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fundamental symmetries

“Are the fundamental interactions that 
are basic to the structure of matter  

fully understood?” 

Understand how protons and neutrons bind together to 
form nuclei and predict the structure and dynamics of 
nuclei to address fundamental science questions 

origin of the elements 
in the cosmos

“How did matter come into being 
and how does it evolve?”

“How does subatomic matter organize itself 
and what phenomena emerge?” 

emergent phenomena

Nuclei to address fundamental questions



Physics-guided Mappings & Algorithms

100100011

Structure, Reactions 
and Decays of Nuclei

Nucleons and 
interactions

Simulations

Inspired by “Quantum simulation of fundamental particles and forces”, Bauer, Davoudi, Klco, Savage, Nature Rev. Phy. 5, 420 (2023) 

?

Motivations

(entanglement, non-stabilizerness (magic), symmetries)



Quantum Complexity of Many-Body Systems

Hilbert space

(I) Entanglement 

<latexit sha1_base64="dH8vqSsso3PXLMEmQWkiTGCN+lI="></latexit>
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✴ bi-partite pure state:

<latexit sha1_base64="kWM7QjygMT9uFFz7ccgPw3+0DmE="></latexit>

S(⇢A) = −Tr(⇢Aln⇢A) = S(⇢B)
Von Neumann entanglement entropy

✴ multi-partite mixed states:

A B

C D

Mutual information, negativity, n-tangles…

A B



(II) Magic (non-stabilizerness) 
But … some highly entangled states can be 
simulated efficiently with classical computers:

Quantum Complexity of Many-Body Systems



{H,S,CNOT} are generators of the Clifford group 

•one qubit: 


6 stabilizer states

• two qubits: 60 stabilizer states 
incl. 24 entangled states

Gottesman-Knill theorem (1998): Any stabilizer state can be efficiently simulated with a 
classical computer (incl. highly entangled states)

<latexit sha1_base64="7HiA95Z+ynBi/KQAYwGytDXettA=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEhlqeKqAsYKFsYi0YfURJXjOq1Vxwm2g1Sl+QsWfoWFAYRYYeNvcNsM0HKkKx2fc6987/FjzpR2nG9rZXVtfWOzsFXc3tnd27cPDlsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9kfXU7/9QKVikbjT45h6IR4IFjCCtZF6dsUNJCYpylJX3UudVrMMlieO40osBpxCNw7hBKH8edazS07FmQEuE5STEsjR6Nlfbj8iSUiFJhwr1UVOrL0US80Ip1nRTRSNMRnhAe0aKnBIlZfO7srgqVH6MIikKaHhTP09keJQqXHom84Q66Fa9Kbif1430cGllzIRJ5oKMv8oSDjUEZyGBPtMUqL52BBMJDO7QjLEJihtoiyaENDiycukVa2g80rttlaqX+VxFMAxOAFlgMAFqIMb0ABNQMAjeAav4M16sl6sd+tj3rpi5TNH4A+szx8Pf583</latexit>
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(|00i± |11i)

<latexit sha1_base64="ZSon9LuJ8xCW7vjgnTbRBkNN4pQ=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEhlqeKqAsYKFsYi0YfURJXjOq1Vxwm2g1Sl+QsWfoWFAYRYYeNvcNsM0HKkKx2fc6987/FjzpR2nG9rZXVtfWOzsFXc3tnd27cPDlsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9kfXU7/9QKVikbjT45h6IR4IFjCCtZF6dsUNJCYpylJX3UudVrMMlicOciUWA06hG4dwgpz8edazS07FmQEuE5STEsjR6Nlfbj8iSUiFJhwr1UVOrL0US80Ip1nRTRSNMRnhAe0aKnBIlZfO7srgqVH6MIikKaHhTP09keJQqXHom84Q66Fa9Kbif1430cGllzIRJ5oKMv8oSDjUEZyGBPtMUqL52BBMJDO7QjLEJihtoiyaENDiycukVa2g80rttlaqX+VxFMAxOAFlgMAFqIMb0ABNQMAjeAav4M16sl6sd+tj3rpi5TNH4A+szx8Pjp83</latexit>

1p
2
(|01i± |10i),

<latexit sha1_base64="O2wbf8RWQJMDs1LfMXB1mUJ9s5E=">AAACLnicbVDLSgMxFM3Ud31VXboJFsWNZVKKuhGKIrhUsK3QKSWT3mlDM5kxyYhlmC9y46/oQlARt36GaS34qAdCDufcy733+LHg2rjus5Obmp6ZnZtfyC8uLa+sFtbW6zpKFIMai0SkrnyqQXAJNcONgKtYAQ19AQ2/fzL0GzegNI/kpRnE0AppV/KAM2qs1C6cnuEj7AWKspRkqaevlUnLWZb3fOhymcYhNYrfZnmCdzDxvNG/R3DeA9n5dtuFoltyR8CT hIxJEY1x3i48ep2IJSFIwwTVuknc2LRSqgxnAuz4RENMWZ92oWmppCHoVjo6N8PbVungIFL2SYNH6s+OlIZaD0LfVtoFe/qvNxT/85qJCQ5bKZdxYkCyr0FBIrCJ8DA73OEKmBEDSyhT3O6KWY/a7IxNeBgC+XvyJKmXS2S/VLmoFKvH4zjm0SbaQruIoANURWfoHNUQQ3foAb2gV+feeXLenPev0pwz7tlAv+B8fAJj+6ZJ</latexit>

