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(Nuclear) Quantum Many-Body Problems 

+…++=

Quantum complexity, 

entanglement growth, 


sign problems
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Adapted from Ewan Munro, Co-Founder of Entropica Labs. Landscape of quantum 
computing from an error correction perspective. Inspired by a figure by Daniel Gottesman.

Progress in Quantum Computation

“if you want to make a simulation of 
nature, you'd better make it quantum 
mechanical”

Richard Feynman 1982



Trapped ions

Jay Gambetta IBMQ 
Dec. 2023

Superconductors

New experiments, 
algorithms & theoretical 
concepts

Progress in Quantum Computation

….
Cold atoms

Adapted from Ewan Munro, Co-Founder of Entropica Labs. Landscape of quantum 
computing from an error correction perspective. Inspired by a figure by Daniel Gottesman.



Precision quantum simulations 
for reliable predictions 

Progress in Quantum Computation

New experiments, 
algorithms & theoretical 
concepts

Surface error 
correction code 

≳50 qubits

12 logical qubits

(Quantinuum)

…

28 logical qubits

(Atom Computing/

Microsoft)

Adapted from Ewan Munro, Co-Founder of Entropica Labs. Landscape of quantum 
computing from an error correction perspective. Inspired by a figure by Daniel Gottesman.



Towards Quantum Computations of (Nuclear) Many-Body Systems

Physics-guided Encodings & Algorithms 
(Symmetries, Quantum Complexity)
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Many-Body Structure 
and Dynamics

Nucleons and 
interactions

Simulations🤔🧐

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



(I) Quantum Entanglement 

Information theory: the complexity of a system ~ amount of information needed to describe it

N-particle system

Arbitrary entangled state: 

~ exp(N) bits

Complexity of Physical Systems — when is a Quantum Computer required?



(I) Quantum Entanglement 

Information theory: the complexity of a system ~ amount of information needed to describe it

N-particle system

Arbitrary entangled state: 

~ exp(N) bits

But… entanglement can be simple

→ highly-entangled “stabilizer states” 

~ graph states ~ N2 bits

Gottesman & Knill (1998), 
Aaronson & Gottesman (2004) 

Complexity of Physical Systems — when is a Quantum Computer required?

⇒ No need for quantum computers



(I) Quantum Entanglement 

Information theory: the complexity of a system ~ amount of information needed to describe it

N-particle system

Arbitrary entangled state: 

~ exp(N) bits

(II) Non-Stabilizerness (Quantum “Magic”) 

Complexity of Physical Systems — when is a Quantum Computer required?

+
But… entanglement can be simple

→ highly-entangled “stabilizer states” 

~ graph states ~ N2 bits

Gottesman & Knill (1998), 
Aaronson & Gottesman (2004) 

⇒ No need for quantum computers



Complexity phase diagram, hardness of classical simulations

Inspired by Alioscia Hamma, Qmeets seminar, 
https://www.youtube.com/watch?v=UrOCCGpL_go 
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Complexity of Physical Systems — when is a Quantum Computer required?
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• Where do nuclear systems stand in the 
quantum complexity phase diagram? How are 
nuclear structure and dynamics rooted in 
quantum information? 

• Can QIS concepts help reformulate QMB 
problems and improve classical/quantum 
computation algorithms?

Motivational Questions & Outline

Adopted from Bertsch, Dean, Nazarewicz SciDAC review (2007)
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→ Entanglement, magic and deformation in 
nuclear systems

→ Demonstrations with the Lipkin-Meshkov-
Glick model



Entanglement and Magic in Shell-Model Nuclei

Multi-Partite entanglement via n-tangles
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Wong, Christensen, PRA 63, 044301 (2001) 
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Leone, Oliviero, Hamma, PRL 128, 050402 (2022) 

Magic via Stabilizer Rényi Entropy:

Orbital-to-qubit 

Jordan-Wigner mapping ⇒ n-tangles are related to n/2-body entanglement

stabilizer state

magic  
state
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P̂ = Pauli stringTensor product of Pauli operators

<latexit sha1_base64="3JxXozwB8kyPPTlU+O2uXsDlqJc="></latexit>

a†i ! (
Y

j<i

�̂(j)
z )(�̂(i)

x � i�̂(i)
y )/2

⇒ ~ distance to the nearest stabilizer state



Multi-Partite Entanglement in sd-shell Nuclei
Brökemeier, CR+, PRC 111, 034317 (2025)

Edge values

26Ne 24Mg 28Si

Collective entanglement networks (8-tangles)



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

PRC 111, 034317 (2025) Stabilizer 2-Rényi Entropy
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Signature of Shape Collectivity in Magic and Multi-pn Entanglement

Exact and MCMC computations
?
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Singling out Deformation: the Lipkin-Meshkov-Glick model

Parity-broken (deformed) phaseSymmetric 
phase

<latexit sha1_base64="TWs9z7zk2EXAWwshNBHwkAaP170=">AAAB+HicdVDLSsNAFJ34rPXRqEs3g0VwFdO0tnVXdONGqWAf0IYwmU7aoZNJmJkINfRL3LhQxK2f4s6/cdJWUNEDA4dz7uWeOX7MqFS2/WEsLa+srq3nNvKbW9s7BXN3ry2jRGDSwhGLRNdHkjDKSUtRxUg3FgSFPiMdf3yR+Z07IiSN+K2axMQN0ZDTgGKktOSZhX6I1Agjll5NPefk2jOLtnVWrzqnDrQt26455WpGnFrFKcOSVjIUwQJNz3zvDyKchIQrzJCUvZIdKzdFQlHMyDTfTySJER6jIelpylFIpJvOgk/hkVYGMIiEflzBmfp9I0WhlJPQ15NZTPnby8S/vF6igrqbUh4ninA8PxQkDKoIZi3AARUEKzbRBGFBdVaIR0ggrHRXeV3C10/h/6TtWKWqVbmpFBvnizpy4AAcgmNQAjXQAJegCVoAgwQ8gCfwbNwbj8aL8TofXTIWO/vgB4y3T6EDkxc=</latexit>

