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Ever more Physics in Gravitational-Wave Models



Outline

•Science from GW experiments stems on our ability to make precise 
theoretical predictions of gravitational waveforms. 

•Are we missing GW signals? Are current inference studies in any 
way affected by modeling error? 

•Discovery potential in next years, ability to infer more precise 
cosmological and astrophysical information, and carry out more 
stringent tests of GR require more accurate waveforms and with 
more physics.

•What are the highest priorities, and what are the challenges in 
waveform modeling.



Waveforms encode plethora of physical effects

BH absorptiontail effects

merger

ringdown
•Binary black hole

Spin effects

inspiral

(credit: Hinderer) 

•Compact-object binary with matter or in modified theory to GR?

quasi-normal modes

echoes?
(credit: Hinderer) 
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Solving two-body problem in General Relativity 
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•GR is non-linear theory.  

• Einstein’s field equations can 
be solved: 

•Synergy between analytical and numerical relativity is crucial.

- approximately, but analytically 
(fast way)  

- “exactly”, but numerically on 
supercomputers (slow way) 



Waveforms for BBH combining analytical & numerical relativity

•Effective-one-body (EOB) theory & NR (EOBNR)
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(Taracchini, AB, Pan, Hinderer & SXS 14, Pürrer 15)

• Inspiral-merger-ringdown phenomenological waveforms fitting 
EOB & NR (IMRPhenom) (Khan et al. 16, Hannam et al. 16)

141 SXS simulations

0.00 0.05 0.10 0.15 0.20 0.25
-1.0

-0.5

0.0

0.5

1.0

ν

χ e
ff

(Bohe’, Shao, Taracchini, AB & SXS 16)

(If PN were used instead, accuracy will degrade, because of “gap” between PN and NR)
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Waveforms for BBH combining analytical & numerical relativity

•Effective-one-body (EOB) theory & NR (EOBNR)
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(Taracchini, AB, Pan, Hinderer & SXS 14, Pürrer 15)

•NR surrogate models built directly interpolating NR simulations, which 
are “selected” in parameter space using analytical waveform models.

141 SXS simulations
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(Blackman et al. 17, Varma et al. 18, 19)



(Dietrich & Hinderer 17)

• Synergy between analytical and numerical work is crucial.

NR
SEOBNRT

Waveforms for BNS combining analytical & numerical relativity

(Damour 1983, Flanagan & Hinderer 08, Binnington & Poisson 09,  Vines et al. 11, Damour & Nagar 09, 
12, Bernuzzi et al. 15, Hinderer, …AB … et al. 16, Steinhoff, … AB … et al. 16, Dietrich et al. 17-19, 
Nagar et al. 18)



Gravitational waveforms built from conservative & dissipative dynamics

• GW from time-dependent quadrupole moment: hij ⇠
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PN templates for compact-object binary inspirals

it can be 
large

Depends on EOS 
& compactness

0PN

dipole 
radiation

-1PN
graviton with 
non zero mass1PN

1PN 1.5PN

2PN

tidal

5PN

spin-orbit

spin-spin

t

⇤̃ = f(m1,m2,⇤1,⇤2)
<latexit sha1_base64="6mI3KXy3PAHUUOr7MWYCHVMyGW0=">AAACGXicbVBLSwMxGMz6rPW16tFLsAgVStktgl6EohcPHirYB3TLks1m29AkuyRZoSz9G178K148KOJRT/4b03YFbR0ITGa+IfkmSBhV2nG+rKXlldW19cJGcXNre2fX3ttvqTiVmDRxzGLZCZAijArS1FQz0kkkQTxgpB0MryZ++55IRWNxp0cJ6XHUFzSiGGkj+bbjacpCknk3JhOiMbyAUZn7boX7tUoumtsPq534dsmpOlPAReLmpARyNHz7wwtjnHIiNGZIqa7rJLqXIakpZmRc9FJFEoSHqE+6hgrEiepl083G8NgoIYxiaY7QcKr+TmSIKzXigZnkSA/UvDcR//O6qY7OexkVSaqJwLOHopRBHcNJTTCkkmDNRoYgLKn5K8QDJBHWpsyiKcGdX3mRtGpV16m6t6el+mVeRwEcgiNQBi44A3VwDRqgCTB4AE/gBbxaj9az9Wa9z0aXrDxzAP7A+vwGX0GenA==</latexit><latexit sha1_base64="6mI3KXy3PAHUUOr7MWYCHVMyGW0=">AAACGXicbVBLSwMxGMz6rPW16tFLsAgVStktgl6EohcPHirYB3TLks1m29AkuyRZoSz9G178K148KOJRT/4b03YFbR0ITGa+IfkmSBhV2nG+rKXlldW19cJGcXNre2fX3ttvqTiVmDRxzGLZCZAijArS1FQz0kkkQTxgpB0MryZ++55IRWNxp0cJ6XHUFzSiGGkj+bbjacpCknk3JhOiMbyAUZn7boX7tUoumtsPq534dsmpOlPAReLmpARyNHz7wwtjnHIiNGZIqa7rJLqXIakpZmRc9FJFEoSHqE+6hgrEiepl083G8NgoIYxiaY7QcKr+TmSIKzXigZnkSA/UvDcR//O6qY7OexkVSaqJwLOHopRBHcNJTTCkkmDNRoYgLKn5K8QDJBHWpsyiKcGdX3mRtGpV16m6t6el+mVeRwEcgiNQBi44A3VwDRqgCTB4AE/gBbxaj9az9Wa9z0aXrDxzAP7A+vwGX0GenA==</latexit><latexit sha1_base64="6mI3KXy3PAHUUOr7MWYCHVMyGW0=">AAACGXicbVBLSwMxGMz6rPW16tFLsAgVStktgl6EohcPHirYB3TLks1m29AkuyRZoSz9G178K148KOJRT/4b03YFbR0ITGa+IfkmSBhV2nG+rKXlldW19cJGcXNre2fX3ttvqTiVmDRxzGLZCZAijArS1FQz0kkkQTxgpB0MryZ++55IRWNxp0cJ6XHUFzSiGGkj+bbjacpCknk3JhOiMbyAUZn7boX7tUoumtsPq534dsmpOlPAReLmpARyNHz7wwtjnHIiNGZIqa7rJLqXIakpZmRc9FJFEoSHqE+6hgrEiepl083G8NgoIYxiaY7QcKr+TmSIKzXigZnkSA/UvDcR//O6qY7OexkVSaqJwLOHopRBHcNJTTCkkmDNRoYgLKn5K8QDJBHWpsyiKcGdX3mRtGpV16m6t6el+mVeRwEcgiNQBi44A3VwDRqgCTB4AE/gBbxaj9az9Wa9z0aXrDxzAP7A+vwGX0GenA==</latexit>

t t t

⇤ =
2

3
2

✓
RNS

mNS

◆5

<latexit sha1_base64="G+P9NyZ2r9lfW0mdFNNc4kaNEzI="></latexit><latexit sha1_base64="G+P9NyZ2r9lfW0mdFNNc4kaNEzI="></latexit><latexit sha1_base64="G+P9NyZ2r9lfW0mdFNNc4kaNEzI="></latexit>

t

'(f) = 'ref + 2⇡ftref +
3

128⌫
v�5 {1

� 5 ↵̂2

336!BD
v�2�128

3

⇡2DM⌫

�2
g (1 + z)

v2

+

✓
3715

756
+

55

9
⌫

◆
v2 � 16⇡v3 + 4�v3

+

✓
15293365

508032
+

27145

504
⌫ +

3085

72
⌫2

◆
v4 � 10�v4

. . .�39

2
⇤̃ v10 + . . .