H =
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2

✓
1 1
1 �1

◆ <latexit sha1_base64="1f7l/R+2U4nBHOzjN+TewqQcyRc=">AAACGXicbVDLSgMxFM3UVx1fVZdugkVxVWakqBuh6MZlRfuAzlAy6W0bmskMSUYsQ3/Djb/ixoUiLnXl35i2A2rrgZDDOfdy7z1BzJnSjvNl5RYWl5ZX8qv22vrG5lZhe6euokRSqNGIR7IZEAWcCahppjk0YwkkDDg0gsHl2G/cgVQsErd6GIMfkp5gXUaJNlK74NycY9sLoMdEGodES3Y/sl18iB3Psx3zM9sD0fnx2oWiU3ImwPPEzUgRZai2Cx9eJ6JJCEJTTpRquU6s/ZRIzSiHke0lCmJCB6QHLUMFCUH56eSyET4wSgd3I2me0Hii/u5ISajUMAxMpVmwr2a9sfif10p098xPmYgTDYJOB3UTjnWExzHhDpNANR8aQqhkZldM+0QSqk2Y4xDc2ZPnSf245J6UytflYuUiiyOP9tA+OkIuOkUVdIWqqIYoekBP6AW9Wo/Ws/VmvU9Lc1bWs4v+wPr8BhIgneI=</latexit>

S =

✓
1 0
0 i

◆
<latexit sha1_base64="goYVXYdjQK2TCvc3LtqMlp2EKkY="></latexit>

CNOT =

0

BB@

1 0 0 0

0 1 0 0

0 0 0 1

0 0 1 0

1

CCA

<latexit sha1_base64="cEZaPP1CRhD3sMRMS9DYK+NXcIo="></latexit>

ÛCli↵ord|00...0i = |stabilizer statei
•Three qubits: 1080, 

•Four qubits 36720…

e.g.

Quantum Gate Set:

(II) Magic (non-stabilizerness) z

yx

Bravyii & Kitaev (2005)

But … some highly entangled states can be 
simulated efficiently with classical computers:

Quantum Complexity of Many-Body Systems



{H,S,CNOT} are generators of the Clifford group 

•one qubit: 


6 stabilizer states

• two qubits: 60 stabilizer states 
incl. 24 entangled states

Gottesman-Knill theorem (1998): Any stabilizer state can be efficiently simulated with a 
classical computer (incl. highly entangled states)

<latexit sha1_base64="7HiA95Z+ynBi/KQAYwGytDXettA=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEhlqeKqAsYKFsYi0YfURJXjOq1Vxwm2g1Sl+QsWfoWFAYRYYeNvcNsM0HKkKx2fc6987/FjzpR2nG9rZXVtfWOzsFXc3tnd27cPDlsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9kfXU7/9QKVikbjT45h6IR4IFjCCtZF6dsUNJCYpylJX3UudVrMMlieO40osBpxCNw7hBKH8edazS07FmQEuE5STEsjR6Nlfbj8iSUiFJhwr1UVOrL0US80Ip1nRTRSNMRnhAe0aKnBIlZfO7srgqVH6MIikKaHhTP09keJQqXHom84Q66Fa9Kbif1430cGllzIRJ5oKMv8oSDjUEZyGBPtMUqL52BBMJDO7QjLEJihtoiyaENDiycukVa2g80rttlaqX+VxFMAxOAFlgMAFqIMb0ABNQMAjeAav4M16sl6sd+tj3rpi5TNH4A+szx8Pf583</latexit>
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2
(|00i± |11i)

<latexit sha1_base64="ZSon9LuJ8xCW7vjgnTbRBkNN4pQ=">AAACF3icbVC7TsMwFHV4lvIKMLJYVEhlqeKqAsYKFsYi0YfURJXjOq1Vxwm2g1Sl+QsWfoWFAYRYYeNvcNsM0HKkKx2fc6987/FjzpR2nG9rZXVtfWOzsFXc3tnd27cPDlsqSiShTRLxSHZ8rChngjY105x2Yklx6HPa9kfXU7/9QKVikbjT45h6IR4IFjCCtZF6dsUNJCYpylJX3UudVrMMlicOciUWA06hG4dwgpz8edazS07FmQEuE5STEsjR6Nlfbj8iSUiFJhwr1UVOrL0US80Ip1nRTRSNMRnhAe0aKnBIlZfO7srgqVH6MIikKaHhTP09keJQqXHom84Q66Fa9Kbif1430cGllzIRJ5oKMv8oSDjUEZyGBPtMUqL52BBMJDO7QjLEJihtoiyaENDiycukVa2g80rttlaqX+VxFMAxOAFlgMAFqIMb0ABNQMAjeAav4M16sl6sd+tj3rpi5TNH4A+szx8Pjp83</latexit>

