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Recombination  
(CMB)

<latexit sha1_base64="fqw/p9l/GfO4ntxK/UptlYNyQ58=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dhCv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZ377CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV7z6Vbl6l8dRgFM4gwvw4Aaq8AA1aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+xoYze</latexit>

T
<latexit sha1_base64="paHd0FsNCuY5xwEnpwS0OB5N5Gw=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Aroh6DXjxGyAuSEGYnnWTI7Owy0ysuS/wVLx4U8eqHePNvnDwOmljQUFR1090VxFIY9LxvJ7e2vrG5ld8u7Ozu7R+4h0cNEyWaQ51HMtKtgBmQQkEdBUpoxRpYGEhoBuPbqd98AG1EpGqYxtAN2VCJgeAMrdRzi7WOBGOMCGkH4REzaEx6bskrezPQVeIvSIksUO25X51+xJMQFHLJjGn7XozdjGkUXMKk0EkMxIyP2RDalioWgulms+Mn9NQqfTqItC2FdKb+nshYaEwaBrYzZDgyy95U/M9rJzi47mZCxQmC4vNFg0RSjOg0CdoXGjjK1BLGtbC3Uj5imnG0eRVsCP7yy6ukcV72L8v+/UWpcrOII0+OyQk5Iz65IhVyR6qkTjhJyTN5JW/Ok/PivDsf89acs5gpkj9wPn8AHGmVEw==</latexit>

T . eV

The early Universe
<latexit sha1_base64="wMIy9Sh/Zd6FM8XiJvtz29LWmkg=">AAACCXicbVC7SgNBFJ2Nrxhfq5Y2g0GIhWE3iNoIQRvLCOYBySbMzs4mQ2YfzNwVw5LWxl+xsVDE1j+w82+cTVJo4oFhDufcy733uLHgCizr28gtLa+sruXXCxubW9s75u5eQ0WJpKxOIxHJlksUEzxkdeAgWCuWjASuYE13eJ35zXsmFY/COxjFzAlIP+Q+pwS01DOxp7oVfIk90N8JJiU4xl4nIDBw/fRh3K30zKJVtibAi8SekSKaodYzvzpeRJOAhUAFUaptWzE4KZHAqWDjQidRLCZ0SPqsrWlIAqacdHLJGB9pxcN+JPULAU/U3x0pCZQaBa6uzHZU814m/ue1E/AvnJSHcQIspNNBfiIwRDiLBXtcMgpipAmhkutdMR0QSSjo8Ao6BHv+5EXSqJTts7J9e1qsXs3iyKMDdIhKyEbnqIpuUA3VEUWP6Bm9ojfjyXgx3o2PaWnOmPXsoz8wPn8ALKGYIg==</latexit>

ds2 = dt2 � a(t)dx2

Minimal cosmological history:  
early Universe dominated by gas of 

relativistic particles  
(radiation domination)

<latexit sha1_base64="jlqE1noUxGaAkEO2DEvwI0CXA8w=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqk2KqMuim26ECn1BE8NkOmmHziRxZlIooSs3/oobF4q49Rvc+TdO2yy09cCFwzn3ztx7/JhRqSzr28itrK6tb+Q3C1vbO7t75v5BS0aJwKSJIxaJjo8kYTQkTUUVI51YEMR9Rtr+8Gbqt0dESBqFDTWOictRP6QBxUhpyTOPaw55SOgIOr1IpWhSRo6kHDbuK+VbL/bMolWyZoDLxM5IEWSoe+aXfgcnnIQKMyRl17Zi5aZIKIoZmRScRJIY4SHqk66mIeJEuunsjAk81UoPBpHQFSo4U39PpIhLOea+7uRIDeSiNxX/87qJCq7clIZxokiI5x8FCYMqgtNMYI8KghUba4KwoHpXiAdIIKx0cgUdgr148jJpVUr2Rcm+Oy9Wr7M48uAInIAzYINLUAU1UAdNgMEjeAav4M14Ml6Md+Nj3pozsplD8AfG5w8fYphB</latexit>

H ⌘ ȧ/a ⇠ T
2
/Mp

Hubble  
expansion rate

<latexit sha1_base64="K96HTrj+3RWLf41MRn6QA1Sdx5U=">AAACFXicbVDLSgNBEJz1bXxFPXoZDIKCxh0RzUUQPcSLEMFEIRvD7KSjg7MPZ3rFsKwf4cVf8eJBEa+CN//GSczBV0FDUdVNd5cfK2nQdT+cgcGh4ZHRsfHcxOTU9Ex+dq5mokQLqIpIRfrU5waUDKGKEhWcxhp44Cs48S/3u/7JNWgjo/AYOzE0An4eyrYUHK3UzK8eNuOd5ZIXS1peOUvX2PpG5hkZwBVl7lnKStmth3CDaRlqWTNfcItuD/QvYX1SIH1Umvl3rxWJJIAQheLG1JkbYyPlGqVQkOW8xEDMxSU/h7qlIQ/ANNLeVxldskqLtiNtK0TaU79PpDwwphP4tjPgeGF+e13xP6+eYLvUSGUYJwih+FrUThTFiHYjoi2pQaDqWMKFlvZWKi645gJtkDkbAvv98l9S2yiyrSI72izs7vXjGCMLZJEsE0a2yS45IBVSJYLckQfyRJ6de+fReXFev1oHnP7MPPkB5+0TqX+dUA==</latexit>

Mp = (8⇡G)�1/2 ' 1018 GeV

At each epoch, 
causal contact 

maintained only 
in regions of size

<latexit sha1_base64="1ZYHP9S1F+Rev4KkUpCT49fbYkM=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUg2VXRD0WvfRYoV/SriWbZtvQJLskWaEs/RVePCji1Z/jzX9j2u5BWx8MPN6bYWZeEHOmjet+Oyura+sbm7mt/PbO7t5+4eCwqaNEEdogEY9UO8CaciZpwzDDaTtWFIuA01Ywupv6rSeqNItk3Yxj6gs8kCxkBBsrPVQf03NvUqqf9QpFt+zOgJaJl5EiZKj1Cl/dfkQSQaUhHGvd8dzY+ClWhhFOJ/luommMyQgPaMdSiQXVfjo7eIJOrdJHYaRsSYNm6u+JFAutxyKwnQKboV70puJ/Xicx4Y2fMhknhkoyXxQmHJkITb9HfaYoMXxsCSaK2VsRGWKFibEZ5W0I3uLLy6R5Ufauyt79ZbFym8WRg2M4gRJ4cA0VqEINGkBAwDO8wpujnBfn3fmYt6442cwR/IHz+QNhbI97</latexit>

H
�1(T )



Recombination  
(CMB)

<latexit sha1_base64="fqw/p9l/GfO4ntxK/UptlYNyQ58=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dhCv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZ377CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV7z6Vbl6l8dRgFM4gwvw4Aaq8AA1aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+xoYze</latexit>

T
<latexit sha1_base64="paHd0FsNCuY5xwEnpwS0OB5N5Gw=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Aroh6DXjxGyAuSEGYnnWTI7Owy0ysuS/wVLx4U8eqHePNvnDwOmljQUFR1090VxFIY9LxvJ7e2vrG5ld8u7Ozu7R+4h0cNEyWaQ51HMtKtgBmQQkEdBUpoxRpYGEhoBuPbqd98AG1EpGqYxtAN2VCJgeAMrdRzi7WOBGOMCGkH4REzaEx6bskrezPQVeIvSIksUO25X51+xJMQFHLJjGn7XozdjGkUXMKk0EkMxIyP2RDalioWgulms+Mn9NQqfTqItC2FdKb+nshYaEwaBrYzZDgyy95U/M9rJzi47mZCxQmC4vNFg0RSjOg0CdoXGjjK1BLGtbC3Uj5imnG0eRVsCP7yy6ukcV72L8v+/UWpcrOII0+OyQk5Iz65IhVyR6qkTjhJyTN5JW/Ok/PivDsf89acs5gpkj9wPn8AHGmVEw==</latexit>

T . eV

The early Universe

Minimal cosmological history:  
early Universe dominated by gas of 

relativistic particles (radiation 
domination)Big Bang 

Nucleosynthesis 
(BBN)

<latexit sha1_base64="pQ3BhDZkXwr3/ra7Zd8RL3Xpmhs=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5gRUY9BL16ECNkgM4SeTiVp0rPQXSPGIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1gkQKjY7zbeWWlldW1/LrhY3Nre0de3evruNUcajxWMaqGTANUkRQQ4ESmokCFgYSGsHgeuw37kFpEUdVHCbgh6wXia7gDI3Utg+qngSttQiph/CA2S3UR2276JScCegicWekSGaotO0vrxPzNIQIuWRat1wnQT9jCgWXMCp4qYaE8QHrQcvQiIWg/Wxy/YgeG6VDu7EyFSGdqL8nMhZqPQwD0xky7Ot5byz+57VS7F76mYiSFCHi00XdVFKM6TgK2hEKOMqhIYwrYW6lvM8U42gCK5gQ3PmXF0n9tOSel9y7s2L5ahZHnhySI3JCXHJByuSGVEiNcPJInskrebOerBfr3fqYtuas2cw++QPr8we9l5Vq</latexit>

T . MeV

<latexit sha1_base64="jlqE1noUxGaAkEO2DEvwI0CXA8w=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqk2KqMuim26ECn1BE8NkOmmHziRxZlIooSs3/oobF4q49Rvc+TdO2yy09cCFwzn3ztx7/JhRqSzr28itrK6tb+Q3C1vbO7t75v5BS0aJwKSJIxaJjo8kYTQkTUUVI51YEMR9Rtr+8Gbqt0dESBqFDTWOictRP6QBxUhpyTOPaw55SOgIOr1IpWhSRo6kHDbuK+VbL/bMolWyZoDLxM5IEWSoe+aXfgcnnIQKMyRl17Zi5aZIKIoZmRScRJIY4SHqk66mIeJEuunsjAk81UoPBpHQFSo4U39PpIhLOea+7uRIDeSiNxX/87qJCq7clIZxokiI5x8FCYMqgtNMYI8KghUba4KwoHpXiAdIIKx0cgUdgr148jJpVUr2Rcm+Oy9Wr7M48uAInIAzYINLUAU1UAdNgMEjeAav4M14Ml6Md+Nj3pozsplD8AfG5w8fYphB</latexit>

H ⌘ ȧ/a ⇠ T
2
/Mp



Recombination  
(CMB)

<latexit sha1_base64="fqw/p9l/GfO4ntxK/UptlYNyQ58=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dhCv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZ377CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV7z6Vbl6l8dRgFM4gwvw4Aaq8AA1aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+xoYze</latexit>

T
<latexit sha1_base64="paHd0FsNCuY5xwEnpwS0OB5N5Gw=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Aroh6DXjxGyAuSEGYnnWTI7Owy0ysuS/wVLx4U8eqHePNvnDwOmljQUFR1090VxFIY9LxvJ7e2vrG5ld8u7Ozu7R+4h0cNEyWaQ51HMtKtgBmQQkEdBUpoxRpYGEhoBuPbqd98AG1EpGqYxtAN2VCJgeAMrdRzi7WOBGOMCGkH4REzaEx6bskrezPQVeIvSIksUO25X51+xJMQFHLJjGn7XozdjGkUXMKk0EkMxIyP2RDalioWgulms+Mn9NQqfTqItC2FdKb+nshYaEwaBrYzZDgyy95U/M9rJzi47mZCxQmC4vNFg0RSjOg0CdoXGjjK1BLGtbC3Uj5imnG0eRVsCP7yy6ukcV72L8v+/UWpcrOII0+OyQk5Iz65IhVyR6qkTjhJyTN5JW/Ok/PivDsf89acs5gpkj9wPn8AHGmVEw==</latexit>

T . eV

The early Universe

Minimal cosmological history:  
early Universe dominated by gas of 

relativistic particles (radiation 
domination)Big Bang 

Nucleosynthesis 
(BBN)

<latexit sha1_base64="pQ3BhDZkXwr3/ra7Zd8RL3Xpmhs=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5gRUY9BL16ECNkgM4SeTiVp0rPQXSPGIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1gkQKjY7zbeWWlldW1/LrhY3Nre0de3evruNUcajxWMaqGTANUkRQQ4ESmokCFgYSGsHgeuw37kFpEUdVHCbgh6wXia7gDI3Utg+qngSttQiph/CA2S3UR2276JScCegicWekSGaotO0vrxPzNIQIuWRat1wnQT9jCgWXMCp4qYaE8QHrQcvQiIWg/Wxy/YgeG6VDu7EyFSGdqL8nMhZqPQwD0xky7Ot5byz+57VS7F76mYiSFCHi00XdVFKM6TgK2hEKOMqhIYwrYW6lvM8U42gCK5gQ3PmXF0n9tOSel9y7s2L5ahZHnhySI3JCXHJByuSGVEiNcPJInskrebOerBfr3fqYtuas2cw++QPr8we9l5Vq</latexit>

T . MeV

In
fla

tio
n 

<latexit sha1_base64="K1dsaHiGZAR6SDFlTfX57F9GytE=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GwCnci0TJooWWEfEFyhr3NJFmy98HunBiOWNj4V2wsFLH1P9j5b9wkV2jig4HHezPMzPMiKTTa9re1sLi0vLKaWcuub2xubed2dms6jBWHKg9lqBoe0yBFAFUUKKERKWC+J6HuDS7Hfv0OlBZhUMFhBK7PeoHoCs7QSO3cQaUlQWstfOrYt4lTHD20EO4xuYLaqJ3L2wV7AjpPnJTkSYpyO/fV6oQ89iFALpnWTceO0E2YQsEljLKtWEPE+ID1oGlowHzQbjL5YkSPjNKh3VCZCpBO1N8TCfO1Hvqe6fQZ9vWsNxb/85oxds/dRARRjBDw6aJuLCmGdBwJ7QgFHOXQEMaVMLdS3meKcTTBZU0IzuzL86R2UnCKBefmNF+6SOPIkH1ySI6JQ85IiVyTMqkSTh7JM3klb9aT9WK9Wx/T1gUrndkjf2B9/gATBJhQ</latexit>

T . 1016 GeV?????

