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1997 — Wieman group measured APV in Cs with 0.35% uncertainty 

                                       and observed nuclear anapole moment!


2019 — Budker group (Mainz) measured APV in Yb, uncertainty 0.5%, 


               along chain of isotopes

1978 — APV observed for first time in Bi at Novosibirsk, Russia                                                                                   


— first confirmation of neutral electron-nucleon weak interactions, before SLAC

Best:
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Brief history of atomic parity violation (APV)



Experiments — performed, in progress, planned



Experiments — performed, in progress, planned

Measured — blue (rotation), yellow (Stark); 

Next-gen — red;  New in progress/planned — green

Ginges and Borschevsky,                      
Encyclopedia of Particle Physics, in press (2026)
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Biochemistry  

Origins of life
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• Running of Weinberg angle with momentum transfer

• Effect of 50 MeV dark boson (mustard)

• Extraction of weak meson-nucleon couplings from 
scattering experiments, including from anapole
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Ginges and Borschevsky, in press (2026)
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🤔 What don't we understand about the wave functions in the nuclear region?
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M

⟨N |Dz |M⟩⟨M |HP,T |N⟩
EN − EM

EPV = ⟨ 7̃S |Dz | 6̃S ⟩ = ∑
n

⟨7S |Dz |nP⟩⟨nP |HPV |6S⟩
E6S − EnP

+ ∑
n

⟨7S |HPV |nP⟩⟨nP |Dz |6S⟩
E7S − EnP

Atomic EDM: 

APV,   Cs 6S-7S:

Uncertainty found from:

• estimate of missed contributions   
• benchmarking against experiment                   • hyperfine structure:   few -

• energies:  
• E1 amplitudes:   few 

0.1 % 1 %
≲ 0.1 %

0.1 %

10 years 
ago

??!!

for 133Cs

🤔 What don't we understand about the wave functions in the nuclear region?

💡 It is rather the modelling of the nuclear magnetization distribution!! 



radius (atomic units)

-0.5

-0.4

-0.3

-0.2

-0.1

 0

 0.1

 0.2

 0.3

 0.4

 1e-07  1e-06  1e-05  0.0001  0.001  0.01  0.1  1  10

"Cs\ \ _f_6_-1"

10�6 10�4 10�2 1 10 50

10�6 10�4 10�2 1 10 50

weak matrix elements

E1 amplitudes

energies

radius (a.u.) 

hyperfine structure

Upper radial component, Cs 6s:

Benchmarking atomic theory — atomic EDMs and APV

datom = ⟨Ñ |Dz | Ñ⟩ = 2∑
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µ · (r⇥↵)

r3
F (r)
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Interaction radial distribution 
of nuclear 

magnetic moment

133Cs:  ,                                 Iπ = (7/2)+ F = I + J
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<latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit>

Hyperfine structure and Bohr-Weisskopf effect



hhfs =
1

c

µ · (r⇥↵)

r3
F (r)

<latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit>

Interaction

Magnetic hyperfine constant A:

⟨hhfs⟩ = A((F(F + 1) − I(I + 1) − J(J + 1))/2

Contributions: A = A0(1 + ϵ) + AQED

radial distribution 
of nuclear 

magnetic moment

Bohr-Weisskopf effect — from finite 
nuclear magnetization distribution

finite nuclear charge 
distribution included here

133Cs:  ,                                 Iπ = (7/2)+ F = I + J

NIST-F2 Atomic clock

6 2S1/2
<latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit>

F = 4
<latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit>

F = 3
<latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit>

9192.63177MHz
<latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit>

Hyperfine structure and Bohr-Weisskopf effect



hhfs =
1

c

µ · (r⇥↵)

r3
F (r)

<latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit>

⇢m

rrm

⇢m

rrm

Interaction

Magnetic hyperfine constant A:

⟨hhfs⟩ = A((F(F + 1) − I(I + 1) − J(J + 1))/2

Contributions: A = A0(1 + ϵ) + AQED

radial distribution 
of nuclear 

magnetic moment

Though no dependence on  , , 
spin and orbital nucleon g-factors!

μ I

Bohr-Weisskopf effect — from finite 
nuclear magnetization distribution

finite nuclear charge 
distribution included here

  nuclear single-particle model ⇒

133Cs:  ,                                 Iπ = (7/2)+ F = I + J

NIST-F2 Atomic clock

6 2S1/2
<latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit>

F = 4
<latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit>

F = 3
<latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit>

9192.63177MHz
<latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit>

Standard ways to model F(r) for testing precision theory, until recently:

Hyperfine structure and Bohr-Weisskopf effect



hhfs =
1

c

µ · (r⇥↵)

r3
F (r)

<latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit>

Standard ways to model F(r) for testing precision theory, until recently:
⇢m

rrm

⇢m

rrm

Interaction

Magnetic hyperfine constant A:

⟨hhfs⟩ = A((F(F + 1) − I(I + 1) − J(J + 1))/2

Contributions: A = A0(1 + ϵ) + AQED

radial distribution 
of nuclear 

magnetic moment

Though no dependence on  , , 
spin and orbital nucleon g-factors!