1p
2
(|01i± |10i),

<latexit sha1_base64="O2wbf8RWQJMDs1LfMXB1mUJ9s5E=">AAACLnicbVDLSgMxFM3Ud31VXboJFsWNZVKKuhGKIrhUsK3QKSWT3mlDM5kxyYhlmC9y46/oQlARt36GaS34qAdCDufcy733+LHg2rjus5Obmp6ZnZtfyC8uLa+sFtbW6zpKFIMai0SkrnyqQXAJNcONgKtYAQ19AQ2/fzL0GzegNI/kpRnE0AppV/KAM2qs1C6cnuEj7AWKspRkqaevlUnLWZb3fOhymcYhNYrfZnmCdzDxvNG/R3DeA9n5dtuFoltyR8CT hIxJEY1x3i48ep2IJSFIwwTVuknc2LRSqgxnAuz4RENMWZ92oWmppCHoVjo6N8PbVungIFL2SYNH6s+OlIZaD0LfVtoFe/qvNxT/85qJCQ5bKZdxYkCyr0FBIrCJ8DA73OEKmBEDSyhT3O6KWY/a7IxNeBgC+XvyJKmXS2S/VLmoFKvH4zjm0SbaQruIoANURWfoHNUQQ3foAb2gV+feeXLenPev0pwz7tlAv+B8fAJj+6ZJ</latexit>

H =
1p
2

✓
1 1
1 �1

◆ <latexit sha1_base64="1f7l/R+2U4nBHOzjN+TewqQcyRc=">AAACGXicbVDLSgMxFM3UVx1fVZdugkVxVWakqBuh6MZlRfuAzlAy6W0bmskMSUYsQ3/Djb/ixoUiLnXl35i2A2rrgZDDOfdy7z1BzJnSjvNl5RYWl5ZX8qv22vrG5lZhe6euokRSqNGIR7IZEAWcCahppjk0YwkkDDg0gsHl2G/cgVQsErd6GIMfkp5gXUaJNlK74NycY9sLoMdEGodES3Y/sl18iB3Psx3zM9sD0fnx2oWiU3ImwPPEzUgRZai2Cx9eJ6JJCEJTTpRquU6s/ZRIzSiHke0lCmJCB6QHLUMFCUH56eSyET4wSgd3I2me0Hii/u5ISajUMAxMpVmwr2a9sfif10p098xPmYgTDYJOB3UTjnWExzHhDpNANR8aQqhkZldM+0QSqk2Y4xDc2ZPnSf245J6UytflYuUiiyOP9tA+OkIuOkUVdIWqqIYoekBP6AW9Wo/Ws/VmvU9Lc1bWs4v+wPr8BhIgneI=</latexit>

S =

✓
1 0
0 i

◆
<latexit sha1_base64="goYVXYdjQK2TCvc3LtqMlp2EKkY="></latexit>

CNOT =

0

BB@

1 0 0 0

0 1 0 0

0 0 0 1

0 0 1 0

1

CCA

<latexit sha1_base64="cEZaPP1CRhD3sMRMS9DYK+NXcIo="></latexit>

ÛCli↵ord|00...0i = |stabilizer statei
•Three qubits: 1080, 

•Four qubits 36720…

e.g.

Quantum Gate Set:*Universal*

<latexit sha1_base64="xtbboXURep8cxystxFzY1DcsEyk="></latexit>

T =

✓
1 0
0 ei⇡/4

◆

z

yx

(II) Magic (non-stabilizerness) 

+

Bravyii & Kitaev (2005)

But … some highly entangled states can be 
simulated efficiently with classical computers:

Quantum Complexity of Many-Body Systems



Aaronson-Gottesman (2004): classical resources to simulate          scale exponentially 
with the number of T gates / with the magic

Magic = measure of non-stabilizerness  

~ how far a state         is from a stabilizer state 


~ scales with the number of non-Clifford operations (T gates) needed to prepare        

<latexit sha1_base64="ASagT8V4pcsszvdcg34CW/1QcFw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N4US+zu8eFDEqz/Gm//GpM1BWx8MPN6bYWaeFwmujW1/W4W19Y3NreJ2aWd3b/+gfHjU0mGsGDZZKELV8ahGwSU2DTcCO5FCGngC2974NvPbE1Sah/LBTCN0AzqU3OeMmlRyn3oNzXuKyqHAUr9csav2HGSVODmpQI5Gv/zVG4QsDlAaJqjWXceOjJtQZTgTOCv1Yo0RZWM6xG5KJQ1Qu8n86Bk5S5UB8UOVljRkrv6eSGig9TTw0s6AmpFe9jLxP68bG//aTbiMYoOSLRb5sSAmJFkCZMAVMiOmKaFM8fRWwkZUUWbSnLIQnOWXV0nroupcVmv3tUr9Jo+jCCdwCufgwBXU4Q4a0AQGj/AMr/BmTawX6936WLQWrHzmGP7A+vwBdoSR6A==</latexit>

