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• GW emission processes in the early universe form a fossil radiation, whose 
detection would bring direct information from very early stages of the 
universe evolution, to which we have no access through em radiation 

• amazing discovery potential, linked to high energy physics 

• because of the weakness of the gravitational interaction the universe 
is transparent to GW

�(T )

H(T )
⇠ G

2
T

5

T 2/MPl
⇠

✓
T

MPl

◆3

< 1

Cosmological gravitational waves

QCDPTEWPT

MeV eV

�hij

 1016 GeVMPl

Inflation

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>

⌫
<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
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• GWs from astrophysical binaries: frequency of emission set (more or less) by 
Kepler’s law

Chirp mass Time to 
coalescence

• GWs from the early universe: frequency of connected to the Hubble scale

the characteristic length/time scale of the GW 
generating process cannot be larger than the 
causal horizon at the generation time 
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Cosmological gravitational waves

GW frequency

LIGO/Virgo arXiv:1811.12907



Cosmological gravitational waves

1. GW signals from the primordial universe have too small correlation scale with 
respect to the detector resolution -> only the statistical properties of the signal 
can be accessed
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Stochastic GW background



Cosmological gravitational waves

1. GW signals from the primordial universe have too small correlation scale with 
respect to the detector resolution -> only the statistical properties of the signal 
can be accessed -> frequency power spectrum

Stochastic GW background
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2. The specific frequency range of a GW detector allows it to probe GW generating 
processes occurring at specific energy scales
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Cosmological gravitational waves
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Cosmological gravitational waves

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

GW generating processes in the early universe?

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

Ḡµ⌫ + �Gµ⌫ = 8⇡G (T̄µ⌫ + �Tµ⌫)

ḧij + 3H ḣij + k
2
hij = 16⇡G⇧TT

ij

GW SOURCE 
tensor anisotropic stress

The SM plasma in thermal equilibrium generates a GW background, but very 
weak and peaking at the GHz: not observable in the near future Ghiglieri and Laine 

arXiv:1504.02569

The source cannot break the observed homogeneity and isotropy of the universe: 
either it is weak (1st order in cosmological perturbation theory), or strong but 
short (and at high energy to have the time to thermalise by Nucleosynthesis)



Fast out-of-equilibrium process in the early universe? A first order PT!

• Bubble collision  
(scalar field gradients) 

• Bulk fluid motion 

• Electromagnetic fields 

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

⇧TT
ij ⇠ [@i�@j�]

TT

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

⇧TT
ij ⇠ [�2(⇢+ p)vivj ]

TT

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

⇧TT
ij ⇠ [�EiEj �BiBj ]

TT

Gravitational waves from first order phase transitions

Sources of tensor anisotropic stress at a first order PT: Several processes, rich 
phenomenology!



Fast out-of-equilibrium process in the early universe? A first order PT!

Gravitational waves from first order phase transitions

<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

One can exploit the coincidence between 
energy scales and detectors sensitivity!

EWPT: possible connections with baryon 
asymmetry, dark matter candidates… 

<latexit sha1_base64="/UvvAb6u3Qm6C6Ch47054evuk2E=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgXZREfC0LbrqsYB/QhDCZTtqhM0mYmQg19EvcuFDErZ/izr9x2mahrQcuHM65l3vvCVPOlHacb2ttfWNza7u0U97d2z+o2IdHHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G47uZ332kUrEkftCTlPoCD2MWMYK1kQK74lHOg1ozqHmKCeQGdtWpO3OgVeIWpAoFWoH95Q0Skgkaa8KxUn3XSbWfY6kZ4XRa9jJFU0zGeEj7hsZYUOXn88On6MwoAxQl0lSs0Vz9PZFjodREhKZTYD1Sy95M/M/rZzq69XMWp5mmMVksijKOdIJmKaABk5RoPjEEE8nMrYiMsMREm6zKJgR3+eVV0rmou9f1q/vLaqNRxFGCEziFc3DhBhrQhBa0gUAGz/AKb9aT9WK9Wx+L1jWrmDmGP7A+fwBGS5Iy</latexit>

`⇤H⇤ ⇠ 1



Gravitational waves from first order phase transitions

<latexit sha1_base64="YriYNUWTBgHU6xFvL6SWs3ulywc=">AAACDXicbZDLSsNAFIYn9VbrLerSzWAVXEhJxEs3QsFFXVboDZoQJpNpO3YyCTMToYS+gBtfxY0LRdy6d+fbOE2z0NYfBn6+cw5nzu/HjEplWd9GYWl5ZXWtuF7a2Nza3jF399oySgQmLRyxSHR9JAmjnLQUVYx0Y0FQ6DPS8Uc303rngQhJI95U45i4IRpw2qcYKY0888gJCFMI1r2U3k+uq05MYR06pzluZtgzy1bFygQXjZ 2bMsjV8MwvJ4hwEhKuMENS9mwrVm6KhKKYkUnJSSSJER6hAelpy1FIpJtm10zgsSYB7EdCP65gRn9PpCiUchz6ujNEaijna1P4X62XqH7VTSmPE0U4ni3qJwyqCE6jgQEVBCs21gZhQfVfIR4igbDSAZZ0CPb8yYumfVaxLysXd+flWi2PowgOwCE4ATa4AjVwCxqgBTB4BM/gFbwZT8aL8W58zFoLRj6zD/7I+PwB3BCazw==</latexit>

