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Hmodel

<latexit sha1_base64="yHUHXYtHK3Ooo9GXTUU7Pgw1XWw=">AAACLnicbVDLSgNBEJyNrxhfUY9eBoMgCMuuhuhFELzkFCKYREhCmJ10dMjsg5leMSz7I36Fn+BVP0DwIB68+BlO4h6SaMFAdXUX3VNeJIVGx3m3cguLS8sr+dXC2vrG5lZxe6epw1hxaPBQhurGYxqkCKCBAiXcRAqY70loecPLcb91D0qLMLjGUQRdn90GYiA4QyP1iuVqr4PwgIkxSTstnBeu6RFtZmKtlk5VJ5PKtu1eseTYzgT0L3EzUiIZ6r3iV6cf8tiHALlkWrddJ8JuwhQKLiEtdGINEeNDdgttQwPmg+4mk9+l9MAofToIlXkB0ok67UiYr/XI98ykz/BOz/fG4n+9doyDs24igihGCPjvokEsKYZ0HBXtCwUc5cgQxpUwt1J+xxTjaAKd3aLgPjWpuPMZ/CXNY9ut2OWrcumikuWTJ3tknxwSl5ySC1IlddIgnDySZ/JCXq0n6836sD5/R3NW5tklM7C+fwBls6bs</latexit>

Hreal. = T + VNN + V3N + ...
realistic Hamiltonian rooted in QCD
(three-body operators, two particle species, …)

reduction
of phenomenology

testbed
for many-body theory
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(three-body operators, two particle species, …)

reduction
of phenomenology

testbed
for many-body theory

Theme:
The pairing Hamiltonian as prototype 

for strongly correlated nuclei.
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• Experimental evidence of formation of 
Cooper pairs in atomic nuclei
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• Odd-even staggering of experimental 
binding energies along isotopic chains

Nuclear masses of tin isotopes (AME2020)

(Z=50)

• Three-point mass differences give 
estimate for the (neutron) pairing gap

<latexit sha1_base64="08b0ov2udyimC6KuWUMI/u3nGVY="></latexit>
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Ä
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ä

shell closures

N=50 
N=82 

short-range attractive
 two-body interaction

• Nuclear phenomenology emerges from 
interplay of pairing and deformation

see also talk by D. Lacroix
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• One-parameter interaction describing superfluidity

<latexit sha1_base64="43fqXe6+9X7AA3PFSMdZXIPNY+c=">AAACAnicbVDLTgJBEOz1ifhCPXqZSEw8kV1j0COJF4+YyCPChswODUyYnd3MzJKQlZuf4FU/wJvx6o949kccYA8CVtJJpao73V1BLLg2rvvtrK1vbG5t53byu3v7B4eFo+O6jhLFsMYiEalmQDUKLrFmuBHYjBXSMBDYCIa3U78xQqV5JB/MOEY/pH3Je5xRY6XHp5i0FZV9gZ1C0S25M5BV4mWkCBmqncJPuxuxJERpmKBatzw3Nn5KleFM4CTfTjTGlA1pH1uWShqi9tPZxRNybpUu6UXKljRkpv6dSGmo9TgMbGdIzUAve1PxP6+VmN6Nn3IZJwYlmy/qJYKYiEzfJ12ukBkxtoQyxe2thA2ooszYkBa3KBxNbCrecgarpH5Z8sql8v1VsVLO8snBKZzBBXhwDRW4gyrUgIGEF3iFN+fZeXc+nM9565qTzZzAApyvX8ZfmD8=</latexit>

|pi <latexit sha1_base64="EVz7PF7GYcPM2n9Sxs9ZFLrP11Y=">AAACCXicbVDLSgNBEJz1GeMjUY9eBoPgKeyKRI8BLx4jmAckS+id9CZDZmeXmdlAWPMFfoJX/QBv4tWv8OyPOHkcTGJBQ1HVTTUVJIJr47rfzsbm1vbObm4vv39weFQoHp80dJwqhnUWi1i1AtAouMS64UZgK1EIUSCwGQzvpn5zhErzWD6acYJ+BH3JQ87AWKlbLDx1AlA0oR0Fsi+wWyy5ZXcGuk68BSmRBWrd4k+nF7M0QmmYAK3bnpsYPwNlOBM4yXdSjQmwIfSxbamECLWfzR6f0Aur9GgYKzvS0Jn69yKDSOtxFNjNCMxAr3pT8T+vnZrw1s+4TFKDks2DwlRQE9NpC7THFTIjxpYAU9z+StkAFDBju1pOUTia2Fa81Q7WSeOq7FXKlYfrUrWy6CdHzsg5uSQeuSFVck9qpE4YSckLeSVvzrPz7nw4n/PVDWdxc0qW4Hz9ArwKmlM=</latexit>

|p̄i

<latexit sha1_base64="VeaXhRjQoZ/687xTnxMDcn0pQG4=">AAACAnicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8kXjxiIo8IGzI79MKE2dnNzCwJIdz8BK/6Ad6MV3/Esz/iAHsQsJJOKlXd6e4KEsG1cd1vJ7exubW9k98t7O0fHB4Vj08aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjezfzmCJXmsXw04wT9iPYlDzmjxkpPHUw0F7Hsut1iyS27c5B14mWkBBlq3eJPpxezNEJpmKBatz03Mf6EKsOZwGmhk2pMKBvSPrYtlTRC7U/mF0/JhVV6JIyVLWnIXP07MaGR1uMosJ0RNQO96s3E/7x2asJbf8JlkhqUbLEoTAUxMZm9T3pcITNibAllittbCRtQRZmxIS1vUTia2lS81QzWSeOq7FXKlYfrUrWS5ZOHMziHS/DgBqpwDzWoAwMJL/AKb86z8+58OJ+L1pyTzZzCEpyvX834mEM=</latexit>�0

<latexit sha1_base64="fPc5wuXfe6zqE5uTYC4N88T2r+8=">AAACAnicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8kXjxiIo8IGzI79MKE2dnNzCwJIdz8BK/6Ad6MV3/Esz/iAHsQsJJOKlXd6e4KEsG1cd1vJ7exubW9k98t7O0fHB4Vj08aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjezfzmCJXmsXw04wT9iPYlDzmjxkpPHUw0F7Hset1iyS27c5B14mWkBBlq3eJPpxezNEJpmKBatz03Mf6EKsOZwGmhk2pMKBvSPrYtlTRC7U/mF0/JhVV6JIyVLWnIXP07MaGR1uMosJ0RNQO96s3E/7x2asJbf8JlkhqUbLEoTAUxMZm9T3pcITNibAllittbCRtQRZmxIS1vUTia2lS81QzWSeOq7FXKlYfrUrWS5ZOHMziHS/DgBqpwDzWoAwMJL/AKb86z8+58OJ+L1pyTzZzCEpyvX8+NmEQ=</latexit>�1

<latexit sha1_base64="zoQrzJkSZM1xOE5Yhz1omzn5v6M=">AAACAnicbVDLTgJBEOz1ifhCPXqZSEw8kV1i0COJF4+YyCPChswODUyYnd3MzJKQDTc/wat+gDfj1R/x7I84wB4ErKSTSlV3uruCWHBtXPfb2djc2t7Zze3l9w8Oj44LJ6cNHSWKYZ1FIlKtgGoUXGLdcCOwFSukYSCwGYzuZn5zjErzSD6aSYx+SAeS9zmjxkpPHYw1F5HslruFolty5yDrxMtIETLUuoWfTi9iSYjSMEG1bntubPyUKsOZwGm+k2iMKRvRAbYtlTRE7afzi6fk0io90o+ULWnIXP07kdJQ60kY2M6QmqFe9Wbif147Mf1bP+UyTgxKtljUTwQxEZm9T3pcITNiYgllittbCRtSRZmxIS1vUTie2lS81QzWSaNc8iqlysN1sVrJ8snBOVzAFXhwA1W4hxrUgYGEF3iFN+fZeXc+nM9F64aTzZzBEpyvX9EimEU=</latexit>�2

<latexit sha1_base64="2ObkHG81lRrD+PAtVdFBeKwk+wQ=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5idnU3GzM4sM72BsAT8BK/6Ad7Eq7/i2R9xkuzBJBY0FFXddHcFieAGXPfbKWxsbm3vFHdLe/sHh0fl45OWUammrEmVULoTEMMEl6wJHATrJJqROBCsHYzuZn57zLThSj7CJGF+TAaSR5wSsFKrNw4VmH654lbdOfA68XJSQTka/fJPL1Q0jZkEKogxXc9NwM+IBk4Fm5Z6qWEJoSMyYF1LJYmZ8bP5tVN8YZUQR0rbkoDn6t+JjMTGTOLAdsYEhmbVm4n/ed0Uols/4zJJgUm6WBSlAoPCs9dxyDWjICaWEKq5vRXTIdGEgg1oeYtm46lNxVvNYJ20rqperVp7uK7Ua3k+RXSGztEl8tANqqN71EBNRNETekGv6M15dt6dD+dz0Vpw8plTtATn6xcLvJbC</latexit>...

<latexit sha1_base64="9+MboAblqlm7tsQetPgbNgtmDnQ="></latexit>

Hpairing =
X

p
�p (c†pcp + c†p̄cp̄) + g

X

pq
c†pc

†
p̄cq̄cq

<latexit sha1_base64="tDOY8l7/fqlbRNv6JtujjadyoMs=">AAACAHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKxFyEgBdvRjAPSJYwO+lNhszMLjOzgbDk4id41Q/wJl79E8/+iJNkDyaxoKGo6qa7K4g508Z1v53cxubW9k5+t7C3f3B4VDw+aeooURQaNOKRagdEA2cSGoYZDu1YAREBh1Ywupv5rTEozSL5ZCYx+IIMJAsZJcZK7e6DgAG5rfaKJbfszoHXiZeREspQ7xV/uv2IJgKkoZxo3fHc2PgpUYZRDtNCN9EQEzoiA+hYKokA7afze6f4wip9HEbKljR4rv6dSInQeiIC2ymIGepVbyb+53USE1b9lMk4MSDpYlGYcGwiPHse95kCavjEEkIVs7diOiSKUGMjWt6iYDy1qXirGayT5lXZq5Qrj9elWiXLJ4/O0Dm6RB66QTV0j+qogSji6AW9ojfn2Xl3PpzPRWvOyWZO0RKcr1+ip5cE</latexit>

� = 8
<latexit sha1_base64="Ecls0TPIHj1IyM/x7dqJhhfdjc0=">AAACBnicbVDLSgNBEJyNrxhfUY9eFoPgKexKiF6EgBdPEsE8IFnD7KQ3GTL7YKY3GJa9+wle9QO8iVd/w7M/4iTZg0ksaCiquqmm3EhwhZb1beTW1jc2t/LbhZ3dvf2D4uFRU4WxZNBgoQhl26UKBA+ggRwFtCMJ1HcFtNzRzdRvjUEqHgYPOInA8ekg4B5nFLX0eNfrIjxhEjKWXld6xZJVtmYwV4mdkRLJUO8Vf7r9kMU+BMgEVapjWxE6CZXImYC00I0VRJSN6AA6mgbUB+Uks69T80wrfdMLpZ4AzZn69yKhvlIT39WbPsWhWvam4n9eJ0bvykl4EMUIAZsHebEwMTSnFZh9LoGhmGhCmeT6V5MNqaQMdVGLKRLGqW7FXu5glTQvyna1XL2vlGrVrJ88OSGn5JzY5JLUyC2pkwZhRJIX8krejGfj3fgwPuerOSO7OSYLML5+Ad7NmfI=</latexit>

Nocc = 4

Number of levels

Occupied levels

• Generation of a pair of time-reversed states
<latexit sha1_base64="k+nPbw0WnekSuQnULJEf9H4PAYc="></latexit>

|pi = |np�pjpmpi ! |p̄i = |np�pjp �mpi
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<latexit sha1_base64="zoQrzJkSZM1xOE5Yhz1omzn5v6M=">AAACAnicbVDLTgJBEOz1ifhCPXqZSEw8kV1i0COJF4+YyCPChswODUyYnd3MzJKQDTc/wat+gDfj1R/x7I84wB4ErKSTSlV3uruCWHBtXPfb2djc2t7Zze3l9w8Oj44LJ6cNHSWKYZ1FIlKtgGoUXGLdcCOwFSukYSCwGYzuZn5zjErzSD6aSYx+SAeS9zmjxkpPHYw1F5HslruFolty5yDrxMtIETLUuoWfTi9iSYjSMEG1bntubPyUKsOZwGm+k2iMKRvRAbYtlTRE7afzi6fk0io90o+ULWnIXP07kdJQ60kY2M6QmqFe9Wbif147Mf1bP+UyTgxKtljUTwQxEZm9T3pcITNiYgllittbCRtSRZmxIS1vUTie2lS81QzWSaNc8iqlysN1sVrJ8snBOVzAFXhwA1W4hxrUgYGEF3iFN+fZeXc+nM9F64aTzZzBEpyvX9EimEU=</latexit>�2

<latexit sha1_base64="2ObkHG81lRrD+PAtVdFBeKwk+wQ=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5idnU3GzM4sM72BsAT8BK/6Ad7Eq7/i2R9xkuzBJBY0FFXddHcFieAGXPfbKWxsbm3vFHdLe/sHh0fl45OWUammrEmVULoTEMMEl6wJHATrJJqROBCsHYzuZn57zLThSj7CJGF+TAaSR5wSsFKrNw4VmH654lbdOfA68XJSQTka/fJPL1Q0jZkEKogxXc9NwM+IBk4Fm5Z6qWEJoSMyYF1LJYmZ8bP5tVN8YZUQR0rbkoDn6t+JjMTGTOLAdsYEhmbVm4n/ed0Uols/4zJJgUm6WBSlAoPCs9dxyDWjICaWEKq5vRXTIdGEgg1oeYtm46lNxVvNYJ20rqperVp7uK7Ua3k+RXSGztEl8tANqqN71EBNRNETekGv6M15dt6dD+dz0Vpw8plTtATn6xcLvJbC</latexit>...
• Pair operators form a SU(2) quasispin algebra

<latexit sha1_base64="4w82QbPN7kuL9qILAcDCRtp7AXU=">AAACL3icbVDLSgMxFM3UV62vUZdugkUQhDIjWt0IBTeupIKthbaWTHpnGpp5kGQKZeiX+BV+glv9AHEjgiv/wkw7Qh8euHDuOfdyk+NEnEllWR9Gbml5ZXUtv17Y2Nza3jF39+oyjAWFGg15KBoOkcBZADXFFIdGJID4DocHp3+d+g8DEJKFwb0aRtD2iRcwl1GitNQxz287Eb7C9LHVJZ4HQndU18mUkrQcInA00sYf7ZhFq2SNgReJnZEiylDtmN+tbkhjHwJFOZGyaVuRaidEKEY5jAqtWEJEaJ940NQ0ID7IdjL+3ggfaaWL3VDoChQeq9MbCfGlHPqOnvSJ6sl5LxX/85qxci/bCQuiWEFAJ4fcmGMV4jQr3GUCqOJDTQgVTL8V0x4RhCqd6OwVAYM0FXs+g0VSPy3Z5VL57qxYKWf55NEBOkTHyEYXqIJuUBXVEEVP6AW9ojfj2Xg3Po2vyWjOyHb20QyMn1+ojqjk</latexit>

Np = c†pcp + c†p̄cp̄
<latexit sha1_base64="DLrG0D1kjShJWbs7OQzWklvG2Wk=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARXEhJRKoboeDGZQXbCk0Mk8lJOnRyYWZSKKEv4VP4CG71AdyJuBN8EZO2YC/+MPDNf87hzPxuwplUhvGllVZW19Y3ypuVre2d3T19/6At41RQaNGYx+LBJRI4i6ClmOLwkAggocuh4/ZvinpnAEKyOLpXwwTskAQR8xklKrcc/az5aHkkCEA4Cb7GdOb2x5nlEoGTkaNXjZoxFl4GcwpVNFXT0X8sL6ZpCJGinEjZNY1E2RkRilEOo4qVSkgI7ZMAujlGJARpZ+NfjfBJ7njYj0V+IoXH7uxERkIph6Gbd4ZE9eRirTD/q3VT5V/ZGYuSVEFEJ4v8lGMV4yIi7DEBVPFhDoQKlr8V0x4RhKo8yPktAgZFKuZiBsvQPq+Z9Vr97qLaqE/zKaMjdIxOkYkuUQPdoiZqIYqe0At6RW/as/aufWifk9aSNp05RHPSvn8B+YSmGA==</latexit>

P†p = c†pc
†
p̄

<latexit sha1_base64="9+MboAblqlm7tsQetPgbNgtmDnQ="></latexit>

Hpairing =
X

p
�p (c†pcp + c†p̄cp̄) + g

X

pq
c†pc

†
p̄cq̄cq

<latexit sha1_base64="tDOY8l7/fqlbRNv6JtujjadyoMs=">AAACAHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKxFyEgBdvRjAPSJYwO+lNhszMLjOzgbDk4id41Q/wJl79E8/+iJNkDyaxoKGo6qa7K4g508Z1v53cxubW9k5+t7C3f3B4VDw+aeooURQaNOKRagdEA2cSGoYZDu1YAREBh1Ywupv5rTEozSL5ZCYx+IIMJAsZJcZK7e6DgAG5rfaKJbfszoHXiZeREspQ7xV/uv2IJgKkoZxo3fHc2PgpUYZRDtNCN9EQEzoiA+hYKokA7afze6f4wip9HEbKljR4rv6dSInQeiIC2ymIGepVbyb+53USE1b9lMk4MSDpYlGYcGwiPHse95kCavjEEkIVs7diOiSKUGMjWt6iYDy1qXirGayT5lXZq5Qrj9elWiXLJ4/O0Dm6RB66QTV0j+qogSji6AW9ojfn2Xl3PpzPRWvOyWZO0RKcr1+ip5cE</latexit>

