
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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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

<latexit sha1_base64="xdDaHbK3PXBHZ+yJFWGAQlBsEyI="></latexit>
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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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Extra factor
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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
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Express the integral over time to 
coalescence in terms of frequency and 
change to frequency at the observer
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fS = f(1 + z)



• 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:

<latexit sha1_base64="UQuMzoLqAF4CMhuDX74YCqep550="></latexit>

logA = �13.94+0.23
�0.48 � = 2.71+1.18

�0.73 B = 60

DR2new (10.3 yrs):

DR2full (25 yrs):
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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

<latexit sha1_base64="xGtp0SDHYLZRieIrLceq21XD4eU="></latexit>

A = �6.4+4.2
�2.7 ⇥ 10�15

� = 3.2+0.6
�0.6

B = 226

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



Possible sources of tensor anisotropic stress in the early universe: 

• Scalar field gradients 

• Bulk fluid motion 

• Gauge fields  

• Second order scalar perturbations, Πij from a combination of  

• … 
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SGWB from a stochastic source in the radiation era
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h00
r (k, ⌘) + 2H h0

r(k, ⌘) + k2 hr(k, ⌘) = 16⇡Ga2 ⇧r(k, ⌘)

The components of the anisotropic stress must be treated as   
random variables 

because we cannot access the detailed properties of the generation 
processes at the moment they operated



We now proceed with two approximate analytical solutions of the GW propagation 
equation: 
• Fast source operating for less than one Hubble time -> peaked SGWB power spectrum

SGWB from a stochastic source in the radiation era
 unequal time correlator of the anisotropic stress
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4
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Anisotropic 
stress power 
spectral density 
at unequal time 
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SGWB from a stochastic source in the radiation era
 unequal time correlator of the anisotropic stress

<latexit sha1_base64="ST2yapZNevINSNC/PP8fXXPd6UU="></latexit>

h⇧r(k, ⌧)⇧
⇤
p(q, ⇣)i =

(2⇡)3

4
�(3)(k� q) �rp ⇧(k, ⌧, ⇣)

Anisotropic 
stress power 
spectral density 
at unequal time 

Possibility of 
coincident detection 

at several 
observatories 

We now proceed with two approximate analytical solutions of the GW propagation 
equation: 
• Continuous source operating for several Hubble times -> flat SGWB power spectrum



SGWB from a stochastic source in the radiation era
 unequal time correlator of the anisotropic stress
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Anisotropic 
stress power 
spectral density 
at unequal time 

Fast source operating in a time interval ηfin - ηin in the radiation 
dominated era
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—————————————————

Typical example: first order phase transition

Matching at ηfin with the homogeneous solution to find the GW signal today



GW amplitude power spectrum today for modes kη0 ≫ 1
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(freely propagating sub-
Hubble modes)

GW energy density power spectrum today for modes kη0 ≫ 1

SGWB from a FAST stochastic source in the radiation era
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GW amplitude power spectrum today for modes kη0 ≫ 1
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⇧(k, ⌧, ⌘) constant over
<latexit sha1_base64="IXhGZUmUlvul0EuMHWv+t22Qjqo=">AAAB8XicdVDLTgJBEJz1ifhCPXqZSEw8kV1EwBtRDx4xkUcEQmaHBibMzm5mek0I4S+8eNAYr/6NN//GWcBEjVbSSaWqO91dfiSFQdf9cJaWV1bX1lMb6c2t7Z3dzN5+3YSx5lDjoQx102cGpFBQQ4ESmpEGFvgSGv7oMvEb96CNCNUtjiPoBGygRF9whla6a1+BRNYGZN1M1s2dl4v5QpG6OdcteXkvIflS4bRAPaskyJIFqt3Me7sX8jgAhVwyY1qeG2FnwjQKLmGabscGIsZHbAAtSxULwHQms4un9NgqPdoPtS2FdKZ+n5iwwJhx4NvOgOHQ/PYS8S+vFWO/3JkIFcUIis8X9WNJMaTJ+7QnNHCUY0sY18LeSvmQacbRhpS2IXx9Sv8n9XzOO8u5N4Vs5WIRR4ockiNyQjxSIhVyTaqkRjhR5IE8kWfHOI/Oi/M6b11yFjMH5Aect0/IoJEA</latexit>

�⌘

<latexit sha1_base64="bgOYGv0Wzp0LORGbDl8nxPSde1o=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBZBPIQkjW29Fb14rGDaQhvLZrtpl242YXcjlNDf4MWDIl79Qd78N27aCir6YODx3gwz84KEUaks68MorKyurW8UN0tb2zu7e+X9g7aMU4GJh2MWi26AJGGUE09RxUg3EQRFASOdYHKV+517IiSN+a2aJsSP0IjTkGKktOShwdlddVCuWOZFo+a4NWiZllW3HTsnTt2tutDWSo4KWKI1KL/3hzFOI8IVZkjKnm0lys+QUBQzMiv1U0kShCdoRHqachQR6WfzY2fwRCtDGMZCF1dwrn6fyFAk5TQKdGeE1Fj+9nLxL6+XqrDhZ5QnqSIcLxaFKYMqhvnncEgFwYpNNUFYUH0rxGMkEFY6n5IO4etT+D9pO6Z9blo3bqV5uYyjCI7AMTgFNqiDJrgGLeABDCh4AE/g2eDGo/FivC5aC8Zy5hD8gPH2CWdCjm0=</latexit>

a3⇤
<latexit sha1_base64="bgOYGv0Wzp0LORGbDl8nxPSde1o=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LBZBPIQkjW29Fb14rGDaQhvLZrtpl242YXcjlNDf4MWDIl79Qd78N27aCir6YODx3gwz84KEUaks68MorKyurW8UN0tb2zu7e+X9g7aMU4GJh2MWi26AJGGUE09RxUg3EQRFASOdYHKV+517IiSN+a2aJsSP0IjTkGKktOShwdlddVCuWOZFo+a4NWiZllW3HTsnTt2tutDWSo4KWKI1KL/3hzFOI8IVZkjKnm0lys+QUBQzMiv1U0kShCdoRHqachQR6WfzY2fwRCtDGMZCF1dwrn6fyFAk5TQKdGeE1Fj+9nLxL6+XqrDhZ5QnqSIcLxaFKYMqhvnncEgFwYpNNUFYUH0rxGMkEFY6n5IO4etT+D9pO6Z9blo3bqV5uYyjCI7AMTgFNqiDJrgGLeABDCh4AE/g2eDGo/FivC5aC8Zy5hD8gPH2CWdCjm0=</latexit>

a3⇤
<latexit sha1_base64="N6HqCvS94CnKeud7Pco9lao2GTc=">AAAB73icdVDLSsNAFJ34rPVVdelmsAiuQhJjW3dFNy4r2Ae0oUymk3bozCSdmQgl9CfcuFDErb/jzr9x0lZQ0QMXDufcy733hAmjSjvOh7Wyura+sVnYKm7v7O7tlw4OWypOJSZNHLNYdkKkCKOCNDXVjHQSSRAPGWmH4+vcb98TqWgs7vQ0IQFHQ0EjipE2UqenKCcT6PZLZce+rFU8vwId23GqrufmxKv65z50jZKjDJZo9EvvvUGMU06Exgwp1XWdRAcZkppiRmbFXqpIgvAYDUnXUIE4UUE2v3cGT40ygFEsTQkN5+r3iQxxpaY8NJ0c6ZH67eXiX1431VEtyKhIUk0EXiyKUgZ1DPPn4YBKgjWbGoKwpOZWiEdIIqxNREUTwten8H/S8mz3wnZu/XL9ahlHARyDE3AGXFAFdXADGqAJMGDgATyBZ2tiPVov1uuidcVazhyBH7DePgHcw4/c</latexit>' 1

