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<latexit sha1_base64="mfZQBVI8CVdhlsJ1KRu4PhvZ1AQ=">AAAB+3icbVDLSgNBEOz1GeNrjUcvg0GICGHXiHoRgl48RjAPSNYwO5lNhszOLjOzkjXkV7x4UMSrP+LNv3HyOGhiQUNR1U13lx9zprTjfFtLyyura+uZjezm1vbOrr2Xq6kokYRWScQj2fCxopwJWtVMc9qIJcWhz2nd79+M/fojlYpF4l6nMfVC3BUsYARrI7Xt3BO6QmlLMVEYHKMTlD6U2nbeKToToEXizkgeZqi07a9WJyJJSIUmHCvVdJ1Ye0MsNSOcjrKtRNEYkz7u0qahAodUecPJ7SN0ZJQOCiJpSmg0UX9PDHGoVBr6pjPEuqfmvbH4n9dMdHDpDZmIE00FmS4KEo50hMZBoA6TlGieGoKJZOZWRHpYYqJNXFkTgjv/8iKpnRbd82Lp7ixfvp7FkYEDOIQCuHABZbiFClSBwACe4RXerJH1Yr1bH9PWJWs2sw9/YH3+AGJ1krs=</latexit>

z = y sin(x) + y3

<latexit sha1_base64="BN6YqUPF/D0TjxPjyQBd4gb04eo=">AAACEnicbZBNS8MwGMdTX+d8q3r0EhzCdhmtinoRhl48TnAvsJaRZukWljYlSWW17DN48at48aCIV0/e/DamW0Hd/EPgx/95niTP34sYlcqyvoyFxaXlldXCWnF9Y3Nr29zZbUoeC0wamDMu2h6ShNGQNBRVjLQjQVDgMdLyhldZvXVHhKQ8vFVJRNwA9UPqU4yUtrpmxfEFwqkTIaEoYvB+/MOjMbyACXQwl+VRpWuWrKo1EZwHO4cSyFXvmp9Oj+M4IKHCDEnZsa1IuWl2OWZkXHRiSSKEh6hPOhpDFBDpppOVxvBQOz3oc6FPqODE/T2RokDKJPB0Z4DUQM7WMvO/WidW/rmb0jCKFQnx9CE/ZlBxmOUDe1QQrFiiAWFB9V8hHiCdkdIpFnUI9uzK89A8qtqn1eObk1LtMo+jAPbBASgDG5yBGrgGddAAGDyAJ/ACXo1H49l4M96nrQtGPrMH/sj4+Aa5bZ15</latexit>

@z

@x
= y cos(x)

<latexit sha1_base64="V3zc8lMfKwgH5adi8OMp0nqhc8s=">AAACF3icbZDLSsNAFIYnXmu9RV26GSxCRQhJK+pGKLpxWcFeoIllMp20QyeTMDMRY+hbuPFV3LhQxK3ufBunF1Bbfxj4+M85nDm/HzMqlW1/GXPzC4tLy7mV/Ora+samubVdl1EiMKnhiEWi6SNJGOWkpqhipBkLgkKfkYbfvxjWG7dESBrxa5XGxAtRl9OAYqS01TYtNxAIZ26MhKKIwfvBD6cDeAZdSXnx7gAewnJ6U2qbBduyR4Kz4EygACaqts1PtxPhJCRcYYakbDl2rLxsuAEzMsi7iSQxwn3UJS2NHIVEetnorgHc104HBpHQjys4cn9PZCiUMg193Rki1ZPTtaH5X62VqODUyyiPE0U4Hi8KEgZVBIchwQ4VBCuWakBYUP1XiHtIB6V0lHkdgjN98izUS5ZzbJWvjgqV80kcObAL9kAROOAEVMAlqIIawOABPIEX8Go8Gs/Gm/E+bp0zJjM74I+Mj29kBp6/</latexit>

@z

@y
= sin(x) + 3y2

• Requires closed-form 
expressions


• Can lead to “expression 
swell”
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5

• Requires O(n) calls of the 
function where n is the number 
of parameters of the function


• Leads to numerical inaccuracies 
(rounding and truncation error)

