arXiv:2404.04533v1 [cond-mat.stat-mech] 6 Apr 2024

technical note not (yet) submitted to any journals, April 2024.

Heat flows from hot to cold

A simple rigorous example of thermalization in an isolated macroscopic quan-
tum system

Hal Tasakﬂ

In the present note, we discuss a simple example of a macroscopic quantum many-body
system in which the approach to thermal equilibrium from an arbitrary initial state in the
microcanonical energy shell is proved without relying on any unproven assumptions. The
model, which is equivalent to a free fermion chain, is designed to be a toy model for a
weakly heat-conducting one-dimensional solid. We take a phenomenological point of view
and perceive that the system is in thermal equilibrium when the measured coarse-grained
energy distribution is uniform.

The result on thermalization reported here is a variation (and an improvement) of our
previous result on the irreversible expansion in a free fermion chain [I]. As far as we know, this
is the first concrete and rigorous realization of the philosophy on the foundation of equilibrium
statistical mechanics proposed by von Neumann in 1929 [2| [3], and further developed recently
by Goldstein, Lebowitz, Mastrodonato, Tumulka, and Zanghi [4] and the present author [5]6],
namely, to characterize thermal equilibrium from a macroscopic viewpoint and to make use
of the strong ETH [7], 8, 9 [10, 1] to control the long-time dynamics.

This note will be the most technical part of my longer article on thermalization, “What is
thermal equilibrium and how do we get there?”. I am making this document public at this
stage since I have already announced (and will announce) the results at some of my talks.
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1 Problem and the thermodynamic point of view

In this note, we focus on the phenomenon of thermalization in a one-dimensional uniform solid
that weakly conducts heat.
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Figure 1: We study thermalization in a weakly heat-conducting one-dimensional solid iso-
lated from the external environment. It is one of the fundamental premises of thermodynamics
that the solid reaches a unique thermal equilibrium state after a sufficiently long time. No
matter how the energy is distributed in the initial state, the thermal equilibrium state is
characterized by a uniform energy distribution. We shall study this problem in a simple
microscopic quantum model and prove, without relying on any unjustified assumptions, that
such thermalization takes place.

......................................................................................

Figure 2: We divide our solid into m identical pieces and focus on the energy densities in
these pieces. Here we set m = 12. Initially, the m pieces may have arbitrary energy densities,
which we here wrote 1, ..., U1s.

Let us first examine this problem from the macroscopic thermodynamic point of view. Sup-
pose the solid is initially in an arbitrary state with total (macroscopic) energy Uy and is completely
isolated from the external environment. Then, it is a fundamental premise of thermodynamics
that, after a sufficiently long time, the solid will approach a unique thermal equilibrium state in
which the energy is equally distributed over the solid with the uniform energy density ug. See
Figure [l

To make this idea more quantitative, we (fictitiously) divide the solid into m pieces with
identical lengths and focus on the energy densities in these pieces. See Figure 2l Here, m may
note be small, but it is assumed that each piece is still a macroscopic thermodynamic system. In
the initial nonequilibrium state, the energy densities in the m pieces may take arbitrary values,
U1, ..., Um, but they all take the identical value ug in the equilibrium state. See Figure [l

Throughout the present note, we shall take a phenomenological and operational point of
view when characterizing states of the solid. This means we focus solely on what a macroscopic
observer who is ignorant of microscopic physics finds out. To be specific, we assume that our
macroscopic observer pays attention only to the coarse-grained energy distribution in the solid
as formulated above. In particular, if the observer finds the energy densities in all the pieces to
be ug, then she/he concludes that the solid is in thermal equilibrium. We shall use this definition
of thermal equilibrium even when we study microscopic physics in the following sections

The goal of the present note is to establish the presence of thermalization in the above
phenomenological sense in a simple microscopic model for our one-dimensional solid.

!Note that our definition of thermal equilibrium thus depends on the choice of number m. One may say that our
notion of thermal equilibrium is not only phenomenological (in the sense we focus only on the results of macroscopic
observations) but also contextual (in the sense the notion may depend on which quantities the observer measures).
It should be emphasized that contextuality never implies that the notion is subjective.
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Figure 3: The energy densities in the pieces ¢ = 1,...,m. In the initial nonequilibrium state

of Figure 2], the energy densities take nonuniform values. In the thermal equilibrium state,
all the pieces have the same energy density wug, which is determined by the total energy in the
initial state. This phenomenological and operational characterization of thermal equilibrium
will be used throughout the present note.

2 Quantum mechanical model and main results on thermaliza-
tion

Here, we define our simple model of solid (section [2]), discuss our phenomenological and oper-
ational criterion for thermal equilibrium (section [22]), and state the main theorems for thermal-
ization (section 23]). We then introduce two essential Lemmas and see how the theorems can be
proved assuming these lemmas (section [2Z4]). Finally we briefly discuss the puzzling issue about
integrability and thermalization (section 25]).

2.1 Definition

Let us consider a “solid” consisting of L atoms indexed by x € {1,..., L} and forming a chain.
We assume that each atom can take two states, namely, a state with zero energy and an excited
state with energy ¢y > 0. We describe the state of the z-th atom by the variable p, = 0,1,
where 0 and 1 represent the zero-energy state and the excited state, respectively. The sum of the
energies of all atoms is then given by ¢ Z£:1 . See Figure @l

In the quantum mechanical notation, we denote the zero-energy and the excited states of the
z-th atom as |0), and |1),, respectively. We assume that the set {|0),,|1),} forms an orthonormal
basis of the two-dimensional Hilbert space of the z-th atom. The 2% dimensional Hilbert space
‘H of the whole system is the tensor product of the Hilbert spaces of all atoms. It is spanned by
the basis states

L
|M177ML> :®|Mx>:ca (21)
=1

with p, =0, 1.
We define the lowering and the raising operators a, and al acting on the local Hilbert space
of the z-th atom by

az|l)e = |0)z, 2]0)2 =0, d;r:|1>:c =0, d;r:|0>:c = [Da- (22)
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Figure 4: The simple model of a one-dimensional solid with L = 8. Each atom can be in
the zero energy state (denoted by the small dot) or in the excited state (denoted by the big
dot) with energy €y > 0. An excitation can hop to a neighboring site with a small amplitude

neo/2.

