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« Green's function Monte Carlo

 No-Core Shell Model

« post-HF (CC/IMSRG)

« post-HF + shell model
SMCC, VS-IMSRG, etc.
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Courtesy of H. Hergert, PAINT2025
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“A challenge for Nuclear forces” PRL117, 052501 (2016)
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c.f. wavefunction matching Nature volume 630, pages59-63 (2024)
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Uncertainty quantification (UQ) Surrogate models/Emulators
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- HHE/FRBROMETRE

- EFT truncation, many-body trunc.

- etc.
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B. D. Carlsson et al. Phys. Rev. X 6, 011019 (2016)
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=M
- Eigenvector continuation
= Reduced basis methods

T. Duguet et al.
Rev. Mod. Phys. 96, 031002 (2024)

- Data-driven approaches (e.g. ML)
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NISQHSFTQCA

NISQ = Noisy Intermediate-Scale Quantum device
FTQC = Fault-Tolerant Quantum Computer
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How to realize qubits
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Major qubit types
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qubit size
best two qubits
gates fidelities

best readout
fidelity

best gate time

best T,

qubits
temperature

operational
gubits

scalability

cold atoms

about 1 um space
between atoms

trapped ions

about 1 um space

between atoms

superconducting

(100u)?

-
99.68% (IBM
0] 0]
Sk Sk Egret 33 qubits)
95% 99.99% 99.4%
L
=1l ns 0.1to4 ps 20 ns to 300 ns
>1s 0,2s-10mn 100-400ps
<1mK <1lmK 15mK
4K for vacuum pump 4K cryostat dilution cryostat
1,180 (Atom 32 (lonQ and 433 (IBM)
Computing) Quantinuum) 176 (China)
up to 10,000 <100 1000s

S'Ge [0 Ir)

SiGe

silicon

(100nm)2

>99% (SiGe)

99% (SiGe)

=5 us
20-120ps

100mK-1K

dilution cryostat

12 (Intel) in SiGe

millions

a’ o

NV centers

<(100nm)?
99.2%

98%
10-700 ns
2.4 ms

4K to RT

5 (Quantum
Brilliance)-10

100s

these are the best figures of merit, but it doesn’t mean a single system in a column has them all!

}@"

S
photons

nanophotonics
waveguides lengths, MZI,
PBS, etc

98%

50%

<1 ns

0 & time of flight

RT
4K-10K cryostats for
photons gen. & det.

216 modes GBS
(Xanadu)

100s-1M

(CC) Olivier Ezratty

(cc) Olivier Ezratty, 2023. RT = room temperature.
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() Los 2d J;-J, Heisenberg model (b) 2d Fermi-Hubbard model
1010_
& 106{ ek T - 1month 108
= - Thour
S —e— Qubitization (Single) 104 -
oC 1021 —e— Qubitization (Parallel) Thour
Qubitization, wr= 1kHz
* —-—- Qubitization, wr= 1MHz 102 -
% DMRG
A PEPS
102 103 102 103

System size N System size N

Quantum Phase Estimation with “Qubitization”
N. Yoshioka et al. np] Quantum Info. 10, 45 (2024)
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Difference from other quantum many-body systems

Quantum chemistry: = *  Nuclear physics: «® '8 o

) ll‘&ﬂn‘
99 > 9% of energy of a molecule in Interaction=highly non-perturbative & uncertain
equilibrium is explained within Hartree-
Fock level” “many channels, three-nucleon force,...

o [Solve é :
(i.e., single Slater determinant) 0\0/37/‘ n 2% =g é
rest 1 % is called correlation energy u\il:_ ‘ Eé ~
Mogller — Plesset (MP a.k.a MBPT) >5Nj under softened Nuclear Force (Chiral EFT)
Coupled Cluster Single and Double (CCSD) HF = - 302.716 MeV
CCSD + Triple (CCSDT) HF + MP2 + MP3 = -473.089 MeV

3 (MP2 = -152.533, MP3 = -17.716)

Full Configuration interaction (Full-CI)

accurate but computationally demanding™” c.f. Energy (Exp.) = -483.996 MeV
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Similar discussion in a different way