<latexit sha1_base64="vOoiHG+sGrwuMuIp7HjgvGwISNE="></latexit>

f 0(x) = lim
h!0

f(x+ h)� f(x)

h

<latexit sha1_base64="mfZQBVI8CVdhlsJ1KRu4PhvZ1AQ=">AAAB+3icbVDLSgNBEOz1GeNrjUcvg0GICGHXiHoRgl48RjAPSNYwO5lNhszOLjOzkjXkV7x4UMSrP+LNv3HyOGhiQUNR1U13lx9zprTjfFtLyyura+uZjezm1vbOrr2Xq6kokYRWScQj2fCxopwJWtVMc9qIJcWhz2nd79+M/fojlYpF4l6nMfVC3BUsYARrI7Xt3BO6QmlLMVEYHKMTlD6U2nbeKToToEXizkgeZqi07a9WJyJJSIUmHCvVdJ1Ye0MsNSOcjrKtRNEYkz7u0qahAodUecPJ7SN0ZJQOCiJpSmg0UX9PDHGoVBr6pjPEuqfmvbH4n9dMdHDpDZmIE00FmS4KEo50hMZBoA6TlGieGoKJZOZWRHpYYqJNXFkTgjv/8iKpnRbd82Lp7ixfvp7FkYEDOIQCuHABZbiFClSBwACe4RXerJH1Yr1bH9PWJWs2sw9/YH3+AGJ1krs=</latexit>

z = y sin(x) + y3

<latexit sha1_base64="BN6YqUPF/D0TjxPjyQBd4gb04eo=">AAACEnicbZBNS8MwGMdTX+d8q3r0EhzCdhmtinoRhl48TnAvsJaRZukWljYlSWW17DN48at48aCIV0/e/DamW0Hd/EPgx/95niTP34sYlcqyvoyFxaXlldXCWnF9Y3Nr29zZbUoeC0wamDMu2h6ShNGQNBRVjLQjQVDgMdLyhldZvXVHhKQ8vFVJRNwA9UPqU4yUtrpmxfEFwqkTIaEoYvB+/MOjMbyACXQwl+VRpWuWrKo1EZwHO4cSyFXvmp9Oj+M4IKHCDEnZsa1IuWl2OWZkXHRiSSKEh6hPOhpDFBDpppOVxvBQOz3oc6FPqODE/T2RokDKJPB0Z4DUQM7WMvO/WidW/rmb0jCKFQnx9CE/ZlBxmOUDe1QQrFiiAWFB9V8hHiCdkdIpFnUI9uzK89A8qtqn1eObk1LtMo+jAPbBASgDG5yBGrgGddAAGDyAJ/ACXo1H49l4M96nrQtGPrMH/sj4+Aa5bZ15</latexit>

@z

@x
= y cos(x)

<latexit sha1_base64="V3zc8lMfKwgH5adi8OMp0nqhc8s=">AAACF3icbZDLSsNAFIYnXmu9RV26GSxCRQhJK+pGKLpxWcFeoIllMp20QyeTMDMRY+hbuPFV3LhQxK3ufBunF1Bbfxj4+M85nDm/HzMqlW1/GXPzC4tLy7mV/Ora+samubVdl1EiMKnhiEWi6SNJGOWkpqhipBkLgkKfkYbfvxjWG7dESBrxa5XGxAtRl9OAYqS01TYtNxAIZ26MhKKIwfvBD6cDeAZdSXnx7gAewnJ6U2qbBduyR4Kz4EygACaqts1PtxPhJCRcYYakbDl2rLxsuAEzMsi7iSQxwn3UJS2NHIVEetnorgHc104HBpHQjys4cn9PZCiUMg193Rki1ZPTtaH5X62VqODUyyiPE0U4Hi8KEgZVBIchwQ4VBCuWakBYUP1XiHtIB6V0lHkdgjN98izUS5ZzbJWvjgqV80kcObAL9kAROOAEVMAlqIIawOABPIEX8Go8Gs/Gm/E+bp0zJjM74I+Mj29kBp6/</latexit>
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= sin(x) + 3y2

• Requires closed-form 
expressions


• Can lead to “expression 
swell”
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What is Automatic Differentiation (AD)?

