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Supervisor’s Foreword

It is indeed a great pleasure for me to write this foreword to the Ph.D. Thesis of Sho
Sugiura, whom I refer to as Sugiura-kun. He established a new formulation of
quantum statistical mechanics, according to which all quantities of statistical
mechanical interest including thermodynamic functions, are obtained from a single
pure quantum state.

Twenty years ago, I had given a lecture on the statistical mechanics at the
University of Tokyo. During the lecture, I stressed that almost all microstates with a
macroscopically equal value of energy, are the equilibrium state specified by that
energy value. This fact, recently called ‘typicality’, was said to be realized for
classical systems a by Boltzmann and Gibbs. For the quantum systems, it was
proved by von Neumann many years ago, and by many researchers in the last
decade.

When I had lunch with Prof. Hukushima, a good colleague of mine, he said
“You insist that typicality is the heart of statistical mechanics. If so, it should be
able to formulate statistical mechanics using only a single microstate. Is it really
possible?” This conversation motivated me to explore a new formulation with
Sugiura-kun.

Although the typicality suggested that statistical mechanics could be formulated
using a single microstate, it actually gave only ‘mechanical variables,” such as
energy and particle density. It seemed impossible to obtain ‘genuine thermody-
namic variables,” such as entropy and thermodynamic functions, from a single
microstate. Furthermore, all the previous studies on the typicality were formulated
in the microcanonical setup, which specifies equilibrium states by extensive vari-
ables such as energy. Microstates which represent equilibrium states in the
canonical and grand-canonical setups were unknown. For these difficulty and
limitation, it was impossible to formulate statistical mechanics using only a single
microstate.

Sugiura-kun and coworkers have currently resolved these problems. They have
constructed various pure quantum states, called thermal pure quantum (TPQ) states,
which represent equilibrium states. The TPQ states include a microcanonical one, a
canonical one, and a grand canonical one. Furthermore, they have also presented



vi Supervisor’s Foreword

several formulas for obtaining ‘genuine thermodynamic variables’ from a single
microstate. Therefore, their formulation can fully replace the conventional Gibbs
formulation. This new formulation of quantum statistical mechanics is called the
TPQ formulation, according to which all quantities of statistical mechanical interest
are obtained from a single TPQ state.

This Ph.D. thesis by Sho Sugiura is the first book on the TPQ formulation.
I believe that the reader will enjoy the thesis very much. I expect the thesis will also
be useful for practical calculations because the TPQ formulation is shown to pro-
vide a good numerical method.

I am grateful to Sugiura-kun for many enlightening discussions, efforts, and
considerations. I’d like to close my foreword by mentioning the delightful fact that
this work has rewarded him with an opportunity to greet and chat with the 124th
Emperor of Japan, when he was awarded the won the JSPS Ikushi prize.

Komaba, Tokyo, Japan Prof. Akira Shimizu
June 2017
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Chapter 1
Introduction to Thermal Pure Quantum
State Formulation of Statistical Mechanics

Consider a glass of water placed gently on a table. The glass of water always relaxes
to an equilibrium state, which are specified only by several physical quantities such
as temperature and a volume. After waiting for a while, the glass of water still
stays in the same equilibrium state. That is, when one measures quantities such as
its temperature, volume, pressure, density, and so on, they always take the same
value within the range of fluctuation. Thermodynamics is the theory which predicts
properties of the equilibrium states in macroscopic systems. All thermodynamic
predictions are obtained from thermodynamic functions such as entropy and free
energy.

By contrast, if one can observe a glass of water in a microscopic scale, water
molecules are moving on and on, and the microscopic state is changing continu-
ously. This microscopic world is described by quantum (or Newtonian) mechanics.
However, it is virtually impossible to know the microscopic state completely in the
system which has Avogadro’s numbers of particles. Moreover, even if we know it,
we still do not understand why the macroscopic quantities such as the density and
the pressure stay invariant, while the position and the momentum of each particle
are changing.

Statistical mechanics is the theory which connects the gap between the micro-
scopic world and the macroscopic one; it enable one to derive thermodynamical
predictions from microscopic mechanics. To obtain the macroscopic predictions, we
conventionally assume two principles in statistical mechanics. One is “the principle
of equal a priori probability (PEPP)”, and the other is “Boltzmann’s entropy for-
mula.” Using these assumptions, statistical mechanics has achieved great success in
every field in physics for over a century.

However, the justification of these principles has not yet been revealed. Especially,
attempts to explain the PEPP from the microscopic mechanics have a long history
[1-4]. Ergodicity, which tries to derive the PEPP from time evolution of a system,
had been investigated thoroughly [2, 3, 5, 6] but has hardly succeeded in deriving
it yet. Instead of the ergodicity, many statistical physicists nowadays believe that
typicality among states [7—17] should be the foundation of statistical mechanics.
The typicality is the property that almost all the realizable state can be regarded as

© Springer Science+Business Media Singapore 2017 1
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2 1 Introduction to Thermal Pure Quantum State Formulation ...

the equilibrium state, and the ratio of non-equilibrium states are vanishingly small.
Namely, we can almost certainly observe the equilibrium value when we prepare
a single microstate and measure it. From this viewpoint, the PEPP, in which we
take average over all the realizable states, is understood to be a very sufficient way
to obtain this equilibrium value (or a way too much). Since the typicality can be
the foundation of statistical mechanics, it has been proposed by many physicists,
including Boltzmann, von Neumann [2], Schroedinger [4], and so on. Furthermore,
with the recent development of quantum information theory [18] and experimental
techniques to examine quantum mechanics, the typicality has been attracting much
more attentions. However, “genuine thermodynamic variables” such as entropy and
temperature cannot be obtained in these studies. Without the genuine thermodynamic
variables, a new formulation of statistical mechanics cannot be made.

In this thesis, I establish the formulation of statistical mechanics based on a pure
quantum state [19-21]. In this formulation, I fully utilize the typicality in quantum
systems. I generally call the pure quantum states which are regarded as the equilib-
rium states “thermal pure quantum (TPQ) states.” I extend the typicality so that it
is applicable to the genuine thermodynamic variables such as entropy and temper-
ature. Thus, not only the mechanical variables such as energy and magnetization,
but also the genuine thermodynamic variables can be obtained using a single real-
ization of the TPQ state. I introduce many kinds of the TPQ states which include
a “(grand)canonical TPQ state,” which is specified by intensive variables such as
temperature, and a “microcanonical TPQ state,” which is easy to generate. Owing to
these results, I establish the new formulation of statistical mechanics based on the
TPQ states. These findings do not only deepen our understanding of the foundation
of statistical mechanics, but also enable efficient numerical calculations. I apply the
TPQ formulation to the the spin-1/2 kagome Heisenberg antiferromagnet and find
out a new behavior of the specific heat.

The equilibrium state is represented by mixed quantum states in the conventional
formulation using the ensembles. By contrast, the TPQ states are pure quantum states,
and thus, they are completely different from the conventional equilibrium states in
microscopic sense. In fact, we can detect the difference between them by measur-
ing quantum entanglement, which quantifies quantum-mechanical correlations. The
entanglement of the TPQ states are large, and especially at high temperature, almost
maximum. On the other hand, the entanglement of the conventional equilibrium
states are small and vanishing to zero as temperature increases. Namely, the TPQ
formulation employs the completely different microstates from the conventional
ones. Nevertheless, both microstates are regarded as the same equilibrium state as
far as we look at the macroscopic quantities.

The contents of this thesis are as follows: In Chap.2, I briefly survey the dis-
cussions of the foundation of statistical mechanics. Among them, the typicality in
quantum system gives the strongest predictions. In Chap. 3, I define the TPQ state
and introduce the cTPQ state. In Chap.4, I introduce another TPQ state, the mTPQ
state. The mTPQ state puts more weight on practical applications than the cTPQ
state. In Chap. 5, the physical properties of the TPQ state are discussed further. The
TPQ states are applicable to the linear response theory. Here, the TPQ formulation
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works just like the ensemble formulation. However, fluctuation of the TPQ states
and that of the states in the ensemble formulation are represented in different forms.
Moreover, when we observe the quantum entanglement, these states are completely
different. In Chap. 6, I give transformation formulas among the TPQ states. These
transformations enable us to perform the efficient calculations using the TPQ states.
In Chap. 7, I examine the TPQ formulation as a numerical method. The TPQ formu-
lation is applied to the spin-1/2 kagome Heisenberg antiferromagnet (KHA), which
is one of the popular frustrated quantum models.
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Chapter 2
Typicality and Ergodicity

2.1 Typicality and Ergodicity in Classical Statistical
Mechanics

The PEPP is the postulate that all the possible microscopic states appear in the
same probability. Since all the probabilities for the states are severely restricted by
this postulate, it is counter-intuitive and thus many people have tried to justify it
microscopically. In many textbooks, ergodicity of the state is often referred for the
justification of PEPP. However, it is not physically realistic and cannot be the justifi-
cation, although ergodic theorem itself has brought fruitful mathematics. Instead of
the ergodicity, I introduce the typicality for the interpretation of PEPP. In this section,
I review these points in a classical setup.

2.1.1 Ergodicity and Its Problems

When we employ a microcanonical ensemble in statistical mechanics, an equilibrium
value is obtained by microcanonical ensemble average,

_ Je-se<papitan=e A Apiic g} AT

{(A)me W

2.1)

where ({p;}i, {gi};) is a set of positions p; and momentums g; for all particles (i is an
index of particles), A ({p;}i, {¢g:}:) is a value of a physical variable A for ({p;}i, {g:}:),
E isenergy, (E — AE, E]is an energy shell, dI" = I1;dp;dg;, and W is the number
of states

W= dr. 22)
E—AE<E({pi}i{qi}i)<E

© Springer Science+Business Media Singapore 2017 5
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6 2 Typicality and Ergodicity

The averaged value over time is

1 T
{A)ime = lim ?/o A{pi®}i qi(0)}) dr (2.3)

— 00

where ({p; (t)}:, {q:(¢)};) is a set of positions and momentums at time 7. Ergodicity
is the property that the microcanonical ensemble average value of every physical
variable A is equal to the time average value of it, i.e., for VA,

<A>mc = <A>time- (24)

In Newtonian mechanics, the ergodicity is proved for some models. However, even if
Eq. (2.4) holds, the time for the state ({ p; ()}, {g: (¢)};) to evolve over all the possible
states Toyolve 18 Usually too long to measure. Tuyolve €asily exceeds the lifetime of the
universe. Namely, we cannot wait for T,ove coming, even if the ergodicity holds.
On the other hand, we do not need to measure the physical quantities for a long time
~ Tevolve to know the equilibrium values in reality. For example, when we measure
the temperature of a glass of water for a minute, we can obtain the equilibrium value
of it. Therefore, the ergodicity will not be the reason why the ensemble average gives
the correct equilibrium value. In addition to this, Teyove increases exponentially as the
size of the system increases. In contrast to this, statistical mechanics is an asymptotic
theory whose prediction gets closer to thermodynamics as the system size increases.
Hence, the ergodicity seems to have nothing to do with the foundation of statistical
mechanics.

2.1.2 Typicality in Weak Sense

In Sect. 2.1.1, we saw that ergodicity cannot be used for the basis of statistical
mechanics. Alternatively, we can easily prove that “weak typicality” among states
can be substituted for the PEPP.

The weak typicality is stated as follows: Let a macroscopic physical variable A
be extensive, that is, when a system gets x-times larger, a value of A also gets x-
times larger. For example, energy, magnetization, number of particle are the extensive
variables. I say that the weak typicality for A holds if Y& > 0, ¥system size V, such

that
vV AA?
<e (2.5)
%4
where

AA? = J{AUp:i ()i, {ql(vtv)}l) (A)ens} dF. 2.6)
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Since the number of particles increases linearly as V increases, v/ A A2 also increases
as V does. However, the weak typicality postulates that v/ AA2 = o(V). It means
that if I prepare a state for sufficiently large V randomly among all possible states,

A({pi®)}i {qi (@)}
a0, (a0} = 242 (’)}V la: )} 0.7

rarely deviates from its ensemble average. Therefore, I do not need to assume the
PEPP to obtain the thermodynamic predictions from Newtonian mechanics. Since
the PEPP restricts all the realizing probability of the possible states, it is a stronger
assumption than the weak typicality. If I only assume the weak typicality instead of
PEPP, a({p;(¢)};, {g:(t)};) takes the value which is equal to the ensemble average
within a negligible error.

Inversely, I can also show that the weak typicality is proved from PEPP. I assume
that PEPP, the Boltzmann’s entropy formula, and the convexity of entropy, i.e.,

2
d°S(E,A,V) <0

—r , 2.8)

where S(E, A) is entropy and I omit variables except for energy E, some physical
quantity A, and the volume V. By the definition of the Boltzmann’s formula, I get

W(E, A, V) =explS(E, A, V)] (2.9)
=exp[V{s(u,a; V)}] (2.10)

where s(u,a; V)= S(E,A,V)/V,u=E/V,anda= A/V.s(E, A; V) take the

maximum at a* where
as(u,a; V)

da a=a*

=0. (2.11)
Expanding the rhs of Eq. (2.10) around a*, I get

W(E, A, V) = exp[V{s(u,a*; V) +5"(u,a*; V) — a*2) + O ((a - a*3))}]
2.12)

where
st(u, a,V)

" *
s (u,a™; V) =
( ’ ’ ) 8(12 a=a*

<0 (2.13)
and s”(u, a*; V) is ©(V°). Therefore, W (E, A, V) behaves like a Gaussian distri-

bution with a peak at
a=a* (& A=Va" (2.14)

and the width |
Aa® = @(7) (& AA% = O(V)). (2.15)
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When one specifies the value of energy but does not specify that of a, a may take
various values. However, since limy_, oo Aa? = 0in Eq. (2.15), not only the ensemble
average takes a™* but also the values of a of almost all the possible states take a* with
errors vanishing to zero with increasing V. This is the proof of the weak typicality
for a derived from the above three assumptions, PEPP, the Boltzmann’s entropy
formula, and the convexity of entropy. Since the Boltzmann’s entropy formula and the
convexity of entropy are always assumed in a usual situation, the PEPP automatically
implies the weak typicality.