�

<latexit sha1_base64="oD9MFMJulKccnE9oNUV9oPbjv2Q="></latexit><latexit sha1_base64="oD9MFMJulKccnE9oNUV9oPbjv2Q="></latexit><latexit sha1_base64="oD9MFMJulKccnE9oNUV9oPbjv2Q="></latexit>

for NSBH: ⇤̃t ⇠ 1

q4
⇤t
NS

<latexit sha1_base64="LBYXaehT/iWGXp+TSMddRZ9U1x8="></latexit><latexit sha1_base64="LBYXaehT/iWGXp+TSMddRZ9U1x8="></latexit><latexit sha1_base64="LBYXaehT/iWGXp+TSMddRZ9U1x8="></latexit>

q � 1
<latexit sha1_base64="cO84n3eFJVLYY3NOxG3MpH07BG8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbp0s4m7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuBtRwKRRvoUDJu6nmNA4k7wTj25nfeeLaiEQ94CTlfkwjJULBKFqp80j6UUS8QbXm1t05yCrxClKDAs1B9as/TFgWc4VMUmN6npuin1ONgkk+rfQzw1PKxjTiPUsVjbnx8/m5U3JmlSEJE21LIZmrvydyGhsziQPbGVMcmWVvJv7n9TIMr/1cqDRDrthiUZhJggmZ/U6GQnOGcmIJZVrYWwkbUU0Z2oQqNgRv+eVV0r6oe27du7+sNW6KOMpwAqdwDh5cQQPuoAktYDCGZ3iFNyd1Xpx352PRWnKKmWP4A+fzBy8Ujsw=</latexit><latexit sha1_base64="cO84n3eFJVLYY3NOxG3MpH07BG8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbp0s4m7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuBtRwKRRvoUDJu6nmNA4k7wTj25nfeeLaiEQ94CTlfkwjJULBKFqp80j6UUS8QbXm1t05yCrxClKDAs1B9as/TFgWc4VMUmN6npuin1ONgkk+rfQzw1PKxjTiPUsVjbnx8/m5U3JmlSEJE21LIZmrvydyGhsziQPbGVMcmWVvJv7n9TIMr/1cqDRDrthiUZhJggmZ/U6GQnOGcmIJZVrYWwkbUU0Z2oQqNgRv+eVV0r6oe27du7+sNW6KOMpwAqdwDh5cQQPuoAktYDCGZ3iFNyd1Xpx352PRWnKKmWP4A+fzBy8Ujsw=</latexit><latexit sha1_base64="cO84n3eFJVLYY3NOxG3MpH07BG8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbTbp0s4m7E6GE/ggvHhTx6u/x5r9x2+agrQ8GHu/NMDMvSKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpxlsskYnuBtRwKRRvoUDJu6nmNA4k7wTj25nfeeLaiEQ94CTlfkwjJULBKFqp80j6UUS8QbXm1t05yCrxClKDAs1B9as/TFgWc4VMUmN6npuin1ONgkk+rfQzw1PKxjTiPUsVjbnx8/m5U3JmlSEJE21LIZmrvydyGhsziQPbGVMcmWVvJv7n9TIMr/1cqDRDrthiUZhJggmZ/U6GQnOGcmIJZVrYWwkbUU0Z2oQqNgRv+eVV0r6oe27du7+sNW6KOMpwAqdwDh5cQQPuoAktYDCGZ3iFNyd1Xpx352PRWnKKmWP4A+fzBy8Ujsw=</latexit>



(Abbott et al. PRL 116 (2016) 241103) 

Template bank for modeled search & possible systematics
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325,000 EOBNR templates
for BBHs & NSBHs

75,000 PN 
templates
for BNSs

•Systematics due to 
modeling are smaller 
than statistical errors 
for GW events observed 
in O1 & O2 runs. 

(Abbott et al.  CQG 34 (2017) 104002)

(Ossokine, AB & SXS project) 
(visualization credit: Dietrich, Haas @AEI) 

GW151226

GW151226

• Matched filtering employed

(Abbott et al. PRL 116 (2016) 241103) 



(Abbott et al. PRL 118 (2017) 221101) 

Unveiling binary black-hole properties: masses  
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(Abbott et al.  ApJ 851 (2017) L35) 

• Current measurements of masses 
dominated by statistical error.



GW150914

(Abbott et al. PRL 116 (2016) 241103) (Abbott et al. PRX 6 (2016) 041014)

Unveiling binary black-hole properties: spins  

(measurements @ 25Hz)
• Current measurements of masses 

dominated by statistical error.

GW151226



Unveiling binary black-hole properties: results GWTC-1  

(Abbott et al. arXiv:1811.12907) 

• Current measurements of masses and spins for GWTC-1dominated by 
statistical instead of modeling error.

• Inferences are obtained combining the effective (IMRPhenom) and full 
(SEOBNR) spin-precessing waveform models.



Unveiling binary properties of GWTC-1: masses

(Abbott et al. arXiv:1811.12907) 
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measures spins on the orbital plane

χp =
c

B1Gm2
1

max(B1S1⊥, B2S2⊥)

Unveiling binary properties of GWTC-1: spins

(Abbott et al. arXiv:1811.12907) 

BH’s spin larger 
than 0.2 at 99% 
confidence.

measures spins perpendicular to orbital plane

χeff = 0 excluded at 90%

χeff =
c

GM ( S1

m1
+

S2

m2 ) ⋅ L̂N

• Moderate spins, say < 0.6. 

• No evidence for spin-precession.

Robust conclusions:



• Rapidly varying orbital period of observed GW events allows us to bound 
PN coefficients in gravitational phase. 

(Arun et al. 06 , Mishra et al. 10,  Yunes & 
 Pretorius 09, Li et al. 12)

• PN parameters describe: tails of
radiation due to backscattering, 
spin-orbit and spin-spin couplings.

