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HETERODYNE

DM Radio



<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



<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

<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 Largest from Astrophysics
(Chandrasekar bound)



<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



GRAVITATIONAL WAVE DETECTION

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments

Berlin, Blas, D’Agnolo, Ellis, Harnik, Kahn, Schutte-Engel ‘21



Berlin, Blas, D’Agnolo, Ellis, Harnik, Kahn, Schutte-Engel, Wentzel

103 104 105 106 107 108 109

!g [Hz]

10°23

10°22

10°21

10°20

10°19

10°18

10°17

10°16

10°15

≥ S
n
oi

se
h

(!
)¥ 1

/
2

[1
/p

H
z]

DMRadio
8

<latexit sha1_base64="lOyITVRDzbUyht2/QydFYurUbVE=">AAAB8nicdVDLSgMxFM3UV62vqks3wVZwNWTainVX1IUboYp9wHQomUzahmYmQ5IRytDPcONCEbd+jTv/xrQdQUUPXDiccy/33uPHnCmN0IeVW1peWV3Lrxc2Nre2d4q7e20lEkloiwguZNfHinIW0ZZmmtNuLCkOfU47/vhi5nfuqVRMRHd6ElMvxMOIDRjB2kju5fUtDpgo9+vlfrGE7OqZQR0iu4YQclBGUBU6NpqjBDI0+8X3XiBIEtJIE46Vch0Uay/FUjPC6bTQSxSNMRnjIXUNjXBIlZfOT57CI6MEcCCkqUjDufp9IsWhUpPQN50h1iP125uJf3luogd1L2VRnGgakcWiQcKhFnD2PwyYpETziSGYSGZuhWSEJSbapFQwIXx9Cv8n7Yrt1OyTm0qpcZ7FkQcH4BAcAwecgga4Ak3QAgQI8ACewLOlrUfrxXpdtOasbGYf/ID19gko2ZCI</latexit>

Levitated
Disc

<latexit sha1_base64="wctzjJYYgsD0CEjbvcA7zueg5RA=">AAAB9XicdVA9SwNBEN3zM8avqKXNYhCsjr0YMXaiFhYWCiYKSZS9vbm4ZG/v2J1TQsj/sLFQxNb/Yue/cRMjqOiDgcd7M8zMCzMlLTL27k1MTk3PzBbmivMLi0vLpZXVhk1zI6AuUpWay5BbUFJDHSUquMwM8CRUcBF2D4f+xS0YK1N9jr0M2gnvaBlLwdFJVydwK5EjRPRIWnFdKjN/e8+hRplfZYwFbEzYNg18NkKZjHF6XXprRanIE9AoFLe2GbAM231uUAoFg2Irt5Bx0eUdaDqqeQK23R9dPaCbTolonBpXGulI/T7R54m1vSR0nQnHG/vbG4p/ec0c41q7L3WWI2jxuSjOFcWUDiOgkTQgUPUc4cJIdysVN9xwgS6oogvh61P6P2lU/KDq75xVyvsH4zgKZJ1skC0SkF2yT47JKakTQQy5J4/kybvzHrxn7+WzdcIbz6yRH/BePwCJZJKM</latexit>

Levitated
Stack

<latexit sha1_base64="HmUNNqxtwuQWnBXI9TCyPrjvcb4=">AAAB+HicdVBNSwMxEM3Wr1q/Vj16CRbB05K1FfVW9OLBg6K1QruUbDptg9kPktlCLf0lXjwo4tWf4s1/Y1pXUNEHA4/3ZpKZF6ZKGmTs3SnMzM7NLxQXS0vLK6tr7vrGtUkyLaAuEpXom5AbUDKGOkpUcJNq4FGooBHenkz8xgC0kUl8hcMUgoj3YtmVgqOV2u7aGQwkcoQOvUQubttumXmVI4tDyrwqY8xnOWEV6ntsijLJcd5231qdRGQRxCgUN6bpsxSDEdcohYJxqZUZSO3DvAdNS2MegQlG08XHdMcqHdpNtK0Y6VT9PjHikTHDKLSdEce++e1NxL+8Zobdw2Ak4zRDiMXnR91MUUzoJAXakRoEqqElXGhpd6WizzUXaLMq2RC+LqX/k+s9z696+xd75dpxHkeRbJFtskt8ckBq5JSckzoRJCP35JE8OXfOg/PsvHy2Fpx8ZpP8gPP6Adnwkzo=</latexit>

AURIGA

<latexit sha1_base64="cjKz0EYPg04b81vFuUtEKHdU/Eo=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgacm2Feut1YN6q+LWQruUbJptY7ObJckKZel/8OJBEa/+H2/+G9N2BRV9MPB4b4aZeX7MmdIIfVi5hcWl5ZX8amFtfWNzq7i901IikYS6RHAh2z5WlLOIupppTtuxpDj0Ob31R2dT//aeSsVEdKPHMfVCPIhYwAjWRmo13OvL80avWEJ25cSgBpFdRQg5KCOoAh0bzVACGZq94nu3L0gS0kgTjpXqOCjWXoqlZoTTSaGbKBpjMsID2jE0wiFVXjq7dgIPjNKHgZCmIg1n6veJFIdKjUPfdIZYD9Vvbyr+5XUSHdS8lEVxomlE5ouChEMt4PR12GeSEs3HhmAimbkVkiGWmGgTUMGE8PUp/J+0yrZTtY+uyqX6aRZHHuyBfXAIHHAM6uACNIELCLgDD+AJPFvCerRerNd5a87KZnbBD1hvn+KcjrA=</latexit>

MiniGRAIL

<latexit sha1_base64="q9hVzP4gLSqKNQD386z05RFI+FY=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjJtxbqrulBBoYp9SDuUTJppQzOZIckIZehXuHGhiFs/x51/Y9qOoKIHLhzOuZd77/EizpRG6MPKzM0vLC5ll3Mrq2vrG/nNrYYKY0lonYQ8lC0PK8qZoHXNNKetSFIceJw2veHpxG/eU6lYKG71KKJugPuC+YxgbaS7KybY2c3xxWU3X0B26cigApFdRgg5KCWoBB0bTVEAKWrd/HunF5I4oEITjpVqOyjSboKlZoTTca4TKxphMsR92jZU4IAqN5kePIZ7RulBP5SmhIZT9ftEggOlRoFnOgOsB+q3NxH/8tqx9ituwkQUayrIbJEfc6hDOPke9pikRPORIZhIZm6FZIAlJtpklDMhfH0K/yeNou2U7YPrYqF6ksaRBTtgF+wDBxyCKjgHNVAHBATgATyBZ0taj9aL9TprzVjpzDb4AevtE0OCkBE=</latexit>

MiniGRAILQL

<latexit sha1_base64="KhQFTAswun/AaY38m2YBaYzC9/g=">AAAB/XicdVDLSgMxFM3UV62v+ti5CbaCqyHTVqy7qgsVKrRiH9CWkknTNjSTGZKMUIfir7hxoYhb/8Odf2P6EFT0wIXDOfdy7z1uwJnSCH1Ysbn5hcWl+HJiZXVtfSO5uVVVfigJrRCf+7LuYkU5E7Simea0HkiKPZfTmjs4G/u1WyoV88WNHga05eGeYF1GsDZSO7lzxQQ7vz65LKbbUVN6sFwcpdvJFLKzxwZ5iOwcQshBM4Ky0LHRBCkwQ6mdfG92fBJ6VGjCsVINBwW6FWGpGeF0lGiGigaYDHCPNgwV2KOqFU2uH8F9o3Rg15emhIYT9ftEhD2lhp5rOj2s++q3Nxb/8hqh7uZbERNBqKkg00XdkEPtw3EUsMMkJZoPDcFEMnMrJH0sMdEmsIQJ4etT+D+pZmwnZx+WM6nC6SyOONgFe+AAOOAIFMAFKIEKIOAOPIAn8GzdW4/Wi/U6bY1Zs5lt8APW2yf3RZRH</latexit>

a
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3
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<latexit sha1_base64="73bJjao8pVXZnl7xn66zatsRh98=">AAAB8XicdVBNSwMxEM3Wr1q/qh69BItQL0u2rVhvRQ8qCK1gbbFdSjbNtqHZ7JJkhbL0X3jxoIhX/403/41pu4KKPhh4vDfDzDwv4kxphD6szMLi0vJKdjW3tr6xuZXf3rlVYSwJbZKQh7LtYUU5E7Spmea0HUmKA4/Tljc6m/qteyoVC8WNHkfUDfBAMJ8RrI10h68uz+uwWC8f9vIFZJdPDKoQ2RWEkINSgsrQsdEMBZCi0cu/d/shiQMqNOFYqY6DIu0mWGpGOJ3kurGiESYjPKAdQwUOqHKT2cUTeGCUPvRDaUpoOFO/TyQ4UGoceKYzwHqofntT8S+vE2u/6iZMRLGmgswX+TGHOoTT92GfSUo0HxuCiWTmVkiGWGKiTUg5E8LXp/B/cluynYp9dF0q1E7TOLJgD+yDInDAMaiBC9AATUCAAA/gCTxbynq0XqzXeWvGSmd2wQ9Yb5+q9I+e</latexit>

Holometer

<latexit sha1_base64="NzZXzijOiNInpJKDWP8B6O/pdUg=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6atWHdFN11WsA9ph5JJ77ShycyQZIRS+hVuXCji1s9x59+YtiOo6IHA4Zxzyb0nSATXhpAPZ2V1bX1jM7eV397Z3dsvHBy2dJwqBk0Wi1h1AqpB8AiahhsBnUQBlYGAdjC+nvvte1Cax9GtmSTgSzqMeMgZNVa6q9uABAOqXygSt3xpUcXErRBCPJIRUsaeSxYoogyNfuG9N4hZKiEyTFCtux5JjD+lynAmYJbvpRoSysZ0CF1LIypB+9PFwjN8apUBDmNlX2TwQv0+MaVS64kMbFJSM9K/vbn4l9dNTVj1pzxKUgMRW34UpgKbGM+vxwOugBkxsYQyxe2umI2oosxWoPO2hK9L8f+kVXK9int+UyrWrrI6cugYnaAz5KELVEN11EBNxJBED+gJPTvKeXRenNdldMXJZo7QDzhvn1REkMQ=</latexit>

BAW

<latexit sha1_base64="sbIHCBwqbrgucgO+sGYoIn9bpnQ=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZlNIsZbjBePEc0DkiXMTmaTIbMPZmaFsOQTvHhQxKtf5M2/cZKsoKIFDUVVN91dXiy40hh/WLmV1bX1jfxmYWt7Z3evuH/QVlEiKWvRSESy6xHFBA9ZS3MtWDeWjASeYB1vcjX3O/dMKh6Fd3oaMzcgo5D7nBJtpNvGZWdQLGG7cmFQQ9iuYowdnBFcQY6NFyhBhuag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN12cOkMnRhkiP5KmQo0W6veJlARKTQPPdAZEj9Vvby7+5fUS7dfclIdxollIl4v8RCAdofnfaMglo1pMDSFUcnMromMiCdUmnYIJ4etT9D9pl22nap/dlEv1RhZHHo7gGE7BgXOowzU0oQUURvAAT/BsCevRerFel605K5s5hB+w3j4BHjCNsw==</latexit>

H
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r

<latexit sha1_base64="NzZXzijOiNInpJKDWP8B6O/pdUg=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6atWHdFN11WsA9ph5JJ77ShycyQZIRS+hVuXCji1s9x59+YtiOo6IHA4Zxzyb0nSATXhpAPZ2V1bX1jM7eV397Z3dsvHBy2dJwqBk0Wi1h1AqpB8AiahhsBnUQBlYGAdjC+nvvte1Cax9GtmSTgSzqMeMgZNVa6q9uABAOqXygSt3xpUcXErRBCPJIRUsaeSxYoogyNfuG9N4hZKiEyTFCtux5JjD+lynAmYJbvpRoSysZ0CF1LIypB+9PFwjN8apUBDmNlX2TwQv0+MaVS64kMbFJSM9K/vbn4l9dNTVj1pzxKUgMRW34UpgKbGM+vxwOugBkxsYQyxe2umI2oosxWoPO2hK9L8f+kVXK9int+UyrWrrI6cugYnaAz5KELVEN11EBNxJBED+gJPTvKeXRenNdldMXJZo7QDzhvn1REkMQ=</latexit>

BAW

<latexit sha1_base64="sbIHCBwqbrgucgO+sGYoIn9bpnQ=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZlNIsZbjBePEc0DkiXMTmaTIbMPZmaFsOQTvHhQxKtf5M2/cZKsoKIFDUVVN91dXiy40hh/WLmV1bX1jfxmYWt7Z3evuH/QVlEiKWvRSESy6xHFBA9ZS3MtWDeWjASeYB1vcjX3O/dMKh6Fd3oaMzcgo5D7nBJtpNvGZWdQLGG7cmFQQ9iuYowdnBFcQY6NFyhBhuag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN12cOkMnRhkiP5KmQo0W6veJlARKTQPPdAZEj9Vvby7+5fUS7dfclIdxollIl4v8RCAdofnfaMglo1pMDSFUcnMromMiCdUmnYIJ4etT9D9pl22nap/dlEv1RhZHHo7gGE7BgXOowzU0oQUURvAAT/BsCevRerFel605K5s5hB+w3j4BHjCNsw==</latexit>



ANALOGY



a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>



<latexit sha1_base64="hztf9mX/GXd52jL/+LJwHQYrOC8=">AAACJnicbVDLSgMxFM34tr6qLt0Ei6CbMqOibgRRF26UCrYKnVoy6Z02mMyMyR2hDPM1bvwVNy4qIu78FNNaxNeBwOGcc7m5J0ikMOi6b87I6Nj4xOTUdGFmdm5+obi4VDNxqjlUeSxjfRUwA1JEUEWBEq4SDUwFEi6Dm6O+f3kH2og4usBuAg3F2pEIBWdopWZx/6yZ+VrR49Oc+kYouKWee71FfQkhrvuhZnzgQy3P1Fc097Vod3CjWSy5ZXcA+pd4Q1IiQ1SaxZ7finmqIEIumTF1z02wkTGNgkvIC35qIGH8hrWhbmnEFJhGNjgzp2tWadEw1vZFSAfq94mMKWO6KrBJxbBjfnt98T+vnmK418hElKQIEf9cFKaSYkz7ndGW0MBRdi1hXAv7V8o7zFaDttmCLcH7ffJfUtssezvl7fPt0sHhsI4pskJWyTrxyC45ICekQqqEk3vySHrk2XlwnpwX5/UzOuIMZ5bJDzjvHwhPpPQ=</latexit>
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Dark Matter Particles in a de Broglie Volume Today

Galaxy:

Universe:
<latexit sha1_base64="Xtb1HTMGr46cH02R9oL0YivGnVY="></latexit>
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In each experimental bin we are summing over a multitude of plane waves 
with different phases

<latexit sha1_base64="kk9G2BrB/V0i02MD+2dGypIy9CE=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFW4loGXQxjKiMYHkCHubuWTJ3t6xuyeEkJ9gY6Egtv4hO/+Nm+QKTXww8Hhvhpl5YSqFsb7/7RXW1jc2t4rbpZ3dvf2D8uHRo0kyzbHJE5nodsgMSqGwaYWV2E41sjiU2ApHNzO/9YTaiEQ92HGKQcwGSkSCM+uke9ajvXLFr/pzkFVCc1KBHI1e+avbT3gWo7JcMmM61E9tMGHaCi5xWupmBlPGR2yAHUcVi9EEk/mpU3LmlD6JEu1KWTJXf09MWGzMOA5dZ8zs0Cx7M/E/r5PZ6CqYCJVmFhVfLIoySWxCZn+TvtDIrRw7wrgW7lbCh0wzbl06JRcCXX55lbQuqrRWpfSuVqlf53kU4QRO4RwoXEIdbqEBTeAwgGd4hTdPei/eu/exaC14+cwx/IH3+QN/Mo3C</latexit>a1

<latexit sha1_base64="pcMWAkUTjJ/DT8C/WxQtQ1xr3Rw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKoR6LXjxWtLbQhrLZbtqlm03YnQgl9Cd48aAgXv1D3vw3btsctPXBwOO9GWbmBYkUBl332ylsbG5t7xR3S3v7B4dH5eOTRxOnmvE2i2WsuwE1XArF2yhQ8m6iOY0CyTvB5Gbud564NiJWDzhNuB/RkRKhYBStdE8HtUG54lbdBcg68XJSgRytQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLU2fkwipDEsbalkKyUH9PZDQyZhoFtjOiODar3lz8z+ulGF75mVBJilyx5aIwlQRjMv+bDIXmDOXUEsq0sLcSNqaaMrTplGwI3urL66RTq3r1qufd1SvN6zyPIpzBOVyCBw1owi20oA0MRvAMr/DmSOfFeXc+lq0FJ585hT9wPn8AgLeNww==</latexit>a2

<latexit sha1_base64="VgB/P89Q7KB9hOAxY6GcLBTOZYE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0UI9FLx4rWltoQ5lsN+3SzSbsboQS+hO8eFAQr/4hb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjRx2nirIWjUWsOgFqJrhkLcONYJ1EMYwCwdrB+Gbmt5+Y0jyWD2aSMD/CoeQhp2isdI/9y3654lbdOcgq8XJSgRzNfvmrN4hpGjFpqECtu56bGD9DZTgVbFrqpZolSMc4ZF1LJUZM+9n81Ck5s8qAhLGyJQ2Zq78nMoy0nkSB7YzQjPSyNxP/87qpCa/8jMskNUzSxaIwFcTEZPY3GXDFqBETS5Aqbm8ldIQKqbHplGwI3vLLq6R9UfVqVc+7q1Ua13keRTiBUzgHD+rQgFtoQgsoDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AgjyNxA==</latexit>a3

ALP DARK MATTER IN THE LAB



In each experimental bin we are summing over a multitude of plane waves 
with different phases

<latexit sha1_base64="X9dMgq8ZDxmjh7CGpnMHFOGUIIM="></latexit>

�!a ' 1

mahv2DMi ' 106

ma

Effectively: very slow modulation of an  
approximately monochromatic field

<latexit sha1_base64="kk9G2BrB/V0i02MD+2dGypIy9CE=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoNgFW4loGXQxjKiMYHkCHubuWTJ3t6xuyeEkJ9gY6Egtv4hO/+Nm+QKTXww8Hhvhpl5YSqFsb7/7RXW1jc2t4rbpZ3dvf2D8uHRo0kyzbHJE5nodsgMSqGwaYWV2E41sjiU2ApHNzO/9YTaiEQ92HGKQcwGSkSCM+uke9ajvXLFr/pzkFVCc1KBHI1e+avbT3gWo7JcMmM61E9tMGHaCi5xWupmBlPGR2yAHUcVi9EEk/mpU3LmlD6JEu1KWTJXf09MWGzMOA5dZ8zs0Cx7M/E/r5PZ6CqYCJVmFhVfLIoySWxCZn+TvtDIrRw7wrgW7lbCh0wzbl06JRcCXX55lbQuqrRWpfSuVqlf53kU4QRO4RwoXEIdbqEBTeAwgGd4hTdPei/eu/exaC14+cwx/IH3+QN/Mo3C</latexit>a1

<latexit sha1_base64="pcMWAkUTjJ/DT8C/WxQtQ1xr3Rw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lKoR6LXjxWtLbQhrLZbtqlm03YnQgl9Cd48aAgXv1D3vw3btsctPXBwOO9GWbmBYkUBl332ylsbG5t7xR3S3v7B4dH5eOTRxOnmvE2i2WsuwE1XArF2yhQ8m6iOY0CyTvB5Gbud564NiJWDzhNuB/RkRKhYBStdE8HtUG54lbdBcg68XJSgRytQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLU2fkwipDEsbalkKyUH9PZDQyZhoFtjOiODar3lz8z+ulGF75mVBJilyx5aIwlQRjMv+bDIXmDOXUEsq0sLcSNqaaMrTplGwI3urL66RTq3r1qufd1SvN6zyPIpzBOVyCBw1owi20oA0MRvAMr/DmSOfFeXc+lq0FJ585hT9wPn8AgLeNww==</latexit>a2

<latexit sha1_base64="VgB/P89Q7KB9hOAxY6GcLBTOZYE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0m0UI9FLx4rWltoQ5lsN+3SzSbsboQS+hO8eFAQr/4hb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjRx2nirIWjUWsOgFqJrhkLcONYJ1EMYwCwdrB+Gbmt5+Y0jyWD2aSMD/CoeQhp2isdI/9y3654lbdOcgq8XJSgRzNfvmrN4hpGjFpqECtu56bGD9DZTgVbFrqpZolSMc4ZF1LJUZM+9n81Ck5s8qAhLGyJQ2Zq78nMoy0nkSB7YzQjPSyNxP/87qpCa/8jMskNUzSxaIwFcTEZPY3GXDFqBETS5Aqbm8ldIQKqbHplGwI3vLLq6R9UfVqVc+7q1Ua13keRTiBUzgHD+rQgFtoQgsoDOEZXuHNEc6L8+58LFoLTj5zDH/gfP4AgjyNxA==</latexit>a3

<latexit sha1_base64="6WKl3THzQocLorf0mWnlr8pVbZk="></latexit>

a(t) = a0


cos

✓
ma

✓
1 +

v21
2

◆
t+ �1

◆
+ cos

✓
ma

✓
1 +

v22
2

◆
t+ �2

◆
+ ...

�

<latexit sha1_base64="CBIlGIUFhXVmEfsO04T6cH3nem8="></latexit>

' a0 cos(mat+ �) [cos(�!at+ �0) + ...]

ALP DARK MATTER IN THE LAB



<latexit sha1_base64="I2uHk4Gh0/W8bhgNPLh4xSbTKis="></latexit>

a(t) '
p
2⇢DM

ma
cos(!at+ �)

ALP DARK MATTER IN THE LAB



ULTRALIGHT 
AXION-LIKE  

DARK MATTER



ULTRALIGHT

• Minimal Extension of 
what we know to exist 

• Simple and predictive 
cosmology 

• Solve another big 
problem in particle 

physics



|✓| . 10�10

Neutron Neutron

Electric  
Dipole

✓GG̃
<latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit>

Experimentally

✓ 6= 0
<latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit><latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit><latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit><latexit sha1_base64="NGIYMsedOn9MbGM52VFzd/AHCrY=">AAAB8nicdVDLSgNBEJz1bXxFPXoZDIKnMBuXJN6CXjwqmAckIcxOOsmQ2dl1plcIIZ/hxYMiXv0ab/6NsxpBRQsaiqpuurvCREmLjL15C4tLyyura+u5jc2t7Z387l7DxqkRUBexik0r5BaU1FBHiQpaiQEehQqa4fg885u3YKyM9TVOEuhGfKjlQAqOTmp3cATIOxpuWC9fYMXTarkUlCkrMlbxS35GSpXgJKC+UzIUyByXvfxrpx+LNAKNQnFr2z5LsDvlBqVQMMt1UgsJF2M+hLajmkdgu9OPk2f0yCl9OoiNK430Q/0+MeWRtZModJ0Rx5H97WXiX147xUG1O5U6SRG0+Fw0SBXFmGb/0740IFBNHOHCSHcrFSNuuECXUs6F8PUp/Z80SkWfFf2roFA7m8exRg7IITkmPqmQGrkgl6ROBInJHXkgjx56996T9/zZuuDNZ/bJD3gv74xrkWw=</latexit>

✓ = 0
<latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit><latexit sha1_base64="/2mphgq8YSb0BjTxDUTe6Uwi7gs=">AAAB73icdVDLSgNBEJyNrxhfUY9eBoPgaZldQxIPQtCLxwjmAUkIs5PZZMjsw5leISz5CS8eFPHq73jzb5xNIqhoQUNR1U13lxdLoYGQDyu3srq2vpHfLGxt7+zuFfcPWjpKFONNFslIdTyquRQhb4IAyTux4jTwJG97k6vMb99zpUUU3sI05v2AjkLhC0bBSJ0ejDnQCzIoloh9Xqu45QomNiFVx3Uy4lbLZ2XsGCVDCS3RGBTfe8OIJQEPgUmqddchMfRTqkAwyWeFXqJ5TNmEjnjX0JAGXPfT+b0zfGKUIfYjZSoEPFe/T6Q00HoaeKYzoDDWv71M/MvrJuDX+qkI4wR4yBaL/ERiiHD2PB4KxRnIqSGUKWFuxWxMFWVgIiqYEL4+xf+Tlms7xHZuyqX65TKOPDpCx+gUOaiK6ugaNVATMSTRA3pCz9ad9Wi9WK+L1py1nDlEP2C9fQL4SI/r</latexit>



✓GG̃
<latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit><latexit sha1_base64="4DRytejCjiyF6rRr9HhWuFpxY4s=">AAACC3icbVC7SgNBFJ31GeMramkzJAhWYVcELYMWsYxgHpANYXb2Jhky+2DmrhiW7W38FRsLRWz9ATv/xskmhSYeuHA4596Ze48XS6HRtr+tldW19Y3NwlZxe2d3b790cNjSUaI4NHkkI9XxmAYpQmiiQAmdWAELPAltb3w99dv3oLSIwjucxNAL2DAUA8EZGqlfKrsID5i/kyrws9TFESDLaJ26KKQPtN4vVeyqnYMuE2dOKmSORr/05foRTwIIkUumddexY+ylTKHgErKim2iIGR+zIXQNDVkAupfmO2T0xCg+HUTKVIg0V39PpCzQehJ4pjNgONKL3lT8z+smOLjspSKME4SQzz4aJJJiRKfBUF8o4CgnhjCuhNmV8hFTjKOJr2hCcBZPXiats6pjV53b80rtah5HgRyTMjklDrkgNXJDGqRJOHkkz+SVvFlP1ov1bn3MWles+cwR+QPr8wdkEps4</latexit>

✓
✓ +

a

fa

◆
GG̃

<latexit sha1_base64="NPnHOw7NJQAN9qpx1CJeBUPI6OI="></latexit><latexit sha1_base64="NPnHOw7NJQAN9qpx1CJeBUPI6OI="></latexit><latexit sha1_base64="NPnHOw7NJQAN9qpx1CJeBUPI6OI="></latexit><latexit sha1_base64="NPnHOw7NJQAN9qpx1CJeBUPI6OI="></latexit>

hai = �✓fa
<latexit sha1_base64="//F4vyMjiYsqo74neu96GR6x3Q0="></latexit><latexit sha1_base64="//F4vyMjiYsqo74neu96GR6x3Q0="></latexit><latexit sha1_base64="//F4vyMjiYsqo74neu96GR6x3Q0="></latexit><latexit sha1_base64="//F4vyMjiYsqo74neu96GR6x3Q0="></latexit>

At the minimum

Introduce a new global symmetry at fa



a

fa

⇡

f⇡
+ ...