μ I

Bohr-Weisskopf effect — from finite 
nuclear magnetization distribution

finite nuclear charge 
distribution included here

 ϵ = − 0.7 %
 ϵ = − 0.2 %

  nuclear single-particle model ⇒

for 133Cs 6S

133Cs:  ,                                 Iπ = (7/2)+ F = I + J

NIST-F2 Atomic clock

6 2S1/2
<latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit>

F = 4
<latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit>

F = 3
<latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit>

9192.63177MHz
<latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit>

Hyperfine structure and Bohr-Weisskopf effect



hhfs =
1

c

µ · (r⇥↵)

r3
F (r)

<latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit>

⇢m

rrm

⇢m

rrm

Interaction

Magnetic hyperfine constant A:

⟨hhfs⟩ = A((F(F + 1) − I(I + 1) − J(J + 1))/2

Contributions: A = A0(1 + ϵ) + AQED

radial distribution 
of nuclear 

magnetic moment

Though no dependence on  , , 
spin and orbital nucleon g-factors!

μ I

Bohr-Weisskopf effect — from finite 
nuclear magnetization distribution

finite nuclear charge 
distribution included here

 ϵ = − 0.7 %
 ϵ = − 0.2 %

  nuclear single-particle model ⇒

for 133Cs 6S,  difference in A!0.5 %

133Cs:  ,                                 Iπ = (7/2)+ F = I + J

NIST-F2 Atomic clock

6 2S1/2
<latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit>

F = 4
<latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit>

F = 3
<latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit>

9192.63177MHz
<latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit><latexit sha1_base64="X+cZ4ZJ3YF6bQJV3x+JUntvM/Bw=">AAAB/3icbVC7SgNBFJ2Nrxhfq4KNzWAQLGTZiWJMF7RJI0QwD8guYXYymwyZfTAzK8Q1hb9iY6GIrb9h5984SbbQxAMXDufcy733eDFnUtn2t5FbWl5ZXcuvFzY2t7Z3zN29powSQWiDRDwSbQ9LyllIG4opTtuxoDjwOG15w+uJ37qnQrIovFOjmLoB7ofMZwQrLXXNgwqqlKyLM1QuO6cwdUQAb2oP465ZtC17CrhIUEaKIEO9a345vYgkAQ0V4VjKDrJj5aZYKEY4HRecRNIYkyHu046mIQ6odNPp/WN4rJUe9COhK1Rwqv6eSHEg5SjwdGeA1UDOexPxP6+TKP/STVkYJ4qGZLbITzhUEZyEAXtMUKL4SBNMBNO3QjLAAhOlIyvoEND8y4ukWbKQbaHb82L1KosjDw7BETgBCJRBFdRAHTQAAY/gGbyCN+PJeDHejY9Za87IZvbBHxifPx/0k5w=</latexit>

Standard ways to model F(r) for testing precision theory, until recently:

Hyperfine structure and Bohr-Weisskopf effect



hhfs =
1

c

µ · (r⇥↵)

r3
F (r)

<latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit><latexit sha1_base64="Rce+X+fsGUyuKV8iv6z2rH0dGKw="></latexit>

⇢m

rrm

⇢m

rrm

Interaction

Magnetic hyperfine constant A:

⟨hhfs⟩ = A((F(F + 1) − I(I + 1) − J(J + 1))/2

Contributions: A = A0(1 + ϵ) + AQED

radial distribution 
of nuclear 

magnetic moment

Though no dependence on  , , 
spin and orbital nucleon g-factors!

μ I

133Cs:  ,                                 Iπ = (7/2)+ F = I + J

NIST-F2 Atomic clock

6 2S1/2
<latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit><latexit sha1_base64="Ll3SzRzmVj2ppxEA9f8nW8SXKQQ=">AAAB9XicbVBNS8NAEJ3Ur1q/oh69LBbBU02KqMeiF48V7Qe0adlsN+3SzSbsbpQS8j+8eFDEq//Fm//GbZuDtj4YeLw3w8w8P+ZMacf5tgorq2vrG8XN0tb2zu6evX/QVFEiCW2QiEey7WNFORO0oZnmtB1LikOf05Y/vpn6rUcqFYvEg57E1AvxULCAEayN1Lvool5aze77qXtWzfp22ak4M6Bl4uakDDnqffurO4hIElKhCcdKdVwn1l6KpWaE06zUTRSNMRnjIe0YKnBIlZfOrs7QiVEGKIikKaHRTP09keJQqUnom84Q65Fa9Kbif14n0cGVlzIRJ5oKMl8UJBzpCE0jQAMmKdF8YggmkplbERlhiYk2QZVMCO7iy8ukWa24TsW9Oy/XrvM4inAEx3AKLlxCDW6hDg0gIOEZXuHNerJerHfrY95asPKZQ/gD6/MH8B2RfA==</latexit>

