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Entanglement in quantum many-body systems



☞ Understanding and manipulating entanglement can advance:

‣ The development of efficient quantum simulations of physical systems

in particular on current noisy intermediate scale quantum (NISQ) devices

‣Our fundamental understanding of nature

e.g. “Entanglement Suppression and Emergent Symmetries of Strong Interactions” 
Beane, Kaplan, Klco, Savage, PRL122,102001 (2019).  

“Entanglement minimization in hadronic scattering with pions” 
Beane, Farrell, Varma. Int. J. Mod. Phys. A 36,2150205 (2021).
…

‣ The formulation of more efficient many-body schemes amenable to classical computers
density matrix renormalization group (DMRG), tensor networks… 

Entanglement in quantum many-body systems



★  Entanglement rearrangement in effective 
model-space calculations of light nuclei

★  Using entanglement rearrangement to 
efficiently leverage quantum resources? 

→ Hamiltonian-Learning-VQE algorithm 
applied to the Lipkin model

★  Symmetry-guided mapping of quantum 
systems onto qudits 

→ Application to the Agassi model and 
SO(5) symmetry

Outline
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protonsneutrons= Z protons + N neutrons

✴Entanglement between proton and neutron subsystems

✴Entanglement of modes (single-nucleon orbitals)

see e.g.: Legeza et al. PRC 92, 051303(R) (2015) in the framework of DMRG using Shell Model interactions 
Kruppa et al. J. Phys. G: Nucl. Part. Phys. 48 025107 (2021) two-nucleon systems in the Shell Model 
CR, Savage, Pillet, PRC 103, 034325 (2021) He nuclei in effective no-core calculations with chiral interactions 
Faba, Martín, Robledo, PRA 104 032428 (2021), Quantum correlations in the Lipkin Model 
Kovács et al. PRC 106, 024303 (2022) Entanglement and seniority 
Pazy arXiv:2206.10702 (2022) entanglement of SRC pairs 
Tichai et al. arXiv:2207.01438 (2022) sd-shell nuclei with ab-initio valence-space DMRG  
Bulgac et al. arXiv:2203.12079 (2022), arXiv:2203.04843 (2022) entanglement and SRC 
A. Pérez-Obiol et al. arXiv:2302.03641 (2023) entanglement entropies of sd-shell nuclei with ADAPT-VQE 
Gu et al. arXiv:2303.04799 (2023) entanglement entropies of nuclear systems and models 

=
X

n⇡1n⇡2 ...n⌫1n⌫2 ...

Cn⇡1n⇡2 ...n⌫1n⌫2 ...
|n⇡1n⇡2 ...n⌫1n⌫2 ...i

occupation numbers ni = 0 or 1

see e.g. Papenbrock & Dean PRC 67, 051303(R) (2003), DMRG and wave function factorisation for nuclei; 
Johnson & Gorton J. Phys. G: Nucl. Part. Phys. 50, 045110 (2023) + Gorton MSc thesis (2018), proton-
neutron entanglement in the nuclear Shell Model.

Characterization of Entanglement in Atomic Nuclei



Nuclear structure calculations in effective model spaces
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Entanglement rearrangement in light nuclei

Harmonic Oscillator Variational Basis

4He 4He

S(1)
tot =

X

i

S(1)
i = 1.35 S(1)

tot =
X

i

S(1)
i = 1.04

CR, Savage, Pillet, PRC 103, 034325 (2021)

Single-orbital Von Neumann entropy:  

= measure of entanglement of one orbital 
with the rest of the system
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- minimized

     = 1-body hermitian operator 
determined by a variational principle
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‣Mutual information between orbitals

⇒ emergence of 4He-core + nn-valence structure 

Harmonic oscillator orbitals Variational orbitals

Entanglement rearrangement in light nuclei

CR, Savage, Pillet, PRC 103, 034325 (2021)
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Lipkin, Meshkov, Glick, Nucl. Phys. 62, 188 (1965)
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‣ Relevance for nuclear physics, condensed matter, spin-squeezing, quantum sensing… 

‣ Allows to study links between entanglement and quantum phase transitions

Simplex 

Phase Transition: doubly degenerate ground state of mixed parity (N→∞)

The Lipkin-Meshkov-Glick Model

Cervia et al. PRC 104, 024305 (2021); Chikaoka & Liang, Chin. Phys. C 46 024106 (2022); 
Romero et al. PRC 105, 064317 (2022); Hlatshwayo et al. PRC 106, 024319 (2022) 

Benchmark for testing and comparing new quantum algorithms:
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✴Exact solution:

✴Effective description:

<latexit sha1_base64="sp/7YBwcGA04EfblVFJfRR2ydBM=">AAACD3icbZBPSwJBGMZn7Z/ZP6tjlyEp7CK7IdUlkLp4NGhVcDeZHV91cHZ2mZkNRPwGXfoqXToU0bVrt75Noy5R2gMDP573fXnnfYKYM6Vt+8vKLC2vrK5l13Mbm1vbO/ndvbqKEknBpRGPZDMgCjgT4GqmOTRjCSQMODSCwfWk3rgHqVgkbvUwBj8kPcG6jBJtrHb+uFr0AtDkBF9iN8U7r0N6PZC4+mO18wW7ZE+FF8FJoYBS1dr5T68T0SQEoSknSrUcO9b+iEjNKIdxzksUxIQOSA9aBgUJQfmj6T1jfGScDu5G0jyh8dT9PTEioVLDMDCdIdF9NV+bmP/VWonuXvgjJuJEg6CzRd2EYx3hSTi4wyRQzYcGCJXM/BXTPpGEahNhzoTgzJ+8CPXTknNWKt+UC5WrNI4sOkCHqIgcdI4qqIpqyEUUPaAn9IJerUfr2Xqz3metGSud2Ud/ZH18AwNgmiY=</latexit>

H(�) = U(�)†HU(�)

<latexit sha1_base64="mogP8ZDFXtOBeE/jUDIbYTC+DzE="></latexit>

| i⇤ =
⇤�1X

n=0

An|ni

Eigenvector of

Eigenvector of
<latexit sha1_base64="zFgakf0wZ8TsQ7ROciarN4vAkYs=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELxwhkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj+7nffkKleSwfzCRBP6JDyUPOqLFSo9YvltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia89adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWldl77pcaVRK1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKBnjNU=</latexit>

H

The Lipkin-Meshkov-Glick Model in effective model space



★ Entanglement  — preliminary work of Momme Hengstenberg (Uni Bielefeld)
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Exact (β=0, Λ=30)
Truncated (β=0, Λ=3)

Truncated (β=βopt, Λ=3)
Truncated (β=βopt, Λ=3) in original basis
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The LMG Model in effective model space: Entanglement 

N=30



★ Implementation on a digital quantum computer:

Map the many-body states onto qubits, similarly to what is done in QFT

⇒
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✴1 qubit (Λ = 2):
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The LMG Model in effective model space: Quantum Simulations

CR, M. J. Savage arXiv:2301.05976 [quant-ph] (2023)



Cost function to minimize:

★ Hamiltonian-Learning-VQE:

⇒ learns the effective Hamiltonian and identifies the associated ground state simultaneously 
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The LMG Model in effective model space: Quantum Simulations
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Wave function extracted from IBM quantum computer 

1 qubit

2 qubits

The LMG Model in effective model space: Quantum Simulations

CR, M. J. Savage arXiv:2301.05976 [quant-ph] (2023)

(original basis β=0): 
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The LMG Model in effective model space
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★  Entanglement rearrangement in effective 
model-space calculations of light nuclei

★  Using entanglement rearrangement to 
efficiently leverage quantum resources? 

→ Hamiltonian-learning-VQE algorithm 
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→ Application to the Agassi model and 
SO(5) symmetry
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<latexit sha1_base64="IuMOzo9Rv0GZznE+wfzN+Di45z4=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoMgCGE3hOgx4MVjFPOAJITZSW8yZHZ2mZkVwpI/8OJBEa/+kTf/xkmyB00saCiquunu8mPBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOj7VKLjEpuFGYCdWSENfYNuf3M799hMqzSP5aKYx9kM6kjzgjBorPVxVBsWSW3YXIOvEy0gJMjQGxa/eMGJJiNIwQbXuem5s+ilVhjOBs0Iv0RhTNqEj7FoqaYi6ny4unZELqwxJEClb0pCF+nsipaHW09C3nSE1Y73qzcX/vG5igpt+ymWcGJRsuShIBDERmb9NhlwhM2JqCWWK21sJG1NFmbHhFGwI3urL66RVKXu1cvW+WqrXsjjycAbncAkeXEMd7qABTWAQwDO8wpszcV6cd+dj2ZpzsplT+APn8wfhrozo</latexit>

+2
<latexit sha1_base64="2MylB+JhiwpKlJ3+j+6qzzzWvhY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBi3W3lOqx4MWbFeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxjczv/1ElWaRfDCTmPoCDyULGcHGSo8XvTtBh/iy0i+W3LI7B1olXkZKkKHRL371BhFJBJWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LJRZU++n84Ck6s8oAhZGyJQ2aq78nUiy0nojAdgpsRnrZm4n/ed3EhNd+ymScGCrJYlGYcGQiNPseDZiixPCJJZgoZm9FZIQVJsZmVLAheMsvr5JWpezVytX7aqley+LIwwmcwjl4cAV1uIUGNIGAgGd4hTdHOS/Ou/OxaM052cwx/IHz+QOqu4+k</latexit>