<latexit sha1_base64="jlqE1noUxGaAkEO2DEvwI0CXA8w=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgqk2KqMuim26ECn1BE8NkOmmHziRxZlIooSs3/oobF4q49Rvc+TdO2yy09cCFwzn3ztx7/JhRqSzr28itrK6tb+Q3C1vbO7t75v5BS0aJwKSJIxaJjo8kYTQkTUUVI51YEMR9Rtr+8Gbqt0dESBqFDTWOictRP6QBxUhpyTOPaw55SOgIOr1IpWhSRo6kHDbuK+VbL/bMolWyZoDLxM5IEWSoe+aXfgcnnIQKMyRl17Zi5aZIKIoZmRScRJIY4SHqk66mIeJEuunsjAk81UoPBpHQFSo4U39PpIhLOea+7uRIDeSiNxX/87qJCq7clIZxokiI5x8FCYMqgtNMYI8KghUba4KwoHpXiAdIIKx0cgUdgr148jJpVUr2Rcm+Oy9Wr7M48uAInIAzYINLUAU1UAdNgMEjeAav4M14Ml6Md+Nj3pozsplD8AfG5w8fYphB</latexit>

H ⌘ ȧ/a ⇠ T
2
/Mp



Recombination  
(CMB)

<latexit sha1_base64="fqw/p9l/GfO4ntxK/UptlYNyQ58=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dhCv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZ377CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV7z6Vbl6l8dRgFM4gwvw4Aaq8AA1aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+xoYze</latexit>

T
<latexit sha1_base64="paHd0FsNCuY5xwEnpwS0OB5N5Gw=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Aroh6DXjxGyAuSEGYnnWTI7Owy0ysuS/wVLx4U8eqHePNvnDwOmljQUFR1090VxFIY9LxvJ7e2vrG5ld8u7Ozu7R+4h0cNEyWaQ51HMtKtgBmQQkEdBUpoxRpYGEhoBuPbqd98AG1EpGqYxtAN2VCJgeAMrdRzi7WOBGOMCGkH4REzaEx6bskrezPQVeIvSIksUO25X51+xJMQFHLJjGn7XozdjGkUXMKk0EkMxIyP2RDalioWgulms+Mn9NQqfTqItC2FdKb+nshYaEwaBrYzZDgyy95U/M9rJzi47mZCxQmC4vNFg0RSjOg0CdoXGjjK1BLGtbC3Uj5imnG0eRVsCP7yy6ukcV72L8v+/UWpcrOII0+OyQk5Iz65IhVyR6qkTjhJyTN5JW/Ok/PivDsf89acs5gpkj9wPn8AHGmVEw==</latexit>

T . eV

Expectations from Standard Model

<latexit sha1_base64="pQ3BhDZkXwr3/ra7Zd8RL3Xpmhs=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5gRUY9BL16ECNkgM4SeTiVp0rPQXSPGIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1gkQKjY7zbeWWlldW1/LrhY3Nre0de3evruNUcajxWMaqGTANUkRQQ4ESmokCFgYSGsHgeuw37kFpEUdVHCbgh6wXia7gDI3Utg+qngSttQiph/CA2S3UR2276JScCegicWekSGaotO0vrxPzNIQIuWRat1wnQT9jCgWXMCp4qYaE8QHrQcvQiIWg/Wxy/YgeG6VDu7EyFSGdqL8nMhZqPQwD0xky7Ot5byz+57VS7F76mYiSFCHi00XdVFKM6TgK2hEKOMqhIYwrYW6lvM8U42gCK5gQ3PmXF0n9tOSel9y7s2L5ahZHnhySI3JCXHJByuSGVEiNcPJInskrebOerBfr3fqYtuas2cw++QPr8we9l5Vq</latexit>

T . MeV

In
fla

tio
n 

ElectroWeak 
Symmetry 
Breaking   

<latexit sha1_base64="u1X5JEO4uhG6ZchJTj5F28o8ejI=">AAAB/HicbVBNS8NAEN34WetXtEcvwSJ4KomIeix60GOFfkETymY7aZduPtidiCHUv+LFgyJe/SHe/Ddu2xy09cHA470ZZub5ieAKbfvbWFldW9/YLG2Vt3d29/bNg8O2ilPJoMViEcuuTxUIHkELOQroJhJo6Avo+OObqd95AKl4HDUxS8AL6TDiAWcUtdQ3K01XgFKKhy7CI+a30J70zapds2ewlolTkCop0OibX+4gZmkIETJBleo5doJeTiVyJmBSdlMFCWVjOoSephENQXn57PiJdaKVgRXEUleE1kz9PZHTUKks9HVnSHGkFr2p+J/XSzG48nIeJSlCxOaLglRYGFvTJKwBl8BQZJpQJrm+1WIjKilDnVdZh+AsvrxM2mc156Lm3J9X69dFHCVyRI7JKXHIJamTO9IgLcJIRp7JK3kznowX4934mLeuGMVMhfyB8fkDWdaVOg==</latexit>

T . GeV

Confinement  

<latexit sha1_base64="9rRH0pBQwQ9NJvMme0yulU8ECGI=">AAAB/XicbVDJSgNBEO1xjXEbl5uXxiB4CjMi6jHoQY8RskEyhJ5OJWnSs9BdI8Yh+itePCji1f/w5t/YSeagiQ8KHu9VUVXPj6XQ6Djf1sLi0vLKam4tv76xubVt7+zWdJQoDlUeyUg1fKZBihCqKFBCI1bAAl9C3R9cjf36HSgtorCCwxi8gPVC0RWcoZHa9n6lpUVAXcd5bCHcY3oNtVHbLjhFZwI6T9yMFEiGctv+anUingQQIpdM66brxOilTKHgEkb5VqIhZnzAetA0NGQBaC+dXD+iR0bp0G6kTIVIJ+rviZQFWg8D33QGDPt61huL/3nNBLsXXirCOEEI+XRRN5EUIzqOgnaEAo5yaAjjSphbKe8zxTiawPImBHf25XlSOym6Z0X39rRQusziyJEDckiOiUvOSYnckDKpEk4eyDN5JW/Wk/VivVsf09YFK5vZI39gff4ArJiUvA==</latexit>

T ⇠ 100 GeV

BBN

<latexit sha1_base64="K1dsaHiGZAR6SDFlTfX57F9GytE=">AAACBXicbVA9SwNBEN3zM8avqKUWi0GwCnci0TJooWWEfEFyhr3NJFmy98HunBiOWNj4V2wsFLH1P9j5b9wkV2jig4HHezPMzPMiKTTa9re1sLi0vLKaWcuub2xubed2dms6jBWHKg9lqBoe0yBFAFUUKKERKWC+J6HuDS7Hfv0OlBZhUMFhBK7PeoHoCs7QSO3cQaUlQWstfOrYt4lTHD20EO4xuYLaqJ3L2wV7AjpPnJTkSYpyO/fV6oQ89iFALpnWTceO0E2YQsEljLKtWEPE+ID1oGlowHzQbjL5YkSPjNKh3VCZCpBO1N8TCfO1Hvqe6fQZ9vWsNxb/85oxds/dRARRjBDw6aJuLCmGdBwJ7QgFHOXQEMaVMLdS3meKcTTBZU0IzuzL86R2UnCKBefmNF+6SOPIkH1ySI6JQ85IiVyTMqkSTh7JM3klb9aT9WK9Wx/T1gUrndkjf2B9/gATBJhQ</latexit>

T . 1016 GeV

?????



Recombination  
(CMB)

<latexit sha1_base64="fqw/p9l/GfO4ntxK/UptlYNyQ58=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dhCv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZ377CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV7z6Vbl6l8dRgFM4gwvw4Aaq8AA1aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+xoYze</latexit>

T
<latexit sha1_base64="paHd0FsNCuY5xwEnpwS0OB5N5Gw=">AAAB/HicbVDLSgNBEJyNrxhfqzl6GQyCp7Aroh6DXjxGyAuSEGYnnWTI7Owy0ysuS/wVLx4U8eqHePNvnDwOmljQUFR1090VxFIY9LxvJ7e2vrG5ld8u7Ozu7R+4h0cNEyWaQ51HMtKtgBmQQkEdBUpoxRpYGEhoBuPbqd98AG1EpGqYxtAN2VCJgeAMrdRzi7WOBGOMCGkH4REzaEx6bskrezPQVeIvSIksUO25X51+xJMQFHLJjGn7XozdjGkUXMKk0EkMxIyP2RDalioWgulms+Mn9NQqfTqItC2FdKb+nshYaEwaBrYzZDgyy95U/M9rJzi47mZCxQmC4vNFg0RSjOg0CdoXGjjK1BLGtbC3Uj5imnG0eRVsCP7yy6ukcV72L8v+/UWpcrOII0+OyQk5Iz65IhVyR6qkTjhJyTN5JW/Ok/PivDsf89acs5gpkj9wPn8AHGmVEw==</latexit>

T . eV

<latexit sha1_base64="pQ3BhDZkXwr3/ra7Zd8RL3Xpmhs=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAbBU5gRUY9BL16ECNkgM4SeTiVp0rPQXSPGIfgrXjwo4tX/8Obf2FkOmvig4PFeFVX1gkQKjY7zbeWWlldW1/LrhY3Nre0de3evruNUcajxWMaqGTANUkRQQ4ESmokCFgYSGsHgeuw37kFpEUdVHCbgh6wXia7gDI3Utg+qngSttQiph/CA2S3UR2276JScCegicWekSGaotO0vrxPzNIQIuWRat1wnQT9jCgWXMCp4qYaE8QHrQcvQiIWg/Wxy/YgeG6VDu7EyFSGdqL8nMhZqPQwD0xky7Ot5byz+57VS7F76mYiSFCHi00XdVFKM6TgK2hEKOMqhIYwrYW6lvM8U42gCK5gQ3PmXF0n9tOSel9y7s2L5ahZHnhySI3JCXHJByuSGVEiNcPJInskrebOerBfr3fqYtuas2cw++QPr8we9l5Vq</latexit>

T . MeV

In
fla

tio
n 

BBN

And from BSM?
(Un)naturalness of 

weak scale

Dark Matter 
Production

CP violation in 
strong 

interactions

Baryon 
asymmetry



Seeing via gravitational backgrounds
EARLY UNIVERSE

LATE 
UNIVERSE

Recombination  
(CMB)

<latexit sha1_base64="fqw/p9l/GfO4ntxK/UptlYNyQ58=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dhCv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZ377CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV7z6Vbl6l8dRgFM4gwvw4Aaq8AA1aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+xoYze</latexit>

T

Species that interact only gravitationally 
reach the late Universe unaltered  

(Free-streaming)! 
(except for expansion dilution)

Relics with additional interactions can 
also survive, abundance set by 

interactions See talk by Josef Pradler!

Provide a background of early Universe 
relics that can be observed today!

Gravity is  
extremely weak!



Seeing via gravitational backgrounds
EARLY UNIVERSE

LATE 
UNIVERSE

Recombination  
(CMB)

<latexit sha1_base64="fqw/p9l/GfO4ntxK/UptlYNyQ58=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68dhCv6ANZbOdtGs3m7C7EUroL/DiQRGv/iRv/hu3bQ7a+mDg8d4MM/OCRHBtXPfbWVvf2NzaLuwUd/f2Dw5LR8ctHaeKYZPFIladgGoUXGLTcCOwkyikUSCwHYzvZ377CZXmsWyYSYJ+RIeSh5xRY6V6o18quxV3DrJKvJyUIUetX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/dErOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/9jMskNSjZYlGYCmJiMvuaDLhCZsTEEsoUt7cSNqKKMmOzKdoQvOWXV0nrsuJdV7z6Vbl6l8dRgFM4gwvw4Aaq8AA1aAIDhGd4hTfn0Xlx3p2PReuak8+cwB84nz+xoYze</latexit>

T

Provide a background of early Universe 
relics that can be observed today!

“Dark radiation” Dark matter

Relativistic Non-Relativistic

~isotropic 
stochastic 

background, 
analogous to 

the CMB



Relativistic relics: (Cosmological) Gravitational Waves
Other relics also 

possible: e.g. light 
axions, dark 

“photons”, etc

Radiated by any mass/energy distribution with sufficiently 
large time-varying quadrupole moment  

GW source  

<latexit sha1_base64="yuVQ9oql7yU1U7UQ8KRikx1zSAI=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEI9WBJRNRj0UuPFfoFbQyb7bZdutmE3YlQQ3+JFw+KePWnePPfuG1z0NYHA4/3ZpiZF8SCa3Ccbyu3tr6xuZXfLuzs7u0X7YPDlo4SRVmTRiJSnYBoJrhkTeAgWCdWjISBYO1gfDfz249MaR7JBkxi5oVkKPmAUwJG8u1i7SE9d6flht/TQNSZb5ecijMHXiVuRkooQ923v3r9iCYhk0AF0brrOjF4KVHAqWDTQi/RLCZ0TIasa6gkIdNeOj98ik+N0seDSJmSgOfq74mUhFpPwsB0hgRGetmbif953QQGN17KZZwAk3SxaJAIDBGepYD7XDEKYmIIoYqbWzEdEUUomKwKJgR3+eVV0rqouFcV9/6yVL3N4sijY3SCyshF16iKaqiOmoiiBD2jV/RmPVkv1rv1sWjNWdnMEfoD6/MHh8iSXQ==</latexit>

H
�1(T?)