The number operator defined as 7, = dldw satisfies 7,|1), = |1), and n.;|0), = 0. Note that
these operators for different atoms, i.e., different indices z, commute with each other.
The Hamiltonian of our solid is

L L—1
H=c> g+ %{Z(a;axﬂ talan) — i) (2.3)
=1 =1
The first term on the right-hand side is the sum of the energies of atoms. The second term
represents processes in which an excitation is transferred to a neighboring site with amplitude
neo/2. We added an on-site potential at site L in order to break the reflection symmetry and
guarantee that the model is free from degeneracy. See Lemma below. We assume that 7 is
small, i.e., the transfer energy is much smaller than the excitation energy.
Let us introduce the microcanonical energy shell, which plays an important role in the present
approach. It is a subspace of ‘H defined by

Hyne = span{|\I’> ( H|W) = E|W), (% - uo‘ < Auo}, (2.4)

where ug € (0,¢) is a fixed energy density and Aug defines the small energy width that is not
perceived by a macroscopic observer. We thus assume Aug/ug is small. At the same time, Ay
must be sufficiently large so that the dimension of H,,. is large.

We interpret the energy shell H,, as a collection of states with a definite total macroscopic
energy Uy = ugL in the thermodynamic setup. We also note that the microcanonical average is
nothing but the normalized trace in Hy,, i.e.,

Y = %;im | (2.5)

2.2 Criterion for thermal equilibrium

We shall formulate our phenomenological and operational notion of thermal equilibrium discussed
in section [l in the language of microscopic quantum mechanics. Our notion may be viewed as a
variant of MATE (macroscopic thermal equilibrium) formulated in [12].

Let m € {2,3,...}, and assume that L is divisible by mE We decompose the chain into m
identical parts as

,...,L} = 6 Aq, (2.6)
q=1

where

Aq:{%(q—l)—kl,...,%q}, (2.7)

2We make this assumption only for notational simplicity.



is the sublattice with L/m sites. We then define for ¢ = 1,...,m the Hamiltonian on A, by

a1
2 N T€o At oA A -
H, = e Z Ty + - Z (a;axﬂ + aiﬂax). (2.8)
TEA, x:%(q—l)-i-l

Note that different I:Iq commute because they do not contain operators on common sites. Con-
sequently, the sum ZZL:1 fIq is slightly different from the total Hamiltonian H.

As we discussed in section [Il we assume that the macroscopic observer pays attention only
to the energy densities in A,. It is then convenient to define the energy density operator

Zlq = _Hq’ (2'9)
for g =1,...,m. It, of course, holds that

(ilq)me == o (2.10)

In the quantum mechanical setting, our observer is given an arbitrary pure state |®) € Hyc. It
corresponds to a state with a definite macroscopic energy Uy = ugL, or the average energy density
ug. The observer makes a simultaneous projective measurement of the mutually commuting

operators iy, ..., 4, and obtains a set of outcomes u¢", ... u2™. Then the observer concludes
that the solid is in thermal equilibrium if the measurement result satisfies |u(q)ut — ug| < Au for

all ¢ = 1,...,m, where Au > 0 is a specified (small) precision. The precision Au should be
macroscopically observable, and hence we assume Aw is much larger than Auoﬁ

This scenario motivates us to define the projection operator onto nonequilibrium space, the
nonequilibrium projection for short, a;

Paoq = Proj [ tiqg — uo| > Au for some q € {1,...,m}]. (2.11)

The expectation value of Pneq gives the probability that the state in question is not found in
thermal equilibrium. Therefore, if it holds for a normalized state |®) € Hye that (®|Pyeq|®) is
negligibly small, then our observer almost certainly concludes that the state |®) is in thermal
equilibrium. In such a situation, we can simply say that the state |®) is in thermal equilibrium.
We stress that the microcanonical energy shell H,,. contains plenty of highly nonequilibrium
states, in which the probability (®|Ppeq|®) is not small, or even onel See section This fact
is crucial for us since we need to take nonequilibrium initial states to discuss thermalization.
We note in passing that it is a common misconception, probably fostered by traditional-style
textbooks in statistical mechanics, that the prediction of equilibrium statistical mechanics should
always be compared with an averaged quantity in the corresponding physical system. As is clear
from the above discussion (and from our main result to be discussed below), it may happen
that the outcomes of a single simultaneous measurement coincide with the statistical mechanical
equilibrium values within a high precision, provided that both the system and the quantity to be
measured are macroscopic. One may say that this is a manifestation of the law of large numbers.

3This criterion of thermal equilibrium depends on the choice of the division number m and the precision Au.
As we discussed in footnote [I] our notion of thermal equilibrium is contextual.

“Here is a more careful construction. Since @i,. .., %, commute, one can form an orthonormal basis of the
whole Hilbert space H that consists of their simultaneous eigenstates |Z,) with v = 1,...,2%. Suppose that
Uq|Z0) = ug")|EU2 for g=1,...,m, and let N’ C {1,...,2"} be the set of v such that |u$” — uo| > Au for some q.
Then we define Preq = >, cpr |Z0) (Eu -

5Nevertheless, an overwhelming majority of states in Hme are in thermal equilibrium. This fact is known as the
typicality of thermal equilibrium.



2.3 Main theorems

In what follows, we fix constants L, g > 0, n > 0, ug € (0, €9), Aug, m, and Au. As we already
discussed, we assume 7, Aug/ug, and Aug/Au are small. We understand, however, that these
quantities are of “order one” in the sense that they are independent of the system size L, which
we assume to be macroscopically large. In addition, we assume that 5! is an integer and 2L +1 is
a prime. These somewhat exotic assumptions are necessary to prove the absence of degeneracy in
the energy spectrum. See Lemma Although the above assumptions are enough to prove our
theorems, we shall make the following (rather technical) assumptions to make various estimates

quantitative

I > Sme (2.12)

o

AUO 1
- 2.13
ug — 50’ ( )

Uug
22Aup < Au < 2 (2.14)
Aug > neo. (2.15)
For a given initial state |®(0)), we denote its time evolution by

(1)) = e "'|2(0)). (2.16)

Let us first state the “ergodic version” of our thermalization theorem. The theorem is proved in
section 2.4] assuming two basic lemmas.