� = 8
<latexit sha1_base64="Ecls0TPIHj1IyM/x7dqJhhfdjc0=">AAACBnicbVDLSgNBEJyNrxhfUY9eFoPgKexKiF6EgBdPEsE8IFnD7KQ3GTL7YKY3GJa9+wle9QO8iVd/w7M/4iTZg0ksaCiquqmm3EhwhZb1beTW1jc2t/LbhZ3dvf2D4uFRU4WxZNBgoQhl26UKBA+ggRwFtCMJ1HcFtNzRzdRvjUEqHgYPOInA8ekg4B5nFLX0eNfrIjxhEjKWXld6xZJVtmYwV4mdkRLJUO8Vf7r9kMU+BMgEVapjWxE6CZXImYC00I0VRJSN6AA6mgbUB+Uks69T80wrfdMLpZ4AzZn69yKhvlIT39WbPsWhWvam4n9eJ0bvykl4EMUIAZsHebEwMTSnFZh9LoGhmGhCmeT6V5MNqaQMdVGLKRLGqW7FXu5glTQvyna1XL2vlGrVrJ88OSGn5JzY5JLUyC2pkwZhRJIX8krejGfj3fgwPuerOSO7OSYLML5+Ad7NmfI=</latexit>

Nocc = 4

Number of levels

Occupied levels

• Generation of a pair of time-reversed states
<latexit sha1_base64="k+nPbw0WnekSuQnULJEf9H4PAYc="></latexit>

|pi = |np�pjpmpi ! |p̄i = |np�pjp �mpi
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• One-parameter interaction describing superfluidity

<latexit sha1_base64="43fqXe6+9X7AA3PFSMdZXIPNY+c=">AAACAnicbVDLTgJBEOz1ifhCPXqZSEw8kV1j0COJF4+YyCPChswODUyYnd3MzJKQlZuf4FU/wJvx6o949kccYA8CVtJJpao73V1BLLg2rvvtrK1vbG5t53byu3v7B4eFo+O6jhLFsMYiEalmQDUKLrFmuBHYjBXSMBDYCIa3U78xQqV5JB/MOEY/pH3Je5xRY6XHp5i0FZV9gZ1C0S25M5BV4mWkCBmqncJPuxuxJERpmKBatzw3Nn5KleFM4CTfTjTGlA1pH1uWShqi9tPZxRNybpUu6UXKljRkpv6dSGmo9TgMbGdIzUAve1PxP6+VmN6Nn3IZJwYlmy/qJYKYiEzfJ12ukBkxtoQyxe2thA2ooszYkBa3KBxNbCrecgarpH5Z8sql8v1VsVLO8snBKZzBBXhwDRW4gyrUgIGEF3iFN+fZeXc+nM9565qTzZzAApyvX8ZfmD8=</latexit>

|pi <latexit sha1_base64="EVz7PF7GYcPM2n9Sxs9ZFLrP11Y=">AAACCXicbVDLSgNBEJz1GeMjUY9eBoPgKeyKRI8BLx4jmAckS+id9CZDZmeXmdlAWPMFfoJX/QBv4tWv8OyPOHkcTGJBQ1HVTTUVJIJr47rfzsbm1vbObm4vv39weFQoHp80dJwqhnUWi1i1AtAouMS64UZgK1EIUSCwGQzvpn5zhErzWD6acYJ+BH3JQ87AWKlbLDx1AlA0oR0Fsi+wWyy5ZXcGuk68BSmRBWrd4k+nF7M0QmmYAK3bnpsYPwNlOBM4yXdSjQmwIfSxbamECLWfzR6f0Aur9GgYKzvS0Jn69yKDSOtxFNjNCMxAr3pT8T+vnZrw1s+4TFKDks2DwlRQE9NpC7THFTIjxpYAU9z+StkAFDBju1pOUTia2Fa81Q7WSeOq7FXKlYfrUrWy6CdHzsg5uSQeuSFVck9qpE4YSckLeSVvzrPz7nw4n/PVDWdxc0qW4Hz9ArwKmlM=</latexit>

|p̄i

<latexit sha1_base64="VeaXhRjQoZ/687xTnxMDcn0pQG4=">AAACAnicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8kXjxiIo8IGzI79MKE2dnNzCwJIdz8BK/6Ad6MV3/Esz/iAHsQsJJOKlXd6e4KEsG1cd1vJ7exubW9k98t7O0fHB4Vj08aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjezfzmCJXmsXw04wT9iPYlDzmjxkpPHUw0F7Hsut1iyS27c5B14mWkBBlq3eJPpxezNEJpmKBatz03Mf6EKsOZwGmhk2pMKBvSPrYtlTRC7U/mF0/JhVV6JIyVLWnIXP07MaGR1uMosJ0RNQO96s3E/7x2asJbf8JlkhqUbLEoTAUxMZm9T3pcITNibAllittbCRtQRZmxIS1vUTia2lS81QzWSeOq7FXKlYfrUrWS5ZOHMziHS/DgBqpwDzWoAwMJL/AKb86z8+58OJ+L1pyTzZzCEpyvX834mEM=</latexit>�0

<latexit sha1_base64="fPc5wuXfe6zqE5uTYC4N88T2r+8=">AAACAnicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8kXjxiIo8IGzI79MKE2dnNzCwJIdz8BK/6Ad6MV3/Esz/iAHsQsJJOKlXd6e4KEsG1cd1vJ7exubW9k98t7O0fHB4Vj08aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjezfzmCJXmsXw04wT9iPYlDzmjxkpPHUw0F7Hset1iyS27c5B14mWkBBlq3eJPpxezNEJpmKBatz03Mf6EKsOZwGmhk2pMKBvSPrYtlTRC7U/mF0/JhVV6JIyVLWnIXP07MaGR1uMosJ0RNQO96s3E/7x2asJbf8JlkhqUbLEoTAUxMZm9T3pcITNibAllittbCRtQRZmxIS1vUTia2lS81QzWSeOq7FXKlYfrUrWS5ZOHMziHS/DgBqpwDzWoAwMJL/AKb86z8+58OJ+L1pyTzZzCEpyvX8+NmEQ=</latexit>�1

<latexit sha1_base64="zoQrzJkSZM1xOE5Yhz1omzn5v6M=">AAACAnicbVDLTgJBEOz1ifhCPXqZSEw8kV1i0COJF4+YyCPChswODUyYnd3MzJKQDTc/wat+gDfj1R/x7I84wB4ErKSTSlV3uruCWHBtXPfb2djc2t7Zze3l9w8Oj44LJ6cNHSWKYZ1FIlKtgGoUXGLdcCOwFSukYSCwGYzuZn5zjErzSD6aSYx+SAeS9zmjxkpPHYw1F5HslruFolty5yDrxMtIETLUuoWfTi9iSYjSMEG1bntubPyUKsOZwGm+k2iMKRvRAbYtlTRE7afzi6fk0io90o+ULWnIXP07kdJQ60kY2M6QmqFe9Wbif147Mf1bP+UyTgxKtljUTwQxEZm9T3pcITNiYgllittbCRtSRZmxIS1vUTie2lS81QzWSaNc8iqlysN1sVrJ8snBOVzAFXhwA1W4hxrUgYGEF3iFN+fZeXc+nM9F64aTzZzBEpyvX9EimEU=</latexit>�2

<latexit sha1_base64="2ObkHG81lRrD+PAtVdFBeKwk+wQ=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5idnU3GzM4sM72BsAT8BK/6Ad7Eq7/i2R9xkuzBJBY0FFXddHcFieAGXPfbKWxsbm3vFHdLe/sHh0fl45OWUammrEmVULoTEMMEl6wJHATrJJqROBCsHYzuZn57zLThSj7CJGF+TAaSR5wSsFKrNw4VmH654lbdOfA68XJSQTka/fJPL1Q0jZkEKogxXc9NwM+IBk4Fm5Z6qWEJoSMyYF1LJYmZ8bP5tVN8YZUQR0rbkoDn6t+JjMTGTOLAdsYEhmbVm4n/ed0Uols/4zJJgUm6WBSlAoPCs9dxyDWjICaWEKq5vRXTIdGEgg1oeYtm46lNxVvNYJ20rqperVp7uK7Ua3k+RXSGztEl8tANqqN71EBNRNETekGv6M15dt6dD+dz0Vpw8plTtATn6xcLvJbC</latexit>...
• Pair operators form a SU(2) quasispin algebra

<latexit sha1_base64="4w82QbPN7kuL9qILAcDCRtp7AXU=">AAACL3icbVDLSgMxFM3UV62vUZdugkUQhDIjWt0IBTeupIKthbaWTHpnGpp5kGQKZeiX+BV+glv9AHEjgiv/wkw7Qh8euHDuOfdyk+NEnEllWR9Gbml5ZXUtv17Y2Nza3jF39+oyjAWFGg15KBoOkcBZADXFFIdGJID4DocHp3+d+g8DEJKFwb0aRtD2iRcwl1GitNQxz287Eb7C9LHVJZ4HQndU18mUkrQcInA00sYf7ZhFq2SNgReJnZEiylDtmN+tbkhjHwJFOZGyaVuRaidEKEY5jAqtWEJEaJ940NQ0ID7IdjL+3ggfaaWL3VDoChQeq9MbCfGlHPqOnvSJ6sl5LxX/85qxci/bCQuiWEFAJ4fcmGMV4jQr3GUCqOJDTQgVTL8V0x4RhCqd6OwVAYM0FXs+g0VSPy3Z5VL57qxYKWf55NEBOkTHyEYXqIJuUBXVEEVP6AW9ojfj2Xg3Po2vyWjOyHb20QyMn1+ojqjk</latexit>

Np = c†pcp + c†p̄cp̄
<latexit sha1_base64="DLrG0D1kjShJWbs7OQzWklvG2Wk=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARXEhJRKoboeDGZQXbCk0Mk8lJOnRyYWZSKKEv4VP4CG71AdyJuBN8EZO2YC/+MPDNf87hzPxuwplUhvGllVZW19Y3ypuVre2d3T19/6At41RQaNGYx+LBJRI4i6ClmOLwkAggocuh4/ZvinpnAEKyOLpXwwTskAQR8xklKrcc/az5aHkkCEA4Cb7GdOb2x5nlEoGTkaNXjZoxFl4GcwpVNFXT0X8sL6ZpCJGinEjZNY1E2RkRilEOo4qVSkgI7ZMAujlGJARpZ+NfjfBJ7njYj0V+IoXH7uxERkIph6Gbd4ZE9eRirTD/q3VT5V/ZGYuSVEFEJ4v8lGMV4yIi7DEBVPFhDoQKlr8V0x4RhKo8yPktAgZFKuZiBsvQPq+Z9Vr97qLaqE/zKaMjdIxOkYkuUQPdoiZqIYqe0At6RW/as/aufWifk9aSNp05RHPSvn8B+YSmGA==</latexit>

P†p = c†pc
†
p̄

<latexit sha1_base64="OB90rS0BfrTdaoK8P5ywXzxhfik="></latexit>

Hpairing =
X

p
�p Np + g
X

pq
P†pPq

• Representation in quasispin algebra

<latexit sha1_base64="9+MboAblqlm7tsQetPgbNgtmDnQ="></latexit>

Hpairing =
X

p
�p (c†pcp + c†p̄cp̄) + g

X

pq
c†pc

†
p̄cq̄cq

<latexit sha1_base64="tDOY8l7/fqlbRNv6JtujjadyoMs=">AAACAHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKxFyEgBdvRjAPSJYwO+lNhszMLjOzgbDk4id41Q/wJl79E8/+iJNkDyaxoKGo6qa7K4g508Z1v53cxubW9k5+t7C3f3B4VDw+aeooURQaNOKRagdEA2cSGoYZDu1YAREBh1Ywupv5rTEozSL5ZCYx+IIMJAsZJcZK7e6DgAG5rfaKJbfszoHXiZeREspQ7xV/uv2IJgKkoZxo3fHc2PgpUYZRDtNCN9EQEzoiA+hYKokA7afze6f4wip9HEbKljR4rv6dSInQeiIC2ymIGepVbyb+53USE1b9lMk4MSDpYlGYcGwiPHse95kCavjEEkIVs7diOiSKUGMjWt6iYDy1qXirGayT5lXZq5Qrj9elWiXLJ4/O0Dm6RB66QTV0j+qogSji6AW9ojfn2Xl3PpzPRWvOyWZO0RKcr1+ip5cE</latexit>

� = 8
<latexit sha1_base64="Ecls0TPIHj1IyM/x7dqJhhfdjc0=">AAACBnicbVDLSgNBEJyNrxhfUY9eFoPgKexKiF6EgBdPEsE8IFnD7KQ3GTL7YKY3GJa9+wle9QO8iVd/w7M/4iTZg0ksaCiquqmm3EhwhZb1beTW1jc2t/LbhZ3dvf2D4uFRU4WxZNBgoQhl26UKBA+ggRwFtCMJ1HcFtNzRzdRvjUEqHgYPOInA8ekg4B5nFLX0eNfrIjxhEjKWXld6xZJVtmYwV4mdkRLJUO8Vf7r9kMU+BMgEVapjWxE6CZXImYC00I0VRJSN6AA6mgbUB+Uks69T80wrfdMLpZ4AzZn69yKhvlIT39WbPsWhWvam4n9eJ0bvykl4EMUIAZsHebEwMTSnFZh9LoGhmGhCmeT6V5MNqaQMdVGLKRLGqW7FXu5glTQvyna1XL2vlGrVrJ88OSGn5JzY5JLUyC2pkwZhRJIX8krejGfj3fgwPuerOSO7OSYLML5+Ad7NmfI=</latexit>

Nocc = 4

Number of levels

Occupied levels

• Generation of a pair of time-reversed states
<latexit sha1_base64="k+nPbw0WnekSuQnULJEf9H4PAYc="></latexit>

|pi = |np�pjpmpi ! |p̄i = |np�pjp �mpi
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• One-parameter interaction describing superfluidity

• Admits for a transition to superfluid regime at 
critical coupling strength

<latexit sha1_base64="43fqXe6+9X7AA3PFSMdZXIPNY+c=">AAACAnicbVDLTgJBEOz1ifhCPXqZSEw8kV1j0COJF4+YyCPChswODUyYnd3MzJKQlZuf4FU/wJvx6o949kccYA8CVtJJpao73V1BLLg2rvvtrK1vbG5t53byu3v7B4eFo+O6jhLFsMYiEalmQDUKLrFmuBHYjBXSMBDYCIa3U78xQqV5JB/MOEY/pH3Je5xRY6XHp5i0FZV9gZ1C0S25M5BV4mWkCBmqncJPuxuxJERpmKBatzw3Nn5KleFM4CTfTjTGlA1pH1uWShqi9tPZxRNybpUu6UXKljRkpv6dSGmo9TgMbGdIzUAve1PxP6+VmN6Nn3IZJwYlmy/qJYKYiEzfJ12ukBkxtoQyxe2thA2ooszYkBa3KBxNbCrecgarpH5Z8sql8v1VsVLO8snBKZzBBXhwDRW4gyrUgIGEF3iFN+fZeXc+nM9565qTzZzAApyvX8ZfmD8=</latexit>

|pi <latexit sha1_base64="EVz7PF7GYcPM2n9Sxs9ZFLrP11Y=">AAACCXicbVDLSgNBEJz1GeMjUY9eBoPgKeyKRI8BLx4jmAckS+id9CZDZmeXmdlAWPMFfoJX/QBv4tWv8OyPOHkcTGJBQ1HVTTUVJIJr47rfzsbm1vbObm4vv39weFQoHp80dJwqhnUWi1i1AtAouMS64UZgK1EIUSCwGQzvpn5zhErzWD6acYJ+BH3JQ87AWKlbLDx1AlA0oR0Fsi+wWyy5ZXcGuk68BSmRBWrd4k+nF7M0QmmYAK3bnpsYPwNlOBM4yXdSjQmwIfSxbamECLWfzR6f0Aur9GgYKzvS0Jn69yKDSOtxFNjNCMxAr3pT8T+vnZrw1s+4TFKDks2DwlRQE9NpC7THFTIjxpYAU9z+StkAFDBju1pOUTia2Fa81Q7WSeOq7FXKlYfrUrWy6CdHzsg5uSQeuSFVck9qpE4YSckLeSVvzrPz7nw4n/PVDWdxc0qW4Hz9ArwKmlM=</latexit>

|p̄i

<latexit sha1_base64="VeaXhRjQoZ/687xTnxMDcn0pQG4=">AAACAnicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8kXjxiIo8IGzI79MKE2dnNzCwJIdz8BK/6Ad6MV3/Esz/iAHsQsJJOKlXd6e4KEsG1cd1vJ7exubW9k98t7O0fHB4Vj08aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjezfzmCJXmsXw04wT9iPYlDzmjxkpPHUw0F7Hsut1iyS27c5B14mWkBBlq3eJPpxezNEJpmKBatz03Mf6EKsOZwGmhk2pMKBvSPrYtlTRC7U/mF0/JhVV6JIyVLWnIXP07MaGR1uMosJ0RNQO96s3E/7x2asJbf8JlkhqUbLEoTAUxMZm9T3pcITNibAllittbCRtQRZmxIS1vUTia2lS81QzWSeOq7FXKlYfrUrWS5ZOHMziHS/DgBqpwDzWoAwMJL/AKb86z8+58OJ+L1pyTzZzCEpyvX834mEM=</latexit>�0

<latexit sha1_base64="fPc5wuXfe6zqE5uTYC4N88T2r+8=">AAACAnicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8kXjxiIo8IGzI79MKE2dnNzCwJIdz8BK/6Ad6MV3/Esz/iAHsQsJJOKlXd6e4KEsG1cd1vJ7exubW9k98t7O0fHB4Vj08aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjezfzmCJXmsXw04wT9iPYlDzmjxkpPHUw0F7Hset1iyS27c5B14mWkBBlq3eJPpxezNEJpmKBatz03Mf6EKsOZwGmhk2pMKBvSPrYtlTRC7U/mF0/JhVV6JIyVLWnIXP07MaGR1uMosJ0RNQO96s3E/7x2asJbf8JlkhqUbLEoTAUxMZm9T3pcITNibAllittbCRtQRZmxIS1vUTia2lS81QzWSeOq7FXKlYfrUrWS5ZOHMziHS/DgBqpwDzWoAwMJL/AKb86z8+58OJ+L1pyTzZzCEpyvX8+NmEQ=</latexit>�1