In summary, the weak typicality is sufficient for obtaining thermodynamic predic-
tions. Although the PEPP is the sufficient condition for the weak typicality, it is not
the necessary condition for it. Therefore, one may expect that the weak typicality is
more fundamental than the PEPP in statistical mechanics. However, this discussion
of the weak typicality focuses only on the extensive variables. We cannot apply the
above discussion to other variables; for example, fluctuations, one-particle observ-
ables like its position, and inensive variables are excluded. I do not know whether
this discussion is extended to these variables. Thus, the justification of statistical
mechanics using the weak typicality in this form is not completed.

2.2 Typicality and Ergodicity in Quantum Statistical
Mechanics

In Sect. 2.1, I have explained that neither ergodicity nor PEPP is necessary to obtain
thermodynamic predictions of some extensive variables in classical system, but the
weak typicality is sufficient. For quantum systems, [ will show that ergodicity gener-
ally breaks down [1-5], but typicality is proved in a stronger sense than what I have
explained in classical statistical mechanics [6—11]. I call it “strong typicality.” The
strong typicality is stated as follows: First, the expectation value (|1/f|A1p) for any
“mechanical variables” (defined in this section) is close to the microcanonical ensem-
ble average under a natural probability measure of the coefficients {c,},. Second, the
difference between (| |A1ﬂ) and the ensemble average is of the order exp[® (— V)],
which immediately vanishes to zero as V increases. It will turn out that the strong
typicality can substitute for the PEPP as a principle of statistical mechanics.

2.2.1 Ergodicity in Quantum Mechanics

Let me consider an arbitrary quantum pure state |er¢) in a energy shell (E -3 E, E].
It can be written in a general form,

Verg) = D caln). S = {(nlu, € (E — 8E, E1} (2.16)
nes



2.2 Typicality and Ergodicity in Quantum Statistical Mechanics 9

where {c,}, is a set of coefficients and |n) is an energy eigenstate, H [n) = uy|n).
The time evolution of [i/) is

Verg(0) = D coe™ 7! ), 2.17)

and the expectation value of |1/ (¢)) for an operator Ais

(Verg (Al Yerg (1) = D crene ™ (n| Alm). (2.18)

n,m

Then, the time average of the expectation value is

R S n
(A)ime = lim — / (Verg (D] A Yrerg (1))
T—oo T [y
o 1 (T,
_ Z * 2 Ly =)t
= c Cp{nlAlm) lim / e (2.19)
o T—o0 0
=D creninlAlm)8, (2.20)
= > lea*(nlAln) 2.21)

On the other hand, the microcanonical ensemble average is

A 1 A
(A)me = — ;mmm), (2.22)
where d = dim.¥ . Therefore,
(A)ime 7 (A)me, (2.23)

holds for all observable A, if and only if

1
leal? = = (2.24)
d

for Yn. Except for the case of Eq. (2.24), the ergodicity does not hold in quantum
statistical mechanics, As I have emphasized, ergodicity is too strict and unneces-
sary statement. The failure of the ergodicity is because the ergodicity tries to prove
Eq. (2.23) for all observables, which include arbitrary N-body correlations. For the
foundation of statistical mechanics, therefore, we have to think seriously what kind
of operators we look at. This leads to the understanding of the strong typicality.
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2.2.2 Strong Typicality in Quantum System

We examine the typicality in quantum systems. The discussion in Sect. 2.2.2 mostly
follows Refs. [8]. We consider a state |/ z) in an energy shell;

[VE) = Z cyln). < ={nlu, € (E —S8E, E1} (2.25)
nes

Here, {c,}, is a set of coefficients labeled by n, |n) and u,, are energy eigenstates and
corresponding energy eigenvalues, respectively. Since the question “Is it typical?”
depends on a measure. We introduce the probability measure P({c,},) into {c,};.
Although |{£) looks the same as |Yerg), {Ca}n in |Yg) is random variables in this
case. In order to make the measure be natural for quantum systems, we impose
two conditions to P({c,},): (1) Invariance—The measure should be invariant under
arbitrary unitary transformations. (2) Normalization—{c,}, should be normalized;
> |ca)? = 1. Therefore, P({c,,},) should be

rd-1/2
P({cal) = (2 12 (Zmﬁ—l) (2.26)

where d = dim.¥. . .
Under this measure [13], the variance of (Y g|A|Y¥g) — (A)mc 1S calculated as

A2 A2
Y= (A) )2 _ {(AA% e + <A>Mc’ 2.27)

(tweldive) - i

where 7~ denotes the random average of - - -, and (AA2) e = (A — (A)mc)?)me. In
Eq. (2.27), the denominator of the rhs is exp[® (V)], and the numerator is the order
of polynomial of V for any mechanical variable (defined in Sect. 2.2.3). Hence,

the rhs of Eq. (2.27) = exp[—© (V)]. (2.28)

This result means that almost all |g)’s give correct results which are close to the
microcanonical ensemble average. In this sense, the typicality holds. Moreover, the
error shown in Eq. (2.27) is exponentially small as V increases. This error is much
smaller than ®& (%), which is the error of the weak typicality for classical systems in
Sect.2.1.2. Hence, I call this typicality a “strong typicality.” The strong typicality is
the most important property for statistical mechanics based on pure quantum states.

I note that the measure given in Eq. (2.26) is simple and natural but not necessary.
I expect that the typicality will hold for other reasonable probability measures of
{c,}n T also note a possible interpretation of |{g). In the ensemble formulation of
quantum statistical mechanics, equilibrium state corresponding to microcanonical
ensemble is
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. 1
pyic = = D In)(nl. (2.29)
ne.s
Then, I can show that
pme = Ve (VE]. (2.30)

Hence, |Y/£) can be interpreted as a single realization of a pure quantum state from
Omc of the form of Eq. (2.30).

2.2.3 Mechanical Variables and Genuine Thermodynamic
Variables

In a macroscopic system, we do not measure all of the possible observable, but mea-
sure several macroscopic observables such as magnetization and correlation func-
tions. I call these macroscopic observables as “mechanical variables (MVs)” and
define them in a rigorous way [12].

Def.) Mechanical Variables
A mechanical variable is a quantum-mechanical observable which is low-
degree polynomials of local operators and satisfies the condition that

(AZ);?SV < K(B)V*"for all 8, V. (2.31)

Here, a function K () and a constant m are positive and independent of Aand V.
I make A dimensionless by dividing an appropriate unit. Since I have fixed m, the
number of independent MVs Nyy is @ (V™).
Returning to the main result, we can rewrite Eq. (2.27) by using Markov’s inequal-
ity as
1 {AA%)me + (A

P(|Weldive) — (Ae| z ) = 5 =—HCTENE .3

where P(---) denotes the probability of event - - -. Therefore, the probability that
all expectation values of the MVs for |¢/£) do not deviate from the corresponding
ensemble averages is estimated as follows:

. . N2 . .
P( > |weldive) - (| zs) < MV max gy (tad2mc + (D)
AeMV



12 2 Typicality and Ergodicity

Since Nyy is @ (V™), the rhsis still exp[@ (— V) ]. Hence, a single realization of | g)
for sufficiently large V correctly gives all equilibrium values of the MV's simultane-
ously.

The number of mechanical variables Nyy is exponentially smaller than d, which
is the dimension of the Hilbert space in the energy shell. Thus, even when we measure
all the MVs, we cannot identify a pure quantum state but almost all |/ g) return the
same value for all the MVs.

However, entropy and temperature are notincluded in this discussion, because they
cannot be represented as a MV. If one stick to represent these variables as quantum
mechanical observables, they become N-body operators in general, while low-degree
polynomials of local operators are the only MVs. In contrast to quantum mechanics,
any equilibrium values for macroscopic variables including entropy and temperature
are obtained from any of the thermodynamic functions in thermodynamics. I call
these macroscopic variables except for the MVs “genuine thermodynamic variables
(GTVs)” [12].

Def.) Genuine Thermodynamic Variables
Genuine thermodynamic variables are observables which are not M Vs but can
be derived from entropy.

For example, (inverse) temperature is the derivative of entropy with respect to
energy. Free energy is obtained by Legendre transformation of entropy. Hence, they
are GTVs.

2.2.4 Canonical Typicality

Using the results in Sect.2.2.2, it is revealed that the subsystem of the [/ ¢) is almost
identical to the Gibbs state in that subsystem [6, 7, 14—18]. Let the total system be
a composite of system () and environment (E), and the interaction between S and
E be negligible. The size of the system is v, and the size of the environment is V.
Here, we consider the case v < V. We assume the Hamiltonian

H = Hy + Hg, (2.34)

where the support of Hy is on S and that of Hy, is on E. We prepare |{g) of the total
system. The reduced density matrix of [{g) in S is

ps = Trpllye) (Yell. (2.35)

Next, let AS be an arbitrary observable in S. Ng, which is the number of As, scales
as O (v") while the total dimension of Hilbelt space d in Eq. (2.33) scales as O (v").
Here, v is a constant, e.g., v = 2 for the spin-1/2 model and v = 4 for the Hubbard
model. Hence, using Inequality (2.33), we get
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N2

> reldsive) = (o] = ¢ ) = 22 =

As

S max, ((AA hMc + (AS)MC) .

(2.36)
Since the rhs is exp[® (— V)], we show that |{/£) gives equilibrium value for all the
observable in S. I note that A s includes v-body correlations, which is a microscopic
quantities for the system S. Since v < V, the v-body correlations are low-degree
polynomial for the total system. Therefore, |g), which is the pure state of the total
system can give all equilibrium value for observables in S.
When two quantum states give the same expectation value for all the possi-
ble observable in the subsystem S, these state are identical in S. Namely, ps =~

¢~PHs /Tr[e=PHs] where B is temperature such that

(Hp)§", = E. (2.37)

The expectation value of any observable AinS gives

(elAlye) = (A)Y, (2.38)

with the exponentially small error. This is so-called “canonical typicality” [7].

2.3 Summary and Discussions of this Chapter

In this section, we saw that the ergodicity is physically nonsense for the justification of
the PEPP. Moreover, it breaks down in quantum system. Thus, we saw the typicality
among states. Even in classical system, we can show the weak typicality, which is
enough to obtain thermodynamic predictions for some extensive variables. However,
it may not be sufficient for the foundation of statistical mechanics. In quantum system,
the strong typicality was shown. Owning to the exponentially large Hilbert space, all
equilibrium values of the MVs, which include even a position of a particle and higher
order fluctuation, can be predicted from a single pure state in the strong typicality.
The strong typicality can be another principle of statistical mechanics by substituting
the PEPP. It will be also expected that the exponentially small error enable us to apply
such a pure state to practical applications.

However, the GTVs such as entropy are excluded from the MVs. From any of
the thermodynamic functions, all the thermodynamic predictions are derived. Since
the genuine thermodynamic variables are related closely to the number of states
through Boltzmann entropy formula, it may seem to be difficult to obtain them from
a single pure quantum state. In addition to this, we do not know whether there exist
pure quantum states which are specified by intensive variables such as temperature
and chemical potential. For practical applications, it is also preferred that such pure
quantum states can be generated easily, but we do not know how. I will answer these
questions positively from now on. Here, I summarize the important points in this
chapter:
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Lesson:

As far as we look at MVs, we can neither distinguish different realizations of
[¥£)’s, nor do |[¢) from pyc.

Finding Of Previous Works:

The probabilistic error of |Yg) is exp[® (—V)], which is much smaller than
that of the weak typicality, O (%).

Questions:

Can we obtain the genuine thermodynamic variables from a single realization
of a pure quantum state?

By specifying the intensive variables, can we generate pure states which are
regarded as equilibrium states ?

How to construct these states?
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Chapter 3
Canonical Thermal Pure Quantum State

As I have briefly surveyed in Chap. 2, there is the possibility that a pure quantum
state can represent the equilibrium state. In this section, I define the pure state which
can be regarded as the equilibrium state. I call it a thermal pure quantum (TPQ) state
[1]. I also introduce other TPQ states corresponding to other ensembles [2]. I show
that the equilibrium values of both the mechanical variables (MVs) and the genuine
thermodynamic variables (GTVs) are obtained from a single realization of the TPQ
state. Using these findings, I establish statistical mechanics based on the TPQ states

[2].

3.1 Definition of Thermal Pure Quantum State

I define the TPQ state as follows [1]:

Def.) Thermal Pure Quantum State
ConsiQer a state |1/) which has random variables, For Ye > 0, if 35y (¢) such
that VA € MVs,

pf | 1A (AYene
(1Y)

> 6) = nv(e) (3.1

and ny (€) i 0, I call |4) a TPQ state.

Here, (- - -)ens 1S the ensemble average. For example, |{g) in the Sect. 2.2 is a
TPQ state, by definition. However, it is not the only TPQ state corresponds to the
microcanonical ensemble, but various kinds of pure quantum states can be the one.
© Springer Science+Business Media Singapore 2017 15
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Furthermore, since I do not restrict the ensembles to the microcanonical one in
Eq. (3.1), there can be TPQ states correspond to the canonical and other ensembles.
These TPQ states are the main focus in this chapter.

3.2 Introduction of Canonical Thermal Pure Quantum
State

In this subsection, I introduce a TPQ state corresponds to the canonical ensemble. I
call it a canonical TPQ (cTPQ) state. Firstly, I consider

. BH | .
li; B, V) = exp [—T] i), (3.2)

where {|i)}; is a set of arbitrary orthonormal basis. The exponential function

exp [— ’STH] works as an energy cutoff. However, when I choose |i) randomly among

{]i)}, this state may not be regarded as the TPQ state. To show this, I use these two
results.

