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<latexit sha1_base64="ptI+tgHKzy4mpJzdegWrWzzGrzE=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RTAwkS5id9G6GzGOdmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWaQosqrnQnIgY4k9CyzHLopBqIiDg8RKObqf/wBNowJe/tOIVQkESymFFindTpKQEJ6Sf9as2v+zPgZRIUpIYKNPvVr95A0UyAtJQTY7qBn9owJ9oyymFS6WUGUkJHJIGuo5IIMGE+u3eCT5wywLHSrqTFM/X3RE6EMWMRuU5B7NAselPxP6+b2fgqzJlMMwuSzhfFGcdW4enzeMA0UMvHjhCqmbsV0yHRhFoXUcWFECy+vEzaZ/Xgou7fndca10UcZXSEjtEpCtAlaqBb1EQtRBFHz+gVvXmP3ov37n3MW0teMXOI/sD7/AENFI/6</latexit>!g



<latexit sha1_base64="ptI+tgHKzy4mpJzdegWrWzzGrzE=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RTAwkS5id9G6GzGOdmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWaQosqrnQnIgY4k9CyzHLopBqIiDg8RKObqf/wBNowJe/tOIVQkESymFFindTpKQEJ6Sf9as2v+zPgZRIUpIYKNPvVr95A0UyAtJQTY7qBn9owJ9oyymFS6WUGUkJHJIGuo5IIMGE+u3eCT5wywLHSrqTFM/X3RE6EMWMRuU5B7NAselPxP6+b2fgqzJlMMwuSzhfFGcdW4enzeMA0UMvHjhCqmbsV0yHRhFoXUcWFECy+vEzaZ/Xgou7fndca10UcZXSEjtEpCtAlaqBb1EQtRBFHz+gVvXmP3ov37n3MW0teMXOI/sD7/AENFI/6</latexit>!g

<latexit sha1_base64="0UCHJqT8bdWqbDbpKxzyIMp7PFw=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GjI6agc3RTddVrAP6Awlk2ba0ExmSDJCHfobblwo4tafceffmD4EFT1wuYdz7iU3J0w5UxqhD6uwtLyyulZcL21sbm3vlHf3WirJJKFNkvBEdkKsKGeCNjXTnHZSSXEcctoOR9dTv31HpWKJuNXjlAYxHggWMYK1kXwH+Ze5L2NYv5/0yhVku8jgDCK7arrrGuJ5Ve/Ug46NZqiABRq98rvfT0gWU6EJx0p1HZTqIMdSM8LppORniqaYjPCAdg0VOKYqyGc3T+CRUfowSqQpoeFM/b6R41ipcRyayRjrofrtTcW/vG6mo2qQM5FmmgoyfyjKONQJnAYA+0xSovnYEEwkM7dCMsQSE21iKpkQvn4K/yetE9s5t9GNW6ldLeIoggNwCI6BAy5ADdRBAzQBASl4AE/g2cqsR+vFep2PFqzFzj74AevtE2c5kUw=</latexit>

10 Hz
<latexit sha1_base64="0BdbRBXMX/d7MR2p8Ap4w3P+btI=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjI6arsruumygn1IO5RMmmlDk8yQZIQ69CvcuFDErZ/jzr8xfQgqeiDkcM693HtPmHCmDUIfTm5peWV1Lb9e2Njc2t4p7u41dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dUeVZrG8MeOEBgIPJIsYwcZKt1lXCTiq3U96xRJyfWRxBpFbtr/vW1KplCunFei5aIYSWKDeK753+zFJBZWGcKx1x0OJCTKsDCOcTgrdVNMEkxEe0I6lEguqg2y28AQeWaUPo1jZJw2cqd87Miy0HovQVgpshvq3NxX/8jqpicpBxmSSGirJfFCUcmhiOL0e9pmixPCxJZgoZneFZIgVJsZmVLAhfF0K/yfNE9c7d9G1X6peLuLIgwNwCI6BBy5AFdRAHTQAAQI8gCfw7Cjn0XlxXuelOWfRsw9+wHn7BByckKE=</latexit>

kHz

LIGO-VIRGO-KAGRA

<latexit sha1_base64="eVJ8SE//cF6VJsGSgc2b86W13z8=">AAAB83icdVDLSgMxFM3UV62vqks3wSK4GjKl1nZXdNNlBfuAzlAyadqGJpkhyQh16G+4caGIW3/GnX9jpq2gogcuHM65l3vvCWPOtEHow8mtrW9sbuW3Czu7e/sHxcOjjo4SRWibRDxSvRBrypmkbcMMp71YUSxCTrvh9Drzu3dUaRbJWzOLaSDwWLIRI9hYyU99JaAvEti8nw+KJeTWa1VUKUPkIlQro6olF8ire3XoWSVDCazQGhTf/WFEEkGlIRxr3fdQbIIUK8MIp/OCn2gaYzLFY9q3VGJBdZAubp7DM6sM4ShStqSBC/X7RIqF1jMR2k6BzUT/9jLxL6+fmFEtSJmME0MlWS4aJRyaCGYBwCFTlBg+swQTxeytkEywwsTYmAo2hK9P4f+kU3a9qotuKqXG1SqOPDgBp+AceOASNEATtEAbEBCDB/AEnp3EeXRenNdla85ZzRyDH3DePgEFMJGw</latexit>

µHz

PULSAR TIMING

<latexit sha1_base64="5sGK7R1WN+wRKwjvNRxR7kMLGO4=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6bU2u6KbrqsYB/SDiWTZtrQJDMkGaEO/Qo3LhRx6+e482/MtBVU9MCFwzn3cu89QcyZNgh9OCura+sbm7mt/PbO7t5+4eCwraNEEdoiEY9UN8CaciZpyzDDaTdWFIuA004wucr8zh1VmkXyxkxj6gs8kixkBBsr3aZ9JaBs3M8GhSJya9UKKpcgchGqllDFknPk1bwa9KySoQiWaA4K7/1hRBJBpSEca93zUGz8FCvDCKezfD/RNMZkgke0Z6nEgmo/nR88g6dWGcIwUrakgXP1+0SKhdZTEdhOgc1Y//Yy8S+vl5iw6qdMxomhkiwWhQmHJoLZ93DIFCWGTy3BRDF7KyRjrDAxNqO8DeHrU/g/aZdcr+Ki63KxfrmMIweOwQk4Ax64AHXQAE3QAgQI8ACewLOjnEfnxXldtK44y5kj8APO2ycfu5Ci</latexit>

nHz



<latexit sha1_base64="ptI+tgHKzy4mpJzdegWrWzzGrzE=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RTAwkS5id9G6GzGOdmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWaQosqrnQnIgY4k9CyzHLopBqIiDg8RKObqf/wBNowJe/tOIVQkESymFFindTpKQEJ6Sf9as2v+zPgZRIUpIYKNPvVr95A0UyAtJQTY7qBn9owJ9oyymFS6WUGUkJHJIGuo5IIMGE+u3eCT5wywLHSrqTFM/X3RE6EMWMRuU5B7NAselPxP6+b2fgqzJlMMwuSzhfFGcdW4enzeMA0UMvHjhCqmbsV0yHRhFoXUcWFECy+vEzaZ/Xgou7fndca10UcZXSEjtEpCtAlaqBb1EQtRBFHz+gVvXmP3ov37n3MW0teMXOI/sD7/AENFI/6</latexit>!g

<latexit sha1_base64="IL5ogvxXFwuwvgGOungGtHQ7dYg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahuiiJFHXhouimywp9QRPCZDJph04ezEyEErJ046+4caGIWz/BnX/jNM1CWw8MHM45lzv3uDGjQhrGt1ZaWV1b3yhvVra2d3b39P2DnogSjkkXRyziAxcJwmhIupJKRgYxJyhwGem7k7uZ338gXNAo7MhpTOwAjULqU4ykkhz92GIq7KFaxzk/gzfQ8jnCqZmlrVzJHL1q1I0ccJmYBamCAm1H/7K8CCcBCSVmSIihacTSThGXFDOSVaxEkBjhCRqRoaIhCoiw0/yQDJ4qxYN+xNULJczV3xMpCoSYBq5KBkiOxaI3E//zhon0r+2UhnEiSYjni/yEQRnBWSvQo5xgyaaKIMyp+ivEY6SqkKq7iirBXDx5mfQu6uZlvXHfqDZvizrK4AicgBowwRVoghZogy7A4BE8g1fwpj1pL9q79jGPlrRi5hD8gfb5A7Tkl+A=</latexit>

�(T⇤) <
1

H(T⇤)
Causality



<latexit sha1_base64="ptI+tgHKzy4mpJzdegWrWzzGrzE=">AAAB73icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF48RTAwkS5id9G6GzGOdmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e6KUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWaQosqrnQnIgY4k9CyzHLopBqIiDg8RKObqf/wBNowJe/tOIVQkESymFFindTpKQEJ6Sf9as2v+zPgZRIUpIYKNPvVr95A0UyAtJQTY7qBn9owJ9oyymFS6WUGUkJHJIGuo5IIMGE+u3eCT5wywLHSrqTFM/X3RE6EMWMRuU5B7NAselPxP6+b2fgqzJlMMwuSzhfFGcdW4enzeMA0UMvHjhCqmbsV0yHRhFoXUcWFECy+vEzaZ/Xgou7fndca10UcZXSEjtEpCtAlaqBb1EQtRBFHz+gVvXmP3ov37n3MW0teMXOI/sD7/AENFI/6</latexit>!g

<latexit sha1_base64="IL5ogvxXFwuwvgGOungGtHQ7dYg=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahuiiJFHXhouimywp9QRPCZDJph04ezEyEErJ046+4caGIWz/BnX/jNM1CWw8MHM45lzv3uDGjQhrGt1ZaWV1b3yhvVra2d3b39P2DnogSjkkXRyziAxcJwmhIupJKRgYxJyhwGem7k7uZ338gXNAo7MhpTOwAjULqU4ykkhz92GIq7KFaxzk/gzfQ8jnCqZmlrVzJHL1q1I0ccJmYBamCAm1H/7K8CCcBCSVmSIihacTSThGXFDOSVaxEkBjhCRqRoaIhCoiw0/yQDJ4qxYN+xNULJczV3xMpCoSYBq5KBkiOxaI3E//zhon0r+2UhnEiSYjni/yEQRnBWSvQo5xgyaaKIMyp+ivEY6SqkKq7iirBXDx5mfQu6uZlvXHfqDZvizrK4AicgBowwRVoghZogy7A4BE8g1fwpj1pL9q79jGPlrRi5hD8gfb5A7Tkl+A=</latexit>

�(T⇤) <
1

H(T⇤)
Causality

<latexit sha1_base64="04xjNAWQSBTSjKfi3vgqFk7+6BA="></latexit>

!0(T⇤) = !(T⇤)
a(T⇤)

a0
& 100 MHz

✓
T⇤

1015GeV

◆✓
g⇤(T⇤)

100

◆1/6



DETECTORS



NATURAL UNITS

<latexit sha1_base64="LydukBTcCsle+/6Ck3vlfjNspVg=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVC+FohePFawtbJeSTbPd0GyyJLNCWfozvHhQxKu/xpv/xrTdg7Y+CDzem5nMvDAV3IDrfjultfWNza3ydmVnd2//oHp49GhUpinrUCWU7oXEMMEl6wAHwXqpZiQJBeuG49uZ331i2nAlH2CSsiAhI8kjTglYye/HRhATN2nTG1Rrbt2dA68SryA1VKA9qH71h4pmCZNA7RDje24KQU40cCrYtNLPDEsJHZMR8y2VJGEmyOcrT/GZVYY4Uto+CXiu/u7ISWLMJAltZUIgNsveTPzP8zOIroOcyzQDJunioygTGBSe3Y+HXDMKYmIJoZrbXTGNiSYUbEoVG4K3fPIqebyoe4164/6y1rop4iijE3SKzpGHrlAL3aE26iCKFHpGr+jNAefFeXc+FqUlp+g5Rn/gfP4ArnWQ4A==</latexit>

} = c = 1



DETECTOR I

<latexit sha1_base64="0s4J1KmV0/ofr9jbx1dafbUkfRg=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5IUqR6LInisYNpCE8Nmu2mX7m7C7kYooXjxr3jxoIhXf4U3/43bNgdtfTDweG+GmXlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZnExMMJS2QnQoowKoinqWakk0qCeMRIOxpeTfz2A5GKJuJOj1IScNQXNKYYaSOF9qEX5r7kkIox9BXl8Pq+FjqwFTqhXXGqzhRwkbgFqYACzdD+8nsJzjgRGjOkVNd1Uh3kSGqKGRmX/UyRFOEh6pOuoQJxooJ8+sIYnhilB+NEmhIaTtXfEzniSo14ZDo50gM1703E/7xupuOLIKcizTQReLYozhjUCZzkAXtUEqzZyBCEJTW3QjxAEmFtUiubENz5lxdJq1Z169X67VmlcVnEUQJH4BicAhecgwa4AU3gAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4A8qmV3A==</latexit>

Uin ⇠ E2
0V0



DETECTOR II

<latexit sha1_base64="0s4J1KmV0/ofr9jbx1dafbUkfRg=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5IUqR6LInisYNpCE8Nmu2mX7m7C7kYooXjxr3jxoIhXf4U3/43bNgdtfTDweG+GmXlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZnExMMJS2QnQoowKoinqWakk0qCeMRIOxpeTfz2A5GKJuJOj1IScNQXNKYYaSOF9qEX5r7kkIox9BXl8Pq+FjqwFTqhXXGqzhRwkbgFqYACzdD+8nsJzjgRGjOkVNd1Uh3kSGqKGRmX/UyRFOEh6pOuoQJxooJ8+sIYnhilB+NEmhIaTtXfEzniSo14ZDo50gM1703E/7xupuOLIKcizTQReLYozhjUCZzkAXtUEqzZyBCEJTW3QjxAEmFtUiubENz5lxdJq1Z169X67VmlcVnEUQJH4BicAhecgwa4AU3gAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4A8qmV3A==</latexit>

Uin ⇠ E2
0V0

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M
<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="go7yKFPH/evuRJJK2K5IpO/cUfw=">AAACDHicbVDNSgMxGMz6W+tf1aOXYBE8lV2R6rHoxYOHCm5b6C5LNs22oflZkqxQlj6AF1/FiwdFvPoA3nwb03YPtXUgMJmZj+SbOGVUG9f9cVZW19Y3Nktb5e2d3b39ysFhS8tMYeJjyaTqxEgTRgXxDTWMdFJFEI8ZacfDm4nffiRKUykezCglIUd9QROKkbFSVKn6UR4oDqkYw0BTDptzd8lJH0V3NuXW3CngMvEKUgUFmlHlO+hJnHEiDGZI667npibMkTIUMzIuB5kmKcJD1CddSwXiRIf5dJkxPLVKDyZS2SMMnKrzEzniWo94bJMcmYFe9Cbif143M8lVmFORZoYIPHsoyRg0Ek6agT2qCDZsZAnCitq/QjxACmFj+yvbErzFlZdJ67zm1Wv1+4tq47qoowSOwQk4Ax64BA1wC5rABxg8gRfwBt6dZ+fV+XA+Z9EVp5g5An/gfP0C2V+a4A==</latexit>