�⌦/2
<latexit sha1_base64="hTbegbfWL/SQspxbCuB0omKsAyI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEOpuKdVjwYs3K9gPaZeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8aukoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjG9mfvuJKs0i+WAmMfUFHkoWMoKNlR4veneCDvFlpV8suWV3DrRKvIyUIEOjX/zqDSKSCCoN4VjrrufGxk+xMoxwOi30Ek1jTMZ4SLuWSiyo9tP5wVN0ZpUBCiNlSxo0V39PpFhoPRGB7RTYjPSyNxP/87qJCa/9lMk4MVSSxaIw4chEaPY9GjBFieETSzBRzN6KyAgrTIzNqGBD8JZfXiWtStmrlav31VK9lsWRhxM4hXPw4ArqcAsNaAIBAc/wCm+Ocl6cd+dj0Zpzsplj+APn8weno4+i</latexit>

+⌦/2

<latexit sha1_base64="N6coHQQjxkyQigGZpVn89R5YSQE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISWRUt0IBTcuK9gHNKFMppN26DzCzESpofgrblwo4tb/cOffOG2z0NYDFw7n3Mu990QJo9p43reztLyyurZe2Chubm3v7Lp7+00tU4VJA0smVTtCmjAqSMNQw0g7UQTxiJFWNLye+K17ojSV4s6MEhJy1Bc0phgZK3Xdw0DTPkfwCgZnMEgTpJR86Lolr+xNAReJn5MSyFHvul9BT+KUE2EwQ1p3fC8xYYaUoZiRcTFINUkQHqI+6VgqECc6zKbXj+GJVXowlsqWMHCq/p7IENd6xCPbyZEZ6HlvIv7ndVITX4YZFUlqiMCzRXHKoJFwEgXsUUWwYSNLEFbU3grxACmEjQ2saEPw519eJM3zsl8tV24rpVo1j6MAjsAxOAU+uAA1cAPqoAEweATP4BW8OU/Oi/PufMxal5x85gD8gfP5Az+qlG4=</latexit>

� = "
<latexit sha1_base64="NfRlubsDzby7/+BM+omoIgtF9QM=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXEiZkVLdCAU3LivYB3SGkkkzbWgeQ5KxlNqFv+LGhSJu/Q13/o1pOwttPRA4nHMP9+ZECaPaeN63k1tZXVvfyG8WtrZ3dvfc/YOGlqnCpI4lk6oVIU0YFaRuqGGklSiCeMRIMxrcTP3mA1GaSnFvRgkJOeoJGlOMjJU67lGgaY8jeA2Dcxh05VAgpeSw4xa9kjcDXCZ+RoogQ63jftkwTjkRBjOkddv3EhOOkTIUMzIpBKkmCcID1CNtSwXiRIfj2f0TeGqVLoylsk8YOFN/J8aIaz3ikZ3kyPT1ojcV//PaqYmvwjEVSWqIwPNFccqgkXBaBuxSRbBhI0sQVtTeCnEfKYSNraxgS/AXv7xMGhclv1Iq35WL1UpWRx4cgxNwBnxwCargFtRAHWDwCJ7BK3hznpwX5935mI/mnCxzCP7A+fwB1+CVVQ==</latexit>

� = #

…

…

“mode”

<latexit sha1_base64="2qppz59fk6nz9hwIK1i80i+hTc4=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRUj0WvHisYm2hDWWznbRLN5uwuxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjRx2nimGLxSJWnYBqFFxiy3AjsJMopFEgsB2Mb2Z++wmV5rF8MJME/YgOJQ85o8ZK9xdev1xxq+4cZJV4OalAjma//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7plJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jYZcIXMiIkllClubyVsRBVlxoZTsiF4yy+vksfLqlev1u5qlUY9j6MIJ3AK5+DBFTTgFprQAgYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwDjNIzp</latexit>�1
<latexit sha1_base64="8Iy8VABJao5qFDSdNmb1EvDlS0o=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoipXosePFYxdpCG8pmO2mXbjZhdyOU0H/gxYMiXv1H3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHjzpOFcMWi0WsOgHVKLjEluFGYCdRSKNAYDsY38z89hMqzWP5YCYJ+hEdSh5yRo2V7i+8frniVt05yCrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzSKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G0y4AqZERNLKFPc3krYiCrKjA2nZEPwll9eJY+XVa9erd3VKo16HkcRTuAUzsGDK2jALTShBQxCeIZXeHPGzovz7nwsWgtOPnMMf+B8/gDgKozn</latexit>

+1
<latexit sha1_base64="12tgt6jq9+nVmZ56uQpWGabk2LY=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbQvQY8OIxinlAEsLspDcZMju7zMwKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSHZ9qFFxi03AjsBMrpKEvsO1Pbud++wmV5pF8NNMY+yEdSR5wRo2VHq4qg2LJLbsLkHXiZaQEGRqD4ldvGLEkRGmYoFp3PTc2/ZQqw5nAWaGXaIwpm9ARdi2VNETdTxeXzsiFVYYkiJQtachC/T2R0lDraejbzpCasV715uJ/XjcxwU0/5TJODEq2XBQkgpiIzN8mQ66QGTG1hDLF7a2EjamizNhwCjYEb/XlddKqlL1auXpfLdVrWRx5OINzuAQPrqEOd9CAJjAI4Ble4c2ZOC/Ou/OxbM052cwp/IHz+QPkuIzq</latexit>�2

<latexit sha1_base64="IuMOzo9Rv0GZznE+wfzN+Di45z4=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoMgCGE3hOgx4MVjFPOAJITZSW8yZHZ2mZkVwpI/8OJBEa/+kTf/xkmyB00saCiquunu8mPBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOj7VKLjEpuFGYCdWSENfYNuf3M799hMqzSP5aKYx9kM6kjzgjBorPVxVBsWSW3YXIOvEy0gJMjQGxa/eMGJJiNIwQbXuem5s+ilVhjOBs0Iv0RhTNqEj7FoqaYi6ny4unZELqwxJEClb0pCF+nsipaHW09C3nSE1Y73qzcX/vG5igpt+ymWcGJRsuShIBDERmb9NhlwhM2JqCWWK21sJG1NFmbHhFGwI3urL66RVKXu1cvW+WqrXsjjycAbncAkeXEMd7qABTWAQwDO8wpszcV6cd+dj2ZpzsplT+APn8wfhrozo</latexit>

+2 <latexit sha1_base64="2qppz59fk6nz9hwIK1i80i+hTc4=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRUj0WvHisYm2hDWWznbRLN5uwuxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjRx2nimGLxSJWnYBqFFxiy3AjsJMopFEgsB2Mb2Z++wmV5rF8MJME/YgOJQ85o8ZK9xdev1xxq+4cZJV4OalAjma//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7plJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jYZcIXMiIkllClubyVsRBVlxoZTsiF4yy+vksfLqlev1u5qlUY9j6MIJ3AK5+DBFTTgFprQAgYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwDjNIzp</latexit>�1
<latexit sha1_base64="8Iy8VABJao5qFDSdNmb1EvDlS0o=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoipXosePFYxdpCG8pmO2mXbjZhdyOU0H/gxYMiXv1H3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHjzpOFcMWi0WsOgHVKLjEluFGYCdRSKNAYDsY38z89hMqzWP5YCYJ+hEdSh5yRo2V7i+8frniVt05yCrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzSKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G0y4AqZERNLKFPc3krYiCrKjA2nZEPwll9eJY+XVa9erd3VKo16HkcRTuAUzsGDK2jALTShBQxCeIZXeHPGzovz7nwsWgtOPnMMf+B8/gDgKozn</latexit>

+1
<latexit sha1_base64="12tgt6jq9+nVmZ56uQpWGabk2LY=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbQvQY8OIxinlAEsLspDcZMju7zMwKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSHZ9qFFxi03AjsBMrpKEvsO1Pbud++wmV5pF8NNMY+yEdSR5wRo2VHq4qg2LJLbsLkHXiZaQEGRqD4ldvGLEkRGmYoFp3PTc2/ZQqw5nAWaGXaIwpm9ARdi2VNETdTxeXzsiFVYYkiJQtachC/T2R0lDraejbzpCasV715uJ/XjcxwU0/5TJODEq2XBQkgpiIzN8mQ66QGTG1hDLF7a2EjamizNhwCjYEb/XlddKqlL1auXpfLdVrWRx5OINzuAQPrqEOd9CAJjAI4Ble4c2ZOC/Ou/OxbM052cwp/IHz+QPkuIzq</latexit>�2

<latexit sha1_base64="IuMOzo9Rv0GZznE+wfzN+Di45z4=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoMgCGE3hOgx4MVjFPOAJITZSW8yZHZ2mZkVwpI/8OJBEa/+kTf/xkmyB00saCiquunu8mPBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOj7VKLjEpuFGYCdWSENfYNuf3M799hMqzSP5aKYx9kM6kjzgjBorPVxVBsWSW3YXIOvEy0gJMjQGxa/eMGJJiNIwQbXuem5s+ilVhjOBs0Iv0RhTNqEj7FoqaYi6ny4unZELqwxJEClb0pCF+nsipaHW09C3nSE1Y73qzcX/vG5igpt+ymWcGJRsuShIBDERmb9NhlwhM2JqCWWK21sJG1NFmbHhFGwI3urL66RVKXu1cvW+WqrXsjjycAbncAkeXEMd7qABTWAQwDO8wpszcV6cd+dj2ZpzsplT+APn8wfhrozo</latexit>

