIwmhJXUcVIlwsCSchIJxzejP3OIxGSZum9GnHiJ9BPaUwxKC0F5r4XEabAGwLnEBSeSIqrsry0A7NhN+0JrHniVKSBKrQD88uLMpwnJFWYgZQ9x+bKL0Aoihkp614uCQc8hD7paZpCQqRfTB4orSOtRFacCV2psibq74kCEilHSag7E1ADOeuNxf+8Xq7ic7+gKc8VSfF0UZwzS2XWOA0rooJgxUaaABZU32rhAQjASmdW1yE4sy/PE/ekedF07k4bresqjRo6QIfoGDnoDLXQLWojF2FUomf0it6MJ+PFeDc+pq0LRjWzh/7A+PwBUWKWbA==</latexit>

For black holes, �s = 0
<latexit sha1_base64="5ftojQHK234zYtMBpK3WG1dxU0Q=">AAAB/3icbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAehKIXjxWMLTQhTDabdunmg92NUEIu/hUvHlS8+je8+W/ctjlo64OBx3szzMwLMs6ksqxvo7a0vLK6Vl9vbGxube+Yu3sPMs0FoQ5JeSp6AUjKWUIdxRSnvUxQiANOu8HoZuJ3H6mQLE3u1TijXgyDhEWMgNKSbx64IeUK3BFkGfiFK+JCluWV5ZtNq2VNgReJXZEmqtDxzS83TEke00QRDlL2bStTXgFCMcJp2XBzSTMgIxjQvqYJxFR6xfSBEh9rJcRRKnQlCk/V3xMFxFKO40B3xqCGct6biP95/VxFF17BkixXNCGzRVHOsUrxJA0cMkGJ4mNNgAimb8VkCAKI0pk1dAj2/MuLxDltXbbsu7Nm+7pKo44O0RE6QTY6R210izrIQQSV6Bm9ojfjyXgx3o2PWWvNqGb20R8Ynz+dwJae</latexit><latexit sha1_base64="5ftojQHK234zYtMBpK3WG1dxU0Q=">AAAB/3icbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAehKIXjxWMLTQhTDabdunmg92NUEIu/hUvHlS8+je8+W/ctjlo64OBx3szzMwLMs6ksqxvo7a0vLK6Vl9vbGxube+Yu3sPMs0FoQ5JeSp6AUjKWUIdxRSnvUxQiANOu8HoZuJ3H6mQLE3u1TijXgyDhEWMgNKSbx64IeUK3BFkGfiFK+JCluWV5ZtNq2VNgReJXZEmqtDxzS83TEke00QRDlL2bStTXgFCMcJp2XBzSTMgIxjQvqYJxFR6xfSBEh9rJcRRKnQlCk/V3xMFxFKO40B3xqCGct6biP95/VxFF17BkixXNCGzRVHOsUrxJA0cMkGJ4mNNgAimb8VkCAKI0pk1dAj2/MuLxDltXbbsu7Nm+7pKo44O0RE6QTY6R210izrIQQSV6Bm9ojfjyXgx3o2PWWvNqGb20R8Ynz+dwJae</latexit><latexit sha1_base64="5ftojQHK234zYtMBpK3WG1dxU0Q=">AAAB/3icbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAehKIXjxWMLTQhTDabdunmg92NUEIu/hUvHlS8+je8+W/ctjlo64OBx3szzMwLMs6ksqxvo7a0vLK6Vl9vbGxube+Yu3sPMs0FoQ5JeSp6AUjKWUIdxRSnvUxQiANOu8HoZuJ3H6mQLE3u1TijXgyDhEWMgNKSbx64IeUK3BFkGfiFK+JCluWV5ZtNq2VNgReJXZEmqtDxzS83TEke00QRDlL2bStTXgFCMcJp2XBzSTMgIxjQvqYJxFR6xfSBEh9rJcRRKnQlCk/V3xMFxFKO40B3xqCGct6biP95/VxFF17BkixXNCGzRVHOsUrxJA0cMkGJ4mNNgAimb8VkCAKI0pk1dAj2/MuLxDltXbbsu7Nm+7pKo44O0RE6QTY6R210izrIQQSV6Bm9ojfjyXgx3o2PWWvNqGb20R8Ynz+dwJae</latexit><latexit sha1_base64="5ftojQHK234zYtMBpK3WG1dxU0Q=">AAAB/3icbVBNS8NAEN3Ur1q/oh48eFksgqeSiKAehKIXjxWMLTQhTDabdunmg92NUEIu/hUvHlS8+je8+W/ctjlo64OBx3szzMwLMs6ksqxvo7a0vLK6Vl9vbGxube+Yu3sPMs0FoQ5JeSp6AUjKWUIdxRSnvUxQiANOu8HoZuJ3H6mQLE3u1TijXgyDhEWMgNKSbx64IeUK3BFkGfiFK+JCluWV5ZtNq2VNgReJXZEmqtDxzS83TEke00QRDlL2bStTXgFCMcJp2XBzSTMgIxjQvqYJxFR6xfSBEh9rJcRRKnQlCk/V3xMFxFKO40B3xqCGct6biP95/VxFF17BkixXNCGzRVHOsUrxJA0cMkGJ4mNNgAimb8VkCAKI0pk1dAj2/MuLxDltXbbsu7Nm+7pKo44O0RE6QTY6R210izrIQQSV6Bm9ojfjyXgx3o2PWWvNqGb20R8Ynz+dwJae</latexit>

and for binary black holes, 

• Posterior distributions on        is obtained for simulated signals of binary black 
holes of different masses and spins

