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SGWB in cosmology:  
probe of the early universe and high energy physics

GENERAL: the superposition of sources that cannot be 
individually resolved

• Astrophysical: binaries too numerous and with too low SNR to be 
identified (talk by Irina, poster by Jésus…) 

• Cosmological:  

- signals from the early universe with too small correlation scale 
with respect to the detector resolution 

- inflation: intrinsic, quantum fluctuations that become effectively 
classical (stochastic) due to the evolution

Stochastic gravitational wave background



SGWB from the early universe: generalities

Source: tensor 
anisotropic 

stress
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In the cosmological context: 
energy momentum tensor of the matter content of the 

universe (background + perturbations)
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Perfect fluid
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Evolution equation:

Perturbations on FRW universe
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Hr(k, ⌘) = a hr(k, ⌘)

The evolution equation decouples 
for each polarisation mode
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Solution of the homogeneous equation
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Power-law scale factor (it covers matter and 
radiation domination, and De Sitter inflation)
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CASE 1: Sub-Hubble modes, relevant for propagation after the source stops
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In this limit, GWs 
are plane waves 
with redshifting 

amplitude

SGWB from the early universe: generalities
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Power-law scale factor (it covers matter and 
radiation domination, and De Sitter inflation)
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SGWB from the early universe: generalities

CASE 2: Super-Hubble modes, relevant for inflationary tensor perturbations
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the constant 
mode is a 
solution

The evolution equation decouples 
for each polarisation mode
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Solution of the homogeneous equation
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First we analyse what can be said in general about the SGWB 
signal generated by a sourcing process occurring at a given time t✻ 

in a phase of standard cosmic expansion of the universe (not 
inflation) and therefore operating causally  

SGWB from the early universe: generalities
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Solution of the sourced equation



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
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characteristic length-scale of the source 
(typical size of variation 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
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Angular size on the sky 
today of a region in 

which the SGWB signal 
is correlated `2(T⇤)
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Suppose a GW detector angular resolution of 10 deg 
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Only the statistical properties of the signal can be accessed



• We access today the GW signal from many independent horizon volumes: 
hij(x,t) must be treated as a random variable 

• Notable exception: SGWB from inflation (intrinsic quantum fluctuations that 
become classical and stochastic outside the horizon) 

• The universe is homogeneous and isotropic, so the GW source is operating 
everywhere more or less at the same time with the same average properties 
(“a-causal” initial conditions from inflation)  

• Under the ergodic hypothesis, the ensemble average can be substituted 
with volume / time averages: we identify this average with the volume / 
time one necessary to define the GW energy momentum tensor 

Why sources in the early universe produce SGWBs?

<latexit sha1_base64="8j1n2Yte/zH75EytnA92nze5i+w="></latexit>

TGW
µ⌫ =

1

32⇡G
hrµh↵�r⌫h

↵�i
<latexit sha1_base64="qUgiphh9G9IAVcGGyWZZCreQEdc="></latexit>

⇢GW =
hḣij ḣiji
32⇡G



Why sources in the early universe produce SGWBs?

The SGWB is in general homogenous and isotropic, unpolarised and gaussian

<latexit sha1_base64="8HWUL9OSUG5I/eIGBRc7OxV+Y4U="></latexit>

hhij(x, ⌘1)hlm(y, ⌘2)i = Fijlm(|x� y|, ⌘1, ⌘2)

As the FLRW space-time

If the sourcing process preserves parity

Central limit theorem: the signal comes from the 
superposition of many independent regions 

Helicity basis

There are 
exceptions!

<latexit sha1_base64="g0VzEISW/VWsc8hzVZtbC6uGGNA=">AAACInicbVDLSsNAFJ3UV62vqEs3g0UQlJIURV0IBTcuK9gHNDFMppN27GQSZiZCCfkWN/6KGxeKuhL8GCdtFW09MHA451zu3OPHjEplWR9GYW5+YXGpuFxaWV1b3zA3t5oySgQmDRyxSLR9JAmjnDQUVYy0Y0FQ6DPS8gcXud+6I0LSiF+rYUzcEPU4DShGSkueeUa8lN5mN6kTh7CanTuBQDj9Fg+yXKbO4U9K0ZDILEurmWeWrYo1Apwl9oSUwQR1z3xzuhFOQsIVZkjKjm3Fyk2RUBQzkpWcRJIY4QHqkY6mHOlNbjo6MYN7WunCIBL6cQVH6u+JFIVSDkNfJ0Ok+nLay8X/vE6iglM3pTxOFOF4vChIGFQRzPuCXSoIVmyoCcKC6r9C3Ee6JKVbLekS7OmTZ0mzWrGPK9bVUblWm9RRBDtgF+wDG5yAGrgEddAAGNyDR/AMXowH48l4Nd7H0YIxmdkGf2B8fgFdLaVr</latexit>

e±2
ij =

e+ij ± i e⇥ij
2

<latexit sha1_base64="asLwUvoFBgewZH6clQE4cgsx2uY="></latexit>

hh+2(k, ⌘)h+2(k, ⌘)� h�2(k, ⌘)h�2(k, ⌘)i = hh+(k, ⌘)h⇥(k, ⌘)i = 0



Characterisation of a SGWB

{
Statistical 

homogeneity and 
isotropy

Gaussianity: the two-point 
correlation function is 

enough to fully describe 
the SGWB

Unpolarised

Power spectrum of the GW amplitude

Related to the variance of the 
GW amplitude in real space

For freely propagating sub-Hubble modes, and taking the time-average:

<latexit sha1_base64="KMGKcU/CuZPXRFD9YOZwbVd5W+w=">AAACD3icbVDLSgMxFM34rPU16tLNYFEqSJkpii4LblxWsA/ojEMmzbShmSQkGaEM8wdu/BU3LhRx69adf2M67UJbDwQO59zLzTmRoERp1/22lpZXVtfWSxvlza3tnV17b7+teCoRbiFOuexGUGFKGG5poinuColhElHciUbXE7/zgKUinN3pscBBAgeMxARBbaTQPhmGqDo687GGp76QXGju+LGEKPPyDN7Xq4WTh3bFrbkFnEXizUgFzNAM7S+/z1GaYKYRhUr1PFfoIINSE0RxXvZThQVEIzjAPUMZTLAKsiJP7hwbpe/EXJrHtFOovzcymCg1TiIzmUA9VPPeRPzP66U6vgoywkSqMUPTQ3FKHRN6Uo7TJxIjTceGQCSJ+auDhtC0oU2FZVOCNx95kbTrNe+i5t6eVxqNWR0lcAiOQBV44BI0wA1oghZA4BE8g1fwZj1ZL9a79TEdXbJmOwfgD6zPH9Djm+I=</latexit>

hc(k, ⌘) /
1

a2(⌘)

