
Pulsar timing arrays
Supposing the source is the inspiral of a super massive black hole binary: 
what is the typical scale of the time variation of the metric perturbation? 
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Pulsar timing arrays
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NB: this is the change in the frequency of the pulses due to the GWs, calculated 
between two successive geodesics, and NOT the redshift experienced by a photon on 
the same geodesic (usual gravitational redshift, depending on      ) 

However, the two expressions become the same in the limit of infinitesimal P    
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ḣij

<latexit sha1_base64="g+mN5HhG/s1d8At6bVmQm3wG4f8=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBbBU0lEqseCBz1WsB/QhLLZbtqlu5uwuymU0H/ixYMiXv0n3vw3btsctPXBwOO9GWbmRSln2njet1Pa2Nza3invVvb2Dw6P3OOTtk4yRWiLJDxR3QhrypmkLcMMp91UUSwiTjvR+G7udyZUaZbIJzNNaSjwULKYEWys1HfduJ8HSqD7zqwZcI78vlv1at4CaJ34BalCgWbf/QoGCckElYZwrHXP91IT5lgZRjidVYJM0xSTMR7SnqUSC6rDfHH5DF1YZYDiRNmSBi3U3xM5FlpPRWQ7BTYjverNxf+8Xmbi2zBnMs0MlWS5KM44Mgmax4AGTFFi+NQSTBSztyIywgoTY8Oq2BD81ZfXSfuq5tdr9cfraqNRxFGGMziHS/DhBhrwAE1oAYEJPMMrvDm58+K8Ox/L1pJTzJzCHzifP2lqkt8=</latexit>

fGWP ⌧ 1

Supposing the source is the inspiral of a super massive black hole binary: 
what is the typical scale of the time variation of the metric perturbation? 
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Pulsar timing arrays
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Timing residuals:

A GW with period of a few years induces a 
timing residual of order 100 nsec, the 
precision of pulsar monitoring! 

This renders the measurement possible, 
provided one has at least a few years of data
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R(TGW = 3yrs) ' 60 nsec

TGW = 3 yrs

A. Lommen, Rep. Prog. Phys. 78 124901 (2015)
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Pulsar timing arrays
HOWEVER! The signal from a single pulsar is very noisy: varying morphology of the 
pulses, propagation noise due to the dispersion by the interstellar medium, time 
referencing (time standards and solar system barycentre)…

Correlation between many pulsars to beat down the noise
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<latexit sha1_base64="SDpnchcNC9OhLHM6Y8ilM6gJ5vE=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m3bpZhN2J0IJ+RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilfjYIQqKHmcnzYbXm1t0FyDrxClKDAq1h9WswilkacYVMUmP6npugn1GNgkmeVwap4QllUzrmfUsVjbjxs8XJObmwyoiEsbalkCzU3xMZjYyZRYHtjChOzKo3F//z+imGt34mVJIiV2y5KEwlwZjM/ycjoTlDObOEMi3srYRNqKYMbUoVG4K3+vI66VzVvUa98XBdazaLOMpwBudwCR7cQBPuoQVtYBDDM7zCm4POi/PufCxbS04xcwp/4Hz+AIAZkWk=</latexit>rs

Pulsar term:  
GW left the source at 

time 
<latexit sha1_base64="lk2zidQLVDrCt6RRk35EcYv9vMk=">AAAB/nicbZDNSsNAFIUn9a/Wv6i4cjNYBDeWRKS6LLhxWcHWQhvCZDpph04mYeZGKGnAV3HjQhG3Poc738Zpm4W2Hhj4OPde7p0TJIJrcJxvq7Syura+Ud6sbG3v7O7Z+wdtHaeKshaNRaw6AdFMcMlawEGwTqIYiQLBHoLRzbT+8MiU5rG8h3HCvIgMJA85JWAs3z4Cn51Psl4QYmVI+ZnO84lvV52aMxNeBreAKirU9O2vXj+macQkUEG07rpOAl5GFHAqWF7ppZolhI7IgHUNShIx7WWz83N8apw+DmNlngQ8c39PZCTSehwFpjMiMNSLtan5X62bQnjtZVwmKTBJ54vCVGCI8TQL3OeKURBjA4Qqbm7FdEgUoWASq5gQ3MUvL0P7oubWa/W7y2qjUcRRRsfoBJ0hF12hBrpFTdRCFGXoGb2iN+vJerHerY95a8kqZg7RH1mfP1Oglb4=</latexit>

te � |re � rs|

This term is different for 
each pulsar

In the correlation the Earth term in general dominates, 
but the pulsar term can create noise (unless one can 

determine the delay of each pulsar) 