�s
<latexit sha1_base64="czylF0CQfB1MbK6v7PYR9d52Jx4=">AAAB/XicbVBNS8NAEN34WetXVTx5CRbBU0lEUG9FLx4rGFtoQphsNu3S3U3Y3QglBPwrXjyoePV/ePPfuG1z0NYHA4/3ZpiZF2WMKu0439bS8srq2npto765tb2z29jbf1BpLjHxcMpS2YtAEUYF8TTVjPQySYBHjHSj0c3E7z4SqWgq7vU4IwGHgaAJxaCNFDYO/ZgwDf4IsgzCwpe8UGUZNppOy5nCXiRuRZqoQidsfPlxinNOhMYMlOq7TqaDAqSmmJGy7ueKZIBHMCB9QwVwooJien5pnxgltpNUmhLanqq/JwrgSo15ZDo56KGa9ybif14/18llUFCR5ZoIPFuU5MzWqT3Jwo6pJFizsSGAJTW32ngIErA2idVNCO78y4vEO2tdtdy782b7ukqjho7QMTpFLrpAbXSLOshDGBXoGb2iN+vJerHerY9Z65JVzRygP7A+fwCcv5Yd</latexit><latexit sha1_base64="czylF0CQfB1MbK6v7PYR9d52Jx4=">AAAB/XicbVBNS8NAEN34WetXVTx5CRbBU0lEUG9FLx4rGFtoQphsNu3S3U3Y3QglBPwrXjyoePV/ePPfuG1z0NYHA4/3ZpiZF2WMKu0439bS8srq2npto765tb2z29jbf1BpLjHxcMpS2YtAEUYF8TTVjPQySYBHjHSj0c3E7z4SqWgq7vU4IwGHgaAJxaCNFDYO/ZgwDf4IsgzCwpe8UGUZNppOy5nCXiRuRZqoQidsfPlxinNOhMYMlOq7TqaDAqSmmJGy7ueKZIBHMCB9QwVwooJien5pnxgltpNUmhLanqq/JwrgSo15ZDo56KGa9ybif14/18llUFCR5ZoIPFuU5MzWqT3Jwo6pJFizsSGAJTW32ngIErA2idVNCO78y4vEO2tdtdy782b7ukqjho7QMTpFLrpAbXSLOshDGBXoGb2iN+vJerHerY9Z65JVzRygP7A+fwCcv5Yd</latexit><latexit sha1_base64="czylF0CQfB1MbK6v7PYR9d52Jx4=">AAAB/XicbVBNS8NAEN34WetXVTx5CRbBU0lEUG9FLx4rGFtoQphsNu3S3U3Y3QglBPwrXjyoePV/ePPfuG1z0NYHA4/3ZpiZF2WMKu0439bS8srq2npto765tb2z29jbf1BpLjHxcMpS2YtAEUYF8TTVjPQySYBHjHSj0c3E7z4SqWgq7vU4IwGHgaAJxaCNFDYO/ZgwDf4IsgzCwpe8UGUZNppOy5nCXiRuRZqoQidsfPlxinNOhMYMlOq7TqaDAqSmmJGy7ueKZIBHMCB9QwVwooJien5pnxgltpNUmhLanqq/JwrgSo15ZDo56KGa9ybif14/18llUFCR5ZoIPFuU5MzWqT3Jwo6pJFizsSGAJTW32ngIErA2idVNCO78y4vEO2tdtdy782b7ukqjho7QMTpFLrpAbXSLOshDGBXoGb2iN+vJerHerY9Z65JVzRygP7A+fwCcv5Yd</latexit><latexit sha1_base64="czylF0CQfB1MbK6v7PYR9d52Jx4=">AAAB/XicbVBNS8NAEN34WetXVTx5CRbBU0lEUG9FLx4rGFtoQphsNu3S3U3Y3QglBPwrXjyoePV/ePPfuG1z0NYHA4/3ZpiZF2WMKu0439bS8srq2npto765tb2z29jbf1BpLjHxcMpS2YtAEUYF8TTVjPQySYBHjHSj0c3E7z4SqWgq7vU4IwGHgaAJxaCNFDYO/ZgwDf4IsgzCwpe8UGUZNppOy5nCXiRuRZqoQidsfPlxinNOhMYMlOq7TqaDAqSmmJGy7ueKZIBHMCB9QwVwooJien5pnxgltpNUmhLanqq/JwrgSo15ZDo56KGa9ybif14/18llUFCR5ZoIPFuU5MzWqT3Jwo6pJFizsSGAJTW32ngIErA2idVNCO78y4vEO2tdtdy782b7ukqjho7QMTpFLrpAbXSLOshDGBXoGb2iN+vJerHerY9Z65JVzRygP7A+fwCcv5Yd</latexit>

https://arxiv.org/abs/0909.2867
https://arxiv.org/abs/1809.10113
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RESULTS

Posterior distributions on the spin-induced quadrupole moment 
coefficient 

[N. V. Krishnendu +, in preparation]