• PN parameters take different values  
in modified theories to GR.

h̃(f) = A(f)ei'(f)

(Abbott et al. arXiv:1903.04467) 

(IMRPhenomPv2)

90% upper bounds 

'(f) = 'ref + 2⇡ftref + v�5

"
7X

n=�2

'(GR)
n (1 + �'̂n)v

n

+
6X

n=5

'(GR)
n ` (1 + �'̂n `)v

n log v

#

<latexit sha1_base64="5LKawkC9Zq4DhxeDFsoOUcKjAnY="></latexit><latexit sha1_base64="5LKawkC9Zq4DhxeDFsoOUcKjAnY="></latexit><latexit sha1_base64="5LKawkC9Zq4DhxeDFsoOUcKjAnY="></latexit>

Perturbative deviations from GR: null test

v = (⇡Mf)1/3
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low frequency high frequency 1 GW BNS

Bounding PN parameters: binary neutron star

GW170817

FGW = FGR (1 +B/v2)
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• Constraint on time-varying 
dipole moment

�'̂�2 = �4B/7
<latexit sha1_base64="4FAx0m34moUojl1l0NBlwMzVDMk=">AAACCnicbVDJSgNBEO2JW4xb1KOX1iB4SZwJgXgRQrx4jGAWyIRQ0+kkjT0L3TWBMOTsxV/x4kERr36BN//GznLQxAcFj/eqqKrnRVJotO1vK7W2vrG5ld7O7Ozu7R9kD48aOowV43UWylC1PNBcioDXUaDkrUhx8D3Jm97DzdRvjrjSIgzucRzxjg+DQPQFAzRSN3vq9rhEoO4QMHFHoKKhmHSTfHFCr2m+VL0sd7M5u2DPQFeJsyA5skCtm/1yeyGLfR4gk6B127Ej7CSgUDDJJxk31jwC9gAD3jY0AJ/rTjJ7ZULPjdKj/VCZCpDO1N8TCfhaj33PdPqAQ73sTcX/vHaM/atOIoIoRh6w+aJ+LCmGdJoL7QnFGcqxIcCUMLdSNgQFDE16GROCs/zyKmkUC45dcO5KuUp1EUeanJAzckEcUiYVcktqpE4YeSTP5JW8WU/Wi/VufcxbU9Zi5pj8gfX5AxVTmS4=</latexit><latexit sha1_base64="4FAx0m34moUojl1l0NBlwMzVDMk=">AAACCnicbVDJSgNBEO2JW4xb1KOX1iB4SZwJgXgRQrx4jGAWyIRQ0+kkjT0L3TWBMOTsxV/x4kERr36BN//GznLQxAcFj/eqqKrnRVJotO1vK7W2vrG5ld7O7Ozu7R9kD48aOowV43UWylC1PNBcioDXUaDkrUhx8D3Jm97DzdRvjrjSIgzucRzxjg+DQPQFAzRSN3vq9rhEoO4QMHFHoKKhmHSTfHFCr2m+VL0sd7M5u2DPQFeJsyA5skCtm/1yeyGLfR4gk6B127Ej7CSgUDDJJxk31jwC9gAD3jY0AJ/rTjJ7ZULPjdKj/VCZCpDO1N8TCfhaj33PdPqAQ73sTcX/vHaM/atOIoIoRh6w+aJ+LCmGdJoL7QnFGcqxIcCUMLdSNgQFDE16GROCs/zyKmkUC45dcO5KuUp1EUeanJAzckEcUiYVcktqpE4YeSTP5JW8WU/Wi/VufcxbU9Zi5pj8gfX5AxVTmS4=</latexit><latexit sha1_base64="4FAx0m34moUojl1l0NBlwMzVDMk=">AAACCnicbVDJSgNBEO2JW4xb1KOX1iB4SZwJgXgRQrx4jGAWyIRQ0+kkjT0L3TWBMOTsxV/x4kERr36BN//GznLQxAcFj/eqqKrnRVJotO1vK7W2vrG5ld7O7Ozu7R9kD48aOowV43UWylC1PNBcioDXUaDkrUhx8D3Jm97DzdRvjrjSIgzucRzxjg+DQPQFAzRSN3vq9rhEoO4QMHFHoKKhmHSTfHFCr2m+VL0sd7M5u2DPQFeJsyA5skCtm/1yeyGLfR4gk6B127Ej7CSgUDDJJxk31jwC9gAD3jY0AJ/rTjJ7ZULPjdKj/VCZCpDO1N8TCfhaj33PdPqAQ73sTcX/vHaM/atOIoIoRh6w+aJ+LCmGdJoL7QnFGcqxIcCUMLdSNgQFDE16GROCs/zyKmkUC45dcO5KuUp1EUeanJAzckEcUiYVcktqpE4YeSTP5JW8WU/Wi/VufcxbU9Zi5pj8gfX5AxVTmS4=</latexit>

B  1.2⇥ 10�5
<latexit sha1_base64="r9+Z9sX38Gq2no1XwbTOqVq8WG8=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN4ZMUXRZ6sZlBfuAJpbJdNIOnUzizEQoobjxV9y4UMStX+HOv3HaZqGtBy4czrmXe+8JEs6Udt1vq7C0vLK6VlwvbWxube/Yu3tNFaeS0AaJeSzbAVaUM0EbmmlO24mkOAo4bQXDq4nfeqBSsVjc6lFC/Qj3BQsZwdpIXfugBj1O7yFyKtDTLKIKIvcuOz0fd+2y67hTwEWCclIGOepd+8vrxSSNqNCEY6U6yE20n2GpGeF0XPJSRRNMhrhPO4YKbJb52fSFMTw2Sg+GsTQlNJyqvycyHCk1igLTGWE9UPPeRPzP66Q6vPQzJpJUU0Fmi8KUQx3DSR6wxyQlmo8MwUQycyskAywx0Sa1kgkBzb+8SJoVB7kOujkrV2t5HEVwCI7ACUDgAlTBNaiDBiDgETyDV/BmPVkv1rv1MWstWPnMPvgD6/MH42uVLQ==</latexit><latexit sha1_base64="r9+Z9sX38Gq2no1XwbTOqVq8WG8=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN4ZMUXRZ6sZlBfuAJpbJdNIOnUzizEQoobjxV9y4UMStX+HOv3HaZqGtBy4czrmXe+8JEs6Udt1vq7C0vLK6VlwvbWxube/Yu3tNFaeS0AaJeSzbAVaUM0EbmmlO24mkOAo4bQXDq4nfeqBSsVjc6lFC/Qj3BQsZwdpIXfugBj1O7yFyKtDTLKIKIvcuOz0fd+2y67hTwEWCclIGOepd+8vrxSSNqNCEY6U6yE20n2GpGeF0XPJSRRNMhrhPO4YKbJb52fSFMTw2Sg+GsTQlNJyqvycyHCk1igLTGWE9UPPeRPzP66Q6vPQzJpJUU0Fmi8KUQx3DSR6wxyQlmo8MwUQycyskAywx0Sa1kgkBzb+8SJoVB7kOujkrV2t5HEVwCI7ACUDgAlTBNaiDBiDgETyDV/BmPVkv1rv1MWstWPnMPvgD6/MH42uVLQ==</latexit><latexit sha1_base64="r9+Z9sX38Gq2no1XwbTOqVq8WG8=">AAACAnicbVDLSsNAFJ3UV62vqCtxM1gEN4ZMUXRZ6sZlBfuAJpbJdNIOnUzizEQoobjxV9y4UMStX+HOv3HaZqGtBy4czrmXe+8JEs6Udt1vq7C0vLK6VlwvbWxube/Yu3tNFaeS0AaJeSzbAVaUM0EbmmlO24mkOAo4bQXDq4nfeqBSsVjc6lFC/Qj3BQsZwdpIXfugBj1O7yFyKtDTLKIKIvcuOz0fd+2y67hTwEWCclIGOepd+8vrxSSNqNCEY6U6yE20n2GpGeF0XPJSRRNMhrhPO4YKbJb52fSFMTw2Sg+GsTQlNJyqvycyHCk1igLTGWE9UPPeRPzP66Q6vPQzJpJUU0Fmi8KUQx3DSR6wxyQlmo8MwUQycyskAywx0Sa1kgkBzb+8SJoVB7kOujkrV2t5HEVwCI7ACUDgAlTBNaiDBiDgETyDV/BmPVkv1rv1MWstWPnMPvgD6/MH42uVLQ==</latexit>