�Gij = 8⇡G �Tij

<latexit sha1_base64="94q010IKRUvcH51NibO6UqnGbjc=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuJCSFK0uCy50WcE+oIllMp20Q2eSMDMRSqgbf8WNC0Xc+hfu/Bunj4W2HrhwOOde7r0nSDhT2nG+rdzS8srqWn69sLG5tb1j7+41VJxKQusk5rFsBVhRziJa10xz2kokxSLgtBkMrsZ+84FKxeLoTg8T6gvci1jICNZG6tgHg/sy6iNPMYHcipcwdI28U6/GOnbRKTkToEXizkgRZqh17C+vG5NU0EgTjpVqu06i/QxLzQino4KXKppgMsA92jY0woIqP5t8MELHRumiMJamIo0m6u+JDAulhiIwnQLrvpr3xuJ/XjvV4aWfsShJNY3IdFGYcqRjNI4DdZmkRPOhIZhIZm5FpI8lJtqEVjAhuPMvL5JGueRWSue3Z8VqdRZHHg7hCE7AhQuowg3UoA4EHuEZXuHNerJerHfrY9qas2Yz+/AH1ucPKqKUyw==</latexit>

k2h ⇠ 16⇡G⇧

Scaling of the GW energy density with the source parameters:

characteristic scale of 
variation of the tensor 

perturbation

anisotropic 
stress

fractional GW 
energy density

<latexit sha1_base64="0Hg6wJWYC52n5J77VOD6WqdDvgE="></latexit>

⌦⇤
GW ⇠ (`⇤H⇤)

2

✓
⇧

⇢
⇤
tot

◆2<latexit sha1_base64="Ry4t9rcbOBXECfwV6mJTjYMmEYc=">AAAB/3icbVDLSsNAFL2pr1pfUcGNm8EiiIuSiK9lwY3LCvYBTSiT6aQdOpOEmYlQYhb+ihsXirj1N9z5N07bLLT1wIXDOfdy7z1BwpnSjvNtlZaWV1bXyuuVjc2t7R17d6+l4lQS2iQxj2UnwIpyFtGmZprTTiIpFgGn7WB0M/HbD1QqFkf3epxQX+BBxEJGsDZSzz4YeYoJ5IUSk8zNM49y3jvNe3bVqTlToEXiFqQKBRo9+8vrxyQVNNKEY6W6rpNoP8NSM8JpXvFSRRNMRnhAu4ZGWFDlZ9P7c3RslD4KY2kq0miq/p7IsFBqLALTKbAeqnlvIv7ndVMdXvsZi5JU04jMFoUpRzpGkzBQn0lKNB8bgolk5lZEhthEoU1kFROCO//yImmd1dzL2sXdebVeL+IowyEcwQm4cAV1uIUGNIHAIzzDK7xZT9aL9W59zFpLVjGzD39gff4Az3iV+g==</latexit>

k ⇠ 1

`⇤

<latexit sha1_base64="KzqQKFl443L4ob38ZgPXJXUnV24=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCdFES8bUsuOmygn1AE8JketsOnUzizESooV/ixoUibv0Ud/6N0zYLbT1w4XDOvdx7T5hwprTjfFuFtfWNza3idmlnd2+/bB8ctlWcSgotGvNYdkOigDMBLc00h24igUQhh044vp35nUeQisXiXk8S8CMyFGzAKNFGCuyyB5wH1UZQ9Tg8YDewK07NmQOvEjcnFZSjGdhfXj+maQRCU06U6rlOov2MSM0oh2nJSxUkhI7JEHqGChKB8rP54VN8apQ+HsTSlNB4rv6eyEik1CQKTWdE9EgtezPxP6+X6sGNnzGRpBoEXSwapBzrGM9SwH0mgWo+MYRQycytmI6IJFSbrEomBHf55VXSPq+5V7XLu4tKvZ7HUUTH6ASdIRddozpqoCZqIYpS9Ixe0Zv1ZL1Y79bHorVg5TNH6A+szx87j5Ir</latexit>

`⇤H⇤  1

<latexit sha1_base64="j76qsEoDvnN+OC2OQjXBtY9a6ew=">AAACB3icbVBLSwMxGMzWV62vVY+CBIsgHsqu+Dp4KHjxWME+oLsu2TTbhiabJckKZdmbF/+KFw+KePUvePPfmLZ70NaBkGHm+0hmwoRRpR3n2yotLC4tr5RXK2vrG5tb9vZOS4lUYtLEggnZCZEijMakqalmpJNIgnjISDscXo/99gORior4To8S4nPUj2lEMdJGCux9L5IIZ16D5pknB+L+ODA3h1roPL9yA7vq1JwJ4DxxC1IFBRqB/eX1BE45iTVmSKmu6yTaz5DUFDOSV7xUkQThIeqTrqEx4kT52SRHDg+N0oORkObEGk7U3xsZ4kqNeGgmOdIDNeuNxf+8bqqjSz+jcZJqEuPpQ1HKTEo4LgX2qCRYs5EhCEtq/grxAJlitKmuYkpwZyPPk9ZJzT2vnd2eVuv1oo4y2AMH4Ai44ALUwQ1ogCbA4BE8g1fwZj1ZL9a79TEdLVnFzi74A+vzByn7mX8=</latexit>

⇧

⇢⇤tot
< 1and

<latexit sha1_base64="1mE9cABIc5TSABZ66nLUYbY8y4w=">AAACNHicbVDNS8MwHE39nPOr6tFLcAgiOFpx6nHgQcGDE9wHrNtI07QLS9qSpMIo/aO8+Id4EcGDIl79G8y2Irr5IPDy3vuR/J4bMyqVZb0Yc/MLi0vLhZXi6tr6xqa5td2QUSIwqeOIRaLlIkkYDUldUcVIKxYEcZeRpju4GPnNeyIkjcI7NYxJh6MgpD7FSGmpZ147N5wEqJc6gsPLZtYdExV5aJhBR1IObaubHlX0ZSp4CJ 1AiZ+EbWc9s2SVrTHgLLFzUgI5aj3zyfEinHASKsyQlG3bilUnRUJRzEhWdBJJYoQHKCBtTUPEieyk46UzuK8VD/qR0CdUcKz+nkgRl3LIXZ3kSPXltDcS//PaifLPOykN40SREE8e8hOmS4GjBqFHBcGKDTVBWFD9V4j7SCCsdM9FXYI9vfIsaRyX7dNy5fakVK3mdRTALtgDB8AGZ6AKrkAN1AEGD+AZvIF349F4NT6Mz0l0zshndsAfGF/f6zWpuw==</latexit>

⌦today
GW ⇠ 10�5⌦⇤

GW & 10�11

More or less the 
sensitivity of LISA

<latexit sha1_base64="Ce5KYXyP+Ya7u/Ot4yhGt+Xk8sQ="></latexit>

(H⇤`⇤)