<latexit sha1_base64="zoQrzJkSZM1xOE5Yhz1omzn5v6M=">AAACAnicbVDLTgJBEOz1ifhCPXqZSEw8kV1i0COJF4+YyCPChswODUyYnd3MzJKQDTc/wat+gDfj1R/x7I84wB4ErKSTSlV3uruCWHBtXPfb2djc2t7Zze3l9w8Oj44LJ6cNHSWKYZ1FIlKtgGoUXGLdcCOwFSukYSCwGYzuZn5zjErzSD6aSYx+SAeS9zmjxkpPHYw1F5HslruFolty5yDrxMtIETLUuoWfTi9iSYjSMEG1bntubPyUKsOZwGm+k2iMKRvRAbYtlTRE7afzi6fk0io90o+ULWnIXP07kdJQ60kY2M6QmqFe9Wbif147Mf1bP+UyTgxKtljUTwQxEZm9T3pcITNiYgllittbCRtSRZmxIS1vUTie2lS81QzWSaNc8iqlysN1sVrJ8snBOVzAFXhwA1W4hxrUgYGEF3iFN+fZeXc+nM9F64aTzZzBEpyvX9EimEU=</latexit>�2

<latexit sha1_base64="2ObkHG81lRrD+PAtVdFBeKwk+wQ=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5idnU3GzM4sM72BsAT8BK/6Ad7Eq7/i2R9xkuzBJBY0FFXddHcFieAGXPfbKWxsbm3vFHdLe/sHh0fl45OWUammrEmVULoTEMMEl6wJHATrJJqROBCsHYzuZn57zLThSj7CJGF+TAaSR5wSsFKrNw4VmH654lbdOfA68XJSQTka/fJPL1Q0jZkEKogxXc9NwM+IBk4Fm5Z6qWEJoSMyYF1LJYmZ8bP5tVN8YZUQR0rbkoDn6t+JjMTGTOLAdsYEhmbVm4n/ed0Uols/4zJJgUm6WBSlAoPCs9dxyDWjICaWEKq5vRXTIdGEgg1oeYtm46lNxVvNYJ20rqperVp7uK7Ua3k+RXSGztEl8tANqqN71EBNRNETekGv6M15dt6dD+dz0Vpw8plTtATn6xcLvJbC</latexit>...
• Pair operators form a SU(2) quasispin algebra

<latexit sha1_base64="4w82QbPN7kuL9qILAcDCRtp7AXU=">AAACL3icbVDLSgMxFM3UV62vUZdugkUQhDIjWt0IBTeupIKthbaWTHpnGpp5kGQKZeiX+BV+glv9AHEjgiv/wkw7Qh8euHDuOfdyk+NEnEllWR9Gbml5ZXUtv17Y2Nza3jF39+oyjAWFGg15KBoOkcBZADXFFIdGJID4DocHp3+d+g8DEJKFwb0aRtD2iRcwl1GitNQxz287Eb7C9LHVJZ4HQndU18mUkrQcInA00sYf7ZhFq2SNgReJnZEiylDtmN+tbkhjHwJFOZGyaVuRaidEKEY5jAqtWEJEaJ940NQ0ID7IdjL+3ggfaaWL3VDoChQeq9MbCfGlHPqOnvSJ6sl5LxX/85qxci/bCQuiWEFAJ4fcmGMV4jQr3GUCqOJDTQgVTL8V0x4RhCqd6OwVAYM0FXs+g0VSPy3Z5VL57qxYKWf55NEBOkTHyEYXqIJuUBXVEEVP6AW9ojfj2Xg3Po2vyWjOyHb20QyMn1+ojqjk</latexit>

Np = c†pcp + c†p̄cp̄
<latexit sha1_base64="DLrG0D1kjShJWbs7OQzWklvG2Wk=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARXEhJRKoboeDGZQXbCk0Mk8lJOnRyYWZSKKEv4VP4CG71AdyJuBN8EZO2YC/+MPDNf87hzPxuwplUhvGllVZW19Y3ypuVre2d3T19/6At41RQaNGYx+LBJRI4i6ClmOLwkAggocuh4/ZvinpnAEKyOLpXwwTskAQR8xklKrcc/az5aHkkCEA4Cb7GdOb2x5nlEoGTkaNXjZoxFl4GcwpVNFXT0X8sL6ZpCJGinEjZNY1E2RkRilEOo4qVSkgI7ZMAujlGJARpZ+NfjfBJ7njYj0V+IoXH7uxERkIph6Gbd4ZE9eRirTD/q3VT5V/ZGYuSVEFEJ4v8lGMV4yIi7DEBVPFhDoQKlr8V0x4RhKo8yPktAgZFKuZiBsvQPq+Z9Vr97qLaqE/zKaMjdIxOkYkuUQPdoiZqIYqe0At6RW/as/aufWifk9aSNp05RHPSvn8B+YSmGA==</latexit>

P†p = c†pc
†
p̄

<latexit sha1_base64="OB90rS0BfrTdaoK8P5ywXzxhfik="></latexit>

Hpairing =
X

p
�p Np + g
X

pq
P†pPq

• Representation in quasispin algebra

<latexit sha1_base64="9+MboAblqlm7tsQetPgbNgtmDnQ="></latexit>

Hpairing =
X

p
�p (c†pcp + c†p̄cp̄) + g

X

pq
c†pc

†
p̄cq̄cq

<latexit sha1_base64="tDOY8l7/fqlbRNv6JtujjadyoMs=">AAACAHicbVDLSgNBEJyNrxhfUY9eBoPgKeyKxFyEgBdvRjAPSJYwO+lNhszMLjOzgbDk4id41Q/wJl79E8/+iJNkDyaxoKGo6qa7K4g508Z1v53cxubW9k5+t7C3f3B4VDw+aeooURQaNOKRagdEA2cSGoYZDu1YAREBh1Ywupv5rTEozSL5ZCYx+IIMJAsZJcZK7e6DgAG5rfaKJbfszoHXiZeREspQ7xV/uv2IJgKkoZxo3fHc2PgpUYZRDtNCN9EQEzoiA+hYKokA7afze6f4wip9HEbKljR4rv6dSInQeiIC2ymIGepVbyb+53USE1b9lMk4MSDpYlGYcGwiPHse95kCavjEEkIVs7diOiSKUGMjWt6iYDy1qXirGayT5lXZq5Qrj9elWiXLJ4/O0Dm6RB66QTV0j+qogSji6AW9ojfn2Xl3PpzPRWvOyWZO0RKcr1+ip5cE</latexit>

� = 8
<latexit sha1_base64="Ecls0TPIHj1IyM/x7dqJhhfdjc0=">AAACBnicbVDLSgNBEJyNrxhfUY9eFoPgKexKiF6EgBdPEsE8IFnD7KQ3GTL7YKY3GJa9+wle9QO8iVd/w7M/4iTZg0ksaCiquqmm3EhwhZb1beTW1jc2t/LbhZ3dvf2D4uFRU4WxZNBgoQhl26UKBA+ggRwFtCMJ1HcFtNzRzdRvjUEqHgYPOInA8ekg4B5nFLX0eNfrIjxhEjKWXld6xZJVtmYwV4mdkRLJUO8Vf7r9kMU+BMgEVapjWxE6CZXImYC00I0VRJSN6AA6mgbUB+Uks69T80wrfdMLpZ4AzZn69yKhvlIT39WbPsWhWvam4n9eJ0bvykl4EMUIAZsHebEwMTSnFZh9LoGhmGhCmeT6V5MNqaQMdVGLKRLGqW7FXu5glTQvyna1XL2vlGrVrJ88OSGn5JzY5JLUyC2pkwZhRJIX8krejGfj3fgwPuerOSO7OSYLML5+Ad7NmfI=</latexit>

Nocc = 4

Number of levels

Occupied levels

• Generation of a pair of time-reversed states
<latexit sha1_base64="k+nPbw0WnekSuQnULJEf9H4PAYc="></latexit>

|pi = |np�pjpmpi ! |p̄i = |np�pjp �mpi
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The pairing Hamiltonian

5

• One-parameter interaction describing superfluidity
<latexit sha1_base64="9VxsqaTe3lvHnmrvkNOVElUp8x8="></latexit>

Hpairing =
X

p
�p c†pcp + g
X

pq
c†pc

†
p̄cq̄cq

• Admits for a phase transition to superfluid regime 
at critical coupling strength

<latexit sha1_base64="43fqXe6+9X7AA3PFSMdZXIPNY+c=">AAACAnicbVDLTgJBEOz1ifhCPXqZSEw8kV1j0COJF4+YyCPChswODUyYnd3MzJKQlZuf4FU/wJvx6o949kccYA8CVtJJpao73V1BLLg2rvvtrK1vbG5t53byu3v7B4eFo+O6jhLFsMYiEalmQDUKLrFmuBHYjBXSMBDYCIa3U78xQqV5JB/MOEY/pH3Je5xRY6XHp5i0FZV9gZ1C0S25M5BV4mWkCBmqncJPuxuxJERpmKBatzw3Nn5KleFM4CTfTjTGlA1pH1uWShqi9tPZxRNybpUu6UXKljRkpv6dSGmo9TgMbGdIzUAve1PxP6+VmN6Nn3IZJwYlmy/qJYKYiEzfJ12ukBkxtoQyxe2thA2ooszYkBa3KBxNbCrecgarpH5Z8sql8v1VsVLO8snBKZzBBXhwDRW4gyrUgIGEF3iFN+fZeXc+nM9565qTzZzAApyvX8ZfmD8=</latexit>

|pi <latexit sha1_base64="EVz7PF7GYcPM2n9Sxs9ZFLrP11Y=">AAACCXicbVDLSgNBEJz1GeMjUY9eBoPgKeyKRI8BLx4jmAckS+id9CZDZmeXmdlAWPMFfoJX/QBv4tWv8OyPOHkcTGJBQ1HVTTUVJIJr47rfzsbm1vbObm4vv39weFQoHp80dJwqhnUWi1i1AtAouMS64UZgK1EIUSCwGQzvpn5zhErzWD6acYJ+BH3JQ87AWKlbLDx1AlA0oR0Fsi+wWyy5ZXcGuk68BSmRBWrd4k+nF7M0QmmYAK3bnpsYPwNlOBM4yXdSjQmwIfSxbamECLWfzR6f0Aur9GgYKzvS0Jn69yKDSOtxFNjNCMxAr3pT8T+vnZrw1s+4TFKDks2DwlRQE9NpC7THFTIjxpYAU9z+StkAFDBju1pOUTia2Fa81Q7WSeOq7FXKlYfrUrWy6CdHzsg5uSQeuSFVck9qpE4YSckLeSVvzrPz7nw4n/PVDWdxc0qW4Hz9ArwKmlM=</latexit>

|p̄i

<latexit sha1_base64="VeaXhRjQoZ/687xTnxMDcn0pQG4=">AAACAnicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8kXjxiIo8IGzI79MKE2dnNzCwJIdz8BK/6Ad6MV3/Esz/iAHsQsJJOKlXd6e4KEsG1cd1vJ7exubW9k98t7O0fHB4Vj08aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjezfzmCJXmsXw04wT9iPYlDzmjxkpPHUw0F7Hsut1iyS27c5B14mWkBBlq3eJPpxezNEJpmKBatz03Mf6EKsOZwGmhk2pMKBvSPrYtlTRC7U/mF0/JhVV6JIyVLWnIXP07MaGR1uMosJ0RNQO96s3E/7x2asJbf8JlkhqUbLEoTAUxMZm9T3pcITNibAllittbCRtQRZmxIS1vUTia2lS81QzWSeOq7FXKlYfrUrWS5ZOHMziHS/DgBqpwDzWoAwMJL/AKb86z8+58OJ+L1pyTzZzCEpyvX834mEM=</latexit>�0

<latexit sha1_base64="fPc5wuXfe6zqE5uTYC4N88T2r+8=">AAACAnicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY8kXjxiIo8IGzI79MKE2dnNzCwJIdz8BK/6Ad6MV3/Esz/iAHsQsJJOKlXd6e4KEsG1cd1vJ7exubW9k98t7O0fHB4Vj08aOk4VwzqLRaxaAdUouMS64UZgK1FIo0BgMxjezfzmCJXmsXw04wT9iPYlDzmjxkpPHUw0F7Hset1iyS27c5B14mWkBBlq3eJPpxezNEJpmKBatz03Mf6EKsOZwGmhk2pMKBvSPrYtlTRC7U/mF0/JhVV6JIyVLWnIXP07MaGR1uMosJ0RNQO96s3E/7x2asJbf8JlkhqUbLEoTAUxMZm9T3pcITNibAllittbCRtQRZmxIS1vUTia2lS81QzWSeOq7FXKlYfrUrWS5ZOHMziHS/DgBqpwDzWoAwMJL/AKb86z8+58OJ+L1pyTzZzCEpyvX8+NmEQ=</latexit>�1

<latexit sha1_base64="zoQrzJkSZM1xOE5Yhz1omzn5v6M=">AAACAnicbVDLTgJBEOz1ifhCPXqZSEw8kV1i0COJF4+YyCPChswODUyYnd3MzJKQDTc/wat+gDfj1R/x7I84wB4ErKSTSlV3uruCWHBtXPfb2djc2t7Zze3l9w8Oj44LJ6cNHSWKYZ1FIlKtgGoUXGLdcCOwFSukYSCwGYzuZn5zjErzSD6aSYx+SAeS9zmjxkpPHYw1F5HslruFolty5yDrxMtIETLUuoWfTi9iSYjSMEG1bntubPyUKsOZwGm+k2iMKRvRAbYtlTRE7afzi6fk0io90o+ULWnIXP07kdJQ60kY2M6QmqFe9Wbif147Mf1bP+UyTgxKtljUTwQxEZm9T3pcITNiYgllittbCRtSRZmxIS1vUTie2lS81QzWSaNc8iqlysN1sVrJ8snBOVzAFXhwA1W4hxrUgYGEF3iFN+fZeXc+nM9F64aTzZzBEpyvX9EimEU=</latexit>�2

<latexit sha1_base64="2ObkHG81lRrD+PAtVdFBeKwk+wQ=">AAAB/nicbVDLSgNBEJyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5idnU3GzM4sM72BsAT8BK/6Ad7Eq7/i2R9xkuzBJBY0FFXddHcFieAGXPfbKWxsbm3vFHdLe/sHh0fl45OWUammrEmVULoTEMMEl6wJHATrJJqROBCsHYzuZn57zLThSj7CJGF+TAaSR5wSsFKrNw4VmH654lbdOfA68XJSQTka/fJPL1Q0jZkEKogxXc9NwM+IBk4Fm5Z6qWEJoSMyYF1LJYmZ8bP5tVN8YZUQR0rbkoDn6t+JjMTGTOLAdsYEhmbVm4n/ed0Uols/4zJJgUm6WBSlAoPCs9dxyDWjICaWEKq5vRXTIdGEgg1oeYtm46lNxVvNYJ20rqperVp7uK7Ua3k+RXSGztEl8tANqqN71EBNRNETekGv6M15dt6dD+dz0Vpw8plTtATn6xcLvJbC</latexit>...