F = 4
<latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit><latexit sha1_base64="HfKZWctUsGSvkLSDIoCzDoqCY7E=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ItQFMRjRfsBbSib7aZdutmE3YlQQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0c3Ubz1xbUSsHnGccD+iAyVCwSha6eH26rxXrrhVdwayTLycVCBHvVf+6vZjlkZcIZPUmI7nJuhnVKNgkk9K3dTwhLIRHfCOpYpG3PjZ7NQJObFKn4SxtqWQzNTfExmNjBlHge2MKA7NojcV//M6KYaXfiZUkiJXbL4oTCXBmEz/Jn2hOUM5toQyLeythA2ppgxtOiUbgrf48jJpnlU9t+rdn1dq13kcRTiCYzgFDy6gBndQhwYwGMAzvMKbI50X5935mLcWnHzmEP7A+fwBkFeNTw==</latexit>

F = 3
<latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit><latexit sha1_base64="BHZ76GB+KikbeD3WjmfTh1xr7N4=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU0ItQFMRjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0OqDgcd7M8zMCxLBtXHdL6ewtLyyulZcL21sbm3vlHf3mjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsYXU/91iMqzWP5YMYJ+hEdSB5yRo2V7m8uT3vlilt1ZyB/iZeTCuSo98qf3X7M0gilYYJq3fHcxPgZVYYzgZNSN9WYUDaiA+xYKmmE2s9mp07IkVX6JIyVLWnITP05kdFI63EU2M6ImqFe9Kbif14nNeGFn3GZpAYlmy8KU0FMTKZ/kz5XyIwYW0KZ4vZWwoZUUWZsOiUbgrf48l/SPKl6btW7O6vUrvI4inAAh3AMHpxDDW6hDg1gMIAneIFXRzjPzpvzPm8tOPnMPvyC8/ENjtONTg==</latexit>

9192.63177MHz
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Bohr-Weisskopf effect — from finite 
nuclear magnetization distribution

finite nuclear charge 
distribution included here

 ϵ = − 0.7 %
 ϵ = − 0.2 %

  nuclear single-particle model ⇒

for 133Cs 6S,  difference in A! Nuclear theory? Not yet0.5 %

Standard ways to model F(r) for testing precision theory, until recently:

Hyperfine structure and Bohr-Weisskopf effect



BW effect measured in several H-like ions, e.g., 203,205Tl, 
208,209Bi, with           uncertainty  [MPIK; GSI Darmstadt]⇠ 1%
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A1s
exp = A1s

0 (1 + ϵ1s) + A1s
QED

BW effect: from H-like ions



BW effect measured in several H-like ions, e.g., 203,205Tl, 
208,209Bi, with           uncertainty  [MPIK; GSI Darmstadt]⇠ 1%
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A1s
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0 (1 + ϵ1s) + A1s
QED
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208,209Bi, with           uncertainty  [MPIK; GSI Darmstadt]⇠ 1%
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BW effect measured in several H-like ions, e.g., 203,205Tl, 
208,209Bi, with           uncertainty  [MPIK; GSI Darmstadt]⇠ 1%
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A1s
exp = A1s

0 (1 + ϵ1s) + A1s
QED

May be used to find BW effect in many-electron atoms!

electronic screening factor,
Independent of nuclear model!

Roberts, Ranclaud, Ginges, PRA (2022)
Skripnikov, J. Chem. Phys. (2020) — for molecules;   and observed!       Wilkins et al., Science (2025)

Aexp = A0(1 + xscr ϵ1s) + AQED

ϵatom = xscr ϵH−like

ϵH−like

Ranclaud, Honours thesis (2020)

BW effect: from H-like ions



BW effect measured in several H-like ions, e.g., 203,205Tl, 
208,209Bi, with           uncertainty  [MPIK; GSI Darmstadt]⇠ 1%
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A1s
exp = A1s

0 (1 + ϵ1s) + A1s
QED

May be used to find BW effect in many-electron atoms!

electronic screening factor,
Independent of nuclear model!

Roberts, Ranclaud, Ginges, PRA (2022)
Skripnikov, J. Chem. Phys. (2020)

Aexp = A0(1 + xscr ϵ1s) + AQED

Nuclear structure uncertainty entirely removed from atomic calculations!

ϵatom = xscr ϵH−like

ϵH−like

— for molecules;   and observed!       Wilkins et al., Science (2025)

Ranclaud, Honours thesis (2020)
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BW data for muonic Cs! 

c.f. Cs atom — SP: 0.21% ; SP(WS): 0.19(14)% ; uniform: 0.7%  

these systems a different sensitivity to the nuclear mag-
netization distribution across r. To more clearly illustrate
this, the function FðrÞ=r2, in the three simple models
considered above, is shown alongside.
To translate the empirical BWeffect in amuonic atom to a