✓
⇧

⇢
⇤
tot

◆
& 10�3

setting

<latexit sha1_base64="wnZCjnt3a9Qijd7ZEdnI3IC+WYw="></latexit>

⇢GW

⇢⇤tot
⇠ ḣ2

32⇡G ⇢⇤tot
⇠ 8⇡G

k2
⇧2

⇢⇤tot

A lot of 
anisotropic stress 
needed: strong, 

slow first order PT



Parameters entering the GW signal

• the characteristic scale of the source (anisotropic stresses): 
<latexit sha1_base64="KzqQKFl443L4ob38ZgPXJXUnV24=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCdFES8bUsuOmygn1AE8JketsOnUzizESooV/ixoUibv0Ud/6N0zYLbT1w4XDOvdx7T5hwprTjfFuFtfWNza3idmlnd2+/bB8ctlWcSgotGvNYdkOigDMBLc00h24igUQhh044vp35nUeQisXiXk8S8CMyFGzAKNFGCuyyB5wH1UZQ9Tg8YDewK07NmQOvEjcnFZSjGdhfXj+maQRCU06U6rlOov2MSM0oh2nJSxUkhI7JEHqGChKB8rP54VN8apQ+HsTSlNB4rv6eyEik1CQKTWdE9EgtezPxP6+X6sGNnzGRpBoEXSwapBzrGM9SwH0mgWo+MYRQycytmI6IJFSbrEomBHf55VXSPq+5V7XLu4tKvZ7HUUTH6ASdIRddozpqoCZqIYpS9Ixe0Zv1ZL1Y79bHorVg5TNH6A+szx87j5Ir</latexit>

`⇤H⇤  1

Size of the bubbles at collision  
(towards the end of the PT)

• Transition rate 
parameter  
(“duration” of the PT):

<latexit sha1_base64="XOExiT2398J0I9skLa+9JYldR3c=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpDFQJ4rUgFbEwFkEfUhsix3Vaq44T2Q5SFWVk4VdYGECIlU9g429w2gzQciRbR+fcq3vv8SJGpbKsb6MwN7+wuFRcLq2srq1vmJtbTRnGApMGDlko2h6ShFFOGooqRtqRICjwGGl5w6vMbz0QIWnI79QoIk6A+pz6FCOlJdfc7QZIDTBiST2tqAN4cal/cp8c3rpYs9Q1y1bVGgPOEjsnZZCj7ppf3V6I44BwhRmSsmNbkXISJBTFjKSlbixJhPAQ9UlHU44CIp1kfEgK97XSg34o9OMKjtXfHQkKpBwFnq7M1pbTXib+53Vi5Z87CeVRrAjHk0F+zKAKYZYK7FFBsGIjTRAWVO8K8QAJhJXOrqRDsKdPniXNo6p9Wj25OS7XankcRbAD9kAF2OAM1MA1qIMGwOARPINX8GY8GS/Gu/ExKS0Yec82+APj8wds7ZhR</latexit>

P(t) = A(t)e�Sc(t)

<latexit sha1_base64="TaOj6xctGsVvpRcOCV6Gj5az34M=">AAACIXicbVDLSsNAFJ34tr6qLt0MFkFdlER8bYSCG5cVrApNCZPJTTs4mYSZG6HE/Iobf8WNC0W6E3/G6WPh68CFwzn3cu89YSaFQdf9cKamZ2bn5hcWK0vLK6tr1fWNa5PmmkOLpzLVtyEzIIWCFgqUcJtpYEko4Sa8Ox/6N/egjUjVFfYz6CSsq0QsOEMrBdVTPwRk9MyXEGPdjzXjRVQWEZa+VNRPGPY4k0Wz3MU9X4tuDx+CAoP9MqjW3Lo7Av1LvAmpkQmaQXXgRynPE1DIJTOm7bkZdgqmUXAJZcXPDWSM37EutC1VLAHTKUYflnTHKhGNU21LIR2p3ycKlhjTT0LbOTzZ/PaG4n9eO8f4tFMIleUIio8XxbmkmNJhXDQSGjjKviWMa2FvpbzHbEpoQ63YELzfL/8l1wd177h+dHlYazQmcSyQLbJNdolHTkiDXJAmaRFOHskzeSVvzpPz4rw7g3HrlDOZ2SQ/4Hx+AaN0pHQ=</latexit>

� =
d

dt
lnP(t)

����
t⇤

Rate of bubble nucleation 
per unit volume and time

<latexit sha1_base64="9ktUN+GUC9DrGXB16x2DiRU5S/k="></latexit>

`⇤ ⇠ R⇤ ⇠ vw
�



Parameters entering the GW signal

• the characteristic scale of the source (anisotropic stresses): 
<latexit sha1_base64="KzqQKFl443L4ob38ZgPXJXUnV24=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCdFES8bUsuOmygn1AE8JketsOnUzizESooV/ixoUibv0Ud/6N0zYLbT1w4XDOvdx7T5hwprTjfFuFtfWNza3idmlnd2+/bB8ctlWcSgotGvNYdkOigDMBLc00h24igUQhh044vp35nUeQisXiXk8S8CMyFGzAKNFGCuyyB5wH1UZQ9Tg8YDewK07NmQOvEjcnFZSjGdhfXj+maQRCU06U6rlOov2MSM0oh2nJSxUkhI7JEHqGChKB8rP54VN8apQ+HsTSlNB4rv6eyEik1CQKTWdE9EgtezPxP6+X6sGNnzGRpBoEXSwapBzrGM9SwH0mgWo+MYRQycytmI6IJFSbrEomBHf55VXSPq+5V7XLu4tKvZ7HUUTH6ASdIRddozpqoCZqIYpS9Ixe0Zv1ZL1Y79bHorVg5TNH6A+szx87j5Ir</latexit>

`⇤H⇤  1

Size of the bubbles at collision  
(towards the end of the PT)

• Transition rate 
parameter  
(“duration” of the PT):

