Quantum simulation is a motivating application for large-scale quantum
computers. Quantum simulation of quantum field theories involves challenges
of regularization, renormalization and gauge symmetry. The light front provides
a particularly appealing approach for quantum simulation, allowing techniques
developed in other fields to be reused. | will give an introduction to our work in
quantum simulation of the yukawa model and early results on QCD, and
discuss the prospects for large-scale calculations in the future.
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Simulating Many-Body Quantum Mechanics
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Bottleneck:
) € H; dim(H) = O(exp(n particles))

Classically either:

Exponential memory: Store O(2") complex amplitudes in classical memory

Or:

Exponential time: Add up O(2") amplitudes of separate paths



Quantum Bits

Two states, zero and one

What makes a good qubit”? Choose a system

1) Where you can make a two outcome measurement really well.
2) Where the system is highly mature experimentally.

3) Good control, but weak coupling to environment.

Qubit state:
ubit state ((1‘l/f> P(1)=\<1‘1//>‘2

(O\l//>) Born’s rule: P(0) = [(0|y) \2

“Partly a thing,
and partly our knowledge of a thing”




Experimental Implementation
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Many Quantum Bits

Hilbert space is tensor product of individual qubit Hilbert spaces

n-Qubit Hilbert space: X = # Q@ #», R ... Q

Completely separable states: |y) = |y) Q@ |yr) Q ... ® |y )

If a state is not completely separable it is entangled.
Partially entangled state: |y) = |yq534) ® ... |y,_1y ® [y,

Globally entangled state: |y) = \1/11234.”)



<0 | l/f(t)>
<1 | l/f(t)>
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(01 [ y(D))
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Quantum Circuit Model

Quantum Circuit: a single qubit is denoted by a line

Complex circuits - many lines, many gates

1
—(100) + | 11))

Can denote a register with n qubits

T ——E—

n qubits



Clifford Circuits and Stabilizer States

0—{ 1 I
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From all zeros state Clifford gates only produce stabilizer states.
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These circuits can be simulated efficiently classically

Circuits with T gates can be simulated with cost exponential only in number of T gates

Stabilizers entangled, but lack “magic”



Magic: Stabilizer Renyi Entropies

Magic
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Form probability distribution:

Vi( W) =

Leone, L., Oliviero, S.F. and Hamma, A.,
2022. Stabilizer rényi entropy. Physical
Review Letters, 128(5), p.050402.

(l//\ P k | l/f>
2n
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Renyi entropies of V are
measures of magic
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Many useful
encoded qubits

Quantum Computing Timeline

Noisy

FTQC

Physical
Qubits
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Encoded Qubits

Computational
Power

T-gates are the most difficult gates in many quantum error correction schemes



Task: Determining energy eigenvalues

Prepare an energy eigenstate, an eigenstate of U(7) = exp(—itH):
[w) : U@ [y) = '™ |y)

Perform controlled time evolution with U(t)

%(m) + e 1)) e'?">(cos wt/2|0) + sinwt/2| 1))

[ yw)
Perform many experiments
: varying t. determine
A0+ —=(10)[y) + e[ 1) |y frequency by FT on

& & classical data



Phase estimation

0) — W -

| Digits of

07 .. QFT™ the energy
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n qubits

Do the FT on the quantum computer

Challenge 1: Simulation of time evolution (U) controls accuracy

Challenge 2: State preparation. Overlap of |y) and true ground state gives success
probability



Hamiltonian Simulation

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

H "
HIN) = A\ H%UH:< 7{04 *>
Problem 0), — A
 H' =Hbu H'H # ? U gy
H+U,...UU V), — — 1Y),

____________________________________________________ 7 Un.-.Uhillo ; [H[). ]
Solution g6 ge H — Ug such that |O>®n i

@ Upg =U,...UWU QPEy

(b) spectrum(Upy ) = f(spectrum(H)) |)\> o B

Example: Block Encoding (circa 2013)



Two classes of guantum simulatable Hamiltonians

Direct Mappings: Hamiltonian is local (and hence sparse)

o oAy

Compact Mappings: Hamiltonian is sparse (but not local)

1111111111111111111111
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Quantum simulation algorithms exist for both classes



A Quantum Computer for Chemistry?
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Key point: number of qubits ~ number of orbitals.