M2/N

<latexit sha1_base64="5Yr66zD3x6DUyf2wuwabdAmvWsw=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxJRfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb2GzpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw6uJ33yiSrNI3ptRTH2B+5KFjGBjpYe7x7R0czLuet1C0S27U6BF4mWkCBlq3cJXpxeRRFBpCMdatz03Nn6KlWGE03G+k2gaYzLEfdq2VGJBtZ9ODx6jY6v0UBgpW9Kgqfp7IsVC65EIbKfAZqDnvYn4n9dOTHjhp0zGiaGSzBaFCUcmQpPvUY8pSgwfWYKJYvZWRAZYYWJsRnkbgjf/8iJpnJa9s3LltlKsXmZx5OAQjqAEHpxDFa6hBnUgIOAZXuHNUc6L8+58zFqXnGzmAP7A+fwBtiqPtQ==</latexit>

S(N)
1

<latexit sha1_base64="hWGJdf57Rhzb7s2Rx58tae3a/6M=">AAAB7XicdVBNSwMxEM3Wr1q/qh69BIvgacnaovVW9OJJKtgPaJeSTdM2NrtZklmhLP0PXjwo4tX/481/Y9quoKIPBh7vzTAzL4ilMEDIh5NbWl5ZXcuvFzY2t7Z3irt7TaMSzXiDKal0O6CGSxHxBgiQvB1rTsNA8lYwvpz5rXuujVDRLUxi7od0GImBYBSs1OwCTXrXvWKJuOVziyomboUQ4pGMkDL2XDJHCWWo94rv3b5iScgjYJIa0/FIDH5KNQgm+bTQTQyPKRvTIe9YGtGQGz+dXzvFR1bp44HStiLAc/X7REpDYyZhYDtDCiPz25uJf3mdBAZVPxVRnACP2GLRIJEYFJ69jvtCcwZyYgllWthbMRtRTRnYgAo2hK9P8f+keeJ6p27lplKqXWRx5NEBOkTHyENnqIauUB01EEN36AE9oWdHOY/Oi/O6aM052cw++gHn7RPOqY9N</latexit>⌧N

<latexit sha1_base64="ga32C83FdLhaONkfP5IZuFb4w08=">AAAB8nicbVBNSwMxEJ31s9avqkcvwSLUS9mVol6EohdPUtF+wHYt2TRtQ7PJkmSFsvRnePGgiFd/jTf/jWm7B219MPB4b4aZeWHMmTau++0sLa+srq3nNvKbW9s7u4W9/YaWiSK0TiSXqhViTTkTtG6Y4bQVK4qjkNNmOLye+M0nqjST4sGMYhpEuC9YjxFsrOTfd7zHtHR7MkaXnULRLbtToEXiZaQIGWqdwle7K0kSUWEIx1r7nhubIMXKMMLpON9ONI0xGeI+9S0VOKI6SKcnj9GxVbqoJ5UtYdBU/T2R4kjrURTazgibgZ73JuJ/np+Y3kWQMhEnhgoyW9RLODISTf5HXaYoMXxkCSaK2VsRGWCFibEp5W0I3vzLi6RxWvbOypW7SrF6lcWRg0M4ghJ4cA5VuIEa1IGAhGd4hTfHOC/Ou/Mxa11yspkD+APn8weSXZAm</latexit>

S(N)
1 = One-spin 

entanglement entropy
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M2 =

N-tangle

Stabilizer 2-Rényi 
entropy

Latorre+ (2005); Hengstenberg, CR+ (2023), 
Passarelli+ (2024), CR arXiv:2505.02923…

Relevance for nuclear physics, condensed matter, trapped-ion quantum computing, quantum sensing/metrology

N=10

Interaction strength



Relevance for nuclear physics, condensed matter, trapped-ion quantum computing, quantum sensing/metrology

Singling out Deformation: the Lipkin-Meshkov-Glick model

Simple (entangled)Simple (trivial) Complex

Can stabilizer states 
capture deformation 


in an efficient & 

symmetry-preserving way?

🧐

CR arXiv:2505.02923
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<latexit sha1_base64="B5Xjr67I6qZYdEWasBDZ/zYaiPU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiCEBKpfeyKblxWsA9sQ5lMb9qhk0mYmQgl9i/cuFDErX/jzr9x2kZQ0QMXDufcy733+DFnSjvOh7W0vLK6tp7byG9ube/sFvb2WypKJIUmjXgkOz5RwJmApmaaQyeWQEKfQ9sfX8789h1IxSJxoycxeCEZChYwSrSRbu9PcU8SMeTQLxQdu+a4tfMKXpBqKSPlGnZtZ44iytDoF957g4gmIQhNOVGq6zqx9lIiNaMcpvleoiAmdEyG0DVUkBCUl84vnuJjowxwEElTQuO5+n0iJaFSk9A3nSHRI/Xbm4l/ed1EB1UvZSJONAi6WBQkHOsIz97HAyaBaj4xhFDJzK2YjogkVJuQ8iaEr0/x/6R1Zrtlu3RdKtYvsjhy6BAdoRPkogqqoyvUQE1EkUAP6Ak9W8p6tF6s10XrkpXNHKAfsN4+AZIokOM=</latexit>