<latexit sha1_base64="hBJ50pdl8bYd1PQIytv7E9PQQdA=">AAAB73icdVDLSgMxFM3UV62vqks3wSJUkCEzjm3dFdy4rGAf0A4lk6ZtaCYzJhmhDP0JNy4UcevvuPNvzLQVVPTAhcM593LvPUHMmdIIfVi5ldW19Y38ZmFre2d3r7h/0FJRIgltkohHshNgRTkTtKmZ5rQTS4rDgNN2MLnK/PY9lYpF4lZPY+qHeCTYkBGsjdQZ90l5cqZP+8USsi9rFderQGQjVHVcJyNu1Tv3oGOUDCWwRKNffO8NIpKEVGjCsVJdB8XaT7HUjHA6K/QSRWNMJnhEu4YKHFLlp/N7Z/DEKAM4jKQpoeFc/T6R4lCpaRiYzhDrsfrtZeJfXjfRw5qfMhEnmgqyWDRMONQRzJ6HAyYp0XxqCCaSmVshGWOJiTYRFUwIX5/C/0nLtZ0LG914pXp9GUceHIFjUAYOqII6uAYN0AQEcPAAnsCzdWc9Wi/W66I1Zy1nDsEPWG+fcJePlA==</latexit>

hc(k, t)

<latexit sha1_base64="Q6YO32tyZhi8FCLf+vzhVcqmpjc="></latexit>

hhr(k, ⌘)h
⇤
p(q, ⌘)i =

8⇡5

k3
�(3)(k� q) �rp h

2
c(k, ⌘)

<latexit sha1_base64="Vj4D6KQJJeC7s7rMuqpiNsKwlM8="></latexit>

hhij(x, ⌘)hij(x, ⌘)i = 2

Z +1

0

dk

k
h2
c(k, ⌘)

<latexit sha1_base64="2n3xxYKWUBTEEmopJOlKYdzR8GA="></latexit>

hhr(k, ⌘)h
⇤
p(q, ⌘)i =

1

a2(⌘)
[hAr(k)A

⇤
p(q)i+ hBr(k)B

⇤
p(q)i]



Characterisation of a SGWB

Power spectrum of the GW energy density

<latexit sha1_base64="4k2lNg7ralbcLDRf8eAhMwrra5Y="></latexit>

⇢GW =
hḣij(x, t) ḣij(x, t)i

32⇡G
=

hh0
ij(x, ⌘)h

0
ij(x, ⌘)i

32⇡Ga2(⌘)
=

Z +1

0

dk

k

d⇢GW

dlogk

<latexit sha1_base64="oZ9uxKVo2dnUwLoMUAA4XPefByY="></latexit>

d⇢GW

dlogk
=

k2 h2
c(k, ⌘)

16⇡Ga2(⌘)

<latexit sha1_base64="lZzxj3M6rRRIkCtUdJu4ZPWj9HY=">AAACGnicbVDLSgNBEJz1GeNr1aOXwSBGCGE3KHoMePEYwTwgu1lmJ51kyOzDmVkhLPkOL/6KFw+KeBMv/o2TZA8msaChqOqmu8uPOZPKsn6MldW19Y3N3FZ+e2d3b988OGzIKBEU6jTikWj5RAJnIdQVUxxasQAS+Bya/vBm4jcfQUgWhfdqFIMbkH7IeowSpSXPtNPBmUfHnbQyLg5L2AFFzrEjWQAPeNipYKc08Oic65kFq2xNgZeJnZECylDzzC+nG9EkgFBRTqRs21as3JQIxSiHcd5JJMSEDkkf2pqGJADpptPXxvhUK13ci4SuUOGp+nciJYGUo8DXnQFRA7noTcT/vHaietduysI4URDS2aJewrGK8CQn3GUCqOIjTQgVTN+K6YAIQpVOM69DsBdfXiaNStm+LFt3F4VqNYsjh47RCSoiG12hKrpFNVRHFD2hF/SG3o1n49X4MD5nrStGNnOE5mB8/wKa+p60</latexit>

h0
c
2
(k, ⌘) ' k2 h2

c(k, ⌘)

<latexit sha1_base64="EalCppjtKzcBbkwKyPEAwk0j6go="></latexit>

hh0
r(k, ⌘)h

0
p
⇤
(q, ⌘)i = 8⇡5

k3
�(3)(k� q) �rp h

0
c
2
(k, ⌘)

<latexit sha1_base64="kQrv3Cu9nyeLfa4YFzcXH8WgHPk=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiFoUpQEYyVGGAsEn1ITYgc12mtOnFkO0iVlX9g4VdYGECIlYWNv8FtM0DLkSwdnXOvrs8JU0alcpxva2l5ZXVtvbRR3tza3tm19/bbkmcCkxbmjItuiCRhNCEtRRUj3VQQFIeMdMLR1cTvPBAhKU/u1DglfowGCY0oRspIgX3qiSEPtCdieN3JvVTwVHHoRQJh7eYaVT2i0Mm9rud5YFecmjMFXCRuQSqgQDOwv7w+x1lMEoUZkrLnOqnyNRKKYkbyspdJkiI8QgPSMzRBMZG+nmbK4bFR+jDiwrxEwan6e0OjWMpxHJrJGKmhnPcm4n9eL1PRpa9pkmaKJHh2KMoYNLEnBcE+FQQrNjYEYUHNXyEeItOHMjWWTQnufORF0j6ruec157ZeaTSKOkrgEByBKnDBBWiAG9AELYDBI3gGr+DNerJerHfrYza6ZBU7B+APrM8fKGmeUQ==</latexit>

