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• Sensitivity of a  nuclear clock to new physiscs 229Th

Outline

• The     
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• Prepare 2 level system that is excited with a laser

• Creates extremely precise oscillator  perfect pendulum⇔

<latexit sha1_base64="TJ/YEUpQqyvC6xUkmB5AAi5lSLA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4eua3H1FpHssHM0nQj+hQ8pAzaqx0f9P3+uWKW3XnIH+Jl5MK5Gj0y5+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmJVQYkjJUtachc/TmR0UjrSRTYzoiakV72ZuJ/Xjc14aWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyX9I6q3q1au3uvFK/yuMowhEcwyl4cAF1uIUGNIHBEJ7gBV4d4Tw7b877orXg5DOH8AvOxzfBgY14</latexit>

E1

<latexit sha1_base64="T4NdPltGN2qvMkiON4BYWLz/Y40=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DIniMaB6QLGF20psMmZ1dZmaFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm5nfekKleSwfzThBP6IDyUPOqLHSw22v0iuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrzyJ1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqalbJXLVfvL0q16yyOPJzAKZyDB5dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AwwWNeQ==</latexit>

E2

<latexit sha1_base64="zwl+gnxRZbzYmnwioNxBoSVvRVk="></latexit>

| h 1(0) |  1(t)i | = cos

✓
�Et

2

◆2

Quantum clocks simpliefied

<latexit sha1_base64="Fji+FfjwPSANDDulCP+4Dxhs/As="></latexit>

ω1(0) =
|0→+ |1→↑

2
↓ ω1(t) =

|0→+ exp(i!Et) |1→↑
2
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Stable Laser

2—Level system 
<latexit sha1_base64="wl+V7r5UZEIVR7mXs8myHxyH2YU=">AAAB9XicbVDJSgNBEO2JW4xb1KOXxiB4CjMi0YsQXMBjBLNAJoaeTiVp0tMzdNcoYch/ePGgiFf/xZt/Y2c5aOKDgsd7VVTVC2IpDLrut5NZWl5ZXcuu5zY2t7Z38rt7NRMlmkOVRzLSjYAZkEJBFQVKaMQaWBhIqAeDq7FffwRtRKTucRhDK2Q9JbqCM7TSg38NEhm9ufBVQvvtfMEtuhPQReLNSIHMUGnnv/xOxJMQFHLJjGl6boytlGkUXMIo5ycGYsYHrAdNSxULwbTSydUjemSVDu1G2pZCOlF/T6QsNGYYBrYzZNg3895Y/M9rJtg9b6VCxQmC4tNF3URSjOg4AtoRGjjKoSWMa2FvpbzPNONog8rZELz5lxdJ7aTolYqlu9NC+XIWR5YckENyTDxyRsrkllRIlXCiyTN5JW/Ok/PivDsf09aMM5vZJ3/gfP4ATNiRwA==</latexit>

!E = ωh
<latexit sha1_base64="TJ/YEUpQqyvC6xUkmB5AAi5lSLA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4eua3H1FpHssHM0nQj+hQ8pAzaqx0f9P3+uWKW3XnIH+Jl5MK5Gj0y5+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmJVQYkjJUtachc/TmR0UjrSRTYzoiakV72ZuJ/Xjc14aWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyX9I6q3q1au3uvFK/yuMowhEcwyl4cAF1uIUGNIHBEJ7gBV4d4Tw7b877orXg5DOH8AvOxzfBgY14</latexit>
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◆2
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<latexit sha1_base64="S5B0Yi0kFqqCWzz1N8/5/hoRkIg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyWRUj0WvXisYD+gjWWz3bRLN5uwOymWkH/ixYMiXv0n3vw3btsctPXBwOO9GWbm+bHgGhzn2yqsrW9sbhW3Szu7e/sH9uFRS0eJoqxJIxGpjk80E1yyJnAQrBMrRkJfsLY/vp357QlTmkfyAaYx80IylDzglICR+rbtOo/phVvNesCeIA2zvl12Ks4ceJW4OSmjHI2+/dUbRDQJmQQqiNZd14nBS4kCTgXLSr1Es5jQMRmyrqGShEx76fzyDJ8ZZYCDSJmSgOfq74mUhFpPQ990hgRGetmbif953QSCay/lMk6ASbpYFCQCQ4RnMeABV4yCmBpCqOLmVkxHRBEKJqySCcFdfnmVtC4rbq1Su6+W6zd5HEV0gk7ROXLRFaqjO9RATUTRBD2jV/RmpdaL9W59LFoLVj5zjP7A+vwBycCTJQ==</latexit>

10→14m

<latexit sha1_base64="Wmav66Xxb3q6kIGjTgnt8JmEPXE=">AAAB8HicbVBNS8NAEN34WetX1aOXYBE8lUSkeix68VjBfkgbymY7aZfubsLuRCyhv8KLB0W8+nO8+W/ctjlo64OBx3szzMwLE8ENet63s7K6tr6xWdgqbu/s7u2XDg6bJk41gwaLRazbITUguIIGchTQTjRQGQpohaObqd96BG14rO5xnEAg6UDxiDOKVnroIjxhBs1Jr1T2Kt4M7jLxc1ImOeq90le3H7NUgkImqDEd30swyKhGzgRMit3UQELZiA6gY6miEkyQzQ6euKdW6btRrG0pdGfq74mMSmPGMrSdkuLQLHpT8T+vk2J0FWRcJSmCYvNFUSpcjN3p926fa2AoxpZQprm91WVDqilDm1HRhuAvvrxMmucVv1qp3l2Ua9d5HAVyTE7IGfHJJamRW1InDcKIJM/klbw52nlx3p2PeeuKk88ckT9wPn8AOB+Qsw==</latexit>

eV

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

0

<latexit sha1_base64="gfDDG5HdC2uj59mXU+2xx3lABwE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqeP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfi+MwA==</latexit>

1

<latexit sha1_base64="LRjqoC3Jk5XHr6V2buPY27UuLU8=">AAAB8XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI9BL16ECOaByRJmJ51kyOzsMtMrhiV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdbye3srq2vpHfLGxt7+zuFfcPGiZKNIc6j2SkWwEzIIWCOgqU0Io1sDCQ0AxG11O/+QjaiEjd4zgGP2QDJfqCM7TSQwfhCdNbaEy6xZJbdmegy8TLSIlkqHWLX51exJMQFHLJjGl7box+yjQKLmFS6CQGYsZHbABtSxULwfjp7OIJPbFKj/YjbUshnam/J1IWGjMOA9sZMhyaRW8q/ue1E+xf+qlQcYKg+HxRP5EUIzp9n/aEBo5ybAnjWthbKR8yzTjakAo2BG/x5WXSOCt7lXLl7rxUvcriyJMjckxOiUcuSJXckBqpE04UeSav5M0xzovz7nzMW3NONnNI/sD5/AHVSpEK</latexit>

MeV

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

0

<latexit sha1_base64="gfDDG5HdC2uj59mXU+2xx3lABwE=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqeP1S2a24c5BV4uWkDDnq/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5oVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTdGG4C2/vEpalxWvWqk2rsq12zyOApzCGVyAB9dQg3uoQxMYIDzDK7w5j86L8+58LFrXnHzmBP7A+fwBfi+MwA==</latexit>

1

Optical Clockwork

Nuclear clock

Atomic clock

Quantum clocks simpliefied

Scheme of a clock

<latexit sha1_base64="w5Ygcm80k4H4Mh5Z8Th40ziAZ5Y=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJ4seyKVI9FLx4r2A9o15JN0zY0yS7JbLEs+0+8eFDEq//Em//GtN2Dtj4YeLw3w8y8MBbcgOd9Oyura+sbm4Wt4vbO7t6+e3DYMFGiKavTSES6FRLDBFesDhwEa8WaERkK1gxHt1O/OWba8Eg9wCRmgSQDxfucErBS13V97zE9972sA+wJUpl13ZJX9mbAy8TPSQnlqHXdr04voolkCqggxrR9L4YgJRo4FSwrdhLDYkJHZMDalioimQnS2eUZPrVKD/cjbUsBnqm/J1IijZnI0HZKAkOz6E3F/7x2Av3rIOUqToApOl/UTwSGCE9jwD2uGQUxsYRQze2tmA6JJhRsWEUbgr/48jJpXJT9Srlyf1mq3uRxFNAxOkFnyEdXqIruUA3VEUVj9Ixe0ZuTOi/Ou/Mxb11x8pkj9AfO5w/DjJMh</latexit>

10→10m

<latexit sha1_base64="S5B0Yi0kFqqCWzz1N8/5/hoRkIg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyWRUj0WvXisYD+gjWWz3bRLN5uwOymWkH/ixYMiXv0n3vw3btsctPXBwOO9GWbm+bHgGhzn2yqsrW9sbhW3Szu7e/sH9uFRS0eJoqxJIxGpjk80E1yyJnAQrBMrRkJfsLY/vp357QlTmkfyAaYx80IylDzglICR+rbtOo/phVvNesCeIA2zvl12Ks4ceJW4OSmjHI2+/dUbRDQJmQQqiNZd14nBS4kCTgXLSr1Es5jQMRmyrqGShEx76fzyDJ8ZZYCDSJmSgOfq74mUhFpPQ990hgRGetmbif953QSCay/lMk6ASbpYFCQCQ4RnMeABV4yCmBpCqOLmVkxHRBEKJqySCcFdfnmVtC4rbq1Su6+W6zd5HEV0gk7ROXLRFaqjO9RATUTRBD2jV/RmpdaL9W59LFoLVj5zjP7A+vwBycCTJQ==</latexit>

10→14m
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<latexit sha1_base64="RFqlwiuOl3vkM6XKLcMORvFCaII="></latexit>

�E ⇠ mred↵
2 = me

✓
1 +

me

mN

◆
↵2

• Electronic transition energy

Atomic clocks

<latexit sha1_base64="TJ/YEUpQqyvC6xUkmB5AAi5lSLA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4eua3H1FpHssHM0nQj+hQ8pAzaqx0f9P3+uWKW3XnIH+Jl5MK5Gj0y5+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmJVQYkjJUtachc/TmR0UjrSRTYzoiakV72ZuJ/Xjc14aWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyX9I6q3q1au3uvFK/yuMowhEcwyl4cAF1uIUGNIHBEJ7gBV4d4Tw7b877orXg5DOH8AvOxzfBgY14</latexit>

E1

<latexit sha1_base64="T4NdPltGN2qvMkiON4BYWLz/Y40=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DIniMaB6QLGF20psMmZ1dZmaFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm5nfekKleSwfzThBP6IDyUPOqLHSw22v0iuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrzyJ1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqalbJXLVfvL0q16yyOPJzAKZyDB5dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AwwWNeQ==</latexit>

E2



3

<latexit sha1_base64="RFqlwiuOl3vkM6XKLcMORvFCaII="></latexit>

�E ⇠ mred↵
2 = me

✓
1 +

me

mN

◆
↵2

• Electronic transition energy

Atomic clocks

• How precise? Best atomic clocks reach

Ytterbium E3 single-ion clock: 
<latexit sha1_base64="Z+RaYXUWLuaEJxh0sN49JsU4HMc=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0NSpXZZdOOygn1AE8tkOmmHzkzCzEQosQt/xY0LRdz6G+78G6dtFtp64MLhnHu5954wYVRp1/22lpZXVtfWCxvFza3tnV17b7+p4lRi0sAxi2U7RIowKkhDU81IO5EE8ZCRVji8nvitByIVjcWdHiUk4KgvaEQx0kbq2oe+ohyeO2VfU06U595nZ1513LVLruNOAReJl5MSyFHv2l9+L8YpJ0JjhpTqeG6igwxJTTEj46KfKpIgPER90jFUILMsyKb3j+GJUXowiqUpoeFU/T2RIa7UiIemkyM9UPPeRPzP66Q6qgYZFUmqicCzRVHKoI7hJAzYo5JgzUaGICypuRXiAZIIaxNZ0YTgzb+8SJplx6s4lduLUu0qj6MAjsAxOAUeuAQ1cAPqoAEweATP4BW8WU/Wi/Vufcxal6x85gD8gfX5A9LKlLU=</latexit>

→ 3.2↑ 10→18 N. Huntemann et al., PRL 116 (2016)

Strontium optical lattice clock:
<latexit sha1_base64="t3aUDctKI/OkpqQ9PKcoPEgi01s=">AAAB/3icbVBNS8NAEJ34WetXVPDiZbEIXiyJSO2x6MVjBfsBTSyb7aZdutmE3Y1QYg/+FS8eFPHq3/Dmv3Hb5qCtDwYe780wMy9IOFPacb6tpeWV1bX1wkZxc2t7Z9fe22+qOJWENkjMY9kOsKKcCdrQTHPaTiTFUcBpKxheT/zWA5WKxeJOjxLqR7gvWMgI1kbq2oeeYhE6L7ueZhFVrnOfnbnVcdcuOWVnCrRI3JyUIEe9a395vZikERWacKxUx3US7WdYakY4HRe9VNEEkyHu046hAptlfja9f4xOjNJDYSxNCY2m6u+JDEdKjaLAdEZYD9S8NxH/8zqpDqt+xkSSairIbFGYcqRjNAkD9ZikRPORIZhIZm5FZIAlJtpEVjQhuPMvL5KmCa9SrtxelGpXeRwFOIJjOAUXLqEGN1CHBhB4hGd4hTfryXqx3q2PWeuSlc8cwB9Ynz/PpJSz</latexit>

→ 2.1↑ 10→18

Ytterbium optical lattice clock:
<latexit sha1_base64="6R08JDguWUeATr9XYegpQnHdw30=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWAR3BgyUmqXRTcuK9gHNLFMppN26GQSZiZCiV34K25cKOLW33Dn3zhts9DWAxcO59zLvfcECWdKu+63VVhZXVvfKG6WtrZ3dvfs/YOWilNJaJPEPJadACvKmaBNzTSnnURSHAWctoPR9dRvP1CpWCzu9DihfoQHgoWMYG2knn3kKRZB5FQ8zSKqkHufnaPapGeXXcedAS4TlJMyyNHo2V9ePyZpRIUmHCvVRW6i/QxLzQink5KXKppgMsID2jVUYLPMz2b3T+CpUfowjKUpoeFM/T2R4UipcRSYzgjroVr0puJ/XjfVYc3PmEhSTQWZLwpTDnUMp2HAPpOUaD42BBPJzK2QDLHERJvISiYEtPjyMmldOKjqVG8r5fpVHkcRHIMTcAYQuAR1cAMaoAkIeATP4BW8WU/Wi/VufcxbC1Y+cwj+wPr8AdLGlLU=</latexit>

→ 1.4↑ 10→18

Aluminium single-ion clock:
<latexit sha1_base64="D0jdDriY8LGBSChVTLkvcEz7WP8=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCG0Mipdpd0Y3LCvYBTSyT6aQdOjMJMxOhxC78FTcuFHHrb7jzb5y2WWjrgQuHc+7l3nvChFGlXffbWlpeWV1bL2wUN7e2d3btvf2milOJSQPHLJbtECnCqCANTTUj7UQSxENGWuHweuK3HohUNBZ3epSQgKO+oBHFSBupax/6inJYdcq+ppwoz73PzrzquGuXXMedAi4SLyclkKPetb/8XoxTToTGDCnV8dxEBxmSmmJGxkU/VSRBeIj6pGOoQGZZkE3vH8MTo/RgFEtTQsOp+nsiQ1ypEQ9NJ0d6oOa9ifif10l1dBlkVCSpJgLPFkUpgzqGkzBgj0qCNRsZgrCk5laIB0girE1kRROCN//yImmeO17FqdyWS7WrPI4COALH4BR44ALUwA2ogwbA4BE8g1fwZj1ZL9a79TFrXbLymQPwB9bnD+DrlL4=</latexit>

→ 9.4↑ 10→19

T.L. Nicholson et al. Nature comm. (2015)

W.F. McGrew et al. Nature 5634 (2018)

S.M. Brewer et al. PRL 123 (2019)

Achieved Accuracy: 1s in 30 billion years

<latexit sha1_base64="TJ/YEUpQqyvC6xUkmB5AAi5lSLA=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiCB4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekAiujet+OYWV1bX1jeJmaWt7Z3evvH/Q0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4eua3H1FpHssHM0nQj+hQ8pAzaqx0f9P3+uWKW3XnIH+Jl5MK5Gj0y5+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmJVQYkjJUtachc/TmR0UjrSRTYzoiakV72ZuJ/Xjc14aWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyX9I6q3q1au3uvFK/yuMowhEcwyl4cAF1uIUGNIHBEJ7gBV4d4Tw7b877orXg5DOH8AvOxzfBgY14</latexit>

E1

<latexit sha1_base64="T4NdPltGN2qvMkiON4BYWLz/Y40=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR6DIniMaB6QLGF20psMmZ1dZmaFEPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWjm5nfekKleSwfzThBP6IDyUPOqLHSw22v0iuW3LI7B1klXkZKkKHeK351+zFLI5SGCap1x3MT40+oMpwJnBa6qcaEshEdYMdSSSPU/mR+6pScWaVPwljZkobM1d8TExppPY4C2xlRM9TL3kz8z+ukJrzyJ1wmqUHJFovCVBATk9nfpM8VMiPGllCmuL2VsCFVlBmbTsGG4C2/vEqalbJXLVfvL0q16yyOPJzAKZyDB5dQgzuoQwMYDOAZXuHNEc6L8+58LFpzTjZzDH/gfP4AwwWNeQ==</latexit>

E2
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• Sensitivity factor e.g. for the QCD axion

Kim, Lenoci, Perez, Ratzinger 24’

• QCD coupled ULDM induces variations in 
<latexit sha1_base64="RFqlwiuOl3vkM6XKLcMORvFCaII="></latexit>

�E ⇠ mred↵
2 = me

✓
1 +

me

mN

◆
↵2

Suppression typically

G-factor: 
<latexit sha1_base64="DN9hgyH6O+4TQD82J5vjHUSW3rI=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBHcWBLR6rLqxpVUsA9oaphMJ+3QmUmYmQglZOXGX3HjQhG3foM7/8Zpm4W2HrhwOOde7r0niBlV2nG+rbn5hcWl5cJKcXVtfWPT3tpuqCiRmNRxxCLZCpAijApS11Qz0oolQTxgpBkMrkZ+84FIRSNxp4cx6XDUEzSkGGkj+faeF0qEU+6TLL2A3L/JPEU5dJ379Og08+2SU3bGgLPEzUkJ5Kj59pfXjXDCidCYIaXarhPrToqkppiRrOglisQID1CPtA0ViBPVScdvZPDAKF0YRtKU0HCs/p5IEVdqyAPTyZHuq2lvJP7ntRMdnndSKuJEE4Eni8KEQR3BUSawSyXBmg0NQVhScyvEfWRy0Sa5ognBnX55ljSOy26lXLk9KVUv8zgKYBfsg0PggjNQBdegBuoAg0fwDF7Bm/VkvVjv1sekdc7KZ3bAH1ifPyoYmEo=</latexit> me

AmN
⇠ 10�5

Vib. modes
<latexit sha1_base64="0C2ZylphBqp0a6zo0+I3Z/t6WqI=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCWACmOBhQkViT6kJkSO67RW7STYDlIV5QdY+BUWBhBiZWfjb3DbDNBypCsdnXOv7r3HjxmVyrK+jcLc/MLiUnG5tLK6tr5hbm41ZZQITBo4YpFo+0gSRkPSUFQx0o4FQdxnpOUPLkd+64EISaPwVg1j4nLUC2lAMVJa8sw9R94LlTqBQDjlHsnSc8i96yxzJOXQtu7Sw+PMM8tWxRoDzhI7J2WQo+6ZX043wgknocIMSdmxrVi5KRKKYkaykpNIEiM8QD3S0TREnEg3HX+TwX2tdGEQCV2hgmP190SKuJRD7utOjlRfTnsj8T+vk6jgzE1pGCeKhHiyKEgYVBEcRQO7VBCs2FAThAXVt0LcRzoYpQMs6RDs6ZdnSfOoYlcr1ZuTcu0ij6MIdsAuOAA2OAU1cAXqoAEweATP4BW8GU/Gi/FufExaC0Y+sw3+wPj8AUc4m6w=</latexit>r

me

AmN
⇠ 10�3

<latexit sha1_base64="XlmHiqp7hr6/TCmyvQZXnXJaHHs=">AAAB+HicbVDJTsMwEJ2UrZSlAY5cLCokLq0SlsKxggvHItFFakPluE5r1VlkO0glypdw4QBCXPkUbvwNbpoDtDxpNE/vzcjj50acSWVZ30ZhZXVtfaO4Wdra3tktm3v7bRnGgtAWCXkoui6WlLOAthRTnHYjQbHvctpxJzczv/NIhWRhcK+mEXV8PAqYxwhWWhqYZdt6SKpnaTXrF+nArFg1KwNaJnZOKpCjOTC/+sOQxD4NFOFYyp5tRcpJsFCMcJqW+rGkESYTPKI9TQPsU+kk2eEpOtbKEHmh0BUolKm/NxLsSzn1XT3pYzWWi95M/M/rxcq7chIWRLGiAZk/5MUcqRDNUkBDJihRfKoJJoLpWxEZY4GJ0lmVdAj24peXSfu0Ztdr9bvzSuM6j6MIh3AEJ2DDJTTgFprQAgIxPMMrvBlPxovxbnzMRwtGvnMAf2B8/gBrVpGp</latexit>

10�3 � 10�5

Charge radius

<latexit sha1_base64="EhnZPsCu4qvWKgAScwEXq/BKz0E="></latexit>

A8/3↵4

✓
me

mN

◆3

<latexit sha1_base64="1sfQi1YxkElE0yaupJVbNK31qrM="></latexit>

ωfA
fA

= Katomε
2(t)

<latexit sha1_base64="2/Dg6amaQRDimF+H581C7s3akL8=">AAACBHicbVDLSsNAFJ3UV62vqstugkVwVRKR6rLoRnBTwT6gDWEyvWmHTh7M3IglZOHGX3HjQhG3foQ7/8Zpm4W2HrhwOOfemXuPFwuu0LK+jcLK6tr6RnGztLW9s7tX3j9oqyiRDFosEpHselSB4CG0kKOAbiyBBp6Ajje+mvqde5CKR+EdTmJwAjoMuc8ZRS255Up/9kbqiQSy9MbtIzxgSjEKsswtV62aNYO5TOycVEmOplv+6g8ilgQQIhNUqZ5txeikVCJnArJSP1EQUzamQ+hpGtIAlJPOFsjMY60MTD+SukI0Z+rviZQGSk0CT3cGFEdq0ZuK/3m9BP0LJ+VhnCCEbP6RnwgTI3OaiDngEhiKiSaUSa53NdmISspQ51bSIdiLJy+T9mnNrtfqt2fVxmUeR5FUyBE5ITY5Jw1yTZqkRRh5JM/klbwZT8aL8W58zFsLRj5zSP7A+PwBe76ZSw==</latexit>

Katom

<latexit sha1_base64="2/Dg6amaQRDimF+H581C7s3akL8=">AAACBHicbVDLSsNAFJ3UV62vqstugkVwVRKR6rLoRnBTwT6gDWEyvWmHTh7M3IglZOHGX3HjQhG3foQ7/8Zpm4W2HrhwOOfemXuPFwuu0LK+jcLK6tr6RnGztLW9s7tX3j9oqyiRDFosEpHselSB4CG0kKOAbiyBBp6Ajje+mvqde5CKR+EdTmJwAjoMuc8ZRS255Up/9kbqiQSy9MbtIzxgSjEKsswtV62aNYO5TOycVEmOplv+6g8ilgQQIhNUqZ5txeikVCJnArJSP1EQUzamQ+hpGtIAlJPOFsjMY60MTD+SukI0Z+rviZQGSk0CT3cGFEdq0ZuK/3m9BP0LJ+VhnCCEbP6RnwgTI3OaiDngEhiKiSaUSa53NdmISspQ51bSIdiLJy+T9mnNrtfqt2fVxmUeR5FUyBE5ITY5Jw1yTZqkRRh5JM/klbwZT8aL8W58zFsLRj5zSP7A+PwBe76ZSw==</latexit>

Katom

<latexit sha1_base64="2/Dg6amaQRDimF+H581C7s3akL8=">AAACBHicbVDLSsNAFJ3UV62vqstugkVwVRKR6rLoRnBTwT6gDWEyvWmHTh7M3IglZOHGX3HjQhG3foQ7/8Zpm4W2HrhwOOfemXuPFwuu0LK+jcLK6tr6RnGztLW9s7tX3j9oqyiRDFosEpHselSB4CG0kKOAbiyBBp6Ajje+mvqde5CKR+EdTmJwAjoMuc8ZRS255Up/9kbqiQSy9MbtIzxgSjEKsswtV62aNYO5TOycVEmOplv+6g8ilgQQIhNUqZ5txeikVCJnArJSP1EQUzamQ+hpGtIAlJPOFsjMY60MTD+SukI0Z+rviZQGSk0CT3cGFEdq0ZuK/3m9BP0LJ+VhnCCEbP6RnwgTI3OaiDngEhiKiSaUSa53NdmISspQ51bSIdiLJy+T9mnNrtfqt2fVxmUeR5FUyBE5ITY5Jw1yTZqkRRh5JM/klbwZT8aL8W58zFsLRj5zSP7A+PwBe76ZSw==</latexit>

Katom
<latexit sha1_base64="JuWf/sO9P2qDNR1h+q0WivG3fyE=">AAAB63icbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FLx4r2A9ol5JNs21okl2SrFCW/gUvHhTx6h/y5r8x2+5Bqw8GHu/NMDMvTAQ31vO+UGltfWNzq7xd2dnd2z+oHh51TJxqyto0FrHuhcQwwRVrW24F6yWaERkK1g2nt7nffWTa8Fg92FnCAknGikecEptLA8PlsFrz6t4C+C/xC1KDAq1h9XMwimkqmbJUEGP6vpfYICPacirYvDJIDUsInZIx6zuqiGQmyBa3zvGZU0Y4irUrZfFC/TmREWnMTIauUxI7MateLv7n9VMbXQcZV0lqmaLLRVEqsI1x/jgecc2oFTNHCNXc3YrphGhCrYun4kLwV1/+SzoXdb9Rb9xf1po3RRxlOIFTOAcfrqAJd9CCNlCYwBO8wCuS6Bm9ofdlawkVM8fwC+jjGyNBjlI=</latexit>→

Atomic clocks as new physics detector
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Coupled with vibrational modes
<latexit sha1_base64="0C2ZylphBqp0a6zo0+I3Z/t6WqI=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCWACmOBhQkViT6kJkSO67RW7STYDlIV5QdY+BUWBhBiZWfjb3DbDNBypCsdnXOv7r3HjxmVyrK+jcLc/MLiUnG5tLK6tr5hbm41ZZQITBo4YpFo+0gSRkPSUFQx0o4FQdxnpOUPLkd+64EISaPwVg1j4nLUC2lAMVJa8sw9R94LlTqBQDjlHsnSc8i96yxzJOXQtu7Sw+PMM8tWxRoDzhI7J2WQo+6ZX043wgknocIMSdmxrVi5KRKKYkaykpNIEiM8QD3S0TREnEg3HX+TwX2tdGEQCV2hgmP190SKuJRD7utOjlRfTnsj8T+vk6jgzE1pGCeKhHiyKEgYVBEcRQO7VBCs2FAThAXVt0LcRzoYpQMs6RDs6ZdnSfOoYlcr1ZuTcu0ij6MIdsAuOAA2OAU1cAXqoAEweATP4BW8GU/Gi/FufExaC0Y+sw3+wPj8AUc4m6w=</latexit>r

me

AmN
⇠ 10�3

Atomic clocks as new physics detector

Madge, Perez, Meir 24’
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Atomic clocks as new physics detector

Coupled with vibrational modes

Madge, Perez, Meir 24’

<latexit sha1_base64="0C2ZylphBqp0a6zo0+I3Z/t6WqI=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiCxUCWACmOBhQkViT6kJkSO67RW7STYDlIV5QdY+BUWBhBiZWfjb3DbDNBypCsdnXOv7r3HjxmVyrK+jcLc/MLiUnG5tLK6tr5hbm41ZZQITBo4YpFo+0gSRkPSUFQx0o4FQdxnpOUPLkd+64EISaPwVg1j4nLUC2lAMVJa8sw9R94LlTqBQDjlHsnSc8i96yxzJOXQtu7Sw+PMM8tWxRoDzhI7J2WQo+6ZX043wgknocIMSdmxrVi5KRKKYkaykpNIEiM8QD3S0TREnEg3HX+TwX2tdGEQCV2hgmP190SKuJRD7utOjlRfTnsj8T+vk6jgzE1pGCeKhHiyKEgYVBEcRQO7VBCs2FAThAXVt0LcRzoYpQMs6RDs6ZdnSfOoYlcr1ZuTcu0ij6MIdsAuOAA2OAU1cAXqoAEweATP4BW8GU/Gi/FufExaC0Y+sw3+wPj8AUc4m6w=</latexit>r
me

AmN
⇠ 10�3
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Gilad’s talk



• Sensitivity of a  nuclear clock to new physiscs 229Th

Outline

• The     

<latexit sha1_base64="w5Ygcm80k4H4Mh5Z8Th40ziAZ5Y=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJ4seyKVI9FLx4r2A9o15JN0zY0yS7JbLEs+0+8eFDEq//Em//GtN2Dtj4YeLw3w8y8MBbcgOd9Oyura+sbm4Wt4vbO7t6+e3DYMFGiKavTSES6FRLDBFesDhwEa8WaERkK1gxHt1O/OWba8Eg9wCRmgSQDxfucErBS13V97zE9972sA+wJUpl13ZJX9mbAy8TPSQnlqHXdr04voolkCqggxrR9L4YgJRo4FSwrdhLDYkJHZMDalioimQnS2eUZPrVKD/cjbUsBnqm/J1IijZnI0HZKAkOz6E3F/7x2Av3rIOUqToApOl/UTwSGCE9jwD2uGQUxsYRQze2tmA6JJhRsWEUbgr/48jJpXJT9Srlyf1mq3uRxFNAxOkFnyEdXqIruUA3VEUVj9Ixe0ZuTOi/Ou/Mxb11x8pkj9AfO5w/DjJMh</latexit>

10→10m

<latexit sha1_base64="S5B0Yi0kFqqCWzz1N8/5/hoRkIg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyWRUj0WvXisYD+gjWWz3bRLN5uwOymWkH/ixYMiXv0n3vw3btsctPXBwOO9GWbm+bHgGhzn2yqsrW9sbhW3Szu7e/sH9uFRS0eJoqxJIxGpjk80E1yyJnAQrBMrRkJfsLY/vp357QlTmkfyAaYx80IylDzglICR+rbtOo/phVvNesCeIA2zvl12Ks4ceJW4OSmjHI2+/dUbRDQJmQQqiNZd14nBS4kCTgXLSr1Es5jQMRmyrqGShEx76fzyDJ8ZZYCDSJmSgOfq74mUhFpPQ990hgRGetmbif953QSCay/lMk6ASbpYFCQCQ4RnMeABV4yCmBpCqOLmVkxHRBEKJqySCcFdfnmVtC4rbq1Su6+W6zd5HEV0gk7ROXLRFaqjO9RATUTRBD2jV/RmpdaL9W59LFoLVj5zjP7A+vwBycCTJQ==</latexit>

10→14m

1. Natural ULDM: Quadratic twin


2. Local DM density around Earth with  - couplingϕ2N̄N

1. Quantum clocks simplified


2. Atomic clocks


3.  as a nuclear clock


4. Approaches to determine 

229Th

K
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 as nuclear clock229Th

• : unusually low excitation energy 229mTh

laser excitable
<latexit sha1_base64="ywDNV7cIa9kqx6IXHF9Cffm6ew4=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4kDIjUl0WH+Cygq1Cp5RMetuGZjJjckcsQz/Ajb/ixoUibv0Ad/6N6WOhrQcCh3PO5eaeIJbCoOt+O5m5+YXFpexybmV1bX0jv7lVM1GiOVR5JCN9GzADUiiookAJt7EGFgYSboLe2dC/uQdtRKSusR9DI2QdJdqCM7RSM1/wz0Eioxc+3CXi3ldJ0/WNCE/8Ax/hAVOoDWzKLboj0FniTUiBTFBp5r/8VsSTEBRyyYype26MjZRpFFzCIOcnBmLGe6wDdUsVC8E00tExA7pnlRZtR9o+hXSk/p5IWWhMPwxsMmTYNdPeUPzPqyfYPmmkQsUJguLjRe1EUozosBnaEho4yr4ljGth/0p5l2nG0faXsyV40yfPktph0SsVS1dHhfLppI4s2SG7ZJ945JiUySWpkCrh5JE8k1fy5jw5L8678zGOZpzJzDb5A+fzB33dm0w=</latexit>

!E → ω0 ↑ 8 eV
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 as nuclear clock229Th

• : unusually low excitation energy 229mTh

laser excitable

• : Lifetime229mTh
<latexit sha1_base64="v2CMXYDu8VuIyqEvtirW/QDD35Y=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEIHqQkotVj0YvHCvYDmlA22027dLMJuxOxxB78K148KOLVv+HNf+O2zUFbHww83pthZl6QCK7Bcb6thcWl5ZXVwlpxfWNza9ve2W3oOFWU1WksYtUKiGaCS1YHDoK1EsVIFAjWDAbXY795z5TmsbyDYcL8iPQkDzklYKSOve8BST3NI+yUz70TD9gDZP1Rxy45ZWcCPE/cnJRQjlrH/vK6MU0jJoEKonXbdRLwM6KAU8FGRS/VLCF0QHqsbagkEdN+Nrl/hI+M0sVhrExJwBP190RGIq2HUWA6IwJ9PeuNxf+8dgrhpZ9xmaTAJJ0uClOBIcbjMHCXK0ZBDA0hVHFzK6Z9oggFE1nRhODOvjxPGqdlt1Ku3J6Vqld5HAV0gA7RMXLRBaqiG1RDdUTRI3pGr+jNerJerHfrY9q6YOUze+gPrM8fMiaVmQ==</latexit>

ω → 0.5 h

Quality factor

<latexit sha1_base64="ywDNV7cIa9kqx6IXHF9Cffm6ew4=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4kDIjUl0WH+Cygq1Cp5RMetuGZjJjckcsQz/Ajb/ixoUibv0Ad/6N6WOhrQcCh3PO5eaeIJbCoOt+O5m5+YXFpexybmV1bX0jv7lVM1GiOVR5JCN9GzADUiiookAJt7EGFgYSboLe2dC/uQdtRKSusR9DI2QdJdqCM7RSM1/wz0Eioxc+3CXi3ldJ0/WNCE/8Ax/hAVOoDWzKLboj0FniTUiBTFBp5r/8VsSTEBRyyYype26MjZRpFFzCIOcnBmLGe6wDdUsVC8E00tExA7pnlRZtR9o+hXSk/p5IWWhMPwxsMmTYNdPeUPzPqyfYPmmkQsUJguLjRe1EUozosBnaEho4yr4ljGth/0p5l2nG0faXsyV40yfPktph0SsVS1dHhfLppI4s2SG7ZJ945JiUySWpkCrh5JE8k1fy5jw5L8678zGOZpzJzDb5A+fzB33dm0w=</latexit>