6

• Automatic differentiation is a family of methods which allows one to compute 
machine precision derivatives with little computational overhead for arbitrary 
computational programs


• Its foundation is that each mathematical step is itself differentiable and 
composable using the chain rule

<latexit sha1_base64="Q+oIPiiNTJxj9UFSf7YKYC4UqW4=">AAACV3icfVFdS8MwFE27qXN+dfroS3AIPo1WRX0Rhr74JBPcB6x1pFm6haVpSVJllP5J8WV/xRdNt4JzEy8EDuece5N74seMSmXbM8MslTc2tyrb1Z3dvf0Dq3bYkVEiMGnjiEWi5yNJGOWkrahipBcLgkKfka4/uc/17isRkkb8WU1j4oVoxGlAMVKaGljcDQTCqRsjoShi8C37wSq7dWUSDlKavaSPGfzHmuSmNceCXR44sOp2w54XXAdOAeqgqNbAeneHEU5CwhVmSMq+Y8fKS/OBmJGs6iaSxAhP0Ij0NeQoJNJL57lk8FQzQxhEQh+u4Jxd7khRKOU09LUzRGosV7Wc/EvrJyq48VLK40QRjhcXBYleMIJ5yHBIBcGKTTVAWFD9VojHSGej9FdUdQjO6srroHPecK4aF0+X9eZdEUcFHIMTcAYccA2a4AG0QBtg8AE+jZJRNmbGl7lpVhZW0yh6jsCvMmvfEGi4BA==</latexit>

@w

@t
=

NX

i

@w

@ui

@ui

@t
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7

• Forward mode breaks down a function into intermediate steps and simultaneously 
evaluates both the value of the intermediate variable and its derivative (also known 
as using dual numbers)


• Discussed extensively here

• Runs in ~n x O(f)

<latexit sha1_base64="xvFnSQ3A904mWQH6feDDCwxSnP0=">AAACDXicbZBNS8MwGMfT+TbnW9Wjl+AUJspop6gXYejF4wT3AtsoaZZuYWlaklQ2yr6AF7+KFw+KePXuzW9j2vWgmw8E/vn9n4fk+bsho1JZ1reRW1hcWl7JrxbW1jc2t8ztnYYMIoFJHQcsEC0XScIoJ3VFFSOtUBDku4w03eFN4jcfiJA04PdqHJKuj/qcehQjpZFjHnilkWOfwJFTOYJXsCMpT0B6PdbUThzHLFplKy04L+xMFEFWNcf86vQCHPmEK8yQlG3bClU3RkJRzMik0IkkCREeoj5pa8mRT2Q3TreZwENNetALhD5cwZT+noiRL+XYd3Wnj9RAznoJ/M9rR8q77MaUh5EiHE8f8iIGVQCTaGCPCoIVG2uBsKD6rxAPkEBY6QALOgR7duV50aiU7fPy6d1ZsXqdxZEHe2AflIANLkAV3IIaqAMMHsEzeAVvxpPxYrwbH9PWnJHN7II/ZXz+AOqUmFA=</latexit>

f(x1, x2) = sin(x1x2) + x1x2

https://mostafa-samir.github.io/auto-diff-pt1/
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x1 =?

x2 =?

a = x1x2

b = sin(a)

c = a+ b

<latexit sha1_base64="xvFnSQ3A904mWQH6feDDCwxSnP0=">AAACDXicbZBNS8MwGMfT+TbnW9Wjl+AUJspop6gXYejF4wT3AtsoaZZuYWlaklQ2yr6AF7+KFw+KePXuzW9j2vWgmw8E/vn9n4fk+bsho1JZ1reRW1hcWl7JrxbW1jc2t8ztnYYMIoFJHQcsEC0XScIoJ3VFFSOtUBDku4w03eFN4jcfiJA04PdqHJKuj/qcehQjpZFjHnilkWOfwJFTOYJXsCMpT0B6PdbUThzHLFplKy04L+xMFEFWNcf86vQCHPmEK8yQlG3bClU3RkJRzMik0IkkCREeoj5pa8mRT2Q3TreZwENNetALhD5cwZT+noiRL+XYd3Wnj9RAznoJ/M9rR8q77MaUh5EiHE8f8iIGVQCTaGCPCoIVG2uBsKD6rxAPkEBY6QALOgR7duV50aiU7fPy6d1ZsXqdxZEHe2AflIANLkAV3IIaqAMMHsEzeAVvxpPxYrwbH9PWnJHN7II/ZXz+AOqUmFA=</latexit>
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f(x1, x2) = sin(x1x2) + x1x2

<latexit sha1_base64="gfGr8zo6peZwv5kQx2RkqIqPChQ="></latexit>

dx1 = 1

dx2 = 0

da = x1dx2 + x2dx1

db = cos(a)da

dc = da+ db

https://mostafa-samir.github.io/auto-diff-pt1/
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• Forward mode breaks down a function into intermediate steps and simultaneously 
evaluates both the value of the intermediate variable and its derivative (also known 
as using dual numbers)


• Discussed extensively here

• Runs in ~n x O(f)

<latexit sha1_base64="+GZ2XlKZTL7eoESdFkadcF2CU4c="></latexit>

f : Rn ! Rm, where n ⌧ m
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x2 =?

a = x1x2
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https://mostafa-samir.github.io/auto-diff-pt1/
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Why JAX?
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[https://github.com/google/jax]

https://github.com/google/jax
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Why JAX?

