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• GW contribute to the energy density in the universe and change its 
background evolution

What is/will be known about the SGWB

• The abundances of elements produced at Big Bang Nucleosynthesis 
(BBN) depend on the relative abundance of neutrons and protons, 
which depends on the Hubble scale at T ∼ MeV  

• The Cosmic Microwave Background (CMB) monopole and anisotropy 
spectrum depend on the Hubble scale at decoupling T ∼ 0.3 eV, on the 
matter-radiation equality… 

• Bounds on the integrated GW energy density at/previous to the BBN 
and CMB epochs
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• temperature anisotropy:  
limit by Planck

• polarisation: BB spectrum measured 
by BICEP2 and Planck generated at 
photon decoupling time, from 
Thomson scattering of electrons by a 
quadrupole temperature anisotropy 
in the photons
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Cosmic microwave background
frequency range of detection: 10-18 Hz < f <  10-16 HZ
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Cosmic microwave background

only upper bounds on the 
primordial component for now

Planck collaboration: arXiv:1807.06205

Galloni et al: arXiv:2208.00188
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Earth-based interferometers

arm length L = 4 km 

frequency range of detection:  
10 Hz < f < 5kHZ

• Black hole coalescing binaries of masses few to hundred solar masses (BHBs)  
• Neutron Star and NS-BH binaries / SN explosions 
• Stochastic GW background

aLIGO/aVirgo (operating) 3rd generation (ET, CE… 
coming next)

arm length L = 3 km 

frequency range of detection:  
1 Hz < f < 104 HZ

http://www.et-gw.eu/index.phphttps://www.ligo.org/

DETECTION TARGETS:



Earth-based interferometers

Last catalogue GWTC-3: 

90 binary mergers 
detected, including NS-
BH and NS-NS mergers 

LVK Collaboration: arXiv:2111.03606

Individually resolved 
BHBs, NSBs, NS-BH



Earth-based interferometers

SGWB from BHBs and NSBs  

Stochastic GW background: for now, only upper bounds 

Upper bound on generic
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LISA: Laser Interferometer Space Antenna

10
�4

Hz < f < 1 Hz

frequency range of detection:

• no seismic noise  
• much longer arms than on Earth

• Launch in ~2034 
• two masses in free fall per spacecraft  
• 2.5 million km arms 
• picometer displacement of masses

Space-based interferometers: LISA

LISA Consortium arXiv:1702.00786



M. Colpi et al, arXiv:2402.07571 - LISA Red Book

Space-based interferometers: LISA

DETECTION TARGETS:



Space-based interferometers: LISA

Stochastic GW background

• Confusion noise from the binaries in the Galaxy (mainly WD binaries) 
• Confusion noise from extra-galactic binaries binaries (WD binaries and BHBs) 
• Candidates from the early universe, in particular at the EW scale

M. Colpi et al, arXiv:2402.07571 - LISA Red Book

Detecting a SGWB with LISA 
is challenging: no cross-

correlation, need to assume 
knowledge of the noise  

(possibility of null channels)
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Pulsar timing arrays

frequency range of detection: 10-9 Hz < f <  10-7 HZ

DETECTION TARGETS:

CPTA, EPTA, NANOGrav, PPTA -> IPTA

Individual emission and stochastic background from inspiralling Super Massive 
Black Hole Binaries (SMBHBs) with masses ~109 M⦿ at the centre of galaxies

• rotating, magnetised neutron stars emitting 
periodic radio-frequency EM pulses -> can be 
used as clocks in the sky  

• the radio pulses are emitted at very regular 
time intervals, but their arrival times can be 
altered by a GW passing between the pulsar 
and the Earth 

• First a timing model of the pulsar is 
constructed, which is then compared to 
observations to infer the timing residuals where 
the GW effect is looked for



Pulsar timing arrays
Principle of the measurement: gravitational redshift caused by gravitational 
waves emitted by far-away sources and travelling through spacetime between 
the pulsars and the Earth
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ta

Photon from pulsar:

Effect of the metric perturbation on a single beam:  
not measurable unless one knows the reference quantities
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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

SMBHB



Pulsar timing arrays
Principle of the measurement: compare with the next pulse

<latexit sha1_base64="I9gIRo0QizRZskJifkcpXivKJaw=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZK0pnVXcOOygn1AE8pkOmmHTiZhZlIooX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCVNGpbLtD6O0sbm1vVPereztHxwemccnXZlkApMOTlgi+iGShFFOOooqRvqpICgOGemF05vC782IkDTh92qekiBGY04jipHS0tA0/QlSuR8jNQmjfLpYDM2qbV03PffKhbZl2w235hXEbdTdGnS0UqAK1mgPzXd/lOAsJlxhhqQcOHaqghwJRTEji4qfSZIiPEVjMtCUo5jIIF8mX8ALrYxglAj9uIJL9ftGjmIp53GoJ4uI8rdXiH95g0xFzSCnPM0U4Xh1KMoYVAksaoAjKghWbK4JwoLqrBBPkEBY6bIquoSvn8L/Sde1HM/y7urVVmtdRxmcgXNwCRzQAC1wC9qgAzCYgQfwBJ6N3Hg0XozX1WjJWO+cgh8w3j4BqBiUWg==</latexit>

k̂
<latexit sha1_base64="zgjPCD27HgDtgNR/Z261Q6Av4Lo=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFdK0pnVXcOOygn1AE8pkOmmHTiZhZlIoIX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCRJGpbLtD6O0sbm1vVPereztHxwemccnPRmnApMujlksBgGShFFOuooqRgaJICgKGOkHs5vC78+JkDTm92qRED9CE05DipHS0sg0vSlSmRchNQ3CLMrzkVm1reuW61w50LZsu+nU3YI4zYZThzWtFKiCNToj890bxziNCFeYISmHNTtRfoaEopiRvOKlkiQIz9CEDDXlKCLSz5bJc3ihlTEMY6EfV3Cpft/IUCTlIgr0ZBFR/vYK8S9vmKqw5WeUJ6kiHK8OhSmDKoZFDXBMBcGKLTRBWFCdFeIpEggrXVZFl/D1U/g/6TlWzbXcu0a13V7XUQZn4Bxcghpogja4BR3QBRjMwQN4As9GZjwaL8brarRkrHdOwQ8Yb5+rJJRc</latexit>