!E → ω0 ↑ 8 eV

<latexit sha1_base64="FRYfx6MsUzKFYM7ZKkuIGb9Un+4=">AAACA3icbVDLSgMxFM34rPU16k43wSK4Kpki1WXRjcsW7AM645BJM21oJjMkGaEMBTf+ihsXirj1J9z5N2baWWjrgQsn59xL7j1BwpnSCH1bK6tr6xubpa3y9s7u3r59cNhRcSoJbZOYx7IXYEU5E7Stmea0l0iKo4DTbjC+yf3uA5WKxeJOTxLqRXgoWMgI1kby7eOWq1jkitRHrsZp/oAOus9qaOrbFVRFM8Bl4hSkAgo0ffvLHcQkjajQhGOl+g5KtJdhqRnhdFp2U0UTTMZ4SPuGChxR5WWzG6bwzCgDGMbSlNBwpv6eyHCk1CQKTGeE9Ugtern4n9dPdXjlZUwkqaaCzD8KUw51DPNA4IBJSjSfGIKJZGZXSEZYYqJNbGUTgrN48jLp1KpOvVpvXVQa10UcJXACTsE5cMAlaIBb0ARtQMAjeAav4M16sl6sd+tj3rpiFTNH4A+szx/VmpcC</latexit>

Q → ω0ε → 1020
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 as nuclear clock229Th

• : unusually low excitation energy 229mTh

laser excitable

• : Lifetime229mTh
<latexit sha1_base64="v2CMXYDu8VuIyqEvtirW/QDD35Y=">AAAB/3icbVBNS8NAEN34WetXVPDiZbEIHqQkotVj0YvHCvYDmlA22027dLMJuxOxxB78K148KOLVv+HNf+O2zUFbHww83pthZl6QCK7Bcb6thcWl5ZXVwlpxfWNza9ve2W3oOFWU1WksYtUKiGaCS1YHDoK1EsVIFAjWDAbXY795z5TmsbyDYcL8iPQkDzklYKSOve8BST3NI+yUz70TD9gDZP1Rxy45ZWcCPE/cnJRQjlrH/vK6MU0jJoEKonXbdRLwM6KAU8FGRS/VLCF0QHqsbagkEdN+Nrl/hI+M0sVhrExJwBP190RGIq2HUWA6IwJ9PeuNxf+8dgrhpZ9xmaTAJJ0uClOBIcbjMHCXK0ZBDA0hVHFzK6Z9oggFE1nRhODOvjxPGqdlt1Ku3J6Vqld5HAV0gA7RMXLRBaqiG1RDdUTRI3pGr+jNerJerHfrY9q6YOUze+gPrM8fMiaVmQ==</latexit>

ω → 0.5 h

Quality factor

• : Less sensitive to external fields 229mTh

<latexit sha1_base64="ywDNV7cIa9kqx6IXHF9Cffm6ew4=">AAACDHicbVDLSgMxFM3UV62vqks3wSK4kDIjUl0WH+Cygq1Cp5RMetuGZjJjckcsQz/Ajb/ixoUibv0Ad/6N6WOhrQcCh3PO5eaeIJbCoOt+O5m5+YXFpexybmV1bX0jv7lVM1GiOVR5JCN9GzADUiiookAJt7EGFgYSboLe2dC/uQdtRKSusR9DI2QdJdqCM7RSM1/wz0Eioxc+3CXi3ldJ0/WNCE/8Ax/hAVOoDWzKLboj0FniTUiBTFBp5r/8VsSTEBRyyYype26MjZRpFFzCIOcnBmLGe6wDdUsVC8E00tExA7pnlRZtR9o+hXSk/p5IWWhMPwxsMmTYNdPeUPzPqyfYPmmkQsUJguLjRe1EUozosBnaEho4yr4ljGth/0p5l2nG0faXsyV40yfPktph0SsVS1dHhfLppI4s2SG7ZJ945JiUySWpkCrh5JE8k1fy5jw5L8678zGOZpzJzDb5A+fzB33dm0w=</latexit>

!E → ω0 ↑ 8 eV

<latexit sha1_base64="FRYfx6MsUzKFYM7ZKkuIGb9Un+4=">AAACA3icbVDLSgMxFM34rPU16k43wSK4Kpki1WXRjcsW7AM645BJM21oJjMkGaEMBTf+ihsXirj1J9z5N2baWWjrgQsn59xL7j1BwpnSCH1bK6tr6xubpa3y9s7u3r59cNhRcSoJbZOYx7IXYEU5E7Stmea0l0iKo4DTbjC+yf3uA5WKxeJOTxLqRXgoWMgI1kby7eOWq1jkitRHrsZp/oAOus9qaOrbFVRFM8Bl4hSkAgo0ffvLHcQkjajQhGOl+g5KtJdhqRnhdFp2U0UTTMZ4SPuGChxR5WWzG6bwzCgDGMbSlNBwpv6eyHCk1CQKTGeE9Ugtern4n9dPdXjlZUwkqaaCzD8KUw51DPNA4IBJSjSfGIKJZGZXSEZYYqJNbGUTgrN48jLp1KpOvVpvXVQa10UcJXACTsE5cMAlaIBb0ARtQMAjeAav4M16sl6sd+tj3rpiFTNH4A+szx/VmpcC</latexit>

Q → ω0ε → 1020
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 experimental progress in 229Th δν/ν

• Revolution: Accuracy in isomeric shift

 (2020): indirect -ray spectroscopy 10−1 γ

 (2022, ISOLDE): VUV photons from isomer decay in 10−3 229Th : CaF2 :

 (March/Arpil 2024, PTB): First resonant laser excitation in 10−6 229Th : CaF2 :

 (June 2024, JILA): VUV frequency comb spectroscopy referenced to  clock10−11 87Sr

 (2025, JILA): Using two crystals 10−13 229Th : CaF2 :

This, and another enhancement factor of  to new physics probes is 
extremely promising!

108 − 1010

T. Sikorsky et al., Phys. Rev. Lett. 125, 142503 (2020)

S. Kraemer et al., Nature 617, 706–710 (2023)

J. Tiedau et al., Phys. Rev. Lett. 132, 182501 (2024)

C. Zhang et al., Nature 633, 63–70 (2024)

T. Ooi et al., Nature 650, 72–78 (2026)
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 measurements229Th

• Shine broad  but super powerful laser on -doped  
 crystal

( ∼ few × GHz) 229Th
CaF2

 First resonant laser excitation in 229Th : CaF2 :
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 measurements229Th

• Scan frequencies and after  get back fluoresent 
light at 

τ ∼ 0.5 h
ν = 2020.409(7) THz

 First resonant laser excitation in 229Th : CaF2 :

<latexit sha1_base64="JLO5jsrRiM0oSbjbj+JIVgP3tJM=">AAACC3icbVC7TsMwFHXKq5RXgJHFaoXEQpUgVBgrWBiLRB9SEyrHcVqrthPZDlIVZWfhV1gYQIiVH2Djb3DaDtBypHt1dM69su8JEkaVdpxvq7Syura+Ud6sbG3v7O7Z+wcdFacSkzaOWSx7AVKEUUHammpGeokkiAeMdIPxdeF3H4hUNBZ3epIQn6OhoBHFSBtpYFe9SCKceSFhGkFPpHlWNE9RDl3nPjtt5AO75tSdKeAyceekBuZoDewvL4xxyonQmCGl+q6TaD9DUlPMSF7xUkUShMdoSPqGCsSJ8rPpLTk8NkoIo1iaEhpO1d8bGeJKTXhgJjnSI7XoFeJ/Xj/V0aWfUZGkmgg8eyhKGdQxLIKBIZUEazYxBGFJzV8hHiETjjbxVUwI7uLJy6RzVncb9cbtea15NY+jDI5AFZwAF1yAJrgBLdAGGDyCZ/AK3qwn68V6tz5moyVrvnMI/sD6/AG1AprV</latexit>

ωε

ε
→ 10→6

J. Tiedau et al., Phys. Rev. Lett. 132, 182501 (2024)

• Shine broad  but super powerful laser on -doped  
 crystal

( ∼ few × GHz) 229Th
CaF2
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 measurements229Th

• Scan frequencies and after  get back fluoresent 
light at 

τ ∼ 0.5 h
ν = 2020.409(7) THz

 First resonant laser excitation in 229Th : CaF2 :

<latexit sha1_base64="sKtSd4xjA4ljBUftvw3WBhTi0H8=">AAACCXicbVBNS8NAEN34WetX1aOXxSJ40JKIVI9FLz1WsB/QhLDZbtqlm03YnQg19OrFv+LFgyJe/Qfe/Ddu2xy09cHA470ZZuYFieAabPvbWlpeWV1bL2wUN7e2d3ZLe/stHaeKsiaNRaw6AdFMcMmawEGwTqIYiQLB2sHwZuK375nSPJZ3MEqYF5G+5CGnBIzkl7Ar0zNTvu2euoKF0HVVlA3rD2NX8f4APL9Utiv2FHiRODkpoxwNv/Tl9mKaRkwCFUTrrmMn4GVEAaeCjYtuqllC6JD0WddQSSKmvWz6yRgfG6WHw1iZkoCn6u+JjERaj6LAdEYEBnrem4j/ed0Uwisv4zJJgUk6WxSmAkOMJ7HgHleMghgZQqji5lZMB0QRCia8ognBmX95kbTOK061Ur29KNeu8zgK6BAdoRPkoEtUQ3XUQE1E0SN6Rq/ozXqyXqx362PWumTlMwfoD6zPH5zPmlE=</latexit>

ω → ω0 [kHz]

T. Ooi et al., Nature 650, 72–78 (2026)

• Comb spectroscopy: using 2 crystals gives reproducability

<latexit sha1_base64="HNJ63VrcaSnSCPE3pLB74SQUlgI=">AAACDHicbVC9TsMwGHTKXyl/BUYWiwqJhSoBVBgrWBiLRH+kJlSO47RWbSeyHaQqygOw8CosDCDEygOw8TY4bQZoOcnW6e4+2d/5MaNK2/a3VVpaXlldK69XNja3tnequ3sdFSUSkzaOWCR7PlKEUUHammpGerEkiPuMdP3xde53H4hUNBJ3ehITj6OhoCHFSBtpUK25oUQ4dQPCNIKuSLI0v1xFOXTs+/TEOctMyq7bU8BF4hSkBgq0BtUvN4hwwonQmCGl+o4day9FUlPMSFZxE0VihMdoSPqGCsSJ8tLpMhk8MkoAw0iaIzScqr8nUsSVmnDfJDnSIzXv5eJ/Xj/R4aWXUhEnmgg8eyhMGNQRzJuBAZUEazYxBGFJzV8hHiHTjjb9VUwJzvzKi6RzWnca9cbtea15VdRRBgfgEBwDB1yAJrgBLdAGGDyCZ/AK3qwn68V6tz5m0ZJVzOyDP7A+fwAshZsN</latexit>

ωε

ε
→ 10→13

• Shine broad  but super powerful laser on -doped  
 crystal

( ∼ few × GHz) 229Th
CaF2
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 measurements229Th

• Scan frequencies and after  get back fluoresent 
light at 

τ ∼ 0.5 h
ν = 2020.409(7) THz

 First resonant laser excitation in 229Th : CaF2 :

<latexit sha1_base64="sKtSd4xjA4ljBUftvw3WBhTi0H8=">AAACCXicbVBNS8NAEN34WetX1aOXxSJ40JKIVI9FLz1WsB/QhLDZbtqlm03YnQg19OrFv+LFgyJe/Qfe/Ddu2xy09cHA470ZZuYFieAabPvbWlpeWV1bL2wUN7e2d3ZLe/stHaeKsiaNRaw6AdFMcMmawEGwTqIYiQLB2sHwZuK375nSPJZ3MEqYF5G+5CGnBIzkl7Ar0zNTvu2euoKF0HVVlA3rD2NX8f4APL9Utiv2FHiRODkpoxwNv/Tl9mKaRkwCFUTrrmMn4GVEAaeCjYtuqllC6JD0WddQSSKmvWz6yRgfG6WHw1iZkoCn6u+JjERaj6LAdEYEBnrem4j/ed0Uwisv4zJJgUk6WxSmAkOMJ7HgHleMghgZQqji5lZMB0QRCia8ognBmX95kbTOK061Ur29KNeu8zgK6BAdoRPkoEtUQ3XUQE1E0SN6Rq/ozXqyXqx362PWumTlMwfoD6zPH5zPmlE=</latexit>

ω → ω0 [kHz]

T. Ooi et al., Nature 650, 72–78 (2026)

• Comb spectroscopy: using 2 crystals gives reproducability

<latexit sha1_base64="HNJ63VrcaSnSCPE3pLB74SQUlgI=">AAACDHicbVC9TsMwGHTKXyl/BUYWiwqJhSoBVBgrWBiLRH+kJlSO47RWbSeyHaQqygOw8CosDCDEygOw8TY4bQZoOcnW6e4+2d/5MaNK2/a3VVpaXlldK69XNja3tnequ3sdFSUSkzaOWCR7PlKEUUHammpGerEkiPuMdP3xde53H4hUNBJ3ehITj6OhoCHFSBtpUK25oUQ4dQPCNIKuSLI0v1xFOXTs+/TEOctMyq7bU8BF4hSkBgq0BtUvN4hwwonQmCGl+o4day9FUlPMSFZxE0VihMdoSPqGCsSJ8tLpMhk8MkoAw0iaIzScqr8nUsSVmnDfJDnSIzXv5eJ/Xj/R4aWXUhEnmgg8eyhMGNQRzJuBAZUEazYxBGFJzV8hHiHTjjb9VUwJzvzKi6RzWnca9cbtea15VdRRBgfgEBwDB1yAJrgBLdAGGDyCZ/AK3qwn68V6tz5m0ZJVzOyDP7A+fwAshZsN</latexit>

ωε

ε
→ 10→13

• Shine broad  but super powerful laser on -doped  
 crystal

( ∼ few × GHz) 229Th
CaF2

Great, but still worse than atomic clocks…
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<latexit sha1_base64="wVPzzeP42f0ufQA9TkUBO3pHEd0="></latexit>

�Eis = �EQCD ��EEM ' 8 eV

• Naively
<latexit sha1_base64="2TIWfOBFokzIeE9p4k69qhVS2lk="></latexit>

�EEM ' (eZ)2

A1/3

⇤QCD

A
⇠ MeV

Then the sensitivity factor is indeed

• Transition energy

This and no suppression gives 
<latexit sha1_base64="tZaPo4NQ1SWTUmizJyQXBvzp2lY=">AAAB83icbVBNSwMxEJ2tX7V+VT16CRbBi2VXpPZY9OKxgv2Adi3ZdNqGZrNLkhXK0r/hxYMiXv0z3vw3pu0etPXBDI/3ZsjkBbHg2rjut5NbW9/Y3MpvF3Z29/YPiodHTR0limGDRSJS7YBqFFxiw3AjsB0rpGEgsBWMb2d+6wmV5pF8MJMY/ZAOJR9wRo2Vup77WL2wLfXcaa9YcsvuHGSVeBkpQYZ6r/jV7UcsCVEaJqjWHc+NjZ9SZTgTOC10E40xZWM6xI6lkoao/XR+85ScWaVPBpGyJQ2Zq783UhpqPQkDOxlSM9LL3kz8z+skZlD1Uy7jxKBki4cGiSAmIrMASJ8rZEZMLKFMcXsrYSOqKDM2poINwVv+8ippXpa9Srlyf1Wq3WRx5OEETuEcPLiGGtxBHRrAIIZneIU3J3FenHfnYzGac7KdY/gD5/MHwUSQOQ==</latexit>

108 � 1010 enhancement!

Enhanced Sensitivity?

<latexit sha1_base64="2Ik4S9Y34x6hI3cJqJXxZOesIGI=">AAACInicbZDLSgMxFIYz3q23qjvdBIvgqsxIqW6E4gVcKthW6Awlk57aYDIzJGfEMgz4MOJWn8OduBJ8Cd/AtM7C24HAz/+fc5J8YSKFQdd9cyYmp6ZnZufmSwuLS8sr5dW1lolTzaHJYxnry5AZkCKCJgqUcJloYCqU0A6vj0Z5+wa0EXF0gcMEAsWuItEXnKG1uuUN3whF/WOQyOhJN/MRbjE7PzrO82654lbdcdG/witEhRR11i1/+L2Ypwoi5JIZ0/HcBIOMaRRcQl7yUwMJ49fsCjpWRkyBCbLxH3K6bZ0e7cfangjp2P0+kTFlzFCFtlMxHJjf2cj8L+uk2N8PMhElKULEvy7qp5JiTEdAaE9o4CiHVjCuhX0r5QOmGUeL7cemguNBLcjUgA9A5SXLyPtN5K9o7Va9erV+Xqs0Dgtac2STbJEd4pE90iCn5Iw0CSd35IE8kifn3nl2XpzXr9YJp5hZJz/Kef8EoJWkRA==</latexit>

⇠ �EQCD

• ULDM coupled to strong sector
<latexit sha1_base64="x4dTbKaOc/uow9/4zWDnOY/vSzQ="></latexit>

� (�Eis)

�Eis
=

�EQCD(t)��EEM

�Eis
) �EQCD

�Eis
⇥ dg

mN

Mpl
cos (m�t)

<latexit sha1_base64="y+0Yg4VlWjONiN3NYLvQGDJxXxc="></latexit>

Knuc =
!EEM

!Eis
→ 105

<latexit sha1_base64="6hOHDe3BB94TmMBjOFLSFwFmP4s=">AAACJnicbZDNSgMxFIUz/tb6V3XpZrAIruqMSHUjFN0IbhSsCp1hyKS3NZhkhuSOWIZ5Gje+ihsXFRF3PopprajVC4HD+e5Nbk6cCm7Q896cicmp6ZnZ0lx5fmFxabmysnphkkwzaLJEJPoqpgYEV9BEjgKuUg1UxgIu45ujAb+8BW14os6xl0IoaVfxDmcUrRVVDvJgeEmuoV3kJ1GAcIe5ylhRFNtfLBYZfEOKibQ0MFxGlapX84bl/hX+SFTJqE6jSj9oJyyToJAJakzL91IMc6qRMwFFOcgMpJTd0C60rFRUggnz4RaFu2mdtttJtD0K3aH7cyKn0piejG2npHhtxtnA/I+1MuzshzlXaYag2OdDnUy4mLiDzNw218BQ9KygTHO7q8uuqaYMbbJlG4I//uW/4mKn5tdr9bPdauNwFEeJrJMNskV8skca5JickiZh5J48kj55dh6cJ+fFef1snXBGM2vkVznvH83lqRI=</latexit>

Knuc/Katom →

 as nuclear clock candidate229Th



• Sensitivity of a  nuclear clock to new physiscs 229Th

Outline

• The     

<latexit sha1_base64="w5Ygcm80k4H4Mh5Z8Th40ziAZ5Y=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJ4seyKVI9FLx4r2A9o15JN0zY0yS7JbLEs+0+8eFDEq//Em//GtN2Dtj4YeLw3w8y8MBbcgOd9Oyura+sbm4Wt4vbO7t6+e3DYMFGiKavTSES6FRLDBFesDhwEa8WaERkK1gxHt1O/OWba8Eg9wCRmgSQDxfucErBS13V97zE9972sA+wJUpl13ZJX9mbAy8TPSQnlqHXdr04voolkCqggxrR9L4YgJRo4FSwrdhLDYkJHZMDalioimQnS2eUZPrVKD/cjbUsBnqm/J1IijZnI0HZKAkOz6E3F/7x2Av3rIOUqToApOl/UTwSGCE9jwD2uGQUxsYRQze2tmA6JJhRsWEUbgr/48jJpXJT9Srlyf1mq3uRxFNAxOkFnyEdXqIruUA3VEUVj9Ixe0ZuTOi/Ou/Mxb11x8pkj9AfO5w/DjJMh</latexit>

10→10m

<latexit sha1_base64="S5B0Yi0kFqqCWzz1N8/5/hoRkIg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyWRUj0WvXisYD+gjWWz3bRLN5uwOymWkH/ixYMiXv0n3vw3btsctPXBwOO9GWbm+bHgGhzn2yqsrW9sbhW3Szu7e/sH9uFRS0eJoqxJIxGpjk80E1yyJnAQrBMrRkJfsLY/vp357QlTmkfyAaYx80IylDzglICR+rbtOo/phVvNesCeIA2zvl12Ks4ceJW4OSmjHI2+/dUbRDQJmQQqiNZd14nBS4kCTgXLSr1Es5jQMRmyrqGShEx76fzyDJ8ZZYCDSJmSgOfq74mUhFpPQ990hgRGetmbif953QSCay/lMk6ASbpYFCQCQ4RnMeABV4yCmBpCqOLmVkxHRBEKJqySCcFdfnmVtC4rbq1Su6+W6zd5HEV0gk7ROXLRFaqjO9RATUTRBD2jV/RmpdaL9W59LFoLVj5zjP7A+vwBycCTJQ==</latexit>

10→14m

1. Natural ULDM: Quadratic twin


2. Local DM density around Earth with  - couplingϕ2N̄N

1. Quantum clocks simplified


2. Atomic clocks


3.  as a nuclear clock


4. Approaches to determine 

229Th

K



Approaches to estimate the sensitivity 

Classical approaches

Halo model
Rotor models

DFT and HFT methods

“Ab initio”

• Calcluation of 
<latexit sha1_base64="TNMbuBCR+DhUmebitxa5Aw38FcU=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgKcyIRI/BBTxGMAskIfR0KkmTnp6hu0YMQ/wVLx4U8eqHePNv7CwHTXxQ8Hiviqp6QSyFQc/7djIrq2vrG9nN3Nb2zu6eu39QM1GiOVR5JCPdCJgBKRRUUaCERqyBhYGEejC8mvj1B9BGROoeRzG0Q9ZXoic4Qyt13HzrGiQyetNpITxiqhI+7rgFr+hNQZeJPycFMkel4361uhFPQlDIJTOm6XsxtlOmUXAJ41wrMRAzPmR9aFqqWAimnU6PH9Njq3RpL9K2FNKp+nsiZaExozCwnSHDgVn0JuJ/XjPB3kU7FSpOEBSfLeolkmJEJ0nQrtDAUY4sYVwLeyvlA6YZR5tXzobgL768TGqnRb9ULN2dFcqX8ziy5JAckRPik3NSJrekQqqEkxF5Jq/kzXlyXpx352PWmnHmM3nyB87nD7+UlN0=</latexit>

!Enuc is basically impossible, but can try to calculate  
<latexit sha1_base64="hBsnXOgWXWcksygwbWJYvhp3kwg=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAbBU9gViR6DGvAiRDAPyIYwO+kkQ2YfzPRKwpJf8eJBEa/+iDf/xkmyB00saCiquunu8iIpNNr2t5VZW9/Y3Mpu53Z29/YP8oeFhg5jxaHOQxmqlsc0SBFAHQVKaEUKmO9JaHqjm5nffAKlRRg84iSCjs8GgegLztBI3XzBvQWJjFa7LsIYk+r9tJsv2iV7DrpKnJQUSYpaN//l9kIe+xAgl0zrtmNH2EmYQsElTHNurCFifMQG0DY0YD7oTjK/fUpPjdKj/VCZCpDO1d8TCfO1nvie6fQZDvWyNxP/89ox9q86iQiiGCHgi0X9WFIM6SwI2hMKOMqJIYwrYW6lfMgU42jiypkQnOWXV0njvOSUS+WHi2LlOo0jS47JCTkjDrkkFXJHaqROOBmTZ/JK3qyp9WK9Wx+L1oyVzhyRP7A+fwCCKpQf</latexit>

!EEM

Data driven



Approaches to estimate the sensitivity 

Classical approaches

Halo 
Rotor 

DFT   

“Ab 

Data driven

• Calcluation of 
<latexit sha1_base64="TNMbuBCR+DhUmebitxa5Aw38FcU=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgKcyIRI/BBTxGMAskIfR0KkmTnp6hu0YMQ/wVLx4U8eqHePNv7CwHTXxQ8Hiviqp6QSyFQc/7djIrq2vrG9nN3Nb2zu6eu39QM1GiOVR5JCPdCJgBKRRUUaCERqyBhYGEejC8mvj1B9BGROoeRzG0Q9ZXoic4Qyt13HzrGiQyetNpITxiqhI+7rgFr+hNQZeJPycFMkel4361uhFPQlDIJTOm6XsxtlOmUXAJ41wrMRAzPmR9aFqqWAimnU6PH9Njq3RpL9K2FNKp+nsiZaExozCwnSHDgVn0JuJ/XjPB3kU7FSpOEBSfLeolkmJEJ0nQrtDAUY4sYVwLeyvlA6YZR5tXzobgL768TGqnRb9ULN2dFcqX8ziy5JAckRPik3NSJrekQqqEkxF5Jq/kzXlyXpx352PWmnHmM3nyB87nD7+UlN0=</latexit>

!Enuc is basically impossible, but can try to calculate  
<latexit sha1_base64="hBsnXOgWXWcksygwbWJYvhp3kwg=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAbBU9gViR6DGvAiRDAPyIYwO+kkQ2YfzPRKwpJf8eJBEa/+iDf/xkmyB00saCiquunu8iIpNNr2t5VZW9/Y3Mpu53Z29/YP8oeFhg5jxaHOQxmqlsc0SBFAHQVKaEUKmO9JaHqjm5nffAKlRRg84iSCjs8GgegLztBI3XzBvQWJjFa7LsIYk+r9tJsv2iV7DrpKnJQUSYpaN//l9kIe+xAgl0zrtmNH2EmYQsElTHNurCFifMQG0DY0YD7oTjK/fUpPjdKj/VCZCpDO1d8TCfO1nvie6fQZDvWyNxP/89ox9q86iQiiGCHgi0X9WFIM6SwI2hMKOMqJIYwrYW6lfMgU42jiypkQnOWXV0njvOSUS+WHi2LlOo0jS47JCTkjDrkkFXJHaqROOBmTZ/JK3qyp9WK9Wx+L1oyVzhyRP7A+fwCCKpQf</latexit>

!EEM
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Data driven approaches

• Crystal structure induces splitting in the isomer shift via hyperfine interactions

<latexit sha1_base64="nZRCYNXPPkEGskJsaUZhUpm62AM="></latexit>

H =
∑

k

1

k
V (k)Q(k)

spec

<latexit sha1_base64="8+Cv+lFKkcbs8+C8FSOmfAchYaY=">AAACAHicbVC7TsMwFL0pr1JeAQYGFosKqSxVglBhrGBhLBJ9SG2oHNdtrTpOZDtIVZSFX2FhACFWPoONv8FNM0DLka50dM69vr7HjzhT2nG+rcLK6tr6RnGztLW9s7tn7x+0VBhLQpsk5KHs+FhRzgRtaqY57USS4sDntO1PbmZ++5FKxUJxr6cR9QI8EmzICNZG6ttHSS97JPF5TNOk9ZBUJmdpmvbtslN1MqBl4uakDDkaffurNwhJHFChCcdKdV0n0l6CpWaE07TUixWNMJngEe0aKnBAlZdku1N0apQBGobSlNAoU39PJDhQahr4pjPAeqwWvZn4n9eN9fDKS5iIYk0FmS8axhzpEM3SQAMmKdF8aggmkpm/IjLGEhNtMiuZENzFk5dJ67zq1qq1u4ty/TqPowjHcAIVcOES6nALDWgCgRSe4RXerCfrxXq3PuatBSufOYQ/sD5/AJcllw8=</latexit>

V (k)

<latexit sha1_base64="g2x3qQuKAkXDYjArU1s+AWNRCs4=">AAACC3icbVC7SgNBFJ31GeNr1dJmSRBiE3ZFomXQxjIB84AkhtnJTTJk9sHMXTEM29v4KzYWitj6A3b+jZNHoYkHLhzOuXfm3uPHgit03W9rZXVtfWMzs5Xd3tnd27cPDusqSiSDGotEJJs+VSB4CDXkKKAZS6CBL6Dhj64nfuMepOJReIvjGDoBHYS8zxlFI3XtnG5PH9ESeqmudtsID6hVDCy904XRaZqmXTvvFt0pnGXizUmezFHp2l/tXsSSAEJkgirV8twYO5pK5ExAmm0nCmLKRnQALUNDGoDq6OkaqXNilJ7Tj6SpEJ2p+ntC00CpceCbzoDiUC16E/E/r5Vg/7KjeRgnCCGbfdRPhIORMwnG6XEJDMXYEMokN7s6bEglZWjiy5oQvMWTl0n9rOiViqXqeb58NY8jQ45JjhSIRy5ImdyQCqkRRh7JM3klb9aT9WK9Wx+z1hVrPnNE/sD6/AHQHpwu</latexit>

Q(k)
spec

: Electric field gradients (crystal structure)

: Spectroscopic nuclear multipole moments

• For instance for quadrupole moment              :
<latexit sha1_base64="FClSGPNLm1g8n948wb/cPfoOE98=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRahXspukepFKHrxWMG1hXYp2TTbhmaTJckKZelv8OJBEa/+IG/+G9N2D9r6YODx3gwz88KEM21c99sprK1vbG4Vt0s7u3v7B+XDo0ctU0WoTySXqhNiTTkT1DfMcNpJFMVxyGk7HN/O/PYTVZpJ8WAmCQ1iPBQsYgQbK/nV8XX9vF+uuDV3DrRKvJxUIEerX/7qDSRJYyoM4VjrrucmJsiwMoxwOi31Uk0TTMZ4SLuWChxTHWTzY6fozCoDFEllSxg0V39PZDjWehKHtjPGZqSXvZn4n9dNTXQVZEwkqaGCLBZFKUdGotnnaMAUJYZPLMFEMXsrIiOsMDE2n5INwVt+eZU81mteo9a4v6g0b/I4inACp1AFDy6hCXfQAh8IMHiGV3hzhPPivDsfi9aCk88cwx84nz+PXo3i</latexit>

(k = 2)
<latexit sha1_base64="XBYaPayDew0R6K1ujjmPAbZmYdM="></latexit>

!EQ(2) = ω2
zV (εr)

∣∣
ωr=0

Q(2)
spec

C. Zhang et al., Nature 633, 63–70 (2024)

• State-resolved VUV frequency-comb spectroscopy referenced to the JILA -clock87Sr
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Hyperfine interaction hamiltonian

<latexit sha1_base64="nZRCYNXPPkEGskJsaUZhUpm62AM="></latexit>

H =
∑

k

1

k
V (k)Q(k)

spec

<latexit sha1_base64="8+Cv+lFKkcbs8+C8FSOmfAchYaY=">AAACAHicbVC7TsMwFL0pr1JeAQYGFosKqSxVglBhrGBhLBJ9SG2oHNdtrTpOZDtIVZSFX2FhACFWPoONv8FNM0DLka50dM69vr7HjzhT2nG+rcLK6tr6RnGztLW9s7tn7x+0VBhLQpsk5KHs+FhRzgRtaqY57USS4sDntO1PbmZ++5FKxUJxr6cR9QI8EmzICNZG6ttHSS97JPF5TNOk9ZBUJmdpmvbtslN1MqBl4uakDDkaffurNwhJHFChCcdKdV0n0l6CpWaE07TUixWNMJngEe0aKnBAlZdku1N0apQBGobSlNAoU39PJDhQahr4pjPAeqwWvZn4n9eN9fDKS5iIYk0FmS8axhzpEM3SQAMmKdF8aggmkpm/IjLGEhNtMiuZENzFk5dJ67zq1qq1u4ty/TqPowjHcAIVcOES6nALDWgCgRSe4RXerCfrxXq3PuatBSufOYQ/sD5/AJcllw8=</latexit>

V (k)

<latexit sha1_base64="g2x3qQuKAkXDYjArU1s+AWNRCs4=">AAACC3icbVC7SgNBFJ31GeNr1dJmSRBiE3ZFomXQxjIB84AkhtnJTTJk9sHMXTEM29v4KzYWitj6A3b+jZNHoYkHLhzOuXfm3uPHgit03W9rZXVtfWMzs5Xd3tnd27cPDusqSiSDGotEJJs+VSB4CDXkKKAZS6CBL6Dhj64nfuMepOJReIvjGDoBHYS8zxlFI3XtnG5PH9ESeqmudtsID6hVDCy904XRaZqmXTvvFt0pnGXizUmezFHp2l/tXsSSAEJkgirV8twYO5pK5ExAmm0nCmLKRnQALUNDGoDq6OkaqXNilJ7Tj6SpEJ2p+ntC00CpceCbzoDiUC16E/E/r5Vg/7KjeRgnCCGbfdRPhIORMwnG6XEJDMXYEMokN7s6bEglZWjiy5oQvMWTl0n9rOiViqXqeb58NY8jQ45JjhSIRy5ImdyQCqkRRh7JM3klb9aT9WK9Wx+z1hVrPnNE/sD6/AHQHpwu</latexit>

Q(k)
spec

: Electric field gradients (crystal structure)

: Spectroscopic nuclear multipole moments
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<latexit sha1_base64="nZRCYNXPPkEGskJsaUZhUpm62AM="></latexit>

H =
∑

k

1

k
V (k)Q(k)

spec

<latexit sha1_base64="8+Cv+lFKkcbs8+C8FSOmfAchYaY=">AAACAHicbVC7TsMwFL0pr1JeAQYGFosKqSxVglBhrGBhLBJ9SG2oHNdtrTpOZDtIVZSFX2FhACFWPoONv8FNM0DLka50dM69vr7HjzhT2nG+rcLK6tr6RnGztLW9s7tn7x+0VBhLQpsk5KHs+FhRzgRtaqY57USS4sDntO1PbmZ++5FKxUJxr6cR9QI8EmzICNZG6ttHSS97JPF5TNOk9ZBUJmdpmvbtslN1MqBl4uakDDkaffurNwhJHFChCcdKdV0n0l6CpWaE07TUixWNMJngEe0aKnBAlZdku1N0apQBGobSlNAoU39PJDhQahr4pjPAeqwWvZn4n9eN9fDKS5iIYk0FmS8axhzpEM3SQAMmKdF8aggmkpm/IjLGEhNtMiuZENzFk5dJ67zq1qq1u4ty/TqPowjHcAIVcOES6nALDWgCgRSe4RXerCfrxXq3PuatBSufOYQ/sD5/AJcllw8=</latexit>

V (k)

