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Cosmology with LISA 



use of GW emission 
from binaries to 
probe late-time 
dynamics and 
content of the 

universe

the stochastic GW 
background from 

primordial sources: 
test of early universe 

and high energy 
phenomena

How can GW help to probe cosmology?



LISA collaboration arXiv:1702.00786, Hindmarsh et al arXiv:2008.09136

This talk: overview of LISA potential in probing both aspects, 
SGWB and standard sirens



What is/will be known about the SGWB
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ds2 = �dt2 + a2(t)[(�ij + hij)dxidxj ]

GWs are tensor perturbations of the FRW metric:

superimposed on the homogeneous and 
isotropic background

hi
i = @jh

j
i = 0|hij | ⌧ 1

GWs in the primordial universe

ḧij + 3H ḣij + k
2
hij = 16⇡G⇧TT

ij

GW source: 
tensor anisotropic stressHubble expansion

<latexit sha1_base64="vEq0QF1VQYTwYRWKw5RSDb98u7s=">AAACOXicbVDLSgMxFM3UV62vqks3wSJUlDJTRLsRii7qskJf0BmGTCZtQzOZIckIZehvufEv3AluXCji1h8wnRasrQcCh3PO5eYeL2JUKtN8MTIrq2vrG9nN3Nb2zu5efv+gJcNYYNLEIQtFx0OSMMpJU1HFSCcSBAUeI21veDvx2w9ESBryhhpFxAlQn9MexUhpyc3XbQ8JWHMTO4htHo/PoO0TptCcdF2xIwpr0D4vpuHGcvhXOnXzBbNkpoDLxJqRApih7uafbT/EcUC4wgxJ2bXMSDkJEopiRsY5O5YkQniI+qSrKUcBkU6SXj6GJ1rxYS8U+nEFU3V+IkGBlKPA08kAqYFc9Cbif143Vr2Kk1AexYpwPF3UixlUIZzUCH0qCFZspAnCguq/QjxAAmGly87pEqzFk5dJq1yyLkvl+4tC9WZWRxYcgWNQBBa4AlVwB+qgCTB4BK/gHXwYT8ab8Wl8TaMZYzZzCP7A+P4B5PasZg==</latexit>

Ḡµ⌫ + �Gµ⌫ = 8⇡G (T̄µ⌫ + �Tµ⌫)
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Ḡµ⌫ + �Gµ⌫ = 8⇡G (T̄µ⌫ + �Tµ⌫)

<latexit sha1_base64="gYJa+h4eRi6XDaD289+2EUHPjMA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6l9Va86JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPe2OMuw==</latexit>
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STANDARD INFLATION:  
amplification of tensor metric vacuum 

fluctuations by the exponential expansion 

GWs in the primordial universe



ds2 = �dt2 + a2(t)[(�ij + hij)dxidxj ]

GWs are tensor perturbations of the FRW metric:

superimposed on the homogeneous and 
isotropic background
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ACTIVE GW SOURCE: 
tensor anisotropic stress 

can act an any time in the universe

<latexit sha1_base64="vEq0QF1VQYTwYRWKw5RSDb98u7s=">AAACOXicbVDLSgMxFM3UV62vqks3wSJUlDJTRLsRii7qskJf0BmGTCZtQzOZIckIZehvufEv3AluXCji1h8wnRasrQcCh3PO5eYeL2JUKtN8MTIrq2vrG9nN3Nb2zu5efv+gJcNYYNLEIQtFx0OSMMpJU1HFSCcSBAUeI21veDvx2w9ESBryhhpFxAlQn9MexUhpyc3XbQ8JWHMTO4htHo/PoO0TptCcdF2xIwpr0D4vpuHGcvhXOnXzBbNkpoDLxJqRApih7uafbT/EcUC4wgxJ2bXMSDkJEopiRsY5O5YkQniI+qSrKUcBkU6SXj6GJ1rxYS8U+nEFU3V+IkGBlKPA08kAqYFc9Cbif143Vr2Kk1AexYpwPF3UixlUIZzUCH0qCFZspAnCguq/QjxAAmGly87pEqzFk5dJq1yyLkvl+4tC9WZWRxYcgWNQBBa4AlVwB+qgCTB4BK/gHXwYT8ab8Wl8TaMZYzZzCP7A+P4B5PasZg==</latexit>