|B|  6⇥ 10�8
<latexit sha1_base64="rqfFN4VJVfk8QYid0sty4+nOJ9w=">AAACAnicbVDLSgNBEOyNrxhfq57Ey2AQvBh2RTTHEC8eI5gHZNcwO5lNhsw+nJkVwiZ48Ve8eFDEq1/hzb9xkuxBEwsaiqpuuru8mDOpLOvbyC0tr6yu5dcLG5tb2zvm7l5DRokgtE4iHomWhyXlLKR1xRSnrVhQHHicNr3B1cRvPlAhWRTeqmFM3QD3QuYzgpWWOubBqDpCDqf36AI5igVUItu6S0/L445ZtErWFGiR2BkpQoZax/xyuhFJAhoqwrGUbduKlZtioRjhdFxwEkljTAa4R9uahlgvc9PpC2N0rJUu8iOhK1Roqv6eSHEg5TDwdGeAVV/OexPxP6+dKL/spiyME0VDMlvkJxypCE3yQF0mKFF8qAkmgulbEeljgYnSqRV0CPb8y4ukcVayrZJ9c16sVLM48nAIR3ACNlxCBa6hBnUg8AjP8ApvxpPxYrwbH7PWnJHN7MMfGJ8/4mKVzQ==</latexit><latexit sha1_base64="rqfFN4VJVfk8QYid0sty4+nOJ9w=">AAACAnicbVDLSgNBEOyNrxhfq57Ey2AQvBh2RTTHEC8eI5gHZNcwO5lNhsw+nJkVwiZ48Ve8eFDEq1/hzb9xkuxBEwsaiqpuuru8mDOpLOvbyC0tr6yu5dcLG5tb2zvm7l5DRokgtE4iHomWhyXlLKR1xRSnrVhQHHicNr3B1cRvPlAhWRTeqmFM3QD3QuYzgpWWOubBqDpCDqf36AI5igVUItu6S0/L445ZtErWFGiR2BkpQoZax/xyuhFJAhoqwrGUbduKlZtioRjhdFxwEkljTAa4R9uahlgvc9PpC2N0rJUu8iOhK1Roqv6eSHEg5TDwdGeAVV/OexPxP6+dKL/spiyME0VDMlvkJxypCE3yQF0mKFF8qAkmgulbEeljgYnSqRV0CPb8y4ukcVayrZJ9c16sVLM48nAIR3ACNlxCBa6hBnUg8AjP8ApvxpPxYrwbH7PWnJHN7MMfGJ8/4mKVzQ==</latexit><latexit sha1_base64="rqfFN4VJVfk8QYid0sty4+nOJ9w=">AAACAnicbVDLSgNBEOyNrxhfq57Ey2AQvBh2RTTHEC8eI5gHZNcwO5lNhsw+nJkVwiZ48Ve8eFDEq1/hzb9xkuxBEwsaiqpuuru8mDOpLOvbyC0tr6yu5dcLG5tb2zvm7l5DRokgtE4iHomWhyXlLKR1xRSnrVhQHHicNr3B1cRvPlAhWRTeqmFM3QD3QuYzgpWWOubBqDpCDqf36AI5igVUItu6S0/L445ZtErWFGiR2BkpQoZax/xyuhFJAhoqwrGUbduKlZtioRjhdFxwEkljTAa4R9uahlgvc9PpC2N0rJUu8iOhK1Roqv6eSHEg5TDwdGeAVV/OexPxP6+dKL/spiyME0VDMlvkJxypCE3yQF0mKFF8qAkmgulbEeljgYnSqRV0CPb8y4ukcVayrZJ9c16sVLM48nAIR3ACNlxCBa6hBnUg8AjP8ApvxpPxYrwbH7PWnJHN7MMfGJ8/4mKVzQ==</latexit>

• Constraint from binary pulsars

(Abbott et al. arXiv:1811.00364) 



face-on

face-off

edge-on

Inferring best science by including more physical effects

•How to discriminate among binary’s formation scenarios, and probe 
astrophysical environment? Eccentricity and spin-precession can 
disclose this information.
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(Hinderer & Babak 17)

•Eccentric compact-object binary:

mass ratio = 7

NR simulation

EOB waveform model

(Lewis et al. 16)

(extensive PN work; East et al. 13, Huerta et al. 14, 
16, 18, Hinder et al. 17,  Loutrel & Yunes 16, 17, 
Huerta et al. 19, Ireland et al. 19, Moore & Yunes 19)

•Current eccentric waveform models do not cover main physical effects 
(e.g., spins and harmonics) and all stages of coalescence. 



Waveforms for eBBHs combining analytical & numerical relativity

(Huerta et al. 16, see also Hinder et al. 17)

• Combine inspiral dynamics with  
eccentricity (PN, EOB, etc.) with  
plunge-merger-ringdown non-
eccentric waveform (“IRS” model 
tuned to NR and EOBNR). 

• For mild eccentricity, plunge-
merger signal almost identical  
to quasi-circular orbit one.