Hubble 
sphere

e.g. bubbles of a first 
order PT

Credit: David Weir

Broad class of sources: transient in cosmological history,  
i.e. active at definite epoch/temperature, then shut off

Non-transient 
sources also 

possible



GW source  

<latexit sha1_base64="0oDtcyg6r0wLT3sYxJ3Qhb5EwS4=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahLiyJiLosuumyQl/QxDCZTtqhkwczN0IJXbrxV9y4UMStn+DOv3HaZqHVAxcO59zLvff4ieAKLOvLKCwtr6yuFddLG5tb2zvm7l5bxamkrEVjEcuuTxQTPGIt4CBYN5GMhL5gHX90M/U790wqHkdNGCfMDckg4gGnBLTkmYfgOQqIdARTSvEQ1++yU3tSac7lE88sW1VrBvyX2DkpoxwNz/x0+jFNQxYBFUSpnm0l4GZEAqeCTUpOqlhC6IgMWE/TiIRMudnskQk+1kofB7HUFQGeqT8nMhIqNQ593RkSGKpFbyr+5/VSCK7cjEdJCiyi80VBKjDEeJoK7nPJKIixJoRKrm/FdEgkoaCzK+kQ7MWX/5L2WdW+qNq35+XadR5HER2gI1RBNrpENVRHDdRCFD2gJ/SCXo1H49l4M97nrQUjn9lHv2B8fAMeFZli</latexit>

t? . H
�1(T?)

Transient sources
(Mostly) Active at definite epoch/temperature, then shut off

Typical GW 
(peak) frequency 

<latexit sha1_base64="DxKiwXkcE/HPl/jEvmMB8RrEwiU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNVERF0W3bisYB/QhDCZTtqhM0mYuRFKqBt/xY0LRdz6F+78G6dtFtp6YOBwzrncuSdMBdfgON9WaWl5ZXWtvF7Z2Nza3rF391o6yRRlTZqIRHVCopngMWsCB8E6qWJEhoK1w+HNxG8/MKV5Et/DKGW+JP2YR5wSMFJgH0SBp4Eorw8mJLF7CjMhsKtOzZkCLxK3IFVUoBHYX14voZlkMVBBtO66Tgp+ThRwKti44mWapYQOSZ91DY2JZNrPpxeM8bFRejhKlHkx4Kn6eyInUuuRDE1SEhjoeW8i/ud1M4iu/JzHaQYsprNFUSYwJHhSB+5xxSiIkSGEKm7+iumAKELBlFYxJbjzJy+S1lnNvai5d+fV+nVRRxkdoiN0glx0ieroFjVQE1H0iJ7RK3qznqwX6936mEVLVjGzj/7A+vwBX/+W1w==</latexit>

f? & 1/t?

But persistent 
background in the 

detector!!



Frequency today

<latexit sha1_base64="E6k2A66KSFiJqH6dhlkUizNLhbc="></latexit>

f
0
? ' 7 nHz

✓
t
�1
?

H?

◆✓
g⇤(T?)

15

◆ 1
6
✓

T?

60 MeV

◆

<latexit sha1_base64="gr2gESR/uxeQnQ7jJGS0YRXaGCk=">AAACHnicbVDJTsMwEHVYS9kCHLlYVEhcqBLEdqzgwhEQBaQmRI47aS2cBXsCqqJ+CRd+hQsHEELiBH+D2+bA9iTLz2/eaDwvzKTQ6Dif1tj4xOTUdGWmOjs3v7BoLy2f6zRXHJo8lam6DJkGKRJookAJl5kCFocSLsLrw0H94haUFmlyhr0M/Jh1EhEJztBIgb0TBZ5GpjwtYrihOHpdFZtu35OgtZHpUWk5FZ2uuVV6F9g1p+4MQf8StyQ1UuI4sN+9dsrzGBLkkmndcp0M/YIpFFxCv+rlGjLGr1kHWoYmLAbtF8P1+nTdKG0apcqcBOlQ/d5RsFjrXhwaZ8ywq3/XBuJ/tVaO0b5fiCTLERI+GhTlkmJKB1nRtlDAUfYMYVwJ81fKu0wxjibRqgnB/b3yX3K+VXd36+7Jdq1xUMZRIatkjWwQl+yRBjkix6RJOLknj+SZvFgP1pP1ar2NrGNW2bNCfsD6+ALgPqOU</latexit>

f? ' t
�1
? . H? )

<latexit sha1_base64="QKuACAGtmKh9i9x2dqZ5ChlW1qE="></latexit>

f
0
? ' 10 Hz

✓
t
�1
?

H?

◆✓
g⇤(T?)

15

◆ 1
6
✓

T?

108 GeV

◆

Pulsar Timing Arrays! 
(European PTA, NANOGrav, 

PPTA +)

Interferometers (LIGO/Virgo/KAGRA)

cr
ed

it:
 D

av
id

 J.
 C

ha
m

pi
on

Credit: The Virgo Collaboration/CCO 1.0



GW source  

<latexit sha1_base64="0oDtcyg6r0wLT3sYxJ3Qhb5EwS4=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahLiyJiLosuumyQl/QxDCZTtqhkwczN0IJXbrxV9y4UMStn+DOv3HaZqHVAxcO59zLvff4ieAKLOvLKCwtr6yuFddLG5tb2zvm7l5bxamkrEVjEcuuTxQTPGIt4CBYN5GMhL5gHX90M/U790wqHkdNGCfMDckg4gGnBLTkmYfgOQqIdARTSvEQ1++yU3tSac7lE88sW1VrBvyX2DkpoxwNz/x0+jFNQxYBFUSpnm0l4GZEAqeCTUpOqlhC6IgMWE/TiIRMudnskQk+1kofB7HUFQGeqT8nMhIqNQ593RkSGKpFbyr+5/VSCK7cjEdJCiyi80VBKjDEeJoK7nPJKIixJoRKrm/FdEgkoaCzK+kQ7MWX/5L2WdW+qNq35+XadR5HER2gI1RBNrpENVRHDdRCFD2gJ/SCXo1H49l4M97nrQUjn9lHv2B8fAMeFZli</latexit>

t? . H
�1(T?)

Transient sources
(Mostly) Active at definite epoch/temperature, then shut off

Typical GW 
(peak) frequency 

<latexit sha1_base64="DxKiwXkcE/HPl/jEvmMB8RrEwiU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNVERF0W3bisYB/QhDCZTtqhM0mYuRFKqBt/xY0LRdz6F+78G6dtFtp6YOBwzrncuSdMBdfgON9WaWl5ZXWtvF7Z2Nza3rF391o6yRRlTZqIRHVCopngMWsCB8E6qWJEhoK1w+HNxG8/MKV5Et/DKGW+JP2YR5wSMFJgH0SBp4Eorw8mJLF7CjMhsKtOzZkCLxK3IFVUoBHYX14voZlkMVBBtO66Tgp+ThRwKti44mWapYQOSZ91DY2JZNrPpxeM8bFRejhKlHkx4Kn6eyInUuuRDE1SEhjoeW8i/ud1M4iu/JzHaQYsprNFUSYwJHhSB+5xxSiIkSGEKm7+iumAKELBlFYxJbjzJy+S1lnNvai5d+fV+nVRRxkdoiN0glx0ieroFjVQE1H0iJ7RK3qznqwX6936mEVLVjGzj/7A+vwBX/+W1w==</latexit>

f? & 1/t?

But persistent 
background in the 

detector!!

Peak and high frequency 
tail probe microscopic 

properties of the source 
Model-dependent!



GW source  

<latexit sha1_base64="0oDtcyg6r0wLT3sYxJ3Qhb5EwS4=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahLiyJiLosuumyQl/QxDCZTtqhkwczN0IJXbrxV9y4UMStn+DOv3HaZqHVAxcO59zLvff4ieAKLOvLKCwtr6yuFddLG5tb2zvm7l5bxamkrEVjEcuuTxQTPGIt4CBYN5GMhL5gHX90M/U790wqHkdNGCfMDckg4gGnBLTkmYfgOQqIdARTSvEQ1++yU3tSac7lE88sW1VrBvyX2DkpoxwNz/x0+jFNQxYBFUSpnm0l4GZEAqeCTUpOqlhC6IgMWE/TiIRMudnskQk+1kofB7HUFQGeqT8nMhIqNQ593RkSGKpFbyr+5/VSCK7cjEdJCiyi80VBKjDEeJoK7nPJKIixJoRKrm/FdEgkoaCzK+kQ7MWX/5L2WdW+qNq35+XadR5HER2gI1RBNrpENVRHDdRCFD2gJ/SCXo1H49l4M97nrQUjn9lHv2B8fAMeFZli</latexit>

t? . H
�1(T?)

Transient sources
(Mostly) Active at definite epoch/temperature, then shut off

Typical GW 
(peak) frequency 

<latexit sha1_base64="DxKiwXkcE/HPl/jEvmMB8RrEwiU=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXNVERF0W3bisYB/QhDCZTtqhM0mYuRFKqBt/xY0LRdz6F+78G6dtFtp6YOBwzrncuSdMBdfgON9WaWl5ZXWtvF7Z2Nza3rF391o6yRRlTZqIRHVCopngMWsCB8E6qWJEhoK1w+HNxG8/MKV5Et/DKGW+JP2YR5wSMFJgH0SBp4Eorw8mJLF7CjMhsKtOzZkCLxK3IFVUoBHYX14voZlkMVBBtO66Tgp+ThRwKti44mWapYQOSZ91DY2JZNrPpxeM8bFRejhKlHkx4Kn6eyInUuuRDE1SEhjoeW8i/ud1M4iu/JzHaQYsprNFUSYwJHhSB+5xxSiIkSGEKm7+iumAKELBlFYxJbjzJy+S1lnNvai5d+fV+nVRRxkdoiN0glx0ieroFjVQE1H0iJ7RK3qznqwX6936mEVLVjGzj/7A+vwBX/+W1w==</latexit>

f? & 1/t?

But persistent 
background in the 

detector!!

Peak and high frequency 
tail probe microscopic 

properties of the source 
Model-dependent!

Super-horizon 
modes cannot 
know about 

details of source 
(Causality): 

Model-
independent

<latexit sha1_base64="ZwSj/rr+ypQsHcbiJp8PHuav/8k=">AAACD3icbVC7TsMwFHV4lvIKMLJYVKAyUCUIAWMFS8ci9SU1JXJcN7XqPGTfAFWUP2DhV1gYQIiVlY2/wX0M0HIkS0fnnKvre7xYcAWW9W0sLC4tr6zm1vLrG5tb2+bObkNFiaSsTiMRyZZHFBM8ZHXgIFgrlowEnmBNb3A98pt3TCoehTUYxqwTED/kPU4JaMk1jxyhw13ipg6wB0j9+yxzfB9XbtMTOyvWXEcBkceuWbBK1hh4nthTUkBTVF3zy+lGNAlYCFQQpdq2FUMnJRI4FSzLO4liMaED4rO2piEJmOqk43syfKiVLu5FUr8Q8Fj9PZGSQKlh4OlkQKCvZr2R+J/XTqB32Ul5GCfAQjpZ1EsEhgiPysFdLhkFMdSEUMn1XzHtE0ko6ArzugR79uR50jgt2ecl++asUL6a1pFD++gAFZGNLlAZVVAV1RFFj+gZvaI348l4Md6Nj0l0wZjO7KE/MD5/APkSnJg=</latexit>

�gw � H
�1(T?)



Relic Gravitational Waves: amplitude

<latexit sha1_base64="E4iMOXQcCdY9ribG9WGLB7EpqKU=">AAACDXicbVC5TsNAEF1zhnAZKGlWBCSqyI4QUEZQQIUSiRxSHKz1epMsWR/aHQOR5R+g4VdoKECIlp6Ov2FzFJDwpJGe3pvRzDwvFlyBZX0bc/MLi0vLuZX86tr6xqa5tV1XUSIpq9FIRLLpEcUED1kNOAjWjCUjgSdYw+ufD/3GHZOKR+E1DGLWDkg35B1OCWjJNfcrrgPsAdLufeYoHuAL9wo7vu9HkFYzN+W32U3JNQtW0RoBzxJ7Qgpogoprfjl+RJOAhUAFUaplWzG0UyKBU8GyvJMoFhPaJ13W0jQkAVPtdPRNhg+04uNOJHWFgEfq74mUBEoNAk93BgR6atobiv95rQQ6p+2Uh3ECLKTjRZ1EYIjwMBrsc8koiIEmhEqub8W0RyShoAPM6xDs6ZdnSb1UtI+LdvWoUD6bxJFDu2gPHSIbnaAyukQVVEMUPaJn9IrejCfjxXg3Psatc8ZkZgf9gfH5A868nAY=</latexit>

Pgw ⇠ GN

...
Q

2
ij

Einstein 1918 
(Non-relativistic source)

Quadrupole 
moment

<latexit sha1_base64="nIPzCkhUj6rOIlnRq1NWnBI11D8="></latexit>

⇢gw ⇠ Egw/V ⇠ Pgwt?t
3
? ⇠ ⇢? ⇥ ✏

✓
t
�1
?