Ḡµ⌫ + �Gµ⌫ = 8⇡G (T̄µ⌫ + �Tµ⌫)

GWs in the primordial universe



SGWB from a generic stochastic source 
in the radiation era

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  

• … 

<latexit sha1_base64="ghJ6FtVCNInYClJ/NR7Jrgjwi/w=">AAACFHicbVDLSsNAFJ34rPUVdelmsAiVQkmKosuiG5cV+oImDZPptJ12Jgkzk0IJ+Qg3/oobF4q4deHOv3HaZqGtBy4czrmXe+/xI0alsqxvY219Y3NrO7eT393bPzg0j46bMowFJg0cslC0fSQJowFpKKoYaUeCIO4z0vLHdzO/NSFC0jCoq2lEXI4GAe1TjJSWPLPk1KiX0FHqSMphxxkgzlG3UnTEMCxFF3Di0Yk3crtJvZ56ZsEqW3PAVWJnpAAy1Dzzy+mFOOYkUJghKTu2FSk3QUJRzEiad2JJIoTHaEA6mgaIE+km86dSeK6VHuyHQleg4Fz9PZEgLuWU+7qTIzWUy95M/M/rxKp/4yY0iGJFArxY1I8ZVCGcJQR7VBCs2FQThAXVt0I8RAJhpXPM6xDs5ZdXSbNStq/K1sNloXqbxZEDp+AMFIENrkEV3IMaaAAMHsEzeAVvxpPxYrwbH4vWNSObOQF/YHz+ABPNnjQ=</latexit>

⇧ij ⇠ [�2(⇢+ p)vivj ]
TT

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

⇧ij ⇠ [�EiEj �BiBj ]
TT

<latexit sha1_base64="D/yOwDDq2JOrYHCCy+O5gaO173g=">AAACB3icbVDLSgMxFL3js9bXqEtBgkVwIWVGFF0W3bisYB/QGYZMmrahmcyQZIQydOfGX3HjQhG3/oI7/8ZMO4vaeiBwcs69N7knTDhT2nF+rKXlldW19dJGeXNre2fX3ttvqjiVhDZIzGPZDrGinAna0Exz2k4kxVHIaSsc3uZ+65FKxWLxoEcJ9SPcF6zHCNZGCuwjL8FSM8wD5tUVO0Oz9wEL7IpTdSZAi8QtSAUK1AP72+vGJI2o0IRjpTquk2g/y2cSTsdlL1U0wWSI+7RjqMARVX422WOMTozSRb1YmiM0mqizHRmOlBpFoamMsB6oeS8X//M6qe5d+xkTSaqpINOHeilHOkZ5KKjLJCWajwzBRDLzV0QGWGKiTXRlE4I7v/IiaZ5X3cuqc39Rqd0UcZTgEI7hFFy4ghrcQR0aQOAJXuAN3q1n69X6sD6npUtW0XMAf2B9/QLfGJlO</latexit>
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<latexit sha1_base64="5ryseazWT4BFtDrcXTiRgRlAgn8=">AAACGHicbVC7TsMwFHXKq5RXgJElokJiKgkCwVjBwlikvqQkRI7rtG7txLIdpCrqZ7DwKywMIMTajb/BaSMELUeydO4599q+J+SUSGXbX0ZpZXVtfaO8Wdna3tndM/cP2jJJBcItlNBEdEMoMSUxbimiKO5ygSELKe6Eo9vc7zxiIUkSN9WYY5/BfkwigqDSUmCeeQ0SZGQ48SRhrsehUATSgHh8QH6qYV75D1mzOQnMql2zZ7CWiVOQKijQCMyp10tQynCsEIVSuo7NlZ/lNyOKJxUvlZhDNIJ97GoaQ4aln80Wm1gnWulZUSL0iZU1U39PZJBJOWah7mRQDeSil4v/eW6qoms/IzFPFY7R/KEopZZKrDwlq0cERoqONYFIEP1XCw2ggEjpLCs6BGdx5WXSPq85lzX7/qJavyniKIMjcAxOgQOuQB3cgQZoAQSewAt4A+/Gs/FqfBif89aSUcwcgj8wpt/LXqF8</latexit>
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Why sources in the early universe produce SGWBs?