8

Use XLA compilation to 
speed up code 

substantially
Runs on pure Python and 

numpy(ish) code

Scales to different 
computing architectures 
and multiple cores or a 

cluster

[https://github.com/google/jax]

https://github.com/google/jax
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Ripple

9

Gradient-based 
Parameter Estimation

Fisher Analyses

[github.com/tedwards2412/ripple]

Waveform 
Optimization

Template Bank 
Generation
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Optimizing Waveforms

10

<latexit sha1_base64="9CH00P5oetljgRbb+dPB2OP6I1Q="></latexit>

h̃(f ;p) = A(p)ei�(f ;p)
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Optimizing Waveforms
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define a loss function, update rule, and 
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To use gradient descent we need to 
define a loss function, update rule, and 

stopping criteria

<latexit sha1_base64="ysbxfZ0yAHwjCRLpHN0Cdqe7Oic=">AAACHnicbVDLSsNAFJ34rPUVdelmsAhuLIlYdVl048JFBfuAJpSbybQdOpmEmYlSQr/Ejb/ixoUigiv9G6dtFtp6YZjDOedy7z1BwpnSjvNtLSwuLa+sFtaK6xubW9v2zm5DxakktE5iHstWAIpyJmhdM81pK5EUooDTZjC4GuvNeyoVi8WdHibUj6AnWJcR0Ibq2BWPG3MI2JOs19cgZfyAc+7YA570jSQg4OaLQPcJ8Oxm1LFLTtmZFJ4Hbg5KKK9ax/70wpikERWacFCq7TqJ9jOQmhFOR0UvVTQBMoAebRsoIKLKzybnjfChYULcjaV5QuMJ+7sjg0ipYRQY53hFNauNyf+0dqq7F37GRJJqKsh0UDflWMd4nBUOmaRE86EBQCQzu2LSBwlEm0SLJgR39uR50Dgpu2flyu1pqXqZx1FA++gAHSEXnaMqukY1VEcEPaJn9IrerCfrxXq3PqbWBSvv2UN/yvr6AZUIosk=</latexit>

� ! �� ↵rL
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Up to 50% Better Waveforms For Free

12
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Parameter Estimation

13

<latexit sha1_base64="L4YlAz2RoVAM9gc8S5mVaAr1axk="></latexit>

p(✓ | d) / p(d | ✓)⇡(✓)
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Parameter Estimation

= Likelihood

13
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Low-latency follow up
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Overall compute Development cycle
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flowMC

15

<latexit sha1_base64="VO/97rVTUXADHtua3l+Phbdom90="></latexit>
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[github.com/kazewong/flowMC]

https://github.com/kazewong/flowMC
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Accuracy and Speed

For both BNS and BBH, we 
achieve converged results in 

~1 min on an A100 GPU

16[Kaze Wong, Max Isi, TE: 2302.05333]

https://arxiv.org/abs/2302.05333
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differentiable models improve 

GW analysis tasks?
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What could current searches be 
missing?

Kaze Wong Max Isi Horng Sheng 
Chia

Jay Wadekar Aaron 
Zimmerman

+ Kelvin K. H. Lam, Adam Coogan,

James Alvey, and Daniel Foreman-Mackey
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Current Searches

18

Matched Filtering
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[TE, Chia (JCAP): 2004.06729]

https://arxiv.org/abs/2004.06729
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Matched Filtering

19

Matched Filtering is the 
optimum technique for 

extracting known signals 
from stationary Gaussian 

noise
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<latexit sha1_base64="SSj9Iu1BYKiNdHTZdymdUaYghyU="></latexit>
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Effectualness/fitting-factor

20

The effectualness is the 
percentage of SNR retained by a 

template bank or model

[Roulet et al.: 1904.01683]

