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(Nuclear) Quantum Many-Body Problems

SN 4 cap(N)

Quantum complexity,
entanglement growth,
sign problems

Time / memory

number of degrees of freedom/
accuracy



Progress in Quantum Computation

Fortress of Fault

Tolerance

Magic Moat of

Error Correction
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Decoherence

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

Richard Feynman 1982

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

Estimated mean number of qubits used on hardware
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Irapped ions 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.



Progress in Quantum Computation

Precision quantum simulations
for reliable predictions

Fortress of Fault

Tolerance

Magic Moat of

Error Correction

12 logical qubits
(Quantinuum)

New experiments,
algorithms & theoretical ~ Verdant Plains W )
concepts of NISQ

Surface error
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Desert of Deathly
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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.



Towards Quantum Computations of (Nuclear) Many-Body Systems

100100011

Nucleons and
Interactions

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

Simulations

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



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

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

() Quantum Entanglement

N-particle system

Arbitrary entangled state:
~ eXp(N) bits



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

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

() Quantum Entanglement But... entanglement can be simple

— highly-entangled “stabilizer states’
N-particle system ~ graph states ~ N2 bits

= No need for quantum computers

Arbitrary entanglgd state: Gottesman & Knill (1998),
~ exp(N) bits Aaronson & Gottesman (2004)



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

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

() Quantum Entanglement But... entanglement can be simple
+
(Il) Non-Stabilizerness (Quantum “Magic?”)

— highly-entangled “stabilizer states’
N-particle system ~ graph states ~ N2 bits

= No need for quantum computers

Arbitrary entanglgd state: Gottesman & Knill (1998),
~ exp(N) bits Aaronson & Gottesman (2004)



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

Complexity phase diagram, hardness of classical simulations

(quantum 7
advantage?)

Magic
(TENSOR NETWORKS)

(STABILIZERS)

Entanglement

Inspired by Alioscia Hamma, Qmeets seminar,
https://www.youtube.com/watch?v=UrOCCGpL_go



Motivational Questions & Outline

» Where do nuclear systems stand in the
quantum complexity phase diagram? How are
nuclear structure and dynamics rooted in
quantum information?

2 &

100100

— Entanglement, magic and deformation in
nuclear systems

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

emergence

— Demonstrations with the Lipkin-Meshkov-
Glick model

Adopted from Bertsch, Dean, Nazarewicz SciDAC review (2007)



Entanglement and Magic in Shell-Model Nuclei

—~ /T Multi-Partite entanglement via n-tangles
Wong, Christensen, PRA 63, 044301 (2001)
2
(n) _ ~ (1) ~ () |\ *
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9 PPING = n-tangles are related to n/2-body entanglement
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Magic via Stabilizer Renyi Entropy: o

Leone, Oliviero, Hamma, PRL 128, 050402 (2022) 5
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Multi-Partite Entanglement in sd-shell Nuclei

Brokemeier, CR+, PRC 111, 034317 (2025)

Collective entanglement networks (8-tangles)

26N\
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Signature of Shape Collectivity in Magic and Multi-pn Entanglement

Stabilizer 2-Rényi Entropy M5
Exact and MCMC computations

> 17
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e Maximal magic and proton-neutron tangles coincide with maximal deformation in nuclei
e Magic and tangles also persist in the region where axial deformation vanishes (shape co-existence, other correlations?)



Singling out Deformation: the Lipkin-Meshkov-Glick model

1.0
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0.0

Symmetric
phase

0

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

v = N-tangle

Ms = Stabilizer 2-Rényi
entropy

Interaction strength

Latorre+ (2005); Hengstenberg, CR+ (2023),

Parity-broken (deformed) phase Passarelli+ (2024), CR arXiv:2505.02923...



Singling out Deformation: the Lipkin-Meshkov-Glick model

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

1.0
0.9
0.8 =
0.7 -
0.6 .

