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Gravitational Waves:  
solving the biggest mysteries of the universe
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• Predicted by Einstein in 1916

• Result of time changing 

quadrupole moment (prime 
example: binary system)


• Amplitudes are of order of 
magnitude O(10-21) meters.



Q: What makes spacetime 
curve? A: mass and energy!
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This is a very small value ~ 10-45 (!!)

It takes a lot of mass and energy to curve 
spacetime:  Gravity is very weak!

Gravitational Waves:  
solving the biggest mysteries of the universe
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Video by LIGO: 
 

https://www.youtube.com/watch?v=1agm33iEAuo

Characteristic shape of a 
gravitational ave
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LIGO/Virgo collaboration
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• Three-detector network (two detectors in US, one in Italy)

• O(1000) scientists from all over the world

• Nikhef has been a member for 10+ years

• Maastricht University has been member since 2017

• UM has own fundamental physics group, that works on 

instrumentation of gravitational waves detection.

Gravitational Waves:  
solving the biggest mysteries of the universe



Gravitational Waves:  
solving the biggest mysteries of the universe
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Cosmology independent of 
distance ladder

Ruled out some proposed EOS of 
neutron stars

Confirmed Kilonova and 

R-process  

Confirmed BNS as origin for some 
GRBs

Found new class of heavy stellar 
mass BBH 

Start of GW multi-messenger 
astronomy

From 2015 until now (Observation runs 1, 2, 3): ~60 confirmed detections.

https://arxiv.org/



Gravitational Waves:  
solving the biggest mysteries of the universe
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Gravitational waves offer us: 

• new data on black holes (and therefore stellar formation)

• precision tests of General Relativity (and therefore future+past of Universe)

• particle physics processes at energy scales >> earth measurements

• cosmological data (Dark Matter/Dark Energy/.. )

• snapshot of Big Bang itself
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Pre-processing + matched filtering
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Goal: find template that best matches the signal s measured

Data analysis: Matched filtering
<latexit sha1_base64="SLmVHjwLpQI5RoTMkiMgvnUNCQc=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQEUoiom6EohuXFewD2lAm00k7dDIJMzdiCf0VNy4UceuPuPNvnLRZaOuB4R7OuZd75/ix4Boc59sqrKyurW8UN0tb2zu7e/Z+uaWjRFHWpJGIVMcnmgkuWRM4CNaJFSOhL1jbH99mfvuRKc0j+QCTmHkhGUoecErASH27rKtwgq/xKCunWJrStytOzZkBLxM3JxWUo9G3v3qDiCYhk0AF0brrOjF4KVHAqWDTUi/RLCZ0TIasa6gkIdNeOrt9io+NMsBBpMyTgGfq74mUhFpPQt90hgRGetHLxP+8bgLBlZdyGSfAJJ0vChKBIcJZEHjAFaMgJoYQqri5FdMRUYSCiatkQnAXv7xMWmc196Lm3p9X6jd5HEV0iI5QFbnoEtXRHWqgJqLoCT2jV/RmTa0X6936mLcWrHzmAP2B9fkDGJKR5Q==</latexit>

s(t) = h(t) + n(t)

by maximising the signal-to-noise ratio SNR, in which

<latexit sha1_base64="rtdWwfhe+ECmz6Gdh5g+07Sz3nw=">AAACGXicbVDLSgMxFM34rPVVdekmWAQFKTMi6rLoRnBTwT6gU0smc0eDmcyY3CmUob/hxl9x40IRl7ryb0wfC18HbnI4516Se4JUCoOu++lMTc/Mzs0XFoqLS8srq6W19YZJMs2hzhOZ6FbADEihoI4CJbRSDSwOJDSD29Oh3+yBNiJRl9hPoROzayUiwRlaqVtyfRQyhNwMqA93mehRXyjs2iPC/tX4ouc7uGts+Xshdktlt+KOQP8Sb0LKZIJat/TuhwnPYlDIJTOm7bkpdnKmUXAJg6KfGUgZv2XX0LZUsRhMJx9tNqDbVglplGhbCulI/T6Rs9iYfhzYzpjhjfntDcX/vHaG0XEnFyrNEBQfPxRlkmJChzHRUGjgKPuWMK6F/SvlN0wzjjbMog3B+73yX9LYr3iHFe/ioFw9mcRRIJtki+wQjxyRKjkjNVInnNyTR/JMXpwH58l5dd7GrVPOZGaD/IDz8QU/w6Bo</latexit>