Uin ⇠ Pin!L

LASER



DETECTOR II

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="Dyod40YO8OYKXezgV/2HLHgBquY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM1m0i7dbOLuRiylf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8mfqtR1SaJ/LejFL0Y9qXPOKMGiu1uyEKQ8lTr1R2K+4MZJl4OSlDjnqv9NUNE5bFKA0TVOuO56bGH1NlOBM4KXYzjSllQ9rHjqWSxqj98ezeCTm1SkiiRNmShszU3xNjGms9igPbGVMz0IveVPzP62QmuvLHXKaZQcnmi6JMEJOQ6fMk5AqZESNLKFPc3krYgCrKjI2oaEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgIeIZXeHMenBfn3fmYt644+cwR/IHz+QPKV4/T</latexit>

�x

<latexit sha1_base64="i+ALFW5exfpd/nhnGeSj67REyNI=">AAACFnicbVDLSgMxFM34rPVVdekmWARBLDMi1Y1QFMSNUME+oC0lk7ltQzMPkjvSMvQr3Pgrblwo4lbc+TemD0FbDyScnHMvN/e4kRQabfvLmptfWFxaTq2kV9fWNzYzW9tlHcaKQ4mHMlRVl2mQIoASCpRQjRQw35VQcbuXQ79yD0qLMLjDfgQNn7UD0RKcoZGamaMbWve8EM0NEhnt0XP6I3XM65BeNZO68in0cECbmayds0egs8SZkCyZoNjMfNa9kMc+BMgl07rm2BE2EqZQcAmDdD3WEDHeZW2oGRowH3QjGa01oPtG8WgrVOYESEfq746E+Vr3fddU+gw7etobiv95tRhbZ41EBFGMEPDxoFYsKYZ0mBH1hAKOsm8I40qYv1LeYYpxNEmmTQjO9MqzpHycc/K5/O1JtnAxiSNFdskeOSAOOSUFck2KpEQ4eSBP5IW8Wo/Ws/VmvY9L56xJzw75A+vjGzfZnO8=</latexit>

M �̈x = Mḧx+ Fext



DETECTOR II

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="Dyod40YO8OYKXezgV/2HLHgBquY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM1m0i7dbOLuRiylf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8mfqtR1SaJ/LejFL0Y9qXPOKMGiu1uyEKQ8lTr1R2K+4MZJl4OSlDjnqv9NUNE5bFKA0TVOuO56bGH1NlOBM4KXYzjSllQ9rHjqWSxqj98ezeCTm1SkiiRNmShszU3xNjGms9igPbGVMz0IveVPzP62QmuvLHXKaZQcnmi6JMEJOQ6fMk5AqZESNLKFPc3krYgCrKjI2oaEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgIeIZXeHMenBfn3fmYt644+cwR/IHz+QPKV4/T</latexit>

�x

<latexit sha1_base64="i+ALFW5exfpd/nhnGeSj67REyNI=">AAACFnicbVDLSgMxFM34rPVVdekmWARBLDMi1Y1QFMSNUME+oC0lk7ltQzMPkjvSMvQr3Pgrblwo4lbc+TemD0FbDyScnHMvN/e4kRQabfvLmptfWFxaTq2kV9fWNzYzW9tlHcaKQ4mHMlRVl2mQIoASCpRQjRQw35VQcbuXQ79yD0qLMLjDfgQNn7UD0RKcoZGamaMbWve8EM0NEhnt0XP6I3XM65BeNZO68in0cECbmayds0egs8SZkCyZoNjMfNa9kMc+BMgl07rm2BE2EqZQcAmDdD3WEDHeZW2oGRowH3QjGa01oPtG8WgrVOYESEfq746E+Vr3fddU+gw7etobiv95tRhbZ41EBFGMEPDxoFYsKYZ0mBH1hAKOsm8I40qYv1LeYYpxNEmmTQjO9MqzpHycc/K5/O1JtnAxiSNFdskeOSAOOSUFck2KpEQ4eSBP5IW8Wo/Ws/VmvY9L56xJzw75A+vjGzfZnO8=</latexit>

M �̈x = Mḧx+ Fext

<latexit sha1_base64="YifVvPnSMKfXdyf0Bw9A7RnLWBU=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjRuhgn3AzFAyaaYNzSRDckcoQz/DjQtF3Po17vwb03YW2nogcDjnXnLPiVLBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LyKGCS5ZGzgI1ks1I0kkWDca38787hPThiv5CJOUhQkZSh5zSsBK/n0ACgdcxjDpV2tu3Z0DrxKvIDVUoNWvfgUDRbOESaCCGON7bgphTjRwKti0EmSGpYSOyZD5lkqSMBPm85On+MwqAxwrbZ8EPFd/b+QkMWaSRHYyITAyy95M/M/zM4ivw5zLNAMm6eKjOBPY5pzlxwOuGQUxsYRQze2tmI6IJhRsSxVbgrcceZV0Lupeo954uKw1b4o6yugEnaJz5KEr1ER3qIXaiCKFntErenPAeXHenY/FaMkpdo7RHzifPxUOkSU=</latexit>

M ! 1



DETECTOR II

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="Dyod40YO8OYKXezgV/2HLHgBquY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM1m0i7dbOLuRiylf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8mfqtR1SaJ/LejFL0Y9qXPOKMGiu1uyEKQ8lTr1R2K+4MZJl4OSlDjnqv9NUNE5bFKA0TVOuO56bGH1NlOBM4KXYzjSllQ9rHjqWSxqj98ezeCTm1SkiiRNmShszU3xNjGms9igPbGVMz0IveVPzP62QmuvLHXKaZQcnmi6JMEJOQ6fMk5AqZESNLKFPc3krYgCrKjI2oaEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgIeIZXeHMenBfn3fmYt644+cwR/IHz+QPKV4/T</latexit>

�x

<latexit sha1_base64="i+ALFW5exfpd/nhnGeSj67REyNI=">AAACFnicbVDLSgMxFM34rPVVdekmWARBLDMi1Y1QFMSNUME+oC0lk7ltQzMPkjvSMvQr3Pgrblwo4lbc+TemD0FbDyScnHMvN/e4kRQabfvLmptfWFxaTq2kV9fWNzYzW9tlHcaKQ4mHMlRVl2mQIoASCpRQjRQw35VQcbuXQ79yD0qLMLjDfgQNn7UD0RKcoZGamaMbWve8EM0NEhnt0XP6I3XM65BeNZO68in0cECbmayds0egs8SZkCyZoNjMfNa9kMc+BMgl07rm2BE2EqZQcAmDdD3WEDHeZW2oGRowH3QjGa01oPtG8WgrVOYESEfq746E+Vr3fddU+gw7etobiv95tRhbZ41EBFGMEPDxoFYsKYZ0mBH1hAKOsm8I40qYv1LeYYpxNEmmTQjO9MqzpHycc/K5/O1JtnAxiSNFdskeOSAOOSUFck2KpEQ4eSBP5IW8Wo/Ws/VmvY9L56xJzw75A+vjGzfZnO8=</latexit>

M �̈x = Mḧx+ Fext

<latexit sha1_base64="YifVvPnSMKfXdyf0Bw9A7RnLWBU=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjRuhgn3AzFAyaaYNzSRDckcoQz/DjQtF3Po17vwb03YW2nogcDjnXnLPiVLBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LyKGCS5ZGzgI1ks1I0kkWDca38787hPThiv5CJOUhQkZSh5zSsBK/n0ACgdcxjDpV2tu3Z0DrxKvIDVUoNWvfgUDRbOESaCCGON7bgphTjRwKti0EmSGpYSOyZD5lkqSMBPm85On+MwqAxwrbZ8EPFd/b+QkMWaSRHYyITAyy95M/M/zM4ivw5zLNAMm6eKjOBPY5pzlxwOuGQUxsYRQze2tmI6IJhRsSxVbgrcceZV0Lupeo954uKw1b4o6yugEnaJz5KEr1ER3qIXaiCKFntErenPAeXHenY/FaMkpdo7RHzifPxUOkSU=</latexit>

M ! 1

<latexit sha1_base64="/A9wDf+fVot6SqyqXPzf4nmmCx8=">AAACIXicbVDLSgNBEJz1bXxFPXoZDIKnsCuiHkUvHiMYFbIhzM52ksF5LDO9krDkV7z4K148KJKb+DNO4h58FTTUVHUz3ZVkUjgMw/dgZnZufmFxabmysrq2vlHd3Lp2JrccmtxIY28T5kAKDU0UKOE2s8BUIuEmuTuf+Df3YJ0w+gqHGbQV62nRFZyhlzrVkzhNDcYpSGR00Cliq6gTvRGNnVB0atI+HZRPhAEW3GiHo061FtbDKehfEpWkRko0OtVxnBqeK9DIJXOuFYUZtgtmUXAJo0qcO8gYv2M9aHmqmQLXLqYXjuieV1LaNdaXRjpVv08UTDk3VInvVAz77rc3Ef/zWjl2T9qF0FmOoPnXR91cUjR0EhdNhQWOcugJ41b4XSnvM8s4+lArPoTo98l/yfVBPTqqH10e1k7PyjiWyA7ZJfskIsfklFyQBmkSTh7IE3khr8Fj8By8BeOv1pmgnNkmPxB8fAIBAKQR</latexit>

�̈xsig ⇠ ḧx ⇠ const



DETECTOR II

<latexit sha1_base64="zEAW6iYTrlnGL/3K/+0e37+hKE0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BL16EBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDvzW0+oNI/lgxkn6Ed0IHnIGTVWqt/3iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2auUK/XLUvUmiyMPJ3AK5+DBFVThDmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP6ifjNw=</latexit>

M

<latexit sha1_base64="Dyod40YO8OYKXezgV/2HLHgBquY=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGC/YA2lM1m0i7dbOLuRiylf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZIphg2WiES1A6pRcIkNw43AdqqQxoHAVjC8mfqtR1SaJ/LejFL0Y9qXPOKMGiu1uyEKQ8lTr1R2K+4MZJl4OSlDjnqv9NUNE5bFKA0TVOuO56bGH1NlOBM4KXYzjSllQ9rHjqWSxqj98ezeCTm1SkiiRNmShszU3xNjGms9igPbGVMz0IveVPzP62QmuvLHXKaZQcnmi6JMEJOQ6fMk5AqZESNLKFPc3krYgCrKjI2oaEPwFl9eJs3ziletVO8uyrXrPI4CHMMJnIEHl1CDW6hDAxgIeIZXeHMenBfn3fmYt644+cwR/IHz+QPKV4/T</latexit>

�x

<latexit sha1_base64="i+ALFW5exfpd/nhnGeSj67REyNI=">AAACFnicbVDLSgMxFM34rPVVdekmWARBLDMi1Y1QFMSNUME+oC0lk7ltQzMPkjvSMvQr3Pgrblwo4lbc+TemD0FbDyScnHMvN/e4kRQabfvLmptfWFxaTq2kV9fWNzYzW9tlHcaKQ4mHMlRVl2mQIoASCpRQjRQw35VQcbuXQ79yD0qLMLjDfgQNn7UD0RKcoZGamaMbWve8EM0NEhnt0XP6I3XM65BeNZO68in0cECbmayds0egs8SZkCyZoNjMfNa9kMc+BMgl07rm2BE2EqZQcAmDdD3WEDHeZW2oGRowH3QjGa01oPtG8WgrVOYESEfq746E+Vr3fddU+gw7etobiv95tRhbZ41EBFGMEPDxoFYsKYZ0mBH1hAKOsm8I40qYv1LeYYpxNEmmTQjO9MqzpHycc/K5/O1JtnAxiSNFdskeOSAOOSUFck2KpEQ4eSBP5IW8Wo/Ws/VmvY9L56xJzw75A+vjGzfZnO8=</latexit>

M �̈x = Mḧx+ Fext

<latexit sha1_base64="YifVvPnSMKfXdyf0Bw9A7RnLWBU=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjRuhgn3AzFAyaaYNzSRDckcoQz/DjQtF3Po17vwb03YW2nogcDjnXnLPiVLBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LyKGCS5ZGzgI1ks1I0kkWDca38787hPThiv5CJOUhQkZSh5zSsBK/n0ACgdcxjDpV2tu3Z0DrxKvIDVUoNWvfgUDRbOESaCCGON7bgphTjRwKti0EmSGpYSOyZD5lkqSMBPm85On+MwqAxwrbZ8EPFd/b+QkMWaSRHYyITAyy95M/M/zM4ivw5zLNAMm6eKjOBPY5pzlxwOuGQUxsYRQze2tmI6IJhRsSxVbgrcceZV0Lupeo954uKw1b4o6yugEnaJz5KEr1ER3qIXaiCKFntErenPAeXHenY/FaMkpdo7RHzifPxUOkSU=</latexit>

M ! 1

<latexit sha1_base64="/A9wDf+fVot6SqyqXPzf4nmmCx8=">AAACIXicbVDLSgNBEJz1bXxFPXoZDIKnsCuiHkUvHiMYFbIhzM52ksF5LDO9krDkV7z4K148KJKb+DNO4h58FTTUVHUz3ZVkUjgMw/dgZnZufmFxabmysrq2vlHd3Lp2JrccmtxIY28T5kAKDU0UKOE2s8BUIuEmuTuf+Df3YJ0w+gqHGbQV62nRFZyhlzrVkzhNDcYpSGR00Cliq6gTvRGNnVB0atI+HZRPhAEW3GiHo061FtbDKehfEpWkRko0OtVxnBqeK9DIJXOuFYUZtgtmUXAJo0qcO8gYv2M9aHmqmQLXLqYXjuieV1LaNdaXRjpVv08UTDk3VInvVAz77rc3Ef/zWjl2T9qF0FmOoPnXR91cUjR0EhdNhQWOcugJ41b4XSnvM8s4+lArPoTo98l/yfVBPTqqH10e1k7PyjiWyA7ZJfskIsfklFyQBmkSTh7IE3khr8Fj8By8BeOv1pmgnNkmPxB8fAIBAKQR</latexit>

�̈xsig ⇠ ḧx ⇠ const
<latexit sha1_base64="JDLVgpkiGckvokjTXDgAw02yzkg="></latexit>