BWeffect for the H-like system, and account for the nuclear
model dependence, we follow the procedure introduced in
Ref. [46]. We use the simple SP magnetization models from
that work, and find effective nuclear magnetic radii Rm such
that the experimental BW effects in muonic atoms are
reproduced. These SP models have different parametriza-
tions for the unpaired nucleon wave function across the
nucleus: zeroth, first, and second powers of r and ðRm − rÞ.
Thesemodels are then applied to theH-like systems, andBW
effects determined. The uncertainty due to the model
dependence is captured through the spread in results, and
thecentral value isgivenby themidpoint.ForH-like 133Cswe
obtainϵ ¼ −0.227ð174Þð10Þ%,where the first uncertainty is
experimental and the second is due to themodel dependence.
Our final results are presented in Table II. The uncer-

tainties for the H-like results determined from muonic atom
experiments comprise of those from experiment (the
relative uncertainty is taken to be equal to that for the
muonic atom value Aexp

BW) and those from the model
dependence of the magnetization distribution, added in
quadrature. For Cs and Bi, the former dominates, while for
Tl the latter is larger by 2–3 times. The results for Tl80þ and
Bi82þ may be checked against accurate data from direct
H-like experiments, shown in the table. It is seen that the
data for Bi82þ are in agreement, and for Tl80þ the results lie
only marginally outside the 1σ error bars. This gives
confidence in the result for Cs54þ, and that any missed
effects, such as from nuclear polarization (considered, e.g.,
for the hyperfine structure in muonic deuterium in Ref. [62]
and for energies of heavy muonic atoms in Ref. [63]), may
be omitted at the current level of uncertainty.
In the final column of Table II we present the result for

the ground state of 133Cs. This is found using an electronic

“screening” factor [47], which relates the BW effect in a
many-electron atom or ion to the BW effect in the
corresponding H-like ion, xscrð6sÞ ¼ 1.047. Our empiri-
cally derived BW effect for the 6s state of atomic 133Cs,
−0.24ð18Þ%, agrees with nuclear single-particle predic-
tions, with the SP value −0.21% [11,16] and the SP-WS
value −0.19ð14Þ% [16], and with configuration mixing
calculations, −0.22% [65]. However, it deviates signifi-
cantly from predictions (−0.7%) of the commonly used
uniform distribution, amounting to a sizable 0.5% differ-
ence in the hyperfine structure constant. Taken together
with the high-precision many-body result of Ref. [16] for
the ground-state hyperfine structure constant for 133Cs, our
empirical result corresponds to an absolute BW correction
of −5.5ð4.2Þ MHz. This yields a total value of
2293.1 MHz, which agrees with experiment (2298.157…
MHz [67]) at the level of the uncertainty from the BW
effect.
The BW effects in s and p states exhibit weak depend-

ence on principal quantum number [29,68,69], and the
obtained result for 6s is valid also for excited ns states of
133Cs. Furthermore, since the BW effect in atomic states
may be determined from the 1s state in the corresponding
H-like ion [47] (see also [48]), the effect in other states may
also be found. We find the BW effects −0.015ð12Þ% for
np1=2 states and −0.065ð50Þ% for np3=2 states.
We use the empirical BW result for 133Cs to obtain values

of the BWeffects for other isotopes using measured data for
differential hyperfine anomalies. The differential anomaly
(1Δ2) between isotopes 1 and 2 is defined as [19]

1Δ2 ¼ ðA1=A2Þðg2=g1Þ − 1 ≈ 1δ2þ ϵð1Þ − ϵð2Þ; ð10Þ

where 1δ2 ¼ δð1Þ − δð2Þ is the differential Breit-Rosenthal
(BR) effect [modeled accurately using a Fermi charge
distribution for VnucðrÞ in Eq. (1)], and ϵð1Þ and ϵð2Þ are BW
effects for isotopes 1 and 2. The results for s states for
isotopes A ¼ 131, 134, 135 are presented in Table III.
In summary, we have determined accurate empirical

Bohr-Weisskopf effects for s and p states of Cs isotopes.
TABLE II. Relative BW corrections −ϵ (%) to lowest s states of
muonic atoms, H-like ions, and neutral Cs. Subheadings “μ exp”
and “H-like exp” indicate that results are extracted from muonic
and H-like experiments, respectively.

μ-atoms H-like ions Atomsa

μ exp μ exp H-like exp μ exp
133Cs 18(14) 0.23(17) % % % 0.24(18)
203Tl 50.8(1.6) 1.93(15) 2.21(8)b
205Tl 51.8(8) 1.98(15) 2.25(8)b
209Bi 28.8(3.9) 0.98(14) 1.03(5)c

aBW effects for other atomic states (e.g., p states) may also be
deduced from the effect in H-like ion [47]; see text for details.

bReference [43].
cReference [64].

TABLE III. Relative BW corrections ϵð2Þs for s states of atomic
cesium isotopes, from measured differential anomalies 1Δ2

exp, our
BW value for 133Cs, ϵð1Þ ¼ −0.24ð18Þ%, and calculated differ-
ential BR effects 1δ2. Að1Þ, Að2Þ and Iπ1 , Iπ2 are atomic mass
numbers and nuclear spins of isotopes 1 and 2.