<latexit sha1_base64="XOExiT2398J0I9skLa+9JYldR3c=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpDFQJ4rUgFbEwFkEfUhsix3Vaq44T2Q5SFWVk4VdYGECIlU9g429w2gzQciRbR+fcq3vv8SJGpbKsb6MwN7+wuFRcLq2srq1vmJtbTRnGApMGDlko2h6ShFFOGooqRtqRICjwGGl5w6vMbz0QIWnI79QoIk6A+pz6FCOlJdfc7QZIDTBiST2tqAN4cal/cp8c3rpYs9Q1y1bVGgPOEjsnZZCj7ppf3V6I44BwhRmSsmNbkXISJBTFjKSlbixJhPAQ9UlHU44CIp1kfEgK97XSg34o9OMKjtXfHQkKpBwFnq7M1pbTXib+53Vi5Z87CeVRrAjHk0F+zKAKYZYK7FFBsGIjTRAWVO8K8QAJhJXOrqRDsKdPniXNo6p9Wj25OS7XankcRbAD9kAF2OAM1MA1qIMGwOARPINX8GY8GS/Gu/ExKS0Yec82+APj8wds7ZhR</latexit>

P(t) = A(t)e�Sc(t)

<latexit sha1_base64="TaOj6xctGsVvpRcOCV6Gj5az34M=">AAACIXicbVDLSsNAFJ34tr6qLt0MFkFdlER8bYSCG5cVrApNCZPJTTs4mYSZG6HE/Iobf8WNC0W6E3/G6WPh68CFwzn3cu89YSaFQdf9cKamZ2bn5hcWK0vLK6tr1fWNa5PmmkOLpzLVtyEzIIWCFgqUcJtpYEko4Sa8Ox/6N/egjUjVFfYz6CSsq0QsOEMrBdVTPwRk9MyXEGPdjzXjRVQWEZa+VNRPGPY4k0Wz3MU9X4tuDx+CAoP9MqjW3Lo7Av1LvAmpkQmaQXXgRynPE1DIJTOm7bkZdgqmUXAJZcXPDWSM37EutC1VLAHTKUYflnTHKhGNU21LIR2p3ycKlhjTT0LbOTzZ/PaG4n9eO8f4tFMIleUIio8XxbmkmNJhXDQSGjjKviWMa2FvpbzHbEpoQ63YELzfL/8l1wd177h+dHlYazQmcSyQLbJNdolHTkiDXJAmaRFOHskzeSVvzpPz4rw7g3HrlDOZ2SQ/4Hx+AaN0pHQ=</latexit>

� =
d

dt
lnP(t)

����
t⇤

Rate of bubble nucleation 
per unit volume and time

<latexit sha1_base64="9ktUN+GUC9DrGXB16x2DiRU5S/k="></latexit>

`⇤ ⇠ R⇤ ⇠ vw
�

• bubble wall velocity <latexit sha1_base64="7UVzUumMlZBOGca+CL+CafiTeck=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48RjRPCBZwuykNxkyO7vMzEbCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNESrNY/loxgn6Ee1LHnJGjZUeRt2nbqnsVtwZyDLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwUuykGhPKhrSPbUsljVD72ezUCTm1So+EsbIlDZmpvycyGmk9jgLbGVEz0IveVPzPa6cmvPEzLpPUoGTzRWEqiInJ9G/S4wqZEWNLKFPc3krYgCrKjE2naEPwFl9eJo3zindVuby/KFereRwFOIYTOAMPrqEKd1CDOjDowzO8wpsjnBfn3fmYt644+cwR/IHz+QN1Yo3s</latexit>vw

Difficult to estimate!  
Thermal PT: terminal wall velocity (steady state bubble) given by the balance 
among the driving force (pressure difference) and the friction force (interaction 
of the wall with particles in the surrounding plasma) 
Often used is a phenomenological description introducing a friction parameter 
(hopefully covering several particle theory models) Huber and Sopena 

arXiv:1302.1044



• the characteristic scale of the source (anisotropic stresses): 
<latexit sha1_base64="KzqQKFl443L4ob38ZgPXJXUnV24=">AAAB+HicbVDLSsNAFJ3UV62PRl26GSyCdFES8bUsuOmygn1AE8JketsOnUzizESooV/ixoUibv0Ud/6N0zYLbT1w4XDOvdx7T5hwprTjfFuFtfWNza3idmlnd2+/bB8ctlWcSgotGvNYdkOigDMBLc00h24igUQhh044vp35nUeQisXiXk8S8CMyFGzAKNFGCuyyB5wH1UZQ9Tg8YDewK07NmQOvEjcnFZSjGdhfXj+maQRCU06U6rlOov2MSM0oh2nJSxUkhI7JEHqGChKB8rP54VN8apQ+HsTSlNB4rv6eyEik1CQKTWdE9EgtezPxP6+X6sGNnzGRpBoEXSwapBzrGM9SwH0mgWo+MYRQycytmI6IJFSbrEomBHf55VXSPq+5V7XLu4tKvZ7HUUTH6ASdIRddozpqoCZqIYpS9Ixe0Zv1ZL1Y79bHorVg5TNH6A+szx87j5Ir</latexit>

`⇤H⇤  1

Size of the bubbles at collision  
(towards the end of the PT)

• Transition rate 
parameter  
(“duration” of the PT):

<latexit sha1_base64="XOExiT2398J0I9skLa+9JYldR3c=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqpDFQJ4rUgFbEwFkEfUhsix3Vaq44T2Q5SFWVk4VdYGECIlU9g429w2gzQciRbR+fcq3vv8SJGpbKsb6MwN7+wuFRcLq2srq1vmJtbTRnGApMGDlko2h6ShFFOGooqRtqRICjwGGl5w6vMbz0QIWnI79QoIk6A+pz6FCOlJdfc7QZIDTBiST2tqAN4cal/cp8c3rpYs9Q1y1bVGgPOEjsnZZCj7ppf3V6I44BwhRmSsmNbkXISJBTFjKSlbixJhPAQ9UlHU44CIp1kfEgK97XSg34o9OMKjtXfHQkKpBwFnq7M1pbTXib+53Vi5Z87CeVRrAjHk0F+zKAKYZYK7FFBsGIjTRAWVO8K8QAJhJXOrqRDsKdPniXNo6p9Wj25OS7XankcRbAD9kAF2OAM1MA1qIMGwOARPINX8GY8GS/Gu/ExKS0Yec82+APj8wds7ZhR</latexit>