�̈xnoise ⇠
Fext

M
! 0



IN THE FOLLOWING I WILL ALWAYS CONSIDER

<latexit sha1_base64="YifVvPnSMKfXdyf0Bw9A7RnLWBU=">AAAB8nicbVDLSgMxFM3UV62vqks3wSK4KjMi1WXRjRuhgn3AzFAyaaYNzSRDckcoQz/DjQtF3Po17vwb03YW2nogcDjnXnLPiVLBDbjut1NaW9/Y3CpvV3Z29/YPqodHHaMyTVmbKqF0LyKGCS5ZGzgI1ks1I0kkWDca38787hPThiv5CJOUhQkZSh5zSsBK/n0ACgdcxjDpV2tu3Z0DrxKvIDVUoNWvfgUDRbOESaCCGON7bgphTjRwKti0EmSGpYSOyZD5lkqSMBPm85On+MwqAxwrbZ8EPFd/b+QkMWaSRHYyITAyy95M/M/zM4ivw5zLNAMm6eKjOBPY5pzlxwOuGQUxsYRQze2tmI6IJhRsSxVbgrcceZV0Lupeo954uKw1b4o6yugEnaJz5KEr1ER3qIXaiCKFntErenPAeXHenY/FaMkpdo7RHzifPxUOkSU=</latexit>

M ! 1
<latexit sha1_base64="JDLVgpkiGckvokjTXDgAw02yzkg="></latexit>

�̈xnoise ⇠
Fext

M
! 0

THE BEST POSSIBLE SENSITIVITY



In this limit I can ignore noise from the test mass and focus on the signal (and 
noise) photons that I can detect

THE BEST POSSIBLE SENSITIVITY

<latexit sha1_base64="0s4J1KmV0/ofr9jbx1dafbUkfRg=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5IUqR6LInisYNpCE8Nmu2mX7m7C7kYooXjxr3jxoIhXf4U3/43bNgdtfTDweG+GmXlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZnExMMJS2QnQoowKoinqWakk0qCeMRIOxpeTfz2A5GKJuJOj1IScNQXNKYYaSOF9qEX5r7kkIox9BXl8Pq+FjqwFTqhXXGqzhRwkbgFqYACzdD+8nsJzjgRGjOkVNd1Uh3kSGqKGRmX/UyRFOEh6pOuoQJxooJ8+sIYnhilB+NEmhIaTtXfEzniSo14ZDo50gM1703E/7xupuOLIKcizTQReLYozhjUCZzkAXtUEqzZyBCEJTW3QjxAEmFtUiubENz5lxdJq1Z169X67VmlcVnEUQJH4BicAhecgwa4AU3gAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4A8qmV3A==</latexit>

Uin ⇠ E2
0V0DETECTOR I DETECTOR II



<latexit sha1_base64="VqiJOiPiK2NDIzJ32egt+0eSP24=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BItQL2VXpHosiuCxgv2Adlmy6Wwbmk3WJFsopb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMCxPOtHHdbye3tr6xuZXfLuzs7u0fFA+PmlqmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXD25nfGoHSTIpHM07Aj0lfsIhRYqzk3wVuuStj6JPAPQ+KJbfizoFXiZeREspQD4pf3Z6kaQzCUE607nhuYvwJUYZRDtNCN9WQEDokfehYKkgM2p/Mj57iM6v0cCSVLWHwXP09MSGx1uM4tJ0xMQO97M3E/7xOaqJrf8JEkhoQdLEoSjk2Es8SwD2mgBo+toRQxeytmA6IItTYnAo2BG/55VXSvKh41Ur14bJUu8niyKMTdIrKyENXqIbuUR01EEVP6Bm9ojdn5Lw4787HojXnZDPH6A+czx8+MZEg</latexit>

E0(!0)



<latexit sha1_base64="VqiJOiPiK2NDIzJ32egt+0eSP24=">AAAB9HicbVBNSwMxEM3Wr1q/qh69BItQL2VXpHosiuCxgv2Adlmy6Wwbmk3WJFsopb/DiwdFvPpjvPlvTNs9aOuDgcd7M8zMCxPOtHHdbye3tr6xuZXfLuzs7u0fFA+PmlqmikKDSi5VOyQaOBPQMMxwaCcKSBxyaIXD25nfGoHSTIpHM07Aj0lfsIhRYqzk3wVuuStj6JPAPQ+KJbfizoFXiZeREspQD4pf3Z6kaQzCUE607nhuYvwJUYZRDtNCN9WQEDokfehYKkgM2p/Mj57iM6v0cCSVLWHwXP09MSGx1uM4tJ0xMQO97M3E/7xOaqJrf8JEkhoQdLEoSjk2Es8SwD2mgBo+toRQxeytmA6IItTYnAo2BG/55VXSvKh41Ur14bJUu8niyKMTdIrKyENXqIbuUR01EEVP6Bm9ojdn5Lw4787HojXnZDPH6A+czx8+MZEg</latexit>

E0(!0)
<latexit sha1_base64="Fgadgi3Z/z+EdYsyhFUuKOhkNd0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4eua3H1FpHssHM0nQj+hQ8pAzaqx0f9Mf9csVt+rOQf4SLycVyNHolz97g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZITqwxIGCtb0pC5+nMio5HWkyiwnRE1I73szcT/vG5qwks/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlv6R1VvVq1drdeaV+lcdRhCM4hlPw4ALqcAsNaAKDITzBC7w6wnl23pz3RWvByWcO4Recj28U7I2v</latexit>

Eh
<latexit sha1_base64="Fgadgi3Z/z+EdYsyhFUuKOhkNd0=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4eua3H1FpHssHM0nQj+hQ8pAzaqx0f9Mf9csVt+rOQf4SLycVyNHolz97g5ilEUrDBNW667mJ8TOqDGcCp6VeqjGhbEyH2LVU0gi1n81PnZITqwxIGCtb0pC5+nMio5HWkyiwnRE1I73szcT/vG5qwks/4zJJDUq2WBSmgpiYzP4mA66QGTGxhDLF7a2EjaiizNh0SjYEb/nlv6R1VvVq1drdeaV+lcdRhCM4hlPw4ALqcAsNaAKDITzBC7w6wnl23pz3RWvByWcO4Recj28U7I2v</latexit>

Eh

<latexit sha1_base64="pNvvD8fbfk9Px43xW0cDsat+sVc=">AAAB+nicbZDLSsNAFIYnXmu9pbp0M1gEN5ZEpLosunFZwV6gDWEynaRD5xJmJkqJfRQ3LhRx65O4822ctllo6w8DH/85h3Pmj1JGtfG8b2dldW19Y7O0Vd7e2d3bdysHbS0zhUkLSyZVN0KaMCpIy1DDSDdVBPGIkU40upnWOw9EaSrFvRmnJOAoETSmGBlrhW6lLzlJUOidFZCEbtWreTPBZfALqIJCzdD96g8kzjgRBjOkdc/3UhPkSBmKGZmU+5kmKcIjlJCeRYE40UE+O30CT6wzgLFU9gkDZ+7viRxxrcc8sp0cmaFerE3N/2q9zMRXQU5Fmhki8HxRnDFoJJzmAAdUEWzY2ALCitpbIR4ihbCxaZVtCP7il5ehfV7z67X63UW1cV3EUQJH4BicAh9cgga4BU3QAhg8gmfwCt6cJ+fFeXc+5q0rTjFzCP7I+fwBuUCTrA==</latexit>!0 � !g
<latexit sha1_base64="2e4hQI2xaruZdQBDOQCC/tId9fw=">AAAB+nicbZDLSsNAFIYnXmu9pbp0M1gEQSiJSHVZdOOygr1AG8JkOkmHziXMTJQS+yhuXCji1idx59s4bbPQ1h8GPv5zDufMH6WMauN5387K6tr6xmZpq7y9s7u371YO2lpmCpMWlkyqboQ0YVSQlqGGkW6qCOIRI51odDOtdx6I0lSKezNOScBRImhMMTLWCt1KX3KSoNA7KyAJ3apX82aCy+AXUAWFmqH71R9InHEiDGZI657vpSbIkTIUMzIp9zNNUoRHKCE9iwJxooN8dvoEnlhnAGOp7BMGztzfEzniWo95ZDs5MkO9WJua/9V6mYmvgpyKNDNE4PmiOGPQSDjNAQ6oItiwsQWEFbW3QjxECmFj0yrbEPzFLy9D+7zm12v1u4tq47qIowSOwDE4BT64BA1wC5qgBTB4BM/gFbw5T86L8+58zFtXnGLmEPyR8/kDtiiTqg==</latexit>

!0 + !g



<latexit sha1_base64="0s4J1KmV0/ofr9jbx1dafbUkfRg=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5IUqR6LInisYNpCE8Nmu2mX7m7C7kYooXjxr3jxoIhXf4U3/43bNgdtfTDweG+GmXlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZnExMMJS2QnQoowKoinqWakk0qCeMRIOxpeTfz2A5GKJuJOj1IScNQXNKYYaSOF9qEX5r7kkIox9BXl8Pq+FjqwFTqhXXGqzhRwkbgFqYACzdD+8nsJzjgRGjOkVNd1Uh3kSGqKGRmX/UyRFOEh6pOuoQJxooJ8+sIYnhilB+NEmhIaTtXfEzniSo14ZDo50gM1703E/7xupuOLIKcizTQReLYozhjUCZzkAXtUEqzZyBCEJTW3QjxAEmFtUiubENz5lxdJq1Z169X67VmlcVnEUQJH4BicAhecgwa4AU3gAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4A8qmV3A==</latexit>

Uin ⇠ E2
0V0

<latexit sha1_base64="RuRDfp6J4gUBwfl5oqicuFSnitg=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQN2VGpLosunFZoS/oDCWTZtrQZDIkGWEY6q+4caGIWz/EnX9jpp2Fth4IHM65l3tygphRpR3n2yptbG5t75R3K3v7B4dH9vFJT4lEYtLFggk5CJAijEakq6lmZBBLgnjASD+Y3eV+/5FIRUXU0WlMfI4mEQ0pRtpII7vqcaSnGLGsM697gpMJuhjZNafhLADXiVuQGijQHtlf3ljghJNIY4aUGrpOrP0MSU0xI/OKlygSIzxDEzI0NEKcKD9bhJ/Dc6OMYSikeZGGC/X3Roa4UikPzGQeVa16ufifN0x0eONnNIoTTSK8PBQmDGoB8ybgmEqCNUsNQVhSkxXiKZIIa9NXxZTgrn55nfQuG26z0Xy4qrVuizrK4BScgTpwwTVogXvQBl2AQQqewSt4s56sF+vd+liOlqxipwr+wPr8AXqnlKw=</latexit>

T (!)
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SIGNALS



<latexit sha1_base64="+qi4gExLrFpUhrbFRXjx/xnY1uo="></latexit>

Usig ⇠ Uin ⇥
⇢

(hT )2

hT

<latexit sha1_base64="0s4J1KmV0/ofr9jbx1dafbUkfRg=">AAACAnicbVBNS8NAEN34WetX1JN4WSyCp5IUqR6LInisYNpCE8Nmu2mX7m7C7kYooXjxr3jxoIhXf4U3/43bNgdtfTDweG+GmXlRyqjSjvNtLS2vrK6tlzbKm1vbO7v23n5LJZnExMMJS2QnQoowKoinqWakk0qCeMRIOxpeTfz2A5GKJuJOj1IScNQXNKYYaSOF9qEX5r7kkIox9BXl8Pq+FjqwFTqhXXGqzhRwkbgFqYACzdD+8nsJzjgRGjOkVNd1Uh3kSGqKGRmX/UyRFOEh6pOuoQJxooJ8+sIYnhilB+NEmhIaTtXfEzniSo14ZDo50gM1703E/7xupuOLIKcizTQReLYozhjUCZzkAXtUEqzZyBCEJTW3QjxAEmFtUiubENz5lxdJq1Z169X67VmlcVnEUQJH4BicAhecgwa4AU3gAQwewTN4BW/Wk/VivVsfs9Ylq5g5AH9gff4A8qmV3A==</latexit>

Uin ⇠ E2
0V0



CASE I: QUADRATIC SIGNALS

<latexit sha1_base64="NzBlNFldAoSnMuQSDMYFarvZXO0="></latexit>

hEh(t)E0(t)i / hẼh(!)Ẽ0(!)i = 0



<latexit sha1_base64="NzBlNFldAoSnMuQSDMYFarvZXO0="></latexit>

hEh(t)E0(t)i / hẼh(!)Ẽ0(!)i = 0

<latexit sha1_base64="qHnBtyaZiNsFQwHCvk6urIe1d4I=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FvPqjtJBENy5pk1q2HNgVeJXZAaKtD2zC8nSGgWQawoJ1IObCtVbk6EYpTDtOJkElJCx2QIA01jEoF08/ntU3yqlQCHidAVKzxXf0/kJJJyEvm6MyJqJJe9mfifN8hUeOXmLE4zBTFdLAozjlWCZ0HggAmgik80IVQwfSumIyIIVTquig7BXn55lXTPG3az0by/qLWuizjK6BidoDqy0SVqoTvURh1E0RN6Rq/ozZgaL8a78bFoLRnFzBH6A+PzB5Lmk4I=</latexit>

Ẽ0(!)
<latexit sha1_base64="AgmiaRUc1M0NRNGhQkMtw5pqx4Y=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FtvVHeSCIbkzDNrVsOaA68SuyA1VKDtmV9OkNAsglhRTqQc2Faq3JwIxSiHacXJJKSEjskQBprGJALp5vPbp/hUKwEOE6ErVniu/p7ISSTlJPJ1Z0TUSC57M/E/b5Cp8MrNWZxmCmK6WBRmHKsEz4LAARNAFZ9oQqhg+lZMR0QQqnRcFR2CvfzyKumeN+xmo3l/UWtdF3GU0TE6QXVko0vUQneojTqIoif0jF7RmzE1Xox342PRWjKKmSP0B8bnD+mGk7o=</latexit>

Ẽh(!)

<latexit sha1_base64="muzUIeYxUeBoMDCCLI2QqUEOOxU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1ekrQIe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPk8OPJg==</latexit>!



<latexit sha1_base64="AgmiaRUc1M0NRNGhQkMtw5pqx4Y=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FtvVHeSCIbkzDNrVsOaA68SuyA1VKDtmV9OkNAsglhRTqQc2Faq3JwIxSiHacXJJKSEjskQBprGJALp5vPbp/hUKwEOE6ErVniu/p7ISSTlJPJ1Z0TUSC57M/E/b5Cp8MrNWZxmCmK6WBRmHKsEz4LAARNAFZ9oQqhg+lZMR0QQqnRcFR2CvfzyKumeN+xmo3l/UWtdF3GU0TE6QXVko0vUQneojTqIoif0jF7RmzE1Xox342PRWjKKmSP0B8bnD+mGk7o=</latexit>

Ẽh(!)