<latexit sha1_base64="rg8gnBNyIANWex11MYO8ZMpdiq4=">AAAB/HicdVDLSsNAFJ34rPVV7dLNYBFchSTWtu6KblxWsA9oQphMJ+3QySTMTIQQ6q+4caGIWz/EnX/jpK2gogcuHM65l3vvCRJGpbKsD2NldW19Y7O0Vd7e2d3brxwc9mScCky6OGaxGARIEkY56SqqGBkkgqAoYKQfTK8Kv39HhKQxv1VZQrwIjTkNKUZKS36lOnWJQn7uighSPnMZg7ZfqVnmRavh1BvQMi2raTt2QZxm/awOba0UqIElOn7l3R3FOI0IV5ghKYe2lSgvR0JRzMis7KaSJAhP0ZgMNeUoItLL58fP4IlWRjCMhS6u4Fz9PpGjSMosCnRnhNRE/vYK8S9vmKqw5eWUJ6kiHC8WhSmDKoZFEnBEBcGKZZogLKi+FeIJEggrnVdZh/D1Kfyf9BzTPjetm3qtfbmMowSOwDE4BTZogja4Bh3QBRhk4AE8gWfj3ng0XozXReuKsZypgh8w3j4BmiOUvg==</latexit>

k⌘in ⌧ 1

<latexit sha1_base64="FoKyqu3nsWJrR9d62HYl+Pd3s+0=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUzZCpY1t3RTcuK9gHtEPJpJk2NpMZkoxQhv6DGxeKuPV/3Pk3ZtoKKnrgwuGce7n3Hj/mTGmEPqzcyura+kZ+s7C1vbO7V9w/aKsokYS2SMQj2fWxopwJ2tJMc9qNJcWhz2nHn1xlfueeSsUicaunMfVCPBIsYARrI7X7TVaenA6KJWRf1KsVtwqRjVDNqTgZqdTcMxc6RslQAks0B8X3/jAiSUiFJhwr1XNQrL0US80Ip7NCP1E0xmSCR7RnqMAhVV46v3YGT4wyhEEkTQkN5+r3iRSHSk1D33SGWI/Vby8T//J6iQ7qXspEnGgqyGJRkHCoI5i9DodMUqL51BBMJDO3QjLGEhNtAiqYEL4+hf+TdsV2zm1045Yal8s48uAIHIMycEANNMA1aIIWIOAOPIAn8GxF1qP1Yr0uWnPWcuYQ/ID19gkQRI7N</latexit>

⇧(k)

<latexit sha1_base64="W68hiEm+ADmwJo8piQZBSNoJj+Y="></latexit>

d⇢GW

dlogk
=

k2 h2
c(k, ⌘0)

16⇡Ga20

(freely propagating sub-
Hubble modes)

SUPPOSE:

SGWB from a FAST stochastic source in the radiation era

<latexit sha1_base64="/gwo4B0YSvKxfzM36u10496cA3A="></latexit>

= 8⇡5 �(3)(k� q) �rp
h2
c(k, ⌘0)

k3

GW energy density power spectrum today for modes kη0 ≫ 1

<latexit sha1_base64="VVuDoACEMtUZnq2TK8+1B7p3U18="></latexit>

dωGW

dlogk
(k, ε0) =

4

ϑ

G

a40
k3

∫ ωfin

ωin

dϖ a3(ϖ)

∫ ωfin

ωin

dϱ a3(ϱ) cos[k(ϖ → ϱ)]!(k, ϖ, ϱ)



GW energy density parameter today for modes 1/η0 ≪ k ≪ 1/ηin

From the time integrals

SGWB from a FAST stochastic source in the radiation era

{

<latexit sha1_base64="2+UAy5qNt7zGijJIFu5t6DLyB9I=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0Wsm5IUqW6EogtdRrAPaGKYTCbt0MmDmYlQQj7Bjb/ixoUibl2682+ctllo64GBc8+5lzv3eAmjQhrGt1ZaWl5ZXSuvVzY2t7Z39N29johTjkkbxyzmPQ8JwmhE2pJKRnoJJyj0GOl6o6uJ330gXNA4upPjhDghGkQ0oBhJJbn6sW3R2ujkwubD2M1Ukd83bEmZT6Clah7C626uGly9atSNKeAiMQtSBQUsV/+y/RinIYkkZkiIvmkk0skQlxQzklfsVJAE4REakL6iEQqJcLLpQTk8UooPg5irF0k4VX9PZCgUYhx6qjNEcijmvYn4n9dPZXDuZDRKUkkiPFsUpAzKGE7SgT7lBEs2VgRhTtVfIR4ijrBUGVZUCOb8yYuk06ibzXrz9rTauiziKIMDcAhqwARnoAVugAXaAINH8AxewZv2pL1o79rHrLWkFTP74A+0zx/Q8pvV</latexit>

⇧(k) = ⇢2⇧P̃GW(k)

<latexit sha1_base64="65iaUPJV3TdZtuh5vqqgRRV5efg="></latexit>

h2⌦GW(k, ⌘0) =
3
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GW energy density parameter today for modes 1/η0 ≪ k ≪ 1/ηin

{
<latexit sha1_base64="bui9MEbyqZg4851u0QHMAy7LQgo=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAk4mtZdOPOCvYBbSyT6aQdOnkwMxFqCP6KGxeKuPU/3Pk3TtostHpg4HDOvdwzx404k8qyvozC3PzC4lJxubSyura+YW5uNWUYC0IbJOShaLtYUs4C2lBMcdqOBMW+y2nLHV1mfuueCsnC4FaNI+r4eBAwjxGstNQzd7o+VkOCeXKdVmzrLjk8TQ96ZtmqWhOgv8TOSRly1HvmZ7cfktingSIcS9mxrUg5CRaKEU7TUjeWNMJkhAe0o2mAfSqdZJI+Rfta6SMvFPoFCk3UnxsJ9qUc+66ezLLKWS8T//M6sfLOnYQFUaxoQKaHvJgjFaKsCtRnghLFx5pgIpjOisgQC0yULqykS7Bnv/yXNI+q9knVujku1y7yOoqwC3tQARvOoAZXUIcGEHiAJ3iBV+PReDbejPfpaMHId7bhF4yPbygKlF8=</latexit>

O(10�6)

{

<latexit sha1_base64="3QBk2HbigVQjpFUfSH/Sg9Qz4Hk=">AAAB/nicbVDLSsNAFL2pr1pfUXHlJliEurBkRNFl0Y07K9gHtLFMppN26GQSZiZCCQF/xY0LRdz6He78GydtF1o9MHA4517umePHnCntul9WYWFxaXmluFpaW9/Y3LK3d5oqSiShDRLxSLZ9rChngjY005y2Y0lx6HPa8kdXud96oFKxSNzpcUy9EA8ECxjB2kg9e68bYj0kmKc3WQW59+kxQtlRzy67VXcC5y9BM1KGGeo9+7Pbj0gSUqEJx0p1kBtrL8VSM8JpVuomisaYjPCAdgwVOKTKSyfxM+fQKH0niKR5QjsT9edGikOlxqFvJvOwat7Lxf+8TqKDCy9lIk40FWR6KEi4oyMn78LpM0mJ5mNDMJHMZHXIEEtMtGmsZEpA81/+S5onVXRWdW9Py7XLWR1F2IcDqACCc6jBNdShAQRSeIIXeLUerWfrzXqfjhas2c4u/IL18Q2WeJSV</latexit>

O(10�11)

Value for detection 
at LISA

{

Factor depending 
slightly on the 

generation epoch 
through the 
number of 

relativistic d.o.f.

<latexit sha1_base64="/G8cQoPXBdv4TS1iCWLtFYAcO2o=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAkYtFl0Y07K9gHtLFMppN26OTBzESoIfgrblwo4tb/cOffOGmz0OqBgcM593LPHDfiTCrL+jIKC4tLyyvF1dLa+sbmlrm905JhLAhtkpCHouNiSTkLaFMxxWknEhT7Lqdtd3yZ+e17KiQLg1s1iajj42HAPEaw0lLf3Ov5WI0I5sl1WrGtu+S4lh71zbJVtaZAf4mdkzLkaPTNz94gJLFPA0U4lrJrW5FyEiwUI5ympV4saYTJGA9pV9MA+1Q6yTR9ig61MkBeKPQLFJqqPzcS7Es58V09mWWV814m/ud1Y+WdOwkLoljRgMwOeTFHKkRZFWjABCWKTzTBRDCdFZERFpgoXVhJl2DPf/kvaZ1U7VrVujkt1y/yOoqwDwdQARvOoA5X0IAmEHiAJ3iBV+PReDbejPfZaMHId3bhF4yPbyaElF4=</latexit>

O(10�5)

Only slow, very 
anisotropic processes 

have the chance to 
generate detectable 

SGWB signals  
for sub-Hubble sources

SGWB from a FAST stochastic source in the radiation era

<latexit sha1_base64="AI6XVIEiWy7B9MNJrGfgseIa5Zs=">AAAB/XicbVDJSgNBFHwTtxi3cbl5aQxCPBhmxPUW9OLNCGaBZAw9nU7SpGehu0eIw+CvePGgiFf/w5t/Y08yB00saCiq3uNVlxtyJpVlfRu5ufmFxaX8cmFldW19w9zcqssgEoTWSMAD0XSxpJz5tKaY4rQZCoo9l9OGO7xK/cYDFZIF/p0ahdTxcN9nPUaw0lLH3Gl7WA0I5vFNUrKt+/jwIjnomEWrbI2BZomdkSJkqHbMr3Y3IJFHfUU4lrJlW6FyYiwUI5wmhXYkaYjJEPdpS1Mfe1Q68Th9gva10kW9QOjnKzRWf2/E2JNy5Ll6Ms0qp71U/M9rRap37sTMDyNFfTI51Is4UgFKq0BdJihRfKQJJoLprIgMsMBE6cIKugR7+suzpH5Utk/LJ7fHxcplVkcedmEPSmDDGVTgGqpQAwKP8Ayv8GY8GS/Gu/ExGc0Z2c42/IHx+QMuipRo</latexit>

