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pion mass also depends on 𝜃 
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pion mass also depends on 𝜃 

Different choice of 𝜃 leads to different spectrum
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The strong CP angle dynamically relaxes to CP-conserving vacuum
solving the strong CP dynamically
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This axion could oscillate around minimum

Such a oscillating field behaves like matter

Axion oscillation around its minimum comprise DM in the present universe



Since QCD spectrum depends on 𝜃 

the presence of axion DM naturally imply 

oscillations of nuclear quantities

What are the implications?



Since QCD spectrum depends on 𝜃 

the presence of axion DM naturally imply 

oscillations of nuclear quantities

What are the implications?

m2
⇡(✓)

<latexit sha1_base64="12S/Qjnnaq+BRHE2HAhfWXwZM6M=">AAACGXicbVDLTsJAFJ3iC+uDqks3jcQEN6QlGF0S3bjERB4Jrc10OsCE6SMzt0TS8CVs9UPcGbeu/A5/wAG6EPAkk5ycc2/umeMnnEmwrG+tsLW9s7tX3NcPDo+OS8bJaVvGqSC0RWIei66PJeUsoi1gwGk3ERSHPqcdf3Q/9ztjKiSLoyeYJNQN8SBifUYwKMkzSqHnJOy5VnFgSAFfeUbZqloLmJvEzkkZ5Wh6xo8TxCQNaQSEYyl7tpWAm2EBjHA61Z1U0gSTER7QnqIRDql0s0XwqXmplMDsx0K9CMyF+ncjw6GUk9BXkyGGoVz35uJ/Xi8Ys0Tmt16Wx1aTQP/WzViUpEAjsgzST7kJsTlvyQyYoAT4RBFMBFN/MckQC0xAdanrqiV7vZNN0q5V7Xr1+rFebtzlfRXRObpAFWSjG9RAD6iJWoigFM3QK3rTZtq79qF9LkcLWr5zhlagff0CV2mgbQ==</latexit>

⇡

<latexit sha1_base64="ZPFeRHyJxWO/VcTnd4WkRVOtN/w=">AAACC3icbVDLTsJAFL3FF9YX6tJNIzFxRVqD0SXRjUuM8kigIdPpFCZMp5OZKZE0fAJb/RB3xq0f4Xf4Aw7QhYAnmeTknHtzz5xAMKq0635bhY3Nre2d4q69t39weFQ6PmmqJJWYNHDCEtkOkCKMctLQVDPSFpKgOGCkFQzvZ35rRKSiCX/WY0H8GPU5jShG2khPXUF7pbJbcedw1omXkzLkqPdKP90wwWlMuMYMKdXxXKH9DElNMSMTu5sqIhAeoj7pGMpRTJSfzaNOnAujhE6USPO4dubq340MxUqN48BMxkgP1Ko3E//zOuGICpXfelkcW06io1s/o1ykmnC8CBKlzNGJM+vFCakkWLOxIQhLav7i4AGSCGvTnm2blrzVTtZJ86riVSvXj9Vy7S7vqwhncA6X4MEN1OAB6tAADH2Ywiu8WVPr3fqwPhejBSvfOYUlWF+/Me6bpQ==</latexit>

⇡

<latexit sha1_base64="ZPFeRHyJxWO/VcTnd4WkRVOtN/w=">AAACC3icbVDLTsJAFL3FF9YX6tJNIzFxRVqD0SXRjUuM8kigIdPpFCZMp5OZKZE0fAJb/RB3xq0f4Xf4Aw7QhYAnmeTknHtzz5xAMKq0635bhY3Nre2d4q69t39weFQ6PmmqJJWYNHDCEtkOkCKMctLQVDPSFpKgOGCkFQzvZ35rRKSiCX/WY0H8GPU5jShG2khPXUF7pbJbcedw1omXkzLkqPdKP90wwWlMuMYMKdXxXKH9DElNMSMTu5sqIhAeoj7pGMpRTJSfzaNOnAujhE6USPO4dubq340MxUqN48BMxkgP1Ko3E//zOuGICpXfelkcW06io1s/o1ykmnC8CBKlzNGJM+vFCakkWLOxIQhLav7i4AGSCGvTnm2blrzVTtZJ86riVSvXj9Vy7S7vqwhncA6X4MEN1OAB6tAADH2Ywiu8WVPr3fqwPhejBSvfOYUlWF+/Me6bpQ==</latexit>

✓

<latexit sha1_base64="wYDM7gkfvAIy5LO4naYN03j4Qnc=">AAACDnicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtM5JFAQ6bTKYxMp83MLZE0/ANb/RB3xq2/4Hf4Aw7QhYAnmeTknHtzzxw/EVyD43xbhY3Nre2d4q69t39weFQ6PmnqOFWUNWgsYtX2iWaCS9YADoK1E8VI5AvW8of3M781YkrzWD7BOGFeRPqSh5wSMFKzCwMGpFcqOxVnDrxO3JyUUY56r/TTDWKaRkwCFUTrjusk4GVEAaeCTexuqllC6JD0WcdQSSKmvWyedoIvjBLgMFbmScBz9e9GRiKtx5FvJiMCA73qzcT/vE4w4onOb70sji0ngfDWy7hMUmCSLoKEqcAQ41k1OOCKURBjQwhV3PwF0wFRhIIp0LZNS+5qJ+ukeVVxq5Xrx2q5dpf3VURn6BxdIhfdoBp6QHXUQBQ9oyl6RW/W1Hq3PqzPxWjByndO0RKsr1+vaJ0A</latexit>

✓

<latexit sha1_base64="wYDM7gkfvAIy5LO4naYN03j4Qnc=">AAACDnicbVDLTsJAFJ3iC+sLdelmIjFxRVqD0SXRjUtM5JFAQ6bTKYxMp83MLZE0/ANb/RB3xq2/4Hf4Aw7QhYAnmeTknHtzzxw/EVyD43xbhY3Nre2d4q69t39weFQ6PmnqOFWUNWgsYtX2iWaCS9YADoK1E8VI5AvW8of3M781YkrzWD7BOGFeRPqSh5wSMFKzCwMGpFcqOxVnDrxO3JyUUY56r/TTDWKaRkwCFUTrjusk4GVEAaeCTexuqllC6JD0WcdQSSKmvWyedoIvjBLgMFbmScBz9e9GRiKtx5FvJiMCA73qzcT/vE4w4onOb70sji0ngfDWy7hMUmCSLoKEqcAQ41k1OOCKURBjQwhV3PwF0wFRhIIp0LZNS+5qJ+ukeVVxq5Xrx2q5dpf3VURn6BxdIhfdoBp6QHXUQBQ9oyl6RW/W1Hq3PqzPxWjByndO0RKsr1+vaJ0A</latexit>



Since QCD spectrum depends on 𝜃 

the presence of axion DM naturally imply 

oscillations of nuclear quantities

m2
⇡(✓)

<latexit sha1_base64="12S/Qjnnaq+BRHE2HAhfWXwZM6M=">AAACGXicbVDLTsJAFJ3iC+uDqks3jcQEN6QlGF0S3bjERB4Jrc10OsCE6SMzt0TS8CVs9UPcGbeu/A5/wAG6EPAkk5ycc2/umeMnnEmwrG+tsLW9s7tX3NcPDo+OS8bJaVvGqSC0RWIei66PJeUsoi1gwGk3ERSHPqcdf3Q/9ztjKiSLoyeYJNQN8SBifUYwKMkzSqHnJOy5VnFgSAFfeUbZqloLmJvEzkkZ5Wh6xo8TxCQNaQSEYyl7tpWAm2EBjHA61Z1U0gSTER7QnqIRDql0s0XwqXmplMDsx0K9CMyF+ncjw6GUk9BXkyGGoVz35uJ/Xi8Ys0Tmt16Wx1aTQP/WzViUpEAjsgzST7kJsTlvyQyYoAT4RBFMBFN/MckQC0xAdanrqiV7vZNN0q5V7Xr1+rFebtzlfRXRObpAFWSjG9RAD6iJWoigFM3QK3rTZtq79qF9LkcLWr5zhlagff0CV2mgbQ==</latexit>

What are the implications?

mN (✓)