⇢GW / 1

a(⌘)4
GW energy density scales like radiation for 

freely propagating sub-Hubble modes  
(free massless particles)

For freely propagating sub-Hubble modes, and taking the time-average:



Evolution of the SGWB in the FLRW universe

GW energy density parameter

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⇤

Ratio of the typical length-scale of the GW sourcing 
process (size of the anisotropic stresses) and the 

Hubble scale at the generation time

<latexit sha1_base64="0Rmq+vqTQpWoPN8hlOCcliZ1woQ="></latexit>

h2 ⌦GW(k, ⌘0) =
h2⇢⇤
⇢c

✓
a⇤
a0

◆4 ✓ 1

⇢⇤

d⇢GW

dlogk
(k, ⌘⇤)

◆

Evaluated today, for a source 
that operated at time η✻ 

<latexit sha1_base64="wcQODrlvMQa0O1xkwwlAO9cI87s=">AAAB8HicbVBNSwMxEM3Wr1q/qh69BIsgPZRdFfVY8NJjBfsh7bJk09k2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZFyacaeO6305hbX1jc6u4XdrZ3ds/KB8etXWcKgotGvNYdUOigTMJLcMMh26igIiQQycc3838zhMozWL5YCYJ+IIMJYsYJcZKj33gPKg2gmpQrrg1dw68SrycVFCOZlD+6g9imgqQhnKidc9zE+NnRBlGOUxL/VRDQuiYDKFnqSQCtJ/ND57iM6sMcBQrW9Lgufp7IiNC64kIbacgZqSXvZn4n9dLTXTrZ0wmqQFJF4uilGMT49n3eMAUUMMnlhCqmL0V0xFRhBqbUcmG4C2/vEraFzXvunZ5f1Wp1/M4iugEnaJz5KEbVEcN1EQtRJFAz+gVvTnKeXHenY9Fa8HJZ47RHzifP996j80=</latexit>

`⇤H⇤

<latexit sha1_base64="9ULQHDEEgLCNlH8dHEcjSpIRazo="></latexit>

f = f⇤
a⇤
a0

=
1.65⇥ 10

�7

`⇤H⇤

✓
g(T⇤)

100

◆1/6
T⇤
GeV

Hz
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Characteristic frequency of the GW signal

<latexit sha1_base64="5iuNtBwYt1aBji8kOcuzjrgnO20=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBFcSJmIosuiiC4r9AVNCJPppB06k4SZiVBCdm78FTcuFHHrL7jzb5y2WWjrgQuHc+7l3nuChDOlEfq2FhaXlldWS2vl9Y3NrW17Z7el4lQS2iQxj2UnwIpyFtGmZprTTiIpFgGn7WB4PfbbD1QqFkcNPUqoJ3A/YiEjWBvJtw8afuZKAW/auauYgA5C0D2ZSLe0lft2BVXRBHCeOAWpgAJ13/5yezFJBY004ViproMS7WVYakY4zctuqmiCyRD3adfQCAuqvGzyRw6PjNKDYSxNRRpO1N8TGRZKjURgOgXWAzXrjcX/vG6qw0svY1GSahqR6aIw5VDHcBwK7DFJieYjQzCRzNwKyQBLTLSJrmxCcGZfniet06pzXkX3Z5XaVRFHCeyDQ3AMHHABauAO1EETEPAInsEreLOerBfr3fqYti5Yxcwe+APr8weIDJfQ</latexit>

TEW ⇠ 100GeV
<latexit sha1_base64="bk+65c1Tp3/nZQJbrwuXTE9zqUE=">AAAB+HicbVBNSwMxEJ2tX7V+dNWjl2ARPJVdUfRY9NJjBfsB3VKyabYNTbJLkhXapb/EiwdFvPpTvPlvTNs9aOuDgcd7M8zMCxPOtPG8b6ewsbm1vVPcLe3tHxyW3aPjlo5TRWiTxDxWnRBrypmkTcMMp51EUSxCTtvh+H7ut5+o0iyWj2aS0J7AQ8kiRrCxUt8tR4FmAmWBEkjUp7O+W/Gq3gJonfg5qUCORt/9CgYxSQWVhnCsddf3EtPLsDKMcDorBammCSZjPKRdSyUWVPeyxeEzdG6VAYpiZUsatFB/T2RYaD0Roe0U2Iz0qjcX//O6qYluexmTSWqoJMtFUcqRidE8BTRgihLDJ5Zgopi9FZERVpgYm1XJhuCvvrxOWpdV/7rqPVxVand5HEU4hTO4AB9uoAZ1aEATCKTwDK/w5kydF+fd+Vi2Fpx85gT+wPn8AXDqkvI=</latexit>

f ⇠ mHz LISA

<latexit sha1_base64="sk9xfUCqVFONqd4E3ecx9YY+vb8=">AAAB/HicbVDLSgNBEOz1GeMrmqOXwSB4kLArih6DXnKMYB6QXcLsZDYZMjO7zMwK6xJ/xYsHRbz6Id78GyePgyYWNBRV3XR3hQln2rjut7Oyura+sVnYKm7v7O7tlw4OWzpOFaFNEvNYdUKsKWeSNg0znHYSRbEIOW2Ho9uJ336gSrNY3pssoYHAA8kiRrCxUq9UjnzNBPJc/yz3lUCy/jjulSpu1Z0CLRNvTiowR6NX+vL7MUkFlYZwrHXXcxMT5FgZRjgdF/1U0wSTER7QrqUSC6qDfHr8GJ1YpY+iWNmSBk3V3xM5FlpnIrSdApuhXvQm4n9eNzXRdZAzmaSGSjJbFKUcmRhNkkB9pigxPLMEE8XsrYgMscLE2LyKNgRv8eVl0jqvepdV9+6iUruZx1GAIziGU/DgCmpQhwY0gUAGz/AKb86T8+K8Ox+z1hVnPlOGP3A+fwB6Z5QE</latexit>

