
Power spectrum of the GW energy density

<latexit sha1_base64="4k2lNg7ralbcLDRf8eAhMwrra5Y="></latexit>
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<latexit sha1_base64="oZ9uxKVo2dnUwLoMUAA4XPefByY="></latexit>

d⇢GW

dlogk
=

k2 h2
c(k, ⌘)

16⇡Ga2(⌘)

<latexit sha1_base64="lZzxj3M6rRRIkCtUdJu4ZPWj9HY=">AAACGnicbVDLSgNBEJz1GeNr1aOXwSBGCGE3KHoMePEYwTwgu1lmJ51kyOzDmVkhLPkOL/6KFw+KeBMv/o2TZA8msaChqOqmu8uPOZPKsn6MldW19Y3N3FZ+e2d3b988OGzIKBEU6jTikWj5RAJnIdQVUxxasQAS+Bya/vBm4jcfQUgWhfdqFIMbkH7IeowSpSXPtNPBmUfHnbQyLg5L2AFFzrEjWQAPeNipYKc08Oic65kFq2xNgZeJnZECylDzzC+nG9EkgFBRTqRs21as3JQIxSiHcd5JJMSEDkkf2pqGJADpptPXxvhUK13ci4SuUOGp+nciJYGUo8DXnQFRA7noTcT/vHaietduysI4URDS2aJewrGK8CQn3GUCqOIjTQgVTN+K6YAIQpVOM69DsBdfXiaNStm+LFt3F4VqNYsjh47RCSoiG12hKrpFNVRHFD2hF/SG3o1n49X4MD5nrStGNnOE5mB8/wKa+p60</latexit>
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<latexit sha1_base64="EalCppjtKzcBbkwKyPEAwk0j6go="></latexit>
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<latexit sha1_base64="kQrv3Cu9nyeLfa4YFzcXH8WgHPk=">AAACE3icbVC7TsMwFHV4lvIKMLJYVEiFoUpQEYyVGGAsEn1ITYgc12mtOnFkO0iVlX9g4VdYGECIlYWNv8FtM0DLkSwdnXOvrs8JU0alcpxva2l5ZXVtvbRR3tza3tm19/bbkmcCkxbmjItuiCRhNCEtRRUj3VQQFIeMdMLR1cTvPBAhKU/u1DglfowGCY0oRspIgX3qiSEPtCdieN3JvVTwVHHoRQJh7eYaVT2i0Mm9rud5YFecmjMFXCRuQSqgQDOwv7w+x1lMEoUZkrLnOqnyNRKKYkbyspdJkiI8QgPSMzRBMZG+nmbK4bFR+jDiwrxEwan6e0OjWMpxHJrJGKmhnPcm4n9eL1PRpa9pkmaKJHh2KMoYNLEnBcE+FQQrNjYEYUHNXyEeItOHMjWWTQnufORF0j6ruec157ZeaTSKOkrgEByBKnDBBWiAG9AELYDBI3gGr+DNerJerHfrYza6ZBU7B+APrM8fKGmeUQ==</latexit>

⇢GW / 1

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

freely propagating sub-Hubble modes  
(free massless particles)

<latexit sha1_base64="kzPgKMHXcVFf5ium1Avr4ZCeHAc="></latexit>

d⇢GW

d log k

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

Characterisation of a primordial SGWB



GW energy density parameter

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

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

• The source has stopped operating so the waves are freely propagating  

• The expansion of the universe is negligible over the time of the 
measurement so that the SGWB appears stationary 

• One can F.T. in time as well 

To make connection with the detection process one assumes that

<latexit sha1_base64="qlpZh8FfSs/w7iFZchynjhZ4V7s=">AAACBnicbVDLSsNAFL2pr1pfUZciBIvgqiTF10YounFZwT6gCWEynbRDJ5MwMxFKyMqNv+LGhSJu/QZ3/o3TNgttPXDhzDn3MveeIGFUKtv+NkpLyyura+X1ysbm1vaOubvXlnEqMGnhmMWiGyBJGOWkpahipJsIgqKAkU4wupn4nQciJI35vRonxIvQgNOQYqS05JuH4ZUbCoQzJ8/qbkLz2WuUZ8i3c9+s2jV7CmuROAWpQoGmb365/RinEeEKMyRlz7ET5WVIKIoZyStuKkmC8AgNSE9TjiIivWx6Rm4da6VvhbHQxZU1VX9PZCiSchwFujNCaijnvYn4n9dLVXjpZZQnqSIczz4KU2ap2JpkYvWpIFixsSYIC6p3tfAQ6RyUTq6iQ3DmT14k7XrNOa+d3Z1WG9dFHGU4gCM4AQcuoAG30IQWYHiEZ3iFN+PJeDHejY9Za8koZvbhD4zPH50ZmT0=</latexit>
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Characterisation of a primordial SGWB

<latexit sha1_base64="iZfzlo/SxYqFjAX8JfAiIaJvCK8="></latexit>
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<latexit sha1_base64="b5Lo7w3jFB25W6Up7D+uTvWmF1o="></latexit>
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Power spectral density



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

f⇤ =
1

`⇤
� H⇤

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

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

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

<latexit sha1_base64="L5h8komC+Go1khIgiHbw06bKocU="></latexit>
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Characterisation of a primordial SGWB



✏⇤ = 1
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Characteristic frequency of the GW signal

