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Introduction Method and results
= By reformulating gauge theories to be ran on qubits, variational quantum algorithms can be used to * |n the algorithms we set Hp = ﬁgchwmge,,a and looked at two different choices of H;;:
prepare vacuum states by finding ground states of Hamiltonians. This avoids the sign problem that N_1 N_1
comes with path mtegral formuloah.ons.. | | | o ]:[M,X _ Z X, ﬁM’XY _ Z Xan—l—l 1 ?n?nJrl-
= The Quantum Approximate Optimization Algorithm (QAQOA) [1] is one of the leading variational —0 n—0
quantum algorithms. Its design is underpinned by the adiabatic theorem. = The algorithms were ran on the quantum computing simulator Qiskit Aer and GradientDescent was
= Variants of QAOA have been proposed that involve counterdiabatic driving, which is a technigue used as the classical optimizer with 300 iterations.
that speeds up the adiabatic process. = \We measured the success of the algorithms through approximation ratios, where the final
= Here we look at using QAOA and its counterdiabatic variants to prepare the ground state of the expectation value is divided by the exact Hgcpyinger 8round energy. The algorithms are ran
Schwinger model to show how counterdiabatic driving can be used to improve the vacuum state multiple times so an average is taken of the approximation ratios.
preparation of gauge theories by quantum computers. = Instead of choosing a single flpc, we allow it to change in each layer by running the

counterdiabatic algorithms with each possible ADC from the pool and fix the one with the highest

The Schwinger model average approximation ratio as the ADC for that layer.

= The results for Hy; = P[M,X and Hy; = ]:]M7XY are shown in figures 2 and 3 respectively.

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

. . . 4 qubits 6 qubits
= To run on a gquantum computer we place the theory on a lattice using staggered fermions and then —.— Approximation ratio=1  -«- DC-QAOA  -=- CD-mixer —.— Approximation ratio=l  -+- DC-QAGA  -=- CD-mixer
map fermions to spin variables using Jordan-Wigner transformations [2] to get “*~ QAOA ~* CD-inspired -+~ CD-prob ~*~ QAOA “+- CD-inspired -+~ CD-prob
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= The adiabatic theorem: A quantum system that starts in an eigenstate of a time-dependent N o 3;3: T
Hamiltonian that is discrete, non-degenerate, and evolving slowly enough, will remain in that R T e — S -+
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eigenstate throughout the time evolution. 0.1 e O +omnmmmT T
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= E.g. If we want to find the ground state of the Hamiltonian Hp, we can consider a different Layer Layer

Hamiltonian Hj; with a known ground state and evolve under: | o | | . . |
Figure 2. The average approximation ratios of the algorithms with Hy; = H)j; x for the Schwinger model for layers 1 to 5

H, (A(t)) = (1= X)) Hy + \t)Hp, and qubit number 4, 6, 8 and 10. The model parameters are a = 5/6, g = 1, m = 0.35 and § = 0.
where A(t) € [0,1] for ¢t € [0, T]). QAOA is based upon an approximate evolution under H,;.
= Counterdiabatic driving [3,4] speeds up this evolution process by adding the term A4, to H,; 4 qubits 6 qubits
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= The nested commutators in the above generates an operator pool and a single operator Ap¢ is ©07] v 07 ,
chosen from it to appear in the counterdiabatic algorithms. g |~ o6 v
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QAOA and its counterdiabatic variants aver ever
- 8qubits | 10 qubits
= For these algorithms we start with a Hp and a Hj; with ground state |¢), and create an ansatz T e e e eed e oo e e ed v Cooner
state by applying a series of unitaries p times to |g). p is referred to as the number of layers. W oo ————————1
= The unitaries that we have in each layer define the algorithms. The possible unitaries are s B #-mmmmmTTTT e =R R e T -
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where v, 8 and « are variational parameters. The algorithms will have up to three sets of variational 5 08 A : - 5 P g
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= The expectation value of Hp in the ansatz state is then calculated. A classical optimizer is used to E: . 2061
optimize the variational parameters such that they minimize this expectation value. This process 0.6 ;‘ : : : : ; : : ; :
repeated many times and leads to the ansatz state getting closer to the ground state of Hp. Layer Layer
" The algor|thm§ W,e W,l” lQOk at are QAOA, D,C_QAOA 6], CD-inspired 7], CD-mixer [8] and Figure 3. The average approximation ratios of the algorithms with Hy = f]M,Xy for the Schwinger model for layers 1 to 5
CD-prob. Their circuit diagrams are shown in figure 1. and qubit number 4, 6, 8 and 10. The model parameters are ¢ = 5/6, g = 1, m = 0.35 and 8 = 0.
(a) QAOA (b) DC-QAOA
Ansatz state |, 3) Ansatz state [, B, o Discussion and conclusion
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lg) L Compute 9 | " For Hyp = Hjyy x, QAOA does not perform well but DC-QAOA, CD-inspired and CD-mixer are
U@ | FO®) |t | s 8) | e | | Um() > mﬂ,iﬁmﬁi‘ﬁfﬂ’@ able to give significant improvements for above 1 layer.
) ] " i * For Hyp = Hyy x, QAOA performs well but CD-inspired is able to consistently outperform it while
L J L Jl\ ) al J U ) \ ) the other counterdiabatic algorithms do not.
Update =, 8 Update v, 8, « = Due to having a simpler ansatz state, the state produced by CD-inspired has a reduced number of
T ( Classical } T ( Classical } gates and circuit depths than QAOA, making it easier to run on an actual quantum computer.
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