<latexit sha1_base64="V2Yz7IuHfauBIyzmSVTsecoY1Fc=">AAACC3icbVDLSsNAFL3xWesr6tJNaBEEISQi6LLoxmUF+4AmhMl00g6dTMLMRCghezf+ihsXirj1B9z5N07aLLT1wDDnnnMvM/eEKaNSOc63sbK6tr6xWduqb+/s7u2bB4ddmWQCkw5OWCL6IZKEUU46iipG+qkgKA4Z6YWTm9LvPRAhacLv1TQlfoxGnEYUI6WlwGx4kUA4R0UeBaiYF15Ky7K8zmzbDsymYzszWMvErUgTKrQD88sbJjiLCVeYISkHrpMqP0dCUcxIUfcySVKEJ2hEBppyFBPp57NdCutEK0MrSoQ+XFkz9fdEjmIpp3GoO2OkxnLRK8X/vEGmois/pzzNFOF4/lCUMUslVhmMNaSCYMWmmiAsqP6rhcdI56F0fHUdgru48jLpntuuY7t3F83WdRVHDY6hAafgwiW04Bba0AEMj/AMr/BmPBkvxrvxMW9dMaqZI/gD4/MHZg+bOg==</latexit><latexit sha1_base64="V2Yz7IuHfauBIyzmSVTsecoY1Fc=">AAACC3icbVDLSsNAFL3xWesr6tJNaBEEISQi6LLoxmUF+4AmhMl00g6dTMLMRCghezf+ihsXirj1B9z5N07aLLT1wDDnnnMvM/eEKaNSOc63sbK6tr6xWduqb+/s7u2bB4ddmWQCkw5OWCL6IZKEUU46iipG+qkgKA4Z6YWTm9LvPRAhacLv1TQlfoxGnEYUI6WlwGx4kUA4R0UeBaiYF15Ky7K8zmzbDsymYzszWMvErUgTKrQD88sbJjiLCVeYISkHrpMqP0dCUcxIUfcySVKEJ2hEBppyFBPp57NdCutEK0MrSoQ+XFkz9fdEjmIpp3GoO2OkxnLRK8X/vEGmois/pzzNFOF4/lCUMUslVhmMNaSCYMWmmiAsqP6rhcdI56F0fHUdgru48jLpntuuY7t3F83WdRVHDY6hAafgwiW04Bba0AEMj/AMr/BmPBkvxrvxMW9dMaqZI/gD4/MHZg+bOg==</latexit><latexit sha1_base64="V2Yz7IuHfauBIyzmSVTsecoY1Fc=">AAACC3icbVDLSsNAFL3xWesr6tJNaBEEISQi6LLoxmUF+4AmhMl00g6dTMLMRCghezf+ihsXirj1B9z5N07aLLT1wDDnnnMvM/eEKaNSOc63sbK6tr6xWduqb+/s7u2bB4ddmWQCkw5OWCL6IZKEUU46iipG+qkgKA4Z6YWTm9LvPRAhacLv1TQlfoxGnEYUI6WlwGx4kUA4R0UeBaiYF15Ky7K8zmzbDsymYzszWMvErUgTKrQD88sbJjiLCVeYISkHrpMqP0dCUcxIUfcySVKEJ2hEBppyFBPp57NdCutEK0MrSoQ+XFkz9fdEjmIpp3GoO2OkxnLRK8X/vEGmois/pzzNFOF4/lCUMUslVhmMNaSCYMWmmiAsqP6rhcdI56F0fHUdgru48jLpntuuY7t3F83WdRVHDY6hAafgwiW04Bba0AEMj/AMr/BmPBkvxrvxMW9dMaqZI/gD4/MHZg+bOg==</latexit><latexit sha1_base64="V2Yz7IuHfauBIyzmSVTsecoY1Fc=">AAACC3icbVDLSsNAFL3xWesr6tJNaBEEISQi6LLoxmUF+4AmhMl00g6dTMLMRCghezf+ihsXirj1B9z5N07aLLT1wDDnnnMvM/eEKaNSOc63sbK6tr6xWduqb+/s7u2bB4ddmWQCkw5OWCL6IZKEUU46iipG+qkgKA4Z6YWTm9LvPRAhacLv1TQlfoxGnEYUI6WlwGx4kUA4R0UeBaiYF15Ky7K8zmzbDsymYzszWMvErUgTKrQD88sbJjiLCVeYISkHrpMqP0dCUcxIUfcySVKEJ2hEBppyFBPp57NdCutEK0MrSoQ+XFkz9fdEjmIpp3GoO2OkxnLRK8X/vEGmois/pzzNFOF4/lCUMUslVhmMNaSCYMWmmiAsqP6rhcdI56F0fHUdgru48jLpntuuY7t3F83WdRVHDY6hAafgwiW04Bba0AEMj/AMr/BmPBkvxrvxMW9dMaqZI/gD4/MHZg+bOg==</latexit>

QCD Phase Transition
a

fa
GG̃

<latexit sha1_base64="s/NIuldwNbQDlyc65oEjDPo+13M=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0WXdRlBfuAJoTJZNIOnTyYuRFKzMJfceNCEbf+hjv/xmmbhbYeuHA4517uvcdPBVdgWd9GZWV1bX2julnb2t7Z3TP3D7oqySRlHZqIRPZ9opjgMesAB8H6qWQk8gXr+eObqd97YFLxJL6HScrciAxjHnJKQEueeeSEktCcFHnokaLlABcBwy3PrFsNawa8TOyS1FGJtmd+OUFCs4jFQAVRamBbKbg5kcCpYEXNyRRLCR2TIRtoGpOIKTef3V/gU60EOEykrhjwTP09kZNIqUnk686IwEgtelPxP2+QQXjl5jxOM2AxnS8KM4EhwdMwcMAloyAmmhAqub4V0xHRgYCOrKZDsBdfXibd84ZtNey7i3rzuoyjio7RCTpDNrpETXSL2qiDKHpEz+gVvRlPxovxbnzMWytGOXOI/sD4/AEDEJYS</latexit><latexit sha1_base64="s/NIuldwNbQDlyc65oEjDPo+13M=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0WXdRlBfuAJoTJZNIOnTyYuRFKzMJfceNCEbf+hjv/xmmbhbYeuHA4517uvcdPBVdgWd9GZWV1bX2julnb2t7Z3TP3D7oqySRlHZqIRPZ9opjgMesAB8H6qWQk8gXr+eObqd97YFLxJL6HScrciAxjHnJKQEueeeSEktCcFHnokaLlABcBwy3PrFsNawa8TOyS1FGJtmd+OUFCs4jFQAVRamBbKbg5kcCpYEXNyRRLCR2TIRtoGpOIKTef3V/gU60EOEykrhjwTP09kZNIqUnk686IwEgtelPxP2+QQXjl5jxOM2AxnS8KM4EhwdMwcMAloyAmmhAqub4V0xHRgYCOrKZDsBdfXibd84ZtNey7i3rzuoyjio7RCTpDNrpETXSL2qiDKHpEz+gVvRlPxovxbnzMWytGOXOI/sD4/AEDEJYS</latexit><latexit sha1_base64="s/NIuldwNbQDlyc65oEjDPo+13M=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0WXdRlBfuAJoTJZNIOnTyYuRFKzMJfceNCEbf+hjv/xmmbhbYeuHA4517uvcdPBVdgWd9GZWV1bX2julnb2t7Z3TP3D7oqySRlHZqIRPZ9opjgMesAB8H6qWQk8gXr+eObqd97YFLxJL6HScrciAxjHnJKQEueeeSEktCcFHnokaLlABcBwy3PrFsNawa8TOyS1FGJtmd+OUFCs4jFQAVRamBbKbg5kcCpYEXNyRRLCR2TIRtoGpOIKTef3V/gU60EOEykrhjwTP09kZNIqUnk686IwEgtelPxP2+QQXjl5jxOM2AxnS8KM4EhwdMwcMAloyAmmhAqub4V0xHRgYCOrKZDsBdfXibd84ZtNey7i3rzuoyjio7RCTpDNrpETXSL2qiDKHpEz+gVvRlPxovxbnzMWytGOXOI/sD4/AEDEJYS</latexit><latexit sha1_base64="s/NIuldwNbQDlyc65oEjDPo+13M=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEBF0WXdRlBfuAJoTJZNIOnTyYuRFKzMJfceNCEbf+hjv/xmmbhbYeuHA4517uvcdPBVdgWd9GZWV1bX2julnb2t7Z3TP3D7oqySRlHZqIRPZ9opjgMesAB8H6qWQk8gXr+eObqd97YFLxJL6HScrciAxjHnJKQEueeeSEktCcFHnokaLlABcBwy3PrFsNawa8TOyS1FGJtmd+OUFCs4jFQAVRamBbKbg5kcCpYEXNyRRLCR2TIRtoGpOIKTef3V/gU60EOEykrhjwTP09kZNIqUnk686IwEgtelPxP2+QQXjl5jxOM2AxnS8KM4EhwdMwcMAloyAmmhAqub4V0xHRgYCOrKZDsBdfXibd84ZtNey7i3rzuoyjio7RCTpDNrpETXSL2qiDKHpEz+gVvRlPxovxbnzMWytGOXOI/sD4/AEDEJYS</latexit>

ma ⇠ m2
⇡

fa
⇠ 10�2 eV

109 GeV

fa
<latexit sha1_base64="j456rW01LfCF/7337t/ToFIUDCI="></latexit><latexit sha1_base64="j456rW01LfCF/7337t/ToFIUDCI="></latexit><latexit sha1_base64="j456rW01LfCF/7337t/ToFIUDCI="></latexit><latexit sha1_base64="j456rW01LfCF/7337t/ToFIUDCI="></latexit>

Mass

Relevant Coupling
a

fa
E ·B

<latexit sha1_base64="HgImdUPFTKoB9ozgdOVlonAfLJM=">AAACCnicbVBNS8MwGE7n15xfVY9eokPwNFoR9DgmgscJ7gPWUtIs3cLSpCSpMErPXvwrXjwo4tVf4M1/Y9b1oJsPJDx5nvflzfuECaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEqnEpIMFE7IfIkUY5aSjqWakn0iC4pCRXji5nvm9ByIVFfxeTxPix2jEaUQx0kYK7GMvkghnKM+iwFxeGMGb3MNDoWHxaOWBXXcaTgG4TNyS1EGJdmB/eUOB05hwjRlSauA6ifYzJDXFjOQ1L1UkQXiCRmRgKEcxUX5WrJLDU6MMYSSkOVzDQv3dkaFYqWkcmsoY6bFa9Gbif94g1dGVn1GepJpwPB8UpQxqAWe5wCGVBGs2NQRhSc1fIR4jk4026dVMCO7iysuke95wnYZ7d1Fvtso4quAInIAz4IJL0AS3oA06AINH8AxewZv1ZL1Y79bHvLRilT2H4A+szx8uS5qJ</latexit><latexit sha1_base64="HgImdUPFTKoB9ozgdOVlonAfLJM=">AAACCnicbVBNS8MwGE7n15xfVY9eokPwNFoR9DgmgscJ7gPWUtIs3cLSpCSpMErPXvwrXjwo4tVf4M1/Y9b1oJsPJDx5nvflzfuECaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEqnEpIMFE7IfIkUY5aSjqWakn0iC4pCRXji5nvm9ByIVFfxeTxPix2jEaUQx0kYK7GMvkghnKM+iwFxeGMGb3MNDoWHxaOWBXXcaTgG4TNyS1EGJdmB/eUOB05hwjRlSauA6ifYzJDXFjOQ1L1UkQXiCRmRgKEcxUX5WrJLDU6MMYSSkOVzDQv3dkaFYqWkcmsoY6bFa9Gbif94g1dGVn1GepJpwPB8UpQxqAWe5wCGVBGs2NQRhSc1fIR4jk4026dVMCO7iysuke95wnYZ7d1Fvtso4quAInIAz4IJL0AS3oA06AINH8AxewZv1ZL1Y79bHvLRilT2H4A+szx8uS5qJ</latexit><latexit sha1_base64="HgImdUPFTKoB9ozgdOVlonAfLJM=">AAACCnicbVBNS8MwGE7n15xfVY9eokPwNFoR9DgmgscJ7gPWUtIs3cLSpCSpMErPXvwrXjwo4tVf4M1/Y9b1oJsPJDx5nvflzfuECaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEqnEpIMFE7IfIkUY5aSjqWakn0iC4pCRXji5nvm9ByIVFfxeTxPix2jEaUQx0kYK7GMvkghnKM+iwFxeGMGb3MNDoWHxaOWBXXcaTgG4TNyS1EGJdmB/eUOB05hwjRlSauA6ifYzJDXFjOQ1L1UkQXiCRmRgKEcxUX5WrJLDU6MMYSSkOVzDQv3dkaFYqWkcmsoY6bFa9Gbif94g1dGVn1GepJpwPB8UpQxqAWe5wCGVBGs2NQRhSc1fIR4jk4026dVMCO7iysuke95wnYZ7d1Fvtso4quAInIAz4IJL0AS3oA06AINH8AxewZv1ZL1Y79bHvLRilT2H4A+szx8uS5qJ</latexit><latexit sha1_base64="HgImdUPFTKoB9ozgdOVlonAfLJM=">AAACCnicbVBNS8MwGE7n15xfVY9eokPwNFoR9DgmgscJ7gPWUtIs3cLSpCSpMErPXvwrXjwo4tVf4M1/Y9b1oJsPJDx5nvflzfuECaNKO863VVlZXVvfqG7WtrZ3dvfs/YOuEqnEpIMFE7IfIkUY5aSjqWakn0iC4pCRXji5nvm9ByIVFfxeTxPix2jEaUQx0kYK7GMvkghnKM+iwFxeGMGb3MNDoWHxaOWBXXcaTgG4TNyS1EGJdmB/eUOB05hwjRlSauA6ifYzJDXFjOQ1L1UkQXiCRmRgKEcxUX5WrJLDU6MMYSSkOVzDQv3dkaFYqWkcmsoY6bFa9Gbif94g1dGVn1GepJpwPB8UpQxqAWe5wCGVBGs2NQRhSc1fIR4jk4026dVMCO7iysuke95wnYZ7d1Fvtso4quAInIAz4IJL0AS3oA06AINH8AxewZv1ZL1Y79bHvLRilT2H4A+szx8uS5qJ</latexit>

a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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HETERODYNE

DM Radio

Agrawal, Fan, Reece, Wang ‘18



ULTRALIGHT

• Minimal Extension of 
what we know to exist 

• Simple and predictive 
cosmology 

• Solve another big 
problem in particle 

physics



<latexit sha1_base64="hztf9mX/GXd52jL/+LJwHQYrOC8=">AAACJnicbVDLSgMxFM34tr6qLt0Ei6CbMqOibgRRF26UCrYKnVoy6Z02mMyMyR2hDPM1bvwVNy4qIu78FNNaxNeBwOGcc7m5J0ikMOi6b87I6Nj4xOTUdGFmdm5+obi4VDNxqjlUeSxjfRUwA1JEUEWBEq4SDUwFEi6Dm6O+f3kH2og4usBuAg3F2pEIBWdopWZx/6yZ+VrR49Oc+kYouKWee71FfQkhrvuhZnzgQy3P1Fc097Vod3CjWSy5ZXcA+pd4Q1IiQ1SaxZ7finmqIEIumTF1z02wkTGNgkvIC35qIGH8hrWhbmnEFJhGNjgzp2tWadEw1vZFSAfq94mMKWO6KrBJxbBjfnt98T+vnmK418hElKQIEf9cFKaSYkz7ndGW0MBRdi1hXAv7V8o7zFaDttmCLcH7ffJfUtssezvl7fPt0sHhsI4pskJWyTrxyC45ICekQqqEk3vySHrk2XlwnpwX5/UzOuIMZ5bJDzjvHwhPpPQ=</latexit>

NDM ' 103
✓

eV

mDM

◆

Dark Matter Particles in a de Broglie Volume Today

Galaxy:

Universe:
<latexit sha1_base64="Xtb1HTMGr46cH02R9oL0YivGnVY="></latexit>

NDM ' 10�3

✓
eV

mDM

◆



<latexit sha1_base64="uY8oW4Lrh6D9Vaf58tlCKU1+MNY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPUiFL14rGC3hXYp2TTbxmaTJckKZel/8OJBEa/+H2/+G9N2D1p9MPB4b4aZeWHCmTau++UUVlbX1jeKm6Wt7Z3dvfL+ga9lqghtEcml6oRYU84EbRlmOO0kiuI45LQdjm9mfvuRKs2kuDeThAYxHgoWMYKNlXy/ik/RVb9ccWvuHOgv8XJSgRzNfvmzN5AkjakwhGOtu56bmCDDyjDC6bTUSzVNMBnjIe1aKnBMdZDNr52iE6sMUCSVLWHQXP05keFY60kc2s4Ym5Fe9mbif143NdFlkDGRpIYKslgUpRwZiWavowFTlBg+sQQTxeytiIywwsTYgEo2BG/55b/EP6t557X6Xb3SuM7jKMIRHEMVPLiABtxCE1pA4AGe4AVeHek8O2/O+6K14OQzh/ALzsc3DPOOJA==</latexit>

V (a) =

<latexit sha1_base64="k/58OMSWuRsWKTeqotsenhjB62s=">AAACH3icbVDLSsNAFJ3UV62vqEs3g0Wom5IUUZdFNy4V7AOatkwmN+3QmSTOTIQS8idu/BU3LhQRd/6N08dCWw9cOHPOvcy9x084U9pxvq3Cyura+kZxs7S1vbO7Z+8fNFWcSgoNGvNYtn2igLMIGpppDu1EAhE+h5Y/up74rUeQisXRvR4n0BVkELGQUaKN1LfPvVASmgW9Gm5WyGmeBaRXy7GnmIAHLPrmhT0OShkBZ54UGJp5r9a3y07VmQIvE3dOymiO27795QUxTQVEmnKiVMd1Et3NiNSMcshLXqogIXREBtAxNCICVDeb3pfjE6MEOIylqUjjqfp7IiNCqbHwTacgeqgWvYn4n9dJdXjZzViUpBoiOvsoTDnWMZ6EhQMmgWo+NoRQycyumA6JCUybSEsmBHfx5GXSrFXd8+rZ3Vm5fjWPo4iO0DGqIBddoDq6QbeogSh6Qi/oDb1bz9ar9WF9zloL1nzmEP2B9f0DM22h2w==</latexit>

d2V (a)

da2
' m2

a . eV2



⇢a =
m2

af
2
a ✓̄

2

2

<latexit sha1_base64="ctSKt6/iTIaHGi2s0YGefnJe8Wo=">AAACCXicbVDJSgNBEO1xN25Rj14ag+ApzIiox6AXjwpmgWQYajo1prFnobtGDEOuXvwVLx4U8eofePNv7CwHTXxQ8HivqrvqhZmShlz325mbX1hcWl5ZLa2tb2xulbd3GibNtcC6SFWqWyEYVDLBOklS2Mo0QhwqbIZ3F0O/eY/ayDS5oX6Gfgy3iYykALJSUOYdwgcavVNo7A6KKADeCUFbo4cEg6BccavuCHyWeBNSYRNcBeWvTjcVeYwJCQXGtD03I78ATVIoHJQ6ucEMxB3cYtvSBGI0fjHaYMAPrNLlUaptJcRH6u+JAmJj+nFoO2Ognpn2huJ/Xjun6MwvZJLlhIkYfxTlilPKh7HwrtQoSPUtAaGl3ZWLHmgQZMMr2RC86ZNnSeOo6p1Uj6+PK7XzSRwrbI/ts0PmsVNWY5fsitWZYI/smb2yN+fJeXHenY9x65wzmdllf+B8/gBmpJrI</latexit>

fa✓̄

PQ breaking before inflation



Classical Equation of Motion

✓̈ + 3H ✓̇ +m
2
a(T )✓ = 0

<latexit sha1_base64="ctSKt6/iTIaHGi2s0YGefnJe8Wo=">AAACCXicbVDJSgNBEO1xN25Rj14ag+ApzIiox6AXjwpmgWQYajo1prFnobtGDEOuXvwVLx4U8eofePNv7CwHTXxQ8HivqrvqhZmShlz325mbX1hcWl5ZLa2tb2xulbd3GibNtcC6SFWqWyEYVDLBOklS2Mo0QhwqbIZ3F0O/eY/ayDS5oX6Gfgy3iYykALJSUOYdwgcavVNo7A6KKADeCUFbo4cEg6BccavuCHyWeBNSYRNcBeWvTjcVeYwJCQXGtD03I78ATVIoHJQ6ucEMxB3cYtvSBGI0fjHaYMAPrNLlUaptJcRH6u+JAmJj+nFoO2Ognpn2huJ/Xjun6MwvZJLlhIkYfxTlilPKh7HwrtQoSPUtAaGl3ZWLHmgQZMMr2RC86ZNnSeOo6p1Uj6+PK7XzSRwrbI/ts0PmsVNWY5fsitWZYI/smb2yN+fJeXHenY9x65wzmdllf+B8/gBmpJrI</latexit>

fa✓̄



✓/✓̄ a(t) / z3/2

Time [A.U.]

