


Consider a 2-level atom
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Excited State

Ground State
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Photon Absorption: Excited State

Ground State

Mom. kick

Consider a 2-level atom
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Photon Absorption:

Stimulated Emission:

Excited State

Ground State

Excited State

Ground State

Consider a 2-level atom

Mom. kick

Mom. kick



Rabi oscillations

5

“Mirror” pulse:

“Beam-splitter” pulse:



6

Mach-Zehnder 
interferometer 

Interferometer sequence

Image atom fringes 
and measure phase

Leading order phase depends 
on gravitational acceleration

<latexit sha1_base64="MdHeHbC+4mnpYdifBihkJL1HSvA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkSHUjFN24ESr0hU0Mk+mkHTqZhJmJUELd+CtuXCji1r9w5984abPQ1gMXDufcy733+DGjUlnWt1FYWl5ZXSuulzY2t7Z3zN29towSgUkLRywSXR9JwignLUUVI91YEBT6jHT80VXmdx6IkDTiTTWOiRuiAacBxUhpyTMPnHhIPSdEaijC9OZuAi/gaNC8r3pm2apYU8BFYuekDHI0PPPL6Uc4CQlXmCEpe7YVKzdFQlHMyKTkJJLECI/QgPQ05Sgk0k2nH0zgsVb6MIiELq7gVP09kaJQynHo687sVDnvZeJ/Xi9RwbmbUh4ninA8WxQkDKoIZnHAPhUEKzbWBGFB9a0QD5FAWOnQSjoEe/7lRdKuVuxapXZ7Wq5f5nEUwSE4AifABmegDq5BA7QABo/gGbyCN+PJeDHejY9Za8HIZ/bBHxifP5p+llk=</latexit>

�MZ = kgT 2
“Mirror”

“Beam-splitter”

“Beam-splitter”
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8
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Mach-Zehnder 
interferometer 

Interferometer sequence

Image atom fringes 
and measure phase

Leading order phase depends 
on gravitational acceleration

<latexit sha1_base64="MdHeHbC+4mnpYdifBihkJL1HSvA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkSHUjFN24ESr0hU0Mk+mkHTqZhJmJUELd+CtuXCji1r9w5984abPQ1gMXDufcy733+DGjUlnWt1FYWl5ZXSuulzY2t7Z3zN29towSgUkLRywSXR9JwignLUUVI91YEBT6jHT80VXmdx6IkDTiTTWOiRuiAacBxUhpyTMPnHhIPSdEaijC9OZuAi/gaNC8r3pm2apYU8BFYuekDHI0PPPL6Uc4CQlXmCEpe7YVKzdFQlHMyKTkJJLECI/QgPQ05Sgk0k2nH0zgsVb6MIiELq7gVP09kaJQynHo687sVDnvZeJ/Xi9RwbmbUh4ninA8WxQkDKoIZnHAPhUEKzbWBGFB9a0QD5FAWOnQSjoEe/7lRdKuVuxapXZ7Wq5f5nEUwSE4AifABmegDq5BA7QABo/gGbyCN+PJeDHejY9Za8HIZ/bBHxifP5p+llk=</latexit>

�MZ = kgT 2
“Mirror”

“Beam-splitter”

“Beam-splitter”



What can we measure?

11

Atom-light 
interactions Gravitational field Time

<latexit sha1_base64="MdHeHbC+4mnpYdifBihkJL1HSvA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkSHUjFN24ESr0hU0Mk+mkHTqZhJmJUELd+CtuXCji1r9w5984abPQ1gMXDufcy733+DGjUlnWt1FYWl5ZXSuulzY2t7Z3zN29towSgUkLRywSXR9JwignLUUVI91YEBT6jHT80VXmdx6IkDTiTTWOiRuiAacBxUhpyTMPnHhIPSdEaijC9OZuAi/gaNC8r3pm2apYU8BFYuekDHI0PPPL6Uc4CQlXmCEpe7YVKzdFQlHMyKTkJJLECI/QgPQ05Sgk0k2nH0zgsVb6MIiELq7gVP09kaJQynHo687sVDnvZeJ/Xi9RwbmbUh4ninA8WxQkDKoIZnHAPhUEKzbWBGFB9a0QD5FAWOnQSjoEe/7lRdKuVuxapXZ7Wq5f5nEUwSE4AifABmegDq5BA7QABo/gGbyCN+PJeDHejY9Za8HIZ/bBHxifP5p+llk=</latexit>

�MZ = kgT 2
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Gradiometer phase
<latexit sha1_base64="F9oXFLn63R++6q8iDd7m3i5Nz/Y=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFcGOZKVLdCEVduKxgL9AZhkyaaUMzF5IzQinduPFV3LhQxK3v4M63MdPOQlsP hHz8/zkk5/cTwRVY1rdRWFpeWV0rrpc2Nre2d8zdvZaKU0lZk8Yilh2fKCZ4xJrAQbBOIhkJfcHa/vA689sPTCoeR/cwSpgbkn7EA04JaMkzD50bJoA4yYDjS5xdno1PZ1D1zLJVsaaFF8HOoYzyanjml9OLaRqyCKggSnVtKwF3TCRwKtik5KSKJYQOSZ91NUYkZModT7eY4GOt9HAQS30iwFP198SYhEqNQl93hgQGat7LxP+8bgrBhTvmUZICi+jsoSAVGGKcRYJ7XDIKYqSBUMn1XzEdEEko6OBKOgR7fuVFaFUrdq1Suzsr16/yOIroAB2hE2Sjc1RHt6iBmoiiR/SMXtGb8WS8GO/Gx6y1YOQz++hPGZ8/9raW9g==</latexit>

�� = �1 � �2

Atom 
gradiometer

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡
<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2

<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="Oa2Zgphk9sYlugToYHQ46mj2SsI=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9EomXQxsIiovmA5Ah7m02yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93Z6xbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+alQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJ47zsVcqV+4tS9TqLIw9HcAyn4MElVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/zwONgQ==</latexit>

L/c
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="WAX3ZqZfOjOxJZhj7bdYNmHYK5M=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLEi2DNhYWEfIFyRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCo0+GHi8N8PMvCDmTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG9mfvuRKs2kaJhJTP0IDwULGcHGSq1K4+zunPSLJbfszoH+Ei8jJchQ7xc/ewNJkogKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupQJHVPvp/NopOrHKAIVS2RIGzdWfEymOtJ5Ege2MsBnpZW8m/ud1ExNe+SkTcWKoIItFYcKRkWj2OhowRYnhE0swUczeisgIK0yMDahgQ/CWX/5LWpWyVy1X7y9KtessjjwcwTGcggeXUINbqEMTCDzAE7zAqyOdZ+fNeV+05pxs5hB+wfn4Bk/8jlI=</latexit>

2T � L/c

<latexit sha1_base64="0VwOQgCAX5P4eknFnohVSQB1vqA=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhBsjHci0TJoY2ERIZcEkiPsbfaSJXu7x+6eEI78BhsLRWz9QXb+GzfJFZr4YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHh00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1N/dYTVZpJ0TDjhAYxHggWMYKNlfzG+cMF6ZXKbsWdAS0TLydlyFHvlb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE90EGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNy4pXrVQfr8q12zyOAhzDCZyBB9dQg3uogw8EGDzDK7w5wnlx3p2PeeuKk88cwR84nz/eP44W</latexit>

T � L/c
<latexit sha1_base64="Dx8dUKS07+QTNbX2DE/y4Njv1S0=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSIIQt0VqR6LXjx4qNBtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODptapopQn0guVTvEmnImqG+Y4bSdKIrjkNNWOLqb+q0nqjSTomHGCQ1iPBAsYgQbK/mN84cL0iuV3Yo7A1omXk7KkKPeK311+5KkMRWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LBY6pDrLZsRN0apU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroJMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT9GG4C2+vEyalxWvWqk+XpVrt3kcBTiGEzgDD66hBvdQBx8IMHiGV3hzhPPivDsf89YVJ585gj9wPn8A2zGOFA==</latexit>

T + L/c
<latexit sha1_base64="5+M+AIacoaJEYky9u1GtryVJZ/w=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGyQuSEGYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprvLjwXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHq+FSj4BKbhhuBnVghDX2BbX9yN/fbT6g0j2TDTGPsh3QkecAZNVZ6rDQGxZJbdhcg68TLSAky1AfFr94wYkmI0jBBte56bmz6KVWGM4GzQi/RGFM2oSPsWippiLqfLi6dkQurDEkQKVvSkIX6eyKlodbT0LedITVjverNxf+8bmKCm37KZZwYlGy5KEgEMRGZv02GXCEzYmoJZYrbWwkbU0WZseEUbAje6svrpFUpe9Vy9eGqVLvN4sjDGZzDJXhwDTW4hzo0gUEAz/AKb87EeXHenY9la87JZk7hD5zPHyQojR8=</latexit>

2T

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="fmJim/6l1c2joOyRMFFi07i3Us8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB90X/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1r+jd0=</latexit>ri

<latexit sha1_base64="BkZirS3xLJHdCVdDDlMDKbxoLwk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCnG4zb</latexit>

L

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

<latexit sha1_base64="i0yvkmXSTQoWC93Q/wVD2i9d5bM=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRI9BPXiMYB6QrGF2MpsMmZ1dZnqVsOQ/vHhQxKv/4s2/cfI4aGJBQ1HVTXdXkEhh0HW/naXlldW19dxGfnNre2e3sLdfN3GqGa+xWMa6GVDDpVC8hgIlbyaa0yiQvBEMrsd+45FrI2J1j8OE+xHtKREKRtFKD7ojyClp33CJlOhOoeiW3AnIIvFmpAgzVDuFr3Y3ZmnEFTJJjWl5boJ+RjUKJvko304NTygb0B5vWapoxI2fTa4ekWOrdEkYa1sKyUT9PZHRyJhhFNjOiGLfzHtj8T+vlWJ46WdCJSlyxaaLwlQSjMk4AtIVmjOUQ0so08LeSlifasrQBpW3IXjzLy+S+lnJK5fKd+fFytUsjhwcwhGcgAcXUIFbqEINGGh4hld4c56cF+fd+Zi2LjmzmQP4A+fzB/6OkY4=</latexit>

ri +�r



<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡
<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2

<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="Oa2Zgphk9sYlugToYHQ46mj2SsI=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9EomXQxsIiovmA5Ah7m02yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93Z6xbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+alQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJ47zsVcqV+4tS9TqLIw9HcAyn4MElVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/zwONgQ==</latexit>

L/c
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="WAX3ZqZfOjOxJZhj7bdYNmHYK5M=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLEi2DNhYWEfIFyRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCo0+GHi8N8PMvCDmTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG9mfvuRKs2kaJhJTP0IDwULGcHGSq1K4+zunPSLJbfszoH+Ei8jJchQ7xc/ewNJkogKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupQJHVPvp/NopOrHKAIVS2RIGzdWfEymOtJ5Ege2MsBnpZW8m/ud1ExNe+SkTcWKoIItFYcKRkWj2OhowRYnhE0swUczeisgIK0yMDahgQ/CWX/5LWpWyVy1X7y9KtessjjwcwTGcggeXUINbqEMTCDzAE7zAqyOdZ+fNeV+05pxs5hB+wfn4Bk/8jlI=</latexit>

2T � L/c

<latexit sha1_base64="0VwOQgCAX5P4eknFnohVSQB1vqA=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhBsjHci0TJoY2ERIZcEkiPsbfaSJXu7x+6eEI78BhsLRWz9QXb+GzfJFZr4YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHh00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1N/dYTVZpJ0TDjhAYxHggWMYKNlfzG+cMF6ZXKbsWdAS0TLydlyFHvlb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE90EGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNy4pXrVQfr8q12zyOAhzDCZyBB9dQg3uogw8EGDzDK7w5wnlx3p2PeeuKk88cwR84nz/eP44W</latexit>

T � L/c
<latexit sha1_base64="Dx8dUKS07+QTNbX2DE/y4Njv1S0=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSIIQt0VqR6LXjx4qNBtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODptapopQn0guVTvEmnImqG+Y4bSdKIrjkNNWOLqb+q0nqjSTomHGCQ1iPBAsYgQbK/mN84cL0iuV3Yo7A1omXk7KkKPeK311+5KkMRWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LBY6pDrLZsRN0apU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroJMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT9GG4C2+vEyalxWvWqk+XpVrt3kcBTiGEzgDD66hBvdQBx8IMHiGV3hzhPPivDsf89YVJ585gj9wPn8A2zGOFA==</latexit>

T + L/c
<latexit sha1_base64="5+M+AIacoaJEYky9u1GtryVJZ/w=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGyQuSEGYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprvLjwXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHq+FSj4BKbhhuBnVghDX2BbX9yN/fbT6g0j2TDTGPsh3QkecAZNVZ6rDQGxZJbdhcg68TLSAky1AfFr94wYkmI0jBBte56bmz6KVWGM4GzQi/RGFM2oSPsWippiLqfLi6dkQurDEkQKVvSkIX6eyKlodbT0LedITVjverNxf+8bmKCm37KZZwYlGy5KEgEMRGZv02GXCEzYmoJZYrbWwkbU0WZseEUbAje6svrpFUpe9Vy9eGqVLvN4sjDGZzDJXhwDTW4hzo0gUEAz/AKb87EeXHenY9la87JZk7hD5zPHyQojR8=</latexit>

2T

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="fmJim/6l1c2joOyRMFFi07i3Us8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB90X/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1r+jd0=</latexit>ri

<latexit sha1_base64="BkZirS3xLJHdCVdDDlMDKbxoLwk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCnG4zb</latexit>

L

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

<latexit sha1_base64="i0yvkmXSTQoWC93Q/wVD2i9d5bM=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRI9BPXiMYB6QrGF2MpsMmZ1dZnqVsOQ/vHhQxKv/4s2/cfI4aGJBQ1HVTXdXkEhh0HW/naXlldW19dxGfnNre2e3sLdfN3GqGa+xWMa6GVDDpVC8hgIlbyaa0yiQvBEMrsd+45FrI2J1j8OE+xHtKREKRtFKD7ojyClp33CJlOhOoeiW3AnIIvFmpAgzVDuFr3Y3ZmnEFTJJjWl5boJ+RjUKJvko304NTygb0B5vWapoxI2fTa4ekWOrdEkYa1sKyUT9PZHRyJhhFNjOiGLfzHtj8T+vlWJ46WdCJSlyxaaLwlQSjMk4AtIVmjOUQ0so08LeSlifasrQBpW3IXjzLy+S+lnJK5fKd+fFytUsjhwcwhGcgAcXUIFbqEINGGh4hld4c56cF+fd+Zi2LjmzmQP4A+fzB/6OkY4=</latexit>

ri +�r

13

<latexit sha1_base64="F9oXFLn63R++6q8iDd7m3i5Nz/Y=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFcGOZKVLdCEVduKxgL9AZhkyaaUMzF5IzQinduPFV3LhQxK3v4M63MdPOQlsP hHz8/zkk5/cTwRVY1rdRWFpeWV0rrpc2Nre2d8zdvZaKU0lZk8Yilh2fKCZ4xJrAQbBOIhkJfcHa/vA689sPTCoeR/cwSpgbkn7EA04JaMkzD50bJoA4yYDjS5xdno1PZ1D1zLJVsaaFF8HOoYzyanjml9OLaRqyCKggSnVtKwF3TCRwKtik5KSKJYQOSZ91NUYkZModT7eY4GOt9HAQS30iwFP198SYhEqNQl93hgQGat7LxP+8bgrBhTvmUZICi+jsoSAVGGKcRYJ7XDIKYqSBUMn1XzEdEEko6OBKOgR7fuVFaFUrdq1Suzsr16/yOIroAB2hE2Sjc1RHt6iBmoiiR/SMXtGb8WS8GO/Gx6y1YOQz++hPGZ8/9raW9g==</latexit>