(B VIAIB V) s

(i; B, VIi; B, V)
~ 2i ~ 2i
i B VIAG B VY xne ([ B VIAIG B V) 4 e
( (i B.VIi: B, V) _<A>“’) Z( Z(B.V) W“’)
(3.4)
< ((AAD)Y, 3.5)

Tr|exp(—BH)A
where 7= denotes the average over all {|i)};, (A )%“i, = %, Z(B,V) =

Tr[exp(—BH)], and ((AA)? ey =((A—(A YEVE -

I evaluate the lhs of 1nequa11ty (3.4). Firstly, the equality in inequality (3.5) is
attained, for example, if {|i)}; is a set of energy eingenstates and A is Hamiltonian
H. When this equality is attained, I get

i

2
— <A>§‘?;,) > ((AAY. (3.6)

(i; B, VIAli; B, V)
(i; B, VI0i; B, V)

Therefore, what I need to evaluate is (( AA) )%“S When the system is consistent with
thermodynamics [3], we can usually expect Eq. (2.15), that is,
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(adryty —0( : ) 3.7)
@Ay, W '

Using Eq. (3.7) and (A )%"2, = O(V™), the lhs of inequality (3.4) can be larger than
©(V?"~1). The condition (3.1) is violated in this case. Hence, |i; 8, V) is not always
the TPQ state. The failure of |i; B, V) is because I employed some specific basis
{]i)}. For example, when I employ {|i)} as a set of product states and [H S 1=0,
li; B, V) conserves S, of the initial state |i). Thus, |i; 8, V) can have an initial state
dependence. In order to avoid this dependence, I should use a set of random vector
as the basis.

Learning from this lesson, I consider a state |8, V') which is the superposition of
all |i; B, V)’s with random coefficients z;’s

H
B, V) =D ziexp [—’37} li). (3.8)

Here, z; = (XJ’—;” is a random variable, where x; and y; are real random variables,

each obeying the unit normal distribution, and {|i)}; is an arbitrary orthonormal basis
set spanning Hilbert space. Since the probability measure of {z;}; is invariant under
any unitary transformation, the dependence on the basis |i) vanishes owing to the
introduction of {z;};. I will show in Sect. 3.3 that |8, V') satisfies the condition of the
TPQ state. I call this the canonical TPQ state.

In the conventional statistical mechanics using the ensemble formulation, the
equilibrium state specified by temperature is represented by a Gibbs state,

. exp[—BH]

=G (3.9)

In Sect. 3.3, I will show the following two results. First, using the cTPQ state |3, V),
the genuine thermodynamic variables are obtained from the length of the vector
|B, V). Second, MVs are obtained from its expectation values. In this sense, the
cTPQ state is the counterpart of the Gibbs state in the formulation of statistical
mechanics based on the TPQ states. Although I do not assume the PEPP, which is
one of the basic principles in the ensemble formulation, I will reveal in Sect. 3.4 that
the random variables {z;}; substitute for the PEPP in the TPQ formulation.

I notice that the TPQ formulation is applicable even if the dimension of Hilbert
space is infinite [4]. Since |8, V) is the superposition of infinite number of states in
such a case, one might think its norm would diverge and |8, V') would be ill-defined.

However, the exponential function exp [—ﬂTH] cuts off high energy states and the
norm of |8, V) becomes finite.
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3.3 Main Results

In this section, I see some important results of the cTPQ state. The detailed calculation
will be shown in Sect.3.7. In Chap.2, we do not have any formula to obtain the
genuine thermodynamic variables from a single realization of |yg). As the GTVs
are related to the number of the microstates, one may think that it is impossible to
evaluate from a single pure state. However, since |8, V') is an unnormalized vector, I
will show that the normalization constant contains the information of the density of
state, and thus, the free energy is obtained from the normalization of the cTPQ state,

1
fB:v) = _V_ﬁln(ﬁ’ VIB. V). (3.10)

with the stochastic error getting exponentially small as V increasing. Here, f(8; V)
is the free energy density, f(8; V) = w This stochastic error is the error coming
from the random variables {z;};. I estimate this error and get

((B. VIB, V) — (B, VIB. V))2 =Z(Q2B. V). (G.11)

In order see that the variance is negligibly small as compared to the average, I divide
the variance by the average:

( (B-VIB.V) 1)2 _ZQB.Y)
(B.VIB. V) Z(B.V)
1

e [2vB (£ vy - 15|

(3.12)

Since f(ﬁ; V)—f(é; V) = 0and © (V?), therhs of Eq. (3.12) is exp[—© (V)]. This
result is rewritten by using a Markov-type inequality. The inequality is as follows:
Let x be a real random variable and y a real number, then for arbitrary € > 0,

P(lx —y| > €) < (x — y)?/€?, (3.13)

Using this inequality, I show that the length of the cTPQ state rarely deviate from its
average, Z (B, V). For any positive constant €,

P(‘M—l‘ze)g ! . (3.14)
B, VIB, V) e2exp[2VB{f(1/2B; V) — f(1/B; V)]

This inequality indicates that the probability that (8, V|8, V)/ (B, V|8, V) deviates
from 1 is exponentially small. Thus, from a single (8, V|8, V') gives the free energy
correctly within the exponentially small error.
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Once we get the thermodynamic functions, any equilibrium values of the MVs
and the GTVs are obtained from the derivatives of them. However, the ensemble
averages are practically more useful to get the equilibrium values of MVs in the
ensemble formulation. In the TPQ formulation, the equilibrium values are obtained
from the expectation values of MVs using the TPQ states, i.e.,

(A) gy = (A (3.15)

with the error being exponentially small. Here,

(A> = (B VIAIB, V) V). (3.16)

(B, VIB. V)

Just like the ensemble average, calculating the expectation value is more useful than
calculating the derivative of the thermodynamic function. I estimate the upper bound
of the error of Eq. (3.15). Dropping smaller order terms, I get

_ <(AAA)2>ens + (<A>ens ( )ens )2
TPQ ens \2 28,V 28,V
(057 = O = Soavatram ) —raspoon 17
where ((AA)Z)ens —((A (A )enb )2 )"'nS Using inequality (3.13), I get
FTPQ ens 1 QA5 + (A5 — (A
PR~ = <) = S mvatram e v s v 1

Since the rhs of inequality (3.18) is smaller than exp{TZH(’V)]’ inequality (3.18) means
that the expectation value of cTPQ state is very close to the ensemble average. This
result is similar to inequality (2.32) of |/g). However, the rhs of inequality (3.18) is
controlled not by entropy but by the free energy. This is a consequence of not using
the TPQ state whose energy is specified but using the TPQ state whose temperature
is specified.

To sum up,

Genuine Thermodynamic Variables

The norm of a single realization of the cTPQ state gives the free energy. Its
error is exponentially small as shown in inequality (3.14). From the free energy,
any equilibrium values of genuine thermodynamic variables are obtained.
Mechanical Variables

For any A € MVs, the expectation value of a single realization of the cTPQ
state gives the equilibrium value correctly. Its error is exponentially small as
shown in inequality (3.18)
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I'have shown that a single realization of the cTPQ state is sufficient to evaluate any
quantities which are interesting in statistical mechanics. Therefore, a new formulation
of statistical mechanics based on the TPQ state is established.

I notice that All the terms in the rhs of inequalities (3.14) and (3.18) can be
estimated by the cTPQ state itself. Thus, the cTPQ state evaluates its error from its
own results. This self-validating property is useful in practical applications.

3.4 Mechanism

If the cTPQ state is regarded as an equilibrium state, its energy density converges to
some value. I will show that the cTPQ state has a sharp-peaked energy distribution
in the energy shell. In this subsection, I assume the dimension of the Hilbert space
dim.sZ is finite for the simplicity. Even when dim.7Z is infinite, the calculation in this
subsection will be easily extended. When dims7” < oo, the cTPQ state is rewritten
as

BH
|B, V) =exp [_T] [¥0), (3.19)

because the norm of |) is finite and thus |) is well defined. Here,

o) = D zili). (3.20)

Then, I expand [1/y) by energy eigenstates basis:

Wo) = D zaln) (3.21)

where |n) is an energy eigenvector such that fz|n) = u,|n), I notice that random
variables z,, have an invariant probability measure under any unitary transformations.
Therefore, {z,}, has the same probability measure as {z;};.

I define an energy distribution g(u) as

gwy= > |l (3.22)

ne. (u)

where .7 (1) = {n|u, € (u—3§, u]}. Although each |z, |? takes random value, the law
of large numbers works for the sum g(u), because dim. (1) = exp[Ns(u; V)] =
exp[® (N)] at finite temperature. Therefore, the sum g(u) converges to the density
of states, i.e.,

gu) >~ g(u). (3.23)
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For the cTPQ state |8, V) = exp[—%] [Y0), the energy distribution & (u) is

hawy = > Jzl? expl-Vpu] (3.24)
ne. (u)

~ g(u) exp[—Vpu] (3.25)

=exp[V (s(u; V) — Bu)]. (3.26)

The rhs of Eq. (3.26) is the same as the energy distribution of the Gibbs state at the
same temperature. Since the rhs of Eq. (3.26) has a peak at ™ such that

Bw Vil _ g (3.27)

I expand the rhs around # = u* and get.

Zs(u*; V)

h(u) >~ exp |:V (s(u*; V) + e

w—u")*+ 0 ((u— u*)3))j| . (3.28)

When the system is consistent with thermodynamics, entropy has to be a convex
function of energy, i.e.,
8%s(u*; V) -

o 0, (3.29)

at least for sufficient large V, and entropy is extensive, i.e.,
s V) = s@u®) + o(VY), (3.30)

where s(u*) is the entropy density for V' — oo and is the order of unity. Therefore,
Eq. (3.28) means that 2 (u) has a sharp peak at # = u* and the width of the peak
is @(\/LV)' Since the energy distribution of the cTPQ state is concentrated on the
target energy u™*, I can expect that the cTPQ state for large V will be regarded as the
equilibrium state at this energy. Namely, the cTPQ state and |{g) become almost
the same state at large V.

3.5 Thermo Field Dynamics

I also note that the TPQ states are completely different from “purification” [5] of
a density matrix such as thermo field dynamics (TFD) [6]. The purification is the
technique that every density matrix can be represented as a pure quantum state by
introducing ancilla’s degrees of freedom. In order to prove that the purification is
always available,  make an example of the purification for an arbitrary density matrix,



22 3 Canonical Thermal Pure Quantum State

p= wilihlih (3.31)

where {w;}; is a set of probability with D", w; = 1 and {|i),}; is an orthonormal basis
in J4. Let 3 be a copy of 7. Then, I define

V) € A @ 7 (3.32)

by
W) =D Jwilih ® ik (3.33)

Obviously, by tracing out .74 from |), I get

Trply)(¥| = p (3.34)

This “purified” pure state gives identical results to the density matrix. In the TFD, one
does not employ an orthonormal basis as {|7);};, but employs {|i; 8, V)}; defined
in Eq. (3.2). Then, the TFD reads

oy
W) = Z"Z(’;—V;l ® li)s. (3.35)

L
The TFD use the ancilla and exactly equivalent to the Gibbs state.

In contrast to this, the TPQ states do not use any ancillae. Since the corresponding
density matrix such as the Gibbs state is mixed, a single realization of the TPQ
states are quantum mechanically completely different from it. Moreover, different
realizations of the TPQ states are microscopically very different from each other.
However, thanks to a vast number of a degrees of freedom of a Hilbert space, almost
all the TPQ states are macroscopically identical to each other. They are also equivalent
to the corresponding density matrix macroscopically. This findings are the heart of
the TPQ state.

3.6 Grandcanonical Thermal Pure Quantum State

In light of the discussion of the cTPQ state, the TPQ state corresponding to the
grandcanonical ensemble is easily defined [2, 4]. I call it a grandcanonical TPQ
(gTPQ) state. Firstly, I begin with

| A .
i B, V) = exp[—zﬂ(H — uN)i), (3.36)
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where {|i)}; is an arbitrary orthonormal basis, and N is the number operator. Then,
I superpose |v; B, u, V)’s as

B VY= ziliz B, V). (3.37)

|B, 1, V) is the gTPQ state. All the results in Sect.3.3 hold for the gTPQ state by
substituting

Z(B, V) — E(B, v, V) = Trlexp{—B(H — vN)}] (3.38)
1

FB, V)= j(B,v, V)= i InE@B, v, V) (3.39)

(A — (A, (3.40)

The gTPQ state is introduced and discussed in Ref. [4].

3.7 Derivations of Main Results

In this subsection, I introduce the main results, formula (3.12) and (3.18).

3.7.1 Random Average and Variance

I consider two random variables f = fy + §f and g = go + Jg, where f and g
are their mean and §f and &g are their corresponding random variable, respectively.
I calculate an average and variance of f/g. First, [ expand f/g as follows:

+6 1 Sg 88
B —ran (1= 4% ) (341)
8o+ g 80 g &
5 fods  8fg  fodg
_Jo O Jodg 0% 0% oy aag)
8 8o 80 80 80

So, the average of f/g is

+ 0(8) (3.43)

(f0+3f): fo Wijo@

g + 3¢ g & g

and the variance is
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fo+df Jo+4f 8f  fodg =5
0(5° 3.4
(go+3g (go+88)) ( 2) oo .

— 253
Z%_ f05f5g+f058 + 0 (3.45)

5 g £

In order to calculate an average and variance of the form f/g, I need three terms,
8f2,8f8g, and 8g2. In the following subsections, I calculate these terms.