Theorem 2.1 (ergodicity theorem) Let |®(0)) be an arbitrary normalized state from the mi-
crocanonical energy shell Hy, defined in (24). Then one has

1T A (Au)?
— < - = ,
lim T/o LD ()| Paoq| (1)) < C4 exp[ Son— e - (2.17)
with N
2m 3 m = +3
Cl = mn +2 +m<m> K 2. (218)

We have not tried to optimize the constants in (2I7]). One might notice that the constant

C1 diverges as 7 | 0, but there is nothing essential about this behavior. In fact, this constant is
originally written as

2 1

2.3 m st3

Q:m#ﬂHW——Jé? (2.19)

m—1
with another independent small constant § > 0. We here set 6 = n/m for notational simplicity.
See section

Consider the natural setting where (EAOZ? is of order one and L is macroscopically large so
that %L > 1. Then, the right-hand side of ([ZI7) becomes negligibly small. We see that the

long-time average of the expectation value of the nonequilibrium projection Pneq is essentially
Zero.

®To prove our theorems, we can replace the assumption (ZI5) by a weaker assumption n < 1/50, which is
B12). We assumed (2I5) to guarantee that the energy shell Hmc contains nonequilibrium states. See section 3.2}



This observation suggests that the system is mostly in thermal equilibrium in the long run. In
fact, one can easily convert Theorem 2.Jlinto the following statement relevant to an instantaneous
measurement of the energy densities. See the end of the present subsection for the proof. Here
we take a constant Cy > 0 such that (C5)? > Cy.

Theorem 2.2 (thermalization at large and typical time) Let |®(0)) be an arbitrary nor-
malized state from Hpye. For any sufficiently large T > 0 (where how large T should be may
depend on |®(0))) there exists a subset of “atypical moments” A C [0,T] such that one has

(Au)’ L] , (2.20)
€oUO

(D(t)| Paeq| (1)) < Co eXp[_W

for any t € [0, T\ A. If we denote by ¢(A) the total length (or the Lebesgue measure) of A, we
have

K(_A) < Cyexp [—

u2
. (Au) L]_

16(m — 1)6011,0 (2.21)

€

are negligibly small. From (2.2I]), we see that the subset A is extremely minor in the whole
interval [0,7]. We can say that it is atypical for a moment ¢ € [0,7] to belong to A. Take
any typical moment, i.e., t € [0,7]\.A and consider the corresponding time-evolved state |®(¢)).
Recalling the definition ([ZIT) of Pneq, we see from (Z20]) that if the observer makes a simultaneous
measurement of the energy densities 1, ..., Uy, then all the measurement result, with probability
almost equal to one, coincide with the equilibrium value ug within the precision Aw.

Informally speaking, Theorem establishes that, for a sufficiently large and typical time
t, the measurement outcomes of the energy densities in the m pieces in the time-evolved state
|®(t)) are almost certainly equal to ug. This means that the state |®(¢)) is in thermal equilibrium
according to our criterion based on the measurement of the coarse-grained energy distribution. It
is essential here that we are dealing with the result of a single quantum mechanical simultaneous
measurement rather than quantum mechanical averages. Recall that the latter are obtained
through repeated measurements in an ensemble of states.

Suppose that the initial state |®(0)) is a nonequilibrium state in the sense that (®(0)| Poeq|®(0))
is not small. We shall see in section that the microcanonical energy shell H,,. contains plenty
of nonequilibrium states. Then Theorem precisely states that the nonequilibrium initial state
relaxes to thermal equilibrium after a sufficiently long and typical time. Unfortunately, we (still)
do not have any quantitative estimates of the relaxation time. If the initial state |®(0)) is in
thermal equilibrium, i.c., (®(0)|Pyeq|®(0)) is small from the beginning, then Theorem 22 shows
the stability of thermal equilibrium.

Proof of Theorem assuming Theorem [Z1} We write
(Au)?

Again, assume that %L > 1, which means that the right-hand sides of ([2.20) and (2.21])

W = T6tm —1Jeoms (2.22)
so that (ZI7) reads
Jim /0 (1) Pregl B(1)) < € e, (2.23)
Since Cy < (C3)?, there exists Ty > 0 such that one has
e : —Wy2
T/o dt(®(t)| Preq|®(t)) < (Cae™ )7, (2.24)



for any T' > Ty. Fix an arbitrary T such that T' > T;, and define
A= {t €[0,T] [ (2(t)|Preq|®()) > Co eV} (2.25)
The first statement of the theorem follows from this definition. We next observe that
(A 1T (B()] Paeq| @ (2))
A _ - dte( a —1), 2.26
T T /0 CQ e~ W ( )

where the step function is defined by #(x) = 1 for > 0 and 6(z) = 0 for x < 0. Noting that
O(x — 1) <z, we find

oo

where we used ([Z24]). This proves the second statement of the theorem. I

2.4 Basic Lemmas and the proof of Theorem [2.7]

In this section, we prove the ergodicity theorem, Theorem 1], by assuming two Lemmas. These
lemmas are essential ingredients of the present theory of thermalization. Their proofs are based
on the exact mapping of our model of one-dimensional solid to a free fermion model.

The first lemma, Lemmal[Z3 below, guarantees that the energy eigenvalues of our Hamiltonian
[23)) is free from degeneracy. In general, it is believed that the energy eigenvalues of a quantum
many-body system are nondegenerate unless there are special reasons, such as symmetry or
integrability, that cause degeneracy. Even when there are accidental degeneracies, they may
always be lifted by adding an appropriate small perturbation to the Hamiltonian. It is, however
not at all easy (if not impossible) to make this intuition into proof for a concrete class of modelsﬁ
For the present model, which is indeed integrable, we have the following lemma, which will be
proved in section

Lemma 2.3 (nondegeneracy of the energy spectrum) Let 2L + 1 be a prime and n~ ! be
an integer. Then, all the energy eigenvalues of the Hamiltonian [23)) are nondegenerate.