O(10�9)
<latexit sha1_base64="RoeI1uC5mx5Gw1++zyaUgO0ePcY=">AAAB/XicbVDJSgNBFHwTtxi3cbl5aQxCPBhm3I9BL96MYBZIxtDT6SRNeha6e4Q4DP6KFw+KePU/vPk39iRz0MSChqLqPV51uSFnUlnWt5Gbm19YXMovF1ZW19Y3zM2tugwiQWiNBDwQTRdLyplPa4opTpuhoNhzOW24w6vUbzxQIVng36lRSB0P933WYwQrLXXMnbaH1YBgHt8kJdu6jw+Pk4OOWbTK1hholtgZKUKGasf8ancDEnnUV4RjKVu2FSonxkIxwmlSaEeShpgMcZ+2NPWxR6UTj9MnaF8rXdQLhH6+QmP190aMPSlHnqsn06xy2kvF/7xWpHoXTsz8MFLUJ5NDvYgjFaC0CtRlghLFR5pgIpjOisgAC0yULqygS7CnvzxL6kdl+6x8entSrFxmdeRhF/agBDacQwWuoQo1IPAIz/AKb8aT8WK8Gx+T0ZyR7WzDHxifPyVmlGI=</latexit>

O(10�3)

Value detected 
at PTA

<latexit sha1_base64="bui9MEbyqZg4851u0QHMAy7LQgo=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEurAk4mtZdOPOCvYBbSyT6aQdOnkwMxFqCP6KGxeKuPU/3Pk3TtostHpg4HDOvdwzx404k8qyvozC3PzC4lJxubSyura+YW5uNWUYC0IbJOShaLtYUs4C2lBMcdqOBMW+y2nLHV1mfuueCsnC4FaNI+r4eBAwjxGstNQzd7o+VkOCeXKdVmzrLjk8TQ96ZtmqWhOgv8TOSRly1HvmZ7cfktingSIcS9mxrUg5CRaKEU7TUjeWNMJkhAe0o2mAfSqdZJI+Rfta6SMvFPoFCk3UnxsJ9qUc+66ezLLKWS8T//M6sfLOnYQFUaxoQKaHvJgjFaKsCtRnghLFx5pgIpjOisgQC0yULqykS7Bnv/yXNI+q9knVujku1y7yOoqwC3tQARvOoAZXUIcGEHiAJ3iBV+PReDbejPfpaMHId7bhF4yPbygKlF8=</latexit>

O(10�6)

<latexit sha1_base64="65iaUPJV3TdZtuh5vqqgRRV5efg="></latexit>
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GW energy density parameter today for modes 1/η0 ≪ k ≪ 1/ηin

Fast source: 
independent on k for 
large enough scales 

(uncorrelated)

<latexit sha1_base64="INJDhmIK3B6GS6CKZSmM06AbAsg=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBGkYElE0WXBTZcV7AOaGCbTm3bo5OHMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89fsKZVJb1baysrq1vbJa2yts7u3v75sFhR8apoNCmMY9FzycSOIugrZji0EsEkNDn0PXHN1O/+whCsji6U1kCbkiGEQsYJUpLnllxgHOv5nB4wE2vdp+f2RPPrFp1awa8TOyCVFGBlmd+OYOYpiFEinIiZd+2EuXmRChGOUzKTiohIXRMhtDXNCIhSDefHT/BJ1oZ4CAWuiKFZ+rviZyEUmahrztDokZy0ZuK/3n9VAXXbs6iJFUQ0fmiIOVYxXiaBB4wAVTxTBNCBdO3YjoiglCl8yrrEOzFl5dJ57xuX9at24tqo1HEUUJH6BidIhtdoQZqohZqI4oy9Ixe0ZvxZLwY78bHvHXFKGYq6A+Mzx8wP5PQ</latexit>
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Π*
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>

characteristic size of 
the shear stresses

slope 
depending on 

the source 
details

<latexit sha1_base64="GvJtNNuaK3Wv8cZg/VYH3Htke/s=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI4qEkouix6MVjBfsBTQib7aRdupvE3Y1QQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF6acKe0431ZpZXVtfaO8Wdna3tmt2nv7bZVkkkKLJjyR3ZAo4CyGlmaaQzeVQETIoROObqZ+5xGkYkl8r8cp+IIMYhYxSrSRArs68oDz4NRTTMADdgO75tSdGfAycQtSQwWagf3l9ROaCYg15USpnuuk2s+J1IxymFS8TEFK6IgMoGdoTAQoP58dPsHHRunjKJGmYo1n6u+JnAilxiI0nYLooVr0puJ/Xi/T0ZWfszjNNMR0vijKONYJnqaA+0wC1XxsCKGSmVsxHRJJqDZZVUwI7uLLy6R9Vncv6s7dea1xXcRRRofoCJ0gF12iBrpFTdRCFGXoGb2iN+vJerHerY95a8kqZg7QH1ifP/H1kp4=</latexit>

k`⇤ ' 1

White noise

SGWB from a FAST stochastic source in the radiation era

<latexit sha1_base64="65iaUPJV3TdZtuh5vqqgRRV5efg="></latexit>
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GW energy density parameter today for modes 1/η0 ≪ k ≪ 1/ηin

<latexit sha1_base64="gWfEZhS6l8hrdbh4yuWzJd3sUTw=">AAACGnicbVDLSgNBEJz1bXytevQyGATNIe6KokfRS44RzAOyYemddOKQ2Qczs0JY8h1e/BUvHhTxJl78G2eTPWi0YIaiqpvuriARXGnH+bLm5hcWl5ZXVktr6xubW/b2TlPFqWTYYLGIZTsAhYJH2NBcC2wnEiEMBLaC4XXut+5RKh5Ht3qUYDeEQcT7nIE2km+77rGHGnzHE4IOaf57Ieg7BiKrjf3KRHGPD8GveCiEXzny7bJTdSagf4lbkDIpUPftD68XszTESDMBSnVcJ9HdDKTmTOC45KUKE2BDGGDH0AhCVN1sctqYHhilR/uxNC/SdKL+7MggVGoUBqYyX1vNern4n9dJdf+im/EoSTVGbDqonwqqY5rnRHtcItNiZAgwyc2ulN2BBKZNmiUTgjt78l/SPKm6Z1Xn5rR8eVXEsUL2yD45JC45J5ekRuqkQRh5IE/khbxaj9az9Wa9T0vnrKJnl/yC9fkNRQSegQ==</latexit>

1/⌘0 ⌧ k ⌧ H⇤ ⌧ 1/(a⇤`⇤){ {
Causality of the 
sourcing process

Range of validity 
of the solution

SGWB from a FAST stochastic source in the radiation era

<latexit sha1_base64="mrhNpIRBT8RC3srNt8Nn3tCQDAk=">AAACDnicbVC7SgNBFJ2NrxhfUUubwRBILMKu7zJooZ0RzAOycZmd3CRDZnaXmVkhLPkCG3/FxkIRW2s7/8bJo9DEAwOHc+7lzjl+xJnStv1tpRYWl5ZX0quZtfWNza3s9k5NhbGkUKUhD2XDJwo4C6CqmebQiCQQ4XOo+/3LkV9/AKlYGNzpQQQtQboB6zBKtJG8bN69EdAlXuJKga/qw0K/6EYyjHSIC30XOPcOivdHXjZnl+wx8DxxpiSHpqh42S+3HdJYQKApJ0o1HTvSrYRIzSiHYcaNFUSE9kkXmoYGRIBqJeM4Q5w3Sht3QmleoPFY/b2REKHUQPhmUhDdU7PeSPzPa8a6c95KWBDFGgI6OdSJOTZhR93gNpNANR8YQqhk5q+Y9ogkVJsGM6YEZzbyPKkdlpzT0sntca58Ma0jjfbQPiogB52hMrpGFVRFFD2iZ/SK3qwn68V6tz4moylrurOL/sD6/AFZeZsH</latexit>
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• Characteristic time of the source evolution

• Characteristic time of the GW production 
from the Green’s function:

• GW production goes faster than source evolution for all 
relevant wave-numbers including the spectrum peak  