<latexit sha1_base64="t7Xpj08Yn8SDEWVA7ooI51RY9yI=">AAACE3icbVDLSsNAFJ3UV42vqks3g0Wom5JIRZdFN66kgn1AGspkMmmHTh7M3BRL6Gd0qx/iTtz6AX6HP+C0zcK2Hhg4nHMv98zxEsEVWNa3UdjY3NreKe6ae/sHh0el45OWilNJWZPGIpYdjygmeMSawEGwTiIZCT3B2t7wfua3R0wqHkfPME6YG5J+xANOCWjJCXuPlS4MGJDLXqlsVa058Dqxc1JGORq90k/Xj2kasgioIEo5tpWAmxEJnAo2MbupYgmhQ9JnjqYRCZlys3nkCb7Qio+DWOoXAZ6rfzcyEio1Dj09GRIYqFVvJv7nOf6IJyq/9bI4tpwEgls341GSAovoIkiQCgwxnvWDfS4ZBTHWhFDJ9V8wHRBJKOgWTVO3ZK92sk5aV1W7Vr1+qpXrd3lfRXSGzlEF2egG1dEDaqAmoihGU/SK3oyp8W58GJ+L0YKR75yiJRhfv8t+np0=</latexit>

�mN ' �4c1m
2
⇡(✓)�

3g2Am
3
⇡(✓)

32⇡f2
⇡

<latexit sha1_base64="Os2qRGDuESSm7s7XXbfFdRzPJ3k="></latexit>

+

<latexit sha1_base64="1FdYvUyZugSwySVR8ubwLFuCzRc=">AAACCXicbVDLSsNAFJ3UV42vqks3g0UQhJJIRZdFNy5bsLXQhjKZ3LRDJ5MwMymW0C/oVj/Enbj1K/wOf8Bpm4VtPTBwOOde7pnjJ5wp7TjfVmFjc2t7p7hr7+0fHB6Vjk9aKk4lhSaNeSzbPlHAmYCmZppDO5FAIp/Dsz98mPnPI5CKxeJJjxPwItIXLGSUaCM1rnqlslNx5sDrxM1JGeWo90o/3SCmaQRCU06U6rhOor2MSM0oh4ndTRUkhA5JHzqGChKB8rJ50Am+MEqAw1iaJzSeq383MhIpNY58MxkRPVCr3kz8z+sEI5ao/NbL4thyEh3eeRkTSapB0EWQMOVYx3jWCg6YBKr52BBCJTN/wXRAJKHadGfbpiV3tZN10rquuNXKTaNart3nfRXRGTpHl8hFt6iGHlEdNRFFgKboFb1ZU+vd+rA+F6MFK985RUuwvn4BMSqahw==</latexit>



Since QCD spectrum depends on 𝜃 

the presence of axion DM naturally imply 

oscillations of nuclear quantities

m2
⇡(✓)

<latexit sha1_base64="12S/Qjnnaq+BRHE2HAhfWXwZM6M=">AAACGXicbVDLTsJAFJ3iC+uDqks3jcQEN6QlGF0S3bjERB4Jrc10OsCE6SMzt0TS8CVs9UPcGbeu/A5/wAG6EPAkk5ycc2/umeMnnEmwrG+tsLW9s7tX3NcPDo+OS8bJaVvGqSC0RWIei66PJeUsoi1gwGk3ERSHPqcdf3Q/9ztjKiSLoyeYJNQN8SBifUYwKMkzSqHnJOy5VnFgSAFfeUbZqloLmJvEzkkZ5Wh6xo8TxCQNaQSEYyl7tpWAm2EBjHA61Z1U0gSTER7QnqIRDql0s0XwqXmplMDsx0K9CMyF+ncjw6GUk9BXkyGGoVz35uJ/Xi8Ys0Tmt16Wx1aTQP/WzViUpEAjsgzST7kJsTlvyQyYoAT4RBFMBFN/MckQC0xAdanrqiV7vZNN0q5V7Xr1+rFebtzlfRXRObpAFWSjG9RAD6iJWoigFM3QK3rTZtq79qF9LkcLWr5zhlagff0CV2mgbQ==</latexit>

mN (✓)

<latexit sha1_base64="t7Xpj08Yn8SDEWVA7ooI51RY9yI=">AAACE3icbVDLSsNAFJ3UV42vqks3g0Wom5JIRZdFN66kgn1AGspkMmmHTh7M3BRL6Gd0qx/iTtz6AX6HP+C0zcK2Hhg4nHMv98zxEsEVWNa3UdjY3NreKe6ae/sHh0el45OWilNJWZPGIpYdjygmeMSawEGwTiIZCT3B2t7wfua3R0wqHkfPME6YG5J+xANOCWjJCXuPlS4MGJDLXqlsVa058Dqxc1JGORq90k/Xj2kasgioIEo5tpWAmxEJnAo2MbupYgmhQ9JnjqYRCZlys3nkCb7Qio+DWOoXAZ6rfzcyEio1Dj09GRIYqFVvJv7nOf6IJyq/9bI4tpwEgls341GSAovoIkiQCgwxnvWDfS4ZBTHWhFDJ9V8wHRBJKOgWTVO3ZK92sk5aV1W7Vr1+qpXrd3lfRXSGzlEF2egG1dEDaqAmoihGU/SK3oyp8W58GJ+L0YKR75yiJRhfv8t+np0=</latexit>

What are the implications?

gn,p(✓)

<latexit sha1_base64="AMoqS5FSxu9KogigWa22LvmiRDA=">AAACGXicbVDLSsNAFJ34rPHRqEs3wSJUkJJIRZdFNy4r2Ae0IUwm03boZBJmbool9Eu61Q9xJ25d+R3+gNM2C9t6YOBwzr3cMydIOFPgON/GxubW9s5uYc/cPzg8KlrHJ00Vp5LQBol5LNsBVpQzQRvAgNN2IimOAk5bwfBh5rdGVCoWi2cYJ9SLcF+wHiMYtORbxb6fiatkUu7CgAK+9K2SU3HmsNeJm5MSylH3rZ9uGJM0ogIIx0p1XCcBL8MSGOF0YnZTRRNMhrhPO5oKHFHlZfPgE/tCK6Hdi6V+Auy5+ncjw5FS4yjQkxGGgVr1ZuJ/XiccsUTlt14Wx5aTQO/Oy5hIUqCCLIL0Um5DbM9askMmKQE+1gQTyfRfbDLAEhPQXZqmbsld7WSdNK8rbrVy81Qt1e7zvgroDJ2jMnLRLaqhR1RHDURQiqboFb0ZU+Pd+DA+F6MbRr5zipZgfP0Cs36gpA==</latexit>

+

<latexit sha1_base64="1FdYvUyZugSwySVR8ubwLFuCzRc=">AAACCXicbVDLSsNAFJ3UV42vqks3g0UQhJJIRZdFNy5bsLXQhjKZ3LRDJ5MwMymW0C/oVj/Enbj1K/wOf8Bpm4VtPTBwOOde7pnjJ5wp7TjfVmFjc2t7p7hr7+0fHB6Vjk9aKk4lhSaNeSzbPlHAmYCmZppDO5FAIp/Dsz98mPnPI5CKxeJJjxPwItIXLGSUaCM1rnqlslNx5sDrxM1JGeWo90o/3SCmaQRCU06U6rhOor2MSM0oh4ndTRUkhA5JHzqGChKB8rJ50Am+MEqAw1iaJzSeq383MhIpNY58MxkRPVCr3kz8z+sEI5ao/NbL4thyEh3eeRkTSapB0EWQMOVYx3jWCg6YBKr52BBCJTN/wXRAJKHadGfbpiV3tZN10rquuNXKTaNart3nfRXRGTpHl8hFt6iGHlEdNRFFgKboFb1ZU+vd+rA+F6MFK985RUuwvn4BMSqahw==</latexit>

+

<latexit sha1_base64="1FdYvUyZugSwySVR8ubwLFuCzRc=">AAACCXicbVDLSsNAFJ3UV42vqks3g0UQhJJIRZdFNy5bsLXQhjKZ3LRDJ5MwMymW0C/oVj/Enbj1K/wOf8Bpm4VtPTBwOOde7pnjJ5wp7TjfVmFjc2t7p7hr7+0fHB6Vjk9aKk4lhSaNeSzbPlHAmYCmZppDO5FAIp/Dsz98mPnPI5CKxeJJjxPwItIXLGSUaCM1rnqlslNx5sDrxM1JGeWo90o/3SCmaQRCU06U6rhOor2MSM0oh4ndTRUkhA5JHzqGChKB8rJ50Am+MEqAw1iaJzSeq383MhIpNY58MxkRPVCr3kz8z+sEI5ao/NbL4thyEh3eeRkTSapB0EWQMOVYx3jWCg6YBKr52BBCJTN/wXRAJKHadGfbpiV3tZN10rquuNXKTaNart3nfRXRGTpHl8hFt6iGHlEdNRFFgKboFb1ZU+vd+rA+F6MFK985RUuwvn4BMSqahw==</latexit>

