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Use of aQuantum Annealer in optimization
problems
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Quantum computing is becoming a new paradigm in computational physics, with two complementary emerg-
ing approaches, the circuit-based technology and the quantum annealers such as D-Wave. To better under-
stand the software and the hardware performances of these new technologies, we have started to investigate
how to solve a general optimization problem with the Quantum Annealer D-Wave thanks to a 2021 grant by
Q@TN (Quantum Science and Technology in Trento) for Access to the CINECAQuantum Computing facility.
As a first use case, we have selected the physics of phase transitions in two systems: the well known Frustrated
Ising Model \[1\] and the more challenging Graphene honeycomb lattice \[2\]. The solution of these problems,
presented in this work, open the possibility to master these new computing techniques and to extended them
to other problems of interest for the INFN community. The Quantum Annealer can be exploited for particles
and nuclear physics problems and in principle for any minimization task, both in fundamental and applied
studies.

The Ising model with nearest-neighbor interactions on the two-dimensional (2D) square lattice is the simplest
model to study the ferromagnetic to paramagnetic transition. On the D-Wave, we have implemented a more
complex Ising model with the addition of competing antiferromagnetic interactions between the diagonal
neighbors with two coupling constants J1 and J2. With this configuration, the Hamiltonian is represented as
a graph which is embedded into the D-Wave hardware topology with a given connectivity degree. This em-
bedding is crucial since the D-Wave topology is different from the topology of the starting graph: moreover
each calculation is performed with different connections among the qubits and gives a slightly different result.
We study the behaviour of the solution with different annealing parameters, such as the chain strength and
the annealing time. The magnetization plot in Fig. 1 is promising, since we can identify the phase transition
by varying the ratio between the ferromagnetic and antiferromagnetic couplings.
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Fig. 1 caption: Magnetization transition phase. The plot shows a conventional behavior when
a material has a transition phase. Near the transition point, the lattice reaches its maximum com-
plexity, and the error associated with the measure increases in value. The quantum annealing
simulations are performed on two dimensional square lattice with L=20x20.

We propose to apply the same technique to study the magnetism of Graphene with a Hubbard-like Hamilto-
nian: the mapping of such a complex Hamiltonian to an Ising form is a new, emerging and not trivial activity.
First results have been obtained for simple molecules \[3\] by rewriting the second quantization Hamiltonian
in terms of Pauli spin matrices: this technique, that relies on the use of ancillary qubits in addition to the orig-
inal lattice, has been recently proposed for a Fermi-Hubbard problem \[4\]. The use of aQuantum Annealer to
explore the unique properties of Graphene could also speed up the theoretical investigation of the properties
of this material for innovative sensors and detectors \[5\].
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