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LECTURE 3 
SGWB from the early universe: examples



SGWB from a generic stochastic source 
in the radiation era

First, solution of the GW propagation equation,  
keeping the GW source as general as possible
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Possible sources of tensor anisotropic stress in the early universe: 

• Scalar field gradients 

• Bulk fluid motion 

• Gauge fields  

• Second order scalar perturbations, Πij from a combination of  

• … 
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SGWB from a generic stochastic source 
in the radiation era

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
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SGWB from a generic stochastic source 
in the radiation era

GW amplitude power spectrum today for modes kη0 ≫ 1
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GW energy density power spectrum today for modes kη0 ≫ 1



SGWB from a generic stochastic source 
in the radiation era

GW amplitude power spectrum today for modes kη0 ≫ 1
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SGWB from a generic stochastic source 
in the radiation era

GW energy density parameter today for modes 1/η0 ≪ k ≪ 1/ηin
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Exercise: derive the GW 
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spectrum, and this 
approximated result



SGWB from a generic stochastic source 
in the radiation era

GW energy density parameter today for modes 1/η0 ≪ k ≪ 1/ηin
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SGWB from a generic stochastic source 
in the radiation era

GW energy density parameter today for modes 1/η0 ≪ k ≪ 1/ηin
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SGWB from a generic stochastic source 
in the radiation era

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



SGWB from a generic stochastic source 
in the radiation era

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

<latexit sha1_base64="4C3nezg8WgLT0YLKEUFPaZ0A0wM="></latexit>
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⇢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>
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characteristic size of 
the shear stresses

slope 
depending on 

the source 
details

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

k`⇤ ' 1

White noise



SGWB from a generic 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
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<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="xGEqB43nBcp9XlrI2lZyupbwb90=">AAACIXicbVDLSgMxFM3UV62vqks3wSLUTZnxgV0WXejOCvYBnbFk0ts2NJkZkoxQhv6KG3/FjQtFuhN/xrSdhbY9EDiccy835/gRZ0rb9reVWVldW9/Ibua2tnd29/L7B3UVxpJCjYY8lE2fKOAsgJpmmkMzkkCEz6HhD24mfuMZpGJh8KiHEXiC9ALWZZRoI7XzZfdeQI+0E1cKfNsYFQenbiTDSIeuZrwDuLrEwoOn83a+YJfsKfAicVJSQCmq7fzY7YQ0FhBoyolSLceOtJcQqRnlMMq5sYKI0AHpQcvQgAhQXjJNOMInRungbijNCzSeqn83EiKUGgrfTAqi+2rem4jLvFasu2UvYUEUawjo7FA35tiEnNSFO0wC1XxoCKGSmb9i2ieSUG1KzZkSnPnIi6R+VnIuS/bDRaFyndaRRUfoGBWRg65QBd2hKqohil7QG/pAn9ar9W59WePZaMZKdw7RP1g/v7RDozY=</latexit>

⌦GW(k) / P̃GW(k) / k3

<latexit sha1_base64="cs/tlADctPX0hYRS1itz24J0Dl0="></latexit>
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k3
�rp ⇧(k, ⌧, ⇣)



Examples of SGWB sources in the early universe



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

amazing discovery potential

BBN

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



New physics

~1 TeV
BBN

Tested physics

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

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



Inflation: phase transition of the Inflaton field



Generation of a thermodynamical state: 
particles in thermal equilibrium, 

radiation-dominated phase

Inflation: phase transition of the Inflaton field

<latexit sha1_base64="5XilzuFujaaDYKpqtFQCSMOVzrI=">AAACCXicbVDJSgNBEO2JW4xb1KOXxiBEkDAjcTkGPegxglkgMwk9nUrSpHtm6O4RwjBXL/6KFw+KePUPvPk3dpaDJj4oeLxXRVU9P+JMadv+tjJLyyura9n13Mbm1vZOfnevrsJYUqjRkIey6RMFnAVQ00xzaEYSiPA5NPzh9dhvPIBULAzu9SgCT5B+wHqMEm2kTh7XXQ5KKSZw0bHbiXOeuieJKwW+gXp63C538gW7ZE+AF4kzIwU0Q7WT/3K7IY0FBJpyolTLsSPtJURqRjmkOTdWEBE6JH1oGRoQAcpLJp+k+MgoXdwLpalA44n6eyIhQqmR8E2nIHqg5r2x+J/XinXv0ktYEMUaAjpd1Is51iEex4K7TALVfGQIoZKZWzEdEEmoNuHlTAjO/MuLpH5acs5K9l25ULmaxZFFB+gQFZGDLlAF3aIqqiGKHtEzekVv1pP1Yr1bH9PWjDWb2Ud/YH3+AAYqmJ8=</latexit>