�� = �1 � �2

Atom cloud

Test masses

Gradiometer phase



14

Longer 
baseline

<latexit sha1_base64="BkZirS3xLJHdCVdDDlMDKbxoLwk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCnG4zb</latexit>

L

Longer time 
of flight

<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T

More 
sensitivity

<latexit sha1_base64="F9oXFLn63R++6q8iDd7m3i5Nz/Y=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFcGOZKVLdCEVduKxgL9AZhkyaaUMzF5IzQinduPFV3LhQxK3v4M63MdPOQlsPhHz8/zkk5/cTwRVY1rdRWFpeWV0rrpc2Nre2d8zdvZaKU0lZk8Yilh2fKCZ4xJrAQbBOIhkJfcHa/vA689sPTCoeR/cwSpgbkn7EA04JaMkzD50bJoA4yYDjS5xdno1PZ1D1zLJVsaaFF8HOoYzyanjml9OLaRqyCKggSnVtKwF3TCRwKtik5KSKJYQOSZ91NUYkZModT7eY4GOt9HAQS30iwFP198SYhEqNQl93hgQGat7LxP+8bgrBhTvmUZICi+jsoSAVGGKcRYJ7XDIKYqSBUMn1XzEdEEko6OBKOgR7fuVFaFUrdq1Suzsr16/yOIroAB2hE2Sjc1RHt6iBmoiiR/SMXtGb8WS8GO/Gx6y1YOQz++hPGZ8/9raW9g==</latexit>

�� = �1 � �2

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡
<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2

<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="Oa2Zgphk9sYlugToYHQ46mj2SsI=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9EomXQxsIiovmA5Ah7m02yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93Z6xbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+alQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJ47zsVcqV+4tS9TqLIw9HcAyn4MElVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/zwONgQ==</latexit>

L/c
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="WAX3ZqZfOjOxJZhj7bdYNmHYK5M=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLEi2DNhYWEfIFyRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCo0+GHi8N8PMvCDmTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG9mfvuRKs2kaJhJTP0IDwULGcHGSq1K4+zunPSLJbfszoH+Ei8jJchQ7xc/ewNJkogKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupQJHVPvp/NopOrHKAIVS2RIGzdWfEymOtJ5Ege2MsBnpZW8m/ud1ExNe+SkTcWKoIItFYcKRkWj2OhowRYnhE0swUczeisgIK0yMDahgQ/CWX/5LWpWyVy1X7y9KtessjjwcwTGcggeXUINbqEMTCDzAE7zAqyOdZ+fNeV+05pxs5hB+wfn4Bk/8jlI=</latexit>

2T � L/c

<latexit sha1_base64="0VwOQgCAX5P4eknFnohVSQB1vqA=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhBsjHci0TJoY2ERIZcEkiPsbfaSJXu7x+6eEI78BhsLRWz9QXb+GzfJFZr4YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHh00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1N/dYTVZpJ0TDjhAYxHggWMYKNlfzG+cMF6ZXKbsWdAS0TLydlyFHvlb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE90EGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNy4pXrVQfr8q12zyOAhzDCZyBB9dQg3uogw8EGDzDK7w5wnlx3p2PeeuKk88cwR84nz/eP44W</latexit>

T � L/c
<latexit sha1_base64="Dx8dUKS07+QTNbX2DE/y4Njv1S0=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSIIQt0VqR6LXjx4qNBtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODptapopQn0guVTvEmnImqG+Y4bSdKIrjkNNWOLqb+q0nqjSTomHGCQ1iPBAsYgQbK/mN84cL0iuV3Yo7A1omXk7KkKPeK311+5KkMRWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LBY6pDrLZsRN0apU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroJMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT9GG4C2+vEyalxWvWqk+XpVrt3kcBTiGEzgDD66hBvdQBx8IMHiGV3hzhPPivDsf89YVJ585gj9wPn8A2zGOFA==</latexit>

T + L/c
<latexit sha1_base64="5+M+AIacoaJEYky9u1GtryVJZ/w=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGyQuSEGYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprvLjwXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHq+FSj4BKbhhuBnVghDX2BbX9yN/fbT6g0j2TDTGPsh3QkecAZNVZ6rDQGxZJbdhcg68TLSAky1AfFr94wYkmI0jBBte56bmz6KVWGM4GzQi/RGFM2oSPsWippiLqfLi6dkQurDEkQKVvSkIX6eyKlodbT0LedITVjverNxf+8bmKCm37KZZwYlGy5KEgEMRGZv02GXCEzYmoJZYrbWwkbU0WZseEUbAje6svrpFUpe9Vy9eGqVLvN4sjDGZzDJXhwDTW4hzo0gUEAz/AKb87EeXHenY9la87JZk7hD5zPHyQojR8=</latexit>

2T

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="fmJim/6l1c2joOyRMFFi07i3Us8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB90X/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1r+jd0=</latexit>ri

<latexit sha1_base64="BkZirS3xLJHdCVdDDlMDKbxoLwk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCnG4zb</latexit>

L

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t



<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡
<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2

<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="Oa2Zgphk9sYlugToYHQ46mj2SsI=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9EomXQxsIiovmA5Ah7m02yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93Z6xbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+alQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJ47zsVcqV+4tS9TqLIw9HcAyn4MElVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/zwONgQ==</latexit>

L/c
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="WAX3ZqZfOjOxJZhj7bdYNmHYK5M=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLEi2DNhYWEfIFyRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCo0+GHi8N8PMvCDmTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG9mfvuRKs2kaJhJTP0IDwULGcHGSq1K4+zunPSLJbfszoH+Ei8jJchQ7xc/ewNJkogKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupQJHVPvp/NopOrHKAIVS2RIGzdWfEymOtJ5Ege2MsBnpZW8m/ud1ExNe+SkTcWKoIItFYcKRkWj2OhowRYnhE0swUczeisgIK0yMDahgQ/CWX/5LWpWyVy1X7y9KtessjjwcwTGcggeXUINbqEMTCDzAE7zAqyOdZ+fNeV+05pxs5hB+wfn4Bk/8jlI=</latexit>

2T � L/c

<latexit sha1_base64="0VwOQgCAX5P4eknFnohVSQB1vqA=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhBsjHci0TJoY2ERIZcEkiPsbfaSJXu7x+6eEI78BhsLRWz9QXb+GzfJFZr4YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHh00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1N/dYTVZpJ0TDjhAYxHggWMYKNlfzG+cMF6ZXKbsWdAS0TLydlyFHvlb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE90EGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNy4pXrVQfr8q12zyOAhzDCZyBB9dQg3uogw8EGDzDK7w5wnlx3p2PeeuKk88cwR84nz/eP44W</latexit>

T � L/c
<latexit sha1_base64="Dx8dUKS07+QTNbX2DE/y4Njv1S0=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSIIQt0VqR6LXjx4qNBtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODptapopQn0guVTvEmnImqG+Y4bSdKIrjkNNWOLqb+q0nqjSTomHGCQ1iPBAsYgQbK/mN84cL0iuV3Yo7A1omXk7KkKPeK311+5KkMRWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LBY6pDrLZsRN0apU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroJMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT9GG4C2+vEyalxWvWqk+XpVrt3kcBTiGEzgDD66hBvdQBx8IMHiGV3hzhPPivDsf89YVJ585gj9wPn8A2zGOFA==</latexit>

T + L/c
<latexit sha1_base64="5+M+AIacoaJEYky9u1GtryVJZ/w=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGyQuSEGYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprvLjwXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHq+FSj4BKbhhuBnVghDX2BbX9yN/fbT6g0j2TDTGPsh3QkecAZNVZ6rDQGxZJbdhcg68TLSAky1AfFr94wYkmI0jBBte56bmz6KVWGM4GzQi/RGFM2oSPsWippiLqfLi6dkQurDEkQKVvSkIX6eyKlodbT0LedITVjverNxf+8bmKCm37KZZwYlGy5KEgEMRGZv02GXCEzYmoJZYrbWwkbU0WZseEUbAje6svrpFUpe9Vy9eGqVLvN4sjDGZzDJXhwDTW4hzo0gUEAz/AKb87EeXHenY9la87JZk7hD5zPHyQojR8=</latexit>

2T

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="fmJim/6l1c2joOyRMFFi07i3Us8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB90X/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1r+jd0=</latexit>ri

<latexit sha1_base64="BkZirS3xLJHdCVdDDlMDKbxoLwk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCnG4zb</latexit>

L

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

<latexit sha1_base64="i0yvkmXSTQoWC93Q/wVD2i9d5bM=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRI9BPXiMYB6QrGF2MpsMmZ1dZnqVsOQ/vHhQxKv/4s2/cfI4aGJBQ1HVTXdXkEhh0HW/naXlldW19dxGfnNre2e3sLdfN3GqGa+xWMa6GVDDpVC8hgIlbyaa0yiQvBEMrsd+45FrI2J1j8OE+xHtKREKRtFKD7ojyClp33CJlOhOoeiW3AnIIvFmpAgzVDuFr3Y3ZmnEFTJJjWl5boJ+RjUKJvko304NTygb0B5vWapoxI2fTa4ekWOrdEkYa1sKyUT9PZHRyJhhFNjOiGLfzHtj8T+vlWJ46WdCJSlyxaaLwlQSjMk4AtIVmjOUQ0so08LeSlifasrQBpW3IXjzLy+S+lnJK5fKd+fFytUsjhwcwhGcgAcXUIFbqEINGGh4hld4c56cF+fd+Zi2LjmzmQP4A+fzB/6OkY4=</latexit>

ri +�r

15

<latexit sha1_base64="ZzscB+LsCcXzCo9sYavZ1dhlVHs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V2lpoQ9lsJu3SzSbuboRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Q2zThFP6YDySPOqLFSpxeiMJQ0++WKW3XnIKvEy0kFcjT65a9emLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EBdi2VNEbtT+b3TsmZVUISJcqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/Xjcz0bU/4TLNDEq2WBRlgpiEzJ4nIVfIjBhbQpni9lbChlRRZmxEJRuCt/zyKmlfVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w+Tx4+v</latexit>

�T

Gravitational 
waves

<latexit sha1_base64="AMcDy3Vw8DDj/vmoUiIUDGULFyw=">AAACGXicbVDLSsNAFJ3UV62vqEs3g0VwVRKR6rLoxkUXFfqCJpTJZNIOnZmEmYlQQn7Djb/ixoUiLnXl3zhts9DWAxcO59zLvfcECaNKO863VVpb39jcKm9Xdnb39g/sw6OuilOJSQfHLJb9ACnCqCAdTTUj/UQSxANGesHkdub3HohUNBZtPU2Iz9FI0IhipI00tJ2xpyiHXiQRzryQMI1gM8+aOVzV23nWzod21ak5c8BV4hakCgq0hvanF8Y45URozJBSA9dJtJ8hqSlmJK94qSIJwhM0IgNDBeJE+dn8sxyeGSWEUSxNCQ3n6u+JDHGlpjwwnRzpsVr2ZuJ/3iDV0bWfUZGkmgi8WBSlDOoYzmKCIZUEazY1BGFJza0Qj5EJQ5swKyYEd/nlVdK9qLn1Wv3+stq4KeIogxNwCs6BC65AA9yBFugADB7BM3gFb9aT9WK9Wx+L1pJVzByDP7C+fgC2u6DE</latexit>

h ⇠ �L

L
⇠ �T

T

GW strain modifies laser propagation

Change in pulse timings 
affects phase
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v ‘Mid-band’ sensitivity 
between LIGO and LISA.

Gravitational 
waves



Dark matter

17



What we know

18

Relative abundance + speed distribution



What we don’t

19

Spin = ?
Mass = ?
Parity = ?
Charge = ?
Interactions with SM = ?
Production mechanism = ?



A lot of parameter space!

20

0

Mass

1

2

Spin
?

??
?
?

?



A lot of parameter space!

21

0

Mass

1

2

Spin
?

??
?
?

?
Particle dark matter

AION Sensitivity

Ultra-light dark matter



?
??
?
?

?

A lot of parameter space!

