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Motivation

@ Quantum computers are well suited to simulate gauge theories
due them being able to handle large Hilbert spaces and avoid
the sign problem.
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@ Quantum computers are well suited to simulate gauge theories
due them being able to handle large Hilbert spaces and avoid
the sign problem.

@ A resource intensive task of these simulations is preparing the
ground state of the Hamiltonian of the theory. One method to
do this is to use variational quantum algorithms.

@ We want to look at ways to improve these algorithms while
reducing the gate count and depths of the circuits involved.
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Adiabatic quantum computing®

The Adiabatic Theorem

A quantum system remains in its eigenstate if the Hamiltonian of
the system has a discrete, non-degenerate spectrum and is evolving
slowly enough.

YE. Farhi, et al., arXiv:quant-ph/0001106, (2000).
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Adiabatic quantum computing®

The Adiabatic Theorem

A quantum system remains in its eigenstate if the Hamiltonian of
the system has a discrete, non-degenerate spectrum and is evolving
slowly enough.

@ Adiabatic approximation: ‘<m(2l((at‘)€(‘_§32|t')’(t)>’ << E"’h(t).

YE. Farhi, et al., arXiv:quant-ph/0001106, (2000).
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Adiabatic quantum computing®

The Adiabatic Theorem

A quantum system remains in its eigenstate if the Hamiltonian of
the system has a discrete, non-degenerate spectrum and is evolving
slowly enough.

@ Adiabatic approximation: ‘<m(2l((at‘)€(‘_§32|t')’(t)>’ << E"’h(t).

@ To find the ground state of the Hamiltonian Ap, we can
consider a different Hamiltonian Hp; with a known ground
state |g), then start a system in |g) and evolve under:

Aaa(M(1)) = (1= A(1)) s + A(t) A,

where \(t) € [0,1] for t € [0, T].

YE. Farhi, et al., arXiv:quant-ph/0001106, (2000).
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Adiabatic quantum computing®

The Adiabatic Theorem

A quantum system remains in its eigenstate if the Hamiltonian of
the system has a discrete, non-degenerate spectrum and is evolving
slowly enough.

@ Adiabatic approximation: ‘<m(2l((at‘)€(gz|t')’(t)>’ << E"’h(t).

@ To find the ground state of the Hamiltonian Ap, we can
consider a different Hamiltonian Hp; with a known ground
state |g), then start a system in |g) and evolve under:

Aaa(M(1)) = (1= A(1)) s + A(t) A,

where \(t) € [0,1] for t € [0, T].
@ This can be done on gate-based quantum computers through
Trotterization.

YE. Farhi, et al., arXiv:quant-ph/0001106, (2000).
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Quantum Approximate Optimization Algorithm

@ QAOA is a leading variational quantum algorithm based upon
Trotterized adiabatic evolution.

2E. Farhi, J. Goldstone, and S. Gutmann, arXiv:1411.4028, (2014).
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Quantum Approximate Optimization Algorithm (QAOA)?

@ QAOA is a leading variational quantum algorithm based upon
Trotterized adiabatic evolution.

@ Define the unitaries - Up('y) = e~flp, UM(ﬁ) — e~ iBAu,
Ansatz state |y, 3)

P N
lg) — m
-

& 5 Com

ZONE 0 I
lg9) — m

Update ~, 3

Classical Optimizer
mln’715<77 /3|HP‘77 ﬁ>

2E. Farhi, J. Goldstone, and S. Gutmann, arXiv:1411.4028, (2014).
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Speeding up the adiabatic process®

@ Adiabatic evolution requires slow evolution times.

3P. W. Claeys et al., Phys. Rev. Lett., 123(9), [090602], 2019.
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Speeding up the adiabatic process®

@ Adiabatic evolution requires slow evolution times.

@ Counterdiabatic driving is a technique that speeds up the
adiabatic process by adding an extra term to the Hamiltonian:

Aep(N) = Hag(N) + AAy

where )\AA acts to suppress transitions to other eigenstates
during the evolution.

3P. W. Claeys et al., Phys. Rev. Lett., 123(9), [090602], 2019.
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Speeding up the adiabatic process®

@ Adiabatic evolution requires slow evolution times.

@ Counterdiabatic driving is a technique that speeds up the
adiabatic process by adding an extra term to the Hamiltonian:

Aep(N) = Hag(N) + AAy

where )\AA acts to suppress transitions to other eigenstates
during the evolution.

o We can approximate Ay through the following ansatz:

4
AD =157 ar [Aag(\), [Aad(N), --.[Aaa(N), 0xFAaa(W]I]
k=1 2k—1

where £ is the order of the expansion.