+2

*D. Agassi, Nucl. Phys. A 116, 49 (1968)  

Symmetry-guided mapping of the Agassi model onto qudit systems

particle-hole interaction V pairing interaction g

<latexit sha1_base64="n+tM8QVyitdOj2W7HminCDlPBgA="></latexit>

Ĥ = " Ĵz � V

2

⇣
Ĵ
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2
�

⌘
� g

X

��0

B̂
†
�B̂�0

[Pérez-Fernández+ PLB 829 
137133 (2022)]

★The Agassi model

= extension of the LMG model with pairing interaction 



 Previous quantum simulations of the Agassi model:

Pérez-Fernández,et al. PLB 829, 137133 (2022); Sáiz, García-Ramos,et al.  PRC 106, 064322 (2022):  
Ω=2 & 4 with 4 & 8 qubits

 Here we make use of the SO(5) symmetry:

Degrees of freedom = pairs of modes
<latexit sha1_base64="N6coHQQjxkyQigGZpVn89R5YSQE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISWRUt0IBTcuK9gHNKFMppN26DzCzESpofgrblwo4tb/cOffOG2z0NYDFw7n3Mu990QJo9p43reztLyyurZe2Chubm3v7Lp7+00tU4VJA0smVTtCmjAqSMNQw0g7UQTxiJFWNLye+K17ojSV4s6MEhJy1Bc0phgZK3Xdw0DTPkfwCgZnMEgTpJR86Lolr+xNAReJn5MSyFHvul9BT+KUE2EwQ1p3fC8xYYaUoZiRcTFINUkQHqI+6VgqECc6zKbXj+GJVXowlsqWMHCq/p7IENd6xCPbyZEZ6HlvIv7ndVITX4YZFUlqiMCzRXHKoJFwEgXsUUWwYSNLEFbU3grxACmEjQ2saEPw519eJM3zsl8tV24rpVo1j6MAjsAxOAU+uAA1cAPqoAEweATP4BW8OU/Oi/PufMxal5x85gD8gfP5Az+qlG4=</latexit>

� = "
<latexit sha1_base64="NfRlubsDzby7/+BM+omoIgtF9QM=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXEiZkVLdCAU3LivYB3SGkkkzbWgeQ5KxlNqFv+LGhSJu/Q13/o1pOwttPRA4nHMP9+ZECaPaeN63k1tZXVvfyG8WtrZ3dvfc/YOGlqnCpI4lk6oVIU0YFaRuqGGklSiCeMRIMxrcTP3mA1GaSnFvRgkJOeoJGlOMjJU67lGgaY8jeA2Dcxh05VAgpeSw4xa9kjcDXCZ+RoogQ63jftkwTjkRBjOkddv3EhOOkTIUMzIpBKkmCcID1CNtSwXiRIfj2f0TeGqVLoylsk8YOFN/J8aIaz3ikZ3kyPT1ojcV//PaqYmvwjEVSWqIwPNFccqgkXBaBuxSRbBhI0sQVtTeCnEfKYSNraxgS/AXv7xMGhclv1Iq35WL1UpWRx4cgxNwBnxwCargFtRAHWDwCJ7BK3hznpwX5935mI/mnCxzCP7A+fwB1+CVVQ==</latexit>

� = #
<latexit sha1_base64="pNALj1RjLD7Kr/h2xYZb1Q0boiM=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipORmUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp6tep187pSr+VxFOEMzuESPLiBOtxDA1rAAOEZXuHNeXRenHfnY9lacPKZU/gD5/MH0deM7A==</latexit>

k
<latexit sha1_base64="bTjhC322OJA6WERmiQZJ89ypSlw=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRUj0WvHisYm2hDWWznbRLNpuwuxFK6T/w4kERr/4jb/4bt20O2vpg4PHeDDPzglRwbVz32ymsrW9sbhW3Szu7e/sH5cOjR51kimGLJSJRnYBqFFxiy3AjsJMqpHEgsB1ENzO//YRK80Q+mHGKfkyHkoecUWOl+4uoX664VXcOskq8nFQgR7Nf/uoNEpbFKA0TVOuu56bGn1BlOBM4LfUyjSllER1i11JJY9T+ZH7plJxZZUDCRNmShszV3xMTGms9jgPbGVMz0sveTPzP62YmvPYnXKaZQckWi8JMEJOQ2dtkwBUyI8aWUKa4vZWwEVWUGRtOyYbgLb+8Sh4vq169WrurVRr1PI4inMApnIMHV9CAW2hCCxiE8Ayv8OZEzovz7nwsWgtOPnMMf+B8/gA7K40j</latexit>

�k

⇒ 5 states:

Jordan-Wigner mapping of the sites          onto qubits:
<latexit sha1_base64="PCMZ8mP7F162PAd4GTo6qwX2wUs=">AAAB8XicbVBNSwMxEJ2tX7V+VT16CRahgpTdUqrHghePFewHtkvJptk2NMkuSVYoS/+FFw+KePXfePPfmLZ70NYHA4/3ZpiZF8ScaeO6305uY3Nreye/W9jbPzg8Kh6ftHWUKEJbJOKR6gZYU84kbRlmOO3GimIRcNoJJrdzv/NElWaRfDDTmPoCjyQLGcHGSo/lyVVfs5HAl4Niya24C6B14mWkBBmag+JXfxiRRFBpCMda9zw3Nn6KlWGE01mhn2gaYzLBI9qzVGJBtZ8uLp6hC6sMURgpW9Kghfp7IsVC66kIbKfAZqxXvbn4n9dLTHjjp0zGiaGSLBeFCUcmQvP30ZApSgyfWoKJYvZWRMZYYWJsSAUbgrf68jppVytevVK7r5Ua9SyOPJzBOZTBg2towB00oQUEJDzDK7w52nlx3p2PZWvOyWZO4Q+czx+XlJAw</latexit>

(k,�)
<latexit sha1_base64="2jzSIrMrJpgynHk0lHJ7afqwAYo=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9IQ9lsN+3SzSbsToRS+zO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O4WNza3tneJuaW//4PCofHzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBOOb+d+55FrIxL1gJOUBzEdKhEJRtFK/hNxSU9TNZS8X664VXcBsk68nFQgR7Nf/uoNEpbFXCGT1Bjfc1MMplSjYJLPSr3M8JSyMR1y31JFY26C6eLkGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7n+RlGN8FUqDRDrthyUZRJggmZ/08GQnOGcmIJZVrYWwkbUU0Z2pRKNgRv9eV10r6qevVq7b5WadTzOIpwBudwCR5cQwPuoAktYJDAM7zCm4POi/PufCxbC04+cwp/4Hz+AGKckKY=</latexit>

|0i≡
<latexit sha1_base64="ECtFcarJvAcVdCuaKlJrgoJmJLc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9IQ9lsN+3SzSbsToRS+zO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O4WNza3tneJuaW//4PCofHzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBOOb+d+55FrIxL1gJOUBzEdKhEJRtFK/hPxSE9TNZS8X664VXcBsk68nFQgR7Nf/uoNEpbFXCGT1Bjfc1MMplSjYJLPSr3M8JSyMR1y31JFY26C6eLkGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7n+RlGN8FUqDRDrthyUZRJggmZ/08GQnOGcmIJZVrYWwkbUU0Z2pRKNgRv9eV10r6qevVq7b5WadTzOIpwBudwCR5cQwPuoAktYJDAM7zCm4POi/PufCxbC04+cwp/4Hz+AGQokKc=</latexit>

|1i≡

Naturally maps onto “qu5its”
[ qudits with d=5 ]

<latexit sha1_base64="YPlsa1fnyEjDzfGI2luEfyqgxHQ=">AAACGHicbVDLSgMxFM3UVx1fVZdugkVwVWakqBul4MaNUNE+oDOUTJppQ5PMmGSEMvY7BFf6J+7ErTt/xLWZdha29UDgcM69uYcTxIwq7TjfVmFpeWV1rbhub2xube+UdveaKkokJg0csUi2A6QIo4I0NNWMtGNJEA8YaQXDq8xvPRKpaCTu9SgmPkd9QUOKkTaS/+RATyLRZwRewG6p7FScCeAicXNSBjnq3dKP14twwonQmCGlOq4Taz9FUlPMyNj2EkVihIeoTzqGCsSJ8tNJ6DE8MkoPhpE0T2g4Uf9upIgrNeKBmeRID9S8l4n/eZ1Eh+d+SkWcaCLw9FCYMKgjmDUAe1QSrNnIEIQlNVkhHiCJsDY9zVy5EXcmQMTMH1lOTyWcCm3bpih3vpZF0jypuKeV6m21XLvMKyuCA3AIjoELzkANXIM6aAAMHsAzeAVv1ov1bn1Yn9PRgpXv7IMZWF+/HiKfUQ==</latexit>�0� = <latexit sha1_base64="9XhpQafqjJ60UCFJsOO+RUwAbu0=">AAACGHicbVDLSgMxFM3UVx1fVZdugkVwVWakqBul4MaNUNE+oDOUTJppQ5PMmGSEMvY7BFf6J+7ErTt/xLWZdha29UDgcM69uYcTxIwq7TjfVmFpeWV1rbhub2xube+UdveaKkokJg0csUi2A6QIo4I0NNWMtGNJEA8YaQXDq8xvPRKpaCTu9SgmPkd9QUOKkTaS/+RCTyLRZwRewG6p7FScCeAicXNSBjnq3dKP14twwonQmCGlOq4Taz9FUlPMyNj2EkVihIeoTzqGCsSJ8tNJ6DE8MkoPhpE0T2g4Uf9upIgrNeKBmeRID9S8l4n/eZ1Eh+d+SkWcaCLw9FCYMKgjmDUAe1QSrNnIEIQlNVkhHiCJsDY9zVy5EXcmQMTMH1lOTyWcCm3bpih3vpZF0jypuKeV6m21XLvMKyuCA3AIjoELzkANXIM6aAAMHsAzeAVv1ov1bn1Yn9PRgpXv7IMZWF+/H9WfUg==</latexit>�1� =