✓̈ + 3H ✓̇ +m
2
a(T )✓ = 0

Redshifts as  
cold dark 

matter
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HETERODYNE

DM Radio



ULTRALIGHT

• Minimal Extension of 
what we know to exist 

• Simple and predictive 
cosmology 

• Solve another big 
problem in particle 

physics



ALPS DETECTION



<latexit sha1_base64="I2uHk4Gh0/W8bhgNPLh4xSbTKis="></latexit>

a(t) '
p
2⇢DM

ma
cos(!at+ �)

ALP DARK MATTER IN THE LAB



a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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r⇥B ' @tE+ J+ ga��B @ta
<latexit sha1_base64="8Hj16kC1+vfoLi+QG5Hz2cn8lg0="></latexit><latexit sha1_base64="8Hj16kC1+vfoLi+QG5Hz2cn8lg0="></latexit><latexit sha1_base64="8Hj16kC1+vfoLi+QG5Hz2cn8lg0="></latexit><latexit sha1_base64="8Hj16kC1+vfoLi+QG5Hz2cn8lg0="></latexit>

a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>
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r⇥B ' @tE+ J+ ga��B @ta
<latexit sha1_base64="8Hj16kC1+vfoLi+QG5Hz2cn8lg0="></latexit><latexit sha1_base64="8Hj16kC1+vfoLi+QG5Hz2cn8lg0="></latexit><latexit sha1_base64="8Hj16kC1+vfoLi+QG5Hz2cn8lg0="></latexit><latexit sha1_base64="8Hj16kC1+vfoLi+QG5Hz2cn8lg0="></latexit>

a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

Je↵(t) ⇠ ga��B0(t)
p
⇢DMcosmat

<latexit sha1_base64="aJWjBRLIoE01voS1DqU7jOMJXs0="></latexit><latexit sha1_base64="aJWjBRLIoE01voS1DqU7jOMJXs0="></latexit><latexit sha1_base64="aJWjBRLIoE01voS1DqU7jOMJXs0="></latexit><latexit sha1_base64="aJWjBRLIoE01voS1DqU7jOMJXs0="></latexit>

ALP DARK MATTER DETECTION



a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

Background

<latexit sha1_base64="kOUKmYKyTNGM+o0lyFouQY4292w=">AAACI3icbVDLSsNAFJ3UV62vqEs3g0VwY0lKUXFVFMFlBfuApobJdNIOnUnizEQoIf/ixl9x40Ipblz4L07aLGzrgQuHc+7l3nu8iFGpLOvbKKysrq1vFDdLW9s7u3vm/kFLhrHApIlDFoqOhyRhNCBNRRUjnUgQxD1G2t7oJvPbz0RIGgYPahyRHkeDgPoUI6Ul17xyJOXQ8QXCCUoT30UpvHUTR3DojQYpzGzyBG3rMTmr2nOea5atijUFXCZ2TsogR8M1J04/xDEngcIMSdm1rUj1EiQUxYykJSeWJEJ4hAakq2mAOJG9ZPpjCk+00od+KHQFCk7VvxMJ4lKOuac7OVJDuehl4n9eN1b+ZS+hQRQrEuDZIj9mUIUwCwz2qSBYsbEmCAuqb4V4iHReSsda0iHYiy8vk1a1Yp9Xave1cv06j6MIjsAxOAU2uAB1cAcaoAkweAFv4AN8Gq/GuzExvmatBSOfOQRzMH5+AdwEo8Q=</latexit>

⇠ a

fa
Ebkg ' 10�21Ebkg

ALP DARK MATTER DETECTION

but you know exactly the waveform 
and the signal is always there 
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<latexit sha1_base64="ZIvSsZCdb1nW4yiIUbhr5UNjCHE=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJhSqpKmCsYGEsEn1ITYgc12mt2k6wHaQqysLCr7AwgBAr/8DG3+A+Bmg50pWOzrlX994TJowq7TjfVmFpeWV1rbhe2tjc2t6xd/daKk4lJk0cs1h2QqQIo4I0NdWMdBJJEA8ZaYfDq7HffiBS0Vjc6lFCfI76gkYUI22kwD70IolwhvIsClDuKcrJPXSdu+y06uaBXXYqzgRwkbgzUgYzNAL7y+vFOOVEaMyQUl3XSbSfIakpZiQveakiCcJD1CddQwXiRPnZ5IscHhulB6NYmhIaTtTfExniSo14aDo50gM1743F/7xuqqMLP6MiSTUReLooShnUMRxHAntUEqzZyBCEJTW3QjxAJhZtgiuZENz5lxdJq1pxzyq1m1q5fjmLowgOwBE4AS44B3VwDRqgCTB4BM/gFbxZT9aL9W59TFsL1mxmH/yB9fkDzXyYHQ==</latexit> a

fa
' 10�21



<latexit sha1_base64="PnJdC8MVTRrB91wrtGGeIxZs0iI=">AAACH3icbVDLSgMxFM34tr6qLt0Ei+DGMiM+d6Iu3FnB2kKnlkx6pw0mM0NyRyzD/Ikbf8WNC0XEXf/GtHZRHwcCJ+fce5N7gkQKg67bdyYmp6ZnZufmCwuLS8srxdW1GxOnmkOVxzLW9YAZkCKCKgqUUE80MBVIqAV3ZwO/dg/aiDi6xl4CTcU6kQgFZ2ilVvHADzXjmX8OEhm9bGW+VhQekjzPxi/U76Adoqjn3mY7x3mrWHLL7hD0L/FGpERGqLSKn3475qmCCLlkxjQ8N8FmxjQKLiEv+KmBhPE71oGGpRFTYJrZcL+cblmlTcNY2xMhHarjHRlTxvRUYCsVw6757Q3E/7xGiuFRMxNRkiJE/PuhMJUUYzoIi7aFBo6yZwnjWti/Ut5lNjC0kRZsCN7vlf+Sm92yd1Dev9ornZyO4pgjG2STbBOPHJITckEqpEo4eSTP5JW8OU/Oi/PufHyXTjijnnXyA07/Cyu3owo=</latexit>

�Oexp

Oexp
& 10�9

My personal rule of thumb

MANKIND’S EXPERIMENTAL PRECISION



Cavity

<latexit sha1_base64="JV3tBUyhjJhPd6bFvxS+uhGnDGI=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYXEVCWoAsYKFgaGItGH1ESR4zqtVdsJtoNURRlY+BUWBhBi5SPY+BvcNgO0HOlKR+fcq3vvCRNGlXacb6u0srq2vlHerGxt7+zu2fsHHRWnEpM2jlkseyFShFFB2ppqRnqJJIiHjHTD8dXU7z4QqWgs7vQkIT5HQ0EjipE2UmBXeeANEecIeopycg+9SCKcuXl2kwd2zak7M8Bl4hakBgq0AvvLG8Q45URozJBSfddJtJ8hqSlmJK94qSIJwmM0JH1DBeJE+dnsiRweG2UAo1iaEhrO1N8TGeJKTXhoOjnSI7XoTcX/vH6qows/oyJJNRF4vihKGdQxnCYCB1QSrNnEEIQlNbdCPEImBW1yq5gQ3MWXl0nntO6e1Ru3jVrzsoijDKrgCJwAF5yDJrgGLdAGGDyCZ/AK3qwn68V6tz7mrSWrmDkEf2B9/gCNQ5gN</latexit>

m� ' 1

L

<latexit sha1_base64="EsUXQCVtBq4y73jg2L4sJIh3P3Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZe+yXKlXStWbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCmd4zZ</latexit>

L

AXION DARK MATTER DETECTION



Cavity

a
<latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit><latexit sha1_base64="b7/vCs5ze5KtVd66W3yyALYBfbk=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipSQflilt1FyDrxMtJBXI0BuWv/jBmaYTSMEG17nluYvyMKsOZwFmpn2pMKJvQEfYslTRC7WeLQ2fkwipDEsbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmvDGz7hMUoOSLReFqSAmJvOvyZArZEZMLaFMcXsrYWOqKDM2m5INwVt9eZ20r6qeW/Wa15X6bR5HEc7gHC7BgxrU4R4a0AIGCM/wCm/Oo/PivDsfy9aCk8+cwh84nz/DXYzl</latexit>

�
<latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit><latexit sha1_base64="LTGM2VFoxCLeC7zT8IXFho1T/rc=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKoMegF48RzAOSJfROZpMx81hmZoUQ8g9ePCji1f/x5t84SfagiQUNRVU33V1xypmxQfDtFdbWNza3itulnd29/YPy4VHTqEwT2iCKK92O0VDOJG1YZjltp5qiiDltxaPbmd96otowJR/sOKWRwIFkCSNondTsDlAI7JUrQTWYw18lYU4qkKPeK391+4pkgkpLOBrTCYPURhPUlhFOp6VuZmiKZIQD2nFUoqAmmsyvnfpnTun7idKupPXn6u+JCQpjxiJ2nQLt0Cx7M/E/r5PZ5DqaMJlmlkqyWJRk3LfKn73u95mmxPKxI0g0c7f6ZIgaiXUBlVwI4fLLq6R5UQ2Danh/Wand5HEU4QRO4RxCuIIa3EEdGkDgEZ7hFd485b14797HorXg5TPH8Afe5w+G648V</latexit>

Background

Resonance
<latexit sha1_base64="w/Sj64pGnRW2nhuohTRan6xIwo8=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEirosunHhooJ9QBPCZDpph85M4sxEKDELf8WNC0Xc+hvu/BunbRbaeuDC4Zx7ufeeMGFUacf5tkpLyyura+X1ysbm1vaOvbvXVnEqMWnhmMWyGyJFGBWkpalmpJtIgnjISCccXU38zgORisbiTo8T4nM0EDSiGGkjBfYBDxD0FOXkHnqRRDhz8+wmD+yqU3OmgIvELUgVFGgG9pfXj3HKidCYIaV6rpNoP0NSU8xIXvFSRRKER2hAeoYKxInys+n9OTw2Sh9GsTQlNJyqvycyxJUa89B0cqSHat6biP95vVRHF35GRZJqIvBsUZQyqGM4CQP2qSRYs7EhCEtqboV4iEwK2kRWMSG48y8vkvZpzT2r1W/r1cZlEUcZHIIjcAJccA4a4Bo0QQtg8AiewSt4s56sF+vd+pi1lqxiZh/8gfX5A55yld0=</latexit>

ma ' 1

L

AXION DARK MATTER DETECTION
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AXION DETECTION

Cavity

m - 0.1 cm

Low noise electronics 
High quality factors
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Impractical  
(fine control of  
huge cavities)



DM RADIO AND ABRACADABRA

Cavity RLC Circuit

<latexit sha1_base64="NstKD+A0t6vqlr2UR9ii2MpoZOk=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBVUmkqBuh2I0LFxXsA5pQJtNJO3RmEmcmQgnZuPFX3LhQxK3/4M6/cdpmoa0HLhzOuZd77wliRpV2nG+rsLS8srpWXC9tbG5t79i7ey0VJRKTJo5YJDsBUoRRQZqaakY6sSSIB4y0g1F94rcfiFQ0End6HBOfo4GgIcVIG6lnH3oRJwMEL6EXSoRTN0s9dS91elPPsp5ddirOFHCRuDkpgxyNnv3l9SOccCI0ZkipruvE2k+R1BQzkpW8RJEY4REakK6hAnGi/HT6RQaPjdKHYSRNCQ2n6u+JFHGlxjwwnRzpoZr3JuJ/XjfR4YWfUhEnmgg8WxQmDOoITiKBfSoJ1mxsCMKSmlshHiKThjbBlUwI7vzLi6R1WnHPKtXbarl2lcdRBAfgCJwAF5yDGrgGDdAEGDyCZ/AK3qwn68V6tz5mrQUrn9kHf2B9/gBEg5h0</latexit>

! =
1p
LC

[Kahn, Safdi, Tahler ’16][Chauduri, Irwin, Graham, Mardon ’18-‘19]
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DM Radio
50 L

DM Radio GUT

DM m cube



Cavity:

X

n

✓
@2
t +

!n

Qn
@t + !2

n

◆
En = ga��@t(B@ta)

<latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit>

AXION DETECTION



Cavity:

X

n

✓
@2
t +

!n

Qn
@t + !2

n

◆
En = ga��@t(B@ta)

<latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit>

AXION DETECTION

!1 ' ma
<latexit sha1_base64="9ib9m7+MpXkHVVcpSS33cGFfGzg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF48V7Ac0IWy2k3bpbhJ3N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq5JMUujQhCeyHxIFnMXQ0Uxz6KcSiAg59MLJzczvPYJULInvdZ6CL8goZhGjRBspsOteImBEAhd7igl4wCIggd1wms4ceJW4JWmgEu3A/vKGCc0ExJpyotTAdVLtF0RqRjlMa16mICV0QkYwMDQmApRfzI+f4lOjDHGUSFOxxnP190RBhFK5CE2nIHqslr2Z+J83yHR05RcsTjMNMV0sijKOdYJnSeAhk0A1zw0hVDJzK6ZjIgnVJq+aCcFdfnmVdM+brtN07y4aresyjio6RifoDLnoErXQLWqjDqIoR8/oFb1ZT9aL9W59LForVjlTR39gff4A6AKURg==</latexit><latexit sha1_base64="9ib9m7+MpXkHVVcpSS33cGFfGzg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF48V7Ac0IWy2k3bpbhJ3N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq5JMUujQhCeyHxIFnMXQ0Uxz6KcSiAg59MLJzczvPYJULInvdZ6CL8goZhGjRBspsOteImBEAhd7igl4wCIggd1wms4ceJW4JWmgEu3A/vKGCc0ExJpyotTAdVLtF0RqRjlMa16mICV0QkYwMDQmApRfzI+f4lOjDHGUSFOxxnP190RBhFK5CE2nIHqslr2Z+J83yHR05RcsTjMNMV0sijKOdYJnSeAhk0A1zw0hVDJzK6ZjIgnVJq+aCcFdfnmVdM+brtN07y4aresyjio6RifoDLnoErXQLWqjDqIoR8/oFb1ZT9aL9W59LForVjlTR39gff4A6AKURg==</latexit><latexit sha1_base64="9ib9m7+MpXkHVVcpSS33cGFfGzg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF48V7Ac0IWy2k3bpbhJ3N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq5JMUujQhCeyHxIFnMXQ0Uxz6KcSiAg59MLJzczvPYJULInvdZ6CL8goZhGjRBspsOteImBEAhd7igl4wCIggd1wms4ceJW4JWmgEu3A/vKGCc0ExJpyotTAdVLtF0RqRjlMa16mICV0QkYwMDQmApRfzI+f4lOjDHGUSFOxxnP190RBhFK5CE2nIHqslr2Z+J83yHR05RcsTjMNMV0sijKOdYJnSeAhk0A1zw0hVDJzK6ZjIgnVJq+aCcFdfnmVdM+brtN07y4aresyjio6RifoDLnoErXQLWqjDqIoR8/oFb1ZT9aL9W59LForVjlTR39gff4A6AKURg==</latexit><latexit sha1_base64="9ib9m7+MpXkHVVcpSS33cGFfGzg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF48V7Ac0IWy2k3bpbhJ3N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq5JMUujQhCeyHxIFnMXQ0Uxz6KcSiAg59MLJzczvPYJULInvdZ6CL8goZhGjRBspsOteImBEAhd7igl4wCIggd1wms4ceJW4JWmgEu3A/vKGCc0ExJpyotTAdVLtF0RqRjlMa16mICV0QkYwMDQmApRfzI+f4lOjDHGUSFOxxnP190RBhFK5CE2nIHqslr2Z+J83yHR05RcsTjMNMV0sijKOdYJnSeAhk0A1zw0hVDJzK6ZjIgnVJq+aCcFdfnmVdM+brtN07y4aresyjio6RifoDLnoErXQLWqjDqIoR8/oFb1ZT9aL9W59LForVjlTR39gff4A6AKURg==</latexit>

@t(B) ' 0
<latexit sha1_base64="ONxQVxs2LcqtH1UmywPVo9GiZwo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkoigi5L3bisYB/QhDCZTtqhM5M4MxFK6NKNv+LGhSJu/QR3/o2TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOr3O/+0CkorG405OE+BwNBY0oRtpIgX3sJUhqiligYc3jSI/CKGtOzzxFObmHTmBXnbozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+1m+BDMyrXipIgnCYzQkfUMF4kT52eyRKTw1ygBGsTQlNJypvycyxJWa8NB05qeqRS8X//P6qY6u/IyKJNVE4PmiKGVQxzBPBQ6oJFiziSEIS2puhXiEJMLaZFcxIbiLLy+Tznndderu7UW10SziKIMjcAJqwAWXoAFuQAu0AQaP4Bm8gjfryXqx3q2PeWvJKmYOwR9Ynz/vsJlB</latexit><latexit sha1_base64="ONxQVxs2LcqtH1UmywPVo9GiZwo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkoigi5L3bisYB/QhDCZTtqhM5M4MxFK6NKNv+LGhSJu/QR3/o2TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOr3O/+0CkorG405OE+BwNBY0oRtpIgX3sJUhqiligYc3jSI/CKGtOzzxFObmHTmBXnbozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+1m+BDMyrXipIgnCYzQkfUMF4kT52eyRKTw1ygBGsTQlNJypvycyxJWa8NB05qeqRS8X//P6qY6u/IyKJNVE4PmiKGVQxzBPBQ6oJFiziSEIS2puhXiEJMLaZFcxIbiLLy+Tznndderu7UW10SziKIMjcAJqwAWXoAFuQAu0AQaP4Bm8gjfryXqx3q2PeWvJKmYOwR9Ynz/vsJlB</latexit><latexit sha1_base64="ONxQVxs2LcqtH1UmywPVo9GiZwo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkoigi5L3bisYB/QhDCZTtqhM5M4MxFK6NKNv+LGhSJu/QR3/o2TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOr3O/+0CkorG405OE+BwNBY0oRtpIgX3sJUhqiligYc3jSI/CKGtOzzxFObmHTmBXnbozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+1m+BDMyrXipIgnCYzQkfUMF4kT52eyRKTw1ygBGsTQlNJypvycyxJWa8NB05qeqRS8X//P6qY6u/IyKJNVE4PmiKGVQxzBPBQ6oJFiziSEIS2puhXiEJMLaZFcxIbiLLy+Tznndderu7UW10SziKIMjcAJqwAWXoAFuQAu0AQaP4Bm8gjfryXqx3q2PeWvJKmYOwR9Ynz/vsJlB</latexit><latexit sha1_base64="ONxQVxs2LcqtH1UmywPVo9GiZwo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkoigi5L3bisYB/QhDCZTtqhM5M4MxFK6NKNv+LGhSJu/QR3/o2TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOr3O/+0CkorG405OE+BwNBY0oRtpIgX3sJUhqiligYc3jSI/CKGtOzzxFObmHTmBXnbozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+1m+BDMyrXipIgnCYzQkfUMF4kT52eyRKTw1ygBGsTQlNJypvycyxJWa8NB05qeqRS8X//P6qY6u/IyKJNVE4PmiKGVQxzBPBQ6oJFiziSEIS2puhXiEJMLaZFcxIbiLLy+Tznndderu7UW10SziKIMjcAJqwAWXoAFuQAu0AQaP4Bm8gjfryXqx3q2PeWvJKmYOwR9Ynz/vsJlB</latexit>



Cavity:

X

n

✓
@2
t +

!n

Qn
@t + !2

n

◆
En = ga��@t(B@ta)

<latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit>

AXION DETECTION

!1 ' ma
<latexit sha1_base64="9ib9m7+MpXkHVVcpSS33cGFfGzg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF48V7Ac0IWy2k3bpbhJ3N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq5JMUujQhCeyHxIFnMXQ0Uxz6KcSiAg59MLJzczvPYJULInvdZ6CL8goZhGjRBspsOteImBEAhd7igl4wCIggd1wms4ceJW4JWmgEu3A/vKGCc0ExJpyotTAdVLtF0RqRjlMa16mICV0QkYwMDQmApRfzI+f4lOjDHGUSFOxxnP190RBhFK5CE2nIHqslr2Z+J83yHR05RcsTjMNMV0sijKOdYJnSeAhk0A1zw0hVDJzK6ZjIgnVJq+aCcFdfnmVdM+brtN07y4aresyjio6RifoDLnoErXQLWqjDqIoR8/oFb1ZT9aL9W59LForVjlTR39gff4A6AKURg==</latexit><latexit sha1_base64="9ib9m7+MpXkHVVcpSS33cGFfGzg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF48V7Ac0IWy2k3bpbhJ3N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq5JMUujQhCeyHxIFnMXQ0Uxz6KcSiAg59MLJzczvPYJULInvdZ6CL8goZhGjRBspsOteImBEAhd7igl4wCIggd1wms4ceJW4JWmgEu3A/vKGCc0ExJpyotTAdVLtF0RqRjlMa16mICV0QkYwMDQmApRfzI+f4lOjDHGUSFOxxnP190RBhFK5CE2nIHqslr2Z+J83yHR05RcsTjMNMV0sijKOdYJnSeAhk0A1zw0hVDJzK6ZjIgnVJq+aCcFdfnmVdM+brtN07y4aresyjio6RifoDLnoErXQLWqjDqIoR8/oFb1ZT9aL9W59LForVjlTR39gff4A6AKURg==</latexit><latexit sha1_base64="9ib9m7+MpXkHVVcpSS33cGFfGzg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF48V7Ac0IWy2k3bpbhJ3N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq5JMUujQhCeyHxIFnMXQ0Uxz6KcSiAg59MLJzczvPYJULInvdZ6CL8goZhGjRBspsOteImBEAhd7igl4wCIggd1wms4ceJW4JWmgEu3A/vKGCc0ExJpyotTAdVLtF0RqRjlMa16mICV0QkYwMDQmApRfzI+f4lOjDHGUSFOxxnP190RBhFK5CE2nIHqslr2Z+J83yHR05RcsTjMNMV0sijKOdYJnSeAhk0A1zw0hVDJzK6ZjIgnVJq+aCcFdfnmVdM+brtN07y4aresyjio6RifoDLnoErXQLWqjDqIoR8/oFb1ZT9aL9W59LForVjlTR39gff4A6AKURg==</latexit><latexit sha1_base64="9ib9m7+MpXkHVVcpSS33cGFfGzg=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF48V7Ac0IWy2k3bpbhJ3N0II9a948aCIV3+IN/+N2zYHbX0w8Hhvhpl5YcqZ0o7zbVXW1jc2t6rbtZ3dvf0D+/Coq5JMUujQhCeyHxIFnMXQ0Uxz6KcSiAg59MLJzczvPYJULInvdZ6CL8goZhGjRBspsOteImBEAhd7igl4wCIggd1wms4ceJW4JWmgEu3A/vKGCc0ExJpyotTAdVLtF0RqRjlMa16mICV0QkYwMDQmApRfzI+f4lOjDHGUSFOxxnP190RBhFK5CE2nIHqslr2Z+J83yHR05RcsTjMNMV0sijKOdYJnSeAhk0A1zw0hVDJzK6ZjIgnVJq+aCcFdfnmVdM+brtN07y4aresyjio6RifoDLnoErXQLWqjDqIoR8/oFb1ZT9aL9W59LForVjlTR39gff4A6AKURg==</latexit>

@t(B) ' 0
<latexit sha1_base64="ONxQVxs2LcqtH1UmywPVo9GiZwo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkoigi5L3bisYB/QhDCZTtqhM5M4MxFK6NKNv+LGhSJu/QR3/o2TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOr3O/+0CkorG405OE+BwNBY0oRtpIgX3sJUhqiligYc3jSI/CKGtOzzxFObmHTmBXnbozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+1m+BDMyrXipIgnCYzQkfUMF4kT52eyRKTw1ygBGsTQlNJypvycyxJWa8NB05qeqRS8X//P6qY6u/IyKJNVE4PmiKGVQxzBPBQ6oJFiziSEIS2puhXiEJMLaZFcxIbiLLy+Tznndderu7UW10SziKIMjcAJqwAWXoAFuQAu0AQaP4Bm8gjfryXqx3q2PeWvJKmYOwR9Ynz/vsJlB</latexit><latexit sha1_base64="ONxQVxs2LcqtH1UmywPVo9GiZwo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkoigi5L3bisYB/QhDCZTtqhM5M4MxFK6NKNv+LGhSJu/QR3/o2TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOr3O/+0CkorG405OE+BwNBY0oRtpIgX3sJUhqiligYc3jSI/CKGtOzzxFObmHTmBXnbozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+1m+BDMyrXipIgnCYzQkfUMF4kT52eyRKTw1ygBGsTQlNJypvycyxJWa8NB05qeqRS8X//P6qY6u/IyKJNVE4PmiKGVQxzBPBQ6oJFiziSEIS2puhXiEJMLaZFcxIbiLLy+Tznndderu7UW10SziKIMjcAJqwAWXoAFuQAu0AQaP4Bm8gjfryXqx3q2PeWvJKmYOwR9Ynz/vsJlB</latexit><latexit sha1_base64="ONxQVxs2LcqtH1UmywPVo9GiZwo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkoigi5L3bisYB/QhDCZTtqhM5M4MxFK6NKNv+LGhSJu/QR3/o2TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOr3O/+0CkorG405OE+BwNBY0oRtpIgX3sJUhqiligYc3jSI/CKGtOzzxFObmHTmBXnbozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+1m+BDMyrXipIgnCYzQkfUMF4kT52eyRKTw1ygBGsTQlNJypvycyxJWa8NB05qeqRS8X//P6qY6u/IyKJNVE4PmiKGVQxzBPBQ6oJFiziSEIS2puhXiEJMLaZFcxIbiLLy+Tznndderu7UW10SziKIMjcAJqwAWXoAFuQAu0AQaP4Bm8gjfryXqx3q2PeWvJKmYOwR9Ynz/vsJlB</latexit><latexit sha1_base64="ONxQVxs2LcqtH1UmywPVo9GiZwo=">AAACCHicbVDLSsNAFJ3UV62vqEsXDhahbkoigi5L3bisYB/QhDCZTtqhM5M4MxFK6NKNv+LGhSJu/QR3/o2TNgttPXDhcM693HtPmDCqtON8W6WV1bX1jfJmZWt7Z3fP3j/oqDiVmLRxzGLZC5EijArS1lQz0kskQTxkpBuOr3O/+0CkorG405OE+BwNBY0oRtpIgX3sJUhqiligYc3jSI/CKGtOzzxFObmHTmBXnbozA1wmbkGqoEArsL+8QYxTToTGDCnVd51E+1m+BDMyrXipIgnCYzQkfUMF4kT52eyRKTw1ygBGsTQlNJypvycyxJWa8NB05qeqRS8X//P6qY6u/IyKJNVE4PmiKGVQxzBPBQ6oJFiziSEIS2puhXiEJMLaZFcxIbiLLy+Tznndderu7UW10SziKIMjcAJqwAWXoAFuQAu0AQaP4Bm8gjfryXqx3q2PeWvJKmYOwR9Ynz/vsJlB</latexit>