22

0

Mass

1

2

Spin

Scalar: dilaton 

Vector: dark photon 

Tensor: dark graviton 



A classical ULDM field

23

Ultralight mass means a high occupation number

Can describe as a classical field

Frequency given by ULDM mass
 (with small velocity correction)

Badurina et al. arxiv: 2109.10965

<latexit sha1_base64="vwkifHI7x53ii55ULH0yPL4dbpw="></latexit>

'(t,x) ⇠ cos(!'t� k' · x)
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photon coupling electron coupling

Badurina et al. arxiv: 2109.10965

Atoms in a scalar ULDM field
<latexit sha1_base64="gs0ytOLUlVciftVEDMwZhB62F/g=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFclUSkuiy6ceGign1AE8JkOmmHTiZhZlIIof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpAwKpVtfxtr6xubW9uVneru3v7BoXl03JVxKjDp4JjFoh8gSRjlpKOoYqSfCIKigJFeMLkt/N6UCElj/qiyhHgRGnEaUoyUlnyz5kZIjTFi+f3Md6dIJGPqm3W7Yc9hrRKnJHUo0fbNL3cY4zQiXGGGpBw4dqK8HAlFMSOzqptKkiA8QSMy0JSjiEgvn4efWWdaGVphLPTjypqrvzdyFEmZRYGeLKLKZa8Q//MGqQqvvZzyJFWE48WhMGWWiq2iCWtIBcGKZZogLKjOauExEggr3VdVl+Asf3mVdC8aTrPRfList27KOipwAqdwDg5cQQvuoA0dwJDBM7zCm/FkvBjvxsdidM0od2rwB8bnD0i+lTM=</latexit>

L'
<latexit sha1_base64="gs0ytOLUlVciftVEDMwZhB62F/g=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFclUSkuiy6ceGign1AE8JkOmmHTiZhZlIIof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpAwKpVtfxtr6xubW9uVneru3v7BoXl03JVxKjDp4JjFoh8gSRjlpKOoYqSfCIKigJFeMLkt/N6UCElj/qiyhHgRGnEaUoyUlnyz5kZIjTFi+f3Md6dIJGPqm3W7Yc9hrRKnJHUo0fbNL3cY4zQiXGGGpBw4dqK8HAlFMSOzqptKkiA8QSMy0JSjiEgvn4efWWdaGVphLPTjypqrvzdyFEmZRYGeLKLKZa8Q//MGqQqvvZzyJFWE48WhMGWWiq2iCWtIBcGKZZogLKjOauExEggr3VdVl+Asf3mVdC8aTrPRfList27KOipwAqdwDg5cQQvuoA0dwJDBM7zCm/FkvBjvxsdidM0od2rwB8bnD0i+lTM=</latexit>

L'



25

photon coupling electron coupling

Badurina et al. arxiv: 2109.10965

Atoms in a scalar ULDM field
<latexit sha1_base64="gs0ytOLUlVciftVEDMwZhB62F/g=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFclUSkuiy6ceGign1AE8JkOmmHTiZhZlIIof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpAwKpVtfxtr6xubW9uVneru3v7BoXl03JVxKjDp4JjFoh8gSRjlpKOoYqSfCIKigJFeMLkt/N6UCElj/qiyhHgRGnEaUoyUlnyz5kZIjTFi+f3Md6dIJGPqm3W7Yc9hrRKnJHUo0fbNL3cY4zQiXGGGpBw4dqK8HAlFMSOzqptKkiA8QSMy0JSjiEgvn4efWWdaGVphLPTjypqrvzdyFEmZRYGeLKLKZa8Q//MGqQqvvZzyJFWE48WhMGWWiq2iCWtIBcGKZZogLKjOauExEggr3VdVl+Asf3mVdC8aTrPRfList27KOipwAqdwDg5cQQvuoA0dwJDBM7zCm/FkvBjvxsdidM0od2rwB8bnD0i+lTM=</latexit>

L'
<latexit sha1_base64="gs0ytOLUlVciftVEDMwZhB62F/g=">AAAB/HicbVDLSsNAFL3xWesr2qWbYBFclUSkuiy6ceGign1AE8JkOmmHTiZhZlIIof6KGxeKuPVD3Pk3TtostPXAwOGce7lnTpAwKpVtfxtr6xubW9uVneru3v7BoXl03JVxKjDp4JjFoh8gSRjlpKOoYqSfCIKigJFeMLkt/N6UCElj/qiyhHgRGnEaUoyUlnyz5kZIjTFi+f3Md6dIJGPqm3W7Yc9hrRKnJHUo0fbNL3cY4zQiXGGGpBw4dqK8HAlFMSOzqptKkiA8QSMy0JSjiEgvn4efWWdaGVphLPTjypqrvzdyFEmZRYGeLKLKZa8Q//MGqQqvvZzyJFWE48WhMGWWiq2iCWtIBcGKZZogLKjOauExEggr3VdVl+Asf3mVdC8aTrPRfList27KOipwAqdwDg5cQQvuoA0dwJDBM7zCm/FkvBjvxsdidM0od2rwB8bnD0i+lTM=</latexit>

L'

<latexit sha1_base64="A1e3xxp5DfM934s6JhJVEVkRrMs=">AAACDnicbVDLSgNBEJz1bXxFPXoZDIKChF0R9Sh68ahgHpANoXfSSYbM7C4zvWJY8gVe/BUvHhTx6tmbf+Mk5uCroKGo6qa7K0qVtOT7H97U9Mzs3PzCYmFpeWV1rbi+UbVJZgRWRKISU4/AopIxVkiSwnpqEHSksBb1z0d+7QaNlUl8TYMUmxq6sexIAeSkVnEnbKMiCBONXeChlZqHN2DSntylfR6mOspvh3utYskv+2PwvySYkBKb4LJVfA/bicg0xiQUWNsI/JSaORiSQuGwEGYWUxB96GLD0Rg02mY+fmfId5zS5p3EuIqJj9XvEzloawc6cp0aqGd/eyPxP6+RUeekmcs4zQhj8bWokylOCR9lw9vSoCA1cASEke5WLnpgQJBLsOBCCH6//JdUD8rBUfno6rB0ejaJY4FtsW22ywJ2zE7ZBbtkFSbYHXtgT+zZu/cevRfv9at1ypvMbLIf8N4+AaEvm9o=</latexit>

�! ⇠ '(t,xxx)
<latexit sha1_base64="WJAxtm7bURJm0BWrixTJXf5YGPk=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0lEqseiF48V7Ac0oWw223bp7ibsTgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5USq4Ac/7dkobm1vbO+Xdyt7+weGRe3zSNkmmKWvRRCS6GxHDBFesBRwE66aaERkJ1onG93O/M2Ha8EQ9wTRloSRDxQecErBS33WDmAkgOEhHHAeGy75b9WreAnid+AWpogLNvvsVxAnNJFNABTGm53sphDnRwKlgs0qQGZYSOiZD1rNUEclMmC8un+ELq8R4kGhbCvBC/T2RE2nMVEa2UxIYmVVvLv7n9TIY3IY5V2kGTNHlokEmMCR4HgOOuWYUxNQSQjW3t2I6IppQsGFVbAj+6svrpH1V8+u1+uN1tXFXxFFGZ+gcXSIf3aAGekBN1EIUTdAzekVvTu68OO/Ox7K15BQzp+gPnM8f9nWTPg==</latexit>

�� ⇠



<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡
<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2

<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="Oa2Zgphk9sYlugToYHQ46mj2SsI=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9EomXQxsIiovmA5Ah7m02yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93Z6xbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+alQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJ47zsVcqV+4tS9TqLIw9HcAyn4MElVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/zwONgQ==</latexit>

L/c
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="WAX3ZqZfOjOxJZhj7bdYNmHYK5M=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLEi2DNhYWEfIFyRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCo0+GHi8N8PMvCDmTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG9mfvuRKs2kaJhJTP0IDwULGcHGSq1K4+zunPSLJbfszoH+Ei8jJchQ7xc/ewNJkogKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupQJHVPvp/NopOrHKAIVS2RIGzdWfEymOtJ5Ege2MsBnpZW8m/ud1ExNe+SkTcWKoIItFYcKRkWj2OhowRYnhE0swUczeisgIK0yMDahgQ/CWX/5LWpWyVy1X7y9KtessjjwcwTGcggeXUINbqEMTCDzAE7zAqyOdZ+fNeV+05pxs5hB+wfn4Bk/8jlI=</latexit>

2T � L/c

<latexit sha1_base64="0VwOQgCAX5P4eknFnohVSQB1vqA=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhBsjHci0TJoY2ERIZcEkiPsbfaSJXu7x+6eEI78BhsLRWz9QXb+GzfJFZr4YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHh00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1N/dYTVZpJ0TDjhAYxHggWMYKNlfzG+cMF6ZXKbsWdAS0TLydlyFHvlb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE90EGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNy4pXrVQfr8q12zyOAhzDCZyBB9dQg3uogw8EGDzDK7w5wnlx3p2PeeuKk88cwR84nz/eP44W</latexit>

T � L/c
<latexit sha1_base64="Dx8dUKS07+QTNbX2DE/y4Njv1S0=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSIIQt0VqR6LXjx4qNBtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODptapopQn0guVTvEmnImqG+Y4bSdKIrjkNNWOLqb+q0nqjSTomHGCQ1iPBAsYgQbK/mN84cL0iuV3Yo7A1omXk7KkKPeK311+5KkMRWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LBY6pDrLZsRN0apU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroJMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT9GG4C2+vEyalxWvWqk+XpVrt3kcBTiGEzgDD66hBvdQBx8IMHiGV3hzhPPivDsf89YVJ585gj9wPn8A2zGOFA==</latexit>

T + L/c
<latexit sha1_base64="5+M+AIacoaJEYky9u1GtryVJZ/w=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGyQuSEGYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprvLjwXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHq+FSj4BKbhhuBnVghDX2BbX9yN/fbT6g0j2TDTGPsh3QkecAZNVZ6rDQGxZJbdhcg68TLSAky1AfFr94wYkmI0jBBte56bmz6KVWGM4GzQi/RGFM2oSPsWippiLqfLi6dkQurDEkQKVvSkIX6eyKlodbT0LedITVjverNxf+8bmKCm37KZZwYlGy5KEgEMRGZv02GXCEzYmoJZYrbWwkbU0WZseEUbAje6svrpFUpe9Vy9eGqVLvN4sjDGZzDJXhwDTW4hzo0gUEAz/AKb87EeXHenY9la87JZk7hD5zPHyQojR8=</latexit>

2T

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="fmJim/6l1c2joOyRMFFi07i3Us8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB90X/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1r+jd0=</latexit>ri

<latexit sha1_base64="BkZirS3xLJHdCVdDDlMDKbxoLwk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCnG4zb</latexit>

L

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

<latexit sha1_base64="i0yvkmXSTQoWC93Q/wVD2i9d5bM=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRI9BPXiMYB6QrGF2MpsMmZ1dZnqVsOQ/vHhQxKv/4s2/cfI4aGJBQ1HVTXdXkEhh0HW/naXlldW19dxGfnNre2e3sLdfN3GqGa+xWMa6GVDDpVC8hgIlbyaa0yiQvBEMrsd+45FrI2J1j8OE+xHtKREKRtFKD7ojyClp33CJlOhOoeiW3AnIIvFmpAgzVDuFr3Y3ZmnEFTJJjWl5boJ+RjUKJvko304NTygb0B5vWapoxI2fTa4ekWOrdEkYa1sKyUT9PZHRyJhhFNjOiGLfzHtj8T+vlWJ46WdCJSlyxaaLwlQSjMk4AtIVmjOUQ0so08LeSlifasrQBpW3IXjzLy+S+lnJK5fKd+fFytUsjhwcwhGcgAcXUIFbqEINGGh4hld4c56cF+fd+Zi2LjmzmQP4A+fzB/6OkY4=</latexit>

ri +�r

26

<latexit sha1_base64="ZzscB+LsCcXzCo9sYavZ1dhlVHs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V2lpoQ9lsJu3SzSbuboRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Q2zThFP6YDySPOqLFSpxeiMJQ0++WKW3XnIKvEy0kFcjT65a9emLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EBdi2VNEbtT+b3TsmZVUISJcqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/Xjcz0bU/4TLNDEq2WBRlgpiEzJ4nIVfIjBhbQpni9lbChlRRZmxEJRuCt/zyKmlfVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w+Tx4+v</latexit>

�T

Two sensitivity 
channels

<latexit sha1_base64="NN0yZ8NqzK5vmoUi2aSG5Wj3khg=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9VLx4r2A/oriWbnbahyWZJskpZ+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWqKDSp5FJ1QqKBsxiahhkOnUQBESGHdji6mfrtR1CayfjejBMIBBnErM8oMVZ68CPghvhSwID0rnrlilt1Z8DLxMtJBeVo9MpffiRpKiA2lBOtu56bmCAjyjDKYVLyUw0JoSMygK6lMRGgg2x29QSfWCXCfalsxQbP1N8TGRFaj0VoOwUxQ73oTcX/vG5q+pdBxuIkNRDT+aJ+yrGReBoBjpgCavjYEkIVs7diOiSKUGODKtkQvMWXl0nrrOrVqrW780r9Oo+jiI7QMTpFHrpAdXSLGqiJKFLoGb2iN+fJeXHenY95a8HJZw7RHzifP28Nknw=</latexit>

�!A
<latexit sha1_base64="GTWGqHSWmbdO7B+chEj1mqZa39Q=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT9hVRA449kplr+LN4C4TPydlyFHvlb66/ZimAqWhnGjd8b3EBBlRhlGOk2I31ZgQOiID7FgqiUAdZLODJ+6pVfpuFCtb0rgz9fdERoTWYxHaTkHMUC96U/E/r5Oa6CrImExSg5LOF0Upd03sTr93+0whNXxsCaGK2VtdOiSKUGMzKtoQ/MWXl0nzvOJXK9W7i3LtOo+jAMdwAmfgwyXU4Bbq0AAKAp7hFd4c5bw4787HvHXFyWeO4A+czx8KkZCV</latexit>

|ei

<latexit sha1_base64="l9qoEqA6MR5gFCckd1Qi52Csiq0=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT4OuInLAsVcqexVvBneZ+DkpQ456r/TV7cc0FSgN5UTrju8lJsiIMoxynBS7qcaE0BEZYMdSSQTqIJsdPHFPrdJ3o1jZksadqb8nMiK0HovQdgpihnrRm4r/eZ3URFdBxmSSGpR0vihKuWtid/q922cKqeFjSwhVzN7q0iFRhBqbUdGG4C++vEya5xW/WqneXZRr13kcBTiGEzgDHy6hBrdQhwZQEPAMr/DmKOfFeXc+5q0rTj5zBH/gfP4ADaeQlw==</latexit>

|gi

Interrogation 
time

(GWs)

Atomic 
transition 
frequency

(Scalar ULDM)



?
??
?
?

?