P(t) = A(t)e�Sc(t)

<latexit sha1_base64="TaOj6xctGsVvpRcOCV6Gj5az34M=">AAACIXicbVDLSsNAFJ34tr6qLt0MFkFdlER8bYSCG5cVrApNCZPJTTs4mYSZG6HE/Iobf8WNC0W6E3/G6WPh68CFwzn3cu89YSaFQdf9cKamZ2bn5hcWK0vLK6tr1fWNa5PmmkOLpzLVtyEzIIWCFgqUcJtpYEko4Sa8Ox/6N/egjUjVFfYz6CSsq0QsOEMrBdVTPwRk9MyXEGPdjzXjRVQWEZa+VNRPGPY4k0Wz3MU9X4tuDx+CAoP9MqjW3Lo7Av1LvAmpkQmaQXXgRynPE1DIJTOm7bkZdgqmUXAJZcXPDWSM37EutC1VLAHTKUYflnTHKhGNU21LIR2p3ycKlhjTT0LbOTzZ/PaG4n9eO8f4tFMIleUIio8XxbmkmNJhXDQSGjjKviWMa2FvpbzHbEpoQ63YELzfL/8l1wd177h+dHlYazQmcSyQLbJNdolHTkiDXJAmaRFOHskzeSVvzpPz4rw7g3HrlDOZ2SQ/4Hx+AaN0pHQ=</latexit>

� =
d

dt
lnP(t)

����
t⇤

Rate of bubble nucleation 
per unit volume and time

<latexit sha1_base64="9ktUN+GUC9DrGXB16x2DiRU5S/k="></latexit>

`⇤ ⇠ R⇤ ⇠ vw
�

• bubble wall velocity <latexit sha1_base64="7UVzUumMlZBOGca+CL+CafiTeck=">AAAB6nicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx48RjRPCBZwuykNxkyO7vMzEbCkk/w4kERr36RN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNESrNY/loxgn6Ee1LHnJGjZUeRt2nbqnsVtwZyDLxclKGHLVu6avTi1kaoTRMUK3bnpsYP6PKcCZwUuykGhPKhrSPbUsljVD72ezUCTm1So+EsbIlDZmpvycyGmk9jgLbGVEz0IveVPzPa6cmvPEzLpPUoGTzRWEqiInJ9G/S4wqZEWNLKFPc3krYgCrKjE2naEPwFl9eJo3zindVuby/KFereRwFOIYTOAMPrqEKd1CDOjDowzO8wpsjnBfn3fmYt644+cwR/IHz+QN1Yo3s</latexit>vw

<latexit sha1_base64="GVQEVEWfz05kigWai5qdo4mANx8="></latexit>

f = f⇤
a⇤
a0

=
1.65⇥ 10

�5

`⇤H⇤

✓
g(T⇤)

100

◆1/6
T⇤

100GeV
Hz

• redshift to get the characteristic frequency of the GW signal today: 
temperature scale of the PT

Parameters entering the GW signal



and

<latexit sha1_base64="xGXh+NIFhi45RTw/gyUioMLy31Y=">AAACFXicbVBNS8NAEN34WetX1KOXxSKIlJKIXxdF9OJRxWqhKWGznejS3U3Y3RRKyJ/w4l/x4kERr4I3/43b2oO2Phh4vDfDzLwo5Uwbz/tyJianpmdmS3Pl+YXFpWV3ZfVGJ5miUKcJT1QjIho4k1A3zHBopAqIiDjcRp2zvn/bBaVZIq9NL4WWIHeSxYwSY6XQreaBEvgKiqMgVoTm3XAgKKGLoIoD4DzcLvJAZsUx9kO34tW8AfA48Yekgoa4CN3PoJ3QTIA0lBOtm76XmlZOlGGUQ1EOMg0poR1yB01LJRGgW/ngqwJvWqWN40TZkgYP1N8TORFa90RkOwUx93rU64v/ec3MxIetnMk0MyDpz6I449gkuB8RbjMF1PCeJYQqZm/F9J7YdIwNsmxD8EdfHic3OzV/v7Z3uVs5OR3GUULraANtIR8doBN0ji5QHVH0gJ7QC3p1Hp1n5815/2mdcIYza+gPnI9v9Caerg==</latexit>

Re =
vrms `⇤

⌫
> 1

3. If turbulence, then it is accompanied by a magnetic field (MHD)

-> kinetic (MHD) energy in the bulk fluid motion

• the anisotropic stress energy fraction: 

<latexit sha1_base64="BVTAsqeXQPCE0Nx4I7zXGpEFBNM=">AAACBXicbVBJSwMxGM241rqNetRDsAjiocyI27HgxWMFu0BnHDJppg3NMiQZoQxz8eJf8eJBEa/+B2/+G9PloK0PEh7vfR/Je3HKqDae9+0sLC4tr6yW1srrG5tb2+7OblPLTGHSwJJJ1Y6RJowK0jDUMNJOFUE8ZqQVD65HfuuBKE2luDPDlIQc9QRNKEbGSpF7ECQK4Tyo0yIPVF9G9ubQSFPcnxSRW/Gq3hhwnvhTUgFT1CP3K+hKnHEiDGZI647vpSbMkTIUM1KUg0yTFOEB6pGOpQJxosN8nKKAR1bpwkQqe4SBY/X3Ro641kMe20mOTF/PeiPxP6+TmeQqzKlIM0MEnjyUZMymhKNKYJcqgg0bWoKwovavEPeRrcXY4sq2BH828jxpnlb9i+r57VmlVpvWUQL74BAcAx9cghq4AXXQABg8gmfwCt6cJ+fFeXc+JqMLznRnD/yB8/kDJmSY/g==</latexit>