✓
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t +

ma
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◆
E1 = ga��B

p
⇢DMma cosmat

<latexit sha1_base64="MO4JU/omCeSNLLsCl01gzSro6F4="></latexit><latexit sha1_base64="MO4JU/omCeSNLLsCl01gzSro6F4="></latexit><latexit sha1_base64="MO4JU/omCeSNLLsCl01gzSro6F4="></latexit><latexit sha1_base64="MO4JU/omCeSNLLsCl01gzSro6F4="></latexit>



R
et
ra
ct
ab

le
F
in
s

R

L0L1

!0

ma !1 ⌘ !0 ±ma

E0

E1

ma

!0

!1
ma

HETERODYNE DETECTION
[Berlin, RTD, S. Ellis, C. Nantista, J. Nielson, P. Schuster, S. Tantawi, N. Toro, K. Zhou‘19]
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n

✓
@2
t +

!n

Qn
@t + !2

n

◆
En = ga��@t(B@ta)

<latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit><latexit sha1_base64="JMCbqZEQnCSVvZqGWDwe/MhPtns="></latexit>

!1 ' !0 +ma
<latexit sha1_base64="aMx3rXHlstWW62FCwx8sxKVopyQ=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoigi6LblxWsA9oQphMb9qhM0mcmQgldOPGX3HjQhG3/oM7/8Zpm4W2Hrhw5px7mXtPmHKmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqSSTFJo04YnshEQBZzE0NdMcOqkEIkIO7XB4PfHbDyAVS+I7PUrBF6Qfs4hRoo0U2IdeIqBPAhd7igm4x8XbORUBCeyqU3OmwIvELUgVFWgE9pfXS2gmINaUE6W6rpNqPydSM8phXPEyBSmhQ9KHrqExEaD8fHrFGB8bpYejRJqKNZ6qvydyIpQaidB0CqIHat6biP953UxHl37O4jTTENPZR1HGsU7wJBLcYxKo5iNDCJXM7IrpgEhCtQmuYkJw509eJK2zmuvU3Nvzav2qiKOMDtAROkEuukB1dIMaqIkoekTP6BW9WU/Wi/VufcxaS1Yxs4/+wPr8ATy4l78=</latexit><latexit sha1_base64="aMx3rXHlstWW62FCwx8sxKVopyQ=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoigi6LblxWsA9oQphMb9qhM0mcmQgldOPGX3HjQhG3/oM7/8Zpm4W2Hrhw5px7mXtPmHKmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqSSTFJo04YnshEQBZzE0NdMcOqkEIkIO7XB4PfHbDyAVS+I7PUrBF6Qfs4hRoo0U2IdeIqBPAhd7igm4x8XbORUBCeyqU3OmwIvELUgVFWgE9pfXS2gmINaUE6W6rpNqPydSM8phXPEyBSmhQ9KHrqExEaD8fHrFGB8bpYejRJqKNZ6qvydyIpQaidB0CqIHat6biP953UxHl37O4jTTENPZR1HGsU7wJBLcYxKo5iNDCJXM7IrpgEhCtQmuYkJw509eJK2zmuvU3Nvzav2qiKOMDtAROkEuukB1dIMaqIkoekTP6BW9WU/Wi/VufcxaS1Yxs4/+wPr8ATy4l78=</latexit><latexit sha1_base64="aMx3rXHlstWW62FCwx8sxKVopyQ=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoigi6LblxWsA9oQphMb9qhM0mcmQgldOPGX3HjQhG3/oM7/8Zpm4W2Hrhw5px7mXtPmHKmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqSSTFJo04YnshEQBZzE0NdMcOqkEIkIO7XB4PfHbDyAVS+I7PUrBF6Qfs4hRoo0U2IdeIqBPAhd7igm4x8XbORUBCeyqU3OmwIvELUgVFWgE9pfXS2gmINaUE6W6rpNqPydSM8phXPEyBSmhQ9KHrqExEaD8fHrFGB8bpYejRJqKNZ6qvydyIpQaidB0CqIHat6biP953UxHl37O4jTTENPZR1HGsU7wJBLcYxKo5iNDCJXM7IrpgEhCtQmuYkJw509eJK2zmuvU3Nvzav2qiKOMDtAROkEuukB1dIMaqIkoekTP6BW9WU/Wi/VufcxaS1Yxs4/+wPr8ATy4l78=</latexit><latexit sha1_base64="aMx3rXHlstWW62FCwx8sxKVopyQ=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBZBEEoigi6LblxWsA9oQphMb9qhM0mcmQgldOPGX3HjQhG3/oM7/8Zpm4W2Hrhw5px7mXtPmHKmtON8W6Wl5ZXVtfJ6ZWNza3vH3t1rqSSTFJo04YnshEQBZzE0NdMcOqkEIkIO7XB4PfHbDyAVS+I7PUrBF6Qfs4hRoo0U2IdeIqBPAhd7igm4x8XbORUBCeyqU3OmwIvELUgVFWgE9pfXS2gmINaUE6W6rpNqPydSM8phXPEyBSmhQ9KHrqExEaD8fHrFGB8bpYejRJqKNZ6qvydyIpQaidB0CqIHat6biP953UxHl37O4jTTENPZR1HGsU7wJBLcYxKo5iNDCJXM7IrpgEhCtQmuYkJw509eJK2zmuvU3Nvzav2qiKOMDtAROkEuukB1dIMaqIkoekTP6BW9WU/Wi/VufcxaS1Yxs4/+wPr8ATy4l78=</latexit>

@t(B) ' i!0B
<latexit sha1_base64="qoP49jRaZSDY0pX61xLwLG8Nu9w=">AAACGnicbVBNS8NAEN3Ur1q/oh69LBahXkoigh5LvXisYD+gKWGznbRLd5O4uxFK6O/w4l/x4kERb+LFf+OmLaitDwYe780wMy9IOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEoKTRrzWHYCooCzCJqaaQ6dRAIRAYd2MLrK/fY9SMXi6FaPE+gJMohYyCjRRvJt10uI1IxwX1c8QfQwCLP65NRTTMAdZl4sYEB8B/94vl12qs4UeJm4c1JGczR8+8PrxzQVEGnKiVJd10l0L8vXUg6TkpcqSAgdkQF0DY2IANXLpq9N8IlR+jiMpalI46n6eyIjQqmxCExnfqFa9HLxP6+b6vCyl7EoSTVEdLYoTDnWMc5zwn0mgWo+NoRQycytmA6JJFSbNEsmBHfx5WXSOqu6TtW9OS/X6vM4iugIHaMKctEFqqFr1EBNRNEDekIv6NV6tJ6tN+t91lqw5jOH6A+sz2+OxqEq</latexit><latexit sha1_base64="qoP49jRaZSDY0pX61xLwLG8Nu9w=">AAACGnicbVBNS8NAEN3Ur1q/oh69LBahXkoigh5LvXisYD+gKWGznbRLd5O4uxFK6O/w4l/x4kERb+LFf+OmLaitDwYe780wMy9IOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEoKTRrzWHYCooCzCJqaaQ6dRAIRAYd2MLrK/fY9SMXi6FaPE+gJMohYyCjRRvJt10uI1IxwX1c8QfQwCLP65NRTTMAdZl4sYEB8B/94vl12qs4UeJm4c1JGczR8+8PrxzQVEGnKiVJd10l0L8vXUg6TkpcqSAgdkQF0DY2IANXLpq9N8IlR+jiMpalI46n6eyIjQqmxCExnfqFa9HLxP6+b6vCyl7EoSTVEdLYoTDnWMc5zwn0mgWo+NoRQycytmA6JJFSbNEsmBHfx5WXSOqu6TtW9OS/X6vM4iugIHaMKctEFqqFr1EBNRNEDekIv6NV6tJ6tN+t91lqw5jOH6A+sz2+OxqEq</latexit><latexit sha1_base64="qoP49jRaZSDY0pX61xLwLG8Nu9w=">AAACGnicbVBNS8NAEN3Ur1q/oh69LBahXkoigh5LvXisYD+gKWGznbRLd5O4uxFK6O/w4l/x4kERb+LFf+OmLaitDwYe780wMy9IOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEoKTRrzWHYCooCzCJqaaQ6dRAIRAYd2MLrK/fY9SMXi6FaPE+gJMohYyCjRRvJt10uI1IxwX1c8QfQwCLP65NRTTMAdZl4sYEB8B/94vl12qs4UeJm4c1JGczR8+8PrxzQVEGnKiVJd10l0L8vXUg6TkpcqSAgdkQF0DY2IANXLpq9N8IlR+jiMpalI46n6eyIjQqmxCExnfqFa9HLxP6+b6vCyl7EoSTVEdLYoTDnWMc5zwn0mgWo+NoRQycytmA6JJFSbNEsmBHfx5WXSOqu6TtW9OS/X6vM4iugIHaMKctEFqqFr1EBNRNEDekIv6NV6tJ6tN+t91lqw5jOH6A+sz2+OxqEq</latexit><latexit sha1_base64="qoP49jRaZSDY0pX61xLwLG8Nu9w=">AAACGnicbVBNS8NAEN3Ur1q/oh69LBahXkoigh5LvXisYD+gKWGznbRLd5O4uxFK6O/w4l/x4kERb+LFf+OmLaitDwYe780wMy9IOFPacb6swsrq2vpGcbO0tb2zu2fvH7RUnEoKTRrzWHYCooCzCJqaaQ6dRAIRAYd2MLrK/fY9SMXi6FaPE+gJMohYyCjRRvJt10uI1IxwX1c8QfQwCLP65NRTTMAdZl4sYEB8B/94vl12qs4UeJm4c1JGczR8+8PrxzQVEGnKiVJd10l0L8vXUg6TkpcqSAgdkQF0DY2IANXLpq9N8IlR+jiMpalI46n6eyIjQqmxCExnfqFa9HLxP6+b6vCyl7EoSTVEdLYoTDnWMc5zwn0mgWo+NoRQycytmA6JJFSbNEsmBHfx5WXSOqu6TtW9OS/X6vM4iugIHaMKctEFqqFr1EBNRNEDekIv6NV6tJ6tN+t91lqw5jOH6A+sz2+OxqEq</latexit>

@tJe↵ = ga��@t(B@ta) / !0ma � m2
a

<latexit sha1_base64="6hAewEZAVOHiIE0LS/gOn59MJCc="></latexit><latexit sha1_base64="6hAewEZAVOHiIE0LS/gOn59MJCc="></latexit><latexit sha1_base64="6hAewEZAVOHiIE0LS/gOn59MJCc="></latexit><latexit sha1_base64="6hAewEZAVOHiIE0LS/gOn59MJCc="></latexit>

HETERODYNE DETECTION
[Berlin, RTD, S. Ellis, C. Nantista, J. Nielson, P. Schuster, S. Tantawi, N. Toro, K. Zhou‘19]



NOISE AND SENSITIVITY



With a different geometry,  
viable also for gravitational waves! 

Radicati, Pegoraro, Picasso ‘78

MAGO ‘05
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<latexit sha1_base64="z1TLsnR0On49IcIw9bBwXQOHurI="></latexit><latexit sha1_base64="z1TLsnR0On49IcIw9bBwXQOHurI="></latexit><latexit sha1_base64="z1TLsnR0On49IcIw9bBwXQOHurI="></latexit><latexit sha1_base64="z1TLsnR0On49IcIw9bBwXQOHurI="></latexit>

Cavity Response

LEAKAGE NOISE



Sphase(!) '
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(! !1/Q1)2
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Pin

<latexit sha1_base64="z1TLsnR0On49IcIw9bBwXQOHurI="></latexit><latexit sha1_base64="z1TLsnR0On49IcIw9bBwXQOHurI="></latexit><latexit sha1_base64="z1TLsnR0On49IcIw9bBwXQOHurI="></latexit><latexit sha1_base64="z1TLsnR0On49IcIw9bBwXQOHurI="></latexit>

⇠ 1/ma
<latexit sha1_base64="To47Y0wueYWzyTlCnRLdZgIKYvE=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXY6bWsd0V3bisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dU+VZrG8NeOEBgIPJIsYwcZKd13NBPRORQ/3CkXkVquo7PkQuecIlfyqJeisVPF96LlohiJYoN4rvHf7MUkFlYZwrHXHQ4kJMqwMI5xO8t1U0wSTER7QjqUSC6qDbHbxBB5bpQ+jWNmSBs7U7xMZFlqPRWg7BTZD/dubin95ndRElSBjMkkNlWS+KEo5NDGcvg/7TFFi+NgSTBSzt0IyxAoTY0PK2xC+PoX/k2bJ9ZDr3ZSLtctFHDlwCI7ACfDABaiBa1AHDUCABA/gCTw72nl0XpzXeeuSs5g5AD/gvH0CAsqQfA==</latexit><latexit sha1_base64="To47Y0wueYWzyTlCnRLdZgIKYvE=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXY6bWsd0V3bisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dU+VZrG8NeOEBgIPJIsYwcZKd13NBPRORQ/3CkXkVquo7PkQuecIlfyqJeisVPF96LlohiJYoN4rvHf7MUkFlYZwrHXHQ4kJMqwMI5xO8t1U0wSTER7QjqUSC6qDbHbxBB5bpQ+jWNmSBs7U7xMZFlqPRWg7BTZD/dubin95ndRElSBjMkkNlWS+KEo5NDGcvg/7TFFi+NgSTBSzt0IyxAoTY0PK2xC+PoX/k2bJ9ZDr3ZSLtctFHDlwCI7ACfDABaiBa1AHDUCABA/gCTw72nl0XpzXeeuSs5g5AD/gvH0CAsqQfA==</latexit><latexit sha1_base64="To47Y0wueYWzyTlCnRLdZgIKYvE=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXY6bWsd0V3bisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dU+VZrG8NeOEBgIPJIsYwcZKd13NBPRORQ/3CkXkVquo7PkQuecIlfyqJeisVPF96LlohiJYoN4rvHf7MUkFlYZwrHXHQ4kJMqwMI5xO8t1U0wSTER7QjqUSC6qDbHbxBB5bpQ+jWNmSBs7U7xMZFlqPRWg7BTZD/dubin95ndRElSBjMkkNlWS+KEo5NDGcvg/7TFFi+NgSTBSzt0IyxAoTY0PK2xC+PoX/k2bJ9ZDr3ZSLtctFHDlwCI7ACfDABaiBa1AHDUCABA/gCTw72nl0XpzXeeuSs5g5AD/gvH0CAsqQfA==</latexit><latexit sha1_base64="To47Y0wueYWzyTlCnRLdZgIKYvE=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXY6bWsd0V3bisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dU+VZrG8NeOEBgIPJIsYwcZKd13NBPRORQ/3CkXkVquo7PkQuecIlfyqJeisVPF96LlohiJYoN4rvHf7MUkFlYZwrHXHQ4kJMqwMI5xO8t1U0wSTER7QjqUSC6qDbHbxBB5bpQ+jWNmSBs7U7xMZFlqPRWg7BTZD/dubin95ndRElSBjMkkNlWS+KEo5NDGcvg/7TFFi+NgSTBSzt0IyxAoTY0PK2xC+PoX/k2bJ9ZDr3ZSLtctFHDlwCI7ACfDABaiBa1AHDUCABA/gCTw72nl0XpzXeeuSs5g5AD/gvH0CAsqQfA==</latexit>

⇠ 1/ma
<latexit sha1_base64="To47Y0wueYWzyTlCnRLdZgIKYvE=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXY6bWsd0V3bisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dU+VZrG8NeOEBgIPJIsYwcZKd13NBPRORQ/3CkXkVquo7PkQuecIlfyqJeisVPF96LlohiJYoN4rvHf7MUkFlYZwrHXHQ4kJMqwMI5xO8t1U0wSTER7QjqUSC6qDbHbxBB5bpQ+jWNmSBs7U7xMZFlqPRWg7BTZD/dubin95ndRElSBjMkkNlWS+KEo5NDGcvg/7TFFi+NgSTBSzt0IyxAoTY0PK2xC+PoX/k2bJ9ZDr3ZSLtctFHDlwCI7ACfDABaiBa1AHDUCABA/gCTw72nl0XpzXeeuSs5g5AD/gvH0CAsqQfA==</latexit><latexit sha1_base64="To47Y0wueYWzyTlCnRLdZgIKYvE=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXY6bWsd0V3bisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dU+VZrG8NeOEBgIPJIsYwcZKd13NBPRORQ/3CkXkVquo7PkQuecIlfyqJeisVPF96LlohiJYoN4rvHf7MUkFlYZwrHXHQ4kJMqwMI5xO8t1U0wSTER7QjqUSC6qDbHbxBB5bpQ+jWNmSBs7U7xMZFlqPRWg7BTZD/dubin95ndRElSBjMkkNlWS+KEo5NDGcvg/7TFFi+NgSTBSzt0IyxAoTY0PK2xC+PoX/k2bJ9ZDr3ZSLtctFHDlwCI7ACfDABaiBa1AHDUCABA/gCTw72nl0XpzXeeuSs5g5AD/gvH0CAsqQfA==</latexit><latexit sha1_base64="To47Y0wueYWzyTlCnRLdZgIKYvE=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXY6bWsd0V3bisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dU+VZrG8NeOEBgIPJIsYwcZKd13NBPRORQ/3CkXkVquo7PkQuecIlfyqJeisVPF96LlohiJYoN4rvHf7MUkFlYZwrHXHQ4kJMqwMI5xO8t1U0wSTER7QjqUSC6qDbHbxBB5bpQ+jWNmSBs7U7xMZFlqPRWg7BTZD/dubin95ndRElSBjMkkNlWS+KEo5NDGcvg/7TFFi+NgSTBSzt0IyxAoTY0PK2xC+PoX/k2bJ9ZDr3ZSLtctFHDlwCI7ACfDABaiBa1AHDUCABA/gCTw72nl0XpzXeeuSs5g5AD/gvH0CAsqQfA==</latexit><latexit sha1_base64="To47Y0wueYWzyTlCnRLdZgIKYvE=">AAAB8XicdVDLSgMxFM34rPVVdekmWARXY6bWsd0V3bisYB/YDiWTZtrQJDMkGaEM/Qs3LhRx69+4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHV1O/dU+VZrG8NeOEBgIPJIsYwcZKd13NBPRORQ/3CkXkVquo7PkQuecIlfyqJeisVPF96LlohiJYoN4rvHf7MUkFlYZwrHXHQ4kJMqwMI5xO8t1U0wSTER7QjqUSC6qDbHbxBB5bpQ+jWNmSBs7U7xMZFlqPRWg7BTZD/dubin95ndRElSBjMkkNlWS+KEo5NDGcvg/7TFFi+NgSTBSzt0IyxAoTY0PK2xC+PoX/k2bJ9ZDr3ZSLtctFHDlwCI7ACfDABaiBa1AHDUCABA/gCTw72nl0XpzXeeuSs5g5AD/gvH0CAsqQfA==</latexit>

LEAKAGE NOISE
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From MAGO 
and other similar cavities

LEAKAGE NOISE
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DM Radio



te�fold ⇠ year B ⇠ 0.2 T V = m3
<latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit><latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit><latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit><latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit>
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Qint = 1010 , e1 = 10-5d

Qint = 1012 , e1 = 10-7d

Hthermal noise limitedL
te�fold ⇠ year B ⇠ 0.2 T V = m3

<latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit><latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit><latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit><latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit>

te�fold ⇠ year B ⇠ 0.2 T V = m3
<latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit><latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit><latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit><latexit sha1_base64="oZzKJ+/0DkBpZpUFQ4g6njZ0hu8="></latexit>

RESONANT
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e1 = 10-1d

e1 = 10-3d

e1 = 10-5d

e1 = 10-7d
Qint = 1012

qrms = 10-1 nm
te = 107 sDemonstrated 

for a different geometry, 
but same setup

Class.Quant.Grav. 20 (2003) 3505-3522, gr-qc/0502054
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qrms = 102 mm

qrms = 1 mm

qrms = 10 nm

qrms = 10-1 nm
Qint = 1012

e1 = 10-7d
te = 107 s

Demonstrated 
in similar cavities

https://indico.physics.lbl.gov/indico/event/939/contributions/4371/
attachments/2162/2812/DarkSRF-Aspen.pdf

RESONANT

https://indico.physics.lbl.gov/indico/event/939/contributions/4371/attachments/2162/2812/DarkSRF-Aspen.pdf
https://indico.physics.lbl.gov/indico/event/939/contributions/4371/attachments/2162/2812/DarkSRF-Aspen.pdf
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te = 105 s
te = 5¥103 s
te = 102 s

d

Qint = 1012

e1 = 10-7d
qrms = 10-1 nm

Good sensitivity with a 
100 times 

shorter experiment!
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Qint = 1010

t int = 1 day
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t int = 10 days

ϵ = 10-7

Qint = 1012

t int = 5 years

A.Berlin, RTD, S. Ellis, K. Zhou 2007.15656



THREE PROTOTYPES [~ 1 YEAR]

2507.07173 arXiv:2207.11346



Exp: S. Calatroni, Z. Li, C. Nantista, J. Nielson, M. Oriunno, S. Tantawi 
Th: R.T. D’Agnolo, S. Ellis, P. Schuster, N. Toro, K. Zhou

All slides from: Z. Li and M. Oriunno



HE11 mode 
• Corrugated wave guide 
• Both E and B field transverse to the direction of propagation 
• Both E and B field concentrated around the center of the cavity 
• High Q 
⁃ Very low field on the outer wall 
⁃ Most of EM loss on the ends

Exp: S. Calatroni, Z. Li, C. Nantista, J. Nielson, M. Oriunno, S. Tantawi 
Th: R.T. D’Agnolo, S. Ellis, P. Schuster, N. Toro, K. Zhou



X-polarization

Y-polarization

B 

E 

E 

B 

1/4 wavelength fins on the endplates



Tunable mode coupler

Fixed mode coupler



Tuner 
gap
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Membrane deformation



Tuner 
gap

Tuner  
membra
ne

Membrane deformation

gap = -1mm 
f ~ 2.8564 GHz

gap = +1mm 
f ~ 2.8445 GHz



Coupler of fixed frequency mode Coupler and tuner of tunable mode



<latexit sha1_base64="jEJ+IKRKznCNSSszVB0n7KKgN0k=">AAACAHicbZC7TsMwFIZPuJZyCzAwsFhUSExRAqUwVrAwthK9SE2oHNdprToXbAepirrwKiwMIMTKY7DxNrhtBmj5JUuf/nOOjs/vJ5xJZdvfxtLyyuraemGjuLm1vbNr7u03ZZwKQhsk5rFo+1hSziLaUExx2k4ExaHPacsf3kzqrUcqJIujOzVKqBfifsQCRrDSVtc8rCNXspA+oHPrwlWaJHLs+3LXLNmWPRVaBCeHEuSqdc0vtxeTNKSRIhxL2XHsRHkZFooRTsdFN5U0wWSI+7SjMcJ6k5dNDxijE+30UBAL/SKFpu7viQyHUo5CX3eGWA3kfG1i/lfrpCq48jIWJamiEZktClKOVIwmaaAeE5QoPtKAiWD6r4gMsMBE6cyKOgRn/uRFaJ5ZTsWq1Mul6nUeRwGO4BhOwYFLqMIt1KABBMbwDK/wZjwZL8a78TFrXTLymQP4I+PzBxYrlM8=</latexit>