<latexit sha1_base64="ubMW/g+/XO0EfddQziSJz1gj1bI=">AAACGHicbVDLSgMxFM3UVx1fVZdugkVwVWa0qBul4MaNUNE+oDOUTJppQ5PMmGSEMvY7BFf6J+7ErTt/xLWZdha2eiBwOOfe3MMJYkaVdpwvq7CwuLS8Uly119Y3NrdK2ztNFSUSkwaOWCTbAVKEUUEammpG2rEkiAeMtILhZea3HohUNBJ3ehQTn6O+oCHFSBvJfzyGnkSizwg8h91S2ak4E8C/xM1JGeSod0vfXi/CCSdCY4aU6rhOrP0USU0xI2PbSxSJER6iPukYKhAnyk8nocfwwCg9GEbSPKHhRP29kSKu1IgHZpIjPVDzXib+53USHZ75KRVxoonA00NhwqCOYNYA7FFJsGYjQxCW1GSFeIAkwtr0NHPlWtyaABEzf2Q5PZVwKrRtm6Lc+Vr+kuZRxT2pVG+q5dpFXlkR7IF9cAhccApq4ArUQQNgcA+ewAt4tZ6tN+vd+piOFqx8ZxfMwPr8ASM7n1Q=</latexit>�3� = <latexit sha1_base64="5E8UI95n1kW4fPNk3raBXqBERyg=">AAACGHicbVDLSgMxFM3UVx1fVZdugkVwVWakqBul4MaNUNE+oDOUTJppQzPJmGSEMvY7BFf6J+7ErTt/xLWZdha29UDgcM69uYcTxIwq7TjfVmFpeWV1rbhub2xube+UdveaSiQSkwYWTMh2gBRhlJOGppqRdiwJigJGWsHwKvNbj0QqKvi9HsXEj1Cf05BipI3kP1WhJxHvMwIvYLdUdirOBHCRuDkpgxz1bunH6wmcRIRrzJBSHdeJtZ8iqSlmZGx7iSIxwkPUJx1DOYqI8tNJ6DE8MkoPhkKaxzWcqH83UhQpNYoCMxkhPVDzXib+53USHZ77KeVxognH00NhwqAWMGsA9qgkWLORIQhLarJCPEASYW16mrlyw+9MAMHMH1lOTyUR5dq2TVHufC2LpHlScU8r1dtquXaZV1YEB+AQHAMXnIEauAZ10AAYPIBn8ArerBfr3fqwPqejBSvf2QczsL5+ASTun1U=</latexit>�4� =

+
<latexit sha1_base64="IUOb7IEs5GuVPzT3K0THOKa1SCM=">AAACH3icbVDLSsNAFJ34rPUV69JNsAiuSlKKiquCGzdCRfuAJpTJdNIOnUzizI1YQn5FcKV/4k7c9kdcO22zsK0HBg7n3Dv3cPyYMwW2PTHW1jc2t7YLO8Xdvf2DQ/Oo1FJRIgltkohHsuNjRTkTtAkMOO3EkuLQ57Ttj26mfvuZSsUi8QjjmHohHggWMIJBSz2z5AYSk9TJUlc9SUirWdYzy3bFnsFaJU5OyihHo2f+uP2IJCEVQDhWquvYMXgplsAIp1nRTRSNMRnhAe1qKnBIlZfOsmfWmVb6VhBJ/QRYM/XvRopDpcahrydDDEO17E3F/7xuAsGVlzIRJ0AFmR8KEm5BZE2LsPpMUgJ8rAkmkumsFhliXQbouhau3IkHHSDi+o9pTlclIRNQLOqinOVaVkmrWnEuKrX7Wrl+nVdWQCfoFJ0jB12iOrpFDdREBL2gV/SOPow349P4Mr7no2tGvnOMFmBMfgHqtqL7</latexit>

1√
2

<latexit sha1_base64="/UUBALoSBI4bRDEeJt2vdEduGr8=">AAACGHicbVDLSgMxFM34rOOr6tJNsAiuykwp6kYpuHEjVLQP6Awlk2ba0CQzJhmhjP0OwZX+iTtx684fcW2mnYVtPRA4nHNv7uEEMaNKO863tbS8srq2XtiwN7e2d3aLe/tNFSUSkwaOWCTbAVKEUUEammpG2rEkiAeMtILhVea3HolUNBL3ehQTn6O+oCHFSBvJf6pATyLRZwRewG6x5JSdCeAicXNSAjnq3eKP14twwonQmCGlOq4Taz9FUlPMyNj2EkVihIeoTzqGCsSJ8tNJ6DE8NkoPhpE0T2g4Uf9upIgrNeKBmeRID9S8l4n/eZ1Eh+d+SkWcaCLw9FCYMKgjmDUAe1QSrNnIEIQlNVkhHiCJsDY9zVy5EXcmQMTMH1lOTyWcCm3bpih3vpZF0qyU3dNy9bZaql3mlRXAITgCJ8AFZ6AGrkEdNAAGD+AZvII368V6tz6sz+nokpXvHIAZWF+/IYifUw==</latexit>�2� =
<latexit sha1_base64="j/vOnTBm1yfDdzDS1sv4OlF+LxM=">AAACDHicbVDLSgMxFM3UVx1fVZdugkXoqsxIUZcFN26EFu1D2qFk0kwbmseQZIQy9AsEV/on7sSt/+CPuDbTzkJbDwQO575OThgzqo3nfTmFtfWNza3itruzu7d/UDo8amuZKExaWDKpuiHShFFBWoYaRrqxIoiHjHTCyXVW7zwSpakU92Yak4CjkaARxchYqVkZlMpe1ZsDrhI/J2WQozEoffeHEiecCIMZ0rrne7EJUqQMxYzM3H6iSYzwBI1Iz1KBONFBOjc6g2dWGcJIKvuEgXP190SKuNZTHtpOjsxYL9cy8b9aLzHRVZBSESeGCLw4FCUMGgmzX8MhVQQbNrUEYUWtV4jHSCFsbDZ/rtyKO2tAMrsj89nXCafCuK4Nyl+OZZW0z6v+RbXWrJXrD3lkRXACTkEF+OAS1MENaIAWwICAJ/ACXp1n5815dz4WrQUnnzkGf+B8/gC+4Jr+</latexit>( <latexit sha1_base64="j/vOnTBm1yfDdzDS1sv4OlF+LxM=">AAACDHicbVDLSgMxFM3UVx1fVZdugkXoqsxIUZcFN26EFu1D2qFk0kwbmseQZIQy9AsEV/on7sSt/+CPuDbTzkJbDwQO575OThgzqo3nfTmFtfWNza3itruzu7d/UDo8amuZKExaWDKpuiHShFFBWoYaRrqxIoiHjHTCyXVW7zwSpakU92Yak4CjkaARxchYqVkZlMpe1ZsDrhI/J2WQozEoffeHEiecCIMZ0rrne7EJUqQMxYzM3H6iSYzwBI1Iz1KBONFBOjc6g2dWGcJIKvuEgXP190SKuNZTHtpOjsxYL9cy8b9aLzHRVZBSESeGCLw4FCUMGgmzX8MhVQQbNrUEYUWtV4jHSCFsbDZ/rtyKO2tAMrsj89nXCafCuK4Nyl+OZZW0z6v+RbXWrJXrD3lkRXACTkEF+OAS1MENaIAWwICAJ/ACXp1n5815dz4WrQUnnzkGf+B8/gC+4Jr+</latexit>(

Symmetry-guided mapping of the Agassi model onto qudit systems

<latexit sha1_base64="QUiKDFelJuXUxTUzA4/7/QPAuXs=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KGVGiros1YV0VcE+oDMOmUzahmYyQ5Kx1KE/5MZfEcFFRdz6G6btLLTtgcDhnHO5uceLGJXKNCdGZm19Y3Mru53b2d3bP8gfHjVlGAtMGjhkoWh7SBJGOWkoqhhpR4KgwGOk5Q1upn7riQhJQ/6gRhFxAtTjtEsxUlpy87c197kIa64dBUVYdRM7jpAQ4bBo++GQz+hYG4+2j3o9IlYH3HzBLJkzwGVipaQAUtTd/LuexnFAuMIMSdmxzEg5CRKKYkbGOTuWJEJ4gHqkoylHAZFOMrt2DM+04sNuKPTjCs7UvxMJCqQcBZ5OBkj15aI3FVd5nVh1r52E8ihWhOP5om7MoArhtDroU0GwYiNNEBZU/xXiPhIIK11wTpdgLZ68TJoXJeuyVL4vFyrVtI4sOAGn4BxY4ApUwB2ogwbA4AW8gQn4NF6ND+PL+J5HM0Y6cwz+wfj5BfMcqUk=</latexit>