f ⇠ 10 nHz PTA
<latexit sha1_base64="NythXe1kUYv18I9ZMHmvWJS5HTc=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZRERV0W68KN0EJf0IQwmU7aoTNJmJkIJWTpxl9x40IRt36CO//GadqFth64cDjnXu69x48Zlcqyvo3C0vLK6lpxvbSxubW9Y+7utWWUCExaOGKR6PpIEkZD0lJUMdKNBUHcZ6Tjj2oTv/NAhKRR2FTjmLgcDUIaUIyUljzzsOmljuCwUbvNHEk5tC0LOqe5dk/amWeWrYqVAy4Se0bKYIa6Z345/QgnnIQKMyRlz7Zi5aZIKIoZyUpOIkmM8AgNSE/ TEHEi3TR/JIPHWunDIBK6QgVz9fdEiriUY+7rTo7UUM57E/E/r5eo4NpNaRgnioR4uihIGFQRnKQC+1QQrNhYE4QF1bdCPEQCYaWzK+kQ7PmXF0n7rGJfVs4bF+XqzSyOIjgAR+AE2OAKVMEdqIMWwOARPINX8GY8GS/Gu/ExbS0Ys5l98AfG5w8a0Zgg</latexit>

TQCD ⇠ 100MeV

<latexit sha1_base64="2i6e7+IIDIBK1ch12ctUn1RtJ/Q=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBGki5KoqMuCmy4r2Ac0IUymN+3QmSTMTMQS+ituXCji1h9x5984bbPQ1gOXezjnXubOCVPOlHacb2ttfWNza7u0U97d2z84tI8qHZVkkkKbJjyRvZAo4CyGtmaaQy+VQETIoRuO72Z+9xGkYkn8oCcp+IIMYxYxSrSRArviAedBrRnUPMUEduqOG9hV0+bAq8QtSBUVaAX2lzdIaCYg1pQTpfquk2o/J1IzymFa9jIFKaFjMoS+oTERoPx8fvsUnxllgKNEmoo1nqu/N3IilJqI0EwKokdq2ZuJ/3n9TEe3fs7iNNMQ08VDUcaxTvAsCDxgEqjmE0MIlczciumISEK1iatsQnCXv7xKOhd197p+eX9VbTSKOEroBJ2ic+SiG9RATdRCbUTRE3pGr+jNmlov1rv1sRhds4qdY/QH1ucPm5WS3A==</latexit>

`⇤H⇤ ⇠ 0.01

<latexit sha1_base64="t1nMfaDa7ruSNkP5ajYUR3t2bvo=">AAAB+nicbVDLSsNAFJ3UV62vVJduBosgXYRERV0W3HRZwT6gCWEynbRDZyZhZqKU2E9x40IRt36JO//GaZuFth64cDjnXu69J0oZVdp1v63S2vrG5lZ5u7Kzu7d/YFcPOyrJJCZtnLBE9iKkCKOCtDXVjPRSSRCPGOlG49uZ330gUtFE3OtJSgKOhoLGFCNtpNCu+oSxsN4M676iHLqOF9o113HngKvEK0gNFGiF9pc/SHDGidCYIaX6npvqIEdSU8zItOJniqQIj9GQ9A0ViBMV5PPTp/DUKAMYJ9KU0HCu/p7IEVdqwiPTyZEeqWVvJv7n9TMd3wQ5FWmmicCLRXHGoE7gLAc4oJJgzSaGICypuRXiEZIIa5NWxYTgLb+8SjrnjnflXNxd1hqNIo4yOAYn4Ax44Bo0QBO0QBtg8AiewSt4s56sF+vd+li0lqxi5gj8gfX5AyhskqI=</latexit>

`⇤H⇤ ⇠ 0.1

<latexit sha1_base64="esB+jtcIefTOpDC3DnQnJs/001s=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIsgPZRdFfUiFLz0WMF+wHZZsmm2Dc0mSzIrlNKf4cWDIl79Nd78N6btHrT1wcDjvRlm5kWp4AZc99sprK1vbG4Vt0s7u3v7B+XDo7ZRmaasRZVQuhsRwwSXrAUcBOummpEkEqwTje5nfueJacOVfIRxyoKEDCSPOSVgJb/HhAirjbB654Xliltz58CrxMtJBeVohuWvXl/RLGESqCDG+J6bQjAhGjgVbFrqZYalhI7IgPmWSpIwE0zmJ0/xmVX6OFbalgQ8V39PTEhizDiJbGdCYGiWvZn4n+dnEN8GEy7TDJiki0VxJjAoPPsf97lmFMTYEkI1t7diOiSaULAplWwI3vLLq6R9UfOua5cPV5V6PY+jiE7QKTpHHrpBddRATdRCFCn0jF7RmwPOi/PufCxaC04+c4z+wPn8AdZOkE8=</latexit>

`⇤H⇤ = 1

CC and Figueroa arXiv:1801.04268
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anisotropies CMB

100GeV
<latexit sha1_base64="HW3ysmnW0o0cr3/+HaqoHcgjP80=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8SNmtgh6LHvRYwX5Ady3ZdLYNTbJLklXK0v/hxYMiXv0v3vw3pu0etPXBwOO9GWbmhQln2rjut7O0vLK6tl7YKG5ube/slvb2mzpOFYUGjXms2iHRwJmEhmGGQztRQETIoRUOryd+6xGUZrG8N6MEAkH6kkWMEmOlB891/dPMVwLfQHPcLZXdijsFXiReTsooR71b+vJ7MU0FSEM50brjuYkJMqIMoxzGRT/VkBA6JH3oWCqJAB1k06vH+NgqPRzFypY0eKr+nsiI0HokQtspiBnoeW8i/ud1UhNdBhmTSWpA0tmiKOXYxHgSAe4xBdTwkSWEKmZvxXRAFKHGBlW0IXjzLy+SZrXinVWqd+fl2lUeRwEdoiN0gjx0gWroFtVRA1Gk0DN6RW/Ok/PivDsfs9YlJ585QH/gfP4A4paReA==</latexit>