A GW source acting at time t✻ in the early universe cannot produce a signal 
correlated on length/time scales larger than the causal horizon at that time

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

<latexit sha1_base64="Fy2erUQJTwZxdbzjX28AyaLNVsw=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBDEQ9gVRY8BLx4jmAckS5iddJIxszPLzKwQlvyDFw+KePV/vPk3TpI9aGJBQ1HVTXdXlAhurO9/eyura+sbm4Wt4vbO7t5+6eCwYVSqGdaZEkq3ImpQcIl1y63AVqKRxpHAZjS6nfrNJ9SGK/lgxwmGMR1I3ueMWic1OihE97xbKvsVfwayTIKclCFHrVv66vQUS2OUlglqTDvwExtmVFvOBE6KndRgQtmIDrDtqKQxmjCbXTshp07pkb7SrqQlM/X3REZjY8Zx5Dpjaodm0ZuK/3nt1PZvwozLJLUo2XxRPxXEKjJ9nfS4RmbF2BHKNHe3EjakmjLrAiq6EILFl5dJ46ISXFX8+8tytZrHUYBjOIEzCOAaqnAHNagDg0d4hld485T34r17H/PWFS+fOYI/8D5/ACs4jto=</latexit>

`⇤ characteristic length-scale of the source 
typical size of the tensor anisotropic stresses



Why sources in the early universe produce SGWBs?

A GW source acting at time t✻ in the early universe cannot produce a signal 
correlated on length/time scales larger than the causal horizon at that time

<latexit sha1_base64="INJDhmIK3B6GS6CKZSmM06AbAsg=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBGkYElE0WXBTZcV7AOaGCbTm3bo5OHMRAih/oobF4q49UPc+TdO2yy09cCFwzn3cu89fsKZVJb1baysrq1vbJa2yts7u3v75sFhR8apoNCmMY9FzycSOIugrZji0EsEkNDn0PXHN1O/+whCsji6U1kCbkiGEQsYJUpLnllxgHOv5nB4wE2vdp+f2RPPrFp1awa8TOyCVFGBlmd+OYOYpiFEinIiZd+2EuXmRChGOUzKTiohIXRMhtDXNCIhSDefHT/BJ1oZ4CAWuiKFZ+rviZyEUmahrztDokZy0ZuK/3n9VAXXbs6iJFUQ0fmiIOVYxXiaBB4wAVTxTBNCBdO3YjoiglCl8yrrEOzFl5dJ57xuX9at24tqo1HEUUJH6BidIhtdoQZqohZqI4oy9Ixe0ZvxZLwY78bHvHXFKGYq6A+Mzx8wP5PQ</latexit>
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Angular size on the sky 
today of a region in 

which the SGWB signal 
is correlated `2(T⇤)

<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>

<latexit sha1_base64="o3ikhzwe8c7B8cDh5VTryV+6qFw=">AAACCXicbVDLSsNAFJ34rPUVdelmsAi1i5KIohuh4sZlhb6gKWEyuWmHTh7MTIQasnXjr7hxoYhb/8Cdf+P0sdDWAxcO59zLvfd4CWdSWda3sbS8srq2Xtgobm5t7+yae/stGaeCQpPGPBYdj0jgLIKmYopDJxFAQo9D2xvejP32PQjJ4qihRgn0QtKPWMAoUVpyTew0BqCIW7lyAkFo5gDnbiXPfPe6/OBWTnLXLFlVawK8SOwZKaEZ6q755fgxTUOIFOVEyq5tJaqXEaEY5ZAXnVRCQuiQ9KGraURCkL1s8kmOj7Xi4yAWuiKFJ+rviYyEUo5CT3eGRA3kvDcW//O6qQouexmLklRBRKeLgpRjFeNxLNhnAqjiI00IFUzfiumA6ESUDq+oQ7DnX14krdOqfV617s5KtdosjgI6REeojGx0gWroFtVRE1H0iJ7RK3oznowX4934mLYuGbOZA/QHxucPQn2ZZw==</latexit>