• Introduction of pair operators forming SU(2) algebra

<latexit sha1_base64="4w82QbPN7kuL9qILAcDCRtp7AXU=">AAACL3icbVDLSgMxFM3UV62vUZdugkUQhDIjWt0IBTeupIKthbaWTHpnGpp5kGQKZeiX+BV+glv9AHEjgiv/wkw7Qh8euHDuOfdyk+NEnEllWR9Gbml5ZXUtv17Y2Nza3jF39+oyjAWFGg15KBoOkcBZADXFFIdGJID4DocHp3+d+g8DEJKFwb0aRtD2iRcwl1GitNQxz287Eb7C9LHVJZ4HQndU18mUkrQcInA00sYf7ZhFq2SNgReJnZEiylDtmN+tbkhjHwJFOZGyaVuRaidEKEY5jAqtWEJEaJ940NQ0ID7IdjL+3ggfaaWL3VDoChQeq9MbCfGlHPqOnvSJ6sl5LxX/85qxci/bCQuiWEFAJ4fcmGMV4jQr3GUCqOJDTQgVTL8V0x4RhCqd6OwVAYM0FXs+g0VSPy3Z5VL57qxYKWf55NEBOkTHyEYXqIJuUBXVEEVP6AW9ojfj2Xg3Po2vyWjOyHb20QyMn1+ojqjk</latexit>

Np = c†pcp + c†p̄cp̄
<latexit sha1_base64="DLrG0D1kjShJWbs7OQzWklvG2Wk=">AAACJnicbZDLSsNAFIYn9VbrLerSzWARXEhJRKoboeDGZQXbCk0Mk8lJOnRyYWZSKKEv4VP4CG71AdyJuBN8EZO2YC/+MPDNf87hzPxuwplUhvGllVZW19Y3ypuVre2d3T19/6At41RQaNGYx+LBJRI4i6ClmOLwkAggocuh4/ZvinpnAEKyOLpXwwTskAQR8xklKrcc/az5aHkkCEA4Cb7GdOb2x5nlEoGTkaNXjZoxFl4GcwpVNFXT0X8sL6ZpCJGinEjZNY1E2RkRilEOo4qVSkgI7ZMAujlGJARpZ+NfjfBJ7njYj0V+IoXH7uxERkIph6Gbd4ZE9eRirTD/q3VT5V/ZGYuSVEFEJ4v8lGMV4yIi7DEBVPFhDoQKlr8V0x4RhKo8yPktAgZFKuZiBsvQPq+Z9Vr97qLaqE/zKaMjdIxOkYkuUQPdoiZqIYqe0At6RW/as/aufWifk9aSNp05RHPSvn8B+YSmGA==</latexit>

P†p = c†pc
†
p̄

<latexit sha1_base64="pijUZy+6iSIx6qQA5YIS5tYGX4A=">AAACDnicbVDLSsNAFL2pr1pf8bFzM1gEVyURqW6EghuXFewD2hAm02k7dDIJM5NCDf0HP8GtfoA7cesvuPZHnLRZ2NYD93I4517u5QQxZ0o7zrdVWFvf2Nwqbpd2dvf2D+zDo6aKEklog0Q8ku0AK8qZoA3NNKftWFIcBpy2gtFd5rfGVCoWiUc9iakX4oFgfUawNpJvn9T9GN0iYjrx026AJYqnvl12Ks4MaJW4OSlDjrpv/3R7EUlCKjThWKmO68TaS7HUjHA6LXUTRWNMRnhAO4YKHFLlpbPvp+jcKD3Uj6QpodFM/buR4lCpSRiYyRDroVr2MvE/r5Po/o2XMhEnmgoyP9RPONIRyqJAPSYp0XxiCCaSmV8RGWKJiTaBLV6RdJyl4i5nsEqalxW3Wqk+XJVr1TyfIpzCGVyAC9dQg3uoQwMIPMELvMKb9Wy9Wx/W53y0YOU7x7AA6+sXeAGbvA==</latexit>

Pp = cpcp̄

creation/annihilation of time-reversed pair

<latexit sha1_base64="OB90rS0BfrTdaoK8P5ywXzxhfik="></latexit>

Hpairing =
X

p
�p Np + g
X

pq
P†pPq

• Re-writing in SU(2) algebra

Overlap between eigenstates at different coupling strengths

Companys Franzke, Tichai, Hebeler, Schwenk, PRC (2024)
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Richardson solution

• Richardson solution: exact wave function is written from pair creation operators 

6

<latexit sha1_base64="dOItfe0ssKRYhnO4Iyk7OVucvYo="></latexit>

B†� =
�X

p=1

1

2�p � E�
P†p

<latexit sha1_base64="NpPRvYuc0M+WWmOVhLu62YvJqfg="></latexit>

|�i = B†1 · ... · B
†
�|0i

Richardson, PL (1965), PR (1966)
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Richardson solution

• Richardson solution: exact wave function is written from pair creation operators 

6

<latexit sha1_base64="dOItfe0ssKRYhnO4Iyk7OVucvYo="></latexit>

B†� =
�X

p=1

1

2�p � E�
P†p

<latexit sha1_base64="9RdIxvaMPUSPwaVNpzT5uhc2bq8="></latexit>

1 � g
nX

p=1

1

2�p � E�
� 2g

�X

� 6=�

1

E� � E�
= 0 �� = 1, ...,�

• Solving coupled system of equations provides unknown pair energies Eɑ

<latexit sha1_base64="NpPRvYuc0M+WWmOVhLu62YvJqfg="></latexit>

|�i = B†1 · ... · B
†
�|0i

Richardson, PL (1965), PR (1966)
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<latexit sha1_base64="dOItfe0ssKRYhnO4Iyk7OVucvYo="></latexit>

B†� =
�X

p=1

1

2�p � E�
P†p

<latexit sha1_base64="IgbN35E1TEZjSZp4Ms30DNGebwg="></latexit>

Egs =
�X

�=1
E�

• Final ground-state energy obtained from sum of pair energies

<latexit sha1_base64="9RdIxvaMPUSPwaVNpzT5uhc2bq8="></latexit>
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nX
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� 2g
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Richardson solution

• Richardson solution: exact wave function is written from pair creation operators 
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<latexit sha1_base64="dOItfe0ssKRYhnO4Iyk7OVucvYo="></latexit>

B†� =
�X

p=1

1

2�p � E�
P†p

<latexit sha1_base64="IgbN35E1TEZjSZp4Ms30DNGebwg="></latexit>

Egs =
�X

�=1
E�

• Final ground-state energy obtained from sum of pair energies

• Modifications are required in case of unpaired particles (non-zero seniority)

<latexit sha1_base64="9RdIxvaMPUSPwaVNpzT5uhc2bq8="></latexit>

1 � g
nX

p=1

1

2�p � E�
� 2g

�X

� 6=�

1

E� � E�
= 0 �� = 1, ...,�

• Solving coupled system of equations provides unknown pair energies Eɑ

<latexit sha1_base64="NpPRvYuc0M+WWmOVhLu62YvJqfg="></latexit>

|�i = B†1 · ... · B
†
�|0i

Richardson, PL (1965), PR (1966)
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Richardson solution

• Richardson solution: exact wave function is written from pair creation operators 

6

• Extend full configuration interaction (FCI) capacities: limited to ~20 levels

<latexit sha1_base64="dOItfe0ssKRYhnO4Iyk7OVucvYo="></latexit>

B†� =
�X

p=1

1

2�p � E�
P†p

<latexit sha1_base64="IgbN35E1TEZjSZp4Ms30DNGebwg="></latexit>

Egs =
�X

�=1
E�

• Final ground-state energy obtained from sum of pair energies

• Modifications are required in case of unpaired particles (non-zero seniority)

<latexit sha1_base64="9RdIxvaMPUSPwaVNpzT5uhc2bq8="></latexit>

1 � g
nX

p=1

1

2�p � E�
� 2g

�X

� 6=�

1

E� � E�
= 0 �� = 1, ...,�

• Solving coupled system of equations provides unknown pair energies Eɑ

<latexit sha1_base64="NpPRvYuc0M+WWmOVhLu62YvJqfg="></latexit>

|�i = B†1 · ... · B
†
�|0i

Richardson, PL (1965), PR (1966)
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Many-body correlations
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dynamic correlations
(expansion on top of dominant Slater determinant)

static correlations
(collectivity through symmetry projection)

Hartree-Fock
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Many-body correlations

7

dynamic correlations
(expansion on top of dominant Slater determinant)

static correlations
(collectivity through symmetry projection)

Hartree-Fock

Exact solution

sym.-broken
mean field

sym.-restored
mean field

MBPT2

MBPT3

CCSD

CCSD + X

Hybrid schemes
‘Best of both worlds’
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Particle-number-broken mean field

8

• BCS wave-function ansatz for superfluid system
<latexit sha1_base64="OsrD4YAFY6tADQNnfokMLXkmTRM="></latexit>

|�BCSi =
Y

p>0
(�p + �p c†pc

†
p̄) |0i

(Bardeen-Cooper-Schrieffer)
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Particle-number-broken mean field

8

• BCS wave-function ansatz for superfluid system

• BCS state breaks particle-number conservation

<latexit sha1_base64="5gk1i7inYbGXrFp4fWISoB37iCQ=">AAACPXicdVC7TgJBFJ31Lb5QS5uJxMSK7BqDliCNJUYREpZsZocLTJydXWfuEsnKB/kVfoKt1sbO2No6IIXPk0xycs65uXdOmEhh0HWfnJnZufmFxaXl3Mrq2vpGfnPr0sSp5lDnsYx1M2QGpFBQR4ESmokGFoUSGuFVdew3BqCNiNUFDhNoR6ynRFdwhlYK8lW/z5BW6C31a30R+Ag3mJ1Uz0fU10z1JOR8Bde5SuD+HwnyBbfoTkB/E29KCmSKWpB/9jsxTyNQyCUzpuW5CbYzplFwCaOcnxpIGL9iPWhZqlgEpp1NPjuie1bp0G6s7VNIJ+rXiYxFxgyj0CYjhn3z0xuLf3mtFLvH7UyoJEVQ/HNRN5UUYzpujnaEBo5yaAnjWthbKe8zzTjafr9v0TAY2Va8nx38JpcHRa9ULJ0dFsqlaT9LZIfskn3ikSNSJqekRuqEkzvyQB7Jk3PvvDivzttndMaZzmyTb3DePwB9U65D</latexit>

Â|�BCSi 6= A0|�BCSi

<latexit sha1_base64="OsrD4YAFY6tADQNnfokMLXkmTRM="></latexit>

|�BCSi =
Y

p>0
(�p + �p c†pc

†
p̄) |0i

(Bardeen-Cooper-Schrieffer)
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• BCS wave-function ansatz for superfluid system

• BCS state breaks particle-number conservation

<latexit sha1_base64="5gk1i7inYbGXrFp4fWISoB37iCQ=">AAACPXicdVC7TgJBFJ31Lb5QS5uJxMSK7BqDliCNJUYREpZsZocLTJydXWfuEsnKB/kVfoKt1sbO2No6IIXPk0xycs65uXdOmEhh0HWfnJnZufmFxaXl3Mrq2vpGfnPr0sSp5lDnsYx1M2QGpFBQR4ESmokGFoUSGuFVdew3BqCNiNUFDhNoR6ynRFdwhlYK8lW/z5BW6C31a30R+Ag3mJ1Uz0fU10z1JOR8Bde5SuD+HwnyBbfoTkB/E29KCmSKWpB/9jsxTyNQyCUzpuW5CbYzplFwCaOcnxpIGL9iPWhZqlgEpp1NPjuie1bp0G6s7VNIJ+rXiYxFxgyj0CYjhn3z0xuLf3mtFLvH7UyoJEVQ/HNRN5UUYzpujnaEBo5yaAnjWthbKe8zzTjafr9v0TAY2Va8nx38JpcHRa9ULJ0dFsqlaT9LZIfskn3ikSNSJqekRuqEkzvyQB7Jk3PvvDivzttndMaZzmyTb3DePwB9U65D</latexit>

Â|�BCSi 6= A0|�BCSi

<latexit sha1_base64="OsrD4YAFY6tADQNnfokMLXkmTRM="></latexit>

|�BCSi =
Y

p>0
(�p + �p c†pc

†
p̄) |0i

• Constrained minimization subject to:
<latexit sha1_base64="K90qCvtyEtj8/LTlhgYWsD9bweo=">AAACIXicbVDLTgIxFO3gC/E16tJNIzG6kcwYgy4xblhiIo+EmZA7nQ40dB62HQwhfIJf4Se41Q9wZ9wZl/6IBWYh4ElucnLOvb29x0s4k8qyvozcyura+kZ+s7C1vbO7Z+4fNGScCkLrJOaxaHkgKWcRrSumOG0lgkLocdr0+rcTvzmgQrI4ulfDhLohdCMWMAJKSx3ztIqdhxR87AjW7SkQIn6cKYUqPscO10/5gG86ZtEqWVPgZWJnpIgy1Drmj+PHJA1ppAgHKdu2lSh3BEIxwum44KSSJkD60KVtTSMIqXRH04PG+EQrPg5ioStSeKr+nRhBKOUw9HRnCKonF72J+J/XTlVw7Y5YlKSKRmS2KEg5VjGepIN9JihRfKgJEMH0XzHpgQCidIbzWwQdjHUq9mIGy6RxUbLLpfLdZbFSzvLJoyN0jM6Qja5QBVVRDdURQU/oBb2iN+PZeDc+jM9Za87IZg7RHIzvXzMVouk=</latexit>

H ! H � �A

<latexit sha1_base64="G/i4M6gccx2IDEHPUnKuahvQdC8=">AAACD3icbVDLSgNBEJyNrxhfq+LJy2AQPEjYFYlehIgXjxHMA7IhzE46yZDZBzO9wbDkI/wEr/oB3sSrn+DZH3HyOJjEgoaiqptqyo+l0Og431ZmZXVtfSO7mdva3tnds/cPqjpKFIcKj2Sk6j7TIEUIFRQooR4rYIEvoeb378Z+bQBKiyh8xGEMzYB1Q9ERnKGRWvaRh/CEKaoR9c6pp3oRvaG3LTvvFJwJ6DJxZyRPZii37B+vHfEkgBC5ZFo3XCfGZsoUCi5hlPMSDTHjfdaFhqEhC0A308n7I3pqlDbtRMpMiHSi/r1IWaD1MPDNZsCwpxe9sfif10iwc91MRRgnCCGfBnUSSTGi4y5oWyjgKIeGMK6E+ZXyHlOMo2lsPkXBYGRacRc7WCbVi4JbLBQfLvOl4qyfLDkmJ+SMuOSKlMg9KZMK4SQlL+SVvFnP1rv1YX1OVzPW7OaQzMH6+gVLKpwn</latexit>

tr� = A

(Bardeen-Cooper-Schrieffer)
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• BCS wave-function ansatz for superfluid system

• BCS state breaks particle-number conservation

<latexit sha1_base64="5gk1i7inYbGXrFp4fWISoB37iCQ=">AAACPXicdVC7TgJBFJ31Lb5QS5uJxMSK7BqDliCNJUYREpZsZocLTJydXWfuEsnKB/kVfoKt1sbO2No6IIXPk0xycs65uXdOmEhh0HWfnJnZufmFxaXl3Mrq2vpGfnPr0sSp5lDnsYx1M2QGpFBQR4ESmokGFoUSGuFVdew3BqCNiNUFDhNoR6ynRFdwhlYK8lW/z5BW6C31a30R+Ag3mJ1Uz0fU10z1JOR8Bde5SuD+HwnyBbfoTkB/E29KCmSKWpB/9jsxTyNQyCUzpuW5CbYzplFwCaOcnxpIGL9iPWhZqlgEpp1NPjuie1bp0G6s7VNIJ+rXiYxFxgyj0CYjhn3z0xuLf3mtFLvH7UyoJEVQ/HNRN5UUYzpujnaEBo5yaAnjWthbKe8zzTjafr9v0TAY2Va8nx38JpcHRa9ULJ0dFsqlaT9LZIfskn3ikSNSJqekRuqEkzvyQB7Jk3PvvDivzttndMaZzmyTb3DePwB9U65D</latexit>

Â|�BCSi 6= A0|�BCSi

<latexit sha1_base64="OsrD4YAFY6tADQNnfokMLXkmTRM="></latexit>

|�BCSi =
Y

p>0
(�p + �p c†pc

†
p̄) |0i

• Solution obtained from solving BCS equations
<latexit sha1_base64="pZyuWiFGzvZ1K7/yCSKgFKaTPQM="></latexit>

�2p =
1

2

Ä
1 �

�pr
�2p + �2

ä

<latexit sha1_base64="cb6RlaAUW9WyZD6UpxWhsqxEdug=">AAACI3icbZDLSgMxFIYzXmu9VV26CRZBQctMkepGKLhxWcFeoFOHTOZMG5qZCUmmWEqfwafwEdzqA7gTNy5c+SKml4VtPRD4+P9zcpLfF5wpbdtf1tLyyuraemYju7m1vbOb29uvqSSVFKo04Yls+EQBZzFUNdMcGkICiXwOdb97M/LrPZCKJfG97gtoRaQds5BRoo3k5U7dR+YJfI1dEIpxIwl8jl1ubgiIoTZ2z3DPEw9FL5e3C/a48CI4U8ijaVW83I8bJDSNINaUE6Waji10a0CkZpTDMOumCgShXdKGpsGYRKBag/GXhvjYKAEOE2lOrPFY/TsxIJFS/cg3nRHRHTXvjcT/vGaqw6vWgMUi1RDTyaIw5VgneJQPDpgEqnnfAKGSmbdi2iGSUG1SnN0ioTc0qTjzGSxCrVhwSoXS3UW+XJrmk0GH6AidIAddojK6RRVURRQ9oRf0it6sZ+vd+rA+J61L1nTmAM2U9f0LquCjDg==</latexit>

�p = �p � � � g�2p

• Constrained minimization subject to:
<latexit sha1_base64="K90qCvtyEtj8/LTlhgYWsD9bweo=">AAACIXicbVDLTgIxFO3gC/E16tJNIzG6kcwYgy4xblhiIo+EmZA7nQ40dB62HQwhfIJf4Se41Q9wZ9wZl/6IBWYh4ElucnLOvb29x0s4k8qyvozcyura+kZ+s7C1vbO7Z+4fNGScCkLrJOaxaHkgKWcRrSumOG0lgkLocdr0+rcTvzmgQrI4ulfDhLohdCMWMAJKSx3ztIqdhxR87AjW7SkQIn6cKYUqPscO10/5gG86ZtEqWVPgZWJnpIgy1Drmj+PHJA1ppAgHKdu2lSh3BEIxwum44KSSJkD60KVtTSMIqXRH04PG+EQrPg5ioStSeKr+nRhBKOUw9HRnCKonF72J+J/XTlVw7Y5YlKSKRmS2KEg5VjGepIN9JihRfKgJEMH0XzHpgQCidIbzWwQdjHUq9mIGy6RxUbLLpfLdZbFSzvLJoyN0jM6Qja5QBVVRDdURQU/oBb2iN+PZeDc+jM9Za87IZg7RHIzvXzMVouk=</latexit>

H ! H � �A

<latexit sha1_base64="G/i4M6gccx2IDEHPUnKuahvQdC8=">AAACD3icbVDLSgNBEJyNrxhfq+LJy2AQPEjYFYlehIgXjxHMA7IhzE46yZDZBzO9wbDkI/wEr/oB3sSrn+DZH3HyOJjEgoaiqptqyo+l0Og431ZmZXVtfSO7mdva3tnds/cPqjpKFIcKj2Sk6j7TIEUIFRQooR4rYIEvoeb378Z+bQBKiyh8xGEMzYB1Q9ERnKGRWvaRh/CEKaoR9c6pp3oRvaG3LTvvFJwJ6DJxZyRPZii37B+vHfEkgBC5ZFo3XCfGZsoUCi5hlPMSDTHjfdaFhqEhC0A308n7I3pqlDbtRMpMiHSi/r1IWaD1MPDNZsCwpxe9sfif10iwc91MRRgnCCGfBnUSSTGi4y5oWyjgKIeGMK6E+ZXyHlOMo2lsPkXBYGRacRc7WCbVi4JbLBQfLvOl4qyfLDkmJ+SMuOSKlMg9KZMK4SQlL+SVvFnP1rv1YX1OVzPW7OaQzMH6+gVLKpwn</latexit>

tr� = A

(Bardeen-Cooper-Schrieffer)
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• BCS wave-function ansatz for superfluid system