… �gn,p(✓) ' ±g2AmNm⇡(✓)

4⇡f2
⇡

<latexit sha1_base64="sAkeec3YtwhcuBQH9ACqtVhP3JU="></latexit>



Since QCD spectrum depends on 𝜃 

the presence of axion DM naturally imply 

oscillations of nuclear quantities

m2
⇡(✓)

<latexit sha1_base64="12S/Qjnnaq+BRHE2HAhfWXwZM6M=">AAACGXicbVDLTsJAFJ3iC+uDqks3jcQEN6QlGF0S3bjERB4Jrc10OsCE6SMzt0TS8CVs9UPcGbeu/A5/wAG6EPAkk5ycc2/umeMnnEmwrG+tsLW9s7tX3NcPDo+OS8bJaVvGqSC0RWIei66PJeUsoi1gwGk3ERSHPqcdf3Q/9ztjKiSLoyeYJNQN8SBifUYwKMkzSqHnJOy5VnFgSAFfeUbZqloLmJvEzkkZ5Wh6xo8TxCQNaQSEYyl7tpWAm2EBjHA61Z1U0gSTER7QnqIRDql0s0XwqXmplMDsx0K9CMyF+ncjw6GUk9BXkyGGoVz35uJ/Xi8Ys0Tmt16Wx1aTQP/WzViUpEAjsgzST7kJsTlvyQyYoAT4RBFMBFN/MckQC0xAdanrqiV7vZNN0q5V7Xr1+rFebtzlfRXRObpAFWSjG9RAD6iJWoigFM3QK3rTZtq79qF9LkcLWr5zhlagff0CV2mgbQ==</latexit>

mN (✓)

<latexit sha1_base64="t7Xpj08Yn8SDEWVA7ooI51RY9yI=">AAACE3icbVDLSsNAFJ3UV42vqks3g0Wom5JIRZdFN66kgn1AGspkMmmHTh7M3BRL6Gd0qx/iTtz6AX6HP+C0zcK2Hhg4nHMv98zxEsEVWNa3UdjY3NreKe6ae/sHh0el45OWilNJWZPGIpYdjygmeMSawEGwTiIZCT3B2t7wfua3R0wqHkfPME6YG5J+xANOCWjJCXuPlS4MGJDLXqlsVa058Dqxc1JGORq90k/Xj2kasgioIEo5tpWAmxEJnAo2MbupYgmhQ9JnjqYRCZlys3nkCb7Qio+DWOoXAZ6rfzcyEio1Dj09GRIYqFVvJv7nOf6IJyq/9bI4tpwEgls341GSAovoIkiQCgwxnvWDfS4ZBTHWhFDJ9V8wHRBJKOgWTVO3ZK92sk5aV1W7Vr1+qpXrd3lfRXSGzlEF2egG1dEDaqAmoihGU/SK3oyp8W58GJ+L0YKR75yiJRhfv8t+np0=</latexit>

What are the implications?

gn,p(✓)

<latexit sha1_base64="AMoqS5FSxu9KogigWa22LvmiRDA=">AAACGXicbVDLSsNAFJ34rPHRqEs3wSJUkJJIRZdFNy4r2Ae0IUwm03boZBJmbool9Eu61Q9xJ25d+R3+gNM2C9t6YOBwzr3cMydIOFPgON/GxubW9s5uYc/cPzg8KlrHJ00Vp5LQBol5LNsBVpQzQRvAgNN2IimOAk5bwfBh5rdGVCoWi2cYJ9SLcF+wHiMYtORbxb6fiatkUu7CgAK+9K2SU3HmsNeJm5MSylH3rZ9uGJM0ogIIx0p1XCcBL8MSGOF0YnZTRRNMhrhPO5oKHFHlZfPgE/tCK6Hdi6V+Auy5+ncjw5FS4yjQkxGGgVr1ZuJ/XiccsUTlt14Wx5aTQO/Oy5hIUqCCLIL0Um5DbM9askMmKQE+1gQTyfRfbDLAEhPQXZqmbsld7WSdNK8rbrVy81Qt1e7zvgroDJ2jMnLRLaqhR1RHDURQiqboFb0ZU+Pd+DA+F6MbRr5zipZgfP0Cs36gpA==</latexit>

The atomic energy level oscillates accordingly!

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>



Are oscillations of atomic energy level observable in a lab?



Are oscillations of atomic energy level observable in a lab?

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>

Imagine a situation where we interrogate atoms periodically
to measure the transition frequency



Are oscillations of atomic energy level observable in a lab?

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>

Imagine a situation where we interrogate atoms periodically
to measure the transition frequency

In an ideal world without axion, this measurement would give us 

time

f



Now imagine the same exp. but with axion

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>



Now imagine the same exp. but with axion

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>

the same measurement would give us 

time

f



the same measurement would give us 

by looking for a harmonic signal

oscillations of energy level can be probed

time

f



the same measurement would give us 

by looking for a harmonic signal

oscillations of energy level can be probed

time

f

for dilaton-like (or scalar) DM searches

L = � ̄ + �FF + �GG

<latexit sha1_base64="GPe2PQUqqXv+1jpc9f6VqScEjtI="></latexit>

atomic clocks provide useful tools
[Arvanitaki, van Tilburg, Huang 14]



We claim that the same principle can be used for 

because nuclear quantities oscillate according to axion DM

L =
g2s

32⇡2

a

f
G eG

<latexit sha1_base64="jzr8xkg7WdD+lInRqo8kkADwuak="></latexit>



We claim that the same principle can be used for 

because nuclear quantities oscillate according to axion DM

L =
g2s

32⇡2

a

f
G eG

<latexit sha1_base64="jzr8xkg7WdD+lInRqo8kkADwuak="></latexit>

[HK and Gilad Perez, 22]



To see how it works

let us consider hyperfine splitting in hydrogen atom

p

e

H = �~µe · ~Bp

<latexit sha1_base64="MaEKcZUziasgG4cUr7yS0TtrhMc=">AAACKXicbVDLSgNBEJz1GeMr6tGDg0HwYtiViF6EEC85RjAPyIZldrY3GTL7YGY2GJYc/Zpc9UO8qVc/wR9wkuzBJBY0FFXddHe5MWdSmeansba+sbm1ndvJ7+7tHxwWjo6bMkoEhQaNeCTaLpHAWQgNxRSHdiyABC6Hljt4mPqtIQjJovBJjWLoBqQXMp9RorTkFM5q+B5fYXsIFNtB4gC2qRepuVB1YqdQNEvmDHiVWBkpogx1p/BjexFNAggV5UTKjmXGqpsSoRjlMM7biYSY0AHpQUfTkAQgu+nskTG+0IqH/UjoChWeqX8nUhJIOQpc3RkQ1ZfL3lT8z+t4QxbLbNfzfNniJcq/66YsjBMFIZ0f4iccqwhPU8MeE0AVH2lCqGD6F0z7RBCqdLb5vE7JWs5klTSvS1a5dPNYLlaqWV45dIrO0SWy0C2qoBqqowai6AVN0Ct6MybGu/FhfM1b14xs5gQtwPj+BYhSpZg=</latexit>

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>

f = 1420MHz

<latexit sha1_base64="hTQlpkwIIr8/aw0NBgXefy1elqs=">AAACHXicbVDLSsNAFJ3UV42vaJduBovgQkpSKroRim66ESrYBzShTCaTdujkwcykGEO/pVv9EHfiVvwOf8Bpm4VtPTBwOOde7pnjxowKaZrfWmFjc2t7p7ir7+0fHB4ZxydtESUckxaOWMS7LhKE0ZC0JJWMdGNOUOAy0nFH9zO/MyZc0Ch8kmlMnAANQupTjKSS+kbJh7fQqlVN+zKzeQAfGi+TvlE2K+YccJ1YOSmDHM2+8WN7EU4CEkrMkBA9y4ylkyEuKWZkotuJIDHCIzQgPUVDFBDhZPPwE3iuFA/6EVcvlHCu/t3IUCBEGrhqMkByKFa9mfif1/PGNBb5refFseUk0r9xMhrGiSQhXgTxEwZlBGdNQY9ygiVLFUGYU/UXiIeIIyxVn7quWrJWO1kn7WrFqlWuHmvl+l3eVxGcgjNwASxwDeqgAZqgBTBIwRS8gjdtqr1rH9rnYrSg5TslsATt6xdau6DV</latexit>