⇥⇤ =
`⇤

dA(z⇤)
Angular diameter distance

<latexit sha1_base64="OTsBz1a/8jRhL28wJIYO26K7/u8="></latexit>

⇥(T⇤ = 100GeV) ' 10�12deg
<latexit sha1_base64="Qin37SxXcMjgOYIiBd9mKF4ZOIA=">AAACEHicbVA9SwNBEN2L3/ErammzGMQoEvZEUQshYGMZIdFA7gh7m0myZPfu3N0T4pGfYONfsbFQxNbSzn/jJl6hxgcDj/dmmJkXxIJrQ8ink5uanpmdm1/ILy4tr6wW1tavdJQoBnUWiUg1AqpB8BDqhhsBjVgBlYGA66B/PvKvb0FpHoU1M4jBl7Qb8g5n1FipVdjxaj0wtHTX2jtzySnZ9TSXcINJ+dTbTz0lcRu6Q4xbhSIpkzHwJHEzUkQZqq3Ch9eOWCIhNExQrZsuiY2fUmU4EzDMe4mGmLI+7ULT0pBK0H46fmiIt63Sxp1I2QoNHqs/J1IqtR7IwHZKanr6rzcS//Oaiemc+CkP48RAyL4XdRKBTYRH6eA2V8CMGFhCmeL2Vsx6VFFmbIZ5G4L79+VJcnVQdo/K5PKwWKlkccyjTbSFSshFx6iCLlAV1RFD9+gRPaMX58F5cl6dt+/WnJPNbKBfcN6/AIY+ml0=</latexit>

⇥(z⇤ = 1090) ' 0.9 deg

Only the statistical properties of the signal can be accessed
hij(x,t) must be treated as a random variable

Suppose a GW detector angular resolution of 10 deg 
<latexit sha1_base64="Lx33je0ywMUCrOQUeub7KQiH0jk=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoMgHsKuKPEY8OIxgnlAEsPspDcZMrO7zMwqccl/ePGgiFf/xZt/4yTZgyYWNBRV3XR3+bHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSLZ9qFDzEuuFGYCtWSKUvsOmPrqd+8wGV5lF4Z8YxdiUdhDzgjBor3T/1zjoCtdZcEq/SK5bcsjsDWSZeRkqQodYrfnX6EUskhoYJqnXbc2PTTakynAmcFDqJxpiyER1g29KQStTddHb1hJxYpU+CSNkKDZmpvydSKrUeS992SmqGetGbiv957cQEV92Uh3FiMGTzRUEiiInINALS5wqZEWNLKFPc3krYkCrKjA2qYEPwFl9eJo3zsndZdm8vStVqFkcejuAYTsGDClThBmpQBwYKnuEV3pxH58V5dz7mrTknmzmEP3A+fwCiVpHv</latexit>

z⇤ . 17



Why sources in the early universe produce SGWBs?

A GW source acting at time t✻ in the early universe cannot produce a signal 
correlated on length/time scales larger than the causal horizon at that time

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

`⇤  H
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characteristic frequency of the GW signal
<latexit sha1_base64="BgooSXV2t0JAjfosacowHchxalo=">AAACBXicbVDLSsNAFJ34rPUVdamLwSJIFyURRTdCwU2XFewDmhAm05t26OThzEQoIRs3/oobF4q49R/c+TdO2yy09cCFwzn3cu89fsKZVJb1bSwtr6yurZc2yptb2zu75t5+W8apoNCiMY9F1ycSOIugpZji0E0EkNDn0PFHNxO/8wBCsji6U+ME3JAMIhYwSpSWPPMo8KrXTiAIzew8c4Bzr5o7A7jHDa/qmRWrZk2BF4ldkAoq0PTML6cf0zSESFFOpOzZVqLcjAjFKIe87KQSEkJHZAA9TSMSgnSz6Rc5PtFKHwex0BUpPFV/T2QklHIc+rozJGoo572J+J/XS1Vw5WYsSlIFEZ0tClKOVYwnkeA+E0AVH2tCqGD6VkyHREeidHBlHYI9//IiaZ/V7IuadXteqdeLOEroEB2jU2SjS1RHDdRELUTRI3pGr+jNeDJejHfjY9a6ZBQzB+gPjM8fLPeXtg==</latexit>