Q ' 3.5⇥ 104

<latexit sha1_base64="r/NUTdKJme3I1rA0o8/BONbVFLo=">AAAB/nicbVBNS8NAEN3Ur1q/ouLJy2IRPEhJVKrHohfBS4V+QRPKZjttl+4mcXcjlFDwr3jxoIhXf4c3/43bNgdtfTDweG+GmXlBzJnSjvNt5ZaWV1bX8uuFjc2t7R17d6+hokRSqNOIR7IVEAWchVDXTHNoxRKICDg0g+HNxG8+glQsCmt6FIMvSD9kPUaJNlLHPqhhTzEBD/jccbzT1JMC3407dtEpOVPgReJmpIgyVDv2l9eNaCIg1JQTpdquE2s/JVIzymFc8BIFMaFD0oe2oSERoPx0ev4YHxuli3uRNBVqPFV/T6REKDUSgekURA/UvDcR//Paie5d+SkL40RDSGeLegnHOsKTLHCXSaCajwwhVDJzK6YDIgnVJrGCCcGdf3mRNM5KbrlUvr8oVq6zOPLoEB2hE+SiS1RBt6iK6oiiFD2jV/RmPVkv1rv1MWvNWdnMPvoD6/MHGnaUUA==</latexit>

T ' 300K

<latexit sha1_base64="ZwYaHmLpD0Td+clBFk1lgLFjDZ4=">AAACBHicbZC7TsMwFIadcivlFmDsYlEhsVAlgApjBQtjkehFakLlOCetVeeC7SBVUQYWXoWFAYRYeQg23gb3MkDLL1n69J9zdHx+L+FMKsv6NgpLyyura8X10sbm1vaOubvXknEqKDRpzGPR8YgEziJoKqY4dBIBJPQ4tL3h1bjefgAhWRzdqlECbkj6EQsYJUpbPbPsQCIZ15jZfu5IFsI9tq277Pg075kVq2pNhBfBnkEFzdTomV+OH9M0hEhRTqTs2lai3IwIxSiHvOSkEhJCh6QPXY0RCUG62eSIHB9qx8dBLPSLFJ64vycyEko5Cj3dGRI1kPO1sflfrZuq4MLNWJSkCiI6XRSkHKsYjxPBPhNAFR9pIFQw/VdMB0QQqnRuJR2CPX/yIrROqnatWrs5q9QvZ3EUURkdoCNko3NUR9eogZqIokf0jF7Rm/FkvBjvxse0tWDMZvbRHxmfPw91l7g=</latexit>

✏1d ' 10�3

<latexit sha1_base64="uh2/1f1l8/P7PX4x48KkN4DooNw=">AAACA3icbVDLSgNBEJyNrxhfq970MhgEDxJ2VaLHoAdzjGAekF3C7KSTDJnZXWdmhbgEvPgrXjwo4tWf8ObfOHkcNLGgoajqprsriDlT2nG+rczC4tLySnY1t7a+sbllb+/UVJRIClUa8Ug2AqKAsxCqmmkOjVgCEQGHetC/Gvn1e5CKReGtHsTgC9INWYdRoo3Usve8SECXYE8xAXf41DtOPSnwdflh2LLzTsEZA88Td0ryaIpKy/7y2hFNBISacqJU03Vi7adEakY5DHNeoiAmtE+60DQ0JAKUn45/GOJDo7RxJ5KmQo3H6u+JlAilBiIwnYLonpr1RuJ/XjPRnQs/ZWGcaAjpZFEn4VhHeBQIbjMJVPOBIYRKZm7FtEckodrEljMhuLMvz5PaScEtFoo3Z/nS5TSOLNpHB+gIuegclVAZVVAVUfSIntErerOerBfr3fqYtGas6cwu+gPr8we27Zbx</latexit>

! ' 3GHz

<latexit sha1_base64="GH0ldmfwrbUXNT5NRjGIEoFpnOk=">AAACGXicbZDLSsNAFIYn9VbrLerSzWARKkhItNQui25cVrAXaGKZTCft0JkkzkyEEvoabnwVNy4Ucakr38Zpm0Vt/WHg4z/ncOb8fsyoVLb9Y+RWVtfWN/Kbha3tnd09c/+gKaNEYNLAEYtE20eSMBqShqKKkXYsCOI+Iy1/eD2ptx6JkDQK79QoJh5H/ZAGFCOlra5pN11JOXmAJdsqV12lWUKNFTjHp+5Z6goO+f3FuGsWbcueCi6Dk0ERZKp3zS+3F+GEk1BhhqTsOHasvBQJRTEj44KbSBIjPER90tEYIr3VS6eXjeGJdnowiIR+oYJTd34iRVzKEfd1J0dqIBdrE/O/WidRQdVLaRgnioR4tihIGFQRnMQEe1QQrNhIA8KC6r9CPEACYaXDLOgQnMWTl6F5bjkVq3JbLtausjjy4AgcgxJwwCWogRtQBw2AwRN4AW/g3Xg2Xo0P43PWmjOymUPwR8b3L1I9nWc=</latexit>

V ' (0.48⇥ 0.46⇥ 0.46)m3

(*)

(*) loaded non-tunable mode
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(loaded)
<latexit sha1_base64="SS+U9BDT7lGRO7q6aBQOmqSoBdw=">AAAB+HicbVBNTwIxEO3iF+IHqx69NBITT2TXGPRI9OIREvlIYCXdMkBD213brglu+CVePGiMV3+KN/+NBfag4EsmeXlvJjPzwpgzbTzv28mtrW9sbuW3Czu7e/tF9+CwqaNEUWjQiEeqHRINnEloGGY4tGMFRIQcWuH4Zua3HkFpFsk7M4khEGQo2YBRYqzUc4v1rmYCHrDv3ae+N+25Ja/szYFXiZ+REspQ67lf3X5EEwHSUE607vhebIKUKMMoh2mhm2iICR2TIXQslUSADtL54VN8apU+HkTKljR4rv6eSInQeiJC2ymIGellbyb+53USM7gKUibjxICki0WDhGMT4VkKuM8UUMMnlhCqmL0V0xFRhBqbVcGG4C+/vEqa52W/Uq7UL0rV6yyOPDpGJ+gM+egSVdEtqqEGoihBz+gVvTlPzovz7nwsWnNONnOE/sD5/AFwPZJQ</latexit>

Q ' 1010

<latexit sha1_base64="zxuI8UrtCPx4h47w2IgAIw1DOc0=">AAAB/HicbVBNS8NAEJ3Ur1q/oj16WSyCp5KIVMFL0YsHDxXsBzShbLabduluEnc3Qgn1r3jxoIhXf4g3/43bNgdtfTDweG+GmXlBwpnSjvNtFVZW19Y3ipulre2d3T17/6Cl4lQS2iQxj2UnwIpyFtGmZprTTiIpFgGn7WB0PfXbj1QqFkf3epxQX+BBxEJGsDZSzy63PMUEfUCu411mnhTodtKzK07VmQEtEzcnFcjR6NlfXj8mqaCRJhwr1XWdRPsZlpoRTiclL1U0wWSEB7RraIQFVX42O36Cjo3SR2EsTUUazdTfExkWSo1FYDoF1kO16E3F/7xuqsMLP2NRkmoakfmiMOVIx2iaBOozSYnmY0MwkczcisgQS0y0yatkQnAXX14mrdOqW6vW7s4q9as8jiIcwhGcgAvnUIcbaEATCIzhGV7hzXqyXqx362PeWrDymTL8gfX5A2fbk/w=</latexit>

V ' 10 L

<latexit sha1_base64="4/LOMUvqibqzVicwSqKIkcGja5I=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjMi1WXRhV1WsA/oDEMmzUxDk8yQZIQ6FNz4K25cKOLWn3Dn35i2s9DWA4HDOedyc0+YMqq043xbS8srq2vrpY3y5tb2zq69t99WSSYxaeGEJbIbIkUYFaSlqWakm0qCeMhIJxxeT/zOPZGKJuJOj1LicxQLGlGMtJEC+9BLOIlR4EAv1ibGYe5JDm8aD+PArjhVZwq4SNyCVECBZmB/ef0EZ5wIjRlSquc6qfZzJDXFjIzLXqZIivAQxaRnqECcKD+f3jCGJ0bpwyiR5gkNp+rviRxxpUY8NEmO9EDNexPxP6+X6ejSz6lIM00Eni2KMgZ1AieFwD6VBGs2MgRhSc1fIR4gibA2tZVNCe78yYukfVZ1a9Xa7XmlflXUUQJH4BicAhdcgDpogCZoAQwewTN4BW/Wk/VivVsfs+iSVcwcgD+wPn8AKuOXPA==</latexit>

!0 & GHz

SQMS Team 
Parameters based on informal conversations 

VERY PRELIMINARY!

<latexit sha1_base64="stl53or4gv7gdNCvUTefkgydTI8=">AAAB+3icbVDLSsNAFJ3UV62vWJduBovgqiRSquCm6EZwU6EvaEKZTCft0JlJnJmIJeRX3LhQxK0/4s6/cdpmoa0HLhzOuZd77wliRpV2nG+rsLa+sblV3C7t7O7tH9iH5Y6KEolJG0cskr0AKcKoIG1NNSO9WBLEA0a6weRm5ncfiVQ0Ei09jYnP0UjQkGKkjTSwyy1PUU4eYM27Sj3J4V02sCtO1ZkDrhI3JxWQozmwv7xhhBNOhMYMKdV3nVj7KZKaYkaykpcoEiM8QSPSN1QgTpSfzm/P4KlRhjCMpCmh4Vz9PZEirtSUB6aTIz1Wy95M/M/rJzq89FMq4kQTgReLwoRBHcFZEHBIJcGaTQ1BWFJzK8RjJBHWJq6SCcFdfnmVdM6rbr1av69VGtd5HEVwDE7AGXDBBWiAW9AEbYDBE3gGr+DNyqwX6936WLQWrHzmCPyB9fkD9Q2Twg==</latexit>

T ' 4 K

<latexit sha1_base64="XsSyTkvblMUkMMsTiNA2JMkJtXI=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEVyURqe4sunFZwV6gCWUyOWmHziRxZiKUUF/FjQtF3Pog7nwbp20W2vrDwMd/zuGc+YOUM6Ud59taWV1b39gsbZW3d3b39u2Dw7ZKMkmhRROeyG5AFHAWQ0szzaGbSiAi4NAJRjfTeucRpGJJfK/HKfiCDGIWMUq0sfp2xYNUMW4wxJ5iAh7wVd+uOjVnJrwMbgFVVKjZt7+8MKGZgFhTTpTquU6q/ZxIzSiHSdnLFKSEjsgAegZjIkD5+ez4CT4xToijRJoXazxzf0/kRCg1FoHpFEQP1WJtav5X62U6uvRzFqeZhpjOF0UZxzrB0yRwyCRQzccGCJXM3IrpkEhCtcmrbEJwF7+8DO2zmluv1e/Oq43rIo4SOkLH6BS56AI10C1qohaiaIye0St6s56sF+vd+pi3rljFTAX9kfX5A0JolIc=</latexit>

✏d '?

The potential sensitivity is beyond current bounds
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GRAVITATIONAL WAVES 
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ELECTROMAGNETIC MECHANICAL



ELECTROMAGNETIC



<latexit sha1_base64="vKYD4vM2nbmkNTBdopZJv7AotrI="></latexit>

S � �1

2

Z
d4x jµe↵ Aµ

<latexit sha1_base64="p2bJ6mAzsNbv7x2m7GP1LgkMQAc="></latexit>

jµe↵ = @⌫

✓
1

2
hFµ⌫ + h⌫

↵ F↵µ � hµ
↵ F↵⌫

◆
,

<latexit sha1_base64="Cy/SqRYwGp8SWsTdEF+JE4fhAJY="></latexit>

jµe↵ = ✏µ⌫⇢�@⌫(aF⇢�)

GW Axion

Not a covariant vector



Proper Detector Frame (PDF) Vs Transverse Traceless (TT) Frame

(Fermi Normal Coordinates)



TT gauge = comoving with the wave
<latexit sha1_base64="/q0P03eYc5+64QCIMvMpzURIBgE=">AAACFnicbZDLSsNAFIYn9VbrLerSzWARKmhJpKjLohuXFXqDNoTJdNIOnUzCzESMoU/hxldx40IRt+LOt3HaBqvVHwY+/nMOZ87vRYxKZVmfRm5hcWl5Jb9aWFvf2Nwyt3eaMowFJg0cslC0PSQJo5w0FFWMtCNBUOAx0vKGl+N664YISUNeV0lEnAD1OfUpRkpbrnlcUm7aFQGs10dHtzNMZnj3jYeuWbTK1kTwL9gZFEGmmmt+dHshjgPCFWZIyo5tRcpJkVAUMzIqdGNJIoSHqE86GjkKiHTSyVkjeKCdHvRDoR9XcOL+nEhRIGUSeLozQGog52tj879aJ1b+uZNSHsWKcDxd5McMqhCOM4I9KghWLNGAsKD6rxAPkEBY6SQLOgR7/uS/0Dwp26flynWlWL3I4siDPbAPSsAGZ6AKrkANNAAG9+ARPIMX48F4Ml6Nt2lrzshmdsEvGe9f3p+ekg==</latexit>

(tTT, xTT, yTT, zTT)

<latexit sha1_base64="FBW3dihLTeycpr9ngJR3DAvDnyM="></latexit>

tTT ' t� i

4
!g (x

2 � y2)h+ ei!gt , xTT ' x� 1

2
x (1� i!gz)h+ ei!gt .

yTT ' y +
1

2
y (1� i!gz)h+ ei!gt , zTT ' z � i

4
!g (x

2 � y2)h+ ei!gt



TT gauge = comoving with the wave
<latexit sha1_base64="/q0P03eYc5+64QCIMvMpzURIBgE=">AAACFnicbZDLSsNAFIYn9VbrLerSzWARKmhJpKjLohuXFXqDNoTJdNIOnUzCzESMoU/hxldx40IRt+LOt3HaBqvVHwY+/nMOZ87vRYxKZVmfRm5hcWl5Jb9aWFvf2Nwyt3eaMowFJg0cslC0PSQJo5w0FFWMtCNBUOAx0vKGl+N664YISUNeV0lEnAD1OfUpRkpbrnlcUm7aFQGs10dHtzNMZnj3jYeuWbTK1kTwL9gZFEGmmmt+dHshjgPCFWZIyo5tRcpJkVAUMzIqdGNJIoSHqE86GjkKiHTSyVkjeKCdHvRDoR9XcOL+nEhRIGUSeLozQGog52tj879aJ1b+uZNSHsWKcDxd5McMqhCOM4I9KghWLNGAsKD6rxAPkEBY6SQLOgR7/uS/0Dwp26flynWlWL3I4siDPbAPSsAGZ6AKrkANNAAG9+ARPIMX48F4Ml6Nt2lrzshmdsEvGe9f3p+ekg==</latexit>

(tTT, xTT, yTT, zTT)

Theorem: 
<latexit sha1_base64="jns6kVpEezYzXtTVdslvOs5RgDA=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF1ISKepGKLpxWaEvaGKYTCft2JlJmJkIJRT8FTcuFHHrd7jzb5y2WWjrgQuHc+7l3nvChFGlHefbKiwtr6yuFddLG5tb2zv27l5LxanEpIljFstOiBRhVJCmppqRTiIJ4iEj7XB4M/Hbj0QqGouGHiXE56gvaEQx0kYK7IOHe4+nQeZJDkkUncJGY3zlBHbZqThTwEXi5qQMctQD+8vrxTjlRGjMkFJd10m0nyGpKWZkXPJSRRKEh6hPuoYKxInys+n5Y3hslB6MYmlKaDhVf09kiCs14qHp5EgP1Lw3Ef/zuqmOLv2MiiTVRODZoihlUMdwkgXsUUmwZiNDEJbU3ArxAEmEtUmsZEJw519eJK2zinteqd5Vy7XrPI4iOARH4AS44ALUwC2ogybAIAPP4BW8WU/Wi/VufcxaC1Y+sw/+wPr8AeszlNA=</latexit>

jµe↵,TT = 0 No signal

 Doubly Wrong:

Wrong Conclusion

1. Impossible to prepare a uniform B-field in the TT frame 
2. Even if you could do it, there would still be a signal (wire moving)



GRAVITATIONAL WAVE DETECTION

10°24 10°23 10°22 10°21 10°20 10°19

Strain Sensitivity h0

ADMX

HAYSTAC

CAPP

ORGAN

SQMS params.

!g/2º 2 [0.65, 1.02] GHz
Q ª 8 £ 104, B0 = 7.5 T
Vcav = 136 L, Tsys ª 0.6 K

!g/2º 2 [5.6, 5.8] GHz
Q ª 3 £ 104, B0 = 9 T
Vcav = 2 L, Tsys ª 0.13 K

!g/2º 2 [1.6, 1.65] GHz
Q ª 4 £ 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys ª 1.2 K

!g/2º = 26.531 GHz
Q ª 1.3 £ 104, B0 = 7 T
Vcav ª 0.0078 L, Tsys ª 4 K

!g/2º 2 [1, 2] GHz
Q ª 106, B0 = 5 T
Vcav = 100 L, Tsys ª 1 K

Projected Sensitivities of Axion Experiments

Berlin, Blas, D’Agnolo, Ellis, Harnik, Kahn, Schutte-Engel ‘21



MECHANICAL

[Caves ’78], [Radicati, Pegoraro, Picasso ’78]

Mechanical Mode
<latexit sha1_base64="IE9GNqqg6VL6xo3t9SWSZ6bWHuw="></latexit>✓
@2
t +

!m

Q
@t + !2

m

◆
um =

Fm

Mcav

<latexit sha1_base64="GEPz180imG+pgNP9dEBMa6qxlLY=">AAAB/3icbVBNSwMxEM3Wr1q/VgUvXoJF8FR2pajHoiAeq9gP6JaSTadtaJJdkqxQ1h78K148KOLVv+HNf2Pa7kFbHww83pthZl4Yc6aN5307uaXlldW1/HphY3Nre8fd3avrKFEUajTikWqGRANnEmqGGQ7NWAERIYdGOLya+I0HUJpF8t6MYmgL0pesxygxVuq4B9cdgQPNBE4DJfAdA0GkHHfcolfypsCLxM9IEWWodtyvoBvRRIA0lBOtW74Xm3ZKlGGUw7gQJBpiQoekDy1LJRGg2+n0/jE+tkoX9yJlSxo8VX9PpERoPRKh7RTEDPS8NxH/81qJ6V20UybjxICks0W9hGMT4UkYuMsUUMNHlhCqmL0V0wFRhBobWcGG4M+/vEjqpyX/rFS+LRcrl1kceXSIjtAJ8tE5qqAbVEU1RNEjekav6M15cl6cd+dj1ppzspl99AfO5w9DxpWk</latexit>

Fm ⇠ Riemann



MECHANICAL

[Caves ’78], [Radicati, Pegoraro, Picasso ’78]

Mechanical Mode
<latexit sha1_base64="IE9GNqqg6VL6xo3t9SWSZ6bWHuw="></latexit>✓
@2
t +

!m

Q
@t + !2

m

◆
um =

Fm

Mcav

<latexit sha1_base64="GEPz180imG+pgNP9dEBMa6qxlLY=">AAAB/3icbVBNSwMxEM3Wr1q/VgUvXoJF8FR2pajHoiAeq9gP6JaSTadtaJJdkqxQ1h78K148KOLVv+HNf2Pa7kFbHww83pthZl4Yc6aN5307uaXlldW1/HphY3Nre8fd3avrKFEUajTikWqGRANnEmqGGQ7NWAERIYdGOLya+I0HUJpF8t6MYmgL0pesxygxVuq4B9cdgQPNBE4DJfAdA0GkHHfcolfypsCLxM9IEWWodtyvoBvRRIA0lBOtW74Xm3ZKlGGUw7gQJBpiQoekDy1LJRGg2+n0/jE+tkoX9yJlSxo8VX9PpERoPRKh7RTEDPS8NxH/81qJ6V20UybjxICks0W9hGMT4UkYuMsUUMNHlhCqmL0V0wFRhBobWcGG4M+/vEjqpyX/rFS+LRcrl1kceXSIjtAJ8tE5qqAbVEU1RNEjekav6M15cl6cd+dj1ppzspl99AfO5w9DxpWk</latexit>

Fm ⇠ Riemann

<latexit sha1_base64="a2w/7iOy9p3GbGVbrH04XCDaE9g=">AAACIHicbZDLSsNAFIYn9VbrrerSzWAR6qYkpViXRTcuXLRgL9DUMJlO0qEzSZiZFErIo7jxVdy4UER3+jRO2wja+sPAx3/O4cz53YhRqUzz08itrW9sbuW3Czu7e/sHxcOjjgxjgUkbhywUPRdJwmhA2ooqRnqRIIi7jHTd8fWs3p0QIWkY3KlpRAYc+QH1KEZKW06xHjsc2pJy2IK2JxBO7JATHzn+fTX9Ya65PIK3TmILDjGapOdOsWRWzLngKlgZlECmplP8sIchjjkJFGZIyr5lRmqQIKEoZiQt2LEkEcJj5JO+xgBxIgfJ/MAUnmlnCL1Q6BcoOHd/TySISznlru7kSI3kcm1m/lfrx8q7HCQ0iGJFArxY5MUMqhDO0oJDKghWbKoBYUH1XyEeIR2T0pkWdAjW8smr0KlWrItKrVUrNa6yOPLgBJyCMrBAHTTADWiCNsDgATyBF/BqPBrPxpvxvmjNGdnMMfgj4+sbB32i5g==</latexit>

um ⇠ Q
!2
g

!2
m

(hLcav)



MECHANICAL

[Caves ’78], [Radicati, Pegoraro, Picasso ’78]

Mechanical Mode

<latexit sha1_base64="x/CPd8YQTzn1p4nFeQHdaCIfMqM=">AAACF3icbVC7TsMwFHXKq5RXgJHFokJiKgmqgIGhgoWBoUj0ITVR5LhOa9V2ItupVEX5CxZ+hYUBhFhh429w2wxQONK9OjrnXtn3hAmjSjvOl1VaWl5ZXSuvVzY2t7Z37N29topTiUkLxyyW3RApwqggLU01I91EEsRDRjrh6Hrqd8ZEKhqLez1JiM/RQNCIYqSNFNg1L+ZkgAIOPUVNiyTCGQ5Unt0GmSc5xGic5/ASuidGyAO76tScGeBf4hakCgo0A/vT68c45URozJBSPddJtJ8hqSlmJK94qSIJwiM0ID1DBeJE+dnsrhweGaUPo1iaEhrO1J8bGeJKTXhoJjnSQ7XoTcX/vF6qows/oyJJNRF4/lCUMqhjOA0J9qkkWLOJIQhLav4K8RCZaLSJsmJCcBdP/kvapzX3rFa/q1cbV0UcZXAADsExcME5aIAb0AQtgMEDeAIv4NV6tJ6tN+t9Plqyip198AvWxzdeVJ9q</latexit>