Before starting the calculation of respective problems in the following subsections,
I derive a formula of a general form. I calculate

(ol lwo) = ol Alwo) ) (ol Blvo) — (ol Blvo) (3.46)

At first, {z,,}, satisfies

=0 (3.47)
Z:;Zm - 8;1,m (3.48)
|z,]* = (3.49)
|zalPlzml* =1 (n # m) (3.50)
Z:2 zmzn = 0 (except for above two terms) (3.51)
Then, I get
(ol dlwo) = (ol dlwo)) (ol Blvo) — (ol Blvo) (3:52)
Z ZE2mZ Z (n| Alm) (0| Blm')
- Zz:zm<n|A|m> Z 2z (0| Bm') (3.53)
= Zw nlAln)(n|Bln) + D |zal?|zw P (n| Aln) (0| BIn')
n#n'
+ > 1zaPlzm 2 nl Alm) (m| Bln) — Zm (nlAln) D" 2w > (0| BIn')
n#m n'
_22 n|Aln)(n|B|n) + Z(n|A|n (m|B|m)
n#m
+ > (nlAlm)(m|Bln) = > (n|Aln)(m|B|m) (3.54)
n#m n,m
= > (n|Alm)(m|B|n) (3.55)

n,m
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3.7.2 Normalization Constant (Partition Function)

Now, I prove that the canonical TPQ state |8, V) gives the correct equilibrium values
by calculating the corresponding expectation values. Firstly, I see (8, V|8, V), which
works like a partition function. Its average behaves as

— 1
(B.VIB. V) = 3 2 exp(=Vpu,) (3.56)
=Z(B, V). (3.57)

Then, I see its variance.

(B, VIB, V) = (B, VIB, V)2 = (B, VIB. V)> — (B, VIB, V) (3.58)

In Eq. (3.55), this is the case of A = B = exp[—V Bh]. Thus, I get

(B VIB. V) — (B.VIB. V))> = > _(n|expl—2VBhlln) (3.59)
- Zexp[—ZV,Bu,,] (3.60)
= Z(2B,V) (3.61)

Thus, I get Eq. (3.12).

3.7.3 Mechanical Variables

Then, I consider an expectation value of mechanical variable, i.e.,

(B, VIM|B, V)
(B, VIB, V)

Using Eqgs. (3.43) and (3.45), I find that I need to calculate these two terms,

A S 2
((/3, VIMIB, V) — (B, VIMIB, V)) (3.63)

((ﬁ, VIMIB, V) — (B, VIMIB, V) (B, VIB, V) — (B, VIB, V) (3.64)

(3.62)

First, I calculate the term (3.63). Using Eq. (3.55) with A = B = exp[—1VBhIM
exp[—%Vﬂfz], I get
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2

(8. V1M1, V) = (8. VIMIB. V)

=> (n] exp[—%Vﬂfz]M exp[—VBhIM exp[—%Vﬂfz]ln} (3.65)

= > exp(—VBu,)(n|M exp(—Vph)M|n). (3.66)

Then, I calculate the term (3.64). Using Eq. (3.55) with A= exp[—%V,Bl;]A;[
exp[—%Vﬂfz] and B = exp[—Vﬂfz], I get

(8. V1M1, V) = (8. VIMIB. V) (8. VIB. V) — (B VIB. V)

l A A 3 ~
= Z(n| exp[—EV,Bh]M exp[—EV,Bh]m) (3.67)
= > (n|M|n) exp(=2VBu,) (3.68)
= (M)S},Z(2B. V) (3.69)
Now, I am ready to evaluate the average and the variance of (g, V|M 1B, V)/
(B.VIB, V).
(1) mean

Using Egs. (3.43), (3.61), and (3.69) and neglecting O (8*) terms in Eq. (3.43), 1
get the average

((ﬁ, VIMIB, V>) (B VIMIB, V)

(B, VIB, V) (B, VIB, V)
MY Z(28,V Y
_ _( )38V (/32 )+Z(2ﬂ, V)(ﬁ,VIMSIﬁ, V) (3.70)
(B, VIB, V) (B, VIB, V)
- _<M>§%S*VZ(22’3’ i + <M>%?SVZ(2§’ i (3.71)
(Z(B)) (Z(B))
(M), — (M), ) Z(2B, V)
:‘_( i ﬂz) ( (3.72)
(Z(B))
ZQp, V) (M5, — (M)
_ ( i ’”) (3.73)
Z(B,V)?
(M)ens _(M>ens
s rY (3.74)

T expl2VB(F(1/2B: V) — F(1/B: V)]
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(i1) variance : a rough estimate

Using Egs. (3.45), (3.61), (3.66), and (3.69), I get the variance

2

(B, VIMIB, V)
(B VIB,V)

(B, VIM|B, V)
(B, VIB, V)

>, exp(—VBu,) (n|M exp(—VBh)M|n)

B.VIB VY

-2

V)

(M), (M)SS  Z (2B, V) N (), Z(2, V)

B.VIB. VY
([ZeXp(—VﬂunMnIMeXp(—Vﬂfl)Mln)}

_ 1
~Z(B)?

B.VIB V)

— 2N (VNS ZQ2B, V) + (M), Z (28, V))

This terms are estimated roughly as follows:

1
Eg. (3.76) =767 >

<<Z |(n| M |m)[* exp(—V B (u, + um>)
m#n

+ (nl¥tim) — i) exp(—zv,eun))

1
<
SZ(r 4

<<Z |(n| M |m)?
m#n

> exp(—VBuy) exp(—V Bitmin)

) + (1 11m) <M>;§'?SV)2)

_eXP(— Vﬂumin) 2 ens ens 2
=207 (Z( Ny — (DgY )

((AM)2)E,

~explVB(f(0; V) —

From this result, I get

fQA/B: VI

27

(3.75)

(3.76)

(3.77)

(3.78)
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peop [ |BVIMIB. V) (B VIMIB, V)
rob — > €
(B.VIB.V) (8. VIB.V)
AM ens
= lz (AMFY . (3.79)

explVA(f(0; V) — f(l/ﬂ: V)]

Note that the rhs vanishes when
(AM)? Ygv = 0. (3.80)

That is, the canonical TPQ state always gives the exact results for mechanical vari-
ables that satisfies this condition.

(iii) variance : a better estimate

To get a better estimate, I go back to Eq. (3.76). If  number u,, such thatu, < e,
forn < n’, I have

{} inEq. (3.76) = > |(n|M|m)[*e™"Fluten (3.81)
e 2V Buy, +e 2V Bu,
< M 2 3.82
< mZ [(n| M |m)| > (382)
1 2 —2VBun 1 2 —2VBu,
=5 ;(nﬂM Im)e +5 Zn:(mM In)e
= (M*)5p, Z(2B). (3.83)
Therefore,
Z(le) ens “r\ens ; ay\ens ens 2
Bq. 3.76) = Z 255 (MP)S5y = 2M)GS (VDS + (M), ). (3.84)

I can rewrite this by noting that the lhs does not depend on the origin of M [because
it vanishes when M = 1] as

Eq. (3.76) = Eq. (3.76) with M — M — (M)3, (3.85)

< Z(Z,B) («M ( >§ns ) >ens + [( >ens (M)CHS ]2) (386)
Z(IB)Z B,V 28,V 28,V

_ ((AM)DSS, + (M), — (M) 12 357
expl2VB(f(1/28: V) — f(1/B: V)T
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where

From this result, I get

Prob (

((AMY*)SE = (M — (M)S)P)5h - (3.88)
B, VIMIB, V) (B VIMIB V)Y _
(B.VIB.V) BVIBYV) )| T

1 ((AM))SS, + (M), — (M5, 12

< — (3.89)
€2 exp[2VB(f(1/28; V) — f(1/B; VI
Note that the rhs vanishes when
((AM)M)5E, =0 and (M)F, = (M)55 . (3.90)

That is, the canonical TPQ state always gives the exact results for mechanical vari-

ables that satisfies this condition.
When conditions neither (3.80) nor (3.90) is satisfied, I have

ths of (3.89)  ((AM)ISE + MG, — (D5 17
ths of (3.79) ((AM)Z)CHS
x exp[VBLL(0; V) — f(1/B; V)} = 2VB{F(1/2B: V) — f(1/8; V)}]
(AR5 + (DG — (DS P
((AM)Z)enS

1
-V —V — V= {fO;V —V
xeXp[ ﬁ({f(ﬁ ) — f(ﬂ N =AfO;V) - f(ﬁ )})}

Since f(T; V) is convex up as a function of T (= 1/8) and 9f/dT = —s < O for
all T,

A28, V) — (/B V)Y = {f(0; V) — f(1/28; V)} = ©(1). (3.91)
Therefore,

RHS of (3.89) _ ((AM)’)Sp, + [(M)gY, — (M5 1P
RHS of (3.79) ((AM)Z)fgj;

exp[—VBO()]. (3.92)
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When the reasonable condition

(AM))S | + (M), — (M) ]

BY —

((AM)2)es,
is satisfied, I have

RHS of (3.89)
RHS of (3.79) ~

3 Canonical Thermal Pure Quantum State

< constant x N, m =o(N), (3.93)

< constant x N" exp[—VBO(1)] < exp[—VBO (1) + o(N)In N].

(3.94)

This indicates that rhs of (3.79) gets exponentially smaller than rhs of (3.79) with
increasing N. Since condition (3.93) seems to be satisfied for most mechanical vari-
ables of interest, I conclude that inequality (3.89) is better than inequality (3.79) for

most cases of interest.
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Chapter 4
Microcanonical Thermal Pure Quantum
State

In this section, I introduce a microcanonical TPQ (mTPQ) state [1]. The mTPQ state
is the state which aims at practical applications. Although there are many possibilities
to construct the TPQ state with energy being specified, I believe the mTPQ state is
one of the most efficient TPQ states to generate in the applications.

4.1 Construction of TPQ State

Since I consider the state which is easy to generate in the practical applications,
I restrict dims7 < oco. Although the ¢cTPQ state is well defined even in the case
of dims# = oo, I usually truncate high energy states and make dimJ# < oo in
practical applications.

Thanks to the restriction to dim.7# < oo, I can start from a random vector in the
Hilbert state,

Wo) = D zli), (4.1)
where z; = (x%) is a random variable with probability P(x; = a) = P(y; = a) =
«/LQTT exp[—%], and {i}; is an arbitrary orthonormal basis set spanning the Hilbert
space.

Then, I multiply some polynomials of Hamiltonian to it and make its energy
distribution be concentrated to a target energy density uo. There are many candidates
of the multiplying polynomials of Hamiltonian. Here, I introduce three of them.

ey

W1 o, k) = {1 = ar(h — uo)*}* o) 42)
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1
. llh—uq >
ciently large k, [ (1o, k)) has a sharp peak around uy. However, since the number of
states increases exponentially as V increases, convergence of energy of |y (i, k))

to ug is slow.

(@)

where h = H /V and « is an arbitrary parameter such that > «. For suffi-

1Y, k) = (1 — ) ), (4.3)

where [ is an arbitrary parameter such that/ > max(fz). In order to construct |y, (/, k))
which have energy uo, [, and k should be chosen properly.

3)

1\
V3 (uo, k)) = (ﬁ ) Vo). 4.4)

— Uy

Since this resolvent has divergence at u = u, the degree k is smallest among these
three to make the state converge to the energy shell. However, this resolvent is so
strong that |yr3) becomes a superposition of small number of energy eigenstates
whose energies are very close to uy. The heart of the strong typicality was that the
state |Yg) is a superposition of exponentially large number of energy eigenstates.
Thus, |13) is not suitable for effective construction of the TPQ state. In addition to
this, the resolvent of Hamiltonian is usually harder to calculate than polynomials of
Hamiltonian.

Among these three ways to construct the TPQ state, (2) is the most efficient.
Hence, I call [y, (I, k)) the “microcanonical TPQ state (mTPQ state)” and write it
simply as |k). In the following subsections, I see properties of the mTPQ state.

4.2 Mechanism

In this subsection, I show why the mTPQ state has a sharp-peak energy distribution
in the energy shell. The discussion is similar to that in Sect. 3.4, but I obtain the
formula to estimate temperature here.

Using Eq. (3.23), the energy distribution % (u) for the microcanonical TPQ state

k) = (I — ) |vo), is

hw) = D el —w)™ (4.5)
ne.s (u)
~gu)(l —uw)* (4.6)
=exp[V{s(u; V) + 2« In(l — u)}] 4.7
=exp[VE (u; V)], (4.8)

where & (u; V) = s(u; V) 4+ 2k In(I — u). The rhs of Eq. (4.8) has a peak at u such
that
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_ d 2k In(l — u))

Bu; V) = o

(4.9)

B 2K
ol —ur)

(4.10)

where B(u; V) = W I notice that B(u; V) is not a parameter like in the cTPQ
state but a function derived from entropy of finite V. I expand the rhs of Eq. (4.8)

around u = u*. Dropping exponentially small order terms, I get

* 1 ” 2
) =exp [V 6tz V) = S 18w - )

1 " * *
— &/ —u) + 0 (( —uK)4)}]. 4.11)

where £/ = §/(uf; V) and § = & (u’; V). Since I have assumed W <0,
&/ (ul; V) = —©(1) < 0. Therefore, i (u) behaves like a Gaussian distribution of
the width @(ﬁ) with the peak at u = u}. The energy distribution of Eq. (4.11) is
the same as that of a density matrix

o = (1 — ). (4.12)

These energy distributions converge to the delta function at u = u} as N — oo,
Hence, I call this ensemble the smooth microcanonical ensemble (because the energy
distribution is smooth). Although the mTPQ state is not specified u explicitly, it
automatically has the sharp energy peak ruled by Eq. (4.10). Therefore, the mTPQ
state is definitely the TPQ state at energy u.

4.3 Main Results

Using the mTPQ state, all the variables of statistical-mechanical interest are obtained.
I show the formulas for temperature, entropy, and mechanical variables.