Jz, J±, B",#, B
†
",#

= generators of SO(5)

<latexit sha1_base64="Ubcy/DJgGa/k3eQ0YlADJn5U1p8=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ie0oWy2k3bpZhN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHst7M0nQj+hQ8pAzaqz08OT2FJVDgf1yxa26c5BV4uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5wVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjtZ1wmqUHJFovCVBATk9n3ZMAVMiMmllCmuL2VsBFVlBmbUcmG4C2/vEpaF1WvVr28u6zUa3kcRTiBUzgHD66gDrfQgCYwiOAZXuHNUc6L8+58LFoLTj5zDH/gfP4AtHuQUg==</latexit>

|0i

<latexit sha1_base64="/3CRvyyHN0QJS2Yk0BryQnGWcXk=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48V7Ie0oWy2k3bpZhN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4Zua3H1FpHst7M0nQj+hQ8pAzaqz08OT1FJVDgf1yxa26c5BV4uWkAjka/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5wVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjtZ1wmqUHJFovCVBATk9n3ZMAVMiMmllCmuL2VsBFVlBmbUcmG4C2/vEpaF1WvVr28u6zUa3kcRTiBUzgHD66gDrfQgCYwiOAZXuHNUc6L8+58LFoLTj5zDH/gfP4AtgaQUw==</latexit>

|1i

<latexit sha1_base64="SvtQZmQKs3MNgjQGX7lGHdwPl2s=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIzHxRHaVoEcSLx4xkYeBDZkdGpgwM7uZmTUhK1/hxYPGePVzvPk3DrAHBSvppFLVne6uMOZMG8/7dnJr6xubW/ntws7u3v5B8fCoqaNEUWzQiEeqHRKNnElsGGY4tmOFRIQcW+H4Zua3HlFpFsl7M4kxEGQo2YBRYqz08HTZVUQOOfaKJa/szeGuEj8jJchQ7xW/uv2IJgKloZxo3fG92AQpUYZRjtNCN9EYEzomQ+xYKolAHaTzg6fumVX67iBStqRx5+rviZQIrScitJ2CmJFe9mbif14nMYPrIGUyTgxKulg0SLhrInf2vdtnCqnhE0sIVcze6tIRUYQam1HBhuAvv7xKmhdlv1qu3FVKtWoWRx5O4BTOwYcrqMEt1KEBFAQ8wyu8Ocp5cd6dj0VrzslmjuEPnM8fuRyQVQ==</latexit>

|3i
<latexit sha1_base64="WfFqYN/7BiTMtcfE6oxhbP+iXdc=">AAAB8HicbVDLTgJBEOzFF+IL9ehlIzHxRHYJQY8kXjxiIg8DGzI7NDBhZnYzM2tCVr7CiweN8ernePNvHGAPClbSSaWqO91dYcyZNp737eQ2Nre2d/K7hb39g8Oj4vFJS0eJotikEY9UJyQaOZPYNMxw7MQKiQg5tsPJzdxvP6LSLJL3ZhpjIMhIsiGjxFjp4anSU0SOOPaLJa/sLeCuEz8jJcjQ6Be/eoOIJgKloZxo3fW92AQpUYZRjrNCL9EYEzohI+xaKolAHaSLg2fuhVUG7jBStqRxF+rviZQIracitJ2CmLFe9ebif143McPrIGUyTgxKulw0TLhrInf+vTtgCqnhU0sIVcze6tIxUYQam1HBhuCvvrxOWpWyXytX76qlei2LIw9ncA6X4MMV1OEWGtAECgKe4RXeHOW8OO/Ox7I152Qzp/AHzucPt5GQVA==</latexit>

|2i

<latexit sha1_base64="vZMCSaDTxCzivOjE+zAIIwZWfc4=">AAAB8HicbVBNS8NAEJ34WetX1aOXxSJ4KomU6rHgxWMF+yFtKJvtpF262YTdjVBif4UXD4p49ed489+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVDJssFrHqBFSj4BKbhhuBnUQhjQKB7WB8M/Pbj6g0j+W9mSToR3QoecgZNVZ6eKr2FJVDgf1S2a24c5BV4uWkDDka/dJXbxCzNEJpmKBadz03MX5GleFM4LTYSzUmlI3pELuWShqh9rP5wVNybpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjtZ1wmqUHJFovCVBATk9n3ZMAVMiMmllCmuL2VsBFVlBmbUdGG4C2/vEpalxWvVqneVcv1Wh5HAU7hDC7Agyuowy00oAkMIniGV3hzlPPivDsfi9Y1J585gT9wPn8AuqeQVg==</latexit>

|4i

M. Illa, CR, M. J. Savage 
arXiv:2305.11941 [quant-ph] 

(2023)



★  Time evolution — exact exponentiation 
<latexit sha1_base64="PjHqRTjJqkmld7Wk1EJGhkdQlpE=">AAACE3icbVBNS8NAEN34WetX1KOXxSJUwZJIUS+C4MVjBatCG8tmO62Lm03YnQgl9j948a948aCIVy/e/Ddu2whafTDweG+GmXlhIoVBz/t0JianpmdmC3PF+YXFpWV3ZfXcxKnmUOexjPVlyAxIoaCOAiVcJhpYFEq4CG+OB/7FLWgjYnWGvQSCiHWV6AjO0Eotd/uuWTOijFtNzVRXAj2kcJXtiBPs05HlfVstt+RVvCHoX+LnpERy1FruR7Md8zQChVwyYxq+l2CQMY2CS+gXm6mBhPEb1oWGpYpFYIJs+FOfblqlTTuxtqWQDtWfExmLjOlFoe2MGF6bcW8g/uc1UuwcBJlQSYqg+GhRJ5UUYzoIiLaFBo6yZwnjWthbKb9mmnG0MRZtCP74y3/J+W7F36tUT6ulo2oeR4Gskw1SJj7ZJ0fkhNRInXByTx7JM3lxHpwn59V5G7VOOPnMGvkF5/0L9JKc7A==</latexit>
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Symmetry-guided mapping of the Agassi model onto qudit systems



<latexit sha1_base64="NfnrsjdTqTK5+6eQvL4wC0ScJMg=">AAAB73icbVBNSwMxEJ31s9avqkcvwSLUS9ktpXoseOmxgv2Adi3ZNNuGZpM1yQpl6Z/w4kERr/4db/4b03YP2vpg4PHeDDPzgpgzbVz329nY3Nre2c3t5fcPDo+OCyenbS0TRWiLSC5VN8CaciZoyzDDaTdWFEcBp51gcjv3O09UaSbFvZnG1I/wSLCQEWys1G08pKXK1QwNCkW37C6A1omXkSJkaA4KX/2hJElEhSEca93z3Nj4KVaGEU5n+X6iaYzJBI9oz1KBI6r9dHHvDF1aZYhCqWwJgxbq74kUR1pPo8B2RtiM9ao3F//zeokJb/yUiTgxVJDlojDhyEg0fx4NmaLE8KklmChmb0VkjBUmxkaUtyF4qy+vk3al7NXK1btqsV7L4sjBOVxACTy4hjo0oAktIMDhGV7hzXl0Xpx352PZuuFkM2fwB87nD6Vpjwg=</latexit>

H
(2)

<latexit sha1_base64="kffQfPuN1p7r6iSjOUpPrOs0sCA=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0WoICUpRV0W3HRZwT6gieFmOm2HTh7OTAolZOvGX3HjQhG3/oE7/8akzUJbD1w4nHMv997jhpxJZRjfWmFtfWNzq7hd2tnd2z/QD486MogEoW0S8ED0XJCUM5+2FVOc9kJBwXM57bqTm8zvTqmQLPDv1Cyktgcjnw0ZAZVKjo4t+hCxKbZk5DkxJNgag4qbyX1cqV3AeVJy9LJRNebAq8TMSRnlaDn6lzUISORRXxEOUvZNI1R2DEIxwmlSsiJJQyATGNF+Sn3wqLTj+ScJPkuVAR4GIi1f4bn6eyIGT8qZ56adHqixXPYy8T+vH6nhtR0zP4wU9cli0TDiWAU4iwUPmKBE8VlKgAiW3orJGAQQlYaXhWAuv7xKOrWqeVmt39bLjXoeRxGdoFNUQSa6Qg3URC3URgQ9omf0it60J+1Fe9c+Fq0FLZ85Rn+gff4ARnaZXg==</latexit>

⌘
X

a

Ĥ
(2,a)