| i
<latexit sha1_base64="ASagT8V4pcsszvdcg34CW/1QcFw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N4US+zu8eFDEqz/Gm//GpM1BWx8MPN6bYWaeFwmujW1/W4W19Y3NreJ2aWd3b/+gfHjU0mGsGDZZKELV8ahGwSU2DTcCO5FCGngC2974NvPbE1Sah/LBTCN0AzqU3OeMmlRyn3oNzXuKyqHAUr9csav2HGSVODmpQI5Gv/zVG4QsDlAaJqjWXceOjJtQZTgTOCv1Yo0RZWM6xG5KJQ1Qu8n86Bk5S5UB8UOVljRkrv6eSGig9TTw0s6AmpFe9jLxP68bG//aTbiMYoOSLRb5sSAmJFkCZMAVMiOmKaFM8fRWwkZUUWbSnLIQnOWXV0nroupcVmv3tUr9Jo+jCCdwCufgwBXU4Q4a0AQGj/AMr/BmTawX6936WLQWrHzmGP7A+vwBdoSR6A==</latexit>

| i

<latexit sha1_base64="ASagT8V4pcsszvdcg34CW/1QcFw=">AAAB9HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN3N4US+zu8eFDEqz/Gm//GpM1BWx8MPN6bYWaeFwmujW1/W4W19Y3NreJ2aWd3b/+gfHjU0mGsGDZZKELV8ahGwSU2DTcCO5FCGngC2974NvPbE1Sah/LBTCN0AzqU3OeMmlRyn3oNzXuKyqHAUr9csav2HGSVODmpQI5Gv/zVG4QsDlAaJqjWXceOjJtQZTgTOCv1Yo0RZWM6xG5KJQ1Qu8n86Bk5S5UB8UOVljRkrv6eSGig9TTw0s6AmpFe9jLxP68bG//aTbiMYoOSLRb5sSAmJFkCZMAVMiOmKaFM8fRWwkZUUWbSnLIQnOWXV0nroupcVmv3tUr9Jo+jCCdwCufgwBXU4Q4a0AQGj/AMr/BmTawX6936WLQWrHzmGP7A+vwBdoSR6A==</latexit>

| i

Quantum Complexity of Many-Body Systems



(Fig. adapted from Emanuele Tirrito)

Quantum Complexity:

Quantum Complexity of Many-Body Systems



How to quantify magic?

Stabilizer Rényi Entropy:

<latexit sha1_base64="h6+ROEg3nP9mVYrKRjMV2gAeKto="></latexit>

M↵(| i) = � log(d) +
1

1� ↵
log

 
X

P

h |P̂ | i2↵

d↵

!
Leone, Oliviero, Hamma, PRL 128, 050402 (2022) 

<latexit sha1_base64="uhC0MwfgA8HRNvgeg50JDVN5hy8="></latexit>

⇢̂ = | ih | = 1

d

X

P

h |P̂ | iP̂

Stabilizer states have:
<latexit sha1_base64="XNacbV+GeiXm40XCkNKvX6Jquz0=">AAACF3icbVA9SwNBEN2LXzF+nVraDAbBKtxJUBshaGMZwXxALoS9zSZZsrt37O4J4ZJ/YeNfsbFQxFY7/417SQpNfDDweG+GmXlhzJk2nvft5FZW19Y38puFre2d3T13/6Cuo0QRWiMRj1QzxJpyJmnNMMNpM1YUi5DTRji8yfzGA1WaRfLejGLaFrgvWY8RbKzUcUsBx7LPKQRVzWAMEAywSasTgHGmBGrmXkEQC/Ch4xa9kjcFLBN/TopojmrH/Qq6EUkElYZwrHXL92LTTrEyjHA6KQSJpjEmQ9ynLUslFlS30+lfEzixShd6kbIlDUzV3xMpFlqPRGg7BTYDvehl4n9eKzG9y3bKZJwYKslsUS/hYCLIQoIuU5QYPrIEE8XsrUAGWGFibJQFG4K/+PIyqZ+V/PNS+a5crFzP48ijI3SMTpGPLlAF3aIqqiGCHtEzekVvzpPz4rw7H7PWnDOfOUR/4Hz+AAsjnfQ=</latexit>

h |P̂ | i = ±1
<latexit sha1_base64="wgYtOHTe6yMCsLwomMmzG9NXEBM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9HBN3F654lbdGcgy8XJSgRz1Xvmr249ZGnGFTFJjOp6boJ9RjYJJPil1U8MTykZ0wDuWKhpx42ezUyfkxCp9EsbalkIyU39PZDQyZhwFtjOiODSL3lT8z+ukGF75mVBJilyx+aIwlQRjMv2b9IXmDOXYEsq0sLcSNqSaMrTplGwI3uLLy6R5VvUuquf355XaTR5HEY7gGE7Bg0uowR3UoQEMBvAMr/DmSOfFeXc+5q0FJ585hD9wPn8AU26NLg==</latexit>