Hard problems for hundreds of qubits (orbitals)
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Simulated Quantum Computation of Molecular Energies, Alan Aspuru-Guzik, Anthony Dutoi, Peter J. Love, Martin Head-Gordon, Science, 309, 5741, (2005)



Comparing Quantum Ch

Group
Period

> 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
1 2
H He

4 5 6 7 8 9 || 10
Be B C N || O F || Ne
12 131114 ([ 15|[16 || 17 || 18
Mg Al || Si P S || Cl|| Ar
20 || 21 22 (|23 1|24 (| 25 || 26 || 27 (| 28 |[ 29 || 30 || 31 |[ 32 || 33 || 34 || 35 || 36
Ca || Sc Ti || V|| Cr|[Mn||Fe||Co|| Ni|[|Cul[Zn||Ga]||Ge||As||Se]||Br]||Kr
38 || 39 40 || 41 (|42 || 43 || 44 || 45 || 46 || 47 || 48 || 49 || 50 || 51 || 52 || 53 || 54
Sr|| Y Zr [|Nb|[Mo||[ Tc [|Ru|[[Rh || Pd [|Ag||Cd || In [|Sn|[Sb || Te || T || Xe
56 || 57 72|73 || 74 (|75 || 76 || 77 | 78 || 79 || 80 || 81 || 82 || 83 || 84 || 85 || 86
Ba || La Hf || Ta [| W [|Re || Os || Ir || Pt ||Au [|Hg || Tl || Pb || Bi |{[ Po || At || Rn
88 || 89 | *|104([105](106(|107((108][109(|110|[111|[112(|113|[114]|{115[|116|[117]|118
Ra || Ac Rf [| Db |[ Sg || Bh [| Hs |[[ Mt || Ds [| Rg || Cn || Nh || FI |[Mc|| Lv || Ts || Og
58 [| 59 || 60 || 61 || 62 ([ 63 || 64 || 65|66 || 67 (| 68|69 || 70| 71
Ce || Pr ||Nd||Pm||Sm || Eu || Gd || Tb || Dy || Ho || Er |{Tm || Yb || Lu
90 |{ 91 |1 92 (|93 [ 94 || 9596 || 97 (| 98 || 99 ||100(|101|[102]|103
Th || Pa|l U |[[Np]||Pu|[|Am|[Cm|| Bk || Cf || Es ||Fm |[|Md|[No || Lr

Compact Basis representations

Static quantities of interest

emistry to Quantum Field Theory

Why lattices not

orbitals?
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Ken Wilson, Nuclear Physics B-Proceedings Supplements, 17:82-92, 1990.
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Light Front Field theory on quantum computers

Equal Time Light Front

ACt ACt
N\
Z =

The front form

W= (a2, %) | Hyo|ly) = M? )

Hamiltonian formulation as required by
quantum simulation.

Basis of momentum orbitals (DLCQ) or
symmetry adapted functions (BLFQ).

Second quantized representation

Adapted from: Quantum chromodynamics and other field theories on the light cone, Stanley J. Brodsky, Hans-
Christian Pauli, Stephen S. Pinsky, Physics Reports, Volume 301, Issues 4-6, 1 August 1998, Pages 299-486



From Fermions to qubits
Direct Mapping: Orbital occupancy maps to qubit state

e n orbitals
1, O, 0, 0, 0, 0, 1, 1)
Single qubit creation and annihilation operators are Q" = | 1){0], O~ = | 0)(1|

But want operators that obey fermionic commutation relations

Jordan-Wigner mapping 1928:

a; =0 & 2iZjyy---Ly C’; = ¢,

n

®ZZ...Z

Many new fermion mappings since 2012



From Bosons to qubits
Direct Mapping: Orbital occupancy maps to qubit state: cutoff A

TYYY

(11, 01, 00, 10) =[11010010)

Many choices of occupancy encoding: unary, gray code, binary.

Creation and annihilation operators: \/n + 1 |n + 1){(n|, ﬁ |n—1)(n]

No exact mapping of bosons commutation relations.

Cutoff induces error in algebra when occupancy=cutoff.



Sparse methods essential

Forbidden!

Baryon

Meson

Hadrons

Confinement: Physical states are colorless: no free quarks.
Matrix elements between unphysical states diverge.

Only include physical states in simulation: sparse methods.

