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Complex Langevin, thimbles and tensor networks

solutions to the sign problem
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The numerical sign problem is the recurring obstacle that appears in Monte Carlo studies
of many systems in high energy physics. To tackle such problems, several techniques
had been introduced with different advantages and disadvantages. Here, we will discuss
three of the most promising ones: the complex Langevin method (CLM), thimble
simulations, and the tensor network approach.

For the CLM, we apply the technique to the two-dimensional U(1) gauge theory with a
theta term which, although is exactly solvable, suffers from a severe sign problem in
the Monte Carlo simulation. For the CLM to reproduce the correct result, a certain
condition based on the distribution of the drift terms must be satisfied. We find that the
naive implementation of the CLM only works in the weak-coupling region, where
another problem—the topology freezing problem—occurs. We also find that the validity
issue of the CLM and the topology freezing are trade-off problems that cannot be solved
separately. The solution to this is the introduction of a topological defect on the lattice,
where even though the notion of topology is sacrificed, the issues of topology freezing
and validity of CLM are both solved simultaneously in the continuum limit.

For the thimble calculation, we consider a new approach to simulating the path integral
using the hybrid Monte Carlo (HMC) algorithm. Despite the common knowledge that
performing HMC on the original manifold is slower than performing on the deformed
manifold, we show that the first approach can be done equally fast with the use of the
backpropagating technique. We demonstrate the success of this technique on the real-
time path integral in 1+1-dimensional quantum mechanics, where the sign problem is
known to be extremely severe.

Finally, we discuss the application of the tensor renormalization group (TRG) approach
to two-dimensional gauge theories. In particular, we propose a way to efficiently
construct the fundamental tensor using character expansion. We also discuss the
behavior of large-N gauge theories from the viewpoint of the tensor network. We also
discuss the theories with a theta term and also propose a new kind of large-N volume
independence which only appears in the strong-coupling region by looking at the
behavior of singular values of the tensor.
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