Recall that the extra potential at site L in the Hamiltonian (23]) breaks the reflection sym-
metry, which is present in the standard open chain and causes degeneracy. The requirement that
2L + 1 is a prime does not look physical since the properties of a physical system on the long
chain should not depend on whether the chain length is prime or not. Nevertheless, we do need
this condition to rule out degeneracy completely in our system.

The second lemma, Lemma 2.4l below, establishes a version of strong ETH (energy eigenstate
thermalization hypothesis). In general, a strong ETH is a statement that every energy eigenstate
(in the microcanonical energy shell) is in thermal equilibrium according to a certain criterion

[2, 3L 4, B 6l [7, 8, @) 10 IT]. For the present model, we prove the following lemma in sections B4
and

Lemma 2.4 (large-devitaion type ETH) Assume that the conditions for the constants stated

at the beginning of section [Z.3 are valid. Then, for any normalized eigenstate |¥) of the Hamil-

tonian (Z3) that belongs to the microcanonical energy shell Hye, one has
(Au)?

8(m — 1)60U0

where the right-hand side is exactly equal to that in [2I7).

(W] Preq|¥) < Cexp | — (2.28)

TAs far as we know, the absence of degeneracy in the energy eigenvalues of non-random quantum many-body
systems was proved only for free fermion chains by us in [5] 6] [13].



When (eruZ) is of order one and L is macroscopically large so that (Au) L > 1, (2.28)) implies
that the energy eigenstate |¥) itself is in thermal equilibrium accordlng to our criterion. This
is nothing but the strong ETH for the energy densities iy, ..., U,, in the large-deviation form
formulated by us in [6].

Assuming these two lemmas, Theorem 211 is easily proved as follows. We note that the
following proof is general and does not rely on the specific characters of the present model. This
means that Theorems 2.1l and can be proved for any quantum many-body systems provided

that one has statements corresponding to Lemmas and 241

Proof of Theorem [21] assuming Lemmas and The proof is standard and easy. Let |¥})
be a normalized eigenstate of H with energy eigenvalue E;. We relabel the index so that |¥;)
with 7 = 1,..., D precisely span the microcanonical energy shell H,,.. Expanding the initial
state as

D
0)) = Z%’\‘I’j% (2.29)

we see that the time-evolved state is explicitly given by
D
t)) => e Fila,|u;). (2.30)
=1

Then, the expectation value in the integrand in the left-hand side of ([ZI7)) is written as

D
(@) Preal®(t)) = Y P17 E aFaj ()| Pre | ). (2.31)
Jig'=1

Since Lemma [Z3] guarantees F; # Ej whenever j # j', the long-time average of (231I]) becomes

1 T
fim 7= [t @) Poc 200 3 oy B P ). (2.32)

7j=1

We then get the desired ([2I7) from (2:25). 11

2.5 Why do we have thermalization in an integrable model?

It is often said that an integrable quantum many-body system does not exhibit thermalization.
The reader might be then puzzled to learn that our model of solid, which exhibits thermalization,
is equivalent to a typical integrable model, namely, the free fermion chain. Let us clarify the issue.

The main reason that integrable models are said not to thermalize is that they generally
possess many conserved quantities. Suppose A is conserved (in the sense that [H A] = 0) and
choose a nonequilibrium initial state |®(0)) € Huye such that (®(0)|A|®(0)) # (A)me. Since
(®(t)|A|®(t)) is independent of ¢, the state |®(¢)) is never in thermal equilibrium if one uses the
expectation value of A as a criterion for thermal equilibrium.

Our model also possesses a number of conserved quantities. We nevertheless observe (and
can prove the presence of) thermalization because we use the phenomenological and operational
characterization of thermal equilibrium discussed in section If our observer can measure
quantities other than the coarse-grained energy distribution and decides to use them also to
judge if a state is in thermal equilibrium, then it is possible that she/he concludes that our system



does not thermalizeﬁ (We note in passing that it is physically reasonable to concentrate only
on the coarse-grained energy distribution if one is interested in thermalization in a weakly heat-
conducting solid.) If we use the language from [12], our system approaches thermal equilibrium in
the sense of MATE (macroscopic thermal equilibrium) but not in the sense of MITE (microscopic
thermal equilibrium).

We also note that thermalization, or, more generally, equilibration, in free fermion systems
has been established theoretically [14] 13| 1] and numerically [15] [16, [I7] in various settings.

3 Proofs of Lemmas 2.3 and 2.4

In this section, which is a technical core of the present note, we prove two basic lemmas. We first
observe that the model is equivalent to a free fermion chain and write down exact energy eigen-
states and eigenvalues (section [BI]). As a simple application, we show that the microcanonical
energy shell Hp,. contains many equilibrium states (section .2)). Then we prove Lemma for
nondegeneracy of energy eigenvalues by using a classical number theoretic theorem (section B.3)).
We finally prove Lemma [24] that establishes the strong ETH bound (sections B4l and B.5]).

3.1 Free fermion chain

A key for the proofs of the two basic lemmas is that our model of a one-dimensional “solid” with
the Hamiltonian (23)) is equivalent to a model of spinless free fermions.

Let us first define a free fermion system on the chain {1,...,L} precisely. For each z €
{1,...,L}, let ¢, and é;rg be the annihilation and the creation operators, respectively, of a fermion
at site . They satisfy the standard anticommutation relation

{él,éy} =0py, {C, ¢} = {cx, éL (3.1)

for any x,y € {1,...,L}. We define the number operator at site = by n, = él«ém We consider
states with all possible fermion numbers. The whole Hilbert space is spanned by the states of the
form él«l . é;r;N|<I>VaC>, where z; € {1,...,L} with z; < z;31 and N € {0,1,...,L}. Here |®yac)
is the normalized state with no fermions in the system, which satisfies é;|®y,.) = 0 for any z.

Let us relate the basis states (Z]) of the model of solid and the basis states of the fermion
model by a one-to-one correspondence as

|1, pos i) (EDM (@2)#2 T (EE)ML |[Pvac) (32)
where we define (é;)o = 1. It is easily found that the action of the Hamiltonian (2.3]) on the basis
{|p1, ..., 1)} is precisely recovered by the free fermion Hamiltonian

L L L—1
0 N
Z {Z( Tcar—i—l + CI+1C$) - nL}a (3.3)
=1 =1

8A trivial example is given by the observable A= Z (axazﬂ + axﬂaz) 7z, which is nothing but the
hopping part of the Hamiltonian (23)). It obviously commutes with H. By using the mapping to a free fermion
chain (see section [B1)), one can show that the thermal expectation value (A)me is at most O(1), while it is possible
to prepare an initial state |®(0)) € Hume that is an eigenstate of A with the eigenvalue of O(L). The state |®(0))
never thermalizes if one includes the observable A in the criterion of thermal equilibrium.