What about spin-2?
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0

Mass

1

2

Spin

Scalar: dilaton 

Vector: dark photon 

Tensor: dark graviton 



Massive graviton dark matter

28



Let’s consider a massive spin-2 ultra-light field

Massive gravity field theory

29

<latexit sha1_base64="IvM0p3N1PVfrJC5eZOepdxj37Ak=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFNCJPptB06mYR5FEron7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TZ5wp7XnfTmljc2t7p7xb2ds/ODxyj0/aKjWS0BZJeSq7MVaUM0FbmmlOu5mkOIk57cTj+7nfmVCpWCqe9DSjYYKHgg0YwdpKkesGEyyzEYvyIDGBMLPIrXo1bwG0TvyCVKFAM3K/gn5KTEKFJhwr1fO9TIc5lpoRTmeVwCiaYTLGQ9qzVOCEqjBfXD5DF1bpo0EqbQmNFurviRwnSk2T2HYmWI/UqjcX//N6Rg9uw5yJzGgqyHLRwHCkUzSPAfWZpETzqSWYSGZvRWSEJSbahlWxIfirL6+T9lXNr9fqj9fVxl0RRxnO4BwuwYcbaMADNKEFBCbwDK/w5uTOi/PufCxbS04xcwp/4Hz+ADodlBA=</latexit>'µ⌫



Let’s consider a massive spin-2 ultra-light field

Massive gravity field theory
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<latexit sha1_base64="IvM0p3N1PVfrJC5eZOepdxj37Ak=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFNCJPptB06mYR5FEron7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TZ5wp7XnfTmljc2t7p7xb2ds/ODxyj0/aKjWS0BZJeSq7MVaUM0FbmmlOu5mkOIk57cTj+7nfmVCpWCqe9DSjYYKHgg0YwdpKkesGEyyzEYvyIDGBMLPIrXo1bwG0TvyCVKFAM3K/gn5KTEKFJhwr1fO9TIc5lpoRTmeVwCiaYTLGQ9qzVOCEqjBfXD5DF1bpo0EqbQmNFurviRwnSk2T2HYmWI/UqjcX//N6Rg9uw5yJzGgqyHLRwHCkUzSPAfWZpETzqSWYSGZvRWSEJSbahlWxIfirL6+T9lXNr9fqj9fVxl0RRxnO4BwuwYcbaMADNKEFBCbwDK/w5uTOi/PufCxbS04xcwp/4Hz+ADodlBA=</latexit>'µ⌫

<latexit sha1_base64="a4MG7VIQig4gpjVUtKgzYBal3w4="></latexit>

LFP = LEH � 1

4
m2

�
'µ⌫'

µ⌫ � '2
�
,

Fierz-Pauli Lagrangian

Lorentz invariant massive spin-2 field



Let’s consider a massive spin-2 ultra-light field

Massive gravity field theory
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<latexit sha1_base64="IvM0p3N1PVfrJC5eZOepdxj37Ak=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFNCJPptB06mYR5FEron7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TZ5wp7XnfTmljc2t7p7xb2ds/ODxyj0/aKjWS0BZJeSq7MVaUM0FbmmlOu5mkOIk57cTj+7nfmVCpWCqe9DSjYYKHgg0YwdpKkesGEyyzEYvyIDGBMLPIrXo1bwG0TvyCVKFAM3K/gn5KTEKFJhwr1fO9TIc5lpoRTmeVwCiaYTLGQ9qzVOCEqjBfXD5DF1bpo0EqbQmNFurviRwnSk2T2HYmWI/UqjcX//N6Rg9uw5yJzGgqyHLRwHCkUzSPAfWZpETzqSWYSGZvRWSEJSbahlWxIfirL6+T9lXNr9fqj9fVxl0RRxnO4BwuwYcbaMADNKEFBCbwDK/w5uTOi/PufCxbS04xcwp/4Hz+ADodlBA=</latexit>'µ⌫

<latexit sha1_base64="a4MG7VIQig4gpjVUtKgzYBal3w4="></latexit>

LFP = LEH � 1

4
m2

�
'µ⌫'

µ⌫ � '2
�
,

Fierz-Pauli Lagrangian

<latexit sha1_base64="LA1PgU8ZLmRx/TcPBbpgMwQPn08="></latexit>

'µ⌫ ! 'µ⌫ + @µ⇠⌫ + @⌫⇠µNeed to recover usual gauge 
transformations of  GR

Lorentz invariant massive spin-2 field



<latexit sha1_base64="ktq0inSnU1QN4NTAkRQHM0SubbY="></latexit>

1

4
m2

⇥
('µ⌫ + 2@(µ�⌫))

2 � ('+ 2@↵�
↵)2

⇤

Let’s consider a massive spin-2 ultra-light field

Massive gravity field theory
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<latexit sha1_base64="IvM0p3N1PVfrJC5eZOepdxj37Ak=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFNCJPptB06mYR5FEron7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TZ5wp7XnfTmljc2t7p7xb2ds/ODxyj0/aKjWS0BZJeSq7MVaUM0FbmmlOu5mkOIk57cTj+7nfmVCpWCqe9DSjYYKHgg0YwdpKkesGEyyzEYvyIDGBMLPIrXo1bwG0TvyCVKFAM3K/gn5KTEKFJhwr1fO9TIc5lpoRTmeVwCiaYTLGQ9qzVOCEqjBfXD5DF1bpo0EqbQmNFurviRwnSk2T2HYmWI/UqjcX//N6Rg9uw5yJzGgqyHLRwHCkUzSPAfWZpETzqSWYSGZvRWSEJSbahlWxIfirL6+T9lXNr9fqj9fVxl0RRxnO4BwuwYcbaMADNKEFBCbwDK/w5uTOi/PufCxbS04xcwp/4Hz+ADodlBA=</latexit>'µ⌫

<latexit sha1_base64="a4MG7VIQig4gpjVUtKgzYBal3w4="></latexit>

LFP = LEH � 1

4
m2

�
'µ⌫'

µ⌫ � '2
�
,

Fierz-Pauli Lagrangian

<latexit sha1_base64="LA1PgU8ZLmRx/TcPBbpgMwQPn08="></latexit>

'µ⌫ ! 'µ⌫ + @µ⇠⌫ + @⌫⇠µNeed to recover usual gauge 
transformations of  GR

Stückelberg fieldsLorentz invariant massive spin-2 field
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<latexit sha1_base64="YUhxDVwAf504g+fn52H0KqIKKO0=">AAACo3icbVFda9swFJW9ry77SrfHvYiFjo5CsMvo+jLoNhiDPSwbSVuIPHOtKMlNJVtIciAY/7H9jL3t30yOTbd+XBAcnXPvudK9mZZoXRT9CcI7d+/df7DzsPfo8ZOnz/q7z09tURouJryQhTnPwAqJuZg4dFKcayNAZVKcZRefGv1sLYzFIh+7jRaJgkWOc+TgPJX2f1G2BqOXmFZRVNPX7yllI4uM9WgX/3Rs9TJFekCZBu MQpL+sb8vGVefWEj8rZhQdj+tWOaCHlwbVPtYf0mr1pr5ie4lWzOJCQSPOhHSwdWAa0/4gGkbboDdB3IEB6WKU9n+zWcFLJXLHJVg7jSPtkqppw6Woe6y0QgO/gIWYepiDEjaptjOu6Z5nZnReGH9yR7fs/xUVKGs3KvOZCtzSXtca8jZtWrr5cVJhrksnct42mpeSuoI2C6MzNII7ufEAuEH/VsqXYIA7v9aeH0J8/cs3wenhMD4aHn1/Ozj52I1jh7wkr8g+ick7ckK+kBGZEB7Q4HPwLRiFe+HX8Ec4blPDoKt5Qa5EmPwFcZDI1w==</latexit>

'00 =  

'0i = ui + @iv

'ij = 'TT
ij + 2@(iAj) + @i@j� + �ij⇡

Express as irreducible fields:

Let’s consider a massive spin-2 ultra-light field
<latexit sha1_base64="IvM0p3N1PVfrJC5eZOepdxj37Ak=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFNCJPptB06mYR5FEron7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TZ5wp7XnfTmljc2t7p7xb2ds/ODxyj0/aKjWS0BZJeSq7MVaUM0FbmmlOu5mkOIk57cTj+7nfmVCpWCqe9DSjYYKHgg0YwdpKkesGEyyzEYvyIDGBMLPIrXo1bwG0TvyCVKFAM3K/gn5KTEKFJhwr1fO9TIc5lpoRTmeVwCiaYTLGQ9qzVOCEqjBfXD5DF1bpo0EqbQmNFurviRwnSk2T2HYmWI/UqjcX//N6Rg9uw5yJzGgqyHLRwHCkUzSPAfWZpETzqSWYSGZvRWSEJSbahlWxIfirL6+T9lXNr9fqj9fVxl0RRxnO4BwuwYcbaMADNKEFBCbwDK/w5uTOi/PufCxbS04xcwp/4Hz+ADodlBA=</latexit>'µ⌫
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<latexit sha1_base64="y4EY9LrD5IgX18lEaEnfoHkI4rQ=">AAADdXichVJdb9MwFHUTPkb56sYLEkIyK0xDSMUpW+mEkAa88FikdptUl8hx3Nad8yHbqVRF+QX8O974G7zwipOUrslAXMnS0bn33HNs2YsFVxqhHw3LvnHz1u2dO8279+4/eNja3TtTUSIpG9FIRPLCI4oJHrKR5lqwi1gyEniCnXuXn/L++ZJJxaNwqFcxmwRkFvIpp0Qbyt1tfIO42JJ6gtDLDC+JjOfcTRHK4HsID/C7q4 GEZRAPFMe4CddVEcMrNa+rJfMzmLi8pngFcUyk5kRst3Kj5f9d+KJwKW1K8muKZQCHw6zs1s26G7f0kGfb0T646aIy/fK6uhZjE3yDFpUrYMVnAbm+xWdCkyJfZTrmbquNOqh3fIJOIOocI6dfAIR6/e4b6BiQVxusa+C2vmM/oknAQk0FUWrsoFhP0jwNFSxr4kSx2NiSGRsbGJKAqUlamGbwhWF8OI2kOaGGBbutSEmg1CrwzGRA9FzVezn5t9440dP+JOVhnGgW0tJomgioI5h/QehzyagWKwMIldxkhXROJKHafNSmeYQ/N4X/BmfdjtPr9L4ctU8/rp9jBzwB++AQOOAtOAWfwQCMAG38tB5bz6x965f91H5uH5SjVmOteQQqZb/+DaMwG+Y=</latexit>

'00 =  

'0i = ui + @iv

'ij = 'TT
ij + 2@(iAj) + @i@j� + �ij⇡

Scalar
Vector

Tensor

Let’s consider a massive spin-2 ultra-light field
<latexit sha1_base64="IvM0p3N1PVfrJC5eZOepdxj37Ak=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFNCJPptB06mYR5FEron7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TZ5wp7XnfTmljc2t7p7xb2ds/ODxyj0/aKjWS0BZJeSq7MVaUM0FbmmlOu5mkOIk57cTj+7nfmVCpWCqe9DSjYYKHgg0YwdpKkesGEyyzEYvyIDGBMLPIrXo1bwG0TvyCVKFAM3K/gn5KTEKFJhwr1fO9TIc5lpoRTmeVwCiaYTLGQ9qzVOCEqjBfXD5DF1bpo0EqbQmNFurviRwnSk2T2HYmWI/UqjcX//N6Rg9uw5yJzGgqyHLRwHCkUzSPAfWZpETzqSWYSGZvRWSEJSbahlWxIfirL6+T9lXNr9fqj9fVxl0RRxnO4BwuwYcbaMADNKEFBCbwDK/w5uTOi/PufCxbS04xcwp/4Hz+ADodlBA=</latexit>'µ⌫

Express as irreducible fields:
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<latexit sha1_base64="y4EY9LrD5IgX18lEaEnfoHkI4rQ=">AAADdXichVJdb9MwFHUTPkb56sYLEkIyK0xDSMUpW+mEkAa88FikdptUl8hx3Nad8yHbqVRF+QX8O974G7zwipOUrslAXMnS0bn33HNs2YsFVxqhHw3LvnHz1u2dO8279+4/eNja3TtTUSIpG9FIRPLCI4oJHrKR5lqwi1gyEniCnXuXn/L++ZJJxaNwqFcxmwRkFvIpp0Qbyt1tfIO42JJ6gtDLDC+JjOfcTRHK4HsID/C7q4 GEZRAPFMe4CddVEcMrNa+rJfMzmLi8pngFcUyk5kRst3Kj5f9d+KJwKW1K8muKZQCHw6zs1s26G7f0kGfb0T646aIy/fK6uhZjE3yDFpUrYMVnAbm+xWdCkyJfZTrmbquNOqh3fIJOIOocI6dfAIR6/e4b6BiQVxusa+C2vmM/oknAQk0FUWrsoFhP0jwNFSxr4kSx2NiSGRsbGJKAqUlamGbwhWF8OI2kOaGGBbutSEmg1CrwzGRA9FzVezn5t9440dP+JOVhnGgW0tJomgioI5h/QehzyagWKwMIldxkhXROJKHafNSmeYQ/N4X/BmfdjtPr9L4ctU8/rp9jBzwB++AQOOAtOAWfwQCMAG38tB5bz6x965f91H5uH5SjVmOteQQqZb/+DaMwG+Y=</latexit>

'00 =  

'0i = ui + @iv

'ij = 'TT
ij + 2@(iAj) + @i@j� + �ij⇡

Scalar
Vector

Tensor

Let’s consider a massive spin-2 ultra-light field
<latexit sha1_base64="IvM0p3N1PVfrJC5eZOepdxj37Ak=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFNCJPptB06mYR5FEron7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TZ5wp7XnfTmljc2t7p7xb2ds/ODxyj0/aKjWS0BZJeSq7MVaUM0FbmmlOu5mkOIk57cTj+7nfmVCpWCqe9DSjYYKHgg0YwdpKkesGEyyzEYvyIDGBMLPIrXo1bwG0TvyCVKFAM3K/gn5KTEKFJhwr1fO9TIc5lpoRTmeVwCiaYTLGQ9qzVOCEqjBfXD5DF1bpo0EqbQmNFurviRwnSk2T2HYmWI/UqjcX//N6Rg9uw5yJzGgqyHLRwHCkUzSPAfWZpETzqSWYSGZvRWSEJSbahlWxIfirL6+T9lXNr9fqj9fVxl0RRxnO4BwuwYcbaMADNKEFBCbwDK/w5uTOi/PufCxbS04xcwp/4Hz+ADodlBA=</latexit>'µ⌫

Express as irreducible fields:
<latexit sha1_base64="lmvevLEpUY9BjH5VZ7lYQczTmMs="></latexit>

ui ! ui + @0⇠
T
i

 !  + 2@0⇠0

⇡ ! ⇡ etc.