V . (1016 GeV)4

Image credit: Guzzetti et al, arXiv:1605.01615

accelerated 
expansion

<latexit sha1_base64="COSnNn9nD2rt+DuZ7A5yY+usaYU=">AAACJnicbVDLSgMxFM34tr6qLt0Ei1gplpmq6EYQ3bisYB/QqeVOmtrQTGZI7hRK8Wvc+CtuXCgi7vwU03YEXwcCJ+fce5N7glgKg6777kxNz8zOzS8sZpaWV1bXsusbVRMlmvEKi2Sk6wEYLoXiFRQoeT3WHMJA8lrQuxj5tT7XRkTqGgcxb4Zwq0RHMEArtbKnfrsdIfX7oOOuoIWDS//7fd9XEEi4KX0phepuPqV7p24rm3OL7hj0L/FSkiMpyq3ssx3PkpArZBKMaXhujM0haBRM8ruMnxgeA+vBLW9YqiDkpjkcr3lHd6zSpp1I26OQjtXvHUMIjRmEga0MAbvmtzcS//MaCXZOmkOh4gS5YpOHOomkGNFRZrQtNGcoB5YA08L+lbIuaGBok83YELzfK/8l1VLROyq6V4e5s/M0jgWyRbZJnnjkmJyRS1ImFcLIPXkkz+TFeXCenFfnbVI65aQ9m+QHnI9PxHKkFg==</latexit>
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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

<latexit sha1_base64="ItmFq+ZLkMPeuLOVs9uW7v14DvM="></latexit>
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occupation number

super-Hubble modes
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

• tensor spectrum

• transfer function from inflation to today, as modes re-enter the Hubble 
horizon
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GW signal from (slow roll) inflation
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<latexit sha1_base64="wOIgdHSxz4Gbu6UMAFW61GwIQRs=">AAACAHicbVC7TsMwFHV4lvIKMDCwWFRITCUpIBgrWDoWiT6kNkSO67RWbSeyHaTKysKvsDCAECufwcbf4D4GaDnSlY7OuVf33hOljCrted/O0vLK6tp6YaO4ubW9s+vu7TdVkklMGjhhiWxHSBFGBWloqhlpp5IgHjHSioa3Y7/1SKSiibjXo5QEHPUFjSlG2kqhe9iNJcKmlhsemjrLhw/m/KyS56Fb8sreBHCR+DNSAjPUQ/er20twxonQmCGlOr6X6sAgqSlmJC92M0VShIeoTzqWCsSJCszkgRyeWKUH40TaEhpO1N8TBnGlRjyynRzpgZr3xuJ/XifT8XVgqEgzTQSeLoozBnUCx2nAHpUEazayBGFJ7a0QD5BNRNvMijYEf/7lRdKslP3Lsnd3UarezOIogCNwDE6BD65AFdRAHTQABjl4Bq/gzXlyXpx352PauuTMZg7AHzifP+o8lpo=</latexit>

H
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Modes entering the 
Hubble horizon in 

the matter era

Modes entering the 
Hubble horizon in 
the radiation era

<latexit sha1_base64="gy2Co3VbCEjyi/aMeJHQGydXVjs="></latexit>
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• tensor to scalar ratio r⇤  0.07
<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>
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

• scalar amplitude at CMB pivot scale k⇤ =
0.05

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

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

GW signal from (slow roll) inflation

Planck+BICEP 
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<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