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

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

f ⇠ mHz LISA

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

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

TQCD ⇠ 100MeV
<latexit sha1_base64="2i6e7+IIDIBK1ch12ctUn1RtJ/Q=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBGki5KoqMuCmy4r2Ac0IUymN+3QmSTMTMQS+ituXCji1h9x5984bbPQ1gOXezjnXubOCVPOlHacb2ttfWNza7u0U97d2z84tI8qHZVkkkKbJjyRvZAo4CyGtmaaQy+VQETIoRuO72Z+9xGkYkn8oCcp+IIMYxYxSrSRArviAedBrRnUPMUEduqOG9hV0+bAq8QtSBUVaAX2lzdIaCYg1pQTpfquk2o/J1IzymFa9jIFKaFjMoS+oTERoPx8fvsUnxllgKNEmoo1nqu/N3IilJqI0EwKokdq2ZuJ/3n9TEe3fs7iNNMQ08VDUcaxTvAsCDxgEqjmE0MIlczciumISEK1iatsQnCXv7xKOhd197p+eX9VbTSKOEroBJ2ic+SiG9RATdRCbUTRE3pGr+jNmlov1rv1sRhds4qdY/QH1ucPm5WS3A==</latexit>

`⇤H⇤ ⇠ 0.01

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

`⇤H⇤ ⇠ 1

<latexit sha1_base64="W7ymEAknVqyJ8cogt5BR2iDyskM=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhbBhZREpOqu6EKXLfQFTQyT6bQdOpOEmYlQQpZu/BU3LhRx6ye482+cpllo64ELh3Pu5d57/IhRqSzr2ygsLa+srhXXSxubW9s75u5eW4axwKSFQxaKro8kYTQgLUUVI91IEMR9Rjr++Gbqdx6IkDQMmmoSEZejYUAHFCOlJc88bHqJIzisN1JHUg5t6/4KOqeZdkvaqWeWrYqVAS4SOydlkKPumV9OP8QxJ4HCDEnZs61IuQkSimJG0pITSxIhPEZD0tM0QJxIN8keSeGxVvpwEApdgYKZ+nsiQVzKCfd1J0dqJOe9qfif14vV4NJNaBDFigR4tmgQM6hCOE0F9qkgWLGJJggLqm+FeIQEwkpnV9Ih2PMvL5L2WcWuVqqN83LtOo+jCA7AETgBNrgANXAH6qAFMHgEz+AVvBlPxovxbnzMWgtGPrMP/sD4/AFeu5hN</latexit>

TPQ ⇠ 109 GeV
<latexit sha1_base64="/UvvAb6u3Qm6C6Ch47054evuk2E=">AAAB+HicbVDLSsNAFL3xWeujUZduBosgXZREfC0LbrqsYB/QhDCZTtqhM0mYmQg19EvcuFDErZ/izr9x2mahrQcuHM65l3vvCVPOlHacb2ttfWNza7u0U97d2z+o2IdHHZVkktA2SXgieyFWlLOYtjXTnPZSSbEIOe2G47uZ332kUrEkftCTlPoCD2MWMYK1kQK74lHOg1ozqHmKCeQGdtWpO3OgVeIWpAoFWoH95Q0Skgkaa8KxUn3XSbWfY6kZ4XRa9jJFU0zGeEj7hsZYUOXn88On6MwoAxQl0lSs0Vz9PZFjodREhKZTYD1Sy95M/M/rZzq69XMWp5mmMVksijKOdIJmKaABk5RoPjEEE8nMrYiMsMREm6zKJgR3+eVV0rmou9f1q/vLaqNRxFGCEziFc3DhBhrQhBa0gUAGz/AKb9aT9WK9Wx+L1jWrmDmGP7A+fwBGS5Iy</latexit>

`⇤H⇤ ⇠ 1
<latexit sha1_base64="BUQ9R3QAAJlGuY1wB4asF/edpUs=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgQkoiUl0W3XRZwT6gCWUynbRDZ5IwMxHaUPwVNy4Ucet/uPNvnLZZaOuBC4dz7uXee4KEM6Ud59taWV1b39gsbBW3d3b39u2Dw6aKU0log8Q8lu0AK8pZRBuaaU7biaRYBJy2guHd1G89UqlYHD3oUUJ9gfsRCxnB2khd+zj0FBPIdRzkXWSeFKg2nnTtklN2ZkDLxM1JCXLUu/aX14tJKmikCcdKdVwn0X6GpWaE00nRSxVNMBniPu0YGmFBlZ/Nrp+gM6P0UBhLU5FGM/X3RIaFUiMRmE6B9UAtelPxP6+T6vDGz1iUpJpGZL4oTDnSMZpGgXpMUqL5yBBMJDO3IjLAEhNtAiuaENzFl5dJ87LsVsqV+6tS9TaPowAncArn4MI1VKEGdWgAgTE8wyu8WU/Wi/VufcxbV6x85gj+wPr8AXaKk/c=</latexit>

f ⇠ 100Hz LVK



QCDPTEWPT
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CMB

Inflation

anisotropies CMB

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

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

light elements

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

BBN Recombination

reheating, baryogenesis, phase 
transitions, dark matter…

GW

Discovery potential of primordial SGWB detection

PTALISAEarth-
based



What is/will be known about the SGWB
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• GW contribute to the energy density in the universe and change its 
background evolution

What is/will be known about the SGWB

• The abundances of elements produced at Big Bang Nucleosynthesis 
(BBN) depend on the relative abundance of neutrons and protons, 
which depends on the Hubble scale at T ∼ MeV  

• The Cosmic Microwave Background (CMB) monopole and anisotropy 
spectrum depend on the Hubble scale at decoupling T ∼ 0.3 eV, on the 
matter-radiation equality… 

• Bounds on the integrated GW energy density at/previous to the BBN 
and CMB epochs
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• temperature anisotropy:  
limit by Planck