= 0
for d Pauli strings
for the rest

<latexit sha1_base64="UAMuvP8d5HThhX0KAIxlzsn2vK4=">AAAB+3icbVBNS8NAEN34WetXrEcvi0XwVJJS1ItQ9OKxgv2ANobNdtsu3Wzi7kQsIX/FiwdFvPpHvPlv3LY5aOuDgcd7M8zMC2LBNTjOt7Wyura+sVnYKm7v7O7t2wello4SRVmTRiJSnYBoJrhkTeAgWCdWjISBYO1gfD31249MaR7JO5jEzAvJUPIBpwSM5NulPr7E1ftU+ulDEnDQWebbZafizICXiZuTMsrR8O2vXj+iScgkUEG07rpODF5KFHAqWFbsJZrFhI7JkHUNlSRk2ktnt2f4xCh9PIiUKQl4pv6eSEmo9SQMTGdIYKQXvan4n9dNYHDhpVzGCTBJ54sGicAQ4WkQuM8VoyAmhhCquLkV0xFRhIKJq2hCcBdfXiatasU9q9Rua+X6VR5HAR2hY3SKXHSO6ugGNVATUfSEntErerMy68V6tz7mrStWPnOI/sD6/AGWN5Qu</latexit>

d = 2nqubits

stabilizer state

magic  
state

<latexit sha1_base64="+m4E46/60P6ZCwfR2WCUt6kneJE=">AAACCXicbVA9SwNBEN3zM8avqKXNYhCswp2IWgZtbIQIxgRyIcxtJsni3ge7c2I40tr4V2wsFLH1H9j5b9yLKTTxwcDjvRlm5gWJkoZc98uZm19YXFourBRX19Y3Nktb2zcmTrXAuohVrJsBGFQywjpJUthMNEIYKGwEt+e537hDbWQcXdMwwXYI/Uj2pACyUqfEfcJ7yhToPvIR90OggQCVXY46PqhkAJ1S2a24Y/BZ4k1ImU1Q65Q+/W4s0hAjEgqMaXluQu0MNEmhcFT0U4MJiFvoY8vSCEI07Wz8yYjvW6XLe7G2FREfq78nMgiNGYaB7cwvNdNeLv7ntVLqnbYzGSUpYSR+FvVSxSnmeSy8KzUKUkNLQGhpb+ViABoE2fCKNgRv+uVZcnNY8Y4rR1dH5erZJI4C22V77IB57IRV2QWrsToT7IE9sRf26jw6z86b8/7TOudMZnbYHzgf3xDRmpQ=</latexit>

large M↵

<latexit sha1_base64="TJq2GiYK7rj38KvjuuAGVBK2kDA=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEiroRim7cCBXsA5oQbqaTdujkwcxEKLELf8WNC0Xc+hvu/BsnbRbaemDgcM693DPHTziTyrK+jdLS8srqWnm9srG5tb1j7u61ZZwKQlsk5rHo+iApZxFtKaY47SaCQuhz2vFH17nfeaBCsji6V+OEuiEMIhYwAkpLnnnghKCGBHh2O/Ec4MkQ8CW2PLNq1awp8CKxC1JFBZqe+eX0Y5KGNFKEg5Q920qUm4FQjHA6qTippAmQEQxoT9MIQirdbJp/go+10sdBLPSLFJ6qvzcyCKUch76ezNPKeS8X//N6qQou3IxFSapoRGaHgpRjFeO8DNxnghLFx5oAEUxnxWQIAojSlVV0Cfb8lxdJ+7Rmn9Xqd/Vq46qoo4wO0RE6QTY6Rw10g5qohQh6RM/oFb0ZT8aL8W58zEZLRrGzj/7A+PwBDamVeQ==</latexit>

M↵ = 0

Pauli string

Quantum Complexity of Many-Body Systems

Distribution of non-zero 
expectation values



Different measurement rates for Magic and Entanglement PT ->”This suggest that the mechanism that drives the 
observed magic phase transition is different from the mechanism driving the entanglement phase transition”

See also Bejan+ PRX Quantum 5, 030332 (2024)

Entanglement and Magic Phase Transitions



• What is the role played by entanglement and magic in the structure and dynamics 
of nuclear systems? What are possible connections with underlying forces and 
symmetries?

• In turn, can these concepts guide the development of new formulations of nuclear 
QMB problems, and of improved algorithms for hybrid classical/quantum 
simulations?

Motivational Questions

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).