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

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

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

H0  f  Hinf



V 1/4 ⇠ 1016 GeV
<latexit sha1_base64="AmqW9v29vmTMx+kmYntKfI2nv6U=">AAACB3icbZBPS8MwGMbT+W/Of1WPggSH4EFmK0M9Dj3ocYLrBmsdaZZtYUlaklQYpTcvfhUvHhTx6lfw5rcx23rQzQcCvzzv+5K8TxgzqrTjfFuFhcWl5ZXiamltfWNzy97e8VSUSEwaOGKRbIVIEUYFaWiqGWnFkiAeMtIMh1fjevOBSEUjcadHMQk46gvaoxhpY3Xsfe8+dU+qma8oh65jLmeZf5z6ksNr4mUdu+xUnIngPLg5lEGuesf+8rsRTjgRGjOkVNt1Yh2kSGqKGclKfqJIjPAQ9UnboECcqCCd7JHBQ+N0YS+S5ggNJ+7viRRxpUY8NJ0c6YGarY3N/2rtRPcugpSKONFE4OlDvYRBHcFxKLBLJcGajQwgLKn5K8QDJBHWJrqSCcGdXXkevNOKa/i2Wq5d5nEUwR44AEfABeegBm5AHTQABo/gGbyCN+vJerHerY9pa8HKZ3bBH1mfP5I9l9c=</latexit><latexit sha1_base64="AmqW9v29vmTMx+kmYntKfI2nv6U=">AAACB3icbZBPS8MwGMbT+W/Of1WPggSH4EFmK0M9Dj3ocYLrBmsdaZZtYUlaklQYpTcvfhUvHhTx6lfw5rcx23rQzQcCvzzv+5K8TxgzqrTjfFuFhcWl5ZXiamltfWNzy97e8VSUSEwaOGKRbIVIEUYFaWiqGWnFkiAeMtIMh1fjevOBSEUjcadHMQk46gvaoxhpY3Xsfe8+dU+qma8oh65jLmeZf5z6ksNr4mUdu+xUnIngPLg5lEGuesf+8rsRTjgRGjOkVNt1Yh2kSGqKGclKfqJIjPAQ9UnboECcqCCd7JHBQ+N0YS+S5ggNJ+7viRRxpUY8NJ0c6YGarY3N/2rtRPcugpSKONFE4OlDvYRBHcFxKLBLJcGajQwgLKn5K8QDJBHWJrqSCcGdXXkevNOKa/i2Wq5d5nEUwR44AEfABeegBm5AHTQABo/gGbyCN+vJerHerY9pa8HKZ3bBH1mfP5I9l9c=</latexit><latexit sha1_base64="AmqW9v29vmTMx+kmYntKfI2nv6U=">AAACB3icbZBPS8MwGMbT+W/Of1WPggSH4EFmK0M9Dj3ocYLrBmsdaZZtYUlaklQYpTcvfhUvHhTx6lfw5rcx23rQzQcCvzzv+5K8TxgzqrTjfFuFhcWl5ZXiamltfWNzy97e8VSUSEwaOGKRbIVIEUYFaWiqGWnFkiAeMtIMh1fjevOBSEUjcadHMQk46gvaoxhpY3Xsfe8+dU+qma8oh65jLmeZf5z6ksNr4mUdu+xUnIngPLg5lEGuesf+8rsRTjgRGjOkVNt1Yh2kSGqKGclKfqJIjPAQ9UnboECcqCCd7JHBQ+N0YS+S5ggNJ+7viRRxpUY8NJ0c6YGarY3N/2rtRPcugpSKONFE4OlDvYRBHcFxKLBLJcGajQwgLKn5K8QDJBHWJrqSCcGdXXkevNOKa/i2Wq5d5nEUwR44AEfABeegBm5AHTQABo/gGbyCN+vJerHerY9pa8HKZ3bBH1mfP5I9l9c=</latexit><latexit sha1_base64="AmqW9v29vmTMx+kmYntKfI2nv6U=">AAACB3icbZBPS8MwGMbT+W/Of1WPggSH4EFmK0M9Dj3ocYLrBmsdaZZtYUlaklQYpTcvfhUvHhTx6lfw5rcx23rQzQcCvzzv+5K8TxgzqrTjfFuFhcWl5ZXiamltfWNzy97e8VSUSEwaOGKRbIVIEUYFaWiqGWnFkiAeMtIMh1fjevOBSEUjcadHMQk46gvaoxhpY3Xsfe8+dU+qma8oh65jLmeZf5z6ksNr4mUdu+xUnIngPLg5lEGuesf+8rsRTjgRGjOkVNt1Yh2kSGqKGclKfqJIjPAQ9UnboECcqCCd7JHBQ+N0YS+S5ggNJ+7viRRxpUY8NJ0c6YGarY3N/2rtRPcugpSKONFE4OlDvYRBHcFxKLBLJcGajQwgLKn5K8QDJBHWJrqSCcGdXXkevNOKa/i2Wq5d5nEUwR44AEfABeegBm5AHTQABo/gGbyCN+vJerHerY9pa8HKZ3bBH1mfP5I9l9c=</latexit>