• The constraints we get are largely correlated with the effective spin parameter, which is a 
combination of masses and spins of the system
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<latexit sha1_base64="3NigMLBfbk0DWn63dS4D80g7t40=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJPNpl262Sy7G6WE/g8vHlS8+mO8+W/ctjlo64OBx3szzMyLJGfauO63s7S8srq2Xtmobm5t7+zW9vbvdZYrQn2S8Ux1ItCUM0F9wwynHakopBGn7Wh4PfHbj1Rplok7M5I0TKEvWMIIGCs9BDHlBoIhSAk93avV3YY7BV4kXknqqESrV/sK4ozkKRWGcNC667nShAUowwin42qQayqBDKFPu5YKSKkOi+nVY3xslRgnmbIlDJ6qvycKSLUepZHtTMEM9Lw3Ef/zurlJLsKCCZkbKshsUZJzbDI8iQDHTFFi+MgSIIrZWzEZgAJibFBVG4I3//Ii8U8blw3v9qzevCrTqKBDdIROkIfOURPdoBbyEUEKPaNX9OY8OS/Ou/Mxa11yypkD9AfO5w8mdpJ7</latexit><latexit sha1_base64="3NigMLBfbk0DWn63dS4D80g7t40=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJPNpl262Sy7G6WE/g8vHlS8+mO8+W/ctjlo64OBx3szzMyLJGfauO63s7S8srq2Xtmobm5t7+zW9vbvdZYrQn2S8Ux1ItCUM0F9wwynHakopBGn7Wh4PfHbj1Rplok7M5I0TKEvWMIIGCs9BDHlBoIhSAk93avV3YY7BV4kXknqqESrV/sK4ozkKRWGcNC667nShAUowwin42qQayqBDKFPu5YKSKkOi+nVY3xslRgnmbIlDJ6qvycKSLUepZHtTMEM9Lw3Ef/zurlJLsKCCZkbKshsUZJzbDI8iQDHTFFi+MgSIIrZWzEZgAJibFBVG4I3//Ii8U8blw3v9qzevCrTqKBDdIROkIfOURPdoBbyEUEKPaNX9OY8OS/Ou/Mxa11yypkD9AfO5w8mdpJ7</latexit><latexit sha1_base64="3NigMLBfbk0DWn63dS4D80g7t40=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJPNpl262Sy7G6WE/g8vHlS8+mO8+W/ctjlo64OBx3szzMyLJGfauO63s7S8srq2Xtmobm5t7+zW9vbvdZYrQn2S8Ux1ItCUM0F9wwynHakopBGn7Wh4PfHbj1Rplok7M5I0TKEvWMIIGCs9BDHlBoIhSAk93avV3YY7BV4kXknqqESrV/sK4ozkKRWGcNC667nShAUowwin42qQayqBDKFPu5YKSKkOi+nVY3xslRgnmbIlDJ6qvycKSLUepZHtTMEM9Lw3Ef/zurlJLsKCCZkbKshsUZJzbDI8iQDHTFFi+MgSIIrZWzEZgAJibFBVG4I3//Ii8U8blw3v9qzevCrTqKBDdIROkIfOURPdoBbyEUEKPaNX9OY8OS/Ou/Mxa11yypkD9AfO5w8mdpJ7</latexit><latexit sha1_base64="3NigMLBfbk0DWn63dS4D80g7t40=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJPNpl262Sy7G6WE/g8vHlS8+mO8+W/ctjlo64OBx3szzMyLJGfauO63s7S8srq2Xtmobm5t7+zW9vbvdZYrQn2S8Ux1ItCUM0F9wwynHakopBGn7Wh4PfHbj1Rplok7M5I0TKEvWMIIGCs9BDHlBoIhSAk93avV3YY7BV4kXknqqESrV/sK4ozkKRWGcNC667nShAUowwin42qQayqBDKFPu5YKSKkOi+nVY3xslRgnmbIlDJ6qvycKSLUepZHtTMEM9Lw3Ef/zurlJLsKCCZkbKshsUZJzbDI8iQDHTFFi+MgSIIrZWzEZgAJibFBVG4I3//Ii8U8blw3v9qzevCrTqKBDdIROkIfOURPdoBbyEUEKPaNX9OY8OS/Ou/Mxa11yypkD9AfO5w8mdpJ7</latexit>

�s
<latexit sha1_base64="3NigMLBfbk0DWn63dS4D80g7t40=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJPNpl262Sy7G6WE/g8vHlS8+mO8+W/ctjlo64OBx3szzMyLJGfauO63s7S8srq2Xtmobm5t7+zW9vbvdZYrQn2S8Ux1ItCUM0F9wwynHakopBGn7Wh4PfHbj1Rplok7M5I0TKEvWMIIGCs9BDHlBoIhSAk93avV3YY7BV4kXknqqESrV/sK4ozkKRWGcNC667nShAUowwin42qQayqBDKFPu5YKSKkOi+nVY3xslRgnmbIlDJ6qvycKSLUepZHtTMEM9Lw3Ef/zurlJLsKCCZkbKshsUZJzbDI8iQDHTFFi+MgSIIrZWzEZgAJibFBVG4I3//Ii8U8blw3v9qzevCrTqKBDdIROkIfOURPdoBbyEUEKPaNX9OY8OS/Ou/Mxa11yypkD9AfO5w8mdpJ7</latexit><latexit sha1_base64="3NigMLBfbk0DWn63dS4D80g7t40=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJPNpl262Sy7G6WE/g8vHlS8+mO8+W/ctjlo64OBx3szzMyLJGfauO63s7S8srq2Xtmobm5t7+zW9vbvdZYrQn2S8Ux1ItCUM0F9wwynHakopBGn7Wh4PfHbj1Rplok7M5I0TKEvWMIIGCs9BDHlBoIhSAk93avV3YY7BV4kXknqqESrV/sK4ozkKRWGcNC667nShAUowwin42qQayqBDKFPu5YKSKkOi+nVY3xslRgnmbIlDJ6qvycKSLUepZHtTMEM9Lw3Ef/zurlJLsKCCZkbKshsUZJzbDI8iQDHTFFi+MgSIIrZWzEZgAJibFBVG4I3//Ii8U8blw3v9qzevCrTqKBDdIROkIfOURPdoBbyEUEKPaNX9OY8OS/Ou/Mxa11yypkD9AfO5w8mdpJ7</latexit><latexit sha1_base64="3NigMLBfbk0DWn63dS4D80g7t40=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJPNpl262Sy7G6WE/g8vHlS8+mO8+W/ctjlo64OBx3szzMyLJGfauO63s7S8srq2Xtmobm5t7+zW9vbvdZYrQn2S8Ux1ItCUM0F9wwynHakopBGn7Wh4PfHbj1Rplok7M5I0TKEvWMIIGCs9BDHlBoIhSAk93avV3YY7BV4kXknqqESrV/sK4ozkKRWGcNC667nShAUowwin42qQayqBDKFPu5YKSKkOi+nVY3xslRgnmbIlDJ6qvycKSLUepZHtTMEM9Lw3Ef/zurlJLsKCCZkbKshsUZJzbDI8iQDHTFFi+MgSIIrZWzEZgAJibFBVG4I3//Ii8U8blw3v9qzevCrTqKBDdIROkIfOURPdoBbyEUEKPaNX9OY8OS/Ou/Mxa11yypkD9AfO5w8mdpJ7</latexit><latexit sha1_base64="3NigMLBfbk0DWn63dS4D80g7t40=">AAAB9HicbVBNS8NAEN34WetX1aOXxSJ4KokI6q3oxWMFYwtNLJPNpl262Sy7G6WE/g8vHlS8+mO8+W/ctjlo64OBx3szzMyLJGfauO63s7S8srq2Xtmobm5t7+zW9vbvdZYrQn2S8Ux1ItCUM0F9wwynHakopBGn7Wh4PfHbj1Rplok7M5I0TKEvWMIIGCs9BDHlBoIhSAk93avV3YY7BV4kXknqqESrV/sK4ozkKRWGcNC667nShAUowwin42qQayqBDKFPu5YKSKkOi+nVY3xslRgnmbIlDJ6qvycKSLUepZHtTMEM9Lw3Ef/zurlJLsKCCZkbKshsUZJzbDI8iQDHTFFi+MgSIIrZWzEZgAJibFBVG4I3//Ii8U8blw3v9qzevCrTqKBDdIROkIfOURPdoBbyEUEKPaNX9OY8OS/Ou/Mxa11yypkD9AfO5w8mdpJ7</latexit>