Outline
★  Entanglement and Magic Rearrangement in Nuclear 
Many-Body Systems

★  The Magic Power in Nuclear and Hyper-Nuclear Forces 

CR & M. J. Savage arXiv:2405.10268

CR, Savage, Pillet, PRC 103, 034325 (2021);  
CR & Savage PRC 108, 024313 (2023);  
Hengstenberg, CR, Savage EPJA 59, 231 (2023);  
Brökemeier, Hengstenberg, Keeble, CR, Rocco & Savage, arXiv:2409.12064

→ From the Lipkin model to nuclei

★ Symmetry-guided mapping of quantum systems onto qudits
→ Fermionic model with SO(5) symmetry and 1+1D SU(3) QCD 

Illa, CR, Savage PRC 108, 064306 (2023); PRD 110, 014507 (2024)
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Lipkin, Meshkov, Glick, Nucl. Phys. 62, 188 (1965)

The Lipkin-Meshkov-Glick Model: a sandbox for new ideas

<latexit sha1_base64="ggnQ0ghtcJXxxER3v0g7L9RDcng="></latexit>
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‣Benchmark for studying relations between entanglement and quantum phase transitions

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); Robin, Savage PRC 108, 024313 (2023); Beaujeault-Taudiere, Lacroix, arXiv:2312.04703 (2023); Hlatshwayo et al. PRC 109, 
014306 (2024)…

‣for testing and comparing new quantum algorithms:

See e.g. J. Vidal et al. PRA 69, 022107 & 054101 (2004); Di Tullio et al, PRA 100, 062104 (2019); Faba, Martín, Robledo, PRA, 103, 032426 (2021); 
PRA 104, 032428 (2021); PRA 105, 062449 (2022); Hengstenberg, CR, Savage EPJA 59, 231 (2023)…

 Relevance for many-body physics, trapped-ion quantum computing, spin squeezing…



✴Exact solution:

✴Effective description:

Effective Hamiltonian
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sin(�/2)Rotation of the spins 
as “disentanglers”

Similar technique used in tensor networks to disentangle the vertices (e.g. MERA)

The Lipkin-Meshkov-Glick Model in Effective Model Spaces



Parity-broken phaseSymmetric 
phase

★ 1-spin entanglement entropy
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★ Linear magic

Entanglement Rearrangement and Quantum Simulations

Hengstenberg, CR, Tirrito, in prep.

Hengstenberg, CR, Savage EPJA 59, 231 (2023)
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 Sensitivity of multi-body entanglement to truncation and optimization

★  n-tangles 
<latexit sha1_base64="cidRKW8AwGoWVM8s6nd0nlTms7M="></latexit>
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effective

2-tangle

4-tangle

Multi-“spin” entanglement

Effective: Rapid convergence which can be further improved with projection 
Bare: convergence badly behaved 

* Basis independent * 

bare



★  Hamiltonian-Learning-VQE Algorithm:

⇒ learns the effective Hamiltonian and identifies the associated ground state simultaneously 
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CR, Savage PRC 108, 024313 (2023)

Entanglement Rearrangement and Quantum SimulationsEntanglement Rearrangement and Quantum Simulations

Cost function to minimize:



★ Implementation of HL-VQE for the LMG 
model on a digital quantum computer:

Map the many-body (Dicke) states |n> onto qubits:
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Number of qubits only depends on the cut-off !, not the particle number

Entanglement Rearrangement and Quantum Simulations



★ New Hamiltonian-Learning-VQE Algorithm:

Wave function extracted from IBM quantum computer 

1 qubit

2 qubits

Exponential Acceleration in the 
expected convergence:

Effective (HL-VQE)

Bare (VQE)
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Entanglement Rearrangement and Quantum SimulationsEntanglement Rearrangement and Quantum Simulations
CR, Savage PRC 108, 024313 (2023)



Entanglement in Nuclei

| i =
X

⇡⌫
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protonsneutrons

=
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

✴Entanglement between proton and neutron subsystems

See e.g. Papenbrock & Dean (2003), Gorton & Johnson (2023)

✴Entanglement of modes (single-particle orbitals)

See e.g. Legeza+ (2015), CR & Savage (2020), Tichai+ (2022), Pérez-Obiol+ (2023) 

→ Von Neumann Entropy 

→ One-Orbital Von Neumann Entropy; Two-Orbital Mutual Information, Negativity  
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Entanglement Rearrangement In Nuclei

6He

Neutron-neutron 
mutual information

⇒ emergence of 4He-core + 

nn-valence structure?

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

Orbital optimization

1p/2p

1s/2s

1p

“Entanglement distance”:

Idistij = Iij ⇥ |i� j|2

Idisttot =
X

ij

Idistij

Idisttot = 565.24

Idisttot = 115.90



Multi-Partite Entanglement in Shell-Model Nuclei
Brökemeier, Hengstenberg, Keeble, CR, Rocco & Savage, arXiv:2409.12064
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neutrons

C. W. Johnson+ Comp. Phys. Comm. 184, 2761 (2013).

Nuclear wavefunction computed with the 
shell-model BIGSTICK code 

sd-shell nuclei

Multi-Partite entanglement via n-tangles*

⇒ n-tangles related to n/2-body entanglement

Jordan Wigner Mapping

*Wong, Christensen, PRA 63, 044301 (2001) 
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Multi-Partite Entanglement in Shell-Model Nuclei

•large many-body entanglement when the model space and symmetries allow it 

•proton-neutron entanglement is more collective than pure proton or neutron entanglement

•large proton-neutron 8-tangles → hint of alpha correlations?