s̃ ⌘
Z 1

1
K(t)s(t) dtThe signal is filtered by K(t)

<latexit sha1_base64="tRQ98LTHkZIAY7h2DMHhJYpERLg="></latexit>

S

N
=

s

4

Z 1

0

|h̃(f)|2
Sn(f)

df

<latexit sha1_base64="a5L5CBsJCdKrswUmRS/kfuUoMqw=">AAACH3icbVDLSgMxFM34tr6qLt0Ei9gKlhkRdaEiunGpaKvQ1pLJ3GlDM5khuSOUoX/ixl9x40IRceffmNYKvg4ETs45l+QeP5HCoOu+OyOjY+MTk1PTuZnZufmF/OJS1cSp5lDhsYz1tc8MSKGgggIlXCcaWORLuPI7J33/6ha0EbG6xG4CjYi1lAgFZ2ilZn7noqmKYYnWA5DIiuFmuF6iB3SL7tdRyAAy1bvZGAS+rkWbOGzmC27ZHYD+Jd6QFMgQZ838Wz2IeRqBQi6ZMTXPTbCRMY2CS+jl6qmBhPEOa0HNUsUiMI1ssF+PrlkloGGs7VFIB+r3iYxFxnQj3yYjhm3z2+uL/3m1FMO9RiZUkiIo/vlQmEqKMe2XRQOhgaPsWsK4FvavlLeZZhxtpTlbgvd75b+kulX2dsre+Xbh6HhYxxRZIaukSDyyS47IKTkjFcLJHXkgT+TZuXcenRfn9TM64gxnlskPOO8f1cyfyQ==</latexit>

Sn(f)�(f � f 0) = 2 < ñ⇤(f)ñ(f 0) >

and one can show that the highest SNR is obtained (Wiener filter) as follows:

in which the power spectral density Sn is defined via:

<latexit sha1_base64="G9Ld5a3zCRxBtUAQ4yLle79cu/U=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZEfUiBL14CtGYBTJD6On0JE16FrprxDCMF3/FiwdFvPoX3vwbO8tBEx8UPN6roqqeFwuuwLK+jdzC4tLySn61sLa+sbllbu80VJRIyuo0EpFseUQxwUNWBw6CtWLJSOAJ1vQGVyO/ec+k4lF4B8OYuQHphdznlICWOuaeA+wB0lrlNsMX2PEloWktSytZxyxaJWsMPE/sKSmiKaod88vpRjQJWAhUEKXathWDmxIJnAqWFZxEsZjQAemxtqYhCZhy0/EHGT7UShf7kdQVAh6rvydSEig1DDzdGRDoq1lvJP7ntRPwz92Uh3ECLKSTRX4iMER4FAfucskoiKEmhEqub8W0T3QKoEMr6BDs2ZfnSeO4ZJ+W7JuTYvlyGkce7aMDdIRsdIbK6BpVUR1R9Iie0St6M56MF+Pd+Ji05ozpzC76A+PzByUYlrM=</latexit>