H?

◆p

, . . .

�✓
⇢s

3H2
?M

2
p

◆2

Back-of-the-envelope (quadrupole formula)

<latexit sha1_base64="3CHpWSu1ZmsFQKx8ZAuM06+KE5I=">AAACC3icbVDLSsNAFJ34rPUVdelmaBHqpiRV1I1QdNONUKEvaNIwmU7aoZNJmJkIJXTvxl9x40IRt/6AO//GaZuFth64cOace5l7jx8zKpVlfRsrq2vrG5u5rfz2zu7evnlw2JJRIjBp4ohFouMjSRjlpKmoYqQTC4JCn5G2P7qd+u0HIiSNeEONY+KGaMBpQDFSWvLMgiOGkedIhQS8hmewBkuN+fO0V4F3XtyreGbRKlszwGViZ6QIMtQ988vpRzgJCVeYISm7thUrN0VCUczIJO8kksQIj9CAdDXlKCTSTWe3TOCJVvowiIQuruBM/T2RolDKcejrzhCpoVz0puJ/XjdRwZWbUh4ninA8/yhIGFQRnAYD+1QQrNhYE4QF1btCPEQCYaXjy+sQ7MWTl0mrUrYvyvb9ebF6k8WRA8egAErABpegCmqgDpoAg0fwDF7Bm/FkvBjvxse8dcXIZo7AHxifP4PRmM0=</latexit>
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Figure 4. Same as Fig. 3 but for a di↵erent selection of models and showing a larger frequency range. The solid lines represent
median GWB spectra for a subset of new-physics models (see Appendix B for more details); the gray violins correspond to
the posteriors of an HD-correlated free spectral reconstruction of the NANOGrav signal; and the shaded regions indicate the
power-law-integrated sensitivity (Thrane & Romano 2013) of various existing and planned GW interferometer experiments:
LISA (Amaro-Seoane et al. 2017), DECIGO (Kawamura et al. 2011), BBO (Crowder & Cornish 2005), Einstein Telescope (ET;
Punturo et al. 2010), Cosmic Explorer (CE; Reitze et al. 2019), the HLVK detector network (consisting of aLIGO in Hanford
and Livingston (Aasi et al. 2015), aVirgo (Acernese et al. 2015), and KAGRA (Akutsu et al. 2019)) at design sensitivity, and
the HLV detector network during the third observing run (O3). All sensitivity curves are normalized to a signal-to-noise ratio
of unity and, for planned experiments, an observing time of one year. For the HLV detector network, we use the O3 observing
time. Di↵erent signal-to-noise thresholds ⇢thr and observing times tobs can be easily implemented by rescaling the sensitivity
curves by a factor of ⇢thr/

p
tobs. More details on the construction of the sensitivity curves can be found in Schmitz (2021).

We emphasize that models whose median GWB spectrum exceeds the sensitivity of existing experiments are not automatically
ruled out. This applies, e.g., to cosmic superstrings (super) and the O3 sensitivity of the HLV detector network. Typically, no
single GWB spectrum in a given model will coincide with the median GWB spectrum, which is constructed from distributions
of h2⌦GW values at any given frequency. Therefore, if the median GWB spectrum is in conflict with existing bounds, typically
only some regions in the model parameter space will be ruled out, while others remain viable (see, e.g., Fig. 11 for the super
model). Finally, note that any primordial GWB signal is subject to the upper limit on the amount of dark radiation in Eq. (23),
which requires the total integrated GW energy density to remain smaller than O(10�(5···6)) (see Section 5.1).

eters in these models are fairly well known (e.g., con-
cerning the galaxy stellar mass function), others are
almost entirely unconstrained—particularly those gov-
erning the dynamical evolution of SMBHBs on subpar-
sec scales (Begelman et al. 1980). The GWOnly-Ext li-
brary assumes purely GW-driven binary evolution and
uses relatively narrow distributions of model parame-
ters based on literature constraints from galaxy-merger

observations (e.g., Tomczak et al. 2014) in addition to
more detailed numerical studies of SMBHB evolution
(e.g., Sesana 2013).
For each population contained in the GWOnly-Ext li-

brary, we perform a power-law fit of the correspond-
ing GWB spectrum across the first 14 frequency bins
that we use in our analysis. The distribution for ABHB

and �BHB obtained in this way is reported in Fig. 1

NANOGrav 15 yrs, Afzal et al 23
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FIG. 2: Expected SGWB spectra from local cosmic strings (Models A and B), domain walls (DWs) and strong first
order phase transition (FOPT). Cosmic string tension for Model A has been chosen to fit the current PTA constraints
[8, 10], whereas the one for Model B represents detectable signal within the Earth-based detector band. In both
cases, loops are assumed to have two cusps (see section IV). For the DW spectra, we have fixed ↵ann = 0.04 and
✏̃ = 0.7 in Eqs. (87) and (88), while �/H⇤ = 40 for the strong first order PT spectrum, Eqs. (56) and (57). Power
law integrated sensitivity curves (PLISC), corresponding to a SNR = 5 threshold, of future GW detectors are shown,
considering astrophysical foregrounds (solid lines, see Table I) or not (dashed lines). For ET and CE, the two PLISC
overlap: as discussed in section II B, this is due to the comparatively low level of the astrophysical foregrounds with
respect to the detectors noises. Therefore, to facilitate comparison with the cosmological SGWBs, we also show the
expected astrophysical foregrounds as dotted lines. In LISA, two foregrounds are present (see section II B): the one
from galactic binaries is higher than the instrument noise and clearly a↵ects the PLISC (solid line); that from extra
galactic white dwarf binaries and stellar mass black hole binaries is smaller than the detector noise. It is shown by
the dotted line. Details on the chosen specifications for the detectors are given in Table I. Note that the vertical axis
should be limited to ⇠ 10�6 due to the bound on the amplitude of the SGWB from BBN and CMB; here we extend
it for visualisation purposes.

GWs are indeed produced by a plasma in equilibrium, their amplitude is too small to be of observational relevance if
the plasma is the one of the SM [107], and even when hidden sectors are present [108] (note, however, that the question
remains open in the context of thermal inflation [109, 110]). On the other hand, if the PT proceeds via tunnelling
or thermal fluctuations over a potential barrier [111–113], bubbles of the new phase are nucleated and expand, and
ultimately percolate to complete the transition. A SGWB is then sourced by the anisotropic stresses generated by
the scalar field configuration when the bubbles collide [16, 17, 114–118], and/or by the bulk fluid motion induced by
the bubble expansion and collision [14, 15, 18, 119–131].

The evaluation of the SGWB signal, from the PT dynamics to the modelling of the anisotropic stress source, is a
complicated, though constantly progressing, endeavour, involving many assumptions and approximations (for recent
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Fig. 17: SGWB spectra (in terms of log10 h
2⌦gw) for four di↵erent early Universe SGWB models considered in this paper. BOS/LRS correspond

to a cosmic string background with Nc = 2 and Nk = 0 (� = 57), and log10 Gµ = �10.1/�10.6. The GWB from turbulence is plotted in solid line
for �⇤H⇤ = 1, ⌦⇤ = 0.3, and T⇤ = 140 MeV. The inflationary spectra is shown for log10 r = �13.1 and nT = 2.4 (maximum a posteriori value).
Power spectrum of the 2nd-order GWB from the scalar curvature perturbations described by the powerlaw model with A

10yr
⇣ = �2.9 and ns = 2.1

is shown with brown puncture-dot line. The nine first Fourier bins posteriors of the common signal are represented by the grey violin areas.

4.3. Implications on background from turbulence around the

QCD energy scale

Turbulence can arise in the early Universe in the aftermath of a
first-order phase transition (Witten 1984; Kamionkowski et al.
1994), or can be driven by pre-existing primordial magnetic
fields (Quashnock et al. 1989; Brandenburg et al. 1996). If the
(magneto-)hydrodynamic turbulence were present around the
QCD epoch, when the Universe had a temperature of T⇤ ⇠ 100
MeV, it would generate a GWB in the PTA band. The character-
istic scale of the turbulence, determining the characteristic GW
frequency, is in fact related to the (comoving) Hubble radius at
that epoch �⇤ ' O(H�1

⇤ ), where

H⇤ ' 10�8 T⇤
100 MeV

✓
g⇤
10

◆ 1
6

Hz, (20)

and g⇤ denotes the number of relativistic degrees of freedom.
If a large lepton asymmetry and/or primordial magnetic fields
were present in the early Universe, the QCD phase transition
might have been of first order (Schwarz & Stuke 2009; Wygas
et al. 2018; Middeldorf-Wygas et al. 2020, 2022; Vovchenko
et al. 2021; Cao 2023). In this case, one would expect additional
sources of GWs, from the collision of broken phase bubbles and
the subsequent development of sound waves in the primordial
fluid (Kosowsky et al. 1992; Kosowsky & Turner 1993; Caprini
et al. 2008; Huber & Konstandin 2008; Jinno & Takimoto 2017;
Cutting et al. 2018; Hindmarsh et al. 2014, 2015, 2017). This
was analysed for PTAs, e.g. in Moore & Vecchio (2021); Arzou-
manian et al. (2021); Xue et al. (2021). In what follows, we focus
on the GWB generated by decaying (M)HD turbulence.

4.3.1. Description of the model

The presence of bulk velocity and magnetic fields produce
anisotropic stresses, which in turn act as a source of GWs

(Kamionkowski et al. 1994; Kosowsky et al. 2002; Dolgov et al.
2002; Caprini & Durrer 2006; Gogoberidze et al. 2007; Caprini
et al. 2009). This has been recently studied via numerical simu-
lations in Roper Pol et al. (2020a,b); Brandenburg et al. (2021);
Roper Pol et al. (2022a). In particular, Roper Pol et al. (2022a)
show that the envelope of the GWB produced by decaying
MHD turbulence can be estimated analytically, assuming that
the anisotropic stresses from the velocity and magnetic fields
vary more slowly than the dynamical production of GWs. This
was also validated by numerical simulations of purely kinetic
turbulence in Auclair et al. (2022). This assumption leads to the
following GWB signal:

⌦GW( f ) = 3A⌦2
⇤
�
�⇤H⇤

�2
FGW,0 S turb(�⇤ f ), (21)

where ⌦⇤ is the ratio of the (M)HD turbulent energy density
to the radiation one, and �⇤H⇤ is the ratio of the characteristic
length scale of the turbulence, �⇤, to the comoving Hubble hori-
zon H�1

⇤ at the QCD epoch. The parameter A ' 1.75 ⇥ 10�3 is
the e�ciency of GW production,8 estimated in Roper Pol et al.
(2022a). The function FGW,0 is the fractional radiation energy
density at the epoch of GW generation to its value at the present
time. It depends on the temperature scale T⇤ via the number of
degrees of freedom g⇤,

FGW,0 ' 8 ⇥ 10�5
✓10

g⇤

◆1/3
. (22)

The spectral shape of the GWB signal, S turb( f ), is

S turb(�⇤ f ) =B ��⇤ f
�3

p⇧(�⇤ f )

⇥
(

ln2⇥1 +H⇤ �tfin/(2⇡)
⇤
, if f < 1/�tfin,

ln2⇥1 + �⇤H⇤/(2⇡�⇤ f )
⇤
, if f � 1/�tfin,

(23)

8 This estimate is conservative since it only considers the decaying
stage of turbulence. Numerical simulations find larger values when in-
cluding a stage of turbulence production (Roper Pol et al. 2020b; Kah-
niashvili et al. 2021; Roper Pol et al. 2022b)
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Figure 4. Same as Fig. 3 but for a di↵erent selection of models and showing a larger frequency range. The solid lines represent
median GWB spectra for a subset of new-physics models (see Appendix B for more details); the gray violins correspond to
the posteriors of an HD-correlated free spectral reconstruction of the NANOGrav signal; and the shaded regions indicate the
power-law-integrated sensitivity (Thrane & Romano 2013) of various existing and planned GW interferometer experiments:
LISA (Amaro-Seoane et al. 2017), DECIGO (Kawamura et al. 2011), BBO (Crowder & Cornish 2005), Einstein Telescope (ET;
Punturo et al. 2010), Cosmic Explorer (CE; Reitze et al. 2019), the HLVK detector network (consisting of aLIGO in Hanford
and Livingston (Aasi et al. 2015), aVirgo (Acernese et al. 2015), and KAGRA (Akutsu et al. 2019)) at design sensitivity, and
the HLV detector network during the third observing run (O3). All sensitivity curves are normalized to a signal-to-noise ratio
of unity and, for planned experiments, an observing time of one year. For the HLV detector network, we use the O3 observing
time. Di↵erent signal-to-noise thresholds ⇢thr and observing times tobs can be easily implemented by rescaling the sensitivity
curves by a factor of ⇢thr/

p
tobs. More details on the construction of the sensitivity curves can be found in Schmitz (2021).

