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Using machine learning and especially neural networks, we study excitations in topological quantum spin
systems that cannot be analyzed with conventional numerical techniques.

Numerically analyzing quantum spin systems poses a massive problem to conventional methods, such as
exact diagonalization or tensor networks, because of the exponential growth of the Hilbert space in
quantum systems, thus limiting conventional numerical techniques to relatively small sizes in two (or
three) dimensions. On the other hand, neural networks have demonstrated a remarkable ability to find and
describe strongly entangled quantum states in large quantum systems, because of their ability to generalize
and interpolate data.

We have used neural networks as trial wave functions with variational quantum Monte Carlo to find the
ground state of the Toric Code, a famous toy model hosting a topologically nontrivial ground state that
can be used for topological quantum computation and error correction.

In our project, we have confirmed the known results for the pure Toric code, demonstrating the ability of
neural networks to find and describe the exact topological ground state. We also confirmed the ability of
the neural network to correctly describe braiding and the action of loop operators that are necessary for
quantum computation. We then extended the Toric code, including perturbations such as a magnetic field
or the Heisenberg interaction. This is an important step as, in experimental situations, an exact
reproduction of the Toric code will not be possible but will include small perturbations. Using neural
networks, we were able to analyze the effect of such perturbations on the topological ground state. We
found that for intermediate strong perturbations, the topological ground state persists, and topological
quantum computation remains possible. However, we found that the loop operators that are used to
manipulate the Qubits must be changed when the Heisenberg interaction is present. This is a significant
result as it shows that perturbations make modifications of the operators necessary, which will be used as
gates in topological quantum computation.

These research results were obtained as a collaboration between Kyoto University and Hamburg
University. Here, it was invaluable for the researchers from Kyoto to visit Hamburg, as the face-to-face
discussions facilitated a deeper exchange of ideas and insights regarding these results. Besides discussions
concerning the obtained results, we also discussed the future prospects of this project.

S DB /Prospects for future research collaboration

During the visit of researchers from Kyoto University to Hamburg University, we also discussed future
research directions in this project. Particularly interesting in this respect is the direct simulation of error
correction in topologically nontrivial systems such as the Toric code. While error correction is theoretically
established in the exact Toric Code, it is unclear whether it is possible under more realistic conditions,
including real-time evolution, perturbations of the system, and erroneous gates. Using neural networks and
time-dependent variational Monte Carlo, we can analyze error correction directly under more realistic
conditions.

Furthermore, while the Toric Code is an effective model, more realistic models with topologically
nontrivial ground states for topological quantum computing exist. Thus, we also want to extend our
research to analyze these models, such as the Kitaev hexagonal model or quantum spin liquids on the
Kagome lattice.

The stay of the Kyoto researcher also enabled discussions about the simulation of quantum
thermodynamics with neural networks. There, the calculation of the entropy or the partition function plays
a central role that poses problems which have not yet been overcome. In the future, we would like to
employ specific mathematical techniques to bring forward the research in this area.