<latexit sha1_base64="2JvpxSa+xqWtnj9HZ59+lZXsbnQ="></latexit>

1

4

✓
m2

0'
2
00 + 2m2

1'
2
0i �m2

2'
2
ij +m2

3'
i
i'

j
j � 2m2

4'00'
i
i

◆

Let’s consider a massive spin-2 ultra-light field
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<latexit sha1_base64="IvM0p3N1PVfrJC5eZOepdxj37Ak=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFNCJPptB06mYR5FEron7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TZ5wp7XnfTmljc2t7p7xb2ds/ODxyj0/aKjWS0BZJeSq7MVaUM0FbmmlOu5mkOIk57cTj+7nfmVCpWCqe9DSjYYKHgg0YwdpKkesGEyyzEYvyIDGBMLPIrXo1bwG0TvyCVKFAM3K/gn5KTEKFJhwr1fO9TIc5lpoRTmeVwCiaYTLGQ9qzVOCEqjBfXD5DF1bpo0EqbQmNFurviRwnSk2T2HYmWI/UqjcX//N6Rg9uw5yJzGgqyHLRwHCkUzSPAfWZpETzqSWYSGZvRWSEJSbahlWxIfirL6+T9lXNr9fqj9fVxl0RRxnO4BwuwYcbaMADNKEFBCbwDK/w5uTOi/PufCxbS04xcwp/4Hz+ADodlBA=</latexit>'µ⌫

<latexit sha1_base64="SdDNw5VXshwWUujslZ9t7I4rWOc=">AAACDXicbVDLSsNAFJ3UV62vqEs3g1VwY0lEqhuhKEIXLirYBzQhTKaTduhMEmYmQgn5ATf+ihsXirh1786/cdJ2UVsPDJw5517uvcePGZXKsn6MwtLyyupacb20sbm1vWPu7rVklAhMmjhikej4SBJGQ9JUVDHSiQVB3Gek7Q9vcr/9SISkUfigRjFxOeqHNKAYKS155pHDkRpgxNK7DF7BmZ+XOoLD23oGTz2zbFWsMeAisaekDKZoeOa304twwkmoMENSdm0rVm6KhKKYkazkJJLECA9Rn3Q1DREn0k3H12TwWCs9GERCv1DBsTrbkSIu5Yj7ujLfVs57ufif101UcOmmNIwTRUI8GRQkDKoI5tHAHhUEKzbSBGFB9a4QD5BAWOkASzoEe/7kRdI6q9jVSvX+vFy7nsZRBAfgEJwAG1yAGqiDBmgCDJ7AC3gD78az8Wp8GJ+T0oIx7dkHf2B8/QJbqZsb</latexit>

L = LEH�
Lorentz violating massive spin-2 field
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<latexit sha1_base64="2JvpxSa+xqWtnj9HZ59+lZXsbnQ="></latexit>

1

4

✓
m2

0'
2
00 + 2m2

1'
2
0i �m2

2'
2
ij +m2

3'
i
i'

j
j � 2m2

4'00'
i
i

◆

General LV Lagrangian has 6 
propagating DOF with a ghost
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<latexit sha1_base64="2JvpxSa+xqWtnj9HZ59+lZXsbnQ="></latexit>

1

4

✓
m2

0'
2
00 + 2m2

1'
2
0i �m2

2'
2
ij +m2

3'
i
i'

j
j � 2m2

4'00'
i
i

◆

<latexit sha1_base64="QO16m368j1m9e6c56Ovc0LbWI5o=">AAACHXicbVBNS8MwGE7n15xfVY9egkPwMEY7xxRhMBTE4wS3CescaZZuYWlaklQYZX/Ei3/FiwdFPHgR/41p14NuPpCHJ8/7viTv44aMSmVZ30ZuaXlldS2/XtjY3NreMXf32jKIBCYtHLBA3LlIEkY5aSmqGLkLBUG+y0jHHV8m9c4DEZIG/FZNQtLz0ZBTj2KktNU3q7HjevCqOT13StC/r/QtWIdWKbvY9YQrKZ+kXE3ZLFplKwVcFHYmiiBDs29+OoMARz7hCjMkZde2QtWLkVAUMzItOJEkIcJjNCRdLTnyiezF6XZTeKSdAfQCoQ9XMHV/T8TIl3Liu7rTR2ok52uJ+V+tGynvrBdTHkaKcDx7yIsYVAFMooIDKghWbKIFwoLqv0I8QgJhpQMt6BDs+ZUXRbtStmvl2k212LjI4siDA3AIjoENTkEDXIMmaAEMHsEzeAVvxpPxYrwbH7PWnJHN7IM/ML5+ADFwnao=</latexit>

FP : m2
0 = 0, m2

1 = m2
2 = m2

3 = m2
4 = m2

Recover Fierz-Pauli case
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<latexit sha1_base64="2JvpxSa+xqWtnj9HZ59+lZXsbnQ="></latexit>

1

4

✓
m2

0'
2
00 + 2m2

1'
2
0i �m2

2'
2
ij +m2

3'
i
i'

j
j � 2m2

4'00'
i
i

◆

<latexit sha1_base64="A+pS4IS3emwLp5L7zP5VkrK0lto=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRXJSSiFQRhKIbFy4q2As0IUymk3boZBJnJkIJXbvxVdy4UMStT+DOt3GaZqGtPwx8/OcczpzfjxmVyrK+jcLC4tLySnG1tLa+sbllbu+0ZJQITJo4YpHo+EgSRjlpKqoY6cSCoNBnpO0Pryb19gMRkkb8To1i4oaoz2lAMVLa8sz91PEDeNOyx+dOBYaeDS+gVcnQcji5h5Znlq2qlQnOg51DGeRqeOaX04twEhKuMENSdm0rVm6KhKKYkXHJSSSJER6iPulq5Cgk0k2zU8bwUDs9GERCP65g5v6eSFEo5Sj0dWeI1EDO1ibmf7VuooIzN6U8ThTheLooSBhUEZzkAntUEKzYSAPCguq/QjxAAmGl0yvpEOzZk+ehdVy1a9Xa7Um5fpnHUQR74AAcARucgjq4Bg3QBBg8gmfwCt6MJ+PFeDc+pq0FI5/ZBX9kfP4AGEqXWw==</latexit>

LV1 : m1 = 0, m0 6= 0
<latexit sha1_base64="1XpQJhuhpIpdfnZAus2RkmpggVw=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiuCglKVJFEIpuXLioYC/QhDCZTtqhM0mYmQgldOfGV3HjQhG3voI738ZpmoW2/jDw8Z9zOHN+P2ZUKsv6NgpLyyura8X10sbm1vaOubvXllEiMGnhiEWi6yNJGA1JS1HFSDcWBHGfkY4/up7WOw9ESBqF92ocE5ejQUgDipHSlmcepo4fwNt2bXLhVCD3bHgJrUqGlibPLFtVKxNcBDuHMsjV9Mwvpx/hhJNQYYak7NlWrNwUCUUxI5OSk0gSIzxCA9LTGCJOpJtmd0zgsXb6MIiEfqGCmft7IkVcyjH3dSdHaijna1Pzv1ovUcG5m9IwThQJ8WxRkDCoIjgNBfapIFixsQaEBdV/hXiIBMJKR1fSIdjzJy9Cu1a169X63Wm5cZXHUQQH4AicABucgQa4AU3QAhg8gmfwCt6MJ+PFeDc+Zq0FI5/ZB39kfP4AdJKV2w==</latexit>

LV2 : m1 = 0, m0 = 0
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<latexit sha1_base64="2JvpxSa+xqWtnj9HZ59+lZXsbnQ="></latexit>

1

4

✓
m2

0'
2
00 + 2m2

1'
2
0i �m2

2'
2
ij +m2

3'
i
i'

j
j � 2m2

4'00'
i
i

◆

<latexit sha1_base64="A+pS4IS3emwLp5L7zP5VkrK0lto=">AAACCnicbZDLSsNAFIYn9VbrLerSzWgRXJSSiFQRhKIbFy4q2As0IUymk3boZBJnJkIJXbvxVdy4UMStT+DOt3GaZqGtPwx8/OcczpzfjxmVyrK+jcLC4tLySnG1tLa+sbllbu+0ZJQITJo4YpHo+EgSRjlpKqoY6cSCoNBnpO0Pryb19gMRkkb8To1i4oaoz2lAMVLa8sz91PEDeNOyx+dOBYaeDS+gVcnQcji5h5Znlq2qlQnOg51DGeRqeOaX04twEhKuMENSdm0rVm6KhKKYkXHJSSSJER6iPulq5Cgk0k2zU8bwUDs9GERCP65g5v6eSFEo5Sj0dWeI1EDO1ibmf7VuooIzN6U8ThTheLooSBhUEZzkAntUEKzYSAPCguq/QjxAAmGl0yvpEOzZk+ehdVy1a9Xa7Um5fpnHUQR74AAcARucgjq4Bg3QBBg8gmfwCt6MJ+PFeDc+pq0FI5/ZBX9kfP4AGEqXWw==</latexit>

LV1 : m1 = 0, m0 6= 0
<latexit sha1_base64="1XpQJhuhpIpdfnZAus2RkmpggVw=">AAACB3icbZDLSsNAFIYn9VbrLepSkMEiuCglKVJFEIpuXLioYC/QhDCZTtqhM0mYmQgldOfGV3HjQhG3voI738ZpmoW2/jDw8Z9zOHN+P2ZUKsv6NgpLyyura8X10sbm1vaOubvXllEiMGnhiEWi6yNJGA1JS1HFSDcWBHGfkY4/up7WOw9ESBqF92ocE5ejQUgDipHSlmcepo4fwNt2bXLhVCD3bHgJrUqGlibPLFtVKxNcBDuHMsjV9Mwvpx/hhJNQYYak7NlWrNwUCUUxI5OSk0gSIzxCA9LTGCJOpJtmd0zgsXb6MIiEfqGCmft7IkVcyjH3dSdHaijna1Pzv1ovUcG5m9IwThQJ8WxRkDCoIjgNBfapIFixsQaEBdV/hXiIBMJKR1fSIdjzJy9Cu1a169X63Wm5cZXHUQQH4AicABucgQa4AU3QAhg8gmfwCt6MJ+PFeDc+Zq0FI5/ZB39kfP4AdJKV2w==</latexit>

LV2 : m1 = 0, m0 = 0
<latexit sha1_base64="AxxTrkYI4MwpvTjFRHsG6TPE+NM=">AAACBXicbVC7SgNBFJ2Nrxhfq5ZaDAYhIoRdkWgZtLGMYB6Q3YTZySQZMvtg5q4mLGls/BUbC0Vs/Qc7/8ZJsoUmHrhw5px7mXuPFwmuwLK+jczS8srqWnY9t7G5tb1j7u7VVBhLyqo0FKFseEQxwQNWBQ6CNSLJiO8JVvcG1xO/fs+k4mFwB6OIuT7pBbzLKQEttc3DYYtjR/JeH4iU4QPW71NnyFu8ACdtM28VrSnwIrFTkkcpKm3zy+mENPZZAFQQpZq2FYGbEAmcCjbOObFiEaED0mNNTQPiM+Um0yvG+FgrHdwNpa4A8FT9PZEQX6mR7+lOn0BfzXsT8T+vGUP30k14EMXAAjr7qBsLDCGeRII7XDIKYqQJoZLrXTHtE0ko6OByOgR7/uRFUjsr2qVi6fY8X75K48iiA3SECshGF6iMblAFVRFFj+gZvaI348l4Md6Nj1lrxkhn9tEfGJ8/0aSYJQ==</latexit>

xi ! xi + ⇠i(t)
<latexit sha1_base64="Rdq1Pu2hjiqSPGIMSkR/4Cv8foo=">AAAB+3icbVBNSwMxEM3Wr1q/1nr0EixCvZRdkeqx6MVjBfsB7VKyabYNzSZLMquW0r/ixYMiXv0j3vw3pu0etPXBwOO9GWbmhYngBjzv28mtrW9sbuW3Czu7e/sH7mGxaVSqKWtQJZRuh8QwwSVrAAfB2olmJA4Fa4Wjm5nfemDacCXvYZywICYDySNOCVip5xYBdzUfDIForR5xVIaznlvyKt4ceJX4GSmhDPWe+9XtK5rGTAIVxJiO7yUQTIgGTgWbFrqpYQmhIzJgHUsliZkJJvPbp/jUKn0cKW1LAp6rvycmJDZmHIe2MyYwNMveTPzP66QQXQUTLpMUmKSLRVEqMCg8CwL3uWYUxNgSQjW3t2I6JJpQsHEVbAj+8surpHle8auV6t1FqXadxZFHx+gElZGPLlEN3aI6aiCKntAzekVvztR5cd6dj0VrzslmjtAfOJ8/OvuT7g==</latexit>

t ! f(t)

Protected by residual symmetries

Only tensor modes 
propagate

Tensor, vector, and scalar 
modes propagate!
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<latexit sha1_base64="y4EY9LrD5IgX18lEaEnfoHkI4rQ=">AAADdXichVJdb9MwFHUTPkb56sYLEkIyK0xDSMUpW+mEkAa88FikdptUl8hx3Nad8yHbqVRF+QX8O974G7zwipOUrslAXMnS0bn33HNs2YsFVxqhHw3LvnHz1u2dO8279+4/eNja3TtTUSIpG9FIRPLCI4oJHrKR5lqwi1gyEniCnXuXn/L++ZJJxaNwqFcxmwRkFvIpp0Qbyt1tfIO42JJ6gtDLDC+JjOfcTRHK4HsID/C7q4 GEZRAPFMe4CddVEcMrNa+rJfMzmLi8pngFcUyk5kRst3Kj5f9d+KJwKW1K8muKZQCHw6zs1s26G7f0kGfb0T646aIy/fK6uhZjE3yDFpUrYMVnAbm+xWdCkyJfZTrmbquNOqh3fIJOIOocI6dfAIR6/e4b6BiQVxusa+C2vmM/oknAQk0FUWrsoFhP0jwNFSxr4kSx2NiSGRsbGJKAqUlamGbwhWF8OI2kOaGGBbutSEmg1CrwzGRA9FzVezn5t9440dP+JOVhnGgW0tJomgioI5h/QehzyagWKwMIldxkhXROJKHafNSmeYQ/N4X/BmfdjtPr9L4ctU8/rp9jBzwB++AQOOAtOAWfwQCMAG38tB5bz6x965f91H5uH5SjVmOteQQqZb/+DaMwG+Y=</latexit>

'00 =  

'0i = ui + @iv

'ij = 'TT
ij + 2@(iAj) + @i@j� + �ij⇡

Scalar
Vector

Tensor

Let’s consider a massive spin-2 ultra-light field
<latexit sha1_base64="IvM0p3N1PVfrJC5eZOepdxj37Ak=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiQi1WXRjcsK9gFNCJPptB06mYR5FEron7hxoYhb/8Sdf+O0zUJbD1w4nHMv994TZ5wp7XnfTmljc2t7p7xb2ds/ODxyj0/aKjWS0BZJeSq7MVaUM0FbmmlOu5mkOIk57cTj+7nfmVCpWCqe9DSjYYKHgg0YwdpKkesGEyyzEYvyIDGBMLPIrXo1bwG0TvyCVKFAM3K/gn5KTEKFJhwr1fO9TIc5lpoRTmeVwCiaYTLGQ9qzVOCEqjBfXD5DF1bpo0EqbQmNFurviRwnSk2T2HYmWI/UqjcX//N6Rg9uw5yJzGgqyHLRwHCkUzSPAfWZpETzqSWYSGZvRWSEJSbahlWxIfirL6+T9lXNr9fqj9fVxl0RRxnO4BwuwYcbaMADNKEFBCbwDK/w5uTOi/PufCxbS04xcwp/4Hz+ADodlBA=</latexit>'µ⌫

Express as irreducible fields:



Three normalised fields

42

Scalar

Vector

Tensor

<latexit sha1_base64="0Pl4Egj1GuT03uA4TaB2EmkZmfg="></latexit>

Lt =
1

2

�
e'ij⇤e'ij �m2

t e'ij e'ij

�

Lv =
1

2

⇣
eAi⇤ eAi �m2

v
eAi

eAi

⌘

Ls =
1

2

�
e⇡⇤e⇡ �m2

se⇡2
�



Three classical oscillating fields…
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Scalar

