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We study statistical-mechanical properties of mean—-field models to reveal an effect of various types of
quantum fluctuations against the efficiency of quantum annealing (QA).

Quantum annealing is a quantum computation model to solve combinatorial optimization problems by taking
advantage of quantum fluctuations. Since combinatorial optimization problems can be expressed as finding
global minimum of a scalar function (cost function) with binary variables, the problems are equivalent
to searching the ground state of Ising spin systems. Quantum annealing can find the ground states through
the simulation of quantum system that is governed by the Schrédinger equation. The Hamiltonian of the
system consists of two parts: problem part and driver part. The problem part corresponds to cost function.
The driver part must not commute with the problem part, and induce quantum fluctuations into the system.
A central issue of QA is to reduce the running time needed to solve the problems. It has been reported
that the conventional QA using the transverse—field term as the driver Hamiltonian requires
exponentially—long time for certain problems such as the ferromagnetic p—spin model.

Quantum phase transition is closely related to the efficiency of QA. According to the finite—size scaling
theory, systems that undergo a second-order quantum phase transition have polynomial decay of the minimum
energy gap in the vicinity of the phase transition point. It is known that the required running time of
QA is evaluated by the inverse square of the minimum energy gap. Since the running time of QA increases
at most polynomially, QA is efficient for the problem. On the other hand, systems with first—order phase
transition typically have the minimum gap that decays exponentially. Hence, QA fails to find the ground
state in a reasonable time except special cases. We can thus estimate the efficiency of QA by analyzing
the degree of quantum phase transition of the system.

A solution to avoid the difficulty mentioned above is to use a degree of freedom of QA. Although many
studies adopt the transverse—-field term as a driver part of the Hamiltonian, there is no restriction to
use the term. The present dissertation shows that first-order quantum phase transition can be avoided
by using the degree of freedom

We first show that the first-order quantum phase transition in the ferromagnetic p—spin model can be
avoided by using quantum fluctuations induced by transverse antiferromagnetic interactions. We analyze
the phase diagram of the model by using the mean—field analysis. The results indicate that the first-order
quantum phase transition changes to the second-order quantum phase transition thanks to the
antiferromagnetic term. In addition, we calculate the minimum energy gap of the model. The results show
that the running time of QA with the antiferromagnetic term increase at most polynomially

We next study the quantum Hopfield model to check if the antiferromagnetic term is effective for random
spin systems. We adopt the Hopfield model as a random spin system because the model is expected to cover
a wide range of randomness. We use the mean—-field analysis again, and the replica method to deal with
the randomness. The results indicate that the antiferromagnetic term is also effective for certain random
spin systems.

Finally, we investigate an alternative way to avoid first—order quantum phase transitions by using the
Wajnflasz—Pick model. The classical Wajnflasz—Pick model is known as a model whose phase transition can
be controlled by adjusting the orders of degeneracy of the upper spin state and the lower spin state
Through the mean—-field analysis of the quantum Wajnflasz-Pick model, we find that the order of quantum
phase transition of the model can be also controlled by the orders. Furthermore, we show that the order
of quantum phase transition depends on a transition factor between the degenerate states which is considered
as a degree of freedom of quantum systems.