• Non-spinning eccentric model.



face-on

face-off

edge-on

Search of eccentric BBHs in O1 & O2

• No detection. Upper limit on rates
   of eccentric BBHs.

• Minimal assumption search 
(coherent Wave Burst). Sensitivity 
independent on eccentricity.

• BHs assumed to have zero spin.

(Abbott et al. arXiv:1907.09384) 

m1,m2 2 (5M�, 50M�)
<latexit sha1_base64="DcEqTokSh3FcvcdOM8pxLMyfxLw=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6xChVJmikWXRTduhAr2Ap0yZNK0Dc1lSDJCKX0BN76KGxeKuHXvzrcxbUfQ1h8CH/85h5PzRzGj2njel7O0vLK6tp7ZyG5ube/sunv7dS0ThUkNSyZVM0KaMCpIzVDDSDNWBPGIkUY0uJrUG/dEaSrFnRnGpM1RT9AuxchYK3SPeegXIA9LMKAC5svwJgxkR5oCLHs/fBq6Oa/oTQUXwU8hB1JVQ/cz6EiccCIMZkjrlu/Fpj1CylDMyDgbJJrECA9Qj7QsCsSJbo+m14zhiXU6sCuVfcLAqft7YoS41kMe2U6OTF/P1ybmf7VWYroX7REVcWKIwLNF3YRBI+EkGtihimDDhhYQVtT+FeI+UggbG2DWhuDPn7wI9VLR94r+7VmucpnGkQGH4AjkgQ/OQQVcgyqoAQwewBN4Aa/Oo/PsvDnvs9YlJ505AH/kfHwDnmKYwA==</latexit><latexit sha1_base64="DcEqTokSh3FcvcdOM8pxLMyfxLw=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6xChVJmikWXRTduhAr2Ap0yZNK0Dc1lSDJCKX0BN76KGxeKuHXvzrcxbUfQ1h8CH/85h5PzRzGj2njel7O0vLK6tp7ZyG5ube/sunv7dS0ThUkNSyZVM0KaMCpIzVDDSDNWBPGIkUY0uJrUG/dEaSrFnRnGpM1RT9AuxchYK3SPeegXIA9LMKAC5svwJgxkR5oCLHs/fBq6Oa/oTQUXwU8hB1JVQ/cz6EiccCIMZkjrlu/Fpj1CylDMyDgbJJrECA9Qj7QsCsSJbo+m14zhiXU6sCuVfcLAqft7YoS41kMe2U6OTF/P1ybmf7VWYroX7REVcWKIwLNF3YRBI+EkGtihimDDhhYQVtT+FeI+UggbG2DWhuDPn7wI9VLR94r+7VmucpnGkQGH4AjkgQ/OQQVcgyqoAQwewBN4Aa/Oo/PsvDnvs9YlJ505AH/kfHwDnmKYwA==</latexit><latexit sha1_base64="DcEqTokSh3FcvcdOM8pxLMyfxLw=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6xChVJmikWXRTduhAr2Ap0yZNK0Dc1lSDJCKX0BN76KGxeKuHXvzrcxbUfQ1h8CH/85h5PzRzGj2njel7O0vLK6tp7ZyG5ube/sunv7dS0ThUkNSyZVM0KaMCpIzVDDSDNWBPGIkUY0uJrUG/dEaSrFnRnGpM1RT9AuxchYK3SPeegXIA9LMKAC5svwJgxkR5oCLHs/fBq6Oa/oTQUXwU8hB1JVQ/cz6EiccCIMZkjrlu/Fpj1CylDMyDgbJJrECA9Qj7QsCsSJbo+m14zhiXU6sCuVfcLAqft7YoS41kMe2U6OTF/P1ybmf7VWYroX7REVcWKIwLNF3YRBI+EkGtihimDDhhYQVtT+FeI+UggbG2DWhuDPn7wI9VLR94r+7VmucpnGkQGH4AjkgQ/OQQVcgyqoAQwewBN4Aa/Oo/PsvDnvs9YlJ505AH/kfHwDnmKYwA==</latexit>

P (m1) / m��
1

<latexit sha1_base64="f0S0xTK4MsLuGOVwOQiZ6hUZRdg=">AAACBHicbVBLSwMxGMzWV62vVY+9BItQD5ZdEfRY9OKxgn1Auy7ZNNuG5rEkWaEsPXjxr3jxoIhXf4Q3/41puwdtHQhMZr6PZCZKGNXG876dwsrq2vpGcbO0tb2zu+fuH7S0TBUmTSyZVJ0IacKoIE1DDSOdRBHEI0ba0eh66rcfiNJUijszTkjA0UDQmGJkrBS65UaVh/4J7CVKJkZCe7nPTnsRMWgSuhWv5s0Al4mfkwrI0Qjdr15f4pQTYTBDWnd9LzFBhpShmJFJqZdqkiA8QgPStVQgTnSQzUJM4LFV+jCWyh5h4Ez9vZEhrvWYR3aSIzPUi95U/M/rpia+DDIqktQQgecPxSmDNu20EdinimDDxpYgrKj9K8RDpBA2treSLcFfjLxMWmc136v5t+eV+lVeRxGUwRGoAh9cgDq4AQ3QBBg8gmfwCt6cJ+fFeXc+5qMFJ985BH/gfP4ABAuXDw==</latexit><latexit sha1_base64="f0S0xTK4MsLuGOVwOQiZ6hUZRdg=">AAACBHicbVBLSwMxGMzWV62vVY+9BItQD5ZdEfRY9OKxgn1Auy7ZNNuG5rEkWaEsPXjxr3jxoIhXf4Q3/41puwdtHQhMZr6PZCZKGNXG876dwsrq2vpGcbO0tb2zu+fuH7S0TBUmTSyZVJ0IacKoIE1DDSOdRBHEI0ba0eh66rcfiNJUijszTkjA0UDQmGJkrBS65UaVh/4J7CVKJkZCe7nPTnsRMWgSuhWv5s0Al4mfkwrI0Qjdr15f4pQTYTBDWnd9LzFBhpShmJFJqZdqkiA8QgPStVQgTnSQzUJM4LFV+jCWyh5h4Ez9vZEhrvWYR3aSIzPUi95U/M/rpia+DDIqktQQgecPxSmDNu20EdinimDDxpYgrKj9K8RDpBA2treSLcFfjLxMWmc136v5t+eV+lVeRxGUwRGoAh9cgDq4AQ3QBBg8gmfwCt6cJ+fFeXc+5qMFJ985BH/gfP4ABAuXDw==</latexit><latexit sha1_base64="f0S0xTK4MsLuGOVwOQiZ6hUZRdg=">AAACBHicbVBLSwMxGMzWV62vVY+9BItQD5ZdEfRY9OKxgn1Auy7ZNNuG5rEkWaEsPXjxr3jxoIhXf4Q3/41puwdtHQhMZr6PZCZKGNXG876dwsrq2vpGcbO0tb2zu+fuH7S0TBUmTSyZVJ0IacKoIE1DDSOdRBHEI0ba0eh66rcfiNJUijszTkjA0UDQmGJkrBS65UaVh/4J7CVKJkZCe7nPTnsRMWgSuhWv5s0Al4mfkwrI0Qjdr15f4pQTYTBDWnd9LzFBhpShmJFJqZdqkiA8QgPStVQgTnSQzUJM4LFV+jCWyh5h4Ez9vZEhrvWYR3aSIzPUi95U/M/rpia+DDIqktQQgecPxSmDNu20EdinimDDxpYgrKj9K8RDpBA2treSLcFfjLxMWmc136v5t+eV+lVeRxGUwRGoAh9cgDq4AQ3QBBg8gmfwCt6cJ+fFeXc+5qMFJ985BH/gfP4ABAuXDw==</latexit>