Vector

Tensor
<latexit sha1_base64="++yIL3GknnJdux612A0rX8XjeMk="></latexit>

e'ij(t,x) =
X

�

e'0,�e
�
ij(kt) cos(!tt� kt · x)

eAi(t,x) =
X

�

eA0,�e
�
i (kv) cos(!vt� kv · x)

e⇡(t,x) = e⇡0 cos(!st� ks · x)



Three classical oscillating fields…
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Scalar

Vector

Tensor

Sum over polarisations

<latexit sha1_base64="++yIL3GknnJdux612A0rX8XjeMk="></latexit>

e'ij(t,x) =
X

�

e'0,�e
�
ij(kt) cos(!tt� kt · x)

eAi(t,x) =
X

�

eA0,�e
�
i (kv) cos(!vt� kv · x)

e⇡(t,x) = e⇡0 cos(!st� ks · x)



… each contributing to the local dark matter
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Scalar

Vector

Tensor

<latexit sha1_base64="Vm2hQUnDbycijVhwxMggCvMcMSI="></latexit>

e'0 =

p
2ft⇢DM

mt

eA0 =

p
2fv⇢DM

mv

e⇡0 =

p
2fs⇢DM

ms



… each contributing to the local dark matter
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Scalar

Vector

Tensor

<latexit sha1_base64="Vm2hQUnDbycijVhwxMggCvMcMSI="></latexit>

e'0 =

p
2ft⇢DM

mt

eA0 =

p
2fv⇢DM

mv

e⇡0 =

p
2fs⇢DM

ms

Fraction of total 
dark matter

<latexit sha1_base64="lPq2ex1oukmM6yPZPwgTl4vtxq4=">AAACAHicbVDLSgMxFM3UV62vURcu3ASLIBTKjEh1IxTduKxgW6EdSibNtKGZzJDcKZRhNv6KGxeKuPUz3Pk3pu0stPVAcg/n3Etyjx8LrsFxvq3Cyura+kZxs7S1vbO7Z+8ftHSUKMqaNBKRevSJZoJL1gQOgj3GipHQF6ztj26nfnvMlOaRfIBJzLyQDCQPOCVgpJ59FPRSyHAFmzrOKubWGb7Gbs8uO1VnBrxM3JyUUY5Gz/7q9iOahEwCFUTrjuvE4KVEAaeCZaVuollM6IgMWMdQSUKmvXS2QIZPjdLHQaTMkYBn6u+JlIRaT0LfdIYEhnrRm4r/eZ0Egisv5TJOgEk6fyhIBIYIT9PAfa4YBTExhFDFzV8xHRJFKJjMSiYEd3HlZdI6r7q1au3+oly/yeMoomN0gs6Qiy5RHd2hBmoiijL0jF7Rm/VkvVjv1se8tWDlM4foD6zPHxoJlXQ=</latexit>

ft + fv + fs = 1



Coupling to light and matter
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<latexit sha1_base64="3ttRT2t3Y6S5ih14ctzKjVssVKM="></latexit>

Lint = �'µ⌫
Oµ⌫

Symmetric Standard Model operator



Coupling to light and matter
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<latexit sha1_base64="3ttRT2t3Y6S5ih14ctzKjVssVKM="></latexit>

Lint = �'µ⌫
Oµ⌫

<latexit sha1_base64="a9JXvq+d58rPLUmcFeOVDBBcCUc="></latexit>

t'
ij
O

t
ij + v'

0i
O

v
0i + s'

00
O

s

ScalarVectorTensor



Coupling to light and matter
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<latexit sha1_base64="3ttRT2t3Y6S5ih14ctzKjVssVKM="></latexit>

Lint = �'µ⌫
Oµ⌫

<latexit sha1_base64="a9JXvq+d58rPLUmcFeOVDBBcCUc="></latexit>

t'
ij
O

t
ij + v'

0i
O

v
0i + s'

00
O

s

ScalarVectorTensor

<latexit sha1_base64="lUA3C4GnE2VrLiE9uARRPrJTsvo="></latexit>

'µ⌫
O

at
µ⌫ =

↵(0)

⇤
'µ
µmA +

↵(2)

⇤
'µ⌫ pAµpA ⌫

mA

<latexit sha1_base64="MZ5/icT2+8Ev8+4hxhYpZBPaAVI="></latexit>

'µ⌫
O

l
µ⌫ =

�(0)

⇤
'µ
µF

2 +
�(2)

⇤
'µ⌫Fµ↵F

↵
⌫

Matter

Light



Coupling to light and matter
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<latexit sha1_base64="3ttRT2t3Y6S5ih14ctzKjVssVKM="></latexit>

Lint = �'µ⌫
Oµ⌫

<latexit sha1_base64="a9JXvq+d58rPLUmcFeOVDBBcCUc="></latexit>

t'
ij
O

t
ij + v'

0i
O

v
0i + s'

00
O

s

ScalarVectorTensor

<latexit sha1_base64="lUA3C4GnE2VrLiE9uARRPrJTsvo="></latexit>

'µ⌫
O

at
µ⌫ =

↵(0)

⇤
'µ
µmA +

↵(2)

⇤
'µ⌫ pAµpA ⌫

mA

<latexit sha1_base64="MZ5/icT2+8Ev8+4hxhYpZBPaAVI="></latexit>

'µ⌫
O

l
µ⌫ =

�(0)

⇤
'µ
µF

2 +
�(2)

⇤
'µ⌫Fµ↵F

↵
⌫

Matter

Light

<latexit sha1_base64="4C/77GGEQFKYUqpwLlya3ZtX3rw=">AAAB/HicbVDLSsNAFJ3UV62vaJduBovgqiQi1Y1QdOOygn1AE8NkOmmHzkzCzKQQQv0VNy4UceuHuPNvnLZZaOuBC4dz7uXee8KEUaUd59sqra1vbG6Vtys7u3v7B/bhUUfFqcSkjWMWy16IFGFUkLammpFeIgniISPdcHw787sTIhWNxYPOEuJzNBQ0ohhpIwV21ZsgmYxo4PH00RS8hk5g15y6MwdcJW5BaqBAK7C/vEGMU06Exgwp1XedRPs5kppiRqYVL1UkQXiMhqRvqECcKD+fHz+Fp0YZwCiWpoSGc/X3RI64UhkPTSdHeqSWvZn4n9dPdXTl51QkqSYCLxZFKYM6hrMk4IBKgjXLDEFYUnMrxCMkEdYmr4oJwV1+eZV0zutuo964v6g1b4o4yuAYnIAz4IJL0AR3oAXaAIMMPINX8GY9WS/Wu/WxaC1ZxUwV/IH1+QPXfJRA</latexit>

'µ
µ = 0 in FP case



Coupling to light and matter
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<latexit sha1_base64="3ttRT2t3Y6S5ih14ctzKjVssVKM="></latexit>

Lint = �'µ⌫
Oµ⌫

<latexit sha1_base64="a9JXvq+d58rPLUmcFeOVDBBcCUc="></latexit>

t'
ij
O

t
ij + v'

0i
O

v
0i + s'

00
O

s

ScalarVectorTensor

Non-relativistic limit
<latexit sha1_base64="DOM4f71DZZPMMpYPw6AFAO/Wiqo="></latexit>✓
�(0)

⇤
F 2 +m 

↵(0)

⇤
  

◆
e⇡

<latexit sha1_base64="n8iUZQR8fxSEthJuBKkNagRmuJY="></latexit>

�(2)

⇤
'TT
ij F i�F j

�



Coupling to light and matter
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<latexit sha1_base64="3ttRT2t3Y6S5ih14ctzKjVssVKM="></latexit>

Lint = �'µ⌫
Oµ⌫

<latexit sha1_base64="a9JXvq+d58rPLUmcFeOVDBBcCUc="></latexit>

t'
ij
O

t
ij + v'

0i
O

v
0i + s'

00
O

s

ScalarVectorTensor

Non-relativistic limit

In all theories Only in Lorentz violating theories!

<latexit sha1_base64="DOM4f71DZZPMMpYPw6AFAO/Wiqo="></latexit>✓
�(0)

⇤
F 2 +m 

↵(0)

⇤
  

◆
e⇡

<latexit sha1_base64="n8iUZQR8fxSEthJuBKkNagRmuJY="></latexit>

�(2)

⇤
'TT
ij F i�F j

�
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Coupling to light and matter

Tensor modes
<latexit sha1_base64="n8iUZQR8fxSEthJuBKkNagRmuJY="></latexit>

�(2)

⇤
'TT
ij F i�F j

�

Bends space-
time like 
gravitational 
waves!
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Coupling to light and matter

Bends space-
time like 
gravitational 
waves!

Tensor modes Scalar modes

Modifies 
atomic energy 
levels just like 
scalar ULDM!

<latexit sha1_base64="n8iUZQR8fxSEthJuBKkNagRmuJY="></latexit>

�(2)

⇤
'TT
ij F i�F j

�

<latexit sha1_base64="DOM4f71DZZPMMpYPw6AFAO/Wiqo="></latexit>✓
�(0)

⇤
F 2 +m 

↵(0)

⇤
  

◆
e⇡



What can we measure?
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<latexit sha1_base64="MdHeHbC+4mnpYdifBihkJL1HSvA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkSHUjFN24ESr0hU0Mk+mkHTqZhJmJUELd+CtuXCji1r9w5984abPQ1gMXDufcy733+DGjUlnWt1FYWl5ZXSuulzY2t7Z3zN29towSgUkLRywSXR9JwignLUUVI91YEBT6jHT80VXmdx6IkDTiTTWOiRuiAacBxUhpyTMPnHhIPSdEaijC9OZuAi/gaNC8r3pm2apYU8BFYuekDHI0PPPL6Uc4CQlXmCEpe7YVKzdFQlHMyKTkJJLECI/QgPQ05Sgk0k2nH0zgsVb6MIiELq7gVP09kaJQynHo687sVDnvZeJ/Xi9RwbmbUh4ninA8WxQkDKoIZnHAPhUEKzbWBGFB9a0QD5FAWOnQSjoEe/7lRdKuVuxapXZ7Wq5f5nEUwSE4AifABmegDq5BA7QABo/gGbyCN+PJeDHejY9Za8HIZ/bBHxifP5p+llk=</latexit>

�MZ = kgT 2

Gravitational fieldAtom-light 
interactions

Time



What can we measure?
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<latexit sha1_base64="MdHeHbC+4mnpYdifBihkJL1HSvA=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJWkSHUjFN24ESr0hU0Mk+mkHTqZhJmJUELd+CtuXCji1r9w5984abPQ1gMXDufcy733+DGjUlnWt1FYWl5ZXSuulzY2t7Z3zN29towSgUkLRywSXR9JwignLUUVI91YEBT6jHT80VXmdx6IkDTiTTWOiRuiAacBxUhpyTMPnHhIPSdEaijC9OZuAi/gaNC8r3pm2apYU8BFYuekDHI0PPPL6Uc4CQlXmCEpe7YVKzdFQlHMyKTkJJLECI/QgPQ05Sgk0k2nH0zgsVb6MIiELq7gVP09kaJQynHo687sVDnvZeJ/Xi9RwbmbUh4ninA8WxQkDKoIZnHAPhUEKzbWBGFB9a0QD5FAWOnQSjoEe/7lRdKuVuxapXZ7Wq5f5nEUwSE4AifABmegDq5BA7QABo/gGbyCN+PJeDHejY9Za8HIZ/bBHxifP5p+llk=</latexit>

�MZ = kgT 2

Scalar 
mode

Tensor 
modes

Gravitational fieldAtom-light 
interactions

Time



Other couplings
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<latexit sha1_base64="WCLG1E0SSK6L9ldr5WGLBGrXw5E="></latexit>

H =
p
⇢DM

✓
↵(0)

⇤
X(t) +

↵(1)

⇤
viAVi(t) +

↵(2)

⇤
viAv

j
AMij(t)

◆
mA�

(3)(~x� ~xA(t))

+
p
⇢DM

✓
�(0)

⇤
(F 2Y1(t) + F0iF

0iY2(t)) +
�(1)

⇤
F�0F

i�Wi(t) +
�(2)

⇤
F i�F j

�Nij(t)

◆

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282
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Matter couplings

Light couplings

D. Blas, J. Carlton, C. McCabe. 
arXiv: 2412.14282



Other couplings
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<latexit sha1_base64="WCLG1E0SSK6L9ldr5WGLBGrXw5E="></latexit>

H =
p
⇢DM

✓
↵(0)

⇤
X(t) +

↵(1)

⇤
viAVi(t) +

↵(2)

⇤
viAv

j
AMij(t)

◆
mA�

(3)(~x� ~xA(t))

+
p
⇢DM

✓
�(0)

⇤
(F 2Y1(t) + F0iF

0iY2(t)) +
�(1)

⇤
F�0F

i�Wi(t) +
�(2)

⇤
F i�F j

�Nij(t)

◆

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282

Matter couplings

Light couplings

Electron mass 
variation

Laser propagation 
delay

Fine structure 
variation



Other couplings
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<latexit sha1_base64="WCLG1E0SSK6L9ldr5WGLBGrXw5E="></latexit>

H =
p
⇢DM

✓
↵(0)

⇤
X(t) +

↵(1)

⇤
viAVi(t) +

↵(2)

⇤
viAv

j
AMij(t)

◆
mA�

(3)(~x� ~xA(t))

+
p
⇢DM

✓
�(0)

⇤
(F 2Y1(t) + F0iF

0iY2(t)) +
�(1)

⇤
F�0F

i�Wi(t) +
�(2)

⇤
F i�F j

�Nij(t)

◆

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282

Matter couplings

Light couplings



Atom propagation delay
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<latexit sha1_base64="UdcWpAKSfFBecF9kXDilweEBHgU="></latexit>

↵(1)

⇤
viAmAVi(t)�

(3)(~x� ~xA(t))
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Three sensitivity channels!
<latexit sha1_base64="ZzscB+LsCcXzCo9sYavZ1dhlVHs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V2lpoQ9lsJu3SzSbuboRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Q2zThFP6YDySPOqLFSpxeiMJQ0++WKW3XnIKvEy0kFcjT65a9emLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EBdi2VNEbtT+b3TsmZVUISJcqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/Xjcz0bU/4TLNDEq2WBRlgpiEzJ4nIVfIjBhbQpni9lbChlRRZmxEJRuCt/zyKmlfVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w+Tx4+v</latexit>