Að1Þ Iπ1 Að2Þ Iπ2
1Δ2

exp (%) 1δ2 (%) −ϵð2Þs (%)

133 7=2þ 131 5=2þ 0.45(5)a −0.001 0.69(19)
133 7=2þ 134 4þ 0.169(30)b 0.000 0.41(18)
133 7=2þ 135 7=2þ 0.037(9)c 0.001 0.27(18)

aReference [70];
bReference [19];
cReference [71].
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these systems a different sensitivity to the nuclear mag-
netization distribution across r. To more clearly illustrate
this, the function FðrÞ=r2, in the three simple models
considered above, is shown alongside.
To translate the empirical BWeffect in amuonic atom to a

BWeffect for the H-like system, and account for the nuclear
model dependence, we follow the procedure introduced in
Ref. [46]. We use the simple SP magnetization models from
that work, and find effective nuclear magnetic radii Rm such
that the experimental BW effects in muonic atoms are
reproduced. These SP models have different parametriza-
tions for the unpaired nucleon wave function across the
nucleus: zeroth, first, and second powers of r and ðRm − rÞ.
Thesemodels are then applied to theH-like systems, andBW
effects determined. The uncertainty due to the model
dependence is captured through the spread in results, and
thecentral value isgivenby themidpoint.ForH-like 133Cswe
obtainϵ ¼ −0.227ð174Þð10Þ%,where the first uncertainty is
experimental and the second is due to themodel dependence.
Our final results are presented in Table II. The uncer-

tainties for the H-like results determined from muonic atom
experiments comprise of those from experiment (the
relative uncertainty is taken to be equal to that for the
muonic atom value Aexp

BW) and those from the model
dependence of the magnetization distribution, added in
quadrature. For Cs and Bi, the former dominates, while for
Tl the latter is larger by 2–3 times. The results for Tl80þ and
Bi82þ may be checked against accurate data from direct
H-like experiments, shown in the table. It is seen that the
data for Bi82þ are in agreement, and for Tl80þ the results lie
only marginally outside the 1σ error bars. This gives
confidence in the result for Cs54þ, and that any missed
effects, such as from nuclear polarization (considered, e.g.,
for the hyperfine structure in muonic deuterium in Ref. [62]
and for energies of heavy muonic atoms in Ref. [63]), may
be omitted at the current level of uncertainty.
In the final column of Table II we present the result for

the ground state of 133Cs. This is found using an electronic

“screening” factor [47], which relates the BW effect in a
many-electron atom or ion to the BW effect in the
corresponding H-like ion, xscrð6sÞ ¼ 1.047. Our empiri-
cally derived BW effect for the 6s state of atomic 133Cs,
−0.24ð18Þ%, agrees with nuclear single-particle predic-
tions, with the SP value −0.21% [11,16] and the SP-WS
value −0.19ð14Þ% [16], and with configuration mixing
calculations, −0.22% [65]. However, it deviates signifi-
cantly from predictions (−0.7%) of the commonly used
uniform distribution, amounting to a sizable 0.5% differ-
ence in the hyperfine structure constant. Taken together
with the high-precision many-body result of Ref. [16] for
the ground-state hyperfine structure constant for 133Cs, our
empirical result corresponds to an absolute BW correction
of −5.5ð4.2Þ MHz. This yields a total value of
2293.1 MHz, which agrees with experiment (2298.157…
MHz [67]) at the level of the uncertainty from the BW
effect.
The BW effects in s and p states exhibit weak depend-

ence on principal quantum number [29,68,69], and the
obtained result for 6s is valid also for excited ns states of
133Cs. Furthermore, since the BW effect in atomic states
may be determined from the 1s state in the corresponding
H-like ion [47] (see also [48]), the effect in other states may
also be found. We find the BW effects −0.015ð12Þ% for
np1=2 states and −0.065ð50Þ% for np3=2 states.
We use the empirical BW result for 133Cs to obtain values

of the BWeffects for other isotopes using measured data for
differential hyperfine anomalies. The differential anomaly
(1Δ2) between isotopes 1 and 2 is defined as [19]

1Δ2 ¼ ðA1=A2Þðg2=g1Þ − 1 ≈ 1δ2þ ϵð1Þ − ϵð2Þ; ð10Þ

where 1δ2 ¼ δð1Þ − δð2Þ is the differential Breit-Rosenthal
(BR) effect [modeled accurately using a Fermi charge
distribution for VnucðrÞ in Eq. (1)], and ϵð1Þ and ϵð2Þ are BW
effects for isotopes 1 and 2. The results for s states for
isotopes A ¼ 131, 134, 135 are presented in Table III.
In summary, we have determined accurate empirical

Bohr-Weisskopf effects for s and p states of Cs isotopes.
TABLE II. Relative BW corrections −ϵ (%) to lowest s states of
muonic atoms, H-like ions, and neutral Cs. Subheadings “μ exp”
and “H-like exp” indicate that results are extracted from muonic
and H-like experiments, respectively.