SNR =
S

N

<latexit sha1_base64="Mk9M2JMHq292oII+SrgkRtaYLR4=">AAACDXicbVC7SgNBFJ2NrxhfUUubwShYSNgVUQuVoI1lRPOA7LLMTm6SIbOz68ysENb8gI2/YmOhiK29nX/j5FFo4oELh3Pu5d57gpgzpW3728rMzM7NL2QXc0vLK6tr+fWNqooSSaFCIx7JekAUcCagopnmUI8lkDDgUAu6lwO/dg9SsUjc6l4MXkjagrUYJdpIfn7nBrv7+MwUPsWuZrwJqerj8wc/7WBXwB3Gdt/PF+yiPQSeJs6YFNAYZT//5TYjmoQgNOVEqYZjx9pLidSMcujn3ERBTGiXtKFhqCAhKC8dftPHu0Zp4lYkTQmNh+rviZSESvXCwHSGRHfUpDcQ//MaiW6deCkTcaJB0NGiVsKxjvAgGtxkEqjmPUMIlczcimmHSEK1CTBnQnAmX54m1YOic1R0rg8LpYtxHFm0hbbRHnLQMSqhK1RGFUTRI3pGr+jNerJerHfrY9SascYzm+gPrM8fTEqZNw==</latexit>

S =< s̃ > |h 6=0 (average filtered signal if GW present)
<latexit sha1_base64="y0uvYKRc6bncQ1jWSsRBhTBL//0=">AAACGXicbVBNS8NAEN3Ur1q/qh69LBbBQy1JEfWgRfTiSRRsLTRp2Wy27eJmE3cnQgn9G178K148KOJRT/4btx+IWh8MPN6bYWaeHwuuwbY/rczU9MzsXHY+t7C4tLySX12r6ShRlFVpJCJV94lmgktWBQ6C1WPFSOgLdu3fnA786zumNI/kFfRi5oWkI3mbUwJGauXtc+wW8ZEp7OpbBekhdoGLgKWy7xab5QreOfwWKs1yv5Uv2CV7CDxJnDEpoDEuWvl3N4hoEjIJVBCtG44dg5cSBZwK1s+5iWYxoTekwxqGShIy7aXDz/p4yygBbkfKlAQ8VH9OpCTUuhf6pjMk0NV/vYH4n9dIoH3gpVzGCTBJR4vaicAQ4UFMOOCKURA9QwhV3NyKaZcoQsGEmTMhOH9fniS1csnZKzmXu4Xjk3EcWbSBNtE2ctA+OkZn6AJVEUX36BE9oxfrwXqyXq23UWvGGs+so1+wPr4A+zCeew==</latexit>

N =
p
< ñ 2 > � < ñ >2 (average standard deviation  

of filtered noise)
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Data analysis: Matched filtering
<latexit sha1_base64="tRQ98LTHkZIAY7h2DMHhJYpERLg="></latexit>

S

N
=

s

4

Z 1

0

|h̃(f)|2
Sn(f)

df
h(f) = what one looks for

Sn(f) = how one is thwarted by 
the detector

Approach: Try out gravitational waveform h(f) for different values of 
the parameter space, look for parameters that have highest SNR.



Data analysis: Matched filtering
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Next generation detectors (e.g. Einstein Telescope) will have increased sensitivity due to novel 
techniques in quantum squeezing of light, low temperature operation, new mirror materials and 
suspension techniques, and seismic damping due to underground operation.

O(105) increase in gravitational wave detections. 



Challenges
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More data gives us three challenges in the realm of data analysis.

• Increase in sample size: 
wider lower frequency range increases the length of 
each gravitational wave signal; signals lengths of 
O(1) seconds to O(minutes-hours) become the norm. 

• Increase in detail: 
wider higher frequency range include more 
(nucleonic) detail, increasing the parameter space; 
parameter space increases to ~15 dimensions. 

• Increase in volume: 
gravitational wave signals will overlap continuously 
and might require novel data-analysis techniques. 

Matched filtering will become unfeasible.



Challenges
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( “Gravitational-Wave Data Analysis Computing Challenges in the 3G Era”,  
I. Bird, P. Couvares, E. Porter, J. Willis, on behalf of LVC, 30th of July 2019 )



Usage of Quantum computing 
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Grover’s algorithm:  
 

A quantum search procedure that picks out r desired entries from a list of N elements. 
This takes O( N1/2 ) attempts.