m̂

<latexit sha1_base64="nfnMmhcie357YZexByhf+VcjfgE=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFdK0pnVXcOOygn1AE8pkOmmHTiZhZlIoIX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCRJGpbLtD6O0sbm1vVPereztHxwemccnPRmnApMujlksBgGShFFOuooqRgaJICgKGOkHs5vC78+JkDTm92qRED9CE05DipHS0sg0vSlSmRchNQ3CjOf5yKza1nXLda4caFu23XTqbkGcZsOpw5pWClTBGp2R+e6NY5xGhCvMkJTDmp0oP0NCUcxIXvFSSRKEZ2hChppyFBHpZ8vkObzQyhiGsdCPK7hUv29kKJJyEQV6sogof3uF+Jc3TFXY8jPKk1QRjleHwpRBFcOiBjimgmDFFpogLKjOCvEUCYSVLquiS/j6Kfyf9Byr5lruXaPabq/rKIMzcA4uQQ00QRvcgg7oAgzm4AE8gWcjMx6NF+N1NVoy1jun4AeMt0+sqpRd</latexit>

n̂

<latexit sha1_base64="rWoN+aZerAT//ffAs8+bVvy+xP4=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLgxmUF+4A2lsn0ph06mYSZiVJC/sONC0Xc+i/u/BsnbRbaemDgcM693DPHjzlT2nG+rdLa+sbmVnm7srO7t39QPTzqqCiRFNs04pHs+UQhZwLbmmmOvVgiCX2OXX96k/vdR5SKReJez2L0QjIWLGCUaCM9pIOQ6IkfpDIbYjas1py6M4e9StyC1KBAa1j9GowimoQoNOVEqb7rxNpLidSMcswqg0RhTOiUjLFvqCAhKi+dp87sM6OM7CCS5gltz9XfGykJlZqFvpnMQ6plLxf/8/qJDq69lIk40Sjo4lCQcFtHdl6BPWISqeYzQwiVzGS16YRIQrUpqmJKcJe/vEo6F3W3UW/cXdaazaKOMpzAKZyDC1fQhFtoQRsoSHiGV3iznqwX6936WIyWrGLnGP7A+vwBQC2TAw==</latexit>re

<latexit sha1_base64="vQKHyh8R1nJNVs5DVNsgI6HDyIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFNy4r2Ae0Y8mkmTY0kwxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uScniDnTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkoQttEcql6AdaUM0HbhhlOe7GiOAo47QbTm9zvPlKlmRT3ZhZTP8JjwUJGsLHSQzqIsJkEYaqyocyG1Zpbd+dAq8QrSA0KtIbVr8FIkiSiwhCOte57bmz8FCvDCKdZZZBoGmMyxWPat1TgiGo/nafO0JlVRiiUyj5h0Fz9vZHiSOtZFNjJPKRe9nLxP6+fmPDaT5mIE0MFWRwKE46MRHkFaMQUJYbPLMFEMZsVkQlWmBhbVMWW4C1/eZV0Lupeo964u6w1m0UdZTiBUzgHD66gCbfQgjYQUPAMr/DmPDkvzrvzsRgtOcXOMfyB8/kDT1+TDQ==</latexit>ro

<latexit sha1_base64="3GzwCSdbHeGecMAn9arfnccrVRE=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuCGxcuKtgHtKFMppN26GQSZiZKifkUNy4UceuXuPNvnLRZaOuBgcM593LPHD/mTGnH+bZKa+sbm1vl7crO7t7+gV097KgokYS2ScQj2fOxopwJ2tZMc9qLJcWhz2nXn17nfveBSsUica9nMfVCPBYsYARrIw3t6u1ggnU6CLGe+EGaZNnQrjl1Zw60StyC1KBAa2h/DUYRSUIqNOFYqb7rxNpLsdSMcJpVBomiMSZTPKZ9QwUOqfLSefQMnRplhIJImic0mqu/N1IcKjULfTOZR1TLXi7+5/UTHVx5KRNxoqkgi0NBwpGOUN4DGjFJieYzQzCRzGRFZIIlJtq0VTEluMtfXiWd87rbqDfuLmrNZlFHGY7hBM7AhUtowg20oA0EHuEZXuHNerJerHfrYzFasoqdI/gD6/MH8XyUdg==</latexit>

Lû

<latexit sha1_base64="pD+Qen1/aFZZy3adAbRhSeYdkW8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vjw4rEF+wFtKJvtpF272YTdjVhCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/Pbj6g0j+W9mSToR3QoecgZNVZqPPVLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNkUbgrf88ippXVa8aqXauCrXankcBTiFM7gAD66hBndQhyYwQHiGV3hzHpwX5935WLSuOfnMCfyB8/kD6TGNBQ==</latexit>x

<latexit sha1_base64="/Qbq6aCGyUuRsNVDMEFSCpC61x8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeiuGtnwmVpMgVWy4KU0kwJvOvyVBozlBOLaFMC3srYWOqKUObTcmG4K2+vE7aV1WvVq01ryv1eh5HEc7gHC7Bgxuowz00oAUMODzDK7w5j86L8+58LFsLTj5zCn/gfP4A4yGNAQ==</latexit>