1 Condensed matter (spin systems) | Chemistry (electronic system) —
| | -w078———Selenee-Advanees 11, 25 (2025)
—® —108.01 ~T REE 0T
_1082f 1 SR i .
——108.4 " :f;"
&§) o
3—108.6
¢ —108.8 ¢
| | —109.0 T e A
s N, molecule WAl Ja%
H=—t (éjaéng + c;rﬂ,acw) + UZ 10 15 20 25 30
k 1,0 A
pr|qs at A
f Nuclear System E0+th7“ Apor ra_'_I;:s pa Ggr STa"ra
0d3/2 J
2 BT o
| - almost all-to-all connectivity
e=1 - proton/neutron dof.
e=0 - Three Nucleon Force



https://www.science.org/doi/10.1126/sciadv.adu9991
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NISQ = 2-qubit 4*—k (f5l: CNOT)

~

If control qubit is |1>, apply NOT on target 1000 CNQOTs in your circuit?

1 0

control
target 0 0
0

- 0

Even with “three-nine”
accuracy... (0.999)1000 ~ (0,37
you will get noisy outcome!!

oo O
O = O O
L I

1
on |00>, |01>, |10>, |11>

FTQC = 3F-Clifford 4~ (B3BJ8(C(ET-gate)

Arbitrary Rz rotation can be approximated by ~ 100 T-gates with € = 10-10
N.J. Ross and P. Selinger: Quantum Information and Computation 16(11-12):901-953, 2016

NISQ/FTQCOENENDEIREEZE CTUY — AHEE /AREEN A B] R
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https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
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Target: core + valence neutron system
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Live Chart of Nuclides

EHe HCH g e ' valence two neutron systems °He, 180, 42Ca
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wiRBISTE O B/ERHZHH %
Sy NI THLOREHLNET AL TERN... ‘i’sf//z
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long-termDEF VI IJUXLTI(E. EQREIRFEE  op3)2
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FermionBHE% v=0 pairDBREICED

— DOCI: X7BEHEOM AL

— pUCCD: A7BHHE®DCoupled Cluster
Wpucen) = exp(T — TT) ref.) = U |ref.)

p,q

U = exp [Z th(ATA, — A Ap) |,

ith
hp ~ [ exp [Th(Xth — Yth)} :

p,h

T RT7Dp-hEpiEe
c.f. BFFRTlIspin up/downZ%ZpairlC&d

it?
UClubit = exp [Z ?h(Xth - Yth) s

original (Fermionic) representation

active space/valence space

o @

Inert 160 core 160 core
o0 o0
proton neutron
N, Dimensions
Nucleus Fermionic/HCB FCI UCCD (v =0) pUCCD
180, 260 12/6 14 5 5
200,240 81 14 8
20 142 19 9
2Ca,¥Ca 20/10 30 9 9
#(Ca,*Ca 565 44 16
4Ca, *Ca 3952 119 21
BCa,’Ca 12 022 209 24
NCa 17 276 251 25
3¥Ni, Ni 22/11 19 10 10
N1, *Ni 365 54 18
92Ni, *Ni 3103 164 24
%4Ni, Ni 12 240 329 28
N1, %8Ni 23 884 461 30

= DOCI

pair-wise/HCB repr.
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Pair Unitary Coupled Cluster Doubles (pUCCD)
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- /J\ — 4.01
L (a) model space: sd 0.3% error
. = i —— Hadamard
Nuclide ldeal pucch | Hadamard — <XX>;,EJJE| <XX+YY>2 ALY SREERIR | g 30 & BasisRot.
®O -11.932 -11.802 (1.1 x 10°%) -11.893 (3.3 x 107 '%) 0 2.0
20 0 -1 =
O -22.939 -22.383 (2.4 x 10°%) -22.854 (3.7 x 1071 %) =
Zg -33.924 -33.560 E1.1 X 100@) -33.829 22.8 X 10—;%) g 101 7 + +
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Model spaces: HO with emax truncation

- valence space: p, sd, pf, sdpf, pfsdg, ...