• BCS state breaks particle-number conservation

<latexit sha1_base64="5gk1i7inYbGXrFp4fWISoB37iCQ=">AAACPXicdVC7TgJBFJ31Lb5QS5uJxMSK7BqDliCNJUYREpZsZocLTJydXWfuEsnKB/kVfoKt1sbO2No6IIXPk0xycs65uXdOmEhh0HWfnJnZufmFxaXl3Mrq2vpGfnPr0sSp5lDnsYx1M2QGpFBQR4ESmokGFoUSGuFVdew3BqCNiNUFDhNoR6ynRFdwhlYK8lW/z5BW6C31a30R+Ag3mJ1Uz0fU10z1JOR8Bde5SuD+HwnyBbfoTkB/E29KCmSKWpB/9jsxTyNQyCUzpuW5CbYzplFwCaOcnxpIGL9iPWhZqlgEpp1NPjuie1bp0G6s7VNIJ+rXiYxFxgyj0CYjhn3z0xuLf3mtFLvH7UyoJEVQ/HNRN5UUYzpujnaEBo5yaAnjWthbKe8zzTjafr9v0TAY2Va8nx38JpcHRa9ULJ0dFsqlaT9LZIfskn3ikSNSJqekRuqEkzvyQB7Jk3PvvDivzttndMaZzmyTb3DePwB9U65D</latexit>

Â|�BCSi 6= A0|�BCSi

<latexit sha1_base64="OsrD4YAFY6tADQNnfokMLXkmTRM="></latexit>

|�BCSi =
Y

p>0
(�p + �p c†pc

†
p̄) |0i

• HF theory recovered in the limit of vanishing gap

• Solution obtained from solving BCS equations
<latexit sha1_base64="pZyuWiFGzvZ1K7/yCSKgFKaTPQM="></latexit>

�2p =
1

2

Ä
1 �

�pr
�2p + �2

ä

<latexit sha1_base64="cb6RlaAUW9WyZD6UpxWhsqxEdug=">AAACI3icbZDLSgMxFIYzXmu9VV26CRZBQctMkepGKLhxWcFeoFOHTOZMG5qZCUmmWEqfwafwEdzqA7gTNy5c+SKml4VtPRD4+P9zcpLfF5wpbdtf1tLyyuraemYju7m1vbOb29uvqSSVFKo04Yls+EQBZzFUNdMcGkICiXwOdb97M/LrPZCKJfG97gtoRaQds5BRoo3k5U7dR+YJfI1dEIpxIwl8jl1ubgiIoTZ2z3DPEw9FL5e3C/a48CI4U8ijaVW83I8bJDSNINaUE6Waji10a0CkZpTDMOumCgShXdKGpsGYRKBag/GXhvjYKAEOE2lOrPFY/TsxIJFS/cg3nRHRHTXvjcT/vGaqw6vWgMUi1RDTyaIw5VgneJQPDpgEqnnfAKGSmbdi2iGSUG1SnN0ioTc0qTjzGSxCrVhwSoXS3UW+XJrmk0GH6AidIAddojK6RRVURRQ9oRf0it6sZ+vd+rA+J61L1nTmAM2U9f0LquCjDg==</latexit>

�p = �p � � � g�2p

• Constrained minimization subject to:
<latexit sha1_base64="K90qCvtyEtj8/LTlhgYWsD9bweo=">AAACIXicbVDLTgIxFO3gC/E16tJNIzG6kcwYgy4xblhiIo+EmZA7nQ40dB62HQwhfIJf4Se41Q9wZ9wZl/6IBWYh4ElucnLOvb29x0s4k8qyvozcyura+kZ+s7C1vbO7Z+4fNGScCkLrJOaxaHkgKWcRrSumOG0lgkLocdr0+rcTvzmgQrI4ulfDhLohdCMWMAJKSx3ztIqdhxR87AjW7SkQIn6cKYUqPscO10/5gG86ZtEqWVPgZWJnpIgy1Drmj+PHJA1ppAgHKdu2lSh3BEIxwum44KSSJkD60KVtTSMIqXRH04PG+EQrPg5ioStSeKr+nRhBKOUw9HRnCKonF72J+J/XTlVw7Y5YlKSKRmS2KEg5VjGepIN9JihRfKgJEMH0XzHpgQCidIbzWwQdjHUq9mIGy6RxUbLLpfLdZbFSzvLJoyN0jM6Qja5QBVVRDdURQU/oBb2iN+PZeDc+jM9Za87IZg7RHIzvXzMVouk=</latexit>

H ! H � �A

<latexit sha1_base64="G/i4M6gccx2IDEHPUnKuahvQdC8=">AAACD3icbVDLSgNBEJyNrxhfq+LJy2AQPEjYFYlehIgXjxHMA7IhzE46yZDZBzO9wbDkI/wEr/oB3sSrn+DZH3HyOJjEgoaiqptqyo+l0Og431ZmZXVtfSO7mdva3tnds/cPqjpKFIcKj2Sk6j7TIEUIFRQooR4rYIEvoeb378Z+bQBKiyh8xGEMzYB1Q9ERnKGRWvaRh/CEKaoR9c6pp3oRvaG3LTvvFJwJ6DJxZyRPZii37B+vHfEkgBC5ZFo3XCfGZsoUCi5hlPMSDTHjfdaFhqEhC0A308n7I3pqlDbtRMpMiHSi/r1IWaD1MPDNZsCwpxe9sfif10iwc91MRRgnCCGfBnUSSTGi4y5oWyjgKIeGMK6E+ZXyHlOMo2lsPkXBYGRacRc7WCbVi4JbLBQfLvOl4qyfLDkmJ+SMuOSKlMg9KZMK4SQlL+SVvFnP1rv1YX1OVzPW7OaQzMH6+gVLKpwn</latexit>

tr� = A

(Bardeen-Cooper-Schrieffer)
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• BCS wave-function ansatz for superfluid system

• BCS state breaks particle-number conservation

<latexit sha1_base64="5gk1i7inYbGXrFp4fWISoB37iCQ=">AAACPXicdVC7TgJBFJ31Lb5QS5uJxMSK7BqDliCNJUYREpZsZocLTJydXWfuEsnKB/kVfoKt1sbO2No6IIXPk0xycs65uXdOmEhh0HWfnJnZufmFxaXl3Mrq2vpGfnPr0sSp5lDnsYx1M2QGpFBQR4ESmokGFoUSGuFVdew3BqCNiNUFDhNoR6ynRFdwhlYK8lW/z5BW6C31a30R+Ag3mJ1Uz0fU10z1JOR8Bde5SuD+HwnyBbfoTkB/E29KCmSKWpB/9jsxTyNQyCUzpuW5CbYzplFwCaOcnxpIGL9iPWhZqlgEpp1NPjuie1bp0G6s7VNIJ+rXiYxFxgyj0CYjhn3z0xuLf3mtFLvH7UyoJEVQ/HNRN5UUYzpujnaEBo5yaAnjWthbKe8zzTjafr9v0TAY2Va8nx38JpcHRa9ULJ0dFsqlaT9LZIfskn3ikSNSJqekRuqEkzvyQB7Jk3PvvDivzttndMaZzmyTb3DePwB9U65D</latexit>

Â|�BCSi 6= A0|�BCSi

<latexit sha1_base64="OsrD4YAFY6tADQNnfokMLXkmTRM="></latexit>

|�BCSi =
Y

p>0
(�p + �p c†pc

†
p̄) |0i

• HF theory recovered in the limit of vanishing gap

• Solution obtained from solving BCS equations
<latexit sha1_base64="pZyuWiFGzvZ1K7/yCSKgFKaTPQM="></latexit>

�2p =
1

2

Ä
1 �

�pr
�2p + �2

ä

<latexit sha1_base64="cb6RlaAUW9WyZD6UpxWhsqxEdug=">AAACI3icbZDLSgMxFIYzXmu9VV26CRZBQctMkepGKLhxWcFeoFOHTOZMG5qZCUmmWEqfwafwEdzqA7gTNy5c+SKml4VtPRD4+P9zcpLfF5wpbdtf1tLyyuraemYju7m1vbOb29uvqSSVFKo04Yls+EQBZzFUNdMcGkICiXwOdb97M/LrPZCKJfG97gtoRaQds5BRoo3k5U7dR+YJfI1dEIpxIwl8jl1ubgiIoTZ2z3DPEw9FL5e3C/a48CI4U8ijaVW83I8bJDSNINaUE6Waji10a0CkZpTDMOumCgShXdKGpsGYRKBag/GXhvjYKAEOE2lOrPFY/TsxIJFS/cg3nRHRHTXvjcT/vGaqw6vWgMUi1RDTyaIw5VgneJQPDpgEqnnfAKGSmbdi2iGSUG1SnN0ioTc0qTjzGSxCrVhwSoXS3UW+XJrmk0GH6AidIAddojK6RRVURRQ9oRf0it6sZ+vd+rA+J61L1nTmAM2U9f0LquCjDg==</latexit>

�p = �p � � � g�2p

<latexit sha1_base64="wghlo6rWNZc+/Gl1M881jim2mlM=">AAAB/XicbVDLTgJBEOz1ifhCPXqZSEw8kV1i0COJF4+YuEACK5kdemHC7CMzsyRkQ/wEr/oB3oxXv8WzP+IAexCwkk4qVd3p7vITwZW27W9rY3Nre2e3sFfcPzg8Oi6dnDZVnEqGLotFLNs+VSh4hK7mWmA7kUhDX2DLH93N/NYYpeJx9KgnCXohHUQ84IxqI7njXvJU7ZXKdsWeg6wTJydlyNHolX66/ZilIUaaCapUx7ET7WVUas4ETovdVGFC2YgOsGNoRENUXjY/dkoujdInQSxNRZrM1b8TGQ2VmoS+6QypHqpVbyb+53VSHdx6GY+SVGPEFouCVBAdk9nnpM8lMi0mhlAmubmVsCGVlGmTz/IWieOpScVZzWCdNKsVp1apPVyX67U8nwKcwwVcgQM3UId7aIALDDi8wCu8Wc/Wu/VhfS5aN6x85gyWYH39AsMvlgE=</latexit>

�2p

<latexit sha1_base64="EPk/cgeNL/fm3WQbxHQQ8geTmiI=">AAACAnicbVDLTgIxFO3gC/GFunTTSExckRlj0CWJG5eYyCPChHTKHWjotE3bISGEnZ/gVj/AnXHrj7j2RywwCwFPcpOTc+7NvfdEijNjff/by21sbm3v5HcLe/sHh0fF45OGkammUKeSS92KiAHOBNQtsxxaSgNJIg7NaHg385sj0IZJ8WjHCsKE9AWLGSXWSU8dUIZxKbqqWyz5ZX8OvE6CjJRQhlq3+NPpSZomICzlxJh24CsbToi2jHKYFjqpAUXokPSh7aggCZhwMr94ii+c0sOx1K6ExXP178SEJMaMk8h1JsQOzKo3E//z2qmNb8MJEyq1IOhiUZxybCWevY97TAO1fOwIoZq5WzEdEE2odSEtb9EwmrpUgtUM1knjqhxUypWH61K1kuWTR2foHF2iAN2gKrpHNVRHFAn0gl7Rm/fsvXsf3ueiNedlM6doCd7XLzNHmIM=</latexit>�p

𝞓=0

λ

𝞓≠0

BCS occupation profile

λ

BCS gap parameter

<latexit sha1_base64="IJvTROPD/hLRe63PbfXqUEzDgE0="></latexit>

� = h�BCS|c†pc
†
p̄|�BCSi = g
X

p>0
�p�p

• Constrained minimization subject to:
<latexit sha1_base64="K90qCvtyEtj8/LTlhgYWsD9bweo=">AAACIXicbVDLTgIxFO3gC/E16tJNIzG6kcwYgy4xblhiIo+EmZA7nQ40dB62HQwhfIJf4Se41Q9wZ9wZl/6IBWYh4ElucnLOvb29x0s4k8qyvozcyura+kZ+s7C1vbO7Z+4fNGScCkLrJOaxaHkgKWcRrSumOG0lgkLocdr0+rcTvzmgQrI4ulfDhLohdCMWMAJKSx3ztIqdhxR87AjW7SkQIn6cKYUqPscO10/5gG86ZtEqWVPgZWJnpIgy1Drmj+PHJA1ppAgHKdu2lSh3BEIxwum44KSSJkD60KVtTSMIqXRH04PG+EQrPg5ioStSeKr+nRhBKOUw9HRnCKonF72J+J/XTlVw7Y5YlKSKRmS2KEg5VjGepIN9JihRfKgJEMH0XzHpgQCidIbzWwQdjHUq9mIGy6RxUbLLpfLdZbFSzvLJoyN0jM6Qja5QBVVRDdURQU/oBb2iN+PZeDc+jM9Za87IZg7RHIzvXzMVouk=</latexit>

H ! H � �A

<latexit sha1_base64="G/i4M6gccx2IDEHPUnKuahvQdC8=">AAACD3icbVDLSgNBEJyNrxhfq+LJy2AQPEjYFYlehIgXjxHMA7IhzE46yZDZBzO9wbDkI/wEr/oB3sSrn+DZH3HyOJjEgoaiqptqyo+l0Og431ZmZXVtfSO7mdva3tnds/cPqjpKFIcKj2Sk6j7TIEUIFRQooR4rYIEvoeb378Z+bQBKiyh8xGEMzYB1Q9ERnKGRWvaRh/CEKaoR9c6pp3oRvaG3LTvvFJwJ6DJxZyRPZii37B+vHfEkgBC5ZFo3XCfGZsoUCi5hlPMSDTHjfdaFhqEhC0A308n7I3pqlDbtRMpMiHSi/r1IWaD1MPDNZsCwpxe9sfif10iwc91MRRgnCCGfBnUSSTGi4y5oWyjgKIeGMK6E+ZXyHlOMo2lsPkXBYGRacRc7WCbVi4JbLBQfLvOl4qyfLDkmJ+SMuOSKlMg9KZMK4SQlL+SVvFnP1rv1YX1OVzPW7OaQzMH6+gVLKpwn</latexit>

tr� = A

(Bardeen-Cooper-Schrieffer)
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• BCS wave-function ansatz for superfluid system

• BCS state breaks particle-number conservation

<latexit sha1_base64="5gk1i7inYbGXrFp4fWISoB37iCQ=">AAACPXicdVC7TgJBFJ31Lb5QS5uJxMSK7BqDliCNJUYREpZsZocLTJydXWfuEsnKB/kVfoKt1sbO2No6IIXPk0xycs65uXdOmEhh0HWfnJnZufmFxaXl3Mrq2vpGfnPr0sSp5lDnsYx1M2QGpFBQR4ESmokGFoUSGuFVdew3BqCNiNUFDhNoR6ynRFdwhlYK8lW/z5BW6C31a30R+Ag3mJ1Uz0fU10z1JOR8Bde5SuD+HwnyBbfoTkB/E29KCmSKWpB/9jsxTyNQyCUzpuW5CbYzplFwCaOcnxpIGL9iPWhZqlgEpp1NPjuie1bp0G6s7VNIJ+rXiYxFxgyj0CYjhn3z0xuLf3mtFLvH7UyoJEVQ/HNRN5UUYzpujnaEBo5yaAnjWthbKe8zzTjafr9v0TAY2Va8nx38JpcHRa9ULJ0dFsqlaT9LZIfskn3ikSNSJqekRuqEkzvyQB7Jk3PvvDivzttndMaZzmyTb3DePwB9U65D</latexit>

Â|�BCSi 6= A0|�BCSi

• Solution obtained from solving BCS equations

<latexit sha1_base64="OsrD4YAFY6tADQNnfokMLXkmTRM="></latexit>

|�BCSi =
Y

p>0
(�p + �p c†pc

†
p̄) |0i

• HF theory recovered in the limit of vanishing gap

• Constrained minimization of energy

<latexit sha1_base64="EPk/cgeNL/fm3WQbxHQQ8geTmiI=">AAACAnicbVDLTgIxFO3gC/GFunTTSExckRlj0CWJG5eYyCPChHTKHWjotE3bISGEnZ/gVj/AnXHrj7j2RywwCwFPcpOTc+7NvfdEijNjff/by21sbm3v5HcLe/sHh0fF45OGkammUKeSS92KiAHOBNQtsxxaSgNJIg7NaHg385sj0IZJ8WjHCsKE9AWLGSXWSU8dUIZxKbqqWyz5ZX8OvE6CjJRQhlq3+NPpSZomICzlxJh24CsbToi2jHKYFjqpAUXokPSh7aggCZhwMr94ii+c0sOx1K6ExXP178SEJMaMk8h1JsQOzKo3E//z2qmNb8MJEyq1IOhiUZxybCWevY97TAO1fOwIoZq5WzEdEE2odSEtb9EwmrpUgtUM1knjqhxUypWH61K1kuWTR2foHF2iAN2gKrpHNVRHFAn0gl7Rm/fsvXsf3ueiNedlM6doCd7XLzNHmIM=</latexit>�p

<latexit sha1_base64="wghlo6rWNZc+/Gl1M881jim2mlM=">AAAB/XicbVDLTgJBEOz1ifhCPXqZSEw8kV1i0COJF4+YuEACK5kdemHC7CMzsyRkQ/wEr/oB3oxXv8WzP+IAexCwkk4qVd3p7vITwZW27W9rY3Nre2e3sFfcPzg8Oi6dnDZVnEqGLotFLNs+VSh4hK7mWmA7kUhDX2DLH93N/NYYpeJx9KgnCXohHUQ84IxqI7njXvJU7ZXKdsWeg6wTJydlyNHolX66/ZilIUaaCapUx7ET7WVUas4ETovdVGFC2YgOsGNoRENUXjY/dkoujdInQSxNRZrM1b8TGQ2VmoS+6QypHqpVbyb+53VSHdx6GY+SVGPEFouCVBAdk9nnpM8lMi0mhlAmubmVsCGVlGmTz/IWieOpScVZzWCdNKsVp1apPVyX67U8nwKcwwVcgQM3UId7aIALDDi8wCu8Wc/Wu/VhfS5aN6x85gyWYH39AsMvlgE=</latexit>