• Positive (negative) prior region is well constrained if both black holes are aligned (anti-
aligned) to the orbital angular momentum axis

(10 + 5)M�
<latexit sha1_base64="JrdQh95KNsJ+n32eYJRDP6nB4W4=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEIFaEkoqi3ohcvQgVjC20Im82mXbrZDbsboYb+Ei8eVLz6V7z5b9y2OWjrg4HHezPMzAtTRpV2nG+rtLS8srpWXq9sbG5tV+2d3QclMomJhwUTshMiRRjlxNNUM9JJJUFJyEg7HF5P/PYjkYoKfq9HKfET1Oc0phhpIwV2te46x2dHt0HeE5HQ48CuOQ1nCrhI3ILUQIFWYH/1IoGzhHCNGVKq6zqp9nMkNcWMjCu9TJEU4SHqk66hHCVE+fn08DE8NEoEYyFNcQ2n6u+JHCVKjZLQdCZID9S8NxH/87qZji/8nPI004Tj2aI4Y1ALOEkBRlQSrNnIEIQlNbdCPEASYW2yqpgQ3PmXF4l30rhsuHenteZVkUYZ7IMDUAcuOAdNcANawAMYZOAZvII368l6sd6tj1lrySpm9sAfWJ8/cP6R3Q==</latexit><latexit sha1_base64="JrdQh95KNsJ+n32eYJRDP6nB4W4=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEIFaEkoqi3ohcvQgVjC20Im82mXbrZDbsboYb+Ei8eVLz6V7z5b9y2OWjrg4HHezPMzAtTRpV2nG+rtLS8srpWXq9sbG5tV+2d3QclMomJhwUTshMiRRjlxNNUM9JJJUFJyEg7HF5P/PYjkYoKfq9HKfET1Oc0phhpIwV2te46x2dHt0HeE5HQ48CuOQ1nCrhI3ILUQIFWYH/1IoGzhHCNGVKq6zqp9nMkNcWMjCu9TJEU4SHqk66hHCVE+fn08DE8NEoEYyFNcQ2n6u+JHCVKjZLQdCZID9S8NxH/87qZji/8nPI004Tj2aI4Y1ALOEkBRlQSrNnIEIQlNbdCPEASYW2yqpgQ3PmXF4l30rhsuHenteZVkUYZ7IMDUAcuOAdNcANawAMYZOAZvII368l6sd6tj1lrySpm9sAfWJ8/cP6R3Q==</latexit><latexit sha1_base64="JrdQh95KNsJ+n32eYJRDP6nB4W4=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEIFaEkoqi3ohcvQgVjC20Im82mXbrZDbsboYb+Ei8eVLz6V7z5b9y2OWjrg4HHezPMzAtTRpV2nG+rtLS8srpWXq9sbG5tV+2d3QclMomJhwUTshMiRRjlxNNUM9JJJUFJyEg7HF5P/PYjkYoKfq9HKfET1Oc0phhpIwV2te46x2dHt0HeE5HQ48CuOQ1nCrhI3ILUQIFWYH/1IoGzhHCNGVKq6zqp9nMkNcWMjCu9TJEU4SHqk66hHCVE+fn08DE8NEoEYyFNcQ2n6u+JHCVKjZLQdCZID9S8NxH/87qZji/8nPI004Tj2aI4Y1ALOEkBRlQSrNnIEIQlNbdCPEASYW2yqpgQ3PmXF4l30rhsuHenteZVkUYZ7IMDUAcuOAdNcANawAMYZOAZvII368l6sd6tj1lrySpm9sAfWJ8/cP6R3Q==</latexit><latexit sha1_base64="JrdQh95KNsJ+n32eYJRDP6nB4W4=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEIFaEkoqi3ohcvQgVjC20Im82mXbrZDbsboYb+Ei8eVLz6V7z5b9y2OWjrg4HHezPMzAtTRpV2nG+rtLS8srpWXq9sbG5tV+2d3QclMomJhwUTshMiRRjlxNNUM9JJJUFJyEg7HF5P/PYjkYoKfq9HKfET1Oc0phhpIwV2te46x2dHt0HeE5HQ48CuOQ1nCrhI3ILUQIFWYH/1IoGzhHCNGVKq6zqp9nMkNcWMjCu9TJEU4SHqk66hHCVE+fn08DE8NEoEYyFNcQ2n6u+JHCVKjZLQdCZID9S8NxH/87qZji/8nPI004Tj2aI4Y1ALOEkBRlQSrNnIEIQlNbdCPEASYW2yqpgQ3PmXF4l30rhsuHenteZVkUYZ7IMDUAcuOAdNcANawAMYZOAZvII368l6sd6tj1lrySpm9sAfWJ8/cP6R3Q==</latexit>

