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Motivation: Quantum Simulation

Strongly correlated quantum OB UBE RO RO CED 72 LATTICE GAUGE THEORY

systems (e.g. Fermi-Hubbard
model, Z2 lattice Gauge theory) are
exponentially hard to simulate

classically.

Quantum computers offer a natural EermionHarmiltonian
platform since the Hilbert space is L1

native. H=-J% Y (d.in+he)+UD nin,

=1 o€{up} j
} _ Kogut-Susskind Hamiltonian
. . Jordan-Wigner Mapping:
Gate-based simulation: decompose Fermions > Qubits
time-evolution operator into

sequences of elementary gates.
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Key challenge: Noisy quantum
computers mean limited coherence
times restrict the depth of circuits we
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simulation time within hardware

coherence budget. Arute et. al. arXiv:2010.07965 Irmejs et. al. arXiv:2206.08909



Background: Trotterised Evolution

Simulating time evolution e ~H¢

The full Hamiltonian H often contains non-
commuting terms

Trotter-Suzuki: split evolution into small
timesteps 6t

First order: e "t ~ [T, e ~tHk0t

This introduces errors but allows us to
simulate the theory with the standard
gate set.

Total simulation time T = N x 6t,
therefore, deeper circuits incur more
gate errors

Chowdhury et. al. arXiv:2509.14196
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Hardware Platform: Transmon Qubits

General Hardware Hamiltonian
H() = Ho + ) (D) H,

H,: Drive Hamiltonian
Hj: Control Hamiltonian

The Transmon Hamiltonian
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Background: Quantum Optimal Control & GRAPE

Goal: find a time-dependent control field u(t) that steers the system to a target unitary V

Piecewise-constant
u(t) control amplitudes

Divide time T into N piecewise-constant pulses {uy}

Compute U, = exp(—iH (u;)ot), U = Uy ...U;

time <>

+ Input: V, ®, Ry,e,\,\ M

inimi — — Output: @

Minimise I 1 |Tr(U V) |/N Define evolution: Ug(®) = U(®k)...U(®1)
Define an infidelity function: I(®,V) =1— "I‘r{UG(‘I))7V}/N
Initialise Adam moments per layer: p;x =0, v =0
ﬁl +~— 0.9

ol . ~0.
Compute — (GRAPE gradient) <Rt
Uk Compute the gradient at ®:
gLk < (91-”\‘1(@, V)
Calculate Adam moments:

. al
Gradient descent: uy ¢ ug-a w
k

Repeat until convergence

puk Bk + (1 —B1) gk
vk B2 vk + (1= B2) - gik
Bk /(1 —BY)
Duk < v/ (1 = B5)
Update parameters:
® <+ ®— -1/ (VO +eps)
if I(®,V) < € then
| break
end
end




The Core Idea: Direct Pulse Synthesis

Why decompose into standard gates if we can synthesise the operation directly?

Using standard set of gates Directly implement Operation

p—i(X+2)

Longer circuit - more errors - shorter simulation Shorter circuit - fewer errors - longer simulation




Our Approach: Pulse-Synthesised Trotter Steps

1 Target Unitary 2 GRAPE Optimisation 3 Pulse Execution

Identify the Trotter step unitary Run GRAPE on the Transmon Execute u*(t) directly on
Urrotter Hamiltonian to find pulse u*(t) Hardware, single short
that implements Uryotter circuit element
- -

Key Benefits

P gate layers - shorter circuit depth ® Lower susceptibility to decoherence




Exact
Trotter (gates)

Results: Noiseless Simulation —— Totter (pulses)

Gate decoherence cutoff

eSimulation: 6-site model
eSingle Trotter Step Execution:

eSimulation: 2x2 lattice

eSingle Trotter Step Execution:
*Standard Gates: 532ns eStandard Gates: 336ns

ePulse Approach: 136ns ePulse Approach: 72ns

*Global Budget: 113ms eGlobal Budget: 113ms
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Results: Noisy Simulations

Coherent noise Decoherent noise

Noise due to imperfections in our lasers Noise due to interactions with environment

===+ Exact Dynamics

Gate: Unmitigated Hardware
—— Gate: ZNE Mitigated

Pulse: Unmitigated Hardwar_é
—— Pulse: ZNE Mjkigated
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i -e--Exact Truth
. = Standard Gates
— Pulses

Noise model: T; relaxation 100ms & T, dephasing 50ms, pulse errors (multiplicative noise)




Summary

Trotterised evolution naturally maps onto quantum circuits, but gate depth limits simulation time
GRAPE finds shaped pulses that implement target unitaries with minimal duration

By synthesising Trotter-step gates directly via GRAPE, circuit depth drops significantly

Shorter circuits - reduced coherent and incoherent errors = longer achievable simulation times
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