�2p

𝞓=0

λ

𝞓≠0

BCS occupation profile

λ

<latexit sha1_base64="K90qCvtyEtj8/LTlhgYWsD9bweo=">AAACIXicbVDLTgIxFO3gC/E16tJNIzG6kcwYgy4xblhiIo+EmZA7nQ40dB62HQwhfIJf4Se41Q9wZ9wZl/6IBWYh4ElucnLOvb29x0s4k8qyvozcyura+kZ+s7C1vbO7Z+4fNGScCkLrJOaxaHkgKWcRrSumOG0lgkLocdr0+rcTvzmgQrI4ulfDhLohdCMWMAJKSx3ztIqdhxR87AjW7SkQIn6cKYUqPscO10/5gG86ZtEqWVPgZWJnpIgy1Drmj+PHJA1ppAgHKdu2lSh3BEIxwum44KSSJkD60KVtTSMIqXRH04PG+EQrPg5ioStSeKr+nRhBKOUw9HRnCKonF72J+J/XTlVw7Y5YlKSKRmS2KEg5VjGepIN9JihRfKgJEMH0XzHpgQCidIbzWwQdjHUq9mIGy6RxUbLLpfLdZbFSzvLJoyN0jM6Qja5QBVVRDdURQU/oBb2iN+PZeDc+jM9Za87IZg7RHIzvXzMVouk=</latexit>

H ! H � �A

<latexit sha1_base64="pZyuWiFGzvZ1K7/yCSKgFKaTPQM="></latexit>

�2p =
1

2

Ä
1 �

�pr
�2p + �2

ä

<latexit sha1_base64="cb6RlaAUW9WyZD6UpxWhsqxEdug=">AAACI3icbZDLSgMxFIYzXmu9VV26CRZBQctMkepGKLhxWcFeoFOHTOZMG5qZCUmmWEqfwafwEdzqA7gTNy5c+SKml4VtPRD4+P9zcpLfF5wpbdtf1tLyyuraemYju7m1vbOb29uvqSSVFKo04Yls+EQBZzFUNdMcGkICiXwOdb97M/LrPZCKJfG97gtoRaQds5BRoo3k5U7dR+YJfI1dEIpxIwl8jl1ubgiIoTZ2z3DPEw9FL5e3C/a48CI4U8ijaVW83I8bJDSNINaUE6Waji10a0CkZpTDMOumCgShXdKGpsGYRKBag/GXhvjYKAEOE2lOrPFY/TsxIJFS/cg3nRHRHTXvjcT/vGaqw6vWgMUi1RDTyaIw5VgneJQPDpgEqnnfAKGSmbdi2iGSUG1SnN0ioTc0qTjzGSxCrVhwSoXS3UW+XJrmk0GH6AidIAddojK6RRVURRQ9oRf0it6sZ+vd+rA+J61L1nTmAM2U9f0LquCjDg==</latexit>

�p = �p � � � g�2p

<latexit sha1_base64="yPIBUlhIQ4nfqGwbHecZriWgA7U=">AAACF3icbVDLSsNAFJ3UV62vqEsRBovgqiQi1Y1S0IXLCvYBbQmT6U07dJIMM5NCCV35FX6CW/0Ad+LWpWt/xGmbhW09cOFwzr3ce48vOFPacb6t3Mrq2vpGfrOwtb2zu2fvH9RVnEgKNRrzWDZ9ooCzCGqaaQ5NIYGEPoeGP7id+I0hSMXi6FGPBHRC0otYwCjRRvLs4/YdcE3wNe7htkpCLxU3zhgnnsBDT3h20Sk5U+Bl4makiDJUPfun3Y1pEkKkKSdKtVxH6E5KpGaUw7jQThQIQgekBy1DIxKC6qTTN8b41ChdHMTSVKTxVP07kZJQqVHom86Q6L5a9Cbif14r0cFVJ2WRSDREdLYoSDjWMZ5kgrtMAtV8ZAihkplbMe0TSag2yc1vkTAcm1TcxQyWSf285JZL5YeLYqWc5ZNHR+gEnSEXXaIKukdVVEMUPaEX9IrerGfr3fqwPmetOSubOURzsL5+AR6Hn0Y=</latexit>

� = g
X

p>0
�p�p

BCS gap parameter
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BCS solution for normal and superfluid regime

<latexit sha1_base64="l12WFJ1mPnpjAzg6k0bLZAA5Bg8=">AAACBXicbVDLTgJBEJzFF+IL9ehlIjHxRHaNQY8kevCIiTwS2JDZoYEJs7PLTC8JIZz9BK/6Ad6MV7/Dsz/iAHsQsJJOKlXdqU4FsRQGXffbyWxsbm3vZHdze/sHh0f545OaiRLNocojGelGwAxIoaCKAiU0Yg0sDCTUg8HdzK+PQBsRqSccx+CHrKdEV3CGVvJb9yCR0ZaCIXXb+YJbdOeg68RLSYGkqLTzP61OxJMQFHLJjGl6boz+hGkUXMI010oMxIwPWA+alioWgvEn86en9MIqHdqNtB2FdK7+vZiw0JhxGNjNkGHfrHoz8T+vmWD31p8IFScIii+CuomkGNFZA7QjNHCUY0sY18L+SnmfacbR9rScomE0ta14qx2sk9pV0SsVS4/XhXIp7SdLzsg5uSQeuSFl8kAqpEo4GZIX8krenGfn3flwPherGSe9OSVLcL5+AfkymNI=</latexit>

� 6= 0
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• Application of particle-number projector restores the broken symmetry
<latexit sha1_base64="BYrcpUR7dcO5x/j716HObQzAuzE="></latexit>

PA =
1

2�

Z 2�

0
d�e� ��A R(�) with R(�) = e��Â
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• Application of particle-number projector restores the broken symmetry
<latexit sha1_base64="BYrcpUR7dcO5x/j716HObQzAuzE="></latexit>

PA =
1
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d�e� ��A R(�) with R(�) = e��Â

• Gauge-space rotations generate the abelian Lie group U(1)
<latexit sha1_base64="C23fZC53iAJ4XH1A8RwLMn40thY="></latexit>

U(1) = {R(�) : � 2 [0,2�]}
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• Application of particle-number projector restores the broken symmetry
<latexit sha1_base64="BYrcpUR7dcO5x/j716HObQzAuzE="></latexit>

PA =
1

2�

Z 2�

0
d�e� ��A R(�) with R(�) = e��Â

• Gauge-space rotations generate the abelian Lie group U(1)
<latexit sha1_base64="C23fZC53iAJ4XH1A8RwLMn40thY="></latexit>

U(1) = {R(�) : � 2 [0,2�]}

• Collectivity: rotation operator mitigates a non-perturbative transformation

<latexit sha1_base64="sQ0Ki98Fk2iCcQva79EgTpVjfsk=">AAACLXicbVDLSgMxFM3UVx1fVZdugkWomzKjUt0IBTcuq9gHdErJpLdtaCYzJJlCGfshfoWf4FY/wIUgblz4G6YP0bYeCBzOOZd7c/yIM6Ud581KLS2vrK6l1+2Nza3tnczuXkWFsaRQpiEPZc0nCjgTUNZMc6hFEkjgc6j6vauRX+2DVCwUd3oQQSMgHcHajBJtpGbm9B57pS7LeX0ioy47xp4kosPBvrRvf8VJ6MdrZrJO3hkDLxJ3SrJoilIz8+m1QhoHIDTlRKm660S6kRCpGeUwtL1YQURoj3SgbqggAahGMv7cEB8ZpYXboTRPaDxW/04kJFBqEPgmGRDdVfPeSPzPq8e6fdFImIhiDYJOFrVjjnWIR03hFpNANR8YQqhk5lZMu0QSqk2fs1sk9IemFXe+g0VSOcm7hXzh5ixbLEz7SaMDdIhyyEXnqIiuUQmVEUUP6Ak9oxfr0Xq13q2PSTRlTWf20Qysr28TNqd2</latexit>

|�(�)i = R(�)|�i
rotated state is not a low-rank 

particle-hole excitation of 
<latexit sha1_base64="CJOEwOotqkiNR6vC1Wrv5GDC4qU=">AAACBnicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHgxWME84BkDbOTTjJkdnaZmQ2ENXc/wat+gDfx6m949kecJHswiQUNRVU31VQQC66N6347a+sbm1vbuZ387t7+wWHh6Liuo0QxrLFIRKoZUI2CS6wZbgQ2Y4U0DAQ2guHt1G+MUGkeyQczjtEPaV/yHmfUWOnxibSrA07aisq+wE6h6JbcGcgq8TJShAzVTuGn3Y1YEqI0TFCtW54bGz+lynAmcJJvJxpjyoa0jy1LJQ1R++ns6wk5t0qX9CJlRxoyU/9epDTUehwGdjOkZqCXvan4n9dKTO/GT7mME4OSzYN6iSAmItMKSJcrZEaMLaFMcfsrYQOqKDO2qMUUhaOJbcVb7mCV1C9LXrlUvr8qVspZPzk4hTO4AA+uoQJ3UIUaMFDwAq/w5jw7786H8zlfXXOymxNYgPP1C0TZmZQ=</latexit>

|�i
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• Application of particle-number projector restores the broken symmetry
<latexit sha1_base64="BYrcpUR7dcO5x/j716HObQzAuzE="></latexit>

PA =
1

2�

Z 2�

0
d�e� ��A R(�) with R(�) = e��Â

• Gauge-space rotations generate the abelian Lie group U(1)
<latexit sha1_base64="C23fZC53iAJ4XH1A8RwLMn40thY="></latexit>

U(1) = {R(�) : � 2 [0,2�]}

• Collectivity: rotation operator mitigates a non-perturbative transformation

<latexit sha1_base64="sQ0Ki98Fk2iCcQva79EgTpVjfsk=">AAACLXicbVDLSgMxFM3UVx1fVZdugkWomzKjUt0IBTcuq9gHdErJpLdtaCYzJJlCGfshfoWf4FY/wIUgblz4G6YP0bYeCBzOOZd7c/yIM6Ud581KLS2vrK6l1+2Nza3tnczuXkWFsaRQpiEPZc0nCjgTUNZMc6hFEkjgc6j6vauRX+2DVCwUd3oQQSMgHcHajBJtpGbm9B57pS7LeX0ioy47xp4kosPBvrRvf8VJ6MdrZrJO3hkDLxJ3SrJoilIz8+m1QhoHIDTlRKm660S6kRCpGeUwtL1YQURoj3SgbqggAahGMv7cEB8ZpYXboTRPaDxW/04kJFBqEPgmGRDdVfPeSPzPq8e6fdFImIhiDYJOFrVjjnWIR03hFpNANR8YQqhk5lZMu0QSqk2fs1sk9IemFXe+g0VSOcm7hXzh5ixbLEz7SaMDdIhyyEXnqIiuUQmVEUUP6Ak9oxfr0Xq13q2PSTRlTWf20Qysr28TNqd2</latexit>

|�(�)i = R(�)|�i
rotated state is not a low-rank 

particle-hole excitation of 
<latexit sha1_base64="CJOEwOotqkiNR6vC1Wrv5GDC4qU=">AAACBnicbVDLSgNBEOz1GeMr6tHLYBA8hV2R6DHgxWME84BkDbOTTjJkdnaZmQ2ENXc/wat+gDfx6m949kecJHswiQUNRVU31VQQC66N6347a+sbm1vbuZ387t7+wWHh6Liuo0QxrLFIRKoZUI2CS6wZbgQ2Y4U0DAQ2guHt1G+MUGkeyQczjtEPaV/yHmfUWOnxibSrA07aisq+wE6h6JbcGcgq8TJShAzVTuGn3Y1YEqI0TFCtW54bGz+lynAmcJJvJxpjyoa0jy1LJQ1R++ns6wk5t0qX9CJlRxoyU/9epDTUehwGdjOkZqCXvan4n9dKTO/GT7mME4OSzYN6iSAmItMKSJcrZEaMLaFMcfsrYQOqKDO2qMUUhaOJbcVb7mCV1C9LXrlUvr8qVspZPzk4hTO4AA+uoQJ3UIUaMFDwAq/w5jw7786H8zlfXXOymxNYgPP1C0TZmZQ=</latexit>

|�i

• Similar expressions hold for other symmetries, e.g., rotational invariance SU(2)
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• Partitioning of full Hamiltonian into unperturbed part and perturbation
<latexit sha1_base64="MY1HxVGohfaFTtfEWL/lM+4wWlk=">AAACBXicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRC9CwEuOEcwDkiXMTnqTIbMPZ2YDYcnZT/CqH+BNvPodnv0RJ8keTGJBN0VVN92UFwuutG1/W2vrG5tb27md/O7e/sFh4ei4oaJEMqyzSESy5VGFgodY11wLbMUSaeAJbHrD+6nfHKFUPAof9ThGN6D9kPucUW0kt0ruSLVrk0vTnW6haJfsGcgqcTJShAy1buGn04tYEmComaBKtR071m5KpeZM4CTfSRTGlA1pH9uGhjRA5aazpyfk3Cg94kfSVKjJTP27kdJAqXHgmcmA6oFa9qbif1470f6tm/IwTjSGbH7ITwTREZkmQHpcItNibAhlkptfCRtQSZk2OS1ekTiamFSc5QxWSeOq5JRL5YfrYqWc5ZODUziDC3DgBipQhRrUgcETvMArvFnP1rv1YX3OR9esbOcEFmB9/QKc8Zdb</latexit>

H = H0 + H1

Lacroix, Gambacurta, PRC (2012)
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<latexit sha1_base64="MY1HxVGohfaFTtfEWL/lM+4wWlk=">AAACBXicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRC9CwEuOEcwDkiXMTnqTIbMPZ2YDYcnZT/CqH+BNvPodnv0RJ8keTGJBN0VVN92UFwuutG1/W2vrG5tb27md/O7e/sFh4ei4oaJEMqyzSESy5VGFgodY11wLbMUSaeAJbHrD+6nfHKFUPAof9ThGN6D9kPucUW0kt0ruSLVrk0vTnW6haJfsGcgqcTJShAy1buGn04tYEmComaBKtR071m5KpeZM4CTfSRTGlA1pH9uGhjRA5aazpyfk3Cg94kfSVKjJTP27kdJAqXHgmcmA6oFa9qbif1470f6tm/IwTjSGbH7ITwTREZkmQHpcItNibAhlkptfCRtQSZk2OS1ekTiamFSc5QxWSeOq5JRL5YfrYqWc5ZODUziDC3DgBipQhRrUgcETvMArvFnP1rv1YX3OR9esbOcEFmB9/QKc8Zdb</latexit>

H = H0 + H1

Lacroix, Gambacurta, PRC (2012)

• Textbook formulation: Hartree-Fock Slater determinant as reference state
<latexit sha1_base64="zS0b1yxXPNzTXOwH7wLJA9SzRyQ="></latexit>

E(2) = �
1

2

X

��

g2

�� � ��
i: holes (occupied)
a: particles (unoccupied)
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<latexit sha1_base64="MY1HxVGohfaFTtfEWL/lM+4wWlk=">AAACBXicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRC9CwEuOEcwDkiXMTnqTIbMPZ2YDYcnZT/CqH+BNvPodnv0RJ8keTGJBN0VVN92UFwuutG1/W2vrG5tb27md/O7e/sFh4ei4oaJEMqyzSESy5VGFgodY11wLbMUSaeAJbHrD+6nfHKFUPAof9ThGN6D9kPucUW0kt0ruSLVrk0vTnW6haJfsGcgqcTJShAy1buGn04tYEmComaBKtR071m5KpeZM4CTfSRTGlA1pH9uGhjRA5aazpyfk3Cg94kfSVKjJTP27kdJAqXHgmcmA6oFa9qbif1470f6tm/IwTjSGbH7ITwTREZkmQHpcItNibAhlkptfCRtQSZk2OS1ekTiamFSc5QxWSeOq5JRL5YfrYqWc5ZODUziDC3DgBipQhRrUgcETvMArvFnP1rv1YX3OR9esbOcEFmB9/QKc8Zdb</latexit>

H = H0 + H1

Lacroix, Gambacurta, PRC (2012)

• Textbook formulation: Hartree-Fock Slater determinant as reference state
<latexit sha1_base64="zS0b1yxXPNzTXOwH7wLJA9SzRyQ="></latexit>

E(2) = �
1

2

X

��

g2

�� � ��
i: holes (occupied)
a: particles (unoccupied)

• Quasiparticle formulation: MBPT expansion around symmetry-broken BCS vacuum
<latexit sha1_base64="FL+hbikf8TlVyilZokoZfE0Vxuk="></latexit>

E(2) = �
1

2

X

pq
g2

Ä
�2p�

2
q + �2q�

2
p

ä2

Ep + Eq
Ep > 0: quasi-particle energies
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• Partitioning of full Hamiltonian into unperturbed part and perturbation
<latexit sha1_base64="MY1HxVGohfaFTtfEWL/lM+4wWlk=">AAACBXicbVDLSgNBEOz1GeMr6tHLYBAEIeyKRC9CwEuOEcwDkiXMTnqTIbMPZ2YDYcnZT/CqH+BNvPodnv0RJ8keTGJBN0VVN92UFwuutG1/W2vrG5tb27md/O7e/sFh4ei4oaJEMqyzSESy5VGFgodY11wLbMUSaeAJbHrD+6nfHKFUPAof9ThGN6D9kPucUW0kt0ruSLVrk0vTnW6haJfsGcgqcTJShAy1buGn04tYEmComaBKtR071m5KpeZM4CTfSRTGlA1pH9uGhjRA5aazpyfk3Cg94kfSVKjJTP27kdJAqXHgmcmA6oFa9qbif1470f6tm/IwTjSGbH7ITwTREZkmQHpcItNibAhlkptfCRtQSZk2OS1ekTiamFSc5QxWSeOq5JRL5YfrYqWc5ZODUziDC3DgBipQhRrUgcETvMArvFnP1rv1YX3OR9esbOcEFmB9/QKc8Zdb</latexit>

H = H0 + H1

Lacroix, Gambacurta, PRC (2012)

• Projected MBPT: expectation-value formulation with particle-number projector
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• Textbook formulation: Hartree-Fock Slater determinant as reference state
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• Quasiparticle formulation: MBPT expansion around symmetry-broken BCS vacuum
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• Partitioning of full Hamiltonian into unperturbed part and perturbation
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• Standard HF-MBPT is recovered in limiting case of vanishing pairing gap

• Textbook formulation: Hartree-Fock Slater determinant as reference state
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FIG. 4. (Color online) Same as Fig. 2 for the N = ! = 12 case.