• One assumes that the source is constant in time for a finite 
time interval (which can be larger than the Hubble time)

• One can then easily integrate to find the GW spectrum
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A. Roper Pol et al, arXiv:2201.05630

SGWB from a FAST stochastic source in the radiation era
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Transition from
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A. Roper Pol et al, arXiv:2201.05630

𝖿3 at low frequency: 
uncorrelated source

𝖿1 at intermediate frequency: 
duration of the source

Peak at f ~ 1/𝓁∗ 

Slope at high 
frequency depends on 

the source details 

SGWB from a FAST stochastic source in the radiation era



Suppose the source is operating continuously in the radiation dominated era

SGWB from a CONTINUOUS stochastic source in the 
radiation era

Typical example: topological defects

• No matching at the end time of the source  
• No free sub-Hubble modes
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SGWB from a CONTINUOUS stochastic source in the 
radiation era

Typical example: topological defects

• Scaling (property of the topological defects network)  

• Decays very fast in off-diagonal  

• Decays as a power law on the diagonal 
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D. Figueroa et al, arXiv:1212.5458

Suppose the source is operating continuously in the radiation dominated era



SGWB from a CONTINUOUS stochastic source in the 
radiation era

Typical example: topological defects

Progressively 
independent on the 

upper bound

TODAY FLAT SPECTRUM 
AT SUB-HORIZON MODES 
IN THE RADIATION ERA

D. Figueroa et al, arXiv:1212.5458
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Suppose the source is operating continuously in the radiation dominated era

D. Figueroa et al, arXiv:1212.5458



SGWB from a CONTINUOUS stochastic source in the 
radiation era

Typical example: topological defects

CC and Figueroa arXiv:1801.04268



Examples of signals



Inflation: phase transition of the Inflaton field

New physics



Generation of a thermodynamical state: 
particles in thermal equilibrium, 

radiation-dominated phase

Inflation: phase transition of the Inflaton field

Image credit: Guzzetti et al, arXiv:1605.01615

accelerated expansion
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• Inflation is required in the present cosmological scenario as it solves the flatness and 
horizon problems, and provides the seeds for the matter structure formation    

• It is the best model explaining CMB black body spectrum, temperature anisotropies 
and polarisation 

• The universe at the end of inflation is characterised by small metric fluctuations of 
quantum origin, both scalar (of the order of 10-5, providing density perturbations) and 
tensor (yet undetected, providing GWs)

Universe dominated by 
a scalar field



Amplification of tensor metric vacuum fluctuations by 
the exponential expansion 

✓ canonically normalised free field 

✓ quantisation 

✓ homogeneous wave equation: harmonic oscillator with time dependent 
frequency

v± = aMPl h±

GW signal from inflation
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• tensor spectrum

• transfer function from inflation to today, as modes re-enter the Hubble 
horizon

✏ ⌘ M2
P

2

✓
V 0

V

◆2

⌧ 1

GW signal from (slow roll) inflation

aeq

a

10 50 100 500 1000 5000 104
10-4

0.001

0.010

0.100

1

η[Mpc]

|h
r(
k e
q
,η
)|

h i
nf
(k
eq

)

0.05 0.50 5 50
10-8

10-7

10-6

10-5

10-4

0.001

k/keq

Ω
gw

(k
)/P
h
(k
)

<latexit sha1_base64="wOIgdHSxz4Gbu6UMAFW61GwIQRs=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITCUpIBgrWDoWiT6kNkSO67RWbSeyHaTKysKvsDCAECufwcbf4D4GaDnSlY7OuVf33hOljCrted/O0vLK6tp6YaO4ubW9s+vu7TdVkklMGjhhiWxHSBFGBWloqhlpp5IgHjHSioa3Y7/1SKSiibjXo5QEHPUFjSlG2kqhe9iNJcKmlhsemjrLhw/m/KyS56Fb8sreBHCR+DNSAjPUQ/er20twxonQmCGlOr6X6sAgqSlmJC92M0VShIeoTzqWCsSJCszkgRyeWKUH40TaEhpO1N8TBnGlRjyynRzpgZr3xuJ/XifT8XVgqEgzTQSeLoozBnUCx2nAHpUEazayBGFJ7a0QD5BNRNvMijYEf/7lRdKslP3Lsnd3UarezOIogCNwDE6BD65AFdRAHTQABjl4Bq/gzXlyXpx352PauuTMZg7AHzifP+o8lpo=</latexit>
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Modes entering the 
Hubble horizon in 

the matter era

Modes entering the 
Hubble horizon in 
the radiation era

<latexit sha1_base64="gy2Co3VbCEjyi/aMeJHQGydXVjs="></latexit>
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• tensor to scalar ratio

P⇤
R ' 2 · 10�9

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

• scalar amplitude at CMB pivot scale k⇤ =
0.05

Mpc
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

r = Ph/PR
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

GW signal from (slow roll) inflation

Planck+BICEP+A
CT+BAO limit
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

• tensor spectrum ✏ ⌘ M2
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• GW signal extended in frequency:

continuous sourcing of GW as modes re-enter the Hubble horizon

<latexit sha1_base64="ZNPDOU11cwoN0ejiDIMbEwdbYAI=">AAACA3icbVDLSsNAFL3xWesr6k43g0VwVRJRdFl002UF+4A2hMl00g6dTOLMRCih4MZfceNCEbf+hDv/xmmahbYeuNzDOfcyc0+QcKa043xbS8srq2vrpY3y5tb2zq69t99ScSoJbZKYx7ITYEU5E7Spmea0k0iKo4DTdjC6mfrtByoVi8WdHifUi/BAsJARrI3k24d13+lxeo9ClLe6n/VkhJgIJ75dcapODrRI3IJUoEDDt796/ZikERWacKxU13US7WVYakY4nZR7qaIJJiM8oF1DBY6o8rL8hgk6MUofhbE0JTTK1d8bGY6UGkeBmYywHqp5byr+53VTHV55GRNJqqkgs4fClCMdo2kgqM8kJZqPDcFEMvNXRIZYYqJNbGUTgjt/8iJpnVXdi6pze16pXRdxlOAIjuEUXLiEGtShAU0g8AjP8Apv1pP1Yr1bH7PRJavYOYA/sD5/AHBWlsM=</latexit>

H0  f  Hinf

<latexit sha1_base64="hm9H29ILM6hivIoIBFLMJKk+e6w=">AAAB8XicbZDLSgMxFIbP1Futt6pLN8EiiIsyo1K7cFF047KCvWA7lEyaaUOTzJBkhDL0Ldy4UMStb+POtzFtZ6GtPwQ+/nMOOecPYs60cd1vJ7eyura+kd8sbG3v7O4V9w+aOkoUoQ0S8Ui1A6wpZ5I2DDOctmNFsQg4bQWj22m99USVZpF8MOOY+gIPJAsZwcZaj6p3du2W3Ysq6hVLFmZCy+BlUIJM9V7xq9uPSCKoNIRjrTueGxs/xcowwumk0E00jTEZ4QHtWJRYUO2ns40n6MQ6fRRGyj5p0Mz9PZFiofVYBLZTYDPUi7Wp+V+tk5iw6qdMxomhksw/ChOOTISm56M+U5QYPraAiWJ2V0SGWGFibEgFG4K3ePIyNM/LXqVcub8s1W6yOPJwBMdwCh5cQQ3uoA4NICDhGV7hzdHOi/PufMxbc042cwh/5Hz+AA4gjzk=</latexit>

r→ < 0.038



GW signal from (slow roll) inflation

Gw detectors offer the amazing opportunity to probe the inflationary 
power spectrum (and the model of inflation) down to the tiniest scales 

BUT! The signal in the standard slow roll scenario is too low because 
of CMB observational bound
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<latexit sha1_base64="EGx1m6/w4hfBao/q7Fffm3ButP4="></latexit>

V 1/4 → 1016 GeV

<latexit sha1_base64="BTeeAiTnc6FAM+5Z+f/bSe3mnnY=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahLixJkeqy6MZlhb6gCWEynbRDJ5NhZiKU0KUbf8WNC0Xc+gnu/BunbRZaPXDhcM693HtPKBhV2nG+rMLK6tr6RnGztLW9s7tn7x90VJJKTNo4YYnshUgRRjlpa6oZ6QlJUBwy0g3HNzO/e0+koglv6YkgfoyGnEYUI22kwD7mQaviiRE98xSN4XkNekQoyhK+UAO77FSdOeBf4uakDHI0A/vTGyQ4jQnXmCGl+q4jtJ8hqSlmZFryUkUEwmM0JH1DOYqJ8rP5I1N4apQBjBJpims4V39OZChWahKHpjNGeqSWvZn4n9dPdXTlZ5SLVBOOF4uilEGdwFkqcEAlwZpNDEFYUnMrxCMkEdYmu5IJwV1++S/p1KpuvVq/uyg3rvM4iuAInIAKcMElaIBb0ARtgMEDeAIv4NV6tJ6tN+t90Vqw8plD8AvWxzevkZiD</latexit>

nT (ω) → ↑2ε(ω)