Pulsar timing arrays
Response of a pair of pulsars to a stochastic GW background
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“Detector response”

and SMBHB 
not in pulsar 

direction<latexit sha1_base64="BUSRmINzKXufOoiwamgtpU7Jeg4="></latexit>
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Pulsar timing arrays

<latexit sha1_base64="xdDaHbK3PXBHZ+yJFWGAQlBsEyI="></latexit>

hRa(T )Rb(T )i =
Z tref+T

tref

dt0
Z tref+T

tref

dt00h�T

P
(t0)

����
a

�T

P
(t00)

����
b

i

<latexit sha1_base64="LAD6botuGCcZaR3h1YnNpB1k3bI="></latexit>

= C(✓ab)
Z 1

0
df

h2
c(f)

(2⇡)2f3
[1 + cos(2⇡f(T � tref)]

Response of a pair of pulsars to a stochastic GW background

angle 
between 
pulsars

<latexit sha1_base64="tPhdtw4sdzJyOmZT1TmzBgXPLFQ="></latexit>

C(✓ab) =
Z

dk̂

4⇡

X

r

F a
r (k̂)F

b
r (k̂)

<latexit sha1_base64="FLgJBUpwMTYPZAMiUg85Sk7K/Pk=">AAACGnicbZBNS8MwGMfT+TbnW9Wjl+AQJuJoVaYXYeDF4wT3AmsZaZZuYWlTklQcpZ/Di1/FiwdFvIkXv43ZWkQ3Hwj58f8/D8nz9yJGpbKsL6OwsLi0vFJcLa2tb2xumds7LcljgUkTc8ZFx0OSMBqSpqKKkU4kCAo8Rtre6Grit++IkJSHt2ocETdAg5D6FCOlpZ5pXzq+QDix0+Q0Pf7hWnrfS5CXHmWXw/igkuFhzyxbVWtacB7sHMogr0bP/HD6HMcBCRVmSMqubUXKTZBQFDOSlpxYkgjhERqQrsYQBUS6yXS1FB5opQ99LvQJFZyqvycSFEg5DjzdGSA1lLPeRPzP68bKv3ATGkaxIiHOHvJjBhWHk5xgnwqCFRtrQFhQ/VeIh0jHo3SaJR2CPbvyPLROqnatWrs5K9freRxFsAf2QQXY4BzUwTVogCbA4AE8gRfwajwaz8ab8Z61Fox8Zhf8KePzG/AVoXM=</latexit>

=
1

3
� 1

6
xab + xab log(xab)

<latexit sha1_base64="hhX1Z/qcQrhr8kvnlyWOkcUzKWk=">AAACD3icbVDLSsNAFJ3UV62vqEs3g0WpC0tSpLoRCm5cVrAPaEqZTCft0MmDmRuxhPyBG3/FjQtF3Lp15984TbPQ6oELh3Pu5d573EhwBZb1ZRSWlldW14rrpY3Nre0dc3evrcJYUtaioQhl1yWKCR6wFnAQrBtJRnxXsI47uZr5nTsmFQ+DW5hGrO+TUcA9TgloaWAe3w8S4qaXjicJTew0qaUV+9ShocIOjBmQzD4ZmGWramXAf4mdkzLK0RyYn84wpLHPAqCCKNWzrQj6CZHAqWBpyYkViwidkBHraRoQn6l+kv2T4iOtDLEXSl0B4Ez9OZEQX6mp7+pOn8BYLXoz8T+vF4N30U94EMXAAjpf5MUCQ4hn4eAhl4yCmGpCqOT6VkzHRCcDOsKSDsFefPkvadeqdr1avzkrNxp5HEV0gA5RBdnoHDXQNWqiFqLoAT2hF/RqPBrPxpvxPm8tGPnMPvoF4+Mba6KcRg==</latexit>

xab =
1

2
(1� cos ✓ab)