Detector Bandwidth

<latexit sha1_base64="KLoNv7xd4dfsN9e7rM2LYbB42ZM=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj0W9eCxgv2AJoTNZtIu3WTD7kaopb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCzPOlHacb6u0tr6xuVXeruzs7u1X7YPDjhK5pNCmggvZC4kCzlJoa6Y59DIJJAk5dMPRzczvPoJUTKQPepyBn5BBymJGiTZSYFe9W+CaYE8kMCBBFNg1p+7MgVeJW5AaKtAK7C8vEjRPINWUE6X6rpNpf0KkZpTDtOLlCjJCR2QAfUNTkoDyJ/PDp/jUKBGOhTSVajxXf09MSKLUOAlNZ0L0UC17M/E/r5/r+MqfsDTLNaR0sSjOOdYCz1LAEZNANR8bQqhk5lZMh0QSqk1WFROCu/zyKumc191GvXF/UWteF3GU0TE6QWfIRZeoie5QC7URRTl6Rq/ozXqyXqx362PRWrKKmSP0B9bnD0Khkto=</latexit>

�!d

<latexit sha1_base64="qHnBtyaZiNsFQwHCvk6urIe1d4I=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FvPqjtJBENy5pk1q2HNgVeJXZAaKtD2zC8nSGgWQawoJ1IObCtVbk6EYpTDtOJkElJCx2QIA01jEoF08/ntU3yqlQCHidAVKzxXf0/kJJJyEvm6MyJqJJe9mfifN8hUeOXmLE4zBTFdLAozjlWCZ0HggAmgik80IVQwfSumIyIIVTquig7BXn55lXTPG3az0by/qLWuizjK6BidoDqy0SVqoTvURh1E0RN6Rq/ozZgaL8a78bFoLRnFzBH6A+PzB5Lmk4I=</latexit>

Ẽ0(!)



In absence of a signal,  
the detector is empty (classically)



In absence of a signal,  
the detector is empty (classically)

But we need at least one photon generated by the signal

<latexit sha1_base64="n3o8FXeH6DSb+C45NHcPoKCv834=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZUakuiy6cVnBaqFTSia9U4NJZkzuCGWY73Djr7hxoYg7cePfmD4WWj0QOJxzLjf3RKkUFn3/y5ubX1hcWi6tlFfX1jc2K1vbVzbJDIcWT2Ri2hGzIIWGFgqU0E4NMBVJuI5uz0b+9T0YKxJ9icMUuooNtIgFZ+ikXiVo9vLQKKqELkIrFNzRMDaM54dhKmiYKBiwIsdJSGgsil6l6tf8MehfEkxJlUzR7FU+wn7CMwUauWTWdgI/xW7ODAouoSiHmYWU8Vs2gI6jmimw3Xx8WkH3ndKncWLc00jH6s+JnClrhypyScXwxs56I/E/r5NhfNLNhU4zBM0ni+JMUkzoqCfaFwY4yqEjjBvh/kr5DXPNoGuz7EoIZk/+S64Oa0G9Vr84qjZOp3WUyC7ZIwckIMekQc5Jk7QIJw/kibyQV+/Re/bevPdJdM6bzuyQX/A+vwFub6HG</latexit>

Pmin ' 2⇡!

tint



Signal Energy

QUADRATIC SIGNAL

<latexit sha1_base64="jUf48hKDEJ8IXl8dcgXar9LbHEU="></latexit>

Psig . h2Uin!sT 2(!s)



QUADRATIC SIGNAL

Maximum power  
from Poynting’s theorem

<latexit sha1_base64="jUf48hKDEJ8IXl8dcgXar9LbHEU="></latexit>

Psig . h2Uin!sT 2(!s)



QUADRATIC SIGNAL

<latexit sha1_base64="EKczEaMe98c4eLAWBgLwBIkNyio=">AAACKHicbVDLSgMxFM34rPVVdekmWARXZaZIdWfRjcsK9gGdUjJppg1NMmNyRyjDfI4bf8WNiCLd+iWmD0FbDwQO55zLzT1BLLgB1x07K6tr6xubua389s7u3n7h4LBhokRTVqeRiHQrIIYJrlgdOAjWijUjMhCsGQxvJn7zkWnDI3UPo5h1JOkrHnJKwErdwtWgm/paYslVhv0+2KTEvnnQkGI/1ISmZT/mWVqfxSYp+KGQZVm3UHRL7hR4mXhzUkRz1LqFN78X0UQyBVQQY9qeG0MnJRo4FSzL+4lhMaFD0mdtSxWRzHTS6aEZPrVKD4eRtk8Bnqq/J1IijRnJwCYlgYFZ9Cbif147gfCyk3IVJ8AUnS0KE4EhwpPWcI9rRkGMLCFUc/tXTAfE1gO227wtwVs8eZk0yiWvUqrcnRer1/M6cugYnaAz5KELVEW3qIbqiKIn9ILe0Yfz7Lw6n854Fl1x5jNH6A+cr2/WtKe4</latexit>

hmin &
r

2⇡

Uintint

<latexit sha1_base64="bPDDki2RbiVW1VY60N81QJocwy8=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZkeqy6MZlhb6gU0omzbShmQdJRihhwF9x40IRt36HO//GTDsLbT0QOJxzL/fk+AlnUjnOt1VaW9/Y3CpvV3Z29/YP7MOjjoxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3607vc7z5SIVkctdQsoYMQjyMWMIKVkYb2iRcITLSbaS/EakIw160sG9pVp+bMgVaJW5AqFGgO7S9vFJM0pJEiHEvZd51EDTQWihFOs4qXSppgMsVj2jc0wiGVAz2Pn6Fzo4xQEAvzIoXm6u8NjUMpZ6FvJvOMctnLxf+8fqqCm4FmUZIqGpHFoSDlSMUo7wKNmKBE8ZkhmAhmsiIywaYPZRqrmBLc5S+vks5lza3X6g9X1cZtUUcZTuEMLsCFa2jAPTShDQQ0PMMrvFlP1ov1bn0sRktWsXMMf2B9/gDvfZYj</latexit>

1

T

<latexit sha1_base64="pdJYxTjeZx5Am44HpLVur5N2HWs=">AAACEHicbVC7TsMwFHXKq5RXgJHFokIwVQlChbGChbFI9CE1UeS4TmvVdoLtIFVRPoGFX2FhACFWRjb+BrcNErQc6UrH59wr33vChFGlHefLKi0tr6yuldcrG5tb2zv27l5bxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXB0NfE790QqGotbPU6Iz9FA0IhipI0U2MdeJBHOmkHmSQ4VHeT5z4NTkeeeopzcQTewq07NmQIuErcgVVCgGdifXj/GKSdCY4aU6rlOov0MSU0xI3nFSxVJEB6hAekZKhAnys+mB+XwyCh9GMXSlNBwqv6eyBBXasxD08mRHqp5byL+5/VSHV34GRVJqonAs4+ilEEdw0k6sE8lwZqNDUFYUrMrxENkEtImw4oJwZ0/eZG0T2tuvVa/Oas2Los4yuAAHIIT4IJz0ADXoAlaAIMH8ARewKv1aD1bb9b7rLVkFTP74A+sj29yeJ17</latexit>

Psig

Pmin
' 1



ENERGY DENSITY

<latexit sha1_base64="dnZpfRSg0UCbnD813meR+cTusYU="></latexit>

⌦min
g (!) ' !

3
h
2
mintint

3H2
0



ENERGY DENSITY

<latexit sha1_base64="dnZpfRSg0UCbnD813meR+cTusYU="></latexit>

⌦min
g (!) ' !

3
h
2
mintint

3H2
0

<latexit sha1_base64="33RY14qyHqoq+hfoM5lyS1BJk5Q="></latexit>

UBBN
in = 10

12 J

✓
!

2⇡ ⇥ 80kHz

◆✓
10

�6

⌦g

◆✓
10

12

T 2 !
�!

◆



<latexit sha1_base64="33RY14qyHqoq+hfoM5lyS1BJk5Q="></latexit>

UBBN
in = 10

12 J

✓
!

2⇡ ⇥ 80kHz

◆✓
10

�6

⌦g

◆✓
10

12

T 2 !
�!

◆

ENERGY DENSITY

<latexit sha1_base64="dnZpfRSg0UCbnD813meR+cTusYU="></latexit>

⌦min
g (!) ' !

3
h
2
mintint

3H2
0

<latexit sha1_base64="06+Y/qRLpmHDvAE1bYhcqOSjeOI=">AAACEHicbZDLSgMxFIYz9VbrrerSTbCIrsqMSHVZKoJupEpv0BlLJk3b0CQzJhmhDPMIbnwVNy4UcevSnW9j2s5CWw8EPv7/HE7O74eMKm3b31ZmYXFpeSW7mltb39jcym/vNFQQSUzqOGCBbPlIEUYFqWuqGWmFkiDuM9L0h+djv/lApKKBqOlRSDyO+oL2KEbaSJ38Yb0Tu5JDKpK7CVQq14mrKCf3MLWuahe3SSdfsIv2pOA8OCkUQFrVTv7L7QY44kRozJBSbccOtRcjqSlmJMm5kSIhwkPUJ22DAnGivHhyUAIPjNKFvUCaJzScqL8nYsSVGnHfdHKkB2rWG4v/ee1I9868mIow0kTg6aJexKAO4Dgd2KWSYM1GBhCW1PwV4gGSCGuTYc6E4MyePA+N46JTKpZuTgrlShpHFuyBfXAEHHAKyuASVEEdYPAInsEreLOerBfr3fqYtmasdGYX/Cnr8wfO/Zxz</latexit>

UBBN
in ' UITER



CASE II: LINEAR SIGNALS

<latexit sha1_base64="qHnBtyaZiNsFQwHCvk6urIe1d4I=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FvPqjtJBENy5pk1q2HNgVeJXZAaKtD2zC8nSGgWQawoJ1IObCtVbk6EYpTDtOJkElJCx2QIA01jEoF08/ntU3yqlQCHidAVKzxXf0/kJJJyEvm6MyJqJJe9mfifN8hUeOXmLE4zBTFdLAozjlWCZ0HggAmgik80IVQwfSumIyIIVTquig7BXn55lXTPG3az0by/qLWuizjK6BidoDqy0SVqoTvURh1E0RN6Rq/ozZgaL8a78bFoLRnFzBH6A+PzB5Lmk4I=</latexit>

Ẽ0(!)
<latexit sha1_base64="AgmiaRUc1M0NRNGhQkMtw5pqx4Y=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FtvVHeSCIbkzDNrVsOaA68SuyA1VKDtmV9OkNAsglhRTqQc2Faq3JwIxSiHacXJJKSEjskQBprGJALp5vPbp/hUKwEOE6ErVniu/p7ISSTlJPJ1Z0TUSC57M/E/b5Cp8MrNWZxmCmK6WBRmHKsEz4LAARNAFZ9oQqhg+lZMR0QQqnRcFR2CvfzyKumeN+xmo3l/UWtdF3GU0TE6QXVko0vUQneojTqIoif0jF7RmzE1Xox342PRWjKKmSP0B8bnD+mGk7o=</latexit>

Ẽh(!)

<latexit sha1_base64="muzUIeYxUeBoMDCCLI2QqUEOOxU=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4jmAckS5idzCZj5rHMzAphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0cto1JNaJMornQnwoZyJmnTMstpJ9EUi4jTdjS+nfntJ6oNU/LBThIaCjyULGYEWye1ekrQIe6XK37VnwOtkiAnFcjR6Je/egNFUkGlJRwb0w38xIYZ1pYRTqelXmpogskYD2nXUYkFNWE2v3aKzpwyQLHSrqRFc/X3RIaFMRMRuU6B7cgsezPxP6+b2vg6zJhMUkslWSyKU46sQrPX0YBpSiyfOIKJZu5WREZYY2JdQCUXQrD88ippXVSDWrV2f1mp3+RxFOEETuEcAriCOtxBA5pA4BGe4RXePOW9eO/ex6K14OUzx/AH3ucPk8OPJg==</latexit>!

<latexit sha1_base64="nhf+JtqCmojsbXR9HOyt4rqaCeg="></latexit>

hEh(t)E0(t)i / hẼh(!)Ẽ0!)i 6= 0



CASE II: LINEAR SIGNALS

<latexit sha1_base64="qHnBtyaZiNsFQwHCvk6urIe1d4I=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FvPqjtJBENy5pk1q2HNgVeJXZAaKtD2zC8nSGgWQawoJ1IObCtVbk6EYpTDtOJkElJCx2QIA01jEoF08/ntU3yqlQCHidAVKzxXf0/kJJJyEvm6MyJqJJe9mfifN8hUeOXmLE4zBTFdLAozjlWCZ0HggAmgik80IVQwfSumIyIIVTquig7BXn55lXTPG3az0by/qLWuizjK6BidoDqy0SVqoTvURh1E0RN6Rq/ozZgaL8a78bFoLRnFzBH6A+PzB5Lmk4I=</latexit>

Ẽ0(!)
<latexit sha1_base64="AgmiaRUc1M0NRNGhQkMtw5pqx4Y=">AAAB+3icbVDLSsNAFJ3UV62vWJduBotQNyURqS6LIrisYB/QhDCZ3LRDJw9mJmIJ/RU3LhRx64+482+ctllo64ELh3Pu5d57/JQzqSzr2yitrW9sbpW3Kzu7e/sH5mG1K5NMUOjQhCei7xMJnMXQUUxx6KcCSORz6Pnjm5nfewQhWRI/qEkKbkSGMQsZJUpLnll1FOMB4FtvVHeSCIbkzDNrVsOaA68SuyA1VKDtmV9OkNAsglhRTqQc2Faq3JwIxSiHacXJJKSEjskQBprGJALp5vPbp/hUKwEOE6ErVniu/p7ISSTlJPJ1Z0TUSC57M/E/b5Cp8MrNWZxmCmK6WBRmHKsEz4LAARNAFZ9oQqhg+lZMR0QQqnRcFR2CvfzyKumeN+xmo3l/UWtdF3GU0TE6QXVko0vUQneojTqIoif0jF7RmzE1Xox342PRWjKKmSP0B8bnD+mGk7o=</latexit>

Ẽh(!)

