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Fig.1 Instantaneous energy gaps between the ground state and first excited state
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Fig. 3 Instantaneous energy gap between the ground state and the first and second excited states
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Fig. 5 Residual energy of 3 kinds of annealing algorithm in the random transverse field Ising model
S5 LTI ARG RR T ORI B TR ) Bk 52 B A B OB CRIE A R b OB )
BES R 58 A BRI B BRBE MRS . B ) Bk S EAE TR SIS — 5 203 T T BE S i 4

=]
3 HRIF

Xt 8 1) R S EL A P 4 B AL 70 P A T 1B KORR AT B 9. SR AR 2 T BRI L T
o 17 K 28 EL A P ) 3 K A0 e T A A R 5 5 X TR VR A TG AT AR T Y Bk i A A R L A TR
KBCRBEARA 118 KA — A PAERFAE ) T 24 A9 1 200 AT A 31 FE LR 3w i, 1
R Bl Y 2 2 AR O 1 0B O ) S AR PR R AR B 2L IR SRS PR R IR K — R AR

S E 3k

(1] b TAR, 2=k, 2. & iR Sk ur s gk R LT i LT 5t 5 & &, 2008,45(9) :1501-1508.

(2] Fw. Fret ek & M. dbat . i 42Kk 2= ekt . 2004 :17-35.

(3] SRAEE M, RS04 55, SRR = Y4 48 ) A VR A AR LR K BRVE L . 1AL 2% 3, 2009,32(11) : 2147-2156.

[4] KIRKPATRICK S C,GELATT C D,VECCHI M P, et al. Optimizationby simulated annealing[ ]]. Science,1983,220
(4598) ;671- 680.



%1 ULV . S R TR ) R 52 AR T R BE LS O AL A B TR KRR 11

[5]
(6]

7]

(8]

9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

HOPFIELD J J, TANK D W. Computation of decisions: A model[ J]. Science,1986,233(4764) :625-633.
KADOWAKI T. Study of optimization problems by quantum annealing[ D]. Tokyo: Tokyo Institute of Technology,
2002 :15-40.
MARTONAK R,SANTORO G E, TOSATTI E. Quantum annealing by the path-integral Monte carlo method: The
two-dimensional random Ising model[ J]. Physical Review B,2002,66(9) :351-363.
LORENZO S,SANTORO G E. Quantum annealing of an Ising spin-glass by Green's function Monte carlo[]J]. Phys-
ical Review E,2007,75(3):036703.
SARJALA M,PETAJA V,ALAVA M. Optimization in random field Ising models by quantum annealing[ J]. Journal
of Statistical Mechanics; Theory and Experiment,2006,16(1):79-107.
KADOWAKI T,NISHIMORI H. Quantum annealing in the transverse Ising model[ J]. Physical Review E,1998,58
(5):5355.
BOIXO S,ALBASH T,SPEDALIERI F M,et al. Experimental signature of programmable quantum annealing[ J].
Nature Communications,2012,4(3) :131-140.
BOIXO S,RONNOW T F,ISAKO S V,et al. Evidence for quantum annealing with more than one hundred qubits
[J]. Nature Physics,2014,10(3) :218-224.
FYTAS N G,MARTIN-MAYOR V. Universality in the three-dimensional random-field Ising model[ ] ]. Phys Rev
Lett,2013,110(1):019903.
AT ARG ZE. = 4E Tsing BB A9 545 R B BT ] PR, 2009, 26 (6) :937-941.
T E AR, g ol T R R AT R B R LT ] AL DR 5 4%, 2015,37(3) :429-433
HWIME, ERE. & FANE UL ] 78S KRR %24 41 . 2015, 28(2) : 131-138.
CAO Huaixin, GUO Zhihua, CHEN Zhengli. CPT-frames for non- Hermitian Hamiltonians[J ]. Commun Theor-
Phys.2013,60(9) :328-334.
SEMKIN S V,SMAGIN V P. Bethe approximation in the Ising model with mobile impurities[ ]J]. Physics of the
Solid State,2015,57(5) :943-948.
MEILIKHOV E Z,FARZETDINOVA R M. Effective field theory for disordered magnetic alloys[ J]. Physics of the
Solid State,2014,56(4) :707-714.
ALAVAI M,DUXBURY P,MOUKARAEL C,et al. Exact combinatorial algorithms: Ground states of disordered
systems[ M |. New York:Phase Transitions and Critial Phenomena,2001:143-317.

Quantum Annealing of the Random-Field Ising Model
Based on Transverse Ferromagnetic Interactions

ZHANG Hongtao'?, DAI Yongtao"*, TU Lingying'*

(1. Nanoelectron Technology and Micro-system Laboratory, Hubei University of Technology, Wuhan 430068, China;
2. School of Electrical and Electronic Engineering, Hubei University of Technology, Wuhan 430068, China)

Abstract: Through the numerical analysis of the instantaneous ground state and the first excited state, the advantages of

quantum annealing based on the transverse ferromagnetic interactions are presented. Using the Bethe approximation as an

algorithm for practical implementation, the simulation results are given accordingly. Then the residual errors of conven-

tional quantum annealing, quantum annealing by transverse ferromagnetic interactions, and simulated annealing are com-

pared. The results show that the proposed algorithm can effectively improve the convergence speed of traditional quantum

annealing in the random-field Ising model. And the best performance of quantum annealing can be achieved by using the

choice space of the quantum fluctuation.
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