⇧

⇢⇤tot

1. The colliding bubble walls source anisotropic stresses

2. The coupling with the surrounding fluid sets it into motion
bulk fluid motion sources anisotropies stress via 

- Sound waves (compressional mode, linear) 
- Turbulence (vortical mode, non-linear)

-> gradient energy in the scalar field

<latexit sha1_base64="+ifEEDfeMrVY5MHIificBnjdCGc=">AAACInicbVDJSgNBEO1xjXGLevTSGAQRDDPiegt6yTGCUSETh55OTdKku2fs7gmEYb7Fi7/ixYOingQ/xs5ycHtQ8Hiviqp6YcKZNq774UxNz8zOzRcWiotLyyurpbX1Kx2nikKDxjxWNyHRwJmEhmGGw02igIiQw3XYOx/6131QmsXy0gwSaAnSkSxilBgrBaVT35A0yHwlsOS5r5nAfqQIzXzgPNjNs/7YVELnuc/hDteC3dtsz8uDUtmtuCPgv8SbkDKaoB6U3vx2TFMB0lBOtG56bmJaGVGGUQ550U81JIT2SAealkoiQLey0Ys53rZKG0exsiUNHqnfJzIitB6I0HYKYrr6tzcU//OaqYlOWhmTSWpA0vGiKOXYxHiYF24zBdTwgSWEKmZvxbRLbELGplq0IXi/X/5LrvYr3lHl8OKgXD2bxFFAm2gL7SAPHaMqqqE6aiCK7tEjekYvzoPz5Lw67+PWKWcys4F+wPn8AjY0pK0=</latexit>

⌧nl ⇠
`⇤
vrms

 H
�1
⇤

Parameters entering the GW signal



Hydrodynamics of the bubble growth at late time (steady state)

+ non-stationary 
solution:  

runaway bubbles?

v2 v1

�2 = aT 4
2

Broken phase Symmetric phase 
<latexit sha1_base64="n+zIeD15V+giXZ8JGw6psgcZtFw=">AAACAnicbVDLSsNAFJ34rPUVdSVugkUQhJKR+tgIRTcuK/QFTQyT6bQdOpkJMxOhhOLGX3HjQhG3foU7/8ZJm4W2HrhwOOde7r0njBlV2nW/rYXFpeWV1cJacX1jc2vb3tltKpFITBpYMCHbIVKEUU4ammpG2rEkKAoZaYXDm8xvPRCpqOB1PYqJH6E+pz2KkTZSYO97ciACeIUCWA/gfeXEI7GiTPBiYJfcsjuBM09gTkogRy2wv7yuwElEuMYMKdWBbqz9FElNMSPjopcoEiM8RH3SMZSjiCg/nbwwdo6M0nV6Qpri2pmovydSFCk1ikLTGSE9ULNeJv7ndRLdu/RTyuNEE46ni3oJc7RwsjycLpUEazYyBGFJza0OHiCJsDapZSHA2ZfnSfO0DM/LZ3eVUvU6j6MADsAhOAYQXIAquAU10AAYPIJn8ArerCfrxXq3PqatC1Y+swf+wPr8AUIflhM=</latexit>

⇢1 = a1T
4
1 + ✏

the outcome of this evaluation provides the fluid velocity profile, and therefore 
the kinetic energy 

Given the PT strength parameter 
<latexit sha1_base64="TmrbomMW0RdVmToEmNACAxnFsrM=">AAACCnicbVDLSsNAFJ3UV62vqEs30SK4KonUx0YounFZoS9oariZTtqhk0mYmQglZO3GX3HjQhG3foE7/8ZJ24W2HrhwOOde7r3HjxmVyra/jcLS8srqWnG9tLG5tb1j7u61ZJQITJo4YpHo+CAJo5w0FVWMdGJBIPQZafujm9xvPxAhacQbahyTXggDTgOKQWnJMw9dYPEQrtxAAE5dEkvKIp6l4DkNz7mvZiXPLNsVewJrkTgzUkYz1D3zy+1HOAkJV5iBlF3HjlUvBaEoZiQruYkkMeARDEhXUw4hkb108kpmHWulbwWR0MWVNVF/T6QQSjkOfd0ZghrKeS8X//O6iQoueynlcaIIx9NFQcIsFVl5LlafCoIVG2sCWFB9q4WHoENROr08BGf+5UXSOq0455Wzu2q5dj2Lo4gO0BE6QQ66QDV0i+qoiTB6RM/oFb0ZT8aL8W58TFsLxmxmH/2B8fkDxJ6aTQ==</latexit>

↵ =
✏

a1T 4
1

and the bubble wall velocity

<latexit sha1_base64="rvHM5VNK8kyD1x1KreDpCNBWpUc="></latexit>

v =
3

✏ v3w

Z
d⇠ ⇠2w �2v2 ⌘ ⇢kin

⇢⇤vac

Parameters entering the GW signal

P. Athron et al arXiv:2305.02357

J. Espinosa et al 
arXiv:1004.4187

Bodeker and Moore 
arXiv:1703.08215



To summarise, the following parameters enters in the GW signal: 

Determined by the effective potential

<latexit sha1_base64="LJLvSMqa6DsbKpN4uBlCCGDmv7s=">AAACDnicbVDLSgNBEJyNrxhfqx69DIZAhBB2xdcx6MVjBPOAbAi9k0kyZHZ3mJmNhBB/wIu/4sWDIl49e/NvnCR7MIkFDUVVN91dvuBMacf5sVIrq2vrG+nNzNb2zu6evX9QVVEsCa2QiEey7oOinIW0opnmtC4khcDntOb3byZ+bUClYlF4r4eCNgPohqzDCGgjtezcoPWQ94CLHhQ8quGk8Oj1QQiYE1t21ik6U+Bl4iYkixKUW/a3145IHNBQEw5KNVxH6OYIpGaE03HGixUVQPrQpQ1DQwioao6m74xxziht3ImkqVDjqfp3YgSBUsPAN50B6J5a9Cbif14j1p2r5oiFItY0JLNFnZhjHeFJNrjNJCWaDw0BIpm5FZMeSCDaJJgxIbiLLy+T6mnRvSie351lS9dJHGl0hI5RHrnoEpXQLSqjCiLoCb2gN/RuPVuv1of1OWtNWcnMIZqD9fUL+bybcA==</latexit>