<latexit sha1_base64="apkdExtTS+zJ/hyBi917t4SfgfI=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7AekoWy2m3bpZhN2J0IJ/RlePCji1V/jzX/jts1BWx8MPN6bYWZemEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlIgEo2glv49jjnSQ03A2qNbcursAWSdeQWpQoDWofvWHCctirpBJaozvuSkGOdUomOSzSj8zPKVsQkfct1TRmJsgX5w8IxdWGZIo0bYUkoX6eyKnsTHTOLSdMcWxWfXm4n+en2F0G+RCpRlyxZaLokwSTMj8fzIUmjOUU0so08LeStiYasrQplSxIXirL6+TzlXda9QbD9e1ZrOIowxncA6X4MENNOEeWtAGBgk8wyu8Oei8OO/Ox7K15BQzp/AHzucPn5iRfQ==</latexit>

✓ab

Hellings and Downs curve, characteristic of a GW signal 
because consequence of the quadrupolar nature of GWs 

“Gravitational Waves Vol 2”,  
M. Maggiore, Oxford 

University Press 2018
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time referencing errors generate a correlated noise but:  
• noise from uncertainties on the time standards on Earth is independent on the pulsar angles 
• noise from uncertainties on the solar system barycentre position take the form of a (rotating) 

dipole (dependent on the cosinus of the angle) -> can contaminate the quadrupole 

Observation of the Hellings and Downs curve is smoking gun 
evidence of GW detection 

(not only SGWB but also from a single SMBHB - Cornish & Sesana arXiv:1305.0326)

A SGWB from SMBHBs is the best 
candidate source in PTA frequency band

What are SMBHBs? 
• They have been observed in the core of galaxies and are the 

central engine of active galactic nuclei 
• They can originate from the collapse of massive stars (~100 M⦿) 

or gas clouds (~ 104 M⦿), and then grow in mass through gas 
accretion and/or mergers following the collision of their host 
galaxies (but their origin is still to be confirmed, they can also be 
primordial…) 

• JWST sees SMBHs up to very high redshift z ~ 11 
• Their presence is linked to the formation of galaxies and matter 

structure in the Universe
Core of NGC 4261 from Hubble
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HOWEVER! 
• To emit GWs, SMBHs must be paired in gravitationally bound binaries in the GW 

emitting regime: separation of ~ 0.01-0.001 pc 
• Binaires can be formed after the collision of two galaxies: the MBH previously at the 

centre of galaxies get to ~ kpc separation (X-ray evidence from dual AGNs) 
• Dynamical friction drives the two MBH towards the centre of the new galaxy until 

they form a bound binary 
• 3-body interaction with the surrounding stars subsequently shrinks the binary to pc 

separation 
• How to get them to the millipc separation necessary for GW emission and merger 

within one Hubble time? “LAST PARSEC PROBLEM” 
• maybe more stars arrive, or there is gas drag from interaction with a circumbinary 

disk, and/or another MBH arrives… 

NGC 2207

Dual AGN NGC6240 X-ray + 
optical emissionSDSSCGB 10189 Hubble space telescope

If PTAs observe the SGWB from SMBHBs it means that 
SMBHBs exist and merge in the universe! 
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How does the SGWB from SMBHBs look like?

Characteristic strain: 
red spectrum 

<latexit sha1_base64="JhGNlK11du/EYDMbaJzg7cpZNEg=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIq1YtQ8OKxgv2AJpTNdtMu3WzC7kYsIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb2ttfWNza7u0U97d2z84tI8qHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0Gk9uZ332kUrFYPOhpQv0IjwQLGcHaSAO74mGejPGNF0pMsnqeXeQDu+rUnDnQKnELUoUCrYH95Q1jkkZUaMKxUn3XSbSfYakZ4TQve6miCSYTPKJ9QwWOqPKz+e05OjPKEIWxNCU0mqu/JzIcKTWNAtMZYT1Wy95M/M/rpzq89jMmklRTQRaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjbFLQJq6yCcFdfnmVdOo1t1Fr3F9Wm80ijhKcwCmcgwtX0IQ7aEEbCDzBM7zCm5VbL9a79bFoXbOKmWP4A+vzB9ijlFQ=</latexit>