Equation (4.10) was the condition that the energy distribution has the peak value.
I can also interpret this equation as the formula to give temperature. For this purpose,
I substitute u by

(klhlk)
U, = ) (4.13)
and get
2K
Bus V) : (4.14)
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To estimate the error of this formula, I calculate the difference between u; and u,.
Using Eq. (4.11),

e —u = W (4.15)

where Oy = [ h(u)du. The numerator is

.. . B V "
/eV[EK(“K’V)’%‘EK‘(”’”K)z] ((u — ) + %(u —u)*+ 0 ((u— ui)s)) du

_ ey | & L 4.16
¢ |:2V§”2 V|%‘”| + V5/2 ( : )

The denominator is

"
JECE (1 o (- u:r*)) du

2 1
Vi V) _
—=e |: ViEr] +0(V3/2):| “4.17)

By using Eqgs. (4.16) and (4.17), uj is close to u, as

. E/// 1
Hence, I can add the N-dependence to Eq. (4.14).
] 2K 1
B V) = " O\yr (4.19)
Moreover, using Eq. (4.18), I get a better formula,
2k 1
puiv)= 40 (W) (4.20)
K
where e

uy is % order correction for the energy u,. I note that one can straightforwardly get
the higher order correction terms by evaluating the higher orders of Egs. (4.16) and
(4.17).

Once one calculates temperature, entropy is the integral of it.
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s(u; V) = /,B(u; Vydu. 4.22)

However, one can also calculate entropy directly in the similar manner as Eq. (3.10).
By dropping exponentially small order terms, I get

In(k|k) = In Q. (4.23)

From this equation and using Eq. (4.17), I obtain the formula for entropy

In O InV 2 1
V)= —2kIn(l —u ———1 0 . (424
V) =TT o)+ 5y gy (|s:|)+ (W) @2
For this equation, I estimate the error caused by {z;}; in the same way as Eq. (3.14)
and get
k|k 1
P(’H)—l‘ze)_ ZQ” (4.25)
Qk € Qk

Since it can be proved that =+ Q is exp[—®(N)], I can say that a single realization of
the mTPQ state gives entropy. It may help for understanding to rewrite the rhs by
using Eq. (4.24). Then, I get

O _ : (4.26)

07 exp[V {2s(u,{*; V) — s(uaee: V) — 4k In (1 )}+0(1n V)]

Very roughly speaking, this result means that the error of the mTPQ state is vanishing
in proportional to the number of state, W (i) = exp[V s(u,+; V)]. It reminds us the
result in Sect.2.2

I can also show that the expectation value of the mTPQ state

: (k|Alk)
(A)TPQ = (4.27)
“VT (klk)
is very close to the corresponding ensemble average
Tr{Apy]
(A = (4.28)
“VT Trled

I evaluate the difference between them, and get
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P ( > 6)
L QAR5 + (A5 — (A7)
= 2 exp [V {25(14,(*; V) — s(uze: V) — 4k In (1 Uk )} +0(n V)]
(4.29)

Ay = (A

where ((AA) ey = ((A (A )e‘“ )2)"’“s Since the denominator is exp[® (V)] and
the numerator is O (V>™"), the difference between (A) k. V Q and (A) isexp[—O(V)].

4.4 Comparison Between ¢cTPQ State and mTPQ State

In this section, I introduced the mTPQ state to construct the TPQ state easily in
practical applications. Actually, the mTPQ state can be generated just by multiplying
the Hamiltonian matrix to the initial random vector. However, the microcanonical
ensemble has the ambiguity such that the width of the energy shell is not unique
but is tolerated as far as it vanishes in the thermodynamic limit, i.e., o(V). As a
consequence, the results of the mTPQ state have the correction terms. For example,
in Eq. (4.24), O is not directly related to the entropy density, s(u}, V), but the
equation has many correction terms. When I compare these merits and demerits to
the main results of the cTPQ state, the latter is concise with no correction terms,
but exp[—%ﬂ fz] is difficult to calculate in most cases. To combine the merit of the
mTPQ state and that of the cTPQ state, I will show in Chap. 6 that the cTPQ state is
effectively generated from the mTPQ states.

I note that the mTPQ state is advantageous when system is at a first-order phase
transition [2]. In general,

%ﬂ(u; V) <0 (4.30)

holds asymptotically, where the equality holds only at the first-order phase transition.

Hence,
92 _ v 2K 0
Wék( V)= —/3( ) — T =

431

holds for every finite u, even at a first-order phase transition. As a result, Eq. (4.17)
is valid even when a first-order phase transition takes place. (This is an advantage of
our introducing /!)

That s, at a first-order phase transition 8(u;; N) takes the same value for multiple
values of x (and u} ). For each of such «, however, Eq. (4.17) is valid. and the solution
u? of Eq. (4.10) is determined uniquely.

At a first-order phase transition an equilibrium state cannot be specified by (8, N)
uniquely. [See Ref. [1] for complete discussions, and Ref. [2] for a hint.] To specify
an equilibrium state uniquely, one must use (u#, N) instead of (8, N). As a result
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of this fact, neither the canonical density operator (of the ensemble formulation)
nor the canonical TPQ state (of our formulation) can specify an equilibrium state
uniquely. One must use either the microcanonical density operator (of the ensemble
formulation) nor the microcanonical TPQ state (of our formulation) to specify an
equilibrium state uniquely, at a first-order phase transition.

Nevertheless, one can use the canonical density operator (of the ensemble formu-
lation) or the canonical TPQ state (of our formulation) even at a first-order phase
transition, because they give the correct free energy, from which the entropy function
(the fundamental relation) can be obtained by the Legendre transformation [1]. As a
result, all the formulas of our paper are valid even at a first-order phase transition.
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Chapter 5
Equilibrium State and Entanglement

Up to here, I have explained how to produce statistical mechanics based on a pure
quantum state. Conventionally, some quantum mixed states such as the Gibbs state
may be regarded as the only equilibrium state. However, I have showed that there
is a wide range of possibilities that many states including a pure quantum state
can represent the equilibrium state. In this section, I discuss the similarity and the
difference between the TPQ formulation and the ensemble one.

I firstly investigate what is implied when a state is regarded as the equilibrium
state. I show that the TPQ state is macroscopically time-independent and cannot be
distinguished from the conventional equilibrium states. I also show that the TPQ
state can predict the linear response theory.

Second, I discuss fluctuation [1]. I reveal that a distinction between so-called
thermal fluctuation and quantum fluctuation is impossible in mixed quantum states.
I also discuss that the TPQ state does not have any thermal fluctuation but all the
fluctuation is squeezed into the quantum one.

Third, I show that quantum entanglement is one of the ways to detect the difference
between the TPQ states and the conventional states [1]. It directly leads to a stability
of pure quantum states. It turns out that the TPQ state is stable state against a weak
classical noise.

5.1 Time Evolution

To begin with, let us consider the time evolution of the Gibbs state pg. Since pg
commutes with Hamiltonian, it is time-invariant:

e%ﬁef’me*%ﬁ = PH (5.1
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On the other hand, the time evolution changes the TPQ state:

1B, V(1)) = e 77|, V) (5.2)
—Zz e~ il g~ 1P ) (5.3)
# 1B, V). (5.4)

However, the random variables {z, }, have an invariant probability measure under
any unitary transformation. Hence, all the result in Chap. 3 still holds for |8, V (1)),
and it is regarded as another realization of the cTPQ state. Namely, although the cTPQ
state microscopically changes over time, it stays macroscopically invariant. This fact
closely related to the thermalization [2, 3], because it suggests that a pure quantum
state rarely returns to a non-equilibrium state after it evolves into an equilibrium
state.

5.2 Linear Response Theory

When a weak probe field f(¢) is applied to an equilibrium state, the change of a
mechanical variable B is predicted by linear response theory. I write time-dependent
Hamiltonian as H 1 = I:IO —A f(t), where I:IO is initial Hamiltonian and —A f(@
is a perturbation which consists of the external force f(#) and the corresponding
mechanical variable A. Then, the response against a probe field f(¢) is evaluated to
a linear order of f(¢) as

AA(1) = / " Dagt — 1) (), (5.5)

—00

where AA(t) = Tr[p(1)A] — Tr[poAl, p(1) is a state at ¢ = tgy, and @ ap(t — 1) is
a response function.

The Green-Kubo relations give the response function from a time correlation
function:

1 ~ n
Panlt —1) = —Tr (eolBG’ =0, A1) (5.6)

Where ,00 is an initial equ111br1um state pg = exp[ ﬁl:lo] /Z(B,V), and é(t —1) =
exp[ Ho(t —t )]B exp[——HO (t — t')]. Hence, the response against some external
force is obtained from the corresponding time correlation function of the equilibrium
state.

In the TPQ formulation, I substitute py with |8, V) in Eq. (5.6) and get a relation
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1 (B, VIIBG — 1), AlIB, V)

Past =) =1 B.VIBV)

(5.7)

This equation is correct within an exponentially small error. To estimate the error,
I substitute [B(¢t' — 1), A] for A in Eq. (3.18) and get

)

P([UB¢ — 0. ANEY — B¢ — 0. Angy

1 IBW =0, APSE, + (BG — 0, ARG, — (1BG =0, AP))? 5.8)
=5 . .
T e exp2VA{f(T/2. V) — f(T.: V)]

Since || exp[—%I:I t1ll = 1, the rhs of the numerator is O (V>"). Therefore, the rhs
is still exp[—® (V)]. Namely, one can evaluate the linear response function using
the TPQ state, although the transportation is non-equilibrium phenomena. This is
because the linear response theory focuses on mechanical variables. The typicality
holds when the number of the physical quantities which we observe is negligibly
smaller than the degree of the freedom of the Hilbert space. Therefore, we obtain the
correct results almost surely as far as we look at the small number of linear response
functions.

5.3 Quantum and Thermal Fluctuations

To better understand the TPQ states, I now discuss the “quantum fluctuation” and
“thermal fluctuation.” For concreteness, I consider the canonical TPQ state |8, N)
and the canonical density operator pg.

In the ensemble formulation, it is often said that a fluctuation of a mechanical
variable ((AA)2)™ = ((A — (A)*™)2)*™ can be decomposed into the quantum
fluctuation ((AA)Z)Z“S and the thermal one ((AA)Z)f“S, ie.,

(AAH™ = (AR + ((AAP)™. (5.9)
The thermal fluctuation, whose specific expression will be given below, is con-
ventionally interpreted as a result of mixing many quantum states to form p,

Py =D (€PN Z)n)nl, (5.10)

where u,, and |n) are eigenvalue and eigenstate, respectively, of h. Consequently, it is
conventionally concluded that the thermal fluctuation of most mechanical variables
does not vanish at any finite temperature.

In the TPQ formulation, by contrast, |3, V') is a pure quantum state and therefore
does not have such “thermal fluctuation,” i.e., ((AA)Z)tTPQ = 0 at all temperature.
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The TPQ state has only the quantum fluctuation, i.e.,
(AAHT = (AP = (A — (4)TPY) TP, (5.11)

In other words, all fluctuations are included in the quantum fluctuation.

I have thus found that pg and |8, V'), which represent the same equilibrium state
and give different values of the quantum and thermal fluctuations. This does not lead
to any contradiction in experimentally observable quantities because

((AA)2)™ = ((AA)H)TPC, (5.12)

which are the only observable quantities in the above discussion. The quantum and
thermal fluctuations, ((A A)z)e‘“ and ((AA)Z)E‘“ are, separately, not observable quan-
tities. To see this, let us write them down explicitly. I note that p has the following
form,

p=2 wilial, (5.13)
A

where {w; }, is a set of positive numbers such that >", w; = 1, and {|A)}; is some set
of states (whichis {|n)}, in Eq. (5.10)). In general, A fluctuates quantum mechanically
in each state |1). Hence, it may be reasonable to define ((AA) )"’“S as the average of

the fluctuation (M(A (A|A|A))2|A) over |A)’s, i.e.,

((AA)?)ems _ZWA<)»|(A (AAIR))2(0). (5.14)

This and Eq. (5.9) yield the thermal fluctuation as

((AA))e = wa (AAX)? (ZwA (AAIL) ) ) (5.15)

If I take w, = e PN /Z and |A) = |n), I find that ((AA)2)e™ > 0 for most
mechanical variables at finite temperature.

However, it is well-known that |1)’s in Eq. (5.13) need not be orthogonal to each
other [4]. As a result, there are infinitely many possible choices of {|A>} » and {w; }x
for the same p [4]. The experimentally observable ﬂuctuatlon ((AA) )ems i 1nvar1ant
under the change of {w, }, and {|1)},. By contrast, both ((AA) )Z“S and ((AA) )™ do
alter under the change of {w, }, and {|A)},. This fact clearly shows that the quantum
and thermal fluctuations are, separately, not experimentally observable quantities. In
other words, they are, separately, metaphysical quantities.

It is instructive to consider a classical mixture
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R
1 Vv Vv
= Z M (5.16)
r=1 (B, V,r|B, V,r)
of many realizations |8, V, 1), |8, V,2),---,|B, V, R) of the canonical TPQ state.

Since each |8, V, r) represents the same equilibrium state, so does ,6;, If I define the
quantum and thermal fluctuations in ,6}, in the same way as Egs. (5.14) and (5.15), 1
find that the thermal fluctuation is exponentially small for all mechanical variables.
This shows that mixing many states does not necessarily give “thermal fluctuation.”
Since the thermal fluctuation in ,6;9 is negligible, I do not need to take an average
over many realizations, but only need to pick up a single realization.

5.4 Entanglement

In macroscopic view point, the ensemble formulation and the TPQ formulation give
identical results for all quantities of statistical-mechanical interest. That is, as far as
one looks at macroscopic quantities, one cannot distinguish between these states.
However, when I look at the quantum entanglement, they are completely different.