Distribution of the Pauli strings expectation values in the Be chain:

Brökemeier, Hengstenberg, Keeble, CR, Rocco & Savage, arXiv:2409.12064



Magic in Shell-Model Nuclei

•Maximal magic and proton-neutron tangles coincides with maximal deformation in nuclei
• Magic and tangles also persist in the region where axial deformation vanishes (shape co-existence) 

➔ See Federico Rocco’s talk on Friday

Magic calculations with exact and MCMC techniques: 



Outline
★  Entanglement and Magic Rearrangement in Nuclear 
Many-Body Systems

★  The Magic Power in Nuclear and Hyper-Nuclear Forces 

CR & M. J. Savage arXiv:2405.10268

CR, Savage, Pillet, PRC 103, 034325 (2021);  
CR & Savage PRC 108, 024313 (2023);  
Hengstenberg, CR, Savage EPJA 59, 231 (2023);  
Brökemeier, Hengstenberg, Keeble, CR, Rocco & Savage, arXiv:2409.12064

→ From the Lipkin model to nuclei

★ Symmetry-guided mapping of quantum systems onto qudits
→ Fermionic model with SO(5) symmetry and 1+1D SU(3) QCD 

Illa, CR, Savage PRC 108, 064306 (2023); PRD 110, 014507 (2024)

<latexit sha1_base64="1Q0SV8+yI7nTNhTsNdibaeFCJ+U=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KUoh6LXjxWsK3QhrDZTtqlm03Y3Qgh1r/ixYMiXv0h3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjropTSaFDYx7L+4Ao4ExARzPN4T6RQKKAQy+YXM/83gNIxWJxp7MEvIiMBAsZJdpIvl19NAKjA0nEiIOfu41pxbdrTt2ZA68StyA1VKDt21+DYUzTCISmnCjVd51EezmRmlEO08ogVZAQOiEj6BsqSATKy+fHT/GpUYY4jKUpofFc/T2Rk0ipLApMZ0T0WC17M/E/r5/q8NLLmUhSDYIuFoUpxzrGsyTwkEmgmmeGECqZuRXTMZGEapPXLAR3+eVV0m3U3fN687ZZa10VcZTRMTpBZ8hFF6iFblAbdRBFGXpGr+jNerJerHfrY9FasoqZKvoD6/MHSFKUiA==</latexit>

|magici12

<latexit sha1_base64="IKHBHVX0VRV61awkDbEztUrJe1o=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCp5CUoh6LXjxWsB/QhrDZTtqlm03Y3QglFvwrXjwo4tXf4c1/47bNQVsfDDzem2FmXphyprTrflsrq2vrG5ulrfL2zu7evn1w2FJJJik0acIT2QmJAs4ENDXTHDqpBBKHHNrh6Gbqtx9AKpaIez1OwY/JQLCIUaKNFNjHj1hpEjLu9CQRAw5B7lUngV1xHXcGvEy8glRQgUZgf/X6Cc1iEJpyolTXc1Pt50RqRjlMyr1MQUroiAyga6ggMSg/n50/wWdG6eMokaaExjP190ROYqXGcWg6Y6KHatGbiv953UxHV37ORJppEHS+KMo41gmeZoH7TALVfGwIoZKZWzEdEkmoNomVTQje4svLpFV1vAundler1K+LOEroBJ2ic+ShS1RHt6iBmoiiHD2jV/RmPVkv1rv1MW9dsYqZI/QH1ucPwmGVXg==</latexit>

|stabil.i12



Beane, Kaplan, Klco, Savage PRL 122, 102001 (2019)

vanishing entanglement power occurs at 
points of emergent global symmetries

The Magic Power of Nuclear and Hyper-Nuclear Forces

Entanglement Power

S-wave NN scattering



Entanglement power of the S-matrix

The Magic Power of Nuclear and Hyper-Nuclear Forces

Average fluctuations in magic induced by the S-matrix 

Magic power of the S-matrix:

Same results as in Beane+ PRL 122, 102001 (2019) with 
continuous integration over spin orientations of initial tensor-
product states

CR & M. J. Savage arXiv:2405.10268
<latexit sha1_base64="1Q0SV8+yI7nTNhTsNdibaeFCJ+U=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KUoh6LXjxWsK3QhrDZTtqlm03Y3Qgh1r/ixYMiXv0h3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjropTSaFDYx7L+4Ao4ExARzPN4T6RQKKAQy+YXM/83gNIxWJxp7MEvIiMBAsZJdpIvl19NAKjA0nEiIOfu41pxbdrTt2ZA68StyA1VKDt21+DYUzTCISmnCjVd51EezmRmlEO08ogVZAQOiEj6BsqSATKy+fHT/GpUYY4jKUpofFc/T2Rk0ipLApMZ0T0WC17M/E/r5/q8NLLmUhSDYIuFoUpxzrGsyTwkEmgmmeGECqZuRXTMZGEapPXLAR3+eVV0m3U3fN687ZZa10VcZTRMTpBZ8hFF6iFblAbdRBFGXpGr+jNerJerHfrY9FasoqZKvoD6/MHSFKUiA==</latexit>