vw(↵, ⌘), (↵, ⌘) Determined by the bubble expansion 
hydrodynamics

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

<latexit sha1_base64="uBP8p35VFMFAyUO7S+KnbKcm83U=">AAACGXicbVDJSgNBEO2JW4xb1KOXxiB4CjPidhGCXjxGMAtkQqjp9CRNenqa7p5AGOY3vPgrXjwo4lFP/o2dBdHEBwWP96qoqhdIzrRx3S8nt7S8srqWXy9sbG5t7xR39+o6ThShNRLzWDUD0JQzQWuGGU6bUlGIAk4bweBm7DeGVGkWi3szkrQdQU+wkBEwVuoUXX8IikrNeCyu/FABSf0BSAmd1FcRNokKsuxHGmZZp1hyy+4EeJF4M1JCM1Q7xQ+/G5MkosIQDlq3PFeadgrKMMJpVvATTSWQAfRoy1IBEdXtdPJZho+s0sVhrGwJgyfq74kUIq1HUWA7IzB9Pe+Nxf+8VmLCy3bKhEwMFWS6KEw4NjEex4S7TFFi+MgSIIrZWzHpg43H2DALNgRv/uVFUj8pe+fls7vTUuV6FkceHaBDdIw8dIEq6BZVUQ0R9ICe0At6dR6dZ+fNeZ+25pzZzD76A+fzG1RXomc=</latexit>

" =
turb

v

Parameters entering the GW signal

<latexit sha1_base64="J0IaDbB6ZetbG5v8AXAmed1M/Vc=">AAACB3icbVDLSsNAFJ3UV62vqEtBgkWQIiURX8uimy4r9AVNCDfTSTt08mBmIpQQV278FTcuFHHrL7jzb5y2WWjrgcs9nHMvM/d4MaNCmua3VlhaXlldK66XNja3tnf03b22iBKOSQtHLOJdDwRhNCQtSSUj3ZgTCDxGOt7oduJ37gkXNAqbchwTJ4BBSH2KQSrJ1Q+bbuX0wQYWD0F1nwNObY9IyNK6W8lcvWxWzSmMRWLlpIxyNFz9y+5HOAlIKDEDIXqWGUsnBS4pZiQr2YkgMeARDEhP0RACIpx0ekdmHCulb/gRVxVKY6r+3kghEGIceGoyADkU895E/M/rJdK/dlIaxokkIZ495CfMkJExCcXoU06wZGNFAHOq/mrgIagspIqupEKw5k9eJO2zqnVZvbg7L9du8jiK6AAdoRNkoStUQ3XUQC2E0SN6Rq/oTXvSXrR37WM2WtDynX30B9rnD5C+mSU=</latexit>

T⇤, ↵,
�

H⇤

Most are known (at least in principle) given a PT model

However, this was just the GW energy density scaling: the proper 
determination of the efficiency of anisotropic stress production, and of the 
shape of the GW power spectrum often requires numerical simulations



Spectral shape of the GW signal
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• SCOTTS code (Helsinki group): 
coupled dynamics of the field-fluid 
system, relativistic, no expansion of 
the universe, friction parameter

Helsinki/Sussex group,  
M. Hindmarsh et al, arXiv:1304.2433 and following
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numerical simulations



Spectral shape of the GW signal
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A. Roper Pol et al, arXiv:1903.08585 
and other works by the Nordita group

• Pencil code (Nordita group):  
simulates MHD turbulence (present in 
the initial conditions or induced by 
adapted forcing), relativistic up to 
order v2, expansion of the universe
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Spectral shape of the GW signal
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• Higgsless simulations (DESY group):  
only fluid, initialised with random initial 
vacuum energy regions (bag EoS), relativistic, 
no expansion of the universe, fast

R. Jinno et al, arXiv:2209.04369

<latexit sha1_base64="UbdAVwSwZvybW4Mje0EGwlhJXKQ=">AAACBHicbVC7TsMwFHV4lvIKMHaxqJCYqgTxWpAqWBiL1JfUhMhxndaq7US2g1RFHVj4FRYGEGLlI9j4G5w2A7QcyfLROffq3nvChFGlHefbWlpeWV1bL22UN7e2d3btvf22ilOJSQvHLJbdECnCqCAtTTUj3UQSxENGOuHoJvc7D0QqGoumHifE52ggaEQx0kYK7IqXIKkpYoHHU9i8z8zniXQSRFdOYFedmjMFXCRuQaqgQCOwv7x+jFNOhMYMKdVznUT7WT4AMzIpe6kiCcIjNCA9QwXiRPnZ9IgJPDJKH0axNE9oOFV/d2SIKzXmoankSA/VvJeL/3m9VEeXfkZFkmoi8GxQlDKoY5gnAvtUEqzZ2BCEJTW7QjxEEmFtciubENz5kxdJ+6TmntfO7k6r9esijhKogENwDFxwAergFjRAC2DwCJ7BK3iznqwX6936mJUuWUXPAfgD6/MHsiGYIg==</latexit>

@µT
µ⌫
f = 0

<latexit sha1_base64="sNKg3uCoB6xNQ97fCJHPssvSL84=">AAACFnicbVDLSgMxFM34rPU16tJNsAiVYpkRXxuh6MZlhb6gMy2ZNG1DM5khD6EM/Qo3/oobF4q4FXf+jWk7iLYeuJfDOfeS3BPEjErlOF/WwuLS8spqZi27vrG5tW3v7NZkpAUmVRyxSDQCJAmjnFQVVYw0YkFQGDBSDwY3Y79+T4SkEa+oYUz8EPU47VKMlJHa9nGllXih9rgeXeU90Y8K8VG1ZRRoOteF3o8dQwjbds4pOhPAeeKmJAdSlNv2p9eJsA4JV5ghKZuuEys/QUJRzMgo62lJYoQHqEeahnIUEuknk7NG8NAoHdiNhCmu4ET9vZGgUMphGJjJEKm+nPXG4n9eU6vupZ9QHmtFOJ4+1NUMqgiOM4IdKghWbGgIwoKav0LcRwJhZZLMmhDc2ZPnSe2k6J4Xz+5Oc6XrNI4M2AcHIA9ccAFK4BaUQRVg8ACewAt4tR6tZ+vNep+OLljpzh74A+vjGwG6nqQ=</latexit>