100MeV
<latexit sha1_base64="OBIZoL+i441vu8dYF1fa9h8qqt0=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8SNmtgh6LXrwIFewHdNeSTWfb0CS7JFmlLP0fXjwo4tX/4s1/Y9ruQVsfDDzem2FmXphwpo3rfjtLyyura+uFjeLm1vbObmlvv6njVFFo0JjHqh0SDZxJaBhmOLQTBUSEHFrh8Hritx5BaRbLezNKIBCkL1nEKDFWevBc1z/NfCXwLTTH3VLZrbhT4EXi5aSMctS7pS+/F9NUgDSUE607npuYICPKMMphXPRTDQmhQ9KHjqWSCNBBNr16jI+t0sNRrGxJg6fq74mMCK1HIrSdgpiBnvcm4n9eJzXRZZAxmaQGJJ0tilKOTYwnEeAeU0ANH1lCqGL2VkwHRBFqbFBFG4I3//IiaVYr3lmlenderl3lcRTQITpCJ8hDF6iGblAdNRBFCj2jV/TmPDkvzrvzMWtdcvKZA/QHzucP68CRfg==</latexit>
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⌫
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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
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100MeV
<latexit sha1_base64="OBIZoL+i441vu8dYF1fa9h8qqt0=">AAAB9XicbVBNSwMxEM36WetX1aOXYBE8SNmtgh6LXrwIFewHdNeSTWfb0CS7JFmlLP0fXjwo4tX/4s1/Y9ruQVsfDDzem2FmXphwpo3rfjtLyyura+uFjeLm1vbObmlvv6njVFFo0JjHqh0SDZxJaBhmOLQTBUSEHFrh8Hritx5BaRbLezNKIBCkL1nEKDFWevBc1z/NfCXwLTTH3VLZrbhT4EXi5aSMctS7pS+/F9NUgDSUE607npuYICPKMMphXPRTDQmhQ9KHjqWSCNBBNr16jI+t0sNRrGxJg6fq74mMCK1HIrSdgpiBnvcm4n9eJzXRZZAxmaQGJJ0tilKOTYwnEeAeU0ANH1lCqGL2VkwHRBFqbFBFG4I3//IiaVYr3lmlenderl3lcRTQITpCJ8hDF6iGblAdNRBFCj2jV/TmPDkvzrvzMWtdcvKZA/QHzucP68CRfg==</latexit>

⌫
<latexit sha1_base64="Q5QBoJHXaSX6KvHmV3PNna1aMJc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz00JNpv1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vklat6l1Ua/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwBgMY3b</latexit>

BBN Recombination

reheating, baryogenesis, phase 
transitions, dark matter…

GW

Discovery potential of primordial SGWB detection

PTALISAEarth-
based

New physics Tested physics

Tested 
cosmology



What is/will be known about a stochastic GW background:

aLIGO/Virgo
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CC and Figueroa arXiv:1801.04268

Are there signals to populate this diagram?



• Inflation:  
- quantum tensor fluctuations (at first and second order)  
- tensor modes from additional fields (scalar, gauge…)  
- GWs linked to primordial BHs 
- preheating 
- modifications of gravity 
- … 

• Other phase transitions:  
- stable topological defects (in particular strings)  
- first order phase transitions 

- bubble wall collisions 
- bulk fluid motion (compressional and vortical) 
- magnetic fields

• Foreground from astrophysical sources (galactic binaries, stellar origin BHB…) 
- to be accounted for or subtracted of the spectral shape is known

Examples of SGWB sources in the early universe



SGWB from a stochastic source in the radiation era

First, solution of the GW propagation equation,  
keeping the GW source as general as possible

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

◆
Hr(k, ⌘) = 16⇡Ga

3 ⇧r(k, ⌘)

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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@i , @i�
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TT



For most processes in the early universe, the source 
must be treated as a stochastic variable

Anisotropic stress 
power spectrum 
at unequal time 

Suppose the source operates in a time interval ηfin - ηin in the radiation 
dominated era

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

<latexit sha1_base64="Konc3ZensRoC4h6hGWT3Rt/FAAk="></latexit>
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<latexit sha1_base64="cs/tlADctPX0hYRS1itz24J0Dl0="></latexit>

h⇧r(k, ⌧)⇧
⇤
p(q, ⇣)i =

(2⇡)3

4

�(3)(k� q)

k3
�rp ⇧(k, ⌧, ⇣)

<latexit sha1_base64="H/k//EzkllthgsSw+8PIyUM4nQ0="></latexit>

Arad
r (k) =

16⇡G

k

Z ⌘fin

⌘in

d⌧ a(⌧)3 sin(�k⌧)⇧r(k, ⌧),

Brad
r (k) =

16⇡G

k

Z ⌘fin

⌘in

d⌧ a(⌧)3 cos(k⌧)⇧r(k, ⌧)

SGWB from a stochastic source in the radiation era



GW amplitude power spectrum today for modes kη0 ≫ 1
<latexit sha1_base64="O8q2KyjXSHCC6ph4AHkH8uFwTgQ="></latexit>
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GW energy density power spectrum today for modes kη0 ≫ 1

SGWB from a stochastic source in the radiation era



GW amplitude power spectrum today for modes kη0 ≫ 1
<latexit sha1_base64="O8q2KyjXSHCC6ph4AHkH8uFwTgQ="></latexit>
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⇧(k)

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

d⇢GW

dlogk
=

k2 h2
c(k, ⌘0)

16⇡Ga20

(freely propagating sub-
Hubble modes)

GW energy density power spectrum today for modes kη0 ≫ 1

SUPPOSE:

SGWB from a FAST stochastic source in the radiation era



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

<latexit sha1_base64="4C3nezg8WgLT0YLKEUFPaZ0A0wM="></latexit>

h2⌦GW(k, ⌘0) =
3

2⇡2
h2⌦0

rad

✓
g0
g⇤

◆ 1
3

(�⌘H⇤)
2

✓
⇢⇧
⇢rad

◆2

P̃GW(k)

{

<latexit sha1_base64="m+GP9IaAJkXCB4notWcv+rCfNbg=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTqpiSi6EYoutBlBPuAJoTJZNIOnUzCzEQoIV/gxl9x40IRt67d+TdO2yy09cDAuefcy517gpRRqSzr21haXlldW69sVDe3tnd2zb39jkwygUkbJywRvQBJwignbUUVI71UEBQHjHSD0fXE7z4QIWnC79U4JV6MBpxGFCOlJd+suw5tjI4vXTFM/FwXhasoCwl0dCVieNMttO2bNatpTQEXiV2SGijh+OaXGyY4iwlXmCEp+7aVKi9HQlHMSFF1M0lShEdoQPqachQT6eXTcwpY10oIo0ToxxWcqr8nchRLOY4D3RkjNZTz3kT8z+tnKrrwcsrTTBGOZ4uijEGVwEk2MKSCYMXGmiAsqP4rxEMkEFY6waoOwZ4/eZF0Tpr2WdO6O621rso4KuAQHIEGsME5aIFb4IA2wOARPINX8GY8GS/Gu/Exa10yypkD8AfG5w+R75sq</latexit>