• polarisation: BB spectrum measured 
by BICEP2 and Planck generated at 
photon decoupling time, from 
Thomson scattering of electrons by a 
quadrupole temperature anisotropy 
in the photons

�T

T
= �

Z t0

tdec
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polarisation patterns

generated by 
primordial scalar 

and tensor 
perturbations

generated only by 
primordial tensor 

perturbations or by 
foregrounds 

Cosmic microwave background
frequency range of detection: 10-18 Hz < f <  10-16 HZ
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Cosmic microwave background

only upper bounds on the 
primordial component for now

Planck collaboration: arXiv:1807.06205

Galloni et al: arXiv:2208.00188



Cosmic microwave background

This constraint is usually 
represented in the context of 
Inflation as a bound on the 

tensor-to-scalar ratio

Projected sensitivity on the 
tensor-to-scalar ratio

Calabrese et al, arXiv:2503.14454



What is/will be known about the SGWB
Present and future GW obsevatories: LVK
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Earth-based interferometers

arm length L = 4 km 

frequency range of detection:  
10 Hz < f < 5kHZ

• Black hole coalescing binaries of masses few to hundred solar masses (BHBs)  
• Neutron Star and NS-BH binaries / SN explosions 
• Stochastic GW background

LIGO/Virgo (operating) 3rd generation ET, CE (future)

arm length L ~15-20 km 

frequency range of detection:  
1 Hz < f < 104 HZ

http://www.et-gw.eu/index.phphttps://www.ligo.org/

DETECTION TARGETS:

factor 20 improvement in sensitivity



Earth-based interferometers

Last catalogue GWTC-3: 

90 binary mergers 
detected, including NS-
BH and NS-NS mergers 

LVK Collaboration: arXiv:2111.03606

Individually resolved 
BHBs, NSBs, NS-BH



Earth-based interferometers

SGWB from BHBs and NSBs  

Stochastic GW background: for now, only upper bounds 

Upper bound on generic
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LVK Collaborations, arXiv:2101.12130

Detection via cross-
correlation of signals 

from different detectors

Most probably no 
cosmological SGWB 

detection by LVK, masked 
by astrophysical 

foreground detection 
expected for ～2030 



What is/will be known about the SGWB
Present and future GW observatories: LISA
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LISA: Laser Interferometer Space Antenna

10
−4

Hz < f < 1 Hz

frequency range of detection:

• no seismic noise  
• much longer arms than on Earth

• Launch in ~2035 
• two masses in free fall per spacecraft  
• 2.5 million km arms 
• picometer displacement of masses

Space-based interferometers: LISA

LISA Consortium arXiv:1702.00786



M. Colpi et al, arXiv:2402.07571 - LISA Red Book

Space-based interferometers: LISA

DETECTION TARGETS:



Space-based interferometers: LISA

Stochastic GW background

• Confusion noise from the binaries in the Galaxy (mainly WD binaries) 
• Confusion noise from extra-galactic binaries (WD binaries and BHBs) 
• Candidates from the early universe, in particular at the EW scale

M. Colpi et al, arXiv:2402.07571 - LISA Red Book

Detecting a SGWB with LISA 
is challenging: no cross-

correlation, need to assume 
knowledge of the noise  

(possibility of null channels)



What is/will be known about the SGWB

FIRST SGWB 
DETECTION!

Present and future GW observatories: PTA
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Pulsar timing arrays

frequency range of detection: 10-9 Hz < f <  10-7 HZ

DETECTION TARGETS:

CPTA, EPTA, NANOGrav, PPTA -> IPTA

Individual emission and stochastic background from inspiralling Super Massive 
Black Hole Binaries (SMBHBs) with masses ~109 M⦿ at the centre of galaxies

• rotating, magnetised neutron stars emitting 
periodic radio-frequency EM pulses -> can be 
used as clocks in the sky  

• the radio pulses are emitted at very regular 
time intervals, but their arrival times can be 
altered by a GW passing between the pulsar 
and the Earth 

• First a timing model of the pulsar is 
constructed, which is then compared to 
observations to infer the timing residuals where 
the GW effect is looked for



Pulsar timing arrays
Principle of the measurement: gravitational redshift caused by gravitational 
waves emitted by far-away sources and travelling through spacetime between 
the pulsars and the Earth
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ta

Photon from pulsar:

Effect of the metric perturbation on a single beam:  
not measurable unless one knows the reference quantities
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2
ûiûj

Z L

0
ds hij(te + s, re + sû)

<latexit sha1_base64="SDpnchcNC9OhLHM6Y8ilM6gJ5vE=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m3bpZhN2J0IJ+RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilfjYIQqKHmcnzYbXm1t0FyDrxClKDAq1h9WswilkacYVMUmP6npugn1GNgkmeVwap4QllUzrmfUsVjbjxs8XJObmwyoiEsbalkCzU3xMZjYyZRYHtjChOzKo3F//z+imGt34mVJIiV2y5KEwlwZjM/ycjoTlDObOEMi3srYRNqKYMbUoVG4K3+vI66VzVvUa98XBdazaLOMpwBudwCR7cQBPuoQVtYBDDM7zCm4POi/PufCxbS04xcwp/4Hz+AIAZkWk=</latexit>rs