5.4.1 Entanglement Measure for Pure State

When I measure the bipartite entanglement of a state |) on a system, I divide the
system into two parts. Let us call them a system A and a system B. Then, I trace out
the components of [i) on the system B.

pa = Trg[|¥) (V] (5.17)

The von Neumann entropy is defined as

EnN(¥)(¢]) = Tr[—paln pal, (5.18)

and the purity is defined as

Epuity (1) (¥]) = Tr[p3]- (5.19)

When the state |/) is pure, they can measure how much quantum entanglement
exists between A and B. As a state gets more entanglement between A and B, E\n
takes larger value and Epuiy takes smaller value. In particular, when there is no
entanglement between them, Eyx = 0 and Epuqy = 1. Since pa and pp have the
same entanglement, I assume that the size of the system A is smaller than that of the
system B without loss of generality.
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5.4.2 Entanglement Measure for Mixed State

When the state is mixed, classical mixture reduces the quantum entanglement. A
mixed state is in general represented as

p=2 wisli)Jl (5.20)
ij

where w; ; is a positive definite matrix and >, w;; = 1, and {|i)}; is a set of ortho-
normal basis. By diagonalizing the matrix w; ;, I get

p= 2 waln)in| (5.21)

where w), is a probability such that > w, = 1, and {|n)}, is a set of basis which can
be non-orthogonal. Since {|n)}, is tolerated to be non-orthogonal, the set of basis
{|n)}, is not always unique. I define a group of the tolerated basis sets as

Z; = {{In)}|{In)}, diagonalizes w; ;} (5.22)

Since there are many representations in the form of Eq. (5.21), I cannot use either
Eq. (5.18) or (5.19) directly but need to define a new probability measure. Although
there are many definitions of the entangle measure for the mixed states, I introduce
“entanglement of formation” here. The entanglement of formation Eyy, is defined
by

Eform(,a) = min{ln)},,é@ﬁ [ZWHEVN (|n)(n|)] (523)

I note that Eoy (0) reduces to Eyn(0) when p is a pure state.

5.4.3 Entanglement at Finite Temperature in Ensemble
Formulation

When I employ the canonical ensemble in the ensemble formulation, the equilibrium
state is represented by the Gibbs state g. I consider the quantum entanglement of it.
However, it is known that the calculation of the quantum entanglement for the mixed
state is very hard (and NP-hard in many cases [5]). Thus, I consider 8 = 0 case and
B — oo case.

In the former case, the Gibbs state reduces to an identical operator
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= — > i)l (5.24)

where D is the dimension of Hilbert space, and {|7)}; is an arbitrary orthonormal basis
set. In the case of § = 0, when I use a set of product states as {|i)}; in Eq. (5.24), for
V .
i),
Ew (l0)(i]) = 0. (5.25)

Therefore, by using Eq. (5.23), I get

i
Eform (B) =0. (526)

Namely, g has no entanglement at 8 = 0.

In the case of B — o0, exp[—f H] reduces to a ground state. I consider the
case that symmetry of the state is broken and there is no degeneracy in the ground
state. Thus, pg reduces to a pure quantum ground state |y) (y|. Thus, the quantum
entanglement is

Etorm (1) (¥]) = Ew (W) (VD). (5.27)

In general, the value of E\n (|Y)(v|) is nonzero except for some trivial models.

5.4.4 Entanglement at Finite Temperature in TPQ
Formulation—Analytics

Since in the TPQ formulation, the equilibrium states are represented by the pure
quantum states, the quantum entanglement is well-defined and easy to measure. The
result is very different from that of the ensemble formulation. I analyze the quantum
entanglement of the (normalized) cTPQ state

1B, V)
B, VIB, V)

for the four cases: (i) 8 = 0, (ii) B — 00, (iii) A<KB and A is sufficiently large, and
(iv) A and B are sufficiently large.

Dp=0
The result is the same as Eq. (5.27).

[¥g)

(5.28)

(i) B > oo
According to Ref. [6],
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Epuity (1W) (¥p]) = Tr[p3] (5.29)
da +dp
= 5.30
dadp + 1 ( )
_ L + ! + (5.31)
da dNe=Na ’ '

where ~-- denotes average over {z;};, d is the dimension per site, e.g., d = 2 for
a spin-1/2 system, N (Np) is the number of sites in A (B), and the dimension of
Hilbert space of subsystem A (B) is dy = d™* (dg = d™®). The minimum value of
the purity for the number of sites being N4 is i, which is achieved in the case of

PA = i. Since the rhs of Eq. (5.31) is very close to this minimum value, Eq. (5.31)
indicates that the TPQ state for 8 — oo has almost maximum entanglement.

(iii) A«B and A is sufficiently large
In Sect.2.2.4, I have shown that p5 becomes close to the Gibbs state of the subsystem
A when A<«B is satisfied. That is,

exp[—BHal
~— 5.32
PA Znh) (5.32)

where ﬁA is Hamiltonian of the system A, and Z, (8) = Tr [exp[— B I:IA]]. Here, 1
ignore an interaction between A and B, because A is sufficiently large. In this case,

En(¥p)(Wpl) = S(B, Na) (5.33)
N 1
.y (Tr [HpA] —F (E’ NA)) , (5.34)
where FA(%, Np) = é In Z4(B, V). Since S(B, Na) is ® (N,) at finite temperature,
this result means that the cTPQ state is highly entangled. For the purity, I get

Zs28,V
Epurey (1) (W5]) =~ % (535)
1

~ expI2B(Fa (3. Na) — FaCl NI

(5.36)

(The rhs is mostly the same as the rhs of Eq. (3.12).) Since the rhs of Eq. (5.36)
is exp[—® (Na)], the purity also indicates that the cTPQ state is highly entangled.
(iv) A and B are sufficiently large
A logarithm of the purity is called second Renyi entropy:

Ey = —In[Tr(5))]. (5.37)
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AsweseeinFig. 5.1, the second Renyi entropy of the TPQ state increases linearly as ¢
increases. However, as g further increases, it starts to deviate from the linear function
around g ~ N/2 and decreases in g > N /2. This complete size dependence of the
second Renyi entropy of the cTPQ state can be calculated analytically. According to
Ref. [7], it becomes

Ez(¢ﬂ>(¢ﬁ)2—ln|: ! ! ] (5.38)

+
exp[2B(FA (3. Na) = FA(f. NA)]  expl2B(Fi (5. N) = Fis(§. Np))]

where Hp is Hamiltonian of the system B, and F (/&#NB) = % InTr [exp[— B ﬁB]].
Eq. (5.38) is symmetric when one exchanges A and B. This structure of the entan-
glement entropy is called a “Page curve” after a seminal work by D. Page [§]. In
Sect. 5.4.5, we see that this structure appears in results of numerical calculation.
Furthermore, quantitative analysis is done in Ref. [7], and it is shown that Eq. (5.38)
explains not only the second Renyi entropy of ¢TPQ states but also those of a broad
class of pure quantum states.
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5.4.5 Entanglement at Finite Temperature in TPQ
Formulation—Numerics

To investigate entanglement of the TPQ state further, I perform some numerical cal-
culations. The system is 1D antiferromagnetic Heisenberg model with the number of
sites N = 16. I choose consecutive g sites as the system A, and the other consecutive
N — g sites are the system B. I prepare the mTPQ state for different energies. Their
reduced density operator p, is obtained by tracing out the system B.

In Fig. 5.1, I show the result of their purity. I plot the minimum value of the purity
(triangles A) and the average value of the purity of the random vector |1) (inverse
triangles v7), which appeared in Eq. (5.31). It is seen that ) has almost maximum
(exponentially large) entanglement [6]. The lines are the purity of the mTPQ states
with different values of the energy density. It is seen that the TPQ states have expo-
nentially large entanglement, and that the entanglement gets larger at higher energy,
i.e., at higher temperature. This result is in marked contrast to entanglement of the
density operator of the ensemble formulation, because the latter has less entangle-
ment at higher temperature. In Fig. 5.2, I plot the von Neumann entanglement entropy
of the mTPQ states. I can confirm that these results are consistent with the results in
Sect.5.4.4, and the TPQ states have large entanglement.

However, this is not a contradiction but a natural consequence of the nature of the
quantum entanglement. The purity of p, is related to N-body correlation functions of
the TPQ state. Such higher order correlation functions represent microscopic details
of the TPQ state. Therefore, the great difference in entanglement between the TPQ
states and the Gibbs states indicates a great difference in microscopic details. It is not
surprising that such microscopically completely different states give identical results
for macroscopic quantities and thus represent the same equilibrium state.

5.5 Stability Against Noise

The TPQ states have the large quantum entanglement. In quantum information, one
may think that a state with large quantum entanglement is unstable against noise,
and the state will decohere immediately. In fact, it is true for Schoedinger cat states.
However, I show in this subsection that the quantum entanglement of the TPQ states
is resistant against a weak classical noise.

The Schoedinger cat state is represented by the superposition of macroscopically
distinct states. For example,

1
Wea) = S L - L+ 111 1) (5.39)

is the superposition of the state with S, = NTﬁ and that with S, = —NTh where N is

the number of spins. Thus, the fluctuation of S, is macroscopically large;
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el 821Wea) — Vel Selea)? = N
2’

(5.40)

which increases linearly as N increases. By contrast, a normal quantum state in a
usual experimental condition has a small quantum fluctuation. For example,

1
Wrea) = (AT DA I DT DT 1) G4D)

is the superposition of N states. However, these states are macroscopically the same
states because all the states have S, = @ Hence, the fluctuation of S, is

<Wreal|§zz|1#real> - (Wreal|§z|wreal)2 =0. (542)

(Strictly speaking, the state with no fluctuation may be also unrealistic. However,
such a state can be realized as a ground state.)

In order to detect the difference between the cat states and the normal states,
I use the index “p,” which is introduced by Shimizu and Miyadera [9]. Let A be
a mechanical variable with the degree m = 1. I call such a variable an “additive
operator.” I evaluate the maximum value of the fluctuation among A.

max  (W1A2y) - wldlv)?) = ov?). (5.43)

A cadditiveoperator

Here, I define the index “p.” Using this index, I can characterize the normal states
as p = 1 and the cat states as p = 2. Then, I will show that the cat states are fragile
against some weak classical noises.

For a system with a weak classical noise, the locality requires that the Hamiltonian
of the noise is sum of local interactions,

Hy =1 f(x,Da(x). (5.44)

Here, A is a positive small constant, x is an index of a position, f (x, ¢) is an amplitude
of the noise with vanishing average over time, and @ (x) is a local operator at x. When a
quantum state sustains this weak classical noise, the rate of decoherence is measured
by

_1d N}
:—Ea(lnTr[p(t) ])

(5.45)
t<1/T

According to Ref. [9], when the p-index forastateis p = 1, " = O (V) for any weak
classical noises; when the p-index for astateis p =2, " = O(V!™) (0 <8 < 1)
for some weak classical noises. The former means that any state with p = 1 is stable
against any weak classical noises. The latter means that for every cat state there exist
some noises which break the quantum entanglement of the state.
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Thermodynamics requires that any fluctuations of the additive operators are
((AA)?)™s = O (V). Therefore, returning to the TPQ states,

(AT = 0(V) (5.46)

holds for any additive operators and p = 1 for the TPQ states. Therefore, I can
say that the TPQ states are stable against any weak classical noise in the sense of
Eq. (5.45).
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Chapter 6
Relation Among TPQ States

In thermodynamics, any one of the thermodynamic functions such as entropy and
free energy is transformed into another one by Legendre transformation.

F=E—TS (6.1)
J=F—uN (6.2)

Similarly, the TPQ state itself can be transformed into another one [1]. Although
the cTPQ states and the gTPQ states have an exponential function of Hamiltonian,
which are hard to calculate, this transformation enables us to construct these TPQ
states from the mTPQ states, which are easy to construct.

6.1 Decomposition of cTPQ State and gTPQ States

The cTPQ state is decomposed into the superposition of the mTPQ states. I employ
the Taylor series expansion.

vl > 1 Vﬁ k A
TRV = — (=) a-nf 6.3
e 8, V) Zolk!(z)< ) 1o) (6.3)
31 (v,
=Z—(—) Ik) (6.4)
k!'\ 2
0
o0
= > Relth) (6.5)
0
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k
where [¢;) is a normalized mTPQ state, |i) = ﬁ| k), and R, = ( v_3> JOx.

=\
Then, I see the convergence of R;. Using Eq. (4.17) and Stirling’s formula, I have

Vv
Ry ~ exp [ECH,(B: V)} . (6.6)

where
C(B: V) =6, V) + 26 In(5/2K) + 2k. (6.7)

Here, (3 in the rhs is not a function 3(u}; N) but an independent parameter of the
canonical TPQ state. If x took continuous values, ¢, would take maximum at f
such that

B, N)=p0. (6.8)

This can be shown by taking derivative of (. (3; V) of Eq.(6.6) as

0 . 2K ou* 2K
— Gl V)=[6(MH,N)— (l_u:)] s 42 [5/(1_%)} (69)

As kisincreased, u decreases and 3(u; N) increases. Therefore, withincreasing
k, this derivative decreases monotonically from positive values (for kK < k) to zero
(at kK = K4y) and to negative values (for k > k..). Hence, R; takes maximum at
K = K4, If K takes continuous values.