μ-atoms H-like ions Atomsa

μ exp μ exp H-like exp μ exp
133Cs 18(14) 0.23(17) % % % 0.24(18)
203Tl 50.8(1.6) 1.93(15) 2.21(8)b
205Tl 51.8(8) 1.98(15) 2.25(8)b
209Bi 28.8(3.9) 0.98(14) 1.03(5)c

aBW effects for other atomic states (e.g., p states) may also be
deduced from the effect in H-like ion [47]; see text for details.

bReference [43].
cReference [64].

TABLE III. Relative BW corrections ϵð2Þs for s states of atomic
cesium isotopes, from measured differential anomalies 1Δ2

exp, our
BW value for 133Cs, ϵð1Þ ¼ −0.24ð18Þ%, and calculated differ-
ential BR effects 1δ2. Að1Þ, Að2Þ and Iπ1 , Iπ2 are atomic mass
numbers and nuclear spins of isotopes 1 and 2.

Að1Þ Iπ1 Að2Þ Iπ2
1Δ2

exp (%) 1δ2 (%) −ϵð2Þs (%)

133 7=2þ 131 5=2þ 0.45(5)a −0.001 0.69(19)
133 7=2þ 134 4þ 0.169(30)b 0.000 0.41(18)
133 7=2þ 135 7=2þ 0.037(9)c 0.001 0.27(18)

aReference [70];
bReference [19];
cReference [71].
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What about nuclear polarization?

Sanamyan, Roberts, Ginges, PRL (2023)
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these systems a different sensitivity to the nuclear mag-
netization distribution across r. To more clearly illustrate
this, the function FðrÞ=r2, in the three simple models
considered above, is shown alongside.
To translate the empirical BWeffect in amuonic atom to a

BWeffect for the H-like system, and account for the nuclear
model dependence, we follow the procedure introduced in
Ref. [46]. We use the simple SP magnetization models from
that work, and find effective nuclear magnetic radii Rm such
that the experimental BW effects in muonic atoms are
reproduced. These SP models have different parametriza-
tions for the unpaired nucleon wave function across the
nucleus: zeroth, first, and second powers of r and ðRm − rÞ.
Thesemodels are then applied to theH-like systems, andBW
effects determined. The uncertainty due to the model
dependence is captured through the spread in results, and
thecentral value isgivenby themidpoint.ForH-like 133Cswe
obtainϵ ¼ −0.227ð174Þð10Þ%,where the first uncertainty is
experimental and the second is due to themodel dependence.
Our final results are presented in Table II. The uncer-

tainties for the H-like results determined from muonic atom
experiments comprise of those from experiment (the
relative uncertainty is taken to be equal to that for the
muonic atom value Aexp

BW) and those from the model
dependence of the magnetization distribution, added in
quadrature. For Cs and Bi, the former dominates, while for
Tl the latter is larger by 2–3 times. The results for Tl80þ and
Bi82þ may be checked against accurate data from direct
H-like experiments, shown in the table. It is seen that the
data for Bi82þ are in agreement, and for Tl80þ the results lie
only marginally outside the 1σ error bars. This gives
confidence in the result for Cs54þ, and that any missed
effects, such as from nuclear polarization (considered, e.g.,
for the hyperfine structure in muonic deuterium in Ref. [62]
and for energies of heavy muonic atoms in Ref. [63]), may
be omitted at the current level of uncertainty.
In the final column of Table II we present the result for

the ground state of 133Cs. This is found using an electronic

“screening” factor [47], which relates the BW effect in a
many-electron atom or ion to the BW effect in the
corresponding H-like ion, xscrð6sÞ ¼ 1.047. Our empiri-
cally derived BW effect for the 6s state of atomic 133Cs,
−0.24ð18Þ%, agrees with nuclear single-particle predic-
tions, with the SP value −0.21% [11,16] and the SP-WS
value −0.19ð14Þ% [16], and with configuration mixing
calculations, −0.22% [65]. However, it deviates signifi-
cantly from predictions (−0.7%) of the commonly used
uniform distribution, amounting to a sizable 0.5% differ-
ence in the hyperfine structure constant. Taken together
with the high-precision many-body result of Ref. [16] for
the ground-state hyperfine structure constant for 133Cs, our
empirical result corresponds to an absolute BW correction
of −5.5ð4.2Þ MHz. This yields a total value of
2293.1 MHz, which agrees with experiment (2298.157…
MHz [67]) at the level of the uncertainty from the BW
effect.
The BW effects in s and p states exhibit weak depend-

ence on principal quantum number [29,68,69], and the
obtained result for 6s is valid also for excited ns states of
133Cs. Furthermore, since the BW effect in atomic states
may be determined from the 1s state in the corresponding
H-like ion [47] (see also [48]), the effect in other states may
also be found. We find the BW effects −0.015ð12Þ% for
np1=2 states and −0.065ð50Þ% for np3=2 states.
We use the empirical BW result for 133Cs to obtain values

of the BWeffects for other isotopes using measured data for
differential hyperfine anomalies. The differential anomaly
(1Δ2) between isotopes 1 and 2 is defined as [19]