!m ⇠ cs
Lcav

< 1/L

<latexit sha1_base64="a2w/7iOy9p3GbGVbrH04XCDaE9g=">AAACIHicbZDLSsNAFIYn9VbrrerSzWAR6qYkpViXRTcuXLRgL9DUMJlO0qEzSZiZFErIo7jxVdy4UER3+jRO2wja+sPAx3/O4cz53YhRqUzz08itrW9sbuW3Czu7e/sHxcOjjgxjgUkbhywUPRdJwmhA2ooqRnqRIIi7jHTd8fWs3p0QIWkY3KlpRAYc+QH1KEZKW06xHjsc2pJy2IK2JxBO7JATHzn+fTX9Ya65PIK3TmILDjGapOdOsWRWzLngKlgZlECmplP8sIchjjkJFGZIyr5lRmqQIKEoZiQt2LEkEcJj5JO+xgBxIgfJ/MAUnmlnCL1Q6BcoOHd/TySISznlru7kSI3kcm1m/lfrx8q7HCQ0iGJFArxY5MUMqhDO0oJDKghWbKoBYUH1XyEeIR2T0pkWdAjW8smr0KlWrItKrVUrNa6yOPLgBJyCMrBAHTTADWiCNsDgATyBF/BqPBrPxpvxvmjNGdnMMfgj4+sbB32i5g==</latexit>

um ⇠ Q
!2
g

!2
m

(hLcav)

<latexit sha1_base64="wMo5NX94NEc5jglSIqTBLl5NY8Y=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLopssK9gGdWjLpnTY0yYxJRqhDP8CNv+LGhSJu/QB3/o1pOwttPRA4nHMuN/cEMWfauO63k1taXlldy68XNja3tneKu3sNHSWKQp1GPFKtgGjgTELdMMOhFSsgIuDQDIZXE795D0qzSN6YUQwdQfqShYwSY6VuseRHAvqkK25TXwksmBxjXzMBd3gqDKsPY5tyy+4UeJF4GSmhDLVu8cvvRTQRIA3lROu258amkxJlGOUwLviJhpjQIelD21JJBOhOOj1mjI+s0sNhpOyTBk/V3xMpEVqPRGCTgpiBnvcm4n9eOzHhRSdlMk4MSDpbFCYcmwhPmsE9poAaPrKEUMXsXzEdEEWosf0VbAne/MmLpHFS9s7Kp9enpcplVkceHaBDdIw8dI4qqIpqqI4oekTP6BW9OU/Oi/PufMyiOSeb2Ud/4Hz+AManm3M=</latexit>

!min
m ' kHz

Niobium ~0.5 m cavity



103 104 105 106 107 108 109

!g [Hz]

10°28

10°26

10°24

10°22

10°20

10°18

10°16

10°14

10°12

h0

ET

<latexit sha1_base64="bkqH+aWdmFW06fmvoM4iLkvDgdg=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKosegCB4j5CXJEmYnk2TI7Owy0yuGJV/hxYMiXv0cb/6Nk2QPmljQUFR1090VxFIYdN1vJ7eyura+kd8sbG3v7O4V9w8aJko043UWyUi3Amq4FIrXUaDkrVhzGgaSN4PRzdRvPnJtRKRqOI65H9KBEn3BKFrpoYP8CdPb2qRbLLlldwayTLyMlCBDtVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7OAJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+alQcYJcsfmifiIJRmT6PekJzRnKsSWUaWFvJWxINWVoMyrYELzFl5dJ46zsnZcv7s9LlessjjwcwTGcggeXUIE7qEIdGITwDK/w5mjnxXl3PuatOSebOYQ/cD5/AANbkI4=</latexit>

LVK

<latexit sha1_base64="m1njfgiGJFPOXGzMouOJG6/3bRg=">AAAB8XicdZDLSsNAFIYnXmu9VV26GSyCq5LGqnVXdCPoooK9YBvKZDpph04mYeZELKFv4caFIm59G3e+jZM2gor+MPDznXOYc34vElyDbX9Yc/MLi0vLuZX86tr6xmZha7upw1hR1qChCFXbI5oJLlkDOAjWjhQjgSdYyxudp/XWHVOah/IGxhFzAzKQ3OeUgEG3XWD3kFw1Lye9QtEunVaPHbuK7ZI9VWoc59CQckaKKFO9V3jv9kMaB0wCFUTrTtmOwE2IAk4Fm+S7sWYRoSMyYB1jJQmYdpPpxhO8b0gf+6EyTwKe0u8TCQm0Hgee6QwIDPXvWgr/qnVi8KtuwmUUA5N09pEfCwwhTs/Hfa4YBTE2hlDFza6YDokiFExIeRPC16X4f9N0SuVK6ei6UqydZXHk0C7aQweojE5QDV2gOmogiiR6QE/o2dLWo/Vivc5a56xsZgf9kPX2CfFRkRw=</latexit>

Non-S
cannin

g

<latexit sha1_base64="xbVPfUHMTY+CYGaPsdy6jxW/eBk=">AAAB/HicdVDLSgNBEJyNrxhf0Ry9DAbBi2E3iSTegl48SUTzgGQJs5NJMmR2dpnpFZcl/ooXD4p49UO8+TdOHoKKFjQUVd10d3mh4Bps+8NKLS2vrK6l1zMbm1vbO9ndvaYOIkVZgwYiUG2PaCa4ZA3gIFg7VIz4nmAtb3w+9Vu3TGkeyBuIQ+b6ZCj5gFMCRuplc11gd5BcBvL4mhIpuRxOetm8XSieVpxSFdsFewZDSrZdrVaws1DyaIF6L/ve7Qc08pkEKojWHccOwU2IAk4Fm2S6kWYhoWMyZB1DJfGZdpPZ8RN8aJQ+HgTKlAQ8U79PJMTXOvY90+kTGOnf3lT8y+tEMKi6CZdhBEzS+aJBJDAEeJoE7nPFKIjYEEIVN7diOiKKUDB5ZUwIX5/i/0mzWHDKhZOrcr52togjjfbRATpCDqqgGrpAddRAFMXoAT2hZ+veerRerNd5a8pazOTQD1hvn2wwlUs=</latexit>

BAW

<latexit sha1_base64="sSz+90j7lS6VcoNaMRT/tQsC3mw=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiuQlJi67LWjcsK9oFtKJPppB06mYSZG7GE/oUbF4q49W/c+TdOH4LPAxcO59zLvfcEieAaHOfdWlpeWV1bz23kN7e2d3YLe/tNHaeKsgaNRazaAdFMcMkawEGwdqIYiQLBWsHoYuq3bpnSPJbXME6YH5GB5CGnBIx00wV2B1ntvDXpFYqO7ZXK5YqHfxPXdmYoogXqvcJbtx/TNGISqCBad1wnAT8jCjgVbJLvppolhI7IgHUMlSRi2s9mF0/wsVH6OIyVKQl4pn6dyEik9TgKTGdEYKh/elPxL6+TQnjmZ1wmKTBJ54vCVGCI8fR93OeKURBjQwhV3NyK6ZAoQsGElDchfH6K/yfNku169umVV6zWFnHk0CE6QifIRRVURZeojhqIIonu0SN6srT1YD1bL/PWJWsxc4C+wXr9AAwSkTA=</latexit>

H
o
lo
m
e
t
e
r

<latexit sha1_base64="VOn9RygtuWJfFixDv8AXXpFo6IE=">AAAB+XicdVDJSgNBFOxxjXEb9eilMQiewkyIJMeglxwjmAWSIfR03iRNeha63wTDkD/x4kERr/6JN//GziK4FjQUVfV4r8tPpNDoOO/W2vrG5tZ2bie/u7d/cGgfHbd0nCoOTR7LWHV8pkGKCJooUEInUcBCX0LbH1/P/fYElBZxdIvTBLyQDSMRCM7QSH3b7iHcYVY3wRAQ1KxvF5xiqepWnDL9Tdyis0CBrNDo22+9QczTECLkkmnddZ0EvYwpFFzCLN9LNSSMj9kQuoZGLATtZYvLZ/TcKAMaxMq8COlC/TqRsVDraeibZMhwpH96c/Evr5tiUPUyESUpQsSXi4JUUozpvAY6EAo4yqkhjCthbqV8xBTjpgOdNyV8/pT+T1qlolsuXt6UC7WrVR05ckrOyAVxSYXUSJ00SJNwMiH35JE8WZn1YD1bL8vomrWaOSHfYL1+AK6JlF0=</latexit>

Thermal Vibrations

<latexit sha1_base64="xhY/pZlc3rnH0nQtE5VVpfrgGfA="></latexit>

DarkSRF Vibrations

<latexit sha1_base64="/RLD/7Vwiu7u2mdtElbypDcUIiA=">AAAB+3icdZDLSsNAFIYn9VbrLdalm8EiuApJqzTuioq4rJfWQhvKZDpph04mYWYiltBXceNCEbe+iDvfxmkaQUV/GPj5zjmcM78fMyqVbX8YhYXFpeWV4mppbX1jc8vcLrdllAhMWjhikej4SBJGOWkpqhjpxIKg0Gfk1h+fzuq3d0RIGvEbNYmJF6IhpwHFSGnUN8tnSIyvr85hm/oiY7JvVmyrelx3ai60LTuTNjXbdt06dHJSAbmaffO9N4hwEhKuMENSdh07Vl6KhKKYkWmpl0gSIzxGQ9LVlqOQSC/Nbp/CfU0GMIiEflzBjH6fSFEo5ST0dWeI1Ej+rs3gX7VuogLXSymPE0U4ni8KEgZVBGdBwAEVBCs20QZhQfWtEI+QQFjpuEo6hK+fwv9Nu2o5h9bRZbXSOMnjKIJdsAcOgAPqoAEuQBO0AAb34AE8gWdjajwaL8brvLVg5DM74IeMt0/FdpRL</latexit>

DarkSRF Vibrations

<latexit sha1_base64="XGJdjUI5xsLtz/PJMerfDCgRVdQ=">AAAB+3icdVDLSgMxFM3UV62vsS7dBIvgasiUTlt3RUVc1kdroR1KJs20oZkHSUYsQ3/FjQtF3Poj7vwb02kFFT1w4XDOvdx7jxdzJhVCH0ZuaXlldS2/XtjY3NreMXeLbRklgtAWiXgkOh6WlLOQthRTnHZiQXHgcXrrjU9n/u0dFZJF4Y2axNQN8DBkPiNYaalvFs+wGF9fncM280Smyb5ZQhaqomO7ApFVrtYd5GjiINuuIWhbKEMJLNDsm++9QUSSgIaKcCxl10axclMsFCOcTgu9RNIYkzEe0q6mIQ6odNPs9ik81MoA+pHQFSqYqd8nUhxIOQk83RlgNZK/vZn4l9dNlF93UxbGiaIhmS/yEw5VBGdBwAETlCg+0QQTwfStkIywwETpuAo6hK9P4f+kXbbsiuVclkuNk0UcebAPDsARsEENNMAFaIIWIOAePIAn8GxMjUfjxXidt+aMxcwe+AHj7RPLbZRP</latexit>

Superradiance

<latexit sha1_base64="xuehTTANqlHsWNIozd2ZTeqSEe8=">AAAB9HicdVDLSgNBEJz1GeMr6tHLYBA8hd1got6CXjxGNA9IltA76SRDZmfXmdlACPkOLx4U8erHePNvnCQrqGhBQ1HVTXdXEAuujet+OEvLK6tr65mN7ObW9s5ubm+/rqNEMayxSESqGYBGwSXWDDcCm7FCCAOBjWB4NfMbI1SaR/LOjGP0Q+hL3uMMjJX82yRGpaDLQTLs5PJuwZ2DLohXtKTkehflMvVSK09SVDu593Y3YkmI0jABWrc8Nzb+BJThTOA02040xsCG0MeWpRJC1P5kfvSUHlulS3uRsiUNnavfJyYQaj0OA9sZghno395M/MtrJaZ37k+4jBODki0W9RJBTURnCdAuV8iMGFsCTHF7K2UDUMCMzSlrQ/j6lP5P6sWCd1oo3RTzlcs0jgw5JEfkhHjkjFTINamSGmHknjyQJ/LsjJxH58V5XbQuOenMAfkB5+0TNluSZg==</latexit>

MONOCHROMATIC SIGNAL
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<latexit sha1_base64="lOyITVRDzbUyht2/QydFYurUbVE=">AAAB8nicdVDLSgMxFM3UV62vqks3wVZwNWTainVX1IUboYp9wHQomUzahmYmQ5IRytDPcONCEbd+jTv/xrQdQUUPXDiccy/33uPHnCmN0IeVW1peWV3Lrxc2Nre2d4q7e20lEkloiwguZNfHinIW0ZZmmtNuLCkOfU47/vhi5nfuqVRMRHd6ElMvxMOIDRjB2kju5fUtDpgo9+vlfrGE7OqZQR0iu4YQclBGUBU6NpqjBDI0+8X3XiBIEtJIE46Vch0Uay/FUjPC6bTQSxSNMRnjIXUNjXBIlZfOT57CI6MEcCCkqUjDufp9IsWhUpPQN50h1iP125uJf3luogd1L2VRnGgakcWiQcKhFnD2PwyYpETziSGYSGZuhWSEJSbapFQwIXx9Cv8n7Yrt1OyTm0qpcZ7FkQcH4BAcAwecgga4Ak3QAgQI8ACewLOlrUfrxXpdtOasbGYf/ID19gko2ZCI</latexit>

Levitated
Disc

<latexit sha1_base64="wctzjJYYgsD0CEjbvcA7zueg5RA=">AAAB9XicdVA9SwNBEN3zM8avqKXNYhCsjr0YMXaiFhYWCiYKSZS9vbm4ZG/v2J1TQsj/sLFQxNb/Yue/cRMjqOiDgcd7M8zMCzMlLTL27k1MTk3PzBbmivMLi0vLpZXVhk1zI6AuUpWay5BbUFJDHSUquMwM8CRUcBF2D4f+xS0YK1N9jr0M2gnvaBlLwdFJVydwK5EjRPRIWnFdKjN/e8+hRplfZYwFbEzYNg18NkKZjHF6XXprRanIE9AoFLe2GbAM231uUAoFg2Irt5Bx0eUdaDqqeQK23R9dPaCbTolonBpXGulI/T7R54m1vSR0nQnHG/vbG4p/ec0c41q7L3WWI2jxuSjOFcWUDiOgkTQgUPUc4cJIdysVN9xwgS6oogvh61P6P2lU/KDq75xVyvsH4zgKZJ1skC0SkF2yT47JKakTQQy5J4/kybvzHrxn7+WzdcIbz6yRH/BePwCJZJKM</latexit>

Levitated
Stack

<latexit sha1_base64="HmUNNqxtwuQWnBXI9TCyPrjvcb4=">AAAB+HicdVBNSwMxEM3Wr1q/Vj16CRbB05K1FfVW9OLBg6K1QruUbDptg9kPktlCLf0lXjwo4tWf4s1/Y1pXUNEHA4/3ZpKZF6ZKGmTs3SnMzM7NLxQXS0vLK6tr7vrGtUkyLaAuEpXom5AbUDKGOkpUcJNq4FGooBHenkz8xgC0kUl8hcMUgoj3YtmVgqOV2u7aGQwkcoQOvUQubttumXmVI4tDyrwqY8xnOWEV6ntsijLJcd5231qdRGQRxCgUN6bpsxSDEdcohYJxqZUZSO3DvAdNS2MegQlG08XHdMcqHdpNtK0Y6VT9PjHikTHDKLSdEce++e1NxL+8Zobdw2Ak4zRDiMXnR91MUUzoJAXakRoEqqElXGhpd6WizzUXaLMq2RC+LqX/k+s9z696+xd75dpxHkeRbJFtskt8ckBq5JSckzoRJCP35JE8OXfOg/PsvHy2Fpx8ZpP8gPP6Adnwkzo=</latexit>

AURIGA

<latexit sha1_base64="cjKz0EYPg04b81vFuUtEKHdU/Eo=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgacm2Feut1YN6q+LWQruUbJptY7ObJckKZel/8OJBEa/+H2/+G9N2BRV9MPB4b4aZeX7MmdIIfVi5hcWl5ZX8amFtfWNzq7i901IikYS6RHAh2z5WlLOIupppTtuxpDj0Ob31R2dT//aeSsVEdKPHMfVCPIhYwAjWRmo13OvL80avWEJ25cSgBpFdRQg5KCOoAh0bzVACGZq94nu3L0gS0kgTjpXqOCjWXoqlZoTTSaGbKBpjMsID2jE0wiFVXjq7dgIPjNKHgZCmIg1n6veJFIdKjUPfdIZYD9Vvbyr+5XUSHdS8lEVxomlE5ouChEMt4PR12GeSEs3HhmAimbkVkiGWmGgTUMGE8PUp/J+0yrZTtY+uyqX6aRZHHuyBfXAIHHAM6uACNIELCLgDD+AJPFvCerRerNd5a87KZnbBD1hvn+KcjrA=</latexit>

MiniGRAIL

<latexit sha1_base64="q9hVzP4gLSqKNQD386z05RFI+FY=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjJtxbqrulBBoYp9SDuUTJppQzOZIckIZehXuHGhiFs/x51/Y9qOoKIHLhzOuZd77/EizpRG6MPKzM0vLC5ll3Mrq2vrG/nNrYYKY0lonYQ8lC0PK8qZoHXNNKetSFIceJw2veHpxG/eU6lYKG71KKJugPuC+YxgbaS7KybY2c3xxWU3X0B26cigApFdRgg5KCWoBB0bTVEAKWrd/HunF5I4oEITjpVqOyjSboKlZoTTca4TKxphMsR92jZU4IAqN5kePIZ7RulBP5SmhIZT9ftEggOlRoFnOgOsB+q3NxH/8tqx9ituwkQUayrIbJEfc6hDOPke9pikRPORIZhIZm6FZIAlJtpklDMhfH0K/yeNou2U7YPrYqF6ksaRBTtgF+wDBxyCKjgHNVAHBATgATyBZ0taj9aL9TprzVjpzDb4AevtE0OCkBE=</latexit>

MiniGRAILQL

<latexit sha1_base64="KhQFTAswun/AaY38m2YBaYzC9/g=">AAAB/XicdVDLSgMxFM3UV62v+ti5CbaCqyHTVqy7qgsVKrRiH9CWkknTNjSTGZKMUIfir7hxoYhb/8Odf2P6EFT0wIXDOfdy7z1uwJnSCH1Ysbn5hcWl+HJiZXVtfSO5uVVVfigJrRCf+7LuYkU5E7Simea0HkiKPZfTmjs4G/u1WyoV88WNHga05eGeYF1GsDZSO7lzxQQ7vz65LKbbUVN6sFwcpdvJFLKzxwZ5iOwcQshBM4Ky0LHRBCkwQ6mdfG92fBJ6VGjCsVINBwW6FWGpGeF0lGiGigaYDHCPNgwV2KOqFU2uH8F9o3Rg15emhIYT9ftEhD2lhp5rOj2s++q3Nxb/8hqh7uZbERNBqKkg00XdkEPtw3EUsMMkJZoPDcFEMnMrJH0sMdEmsIQJ4etT+D+pZmwnZx+WM6nC6SyOONgFe+AAOOAIFMAFKIEKIOAOPIAn8GzdW4/Wi/U6bY1Zs5lt8APW2yf3RZRH</latexit>

a
L
I
G
O

(
O
3
)

<latexit sha1_base64="73bJjao8pVXZnl7xn66zatsRh98=">AAAB8XicdVBNSwMxEM3Wr1q/qh69BItQL0u2rVhvRQ8qCK1gbbFdSjbNtqHZ7JJkhbL0X3jxoIhX/403/41pu4KKPhh4vDfDzDwv4kxphD6szMLi0vJKdjW3tr6xuZXf3rlVYSwJbZKQh7LtYUU5E7Spmea0HUmKA4/Tljc6m/qteyoVC8WNHkfUDfBAMJ8RrI10h68uz+uwWC8f9vIFZJdPDKoQ2RWEkINSgsrQsdEMBZCi0cu/d/shiQMqNOFYqY6DIu0mWGpGOJ3kurGiESYjPKAdQwUOqHKT2cUTeGCUPvRDaUpoOFO/TyQ4UGoceKYzwHqofntT8S+vE2u/6iZMRLGmgswX+TGHOoTT92GfSUo0HxuCiWTmVkiGWGKiTUg5E8LXp/B/cluynYp9dF0q1E7TOLJgD+yDInDAMaiBC9AATUCAAA/gCTxbynq0XqzXeWvGSmd2wQ9Yb5+q9I+e</latexit>

Holometer

<latexit sha1_base64="NzZXzijOiNInpJKDWP8B6O/pdUg=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6atWHdFN11WsA9ph5JJ77ShycyQZIRS+hVuXCji1s9x59+YtiOo6IHA4Zxzyb0nSATXhpAPZ2V1bX1jM7eV397Z3dsvHBy2dJwqBk0Wi1h1AqpB8AiahhsBnUQBlYGAdjC+nvvte1Cax9GtmSTgSzqMeMgZNVa6q9uABAOqXygSt3xpUcXErRBCPJIRUsaeSxYoogyNfuG9N4hZKiEyTFCtux5JjD+lynAmYJbvpRoSysZ0CF1LIypB+9PFwjN8apUBDmNlX2TwQv0+MaVS64kMbFJSM9K/vbn4l9dNTVj1pzxKUgMRW34UpgKbGM+vxwOugBkxsYQyxe2umI2oosxWoPO2hK9L8f+kVXK9int+UyrWrrI6cugYnaAz5KELVEN11EBNxJBED+gJPTvKeXRenNdldMXJZo7QDzhvn1REkMQ=</latexit>

BAW

<latexit sha1_base64="sbIHCBwqbrgucgO+sGYoIn9bpnQ=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZlNIsZbjBePEc0DkiXMTmaTIbMPZmaFsOQTvHhQxKtf5M2/cZKsoKIFDUVVN91dXiy40hh/WLmV1bX1jfxmYWt7Z3evuH/QVlEiKWvRSESy6xHFBA9ZS3MtWDeWjASeYB1vcjX3O/dMKh6Fd3oaMzcgo5D7nBJtpNvGZWdQLGG7cmFQQ9iuYowdnBFcQY6NFyhBhuag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN12cOkMnRhkiP5KmQo0W6veJlARKTQPPdAZEj9Vvby7+5fUS7dfclIdxollIl4v8RCAdofnfaMglo1pMDSFUcnMromMiCdUmnYIJ4etT9D9pl22nap/dlEv1RhZHHo7gGE7BgXOowzU0oQUURvAAT/BsCevRerFel605K5s5hB+w3j4BHjCNsw==</latexit>

H
o
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m
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e
r

<latexit sha1_base64="NzZXzijOiNInpJKDWP8B6O/pdUg=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6atWHdFN11WsA9ph5JJ77ShycyQZIRS+hVuXCji1s9x59+YtiOo6IHA4Zxzyb0nSATXhpAPZ2V1bX1jM7eV397Z3dsvHBy2dJwqBk0Wi1h1AqpB8AiahhsBnUQBlYGAdjC+nvvte1Cax9GtmSTgSzqMeMgZNVa6q9uABAOqXygSt3xpUcXErRBCPJIRUsaeSxYoogyNfuG9N4hZKiEyTFCtux5JjD+lynAmYJbvpRoSysZ0CF1LIypB+9PFwjN8apUBDmNlX2TwQv0+MaVS64kMbFJSM9K/vbn4l9dNTVj1pzxKUgMRW34UpgKbGM+vxwOugBkxsYQyxe2umI2oosxWoPO2hK9L8f+kVXK9int+UyrWrrI6cugYnaAz5KELVEN11EBNxJBED+gJPTvKeXRenNdldMXJZo7QDzhvn1REkMQ=</latexit>

BAW

<latexit sha1_base64="sbIHCBwqbrgucgO+sGYoIn9bpnQ=">AAAB6nicdVDLSgNBEOyNrxhfUY9eBoPgaZlNIsZbjBePEc0DkiXMTmaTIbMPZmaFsOQTvHhQxKtf5M2/cZKsoKIFDUVVN91dXiy40hh/WLmV1bX1jfxmYWt7Z3evuH/QVlEiKWvRSESy6xHFBA9ZS3MtWDeWjASeYB1vcjX3O/dMKh6Fd3oaMzcgo5D7nBJtpNvGZWdQLGG7cmFQQ9iuYowdnBFcQY6NFyhBhuag+N4fRjQJWKipIEr1HBxrNyVScyrYrNBPFIsJnZAR6xkakoApN12cOkMnRhkiP5KmQo0W6veJlARKTQPPdAZEj9Vvby7+5fUS7dfclIdxollIl4v8RCAdofnfaMglo1pMDSFUcnMromMiCdUmnYIJ4etT9D9pl22nap/dlEv1RhZHHo7gGE7BgXOowzU0oQUURvAAT/BsCevRerFel605K5s5hB+w3j4BHjCNsw==</latexit>
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BACKUP