� = 21 cm

<latexit sha1_base64="AQYI+lCyJyIl0ZUjd0KArlDoRDM=">AAACIXicbVDLSsNAFJ34rPEVdeHCzWARXEhJSkU3QtGNywr2AU0ok8mkHTqThJlJsYR8Tbf6Ie7EnfgZ/oDTNgvbeuDC4Zx7ufceP2FUKtv+MtbWNza3tks75u7e/sGhdXTcknEqMGnimMWi4yNJGI1IU1HFSCcRBHGfkbY/fJj67RERksbRsxonxOOoH9GQYqS01LNOXaabAwTvqg50r2DmCg4xz3tW2a7YM8BV4hSkDAo0etaPG8Q45SRSmCEpu46dKC9DQlHMSG66qSQJwkPUJ11NI8SJ9LLZAzm80EoAw1joihScqX8nMsSlHHNfd3KkBnLZm4r/ed1gRBNZ7HqZL1u8RIW3XkajJFUkwvNDwpRBFcNpWjCggmDFxpogLKj+BeIBEggrnalp6pSc5UxWSatacWqV66dauX5f5FUCZ+AcXAIH3IA6eAQN0AQY5GACXsGbMTHejQ/jc966ZhQzJ2ABxvcvFvCi0Q==</latexit>



To see how it works

let us consider hyperfine splitting in hydrogen atom

p

e

|0i

<latexit sha1_base64="JPSe+Ki642HnouUiGScxK428V94=">AAACEXicbVBLTsMwFHwpvxJ+BZZsLCokVlWCQLCsYMOySPSD2qhyHKe16jiR7VRUoafoFg7CDrHlBJyDC+C2WdCWkSyNZt7TG4+fcKa043xbhbX1jc2t4ra9s7u3f1A6PGqoOJWE1knMY9nysaKcCVrXTHPaSiTFkc9p0x/cTf3mkErFYvGoRwn1ItwTLGQEayM9vTgdiUWP026p7FScGdAqcXNShhy1bumnE8QkjajQhGOl2q6TaC/DUjPC6djupIommAxwj7YNFTiiystmgcfozCgBCmNpntBopv7dyHCk1CjyzWSEdV8te1PxP68dDFmi8lvP82OLSXR442VMJKmmgsyDhClHOkbTdlDAJCWajwzBRDLzF0T6WGKiTYe2bVpylztZJY2LintZuXq4LFdv876KcAKncA4uXEMV7qEGdSAQwQRe4c2aWO/Wh/U5Hy1Y+c4xLMD6+gXj7J4t</latexit>

|1i

<latexit sha1_base64="Co1xsm/zZZHVSu+I+wwppOZ1x5o=">AAACE3icbVDLTsJAFL3FF+ILdelmIjFxRVqD0SXRjUtM5JGUhkynU5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lQS2iQxj2XHx4pyJmhTM81pJ5EURz6nbX94P/PbIyoVi8WTHifUi3BfsJARrI3kviAHdSUWfU575YpdtedA68TJSQVyNHrln24QkzSiQhOOlXIdO9FehqVmhNNJqZsqmmAyxH3qGipwRJWXzSNP0IVRAhTG0jyh0Vz9u5HhSKlx5JvJCOuBWvVm4n+eG4xYovJbz4tjy0l0eOtlTCSppoIsgoQpRzpGs35QwCQlmo8NwUQy8xdEBlhiok2LpZJpyVntZJ20rqpOrXr9WKvU7/K+inAG53AJDtxAHR6gAU0gEMMUXuHNmlrv1of1uRgtWPnOKSzB+voFnDyegg==</latexit>

f = 1420MHz

<latexit sha1_base64="hTQlpkwIIr8/aw0NBgXefy1elqs=">AAACHXicbVDLSsNAFJ3UV42vaJduBovgQkpSKroRim66ESrYBzShTCaTdujkwcykGEO/pVv9EHfiVvwOf8Bpm4VtPTBwOOde7pnjxowKaZrfWmFjc2t7p7ir7+0fHB4ZxydtESUckxaOWMS7LhKE0ZC0JJWMdGNOUOAy0nFH9zO/MyZc0Ch8kmlMnAANQupTjKSS+kbJh7fQqlVN+zKzeQAfGi+TvlE2K+YccJ1YOSmDHM2+8WN7EU4CEkrMkBA9y4ylkyEuKWZkotuJIDHCIzQgPUVDFBDhZPPwE3iuFA/6EVcvlHCu/t3IUCBEGrhqMkByKFa9mfif1/PGNBb5refFseUk0r9xMhrGiSQhXgTxEwZlBGdNQY9ygiVLFUGYU/UXiIeIIyxVn7quWrJWO1kn7WrFqlWuHmvl+l3eVxGcgjNwASxwDeqgAZqgBTBIwRS8gjdtqr1rH9rnYrSg5TslsATt6xdau6DV</latexit>

� = 21 cm

<latexit sha1_base64="AQYI+lCyJyIl0ZUjd0KArlDoRDM=">AAACIXicbVDLSsNAFJ34rPEVdeHCzWARXEhJSkU3QtGNywr2AU0ok8mkHTqThJlJsYR8Tbf6Ie7EnfgZ/oDTNgvbeuDC4Zx7ufceP2FUKtv+MtbWNza3tks75u7e/sGhdXTcknEqMGnimMWi4yNJGI1IU1HFSCcRBHGfkbY/fJj67RERksbRsxonxOOoH9GQYqS01LNOXaabAwTvqg50r2DmCg4xz3tW2a7YM8BV4hSkDAo0etaPG8Q45SRSmCEpu46dKC9DQlHMSG66qSQJwkPUJ11NI8SJ9LLZAzm80EoAw1joihScqX8nMsSlHHNfd3KkBnLZm4r/ed1gRBNZ7HqZL1u8RIW3XkajJFUkwvNDwpRBFcNpWjCggmDFxpogLKj+BeIBEggrnalp6pSc5UxWSatacWqV66dauX5f5FUCZ+AcXAIH3IA6eAQN0AQY5GACXsGbMTHejQ/jc966ZhQzJ2ABxvcvFvCi0Q==</latexit>

E =
4

3
(m2

e↵
4)

gp
mp

<latexit sha1_base64="5z+dQg2zoNSCUfMFVnsTUIqnWS0="></latexit>



In the presence of axion DM

E =
4

3
(m2

e↵
4)

gp
mp

<latexit sha1_base64="5z+dQg2zoNSCUfMFVnsTUIqnWS0="></latexit>

energy level slightly changes as

�E

E
=

�gp
gp

� �mp

mp

<latexit sha1_base64="sDuSq52RsyA1H6PVLCwCd48kSaE="></latexit>



In the presence of axion DM

E =
4

3
(m2

e↵
4)

gp
mp

<latexit sha1_base64="5z+dQg2zoNSCUfMFVnsTUIqnWS0="></latexit>

energy level slightly changes as

�E

E
=

�gp
gp

� �mp

mp

<latexit sha1_base64="sDuSq52RsyA1H6PVLCwCd48kSaE="></latexit>

=

✓
@ ln gp
@ lnm2

⇡

� @ lnmp

@ lnm2
⇡

◆
�m2

⇡

m2
⇡

<latexit sha1_base64="1LqhVvONtgW1Ygf6Nj9mI7vuUjY="></latexit>



In the presence of axion DM

E =
4

3
(m2

e↵
4)

gp
mp

<latexit sha1_base64="5z+dQg2zoNSCUfMFVnsTUIqnWS0="></latexit>

energy level slightly changes as

�E

E
=

�gp
gp

� �mp

mp

<latexit sha1_base64="sDuSq52RsyA1H6PVLCwCd48kSaE="></latexit>

=

✓
@ ln gp
@ lnm2

⇡

� @ lnmp

@ lnm2
⇡

◆
�m2

⇡

m2
⇡

<latexit sha1_base64="1LqhVvONtgW1Ygf6Nj9mI7vuUjY="></latexit>

⇠ 10�15 1

m2
15f

2
10

[1 + cos(2mt)]

