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“Nonequilibrium phases of matter: An introduction and recent developments”
* Lecture 5: Dr. Neill Lambert (RIKEN)
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Tensor Network Formulation
- Basic Concepts and Applications -

Tomotoshi Nishino (Kobe University)

Tensor network (TN) formulation has
been applied to a variety of problems in
statistical and quantum physics. In this lec-
ture we start from the basic concepts and el-
ementary structure of TN. In particular, we
focus on the matrix product (MP), which
satisfies important aspects of TN, which
are the representability of a wide class of
states and the computability in the appli-
cations to practical problems. It should be
noted that a large portion of states we con-
sider in physics, such as low-energy states
and thermal equilibrium states, are less en-
tangled. This physical property enables us
to precisely approximate, or sometimes ex-
actly represent, those states under consid-
eration. The TN study starts from believ-
ing in such a representability, although it
should be verified afterward; the state you’d
like to analyze can be expressed by TN.

The TN is constructed by means of con-
tracting tensors. Thus there are so many
adjustable parameters, and this is the rea-
son why TN has a high potential of ap-
proximating a wide class of states. On the
other hand, there are two many parame-
ters to be optimized, and therefore compu-
tational treatment is avoidable in the TN
formulation. There are several numerical
algorithms for this purpose. The density

matrix renormalization group (DMRG) is a
well known example, which optimizes the
MP part by part successively. The numeri-
cal processes in DMRG can be naturally un-
derstood from the variational principle with
respect to the MP state (MPS). Within a
limited time, let us glance at other represen-
tative algorithms, such as corner-transfer
matrix (CTM) formalism, time evolving
block decimation (TEBD) scheme, multi-
scale entanglement renormalization Ansatz

(MERA), etc.

Probably we have some time to see appli-
cations of TN formalism to correlated sys-
tems. A big progress has been achieved by
the TN renormalization (TNR), where the
flow toward the fixed point in renormaliza-
tion group (RG) is correctly captured. I
conjecture that, some time in far (7) future,
a sort of layered TN enables us to express a
macroscopic system that contains classical
information, from the view point of quan-
tum mechanics in microscopic world.

References

[1] Please access the following web page to
capture the daily developments in this
field: http://quattro.phys.sci.kobe-
u.ac.jp/dmrg/condmat.html
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Critical phenomena and scaling:
from bubble breakup to kirigami mechanics

Ko Okumura

Physics Department, Ochanomizu University

Critical phenomena in statistical physics are mathematically singular behaviors of
physical quantities as a function of thermodynamic variable at a critical point. Near the
critical point, the singular behaviors are characterized by scaling laws. Although the
critical point is non-universal, the scaling exponents are universal for any materials (or
models) if they are in the same universality class. Understanding of physical or
mathematical mechanism for the emergence of universality was one of the central topics
in physics in 1960’s and, currently, is a highlight in the master course in physics.

P. G. de Gennes noticed a deep analogy of this thermodynamic problem with scaling
that appears in polymer physics, after he understood a preprint written by K.G. Willson.
As a result, two papers, one by Willson and the other by de Gennes were published on
February 28, 1972. This day revolutionized physics, specifically, the history of statistical
physics and that of polymer physics, at the same time, leading to two separate Nobel
prizes in 1985 and 1991.

In the first part of the lecture, we give a brief overview on physical understanding of
critical phenomena and its relation to polymer physics. In the second part, we give two
more analogies with the thermodynamic problem [1]. One is associated with the dynamics
of bubble breakup, a topological transition of the shape [2]. The other appears in a
mechanical transition when kirigami, a paper with cuts of a certain pattern, is extended
[3]. We hope the audience will enjoy analogy in physics, from the three examples, which

are all seemingly quite different but share common features!