t

<latexit sha1_base64="dkyVvtNLaqbaRvZyWvjuNsC9J6M=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVooZREpLosuHFZwT6gDWEynbZjJ5MwcyOEUH/FjQtF3Poh7vwbJ20W2nrgwplz7mXuPX7EmQLb/jYKG5tb2zvF3dLe/sHhkXl80lVhLAntkJCHsu9jRTkTtAMMOO1HkuLA57Tnz24yv/dIpWKhuIckom6AJ4KNGcGgJc8sQ1XV6sP61EvZw7yavWqeWbEb9gLWOnFyUkE52p75NRyFJA6oAMKxUgPHjsBNsQRGOJ2XhrGiESYzPKEDTQUOqHLTxfJz61wrI2scSl0CrIX6eyLFgVJJ4OvOAMNUrXqZ+J83iGF87aZMRDFQQZYfjWNuQWhlSVgjJikBnmiCiWR6V4tMscQEdF4lHYKzevI66V40nGajeXdZabXyOIroFJ2hKnLQFWqhW9RGHURQgp7RK3oznowX4934WLYWjHymjP7A+PwBn1OTeQ==</latexit>

t(s),
hij(t

(s))
<latexit sha1_base64="sOVoRrfbp1Fp0eCo2bMymY9xOZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi8eK9gPaUDbbSbt0swm7E6GU/gQvHhTx6i/y5r9x2+ag1QcDj/dmmJkXplIY8rwvp7C2vrG5Vdwu7ezu7R+UD49aJsk0xyZPZKI7ITMohcImCZLYSTWyOJTYDsc3c7/9iNqIRD3QJMUgZkMlIsEZWeme+tgvV7yqt4D7l/g5qUCORr/82RskPItREZfMmK7vpRRMmSbBJc5KvcxgyviYDbFrqWIxmmC6OHXmnlll4EaJtqXIXag/J6YsNmYSh7YzZjQyq95c/M/rZhRdB1Oh0oxQ8eWiKJMuJe78b3cgNHKSE0sY18Le6vIR04yTTadkQ/BXX/5LWhdVv1at3V1W6vU8jiKcwCmcgw9XUIdbaEATOAzhCV7g1ZHOs/PmvC9bC04+cwy/4Hx8A1dgjdk=</latexit>

te

<latexit sha1_base64="NKgNkSHAemvxAOjLmQJg6Tov6VM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzigg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxanzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jcZCs0ZyqkllGlhbyVsTDVlaNMp2RC81ZfXSfuq6tWqtfvrSqORx1GEMziHS/CgDg24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nD1FQjdU=</latexit>

ta
<latexit sha1_base64="UXfIZw7sP0KYoTnicWNQNiLcWjM=">AAAB7HicbVBNS8NAFNz4WetX1aOXxSIIQklEqseCF48VTFtoQ9lsX9qlm03YfRFK6G/w4kERr/4gb/4bt20O2jqwMMzMY9+bMJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZZJMc/B5IhPdCZkBKRT4KFBCJ9XA4lBCOxzfzfz2E2gjEvWIkxSCmA2ViARnaCUf+3DZ7Feqbs2dg64SryBVUsDmv3qDhGcxKOSSGdP13BSDnGkUXMK03MsMpIyP2RC6lioWgwny+bJTem6VAY0SbZ9COld/T+QsNmYShzYZMxyZZW8m/ud1M4xug1yoNENQfPFRlEmKCZ1dTgdCA0c5sYRxLeyulI+YZhxtP2Vbgrd88ippXdW8eq3+cF1tNIo6SuSUnJEL4pEb0iD3pEl8wokgz+SVvDnKeXHenY9FdM0pZk7IHzifP15Ijmg=</latexit>

te + P

<latexit sha1_base64="/xk4/MCObKITONwUypRrUGXcOeI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMgBMKuSPQY0IPHCHlBsobeyWwyZPbBTK8SlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXF0uh0ba/rdza+sbmVn67sLO7t39QPDxq6ShRjDdZJCPV8UBzKULeRIGSd2LFIfAkb3vjm5nffuRKiyhs4CTmbgDDUPiCARrpAftQrpd7t1wi0Ea/WLIr9hx0lTgZKZEM9X7xqzeIWBLwEJkErbuOHaObgkLBJJ8WeonmMbAxDHnX0BACrt10fvWUnhllQP1ImQqRztXfEykEWk8Cz3QGgCO97M3E/7xugv61m4owTpCHbLHITyTFiM4ioAOhOEM5MQSYEuZWykaggKEJqmBCcJZfXiWti4pTrVTvL0u1WhZHnpyQU3JOHHJFauSO1EmTMKLIM3klb9aT9WK9Wx+L1pyVzRyTP7A+fwAitJGj</latexit>

ta + P +�T

This effect is present only because the gravitational wave is time-dependent 

<latexit sha1_base64="oZDBnwGefXXUWtuwCYq5pKmmzrQ="></latexit>

�T =
1

2
ûiûj

Z L

0
ds [hij(te + P + s, re + sû)� hij(te + s, re + sû)]

<latexit sha1_base64="SDpnchcNC9OhLHM6Y8ilM6gJ5vE=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m3bpZhN2J0IJ+RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilfjYIQqKHmcnzYbXm1t0FyDrxClKDAq1h9WswilkacYVMUmP6npugn1GNgkmeVwap4QllUzrmfUsVjbjxs8XJObmwyoiEsbalkCzU3xMZjYyZRYHtjChOzKo3F//z+imGt34mVJIiV2y5KEwlwZjM/ycjoTlDObOEMi3srYRNqKYMbUoVG4K3+vI66VzVvUa98XBdazaLOMpwBudwCR7cQBPuoQVtYBDDM7zCm4POi/PufCxbS04xcwp/4Hz+AIAZkWk=</latexit>rs