SMBHB



Pulsar timing arrays
Principle of the measurement: compare with the next pulse

<latexit sha1_base64="I9gIRo0QizRZskJifkcpXivKJaw=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZK0pnVXcOOygn1AE8pkOmmHTiZhZlIooX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCVNGpbLtD6O0sbm1vVPereztHxwemccnXZlkApMOTlgi+iGShFFOOooqRvqpICgOGemF05vC782IkDTh92qekiBGY04jipHS0tA0/QlSuR8jNQmjfLpYDM2qbV03PffKhbZl2w235hXEbdTdGnS0UqAK1mgPzXd/lOAsJlxhhqQcOHaqghwJRTEji4qfSZIiPEVjMtCUo5jIIF8mX8ALrYxglAj9uIJL9ftGjmIp53GoJ4uI8rdXiH95g0xFzSCnPM0U4Xh1KMoYVAksaoAjKghWbK4JwoLqrBBPkEBY6bIquoSvn8L/Sde1HM/y7urVVmtdRxmcgXNwCRzQAC1wC9qgAzCYgQfwBJ6N3Hg0XozX1WjJWO+cgh8w3j4BqBiUWg==</latexit>

k̂
<latexit sha1_base64="zgjPCD27HgDtgNR/Z261Q6Av4Lo=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFdK0pnVXcOOygn1AE8pkOmmHTiZhZlIoIX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCRJGpbLtD6O0sbm1vVPereztHxwemccnPRmnApMujlksBgGShFFOuooqRgaJICgKGOkHs5vC78+JkDTm92qRED9CE05DipHS0sg0vSlSmRchNQ3CLMrzkVm1reuW61w50LZsu+nU3YI4zYZThzWtFKiCNToj890bxziNCFeYISmHNTtRfoaEopiRvOKlkiQIz9CEDDXlKCLSz5bJc3ihlTEMY6EfV3Cpft/IUCTlIgr0ZBFR/vYK8S9vmKqw5WeUJ6kiHK8OhSmDKoZFDXBMBcGKLTRBWFCdFeIpEggrXVZFl/D1U/g/6TlWzbXcu0a13V7XUQZn4Bxcghpogja4BR3QBRjMwQN4As9GZjwaL8brarRkrHdOwQ8Yb5+rJJRc</latexit>

m̂

<latexit sha1_base64="nfnMmhcie357YZexByhf+VcjfgE=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFdK0pnVXcOOygn1AE8pkOmmHTiZhZlIoIX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCRJGpbLtD6O0sbm1vVPereztHxwemccnPRmnApMujlksBgGShFFOuooqRgaJICgKGOkHs5vC78+JkDTm92qRED9CE05DipHS0sg0vSlSmRchNQ3CjOf5yKza1nXLda4caFu23XTqbkGcZsOpw5pWClTBGp2R+e6NY5xGhCvMkJTDmp0oP0NCUcxIXvFSSRKEZ2hChppyFBHpZ8vkObzQyhiGsdCPK7hUv29kKJJyEQV6sogof3uF+Jc3TFXY8jPKk1QRjleHwpRBFcOiBjimgmDFFpogLKjOCvEUCYSVLquiS/j6Kfyf9Byr5lruXaPabq/rKIMzcA4uQQ00QRvcgg7oAgzm4AE8gWcjMx6NF+N1NVoy1jun4AeMt0+sqpRd</latexit>

n̂

<latexit sha1_base64="rWoN+aZerAT//ffAs8+bVvy+xP4=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLgxmUF+4A2lsn0ph06mYSZiVJC/sONC0Xc+i/u/BsnbRbaemDgcM693DPHjzlT2nG+rdLa+sbmVnm7srO7t39QPTzqqCiRFNs04pHs+UQhZwLbmmmOvVgiCX2OXX96k/vdR5SKReJez2L0QjIWLGCUaCM9pIOQ6IkfpDIbYjas1py6M4e9StyC1KBAa1j9GowimoQoNOVEqb7rxNpLidSMcswqg0RhTOiUjLFvqCAhKi+dp87sM6OM7CCS5gltz9XfGykJlZqFvpnMQ6plLxf/8/qJDq69lIk40Sjo4lCQcFtHdl6BPWISqeYzQwiVzGS16YRIQrUpqmJKcJe/vEo6F3W3UW/cXdaazaKOMpzAKZyDC1fQhFtoQRsoSHiGV3iznqwX6936WIyWrGLnGP7A+vwBQC2TAw==</latexit>re

<latexit sha1_base64="vQKHyh8R1nJNVs5DVNsgI6HDyIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFNy4r2Ae0Y8mkmTY0kwxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uScniDnTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkoQttEcql6AdaUM0HbhhlOe7GiOAo47QbTm9zvPlKlmRT3ZhZTP8JjwUJGsLHSQzqIsJkEYaqyocyG1Zpbd+dAq8QrSA0KtIbVr8FIkiSiwhCOte57bmz8FCvDCKdZZZBoGmMyxWPat1TgiGo/nafO0JlVRiiUyj5h0Fz9vZHiSOtZFNjJPKRe9nLxP6+fmPDaT5mIE0MFWRwKE46MRHkFaMQUJYbPLMFEMZsVkQlWmBhbVMWW4C1/eZV0Lupeo964u6w1m0UdZTiBUzgHD66gCbfQgjYQUPAMr/DmPDkvzrvzsRgtOcXOMfyB8/kDT1+TDQ==</latexit>ro

<latexit sha1_base64="3GzwCSdbHeGecMAn9arfnccrVRE=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuCGxcuKtgHtKFMppN26GQSZiZKifkUNy4UceuXuPNvnLRZaOuBgcM593LPHD/mTGnH+bZKa+sbm1vl7crO7t7+gV097KgokYS2ScQj2fOxopwJ2tZMc9qLJcWhz2nXn17nfveBSsUica9nMfVCPBYsYARrIw3t6u1ggnU6CLGe+EGaZNnQrjl1Zw60StyC1KBAa2h/DUYRSUIqNOFYqb7rxNpLsdSMcJpVBomiMSZTPKZ9QwUOqfLSefQMnRplhIJImic0mqu/N1IcKjULfTOZR1TLXi7+5/UTHVx5KRNxoqkgi0NBwpGOUN4DGjFJieYzQzCRzGRFZIIlJtq0VTEluMtfXiWd87rbqDfuLmrNZlFHGY7hBM7AhUtowg20oA0EHuEZXuHNerJerHfrYzFasoqdI/gD6/MH8XyUdg==</latexit>