[1] BAF W, TENRIRPIBE A AR L. 214 H, HAFFH: (2020 4)

[2] Hana Nakazato, Yuki Yamagishi, and Ko Okumura, Self-similar dynamics of air film
entrained by a solid disk in confined space: A simple prototype of topological transitions, Phys.
Rev. Fluids 3, 054004 (2018)

[3] Midori Isobe and Ko Okumura, Continuity and discontinuity of kirigami’s high-
extensibility transition: a statistical-physics viewpoint, Phys. Rev. Research 1,
022001(R)(2019)
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Thermodynamics of information: An introduction

Takahiro Sagawa

Department of Applied Physics, The University of Tokyo

In the nineteenth century, J. C. Maxwell considered a hypothetical being that can observe
and manipulate individual atoms and molecules, which leads to the apparent violation of the
second law of thermodynamics. Such a being was named Maxwell's demon and has been an
issue of intense controversies from the viewpoint of the foundation of thermodynamics.
Nowadays, it is realized that information is the key concept to understand the consistency
between the demon and the second law.

In this decade, thermodynamics of information has attracted renewed attention in light of
modern nonequilibrium statistical mechanics, both theoretically and experimentally (see [1]
for a review article). Theoretically, a general formulation of the second law has been
established, where information contents, such as Shannon information and mutual
information, and thermodynamic quantities, such as work and heat, are treated on an equal
footing. Experimentally, Maxwell's demon has been realized by real experiments with
various systems in both the classical and quantum regimes.

In this lecture, I will talk about a general theory of thermodynamics of information, starting
from a brief introduction to nonequilibrium statistical mechanics and information theory.
Specifically, I will focus on the generalization of the second law and the fluctuation theorem
by incorporating information contents, leading to a general resolution of the paradox of
Maxwell’s demon. [ will also talk about experimental realizations of Maxwell’s demon by
using colloidal particles and single electrons. Moreover, I will talk about a more advanced
framework of thermodynamics for autonomous information processing, such as biochemical

information processing, where continuous information flow plays a significant role.

[1] J. M. R. Parrondo, J. M. Horowitz, T. Sagawa, Nature Physics 11, 131-139 (2015).



Vol.9 No.2 (2021) 092501

SQP Autumn School 2021

Nonequilibrium phases of matter: An introduction and recent
developments

Kazuaki Takasan'+?

"Department of Physics, University of California, Berkeley, 2Material Science Division, Lawrence
Berkeley National Laboratory

In the past decade, the development of experimental techniques has made it possible to realize and
observe nonequilibrium states in many-body quantum systems, including solid-state systems and
atomic-molecular-optical (AMO) systems. Theoretical researches have also been stimulated by this
development and nonequilibrium quantum phenomena have become an important research subject in
condensed matter physics in recent years. Using such nonequilibrium phenomena, it has become
possible to realize quantum phases far away from equilibrium as steady or metastable states. Here, we
call such states nonequilibrium phases of matter. They are not contained in the equilibrium phase
diagram and are considered to be a new frontier, where exotic phases difficult to be realized in
equilibrium (e.g., room temperature superconductivity) can be realized. In this lecture, I will start with
an overview of the nonequilibrium phases of matter. I will present the background of the developments
and what kinds of phases have been gathering interests in recent years.

Then, among the nonequilibrium phases of matter, I will focus on Floguet systems and non-
Hermitian systems in this lecture. In Floquet (periodically driven) systems, the approach called Floquet
engineering has been proposed to realize the desired quantum state by choosing an external drive and
has been actively studied both theoretically and experimentally [1]. In particular, related experiments
in solids driven by strong laser light are still challenging and gathering great attention recently [2]. In
this lecture, I will explain the idea of the Floquet engineering for photoinduced phase transitions in
solids, and then introduce several basic theoretical examples and corresponding experiments. If time
allows, I will explain our works in this direction [3]. Non-Hermitian systems have attracted renewed
attention in recent years thanks to the developments in the AMO experiments [4]. Since the recent
developments are too rapid to be covered in this lecture, I will focus on asymmetric hopping models,
which is the simplest example of the non-Hermitian topological phases [5]. Also, I will explain the
related projects, where we introduced a model similar to the asymmetric hopping model and showed

that the model can be regarded as a quantum analog of active matter [6].