<latexit sha1_base64="hDWt9vUfy59qdca8XnGeHZrDQWM="></latexit>



time

f
! = 2m

<latexit sha1_base64="YtiDqbkZBt5nuo1JKyI/SnJjl2Q=">AAACFHicbVDLSgMxFM34rPVVdekmWARXZaZUdCMU3bisYB/QGUomk2lDk0xIMsUy9De61Q9xJ27d+x3+gGk7C9t6IHA4517uyQklo9q47rezsbm1vbNb2CvuHxweHZdOTls6SRUmTZywRHVCpAmjgjQNNYx0pCKIh4y0w+HDzG+PiNI0Ec9mLEnAUV/QmGJkrOT7CSd9BO9gFfJeqexW3DngOvFyUgY5Gr3Sjx8lOOVEGMyQ1l3PlSbIkDIUMzIp+qkmEuEh6pOupQJxooNsnnkCL60SwThR9gkD5+rfjQxxrcc8tJMcmYFe9Wbif143GlGp81svi2PLSUx8G2RUyNQQgRdB4pRBk8BZQTCiimDDxpYgrKj9C8QDpBA2tsZi0bbkrXayTlrVilerXD/VyvX7vK8COAcX4Ap44AbUwSNogCbAQIIpeAVvztR5dz6cz8XohpPvnIElOF+/kRyeaw==</latexit>

harmonic signal @

Is it a realistic system or just a toy model?

Is this observable?

�f ⇠ 10�15f

<latexit sha1_base64="CxxeKfs3Ft2rZz38Lk+99QUus54=">AAACMHicbVDLTgIxFO3gC/GFunTTSDRuJDMGokuiG5eYyCNhkHQ6d6Ch80jbIZLJ/IFfw1Y/RFfGrVt/wAKzEPAkTU7OfZ0eJ+JMKtP8MHJr6xubW/ntws7u3v5B8fCoKcNYUGjQkIei7RAJnAXQUExxaEcCiO9waDnDu2m9NQIhWRg8qnEEXZ/0A+YxSpSWesXzxJ4tSQS4KbZd4IpgD9uS+dgyn5JLq5piL+0VS2bZnAGvEisjJZSh3iv+2G5IYx8CRTmRsmOZkeomRChGOaQFO5YQETokfehoGhAfZDeZWUnxmVZc7IVCv0Dhmfp3IiG+lGPf0Z0+UQO5XJuK/9U67ohFMrv1PD+26ER5N92EBVGsIKBzI17MsQrxNDzsMgFU8bEmhAqm/4LpgAhClY64UNApWcuZrJLmVdmqlKsPlVLtNssrj07QKbpAFrpGNXSP6qiBKHpBE/SK3oyJ8W58Gl/z1pyRzRyjBRjfv94DqWY=</latexit>



[Kennedy et al 20]

�(fH/fSi)

(fH/fSi)

<latexit sha1_base64="MtLZH0vEFAaOF8UepuN5Yc0G1YE=">AAACPXicbVC5TsNAEF1zBnMZKGlWREihCTYEQRlBkzIIckixZa3X62SV9aHddURk5UP4mrTwCXwAHaKhoGWTuCDHk0Z6em9GM/O8hFEhTfNDW1vf2NzaLuzou3v7B4fG0XFTxCnHpIFjFvO2hwRhNCINSSUj7YQTFHqMtLz+w8RvDQgXNI6e5TAhToi6EQ0oRlJJrnFtBxzhzPYJk6gUuDV4CQM3s3kIn+joYpSt0FyjaJbNKeAysXJSBDnqrvFj+zFOQxJJzJAQHctMpJMhLilmZKTbqSAJwn3UJR1FIxQS4WTT50bwXCk+DGKuKpJwqv6fyFAoxDD0VGeIZE8sehNxldfxBzQR+a6X2bL5S2Rw52Q0SlJJIjw7JEgZlDGcJAl9ygmWbKgIwpyqXyDuIZWmVHnrukrJWsxkmTSvylalfPNYKVbv87wK4BScgRKwwC2oghqogwbA4BWMwRt418bap/alfc9a17R85gTMQfv9A1NNrhE=</latexit>

⇡ �fH
fH

<latexit sha1_base64="ST4EH2vkFVNDRM8XlODC4DjHRJQ=">AAACKHicbVDLSsNAFJ3UV62vqEtBBovgqiRS0WXRTZcVbC00IUwmk3boJBlmJqUldOfXdKsf4k669Rf8ASdtFrb1wAyHc+7l3nt8zqhUljU3SlvbO7t75f3KweHR8Yl5etaRSSowaeOEJaLrI0kYjUlbUcVIlwuCIp+RV3/4lPuvIyIkTeIXNeHEjVA/piHFSGnJMy8dxLlIxtAJBcKZExCmEAy95jTLP8+sWjVrAbhJ7IJUQYGWZ/44QYLTiMQKMyRlz7a4cjMkFMWMTCtOKglHeIj6pKdpjCIi3WxxxxReayWAYSL0ixVcqH87MhRJOYl8XRkhNZDrXi7+5/WCEeWymDVeDlvdRIUPbkZjnioS4+UiYcqgSmAeGgyoIFixiSYIC6pvgXiAdGBKR1up6JTs9Uw2See2Ztdrd8/1auOxyKsMLsAVuAE2uAcN0AQt0AYYvIEZeAcfxsz4NL6M+bK0ZBQ952AFxvcvYk2nTQ==</latexit>



[Kennedy et al 20]

With 33 days of observation

�f/f ⇠ 10�16

<latexit sha1_base64="yVGoFl8TE5edurwjwr7XYQbbmtY=">AAACI3icbVDLSsNAFJ3UV42vqCtxM1gEN9ZE6mNZdOOygn1AE8tkMmmHTiZhZlIsofg13eqHuBM3LvwKf8Bpm4WtHrhwOOde7r3HTxiVyrY/jcLS8srqWnHd3Njc2t6xdvcaMk4FJnUcs1i0fCQJo5zUFVWMtBJBUOQz0vT7txO/OSBC0pg/qGFCvAh1OQ0pRkpLHevADQhTCIZnMISupBF07Mfs1LkcdaySXbangH+Jk5MSyFHrWN9uEOM0IlxhhqRsO3aivAwJRTEjI9NNJUkQ7qMuaWvKUUSkl01fGMFjrQQwjIUuruBU/T2RoUjKYeTrzgipnlz0JuJ/XjsY0ETmu55my+YvUeG1l1GepIpwPDskTBlUMZzkBQMqCFZsqAnCgupfIO4hgbDSqZqmTslZzOQvaZyXnUr54r5Sqt7keRXBITgCJ8ABV6AK7kAN1AEGz2AMXsCrMTbejHfjY9ZaMPKZfTAH4+sHH6yjTg==</latexit>



[Kennedy et al 20]

With 33 days of observation

(�f/f) ⇠ 10�15 1

m2
15f

2
10

[1 + cos(2mt)]

<latexit sha1_base64="/vqRdqA0fTkQhMp2RqvgGW2ZR10="></latexit>

�f/f ⇠ 10�16

<latexit sha1_base64="yVGoFl8TE5edurwjwr7XYQbbmtY=">AAACI3icbVDLSsNAFJ3UV42vqCtxM1gEN9ZE6mNZdOOygn1AE8tkMmmHTiZhZlIsofg13eqHuBM3LvwKf8Bpm4WtHrhwOOde7r3HTxiVyrY/jcLS8srqWnHd3Njc2t6xdvcaMk4FJnUcs1i0fCQJo5zUFVWMtBJBUOQz0vT7txO/OSBC0pg/qGFCvAh1OQ0pRkpLHevADQhTCIZnMISupBF07Mfs1LkcdaySXbangH+Jk5MSyFHrWN9uEOM0IlxhhqRsO3aivAwJRTEjI9NNJUkQ7qMuaWvKUUSkl01fGMFjrQQwjIUuruBU/T2RoUjKYeTrzgipnlz0JuJ/XjsY0ETmu55my+YvUeG1l1GepIpwPDskTBlUMZzkBQMqCFZsqAnCgupfIO4hgbDSqZqmTslZzOQvaZyXnUr54r5Sqt7keRXBITgCJ8ABV6AK7kAN1AEGz2AMXsCrMTbejHfjY9ZaMPKZfTAH4+sHH6yjTg==</latexit>



10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-810-2210-1910-1610-1310-1010-7 Based on [Kennedy et al 20]