9We write {A, B} — AB + BA.

10
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Figure 5: The single particle energy eigenstate 1/13(53) for the model with L = 8. Note that
(()3) =0 and wg) =— 53), and hence the boundary equations (B5) and ([B6)) are satisfied.

acting on the standard free fermion basis ([B.2]). (Here, we make a slight abuse of notation
and use the same symbols H and 7, as before to mean the operators of the fermion system.)
Recall that such a naive correspondence between a bosonic model (like our model of solid) and
a fermion model breaks down when a successive action of the Hamiltonian exchanges particles.
We are free from this problem since no exchange can occur in our model on the open chain
with nearest neighbor hopping. It should also be stressed that the introduction of the fermion
model has no physical significance. It is only a mathematical tool for conveniently expressing
antisymmetrization involved in the expressions of the energy eigenstates.

It is standard and elementary to write down the energy eigenstates and eigenvalues of the
Hamiltonian (33]). The single-particle Schrédinger equation corresponding to ([B.3) is

e%:eowﬁ”—go(%_wwﬁl), r=2...,L—1; (3.4)
e = otbr + L00y; (3.5)
eYr, = € Yr, + %(Z/)Lq — L), (3.6)

where € is the single-particle energy eigenvalue. From (B4]), one readily sees that the energy
eigenstate has the form v, = Asin(kx), where k > 0 is the wave number to be determined, and
the corresponding energy eigenvalue is € = €y + negcosk. Note that ([B.0]) is satisfied because
1o = 0. By comparing ([B.6]) with (34]), we see that it is necessary that ¥r11 = —tp, for the
above wave function to become an eigenstate. An inspection shows that it suffices to assume

Yriay) =0, le,

1
sin(k(L + 5)) — 0. (3.7)
We thus find the wave numbers should be
mj .
k=——r, =1,...,L. 3.8
L+ % J (3.8)
For j =1,..., L, the normalization single-particle energy eigenstate is
) = sin< J m) (3.9)
x L+ 1 I+ 1

11



and the corresponding single-particle energy eigenvalue is

€j = €0 + Neg COS( iz T > (3.10)
L+3

This solves the single-particle eigenvalue problem since we have obtained L eigenfunctions with
distinct eigenvalues. We used the general formula

sin(k(26 — 1)) sin(k(26, + 1))}

sin k sin k

Lo
S {sin(ka)}? = 3{2(42 0414

r=01

(3.11)

with /1 =1 and ¢5 = L to determine the normalization constant in (B.9]).
To discuss the corresponding many-particle problem, we introduce the fermion operator

L
b= v e, (3.12)
z=1

for j =1,...,L. One finds from (BI) and the orthonormality of the above set of energy eigen-
states that these operators satisfy the standard anticommutation relations

(B, b5} = 6550, {by, by} = {B1, 8L} = 0. (3.13)
The Hamiltonian (3.3)) is diagonalized as

L
H="Y"¢blb;. (3.14)
j=1
The corresponding many-particle energy eigenstate and eigenvalues are specified by a sequence

(J1,---,JN), where j; € {1,..., L} with j; < j;y1 and N € {0,1,...,L}. The normalized energy
eigenstate is

’\I}(j17---7jN)> = I;L T B}N‘q)vac>a (3.15)
and the corresponding energy eigenvalue is
N
EgGy,..in) = Zeji‘ (3.16)
i=1

3.2 The existence of nonequilibrium initial states

In this short subsection, we prove that the microcanonical energy shell H,,. contains many
nonequilibrium states. Assume, for simplicity, that there is an integer N such that ug = Neg/L.
From (BI0) and ([BI0), we see that any energy eigenvalue with N fermions satisfy

N(eo —nep) < E < N(eo + neo), (3.17)
which means

FE N

‘f - uo‘ < neop = neo < Auy, (3.18)

where we used the assumptiion (2.I5]). Recalling the definition (2.4]) of the energy shell, we see
that any N fermion state is a member of H ..
Then, it is apparent that Hp. contains many nonequilibrium states. For example, for

any sequence x1,...,xy € {1,...,L} such that x; < x;4; the corresponding N fermion state
é;l . éLNICIDvaJ is in Hme. The state may be in thermal equilibrium or not depending on the
configuration x1,...,xy. We can choose a drastic nonequilibrium state in which, for example,

all the fermions, i.e., excited atoms, are densely packed in one end of the solid.
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4-4

Figure 6: We show (,...,(P~! as vectors in the complex plane for the cases with (a) p = 4
and (b) p = 5. (a) For p = 4, one has ¢ + ¢ = 0 and ([3.20) is invalid. (b) Since p = 5 is
a prime, Theorem [B.1] implies that a1¢ 4+ aaC? + asC3 + au¢* # 0 for any a1, as, az,ay € Q
unless oy = ag = az = a4 = 0. The same conclusion is never valid if aq, as, a3, ay € R.

3.3 Proof of Lemma

We shall prove that the energy eigenvalues ([B.I0) are free from degeneracy. The proof makes
use of a particular form of the energy eigenvalues of the free fermion model and a theorem from
number theory. The strategy of the proof, therefore, works only for some free fermion chains [

We start by stating an important number theoretic theorem without proof. The interested
reader is suggested to study my lecture video [I§] for elementary proofs of the theorems. Let p
be an odd prime and

¢ =ei2m/p, (3.19)
be the p-th root of unity.