(10 + 5)M�
<latexit sha1_base64="JrdQh95KNsJ+n32eYJRDP6nB4W4=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEIFaEkoqi3ohcvQgVjC20Im82mXbrZDbsboYb+Ei8eVLz6V7z5b9y2OWjrg4HHezPMzAtTRpV2nG+rtLS8srpWXq9sbG5tV+2d3QclMomJhwUTshMiRRjlxNNUM9JJJUFJyEg7HF5P/PYjkYoKfq9HKfET1Oc0phhpIwV2te46x2dHt0HeE5HQ48CuOQ1nCrhI3ILUQIFWYH/1IoGzhHCNGVKq6zqp9nMkNcWMjCu9TJEU4SHqk66hHCVE+fn08DE8NEoEYyFNcQ2n6u+JHCVKjZLQdCZID9S8NxH/87qZji/8nPI004Tj2aI4Y1ALOEkBRlQSrNnIEIQlNbdCPEASYW2yqpgQ3PmXF4l30rhsuHenteZVkUYZ7IMDUAcuOAdNcANawAMYZOAZvII368l6sd6tj1lrySpm9sAfWJ8/cP6R3Q==</latexit><latexit sha1_base64="JrdQh95KNsJ+n32eYJRDP6nB4W4=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEIFaEkoqi3ohcvQgVjC20Im82mXbrZDbsboYb+Ei8eVLz6V7z5b9y2OWjrg4HHezPMzAtTRpV2nG+rtLS8srpWXq9sbG5tV+2d3QclMomJhwUTshMiRRjlxNNUM9JJJUFJyEg7HF5P/PYjkYoKfq9HKfET1Oc0phhpIwV2te46x2dHt0HeE5HQ48CuOQ1nCrhI3ILUQIFWYH/1IoGzhHCNGVKq6zqp9nMkNcWMjCu9TJEU4SHqk66hHCVE+fn08DE8NEoEYyFNcQ2n6u+JHCVKjZLQdCZID9S8NxH/87qZji/8nPI004Tj2aI4Y1ALOEkBRlQSrNnIEIQlNbdCPEASYW2yqpgQ3PmXF4l30rhsuHenteZVkUYZ7IMDUAcuOAdNcANawAMYZOAZvII368l6sd6tj1lrySpm9sAfWJ8/cP6R3Q==</latexit><latexit sha1_base64="JrdQh95KNsJ+n32eYJRDP6nB4W4=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEIFaEkoqi3ohcvQgVjC20Im82mXbrZDbsboYb+Ei8eVLz6V7z5b9y2OWjrg4HHezPMzAtTRpV2nG+rtLS8srpWXq9sbG5tV+2d3QclMomJhwUTshMiRRjlxNNUM9JJJUFJyEg7HF5P/PYjkYoKfq9HKfET1Oc0phhpIwV2te46x2dHt0HeE5HQ48CuOQ1nCrhI3ILUQIFWYH/1IoGzhHCNGVKq6zqp9nMkNcWMjCu9TJEU4SHqk66hHCVE+fn08DE8NEoEYyFNcQ2n6u+JHCVKjZLQdCZID9S8NxH/87qZji/8nPI004Tj2aI4Y1ALOEkBRlQSrNnIEIQlNbdCPEASYW2yqpgQ3PmXF4l30rhsuHenteZVkUYZ7IMDUAcuOAdNcANawAMYZOAZvII368l6sd6tj1lrySpm9sAfWJ8/cP6R3Q==</latexit><latexit sha1_base64="JrdQh95KNsJ+n32eYJRDP6nB4W4=">AAAB93icbVBNS8NAEN3Ur1o/GvXoZbEIFaEkoqi3ohcvQgVjC20Im82mXbrZDbsboYb+Ei8eVLz6V7z5b9y2OWjrg4HHezPMzAtTRpV2nG+rtLS8srpWXq9sbG5tV+2d3QclMomJhwUTshMiRRjlxNNUM9JJJUFJyEg7HF5P/PYjkYoKfq9HKfET1Oc0phhpIwV2te46x2dHt0HeE5HQ48CuOQ1nCrhI3ILUQIFWYH/1IoGzhHCNGVKq6zqp9nMkNcWMjCu9TJEU4SHqk66hHCVE+fn08DE8NEoEYyFNcQ2n6u+JHCVKjZLQdCZID9S8NxH/87qZji/8nPI004Tj2aI4Y1ALOEkBRlQSrNnIEIQlNbdCPEASYW2yqpgQ3PmXF4l30rhsuHenteZVkUYZ7IMDUAcuOAdNcANawAMYZOAZvII368l6sd6tj1lrySpm9sAfWJ8/cP6R3Q==</latexit>
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Bounds as a function of effective spin parameter

[N. V. Krishnendu +, in preparation]

�e↵ =
m1 �1 +m2 �2

m1 +m2
<latexit sha1_base64="2mKssOnACvfTJKLb50cpvwZks3g=">AAACK3icbVBdS8MwFE39nPOr6qMvxSEIymiHoD4Iw734OMG6wVpKmqVbWNKWJBVGyQ/yxb8iiA9OfPV/mK1FdPNA4Nxz7uXmnjClREjbnhhLyyura+uVjerm1vbOrrm3/yCSjCPsooQmvBtCgSmJsSuJpLibcgxZSHEnHLWmfucRc0GS+F6OU+wzOIhJRBCUWgrMloeGJMg9znIcRUpdexGHKGdB7ijvrDAddarrxk/dUKpoKGQVmDW7bs9gLRKnJDVQoh2Yr14/QRnDsUQUCtFz7FT6OeSSIIpV1csETiEawQHuaRpDhoWfz45V1rFW+laUcP1iac3U3xM5ZEKMWag7GZRDMe9Nxf+8XiajSz8ncZpJHKNiUZRRSybWNDmrTzhGko41gYgT/VcLDaFOS+p8qzoEZ/7kReI26ld15+681rwp06iAQ3AEToADLkAT3II2cAECT+AFvIOJ8Wy8GR/GZ9G6ZJQzB+APjK9vK66o+g==</latexit><latexit sha1_base64="2mKssOnACvfTJKLb50cpvwZks3g=">AAACK3icbVBdS8MwFE39nPOr6qMvxSEIymiHoD4Iw734OMG6wVpKmqVbWNKWJBVGyQ/yxb8iiA9OfPV/mK1FdPNA4Nxz7uXmnjClREjbnhhLyyura+uVjerm1vbOrrm3/yCSjCPsooQmvBtCgSmJsSuJpLibcgxZSHEnHLWmfucRc0GS+F6OU+wzOIhJRBCUWgrMloeGJMg9znIcRUpdexGHKGdB7ijvrDAddarrxk/dUKpoKGQVmDW7bs9gLRKnJDVQoh2Yr14/QRnDsUQUCtFz7FT6OeSSIIpV1csETiEawQHuaRpDhoWfz45V1rFW+laUcP1iac3U3xM5ZEKMWag7GZRDMe9Nxf+8XiajSz8ncZpJHKNiUZRRSybWNDmrTzhGko41gYgT/VcLDaFOS+p8qzoEZ/7kReI26ld15+681rwp06iAQ3AEToADLkAT3II2cAECT+AFvIOJ8Wy8GR/GZ9G6ZJQzB+APjK9vK66o+g==</latexit><latexit sha1_base64="2mKssOnACvfTJKLb50cpvwZks3g=">AAACK3icbVBdS8MwFE39nPOr6qMvxSEIymiHoD4Iw734OMG6wVpKmqVbWNKWJBVGyQ/yxb8iiA9OfPV/mK1FdPNA4Nxz7uXmnjClREjbnhhLyyura+uVjerm1vbOrrm3/yCSjCPsooQmvBtCgSmJsSuJpLibcgxZSHEnHLWmfucRc0GS+F6OU+wzOIhJRBCUWgrMloeGJMg9znIcRUpdexGHKGdB7ijvrDAddarrxk/dUKpoKGQVmDW7bs9gLRKnJDVQoh2Yr14/QRnDsUQUCtFz7FT6OeSSIIpV1csETiEawQHuaRpDhoWfz45V1rFW+laUcP1iac3U3xM5ZEKMWag7GZRDMe9Nxf+8XiajSz8ncZpJHKNiUZRRSybWNDmrTzhGko41gYgT/VcLDaFOS+p8qzoEZ/7kReI26ld15+681rwp06iAQ3AEToADLkAT3II2cAECT+AFvIOJ8Wy8GR/GZ9G6ZJQzB+APjK9vK66o+g==</latexit><latexit sha1_base64="2mKssOnACvfTJKLb50cpvwZks3g=">AAACK3icbVBdS8MwFE39nPOr6qMvxSEIymiHoD4Iw734OMG6wVpKmqVbWNKWJBVGyQ/yxb8iiA9OfPV/mK1FdPNA4Nxz7uXmnjClREjbnhhLyyura+uVjerm1vbOrrm3/yCSjCPsooQmvBtCgSmJsSuJpLibcgxZSHEnHLWmfucRc0GS+F6OU+wzOIhJRBCUWgrMloeGJMg9znIcRUpdexGHKGdB7ijvrDAddarrxk/dUKpoKGQVmDW7bs9gLRKnJDVQoh2Yr14/QRnDsUQUCtFz7FT6OeSSIIpV1csETiEawQHuaRpDhoWfz45V1rFW+laUcP1iac3U3xM5ZEKMWag7GZRDMe9Nxf+8XiajSz8ncZpJHKNiUZRRSybWNDmrTzhGko41gYgT/VcLDaFOS+p8qzoEZ/7kReI26ld15+681rwp06iAQ3AEToADLkAT3II2cAECT+AFvIOJ8Wy8GR/GZ9G6ZJQzB+APjK9vK66o+g==</latexit>