Can stabilizer states
0.5 .
0.4 capture deformation
0'3 in an efficient &
0.5 symmetry-preserving way?
0.1 ; CR arXiv:2505.02923
0-05 > 4 6 8

Simple (triviél) Complex Simple (entangled)
B e



Stabilizer Ground-State Method

See also Sun+ (2024), Gu+

% Strategy: H=) apP+ )  apP, (2024), Weaving+ (2022)...
PeS PegN(H)¢S S
CR arXiv:2505.02923 Hotas b = (91,92, ---gN)

Stabilizer group
Stabilizer part Magic-inducing part

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

CZ

» The stabilizer ground state can be prepared using graph states
CZ CZ

N
O,y =]]CilG)  where |G)= (H Cze) +)®"
1=1

eck
CZ

The 1-qubit Clifford Ci’s can be determined efficiently, using stabilizer tableaus
see e.g. Van den Nest+ PRA 69, 022316 (2004).



Stabilizer Ground State in the LMG model

4.0 ;
x=1 N
3.0} =- =
2 s —
2’2'0 Exact ground state
1.0
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0.5
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|\I!S> — | 4. ‘\Ij3> — (Xl)NmOdQHN|G> o (SD ok Relative energy difference
0.2r ¥ .
Beyond stabilizer ground state?
(Q)ITE, ADAPT-VQE... G) =

CR arXiv:2505.02923



Beyond Stabilizer Ground State with Magic Injection

* Example: (Quantum) Imaginary Time Evolutions

e =BT ;) =3 " e~ (B =) ™(@, ) @) —— ox | o)

Convergence with different initial states:

on-interacting ground state e—
Stabilizer ground-state e—

vy, = 5.0

0 0.2 04 0.6 0.8 1
CR arXiv:2505.02923 1



Information Rearrangement in Classical and Quantum Computations

* Hamiltonian'l.earning' VQE Algorithm Information and Entanglement
for ground-state finding: rearrangement in truncated
CR, Savage PRC 108, 024313 (2023) model spaces

(6He, ab-initio)

‘! a0 s l.
. '7'_' ,'Aq'u.
Wi 2 oS
L> $ s N
T e @

[

state preparation S
. = CR+, PRC 103
W (0;)) /\ 034325 (2021)
Energy
kK = k+1 measurements
N A3 E(0, ) = (W(0)|H(B)| V(&
[-w classical E(Qk, 616) 2 < S ) (51‘ ( )j 2
. " optimization / H(B)=U(B)H(0)U'(B)
(Ok+1, Br+1)
= |learns the effective Hamiltonian and identifies the associated > =

ground state simultaneously



— Application to the LMG model:

Wave function extracted from IBM quantum computer

0.35¢

Ground-State Wave Function
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Information Rearrangement in Classical and Quantum Computations

CR, Savage PRC 108, 024313 (2023)

Exponential Acceleration in the
expected convergence:
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Symmetry-guided Quantum Simulations with Qudits

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

\ / 4
" : . \\\ - ” |3>
Agassi model*: deformation + pairing * Naturally maps onto “qu5its \\ />2>
1
with underlying so(5) algebra [ qudits with d=5 ] \\//|0>
Developed a qudit-system Errors & Resource Requirements in Simulating Real-Time Dynamics:
simulator for unitary T . - TR - - S :
dynamics using Google’s cirg L dnphysical states N quoit mapping
20 L phet 3 e A
lla, CR, Savage PRC 108, oL , o aneX
110 —o— 5-GX¥
064306 (2023) | 106} o0°® -
() = 4 e q5-G**v2

1012 =

108k 9 | { o —{3— q2paJW
o, —>—  2StS

i Xamj(bn (@) Yab | GZCI; %) | }Afab | GaXb(%) = anXam i
(b) i i 12 L 104 =

Yab 4? ? Yab “
- X’ X’ 4<ag7 X | GJ} a\ |l v | 5) (0} 4<ag7 O 4 N 20
am~<ybn ab ab 5) Xab Gab(E) anXam