<latexit sha1_base64="g2x3qQuKAkXDYjArU1s+AWNRCs4=">AAACC3icbVC7SgNBFJ31GeNr1dJmSRBiE3ZFomXQxjIB84AkhtnJTTJk9sHMXTEM29v4KzYWitj6A3b+jZNHoYkHLhzOuXfm3uPHgit03W9rZXVtfWMzs5Xd3tnd27cPDusqSiSDGotEJJs+VSB4CDXkKKAZS6CBL6Dhj64nfuMepOJReIvjGDoBHYS8zxlFI3XtnG5PH9ESeqmudtsID6hVDCy904XRaZqmXTvvFt0pnGXizUmezFHp2l/tXsSSAEJkgirV8twYO5pK5ExAmm0nCmLKRnQALUNDGoDq6OkaqXNilJ7Tj6SpEJ2p+ntC00CpceCbzoDiUC16E/E/r5Vg/7KjeRgnCCGbfdRPhIORMwnG6XEJDMXYEMokN7s6bEglZWjiy5oQvMWTl0n9rOiViqXqeb58NY8jQ45JjhSIRy5ImdyQCqkRRh7JM3klb9aT9WK9Wx+z1hVrPnNE/sD6/AHQHpwu</latexit>

Q(k)
spec

: Electric field gradients (crystal structure)

: Spectroscopic nuclear multipole moments

Hyperfine interaction hamiltonian

Subject to selection rules
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<latexit sha1_base64="nZRCYNXPPkEGskJsaUZhUpm62AM="></latexit>

H =
∑

k

1

k
V (k)Q(k)

spec

<latexit sha1_base64="8+Cv+lFKkcbs8+C8FSOmfAchYaY=">AAACAHicbVC7TsMwFL0pr1JeAQYGFosKqSxVglBhrGBhLBJ9SG2oHNdtrTpOZDtIVZSFX2FhACFWPoONv8FNM0DLka50dM69vr7HjzhT2nG+rcLK6tr6RnGztLW9s7tn7x+0VBhLQpsk5KHs+FhRzgRtaqY57USS4sDntO1PbmZ++5FKxUJxr6cR9QI8EmzICNZG6ttHSS97JPF5TNOk9ZBUJmdpmvbtslN1MqBl4uakDDkaffurNwhJHFChCcdKdV0n0l6CpWaE07TUixWNMJngEe0aKnBAlZdku1N0apQBGobSlNAoU39PJDhQahr4pjPAeqwWvZn4n9eN9fDKS5iIYk0FmS8axhzpEM3SQAMmKdF8aggmkpm/IjLGEhNtMiuZENzFk5dJ67zq1qq1u4ty/TqPowjHcAIVcOES6nALDWgCgRSe4RXerCfrxXq3PuatBSufOYQ/sD5/AJcllw8=</latexit>

V (k)

<latexit sha1_base64="g2x3qQuKAkXDYjArU1s+AWNRCs4=">AAACC3icbVC7SgNBFJ31GeNr1dJmSRBiE3ZFomXQxjIB84AkhtnJTTJk9sHMXTEM29v4KzYWitj6A3b+jZNHoYkHLhzOuXfm3uPHgit03W9rZXVtfWMzs5Xd3tnd27cPDusqSiSDGotEJJs+VSB4CDXkKKAZS6CBL6Dhj64nfuMepOJReIvjGDoBHYS8zxlFI3XtnG5PH9ESeqmudtsID6hVDCy904XRaZqmXTvvFt0pnGXizUmezFHp2l/tXsSSAEJkgirV8twYO5pK5ExAmm0nCmLKRnQALUNDGoDq6OkaqXNilJ7Tj6SpEJ2p+ntC00CpceCbzoDiUC16E/E/r5Vg/7KjeRgnCCGbfdRPhIORMwnG6XEJDMXYEMokN7s6bEglZWjiy5oQvMWTl0n9rOiViqXqeb58NY8jQ45JjhSIRy5ImdyQCqkRRh7JM3klb9aT9WK9Wx+z1hVrPnNE/sD6/AHQHpwu</latexit>

Q(k)
spec

: Electric field gradients (crystal structure)

: Spectroscopic nuclear multipole moments

Hyperfine interaction hamiltonian

Subject to selection rules
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<latexit sha1_base64="8+Cv+lFKkcbs8+C8FSOmfAchYaY=">AAACAHicbVC7TsMwFL0pr1JeAQYGFosKqSxVglBhrGBhLBJ9SG2oHNdtrTpOZDtIVZSFX2FhACFWPoONv8FNM0DLka50dM69vr7HjzhT2nG+rcLK6tr6RnGztLW9s7tn7x+0VBhLQpsk5KHs+FhRzgRtaqY57USS4sDntO1PbmZ++5FKxUJxr6cR9QI8EmzICNZG6ttHSS97JPF5TNOk9ZBUJmdpmvbtslN1MqBl4uakDDkaffurNwhJHFChCcdKdV0n0l6CpWaE07TUixWNMJngEe0aKnBAlZdku1N0apQBGobSlNAoU39PJDhQahr4pjPAeqwWvZn4n9eN9fDKS5iIYk0FmS8axhzpEM3SQAMmKdF8aggmkpm/IjLGEhNtMiuZENzFk5dJ67zq1qq1u4ty/TqPowjHcAIVcOES6nALDWgCgRSe4RXerCfrxXq3PuatBSufOYQ/sD5/AJcllw8=</latexit>

V (k)

<latexit sha1_base64="g2x3qQuKAkXDYjArU1s+AWNRCs4=">AAACC3icbVC7SgNBFJ31GeNr1dJmSRBiE3ZFomXQxjIB84AkhtnJTTJk9sHMXTEM29v4KzYWitj6A3b+jZNHoYkHLhzOuXfm3uPHgit03W9rZXVtfWMzs5Xd3tnd27cPDusqSiSDGotEJJs+VSB4CDXkKKAZS6CBL6Dhj64nfuMepOJReIvjGDoBHYS8zxlFI3XtnG5PH9ESeqmudtsID6hVDCy904XRaZqmXTvvFt0pnGXizUmezFHp2l/tXsSSAEJkgirV8twYO5pK5ExAmm0nCmLKRnQALUNDGoDq6OkaqXNilJ7Tj6SpEJ2p+ntC00CpceCbzoDiUC16E/E/r5Vg/7KjeRgnCCGbfdRPhIORMwnG6XEJDMXYEMokN7s6bEglZWjiy5oQvMWTl0n9rOiViqXqeb58NY8jQ45JjhSIRy5ImdyQCqkRRh7JM3klb9aT9WK9Wx+z1hVrPnNE/sD6/AHQHpwu</latexit>

Q(k)
spec

: Electric field gradients (crystal structure)

: Spectroscopic nuclear multipole moments

<latexit sha1_base64="7q5RCCKRVdQRCcHSzDJC+pJRxxw="></latexit>

He! →

∑

k=0,2,4

1

k
V (k)Q(k)

spec

Hyperfine interaction hamiltonian

Subject to selection rules
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Spectroscopic vs. intrinsic moments

• Given a crystal structure experimentally determine 
<latexit sha1_base64="g2x3qQuKAkXDYjArU1s+AWNRCs4=">AAACC3icbVC7SgNBFJ31GeNr1dJmSRBiE3ZFomXQxjIB84AkhtnJTTJk9sHMXTEM29v4KzYWitj6A3b+jZNHoYkHLhzOuXfm3uPHgit03W9rZXVtfWMzs5Xd3tnd27cPDusqSiSDGotEJJs+VSB4CDXkKKAZS6CBL6Dhj64nfuMepOJReIvjGDoBHYS8zxlFI3XtnG5PH9ESeqmudtsID6hVDCy904XRaZqmXTvvFt0pnGXizUmezFHp2l/tXsSSAEJkgirV8twYO5pK5ExAmm0nCmLKRnQALUNDGoDq6OkaqXNilJ7Tj6SpEJ2p+ntC00CpceCbzoDiUC16E/E/r5Vg/7KjeRgnCCGbfdRPhIORMwnG6XEJDMXYEMokN7s6bEglZWjiy5oQvMWTl0n9rOiViqXqeb58NY8jQ45JjhSIRy5ImdyQCqkRRh7JM3klb9aT9WK9Wx+z1hVrPnNE/sD6/AHQHpwu</latexit>

Q(k)
spec

(Laboratory fixed frame quantity in streched state )I = M
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Spectroscopic vs. intrinsic moments

• Given a crystal structure experimentally determine 
<latexit sha1_base64="g2x3qQuKAkXDYjArU1s+AWNRCs4=">AAACC3icbVC7SgNBFJ31GeNr1dJmSRBiE3ZFomXQxjIB84AkhtnJTTJk9sHMXTEM29v4KzYWitj6A3b+jZNHoYkHLhzOuXfm3uPHgit03W9rZXVtfWMzs5Xd3tnd27cPDusqSiSDGotEJJs+VSB4CDXkKKAZS6CBL6Dhj64nfuMepOJReIvjGDoBHYS8zxlFI3XtnG5PH9ESeqmudtsID6hVDCy904XRaZqmXTvvFt0pnGXizUmezFHp2l/tXsSSAEJkgirV8twYO5pK5ExAmm0nCmLKRnQALUNDGoDq6OkaqXNilJ7Tj6SpEJ2p+ntC00CpceCbzoDiUC16E/E/r5Vg/7KjeRgnCCGbfdRPhIORMwnG6XEJDMXYEMokN7s6bEglZWjiy5oQvMWTl0n9rOiViqXqeb58NY8jQ45JjhSIRy5ImdyQCqkRRh7JM3klb9aT9WK9Wx+z1hVrPnNE/sD6/AHQHpwu</latexit>

Q(k)
spec

• Geometrical models calculate body fixed intrinsic quantities
<latexit sha1_base64="j+Lhvl/No2JlGKI2f81PfKpd0Gc=">AAACIHicbVC7TgJBFJ31ifhCLW02ogk2ZNcYtCTaWEIijwSQzA4XmDA7u5m5ayCb/QE/wy+w1S+wM5ba+x8Oj0LAk0xycu7rzPFCwTU6zpe1srq2vrGZ2kpv7+zu7WcODqs6iBSDCgtEoOoe1SC4hApyFFAPFVDfE1DzBrfjeu0RlOaBvMdRCC2f9iTvckbRSO3MadycLIkDRWUPkrj8EOcG50m7iTDEmEtMkqSdyTp5ZwJ7mbgzkiUzlNqZn2YnYJEPEpmgWjdcJ8RWTBVyJiBJNyMNIWUD2oOGoZL6oFvxxEhinxmlY3cDZZ5Ee6L+nYipr/XI90ynT7GvF2tj8b9aI8Ludct8KYwQJJse6kbCxsAeR2N3uAKGYmQIZYobrzbrU0UZmgDnrgynVk0u7mIKy6R6kXcL+UL5Mlu8mSWUIsfkhOSIS65IkdyREqkQRp7IC3klb9az9W59WJ/T1hVrNnNE5mB9/wI7/qWZ</latexit>

Q(k)
int

(Laboratory fixed frame quantity in streched state )I = M
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Spectroscopic vs. intrinsic moments

• Given a crystal structure experimentally determine 
<latexit sha1_base64="g2x3qQuKAkXDYjArU1s+AWNRCs4=">AAACC3icbVC7SgNBFJ31GeNr1dJmSRBiE3ZFomXQxjIB84AkhtnJTTJk9sHMXTEM29v4KzYWitj6A3b+jZNHoYkHLhzOuXfm3uPHgit03W9rZXVtfWMzs5Xd3tnd27cPDusqSiSDGotEJJs+VSB4CDXkKKAZS6CBL6Dhj64nfuMepOJReIvjGDoBHYS8zxlFI3XtnG5PH9ESeqmudtsID6hVDCy904XRaZqmXTvvFt0pnGXizUmezFHp2l/tXsSSAEJkgirV8twYO5pK5ExAmm0nCmLKRnQALUNDGoDq6OkaqXNilJ7Tj6SpEJ2p+ntC00CpceCbzoDiUC16E/E/r5Vg/7KjeRgnCCGbfdRPhIORMwnG6XEJDMXYEMokN7s6bEglZWjiy5oQvMWTl0n9rOiViqXqeb58NY8jQ45JjhSIRy5ImdyQCqkRRh7JM3klb9aT9WK9Wx+z1hVrPnNE/sD6/AHQHpwu</latexit>

Q(k)
spec

• Geometrical models calculate body fixed intrinsic quantities
<latexit sha1_base64="j+Lhvl/No2JlGKI2f81PfKpd0Gc=">AAACIHicbVC7TgJBFJ31ifhCLW02ogk2ZNcYtCTaWEIijwSQzA4XmDA7u5m5ayCb/QE/wy+w1S+wM5ba+x8Oj0LAk0xycu7rzPFCwTU6zpe1srq2vrGZ2kpv7+zu7WcODqs6iBSDCgtEoOoe1SC4hApyFFAPFVDfE1DzBrfjeu0RlOaBvMdRCC2f9iTvckbRSO3MadycLIkDRWUPkrj8EOcG50m7iTDEmEtMkqSdyTp5ZwJ7mbgzkiUzlNqZn2YnYJEPEpmgWjdcJ8RWTBVyJiBJNyMNIWUD2oOGoZL6oFvxxEhinxmlY3cDZZ5Ee6L+nYipr/XI90ynT7GvF2tj8b9aI8Ludct8KYwQJJse6kbCxsAeR2N3uAKGYmQIZYobrzbrU0UZmgDnrgynVk0u7mIKy6R6kXcL+UL5Mlu8mSWUIsfkhOSIS65IkdyREqkQRp7IC3klb9az9W59WJ/T1hVrNnNE5mB9/wI7/qWZ</latexit>

Q(k)
int

Need to connect them with rotational model

(Laboratory fixed frame quantity in streched state )I = M
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Spectroscopic vs. intrinsic moments

• Given a crystal structure experimentally determine 
<latexit sha1_base64="g2x3qQuKAkXDYjArU1s+AWNRCs4=">AAACC3icbVC7SgNBFJ31GeNr1dJmSRBiE3ZFomXQxjIB84AkhtnJTTJk9sHMXTEM29v4KzYWitj6A3b+jZNHoYkHLhzOuXfm3uPHgit03W9rZXVtfWMzs5Xd3tnd27cPDusqSiSDGotEJJs+VSB4CDXkKKAZS6CBL6Dhj64nfuMepOJReIvjGDoBHYS8zxlFI3XtnG5PH9ESeqmudtsID6hVDCy904XRaZqmXTvvFt0pnGXizUmezFHp2l/tXsSSAEJkgirV8twYO5pK5ExAmm0nCmLKRnQALUNDGoDq6OkaqXNilJ7Tj6SpEJ2p+ntC00CpceCbzoDiUC16E/E/r5Vg/7KjeRgnCCGbfdRPhIORMwnG6XEJDMXYEMokN7s6bEglZWjiy5oQvMWTl0n9rOiViqXqeb58NY8jQ45JjhSIRy5ImdyQCqkRRh7JM3klb9aT9WK9Wx+z1hVrPnNE/sD6/AHQHpwu</latexit>

Q(k)
spec

(Laboratory fixed frame quantity in streched state )I = M

• Geometrical models calculate body fixed intrinsic quantities
<latexit sha1_base64="j+Lhvl/No2JlGKI2f81PfKpd0Gc=">AAACIHicbVC7TgJBFJ31ifhCLW02ogk2ZNcYtCTaWEIijwSQzA4XmDA7u5m5ayCb/QE/wy+w1S+wM5ba+x8Oj0LAk0xycu7rzPFCwTU6zpe1srq2vrGZ2kpv7+zu7WcODqs6iBSDCgtEoOoe1SC4hApyFFAPFVDfE1DzBrfjeu0RlOaBvMdRCC2f9iTvckbRSO3MadycLIkDRWUPkrj8EOcG50m7iTDEmEtMkqSdyTp5ZwJ7mbgzkiUzlNqZn2YnYJEPEpmgWjdcJ8RWTBVyJiBJNyMNIWUD2oOGoZL6oFvxxEhinxmlY3cDZZ5Ee6L+nYipr/XI90ynT7GvF2tj8b9aI8Ludct8KYwQJJse6kbCxsAeR2N3uAKGYmQIZYobrzbrU0UZmgDnrgynVk0u7mIKy6R6kXcL+UL5Mlu8mSWUIsfkhOSIS65IkdyREqkQRp7IC3klb9az9W59WJ/T1hVrNnNE5mB9/wI7/qWZ</latexit>

Q(k)
int

• Laboratory state is a rotating superposition of differently oriented intrinsic 
states

Projection onto nuclear state  (Wigner-Eckart theorem)I, M( = I)⟩

Projects intrinsic  onto K I

<latexit sha1_base64="9/oThDn+ejhYxBoq5ynZCS8Dofg="></latexit>

Q(k)
spec(I) = Q(k)

int (2I + 1)

(
I k I

→K 0 K

)(
I k I
→I 0 I

)

Projects into streched state
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Geometrical classical modelling

Classical approaches

• Classical charge density        ρ(r) ⇒
<latexit sha1_base64="6OKK/vFuRy97X5zEptJ81Yeuk0A=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6DGoAS9CBLNAZgg9nUrSpGehu0aMQ/BXvHhQxKv/4c2/sbMcNPFBweO9Kqrq+bEUGm3721pYXFpeWc2sZdc3Nre2czu7NR0likOVRzJSDZ9pkCKEKgqU0IgVsMCXUPf7lyO/fg9Kiyi8w0EMXsC6oegIztBIrdy+ewUSGS23UhfhAdPyzXDYyuXtgj0GnSfOlOTJFJVW7sttRzwJIEQumdZNx47RS5lCwSUMs26iIWa8z7rQNDRkAWgvHV8/pEdGadNOpEyFSMfq74mUBVoPAt90Bgx7etYbif95zQQ7514qwjhBCPlkUSeRFCM6ioK2hQKOcmAI40qYWynvMcU4msCyJgRn9uV5UjspOMVC8fY0X7qYxpEhB+SQHBOHnJESuSYVUiWcPJJn8krerCfrxXq3PiatC9Z0Zo/8gfX5A1MBlSs=</latexit>

!EEM

Constant density prolate spheroid
<latexit sha1_base64="G5i5pkGERGPfgQaMslMQyJIr4Hc="></latexit>

EC =
q2e
2

∫
d3rd3r→

ω(εr)ω(εr→)

|εr → εr→| =
3

5

q2eZ
2

R0

(1→ e2)1/3

2e
ln

(
1 + e

1→ e

)
Berengut, Dzuba, Flambaum, Porsev, PRL 102 (2009)
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Geometrical classical modelling

Classical approaches

• Classical charge density        ρ(r) ⇒
<latexit sha1_base64="6OKK/vFuRy97X5zEptJ81Yeuk0A=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6DGoAS9CBLNAZgg9nUrSpGehu0aMQ/BXvHhQxKv/4c2/sbMcNPFBweO9Kqrq+bEUGm3721pYXFpeWc2sZdc3Nre2czu7NR0likOVRzJSDZ9pkCKEKgqU0IgVsMCXUPf7lyO/fg9Kiyi8w0EMXsC6oegIztBIrdy+ewUSGS23UhfhAdPyzXDYyuXtgj0GnSfOlOTJFJVW7sttRzwJIEQumdZNx47RS5lCwSUMs26iIWa8z7rQNDRkAWgvHV8/pEdGadNOpEyFSMfq74mUBVoPAt90Bgx7etYbif95zQQ7514qwjhBCPlkUSeRFCM6ioK2hQKOcmAI40qYWynvMcU4msCyJgRn9uV5UjspOMVC8fY0X7qYxpEhB+SQHBOHnJESuSYVUiWcPJJn8krerCfrxXq3PiatC9Z0Zo/8gfX5A1MBlSs=</latexit>

!EEM

Constant density prolate spheroid
<latexit sha1_base64="G5i5pkGERGPfgQaMslMQyJIr4Hc="></latexit>

EC =
q2e
2

∫
d3rd3r→

ω(εr)ω(εr→)

|εr → εr→| =
3

5

q2eZ
2

R0

(1→ e2)1/3

2e
ln

(
1 + e

1→ e

)
Berengut, Dzuba, Flambaum, Porsev, PRL 102 (2009)

• Compute charge radius and intrinsic (in body-fixed frame) quadrupole moment
<latexit sha1_base64="deQMLBc3E0Oyh7m/uSkIVjMoF6w="></latexit>

〈
r2
〉
=

1

qeZ

∫
d3ωr r2ε(r, ϑ) =

3

5
R2

0

(
1 +

e4

9
+ . . .

)

• Allows to trade
<latexit sha1_base64="sym2CGTORiOit3SHppKjHdAD5io="></latexit>

{R0, e} →
{〈

r2
〉
, Q0

}

<latexit sha1_base64="xXETDJrWbRZ+wLFj8XNaKg67KQw="></latexit>

Q0 =
1

qeZ

∫
d3ωr r2P2(cos ε)ϑ(r, ε) =

3

5
R2

0

(
1 +

e4

9
+ . . .

)

(Which are measured)
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Classical approaches

• Classical charge density        ρ(r) ⇒
<latexit sha1_base64="6OKK/vFuRy97X5zEptJ81Yeuk0A=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6DGoAS9CBLNAZgg9nUrSpGehu0aMQ/BXvHhQxKv/4c2/sbMcNPFBweO9Kqrq+bEUGm3721pYXFpeWc2sZdc3Nre2czu7NR0likOVRzJSDZ9pkCKEKgqU0IgVsMCXUPf7lyO/fg9Kiyi8w0EMXsC6oegIztBIrdy+ewUSGS23UhfhAdPyzXDYyuXtgj0GnSfOlOTJFJVW7sttRzwJIEQumdZNx47RS5lCwSUMs26iIWa8z7rQNDRkAWgvHV8/pEdGadNOpEyFSMfq74mUBVoPAt90Bgx7etYbif95zQQ7514qwjhBCPlkUSeRFCM6ioK2hQKOcmAI40qYWynvMcU4msCyJgRn9uV5UjspOMVC8fY0X7qYxpEhB+SQHBOHnJESuSYVUiWcPJJn8krerCfrxXq3PiatC9Z0Zo/8gfX5A1MBlSs=</latexit>

!EEM

Constant density prolate spheroid

• Then with 

<latexit sha1_base64="EoDoWk6rexYNJhMI1lqP2RFzlo4="></latexit>

!EC = →485MeV
!

〈
r2
〉

↑r2↓ + 11.6MeV
!Q0

Q0

<latexit sha1_base64="Ol02INTPqglDyaHilfPvG3lJ0xQ=">AAAB/3icbVDJSgNBEO1xjXEbFbx4GQxCBA0zMUQ9CEEvXoQIZoEkhJ5OJWnSs9BdI4YxB3/FiwdFvPob3vwbO8tBEx8UPN6roqqeGwqu0La/jbn5hcWl5cRKcnVtfWPT3NouqyCSDEosEIGsulSB4D6UkKOAaiiBeq6Aitu7GvqVe5CKB/4d9kNoeLTj8zZnFLXUNHcvju1M9jydOzmsH9URHjC+gfKgaabsjD2CNUucCUmRCYpN86veCljkgY9MUKVqjh1iI6YSORMwSNYjBSFlPdqBmqY+9UA14tH9A+tAKy2rHUhdPloj9fdETD2l+p6rOz2KXTXtDcX/vFqE7bNGzP0wQvDZeFE7EhYG1jAMq8UlMBR9TSiTXN9qsS6VlKGOLKlDcKZfniXlbMbJZ/K3uVThchJHguyRfZImDjklBXJNiqREGHkkz+SVvBlPxovxbnyMW+eMycwO+QPj8wfmHJQm</latexit>

= →0.29(43)MeV

Thielking et al., Nature 556, 321 (2018)

Berengut, Dzuba, Flambaum, Porsev, PRL 102 (2009)

<latexit sha1_base64="U/3JA8bkFtxdmtVRlTzJlhJQL5I="></latexit>

!
〈
r2
〉
= 0.012(2) fm2 and

<latexit sha1_base64="h11I+6BKY7K/dPl9BW4dOqzt0OY=">AAACCnicbVDLSsNAFJ3UV62vqks3o0WooCVppe1GKOrCZQv2AU0Mk+mkHTqThJmJUELXbvwVNy4UcesXuPNvnD4Waj1w4XDOvdx7jxcxKpVpfhmppeWV1bX0emZjc2t7J7u715JhLDBp4pCFouMhSRgNSFNRxUgnEgRxj5G2N7ya+O17IiQNg1s1iojDUT+gPsVIacnNHtrXhCkEG655cWYWzGolXyoVT+xTW/DE5+O7opvNaX0KuEisOcmBOepu9tPuhTjmJFCYISm7lhkpJ0FCUczIOGPHkkQID1GfdDUNECfSSaavjOGxVnrQD4WuQMGp+nMiQVzKEfd0J0dqIP96E/E/rxsrv+okNIhiRQI8W+THDKoQTnKBPSoIVmykCcKC6lshHiCBsNLpZXQI1t+XF0mrWLDKhXLjPFe7nMeRBgfgCOSBBSqgBm5AHTQBBg/gCbyAV+PReDbejPdZa8qYz+yDXzA+vgGaB5e0</latexit>

!Q0 = →0.087(332) fm2

Geometrical classical modelling
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Classical approaches

• Classical charge density        ρ(r) ⇒
<latexit sha1_base64="6OKK/vFuRy97X5zEptJ81Yeuk0A=">AAAB/XicbVDJSgNBEO1xjXGLy81LYxA8hRmR6DGoAS9CBLNAZgg9nUrSpGehu0aMQ/BXvHhQxKv/4c2/sbMcNPFBweO9Kqrq+bEUGm3721pYXFpeWc2sZdc3Nre2czu7NR0likOVRzJSDZ9pkCKEKgqU0IgVsMCXUPf7lyO/fg9Kiyi8w0EMXsC6oegIztBIrdy+ewUSGS23UhfhAdPyzXDYyuXtgj0GnSfOlOTJFJVW7sttRzwJIEQumdZNx47RS5lCwSUMs26iIWa8z7rQNDRkAWgvHV8/pEdGadNOpEyFSMfq74mUBVoPAt90Bgx7etYbif95zQQ7514qwjhBCPlkUSeRFCM6ioK2hQKOcmAI40qYWynvMcU4msCyJgRn9uV5UjspOMVC8fY0X7qYxpEhB+SQHBOHnJESuSYVUiWcPJJn8krerCfrxXq3PiatC9Z0Zo/8gfX5A1MBlSs=</latexit>

!EEM

Constant density prolate spheroid

• Then with 

<latexit sha1_base64="EoDoWk6rexYNJhMI1lqP2RFzlo4="></latexit>

!EC = →485MeV
!

〈
r2
〉

↑r2↓ + 11.6MeV
!Q0

Q0

<latexit sha1_base64="Ol02INTPqglDyaHilfPvG3lJ0xQ=">AAAB/3icbVDJSgNBEO1xjXEbFbx4GQxCBA0zMUQ9CEEvXoQIZoEkhJ5OJWnSs9BdI4YxB3/FiwdFvPob3vwbO8tBEx8UPN6roqqeGwqu0La/jbn5hcWl5cRKcnVtfWPT3NouqyCSDEosEIGsulSB4D6UkKOAaiiBeq6Aitu7GvqVe5CKB/4d9kNoeLTj8zZnFLXUNHcvju1M9jydOzmsH9URHjC+gfKgaabsjD2CNUucCUmRCYpN86veCljkgY9MUKVqjh1iI6YSORMwSNYjBSFlPdqBmqY+9UA14tH9A+tAKy2rHUhdPloj9fdETD2l+p6rOz2KXTXtDcX/vFqE7bNGzP0wQvDZeFE7EhYG1jAMq8UlMBR9TSiTXN9qsS6VlKGOLKlDcKZfniXlbMbJZ/K3uVThchJHguyRfZImDjklBXJNiqREGHkkz+SVvBlPxovxbnyMW+eMycwO+QPj8wfmHJQm</latexit>

= →0.29(43)MeV

Thielking et al., Nature 556, 321 (2018)

Berengut, Dzuba, Flambaum, Porsev, PRL 102 (2009)

<latexit sha1_base64="U/3JA8bkFtxdmtVRlTzJlhJQL5I="></latexit>

!
〈
r2
〉
= 0.012(2) fm2 and

<latexit sha1_base64="h11I+6BKY7K/dPl9BW4dOqzt0OY=">AAACCnicbVDLSsNAFJ3UV62vqks3o0WooCVppe1GKOrCZQv2AU0Mk+mkHTqThJmJUELXbvwVNy4UcesXuPNvnD4Waj1w4XDOvdx7jxcxKpVpfhmppeWV1bX0emZjc2t7J7u715JhLDBp4pCFouMhSRgNSFNRxUgnEgRxj5G2N7ya+O17IiQNg1s1iojDUT+gPsVIacnNHtrXhCkEG655cWYWzGolXyoVT+xTW/DE5+O7opvNaX0KuEisOcmBOepu9tPuhTjmJFCYISm7lhkpJ0FCUczIOGPHkkQID1GfdDUNECfSSaavjOGxVnrQD4WuQMGp+nMiQVzKEfd0J0dqIP96E/E/rxsrv+okNIhiRQI8W+THDKoQTnKBPSoIVmykCcKC6lshHiCBsNLpZXQI1t+XF0mrWLDKhXLjPFe7nMeRBgfgCOSBBSqgBm5AHTQBBg/gCbyAV+PReDbejPdZa8qYz+yDXzA+vgGaB5e0</latexit>

!Q0 = →0.087(332) fm2

… which implies 
<latexit sha1_base64="/1f8+MG9MckUD4R9G1VGsPvCa2Q=">AAACC3icbVC7SgNBFJ2NrxhfUUubJUGwMexKiDZC0EawiWAekMQwO7lJhszOLjN3xbBsb+Ov2FgoYusP2Pk3Th6FJh64cDjn3pl7jxcKrtFxvq3U0vLK6lp6PbOxubW9k93dq+kgUgyqLBCBanhUg+ASqshRQCNUQH1PQN0bXo79+j0ozQN5i6MQ2j7tS97jjKKROtlc3Jo8EivoJvF1p4XwgLGMWJIk586x69wVO9m8U3AmsBeJOyN5MkOlk/1qdQMW+SCRCap103VCbMdUIWcCkkwr0hBSNqR9aBoqqQ+6HU/WSOxDo3TtXqBMSbQn6u+JmPpaj3zPdPoUB3reG4v/ec0Ie2ftmMswQpBs+lEvEjYG9jgYu8sVMBQjQyhT3OxqswFVlKGJL2NCcOdPXiS1k4JbKpRuivnyxSyONDkgOXJEXHJKyuSKVEiVMPJInskrebOerBfr3fqYtqas2cw++QPr8wdinJs+</latexit>

Knuc = 0→ 104

Geometrical classical modelling

Dominated by the uncertainty in 
<latexit sha1_base64="wclb76aSfNMNJn+Q8a0YLa3zDes=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxhLvGoEeiHjxCIo8EVjI79MKE2UdmZjVkw3948aAxXv0Xb/6NA+xBwUo6qVR1p7vLiwVX2ra/rdzK6tr6Rn6zsLW9s7tX3D9oqiiRDBssEpFse1Sh4CE2NNcC27FEGngCW97oZuq3HlEqHoX3ehyjG9BByH3OqDbSQ/cWhaak3rPPTPWKJbtsz0CWiZOREmSo9Ypf3X7EkgBDzQRVquPYsXZTKjVnAieFbqIwpmxEB9gxNKQBKjedXT0hJ0bpEz+SpkJNZurviZQGSo0Dz3QGVA/VojcV//M6ifav3JSHcaIxZPNFfiKIjsg0AtLnEpkWY0Mok9zcStiQSsq0CapgQnAWX14mzfOyUylX6hel6nUWRx6O4BhOwYFLqMId1KABDCQ8wyu8WU/Wi/Vufcxbc1Y2cwh/YH3+AMPdkWY=</latexit>

!Q0/Q0
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Classical approaches

Fadeev, Berengut, Flambaum PRL 102 (2020)

<latexit sha1_base64="EoDoWk6rexYNJhMI1lqP2RFzlo4="></latexit>

!EC = →485MeV
!

〈
r2
〉

↑r2↓ + 11.6MeV
!Q0

Q0

<latexit sha1_base64="Ol02INTPqglDyaHilfPvG3lJ0xQ=">AAAB/3icbVDJSgNBEO1xjXEbFbx4GQxCBA0zMUQ9CEEvXoQIZoEkhJ5OJWnSs9BdI4YxB3/FiwdFvPob3vwbO8tBEx8UPN6roqqeGwqu0La/jbn5hcWl5cRKcnVtfWPT3NouqyCSDEosEIGsulSB4D6UkKOAaiiBeq6Aitu7GvqVe5CKB/4d9kNoeLTj8zZnFLXUNHcvju1M9jydOzmsH9URHjC+gfKgaabsjD2CNUucCUmRCYpN86veCljkgY9MUKVqjh1iI6YSORMwSNYjBSFlPdqBmqY+9UA14tH9A+tAKy2rHUhdPloj9fdETD2l+p6rOz2KXTXtDcX/vFqE7bNGzP0wQvDZeFE7EhYG1jAMq8UlMBR9TSiTXN9qsS6VlKGOLKlDcKZfniXlbMbJZ/K3uVThchJHguyRfZImDjklBXJNiqREGHkkz+SVvBlPxovxbnyMW+eMycwO+QPj8wfmHJQm</latexit>

= →0.29(43)MeV
Thielking et al., Nature 556, 321 (2018)

• Constant volume approximation allows to relate 
<latexit sha1_base64="ggBLQzS485PBR9367m1rdYhkd/I=">AAACBnicbVDLSgNBEJyNrxhfUY8iDAbBU9gNEj0GvXiMYB6QjWF20psMmZ1dZnqFEHLy4q948aCIV7/Bm3/j5HHQxIKGoqqb7q4gkcKg6347mZXVtfWN7GZua3tndy+/f1A3cao51HgsY90MmAEpFNRQoIRmooFFgYRGMLie+I0H0EbE6g6HCbQj1lMiFJyhlTr5Y19CiL5kqieB6vuSr0Wvj76eCp18wS26U9Bl4s1JgcxR7eS//G7M0wgUcsmMaXlugu0R0yi4hHHOTw0kjA9YD1qWKhaBaY+mb4zpqVW6NIy1LYV0qv6eGLHImGEU2M6IYd8sehPxP6+VYnjZHgmVpAiKzxaFqaQY00kmtCs0cJRDSxjXwt5KeZ9pxtEml7MheIsvL5N6qeiVi+Xb80Llah5HlhyRE3JGPHJBKuSGVEmNcPJInskreXOenBfn3fmYtWac+cwh+QPn8wdu1Jkf</latexit>⌦
r2
↵ <latexit sha1_base64="Veh8BwrcF0bmuVT2WijvShvmc5Q=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48tWltoQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fDoUcepYthisYhVJ6AaBZfYMtwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSfbPv9ssVt+rOQVaJl5MK5Gj0y1+9QczSCKVhgmrd9dzE+BlVhjOB01Iv1ZhQNqZD7FoqaYTaz+anTsmZVQYkjJUtachc/T2R0UjrSRTYzoiakV72ZuJ/Xjc14bWfcZmkBiVbLApTQUxMZn+TAVfIjJhYQpni9lbCRlRRZmw6JRuCt/zyKnm8qHq1aq15Wanf5HEU4QRO4Rw8uII63EEDWsBgCM/wCm+OcF6cd+dj0Vpw8plj+APn8wfSRY2D</latexit>

Q0And

Is this justified? Questionable..