- No core space: NN-only and NN+3NF
Quantum algorithms and counting rule:

- (Early-)FTQC algorithms: QPE, QKrylov, Observable DMD

- Single Trotter controlled-unitaries
w/0 any = assuming all-to-all connectivity of qubits

- Toffoli (CCX) = 4 T-gates and Rz => 100 T-gates
PRA 87, 022328 (2013) Quant. Info. Comp. 16(11-12):901-953, 2016

For NISQ application (valence shell model with Adapt-VQE +UCC),
please refer to the paper by Barcelona group Sci. Rep. 13, 12291 (2023)



https://doi.org/10.1038/s41598-023-39263-7
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.87.022328
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.87.022328
https://journals.aps.org/pra/abstract/10.1103/PhysRevA.87.022328
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331
https://dl.acm.org/doi/abs/10.5555/3179330.3179331

Resource estimation for Nuclear CI w/ FTQC algorithms
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T-gate counts
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1012 " o ® 1012 A A
0@ ° in ~5-10 years? | ° o s m in ~5-10 years?
O -
o QPE (N, =24) 10° 1 o a  QPE (N, =24)
N2025 (0] ggfl'\:/::())\:,\(lNiter_:;OO), Ncirq = N/—A[/3) 104 _ N2025 (] gg:\)/l/:;)\:,\(llviter_:;(?)r Ncirq = NI—AI/3)
Bl s 100 ____ Bt dnbael
10° 101 102 103 10 10° 101 102 103 104
i =qubitéX: 1 AFEEGRFIIREIF {n, |, j, jz, tz})DZEX
p 12 qubits psd 36 qubits - emax up to 10 (11 major shells)
sd 24 qubits sdpf 64 qubits
pf 40 qubits pfsdg 100 qubits - e3max = 3 x emax, up to e=4

Na: ancilla qubits, Niter/Nsnap: #& D& U[EIEL, QKrylovidPauli stringdbgroupingZz®J&E (~1/3 reduction)
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Resource estimation for Nuclear Structure Calc.

overlay on Figure in arXiv: 2509.09882 NERSC@LBNL roadmap
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https://arxiv.org/abs/2509.09882
https://arxiv.org/abs/2509.09882

Nuclear Quantum computing Library

Stay tuned!
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Nuclear Hamiltonians
e.g. Chiral EFT

NuHamil, etc.

XX

NuQuLib

Hamiltonian Encoding

.i.
T

f
b

TATe & 1/2; Vg

— YZXIIIXX QIIIIIIXY, ..

Circuit generation (ansatz/algorithms)

|O>ancilla @ T @ T

tttttt

X/Y

// Ui Uj

)

Quantum backend

SED)

L3

Classical computers

optimization,
post-process,
diagonalization, etc.

- Hamiltonian encoding e.qg. Chiral EFT NN/3NF

- Resource estimation for NISQ/E-FTQC/FTQC algorithms

- Circuits for VQE, QPE, QKrylov, ODMD, QSCI/SQD, etc.
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Quantum Phase Estimation (QPE)/EF+BEE -

long-term

AY Kitaev arXiv:quant-ph/9511026
( H ° /7(
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https://doi.org/10.48550/arXiv.quant-ph/9511026
https://doi.org/10.48550/arXiv.quant-ph/9511026
https://doi.org/10.48550/arXiv.quant-ph/9511026
https://doi.org/10.48550/arXiv.quant-ph/9511026
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long-term

Quantum Krylov

Krylov subspace method Kw(H,[4)) = span{|y), H[), H|4), ..., H™ [¢)}

|(I)>O, e_th1|<I)>07 *c e_thM|(I)>0 IO)ancilla —1H T X T H /74
U; U,

0) /

system
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~ / T. .
H|®) = EN|®) 0)system —7—1 U U,
Circuits for conventional QKrylov

Phys. Rev. A 105, 022417 (2022)

PROS: Access to “wavefunctions” — many observables
CONS: cost to measure each H term is huge... especially in Nucl. Phys.

some variants (with less quantum resources) are available


https://doi.org/10.1103/PhysRevA.105.022417
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Observable Dynamic Mode Decomposition ong-term

DMD: originally developed in the field of numerical fluid dynamics ~ 2009 (or earlier)

Experiment Collect Data DMD . . .
To replace the time evolution by a linear map

a) Diagnostics

past future

Dynamic modes
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b) Future state prediction

Y
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Fig 1.1 from Kutz et al., “Dynamic Mode Decomposition” SIAM
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