↵ =
2

3

<latexit sha1_base64="gJiN43M4sP54jagWuJTFNDdfHRk=">AAACAHicbVC7SgNBFL0bXzG+Vi0sbAaDEAvDrmi0ESI2dkYwD0jWMDuZJENmH8zMCmHZxl+xsVDE1s+w82+cTbbQxAMXDufcy733uCFnUlnWt5FbWFxaXsmvFtbWNza3zO2dhgwiQWidBDwQLRdLyplP64opTluhoNhzOW26o+vUbz5SIVng36txSB0PD3zWZwQrLXXNvavLjofVkGAe3yYl23qIj+2z5KhrFq2yNQGaJ3ZGipCh1jW/Or2ARB71FeFYyrZthcqJsVCMcJoUOpGkISYjPKBtTX3sUenEkwcSdKiVHuoHQpev0ET9PRFjT8qx5+rO9Fg566Xif147Uv0LJ2Z+GCnqk+mifsSRClCaBuoxQYniY00wEUzfisgQC0yUzqygQ7BnX54njZOyXSlX7k6L1WoWRx724QBKYMM5VOEGalAHAgk8wyu8GU/Gi/FufExbc0Y2swt/YHz+ALIslTA=</latexit>

A = O(10�15)
<latexit sha1_base64="ZRUc4o21PalUiXg6uRuIOihgd6o=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBhZZEpLoRCm5cVrAPaGKYTCft0JkkzEyEELJx46+4caGIW//BnX/jNM1CqwcunDnnXube48eMSmVZX0ZlYXFpeaW6Wltb39jcMrd3ujJKBCYdHLFI9H0kCaMh6SiqGOnHgiDuM9LzJ1dTv3dPhKRReKvSmLgcjUIaUIyUljxzP/AyR3AoSJBf2s5x8UhFfped2Lln1q2GVQD+JXZJ6qBE2zM/nWGEE05ChRmScmBbsXIzJBTFjOQ1J5EkRniCRmSgaYg4kW5WXJHDQ60MYRAJXaGChfpzIkNcypT7upMjNZbz3lT8zxskKrhwMxrGiSIhnn0UJAyqCE4jgUMqCFYs1QRhQfWuEI+RQFjp4Go6BHv+5L+ke9qwm43mzVm91SrjqII9cACOgA3OQQtcgzboAAwewBN4Aa/Go/FsvBnvs9aKUc7sgl8wPr4BpP6YCQ==</latexit>

fref = 1yr�1with

Timing residuals power 
spectral density: 

Also red spectrum 

at

<latexit sha1_base64="UKLaz5TypG16UCFcgJMnztBXd+s=">AAACEnicbVDJSgNBEO2JW4xb1KOXwSAklzAjEr0IgVw8RjQLZIZQ0+lJmvQsdNcIYZhv8OKvePGgiFdP3vwbO8tBEx8UPN6roqqeFwuu0LK+jdza+sbmVn67sLO7t39QPDxqqyiRlLVoJCLZ9UAxwUPWQo6CdWPJIPAE63jjxtTvPDCpeBTe4yRmbgDDkPucAmqpX6zc9VPwsrJfuXYCwBEFkTaysoMjhjCzKk5zxLXfL5asqjWDuUrsBSmRBZr94pcziGgSsBCpAKV6thWjm4JETgXLCk6iWAx0DEPW0zSEgCk3nb2UmWdaGZh+JHWFaM7U3xMpBEpNAk93Ts9Wy95U/M/rJehfuSkP4wRZSOeL/ESYGJnTfMwBl4yimGgCVHJ9q0lHIIGiTrGgQ7CXX14l7fOqXavWbi9K9foijjw5IaekTGxySerkhjRJi1DySJ7JK3kznowX4934mLfmjMXMMfkD4/MHODSdMQ==</latexit>

Sab(f) = C(✓ab)�(f)

<latexit sha1_base64="zAexN2t0lkvit4mXMLFPid/hWPw="></latexit>

�(f) =
A2

(2⇡)2
f�3
ref

✓
f

fref

◆��

with

<latexit sha1_base64="5dk9g7vn8sNu6cKWO2LIXc2WUbo=">AAACBnicbVBNS8NAEN34WetX1KMIwSIIQklaqV4KBS8eK9gPaEKZbDft0t0k7G6EEnLy4l/x4kERr/4Gb/4bt20O2vpg4PHeDDPz/JhRqWz721hZXVvf2CxsFbd3dvf2zYPDtowSgUkLRywSXR8kYTQkLUUVI91YEOA+Ix1/fDP1Ow9ESBqF92oSE4/DMKQBxaC01DdP3CFwDvWKCywewUW17gYCcOpUs7Sa9c2SXbZnsJaJk5MSytHsm1/uIMIJJ6HCDKTsOXasvBSEopiRrOgmksSAxzAkPU1D4ER66eyNzDrTysAKIqErVNZM/T2RApdywn3dyUGN5KI3Ff/zeokKrr2UhnGiSIjni4KEWSqypplYAyoIVmyiCWBB9a0WHoGOQenkijoEZ/HlZdKulJ1auXZ3WWo08jgK6BidonPkoCvUQLeoiVoIo0f0jF7Rm/FkvBjvxse8dcXIZ47QHxifP+H8mCA=</latexit>