1Δ2 ¼ ðA1=A2Þðg2=g1Þ − 1 ≈ 1δ2þ ϵð1Þ − ϵð2Þ; ð10Þ

where 1δ2 ¼ δð1Þ − δð2Þ is the differential Breit-Rosenthal
(BR) effect [modeled accurately using a Fermi charge
distribution for VnucðrÞ in Eq. (1)], and ϵð1Þ and ϵð2Þ are BW
effects for isotopes 1 and 2. The results for s states for
isotopes A ¼ 131, 134, 135 are presented in Table III.
In summary, we have determined accurate empirical

Bohr-Weisskopf effects for s and p states of Cs isotopes.
TABLE II. Relative BW corrections −ϵ (%) to lowest s states of
muonic atoms, H-like ions, and neutral Cs. Subheadings “μ exp”
and “H-like exp” indicate that results are extracted from muonic
and H-like experiments, respectively.

μ-atoms H-like ions Atomsa

μ exp μ exp H-like exp μ exp
133Cs 18(14) 0.23(17) % % % 0.24(18)
203Tl 50.8(1.6) 1.93(15) 2.21(8)b
205Tl 51.8(8) 1.98(15) 2.25(8)b
209Bi 28.8(3.9) 0.98(14) 1.03(5)c

aBW effects for other atomic states (e.g., p states) may also be
deduced from the effect in H-like ion [47]; see text for details.

bReference [43].
cReference [64].

TABLE III. Relative BW corrections ϵð2Þs for s states of atomic
cesium isotopes, from measured differential anomalies 1Δ2

exp, our
BW value for 133Cs, ϵð1Þ ¼ −0.24ð18Þ%, and calculated differ-
ential BR effects 1δ2. Að1Þ, Að2Þ and Iπ1 , Iπ2 are atomic mass
numbers and nuclear spins of isotopes 1 and 2.

Að1Þ Iπ1 Að2Þ Iπ2
1Δ2

exp (%) 1δ2 (%) −ϵð2Þs (%)

133 7=2þ 131 5=2þ 0.45(5)a −0.001 0.69(19)
133 7=2þ 134 4þ 0.169(30)b 0.000 0.41(18)
133 7=2þ 135 7=2þ 0.037(9)c 0.001 0.27(18)

aReference [70];
bReference [19];
cReference [71].
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Vandeleur, Sanamyan, Smits, Valuev, Oreshkina, Ginges,  PRL (2025)

Hopefully this may stimulate new experiments!

What about nuclear polarization?

2→ 2→

Aexp
NP = Aexp − A0 − AQED − ABW

From H-like and muonic-atom experiments with 
atomic theory:

.

Semi-empirical:      
Semi-analytical:     

ANP < 0.1 ABW
ANP ∼ 0.001 ABW

from H-like

Sanamyan, Roberts, Ginges, PRL (2023)
Elizarov, Shabaev, Oreshkina, Tupitsyn, Stoehlker., Opt. Spectrosc. (2006)

BW effect: from muonic atoms



For atomic APV and EDMs — 


• Significant bottlenecks in interpretation due to large uncertainties in calculations of nuclear 
symmetries-violating moments:


- Schiff moment, magnetic quadrupole moment, anapole moment


• Opportunities for exciting cross-disciplinary adventures to provide improved nuclear benchmarks and 
insight into nuclear structure:


- Nuclear magnetisation distribution, higher-order (usual) nuclear moments including nuclear 
octupole moment,… 


Key to supporting development of nuclear theory and increasing discovery potential in atomic and 
molecular experiments

Take-home points



Thank you!

Precision Atomic Theory Group @ UQ



valence electron

electron “core”
nucleus

• Starting point: relativistic Hartree-Fock (RHF):   VHF

A glimpse of the theory
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<latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit>

time

a
<latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit>

a
<latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit>

↵
<latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit>

�
<latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit>

n
<latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit>

• Beyond RHF — correlation potential:   VHF + Σ
• Starting point: relativistic Hartree-Fock (RHF):   VHF

A glimpse of the theory
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<latexit sha1_base64="C7af23fAS7qmc2Sm5CJo8zG+hr0="></latexit><latexit sha1_base64="C7af23fAS7qmc2Sm5CJo8zG+hr0="></latexit><latexit sha1_base64="C7af23fAS7qmc2Sm5CJo8zG+hr0="></latexit><latexit sha1_base64="C7af23fAS7qmc2Sm5CJo8zG+hr0="></latexit>

time

a
<latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit>

a
<latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit>

↵
<latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit>

�
<latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit>

n
<latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit>

• Beyond RHF — correlation potential:   VHF + Σ
• Starting point: relativistic Hartree-Fock (RHF):   VHF

electron “core”
nucleus

n
<latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit>

↵
<latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit>

�
<latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit>

A glimpse of the theory
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<latexit sha1_base64="C7af23fAS7qmc2Sm5CJo8zG+hr0="></latexit><latexit sha1_base64="C7af23fAS7qmc2Sm5CJo8zG+hr0="></latexit><latexit sha1_base64="C7af23fAS7qmc2Sm5CJo8zG+hr0="></latexit><latexit sha1_base64="C7af23fAS7qmc2Sm5CJo8zG+hr0="></latexit>