|+i
<latexit sha1_base64="B5Xjr67I6qZYdEWasBDZ/zYaiPU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiCEBKpfeyKblxWsA9sQ5lMb9qhk0mYmQgl9i/cuFDErX/jzr9x2kZQ0QMXDufcy733+DFnSjvOh7W0vLK6tp7byG9ube/sFvb2WypKJIUmjXgkOz5RwJmApmaaQyeWQEKfQ9sfX8789h1IxSJxoycxeCEZChYwSrSRbu9PcU8SMeTQLxQdu+a4tfMKXpBqKSPlGnZtZ44iytDoF957g4gmIQhNOVGq6zqx9lIiNaMcpvleoiAmdEyG0DVUkBCUl84vnuJjowxwEElTQuO5+n0iJaFSk9A3nSHRI/Xbm4l/ed1EB1UvZSJONAi6WBQkHOsIz97HAyaBaj4xhFDJzK2YjogkVJuQ8iaEr0/x/6R1Zrtlu3RdKtYvsjhy6BAdoRPkogqqoyvUQE1EkUAP6Ak9W8p6tF6s10XrkpXNHKAfsN4+AZIokOM=</latexit>

|+i

<latexit sha1_base64="B5Xjr67I6qZYdEWasBDZ/zYaiPU=">AAAB8XicdVDLSsNAFJ34rPVVdelmsAiCEBKpfeyKblxWsA9sQ5lMb9qhk0mYmQgl9i/cuFDErX/jzr9x2kZQ0QMXDufcy733+DFnSjvOh7W0vLK6tp7byG9ube/sFvb2WypKJIUmjXgkOz5RwJmApmaaQyeWQEKfQ9sfX8789h1IxSJxoycxeCEZChYwSrSRbu9PcU8SMeTQLxQdu+a4tfMKXpBqKSPlGnZtZ44iytDoF957g4gmIQhNOVGq6zqx9lIiNaMcpvleoiAmdEyG0DVUkBCUl84vnuJjowxwEElTQuO5+n0iJaFSk9A3nSHRI/Xbm4l/ed1EB1UvZSJONAi6WBQkHOsIz97HAyaBaj4xhFDJzK2YjogkVJuQ8iaEr0/x/6R1Zrtlu3RdKtYvsjhy6BAdoRPkogqqoyvUQE1EkUAP6Ak9W8p6tF6s10XrkpXNHKAfsN4+AZIokOM=</latexit>

|+i

•  Explore all partitionings, and pick the energy-minimizing solution 

• The stabilizer ground state can be prepared using graph states

Stabilizer Ground-State Method

☞ Strategy:
<latexit sha1_base64="VnLeH71HJcaBBEjjz9kOQFXnVvc=">AAACGHicbVDNS8MwHE3n15xfVY9egkPwMGo7hnoRhl48yUT3AWsZaZZtYWlaklQYZX+GF/8VLx4U8bqb/41p14NuPkh4vPf7kbznR4xKZdvfRmFldW19o7hZ2tre2d0z9w9aMowFJk0cslB0fCQJo5w0FVWMdCJBUOAz0vbHN6nffiJC0pA/qklEvAANOR1QjJSWeuaZGyA1woglD1N4BV2G+JAROOw5FX1VK9CyLE3uoCsyp2eWbcvOAJeJk5MyyNHomTO3H+I4IFxhhqTsOnakvAQJRTEj05IbSxIhPEZD0tWUo4BIL8mCTeGJVvpwEAp9uIKZ+nsjQYGUk8DXk2kMueil4n9eN1aDSy+hPIoV4Xj+0CBmUIUwbQn2qSBYsYkmCAuq/wrxCAmEle6ypEtwFiMvk1bVcs6t2n2tXL/O6yiCI3AMToEDLkAd3IIGaAIMnsEreAcfxovxZnwaX/PRgpHvHII/MGY/vFmdsQ==</latexit>

S = hg1, g2, ...gN i
Stabilizer group

where 

The 1-qubit Clifford Ci’s can be determined efficiently, using stabilizer tableaus 

Magic-inducing part Stabilizer part

CR arXiv:2505.02923

See also Sun+ (2024), Gu+ 
(2024), Weaving+ (2022)… 

see e.g. Van den Nest+ PRA 69, 022316 (2004).



Stabilizer Ground State in the LMG model

<latexit sha1_base64="r94Q7RDVUEuzRpRCIsmUe0DksK8=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9CwIMeI5iHJEuYnXSSIbOz68xsIMR8hxcPinj1Y7z5N06SPWhiQUNR1U13VxALro3rfjuZldW19Y3sZm5re2d3L79/UNNRohhWWSQi1QioRsElVg03AhuxQhoGAuvB4Hrq14eoNI/kvRnF6Ie0J3mXM2qs5D+RG9JSVPYEkqt2vuAW3RnIMvFSUoAUlXb+q9WJWBKiNExQrZueGxt/TJXhTOAk10o0xpQNaA+blkoaovbHs6Mn5MQqHdKNlC1pyEz9PTGmodajMLCdITV9vehNxf+8ZmK6l/6YyzgxKNl8UTcRxERkmgDpcIXMiJEllClubyWsTxVlxuaUsyF4iy8vk9pZ0Tsvlu5KhfJDGkcWjuAYTsGDCyjDLVSgCgwe4Rle4c0ZOi/Ou/Mxb8046cwh/IHz+QNvfJFR</latexit>

|Gi =
CR arXiv:2505.02923

<latexit sha1_base64="nCvuJkn3msDUUa2C3LRfHGHThHI="></latexit>

| s,2i = (X1)
N mod 2

HN |Gi
<latexit sha1_base64="fzPw1kIM1UkZESKIf/QnmJuxMWI=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSKepFKHrxWMF+QBPCZjttl242YXcjlLQH/4oXD4p49W9489+4bXPQ1gcDj/dmmJkXJpwp7TjfVmFldW19o7hZ2tre2d2z9w+aKk4lhQaNeSzbIVHAmYCGZppDO5FAopBDKxzeTv3WI0jFYvGgRwn4EekL1mOUaCMF9hEeY+zVFQsyNcGeJKLPAV8HdtmpODPgZeLmpIxy 1AP7y+vGNI1AaMqJUh3XSbSfEakZ5TApeamChNAh6UPHUEEiUH42u3+CT43Sxb1YmhIaz9TfExmJlBpFoemMiB6oRW8q/ud1Ut278jMmklSDoPNFvZRjHeNpGLjLJFDNR4YQKpm5FdMBkYRqE1nJhOAuvrxMmucV96JSva+Wazd5HEV0jE7QGXLRJaqhO1RHDUTRGD2jV/RmPVkv1rv1MW8tWPnMIfoD6/MHX1OVEA==</latexit>