We emphasize that models whose median GWB spectrum exceeds the sensitivity of existing experiments are not automatically
ruled out. This applies, e.g., to cosmic superstrings (super) and the O3 sensitivity of the HLV detector network. Typically, no
single GWB spectrum in a given model will coincide with the median GWB spectrum, which is constructed from distributions
of h2⌦GW values at any given frequency. Therefore, if the median GWB spectrum is in conflict with existing bounds, typically
only some regions in the model parameter space will be ruled out, while others remain viable (see, e.g., Fig. 11 for the super
model). Finally, note that any primordial GWB signal is subject to the upper limit on the amount of dark radiation in Eq. (23),
which requires the total integrated GW energy density to remain smaller than O(10�(5···6)) (see Section 5.1).

eters in these models are fairly well known (e.g., con-
cerning the galaxy stellar mass function), others are
almost entirely unconstrained—particularly those gov-
erning the dynamical evolution of SMBHBs on subpar-
sec scales (Begelman et al. 1980). The GWOnly-Ext li-
brary assumes purely GW-driven binary evolution and
uses relatively narrow distributions of model parame-
ters based on literature constraints from galaxy-merger

observations (e.g., Tomczak et al. 2014) in addition to
more detailed numerical studies of SMBHB evolution
(e.g., Sesana 2013).
For each population contained in the GWOnly-Ext li-

brary, we perform a power-law fit of the correspond-
ing GWB spectrum across the first 14 frequency bins
that we use in our analysis. The distribution for ABHB

and �BHB obtained in this way is reported in Fig. 1
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III. CONSTRAINTS ON SUPERCOOLED PHASE
TRANSITIONS USING LVK DATA

To place constraints on model parameters using public
data from LVK’s first three observing runs [76], we apply a
Bayesian search following the methodology of [68]. Although
a search for FOPT signals was already performed in [68], we
now apply this search under the assumption that the signal
comes from a supercooled phase transition. This allows for a
simplification of the GW spectra, and therefore, less parame-
ters in the Bayesian inference search.

The likelihood reads

p(ĈIJ(f)|✓) / exp

2

4�1

2

X

IJ

X

f

 
Ĉ

IJ(f)� ⌦GW(f |✓)

�
2
IJ(f)

!3

5,

(10)
where the sum runs over the detector baselines IJ and the
frequencies f . The discrete set of frequencies is obtained
by splitting the timeseries data into segments, and optimally
combining them using inverse noise weighting. The cross-
correlation estimator ĈIJ(f) for the GW background using
data from detectors I and J and the variance �

2
IJ(f) are data

products of the LVK isotropic stochastic analysis 4 [76, 78].
Below, two approaches will be explored. One based on ap-

proximating the GW background signal as a broken power-
law and another one using the spectra provided in the previ-
ous section (see Eqs. (6) and (8)). In both cases, the contribu-
tion from the astrophysical background, i.e., from unresolved
compact binary coalescences (CBCs), will be taken into ac-
count as well. For the frequency range we consider, the CBC
background is expected to follow a power-law

⌦cbc(f) = ⌦ref

✓
f

fref

◆2/3

, (11)

where fref is a reference frequency set to fref = 25 Hz [76]. It
is worth noting that the constraints obtained in this section are
general and can be applied to any model exhibiting supercool-
ing to constrain the underlying physical parameters. This will
be done in Sec. IV for two concrete particle physics models.

A. General broken power-law search

To constrain a GW background from FOPTs, we model the
FOPT contribution to the GW spectrum with a broken power-
law as

⌦bpl(f) = ⌦⇤

⇣
f

f⇤

⌘n1

"
1 +

⇣
f

f⇤

⌘�
#(n2�n1)/�

, (12)

where n1 and n2, respectively, denote the spectral indices be-
fore and after the peak, � is a peak smoothing parameter, and

4 The data products are available to the public [77].
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FIG. 1. Constraints from LVK O3 data on the broken power-law
parameters of a FOPT signal, together with the contribution from
the CBC background, assuming dominant bubble collision spectrum
(top) and a dominant sound waves spectrum (bottom).

⌦⇤ and f⇤ can be related to the peak amplitude and peak fre-
quency of the spectrum. Note that the spectra introduced in
Eqs. (6), (8), approximately follow a broken power-law with
parameters n1 = 3, n2 = �1, � = 4 and n1 = 3, n2 = �4,
� = 2 for bubble collisions and sound waves, respectively.
We perform a parameter estimation search for both contribu-
tions separately, corresponding to the case where one of them
dominates the GW spectrum. In each case, the values of n1,
n2, and � are set to the relevant values of that contribution, as
given above. Note that in [68], n2 was allowed to vary.

The likelihood to perform this search is given by Eq. (10),
where ⌦GW = ⌦cbc + ⌦bpl. The GW parameters to be
constrained are ✓GW = (⌦ref , ⌦⇤, f⇤) with priors given
in Table I and results shown in Fig. 1 for bubble collisions
(top panel) and sound waves (bottom panel). From the pos-
teriors of the amplitude of the CBC background, ⌦ref , up-
per limits (ULs) at 95% confidence level (CL) are obtained.
The value for the case in which bubble collisions dominate is
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Spontaneous breaking of a discrete symmetry
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<latexit sha1_base64="2a06QtIR1AhMYGIqJ2PbCEOuyZ0=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqR6LXjxW6Be0S8mm2W1sNlmSbKEs/Q9ePCji1f/jzX9j2u5BWx8MPN6bYWZekHCmjet+O4WNza3tneJuaW//4PCofHzS1jJVhLaI5FJ1A6wpZ4K2DDOcdhNFcRxw2gnG93O/M6FKMymaZppQP8aRYCEj2Fip3exHEZoMyhW36i6A1omXkwrkaAzKX/2hJGlMhSEca93z3MT4GVaGEU5npX6qaYLJGEe0Z6nAMdV+trh2hi6sMkShVLaEQQv190SGY62ncWA7Y2xGetWbi/95vdSEt37GRJIaKshyUZhyZCSav46GTFFi+NQSTBSztyIywgoTYwMq2RC81ZfXSfuq6tWq3uN1pX6Xx1GEMziHS/DgBurwAA1oAYEneIZXeHOk8+K8Ox/L1oKTz5zCHzifPxacjtA=</latexit>

T � v

<latexit sha1_base64="LlkMEaPwirUANsRGa6xA4Q/AIi4=">AAAB+3icbVBNS8NAEJ3Ur1q/Yj16WSyCp5IUUY9FLx4r9AvaNGy2m3bpbhJ2N2IJ/StePCji1T/izX/jts1BWx8MPN6bYWZekHCmtON8W4WNza3tneJuaW//4PDIPi63VZxKQlsk5rHsBlhRziLa0kxz2k0kxSLgtBNM7uZ+55FKxeKoqacJ9QQeRSxkBGsj+Xa57Tf7ignUT8ZsUEPNQc23K07VWQCtEzcnFcjR8O2v/jAmqaCRJhwr1XOdRHsZlpoRTmelfqpogskEj2jP0AgLqrxscfsMnRtliMJYmoo0Wqi/JzIslJqKwHQKrMdq1ZuL/3m9VIc3XsaiJNU0IstFYcqRjtE8CDRkkhLNp4ZgIpm5FZExlphoE1fJhOCuvrxO2rWqe1V1Hy4r9ds8jiKcwhlcgAvXUId7aEALCDzBM7zCmzWzXqx362PZWrDymRP4A+vzB2whk2Q=</latexit>

VT ⇠ �2T 2



Spontaneous breaking of a discrete symmetry

<latexit sha1_base64="/UPluFGRsvRyTFUN+sF0QXICgdE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUaPXLFbfqzkFWiZeTCuSo98tfvUHM0gilYYJq3fXcxPgZVYYzgdNSL9WYUDamQ+xaKmmE2s/mh07JmVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNiUbgrf88ippXVS9q6rXuKzUbvM4inACp3AOHlxDDe6hDk1ggPAMr/DmPDovzrvzsWgtOPnMMfyB8/kDtKmM4A==</latexit>

V
<latexit sha1_base64="Q4W1G183VtxZlWviIzPmltPBiZ0=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqswUUZdFNy4r2Ad2hpJJM21oJhOSjFCG/oYbF4q49Wfc+Tdm2llo64HA4Zx7uScnlJxp47rfTmltfWNzq7xd2dnd2z+oHh51dJIqQtsk4YnqhVhTzgRtG2Y47UlFcRxy2g0nt7nffaJKs0Q8mKmkQYxHgkWMYGMl34+xGYdh9jgbNAbVmlt350CrxCtIDQq0BtUvf5iQNKbCEI617nuuNEGGlWGE01nFTzWVmEzwiPYtFTimOsjmmWfozCpDFCXKPmHQXP29keFY62kc2sk8o172cvE/r5+a6DrImJCpoYIsDkUpRyZBeQFoyBQlhk8twUQxmxWRMVaYGFtTxZbgLX95lXQade+y7t1f1Jo3RR1lOIFTOAcPrqAJd9CCNhCQ8Ayv8Oakzovz7nwsRktOsXMMf+B8/gD515Gl</latexit>Z2

Many concrete 
implementations in BSM 
(composite Higgs, SUSY, 
metastability, axions, …)

<latexit sha1_base64="f5NrmU0LCNgBXKtmZNV78UH5SLc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbN0dxN2N0IJ/QtePCji1T/kzX/jJs1BWx8MPN6bYWZekHCmjet+O5W19Y3Nrep2bWd3b/+gfnjU1XGqCO2QmMeqH2BNOZO0Y5jhtJ8oikXAaS+Y3uV+74kqzWL5aGYJ9QWeSBYygk0uDZOIjeoNt+kWQKvEK0kDSrRH9a/hOCapoNIQjrUeeG5i/Awrwwin89ow1TTBZIondGCpxIJqPytunaMzq4xRGCtb0qBC/T2RYaH1TAS2U2AT6WUvF//zBqkJb/yMySQ1VJLFojDlyMQofxyNmaLE8JklmChmb0UkwgoTY+Op2RC85ZdXSfei6V01vYfLRuu2jKMKJ3AK5+DBNbTgHtrQAQIRPMMrvDnCeXHenY9Fa8UpZ47hD5zPHxWAjkU=</latexit>

�
<latexit sha1_base64="vep7J2D0YQO5avca6G/pRFJmv+M=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomIeix68diC/YA2lM120q7dbMLuplBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0P/NbY1Sax/LRTBL0IzqQPOSMGivVx71S2a24c5BV4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4LTYTTUmlI3oADuWShqh9rP5oVNybpU+CWNlSxoyV39PZDTSehIFtjOiZqiXvZn4n9dJTXjrZ1wmqUHJFovCVBATk9nXpM8VMiMmllCmuL2VsCFVlBmbTdGG4C2/vEqalxXvuuLVr8rVuzyOApzCGVyABzdQhQeoQQMYIDzDK7w5T86L8+58LFrXnHzmBP7A+fwB5SmNAA==</latexit>v<latexit sha1_base64="x4h6/SY9W0WULBwDmbLc9DdO1dk=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4sSQi6rHoxWMV+wFtKJvtpl262YTdSaGE/gMvHhTx6j/y5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmDjVjNdZLGPdCqjhUiheR4GStxLNaRRI3gyGd1O/OeLaiFg94TjhfkT7SoSCUbTS4/moWyq7FXcGsky8nJQhR61b+ur0YpZGXCGT1Ji25yboZ1SjYJJPip3U8ISyIe3ztqWKRtz42ezSCTm1So+EsbalkMzU3xMZjYwZR4HtjCgOzKI3Ff/z2imGN34mVJIiV2y+KEwlwZhM3yY9oTlDObaEMi3srYQNqKYMbThFG4K3+PIyaVxUvKuK93BZrt7mcRTgGE7gDDy4hircQw3qwCCEZ3iFN2fovDjvzse8dcXJZ47gD5zPH059jTc=</latexit>�v

A B

Different vacua are 
populated randomly in 
different regions of the 

Universe due to (thermal) 
fluctuations

Kibble mechanism

<latexit sha1_base64="iRWN0Fd/CljfWzOcmoUnjHdyt8Y=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48R8oJkCbOT2WTIPJaZ2UBY8hlePCji1a/x5t84SfagiQUNRVU33V1Rwpmxvv/tFTY2t7Z3irulvf2Dw6Py8UnLqFQT2iSKK92JsKGcSdq0zHLaSTTFIuK0HY0f5n57QrVhSjbsNKGhwEPJYkawdVK30ePUGMMEmvTLFb/qL4DWSZCTCuSo98tfvYEiqaDSEo6N6QZ+YsMMa8sIp7NSLzU0wWSMh7TrqMSCmjBbnDxDF04ZoFhpV9Kihfp7IsPCmKmIXKfAdmRWvbn4n9dNbXwXZkwmqaWSLBfFKUdWofn/aMA0JZZPHcFEM3crIiOsMbEupZILIVh9eZ20rqrBTTV4uq7U7vM4inAG53AJAdxCDR6hDk0goOAZXuHNs96L9+59LFsLXj5zCn/gff4AM7yRNA==</latexit>

T . v



Complex scalar
<latexit sha1_base64="QKyouOT1TDVrQ0i2CcxyX9leqbY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVRIp6rLoxmUF+4AmhpvppBk6eTAzKZSQH3Djr7hxoYhb9+78G6ePhbYeuHA4517uvcdPOZPKsr6N0srq2vpGebOytb2zu2fuH7RlkglCWyThiej6IClnMW0ppjjtpoJC5HPa8Yc3E78zokKyJL5X45S6EQxiFjACSkueeeI0Q+ZIFmFnBCINGaYPOcNOIIDkUOQjD4rCM6tWzZoCLxN7TqpojqZnfjn9hGQRjRXhIGXPtlLl5iAUI5wWFSeTNAUyhAHtaRpDRKWbT78p8KlW+jhIhK5Y4an6eyKHSMpx5OvOCFQoF72J+J/Xy1Rw5eYsTjNFYzJbFGQcqwRPosF9JihRfKwJEMH0rZiEoINQOsCKDsFefHmZtM9r9kWtflevNq7ncZTRETpGZ8hGl6iBblETtRBBj+gZvaI348l4Md6Nj1lryZjPHKI/MD5/APSrnCc=</latexit>