⇧(k) = ⇢⇧P̃GW(k)

From the time integrals

SGWB from a FAST stochastic source in the radiation era



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

<latexit sha1_base64="4C3nezg8WgLT0YLKEUFPaZ0A0wM="></latexit>

h2⌦GW(k, ⌘0) =
3

2⇡2
h2⌦0

rad

✓
g0
g⇤

◆ 1
3

(�⌘H⇤)
2

✓
⇢⇧
⇢rad

◆2

P̃GW(k)

{
<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 that would 
guarantee a 

detection in a 
not so far future

{

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



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

<latexit sha1_base64="4C3nezg8WgLT0YLKEUFPaZ0A0wM="></latexit>

h2⌦GW(k, ⌘0) =
3

2⇡2
h2⌦0

rad

✓
g0
g⇤

◆ 1
3

(�⌘H⇤)
2

✓
⇢⇧
⇢rad

◆2

P̃GW(k)

<latexit sha1_base64="cs/tlADctPX0hYRS1itz24J0Dl0="></latexit>

h⇧r(k, ⌧)⇧
⇤
p(q, ⇣)i =

(2⇡)3

4

�(3)(k� q)

k3
�rp ⇧(k, ⌧, ⇣)

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>

`⇤  H
�1
⇤
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0.100

1

k L*

<Π
ij(
k,
τ)
Π*
ij(
k,
τ)
>

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



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

<latexit sha1_base64="4C3nezg8WgLT0YLKEUFPaZ0A0wM="></latexit>

h2⌦GW(k, ⌘0) =
3

2⇡2
h2⌦0

rad

✓
g0
g⇤

◆ 1
3

(�⌘H⇤)
2

✓
⇢⇧
⇢rad

◆2

P̃GW(k)

<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

<latexit sha1_base64="cs/tlADctPX0hYRS1itz24J0Dl0="></latexit>

h⇧r(k, ⌧)⇧
⇤
p(q, ⇣)i =

(2⇡)3

4

�(3)(k� q)

k3
�rp ⇧(k, ⌧, ⇣)

<latexit sha1_base64="Wb5E6aCyY55J50a2VN0gAgACrv4=">AAACKXicbVDLSgMxFM3UV62vqks3wSK0LsqMFnVZdKE7K9gHdOqQSW/b0GRmSDJCGfo7bvwVNwqKuvVHTB8LbXsgcDjnXm7O8SPOlLbtLyu1tLyyupZez2xsbm3vZHf3aiqMJYUqDXkoGz5RwFkAVc00h0YkgQifQ93vX438+iNIxcLgXg8iaAnSDViHUaKN5GXL7q2ALvESVwp8XR/m+wU3kmGkQ1cz3gZcWWDhfN8Fzr3jwsOpl83ZRXsMPE+cKcmhKSpe9s1thzQWEGjKiVJNx450KyFSM8phmHFjBRGhfdKFpqEBEaBayTjpEB8ZpY07oTQv0His/t1IiFBqIHwzKYjuqVlvJC7ymrHuXLQSFkSxhoBODnVijk3YUW24zSRQzQeGECqZ+SumPSIJ1abcjCnBmY08T2onReesWLor5cqX0zrS6AAdojxy0DkqoxtUQVVE0RN6Qe/ow3q2Xq1P63symrKmO/voH6yfX0Qtpf4=</latexit>

⌦GW(k) / P̃GW(k) / (k`⇤)
3

SGWB from a FAST stochastic source in the radiation era



• 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

<latexit sha1_base64="UAor2GB8firnFvKubAmXFppail8=">AAACEHicbVBNS8NAEN34WetX1KOXxSKKh5JIUS9C0YvHClaFpoTNdqKLu0nYnRRKyE/w4l/x4kERrx69+W/cfhz8ejDweG+GmXlRJoVBz/t0pqZnZufmKwvVxaXllVV3bf3SpLnm0OapTPV1xAxIkUAbBUq4zjQwFUm4iu5Oh/5VH7QRaXKBgwy6it0kIhacoZVCdyfogURGMSx4eRzEmvEiACnDvbLoh0WgFdXKlGXo1ry6NwL9S/wJqZEJWqH7EfRSnitIkEtmTMf3MuwWTKPgEspqkBvIGL9jN9CxNGEKTLcYPVTSbav0aJxqWwnSkfp9omDKmIGKbKdieGt+e0PxP6+TY3zULUSS5QgJHy+Kc0kxpcN0aE9o4CgHljCuhb2V8ltmQ0GbYdWG4P9++S+53K/7B/XGeaPWPJnEUSGbZIvsEp8ckiY5Iy3SJpzck0fyTF6cB+fJeXXexq1TzmRmg/yA8/4FvAedrw==</latexit>

�tc =
`⇤
vrms

<latexit sha1_base64="CKtD4Lutbj9V6imrdoYDrKNgc1g=">AAACC3icbVBNS8NAEN3Ur1q/qh69LC2Cp5KIqMeiF48V7Ac0JWw2m3bpbhJ2J0oJuXvxr3jxoIhX/4A3/43bNgdtfTDweG+GmXl+IrgG2/62Siura+sb5c3K1vbO7l51/6Cj41RR1qaxiFXPJ5oJHrE2cBCslyhGpC9Y1x9fT/3uPVOax9EdTBI2kGQY8ZBTAkbyqjU3YAIIBi9zlcTDhxy7mkvshorQzMmzce5V63bDngEvE6cgdVSg5VW/3CCmqWQRUEG07jt2AoOMKOBUsLzippolhI7JkPUNjYhkepDNfsnxsVECHMbKVAR4pv6eyIjUeiJ90ykJjPSiNxX/8/ophJeDjEdJCiyi80VhKjDEeBoMDrhiFMTEEEIVN7diOiImBTDxVUwIzuLLy6Rz2nDOG2e3Z/XmVRFHGR2hGjpBDrpATXSDWqiNKHpEz+gVvVlP1ov1bn3MW0tWMXOI/sD6/AHmkJr7</latexit>

