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Discussion talking points

What are concrete problems where quantum
computers can contribute to nuclear physics?

Near(est) term — IBM roadmap 2030:
® 200 logical qubits and 108 gates

Far term — IBM roadmap 2033+:
® 2000 logical qubits and 10%° gates
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Taken from [R. Babbush et al., 2511.09124]
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https://arxiv.org/abs/2511.09124

Where many-body methods stand (my understanding)

Goal: structure and dynamics of nuclei with ab initio methods

Static properties (binding energies, radii, ground-state structure)
® Classical many-body methods have long history of success

e Struggle with deformed nuclei/collective modes

Dynamical response (e.g. to weak / EM currents)

e Active and rapidly developing frontier

Concrete frontier: input for DUNE

* Long-baseline v oscillation experiment, “°Ar target

Can be difficult to
quantify “many-body
errors”

* Requires input of v-*0Ar cross sections — nuclear response functions across a wide

kinematic range
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Where quantum computers fit

For static, ground-state properties of quantum chemistry Hamiltonians:

® No expected exponential quantum advantage over classical methods, maybe polynomial?
[S. Lee et al., Nat. Commun. (2023), arXiv:2208.02199]

For dynamics and precision:
1. Real-time evolution
—iHt

® Provably efficient simulation of e even at long times, possible exponential advantage

2. Rigorous error control (the underappreciated case)
® Specify target error € in advance — algorithm cost obeys

Cost < f(t, ¢, ||H|, -..)

= in principle, no unquantified many-body systematics
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https://arxiv.org/abs/2208.02199

Our work

End-to-end cost analysis performed for three nuclear lattice EFTs:
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Pionless EFT One-Pion-Exchange EFT Dynamical-Pion EFT

Given: lattice size L, particle number 7, error budget ¢, developed efficient circuits for
¢ Time-evolution
® |nitial state preparation via eigenstate filtering

® Energy estimation via quantum phase estimation
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Quantum computing

Calculations on a quantum computer are represented by quantum circuits

Initialization
&Resets ~ Quantum Gates  Measurements ® |nformation stored in quantum bits

' | )' = (qubits) (two state quantum system)
Jo — ¥ — H x
e State of qubits changed by applying

1 —Iu— B——— ——a—
? quantum gates (unitary operations)

q2 —Im
® Expectation values of observables
calculated by qubits
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Quantum computing for nuclear physics

Step 1 Step 2 Step 3
41—
2 State prep Time Evolution Measurement,
qN ——

e Typical complexity of Step 1 2 complexity of Step 2

® Step 2 not required if only interested in certain eigenstate or thermal state properties
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NISQ or Fault-tolerant quantum computers

Class of algorithms we consider depends on devices used

Noisy-intermediate scale era Fault-tolerant quantum computers
® Limited number of noisy qubits ~ 100 ® Error correction
® Imperfect gates: ~ 103 entangling gates ® Access to many logical qubits
e Difficult to control error from noise ® Arbitrarily long coherence time
® Available now e Available 2030+

Quantum simulation of lattice EFTs in 3 spatial dimensions
with realistic lattice sizes and controlled errors requires fault-tolerant computers

It therefore makes sense to think about algorithms with (nearly)
optimal scaling in the parameters
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Broad classes of quantum algorithms

Mimicking “physical” evolution:

® E.g. Trotter formulas, small steps in time
® Simple circuits, no ancillary qubits
® Asymptotic scaling not optimal

Quantum calculator:

® General class of matrix functions of
Hamiltonian f(H) (including f(H) = &)

® More complicated circuits, requires ancillas 14(0))

® Near-optimal scaling, potentially more efficient
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What is near-optimal scaling for time-evolution?

Under general assumptions, rigorous bounds on best scaling with t and ¢ exist

Product formulas (Trotter) Quantum Signal Processing

At —it(Hi+H2) ~ (p—igH1 p—igH2\N —itH , \d k
Approximation e~ /t(FitH:) ~ (e7'wMhe=nfh) e "My oa(t)H

2

“ " t * 1
Cost O( Sx ik Hall ) O(|IH] £+ log(;) )

sub-optimal nearly-optimal
Not obvious a priori which is better

® We are happy with ¢ < 1 — 10% error so not clear which is better a priori

* Potentially more important scaling with number of sites L3 or particle number 7
® Need to do the cost analysis to decide for certain

*Higher order PF: t* — t'1/7 and ¢! — ¢"*/? (and more nested commutators)
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Review of resource analysis for lattice nuclear EFTs
7 = 40 nucleons, 8 x 8 x 8 box,

Prior work: product formulas (Trotter) i
T=aly/5g-, e=0.1

2019: Pionless EFT [1]

® + I . 1042 @ Pionless
time evolution .\ ® OPE
e 2nd-order product formula 10% AN ®  Dynamical pion
~10%x
D . . % 1028 \
2023: Pionless, One-pion exchange, Dyn. pion [2] %10 N
® Time evolution + energy estimation = e \
® |mproved product-formula error bounds ~10%x \*
10"
This work: Pionless, OPE, Dyn. pion o x Ty
. . 7
° Quantum Slgnal Processmg 10 2023 2024 2025 2026

Watson et al. This work (prelim.)