Theorem 3.1 For any mq,...,m,_1 € Z such that m,, £ 0 for some p, one has
p—1
> mu ¢t #0. (3.20)
pn=1

Here, it is crucial that the sum is from 1 to p — 1, rather than from 1 to p. Otherwise ([B.20)
can never be true because Zﬁ:l (* = 0 for any p. The assumption that p is a prime is essential.
When p = 4, for example, one has (+¢? = 1, violating (320). See Figure[l (a). It is also essential
that m, are integers. Note that ([3.20) says that the two-dimensional vectors (, ..., ¢P~1in the
complex plane are linearly independent, provided that the coefficients are integers. (It is easy
to observe that the same conclusion holds for rational coefficients.) However, in standard linear
algebra with real coefficients, at most two vectors can be linearly independent. See Figure[@ (b).

The theorem is a straightforward consequence of the classical result by Gauss, known as the
irreducibility of the cyclotomic polynomials of prime index. The proof can be found in standard
texts in number theory (as well as in my video [I8]). See, e.g., Chapter 12, Section 2 of [19], and
also Chapter 13, Section 2 of [20] or section 3.2 of [21].

To prove Lemma 2.3l it is convenient to introduce the standard occupation number de-
scription. For a given sequence (ji,...,jn), we define the corresponding occupation numbers
(n1,...,nr) as

1, if j = j; for some i;

n; = 3.21
! {0, otherwise. ( )

10As far as we know, the proof of the absence of degeneracy in certain free fermion chains based on number
theoretic results first appeared in [5l [6]. A stronger result was proved in [I3] by using a new number theoretic
theorem. The new result summarized in Lemma [Z3] is more satisfactory than the previous results since it does not
require a fine-tuning of the model with a flux parameter.
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By using the occupation numbers, the energy eigenvalue ([B.16]) with (3I0) is written as
L L i
Elny,np) = Z njej = o N + neg Z n; cos(—1>, (3.22)
j=1 j=1 L+3

where N = Z]Lﬂ n; is the total number of fermions. Let us write p = 2L + 1, which is a prime
by our assumption. Noting that

TJj ) Lo | —iomip
== + ) 3.23
COS(L Tl 2{6 e } (3.23)

we can express the energy eigenvalue as

(p—1)/2

nco A .
E(nl,...,nL) - 7<KN+ Z n](C] + Cp ]))
j=1
n€o w L/ p1
N 7<KN+ > Y ), (3.24)
=l p=(p+1)/2

where K = 2/n. Recall that K is an integer by our assumption about 7.
Take arbitrary two distinct energy eigenstates labeled by (ni,...,nr) and (n},...,n}). Let
us also write AN = Zle n; — Zle n;, and assume AN > 0 without losing generality. By using

B24)), we see

(p—1)/2 p—1
2
% (E(nl,...,nL) - E(n&,,ni)) = KAN + Z (nﬂ - n;) CM + Z (npf,u - n;—ﬂ) CM
p=1 n=(p+1)/2
p—1
=> mu ¢t (3.25)
pn=1

with
s =1)/2

L. 3.26
(p+1)/2,...,p— 1. (3:26)

m {nu—nu— , I
W=

Np—p — np_, — KAN,

Here we noted Zﬁ;ll CH=-—1.

We now claim that m, # 0 for some p. We then see from Theorem B.1] that E,, ) #
R reeml,)> which proves Lemma 2.3

To show the claim, assume m, = 0 for all 4. This implies n; — n; = KAN > 0 for all
j=1,...,L. Since (ny,...,nz) # (n},...,np), the difference n; —n’ can be independent of j
only when n; = 1 and n; =0 for all j =1,...,L. But this implies 1 = KAN with AN = L,
which is impossible as K is a (large) integer.

£

3.4 The essence of the proof of Lemma [2.4]

Recall that the normalized single-particle energy eigenstates are given in ([B1)). For each g =
1,...,mand j=1,...,L, we define

, 19

o = 3 R (327

TEN,
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which is the probability of finding a particle in the sublattice A, defined in ([2.7) in the j-the
single-particle energy eigenstate. We also denote the number of fermions in A, as

=) (3.28)

xENg

The following simple lemma proved at the end of this section is the technical key of the present
work. It was proved in our previous work [I] by using the idea in [13].

Lemma 3.2 For any normalized many-particle energy eigenstate BI9), any g =1,...,m, and
any A € R, we have

(i[OG <H{eA G 4 (1 — pU)}. (3.29)
=1

In what follows, we heuristically describe the central idea of the proof of Lemma 2.4] making
some uncontrolled approximations. For simplicity, we shall focus on the case with m = 2. A full
proof, which is rather technical and may be skipped, is given in section We now take an
arbitrary energy eigenstate ’\I/(jl,...,jzv)> that belongs to Huc, and abbreviate it as |U).

First, it seems reasonable to assume pg SR /m = 1/2 for all j since the energy-eigenstate
wave functions should spread almost uniformly over the chain. (In fact, this is not the case for
some exceptional states, and we must control the deviation carefully. See Lemma B3] below.) We
then have N

. NN A\ N
(WM |w) < (6— + —) = <cosh—> A2 (3.30)
2 2 2

Secondly, we shall approx1mate upl ~ eoN and H, ~ EON since 7 is small. Then the
condition 4, — uy = —H — up > Au is rewritten as N, > (N + AN)/2 with AN = LAu/eg.
Therefore, we see for any A > 0 tha‘.

(W] Proj[2 Hy — ug > Au]|¥) =~ (| Proj[N, — 3(N + AN) > 0]|¥)
< <\I]|e)\{]\7qf(N+AN)/2}|\I,>,

where we used the simple inequality Proj[A > 0] < eA for a self-adjoint operator A. Then by
using ([B.30), we can further bound this as

< (cosh %)N e MN/2 ~ oxp [N(%Q — A?—]]VV)],

where we used (B30) and the approximation cosh(A/2) ~ 1+ A2/8 ~ ¢**/8. We now choose
A =2AN/N to minimize the right-hand side of (B31]) to get

< e~(AN?/2N)

(Au)’ L]. (3.31)

~ exp|—
p[ 260U0

Since the expectation value (V| Proj[%f[q —up < —Au]|¥) can be bounded almost similarly, we
recover (although non-rigorously) the desired inequality (Z28]) for m = 2 with better constants.

Ulet A be a self-adjoint operator and |=) be its eigenstate, i.e., A|Z) = a|Z). We define Proj[A > ao]|Z) = |E)
if a > ap and Proj[A > ao]|Z) =0 if a < ao.