Tµ⌫ = (⇢+ p)UµU⌫ + gµ⌫p

<latexit sha1_base64="ZZrWD+0iNOxuIP4FK1bcaX0lfjo=">AAACGHicbVDLSsNAFJ3UV62vqEs3g0UQlJpofWyEohuXFfqCJpbJdNIOnUzCzEQpof0LN/6KGxeKuO3Ov3HaRtDqgQuHc+7l3nu8iFGpLOvTyMzNLywuZZdzK6tr6xvm5lZNhrHApIpDFoqGhyRhlJOqooqRRiQICjxG6l7veuzX74mQNOQV1Y+IG6AOpz7FSGmpZR5Fl44vEE7sQXIyQJW74oFDIklZyA+Hw+FD6ha/3ZaZtwrWBPAvsVOSBynKLXPktEMcB4QrzJCUTduKlJsgoShmZJBzYkkihHuoQ5qachQQ6SaTxwZwTytt6IdCF1dwov6cSFAgZT/wdGeAVFfOemPxP68ZK//CTSiPYkU4ni7yYwZVCMcpwTYVBCvW1wRhQfWtEHeRTkLpLHM6BHv25b+kdlywzwqnt8V86SqNIwt2wC7YBzY4ByVwA8qgCjB4BM/gFbwZT8aL8W58TFszRjqzDX7BGH0BwcKgPA==</latexit>

p =
1

3
aT 4 + ✏, w =

4

3
aT 4

numerical simulations



A. Roper Pol et al, arXiv:2201.05630

Spectral shape of the GW signal

One example of GW signal from MHD turbulence, obtained from a simulation 
with the Pencil code, together with an analytical evaluation

𝖿3 at low 
frequency: 

uncorrelated 
source

𝖿1 at intermediate 
frequency: duration of 

the source

Peak at f ~ 1/𝓁∗ 
Slope at high 

frequency 
depends on the 
source details 

A. Roper Pol et al, arXiv:2201.05630



Spectral shape of the GW signal

The spectral shape depends also on the relative contribution of 
the three GW sourcing processes

• Bubble wall collisions (gradient energy from the scalar field) dominate the PT 
signal for:

very strong PTs with large supercooling 𝛂 ≫ 1, negligible fluid coupling and 
thereby no bulk motion, bubble move practically  at the speed of light

• Sound waves (kinetic energy of the bulk motion) dominate the PT signal for:

weakly first order PTs 𝛂 ~ 0.001 to 0.1, simulations by the Helsinki group, 
linear fluid motion, sound waves remain in the fluid long after the 

symmetric phase has disappeared

• MHD turbulence (kinetic energy of the bulk motion and magnetic energy) 
dominate the PT signal for:

(probably) moderately strong PTs 𝛂 ≳ 1, non-linearities develop, simulations with the 
Pencil code, no onset of the turbulence observed so far but put in the initial conditions, 

turbulence remains in the fluid long after the symmetric phase has disappeared

CC et al arXvi:1512.06239



Examples of detectable signal from the EWPT



Just indicative: benchmark point from CC et al arXvi:1512.06239, singlet SM extension
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Examples of detectable signal from the EWPT

,  vw=1



Examples of detectable signal from the EWPT

Reconstruction of a generic double 
broken power law (inspired by 
sound+turbulence) with LISA  
accounting for galactic and 
extragalactic foregrounds

E. Madge et al, in preparation

PRELIMINARY!!



Examples of detectable signal from the EWPT

Same as before, but in terms of 
hydrodynamic parameters 

Input values: 

E. Madge et al, in preparation
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Examples of detectable signal from the EWPT
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Signal, noise and foreground reconstruction (2 bins)
Data

Bin extrema

Input FOPT SGWB

FOPT SGWB best fit

2æ region

Galactic fg best fit

sBHB SGWB best fit

Noise A-channel best fit

Is it possible to reconstruct the GW signal spectral shape, to identify 
that the source is a FOPT?

Signal from a singlet 
extension of SM setting
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ms = 0.94GeV, �s = 1, �hs = 0.92

N. Karnesis, arXiv:1906.09027
CC et al, arXiv:1906.09244, Flauger et al arXiv:2009.11845
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Examples of detectable signal from the EWPT

Several model parameter values can correspond to the same GW 
signal, here assumed to be a single broken power law

E. Madge et al, in preparation



Pulsar Timing Arrays (nHz) have measured a common stochastic GW signal 

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

An example of possible detection at PTA

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

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

J. Antoniadis et al, arXiv:2306.16227 
A. Neronov et al, arXiv:2009.14174 
A. Roper Pol et al, arXiv:2201.05630



To summarise:

• Stochastic GW backgrounds from the early universe form a fossil radiation which can 
provide interesting information on high energy physics 

• GW sources are processes possessing a strong anisotropic stress component: an 
appropriate example is a first order phase transition  

• This is particularly interesting since the LISA frequency band corresponds to the 
EW scale in the early universe, and there are BSM scenarios in which the EW 
symmetry breaking can become first order 

• There are three possible GW sources linked to the first order phase transition 
dynamics: bubble wall collision, sound waves and magnetohydrodynamic 
turbulence  in the fluid surrounding the bubbles 

• The GW signal is determined by the PT temperature, its strength, its duration, the 
bubble radius at collision, the bubble wall velocity, the fraction of vacuum energy 
which gets converted into kinetic energy of the bulk fluid motion, and the efficiency of 
turbulence production 

• The precise derivation of the GW signal spectral shape requires numerical 
simulations of the hydrodynamics of the coupled system of scalar field, fluid, and 
possibly electromagnetic field 

• Simple extension of the standard model can provide signals detectable at LISA: we are 
start exploring how to constrain and/or detect this signal at LISA, and how to 
interpret a possible detection