® Time evolution, energy estimation, state prep Year

® applied improved boson truncation bound [3]

[1] A. Roggero et. al, PRD 2020, , arXiv:1911.06368, [2] J. Watson et. al, arXiv:2312.05344, [3] J. Wang, CFK, S. Jabeen, arXiv:2604.24896
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https://arxiv.org/abs/1911.06368
https://arxiv.org/abs/2312.05344

Asymptotic gate complexity of time evolution

L3 : total lattice sites, ¢: long-range truncation distance, 7 : particle number, n,: qubits per bosonic mode, fixed

boson truncation

| Trotter [1] | QSP [this work]
. /1372 ~ B
Pionless O(ﬁ 7/1/2L3> O(L5t+ L3loge™?)

[ t3/2 ~
One-pion exchange | O (t\[ 771/2L3€3) O(L°t+ Ploge™?)
€

~ [ t3/2 ~
Dynamical pions O(\[ n'/213 n%) O(np Lot + np L3 loge™?)
€

e Particle number vs Volume: Trotter cost grows as 1'/?[> vs. QSP L°

[1] J. Watson et. al, arXiv:2312.05344
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https://arxiv.org/abs/2312.05344

Gate and qubit cost for time evolution (preliminary)

Setup: 1 = 40 particles for time Teposs = aLL,/z’\E’ﬁ with error e = 0.1 and E;, = 10 MeV

—e— Pionless e omm T —— Pionless -
10" —— orE s —=— OPE
—— Dyn. pion 100 —— Dyn. pion
1033y —— GQSP [our work] GQSP [our work]
z wl Trotter 2
=10 3
e 510*
1019
102 10°
4x 10" 6x 10 10! 4x10"  6x10° 10!
L L

® Trotter results from [1] J. Watson et. al, arXiv:2312.05344

® QSP results from this work
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https://arxiv.org/abs/2312.05344

Alternate Hamiltonian representation: second vs first quantization

Second quantization: tracks fermion modes
® Hilbert space spanned by lattice occupation quantum numbers: |ng, n1,..., nn—1)

® Pionless, OPE, Dynamical pion EFTs Hamiltonian block-diagonal in particle number
sectors
— we only use small subspace of full Hilbert space

First quantization: track particle positions
® Hilbert space spanned by position of each particle: |xg,x1, ..., X;—1)
® Anti-symmetrize wavefunction [¢))

® Requires less qubits and potentially less gates

Resource analysis done for Pionless lattice EFT in 1st quantization [L. Spagnoli, C. Lissoni, A.
Roggero, arXiv:2507.22814].
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https://arxiv.org/abs/2507.22814

Pionless lattice EFT: asymptotic complexity for time evolution

L3: total lattice sites, 7: particle number

Second quantization

First quantization

Trotter [1] QSP [this work]

QSP [2]

T gates

Qubits

O

t3 2 .
< n/2 L3) (’)(L6 t+ L3log %)

e

O(L3) O(L3 + log(L/€))

® Second quant. Trotter: polynomial in 77 and L

® Second quant. QSP: independent of 1 and polynomial in L

® First quant. QSP: polynomial in 7 and logarithmic in L

O((n?t +nloge 1) log L)

O(nlog L + log(t/¢))

[1] J. Watson et. al, arXiv:2312.05344, [2] L. Spagnoli, C. Lissoni, A. Roggero, arXiv:2507.22814
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https://arxiv.org/abs/2507.22814

Pionless EFT: first vs

second quantization

Time evolution in 8 X 8 x 8 box
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2nd quant. Trotter from [1]

1st quant. from [2]

® 2nd quant GQSP from this work

[1] J. Watson et. al, arXiv:2312.05344, [2] L. Spagnoli, C. Lissoni, A. Roggero, arXiv:2507.22814

102
Number of Nucleons 7
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https://arxiv.org/abs/2507.22814

Summary

End-to-end cost analysis for three nuclear lattice EFTs using QSP in second
quantization: time evolution, state preparation, energy estimation.

Cost reduction vs. improved Trotter:
® Pionless EFT: ~ 80 x
® One-pion exchange: ~ 1012 x
* Dynamical pion: ~ 10%%x

Open directions:

e First quantization for OPE / dynamical-pion EFTs
e Alternative algorithms for further reductions?

e Can classical computation accelerate quantum simulation?
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Discussion points

What are concrete problems where quantum

computers can contribute to nuclear physics?

Near(est) term — IBM roadmap 2030:
® 200 logical qubits and 108 gates

Far term — IBM roadmap 2033+:
® 2000 logical qubits and 10%° gates
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Quantum Signal Processing: high level review

Hamiltonian input model: given [¢)) — H |¢), one can implement f(H) [¢)

This is achieved via a block encoding of H/\ where A > ||H]||
e (9 (Y (00 _ (41
H ¥k * ok 0 *

Quantum Signal Processing — d calls to W}y can implement f(H) [i)) where deg(f) ~ d

[G. Low, I. Chuang, Quantum, arXiv:1606.02685], [G. Low, |. Chuang, Quantum, arXiv:1610.06546], [D. Motlagh, N. Wiebe, PRX Quantum, arXiv:2308.01501]

('?) Wy —>Wy—- > Wy— (f(f*)h@)

e Time evolution: f(4) =

e~ "Mt has optimal complexity w.r.t. queries to Wy
e State preparation: f(%) = |1bo) (10| has nearly-optimal complexity w.r.t. queries to Wy

® Energy estimation via phase estimation [R. Babbush et. al, PRX Quantum,, ariv:1805.03662]
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