Lû

<latexit sha1_base64="pD+Qen1/aFZZy3adAbRhSeYdkW8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vjw4rEF+wFtKJvtpF272YTdjVhCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/Pbj6g0j+W9mSToR3QoecgZNVZqPPVLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNkUbgrf88ippXVa8aqXauCrXankcBTiFM7gAD66hBndQhyYwQHiGV3hzHpwX5935WLSuOfnMCfyB8/kD6TGNBQ==</latexit>x

<latexit sha1_base64="/Qbq6aCGyUuRsNVDMEFSCpC61x8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeiuGtnwmVpMgVWy4KU0kwJvOvyVBozlBOLaFMC3srYWOqKUObTcmG4K2+vE7aV1WvVq01ryv1eh5HEc7gHC7Bgxuowz00oAUMODzDK7w5j86L8+58LFsLTj5zCn/gfP4A4yGNAQ==</latexit>

t

<latexit sha1_base64="dkyVvtNLaqbaRvZyWvjuNsC9J6M=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVooZREpLosuHFZwT6gDWEynbZjJ5MwcyOEUH/FjQtF3Poh7vwbJ20W2nrgwplz7mXuPX7EmQLb/jYKG5tb2zvF3dLe/sHhkXl80lVhLAntkJCHsu9jRTkTtAMMOO1HkuLA57Tnz24yv/dIpWKhuIckom6AJ4KNGcGgJc8sQ1XV6sP61EvZw7yavWqeWbEb9gLWOnFyUkE52p75NRyFJA6oAMKxUgPHjsBNsQRGOJ2XhrGiESYzPKEDTQUOqHLTxfJz61wrI2scSl0CrIX6eyLFgVJJ4OvOAMNUrXqZ+J83iGF87aZMRDFQQZYfjWNuQWhlSVgjJikBnmiCiWR6V4tMscQEdF4lHYKzevI66V40nGajeXdZabXyOIroFJ2hKnLQFWqhW9RGHURQgp7RK3oznowX4934WLYWjHymjP7A+PwBn1OTeQ==</latexit>

t(s),
hij(t

(s))
<latexit sha1_base64="sOVoRrfbp1Fp0eCo2bMymY9xOZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi8eK9gPaUDbbSbt0swm7E6GU/gQvHhTx6i/y5r9x2+ag1QcDj/dmmJkXplIY8rwvp7C2vrG5Vdwu7ezu7R+UD49aJsk0xyZPZKI7ITMohcImCZLYSTWyOJTYDsc3c7/9iNqIRD3QJMUgZkMlIsEZWeme+tgvV7yqt4D7l/g5qUCORr/82RskPItREZfMmK7vpRRMmSbBJc5KvcxgyviYDbFrqWIxmmC6OHXmnlll4EaJtqXIXag/J6YsNmYSh7YzZjQyq95c/M/rZhRdB1Oh0oxQ8eWiKJMuJe78b3cgNHKSE0sY18Le6vIR04yTTadkQ/BXX/5LWhdVv1at3V1W6vU8jiKcwCmcgw9XUIdbaEATOAzhCV7g1ZHOs/PmvC9bC04+cwy/4Hx8A1dgjdk=</latexit>

te

<latexit sha1_base64="NKgNkSHAemvxAOjLmQJg6Tov6VM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzigg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxanzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jcZCs0ZyqkllGlhbyVsTDVlaNMp2RC81ZfXSfuq6tWqtfvrSqORx1GEMziHS/CgDg24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nD1FQjdU=</latexit>

ta
<latexit sha1_base64="UXfIZw7sP0KYoTnicWNQNiLcWjM=">AAAB7HicbVBNS8NAFNz4WetX1aOXxSIIQklEqseCF48VTFtoQ9lsX9qlm03YfRFK6G/w4kERr/4gb/4bt20O2jqwMMzMY9+bMJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZZJMc/B5IhPdCZkBKRT4KFBCJ9XA4lBCOxzfzfz2E2gjEvWIkxSCmA2ViARnaCUf+3DZ7Feqbs2dg64SryBVUsDmv3qDhGcxKOSSGdP13BSDnGkUXMK03MsMpIyP2RC6lioWgwny+bJTem6VAY0SbZ9COld/T+QsNmYShzYZMxyZZW8m/ud1M4xug1yoNENQfPFRlEmKCZ1dTgdCA0c5sYRxLeyulI+YZhxtP2Vbgrd88ippXdW8eq3+cF1tNIo6SuSUnJEL4pEb0iD3pEl8wokgz+SVvDnKeXHenY9FdM0pZk7IHzifP15Ijmg=</latexit>

te + P

<latexit sha1_base64="/xk4/MCObKITONwUypRrUGXcOeI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMgBMKuSPQY0IPHCHlBsobeyWwyZPbBTK8SlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXF0uh0ba/rdza+sbmVn67sLO7t39QPDxq6ShRjDdZJCPV8UBzKULeRIGSd2LFIfAkb3vjm5nffuRKiyhs4CTmbgDDUPiCARrpAftQrpd7t1wi0Ea/WLIr9hx0lTgZKZEM9X7xqzeIWBLwEJkErbuOHaObgkLBJJ8WeonmMbAxDHnX0BACrt10fvWUnhllQP1ImQqRztXfEykEWk8Cz3QGgCO97M3E/7xugv61m4owTpCHbLHITyTFiM4ioAOhOEM5MQSYEuZWykaggKEJqmBCcJZfXiWti4pTrVTvL0u1WhZHnpyQU3JOHHJFauSO1EmTMKLIM3klb9aT9WK9Wx+L1pyVzRyTP7A+fwAitJGj</latexit>

ta + P +�T

This effect is present only because the gravitational wave is time-dependent 

<latexit sha1_base64="oZDBnwGefXXUWtuwCYq5pKmmzrQ="></latexit>

�T =
1

2
ûiûj

Z L

0
ds [hij(te + P + s, re + sû)� hij(te + s, re + sû)]