| si =

<latexit sha1_base64="jmu52zdFLtVQ13jPpc+/9UO5OGw=">AAACEnicbZC7TsMwFIYdrqXcAowsFhUSLFWCKmCsYGEsEr1ITRQ57mlr1XEi20FUaZ+BhVdhYQAhViY23ga3zQAtR7L06f/P0fH5w4QzpR3n21paXlldWy9sFDe3tnd27b39hopTSaFOYx7LVkgUcCagrpnm0EokkCjk0AwH1xO/eQ9SsVjc6WECfkR6gnUZJdpIgX06wh4noscBezXFgkyN8QjnDA9j7MmZOwrsklN2poUXwc2hhPKqBfaX14lpGoHQlBOl2q6TaD8jUjPKYVz0UgUJoQPSg7ZBQSJQfjY9aYyPjdLB3ViaJzSeqr8nMhIpNYxC0xkR3Vfz3kT8z2ununvpZ0wkqQZBZ4u6Kcc6xpN8cIdJoJoPDRAqmfkrpn0iCdUmxaIJwZ0/eREaZ2X3vFy5rZSqV3kcBXSIjtAJctEFqqIbVEN1RNEjekav6M16sl6sd+tj1rpk5TMH6E9Znz9ooZ1U</latexit> |h 
s
| 

e
x
i|

Fidelity

Relative energy difference 

<latexit sha1_base64="zj4kuyVHe1K8/ypAz3D6KEfAl68=">AAAB9XicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4xkUcCK5kdemHC7OxmZhZDCP/hxYPGePVfvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCooeNUMayzWMSqFVCNgkusG24EthKFNAoENoPh7cxvjlBpHssHM07Qj2hf8pAzaqz02BlRhYnmIpZdTbrFklt25yCrxMtICTLUusWvTi9maYTSMEG1bntuYvwJVYYzgdNCJ9WYUDakfWxbKmmE2p/Mr56SM6v0SBgrW9KQufp7YkIjrcdRYDsjagZ62ZuJ/3nt1ITX/oTLJDUo2WJRmApiYjKLgPS4QmbE2BLKFLe3EjagijJjgyrYELzll1dJ46LsXZYr95VS9SaLIw8ncArn4MEVVOEOalAHBgqe4RXenCfnxXl3PhatOSebOYY/cD5/AKmfkqA=</latexit> " s

<latexit sha1_base64="p/jT0uN6NhV5QvAvZvFT6iVrq2Y=">AAACLnicbVBLSwMxGMz6rPW16tFLsAgeZNmVol6EggoeK9gHtMuSTdM2NJssSdZS1v4iL/4VPQgq4tWfYdruoQ8HAsPMN0m+CWNGlXbdD2tpeWV1bT23kd/c2t7Ztff2q0okEpMKFkzIeogUYZSTiqaakXosCYpCRmph73rk1x6JVFTwBz2IiR+hDqdtipE2UmDfPsFmWdEgVafeEDYl4h1G4BU0ckv0OZJS9Kep4zgzziQQ2AXXcceAi8TLSAFkKAf2m7kEJxHhGjOkVMNzY+2nSGqKGRnmm4kiMcI91CENQzmKiPLT8bpDeGyUFmwLaQ7XcKxOJ1IUKTWIQjMZId1V895I/M9rJLp96aeUx4kmHE8eaicMagFH3cEWlQRrNjAEYUnNXyHuIomwNg3nTQne/MqLpHrmeOdO8b5YKN1kdeTAITgCJ8ADF6AE7kAZVAAGz+AVfIIv68V6t76tn8nokpVlDsAMrN8/qDmoXQ==</latexit>

| s,1i = | ## ... #i
<latexit sha1_base64="fzPw1kIM1UkZESKIf/QnmJuxMWI=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL4tF8FQSKepFKHrxWMF+QBPCZjttl242YXcjlLQH/4oXD4p49W9489+4bXPQ1gcDj/dmmJkXJpwp7TjfVmFldW19o7hZ2tre2d2z9w+aKk4lhQaNeSzbIVHAmYCGZppDO5FAopBDKxzeTv3WI0jFYvGgRwn4EekL1mOUaCMF9hEeY+zVFQsyNcGeJKLPAV8HdtmpODPgZeLmpIxy1AP7y+vGNI1AaMqJUh3XSbSfEakZ5TApeamChNAh6UPHUEEiUH42u3+CT43Sxb1YmhIaz9TfExmJlBpFoemMiB6oRW8q/ud1Ut278jMmklSDoPNFvZRjHeNpGLjLJFDNR4YQKpm5FdMBkYRqE1nJhOAuvrxMmucV96JSva+Wazd5HEV0jE7QGXLRJaqhO1RHDUTRGD2jV/RmPVkv1rv1MW8tWPnMIfoD6/MHX1OVEA==</latexit>