<latexit sha1_base64="/38odielr/hF2RIDF2+cjDQrm7g="></latexit>

f → 15mHz
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k
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→1
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GW signal from (non-standard) inflation
There is the possibility to enhance the signal going beyond the standard inflationary 

scenario: adding extra fields, modifying the inflaton potential, modifying the 
gravitational interaction, adding a phase with stiff equation of state…

<latexit sha1_base64="cr8eZnChZoJVcrMpbvLQwgjKh3M="></latexit>

H
00
r (k, ⌘) +

✓
k
2 � a

00

a

◆
Hr(k, ⌘) = 16⇡Ga

3 ⇧r(k, ⌘)

aLIGO/Virgo
O5
O2
O1

PTA

SKA
LISA

DO
Planck

LiteBird

CMB BBN

10-20 10-15 10-10 10-5 1 105
10-18

10-15

10-12

10-9

10-6

f [Hz]

h2
Ω
G
W



Example: inflaton-gauge field coupling

quadratic 
inflaton 
potential

⇤ =
MPl

35

OTHER SIGNATURES/
CONSTRAINTS:  

non-gaussianity, chirality, 
primordial black holes

N. Bartolo et al, arXiv:1610.06481 
N. Bartolo et al, arXiv:1806.02819

<latexit sha1_base64="vRu3U8+O68XhFelYnHezYqf+gDQ=">AAACCnicbVDLSsNAFJ3UV62vqEs30SK4aUlE0WWpFFxW6AuSGCbTSTvtZBJmJkIJWbvxV9y4UMStX+DOv3HaZqGtBy4czrmXe+/xY0qENM1vrbCyura+UdwsbW3v7O7p+wcdESUc4TaKaMR7PhSYEobbkkiKezHHMPQp7vrjm6nffcBckIi15CTGbggHjAQEQakkTz92msRLyShzBAntSsMjDW9UqXuk7o3c+7TVyjy9bFbNGYxlYuWkDHI0Pf3L6UcoCTGTiEIhbMuMpZtCLgmiOCs5icAxRGM4wLaiDIZYuOnslcw4VUrfCCKuikljpv6eSGEoxCT0VWcI5VAselPxP89OZHDtpoTFicQMzRcFCTVkZExzMfqEYyTpRBGIOFG3GmgIOURSpVdSIViLLy+TznnVuqyadxflWj2PowiOwAk4Axa4AjVwC5qgDRB4BM/gFbxpT9qL9q59zFsLWj5zCP5A+/wBeJKaHQ==</latexit>

⇧ij ⇠ [�EiEj �BiBj ]
TT

<latexit sha1_base64="yMhZ18N7dfCDEtRGqy50dMdHuRE="></latexit>

V (ω) +
ω

4!
Fµω F̃

µω

Add a term in the Lagrangian coupling 
pseudo-scalar inflaton to gauge fields 

Production of gauge fields and 
consequently of GWs through the source

EXAMPLE IN THE LISA BAND:

Predictions of the signal must be refined accounting for non-linearity of the system



Example: GW signal from second order scalar perturbations 
and associated primordial black holes

LISA CosWG, arXiv:2501.11320

• At linear order in cosmological perturbation theory, scalar and tensor perturbations 
are decoupled and evolve separately, but at second order they mix 

• Gradients in the scalar component can source the tensor component at second order: 
since the scalar fluctuations are order of 10-5, the tensors are small 

• However, if the scalar component is enhanced, the induced tensor component can be 
important (e.g. from a phase of ultra slow-roll close to reheating) 

• The enhanced scalar density fluctuations can collapse upon horizon reentry and 
produce primordial black holes whose properties are linked to those of the tensor 
spectrum

<latexit sha1_base64="D/yOwDDq2JOrYHCCy+O5gaO173g=">AAACB3icbVDLSgMxFL3js9bXqEtBgkVwIWVGFF0W3bisYB/QGYZMmrahmcyQZIQydOfGX3HjQhG3/oI7/8ZMO4vaeiBwcs69N7knTDhT2nF+rKXlldW19dJGeXNre2fX3ttvqjiVhDZIzGPZDrGinAna0Exz2k4kxVHIaSsc3uZ+65FKxWLxoEcJ9SPcF6zHCNZGCuwjL8FSM8wD5tUVO0Oz9wEL7IpTdSZAi8QtSAUK1AP72+vGJI2o0IRjpTquk2g/y2cSTsdlL1U0wWSI+7RjqMARVX422WOMTozSRb1YmiM0mqizHRmOlBpFoamMsB6oeS8X//M6qe5d+xkTSaqpINOHeilHOkZ5KKjLJCWajwzBRDLzV0QGWGKiTXRlE4I7v/IiaZ5X3cuqc39Rqd0UcZTgEI7hFFy4ghrcQR0aQOAJXuAN3q1n69X6sD6npUtW0XMAf2B9/QLfGJlO</latexit>

@i , @i�

Second order in curvature 
perturbation  

<latexit sha1_base64="M+188xCRe0YoimZpj2X4zYFV+Xk="></latexit>

⌦GW(f) = ⌦rad

Z 1

0
dv

Z 1+v

|1�v|
duK(u, v)PR(uk)PR(vk)

The signal depends on the shape of the curvature 
power spectrum, several phenomenological 

models are proposed 



A. Riotto, https://indico.math.cnrs.fr/event/5766/contributions/
5153/attachments/2801/3587/Paris2021.pdf

N. Bartolo et al, arXiv:1810.12218, arXiv:1810.12224

Source, Πij from a 
combination of

<latexit sha1_base64="D/yOwDDq2JOrYHCCy+O5gaO173g=">AAACB3icbVDLSgMxFL3js9bXqEtBgkVwIWVGFF0W3bisYB/QGYZMmrahmcyQZIQydOfGX3HjQhG3/oI7/8ZMO4vaeiBwcs69N7knTDhT2nF+rKXlldW19dJGeXNre2fX3ttvqjiVhDZIzGPZDrGinAna0Exz2k4kxVHIaSsc3uZ+65FKxWLxoEcJ9SPcF6zHCNZGCuwjL8FSM8wD5tUVO0Oz9wEL7IpTdSZAi8QtSAUK1AP72+vGJI2o0IRjpTquk2g/y2cSTsdlL1U0wWSI+7RjqMARVX422WOMTozSRb1YmiM0mqizHRmOlBpFoamMsB6oeS8X//M6qe5d+xkTSaqpINOHeilHOkZ5KKjLJCWajwzBRDLzV0QGWGKiTXRlE4I7v/IiaZ5X3cuqc39Rqd0UcZTgEI7hFFy4ghrcQR0aQOAJXuAN3q1n69X6sD6npUtW0XMAf2B9/QLfGJlO</latexit>

@i , @i�

EXAMPLE OF 
SIGNAL IN THE 

LISA BAND:

Interesting for LISA: PBH in the 
mass window in which they can be 

the totality of the Dark Matter
<latexit sha1_base64="6wu0Pj16b4IjErK2hcs11i0NGHU="></latexit>

MH

M→
→ 7↑ 10↑11 k

1012 Mpc↑1

Predictions of the 
signal must be 

refined accounting 
for non-gaussianity 

Example: GW signal from second order scalar perturbations 
and associated primordial black holes

https://indico.math.cnrs.fr/event/5766/contributions/5153/attachments/2801/3587/Paris2021.pdf
https://indico.math.cnrs.fr/event/5766/contributions/5153/attachments/2801/3587/Paris2021.pdf
https://indico.math.cnrs.fr/event/5766/contributions/5153/attachments/2801/3587/Paris2021.pdf


Example: resonant particle production at preheating
<latexit sha1_base64="bzo/z67/3d6KxqznNBKrzAzLCkI=">AAACEXicbVDLSsNAFJ34rPUVdelmsAgVoSRBqsuiG5cV7AOatEymk3boZBJmJkIJ+QU3/oobF4q4defOv3HSZqGtBy73cM69zNzjx4xKZVnfxsrq2vrGZmmrvL2zu7dvHhy2ZZQITFo4YpHo+kgSRjlpKaoY6caCoNBnpONPbnK/80CEpBG/V9OYeCEacRpQjJSWBmYVtmHVjcf0DJ5DNxAIp3aWOhkc9Z1c7jvQxXkbmBWrZs0Al4ldkAoo0ByYX+4wwklIuMIMSdmzrVh5KRKKYkaysptIEiM8QSPS05SjkEgvnV2UwVOtDGEQCV1cwZn6eyNFoZTT0NeTIVJjuejl4n9eL1HBlZdSHieKcDx/KEgYVBHM44FDKghWbKoJwoLqv0I8RjoWpUMs6xDsxZOXSdup2fVa/e6i0rgu4iiBY3ACqsAGl6ABbkETtAAGj+AZvII348l4Md6Nj/noilHsHIE/MD5/AJGDmwQ=</latexit>