3P. W. Claeys et al., Phys. Rev. Lett., 123(9), [090602], 2019.
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Digitized counterdiabatic QAOA (DC-QAOA)*

@ The nested commutators in A(f) generate an operator pool A

of summed operator terms. For DC-QAOA we take a summed
operator Apc from A and define Ucp(a) = e~"@Apc,
Ansatz state |7, 8, o)

P - A
lg)—H T
l9)—H T
. . Compute
UP(’Y) UM(’B) <77B7a‘g1’|7’ﬁ7a>
l9)— N

Update v, 8,

Classical Optimizer
min‘y,ﬁ,a <77 167 Q‘HP"Y, ﬂv a>

*P. Chandarana et al., Phys. Rev. Res., 4(1), [013141], 2022.
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The Schwinger model®

@ The Schwinger model is a 1+1 dimensional U(1) gauge theory
coupled to a Dirac fermion.

®B. Chakraborty et al., Phys. Rev. D, 105(9), [094503], 2022.

Ethan Laval Counterdiabatic quantum optimization for gauge theories Lattice 2026, University of Maryland



The Schwinger model®

@ The Schwinger model is a 1+1 dimensional U(1) gauge theory
coupled to a Dirac fermion.

@ The theory can be discretized using staggered fermions which
are then mapped to spln variables usmg Jordan- W|gner
transformations to get Hschw,,,ger = HZZ + Hi + HZ where

g2a N-2
Hzz ==~ > a4z,
n=1 1<k<I<n
N—2
~ 1 1 msin @ ~A oA ~ ~
Hy = 5 (2 +(=1)" > > [ nXnt1 + YnYn+11| ;
n=0 a
N-1 2 N—-2 n

n=0 n=0 I 1

®B. Chakraborty et al., Phys. Rev. D, 105(9), [094503], 2022.
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Algorithm preparations

o QAOA and DC-QAOA were used to prepare the ground state
of HP = HSchwinger-
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Algorithm preparations

o QAOA and DC-QAOA were used to prepare the ground state
of l:IP = I:lSchwinger-

@ The algorithms were ran on the quantum computing simulator
Qiskit Aer and GradientDescent was used as the classical
optimizer with 300 iterations.
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of I:IP = I:ISchwinger-

@ The algorithms were ran on the quantum computing simulator
Qiskit Aer and GradientDescent was used as the classical
optimizer with 300 iterations.

@ The model parameters were set to a=5/6, g =1, m=10.35
and 6 = 0.
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Algorithm preparations

o QAOA and DC-QAOA were used to prepare the ground state
of I:IP = I:ISchwinger-

@ The algorithms were ran on the quantum computing simulator
Qiskit Aer and GradientDescent was used as the classical
optimizer with 300 iterations.

@ The model parameters were set to a=5/6, g =1, m=10.35

and 6 = 0.
@ We looked at two different mixers, an X mixer and an XY
mixer:
N—1 N—1
'LAIIVI,X = Z )?n, FIM,XY = Z )?n)%nJrl + \A’n Vn+1-
n=0 n=0
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Algorithm preparations

o QAOA and DC-QAOA were used to prepare the ground state
of I:IP = I:ISchwinger-

@ The algorithms were ran on the quantum computing simulator
Qiskit Aer and GradientDescent was used as the classical
optimizer with 300 iterations.

@ The model parameters were set to a=5/6, g =1, m=10.35

and 6 = 0.
@ We looked at two different mixers, an X mixer and an XY
mixer:
N—1 N—1
'LAIIVI,X = Z )?n, FIM,XY = Z )?n)%nJrl + \A’n Vn+1-
n=0 n=0

@ The success of the algorithms was measured through
approximation ratios where we take the final expectation value
and divide by the exact Hschwinger ground energy.
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QAOA and DC-QAOA - Schwinger model, X mixer

—.- Approximation ratio=1  -- QAOA -+~ DC-QAOA —.~ Approximation ratio=1 -+~ QAOA -+~ DC-QAOA
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DC-QAOQA variations - Schwinger model, XY mixer

—.- Approximation ratio=1  -- QAOA -+~ DC-QAOA —.~ Approximation ratio=1 -+~ QAOA -+~ DC-QAOA
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QAOA and DC-QAOA - Resource cost for 3 layer state

Qubits | Algorithms | Mixer | CX gates | Operations | Depth
XY 86 386 222
S -
DC-QAOA X 103 329 236
XY 277 988 639
e e
DC-QAOA X 267 689 397
XY 805 3188 2146

8 - XXY 13f920 3866952 2443761
DC-QAOA X 578 1296 636
XY 2151 9082 7112

10 - XXY 2488917 110247288 7466989
DC-QAOA X 764 1687 705
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DC-QAOA variants®

@ Compared to QAOA, the DC-QAOA circuit is more complex.