SMBHB
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Wave propagating in k direction:
<latexit sha1_base64="aXOanMmwof0fnqFJmE5R7Rx3FSE="></latexit>

hij(X) with X = te + s� k̂ · re � s k̂ · û

Pulsar timing arrays

<latexit sha1_base64="I9gIRo0QizRZskJifkcpXivKJaw=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZK0pnVXcOOygn1AE8pkOmmHTiZhZlIooX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCVNGpbLtD6O0sbm1vVPereztHxwemccnXZlkApMOTlgi+iGShFFOOooqRvqpICgOGemF05vC782IkDTh92qekiBGY04jipHS0tA0/QlSuR8jNQmjfLpYDM2qbV03PffKhbZl2w235hXEbdTdGnS0UqAK1mgPzXd/lOAsJlxhhqQcOHaqghwJRTEji4qfSZIiPEVjMtCUo5jIIF8mX8ALrYxglAj9uIJL9ftGjmIp53GoJ4uI8rdXiH95g0xFzSCnPM0U4Xh1KMoYVAksaoAjKghWbK4JwoLqrBBPkEBY6bIquoSvn8L/Sde1HM/y7urVVmtdRxmcgXNwCRzQAC1wC9qgAzCYgQfwBJ6N3Hg0XozX1WjJWO+cgh8w3j4BqBiUWg==</latexit>

k̂
<latexit sha1_base64="zgjPCD27HgDtgNR/Z261Q6Av4Lo=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFdK0pnVXcOOygn1AE8pkOmmHTiZhZlIoIX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCRJGpbLtD6O0sbm1vVPereztHxwemccnPRmnApMujlksBgGShFFOuooqRgaJICgKGOkHs5vC78+JkDTm92qRED9CE05DipHS0sg0vSlSmRchNQ3CLMrzkVm1reuW61w50LZsu+nU3YI4zYZThzWtFKiCNToj890bxziNCFeYISmHNTtRfoaEopiRvOKlkiQIz9CEDDXlKCLSz5bJc3ihlTEMY6EfV3Cpft/IUCTlIgr0ZBFR/vYK8S9vmKqw5WeUJ6kiHK8OhSmDKoZFDXBMBcGKLTRBWFCdFeIpEggrXVZFl/D1U/g/6TlWzbXcu0a13V7XUQZn4Bxcghpogja4BR3QBRjMwQN4As9GZjwaL8brarRkrHdOwQ8Yb5+rJJRc</latexit>

m̂

<latexit sha1_base64="nfnMmhcie357YZexByhf+VcjfgE=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFdK0pnVXcOOygn1AE8pkOmmHTiZhZlIoIX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCRJGpbLtD6O0sbm1vVPereztHxwemccnPRmnApMujlksBgGShFFOuooqRgaJICgKGOkHs5vC78+JkDTm92qRED9CE05DipHS0sg0vSlSmRchNQ3CjOf5yKza1nXLda4caFu23XTqbkGcZsOpw5pWClTBGp2R+e6NY5xGhCvMkJTDmp0oP0NCUcxIXvFSSRKEZ2hChppyFBHpZ8vkObzQyhiGsdCPK7hUv29kKJJyEQV6sogof3uF+Jc3TFXY8jPKk1QRjleHwpRBFcOiBjimgmDFFpogLKjOCvEUCYSVLquiS/j6Kfyf9Byr5lruXaPabq/rKIMzcA4uQQ00QRvcgg7oAgzm4AE8gWcjMx6NF+N1NVoy1jun4AeMt0+sqpRd</latexit>

n̂

<latexit sha1_base64="rWoN+aZerAT//ffAs8+bVvy+xP4=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLgxmUF+4A2lsn0ph06mYSZiVJC/sONC0Xc+i/u/BsnbRbaemDgcM693DPHjzlT2nG+rdLa+sbmVnm7srO7t39QPTzqqCiRFNs04pHs+UQhZwLbmmmOvVgiCX2OXX96k/vdR5SKReJez2L0QjIWLGCUaCM9pIOQ6IkfpDIbYjas1py6M4e9StyC1KBAa1j9GowimoQoNOVEqb7rxNpLidSMcswqg0RhTOiUjLFvqCAhKi+dp87sM6OM7CCS5gltz9XfGykJlZqFvpnMQ6plLxf/8/qJDq69lIk40Sjo4lCQcFtHdl6BPWISqeYzQwiVzGS16YRIQrUpqmJKcJe/vEo6F3W3UW/cXdaazaKOMpzAKZyDC1fQhFtoQRsoSHiGV3iznqwX6936WIyWrGLnGP7A+vwBQC2TAw==</latexit>re

<latexit sha1_base64="vQKHyh8R1nJNVs5DVNsgI6HDyIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFNy4r2Ae0Y8mkmTY0kwxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uScniDnTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkoQttEcql6AdaUM0HbhhlOe7GiOAo47QbTm9zvPlKlmRT3ZhZTP8JjwUJGsLHSQzqIsJkEYaqyocyG1Zpbd+dAq8QrSA0KtIbVr8FIkiSiwhCOte57bmz8FCvDCKdZZZBoGmMyxWPat1TgiGo/nafO0JlVRiiUyj5h0Fz9vZHiSOtZFNjJPKRe9nLxP6+fmPDaT5mIE0MFWRwKE46MRHkFaMQUJYbPLMFEMZsVkQlWmBhbVMWW4C1/eZV0Lupeo964u6w1m0UdZTiBUzgHD66gCbfQgjYQUPAMr/DmPDkvzrvzsRgtOcXOMfyB8/kDT1+TDQ==</latexit>ro

<latexit sha1_base64="3GzwCSdbHeGecMAn9arfnccrVRE=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuCGxcuKtgHtKFMppN26GQSZiZKifkUNy4UceuXuPNvnLRZaOuBgcM593LPHD/mTGnH+bZKa+sbm1vl7crO7t7+gV097KgokYS2ScQj2fOxopwJ2tZMc9qLJcWhz2nXn17nfveBSsUica9nMfVCPBYsYARrIw3t6u1ggnU6CLGe+EGaZNnQrjl1Zw60StyC1KBAa2h/DUYRSUIqNOFYqb7rxNpLsdSMcJpVBomiMSZTPKZ9QwUOqfLSefQMnRplhIJImic0mqu/N1IcKjULfTOZR1TLXi7+5/UTHVx5KRNxoqkgi0NBwpGOUN4DGjFJieYzQzCRzGRFZIIlJtq0VTEluMtfXiWd87rbqDfuLmrNZlFHGY7hBM7AhUtowg20oA0EHuEZXuHNerJerHfrYzFasoqdI/gD6/MH8XyUdg==</latexit>