<latexit sha1_base64="T3S17R8kpxArRQuEdf8Al4g0LaI="></latexit>

" (hfinite-size ) ⌘ max
tc,�c,pbbh

[hfinite-size | h (pbbh)]

https://arxiv.org/pdf/1904.01683.pdf
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Finite-Size Effects

21

<latexit sha1_base64="78SOI3sCK4SL6/YvbYAs3F2RbTc="></latexit>

A(f ;p,�) / APN(p)

+AInt(�) +AMR(�)

<latexit sha1_base64="9CH00P5oetljgRbb+dPB2OP6I1Q="></latexit>

h̃(f ;p) = A(p)ei�(f ;p)

<latexit sha1_base64="pMJr9WsrLcwUEVAJhrNyN1nJ8/Q="></latexit>

�(f ;p,�) / �PN(p)

+ �Int(�) + �MR(�)
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<latexit sha1_base64="3OSN7QdTxJlCgvHaUxVaapXlaSM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgv3ANpTJdtMu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFWUNGotYtQPUTHDJGoYbwdqJYhgFgrWC0e3Ubz0xpXksH8w4YX6EA8lDTtFY6bE7wiRBck28XrniVt0ZyDLxclKBHPVe+avbj2kaMWmoQK07npsYP0NlOBVsUuqmmiVIRzhgHUslRkz72eziCTmxSp+EsbIlDZmpvycyjLQeR4HtjNAM9aI3Ff/zOqkJr/yMyyQ1TNL5ojAVxMRk+j7pc8WoEWNLkCpubyV0iAqpsSGVbAje4svLpHlW9c6rF/fnldpNHkcRjuAYTsGDS6jBHdShARQkPMMrvDnaeXHenY95a8HJZw7hD5zPHz78j/0=</latexit>
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<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>
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<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>
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Finite-Size Effects
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<latexit sha1_base64="9CH00P5oetljgRbb+dPB2OP6I1Q="></latexit>

h̃(f ;p) = A(p)ei�(f ;p)

<latexit sha1_base64="1lKdUlUbRfu7PhGjoD1K0kmrx24="></latexit>
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<latexit sha1_base64="pYPmeoOrRy0P2DLgDEtIESWGC5E=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYD+wDWWy3bRLN5uwuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TRVmDxiJW7QA1E1yyhuFGsHaiGEaBYK1gdDv1W09MaR7LBzNOmB/hQPKQUzRWeuyOMEmQXBOvV664VXcGsky8nFQgR71X/ur2Y5pGTBoqUOuO5ybGz1AZTgWblLqpZgnSEQ5Yx1KJEdN+Nrt4Qk6s0idhrGxJQ2bq74kMI63HUWA7IzRDvehNxf+8TmrCKz/jMkkNk3S+KEwFMTGZvk/6XDFqxNgSpIrbWwkdokJqbEglG4K3+PIyaZ5VvfPqxf15pXaTx1GEIziGU/DgEmpwB3VoAAUJz/AKb452Xpx352PeWnDymUP4A+fzB0CCj/4=</latexit>
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<latexit sha1_base64="3OSN7QdTxJlCgvHaUxVaapXlaSM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgv3ANpTJdtMu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFWUNGotYtQPUTHDJGoYbwdqJYhgFgrWC0e3Ubz0xpXksH8w4YX6EA8lDTtFY6bE7wiRBck28XrniVt0ZyDLxclKBHPVe+avbj2kaMWmoQK07npsYP0NlOBVsUuqmmiVIRzhgHUslRkz72eziCTmxSp+EsbIlDZmpvycyjLQeR4HtjNAM9aI3Ff/zOqkJr/yMyyQ1TNL5ojAVxMRk+j7pc8WoEWNLkCpubyV0iAqpsSGVbAje4svLpHlW9c6rF/fnldpNHkcRjuAYTsGDS6jBHdShARQkPMMrvDnaeXHenY95a8HJZw7hD5zPHz78j/0=</latexit>

L

<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>
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 > 1