• Bounds appear to be 
dependent on effective 
spin parameter rather 
than masses and spins

• Positive (negative) prior 
region is well constrained 
if  
�e↵ > 0(�e↵ < 0)

<latexit sha1_base64="03sOrHZkCygJyCEH8fXUNUZFcYU=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1Wom5KIoIJI0Y3LCtYWmhAm00k7dGYSZiZCCfkBN/6KGxcqbv0Ad/6N0zYLbT1w4XDOvdx7T5gwqrTjfFulhcWl5ZXyamVtfWNzy97euVdxKjFp4ZjFshMiRRgVpKWpZqSTSIJ4yEg7HF6P/fYDkYrG4k6PEuJz1Bc0ohhpIwX2gYcHNMg8yTMSRXl+6dRmlAvnKLCrTt2ZAM4TtyBVUKAZ2F9eL8YpJ0JjhpTquk6i/QxJTTEjecVLFUkQHqI+6RoqECfKzybf5PDQKD0YxdKU0HCi/p7IEFdqxEPTyZEeqFlvLP7ndVMdnfkZFUmqicDTRVHKoI7hOBrYo5JgzUaGICypuRXiAZIIaxNgxYTgzr48T1rH9fO6e3tSbVwVaZTBHtgHNeCCU9AAN6AJWgCDR/AMXsGb9WS9WO/Wx7S1ZBUzu+APrM8f7TKbqA==</latexit><latexit sha1_base64="03sOrHZkCygJyCEH8fXUNUZFcYU=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1Wom5KIoIJI0Y3LCtYWmhAm00k7dGYSZiZCCfkBN/6KGxcqbv0Ad/6N0zYLbT1w4XDOvdx7T5gwqrTjfFulhcWl5ZXyamVtfWNzy97euVdxKjFp4ZjFshMiRRgVpKWpZqSTSIJ4yEg7HF6P/fYDkYrG4k6PEuJz1Bc0ohhpIwX2gYcHNMg8yTMSRXl+6dRmlAvnKLCrTt2ZAM4TtyBVUKAZ2F9eL8YpJ0JjhpTquk6i/QxJTTEjecVLFUkQHqI+6RoqECfKzybf5PDQKD0YxdKU0HCi/p7IEFdqxEPTyZEeqFlvLP7ndVMdnfkZFUmqicDTRVHKoI7hOBrYo5JgzUaGICypuRXiAZIIaxNgxYTgzr48T1rH9fO6e3tSbVwVaZTBHtgHNeCCU9AAN6AJWgCDR/AMXsGb9WS9WO/Wx7S1ZBUzu+APrM8f7TKbqA==</latexit><latexit sha1_base64="03sOrHZkCygJyCEH8fXUNUZFcYU=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1Wom5KIoIJI0Y3LCtYWmhAm00k7dGYSZiZCCfkBN/6KGxcqbv0Ad/6N0zYLbT1w4XDOvdx7T5gwqrTjfFulhcWl5ZXyamVtfWNzy97euVdxKjFp4ZjFshMiRRgVpKWpZqSTSIJ4yEg7HF6P/fYDkYrG4k6PEuJz1Bc0ohhpIwX2gYcHNMg8yTMSRXl+6dRmlAvnKLCrTt2ZAM4TtyBVUKAZ2F9eL8YpJ0JjhpTquk6i/QxJTTEjecVLFUkQHqI+6RoqECfKzybf5PDQKD0YxdKU0HCi/p7IEFdqxEPTyZEeqFlvLP7ndVMdnfkZFUmqicDTRVHKoI7hOBrYo5JgzUaGICypuRXiAZIIaxNgxYTgzr48T1rH9fO6e3tSbVwVaZTBHtgHNeCCU9AAN6AJWgCDR/AMXsGb9WS9WO/Wx7S1ZBUzu+APrM8f7TKbqA==</latexit><latexit sha1_base64="03sOrHZkCygJyCEH8fXUNUZFcYU=">AAACDHicbVDLSsNAFJ3UV62vqEs3g1Wom5KIoIJI0Y3LCtYWmhAm00k7dGYSZiZCCfkBN/6KGxcqbv0Ad/6N0zYLbT1w4XDOvdx7T5gwqrTjfFulhcWl5ZXyamVtfWNzy97euVdxKjFp4ZjFshMiRRgVpKWpZqSTSIJ4yEg7HF6P/fYDkYrG4k6PEuJz1Bc0ohhpIwX2gYcHNMg8yTMSRXl+6dRmlAvnKLCrTt2ZAM4TtyBVUKAZ2F9eL8YpJ0JjhpTquk6i/QxJTTEjecVLFUkQHqI+6RoqECfKzybf5PDQKD0YxdKU0HCi/p7IEFdqxEPTyZEeqFlvLP7ndVMdnfkZFUmqicDTRVHKoI7hOBrYo5JgzUaGICypuRXiAZIIaxNgxYTgzr48T1rH9fO6e3tSbVwVaZTBHtgHNeCCU9AAN6AJWgCDR/AMXsGb9WS9WO/Wx7S1ZBUzu+APrM8f7TKbqA==</latexit>