(/2 v2 update courtesy of M. llla

qubit mapping

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



Conclusions

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

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

See also NN & YN scattering CR & Savage arXiv:2405.10268,
3-flavour neutrino dynamics Chernyshev, CR, Savage PRR 7, 023228 (2025)

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

— 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)
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Entanglement in Nuclei

neutrons R protons
V)= Crlén) @ [80) N =
@
Ty e e e

o000 oo
- nﬁlnT‘-Q"'nljl nl/2 oo n’r‘-l n7T2 ooonljl nl/2 e o e
n'ﬂ'l n7-(-2 ...nyl 'n,,/2 e o \

occupation numbers n; =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), Péerez-Obiol+ (2023) ...

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



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

XDistribution of the oy®" Pauli strings expectation values

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

n=2, T 5= n=2,Vv 27277
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* proton-neutron entanglement is more collective than pure proton or neutron entanglement
* large proton-neutron 8-tangles — hint of alpha correlations?

*Network plots
8Be, (.1, 10Be, 7! ) 12Be, () ;, @ H0
? @ o edge values
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PRC 111, 034317 (2025)



Multi-Partite Entanglement in Shell-Model Nuclei
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Entanglement Rearrangement In Nuclei

Orbital optimization Effective

(variational natural)
orbitals

Neutron-neutron
mutual information

1s
121p3p2 1p11228112 1ds);

| I

= emergence of 4He-core

1fs2

: : - ?
Harmonic oscillator + nn-valence structure (?)

orbitals

.
1952 2py 2p1p2

1dsp, |

1f712 15/

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



Entanglement Rearrangement in the LMG Model

Rotation of the spins B 5 . 5 @
as “disentanglers” & cos(5/2) ® + sin(f/2)

sl Effective Hamiltonian:  H(8) = U(8)HU(8) with U(8) = e~ "/v”
determined variationally

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

— Exact A=31

— Effective A=3, expressed in effective basis
— Effective A=3, expressed in =0 basis
— Bare truncated A=3

Weakly entangled spins in the
e effective description




Beyond stabilizer Ground State with Magic Injection

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

Y ADAPT-VQE * Lo
B(61,...,00) = [[ T |g) 22

= —i(P_1] [Tl,ﬁ] |D;_1)

o 001 16,—0
For the LMG model: 737 = X;Y; + Y, X, CR arXiv:2505.02923
1 100.0
> 83 entangled —— [ _10.0
§ 0.7 non-interacting Stab. =
it 0.6 a1 1.0
0.5 N=8,x=-1,v =5.0 \_
0.4 0.1

0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90100
Number of Layers Number of Layers

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

» Destroys the coherence, and rebuilds it



The Magic Power of Nuclear and Hyper-Nuclear Forces

CR & M. J. Savage arXiv:2405.10268 . 3 — A |
: M(S) = — (3 + cos(4 Aé) ) sin®(2 A6) E(S) = = sin“(2 Ad)
20 6
'magic)12 |
" . Magic Power M (S) =
. _ group 1 —
\stabzl > 19 group 2 ——

oup3 E—

Magic power of the S-matrix:

e . Entanglement Power & (S)
AN A _ group 1
M(S) N E :M (S |‘I’z>) group 2'

L : group 3'

Average fluctuations in magic induced by the S-matrix

0 100 200 300 400 500 600

Entanglement power of the S-matrix Piab (MeV)
o 1 Ngs” ) Same results as in Beane+ PRL 122, 102001 (2019) with
(S) = NTP Z E (pgl)(S)) * continuous integration over spin orientations of initial tensor-
$S =1 product states