<latexit sha1_base64="SDpnchcNC9OhLHM6Y8ilM6gJ5vE=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m3bpZhN2J0IJ+RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilfjYIQqKHmcnzYbXm1t0FyDrxClKDAq1h9WswilkacYVMUmP6npugn1GNgkmeVwap4QllUzrmfUsVjbjxs8XJObmwyoiEsbalkCzU3xMZjYyZRYHtjChOzKo3F//z+imGt34mVJIiV2y5KEwlwZjM/ycjoTlDObOEMi3srYRNqKYMbUoVG4K3+vI66VzVvUa98XBdazaLOMpwBudwCR7cQBPuoQVtYBDDM7zCm4POi/PufCxbS04xcwp/4Hz+AIAZkWk=</latexit>rs

SMBHB

“Gravitational Waves Vol 2”,  
M. Maggiore, Oxford University Press 2018 S. Taylor, arXiv:2105.13270 



Wave propagating in k direction:
<latexit sha1_base64="aXOanMmwof0fnqFJmE5R7Rx3FSE="></latexit>

hij(X) with X = te + s� k̂ · re � s k̂ · û

Pulsar timing arrays

<latexit sha1_base64="I9gIRo0QizRZskJifkcpXivKJaw=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFZK0pnVXcOOygn1AE8pkOmmHTiZhZlIooX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCVNGpbLtD6O0sbm1vVPereztHxwemccnXZlkApMOTlgi+iGShFFOOooqRvqpICgOGemF05vC782IkDTh92qekiBGY04jipHS0tA0/QlSuR8jNQmjfLpYDM2qbV03PffKhbZl2w235hXEbdTdGnS0UqAK1mgPzXd/lOAsJlxhhqQcOHaqghwJRTEji4qfSZIiPEVjMtCUo5jIIF8mX8ALrYxglAj9uIJL9ftGjmIp53GoJ4uI8rdXiH95g0xFzSCnPM0U4Xh1KMoYVAksaoAjKghWbK4JwoLqrBBPkEBY6bIquoSvn8L/Sde1HM/y7urVVmtdRxmcgXNwCRzQAC1wC9qgAzCYgQfwBJ6N3Hg0XozX1WjJWO+cgh8w3j4BqBiUWg==</latexit>

k̂
<latexit sha1_base64="zgjPCD27HgDtgNR/Z261Q6Av4Lo=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFdK0pnVXcOOygn1AE8pkOmmHTiZhZlIoIX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCRJGpbLtD6O0sbm1vVPereztHxwemccnPRmnApMujlksBgGShFFOuooqRgaJICgKGOkHs5vC78+JkDTm92qRED9CE05DipHS0sg0vSlSmRchNQ3CLMrzkVm1reuW61w50LZsu+nU3YI4zYZThzWtFKiCNToj890bxziNCFeYISmHNTtRfoaEopiRvOKlkiQIz9CEDDXlKCLSz5bJc3ihlTEMY6EfV3Cpft/IUCTlIgr0ZBFR/vYK8S9vmKqw5WeUJ6kiHK8OhSmDKoZFDXBMBcGKLTRBWFCdFeIpEggrXVZFl/D1U/g/6TlWzbXcu0a13V7XUQZn4Bxcghpogja4BR3QBRjMwQN4As9GZjwaL8brarRkrHdOwQ8Yb5+rJJRc</latexit>

m̂

<latexit sha1_base64="nfnMmhcie357YZexByhf+VcjfgE=">AAAB+XicdVDLSsNAFJ3UV62vqEs3g0VwFdK0pnVXcOOygn1AE8pkOmmHTiZhZlIoIX/ixoUibv0Td/6Nk7aCih4YOJxzL/fMCRJGpbLtD6O0sbm1vVPereztHxwemccnPRmnApMujlksBgGShFFOuooqRgaJICgKGOkHs5vC78+JkDTm92qRED9CE05DipHS0sg0vSlSmRchNQ3CjOf5yKza1nXLda4caFu23XTqbkGcZsOpw5pWClTBGp2R+e6NY5xGhCvMkJTDmp0oP0NCUcxIXvFSSRKEZ2hChppyFBHpZ8vkObzQyhiGsdCPK7hUv29kKJJyEQV6sogof3uF+Jc3TFXY8jPKk1QRjleHwpRBFcOiBjimgmDFFpogLKjOCvEUCYSVLquiS/j6Kfyf9Byr5lruXaPabq/rKIMzcA4uQQ00QRvcgg7oAgzm4AE8gWcjMx6NF+N1NVoy1jun4AeMt0+sqpRd</latexit>

