
Quantum tensor networks: From spin glasses to quantum transport

The complex interacting many-body system can be characterized by correlations between its com-
ponents. Recognizing the structure of such correlations and the state’s resulting geometry can lead
to efficient simulations and detailed descriptions of complicated many-body phenomena. The latter
proves to be a very challenging problem that typically requires sophisticated numerical methods. One
of the families of such methods is based on quantum tensor networks, which emerged recently as a
powerful and precise tool to describe interacting quantum many-body systems. The success of tensor
networks steams from the possibility of compressing an enormous amount of information, determining
the many-body state, and representing it as a combination of small, manageable pieces. Two condi-
tions have to be met to apply the machinery of tensor networks. Firstly, the state to be described
has to allow for such a reduction. The amount of entanglement between different components of the
system determines if that is possible. Secondly, one has to extract the relevant information about the
state from the tensor network itself – which is not always possible.

The goal of this project is to push the applications of tensor networks in two situations. One
deals with the details of electron or particle transport in nano-junctions. Those nanometer-scale
devices appear in a variety of contexts at the forefront of research and applications, including ultra-
precise nano-scale sensing devices, nano-scale electronics, or quantum dots and their applications for
quantum computing. Detail theoretical description of that class of problems is, however, extremely
challenging. Many remaining open questions regard the precise influence of various interactions on
the properties of the junction. Those naturally are of capital relevance for designing new useful nano-
devices. Tensor network approaches were limited here due to the dynamical non-equilibrium nature
of the problem. Current flowing between spatially separated parts of the system builds significant
entanglement between them. That severely limited the applicability of tensor network methods in
this case. Very recent, we showed, however, that there are representations of the setup which enjoy
only limited entanglement. The existence of such representations promises to push the boundaries
of tensor network methods, efficiently represent stationary current flowing through the junction and
simulate “un-simulatable” transport problems. At the same time, this paves the way to address some
of the fundamental questions and provide deep insights into the physics of such systems.

The second goal of the project focuses on disordered classical spin (spin-glass) systems. One
can envision such a system as a network of arrows. Depending on the nature of interactions, the
neighboring arrows prefer to point either in the same or opposite directions. Frustration means that
all the constraints cannot be satisfied simultaneously. Finding the optimal configuration of arrows
becomes virtually impossible for a large network. It is an example of the so-called NP-hard problem.
An algorithm that can efficiently answer this class of question is universally believed to be impossible.
While the ultimately best answer is typically inaccessible, people employ many heuristic approaches
to find reasonable answers. The most prominent is the Monte Carlo method. However, they can
get trapped in local minima, where a hard-to-find large cluster of arrows would have to be flipped
to improve the solution. Such discrete optimization problems appear widely in physics, machine
learning, and engineering. As an illustration of their prominence, it is worth noting that famous D-
Wave quantum-simulators’ very goal is to tackle such problems. The D-Wave machine operates on
a low-dimensional structure. In that case, the problem possesses a relatively compact representation
as a tensor network. Extracting relevant information from such a network is, however, a formidable
challenge. This proposal aims to push the tensor network-based methods to unravel the shapes of the
clusters mentioned above. They provide many distinct but good answers to choose from and, at the
same time, describe the geometry of solutions space. Finding the exact limitations of such an approach
could have significant implications for quantum hardware’s future development. Simultaneously, it
should provide new ways to improve the sampling performed by Monte Carlo methods and may pave
the way to address some of the fundamental questions regarding the typical properties of such clusters.

We want to exploit structure to develop efficient simulations for transport. In contrast, for spin
glasses, we want to exploit simulations to find structure. Such objectives naturally feed off each other
and reflect a truly interdisciplinary character of tensor network techniques.
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