nT ' �2✏
<latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

GW signal from (slow roll) inflation

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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Exercise: 
Why with 

GW we have 
potential 
access to 

these scales 
and not 
with the 
CMB?  



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 

(P)reheating generates a signal with high amplitude, 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

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

~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

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



GW signal from the EW phase transition



• collisions of bubble walls

• sound waves and turbulence in the fluid

• primordial magnetic fields (MHD turbulence)
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GW signal from the EW phase transition
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f ⇠ mHz LISA

The characteristic scale of the tensor 
stresses determine the GW frequency: 

connected to the bubble size
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✏⇤ = `⇤H⇤

<latexit sha1_base64="9tLGZznCxO/UmKYX8uz7QTJJ2Hw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCdFESUXRZcNNlBfuANoTJ9KYdOpPEmYlQQ/FX3LhQxK3/4c6/cdpmoa0HLvdwzr3MnRMknCntON9WYWV1bX2juFna2t7Z3bP3D1oqTiWFJo15LDsBUcBZBE3NNIdOIoGIgEM7GN1M/fYDSMXi6E6PE/AEGUQsZJRoI/n2UQ849yt1v9JTTMA9dqqO69tl02bAy8TNSRnlaPj2V68f01RApCknSnVdJ9FeRqRmlMOk1EsVJISOyAC6hkZEgPKy2fUTfGqUPg5jaSrSeKb+3siIUGosAjMpiB6qRW8q/ud1Ux1eexmLklRDROcPhSnHOsbTKHCfSaCajw0hVDJzK6ZDIgnVJrCSCcFd/PIyaZ1X3cuqc3tRrtXyOIroGJ2gM+SiK1RDddRATUTRI3pGr+jNerJerHfrYz5asPKdQ/QH1ucPNtCTwg==</latexit>

`⇤H⇤ ' 0.01
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One example of GW signal from the EW phase transition  
“Higgs portal” scenario

LISA

MHD turbulence
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T*=59.6 GeV, �=0.17, �/H*=12.5

<latexit sha1_base64="57fLOlWADtByEdWkST8shrbiIiE=">AAACAXicbVBNS8NAEN34WetX1IvgZbEI0kNJRNFj0YvHCvYDmhA220m7dLMJuxuhhHrxr3jxoIhX/4U3/43bNgdtfTDweG+GmXlhypnSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZmk0KQJT2QnJAo4E9DUTHPopBJIHHJoh8Obid9+AKlYIu71KAU/Jn3BIkaJNlJgH0ZB1VMsxl4kCc3dce4B50F1HNgVp+ZMgReJW5AKKtAI7C+vl9AsBqEpJ0p1XSfVfk6kZpTDuOxlClJCh6QPXUMFiUH5+fSDMT4xSg9HiTQlNJ6qvydyEis1ikPTGRM9UPPeRPzP62Y6uvJzJtJMg6CzRVHGsU7wJA7cYxKo5iNDCJXM3IrpgJgotAmtbEJw519eJK2zmntRc+7OK/XrIo4SOkLH6BS56BLV0S1qoCai6BE9o1f0Zj1ZL9a79TFrXbKKmQP0B9bnD+yelo4=</latexit>

f⇤ ⇠ 1
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The characteristic scale of the tensor 
stresses determine the GW frequency: 