� ⇠ 'ei
a
va

<latexit sha1_base64="goY1Zviu1CJ80V+S84qwkGIB3pk=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKbS20oWy2k3bpZhN3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqHVCNgktsGm4EthOFNAoEPgaju5n/OEaleSwbZpKgH9GB5CFn1FjJb3QFaq15RMY92itX3Ko7B1klXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkvdVGNC2YgOsGOppBFqP5sfPSVnVumTMFa2pCFz9fdERiOtJ1FgOyNqhnrZm4n/eZ3UhDd+xmWSGpRssShMBTExmSVA+lwhM2JiCWWK21sJG1JFmbE5lWwI3vLLq6R1UfWuqt7DZaV2m8dRhBM4hXPw4BpqcA91aAKDJ3iGV3hzxs6L8+58LFoLTj5zDH/gfP4AqaiSCA==</latexit>

T . va<latexit sha1_base64="GUGQGdd5xVKQ8QEu73MdfOSw4/4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh6LXjxWMG2hDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa55Ne980G15jbcOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXti4Z31fAeLmvN2yKOMpzAKdTBg2towj20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz/obo1/</latexit>

U(1) Loop in 
physical space

Cosmic string 
defect

The axion case
<latexit sha1_base64="n7b22BJmynRsvnOwbK7HbGybAqQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gPaUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3Hrk2QsUPOE64H9FBLELBKFqp070XgyFSrdVTr1xxq+4MZJl4OalAjnqv/NXtK5ZGPEYmqTEdz03Qz6hGwSSflLqp4QllIzrgHUtjGnHjZ7OTJ+TEKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2RC8xZeXSfOs6l1UvbvzSu06j6MIR3AMp+DBJdTgFurQAAYKnuEV3hx0Xpx352PeWnDymUP4A+fzB5MTkXM=</latexit>)



Complex scalar
<latexit sha1_base64="QKyouOT1TDVrQ0i2CcxyX9leqbY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVRIp6rLoxmUF+4AmhpvppBk6eTAzKZSQH3Djr7hxoYhb9+78G6ePhbYeuHA4517uvcdPOZPKsr6N0srq2vpGebOytb2zu2fuH7RlkglCWyThiej6IClnMW0ppjjtpoJC5HPa8Yc3E78zokKyJL5X45S6EQxiFjACSkueeeI0Q+ZIFmFnBCINGaYPOcNOIIDkUOQjD4rCM6tWzZoCLxN7TqpojqZnfjn9hGQRjRXhIGXPtlLl5iAUI5wWFSeTNAUyhAHtaRpDRKWbT78p8KlW+jhIhK5Y4an6eyKHSMpx5OvOCFQoF72J+J/Xy1Rw5eYsTjNFYzJbFGQcqwRPosF9JihRfKwJEMH0rZiEoINQOsCKDsFefHmZtM9r9kWtflevNq7ncZTRETpGZ8hGl6iBblETtRBBj+gZvaI348l4Md6Nj1lryZjPHKI/MD5/APSrnCc=</latexit>

� ⇠ 'ei
a
va

<latexit sha1_base64="goY1Zviu1CJ80V+S84qwkGIB3pk=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKbS20oWy2k3bpZhN3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqHVCNgktsGm4EthOFNAoEPgaju5n/OEaleSwbZpKgH9GB5CFn1FjJb3QFaq15RMY92itX3Ko7B1klXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkvdVGNC2YgOsGOppBFqP5sfPSVnVumTMFa2pCFz9fdERiOtJ1FgOyNqhnrZm4n/eZ3UhDd+xmWSGpRssShMBTExmSVA+lwhM2JiCWWK21sJG1JFmbE5lWwI3vLLq6R1UfWuqt7DZaV2m8dRhBM4hXPw4BpqcA91aAKDJ3iGV3hzxs6L8+58LFoLTj5zDH/gfP4AqaiSCA==</latexit>

T . va<latexit sha1_base64="GUGQGdd5xVKQ8QEu73MdfOSw4/4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh6LXjxWMG2hDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa55Ne980G15jbcOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXti4Z31fAeLmvN2yKOMpzAKdTBg2towj20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz/obo1/</latexit>

U(1) Loop in 
physical space

Cosmic string 
defect

º

-3 -2 -1 0 1 2 3

<latexit sha1_base64="eOTh46Su1NQQdgH+YauQvT+MX6I=">AAAB83icbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG1dSwT6wM5RMmmlDM8mQZIQy9DfcuFDErT/jzr8x085CWw8EDufcyz05YcKZNq777ZRWVtfWN8qbla3tnd296v5BW8tUEdoikkvVDbGmnAnaMsxw2k0UxXHIaScc3+R+54kqzaR4MJOEBjEeChYxgo2VfD/GZhSG2eO0f9ev1ty6OwNaJl5BalCg2a9++QNJ0pgKQzjWuue5iQkyrAwjnE4rfqppgskYD2nPUoFjqoNslnmKTqwyQJFU9gmDZurvjQzHWk/i0E7mGfWil4v/eb3URFdBxkSSGirI/FCUcmQkygtAA6YoMXxiCSaK2ayIjLDCxNiaKrYEb/HLy6R9Vvcu6t79ea1xXdRRhiM4hlPw4BIacAtNaAGBBJ7hFd6c1Hlx3p2P+WjJKXYO4Q+czx8kVpHB</latexit>ZN QCD (or dark sector) non-
perturbative effects 

preserve discrete subgroup 
of global  

Peccei-Quinn symmetry

A B C

The axion case

º

º

<latexit sha1_base64="n7b22BJmynRsvnOwbK7HbGybAqQ=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gPaUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3Hrk2QsUPOE64H9FBLELBKFqp070XgyFSrdVTr1xxq+4MZJl4OalAjnqv/NXtK5ZGPEYmqTEdz03Qz6hGwSSflLqp4QllIzrgHUtjGnHjZ7OTJ+TEKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2RC8xZeXSfOs6l1UvbvzSu06j6MIR3AMp+DBJdTgFurQAAYKnuEV3hx0Xpx352PeWnDymUP4A+fzB5MTkXM=</latexit>)



Complex scalar
<latexit sha1_base64="QKyouOT1TDVrQ0i2CcxyX9leqbY=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwVRIp6rLoxmUF+4AmhpvppBk6eTAzKZSQH3Djr7hxoYhb9+78G6ePhbYeuHA4517uvcdPOZPKsr6N0srq2vpGebOytb2zu2fuH7RlkglCWyThiej6IClnMW0ppjjtpoJC5HPa8Yc3E78zokKyJL5X45S6EQxiFjACSkueeeI0Q+ZIFmFnBCINGaYPOcNOIIDkUOQjD4rCM6tWzZoCLxN7TqpojqZnfjn9hGQRjRXhIGXPtlLl5iAUI5wWFSeTNAUyhAHtaRpDRKWbT78p8KlW+jhIhK5Y4an6eyKHSMpx5OvOCFQoF72J+J/Xy1Rw5eYsTjNFYzJbFGQcqwRPosF9JihRfKwJEMH0rZiEoINQOsCKDsFefHmZtM9r9kWtflevNq7ncZTRETpGZ8hGl6iBblETtRBBj+gZvaI348l4Md6Nj1lryZjPHKI/MD5/APSrnCc=</latexit>

� ⇠ 'ei
a
va

<latexit sha1_base64="goY1Zviu1CJ80V+S84qwkGIB3pk=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cKbS20oWy2k3bpZhN3N4US+ju8eFDEqz/Gm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCopeNUMWyyWMSqHVCNgktsGm4EthOFNAoEPgaju5n/OEaleSwbZpKgH9GB5CFn1FjJb3QFaq15RMY92itX3Ko7B1klXk4qkKPeK391+zFLI5SGCap1x3MT42dUGc4ETkvdVGNC2YgOsGOppBFqP5sfPSVnVumTMFa2pCFz9fdERiOtJ1FgOyNqhnrZm4n/eZ3UhDd+xmWSGpRssShMBTExmSVA+lwhM2JiCWWK21sJG1JFmbE5lWwI3vLLq6R1UfWuqt7DZaV2m8dRhBM4hXPw4BpqcA91aAKDJ3iGV3hzxs6L8+58LFoLTj5zDH/gfP4AqaiSCA==</latexit>

T . va<latexit sha1_base64="GUGQGdd5xVKQ8QEu73MdfOSw4/4=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBahXkoioh6LXjxWMG2hDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2rjut1NaW9/Y3CpvV3Z29/YPqodHbR2nilCfxDxW3RBrypmkvmGG026iKBYhp51wcpf7nSeqNIvlo5kmNBB4JFnECDa55Ne980G15jbcOdAq8QpSgwKtQfWrP4xJKqg0hGOte56bmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JZfXiXti4Z31fAeLmvN2yKOMpzAKdTBg2towj20wAcCY3iGV3hzhPPivDsfi9aSU8wcwx84nz/obo1/</latexit>

U(1) Loop in 
physical space

Cosmic string 
defect

º

-3 -2 -1 0 1 2 3
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ma & H

The axion case
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Domain wall networks

Regions in different vacua are  
separated by two-dimensional 

“walls” of energy density

Produced using 
Cosmolattice  

(Figueroa et al 21)

Results from lattice field 
theory simulations in 
expanding Universe

Size of an 
Hubble patch

2D slice of  
gradient energy density

Wall “mass” = 
tension  

(energy/surface)
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Crucial property: scaling
At every Hubble time, the network is made of   

a fixed O(1-few) number of Hubble-sized walls 

Scaling regime: 
Achieved via 
collisions and 
reconnections
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Expanding 
Hubble patch
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⇢dw ⇠ �H ⇠ a
�2

Zeldovich et al 74

In scaling regime

Walls are diluted more slowly than radiation and matter, so 
they tend to dominate (ruled out by observations)
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⇢dw ⇠ �H ⇠ a
�2

In scaling regime

However, modern viewpoint on global symmetries: not exact!

A B
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V
Sikivie 82

Vacuum Pressure  
causes acceleration
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�V/� & H
And walls annihilate 

once:

Walls are diluted more slowly than radiation and matter, so 
they tend to dominate (ruled out by observations)

Zeldovich et al 74



Domain Wall 
annihilation
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V False vacuum 
regions shrink!



Implications for gravitational waves from 
domain walls

1. Easy to get large fraction of energy density in the network

2. Hubble-sized and relativistic
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Observable (now) gravitational wave signal possible!

Scaling until annihilation implies
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Figure 3. Posterior distributions of the DW tension �1/3 and the gap energy (density) �V 1/4 scales,
1� and 2� contours. The prior T? � 2.7 MeV corresponds to �V 1/4 & 3 MeV. See Appendix A for
1d and 2d posteriors of all parameters.

A realization of the latter idea may consist of a heavy axion field a with ZN symmetry,
N > 1, and decay constant Fa, coupled to the topological term of a confining dark gauge
sector H. Upon H-confinement at some scale ⇤H � ⇤QCD, the ZN symmetry is sponta-
neously broken and a hybrid string-wall network forms with DW tension � ' 8maF 2

a , where
ma ' ⇤2

H
/Fa is the axion mass. If a also couples to QCD, it receives an additional potential

around the QCD PT with size set by the topological susceptibility �V 1/4
QCD

' 75 MeV [81].
This can induce annihilation when its periodicity di↵ers from that of the H-induced poten-
tial. While a detailed exploration of this scenario is beyond the aim of this work (see however
Appendix B), note that solving the strong CP problem requires either a fine alignment be-
tween the potentials induced by H and QCD, which might be challenging (see e.g. [82–86]
for recent work), or a second axion that couples only (mostly) to QCD (see e.g. [79, 80, 87]).
Alternatively, annihilation may occur due to (and/or in) a dark sector, see Appendix B.

We present the region of the ma � Fa parameter space for which a heavy axion can
model PTA data in Fig. 4, assuming decay to SM particles. Degeneracy between parameters
can be clearly observed, as the GW signal only depends on � and T?. We also show existing
constraints and future detection prospects from collider, astrophysics and laboratory experi-
ments. Remarkably, for ma ⇠ 100 MeV� 20 GeV and Fa ⇠ 105� 2 · 107 GeV, a heavy axion
can be discovered at DUNE ND [90] and/or MATHUSLA [91] and/or HL-LHC [84], while
also fitting current PTA data.

Additional observable signatures and constraints may arise from the dark confining
sector, with a scale ⇤H ⇠ 1 � 50 TeV from Fig. 4 (e.g. GWs in the LISA range [92] if H
undergoes a first order PT [93], the presence of a dark matter candidate [94], or signatures
at colliders [95]).

We also note that collapsing structures during DW annihilation might form primordial
black holes (PBHs) [96, 97], whose masses depend substantially on the annihilation tem-
perature, giving MPBH ⇠ �V H�3

? ⇠ O(10 � 104) M�. Intriguingly, this encompasses the
LIGO BH mass range. A dedicated numerical study is however required to assess the PBH
abundance.