Hayes, Friar, Möller: PRC 78, 024311 (2008)

<latexit sha1_base64="jDenJoiE8NNkye3ZuJbqv9OYyO0=">AAACEnicbVDLSgNBEJz1GeMr6tHLYBAUNOyKJHoQglHwIkQwUciGMDvpJENmH8z0imHJN3jxV7x4UMSrJ2/+jZPHQaMFDUVVN91dXiSFRtv+sqamZ2bn5lML6cWl5ZXVzNp6VYex4lDhoQzVrcc0SBFABQVKuI0UMN+TcON1SwP/5g6UFmFwjb0I6j5rB6IlOEMjNTK77hlIZPS84SLcY1Lqn+zbOTtf2HGOd909OlIvodpvZLLGGIL+Jc6YZMkY5Ubm022GPPYhQC6Z1jXHjrCeMIWCS+in3VhDxHiXtaFmaMB80PVk+FKfbhulSVuhMhUgHao/JxLma93zPdPpM+zoSW8g/ufVYmwd1RMRRDFCwEeLWrGkGNJBPrQpFHCUPUMYV8LcSnmHKcbRpJg2ITiTL/8l1YOck8/lrw6zxdNxHCmySbbIDnFIgRTJBSmTCuHkgTyRF/JqPVrP1pv1PmqdssYzG+QXrI9vsJebnw==</latexit>

!EC = →0.067(19)MeV

Dominated by the uncertainty in 
<latexit sha1_base64="wclb76aSfNMNJn+Q8a0YLa3zDes=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxhLvGoEeiHjxCIo8EVjI79MKE2UdmZjVkw3948aAxXv0Xb/6NA+xBwUo6qVR1p7vLiwVX2ra/rdzK6tr6Rn6zsLW9s7tX3D9oqiiRDBssEpFse1Sh4CE2NNcC27FEGngCW97oZuq3HlEqHoX3ehyjG9BByH3OqDbSQ/cWhaak3rPPTPWKJbtsz0CWiZOREmSo9Ypf3X7EkgBDzQRVquPYsXZTKjVnAieFbqIwpmxEB9gxNKQBKjedXT0hJ0bpEz+SpkJNZurviZQGSo0Dz3QGVA/VojcV//M6ifav3JSHcaIxZPNFfiKIjsg0AtLnEpkWY0Mok9zcStiQSsq0CapgQnAWX14mzfOyUylX6hel6nUWRx6O4BhOwYFLqMId1KABDCQ8wyu8WU/Wi/Vufcxbc1Y2cwh/YH3+AMPdkWY=</latexit>

!Q0/Q0

Geometrical classical modelling
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Classical approaches: numerics with Woods-Saxon

• Woods-Saxon charge density
Woods, Saxon (1954)

<latexit sha1_base64="Labbx4PtEgnoBwAAgvIQSIginT4="></latexit>

ω(r, ε) = ω0

[
1 + exp

(
r →R(ε)

z

)]→1
<latexit sha1_base64="iRs7RsSCxW3z9z6zZHarUMp5+Fc="></latexit>

R(ω) = R0 [1 + ε2Y20(ω) + ε3Y30(ω) + . . . ]with

Caputo, Gazit, Hammer, Kopp, Paz, Perez, KS, PRC Lett. (2024)

• First laser excitation 2024 reduced —uncertainty ΔQ0

Geometrical classical modelling

J. Tiedau et al., Phys. Rev. Lett. 132, 182501 (2024)

See also Beeks et al. (2024)
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Classical approaches: numerics with Woods-Saxon

• Woods-Saxon charge density
Woods, Saxon (1954)

<latexit sha1_base64="Labbx4PtEgnoBwAAgvIQSIginT4="></latexit>

ω(r, ε) = ω0

[
1 + exp

(
r →R(ε)

z

)]→1
<latexit sha1_base64="iRs7RsSCxW3z9z6zZHarUMp5+Fc="></latexit>

R(ω) = R0 [1 + ε2Y20(ω) + ε3Y30(ω) + . . . ]with

Caputo, Gazit, Hammer, Kopp, Paz, Perez, KS, PRC Lett. (2024)

• First laser excitation 2024 reduced —uncertainty ΔQ0

Geometrical classical modelling

J. Tiedau et al., Phys. Rev. Lett. 132, 182501 (2024)

See also Beeks et al. (2024)

Unconstrained as of now
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Classical approaches: numerics with Woods-Saxon

• Woods-Saxon charge density
Woods, Saxon (1954)

<latexit sha1_base64="Labbx4PtEgnoBwAAgvIQSIginT4="></latexit>

ω(r, ε) = ω0

[
1 + exp

(
r →R(ε)

z

)]→1
<latexit sha1_base64="iRs7RsSCxW3z9z6zZHarUMp5+Fc="></latexit>

R(ω) = R0 [1 + ε2Y20(ω) + ε3Y30(ω) + . . . ]with

• Charge radius and quadrupole moment constrain 

• First laser excitation 2024 reduced —uncertainty ΔQ0

<latexit sha1_base64="sYMQUqiCREFXYP5nSAkBPUZMx28="></latexit>

〈
r2
〉
=

3

5
R2

0

(
1 +O

(
z2

R2
0

,ω2
k

)) <latexit sha1_base64="hgQIpcIZzJFIR3PUztVUKysyn60="></latexit>

Q0 =
3

→
5ω

R2
0ε2

(
1 +O

(
z2

R2
0

,ε2
k

))

<latexit sha1_base64="7YXgeXirRlX16mVasGFMviAN1pE=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BLx7jIw9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oNGChqKqm+6uIJHCoOt+OYWV1bX1jeJmaWt7Z3evvH/QMnGqGW+yWMa6E1DDpVC8iQIl7ySa0yiQvB2Mr2d++5FrI2L1gJOE+xEdKhEKRtFK93d9t1+uuFV3DvKXeDmpQI5Gv/zZG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5qVNyYpUBCWNtSyGZqz8nMhoZM4kC2xlRHJllbyb+53VTDC/9TKgkRa7YYlGYSoIxmf1NBkJzhnJiCWVa2FsJG1FNGdp0SjYEb/nlv6R1VvVq1drteaV+lcdRhCM4hlPw4ALqcAMNaAKDITzBC7w60nl23pz3RWvByWcO4Recj2/Ty42E</latexit>

R0
<latexit sha1_base64="2hhDZ3BtxH6R6+GVKdZKzqHyAso=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKVI9FLx4r2A9oQ9lsN+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1iNOE+xEdKREKRtFKnX7AkQ5qg3LFrboLkHXi5aQCOZqD8ld/GLM04gqZpMb0PDdBP6MaBZN8VuqnhieUTeiI9yxVNOLGzxbnzsiFVYYkjLUthWSh/p7IaGTMNApsZ0RxbFa9ufif10sxvPEzoZIUuWLLRWEqCcZk/jsZCs0ZyqkllGlhbyVsTDVlaBMq2RC81ZfXSbtW9erV+sNVpXGbx1GEMziHS/DgGhpwD01oAYMJPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP/Fkj1Q=</latexit>

ω2and

• For now ignoring
<latexit sha1_base64="o8etR0iE147NOBmDReMSP1mrcfg=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgQcquluqx6MVjBfsB26Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv5nSemDVfyESYJC2IylDzilICV/F7IgPSzq4vatF+uuFV3DrxKvJxUUI5mv/zVGyiaxkwCFcQY33MTCDKigVPBpqVealhC6JgMmW+pJDEzQTY/eYrPrDLAkdK2JOC5+nsiI7Exkzi0nTGBkVn2ZuJ/np9CdBNkXCYpMEkXi6JUYFB49j8ecM0oiIklhGpub8V0RDShYFMq2RC85ZdXSfuy6tWr9YdapXGbx1FEJ+gUnSMPXaMGukdN1EIUKfSMXtGbA86L8+58LFoLTj5zjP7A+fwBnK6Q1Q==</latexit>

ω3,4 and <latexit sha1_base64="Pt2VBvY3gT2Tsw9FvvB6PwNcwFQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOzTjQk=</latexit>z
<latexit sha1_base64="j90Wr2d6eFpglcq9m/1cZWYJ5m4="></latexit>

Knuc = 103
[
6± 5→

!
〈
r2
〉

0.00105 fm2

]
one finds at 2 -levelσ

Geometrical classical modelling

J. Tiedau et al., Phys. Rev. Lett. 132, 182501 (2024)

See also Beeks et al. (2024)
Caputo, Gazit, Hammer, Kopp, Paz, Perez, KS, PRC Lett. (2024)
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• Numerically scan Coulomb energy shift for 
<latexit sha1_base64="o8etR0iE147NOBmDReMSP1mrcfg=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgQcquluqx6MVjBfsB26Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv5nSemDVfyESYJC2IylDzilICV/F7IgPSzq4vatF+uuFV3DrxKvJxUUI5mv/zVGyiaxkwCFcQY33MTCDKigVPBpqVealhC6JgMmW+pJDEzQTY/eYrPrDLAkdK2JOC5+nsiI7Exkzi0nTGBkVn2ZuJ/np9CdBNkXCYpMEkXi6JUYFB49j8ecM0oiIklhGpub8V0RDShYFMq2RC85ZdXSfuy6tWr9YdapXGbx1FEJ+gUnSMPXaMGukdN1EIUKfSMXtGbA86L8+58LFoLTj5zjP7A+fwBnK6Q1Q==</latexit>

ω3,4 and <latexit sha1_base64="Pt2VBvY3gT2Tsw9FvvB6PwNcwFQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOzTjQk=</latexit>z

Nightmare scenario seems unlikely

Geometrical classical modelling

Caputo, Gazit, Hammer, Kopp, Paz, Perez, KS, PRC Lett. (2024)
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Nightmare scenario seems unlikely

Geometrical classical modelling

• Numerically scan Coulomb energy shift for 
<latexit sha1_base64="o8etR0iE147NOBmDReMSP1mrcfg=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BIvgQcquluqx6MVjBfsB26Vk02wbmk2WZFYoS3+GFw+KePXXePPfmLZ70NYHA4/3ZpiZFyaCG3Ddb6ewtr6xuVXcLu3s7u0flA+P2kalmrIWVULpbkgME1yyFnAQrJtoRuJQsE44vpv5nSemDVfyESYJC2IylDzilICV/F7IgPSzq4vatF+uuFV3DrxKvJxUUI5mv/zVGyiaxkwCFcQY33MTCDKigVPBpqVealhC6JgMmW+pJDEzQTY/eYrPrDLAkdK2JOC5+nsiI7Exkzi0nTGBkVn2ZuJ/np9CdBNkXCYpMEkXi6JUYFB49j8ecM0oiIklhGpub8V0RDShYFMq2RC85ZdXSfuy6tWr9YdapXGbx1FEJ+gUnSMPXaMGukdN1EIUKfSMXtGbA86L8+58LFoLTj5zjP7A+fwBnK6Q1Q==</latexit>

ω3,4 and <latexit sha1_base64="Pt2VBvY3gT2Tsw9FvvB6PwNcwFQ=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELx4hkUcCGzI79MLI7OxmZtYECV/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdlr1Ku1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOzTjQk=</latexit>z
Caputo, Gazit, Hammer, Kopp, Paz, Perez, KS, PRC Lett. (2024)



Going beyond quadratic order
Baruch, Gazit, Hammer, Kirk, Kopp, Paz, Perez, Peik, Soreq and KS, in prep.

C. Zhang et al., Nature 633, 63–70 (2024)• Zhang. et al. neglect hexadecapole moment ( )∼ β4

• There is a degeneracy with the crystal symmetry: can fit data with  and β2 β4
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Going beyond quadratic order
Baruch, Gazit, Hammer, Kirk, Kopp, Paz, Perez, Peik, Soreq and KS, in prep.

C. Zhang et al., Nature 633, 63–70 (2024)• Zhang. et al. neglect hexadecapole moment ( )∼ β4

• There is a degeneracy with the crystal symmetry: can fit data with  and β2 β4

 as a function of crystal asymmetry parameter
Hexadecapole splitting

Quadrupole splitting

 how does this affect                   ?⇒
<latexit sha1_base64="jb0XgBAVs3rvCWHFfgTeq2ivDTQ=">AAACBHicbVA9SwNBEN2LXzF+RS3THAbBKtyJRMugjWATwXxAcoS9zSRZsrd37M6J4bjCxr9iY6GIrT/Czn/jJrlCEx8MPN6b2dl5fiS4Rsf5tnIrq2vrG/nNwtb2zu5ecf+gqcNYMWiwUISq7VMNgktoIEcB7UgBDXwBLX98NfVb96A0D+UdTiLwAjqUfMAZRSP1iqWkO3skUdBPk5teF+EBExmzNE17xbJTcWawl4mbkTLJUO8Vv7r9kMUBSGSCat1xnQi9hCrkTEBa6MYaIsrGdAgdQyUNQHvJbH9qHxulbw9CZUqiPVN/TyQ00HoS+KYzoDjSi95U/M/rxDi48BIuoxhBsvmiQSxsDO1pInafK2AoJoZQprj5q81GVFGGJreCCcFdPHmZNE8rbrVSvT0r1y6zOPKkRI7ICXHJOamRa1InDcLII3kmr+TNerJerHfrY96as7KZQ/IH1ucPrg2Zaw==</latexit>

Knuc 18



Going beyond quadratic order
Baruch, Gazit, Hammer, Kirk, Kopp, Paz, Perez, Peik, Soreq and KS, in prep.

C. Zhang et al., Nature 633, 63–70 (2024)• Zhang. et al. neglect hexadecapole moment ( )∼ β4

• There is a degeneracy with the crystal symmetry: can fit data with  and β2 β4

• However, what would we expect for ?
Hexadecapole splitting

Quadrupole splitting
<latexit sha1_base64="Ovwed1sQgRzTQ17iXeHU8tkj5Ts="></latexit>

H
(k)

→
q2eZ

2

s

(
Rnuc

s

)k

↑
H

(4)

H(2)
→

(
Rnuc

s

)2

→ 10→10

19

<latexit sha1_base64="JTz2G451IhUULBPw6UJ9A+/rOLk=">AAACGXicbVDLSgNBEJz1/TbqUYTBIHiQsCsaPQa9eFQxGsiGMDvp1cGZ2XWmVxKWnPwMv8CrfoE38erJD/A/nDwORi1oKKq66e6KUiks+v6nNzY+MTk1PTM7N7+wuLRcWFm9tElmOFR5IhNTi5gFKTRUUaCEWmqAqUjCVXR73POv7sFYkegL7KTQUOxai1hwhk5qFjbOmyFCG3Od8W5ohYI7uh/uhEblseo2C0W/5PdB/5JgSIpkiNNm4StsJTxToJFLZm098FNs5Myg4BK6c2FmIWX8ll1D3VHNFNhG3n+jS7ec0qJxYlxppH3150TOlLUdFblOxfDG/vZ64n9ePcP4sJELnWYImg8WxZmkmNBeJrQlDHCUHUcYN8LdSvkNM4yjS25kS3twqssl+J3CX3K5WwrKpfLZXrFyNExohqyTTbJNAnJAKuSEnJIq4eSBPJFn8uI9eq/em/c+aB3zhjNrZATexzce/6G8</latexit>

Rnuc → 5 fm
<latexit sha1_base64="nyiS6itamXvfi8q8HlZgPzFIGts=">AAACD3icbVBLTsMwFHTKr5RfoEs2FhUSC1QlCArLFjYsi0Q/UhNVjuu2Vm0n2A4iinoITsAWTsAOseUIHIB74LZZ0JaRnjSaeU9vNEHEqNKO823lVlbX1jfym4Wt7Z3dPXv/oKnCWGLSwCELZTtAijAqSENTzUg7kgTxgJFWMLqZ+K1HIhUNxb1OIuJzNBC0TzHSRuraReUpyskDvPBOPclTr1Ybd+2SU3amgMvEzUgJZKh37R+vF+KYE6ExQ0p1XCfSfoqkppiRccGLFYkQHqEB6RgqECfKT6fhx/DYKD3YD6UZoeFU/XuRIq5UwgOzyZEeqkVvIv7ndWLdv/JTKqJYE4Fnj/oxgzqEkyZgj0qCNUsMQVhSkxXiIZIIa9PX3JenWVTTi7vYwjJpnpXdSrlyd16qXmcN5cEhOAInwAWXoApuQR00AAYJeAGv4M16tt6tD+tztpqzspsimIP19QsC/JzG</latexit>

s → 5 Å• Up to now however unconstrained…



Multipoles from crystal symmetry?

• Crystal symmetries determine which couplings are allowed and how many independent 
parameters there are: more symmetry  less parameters⇒

• Cubic symmetry: no quadrupole  hexadecapole leading contribution?⇒

20



• Crystal symmetries determine which couplings are allowed and how many 
independent parameters there are: more symmetry  less parameters⇒

• Cubic symmetry: no quadrupole  hexadecapole leading contribution?⇒

• Recent measurements hints at defect site with cubic symmetry
Morawetz et al., (2026, PTB)

• Degeneracy could be lifted by studying different lattices 20

O-center is extremely broad, cannot resolve hexa

 probably due to crystal impurities⇒

D-center is fitted to quadrupole splitting

Multipoles from crystal symmetry?



Going beyond quadratic order

Baruch, Gazit, Hammer, Kirk, Kopp, Paz, Perez, Peik, Soreq, KS, in prep.

• Employing again a geometric model we find for K with (  and )z = 0.5 fm Δz = 0

21Nightmare scenario seems unlikely



Approaches to estimate the sensitivity 

Classical 

Halo model
Rotor 

DFT   

“Ab 

• Calcluation of 
<latexit sha1_base64="TNMbuBCR+DhUmebitxa5Aw38FcU=">AAAB/HicbVDJSgNBEO2JW4zbaI5eGoPgKcyIRI/BBTxGMAskIfR0KkmTnp6hu0YMQ/wVLx4U8eqHePNv7CwHTXxQ8Hiviqp6QSyFQc/7djIrq2vrG9nN3Nb2zu6eu39QM1GiOVR5JCPdCJgBKRRUUaCERqyBhYGEejC8mvj1B9BGROoeRzG0Q9ZXoic4Qyt13HzrGiQyetNpITxiqhI+7rgFr+hNQZeJPycFMkel4361uhFPQlDIJTOm6XsxtlOmUXAJ41wrMRAzPmR9aFqqWAimnU6PH9Njq3RpL9K2FNKp+nsiZaExozCwnSHDgVn0JuJ/XjPB3kU7FSpOEBSfLeolkmJEJ0nQrtDAUY4sYVwLeyvlA6YZR5tXzobgL768TGqnRb9ULN2dFcqX8ziy5JAckRPik3NSJrekQqqEkxF5Jq/kzXlyXpx352PWmnHmM3nyB87nD7+UlN0=</latexit>
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hyperfine structure. The resulting level splittings are 
expected in the range of 50–500 MHz, depending on 
the local field gradient at the position of the nucleus. 
They can be used for non-destructive state monito-
ring in nuclear quadrupole resonance spectroscopy 
and in schemes exploiting nuclear superradiance58. 
Interestingly, precision laser spectroscopy on the 229Th 
nuclear transition in the solid state would transfer the 
method of Mössbauer spectroscopy into the optical 
regime, maintaining the benefits of a recoil- free reso-
nance line and adding the advantages of using a coherent 
radiation source.

Transparent crystals are also used as implantation 
hosts for experiments using 229Th recoil ions from 
external or internal 233U sources (REFS59,60), laser abla-
tion plasmas61 or ion beams from isotope facilities31.  
In contrast to doping, implantation samples leave the  
Th ions in an uncontrolled microscopic chemical envi-
ronment. In general, crystal damage caused by the 
intrinsic Th radio activity and exposure to the VUV 
or X- ray sources generates luminescence background 
signal62, and effective suppression or filtering schemes 
need to be devised.

Measured isomer energy and nuclear moments
Gamma- ray measurements. The existence of the iso-
meric state in 229Th was first deduced9 from γ- ray 
spectro scopy of 233U in 1976. A consistent description of 
the observed γ- rays required the existence of an isomeric 
state, almost degenerate with the ground state. The exper-
imental resolution of 450 eV allowed an upper bound to 
be placed on the isomer energy, Eis < 100 eV. In a second 
experiment performed in 1985, several γ- ray energies in 
the range from 29 keV to 320 keV of 233U → 229Th α- decay 
were determined with a precision of a few electronvolts63. 

These were used to obtain a more precise estimate of the 
isomer energy to be −1(4)  eV (REF.64).

An improved version of the experiment was per-
formed in 1994 by the same group65, and the isomer 
energy was determined to be 3.5(1.0)  eV. This remained 
the accepted value for more than a decade, triggering a 
series of attempts to observe ‘nuclear fluorescence’ from 
α- decaying 233U directly. First claims of observation 66,67 
were quickly identified as the α- decay- induced fluores-
cence of nitrogen68,69, as these experiments were per-
formed in air. In 2005, the experimental data from REF.65 
were re- analysed by including the effects of interband 
transitions, and the value of 5.5(1.0)  eV for the isomer 
energy was obtained70.

In 2007, a cryogenic microcalorimeter with 30- eV 
resolution was used to resolve the closely spaced transi-
tions at 29.19 keV and 29.39 keV, as well as at 42.43 keV 
and 42.63  keV (REFS30,71). This allowed the isomer energy 
to be extracted as:

. . . .E = (29 39 − 29 19 + 42 43 − 42 63) keV (1)is

This method is less sensitive to the detector’s 
energy calibration because only the energy diffe rences 
of closely spaced transitions are used. However, the 
authors did not report any systematic uncertainty, 
and it was argued that the actual uncertainty might be 
higher than quoted in the final result29,72 of 7.8(5)  eV. 
In 2019, a calorimetric experi ment with full- width at 
half- maximum FWHM = 40 eV reported the isomer 
energy to be 8.3(9)  eV. This value is consistent with the 
previous reports, but does not decrease the uncertainty.

The 29.19-keV and 42.43-keV lines are doublets 
with spacings equal to the isomer energy (see FIG. 3). 
A recent experiment using a cryogenic microcalo-
rimeter with 10- eV resolution succeeded in resolving 
the 29.19- keV doublet73. The isomer energy can also 
be extracted directly from the splitting of the doublet 
lines. The isomer energy was found to be 8.10(17)  eV 
using the double difference method (equation (1)) and 
7.84(29)  eV from the splitting of the 29.19- keV doub-
let. From the lineshape of the 29.19- keV doublet, the 
improved value of the branching ratio, b29, was measured 
to be . →

. →( )b 29 19 keV 8 eV
29 19 keV 0 eV

 = b29 = 9.3(6)%.

Internal conversion measurements. The first direct sig-
nature of the 229Th isomer was obtained in 2016, about 
30 years after first being predicted74. In this experiment, 
rather than the radiative decay of the isomer, internal 
conversion (IC) was detected. IC is a process in which 
the nuclear excitation energy is transferred to the elec-
tron shell, causing the ejection of a valence electron, 
which can then be detected75.

The set- up in REF.74 consisted of three parts: produc-
tion cell, filter and detector. The production cell used 
a 233U recoil source and a buffer- gas stopping cell to 
slow down the energetic radioactive decay products 
and guide them towards an exit nozzle. All 233U decay 
pro ducts are in an ionized state and can be filtered by 
a quadrupole mass spectrometer selecting for 229Th, of 
which 2% is in the isomeric state. This filtered ion beam 
was directed to a microchannel plate (MCP), where the 
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Fig. 2 | Schematic of the energy levels of 229Th. The nuclear level structure (left) can  
be described in terms of an elliptic core and an unpaired neutron, and is structured into 
rotational bands. The ground state (blue) and the isomeric state (red) are the band heads 
(of lowest angular momentum) to two different bands, and nearly degenerate in energy 
by coincidence. The grey arrows indicate the cascades of γ- transitions that have been 
used in the first measurements of the isomer energy. On an energy scale stretched  
20,000 times (right), the two lowest nuclear states together with their electronic level 
structure are shown. Thick lines indicate nuclear levels, thin lines electronic excited 
states. The electronic structure (shown here simplified) of Th+ results from mixed 
configurations of the valence electrons.
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hyperfine structure. The resulting level splittings are 
expected in the range of 50–500 MHz, depending on 
the local field gradient at the position of the nucleus. 
They can be used for non-destructive state monito-
ring in nuclear quadrupole resonance spectroscopy 
and in schemes exploiting nuclear superradiance58. 
Interestingly, precision laser spectroscopy on the 229Th 
nuclear transition in the solid state would transfer the 
method of Mössbauer spectroscopy into the optical 
regime, maintaining the benefits of a recoil- free reso-
nance line and adding the advantages of using a coherent 
radiation source.

Transparent crystals are also used as implantation 
hosts for experiments using 229Th recoil ions from 
external or internal 233U sources (REFS59,60), laser abla-
tion plasmas61 or ion beams from isotope facilities31.  
In contrast to doping, implantation samples leave the  
Th ions in an uncontrolled microscopic chemical envi-
ronment. In general, crystal damage caused by the 
intrinsic Th radio activity and exposure to the VUV 
or X- ray sources generates luminescence background 
signal62, and effective suppression or filtering schemes 
need to be devised.

Measured isomer energy and nuclear moments
Gamma- ray measurements. The existence of the iso-
meric state in 229Th was first deduced9 from γ- ray 
spectro scopy of 233U in 1976. A consistent description of 
the observed γ- rays required the existence of an isomeric 
state, almost degenerate with the ground state. The exper-
imental resolution of 450 eV allowed an upper bound to 
be placed on the isomer energy, Eis < 100 eV. In a second 
experiment performed in 1985, several γ- ray energies in 
the range from 29 keV to 320 keV of 233U → 229Th α- decay 
were determined with a precision of a few electronvolts63. 

These were used to obtain a more precise estimate of the 
isomer energy to be −1(4)  eV (REF.64).

An improved version of the experiment was per-
formed in 1994 by the same group65, and the isomer 
energy was determined to be 3.5(1.0)  eV. This remained 
the accepted value for more than a decade, triggering a 
series of attempts to observe ‘nuclear fluorescence’ from 
α- decaying 233U directly. First claims of observation 66,67 
were quickly identified as the α- decay- induced fluores-
cence of nitrogen68,69, as these experiments were per-
formed in air. In 2005, the experimental data from REF.65 
were re- analysed by including the effects of interband 
transitions, and the value of 5.5(1.0)  eV for the isomer 
energy was obtained70.

In 2007, a cryogenic microcalorimeter with 30- eV 
resolution was used to resolve the closely spaced transi-
tions at 29.19 keV and 29.39 keV, as well as at 42.43 keV 
and 42.63  keV (REFS30,71). This allowed the isomer energy 
to be extracted as:

. . . .E = (29 39 − 29 19 + 42 43 − 42 63) keV (1)is

This method is less sensitive to the detector’s 
energy calibration because only the energy diffe rences 
of closely spaced transitions are used. However, the 
authors did not report any systematic uncertainty, 
and it was argued that the actual uncertainty might be 
higher than quoted in the final result29,72 of 7.8(5)  eV. 
In 2019, a calorimetric experi ment with full- width at 
half- maximum FWHM = 40 eV reported the isomer 
energy to be 8.3(9)  eV. This value is consistent with the 
previous reports, but does not decrease the uncertainty.

The 29.19-keV and 42.43-keV lines are doublets 
with spacings equal to the isomer energy (see FIG. 3). 
A recent experiment using a cryogenic microcalo-
rimeter with 10- eV resolution succeeded in resolving 
the 29.19- keV doublet73. The isomer energy can also 
be extracted directly from the splitting of the doublet 
lines. The isomer energy was found to be 8.10(17)  eV 
using the double difference method (equation (1)) and 
7.84(29)  eV from the splitting of the 29.19- keV doub-
let. From the lineshape of the 29.19- keV doublet, the 
improved value of the branching ratio, b29, was measured 
to be . →

. →( )b 29 19 keV 8 eV
29 19 keV 0 eV

 = b29 = 9.3(6)%.

Internal conversion measurements. The first direct sig-
nature of the 229Th isomer was obtained in 2016, about 
30 years after first being predicted74. In this experiment, 
rather than the radiative decay of the isomer, internal 
conversion (IC) was detected. IC is a process in which 
the nuclear excitation energy is transferred to the elec-
tron shell, causing the ejection of a valence electron, 
which can then be detected75.

The set- up in REF.74 consisted of three parts: produc-
tion cell, filter and detector. The production cell used 
a 233U recoil source and a buffer- gas stopping cell to 
slow down the energetic radioactive decay products 
and guide them towards an exit nozzle. All 233U decay 
pro ducts are in an ionized state and can be filtered by 
a quadrupole mass spectrometer selecting for 229Th, of 
which 2% is in the isomeric state. This filtered ion beam 
was directed to a microchannel plate (MCP), where the 
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Fig. 2 | Schematic of the energy levels of 229Th. The nuclear level structure (left) can  
be described in terms of an elliptic core and an unpaired neutron, and is structured into 
rotational bands. The ground state (blue) and the isomeric state (red) are the band heads 
(of lowest angular momentum) to two different bands, and nearly degenerate in energy 
by coincidence. The grey arrows indicate the cascades of γ- transitions that have been 
used in the first measurements of the isomer energy. On an energy scale stretched  
20,000 times (right), the two lowest nuclear states together with their electronic level 
structure are shown. Thick lines indicate nuclear levels, thin lines electronic excited 
states. The electronic structure (shown here simplified) of Th+ results from mixed 
configurations of the valence electrons.
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hyperfine structure. The resulting level splittings are 
expected in the range of 50–500 MHz, depending on 
the local field gradient at the position of the nucleus. 
They can be used for non-destructive state monito-
ring in nuclear quadrupole resonance spectroscopy 
and in schemes exploiting nuclear superradiance58. 
Interestingly, precision laser spectroscopy on the 229Th 
nuclear transition in the solid state would transfer the 
method of Mössbauer spectroscopy into the optical 
regime, maintaining the benefits of a recoil- free reso-
nance line and adding the advantages of using a coherent 
radiation source.

Transparent crystals are also used as implantation 
hosts for experiments using 229Th recoil ions from 
external or internal 233U sources (REFS59,60), laser abla-
tion plasmas61 or ion beams from isotope facilities31.  
In contrast to doping, implantation samples leave the  
Th ions in an uncontrolled microscopic chemical envi-
ronment. In general, crystal damage caused by the 
intrinsic Th radio activity and exposure to the VUV 
or X- ray sources generates luminescence background 
signal62, and effective suppression or filtering schemes 
need to be devised.

Measured isomer energy and nuclear moments
Gamma- ray measurements. The existence of the iso-
meric state in 229Th was first deduced9 from γ- ray 
spectro scopy of 233U in 1976. A consistent description of 
the observed γ- rays required the existence of an isomeric 
state, almost degenerate with the ground state. The exper-
imental resolution of 450 eV allowed an upper bound to 
be placed on the isomer energy, Eis < 100 eV. In a second 
experiment performed in 1985, several γ- ray energies in 
the range from 29 keV to 320 keV of 233U → 229Th α- decay 
were determined with a precision of a few electronvolts63. 

These were used to obtain a more precise estimate of the 
isomer energy to be −1(4)  eV (REF.64).

An improved version of the experiment was per-
formed in 1994 by the same group65, and the isomer 
energy was determined to be 3.5(1.0)  eV. This remained 
the accepted value for more than a decade, triggering a 
series of attempts to observe ‘nuclear fluorescence’ from 
α- decaying 233U directly. First claims of observation 66,67 
were quickly identified as the α- decay- induced fluores-
cence of nitrogen68,69, as these experiments were per-
formed in air. In 2005, the experimental data from REF.65 
were re- analysed by including the effects of interband 
transitions, and the value of 5.5(1.0)  eV for the isomer 
energy was obtained70.

In 2007, a cryogenic microcalorimeter with 30- eV 
resolution was used to resolve the closely spaced transi-
tions at 29.19 keV and 29.39 keV, as well as at 42.43 keV 
and 42.63  keV (REFS30,71). This allowed the isomer energy 
to be extracted as:

. . . .E = (29 39 − 29 19 + 42 43 − 42 63) keV (1)is

This method is less sensitive to the detector’s 
energy calibration because only the energy diffe rences 
of closely spaced transitions are used. However, the 
authors did not report any systematic uncertainty, 
and it was argued that the actual uncertainty might be 
higher than quoted in the final result29,72 of 7.8(5)  eV. 
In 2019, a calorimetric experi ment with full- width at 
half- maximum FWHM = 40 eV reported the isomer 
energy to be 8.3(9)  eV. This value is consistent with the 
previous reports, but does not decrease the uncertainty.

The 29.19-keV and 42.43-keV lines are doublets 
with spacings equal to the isomer energy (see FIG. 3). 
A recent experiment using a cryogenic microcalo-
rimeter with 10- eV resolution succeeded in resolving 
the 29.19- keV doublet73. The isomer energy can also 
be extracted directly from the splitting of the doublet 
lines. The isomer energy was found to be 8.10(17)  eV 
using the double difference method (equation (1)) and 
7.84(29)  eV from the splitting of the 29.19- keV doub-
let. From the lineshape of the 29.19- keV doublet, the 
improved value of the branching ratio, b29, was measured 
to be . →

. →( )b 29 19 keV 8 eV
29 19 keV 0 eV

 = b29 = 9.3(6)%.

Internal conversion measurements. The first direct sig-
nature of the 229Th isomer was obtained in 2016, about 
30 years after first being predicted74. In this experiment, 
rather than the radiative decay of the isomer, internal 
conversion (IC) was detected. IC is a process in which 
the nuclear excitation energy is transferred to the elec-
tron shell, causing the ejection of a valence electron, 
which can then be detected75.