<latexit sha1_base64="pYPmeoOrRy0P2DLgDEtIESWGC5E=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUvXisYD+wDWWy3bRLN5uwuxFK6L/w4kERr/4bb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpo5TRVmDxiJW7QA1E1yyhuFGsHaiGEaBYK1gdDv1W09MaR7LBzNOmB/hQPKQUzRWeuyOMEmQXBOvV664VXcGsky8nFQgR71X/ur2Y5pGTBoqUOuO5ybGz1AZTgWblLqpZgnSEQ5Yx1KJEdN+Nrt4Qk6s0idhrGxJQ2bq74kMI63HUWA7IzRDvehNxf+8TmrCKz/jMkkNk3S+KEwFMTGZvk/6XDFqxNgSpIrbWwkdokJqbEglG4K3+PIyaZ5VvfPqxf15pXaTx1GEIziGU/DgEmpwB3VoAAUJz/AKb452Xpx352PeWnDymUP4A+fzB0CCj/4=</latexit>
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<latexit sha1_base64="3OSN7QdTxJlCgvHaUxVaapXlaSM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0YtQ9OKxgv3ANpTJdtMu3WzC7kYoof/CiwdFvPpvvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFWUNGotYtQPUTHDJGoYbwdqJYhgFgrWC0e3Ubz0xpXksH8w4YX6EA8lDTtFY6bE7wiRBck28XrniVt0ZyDLxclKBHPVe+avbj2kaMWmoQK07npsYP0NlOBVsUuqmmiVIRzhgHUslRkz72eziCTmxSp+EsbIlDZmpvycyjLQeR4HtjNAM9aI3Ff/zOqkJr/yMyyQ1TNL5ojAVxMRk+j7pc8WoEWNLkCpubyV0iAqpsSGVbAje4svLpHlW9c6rF/fnldpNHkcRjuAYTsGDS6jBHdShARQkPMMrvDnaeXHenY95a8HJZw7hD5zPHz78j/0=</latexit>
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<latexit sha1_base64="TOO3Ikl/IgY7t8Ss6ba6sY3RmME=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4komXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SvqxXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmIYzY</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

�

<latexit sha1_base64="fm/ekoxawjr3C43QtiRnfBFQbOU=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkUL0VvXisYD+gDWWz3TRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmBQln2rjut1Pa2Nza3invVvb2Dw6PqscnXR2nitAOiXms+gHWlDNJO4YZTvuJolgEnPaC6V3u956o0iyWj2aWUF/giWQhI9jk0pBEbFStuXV3AbROvILUoEB7VP0ajmOSCioN4Vjrgecmxs+wMoxwOq8MU00TTKZ4QgeWSiyo9rPFrXN0YZUxCmNlSxq0UH9PZFhoPROB7RTYRHrVy8X/vEFqwms/YzJJDZVkuShMOTIxyh9HY6YoMXxmCSaK2VsRibDCxNh4KjYEb/XlddK9qnuN+s1Do9a6LeIowxmcwyV40IQW3EMbOkAggmd4hTdHOC/Ou/OxbC05xcwp/IHz+QMDmo4+</latexit>

Spin-Induced Quadrupoles

22

Kappa controls the 
axisymmetric response of an 
object to spin i.e., how oblate 

it becomes

[TE, Chia (JCAP): 2004.06729]
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Tidal Love Numbers
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[Horng Sheng Chia, TE, Digvijay Wadekar, Aaron Zimmerman et al.: 2306.00050]

https://arxiv.org/abs/2306.00050
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Why would Love Numbers be Large?

24

<latexit sha1_base64="of68pCliE13UTfLYrMISy77e4xk="></latexit>
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[Kent Yagi, Nicolas Yunes: 1303.1528]

https://arxiv.org/abs/1303.1528
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= O(1) coefficient

[Kent Yagi, Nicolas Yunes: 1303.1528]

https://arxiv.org/abs/1303.1528
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= Object’s radius

= O(1) coefficient

[Kent Yagi, Nicolas Yunes: 1303.1528]

https://arxiv.org/abs/1303.1528
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Why would Love Numbers be Large?
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<latexit sha1_base64="OQcfEh7hzajp+Pdp79UQWfXO5eU=">AAAB7nicbVC7SgNBFL0bX3F9RS1tBoNgFXYFH40YtLGwiGAekCxhdnY2GTI7O8zMCiHkI2wsFLGw8U/sbcS/cfIoNPHAhcM553IfoeRMG8/7dnILi0vLK/lVd219Y3OrsL1T02mmCK2SlKeqEWJNORO0apjhtCEVxUnIaT3sXY38+j1VmqXizvQlDRLcESxmBBsr1Vs3NhrhdqHolbwx0Dzxp6R48eGey7cvt9IufLailGQJFYZwrHXT96QJBlgZRjgduq1MU4lJD3do01KBE6qDwXjdITqwSoTiVNkSBo3V3x0DnGjdT0KbTLDp6llvJP7nNTMTnwUDJmRmqCCTQXHGkUnR6HYUMUWJ4X1LMFHM7opIFytMjP2Qa5/gz548T2pHJf+kdHzrFcuXMEEe9mAfDsGHUyjDNVSgCgR68ABP8OxI59F5cV4n0Zwz7dmFP3DefwBubJKk</latexit> ⇤