Besides the energy, other observables can also be estimated.
As an example, the quantity ni(1 − ni) is shown in Fig. 5
as a function of single-particle energies, where ni are the
occupation numbers of single-particle states. This quantity is a
measure of the deviation from the independent particle picture
where it is strictly zero for all states. The use of perturbation
and projection considerably improves the description of one-
body observables especially at intermediate coupling where
the original BCS deviates significantly from the exact solution.
In addition, even if the PAV differs significantly from the exact

n
i(
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−

n
i)

n
i(

1
−

n
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(a)

(b)

FIG. 5. (Color online) Example of evolution of the quantity
ni(1 − ni) obtained with QP3T (filled blue circles) as a function of
single-particle energy for the N = ! = 8 case with g/"ε = 0.4 (a)
and 0.8 (b). In both cases, the exact result (red solid line), the BCS
result (black dashed line), and the PAV result (green open squares)
are shown.

case as it was noted in Ref. [22], the extra mixing with the 4QP
states compensates this drawback of PAV.

In view of this agreement, it seems that the QP3T does
automatically select important many-body states, namely
projected ground state and projected 4QP states, on which the
true eigenstate decomposes. These states are highly nontrivial
multiparticle multihole mixings that can also be described by
direct diagonalization of the Hamiltonian but that are much
more demanding numerically. Indeed, the size of the 4QP
Hilbert space is !(! − 1)/2 while the size of the matrix
to diagonalize the hamiltonian is (!!/[Npair!(! − Npair)!]).
It is important to recall that here no diagonalization is
required since the mixing coefficients are directly given by the
quasiparticle perturbation theory [Eq. (17)]. These features
make the approach rather simple to implement on existing
BCS-HFB codes to provide a much better approximation than
the PAV that is often currently used. In addition, by contrast
to the variation after projection that is rather involved [23,25],
no extra minimization is required.

It should be noted that the way we apply the perturbation
theory is rather unusual. Indeed, here we directly take the
coefficients obtained from a perturbative approach based on
quasiparticle states and use them to express the ground state
in terms of the projected states. Doing so, we clearly break
the self-consistency as in PAV. A more consistent approach
would be to develop a perturbative approach directly with the
projected states. The difficulty in the latter case is that, while
the separation into an unperturbed Hamiltonian and residual
interaction parts was straightforward in the quasiparticle case,
such a separation is not easy for projected states

Contrary to the exact diagonalization, the QP2T and QP3T
can be performed even for large particle number. As an illus-
tration, in Fig. 6, a systematic study of the correlation energy
evolution obtained with some of the approaches presented
above as the number of particle increases up to N = 100 for the
case g/"ε = 0.8. With standard diagonalization techniques,
the exact solution can hardly be obtained for N > 14. Other
approaches based on quasiparticle theories can be applied
without difficulties. Note however, that the QP3T requires
to perform more and more gauge angles integrations (see

E
/(

N
∆

ε)

Particle Number

FIG. 6. (Color online) Evolution of the correlation energy per
particle as a function of the number of particles for g/"ε = 0.8 for
the BCS (black dashed line), QP2T (green open squares), and QP3T
(blue filled circles). The exact case (solid red line) is also shown up
to N = 14 particles.

014306-4

Correlation energy as a function of coupling strength

BCS

PBCS

superfluid regime

Richardson

Projected MBPT



A. Tichai Model Systems in Quantum Mechanics 2024

Coupled-cluster theory for BCS states

• Bogoliubov coupled-cluster (BCC) theory: CC extension for BCS reference states

13

Henderson et al., PRC (2014)

<latexit sha1_base64="5WlupQFIilYqpIwnRTo4NSftHnA=">AAACM3icbZDLSgMxFIYz9VbvVZdugkVwVWZEvCyEYjcuK1oVOrVk0tM2mMkMyRmxjH0Wn8JHcKtrcadufQfTWtS2Hgj8/N85nJM/iKUw6LovTmZicmp6Jjs7N7+wuLScW1k9N1GiOVR4JCN9GTADUiiooEAJl7EGFgYSLoLrUo9f3IA2IlJn2ImhFrKWEk3BGVqrnju4o37ZiLqPcIvpUanUpb5mqiWBHlK4OqM93v7lpz+8nsu7BbdfdFx4A5EngyrXc+9+I+JJCAq5ZMZUPTfGWso0Ci6hO+cnBmLGr1kLqlYqFoKppf0vdummdRq0GWn7FNK++3ciZaExnTCwnSHDthllPfM/Vk2wuV9LhYoTBMW/FzUTSTGivbxoQ2jgKDtWMK6FvZXyNtOMo011eIuGm65NxRvNYFycbxe83cLOyU6+uDvIJ0vWyQbZIh7ZI0VyTMqkQji5J4/kiTw7D86r8+Z8fLdmnMHMGhkq5/MLbIqqzg==</latexit>

|�BCCi = eT |�BCSi



A. Tichai Model Systems in Quantum Mechanics 2024

Coupled-cluster theory for BCS states

• Bogoliubov coupled-cluster (BCC) theory: CC extension for BCS reference states

13

Henderson et al., PRC (2014)
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• Cluster operator is expressed in SU(2) algebra (but now with quasiparticles!)
<latexit sha1_base64="WsOUvRk0ol9apBhtlgp3RiieCxE="></latexit>

T2 =
1

2

X

pq
tpqP†

pP
†
q

<latexit sha1_base64="iojU+F/Uczkkzf88CY3W7GsBmTk=">AAACOHicbVDJSgNBEO2JW4xb1KOXxiB4CjMi0YsS8OIxglkgE0NNp2bSpGehuycQhvyNX+EneNWLN8GDePULnElyyOKDhlfvVVFdz4kEV9o0P4zc2vrG5lZ+u7Czu7d/UDw8aqgwlgzrLBShbDmgUPAA65prga1IIviOwKYzuMv85hCl4mHwqEcRdnzwAu5yBjqVusVb2wfdZyCS2vjJ7oHnoexG9IbaDmqYUxbrxHZA0mjcLZbMsjkBXSXWjJTIDLVu8cvuhSz2MdBMgFJty4x0JwGpORM4LtixwgjYADxspzQAH1Unmdw5pmep0qNuKNMXaDpR5ycS8JUa+U7amV2llr1M/M9rx9q97iQ8iGKNAZsucmNBdUiz0GiPS2RajFICTPL0r5T1QQLTabSLWyQOs1Ss5QxWSeOibFXKlYfLUrUyyydPTsgpOScWuSJVck9qpE4YeSav5I28Gy/Gp/Ft/Exbc8Zs5pgswPj9A7UkriQ=</latexit>

P†
p = �†p�

†
p̄

<latexit sha1_base64="5WlupQFIilYqpIwnRTo4NSftHnA=">AAACM3icbZDLSgMxFIYz9VbvVZdugkVwVWZEvCyEYjcuK1oVOrVk0tM2mMkMyRmxjH0Wn8JHcKtrcadufQfTWtS2Hgj8/N85nJM/iKUw6LovTmZicmp6Jjs7N7+wuLScW1k9N1GiOVR4JCN9GTADUiiooEAJl7EGFgYSLoLrUo9f3IA2IlJn2ImhFrKWEk3BGVqrnju4o37ZiLqPcIvpUanUpb5mqiWBHlK4OqM93v7lpz+8nsu7BbdfdFx4A5EngyrXc+9+I+JJCAq5ZMZUPTfGWso0Ci6hO+cnBmLGr1kLqlYqFoKppf0vdummdRq0GWn7FNK++3ciZaExnTCwnSHDthllPfM/Vk2wuV9LhYoTBMW/FzUTSTGivbxoQ2jgKDtWMK6FvZXyNtOMo011eIuGm65NxRvNYFycbxe83cLOyU6+uDvIJ0vWyQbZIh7ZI0VyTMqkQji5J4/kiTw7D86r8+Z8fLdmnMHMGhkq5/MLbIqqzg==</latexit>

|�BCCi = eT |�BCSi



A. Tichai Model Systems in Quantum Mechanics 2024

Coupled-cluster theory for BCS states

• Bogoliubov coupled-cluster (BCC) theory: CC extension for BCS reference states

14

• Many-body operators are transformed to quasiparticle basis using u/v coefficients

<latexit sha1_base64="EhkNp6UhegmZNarDHkXv/R1Cv1M=">AAACKHicbVDLSgNBEJz1Gd+rHr0MBsFT2BWJXgTRi8eISRSyMcxOOsng7Owy0xsMa/7Cr/ATvOoHeJNc9UecxAjGWNBQVHXT3RUmUhj0vIEzMzs3v7CYW1peWV1b33A3t6omTjWHCo9lrG9CZkAKBRUUKOEm0cCiUMJ1eHc+9K+7oI2IVRl7CdQj1laiJThDKzXcwgMNSkbQQDPVlkBPKNyW6VDsiEaAcI/Z2flV/8dvuHmv4I1Ap4k/JnkyRqnhfgbNmKcRKOSSGVPzvQTrGdMouIT+cpAaSBi/Y22oWapYBKaejf7q0z2rNGkr1rYU0pH6eyJjkTG9KLSdEcOO+esNxf+8Woqt43omVJIiKP69qJVKijEdhkSbQgNH2bOEcS3srZR3mGYcbZSTWzR0+zYV/28G06R6UPCLheLlYf60OM4nR3bILtknPjkip+SClEiFcPJInskLeXWenDfn3Rl8t84445ltMgHn4ws/z6Yi</latexit>

|�i = eT |�BCSi

Henderson et al., PRC (2014)

• Evaluate amplitude equations using Wick theorem for SU(2) algebra

• Extends single-reference coupled-cluster theory to superfluid regime

<latexit sha1_base64="meawuvaBMqiOcoa6fmsfrD/yXSo=">AAACNHicbZDLSgMxFIYzXmu9jbp0EyyCIJQZkSqCUHDjsoK9QKeWM+lpG5q5kGQKZei7+BQ+glvdCu6KW5/B9LLoxQMJP99/Dif5/VhwpR3ny1pb39jc2s7sZHf39g8O7aPjiooSybDMIhHJmg8KBQ+xrLkWWIslQuALrPq9h7Ff7aNUPAqf9SDGRgCdkLc5A21Q077zfNTw4rWg00HZjOk9TczN5sgl7S+Q1PNB0njYtHNO3pkUXRXuTOTIrEpNe+S1IpYEGGomQKm668S6kYLUnAkcZr1EYQysBx2sGxlCgKqRTv44pOeGtGg7kuaEmk7o/EQKgVKDwDedAeiuWvbG8D+vnuj2bSPlYZxoDNl0UTsRVEd0HBhtcYlMi4ERwCQ3b6WsCxKYNrEubpHYH6fiLmewKipXebeQLzxd54qFWT4ZckrOyAVxyQ0pkkdSImXCyCt5Jx/k03qzvq2R9TNtXbNmMydkoazfP4Dbq2A=</latexit>

�†p = �pc†p + �pc
†
p̄

<latexit sha1_base64="BFlyBsPo0o6O9DHKcnFUHc9/CNA=">AAACPXicbVDLSgNBEJyNrxhfUY9eBoPgxbArEr0IgVw8RjAPyMald9JJhszuDjOzgbDkg/wKP8GrOYs38erVzeNgEgsaiqpuurt8Kbg2tj2xMhubW9s72d3c3v7B4VH++KSuo1gxrLFIRKrpg0bBQ6wZbgQ2pUIIfIENf1CZ+o0hKs2j8MmMJLYD6IW8yxmYVPLyFddHA89uB3o9VF7i+qCoHNN7GnuSsnXjig6XDTn28gW7aM9A14mzIAWyQNXLf7idiMUBhoYJ0Lrl2NK0E1CGM4HjnBtrlMAG0MNWSkMIULeT2bNjepEqHdqNVFqhoTP170QCgdajwE87AzB9vepNxf+8Vmy6d+2EhzI2GLL5om4sqInoNDna4QqZEaOUAFM8vZWyPihgJs13eYvC4TQVZzWDdVK/LjqlYunxplAuLfLJkjNyTi6JQ25JmTyQKqkRRl7IG3knE+vV+rS+rO95a8ZazJySJVg/v2yfr10=</latexit>

�†p̄ = �pc
†
p̄ � �pc†p

• Cluster operator is expressed in SU(2) algebra
<latexit sha1_base64="WsOUvRk0ol9apBhtlgp3RiieCxE="></latexit>

T2 =
1

2

X

pq
tpqP†

pP
†
q

<latexit sha1_base64="ylIgQtjjBGyiQ2iu9RZbb86D3GA="></latexit>

0 = h�BCS|PpPqe�T (H � �A)eT |�BCSi �p, q

THOMAS M. HENDERSON et al. PHYSICAL REVIEW C 89, 054305 (2014)

We solve this modified BCS equation with

v2
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such that we obtain the BCS amplitudes for T → 0. When we
supplement our BCS p-CCD with the Brueckner condition of
Eq. (13b) we refer to the method as BCS p-BCCD (for BCS
pair Brueckner coupled cluster doubles). The quasiparticle
determinant defined by the Brueckner condition is called the
BCS-Brueckner determinant.

We should note that when the BCS reduces to Hartree-Fock,
the CC ansatz of Eq. (10) becomes

T →
∑

ai

TaiP
†
a Pi + 1

2

∑

ij

TijPiPj + 1
2

∑

ab

TabP
†
a P

†
b , (17)

where we recall that indices i and j (a and b) refer to orbitals
occupied (unoccupied) in the Hartree-Fock determinant. While
the first term is HF p-CCD, the other two terms would appear to
break number symmetry. This is not the case, however, because
the amplitudes Tij and Tab vanish. More precisely, if a set of
amplitude Tai solves the HF p-CCD equations, then it, together
with Tij = Tab = 0, also solves the BCS p-CCD equations.
Thus, the Hartree-Fock limit of our BCS-based p-CCD is just
Hartree-Fock-based p-CCD. The BCS-Brueckner determinant
in this limit is the same as the Hartree-Fock determinant.

Note finally that the chemical potential that yields the
correct average particle number for the BCS wave function
does not, in general, yield the right average particle number
from the CC wave function. We circumvent this problem here
by working primarily at half filling, for which our reduced BCS
Hamiltonian has a particle-hole symmetry [24]; this symmetry
means that the BCS and BCS p-CCD wave functions both
contain the correct number of particles on average with the
BCS chemical potential.

IV. RESULTS

We have already seen that HF p-CCD breaks down in a
narrow region around the Hartree-Fock to BCS transition. As
Fig. 2 shows, the same is not true of BCS p-CCD. While the
results in the immediate vicinity of Gc degrade somewhat,
the BCS p-CCD results improve again as G becomes large
and the BCS is able to recover the energetic effects of the
strong correlations in the system. We note that for very small
systems, the projected BCS is more accurate than is the BCS
p-CCD (as we show later). Recall, however, that for sufficiently
large systems the projected BCS returns the same correlation
energy per particle as does BCS itself [25]. In contrast, the
BCS p-CCD will offer a non-negligible improvement upon
BCS for any system size, because it is size extensive (i.e., the
correlation energy per particle approaches a constant for large
particle number). For the 100-level pairing Hamiltonian, we
see that the BCS p-CCD is generally superior to PBCS except
for very large G.

A curious feature of Fig. 2 is that the BCS-Bruckner-based
p-CCD splits off from the BCS p-CCD near the Hartree-Fock
to BCS transition. This is simply because the Brueckner
procedure defers the onset of number symmetry breaking,
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FIG. 2. (Color online) Fraction of the correlation energy recov-
ered in the half-filled pairing Hamiltonian with 100 levels. BCS
p-CCD and BCS p-BCCD refer to p-CCD based on a BCS or on
a BCS-Brueckner reference, respectively.

much like it delays the onset of spin symmetry breaking as
one stretches a chemical bond [26–29]. One can see that by
examining the occupation numbers 1

2 〈0|Np|0〉 of the BCS and
BCS-Brueckner reference determinants. As we see in Fig. 3,
the BCS-Brueckner determinant breaks number symmetry at
larger G than does the BCS itself.

A second feature of interest may be the behavior of the
BCS p-CCD at the Hartree-Fock to BCS transition. While the
mean-field transition is second order in nature, the p-CCD
appears to have a first-order transition (i.e., the energy is
continuous as a function of G but its derivative is not). One sees
analogous behavior in molecule dissociations, where CCD
has a derivative discontinuity at the point of spin symmetry
breaking. The inclusion of explicit single excitations remedies
this defect, and we expect it would do likewise here.

Thus far, we have shown that the BCS p-CCD can capture
the energetic effects of the correlation beyond that provided
by BCS. Perhaps more interesting is to use the BCS p-CCD
to evaluate properties. The evaluation of expectation values
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FIG. 3. (Color online) Occupation numbers from the BCS and
BCS-Brueckner determinants as a function of G for the half-filled
pairing Hamiltonian with 100 levels. We show the two occupation
numbers that bracket the Fermi level at G = 0.
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• Numerical implementation is computationally very demanding in practice
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PARTICLE-NUMBER PROJECTED BOGOLIUBOV-COUPLED- … PHYSICAL REVIEW C 99, 044301 (2019)

FIG. 1. Energies for 100 levels at half filling. Left panel: Fraction of the correlation energy recovered. Right panel: Energy errors in units
of !ε.