V (ω) +
1

2
g2ω2ε2

Kofman et al. arXiv:hep-ph/9704452

GW sourced from 
inhomogeneous field

<latexit sha1_base64="fR9G0WkwLTZ1FveL23DNL4sobho=">AAACGHicbVC7TsMwFHV4lvIKMLJEVEhMJUGoMFawMBapLykJkeM6rVvbiWwHqYr6GSz8CgsDCLF2429w2ghBy5EsnXvOvbbvCRNKpLLtL2NldW19Y7O0Vd7e2d3bNw8O2zJOBcItFNNYdEMoMSUctxRRFHcTgSELKe6Eo9vc7zxiIUnMm2qcYJ/BPicRQVBpKTDPvQYJMjKceJIw10ugUATSgHhoQH6qYV75D1mzOQnMil21Z7CWiVOQCijQCMyp14tRyjBXiEIpXcdOlJ/lNyOKJ2UvlTiBaAT72NWUQ4aln80Wm1inWulZUSz04cqaqb8nMsikHLNQdzKoBnLRy8X/PDdV0bWfEZ6kCnM0fyhKqaViK0/J6hGBkaJjTSASRP/VQgMoIFI6y7IOwVlceZm0L6pOrVq7v6zUb4o4SuAYnIAz4IArUAd3oAFaAIEn8ALewLvxbLwaH8bnvHXFKGaOwB8Y02+ksKFp</latexit>

!ij → [ωiεωjε]
TT

Garcia-Bellido and Figueroa, astro-ph/0701014

Aggarwal et al, arXiv:2501.11723

high frequency detectors up to 1018 GeV, 
sensitivity still above BBN and CMB bounds



An example of possible detection at PTA?

<latexit sha1_base64="h8Z4H3tuGYMmjWqVk4OmH2PDobo="></latexit>

⇥
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f

fRD

◆ 2(3w�1)
3w+1

J. Antoniadis et al, 
arXiv:2306.16227

Very small value of 
r at CMB scale

Strong degeneracy between the 
two parameters

<latexit sha1_base64="+5G9gruBjsKwao09s45sgcVhPK8=">AAACA3icdVDLSgMxFM3UV62vqjvdBIsgiEOmtmO7EIpuXFZobaEtQyZN29BMZkgyQhkKbvwVNy4UcetPuPNvTB+Cih64cDjnXu69x484UxqhDyu1sLi0vJJezaytb2xuZbd3blQYS0LrJOShbPpYUc4ErWumOW1GkuLA57ThDy8nfuOWSsVCUdOjiHYC3BesxwjWRvKye4nwauPzE2Q7bpuHfS9x0FgeI7vgetkcspFbLKMyRHYROaUpQcgt5U+hY8gEOTBH1cu+t7shiQMqNOFYqZaDIt1JsNSMcDrOtGNFI0yGuE9bhgocUNVJpj+M4aFRurAXSlNCw6n6fSLBgVKjwDedAdYD9dubiH95rVj3Sp2EiSjWVJDZol7MoQ7hJBDYZZISzUeGYCKZuRWSAZaYaBNbxoTw9Sn8n9zkTXy2e13IVS7mcaTBPjgAR8ABZ6ACrkAV1AEBd+ABPIFn6956tF6s11lryprP7IIfsN4+AUEhlgQ=</latexit>

nT = �0.16 log10 r + 0.46

<latexit sha1_base64="hHiUjdpZcnvf3FJ2yct8D8a4stA=">AAAB9XicdVDLSgMxFM3UV62vqks3wSK4ccjUTm2hi6IblxX6gnYsmTTThmYyQ5JRSul/uHGhiFv/xZ1/Y/oQVPTAhcM593LvPX7MmdIIfVipldW19Y30ZmZre2d3L7t/0FRRIgltkIhHsu1jRTkTtKGZ5rQdS4pDn9OWP7qa+a07KhWLRF2PY+qFeCBYwAjWRro9Q7brVkSvXsnbbqGXzSEbFd0yKkNjIKc0JwgVS/lz6BgyQw4sUetl37v9iCQhFZpwrFTHQbH2JlhqRjidZrqJojEmIzygHUMFDqnyJvOrp/DEKH0YRNKU0HCufp+Y4FCpceibzhDrofrtzcS/vE6ig5I3YSJONBVksShIONQRnEUA+0xSovnYEEwkM7dCMsQSE22CypgQvj6F/5Nm3naKdvGmkKteLuNIgyNwDE6BAy5AFVyDGmgAAiR4AE/g2bq3Hq0X63XRmrKWM4fgB6y3T6CckK8=</latexit>�0.55 < nT < 2.54

Compatible with CMB 
bound from Planck 

2020 relaxing slow roll
<latexit sha1_base64="MDSkBabAgqk2YBIBEI0H9qVkbKM=">AAAB7nicdVDLSgMxFL3js9ZX1aWbYBFcDZlqpy24KLpxWcE+oB1KJs20oZkHSUYoQz/CjQtF3Po97vwb04egogdCDufcy733+IngSmP8Ya2srq1vbOa28ts7u3v7hYPDlopTSVmTxiKWHZ8oJnjEmpprwTqJZCT0BWv74+uZ375nUvE4utOThHkhGUY84JRoI7XlJbZxxe0XiuZ3yzVcQ9guY6c6Jxi71dI5cgyZoQhLNPqF994gpmnIIk0FUarr4ER7GZGaU8Gm+V6qWELomAxZ19CIhEx52XzdKTo1ygAFsTQv0miufu/ISKjUJPRNZUj0SP32ZuJfXjfVQdXLeJSkmkV0MShIBdIxmt2OBlwyqsXEEEIlN7siOiKSUG0SypsQvi5F/5NWyXZc2729KNavlnHk4BhO4AwcqEAdbqABTaAwhgd4gmcrsR6tF+t1UbpiLXuO4Aest08CbY67</latexit>

r < 0.076 Would this be 
compatible with slow 

roll and a stiff equation 
of state? Marginally

Bound between 0 and -2

<latexit sha1_base64="yYHTywSispr8+Ac7DbmKQlSq7J4=">AAACCnicbVBNS8NAEN34WetX1aOX1SJ4kJAUtR4LXjxWsCo0IWy2k7q4m8TdiVBCz178K148KOLVX+DNf+O29uDXg4HHezPMzItzKQx63oczNT0zOzdfWaguLi2vrNbW1s9NVmgOHZ7JTF/GzIAUKXRQoITLXANTsYSL+Pp45F/cgjYiS89wkEOoWD8VieAMrRTVtoI+U4pFZaAVjcFgsJcIHNLACAU3tOE2o1rdc70x6F/iT0idTNCOau9BL+OFghS5ZMZ0fS/HsGQaBZcwrAaFgZzxa9aHrqUpU2DCcvzKkO5YpUeTTNtKkY7V7xMlU8YMVGw7FcMr89sbif953QKTo7AUaV4gpPxrUVJIihkd5UJ7QgNHObCEcS3srZRfMc042vSqNgT/98t/yXnD9Q/dg9P9eqs1iaNCNsk22SU+aZIWOSFt0iGc3JEH8kSenXvn0XlxXr9ap5zJzAb5AeftExGjmdk=</latexit>