n̂

<latexit sha1_base64="rWoN+aZerAT//ffAs8+bVvy+xP4=">AAAB9XicbVDLSsNAFL2pr1pfVZdugkVwVRKR6rLgxmUF+4A2lsn0ph06mYSZiVJC/sONC0Xc+i/u/BsnbRbaemDgcM693DPHjzlT2nG+rdLa+sbmVnm7srO7t39QPTzqqCiRFNs04pHs+UQhZwLbmmmOvVgiCX2OXX96k/vdR5SKReJez2L0QjIWLGCUaCM9pIOQ6IkfpDIbYjas1py6M4e9StyC1KBAa1j9GowimoQoNOVEqb7rxNpLidSMcswqg0RhTOiUjLFvqCAhKi+dp87sM6OM7CCS5gltz9XfGykJlZqFvpnMQ6plLxf/8/qJDq69lIk40Sjo4lCQcFtHdl6BPWISqeYzQwiVzGS16YRIQrUpqmJKcJe/vEo6F3W3UW/cXdaazaKOMpzAKZyDC1fQhFtoQRsoSHiGV3iznqwX6936WIyWrGLnGP7A+vwBQC2TAw==</latexit>re

<latexit sha1_base64="vQKHyh8R1nJNVs5DVNsgI6HDyIE=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVJcFNy4r2Ae0Y8mkmTY0kwxJRinD/IcbF4q49V/c+Tdm2llo64HA4Zx7uScniDnTxnW/ndLa+sbmVnm7srO7t39QPTzqaJkoQttEcql6AdaUM0HbhhlOe7GiOAo47QbTm9zvPlKlmRT3ZhZTP8JjwUJGsLHSQzqIsJkEYaqyocyG1Zpbd+dAq8QrSA0KtIbVr8FIkiSiwhCOte57bmz8FCvDCKdZZZBoGmMyxWPat1TgiGo/nafO0JlVRiiUyj5h0Fz9vZHiSOtZFNjJPKRe9nLxP6+fmPDaT5mIE0MFWRwKE46MRHkFaMQUJYbPLMFEMZsVkQlWmBhbVMWW4C1/eZV0Lupeo964u6w1m0UdZTiBUzgHD66gCbfQgjYQUPAMr/DmPDkvzrvzsRgtOcXOMfyB8/kDT1+TDQ==</latexit>ro

<latexit sha1_base64="3GzwCSdbHeGecMAn9arfnccrVRE=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUlEqsuCGxcuKtgHtKFMppN26GQSZiZKifkUNy4UceuXuPNvnLRZaOuBgcM593LPHD/mTGnH+bZKa+sbm1vl7crO7t7+gV097KgokYS2ScQj2fOxopwJ2tZMc9qLJcWhz2nXn17nfveBSsUica9nMfVCPBYsYARrIw3t6u1ggnU6CLGe+EGaZNnQrjl1Zw60StyC1KBAa2h/DUYRSUIqNOFYqb7rxNpLsdSMcJpVBomiMSZTPKZ9QwUOqfLSefQMnRplhIJImic0mqu/N1IcKjULfTOZR1TLXi7+5/UTHVx5KRNxoqkgi0NBwpGOUN4DGjFJieYzQzCRzGRFZIIlJtq0VTEluMtfXiWd87rbqDfuLmrNZlFHGY7hBM7AhUtowg20oA0EHuEZXuHNerJerHfrYzFasoqdI/gD6/MH8XyUdg==</latexit>

Lû

<latexit sha1_base64="pD+Qen1/aFZZy3adAbRhSeYdkW8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vjw4rEF+wFtKJvtpF272YTdjVhCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8O/Pbj6g0j+W9mSToR3QoecgZNVZqPPVLZbfizkFWiZeTMuSo90tfvUHM0gilYYJq3fXcxPgZVYYzgdNiL9WYUDamQ+xaKmmE2s/mh07JuVUGJIyVLWnIXP09kdFI60kU2M6ImpFe9mbif143NeGNn3GZpAYlWywKU0FMTGZfkwFXyIyYWEKZ4vZWwkZUUWZsNkUbgrf88ippXVa8aqXauCrXankcBTiFM7gAD66hBndQhyYwQHiGV3hzHpwX5935WLSuOfnMCfyB8/kD6TGNBQ==</latexit>x

<latexit sha1_base64="/Qbq6aCGyUuRsNVDMEFSCpC61x8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gNOE+xEdKREKRtFKTRyUK27VXYCsEy8nFcjRGJS/+sOYpRFXyCQ1pue5CfoZ1SiY5LNSPzU8oWxCR7xnqaIRN362OHRGLqwyJGGsbSkkC/X3REYjY6ZRYDsjimOz6s3F/7xeiuGtnwmVpMgVWy4KU0kwJvOvyVBozlBOLaFMC3srYWOqKUObTcmG4K2+vE7aV1WvVq01ryv1eh5HEc7gHC7Bgxuowz00oAUMODzDK7w5j86L8+58LFsLTj5zCn/gfP4A4yGNAQ==</latexit>

t

<latexit sha1_base64="dkyVvtNLaqbaRvZyWvjuNsC9J6M=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVooZREpLosuHFZwT6gDWEynbZjJ5MwcyOEUH/FjQtF3Poh7vwbJ20W2nrgwplz7mXuPX7EmQLb/jYKG5tb2zvF3dLe/sHhkXl80lVhLAntkJCHsu9jRTkTtAMMOO1HkuLA57Tnz24yv/dIpWKhuIckom6AJ4KNGcGgJc8sQ1XV6sP61EvZw7yavWqeWbEb9gLWOnFyUkE52p75NRyFJA6oAMKxUgPHjsBNsQRGOJ2XhrGiESYzPKEDTQUOqHLTxfJz61wrI2scSl0CrIX6eyLFgVJJ4OvOAMNUrXqZ+J83iGF87aZMRDFQQZYfjWNuQWhlSVgjJikBnmiCiWR6V4tMscQEdF4lHYKzevI66V40nGajeXdZabXyOIroFJ2hKnLQFWqhW9RGHURQgp7RK3oznowX4934WLYWjHymjP7A+PwBn1OTeQ==</latexit>