a
<latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit>

time

a
<latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit>

a
<latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit><latexit sha1_base64="kmTPLZYMuAAb0QaPZP+t3cL8HAo=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgKcwEMckt6MVjAuYByRJmJ73JmNkHM7NCWPIFXjwo4tVP8ubfOJtEUNGChqKqm+4uL5ZCG0I+nNza+sbmVn67sLO7t39QPDzq6ChRHNo8kpHqeUyDFCG0jTASerECFngSut70OvO796C0iMJbM4vBDdg4FL7gzFipxYbFEikTQiilOCO0ekksqddrFVrDNLMsSmiF5rD4PhhFPAkgNFwyrfuUxMZNmTKCS5gXBomGmPEpG0Pf0pAFoN10cegcn1llhP1I2QoNXqjfJ1IWaD0LPNsZMDPRv71M/MvrJ8avuakI48RAyJeL/ERiE+HsazwSCriRM0sYV8LeivmEKcaNzaZgQ/j6FP9POpUyJWXauig1rlZx5NEJOkXniKIqaqAb1ERtxBGgB/SEnp0759F5cV6XrTlnNXOMfsB5+wQQYo0b</latexit>

↵
<latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit><latexit sha1_base64="pz4iGlBNo+DEZQhh7hYHyalpi5k=">AAAB7XicdVBNSwMxEJ31s9avqkcvwSJ4KkkR296KXjxWsB/QLiWbZtvYbHZJskIp/Q9ePCji1f/jzX9jtq2gog8GHu/NMDMvSKQwFuMPb2V1bX1jM7eV397Z3dsvHBy2TJxqxpsslrHuBNRwKRRvWmEl7ySa0yiQvB2MrzK/fc+1EbG6tZOE+xEdKhEKRq2TWj0qkxHtF4q4hDEmhKCMkMoFdqRWq5ZJFZHMcijCEo1+4b03iFkacWWZpMZ0CU6sP6XaCib5LN9LDU8oG9Mh7zqqaMSNP51fO0OnThmgMNaulEVz9fvElEbGTKLAdUbUjsxvLxP/8rqpDav+VKgktVyxxaIwlcjGKHsdDYTmzMqJI5Rp4W5FbEQ1ZdYFlHchfH2K/ietcongErk5L9Yvl3Hk4BhO4AwIVKAO19CAJjC4gwd4gmcv9h69F+910briLWeO4Ae8t0/Yd49O</latexit>

�
<latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit><latexit sha1_base64="cPRYOuPm9cgUY2ZB8iPUkV+Z4eU=">AAAB7HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxgtsW2qVk07QNzWaXJCuU0t/gxYMiXv1B3vw3ZtsKKvpg4PHeDDPzwkQKYzH+8HJr6xubW/ntws7u3v5B8fCoZeJUM+6zWMa6E1LDpVDct8JK3kk0p1EoeTucXGd++55rI2J1Z6cJDyI6UmIoGLVO8nsht7RfLOEyxpgQgjJCqpfYkXq9ViE1RDLLoQQrNPvF994gZmnElWWSGtMlOLHBjGormOTzQi81PKFsQke866iiETfBbHHsHJ05ZYCGsXalLFqo3ydmNDJmGoWuM6J2bH57mfiX103tsBbMhEpSyxVbLhqmEtkYZZ+jgdCcWTl1hDIt3K2IjammzLp8Ci6Er0/R/6RVKRNcJrcXpcbVKo48nMApnAOBKjTgBprgAwMBD/AEz57yHr0X73XZmvNWM8fwA97bJxDbjto=</latexit>

n
<latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit><latexit sha1_base64="grrYa2+4GaBuHy4/qGreLie45nI=">AAAB6HicdVBNSwMxEJ2tX7V+VT16CRbBU0mK2PZW9OKxBfsB7VKyadrGZrNLkhVK6S/w4kERr/4kb/4bs20FFX0w8Hhvhpl5QSyFsRh/eJm19Y3Nrex2bmd3b/8gf3jUMlGiGW+ySEa6E1DDpVC8aYWVvBNrTsNA8nYwuU799j3XRkTq1k5j7od0pMRQMGqd1FD9fAEXMcaEEJQSUr7EjlSrlRKpIJJaDgVYod7Pv/cGEUtCriyT1JguwbH1Z1RbwSSf53qJ4TFlEzriXUcVDbnxZ4tD5+jMKQM0jLQrZdFC/T4xo6Ex0zBwnSG1Y/PbS8W/vG5ihxV/JlScWK7YctEwkchGKP0aDYTmzMqpI5Rp4W5FbEw1ZdZlk3MhfH2K/ietUpHgImlcFGpXqziycAKncA4EylCDG6hDExhweIAnePbuvEfvxXtdtma81cwx/ID39gkkFo0o</latexit>
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