15



Proof of Lemma Fix ¢ =1,...,m. We note that the fermion operators satisfy

ANa/2 ot _ A T \Y (3.32)
T éL BANQ/Q’ T ¢ Aq;

and eAN‘I/2|<I>VaC> = |Pyac). Then, we find from [BI5) that

ANq/z’\I/ (J1,-- 7JN)> = dj'l o djN’(I)"aC> (3'33)
with
dj=e? " g e,+ > ¢e,. (3.34)
xENg zZNq

We then observe that

<\Il(j1,...,jN)|e>\Nq|\Il(j1,---,jN)>:<q)VaC|djN' d dj1djld32 AT |(I)vac>
<H ndl | (@uacldyy - dypdl - d | Byac)

JN

< H Id;,di |1, (3.35)

where we used the basic property (®|A|®) < ||A||(®|®) of the operator norm repeatedly.
It remains to estimate the norm deci;rH From (B1]), we see

{d,d;} = e*p{) + (1 - p). (3.36)

Denoting the right-hand side as «, we find (ci dmf)2 = cj dKTcZ d}t = ochjdA]t. This implies that the

cigenvalues of d; d are either 0 or «, and hence the norm Hddj” is equal to ar. We therefore get

B29) from (BBE]) and (3.34]). I

3.5 Details of the proof of Lemma 2.4
)

Let us start with a technical lemma that shows the rough estimate pg’ ~ 1/m is justified except
for a finite number of j. It is crucial that the number of exceptions, denoted as M, is independent

of the system size L.

Lemma 3.3 Take any (small) § > 0, and assume that the system size satisfies

1
L>—. 3.37
B (3.37)
Then, one has
. 1
(j _( < 3.38
9 ——| <, (3.38)
except for M distinct values of j, where
2 1
M< =+ =, 3.39
<5%5 (3.39)
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Proof: We write the single-particle energy eigenstate ([B.9) as

» 2
) = = sin(kx 3.40
Vs V2L 1 (k). (3.40)
with -
mj
= A1
2L+ 1’ (3:41)
where j = 1,..., L. Note that k£ runs roughly between 0 and 7. Let
L L
x,=—(q—-1)+1, zgr=—q, (3.42)
m m

be the endpoints of A,. By using the general formula (3.IT]) for the summation, we can explicitly
evaluate the probability (B.27) as

, 4 & 1 L sin(k(2zy, — 1))  sin(k(2zr + 1))
(4) — k 2 — 2= o . 4
Pq 2L +1 Z (sin kz) 2L +1 { m + sin k sin k } (3.43)

T=x],

Since sin k # 0, we find

1 1 1 2

0 -—| < . A4
‘pq m| = QL+ Dm 2L+ sk (344)
Since the assumption (.37 implies
1 5
< - 4
(2L +1)m — 2’ (345)
the right-hand side of ([B8.44]) is bounded from above by ¢ if
1 2 0
< - A4
2L+ 1sink = 2 (346)

The bound (B.46]) apparently does not hold for k£ € (0,7) close to 0 or m. Let M be the
number of k of the form (BZI) that violates ([Z46). Since sink > 2k and sink > 2 (7 — k) for
k € (0,7), we can upper-bound M by counting the number of &k such that

2w 2w
—_— > > i
L+ k=’ % G DE—k 2 (3:47)

or, equivalently, the number 5 € {1,..., L} such that
j<ot or L+i-j<oh (3.48)

We then get ([3.39) by inspection. I

We fix the microcanonical energy interval [(ug — Aug)L, (up + Aug)L] and the corresponding
energy shell Hy,. defined as ([24). We take an arbitrary energy eigenstate |W(;,  n)) € Hme and
abbreviate it as | ).

The particle number N in the fermionic description satisfies egN ~ ugL. Let us determine
the precise range of N. Since the single-particle energy eigenvalue is given by (B.10]), we find that
the energy eigenvalue E for energy eigenstates with IV particles satisfy

(60 — neo)N <E<L (60 + neo)N. (3.49)
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Thus, we see that the possible particle number N for E € [(ug — Aug)L, (up + Aug)L] is

—A A
UL < N < w (3‘50)
(1+n)eo (1 =n)eo
For ¢ =1,...,m, we define the projection operators
Pq+ = Proj[ag > u, + Aul, Pq_ = Proj[ay < u, — Aul, (3.51)

where the energy density operator 1, is defined in ([Z9]). Note that these 2m projection operators
commute with each other. In the rest of the present section, we shall prove

. 2m 1 Au)?
UPHW) < m T [_(—L] 3.52
< | q | > =m m eXp S(m _ 1)60U0 Y ( )
. m er% (Au)2
Wi < (<) [ @) |
(PIF, 1) < m—1 P 8(m — 1)egug (3:53)
for any ¢ = 1,...,m. Noting that
m
(U] Pacq|T) < Y ((T|B] W) + (T|P | 1)), (3.54)
q=1

we get the desired bound ([228]) with C as in (2ZI8).
Let us see in detail how the expectation value <\II\P+]\I/> is bounded. Since (eg+neg) N, > H,,

we see that the defining condition @, — ug = —H — ug > Au for PﬂL implies N > R with
A
_ _uo+du (3.55)
m(1+n)eo
We thus find R
(W[ |W) < (] Proj [N, — R > 0]|@) < (W]eXTo=P)|w), (3.56)

for any A > 0. The expectation value (¥|e*Ve|T) can be evaluated by using Lemmas 2] and B3l
(We shall verify the condition (837]) for L in (B.70) below.) Recall that |¥) is an abbreviation for
[W(j,....jn)), the many-particle energy eigenstate labeled by (j1,...,jn). Lemma guarantees
that the bound (B.38) is valid for at least N — M distinct indices j;. For the rest, we use a trivial

upper bound p(j ) < 1. Since A > 0, we can upper bound the right-hand side of ([8.29) to get

(Wl ) < M (% va)e (1- % ) (3.57)

for any N such that N > M. (We shall check the condition N > M in ([B.71]) below.) The bound

(B57) essentially recovers the rough estimate ([B.30) with an extra (but L-independent) factor
M
e