V T (�) ⇠ (10�1, 10�1.5, 10�2)Gpc3yr for � = (1, 2, 3)
<latexit sha1_base64="29mbS32nUwQlPHLiiPuqheTk8ww="></latexit><latexit sha1_base64="29mbS32nUwQlPHLiiPuqheTk8ww="></latexit><latexit sha1_base64="29mbS32nUwQlPHLiiPuqheTk8ww="></latexit>

(30, 90, 300)Gpc�3yr�1 for � = (1, 2, 3)
<latexit sha1_base64="98dni5+mObqoU+8hvXFzVxgj/lg="></latexit><latexit sha1_base64="98dni5+mObqoU+8hvXFzVxgj/lg="></latexit><latexit sha1_base64="98dni5+mObqoU+8hvXFzVxgj/lg="></latexit>

• BBH population:

• Upper limit at 90%:

uniform in m2
<latexit sha1_base64="zJXoG3FfXtPHNxGPrRXrrhOBksw=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6DHoxWNE84BkCbOT2WTIzOwy0yuEkE/w4kERr36RN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNskM4w2WyMS0I2q5FJo3UKDk7dRwqiLJW9Hodua3nrixItGPOE55qOhAi1gwik56UL1qr1T2K/4cZJUEOSlDjnqv9NXtJyxTXCOT1NpO4KcYTqhBwSSfFruZ5SllIzrgHUc1VdyGk/mpU3LulD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTpFF0Kw/PIqaVYrgV8J7i/LtZs8jgKcwhlcQABXUIM7qEMDGAzgGV7hzZPei/fufSxa17x85gT+wPv8AfxjjZY=</latexit><latexit sha1_base64="zJXoG3FfXtPHNxGPrRXrrhOBksw=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6DHoxWNE84BkCbOT2WTIzOwy0yuEkE/w4kERr36RN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNskM4w2WyMS0I2q5FJo3UKDk7dRwqiLJW9Hodua3nrixItGPOE55qOhAi1gwik56UL1qr1T2K/4cZJUEOSlDjnqv9NXtJyxTXCOT1NpO4KcYTqhBwSSfFruZ5SllIzrgHUc1VdyGk/mpU3LulD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTpFF0Kw/PIqaVYrgV8J7i/LtZs8jgKcwhlcQABXUIM7qEMDGAzgGV7hzZPei/fufSxa17x85gT+wPv8AfxjjZY=</latexit><latexit sha1_base64="zJXoG3FfXtPHNxGPrRXrrhOBksw=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hd0g6DHoxWNE84BkCbOT2WTIzOwy0yuEkE/w4kERr36RN//GSbIHTSxoKKq66e6KUiks+v63t7a+sbm1Xdgp7u7tHxyWjo6bNskM4w2WyMS0I2q5FJo3UKDk7dRwqiLJW9Hodua3nrixItGPOE55qOhAi1gwik56UL1qr1T2K/4cZJUEOSlDjnqv9NXtJyxTXCOT1NpO4KcYTqhBwSSfFruZ5SllIzrgHUc1VdyGk/mpU3LulD6JE+NKI5mrvycmVFk7VpHrVBSHdtmbif95nQzj63AidJoh12yxKM4kwYTM/iZ9YThDOXaEMiPcrYQNqaEMXTpFF0Kw/PIqaVYrgV8J7i/LtZs8jgKcwhlcQABXUIM7qEMDGAzgGV7hzZPei/fufSxa17x85gT+wPv8AfxjjZY=</latexit>

(East et al. 13)



face-on

face-off

edge-on

Characteristics of spin-precessing dynamics and waveform

(credit: Ossokine)

binary orbital plane

(Ossokine & Pürrer in prep19) 

total mass = 29 Msun
mass ratio = 5

574 GW cycles, from 10 Hz
5 precessional cycles

40 sec duration 

non-precessing waveform

precessing waveform



face-on

face-off

edge-on

Measuring spin-precession from collision of BHs
(credit: Pürrer)

(Ossokine & Pürrer in prep19) 

0�

30
�

60
�

90
�

12
0�

150�

180�

0.0

0.2

0.4

0.6

0.8

0�

30
�

60
�

90
�

12
0�

150�

180�

0.0

0.2

0.4

0.6

0.8

0�

30 �

60 �

90
�

120
�

150
�

180�

0�

30 �

60 �

90
�

120
�

150
�

180�

cS1/(Gm2
1) cS2/(Gm2

2)

magnitude

tilt SNR ~ 25
aLIGO/Virgo



face-on

face-off

edge-on

Measuring spin-precession with GW150914
(A

bb
ot

t e
t a

l. P
RL

 1
16

 (
20

16
) 

06
11

02
) 

0�

30
�

60
�

90
�

12
0�

150�

180�

0.0

0.2

0.4

0.6

0.8

0�

30
�

60
�

90
�

12
0�

150�

180�

0.0

0.2

0.4

0.6

0.8

0�

30 �

60 �

90
�

120
�

150
�

180�

0�

30 �

60 �

90
�

120
�

150
�

180�

cS1/(Gm2
1) cS2/(Gm2

2)

GW150914

magnitude

tilt

(credit: Pürrer/LIG
O

/Virgo)



Enriching the GW symphony by tuning higher harmonics
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dominant harmonic

face on
• So far, LIGO/Virgo observed GW events mostly  

face-on/face-off. 

• Face-on/face-off orientation suppress higher 
harmonics.