10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-810-2210-1910-1610-1310-1010-7 Based on [Hees et al 16]



any frequency standards

where their frequency depends on nuclear quantities 

can be used for axion DM search



any frequency standards

where their frequency depends on nuclear quantities 

can be used for axion DM search

e.g.

nuclear transition

molecular transition

and others … 



Vibrational excitation

A B

Mẍ+ kx ' 0

<latexit sha1_base64="Bk2wRPB0JGqzw2DSMms8CSUb6jc=">AAACJHicbVDLSsNAFJ34rPEVdaebwSIIQkmkosuiGzdCBfuAJpTJZNIOnUzizKS0hIJf061+iDtx4caf8AectlnY1gMXDufcy733+AmjUtn2l7Gyura+sVnYMrd3dvf2rYPDuoxTgUkNxywWTR9JwignNUUVI81EEBT5jDT83t3Eb/SJkDTmT2qYEC9CHU5DipHSUts6foBuEMQqG4zgBezBAXQljcgztGHbKtolewq4TJycFEGOatv6cYMYpxHhCjMkZcuxE+VlSCiKGRmZbipJgnAPdUhLU44iIr1s+sMInmklgGEsdHEFp+rfiQxFUg4jX3dGSHXlojcR//NaQZ8mMt81mC2bv0SFN15GeZIqwvHskDBlUMVwEhgMqCBYsaEmCAuqf4G4iwTCSsdqmjolZzGTZVK/LDnl0tVjuVi5zfMqgBNwCs6BA65BBdyDKqgBDF7AGLyCN2NsvBsfxuesdcXIZ47AHIzvXzaco+Q=</latexit>

! /
r

k

M

<latexit sha1_base64="KqTI7alA46462Ab1pC4BEny9IBM=">AAACLHicbZDNSsNAEMc39avGr6pHL0uL4KkkUtFj0YsXoYJthaaUzWbTLt1k191NsYTcfZpe9UG8iHj1BXwBt20OtnVg4M9/ZpiZny8YVdpxPqzC2vrG5lZx297Z3ds/KB0etRRPJCZNzBmXjz5ShNGYNDXVjDwKSVDkM9L2hzfTentEpKI8ftBjQboR6sc0pBhpY/VKZY9HpI+gJyQXmkNPPUmdeqFEOB1m6V0Gs16p4lSdWcBV4eaiAvJo9Eo/XsBxEpFYY4aU6riO0N0USU0xI5ntJYoIhIeoTzpGxigiqpvOfsngqXECGHJpMtZw5v6dSFGk1DjyTWeE9EAt16bmf7VOMKJC5bue58sWL9HhVTelsUg0ifH8kDBh0ECZgoMBlQRrNjYCYUnNLxAPkOGkDV7bNpTcZSaronVedWvVi/tapX6d8yqCE1AGZ8AFl6AObkEDNAEGL2ACXsGbNbHerU/ra95asPKZY7AQ1vcvSC2pWg==</latexit>



10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-810-2210-1910-1610-1310-1010-7 Based on [Oswald et al 21]



Can we do better than this?



Maybe, with almost degenerate energy levels

|ai

<latexit sha1_base64="bYH2bu2Xl/QBJuf558gF25awEeE=">AAACE3icbVDLTsJAFJ3iC/GFunQzkZi4Iq3B6JLoxiUm8khKQ6bTW5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/eH9zG+PQCoWiyc9TsCLSF+wkFGijeS+YIK7kog+h165YlftOfA6cXJSQTkavfJPN4hpGoHQlBOlXMdOtJcRqRnlMCl1UwUJoUPSB9dQQSJQXjaPPMEXRglwGEvzhMZz9e9GRiKlxpFvJiOiB2rVm4n/eW4wYonKbz0vji0n0eGtlzGRpBoEXQQJU451jGf94IBJoJqPDSFUMvMXTAdEEqpNi6WSaclZ7WSdtK6qTq16/Vir1O/yvoroDJ2jS+SgG1RHD6iBmoiiGE3RK3qzpta79WF9LkYLVr5zipZgff0C7Kyesg==</latexit>

|bi

<latexit sha1_base64="4NLOx2ioZX8QUB5/kizSdoBsq2E=">AAACE3icbVDLTsJAFJ3iC/GFunQzkZi4Iq3B6JLoxiUm8khKQ6bTW5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/eH9zG+PQCoWiyc9TsCLSF+wkFGijeS+YB93JRF9Dr1yxa7ac+B14uSkgnI0euWfbhDTNAKhKSdKuY6daC8jUjPKYVLqpgoSQoekD66hgkSgvGweeYIvjBLgMJbmCY3n6t+NjERKjSPfTEZED9SqNxP/89xgxBKV33peHFtOosNbL2MiSTUIuggSphzrGM/6wQGTQDUfG0KoZOYvmA6IJFSbFksl05Kz2sk6aV1VnVr1+rFWqd/lfRXRGTpHl8hBN6iOHlADNRFFMZqiV/RmTa1368P6XIwWrHznFC3B+voF7lmesw==</latexit>

f = fb � fa

<latexit sha1_base64="hJYxZ4XpzOAgQPAklDLtXleaypE=">AAACFXicbVDLTgIxFL2DLxxfqEs3jcTEjWTGYHRjQnTjEhN5JDAhnU4HGjqdse0QCeE72OqHuDNuXfsd/oAFZiHgTdqcnHNv7rnHTzhT2nG+rdza+sbmVn7b3tnd2z8oHB7VVZxKQmsk5rFs+lhRzgStaaY5bSaS4sjntOH376d6Y0ClYrF40sOEehHuChYygrWhvBDdorDjowvz406h6JScWaFV4GagCFlVO4WfdhCTNKJCE46VarlOor0RlpoRTsd2O1U0waSPu7RloMARVd5oZnqMzgwToDCW5gmNZuzfiRGOlBpGvumMsO6pZW1K/qe1ggFLVLbrZb5s0YkOb7wRE0mqqSBzI2HKkY7RNCEUMEmJ5kMDMJHM3IJID0tMtMnRtk1K7nImq6B+WXLLpavHcrFyl+WVhxM4hXNw4Roq8ABVqAGBZ5jAK7xZE+vd+rA+5605K5s5hoWyvn4BrWuecQ==</latexit>

�f

f
=

1

f

⇣
fb

�fb
fb

� fa
�fa
fa

⌘

<latexit sha1_base64="kvfsM/EJ8BDHLjYcl/OU+Zlx8CM="></latexit>

f ⌧ fa ' fb

<latexit sha1_base64="kSV1UPjzHRx/YOoJFNc8Zn65FEU=">AAACIHicbVDLSsNAFJ3UV42vqODGzWARXJVEKrosunFZwT6gCWEymbRDZ5I4MymW2J/pVj/EnbjU3/AHnLZZ2NYDA+eeey/3zAlSRqWy7S+jtLa+sblV3jZ3dvf2D6zDo5ZMMoFJEycsEZ0AScJoTJqKKkY6qSCIB4y0g8HdtN8eEiFpEj+qUUo8jnoxjShGSku+dRJBlzEY+TkaQ1dSTp50EfhWxa7aM8BV4hSkAgo0fOvHDROccRIrzJCUXcdOlZcjoShmZGy6mSQpwgPUI11NY8SJ9PKZ/zE810oIo0ToFys4U/9u5IhLOeKBnuRI9eVybyr+1+uGQ5rK4tbz/NiiExXdeDmN00yRGM+NRBmDKoHTsGBIBcGKjTRBWFD9F4j7SCCsdKSmqVNyljNZJa3LqlOrXj3UKvXbIq8yOAVn4AI44BrUwT1ogCbA4AVMwCt4MybGu/FhfM5HS0axcwwWYHz/Aq0Uozk=</latexit>