I I ufts SCHOOL OF ARTS AND SCIENCES

sviversity | Physics and Astronomy




Hamiltonian Simulation

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

H/a
HIN) = A\ H%UH:< 1 *>
- 0), — A
Solution Encode H — Uy such that ! >a UH
(@) Ug=U, ...U1Uy ‘¢>S_ _ Hy).
(b) spectrum(Upg ) = f(spectrum(H)) |H ) s|]
X n
LOBE: Ladder Operator Block Encoding. |O> “|QPE A
Block encode terms in second quantized U,
Hamiltonian directly. A — -

Example: Block Encoding (circa 2013)



Fermionic Creation Operator Fermionic Annihilation Operator

H = H =

ctrl - ctrl
anc <

$ allC
%

Simon et al. Quantum (2025)



Interactions between Fermions and

20

CtI‘l ® ® ctrl ® ® ® ® ® ®
? ancy ()
. P - D) ® 0, O— ZXZ
ni 7 ZX; l l 7x,
nj D p
W 1 | — — 5%
i # -1 Ing 1 wk A +1 - In, H -1
ctrl ® ® ® ® ® ® ®
ancy ()
allCaq Ry(6w)
allCay Ry(6w)
+ ] -
l ZX;
’I’LJ W /
Wi +1 Ing —1

Simon et al. Quantum (2025)
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[0 README 4

codecov | 99%

Ladder Operator Block Encoding (LOBE)

ot

This repository serves as a library to generate quantum circuits that create Block Encodings of second-quantized
operators written in terms of creation and annihilation (ladder) operators.

Simon et al. Quantum (2025)



Canonical Hamiltonian Light-Front Simulation

PHYSICAL REVIEW A 105, 032418 (2022)

Quantum simulation of quantum field theory in the light-front formulation

Michael Kreshchuk ®,! William M. Kirby ®,! Gary Goldstein®,! Hugo Beauchemin®,' and Peter J. Love ®!2-"

1+1D Yukawa Model
Momentum orbitals

Fock space basis:
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Resolution (K)

Canonical Hamiltonian poorly defined
-divergences cause negative mass?
values.



PHYSICAL REVIEW D 112, 096003 (2025)

Second-order renormalized Hamiltonian of Yukawa theory

Kamil Serafin ,* Carter M. Gustin®, and Peter J. Love f
Department of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155, USA

® (Received 6 August 2025; accepted 23 September 2025; published 4 November 2025)

Canonical
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o 4 A
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o
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Resolution (K)

PHYSICAL REVIEW D 113, 016018 (2026)

C

Renormalized Yukawa Hamiltonian: Spectrum, parton distribution
functions, and resource estimates for quantum simulation

arter M. Gustin ,1’* Kamil Serafin ,1 William A. Simon,1 Alexis Ralli ,1 Gary R. Goldstein,1 and Peter J. Love®'?

1Deparl‘mem‘ of Physics and Astronomy, Tufts University, Medford, Massachusetts 02155, USA
*Brookhaven National Laboratory, Upton, New York 11973, USA

’ | g=0.3
Renormalized 1 =103
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The continuum limit of the renormalized spectrum: Yukawa
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Quantum resources for renormalized simulation: Yukawa Theory

mO?%QQ Simulation resources do not diverge under renormalization.
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Renormalized Second Order Hamiltonian for QCD

Second-order effective renormalized Hamiltonian of Quantum

Chromodynamics

Kamil Serafin, Carter M. Gustin, and Peter J. Love* arXIV26O624699 [hep_ph]

Department of Physics and Astronomy,
Tufts Unwersity, Medford, Massachusetts 02155, USA




Quantum resources for renormalized simulation: QCD

mOg%Q? Simulation resources do not diverge under renormalization.

>,
=
= 25 -
-
E //0/'
m -
=2 20 . .
= 2.0 5.0 _
: E
Q 10
2 2000 - = 10
2 1000 g 10
= S 108
-ICE | | % | |
ke 25 50 & 25 5.0
K K




Quantum Simulation of QCD Results in Context

Number of T gates Number of qubits

Kan, Nam (2021) ArXiV O(10°°) O(10°)
Davoudi, Stryker (2025) APS DNP O(10%) —
Rhodes, Kreshchuk, Pathak 0(1028) 0(1010)

(2024) Phys. Rev. D
O(10%4) O(10°)

(Gustin et. al (preliminary, pessimistic)

Time Evolution, 10° lattice (position space) /\ Eigenstate estimation, 10° lattice (momentum space)




Quantum software for resource estmation

Open Particle: like Open Fermion but with bosons too.

Describe and renormalize second quantized Hamiltonians by RGPEP

Lobe: Ladder Operator Block Encoding (arXiv:2503.11641 )

Generate block encodings of second quantized Hamiltonians




Conclusions

Front form of QFT of interest for guantum simulation.

*Renormalized Hamiltonians obtained within the front form of QFT via RGPEP.
*Resource estimates improving but still much to do (SOS methods next).
«Specific estimates for observable computation to come.

*Classical simulations of RGPEP QCD Hamiltonian also interesting!

Thanks!
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