| si =

Interaction strength
<latexit sha1_base64="FSQ9ZhCD2ntNfBpBM12h6dh496o=">AAAB8HicbVBNSwMxEJ2tX7V+rXr0EiyCp7IrRT0WvXisYD+kXUo2zbahSXZJssWy9Fd48aCIV3+ON/+NabsHbX0w8Hhvhpl5YcKZNp737RTW1jc2t4rbpZ3dvf0D9/CoqeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4up35rTFVmsXywUwSGgg8kCxiBBsrPXZDrLLxtPfUc8texZsDrRI/J2XIUe+5X91+TFJBpSEca93xvcQEGVaGEU6npW6qaYLJCA9ox1KJBdVBNj94is6s0kdRrGxJg+bq74kMC60nIrSdApuhXvZm4n9eJzXRdZAxmaSGSrJYFKUcmRjNvkd9pigxfGIJJorZWxEZYoWJsRmVbAj+8surpHlR8S8r1ftquXaTx1GEEziFc/DhCmpwB3VoAAEBz/AKb45yXpx352PRWnDymWP4A+fzBzoVkLM=</latexit>

v̄x

Beyond stabilizer ground state?  
(Q)ITE, ADAPT-VQE…



Example: (Quantum) Imaginary Time Evolutions

Beyond Stabilizer Ground State with Magic Injection

Non-interacting ground state
Stabilizer ground-state

<latexit sha1_base64="qG4dlKixgcA7nkVTboKlNiQBUi8="></latexit>

����!
⌧!1

/ |�0i

CR arXiv:2505.02923

Convergence with different initial states:



★  Hamiltonian-Learning-VQE Algorithm 
for ground-state finding:

⇒ learns the effective Hamiltonian and identifies the associated 
ground state simultaneously 

Information Rearrangement in Classical and Quantum Computations

<latexit sha1_base64="Qu8zTUr5S8T0Xq+MaY/z2Q/9xRA=">AAACAnicbVDLSgNBEJyNrxhfq57Ey2AQPEjYlaAeg148RjAPSEKYnXSSIbMPZnoDYQle/BUvHhTx6ld482+cTfagiQUD1VXd9HR5kRQaHefbyq2srq1v5DcLW9s7u3v2/kFdh7HiUOOhDFXTYxqkCKCGAiU0IwXM9yQ0vNFt6jfGoLQIgwecRNDx2SAQfcEZGqlrH7XHwJM2DgHZ9JzOKy8tunbRKTkz0GXiZqRIMlS79le7F/LYhwC5ZFq3XCfCTsIUCi5hWmjHGiLGR2wALUMD5oPuJLMTpvTUKD3aD5V5AdKZ+nsiYb7WE98znT7DoV70UvE/rxVj/7qTiCCKEQI+X9SPJcWQpnnQnlDAUU4MYVwJ81fKh0wxjia1ggnBXTx5mdQvSu5lqXxfLlZusjjy5JickDPikitSIXekSmqEk0fyTF7Jm/VkvVjv1se8NWdlM4fkD6zPH4lCl4g=</latexit>

~✓, ~�

<latexit sha1_base64="wGes0gw2jZtODLlZqtx9hqIbKD0="></latexit>

E(~✓, ~�) = h (~✓)|Ĥ(~�)| (~✓)i
<latexit sha1_base64="3Uz65w+6sRC2nSrH5S+15Dd0lLg="></latexit>

Ĥ(~�) = Û(~�) Ĥ(~0) Û †(~�)

state preparation 

Energy 

measurements

classical 

optimization

<latexit sha1_base64="XFVqtTlqt+xs3EEsDNGpHJR79F0=">AAACC3icbVDLSgNBEJz1GeMr6tHLkCBEkLArQT0GRfAYwTwgG8LspJMMmX0w0xsIS+5e/BUvHhTx6g9482+cZHPQxIKB6qpuerq8SAqNtv1trayurW9sZray2zu7e/u5g8O6DmPFocZDGaqmxzRIEUANBUpoRgqY70loeMObqd8YgdIiDB5wHEHbZ/1A9ARnaKROLn9Li+4IeOLiAJBNOsMzmtZeWp7STq5gl+wZ6DJx5qRA5qh2cl9uN+SxDwFyybRuOXaE7YQpFFzCJOvGGiLGh6wPLUMD5oNuJ7NbJvTEKF3aC5V5AdKZ+nsiYb7WY98znT7DgV70puJ/XivG3lU7EUEUIwQ8XdSLJcWQToOhXaGAoxwbwrgS5q+UD5hiHE18WROCs3jyMqmfl5yLUvm+XKhcz+PIkGOSJ0XikEtSIXekSmqEk0fyTF7Jm/VkvVjv1kfaumLNZ47IH1ifP9Ramkw=</latexit>

E(~✓k, ~�k)

k → k+1

<latexit sha1_base64="CVuufW7HT2yEx2hAGz3PcY6owOs=">AAACBXicbVA9SwNBEN2LXzF+nVpqcRiE2IQ7CWoZtLGMYD4gF8LeZpIs2ds7ducC4Uxj41+xsVDE1v9g579x81Fo4oOBx3szzMwLYsE1uu63lVlZXVvfyG7mtrZ3dvfs/YOajhLFoMoiEalGQDUILqGKHAU0YgU0DATUg8HNxK8PQWkeyXscxdAKaU/yLmcUjdS2jx/8iuYFfwgs9bEPSMftwZmvqOwJaNt5t+hO4SwTb07yZI5K2/7yOxFLQpDIBNW66bkxtlKqkDMB45yfaIgpG9AeNA2VNATdSqdfjJ1To3ScbqRMSXSm6u+JlIZaj8LAdIYU+3rRm4j/ec0Eu1etlMs4QZBstqibCAcjZxKJ0+EKGIqRIZQpbm51WJ8qytAElzMheIsvL5PaedG7KJbuSvny9TyOLDkiJ6RAPHJJyuSWVEiVMPJInskrebOerBfr3fqYtWas+cwh+QPr8wfHzZjE</latexit>