<latexit sha1_base64="xtyk7uHwHlNhzBbfVjAPpfBKDN0="></latexit>

!g ' 2ma ' GHz

✓
10

�4M�
MBH

◆

SUPERRADIANCE

Signal from:[Arvanitaki, Geraci ’12]

<latexit sha1_base64="86I9LiMlb0tjjM9AA0duODNTqTk="></latexit>

h = 10�24

✓
�a⇤
0.1

◆ ✓
1 kpc

D

◆ ✓
Mb

10�1 M�

◆ ⇣ ↵

0.2

⌘7



PRIMORDIAL BHs

<latexit sha1_base64="+74ZHfaPXscy4wEBVB9++WLZZcs="></latexit>

Ncycles

Q
'

✓
GHz

fg

◆5/3 ✓
10

�9M�
mPBH

◆5/3
<latexit sha1_base64="koGp5eXELRDOKznJGtvhgbJ6ClA=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRC9C0IvHBMwDkjXMTnqTIbOzy8ysEEI+wosHRbz6Pd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWatVviOc+VnrFklt25yCrxMtICTLUesWvbj9maYTSMEG17nhuYvwJVYYzgdNCN9WYUDaiA+xYKmmE2p/Mz52SM6v0SRgrW9KQufp7YkIjrcdRYDsjaoZ62ZuJ/3md1ITX/oTLJDUo2WJRmApiYjL7nfS5QmbE2BLKFLe3EjakijJjEyrYELzll1dJ86LsVcqX9ctS9TaLIw8ncArn4MEVVOEeatAABiN4hld4cxLnxXl3PhatOSebOYY/cD5/AJDejmw=</latexit>

Q = 106

<latexit sha1_base64="IhdHmc1AK4/4x6xpnCWJqVYNgTU="></latexit>

h ' 10
�26

✓
1pc

D

◆✓
mPBH

10�9M�

◆5/3 ⇣ !g

GHz

⌘2/3

If they are DM and are all in binaries (1 year)
<latexit sha1_base64="TagkmFowIh81N5kpdIOLdo2mRNE=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoNgY9jVoIJNUAvLCOYB2TXMTibJkJnZdWZWCMsWNv6KjYUitn6EnX/jJNlCEw9cOJxzL/feE0SMKu0431ZuYXFpeSW/Wlhb39jcsrd3GiqMJSZ1HLJQtgKkCKOC1DXVjLQiSRAPGGkGw8ux33wgUtFQ3OpRRHyO+oL2KEbaSB27eAU9RTm5h65zlxwep945TDzJYYTTjl1yys4EcJ64GSmBDLWO/eV1QxxzIjRmSKm260TaT5DUFDOSFrxYkQjhIeqTtqECcaL8ZPJECveN0oW9UJoSGk7U3xMJ4kqNeGA6OdIDNeuNxf+8dqx7Z35CRRRrIvB0US9mUIdwnAjsUkmwZiNDEJbU3ArxAEmEtcmtYEJwZ1+eJ42jsntSrtxUStWLLI48KII9cABccAqq4BrUQB1g8AiewSt4s56sF+vd+pi25qxsZhf8gfX5A29BlrU=</latexit>

D ' 10�3 pc

If they are DM
<latexit sha1_base64="Pn9FU91tizu45TQcruCLS7UBpUM="></latexit>

D ' 10 pc

✓
mPBH

10�9M�

◆



POWER FROM THE SUN

Signal from:[Weinberg ‘65]

<latexit sha1_base64="mcExqLtcAiQiFGBzD90Ev1hDGmQ=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwFRIp6rIogssK9gFNKJPJpB06MwkzE6GEbN34K25cKOLWP3Dn3zhts9DWA/dyOOdeZu4JU0aVdt1vq7Kyura+Ud2sbW3v7O7Z+wcdlWQSkzZOWCJ7IVKEUUHammpGeqkkiIeMdMPx9dTvPhCpaCLu9SQlAUdDQWOKkTbSwIZ+LBHOI9gqTLspfEU5zH3JIU6E0k4xsOuu484Al4lXkjoo0RrYX36U4IwToTFDSvU9N9VBjqSmmJGi5meKpAiP0ZD0DRWIExXks0sKeGKUCMaJNCU0nKm/N3LElZrw0ExypEdq0ZuK/3n9TMeXQU5Fmmki8PyhOGNQJ3AaC4yoJFiziSEIS2r+CvEImWi0Ca9mQvAWT14mnTPHO3cad41686qMowqOwDE4BR64AE1wC1qgDTB4BM/gFbxZT9aL9W59zEcrVrlzCP7A+vwB/SqZ5g==</latexit>

dP

dE
⇠ const.

<latexit sha1_base64="ZCHB7sblbrHEKLrodBb5137NwCc=">AAACDXicbZDLSsNAFIYnXmu9RV26GayCq5JIUZdFKbqsYC/QhDKZTNqhM5MwMxFKyAu48VXcuFDErXt3vo3TNgttPTDw8f/ncOb8QcKo0o7zbS0tr6yurZc2yptb2zu79t5+W8WpxKSFYxbLboAUYVSQlqaakW4iCeIBI51gdD3xOw9EKhqLez1OiM/RQNCIYqSN1LePvUginIXQu0Gco9xQI/cU5XBmuHnWyPt2xak604KL4BZQAUU1+/aXF8Y45URozJBSPddJtJ8hqSlmJC97qSIJwiM0ID2DAnGi/Gx6TQ5PjBLCKJbmCQ2n6u+JDHGlxjwwnRzpoZr3JuJ/Xi/V0aWfUZGkmgg8WxSlDOoYTqKBIZUEazY2gLCk5q8QD5FJQZsAyyYEd/7kRWifVd3zau2uVqlfFXGUwCE4AqfABRegDm5BE7QABo/gGbyCN+vJerHerY9Z65JVzByAP2V9/gBDtJuz</latexit>

d�

dE
⇠ 1

E

Power

Number of 
gravitons



POWER FROM THE SUN

Signal from:[Weinberg ‘65]

<latexit sha1_base64="bSVzFOk0LhsepsbJxQEzJ/ERggI="></latexit>

� ⇠ exp[B log(E/⇤)], B ⌧ 1



POWER FROM THE SUN

Signal from:[Weinberg ‘65]

<latexit sha1_base64="mcs89QO+BDw/vj1JXnAhGMn796g="></latexit>

Ptot ' 6⇥ 1014
erg

s
' 1011 eV2

<latexit sha1_base64="PVbs8rIyxR3zO5W/O00DkcOsVm4=">AAACEHicbVC7SgNBFJ31GeNr1dJmMIg2ht0QVLAJ2lhGMA/IJmF2cpMMmdldZ2bFsOwn2PgrNhaK2Fra+TdOHoUmHrhwOOde7r3HjzhT2nG+rYXFpeWV1cxadn1jc2vb3tmtqjCWFCo05KGs+0QBZwFUNNMc6pEEInwONX9wNfJr9yAVC4NbPYygKUgvYF1GiTZS2z4qtxNPCgwPUYo9xQTcYddpJSduIfUuJla1VUjbds7JO2PgeeJOSQ5NUW7bX14npLGAQFNOlGq4TqSbCZGaUQ5p1osVRIQOSA8ahgZEgGom44dSfGiUDu6G0lSg8Vj9PZEQodRQ+KZTEN1Xs95I/M9rxLp73kxYEMUaAjpZ1I051iEepYM7TALVfGgIoZKZWzHtE0moNhlmTQju7MvzpFrIu6f54k0xV7qcxpFB++gAHSMXnaESukZlVEEUPaJn9IrerCfrxXq3PiatC9Z0Zg/9gfX5A7Uwm8A=</latexit>

Pexp ' 10�12 eV2

Total emitted power (in gravitons)

Power reaching a m-sized 
experiment on Earth (in gravitons)

Signal



POWER FROM THE SUN

Signal from:[Weinberg ‘65]

<latexit sha1_base64="mcs89QO+BDw/vj1JXnAhGMn796g="></latexit>

Ptot ' 6⇥ 1014
erg

s
' 1011 eV2

<latexit sha1_base64="PVbs8rIyxR3zO5W/O00DkcOsVm4=">AAACEHicbVC7SgNBFJ31GeNr1dJmMIg2ht0QVLAJ2lhGMA/IJmF2cpMMmdldZ2bFsOwn2PgrNhaK2Fra+TdOHoUmHrhwOOde7r3HjzhT2nG+rYXFpeWV1cxadn1jc2vb3tmtqjCWFCo05KGs+0QBZwFUNNMc6pEEInwONX9wNfJr9yAVC4NbPYygKUgvYF1GiTZS2z4qtxNPCgwPUYo9xQTcYddpJSduIfUuJla1VUjbds7JO2PgeeJOSQ5NUW7bX14npLGAQFNOlGq4TqSbCZGaUQ5p1osVRIQOSA8ahgZEgGom44dSfGiUDu6G0lSg8Vj9PZEQodRQ+KZTEN1Xs95I/M9rxLp73kxYEMUaAjpZ1I051iEepYM7TALVfGgIoZKZWzHtE0moNhlmTQju7MvzpFrIu6f54k0xV7qcxpFB++gAHSMXnaESukZlVEEUPaJn9IrerCfrxXq3PiatC9Z0Zg/9gfX5A7Uwm8A=</latexit>

Pexp ' 10�12 eV2

Total emitted power (in gravitons)

Power reaching a m-sized 
experiment on Earth (in gravitons)

Noise

Signal

Thermal Noise in the bandwidth 
of the signal (in photons)

<latexit sha1_base64="Sr9DT8jjiiJvshxotPvA5k+ZHFg="></latexit>

Pth ' T�! ' eV2
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AXION SNR

High Mass

Low Mass



GW SNR

High Mass

Low Mass



NOISE PSDs 
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✏1d = 10�7 , Q = 1012
<latexit sha1_base64="4Ri/v8xnRULE5qsWUYqHB5OjNlU="></latexit><latexit sha1_base64="4Ri/v8xnRULE5qsWUYqHB5OjNlU="></latexit><latexit sha1_base64="4Ri/v8xnRULE5qsWUYqHB5OjNlU="></latexit><latexit sha1_base64="4Ri/v8xnRULE5qsWUYqHB5OjNlU="></latexit>

✏1d = 10�5 , Q = 1010
<latexit sha1_base64="hyGyvYQGOVvkL8dfIj2AhoBFCLc="></latexit><latexit sha1_base64="hyGyvYQGOVvkL8dfIj2AhoBFCLc="></latexit><latexit sha1_base64="hyGyvYQGOVvkL8dfIj2AhoBFCLc="></latexit><latexit sha1_base64="hyGyvYQGOVvkL8dfIj2AhoBFCLc="></latexit>



NOISE PSDs GWs 
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Signal and Noise PSDs: Scanning

S(mech)
noise

<latexit sha1_base64="3Es3J/7QCDN99h9oMRsoLfmBa18=">AAACA3icdVBNSwMxEM36WetX1ZtegkXQy7JrV21vohePirYV2lqy6bQNTbJLkhXKUvDiX/HiQRGv/glv/hvTD0FFHww83pthZl4Yc6aN5304U9Mzs3PzmYXs4tLyympubb2io0RRKNOIR+o6JBo4k1A2zHC4jhUQEXKohr3ToV+9BaVZJK9MP4aGIB3J2owSY6VmbvOymdaVwDJiGgY3I74rgHb3Bs1c3nMLQbFQKmLPDUrBYTAkvlc4KB5h3/VGyKMJzpu593orookAaSgnWtd8LzaNlCjDKIdBtp5oiAntkQ7ULJVEgG6kox8GeMcqLdyOlC1p8Ej9PpESoXVfhLZTENPVv72h+JdXS0y72EiZjBMDko4XtROOTYSHgeAWU0AN71tCqGL2Vky7RBFqbGxZG8LXp/h/Utl3/cA9uAjyxyeTODJoC22jXeSjI3SMztA5KiOK7tADekLPzr3z6Lw4r+PWKWcys4F+wHn7BBjfl9c=</latexit>

S(EM)
noise

<latexit sha1_base64="FFC9L0NbTsmJWMJ3oH1abmSIGkc=">AAACAXicdVDLSsNAFJ34rPUVdSO4GSxC3YSkNrTuiiK4ESraB7S1TKbTduhkEmYmQglx46+4caGIW//CnX/jNK2gogcuHM65l3vv8UJGpbLtD2NufmFxaTmzkl1dW9/YNLe26zKIBCY1HLBAND0kCaOc1BRVjDRDQZDvMdLwRqcTv3FLhKQBv1bjkHR8NOC0TzFSWuqau1fduC18yAMqSXKT8vzZxWHSNXO2dey4tluCtlV0jpyyPSGFUsl1oWPZKXJghmrXfG/3Ahz5hCvMkJQtxw5VJ0ZCUcxIkm1HkoQIj9CAtDTlyCeyE6cfJPBAKz3YD4QurmCqfp+IkS/l2Pd0p4/UUP72JuJfXitS/XInpjyMFOF4uqgfMagCOIkD9qggWLGxJggLqm+FeIgEwkqHltUhfH0K/yf1guUULfeymKuczOLIgD2wD/LAASVQAeegCmoAgzvwAJ7As3FvPBovxuu0dc6YzeyAHzDePgEJKpak</latexit>

S(amp)
noise

<latexit sha1_base64="Y/oVjHOcnxGDMah9/GVXFuFtdCU=">AAACAnicdVDLSgMxFM3UV62vqitxEyxC3QwznanaXdGNy4r2AW0tmTRtQ5PMkGSEMhQ3/oobF4q49Svc+TemD0FFD1w4nHMv994TRIwq7TgfVmphcWl5Jb2aWVvf2NzKbu/UVBhLTKo4ZKFsBEgRRgWpaqoZaUSSIB4wUg+G5xO/fkukoqG41qOItDnqC9qjGGkjdbJ7V52kJTkUIVVkfDPlecSjo3Enm3Nsp+h7ngsd2/dczytNSOHY80vQtZ0pcmCOSif73uqGOOZEaMyQUk3XiXQ7QVJTzMg404oViRAeoj5pGioQJ6qdTF8Yw0OjdGEvlKaEhlP1+0SCuFIjHphOjvRA/fYm4l9eM9a903ZCRRRrIvBsUS9mUIdwkgfsUkmwZiNDEJbU3ArxAEmEtUktY0L4+hT+T2oF2/Xt4qWfK5/N40iDfXAA8sAFJ6AMLkAFVAEGd+ABPIFn6956tF6s11lryprP7IIfsN4+ATJTl1M=</latexit>

S(mech)
sig

<latexit sha1_base64="KCGxJz+u0roptZsU7QaHcSj2ms0=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWAR6iYkfdnuim5cVrQPaGOZTKft0JkkzEyEEuLGX3HjQhG3/oU7/8bpQ1DRAxcO59zLvfd4IaNS2faHkVpaXlldS69nNja3tnfM3b2mDCKBSQMHLBBtD0nCqE8aiipG2qEgiHuMtLzx+dRv3RIhaeBfq0lIXI6GPh1QjJSWeubBVS/uCg4lHSY3M5bjBI9Okp6ZtS2nWq6Uy9C2Co6TL1Q1qZTsSqEIHcueIQsWqPfM924/wBEnvsIMSdlx7FC5MRKKYkaSTDeSJER4jIako6mPOJFuPPsggcda6cNBIHT5Cs7U7xMx4lJOuKc7OVIj+dubin95nUgNKm5M/TBSxMfzRYOIQRXAaRywTwXBik00QVhQfSvEIyQQVjq0jA7h61P4P2nmLadolS6L2drZIo40OARHIAcccApq4ALUQQNgcAcewBN4Nu6NR+PFeJ23pozFzD74AePtE16Elt0=</latexit>
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Signal and Noise PSDs: Non-Scanning

S(mech)
noise

<latexit sha1_base64="3Es3J/7QCDN99h9oMRsoLfmBa18=">AAACA3icdVBNSwMxEM36WetX1ZtegkXQy7JrV21vohePirYV2lqy6bQNTbJLkhXKUvDiX/HiQRGv/glv/hvTD0FFHww83pthZl4Yc6aN5304U9Mzs3PzmYXs4tLyympubb2io0RRKNOIR+o6JBo4k1A2zHC4jhUQEXKohr3ToV+9BaVZJK9MP4aGIB3J2owSY6VmbvOymdaVwDJiGgY3I74rgHb3Bs1c3nMLQbFQKmLPDUrBYTAkvlc4KB5h3/VGyKMJzpu593orookAaSgnWtd8LzaNlCjDKIdBtp5oiAntkQ7ULJVEgG6kox8GeMcqLdyOlC1p8Ej9PpESoXVfhLZTENPVv72h+JdXS0y72EiZjBMDko4XtROOTYSHgeAWU0AN71tCqGL2Vky7RBFqbGxZG8LXp/h/Utl3/cA9uAjyxyeTODJoC22jXeSjI3SMztA5KiOK7tADekLPzr3z6Lw4r+PWKWcys4F+wHn7BBjfl9c=</latexit>

S(EM)
noise

<latexit sha1_base64="FFC9L0NbTsmJWMJ3oH1abmSIGkc=">AAACAXicdVDLSsNAFJ34rPUVdSO4GSxC3YSkNrTuiiK4ESraB7S1TKbTduhkEmYmQglx46+4caGIW//CnX/jNK2gogcuHM65l3vv8UJGpbLtD2NufmFxaTmzkl1dW9/YNLe26zKIBCY1HLBAND0kCaOc1BRVjDRDQZDvMdLwRqcTv3FLhKQBv1bjkHR8NOC0TzFSWuqau1fduC18yAMqSXKT8vzZxWHSNXO2dey4tluCtlV0jpyyPSGFUsl1oWPZKXJghmrXfG/3Ahz5hCvMkJQtxw5VJ0ZCUcxIkm1HkoQIj9CAtDTlyCeyE6cfJPBAKz3YD4QurmCqfp+IkS/l2Pd0p4/UUP72JuJfXitS/XInpjyMFOF4uqgfMagCOIkD9qggWLGxJggLqm+FeIgEwkqHltUhfH0K/yf1guUULfeymKuczOLIgD2wD/LAASVQAeegCmoAgzvwAJ7As3FvPBovxuu0dc6YzeyAHzDePgEJKpak</latexit>

S(amp)
noise

<latexit sha1_base64="Y/oVjHOcnxGDMah9/GVXFuFtdCU=">AAACAnicdVDLSgMxFM3UV62vqitxEyxC3QwznanaXdGNy4r2AW0tmTRtQ5PMkGSEMhQ3/oobF4q49Svc+TemD0FFD1w4nHMv994TRIwq7TgfVmphcWl5Jb2aWVvf2NzKbu/UVBhLTKo4ZKFsBEgRRgWpaqoZaUSSIB4wUg+G5xO/fkukoqG41qOItDnqC9qjGGkjdbJ7V52kJTkUIVVkfDPlecSjo3Enm3Nsp+h7ngsd2/dczytNSOHY80vQtZ0pcmCOSif73uqGOOZEaMyQUk3XiXQ7QVJTzMg404oViRAeoj5pGioQJ6qdTF8Yw0OjdGEvlKaEhlP1+0SCuFIjHphOjvRA/fYm4l9eM9a903ZCRRRrIvBsUS9mUIdwkgfsUkmwZiNDEJbU3ArxAEmEtUktY0L4+hT+T2oF2/Xt4qWfK5/N40iDfXAA8sAFJ6AMLkAFVAEGd+ABPIFn6956tF6s11lryprP7IIfsN4+ATJTl1M=</latexit>

S(mech)
sig

<latexit sha1_base64="KCGxJz+u0roptZsU7QaHcSj2ms0=">AAACAXicdVDLSsNAFJ3UV62vqBvBzWAR6iYkfdnuim5cVrQPaGOZTKft0JkkzEyEEuLGX3HjQhG3/oU7/8bpQ1DRAxcO59zLvfd4IaNS2faHkVpaXlldS69nNja3tnfM3b2mDCKBSQMHLBBtD0nCqE8aiipG2qEgiHuMtLzx+dRv3RIhaeBfq0lIXI6GPh1QjJSWeubBVS/uCg4lHSY3M5bjBI9Okp6ZtS2nWq6Uy9C2Co6TL1Q1qZTsSqEIHcueIQsWqPfM924/wBEnvsIMSdlx7FC5MRKKYkaSTDeSJER4jIako6mPOJFuPPsggcda6cNBIHT5Cs7U7xMx4lJOuKc7OVIj+dubin95nUgNKm5M/TBSxMfzRYOIQRXAaRywTwXBik00QVhQfSvEIyQQVjq0jA7h61P4P2nmLadolS6L2drZIo40OARHIAcccApq4ALUQQNgcAcewBN4Nu6NR+PFeJ23pozFzD74AePtE16Elt0=</latexit>
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<latexit sha1_base64="eFxO27eqYWReZqvTOivV66k27HE="></latexit><latexit sha1_base64="eFxO27eqYWReZqvTOivV66k27HE="></latexit><latexit sha1_base64="eFxO27eqYWReZqvTOivV66k27HE="></latexit><latexit sha1_base64="eFxO27eqYWReZqvTOivV66k27HE="></latexit>

Sqm(!) ' 1

M2

Sfm(!)