Finally, PTAs are expected to settle whether the currently observed common-process
spectrum is due to GWs in the near future. Shall this be the case, obtaining the detailed
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Figure 12. Same as in Fig. 5, but for domain walls decaying to SM particles (left panel) and a dark sector (right panel).
Fig. 31 in Appendix C.5 shows extended versions of the two plots that include the spectral shape parameters b, c and the
SMBHB parameters ABHB and �BHB.

et al. 2021). In our MCMC analysis of the dw-drmodel,
we follow Ferreira et al. (2022) and use�N

max
e↵ = 0.39 as

the upper bound on our prior for the parameter �Ne↵ .
Assuming that all the domain wall energy is converted
to dark radiation at T⇤, �Ne↵ is related to ↵⇤ by

�Ne↵ ' 0.62

✓
10.75

g⇤

◆1/3 ✓
g⇤,s
g⇤

◆✓
↵⇤
0.1

◆
, (58)

where, as before, both g⇤ and g⇤,s are evaluated at T⇤.
In the dw-smmodel, BBN restricts the possible values

of the decay temperature to T⇤ & 2.7MeV (Jedamzik
2006; Bai & Korwar 2022) for any detectable value of ↵⇤.
Following Ferreira et al. (2022), we also impose ↵⇤ < 0.3
to avoid any possible deviation from radiation domina-
tion and to evade bounds from �Ne↵ .

RESULTS AND DISCUSSION

The reconstructed posterior distributions for the pa-
rameters T⇤ and ↵⇤ (T⇤ and �Ne↵) of the dw-sm (dw-
dr) model are reported in Fig. 12, for both the case
where the domain walls are assumed to be the only
source of GWs (blue contours) and the scenario where
we consider the superposition of the domain wall and
SMBHB signals (red contours). Full corner plots includ-
ing the posterior distributions of the spectral shape pa-
rameters b and c are reported in Fig. 31 in Appendix C.5.
For both the dw-sm and dw-dr models, with and

without the inclusion of the SMBHB signal, we find that
the GWB produced by domain walls peaks around 10�8

Hz such that most of the low frequency bins are fit by the
low-frequency tail of the spectrum (see Figs. 3 and 19).
Specifically, for the dw-sm (dw-dr) model, we find that
T⇤ 2 [110, 275] ([79, 153]) MeV at the 68% credible level
and T⇤ 2 [76, 505] ([54, 198]) MeV at the 95% credible
level. When including the SMBHB contribution to the
GWB, we find T⇤ 2 [108, 309] ([54, 216]) MeV at the
68% credible level and T⇤ 2 [67, 843] (no bound on T⇤)
MeV at the 95% credible level for the dw-sm (dw-dr)
model. We notice that, with and without the inclusion of
SMBHBs, the recovered transition temperature for the
dw-sm model is high enough to evade BBN constraints.
For the dw-dr model, the posterior distribution for

�Ne↵ is peaked near the upper prior boundary, signaling
that larger values fit the observed signal better. Specif-
ically, we find �Ne↵ & 0.32 at the 68% credible level
and �Ne↵ & 0.25 at the 95% credible level. Includ-
ing the contribution from SMBHBs allows the distribu-
tion for �Ne↵ to extend to lower values, and we find
�Ne↵ & 0.23 at the 68% credible level and no bound at
the 95% credible level. We thus conclude that the dw-
dr model prefers large �Ne↵ values in the vicinity of
existing bounds. This means that the most promising
parameter regions, i.e., regions that are not yet ruled
by �Ne↵ but still manage to fit the NANOGrav signal,
point to �Ne↵ values within the reach of upcoming ex-
periments, including CMB-S4 (Abazajian et al. 2022),
which promises to be sensitive to �Ne↵ values as small
as �Ne↵ ' 0.06 at the 95% confidence level.
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Figure 4. Posterior distributions of heavy axion parametersma and Fa, 1� and 2� contours, obtained
by marginalizing over T? � 2.7 MeV. Constraints and detection forecasts are taken from [86]. In the
upper left corner, the axion decays after BBN, to photons (gluons) for ma . (&)GeV [87]. Close to
this region, axions radiated by DWs lead to Matter Domination (MD) before decaying altering GW
predictions. The axion e↵ective theory is not valid for ma > Fa. See Appendix B for all posteriors.

5 Particle Physics Interpretations and Discussion.

Now that we have identified the properties of the DW networks that provide a good modelling
of the data, let us briefly discuss interesting microphysical origins and other potential ob-
servable signatures of such DWs. We focus here on scenarios with DW annihilation induced
by a gap �V . Intriguingly, the preferred values of �V and of the DW tension � shown in
Fig. 3 fall in the ballpark of two particularly interesting energy scales.

First, the 10 � 100 TeV range for �1/3 points at new physics which may be probed by
(future) colliders (see e.g. [21]). Second, the 10�100 MeV range for �V 1/4 is close to ⇤QCD '
300 MeV, so that one may entertain the possibility of QCD inducing DW annihilation [22,
56, 76–78].

A realization of the latter idea may consist of a heavy axion field a with ZN symmetry,
N > 1, and decay constant Fa, coupled to the topological term of a confining dark gauge
sector H. Upon H-confinement at some scale ⇤H � ⇤QCD, the ZN symmetry is sponta-
neously broken and a hybrid string-wall network forms with DW tension � ' 8maF 2

a , where
ma ' ⇤2

H
/Fa is the axion mass. If a also couples to QCD, it receives an additional potential

around the QCD PT with size set by the topological susceptibility �V 1/4
QCD

' 75 MeV [79].
This can induce annihilation when its periodicity di↵ers from that of the H-induced poten-
tial. While a detailed exploration of this scenario is beyond the aim of this work (see however
Appendix B), note that solving the strong CP problem requires either a fine alignment be-
tween the potentials induced by H and QCD, which might be challenging (see e.g. [80–84]
for recent work), or a second axion that couples only (mostly) to QCD (see e.g. [77, 78, 85]).
Alternatively, annihilation may occur due to (and/or in) a dark sector, see Appendix B.

We present the region of the ma � Fa parameter space for which a heavy axion can

– 7 –

But

Translation to particle physics models
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Example: heavy axion
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FIG. 8: Expected SNR of the DW SGWB from the heavy QCD axions for LISA and 3G Earth-based detectors,
assuming H = 1, ↵s = 0.1, NDW = 6 and r = 0.002, corresponding to �✓ ' 2.5 ⇥ 10�12. The maximum individual
SNR among detectors is depicted in the color grid. Contour lines representing SNR = 5 for each detector are displayed
in dashed lines. Additionally, the contour corresponding to the SNR value of the respective astrophysical foregrounds
for LISA, CE and ET are depicted as dotted lines: in the region on the left and below these lines, the SNR of the
foreground is larger than that of the cosmological signal (see section II B for details on the expected foregrounds). Four
exclusion zones are overlaid: the three gray regions correspond to ⇤H > Fa, DW domination and Ta!gg(��) < 10MeV,
while the red region is the 95% exclusion region from the LVK O3 run [404].

Of course, Vb also causes a displacement of the axion from the QCD minimum by �✓ ' r4/NDW, for a natural
value � ⇠ O(1). Such a displacement induces electric dipole moments for the neutron and the proton and upcoming
measurements are able to probe down to �✓ . 10�13 [405, 406].

Most of the energy density in domain walls is released into non-relativistic quanta of the constituent field at
annihilation (a small fraction goes instead to GWs), i.e. into axions, which can then decay to light degrees of freedom;
for the model of interest these are SM gluons (if the decay occurs above QCD confinement) and photons. The decay rate
is �a!gg(��) = 1/(64⇡)(cg,�↵s,em)/(2⇡)2m3

a
/F 2

a
, where cg = 1 and c� is a model-dependent coupling to photons (see

e.g. [407] for a review in standard DFSZ and KSVZ constructions) and ↵s,em is the (strong) electromagnetic coupling
constant. The decay temperature is found by setting � ' H:

Ta!gg(��) ' 3 · 109 GeV ↵s(em) 
3/2
H

✓
⇤H

1010 GeV

◆3 ✓1011 GeV

Fa

◆ 5

2

, (109)

and is typically above QCD confinement for values of parameters of interest for this work. Decay to photons is thus
subleading with respect to decay to gluons. When decay is not e�cient at Tann, non-relativistic axions can come to
dominate the universe before their decay becomes e�cient. By setting the initial energy carried by the non-relativistic
quanta to equal the energy density in domain walls at the time of annihilation, and redshifting as ⇠ a�3, one can
determine the temperature at which non-relativistic axions start dominating the universe

TMD ' 1.2 · 107 GeV C1

✓
106.75

g⇤,ann

◆ 1

4

✓
Fa

1011 GeV

◆ 3

2

✓
⇤H

1010 GeV

◆✓
0.003

r

◆2

, (110)

(see the appendix of [353] for more details). Of course an intermediate phase of matter domination occurs only if
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As the network collapses, 
there are (very rare!) false 
vacuum pockets that are 
larger than the Hubble 
sphere at a given time 
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drops below the inverse number of Hubble volumes in
the box, given by nH ' (L/(1 + ⌘))3 and shown by
the black dot-dashed curve in Fig. 3, such regions no
longer exist in our simulation. For the bias sizes of
interest, this occurs around ⌘ ' 30. At later times,
the remaining false vacuum regions are in sub-Hubble
structures. Correspondingly, a much steeper decrease of
Ffv is observed at late times than at early times, when
super-Hubble false vacuum regions can still be present.
Thus we attempt fitting the numerical results until the
time at which Ffv ' n�1

H
with eq. (6) where ⌘ann and

p are fitting parameters. The result of this procedure is
shown by the orange curves in Fig. 3. The fitting function
above provides an excellent fit to the early time data, and
we find p ' 3.3� 3.5.

To investigate the dependence of these results on
the simulation box, we increase the number of Hubble
patches in our box by increasing L (and N to a smaller
extent) at the price of slightly worsening the spatial
resolution, and thus limiting the dynamical range of
our simulations. Guided by the previous discussion,
we choose L and ⌘f such that �w/(a�x) ' 1 at time
⌘f ' 35, corresponding to L ' 90, with N = 3240.
These choices increase the number of Hubble patches
by a factor of ⇡ 4.5 with respect to the results in
Fig. 3. The new results are reported in Fig. 4, together
with the fitting curves. It can be appreciated that Ffv

now remains almost constant for the entire simulation
time in the absence of bias, thereby confirming that
the previously observed deviation is due to the limited
number of Hubble volumes. The most relevant result of
this improved analysis is a decrease of the inferred value
of p (which is closer to analytical expectations discussed
in Sec. IV).

We then perform several realizations with increased
number of Hubble patches, for several values of bias
size and changing the random seed that sets the initial
conditions, to estimate numerical uncertainties in our
results. We report results in Table I. Averaging over all
realizations, we infer

p = 3.0± 0.3. (7)

When comparing ⌘ann to the rough expectation ⌘�V :
�H = �V , we find a slight delay ⌘ann ⇡ 1.5⌘�V . 3

3
In this regard, we disagree with [23] on the dependence of ⌘ann
with �V .

FIG. 3: (Log of) Volume fraction in the simulation box
in the false vacuum, as a function of conformal time.
The blue curves show the numerical results from our
simulations. We fitted such results for small ⌘, before
the curves cross the black dot-dashed curve, that shows
the inverse of the number of Hubble volumes in the
simulation box. The orange curves are the resulting fits.
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FIG. 4: As in Fig. 3, with N = 3240 and L = 90.

⌘�V p ⌘ann

19.4 3.0± 0.3 29.0± 0.4
22 3.0± 0.1 31.2± 0.9
25 3.1± 0.3 33.9± 2.5
27 2.9± 0.2 38.5± 1.8

TABLE I: Mean and standard deviation of the
parameters of the fitting function eq. (6), over several
realizations of our lattice simulations (about 3 � 4 per
each row), with di↵erent random seeds.
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What we still do not know
Second step: PBH forms only if collapsing walls “fits” into its Schwarzchild radius
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confirmed recently also during the annihilation phase
by [28]. The GW spectra computed in our simulations
roughly agree with those works, although a dedicated
study is necessary to firmly establish the high frequency
slope.

We then plotted the regions of parameters where the
spectrum overlaps with the power law sensitivity curves
derived in [53]. In the same figure, we also show the
current bounds obtained in [5] with LIGO-Virgo O3 data
(LV), which already indirectly constraints the maximal
PBH abundance for ↵c = 1, and the region of parameter
space which could provide an interpretation of the PTA
signal (red contours) [11].

Let us focus on the PTA region first, i.e. at Tgw ⇡
1 � 10 GeV. We find the DW interpretation of the
PTA signal to be overall compatible with constraints on
PBHs for collapse thresholds ↵c & 0.1. Interestingly,
if ↵c . 1, a fraction of PBH dark matter from
DW collapse is expected, which is compatible with
what is inferred from the BH merger rate measured
by LIGO/Virgo. Significant tension between PTA
observations and astrophysical bounds on PBHs would
instead arise only if the collapse threshold were even
smaller, i.e. ↵c . 0.1. The likelihood of such low
thresholds remains to be assessed by future work. Our
results di↵er drastically both from [17] (for example
regarding the time dependence of the DW decay) and
from the earlier contradictory in the first version of [54].

As mentioned above, a particularly interesting region
of parameter space is the asteroid mass range, for
106 GeV . Tgw . 109 GeV, where the totality of
dark matter could be explained by PBHs from the
network. This mass range is typically very hard to
probe, given the particle-like size of their Schwarzschild
radius. Crucially however, if PBHs originate from the
DW network, a complementary GW signature of their
existence is expected, that can be probed partially by
LVK at design sensitivity and fully by ET and CE.

Beside these two interesting regions, the plot shows
that in a large range of parameters, the annihilation
of the network can be “heard” by di↵erent GW
observatories, and that a non-negligible abundance of
PBHs might also be expected if ↵gw > O(10�2).