Detector Bandwidth

<latexit sha1_base64="KLoNv7xd4dfsN9e7rM2LYbB42ZM=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj0W9eCxgv2AJoTNZtIu3WTD7kaopb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCzPOlHacb6u0tr6xuVXeruzs7u1X7YPDjhK5pNCmggvZC4kCzlJoa6Y59DIJJAk5dMPRzczvPoJUTKQPepyBn5BBymJGiTZSYFe9W+CaYE8kMCBBFNg1p+7MgVeJW5AaKtAK7C8vEjRPINWUE6X6rpNpf0KkZpTDtOLlCjJCR2QAfUNTkoDyJ/PDp/jUKBGOhTSVajxXf09MSKLUOAlNZ0L0UC17M/E/r5/r+MqfsDTLNaR0sSjOOdYCz1LAEZNANR8bQqhk5lZMh0QSqk1WFROCu/zyKumc191GvXF/UWteF3GU0TE6QWfIRZeoie5QC7URRTl6Rq/ozXqyXqx362PRWrKKmSP0B9bnD0Khkto=</latexit>

�!d



CASE II: LINEAR SIGNALS

In absence of a signal,  
the detector is not empty

<latexit sha1_base64="rzLLwiUEjBLFpFZq+FR3OUVvbUA="></latexit>

Pmin
noise '

2⇡!

tint

 
1 +

r
Pintint
2⇡!

!



NARROW LINEAR SIGNAL

<latexit sha1_base64="WW2w7tZ63y24h4hFpZtJrYFyfEA=">AAACFXicbVDLSgMxFM3UV62vqks3wSK4kDIjUl0W3bisYB/QKSWT3mlDk8yYZIQyzE+48VfcuFDEreDOvzF9CNp64MLJOfeSe08Qc6aN6345uaXlldW1/HphY3Nre6e4u9fQUaIo1GnEI9UKiAbOJNQNMxxasQIiAg7NYHg19pv3oDSL5K0ZxdARpC9ZyCgxVuoWT/xQEZrWuqmvBNasn2U/DxkxDVmGfc0E3GEP426x5JbdCfAi8WakhGaodYuffi+iiQBpKCdatz03Np2UKMMoh6zgJxpiQoekD21LJRGgO+nkqgwfWaWHw0jZkgZP1N8TKRFaj0RgOwUxAz3vjcX/vHZiwotOymScGJB0+lGYcGwiPI4I95gCavjIEkIVs7tiOiA2JmODLNgQvPmTF0njtOxVypWbs1L1chZHHh2gQ3SMPHSOquga1VAdUfSAntALenUenWfnzXmftuac2cw++gPn4xtYAJ7n</latexit>

Psig

Pnoise
' 1

<latexit sha1_base64="EKczEaMe98c4eLAWBgLwBIkNyio=">AAACKHicbVDLSgMxFM34rPVVdekmWARXZaZIdWfRjcsK9gGdUjJppg1NMmNyRyjDfI4bf8WNiCLd+iWmD0FbDwQO55zLzT1BLLgB1x07K6tr6xubua389s7u3n7h4LBhokRTVqeRiHQrIIYJrlgdOAjWijUjMhCsGQxvJn7zkWnDI3UPo5h1JOkrHnJKwErdwtWgm/paYslVhv0+2KTEvnnQkGI/1ISmZT/mWVqfxSYp+KGQZVm3UHRL7hR4mXhzUkRz1LqFN78X0UQyBVQQY9qeG0MnJRo4FSzL+4lhMaFD0mdtSxWRzHTS6aEZPrVKD4eRtk8Bnqq/J1IijRnJwCYlgYFZ9Cbif147gfCyk3IVJ8AUnS0KE4EhwpPWcI9rRkGMLCFUc/tXTAfE1gO227wtwVs8eZk0yiWvUqrcnRer1/M6cugYnaAz5KELVEW3qIbqiKIn9ILe0Yfz7Lw6n854Fl1x5jNH6A+cr2/WtKe4</latexit>

hmin &
r

2⇡

Uintint

Same as quadratic!

<latexit sha1_base64="bPDDki2RbiVW1VY60N81QJocwy8=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZkeqy6MZlhb6gU0omzbShmQdJRihhwF9x40IRt36HO//GTDsLbT0QOJxzL/fk+AlnUjnOt1VaW9/Y3CpvV3Z29/YP7MOjjoxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3607vc7z5SIVkctdQsoYMQjyMWMIKVkYb2iRcITLSbaS/EakIw160sG9pVp+bMgVaJW5AqFGgO7S9vFJM0pJEiHEvZd51EDTQWihFOs4qXSppgMsVj2jc0wiGVAz2Pn6Fzo4xQEAvzIoXm6u8NjUMpZ6FvJvOMctnLxf+8fqqCm4FmUZIqGpHFoSDlSMUo7wKNmKBE8ZkhmAhmsiIywaYPZRqrmBLc5S+vks5lza3X6g9X1cZtUUcZTuEMLsCFa2jAPTShDQQ0PMMrvFlP1ov1bn0sRktWsXMMf2B9/gDvfZYj</latexit>

1

T



STATISTICS INTERLUDE



STOCHASTIC BACKGROUND

<latexit sha1_base64="nQQVaQLW5pRj+uUlSGZDryRXooE=">AAACAXicbVDLSsNAFL3xWesr6kZwM1iEuimJSHUjFN24rGAf0IQymU7aoZNJmJkIJdSNv+LGhSJu/Qt3/o3TNgttPXDhzDn3MveeIOFMacf5tpaWV1bX1gsbxc2t7Z1de2+/qeJUEtogMY9lO8CKciZoQzPNaTuRFEcBp61geDPxWw9UKhaLez1KqB/hvmAhI1gbqWsfehyLPqdoUNanyJOzxxVyunbJqThToEXi5qQEOepd+8vrxSSNqNCEY6U6rpNoP8NSM8LpuOiliiaYDHGfdgwVOKLKz6YXjNGJUXoojKUpodFU/T2R4UipURSYzgjrgZr3JuJ/XifV4aWfMZGkmgoy+yhMOdIxmsSBekxSovnIEEwkM7siMsASE21CK5oQ3PmTF0nzrOJWK9W781LtOo+jAEdwDGVw4QJqcAt1aACBR3iGV3iznqwX6936mLUuWfnMAfyB9fkDHFCVZA==</latexit>

hh(t)i = 0

<latexit sha1_base64="Lz9LVnRMfFjpRPUNoK6izzEHBo8=">AAACGXicbVBNSwMxEM36WevXqkcvwSLYg2VXpHoRRC89KlgVumvJptM2mM0uyaxQin/Di3/FiwdFPOrJf2PaLqKtD2Z4vDdDMi9KpTDoeV/O1PTM7Nx8YaG4uLS8suqurV+aJNMc6jyRib6OmAEpFNRRoITrVAOLIwlX0e3pwL+6A21Eoi6wl0IYs44SbcEZWqnpeoFkqiOBdnewPGg3QapFDGUa6JFxRGs/6i6Wm27Jq3hD0Eni56REcpw13Y+glfAsBoVcMmMavpdi2GcaBZdwXwwyAynjt6wDDUsVi8GE/eFl93TbKi3aTrQthXSo/t7os9iYXhzZyZhh14x7A/E/r5Fh+zDsC5VmCIqPHmpnkmJCBzHRltDAUfYsYVwL+1fKu0wzjjbMog3BHz95klzuVfxqpXq+Xzo+yeMokE2yRXaITw7IMamRM1InnDyQJ/JCXp1H59l5c95Ho1NOvrNB/sD5/AaTt57N</latexit>

hh(t)h(t0)i = H(t0 � t)

Stationary Gaussian Process with Zero Mean



<latexit sha1_base64="nN3cNiptCm92vymXC2zs9F/OhhM="></latexit>

SNR =

✓
tint

Z
d!�2(!)

S2
h(!)

S2
n(!)

◆1/4

Two Detectors Optimal FilteringSingle Detector

SNR

<latexit sha1_base64="wTOwfqhxcpD6e1RSmaY8Roic4HQ="></latexit>

⌦g ! ⌦g ⇥
1p

�!tint

If the total energy density is not fixed

<latexit sha1_base64="QxygVZgmMDIbGARsj/nnybIqDGY="></latexit>

SNR '
✓
Sh(!s)

Sn(!s)

◆1/2
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BEYOND THE QUANTUM 
LIMIT



NO QUALITATIVE CHANGE  
FOR QUADRATIC SIGNALS

<latexit sha1_base64="UpvDyC7Srk2xDKkkyROcqH2JZcY=">AAACG3icbVC7SgNBFJ31bXxFLW0Gg2AVdoOopWhjYRHRJEI2hNnJ3Tg4M7vO3BXCsv9h46/YWChiJVj4N04eha8DA4dzzuXOPVEqhUXf//Smpmdm5+YXFktLyyura+X1jaZNMsOhwROZmKuIWZBCQwMFSrhKDTAVSWhFNydDv3UHxopEX+IghY5ifS1iwRk6qVuu1bt5aBS9OD8raGiFglsaxobxvBamgoaJgj4rchynhMai6JYrftUfgf4lwYRUyAT1bvk97CU8U6CRS2ZtO/BT7OTMoOASilKYWUgZv2F9aDuqmQLbyUe3FXTHKT0aJ8Y9jXSkfp/ImbJ2oCKXVAyv7W9vKP7ntTOMDzu50GmGoPl4UZxJigkdFkV7wgBHOXCEcSPcXym/Zq4ZdHWWXAnB75P/kmatGuxX98/3KkfHkzoWyBbZJrskIAfkiJySOmkQTu7JI3kmL96D9+S9em/j6JQ3mdkkP+B9fAFAnKGc</latexit>

PSQL ' 2⇡!

tint

<latexit sha1_base64="n3o8FXeH6DSb+C45NHcPoKCv834=">AAACGnicbVDLSgMxFM34rPVVdekmWARXZUakuiy6cVnBaqFTSia9U4NJZkzuCGWY73Djr7hxoYg7cePfmD4WWj0QOJxzLjf3RKkUFn3/y5ubX1hcWi6tlFfX1jc2K1vbVzbJDIcWT2Ri2hGzIIWGFgqU0E4NMBVJuI5uz0b+9T0YKxJ9icMUuooNtIgFZ+ikXiVo9vLQKKqELkIrFNzRMDaM54dhKmiYKBiwIsdJSGgsil6l6tf8MehfEkxJlUzR7FU+wn7CMwUauWTWdgI/xW7ODAouoSiHmYWU8Vs2gI6jmimw3Xx8WkH3ndKncWLc00jH6s+JnClrhypyScXwxs56I/E/r5NhfNLNhU4zBM0ni+JMUkzoqCfaFwY4yqEjjBvh/kr5DXPNoGuz7EoIZk/+S64Oa0G9Vr84qjZOp3WUyC7ZIwckIMekQc5Jk7QIJw/kibyQV+/Re/bevPdJdM6bzuyQX/A+vwFub6HG</latexit>

Pmin ' 2⇡!

tint



LINEAR

<latexit sha1_base64="rzLLwiUEjBLFpFZq+FR3OUVvbUA="></latexit>

Pmin
noise '

2⇡!

tint

 
1 +

r
Pintint
2⇡!

!

<latexit sha1_base64="rkG3XBSlW0mSBPrjDIsLXgUseeg="></latexit>

' 2⇡!

tint

⇣
1 +

p
N�

⌘



LINEAR

In principle

<latexit sha1_base64="TzGfH6MK7nZbQ04Jb4babNZoyMA=">AAACJHicbVDJSgNBFOxxN25Rj14ag+ApzIio4EX04jGCUSETQ0/nTWzsZeh+I4RhPsaLv+LFgwsevPgtdpaDW0FDUVWP16+STAqHYfgRTExOTc/Mzs1XFhaXlleqq2sXzuSWQ5MbaexVwhxIoaGJAiVcZRaYSiRcJrcnA//yDqwTRp9jP4O2Yj0tUsEZeqlTPWx0itgqqo1wUF4PuRK6pDEaGqeW8WInzgSNjYIeKwscxYXGsuxUa2E9HIL+JdGY1MgYjU71Ne4anivQyCVzrhWFGbYLZlFwCWUlzh1kjN+yHrQ81UyBaxfDI0u65ZUuTY31TyMdqt8nCqac66vEJxXDG/fbG4j/ea0c04N2IXSWI2g+WpTmkvoCBo3RrrDAUfY9YdwK/1fKb5hvBn2vFV9C9Pvkv+Ripx7t1ffOdmtHx+M65sgG2STbJCL75IickgZpEk7uySN5Ji/BQ/AUvAXvo+hEMJ5ZJz8QfH4BSp6l3Q==</latexit>

Pmin
noise !

2⇡!

tint

Heisenberg Limit



LINEAR

In practice

<latexit sha1_base64="TzGfH6MK7nZbQ04Jb4babNZoyMA=">AAACJHicbVDJSgNBFOxxN25Rj14ag+ApzIio4EX04jGCUSETQ0/nTWzsZeh+I4RhPsaLv+LFgwsevPgtdpaDW0FDUVWP16+STAqHYfgRTExOTc/Mzs1XFhaXlleqq2sXzuSWQ5MbaexVwhxIoaGJAiVcZRaYSiRcJrcnA//yDqwTRp9jP4O2Yj0tUsEZeqlTPWx0itgqqo1wUF4PuRK6pDEaGqeW8WInzgSNjYIeKwscxYXGsuxUa2E9HIL+JdGY1MgYjU71Ne4anivQyCVzrhWFGbYLZlFwCWUlzh1kjN+yHrQ81UyBaxfDI0u65ZUuTY31TyMdqt8nCqac66vEJxXDG/fbG4j/ea0c04N2IXSWI2g+WpTmkvoCBo3RrrDAUfY9YdwK/1fKb5hvBn2vFV9C9Pvkv+Ripx7t1ffOdmtHx+M65sgG2STbJCL75IickgZpEk7uySN5Ji/BQ/AUvAXvo+hEMJ5ZJz8QfH4BSp6l3Q==</latexit>

Pmin
noise !

2⇡!

tint

You need to control a huge number of photons (a billion for LIGO)  
at the single photon level

<latexit sha1_base64="wiWzbHwVpWjIbZqVFjQXjHGJ7SA=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCp5KIVI9FL56kgv2AJoTJdtMu3U3i7kYooeBf8eJBEa/+Dm/+G7dtDtr6YODx3gwz88KUM6Ud59taWl5ZXVsvbZQ3t7Z3du29/ZZKMklokyQ8kZ0QFOUspk3NNKedVFIQIaftcHg98duPVCqWxPd6lFJfQD9mESOgjRTYh556kDq/Dbw+CAFj7OkEu4FdcarOFHiRuAWpoAKNwP7yegnJBI014aBU13VS7ecgNSOcjstepmgKZAh92jU0BkGVn0/PH+MTo/RwlEhTscZT9fdEDkKpkQhNpwA9UPPeRPzP62Y6uvRzFqeZpjGZLYoyjs2Lkyxwj0lKNB8ZAkQycysmA5BAtEmsbEJw519eJK2zqlur1u7OK/WrIo4SOkLH6BS56ALV0Q1qoCYiKEfP6BW9WU/Wi/Vufcxal6xi5gD9gfX5A8t7lWI=</latexit>p
N� ! 1



WHAT DID WE LEARN?