<latexit sha1_base64="FVyfmCsYFoZgYkVaYjAZVOu85R8=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuSiKibixFN66kgn1AE8pkOmmHzkzizEQoabZu/BU3LhRx6x+482+ctllo64ELh3Pu5d57gphRpR3n21pYXFpeWS2sFdc3Nre27Z3dhooSiUkdRyySrQApwqggdU01I61YEsQDRprB4GrsNx+IVDQSd3oYE5+jnqAhxUgbqWPDkarAC+iFEuHUzVJP3Uud3mQZ9FTCR7TSsUtO2ZkAzhM3JyWQo9axv7xuhBNOhMYMKdV2nVj7KZKaYkayopcoEiM8QD3SNlQgTpSfTj7J4KFRujCMpCmh4UT9PZEirtSQB6aTI91Xs95Y/M9rJzo891Mq4kQTgaeLwoRBHcFxLLBLJcGaDQ1BWFJzK8R9ZELRJryiCcGdfXmeNI7L7mnZvT0pVS/zOApgHxyAI+CCM1AF16AG6gCDR/AMXsGb9WS9WO/Wx7R1wcpn9sAfWJ8/QjeaFA==</latexit>

|s >=
1p
N

X
|i >

Grover’s operator G maximises the 
probability for successful search: 

<latexit sha1_base64="qV6cS/GqrauYECUy2Pvnu06GM8M=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WooCUpoi5USl2ouwqmLTQhTKaTdujkwcxEKG23bvwVNy4UcesfuPNvnLRZaPXAhcM593LvPV7MqJCG8aXl5uYXFpfyy4WV1bX1DX1zqyGihGNi4YhFvOUhQRgNiSWpZKQVc4ICj5Gm179M/eY94YJG4Z0cxMQJUDekPsVIKsnV4RU8h3aNdksVOBIXZ2IED+FNKuzbB9ByfVcvGmVjAviXmBkpggx1V/+0OxFOAhJKzJAQbdOIpTNEXFLMyLhgJ4LECPdRl7QVDVFAhDOcfDKGe0rpQD/iqkIJJ+rPiSEKhBgEnuoMkOyJWS8V//PaifRPnSEN40SSEE8X+QmDMoJpLLBDOcGSDRRBmFN1K8Q9xBGWKryCCsGcffkvaVTK5nHZvD0qVmtZHHmwA3ZBCZjgBFTBNagDC2DwAJ7AC3jVHrVn7U17n7bmtGxmG/yC9vENcWKXBA==</latexit>

G =
⇣
2|s >< s|� I

⌘
Uf

linear combination of all entries i

<latexit sha1_base64="R6ov93kEXNVQcmu8o7zYeN5DT6A=">AAACKnicbVDLSsNAFJ3UV62vqEs3g0UQ1JKIqBtL1Y2rUsE+oAllMp20QycPZyZKSfM9bvwVN10oxa0f4rTNoq0euHA4517uvccJGRXSMEZaZml5ZXUtu57b2Nza3tF392oiiDgmVRywgDccJAijPqlKKhlphJwgz2Gk7vTux379hXBBA/9J9kNie6jjU5diJJXU0m8HoghvoCWeuYwtlyMc8yQuJ4l1CgevRXgyZ5XPZsyWFRIeFlt63igYE8C/xExJHqSotPSh1Q5w5BFfYoaEaJpGKO0YcUkxI0nOigQJEe6hDmkq6iOPCDuevJrAI6W0oRtwVb6EE3V2IkaeEH3PUZ0ekl2x6I3F/7xmJN1rO6Z+GEni4+kiN2JQBnCcG2xTTrBkfUUQ5lTdCnEXqVCkSjenQjAXX/5LaucF87JgPl7kS3dpHFlwAA7BMTDBFSiBB1ABVYDBG/gAn+BLe9eG2kj7nrZmtHRmH8xB+/kFvpGnew==</latexit>

|s >=

r
r

N
|w > +

r
N � r

N
|w? >

split up in two subspaces for desired 
entries w and undesired entries w±

probability of 
successful search

probability of 
unsuccessful search

https://arxiv.org/abs/quant-ph/9605043

flips sign of subspace |w>. It contains 
the search criterion (the oracle)