�tgw ⇠ 1

k

<latexit sha1_base64="AuLmG0NG+mIBuAo/WKkO2Co2xj4=">AAACBXicbVDLSsNAFJ34rPUVdamLwSKIi5JIUVdSdOOygn1AE8JkOmmHzkzCzKRQQjZu/BU3LhRx6z+482+ctllo64ELh3Pu5d57woRRpR3n21paXlldWy9tlDe3tnd27b39lopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Hbit0dEKhqLBz1OiM9RX9CIYqSNFNhHw2svkghnoyDzJIeSqzzPPMJYcJYHdsWpOlPAReIWpAIKNAL7y+vFOOVEaMyQUl3XSbSfIakpZiQve6kiCcJD1CddQwXiRPnZ9IscnhilB6NYmhIaTtXfExniSo15aDo50gM1703E/7xuqqMrP6MiSTUReLYoShnUMZxEAntUEqzZ2BCEJTW3QjxAJhRtgiubENz5lxdJ67zqXlRr97VK/aaIowQOwTE4BS64BHVwBxqgCTB4BM/gFbxZT9aL9W59zFqXrGLmAPyB9fkDGxKY+Q==</latexit>

k >
vrms

`⇤

<latexit sha1_base64="u9Cmf9omdLB9DY8P50KPjOVZoJk=">AAACFHicbVDLSgMxFM3UV62vqks3wSIIQpmRoi6LblxJBfuATimZNNOGJpkhuSOUoR/hxl9x40IRty7c+Tdm2iLaeiBwOOdccu8JYsENuO6Xk1taXlldy68XNja3tneKu3sNEyWasjqNRKRbATFMcMXqwEGwVqwZkYFgzWB4lfnNe6YNj9QdjGLWkaSveMgpASt1iyd+jwkgGLqpryUOuRr7hktfEhhQItKb8U+Adoslt+xOgBeJNyMlNEOtW/z0exFNJFNABTGm7bkxdFKigVPBxgU/MSwmdEj6rG2pIpKZTjo5aoyPrNLDYaTtU4An6u+JlEhjRjKwyWxZM+9l4n9eO4HwopNyFSfAFJ1+FCYCQ4SzhnCPa0ZBjCwhVHO7K6YDogkF22PBluDNn7xIGqdl76xcua2UqpezOvLoAB2iY+Shc1RF16iG6oiiB/SEXtCr8+g8O2/O+zSac2Yz++gPnI9vkCmfKA==</latexit>

�tfin ⇠ N �tc

<latexit sha1_base64="G4yJ+xvZr/fKPmlu1+SJ153zDkw="></latexit>

h2⌦GW(k, ⌘0) / h2⌦0
rad

✓
g0
g⇤

◆ 1
3
✓

⇢⇧
⇢rad

◆2

P̃GW(k)

⇢
ln2[1 +H⇤�tfin] if k �tfin < 1
ln2[1 + (k/H⇤)�1] if k �tfin � 1

A. Roper Pol et al, arXiv:2201.05630

SGWB from a stochastic source in the radiation era



Transition from
<latexit sha1_base64="cv9hNzdLjEfV6NzlrQInAP3vLLI=">AAACB3icbVBNS8NAEN3Ur1q/qh4FWSyCeKiJFvVY9OKxgv2ApoTNdtIu3U3i7kYooTcv/hUvHhTx6l/w5r9x2+agrQ8GHu/NMDPPjzlT2ra/rdzC4tLySn61sLa+sblV3N5pqCiRFOo04pFs+UQBZyHUNdMcWrEEInwOTX9wPfabDyAVi8I7PYyhI0gvZAGjRBvJK+4PvNSVAsdABiNXMQH3uOLG7MQFzr1jr1iyy/YEeJ44GSmhDDWv+OV2I5oICDXlRKm2Y8e6kxKpGeUwKriJgpjQAelB29CQCFCddPLHCB8apYuDSJoKNZ6ovydSIpQaCt90CqL7atYbi/957UQHl52UhXGiIaTTRUHCsY7wOBTcZRKo5kNDCJXM3Ippn0hCtYmuYEJwZl+eJ43TsnNePrutlKpXWRx5tIcO0BFy0AWqohtUQ3VE0SN6Rq/ozXqyXqx362PamrOymV30B9bnD06lmPI=</latexit>

kpeak ' 4⇡/`⇤
<latexit sha1_base64="LnMAdAJP9/riDZYVJjpZvP7Lxs8=">AAAB+nicbVDLTsMwEHTKq5RXCkcuFhUSpyoBBBwruHAsEn1IbVo5rtNasZ3IdkBVaP+ECwcQ4sqXcONvcNocoGWklUYzu9rd8WNGlXacb6uwsrq2vlHcLG1t7+zu2eX9pooSiUkDRyySbR8pwqggDU01I+1YEsR9Rlp+eJP5rQciFY3EvR7HxONoKGhAMdJG6tvlsHc2TbuSQx1NpmHPLfXtilN1ZoDLxM1JBeSo9+2v7iDCCSdCY4aU6rhOrL0USU0xI5NSN1EkRjhEQ9IxVCBOlJfOTp/AY6MMYBBJU0LDmfp7IkVcqTH3TSdHeqQWvUz8z+skOrjyUiriRBOB54uChJk3YZYDHFBJsGZjQxCW1NwK8QhJhLVJKwvBXXx5mTRPq+5F9ezuvFK7zuMogkNwBE6ACy5BDdyCOmgADB7BM3gFb9aT9WK9Wx/z1oKVzxyAP7A+fwCTVJOP</latexit>