The set- up in REF.74 consisted of three parts: produc-
tion cell, filter and detector. The production cell used 
a 233U recoil source and a buffer- gas stopping cell to 
slow down the energetic radioactive decay products 
and guide them towards an exit nozzle. All 233U decay 
pro ducts are in an ionized state and can be filtered by 
a quadrupole mass spectrometer selecting for 229Th, of 
which 2% is in the isomeric state. This filtered ion beam 
was directed to a microchannel plate (MCP), where the 
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Fig. 2 | Schematic of the energy levels of 229Th. The nuclear level structure (left) can  
be described in terms of an elliptic core and an unpaired neutron, and is structured into 
rotational bands. The ground state (blue) and the isomeric state (red) are the band heads 
(of lowest angular momentum) to two different bands, and nearly degenerate in energy 
by coincidence. The grey arrows indicate the cascades of γ- transitions that have been 
used in the first measurements of the isomer energy. On an energy scale stretched  
20,000 times (right), the two lowest nuclear states together with their electronic level 
structure are shown. Thick lines indicate nuclear levels, thin lines electronic excited 
states. The electronic structure (shown here simplified) of Th+ results from mixed 
configurations of the valence electrons.
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hyperfine structure. The resulting level splittings are 
expected in the range of 50–500 MHz, depending on 
the local field gradient at the position of the nucleus. 
They can be used for non-destructive state monito-
ring in nuclear quadrupole resonance spectroscopy 
and in schemes exploiting nuclear superradiance58. 
Interestingly, precision laser spectroscopy on the 229Th 
nuclear transition in the solid state would transfer the 
method of Mössbauer spectroscopy into the optical 
regime, maintaining the benefits of a recoil- free reso-
nance line and adding the advantages of using a coherent 
radiation source.

Transparent crystals are also used as implantation 
hosts for experiments using 229Th recoil ions from 
external or internal 233U sources (REFS59,60), laser abla-
tion plasmas61 or ion beams from isotope facilities31.  
In contrast to doping, implantation samples leave the  
Th ions in an uncontrolled microscopic chemical envi-
ronment. In general, crystal damage caused by the 
intrinsic Th radio activity and exposure to the VUV 
or X- ray sources generates luminescence background 
signal62, and effective suppression or filtering schemes 
need to be devised.

Measured isomer energy and nuclear moments
Gamma- ray measurements. The existence of the iso-
meric state in 229Th was first deduced9 from γ- ray 
spectro scopy of 233U in 1976. A consistent description of 
the observed γ- rays required the existence of an isomeric 
state, almost degenerate with the ground state. The exper-
imental resolution of 450 eV allowed an upper bound to 
be placed on the isomer energy, Eis < 100 eV. In a second 
experiment performed in 1985, several γ- ray energies in 
the range from 29 keV to 320 keV of 233U → 229Th α- decay 
were determined with a precision of a few electronvolts63. 

These were used to obtain a more precise estimate of the 
isomer energy to be −1(4)  eV (REF.64).

An improved version of the experiment was per-
formed in 1994 by the same group65, and the isomer 
energy was determined to be 3.5(1.0)  eV. This remained 
the accepted value for more than a decade, triggering a 
series of attempts to observe ‘nuclear fluorescence’ from 
α- decaying 233U directly. First claims of observation 66,67 
were quickly identified as the α- decay- induced fluores-
cence of nitrogen68,69, as these experiments were per-
formed in air. In 2005, the experimental data from REF.65 
were re- analysed by including the effects of interband 
transitions, and the value of 5.5(1.0)  eV for the isomer 
energy was obtained70.

In 2007, a cryogenic microcalorimeter with 30- eV 
resolution was used to resolve the closely spaced transi-
tions at 29.19 keV and 29.39 keV, as well as at 42.43 keV 
and 42.63  keV (REFS30,71). This allowed the isomer energy 
to be extracted as:

. . . .E = (29 39 − 29 19 + 42 43 − 42 63) keV (1)is

This method is less sensitive to the detector’s 
energy calibration because only the energy diffe rences 
of closely spaced transitions are used. However, the 
authors did not report any systematic uncertainty, 
and it was argued that the actual uncertainty might be 
higher than quoted in the final result29,72 of 7.8(5)  eV. 
In 2019, a calorimetric experi ment with full- width at 
half- maximum FWHM = 40 eV reported the isomer 
energy to be 8.3(9)  eV. This value is consistent with the 
previous reports, but does not decrease the uncertainty.

The 29.19-keV and 42.43-keV lines are doublets 
with spacings equal to the isomer energy (see FIG. 3). 
A recent experiment using a cryogenic microcalo-
rimeter with 10- eV resolution succeeded in resolving 
the 29.19- keV doublet73. The isomer energy can also 
be extracted directly from the splitting of the doublet 
lines. The isomer energy was found to be 8.10(17)  eV 
using the double difference method (equation (1)) and 
7.84(29)  eV from the splitting of the 29.19- keV doub-
let. From the lineshape of the 29.19- keV doublet, the 
improved value of the branching ratio, b29, was measured 
to be . →

. →( )b 29 19 keV 8 eV
29 19 keV 0 eV

 = b29 = 9.3(6)%.

Internal conversion measurements. The first direct sig-
nature of the 229Th isomer was obtained in 2016, about 
30 years after first being predicted74. In this experiment, 
rather than the radiative decay of the isomer, internal 
conversion (IC) was detected. IC is a process in which 
the nuclear excitation energy is transferred to the elec-
tron shell, causing the ejection of a valence electron, 
which can then be detected75.

The set- up in REF.74 consisted of three parts: produc-
tion cell, filter and detector. The production cell used 
a 233U recoil source and a buffer- gas stopping cell to 
slow down the energetic radioactive decay products 
and guide them towards an exit nozzle. All 233U decay 
pro ducts are in an ionized state and can be filtered by 
a quadrupole mass spectrometer selecting for 229Th, of 
which 2% is in the isomeric state. This filtered ion beam 
was directed to a microchannel plate (MCP), where the 
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Fig. 2 | Schematic of the energy levels of 229Th. The nuclear level structure (left) can  
be described in terms of an elliptic core and an unpaired neutron, and is structured into 
rotational bands. The ground state (blue) and the isomeric state (red) are the band heads 
(of lowest angular momentum) to two different bands, and nearly degenerate in energy 
by coincidence. The grey arrows indicate the cascades of γ- transitions that have been 
used in the first measurements of the isomer energy. On an energy scale stretched  
20,000 times (right), the two lowest nuclear states together with their electronic level 
structure are shown. Thick lines indicate nuclear levels, thin lines electronic excited 
states. The electronic structure (shown here simplified) of Th+ results from mixed 
configurations of the valence electrons.
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hyperfine structure. The resulting level splittings are 
expected in the range of 50–500 MHz, depending on 
the local field gradient at the position of the nucleus. 
They can be used for non-destructive state monito-
ring in nuclear quadrupole resonance spectroscopy 
and in schemes exploiting nuclear superradiance58. 
Interestingly, precision laser spectroscopy on the 229Th 
nuclear transition in the solid state would transfer the 
method of Mössbauer spectroscopy into the optical 
regime, maintaining the benefits of a recoil- free reso-
nance line and adding the advantages of using a coherent 
radiation source.

Transparent crystals are also used as implantation 
hosts for experiments using 229Th recoil ions from 
external or internal 233U sources (REFS59,60), laser abla-
tion plasmas61 or ion beams from isotope facilities31.  
In contrast to doping, implantation samples leave the  
Th ions in an uncontrolled microscopic chemical envi-
ronment. In general, crystal damage caused by the 
intrinsic Th radio activity and exposure to the VUV 
or X- ray sources generates luminescence background 
signal62, and effective suppression or filtering schemes 
need to be devised.

Measured isomer energy and nuclear moments
Gamma- ray measurements. The existence of the iso-
meric state in 229Th was first deduced9 from γ- ray 
spectro scopy of 233U in 1976. A consistent description of 
the observed γ- rays required the existence of an isomeric 
state, almost degenerate with the ground state. The exper-
imental resolution of 450 eV allowed an upper bound to 
be placed on the isomer energy, Eis < 100 eV. In a second 
experiment performed in 1985, several γ- ray energies in 
the range from 29 keV to 320 keV of 233U → 229Th α- decay 
were determined with a precision of a few electronvolts63. 

These were used to obtain a more precise estimate of the 
isomer energy to be −1(4)  eV (REF.64).

An improved version of the experiment was per-
formed in 1994 by the same group65, and the isomer 
energy was determined to be 3.5(1.0)  eV. This remained 
the accepted value for more than a decade, triggering a 
series of attempts to observe ‘nuclear fluorescence’ from 
α- decaying 233U directly. First claims of observation 66,67 
were quickly identified as the α- decay- induced fluores-
cence of nitrogen68,69, as these experiments were per-
formed in air. In 2005, the experimental data from REF.65 
were re- analysed by including the effects of interband 
transitions, and the value of 5.5(1.0)  eV for the isomer 
energy was obtained70.

In 2007, a cryogenic microcalorimeter with 30- eV 
resolution was used to resolve the closely spaced transi-
tions at 29.19 keV and 29.39 keV, as well as at 42.43 keV 
and 42.63  keV (REFS30,71). This allowed the isomer energy 
to be extracted as:

. . . .E = (29 39 − 29 19 + 42 43 − 42 63) keV (1)is

This method is less sensitive to the detector’s 
energy calibration because only the energy diffe rences 
of closely spaced transitions are used. However, the 
authors did not report any systematic uncertainty, 
and it was argued that the actual uncertainty might be 
higher than quoted in the final result29,72 of 7.8(5)  eV. 
In 2019, a calorimetric experi ment with full- width at 
half- maximum FWHM = 40 eV reported the isomer 
energy to be 8.3(9)  eV. This value is consistent with the 
previous reports, but does not decrease the uncertainty.

The 29.19-keV and 42.43-keV lines are doublets 
with spacings equal to the isomer energy (see FIG. 3). 
A recent experiment using a cryogenic microcalo-
rimeter with 10- eV resolution succeeded in resolving 
the 29.19- keV doublet73. The isomer energy can also 
be extracted directly from the splitting of the doublet 
lines. The isomer energy was found to be 8.10(17)  eV 
using the double difference method (equation (1)) and 
7.84(29)  eV from the splitting of the 29.19- keV doub-
let. From the lineshape of the 29.19- keV doublet, the 
improved value of the branching ratio, b29, was measured 
to be . →

. →( )b 29 19 keV 8 eV
29 19 keV 0 eV

 = b29 = 9.3(6)%.

Internal conversion measurements. The first direct sig-
nature of the 229Th isomer was obtained in 2016, about 
30 years after first being predicted74. In this experiment, 
rather than the radiative decay of the isomer, internal 
conversion (IC) was detected. IC is a process in which 
the nuclear excitation energy is transferred to the elec-
tron shell, causing the ejection of a valence electron, 
which can then be detected75.

The set- up in REF.74 consisted of three parts: produc-
tion cell, filter and detector. The production cell used 
a 233U recoil source and a buffer- gas stopping cell to 
slow down the energetic radioactive decay products 
and guide them towards an exit nozzle. All 233U decay 
pro ducts are in an ionized state and can be filtered by 
a quadrupole mass spectrometer selecting for 229Th, of 
which 2% is in the isomeric state. This filtered ion beam 
was directed to a microchannel plate (MCP), where the 
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Fig. 2 | Schematic of the energy levels of 229Th. The nuclear level structure (left) can  
be described in terms of an elliptic core and an unpaired neutron, and is structured into 
rotational bands. The ground state (blue) and the isomeric state (red) are the band heads 
(of lowest angular momentum) to two different bands, and nearly degenerate in energy 
by coincidence. The grey arrows indicate the cascades of γ- transitions that have been 
used in the first measurements of the isomer energy. On an energy scale stretched  
20,000 times (right), the two lowest nuclear states together with their electronic level 
structure are shown. Thick lines indicate nuclear levels, thin lines electronic excited 
states. The electronic structure (shown here simplified) of Th+ results from mixed 
configurations of the valence electrons.
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hyperfine structure. The resulting level splittings are 
expected in the range of 50–500 MHz, depending on 
the local field gradient at the position of the nucleus. 
They can be used for non-destructive state monito-
ring in nuclear quadrupole resonance spectroscopy 
and in schemes exploiting nuclear superradiance58. 
Interestingly, precision laser spectroscopy on the 229Th 
nuclear transition in the solid state would transfer the 
method of Mössbauer spectroscopy into the optical 
regime, maintaining the benefits of a recoil- free reso-
nance line and adding the advantages of using a coherent 
radiation source.

Transparent crystals are also used as implantation 
hosts for experiments using 229Th recoil ions from 
external or internal 233U sources (REFS59,60), laser abla-
tion plasmas61 or ion beams from isotope facilities31.  
In contrast to doping, implantation samples leave the  
Th ions in an uncontrolled microscopic chemical envi-
ronment. In general, crystal damage caused by the 
intrinsic Th radio activity and exposure to the VUV 
or X- ray sources generates luminescence background 
signal62, and effective suppression or filtering schemes 
need to be devised.

Measured isomer energy and nuclear moments
Gamma- ray measurements. The existence of the iso-
meric state in 229Th was first deduced9 from γ- ray 
spectro scopy of 233U in 1976. A consistent description of 
the observed γ- rays required the existence of an isomeric 
state, almost degenerate with the ground state. The exper-
imental resolution of 450 eV allowed an upper bound to 
be placed on the isomer energy, Eis < 100 eV. In a second 
experiment performed in 1985, several γ- ray energies in 
the range from 29 keV to 320 keV of 233U → 229Th α- decay 
were determined with a precision of a few electronvolts63. 

These were used to obtain a more precise estimate of the 
isomer energy to be −1(4)  eV (REF.64).

An improved version of the experiment was per-
formed in 1994 by the same group65, and the isomer 
energy was determined to be 3.5(1.0)  eV. This remained 
the accepted value for more than a decade, triggering a 
series of attempts to observe ‘nuclear fluorescence’ from 
α- decaying 233U directly. First claims of observation 66,67 
were quickly identified as the α- decay- induced fluores-
cence of nitrogen68,69, as these experiments were per-
formed in air. In 2005, the experimental data from REF.65 
were re- analysed by including the effects of interband 
transitions, and the value of 5.5(1.0)  eV for the isomer 
energy was obtained70.

In 2007, a cryogenic microcalorimeter with 30- eV 
resolution was used to resolve the closely spaced transi-
tions at 29.19 keV and 29.39 keV, as well as at 42.43 keV 
and 42.63  keV (REFS30,71). This allowed the isomer energy 
to be extracted as:

. . . .E = (29 39 − 29 19 + 42 43 − 42 63) keV (1)is

This method is less sensitive to the detector’s 
energy calibration because only the energy diffe rences 
of closely spaced transitions are used. However, the 
authors did not report any systematic uncertainty, 
and it was argued that the actual uncertainty might be 
higher than quoted in the final result29,72 of 7.8(5)  eV. 
In 2019, a calorimetric experi ment with full- width at 
half- maximum FWHM = 40 eV reported the isomer 
energy to be 8.3(9)  eV. This value is consistent with the 
previous reports, but does not decrease the uncertainty.

The 29.19-keV and 42.43-keV lines are doublets 
with spacings equal to the isomer energy (see FIG. 3). 
A recent experiment using a cryogenic microcalo-
rimeter with 10- eV resolution succeeded in resolving 
the 29.19- keV doublet73. The isomer energy can also 
be extracted directly from the splitting of the doublet 
lines. The isomer energy was found to be 8.10(17)  eV 
using the double difference method (equation (1)) and 
7.84(29)  eV from the splitting of the 29.19- keV doub-
let. From the lineshape of the 29.19- keV doublet, the 
improved value of the branching ratio, b29, was measured 
to be . →

. →( )b 29 19 keV 8 eV
29 19 keV 0 eV

 = b29 = 9.3(6)%.

Internal conversion measurements. The first direct sig-
nature of the 229Th isomer was obtained in 2016, about 
30 years after first being predicted74. In this experiment, 
rather than the radiative decay of the isomer, internal 
conversion (IC) was detected. IC is a process in which 
the nuclear excitation energy is transferred to the elec-
tron shell, causing the ejection of a valence electron, 
which can then be detected75.

The set- up in REF.74 consisted of three parts: produc-
tion cell, filter and detector. The production cell used 
a 233U recoil source and a buffer- gas stopping cell to 
slow down the energetic radioactive decay products 
and guide them towards an exit nozzle. All 233U decay 
pro ducts are in an ionized state and can be filtered by 
a quadrupole mass spectrometer selecting for 229Th, of 
which 2% is in the isomeric state. This filtered ion beam 
was directed to a microchannel plate (MCP), where the 

Mössbauer spectroscopy
High- resolution, recoil- free 
gamma- ray spectroscopy 
performed with nuclei in solids, 
tuned via the Doppler shift 
between a moving source  
and stationary absorber.

Ground state Isomer

5

0

10

15

20

Ground state

Isomer

Ex
ci

ta
ti

on
 e

ne
rg

y 
(e

V
)

100

0

200

300

400

Ex
ci

ta
ti

on
 e

ne
rg

y 
(k

eV
)

× 1/20,000

Fig. 2 | Schematic of the energy levels of 229Th. The nuclear level structure (left) can  
be described in terms of an elliptic core and an unpaired neutron, and is structured into 
rotational bands. The ground state (blue) and the isomeric state (red) are the band heads 
(of lowest angular momentum) to two different bands, and nearly degenerate in energy 
by coincidence. The grey arrows indicate the cascades of γ- transitions that have been 
used in the first measurements of the isomer energy. On an energy scale stretched  
20,000 times (right), the two lowest nuclear states together with their electronic level 
structure are shown. Thick lines indicate nuclear levels, thin lines electronic excited 
states. The electronic structure (shown here simplified) of Th+ results from mixed 
configurations of the valence electrons.
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hyperfine structure. The resulting level splittings are 
expected in the range of 50–500 MHz, depending on 
the local field gradient at the position of the nucleus. 
They can be used for non-destructive state monito-
ring in nuclear quadrupole resonance spectroscopy 
and in schemes exploiting nuclear superradiance58. 
Interestingly, precision laser spectroscopy on the 229Th 
nuclear transition in the solid state would transfer the 
method of Mössbauer spectroscopy into the optical 
regime, maintaining the benefits of a recoil- free reso-
nance line and adding the advantages of using a coherent 
radiation source.

Transparent crystals are also used as implantation 
hosts for experiments using 229Th recoil ions from 
external or internal 233U sources (REFS59,60), laser abla-
tion plasmas61 or ion beams from isotope facilities31.  
In contrast to doping, implantation samples leave the  
Th ions in an uncontrolled microscopic chemical envi-
ronment. In general, crystal damage caused by the 
intrinsic Th radio activity and exposure to the VUV 
or X- ray sources generates luminescence background 
signal62, and effective suppression or filtering schemes 
need to be devised.

Measured isomer energy and nuclear moments
Gamma- ray measurements. The existence of the iso-
meric state in 229Th was first deduced9 from γ- ray 
spectro scopy of 233U in 1976. A consistent description of 
the observed γ- rays required the existence of an isomeric 
state, almost degenerate with the ground state. The exper-
imental resolution of 450 eV allowed an upper bound to 
be placed on the isomer energy, Eis < 100 eV. In a second 
experiment performed in 1985, several γ- ray energies in 
the range from 29 keV to 320 keV of 233U → 229Th α- decay 
were determined with a precision of a few electronvolts63. 

These were used to obtain a more precise estimate of the 
isomer energy to be −1(4)  eV (REF.64).

An improved version of the experiment was per-
formed in 1994 by the same group65, and the isomer 
energy was determined to be 3.5(1.0)  eV. This remained 
the accepted value for more than a decade, triggering a 
series of attempts to observe ‘nuclear fluorescence’ from 
α- decaying 233U directly. First claims of observation 66,67 
were quickly identified as the α- decay- induced fluores-
cence of nitrogen68,69, as these experiments were per-
formed in air. In 2005, the experimental data from REF.65 
were re- analysed by including the effects of interband 
transitions, and the value of 5.5(1.0)  eV for the isomer 
energy was obtained70.

In 2007, a cryogenic microcalorimeter with 30- eV 
resolution was used to resolve the closely spaced transi-
tions at 29.19 keV and 29.39 keV, as well as at 42.43 keV 
and 42.63  keV (REFS30,71). This allowed the isomer energy 
to be extracted as:

. . . .E = (29 39 − 29 19 + 42 43 − 42 63) keV (1)is

This method is less sensitive to the detector’s 
energy calibration because only the energy diffe rences 
of closely spaced transitions are used. However, the 
authors did not report any systematic uncertainty, 
and it was argued that the actual uncertainty might be 
higher than quoted in the final result29,72 of 7.8(5)  eV. 
In 2019, a calorimetric experi ment with full- width at 
half- maximum FWHM = 40 eV reported the isomer 
energy to be 8.3(9)  eV. This value is consistent with the 
previous reports, but does not decrease the uncertainty.

The 29.19-keV and 42.43-keV lines are doublets 
with spacings equal to the isomer energy (see FIG. 3). 
A recent experiment using a cryogenic microcalo-
rimeter with 10- eV resolution succeeded in resolving 
the 29.19- keV doublet73. The isomer energy can also 
be extracted directly from the splitting of the doublet 
lines. The isomer energy was found to be 8.10(17)  eV 
using the double difference method (equation (1)) and 
7.84(29)  eV from the splitting of the 29.19- keV doub-
let. From the lineshape of the 29.19- keV doublet, the 
improved value of the branching ratio, b29, was measured 
to be . →

. →( )b 29 19 keV 8 eV
29 19 keV 0 eV

 = b29 = 9.3(6)%.

Internal conversion measurements. The first direct sig-
nature of the 229Th isomer was obtained in 2016, about 
30 years after first being predicted74. In this experiment, 
rather than the radiative decay of the isomer, internal 
conversion (IC) was detected. IC is a process in which 
the nuclear excitation energy is transferred to the elec-
tron shell, causing the ejection of a valence electron, 
which can then be detected75.

The set- up in REF.74 consisted of three parts: produc-
tion cell, filter and detector. The production cell used 
a 233U recoil source and a buffer- gas stopping cell to 
slow down the energetic radioactive decay products 
and guide them towards an exit nozzle. All 233U decay 
pro ducts are in an ionized state and can be filtered by 
a quadrupole mass spectrometer selecting for 229Th, of 
which 2% is in the isomeric state. This filtered ion beam 
was directed to a microchannel plate (MCP), where the 
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Fig. 2 | Schematic of the energy levels of 229Th. The nuclear level structure (left) can  
be described in terms of an elliptic core and an unpaired neutron, and is structured into 
rotational bands. The ground state (blue) and the isomeric state (red) are the band heads 
(of lowest angular momentum) to two different bands, and nearly degenerate in energy 
by coincidence. The grey arrows indicate the cascades of γ- transitions that have been 
used in the first measurements of the isomer energy. On an energy scale stretched  
20,000 times (right), the two lowest nuclear states together with their electronic level 
structure are shown. Thick lines indicate nuclear levels, thin lines electronic excited 
states. The electronic structure (shown here simplified) of Th+ results from mixed 
configurations of the valence electrons.
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<latexit sha1_base64="w5Ygcm80k4H4Mh5Z8Th40ziAZ5Y=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJ4seyKVI9FLx4r2A9o15JN0zY0yS7JbLEs+0+8eFDEq//Em//GtN2Dtj4YeLw3w8y8MBbcgOd9Oyura+sbm4Wt4vbO7t6+e3DYMFGiKavTSES6FRLDBFesDhwEa8WaERkK1gxHt1O/OWba8Eg9wCRmgSQDxfucErBS13V97zE9972sA+wJUpl13ZJX9mbAy8TPSQnlqHXdr04voolkCqggxrR9L4YgJRo4FSwrdhLDYkJHZMDalioimQnS2eUZPrVKD/cjbUsBnqm/J1IijZnI0HZKAkOz6E3F/7x2Av3rIOUqToApOl/UTwSGCE9jwD2uGQUxsYRQze2tmA6JJhRsWEUbgr/48jJpXJT9Srlyf1mq3uRxFNAxOkFnyEdXqIruUA3VEUVj9Ixe0ZuTOi/Ou/Mxb11x8pkj9AfO5w/DjJMh</latexit>

10→10m

<latexit sha1_base64="S5B0Yi0kFqqCWzz1N8/5/hoRkIg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyWRUj0WvXisYD+gjWWz3bRLN5uwOymWkH/ixYMiXv0n3vw3btsctPXBwOO9GWbm+bHgGhzn2yqsrW9sbhW3Szu7e/sH9uFRS0eJoqxJIxGpjk80E1yyJnAQrBMrRkJfsLY/vp357QlTmkfyAaYx80IylDzglICR+rbtOo/phVvNesCeIA2zvl12Ks4ceJW4OSmjHI2+/dUbRDQJmQQqiNZd14nBS4kCTgXLSr1Es5jQMRmyrqGShEx76fzyDJ8ZZYCDSJmSgOfq74mUhFpPQ990hgRGetmbif953QSCay/lMk6ASbpYFCQCQ4RnMeABV4yCmBpCqOLmVkxHRBEKJqySCcFdfnmVtC4rbq1Su6+W6zd5HEV0gk7ROXLRFaqjO9RATUTRBD2jV/RmpdaL9W59LFoLVj5zjP7A+vwBycCTJQ==</latexit>

10→14m

1. Natural ULDM: Quadratic twin


2. Local DM density around Earth with  - couplingϕ2N̄N

1. Quantum clocks simplifi

2. Atomic clocks


3.  as a nuclear clock


4. Approaches to determine 

229Th

K
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• E.g. axions are parity odd Quadratic (non-derivative) couplings to SM

<latexit sha1_base64="rJiYMAViACWAHBjNHkVS52PfuBo="></latexit>

L → Cω
ω2

f2
FµεF

µε ↑ CN
ω2

f2
mN N̄N ↑ Ce

ω2

f2
meēe+ . . .

Interactions with the SM

shift-symm. breaking spurion

Why quadratically coupled?
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• E.g. axions are parity odd Quadratic (non-derivative) couplings to SM

• If QCD axion:
<latexit sha1_base64="uVP78n1iEqDu34zBVgeM3s8075c="></latexit>

Cω =
ω

16ε2

z

(1 + z)2
ε

3

Beadle, Ellis, Quevillon, Vuong (’23)

Kim, Lenoci, Perez, Ratzinger (’23)

Hook, Huang (’17)

Balkin, Serra, KS, Weiler (’20)

<latexit sha1_base64="rJiYMAViACWAHBjNHkVS52PfuBo="></latexit>

L → Cω
ω2

f2
FµεF

µε ↑ CN
ω2

f2
mN N̄N ↑ Ce

ω2

f2
meēe+ . . .

<latexit sha1_base64="Z6P/8X3oCuWDqAOI1t8O43+KtP0=">AAACIXicbZDLSgMxFIYz3q23qks3g0VwVWa01G4EsRuXClYLnTqcSc+0wSQzJBmhDPMqbnwVNy4UcSe+jOllodUDIR//fw7J+aOUM20879OZm19YXFpeWS2trW9sbpW3d250kimKLZrwRLUj0MiZxJZhhmM7VQgi4ngb3TdH/u0DKs0SeW2GKXYF9CWLGQVjpbDcaIZ4GsQKaH4cAE8HUOS1IGVFMwz6IAQEXE5sEVr57qiwgPYKyxWv6o3L/Qv+FCpkWpdh+SPoJTQTKA3loHXH91LTzUEZRjkWpSDTmAK9hz52LEoQqLv5eMPCPbBKz40TZY807lj9OZGD0HooItspwAz0rDcS//M6mYkb3ZzJNDMo6eShOOOuSdxRXG6PKaSGDy0AVcz+1aUDsHkYG2rJhuDPrvwXbo6qfr1av6pVzs6ncayQPbJPDolPTsgZuSCXpEUoeSTP5JW8OU/Oi/PufExa55zpzC75Vc7XN7T1pIE=</latexit>

Ce =
3ω

4ε
Cω ln

m2
ε

m2
e

Interactions with the SM

Variations in fundamental constants
<latexit sha1_base64="CU/fDN9S30hI3Q4C6ofbrwzUs0Y=">AAACIHicbVDLSgMxFM3UV62vUZdugkVwVWaKtG6EYjcuK9gHdGq5k2ba0GRmSDJCGfopbvwVNy4U0Z1+jWk7C209kNzDueeS3OPHnCntOF9Wbm19Y3Mrv13Y2d3bP7APj1oqSiShTRLxSHZ8UJSzkDY105x2YklB+Jy2/XF91m8/UKlYFN7pSUx7AoYhCxgBbaS+XfUCCST1BpRrwB7weATTNKtX9b43BCEgM8Ujdl+epoG5+nbRKTlz4FXiZqSIMjT69qc3iEgiaKgJB6W6rhPrXgpSM8LptOAlisZAxjCkXUNDEFT10vmCU3xmlAEOImlOqPFc/T2RglBqInzjFKBHark3E//rdRMdXPZSFsaJpiFZPBQkHOsIz9LCAyYp0XxiCBDJzF8xGYEJQ5tMCyYEd3nlVdIql9xKqXJ7UaxdZ3Hk0Qk6RefIRVVUQzeogZqIoEf0jF7Rm/VkvVjv1sfCmrOymWP0B9b3D1qFpFc=</latexit>

ωε

ε
= Cω

ϑ2

f2

<latexit sha1_base64="i9ST2iwp+hPkjnAOKpEl+lUac0c=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpUt0IxW5clQr2AU0Mk8mkHTp5MDMRSshPuPFX3LhQxK3gzr9x0mahrQfmcjjnXu7c48aMCmkY31ppZXVtfaO8Wdna3tnd0/cPeiJKOCZdHLGID1wkCKMh6UoqGRnEnKDAZaTvTlq5338gXNAovJPTmNgBGoXUpxhJJTn6meVzhFPLI0wiGDjtLM3LVctpF048pvf1LPVVcfSqUTNmgMvELEgVFOg4+pflRTgJSCgxQ0IMTSOWdoq4pJiRrGIlgsQIT9CIDBUNUUCEnc6uyuCJUjzoR1y9UMKZ+nsiRYEQ08BVnQGSY7Ho5eJ/3jCR/qWd0jBOJAnxfJGfMCgjmEcEPcoJlmyqCMKcqr9CPEYqDKmCrKgQzMWTl0mvXjMbtcbtebV5XcRRBkfgGJwCE1yAJrgBHdAFGDyCZ/AK3rQn7UV71z7mrSWtmDkEf6B9/gDgz59I</latexit>

ωmN

mN
= CN

ε2

f2

<latexit sha1_base64="uM9pzx6svuIN3ou8PTqKV9nE1qY=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VwISUpUt0IxW5cVrAPaGKYTG/aoZMHMxOhhP6EG3/FjQtF3Aru/BunbRbaemAuh3Pu5c49fsKZVJb1bRRWVtfWN4qbpa3tnd09c/+gLeNUUGjRmMei6xMJnEXQUkxx6CYCSOhz6PijxtTvPICQLI7u1DgBNySDiAWMEqUlzzxzAkFo5vSBK4JDDybZtFw1PMidZMjuq5Ms0MUzy1bFmgEvEzsnZZSj6ZlfTj+maQiRopxI2bOtRLkZEYpRDpOSk0pICB2RAfQ0jUgI0s1mV03wiVb6OIiFfpHCM/X3REZCKcehrztDooZy0ZuK/3m9VAWXbsaiJFUQ0fmiIOVYxXgaEe4zAVTxsSaECqb/iumQ6DCUDrKkQ7AXT14m7WrFrlVqt+fl+nUeRxEdoWN0imx0geroBjVRC1H0iJ7RK3oznowX4934mLcWjHzmEP2B8fkDT6WfjQ==</latexit>

ωme

me
= Ce

ε2

f2

<latexit sha1_base64="zQrvtOUL1y1UByFuI5B+7kTZftw=">AAACHXicbZDLSsNAFIYn9VbrLerSTbAIFaEkpVQ3QrEbV6WCvUATw2Q6aYfOJGFmIrQhL+LGV3HjQhEXbsS3cXoRtPXADB//fw4z5/ciSoQ0zS8ts7K6tr6R3cxtbe/s7un7By0RxhzhJgppyDseFJiSADclkRR3Io4h8yhue8PaxG/fYy5IGNzKUYQdBvsB8QmCUkmuXq659Uvb5xAlVpqU0hmO06RgnY1P734EW5A+g249TZi6XD1vFs1pGctgzSEP5tVw9Q+7F6KY4UAiCoXoWmYknQRySRDFac6OBY4gGsI+7ioMIMPCSabbpcaJUnqGH3J1AmlM1d8TCWRCjJinOhmUA7HoTcT/vG4s/QsnIUEUSxyg2UN+TA0ZGpOojB7hGEk6UgARJ+qvBhpAFYdUgeZUCNbiysvQKhWtSrFyU85Xr+ZxZMEROAYFYIFzUAXXoAGaAIEH8ARewKv2qD1rb9r7rDWjzWcOwZ/SPr8B0X6iaw==</latexit>

CN =
1

2

z

(1 + z)2
ωN

mN

shift-symm. breaking spurion

Why quadratically coupled?
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Coupling to electrons

Paremeter space
<latexit sha1_base64="YufsjCO0Me0iJXffD69dIN/wcpU="></latexit>

L → ↑d(2)meme

2M2
Pl

ω2ēe
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Coupling to electrons

Goldstone Naturalness
<latexit sha1_base64="YufsjCO0Me0iJXffD69dIN/wcpU="></latexit>

L → ↑d(2)meme

2M2
Pl

ω2ēe

• At 1-loop get mass correction

<latexit sha1_base64="WFh2xiSPAiDajrCVfm8lGwJsGfM=">AAAB/XicbVC7SgNBFJ2Nrxhf8dHZLAbBKuyKRBshaGNhESEvSJYwO3s3GTL7YOauGJfgr9hYKGLrf9j5N06SLTTxwMDhnHO5d44bC67Qsr6N3NLyyupafr2wsbm1vVPc3WuqKJEMGiwSkWy7VIHgITSQo4B2LIEGroCWO7ye+K17kIpHYR1HMTgB7Yfc54yilnrFg+6tDnv00ra6CA+Y1qE57hVLVtmawlwkdkZKJEOtV/zqehFLAgiRCapUx7ZidFIqkTMB40I3URBTNqR96Gga0gCUk06vH5vHWvFMP5L6hWhO1d8TKQ2UGgWuTgYUB2rem4j/eZ0E/Qsn5WGcIIRstshPhImROanC9LgEhmKkCWWS61tNNqCSMtSFFXQJ9vyXF0nztGxXypW7s1L1KqsjTw7JETkhNjknVXJDaqRBGHkkz+SVvBlPxovxbnzMojkjm9knf2B8/gDgfZTh</latexit>

! = 10TeV

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

ω
<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

ω
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Coupling to electrons

Goldstone Naturalness
<latexit sha1_base64="YufsjCO0Me0iJXffD69dIN/wcpU="></latexit>