� = 2↵+ 3 =
13

3

<latexit sha1_base64="Cta9BiVAehy+WlU4eMAtbfssQ+A=">AAACHXicbVDLSgNBEJz1bXxFPXoZDEI8GHYlqBch4sWjglEhG5fZSU92cPbBTK8Qlv0RL/6KFw+KePAi/o2TmIOvgoaiqpvurjBT0qDrfjgTk1PTM7Nz85WFxaXllerq2oVJc82hzVOV6quQGVAygTZKVHCVaWBxqOAyvDke+pe3oI1Mk3McZNCNWT+RQnKGVgqqzSjgdbF9eOQrEFj3hWa8EGUhgsLXMdUgytLXsh/h9nWx4zOVRawMqjW34Y5A/xJvTGpkjNOg+ub3Up7HkCBXzJiO52bYLZhGyRWUFT83kDF+w/rQsTRhMZhuMfqupFtW6VGRalsJ0pH6faJgsTGDOLSdMcPI/PaG4n9eJ0dx0C1kkuUICf9aJHJFMaXDqGhPauCoBpYwrqW9lfKI2YDQBlqxIXi/X/5LLnYb3l5j76xZa7XGccyRDbJJ6sQj+6RFTsgpaRNO7sgDeSLPzr3z6Lw4r1+tE854Zp38gPP+CeCeonU=</latexit>

hc(f) = A

✓
f

fref

◆�↵

Prediction from SMBHBs 
formation scenarios

Circular binary

Where does this spectral shape come from?



SGWB from a population of inspiralling binaries 
<latexit sha1_base64="JhGNlK11du/EYDMbaJzg7cpZNEg=">AAAB+3icbVBNS8NAEJ34WetXrEcvi0XwVJIq1YtQ8OKxgv2AJpTNdtMu3WzC7kYsIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMCxLOlHacb2ttfWNza7u0U97d2z84tI8qHRWnktA2iXksewFWlDNB25ppTnuJpDgKOO0Gk9uZ332kUrFYPOhpQv0IjwQLGcHaSAO74mGejPGNF0pMsnqeXeQDu+rUnDnQKnELUoUCrYH95Q1jkkZUaMKxUn3XSbSfYakZ4TQve6miCSYTPKJ9QwWOqPKz+e05OjPKEIWxNCU0mqu/JzIcKTWNAtMZYT1Wy95M/M/rpzq89jMmklRTQRaLwpQjHaNZEGjIJCWaTw3BRDJzKyJjbFLQJq6yCcFdfnmVdOo1t1Fr3F9Wm80ijhKcwCmcgwtX0IQ7aEEbCDzBM7zCm5VbL9a79bFoXbOKmWP4A+vzB9ijlFQ=</latexit>

↵ =
2

3
with

<latexit sha1_base64="Cta9BiVAehy+WlU4eMAtbfssQ+A=">AAACHXicbVDLSgNBEJz1bXxFPXoZDEI8GHYlqBch4sWjglEhG5fZSU92cPbBTK8Qlv0RL/6KFw+KePAi/o2TmIOvgoaiqpvurjBT0qDrfjgTk1PTM7Nz85WFxaXllerq2oVJc82hzVOV6quQGVAygTZKVHCVaWBxqOAyvDke+pe3oI1Mk3McZNCNWT+RQnKGVgqqzSjgdbF9eOQrEFj3hWa8EGUhgsLXMdUgytLXsh/h9nWx4zOVRawMqjW34Y5A/xJvTGpkjNOg+ub3Up7HkCBXzJiO52bYLZhGyRWUFT83kDF+w/rQsTRhMZhuMfqupFtW6VGRalsJ0pH6faJgsTGDOLSdMcPI/PaG4n9eJ0dx0C1kkuUICf9aJHJFMaXDqGhPauCoBpYwrqW9lfKI2YDQBlqxIXi/X/5LLnYb3l5j76xZa7XGccyRDbJJ6sQj+6RFTsgpaRNO7sgDeSLPzr3z6Lw4r1+tE854Zp38gPP+CeCeonU=</latexit>

hc(f) = A

✓
f

fref

◆�↵

<latexit sha1_base64="+4Hsp4oivqqJiMcEhOuMz3oJHt4="></latexit>

⌦GW(f) =
2⇡2

3H2
0

f
2
h
2
c(f) = ⌦GW(fref)