Maybe, with almost degenerate energy levels

|ai

<latexit sha1_base64="bYH2bu2Xl/QBJuf558gF25awEeE=">AAACE3icbVDLTsJAFJ3iC/GFunQzkZi4Iq3B6JLoxiUm8khKQ6bTW5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/eH9zG+PQCoWiyc9TsCLSF+wkFGijeS+YIK7kog+h165YlftOfA6cXJSQTkavfJPN4hpGoHQlBOlXMdOtJcRqRnlMCl1UwUJoUPSB9dQQSJQXjaPPMEXRglwGEvzhMZz9e9GRiKlxpFvJiOiB2rVm4n/eW4wYonKbz0vji0n0eGtlzGRpBoEXQQJU451jGf94IBJoJqPDSFUMvMXTAdEEqpNi6WSaclZ7WSdtK6qTq16/Vir1O/yvoroDJ2jS+SgG1RHD6iBmoiiGE3RK3qzpta79WF9LkYLVr5zipZgff0C7Kyesg==</latexit>

|bi

<latexit sha1_base64="4NLOx2ioZX8QUB5/kizSdoBsq2E=">AAACE3icbVDLTsJAFJ3iC/GFunQzkZi4Iq3B6JLoxiUm8khKQ6bTW5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/eH9zG+PQCoWiyc9TsCLSF+wkFGijeS+YB93JRF9Dr1yxa7ac+B14uSkgnI0euWfbhDTNAKhKSdKuY6daC8jUjPKYVLqpgoSQoekD66hgkSgvGweeYIvjBLgMJbmCY3n6t+NjERKjSPfTEZED9SqNxP/89xgxBKV33peHFtOosNbL2MiSTUIuggSphzrGM/6wQGTQDUfG0KoZOYvmA6IJFSbFksl05Kz2sk6aV1VnVr1+rFWqd/lfRXRGTpHl8hBN6iOHlADNRFFMZqiV/RmTa1368P6XIwWrHznFC3B+voF7lmesw==</latexit>

f = fb � fa

<latexit sha1_base64="hJYxZ4XpzOAgQPAklDLtXleaypE=">AAACFXicbVDLTgIxFL2DLxxfqEs3jcTEjWTGYHRjQnTjEhN5JDAhnU4HGjqdse0QCeE72OqHuDNuXfsd/oAFZiHgTdqcnHNv7rnHTzhT2nG+rdza+sbmVn7b3tnd2z8oHB7VVZxKQmsk5rFs+lhRzgStaaY5bSaS4sjntOH376d6Y0ClYrF40sOEehHuChYygrWhvBDdorDjowvz406h6JScWaFV4GagCFlVO4WfdhCTNKJCE46VarlOor0RlpoRTsd2O1U0waSPu7RloMARVd5oZnqMzgwToDCW5gmNZuzfiRGOlBpGvumMsO6pZW1K/qe1ggFLVLbrZb5s0YkOb7wRE0mqqSBzI2HKkY7RNCEUMEmJ5kMDMJHM3IJID0tMtMnRtk1K7nImq6B+WXLLpavHcrFyl+WVhxM4hXNw4Roq8ABVqAGBZ5jAK7xZE+vd+rA+5605K5s5hoWyvn4BrWuecQ==</latexit>

�f

f
=

1

f

⇣
fb

�fb
fb

� fa
�fa
fa

⌘

<latexit sha1_base64="kvfsM/EJ8BDHLjYcl/OU+Zlx8CM="></latexit>

f ⌧ fa ' fb

<latexit sha1_base64="kSV1UPjzHRx/YOoJFNc8Zn65FEU=">AAACIHicbVDLSsNAFJ3UV42vqODGzWARXJVEKrosunFZwT6gCWEymbRDZ5I4MymW2J/pVj/EnbjU3/AHnLZZ2NYDA+eeey/3zAlSRqWy7S+jtLa+sblV3jZ3dvf2D6zDo5ZMMoFJEycsEZ0AScJoTJqKKkY6qSCIB4y0g8HdtN8eEiFpEj+qUUo8jnoxjShGSku+dRJBlzEY+TkaQ1dSTp50EfhWxa7aM8BV4hSkAgo0fOvHDROccRIrzJCUXcdOlZcjoShmZGy6mSQpwgPUI11NY8SJ9PKZ/zE810oIo0ToFys4U/9u5IhLOeKBnuRI9eVybyr+1+uGQ5rK4tbz/NiiExXdeDmN00yRGM+NRBmDKoHTsGBIBcGKjTRBWFD9F4j7SCCsdKSmqVNyljNZJa3LqlOrXj3UKvXbIq8yOAVn4AI44BrUwT1ogCbA4AVMwCt4MybGu/FhfM5HS0axcwwWYHz/Aq0Uozk=</latexit>

⇡ fb
f

✓
�fb
fb

� �fa
fa

◆

<latexit sha1_base64="N8vrMb65UcwtkTa2hroXl7dFoRY="></latexit>

� 1

<latexit sha1_base64="VgpgqHY+19fnBNLJLYCeCPwyCBU=">AAACDXicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlkkg6dTMLMpFhCv6Fb/RB34tZv8Dv8AadtFrb1wMDhnHu5Z46fcqa043xbpY3Nre2d8q69t39weFQ5PmmpJJOENknCE9nxsaKcCdrUTHPaSSXFsc9p2x8+zPz2iErFEvGsxyn1YhwJFjKCtZGavShCbr9SdWrOHGiduAWpQoFGv/LTCxKSxVRowrFSXddJtZdjqRnhdGL3MkVTTIY4ol1DBY6p8vJ52Am6MEqAwkSaJzSaq383chwrNY59MxljPVCr3kz8z+sGI5aq4tbL4thyEh3eeTkTaaapIIsgYcaRTtCsGRQwSYnmY0Mwkcz8BZEBlpho059tm5bc1U7WSeuq5l7Xbp6uq/X7oq8ynME5XIILt1CHR2hAEwgwmMIrvFlT6936sD4XoyWr2DmFJVhfv/GLm/8=</latexit>



Maybe, with almost degenerate energy levels

|ai

<latexit sha1_base64="bYH2bu2Xl/QBJuf558gF25awEeE=">AAACE3icbVDLTsJAFJ3iC/GFunQzkZi4Iq3B6JLoxiUm8khKQ6bTW5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/eH9zG+PQCoWiyc9TsCLSF+wkFGijeS+YIK7kog+h165YlftOfA6cXJSQTkavfJPN4hpGoHQlBOlXMdOtJcRqRnlMCl1UwUJoUPSB9dQQSJQXjaPPMEXRglwGEvzhMZz9e9GRiKlxpFvJiOiB2rVm4n/eW4wYonKbz0vji0n0eGtlzGRpBoEXQQJU451jGf94IBJoJqPDSFUMvMXTAdEEqpNi6WSaclZ7WSdtK6qTq16/Vir1O/yvoroDJ2jS+SgG1RHD6iBmoiiGE3RK3qzpta79WF9LkYLVr5zipZgff0C7Kyesg==</latexit>

|bi

<latexit sha1_base64="4NLOx2ioZX8QUB5/kizSdoBsq2E=">AAACE3icbVDLTsJAFJ3iC/GFunQzkZi4Iq3B6JLoxiUm8khKQ6bTW5gwnTYzUyKpfAZb/RB3xq0f4Hf4Aw7QhYAnmeTknHtzzxw/4Uxp2/62ChubW9s7xd3S3v7B4VH5+KSl4lRSaNKYx7LjEwWcCWhqpjl0Egkk8jm0/eH9zG+PQCoWiyc9TsCLSF+wkFGijeS+YB93JRF9Dr1yxa7ac+B14uSkgnI0euWfbhDTNAKhKSdKuY6daC8jUjPKYVLqpgoSQoekD66hgkSgvGweeYIvjBLgMJbmCY3n6t+NjERKjSPfTEZED9SqNxP/89xgxBKV33peHFtOosNbL2MiSTUIuggSphzrGM/6wQGTQDUfG0KoZOYvmA6IJFSbFksl05Kz2sk6aV1VnVr1+rFWqd/lfRXRGTpHl8hBN6iOHlADNRFFMZqiV/RmTa1368P6XIwWrHznFC3B+voF7lmesw==</latexit>

f = fb � fa

<latexit sha1_base64="hJYxZ4XpzOAgQPAklDLtXleaypE=">AAACFXicbVDLTgIxFL2DLxxfqEs3jcTEjWTGYHRjQnTjEhN5JDAhnU4HGjqdse0QCeE72OqHuDNuXfsd/oAFZiHgTdqcnHNv7rnHTzhT2nG+rdza+sbmVn7b3tnd2z8oHB7VVZxKQmsk5rFs+lhRzgStaaY5bSaS4sjntOH376d6Y0ClYrF40sOEehHuChYygrWhvBDdorDjowvz406h6JScWaFV4GagCFlVO4WfdhCTNKJCE46VarlOor0RlpoRTsd2O1U0waSPu7RloMARVd5oZnqMzgwToDCW5gmNZuzfiRGOlBpGvumMsO6pZW1K/qe1ggFLVLbrZb5s0YkOb7wRE0mqqSBzI2HKkY7RNCEUMEmJ5kMDMJHM3IJID0tMtMnRtk1K7nImq6B+WXLLpavHcrFyl+WVhxM4hXNw4Roq8ABVqAGBZ5jAK7xZE+vd+rA+5605K5s5hoWyvn4BrWuecQ==</latexit>