f⇤ =
1

`⇤
� H⇤

<latexit sha1_base64="24aKRBMrXyREQek6JHMVTZ0owaE=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaLIF2URBTdCAU3XVawF2hCmExP2qGTSZiZCLUUX8WNC0Xc+h7ufBunbRba+sPAx3/O4Zz5w5QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BSyWZpNCkCU9kJyQKOBPQ1Exz6KQSSBxyaIfD22m9/QBSsUTc61EKfkz6gkWMEm2swD7yIFWMG6zceMB5UKkHlcAuO1VnJrwMbg5llKsR2F9eL6FZDEJTTpTquk6q/TGRmlEOk5KXKUgJHZI+dA0KEoPyx7PrJ/jUOD0cJdI8ofHM/T0xJrFSozg0nTHRA7VYm5r/1bqZjq79MRNppkHQ+aIo41gneBoF7jEJVPORAUIlM7diOiCSUG0CK5kQ3MUvL0PrvOpeVp27i3KtlsdRRMfoBJ0hF12hGqqjBmoiih7RM3pFb9aT9WK9Wx/z1oKVzxyiP7I+fwBjp5SE</latexit>

✏⇤ = `⇤H⇤
Ratio of the typical length-scale of the GW sourcing 

process (size of the anisotropic stresses) and the 
Hubble scale at the generation time
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BBN Recombination

reheating, baryogenesis, phase 
transitions, dark matter…

GW

Discovery potential of primordial SGWB detection

PTALISAEarth-
based



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

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
BBN

Tested physics



New physics

~1 TeV
BBN

Tested physics

Many GW generation processes are related to PHASE TRANSITIONS



Inflation: phase transition of the Inflaton field



V 1/4 ⇠ 1016 GeV
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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 and  
(P)reheating generates a signal with high amplitude, but at high frequency
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GW signal from (non-standard) inflation
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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…

ḧij + 3H ḣij + k
2
hij = 16⇡G⇧TT

ij



• tensor to scalar ratio r⇤  0.07
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• scalar amplitude at CMB pivot scale k⇤ =
0.05

Mpc
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GW signal from (slow roll) inflation
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• GW signal extended in frequency:

continuous sourcing of GW as modes re-enter the Hubble horizon
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general constraints on (r,nT) from LISA
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just one example, quite constrained by now:  
inflaton-gauge field coupling

�L = � 1

4⇤
�Fµ⌫ F̃

µ⌫

quadratic 
inflaton 
potential

⇤ =
MPl

35

OTHER SIGNATURES:  
non-gaussianity, chirality

N. Bartolo et al, arXiv:1610.06481 
N. Bartolo et al, arXiv:1806.02819
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GW signal from second order scalar perturbations: 
PBH and LISA

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

There is a mass window for 
which PBH can still constitute 
the whole of the dark matter

If one wants to produce PBH in 
this mass range, one also has an 

observable SGWB in LISA by 
second order scalar perturbations

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

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


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

GUT 
?



Cosmic strings (or other kind of topological defects) are non-trivial field 
configurations left-over after the phase transition has completed  

A network of cosmic strings emits GWs 
(though the results are very model dependent)

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

GW signal from cosmic strings

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


One model of 
Nambu Goto 
local strings

Gµ = 10�17
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Auclair et al, arXiv:1909.00819

• The signal extends over many frequencies since the GW production is 
continuous throughout the universe evolution 

• The energy density of the cosmic string network is a constant fraction of 
the universe’s one 

GW signal from cosmic strings



Electroweak phase transition

~100 GeV

Tested physics



Second order phase transition First order phase transition

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

Image credit: E. Senaha, Symmetry 2020



Second order phase transition First order phase transition

Standard Model of particle 
physics:  

no GW production

Beyond Standard Model of 
particle physics:  

GW production possible 

Very strong case for LISA 

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

M. Hindmarsh et al, 
arXiv:2008.09136

- singlet/multiplet extensions of MSSM (SUSY 
motivated or not) 

- SM plus dimension six operator (EFT approach) 
- Dark Matter sector uncoupled to the SM 
- Warped extra dimensions



• collisions of bubble walls

• sound waves and turbulence in the fluid

• primordial magnetic fields (MHD turbulence)
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The characteristic scale of the tensor 
stresses determine the GW frequency: 

connected to the bubble size
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One example of GW signal from the EW phase transition  
“Higgs portal” scenario
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One example of GW signal from the EW phase transition  
“Higgs portal” scenario
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Fraction of the “tensor”energy density 
available for GW production Source dynamics