|magici12

<latexit sha1_base64="IKHBHVX0VRV61awkDbEztUrJe1o=">AAAB/nicbVBNS8NAEN34WetXVDx5WSyCp5CUoh6LXjxWsB/QhrDZTtqlm03Y3QglFvwrXjwo4tXf4c1/47bNQVsfDDzem2FmXphyprTrflsrq2vrG5ulrfL2zu7evn1w2FJJJik0acIT2QmJAs4ENDXTHDqpBBKHHNrh6Gbqtx9AKpaIez1OwY/JQLCIUaKNFNjHj1hpEjLu9CQRAw5B7lUngV1xHXcGvEy8glRQgUZgf/X6Cc1iEJpyolTXc1Pt50RqRjlMyr1MQUroiAyga6ggMSg/n50/wWdG6eMokaaExjP190ROYqXGcWg6Y6KHatGbiv953UxHV37ORJppEHS+KMo41gmeZoH7TALVfGwIoZKZWzEdEkmoNomVTQje4svLpFV1vAundler1K+LOEroBJ2ic+ShS1RHt6iBmoiiHD2jV/RmPVkv1rv1MW9dsYqZI/QH1ucPwmGVXg==</latexit>

|stabil.i12



Σ−-baryon is identified as a potential candidate catalyst for enhanced 
spreading of magic and entanglement in dense matter 

The Magic Power of Nuclear and Hyper-Nuclear Forces

Entanglement power also in Beane+ PRL 122, 102001 (2019); Liu+ PLB 856, 138899 (2024)

 

CR & M. J. Savage arXiv:2405.10268



Outline
★  Entanglement and Magic Rearrangement in Nuclear 
Many-Body Systems

★  The Magic Power in Nuclear and Hyper-Nuclear Forces 

CR & M. J. Savage arXiv:2405.10268

CR, Savage, Pillet, PRC 103, 034325 (2021);  
CR & Savage PRC 108, 024313 (2023);  
Hengstenberg, CR, Savage EPJA 59, 231 (2023);  
Brökemeier, Hengstenberg, Keeble, CR, Rocco & Savage, arXiv:2409.12064

→ From the Lipkin model to nuclei

★ Symmetry-guided mapping of quantum systems onto qudits
→ Fermionic model with SO(5) symmetry and 1+1D SU(3) QCD 

Illa, CR, Savage PRC 108, 064306 (2023); PRD 110, 014507 (2024)
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Superfluid 
BCS
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+⌦/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)  

The Agassi model as demonstration of symmetry-guided mapping

particle-hole interaction V pairing interaction g

<latexit sha1_base64="n+tM8QVyitdOj2W7HminCDlPBgA="></latexit>
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[Pérez-Fernández+ PLB 
829 137133 (2022)]

★The Agassi model

= extension of the LMG model with superfluid pairing



 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>(

<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

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

★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

^

^

<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

Symmetry-guided mapping of the Agassi model onto qudit systems



Symmetry-guided mapping of the Agassi model onto qudit systems

★ Developed a qudit-system simulator using Google’s cirq software:

0.0

0.2

0.4

0.6

0.8

1.0

|h√
(t

)|√
(0

)i
|2

(a)

Nq5 = 10, ≠ = 20, |√(0)iB = |4i≠5 ≠ |0i≠5

nTrot = 1

nTrot = 2

nTrot = 4

nTrot = 8

nTrot = 16

nTrot = 32

Exact

8.0

8.5

9.0

9.5

10.0

hN̂
p
ai

rs
i

(b)

0.0 0.5 1.0 1.5 2.0
t

°1.0

°0.5

0.0

0.5

hŜ
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A new sign problem for quantum simulations 

★ A new sign problem:
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★ Resource requirements and comparison with mappings onto qubits

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

Organization in terms of mode-pairs: 

→ 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
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 Qu5it resource requirements and comparison with qubit mappings 



2 8 14 20

≠/2

104

108

1012

1016

1020

1024

d
im

(Ĥ
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 Qu5it resource requirements and comparison with qubit mappings 

“Physics-aware” JW mapping to qubits qu5it-state to qubit-states mapping

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

<latexit sha1_base64="bO/1AnXaWRyQoNAgpMMD2HDrmBo="></latexit>
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Mappings to qubits/qudits 
guided by physics are 
typically advantageous  



Qu8its for Quantum Simulations of 1+1D Lattice QCD

Illa, CR, Savage, PRD 110, 014507 (2024) 
Editor’s suggestion

Resource for time evolution (single Trotter step):



Conclusion

★ Quantum Information and Quantum Simulations represent new opportunities that 
can potentially advance nuclear physics both conceptually and computationally

★ Entanglement, Magic and Symmetries are key ingredients for designing efficient hybrid 
classical/quantum simulations of nuclear structure and real-time dynamics 

★ Exchanges of ideas and techniques between fields of QMB physics and QIS is essential

★ More questions to address: 

→ relations between entanglement and magic? Relations between quantum complexity 
and physical phenomena? (see works by Hamma, Dalmonte, Tirrito, Gu…) 

→ How to probe quantum complexity in (nuclear physics) experiments?
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