The interplay of GW and PBHs signatures described
in this work is similar to the more studied scenario
of PBH formation from the collapse of large adiabatic
perturbations from inflation. However, GWs from
density perturbations as an interpretation of PTA data
have been shown to be in tension with constraints from
PBH overproduction [55, 56]. In contrast, the mechanism
presented here remains viable according to our current
understanding. Additionally, asteroid-mass PBH DM
from inflationary perturbations has been argued to give
a GW signal peaked in the LISA frequency band [57],
whereas ground-based interferometers (LVK, ET, CE)
are best-suited to indirectly probe PBH DM from DW
collapse.
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FIG. 12: Constraints on the PBH abundance from
the collapse of the DW network for di↵erent values of
the collapse threshold ↵c (blue lines) in terms of the
fraction of the energy density in the DW network at
the time of GW emission (↵gw) and the background
temperature at that point (Tgw). The region above the
solid blue curve is conservatively excluded. The red
ellipsis shows the region of parameters where the DW
network interpretation explains the recent GW signals
detected at PTA [11] at one and two standard deviations.
The shaded regions are the constraints on the GW
spectrum from LIGO-VIRGO O3 data (LV) and the
prospects for detection with LIGO-Virgo-KAGRA design
sensitivity (LVK), Einstein Telescope, Cosmic Explorer,
LISA and SKA using the power-law integrated sensitivity
curves from [53]. Finally, the green band corresponds the
asteroid mass range (10�16 � 10�11 M�) [58, 59] and the
black dashed lines correspond to PBHs between 1 and
100 solar masses, for ↵c = 1. For the other values of ↵c

the band moves slightly to the left.
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confirmed recently also during the annihilation phase
by [28]. The GW spectra computed in our simulations
roughly agree with those works, although a dedicated
study is necessary to firmly establish the high frequency
slope.

We then plotted the regions of parameters where the
spectrum overlaps with the power law sensitivity curves
derived in [53]. In the same figure, we also show the
current bounds obtained in [5] with LIGO-Virgo O3 data
(LV), which already indirectly constraints the maximal
PBH abundance for ↵c = 1, and the region of parameter
space which could provide an interpretation of the PTA
signal (red contours) [11].

Let us focus on the PTA region first, i.e. at Tgw ⇡
1 � 10 GeV. We find the DW interpretation of the
PTA signal to be overall compatible with constraints on
PBHs for collapse thresholds ↵c & 0.1. Interestingly,
if ↵c . 1, a fraction of PBH dark matter from
DW collapse is expected, which is compatible with
what is inferred from the BH merger rate measured
by LIGO/Virgo. Significant tension between PTA
observations and astrophysical bounds on PBHs would
instead arise only if the collapse threshold were even
smaller, i.e. ↵c . 0.1. The likelihood of such low
thresholds remains to be assessed by future work. Our
results di↵er drastically both from [17] (for example
regarding the time dependence of the DW decay) and
from the earlier contradictory in the first version of [54].

As mentioned above, a particularly interesting region
of parameter space is the asteroid mass range, for
106 GeV . Tgw . 109 GeV, where the totality of
dark matter could be explained by PBHs from the
network. This mass range is typically very hard to
probe, given the particle-like size of their Schwarzschild
radius. Crucially however, if PBHs originate from the
DW network, a complementary GW signature of their
existence is expected, that can be probed partially by
LVK at design sensitivity and fully by ET and CE.

Beside these two interesting regions, the plot shows
that in a large range of parameters, the annihilation
of the network can be “heard” by di↵erent GW
observatories, and that a non-negligible abundance of
PBHs might also be expected if ↵gw > O(10�2).

The interplay of GW and PBHs signatures described
in this work is similar to the more studied scenario
of PBH formation from the collapse of large adiabatic
perturbations from inflation. However, GWs from
density perturbations as an interpretation of PTA data
have been shown to be in tension with constraints from
PBH overproduction [55, 56]. In contrast, the mechanism
presented here remains viable according to our current
understanding. Additionally, asteroid-mass PBH DM
from inflationary perturbations has been argued to give
a GW signal peaked in the LISA frequency band [57],
whereas ground-based interferometers (LVK, ET, CE)
are best-suited to indirectly probe PBH DM from DW
collapse.
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FIG. 12: Constraints on the PBH abundance from
the collapse of the DW network for di↵erent values of
the collapse threshold ↵c (blue lines) in terms of the
fraction of the energy density in the DW network at
the time of GW emission (↵gw) and the background
temperature at that point (Tgw). The region above the
solid blue curve is conservatively excluded. The red
ellipsis shows the region of parameters where the DW
network interpretation explains the recent GW signals
detected at PTA [11] at one and two standard deviations.
The shaded regions are the constraints on the GW
spectrum from LIGO-VIRGO O3 data (LV) and the
prospects for detection with LIGO-Virgo-KAGRA design
sensitivity (LVK), Einstein Telescope, Cosmic Explorer,
LISA and SKA using the power-law integrated sensitivity
curves from [53]. Finally, the green band corresponds the
asteroid mass range (10�16 � 10�11 M�) [58, 59] and the
black dashed lines correspond to PBHs between 1 and
100 solar masses, for ↵c = 1. For the other values of ↵c

the band moves slightly to the left.
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confirmed recently also during the annihilation phase
by [28]. The GW spectra computed in our simulations
roughly agree with those works, although a dedicated
study is necessary to firmly establish the high frequency
slope.

We then plotted the regions of parameters where the
spectrum overlaps with the power law sensitivity curves
derived in [53]. In the same figure, we also show the
current bounds obtained in [5] with LIGO-Virgo O3 data
(LV), which already indirectly constraints the maximal
PBH abundance for ↵c = 1, and the region of parameter
space which could provide an interpretation of the PTA
signal (red contours) [11].

Let us focus on the PTA region first, i.e. at Tgw ⇡
1 � 10 GeV. We find the DW interpretation of the
PTA signal to be overall compatible with constraints on
PBHs for collapse thresholds ↵c & 0.1. Interestingly,
if ↵c . 1, a fraction of PBH dark matter from
DW collapse is expected, which is compatible with
what is inferred from the BH merger rate measured
by LIGO/Virgo. Significant tension between PTA
observations and astrophysical bounds on PBHs would
instead arise only if the collapse threshold were even
smaller, i.e. ↵c . 0.1. The likelihood of such low
thresholds remains to be assessed by future work. Our
results di↵er drastically both from [17] (for example
regarding the time dependence of the DW decay) and
from the earlier contradictory in the first version of [54].

As mentioned above, a particularly interesting region
of parameter space is the asteroid mass range, for
106 GeV . Tgw . 109 GeV, where the totality of
dark matter could be explained by PBHs from the
network. This mass range is typically very hard to
probe, given the particle-like size of their Schwarzschild
radius. Crucially however, if PBHs originate from the
DW network, a complementary GW signature of their
existence is expected, that can be probed partially by
LVK at design sensitivity and fully by ET and CE.

Beside these two interesting regions, the plot shows
that in a large range of parameters, the annihilation
of the network can be “heard” by di↵erent GW
observatories, and that a non-negligible abundance of
PBHs might also be expected if ↵gw > O(10�2).

The interplay of GW and PBHs signatures described
in this work is similar to the more studied scenario
of PBH formation from the collapse of large adiabatic
perturbations from inflation. However, GWs from
density perturbations as an interpretation of PTA data
have been shown to be in tension with constraints from
PBH overproduction [55, 56]. In contrast, the mechanism
presented here remains viable according to our current
understanding. Additionally, asteroid-mass PBH DM
from inflationary perturbations has been argued to give
a GW signal peaked in the LISA frequency band [57],
whereas ground-based interferometers (LVK, ET, CE)
are best-suited to indirectly probe PBH DM from DW
collapse.
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FIG. 12: Constraints on the PBH abundance from
the collapse of the DW network for di↵erent values of
the collapse threshold ↵c (blue lines) in terms of the
fraction of the energy density in the DW network at
the time of GW emission (↵gw) and the background
temperature at that point (Tgw). The region above the
solid blue curve is conservatively excluded. The red
ellipsis shows the region of parameters where the DW
network interpretation explains the recent GW signals
detected at PTA [11] at one and two standard deviations.
The shaded regions are the constraints on the GW
spectrum from LIGO-VIRGO O3 data (LV) and the
prospects for detection with LIGO-Virgo-KAGRA design
sensitivity (LVK), Einstein Telescope, Cosmic Explorer,
LISA and SKA using the power-law integrated sensitivity
curves from [53]. Finally, the green band corresponds the
asteroid mass range (10�16 � 10�11 M�) [58, 59] and the
black dashed lines correspond to PBHs between 1 and
100 solar masses, for ↵c = 1. For the other values of ↵c

the band moves slightly to the left.
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Conclusions

Gravitational waves provide channel to access otherwise 
opaque early Universe

Viable domain wall networks from discrete symmetries are 
good candidate sources for detection at current and 

upcoming GW observatories

And BSM physics at possibly very high energies

Domain wall collapse can also lead to significant production of 
Primordial Black Holes 

Thank you!
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Figure 2. Maximum likelihood GW abundance from DWs
(solid, dashed), assuming the SM scenario, and from SMBHBs
(dotted). For comparison, we show the free spectrum
posteriors obtained by converting the results of [4] (NG12)
and [7] (IPTA DR2) (violin shapes, lower limits set by
priors). Solid lines correspond to ↵? ' 0.07 (0.04), T? '
47 (7) MeV, � ' 2 (2.5),� ' 0.7 (0.6) for IPTA DR2 (NG12),
dashed lines to �,� = 1,↵? ' 0.07 (0.04), T? ' 42 (21) MeV.
AGWB ' 3.3 (1.8)·10�15, according to our IPTA DR2 (NG12)
DWs+SMBHBs analysis.

the minor e↵ect of these parameters on the quality of the
fit.

We then specify our analysis of the SM scenario to
the case of network annihilation due to a gap �V , by
sampling the tension � 2 [1010, 1018] GeV3 rather than
↵? and deriving posteriors of �V 1/4 using (6). We
restrict our analysis to GWs from DWs only. We take
c = 2.2 (obtained from string-wall networks with N =
3 [69]). Fig. 3 shows that both datasets are well modeled
when � ' (40� 100 TeV)3 and �V ' (15� 50 MeV)4.

We also compare models using the Bayes factors
log

10
Bi,j of model j with respect to model i.

For NG12, we find: log
10

BSMBHBs, DW ' 0.16,
log

10
BDW, DW+SMBHBs ' 0.07. For IPTADR2, we find:

log
10

BDW, SMBHBs ' 0.48, log
10

BDW, DW+SMBHBs ' 0.38.
Thus we find no substantial evidence for one model
against any other one in the datasets.

Finally, we discuss di↵erent choices of numerical
coe�cients ✏̃ and c. From (4), a change in ✏̃ can be
reabsorbed by rescaling ↵?, and thus �Ne↵, in Fig. 1.
The DR bound then severely constrains DWs as the
dominant source of GWs in IPTADR2 (NG12) data,
unless ✏̃ & 0.3 (0.07). On the other hand, imposing
↵?  0.3 leads to ✏̃ & 0.02(0.005) in the SM scenario.
The e↵ect of smaller values of ✏̃, and of larger values of c
is shown in Fig. 3 (we take the example c ' 4.5 from [69]
for string-wall networks with N = 6).

Particle Physics Interpretations and
Discussion. Let us briefly discuss interesting
microphysical origins for the DW networks whose
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Figure 3. Posterior distributions of the DW tension �1/3 and
the gap energy (density) �V 1/4 scales, 1� and 2� contours.
The prior T? � 2.7 MeV corresponds to �V 1/4 & 3 MeV. See
also Appendix A.

properties we inferred above. We focus here on
scenarios with DW annihilation induced by a gap �V .
Intriguingly, the preferred values of �V and of the DW
tension � shown in Fig. 3 fall in the ballpark of two
particularly interesting energy scales.
First, the 10 � 100 TeV range for �1/3 points at new

physics which may be probed by (future) colliders (see
e.g. [21]). Second, the 10� 100 MeV range for �V 1/4 is
close to ⇤QCD ' 300 MeV, so that one may entertain the
possibility of QCD inducing DW annihilation [22, 59, 76–
78].
A realization of the latter idea may consist of a

heavy axion field a with ZN symmetry, N > 1, and
decay constant Fa, coupled to the topological term of
a confining dark gauge sector H. Upon H-confinement
at some scale ⇤H � ⇤QCD, the ZN symmetry is
spontaneously broken and a hybrid string-wall network
forms with DW tension � ' 8maF 2

a , where ma ' ⇤2

H
/Fa

is the axion mass. If a also couples to QCD, it receives
an additional potential around the QCD PT with size set

by the topological susceptibility �V 1/4
QCD

' 75 MeV [79].
This can induce annihilation when its periodicity di↵ers
from that of the H-induced potential. While a detailed
exploration of this scenario is beyond the aim of this work
(see however Appendix B), note that solving the strong
CP problem requires either a fine alignment between
the potentials induced by H and QCD, which might
be challenging (see e.g. [80–84] for recent work), or a
second axion that couples only (mostly) to QCD, see
e.g. [77, 78, 85]. Alternatively, annihilation may occur
due to (and/or in) a dark sector, see Appendix B.

We present the region of the ma �Fa parameter space
for which a heavy axion can model PTA data in Fig. 4,
assuming decay to SM particles. Degeneracy between
parameters can be clearly observed, as the GW signal
only depends on � and T?. We also show existing
constraints and future detection prospects from collider,
astrophysics and laboratory experiments. Remarkably,
for ma ⇠ 100 MeV�20 GeV and Fa ⇠ 105�2 ·107 GeV,

Bestfit spectra

BSM walls 
annihilating 

close to QCD 
epoch! 