1] T. Oka and S. Kitamura, Annu. Rev. Condens. Mat. Phys. 10, 387-408 (2019).

21J. W. Mclver, et al., Nat. Phys. 16, 38-41 (2020).

3] KT, A. Daido, N. Kawakami, Y. Yanase, Phys. Rev. B 95, 134508 (2017).

41Y. Ashida, Z. Gong, M. Ueda, Adv. Phys. 69, 3 (2020).

5] Z. Gong, Y. Ashida, K. Kawabata, KT, S. Higashikawa, M. Ueda, Phys. Rev. X 8, 031079 (2018).

[
[
[
[
[
[6] K. Adachi, KT, K. Kawaguchi, arXiv:2008.00996.

]
]
]
]
]
]



Vol.9 No.2 (2021) 092501

"Open Quantum Systems: from qubits to quantum biology"

Neill Lambert

Theoretical Quantum Physics Laboratory, RIKEN Cluster for Pioneering Research, Wako-shi, Saitama
351-0198, Japan

In this talk | will discuss the role of noise in both quantum technologies and quantum biology. | will
begin with an introduction to how noise is treated within quantum mechanics, and how we can
obtain open-system dissipative models by including an environment in the closed system model and
tracing it out. | will then discuss the importance of such models through practical examples in QuTiP
[1], our open-source library, with a focus on how to model Noisy Intermediate Scale Quantum
Technologies and quantum circuits.

| will then give an overview of why many of the same models can be used to study examples in
guantum biology, including photosynthesis and avian magnetoreception. Finally, | will show what
happens when the approximations in these approaches break down, and we must move to more
sophisticated “non-Markovian” methods [3], where the environment begins to regain quantum
features that we had earlier discarded.

[1] www.qutip.org

[2] Scholes, G., Fleming, G., Chen, L. et al. Using coherence to enhance function in chemical
and biophysical systems. Nature 543, 647-656 (2017). Lambert, N., Chen, YN., Cheng, YC. et
al. Quantum biology. Nature Phys 9, 10-18 (2013).

[3] Lambert, N., Ahmed, S., Cirio, M. et al. Modelling the ultra-strongly coupled spin-boson
model with unphysical modes. Nat Commun 10, 3721 (2019).
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Introduction to some basic notions of modern machine learning
Takashi Mori
RIKEN Center for Emergent Matter Science (CEMS)

Deep learning has achieved unparalleled success in various applications such as image
classification, speech recognition, natural language processing, and natural science.
Remarkably, in modern machine learning applications, impressive generalization performance
has been observed in an overparameterized regime, in which the number of trainable parameters
of the network greatly exceeds the number of training data samples. Theoretically, it is
recognized that the generalization error shows the so called double-descent curve: the
generalization error first increases but at a certain threshold starts to decrease as the number of
parameters increases. It is surprising because what we have learned in traditional statistical
learning theory is that such an overparameterized network exhibits poor generalization due to
overfitting to the training data. To understand the success of modern machine learning, a new
theoretical framework would be demanded.

My lecture consists of two parts. In the first part, I first try to give an overview of theoretical
studies of modern machine learning, including my own attempts [1, 2], with emphasis on
physics perspective. [ will explain double-descent curve and its implications, benefits of depth
of neural networks [1], and Langevin dynamics approach to learning dynamics [2].

In the second part, I show you an analytical derivation of the double-descent curve in a
simple linear regression problem. I will make a brief comment on what happens in more

involved situations which are relevant to modern machine learning applications.

[1] Takashi Mori and Masahito Ueda, "Is deeper better? It depends on locality of relevant
features", arXiv:2005.12488

[2] Takashi Mori, Liu Ziyin, Kangqgiao Liu, and Masahito Ueda, "Logarithmic landscape and
power-law escape rate of SGD", arXiv:2105.09557.