Lû

<latexit sha1_base64="pD+Qen1/aFZZy3adAbRhSeYdkW8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vjw4rEF+wFtKJvtpF272YTdjVhCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/Pbj6g0j+W9mSToR3QoecgZNVZqPPVLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNkUbgrf88ippXVa8aqXauCrXankcBTiFM7gAD66hBndQhyYwQHiGV3hzHpwX5935WLSuOfnMCfyB8/kD6TGNBQ==</latexit>x

<latexit sha1_base64="/Qbq6aCGyUuRsNVDMEFSCpC61x8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeiuGtnwmVpMgVWy4KU0kwJvOvyVBozlBOLaFMC3srYWOqKUObTcmG4K2+vE7aV1WvVq01ryv1eh5HEc7gHC7Bgxuowz00oAUMODzDK7w5j86L8+58LFsLTj5zCn/gfP4A4yGNAQ==</latexit>

t

<latexit sha1_base64="dkyVvtNLaqbaRvZyWvjuNsC9J6M=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVooZREpLosuHFZwT6gDWEynbZjJ5MwcyOEUH/FjQtF3Poh7vwbJ20W2nrgwplz7mXuPX7EmQLb/jYKG5tb2zvF3dLe/sHhkXl80lVhLAntkJCHsu9jRTkTtAMMOO1HkuLA57Tnz24yv/dIpWKhuIckom6AJ4KNGcGgJc8sQ1XV6sP61EvZw7yavWqeWbEb9gLWOnFyUkE52p75NRyFJA6oAMKxUgPHjsBNsQRGOJ2XhrGiESYzPKEDTQUOqHLTxfJz61wrI2scSl0CrIX6eyLFgVJJ4OvOAMNUrXqZ+J83iGF87aZMRDFQQZYfjWNuQWhlSVgjJikBnmiCiWR6V4tMscQEdF4lHYKzevI66V40nGajeXdZabXyOIroFJ2hKnLQFWqhW9RGHURQgp7RK3oznowX4934WLYWjHymjP7A+PwBn1OTeQ==</latexit>

t(s),
hij(t

(s))
<latexit sha1_base64="sOVoRrfbp1Fp0eCo2bMymY9xOZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi8eK9gPaUDbbSbt0swm7E6GU/gQvHhTx6i/y5r9x2+ag1QcDj/dmmJkXplIY8rwvp7C2vrG5Vdwu7ezu7R+UD49aJsk0xyZPZKI7ITMohcImCZLYSTWyOJTYDsc3c7/9iNqIRD3QJMUgZkMlIsEZWeme+tgvV7yqt4D7l/g5qUCORr/82RskPItREZfMmK7vpRRMmSbBJc5KvcxgyviYDbFrqWIxmmC6OHXmnlll4EaJtqXIXag/J6YsNmYSh7YzZjQyq95c/M/rZhRdB1Oh0oxQ8eWiKJMuJe78b3cgNHKSE0sY18Le6vIR04yTTadkQ/BXX/5LWhdVv1at3V1W6vU8jiKcwCmcgw9XUIdbaEATOAzhCV7g1ZHOs/PmvC9bC04+cwy/4Hx8A1dgjdk=</latexit>

te

<latexit sha1_base64="NKgNkSHAemvxAOjLmQJg6Tov6VM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzigg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxanzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jcZCs0ZyqkllGlhbyVsTDVlaNMp2RC81ZfXSfuq6tWqtfvrSqORx1GEMziHS/CgDg24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nD1FQjdU=</latexit>

ta
<latexit sha1_base64="UXfIZw7sP0KYoTnicWNQNiLcWjM=">AAAB7HicbVBNS8NAFNz4WetX1aOXxSIIQklEqseCF48VTFtoQ9lsX9qlm03YfRFK6G/w4kERr/4gb/4bt20O2jqwMMzMY9+bMJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZZJMc/B5IhPdCZkBKRT4KFBCJ9XA4lBCOxzfzfz2E2gjEvWIkxSCmA2ViARnaCUf+3DZ7Feqbs2dg64SryBVUsDmv3qDhGcxKOSSGdP13BSDnGkUXMK03MsMpIyP2RC6lioWgwny+bJTem6VAY0SbZ9COld/T+QsNmYShzYZMxyZZW8m/ud1M4xug1yoNENQfPFRlEmKCZ1dTgdCA0c5sYRxLeyulI+YZhxtP2Vbgrd88ippXdW8eq3+cF1tNIo6SuSUnJEL4pEb0iD3pEl8wokgz+SVvDnKeXHenY9FdM0pZk7IHzifP15Ijmg=</latexit>

te + P

<latexit sha1_base64="/xk4/MCObKITONwUypRrUGXcOeI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMgBMKuSPQY0IPHCHlBsobeyWwyZPbBTK8SlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXF0uh0ba/rdza+sbmVn67sLO7t39QPDxq6ShRjDdZJCPV8UBzKULeRIGSd2LFIfAkb3vjm5nffuRKiyhs4CTmbgDDUPiCARrpAftQrpd7t1wi0Ea/WLIr9hx0lTgZKZEM9X7xqzeIWBLwEJkErbuOHaObgkLBJJ8WeonmMbAxDHnX0BACrt10fvWUnhllQP1ImQqRztXfEykEWk8Cz3QGgCO97M3E/7xugv61m4owTpCHbLHITyTFiM4ioAOhOEM5MQSYEuZWykaggKEJqmBCcJZfXiWti4pTrVTvL0u1WhZHnpyQU3JOHHJFauSO1EmTMKLIM3klb9aT9WK9Wx+L1pyVzRyTP7A+fwAitJGj</latexit>

ta + P +�T

<latexit sha1_base64="oUp0WDqGz0S6O67LjFf6zLqtr/g="></latexit>

�T =
1

2

ûiûj

1� k̂ · û

Z te+L�k̂·re�Lk̂·u

te�k̂·re
dX [hij(X + P )� hij(X)]

<latexit sha1_base64="SDpnchcNC9OhLHM6Y8ilM6gJ5vE=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m3bpZhN2J0IJ+RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilfjYIQqKHmcnzYbXm1t0FyDrxClKDAq1h9WswilkacYVMUmP6npugn1GNgkmeVwap4QllUzrmfUsVjbjxs8XJObmwyoiEsbalkCzU3xMZjYyZRYHtjChOzKo3F//z+imGt34mVJIiV2y5KEwlwZjM/ycjoTlDObOEMi3srYRNqKYMbUoVG4K3+vI66VzVvUa98XBdazaLOMpwBudwCR7cQBPuoQVtYBDDM7zCm4POi/PufCxbS04xcwp/4Hz+AIAZkWk=</latexit>rs

SMBHB

Principle of the measurement: compare with the next pulse



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? 