L → ↑d(2)meme

2M2
Pl

ω2ēe

• At 1-loop get mass correction

<latexit sha1_base64="WFh2xiSPAiDajrCVfm8lGwJsGfM=">AAAB/XicbVC7SgNBFJ2Nrxhf8dHZLAbBKuyKRBshaGNhESEvSJYwO3s3GTL7YOauGJfgr9hYKGLrf9j5N06SLTTxwMDhnHO5d44bC67Qsr6N3NLyyupafr2wsbm1vVPc3WuqKJEMGiwSkWy7VIHgITSQo4B2LIEGroCWO7ye+K17kIpHYR1HMTgB7Yfc54yilnrFg+6tDnv00ra6CA+Y1qE57hVLVtmawlwkdkZKJEOtV/zqehFLAgiRCapUx7ZidFIqkTMB40I3URBTNqR96Gga0gCUk06vH5vHWvFMP5L6hWhO1d8TKQ2UGgWuTgYUB2rem4j/eZ0E/Qsn5WGcIIRstshPhImROanC9LgEhmKkCWWS61tNNqCSMtSFFXQJ9vyXF0nztGxXypW7s1L1KqsjTw7JETkhNjknVXJDaqRBGHkkz+SVvBlPxovxbnzMojkjm9knf2B8/gDgfZTh</latexit>

! = 10TeV

• At 1-loop get quartic correction

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

ω
<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

ω

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

ω

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

ω
<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

ω

<latexit sha1_base64="TDZ5kXVcRihTN/44IH5FtXDuleA=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEWo9FLx4r2A9oQ9lsN83S3U3Y3Qgl9C948aCIV/+QN/+NmzYHbX0w8Hhvhpl5QcKZNq777ZQ2Nre2d8q7lb39g8Oj6vFJV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gepf7vSeqNIvlo5kl1Bd4IlnICDa5NEwiNqrW3Lq7AFonXkFqUKA9qn4NxzFJBZWGcKz1wHMT42dYGUY4nVeGqaYJJlM8oQNLJRZU+9ni1jm6sMoYhbGyJQ1aqL8nMiy0nonAdgpsIr3q5eJ/3iA14Y2fMZmkhkqyXBSmHJkY5Y+jMVOUGD6zBBPF7K2IRFhhYmw8FRuCt/ryOule1b1GvfFwXWvdFnGU4QzO4RI8aEIL7qENHSAQwTO8wpsjnBfn3flYtpacYuYU/sD5/AEXGo5K</latexit>

ω
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—realizationU(1)

Quadratic twin

• Consider complex scalar  charged under  which is spont. broken Σ U(1)

<latexit sha1_base64="EaNx6/CJLfXP+Ug4IWJoRtwyXbQ=">AAACJnicbVBNS8NAEN34WetX1aOXYBHaS0lEqheh6MWLUNG0xaaUzXbbLt1swu5ELSG/xot/xYuHiog3f4qbtgdt+2Dg8d4MM/O8kDMFlvVtLC2vrK6tZzaym1vbO7u5vf2aCiJJqEMCHsiGhxXlTFAHGHDaCCXFvsdp3RtcpX79kUrFAnEPw5C2fNwTrMsIBi21cxdOwS66EJgF18fQ97z4ISm2XaDPEN/dJC4wn6pFJjwxkbRzeatkjWHOE3tK8miKajs3cjsBiXwqgHCsVNO2QmjFWAIjnCZZN1I0xGSAe7SpqcB6eysev5mYx1rpmN1A6hJgjtW/EzH2lRr6nu5Mz1WzXiou8poRdM9bMRNhBFSQyaJuxE0dS5qZ2WGSEuBDTTCRTN9qkj6WmIBONqtDsGdfnie1k5JdLpVvT/OVy2kcGXSIjlAB2egMVdA1qiIHEfSC3tAIfRivxrvxaXxNWpeM6cwB+gfj5xfORqYY</latexit>

U(1) → (Z)SM ↑ (Z)twin

•  couples to the SM and a twin copy thereofΣ

which explicitly breaks

<latexit sha1_base64="DH6Ib0BUvFEzr6hLIlg3esiCKPk="></latexit>

! =

(
!SM

!twin

)
= f

(
sin(ω)
cos(ω)

)

Delaunay, Geller, Heller-Algazi, Perez, KS, ‘25
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—realizationU(1)

Quadratic twin

• Consider complex scalar  charged under  which is spont. broken Σ U(1)

<latexit sha1_base64="EaNx6/CJLfXP+Ug4IWJoRtwyXbQ=">AAACJnicbVBNS8NAEN34WetX1aOXYBHaS0lEqheh6MWLUNG0xaaUzXbbLt1swu5ELSG/xot/xYuHiog3f4qbtgdt+2Dg8d4MM/O8kDMFlvVtLC2vrK6tZzaym1vbO7u5vf2aCiJJqEMCHsiGhxXlTFAHGHDaCCXFvsdp3RtcpX79kUrFAnEPw5C2fNwTrMsIBi21cxdOwS66EJgF18fQ97z4ISm2XaDPEN/dJC4wn6pFJjwxkbRzeatkjWHOE3tK8miKajs3cjsBiXwqgHCsVNO2QmjFWAIjnCZZN1I0xGSAe7SpqcB6eysev5mYx1rpmN1A6hJgjtW/EzH2lRr6nu5Mz1WzXiou8poRdM9bMRNhBFSQyaJuxE0dS5qZ2WGSEuBDTTCRTN9qkj6WmIBONqtDsGdfnie1k5JdLpVvT/OVy2kcGXSIjlAB2egMVdA1qiIHEfSC3tAIfRivxrvxaXxNWpeM6cwB+gfj5xfORqYY</latexit>

U(1) → (Z)SM ↑ (Z)twin

•  couples to the SM and a twin copy thereofΣ

which explicitly breaks

<latexit sha1_base64="DH6Ib0BUvFEzr6hLIlg3esiCKPk="></latexit>

! =

(
!SM

!twin

)
= f

(
sin(ω)
cos(ω)

)

• For 

<latexit sha1_base64="FEErdqI7Y5Q/ygNEH1tbeGa5gms="></latexit>

c|!SM|
2
OSM =

d(2)me

M2
Pl

|!SM|
2meēe the 1-loop correction linear in d(2)

me

<latexit sha1_base64="ML0xiOzpmD6p37/5WZkCqzVEO+g="></latexit>

!V =
d(2)mem

2
e”

2

16ω2M2
Pl

(
|#SM|2 + |#twin|2

)
= const.

Delaunay, Geller, Heller-Algazi, Perez, KS, ‘25



28

—realizationU(1)

Quadratic twin

• For 

<latexit sha1_base64="FEErdqI7Y5Q/ygNEH1tbeGa5gms="></latexit>

c|!SM|
2
OSM =

d(2)me

M2
Pl

|!SM|
2meēe the 1-loop correction linear in d(2)

me

<latexit sha1_base64="ML0xiOzpmD6p37/5WZkCqzVEO+g="></latexit>

!V =
d(2)mem

2
e”

2

16ω2M2
Pl

(
|#SM|2 + |#twin|2

)
= const.

• Leading contribution comes at quadratic order in  d(2)
me

<latexit sha1_base64="tvJqPUeRH2DmrLfEh7Vef99Kt6s="></latexit>

!V =
(d(2)me)

2m2
e”

2

16ω2M4
Pl

(
|#SM|4 + |#twin|4

)

… which implies

<latexit sha1_base64="JExm6uDI6uNYD9m7tXQGAtol/34="></latexit>

ωm2
ω =

(d(2)me)m
2
ef

2

16ε2M4
Pl

!2

Delaunay, Geller, Heller-Algazi, Perez, KS, ‘25



28

—realizationU(1)

Quadratic twin

• For 

<latexit sha1_base64="FEErdqI7Y5Q/ygNEH1tbeGa5gms="></latexit>

c|!SM|
2
OSM =

d(2)me

M2
Pl

|!SM|
2meēe the 1-loop correction linear in d(2)

me

<latexit sha1_base64="ML0xiOzpmD6p37/5WZkCqzVEO+g="></latexit>

!V =
d(2)mem

2
e”

2

16ω2M2
Pl

(
|#SM|2 + |#twin|2

)
= const.

• Leading contribution comes at quadratic order in  d(2)
me

<latexit sha1_base64="tvJqPUeRH2DmrLfEh7Vef99Kt6s="></latexit>

!V =
(d(2)me)

2m2
e”

2

16ω2M4
Pl

(
|#SM|4 + |#twin|4

)

… which implies

<latexit sha1_base64="JExm6uDI6uNYD9m7tXQGAtol/34="></latexit>

ωm2
ω =

(d(2)me)m
2
ef

2

16ε2M4
Pl

!2

Delaunay, Geller, Heller-Algazi, Perez, KS, ‘25

• Effective mass protection

<latexit sha1_base64="j6/RUnA800byCYv8DL6kLiBltU8="></latexit>

∑

i

d(2)i

(
f

MPl

)2



29

—realizationU(1)

Quadratic twin

… which implies

<latexit sha1_base64="JExm6uDI6uNYD9m7tXQGAtol/34="></latexit>

ωm2
ω =

(d(2)me)m
2
ef

2

16ε2M4
Pl

!2

Delaunay, Geller, Heller-Algazi, Perez, KS, ‘25



Outline

• The case of quadratically coupled ULDM

<latexit sha1_base64="w5Ygcm80k4H4Mh5Z8Th40ziAZ5Y=">AAAB+XicbVBNSwMxEM36WevXqkcvwSJ4seyKVI9FLx4r2A9o15JN0zY0yS7JbLEs+0+8eFDEq//Em//GtN2Dtj4YeLw3w8y8MBbcgOd9Oyura+sbm4Wt4vbO7t6+e3DYMFGiKavTSES6FRLDBFesDhwEa8WaERkK1gxHt1O/OWba8Eg9wCRmgSQDxfucErBS13V97zE9972sA+wJUpl13ZJX9mbAy8TPSQnlqHXdr04voolkCqggxrR9L4YgJRo4FSwrdhLDYkJHZMDalioimQnS2eUZPrVKD/cjbUsBnqm/J1IijZnI0HZKAkOz6E3F/7x2Av3rIOUqToApOl/UTwSGCE9jwD2uGQUxsYRQze2tmA6JJhRsWEUbgr/48jJpXJT9Srlyf1mq3uRxFNAxOkFnyEdXqIruUA3VEUVj9Ixe0ZuTOi/Ou/Mxb11x8pkj9AfO5w/DjJMh</latexit>

10→10m

<latexit sha1_base64="S5B0Yi0kFqqCWzz1N8/5/hoRkIg=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBiyWRUj0WvXisYD+gjWWz3bRLN5uwOymWkH/ixYMiXv0n3vw3btsctPXBwOO9GWbm+bHgGhzn2yqsrW9sbhW3Szu7e/sH9uFRS0eJoqxJIxGpjk80E1yyJnAQrBMrRkJfsLY/vp357QlTmkfyAaYx80IylDzglICR+rbtOo/phVvNesCeIA2zvl12Ks4ceJW4OSmjHI2+/dUbRDQJmQQqiNZd14nBS4kCTgXLSr1Es5jQMRmyrqGShEx76fzyDJ8ZZYCDSJmSgOfq74mUhFpPQ990hgRGetmbif953QSCay/lMk6ASbpYFCQCQ4RnMeABV4yCmBpCqOLmVkxHRBEKJqySCcFdfnmVtC4rbq1Su6+W6zd5HEV0gk7ROXLRFaqjO9RATUTRBD2jV/RmpdaL9W59LFoLVj5zjP7A+vwBycCTJQ==</latexit>

10→14m

1. Natural ULDM: Quadratic twin


2. Local DM density around Earth with  - couplingϕ2N̄N

• Sensitivity        229Th
1. Quantum clocks simplifi

2. Atomic clocks


3.  as a nuclear clock


4. Approaches to determine 

229Th

K



<latexit sha1_base64="5itgJxN5CiDpT5Zrgnc1axEh0Fc="></latexit>

m2
a(n) = m2

a +
4z

(1 + z)2
c1nm2

ω

f2
a

<latexit sha1_base64="eJB3U/lakM7nU1AD0O5tBh6v0x0=">AAACFXicbVBNS8NAEN34WetX1aOXxSJ4kJKIqEfRi6dSwdpCE8tmO0kXN5u4OxFK6J/w4l/x4kERr4I3/43b2oNfDwYe780wMy/MpDDouh/O1PTM7Nx8aaG8uLS8slpZW780aa45NHkqU90OmQEpFDRRoIR2poEloYRWeH068lu3oI1I1QUOMggSFisRCc7QSt3KrvKNSODGlxChL5mKJdD6ld9jcQya1n0t4j76emx0K1W35o5B/xJvQqpkgka38u73Up4noJBLZkzHczMMCqZRcAnDsp8byBi/ZjF0LFUsARMU46+GdNsqPRql2pZCOla/TxQsMWaQhLYzYdg3v72R+J/XyTE6CgqhshxB8a9FUS4ppnQUEe0JDRzlwBLGtbC3Ut5nmnG0QZZtCN7vl/+Sy72ad1A7ON+vHp9M4iiRTbJFdohHDskxOSMN0iSc3JEH8kSenXvn0XlxXr9ap5zJzAb5AeftEzSAn3w=</latexit>

n →
〈
N†N

〉

• Axion mass/potential is density dependent

Local DM density around Earth with  - couplingϕ2N̄N

• If axion is DM it scatters in potential (neglecting gravity)

<latexit sha1_base64="fBKvfXzufI5w26oIf39mGErtXS4=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRmLiiewSAx6JXjxi4gIJrKRbutDQdjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRahPYh6rbog15UxS3zDDaTdRFIuQ0044uZ37nSeqNIvlg5kmNBB4JFnECDZW8sUAP9YG5YpbdRdA68TLSQVytAblr/4wJqmg0hCOte55bmKCDCvDCKezUj/VNMFkgke0Z6nEguogWxw7QxdWGaIoVrakQQv190SGhdZTEdpOgc1Yr3pz8T+vl5roOsiYTFJDJVkuilKOTIzmn6MhU5QYPrUEE8XsrYiMscLE2HxKNgRv9eV10q5VvXq1fn9Vad7kcRThDM7hEjxoQBPuoAU+EGDwDK/w5kjnxXl3PpatBSefOYU/cD5/AG4ZjnQ=</latexit>

m2
a

<latexit sha1_base64="EAFO/ZKOoqYpy7oiNUhK1Au/llw=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRahXspukeqx6MVjBfsB7VqyabYNTbJrkhXK0j/hxYMiXv073vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaD8c3Mbz9RpVkk780kpr7AQ8lCRrCxUkf08UO1LM/7xZJbcedAq8TLSAkyNPrFr94gIomg0hCOte56bmz8FCvDCKfTQi/RNMZkjIe0a6nEgmo/nd87RWdWGaAwUrakQXP190SKhdYTEdhOgc1IL3sz8T+vm5jwyk+ZjBNDJVksChOOTIRmz6MBU5QYPrEEE8XsrYiMsMLE2IgKNgRv+eVV0qpWvFqldndRql9nceThBE6hDB5cQh1uoQFNIMDhGV7hzXl0Xpx352PRmnOymWP4A+fzBwRyj1E=</latexit>

m2
a(n)

<latexit sha1_base64="K4o34ZlJaHC5mNIwIZLaiZSdP7w=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rEF+wFtKJvtpF272YTdjVBCf4EXD4p49Sd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8N/PbT6g0j+WDmSToR3QoecgZNVZqqH6p7FbcOcgq8XJShhz1fumrN4hZGqE0TFCtu56bGD+jynAmcFrspRoTysZ0iF1LJY1Q+9n80Ck5t8qAhLGyJQ2Zq78nMhppPYkC2xlRM9LL3kz8z+umJrzxMy6T1KBki0VhKoiJyexrMuAKmRETSyhT3N5K2IgqyozNpmhD8JZfXiWty4pXrVQbV+XabR5HAU7hDC7Ag2uowT3UoQkMEJ7hFd6cR+fFeXc+Fq1rTj5zAn/gfP4A4LONAQ==</latexit>r<latexit sha1_base64="1Q4Gp8S1Ojy1frblc1fBZomXXu0=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHoxWMU84BkCbOT2WTI7Mw6DyEs+QkvHhTx6u9482+cJHvQxIKGoqqb7q4o5Uwb3//2VlbX1jc2C1vF7Z3dvf3SwWFTS6sIbRDJpWpHWFPOBG0YZjhtp4riJOK0FY1upn7riSrNpHgw45SGCR4IFjOCjZPa972uTLnVvVLZr/gzoGUS5KQMOeq90le3L4lNqDCEY607gZ+aMMPKMMLppNi1mqaYjPCAdhwVOKE6zGb3TtCpU/oolsqVMGim/p7IcKL1OIlcZ4LNUC96U/E/r2NNfBVmTKTWUEHmi2LLkZFo+jzqM0WJ4WNHMFHM3YrIECtMjIuo6EIIFl9eJs3zSlCtVO8uyrXrPI4CHMMJnEEAl1CDW6hDAwhweIZXePMevRfv3fuYt654+cwR/IH3+QMuSJAV</latexit>

R→

<latexit sha1_base64="4WDt2LssYspou0YWGw2NbJJRpWk=">AAAB+3icbVC7TsMwFHXKq5RXKCOLRYXEQpVUqDBWsDAWiT6kNkSO47RWbSeyHUQV9VdYGECIlR9h429w0wzQcqQrHZ9zr3zvCRJGlXacb6u0tr6xuVXeruzs7u0f2IfVropTiUkHxyyW/QApwqggHU01I/1EEsQDRnrB5Gbu9x6JVDQW93qaEI+jkaARxUgbyber3EcPjfNhSJhGMH/4ds2pOzngKnELUgMF2r79NQxjnHIiNGZIqYHrJNrLkNQUMzKrDFNFEoQnaEQGhgrEifKyfPcZPDVKCKNYmhIa5urviQxxpaY8MJ0c6bFa9ubif94g1dGVl1GRpJoIvPgoShnUMZwHAUMqCdZsagjCkppdIR4jibA2cVVMCO7yyauk26i7zXrz7qLWui7iKINjcALOgAsuQQvcgjboAAyewDN4BW/WzHqx3q2PRWvJKmaOwB9Ynz+yi5OX</latexit>

m2
a → ωm2

a

DM wave from 

Scattered wave
Inside

<latexit sha1_base64="xKaK5Y5AJlrQG1gGueLUs8WhVT0="></latexit>

ωm2
a(n→) → 10↑18 eV2

(
109

fa

)2

• In Earth the reduction is

<latexit sha1_base64="bF/NP/OHOrpLPjZtD9cibHjZtzk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDbbTbt2sxt2J0Io/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uH4dua3n5g2XMkHzBIWxGQoecQpQSu1elxGmPXLFa/qzeGuEj8nFcjR6Je/egNF05hJpIIY0/W9BIMJ0cipYNNSLzUsIXRMhqxrqSQxM8Fkfu3UPbPKwI2UtiXRnau/JyYkNiaLQ9sZExyZZW8m/ud1U4yugwmXSYpM0sWiKBUuKnf2ujvgmlEUmSWEam5vdemIaELRBlSyIfjLL6+S1kXVr1Vr95eV+k0eRxFO4BTOwYcrqMMdNKAJFB7hGV7hzVHOi/PufCxaC04+cwx/4Hz+AMXBj0c=</latexit>→

30



• The solutions outside is

<latexit sha1_base64="QpSeynqrAGSuhFJWM/rOkS+1sQw="></latexit>

aoutω (r, ω) = a0

→∑

ε=0

(2ε+ 1)iεjε(kr)Pε(cos ω) +
→∑

ε=0

coutε h(1)
ε (kr)Pε(cos ω)

DM wave from <latexit sha1_base64="bF/NP/OHOrpLPjZtD9cibHjZtzk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDbbTbt2sxt2J0Io/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uH4dua3n5g2XMkHzBIWxGQoecQpQSu1elxGmPXLFa/qzeGuEj8nFcjR6Je/egNF05hJpIIY0/W9BIMJ0cipYNNSLzUsIXRMhqxrqSQxM8Fkfu3UPbPKwI2UtiXRnau/JyYkNiaLQ9sZExyZZW8m/ud1U4yugwmXSYpM0sWiKBUuKnf2ujvgmlEUmSWEam5vdemIaELRBlSyIfjLL6+S1kXVr1Vr95eV+k0eRxFO4BTOwYcrqMMdNKAJFB7hGV7hzVHOi/PufCxaC04+cwx/4Hz+AMXBj0c=</latexit>→ Scattered wave

<latexit sha1_base64="TjqLlQafjrCCPlwpcEtBfl0O3PI=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRbBU9kVqZ6k6MVjFfuB7VKyabYNzSZLkhXK0n/hxYMiXv033vw3Zts9aOuDgcd7M8zMC2LOtHHdb6ewsrq2vlHcLG1t7+zulfcPWlomitAmkVyqToA15UzQpmGG006sKI4CTtvB+Cbz209UaSbFg5nE1I/wULCQEWys9Kiu7vs9GfNE98sVt+rOgJaJl5MK5Gj0y1+9gSRJRIUhHGvd9dzY+ClWhhFOp6VeommMyRgPaddSgSOq/XR28RSdWGWAQqlsCYNm6u+JFEdaT6LAdkbYjPSil4n/ed3EhJd+ykScGCrIfFGYcGQkyt5HA6YoMXxiCSaK2VsRGWGFibEhlWwI3uLLy6R1VvVq1drdeaV+ncdRhCM4hlPw4ALqcAsNaAIBAc/wCm+Odl6cd+dj3lpw8plD+APn8weI75DZ</latexit>

r > R→

<latexit sha1_base64="jEA9j5b6TBi8LSsU04VB3f5EZaQ=">AAAB8XicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVF0MYyivnA5Ah7m71kyd7usbsnhCP/wsZCEVv/jZ3/xr3kCk18MPB4b4aZeUHMmTau++0UVlbX1jeKm6Wt7Z3dvfL+QUvLRBHaJJJL1QmwppwJ2jTMcNqJFcVRwGk7GN9kfvuJKs2keDCTmPoRHgoWMoKNlR7V1X2/J2Oe6H654lbdGdAy8XJSgRyNfvmrN5AkiagwhGOtu54bGz/FyjDC6bTUSzSNMRnjIe1aKnBEtZ/OLp6iE6sMUCiVLWHQTP09keJI60kU2M4Im5Fe9DLxP6+bmPDST5mIE0MFmS8KE46MRNn7aMAUJYZPLMFEMXsrIiOsMDE2pJINwVt8eZm0zqperVq7O6/Ur/M4inAEx3AKHlxAHW6hAU0gIOAZXuHN0c6L8+58zFsLTj5zCH/gfP4AhdeQ1w==</latexit>

r < R→
<latexit sha1_base64="M4MYxvadnzwQj7BWvu4Z/16/p0w="></latexit>

ainω (r, ω) =
→∑

ε=0

cinε jε(qr)Pε(cos ω)

Inside

<latexit sha1_base64="YGoR+shCOX/zJKroT1psKzEBocU=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFEISSFKluhKIblxXsA5oYJtNJO3QecWYilJCNv+LGhSJu/Qx3/o3Tx0JbD9zL4Zx7mbknSihR2nW/rcLS8srqWnG9tLG5tb1j7+61lEglwk0kqJCdCCpMCcdNTTTFnURiyCKK29Hweuy3H7FURPA7PUpwwGCfk5ggqI0U2gfDS189SJ35guE+vK+estD0PLTLbsWdwFkk3oyUwQyN0P7yewKlDHONKFSq67mJDjIoNUEU5yU/VTiBaAj7uGsohwyrIJsckDvHRuk5sZCmuHYm6u+NDDKlRiwykwzqgZr3xuJ/XjfV8UWQEZ6kGnM0fShOqaOFM07D6RGJkaYjQyCSxPzVQQMoIdIms5IJwZs/eZG0qhWvVqndnpXrV7M4iuAQHIET4IFzUAc3oAGaAIEcPINX8GY9WS/Wu/UxHS1Ys5198AfW5w9UeZY/</latexit>

k =
√
ω2 +m2

a

<latexit sha1_base64="8RVAAZGKNTh+WvGwYScdLAAgE4s=">AAACC3icbVA9SwNBEN2L3/Hr1NJmMQiCGO6CRBtBtLGMYFTIJWFvM4lLdu8uu3NCONLb+FdsLBSx9Q/Y+W/cfBRqfDDD470ZdueFiRQGPe/Lyc3Mzs0vLC7ll1dW19bdjc1rE6eaQ5XHMta3ITMgRQRVFCjhNtHAVCjhJuyeD/2be9BGxNEV9hOoK9aJRFtwhlZquju9k8D0NGZBrKDDGqV91bT9IGiBREZVozRougWv6I1Ap4k/IQUyQaXpfgatmKcKIuSSGVPzvQTrGdMouIRBPkgNJIx3WQdqlkZMgalno1sGdNcqLdqOta0I6Uj9uZExZUxfhXZSMbwzf72h+J9XS7F9XM9ElKQIER8/1E4lxZgOg6EtoYGj7FvCuBb2r5TfMc042vjyNgT/78nT5LpU9MvF8uVh4fRsEsci2SY7ZI/45IickgtSIVXCyQN5Ii/k1Xl0np035308mnMmO1vkF5yPb/8OmmM=</latexit>

q =
√

ω2 +m2
a → εm2

• The solutions inside is

(Spherically symmetric                        )
<latexit sha1_base64="NBmadTwsrSeu6gW84vxYgs5BKL0=">AAAB+HicbVBNSwMxEJ31s9aPrnr0EiyCp7IrUr0IRS8eK9gPaJeSTbNtaLJZkqxSl/4SLx4U8epP8ea/MW33oK0PBh7vzTAzL0w408bzvp2V1bX1jc3CVnF7Z3ev5O4fNLVMFaENIrlU7RBryllMG4YZTtuJoliEnLbC0c3Ubz1QpZmM7804oYHAg5hFjGBjpZ5b6io2GBqslHxE4srruWWv4s2AlomfkzLkqPfcr25fklTQ2BCOte74XmKCDCvDCKeTYjfVNMFkhAe0Y2mMBdVBNjt8gk6s0keRVLZig2bq74kMC63HIrSdApuhXvSm4n9eJzXRZZCxOEkNjcl8UZRyZCSapoD6TFFi+NgSTBSztyIyxAoTY7Mq2hD8xZeXSfOs4lcr1bvzcu06j6MAR3AMp+DDBdTgFurQAAIpPMMrvDlPzovz7nzMW1ecfOYQ/sD5/AFhDpLr</latexit>→ m = 0

Solving the (static) EOM

• We solve in steady state limit with BC

<latexit sha1_base64="rqz4moPAwHUC8zBI7OJ+6hp6HlM="></latexit>

r > R→, (→2 ↑m2
a)aω = 0

r < R→, (→2 ↑m2
a + ωm2

a)aω = 0

<latexit sha1_base64="Kyv36UXksq5L3xKOgiBdiQwtDY8="></latexit>

a(ωr)|r→R→
→ a0e

↑iωk·ωr

(Assume monochromatic for now)

• Imposing continuity fixes cin/out
ℓ
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Axion Amplitude on Earth

<latexit sha1_base64="bA8VlRGX/2AuiqiYAmD2pZi8/5M="></latexit>

|aω,0|2 =
1

(kR)2 + (qR)2 cot(qR)
→

{
(kR)→2, qR → ωn+ ω/2

0, qR → ωn

<latexit sha1_base64="02R3boC+dHAlTRBu29jbaxZaXSY="></latexit>

|aω,1|2 →
{
(kR)→4, qR → ωn

0, qR → ωn+ ω/2↑ ε(ϑ)

Monopole:

Dipole:

• Resonances that with height
<latexit sha1_base64="3t/t9YPqlub6f/mA7oLit8d85p0=">AAAB/HicbVDLSgMxFM3UV62v0S7dBItQFy0zRarLohuXVewDOmPJpJk2NMkMSUYYhvorblwo4tYPceffmD4W2nrgwuGce7n3niBmVGnH+bZya+sbm1v57cLO7t7+gX141FZRIjFp4YhFshsgRRgVpKWpZqQbS4J4wEgnGF9P/c4jkYpG4l6nMfE5GgoaUoy0kfp20VOUl8d3Zw9ZpeYRxiq1Sd8uOVVnBrhK3AUpgQWaffvLG0Q44URozJBSPdeJtZ8hqSlmZFLwEkVihMdoSHqGCsSJ8rPZ8RN4apQBDCNpSmg4U39PZIgrlfLAdHKkR2rZm4r/eb1Eh5d+RkWcaCLwfFGYMKgjOE0CDqgkWLPUEIQlNbdCPEISYW3yKpgQ3OWXV0m7VnXr1frtealxtYgjD47BCSgDF1yABrgBTdACGKTgGbyCN+vJerHerY95a85azBTBH1ifPypHk9Q=</latexit>

→ (kR)→2ω→2 and width
<latexit sha1_base64="MlYDvKh01ubCRLSar4vCFZwTLBU=">AAAB+XicbVBNS8NAEJ34WetX1KOXYBHqpSRFqseiF49V7Ac0sWy2m3bp7ibsbgol9J948aCIV/+JN/+N2zYHbX0w8Hhvhpl5YcKo0q77ba2tb2xubRd2irt7+weH9tFxS8WpxKSJYxbLTogUYVSQpqaakU4iCeIhI+1wdDvz22MiFY3Fo54kJOBoIGhEMdJG6tm2rygvjx4unrKqTxib9uySW3HncFaJl5MS5Gj07C+/H+OUE6ExQ0p1PTfRQYakppiRadFPFUkQHqEB6RoqECcqyOaXT51zo/SdKJamhHbm6u+JDHGlJjw0nRzpoVr2ZuJ/XjfV0XWQUZGkmgi8WBSlzNGxM4vB6VNJsGYTQxCW1Nzq4CGSCGsTVtGE4C2/vEpa1YpXq9TuL0v1mzyOApzCGZTBgyuowx00oAkYxvAMr/BmZdaL9W59LFrXrHzmBP7A+vwB1mKTKg==</latexit>

→ (kR)2ω

No divergences

• Consider
<latexit sha1_base64="oC8eRZMbg1Exj3QWSBQb3BJjW48=">AAACJXicbVC7TsNAEDzzJrwClDQnIiQKiGxAgYICQUMJiIRIcbDOl0045c42d2tEZPlnaPgVGgoQQqLiV7g8Cl6zWmk0s6u7nTCRwqDrfjhj4xOTU9Mzs4W5+YXFpeLySs3EqeZQ5bGMdT1kBqSIoIoCJdQTDUyFEq7C7knfv7oDbUQcXWIvgaZinUi0BWdopaB42A0yH+Eeszuh8/wi8ONEpubQ2/Jt/TR9IxTcUs+9zrZ3cxWwoFhyy+4A9C/xRqRERjgLiq9+K+apggi5ZMY0PDfBZsY0Ci4hL/ipgYTxLutAw9KIKTDNbHBlTjes0qLtWNuOkA7U7xsZU8b0VGgnFcMb89vri/95jRTbB81MREmKEPHhQ+1UUoxpPzLaEho4yp4ljGth/0r5DdOMow22YEPwfp/8l9R2yl6lXDnfKx0dj+KYIWtknWwSj+yTI3JKzkiVcPJAnsgLeXUenWfnzXkfjo45o51V8gPO5xcO1qYu</latexit>

kvirR→ < 1, kvir → 10↑3ma

Dominated by monopole and dipole contributions
<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→

32

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25



• Consider
<latexit sha1_base64="oC8eRZMbg1Exj3QWSBQb3BJjW48=">AAACJXicbVC7TsNAEDzzJrwClDQnIiQKiGxAgYICQUMJiIRIcbDOl0045c42d2tEZPlnaPgVGgoQQqLiV7g8Cl6zWmk0s6u7nTCRwqDrfjhj4xOTU9Mzs4W5+YXFpeLySs3EqeZQ5bGMdT1kBqSIoIoCJdQTDUyFEq7C7knfv7oDbUQcXWIvgaZinUi0BWdopaB42A0yH+Eeszuh8/wi8ONEpubQ2/Jt/TR9IxTcUs+9zrZ3cxWwoFhyy+4A9C/xRqRERjgLiq9+K+apggi5ZMY0PDfBZsY0Ci4hL/ipgYTxLutAw9KIKTDNbHBlTjes0qLtWNuOkA7U7xsZU8b0VGgnFcMb89vri/95jRTbB81MREmKEPHhQ+1UUoxpPzLaEho4yp4ljGth/0r5DdOMow22YEPwfp/8l9R2yl6lXDnfKx0dj+KYIWtknWwSj+yTI3JKzkiVcPJAnsgLeXUenWfnzXkfjo45o51V8gPO5xcO1qYu</latexit>

kvirR→ < 1, kvir → 10↑3ma

Dominated by monopole and dipole contributions
<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→

<latexit sha1_base64="ZhrfYlErbcool4Ydu3qeLM930jU=">AAACDXicbVC5TgMxEPVyhnAFKGksAhIN0W5AgTKChjJI5JCyIfI6k8SK98CeRUSr8AE0/AoNBQjR0tPxNzhHAQlPsvz03oxm5nmRFBpt+9uam19YXFpOraRX19Y3NjNb2xUdxopDmYcyVDWPaZAigDIKlFCLFDDfk1D1ehdDv3oHSoswuMZ+BA2fdQLRFpyhkZqZfb/JXC18uKXHLppfU8e+SY6c/ODBRbjHBCqDZiZr5+wR6CxxJiRLJig1M19uK+SxDwFyybSuO3aEjYQpFFzCIO3GGiLGe6wDdUMDZuY2ktE1A3pglBZth8q8AOlI/d2RMF/rvu+ZSp9hV097Q/E/rx5j+6yRiCCKEQI+HtSOJcWQDqOhLaGAo+wbwrgSZlfKu0wxjibAtAnBmT55llTyOaeQK1ydZIvnkzhSZJfskUPikFNSJJekRMqEk0fyTF7Jm/VkvVjv1se4dM6a9OyQP7A+fwCh8ptQ</latexit>

ma → 3↑ 10→12 eV

Axion Amplitude on Earth
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Axion Amplitude on Earth
• Consider

<latexit sha1_base64="oC8eRZMbg1Exj3QWSBQb3BJjW48=">AAACJXicbVC7TsNAEDzzJrwClDQnIiQKiGxAgYICQUMJiIRIcbDOl0045c42d2tEZPlnaPgVGgoQQqLiV7g8Cl6zWmk0s6u7nTCRwqDrfjhj4xOTU9Mzs4W5+YXFpeLySs3EqeZQ5bGMdT1kBqSIoIoCJdQTDUyFEq7C7knfv7oDbUQcXWIvgaZinUi0BWdopaB42A0yH+Eeszuh8/wi8ONEpubQ2/Jt/TR9IxTcUs+9zrZ3cxWwoFhyy+4A9C/xRqRERjgLiq9+K+apggi5ZMY0PDfBZsY0Ci4hL/ipgYTxLutAw9KIKTDNbHBlTjes0qLtWNuOkA7U7xsZU8b0VGgnFcMb89vri/95jRTbB81MREmKEPHhQ+1UUoxpPzLaEho4yp4ljGth/0r5DdOMow22YEPwfp/8l9R2yl6lXDnfKx0dj+KYIWtknWwSj+yTI3JKzkiVcPJAnsgLeXUenWfnzXkfjo45o51V8gPO5xcO1qYu</latexit>

kvirR→ < 1, kvir → 10↑3ma

Dominated by monopole and dipole contributions
<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→