connected to the bubble size
<latexit sha1_base64="L5h8komC+Go1khIgiHbw06bKocU="></latexit>
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<latexit sha1_base64="24aKRBMrXyREQek6JHMVTZ0owaE=">AAAB/XicbZDLSsNAFIYn9VbrLV52bgaLIF2URBTdCAU3XVawF2hCmExP2qGTSZiZCLUUX8WNC0Xc+h7ufBunbRba+sPAx3/O4Zz5w5QzpR3n2yqsrK6tbxQ3S1vbO7t79v5BSyWZpNCkCU9kJyQKOBPQ1Exz6KQSSBxyaIfD22m9/QBSsUTc61EKfkz6gkWMEm2swD7yIFWMG6zceMB5UKkHlcAuO1VnJrwMbg5llKsR2F9eL6FZDEJTTpTquk6q/TGRmlEOk5KXKUgJHZI+dA0KEoPyx7PrJ/jUOD0cJdI8ofHM/T0xJrFSozg0nTHRA7VYm5r/1bqZjq79MRNppkHQ+aIo41gneBoF7jEJVPORAUIlM7diOiCSUG0CK5kQ3MUvL0PrvOpeVp27i3KtlsdRRMfoBJ0hF12hGqqjBmoiih7RM3pFb9aT9WK9Wx/z1oKVzxyiP7I+fwBjp5SE</latexit>

✏⇤ = `⇤H⇤

GW signal from the EW phase transition

<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="BQz/MVutvl1meZBjjn1C9ZM33AE=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARRCQkouiy6EKXFfqCJoTJdNIOnZmEmYlQYhf+ihsXirj1N9z5N07bLLR64MLhnHu5954oZVRp1/2ySguLS8sr5dXK2vrG5pa9vdNSSSYxaeKEJbITIUUYFaSpqWakk0qCeMRIOxpeT/z2PZGKJqKhRykJOOoLGlOMtJFCe68RHvuKcug6nn+S+5LDG9Iah3bVddwp4F/iFaQKCtRD+9PvJTjjRGjMkFJdz011kCOpKWZkXPEzRVKEh6hPuoYKxIkK8un9Y3holB6ME2lKaDhVf07kiCs14pHp5EgP1Lw3Ef/zupmOL4OcijTTRODZojhjUCdwEgbsUUmwZiNDEJbU3ArxAEmEtYmsYkLw5l/+S1qnjnfuuHdn1dpVEUcZ7IMDcAQ8cAFq4BbUQRNg8ACewAt4tR6tZ+vNep+1lqxiZhf8gvXxDaxMlJk=</latexit>

T⇤ ⇠ 0.1GeV
<latexit sha1_base64="28LIeSAs02LJd7facJg/pJ0vkyI=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBGki5CIosuCmy4r2Ac0IUymN+3QycOZiRBC/RU3LhRx64e482+ctllo64ELh3Pu5d57gpQzqWz721hb39jc2q7sVHf39g8OzaPjrkwyQaFDE56IfkAkcBZDRzHFoZ8KIFHAoRdMbmd+7xGEZEl8r/IUvIiMYhYySpSWfLPmAud+o+U3XMkieMC25fhm3bbsOfAqcUpSRyXavvnlDhOaRRAryomUA8dOlVcQoRjlMK26mYSU0AkZwUDTmEQgvWJ+/BSfaWWIw0ToihWeq78nChJJmUeB7oyIGstlbyb+5w0yFd54BYvTTEFMF4vCjGOV4FkSeMgEUMVzTQgVTN+K6ZgIQpXOq6pDcJZfXiXdC8u5suy7y3qzWcZRQSfoFJ0jB12jJmqhNuoginL0jF7Rm/FkvBjvxseidc0oZ2roD4zPH8K+k4g=</latexit>

`⇤H⇤ ' 0.1



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

~0.1 GeV

Tested physics

BUT! Difficult to analyse, since 
strongly coupled theory



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

Is it first order?  
Probably not, but it depends on the (uncertain) conditions 

of the early universe 

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



• We tune the characteristic size of the stresses to be the one of the “largest 
processes eddies”, typical of MHD turbulence  

• The magnetic field giving rise to the GW signal stays around for the entire 
universe evolution: at recombination it can modify the CMB spectrum to ease the 
Hubble tension, and it seeds the magnetic fields observed in matter structures