✓
f

fref

◆2/3

in terms of the power spectrum of 
the GW energy density becomes

<latexit sha1_base64="MW3vlzrGv5RFLrY5QuWL/QNUdY4="></latexit>

⇢(tot)GW

⇢c
=

Z 1

0

df

f
⌦GW(f) =

Z
d⇠

Z
dVc

Z
d⌧c

d3N(z, ⌧c, ⇠, ✓)

d⇠dVcd⌧c

⇢(event)GW

⇢c

Parameters of the 
binary signal  

(essentially chirp 
mass)

Coming 
volume

Time to 
coalescence

Number density of GW 
sources (given within an 
astrophysical model for 
the binary population)

GW energy 
emitted by a 
single event 

<latexit sha1_base64="Fb0Bjsd0phKNaNNioy/yzu3713o="></latexit>

⇢(event)GW

⇢c
=

1

16⇡G⇢c

hḣ2
+ + ḣ2

⇥i
(1 + z)4

At the source



SGWB from a population of inspiralling binaries 
<latexit sha1_base64="qasfg8Lpdk3u5BUQQxzZvzpBqrM="></latexit>

ḣ+(tS) =
4⇡2/3

a(tS)r
(GMc)

5/3
⇣1 + cos2 ✓

2

⌘d[f2/3(tS) cos(2�(tS))]

dtS

<latexit sha1_base64="HYO7y0/gp7YXxGtPHSwK9br3bKQ=">AAACIXicbVDLSgMxFM3Ud31VXboJFqEFrTOjaJcFNy4r2lbo1JJJM21oJjMmd4Qy9Ffc+CtuXCjSnfgzpo+FVg8Ezj3n3iT3+LHgGmz708osLC4tr6yuZdc3Nre2czu7dR0lirIajUSk7nyimeCS1YCDYHexYiT0BWv4/cux33hkSvNI3sIgZq2QdCUPOCVgpHaujD3NQ/aAj4P71D05HRagfVN0vSOvE0HqVXt8qpguWXDHNZ7UxXYub5fsCfBf4sxIHs1QbedG5kqahEwCFUTrpmPH0EqJAk4FG2a9RLOY0D7psqahkoRMt9LJhkN8aJQODiJljgQ8UX9OpCTUehD6pjMk0NPz3lj8z2smEJRbKZdxAkzS6UNBIjBEeBwX7nDFKIiBIYQqbv6KaY8oQsGEmjUhOPMr/yV1t+Scl86vz/KVyiyOVbSPDlABOegCVdAVqqIaougJvaA39G49W6/WhzWatmas2cwe+gXr6xs/w6EZ</latexit>

' �f2/3(tS)2 �̇(tS) sin(2�(tS))

{

In the limit of circular 
orbit with slowly 
varying radius

<latexit sha1_base64="v/2HynfV2qHDpIGtcTtVn1h/JTA=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmgckS5id9CZDZmeHmVkhhHyEFw+KePV7vPk3TpI9aLSgoajqprsrUoIb6/tfXmFtfWNzq7hd2tnd2z8oHx61TJpphk2WilR3ImpQcIlNy63AjtJIk0hgOxrfzP32I2rDU/lgJwrDhA4ljzmj1kntnuIk7t/3yxW/6i9A/pIgJxXI0eiXP3uDlGUJSssENaYb+MqGU6otZwJnpV5mUFE2pkPsOippgiacLs6dkTOnDEicalfSkoX6c2JKE2MmSeQ6E2pHZtWbi/953czG1+GUS5VZlGy5KM4EsSmZ/04GXCOzYuIIZZq7WwkbUU2ZdQmVXAjB6st/SeuiGtSqtbvLSr2ex1GEEziFcwjgCupwCw1oAoMxPMELvHrKe/bevPdla8HLZ47hF7yPb8W+jzY=</latexit>