t(s),
hij(t

(s))
<latexit sha1_base64="sOVoRrfbp1Fp0eCo2bMymY9xOZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPBi8eK9gPaUDbbSbt0swm7E6GU/gQvHhTx6i/y5r9x2+ag1QcDj/dmmJkXplIY8rwvp7C2vrG5Vdwu7ezu7R+UD49aJsk0xyZPZKI7ITMohcImCZLYSTWyOJTYDsc3c7/9iNqIRD3QJMUgZkMlIsEZWeme+tgvV7yqt4D7l/g5qUCORr/82RskPItREZfMmK7vpRRMmSbBJc5KvcxgyviYDbFrqWIxmmC6OHXmnlll4EaJtqXIXag/J6YsNmYSh7YzZjQyq95c/M/rZhRdB1Oh0oxQ8eWiKJMuJe78b3cgNHKSE0sY18Le6vIR04yTTadkQ/BXX/5LWhdVv1at3V1W6vU8jiKcwCmcgw9XUIdbaEATOAzhCV7g1ZHOs/PmvC9bC04+cwy/4Hx8A1dgjdk=</latexit>

te

<latexit sha1_base64="NKgNkSHAemvxAOjLmQJg6Tov6VM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo8FLx4r2g9oQ9lsN+3SzSbsToQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNMbud+54lrI2L1iNOE+xEdKREKRtFKDzigg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxanzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jcZCs0ZyqkllGlhbyVsTDVlaNMp2RC81ZfXSfuq6tWqtfvrSqORx1GEMziHS/CgDg24gya0gMEInuEV3hzpvDjvzseyteDkM6fwB87nD1FQjdU=</latexit>

ta
<latexit sha1_base64="UXfIZw7sP0KYoTnicWNQNiLcWjM=">AAAB7HicbVBNS8NAFNz4WetX1aOXxSIIQklEqseCF48VTFtoQ9lsX9qlm03YfRFK6G/w4kERr/4gb/4bt20O2jqwMMzMY9+bMJXCoOt+O2vrG5tb26Wd8u7e/sFh5ei4ZZJMc/B5IhPdCZkBKRT4KFBCJ9XA4lBCOxzfzfz2E2gjEvWIkxSCmA2ViARnaCUf+3DZ7Feqbs2dg64SryBVUsDmv3qDhGcxKOSSGdP13BSDnGkUXMK03MsMpIyP2RC6lioWgwny+bJTem6VAY0SbZ9COld/T+QsNmYShzYZMxyZZW8m/ud1M4xug1yoNENQfPFRlEmKCZ1dTgdCA0c5sYRxLeyulI+YZhxtP2Vbgrd88ippXdW8eq3+cF1tNIo6SuSUnJEL4pEb0iD3pEl8wokgz+SVvDnKeXHenY9FdM0pZk7IHzifP15Ijmg=</latexit>

te + P

<latexit sha1_base64="/xk4/MCObKITONwUypRrUGXcOeI=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoMgBMKuSPQY0IPHCHlBsobeyWwyZPbBTK8SlvyHFw+KePVfvPk3TpI9aGJBQ1HVTXeXF0uh0ba/rdza+sbmVn67sLO7t39QPDxq6ShRjDdZJCPV8UBzKULeRIGSd2LFIfAkb3vjm5nffuRKiyhs4CTmbgDDUPiCARrpAftQrpd7t1wi0Ea/WLIr9hx0lTgZKZEM9X7xqzeIWBLwEJkErbuOHaObgkLBJJ8WeonmMbAxDHnX0BACrt10fvWUnhllQP1ImQqRztXfEykEWk8Cz3QGgCO97M3E/7xugv61m4owTpCHbLHITyTFiM4ioAOhOEM5MQSYEuZWykaggKEJqmBCcJZfXiWti4pTrVTvL0u1WhZHnpyQU3JOHHJFauSO1EmTMKLIM3klb9aT9WK9Wx+L1pyVzRyTP7A+fwAitJGj</latexit>

ta + P +�T

<latexit sha1_base64="oUp0WDqGz0S6O67LjFf6zLqtr/g="></latexit>

�T =
1

2

ûiûj

1� k̂ · û

Z te+L�k̂·re�Lk̂·u

te�k̂·re
dX [hij(X + P )� hij(X)]

<latexit sha1_base64="SDpnchcNC9OhLHM6Y8ilM6gJ5vE=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ae0oWy2m3bpZhN2J0IJ+RlePCji1V/jzX/jts1BWx8MPN6bYWZekEhh0HW/ndLG5tb2Tnm3srd/cHhUPT7pmDjVjLdZLGPdC6jhUijeRoGS9xLNaRRI3g2md3O/+8S1EbF6xFnC/YiOlQgFo2ilfjYIQqKHmcnzYbXm1t0FyDrxClKDAq1h9WswilkacYVMUmP6npugn1GNgkmeVwap4QllUzrmfUsVjbjxs8XJObmwyoiEsbalkCzU3xMZjYyZRYHtjChOzKo3F//z+imGt34mVJIiV2y5KEwlwZjM/ycjoTlDObOEMi3srYRNqKYMbUoVG4K3+vI66VzVvUa98XBdazaLOMpwBudwCR7cQBPuoQVtYBDDM7zCm4POi/PufCxbS04xcwp/4Hz+AIAZkWk=</latexit>rs

SMBHB

Principle of the measurement: compare with the next pulse