<latexit sha1_base64="ZhrfYlErbcool4Ydu3qeLM930jU=">AAACDXicbVC5TgMxEPVyhnAFKGksAhIN0W5AgTKChjJI5JCyIfI6k8SK98CeRUSr8AE0/AoNBQjR0tPxNzhHAQlPsvz03oxm5nmRFBpt+9uam19YXFpOraRX19Y3NjNb2xUdxopDmYcyVDWPaZAigDIKlFCLFDDfk1D1ehdDv3oHSoswuMZ+BA2fdQLRFpyhkZqZfb/JXC18uKXHLppfU8e+SY6c/ODBRbjHBCqDZiZr5+wR6CxxJiRLJig1M19uK+SxDwFyybSuO3aEjYQpFFzCIO3GGiLGe6wDdUMDZuY2ktE1A3pglBZth8q8AOlI/d2RMF/rvu+ZSp9hV097Q/E/rx5j+6yRiCCKEQI+HtSOJcWQDqOhLaGAo+wbwrgSZlfKu0wxjibAtAnBmT55llTyOaeQK1ydZIvnkzhSZJfskUPikFNSJJekRMqEk0fyTF7Jm/VkvVjv1se4dM6a9OyQP7A+fwCh8ptQ</latexit>

ma → 3↑ 10→12 eV
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Axion Amplitude on Earth

<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→
• Consider

<latexit sha1_base64="oC8eRZMbg1Exj3QWSBQb3BJjW48=">AAACJXicbVC7TsNAEDzzJrwClDQnIiQKiGxAgYICQUMJiIRIcbDOl0045c42d2tEZPlnaPgVGgoQQqLiV7g8Cl6zWmk0s6u7nTCRwqDrfjhj4xOTU9Mzs4W5+YXFpeLySs3EqeZQ5bGMdT1kBqSIoIoCJdQTDUyFEq7C7knfv7oDbUQcXWIvgaZinUi0BWdopaB42A0yH+Eeszuh8/wi8ONEpubQ2/Jt/TR9IxTcUs+9zrZ3cxWwoFhyy+4A9C/xRqRERjgLiq9+K+apggi5ZMY0PDfBZsY0Ci4hL/ipgYTxLutAw9KIKTDNbHBlTjes0qLtWNuOkA7U7xsZU8b0VGgnFcMb89vri/95jRTbB81MREmKEPHhQ+1UUoxpPzLaEho4yp4ljGth/0r5DdOMow22YEPwfp/8l9R2yl6lXDnfKx0dj+KYIWtknWwSj+yTI3JKzkiVcPJAnsgLeXUenWfnzXkfjo45o51V8gPO5xcO1qYu</latexit>

kvirR→ < 1, kvir → 10↑3ma

Dominated by monopole and dipole contributions
<latexit sha1_base64="ZhrfYlErbcool4Ydu3qeLM930jU=">AAACDXicbVC5TgMxEPVyhnAFKGksAhIN0W5AgTKChjJI5JCyIfI6k8SK98CeRUSr8AE0/AoNBQjR0tPxNzhHAQlPsvz03oxm5nmRFBpt+9uam19YXFpOraRX19Y3NjNb2xUdxopDmYcyVDWPaZAigDIKlFCLFDDfk1D1ehdDv3oHSoswuMZ+BA2fdQLRFpyhkZqZfb/JXC18uKXHLppfU8e+SY6c/ODBRbjHBCqDZiZr5+wR6CxxJiRLJig1M19uK+SxDwFyybSuO3aEjYQpFFzCIO3GGiLGe6wDdUMDZuY2ktE1A3pglBZth8q8AOlI/d2RMF/rvu+ZSp9hV097Q/E/rx5j+6yRiCCKEQI+HtSOJcWQDqOhLaGAo+wbwrgSZlfKu0wxjibAtAnBmT55llTyOaeQK1ydZIvnkzhSZJfskUPikFNSJJekRMqEk0fyTF7Jm/VkvVjv1se4dM6a9OyQP7A+fwCh8ptQ</latexit>

ma → 3↑ 10→12 eV
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Axion Amplitude on Earth
• Consider

<latexit sha1_base64="oC8eRZMbg1Exj3QWSBQb3BJjW48=">AAACJXicbVC7TsNAEDzzJrwClDQnIiQKiGxAgYICQUMJiIRIcbDOl0045c42d2tEZPlnaPgVGgoQQqLiV7g8Cl6zWmk0s6u7nTCRwqDrfjhj4xOTU9Mzs4W5+YXFpeLySs3EqeZQ5bGMdT1kBqSIoIoCJdQTDUyFEq7C7knfv7oDbUQcXWIvgaZinUi0BWdopaB42A0yH+Eeszuh8/wi8ONEpubQ2/Jt/TR9IxTcUs+9zrZ3cxWwoFhyy+4A9C/xRqRERjgLiq9+K+apggi5ZMY0PDfBZsY0Ci4hL/ipgYTxLutAw9KIKTDNbHBlTjes0qLtWNuOkA7U7xsZU8b0VGgnFcMb89vri/95jRTbB81MREmKEPHhQ+1UUoxpPzLaEho4yp4ljGth/0r5DdOMow22YEPwfp/8l9R2yl6lXDnfKx0dj+KYIWtknWwSj+yTI3JKzkiVcPJAnsgLeXUenWfnzXkfjo45o51V8gPO5xcO1qYu</latexit>

kvirR→ < 1, kvir → 10↑3ma

Dominated by monopole and dipole contributions
<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→

<latexit sha1_base64="ZhrfYlErbcool4Ydu3qeLM930jU=">AAACDXicbVC5TgMxEPVyhnAFKGksAhIN0W5AgTKChjJI5JCyIfI6k8SK98CeRUSr8AE0/AoNBQjR0tPxNzhHAQlPsvz03oxm5nmRFBpt+9uam19YXFpOraRX19Y3NjNb2xUdxopDmYcyVDWPaZAigDIKlFCLFDDfk1D1ehdDv3oHSoswuMZ+BA2fdQLRFpyhkZqZfb/JXC18uKXHLppfU8e+SY6c/ODBRbjHBCqDZiZr5+wR6CxxJiRLJig1M19uK+SxDwFyybSuO3aEjYQpFFzCIO3GGiLGe6wDdUMDZuY2ktE1A3pglBZth8q8AOlI/d2RMF/rvu+ZSp9hV097Q/E/rx5j+6yRiCCKEQI+HtSOJcWQDqOhLaGAo+wbwrgSZlfKu0wxjibAtAnBmT55llTyOaeQK1ydZIvnkzhSZJfskUPikFNSJJekRMqEk0fyTF7Jm/VkvVjv1se4dM6a9OyQP7A+fwCh8ptQ</latexit>

ma → 3↑ 10→12 eV
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Axion Amplitude on Earth

Off-resonance 
suppression

<latexit sha1_base64="CAo82M641tZdUasn9T0rtrlm13w=">AAAB+nicbVDLTgIxFO3gC/E16NJNIzHBDc4Qgy6JblwikUcCI+mUDjR0OrXtaMjIp7hxoTFu/RJ3/o0FZqHgSW5ycs69ufceXzCqtON8W5mV1bX1jexmbmt7Z3fPzu83VRRLTBo4YpFs+0gRRjlpaKoZaQtJUOgz0vJHV1O/9UCkohG/1WNBvBANOA0oRtpIPTvfFTISOoKj+mnxvn5yV+7ZBafkzACXiZuSAkhR69lf3X6E45BwjRlSquM6QnsJkppiRia5bqyIQHiEBqRjKEchUV4yO30Cj43Sh0EkTXENZ+rviQSFSo1D33SGSA/VojcV//M6sQ4uvIRyEWvC8XxREDNoXp3mAPtUEqzZ2BCEJTW3QjxEEmFt0sqZENzFl5dJs1xyK6XKzVmhepnGkQWH4AgUgQvOQRVcgxpoAAwewTN4BW/Wk/VivVsf89aMlc4cgD+wPn8AzTaTEA==</latexit>

→ kR/(qR)2

• Consider
<latexit sha1_base64="oC8eRZMbg1Exj3QWSBQb3BJjW48=">AAACJXicbVC7TsNAEDzzJrwClDQnIiQKiGxAgYICQUMJiIRIcbDOl0045c42d2tEZPlnaPgVGgoQQqLiV7g8Cl6zWmk0s6u7nTCRwqDrfjhj4xOTU9Mzs4W5+YXFpeLySs3EqeZQ5bGMdT1kBqSIoIoCJdQTDUyFEq7C7knfv7oDbUQcXWIvgaZinUi0BWdopaB42A0yH+Eeszuh8/wi8ONEpubQ2/Jt/TR9IxTcUs+9zrZ3cxWwoFhyy+4A9C/xRqRERjgLiq9+K+apggi5ZMY0PDfBZsY0Ci4hL/ipgYTxLutAw9KIKTDNbHBlTjes0qLtWNuOkA7U7xsZU8b0VGgnFcMb89vri/95jRTbB81MREmKEPHhQ+1UUoxpPzLaEho4yp4ljGth/0r5DdOMow22YEPwfp/8l9R2yl6lXDnfKx0dj+KYIWtknWwSj+yTI3JKzkiVcPJAnsgLeXUenWfnzXkfjo45o51V8gPO5xcO1qYu</latexit>

kvirR→ < 1, kvir → 10↑3ma

Dominated by monopole and dipole contributions
<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→

<latexit sha1_base64="ZhrfYlErbcool4Ydu3qeLM930jU=">AAACDXicbVC5TgMxEPVyhnAFKGksAhIN0W5AgTKChjJI5JCyIfI6k8SK98CeRUSr8AE0/AoNBQjR0tPxNzhHAQlPsvz03oxm5nmRFBpt+9uam19YXFpOraRX19Y3NjNb2xUdxopDmYcyVDWPaZAigDIKlFCLFDDfk1D1ehdDv3oHSoswuMZ+BA2fdQLRFpyhkZqZfb/JXC18uKXHLppfU8e+SY6c/ODBRbjHBCqDZiZr5+wR6CxxJiRLJig1M19uK+SxDwFyybSuO3aEjYQpFFzCIO3GGiLGe6wDdUMDZuY2ktE1A3pglBZth8q8AOlI/d2RMF/rvu+ZSp9hV097Q/E/rx5j+6yRiCCKEQI+HtSOJcWQDqOhLaGAo+wbwrgSZlfKu0wxjibAtAnBmT55llTyOaeQK1ydZIvnkzhSZJfskUPikFNSJJekRMqEk0fyTF7Jm/VkvVjv1se4dM6a9OyQP7A+fwCh8ptQ</latexit>

ma → 3↑ 10→12 eV
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Sensitive to UV scales: need to sum 
<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→

<latexit sha1_base64="kEc4OjhmqloteSgB4nmcbvyAMuM=">AAACJXicbVBNSwMxEM36bf2qevQSLIIHLbsq6kFE9OKxitVCty7ZdKqhye6azIpl2T/jxb/ixYMigif/iunHQa1vGHi8N0MyL0ykMOi6n87I6Nj4xOTUdGFmdm5+obi4dGniVHOo8ljGuhYyA1JEUEWBEmqJBqZCCVdh+6TrX92DNiKOLrCTQEOxm0i0BGdopaB40A4yH+EBs3uh8/w88ONEpubQ2/Bt/TZ9IxTcUc+9zja3cxWwoFhyy24PdJh4A1IiA1SC4pvfjHmqIEIumTF1z02wkTGNgkvIC35qIGG8zW6gbmnEFJhG1rsyp2tWadJWrG1HSHvqz42MKWM6KrSTiuGt+et1xf+8eoqt/UYmoiRFiHj/oVYqKca0GxltCg0cZccSxrWwf6X8lmnG0QZbsCF4f08eJpdbZW+3vHu2Uzo6HsQxRVbIKlknHtkjR+SUVEiVcPJInskreXOenBfn3fnoj444g51l8gvO1zcSKKYw</latexit>

kvirR→ > 1, kvir → 10↑3ma

<latexit sha1_base64="UTxfFP9E1DixIP8rt44DNSs46QA=">AAAB+nicbVBNS8NAEN34WetXqkcvwSJ4KolI9SIUvXisYD+gDWGznbRLNx/sTrQl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5fiK4Qtv+NlZW19Y3Ngtbxe2d3b19s3TQVHEqGTRYLGLZ9qkCwSNoIEcB7UQCDX0BLX94M/VbDyAVj6N7HCfghrQf8YAzilryzFIXhPC6CCPMQjqaXNmeWbYr9gzWMnFyUiY56p751e3FLA0hQiaoUh3HTtDNqETOBEyK3VRBQtmQ9qGjaURDUG42O31inWilZwWx1BWhNVN/T2Q0VGoc+rozpDhQi95U/M/rpBhcuhmPkhQhYvNFQSosjK1pDlaPS2AoxppQJrm+1WIDKilDnVZRh+AsvrxMmmcVp1qp3p2Xa9d5HAVyRI7JKXHIBamRW1InDcLII3kmr+TNeDJejHfjY966YuQzh+QPjM8fdH+UJA==</latexit>

ωmax = 0

<latexit sha1_base64="lV1w35GAv9PgmsZvjYXjgXpt3/8=">AAACFHicbVDLSgNBEJz1GeMr6tHLYhASAnFXJXoRgl68GYOJgWwMs5OODpl9MNMrCct+hBd/xYsHRbx68ObfOHkcNFrQUFR1093lhoIrtKwvY2Z2bn5hMbWUXl5ZXVvPbGzWVRBJBjUWiEA2XKpAcB9qyFFAI5RAPVfAtds7G/rX9yAVD/wrHITQ8uitz7ucUdRSO1NwQIi2g9DH2KP95KRXLTgexTtGRXyR5Ox8rlfN38T23kHSzmStojWC+ZfYE5IlE1TamU+nE7DIAx+ZoEo1bSvEVkwlciYgSTuRgpCyHr2FpqY+9UC14tFTibmrlY7ZDaQuH82R+nMipp5SA8/VncN71bQ3FP/zmhF2j1sx98MIwWfjRd1ImBiYw4TMDpfAUAw0oUxyfavJ7qikDHWOaR2CPf3yX1LfL9qlYunyMFs+ncSRIttkh+SITY5ImZyTCqkRRh7IE3khr8aj8Wy8Ge/j1hljMrNFfsH4+AaKIp3W</latexit>

ωmax = kR+O(1)(kR)1/3

<latexit sha1_base64="pZxIuofWrXj/1gnuV/KgaS7hGns=">AAACDXicbVC5TgMxEPWGK4QrQEljEZBoiHYBBcoIGsogkUPKhsjrTBIr3gN7FhGtwgfQ8Cs0FCBES0/H3+AcBSQ8yfLTezOamedFUmi07W8rNTe/sLiUXs6srK6tb2Q3tyo6jBWHMg9lqGoe0yBFAGUUKKEWKWC+J6Hq9S6GfvUOlBZhcI39CBo+6wSiLThDIzWze36TuVr4cEuPXTS/po59kxw69uDBRbjHBCqDZjZn5+0R6CxxJiRHJig1s19uK+SxDwFyybSuO3aEjYQpFFzCIOPGGiLGe6wDdUMDZuY2ktE1A7pvlBZth8q8AOlI/d2RMF/rvu+ZSp9hV097Q/E/rx5j+6yRiCCKEQI+HtSOJcWQDqOhLaGAo+wbwrgSZlfKu0wxjibAjAnBmT55llSO8k4hX7g6yRXPJ3GkyQ7ZJQfEIaekSC5JiZQJJ4/kmbySN+vJerHerY9xacqa9GyTP7A+fwCe1JtO</latexit>

ma → 3↑ 10→10 eV

• Consider
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<latexit sha1_base64="D1LHolPLG6G1gCeFmzXSKjnoNRg=">AAAB+nicbVBNS8NAEN34WetXqkcvwSJ4KolI9SIUvXisYD+gDWGznbRLNx/sTrQl9qd48aCIV3+JN/+N2zYHbX0w8Hhvhpl5fiK4Qtv+NlZW19Y3Ngtbxe2d3b19s3TQVHEqGTRYLGLZ9qkCwSNoIEcB7UQCDX0BLX94M/VbDyAVj6N7HCfghrQf8YAzilryzFIXhPC6CCPMQjqaXDmeWbYr9gzWMnFyUiY56p751e3FLA0hQiaoUh3HTtDNqETOBEyK3VRBQtmQ9qGjaURDUG42O31inWilZwWx1BWhNVN/T2Q0VGoc+rozpDhQi95U/M/rpBhcuhmPkhQhYvNFQSosjK1pDlaPS2AoxppQJrm+1WIDKilDnVZRh+AsvrxMmmcVp1qp3p2Xa9d5HAVyRI7JKXHIBamRW1InDcLII3kmr+TNeDJejHfjY966YuQzh+QPjM8fdgOUJQ==</latexit>

ωmax = 1

<latexit sha1_base64="pZxIuofWrXj/1gnuV/KgaS7hGns=">AAACDXicbVC5TgMxEPWGK4QrQEljEZBoiHYBBcoIGsogkUPKhsjrTBIr3gN7FhGtwgfQ8Cs0FCBES0/H3+AcBSQ8yfLTezOamedFUmi07W8rNTe/sLiUXs6srK6tb2Q3tyo6jBWHMg9lqGoe0yBFAGUUKKEWKWC+J6Hq9S6GfvUOlBZhcI39CBo+6wSiLThDIzWze36TuVr4cEuPXTS/po59kxw69uDBRbjHBCqDZjZn5+0R6CxxJiRHJig1s19uK+SxDwFyybSuO3aEjYQpFFzCIOPGGiLGe6wDdUMDZuY2ktE1A7pvlBZth8q8AOlI/d2RMF/rvu+ZSp9hV097Q/E/rx5j+6yRiCCKEQI+HtSOJcWQDqOhLaGAo+wbwrgSZlfKu0wxjibAjAnBmT55llSO8k4hX7g6yRXPJ3GkyQ7ZJQfEIaekSC5JiZQJJ4/kmbySN+vJerHerY9xacqa9GyTP7A+fwCe1JtO</latexit>

ma → 3↑ 10→10 eV

Sensitive to UV scales: need to sum 
<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→

<latexit sha1_base64="kEc4OjhmqloteSgB4nmcbvyAMuM=">AAACJXicbVBNSwMxEM36bf2qevQSLIIHLbsq6kFE9OKxitVCty7ZdKqhye6azIpl2T/jxb/ixYMigif/iunHQa1vGHi8N0MyL0ykMOi6n87I6Nj4xOTUdGFmdm5+obi4dGniVHOo8ljGuhYyA1JEUEWBEmqJBqZCCVdh+6TrX92DNiKOLrCTQEOxm0i0BGdopaB40A4yH+EBs3uh8/w88ONEpubQ2/Bt/TZ9IxTcUc+9zja3cxWwoFhyy24PdJh4A1IiA1SC4pvfjHmqIEIumTF1z02wkTGNgkvIC35qIGG8zW6gbmnEFJhG1rsyp2tWadJWrG1HSHvqz42MKWM6KrSTiuGt+et1xf+8eoqt/UYmoiRFiHj/oVYqKca0GxltCg0cZccSxrWwf6X8lmnG0QZbsCF4f08eJpdbZW+3vHu2Uzo6HsQxRVbIKlknHtkjR+SUVEiVcPJInskreXOenBfn3fnoj444g51l8gvO1zcSKKYw</latexit>

kvirR→ > 1, kvir → 10↑3ma

<latexit sha1_base64="lV1w35GAv9PgmsZvjYXjgXpt3/8=">AAACFHicbVDLSgNBEJz1GeMr6tHLYhASAnFXJXoRgl68GYOJgWwMs5OODpl9MNMrCct+hBd/xYsHRbx68ObfOHkcNFrQUFR1093lhoIrtKwvY2Z2bn5hMbWUXl5ZXVvPbGzWVRBJBjUWiEA2XKpAcB9qyFFAI5RAPVfAtds7G/rX9yAVD/wrHITQ8uitz7ucUdRSO1NwQIi2g9DH2KP95KRXLTgexTtGRXyR5Ox8rlfN38T23kHSzmStojWC+ZfYE5IlE1TamU+nE7DIAx+ZoEo1bSvEVkwlciYgSTuRgpCyHr2FpqY+9UC14tFTibmrlY7ZDaQuH82R+nMipp5SA8/VncN71bQ3FP/zmhF2j1sx98MIwWfjRd1ImBiYw4TMDpfAUAw0oUxyfavJ7qikDHWOaR2CPf3yX1LfL9qlYunyMFs+ncSRIttkh+SITY5ImZyTCqkRRh7IE3khr8aj8Wy8Ge/j1hljMrNFfsH4+AaKIp3W</latexit>

ωmax = kR+O(1)(kR)1/3

• Consider
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<latexit sha1_base64="XdVN7lPN3/jONOKxqNhfONYb+Ak=">AAAB+3icbVBNS8NAEN34WetXrEcvwSJ4KolI9SIUvXisYD+gCWGznbRLNx/sTqQl9K948aCIV/+IN/+N2zYHbX0w8Hhvhpl5QSq4Qtv+NtbWNza3tks75d29/YND86jSVkkmGbRYIhLZDagCwWNoIUcB3VQCjQIBnWB0N/M7TyAVT+JHnKTgRXQQ85AzilryzYoLQvguwhjziI6nN47tm1W7Zs9hrRKnIFVSoOmbX24/YVkEMTJBleo5dopeTiVyJmBadjMFKWUjOoCepjGNQHn5/PapdaaVvhUmUleM1lz9PZHTSKlJFOjOiOJQLXsz8T+vl2F47eU8TjOEmC0WhZmwMLFmQVh9LoGhmGhCmeT6VosNqaQMdVxlHYKz/PIqaV/UnHqt/nBZbdwWcZTICTkl58QhV6RB7kmTtAgjY/JMXsmbMTVejHfjY9G6ZhQzx+QPjM8f6quUXw==</latexit>

ωmax = 10

<latexit sha1_base64="pZxIuofWrXj/1gnuV/KgaS7hGns=">AAACDXicbVC5TgMxEPWGK4QrQEljEZBoiHYBBcoIGsogkUPKhsjrTBIr3gN7FhGtwgfQ8Cs0FCBES0/H3+AcBSQ8yfLTezOamedFUmi07W8rNTe/sLiUXs6srK6tb2Q3tyo6jBWHMg9lqGoe0yBFAGUUKKEWKWC+J6Hq9S6GfvUOlBZhcI39CBo+6wSiLThDIzWze36TuVr4cEuPXTS/po59kxw69uDBRbjHBCqDZjZn5+0R6CxxJiRHJig1s19uK+SxDwFyybSuO3aEjYQpFFzCIOPGGiLGe6wDdUMDZuY2ktE1A7pvlBZth8q8AOlI/d2RMF/rvu+ZSp9hV097Q/E/rx5j+6yRiCCKEQI+HtSOJcWQDqOhLaGAo+wbwrgSZlfKu0wxjibAjAnBmT55llSO8k4hX7g6yRXPJ3GkyQ7ZJQfEIaekSC5JiZQJJ4/kmbySN+vJerHerY9xacqa9GyTP7A+fwCe1JtO</latexit>

ma → 3↑ 10→10 eV

Sensitive to UV scales: need to sum 
<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→

<latexit sha1_base64="kEc4OjhmqloteSgB4nmcbvyAMuM=">AAACJXicbVBNSwMxEM36bf2qevQSLIIHLbsq6kFE9OKxitVCty7ZdKqhye6azIpl2T/jxb/ixYMigif/iunHQa1vGHi8N0MyL0ykMOi6n87I6Nj4xOTUdGFmdm5+obi4dGniVHOo8ljGuhYyA1JEUEWBEmqJBqZCCVdh+6TrX92DNiKOLrCTQEOxm0i0BGdopaB40A4yH+EBs3uh8/w88ONEpubQ2/Bt/TZ9IxTcUc+9zja3cxWwoFhyy24PdJh4A1IiA1SC4pvfjHmqIEIumTF1z02wkTGNgkvIC35qIGG8zW6gbmnEFJhG1rsyp2tWadJWrG1HSHvqz42MKWM6KrSTiuGt+et1xf+8eoqt/UYmoiRFiHj/oVYqKca0GxltCg0cZccSxrWwf6X8lmnG0QZbsCF4f08eJpdbZW+3vHu2Uzo6HsQxRVbIKlknHtkjR+SUVEiVcPJInskreXOenBfn3fnoj444g51l8gvO1zcSKKYw</latexit>

kvirR→ > 1, kvir → 10↑3ma

<latexit sha1_base64="lV1w35GAv9PgmsZvjYXjgXpt3/8=">AAACFHicbVDLSgNBEJz1GeMr6tHLYhASAnFXJXoRgl68GYOJgWwMs5OODpl9MNMrCct+hBd/xYsHRbx68ObfOHkcNFrQUFR1093lhoIrtKwvY2Z2bn5hMbWUXl5ZXVvPbGzWVRBJBjUWiEA2XKpAcB9qyFFAI5RAPVfAtds7G/rX9yAVD/wrHITQ8uitz7ucUdRSO1NwQIi2g9DH2KP95KRXLTgexTtGRXyR5Ox8rlfN38T23kHSzmStojWC+ZfYE5IlE1TamU+nE7DIAx+ZoEo1bSvEVkwlciYgSTuRgpCyHr2FpqY+9UC14tFTibmrlY7ZDaQuH82R+nMipp5SA8/VncN71bQ3FP/zmhF2j1sx98MIwWfjRd1ImBiYw4TMDpfAUAw0oUxyfavJ7qikDHWOaR2CPf3yX1LfL9qlYunyMFs+ncSRIttkh+SITY5ImZyTCqkRRh7IE3khr8aj8Wy8Ge/j1hljMrNFfsH4+AaKIp3W</latexit>

ωmax = kR+O(1)(kR)1/3

• Consider
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<latexit sha1_base64="4ccv8CpO7Y3beumw2LhwlpbjQjU=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lUqheh6MVjBfsBTSib7bRduvlgdyItIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82PBFdr2t1FYW9/Y3Cpul3Z29/YPzMNyS0WJZNBkkYhkx6cKBA+hiRwFdGIJNPAFtP3x3cxvP4FUPAofcRqDF9BhyAecUdRSzyy7IETPRZhgGtBJdnNh98yKXbXnsFaJk5MKydHomV9uP2JJACEyQZXqOnaMXkolciYgK7mJgpiyMR1CV9OQBqC8dH57Zp1qpW8NIqkrRGuu/p5IaaDUNPB1Z0BxpJa9mfif101wcO2lPIwThJAtFg0SYWFkzYKw+lwCQzHVhDLJ9a0WG1FJGeq4SjoEZ/nlVdI6rzq1au3hslK/zeMokmNyQs6IQ65IndyTBmkSRibkmbySNyMzXox342PRWjDymSPyB8bnD+21lGE=</latexit>

ωmax = 30

<latexit sha1_base64="pZxIuofWrXj/1gnuV/KgaS7hGns=">AAACDXicbVC5TgMxEPWGK4QrQEljEZBoiHYBBcoIGsogkUPKhsjrTBIr3gN7FhGtwgfQ8Cs0FCBES0/H3+AcBSQ8yfLTezOamedFUmi07W8rNTe/sLiUXs6srK6tb2Q3tyo6jBWHMg9lqGoe0yBFAGUUKKEWKWC+J6Hq9S6GfvUOlBZhcI39CBo+6wSiLThDIzWze36TuVr4cEuPXTS/po59kxw69uDBRbjHBCqDZjZn5+0R6CxxJiRHJig1s19uK+SxDwFyybSuO3aEjYQpFFzCIOPGGiLGe6wDdUMDZuY2ktE1A7pvlBZth8q8AOlI/d2RMF/rvu+ZSp9hV097Q/E/rx5j+6yRiCCKEQI+HtSOJcWQDqOhLaGAo+wbwrgSZlfKu0wxjibAjAnBmT55llSO8k4hX7g6yRXPJ3GkyQ7ZJQfEIaekSC5JiZQJJ4/kmbySN+vJerHerY9xacqa9GyTP7A+fwCe1JtO</latexit>

ma → 3↑ 10→10 eV

Sensitive to UV scales: need to sum 
<latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→

<latexit sha1_base64="kEc4OjhmqloteSgB4nmcbvyAMuM=">AAACJXicbVBNSwMxEM36bf2qevQSLIIHLbsq6kFE9OKxitVCty7ZdKqhye6azIpl2T/jxb/ixYMigif/iunHQa1vGHi8N0MyL0ykMOi6n87I6Nj4xOTUdGFmdm5+obi4dGniVHOo8ljGuhYyA1JEUEWBEmqJBqZCCVdh+6TrX92DNiKOLrCTQEOxm0i0BGdopaB40A4yH+EBs3uh8/w88ONEpubQ2/Bt/TZ9IxTcUc+9zja3cxWwoFhyy24PdJh4A1IiA1SC4pvfjHmqIEIumTF1z02wkTGNgkvIC35qIGG8zW6gbmnEFJhG1rsyp2tWadJWrG1HSHvqz42MKWM6KrSTiuGt+et1xf+8eoqt/UYmoiRFiHj/oVYqKca0GxltCg0cZccSxrWwf6X8lmnG0QZbsCF4f08eJpdbZW+3vHu2Uzo6HsQxRVbIKlknHtkjR+SUVEiVcPJInskreXOenBfn3fnoj444g51l8gvO1zcSKKYw</latexit>

kvirR→ > 1, kvir → 10↑3ma

<latexit sha1_base64="lV1w35GAv9PgmsZvjYXjgXpt3/8=">AAACFHicbVDLSgNBEJz1GeMr6tHLYhASAnFXJXoRgl68GYOJgWwMs5OODpl9MNMrCct+hBd/xYsHRbx68ObfOHkcNFrQUFR1093lhoIrtKwvY2Z2bn5hMbWUXl5ZXVvPbGzWVRBJBjUWiEA2XKpAcB9qyFFAI5RAPVfAtds7G/rX9yAVD/wrHITQ8uitz7ucUdRSO1NwQIi2g9DH2KP95KRXLTgexTtGRXyR5Ox8rlfN38T23kHSzmStojWC+ZfYE5IlE1TamU+nE7DIAx+ZoEo1bSvEVkwlciYgSTuRgpCyHr2FpqY+9UC14tFTibmrlY7ZDaQuH82R+nMipp5SA8/VncN71bQ3FP/zmhF2j1sx98MIwWfjRd1ImBiYw4TMDpfAUAw0oUxyfavJ7qikDHWOaR2CPf3yX1LfL9qlYunyMFs+ncSRIttkh+SITY5ImZyTCqkRRh7IE3khr8aj8Wy8Ge/j1hljMrNFfsH4+AaKIp3W</latexit>

ωmax = kR+O(1)(kR)1/3

• Consider
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Axion Gradient on Earth
<latexit sha1_base64="oC8eRZMbg1Exj3QWSBQb3BJjW48=">AAACJXicbVC7TsNAEDzzJrwClDQnIiQKiGxAgYICQUMJiIRIcbDOl0045c42d2tEZPlnaPgVGgoQQqLiV7g8Cl6zWmk0s6u7nTCRwqDrfjhj4xOTU9Mzs4W5+YXFpeLySs3EqeZQ5bGMdT1kBqSIoIoCJdQTDUyFEq7C7knfv7oDbUQcXWIvgaZinUi0BWdopaB42A0yH+Eeszuh8/wi8ONEpubQ2/Jt/TR9IxTcUs+9zrZ3cxWwoFhyy+4A9C/xRqRERjgLiq9+K+apggi5ZMY0PDfBZsY0Ci4hL/ipgYTxLutAw9KIKTDNbHBlTjes0qLtWNuOkA7U7xsZU8b0VGgnFcMb89vri/95jRTbB81MREmKEPHhQ+1UUoxpPzLaEho4yp4ljGth/0r5DdOMow22YEPwfp/8l9R2yl6lXDnfKx0dj+KYIWtknWwSj+yTI3JKzkiVcPJAnsgLeXUenWfnzXkfjo45o51V8gPO5xcO1qYu</latexit>

kvirR→ < 1, kvir → 10↑3ma

<latexit sha1_base64="qMHE3GRznVEIJ8ey1C76l/uh2rc="></latexit>

1

k2a20

∣∣∣r̂ · ω→aω
∣∣∣
2
=

(sin(qR)↑ qR cos(qR))2

kR2 (kR2 sin(qR) + qR2 cos(qR))
↓

{
(kR)→4, qR = εn+ ε/2

(kR)→2, qR = εn

• Gradients are enhanced by on resonance
<latexit sha1_base64="f3d+QWdOZ2sFfSN00wDvu/cdrww=">AAAB+HicbVBNT8JAEJ3iF+IHVY9eNhITPEBaQ9Aj0YtHNPKRQCXbZYEN222zuzXBhl/ixYPGePWnePPfuEAPCr5kkpf3ZjIzz484U9pxvq3M2vrG5lZ2O7ezu7eftw8OmyqMJaENEvJQtn2sKGeCNjTTnLYjSXHgc9ryx9czv/VIpWKhuNeTiHoBHgo2YARrI/XsfHF8d/aQlCpdynmpMu3ZBafszIFWiZuSAqSo9+yvbj8kcUCFJhwr1XGdSHsJlpoRTqe5bqxohMkYD2nHUIEDqrxkfvgUnRqljwahNCU0mqu/JxIcKDUJfNMZYD1Sy95M/M/rxHpw6SVMRLGmgiwWDWKOdIhmKaA+k5RoPjEEE8nMrYiMsMREm6xyJgR3+eVV0jwvu9Vy9bZSqF2lcWThGE6gCC5cQA1uoA4NIBDDM7zCm/VkvVjv1seiNWOlM0fwB9bnDwKQkgs=</latexit>

(kR)→4ω→4

• Away from resonance the generic expectation is still 
<latexit sha1_base64="zXtx2P9A5FHPS+CBu5GH5L/1Uqw=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQD4bdINFj0IvHKOYhyRpmJ7PJkJnZZWZWCEu+wosHRbz6Od78GyePgyYWNBRV3XR3BTFn2rjut5NZWV1b38hu5ra2d3b38vsHDR0litA6iXikWgHWlDNJ64YZTluxolgEnDaD4fXEbz5RpVkk780opr7AfclCRrCx0kNxeHf6mJ6Vx918wS25U6Bl4s1JAeaodfNfnV5EEkGlIRxr3fbc2PgpVoYRTse5TqJpjMkQ92nbUokF1X46PXiMTqzSQ2GkbEmDpurviRQLrUcisJ0Cm4Fe9Cbif147MeGlnzIZJ4ZKMlsUJhyZCE2+Rz2mKDF8ZAkmitlbERlghYmxGeVsCN7iy8ukUS55lVLl9rxQvZrHkYUjOIYieHABVbiBGtSBgIBneIU3RzkvzrvzMWvNOPOZQ/gD5/MHlXWPog==</latexit>