⇡fS
<latexit sha1_base64="NhLZcDP1etCWFNXVSkvIpvEChKA=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiRFqsuCG5eV2ge0NUymk3boZBJmboQQ6q+4caGIWz/EnX/jtM1CWw9cOJxz78y9x48F1+A431ZhY3Nre6e4W9rbPzg8so9POjpKFGVtGolI9XyimeCStYGDYL1YMRL6gnX96c3c7z4ypXkk7yGN2TAkY8kDTgkYybPLeDCKIAtmXmsgBA681kPNsytO1VkArxM3JxWUo+nZX+YRmoRMAhVE677rxDDMiAJOBZuVBolmMaFTMmZ9QyUJmR5mi+Vn+NwoIxxEypQEvFB/T2Qk1DoNfdMZEpjoVW8u/uf1EwiuhxmXcQJM0uVHQSIwRHieBB5xxSiI1BBCFTe7YjohilAweZVMCO7qyeukU6u69Wr97rLSaORxFNEpOkMXyEVXqIFuURO1EUUpekav6M16sl6sd+tj2Vqw8pky+gPr8wfWbJRB</latexit>

ḟS ⌧ f2
S

<latexit sha1_base64="lozlxpewIBJntmbVLKelMQjl8yM=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBg5REpHoRCl68CBXsB7YhbDabdulmE3Y3Qgn9F148KOLVf+PNf+OmzUFbHww83pthZp6fcKa0bX9bpZXVtfWN8mZla3tnd6+6f9BRcSoJbZOYx7LnY0U5E7Stmea0l0iKI5/Trj++yf3uE5WKxeJBTxLqRngoWMgI1kZ6DLy7a+zZgzPpVWt23Z4BLROnIDUo0PKqX4MgJmlEhSYcK9V37ES7GZaaEU6nlUGqaILJGA9p31CBI6rcbHbxFJ0YJUBhLE0JjWbq74kMR0pNIt90RliP1KKXi/95/VSHV27GRJJqKsh8UZhypGOUv48CJinRfGIIJpKZWxEZYYmJNiFVTAjO4svLpHNedxr1xv1Frdks4ijDERzDKThwCU24hRa0gYCAZ3iFN0tZL9a79TFvLVnFzCH8gfX5A24tkB4=</latexit>

dM = a0 r
<latexit sha1_base64="JGbus8Q+pweGD/F6mZUjOplypx4=">AAACIXicbVDLSsNAFJ34rPVVdelmsAgVpCQitRuh4KYbsYJ9QFPDZDJpB2eSMDMR2pBfceOvuHGhSHfizzhtg2jrgQuHc+7l3nvciFGpTPPTWFpeWV1bz23kN7e2d3YLe/stGcYCkyYOWSg6LpKE0YA0FVWMdCJBEHcZabsPVxO//UiEpGFwp4YR6XHUD6hPMVJacgrVxBYcemnLwZe2LxBOPOf6/ixN6qXRSQozF9o3nPSRffojjJxC0SybU8BFYmWkCDI0nMLY9kIccxIozJCUXcuMVC9BQlHMSJq3Y0kihB9Qn3Q1DRAnspdMP0zhsVY86IdCV6DgVP09kSAu5ZC7upMjNZDz3kT8z+vGyq/2EhpEsSIBni3yYwZVCCdxQY8KghUbaoKwoPpWiAdI56R0qHkdgjX/8iJpnZWtSrlye16s1bI4cuAQHIESsMAFqIE6aIAmwOAJvIA38G48G6/GhzGetS4Z2cwB+APj6xvzb6LA</latexit>
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SGWB from a population of inspiralling binaries 
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SGWB amplitude determined by 
the population characteristics 

and the cosmology

<latexit sha1_base64="KBPIyBQ3dpcIp9kVjUdNb2Cs4zE="></latexit>

⇢
(tot)
GW

⇢c
=

⇡
2/3

3G⇢c

Z
df

f
f
2/3

Z
d⇠

Z
dz

H(z)(1 + z)4/3
(GMc)

10/3 d
3
N(z, ⌧c, ⇠, ✓)

d⇠dVcd⌧c

Express the integral over time to 
coalescence in terms of frequency and 
change to frequency at the observer
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• The assumption of 
homogeneous and isotropic 
SGWB isn’t justified at high 
frequency: SMBHBs are 
less numerous, the SGWB 
slope is steeper, and 
discreteness starts to 
appear with spikes due to 
the loudest SMBHBs 