�best fit ' 2.7
<latexit sha1_base64="KsDidvZ90py0mPHh9lpzovOTwak=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCq5D4XhbcuKzQF7QhTKaTduhkEmZuhBr6JW5cKOLWT3Hn3zhts9DWAwOHc87l3jlhKrgG1/22SmvrG5tb5e3Kzu7eftU+OGzrJFOUtWgiEtUNiWaCS9YCDoJ1U8VIHArWCcd3M7/zyJTmiWzCJGV+TIaSR5wSMFJgV2XQxP0hmESMXecisGuu486BV4lXkBoq0Ajsr/4goVnMJFBBtO55bgp+ThRwKti00s80SwkdkyHrGSpJzLSfzw+f4lOjDHCUKPMk4Ln6eyInsdaTODTJmMBIL3sz8T+vl0F06+dcphkwSReLokxgSPCsBTzgilEQE0MIVdzciumIKELBdFUxJXjLX14l7XPHu3auHi5r9XpRRxkdoxN0hjx0g+roHjVQC1GUoWf0it6sJ+vFerc+FtGSVcwcoT+wPn8AP4WSLQ==</latexit>

nT & 0.3

<latexit sha1_base64="J6+W8NJJlanuDAWK882ArusvZI8=">AAACCnicbVDLSsNAFJ34rPUVdekmWoRKaUlaq26EghuXFfqCJpTJdNIOnZmEmYmlhK7d+CtuXCji1i9w5984fSy09cCFwzn3cu89fkSJVLb9baysrq1vbKa20ts7u3v75sFhQ4axQLiOQhqKlg8lpoTjuiKK4lYkMGQ+xU1/cDvxmw9YSBLymhpF2GOwx0lAEFRa6pgnbg8yBm/Ked6p5dxAQJQUs06+NDwfJ6Vhzhl3zIxdsKewlokzJxkwR7VjfrndEMUMc4UolLLt2JHyEigUQRSP024scQTRAPZwW1MOGZZeMn1lbJ1ppWsFodDFlTVVf08kkEk5Yr7uZFD15aI3Ef/z2rEKrr2E8ChWmKPZoiCmlgqtSS5WlwiMFB1pApEg+lYL9aGOQ+n00joEZ/HlZdIoFpzLQvn+IlOpzONIgWNwCrLAAVegAu5AFdQBAo/gGbyCN+PJeDHejY9Z64oxnzkCf2B8/gBO8ZjA</latexit>

� = 5� nT +
2(1� 3w)

3w + 1

⌦GW(f) =
3

128
⌦rad rP⇤

R

✓
f

f⇤

◆nT
"
1

2

✓
feq
f

◆2

+
16

9

#

<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>



phase transitions at high energy: GUT, Peccei-Quinn…   
They can lead to topological defects sourcing GWs 

New physics

GUT 
?

Peccei Quinn 
~107-1011 GeV



Topological defects
• They can be formed by a symmetry breaking, whenever the system is symmetric under 

a group while the ground-state is invariant only under a subgroup, depending on the 
topology of the degenerate ground-state manifold 

• The properties of the defects depend on the 
underlying action:  

- which kind of defects (strings, domain walls…)?  
- Are they stable?  
- thickness? energy per unit length/surface?  
- interaction (inter-commutation, presence of 

junctions…)?  
- additional degrees of freedom?   
- dynamics?

• As concentrations of high energy density with relativistic velocity they can be 
powerful sources of GWs, but they can also emit other kind of radiation (particles): 
which is the dominant decay mechanism? Can there be multi-messenger 
observational signatures? Does the network reach scaling?

• Predictions of the GW signal from topological defects is inevitably model dependent  

• Numerical simulations are necessary to model their evolution, but they need very large 
dynamical range, and should in principle contain the gravitational back-reaction 



Local cosmic strings

• All gravitational properties related to

• Formed e.g. at the breaking of a local U(1) symmetry at energy scale 𝜂

• Cosmic strings can be described by the Nambu Goto action: w ~ 1/𝜂 << 𝓁

• Intercommutation generates loops with kinks and cusps  
-> loops self-intersects and fragment until they reach stable non-
self-intersecting trajectories  
-> loop oscillations produce GWs  
-> loops decay with GW emission  
-> the network reaches scaling together with an associated SGWB  

• What is the GW power radiated by a loop? Does the loop also emit other kinds of radiation? 
• What is the distribution of non-self-intersecting loops of given length at a given time?  
• What is the role played by gravitational back-reaction on the loops?

Topological defects



Different numerical simulations provide 
different predictions for the GW signal

Topological defects

Quelquejay-Leclere et al, 
arXiv:2306.12234

https://curl.irmp.ucl.ac.be/~chris/strings.html

Local cosmic strings

https://curl.irmp.ucl.ac.be/~chris/strings.html


Topological defects
Local cosmic strings

One model of Nambu Goto local strings in the LISA band

Gµ = 10�17
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LVK constraints:
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Gµ ↭ 9.6 · 10→9 (model A)
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Gµ ↭ 10→15 (model B)

Auclair et al, arXiv:1909.00819

CC et al, ArXiv:2406.02359 

3G detectors can probe scales down to 𝜂 ~10(11-12) GeV



An example of possible detection at PTA?

⌘ ⇠ MPl

p
Gµ
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⇠ 1014 GeV

J. Antoniadis et al, 
arXiv:2306.16227

cosmic strings aren’t a good fit 
to the data, because the 
spectrum is too shallow

The posteriors of the string 
tension and SMBHBs SGWB 

amplitude are strongly correlated: 
SMBHBs alone fit the data

Local cosmic strings
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Gµ = 7.9 · 10→11



Domain walls
• Formed when a discrete symmetry is broken and the ground state is disconnected

• The network reaches a scaling regime by reconnection and radiation emission 
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ωDW → εH

• The energy density decays too slowly  
-> they can dominate the universe  
-> they need an annihilation mechanism 

• Explicit breaking of the discrete symmetry -> vacuum non-degeneracy favouring the 
true vacuum <latexit sha1_base64="g8cYcb1XW2isRr61B4WWM4d9LLY=">AAACDXicbVDLTgIxFO3gC/GFunTTiCa4wRlj0CVRFywx4ZUwhNwpBRrazqTtmJAJP+DGX3HjQmPcunfn31geCwVPcpPTc+5N7z1BxJk2rvvtpFZW19Y30puZre2d3b3s/kFdh7EitEZCHqpmAJpyJmnNMMNpM1IURMBpIxjeTvzGA1WahbJqRhFtC+hL1mMEjJU62ZNyvtpJfCUwSDk+8zUT2L+j3ACu43Ns330BnWzOLbhT4GXizUkOzVHpZL/8bkhiQaUhHLRueW5k2gkowwin44wfaxoBGUKftiyVIKhuJ9NrxvjUKl3cC5UtafBU/T2RgNB6JALbKcAM9KI3Ef/zWrHpXbcTJqPYUElmH/Vijk2IJ9HgLlOUGD6yBIhidldMBqCAGBtgxobgLZ68TOoXBa9YKN5f5ko38zjS6Agdozzy0BUqoTKqoBoi6BE9o1f05jw5L8678zFrTTnzmUP0B87nDx0Tmlc=</latexit>

H(Tann) → !V/ω

• GW emission can occur both during 
scaling and during annihilation
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fp = Hann

Topological defects



Assuming the spectral shape from numerical simulations (exponents 3 and -1), we 
have explored the reach of 3G detectors, LISA and PTA to DW parameter space

Domain walls

Topological defects



phase transitions predicted by the standard model of particle 
physics: electroweak and QCD

EW~150 GeV QCD~150 MeV

Tested physics



First order phase transitions

• We know that at least two PTs occurred in the universe, the EW one and the QCD 
one: according to the standard model, they are both crossovers 

• However, sizeable (detectable) GW generation requires a first order PT, proceeding 
through the nucleation of true vacuum bubbles 

Second order phase transition First order phase transition

Image credit: E. Senaha, Symmetry 2020



First order phase transitions

• We know that at least two PTs occurred in the universe, the EW one and the QCD 
one: according to the standard model, they are both crossovers 

• However, sizeable (detectable) GW generation requires a first order PT, proceeding 
through the nucleation of true vacuum bubbles 

T. Boekel and J. Schaffner-Bielich, 
arXiv:1105.0832

M. Hindmarsh et al, 
arXiv:2008.09136

QCDPTEWPT



First order phase transitions

• We know that at least two PTs occurred in the universe, the EW one and the QCD 
one: according to the standard model, they are both crossovers 

• However, sizeable (detectable) GW generation requires a first order PT, proceeding 
through the nucleation of true vacuum bubbles 

QCDPT

might become first order in  
BSM EW sector extensions:  

SM + light scalars (SM+singlet, 
SUSY, 2HDM, composite Higgs…) 

Depends on the conditions in the 
early universe: might become first 
order if the lepton asymmetry in 

the universe is large

D. Schwarz and Stuke, 
arXiv:0906.3434 

M. Middeldorf-Wygas et al, 
arXiv:2009.00036

OTHER EXAMPLES OF POSSIBLE FOPTs:

• Effective approaches: heavy new physic represented by higher dimensional operators 
• Conformal models: e.g. conformal symmetry breaking with dilaton 
• New symmetries: extend the SM with e.g. U(1)B-L  

• Hidden sectors: provide also dark matter candidates, PT can be as strong as one wants  
• Peccei Quinn can be first order depending on the realisation