k3 to k1 Can be smoother if 
<latexit sha1_base64="wr7q6jUIA2L7HBB25Z/7mJruQ3g=">AAACD3icbVBNS8NAEN34bf2KevSyWBRPNVFRj0UvHhWsCk0Im+1El+5u4u5EKKH+Ai/+FS8eFPHq1Zv/xrT2oK0PBh7vzTAzL86ksOh5X87Y+MTk1PTMbGVufmFxyV1eubBpbjg0eCpTcxUzC1JoaKBACVeZAaZiCZdx+7jnX96BsSLV59jJIFTsWotEcIalFLmbRWAUZdi9bwdWKLil/nbQAomMYtT3EqG7lcitejWvDzpK/AGpkgFOI/czaKU8V6CRS2Zt0/cyDAtmUHAJ3UqQW8gYb7NraJZUMwU2LPr/dOlGqbRokpqyNNK++nuiYMrajorLTsXwxg57PfE/r5ljchgWQmc5guY/i5JcUkxpLxzaEgY4yk5JGDeivJXyG2YYxzLCXgj+8Muj5GKn5u/Xds/2qvWjQRwzZI2sky3ikwNSJyfklDQIJw/kibyQV+fReXbenPef1jFnMLNK/sD5+AZK5Zwu</latexit>

at k ' 1/�tfin
<latexit sha1_base64="8lJhzJ0uCxhYLy+wPLMglRpinIU=">AAACDHicbVDLSsNAFJ34rPVVdelmsAjioiYq6kqKbrqsYB/QhDCZTtqhk0mYuRFK6Ae48VfcuFDErR/gzr9x0nahrQcGDuecy9x7gkRwDbb9bS0sLi2vrBbWiusbm1vbpZ3dpo5TRVmDxiJW7YBoJrhkDeAgWDtRjESBYK1gcJv7rQemNI/lPQwT5kWkJ3nIKQEj+aWy22UCCAY/c1WEQy5H186JGxHoUyKy2sg/LpqUXbHHwPPEmZIymqLul77cbkzTiEmggmjdcewEvIwo4FSwUdFNNUsIHZAe6xgqScS0l42PGeFDo3RxGCvzJOCx+nsiI5HWwygwyXxLPevl4n9eJ4Xwysu4TFJgkk4+ClOBIcZ5M7jLFaMghoYQqrjZFdM+UYSC6S8vwZk9eZ40TyvOReXs7rxcvZnWUUD76AAdIQddoiqqoTpqIIoe0TN6RW/Wk/VivVsfk+iCNZ3ZQ39gff4AgIqaoQ==</latexit>
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SGWB from a stochastic source in the radiation era: 
example 



Examples of signals

• First oder phase transitions 

• Inflation



Sources of tensor anisotropic stress  
at a first order phase transition: 

• Bubble collision 
(scalar field gradients) 

• Bulk fluid motion 

• Electromagnetic fields  

ḧij + 3H ḣij + k
2
hij = 16⇡G⇧TT

ij
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GW sourcing process



Standard Model  
of particle physics:  

Cross-over 
Negligible GW production

Beyond the Standard Model:  
First order phase transition 

Possibly observable GW production

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  SM or 
MSSM (SUSY motivated or not) 

- SM plus dimension six operator (EFT 
approach) 

- Dark Matter sector uncoupled to the SM 
- Warped extra dimensions 
- …

Examples of scenarios leading to 
observable signals:



Sources of tensor anisotropic stress  
at a first order phase transition: 

ḧij + 3H ḣij + k
2
hij = 16⇡G⇧TT

ijGW sourcing process
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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

MHD turbulence

sound waves
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Can be probed both at LISA and at the High Luminosity LHC

Strength of the first order EW phase transition
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CC et al, arXiv:1910.13125



Sources of tensor anisotropic stress  
at a first order phase transition: 

ḧij + 3H ḣij + k
2
hij = 16⇡G⇧TT

ijGW sourcing process

The characteristic scale of the tensor stresses determine the GW frequency: 
connected to the bubble size
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• In the Standard Model at zero baryon 
chemical potential it is a cross-over, 
negligible GW production

• It depends on the (uncertain) 
conditions of the early universe

D. Schwarz and Stuke, arXiv:0906.3434 
M. Middeldorf-Wygas et al, arXiv:2009.00036

• PTA observatories (NANOGrav, Parkes, European) have recently measured 
common noise excess  

• It is compatible with the GW generated by fully developed MHD turbulence 
at the QCD scale 

PTA (nHz) are sensitive to energy scales around the QCD scale, so they can probe 
physical processes connected to the QCDPT IF it is first order

A. Neronov et al, arXiv:2009.14174

Z. Arzoumanian et al, arXvi: 2009.04496, B. Goncharov et al, 
arXiv:2107.12112, S. Chen et al, arXiv:2110.13184

QCD phase transition and Pulsar Timing Array noise excess

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



• The temperature scale is constrained to 2 MeV < T✲ < 200 MeV, the magnetic field 
energy density must be close to 10% of the radiation energy density and the magnetic 
correlation scale must be close to the horizon

• For QCD temperature scales, the part of the GW spectrum falling in the region of best 
quality PTA data is the sub-peak one 

- Slopes (k3 or k1) fully compatible with PTA constraints  

- Visible break in the spectrum occurring at 

Regions compatible with the PTA 
observations, a GW spectrum 

must lie within them 

The parameters are
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k ⇠ HQCD

QCD phase transition and PTA noise excess: 
MHD turbulence from first order PT?
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• The magnetic field giving rise to the GW signal evolves in the radiation era

Banerjee and Jedamzik arXiv:0410032, 
Durrer and Neronov, arXiv:1303.7121

S. Galli et al, arXiv:2109.03816 
Jedamzik and Pogosian, arXiv:2004.09487 

Korochin et al, arXiv:2007.14331

• It might modify the CMB spectrum and ease the Hubble tension at recombination, 
seed the magnetic fields observed today in matter structures,  
and be constrained by future gamma-ray telescopes
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Examples of signals

• First oder phase transitions 

• Inflation



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
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• tensor to scalar ratio
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• GW signal extended in frequency:

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

(P)reheating generates a signal, but unfortunately at very high 
frequencies
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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…
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just one example: inflaton-gauge field coupling
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OTHER SIGNATURES:  
non-gaussianity, chirality N. Bartolo et al, arXiv:1610.06481 

N. Bartolo et al, arXiv:1806.02819
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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  

• 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 

• 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!) 

• 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