<latexit sha1_base64="T6RzFxi6AIXQCpLZflKZD+xiIHY="></latexit>

f(⌧) =
1

⇡

✓
5

256

◆3/8
1

(GMc)
5/8 ⌧3/8

' 10
�8

Hz

<latexit sha1_base64="ShBd3rysDQacTkCVDKbfGXcTpoc="></latexit>

Mc ' 109 M�

⌧ = 4⇥ 104 yrs
for

GW varies on 
a scale of 

about 3 years Period of the 
pulsar: 

millisecond

Taylor 
expand

Relative change 
 in the rate of the 

pulses measured on 
Earth because of the 

GW passing by:

<latexit sha1_base64="oUp0WDqGz0S6O67LjFf6zLqtr/g="></latexit>

�T =
1

2

ûiûj

1� k̂ · û

Z te+L�k̂·re�Lk̂·u

te�k̂·re
dX [hij(X + P )� hij(X)]

Earth term Pulsar term

<latexit sha1_base64="WH/zPHfwcjOyyoKjRAg12lPaut4="></latexit>

�T

P
' 1

2

ûiûj

1� k̂ · û
[hij(te + L, ro)� hij(te, re)]

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

fGWP ⌧ 1

Mc =
(m1 m2)3/5

(m1 +m2)1/5

Time to coalescence
Chirp mass



Pulsar timing arrays

<latexit sha1_base64="T6RzFxi6AIXQCpLZflKZD+xiIHY="></latexit>

f(⌧) =
1

⇡

✓
5

256

◆3/8
1

(GMc)
5/8 ⌧3/8

' 10
�8

Hz

<latexit sha1_base64="ShBd3rysDQacTkCVDKbfGXcTpoc="></latexit>

Mc ' 109 M�

⌧ = 4⇥ 104 yrs
for

GW varies on 
a scale of 

about 3 years Period of the 
pulsar: 

millisecond

Taylor 
expand

<latexit sha1_base64="oUp0WDqGz0S6O67LjFf6zLqtr/g="></latexit>

�T =
1

2

ûiûj

1� k̂ · û

Z te+L�k̂·re�Lk̂·u

te�k̂·re
dX [hij(X + P )� hij(X)]

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    

<latexit sha1_base64="88P0s3B3u3iMum5stK7utK/Kbng=">AAAB8nicbVDLSsNAFL3xWeur6tLNYBFclUSkuiy4cVnBPiANZTKdtGMnkzBzI5TQz3DjQhG3fo07/8Zpm4W2Hhg4nHMPc+8JUykMuu63s7a+sbm1Xdop7+7tHxxWjo7bJsk04y2WyER3Q2q4FIq3UKDk3VRzGoeSd8Lx7czvPHFtRKIecJLyIKZDJSLBKFrJ7w0SJKN+Lh6n/UrVrblzkFXiFaQKBZr9ypdNsyzmCpmkxviem2KQU42CST4t9zLDU8rGdMh9SxWNuQny+cpTcm6VAYkSbZ9CMld/J3IaGzOJQzsZUxyZZW8m/uf5GUY3QS5UmiFXbPFRlEmCCZndTwZCc4ZyYgllWthdCRtRTRnalsq2BG/55FXSvqx59Vr9/qraaBR1lOAUzuACPLiGBtxBE1rAIIFneIU3B50X5935WIyuOUXmBP7A+fwBSpCRRg==</latexit>

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? 

Time to coalescence

Mc =
(m1 m2)3/5

(m1 +m2)1/5

Chirp mass



Pulsar timing arrays
<latexit sha1_base64="1LoTVlUmiHPHuIigZNVBA9+PtqQ="></latexit>

�T

P
' 1

2

ûiûj

1� k̂ · û
[hij(te + L, ro)� hij(te, re)]

<latexit sha1_base64="bgmBFVbTcFl4z/3aiHWGeLxviUE="></latexit>

⇠ 7 · 10�23 pc

dL

✓
Mc

M�

◆5/3 ✓ fGW

10�8 Hz

◆2/3

' 7 · 10�16

<latexit sha1_base64="rdTe4JwoZ3hvdeeocnua+mKsNfk=">AAACF3icbVDLSgMxFM34rPVVdekmWAQXpcyIVF0IBTcuLFSwD2jqkMmkbWgyGZOMUIb+hRt/xY0LRdzqzr8xfSy09cCFwzn3cu89QcyZNq777SwsLi2vrGbWsusbm1vbuZ3dupaJIrRGJJeqGWBNOYtozTDDaTNWFIuA00bQvxz5jQeqNJPRrRnEtC1wN2IdRrCxkp8rVnyCNBP0Hnru3TkqVPwUyVCaIULZ0L++8FwXFVKkBKzEZOjn8m7RHQPOE29K8mCKqp/7QqEkiaCRIRxr3fLc2LRTrAwjnA6zKNE0xqSPu7RlaYQF1e10/NcQHlolhB2pbEUGjtXfEykWWg9EYDsFNj09643E/7xWYjpn7ZRFcWJoRCaLOgmHRsJRSDBkihLDB5Zgopi9FZIeVpgYG2XWhuDNvjxP6sdFr1Qs3Zzky+VpHBmwDw7AEfDAKSiDK1AFNUDAI3gGr+DNeXJenHfnY9K64Exn9sAfOJ8/B4Sd+g==</latexit>