= Object’s radius

= O(1) coefficient

[Kent Yagi, Nicolas Yunes: 1303.1528]

https://arxiv.org/abs/1303.1528
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Template Bank

Anything outside 
this space we 

cannot guarantee 
coverage
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[Roulet et al.: 1904.01683]

https://arxiv.org/pdf/1904.01683.pdf


Thomas Edwards | KCL | 16th June 2023

Null Results

We performed the first inspiral-
only search for signals that are 

not aligned-spin BBHs


No significant candidates found
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[Horng Sheng Chia, TE, Digvijay Wadekar, Aaron Zimmerman et al.: 2306.00050]

https://arxiv.org/abs/2306.00050


Thomas Edwards | KCL | 16th June 2023

Rate Constraints
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[Horng Sheng Chia, TE, Digvijay Wadekar, Aaron Zimmerman et al.: 2306.00050]
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Constraints get 
stronger as higher 

chirp masses 
produce higher 

SNR signals

[Horng Sheng Chia, TE, Digvijay Wadekar, Aaron Zimmerman et al.: 2306.00050]

https://arxiv.org/abs/2306.00050
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Future Searches
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<latexit sha1_base64="OQcfEh7hzajp+Pdp79UQWfXO5eU=">AAAB7nicbVC7SgNBFL0bX3F9RS1tBoNgFXYFH40YtLGwiGAekCxhdnY2GTI7O8zMCiHkI2wsFLGw8U/sbcS/cfIoNPHAhcM553IfoeRMG8/7dnILi0vLK/lVd219Y3OrsL1T02mmCK2SlKeqEWJNORO0apjhtCEVxUnIaT3sXY38+j1VmqXizvQlDRLcESxmBBsr1Vs3NhrhdqHolbwx0Dzxp6R48eGey7cvt9IufLailGQJFYZwrHXT96QJBlgZRjgduq1MU4lJD3do01KBE6qDwXjdITqwSoTiVNkSBo3V3x0DnGjdT0KbTLDp6llvJP7nNTMTnwUDJmRmqCCTQXHGkUnR6HYUMUWJ4X1LMFHM7opIFytMjP2Qa5/gz548T2pHJf+kdHzrFcuXMEEe9mAfDsGHUyjDNVSgCgR68ABP8OxI59F5cV4n0Zwz7dmFP3DefwBubJKk</latexit> ⇤

[Kent Yagi, Nicolas Yunes: 1303.1528]

https://arxiv.org/abs/1303.1528
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Future searchers should focus on 
the low-mass region, where 
neutron stars may be hiding

[Kent Yagi, Nicolas Yunes: 1303.1528]

https://arxiv.org/abs/1303.1528
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Searches, especially at low 
masses, are currently limited by 

their template bank coverage

Differentiable models can 
contribute to many aspects of 
the GW data analysis pipeline

• Waveform developers should start to 
use pure python (or JAX) for public 
release


• Real time PE processing could 
potentially replace matched filtering 
search pipelines

• Many more searches to be done in 
order to fully utilize the GW data we 
have


• Low-mass neutron stars are a great 
target for a future Love numbers 
search



Thomas Edwards | KCL | 16th June 2023

Backup - Template Banks

30

• Quick to generate

• Can achieve ~100% coverage

• Placement of points in highly curved 

spaces unknown or difficult

• Require a known metric

[Cokelaer: 0706.4437]
[Owen: 9511032]

[Owen and Sathyaprakash: 9808076]

https://arxiv.org/abs/0706.4437
https://arxiv.org/pdf/gr-qc/9511032.pdf
https://arxiv.org/pdf/gr-qc/9808076.pdf
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• Does not require a metric

• Can be very slow to converge

[Harry, Allen, and Sathyaprakash: 0908.2090]

https://arxiv.org/abs/0908.2090
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Random Placement:

• Quick to generate

• Over covers the parameter space (in 

low dimensions)

• Requires a metric

[Messenger: 0809.5223]

https://arxiv.org/abs/0809.5223
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