| (~✓k)i

<latexit sha1_base64="/a9J9Z+yD37WLB5anMZ7mrXhwRE=">AAACEHicbZDJSgNBEIZ74hbjNurRS2MQI0qYkaAeg148RjALJCH0dCpJk56F7ppAGPIIXnwVLx4U8erRm29jZwE18YeGn6+qqK7fi6TQ6DhfVmppeWV1Lb2e2djc2t6xd/cqOowVhzIPZahqHtMgRQBlFCihFilgvieh6vVvxvXqAJQWYXCPwwiaPusGoiM4Q4Na9nGuMQCeNLAHyEatpH/qjs7olHk/6KRlZ528MxFdNO7MZMlMpZb92WiHPPYhQC6Z1nXXibCZMIWCSxhlGrGGiPE+60Ld2ID5oJvJ5KARPTKkTTuhMi9AOqG/JxLmaz30PdPpM+zp+doY/lerx9i5aiYiiGKEgE8XdWJJMaTjdGhbKOAoh8YwroT5K+U9phhHk2HGhODOn7xoKud59yJfuCtki9ezONLkgBySHHHJJSmSW1IiZcLJA3kiL+TVerSerTfrfdqasmYz++SPrI9vGZ6coQ==</latexit>

(~✓k+1, ~�k+1)

CR, Savage PRC 108, 024313 (2023)

CR+, PRC 103, 
034325 (2021)

Information and Entanglement  
rearrangement in truncated 
model spaces 

(6He, ab-initio)



Wave function extracted from IBM quantum computer 

Exponential Acceleration in the 
expected convergence:

Effective (HL-VQE)

Bare (VQE)

<latexit sha1_base64="bQsn2jL/aPO5hNJhXfxHrB8C5No=">AAACJnicbVBNSwJBGJ61L7OvrU7RZUiCTrIrUl4CoUuHAqP8ADWZHUcdnJ3dZt4NZJF+TdCp/km3iG79is7NqofUHhh4eN6vZx4vFFyD43xZqaXlldW19HpmY3Nre8fe3avqIFKUVWggAlX3iGaCS1YBDoLVQ8WI7wlW8wYXSb32yJTmgbyDYchaPulJ3uWUgJHa9kHzyjR3CD7H+ftYtuOHyOOgR6NM2846OWcMvEjcKcmiKcpt+6fZCWjkMwlUEK0brhNCKyYKOBVslGlGmoWEDkiPNQyVxGe6FY+/MMLHRungbqDMk4DH6t+JmPhaD33PdPoE+nq+loj/1RoRdIutmMswAibp5FA3EhgCnOSBO1wxCmJoCKGKG6+Y9okiFExqM1eu5a0xEAizI/HZ1JHPJWSSoNz5WBZJNZ9zT3OFm0K2VJxGlkaH6AidIBedoRK6RGVUQRQ9oWf0it6sF+vd+rA+J60pazqzj2Zgff8CyxWk3w==</latexit>

⇤ = 2nqubits

CR, Savage PRC 108, 024313 (2023)
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→ Application to the LMG model:

N=30

Information Rearrangement in Classical and Quantum Computations



Naturally maps onto “qu5its”

[ qudits with d=5 ]

Illa, CR, Savage PRC 108, 
064306 (2023)

Symmetry-guided Quantum Simulations with Qudits

<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
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unphysical states

v2 update courtesy of M. Illa

Quantum Computers with qudits (d>2-level quantum systems) are becoming available and allow 
for naturally mapping symmetries

Agassi model*: deformation + pairing

Developed a qudit-system 
simulator for unitary 
dynamics using Google’s cirq

Errors & Resource Requirements in Simulating Real-Time Dynamics:

See also 1+1D Lattice QCD with qu8its, PRD 110, 014507 (2024) *D. Agassi, Nucl. Phys. A 116, 49 (1968)  

with underlying so(5) algebra



Conclusions

→ Better understand the underlying mechanisms governing the emergence of 
collective behaviours (superfluidity ongoing)

★ Concepts of QIS bring new insights into many-body phenomena and underlying forces

→ Combine these aspects to develop efficient algorithms for present (NISQ) and future  
fault-tolerant quantum computers (magic states are often the most resource intensive in FTQC)

★ Entanglement, Magic and Symmetries are key ingredients for designing resource 
efficient quantum computations of many-body structure and real-time dynamics 

See also NN & YN scattering CR & Savage arXiv:2405.10268, 

3-flavour neutrino dynamics Chernyshev, CR, Savage PRR 7, 023228 (2025)

𝛴-induced 
magic catalysis?n

n𝛴
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Entanglement in Nuclei

| i =
X

⇡⌫

C⇡⌫ |�⇡i ⌦ |�⌫i

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+ (2020), Tichai+ (2022), Pérez-Obiol+ (2023) …

→ One-Orbital Von Neumann Entropy; Two-Orbital Mutual Information, Negativity  



edge values

✴Distribution of the σy⊗n Pauli strings expectation values

✴Network plots

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

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

Multi-Partite Entanglement in p-shell (12-qubit) Nuclei

PRC 111, 034317 (2025) 

N=Z=4 Z=4, N=6 Z=4, N=8



Large many-body entanglement when allowed 
by model space and symmetries 
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neutron proton neutron
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p-shell

sd-shell

Multi-Partite Entanglement in Shell-Model Nuclei

PRC 111, 034317 (2025) 



Multi-Partite Entanglement in Shell-Model Nuclei

PRC 111, 034317 (2025) 



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

Harmonic oscillator 
orbitals 

Effective 

(variational natural) 


orbitals
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U(�) = e�iJy�

determined variationally 

Rotation of the spins

as “disentanglers”

with

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5  5

1-
or

bi
ta

l e
nt

an
gl

em
en

t e
nt

ro
py

vbar = (N-1)V/ε 

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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Effective 𝚲=3, expressed in effective basis
Effective 𝚲=3, expressed in β=0 basis
Bare truncated 𝚲=3

Exact 𝚲=31
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v̄ = (N � 1)V/"

N=30

Weakly entangled spins in the 
effective description

can capture well the entanglement of the exact wave 
function with only 𝚲=3 configurations