�T

<latexit sha1_base64="NN0yZ8NqzK5vmoUi2aSG5Wj3khg=">AAAB9XicbVBNSwMxEM3Wr1q/qh69BIvgqeyKVI9VLx4r2A/oriWbnbahyWZJskpZ+j+8eFDEq//Fm//GtN2Dtj4YeLw3w8y8MOFMG9f9dgorq2vrG8XN0tb2zu5eef+gpWWqKDSp5FJ1QqKBsxiahhkOnUQBESGHdji6mfrtR1CayfjejBMIBBnErM8oMVZ68CPghvhSwID0rnrlilt1Z8DLxMtJBeVo9MpffiRpKiA2lBOtu56bmCAjyjDKYVLyUw0JoSMygK6lMRGgg2x29QSfWCXCfalsxQbP1N8TGRFaj0VoOwUxQ73oTcX/vG5q+pdBxuIkNRDT+aJ+yrGReBoBjpgCavjYEkIVs7diOiSKUGODKtkQvMWXl0nrrOrVqrW780r9Oo+jiI7QMTpFHrpAdXSLGqiJKFLoGb2iN+fJeXHenY95a8HJZw7RHzifP28Nknw=</latexit>

�!A
<latexit sha1_base64="GTWGqHSWmbdO7B+chEj1mqZa39Q=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT9hVRA449kplr+LN4C4TPydlyFHvlb66/ZimAqWhnGjd8b3EBBlRhlGOk2I31ZgQOiID7FgqiUAdZLODJ+6pVfpuFCtb0rgz9fdERoTWYxHaTkHMUC96U/E/r5Oa6CrImExSg5LOF0Upd03sTr93+0whNXxsCaGK2VtdOiSKUGMzKtoQ/MWXl0nzvOJXK9W7i3LtOo+jAMdwAmfgwyXU4Bbq0AAKAp7hFd4c5bw4787HvHXFyWeO4A+czx8KkZCV</latexit>

|ei

<latexit sha1_base64="l9qoEqA6MR5gFCckd1Qi52Csiq0=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRiixv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8608bxvZ2V1bX1js7BV3N7Z3dsvHRw2dZwqig0a81i1Q6KRM4kNwwzHdqKQiJBjKxzdTP3WIyrNYnlvxgkGggwkixglxkoPT4OuInLAsVcqexVvBneZ+DkpQ456r/TV7cc0FSgN5UTrju8lJsiIMoxynBS7qcaE0BEZYMdSSQTqIJsdPHFPrdJ3o1jZksadqb8nMiK0HovQdgpihnrRm4r/eZ3URFdBxmSSGpR0vihKuWtid/q922cKqeFjSwhVzN7q0iFRhBqbUdGG4C++vEya5xW/WqneXZRr13kcBTiGEzgDHy6hBrdQhwZQEPAMr/DmKOfFeXc+5q0rTj5zBH/gfP4ADaeQlw==</latexit>

|gi

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡
<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡ <latexit sha1_base64="PL4vN2uVc0n2AYBfurG3YPbvIoQ=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh14i+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn81PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieO1nQiUpcsUWi8JUEozJ7G8yEJozlBNLKNPC3krYiGrK0KZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrQUnnzmGP3A+fwBTT43Y</latexit>⇡

<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2

<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="Oa2Zgphk9sYlugToYHQ46mj2SsI=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9EomXQxsIiovmA5Ah7m02yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93Z6xbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+alQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJ47zsVcqV+4tS9TqLIw9HcAyn4MElVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/zwONgQ==</latexit>

L/c
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="WAX3ZqZfOjOxJZhj7bdYNmHYK5M=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLEi2DNhYWEfIFyRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCo0+GHi8N8PMvCDmTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG9mfvuRKs2kaJhJTP0IDwULGcHGSq1K4+zunPSLJbfszoH+Ei8jJchQ7xc/ewNJkogKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupQJHVPvp/NopOrHKAIVS2RIGzdWfEymOtJ5Ege2MsBnpZW8m/ud1ExNe+SkTcWKoIItFYcKRkWj2OhowRYnhE0swUczeisgIK0yMDahgQ/CWX/5LWpWyVy1X7y9KtessjjwcwTGcggeXUINbqEMTCDzAE7zAqyOdZ+fNeV+05pxs5hB+wfn4Bk/8jlI=</latexit>

2T � L/c

<latexit sha1_base64="0VwOQgCAX5P4eknFnohVSQB1vqA=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhBsjHci0TJoY2ERIZcEkiPsbfaSJXu7x+6eEI78BhsLRWz9QXb+GzfJFZr4YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHh00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1N/dYTVZpJ0TDjhAYxHggWMYKNlfzG+cMF6ZXKbsWdAS0TLydlyFHvlb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE90EGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNy4pXrVQfr8q12zyOAhzDCZyBB9dQg3uogw8EGDzDK7w5wnlx3p2PeeuKk88cwR84nz/eP44W</latexit>

T � L/c
<latexit sha1_base64="Dx8dUKS07+QTNbX2DE/y4Njv1S0=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSIIQt0VqR6LXjx4qNBtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODptapopQn0guVTvEmnImqG+Y4bSdKIrjkNNWOLqb+q0nqjSTomHGCQ1iPBAsYgQbK/mN84cL0iuV3Yo7A1omXk7KkKPeK311+5KkMRWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LBY6pDrLZsRN0apU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroJMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT9GG4C2+vEyalxWvWqk+XpVrt3kcBTiGEzgDD66hBvdQBx8IMHiGV3hzhPPivDsf89YVJ585gj9wPn8A2zGOFA==</latexit>

T + L/c
<latexit sha1_base64="5+M+AIacoaJEYky9u1GtryVJZ/w=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGyQuSEGYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprvLjwXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHq+FSj4BKbhhuBnVghDX2BbX9yN/fbT6g0j2TDTGPsh3QkecAZNVZ6rDQGxZJbdhcg68TLSAky1AfFr94wYkmI0jBBte56bmz6KVWGM4GzQi/RGFM2oSPsWippiLqfLi6dkQurDEkQKVvSkIX6eyKlodbT0LedITVjverNxf+8bmKCm37KZZwYlGy5KEgEMRGZv02GXCEzYmoJZYrbWwkbU0WZseEUbAje6svrpFUpe9Vy9eGqVLvN4sjDGZzDJXhwDTW4hzo0gUEAz/AKb87EeXHenY9la87JZk7hD5zPHyQojR8=</latexit>

2T

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="fmJim/6l1c2joOyRMFFi07i3Us8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB90X/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1r+jd0=</latexit>ri

<latexit sha1_base64="BkZirS3xLJHdCVdDDlMDKbxoLwk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCnG4zb</latexit>

L

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

<latexit sha1_base64="i0yvkmXSTQoWC93Q/wVD2i9d5bM=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRI9BPXiMYB6QrGF2MpsMmZ1dZnqVsOQ/vHhQxKv/4s2/cfI4aGJBQ1HVTXdXkEhh0HW/naXlldW19dxGfnNre2e3sLdfN3GqGa+xWMa6GVDDpVC8hgIlbyaa0yiQvBEMrsd+45FrI2J1j8OE+xHtKREKRtFKD7ojyClp33CJlOhOoeiW3AnIIvFmpAgzVDuFr3Y3ZmnEFTJJjWl5boJ+RjUKJvko304NTygb0B5vWapoxI2fTa4ekWOrdEkYa1sKyUT9PZHRyJhhFNjOiGLfzHtj8T+vlWJ46WdCJSlyxaaLwlQSjMk4AtIVmjOUQ0so08LeSlifasrQBpW3IXjzLy+S+lnJK5fKd+fFytUsjhwcwhGcgAcXUIFbqEINGGh4hld4c56cF+fd+Zi2LjmzmQP4A+fzB/6OkY4=</latexit>

ri +�r

<latexit sha1_base64="ZzscB+LsCcXzCo9sYavZ1dhlVHs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V2lpoQ9lsJu3SzSbuboRS+ie8eFDEq3/Hm//GbZuDtj4YeLw3w8y8IBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCorZNMMWyxRCSqE1CNgktsGW4EdlKFNA4EPgSj25n/8IRK80Q2zThFP6YDySPOqLFSpxeiMJQ0++WKW3XnIKvEy0kFcjT65a9emLAsRmmYoFp3PTc1/oQqw5nAaamXaUwpG9EBdi2VNEbtT+b3TsmZVUISJcqWNGSu/p6Y0FjrcRzYzpiaoV72ZuJ/Xjcz0bU/4TLNDEq2WBRlgpiEzJ4nIVfIjBhbQpni9lbChlRRZmxEJRuCt/zyKmlfVL1atXZ/Wanf5HEU4QRO4Rw8uII63EEDWsBAwDO8wpvz6Lw4787HorXg5DPH8AfO5w+Tx4+v</latexit>

�T
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Projected detection limits

63

10m, 100m and 1km example 
atom interferometers

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282



Projected detection limits

64

10m, 100m and 1km example 
atom interferometers

Generic coupling gamma 

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282

<latexit sha1_base64="Q0ZIHHHqFgov/ClGFJE2Dn0aDwo="></latexit>

�� = ↵(i),�(j) for all i, j



Projected detection limits
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Leading constraints on scalar mode 
come from ‘fifth force’ experiments

In this range, from lunar laser ranging  

<latexit sha1_base64="vkg7xBdDK/fn0o7jwxuC3ZcU9gM="></latexit>

�VNewt / (↵(0))2e�msr

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282



Projected detection limits

66

Leading constraints on scalar mode 
come from ‘fifth force’ experiments

In this range, from lunar laser ranging  

Higuchi bound sets a lower 
bound for mass of spin-2 field

Least stringent bound from BBN

<latexit sha1_base64="vkg7xBdDK/fn0o7jwxuC3ZcU9gM="></latexit>

�VNewt / (↵(0))2e�msr

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282

<latexit sha1_base64="c/bZi0kj7lsf7uzhd/IUhTiANUY=">AAAB+3icbVDLTsJAFJ3iC/FVcelmIjFxRdrGoEuiG5aYyCOB0kyHKUyYmdaZqZGQ/oobFxrj1h9x5984QBcKnuQmJ+fcm3vvCRNGlXacb6uwsbm1vVPcLe3tHxwe2cfltopTiUkLxyyW3RApwqggLU01I91EEsRDRjrh5Hbudx6JVDQW93qaEJ+jkaARxUgbKbDLfOD1R+QBeo1gRkWUDbzArjhVZwG4TtycVECOZmB/9YcxTjkRGjOkVM91Eu3PkNQUM5KV+qkiCcITNCI9QwXiRPmzxe0ZPDfKEEaxNCU0XKi/J2aIKzXloenkSI/VqjcX//N6qY6uffNSkmoi8HJRlDKoYzgPAg6pJFizqSEIS2puhXiMJMLaxFUyIbirL6+Ttld1a9Xa3WWlfpPHUQSn4AxcABdcgTpogCZoAQyewDN4BW9WZr1Y79bHsrVg5TMn4A+szx/tJpO+</latexit>

m
2 � 2H2

inf



67

Advantages of networking!

AION plans to network with MAGIS-100 to 
enhance sensitivity in ULDM/GW searches.
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Advantages of networking!

AION plans to network with MAGIS-100 to 
enhance sensitivity in ULDM/GW searches.

Distinguish dark matter models through 
directional dependence.
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Progress towards a global network!

Terrestrial very-long baseline atom interferometry workshop summary: arXiv: 2310.08183

tvlbai.org
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Challenges
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What can we measure?
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Gravity Gradient Noise (GGN)

73Atom gradiometer



The AION-10 Experiment

74University of Oxford, Beecroft Building



The AION-10 Experiment
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The AION-10 Experiment
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All these people 
are a problem!



Anthropogenic and synanthropic noise

77Beecroft building, University of Oxford

Many potential sources of noise 
surround the detector:

Large anthropogenic sources
People walking on the stairs/in the foyer
Traffic on the road outside
Lift moving next to the tower

Small synanthropic sources
Random animal transients (RATs)

J. Carlton, C. McCabe
Phys.Rev.D (108, 123004); arXiv: 2308.10731 [astro-ph.CO]
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Anthropogenic and synanthropic noise
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Many potential sources of noise 
surround the detector:

Large anthropogenic sources
People walking on the stairs/in the foyer
Traffic on the road outside
Lift moving next to the tower

Small synanthropic sources
Random animal transients (RATs)

J. Carlton, C. McCabe
Phys.Rev.D (108, 123004); arXiv: 2308.10731 [astro-ph.CO]



Gravity perturbations 
from nature?
Seismic GGN

81L. Badurina et al. arXiv: 2211.01854
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Gravity perturbations 
from nature?
Atmospheric GGN

J. Carlton et al. arXiv: 2412.05379
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Why pressure matters?

83J. Carlton et al. arXiv: 2412.05379



Why temperature matters?

84J. Carlton et al. arXiv: 2412.05379



GGN limits sensitivity

85J. Carlton et al. arXiv: 2412.05379



GGN limits sensitivity

86J. Carlton et al. arXiv: 2412.05379

Atom shot noise 
dominates

Atmospheric noise 
dominates



Depth helps!

87J. Carlton et al. arXiv: 2412.05379

But we need continuous 
active noise monitoring!



Site selection
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Site selection
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Boulby is windy!



90L. Badurina et al. arXiv: 2108.02468

v ‘Mid-band’ sensitivity 
between LIGO and LISA.

Gravitational 
waves



Summary

91

AION is an upcoming atom interferometer experiment, using quantum 
sensors for detecting ultralight dark matter and gravitational waves – in the 
‘mid-band’ between LISA and LIGO.

Spin-2 ULDM can be probed by gravitational wave detectors – however, 
atom interferometers can detect it through several different channels without 
altering any of the experimental design! Other GW/ULDM experiments may 
also detect other couplings not probed by atom interferometers.

Near term intermediate scale atom interferometers will provide leading 
bounds on screened fifth force searches such as the chameleon and 
symmetron.