<latexit sha1_base64="/8VKpugjErvzX2w+DqbUU9kAhkc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m3bt7ibsToRa+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ncLa+sbmVnG7tLO7t39QPjxq2SgxjDdZJCPTCajlUmjeRIGSd2LDqQokbwfjm8xvP3JjRaTvcRJzX9GhFqFgFDPpof9U6pcrbtWdg6wSLycVyNHol796g4glimtkklrb9dwY/Sk1KJjks1IvsTymbEyHvJtSTRW3/nR+64ycpcqAhJFJSyOZq78nplRZO1FB2qkojuyyl4n/ed0Ew2t/KnScINdssShMJMGIZI+TgTCcoZykhDIj0lsJG1FDGabxZCF4yy+vktZF1bus1u5qlbqbx1GEEziFc/DgCupwCw1oAoMRPMMrvDnKeXHenY9Fa8HJZ47hD5zPH5fXjeY=</latexit>

jz
<latexit sha1_base64="/8VKpugjErvzX2w+DqbUU9kAhkc=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m3bt7ibsToRa+he8eFDEq3/Im//GpM1BWx8MPN6bYWZeEEth0XW/ncLa+sbmVnG7tLO7t39QPjxq2SgxjDdZJCPTCajlUmjeRIGSd2LDqQokbwfjm8xvP3JjRaTvcRJzX9GhFqFgFDPpof9U6pcrbtWdg6wSLycVyNHol796g4glimtkklrb9dwY/Sk1KJjks1IvsTymbEyHvJtSTRW3/nR+64ycpcqAhJFJSyOZq78nplRZO1FB2qkojuyyl4n/ed0Ew2t/KnScINdssShMJMGIZI+TgTCcoZykhDIj0lsJG1FDGabxZCF4yy+vktZF1bus1u5qlbqbx1GEEziFc/DgCupwCw1oAoMRPMMrvDnKeXHenY9Fa8HJZ47hD5zPH5fXjeY=</latexit>

jz

LO Trotter expansion -> U is product of 
exponentials of Tz, Npairs, Givens 

rotations and tensor products of GR

★Time evolution — circuits for simulations using qu5its 

generators of Givens rotations

• Hamiltonian mapping to qu5its:

<latexit sha1_base64="KtqYrX2bkFG4eEbvnYEwZR5Ql4w="></latexit>

Ĥ =

⌦/2X

j=1

⌦/2X

j0 6=j=1

H
(2)
(jj0)

Acts on 2 qu5its j, j’

• Trotter decomposition at leading order:

<latexit sha1_base64="+KVWvROfuQ9AaNZPL+pu6QSyj9U="></latexit>

Û(t) = e�iĤt '
⇣
e�iĤ�t

⌘nTrot

<latexit sha1_base64="c9LQhAUKEE+rl8Hfxl9I+WeSc6U="></latexit>

e�iĤ�t = e�i
P

jj0 Ĥ
(2)

jj0�t '
Y

jj0

Y

a

e�iĤ
(2,a)

jj0 �t

Symmetry-guided mapping of the Agassi model onto qudit systems

^

^

<latexit sha1_base64="L/yWWDAgDSRKjtJf8hxHcYIv9wg=">AAACFHicbZDLSsNAFIYnXmu9RV26CRahIpREirosutBlBXuBtpaT6bQdOjMJMxOhhDyEG1/FjQtF3Lpw59s4abOorT8MfPznHOac3w8ZVdp1f6yl5ZXVtfXcRn5za3tn197br6sgkpjUcMAC2fRBEUYFqWmqGWmGkgD3GWn4o+u03ngkUtFA3OtxSDocBoL2KQZtrK59Gt8k3Rh8LpKHuM1BDzGwuJnMYFJsAwuHcNK1C27JnchZBC+DAspU7drf7V6AI06ExgyUanluqDsxSE0xI0m+HSkSAh7BgLQMCuBEdeLJUYlzbJye0w+keUI7E3d2Igau1Jj7pjPdVc3XUvO/WivS/ctOTEUYaSLw9KN+xBwdOGlCTo9KgjUbGwAsqdnVwUOQgLXJMW9C8OZPXoT6Wck7L5XvyoXKVRZHDh2iI1REHrpAFXSLqqiGMHpCL+gNvVvP1qv1YX1OW5esbOYA/ZH19Qtrnp+r</latexit>

GXX
abmn(↵)

<latexit sha1_base64="NEvZZFG6DCydusJDInmd03cUqwc=">AAACFHicbZDLSsNAFIYn9VbrLerSTbAIFaEkUtRl0YUuK9iLNLGcTKft0MkkzEyEEvIQbnwVNy4UcevCnW/jpO2itv4w8PGfc5hzfj9iVCrb/jFyS8srq2v59cLG5tb2jrm715BhLDCp45CFouWDJIxyUldUMdKKBIHAZ6TpD6+yevORCElDfqdGEfEC6HPaoxiUtjrmSXKddhLwA54+JG4AaoCBJffpDKYlF1g0gOOOWbTL9ljWIjhTKKKpah3z2+2GOA4IV5iBlG3HjpSXgFAUM5IW3FiSCPAQ+qStkUNApJeMj0qtI+10rV4o9OPKGruzEwkEUo4CX3dmu8r5Wmb+V2vHqnfhJZRHsSIcTz7qxcxSoZUlZHWpIFixkQbAgupdLTwAAVjpHAs6BGf+5EVonJads3LltlKsXk7jyKMDdIhKyEHnqIpuUA3VEUZP6AW9oXfj2Xg1PozPSWvOmM7soz8yvn4BbsWfrQ==</latexit>

GYY
abmn(↵)

<latexit sha1_base64="L/yWWDAgDSRKjtJf8hxHcYIv9wg=">AAACFHicbZDLSsNAFIYnXmu9RV26CRahIpREirosutBlBXuBtpaT6bQdOjMJMxOhhDyEG1/FjQtF3Lpw59s4abOorT8MfPznHOac3w8ZVdp1f6yl5ZXVtfXcRn5za3tn197br6sgkpjUcMAC2fRBEUYFqWmqGWmGkgD3GWn4o+u03ngkUtFA3OtxSDocBoL2KQZtrK59Gt8k3Rh8LpKHuM1BDzGwuJnMYFJsAwuHcNK1C27JnchZBC+DAspU7drf7V6AI06ExgyUanluqDsxSE0xI0m+HSkSAh7BgLQMCuBEdeLJUYlzbJye0w+keUI7E3d2Igau1Jj7pjPdVc3XUvO/WivS/ctOTEUYaSLw9KN+xBwdOGlCTo9KgjUbGwAsqdnVwUOQgLXJMW9C8OZPXoT6Wck7L5XvyoXKVRZHDh2iI1REHrpAFXSLqqiGMHpCL+gNvVvP1qv1YX1OW5esbOYA/ZH19Qtrnp+r</latexit>

GXX
abmn(↵)

<latexit sha1_base64="NEvZZFG6DCydusJDInmd03cUqwc=">AAACFHicbZDLSsNAFIYn9VbrLerSTbAIFaEkUtRl0YUuK9iLNLGcTKft0MkkzEyEEvIQbnwVNy4UcevCnW/jpO2itv4w8PGfc5hzfj9iVCrb/jFyS8srq2v59cLG5tb2jrm715BhLDCp45CFouWDJIxyUldUMdKKBIHAZ6TpD6+yevORCElDfqdGEfEC6HPaoxiUtjrmSXKddhLwA54+JG4AaoCBJffpDKYlF1g0gOOOWbTL9ljWIjhTKKKpah3z2+2GOA4IV5iBlG3HjpSXgFAUM5IW3FiSCPAQ+qStkUNApJeMj0qtI+10rV4o9OPKGruzEwkEUo4CX3dmu8r5Wmb+V2vHqnfhJZRHsSIcTz7qxcxSoZUlZHWpIFixkQbAgupdLTwAAVjpHAs6BGf+5EVonJads3LltlKsXk7jyKMDdIhKyEHnqIpuUA3VEUZP6AW9oXfj2Xg1PozPSWvOmM7soz8yvn4BbsWfrQ==</latexit>

GYY
abmn(↵)Circuits for and
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Symmetry-guided mapping of the Agassi model onto qudit systems

★ Developed a qudit-system simulator using Google’s cirq software: [interaction set-3]
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Symmetry-guided mapping of the Agassi model onto qudit systems

★ A new sign problem:
<latexit sha1_base64="oQwC7NBv13pPCyovsXFqU5tyhcc=">AAACEnicbVDLSsNAFJ34rPUVdelmsAjtpiRS1I1QdOOygn1AE8JkOmmHzkzCzEQobb/Bjb/ixoUibl2582+ctFlo64ELh3Pu5d57woRRpR3n21pZXVvf2CxsFbd3dvf27YPDlopTiUkTxyyWnRApwqggTU01I51EEsRDRtrh8Cbz2w9EKhqLez1KiM9RX9CIYqSNFNiViZcoWnYqnkSizwi8gp5KeUAhDjIZTmjuBHbJqTozwGXi5qQEcjQC+8vrxTjlRGjMkFJd10m0P0ZSU8zItOiliiQID1GfdA0ViBPlj2cvTeGpUXowiqUpoeFM/T0xRlypEQ9NJ0d6oBa9TPzP66Y6uvTHVCSpJgLPF0UpgzqGWT6wRyXBmo0MQVhScyvEAyQR1ibFognBXXx5mbTOqu55tXZXK9Wv8zgK4BicgDJwwQWog1vQAE2AwSN4Bq/gzXqyXqx362PeumLlM0fgD6zPH+uCnGQ=</latexit>

| (0)i =
X

i

ci(0)|ii Computational-basis states



★ Resource requirements and comparison with mappings onto qubits

A) “Physics-Aware” Jordan-Wigner (paJW) mapping

<latexit sha1_base64="YIuHFAwMwGEj5GaxFrQvNAA4kNM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqheh4MVjRfsBbSib7aRdutmE3Y1QQn+CFw+KePUXefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvp357SdUmsfy0UwS9CM6lDzkjBorPYxvSL9ccavuHGSVeDmpQI5Gv/zVG8QsjVAaJqjWXc9NjJ9RZTgTOC31Uo0JZWM6xK6lkkao/Wx+6pScWWVAwljZkobM1d8TGY20nkSB7YyoGellbyb+53VTE177GZdJalCyxaIwFcTEZPY3GXCFzIiJJZQpbm8lbEQVZcamU7IheMsvr5LWRdWrVS/vLyv1Wh5HEU7gFM7Bgyuowx00oAkMhvAMr/DmCOfFeXc+Fq0FJ585hj9wPn8AqbeNXQ==</latexit>

k =
<latexit sha1_base64="2qppz59fk6nz9hwIK1i80i+hTc4=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBiyWRUj0WvHisYm2hDWWznbRLN5uwuxFK6D/w4kERr/4jb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjRx2nimGLxSJWnYBqFFxiy3AjsJMopFEgsB2Mb2Z++wmV5rF8MJME/YgOJQ85o8ZK9xdev1xxq+4cZJV4OalAjma//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7plJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jYZcIXMiIkllClubyVsRBVlxoZTsiF4yy+vksfLqlev1u5qlUY9j6MIJ3AK5+DBFTTgFprQAgYhPMMrvDlj58V5dz4WrQUnnzmGP3A+fwDjNIzp</latexit>�1