Mc ' 109 M�

dL = 100Mpc

Relative change 
 in the rate of the 

pulses measured on 
Earth because of 

the GW passing by:

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

<latexit sha1_base64="I/LBhiZKYTyKJrSgq4BC5ChK1Mg=">AAACGnicbVBNSwMxEM3Wr1q/qh69BItQQcquSvUiFDzosYpthW4p2XRqQ5PsmmSFsuzv8OJf8eJBEW/ixX9jWito64OBl/dmyMwLIs60cd1PJzMzOze/kF3MLS2vrK7l1zfqOowVhRoNeaiuA6KBMwk1wwyH60gBEQGHRtA/HfqNO1CahfLKDCJoCXIjWZdRYqzUznuXxat24iuBzxrpyYG/h0ePgdLprq+ZgFtcdn9UqYGm7XzBLbkj4GnijUkBjVFt59/9TkhjAdJQTrRuem5kWglRhlEOac6PNUSE9skNNC2VRIBuJaPTUrxjlQ7uhsqWNHik/p5IiNB6IALbKYjp6UlvKP7nNWPTPW4lTEaxAUm/P+rGHJsQD3PCHaaAGj6whFDF7K6Y9ogi1Ng0czYEb/LkaVLfL3nlUvnisFCpjOPIoi20jYrIQ0eogs5RFdUQRffoET2jF+fBeXJenbfv1owzntlEf+B8fAF/lp9T</latexit>

R(TGW = 3yrs) ' 60 nsec

TGW = 3 yrs

A. Lommen, Rep. Prog. Phys. 78 124901 (2015)

<latexit sha1_base64="XMjnzfqsphC5h3xkPlkEVY6/ylA="></latexit>

R(T ) =

Z tref+T

tref

dt
�T

P



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

<latexit sha1_base64="1LoTVlUmiHPHuIigZNVBA9+PtqQ="></latexit>

�T

P
' 1

2

ûiûj

1� k̂ · û
[hij(te + L, ro)� hij(te, re)]

<latexit sha1_base64="I9gIRo0QizRZskJifkcpXivKJaw=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZK0pnVXcOOygn1AE8pkOmmHTiZhZlIooX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCVNGpbLtD6O0sbm1vVPereztHxwemccnXZlkApMOTlgi+iGShFFOOooqRvqpICgOGemF05vC782IkDTh92qekiBGY04jipHS0tA0/QlSuR8jNQmjfLpYDM2qbV03PffKhbZl2w235hXEbdTdGnS0UqAK1mgPzXd/lOAsJlxhhqQcOHaqghwJRTEji4qfSZIiPEVjMtCUo5jIIF8mX8ALrYxglAj9uIJL9ftGjmIp53GoJ4uI8rdXiH95g0xFzSCnPM0U4Xh1KMoYVAksaoAjKghWbK4JwoLqrBBPkEBY6bIquoSvn8L/Sde1HM/y7urVVmtdRxmcgXNwCRzQAC1wC9qgAzCYgQfwBJ6N3Hg0XozX1WjJWO+cgh8w3j4BqBiUWg==</latexit>

k̂
<latexit sha1_base64="zgjPCD27HgDtgNR/Z261Q6Av4Lo=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFdK0pnVXcOOygn1AE8pkOmmHTiZhZlIoIX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCRJGpbLtD6O0sbm1vVPereztHxwemccnPRmnApMujlksBgGShFFOuooqRgaJICgKGOkHs5vC78+JkDTm92qRED9CE05DipHS0sg0vSlSmRchNQ3CLMrzkVm1reuW61w50LZsu+nU3YI4zYZThzWtFKiCNToj890bxziNCFeYISmHNTtRfoaEopiRvOKlkiQIz9CEDDXlKCLSz5bJc3ihlTEMY6EfV3Cpft/IUCTlIgr0ZBFR/vYK8S9vmKqw5WeUJ6kiHK8OhSmDKoZFDXBMBcGKLTRBWFCdFeIpEggrXVZFl/D1U/g/6TlWzbXcu0a13V7XUQZn4Bxcghpogja4BR3QBRjMwQN4As9GZjwaL8brarRkrHdOwQ8Yb5+rJJRc</latexit>

m̂

<latexit sha1_base64="nfnMmhcie357YZexByhf+VcjfgE=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFdK0pnVXcOOygn1AE8pkOmmHTiZhZlIoIX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCRJGpbLtD6O0sbm1vVPereztHxwemccnPRmnApMujlksBgGShFFOuooqRgaJICgKGOkHs5vC78+JkDTm92qRED9CE05DipHS0sg0vSlSmRchNQ3CjOf5yKza1nXLda4caFu23XTqbkGcZsOpw5pWClTBGp2R+e6NY5xGhCvMkJTDmp0oP0NCUcxIXvFSSRKEZ2hChppyFBHpZ8vkObzQyhiGsdCPK7hUv29kKJJyEQV6sogof3uF+Jc3TFXY8jPKk1QRjleHwpRBFcOiBjimgmDFFpogLKjOCvEUCYSVLquiS/j6Kfyf9Byr5lruXaPabq/rKIMzcA4uQQ00QRvcgg7oAgzm4AE8gWcjMx6NF+N1NVoy1jun4AeMt0+sqpRd</latexit>

n̂

<latexit sha1_base64="rWoN+aZerAT//ffAs8+bVvy+xP4=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLgxmUF+4A2lsn0ph06mYSZiVJC/sONC0Xc+i/u/BsnbRbaemDgcM693DPHjzlT2nG+rdLa+sbmVnm7srO7t39QPTzqqCiRFNs04pHs+UQhZwLbmmmOvVgiCX2OXX96k/vdR5SKReJez2L0QjIWLGCUaCM9pIOQ6IkfpDIbYjas1py6M4e9StyC1KBAa1j9GowimoQoNOVEqb7rxNpLidSMcswqg0RhTOiUjLFvqCAhKi+dp87sM6OM7CCS5gltz9XfGykJlZqFvpnMQ6plLxf/8/qJDq69lIk40Sjo4lCQcFtHdl6BPWISqeYzQwiVzGS16YRIQrUpqmJKcJe/vEo6F3W3UW/cXdaazaKOMpzAKZyDC1fQhFtoQRsoSHiGV3iznqwX6936WIyWrGLnGP7A+vwBQC2TAw==</latexit>re