Entanglement Rearrangement in the LMG Model

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

| i⇤ =
⇤�1X

n=0

An|ni
<latexit sha1_base64="5Yr66zD3x6DUyf2wuwabdAmvWsw=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSLUS9mVoh6LXjxJRfsh7VqyabYNTbJLkhXK0l/hxYMiXv053vw3pu0etPXBwOO9GWbmBTFn2rjut7O0vLK6tp7byG9ube/sFvb2GzpKFKF1EvFItQKsKWeS1g0znLZiRbEIOG0Gw6uJ33yiSrNI3ptRTH2B+5KFjGBjpYe7x7R0czLuet1C0S27U6BF4mWkCBlq3cJXpxeRRFBpCMdatz03Nn6KlWGE03G+k2gaYzLEfdq2VGJBtZ9ODx6jY6v0UBgpW9Kgqfp7IsVC65EIbKfAZqDnvYn4n9dOTHjhp0zGiaGSzBaFCUcmQpPvUY8pSgwfWYKJYvZWRAZYYWJsRnkbgjf/8iJpnJa9s3LltlKsXmZx5OAQjqAEHpxDFa6hBnUgIOAZXuHNUc6L8+58zFqXnGzmAP7A+fwBtiqPtQ==</latexit>

S(N)
1



• Long plateaux due to very small energy gradients for many iterations

Beyond stabilizer Ground State with Magic Injection

ADAPT-VQE *

• Destroys the coherence, and rebuilds it

* Grimsley+ Nature Comm. 10, 3007 (2019)

For the LMG model: CR arXiv:2505.02923



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

Magic between neutrons is induced 
by successive Σ-n scatterings
(assumed no decoherence) 



Magic and Entanglement in Neutrino Dynamics

Neutrinos from core-
collapse supernovae 

<latexit sha1_base64="heslHlkvBsXjno9/2XFDh+rOSec=">AAACIHicbZC7SgNBFIZnvcZ4W7W0GQyChYRdCcYyaGMZwVwgG8Ls5CQZMju7zEUIax7FxlexsVBEO30aJ8kWJvGHgZ/vnMOZ84cJZ0p73rezsrq2vrGZ28pv7+zu7bsHh3UVG0mhRmMey2ZIFHAmoKaZ5tBMJJAo5NAIhzeTeuMBpGKxuNejBNoR6QvWY5Roizpu+REHwuBAEtHn0AF8judJEJklpInpuAWv6E2Fl42fmQLKVO24X0E3piYCoSknSrV8L9HtlEjNKIdxPjAKEkKHpA8tawWJQLXT6YFjfGpJF/diaZ/QeEr/TqQkUmoUhbYzInqgFmsT+F+tZXTvqp0ykRgNgs4W9QzHOsaTtHCXSaCaj6whVDL7V0wHRBKqbaZ5G4K/ePKyqV8U/cti6a5UqFxnceTQMTpBZ8hHZVRBt6iKaoiiJ/SC3tC78+y8Oh/O56x1xclmjtCcnJ9fLAyiaA==</latexit>

|⌫ie, |⌫iµ, |⌫i⌧3 favours of neutrinos mapped onto qutrits:
<latexit sha1_base64="tipyfTeHQ27Ys4wHkBM1J/PGt+A=">AAACAHicdZDLSgMxFIYz9VbrrerChZtgEVyVTK1Vd0U3boQKthU6Zcikp21oJjMmmUKp3fgqblwo4tbHcOfbmF4EFf0hcPj+czg5fxALrg0hH05qbn5hcSm9nFlZXVvfyG5u1XSUKAZVFolI3QRUg+ASqoYbATexAhoGAupB73zs1/ugNI/ktRnE0AxpR/I2Z9RY5Gd3PLhNeB/feTLxC9hTVHYE+Jd+NkfyR8Q9LR1ikidWxRKekRJ2J4SQHJqp4mffvVbEkhCkYYJq3XBJbJpDqgxnAkYZL9EQU9ajHWjYUtIQdHM4OWCE9y1p4Xak7JMGT+j3iSENtR6Ege0Mqenq394Y/uU1EtM+aQ65jBMDkk0XtROBTYTHaeAWV8CMGNiCMsXtXzHrUkWZsZllbAhfl+L/i1oh75byxatirnw2iyONdtEeOkAuOkZldIEqqIoYGqEH9ISenXvn0XlxXqetKWc2s41+yHn7BJEMlmo=</latexit>

⌘ |⌫2iM
<latexit sha1_base64="ZO/bQvOAIwp7T7T1mpeaxJzTelo=">AAACAHicdVBNS8NAEN34WetX1YMHL4tF8BSStLZ6K3rxIihYKzQlbLbTdulmE3c3Qom9+Fe8eFDEqz/Dm//GjVZQ0QcDj/dmmJkXJpwp7Thv1tT0zOzcfGGhuLi0vLJaWlu/UHEqKTRpzGN5GRIFnAloaqY5XCYSSBRyaIXDo9xvXYNULBbnepRAJyJ9wXqMEm2koLTpw1XKrvGNL9LAxb4kos8hOAlKZcc+2K95ex52bMepe5VaTrx61atg1yg5ymiC06D06ndjmkYgNOVEqbbrJLqTEakZ5TAu+qmChNAh6UPbUEEiUJ3s44Ex3jFKF/diaUpo/KF+n8hIpNQoCk1nRPRA/fZy8S+vnerefidjIkk1CPq5qJdyrGOcp4G7TALVfGQIoZKZWzEdEEmoNpkVTQhfn+L/yYVnuzW7elYtNw4ncRTQFtpGu8hFddRAx+gUNRFFY3SHHtCjdWvdW0/W82frlDWZ2UA/YL28A5pmlnA=</latexit>