In the weakly correlated regime (G ! Gc) the symmetry
adapted coupled cluster (i.e., coupled cluster based on a
Hartree-Fock reference, here called HF-CCSD though the
effects of singles are zero by symmetry) is fairly accurate. It
is entirely equivalent to BCS-CCSD in this regime given that
the BCS reference state reduces to the HF Slater determinant.
Increasing G, HF-CCSD fails spectacularly when approaching
Gc. Contrarily, BCS-CCSD continues to deliver reasonably
accurate energies, albeit with a discontinuous derivative at
G = Gc [23] reflecting the change in character of the mean-
field reference state. Number projected BCS (PBCS), happens
to be wonderfully accurate for larger G but, while exact at
G = 0, does not perform as well for small G. Its error is
largest for G slightly larger than Gc. It is just a remarkable
feature that PBCS is better for large G and coupled cluster for
small G as well as that PBCS is better for smaller numbers of
levels and coupled cluster for larger as the energetic benefit
of number projection dwindles as the number of correlated
particles increases.

While both PBCS and BCS-CCSD perform well for some
values of G and not as well for others, PBCS-CC gives
almost exact energies for all G, even the region near Gc
where neither PBCS nor BCS-CCSD performs particularly
well. As anticipated from the well-celebrated PBCS theory,
the strongest impact of the projection is obtained in the regime
where the symmetry is weakly broken in the first place, i.e.,
after the phase transition for intermediate coupling strengthes.
Eventually, merging symmetry projection and coupled-cluster
theory leads thus to a wave function that is significantly better
than either of its components.

The fractional correlation picture can be misleading in
certain cases. The right panel of Fig. 1 shows that for small
G, all methods are close to the right answer. For larger G, the
error in PBCS decreases (indeed, PBCS is an eigenfunction
of the Hamiltonian in the G → ∞ limit) while the total
errors of BCS and BCS-CCD are still increasing at G = 3 Gc.
Adding number projection to BCS-CCD yields an absolute
error in the total energy too small to be distinguished on
the plot.

Dealing with a finite quantum system, observables must
behave smoothly through the normal-to-superfluid transition
at Gc. This is indeed the case for exact solutions of the pairing
Hamiltonian. As alluded to above, the BCS-CCSD energy
does wrongly display a discontinuous derivative at Gc, which
is in fact due to an abrupt change in character of the plain
BCS reference state. When the reference state is obtained in a
VAP sense from PBCS, it evolves smoothly with G, and con-
sequently so too do BCS-CC and PBCS-CC energies based
on it, as seen in Fig. 2. The first derivative discontinuity in
the energy at G = Gc is thus absent (present) when using the
reference state from the PBCS (BCS) variational calculation,
irrespective of whether the number projection operator acts on
the BCS-CC wave function or not.

The benefits of symmetry projection are most pronounced
for smaller systems, while as Ref. [23] shows, BCS-CCD
seems to be on average more accurate for larger system

FIG. 2. Numerical derivative of the energy with respect to G for
12 levels at half filling. Contrarily to BCS-CCSD, the calculation
coined as BCS(P)-CCSD relies on the BCS reference state extracted
from the VAP PBCS calculation and not on the plain variational BCS
state.
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In the weakly correlated regime (G ! Gc) the symmetry
adapted coupled cluster (i.e., coupled cluster based on a
Hartree-Fock reference, here called HF-CCSD though the
effects of singles are zero by symmetry) is fairly accurate. It
is entirely equivalent to BCS-CCSD in this regime given that
the BCS reference state reduces to the HF Slater determinant.
Increasing G, HF-CCSD fails spectacularly when approaching
Gc. Contrarily, BCS-CCSD continues to deliver reasonably
accurate energies, albeit with a discontinuous derivative at
G = Gc [23] reflecting the change in character of the mean-
field reference state. Number projected BCS (PBCS), happens
to be wonderfully accurate for larger G but, while exact at
G = 0, does not perform as well for small G. Its error is
largest for G slightly larger than Gc. It is just a remarkable
feature that PBCS is better for large G and coupled cluster for
small G as well as that PBCS is better for smaller numbers of
levels and coupled cluster for larger as the energetic benefit
of number projection dwindles as the number of correlated
particles increases.

While both PBCS and BCS-CCSD perform well for some
values of G and not as well for others, PBCS-CC gives
almost exact energies for all G, even the region near Gc
where neither PBCS nor BCS-CCSD performs particularly
well. As anticipated from the well-celebrated PBCS theory,
the strongest impact of the projection is obtained in the regime
where the symmetry is weakly broken in the first place, i.e.,
after the phase transition for intermediate coupling strengthes.
Eventually, merging symmetry projection and coupled-cluster
theory leads thus to a wave function that is significantly better
than either of its components.

The fractional correlation picture can be misleading in
certain cases. The right panel of Fig. 1 shows that for small
G, all methods are close to the right answer. For larger G, the
error in PBCS decreases (indeed, PBCS is an eigenfunction
of the Hamiltonian in the G → ∞ limit) while the total
errors of BCS and BCS-CCD are still increasing at G = 3 Gc.
Adding number projection to BCS-CCD yields an absolute
error in the total energy too small to be distinguished on
the plot.

Dealing with a finite quantum system, observables must
behave smoothly through the normal-to-superfluid transition
at Gc. This is indeed the case for exact solutions of the pairing
Hamiltonian. As alluded to above, the BCS-CCSD energy
does wrongly display a discontinuous derivative at Gc, which
is in fact due to an abrupt change in character of the plain
BCS reference state. When the reference state is obtained in a
VAP sense from PBCS, it evolves smoothly with G, and con-
sequently so too do BCS-CC and PBCS-CC energies based
on it, as seen in Fig. 2. The first derivative discontinuity in
the energy at G = Gc is thus absent (present) when using the
reference state from the PBCS (BCS) variational calculation,
irrespective of whether the number projection operator acts on
the BCS-CC wave function or not.

The benefits of symmetry projection are most pronounced
for smaller systems, while as Ref. [23] shows, BCS-CCD
seems to be on average more accurate for larger system

FIG. 2. Numerical derivative of the energy with respect to G for
12 levels at half filling. Contrarily to BCS-CCSD, the calculation
coined as BCS(P)-CCSD relies on the BCS reference state extracted
from the VAP PBCS calculation and not on the plain variational BCS
state.
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• Eigenvector continuation: systematic framework for emulation of observables
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• Eigenvector continuation: systematic framework for emulation of observables

• Generalized eigenvalue problem in the basis of (non-orthogonal) training vectors
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H ~� = �N ~�

<latexit sha1_base64="K37/zX7+7MtA5ehzDUSS2dyBD3M=">AAACKHicbZDLSgMxFIYzXmu9VV26CRah3ZQZkepGKLhxJRXsBTplyKSnbWgmM00yhTL2LXwKH8GtPoA76VZfxPQi2NYDgY//P4dz8vsRZ0rb9thaW9/Y3NpO7aR39/YPDjNHx1UVxpJChYY8lHWfKOBMQEUzzaEeSSCBz6Hm924nfm0AUrFQPOphBM2AdARrM0q0kbxM4d5Lov4ofZN2OREdDtgtK5breFEeP/1yP49dOXW9TNYu2NPCq+DMIYvmVfYy324rpHEAQlNOlGo4dqSbCZGaUQ6jtBsriAjtkQ40DAoSgGom03+N8LlRWrgdSvOExlP170RCAqWGgW86A6K7atmbiP95jVi3r5sJE1GsQdDZonbMsQ7xJCTcYhKo5kMDhEpmbsW0SySh2kS5uEXCYGRScZYzWIXqRcEpFooPl9lScZ5PCp2iM5RDDrpCJXSHyqiCKHpGr+gNvVsv1of1aY1nrWvWfOYELZT19QNQQKWN</latexit>

Npq = h�(gp)|�(gq)i

• Numerical challenge mainly driven by evaluation of operator and norm kernels
<latexit sha1_base64="Y1ABx04bxXtMNlcTsyAxy+/c3I8="></latexit>

Hpq = h�(gp)|H(g�)|�(gq)i
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<latexit sha1_base64="f718wLFSodS8sfM7ULjhXogM0hc=">AAACDnicbZDLSsNAFIYn9VbrLV52bgaL4KKERKS6LLhxJRXsBZoQJtNJO3QyCTOTQg19Bx/BrT6AO3HrK7j2RZy0WdjWHw58/OcczuEPEkalsu1vo7S2vrG5Vd6u7Ozu7R+Yh0dtGacCkxaOWSy6AZKEUU5aiipGuokgKAoY6QSj27zfGRMhacwf1SQhXoQGnIYUI6Ut3zxxMzjwnRq0tGoa76E79c2qbdkzwVVwCqiCQk3f/HH7MU4jwhVmSMqeYyfKy5BQFDMyrbipJAnCIzQgPY0cRUR62ez7KTzXTh+GsdDFFZy5fzcyFEk5iQI9GSE1lMu93Pyv10tVeONllCepIhzPD4UpgyqGeRSwTwXBik00ICyo/hXiIRIIKx3Y4hVBxnkqznIGq9C+tJy6VX+4qjbqRT5lcArOwAVwwDVogDvQBC2AwRN4Aa/gzXg23o0P43M+WjKKnWOwIOPrFxEHmj4=</latexit>

{g1, ...., gN}
<latexit sha1_base64="f+UtU1YBErVCrDVYmuA1eEzflhQ=">AAAB/3icbVA9SwNBEN2LXzF+RS1tDoNgFe5EomXAxjKCSYTkCHt7k2TJ3u6xOxcIRwp/gq3+ADux9adY+0fcJFeYxAcDj/dmmJkXJoIb9Lxvp7CxubW9U9wt7e0fHB6Vj09aRqWaQZMpofRTSA0ILqGJHAU8JRpoHApoh6O7md8egzZcyUecJBDEdCB5nzOKVmoPel0VKeyVK17Vm8NdJ35OKiRHo1f+6UaKpTFIZIIa0/G9BIOMauRMwLTUTQ0klI3oADqWShqDCbL5uVP3wiqR21falkR3rv6dyGhszCQObWdMcWhWvZn4n9dJsX8bZFwmKYJki0X9VLio3NnvbsQ1MBQTSyjT3N7qsiHVlKFNaHmLhvHUpuKvZrBOWldVv1atPVxX6rU8nyI5I+fkkvjkhtTJPWmQJmFkRF7IK3lznp1358P5XLQWnHzmlCzB+foFqw6XGA==</latexit>g�

training data training vectors

<latexit sha1_base64="q0BiaGNbjR6/hCIJuOYlofVx4W8=">AAACJXicbVDLSsNAFJ34rPVVdelmsAgtlpCIVJcFN66kgn1AU8pkepMOnUzCzKRQYj/Cr/AT3OoHuBPBlQt/xPSB2NYDFw7n3Mu997gRZ0pb1qexsrq2vrGZ2cpu7+zu7ecODusqjCWFGg15KJsuUcCZgJpmmkMzkkACl0PD7V+P/cYApGKhuNfDCNoB8QXzGCU6lTq5MyfJPjhVxQp+xy5iRxLhc8AlbJpmCf9at8WsM+rk8pZpTYCXiT0jeTRDtZP7drohjQMQmnKiVMu2It1OiNSMchhlnVhBRGif+NBKqSABqHYyeWqET1Oli71QpiU0nqh/JxISKDUM3LQzILqnFr2x+J/XirV31U6YiGINgk4XeTHHOsTjhHCXSaCaD1NCqGTprZj2iCRUpznOb5EwGKdiL2awTOrnpl02y3cX+Up5lk8GHaMTVEA2ukQVdIOqqIYoekTP6AW9Gk/Gm/FufExbV4zZzBGag/H1AxGhopM=</latexit>

{|�(g1)i, ..., |�(gN)}
<latexit sha1_base64="JQ5bU+qPC5LgCTADV6cMSWPE3Bo=">AAACEHicbVDLSgMxFM3UV62vquDGTbAIdVNmRKrLghuXFewDOkPJpLdtaCYZkkyhTPsTfoJb/QB34tY/cO2PmD4WtvXAhcM593IuJ4w508Z1v53MxubW9k52N7e3f3B4lD8+qWuZKAo1KrlUzZBo4ExAzTDDoRkrIFHIoREO7qd+YwhKMymezCiGICI9wbqMEmOldv5s7Fc1K/bavuxIc4V9RUSPQztfcEvuDHideAtSQAtU2/kfvyNpEoEwlBOtW54bmyAlyjDKYZLzEw0xoQPSg5algkSgg3T2/wRfWqWDu1LZEQbP1L8XKYm0HkWh3YyI6etVbyr+57US070LUibixICg86BuwrGReFoG7jAF1PCRJYQqZn/FtE8UocZWtpyiYDixrXirHayT+nXJK5fKjzeFSnnRTxadowtURB66RRX0gKqohigaoxf0it6cZ+fd+XA+56sZZ3FzipbgfP0C/UidKQ==</latexit>

|�(g�)i
target coupling

• Eigenvector continuation: systematic framework for emulation of observables

• Generalized eigenvalue problem in the basis of (non-orthogonal) training vectors
<latexit sha1_base64="btv7TsR/BjlhPszuHaAIflSH4CQ=">AAACInicbVDLSsNAFJ3UV62vqEs3g0XoQkoiUt0IBTddSQX7gCaUyfS2HTqZhJlJsYT+gl/hJ7jVD3AnrgR3/ohJm4VtPXDhcM693HuPF3KmtGV9Gbm19Y3Nrfx2YWd3b//APDxqqiCSFBo04IFse0QBZwIammkO7VAC8T0OLW90m/qtMUjFAvGgJyG4PhkI1meU6ETqmqUads6xMwYaP07xDXYgVIwHIlXx3R+vaxatsjUDXiV2RoooQ71r/ji9gEY+CE05UapjW6F2YyI1oxymBSdSEBI6IgPoJFQQH5Qbzz6a4rNE6eF+IJMSGs/UvxMx8ZWa+F7S6RM9VMteKv7ndSLdv3ZjJsJIg6DzRf2IYx3gNB7cYxKo5pOEECpZciumQyIJ1UmIi1skjNNU7OUMVknzomxXypX7y2K1kuWTRyfoFJWQja5QFdVQHTUQRU/oBb2iN+PZeDc+jM95a87IZo7RAozvX9/EorA=</latexit>

H ~� = �N ~�

<latexit sha1_base64="K37/zX7+7MtA5ehzDUSS2dyBD3M=">AAACKHicbZDLSgMxFIYzXmu9VV26CRah3ZQZkepGKLhxJRXsBTplyKSnbWgmM00yhTL2LXwKH8GtPoA76VZfxPQi2NYDgY//P4dz8vsRZ0rb9thaW9/Y3NpO7aR39/YPDjNHx1UVxpJChYY8lHWfKOBMQEUzzaEeSSCBz6Hm924nfm0AUrFQPOphBM2AdARrM0q0kbxM4d5Lov4ofZN2OREdDtgtK5breFEeP/1yP49dOXW9TNYu2NPCq+DMIYvmVfYy324rpHEAQlNOlGo4dqSbCZGaUQ6jtBsriAjtkQ40DAoSgGom03+N8LlRWrgdSvOExlP170RCAqWGgW86A6K7atmbiP95jVi3r5sJE1GsQdDZonbMsQ7xJCTcYhKo5kMDhEpmbsW0SySh2kS5uEXCYGRScZYzWIXqRcEpFooPl9lScZ5PCp2iM5RDDrpCJXSHyqiCKHpGr+gNvVsv1of1aY1nrWvWfOYELZT19QNQQKWN</latexit>

Npq = h�(gp)|�(gq)i

• Numerical challenge mainly driven by evaluation of operator and norm kernels
<latexit sha1_base64="Y1ABx04bxXtMNlcTsyAxy+/c3I8="></latexit>

Hpq = h�(gp)|H(g�)|�(gq)i

• Hot topic: emerging field in nuclear physics with numerous applications
Duguet et al., arXiv:2310.19419 (2023)
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EC emulator using different training sets

• Introduction of different training 
manifolds: normal, superfluid, mixed

• One-sided training manifolds are 
unreliable for non-trained regime

• Mixed training manifold yields 
consistent prediction for all couplings

Companys Franzke, Tichai, Hebeler, Schwenk, PRC (2024)

Selection of appropriate 
training vectors crucial!

similar study using DMRG:
Baran, Nichita, PRB (2023)
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EC emulator using different training sets

• Introduction of different training 
manifolds: normal, superfluid, mixed

• One-sided training manifolds are 
unreliable for non-trained regime

• Mixed training manifold yields 
consistent prediction for all couplings

Companys Franzke, Tichai, Hebeler, Schwenk, PRC (2024)

Selection of appropriate 
training vectors crucial!

similar study using DMRG:
Baran, Nichita, PRB (2023)

What are applications in 
condensed matter/quantum chemistry? 

Emulation of bond stretching?
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• Integrable Richardson solution for arbitrary system size

Pairing Hamiltonian as many-body testbed

• Breakdown of conventional many-body expansions

Lesson: Hartree-Fock-based schemes are doomed to fail

Implications on many-body frameworks

• Account for dynamic correlations using many-body expansion

Lesson: reference state must capture important static correlations

• Capture static correlations via spontaneous symmetry breaking

• Emergence of critical coupling separating normal and superfluid phase

• Parametric dependence can be efficiently emulated
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Conclusions
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• Integrable Richardson solution for arbitrary system size

Pairing Hamiltonian as many-body testbed

• Breakdown of conventional many-body expansions

Lesson: Hartree-Fock-based schemes are doomed to fail

Implications on many-body frameworks

• Account for dynamic correlations using many-body expansion

Lesson: reference state must capture important static correlations

• Capture static correlations via spontaneous symmetry breaking

• Emergence of critical coupling separating normal and superfluid phase

• Parametric dependence can be efficiently emulated

Take-home message:
Schematic models reveal key correlations 

relevant for realistic applications.