QUADRATIC vs LINEAR

<latexit sha1_base64="EKczEaMe98c4eLAWBgLwBIkNyio=">AAACKHicbVDLSgMxFM34rPVVdekmWARXZaZIdWfRjcsK9gGdUjJppg1NMmNyRyjDfI4bf8WNiCLd+iWmD0FbDwQO55zLzT1BLLgB1x07K6tr6xubua389s7u3n7h4LBhokRTVqeRiHQrIIYJrlgdOAjWijUjMhCsGQxvJn7zkWnDI3UPo5h1JOkrHnJKwErdwtWgm/paYslVhv0+2KTEvnnQkGI/1ISmZT/mWVqfxSYp+KGQZVm3UHRL7hR4mXhzUkRz1LqFN78X0UQyBVQQY9qeG0MnJRo4FSzL+4lhMaFD0mdtSxWRzHTS6aEZPrVKD4eRtk8Bnqq/J1IijRnJwCYlgYFZ9Cbif147gfCyk3IVJ8AUnS0KE4EhwpPWcI9rRkGMLCFUc/tXTAfE1gO227wtwVs8eZk0yiWvUqrcnRer1/M6cugYnaAz5KELVEW3qIbqiKIn9ILe0Yfz7Lw6n854Fl1x5jNH6A+cr2/WtKe4</latexit>

hmin &
r

2⇡

Uintint

<latexit sha1_base64="bPDDki2RbiVW1VY60N81QJocwy8=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZkeqy6MZlhb6gU0omzbShmQdJRihhwF9x40IRt36HO//GTDsLbT0QOJxzL/fk+AlnUjnOt1VaW9/Y3CpvV3Z29/YP7MOjjoxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3607vc7z5SIVkctdQsoYMQjyMWMIKVkYb2iRcITLSbaS/EakIw160sG9pVp+bMgVaJW5AqFGgO7S9vFJM0pJEiHEvZd51EDTQWihFOs4qXSppgMsVj2jc0wiGVAz2Pn6Fzo4xQEAvzIoXm6u8NjUMpZ6FvJvOMctnLxf+8fqqCm4FmUZIqGpHFoSDlSMUo7wKNmKBE8ZkhmAhmsiIywaYPZRqrmBLc5S+vks5lza3X6g9X1cZtUUcZTuEMLsCFa2jAPTShDQQ0PMMrvFlP1ov1bn0sRktWsXMMf2B9/gDvfZYj</latexit>

1

T



ENERGY DENSITY

<latexit sha1_base64="dnZpfRSg0UCbnD813meR+cTusYU="></latexit>

⌦min
g (!) ' !

3
h
2
mintint

3H2
0

<latexit sha1_base64="33RY14qyHqoq+hfoM5lyS1BJk5Q="></latexit>

UBBN
in = 10

12 J

✓
!

2⇡ ⇥ 80kHz

◆✓
10

�6

⌦g

◆✓
10

12

T 2 !
�!

◆



QUADRATIC vs LINEAR

<latexit sha1_base64="YYkYfLjN0AQGfut74l9IKad9I4Y=">AAACJnicbVDJSgNBFOxxN25Rj14ag+ApzIioF0H04jGCUSETQ0/nTWzsZex+I4RhvsaLv+LFgyLizU+xsxzcChqKqle8fpVkUjgMw49gYnJqemZ2br6ysLi0vFJdXbtwJrccmtxIY68S5kAKDU0UKOEqs8BUIuEyuT0Z+Jf3YJ0w+hz7GbQV62mRCs7QS53qYaNTxFZRbYSD8nrIldBl7ISCOxqnlvFiJ84EjY2CHisLHAWExrLsVGthPRyC/iXRmNTIGI1O9SXuGp4r0Mglc64VhRm2C2ZRcAllJc4dZIzfsh60PNVMgWsXwzNLuuWVLk2N9U8jHarfEwVTzvVV4icVwxv32xuI/3mtHNODdiF0liNoPlqU5pKioYPOaFdY4Cj7njBuhf8r5TfMN4O+2YovIfp98l9ysVOP9up7Z7u1o+NxHXNkg2ySbRKRfXJETkmDNAknD+SJvJDX4DF4Dt6C99HoRDDOrJMfCD6/AH5Mpw0=</latexit>

Pmin
noise '

2⇡!

tint

QUADRATIC LINEAR

<latexit sha1_base64="rzLLwiUEjBLFpFZq+FR3OUVvbUA="></latexit>

Pmin
noise '

2⇡!

tint

 
1 +

r
Pintint
2⇡!

!

We can gain 
from  

quantum techniques



THE MISSING PIECE

<latexit sha1_base64="EKczEaMe98c4eLAWBgLwBIkNyio=">AAACKHicbVDLSgMxFM34rPVVdekmWARXZaZIdWfRjcsK9gGdUjJppg1NMmNyRyjDfI4bf8WNiCLd+iWmD0FbDwQO55zLzT1BLLgB1x07K6tr6xubua389s7u3n7h4LBhokRTVqeRiHQrIIYJrlgdOAjWijUjMhCsGQxvJn7zkWnDI3UPo5h1JOkrHnJKwErdwtWgm/paYslVhv0+2KTEvnnQkGI/1ISmZT/mWVqfxSYp+KGQZVm3UHRL7hR4mXhzUkRz1LqFN78X0UQyBVQQY9qeG0MnJRo4FSzL+4lhMaFD0mdtSxWRzHTS6aEZPrVKD4eRtk8Bnqq/J1IijRnJwCYlgYFZ9Cbif147gfCyk3IVJ8AUnS0KE4EhwpPWcI9rRkGMLCFUc/tXTAfE1gO227wtwVs8eZk0yiWvUqrcnRer1/M6cugYnaAz5KELVEW3qIbqiKIn9ILe0Yfz7Lw6n854Fl1x5jNH6A+cr2/WtKe4</latexit>

hmin &
r

2⇡

Uintint

<latexit sha1_base64="bPDDki2RbiVW1VY60N81QJocwy8=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ARXJUZkeqy6MZlhb6gU0omzbShmQdJRihhwF9x40IRt36HO//GTDsLbT0QOJxzL/fk+AlnUjnOt1VaW9/Y3CpvV3Z29/YP7MOjjoxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3607vc7z5SIVkctdQsoYMQjyMWMIKVkYb2iRcITLSbaS/EakIw160sG9pVp+bMgVaJW5AqFGgO7S9vFJM0pJEiHEvZd51EDTQWihFOs4qXSppgMsVj2jc0wiGVAz2Pn6Fzo4xQEAvzIoXm6u8NjUMpZ6FvJvOMctnLxf+8fqqCm4FmUZIqGpHFoSDlSMUo7wKNmKBE8ZkhmAhmsiIywaYPZRqrmBLc5S+vks5lza3X6g9X1cZtUUcZTuEMLsCFa2jAPTShDQQ0PMMrvFlP1ov1bn0sRktWsXMMf2B9/gDvfZYj</latexit>

1

T
???



TRANSFER FUNCTIONS



MOST DETECTORS 
(LIGO, OPTOMECHANICAL, WEBER BARS…)

<latexit sha1_base64="h5mtv1AqYCfMdl4IiqD18EgsQjs="></latexit>✓
!2
m � !2 + i

!!m

Qm

◆
ũm(!) ' �1

2
!2
gV

1/3h̃(!,!g)

The wave excites a mechanical mode



EVERYTHING ELSE 
(LIGO, OPTOMECHANICAL, WEBER BARS…)

<latexit sha1_base64="h5mtv1AqYCfMdl4IiqD18EgsQjs="></latexit>✓
!2
m � !2 + i

!!m

Qm

◆
ũm(!) ' �1

2
!2
gV

1/3h̃(!,!g)

<latexit sha1_base64="LEYS6/F28lm0Y539HCC3YWi0NJ4="></latexit>✓
!2
1 � !2 + i

!!1

Q

◆
Ẽh(!) ' �2!2

1V
�1/3

Z
d!0ũm(!0 � !)Ẽ0(!

0)

An EM resonator does the readout



EVERYTHING ELSE 
(LIGO, OPTOMECHANICAL, WEBER BARS…)

<latexit sha1_base64="oPgIPQ5ZVRyNsD0/vROzAx0UsL8="></latexit >

T 2(!) =
!4
g!

4
1⇣

(!2
1 � !2)2 + !2!2

1
Q2

⌘⇣
(!2

m � !2
g)

2 +
!2

g!
2
m

Q2
m

⌘



EVERYTHING ELSE 
(LIGO, OPTOMECHANICAL, WEBER BARS…)

<latexit sha1_base64="H/jPWxmSZWAJte+v/kg3yRkvSdA="></latexit>

T 2

LIGO
' !2

L⇣
4!2

g +
!2

L
Q2

⌘ ' !2

LL
2

e↵�
4!2

gL
2

e↵
+ 1

�

<latexit sha1_base64="esc/Qp+ADxwPT9rpNXFyf2IHJ/s=">AAACK3icbVBLSwMxEM7WV62vqkcvwSJ4Krsi1WOpFw8eKtgHdJclm063ocnummSFUvp/vPhXPOjBB179H6btCrV1IPA9ZpjMFyScKW3bH1ZuZXVtfSO/Wdja3tndK+4fNFWcSgoNGvNYtgOigLMIGpppDu1EAhEBh1YwuJr4rQeQisXRnR4m4AkSRqzHKNFG8os1NxYQEt/GrmIC7nHGnQV+g90w/CXhPBF+sWSX7WnhZeBkoISyqvvFF7cb01RApCknSnUcO9HeiEjNKIdxwU0VJIQOSAgdAyMiQHmj6a1jfGKULu7F0rxI46k6PzEiQqmhCEynILqvFr2J+J/XSXXv0huxKEk1RHS2qJdyrGM8CQ53mQSq+dAAQiUzf8W0TySh2sRbMCE4iycvg+ZZ2amUK7fnpWotiyOPjtAxOkUOukBVdI3qqIEoekTP6A29W0/Wq/Vpfc1ac1Y2c4j+lPX9A+6dpuk=</latexit>

!0 ' !1 ' !L � !g � !m



INTERFEROMETERS vs RESONATORS

<latexit sha1_base64="OlfU+gIoSnco/gl1/UHwDBZLMl0=">AAACF3icbVC7TsMwFHXKq5RXgZHFokJiipIKFcYKFsZW6ktqSuS4t61VOwm2g1RF+QsWfoWFAYRYYeNvcB8DtBzJ0vE598o+J4g5U9pxvq3c2vrG5lZ+u7Czu7d/UDw8aqkokRSaNOKR7AREAWchNDXTHDqxBCICDu1gfDP12w8gFYvChp7E0BNkGLIBo0QbyS/aniB6RAlPG5mfelJgCSrzFBNwj+vY46CUuWDXuUvdcuYXS47tzIBXibsgJbRAzS9+ef2IJgJCTTlRqus6se6lRGpGOWQFL1EQEzomQ+gaGhIBqpfOcmX4zCh9PIikOaHGM/X3RkqEUhMRmMlpCrXsTcX/vG6iB1e9lIVxoiGk84cGCcc6wtOScJ9JoJpPDCFUMvNXTEdEEqpNlQVTgrsceZW0yrZbsSv1i1L1elFHHp2gU3SOXHSJqugW1VATUfSIntErerOerBfr3fqYj+asxc4x+gPr8we+Vp+i</latexit>

Tres ' Q . 1012

<latexit sha1_base64="p4vOcl+4YLZmPtBT4Q5Gs5flNqU=">AAACEHicbVDLSsNAFJ3UV62vqEs3g0V0VRKR6rLoQgXBCn1BE8NkOm2HziRhZiKUkE9w46+4caGIW5fu/BsnbRbaeuDC4Zx7ufceP2JUKsv6NgoLi0vLK8XV0tr6xuaWub3TkmEsMGnikIWi4yNJGA1IU1HFSCcSBHGfkbY/usj89gMRkoZBQ40j4nI0CGifYqS05JmHDkdqiBFLGqmXOILDm+vL2xQ6jEgpKYe2dZ/YVuqZZatiTQDniZ2TMshR98wvpxfimJNAYYak7NpWpNwECUUxI2nJiSWJEB6hAelqGiBOpJtMHkrhgVZ6sB8KXYGCE/X3RIK4lGPu687sfDnrZeJ/XjdW/TM3oUEUKxLg6aJ+zKAKYZYO7FFBsGJjTRAWVN8K8RAJhJXOsKRDsGdfniet44pdrVTvTsq18zyOItgD++AI2OAU1MAVqIMmwOARPINX8GY8GS/Gu/ExbS0Y+cwu+APj8wedLJxP</latexit>

TLIGO . 1010



INTERFEROMETERS vs RESONATORS

<latexit sha1_base64="IydTp1NJ4SeE4KeVp2nyyCwqkrg="></latexit>

⌦g ⇠
✓
Tres

r
!