⌘ |⌫1iM
<latexit sha1_base64="g7jXW90tXJSGS0H+GNSi4PocWfw=">AAACAHicdVDLSgNBEJz1GeMr6sGDl8EgeAqzIcTkFvTiRYhgHpANy+ykkwyZnV1nZgMh5uKvePGgiFc/w5t/4+QhqGhBQ1HVTXdXEAuuDSEfztLyyuraemojvbm1vbOb2duv6yhRDGosEpFqBlSD4BJqhhsBzVgBDQMBjWBwMfUbQ1CaR/LGjGJoh7QneZczaqzkZw49uE34EN95MvEJ9hSVPQH+lZ/JkhyxKBbxlLgl4lpSLpfy+TJ2ZxYhWbRA1c+8e52IJSFIwwTVuuWS2LTHVBnOBEzSXqIhpmxAe9CyVNIQdHs8e2CCT6zSwd1I2ZIGz9TvE2Maaj0KA9sZUtPXv72p+JfXSky31B5zGScGJJsv6iYCmwhP08AdroAZMbKEMsXtrZj1qaLM2MzSNoSvT/H/pJ7PucVc4bqQrZwv4kihI3SMTpGLzlAFXaIqqiGGJugBPaFn5955dF6c13nrkrOYOUA/4Lx9Ao00lmg=</latexit>

⌘ |⌫0iM

Asymptotic values:

☞ Flavour mixing enhances 
complexity during the evolution

Wikimedia commons

Neutrinos = weakly-interacting, strongly-correlated particles 
Chernyshev, CR, Savage PRR 7 023228 (2025)

time (𝜅-1)

Entanglement (4-tangle)

<latexit sha1_base64="AtRu6SfpAD2rYFkCLArGShaVQ3c=">AAAB9HicbVBNSwMxFHxbv2r9qnr0EiyCp7JbinosevEiVLC10C4lm2bb0CS7JtlCWfo7vHhQxKs/xpv/xmy7B20dCAwz7/EmE8ScaeO6305hbX1jc6u4XdrZ3ds/KB8etXWUKEJbJOKR6gRYU84kbRlmOO3EimIRcPoYjG8y/3FClWaRfDDTmPoCDyULGcHGSn5PYDMimKd3s36tX664VXcOtEq8nFQgR7Nf/uoNIpIIKg3hWOuu58bGT7EyjHA6K/USTWNMxnhIu5ZKLKj203noGTqzygCFkbJPGjRXf2+kWGg9FYGdzELqZS8T//O6iQmv/JTJODFUksWhMOHIRChrAA2YosTwqSWYKGazIjLCChNjeyrZErzlL6+Sdq3qXVTr9/VK4zqvowgncArn4MElNOAWmtACAk/wDK/w5kycF+fd+ViMFpx85xj+wPn8AbSSkhE=</latexit>

M2magic (       )
<latexit sha1_base64="hA/3TjK8VHzw8+sy+OOi6kP0Nig=">AAACEHicdVDLSgMxFM34rPVVdekmWERXw6S2WndFNy4r2Ae0Zcikt21oJjMkGaHUfoIbf8WNC0XcunTn35g+BBV74F4O59xLck8QC66N5306C4tLyyurqbX0+sbm1nZmZ7eqo0QxqLBIRKoeUA2CS6gYbgTUYwU0DATUgv7l2K/dgtI8kjdmEEMrpF3JO5xRYyU/c3SHmzLxYX5XVHYF+Jms5+Zz54ScYM/1JrCkWCgQ4mEyU7JohrKf+Wi2I5aEIA0TVOsG8WLTGlJlOBMwSjcTDTFlfdqFhqWShqBbw8lBI3xolTbuRMqWNHii/twY0lDrQRjYyZCanv7rjcX/vEZiOsXWkMs4MSDZ9KFOIrCJ8Dgd3OYKmBEDSyhT3P4Vsx5VlBmbYdqG8H0pnk+qOZecuvnrfLZ0MYsjhfbRATpGBJ2hErpCZVRBDN2jR/SMXpwH58l5dd6mowvObGcP/YLz/gXZ85yC</latexit>

|⌫e⌫e⌫e⌫e⌫ei
1-flavour

<latexit sha1_base64="oA+8aMQM7bZqKDylaewqQOtYl1M=">AAACF3icdVDLSgMxFM34rPVVdekmWARXQ0b73BXduKxgH9CWkklv29BMZkgyQqn9Czf+ihsXirjVnX9j+hBa0QPJPZxzL8k9fiS4NoR8OSura+sbm4mt5PbO7t5+6uCwqsNYMaiwUISq7lMNgkuoGG4E1CMFNPAF1PzB1cSv3YHSPJS3ZhhBK6A9ybucUWOldsq9x00Zt2HhbgbxcjXUEkVlT0A7lSYuyWVIMYuJmyVe4cKbkWI+jz2XTJFGc5Tbqc9mJ2RxANIwQbVueCQyrRFVhjMB42Qz1hBRNqA9aFgqaQC6NZruNcanVungbqjskQZP1cWJEQ20Hga+7Qyo6evf3kT8y2vEpltojbiMYgOSzR7qxgKbEE9Cwh2ugBkxtIQyxe1fMetTRZmxUSZtCD+b4v9J9dz1cm7mJpMuXc7jSKBjdILOkIfyqISuURlVEEMP6Am9oFfn0Xl23pz3WeuKM585QktwPr4B9Tmf2g==</latexit>

|⌫e⌫e⌫µ⌫µ⌫⌧ i
3-flavour

vs

initial state



Superfluid 
BCS

<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>

� = #

…

…

“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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2
�

⌘
� g

X

��0

B̂
†
�B̂�0

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

★The Agassi model

= extension of the LMG model with superfluid pairing



 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:

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



★ 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

<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≡

Bosonization 
made explicit

<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>

� = #

…

…

1

0 2

3 5
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 Qu5it resource requirements and comparison with qubit mappings 



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):


