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Quantum annealing
(Classical) Combinatorial optimization

Ground state of Ising model
I_Ils.ing = _Z‘Jijaiaj _Zhiai (Gi = il)

« Travelling salesman problem

« Machine learning / Artificial intelligence
* Protein/ polymer folding

« Power grid optimization

« Medical problems



Quantum Annealing (QA)

e Metaheuristic: Generic, approximate algorithm

« Search by quantum fluctuations
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Quantum annealing
Formulation
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D-Wave Machine

Washington Chip V7
1,152 qubits
128,000 Josephson couplings



Master eqn vs. Schrodinger eqn

Random J;; (Spin glass) with 8 spins () = 3
1 e d— Jt
0.8 - _ Schrodinger eqn.
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Master eqn.
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Kadowaki & Nishimori (1998)



T vs I': Hopfield model
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Amit, Gutfreunt, Sompolinsky (1985)



T vs I': Hopfield model

H—_ZJU olo;-T) o} (T =0)
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Nishimori & Nonomura (1996)



Adiabatic quantum computation

E Farhi et al (2001)
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Computational complexity
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2"d order phase transition
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QA and classical
stochastic dynamics




Classical to quantum mapping
Simulating SA by QA
cf: Castelnovo et al (2005)

Classical dynamics of Ising model (T:fixed)
H, (o), oc={6,,0,,...,04}

dt - (oo o)
— At — At —t/ T reax . 1
P(t)=P,+tae ™ +tae™ +... & Crelax 7
T=T.: Tuu < N*(2ndorder), €™ (1storder)

A, o« N (2nd order), e™" (1st order)



Construction of quantum Hamiltonian
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H_.=H_._ («detailed balance) = Hamiltonian
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Classical phase transition = Quantum phase transition
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Example: 1d Ising model

Hy(o) = _ZGjGj+1

———taﬂhﬁzfﬂ O~ Z(COSh g —sinh® p 0;10;4)0;

Zcosh 23

TFII\/I = ZG O —FZO'}( Phase transition at I'=1

Exactly solvable =) Glauber’s solution

Tsuda, Knysh, and Nishimori, Phys. Rev. E 91, 012104 (2015)




Quantum to classical mapping

Simulating QA by SA
W - _e_%Ho(G) lee%Ho(o')

Restriction: H__.<0 (c#0o') («W_.>0)
Eigenvalue shift: Hg'® =0

Perron - Frobenius: ¢ >0  o={5,,0,,....0,)

Deﬁne ISing . HO(G) — —2|n ¢o('0) cf. SA tOQAZ¢((TO) :e—zﬂHo(G)

Non-local : H, (o) =C—Zhj0j —ZJ--G-G- —...—Jy0,0,...04
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Relation of simulated annealing
and quantum annealing
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Conclusion

QA is effective in solving combinatorial optimization.

Classical to quantum mapping:
Same spatial dimension, short-range to short-range

Quantum to classical mapping:
Same spatial dimension, short-range to long-range
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