• Bounds improve with 
respect to effective spin 
parameter
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Detectability of    BH mimickers

• There is an asymmetry with 
respect to               line. This 
reverses as the spin orientation 
reverses 

�s = 0
<latexit sha1_base64="avSFORw5kxLHTCNficwmcaf22YU=">AAAB+HicbVBNS8NAEN34WetX1KOXYBE8lUQE9SAUvXisYGyhCWGy2bRLN5tld1Moof/EiwcVr/4Ub/4bt20O2vpg4PHeDDPzYsGo0q77ba2srq1vbNa26ts7u3v79sHhk8oLiYmPc5bLbgyKMMqJr6lmpCskgSxmpBMP76Z+Z0Skojl/1GNBwgz6nKYUgzZSZNtBQpiGYAhCQKRu3MhuuE13BmeZeBVpoArtyP4KkhwXGeEaM1Cq57lChyVITTEjk3pQKCIAD6FPeoZyyIgKy9nlE+fUKImT5tIU185M/T1RQqbUOItNZwZ6oBa9qfif1yt0ehWWlItCE47ni9KCOTp3pjE4CZUEazY2BLCk5lYHD0AC1iasugnBW3x5mfjnzeum93DRaN1WadTQMTpBZ8hDl6iF7lEb+QijEXpGr+jNKq0X6936mLeuWNXMEfoD6/MHmHyTLQ==</latexit><latexit sha1_base64="avSFORw5kxLHTCNficwmcaf22YU=">AAAB+HicbVBNS8NAEN34WetX1KOXYBE8lUQE9SAUvXisYGyhCWGy2bRLN5tld1Moof/EiwcVr/4Ub/4bt20O2vpg4PHeDDPzYsGo0q77ba2srq1vbNa26ts7u3v79sHhk8oLiYmPc5bLbgyKMMqJr6lmpCskgSxmpBMP76Z+Z0Skojl/1GNBwgz6nKYUgzZSZNtBQpiGYAhCQKRu3MhuuE13BmeZeBVpoArtyP4KkhwXGeEaM1Cq57lChyVITTEjk3pQKCIAD6FPeoZyyIgKy9nlE+fUKImT5tIU185M/T1RQqbUOItNZwZ6oBa9qfif1yt0ehWWlItCE47ni9KCOTp3pjE4CZUEazY2BLCk5lYHD0AC1iasugnBW3x5mfjnzeum93DRaN1WadTQMTpBZ8hDl6iF7lEb+QijEXpGr+jNKq0X6936mLeuWNXMEfoD6/MHmHyTLQ==</latexit><latexit sha1_base64="avSFORw5kxLHTCNficwmcaf22YU=">AAAB+HicbVBNS8NAEN34WetX1KOXYBE8lUQE9SAUvXisYGyhCWGy2bRLN5tld1Moof/EiwcVr/4Ub/4bt20O2vpg4PHeDDPzYsGo0q77ba2srq1vbNa26ts7u3v79sHhk8oLiYmPc5bLbgyKMMqJr6lmpCskgSxmpBMP76Z+Z0Skojl/1GNBwgz6nKYUgzZSZNtBQpiGYAhCQKRu3MhuuE13BmeZeBVpoArtyP4KkhwXGeEaM1Cq57lChyVITTEjk3pQKCIAD6FPeoZyyIgKy9nlE+fUKImT5tIU185M/T1RQqbUOItNZwZ6oBa9qfif1yt0ehWWlItCE47ni9KCOTp3pjE4CZUEazY2BLCk5lYHD0AC1iasugnBW3x5mfjnzeum93DRaN1WadTQMTpBZ8hDl6iF7lEb+QijEXpGr+jNKq0X6936mLeuWNXMEfoD6/MHmHyTLQ==</latexit><latexit sha1_base64="avSFORw5kxLHTCNficwmcaf22YU=">AAAB+HicbVBNS8NAEN34WetX1KOXYBE8lUQE9SAUvXisYGyhCWGy2bRLN5tld1Moof/EiwcVr/4Ub/4bt20O2vpg4PHeDDPzYsGo0q77ba2srq1vbNa26ts7u3v79sHhk8oLiYmPc5bLbgyKMMqJr6lmpCskgSxmpBMP76Z+Z0Skojl/1GNBwgz6nKYUgzZSZNtBQpiGYAhCQKRu3MhuuE13BmeZeBVpoArtyP4KkhwXGeEaM1Cq57lChyVITTEjk3pQKCIAD6FPeoZyyIgKy9nlE+fUKImT5tIU185M/T1RQqbUOItNZwZ6oBa9qfif1yt0ehWWlItCE47ni9KCOTp3pjE4CZUEazY2BLCk5lYHD0AC1iasugnBW3x5mfjnzeum93DRaN1WadTQMTpBZ8hDl6iF7lEb+QijEXpGr+jNKq0X6936mLeuWNXMEfoD6/MHmHyTLQ==</latexit>

• This asymmetry is caused by 
the degeneracy between spin 
parameters and the spin-
induced quadrupole moment 
parameters.
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• Bayes factor shows a preference towards non-black hole model as the injected 
value of        increases�s
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CONCLUSIONS

• We propose a new way to test the black hole nature of a compact object by 
measuring the spin-induced multipole moment coefficients.