GGN is a leading challenge in terrestrial long-baseline searches.
D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282



Backup
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Dark forces
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What can we measure?
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Screened fifth forces
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Source mass

Atom interferometers are 
very good gravimeters/accelerometers
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Screened fifth forces
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Source mass

Atom interferometers are 
very good gravimeters/accelerometers
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Screened fifth forces
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Source mass

Atom interferometers are 
very good gravimeters/accelerometers
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Numerically modelling the fields
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Source mass



Boosting sensitivity 
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Q=2 resonant sequence
(sensitive)



Boosting sensitivity 
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Butterfly sequence
(insensitive)



Create a ‘moving’ source mass
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Much improved chameleon sensitivity!
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Preliminary



Competitive symmetron limits!
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Preliminary Preliminary



Systematics
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Do we need a hole in the plate?
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Phase shifts
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Spin-2 sensitivity
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<latexit sha1_base64="hnAxxpjW6fx3v/9tky8yTh/mwb4=">AAAB7HicbVBNS8NAEJ34WetX1aOXxSJ4qkmR6rHoxWMF+wFtKJvtpF262YTdjVBCf4MXD4p49Qd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WjmSToR3QoecgZNVZq9hJ+We2Xym7FnYOsEi8nZcjR6Je+eoOYpRFKwwTVuuu5ifEzqgxnAqfFXqoxoWxMh9i1VNIItZ/Nj52Sc6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasIbP+MySQ1KtlgUpoKYmMw+JwOukBkxsYQyxe2thI2ooszYfIo2BG/55VXSqla8WqX2cFWu3+ZxFOAUzuACPLiGOtxDA5rAgMMzvMKbI50X5935WLSuOfnMCfyB8/kDMs2OTQ==</latexit>

⇡/2

<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="Oa2Zgphk9sYlugToYHQ46mj2SsI=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe9EomXQxsIiovmA5Ah7m02yZG/v2J0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXhBLYdB1v53cyura+kZ+s7C1vbO7V9w/aJgo0YzXWSQj3Qqo4VIoXkeBkrdizWkYSN4MRjdTv/nEtRGResRxzP2QDpToC0bRSg93Z6xbLLlldwayTLyMlCBDrVv86vQiloRcIZPUmLbnxuinVKNgkk8KncTwmLIRHfC2pYqG3Pjp7NQJObFKj/QjbUshmam/J1IaGjMOA9sZUhyaRW8q/ue1E+xf+alQcYJcsfmifiIJRmT6N+kJzRnKsSWUaWFvJWxINWVo0ynYELzFl5dJ47zsVcqV+4tS9TqLIw9HcAyn4MElVOEWalAHBgN4hld4c6Tz4rw7H/PWnJPNHMIfOJ8/zwONgQ==</latexit>

L/c
<latexit sha1_base64="drGvets+KJpHALdFxONk5W6j9nY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx4TyAuSJcxOOsmY2dllZlYIS77AiwdFvPpJ3vwbJ8keNLGgoajqprsriAXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHqBFSj4BKbhhuBnVghDQOB7WByP/fbT6g0j2TDTGP0QzqSfMgZNVaqN/rFklt2FyDrxMtICTLU+sWv3iBiSYjSMEG17npubPyUKsOZwFmhl2iMKZvQEXYtlTRE7aeLQ2fkwioDMoyULWnIQv09kdJQ62kY2M6QmrFe9ebif143McNbP+UyTgxKtlw0TAQxEZl/TQZcITNiagllittbCRtTRZmx2RRsCN7qy+ukdVX2KuVK/bpUvcviyMMZnMMleHADVXiAGjSBAcIzvMKb8+i8OO/Ox7I152Qzp/AHzucPszuM4w==</latexit>

T
<latexit sha1_base64="WAX3ZqZfOjOxJZhj7bdYNmHYK5M=">AAAB7XicbVA9SwNBEJ2LXzF+RS1tFoNgY7wLEi2DNhYWEfIFyRH2NnvJmr3dY3dPCEf+g42FIrb+Hzv/jZvkCo0+GHi8N8PMvCDmTBvX/XJyK6tr6xv5zcLW9s7uXnH/oKVloghtEsml6gRYU84EbRpmOO3EiuIo4LQdjG9mfvuRKs2kaJhJTP0IDwULGcHGSq1K4+zunPSLJbfszoH+Ei8jJchQ7xc/ewNJkogKQzjWuuu5sfFTrAwjnE4LvUTTGJMxHtKupQJHVPvp/NopOrHKAIVS2RIGzdWfEymOtJ5Ege2MsBnpZW8m/ud1ExNe+SkTcWKoIItFYcKRkWj2OhowRYnhE0swUczeisgIK0yMDahgQ/CWX/5LWpWyVy1X7y9KtessjjwcwTGcggeXUINbqEMTCDzAE7zAqyOdZ+fNeV+05pxs5hB+wfn4Bk/8jlI=</latexit>

2T � L/c

<latexit sha1_base64="0VwOQgCAX5P4eknFnohVSQB1vqA=">AAAB7HicbVA9SwNBEJ3zM8avqKXNYhBsjHci0TJoY2ERIZcEkiPsbfaSJXu7x+6eEI78BhsLRWz9QXb+GzfJFZr4YODx3gwz88KEM21c99tZWV1b39gsbBW3d3b39ksHh00tU0WoTySXqh1iTTkT1DfMcNpOFMVxyGkrHN1N/dYTVZpJ0TDjhAYxHggWMYKNlfzG+cMF6ZXKbsWdAS0TLydlyFHvlb66fUnSmApDONa647mJCTKsDCOcTordVNMEkxEe0I6lAsdUB9ns2Ak6tUofRVLZEgbN1N8TGY61Hseh7YyxGepFbyr+53VSE90EGRNJaqgg80VRypGRaPo56jNFieFjSzBRzN6KyBArTIzNp2hD8BZfXibNy4pXrVQfr8q12zyOAhzDCZyBB9dQg3uogw8EGDzDK7w5wnlx3p2PeeuKk88cwR84nz/eP44W</latexit>

T � L/c
<latexit sha1_base64="Dx8dUKS07+QTNbX2DE/y4Njv1S0=">AAAB7HicbVBNSwMxEJ31s9avqkcvwSIIQt0VqR6LXjx4qNBtC+1Ssmm2Dc0mS5IVytLf4MWDIl79Qd78N6btHrT1wcDjvRlm5oUJZ9q47rezsrq2vrFZ2Cpu7+zu7ZcODptapopQn0guVTvEmnImqG+Y4bSdKIrjkNNWOLqb+q0nqjSTomHGCQ1iPBAsYgQbK/mN84cL0iuV3Yo7A1omXk7KkKPeK311+5KkMRWGcKx1x3MTE2RYGUY4nRS7qaYJJiM8oB1LBY6pDrLZsRN0apU+iqSyJQyaqb8nMhxrPY5D2xljM9SL3lT8z+ukJroJMiaS1FBB5ouilCMj0fRz1GeKEsPHlmCimL0VkSFWmBibT9GG4C2+vEyalxWvWqk+XpVrt3kcBTiGEzgDD66hBvdQBx8IMHiGV3hzhPPivDsf89YVJ585gj9wPn8A2zGOFA==</latexit>

T + L/c
<latexit sha1_base64="5+M+AIacoaJEYky9u1GtryVJZ/w=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DXjxGyQuSEGYnvcmQ2dllZlYIS/7AiwdFvPpH3vwbJ8keNLGgoajqprvLjwXXxnW/ndzG5tb2Tn63sLd/cHhUPD5p6ShRDJssEpHq+FSj4BKbhhuBnVghDX2BbX9yN/fbT6g0j2TDTGPsh3QkecAZNVZ6rDQGxZJbdhcg68TLSAky1AfFr94wYkmI0jBBte56bmz6KVWGM4GzQi/RGFM2oSPsWippiLqfLi6dkQurDEkQKVvSkIX6eyKlodbT0LedITVjverNxf+8bmKCm37KZZwYlGy5KEgEMRGZv02GXCEzYmoJZYrbWwkbU0WZseEUbAje6svrpFUpe9Vy9eGqVLvN4sjDGZzDJXhwDTW4hzo0gUEAz/AKb87EeXHenY9la87JZk7hD5zPHyQojR8=</latexit>

2T

<latexit sha1_base64="+7Y+mbaigftZyW4HrIlyB8Q4C84=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZquP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfKuMvw==</latexit>

0

<latexit sha1_base64="fmJim/6l1c2joOyRMFFi07i3Us8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB90X/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6tWqtfvLSv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP1r+jd0=</latexit>ri

<latexit sha1_base64="k4VgQhHT0fAv0/U2iqMAorIqK+c=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KolI9VjUg8cK9gPaUDbbTbt0s4m7E6GE/gkvHhTx6t/x5r9x2+agrQ8GHu/NMDMvSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6wHHC/YgOlAgFo2ildveWS6RE90plt+LOQJaJl5My5Kj3Sl/dfszSiCtkkhrT8dwE/YxqFEzySbGbGp5QNqID3rFU0YgbP5vdOyGnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6fOkLzRnKMeWUKaFvZWwIdWUoY2oaEPwFl9eJs3ziletVO8vyrXrPI4CHMMJnIEHl1CDO6hDAxhIeIZXeHMenRfn3fmYt644+cwR/IHz+QOP/4+t</latexit>

�r

<latexit sha1_base64="BkZirS3xLJHdCVdDDlMDKbxoLwk=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EomXQxsIiAfMByRH2NnPJmr29Y3dPCCG/wMZCEVt/kp3/xk1yhSY+GHi8N8PMvCARXBvX/XZya+sbm1v57cLO7t7+QfHwqKnjVDFssFjEqh1QjYJLbBhuBLYThTQKBLaC0e3Mbz2h0jyWD2acoB/RgeQhZ9RYqX7fK5bcsjsHWSVeRkqQodYrfnX7MUsjlIYJqnXHcxPjT6gynAmcFrqpxoSyER1gx1JJI9T+ZH7olJxZpU/CWNmShszV3xMTGmk9jgLbGVEz1MveTPzP66QmvPYnXCapQckWi8JUEBOT2dekzxUyI8aWUKa4vZWwIVWUGZtNwYbgLb+8SpoXZa9SrtQvS9WbLI48nMApnIMHV1CFO6hBAxggPMMrvDmPzovz7nwsWnNONnMMf+B8/gCnG4zb</latexit>

L

<latexit sha1_base64="QhaWXmnGoOlgmZu6DZZxvnONEzE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpl272YTdiVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfju5nffuLaiFg94CThfkSHSoSCUbRSA/ulsltx5yCrxMtJGXLU+6Wv3iBmacQVMkmN6Xpugn5GNQom+bTYSw1PKBvTIe9aqmjEjZ/ND52Sc6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjjZ0IlKXLFFovCVBKMyexrMhCaM5QTSyjTwt5K2IhqytBmU7QheMsvr5LWZcWrVqqNq3LtNo+jAKdwBhfgwTXU4B7q0AQGHJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A47uNAw==</latexit>

t

Atom gradiometer
<latexit sha1_base64="F9oXFLn63R++6q8iDd7m3i5Nz/Y=">AAACBXicbZDLSgMxFIYz9VbrbdSlLoJFcGOZKVLdCEVduKxgL9AZhkyaaUMzF5IzQinduPFV3LhQxK3v4M63MdPOQlsP hHz8/zkk5/cTwRVY1rdRWFpeWV0rrpc2Nre2d8zdvZaKU0lZk8Yilh2fKCZ4xJrAQbBOIhkJfcHa/vA689sPTCoeR/cwSpgbkn7EA04JaMkzD50bJoA4yYDjS5xdno1PZ1D1zLJVsaaFF8HOoYzyanjml9OLaRqyCKggSnVtKwF3TCRwKtik5KSKJYQOSZ91NUYkZModT7eY4GOt9HAQS30iwFP198SYhEqNQl93hgQGat7LxP+8bgrBhTvmUZICi+jsoSAVGGKcRYJ7XDIKYqSBUMn1XzEdEEko6OBKOgR7fuVFaFUrdq1Suzsr16/yOIroAB2hE2Sjc1RHt6iBmoiiR/SMXtGb8WS8GO/Gx6y1YOQz++hPGZ8/9raW9g==</latexit>

�� = �1 � �2

Additional pulses 
enhance sensitivity

<latexit sha1_base64="UXBcUMUj/tcZh7g95zUOQvi32eo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiV6EoBePEc0DkiXMTmaTIbOzy0yvEEI+wYsHRbz6Rd78GyfJHjSxoKGo6qa7K0ikMOi6305ubX1jcyu/XdjZ3ds/KB4eNU2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo9uZ33ri2ohYPeI44X5EB0qEglG00oO6rvSKJbfszkFWiZeREmSo94pf3X7M0ogrZJIa0/HcBP0J1SiY5NNCNzU8oWxEB7xjqaIRN/5kfuqUnFmlT8JY21JI5urviQmNjBlHge2MKA7NsjcT//M6KYZX/kSoJEWu2GJRmEqCMZn9TfpCc4ZybAllWthbCRtSTRnadAo2BG/55VXSrJS9arl6f1Gq3WRx5OEETuEcPLiEGtxBHRrAYADP8ApvjnRenHfnY9Gac7KZY/gD5/MHzdGNgA==</latexit>

n = 2

<latexit sha1_base64="y5Vz+ypOPnRwM+vuuMGLE6NalS4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSQi1WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0IM+9XqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs2LiletVO8vy7WbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AGz/Y1v</latexit>

n� 1

<latexit sha1_base64="y5Vz+ypOPnRwM+vuuMGLE6NalS4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSQi1WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0IM+9XqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs2LiletVO8vy7WbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AGz/Y1v</latexit>

n� 1
<latexit sha1_base64="y5Vz+ypOPnRwM+vuuMGLE6NalS4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSQi1WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0IM+9XqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs2LiletVO8vy7WbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AGz/Y1v</latexit>

n� 1

<latexit sha1_base64="y5Vz+ypOPnRwM+vuuMGLE6NalS4=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4sSQi1WPRi8eK9gPaUDbbSbt0swm7G6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nZXVtfWNzcJWcXtnd2+/dHDY1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoduq3nlBpHstHM07Qj+hA8pAzaqz0IM+9XqnsVtwZyDLxclKGHPVe6avbj1kaoTRMUK07npsYP6PKcCZwUuymGhPKRnSAHUsljVD72ezUCTm1Sp+EsbIlDZmpvycyGmk9jgLbGVEz1IveVPzP66QmvPYzLpPUoGTzRWEqiInJ9G/S5wqZEWNLKFPc3krYkCrKjE2naEPwFl9eJs2LiletVO8vy7WbPI4CHMMJnIEHV1CDO6hDAxgM4Ble4c0Rzovz7nzMW1ecfOYI/sD5/AGz/Y1v</latexit>

n� 1

LMT pulses



113L. Badurina, D. Blas, C. McCabe. arXiv: 2109.10965

v ULDM mass/frequency 
sensitivity depends on T.

Scalar ULDM sensitivity



Spin-1 dark matter
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B-L coupling, which generates 
a ‘dark’ electric field

Probe with a dual-species interferometer

M. Abe et al. arXiv: 2104.02835



Other couplings

115

<latexit sha1_base64="WCLG1E0SSK6L9ldr5WGLBGrXw5E="></latexit>

H =
p
⇢DM

✓
↵(0)

⇤
X(t) +

↵(1)

⇤
viAVi(t) +

↵(2)

⇤
viAv

j
AMij(t)

◆
mA�

(3)(~x� ~xA(t))

+
p
⇢DM

✓
�(0)

⇤
(F 2Y1(t) + F0iF

0iY2(t)) +
�(1)

⇤
F�0F

i�Wi(t) +
�(2)

⇤
F i�F j

�Nij(t)

◆

D. Blas, J. Carlton, C. McCabe. arXiv: 2412.14282

Matter couplings

Light couplings



Axion-like coupling/other quantum sensors
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✏ijkEjBk

E cross B term probed by axion cavity experiments?
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