<latexit sha1_base64="8Iy8VABJao5qFDSdNmb1EvDlS0o=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBZBEEoipXosePFYxdpCG8pmO2mXbjZhdyOU0H/gxYMiXv1H3vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHjzpOFcMWi0WsOgHVKLjEluFGYCdRSKNAYDsY38z89hMqzWP5YCYJ+hEdSh5yRo2V7i+8frniVt05yCrxclKBHM1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzSKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G0y4AqZERNLKFPc3krYiCrKjA2nZEPwll9eJY+XVa9erd3VKo16HkcRTuAUzsGDK2jALTShBQxCeIZXeHPGzovz7nwsWgtOPnMMf+B8/gDgKozn</latexit>

+1
<latexit sha1_base64="12tgt6jq9+nVmZ56uQpWGabk2LY=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgxbAbQvQY8OIxinlAEsLspDcZMju7zMwKYckfePGgiFf/yJt/4yTZgyYWNBRV3XR3+bHg2rjut5Pb2Nza3snvFvb2Dw6PiscnLR0limGTRSJSHZ9qFFxi03AjsBMrpKEvsO1Pbud++wmV5pF8NNMY+yEdSR5wRo2VHq4qg2LJLbsLkHXiZaQEGRqD4ldvGLEkRGmYoFp3PTc2/ZQqw5nAWaGXaIwpm9ARdi2VNETdTxeXzsiFVYYkiJQtachC/T2R0lDraejbzpCasV715uJ/XjcxwU0/5TJODEq2XBQkgpiIzN8mQ66QGTG1hDLF7a2EjamizNhwCjYEb/XlddKqlL1auXpfLdVrWRx5OINzuAQPrqEOd9CAJjAI4Ble4c2ZOC/Ou/OxbM052cwp/IHz+QPkuIzq</latexit>�2

<latexit sha1_base64="IuMOzo9Rv0GZznE+wfzN+Di45z4=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoMgCGE3hOgx4MVjFPOAJITZSW8yZHZ2mZkVwpI/8OJBEa/+kTf/xkmyB00saCiquunu8mPBtXHdbye3sbm1vZPfLeztHxweFY9PWjpKFMMmi0SkOj7VKLjEpuFGYCdWSENfYNuf3M799hMqzSP5aKYx9kM6kjzgjBorPVxVBsWSW3YXIOvEy0gJMjQGxa/eMGJJiNIwQbXuem5s+ilVhjOBs0Iv0RhTNqEj7FoqaYi6ny4unZELqwxJEClb0pCF+nsipaHW09C3nSE1Y73qzcX/vG5igpt+ymWcGJRsuShIBDERmb9NhlwhM2JqCWWK21sJG1NFmbHhFGwI3urL66RVKXu1cvW+WqrXsjjycAbncAkeXEMd7qABTWAQwDO8wpszcV6cd+dj2ZpzsplT+APn8wfhrozo</latexit>

+2
<latexit sha1_base64="2MylB+JhiwpKlJ3+j+6qzzzWvhY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBi3W3lOqx4MWbFeyHtEvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxjczv/1ElWaRfDCTmPoCDyULGcHGSo8XvTtBh/iy0i+W3LI7B1olXkZKkKHRL371BhFJBJWGcKx113Nj46dYGUY4nRZ6iaYxJmM8pF1LJRZU++n84Ck6s8oAhZGyJQ2aq78nUiy0nojAdgpsRnrZm4n/ed3EhNd+ymScGCrJYlGYcGQiNPseDZiixPCJJZgoZm9FZIQVJsZmVLAheMsvr5JWpezVytX7aqley+LIwwmcwjl4cAV1uIUGNIGAgGd4hTdHOS/Ou/OxaM052cwx/IHz+QOqu4+k</latexit>

�⌦/2
<latexit sha1_base64="hTbegbfWL/SQspxbCuB0omKsAyI=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRZBEOpuKdVjwYs3K9gPaZeSTbNtaJJdkqxQlv4KLx4U8erP8ea/MW33oK0PBh7vzTAzL4g508Z1v53c2vrG5lZ+u7Czu7d/UDw8aukoUYQ2ScQj1QmwppxJ2jTMcNqJFcUi4LQdjG9mfvuJKs0i+WAmMfUFHkoWMoKNlR4veneCDvFlpV8suWV3DrRKvIyUIEOjX/zqDSKSCCoN4VjrrufGxk+xMoxwOi30Ek1jTMZ4SLuWSiyo9tP5wVN0ZpUBCiNlSxo0V39PpFhoPRGB7RTYjPSyNxP/87qJCa/9lMk4MVSSxaIw4chEaPY9GjBFieETSzBRzN6KyAgrTIzNqGBD8JZfXiWtStmrlav31VK9lsWRhxM4hXPw4ArqcAsNaAIBAc/wCm+Ocl6cd+dj0Zpzsplj+APn8weno4+i</latexit>

+⌦/2

<latexit sha1_base64="N6coHQQjxkyQigGZpVn89R5YSQE=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwISWRUt0IBTcuK9gHNKFMppN26DzCzESpofgrblwo4tb/cOffOG2z0NYDFw7n3Mu990QJo9p43reztLyyurZe2Chubm3v7Lp7+00tU4VJA0smVTtCmjAqSMNQw0g7UQTxiJFWNLye+K17ojSV4s6MEhJy1Bc0phgZK3Xdw0DTPkfwCgZnMEgTpJR86Lolr+xNAReJn5MSyFHvul9BT+KUE2EwQ1p3fC8xYYaUoZiRcTFINUkQHqI+6VgqECc6zKbXj+GJVXowlsqWMHCq/p7IENd6xCPbyZEZ6HlvIv7ndVITX4YZFUlqiMCzRXHKoJFwEgXsUUWwYSNLEFbU3grxACmEjQ2saEPw519eJM3zsl8tV24rpVo1j6MAjsAxOAU+uAA1cAPqoAEweATP4BW8OU/Oi/PufMxal5x85gD8gfP5Az+qlG4=</latexit>

� = "
<latexit sha1_base64="NfRlubsDzby7/+BM+omoIgtF9QM=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXEiZkVLdCAU3LivYB3SGkkkzbWgeQ5KxlNqFv+LGhSJu/Q13/o1pOwttPRA4nHMP9+ZECaPaeN63k1tZXVvfyG8WtrZ3dvfc/YOGlqnCpI4lk6oVIU0YFaRuqGGklSiCeMRIMxrcTP3mA1GaSnFvRgkJOeoJGlOMjJU67lGgaY8jeA2Dcxh05VAgpeSw4xa9kjcDXCZ+RoogQ63jftkwTjkRBjOkddv3EhOOkTIUMzIpBKkmCcID1CNtSwXiRIfj2f0TeGqVLoylsk8YOFN/J8aIaz3ikZ3kyPT1ojcV//PaqYmvwjEVSWqIwPNFccqgkXBaBuxSRbBhI0sQVtTeCnEfKYSNraxgS/AXv7xMGhclv1Iq35WL1UpWRx4cgxNwBnxwCargFtRAHWDwCJ7BK3hznpwX5935mI/mnCxzCP7A+fwB1+CVVQ==</latexit>

� = #

…

…

Organization in terms of mode-pairs: 