What about the 
amplitude?
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LISA (mHz) is sensitive to energy scales around the TeV scale, so it can 
can probe the EWPT in BSM models and more exotic PTs beyond the EWPT

connections with baryon asymmetry, dark matter : LISA could 
act as a probe of BSM physics, complementary to colliders



http://www.ptplot.org/ptplot/
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Future prospects concerning GW from PT

• near-linear regime well understood: acoustic waves are the dominant 
source of GW. Role of non-linearities to be better understood 

• most favourable scenarios beyond SM lead to strong PTs that 
maximise the signal -> short characteristic time of formation of non-
linearities 

• the GW signal spectral shape must be predicted very accurately to 
make detection forecasts 

• are we able to distinguish scenarios? improve the link spectrum vs. 
PT parameters (in particular, role of the wall velocity)  

• data analysis techniques must be developed (type SGWBinner, to 
perform foreground subtraction…) 

• …



To summarise the part about SGWB from the primordial universe:

• Several phase transitions might have occurred in the early universe, leading 
to GW production  

• Inflation: new physics but observationally motivated, extended GW signal in 
frequency, only accessible by CMB unless one goes beyond the standard slow 
roll scenario. Particularly interesting for LISA IMO: PBH 

• Cosmic strings: new physics but theoretically motivated, GW signal strongly 
model dependent, extended in frequency, can be accessed/constrained at 
PTA, LISA, LIGO/Virgo. LISA can provide good constraints 

• Electroweak PT: at the limit of tested physics, GW signal can be accessed/
constrained only for models beyond the standard model of particle physics —> 
tests of models, complementary to particle colliders: Particularly interesting 
for LISA 

• 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 -> must improve data analysis techniques!



use of GW emission 
from binaries to 
probe late-time 
dynamics and 
content of the 

universe

the stochastic GW 
background from 

primordial sources: 
test of early universe 

and high energy 
phenomena

How can GW help to probe cosmology?



Using GWs to measure the background 
expansion of the universe
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• Hubble factor, written for one specific model of dark energy  
• No contribution from radiation, negligible in the late universe

dL(z) = (1 + z)G
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G = 1
Flat space hyper 

surfaces

Measuring the luminosity distance as a function of redshift provides 
access to the cosmological parameters, in particular H0 at low redshift
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c z = H0 dL(z) Hubble law



Using GWs to measure the background 
expansion of the universe

J.M. Ezquiaga and M. Zumacalaregui, arXiv:1807.09241

• Remarkable agreement if ones thinks that the two methods measure physical 
phenomena that are 13 billion years apart 

• Not enough in the era of precision cosmology 
• Does this require new physics? 

Nissanke et al, arXiv:1307.2638



Measurement of dL(z): standard candles

Nobel prize in physics 2011: 
discovery of the late-time acceleration of the universe

Riess et al. 1998 Perlmutter et al. 1999



Nobel prize in physics 2011: 
discovery of the late-time acceleration of the universe
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r
L
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Redshift measured directly 
from the optical emission 

EASY!

• Flux measured directly 
• Intrinsic luminosity known from 

calibration  
• Measurement of the luminosity 

distance is NOT SO EASY

Measurement of dL(z): standard candles



GW emission by compact binaries  
can also be used to test the expansion of the universe

Measurement of dL(z): standard sirens

B. Schutz, Nature 323, 310 (1986)



• Measurement of the luminosity 
distance: no calibration needed, 
EASY AND DIRECT 

• Measurement of the redshift: 
IMPOSSIBLE!

GW emission by compact binaries  
can also be used to test the expansion of the universe

Measurement of dL(z): standard sirens

B. Schutz, Nature 323, 310 (1986)



Inspiral of compact binaries at cosmological distance
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Propagation effect at 

the observer

“Gravitational Waves”, M. Maggiore, Oxford University Press 2008

Still measured by the source clock, 
we want it in the observer’s clock



Inspiral of compact binaries at cosmological distance
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Mc = (1 + z)Mc

Redshifted chirp mass  
degeneracy among the redshift and the 

true chirp mass
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˙fO =
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5
(GMc)

5/3fO
11/3Assuming that the redshift 

is constant
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ḟ =
96⇡8/3

5
(GMc)

5/3f11/3

• From f and ḟ measure 
the redshifted chirp 
mass 

• From the ratio among 
h+ and h× measure the 
inclination of the orbit 

• Get a direct 
measurement of dL

Measurement of dL(z)
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Mc = (1 + z)Mc

How can we break this degeneracy and use GW emission to 
build the Hubble diagram dL(z)?