Although x actually takes discrete values (= 0,1/N,2/N,---), I can find a

0
value(s) k., among these values such that a—@, (3; V)| is minimum. u,, also takes
K
discrete values, whose intervals are
Ugr1/n — Us = O(1/N). (6.11)
Hence, from Eq. (4.18),
u:i]/N—uzz@(l/N). (6.12)
Therefore,
u:*—u:** =0O(/N), (6.13)
Bluy ; N) = B+ O(1/N). (6.14)

Since B(u; V) = © (1), there exists a constant Ax of @ (1) such that
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0 ) O)(k < ky — AR)
&Cﬁ(ﬁ, V) = [ —O() (5 > s + AR) (6.15)
Therefore, there exists a positive constant 77 of & (1) such that
Ge. (B V) = Ce(B: V) Z mlk — Kyl forlk — k| = Ak. (6.16)
Hence, for k — k, > Ak, I have the asymptotic inequality
N N
|Ri| < exp [34&* (B V)} exp [—;n(m - H*)} (6.17)
N 7
= exp [5@* (3: V)} exp [~k — ko). (6.18)
where k, = Nk,. I take kp, arbitrarily such that
kmax > ki + N Ak. (6.19)
Then I have
D R < D Re (6.20)
k>Kmax k>Kmax
< exp EC,{ (B; V) | exp [Qk*] Z exp [—Qk] (6.21)
B 2 2 k>k 2
N n
= exXp |:3Cm B V):| exp [E(k* - kmax)] 1= o2’ (6.22)

which vanishes as k., — 00. Since k, is a function of 3 and ky,.x > ki, this means
that the series converges quickly for each value of 3. Therefore, if I take arbitrarily
the upper bound [, of (3, then the series converges uniformly for all 3 such that
0 <0 =< Bmax-

Because of this good convergence, I can obtain inversely the mTPQ state from
the canonical one, e.g., by

2\ & VL2
k) = (—) e "B V) (6.23)
N) op* 5=0
The gTPQ state is obviously decomposed into the cTPQ states.
1B.v.Vy=>"e"N|B.N. V) (6.24)
N

where |3, N, V) is the cTPQ state whose number of particles is restricted to N.



54 6 Relation Among TPQ States

6.2 Practical Formula

Using Eqgs. (6.3) and (6.24), one can perform the numerical calculation by just gen-
erating the mTPQ states. The mTPQ state can be generated by multiplying (I — h)
with [1)) k times. Since R; has a sharp peak at k* (given by Eq.(6.8)), one can
terminate the sum at a finite number kiqm. It is sufficient to take ki such that
kterm k. = ©(N), where km . 18 k* corresponding to G,y . Since I can show that

= O(N) for any finite 3, k¥, = @ (N). Hence, kierm = @ (N). In this way, one
can obtain |3, V) by multiplying (/ — h) repeatedly @ (N) times. In this procedure,
however, he can only get the cTPQ (or gTPQ) state for the fixed temperature 3. Thus,
he has to repeatedly generate the cTPQ states for different temperatures.

In order to overcome this inefficiency, I introduce another formula which is useful
in practical applications. In fact, I use this formula to the applications in Chap.7.
All macroscopic variables can be calculated from the obtained |3, V). One can
also calculate them without obtaining |3, V) explicitly. To show this, we evaluate
(3, VIA|B, V) and (8, V|3, V). Since the latter is included in the former as the case
of A = i, I consider the former. From Eq. (6.3),

A VA
(8. VIAIB, v —Vf”zk,k,,( ) (kIALK) (6.25)

In the case of [A h] = 0, one has to calculate all combinations of (k|A|k ), whose
number of the combinations is @ (N?). For the special case where [A h] = 0, this
reduces to

(B. VIAIB, V) = {A}} (6.26)
where
G (Vﬁ)z" (VE)*+t o
(AYyy = Z(; aor +Z(2k+1), (kI Al + 1). (6.27)

Even when [A, /1] # 0, I can prove that Eq. (6.26) holds extremely well. Specifi-
cally, for

[A)IPQ = —_BY (6.28)

B,V {1}/5,\/

and _ _
un (A = (A} — (A2, (6.29)

I have
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P (A1 - (A

> e) < u,(A)2/€, (6.30)
((AA))es,
explVA(f(0; V) — f£(1/5; V)T

U, (A)* < (6.31)

Eq.(6.31) means that
(AN S (A, (6.32)

exponentially fast and uniformly. Formula (6.26) is more useful than Formula (6.25)
because one needs only to calculate (k|Alk) and (k|Alk + 1) for all k < kierm tO
obtain the results for all § < (pax.

6.3 The TPQ Formulation of Statistical Mechanics

To sum up the results which have been obtained, I have established the new formu-
lation of statistical mechanics, in the same level as the ensemble formulation. The
TPQ formulation, which consists of three types of the TPQ state, the microcanoni-
cal, canonical, and grandcanonical TPQ states, is summarized as follows. Depending
on the choice of independent variables, (E, N) or (3, N), one can use either state,
because they give identical thermodynamic results. A single realization of a TPQ
state suffices for evaluating all quantities of statistical-mechanical interest. More-
over, one can estimate the upper bounds of errors (which vanish as N — ©0) by
formulas (3.14), (3.18), (6.30), and (6.31). The microcanonical and canonical TPQ
states are transformed into each other by simple analytic relations, Egs. (6.3) and
(6.23). Hence, getting either one implies getting both. Using this fact, I have devel-
oped a practical formula (6.26). In addition to this, it is straightforward to extend
these results to the TPQ states corresponding to other ensembles, such as the grand
canonical ensemble.

Regarding the choice between the canonical and microcanonical TPQ states, one
can use either depending on the purpose. For example, if one is interested in a first-
order phase transition at which the specific heat ¢ = u /0T = (0T /Ou)~" diverges
the microcanonical one is practically better, because 7' («) is continuous (whereas
u(T) is discontinuous) through the transition [2, 3]. On the other hand, the canonical
one is better when one studies low-temperature behavior of ¢, because Ju(7T)/0T
gets small (OT (1) /Ou diverges) as ¢ — 0.
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Chapter 7
Application to Numerical Calculation

In this chapter, I survey the TPQ formulation in terms of a numerical method. Firstly,
I review related methods for quantum statistical mechanics and compare them to my
formulation. Then, I show some results on the numerics using the TPQ formulation
for the frustrated quantum spin system. Our results are performed for the largest
number of spins ever in that model.

7.1 TPQ Formulation as Numerical Method

In the TPQ formulation, the mixed state which represents the equilibrium state is
replaced by a pure quantum state. This formulation is not only interesting for the
foundation of statistical mechanics, but also useful to a numerical method. The merits
of the TPQ formulation comparing to other numerical methods are listed below:

1. Single realization is sufficient
Calculating the thermal equilibrium values, there have been many methods in
which one samples a small number of pure states. To the best of my knowl-
edge, however, the TPQ formulation is the first formulation in which the error
is concretely evaluated and revealed to be exponentially small. These findings
guarantee that a single realization is sufficient to evaluate all physical quanti-
ties of statistical mechanical interest, which include the genuine thermodynamic
variables and dynamical quantities such as the time correlation functions.

2. No limitation of models
Since the TPQ states can be generated only by multiplying Hamiltonian matrix
to a vector, there are no restrictions of models or spatial dimensions. The TPQ
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states have been applied to spin-1/2 Kagome Heisenberg antiferromagnet [12]
and Hubbard model on a triangular lattice [ 1], which are well-known as frustrated
systems.

. Easy to perform and parallelize

In the numerical calculation using microcanonical, canonical, or grandcanonical
TPQ states, a computer program consists of the generation of a random initial
vector and the multiplication of Hamiltonian matrix to the vector. Not only this
program is simple to code, but also this simpleness allows us to utilize library
codes and efficient parallelization. Especially, Hamiltonian used in statistical
mechanics is a sparse matrix. Thus, the parallelization efficiency is very high.
Formulation for finite temperature

Since there are an exponentially large number of relevant states at finite tem-
perature, it is difficult to know the exact behavior of a physical system at finite
temperature. In fact, only several integrable models have been solved exactly at
finite temperature, while ground states have been obtained in a lot of models.
In the numerical simulation, I consider DMRG as an example. When DMRG
is applied to the finite temperature calculation, the number of the kept basis is
exponentially increases, although the number of it is O (Poly(V)) at the ground
state. By contrast, as I have explicitly shown in formulas (3.14), (3.18), and
(6.31), the accuracy of the TPQ states gets better as the number of the relevant
states increases. The TPQ states take advantage of the dense number of states to
make the calculation accurate.

. Almost self-validating

In Formulas (3.14), (3.18), and (6.31), all the terms in the right hand sides can be
evaluated by the TPQ states themselves. Therefore, one can estimate the upper
bound of errors from these formulas. This estimation will be practiced later.

. Need to store only two vectors

Owing to formula (6.26), the calculation can be performed by keeping the
last state |k) in a computer memory and generating |k + 1). One can throw
[1),---, ]k — 1) away from the memory.

Free from orthogonality among states

In numerical calculations such as Lanczos method, the orthogonality among
basis states often debase the numerical accuracy. In the Lanczos method, one
has to reorthogonalize all the basis states when the number of states exceed
around 100. By contrast, the orthogonality is never imposed on the mTPQ states
[1),---,|k). Owing to it, one can easily perform the numerical calculation for
k > 10%.

7.2 Comparison to Other Methods

In the viewpoint of the numerical calculation method, there are tens of competitive
methods. Among them, I compare the TPQ states to three major methods and three
similar methods. The former three are quantum Monte Carlo method (QMC) [2],
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density matrix renormalization group (DMRG) [3], and numerical diagonalization
(ND). The latter three are quantum transfer Monte Carlo method (QTMC) [8], finite
temperature Lanczos method (FTLM) [9], and Kernel polynomial method (KPM)
[10].

7.2.1 Quantum Monte Carlo

Quantum Monte Carlo method (QMC) [2] is one of the most successful methods in
statistical mechanics. In QMC, a path integral is mapped onto a classical system, and
a small number of paths are sampled stochastically. When it works, its numerical
costis O (Poly(V)), which is far better than the TPQ states. However, QMC has an
infamous “sign problem,” which appears in the frustrated system and the fermion
system. The failure of QMC in these models is because the quantum state in these
models at low temperature cannot be represented by the sum of the polynomial order
of classical states. Thus, the TPQ states have an advantage in the point 2 of the
previous section. It is also advantageous in point 3.

7.2.2 Density Matrix Renormalization Group

Density matrix renormalization group (DMRG) [3] has been one of the hottest numer-
ical methods recently. It represents a quantum state by a matrix product state. When
this representation is efficient, one can reduce the dimension of the matrix x by
truncating many of irrelevant states. In 1D system, x = O (Poly(V)), which is very
efficient, is enough to describe the ground state. By contrast, in d (> 2) dimensional
system, x = O(exp[V]) is needed. Thus, many people had been considering that
DMRG is the method only for 1D. However, after the difficulty of the frustrated
system and the fermion system, e.g., Kagome lattice and Hubbard model have been
recognized, DMRG is reconsidered as the method for 2Ds. It can simulate the ground
state for Kagome lattice with the lattice site N > 100. There are also suggested a lot
of related methods, which are collectively called tensor network states. For example,
multiple entanglement renormalization ansatz (MERA) [4] and projected entangled
pair states(PEPS) [5] are famous among them. However, the numerical procedure of
the tensor network states is not easy to be programmed.

For finite temperature, imaginary time evolution of a pure quantum state [6] is
often used. Since the thermo field dynamics (TFD) is compatible to DMRG, it has
been widely used. Furthermore, minimally entangled typical states (METTs) were
proposed [7]. Unlike the TFD, the METTs do not need any ancilla. The latter seems to
be better than the former and is similar to the TPQ states. However, the state generated
in METTs is the state |i; 8, V'), which is defined in Eq. (3.2). |i; 8, V) cannot be the
TPQ state. Returning to the numerical efficiency of DMRG, the entanglement gets
exponentially larger as temperature is lowered in the DMRG calculation. To describe
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the state with the exponentially large entanglement, exponentially large x is needed.
This is the bottleneck of DMRG.

To sum up, points 1, 2, 3, and 4 are the advantages of the TPQ states. Among
them, points 2 and 4 are important. If one is interested in the ground state or 1D
system, DMRG will be the first choice for him.

7.2.3 Numerical Diagonalization

Numerical diagonalization (ND) of a matrix is a robust method, which is used in
many fields in science. In statistical mechanics, we usually diagonalize a Hamiltonian
matrix and obtain energy eigenvalue (and energy eigenstates) numerically. For the
ground state, Lanczos method is often employed. The numerical cost of the Lanczos
method is the same order as the TPQ state. At finite temperature, however, one needs
to obtain a lot of energy eigenvalues to calculate the ensemble average. In this case,
the orthogonality among the basis state becomes a serious problem in the Lanczos
method. Instead of it, other ND methods such as Hausdorff method are employed.
However, its numerical cost is more than square of that of the TPQ state. Therefore,
the TPQ state is far better than ND at finite temperature.

7.2.4 Transfer Matrix Monte Carlo Method

In 1987, Imada and Takahashi proposed transfer matrix Monte Carlo method (tMC).
It uses the same state as the cTPQ state defined in Eq. (3.8). In the practical calcula-
tion, one starts a calculation by preparing random vector |y). Then, one multiplies
exp[— % ,Bﬁ ] to it. Up to here, tMC is the same as the cTPQ state in terms of numeri-
cal methods. In the tMC, however, this state is regarded as just a sample state drawn
from the Gibbs state. Then, the calculation is justified by the sample average over
many realizations of this state, and the error of the calculation is estimated by the
sample variance. Hence, the theoretical aspect is completely different from the TPQ
formulation. In the TPQ formulation, the error is upper bounded in good accuracy,
and it is guaranteed that the error is exponentially small (although the inventors of
tMC realized that the error is very small). As mentioned in the point 5, these formula
enable us to estimate the error by the TPQ state itself.

Aside from the theoretical aspects, when we compare the tMC and the cTPQ
state in terms of numerical methods, they have many points in common. Both of
the calculations based on the multiplication of Hamiltonian, although the way to
multiplication of exp[— % B H1is different. In tMC, one uses transfer matrix technique.
In the cTPQ, one uses the mTPQ state. The numerical costs of both methods are also
similar. Among them, a clear advantage of the cTPQ state is the formula (6.31). This
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enables us to get the result for all 8 continuously by calculating a sequence of the
mTPQ states once.