Usage of Quantum computing 
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<latexit sha1_base64="eox5VKuzNsR+FvbDdt5+FYyOpM8="></latexit>

G =

✓
cos(2✓) � sin(2✓)
sin(2✓) cos(2✓)

◆

Grover’s algorithm enhances the 
probability for successful match 
and decreases probability for 
failed match. Graphically:

<latexit sha1_base64="LkuQEFWXYDUbxJYorX9BDA2+mso=">AAACFnicbVDLSsNAFJ34rPUVdekmWIS6sCRS1GXRjSutYB/QhDKZTtqhk4czN0IZ8hVu/BU3LhRxK+78G6dtFtp64MLhnHu59x4/4UyCbX8bC4tLyyurhbXi+sbm1ra5s9uUcSoIbZCYx6LtY0k5i2gDGHDaTgTFoc9pyx9ejv3WAxWSxdEdjBLqhbgfsYARDFrqmsc3LqcBlN1AYKLchGWqmrnyXoCaSteZElnmCtYfwFHXLNkVewJrnjg5KaEc9a755fZikoY0AsKxlB3HTsBTWAAjnGZFN5U0wWSI+7SjaYRDKj01eSuzDrXSs4JY6IrAmqi/JxQOpRyFvu4MMQzkrDcW//M6KQTnnmJRkgKNyHRRkHILYmuckdVjghLgI00wEUzfapEB1mmATrKoQ3BmX54nzZOKc1pxbqul2kUeRwHtowNURg46QzV0heqogQh6RM/oFb0ZT8aL8W58TFsXjHxmD/2B8fkDNdCgqw==</latexit>

O

 
⇡

4

r
N

r

!

This is maximised after              applications of G.

<latexit sha1_base64="OfgSikSktWYl4Z3fC1bMa/HUjlI="></latexit>

Gk|s >= sin
⇣
(2k + 1)✓

⌘
|w > +cos

⇣
(2k + 1)✓

⌘
|w? >

which after repeated (k) application yields the state:



Grover’s algorithm & matched filtering
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<latexit sha1_base64="FVyfmCsYFoZgYkVaYjAZVOu85R8=">AAACCXicbVDLSsNAFJ34rPUVdelmsAiuSiKibixFN66kgn1AE8pkOmmHzkzizEQoabZu/BU3LhRx6x+482+ctllo64ELh3Pu5d57gphRpR3n21pYXFpeWS2sFdc3Nre27Z3dhooSiUkdRyySrQApwqggdU01I61YEsQDRprB4GrsNx+IVDQSd3oYE5+jnqAhxUgbqWPDkarAC+iFEuHUzVJP3Uud3mQZ9FTCR7TSsUtO2ZkAzhM3JyWQo9axv7xuhBNOhMYMKdV2nVj7KZKaYkayopcoEiM8QD3SNlQgTpSfTj7J4KFRujCMpCmh4UT9PZEirtSQB6aTI91Xs95Y/M9rJzo891Mq4kQTgaeLwoRBHcFxLLBLJcGaDQ1BWFJzK8R9ZELRJryiCcGdfXmeNI7L7mnZvT0pVS/zOApgHxyAI+CCM1AF16AG6gCDR/AMXsGb9WS9WO/Wx7R1wcpn9sAfWJ8/QjeaFA==</latexit>

|s >=
1p
N

X
|i > templates of a gravitational wave signal

Oracle G: SNR calculation and checking whether it is above a user-defined threshold ρth

Gao et al. 
https://arxiv.org/abs/2109.01535
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What we are interested in:

..and we QC invite experts to help us with.

• Can this proof of principle be scaled up to fuller template 
banks? 

• Can the oracle calls be made into a quantum computing 
step? 

• (Related) is there an efficient (non-linear) PDE q-solving 
algorithm? 

• Are there novel ways to do data-analysis, i.e. not a quantum 
version of classical pipelines?

collaboration with Chris van den Broeck, 
Sarah Caudill (UU) and UM

collaboration with Pietro Bonizzi (Data 
Knowledge and Engineering, UM) and TU/e