There are a few methods to obtain the redshift information, 
depending on the nature of the source and on the detector

• Direct method: directly identify the galaxy hosting the event, via the 
measurement of a (transient) electromagnetic counterpart 

• Statistical method: cross-correlate the sky position given by the GW 
measurement with galaxy catalogues 

• Assume that one knows or constraints the intrinsic mass of the object

Measurement of dL(z)
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Mc = (1 + z)Mc

There are a few methods to obtain the redshift information, 
depending on the nature of the source and on the detector

• Direct method: directly identify the galaxy hosting the event, via the 
measurement of a (transient) electromagnetic counterpart

Measurement of dL(z)

- Earth-based interferometers: sources with counterparts are 
NS-NS binaries and perhaps NS-BH binaries 

- LISA: sources with expected counterparts are massive BH-BH 
binaries at the centre of galaxies

How can we break this degeneracy and use GW emission to 
build the Hubble diagram dL(z)?
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Mc = (1 + z)Mc

There are a few methods to obtain the redshift information, 
depending on the nature of the source and on the detector

• Statistical method: in the absence of a counterpart, one can cross-
correlate with a galaxy catalogue to associate to the GW event a 
group of galaxies with redshift compatible with the redshift range  
inferred from the GW measurement with priors on the cosmological 
parameters. One then searches for the unique set of cosmological 
parameters aligning each event on the same dL(z) relation

Measurement of dL(z)

- Earth-based interferometers: this method can be used with 
stellar mass BH-BH binaries (the most numerous sources) 

- LISA: this method can be used with Extreme Mass Ratio 
Inspirals (EMRIs)

McLeod and Hogan, PDR77 043512 (2008)

How can we break this degeneracy and use GW emission to 
build the Hubble diagram dL(z)?



Direct method with LISA

Tamanini et al, arXiv:1601.07112 Speri et al, arXiv:2010.09049

• Massive BH binaries mergers are expected to have counterparts if they 
occur in gaseous disks at the centre of galaxies (the rate of these events is 
uncertain though) 

• The counterpart is expected in the radio emission, followed by optical 
identification of the host galaxy 

• One must select events with high SNR and good sky localisation (few!) 
• Weak lensing (and peculiar velocity errors) affect the measurement of dL



Direct method with LISA

Speri et al, arXiv:2010.09049

5% constraints on H0 with 
15 standard sirens

Reducing to 2% with 40 
standard sirens



general parametrisation:

Belgacem et al, arXiv:1906.01593

LISA MBHB standard sirens can be used to test modified gravity theories  

Direct method with LISA



Statistical method with LISA

• SOBHB sources with high enough SNR are too rare to be used as dark sirens

It can be applied to sources for which no counterpart is expected, 
present at sufficiently high redshift

• EMRIs with SNR>100 can be used for cosmology 
Results depend on the rates, which are uncertain Laghi et al, arXiv:2102.01708

3% constraints on H0

7% constraints on w0

A 4-year LISA mission 
can provide: 



To summarise the part about testing the expansion of the universe 
with standard sirens:

• GWs emission from compact binaries provide clean measurements of the 
luminosity distance which does not require calibration 

• The construction of the Hubble diagram dL(z) can be performed with and 
without electromagnetic counterpart 

• One can then determine H0 in a way which is fully independent of both CMB 
and SNIa 

• The network of Earth-based interferometers has already started to provide 
results, especially thanks to GW170817 

• LISA can provide a percent measurement of H0 by combining the results of 
bright and dark standard sirens, as well as constraint the expansion of the 
universe at high redshift with bright sirens 

• The future is bright in what concerns GWs as a cosmological probe of the 
late expansion of the universe, and the construction of the Hubble 
diagram with GWs will help pinning down the present tension on the 
measurement of the Hubble constant