<latexit sha1_base64="55vx8fwcBJEXmK0MGLCBuLOVfZ0=">AAACAHicbVDLSsNAFJ3UV62vqAsXbgaLIF2URBRdVt10WcU+oClhMp20Q2cmYWZSKCEbf8WNC0Xc+hnu/BunbRbaeuDC4Zx7ufeeIGZUacf5tgorq2vrG8XN0tb2zu6evX/QUlEiMWniiEWyEyBFGBWkqalmpBNLgnjASDsY3U399phIRSPxqCcx6XE0EDSkGGkj+fbRg1/xFOXQCyXC6di/ydK6X8l8u+xUnRngMnFzUgY5Gr795fUjnHAiNGZIqa7rxLqXIqkpZiQreYkiMcIjNCBdQwXiRPXS2QMZPDVKH4aRNCU0nKm/J1LElZrwwHRypIdq0ZuK/3ndRIfXvZSKONFE4PmiMGFQR3CaBuxTSbBmE0MQltTcCvEQmSS0yaxkQnAXX14mrfOqe1l17i/Ktds8jiI4BifgDLjgCtRAHTRAE2CQgWfwCt6sJ+vFerc+5q0FK585BH9gff4A+3KWBA==</latexit>

R⇤ ⇠ vA

H⇤
<latexit sha1_base64="kC2u7JsizMyqHNy5OJMsnwDqNP8=">AAACFXicbVDLSsNAFJ34rPUVdelmsAgiUpKi6LLWjcsK9gFNGiaTSTt0Jokzk0IJ+Qk3/oobF4q4Fdz5N04fC209cC+Hc+5l5h4/YVQqy/o2lpZXVtfWCxvFza3tnV1zb78p41Rg0sAxi0XbR5IwGpGGooqRdiII4j4jLX9wM/ZbQyIkjaN7NUqIy1EvoiHFSGnJM8+yoXedO5JyRz4IlTmhQDirdSt55oh+7OnOoUBB3j3Nc88sWWVrArhI7BkpgRnqnvnlBDFOOYkUZkjKjm0lys2QUBQzkhedVJIE4QHqkY6mEeJEutnkqhweayWAYSx0RQpO1N8bGeJSjrivJzlSfTnvjcX/vE6qwis3o1GSKhLh6UNhyqCK4TgiGFBBsGIjTRAWVP8V4j7SuSgdZFGHYM+fvEialbJ9UbbuzkvV2iyOAjgER+AE2OASVMEtqIMGwOARPINX8GY8GS/Gu/ExHV0yZjsH4A+Mzx8hC6AI</latexit>

vA ⇠

s
B2

⇢⇤rad

One example of GW signal from the QCD phase transition:  
MHD turbulence

<latexit sha1_base64="HbDpc9NPNg8hh7Mov12HqVFNsDo=">AAAB/HicbVBNS8NAEJ34WetXtEcvi0XwVBJR9FjqxWMF+wFtCJvtpt12Nwm7GyGE+le8eFDEqz/Em//GbZuDtj4YeLw3w8y8IOFMacf5ttbWNza3tks75d29/YND++i4reJUEtoiMY9lN8CKchbRlmaa024iKRYBp51gcjvzO49UKhZHDzpLqCfwMGIhI1gbybcr/Sbzczae9hUTqOGzhj/27apTc+ZAq8QtSBUKNH37qz+ISSpopAnHSvVcJ9FejqVmhNNpuZ8qmmAywUPaMzTCgiovnx8/RWdGGaAwlqYijebq74kcC6UyEZhOgfVILXsz8T+vl+rwxstZlKSaRmSxKEw50jGaJYEGTFKieWYIJpKZWxEZYYmJNnmVTQju8surpH1Rc69qzv1ltd4o4ijBCZzCObhwDXW4gya0gEAGz/AKb9aT9WK9Wx+L1jWrmKnAH1ifP0ellIY=</latexit>

⇧ij ⇠ BiBj

A. Neronov et al, arXiv:2009.14174



To summarise:

• 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 (there are well motivated scenarios!) 

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

• 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 —> tests of models, complementary to particle colliders 

• 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  —> test of the early universe 

• 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