• Using Fisher matrix we demonstrated that this method is a promising one for a 
wide range binary black hole systems.


• We find that the mass, spin, spin-induced quadrupole and octupole moment 
coefficients can be simultaneously measured with third-generation gravitational 
wave detectors.


• This method has been implemented in a more general framework using Bayesian 
inference, thus it can be used infer black hole nature of real gravitational wave 
signals.
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FUTURE PLANS AND OTHER ONGOING STUDIES
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• Ongoing works:


• Study and quantify the systematic bias due to the ignorance of spin-
induced quadrupole moment parameters in parameter estimation.


• Apply the framework on real events and deduce constraints on black-hole 
mimicker models from the observed signals.

• Obtain possible constraints on model parameters of certain classes of boson 
stars, for example Ryan et. al. 1997, using gravitational wave measurements of 
spin-induced multipole moment parameters.

• Develop a method to distinguish low mass binary black holes from binaries 
composed of neutron stars and black holes

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.55.6081
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FUTURE PLANS AND OTHER ONGOING STUDIES
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• We aim to systematically study systems such as Kerr black holes with scalar hair  
and identify the limits where such models show significant deviations from Kerr 
black holes, especially the values  of spin-induced quadrupole moment 
parameter. 

• Other interests:


• I plan to be involved in the parameter estimation studies of gravitational-wave 
data from future observing runs.

https://arxiv.org/abs/1403.2757
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ADDITIONAL SLIDES
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By comparing with numerical relativity waveforms


Complexity increases for objects having detailed structure


Measure the tidal deformability parameter and ensure that the value is zero 


Relatively higher PN order (5 PN) effect


Methods based on No Hair Conjecture 


Post merger ringdown analysis 


Inspiral-merger-ringdown consistency test


Electromagnetic observations  

Dissipation of energy and angular momentum at BH event horizon: Tidal heating

OTHER WAYS OF PROBING THE BH NATURE

[Cardoso et. al., 2016]

[Berti et. al., 2009]

[Abhirup et. al., 2016]



Post-Newtonian waveform with spin-induced quadrupole moment 
terms (for slide 7)
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Spin-Induced quadrupole moment terms at 2 PN, 3 PN, 3.5 PN terms are available 
in the literature. In addition to that, 2 PN amplitude corrections to the spin-
induced coefficients are also been calculated.  [C. K. Mishra, A. Kela, K. G. Arun]

The leading order (3.5PN) spin-induced octupole moment coefficient in the 
phasing also calculated 
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Post-Newtonian waveform with spin-induced quadrupole moment 
terms (for slide 7)
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RESULTS

To explain the asymmetries in the posterior distribution 
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RESULTS

Posterior distributions on the spin-spin-induced quadrupole moment 
coefficient 

[N. V. Krishnendu +, in preparation]



Waveform plots
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RESULTS

[N. V. Krishnendu, C. K. Mishra, K. G. Arun, arXiv:1811.00317]

For a population of binary systems detectable by third-generation 
detectors

https://arxiv.org/abs/1811.00317
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\mathrm{P}(m_{1})=m_{1}^{-1.6},\,5M_{\odot}\leq m_{1}\leq 20 M_{\odot},\\

\mathrm{P}(m_{2})=\mathrm{U}(5 M_{\odot}, m_{1})

\mathrm{P}(\chi_{1,\,2})=\mathrm{U}(-1,\,1)

\mathrm{P}(m_{1})=m_{1}^{-1.6},\,5M_{\odot}\leq m_{1}\leq 20 M_{\odot}

\mathcal{A}({\mathcal {\theta}}^{j},\,f)\propto\,\frac{\mathcal{M}_{c}^{5/6}}{D_{L}}

\tilde{h_{\rm}}({\mathcal {\theta}}^{j},\,f)=\mathcal{A}({\mathcal {\theta}}^{j},\,f)\,{\rm{Exp}}[i\,\psi({\mathcal {\theta}}^{j},\,f)]

\psi(\theta^{j},\,f)=\frac{3}{128\,\eta\,v^5}\sum^{N}_{\alpha=0}\Psi_{\alpha}\,v^{\alpha}

\boldsymbol{\Gamma}_{ij}=2 \int^{f_{up}}_{f_{low}} df 
\frac{\tilde{h_{i}}\tilde{h_{j}^{\ast}}+ 
\tilde{h_{j}}\tilde{h_{i}^{\ast}}}{S_{n}(f)}, \, h^{i}=\frac{\partial}{\partial\theta^{i}}\tilde{h}(f,\,\theta^{i})

\theta^{j}=\lbrace \kappa_s,\,\mathcal{M}_{c},\,\delta,\,\mathcal{\chi}_{1},\,\mathcal{\chi}_{2},\,t_{c},\,\phi_{c},\,\rm{cos}\iota,\,
\mathcal{D_{L}}\rbrace

\sigma^{j}=\sqrt{(\Gamma^{-1})^{jj}}

\tilde{h}(f)=\frac{M^2}{D_{L}}\sqrt{\frac{5\,\pi\,\nu}{48}}\sum_{n=0}^{4}\sum_{k=1}^{6}\,V_{k}^{n-\frac{7}{2}}\mathcal{C}_{k}^{(n)}
{\rm{Exp}}[i\,\psi(f)]

\mathcal{C}_{2}^{(0)}=\frac{1}{2}[-(1+cos_{\iota}^2)F_{+}-2\,i\,cos_{\iota}F_{\times}]

\chi_{\rm{eff}}=\frac{m_{1}\,\chi_{1}+m_{2}\,\chi_{2}}{m_{1}+m_{2}}

\mathrm{Log}(\mathcal{B^{{\rm{non}}-BH}_{BH}})

P(\theta^{j}|\mathcal{H},d)=\frac{P(d|\mathcal{H},\theta^{\it{j}})\,P(\theta^{\it{j}}|\mathcal{H})}{P(d|\mathcal{H})}

\Psi_{4}^{\rm{qm}}=-\frac{5}{2}\sum_{A=1,2}\frac{Q_{A}}{m_{A}M^2}\left(3\left(\hat{L}.s_{A}^2\right)^2-1\right)