(kR)→2

• Consider
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Axion Gradient on Earth
<latexit sha1_base64="oC8eRZMbg1Exj3QWSBQb3BJjW48=">AAACJXicbVC7TsNAEDzzJrwClDQnIiQKiGxAgYICQUMJiIRIcbDOl0045c42d2tEZPlnaPgVGgoQQqLiV7g8Cl6zWmk0s6u7nTCRwqDrfjhj4xOTU9Mzs4W5+YXFpeLySs3EqeZQ5bGMdT1kBqSIoIoCJdQTDUyFEq7C7knfv7oDbUQcXWIvgaZinUi0BWdopaB42A0yH+Eeszuh8/wi8ONEpubQ2/Jt/TR9IxTcUs+9zrZ3cxWwoFhyy+4A9C/xRqRERjgLiq9+K+apggi5ZMY0PDfBZsY0Ci4hL/ipgYTxLutAw9KIKTDNbHBlTjes0qLtWNuOkA7U7xsZU8b0VGgnFcMb89vri/95jRTbB81MREmKEPHhQ+1UUoxpPzLaEho4yp4ljGth/0r5DdOMow22YEPwfp/8l9R2yl6lXDnfKx0dj+KYIWtknWwSj+yTI3JKzkiVcPJAnsgLeXUenWfnzXkfjo45o51V8gPO5xcO1qYu</latexit>

kvirR→ < 1, kvir → 10↑3ma

Away from resonance the generic expectation is still 
<latexit sha1_base64="zXtx2P9A5FHPS+CBu5GH5L/1Uqw=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQD4bdINFj0IvHKOYhyRpmJ7PJkJnZZWZWCEu+wosHRbz6Od78GyePgyYWNBRV3XR3BTFn2rjut5NZWV1b38hu5ra2d3b38vsHDR0litA6iXikWgHWlDNJ64YZTluxolgEnDaD4fXEbz5RpVkk780opr7AfclCRrCx0kNxeHf6mJ6Vx918wS25U6Bl4s1JAeaodfNfnV5EEkGlIRxr3fbc2PgpVoYRTse5TqJpjMkQ92nbUokF1X46PXiMTqzSQ2GkbEmDpurviRQLrUcisJ0Cm4Fe9Cbif147MeGlnzIZJ4ZKMlsUJhyZCE2+Rz2mKDF8ZAkmitlbERlghYmxGeVsCN7iy8ukUS55lVLl9rxQvZrHkYUjOIYieHABVbiBGtSBgIBneIU3RzkvzrvzMWvNOPOZQ/gD5/MHlXWPog==</latexit>

(kR)→2

<latexit sha1_base64="ZhrfYlErbcool4Ydu3qeLM930jU=">AAACDXicbVC5TgMxEPVyhnAFKGksAhIN0W5AgTKChjJI5JCyIfI6k8SK98CeRUSr8AE0/AoNBQjR0tPxNzhHAQlPsvz03oxm5nmRFBpt+9uam19YXFpOraRX19Y3NjNb2xUdxopDmYcyVDWPaZAigDIKlFCLFDDfk1D1ehdDv3oHSoswuMZ+BA2fdQLRFpyhkZqZfb/JXC18uKXHLppfU8e+SY6c/ODBRbjHBCqDZiZr5+wR6CxxJiRLJig1M19uK+SxDwFyybSuO3aEjYQpFFzCIO3GGiLGe6wDdUMDZuY2ktE1A3pglBZth8q8AOlI/d2RMF/rvu+ZSp9hV097Q/E/rx5j+6yRiCCKEQI+HtSOJcWQDqOhLaGAo+wbwrgSZlfKu0wxjibAtAnBmT55llTyOaeQK1ydZIvnkzhSZJfskUPikFNSJJekRMqEk0fyTF7Jm/VkvVjv1se4dM6a9OyQP7A+fwCh8ptQ</latexit>

ma → 3↑ 10→12 eV

• Consider
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Axion Gradient on Earth
Consider

<latexit sha1_base64="4ccv8CpO7Y3beumw2LhwlpbjQjU=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0lUqheh6MVjBfsBTSib7bRduvlgdyItIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zM82PBFdr2t1FYW9/Y3Cpul3Z29/YPzMNyS0WJZNBkkYhkx6cKBA+hiRwFdGIJNPAFtP3x3cxvP4FUPAofcRqDF9BhyAecUdRSzyy7IETPRZhgGtBJdnNh98yKXbXnsFaJk5MKydHomV9uP2JJACEyQZXqOnaMXkolciYgK7mJgpiyMR1CV9OQBqC8dH57Zp1qpW8NIqkrRGuu/p5IaaDUNPB1Z0BxpJa9mfif101wcO2lPIwThJAtFg0SYWFkzYKw+lwCQzHVhDLJ9a0WG1FJGeq4SjoEZ/nlVdI6rzq1au3hslK/zeMokmNyQs6IQ65IndyTBmkSRibkmbySNyMzXox342PRWjDymSPyB8bnD+21lGE=</latexit>

ωmax = 30

Sensitive to UV scales: need to sum <latexit sha1_base64="G60T4ouz5kZRbOYmKM68M+ZvrSc=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KolI9Vj04rGK/YA2lM120y7dZMPuRCmhP8OLB0W8+mu8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bRqWa8QZTUul2QA2XIuYNFCh5O9GcRoHkrWB0M/Vbj1wboeIHHCfcj+ggFqFgFK3U6d6LwRCp1uqpVyq7FXcGsky8nJQhR71X+ur2FUsjHiOT1JiO5yboZ1SjYJJPit3U8ISyER3wjqUxjbjxs9nJE3JqlT4JlbYVI5mpvycyGhkzjgLbGVEcmkVvKv7ndVIMr/xMxEmKPGbzRWEqCSoy/Z/0heYM5dgSyrSwtxI2pJoytCkVbQje4svLpHle8aqV6t1FuXadx1GAYziBM/DgEmpwC3VoAAMFz/AKbw46L8678zFvXXHymSP4A+fzB5StkXg=</latexit>→
<latexit sha1_base64="lV1w35GAv9PgmsZvjYXjgXpt3/8=">AAACFHicbVDLSgNBEJz1GeMr6tHLYhASAnFXJXoRgl68GYOJgWwMs5OODpl9MNMrCct+hBd/xYsHRbx68ObfOHkcNFrQUFR1093lhoIrtKwvY2Z2bn5hMbWUXl5ZXVvPbGzWVRBJBjUWiEA2XKpAcB9qyFFAI5RAPVfAtds7G/rX9yAVD/wrHITQ8uitz7ucUdRSO1NwQIi2g9DH2KP95KRXLTgexTtGRXyR5Ox8rlfN38T23kHSzmStojWC+ZfYE5IlE1TamU+nE7DIAx+ZoEo1bSvEVkwlciYgSTuRgpCyHr2FpqY+9UC14tFTibmrlY7ZDaQuH82R+nMipp5SA8/VncN71bQ3FP/zmhF2j1sx98MIwWfjRd1ImBiYw4TMDpfAUAw0oUxyfavJ7qikDHWOaR2CPf3yX1LfL9qlYunyMFs+ncSRIttkh+SITY5ImZyTCqkRRh7IE3khr8aj8Wy8Ge/j1hljMrNFfsH4+AaKIp3W</latexit>

ωmax = kR+O(1)(kR)1/3

<latexit sha1_base64="pZxIuofWrXj/1gnuV/KgaS7hGns=">AAACDXicbVC5TgMxEPWGK4QrQEljEZBoiHYBBcoIGsogkUPKhsjrTBIr3gN7FhGtwgfQ8Cs0FCBES0/H3+AcBSQ8yfLTezOamedFUmi07W8rNTe/sLiUXs6srK6tb2Q3tyo6jBWHMg9lqGoe0yBFAGUUKKEWKWC+J6Hq9S6GfvUOlBZhcI39CBo+6wSiLThDIzWze36TuVr4cEuPXTS/po59kxw69uDBRbjHBCqDZjZn5+0R6CxxJiRHJig1s19uK+SxDwFyybSuO3aEjYQpFFzCIOPGGiLGe6wDdUMDZuY2ktE1A7pvlBZth8q8AOlI/d2RMF/rvu+ZSp9hV097Q/E/rx5j+6yRiCCKEQI+HtSOJcWQDqOhLaGAo+wbwrgSZlfKu0wxjibAjAnBmT55llSO8k4hX7g6yRXPJ3GkyQ7ZJQfEIaekSC5JiZQJJ4/kmbySN+vJerHerY9xacqa9GyTP7A+fwCe1JtO</latexit>

ma → 3↑ 10→10 eV

<latexit sha1_base64="kEc4OjhmqloteSgB4nmcbvyAMuM=">AAACJXicbVBNSwMxEM36bf2qevQSLIIHLbsq6kFE9OKxitVCty7ZdKqhye6azIpl2T/jxb/ixYMigif/iunHQa1vGHi8N0MyL0ykMOi6n87I6Nj4xOTUdGFmdm5+obi4dGniVHOo8ljGuhYyA1JEUEWBEmqJBqZCCVdh+6TrX92DNiKOLrCTQEOxm0i0BGdopaB40A4yH+EBs3uh8/w88ONEpubQ2/Bt/TZ9IxTcUc+9zja3cxWwoFhyy24PdJh4A1IiA1SC4pvfjHmqIEIumTF1z02wkTGNgkvIC35qIGG8zW6gbmnEFJhG1rsyp2tWadJWrG1HSHvqz42MKWM6KrSTiuGt+et1xf+8eoqt/UYmoiRFiHj/oVYqKca0GxltCg0cZccSxrWwf6X8lmnG0QZbsCF4f08eJpdbZW+3vHu2Uzo6HsQxRVbIKlknHtkjR+SUVEiVcPJInskreXOenBfn3fnoj444g51l8gvO1zcSKKYw</latexit>

kvirR→ > 1, kvir → 10↑3ma
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Parameter Space
Where is the effect important?

Dense enough:
<latexit sha1_base64="MxfH2aL6qVfUpROpfMOrXB7rjxg=">AAACGnicbVDLSgMxFM34rPVVdekmWIS6KTMi1ZWIbtxZxarQGcqdTNqGZh5N7ihl6He48VfcuFDEnbjxb0zHLrR6IHByzr0k5/iJFBpt+9Oamp6ZnZsvLBQXl5ZXVktr61c6ThXjDRbLWN34oLkUEW+gQMlvEsUh9CW/9nsnI//6list4ugSBwn3QuhEoi0YoJFaJad/6IaAXQYyOxtWnJ2e208hcC9Ep4ugVHyX36kbcIlAw8Neq1S2q3YO+pc4Y1ImY9RbpXc3iFka8giZBK2bjp2gl4FCwSQfFt1U8wRYDzq8aWgEIddelkcb0m2jBLQdK3MipLn6cyODUOtB6JvJUQw96Y3E/7xmiu0DLxNRkiKP2PdD7VRSjOmoJxoIxRnKgSHAlDB/pawLChiaNoumBGcy8l9ytVt1atXa+V756HhcR4Fski1SIQ7ZJ0fklNRJgzByTx7JM3mxHqwn69V6+x6dssY7G+QXrI8vRwChCA==</latexit>

q > O(1)k → ωm > k

For Earth this implies
<latexit sha1_base64="twhL+dKAbsGeihm1HEqT4xS7elc=">AAACJ3icbZDLSgMxFIYzXmu9jbp0EyyCIJQZkepGKbpxWcFeoFOGTJppQ5PMmGSEdpi3ceOruBFURJe+iWk7C209kPDz/eeQnD+IGVXacb6shcWl5ZXVwlpxfWNza9ve2W2oKJGY1HHEItkKkCKMClLXVDPSiiVBPGCkGQyux37zgUhFI3GnhzHpcNQTNKQYaYN8+5L76MJT91KnHokVZZHIvFAinE7hKMtS93iUM+57MYXh+M7S0EeZb5ecsjMpOC/cXJRAXjXffvW6EU44ERozpFTbdWLdSZHUFDOSFb1EkRjhAeqRtpECcaI66WTPDB4a0oVhJM0RGk7o74kUcaWGPDCdHOm+mvXG8D+vnejwvJNSESeaCDx9KEwY1BEchwa7VBKs2dAIhCU1f4W4j0wi2kRbNCG4syvPi8ZJ2a2UK7enpepVHkcB7IMDcARccAaq4AbUQB1g8AiewRt4t56sF+vD+py2Llj5zB74U9b3DwbqqH8=</latexit>

ma =
→
ω

→
z

1 + z

mωfω
fa

<latexit sha1_base64="0ZUWJMu1Vemt/ojwceuiFWaPtUg=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEN5akSO3CRdGNywr2AU0sk+mkHTqZhJmJUELd+CtuXCji1r9w5984fSy09cCFwzn3cu89QcKZ0o7zbS0tr6yurec28ptb2zu79t5+Q8WpJLROYh7LVoAV5UzQumaa01YiKY4CTpvB4HrsNx+oVCwWd3qYUD/CPcFCRrA2Usc+9GiiGI/FZcnTLKIKuc59dlYZdeyCU3QmQIvEnZECzFDr2F9eNyZpRIUmHCvVdp1E+xmWmhFOR3kvVTTBZIB7tG2owGaZn00+GKETo3RRGEtTQqOJ+nsiw5FSwygwnRHWfTXvjcX/vHaqw4qfMZGkmgoyXRSmHOkYjeNAXSYp0XxoCCaSmVsR6WOJiTah5U0I7vzLi6RRKrrlYvn2vFC9msWRgyM4hlNw4QKqcAM1qAOBR3iGV3iznqwX6936mLYuWbOZA/gD6/MHRpuWJA==</latexit>

ω < 2→ 10→8

Sourcing on Earth starts for
<latexit sha1_base64="d7TK3NPkXKCRlKBpStzWds2aWNY=">AAACAnicbVA9SwNBEJ3zM8avUyuxWQyCjeEuaLSwCNpYRjAfkDvD3maTLNnbO3b3hHAEG/+KjYUitv4KO/+Nm+QKTXww8Hhvhpl5QcyZ0o7zbS0sLi2vrObW8usbm1vb9s5uXUWJJLRGIh7JZoAV5UzQmmaa02YsKQ4DThvB4HrsNx6oVCwSd3oYUz/EPcG6jGBtpLa979FYMR6Jy5KnWUgVcp379MQ9G7XtglN0JkDzxM1IATJU2/aX14lIElKhCcdKtVwn1n6KpWaE01HeSxSNMRngHm0ZKrDZ5qeTF0boyCgd1I2kKaHRRP09keJQqWEYmM4Q676a9cbif14r0d0LP2UiTjQVZLqom3CkIzTOA3WYpETzoSGYSGZuRaSPJSbapJY3IbizL8+Teqnolovl29NC5SqLIwcHcAjH4MI5VOAGqlADAo/wDK/wZj1ZL9a79TFtXbCymT34A+vzB7msllw=</latexit>

ω < 2→ 10→15<latexit sha1_base64="r+pZcRrtqOwutgPZktrede/3c7s=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lEqicpevFYwX5AE8pks2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC1POtHHdb6e0tr6xuVXeruzs7u0fVA+POjrJFKFtkvBE9ULQlDNJ24YZTnupoiBCTrvh+G7md5+o0iyRj2aS0kDAULKYETBW8v2IcgNY3IgBDKo1t+7OgVeJV5AaKtAaVL/8KCGZoNIQDlr3PTc1QQ7KMMLptOJnmqZAxjCkfUslCKqDfH7zFJ9ZJcJxomxJg+fq74kchNYTEdpOAWakl72Z+J/Xz0x8HeRMppmhkiwWxRnHJsGzAHDEFCWGTywBopi9FZMRKCDGxlSxIXjLL6+SzkXda9QbD5e15m0RRxmdoFN0jjx0hZroHrVQGxGUomf0it6czHlx3p2PRWvJKWaO0R84nz+Bl5Fb</latexit>

ωm > ma

37

Banerjee, Bloch, Bonnefoy, Ellis, Perez, Savoray, KS, Stadnik, ‘25



Parameter Space
Where is the effect important?

Dense enough:
<latexit sha1_base64="MxfH2aL6qVfUpROpfMOrXB7rjxg=">AAACGnicbVDLSgMxFM34rPVVdekmWIS6KTMi1ZWIbtxZxarQGcqdTNqGZh5N7ihl6He48VfcuFDEnbjxb0zHLrR6IHByzr0k5/iJFBpt+9Oamp6ZnZsvLBQXl5ZXVktr61c6ThXjDRbLWN34oLkUEW+gQMlvEsUh9CW/9nsnI//6list4ugSBwn3QuhEoi0YoJFaJad/6IaAXQYyOxtWnJ2e208hcC9Ep4ugVHyX36kbcIlAw8Neq1S2q3YO+pc4Y1ImY9RbpXc3iFka8giZBK2bjp2gl4FCwSQfFt1U8wRYDzq8aWgEIddelkcb0m2jBLQdK3MipLn6cyODUOtB6JvJUQw96Y3E/7xmiu0DLxNRkiKP2PdD7VRSjOmoJxoIxRnKgSHAlDB/pawLChiaNoumBGcy8l9ytVt1atXa+V756HhcR4Fski1SIQ7ZJ0fklNRJgzByTx7JM3mxHqwn69V6+x6dssY7G+QXrI8vRwChCA==</latexit>

q > O(1)k → ωm > k

For Earth this implies
<latexit sha1_base64="twhL+dKAbsGeihm1HEqT4xS7elc=">AAACJ3icbZDLSgMxFIYzXmu9jbp0EyyCIJQZkepGKbpxWcFeoFOGTJppQ5PMmGSEdpi3ceOruBFURJe+iWk7C209kPDz/eeQnD+IGVXacb6shcWl5ZXVwlpxfWNza9ve2W2oKJGY1HHEItkKkCKMClLXVDPSiiVBPGCkGQyux37zgUhFI3GnhzHpcNQTNKQYaYN8+5L76MJT91KnHokVZZHIvFAinE7hKMtS93iUM+57MYXh+M7S0EeZb5ecsjMpOC/cXJRAXjXffvW6EU44ERozpFTbdWLdSZHUFDOSFb1EkRjhAeqRtpECcaI66WTPDB4a0oVhJM0RGk7o74kUcaWGPDCdHOm+mvXG8D+vnejwvJNSESeaCDx9KEwY1BEchwa7VBKs2dAIhCU1f4W4j0wi2kRbNCG4syvPi8ZJ2a2UK7enpepVHkcB7IMDcARccAaq4AbUQB1g8AiewRt4t56sF+vD+py2Llj5zB74U9b3DwbqqH8=</latexit>

ma =
→
ω

→
z

1 + z

mωfω
fa

<latexit sha1_base64="0ZUWJMu1Vemt/ojwceuiFWaPtUg=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEN5akSO3CRdGNywr2AU0sk+mkHTqZhJmJUELd+CtuXCji1r9w5984fSy09cCFwzn3cu89QcKZ0o7zbS0tr6yurec28ptb2zu79t5+Q8WpJLROYh7LVoAV5UzQumaa01YiKY4CTpvB4HrsNx+oVCwWd3qYUD/CPcFCRrA2Usc+9GiiGI/FZcnTLKIKuc59dlYZdeyCU3QmQIvEnZECzFDr2F9eNyZpRIUmHCvVdp1E+xmWmhFOR3kvVTTBZIB7tG2owGaZn00+GKETo3RRGEtTQqOJ+nsiw5FSwygwnRHWfTXvjcX/vHaqw4qfMZGkmgoyXRSmHOkYjeNAXSYp0XxoCCaSmVsR6WOJiTah5U0I7vzLi6RRKrrlYvn2vFC9msWRgyM4hlNw4QKqcAM1qAOBR3iGV3iznqwX6936mLYuWbOZA/gD6/MHRpuWJA==</latexit>

ω < 2→ 10→8

Sourcing on Earth starts for
<latexit sha1_base64="d7TK3NPkXKCRlKBpStzWds2aWNY=">AAACAnicbVA9SwNBEJ3zM8avUyuxWQyCjeEuaLSwCNpYRjAfkDvD3maTLNnbO3b3hHAEG/+KjYUitv4KO/+Nm+QKTXww8Hhvhpl5QcyZ0o7zbS0sLi2vrObW8usbm1vb9s5uXUWJJLRGIh7JZoAV5UzQmmaa02YsKQ4DThvB4HrsNx6oVCwSd3oYUz/EPcG6jGBtpLa979FYMR6Jy5KnWUgVcp379MQ9G7XtglN0JkDzxM1IATJU2/aX14lIElKhCcdKtVwn1n6KpWaE01HeSxSNMRngHm0ZKrDZ5qeTF0boyCgd1I2kKaHRRP09keJQqWEYmM4Q676a9cbif14r0d0LP2UiTjQVZLqom3CkIzTOA3WYpETzoSGYSGZuRaSPJSbapJY3IbizL8+Teqnolovl29NC5SqLIwcHcAjH4MI5VOAGqlADAo/wDK/wZj1ZL9a79TFtXbCymT34A+vzB7msllw=</latexit>

ω < 2→ 10→15

Large enough:
<latexit sha1_base64="8bewNL6kBzKh/r8GQwopYOYdtwM="></latexit>

qR→ ↭ O(1) → ωmR→ ↭ O(1)

For Earth this implies 
<latexit sha1_base64="Lc+LJmE4xQBMOv0U3RWEynq11qM=">AAACDnicbVDJSgNBEO1xjXEb9eilMQQ8hRkj0WPQgx4jmAUyMfR0arRJz0J3jRiG+ANe/BUvHhTx6tmbf2NnOajxQcHjvSqq6vmJFBod58uam19YXFrOreRX19Y3Nu2t7YaOU8WhzmMZq5bPNEgRQR0FSmglCljoS2j6/dOR37wFpUUcXeIggU7IriMRCM7QSF27GHSZJ0FrLcKyhyIETV3nKnPLw3sP4Q6zM2gMu3bBKTlj0FniTkmBTFHr2p9eL+ZpCBFyybRuu06CnYwpFFzCMO+lGhLG++wa2oZGzOztZON3hrRolB4NYmUqQjpWf05kLNR6EPqmM2R4o/96I/E/r51icNzJRJSkCBGfLApSSTGmo2xoTyjgKAeGMK6EuZXyG6YYR5Ng3oTg/n15ljQOSm6lVLk4LFRPpnHkyC7ZI/vEJUekSs5JjdQJJw/kibyQV+vRerberPdJ65w1ndkhv2B9fAMjdpwv</latexit>

fa ↭ 3→ 1013 GeV

<latexit sha1_base64="r+pZcRrtqOwutgPZktrede/3c7s=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lEqicpevFYwX5AE8pks2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC1POtHHdb6e0tr6xuVXeruzs7u0fVA+POjrJFKFtkvBE9ULQlDNJ24YZTnupoiBCTrvh+G7md5+o0iyRj2aS0kDAULKYETBW8v2IcgNY3IgBDKo1t+7OgVeJV5AaKtAaVL/8KCGZoNIQDlr3PTc1QQ7KMMLptOJnmqZAxjCkfUslCKqDfH7zFJ9ZJcJxomxJg+fq74kchNYTEdpOAWakl72Z+J/Xz0x8HeRMppmhkiwWxRnHJsGzAHDEFCWGTywBopi9FZMRKCDGxlSxIXjLL6+SzkXda9QbD5e15m0RRxmdoFN0jjx0hZroHrVQGxGUomf0it6czHlx3p2PRWvJKWaO0R84nz+Bl5Fb</latexit>

ωm > ma
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Parameter Space
Where is the effect important?

Dense enough:
<latexit sha1_base64="MxfH2aL6qVfUpROpfMOrXB7rjxg=">AAACGnicbVDLSgMxFM34rPVVdekmWIS6KTMi1ZWIbtxZxarQGcqdTNqGZh5N7ihl6He48VfcuFDEnbjxb0zHLrR6IHByzr0k5/iJFBpt+9Oamp6ZnZsvLBQXl5ZXVktr61c6ThXjDRbLWN34oLkUEW+gQMlvEsUh9CW/9nsnI//6list4ugSBwn3QuhEoi0YoJFaJad/6IaAXQYyOxtWnJ2e208hcC9Ep4ugVHyX36kbcIlAw8Neq1S2q3YO+pc4Y1ImY9RbpXc3iFka8giZBK2bjp2gl4FCwSQfFt1U8wRYDzq8aWgEIddelkcb0m2jBLQdK3MipLn6cyODUOtB6JvJUQw96Y3E/7xmiu0DLxNRkiKP2PdD7VRSjOmoJxoIxRnKgSHAlDB/pawLChiaNoumBGcy8l9ytVt1atXa+V756HhcR4Fski1SIQ7ZJ0fklNRJgzByTx7JM3mxHqwn69V6+x6dssY7G+QXrI8vRwChCA==</latexit>

q > O(1)k → ωm > k

For Earth this implies
<latexit sha1_base64="twhL+dKAbsGeihm1HEqT4xS7elc=">AAACJ3icbZDLSgMxFIYzXmu9jbp0EyyCIJQZkepGKbpxWcFeoFOGTJppQ5PMmGSEdpi3ceOruBFURJe+iWk7C209kPDz/eeQnD+IGVXacb6shcWl5ZXVwlpxfWNza9ve2W2oKJGY1HHEItkKkCKMClLXVDPSiiVBPGCkGQyux37zgUhFI3GnhzHpcNQTNKQYaYN8+5L76MJT91KnHokVZZHIvFAinE7hKMtS93iUM+57MYXh+M7S0EeZb5ecsjMpOC/cXJRAXjXffvW6EU44ERozpFTbdWLdSZHUFDOSFb1EkRjhAeqRtpECcaI66WTPDB4a0oVhJM0RGk7o74kUcaWGPDCdHOm+mvXG8D+vnejwvJNSESeaCDx9KEwY1BEchwa7VBKs2dAIhCU1f4W4j0wi2kRbNCG4syvPi8ZJ2a2UK7enpepVHkcB7IMDcARccAaq4AbUQB1g8AiewRt4t56sF+vD+py2Llj5zB74U9b3DwbqqH8=</latexit>

ma =
→
ω

→
z

1 + z

mωfω
fa

<latexit sha1_base64="0ZUWJMu1Vemt/ojwceuiFWaPtUg=">AAACAXicbVDLSsNAFL3xWesr6kZwM1gEN5akSO3CRdGNywr2AU0sk+mkHTqZhJmJUELd+CtuXCji1r9w5984fSy09cCFwzn3cu89QcKZ0o7zbS0tr6yurec28ptb2zu79t5+Q8WpJLROYh7LVoAV5UzQumaa01YiKY4CTpvB4HrsNx+oVCwWd3qYUD/CPcFCRrA2Usc+9GiiGI/FZcnTLKIKuc59dlYZdeyCU3QmQIvEnZECzFDr2F9eNyZpRIUmHCvVdp1E+xmWmhFOR3kvVTTBZIB7tG2owGaZn00+GKETo3RRGEtTQqOJ+nsiw5FSwygwnRHWfTXvjcX/vHaqw4qfMZGkmgoyXRSmHOkYjeNAXSYp0XxoCCaSmVsR6WOJiTah5U0I7vzLi6RRKrrlYvn2vFC9msWRgyM4hlNw4QKqcAM1qAOBR3iGV3iznqwX6936mLYuWbOZA/gD6/MHRpuWJA==</latexit>

ω < 2→ 10→8

Sourcing on Earth starts for
<latexit sha1_base64="d7TK3NPkXKCRlKBpStzWds2aWNY=">AAACAnicbVA9SwNBEJ3zM8avUyuxWQyCjeEuaLSwCNpYRjAfkDvD3maTLNnbO3b3hHAEG/+KjYUitv4KO/+Nm+QKTXww8Hhvhpl5QcyZ0o7zbS0sLi2vrObW8usbm1vb9s5uXUWJJLRGIh7JZoAV5UzQmmaa02YsKQ4DThvB4HrsNx6oVCwSd3oYUz/EPcG6jGBtpLa979FYMR6Jy5KnWUgVcp379MQ9G7XtglN0JkDzxM1IATJU2/aX14lIElKhCcdKtVwn1n6KpWaE01HeSxSNMRngHm0ZKrDZ5qeTF0boyCgd1I2kKaHRRP09keJQqWEYmM4Q676a9cbif14r0d0LP2UiTjQVZLqom3CkIzTOA3WYpETzoSGYSGZuRaSPJSbapJY3IbizL8+Teqnolovl29NC5SqLIwcHcAjH4MI5VOAGqlADAo/wDK/wZj1ZL9a79TFtXbCymT34A+vzB7msllw=</latexit>

ω < 2→ 10→15

Large enough:
<latexit sha1_base64="8bewNL6kBzKh/r8GQwopYOYdtwM="></latexit>

qR→ ↭ O(1) → ωmR→ ↭ O(1)

For Earth this implies 
<latexit sha1_base64="Lc+LJmE4xQBMOv0U3RWEynq11qM=">AAACDnicbVDJSgNBEO1xjXEb9eilMQQ8hRkj0WPQgx4jmAUyMfR0arRJz0J3jRiG+ANe/BUvHhTx6tmbf2NnOajxQcHjvSqq6vmJFBod58uam19YXFrOreRX19Y3Nu2t7YaOU8WhzmMZq5bPNEgRQR0FSmglCljoS2j6/dOR37wFpUUcXeIggU7IriMRCM7QSF27GHSZJ0FrLcKyhyIETV3nKnPLw3sP4Q6zM2gMu3bBKTlj0FniTkmBTFHr2p9eL+ZpCBFyybRuu06CnYwpFFzCMO+lGhLG++wa2oZGzOztZON3hrRolB4NYmUqQjpWf05kLNR6EPqmM2R4o/96I/E/r51icNzJRJSkCBGfLApSSTGmo2xoTyjgKAeGMK6EuZXyG6YYR5Ng3oTg/n15ljQOSm6lVLk4LFRPpnHkyC7ZI/vEJUekSs5JjdQJJw/kibyQV+vRerberPdJ65w1ndkhv2B9fAMjdpwv</latexit>

fa ↭ 3→ 1013 GeV

<latexit sha1_base64="r+pZcRrtqOwutgPZktrede/3c7s=">AAAB83icbVBNS8NAEN3Ur1q/qh69LBbBU0lEqicpevFYwX5AE8pks2mX7m7C7kYooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMC1POtHHdb6e0tr6xuVXeruzs7u0fVA+POjrJFKFtkvBE9ULQlDNJ24YZTnupoiBCTrvh+G7md5+o0iyRj2aS0kDAULKYETBW8v2IcgNY3IgBDKo1t+7OgVeJV5AaKtAaVL/8KCGZoNIQDlr3PTc1QQ7KMMLptOJnmqZAxjCkfUslCKqDfH7zFJ9ZJcJxomxJg+fq74kchNYTEdpOAWakl72Z+J/Xz0x8HeRMppmhkiwWxRnHJsGzAHDEFCWGTywBopi9FZMRKCDGxlSxIXjLL6+SzkXda9QbD5e15m0RRxmdoFN0jjx0hZroHrVQGxGUomf0it6czHlx3p2PRWvJKWaO0R84nz+Bl5Fb</latexit>

ωm > ma

Gradients for
<latexit sha1_base64="p2qQLpQpY8pi9D5pp06GTtKr9ZY=">AAAB/nicbZDLSsNAFIZPvNZ6i4orN4NFcFUSkerCRdGNyyr2Am0Ik+mkHTqZxJmJUELBV3HjQhG3Poc738ZpG0Rbfxj4+M85nDN/kHCmtON8WQuLS8srq4W14vrG5ta2vbPbUHEqCa2TmMeyFWBFORO0rpnmtJVIiqOA02YwuBrXmw9UKhaLOz1MqBfhnmAhI1gby7f3B7d+J054qi7uf8j17ZJTdiZC8+DmUIJcNd/+7HRjkkZUaMKxUm3XSbSXYakZ4XRU7KSKJpgMcI+2DQocUeVlk/NH6Mg4XRTG0jyh0cT9PZHhSKlhFJjOCOu+mq2Nzf9q7VSH517GRJJqKsh0UZhypGM0zgJ1maRE86EBTCQztyLSxxITbRIrmhDc2S/PQ+Ok7FbKlZvTUvUyj6MAB3AIx+DCGVThGmpQBwIZPMELvFqP1rP1Zr1PWxesfGYP/sj6+AYKepWN</latexit>

kR→ < qR→ < 1

<latexit sha1_base64="Aqh9mx7T0dTAKPyy8uFfW05POZ4=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SIUvXisYD+gDWWznbRrN9mwuxFK6H/w4kERr/4fb/4bt20O2vpg4PHeDDPzgkRwbVz321lZXVvf2CxsFbd3dvf2SweHTS1TxbDBpJCqHVCNgsfYMNwIbCcKaRQIbAWj26nfekKluYwfzDhBP6KDmIecUWOlZheFuHZ7pbJbcWcgy8TLSRly1Hulr25fsjTC2DBBte54bmL8jCrDmcBJsZtqTCgb0QF2LI1phNrPZtdOyKlV+iSUylZsyEz9PZHRSOtxFNjOiJqhXvSm4n9eJzXhlZ/xOEkNxmy+KEwFMZJMXyd9rpAZMbaEMsXtrYQNqaLM2ICKNgRv8eVl0jyveNVK9f6iXLvJ4yjAMZzAGXhwCTW4gzo0gMEjPMMrvDnSeXHenY9564qTzxzBHzifPwOAjsc=</latexit>

ω = 0

<latexit sha1_base64="eN+Q+5x+ahUQqjTDscOYTeiu7WU="></latexit>

1

ka0
r̂ · ω→a ↑ ↓ (qR→)2

3kR→
↑ ↓ (εmR→)2

3kR→
-mode
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Parameter Space
Where is the effect important?
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Parameter Space
Where is the effect important? Amplitude suppressed

Gradient enhanced
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Conclusions

• provide a unique probe of ULDM coupling to the strong sector and may exhibit a 
encanced sensitivity of  compared to atomic clocks108 − 1010

• Looked at geometric classical and halo EFT for , nightmare scenario seems unlikely 229Th

• Hyperfine spectroscopy allows to test nuclear multipole moments via
<latexit sha1_base64="nZRCYNXPPkEGskJsaUZhUpm62AM="></latexit>

H =
∑

k

1

k
V (k)Q(k)

spec

If crystal structure is known  varying structures allow to probe differnt multipole⇒

• Experimentally accessible parameter usually fine tuned: can protect the mass 
with twin—Higgs inspired model

Nuclear clocks

Quadratically coupled ULDM

• SM—matter backgrounds distort the local ULDM density

 suppresses field amplitudes⇒
 enhances field gradients⇒