The Magic Power of Nuclear and Hyper-Nuclear Forces

CR & M. J. Savage arXiv:2405.10268

S snN2lo —1 >nN2LO = . Neutron
0.35F ApN2LO = { Ap N2LO —= ; ‘
0.3} \ : ~ /
0.25 Magic Power M(S) Entanglement Power £(S) ; /
Z ' Sigma = Neutron
0.15}
0.1}
0.051 Magic between neutrons is induced
ol . ] by successive 2 n scatterings
0 100 200 300 400 500 600 100 200 300 400 500 600 (assumed no decoherence)

Plab (MeV) Plab (MeV)

>

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

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



Magic and Entanglement in Neutrino Dynamics

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

. . \ JAWAN 7>
3 favours of neutrinos \V}e, \V) 1L \V)T mapped onto qutrits: V >
0>
Neutrinos from core- 6.0 | fywoun - | . _
collapse supernovae 5 0 14! Asymptotic values:
1-flavour 40 magic (M) - » z |
E 1.0,3.’,.,,—.1.’ ................................... Ve only
VelVelVeVele) 3.0 Sos. Ve Vy 1 Ve
VS 1072 ' . 06
1073 ' TM |
3-flavour 04r. o S
\yuyuu) 104} 2 3 4 5 6 7 8
eVeVpuptT _
10 Entanglement (4-tangle) _ _NV
il atat 106 e = Flavour mixing enhances
Initial state 200 300 400 500 600 700 800 900 1000 complexity during the evolution

time (x1)



The Agassi model as demonstration of symmetry-guided mapping

] *D. Agassi, Nucl. Phys. A 116, 49 (1968)
% The Agassi model

2
= extension of the LMG model with superfluid pairing 1.5
o=1 X 1
Superfluid
o 0 06— 0 -~ O @ o=]| 05 —
“mode” k= _i +1 -2 42 —Q/2 +0/2
0.5 1 1.5 2
2
[:] — ¢ j [Pérez-Fernandez+ PLB

829 137133 (2022)]

particle-hole interaction V pairing interaction g



Symmetry-guided mapping of the Agassi model onto qudit systems

2%k Make use of the SO(5) symmetry:

.‘.
JZ? J 9 BT,ia BT)i
= generators of SO(5)

Degrees of freedom = pairs of modes

—k k
o= 1) = : : Naturally maps onto “qu5its”
[ qudits with d=5 ]
1l — - @ —
= 5 states: 2= 5| @-— T — - \ /1
\ /s
\\ /12
_ 0 -0 _ 00 1)
- BT e e /)



Qubit resource requirements and comparison with qubit mappings

% Resource requirements and comparison with mappings onto qubits

A) "Physics-Aware” Jordan-Wigner (paJW) mapping — =10) - = 1)

Organization in terms of mode-pairs:

---------------------------------------------------

o =1 Bosonization
o= made explicit

—Q/2  +Q/2

L —

— 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

0) =1000) , [1)=1001), [2)=[010), |[3)=1011), [4)=[100)



Qu8its for Quantum Simulations of 1+1D Lattice QCD

llla, CR, Savage, PRD 110, 014507 (2024)

| 2L=2 2L—1 - o 2L—2 8 2
Editor’s suggestion H=Y) 5 > (¢$z,f o)y + hC) +my Yy (1) TP | + % > (Z Qﬁﬁl’))
f n=0 n=0 i n=0 a=1 \m<n
Q : 7 | Q
ubits dn dn u8its
........... ...
q y
( * Y
fo f1 I, fi fo oo f1 N, o
b g T b g T b g 7 b ¢
O QOO0 - OO

Resource for time evolution (single Trotter step):

QQ

Qudits Number of qudits Urin ent. gates U.; ent. gates
Qubit (d = 2) 6N L 6N (8L — 3) — N¢(2L —1)[23N¢(2L — 1) — 17]
Qusit (d = 8) 2Ny L 6N¢(2L — 1) 4N¢(2L — 1)[Nf(2L — 1) — 1]
Reduction in resources
(L — o0) 3 4 5.75