(!2 � !2
m)2 + (!m!/Qm)2

<latexit sha1_base64="f3Y+T7tgAdzcBSQN0YSVHAD+TAg="></latexit><latexit sha1_base64="f3Y+T7tgAdzcBSQN0YSVHAD+TAg="></latexit><latexit sha1_base64="f3Y+T7tgAdzcBSQN0YSVHAD+TAg="></latexit><latexit sha1_base64="f3Y+T7tgAdzcBSQN0YSVHAD+TAg="></latexit>

External Force

Class.Quant.Grav. 20 (2003) 3505-3522,
 gr-qc/0502054

!min
m ' kHz

<latexit sha1_base64="oY1OC92rrCeCs7ZLjylJS/HqTro=">AAACC3icdVBNSwMxEM36WetX1aOXYBE8lUTE1pvopUcFq0K3lmw6raFJdk2yQl169+Jf8eJBEa/+AW/+G7O1goo+GHh5b4bMvCiRwjpC3oOJyanpmdnCXHF+YXFpubSyemrj1HBo8FjG5jxiFqTQ0HDCSThPDDAVSTiL+oe5f3YNxopYn7hBAi3Felp0BWfOS+3SRhgr6LG2ushCo7ASehhaoeAKj979+s2wXSqTCiGEUopzQqu7xJO9vdo2rWGaWx5lNMZRu/QWdmKeKtCOS2Ztk5LEtTJmnOAShsUwtZAw3mc9aHqqmQLbyka3DPGmVzq4Gxtf2uGR+n0iY8ragYp8p2Lu0v72cvEvr5m6bq2VCZ2kDjT//KibSuxinAeDO8IAd3LgCeNG+F0xv2SGcefjK/oQvi7F/5PT7QolFXq8U94/GMdRQOtoA20hiqpoH9XREWogjm7RPXpET8Fd8BA8By+frRPBeGYN/UDw+gGxxJt2</latexit><latexit sha1_base64="oY1OC92rrCeCs7ZLjylJS/HqTro=">AAACC3icdVBNSwMxEM36WetX1aOXYBE8lUTE1pvopUcFq0K3lmw6raFJdk2yQl169+Jf8eJBEa/+AW/+G7O1goo+GHh5b4bMvCiRwjpC3oOJyanpmdnCXHF+YXFpubSyemrj1HBo8FjG5jxiFqTQ0HDCSThPDDAVSTiL+oe5f3YNxopYn7hBAi3Felp0BWfOS+3SRhgr6LG2ushCo7ASehhaoeAKj979+s2wXSqTCiGEUopzQqu7xJO9vdo2rWGaWx5lNMZRu/QWdmKeKtCOS2Ztk5LEtTJmnOAShsUwtZAw3mc9aHqqmQLbyka3DPGmVzq4Gxtf2uGR+n0iY8ragYp8p2Lu0v72cvEvr5m6bq2VCZ2kDjT//KibSuxinAeDO8IAd3LgCeNG+F0xv2SGcefjK/oQvi7F/5PT7QolFXq8U94/GMdRQOtoA20hiqpoH9XREWogjm7RPXpET8Fd8BA8By+frRPBeGYN/UDw+gGxxJt2</latexit><latexit sha1_base64="oY1OC92rrCeCs7ZLjylJS/HqTro=">AAACC3icdVBNSwMxEM36WetX1aOXYBE8lUTE1pvopUcFq0K3lmw6raFJdk2yQl169+Jf8eJBEa/+AW/+G7O1goo+GHh5b4bMvCiRwjpC3oOJyanpmdnCXHF+YXFpubSyemrj1HBo8FjG5jxiFqTQ0HDCSThPDDAVSTiL+oe5f3YNxopYn7hBAi3Felp0BWfOS+3SRhgr6LG2ushCo7ASehhaoeAKj979+s2wXSqTCiGEUopzQqu7xJO9vdo2rWGaWx5lNMZRu/QWdmKeKtCOS2Ztk5LEtTJmnOAShsUwtZAw3mc9aHqqmQLbyka3DPGmVzq4Gxtf2uGR+n0iY8ragYp8p2Lu0v72cvEvr5m6bq2VCZ2kDjT//KibSuxinAeDO8IAd3LgCeNG+F0xv2SGcefjK/oQvi7F/5PT7QolFXq8U94/GMdRQOtoA20hiqpoH9XREWogjm7RPXpET8Fd8BA8By+frRPBeGYN/UDw+gGxxJt2</latexit><latexit sha1_base64="oY1OC92rrCeCs7ZLjylJS/HqTro=">AAACC3icdVBNSwMxEM36WetX1aOXYBE8lUTE1pvopUcFq0K3lmw6raFJdk2yQl169+Jf8eJBEa/+AW/+G7O1goo+GHh5b4bMvCiRwjpC3oOJyanpmdnCXHF+YXFpubSyemrj1HBo8FjG5jxiFqTQ0HDCSThPDDAVSTiL+oe5f3YNxopYn7hBAi3Felp0BWfOS+3SRhgr6LG2ushCo7ASehhaoeAKj979+s2wXSqTCiGEUopzQqu7xJO9vdo2rWGaWx5lNMZRu/QWdmKeKtCOS2Ztk5LEtTJmnOAShsUwtZAw3mc9aHqqmQLbyka3DPGmVzq4Gxtf2uGR+n0iY8ragYp8p2Lu0v72cvEvr5m6bq2VCZ2kDjT//KibSuxinAeDO8IAd3LgCeNG+F0xv2SGcefjK/oQvi7F/5PT7QolFXq8U94/GMdRQOtoA20hiqpoH9XREWogjm7RPXpET8Fd8BA8By+frRPBeGYN/UDw+gGxxJt2</latexit>

VIBRATIONAL NOISE

Wall Displacement







MAGO CAVITY

MAGO ‘05



<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



!a ' GHz
ma

10�6 eV
<latexit sha1_base64="mA1GuSa6svBnXlTQ2K4JeagTB2E=">AAACIXicbVDLSsRAEJz4dn2tevQyuAheXBIRFbyIHvSo4D5gs4bObGcdnEnizERYQ37Fi7/ixYMi3sSfcfZxUNeChqKqm+6uMBVcG9f9dCYmp6ZnZufmSwuLS8sr5dW1uk4yxbDGEpGoZggaBY+xZrgR2EwVggwFNsLb077fuEeleRJfmV6KbQndmEecgbFSUD70E4ldCID6mku8o7mvJD07fyj8Iz9SwHIZQJF77nW+s2+1gY31ogjKFbfqDkDHiTciFTLCRVD+8DsJyyTGhgnQuuW5qWnnoAxnAouSn2lMgd1CF1uWxiBRt/PBhwXdskqHRomyFRs6UH9O5CC17snQdkowN/qv1xf/81qZiQ7bOY/TzGDMhouiTFCT0H5ctMMVMiN6lgBT3N5K2Q3YXIwNtWRD8P6+PE7qu1XPrXqXe5Xjk1Ecc2SDbJJt4pEDckzOyQWpEUYeyTN5JW/Ok/PivDsfw9YJZzSzTn7B+foGLkWjgg==</latexit><latexit sha1_base64="mA1GuSa6svBnXlTQ2K4JeagTB2E=">AAACIXicbVDLSsRAEJz4dn2tevQyuAheXBIRFbyIHvSo4D5gs4bObGcdnEnizERYQ37Fi7/ixYMi3sSfcfZxUNeChqKqm+6uMBVcG9f9dCYmp6ZnZufmSwuLS8sr5dW1uk4yxbDGEpGoZggaBY+xZrgR2EwVggwFNsLb077fuEeleRJfmV6KbQndmEecgbFSUD70E4ldCID6mku8o7mvJD07fyj8Iz9SwHIZQJF77nW+s2+1gY31ogjKFbfqDkDHiTciFTLCRVD+8DsJyyTGhgnQuuW5qWnnoAxnAouSn2lMgd1CF1uWxiBRt/PBhwXdskqHRomyFRs6UH9O5CC17snQdkowN/qv1xf/81qZiQ7bOY/TzGDMhouiTFCT0H5ctMMVMiN6lgBT3N5K2Q3YXIwNtWRD8P6+PE7qu1XPrXqXe5Xjk1Ecc2SDbJJt4pEDckzOyQWpEUYeyTN5JW/Ok/PivDsfw9YJZzSzTn7B+foGLkWjgg==</latexit><latexit sha1_base64="mA1GuSa6svBnXlTQ2K4JeagTB2E=">AAACIXicbVDLSsRAEJz4dn2tevQyuAheXBIRFbyIHvSo4D5gs4bObGcdnEnizERYQ37Fi7/ixYMi3sSfcfZxUNeChqKqm+6uMBVcG9f9dCYmp6ZnZufmSwuLS8sr5dW1uk4yxbDGEpGoZggaBY+xZrgR2EwVggwFNsLb077fuEeleRJfmV6KbQndmEecgbFSUD70E4ldCID6mku8o7mvJD07fyj8Iz9SwHIZQJF77nW+s2+1gY31ogjKFbfqDkDHiTciFTLCRVD+8DsJyyTGhgnQuuW5qWnnoAxnAouSn2lMgd1CF1uWxiBRt/PBhwXdskqHRomyFRs6UH9O5CC17snQdkowN/qv1xf/81qZiQ7bOY/TzGDMhouiTFCT0H5ctMMVMiN6lgBT3N5K2Q3YXIwNtWRD8P6+PE7qu1XPrXqXe5Xjk1Ecc2SDbJJt4pEDckzOyQWpEUYeyTN5JW/Ok/PivDsfw9YJZzSzTn7B+foGLkWjgg==</latexit><latexit sha1_base64="mA1GuSa6svBnXlTQ2K4JeagTB2E=">AAACIXicbVDLSsRAEJz4dn2tevQyuAheXBIRFbyIHvSo4D5gs4bObGcdnEnizERYQ37Fi7/ixYMi3sSfcfZxUNeChqKqm+6uMBVcG9f9dCYmp6ZnZufmSwuLS8sr5dW1uk4yxbDGEpGoZggaBY+xZrgR2EwVggwFNsLb077fuEeleRJfmV6KbQndmEecgbFSUD70E4ldCID6mku8o7mvJD07fyj8Iz9SwHIZQJF77nW+s2+1gY31ogjKFbfqDkDHiTciFTLCRVD+8DsJyyTGhgnQuuW5qWnnoAxnAouSn2lMgd1CF1uWxiBRt/PBhwXdskqHRomyFRs6UH9O5CC17snQdkowN/qv1xf/81qZiQ7bOY/TzGDMhouiTFCT0H5ctMMVMiN6lgBT3N5K2Q3YXIwNtWRD8P6+PE7qu1XPrXqXe5Xjk1Ecc2SDbJJt4pEDckzOyQWpEUYeyTN5JW/Ok/PivDsfw9YJZzSzTn7B+foGLkWjgg==</latexit>

Frequency:

⌧a ' ms
10�6 eV

ma
<latexit sha1_base64="LdaLrAOGoJQnkyLL2xSJgtTwFI8=">AAACH3icbVBNS8NAEN34bf2qevSyWAQvlkSkCl5ELx4r2FZoaphsJ7q4m8TdjVBC/okX/4oXD4qIt/4btx8HbX0w8Pa9GXbmhang2rhu35mZnZtfWFxaLq2srq1vlDe3mjrJFMMGS0SibkLQKHiMDcONwJtUIchQYCt8uBj4rSdUmifxteml2JFwF/OIMzBWCso130AWAPU1l/hIc19JKnXhn1I/UsByz73ND2r2PXSwWRS5DKAIyhW36g5Bp4k3JhUyRj0of/vdhGUSY8MEaN323NR0clCGM4FFyc80psAe4A7blsYgUXfy4X0F3bNKl0aJshUbOlR/T+Qgte7J0HZKMPd60huI/3ntzEQnnZzHaWYwZqOPokxQk9BBWLTLFTIjepYAU9zuStk92FyMjbRkQ/AmT54mzcOq51a9q6PK2fk4jiWyQ3bJPvHIMTkjl6ROGoSRZ/JK3smH8+K8OZ/O16h1xhnPbJM/cPo/hBmipg==</latexit><latexit sha1_base64="LdaLrAOGoJQnkyLL2xSJgtTwFI8=">AAACH3icbVBNS8NAEN34bf2qevSyWAQvlkSkCl5ELx4r2FZoaphsJ7q4m8TdjVBC/okX/4oXD4qIt/4btx8HbX0w8Pa9GXbmhang2rhu35mZnZtfWFxaLq2srq1vlDe3mjrJFMMGS0SibkLQKHiMDcONwJtUIchQYCt8uBj4rSdUmifxteml2JFwF/OIMzBWCso130AWAPU1l/hIc19JKnXhn1I/UsByz73ND2r2PXSwWRS5DKAIyhW36g5Bp4k3JhUyRj0of/vdhGUSY8MEaN323NR0clCGM4FFyc80psAe4A7blsYgUXfy4X0F3bNKl0aJshUbOlR/T+Qgte7J0HZKMPd60huI/3ntzEQnnZzHaWYwZqOPokxQk9BBWLTLFTIjepYAU9zuStk92FyMjbRkQ/AmT54mzcOq51a9q6PK2fk4jiWyQ3bJPvHIMTkjl6ROGoSRZ/JK3smH8+K8OZ/O16h1xhnPbJM/cPo/hBmipg==</latexit><latexit sha1_base64="LdaLrAOGoJQnkyLL2xSJgtTwFI8=">AAACH3icbVBNS8NAEN34bf2qevSyWAQvlkSkCl5ELx4r2FZoaphsJ7q4m8TdjVBC/okX/4oXD4qIt/4btx8HbX0w8Pa9GXbmhang2rhu35mZnZtfWFxaLq2srq1vlDe3mjrJFMMGS0SibkLQKHiMDcONwJtUIchQYCt8uBj4rSdUmifxteml2JFwF/OIMzBWCso130AWAPU1l/hIc19JKnXhn1I/UsByz73ND2r2PXSwWRS5DKAIyhW36g5Bp4k3JhUyRj0of/vdhGUSY8MEaN323NR0clCGM4FFyc80psAe4A7blsYgUXfy4X0F3bNKl0aJshUbOlR/T+Qgte7J0HZKMPd60huI/3ntzEQnnZzHaWYwZqOPokxQk9BBWLTLFTIjepYAU9zuStk92FyMjbRkQ/AmT54mzcOq51a9q6PK2fk4jiWyQ3bJPvHIMTkjl6ROGoSRZ/JK3smH8+K8OZ/O16h1xhnPbJM/cPo/hBmipg==</latexit><latexit sha1_base64="LdaLrAOGoJQnkyLL2xSJgtTwFI8=">AAACH3icbVBNS8NAEN34bf2qevSyWAQvlkSkCl5ELx4r2FZoaphsJ7q4m8TdjVBC/okX/4oXD4qIt/4btx8HbX0w8Pa9GXbmhang2rhu35mZnZtfWFxaLq2srq1vlDe3mjrJFMMGS0SibkLQKHiMDcONwJtUIchQYCt8uBj4rSdUmifxteml2JFwF/OIMzBWCso130AWAPU1l/hIc19JKnXhn1I/UsByz73ND2r2PXSwWRS5DKAIyhW36g5Bp4k3JhUyRj0of/vdhGUSY8MEaN323NR0clCGM4FFyc80psAe4A7blsYgUXfy4X0F3bNKl0aJshUbOlR/T+Qgte7J0HZKMPd60huI/3ntzEQnnZzHaWYwZqOPokxQk9BBWLTLFTIjepYAU9zuStk92FyMjbRkQ/AmT54mzcOq51a9q6PK2fk4jiWyQ3bJPvHIMTkjl6ROGoSRZ/JK3smH8+K8OZ/O16h1xhnPbJM/cPo/hBmipg==</latexit>

Coherence:

�a ' 200 m
10�6 eV

ma
<latexit sha1_base64="GjSehWKTOFs0LsVUJvZtFdvo3rQ="></latexit><latexit sha1_base64="GjSehWKTOFs0LsVUJvZtFdvo3rQ="></latexit><latexit sha1_base64="GjSehWKTOFs0LsVUJvZtFdvo3rQ="></latexit><latexit sha1_base64="GjSehWKTOFs0LsVUJvZtFdvo3rQ="></latexit>

Max Exp. Size:

<latexit sha1_base64="I2uHk4Gh0/W8bhgNPLh4xSbTKis="></latexit>

a(t) '
p
2⇢DM

ma
cos(!at+ �)

ALP DARK MATTER IN THE LAB



Produced Colder than the SM (even if not via misalignment)

Ea ⇡ ma

<latexit sha1_base64="TvkrkA8VUQx3UpmD9HCMX/bjhFE=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquCOqtKILHCvYD2mWZTbNtaDZZkqxYS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZF6WcaeN5305hZXVtfaO4Wdra3tktu3v7TS0zRWiDSC5VOwJNORO0YZjhtJ0qCknEaSsaXk/91gNVmklxb0YpDRLoCxYzAsZKoVu+CQF3IU2VfMRJCKFb8areDHiZ+DmpoBz10P3q9iTJEioM4aB1x/dSE4xBGUY4nZS6maYpkCH0acdSAQnVwXh2+AQfW6WHY6lsCYNn6u+JMSRaj5LIdiZgBnrRm4r/eZ3MxBfBmIk0M1SQ+aI449hIPE0B95iixPCRJUAUs7diMgAFxNisSjYEf/HlZdI8rfpn1cu7s0rtKo+jiA7RETpBPjpHNXSL6qiBCMrQM3pFb86T8+K8Ox/z1oKTzxygP3A+fwAHx5K1</latexit>

ALP DARK MATTER IN THE LAB



Produced Colder than the SM (even if not via misalignment)

Ea ⇡ ma

<latexit sha1_base64="TvkrkA8VUQx3UpmD9HCMX/bjhFE=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquCOqtKILHCvYD2mWZTbNtaDZZkqxYS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZF6WcaeN5305hZXVtfaO4Wdra3tktu3v7TS0zRWiDSC5VOwJNORO0YZjhtJ0qCknEaSsaXk/91gNVmklxb0YpDRLoCxYzAsZKoVu+CQF3IU2VfMRJCKFb8areDHiZ+DmpoBz10P3q9iTJEioM4aB1x/dSE4xBGUY4nZS6maYpkCH0acdSAQnVwXh2+AQfW6WHY6lsCYNn6u+JMSRaj5LIdiZgBnrRm4r/eZ3MxBfBmIk0M1SQ+aI449hIPE0B95iixPCRJUAUs7diMgAFxNisSjYEf/HlZdI8rfpn1cu7s0rtKo+jiA7RETpBPjpHNXSL6qiBCMrQM3pFb86T8+K8Ox/z1oKTzxygP3A+fwAHx5K1</latexit>

It acquires a small velocity dispersion from virialization in the Milky Way

<latexit sha1_base64="bb0NW4QoX7Ve0pTf4dIKwuyAbtw=">AAACC3icbVBNS8NAEN34WetX1KOX1SJ4sSRa0GNRD16ECtYWmhg22227dHcTdzeFEnL24l/x4kFBvPoHvPlv3LY5aOuDgcd7M8zMC2NGlXacb2tufmFxabmwUlxdW9/YtLe271SUSEzqOGKRbIZIEUYFqWuqGWnGkiAeMtII+xcjvzEgUtFI3OphTHyOuoJ2KEbaSIG95yna5ShIB0HqSQ4vr7PMSJw8QNe5T49OssAuOWVnDDhL3JyUQI5aYH957QgnnAiNGVKq5Tqx9lMkNcWMZEUvUSRGuI+6pGWoQJwoPx2/ksEDo7RhJ5KmhIZj9fdEirhSQx6aTo50T017I/E/r5XozpmfUhEnmgg8WdRJGNQRHOUC21QSrNnQEIQlNbdC3EMSYW3SK5oQ3OmXZ0njuOxWyq57UylVz/M8CmAX7IND4IJTUAVXoAbqAINH8AxewZv1ZL1Y79bHpHXOymd2wB9Ynz8zVZpd</latexit>

�vDM ' 10�3

<latexit sha1_base64="t4IDX6eTqqFzkLsCwoofV1Y2LS8="></latexit>

Ea ' ma

✓
1 +

v2DM

2

◆

ALP DARK MATTER IN THE LAB



Lots of axions in each frequency bin that we can resolve  
(even more in a De Broglie volume):

Ea ⇡ ma

<latexit sha1_base64="TvkrkA8VUQx3UpmD9HCMX/bjhFE=">AAAB+HicbVBNSwMxEM3Wr1o/uurRS7AInsquCOqtKILHCvYD2mWZTbNtaDZZkqxYS3+JFw+KePWnePPfmLZ70NYHA4/3ZpiZF6WcaeN5305hZXVtfaO4Wdra3tktu3v7TS0zRWiDSC5VOwJNORO0YZjhtJ0qCknEaSsaXk/91gNVmklxb0YpDRLoCxYzAsZKoVu+CQF3IU2VfMRJCKFb8areDHiZ+DmpoBz10P3q9iTJEioM4aB1x/dSE4xBGUY4nZS6maYpkCH0acdSAQnVwXh2+AQfW6WHY6lsCYNn6u+JMSRaj5LIdiZgBnrRm4r/eZ3MxBfBmIk0M1SQ+aI449hIPE0B95iixPCRJUAUs7diMgAFxNisSjYEf/HlZdI8rfpn1cu7s0rtKo+jiA7RETpBPjpHNXSL6qiBCMrQM3pFb86T8+K8Ox/z1oKTzxygP3A+fwAHx5K1</latexit>

<latexit sha1_base64="bb0NW4QoX7Ve0pTf4dIKwuyAbtw=">AAACC3icbVBNS8NAEN34WetX1KOX1SJ4sSRa0GNRD16ECtYWmhg22227dHcTdzeFEnL24l/x4kFBvPoHvPlv3LY5aOuDgcd7M8zMC2NGlXacb2tufmFxabmwUlxdW9/YtLe271SUSEzqOGKRbIZIEUYFqWuqGWnGkiAeMtII+xcjvzEgUtFI3OphTHyOuoJ2KEbaSIG95yna5ShIB0HqSQ4vr7PMSJw8QNe5T49OssAuOWVnDDhL3JyUQI5aYH957QgnnAiNGVKq5Tqx9lMkNcWMZEUvUSRGuI+6pGWoQJwoPx2/ksEDo7RhJ5KmhIZj9fdEirhSQx6aTo50T017I/E/r5XozpmfUhEnmgg8WdRJGNQRHOUC21QSrNnQEIQlNbdC3EMSYW3SK5oQ3OmXZ0njuOxWyq57UylVz/M8CmAX7IND4IJTUAVXoAbqAINH8AxewZv1ZL1Y79bHpHXOymd2wB9Ynz8zVZpd</latexit>

�vDM ' 10�3

<latexit sha1_base64="t4IDX6eTqqFzkLsCwoofV1Y2LS8="></latexit>

Ea ' ma

✓
1 +

v2DM

2

◆

<latexit sha1_base64="DFztqpc/knzrCEhR+W0BxHLJq7k="></latexit>

�Na ' ⇢DMV

m2
atintv

2
DM

' 1024
✓
10�14 eV

ma

◆2 ✓
year

tint

◆✓
V

m3

◆

Produced Colder than the SM (even if not via misalignment)

It acquires a small velocity dispersion from virialization in the Milky Way

ALP DARK MATTER IN THE LAB



MADMAX and LAMPOST



Figure from PDG and C. O’Hare
 https://doi.org/10.5281/ zenodo.3932430.
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DM Radio

CASPER



Figure from PDG and C. O’Hare
 https://doi.org/10.5281/ zenodo.3932430.

Valid for QCD Axion!



CASPER
<latexit sha1_base64="4yW+hsNrZb3RQ+rd0NlK2/Q779I=">AAACHHicbVDLSgNBEJyNrxhfUY9eBoPgKexqUI+iCDlJBBOFbFh6J71xyMzuOjMrhCUf4sVf8eJBES8eBP/GyePgq6ChqOqmuytMBdfGdT+dwszs3PxCcbG0tLyyulZe32jpJFMMmywRiboOQaPgMTYNNwKvU4UgQ4FXYf905F/dodI8iS/NIMWOhF7MI87AWCko79epr7nEW+pHClgOw1wG5zQKYEj9O2QjtyeB+qybmIlyFpQrbtUdg/4l3pRUyBSNoPzudxOWSYwNE6B123NT08lBGc4EDkt+pjEF1oceti2NQaLu5OPnhnTHKl0aJcpWbOhY/T6Rg9R6IEPbKcHc6N/eSPzPa2cmOurkPE4zgzGbLIoyQU1CR0nRLlfIjBhYAkxxeytlN2BDMjbPkg3B+/3yX9Laq3oH1dpFrXJ8Mo2jSLbINtklHjkkx6ROGqRJGLknj+SZvDgPzpPz6rxNWgvOdGaT/IDz8QVa46Dq</latexit>

H ' a

mNfa
~� · ~E

Without the axion you have a magnetisation component  
precessing around B (Larmor frequency)



CASPER
<latexit sha1_base64="4yW+hsNrZb3RQ+rd0NlK2/Q779I=">AAACHHicbVDLSgNBEJyNrxhfUY9eBoPgKexqUI+iCDlJBBOFbFh6J71xyMzuOjMrhCUf4sVf8eJBES8eBP/GyePgq6ChqOqmuytMBdfGdT+dwszs3PxCcbG0tLyyulZe32jpJFMMmywRiboOQaPgMTYNNwKvU4UgQ4FXYf905F/dodI8iS/NIMWOhF7MI87AWCko79epr7nEW+pHClgOw1wG5zQKYEj9O2QjtyeB+qybmIlyFpQrbtUdg/4l3pRUyBSNoPzudxOWSYwNE6B123NT08lBGc4EDkt+pjEF1oceti2NQaLu5OPnhnTHKl0aJcpWbOhY/T6Rg9R6IEPbKcHc6N/eSPzPa2cmOurkPE4zgzGbLIoyQU1CR0nRLlfIjBhYAkxxeytlN2BDMjbPkg3B+/3yX9Laq3oH1dpFrXJ8Mo2jSLbINtklHjkkx6ROGqRJGLknj+SZvDgPzpPz6rxNWgvOdGaT/IDz8QVa46Dq</latexit>

H ' a

mNfa
~� · ~E



CASPER
<latexit sha1_base64="4yW+hsNrZb3RQ+rd0NlK2/Q779I=">AAACHHicbVDLSgNBEJyNrxhfUY9eBoPgKexqUI+iCDlJBBOFbFh6J71xyMzuOjMrhCUf4sVf8eJBES8eBP/GyePgq6ChqOqmuytMBdfGdT+dwszs3PxCcbG0tLyyulZe32jpJFMMmywRiboOQaPgMTYNNwKvU4UgQ4FXYf905F/dodI8iS/NIMWOhF7MI87AWCko79epr7nEW+pHClgOw1wG5zQKYEj9O2QjtyeB+qybmIlyFpQrbtUdg/4l3pRUyBSNoPzudxOWSYwNE6B123NT08lBGc4EDkt+pjEF1oceti2NQaLu5OPnhnTHKl0aJcpWbOhY/T6Rg9R6IEPbKcHc6N/eSPzPa2cmOurkPE4zgzGbLIoyQU1CR0nRLlfIjBhYAkxxeytlN2BDMjbPkg3B+/3yX9Laq3oH1dpFrXJ8Mo2jSLbINtklHjkkx6ROGqRJGLknj+SZvDgPzpPz6rxNWgvOdGaT/IDz8QVa46Dq</latexit>

H ' a

mNfa
~� · ~E



DANCE
Obata, Fujita, Michimura, ‘18