�f

f
=

1

f

⇣
fb

�fb
fb

� fa
�fa
fa

⌘

<latexit sha1_base64="kvfsM/EJ8BDHLjYcl/OU+Zlx8CM="></latexit>

f ⌧ fa ' fb

<latexit sha1_base64="kSV1UPjzHRx/YOoJFNc8Zn65FEU=">AAACIHicbVDLSsNAFJ3UV42vqODGzWARXJVEKrosunFZwT6gCWEymbRDZ5I4MymW2J/pVj/EnbjU3/AHnLZZ2NYDA+eeey/3zAlSRqWy7S+jtLa+sblV3jZ3dvf2D6zDo5ZMMoFJEycsEZ0AScJoTJqKKkY6qSCIB4y0g8HdtN8eEiFpEj+qUUo8jnoxjShGSku+dRJBlzEY+TkaQ1dSTp50EfhWxa7aM8BV4hSkAgo0fOvHDROccRIrzJCUXcdOlZcjoShmZGy6mSQpwgPUI11NY8SJ9PKZ/zE810oIo0ToFys4U/9u5IhLOeKBnuRI9eVybyr+1+uGQ5rK4tbz/NiiExXdeDmN00yRGM+NRBmDKoHTsGBIBcGKjTRBWFD9F4j7SCCsdKSmqVNyljNZJa3LqlOrXj3UKvXbIq8yOAVn4AI44BrUwT1ogCbA4AVMwCt4MybGu/FhfM5HS0axcwwWYHz/Aq0Uozk=</latexit>

⇡ fb
f

✓
�fb
fb

� �fa
fa

◆

<latexit sha1_base64="N8vrMb65UcwtkTa2hroXl7dFoRY="></latexit>

� 1

<latexit sha1_base64="VgpgqHY+19fnBNLJLYCeCPwyCBU=">AAACDXicbVDLSsNAFL2prxpfVZduBovgqiSi6LLoxmUF+4A2lMlkkg6dTMLMpFhCv6Fb/RB34tZv8Dv8AadtFrb1wMDhnHu5Z46fcqa043xbpY3Nre2d8q69t39weFQ5PmmpJJOENknCE9nxsaKcCdrUTHPaSSXFsc9p2x8+zPz2iErFEvGsxyn1YhwJFjKCtZGavShCbr9SdWrOHGiduAWpQoFGv/LTCxKSxVRowrFSXddJtZdjqRnhdGL3MkVTTIY4ol1DBY6p8vJ52Am6MEqAwkSaJzSaq383chwrNY59MxljPVCr3kz8z+sGI5aq4tbL4thyEh3eeTkTaaapIIsgYcaRTtCsGRQwSYnmY0Mwkcz8BZEBlpho059tm5bc1U7WSeuq5l7Xbp6uq/X7oq8ynME5XIILt1CHR2hAEwgwmMIrvFlT6936sD4XoyWr2DmFJVhfv/GLm/8=</latexit>

=
fb
f

✓
@ ln fb
@ lnm2

⇡

� @ ln fa
@ lnm2

⇡

◆
�m2

⇡

m2
⇡

<latexit sha1_base64="G1wxRkAK1m2EYrmVjBTobYeAroo="></latexit>



Example (1): SrOH
[Kozyryev et al 21]

�f

f
⇠ �600

�mp

mp

<latexit sha1_base64="1CkbKXEh8zQZ5BYL+hCNK9Vdurc="></latexit>



Example (1): SrOH
[Kozyryev et al 21]

�f

f
⇠ �600

�mp

mp

<latexit sha1_base64="1CkbKXEh8zQZ5BYL+hCNK9Vdurc="></latexit>

�f

f
⇠ ��mp

mp

<latexit sha1_base64="B5XXy/I0F+MeBoHpRgMb2ZJeX58=">AAACOnicbVC7TsMwFHV4lvIKMLJYVEgsVAkqgrGChbFI9CE1UeQ4TmvVTiLbqaii/AZf0xX+gZUNMcIH4LQZaMuRbB2dc6/uvcdPGJXKst6NtfWNza3tyk51d2//4NA8Ou7IOBWYtHHMYtHzkSSMRqStqGKklwiCuM9I1x/dF353TISkcfSkJglxORpENKQYKS15puWEAuHMCQhTCIZ5FubQkZTDS7jgcC/Js+LzzJpVt2aAq8QuSQ2UaHnmtxPEOOUkUpghKfu2lSg3Q0JRzEhedVJJEoRHaED6mkaIE+lms8tyeK6VAIax0C9ScKb+7cgQl3LCfV3JkRrKZa8Q//P6wZgmspz1PB+2uIkKb92MRkmqSITni4QpgyqGRYwwoIJgxSaaICyovgXiIdKBKR12tapTspczWSWdq7rdqF8/NmrNuzKvCjgFZ+AC2OAGNMEDaIE2wOAFTMEreDOmxofxaXzNS9eMsucELMD4+QULW661</latexit>

H hyperfine



10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-810-2210-1910-1610-1310-1010-7

Based on [Kozyryev et al 21]



Example (2): Nuclear isomer transition
[von der Wense et al 16]

[Masuda et al 19]



Example (2): Nuclear isomer transition
[von der Wense et al 16]

[Masuda et al 19]

Based on [Flambaum, Wiringa 09]

�f

f
⇠ 105

�m2
⇡(✓)

m2
⇡

<latexit sha1_base64="P4yMk52d/ymJee9kwI2KALiU81M="></latexit>



10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-810-2210-1910-1610-1310-1010-7



Comparison to other works

& limitations



L =
g2s

32⇡2

a

f
G eG

<latexit sha1_base64="jzr8xkg7WdD+lInRqo8kkADwuak="></latexit>



L =
g2s

32⇡2

a

f
G eG

<latexit sha1_base64="jzr8xkg7WdD+lInRqo8kkADwuak="></latexit>

L = � ieCedm

2
✓N̄�µ⌫�5NFµ⌫ +

Cf

2
@µ✓f̄�

µ�5f

<latexit sha1_base64="YavuLFQf6lqD12YxPfBsaQ68gPM="></latexit>

Below QCD scale



L =
g2s

32⇡2

a

f
G eG

<latexit sha1_base64="jzr8xkg7WdD+lInRqo8kkADwuak="></latexit>

L = � ieCedm

2
✓N̄�µ⌫�5NFµ⌫ +

Cf

2
@µ✓f̄�

µ�5f

<latexit sha1_base64="YavuLFQf6lqD12YxPfBsaQ68gPM="></latexit>

Below QCD scale

oscillating EDM



L =
g2s

32⇡2

a

f
G eG

<latexit sha1_base64="jzr8xkg7WdD+lInRqo8kkADwuak="></latexit>

L = � ieCedm

2
✓N̄�µ⌫�5NFµ⌫ +

Cf

2
@µ✓f̄�

µ�5f

<latexit sha1_base64="YavuLFQf6lqD12YxPfBsaQ68gPM="></latexit>

Below QCD scale

oscillating EDM magnetometer



nEDM
10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-810-2210-1910-1610-1310-1010-7

[Abel et al 17]



nEDM
10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-810-2210-1910-1610-1310-1010-7

Comagnetometer / NASDUCK [Bloch et al 20, 21]



nEDM
10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10 10-810-2210-1910-1610-1310-1010-7

NMR (CASPEr)

[Aybas et al 21]



Superradiant axions 

[Arvanitaki et al 14]

SN1987A

[Raffelt 06]









Back up



Sensitivity coefficients



Nucleon sigma term

[FLAG 21]

(ChPT)

@ lnmN

@ lnm2
⇡

=
�⇡N

mN
= 0.03 – 0.08

<latexit sha1_base64="T9tN61qMY0gk+48YkbiN6s+atYg="></latexit>



BBN



Helium 4 mass fraction changes accordingly

[Blum et al 14]



[Lee et al 20]



Finite density corrections



Finite density might flip the potential inside stars
[Hook and Huang 17]



[Hook and Huang 17]



Alternative axion models



[Hook 18]

[Di Luzio et al 21]