<latexit sha1_base64="vQKHyh8R1nJNVs5DVNsgI6HDyIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFNy4r2Ae0Y8mkmTY0kwxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uScniDnTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkoQttEcql6AdaUM0HbhhlOe7GiOAo47QbTm9zvPlKlmRT3ZhZTP8JjwUJGsLHSQzqIsJkEYaqyocyG1Zpbd+dAq8QrSA0KtIbVr8FIkiSiwhCOte57bmz8FCvDCKdZZZBoGmMyxWPat1TgiGo/nafO0JlVRiiUyj5h0Fz9vZHiSOtZFNjJPKRe9nLxP6+fmPDaT5mIE0MFWRwKE46MRHkFaMQUJYbPLMFEMZsVkQlWmBhbVMWW4C1/eZV0Lupeo964u6w1m0UdZTiBUzgHD66gCbfQgjYQUPAMr/DmPDkvzrvzsRgtOcXOMfyB8/kDT1+TDQ==</latexit>ro

<latexit sha1_base64="3GzwCSdbHeGecMAn9arfnccrVRE=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuCGxcuKtgHtKFMppN26GQSZiZKifkUNy4UceuXuPNvnLRZaOuBgcM593LPHD/mTGnH+bZKa+sbm1vl7crO7t7+gV097KgokYS2ScQj2fOxopwJ2tZMc9qLJcWhz2nXn17nfveBSsUica9nMfVCPBYsYARrIw3t6u1ggnU6CLGe+EGaZNnQrjl1Zw60StyC1KBAa2h/DUYRSUIqNOFYqb7rxNpLsdSMcJpVBomiMSZTPKZ9QwUOqfLSefQMnRplhIJImic0mqu/N1IcKjULfTOZR1TLXi7+5/UTHVx5KRNxoqkgi0NBwpGOUN4DGjFJieYzQzCRzGRFZIIlJtq0VTEluMtfXiWd87rbqDfuLmrNZlFHGY7hBM7AhUtowg20oA0EHuEZXuHNerJerHfrYzFasoqdI/gD6/MH8XyUdg==</latexit>

Lû

Earth term:  
GW left the source at 

time 
<latexit sha1_base64="sQhHBWgrCje2irDS4KZVWKY1zrc=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLIEhLIlJdFty4cFHBPqANYTKdtEMnM2FmIpQ0G3/FjQtF3PoZ7vwbp20W2nrgwuGce7n3niBmVGnH+bYKK6tr6xvFzdLW9s7unr1/0FIikZg0sWBCdgKkCKOcNDXVjHRiSVAUMNIORjdTv/1IpKKCP+hxTLwIDTgNKUbaSL59pH1yfleZpL0ghNIXFemnKssmvl12qs4McJm4OSmDHA3f/ur1BU4iwjVmSKmu68TaS5HUFDOSlXqJIjHCIzQgXUM5iojy0tkDGTw1Sh+GQpriGs7U3xMpipQaR4HpjJAeqkVvKv7ndRMdXnsp5XGiCcfzRWHCoBZwmgbsU0mwZmNDEJbU3ArxEEmEtcmsZEJwF19eJq2Lqlur1u4vy/V6HkcRHIMTcAZccAXq4BY0QBNgkIFn8ArerCfrxXq3PuatBSufOQR/YH3+AGzUllM=</latexit>

te + L� |ro � rs|

<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) 
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Response of a pair of pulsars to a stochastic GW background

<latexit sha1_base64="xdDaHbK3PXBHZ+yJFWGAQlBsEyI="></latexit>
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2(1� k̂ · û)
Earth 
term 

put Earth at 
origin to simplify

Pulsar 
term 

<latexit sha1_base64="Q6YO32tyZhi8FCLf+vzhVcqmpjc="></latexit>
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Use SGWB 
power spectrum

The Earth term 
dominates
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“Detector response”

and SMBHB 
not in pulsar 

direction<latexit sha1_base64="BUSRmINzKXufOoiwamgtpU7Jeg4="></latexit>

kLa = O(2⇡ · 10
�8

Hz · 500 pc) = O(3000) � 1
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<latexit sha1_base64="xdDaHbK3PXBHZ+yJFWGAQlBsEyI="></latexit>
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= C(✓ab)
Z 1

0
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h2
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[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>
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✓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>
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<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>
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<latexit sha1_base64="5dk9g7vn8sNu6cKWO2LIXc2WUbo=">AAACBnicbVBNS8NAEN34WetX1KMIwSIIQklaqV4KBS8eK9gPaEKZbDft0t0k7G6EEnLy4l/x4kERr/4Gb/4bt20O2vpg4PHeDDPz/JhRqWz721hZXVvf2CxsFbd3dvf2zYPDtowSgUkLRywSXR8kYTQkLUUVI91YEOA+Ix1/fDP1Ow9ESBqF92oSE4/DMKQBxaC01DdP3CFwDvWKCywewUW17gYCcOpUs7Sa9c2SXbZnsJaJk5MSytHsm1/uIMIJJ6HCDKTsOXasvBSEopiRrOgmksSAxzAkPU1D4ER66eyNzDrTysAKIqErVNZM/T2RApdywn3dyUGN5KI3Ff/zeokKrr2UhnGiSIjni4KEWSqypplYAyoIVmyiCWBB9a0WHoGOQenkijoEZ/HlZdKulJ1auXZ3WWo08jgK6BidonPkoCvUQLeoiVoIo0f0jF7Rm/FkvBjvxse8dcXIZ47QHxifP+H8mCA=</latexit>

� = 2↵+ 3 =
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3

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…
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How does the SGWB from SMBHBs look like?

• 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 

Characteristic strain: 
red spectrum 
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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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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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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…
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