(credit: Cotesta)
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(credit: Cotesta)

fundamental harmonic

Enriching the GW symphony by tuning higher harmonics (contd.)

edge on

(Cotesta,  AB, Bohe, Taracchini, Hinder, Ossokine 18)

(see also Pan et al. 11, London et al. 17, Mehta et al. 17)

EOBNR



Enriching the GW symphony by tuning higher harmonics (contd.)
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(credit: Cotesta)

first harmonic

(Cotesta,  AB, Bohe, Taracchini, Hinder, Ossokine 18)

(see also Pan et al. 11, London et al. 17, Mehta et al. 17)

EOBNR



Enriching the GW symphony by tuning higher harmonics (contd.)
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third harmonic

(Cotesta,  AB, Bohe, Taracchini, Hinder, Ossokine 18)

(see also Pan et al. 11, London et al. 17, Mehta et al. 17)

EOBNR



Enriching the GW symphony by tuning higher harmonics (contd.)
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fourth harmonic

w
av

ef
or

m

(Cotesta,  AB, Bohe, Taracchini, Hinder, Ossokine 18)

(see also Pan et al. 11, London et al. 17, Mehta et al. 17)

EOBNR



Enriching the GW symphony by tuning higher harmonics (contd.)
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time (credit: Cotesta)

fifth harmonic
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(Cotesta,  AB, Bohe, Taracchini, Hinder, Ossokine 18)

(see also Pan et al. 11, London et al. 17, Mehta et al. 17)

EOBNR



Enriching the GW symphony by tuning higher harmonics (contd.)
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(Cotesta,  AB, Bohe, Taracchini, Hinder, Ossokine 18)

(see also Pan et al. 11, London et al. 17, Mehta et al. 17)

EOBNR

• We could detect more rare GW events.

• We could infer source’s properties more 
accurately.

• We could perform more stringent tests 
of GR (e.g., BH spectroscopy)



(Graff,  AB & Sathyaprakash 15) 

Relevance of higher harmonics for IMBBHs

• Total mass better 
measured than 
chirp mass for 
IMBBHs.

distance reach versus observed total mass
(averaged on sky location and polarization)

• Non-spinning EOBNR  
waveform model with 
(2,1), (3,3), (4,4) & (5,5) 
modes.
(Pan,  AB et al. 11) 

(see also Haster et al. 15 ) 

• Improvements in 
measurement of 
masses & orientation 
angles with higher 
harmonics.

dashed curves only include (2,2) mode



(Graff,  AB & Sathyaprakash 14) 

Relevance of higher harmonics for IMBBHs (contd.)



(Graff,  AB & Sathyaprakash 14) 

Relevance of higher harmonics for IMBBHs (contd.)

SNR = 12,Mobs = 500M�, q = 4, ✓JN = ⇡/3

dashed curves only 
include (2,2) mode



Accuracy of multipolar SEOBNR model against NR

(Cotesta, AB et al. 18)

•Non-precessing spin EOBNR waveform model with (2,1), (3,3), (4,4)  
& (5,5) modes.

141 NR waveforms 
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(for modeling see also Mehta et al. 17, London et al. 17; for searches see Capano, …, AB 16, Harry et al. 18)



Accuracy of multipolar SEOBNR model against NR

(Cotesta, AB et al. 18)

•Non-precessing spin EOBNR waveform model with (2,1), (3,3), (4,4)  
& (5,5) modes.
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Importance of higher harmonics: varying mass ratio

•Merger-ringdown EOBNR model reproduces time & phase shifts between 
NR modes’ at peak, which is important for BH spectroscopy.

(Cotesta,  AB et al. 18)
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Importance of higher harmonics: varying spins

•Merger-ringdown EOBNR model reproduces time & phase shifts between 
NR modes’ at peak, which is important for BH spectroscopy.

(Cotesta,  AB et al. 18)
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Importance of higher harmonics also depends on geometric factor

(Cotesta,  AB et al. 18)
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geometric factor is important 
to determine strength of 
higher harmonics



(Chatziioannou , …  AB …, 19) 

Inference of GW170729 with higher-mode waveform models

• Improved estimate for mass ratio of (0.3 − 0.8) at 90%. Measurement excludes 
equal masses at 90%.
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• Mismatch against public  
SXS NR catalog (1344) 
plus non-public SXS NR 
waveforms (141).

• SEOBNRv4PHM: 
new spin-precessing 
waveform model

• SEOBNRv3P: old spin-
precessing waveform 
model, without HMs,  
used in O1 & O2. 

ι = π/3binary’s inclination:

(Boyle et al. 19) 

(Pan, AB et al. 13, Babak, … AB 17) 

max-averaged mismatch

Accuracy of multipolar precessing SEOBNR model against NR

(Ossokine, Marsat, AB & Cotesta in prep 19) 
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(Ossokine, Marsat, AB & Cotesta in prep 19) 

max-averaged mismatch
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• Mismatch against public  
SXS NR catalog (1344) 
plus non-public SXS NR 
waveforms (141).

• SEOBNRv4PHM: 
new spin-precessing 
waveform model

• SEOBNRv3P: old spin-
precessing waveform 
model, without HMs,  
used in O1 & O2. 

(Boyle et al. 19) 

(Pan, AB et al. 13, Babak, … AB 17) 

Accuracy of multipolar precessing SEOBNR model against NR

ι = π/3binary’s inclination:



Accuracy of multipolar precessing (old) SEOBNR model

• Surrogate NR models accurate and efficient, but limited in binary’s parameter 
space and length. (Blackman et al. 17, Varma et al. 18, 19)

(Varma et al.19)

•Surrogate NR model for 
mass ratio < 4 and spins 
< 0.8, and about 20 orbits.



Comparing (precessing) SEOBNR & IMRPhenom models 

(Khan et al. 18 )

• Mismatch against ~ 90  
SXS NR waveforms.

• IMRPhenomPv3: two 
independent spins in 
precessing dynamics.



• Synergy between analytical and numerical work is crucial.

Waveforms for NSBH combining analytical & numerical relativity

(Lackey et al. 14, Pannarale et al. 16, Pürrer et al. 17, Chakravarti et al. 17)

(Pannarale et al. 16)

disruptive

non-disruptive

Q < QD(C,�)
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NSBH is disrupted whenever

disruptive

non-disruptive

•Current waveform models for NSBHs are not sufficiently accurate to 
extract tidal effects



(Matas, AB, Dietrich, Hinderer & Pürrer in prep 19 )

h̃(f) = A(f)ei'(f)
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with tidal effects

Waveform model for NSBH: disruptive case

mass ratio = 2
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SXS NR waveform



Waveforms for NSBH: disruptive case (contd.)

(Matas, AB, Dietrich, Hinderer & Pürrer in prep 19 )

mass ratio = 2

SXS NR waveform



(Matas, AB, Dietrich, Hinderer & Pürrer in prep 19 )

h̃(f) = A(f)ei'(f)
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with tidal effects

Waveforms for NSBH: non-disruptive case

mass ratio = 6
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Waveforms for NSBH: non-disruptive case (contd.)