P, Chandarana et al., Phys. Rev. Appl., 20(1), [014024], 2023; R. Xu et
al., EPJ Quantum Technol, 12(1), [98], 2025.
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DC-QAOA variants®

@ Compared to QAOA, the DC-QAOA circuit is more complex.

@ We can remove certain unitaries in each layer to get simpler
variants:

Ansatz state |a) Ansatz state |3, ) Ansatz state |7, a)

Compute lg)

Compute

(B.alHr|B, a)

Compute
(v, alfply.a)

(| Hplo)

Update o J Update 8, « Update v,

Classical Optimizer Classical Optimiz

ming o (v, | Hply, @)

Classical Optimizer

ming (a|Hp|ar) ming o (8, | Hp|B, )

CD-inspired CD-mixer CD-prob

P, Chandarana et al., Phys. Rev. Appl., 20(1), [014024], 2023; R. Xu et
al., EPJ Quantum Technol, 12(1), [98], 2025.
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DC-QAOQA variations - Schwinger model, XY mixer
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CD-inspired - Resource cost for 3 layer state

Number of qubits | Algorithms | CX gates | Operations | Depth
QAOA 86 386 222

) CD-inspired 67 206 155

QAOA 277 988 639

° CD-inspired 257 652 487

QAOA 805 3188 2146

° CD-inspired 806 2452 1861
QAOA 2151 9082 7112

10

CD-inspired 2184 8344 6844

Lattice 2026, University of Maryland
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Conclusion

@ We have used QAOA and its counterdiabatic variants to
prepare the ground state of the Schwinger model.
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Conclusion

@ We have used QAOA and its counterdiabatic variants to
prepare the ground state of the Schwinger model.

@ We have seen that DC-QAOA has improved results over
QAOA for the X mixer, and CD-inspired has improved results
over QAOA for the XY mixer.
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Conclusion

@ We have used QAOA and its counterdiabatic variants to
prepare the ground state of the Schwinger model.

@ We have seen that DC-QAOA has improved results over
QAOA for the X mixer, and CD-inspired has improved results
over QAOA for the XY mixer.

e Additionally, CD-inspired produces states with a reduced
number of operations and depth.
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Appendix - Algorithms - Schwinger model, X mixer
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Appendix - Energy minimization, X mixer

p=1 p=2 p=3 p=4 p=5 Exact ground energy
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Appendix - Energy minimization, X mixer
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Appendix - Energy minimization, XY mixer

p=1 p=2 p=3 p=4 p=5 Exact ground energy
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Appendix - Energy minimization, XY mixer
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Appendix - Resource cost for 3 layer state

Number of qubits
Algorithms || Mixer 4 6 8 10

CX gates | Operations | Depth || CX gates | Operations | Depth || CX gates | Operations | Depth || CX gates ‘ Operations | Depth

QAOA XY 86 386 222 277 988 639 805 3188 2146 2151 9082 7112
X 45 207 113 145 480 252 342 865 436 481 1278 468

DC-QAOA XY 147 526 381 461 1360 849 1190 3692 2471 2897 10428 7699
X 103 329 236 267 689 397 578 1296 636 764 1687 705

CD-inspired XY 67 206 155 257 652 487 806 2452 1861 2184 8344 6844
X 48 114 88 179 305 200 233 400 200 364 668 246

CD-mixer XY 86 318 228 309 960 620 842 2902 2058 2444 9955 7311
X 50 144 99 110 286 149 352 704 341 364 737 272

CD-prob XY 118 417 302 427 1180 770 1128 3499 2375 2651 10023 7466
X 103 321 230 349 788 480 492 1090 603 961 1947 849

Table: The number of CX (controlled-not) gates, number of operation, and the
depth of the circuits of the final ansatz states created from the algorithms
when transpiled through the fake IBM backend FakeAlgiers for 3 layers, X and
XY mixers, and 4, 6, 8 and 10 qubits. All the circuits were transpiled
identically, with the optimization level set to 3 and the same transpiler seed.
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Appendix - CD operator pools

@ The choice of mixer determines which operator terms appear
in the operator pool A for our choice of Apc.

@ Going up to ¢ = 2 and two-body operators, for I-AIM7X we get
the operator pool:

Ax = (V. V2,2V, XV, YR},
@ Going up to £ = 2 and three-body operators, for I-AIM,XY we
get the operator pool:
Axy = {XY,YX, ZXY ZYX X2V, YZX, XYZ,YXZ}.
@ For each layer we ran DC-QAQA for all possible operators in

the pool and took the one that gave the lowest expectation
value and fixed it as the Apc operator for that layer.
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