�!
'

p
Q

◆�2

<latexit sha1_base64="nJzTmY8L5B2erhWswEh0yOpblSE="></latexit>

⌦g ⇠ (Tint)�2



SUSPICIOUS SENSITIVITIES



SOME SUSPICIOUS RESULTS

10-10 10-5 1 105 1010 1015
10-15

10-10

10-5

1

105

1010

1015

Neff

MAGO 2.0

aLIGO

PPTA

0909.4118

2203.15668



LI-BAKER

<latexit sha1_base64="MGp+fGvKvMhVwyyx1ULymb2tQLg=">AAACB3icbVDNS8MwHE39nPOr6lGQ4BC8OFqV6XHoxeME9wFrLWmWbmFJWpJUGKU3L/4rXjwo4tV/wZv/jdnWg24+CDzee78kvxcmjCrtON/WwuLS8spqaa28vrG5tW3v7LZUnEpMmjhmseyESBFGBWlqqhnpJJIgHjLSDofXY7/9QKSisbjTo4T4HPUFjShG2kiBfTAIMk9yiBmiPIdeX5ssh65zn52cOXlgV5yqMwGcJ25BKqBAI7C/vF6MU06ENlcq1XWdRPsZkppiRvKylyqSIDxEfdI1VCBOlJ9N9sjhkVF6MIqlOULDifp7IkNcqREPTZIjPVCz3lj8z+umOrr0MyqSVBOBpw9FKYM6huNSYI9KgjUbGYKwpOavEA+QRFib6sqmBHd25XnSOq26tWrt9rxSvyrqKIF9cAiOgQsuQB3cgAZoAgwewTN4BW/Wk/VivVsf0+iCVczsgT+wPn8AknOYew==</latexit>

hclaim & 10�30

F. Li et al., Phys. Rev. D 80, 064013 (2009), 0909.4118

<latexit sha1_base64="xXVbCqTfYnj3KX8kN8FsIka8GSY=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEQpVUVWGsYGEsEn1IbYgc12mt2k5kO0hVlIGFX2FhACFWPoKNv8FtM0DLkSwdnXOuru8JYkaVdpxvq7C2vrG5Vdwu7ezu7R/Yh0cdFSUSkzaOWCR7AVKEUUHammpGerEkiAeMdIPJ9czvPhCpaCTu9DQmHkcjQUOKkTaSb5fHfjqQHHIqssFImyCHrnOfntfqmW9XnKozB1wlbk4qIEfLt78GwwgnnAiNGVKq7zqx9lIkNcWMZKVBokiM8ASNSN9QgThRXjo/IoOnRhnCMJLmCQ3n6u+JFHGlpjwwSY70WC17M/E/r5/o8NJLqYgTTQReLAoTBnUEZ43AIZUEazY1BGFJzV8hHiOJsDa9lUwJ7vLJq6RTq7qNauO2Xmle5XUUQRmcgDPgggvQBDegBdoAg0fwDF7Bm/VkvVjv1sciWrDymWPwB9bnD7S8l34=</latexit>

hmin & 10�24



LINEAR CAVITIES

<latexit sha1_base64="fwIV6G/0soiM/qe6IPL0ax7FUP4=">AAACBXicbVC7TsMwFHV4lvIKMMJgUSGxUCUVKowVLIxFog+pCZHjOq1V24lsB6mKsrDwKywMIMTKP7DxN7htBmg5kqWjc87V9T1hwqjSjvNtLS2vrK6tlzbKm1vbO7v23n5bxanEpIVjFstuiBRhVJCWppqRbiIJ4iEjnXB0PfE7D0QqGos7PU6Iz9FA0IhipI0U2EfDIPMkh5yKHHoDbZIcus59dlZz8sCuOFVnCrhI3IJUQIFmYH95/RinnAiNGVKq5zqJ9jMkNcWM5GUvVSRBeIQGpGeoQJwoP5tekcMTo/RhFEvzhIZT9fdEhrhSYx6aJEd6qOa9ifif10t1dOlnVCSpJgLPFkUpgzqGk0pgn0qCNRsbgrCk5q8QD5FEWJviyqYEd/7kRdKuVd16tX57XmlcFXWUwCE4BqfABRegAW5AE7QABo/gGbyCN+vJerHerY9ZdMkqZg7AH1ifPwrMl6Q=</latexit>

hmin & 10�20

N. Herman, L. Lehoucq, and A. Fúzfa, Phys. Rev. D 108, 124009 
(2023), 2203.15668

<latexit sha1_base64="DSPagXAvMvOj3WPMJ2ubYVtJwFI=">AAACEnicbVA7T8MwGHTKq5RXgJHFokKCoVVSqsJYwcJYJPqQmhA5rtNatZPIdpCqKL+Bhb/CwgBCrExs/BvcNgO0nGTpdHef7e/8mFGpLOvbKKysrq1vFDdLW9s7u3vm/kFHRonApI0jFomejyRhNCRtRRUjvVgQxH1Guv74eup3H4iQNArv1CQmLkfDkAYUI6UlzzwbeakjOMQMUZ45Q6WjHNrWfVqp1TNYmdPzRgY9s2xVrRngMrFzUgY5Wp755QwinHASKn27lH3bipWbIqEoZiQrOYkkMcJjNCR9TUPEiXTT2UoZPNHKAAaR0CdUcKb+nkgRl3LCfZ3kSI3kojcV//P6iQou3ZSGcaJIiOcPBQmDKoLTfuCACoIVm2iCsKD6rxCPkEBY6RZLugR7ceVl0qlV7Ua1cVsvN6/yOorgCByDU2CDC9AEN6AF2gCDR/AMXsGb8WS8GO/GxzxaMPKZQ/AHxucP1+ubpg==</latexit>

hclaim & 10�24 � 10�36



Rao, Bruggen, Lisle  
Phys.Rev.D 102 (2020) 12, 122006,  Phys.Rev.D 105 (2022) 6, 

069903 (erratum) 



<latexit sha1_base64="JYIYKp8vzAf7x5kWPrcRoX5z3yY=">AAAB+nicbVDLSgNBEJyNrxhfGz16GQyCF8OOSPQY9OIxgnlAsobZyWwyZHZ2melVwppP8eJBEa9+iTf/xsnjoIkFDUVVN91dQSKFAc/7dnIrq2vrG/nNwtb2zu6eW9xvmDjVjNdZLGPdCqjhUiheBwGStxLNaRRI3gyG1xO/+cC1EbG6g1HC/Yj2lQgFo2ClrlscdPpg7QgT7z47JWTcdUte2ZsCLxMyJyU0R63rfnV6MUsjroBJakybeAn4GdUgmOTjQic1PKFsSPu8bamiETd+Nj19jI+t0sNhrG0pwFP190RGI2NGUWA7IwoDs+hNxP+8dgrhpZ8JlaTAFZstClOJIcaTHHBPaM5AjiyhTAt7K2YDqikDm1bBhkAWX14mjbMyqZQrt+el6tU8jjw6REfoBBF0garoBtVQHTH0iJ7RK3pznpwX5935mLXmnPnMAfoD5/MH5KiTIA==</latexit>

h & 10�11

<latexit sha1_base64="fnWNYm/duMn3921/15J7j6MlyPM="></latexit>

TLHC '
!2

g

(10 Hz)2

ACKNOWLEDGED IN 
2301.08331



CONCLUSION



SOME LARGE SIGNALS

Signals from 
G. Servant and P. Simakachorn 

2312.09281
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“CRAZY” RESONATOR

1 105 1010 1015
10-15

10-10

10-5

1

Neff

Strings

PTs

ET ITER Energy, Q=1012



“CRAZY” LASER

1 105 1010 1015
10-15

10-10

10-5

1

Neff

Strings

PTs

ET LIGO Size, 1015 W Laser, Optimal Filtering



“CRAZY” QUANTUM LASER

1 105 1010 1015
10-15

10-10

10-5

1

Neff

Strings

PTs

ET LIGO Heisenberg Limit



CONCLUSION

<latexit sha1_base64="R6+5Jeo7vENyOFjj5oO4OqvDi1M=">AAACD3icbZC7TsMwFIadcivlFmBksahAZamSggpjBQsbRaIXqUkjx3Vaq3YS2Q5SFfUNWHgVFgYQYmVl421w2yBByy9Z+vyfc2Sf348Zlcqyvozc0vLK6lp+vbCxubW9Y+7uNWWUCEwaOGKRaPtIEkZD0lBUMdKOBUHcZ6TlD68m9dY9EZJG4Z0axcTlqB/SgGKktOWZx84NJ33k9UtONIMT6EjK4c+1ewoH3YpnFq2yNRVcBDuDIshU98xPpxfhhJNQYYak7NhWrNwUCUUxI+OCk0gSIzxEfdLRGCJOpJtO9xnDI+30YBAJfUIFp+7viRRxKUfc150cqYGcr03M/2qdRAUXbkrDOFEkxLOHgoRBFcFJOLBHBcGKjTQgLKj+K8QDJBBWOsKCDsGeX3kRmpWyXS1Xb8+Ktcssjjw4AIegBGxwDmrgGtRBA2DwAJ7AC3g1Ho1n4814n7XmjGxmH/yR8fENG86bcg==</latexit>

⌦g(!g) ⇠ !3
gh

2



BACKUP



<latexit sha1_base64="VzxRt76I146niYjqVxuPCtGP3IY="></latexit>✓
!2
1 � !2 + i

!!1

Q

◆
Ẽh(!) ' �Cg(!0 ± !g)

2(!gV
1/3)2hE0

<latexit sha1_base64="EnAhXQ8pfvfhLPZRqFpiyu0+q8Y="></latexit>

!2
s!

2
1

Q2
Usig = h2Uin(!gV

1/3)4(!0 ± !g)
4

<latexit sha1_base64="znkMx8VT9EC2s29WgM2/A/j4GVU="></latexit>

T 2 = (!gV
1/3)4

(!0 ± !g)4

!2
s!

2
1

Q2

EM RESONATOR



EM RESONATOR

<latexit sha1_base64="F8uKFPLOzT40/IZ4ZZdm7MuFOOQ="></latexit>

T 2 '
(

Q2 , ADMX� like : !s = !g = !1, !0 = 0 ,

Q2 !4
g

!4
0
, MAGO� like : !s = !0 = !1 � !g .



<latexit sha1_base64="KLoNv7xd4dfsN9e7rM2LYbB42ZM=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj0W9eCxgv2AJoTNZtIu3WTD7kaopb/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMCzPOlHacb6u0tr6xuVXeruzs7u1X7YPDjhK5pNCmggvZC4kCzlJoa6Y59DIJJAk5dMPRzczvPoJUTKQPepyBn5BBymJGiTZSYFe9W+CaYE8kMCBBFNg1p+7MgVeJW5AaKtAK7C8vEjRPINWUE6X6rpNpf0KkZpTDtOLlCjJCR2QAfUNTkoDyJ/PDp/jUKBGOhTSVajxXf09MSKLUOAlNZ0L0UC17M/E/r5/r+MqfsDTLNaR0sSjOOdYCz1LAEZNANR8bQqhk5lZMh0QSqk1WFROCu/zyKumc191GvXF/UWteF3GU0TE6QWfIRZeoie5QC7URRTl6Rq/ozXqyXqx362PRWrKKmSP0B9bnD0Khkto=</latexit>

�!dDetector Bandwidth

Signal Width
<latexit sha1_base64="OGPbbMEaVp6g7z+R0A6R4S98Yyw=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoZbEInkoiUj0W9eCxgv2AJoTNdtIu3WTD7kaoob/EiwdFvPpTvPlv3LY5aOuDgcd7M8zMC1POlHacb6u0tr6xuVXeruzs7u1X7YPDjhKZpNCmggvZC4kCzhJoa6Y59FIJJA45dMPxzczvPoJUTCQPepKCH5NhwiJGiTZSYFe9W+CaYE/EMCSBCuyaU3fmwKvELUgNFWgF9pc3EDSLIdGUE6X6rpNqPydSM8phWvEyBSmhYzKEvqEJiUH5+fzwKT41ygBHQppKNJ6rvydyEis1iUPTGRM9UsveTPzP62c6uvJzlqSZhoQuFkUZx1rgWQp4wCRQzSeGECqZuRXTEZGEapNVxYTgLr+8SjrndbdRb9xf1JrXRRxldIxO0Bly0SVqojvUQm1EUYae0St6s56sF+vd+li0lqxi5gj9gfX5A1ldkuk=</latexit>

�!s

Resolution

<latexit sha1_base64="bNaYwrWsQZWmgm7Ot+TfcNvjGys=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyURqR6LXjxWsB/QxrDZbtqlm03YnRRKyD/x4kERr/4Tb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/CoreNUUdaisYhVNyCaCS5ZCzgI1k0UI1EgWCcY3838zoQpzWP5CNOEeREZSh5ySsBIvm2Dn/VVhLmE/Cm7cHPfrjo1Zw68StyCVFGBpm9/9QcxTSMmgQqidc91EvAyooBTwfJKP9UsIXRMhqxnqCQR0142vzzHZ0YZ4DBWpiTgufp7IiOR1tMoMJ0RgZFe9mbif14vhfDGy7hMUmCSLhaFqcAQ41kMeMAVoyCmhhCquLkV0xFRhIIJq2JCcJdfXiXty5pbr9UfrqqN2yKOMjpBp+gcuegaNdA9aqIWomiCntErerMy68V6tz4WrSWrmDlGf2B9/gBWcZN7</latexit>

t�1
int

BROAD SIGNAL

<latexit sha1_base64="7zC+2Jffb4Kz3sWT13292Q7z5iQ="></latexit>

�! ⌘ max[min[�!d,�!s], t
�1
int ]



BROAD SIGNAL

<latexit sha1_base64="EKczEaMe98c4eLAWBgLwBIkNyio=">AAACKHicbVDLSgMxFM34rPVVdekmWARXZaZIdWfRjcsK9gGdUjJppg1NMmNyRyjDfI4bf8WNiCLd+iWmD0FbDwQO55zLzT1BLLgB1x07K6tr6xubua389s7u3n7h4LBhokRTVqeRiHQrIIYJrlgdOAjWijUjMhCsGQxvJn7zkWnDI3UPo5h1JOkrHnJKwErdwtWgm/paYslVhv0+2KTEvnnQkGI/1ISmZT/mWVqfxSYp+KGQZVm3UHRL7hR4mXhzUkRz1LqFN78X0UQyBVQQY9qeG0MnJRo4FSzL+4lhMaFD0mdtSxWRzHTS6aEZPrVKD4eRtk8Bnqq/J1IijRnJwCYlgYFZ9Cbif147gfCyk3IVJ8AUnS0KE4EhwpPWcI9rRkGMLCFUc/tXTAfE1gO227wtwVs8eZk0yiWvUqrcnRer1/M6cugYnaAz5KELVEW3qIbqiKIn9ILe0Yfz7Lw6n854Fl1x5jNH6A+cr2/WtKe4</latexit>

hmin &
r

2⇡

Uintint

<latexit sha1_base64="PD9gzHjzENdcdOM/7oLtoJK3NYc="></latexit>

hmin(�f)T '

8
<

:

q
2⇡
Uin

⇣
�!