• Interactions with the 
binary environment makes 
hardening stronger and 
suppresses SGWB power at 
low frequency 

• Eccentricity enhances GW 
emission at higher 
frequencies 

L.Z. Kelley et al, arXiv:1702.02180

SGWB from a population of inspiralling binaries 

The features of the SGWB power spectrum (amplitude A, slope α…) 
depend on the population characteristics such as the binary merger 

rate, its dependence with mass and redshift, the 
surrounding stellar density, the initial binary eccentricity…



Pulsar timing arrays

In 2020, NANOGrav (followed by EPTA and PPTA) has announced the 
presence of a common red noise in their 12.5 years data

NANOGrav collaboration: arXiv:2009.04496
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J. Antoniadis et al, arXiv:2306.16214

Last year, all PTAs have confirmed the observation of a common red noise 
supplemented by evidence for the Hellings-Downs correlation

EPTA 
results:
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DR2new (10.3 yrs):

DR2full (25 yrs):

<latexit sha1_base64="vC9eH6mzcriLUkPK9Y8EIadPFXA="></latexit>

logA = �14.54+0.28
�0.41 � = 4.19+0.73

�0.63 B = 4

Pulsar timing arrays



Last year, all PTAs have confirmed the observation of a common red noise 
supplemented by evidence for the Hellings-Downs correlation

G. Agazie et al, arXiv:2306.16213
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Pulsar timing arrays

NANOGrav 
results:



CC, Nature Rev. Phys. 6 (2024), 5291-293

IPTA Collaboration, 
arXiv:2309.00693

• The slopes are shallower than 13/3 (but maybe the model isn’t fully adapted…) 
• The amplitude is consistent with the one from a SMBHBs SGWB 
• All datasets are consistent within 1σ as shown by IPTA

But the signal 
could also be of 

primordial origin…

Pulsar timing arrays



Examples of SGWB sources in the early universe



GWs can bring direct information from very early stages of the universe 
evolution, to which we have no direct access through em radiation —> 

amazing discovery potential

BBN ~0.1 MeV

Tested cosmology



No guaranteed GW signal: predictions rely on untested 
phenomena, and are often difficult to estimate (non-linear 

dynamics, strongly coupled theories… )

New physics

~1 TeV

Tested physics

BBN ~0.1 MeV



New physics

~1 TeV

Tested physics

Many GW generation processes are related to PHASE TRANSITIONS

BBN ~0.1 MeV



New physics

~1 TeV

Tested physics

Phase transition: some field in the universe changes from one state to 
another, which has become more energetically favourable due to a change 

in external conditions (e.g. a change in temperature)

BBN ~0.1 MeV



Inflation: phase transition of the Inflaton field

New physics



GUT phase transition or similar: related to the breaking of the 
symmetries of the high-energy theory describing the universe  

New physics

GUT 
?



Peccei-Quinn phase transition: invoked to solve the 
strong CP problem

~107-1011 GeV

New physics



Electroweak phase transition: phase transition of the Higgs field, 
driven by the temperature decrease as the universe expands 

~150 GeV

Tested physicsNew physics



QCD phase transition: phase transition related to the strong 
interaction, confinement of quarks into hadrons

~0.1 GeV

Tested physics

BUT! Difficult to analyse, since 
strongly coupled theory



Examples of GW sources in the early universe : 

• beyond the irreducible SGWB from inflation 

• particle production during inflation (scalar, gauge fields… coupled to the inflaton) 
• spectator fields 
• second order tensor from enhanced scalar perturbations, with primordial black holes 
• breaking symmetries (space-dependent inflaton, massive graviton) 
• modified gravity during inflation (massive GWs with c ≠ 1) 
• …

• irreducible SGWB from inflation 

• preheating and non-perturbative phenomena
• parametric amplification of bosons/fermions 
• symmetry breaking in hybrid inflation 
• decay of flat directions 
• oscillons 
• …

• also sourced by second order scalar perturbations

• cosmic topological defects

• irreducible SGWB from topological defect networks 
• decay of cosmic string loops 
• …

• first order phase transition • true vacuum bubble collision 
• sound waves 
• (M)HD turbulence 
• …

CC and Figueroa arXiv:1801.04268