By substituting (3.57) into ([50), we find

(U |w) < eMA{ <i + 5) e+ (1 L 5) }NﬁMe*AR

(i) (o9 b-k-g) e
{< 6) e+ (1- % —5>}N67AR

L) e[ A (g = )]} (3355

IN

| /\
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where we defined !
Jms(A) = <R + 5) (1= + <1 _ L 5)6—%>\.
We can show that this function is bounded as

fm,é()‘) < 6)\2A2+)\5,

for any A € [0, 1], with

To see this, we expand f, s(A) in A as

o] An .
fma V) = > 2,

n=0

e (o)) (- k- (a)

with

One finds that Ay = 1, Ay =0, and A, is given by [B.6I]). For n > 3, we bound A,, as

A< (o) (1= + (-5 -9)(7) =4

Since A € [0, 1], we then have

— 1
Frg(N) S THXS+ A4 ) —=1 + A6+ A2A5(e —2) <1+ M5+ \2A,,
n=2
which implies (3.60).
From (B.60), we find
R 1 9 R 1
AM=-=)]< —AM=—-==94)].
st o A8 D)) <o A(E- L)
We now set
R_1_5
A = N m
24, 7

(3.59)

(3.60)

(3.61)

(3.62)

(3.63)

(3.64)

(3.65)

(3.66)

(3.67)

to minimize the right-hand side of ([.66]). Substituting the resulting bound to (B.58]), we get

(3.68)

(3.69)

o [LE= -0y
D+ N
(V[P W) <m™ exp _—#N]
r R _ 1 2
M (¥ = —9)
=m" exp|——3 T 3 N}
Hp (M=) + (1= )8}
YO B b el ik 0 S S
I VT WU R SRR Y Vi
L 4{;;(1 =)+ (1—=)d}
which essentially completes our estimate. The remaining (tedious but straightforward) task is to
simplify (B.68]).
At this stage, we choose the small constant § as
5="L.
m
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As we have noted already, this choice is quite arbitrary. We can now verify the conditions for L
and N mentioned above in the derivation of the key inequity (8.57). Note that the assumption

@12) for L now reads

> 3

= (3.70)

Since ug < €p + 1, the condition ([B37) required in Lemma is safely satisfied. We also note

that (370) and (3.50) imply

N > o -, 71
= 1471 4 (371)

Noting that (2.I3]) and (2I5]) imply
1
< =, 3.72
n< 55 (3.72)
one can verify that the right-hand side of ([B.7I)) exceeds 2+ 3. This verifies the desired condition

N > M.
By recalling the definition (8.53]) of R and the upper bound for N in ([B.50), we have

L

L = m(1+n)eo m (1 —n)e
1 1 2 2
:7{@_@&0_3%” o)
m(1+n)eo 1—n 1—n
3 1
>-_ -
~4Am(l+n)ey

R <1 5>N ug + Au _1—|—nuo+Auo

Au. (3.73)

We here noted that the assumed lower bound for Au in (214)) and the upper bound B72) for n
imply
A 1+1)? A
3+7777u0 < —u, (L+m) Aug < i (3.74)
1-—n 5 1-—n 20

We also see that

%(1 _ %) + (1 _ %)5 _ %(1 _ %) (1 n 7;1__@)0

< E<1 - %){1 + (m — 2)5}
<(1+ n)% (1 - %) (3.75)

where we recalled md = 7.
Substituting 73] and B70) and recalling the upper bound for N in 50), the argument
of the exponential function in (.68]) is bounded as

F-G+ofy L 1 3.1 2 (1= n)eg
Hia-L)y+1-2)8 N2 H1+nta-21) (Zm(l +n)eo A“) ug + AuOL
BRYE R (Au?
AN (1T+n)3(1+ Au—zéo) (m — 1)egug
(Au)?
— 8(m — 1)equy

(3.76)
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We here noted that the bounds ([Z13]) and [B.72]) for Aug/up and 7 imply
1/3\2 1-7 1
—(= > —. 3.77
() (LmP(L+ ) 8 .

Substituting (B.76]) into (3.68]), we finally get

. 2m 1 Au)?
U|PF|0) < t2 o Aw .
(@B W) <72 exp| S~ e ] (3.78)

where we used the upper bound (3.39]) of M and the choice ([3.69]) of §. This is the desired (3.52]).
We still need to justify the choice [B.67) of A is in the range [0,1]. That A > 0 was already

shown in (B73]). From 3.67) and [B.53]), we find

R 1 R 1

H—==90 N = Au L
N m < m_ cmbt _wtdul (3.79)

To{ia-L)+ (1——)} 2 ( m) N (1+n)eo N

where we noted that m > 2. By using the lower bound for N in (50), we see

ug + Au Au — Aug

A——— - 1=——— <1 3.80
~ ug — Aug ug — Aug — ’ ( )

where we noted Au < ug because of the assumed upper bound for Au in (I?EI)

The bound B.53) for (¥|P,”[¥) is proved in a very similar manner. Let us only sketch some
parts that differ from the case for (\If|]3q+ |¥). The defining condition for Pq_ is equivalent to
i%’ —OthZ 0 where R’ = mu(ol_—ﬁ)to L. Corresponding to ([3.56) and [B.ES) above, we see, again for

> 0, that

1 Y 1 N-M | o,
< - _ -
Ao (-gro)) e
1 Mo 1 N \p
< — _—5)e 1 5 AR
_<(%_5)3—A+(1 1+5)> {(m )6 +( m+ >} €
< (" - _
<Goa) (Gt (-geo)) e
m \M R 1 N
= (mm7) s e MG -2} (3.81)
We again have ,

Frn—s(=A) <14+ A6 + N2A, < A’z, (3.82)
with 45 = L(1— 1) —(1— 2)4. It is crucial here to note that & — L ~ —Au/m < 0. Then we
set -

N~ to
A= _m __>9 3.83
to minimize the right-hand side. This leads to
- m_\M (F-G-971»* L
U|IP|U) < (—— - L L — 3.84
(eiFy | >_<m—1> eXp[ L) “a-2)6N (384)

which corresponds to ([BG8]). We get the desired (B53]) after similar (but easier) estimates as
above.

2We made a stronger assumption Au < uo/2 in (ZI4) since we need it in a similar evaluation for (¥|P; |®).
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