2⇡tint

⌘1/4
O(h2)

q
2⇡

Uintint
O(h)

Same as before



SIGNALS (strings)

<latexit sha1_base64="PCuUv/jillsknk6NanRvRQCn3gQ=">AAACFnicbVC7SgNBFJ2NrxhfUUubwSDEImF3kWgjBG0sI5gHZJMwO5lNhsw+mLkbCJt8hY2/YmOhiK3Y+TdOHoUmHhg4nHMPd+5xI8EVmOa3kVpb39jcSm9ndnb39g+yh0c1FcaSsioNRSgbLlFM8IBVgYNgjUgy4ruC1d3B7dSvD5lUPAweYBSxlk96Afc4JaClTrZQu3Y8SWjiCB3qkkliT7AjmAf5sRP1+bhtF4Zt25G814fzTjZnFs0Z8CqxFiSHFqh0sl9ON6SxzwKggijVtMwIWgmRwKlgk4wTKxYROiA91tQ0ID5TrWR21gSfaaWLvVDqFwCeqb8TCfGVGvmunvQJ9NWyNxX/85oxeFethAdRDCyg80VeLDCEeNoR7nLJKIiRJoRKrv+KaZ/olkA3mdElWMsnr5KaXbRKxdL9Ra58s6gjjU7QKcojC12iMrpDFVRFFD2iZ/SK3own48V4Nz7moyljkTlGf2B8/gDVzZ8s</latexit>

V =
�

2

�
|�|2 � v2

�

<latexit sha1_base64="eFn5feddfnLpuqeSD3dYaXrQQw8="></latexit>

µ ' v2
⇢

1
log m�

H

<latexit sha1_base64="GGPLwi7wmYX5oLXFti4/tBj7qyA=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgxjIjWt0IRRe6kgr2Ae04ZNJMG5pkhiSjlLGf4saFIm79Enf+jWk7C209cOFwzr3ce08QM6q043xbuYXFpeWV/GphbX1jc8subjdUlEhM6jhikWwFSBFGBalrqhlpxZIgHjDSDAaXY7/5QKSikbjTw5h4HPUEDSlG2ki+Xbzyb2CHJ/Acus59engy8u2SU3YmgPPEzUgJZKj59lenG+GEE6ExQ0q1XSfWXoqkppiRUaGTKBIjPEA90jZUIE6Ul05OH8F9o3RhGElTQsOJ+nsiRVypIQ9MJ0e6r2a9sfif1050eOalVMSJJgJPF4UJgzqC4xxgl0qCNRsagrCk5laI+0girE1aBROCO/vyPGkcld1KuXJ7XKpeZHHkwS7YAwfABaegCq5BDdQBBo/gGbyCN+vJerHerY9pa87KZnbAH1ifP5Iwkkg=</latexit>

GNµ = 10�5



SIGNALS

<latexit sha1_base64="i8dbyTg7kTZDlAh2udn0CGFf0wM="></latexit>

�

H
= 7 ↵ = 10 T ' 1010 GeVPT:

InfKin:
<latexit sha1_base64="6xV+nLA7zAn2mDawke2aI28iZhQ=">AAACBXicbVA9SwNBEN2LXzF+RS21WAyCVbgTiYJN0MLYRTAfkDvD3maSLNm9O3f3hHCksfGv2FgoYut/sPPfuEmu0MQHA4/3ZpiZ50ecKW3b31ZmYXFpeSW7mltb39jcym/v1FUYSwo1GvJQNn2igLMAapppDs1IAhE+h4Y/uBz7jQeQioXBrR5G4AnSC1iXUaKN1M7vV9rXrmIC7rFj3yVOaeSeJ64U+Arqo3a+YBftCfA8cVJSQCmq7fyX2wlpLCDQlBOlWo4daS8hUjPKYZRzYwURoQPSg5ahARGgvGTyxQgfGqWDu6E0FWg8UX9PJEQoNRS+6RRE99WsNxb/81qx7p55CQuiWENAp4u6Mcc6xONIcIdJoJoPDSFUMnMrpn0iCdUmuJwJwZl9eZ7Uj4tOqVi6OSmUL9I4smgPHaAj5KBTVEYVVEU1RNEjekav6M16sl6sd+tj2pqx0pld9AfW5w+a6pdj</latexit>

HI ' 1016 GeV + late time kination from QCD axion DM



SAME BUT QUANTUM (EM RESONATOR)

<latexit sha1_base64="8zDAsx0y6leROgoiDt8IEqCQ7O0="></latexit>

H0 =
X

n

!na
†
n(t)an(t)� h(!gL)

2
C

X

m,n

!m(!m ± !g)a
†
nam + ...+ h(!gL)

2
!gB0(C1an⇤ + C2a

†
n⇤)

Perfect Resonator + GW

<latexit sha1_base64="NBptQgvAoEDCDwlcket2XHZjMAY="></latexit>

HR =

Z
d!

�
!b

†(!)b(!) + g(!)[b(!)a†(t)� b
†(!)a(t)]

 Measurement Port + Intrinsic Losses



SAME BUT QUANTUM (EM RESONATOR)

<latexit sha1_base64="pcIpJ0y9YPBYndQb2PH1fkcT4yY="></latexit>

ȧ(t) = i[H0, a(t)]�


2
a(t) +

p
ma

m
in(t) +

p
`a

`
in(t)

<latexit sha1_base64="FjKMRhmD1TaI00yEaQCsOdAoIXw="></latexit>

ȧ
†(t) = i[H0, a

†(t)]� 

2
a
†(t) +

p
ma

m,†
in (t) +

p
`a

`,†
in (t)

Measurement Port

Intrinsic Losses



SQUEEZING

<latexit sha1_base64="pVyjk0rkNgO7recHjfUfthSRs58=">AAACCHicbVDLSsNAFJ34rPUVdenCwSIIQkmKVDdC0Y3LCvYBTS03k0k6dPJwZiKUkKUbf8WNC0Xc+gnu/Bunj4W2HrhwOOde7r3HTTiTyrK+jYXFpeWV1cJacX1jc2vb3NltyjgVhDZIzGPRdkFSziLaUExx2k4EhdDltOUOrkZ+64EKyeLoVg0T2g0hiJjPCCgt9cyD9oXjCyAZnMCd40EQUJFnjrwXKqvkOe6ZJatsjYHniT0lJTRFvWd+OV5M0pBGinCQsmNbiepmIBQjnOZFJ5U0ATKAgHY0jSCkspuNH8nxkVY87MdCV6TwWP09kUEo5TB0dWcIqi9nvZH4n9dJlX/ezViUpIpGZLLITzlWMR6lgj0mKFF8qAkQwfStmPRB56J0dkUdgj378jxpVsp2tVy9OS3VLqdxFNA+OkTHyEZnqIauUR01EEGP6Bm9ojfjyXgx3o2PSeuCMZ3ZQ39gfP4A4iiZ6g==</latexit>

X =
a+ a†p

2

<latexit sha1_base64="eyzWPJMTpHjWJoeHqNyFzMoQDhY=">AAACCXicbVDLSsNAFJ34rPUVdelmsAhuLEmR6kYounFZwT6kieVmOmmHTh7OTIQSsnXjr7hxoYhb/8Cdf+O0zUJbD1w4nHMv997jxZxJZVnfxsLi0vLKamGtuL6xubVt7uw2ZZQIQhsk4pFoeyApZyFtKKY4bceCQuBx2vKGl2O/9UCFZFF4o0YxdQPoh8xnBJSWuia+PWeOL4CkcAx3Tg/6fSqy1JH3QqWVLMNds2SVrQnwPLFzUkI56l3zy+lFJAloqAgHKTu2FSs3BaEY4TQrOomkMZAh9GlH0xACKt108kmGD7XSw34kdIUKT9TfEykEUo4CT3cGoAZy1huL/3mdRPlnbsrCOFE0JNNFfsKxivA4FtxjghLFR5oAEUzfiskAdC5Kh1fUIdizL8+TZqVsV8vV65NS7SKPo4D20QE6QjY6RTV0heqogQh6RM/oFb0ZT8aL8W58TFsXjHxmD/2B8fkDt+maYA==</latexit>

Y = i
a� a†p

2



SQUEEZING

<latexit sha1_base64="Tp/GsNsvPA54gPfoMpFsc7o4DwE="></latexit>

Sout
YmYm

=
1

2 + 4⌦2

�⇥
(m � l)

2 + 4⌦2
⇤
Sin
YmYm

+ 4lmSin
YlYl

�

<latexit sha1_base64="U8adZ68GTDQJKV6zRVX2/9+Id2U=">AAACDnicbVBNS8NAEN3Ur1q/oh69BEvBU0mKVC9C0YvHFmwrNCFMtpt26WYTdjdCCfkFXvwrXjwo4tWzN/+N2zYHbX0ww+O9GXbnBQmjUtn2t1FaW9/Y3CpvV3Z29/YPzMOjnoxTgUkXxywW9wFIwignXUUVI/eJIBAFjPSDyc3M7z8QIWnM79Q0IV4EI05DikFpyTdrbigAZ+4EkgTyrJFfFUIckRH4PM86uvlm1a7bc1irxClIFRVo++aXO4xxGhGuMAMpB46dKC8DoShmJK+4qSQJ4AmMyEBTDhGRXjY/J7dqWhlaYSx0cWXN1d8bGURSTqNAT0agxnLZm4n/eYNUhZdeRnmSKsLx4qEwZZaKrVk21pAKghWbagJYUP1XC49Bx6F0ghUdgrN88irpNepOs97snFdb10UcZXSCTtEZctAFaqFb1EZdhNEjekav6M14Ml6Md+NjMVoyip1j9AfG5w+f4Z0g</latexit>

2
=

!n

Qn

Measurement Port Intrinsic Losses



SQUEEZING

<latexit sha1_base64="Tp/GsNsvPA54gPfoMpFsc7o4DwE="></latexit>

Sout
YmYm

=
1

2 + 4⌦2

�⇥
(m � l)

2 + 4⌦2
⇤
Sin
YmYm

+ 4lmSin
YlYl

�

<latexit sha1_base64="UbycaGBsTeuh6t8hnnIOYr3ufLE=">AAACFnicbZDLSgMxFIYz9VbrbdSlm2AR3FhnilQ3QtGNy4r2Im0dMmnahiaZIckIZZincOOruHGhiFtx59uYTmdRqz8c+PnOOSTn90NGlXacbyu3sLi0vJJfLaytb2xu2ds7DRVEEpM6DlggWz5ShFFB6ppqRlqhJIj7jDT90eWk33wgUtFA3OpxSLocDQTtU4y0QZ59dOPFdx6HppL7uCM5pCI5TyEzkM1A97js2UWn5KSCf42bmSLIVPPsr04vwBEnQmOGlGq7Tqi7MZKaYkaSQidSJER4hAakbaxAnKhunJ6VwANDerAfSFNCw5TObsSIKzXmvpnkSA/VfG8C/+u1I90/68ZUhJEmAk8f6kcM6gBOMoI9KgnWbGwMwpKav0I8RBJhbZIsmBDc+ZP/mka55FZKleuTYvUiiyMP9sA+OAQuOAVVcAVqoA4weATP4BW8WU/Wi/VufUxHc1a2swt+yfr8ASShnro=</latexit>

Sin
YmYm

= Sin
YlYl

= 1/2SQL:



SQUEEZING

<latexit sha1_base64="Tp/GsNsvPA54gPfoMpFsc7o4DwE="></latexit>

Sout
YmYm

=
1

2 + 4⌦2

�⇥
(m � l)

2 + 4⌦2
⇤
Sin
YmYm

+ 4lmSin
YlYl

�

<latexit sha1_base64="ciR3akRhv7mX3MLh9nVY1RGRe/c="></latexit>

Sin
YmYm

=
e�2r

2
⌧ Sin

YlYl
= 1/2SV:



MANY OTHER IDEAS

1. Quantum non-demolition measurements: for instance “speedometers” for 
interferometers, strongly suppress back action from the laser 

<latexit sha1_base64="L7yY7WrX1SWRzWFs7CKryzVGeEs="></latexit>

Shh ' 2 + 4⌦2

4Uin!2
L

+
16Uin!2

L

L4Mmirror⌦4(2 + 4⌦2)

2. Entanglement of input photons to get an advantage that scales like N when 
combining N interferometers

….
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1

105

aLIGO



BANDWIDTH SQUEEZING

<latexit sha1_base64="ttknVuvvOrAA8zJF+fJrVcUeQh8=">AAACDXicbZDLSgMxFIYzXmu9jbp0E6xC3bQzItWNUHTjsoXeoFOGTJppQ5PMkGSEMvQF3Pgqblwo4ta9O9/GtJ2Ftv4Q+PjPOZycP4gZVdpxvq2V1bX1jc3cVn57Z3dv3z44bKkokZg0ccQi2QmQIowK0tRUM9KJJUE8YKQdjO6m9fYDkYpGoqHHMelxNBA0pBhpY/n2ad1PPckhjtnkJmMq9KRcbJS9iJMB8tW5bxeckjMTXAY3gwLIVPPtL68f4YQToTFDSnVdJ9a9FElNMSOTvJcoEiM8QgPSNSgQJ6qXzq6ZwDPj9GEYSfOEhjP390SKuFJjHphOjvRQLdam5n+1bqLD615KRZxoIvB8UZgwqCM4jQb2qSRYs7EBhCU1f4V4iCTC2gSYNyG4iycvQ+ui5FZKlfploXqbxZEDx+AEFIELrkAV3IMaaAIMHsEzeAVv1pP1Yr1bH/PWFSubOQJ/ZH3+AGbOmyU=</latexit>

Qcpl = Qint/(T/!s)

<latexit sha1_base64="FGLYAt7/nSnCA5G5VM2p1+OSPAw=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgxjJTpLosunFZwT6gMw6Z9E4bmnmQZIQydOXGX3HjQhG3foM7/8a0HURbDwROzrmX5Bw/4Uwqy/oyCkvLK6trxfXSxubW9o65u9eScSooNGnMY9HxiQTOImgqpjh0EgEk9Dm0/eHVxG/fg5Asjm7VKAE3JP2IBYwSpSXPPHTiEPrEk9hRMf65wF12WhVjzyxbFWsKvEjsnJRRjoZnfjq9mKYhRIpyImXXthLlZkQoRjmMS04qISF0SPrQ1TQiIUg3m8YY42Ot9HAQC30ihafq742MhFKOQl9PhkQN5Lw3Ef/zuqkKLtyMRUmqIKKzh4KUY5140gnuMQFU8ZEmhAqm/4rpgAhClW6upEuw5yMvkla1YtcqtZuzcv0yr6OIDtAROkE2Okd1dI0aqIkoekBP6AW9Go/Gs/FmvM9GC0a+s4/+wPj4BmEamHE=</latexit>

!s ! !se
�2r

<latexit sha1_base64="Ewdm9mFXgf/gdAyqOlWcfJnEmwA=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBC8GHZFosegF48RzAOSTZid9GaHzD6YmVXCkv/w4kERr/6LN//GSbIHTSxoKKq66e7yEsGVtu1va2V1bX1js7BV3N7Z3dsvHRw2VZxKhg0Wi1i2PapQ8AgbmmuB7UQiDT2BLW90O/VbjygVj6MHPU7QDekw4j5nVBupF5CujklAsJedy0m/VLYr9gxkmTg5KUOOer/01R3ELA0x0kxQpTqOnWg3o1JzJnBS7KYKE8pGdIgdQyMaonKz2dUTcmqUAfFjaSrSZKb+nshoqNQ49ExnSHWgFr2p+J/XSbV/7WY8SlKNEZsv8lNBzKfTCMiAS2RajA2hTHJzK2EBlZRpE1TRhOAsvrxMmhcVp1qp3l+Wazd5HAU4hhM4AweuoAZ3UIcGMJDwDK/wZj1ZL9a79TFvXbHymSP4A+vzB3K3kdo=</latexit>

h ! he�r