1

0 2

3 5

4 6

7

→ minimizes the number of phase operators Z 
→ 4 qubits per mode pair

B) State-to-state (StS) qubit-qu5it mapping

→ 3 qubits are used to map the 5 states of one mode pair

<latexit sha1_base64="2jzSIrMrJpgynHk0lHJ7afqwAYo=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9IQ9lsN+3SzSbsToRS+zO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O4WNza3tneJuaW//4PCofHzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBOOb+d+55FrIxL1gJOUBzEdKhEJRtFK/hNxSU9TNZS8X664VXcBsk68nFQgR7Nf/uoNEpbFXCGT1Bjfc1MMplSjYJLPSr3M8JSyMR1y31JFY26C6eLkGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7n+RlGN8FUqDRDrthyUZRJggmZ/08GQnOGcmIJZVrYWwkbUU0Z2pRKNgRv9eV10r6qevVq7b5WadTzOIpwBudwCR5cQwPuoAktYJDAM7zCm4POi/PufCxbC04+cwp/4Hz+AGKckKY=</latexit>

|0i≡
<latexit sha1_base64="ECtFcarJvAcVdCuaKlJrgoJmJLc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkVI8FLx4r2A9IQ9lsN+3SzSbsToRS+zO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8MJXCoOt+O4WNza3tneJuaW//4PCofHzSNkmmGW+xRCa6G1LDpVC8hQIl76aa0ziUvBOOb+d+55FrIxL1gJOUBzEdKhEJRtFK/hPxSE9TNZS8X664VXcBsk68nFQgR7Nf/uoNEpbFXCGT1Bjfc1MMplSjYJLPSr3M8JSyMR1y31JFY26C6eLkGbmwyoBEibalkCzU3xNTGhsziUPbGVMcmVVvLv7n+RlGN8FUqDRDrthyUZRJggmZ/08GQnOGcmIJZVrYWwkbUU0Z2pRKNgRv9eV10r6qevVq7b5WadTzOIpwBudwCR5cQwPuoAktYJDAM7zCm4POi/PufCxbC04+cwp/4Hz+AGQokKc=</latexit>

|1i≡

Symmetry-guided mapping of the Agassi model onto qudit systems

Bosonization 
made explicit

Similar to D. Lacroix’s JW 
mapping of the Richardson 

model



: Two-qu5it Givens rotations                                 are available on the device 
: They are implemented via generalized CX, CY

<latexit sha1_base64="bO/1AnXaWRyQoNAgpMMD2HDrmBo="></latexit>

GXX
pq,rs(↵) = e�i↵Xpq⌦Xrs

<latexit sha1_base64="yTYjwlYBzD9qNHrAR/bg7MjJ9v8=">AAACE3icbZDLSsNAFIYn9VbrLerSTbAIIlgSqZdlwYUuK9gLNLFMppN26EwmzkzEEvIObnwVNy4UcevGnW/jpM2itv4w8PGfc5hzfj+iRCrb/jEKC4tLyyvF1dLa+sbmlrm905Q8Fgg3EKdctH0oMSUhbiiiKG5HAkPmU9zyh5dZvfWAhSQ8vFWjCHsM9kMSEASVtrrmkct8/pjcnx6n7gCq5Cq9S1wG1QBBmrTTKUy7Ztmu2GNZ8+DkUAa56l3z2+1xFDMcKkShlB3HjpSXQKEIojgtubHEEURD2McdjSFkWHrJ+KbUOtBOzwq40C9U1tidnkggk3LEfN2Z7Shna5n5X60Tq+DCS0gYxQqHaPJREFNLcSsLyOoRgZGiIw0QCaJ3tdAACoiUjrGkQ3BmT56H5knFOatUb6rlWjWPowj2wD44BA44BzVwDeqgARB4Ai/gDbwbz8ar8WF8TloLRj6zC/7I+PoF2bifYQ==</latexit>

q5-ĜXX
<latexit sha1_base64="IQLRx6qNNd5rhrMWIu46P9vbwbo=">AAAB+3icbVDLSsNAFJ34rPUV69LNYBHcWBKpj2WhG5cV7AOaUCbTaTt0HnFmIi0hv+LGhSJu/RF3/o3TNgttPXDhcM693HtPFDOqjed9O2vrG5tb24Wd4u7e/sGhe1RqaZkoTJpYMqk6EdKEUUGahhpGOrEiiEeMtKNxfea3n4jSVIoHM41JyNFQ0AHFyFip55YCHslJ+nh1kdWDETJpJ+u5Za/izQFXiZ+TMsjR6LlfQV/ihBNhMENad30vNmGKlKGYkawYJJrECI/RkHQtFYgTHabz2zN4ZpU+HEhlSxg4V39PpIhrPeWR7eTIjPSyNxP/87qJGdyGKRVxYojAi0WDhEEj4SwI2KeKYMOmliCsqL0V4hFSCBsbV9GG4C+/vEpalxX/ulK9r5Zr1TyOAjgBp+Ac+OAG1MAdaIAmwGACnsEreHMy58V5dz4WrWtOPnMM/sD5/AEBApRj</latexit>
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Symmetry-guided mapping of the Agassi model onto qudit systems

★ Resource requirements and comparison with mappings onto qubits



Conclusion

 Entanglement rearrangement and wave-function localization in the Hilbert space appear 
crucial for fast convergence of classical calculations and efficient quantum computations, 
as demonstrated with the LMG model.

 Entanglement is a useful tool for exploration of the nuclear wave function and to reveal 
physical phenomena

➔ Next: adapt and apply these concepts to more general nuclear interactions and systems

 Physics-informed mappings to qubits/qudits and entanglement-driven 
algorithms could be key for future developments of efficient quantum simulations 
of many-body systems

➔ Could entanglement (minimization) be a fundamental organizational 
principle of matter?

➔ link with emergence of degrees of freedom?



BACKUP



‣ Single-orbital Von Neumann entropy:  

= measure of entanglement of one orbital with the rest of the system

 ρ(i) is the one-orbital reduced density matrix: occupation numbers

�ii = h |a†iai| i

⇢(i) = Tr(n1,...,ni�1,ni+1,...nN )| ih | =
✓
1� �ii 0

0 �ii

◆

(i) ⌘ {ni, li, ji,mi, ⌧i}

1s1/2

1p3/2
1p1/2

1d5/2

1d3/2
2s1/2

1s1/2

1p3/2
1p1/2

1d5/2

1d3/2
2s1/2

neutrons protons 

i

neutron orbitals proton orbitals

…

…

Single-orbital entanglement
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S(1)(i) = −Tr �⇢(i)ln⇢(i)�



‣ Convergence of the single-orbital Von Neumann entropy:  
S(1)
tot =

X

i

S(1)
i

✴ HF bad convergence properties 
also reflected on entanglement 

2� 4 shells :

5 shells :

6 shells :

| HF i ' 70% SD

| HF i ' 56% SD

| HF i ' 91% SD7 shells :

| HF i ' 94� 98% SD

✴ NAT & VNAT typically have similar 
entanglement patterns

Single-orbital entanglement in 4He



1s1/2

1p3/2
1p1/2

1d5/2

1d3/2
2s1/2

1s1/2

1p3/2
1p1/2

1d5/2

1d3/2
2s1/2

neutrons protons 

i

…

…

j

‣ Two-orbital Von Neumann entropy:  

= measure of entanglement of two orbitals with the rest of the system

ρ(ij) is the two-orbital reduced density matrix:

two-nucleon density

�ijij = h |a†ia
†
jajai| i

⇢(ij) = Trn1,...,ni�1,ni+1,...nj�1,nj+1,...,nN | ih | =

0

BB@

1� �ii � �jj + �ijij 0 0 0
0 �jj � �ijij �ji 0
0 �ij �ii � �ijij 0
0 0 0 �ijij

1

CCA

Iij = �
⇣
S(2)
(ij) � S(1)

(i) � S(1)
(j)

⌘
(1� �ij)‣ Mutual information between two orbitals embedded in the nucleus

Two-orbital entanglement

= measure of both quantum and classical correlations
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“Entanglement distance”:

‣ In DMRG the entanglement distance is used to group the most interacting orbitals 
together, here such grouping occurs naturally

“localization of correlations” in the basis - ordering of the calculations

Idistij = Iij ⇥ |i� j|2

Idisttot =
X

ij

Idistij

Idisttot = 621.22 Idisttot = 119.4

Idisttot = 116.36 Idisttot = 43.60

Two-orbital mutual information in 4He



Entanglement distance:

Idistij = Iij ⇥ |i� j|2

Idisttot =
X

ij

Idistij
neutron-neutron MI:

proton-proton MI:

proton-neutron MI:

Idisttot = 565.24 Idisttot = 115.90

Idisttot = 72.68 Idisttot = 73.77

Correlations among 
neutron orbitals are the 

dominant ones Idisttot = 78.82Idisttot = 137.10

Two-orbital mutual information in 6He



★Energy

HF phase transition
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N=30

(Hartree-Fock)

The Lipkin-Meshkov-Glick Model in effective model space
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N = 30, v̄ = V (N − 1)
"

= 2.0, " = 1

wave function is localized in the 
effective model space  

➔ fall-off will increase the efficiency 
of quantum simulations 

✴ Effective wave function (rotated basis): 

✴ Effective wave function (original basis β=0): 

The Lipkin-Meshkov-Glick Model in effective model space

CR, M. J. Savage arXiv:2301.05976 [quant-ph] (2023)



The Lipkin-Meshkov-Glick Model in effective model space

★ Convergence for different particle numbers: 

→ consistent with an exponential improvement of the convergence in the symmetry-broken 
phase, which is sustained further by the projection  



★Energies:
<latexit sha1_base64="KjLu8+bwqjOw7ywPBxdCsloWiKA="></latexit>
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The Lipkin-Meshkov-Glick Model in effective space: Quantum Simulations



★Wave functions (in the optimized basis): 

The Lipkin-Meshkov-Glick Model in effective space: Quantum Simulations
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★ Bures distance: 

The Lipkin-Meshkov-Glick Model in effective space: Quantum Simulations
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★ Implementations on Google’s cirq simulator (with interaction set-3)

Symmetry-guided mapping of the Agassi model onto qudit systems

Ω = 24

M. Illa, CR, M. J. Savage arXiv:2305.11941 [quant-ph] (2023)