(Matas, AB, Dietrich, Hinderer & Pürrer in prep 19 )

mass ratio = 6

SXS NR waveform



(Abbott et al.  CQG 34 (2017) 104002 )

• Overall, no evidence for systematic bias relative to the statistical error of 
original parameter recovery of GW150914.

• Mock signal from NR simulation with 
parameters close to GW150914.

Systematics of waveform models used in O1 & O2



(Abbott et al.  CQG 34 (2017) 104002 )

(see also  Williamson et al. 2017)

•Parameter biases are found to occur 
  for some configurations disfavored  
  by data of GW150914.

• E.g., biases are present for binaries 
inclined edge-on to the detector over 
a small range of choices of polarization 
angles.

• Biases can be present for binaries with 
eccentricity > 0.05.

Systematics of waveform models used in O1 & O2 (contd.)

(see also  Kumar et al. 18 using NR surrogate 
models)



• Synthetic GW signal of a binary black hole at 400 Mpc is injected  
in Gaussian noise with aLIGO design-sensitivity noise-spectral density 

(SNR ~ 70).

Systematics due to modeling for GW150914-like event

(Pürrer & Haster in prep 19) • GW150914-like NR signal is injected 

• Inference with one of currently used waveform models (IMRPhenom).



Systematics due to modeling for GW150914-like event (contd.)

• Synthetic GW signal of a binary black hole at 400 Mpc is injected  
in Gaussian noise with aLIGO design-sensitivity noise-spectral density 

(SNR ~ 70).

• GW150914-like NR signal is injected 

• Inference with one of currently used waveform models (IMRPhenom).

(Pürrer & Haster in prep 19)



• Inference with one of currently used waveform models (IMRPhenom).

• Population of 100 precessing NR signals is injected

HLVK

Systematics due to modeling using population

mass ratio = 1-2
spins < 0.8

(Pürrer & Haster in prep 19)



Constraining NS equation of state with GW170817 

black hole
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Depends on EOS & compactness

• Effective tidal deformability  
enters GW phase at 5PN 
order:

(Abbott et al. arXiv:1811.12907) 

|�|  0.05

• Current measurements of tidal effects dominated by statistical error, but 
inference with PN inspiral-only waveform somewhat stands out.

@ 90% CL

less compact

more compact

⇤̃ : 330+438
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Depends on EOS & compactness

• Effective tidal deformability  
enters GW phase at 5PN 
order:

(Abbott et al. arXiv:1811.12907) 

• Current measurements of tidal effects dominated by statistical error, but 
inference with PN inspiral-only waveform somewhat stands out.

@ 90% CL
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equal-mass unequal-mass

(Samajdar & Dietrich 18) • IMRPNRT is injected 

• Synthetic GW signal of a binary neutron star at 50 Mpc is injected  
in Gaussian noise with aLIGO design-sensitivity noise-spectral density 

(SNR ~ 87).

• Inference with waveform models that have same matter effects, but 
baseline point-mass model is different.

mass ratio = 1.5

Systematics due to modeling for GW170817-like event



Systematics due to modeling for GW170817-like event (contd.)

(Samajdar & Dietrich 18) • IMRPNRT is injected 

equal-mass unequal-mass

• For highly spinning BNS, spin-related EOS effects must be included to avoid biases.
(Harry & Hinderer 18)
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[Note that only 7% of 200,000 points have matches < 97%.]

• Differences for large mass ratios (> 4) and large spins (> 0.8). 

(Bohe’,…,  AB et al. 16)

• Aligned/anti-aligned waveform models. Only dominant (2,2) mode.

Comparing (non-precessing) EOBNR & IMRPhenom models: inference
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[Note that only 2.1% of 100,000 points have matches < 97%.]

• Aligned/anti-aligned waveform models. Only dominant (2,2) mode.

(Bohe’,…,  AB et al. 16)

Comparing (non-precessing) EOBNR & IMRPhenom models: detection



Extending waveform model in all parameter space: systematics

141 NR waveforms 
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• Difficult to run NR simulations for large mass ratios (> 4) and large spins 
(> 0.8), with large number of GW cycles (> 50).

(Bohe’,…,  AB et al. 16)
(q = 8,�1 = 0.85,�2 = 0.85)

NR waveform with only 
15 GW cycles, it  
constrains EOBNR 
model only for masses 
larger than 150 Msun. 

bi
na

ry
’s 

ef
fe

ct
iv

e 
sp

in

symmetric mass ratio

• Synergistic use of NR 
codes.
(Hinder, Ossokine, Pfeiffer,  
AB 18)

• Surrogate NR models accurate and efficient, but limited in binary’s parameter 
space and length (unless hybridized with analytical models).
(Blackman et al. 17, Varma et al. 18, 19)



(Hinder, Ossokine, Pfeiffer & AB 18)

“Temporary” solution? Waveforms combining NR codes

•Synergistic use of finite-difference (Einstein Toolkit, ET) & pseudo spectral 
(SpEC) NR codes. 



(Abbott et al. PRD93 (2016)122003 ) 

(Apostolatos et al. 1996, AB et al. 03; Harry, Privitera, Bohe’ & AB 16) 

Are we missing GWs from spin precessing BBHs?

•Modeled searches in O1 & O2 used templates with aligned/anti-aligned 
spins. 



(Harry, Privitera, Bohe’ & AB 16) 

Should we employ spin precessing searches for NSBHs ?

•Mergers with misaligned spins provide unique astrophysical insights into 
formation scenarios.

face-on

face-off

• Factor of about 10 increase wrt 
non-precessing template bank.

• Spin-precessing template bank 
constructed.
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Should we employ spin precessing searches for NSBHs ?
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edge-on

(Harry, Privitera, Bohe’ & AB 16) 
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• Factor of about 10 increase wrt 
non-precessing template bank.

• Spin-precessing template bank 
constructed.

•Mergers with misaligned spins provide unique astrophysical insights into 
formation scenarios.



•Highest priorities:

Toward the era of precision gravitational-wave astrophysics

•So far, inference from GW observations is dominated by statistical 
instead of modeling error. 

•Theoretical groundwork in analytical and numerical relativity has 
allowed us to build faithful waveform models to search for signals, 
infer properties and test GR.

- NSBH modeling

- inclusion of eccentricity and spins in IMR waveforms
- NR simulations with large mass ratios (> 4) and large spins (> 0.8), 

with larger number of GW cycles (> 50)

•More extensive studies to assess real biases of waveform models are 
needed, comparing models among themselves and against NR.

•We have not missed “loud” events. For sub-threshold events, it might 
be critical to use waveforms models with more physics.