EWPT

Opportunity to probe high energy physics 
scenarios beyond the standard model



Sources of tensor anisotropic stress (and thereby GWs)  
at a first order phase transition: 

• Bubble collision 
(scalar field gradients) 

• Bulk fluid motion 

• Electromagnetic fields  

<latexit sha1_base64="7d3xQ06oW0S7lsZR4BmAM/MqMv4=">AAACHXicbVC7TsMwFHXKq5RXgJElokJiqhKogLGChbFIfSAlIXJcp3XrOJHtIFVRfoSFX2FhACEGFsTf4KQRgpYjWTr3nHtt3+PHlAhpml9aZWl5ZXWtul7b2Nza3tF393oiSjjCXRTRiN/6UGBKGO5KIim+jTmGoU9x359c5X7/HnNBItaR0xi7IRwyEhAEpZI8vem0iZeScXaXdjqZI0hoOzHkkkDqEScekZ9qnFdu0ebpdbNhFjAWiVWSOijR9vQPZxChJMRMIgqFsC0zlm6a34wozmpOInAM0QQOsa0ogyEWblpslxlHShkYQcTVYdIo1N8TKQyFmIa+6gyhHIl5Lxf/8+xEBhduSlicSMzQ7KEgoYaMjDwqY0A4RpJOFYGIE/VXA40gh0iqQGsqBGt+5UXSO2lYZ43Tm2a9dVnGUQUH4BAcAwucgxa4Bm3QBQg8gCfwAl61R+1Ze9PeZ60VrZzZB3+gfX4D7p2jsA==</latexit>

⇧TT
ij ⇠ [@i�@j�]

TT

<latexit sha1_base64="04qeW5oWYPVOhKVRGf2V4ZWvxFU=">AAACGXicbVDLSsNAFJ34rPUVdelmsAgVoSRV1GXRjcsKfUGShsl02k47k4SZSaGE/IYbf8WNC0Vc6sq/cfpYaOuBgcM553LnniBmVCrL+jZWVtfWNzZzW/ntnd29ffPgsCGjRGBSxxGLRCtAkjAakrqiipFWLAjiASPNYHg38ZsjIiSNwpoax8TjqBfSLsVIack3LbdK/ZQOsnZaq2WupBw6bg9xjtrloiv60Xl8Bkc+HfkDbxrxzYJVsqaAy8SekwKYo+qbn24nwgknocIMSenYVqy8FAlFMSNZ3k0kiREeoh5xNA0RJ9JLp5dl8FQrHdiNhH6hglP190SKuJRjHugkR6ovF72J+J/nJKp746U0jBNFQjxb1E0YVBGc1AQ7VBCs2FgThAXVf4W4jwTCSpeZ1yXYiycvk0a5ZF+VLh4uC5XbeR05cAxOQBHY4BpUwD2ogjrA4BE8g1fwZjwZL8a78TGLrhjzmSPwB8bXDy7soGg=</latexit>

⇧TT
ij ⇠ [�2(⇢+ p)vivj ]

TT

<latexit sha1_base64="oeRjmT6Qp71Stu3TorN7trrOV+k=">AAACD3icbVDLSsNAFJ34rPUVdekmWBQ3LYmKuiyVgssKfUETw2Q6aaedScLMRCghf+DGX3HjQhG3bt35N07TLLT1wIXDOfdy7z1eRImQpvmtLS2vrK6tFzaKm1vbO7v63n5bhDFHuIVCGvKuBwWmJMAtSSTF3YhjyDyKO974Zup3HjAXJAyachJhh8FBQHyCoFSSq5/YDeImZJTeJ81magvCeuW6S+ruqFxzSc0dOZnh6iWzYmYwFomVkxLI0XD1L7sfopjhQCIKhehZZiSdBHJJEMVp0Y4FjiAawwHuKRpAhoWTZP+kxrFS+oYfclWBNDL190QCmRAT5qlOBuVQzHtT8T+vF0v/2klIEMUSB2i2yI+pIUNjGo7RJxwjSSeKQMSJutVAQ8ghkirCogrBmn95kbTPKtZl5fzuolSt5XEUwCE4AqfAAlegCm5BA7QAAo/gGbyCN+1Je9HetY9Z65KWzxyAP9A+fwB/YZxR</latexit>

⇧TT
ij ⇠ [�EiEj �BiBj ]

TT

Several processes, rich 
phenomenology!

First order phase transitions

sound waves and/
or turbulence



If the PT is strong and non-linearities in the bulk fluid develop: fraction 
of kinetic energy in turbulent motions

Most of these parameters are known (at least in principle) given a 
PT model + numerical simulations of the fluid dynamics
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ω =
Kturb

K

First order phase transitions

The signal depends on the following parameters

• The temperature of the FOPT T✻ 
• The amount of energy available in the source K, connected to the PT strength 
• The size of the anisotropic stresses, connected to the bubble size R✻ = vw/β 
• The bubble wall velocity vw

numerical simulations are necessary to infer the GW signal because of 
non-linear dynamics and/or complicated fluid shells profiles and/or 

intrinsic randomness of the process

Determined by the effective potential

Determined by the bubble expansion dynamics and 
interaction, and by the fluid dynamics (sound speed fixed)
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First order phase transitions

The signal depends on the following parameters

LISA CosWG, 
arXiv:2403.03723

Determined by the effective potential

Determined by the bubble expansion dynamics and 
interaction, and by the fluid dynamics (sound speed fixed)
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vw,K

• The temperature of the FOPT T✻ 
• The amount of energy available in the source K, connected to the PT strength 
• The size of the anisotropic stresses, connected to the bubble size R✻ = vw/β 
• The bubble wall velocity vw
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106 GeV ↭ T→ ↭ 1010 GeV

LVK constraints from non-
detection

Parameter to which the signal amplitude is inversely proportional

Peccei-Quinn phase 
transition
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107→8 GeV ↭ Fa ↭ 1010→11 GeV

CC et al, ArXiv:2406.02359 

LIGO Virgo Kagra

Badger et al, arXiv:2209.14707

First order phase transitions
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1MeV ↭ T→ ↭ 1GeV

Parameter to which the signal amplitude is inversely proportional

CC et al, ArXiv:2406.02359 

PTAs offer the possibility 
to probe the 

QCD energy scale

Parameter space 
region that could 

explain the 
measurement

Pulsar Timing Arrays

Afzal et al arXiv:2306.16219

First order phase transitions



LISA offers the 
possibility to probe the 
EW energy scale and 

beyond 
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10GeV ↭ T→ ↭ 105 GeV

Parameter to which the signal amplitude is inversely proportional

CC et al, ArXiv:2406.02359 

Laser interferometer space antenna

First order phase transitions



Template-based 
reconstruction of the 

thermodynamic 
parameters of the first 

order PT for  
bubble collisions  

accounting for 
foregrounds and 
assuming a two-

parameters noise model 

LISA CosWG, 
arXiv:2403.03723

Examples of detectable signal from the EWPT



LISA CosWG, 
arXiv:2403.03723

Template-based 
reconstruction of the 

thermodynamic 
parameters of the first 

order PT for  
sound waves + 

turbulence  

accounting for 
foregrounds and 
assuming a two-

parameters noise model 
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Examples of detectable signal from the EWPT
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k ⇠ HQCD

The the signal is fit with 
the low frequency tail, and 
the spectrum has a break 
at a scale comparable to 

the horizon at the QCD PT

• T✻ must be close to the QCD scale, the amount of energy available in anisotropic 
stress K must be high (at least 10% of the total energy density of the universe, and 
size of the anisotropic stresses R✻ = vw/β must be close to the horizon

An example of possible detection at PTA?

The PTA signal is compatible with GWs generated by MHD turbulence 
at the QCD scale



To summarise:

• SGWB might reveal a powerful tool to probe the early universe and high energy 
physics 

• The spectral shape must be predicted with good accuracy in order to disentangle the 
different sources (and also for foregrounds) 

• General considerations about the characteristics of the spectral shape are possible in 
some cases, to pin down at least the class of SGWB sources  

• Inflation: new physics but observationally compelling, extended GW signal in 
frequency, only accessible by CMB unless one goes beyond the standard slow roll 
scenario (there are well motivated scenarios!) 

• Topological defects: amazing potential to probe high energy theory, but need to 
account for GW signal model dependent 

• Electroweak PT: at the limit of tested physics, GW signal can be accessed/
constrained by LISA only for models beyond the standard model of particle physics 

• QCD PT: tested physics but difficult to predict, GW signal can be accessed/
constrained by PTA only for models beyond the standard model of particle physics 

• SGWBs from the primordial universe might seem speculative but their potential 
to probe fundamental physics is great and amazing discoveries can be around 
the corner, especially after the PTA results!