7.2.5 Finite Temperature Lanczos Method

Finite temperature Lanczos method (FTLM) is a method based on the Lanczos tech-
nique and high-temperature expansion. Since our formula (6.5) is also the high-
temperature expansion, the FTLM and the numerical calculation of the cTPQ state
are similar. The difference is that the FTLM employs the Lanczos technique, and
the cTPQ state uses the decomposition of the mTPQ state. Both Lanczos technique
and the generation of the mTPQ state are performed by multiplying Hamiltonian
to a vector, the numerical cost is similar. However, the Lanczos technique has the
difficulty of the orthogonality.
In the Lanczos technique, one considers the Krylov subspace,

A = span{|v), A|v), A*|v), -+, A¥|v)}, (7.1)

where b is an initial vector, and Aisa matrix, as which we choose H now. Then, one
prepares an orthogonal basis set spanning .#  and diagonalizes A only within JZ".
Using the eigenvalues and the eigenstates which are obtained by this diagonalization,
the FTLM evaluates the terms in the high-temperature expansion. However, the
orthogonality among the basis in . gets inaccurate as k increases, because of the
round-off errors on a computer. Practically, when k > 100, it becomes a severe
problem.

This k is directly related to the degree of the high-temperature expansion. So is the
k of the mTPQ state. In the FTLM, k is limited around k£ ~ 100. When k exceed 100,
the calculation cost increases a lot because the reorthonormalization is needed. In the
mTPQ state, as I will demonstrate in the frustrated spin model, one can easily take
k > 1000 because of the absence of the requirement of the orthogonality. Therefore,
the point 7 seems to be an advantage of the TPQ state comparing to the FTLM. In
addition to this, one has to keep all the basis in .#” in usual FTLM calculations while
the cTPQ state needs to keep the last mTPQ state |k) only. The point 6 is also the
advantage.

7.2.6 Kernel Polynomial Method

Kernel polynomial method is the general name for the methods which expand a
function by some orthogonal polynomials. Among them, Chebyshev polynomials
expansion [11] is often used in condensed matter physics. The computational cost is
the same order as the TPQ state.
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7.3 Application to Kagome Lattice Model

Using the TPQ formulation, I study the spin-1/2 Kagome Heisenberg antiferromagnet
(KHA) [12]. KHA is a frustrated 2D quantum spin system. The KHA is expected to
have a spin liquid state in the ground state. Calculating the KHA, QMC, which is one
of the most efficient methods for quantum simulation, has the negative sign problem.
The problem gets worse as temperature is lowered. Thus, QMC is difficult to be used
to the KHA. Using ND, one gets the ground state for finite size. The KHA up to the
number of sites N = 42 is analyzed by ND on supercomputers [13]. Among these
numerical methods, the most successful method for the KHA is the tensor network
calculations including DMRG and MERA. In the studies using DMRG, systems
of over 100 sites were analyzed [14]. The results of these studies show the strong
evidence that the ground state is a Z, spin liquid [14, 15].

When 1 shift our vision to finite temperature, it was suggested that the specific
heat ¢ has double peaks at low temperature [16]. However, the problem is still in
dispute due to the complexity of the frustration and the finite size effect [16-20].
QMC still has a difficulty of the negative sign problem. In ND, one has to know the
energy spectrum of all energy eigenstates in order to analyze at finite temperature.
Hence, ND is only available up to around N = 20. There are some DMRG-based
methods for finite temperature such as METTs. However, these methods require
more numerical cost in the analysis at finite temperature than in the analysis of the
ground state, because the number of excitation states increases exponentially and
one has to retain these states. After reviewing these circumstances, it turns out that
the TPQ states seem to be suitable for the analysis of the KHA, because the analysis
for the large cluster has not be performed yet at finite temperature.

Iapply the TPQ formulation to the KHA with N = 18-30. I compute specific heat
c, free energy density f, and entropy density s. I employ formula (6.27). In formula
(6.27), I terminate the sum up to ki, = 2000, where series expansion has converged
so that the residual is evaluated to be less than 10~1°% for T > 0.02J.

In Fig.7.2 I plot ¢, which is obtained using

a<h)el?s 7 7 \ens ens
T’” = —{(h — ()T)H5, (7.2)
~ (AP, (7.3)

where A = h — {fz}g"(}. I have also calculated c in the difference way as

aE, RS,y — D)

ap p

The difference of these two numerical results is much smaller than the line width
of the data in Fig.7.2. For N = 27 and 30, for which ND has never been performed,
there is not a peak but a shoulder around 7 = 0.1J. Although the finite size effect

(7.4)
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Fig. 7.1 fand s versus T for 0 r r T 1.5
N =30 I ]

f(BN)
s(BN)

may still be non-negligible, these results strongly suggest that the peak of ¢ at lower
temperature will vanish in N — oo

I also estimate the error caused from the random initial vector |v) by using
inequality (6.31). InFig.7.1,Iplot f (leftscale), which are calculated from Eq. (3.10).
Using the results for f and those for

[(A? — (AP, (7.5)

I find that the (normalized) standard deviation

A2

D) (7.6)

(A%,
for N = 30isless than 1% downto T = 0.1J. The error of f itself is also estimated
to be less than 1% down to T = 0.1J. In fact, when I estimate the standard deviation
by generating tens of realizations of the cTPQ state, it is less than 1% down to
T = 0.1J. Such a small error is attained because our method gets more accurate for
larger entropy Ns, and the KHA has relatively large s at low temperature due to the
frustration effect [18]. To see this quantitatively for N = 30, I plot s in the inset of
Fig.7.1 (right scale). Since the norm of the cTPQ state gives free energy, I convert it
into entropy by Legendre transformation,

s =(u—f)B. (7.7)

At T = 0.2J there remains 45% of the total entropy (= N In2). Such a large
entropy makes Dy (A2) small.

Finally, to confirm the validity, I compute ¢ for N = 18, for which the result of the
ND is available [17]. For such a small cluster, the standard deviation estimated from
inequality (6.31) is about 35% at T = 0.1J. Hence, I have taken average over 100
realizations of the TPQ state for N = 18 only. The difference between our results
(18a, 18b) and those by the ND [17] is less than the line width of the data in Fig.7.2.
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Fig. 7.2 Specific heat 0.20 —— T T T T T
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Chapter 8
Conclusion

In this thesis, I have established the new formulation of statistical mechanics based
on the TPQ state. Moreover, although the TPQ formulation give all the predictions
of statistical-mechanical interest correctly, I have examined its difference from the
ensemble formulation by stepping in the microscopic world. Then, in order to make
the most of the advantage of the TPQ formulation, I have derived the formulas to
transform from the TPQ states into the others. Owing to these formulas, I applied
the TPQ formulation to the frustrated quantum spin model.

In Chap. 3, I generally defined pure quantum states that can represent an equilib-
rium state the TPQ states. Then, I introduced the cTPQ state, i.e., the TPQ state which
is specified by temperature. Not only the mechanical variables but also the genuine
thermodynamic variables are obtained from a single realization of the cTPQ state.
In particular, the free energy is obtained from the norm of the cTPQ state, within
the exponentially small error. Any equilibrium value of the MV can be obtained
by the expectation value using the cTPQ state within the exponentially small error.
Once we get both the free energy and any equilibrium values of the MVs, we can
get all the predictions in statistical mechanics from them. Therefore, the new for-
mulation of statistical mechanics based on the cTPQ state is established. In addition
to this, it is straightforward to introduce the gTPQ state, which corresponds to the
grandcanonical ensemble.

In Chap. 4, I introduced the mTPQ state, one of the TPQ states which are specified
by energy, and saw its properties. The mTPQ state focuses on practical applications.
It can be generated easily by multiplying Hamiltonian to an initial vector. In the
same manner as the cTPQ state, the norm of the mTPQ state gives entropy and
the expectation value of the mechanical variable gives the microcanonical ensemble
average. Here, the errors are also exponentially small. When we compare the mTPQ
states to the other TPQ states, the most suitable one depends on the situation. For
example, when one analyzes the first-order phase transition, the mTPQ state will be
most suitable.

In Chap. 5, I compared the TPQ states to the equilibrium states in the conventional
formulation using the ensembles. The TPQ state is macroscopically invariant under
the time evolution. The TPQ state can also correctly give the prediction in linear
© Springer Science+Business Media Singapore 2017 65
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response theory. Thus, the TPQ state and the conventional equilibrium state look as
if they were completely the same state. However, when we examine the fluctuation of
mechanical variables, a clue to understand the difference between them is obtained.
In quantum mechanics, a state has a quantum fluctuation. Then, when we move to
quantum statistical mechanics, a thermal fluctuation is added to the quantum one.
Therefore, it is often explained that the fluctuation in quantum statistical mechanics
is the sum of these two fluctuations. However, the equilibrium state in the ensemble
formulation is a quantum mixed state, and the quantum mixed state has many ways
to be decomposed into the classical mixture of pure quantum states. Because of
this ununiqueness, the decomposition of the fluctuation into the quantum and the
thermal ones cannot be determined uniquely. On the other hand, as the TPQ states
are pure quantum states, they have the quantum fluctuation only. Namely, all the
fluctuations, which are predicted by the ensemble average, are squeezed into the
quantum fluctuation in the TPQ formulation. Thus, many microstates within the
range of the fluctuation are superposed in the TPQ state. This superposing makes
a single realization of the TPQ state possible to give all the statistical mechanical
predictions including the fluctuation. Here, as we know that there are exponentially
large number of energy eigenstates within the range of the energy fluctuation, the
TPQ states seem to be the superposition of exponentially large number of states. This
intuition is quantified by calculating quantum entanglement. By seeing the quantum
entanglement, we clearly distinguish the difference between the TPQ state and the
equilibrium state in the ensemble formulation. It is revealed that the entanglement
of the TPQ states are large, and especially at high temperature, almost maximum.
On the other hand, the entanglement of the conventional equilibrium states is small
and vanishing to zero as temperature is raised. The entanglement of the TPQ states
and that of the conventional ones are the extreme opposites. When we recall that the
former states are pure and the latter ones are mixed, it is obvious that the appropriate
measure can detect the difference. Since the quantum entanglement is not included
in either the MVs or the GTVs, the entanglement is the quantity which is beyond
statistical mechanics. Furthermore, it can detect the difference between the TPQ state
and the conventional equilibrium state.

In Chap. 6, we derived the relations between the TPQ states. I gave the transform-
ing formula from the mTPQ state into the cTPQ state and that from the cTPQ state
into the gTPQ state. Through these formulas, we can represent the cTPQ and gTPQ
states as the superposition of the mTPQ states. Moreover, I gave the transforming
formula which is more suitable for practical applications as well. These results in
this section enable us to carry out the efficient applications.

To make the most of the merit of the TPQ formulation, in Chap. 7, I performed
a numerical calculation using the TPQ formulation. Since a single realization is
sufficient in the TPQ formulation, it has an advantage over the ensemble average,
which needs to calculate an average over all the realizable states. In particular, the
TPQ formulation is efficient in 2D frustrated systems and fermion systems, because
QMC and DMRG, which are two of the most powerful methods in condensed matter
physics, become difficult to be performed. Therefore, I applied the cTPQ to the
KHA, which is one of the most famous frustrated spin systems and revealed the new
behavior of the specific heat.
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Appendix A
Derivation of Formula (6.31)

In order to verify Formula (6.31), it is needed that both the variance of

(ol AlWo) /(o Blvro) (A.1)

is sufficiently small, where
A=>" @(1 RYRRINE (1 — fyLeeD/2) (A2)

k
B = exp(VB(l — h)). (A.3)

In order to use Egs. (3.43) and (3.45), what I need are the following three terms.

A — 2

((1/f0|A|1/f0> — (YolAlo)
(Vﬂ)k+k/

byt kK’
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Z (Vﬂ)k-kk/
n,k,k’' klk!

(n|( — fl)Lk/zJM(l _ ],Al)L(k-t-l)/ZJ (I — ]fl)Lk//ZJM(l _ ]fl)L(k’+l)/2J InfA.4)

where Z'(8) = >, exp(VB( — uy))
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(ol dlwo) — (wolAlvo)) ((wol Blwo) — (ol Blvo))

- WAt VB 1 — SPIRE — y S D2 exp(VB(L — )iy
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= ()35, Z'2B) (A5)

- ~ 2 .
((%IBI%) — (Yol Blo)) = D (nlexp@VB( — h))ln)

=Z'(2p) (A.6)

where I use Eq. (3.55). Using Egs. (3.43), (A.5), and (A.6), I get the average.

[(Wol Alo)/ (Wol Blyvo) — (ol Alwo)/ (ol Blvo)|

My 7/(2 72 Menq
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exp2VB(f(1/2B8: V) — f(1/B; V)]

The rhs of this equation is exponentially small. Using Eqgs. (3.45), (A.4), (A.5), and
(A.6), I get the variance
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Here, 1st term and 2nd term are respectively positive. So, I get
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From here, I will prove >, ;. term in Eq. (A.13) satisfies

(VB B /
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< exp(VB( —un +1 — unmin)) (A.14)

I separate the sum of the Lh.s. of Eq. (A.14) in terms of even odd. Before calculate
it, I calculate the following.
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So, the sum of the Lh.s. of Eq. (A.14) becomes
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Here, I notice that the first and second term are respectively positive. I can easily
evaluate the first term as

k
cosh (2VAVT—un T —tmim)) = 3 S ST T~ i) (A20)
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< S Uyl (A2D)
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Here, I use the inequality of arithmetic and geometric mean. In the same manner, [
can evaluate the second term as

1 (l - Mmin) (l — I,tn) .
2 (\/ (I — uy) * \/(l — umin))smh (2Vﬂ\/(1 —up)(l — umm))

k
< kzdd (Vkﬂ!) U = oy +1 — ) (A22)

In order to prove Eq. (A.22), I expand the L.h.s of it.
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Now, I have proved inequality (A.22). Using inequality (A.21) and (A.22), I get
inequality (A.14). Then, I return the main proof. Using inequality (A.13), and (A.14),
I get the final result
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So, I verify that the expectation values of mechanical variables can be calculated by
using Eq. (A.1) at finite temperature.
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